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we will mainly discuss

Quantum Field Theory (QFT) 

to describe fundamental interactions between particles



Why Quantum Field Theory (QFT) ?



How do we describe nature?

Special Relativity + Quantum Mechanics

Quantum Field Theory (QFT)



QFT provides a very useful tool to

- organize our knowledge

- parametrize our ignorance

it plays a crucial role to

- understand/interpret experimental data

- study the evolution of the Universe



what we know















what we don’t know



• what’s dark matter?

• what’s dark energy?



[Perlmutter et al 98] [Riess et al 98]





+⇤(?)

<latexit sha1_base64="fTHQy+H9ezR/Zo/1/sOmTFIyyVk=">AAACKHicbVDLSgMxFM3UV62vUZeCRItQEYaZUtGdRTcuXFSwD2hLyWQybWgmMySZYhm682u61Q9xJ936C/6AaTsL23ogcDj3nntvjhsxKpVtT4zM2vrG5lZ2O7ezu7d/YB4e1WQYC0yqOGShaLhIEkY5qSqqGGlEgqDAZaTu9h+m9fqACElD/qKGEWkHqMupTzFSWuqYp63ZjMRlCPfPrOIIXsHWk/Z7CBbuLjtm3rbsGeAqcVKSBykqHfOn5YU4DghXmCEpm44dqXaChKKYkVGuFUsS6VWoS5qachQQ2U5mN4zghVY86IdCP67gTP3rSFAg5TBwdWeAVE8u16bif7WmN6CRTHe9zpctXqL823ZCeRQrwvH8ED9mUIVwGhr0qCBYsaEmCAuq/wJxDwmElY42l9MpOcuZrJJa0XJK1vVzKV++T/PKghNwDgrAATegDB5BBVQBBm9gDN7BhzE2Po0vYzJvzRip5xgswPj+BRvspVg=</latexit>





Credit: NASA, ESA, M.J. Jee and H. Ford (Johns Hopkins University)

CL0024+1654



Credit: 

X-ray: NASA/CXC/CfA/M.Markevitch et al.; 

Optical: NASA/STScI; Magellan/U.Arizona/D.Clowe et al.; 

Lensing Map: NASA/STScI; ESO WFI; Magellan/U.Arizona/D.Clowe et al.



+LDM(?)

<latexit sha1_base64="SJwY2DnWQ7n1broH/TCHTrUMZwc="></latexit>



• what’s the origin of matter-antimatter asymmetry in the universe?



and many others … 



+LBSM

<latexit sha1_base64="Fi9Yfwft3NIF52dJj42z+tSLDqU="></latexit>

(BSM = Beyond the Standard Model)



In this lecture

we use the natural unit

c = ~ = kB = 1

<latexit sha1_base64="S8JqPQx1tWP0G0cjsSsEYKT3tJ0=">AAACHXicbVDLSsNAFJ3UV42vaJduBovgqiRS0Y1Q6sZlBfuANoTJZNIOnUzCzKQYQr+lW/0Qd+JW/A5/wGmbhW09MDOHc+/lnjl+wqhUtv1tlLa2d3b3yvvmweHR8Yl1etaRcSowaeOYxaLnI0kY5aStqGKklwiCIp+Rrj9+mNe7EyIkjfmzyhLiRmjIaUgxUlryrAqG93Aw8pHQ79hr6tvxrKpdsxeAm8QpSBUUaHnWzyCIcRoRrjBDUvYdO1FujoSimJGpOUglSRAeoyHpa8pRRKSbL8xP4aVWAhjGQh+u4EL9O5GjSMos8nVnhNRIrtfm4n+1fjChiSx2vSyXrTpR4Z2bU56kinC8NBKmDKoYzpOCARUEK5ZpgrCg+i8Qj5BAWOk8TVOn5Kxnskk61zWnXrt5qlcbzSKvMjgHF+AKOOAWNMAjaIE2wCADM/AK3oyZ8W58GJ/L1pJRzFTACoyvX4a4oFE=</latexit>

that is 

[Energy] = [Mass] = [Temperature] = [Length]-1 = [Time]-1



for instance

1 sec ' 2⇥ 1015 eV�1

<latexit sha1_base64="RC+kMqOYhslmq382LBZLLOxX9JY="></latexit>

1meter ' 5⇥ 106 eV�1

<latexit sha1_base64="Ai4BOQhOiHy1Z3n6UTKxCRrJUWg="></latexit>

1 gram ' 6⇥ 1032 eV

<latexit sha1_base64="vpzpo/SNSwaYS6LL5MfYkhOxHkI="></latexit>

1Kelvin ' 9⇥ 10�5 eV

<latexit sha1_base64="FzuUv/OhYiXy5wQIXF3wTvi40oo="></latexit>

we are going to measure every quantity in eV (or GeV) unit



Planck scale

t ⇠ 10�42 sec

<latexit sha1_base64="e77u7kdrzyDpzlOft4kGl9CjuKs=">AAACJHicbVDLSsNAFJ3UV42vqDvdDBbBhZakVHRZdOOygn1AE8tkMmmHziRhZlIsoeDXdKsf4k5cuPEn/AGnbRa2euDC4Zx7ufceP2FUKtv+NAorq2vrG8VNc2t7Z3fP2j9oyjgVmDRwzGLR9pEkjEakoahipJ0IgrjPSMsf3E791pAISePoQY0S4nHUi2hIMVJa6lpHCrqScujYj9lFtTJ2zzNXcCgJHnetkl22Z4B/iZOTEshR71rfbhDjlJNIYYak7Dh2orwMCUUxI2PTTSVJEB6gHuloGiFOpJfNfhjDU60EMIyFrkjBmfp7IkNcyhH3dSdHqi+Xvan4n9cJhjSR+a6n+bLFS1R47WU0SlJFIjw/JEwZVDGcBgYDKghWbKQJwoLqXyDuI4Gw0rGapk7JWc7kL2lWyk61fHlfLdVu8ryK4BicgDPggCtQA3egDhoAg2cwAS/g1ZgYb8a78TFvLRj5zCFYgPH1A8hypEA=</latexit>

l ⇠ 10�34 m

<latexit sha1_base64="nmoUFkpKASB9WRDrY/xBK/nMbVc=">AAACInicbVDLSsNAFJ3UV42vqBvBzWARXGhJtKLLohuXFewDmlgmk2k7dCYJM5NiCfFrutUPcSeuBP/CH3DaZmGrBy4czrmXe+/xY0alsu1Po7C0vLK6Vlw3Nza3tnes3b2GjBKBSR1HLBItH0nCaEjqiipGWrEgiPuMNP3B7cRvDomQNAof1CgmHke9kHYpRkpLHeuAQVdSDh37MT27qGTuaeoKDnnWsUp22Z4C/iVOTkogR61jfbtBhBNOQoUZkrLt2LHyUiQUxYxkpptIEiM8QD3S1jREnEgvnX6QwWOtBLAbCV2hglP190SKuJQj7utOjlRfLnoT8T+vHQxpLPNdT7Nl85eo7rWX0jBOFAnx7JBuwqCK4CQuGFBBsGIjTRAWVP8CcR8JhJUO1TR1Ss5iJn9J47zsVMqX95VS9SbPqwgOwRE4AQ64AlVwB2qgDjB4BmPwAl6NsfFmvBsfs9aCkc/sgzkYXz8OqqNX</latexit>

M ⇠ 1018 GeV

<latexit sha1_base64="EXWuMJPmpg6cjLMt4rEma7GDoso=">AAACI3icbVDLSgMxFM3UV62vqitxEyyCCykzUrHLogvdCBXsAzq1ZDKZNjTJDEmmWIbi13SrH+JO3LjwK/wB03YWtvXAhcM593LvPV7EqNK2/WVlVlbX1jeym7mt7Z3dvfz+QV2FscSkhkMWyqaHFGFUkJqmmpFmJAniHiMNr38z8RsDIhUNxaMeRqTNUVfQgGKkjdTJH91DV1EOHfspccoj9zxxJYe3pD7q5At20Z4CLhMnJQWQotrJ/7h+iGNOhMYMKdVy7Ei3EyQ1xYyMcm6sSIRwH3VJy1CBOFHtZPrCCJ4axYdBKE0JDafq34kEcaWG3DOdHOmeWvQm4n9eyx/QSKW7nmfL5i/RQbmdUBHFmgg8OySIGdQhnOQFfSoJ1mxoCMKSml8g7iGJsDap5nImJWcxk2VSvyg6peLlQ6lQuU7zyoJjcALOgAOuQAXcgSqoAQxewBi8gjdrbL1bH9bnrDVjpTOHYA7W9y+1/KOs</latexit>

Electroweak scale

M ⇠ 102 GeV

<latexit sha1_base64="YrfLtzgP7vmfg1FvCJOpU0+5IrI=">AAACInicbVDLSsNAFJ3UV42vqBvBzWARXEhJSkWXRRe6ESrYBzSxTKbTduhMEmYmxRLi13SrH+JOXAn+hT/gtM3Cth64cDjnXu69x48Ylcq2v4zcyura+kZ+09za3tnds/YP6jKMBSY1HLJQNH0kCaMBqSmqGGlGgiDuM9LwBzcTvzEkQtIweFSjiHgc9QLapRgpLbWto3voSsqhYz8lpdQ9T1zB4S2pp22rYBftKeAycTJSABmqbevH7YQ45iRQmCEpW44dKS9BQlHMSGq6sSQRwgPUIy1NA8SJ9JLpByk81UoHdkOhK1Bwqv6dSBCXcsR93cmR6stFbyL+57U6QxrJbNfzbNn8Jap75SU0iGJFAjw7pBszqEI4iQt2qCBYsZEmCAuqf4G4jwTCSodqmjolZzGTZVIvFZ1y8eKhXKhcZ3nlwTE4AWfAAZegAu5AFdQABi9gDF7BmzE23o0P43PWmjOymUMwB+P7FzAGo2s=</latexit>

t ⇠ 10�26 sec

<latexit sha1_base64="JtD4omCasd3AuIWTetUK8hyTFgA=">AAACJHicbVDLTgIxFO3gC/GFutNNIzFxoWSG4GNJdOMSE3kkDJJOpwMNbWfSdohkQuLXsNUPcWdcuPEn/AELzELAk9zk5Jx7c+89XsSo0rb9ZWVWVtfWN7Kbua3tnd29/P5BXYWxxKSGQxbKpocUYVSQmqaakWYkCeIeIw2vfzfxGwMiFQ3Fox5GpM1RV9CAYqSN1MkfaegqyqFjPyUXpauRe564kkNF8KiTL9hFewq4TJyUFECKaif/4/ohjjkRGjOkVMuxI91OkNQUMzLKubEiEcJ91CUtQwXiRLWT6Q8jeGoUHwahNCU0nKp/JxLElRpyz3RypHtq0ZuI/3ktf0Ajle56ni2bv0QHN+2EiijWRODZIUHMoA7hJDDoU0mwZkNDEJbU/AJxD0mEtYk1lzMpOYuZLJN6qeiUi5cP5ULlNs0rC47BCTgDDrgGFXAPqqAGMHgBY/AK3qyx9W59WJ+z1oyVzhyCOVjfv8vSpEI=</latexit>

l ⇠ 10�18 m

<latexit sha1_base64="tTRSeKG0Uw90AxljvOE2UV+znx4=">AAACInicbVDLSsNAFJ3UV42vqBvBzWARXGhJpGKXRTcuK9gHNLFMJpN26EwSZibFEurXdKsf4k5cCf6FP+C0zcJWD1w4nHMv997jJ4xKZdufRmFldW19o7hpbm3v7O5Z+wdNGacCkwaOWSzaPpKE0Yg0FFWMtBNBEPcZafmD26nfGhIhaRw9qFFCPI56EQ0pRkpLXeuIQVdSDh37MbtwqmP3PHMFh3zctUp22Z4B/iVOTkogR71rfbtBjFNOIoUZkrLj2InyMiQUxYyMTTeVJEF4gHqko2mEOJFeNvtgDE+1EsAwFroiBWfq74kMcSlH3NedHKm+XPam4n9eJxjSROa7nubLFi9RYdXLaJSkikR4fkiYMqhiOI0LBlQQrNhIE4QF1b9A3EcCYaVDNU2dkrOcyV/SvCw7lfLVfaVUu8nzKoJjcALOgAOuQQ3cgTpoAAyewQS8gFdjYrwZ78bHvLVg5DOHYAHG1w8SBqNZ</latexit>

t, W, Z, Heγ ν

QCD scale

M ⇠ 10�1 GeV

<latexit sha1_base64="BWAWT+aU6QAt+7o2u/2g81mTX7c=">AAACI3icbVDLSgMxFM3UVx1fVVfiJlgEF1pmpKLLogvdCBXsAzq1ZNJMG5pkhiRTLEPxa7rVD3Enblz4Ff6AaTsL23rgwuGce7n3Hj9iVGnH+bIyS8srq2vZdXtjc2t7J7e7V1VhLDGp4JCFsu4jRRgVpKKpZqQeSYK4z0jN792M/VqfSEVD8agHEWly1BE0oBhpI7VyB/fQU5RD13lKztyhd5p4ksNbUh22cnmn4EwAF4mbkjxIUW7lfrx2iGNOhMYMKdVwnUg3EyQ1xYwMbS9WJEK4hzqkYahAnKhmMnlhCI+N0oZBKE0JDSfq34kEcaUG3DedHOmumvfG4n9eo92nkUp3PU+XzV6ig6tmQkUUayLw9JAgZlCHcJwXbFNJsGYDQxCW1PwCcRdJhLVJ1bZNSu58Joukel5wi4WLh2K+dJ3mlQWH4AicABdcghK4A2VQARi8gBF4BW/WyHq3PqzPaWvGSmf2wQys71+jXaOh</latexit>

l ⇠ 10�15 m

<latexit sha1_base64="JmyEheX/62nl2ZEm/FP7P/U4vss=">AAACInicbVDLSsNAFJ3UV42vqBvBzWARXGhJpEWXRTcuK9gHNLFMJpN26EwSZibFEurXdKsf4k5cCf6FP+C0zcJWD1w4nHMv997jJ4xKZdufRmFldW19o7hpbm3v7O5Z+wdNGacCkwaOWSzaPpKE0Yg0FFWMtBNBEPcZafmD26nfGhIhaRw9qFFCPI56EQ0pRkpLXeuIQVdSDh37MbtwqmP3PHMFh3zctUp22Z4B/iVOTkogR71rfbtBjFNOIoUZkrLj2InyMiQUxYyMTTeVJEF4gHqko2mEOJFeNvtgDE+1EsAwFroiBWfq74kMcSlH3NedHKm+XPam4n9eJxjSROa7nubLFi9R4bWX0ShJFYnw/JAwZVDFcBoXDKggWLGRJggLqn+BuI8EwkqHapo6JWc5k7+keVl2KuXqfaVUu8nzKoJjcALOgAOuQA3cgTpoAAyewQS8gFdjYrwZ78bHvLVg5DOHYAHG1w8M+aNW</latexit>

t ⇠ 10�23 sec

<latexit sha1_base64="5bMVPm7j5Ap5liQLGGivnsRp9SI=">AAACJHicbVDLTgIxFO3gC/GFutNNIzFxoWQGMbokunGJiTwSBkmn04GGtjNpO0QyIfFr2OqHuDMu3PgT/oAFZiHgSW5ycs69ufceL2JUadv+sjIrq2vrG9nN3Nb2zu5efv+grsJYYlLDIQtl00OKMCpITVPNSDOSBHGPkYbXv5v4jQGRiobiUQ8j0uaoK2hAMdJG6uSPNHQV5dCxn5KL0uXIPU9cyaEieNTJF+yiPQVcJk5KCiBFtZP/cf0Qx5wIjRlSquXYkW4nSGqKGRnl3FiRCOE+6pKWoQJxotrJ9IcRPDWKD4NQmhIaTtW/EwniSg25Zzo50j216E3E/7yWP6CRSnc9z5bNX6KDm3ZCRRRrIvDskCBmUIdwEhj0qSRYs6EhCEtqfoG4hyTC2sSay5mUnMVMlkm9VHTKxauHcqFym+aVBcfgBJwBB1yDCrgHVVADGLyAMXgFb9bYerc+rM9Za8ZKZw7BHKzvX8a/pD8=</latexit>

π, N, µ, … b, c, τ

E



let’s begin by reviewing

classical Lagrangian mechanics … 



Lagrangian mechanics

a particle under a potential V(x)

satisfies the equation of motion

mẍ+ V 0(x) = 0

<latexit sha1_base64="Mchk/KRbqA5Drle5E+/6P6AE1GQ=">AAACIHicbVDLSsNAFJ3UV42vqODGzWARK0JJpKIboejGZQX7gDaUyWTSDp1JwsyktMT+TLf6Ie7Epf6GP+C0zcJWDwwczrmXe+Z4MaNS2fankVtZXVvfyG+aW9s7u3vW/kFdRonApIYjFommhyRhNCQ1RRUjzVgQxD1GGl7/fuo3BkRIGoVPahQTl6NuSAOKkdJSxzrisO37kUqHY3gB62fF4Tm8hXbHKtglewb4lzgZKYAM1Y713fYjnHASKsyQlC3HjpWbIqEoZmRsthNJYoT7qEtamoaIE+mms/xjeKoVHwaR0C9UcKb+3kgRl3LEPT3JkerJZW8q/ue1/AGNZXZrOD+2mEQFN25KwzhRJMTzIEHCoIrgtCzoU0GwYiNNEBZU/wXiHhIIK12paeqWnOVO/pL6Zckpl64ey4XKXdZXHhyDE1AEDrgGFfAAqqAGMHgGE/ACXo2J8Wa8Gx/z0ZyR7RyCBRhfPz85ocE=</latexit>

Newton’s equation can be obtained from the action

S =

Z
dtL(x, ẋ)

<latexit sha1_base64="CfED/GZW3aSEDnJ2RHrPtG34/QQ=">AAACJXicbVDLSgNBEJz1GeNr1WMug0GIEMKuRPQiBL148BDRPCAJYXZ2kgyZfTDTGxKWHPyaXPVDvIngyY/wB5wkezCJBQ1FdTddXU4ouALL+jLW1jc2t7ZTO+ndvf2DQ/PouKqCSFJWoYEIZN0hignuswpwEKweSkY8R7Ca07+b9msDJhUP/GcYhazlka7PO5wS0FLbzDzhG9zkPmAXcDOPH3LDfNMNIB6Oz9tm1ipYM+BVYickixKU2+aPXqWRx3yggijVsK0QWjGRwKlg43QzUiwktE+6rKGpTzymWvHsiTE+04qLO4HUpe3M1L8bMfGUGnmOnvQI9NRybyr+12u4Ax6q5NZwfmzRCXSuWzH3wwiYT+dGOpHAEOBpYtjlklEQI00IlVz/gmmPSEJB55pO65Ts5UxWSfWiYBcLl4/FbOk2ySuFMugU5ZCNrlAJ3aMyqiCKXtAEvaI3Y2K8Gx/G53x0zUh2TtACjO9foRSkHA==</latexit>

L =
1

2
mẋ2 � V (x)

<latexit sha1_base64="cunRrFQ8u2PLZDjAkLhBvnLPEvM="></latexit>



From the least action principle

0 = �S

<latexit sha1_base64="LxeOBspokh8AvLNToGMJhFfmmX4=">AAACFXicbVDLTgIxFO3gC8cX6tJNIzFxRWYMRjcmRDcuMcojgQnpdDrQ0OmM7R0iIXwHW/0Qd8ata7/DH7DALAQ8SZOTc+7NPT1+IrgGx/m2cmvrG5tb+W17Z3dv/6BweFTXcaooq9FYxKrpE80El6wGHARrJoqRyBes4ffvpn5jwJTmsXyCYcK8iHQlDzklYCTPwTe4HTABBD/iTqHolJwZ8CpxM1JEGaqdwk87iGkaMQlUEK1brpOANyIKOBVsbLdTzRJC+6TLWoZKEjHtjWahx/jMKAEOY2WeBDxT/26MSKT1MPLNZESgp5e9qfif1woGPNHZrZf5scUkEF57Iy6TFJik8yBhKjDEeNoQDrhiFMTQEEIVN3/BtEcUoWB6tG3TkrvcySqpX5TccunyoVys3GZ95dEJOkXnyEVXqILuURXVEEXPaIJe0Zs1sd6tD+tzPpqzsp1jtADr6xe8WJ56</latexit>

= �

Z
dtL(x, ẋ)

<latexit sha1_base64="saqozjY2wmjaO5Ray4GE7QWm7l8=">AAACK3icbVDLSgNBEJyNrxhfUY9eRoMQIYRdiehFCHrx4CGCeUA2hNnZSTJk9sFMb0hYcvZrctUP8aR49Qv8ASfJHkxiQUNR3U1XlxMKrsA0P4zU2vrG5lZ6O7Ozu7d/kD08qqkgkpRVaSAC2XCIYoL7rAocBGuEkhHPEazu9O+n/fqAScUD/xlGIWt5pOvzDqcEtNTOnuJbbLtMAME29wG7gO0CfswPC7YbQDwcX7SzObNozoBXiZWQHEpQaWd/9CqNPOYDFUSppmWG0IqJBE4FG2fsSLGQ0D7psqamPvGYasWzV8b4XCsu7gRSl7YzU/9uxMRTauQ5etIj0FPLvan4X6/pDnioklvD+bFFJ9C5acXcDyNgPp0b6UQCQ4CnuWGXS0ZBjDQhVHL9C6Y9IgkFnW4mo1OyljNZJbXLolUqXj2VcuW7JK80OkFnKI8sdI3K6AFVUBVR9IIm6BW9GRPj3fg0vuajKSPZOUYLML5/AVywpos=</latexit>

=

Z
dt


@L

@x
�x+

@L

@ẋ
�ẋ

�

<latexit sha1_base64="Tb5xBit+bTsDq156nTw42L18Lqo="></latexit>

=

Z
dt �x


@L

@x
� d

dt

@L

@ẋ

�
+ boundary term

<latexit sha1_base64="RfoideFQBF5sWe2W+q++cHSLg/8="></latexit>

we find Euler-Lagrange equation

d

dt

@L

@ẋ
� @L

@x
= 0

<latexit sha1_base64="6BFPgu15dpAAyjorca3q+VIiD8Q="></latexit>



From Euler-Lagrange equation

L =
1

2
mẋ2 � V (x)

<latexit sha1_base64="cunRrFQ8u2PLZDjAkLhBvnLPEvM="></latexit>

the equation of motion is reproduced

d

dt

@L

@ẋ
� @L

@x
= 0

<latexit sha1_base64="6BFPgu15dpAAyjorca3q+VIiD8Q="></latexit>

mẍ+ V 0 = 0

<latexit sha1_base64="FhqicMUmPI6S5RkZ8QIofZVRRC4=">AAACHHicbVDLSgMxFM3UVx1fY126CRZREMqMVHQjFN24rGAf0A4lk0nb0CQzJJnSMvRXutUPcSduBb/DHzBtZ2FbDwQO59zLPTlBzKjSrvtt5TY2t7Z38rv23v7B4ZFzXKirKJGY1HDEItkMkCKMClLTVDPSjCVBPGCkEQweZ35jSKSikXjR45j4HPUE7VKMtJE6ToG3wzDS6WgCr2D9At5Dt+MU3ZI7B1wnXkaKIEO14/y0wwgnnAiNGVKq5bmx9lMkNcWMTOx2okiM8AD1SMtQgThRfjrPPoHnRglhN5LmCQ3n6t+NFHGlxjwwkxzpvlr1ZuJ/Xisc0lhlt0aLY8tJdPfOT6mIE00EXgTpJgzqCM6KgiGVBGs2NgRhSc1fIO4jibA2ddq2aclb7WSd1K9LXrl081wuVh6yvvLgFJyBS+CBW1ABT6AKagCDEZiCV/BmTa1368P6XIzmrGznBCzB+voFFY2gsA==</latexit>



Lagrangian mechanics can be extended to classical field theory

Lagrangian Field Theory

Consider Maxwell’s electromagnetic theory (in free space)

r · E = 0

<latexit sha1_base64="5IPbQseEKWMjW1fPmmqMLijdFxk=">AAACHHicbVDLSgMxFM3UV62vsS7dBIvgqsyIohuhKILLCvYBnaFkMpk2NJMMSaa0DP2VbvVD3Ilbwe/wB0zbWdjWA4HDOfdyT06QMKq043xbhY3Nre2d4m5pb//g8Mg+LjeVSCUmDSyYkO0AKcIoJw1NNSPtRBIUB4y0gsHDzG8NiVRU8Bc9Togfox6nEcVIG6lrlz2OAoagh0Oh4SO8g07XrjhVZw64TtycVECOetf+8UKB05hwjRlSquM6ifYzJDXFjExKXqpIgvAA9UjHUI5iovxsnn0Cz40SwkhI87iGc/XvRoZipcZxYCZjpPtq1ZuJ/3mdcEgTld8aLY4tJ9HRrZ9RnqSacLwIEqUMagFnRcGQSoI1GxuCsKTmLxD3kURYmzpLJdOSu9rJOmleVt2r6vXzVaV2n/dVBKfgDFwAF9yAGngCddAAGIzAFLyCN2tqvVsf1uditGDlOydgCdbXLzzIoMk=</latexit>

r ·B = 0

<latexit sha1_base64="o1CEBnIWu5dGVde7OLUzElg6dE4=">AAACHHicbVDLSgMxFM3UVx1fY126CRbBVZkRRTdCqRuXFewDOkPJZDJtaCYZkkxpKf2VbvVD3Ilbwe/wB0zbWdjWA4HDOfdyT06YMqq0635bha3tnd294r59cHh0fOKclppKZBKTBhZMyHaIFGGUk4ammpF2KglKQkZa4eBx7reGRCoq+IsepyRIUI/TmGKkjdR1Sj5HIUPQx5HQsAYfoNt1ym7FXQBuEi8nZZCj3nV+/EjgLCFcY4aU6nhuqoMJkppiRqa2nymSIjxAPdIxlKOEqGCyyD6Fl0aJYCykeVzDhfp3Y4ISpcZJaCYTpPtq3ZuL/3mdaEhTld8aLY+tJtHxfTChPM004XgZJM4Y1ALOi4IRlQRrNjYEYUnNXyDuI4mwNnXatmnJW+9kkzSvK95N5fb5plyt5X0VwTm4AFfAA3egCp5AHTQABiMwA6/gzZpZ79aH9bkcLVj5zhlYgfX1CzfNoMY=</latexit>

r⇥ E = �@B

@t

<latexit sha1_base64="UWe//NmiiLvqX19CwEO45T1Jcxs="></latexit>

r⇥B = +
@E

@t

<latexit sha1_base64="r8IK+lkpKG/O/di1zIzJ9XzZAXE="></latexit>

E = �r�� @A

@t

<latexit sha1_base64="n2TBrOwCUVPhi8zSe1XuiQrVTLs="></latexit>

B = r⇥A

<latexit sha1_base64="rcWqbmmQ65mFj8+s58aLhsgTKaE=">AAACHXicbVDLSsNAFJ3UV42vaJduBovgqiSi6EaodeOygn1AE8pkMmmHTiZhZlIMod/SrX6IO3Erfoc/4LTNwrZeGDiccy/nzPETRqWy7W+jtLG5tb1T3jX39g8Oj6zjk7aMU4FJC8csFl0fScIoJy1FFSPdRBAU+Yx0/NHDTO+MiZA05s8qS4gXoQGnIcVIaapvVRrwDroc+QxBV9GISHjft6p2zZ4PXAdOAaqgmGbf+nGDGKcR4QozJGXPsRPl5UgoihmZmG4qSYLwCA1IT0OOtI2Xz8NP4LlmAhjGQj+u4Jz9e5GjSMos8vVmhNRQrmoz8j+tF4xpIguvl4XZchIV3no55UmqCMeLIGHKoIrhrCkYUEGwYpkGCAuq/wLxEAmEle7TNHVLzmon66B9WXOuatdPV9V6o+irDE7BGbgADrgBdfAImqAFMMjAFLyCN2NqvBsfxuditWQUNxWwNMbXLzwRoVk=</latexit>



It can be written in a more compact form

Lagrangian Field Theory

by introducing field strength tensor

Fµ⌫ = @µA⌫ � @⌫Aµ

<latexit sha1_base64="ENo4Fm/UnKnF/eCFq2yXklWYaMg="></latexit>

Ei = F0i

<latexit sha1_base64="zcTnzZdOPSJb4/J9s82py9xWcQ4=">AAACFHicbVDLSgMxFM3UVx1fVZdugkVwVWakohuhKIrLCvYB7TBkMpk2NJMJSaZYhv5Gt/oh7sSte7/DHzBtZ2FbDwQO59zLPTmBYFRpx/m2CmvrG5tbxW17Z3dv/6B0eNRUSSoxaeCEJbIdIEUY5aShqWakLSRBccBIKxjcTf3WkEhFE/6sR4J4MepxGlGMtJG69z6FN/DBzxw69ktlp+LMAFeJm5MyyFH3Sz/dMMFpTLjGDCnVcR2hvQxJTTEjY7ubKiIQHqAe6RjKUUyUl80yj+GZUUIYJdI8ruFM/buRoVipURyYyRjpvlr2puJ/XiccUqHyWy/zY4tJdHTtZZSLVBOO50GilEGdwGlBMKSSYM1GhiAsqfkLxH0kEdamRts2LbnLnayS5kXFrVYun6rl2m3eVxGcgFNwDlxwBWrgEdRBA2AgwAS8gjdrYr1bH9bnfLRg5TvHYAHW1y/AHp6K</latexit>

Bi = �1

2
✏ijkF

jk

<latexit sha1_base64="Hj58FhUH6lQifRHlBwT5BC+PlqA="></latexit>

electromagnetic fields are 

Maxwell’s equations can be written as

@µF
µ⌫ = 0

<latexit sha1_base64="xZGEBm20yMOJLMVD92vjT9j2FYg=">AAACJXicbVDLSsNAFJ3UV42vqMtuBovgqiRS0Y1QFMRlBfuAJobJdNoOnUzCzKRYQhd+Tbf6Ie5EcOVH+ANO2ixs64VhDufcy7n3BDGjUtn2l1FYW9/Y3Cpumzu7e/sH1uFRU0aJwKSBIxaJdoAkYZSThqKKkXYsCAoDRlrB8DbTWyMiJI34oxrHxAtRn9MexUhpyrdKboyEooj5bpjAu6dUfy5PJvAa2r5Vtiv2rOAqcHJQBnnVfevH7UY4CQlXmCEpO44dKy/NDDAjE9NNJIkRHqI+6WjIUUikl86OmMBTzXRhLxL6cQVn7N+JFIVSjsNAd4ZIDeSylpH/aZ3uiMYy93qemy1uonpXXkp5nCjC8XyRXsKgimCWGOxSQbBiYw0QFlTfAvEACYSVztU0dUrOciaroHlecaqVi4dquXaT51UEJXACzoADLkEN3IM6aAAMXsAUvII3Y2q8Gx/G57y1YOQzx2ChjO9f0vKlXQ==</latexit>

(repeated indices are contracted)

r · E = 0

<latexit sha1_base64="5IPbQseEKWMjW1fPmmqMLijdFxk=">AAACHHicbVDLSgMxFM3UV62vsS7dBIvgqsyIohuhKILLCvYBnaFkMpk2NJMMSaa0DP2VbvVD3Ilbwe/wB0zbWdjWA4HDOfdyT06QMKq043xbhY3Nre2d4m5pb//g8Mg+LjeVSCUmDSyYkO0AKcIoJw1NNSPtRBIUB4y0gsHDzG8NiVRU8Bc9Togfox6nEcVIG6lrlz2OAoagh0Oh4SO8g07XrjhVZw64TtycVECOetf+8UKB05hwjRlSquM6ifYzJDXFjExKXqpIgvAA9UjHUI5iovxsnn0Cz40SwkhI87iGc/XvRoZipcZxYCZjpPtq1ZuJ/3mdcEgTld8aLY4tJ9HRrZ9RnqSacLwIEqUMagFnRcGQSoI1GxuCsKTmLxD3kURYmzpLJdOSu9rJOmleVt2r6vXzVaV2n/dVBKfgDFwAF9yAGngCddAAGIzAFLyCN2tqvVsf1uditGDlOydgCdbXLzzIoMk=</latexit>

r⇥B = +
@E

@t

<latexit sha1_base64="r8IK+lkpKG/O/di1zIzJ9XzZAXE="></latexit>

Aµ = (�, A)

<latexit sha1_base64="fa8qLII/uI2jXU1fKilhcw/4oYY=">AAACHXicbVDLSsNAFJ34rPEV7dLNYBEqSEmkohuh1Y3LCvYBTSyTyaQdOnkwMymG0G/pVj/EnbgVv8MfcNpmYVsPDBzOuZd75rgxo0Ka5re2tr6xubVd2NF39/YPDo2j45aIEo5JE0cs4h0XCcJoSJqSSkY6MScocBlpu8P7qd8eES5oFD7JNCZOgPoh9SlGUkk9o1h/toME3sIytOMBhRewft4zSmbFnAGuEisnJZCj0TN+bC/CSUBCiRkSomuZsXQyxCXFjIx1OxEkRniI+qSraIgCIpxsFn4Mz5TiQT/i6oUSztS/GxkKhEgDV00GSA7EsjcV//O63ojGIr/1Mj+2mET6N05GwziRJMTzIH7CoIzgtCnoUU6wZKkiCHOq/gLxAHGEpepT11VL1nInq6R1WbGqlavHaql2l/dVACfgFJSBBa5BDTyABmgCDFIwAa/gTZto79qH9jkfXdPynSJYgPb1C5A0oFY=</latexit>

xµ = (t,x)

<latexit sha1_base64="NYN5p1T+u26tlahkQSV743hbC0Q=">AAACHXicbVDLSsNAFJ3UV42vaJduBotQQUoiFd0IRTcuK9gHNLFMJpN26OTBzKQ0hH5Lt/oh7sSt+B3+gNM2C9t6YOBwzr3cM8eNGRXSNL+1wsbm1vZOcVff2z84PDKOT1oiSjgmTRyxiHdcJAijIWlKKhnpxJygwGWk7Q4fZn57RLigUfgs05g4AeqH1KcYSSX1jNL4xQ4SeAcr8jKzXR+OJxc9o2xWzTngOrFyUgY5Gj3jx/YinAQklJghIbqWGUsnQ1xSzMhEtxNBYoSHqE+6ioYoIMLJ5uEn8FwpHvQjrl4o4Vz9u5GhQIg0cNVkgORArHoz8T+v641oLPJb48Wx5STSv3UyGsaJJCFeBPETBmUEZ01Bj3KCJUsVQZhT9ReIB4gjLFWfuq5aslY7WSetq6pVq14/1cr1+7yvIjgFZ6ACLHAD6uARNEATYJCCKXgFb9pUe9c+tM/FaEHLd0pgCdrXL3KroXc=</latexit>

@µ = @/@xµ

<latexit sha1_base64="5N1F7V8JHVZ4ZLcxuofyy3A6jew=">AAACMHicbVDLSsNAFJ34rPEVdelmsCiuaiIV3QhFNy4r2Ac0MUwm03bo5MHMpLSE/oFf061+iK7ErVt/wEmbgm29MHDmnPs8XsyokKb5oa2srq1vbBa29O2d3b194+CwLqKEY1LDEYt400OCMBqSmqSSkWbMCQo8Rhpe7z7TG33CBY3CJzmMiROgTkjbFCOpKNc4s2PEJUXMtYME3sLZ92IG4OBZKa5RNEvmJOAysHJQBHlUXePH9iOcBCSUmCEhWpYZSyfNemJGRrqdCBIj3EMd0lIwRAERTjq5ZwRPFePDdsTVCyWcsH8rUhQIMQw8lRkg2RWLWkb+p7X8Po1FPmswHTa/iWzfOCkN40SSEE8XaScMyghm5kGfcoIlGyqAMKfqFoi7iCMslcW6rlyyFj1ZBvXLklUuXT2Wi5W73K8COAYn4BxY4BpUwAOoghrA4AWMwSt408bau/apfU1TV7S85gjMhfb9C2k/qlc=</latexit>

(µ = 0, 1, 2, 3)

<latexit sha1_base64="fq4oto809S9utaDAyGCGIVikZ6k=">AAACJXicbVDLSgMxFM3UVx1foy67CRahQikztaIboejGZQX7gHYomTRtQ5OZIckUS+nCr+lWP8SdCK78CH/AzHQWtvVAcg/n3su993gho1LZ9peR2djc2t7J7pp7+weHR9bxSUMGkcCkjgMWiJaHJGHUJ3VFFSOtUBDEPUaa3ug+zjfHREga+E9qEhKXo4FP+xQjpaWulSt0eARvoV2EnaITf7AMk3B50bXydslOANeJk5I8SFHrWj+dXoAjTnyFGZKy7dihcqdIKIoZmZmdSJIQ4REakLamPuJEutPkiBk810oP9gOhn69gov7tmCIu5YR7upIjNZSruVj8L9fujWko01nPi2HLm6j+jTulfhgp4uPFIv2IQRXA2DHYo4JgxSaaICyovgXiIRIIK+2raWqXnFVP1kmjXHIqpavHSr56l/qVBTlwBgrAAdegCh5ADdQBBi9gDl7BmzE33o0P43NRmjHSnlOwBOP7F9VpoT8=</latexit>

(i = 1, 2, 3)

<latexit sha1_base64="gHAKOc5+yz90AgtFYtnlD282zqw=">AAACGXicbVDLSsNAFJ34rPHRqEs3g0WoEEpSK7oRim5cVrAPaEKZTCbt0MmDmUmxhH5Jt/oh7sStK7/DH3DaZmFbDwwczrmXe+Z4CaNCWta3trG5tb2zW9jT9w8Oj4rG8UlLxCnHpIljFvOOhwRhNCJNSSUjnYQTFHqMtL3hw8xvjwgXNI6e5Tghboj6EQ0oRlJJPaNYpne26ZiwakLHvLrsGSWrYs0B14mdkxLI0egZP44f4zQkkcQMCdG1rUS6GeKSYkYmupMKkiA8RH3SVTRCIRFuNg8+gRdK8WEQc/UiCefq340MhUKMQ09NhkgOxKo3E//zuv6IJiK/9bI4tpxEBrduRqMklSTCiyBByqCM4awl6FNOsGRjRRDmVP0F4gHiCEvVpa6rluzVTtZJq1qxa5Xrp1qpfp/3VQBn4ByUgQ1uQB08ggZoAgxSMAWv4E2bau/ah/a5GN3Q8p1TsATt6xfLjJ5O</latexit>

the other two equations come from Bianchi identity

@µF⌫⇢ + @⌫F⇢µ + @⇢Fµ⌫ = 0

<latexit sha1_base64="znkAA7RlsHtwFJcxr86RQW8g4ts="></latexit>

r ·B = 0

<latexit sha1_base64="o1CEBnIWu5dGVde7OLUzElg6dE4=">AAACHHicbVDLSgMxFM3UVx1fY126CRbBVZkRRTdCqRuXFewDOkPJZDJtaCYZkkxpKf2VbvVD3Ilbwe/wB0zbWdjWA4HDOfdyT06YMqq0635bha3tnd294r59cHh0fOKclppKZBKTBhZMyHaIFGGUk4ammpF2KglKQkZa4eBx7reGRCoq+IsepyRIUI/TmGKkjdR1Sj5HIUPQx5HQsAYfoNt1ym7FXQBuEi8nZZCj3nV+/EjgLCFcY4aU6nhuqoMJkppiRqa2nymSIjxAPdIxlKOEqGCyyD6Fl0aJYCykeVzDhfp3Y4ISpcZJaCYTpPtq3ZuL/3mdaEhTld8aLY+tJtHxfTChPM004XgZJM4Y1ALOi4IRlQRrNjYEYUnNXyDuI4mwNnXatmnJW+9kkzSvK95N5fb5plyt5X0VwTm4AFfAA3egCp5AHTQABiMwA6/gzZpZ79aH9bkcLVj5zhlYgfX1CzfNoMY=</latexit>

r⇥ E = �@B

@t

<latexit sha1_base64="UWe//NmiiLvqX19CwEO45T1Jcxs="></latexit>



Lagrangian Field Theory

The corresponding Lagrangian is

L(A, @A) = �1

4
Fµ⌫F

µ⌫

<latexit sha1_base64="1zjnlmrbWiLvbuZ8LLrfPUfr48A="></latexit>

The action is

S =

Z
d4x


�1

4
Fµ⌫F

µ⌫

�

<latexit sha1_base64="99PfOUZBH+F53jD4usXubTKPGaw="></latexit>

Using the least action principle, we find Euler-Lagrange equation

0 = @µ
@L

@@µA⌫
� @L

@A⌫

<latexit sha1_base64="qvIG2umdejwy+KWOENJPv4TRw1Q="></latexit>

which reproduces the Maxwell equation



Lagrangian Field Theory

This classical Lagrangian field theory

S =

Z
d4x


�1

4
Fµ⌫F

µ⌫

�

<latexit sha1_base64="99PfOUZBH+F53jD4usXubTKPGaw="></latexit>

describes classical electromagnetism

When this theory is quantized
it describes a spin-1 massless gauge boson

which is photon

The other elementary particles in SM

can also be described by similar Lagrangian field theory



A brief review on Lorentz transformation



Galilean transformation

z

x’

y

O

<latexit sha1_base64="tXzK83jzGwqVlcxuSMILQjZOsOA=">AAACEHicbVDLSsNAFL2prxpfVZduBovgqiRS0WXRjTsr2Ae0oUwmk3boZBJmJsUS+hPd6oe4E7f+gd/hDzhts7CtBwYO59zLPXP8hDOlHefbKmxsbm3vFHftvf2Dw6PS8UlTxakktEFiHsu2jxXlTNCGZprTdiIpjnxOW/7wfua3RlQqFotnPU6oF+G+YCEjWBupnXUJ5uhx0iuVnYozB1onbk7KkKPeK/10g5ikERWacKxUx3US7WVYakY4ndjdVNEEkyHu046hAkdUedk87wRdGCVAYSzNExrN1b8bGY6UGke+mYywHqhVbyb+53WCEUtUfutlcWw5iQ5vvYyJJNVUkEWQMOVIx2hWDgqYpETzsSGYSGb+gsgAS0y0qdC2TUvuaifrpHlVcauV66dquXaX91WEMziHS3DhBmrwAHVoAAEOU3iFN2tqvVsf1uditGDlO6ewBOvrF9J1nZU=</latexit>

z’

x

y’

O
0

<latexit sha1_base64="fXRaMZIqckZCNH5r88UI5qy01jA=">AAACH3icbVDLSsNAFJ3UV42vqLhyM1hEVyWRii6LbtxZwT6gCWUymbZDJ5MwMymWkI/pVj/Enbjtd/gDTtMsbOuBgcO5j3Pn+DGjUtn2zChtbG5t75R3zb39g8Mj6/ikJaNEYNLEEYtEx0eSMMpJU1HFSCcWBIU+I21/9Divt8dESBrxVzWJiReiAad9ipHSUs86S918SSpIkEEXIwafr7KeVbGrdg64TpyCVECBRs/6cYMIJyHhCjMkZdexY+WlSCiKGclMN5EkRniEBqSrKUchkV6aO2fwUisB7EdCP65grv6dSFEo5ST0dWeI1FCu1ubif7VuMKaxLLzeFmbLl6j+vZdSHieKcLw4pJ8wqCI4zwoGVBCs2EQThAXVf4F4iATCSidqmjolZzWTddK6qTq16u1LrVJ/KPIqg3NwAa6BA+5AHTyBBmgCDFIwBe/gw5gan8aX8b1oLRnFzClYgjH7BaNGoz0=</latexit>

0

BB@

t0

x0

y0

z0

1

CCA

<latexit sha1_base64="9BT/emUem0UK3sxBMdsGIxtpFJo="></latexit>

=

0

BB@

t
x� vt

y
z

1

CCA

<latexit sha1_base64="UoXSdnMeXBJ1u0Ke6VWibZ1nWLE="></latexit>

=

0

BB@

1 0 0 0
�v 1 0 0
0 0 1 0
0 0 0 1

1

CCA

0

BB@

t
x
y
z

1

CCA

<latexit sha1_base64="WyuZnJrhA2Z9iZ2pNO+HGZulGKk="></latexit>

(transformation of coordinates in non-relativistic system)

v

<latexit sha1_base64="kk9a0+aqqJhVVerVI/+vAOOaJ2c=">AAACGXicbVDLSsNAFJ3UV42PRl26GSyCq5JIRZdFNy4r2Ae0oUwmN+3QyYOZSbGEfkm3+iHuxK0rv8MfcJpmYVsPDBzOfZw7x0s4k8q2v43S1vbO7l553zw4PDquWCenbRmngkKLxjwWXY9I4CyClmKKQzcRQEKPQ8cbPyzqnQkIyeLoWU0TcEMyjFjAKFFaGliVrJ8vyQT4MzyZDayqXbNz4E3iFKSKCjQH1k/fj2kaQqQoJ1L2HDtRbkaEYpTDzOynEhJCx2QIPU0jEoJ0s9xzhi+14uMgFvpFCufq34mMhFJOQ093hkSN5HptIf5X6/kTlsjC62VptnqJCu7cjEVJqiCiy0OClGMV40VK2GcCqOJTTQgVTP8F0xERhCqdpWnqlJz1TDZJ+7rm1Gs3T/Vq477Iq4zO0QW6Qg66RQ30iJqohShK0Ry9ojdjbrwbH8bnsrVkFDNnaAXG1y/awKFV</latexit>



Lorentz transformation

0

BB@

t0

x0

y0

z0

1

CCA

<latexit sha1_base64="9BT/emUem0UK3sxBMdsGIxtpFJo="></latexit>

=

0

BB@

� ��v 0 0
��v � 0 0
0 0 1 0
0 0 0 1

1

CCA

0

BB@

t
x
y
z

1

CCA

<latexit sha1_base64="NzcQD8thuu11uIe5TUmm12MQRxc="></latexit>

� =
1p

1� v2

<latexit sha1_base64="esDYy3avEA4cfWhlQ8zEWZsrn78=">AAACKXicbVDLTsJAFJ3iC/GFunThRGLiRtISjG5MiG5cYiKPhFYynU5hwkxbZ6ZE0nTp17DVD3Gnbv0Ef8ABuhDwJDc5Oefe3HuPGzEqlWl+GrmV1bX1jfxmYWt7Z3evuH/QlGEsMGngkIWi7SJJGA1IQ1HFSDsSBHGXkZY7uJ34rSERkobBgxpFxOGoF1CfYqS01C0e2z3EOYLX0PYFwomVJrZ8EiqxzoePlTTtFktm2ZwCLhMrIyWQod4t/theiGNOAoUZkrJjmZFyEiQUxYykBTuWJEJ4gHqko2mAOJFOMn0khada8aAfCl2BglP170SCuJQj7upOjlRfLnoT8T+v4w1pJLNdz7Nl85co/8pJaBDFigR4dogfM6hCOEkNelQQrNhIE4QF1b9A3Ec6MKWzLRR0StZiJsukWSlb1fLFfbVUu8nyyoMjcALOgAUuQQ3cgTpoAAxewBi8gjdjbLwbH8bXrDVnZDOHYA7G9y9GCacw</latexit>

=

0

BB@

�(t� vx)
�(x� vt)

y
z

1

CCA

<latexit sha1_base64="hCosSEMBzofEc0X7q2VPfUnGYYY="></latexit>

(time dilation & Length contraction)

z

x’

y

O

<latexit sha1_base64="tXzK83jzGwqVlcxuSMILQjZOsOA=">AAACEHicbVDLSsNAFL2prxpfVZduBovgqiRS0WXRjTsr2Ae0oUwmk3boZBJmJsUS+hPd6oe4E7f+gd/hDzhts7CtBwYO59zLPXP8hDOlHefbKmxsbm3vFHftvf2Dw6PS8UlTxakktEFiHsu2jxXlTNCGZprTdiIpjnxOW/7wfua3RlQqFotnPU6oF+G+YCEjWBupnXUJ5uhx0iuVnYozB1onbk7KkKPeK/10g5ikERWacKxUx3US7WVYakY4ndjdVNEEkyHu046hAkdUedk87wRdGCVAYSzNExrN1b8bGY6UGke+mYywHqhVbyb+53WCEUtUfutlcWw5iQ5vvYyJJNVUkEWQMOVIx2hWDgqYpETzsSGYSGb+gsgAS0y0qdC2TUvuaifrpHlVcauV66dquXaX91WEMziHS3DhBmrwAHVoAAEOU3iFN2tqvVsf1uditGDlO6ewBOvrF9J1nZU=</latexit>

z’

x

y’

O
0

<latexit sha1_base64="fXRaMZIqckZCNH5r88UI5qy01jA=">AAACH3icbVDLSsNAFJ3UV42vqLhyM1hEVyWRii6LbtxZwT6gCWUymbZDJ5MwMymWkI/pVj/Enbjtd/gDTtMsbOuBgcO5j3Pn+DGjUtn2zChtbG5t75R3zb39g8Mj6/ikJaNEYNLEEYtEx0eSMMpJU1HFSCcWBIU+I21/9Divt8dESBrxVzWJiReiAad9ipHSUs86S918SSpIkEEXIwafr7KeVbGrdg64TpyCVECBRs/6cYMIJyHhCjMkZdexY+WlSCiKGclMN5EkRniEBqSrKUchkV6aO2fwUisB7EdCP65grv6dSFEo5ST0dWeI1FCu1ubif7VuMKaxLLzeFmbLl6j+vZdSHieKcLw4pJ8wqCI4zwoGVBCs2EQThAXVf4F4iATCSidqmjolZzWTddK6qTq16u1LrVJ/KPIqg3NwAa6BA+5AHTyBBmgCDFIwBe/gw5gan8aX8b1oLRnFzClYgjH7BaNGoz0=</latexit>

v

<latexit sha1_base64="kk9a0+aqqJhVVerVI/+vAOOaJ2c=">AAACGXicbVDLSsNAFJ3UV42PRl26GSyCq5JIRZdFNy4r2Ae0oUwmN+3QyYOZSbGEfkm3+iHuxK0rv8MfcJpmYVsPDBzOfZw7x0s4k8q2v43S1vbO7l553zw4PDquWCenbRmngkKLxjwWXY9I4CyClmKKQzcRQEKPQ8cbPyzqnQkIyeLoWU0TcEMyjFjAKFFaGliVrJ8vyQT4MzyZDayqXbNz4E3iFKSKCjQH1k/fj2kaQqQoJ1L2HDtRbkaEYpTDzOynEhJCx2QIPU0jEoJ0s9xzhi+14uMgFvpFCufq34mMhFJOQ093hkSN5HptIf5X6/kTlsjC62VptnqJCu7cjEVJqiCiy0OClGMV40VK2GcCqOJTTQgVTP8F0xERhCqdpWnqlJz1TDZJ+7rm1Gs3T/Vq477Iq4zO0QW6Qg66RQ30iJqohShK0Ry9ojdjbrwbH8bnsrVkFDNnaAXG1y/awKFV</latexit>

boost factor



Lorentz transformation
0

BB@

t0

x0

y0

z0

1

CCA

<latexit sha1_base64="9BT/emUem0UK3sxBMdsGIxtpFJo="></latexit>

� =
1p

1� v2

<latexit sha1_base64="esDYy3avEA4cfWhlQ8zEWZsrn78=">AAACKXicbVDLTsJAFJ3iC/GFunThRGLiRtISjG5MiG5cYiKPhFYynU5hwkxbZ6ZE0nTp17DVD3Gnbv0Ef8ABuhDwJDc5Oefe3HuPGzEqlWl+GrmV1bX1jfxmYWt7Z3evuH/QlGEsMGngkIWi7SJJGA1IQ1HFSDsSBHGXkZY7uJ34rSERkobBgxpFxOGoF1CfYqS01C0e2z3EOYLX0PYFwomVJrZ8EiqxzoePlTTtFktm2ZwCLhMrIyWQod4t/theiGNOAoUZkrJjmZFyEiQUxYykBTuWJEJ4gHqko2mAOJFOMn0khada8aAfCl2BglP170SCuJQj7upOjlRfLnoT8T+v4w1pJLNdz7Nl85co/8pJaBDFigR4dogfM6hCOEkNelQQrNhIE4QF1b9A3Ec6MKWzLRR0StZiJsukWSlb1fLFfbVUu8nyyoMjcALOgAUuQQ3cgTpoAAxewBi8gjdjbLwbH8bXrDVnZDOHYA7G9y9GCacw</latexit>

=

0

BB@

�(t� vx)
�(x� vt)

y
z

1

CCA

<latexit sha1_base64="hCosSEMBzofEc0X7q2VPfUnGYYY="></latexit>

consider now two events

E1 = (t1, x1, 0, 0)O

<latexit sha1_base64="yTb2kqBGfOtsYqCgkW+S9ZPTel0=">AAACKHicbVDLSsNAFJ34rPEVdSnIYBEqlJJIRTdCUQR3VrAPaEOYTCbt0MmDmUlpCd35Nd3qh7iTbv0Ff8Bpm4VtPTDD4Zx7ufceN2ZUSNOcaGvrG5tb27kdfXdv/+DQODquiyjhmNRwxCLedJEgjIakJqlkpBlzggKXkYbbe5j6jT7hgkbhqxzGxA5QJ6Q+xUgqyTHOHh0L3sGCdKwiHKjPLJqXTtrGiMHnEXSMvFkyZ4CrxMpIHmSoOsZP24twEpBQYoaEaFlmLO0UcUkxIyO9nQgSI9xDHdJSNEQBEXY6u2MEL5TiQT/i6oUSztS/HSkKhBgGrqoMkOyKZW8q/ue1vD6NRTZrMB+2uIn0b+2UhnEiSYjni/gJgzKC09CgRznBkg0VQZhTdQvEXcQRlipaXVcpWcuZrJL6Vckql65fyvnKfZZXDpyCc1AAFrgBFfAEqqAGMHgDY/AOPrSx9ql9aZN56ZqW9ZyABWjfv3FSo9Q=</latexit>

E2 = (t2, x2, 0, 0)O

<latexit sha1_base64="XptfH4qmN55jTMF9WSCZiRikBjk=">AAACKHicbVDLSgMxFM3UVx1foy4FCRahQikzpaIboSiCOyvYB7TDkMmkbWjmQZIpLUN3fk23+iHupFt/wR8wbWdhWw8kHM65l3vvcSNGhTTNqZbZ2Nza3snu6nv7B4dHxvFJXYQxx6SGQxbyposEYTQgNUklI82IE+S7jDTc/sPMbwwIFzQMXuUoIraPugHtUIykkhzj/NEpwTuYl06pAIfqMwvmlZO0MWLweQwdI2cWzTngOrFSkgMpqo7x0/ZCHPskkJghIVqWGUk7QVxSzMhYb8eCRAj3UZe0FA2QT4SdzO8Yw0uleLATcvUCCefq344E+UKMfFdV+kj2xKo3E//zWt6ARiKdNVwMW95Edm7thAZRLEmAF4t0YgZlCGehQY9ygiUbKYIwp+oWiHuIIyxVtLquUrJWM1kn9VLRKhevX8q5yn2aVxacgQuQBxa4ARXwBKqgBjB4AxPwDj60ifapfWnTRWlGS3tOwRK07192f6PX</latexit>

in the other frame

E1 = (t01, x
0

1, 0, 0)O0 = �(t1 � vx1, x1 � vt1, 0, 0)O0

<latexit sha1_base64="f4ycZs4EGXNp92CEokDunjbHPYU="></latexit>

E2 = (t02, x
0

2, 0, 0)O0 = �(t2 � vx2, x2 � vt2, 0, 0)O0

<latexit sha1_base64="gzEJzS5CHbrw4o6vERjU+UHA/Kc="></latexit>

z

x’

y

O

<latexit sha1_base64="tXzK83jzGwqVlcxuSMILQjZOsOA=">AAACEHicbVDLSsNAFL2prxpfVZduBovgqiRS0WXRjTsr2Ae0oUwmk3boZBJmJsUS+hPd6oe4E7f+gd/hDzhts7CtBwYO59zLPXP8hDOlHefbKmxsbm3vFHftvf2Dw6PS8UlTxakktEFiHsu2jxXlTNCGZprTdiIpjnxOW/7wfua3RlQqFotnPU6oF+G+YCEjWBupnXUJ5uhx0iuVnYozB1onbk7KkKPeK/10g5ikERWacKxUx3US7WVYakY4ndjdVNEEkyHu046hAkdUedk87wRdGCVAYSzNExrN1b8bGY6UGke+mYywHqhVbyb+53WCEUtUfutlcWw5iQ5vvYyJJNVUkEWQMOVIx2hWDgqYpETzsSGYSGb+gsgAS0y0qdC2TUvuaifrpHlVcauV66dquXaX91WEMziHS3DhBmrwAHVoAAEOU3iFN2tqvVsf1uditGDlO6ewBOvrF9J1nZU=</latexit>

z’

x

y’

O
0

<latexit sha1_base64="fXRaMZIqckZCNH5r88UI5qy01jA=">AAACH3icbVDLSsNAFJ3UV42vqLhyM1hEVyWRii6LbtxZwT6gCWUymbZDJ5MwMymWkI/pVj/Enbjtd/gDTtMsbOuBgcO5j3Pn+DGjUtn2zChtbG5t75R3zb39g8Mj6/ikJaNEYNLEEYtEx0eSMMpJU1HFSCcWBIU+I21/9Divt8dESBrxVzWJiReiAad9ipHSUs86S918SSpIkEEXIwafr7KeVbGrdg64TpyCVECBRs/6cYMIJyHhCjMkZdexY+WlSCiKGclMN5EkRniEBqSrKUchkV6aO2fwUisB7EdCP65grv6dSFEo5ST0dWeI1FCu1ubif7VuMKaxLLzeFmbLl6j+vZdSHieKcLw4pJ8wqCI4zwoGVBCs2EQThAXVf4F4iATCSidqmjolZzWTddK6qTq16u1LrVJ/KPIqg3NwAa6BA+5AHTyBBmgCDFIwBe/gw5gan8aX8b1oLRnFzClYgjH7BaNGoz0=</latexit>

v

<latexit sha1_base64="kk9a0+aqqJhVVerVI/+vAOOaJ2c=">AAACGXicbVDLSsNAFJ3UV42PRl26GSyCq5JIRZdFNy4r2Ae0oUwmN+3QyYOZSbGEfkm3+iHuxK0rv8MfcJpmYVsPDBzOfZw7x0s4k8q2v43S1vbO7l553zw4PDquWCenbRmngkKLxjwWXY9I4CyClmKKQzcRQEKPQ8cbPyzqnQkIyeLoWU0TcEMyjFjAKFFaGliVrJ8vyQT4MzyZDayqXbNz4E3iFKSKCjQH1k/fj2kaQqQoJ1L2HDtRbkaEYpTDzOynEhJCx2QIPU0jEoJ0s9xzhi+14uMgFvpFCufq34mMhFJOQ093hkSN5HptIf5X6/kTlsjC62VptnqJCu7cjEVJqiCiy0OClGMV40VK2GcCqOJTTQgVTP8F0xERhCqdpWnqlJz1TDZJ+7rm1Gs3T/Vq477Iq4zO0QW6Qg66RQ30iJqohShK0Ry9ojdjbrwbH8bnsrVkFDNnaAXG1y/awKFV</latexit>



Lorentz transformation

x

y’

z

O

<latexit sha1_base64="tXzK83jzGwqVlcxuSMILQjZOsOA=">AAACEHicbVDLSsNAFL2prxpfVZduBovgqiRS0WXRjTsr2Ae0oUwmk3boZBJmJsUS+hPd6oe4E7f+gd/hDzhts7CtBwYO59zLPXP8hDOlHefbKmxsbm3vFHftvf2Dw6PS8UlTxakktEFiHsu2jxXlTNCGZprTdiIpjnxOW/7wfua3RlQqFotnPU6oF+G+YCEjWBupnXUJ5uhx0iuVnYozB1onbk7KkKPeK/10g5ikERWacKxUx3US7WVYakY4ndjdVNEEkyHu046hAkdUedk87wRdGCVAYSzNExrN1b8bGY6UGke+mYywHqhVbyb+53WCEUtUfutlcWw5iQ5vvYyJJNVUkEWQMOVIx2hWDgqYpETzsSGYSGb+gsgAS0y0qdC2TUvuaifrpHlVcauV66dquXaX91WEMziHS3DhBmrwAHVoAAEOU3iFN2tqvVsf1uditGDlO6ewBOvrF9J1nZU=</latexit>

x’

y

z’

O
0

<latexit sha1_base64="fXRaMZIqckZCNH5r88UI5qy01jA=">AAACH3icbVDLSsNAFJ3UV42vqLhyM1hEVyWRii6LbtxZwT6gCWUymbZDJ5MwMymWkI/pVj/Enbjtd/gDTtMsbOuBgcO5j3Pn+DGjUtn2zChtbG5t75R3zb39g8Mj6/ikJaNEYNLEEYtEx0eSMMpJU1HFSCcWBIU+I21/9Divt8dESBrxVzWJiReiAad9ipHSUs86S918SSpIkEEXIwafr7KeVbGrdg64TpyCVECBRs/6cYMIJyHhCjMkZdexY+WlSCiKGclMN5EkRniEBqSrKUchkV6aO2fwUisB7EdCP65grv6dSFEo5ST0dWeI1FCu1ubif7VuMKaxLLzeFmbLl6j+vZdSHieKcLw4pJ8wqCI4zwoGVBCs2EQThAXVf4F4iATCSidqmjolZzWTddK6qTq16u1LrVJ/KPIqg3NwAa6BA+5AHTyBBmgCDFIwBe/gw5gan8aX8b1oLRnFzClYgjH7BaNGoz0=</latexit>

v

<latexit sha1_base64="kk9a0+aqqJhVVerVI/+vAOOaJ2c=">AAACGXicbVDLSsNAFJ3UV42PRl26GSyCq5JIRZdFNy4r2Ae0oUwmN+3QyYOZSbGEfkm3+iHuxK0rv8MfcJpmYVsPDBzOfZw7x0s4k8q2v43S1vbO7l553zw4PDquWCenbRmngkKLxjwWXY9I4CyClmKKQzcRQEKPQ8cbPyzqnQkIyeLoWU0TcEMyjFjAKFFaGliVrJ8vyQT4MzyZDayqXbNz4E3iFKSKCjQH1k/fj2kaQqQoJ1L2HDtRbkaEYpTDzOynEhJCx2QIPU0jEoJ0s9xzhi+14uMgFvpFCufq34mMhFJOQ093hkSN5HptIf5X6/kTlsjC62VptnqJCu7cjEVJqiCiy0OClGMV40VK2GcCqOJTTQgVTP8F0xERhCqdpWnqlJz1TDZJ+7rm1Gs3T/Vq477Iq4zO0QW6Qg66RQ30iJqohShK0Ry9ojdjbrwbH8bnsrVkFDNnaAXG1y/awKFV</latexit>

� =
1p

1� v2

<latexit sha1_base64="esDYy3avEA4cfWhlQ8zEWZsrn78=">AAACKXicbVDLTsJAFJ3iC/GFunThRGLiRtISjG5MiG5cYiKPhFYynU5hwkxbZ6ZE0nTp17DVD3Gnbv0Ef8ABuhDwJDc5Oefe3HuPGzEqlWl+GrmV1bX1jfxmYWt7Z3evuH/QlGEsMGngkIWi7SJJGA1IQ1HFSDsSBHGXkZY7uJ34rSERkobBgxpFxOGoF1CfYqS01C0e2z3EOYLX0PYFwomVJrZ8EiqxzoePlTTtFktm2ZwCLhMrIyWQod4t/theiGNOAoUZkrJjmZFyEiQUxYykBTuWJEJ4gHqko2mAOJFOMn0khada8aAfCl2BglP170SCuJQj7upOjlRfLnoT8T+v4w1pJLNdz7Nl85co/8pJaBDFigR4dogfM6hCOEkNelQQrNhIE4QF1b9A3Ec6MKWzLRR0StZiJsukWSlb1fLFfbVUu8nyyoMjcALOgAUuQQ3cgTpoAAxewBi8gjdjbLwbH8bXrDVnZDOHYA7G9y9GCacw</latexit>

consider now two events

E1 = (t1, x1, 0, 0)O

<latexit sha1_base64="yTb2kqBGfOtsYqCgkW+S9ZPTel0=">AAACKHicbVDLSsNAFJ34rPEVdSnIYBEqlJJIRTdCUQR3VrAPaEOYTCbt0MmDmUlpCd35Nd3qh7iTbv0Ff8Bpm4VtPTDD4Zx7ufceN2ZUSNOcaGvrG5tb27kdfXdv/+DQODquiyjhmNRwxCLedJEgjIakJqlkpBlzggKXkYbbe5j6jT7hgkbhqxzGxA5QJ6Q+xUgqyTHOHh0L3sGCdKwiHKjPLJqXTtrGiMHnEXSMvFkyZ4CrxMpIHmSoOsZP24twEpBQYoaEaFlmLO0UcUkxIyO9nQgSI9xDHdJSNEQBEXY6u2MEL5TiQT/i6oUSztS/HSkKhBgGrqoMkOyKZW8q/ue1vD6NRTZrMB+2uIn0b+2UhnEiSYjni/gJgzKC09CgRznBkg0VQZhTdQvEXcQRlipaXVcpWcuZrJL6Vckql65fyvnKfZZXDpyCc1AAFrgBFfAEqqAGMHgDY/AOPrSx9ql9aZN56ZqW9ZyABWjfv3FSo9Q=</latexit>

E2 = (t2, x2, 0, 0)O

<latexit sha1_base64="XptfH4qmN55jTMF9WSCZiRikBjk=">AAACKHicbVDLSgMxFM3UVx1foy4FCRahQikzpaIboSiCOyvYB7TDkMmkbWjmQZIpLUN3fk23+iHupFt/wR8wbWdhWw8kHM65l3vvcSNGhTTNqZbZ2Nza3snu6nv7B4dHxvFJXYQxx6SGQxbyposEYTQgNUklI82IE+S7jDTc/sPMbwwIFzQMXuUoIraPugHtUIykkhzj/NEpwTuYl06pAIfqMwvmlZO0MWLweQwdI2cWzTngOrFSkgMpqo7x0/ZCHPskkJghIVqWGUk7QVxSzMhYb8eCRAj3UZe0FA2QT4SdzO8Yw0uleLATcvUCCefq344E+UKMfFdV+kj2xKo3E//zWt6ARiKdNVwMW95Edm7thAZRLEmAF4t0YgZlCGehQY9ygiUbKYIwp+oWiHuIIyxVtLquUrJWM1kn9VLRKhevX8q5yn2aVxacgQuQBxa4ARXwBKqgBjB4AxPwDj60ifapfWnTRWlGS3tOwRK07192f6PX</latexit>

in the other frame

E1 = (t01, x
0

1, 0, 0)O0 = �(t1 � vx1, x1 � vt1, 0, 0)O0

<latexit sha1_base64="f4ycZs4EGXNp92CEokDunjbHPYU="></latexit>

E2 = (t02, x
0

2, 0, 0)O0 = �(t2 � vx2, x2 � vt2, 0, 0)O0

<latexit sha1_base64="gzEJzS5CHbrw4o6vERjU+UHA/Kc="></latexit>

the distance between two events is

�2 ⌘ (t2 � t1)
2 � (x2 � x1)

2

<latexit sha1_base64="Ai2W1sNSzQCZocEyR+5aj/hEw3c="></latexit>

�02 ⌘ (t02 � t01)
2 � (x0

2 � x0
1)

2

<latexit sha1_base64="7BW2mjMvx2C1zd7hU2yuqkMIx6o="></latexit>



� =
1p

1� v2

<latexit sha1_base64="esDYy3avEA4cfWhlQ8zEWZsrn78=">AAACKXicbVDLTsJAFJ3iC/GFunThRGLiRtISjG5MiG5cYiKPhFYynU5hwkxbZ6ZE0nTp17DVD3Gnbv0Ef8ABuhDwJDc5Oefe3HuPGzEqlWl+GrmV1bX1jfxmYWt7Z3evuH/QlGEsMGngkIWi7SJJGA1IQ1HFSDsSBHGXkZY7uJ34rSERkobBgxpFxOGoF1CfYqS01C0e2z3EOYLX0PYFwomVJrZ8EiqxzoePlTTtFktm2ZwCLhMrIyWQod4t/theiGNOAoUZkrJjmZFyEiQUxYykBTuWJEJ4gHqko2mAOJFOMn0khada8aAfCl2BglP170SCuJQj7upOjlRfLnoT8T+v4w1pJLNdz7Nl85co/8pJaBDFigR4dogfM6hCOEkNelQQrNhIE4QF1b9A3Ec6MKWzLRR0StZiJsukWSlb1fLFfbVUu8nyyoMjcALOgAUuQQ3cgTpoAAxewBi8gjdjbLwbH8bXrDVnZDOHYA7G9y9GCacw</latexit>

in the other frame

E1 = (t01, x
0

1, 0, 0)O0 = �(t1 � vx1, x1 � vt1, 0, 0)O0

<latexit sha1_base64="f4ycZs4EGXNp92CEokDunjbHPYU="></latexit>

E2 = (t02, x
0

2, 0, 0)O0 = �(t2 � vx2, x2 � vt2, 0, 0)O0

<latexit sha1_base64="gzEJzS5CHbrw4o6vERjU+UHA/Kc="></latexit>

the distance between two events is

�2 ⌘ (t2 � t1)
2 � (x2 � x1)

2

<latexit sha1_base64="Ai2W1sNSzQCZocEyR+5aj/hEw3c="></latexit>

�02 ⌘ (t02 � t01)
2 � (x0

2 � x0
1)

2

<latexit sha1_base64="7BW2mjMvx2C1zd7hU2yuqkMIx6o="></latexit>

= �2[(t2 � t1)� v(x2 � x1)]
2 � �2[(x2 � x1)� v(t2 � t1)]

2

<latexit sha1_base64="vGmg9ufEsdiaC4hW0ft0Z1iRci0="></latexit>

= �2(1� v2)(t2 � t1)
2 � �2(1� v2)(x2 � x1)

2

<latexit sha1_base64="/VBb4kVFIbIyC3a5vrKNOk5p2N0="></latexit>

= (t2 � t1)
2 � (x2 � x1)

2

<latexit sha1_base64="rh4BP6gEwZfX09zElHWdRTpfZpI=">AAACJXicbVDLTgIxFO34RHyhLtk0EhNcQGYIRjcmRDcuMZFHAjjpdDrQ0HmkvUMghIVfw1Y/xJ0xceVH+AMWmIWAJ2lyes69ufceJxJcgWl+GRubW9s7u6m99P7B4dFx5uS0rsJYUlajoQhl0yGKCR6wGnAQrBlJRnxHsIbTv5/5jQGTiofBE4wi1vFJN+AepwS0ZGeyt3mwS7iAwbYunzXJD+1SYTj/2JmcWTTnwOvESkgOJajamZ+2G9LYZwFQQZRqWWYEnTGRwKlgk3Q7ViwitE+6rKVpQHymOuP5ERN8oRUXe6HULwA8V/92jImv1Mh3dKVPoKdWvZn4n9dyBzxSyazhYtjyJuDddMY8iGJgAV0s4sUCQ4hniWGXS0ZBjDQhVHJ9C6Y9IgkFnWs6rVOyVjNZJ/VS0SoXrx7LucpdklcKZdE5yiMLXaMKekBVVEMUvaApekVvxtR4Nz6Mz0XphpH0nKElGN+/CjiikQ==</latexit>

= �2

<latexit sha1_base64="h9g3+1S13x98PFnWkF/f4bfVzL0=">AAACEnicbVDLTgIxFL2DLxxfqEs3jcTEFZkhGN2YEHXhEhN5RBhJp1OgodOZtB0iIfwFW/0Qd8atP+B3+AMWmIWAJ2lycs69uafHjzlT2nG+rcza+sbmVnbb3tnd2z/IHR7VVJRIQqsk4pFs+FhRzgStaqY5bcSS4tDntO73b6d+fUClYpF41MOYeiHuCtZhBGsjPV2j1h3lGj8X27m8U3BmQKvETUkeUlTauZ9WEJEkpEITjpVquk6svRGWmhFOx3YrUTTGpI+7tGmowCFV3miWeIzOjBKgTiTNExrN1L8bIxwqNQx9Mxli3VPL3lT8z2sGAxar9NbL/NhiEt258kZMxImmgsyDdBKOdISm9aCASUo0HxqCiWTmL4j0sMREmxJt27TkLneySmrFglsqXDyU8uWbtK8snMApnIMLl1CGe6hAFQgImMArvFkT6936sD7noxkr3TmGBVhfv4iHnek=</latexit>

Lorentz-invariant distance between two events



Lorentz Algebra

xµ = (t, x, y, z)

<latexit sha1_base64="RdJQmMtJ2dlOCxqirpmKm1RIAxU=">AAACG3icbVDLSsNAFJ34rPGV6tLNYBEqlJJIRTdC0Y3LCvYBbSyTyaQdOnkwM6mNoZ/SrX6IO3Hrwu/wB5y2WdjWAwOHc+7lnjlOxKiQpvmtra1vbG5t53b03b39g0Mjf9QQYcwxqeOQhbzlIEEYDUhdUslIK+IE+Q4jTWdwN/WbQ8IFDYNHmUTE9lEvoB7FSCqpa+RHTx0/hjewKEujUlJ6Oe8aBbNszgBXiZWRAshQ6xo/HTfEsU8CiRkSom2ZkbRTxCXFjIz1TixIhPAA9Uhb0QD5RNjpLPoYninFhV7I1QsknKl/N1LkC5H4jpr0keyLZW8q/ue13SGNRHZrND+2mER613ZKgyiWJMDzIF7MoAzhtCfoUk6wZIkiCHOq/gJxH3GEpWpT11VL1nInq6RxUbYq5cuHSqF6m/WVAyfgFBSBBa5AFdyDGqgDDJ7BBLyCN22ivWsf2ud8dE3Ldo7BArSvX49toHI=</latexit>

µ = 0, 1, 2, 3

<latexit sha1_base64="FKCOi0vqYcbGgmjvsDs07EIbiTU=">AAACFXicbVDLSgMxFM34rOOr6tJNsAguSpmpFd0IRTcuK9gHtEPJZDJtaJIZk0yxDP2ObvVD3Ilb136HP2DazsK2HggczrmXe3L8mFGlHefbWlvf2Nzazu3Yu3v7B4f5o+OGihKJSR1HLJItHynCqCB1TTUjrVgSxH1Gmv7gfuo3h0QqGoknPYqJx1FP0JBipI3kdXgCb6FTdIvl4mU3X3BKzgxwlbgZKYAMtW7+pxNEOOFEaMyQUm3XibWXIqkpZmRsdxJFYoQHqEfahgrEifLSWegxPDdKAMNImic0nKl/N1LElRpx30xypPtq2ZuK/3ntYEhjld16mR9bTKLDGy+lIk40EXgeJEwY1BGcNgQDKgnWbGQIwpKav0DcRxJhbXq0bdOSu9zJKmmUS26ldPVYKVTvsr5y4BScgQvggmtQBQ+gBuoAg2cwAa/gzZpY79aH9TkfXbOynROwAOvrF7QTndk=</latexit>

quantities with indices µ, ν, … transforms as Lorentz vector

xµ ! x0µ = ⇤µ
⌫x

⌫

<latexit sha1_base64="4aAMyJTeZEKZ1nlwym1Wnqz0p7w="></latexit>

with a Lorentz transformation matrix

⇤µ
⌫ =

0

BB@

� �v� 0 0
�v� � 0 0
0 0 1 0
0 0 0 1

1

CCA

<latexit sha1_base64="y+4g2MxekiThcIKrYOqOfcv9UWs="></latexit>

(repeated indices are contracted)



Lorentz Algebra

xµ = (t, x, y, z)

<latexit sha1_base64="RdJQmMtJ2dlOCxqirpmKm1RIAxU=">AAACG3icbVDLSsNAFJ34rPGV6tLNYBEqlJJIRTdC0Y3LCvYBbSyTyaQdOnkwM6mNoZ/SrX6IO3Hrwu/wB5y2WdjWAwOHc+7lnjlOxKiQpvmtra1vbG5t53b03b39g0Mjf9QQYcwxqeOQhbzlIEEYDUhdUslIK+IE+Q4jTWdwN/WbQ8IFDYNHmUTE9lEvoB7FSCqpa+RHTx0/hjewKEujUlJ6Oe8aBbNszgBXiZWRAshQ6xo/HTfEsU8CiRkSom2ZkbRTxCXFjIz1TixIhPAA9Uhb0QD5RNjpLPoYninFhV7I1QsknKl/N1LkC5H4jpr0keyLZW8q/ue13SGNRHZrND+2mER613ZKgyiWJMDzIF7MoAzhtCfoUk6wZIkiCHOq/gJxH3GEpWpT11VL1nInq6RxUbYq5cuHSqF6m/WVAyfgFBSBBa5AFdyDGqgDDJ7BBLyCN22ivWsf2ud8dE3Ldo7BArSvX49toHI=</latexit>

the invariant distance (line element) can be written as

µ = 0, 1, 2, 3

<latexit sha1_base64="FKCOi0vqYcbGgmjvsDs07EIbiTU=">AAACFXicbVDLSgMxFM34rOOr6tJNsAguSpmpFd0IRTcuK9gHtEPJZDJtaJIZk0yxDP2ObvVD3Ilb136HP2DazsK2HggczrmXe3L8mFGlHefbWlvf2Nzazu3Yu3v7B4f5o+OGihKJSR1HLJItHynCqCB1TTUjrVgSxH1Gmv7gfuo3h0QqGoknPYqJx1FP0JBipI3kdXgCb6FTdIvl4mU3X3BKzgxwlbgZKYAMtW7+pxNEOOFEaMyQUm3XibWXIqkpZmRsdxJFYoQHqEfahgrEifLSWegxPDdKAMNImic0nKl/N1LElRpx30xypPtq2ZuK/3ntYEhjld16mR9bTKLDGy+lIk40EXgeJEwY1BGcNgQDKgnWbGQIwpKav0DcRxJhbXq0bdOSu9zJKmmUS26ldPVYKVTvsr5y4BScgQvggmtQBQ+gBuoAg2cwAa/gzZpY79aH9TkfXbOynROwAOvrF7QTndk=</latexit>

�2 = t2 � x2 � y2 � z2 = ⌘µ⌫x
µx⌫ = xµx

µ

<latexit sha1_base64="c9A6qYhNVP995iq+/hRe9++388U="></latexit>

with a metric tensor

⌘µ⌫ =

0

BB@

1 0 0 0
0 �1 0 0
0 0 �1 0
0 0 0 �1

1

CCA

<latexit sha1_base64="yf3YC3C+7ww9LinjZKj+RqhsL7k="></latexit>

A quantity with lower index is defined as
xµ = ⌘µ⌫x

⌫ = (t,�x,�y,�z)

<latexit sha1_base64="qoBY3Yj3679+NlZBw8UXwQMLC1o="></latexit>



Lorentz Algebra

xµ = (t, x, y, z)

<latexit sha1_base64="RdJQmMtJ2dlOCxqirpmKm1RIAxU=">AAACG3icbVDLSsNAFJ34rPGV6tLNYBEqlJJIRTdC0Y3LCvYBbSyTyaQdOnkwM6mNoZ/SrX6IO3Hrwu/wB5y2WdjWAwOHc+7lnjlOxKiQpvmtra1vbG5t53b03b39g0Mjf9QQYcwxqeOQhbzlIEEYDUhdUslIK+IE+Q4jTWdwN/WbQ8IFDYNHmUTE9lEvoB7FSCqpa+RHTx0/hjewKEujUlJ6Oe8aBbNszgBXiZWRAshQ6xo/HTfEsU8CiRkSom2ZkbRTxCXFjIz1TixIhPAA9Uhb0QD5RNjpLPoYninFhV7I1QsknKl/N1LkC5H4jpr0keyLZW8q/ue13SGNRHZrND+2mER613ZKgyiWJMDzIF7MoAzhtCfoUk6wZIkiCHOq/gJxH3GEpWpT11VL1nInq6RxUbYq5cuHSqF6m/WVAyfgFBSBBa5AFdyDGqgDDJ7BBLyCN22ivWsf2ud8dE3Ldo7BArSvX49toHI=</latexit>

the invariant distance (line element) can be written as

µ = 0, 1, 2, 3

<latexit sha1_base64="FKCOi0vqYcbGgmjvsDs07EIbiTU=">AAACFXicbVDLSgMxFM34rOOr6tJNsAguSpmpFd0IRTcuK9gHtEPJZDJtaJIZk0yxDP2ObvVD3Ilb136HP2DazsK2HggczrmXe3L8mFGlHefbWlvf2Nzazu3Yu3v7B4f5o+OGihKJSR1HLJItHynCqCB1TTUjrVgSxH1Gmv7gfuo3h0QqGoknPYqJx1FP0JBipI3kdXgCb6FTdIvl4mU3X3BKzgxwlbgZKYAMtW7+pxNEOOFEaMyQUm3XibWXIqkpZmRsdxJFYoQHqEfahgrEifLSWegxPDdKAMNImic0nKl/N1LElRpx30xypPtq2ZuK/3ntYEhjld16mR9bTKLDGy+lIk40EXgeJEwY1BGcNgQDKgnWbGQIwpKav0DcRxJhbXq0bdOSu9zJKmmUS26ldPVYKVTvsr5y4BScgQvggmtQBQ+gBuoAg2cwAa/gzZpY79aH9TkfXbOynROwAOvrF7QTndk=</latexit>

it is straightforward to check

�2 = t2 � x2 � y2 � z2 = ⌘µ⌫x
µx⌫ = xµx

µ

<latexit sha1_base64="c9A6qYhNVP995iq+/hRe9++388U="></latexit>

⌘µ⌫⇤
µ
µ0⇤⌫

⌫0 = ⌘µ0⌫0

<latexit sha1_base64="pd6V9KJ2g6UE77jbJQHFKd7bBbE="></latexit>

0

BB@

� �v� 0 0
�v� � 0 0
0 0 1 0
0 0 0 1

1

CCA

0

BB@

1 0 0 0
0 �1 0 0
0 0 �1 0
0 0 0 �1

1

CCA

0

BB@

� �v� 0 0
�v� � 0 0
0 0 1 0
0 0 0 1

1

CCA =

0

BB@

1 0 0 0
0 �1 0 0
0 0 �1 0
0 0 0 �1

1

CCA

<latexit sha1_base64="ocR2I0aBCHPtu8V0bMh57Xbi19o="></latexit>



Lorentz Algebra

xµ = (t, x, y, z)

<latexit sha1_base64="RdJQmMtJ2dlOCxqirpmKm1RIAxU=">AAACG3icbVDLSsNAFJ34rPGV6tLNYBEqlJJIRTdC0Y3LCvYBbSyTyaQdOnkwM6mNoZ/SrX6IO3Hrwu/wB5y2WdjWAwOHc+7lnjlOxKiQpvmtra1vbG5t53b03b39g0Mjf9QQYcwxqeOQhbzlIEEYDUhdUslIK+IE+Q4jTWdwN/WbQ8IFDYNHmUTE9lEvoB7FSCqpa+RHTx0/hjewKEujUlJ6Oe8aBbNszgBXiZWRAshQ6xo/HTfEsU8CiRkSom2ZkbRTxCXFjIz1TixIhPAA9Uhb0QD5RNjpLPoYninFhV7I1QsknKl/N1LkC5H4jpr0keyLZW8q/ue13SGNRHZrND+2mER613ZKgyiWJMDzIF7MoAzhtCfoUk6wZIkiCHOq/gJxH3GEpWpT11VL1nInq6RxUbYq5cuHSqF6m/WVAyfgFBSBBa5AFdyDGqgDDJ7BBLyCN22ivWsf2ud8dE3Ldo7BArSvX49toHI=</latexit>

the invariant distance (line element) can be written as

µ = 0, 1, 2, 3

<latexit sha1_base64="FKCOi0vqYcbGgmjvsDs07EIbiTU=">AAACFXicbVDLSgMxFM34rOOr6tJNsAguSpmpFd0IRTcuK9gHtEPJZDJtaJIZk0yxDP2ObvVD3Ilb136HP2DazsK2HggczrmXe3L8mFGlHefbWlvf2Nzazu3Yu3v7B4f5o+OGihKJSR1HLJItHynCqCB1TTUjrVgSxH1Gmv7gfuo3h0QqGoknPYqJx1FP0JBipI3kdXgCb6FTdIvl4mU3X3BKzgxwlbgZKYAMtW7+pxNEOOFEaMyQUm3XibWXIqkpZmRsdxJFYoQHqEfahgrEifLSWegxPDdKAMNImic0nKl/N1LElRpx30xypPtq2ZuK/3ntYEhjld16mR9bTKLDGy+lIk40EXgeJEwY1BGcNgQDKgnWbGQIwpKav0DcRxJhbXq0bdOSu9zJKmmUS26ldPVYKVTvsr5y4BScgQvggmtQBQ+gBuoAg2cwAa/gzZpY79aH9TkfXbOynROwAOvrF7QTndk=</latexit>

it is straightforward to check

�2 = t2 � x2 � y2 � z2 = ⌘µ⌫x
µx⌫ = xµx

µ

<latexit sha1_base64="c9A6qYhNVP995iq+/hRe9++388U="></latexit>

⌘µ⌫⇤
µ
µ0⇤⌫

⌫0 = ⌘µ0⌫0

<latexit sha1_base64="pd6V9KJ2g6UE77jbJQHFKd7bBbE="></latexit>

we will require any field theory to be Lorentz invariant

just like Maxwell’s theory



Equations of motion of elementary particles

Schrödiner equation
✓
i
@

@t
+

r2

2m
� V

◆
 = 0

<latexit sha1_base64="1DrpbItTPax6q/h6Iw03YmSNUpo="></latexit>

non-relativistic; one-particle QM

Klein-Gordon equation

(⌘µ⌫@µ@⌫ +m2)� = 0

<latexit sha1_base64="9Ks5smKqFruR+8K+vF1t1SDCKgc="></latexit>

spin-0 bosons

(when quantized)

Dirac equation

(i�µ@µ �m) = 0

<latexit sha1_base64="D6hETFHkz/WVpfZ7aDyb/r17RiI=">AAACMXicbVDLTgIxFO3gC/GFunTTSIy4kMwYjG5MiG5cYiKPhEFypxRoaGcmbYdICJ/g17DVD2Fn3Lr0B+zALAQ8SZPTc9/HCzlT2ranVmptfWNzK72d2dnd2z/IHh5VVRBJQisk4IGse6AoZz6taKY5rYeSgvA4rXn9hzheG1CpWOA/62FImwK6PuswAtpIrex5nrldEAJeXBFhNwSpGfBW/LnE4sIoiuE7bLeyObtgz4BXiZOQHEpQbmV/3HZAIkF9TTgo1XDsUDdHcX/C6TjjRoqGQPrQpQ1DfRBUNUezg8b4zCht3Amkeb7GM/VvxQiEUkPhmUwBuqeWY7H4X6zRHrBQJbNe58MWN9Gd2+aI+WGkqU/mi3QijnWAY/dwm0lKNB8aAkQycwsmPZBAtPE4kzEuOcuerJLqVcEpFq6firnSfeJXGp2gU5RHDrpBJfSIyqiCCHpDE/SOPqyJNbU+ra95aspKao7RAqzvX2ruqRM=</latexit>

spin-1/2 fermions

(when quantized)



Equations of motion of elementary particles

Schrödiner equation
✓
i
@

@t
+

r2

2m
� V

◆
 = 0

<latexit sha1_base64="1DrpbItTPax6q/h6Iw03YmSNUpo="></latexit>

Klein-Gordon equation

(⌘µ⌫@µ@⌫ +m2)� = 0

<latexit sha1_base64="9Ks5smKqFruR+8K+vF1t1SDCKgc="></latexit>

Dirac equation

(i�µ@µ �m) = 0

<latexit sha1_base64="D6hETFHkz/WVpfZ7aDyb/r17RiI=">AAACMXicbVDLTgIxFO3gC/GFunTTSIy4kMwYjG5MiG5cYiKPhEFypxRoaGcmbYdICJ/g17DVD2Fn3Lr0B+zALAQ8SZPTc9/HCzlT2ranVmptfWNzK72d2dnd2z/IHh5VVRBJQisk4IGse6AoZz6taKY5rYeSgvA4rXn9hzheG1CpWOA/62FImwK6PuswAtpIrex5nrldEAJeXBFhNwSpGfBW/LnE4sIoiuE7bLeyObtgz4BXiZOQHEpQbmV/3HZAIkF9TTgo1XDsUDdHcX/C6TjjRoqGQPrQpQ1DfRBUNUezg8b4zCht3Amkeb7GM/VvxQiEUkPhmUwBuqeWY7H4X6zRHrBQJbNe58MWN9Gd2+aI+WGkqU/mi3QijnWAY/dwm0lKNB8aAkQycwsmPZBAtPE4kzEuOcuerJLqVcEpFq6firnSfeJXGp2gU5RHDrpBJfSIyqiCCHpDE/SOPqyJNbU+ra95aspKao7RAqzvX2ruqRM=</latexit>

non-relativistic; one-particle QM

spin-0 bosons

(when quantized)

spin-1/2 fermions

(when quantized)

E $ i
@

@t

<latexit sha1_base64="3QdzbAKfz4ECD1RtibydeH/IBXY="></latexit>

p $ �i
@

@x

<latexit sha1_base64="7XrjLl3AC1L94wIcaj36mj0F0xU="></latexit>

E =
p2

2m
+ V

<latexit sha1_base64="0EpwU7NpvH4bYCS4Dq7epIVG42s=">AAACH3icbVDLSsNAFJ34rPEVFVduBosgCCUpFd0IRRFcVrAPaGOZTCbt0MkkzEyKJeRjutUPcSdu+x3+gNM2C9t6YOBwzr3cM8eLGZXKtifG2vrG5tZ2Ycfc3ds/OLSOjhsySgQmdRyxSLQ8JAmjnNQVVYy0YkFQ6DHS9AYPU785JELSiL+oUUzcEPU4DShGSktd6/QR3sFOIBBO49dylpbDDF41ulbRLtkzwFXi5KQIctS61k/Hj3ASEq4wQ1K2HTtWboqEopiRzOwkksQID1CPtDXlKCTSTWfxM3ihFR8GkdCPKzhT/26kKJRyFHp6MkSqL5e9qfif1/aHNJb5rbf5scUkKrh1U8rjRBGO50GChEEVwWlX0KeCYMVGmiAsqP4LxH2ku1K6UdPULTnLnaySRrnkVErXz5Vi9T7vqwDOwDm4BA64AVXwBGqgDjBIwRi8gw9jbHwaX8b3fHTNyHdOwAKMyS/vfqI/</latexit>

E2 = p2 +m2

<latexit sha1_base64="b2UklZ6lkfo823yikZzHmcf0aAE=">AAACGnicbVDLSgMxFM34rPU16tJNsAiCUGZKRTdCUQSXFewD2mnJZDJtaJIZkkyxDP2TbvVD3IlbN36HP2DazsK2Xgg5nHMv99zjx4wq7Tjf1tr6xubWdm4nv7u3f3BoHx3XVZRITGo4YpFs+kgRRgWpaaoZacaSIO4z0vAH91O9MSRS0Ug861FMPI56goYUI22orm0/dErwFsLYfJeQd0pdu+AUnVnBVeBmoACyqnbtn3YQ4YQToTFDSrVcJ9ZeiqSmmJFxvp0oEiM8QD3SMlAgTpSXzpyP4blhAhhG0jyh4Yz9O5EirtSI+6aTI91Xy9qU/E9rBUMaq2zXy3zZohMd3ngpFXGiicBzI2HCoI7gNCYYUEmwZiMDEJbU3AJxH0mEtQkznzcpucuZrIJ6qeiWi1dP5ULlLssrB07BGbgALrgGFfAIqqAGMBiCCXgFb9bEerc+rM9565qVzZyAhbK+fgEExp79</latexit>



Scalar Lagrangian

L =
1

2
(@µ�)(@

µ�)� 1

2
m2�2

<latexit sha1_base64="z5r7iMVV3AJ9Nt5T9vLH9VYwhSU="></latexit>

the least action principle reproduces Klein-Gordon equation

0 = �S

<latexit sha1_base64="l17Mr5l3Aixyet7yxy9Zw7u7Yn8=">AAACFHicbVDLSsNAFL2prxpfVZduBovgqiSi6EYounFZ0T6gCWUymbRDJ8kwMymW0t/oVj/Enbh173f4A07bLGzrgYHDOfdyz5xAcKa043xbhbX1jc2t4ra9s7u3f1A6PGqoNJOE1knKU9kKsKKcJbSumea0JSTFccBpM+jfT/3mgErF0uRZDwX1Y9xNWMQI1kbyHHTrhZRrjJ5Qp1R2Ks4MaJW4OSlDjlqn9OOFKclimmjCsVJt1xHaH2GpGeF0bHuZogKTPu7StqEJjqnyR7PMY3RmlBBFqTQv0Wim/t0Y4VipYRyYyRjrnlr2puJ/XjscMKHyWy/zY4tJdHTjj1giMk0TMg8SZRzpFE0LQiGTlGg+NAQTycxfEOlhiYk2Ndq2acld7mSVNC4q7mXl6vGyXL3L+yrCCZzCObhwDVV4gBrUgYCACbzCmzWx3q0P63M+WrDynWNYgPX1C2DwnlA=</latexit>

S =

Z
d4xL(�, @µ�)

<latexit sha1_base64="az63suBmMSzIKituIkday6kffpg="></latexit>

=

Z
d4x


��

@L
@�

+ �(@µ�)
@L
@@µ�

�

<latexit sha1_base64="6ldw8afUeJsymvxXEwhYfQw+Du4="></latexit>

=

Z
d4x ��


@L
@�

� @µ
@L
@@µ�

�
+ boundary term

<latexit sha1_base64="lSaGnISUjyEBJy5dIof1e3frf48="></latexit>

= 0

<latexit sha1_base64="IWn9egfWWlRs0VDI+g8h8pVWEJc=">AAACCnicbVDLSsNAFL2prxpfVZduBovgqiSi6EYounFZxT6gDWUymbRDJ5MwMymW0D/oVj/Enbj1J/wOf8Bpm4VtPTBwOOde7pnjJ5wp7TjfVmFtfWNzq7ht7+zu7R+UDo8aKk4loXUS81i2fKwoZ4LWNdOcthJJceRz2vQH91O/OaRSsVg861FCvQj3BAsZwdpIT7dOt1R2Ks4MaJW4OSlDjlq39NMJYpJGVGjCsVJt10m0l2GpGeF0bHdSRRNMBrhH24YKHFHlZbOkY3RmlACFsTRPaDRT/25kOFJqFPlmMsK6r5a9qfif1w6GLFH5rZf5scUkOrzxMiaSVFNB5kHClCMdo2ktKGCSEs1HhmAimfkLIn0sMdGmPNs2LbnLnaySxkXFvaxcPV6Wq3d5X0U4gVM4BxeuoQoPUIM6EAhhAq/wZk2sd+vD+pyPFqx85xgWYH39AsL2mtM=</latexit>



Scalar Lagrangian

L =
1

2
(@µ�)(@

µ�)� 1

2
m2�2

<latexit sha1_base64="z5r7iMVV3AJ9Nt5T9vLH9VYwhSU="></latexit>

Euler-Lagrange equation

@L
@�

� @µ
@L
@@µ�

= 0

<latexit sha1_base64="EFgfu3KDqnLCc9QcoclafbUXDIY="></latexit>

Klein-Gordon equation is reproduced

(⌘µ⌫@µ@⌫ +m2)� = 0

<latexit sha1_base64="5lG+AwjpiJknMyNI4LcsSPAokUQ="></latexit>



Scalar Lagrangian

L =
1

2
(@µ�)(@

µ�)� 1

2
m2�2

<latexit sha1_base64="z5r7iMVV3AJ9Nt5T9vLH9VYwhSU="></latexit>

Lorentz transformation

�(x) ! �0(x0) = �(x)

<latexit sha1_base64="M4uYdvw8LaGnZoTOU5dWQfqWoxs=">AAACKnicbVDLSsNAFJ3UV42vqEs3g0XabkoiFd0IRTcuK9gHNKFMJtN26OTBzKS0hG79mm71Q9wVt/6BP+A0jWBbD1w4nHMv997jRowKaZpzLbe1vbO7l9/XDw6Pjk+M07OmCGOOSQOHLORtFwnCaEAakkpG2hEnyHcZabnDx4XfGhEuaBi8yElEHB/1A9qjGEkldQ1oRwNaGpehLcOUF2FpXCzD+1+jaxTMipkCbhIrIwWQod41vm0vxLFPAokZEqJjmZF0EsQlxYxMdTsWJEJ4iPqko2iAfCKcJP1kCq+U4sFeyFUFEqbq34kE+UJMfFd1+kgOxLq3EP/zOt6IRiLbNV4uW71E9u6chAZRLEmAl4f0YgZVKovYoEc5wZJNFEGYU/ULxAPEEZYqXF1XKVnrmWyS5nXFqlZunquF2kOWVx5cgEtQAha4BTXwBOqgATB4BTPwBt61mfahzbXPZWtOy2bOwQq0rx9SCaVf</latexit>

@µ� ! @0
µ0�0 = ⇤ ⌫

µ @⌫�

<latexit sha1_base64="pLgrScRab3Nyvso0OlUCV7Pt37E="></latexit>

then

⌘µ
0⌫0

@0
µ0�0@0

⌫0�0 = ⌘µ
0⌫0

⇤ µ
µ0 ⇤ ⌫

⌫0 @µ�@⌫�

<latexit sha1_base64="sO3cGrRCNhs8lkr3znRGzdbKKAg="></latexit>

= ⌘µ⌫@µ�@⌫�

<latexit sha1_base64="vuhwuSzBzpZdxuemnYhz5GcUR54="></latexit>

the Lagrangian is Lorentz invariant

xµ ! x0µ = ⇤µ
⌫x

⌫

<latexit sha1_base64="jZ2YYkDRQRpjGNWJQrydRxM09LI="></latexit>



Scalar Lagrangian

L =
1

2
(@µ�)(@

µ�)� 1

2
m2�2

<latexit sha1_base64="z5r7iMVV3AJ9Nt5T9vLH9VYwhSU="></latexit>

when it’s quantized

it describes


a spin-0 scalar boson of mass m



Scalar Lagrangian

More generally

L =
1

2
(@µ�)(@

µ�)� 1

2
m2�2 + �3�

3 + �4�
4 + · · ·

<latexit sha1_base64="9O7nwTovOIqB+Gvq7ejPiLRxrHo="></latexit>

terms higher order in ϕ describes interactions among spin-0 bosons 

�3

<latexit sha1_base64="suzirDvxMXGr7vnVS2/223gE/QE=">AAACEXicbVBLTsMwFHzhW8KvwJJNRIXEqkqgCJYVbFgWiX5QG1WO47RWbSeynYoq6im6hYOwQ2w5AefgArhtFrRlJEujmff0xhMkjCrtut/W2vrG5tZ2Ycfe3ds/OCweHTdUnEpM6jhmsWwFSBFGBalrqhlpJZIgHjDSDAb3U785JFLRWDzpUUJ8jnqCRhQjbaTnDjOjIepedYslt+zO4KwSLyclyFHrFn86YYxTToTGDCnV9txE+xmSmmJGxnYnVSRBeIB6pG2oQJwoP5sFHjvnRgmdKJbmCe3M1L8bGeJKjXhgJjnSfbXsTcX/vHY4pInKb73Mjy0m0dGtn1GRpJoIPA8SpczRsTNtxwmpJFizkSEIS2r+4uA+kghr06Ftm5a85U5WSeOy7FXK14+VUvUu76sAp3AGF+DBDVThAWpQBwwcJvAKb9bEerc+rM/56JqV75zAAqyvX5Ionfs=</latexit>

�4

<latexit sha1_base64="+meJdvYxkRF5sB+NtGlvq5dLe7c=">AAACEXicbVDLTsJAFL3FF9YX6tJNIzFxRVqD0SXRjUtM5GGgIdPpFCbMTJuZKZE0fAVb/RB3xq1f4Hf4Aw7QhYAnmeTknHtzz5wgYVRp1/22ChubW9s7xV17b//g8Kh0fNJUcSoxaeCYxbIdIEUYFaShqWaknUiCeMBIKxjez/zWiEhFY/GkxwnxOeoLGlGMtJGeu8yMhqhX7ZXKbsWdw1knXk7KkKPeK/10wxinnAiNGVKq47mJ9jMkNcWMTOxuqkiC8BD1ScdQgThRfjYPPHEujBI6USzNE9qZq383MsSVGvPATHKkB2rVm4n/eZ1wRBOV33pZHFtOoqNbP6MiSTUReBEkSpmjY2fWjhNSSbBmY0MQltT8xcEDJBHWpkPbNi15q52sk+ZVxatWrh+r5dpd3lcRzuAcLsGDG6jBA9ShARg4TOEV3qyp9W59WJ+L0YKV75zCEqyvX5PNnfw=</latexit>

· · ·

<latexit sha1_base64="QUSjH5PIE6WfAU3+2lQtI7yjr3A=">AAACD3icbVDLSgMxFM3UVx1fVZdugkVwVWZE0WXRjcsK9gHtUDKZtA3NJENyp1iGfkS3+iHuxK2f4Hf4A6btLGzrgcDhnHu5JydMBDfged9OYWNza3unuOvu7R8cHpWOTxpGpZqyOlVC6VZIDBNcsjpwEKyVaEbiULBmOHyY+c0R04Yr+QzjhAUx6Uve45SAlZq4QyMFplsqexVvDrxO/JyUUY5at/TTiRRNYyaBCmJM2/cSCDKigVPBJm4nNSwhdEj6rG2pJDEzQTaPO8EXVolwT2n7JOC5+ncjI7Ex4zi0kzGBgVn1ZuJ/Xjsa8cTkt14Wx5aTQO8uyLhMUmCSLoL0UoFB4Vk3OOKaURBjSwjV3P4F0wHRhIJt0HVtS/5qJ+ukcVXxrys3T9fl6n3eVxGdoXN0iXx0i6roEdVQHVE0RFP0it6cqfPufDifi9GCk++coiU4X78VLZ0x</latexit>



Fermion Lagrangian

what does each term mean?

 :

<latexit sha1_base64="og7y9BrhQulhvxEQvho0X7FRDG0=">AAACDXicbVDLTsJAFL3FF9YX6tJNIzFxRVqD0bgiunGJiQUSaMh0OoUJ0+lkZkokhG9gqx/izrj1G/wOf8ABuhDwJJOcnHNv7pkTCkaVdt1vq7CxubW9U9y19/YPDo9KxycNlWYSEx+nLJWtECnCKCe+ppqRlpAEJSEjzXDwMPObQyIVTfmzHgkSJKjHaUwx0kbyO0LRu26p7FbcOZx14uWkDDnq3dJPJ0pxlhCuMUNKtT1X6GCMpKaYkYndyRQRCA9Qj7QN5SghKhjPw06cC6NETpxK87h25urfjTFKlBoloZlMkO6rVW8m/ue1oyEVKr/1sji2nETHt8GYcpFpwvEiSJwxR6fOrBknopJgzUaGICyp+YuD+0girE1/tm1a8lY7WSeNq4pXrVw/Vcu1+7yvIpzBOVyCBzdQg0eogw8YKEzhFd6sqfVufVifi9GCle+cwhKsr1+beZxm</latexit>

4-component Dirac spinor that describes spin-1/2 particle

�µ :

<latexit sha1_base64="mJf8dWGhzrpG1jTpJlm5TpfmIGM=">AAACE3icbVBLTsMwFHTKr4RfgSUbiwqJVZUgEIhVBRuWRaIfKQmV4zitVduJbKeiinqMbuEg7BBbDsA5uABumwVtGcnSaOY9vfGEKaNKO863VVpb39jcKm/bO7t7+weVw6OWSjKJSRMnLJGdECnCqCBNTTUjnVQSxENG2uHgfuq3h0QqmognPUpJwFFP0JhipI3k+T3EOXr2eXbbrVSdmjMDXCVuQaqgQKNb+fGjBGecCI0ZUspznVQHOZKaYkbGtp8pkiI8QD3iGSoQJyrIZ5HH8MwoEYwTaZ7QcKb+3cgRV2rEQzPJke6rZW8q/ud50ZCmqrj1Mj+2mETHN0FORZppIvA8SJwxqBM47QdGVBKs2cgQhCU1f4G4jyTC2rRo26Yld7mTVdK6qLmXtavHy2r9ruirDE7AKTgHLrgGdfAAGqAJMEjABLyCN2tivVsf1ud8tGQVO8dgAdbXL14onvU=</latexit>

Dirac matrices (4 by 4 matrix, µ=0, 1, 2, 3) satisfying Clifford algebra

L =  ̄(i�µ@µ �m) 

<latexit sha1_base64="gc/VV1LuT7MgqPhMZeLNbhBpCz0="></latexit>

{�µ, �⌫} = 2⌘µ⌫

<latexit sha1_base64="VXnDKj8iMDvKaY1Pj2V4tHCGRSY="></latexit>

Euler-Lagrange equation for  gives Dirac equation ̄

<latexit sha1_base64="Tqk+x6Crr06+KuB9d7oqsYsdr2Q=">AAACEXicbVDLTgIxFO3gC8cX6tJNIzFxRWYMRpdENy4xkYdhJqTT6UBD22naDpEQvoKtfog749Yv8Dv8AQvMQsCTNDk5597c0xNJRrXxvG+nsLG5tb1T3HX39g8Oj0rHJ02dZgqTBk5ZqtoR0oRRQRqGGkbaUhHEI0Za0eB+5reGRGmaiiczkiTkqCdoQjEyVnoOIqRgIDXtlspexZsDrhM/J2WQo94t/QRxijNOhMEMad3xPWnCMVKGYkYmbpBpIhEeoB7pWCoQJzoczwNP4IVVYpikyj5h4Fz9uzFGXOsRj+wkR6avV72Z+J/XiYdU6vzWy+LYchKT3IZjKmRmiMCLIEnGoEnhrB0YU0WwYSNLEFbU/gXiPlIIG9uh69qW/NVO1knzquJXK9eP1XLtLu+rCM7AObgEPrgBNfAA6qABMOBgCl7BmzN13p0P53MxWnDynVOwBOfrF6F/ngU=</latexit>

(i�µ@µ �m) = 0

<latexit sha1_base64="D6hETFHkz/WVpfZ7aDyb/r17RiI=">AAACMXicbVDLTgIxFO3gC/GFunTTSIy4kMwYjG5MiG5cYiKPhEFypxRoaGcmbYdICJ/g17DVD2Fn3Lr0B+zALAQ8SZPTc9/HCzlT2ranVmptfWNzK72d2dnd2z/IHh5VVRBJQisk4IGse6AoZz6taKY5rYeSgvA4rXn9hzheG1CpWOA/62FImwK6PuswAtpIrex5nrldEAJeXBFhNwSpGfBW/LnE4sIoiuE7bLeyObtgz4BXiZOQHEpQbmV/3HZAIkF9TTgo1XDsUDdHcX/C6TjjRoqGQPrQpQ1DfRBUNUezg8b4zCht3Amkeb7GM/VvxQiEUkPhmUwBuqeWY7H4X6zRHrBQJbNe58MWN9Gd2+aI+WGkqU/mi3QijnWAY/dwm0lKNB8aAkQycwsmPZBAtPE4kzEuOcuerJLqVcEpFq6firnSfeJXGp2gU5RHDrpBJfSIyqiCCHpDE/SOPqyJNbU+ra95aspKao7RAqzvX2ruqRM=</latexit>

 ̄ =  †�0

<latexit sha1_base64="tCwdexRPie9SOsfnHyqcHNVWJBo=">AAACKnicbVDLTgIxFO3gC/E16tJNIzFxRWaMRjcmRDcuMZFHwgC50ylDQzszaTtEQtj6NWz1Q9wRt/6BP2CBWQh4kqYn59ybe+/xE86UdpypldvY3Nreye8W9vYPDo/s45OailNJaJXEPJYNHxTlLKJVzTSnjURSED6ndb//OPPrAyoVi6MXPUxoS0AYsS4joI3UsbHng/QSxfA9nn1tL4AwpBJ7IQgBbadjF52SMwdeJ25GiihDpWP/eEFMUkEjTTgo1XSdRLdGIDUjnI4LXqpoAqQPIW0aGoGgqjWaXzLGF0YJcDeW5kUaz9W/HSMQSg2FbyoF6J5a9Wbif14zGLBEZbNeF8OWN9Hdu9aIRUmqaUQWi3RTjnWMZ7HhgElKNB8aAkQycwsmPZBAtAm3UDApuauZrJPaVcm9Lt08XxfLD1leeXSGztElctEtKqMnVEFVRNAbmqB39GFNrE9ran0tSnNW1nOKlmB9/wKfW6dS</latexit>



Fermion Lagrangian

L =  ̄(i�µ@µ �m) 

<latexit sha1_base64="gc/VV1LuT7MgqPhMZeLNbhBpCz0="></latexit>

under the Lorentz transformation

 ̄ !  ̄ 

<latexit sha1_base64="l6dzucnluq9y8cZglH+BkbrA5FA=">AAACK3icbVC7TsMwFHV4lvAKMLIYKiSmKkFFMFawMBaJPqQmqhzHaa06jmU7FVXUma/pCh/CBGLlC/gB3DYDbTmSraNz7tW994SCUaVd98NaW9/Y3Nou7di7e/sHh87RcVOlmcSkgVOWynaIFGGUk4ammpG2kAQlISOtcHA/9VtDIhVN+ZMeCRIkqMdpTDHSRuo6Z36IJPSFosWnU7godZ2yW3FngKvEK0gZFKh3nR8/SnGWEK4xQ0p1PFfoIEdSU8zI2PYzRQTCA9QjHUM5SogK8tkpY3hhlAjGqTSPazhT/3bkKFFqlISmMkG6r5a9qfif14mGVKhi1vN82OImOr4NcspFpgnH80XijEGTxzQ3GFFJsGYjQxCW1NwCcR9JhLVJ17ZNSt5yJqukeVXxqpXrx2q5dlfkVQKn4BxcAg/cgBp4AHXQABi8gAl4BW/WxHq3Pq2veemaVfScgAVY378dM6eO</latexit>

 ̄�µ ! ⇤µ
⌫( ̄�

⌫ )

<latexit sha1_base64="p23OcqxboIKae21yzev8OiacA6w="></latexit>

(Lorentz scalar)

(Lorentz vector)

the above Lagrangian is invariant under the Lorentz transformation

(we do not prove this here)



 one can construct a model of scalar and fermion with interactions

L =
1

2
(@�)2 � 1

2
m2�2 +  ̄(i�µ@µ �m) � y� ̄ 

<latexit sha1_base64="yikrEhRWFFLNBLB2O8ImPhhQx6Q="></latexit>

�

<latexit sha1_base64="OjVM/j0TxBX1HM+xvXkJ3BqKd9c=">AAACDHicbVDLSsNAFL2prxpfVZduBovgqiSi6LLoxmUF+4A2lMlk0gydTMLMpFhCf6Fb/RB34tZ/8Dv8AadtFrb1wMDhnHu5Z46fcqa043xbpY3Nre2d8q69t39weFQ5PmmpJJOENknCE9nxsaKcCdrUTHPaSSXFsc9p2x8+zPz2iErFEvGsxyn1YjwQLGQE65nUSyPWr1SdmjMHWiduQapQoNGv/PSChGQxFZpwrFTXdVLt5VhqRjid2L1M0RSTIR7QrqECx1R5+TzrBF0YJUBhIs0TGs3Vvxs5jpUax76ZjLGO1Ko3E//zusGIpaq49bI4tpxEh3dezkSaaSrIIkiYcaQTNCsGBUxSovnYEEwkM39BJMISE23qs23TkrvayTppXdXc69rN03W1fl/0VYYzOIdLcOEW6vAIDWgCgQim8Apv1tR6tz6sz8VoySp2TmEJ1tcvA0KcFw==</latexit>

 

<latexit sha1_base64="huaLinAVpkxaXuxAA4jmB3X7cQM=">AAACDHicbVDLSsNAFL2prxpfVZduBovgqiSi6LLoxmUF+4A2lMlk0g6dTMLMpFhCf6Fb/RB34tZ/8Dv8ASdtFrb1wMDhnHu5Z46fcKa043xbpY3Nre2d8q69t39weFQ5PmmpOJWENknMY9nxsaKcCdrUTHPaSSTFkc9p2x895H57TKVisXjWk4R6ER4IFjKCdS71EsX6lapTc+ZA68QtSBUKNPqVn14QkzSiQhOOleq6TqK9DEvNCKdTu5cqmmAywgPaNVTgiCovm2edogujBCiMpXlCo7n6dyPDkVKTyDeTEdZDterl4n9eNxizRBW3XhbHlpPo8M7LmEhSTQVZBAlTjnSM8mJQwCQlmk8MwUQy8xdEhlhiok19tm1aclc7WSetq5p7Xbt5uq7W74u+ynAG53AJLtxCHR6hAU0gMIQZvMKbNbPerQ/rczFasoqdU1iC9fULFWScIg==</latexit>

 

<latexit sha1_base64="huaLinAVpkxaXuxAA4jmB3X7cQM=">AAACDHicbVDLSsNAFL2prxpfVZduBovgqiSi6LLoxmUF+4A2lMlk0g6dTMLMpFhCf6Fb/RB34tZ/8Dv8ASdtFrb1wMDhnHu5Z46fcKa043xbpY3Nre2d8q69t39weFQ5PmmpOJWENknMY9nxsaKcCdrUTHPaSSTFkc9p2x895H57TKVisXjWk4R6ER4IFjKCdS71EsX6lapTc+ZA68QtSBUKNPqVn14QkzSiQhOOleq6TqK9DEvNCKdTu5cqmmAywgPaNVTgiCovm2edogujBCiMpXlCo7n6dyPDkVKTyDeTEdZDterl4n9eNxizRBW3XhbHlpPo8M7LmEhSTQVZBAlTjnSM8mJQwCQlmk8MwUQy8xdEhlhiok19tm1aclc7WSetq5p7Xbt5uq7W74u+ynAG53AJLtxCHR6hAU0gMIQZvMKbNbPerQ/rczFasoqdU1iC9fULFWScIg==</latexit>

Yukawa interaction (1935)

first introduced to explain the interaction between nucleon

Yukawa interaction is exactly how the SM fermions obtain mass from Higgs



 

<latexit sha1_base64="huaLinAVpkxaXuxAA4jmB3X7cQM=">AAACDHicbVDLSsNAFL2prxpfVZduBovgqiSi6LLoxmUF+4A2lMlk0g6dTMLMpFhCf6Fb/RB34tZ/8Dv8ASdtFrb1wMDhnHu5Z46fcKa043xbpY3Nre2d8q69t39weFQ5PmmpOJWENknMY9nxsaKcCdrUTHPaSSTFkc9p2x895H57TKVisXjWk4R6ER4IFjKCdS71EsX6lapTc+ZA68QtSBUKNPqVn14QkzSiQhOOleq6TqK9DEvNCKdTu5cqmmAywgPaNVTgiCovm2edogujBCiMpXlCo7n6dyPDkVKTyDeTEdZDterl4n9eNxizRBW3XhbHlpPo8M7LmEhSTQVZBAlTjnSM8mJQwCQlmk8MwUQy8xdEhlhiok19tm1aclc7WSetq5p7Xbt5uq7W74u+ynAG53AJLtxCHR6hAU0gMIQZvMKbNbPerQ/rczFasoqdU1iC9fULFWScIg==</latexit>

 

<latexit sha1_base64="huaLinAVpkxaXuxAA4jmB3X7cQM=">AAACDHicbVDLSsNAFL2prxpfVZduBovgqiSi6LLoxmUF+4A2lMlk0g6dTMLMpFhCf6Fb/RB34tZ/8Dv8ASdtFrb1wMDhnHu5Z46fcKa043xbpY3Nre2d8q69t39weFQ5PmmpOJWENknMY9nxsaKcCdrUTHPaSSTFkc9p2x895H57TKVisXjWk4R6ER4IFjKCdS71EsX6lapTc+ZA68QtSBUKNPqVn14QkzSiQhOOleq6TqK9DEvNCKdTu5cqmmAywgPaNVTgiCovm2edogujBCiMpXlCo7n6dyPDkVKTyDeTEdZDterl4n9eNxizRBW3XhbHlpPo8M7LmEhSTQVZBAlTjnSM8mJQwCQlmk8MwUQy8xdEhlhiok19tm1aclc7WSetq5p7Xbt5uq7W74u+ynAG53AJLtxCHR6hAU0gMIQZvMKbNbPerQ/rczFasoqdU1iC9fULFWScIg==</latexit>

 one can construct a model of fermion and photon field

Quantum electrodynamics (QED)

L = �1

4
Fµ⌫F

µ⌫ +  ̄(i�µ@µ �m) � eAµ ̄�
µ 

<latexit sha1_base64="xDOsOIStUeQXp7LX0LR5RfNxRxc="></latexit>

�

<latexit sha1_base64="5HI5M8kWjZ6ZCtZhPuQ3rhr+Sr8=">AAACDnicbVDLTsJAFJ3iC+sLdelmIjFxRVqD0SXRjUtM5JFAQ26nUxiZaZuZKZE0/ANb/RB3xq2/4Hf4Aw7QhYAnmeTknHtzzxw/4Uxpx/m2ChubW9s7xV17b//g8Kh0fNJUcSoJbZCYx7Ltg6KcRbShmea0nUgKwue05Q/vZ35rRKVicfSkxwn1BPQjFjIC2kjNbh+EgF6p7FScOfA6cXNSRjnqvdJPN4hJKmikCQelOq6TaC8DqRnhdGJ3U0UTIEPo046hEQiqvGyedoIvjBLgMJbmRRrP1b8bGQilxsI3kwL0QK16M/E/rxOMWKLyWy+LY8tJdHjrZSxKUk0jsggSphzrGM+qwQGTlGg+NgSIZOYvmAxAAtGmQNs2LbmrnayT5lXFrVauH6vl2l3eVxGdoXN0iVx0g2roAdVRAxH0jKboFb1ZU+vd+rA+F6MFK985RUuwvn4Bj+mc7Q==</latexit>



we will make some estimations on physical processes like

(3) muon decay

(4) neutron decay

µ ! e⌫µ⌫̄e

<latexit sha1_base64="wBUdD6LwvI2TB9C2bDwv85XDQq8=">AAACJnicbVBNS8NAEN34WetX1KMeFovgqSRS0WPRi8cK9gOaEDbbabt0swm7m2IpvfhretUf4k3Em//BP+A2zcG2Phh482aGmXlhwpnSjvNlra1vbG5tF3aKu3v7B4f20XFDxamkUKcxj2UrJAo4E1DXTHNoJRJIFHJohoP7Wb05BKlYLJ70KAE/Ij3BuowSbaTAPvOiFHs6xoA9kQZZFhKZJRDYJafsZMCrxM1JCeWoBfaP14lpGoHQlBOl2q6TaH9MpGaUw6TopQoSQgekB21DBYlA+ePsiwm+MEoHd2NpQmicqX8nxiRSahSFpjMiuq+WazPxv1q7M2SJync9z5ctXqK7t/6YiSTVIOj8kG7KsXFlZhnuMAlU85EhhEpmfsG0TySh2hhbLBqX3GVPVknjquxWytePlVL1LvergE7RObpELrpBVfSAaqiOKHpBU/SK3qyp9W59WJ/z1jUrnzlBC7C+fwEyV6WN</latexit>

µ

<latexit sha1_base64="+cRSUdYGlk6PCwMOMhDkaF/cll8=">AAACC3icbVDLTsJAFL3FF9YX6tLNRGLiirQGo0uiG5cY5ZFAQ6bTKUyYaZuZKZE0fAJb/RB3xq0f4Xf4Aw7QhYAnmeTknHtzzxw/4Uxpx/m2ChubW9s7xV17b//g8Kh0fNJUcSoJbZCYx7LtY0U5i2hDM81pO5EUC5/Tlj+8n/mtEZWKxdGzHifUE7gfsZARrI301BVpr1R2Ks4caJ24OSlDjnqv9NMNYpIKGmnCsVId10m0l2GpGeF0YndTRRNMhrhPO4ZGWFDlZfOoE3RhlACFsTQv0miu/t3IsFBqLHwzKbAeqFVvJv7ndYIRS1R+62VxbDmJDm+9jEVJqmlEFkHClCMdo1kvKGCSEs3HhmAimfkLIgMsMdGmPds2LbmrnayT5lXFrVauH6vl2l3eVxHO4BwuwYUbqMED1KEBBPowhVd4s6bWu/VhfS5GC1a+cwpLsL5+AUC4m64=</latexit>

e

<latexit sha1_base64="gD7QIGCcAnEkdjLuL9IfvA0+WqU=">AAACCXicbVDLTsJAFJ3iC+sLdelmIjFxRVqD0SXRjUtI5JFAQ6bTW5gwnTYzUyJp+AK2+iHujFu/wu/wBxygCwFPMsnJOffmnjl+wpnSjvNtFba2d3b3ivv2weHR8Unp9Kyl4lRSaNKYx7LjEwWcCWhqpjl0Egkk8jm0/dHj3G+PQSoWi2c9ScCLyECwkFGijdSAfqnsVJwF8CZxc1JGOer90k8viGkagdCUE6W6rpNoLyNSM8phavdSBQmhIzKArqGCRKC8bBF0iq+MEuAwluYJjRfq342MREpNIt9MRkQP1bo3F//zusGYJSq/9bI8tppEh/dexkSSahB0GSRMOdYxnreCAyaBaj4xhFDJzF8wHRJJqDbd2bZpyV3vZJO0biputXLbqJZrD3lfRXSBLtE1ctEdqqEnVEdNRBGgGXpFb9bMerc+rM/laMHKd87RCqyvX5CMmsE=</latexit>

⌫̄e

<latexit sha1_base64="CHkZNA1gYDR7CRJTOi/Advr7rgo=">AAACEXicbVDLTsJAFJ3iC+sLdelmIjFxRVqD0SXRjUtM5GFoQ6bTW5gwnTYzUyIhfAVb/RB3xq1f4Hf4Aw7QhYAnmeTknHtzz5wg5Uxpx/m2ChubW9s7xV17b//g8Kh0fNJUSSYpNGjCE9kOiALOBDQ00xzaqQQSBxxaweB+5reGIBVLxJMepeDHpCdYxCjRRnr2AiI9kXWhWyo7FWcOvE7cnJRRjnq39OOFCc1iEJpyolTHdVLtj4nUjHKY2F6mICV0QHrQMVSQGJQ/ngee4AujhDhKpHlC47n6d2NMYqVGcWAmY6L7atWbif95nXDIUpXfelkcW06io1t/zESaaRB0ESTKONYJnrWDQyaBaj4yhFDJzF8w7RNJqDYd2rZpyV3tZJ00ryputXL9WC3X7vK+iugMnaNL5KIbVEMPqI4aiKIYTdErerOm1rv1YX0uRgtWvnOKlmB9/QIDsZ5A</latexit>

⌫µ

<latexit sha1_base64="ywNkWH+aSR06RZnY/9yE5FkLw1o=">AAACD3icbVDLSsNAFL2prxpfVZdugkVwVRJRdFl047KCfUATymQyaYfOTMLMpFhCP6Jb/RB34tZP8Dv8AadtFrb1wMDhnHu5Z06YMqq0635bpY3Nre2d8q69t39weFQ5PmmpJJOYNHHCEtkJkSKMCtLUVDPSSSVBPGSkHQ4fZn57RKSiiXjW45QEHPUFjSlG2khtX2Q9n2e9StWtuXM468QrSBUKNHqVHz9KcMaJ0Jghpbqem+ogR1JTzMjE9jNFUoSHqE+6hgrEiQryedyJc2GUyIkTaZ7Qzlz9u5EjrtSYh2aSIz1Qq95M/M/rRiOaquLWy+LYchId3wU5FWmmicCLIHHGHJ04s26ciEqCNRsbgrCk5i8OHiCJsDYN2rZpyVvtZJ20rmrede3m6bpavy/6KsMZnMMleHALdXiEBjQBwxCm8Apv1tR6tz6sz8VoySp2TmEJ1tcvhSqddA==</latexit>

n ! pe⌫̄e

<latexit sha1_base64="Qeb7KKe8p6UWJYkrE7ki7PhR1ko=">AAACHXicbVDLSsNAFJ3UV42vaJduBovgqiRS0WXRjcsK9gFNKZPJbTt0Mgkzk2Io/ZZu9UPciVvxO/wBp20WtvXAwOGce7lnTpBwprTrfluFre2d3b3ivn1weHR84pyeNVWcSgoNGvNYtgOigDMBDc00h3YigUQBh1Ywepj7rTFIxWLxrLMEuhEZCNZnlGgj9ZySwL6OcYIB+wGRvkh70HPKbsVdAG8SLydllKPec378MKZpBEJTTpTqeG6iuxMiNaMcprafKkgIHZEBdAwVJALVnSzCT/GlUULcj6V5QuOF+ndjQiKlsigwkxHRQ7XuzcX/vE44ZonKb70sj60m0f277oSJJNUg6DJIP+XY1DFvCodMAtU8M4RQycxfMB0SSag2fdq2aclb72STNK8rXrVy81Qt1+7zvoroHF2gK+ShW1RDj6iOGoiiDM3QK3qzZta79WF9LkcLVr5TQiuwvn4BD4yh1w==</latexit>

e

<latexit sha1_base64="gD7QIGCcAnEkdjLuL9IfvA0+WqU=">AAACCXicbVDLTsJAFJ3iC+sLdelmIjFxRVqD0SXRjUtI5JFAQ6bTW5gwnTYzUyJp+AK2+iHujFu/wu/wBxygCwFPMsnJOffmnjl+wpnSjvNtFba2d3b3ivv2weHR8Unp9Kyl4lRSaNKYx7LjEwWcCWhqpjl0Egkk8jm0/dHj3G+PQSoWi2c9ScCLyECwkFGijdSAfqnsVJwF8CZxc1JGOer90k8viGkagdCUE6W6rpNoLyNSM8phavdSBQmhIzKArqGCRKC8bBF0iq+MEuAwluYJjRfq342MREpNIt9MRkQP1bo3F//zusGYJSq/9bI8tppEh/dexkSSahB0GSRMOdYxnreCAyaBaj4xhFDJzF8wHRJJqDbd2bZpyV3vZJO0biputXLbqJZrD3lfRXSBLtE1ctEdqqEnVEdNRBGgGXpFb9bMerc+rM/laMHKd87RCqyvX5CMmsE=</latexit>

⌫̄e

<latexit sha1_base64="CHkZNA1gYDR7CRJTOi/Advr7rgo=">AAACEXicbVDLTsJAFJ3iC+sLdelmIjFxRVqD0SXRjUtM5GFoQ6bTW5gwnTYzUyIhfAVb/RB3xq1f4Hf4Aw7QhYAnmeTknHtzz5wg5Uxpx/m2ChubW9s7xV17b//g8Kh0fNJUSSYpNGjCE9kOiALOBDQ00xzaqQQSBxxaweB+5reGIBVLxJMepeDHpCdYxCjRRnr2AiI9kXWhWyo7FWcOvE7cnJRRjnq39OOFCc1iEJpyolTHdVLtj4nUjHKY2F6mICV0QHrQMVSQGJQ/ngee4AujhDhKpHlC47n6d2NMYqVGcWAmY6L7atWbif95nXDIUpXfelkcW06io1t/zESaaRB0ESTKONYJnrWDQyaBaj4yhFDJzF8w7RNJqDYd2rZpyV3tZJ00ryputXL9WC3X7vK+iugMnaNL5KIbVEMPqI4aiKIYTdErerOm1rv1YX0uRgtWvnOKlmB9/QIDsZ5A</latexit>

n

<latexit sha1_base64="gvbMYnI0Pe0ywXwYeBdTZkPFH6k=">AAACCXicbVDLTsJAFJ3iC+sLdelmIjFxRVqD0SXRjUtI5JFAQ6bTW5gwnTYzUyJp+AK2+iHujFu/wu/wBxygCwFPMsnJOffmnjl+wpnSjvNtFba2d3b3ivv2weHR8Unp9Kyl4lRSaNKYx7LjEwWcCWhqpjl0Egkk8jm0/dHj3G+PQSoWi2c9ScCLyECwkFGijdQQ/VLZqTgL4E3i5qSMctT7pZ9eENM0AqEpJ0p1XSfRXkakZpTD1O6lChJCR2QAXUMFiUB52SLoFF8ZJcBhLM0TGi/UvxsZiZSaRL6ZjIgeqnVvLv7ndYMxS1R+62V5bDWJDu+9jIkk1SDoMkiYcqxjPG8FB0wC1XxiCKGSmb9gOiSSUG26s23TkrveySZp3VTcauW2US3XHvK+iugCXaJr5KI7VENPqI6aiCJAM/SK3qyZ9W59WJ/L0YKV75yjFVhfv59Zmso=</latexit>

p

<latexit sha1_base64="xHAPuZgNxyoce2GVzSDIuyIqgkQ=">AAACCXicbVDLTsJAFL3FF9YX6tJNIzFxRVqD0SXRjUtI5JFAQ6bTKUyYTiczUyJp+AK2+iHujFu/wu/wBxygCwFPMsnJOffmnjmBYFRp1/22ClvbO7t7xX374PDo+KR0etZSSSoxaeKEJbITIEUY5aSpqWakIyRBccBIOxg9zv32mEhFE/6sJ4L4MRpwGlGMtJEaol8quxV3AWeTeDkpQ456v/TTCxOcxoRrzJBSXc8V2s+Q1BQzMrV7qSIC4REakK6hHMVE+dki6NS5MkroRIk0j2tnof7dyFCs1CQOzGSM9FCte3PxP68bjqlQ+a2X5bHVJDq69zPKRaoJx8sgUcocnTjzVpyQSoI1mxiCsKTmLw4eIomwNt3ZtmnJW+9kk7RuKl61ctuolmsPeV9FuIBLuAYP7qAGT1CHJmAgMINXeLNm1rv1YX0uRwtWvnMOK7C+fgGio5rM</latexit>

(1) Higgs decay

(2) Higgs production

h ! bb̄

<latexit sha1_base64="PQpDXRnLciGdLQ3QhwPQtIKbZVs=">AAACFXicbVDLTsJAFL3FF9YX6tLNRGLiirQGo0uiG5eYyCOBhkynU5gwndaZKZE0fAdb/RB3xq1rv8MfcIAuBDzJJCfn3Jt75vgJZ0o7zrdV2Njc2t4p7tp7+weHR6Xjk6aKU0log8Q8lm0fK8qZoA3NNKftRFIc+Zy2/OH9zG+NqFQsFk96nFAvwn3BQkawNpI3QF0dI7/rY4n8XqnsVJw50Dpxc1KGHPVe6acbxCSNqNCEY6U6rpNoL8NSM8LpxO6miiaYDHGfdgwVOKLKy+ahJ+jCKAEKY2me0Giu/t3IcKTUOPLNZIT1QK16M/E/rxOMWKLyWy+LY8tJdHjrZUwkqaaCLIKEKUemiFlDKGCSEs3HhmAimfkLIgMsMdGmR9s2LbmrnayT5lXFrVauH6vl2l3eVxHO4BwuwYUbqMED1KEBBJ5hCq/wZk2td+vD+lyMFqx85xSWYH39Au0CnzA=</latexit>

h

<latexit sha1_base64="rcX0/NCqA9MrvOI3S20G5A1mMkU=">AAACCXicbVDLTsJAFJ3iC+sLdelmIjFxRVqD0SXRjUtI5JFAQ6bTW5gwnTYzUyJp+AK2+iHujFu/wu/wBxygCwFPMsnJOffmnjl+wpnSjvNtFba2d3b3ivv2weHR8Unp9Kyl4lRSaNKYx7LjEwWcCWhqpjl0Egkk8jm0/dHj3G+PQSoWi2c9ScCLyECwkFGijdQY9ktlp+IsgDeJm5MyylHvl356QUzTCISmnCjVdZ1EexmRmlEOU7uXKkgIHZEBdA0VJALlZYugU3xllACHsTRPaLxQ/25kJFJqEvlmMiJ6qNa9ufif1w3GLFH5rZflsdUkOrz3MiaSVIOgyyBhyrGO8bwVHDAJVPOJIYRKZv6C6ZBIQrXpzrZNS+56J5ukdVNxq5XbRrVce8j7KqILdImukYvuUA09oTpqIooAzdArerNm1rv1YX0uRwtWvnOOVmB9/QKVe5rE</latexit>

b

<latexit sha1_base64="ua/L9Om8chZPaVsLubj74Hl2UQ0=">AAACCXicbVDLTsJAFL3FF9YX6tLNRGLiirQGo0uiG5eQyCOBhkynU5gwnTYzUyJp+AK2+iHujFu/wu/wBxygCwFPMsnJOffmnjl+wpnSjvNtFba2d3b3ivv2weHR8Unp9Kyl4lQS2iQxj2XHx4pyJmhTM81pJ5EURz6nbX/0OPfbYyoVi8WzniTUi/BAsJARrI3U8PulslNxFkCbxM1JGXLU+6WfXhCTNKJCE46V6rpOor0MS80Ip1O7lyqaYDLCA9o1VOCIKi9bBJ2iK6MEKIyleUKjhfp3I8ORUpPIN5MR1kO17s3F/7xuMGaJym+9LI+tJtHhvZcxkaSaCrIMEqYc6RjNW0EBk5RoPjEEE8nMXxAZYomJNt3ZtmnJXe9kk7RuKm61ctuolmsPeV9FuIBLuAYX7qAGT1CHJhCgMINXeLNm1rv1YX0uRwtWvnMOK7C+fgGLnZq+</latexit>

b̄

<latexit sha1_base64="f7dBHAzMI3rak3Kf6GZKxv9+ACQ=">AAACDnicbVDLTsJAFL3FF9YX6tLNRGLiirQGo0uiG5eYyCOBhkynUxiZTpuZKZE0/ANb/RB3xq2/4Hf4Aw7QhYAnmeTknHtzzxw/4Uxpx/m2ChubW9s7xV17b//g8Kh0fNJUcSoJbZCYx7LtY0U5E7Shmea0nUiKI5/Tlj+8n/mtEZWKxeJJjxPqRbgvWMgI1kZqdn0skd8rlZ2KMwdaJ25OypCj3iv9dIOYpBEVmnCsVMd1Eu1lWGpGOJ3Y3VTRBJMh7tOOoQJHVHnZPO0EXRglQGEszRMazdW/GxmOlBpHvpmMsB6oVW8m/ud1ghFLVH7rZXFsOYkOb72MiSTVVJBFkDDlSMdoVg0KmKRE87EhmEhm/oLIAEtMtCnQtk1L7mon66R5VXGrlevHarl2l/dVhDM4h0tw4QZq8AB1aACBZ5jCK7xZU+vd+rA+F6MFK985hSVYX78Slpyh</latexit>

gg ! h

<latexit sha1_base64="pQXruim3+hmvWSto6m0lYjTsiks=">AAACEHicbVDLSsNAFL2prxpfVZduBovgqiSi6LLoxmUF+4A2lMlkkg6dTMLMpFhCf6Jb/RB34tY/8Dv8AadtFrb1wMDhnHu5Z46fcqa043xbpY3Nre2d8q69t39weFQ5PmmpJJOENknCE9nxsaKcCdrUTHPaSSXFsc9p2x8+zPz2iErFEvGsxyn1YhwJFjKCtZE6UYR6OkGDfqXq1Jw50DpxC1KFAo1+5acXJCSLqdCEY6W6rpNqL8dSM8LpxO5liqaYDHFEu4YKHFPl5fO8E3RhlACFiTRPaDRX/27kOFZqHPtmMsZ6oFa9mfif1w1GLFXFrZfFseUkOrzzcibSTFNBFkHCjCNTwawcFDBJieZjQzCRzPwFkQGWmGhToW2bltzVTtZJ66rmXtdunq6r9fuirzKcwTlcggu3UIdHaEATCHCYwiu8WVPr3fqwPhejJavYOYUlWF+/a1mdVw==</latexit>

we will estimate the cross-section and decay rate for above processes

as a warm up



Dimensional analysis
[S] = 0

<latexit sha1_base64="H0eShkzNHnzgWHj78aND5E1iIJs=">AAACEXicbVDLSgMxFM3UVx1fVZdugkVwVWakohuh6MZlRfuQ6VAymUwbmmSGJFMsQ7+iW/0Qd+LWL/A7/AHTdha29UDgcM693JMTJIwq7TjfVmFtfWNzq7ht7+zu7R+UDo+aKk4lJg0cs1i2A6QIo4I0NNWMtBNJEA8YaQWDu6nfGhKpaCye9CghPkc9QSOKkTbSs/cIfQhvoNMtlZ2KMwNcJW5OyiBHvVv66YQxTjkRGjOklOc6ifYzJDXFjIztTqpIgvAA9YhnqECcKD+bBR7DM6OEMIqleULDmfp3I0NcqREPzCRHuq+Wvan4n+eFQ5qo/NbL/NhiEh1d+xkVSaqJwPMgUcqgjuG0HRhSSbBmI0MQltT8BeI+kghr06Ftm5bc5U5WSfOi4lYrlw/Vcu0276sITsApOAcuuAI1cA/qoAEw4GACXsGbNbHerQ/rcz5asPKdY7AA6+sXWQ+cpA==</latexit>

[L] = 4

<latexit sha1_base64="sBjyfoRJno1cCCjaJExNNY9ONpI=">AAACGnicbVDLSsNAFL3xWeMr6tLNYBFclUQquhGKbly4qGAfkIYymUzaoZMHM5NiCf2TbvVD3IlbN36HP+C0zcK2Hhg4nHMv98zxU86ksu1vY219Y3Nru7Rj7u7tHxxaR8dNmWSC0AZJeCLaPpaUs5g2FFOctlNBceRz2vIH91O/NaRCsiR+VqOUehHuxSxkBCstdS3LzTsEc/Q4Rh5Ct6jatcp2xZ4BrRKnIGUoUO9aP50gIVlEY0U4ltJ17FR5ORaKEU7HZieTNMVkgHvU1TTGEZVePks+RudaCVCYCP1ihWbq340cR1KOIl9PRlj15bI3Ff/z3GDIUlncepkfW0yiwhsvZ3GaKRqTeZAw40glaFoTCpigRPGRJpgIpv+CSB8LTJQu0zR1S85yJ6ukeVlxqpWrp2q5dlf0VYJTOIMLcOAaavAAdWgAgSFM4BXejInxbnwYn/PRNaPYOYEFGF+/S06fvA==</latexit>

S =

Z
d4xL

<latexit sha1_base64="MfQDu6Ga18+LjLDnx4w4s/Tq16s=">AAACI3icbVDLSsNAFJ34rPEVdSVuBovgQkoiFd0IRTcuXFS0D2himUym7dDJJMxMSksofk23+iHuxI0Lv8IfcNpmYVsPXDiccy/33uPHjEpl21/G0vLK6tp6bsPc3Nre2bX29qsySgQmFRyxSNR9JAmjnFQUVYzUY0FQ6DNS87u3Y7/WI0LSiD+pQUy8ELU5bVGMlJaa1uEjvIYu5QoGz8U+dM9g6mLE4P2waeXtgj0BXCRORvIgQ7lp/bhBhJOQcIUZkrLh2LHyUiQUxYwMTTeRJEa4i9qkoSlHIZFeOnlhCE+0EsBWJHTpYybq34kUhVIOQl93hkh15Lw3Fv/zGkGPxjLb1Z8um71Eta68lPI4UYTj6SGthEEVwXFeMKCCYMUGmiAsqP4F4g4SCCudqmnqlJz5TBZJ9bzgFAsXD8V86SbLKweOwDE4BQ64BCVwB8qgAjB4ASPwCt6MkfFufBif09YlI5s5ADMwvn8B9T+jOg==</latexit>

spin-0 L =
1

2
(@�)(@�) + · · ·

<latexit sha1_base64="zlfUYB1dbVnEJfGW/XiIFwPADC0="></latexit>

[�] = 1

<latexit sha1_base64="AhChKpCqnZd8ghuIBQJwYkuSpb8=">AAACEXicbVDLSgMxFM3UVx1fVZdugkVwVWZE0Y1QdOOygn3IdCiZTKYNTTIhyRRL6Vd0qx/iTtz6BX6HP2DazsK2HggczrmXe3Iiyag2nvftFNbWNza3itvuzu7e/kHp8Kih00xhUscpS1UrQpowKkjdUMNISyqCeMRIM+rfT/3mgChNU/FkhpKEHHUFTShGxkrPQVv2aAhv/U6p7FW8GeAq8XNSBjlqndJPO05xxokwmCGtA9+TJhwhZShmZOy2M00kwn3UJYGlAnGiw9Es8BieWSWGSarsEwbO1L8bI8S1HvLITnJkenrZm4r/eUE8oFLnt17mxxaTmOQmHFEhM0MEngdJMgZNCqftwJgqgg0bWoKwovYvEPeQQtjYDl3XtuQvd7JKGhcV/7Jy9XhZrt7lfRXBCTgF58AH16AKHkAN1AEGHEzAK3hzJs678+F8zkcLTr5zDBbgfP0C36mdjw==</latexit>

spin-1/2 L =  ̄(i�µ@µ �m) + · · ·

<latexit sha1_base64="Wmf8Q1ttZ1J/d9+Riv2O+LdjEy4="></latexit>

[ ] = 3/2

<latexit sha1_base64="6+BcvkIoAsAm0R9gIVgKfX20utc=">AAACFHicbVDNTgIxGOziH65/qEcvjcTEE+4iRi8mRC8eMREh2d2QbrcLDd1u03aJhPAaXPVBvBmv3n0OX8ACexBwkiaTme/LN51QMKq043xbhbX1jc2t4ra9s7u3f1A6PHpWaSYxaeKUpbIdIkUY5aSpqWakLSRBSchIK+zfT/3WgEhFU/6kh4IECepyGlOMtJF8zxeKBvAWXl5UO6WyU3FmgKvEzUkZ5Gh0Sj9+lOIsIVxjhpTyXEfoYISkppiRse1nigiE+6hLPEM5SogKRrPMY3hmlAjGqTSPazhT/26MUKLUMAnNZIJ0Ty17U/E/z4sGVKj81sv82GISHd8EI8pFpgnH8yBxxqBO4bQgGFFJsGZDQxCW1PwF4h6SCGtTo22bltzlTlbJc7Xi1ipXj7Vy/S7vqwhOwCk4By64BnXwABqgCTAQYAJewZs1sd6tD+tzPlqw8p1jsADr6xdB9Z47</latexit>

spin-1 L = �1

4
Fµ⌫F

µ⌫ + · · ·

<latexit sha1_base64="LHHdw+/J5KIQuXou6XXCpE7b1fg="></latexit>

[Aµ] = 1

<latexit sha1_base64="HFN9b0/XmrVVCniXSiiQvKSmlzE=">AAACE3icbVDLSgMxFM3UVx1fVZdugkVwVWZE0Y1QdeOygn3AdCiZTKYNzWNIMsVS+hnd6oe4E7d+gN/hD5i2s7CtBwKHc+7lnpwoZVQbz/t2CmvrG5tbxW13Z3dv/6B0eNTQMlOY1LFkUrUipAmjgtQNNYy0UkUQjxhpRv2Hqd8cEKWpFM9mmJKQo66gCcXIWCkI7jptnoXwFvqdUtmreDPAVeLnpAxy1Dqln3YsccaJMJghrQPfS004QspQzMjYbWeapAj3UZcElgrEiQ5Hs8hjeGaVGCZS2ScMnKl/N0aIaz3kkZ3kyPT0sjcV//OCeEBTnd96mR9bTGKSm3BERZoZIvA8SJIxaCSc9gNjqgg2bGgJworav0DcQwphY1t0XduSv9zJKmlcVPzLytXTZbl6n/dVBCfgFJwDH1yDKngENVAHGEgwAa/gzZk4786H8zkfLTj5zjFYgPP1C87FngQ=</latexit>

Fµ⌫ = @µA⌫ � @⌫Aµ

<latexit sha1_base64="ENo4Fm/UnKnF/eCFq2yXklWYaMg="></latexit>

cross section & decay rate
[�] = [Length]2 = �2

<latexit sha1_base64="Cu6ZqrBCE3jBs9knEConjz05goQ=">AAACKnicbVDLSgMxFM34rOOr6tJNsAhuLDOlohuh6MaFiwr2ATNjyaRpG5pkhiRTLEO3fk23+iHuilv/wB8wbWdhWw9cOJxzL/feE8aMKu04E2ttfWNzazu3Y+/u7R8c5o+O6ypKJCY1HLFINkOkCKOC1DTVjDRjSRAPGWmE/fup3xgQqWgknvUwJgFHXUE7FCNtpFYeer6iXY4CeAu91JccPhLR1b1R8FIy0mWplS84RWcGuErcjBRAhmor/+O3I5xwIjRmSCnPdWIdpEhqihkZ2X6iSIxwH3WJZ6hAnKggnX0ygudGacNOJE0JDWfq34kUcaWGPDSdHOmeWvam4n+e1x7QWGW7XufLFi/RnZsgpSJONBF4fkgnYVBHcBobbFNJsGZDQxCW1PwCcQ9JhLUJ17ZNSu5yJqukXiq65eLVU7lQucvyyoFTcAYugAuuQQU8gCqoAQzewBi8gw9rbH1aE+tr3rpmZTMnYAHW9y/TfKY+</latexit>

[�] = [Time]�1 = 1

<latexit sha1_base64="SAvuK+HmB2usEenNkfpP2toziUQ=">AAACKnicbVDLSsNAFJ34rPFVdelmsAhuLIlUdCMUXeiyQl+QxjKZTNqhM0mYmRRLyNav6VY/xF1x6x/4A07bLGzrgQuHc+7l3nu8mFGpLGtirK1vbG5tF3bM3b39g8Pi0XFTRonApIEjFom2hyRhNCQNRRUj7VgQxD1GWt7gYeq3hkRIGoV1NYqJy1EvpAHFSGmpW4RO5xFxjlx4B520IzisU04y9yW9tDOt2d1iySpbM8BVYuekBHLUusWfjh/hhJNQYYakdGwrVm6KhKKYkczsJJLECA9QjziahogT6aazTzJ4rhUfBpHQFSo4U/9OpIhLOeKe7uRI9eWyNxX/8xx/SGOZ73qdL1u8RAW3bkrDOFEkxPNDgoRBFcFpbNCngmDFRpogLKj+BeI+EggrHa5p6pTs5UxWSfOqbFfK18+VUvU+z6sATsEZuAA2uAFV8ARqoAEweANj8A4+jLHxaUyMr3nrmpHPnIAFGN+/vJ2mMw==</latexit>



Higgs decay

L = y� ̄ 

<latexit sha1_base64="/D4p75neDvTDIjp4GZtdsdmzaYs=">AAACLHicbVDLSgMxFM3UV62vUZduQovgqsxIRTdC0Y0LFxVsLXRKyaRpG5rJhCRTHIbZ+zXd6oe4EXHrD/gDZtpZ2NYDCYdz7uXee3zBqNKO82EV1tY3NreK26Wd3b39A/vwqKXCSGLSxCELZdtHijDKSVNTzUhbSIICn5Enf3yb+U8TIhUN+aOOBekGaMjpgGKkjdSzy4mHEYP3KbyGMIaeGFHo+UgmnlA0hdnfsytO1ZkBrhI3JxWQo9Gzf7x+iKOAcI0ZUqrjOkJ3EyQ1xYykJS9SRCA8RkPSMZSjgKhuMrslhadG6cNBKM3jGs7Uvx0JCpSKA99UBkiP1LKXif95nf6ECpXPep4PW9xED666CeUi0oTj+SKDiEEdwiw42KeSYM1iQxCW1NwC8QhJhLWJt1QyKbnLmayS1nnVrVUvHmqV+k2eVxGcgDI4Ay64BHVwBxqgCTB4AVPwCt6sqfVufVpf89KClfccgwVY379uhqez</latexit>

the decay rate is

2

<latexit sha1_base64="bJ8bin2k6joz8ESDGvjxZgMDIX8=">AAACCXicbVDLTsJAFL3FF9YX6tLNRGLiirQEo0uiG5eQyCOBhkynU5gwnTYzUyJp+AK2+iHujFu/wu/wBxygCwVPMsnJOffmnjl+wpnSjvNlFba2d3b3ivv2weHR8Unp9Kyt4lQS2iIxj2XXx4pyJmhLM81pN5EURz6nHX/8sPA7EyoVi8WTnibUi/BQsJARrI3UrA5KZafiLIE2iZuTMuRoDErf/SAmaUSFJhwr1XOdRHsZlpoRTmd2P1U0wWSMh7RnqMARVV62DDpDV0YJUBhL84RGS/X3RoYjpaaRbyYjrEdq3VuI/3m9YMISld96Xh37m0SHd17GRJJqKsgqSJhypGO0aAUFTFKi+dQQTCQzf0FkhCUm2nRn26Yld72TTdKuVtxa5aZZK9fv876KcAGXcA0u3EIdHqEBLSBAYQ4v8GrNrTfr3fpYjRasfOcc/sD6/AE8rZqO</latexit>

� /

<latexit sha1_base64="zOEeLubClMUfKICbRJXR01w8bNs=">AAACFnicbVDLSgMxFM3UVx1fVZdugkVwVWZE0WXRhS4r2Ad0xpLJZNrQZBKSTLGU/ke3+iHuxK1bv8MfMG1nYVsPBA7n3Ms9OZFkVBvP+3YKa+sbm1vFbXdnd2//oHR41NAiU5jUsWBCtSKkCaMpqRtqGGlJRRCPGGlG/bup3xwQpalIn8xQkpCjbkoTipGx0nNwjzhHMJBKSCM6pbJX8WaAq8TPSRnkqHVKP0EscMZJajBDWrd9T5pwhJShmJGxG2SaSIT7qEvalqaIEx2OZqnH8MwqMUyEsi81cKb+3RghrvWQR3aSI9PTy95U/M9rxwMqdX7rZX5sMYlJbsIRTWVmSIrnQZKMQSPgtCIYU0WwYUNLEFbU/gXiHlIIG1uk69qW/OVOVknjouJfVq4eL8vV27yvIjgBp+Ac+OAaVMEDqIE6wECBCXgFb87EeXc+nM/5aMHJd47BApyvX8MMoD0=</latexit>

h

<latexit sha1_base64="rcX0/NCqA9MrvOI3S20G5A1mMkU=">AAACCXicbVDLTsJAFJ3iC+sLdelmIjFxRVqD0SXRjUtI5JFAQ6bTW5gwnTYzUyJp+AK2+iHujFu/wu/wBxygCwFPMsnJOffmnjl+wpnSjvNtFba2d3b3ivv2weHR8Unp9Kyl4lRSaNKYx7LjEwWcCWhqpjl0Egkk8jm0/dHj3G+PQSoWi2c9ScCLyECwkFGijdQY9ktlp+IsgDeJm5MyylHvl356QUzTCISmnCjVdZ1EexmRmlEOU7uXKkgIHZEBdA0VJALlZYugU3xllACHsTRPaLxQ/25kJFJqEvlmMiJ6qNa9ufif1w3GLFH5rZflsdUkOrz3MiaSVIOgyyBhyrGO8bwVHDAJVPOJIYRKZv6C6ZBIQrXpzrZNS+56J5ukdVNxq5XbRrVce8j7KqILdImukYvuUA09oTpqIooAzdArerNm1rv1YX0uRwtWvnOOVmB9/QKVe5rE</latexit>

b

<latexit sha1_base64="ua/L9Om8chZPaVsLubj74Hl2UQ0=">AAACCXicbVDLTsJAFL3FF9YX6tLNRGLiirQGo0uiG5eQyCOBhkynU5gwnTYzUyJp+AK2+iHujFu/wu/wBxygCwFPMsnJOffmnjl+wpnSjvNtFba2d3b3ivv2weHR8Unp9Kyl4lQS2iQxj2XHx4pyJmhTM81pJ5EURz6nbX/0OPfbYyoVi8WzniTUi/BAsJARrI3U8PulslNxFkCbxM1JGXLU+6WfXhCTNKJCE46V6rpOor0MS80Ip1O7lyqaYDLCA9o1VOCIKi9bBJ2iK6MEKIyleUKjhfp3I8ORUpPIN5MR1kO17s3F/7xuMGaJym+9LI+tJtHhvZcxkaSaCrIMEqYc6RjNW0EBk5RoPjEEE8nMXxAZYomJNt3ZtmnJXe9kk7RuKm61ctuolmsPeV9FuIBLuAYX7qAGT1CHJhCgMINXeLNm1rv1YX0uRwtWvnMOK7C+fgGLnZq+</latexit>

b̄

<latexit sha1_base64="f7dBHAzMI3rak3Kf6GZKxv9+ACQ=">AAACDnicbVDLTsJAFL3FF9YX6tLNRGLiirQGo0uiG5eYyCOBhkynUxiZTpuZKZE0/ANb/RB3xq2/4Hf4Aw7QhYAnmeTknHtzzxw/4Uxpx/m2ChubW9s7xV17b//g8Kh0fNJUcSoJbZCYx7LtY0U5E7Shmea0nUiKI5/Tlj+8n/mtEZWKxeJJjxPqRbgvWMgI1kZqdn0skd8rlZ2KMwdaJ25OypCj3iv9dIOYpBEVmnCsVMd1Eu1lWGpGOJ3Y3VTRBJMh7tOOoQJHVHnZPO0EXRglQGEszRMazdW/GxmOlBpHvpmMsB6oVW8m/ud1ghFLVH7rZXFsOYkOb72MiSTVVJBFkDDlSMdoVg0KmKRE87EhmEhm/oLIAEtMtCnQtk1L7mon66R5VXGrlevHarl2l/dVhDM4h0tw4QZq8AB1aACBZ5jCK7xZU+vd+rA+F6MFK985hSVYX78Slpyh</latexit>

⇠ 1

8⇡
y2mh

<latexit sha1_base64="3+jskC5dz1XCe7IQxnEtkMx6mSI=">AAACJXicbVDLSsNAFJ3UV42vqstuBovgqiSlYpdFNy4r2Ac0MUwmk3boTBJmJsUSuvBrutUPcSeCKz/CH3DaZmFbD1w4nHMv997jJ4xKZVlfRmFre2d3r7hvHhweHZ+UTs86Mk4FJm0cs1j0fCQJoxFpK6oY6SWCIO4z0vVHd3O/OyZC0jh6VJOEuBwNIhpSjJSWvFLZkZRDJxQIZ/Y0azgJncLJUw1yb+iVKlbVWgBuEjsnFZCj5ZV+nCDGKSeRwgxJ2betRLkZEopiRqamk0qSIDxCA9LXNEKcSDdbPDGFl1oJYBgLXZGCC/XvRIa4lBPu606O1FCue3PxP68fjGki813Py2Wrl6iw4WY0SlJFIrw8JEwZVDGcJwYDKghWbKIJwoLqXyAeIh2Y0rmapk7JXs9kk3RqVbtevX6oV5q3eV5FUAYX4ArY4AY0wT1ogTbA4AXMwCt4M2bGu/FhfC5bC0Y+cw5WYHz/AsYupVk=</latexit>

y

Higgs interaction to fermion is proportional to the fermion mass

Higgs decays dominantly to heavy fermions, e.g. bottom quark

y =
mf

v

<latexit sha1_base64="xi7MHJofUsNcUiSjidRyTH/61aA=">AAACG3icbVDLSsNAFJ3UV42vVJduBovgqiRS0Y1QdOOygn1AG8JkMmmHziRhZlItIZ/SrX6IO3Hrwu/wB5y2WdjWAwOHc+7lnjl+wqhUtv1tlDY2t7Z3yrvm3v7B4ZFVOW7LOBWYtHDMYtH1kSSMRqSlqGKkmwiCuM9Ixx/dz/zOmAhJ4+hJTRLicjSIaEgxUlryrMoE3sJ+KBDOuBfm2Tj3rKpds+eA68QpSBUUaHrWTz+IccpJpDBDUvYcO1FuhoSimJHc7KeSJAiP0ID0NI0QJ9LN5tFzeK6VAIax0C9ScK7+3cgQl3LCfT3JkRrKVW8m/uf1gjFNZHHrZXFsOYkKb9yMRkmqSIQXQcKUQRXDWU8woIJgxSaaICyo/gvEQ6R7UrpN09QtOaudrJP2Zc2p164e69XGXdFXGZyCM3ABHHANGuABNEELYPAMpuAVvBlT4934MD4XoyWj2DkBSzC+fgGhFKGz</latexit>

[�] = 1

<latexit sha1_base64="AhChKpCqnZd8ghuIBQJwYkuSpb8=">AAACEXicbVDLSgMxFM3UVx1fVZdugkVwVWZE0Y1QdOOygn3IdCiZTKYNTTIhyRRL6Vd0qx/iTtz6BX6HP2DazsK2HggczrmXe3Iiyag2nvftFNbWNza3itvuzu7e/kHp8Kih00xhUscpS1UrQpowKkjdUMNISyqCeMRIM+rfT/3mgChNU/FkhpKEHHUFTShGxkrPQVv2aAhv/U6p7FW8GeAq8XNSBjlqndJPO05xxokwmCGtA9+TJhwhZShmZOy2M00kwn3UJYGlAnGiw9Es8BieWSWGSarsEwbO1L8bI8S1HvLITnJkenrZm4r/eUE8oFLnt17mxxaTmOQmHFEhM0MEngdJMgZNCqftwJgqgg0bWoKwovYvEPeQQtjYDl3XtuQvd7JKGhcV/7Jy9XhZrt7lfRXBCTgF58AH16AKHkAN1AEGHEzAK3hzJs678+F8zkcLTr5zDBbgfP0C36mdjw==</latexit>

[L] = 4

<latexit sha1_base64="gFbSUurgbVtxS7sqJ3ks6aYl52M=">AAACFnicbVDLSsNAFL2prxpfVZduBovgqiRS0Y1QdOPCRQX7gDSWyWTSDp08mJkUS+h/dKsf4k7cuvU7/AGnbRa29cDA4Zx7uWeOl3AmlWV9G4W19Y3NreK2ubO7t39QOjxqyjgVhDZIzGPR9rCknEW0oZjitJ0IikOP05Y3uJv6rSEVksXRkxol1A1xL2IBI1hp6dnJOgRz9DB20Q2qdktlq2LNgFaJnZMy5Kh3Sz8dPyZpSCNFOJbSsa1EuRkWihFOx2YnlTTBZIB71NE0wiGVbjZLPUZnWvFREAv9IoVm6t+NDIdSjkJPT4ZY9eWyNxX/8xx/yBKZ33qZH1tMooJrN2NRkioakXmQIOVIxWhaEfKZoETxkSaYCKb/gkgfC0yULtI0dUv2cierpHlRsauVy8dquXab91WEEziFc7DhCmpwD3VoAAEBE3iFN2NivBsfxud8tGDkO8ewAOPrFxO5nzc=</latexit>

[ ] = 3/2

<latexit sha1_base64="6+BcvkIoAsAm0R9gIVgKfX20utc=">AAACFHicbVDNTgIxGOziH65/qEcvjcTEE+4iRi8mRC8eMREh2d2QbrcLDd1u03aJhPAaXPVBvBmv3n0OX8ACexBwkiaTme/LN51QMKq043xbhbX1jc2t4ra9s7u3f1A6PHpWaSYxaeKUpbIdIkUY5aSpqWakLSRBSchIK+zfT/3WgEhFU/6kh4IECepyGlOMtJF8zxeKBvAWXl5UO6WyU3FmgKvEzUkZ5Gh0Sj9+lOIsIVxjhpTyXEfoYISkppiRse1nigiE+6hLPEM5SogKRrPMY3hmlAjGqTSPazhT/26MUKLUMAnNZIJ0Ty17U/E/z4sGVKj81sv82GISHd8EI8pFpgnH8yBxxqBO4bQgGFFJsGZDQxCW1PwF4h6SCGtTo22bltzlTlbJc7Xi1ipXj7Vy/S7vqwhOwCk4By64BnXwABqgCTAQYAJewZs1sd6tD+tzPlqw8p1jsADr6xdB9Z47</latexit>

[y] = 0

<latexit sha1_base64="yb/BoL8xRnDnGJlJp/bVg/PYx7s=">AAACD3icbVDLSsNAFL2prxpfVZduBovgqiRS0Y1QdOOygn1AGspkMmmHTh7MTIoh9CO61Q9xJ279BL/DH3DaZmFbDwwczrmXe+Z4CWdSWda3UdrY3NreKe+ae/sHh0eV45O2jFNBaIvEPBZdD0vKWURbiilOu4mgOPQ47Xijh5nfGVMhWRw9qyyhbogHEQsYwUpLHSdz0R2y+pWqVbPmQOvELkgVCjT7lZ+eH5M0pJEiHEvp2Fai3BwLxQinE7OXSppgMsID6mga4ZBKN5/HnaALrfgoiIV+kUJz9e9GjkMps9DTkyFWQ7nqzcT/PMcfs0QWt14Wx5aTqODWzVmUpIpGZBEkSDlSMZp1g3wmKFE80wQTwfRfEBligYnSDZqmbsle7WSdtK9qdr12/VSvNu6LvspwBudwCTbcQAMeoQktIDCCKbzCmzE13o0P43MxWjKKnVNYgvH1C+HfnHY=</latexit>

[�] = 1

<latexit sha1_base64="nM3H3eztWoaWiUnmb84zTgA0UvU=">AAACEnicbVDLSgMxFM3UVx1fVZdugkVwVWakohuh6EKXFewDp0PJZDJtaJIZkkyxDP2LbvVD3Ilbf8Dv8AdM21nY1gOBwzn3ck9OkDCqtON8W4W19Y3NreK2vbO7t39QOjxqqjiVmDRwzGLZDpAijArS0FQz0k4kQTxgpBUM7qZ+a0ikorF40qOE+Bz1BI0oRtpIz17nHnGO/Bu3Wyo7FWcGuErcnJRBjnq39NMJY5xyIjRmSCnPdRLtZ0hqihkZ251UkQThAeoRz1CBOFF+Nks8hmdGCWEUS/OEhjP170aGuFIjHphJjnRfLXtT8T/PC4c0Ufmtl/mxxSQ6uvYzKpJUE4HnQaKUQR3DaT0wpJJgzUaGICyp+QvEfSQR1qZE2zYtucudrJLmRcWtVi4fq+Xabd5XEZyAU3AOXHAFauAB1EEDYCDABLyCN2tivVsf1ud8tGDlO8dgAdbXL92Unhs=</latexit>



Higgs decay

L = y� ̄ 

<latexit sha1_base64="/D4p75neDvTDIjp4GZtdsdmzaYs=">AAACLHicbVDLSgMxFM3UV62vUZduQovgqsxIRTdC0Y0LFxVsLXRKyaRpG5rJhCRTHIbZ+zXd6oe4EXHrD/gDZtpZ2NYDCYdz7uXee3zBqNKO82EV1tY3NreK26Wd3b39A/vwqKXCSGLSxCELZdtHijDKSVNTzUhbSIICn5Enf3yb+U8TIhUN+aOOBekGaMjpgGKkjdSzy4mHEYP3KbyGMIaeGFHo+UgmnlA0hdnfsytO1ZkBrhI3JxWQo9Gzf7x+iKOAcI0ZUqrjOkJ3EyQ1xYykJS9SRCA8RkPSMZSjgKhuMrslhadG6cNBKM3jGs7Uvx0JCpSKA99UBkiP1LKXif95nf6ECpXPep4PW9xED666CeUi0oTj+SKDiEEdwiw42KeSYM1iQxCW1NwC8QhJhLWJt1QyKbnLmayS1nnVrVUvHmqV+k2eVxGcgDI4Ay64BHVwBxqgCTB4AVPwCt6sqfVufVpf89KClfccgwVY379uhqez</latexit>

the decay rate is

2

<latexit sha1_base64="bJ8bin2k6joz8ESDGvjxZgMDIX8=">AAACCXicbVDLTsJAFL3FF9YX6tLNRGLiirQEo0uiG5eQyCOBhkynU5gwnTYzUyJp+AK2+iHujFu/wu/wBxygCwVPMsnJOffmnjl+wpnSjvNlFba2d3b3ivv2weHR8Unp9Kyt4lQS2iIxj2XXx4pyJmhLM81pN5EURz6nHX/8sPA7EyoVi8WTnibUi/BQsJARrI3UrA5KZafiLIE2iZuTMuRoDErf/SAmaUSFJhwr1XOdRHsZlpoRTmd2P1U0wWSMh7RnqMARVV62DDpDV0YJUBhL84RGS/X3RoYjpaaRbyYjrEdq3VuI/3m9YMISld96Xh37m0SHd17GRJJqKsgqSJhypGO0aAUFTFKi+dQQTCQzf0FkhCUm2nRn26Yld72TTdKuVtxa5aZZK9fv876KcAGXcA0u3EIdHqEBLSBAYQ4v8GrNrTfr3fpYjRasfOcc/sD6/AE8rZqO</latexit>

� /

<latexit sha1_base64="zOEeLubClMUfKICbRJXR01w8bNs=">AAACFnicbVDLSgMxFM3UVx1fVZdugkVwVWZE0WXRhS4r2Ad0xpLJZNrQZBKSTLGU/ke3+iHuxK1bv8MfMG1nYVsPBA7n3Ms9OZFkVBvP+3YKa+sbm1vFbXdnd2//oHR41NAiU5jUsWBCtSKkCaMpqRtqGGlJRRCPGGlG/bup3xwQpalIn8xQkpCjbkoTipGx0nNwjzhHMJBKSCM6pbJX8WaAq8TPSRnkqHVKP0EscMZJajBDWrd9T5pwhJShmJGxG2SaSIT7qEvalqaIEx2OZqnH8MwqMUyEsi81cKb+3RghrvWQR3aSI9PTy95U/M9rxwMqdX7rZX5sMYlJbsIRTWVmSIrnQZKMQSPgtCIYU0WwYUNLEFbU/gXiHlIIG1uk69qW/OVOVknjouJfVq4eL8vV27yvIjgBp+Ac+OAaVMEDqIE6wECBCXgFb87EeXc+nM/5aMHJd47BApyvX8MMoD0=</latexit>

h

<latexit sha1_base64="rcX0/NCqA9MrvOI3S20G5A1mMkU=">AAACCXicbVDLTsJAFJ3iC+sLdelmIjFxRVqD0SXRjUtI5JFAQ6bTW5gwnTYzUyJp+AK2+iHujFu/wu/wBxygCwFPMsnJOffmnjl+wpnSjvNtFba2d3b3ivv2weHR8Unp9Kyl4lRSaNKYx7LjEwWcCWhqpjl0Egkk8jm0/dHj3G+PQSoWi2c9ScCLyECwkFGijdQY9ktlp+IsgDeJm5MyylHvl356QUzTCISmnCjVdZ1EexmRmlEOU7uXKkgIHZEBdA0VJALlZYugU3xllACHsTRPaLxQ/25kJFJqEvlmMiJ6qNa9ufif1w3GLFH5rZflsdUkOrz3MiaSVIOgyyBhyrGO8bwVHDAJVPOJIYRKZv6C6ZBIQrXpzrZNS+56J5ukdVNxq5XbRrVce8j7KqILdImukYvuUA09oTpqIooAzdArerNm1rv1YX0uRwtWvnOOVmB9/QKVe5rE</latexit>

b

<latexit sha1_base64="ua/L9Om8chZPaVsLubj74Hl2UQ0=">AAACCXicbVDLTsJAFL3FF9YX6tLNRGLiirQGo0uiG5eQyCOBhkynU5gwnTYzUyJp+AK2+iHujFu/wu/wBxygCwFPMsnJOffmnjl+wpnSjvNtFba2d3b3ivv2weHR8Unp9Kyl4lQS2iQxj2XHx4pyJmhTM81pJ5EURz6nbX/0OPfbYyoVi8WzniTUi/BAsJARrI3U8PulslNxFkCbxM1JGXLU+6WfXhCTNKJCE46V6rpOor0MS80Ip1O7lyqaYDLCA9o1VOCIKi9bBJ2iK6MEKIyleUKjhfp3I8ORUpPIN5MR1kO17s3F/7xuMGaJym+9LI+tJtHhvZcxkaSaCrIMEqYc6RjNW0EBk5RoPjEEE8nMXxAZYomJNt3ZtmnJXe9kk7RuKm61ctuolmsPeV9FuIBLuAYX7qAGT1CHJhCgMINXeLNm1rv1YX0uRwtWvnMOK7C+fgGLnZq+</latexit>

b̄

<latexit sha1_base64="f7dBHAzMI3rak3Kf6GZKxv9+ACQ=">AAACDnicbVDLTsJAFL3FF9YX6tLNRGLiirQGo0uiG5eYyCOBhkynUxiZTpuZKZE0/ANb/RB3xq2/4Hf4Aw7QhYAnmeTknHtzzxw/4Uxpx/m2ChubW9s7xV17b//g8Kh0fNJUcSoJbZCYx7LtY0U5E7Shmea0nUiKI5/Tlj+8n/mtEZWKxeJJjxPqRbgvWMgI1kZqdn0skd8rlZ2KMwdaJ25OypCj3iv9dIOYpBEVmnCsVMd1Eu1lWGpGOJ3Y3VTRBJMh7tOOoQJHVHnZPO0EXRglQGEszRMazdW/GxmOlBpHvpmMsB6oVW8m/ud1ghFLVH7rZXFsOYkOb72MiSTVVJBFkDDlSMdoVg0KmKRE87EhmEhm/oLIAEtMtCnQtk1L7mon66R5VXGrlevHarl2l/dVhDM4h0tw4QZq8AB1aACBZ5jCK7xZU+vd+rA+F6MFK985hSVYX78Slpyh</latexit>

y

⇠ 1

8⇡

⇣mb

v

⌘2
mh

<latexit sha1_base64="sBaiMGrwLz2dJ21mhheKdE+PnIM="></latexit>

⇠ 1

8⇡

✓
4GeV

246GeV

◆2

125GeV

<latexit sha1_base64="ruDJTvVZW6ASSXW93rQBPWM36hk="></latexit>

⇠ 1MeV

<latexit sha1_base64="PSlRzt6Z0ToUqBb9ozO0Fet2kRY=">AAACG3icbVDLSgMxFM34rONrqks3wSK4kDIjFV0W3bgRKtgHdIaSyaRtaJIZkky1DP2UbvVD3IlbF36HP2DazsK2HggczrmXe3LChFGlXffbWlvf2NzaLuzYu3v7B4dO8aih4lRiUscxi2UrRIowKkhdU81IK5EE8ZCRZji4m/rNIZGKxuJJjxIScNQTtEsx0kbqOEVfUQ49/yLzJYcPpDHuOCW37M4AV4mXkxLIUes4P34U45QToTFDSrU9N9FBhqSmmJGx7aeKJAgPUI+0DRWIExVks+hjeGaUCHZjaZ7QcKb+3cgQV2rEQzPJke6rZW8q/ue1oyFNVH7rZX5sMYnu3gQZFUmqicDzIN2UQR3DaU8wopJgzUaGICyp+QvEfSQR1qZN2zYtecudrJLGZdmrlK8eK6Xqbd5XAZyAU3AOPHANquAe1EAdYPAMJuAVvFkT6936sD7no2tWvnMMFmB9/QKEaaEG</latexit>

$ ⌧ = 10�21 sec

<latexit sha1_base64="iAUEkQp7iwe2xBZNcJm/WU7I87w="></latexit>

Particle Data Group 
https://pdg.lbl.gov/



Higgs production

t

<latexit sha1_base64="s6+5+fCqqDGxwZWFkT25vi8Xczg=">AAACCXicbVDLTsJAFJ3iC+sLdelmIjFxRVqD0SXRjUtI5JFAQ6bTKUyYTpuZWyJp+AK2+iHujFu/wu/wBxygCwFPMsnJOffmnjl+IrgGx/m2ClvbO7t7xX374PDo+KR0etbScaooa9JYxKrjE80El6wJHATrJIqRyBes7Y8e5357zJTmsXyGScK8iAwkDzklYKQG9Etlp+IsgDeJm5MyylHvl356QUzTiEmggmjddZ0EvIwo4FSwqd1LNUsIHZEB6xoqScS0ly2CTvGVUQIcxso8CXih/t3ISKT1JPLNZERgqNe9ufif1w3GPNH5rZflsdUkEN57GZdJCkzSZZAwFRhiPG8FB1wxCmJiCKGKm79gOiSKUDDd2bZpyV3vZJO0biputXLbqJZrD3lfRXSBLtE1ctEdqqEnVEdNRBFDM/SK3qyZ9W59WJ/L0YKV75yjFVhfv6k3mtA=</latexit>

L � gsGµt̄�
µt� yht̄t

<latexit sha1_base64="Rp+3hJAW5K3V1NEihb1foccnOqU="></latexit>

[L] = 4

<latexit sha1_base64="gFbSUurgbVtxS7sqJ3ks6aYl52M=">AAACFnicbVDLSsNAFL2prxpfVZduBovgqiRS0Y1QdOPCRQX7gDSWyWTSDp08mJkUS+h/dKsf4k7cuvU7/AGnbRa29cDA4Zx7uWeOl3AmlWV9G4W19Y3NreK2ubO7t39QOjxqyjgVhDZIzGPR9rCknEW0oZjitJ0IikOP05Y3uJv6rSEVksXRkxol1A1xL2IBI1hp6dnJOgRz9DB20Q2qdktlq2LNgFaJnZMy5Kh3Sz8dPyZpSCNFOJbSsa1EuRkWihFOx2YnlTTBZIB71NE0wiGVbjZLPUZnWvFREAv9IoVm6t+NDIdSjkJPT4ZY9eWyNxX/8xx/yBKZ33qZH1tMooJrN2NRkioakXmQIOVIxWhaEfKZoETxkSaYCKb/gkgfC0yULtI0dUv2cierpHlRsauVy8dquXab91WEEziFc7DhCmpwD3VoAAEBE3iFN2NivBsfxud8tGDkO8ewAOPrFxO5nzc=</latexit>

[h] = 1

<latexit sha1_base64="34OONq3pxq/ekrPnM7ktqILtHPo=">AAACDnicbVDLSsNAFL2pr1pfVZduBovgqiSi6EYounFZwT4gDWUymbRjJ5MwMymW0H/oVj/Enbj1F/wOf8Bpm4VtPTBwOOde7pnjJ5wpbdvfVmFtfWNzq7hd2tnd2z8oHx41VZxKQhsk5rFs+1hRzgRtaKY5bSeS4sjntOUP7qd+a0ilYrF40qOEehHuCRYygrWRmm7fQ7dOt1yxq/YMaJU4OalAjnq3/NMJYpJGVGjCsVKuYyfay7DUjHA6LnVSRRNMBrhHXUMFjqjyslnaMTozSoDCWJonNJqpfzcyHCk1inwzGWHdV8veVPzPc4MhS1R+62V+bDGJDm+8jIkk1VSQeZAw5UjHaFoNCpikRPORIZhIZv6CSB9LTLQpsFQyLTnLnayS5kXVuaxePV5Wand5X0U4gVM4BweuoQYPUIcGEHiGCbzCmzWx3q0P63M+WrDynWNYgPX1C2vunDw=</latexit>

[t] = 3/2

<latexit sha1_base64="sAq6v8ecXDgjmiPvQBYAuFJuH4g=">AAACEHicbVDLTsJAFJ3iC+sLdelmIjFxhS1idGNCdOMSExGS0pDpdAoTpo/M3BJJw0+w1Q9xZ9z6B36HP+AAXQh4kklOzrk398zxEsEVWNa3UVhb39jcKm6bO7t7+welw6NnFaeSsiaNRSzbHlFM8Ig1gYNg7UQyEnqCtbzB/dRvDZlUPI6eYJQwNyS9iAecEtBS2wEX315eVLulslWxZsCrxM5JGeVodEs/HT+macgioIIo5dhWAm5GJHAq2NjspIolhA5IjzmaRiRkys1mecf4TCs+DmKpXwR4pv7dyEio1Cj09GRIoK+Wvan4n+f4Q56o/NbL/NhiEghu3IxHSQosovMgQSowxHhaDva5ZBTESBNCJdd/wbRPJKGgKzRN3ZK93Mkqea5W7Frl6rFWrt/lfRXRCTpF58hG16iOHlADNRFFAk3QK3ozJsa78WF8zkcLRr5zjBZgfP0CcH+cvw==</latexit>

[Gµ] = 1

<latexit sha1_base64="WprkQ5U0YKaf+5bnN2Uv/ZTUD3Y=">AAACE3icbVDLSgMxFM3UVx1fVZdugkVwVWZE0Y1QdKHLCvYB06FkMpk2NI8hyRRL6Wd0qx/iTtz6AX6HP2DazsK2HggczrmXe3KilFFtPO/bKaytb2xuFbfdnd29/YPS4VFDy0xhUseSSdWKkCaMClI31DDSShVBPGKkGfXvp35zQJSmUjybYUpCjrqCJhQjY6UgeOi0eRbCW+h3SmWv4s0AV4mfkzLIUeuUftqxxBknwmCGtA58LzXhCClDMSNjt51pkiLcR10SWCoQJzoczSKP4ZlVYphIZZ8wcKb+3RghrvWQR3aSI9PTy95U/M8L4gFNdX7rZX5sMYlJbsIRFWlmiMDzIEnGoJFw2g+MqSLYsKElCCtq/wJxDymEjW3RdW1L/nInq6RxUfEvK1dPl+XqXd5XEZyAU3AOfHANquAR1EAdYCDBBLyCN2fivDsfzud8tODkO8dgAc7XL9jZngo=</latexit>

[gs] = 0

<latexit sha1_base64="gYnV4vxUF84ynjxiWCKXyZCmWIs=">AAACEXicbVDLSsNAFL2prxpfVZduBovgqiSi6EYounFZwT4kDWUymbRDJ5MwMymW0q/oVj/Enbj1C/wOf8Bpm4VtPTBwOOde7pkTpJwp7TjfVmFtfWNzq7ht7+zu7R+UDo8aKskkoXWS8ES2AqwoZ4LWNdOctlJJcRxw2gz691O/OaBSsUQ86WFK/Rh3BYsYwdpIz163o3x0i5xOqexUnBnQKnFzUoYctU7ppx0mJIup0IRjpTzXSbU/wlIzwunYbmeKppj0cZd6hgocU+WPZoHH6MwoIYoSaZ7QaKb+3RjhWKlhHJjJGOueWvam4n+eFw5YqvJbL/Nji0l0dOOPmEgzTQWZB4kyjnSCpu2gkElKNB8agolk5i+I9LDERJsObdu05C53skoaFxX3snL1eFmu3uV9FeEETuEcXLiGKjxADepAIIYJvMKbNbHerQ/rcz5asPKdY1iA9fULbYSdSg==</latexit>

gs

<latexit sha1_base64="3YRwHzJWbFnzsC8/7LSju4D9P+o=">AAACC3icbVDLTsJAFL3FF+ILdelmIjFxRVqD0SXRjUuM8kigIdPptEyYTpuZKZE0fAJb/RB3xq0f4Xf4Aw7QhYAnmeTknHtzzxwv4Uxp2/62ChubW9s7xd3S3v7B4VH5+KSl4lQS2iQxj2XHw4pyJmhTM81pJ5EURx6nbW94P/PbIyoVi8WzHifUjXAoWMAI1kZ6CvuqX67YVXsOtE6cnFQgR6Nf/un5MUkjKjThWKmuYyfazbDUjHA6KfVSRRNMhjikXUMFjqhys3nUCbowio+CWJonNJqrfzcyHCk1jjwzGWE9UKveTPzP6/ojlqj81svi2HISHdy6GRNJqqkgiyBBypGO0awX5DNJieZjQzCRzPwFkQGWmGjTXqlkWnJWO1knrauqU6teP9Yq9bu8ryKcwTlcggM3UIcHaEATCIQwhVd4s6bWu/VhfS5GC1a+cwpLsL5+ATiHm6k=</latexit>

gs

<latexit sha1_base64="3YRwHzJWbFnzsC8/7LSju4D9P+o=">AAACC3icbVDLTsJAFL3FF+ILdelmIjFxRVqD0SXRjUuM8kigIdPptEyYTpuZKZE0fAJb/RB3xq0f4Xf4Aw7QhYAnmeTknHtzzxwv4Uxp2/62ChubW9s7xd3S3v7B4VH5+KSl4lQS2iQxj2XHw4pyJmhTM81pJ5EURx6nbW94P/PbIyoVi8WzHifUjXAoWMAI1kZ6CvuqX67YVXsOtE6cnFQgR6Nf/un5MUkjKjThWKmuYyfazbDUjHA6KfVSRRNMhjikXUMFjqhys3nUCbowio+CWJonNJqrfzcyHCk1jjwzGWE9UKveTPzP6/ojlqj81svi2HISHdy6GRNJqqkgiyBBypGO0awX5DNJieZjQzCRzPwFkQGWmGjTXqlkWnJWO1knrauqU6teP9Yq9bu8ryKcwTlcggM3UIcHaEATCIQwhVd4s6bWu/VhfS5GC1a+cwpLsL5+ATiHm6k=</latexit>

yt = mt/v

<latexit sha1_base64="qoV0mJdMhEvClQdY850NvLp+gxM=">AAACE3icbVDLSsNAFJ34rPFVdelmsAiuaiIV3QhFNy4r2AekIUwmk3bo5MHMTTGUfka3+iHuxK0f4Hf4A07bLGzrgYHDOfdyzxw/FVyBZX0ba+sbm1vbpR1zd2//4LB8dNxSSSYpa9JEJLLjE8UEj1kTOAjWSSUjkS9Y2x88TP32kEnFk/gZ8pS5EenFPOSUgJac3AN8hyMPLodeuWJVrRnwKrELUkEFGl75pxskNItYDFQQpRzbSsEdEQmcCjY2u5liKaED0mOOpjGJmHJHs8hjfK6VAIeJ1C8GPFP/boxIpFQe+XoyItBXy95U/M9zgiFPVXHrZX5sMQmEt+6Ix2kGLKbzIGEmMCR42g8OuGQURK4JoZLrv2DaJ5JQ0C2apm7JXu5klbSuqnatev1Uq9Tvi75K6BSdoQtkoxtUR4+ogZqIogRN0Ct6MybGu/FhfM5H14xi5wQtwPj6BX0Vnm4=</latexit>

loop + gauge coupling

Yukawa dimension

� ⇠ g4s
16⇡2

m2
t

v2
1

m2
t

⇠ 10�39 m2 = 10pb

<latexit sha1_base64="8VUvpfOJq2I2abx2j961n68Z7qA="></latexit>

1 barn = 10�28 m2

<latexit sha1_base64="+AT+fbVNEPjgO3KgERzWJnCyY1U="></latexit>



Higgs production

L � gsGµt̄�
µt� yht̄t

<latexit sha1_base64="Rp+3hJAW5K3V1NEihb1foccnOqU="></latexit>

[L] = 4

<latexit sha1_base64="gFbSUurgbVtxS7sqJ3ks6aYl52M=">AAACFnicbVDLSsNAFL2prxpfVZduBovgqiRS0Y1QdOPCRQX7gDSWyWTSDp08mJkUS+h/dKsf4k7cuvU7/AGnbRa29cDA4Zx7uWeOl3AmlWV9G4W19Y3NreK2ubO7t39QOjxqyjgVhDZIzGPR9rCknEW0oZjitJ0IikOP05Y3uJv6rSEVksXRkxol1A1xL2IBI1hp6dnJOgRz9DB20Q2qdktlq2LNgFaJnZMy5Kh3Sz8dPyZpSCNFOJbSsa1EuRkWihFOx2YnlTTBZIB71NE0wiGVbjZLPUZnWvFREAv9IoVm6t+NDIdSjkJPT4ZY9eWyNxX/8xx/yBKZ33qZH1tMooJrN2NRkioakXmQIOVIxWhaEfKZoETxkSaYCKb/gkgfC0yULtI0dUv2cierpHlRsauVy8dquXab91WEEziFc7DhCmpwD3VoAAEBE3iFN2NivBsfxud8tGDkO8ewAOPrFxO5nzc=</latexit>

[h] = 1

<latexit sha1_base64="34OONq3pxq/ekrPnM7ktqILtHPo=">AAACDnicbVDLSsNAFL2pr1pfVZduBovgqiSi6EYounFZwT4gDWUymbRjJ5MwMymW0H/oVj/Enbj1F/wOf8Bpm4VtPTBwOOde7pnjJ5wpbdvfVmFtfWNzq7hd2tnd2z8oHx41VZxKQhsk5rFs+1hRzgRtaKY5bSeS4sjntOUP7qd+a0ilYrF40qOEehHuCRYygrWRmm7fQ7dOt1yxq/YMaJU4OalAjnq3/NMJYpJGVGjCsVKuYyfay7DUjHA6LnVSRRNMBrhHXUMFjqjyslnaMTozSoDCWJonNJqpfzcyHCk1inwzGWHdV8veVPzPc4MhS1R+62V+bDGJDm+8jIkk1VSQeZAw5UjHaFoNCpikRPORIZhIZv6CSB9LTLQpsFQyLTnLnayS5kXVuaxePV5Wand5X0U4gVM4BweuoQYPUIcGEHiGCbzCmzWx3q0P63M+WrDynWNYgPX1C2vunDw=</latexit>

[t] = 3/2

<latexit sha1_base64="sAq6v8ecXDgjmiPvQBYAuFJuH4g=">AAACEHicbVDLTsJAFJ3iC+sLdelmIjFxhS1idGNCdOMSExGS0pDpdAoTpo/M3BJJw0+w1Q9xZ9z6B36HP+AAXQh4kklOzrk398zxEsEVWNa3UVhb39jcKm6bO7t7+welw6NnFaeSsiaNRSzbHlFM8Ig1gYNg7UQyEnqCtbzB/dRvDZlUPI6eYJQwNyS9iAecEtBS2wEX315eVLulslWxZsCrxM5JGeVodEs/HT+macgioIIo5dhWAm5GJHAq2NjspIolhA5IjzmaRiRkys1mecf4TCs+DmKpXwR4pv7dyEio1Cj09GRIoK+Wvan4n+f4Q56o/NbL/NhiEghu3IxHSQosovMgQSowxHhaDva5ZBTESBNCJdd/wbRPJKGgKzRN3ZK93Mkqea5W7Frl6rFWrt/lfRXRCTpF58hG16iOHlADNRFFAk3QK3ozJsa78WF8zkcLRr5zjBZgfP0CcH+cvw==</latexit>

[Gµ] = 1

<latexit sha1_base64="WprkQ5U0YKaf+5bnN2Uv/ZTUD3Y=">AAACE3icbVDLSgMxFM3UVx1fVZdugkVwVWZE0Y1QdKHLCvYB06FkMpk2NI8hyRRL6Wd0qx/iTtz6AX6HP2DazsK2HggczrmXe3KilFFtPO/bKaytb2xuFbfdnd29/YPS4VFDy0xhUseSSdWKkCaMClI31DDSShVBPGKkGfXvp35zQJSmUjybYUpCjrqCJhQjY6UgeOi0eRbCW+h3SmWv4s0AV4mfkzLIUeuUftqxxBknwmCGtA58LzXhCClDMSNjt51pkiLcR10SWCoQJzoczSKP4ZlVYphIZZ8wcKb+3RghrvWQR3aSI9PTy95U/M8L4gFNdX7rZX5sMYlJbsIRFWlmiMDzIEnGoJFw2g+MqSLYsKElCCtq/wJxDymEjW3RdW1L/nInq6RxUfEvK1dPl+XqXd5XEZyAU3AOfHANquAR1EAdYCDBBLyCN2fivDsfzud8tODkO8dgAc7XL9jZngo=</latexit>

[gs] = 0

<latexit sha1_base64="gYnV4vxUF84ynjxiWCKXyZCmWIs=">AAACEXicbVDLSsNAFL2prxpfVZduBovgqiSi6EYounFZwT4kDWUymbRDJ5MwMymW0q/oVj/Enbj1C/wOf8Bpm4VtPTBwOOde7pkTpJwp7TjfVmFtfWNzq7ht7+zu7R+UDo8aKskkoXWS8ES2AqwoZ4LWNdOctlJJcRxw2gz691O/OaBSsUQ86WFK/Rh3BYsYwdpIz163o3x0i5xOqexUnBnQKnFzUoYctU7ppx0mJIup0IRjpTzXSbU/wlIzwunYbmeKppj0cZd6hgocU+WPZoHH6MwoIYoSaZ7QaKb+3RjhWKlhHJjJGOueWvam4n+eFw5YqvJbL/Nji0l0dOOPmEgzTQWZB4kyjnSCpu2gkElKNB8agolk5i+I9LDERJsObdu05C53skoaFxX3snL1eFmu3uV9FeEETuEcXLiGKjxADepAIIYJvMKbNbHerQ/rcz5asPKdY1iA9fULbYSdSg==</latexit>

� ⇠ g4s
16⇡2

m2
t

v2
1

m2
t

⇠ 10�39 m2 = 10pb

<latexit sha1_base64="8VUvpfOJq2I2abx2j961n68Z7qA="></latexit>

at LHC

N = �

Z
dtL ⇠ 10 pb⇥ 100 fb�1 = 106

<latexit sha1_base64="hcVXisWgYLfOmI6bDIuiUMFPidA="></latexit>



we will make some estimations on physical processes like

(3) muon decay

(4) neutron decay

µ ! e⌫µ⌫̄e

<latexit sha1_base64="wBUdD6LwvI2TB9C2bDwv85XDQq8=">AAACJnicbVBNS8NAEN34WetX1KMeFovgqSRS0WPRi8cK9gOaEDbbabt0swm7m2IpvfhretUf4k3Em//BP+A2zcG2Phh482aGmXlhwpnSjvNlra1vbG5tF3aKu3v7B4f20XFDxamkUKcxj2UrJAo4E1DXTHNoJRJIFHJohoP7Wb05BKlYLJ70KAE/Ij3BuowSbaTAPvOiFHs6xoA9kQZZFhKZJRDYJafsZMCrxM1JCeWoBfaP14lpGoHQlBOl2q6TaH9MpGaUw6TopQoSQgekB21DBYlA+ePsiwm+MEoHd2NpQmicqX8nxiRSahSFpjMiuq+WazPxv1q7M2SJync9z5ctXqK7t/6YiSTVIOj8kG7KsXFlZhnuMAlU85EhhEpmfsG0TySh2hhbLBqX3GVPVknjquxWytePlVL1LvergE7RObpELrpBVfSAaqiOKHpBU/SK3qyp9W59WJ/z1jUrnzlBC7C+fwEyV6WN</latexit>

µ

<latexit sha1_base64="+cRSUdYGlk6PCwMOMhDkaF/cll8=">AAACC3icbVDLTsJAFL3FF9YX6tLNRGLiirQGo0uiG5cY5ZFAQ6bTKUyYaZuZKZE0fAJb/RB3xq0f4Xf4Aw7QhYAnmeTknHtzzxw/4Uxpx/m2ChubW9s7xV17b//g8Kh0fNJUcSoJbZCYx7LtY0U5i2hDM81pO5EUC5/Tlj+8n/mtEZWKxdGzHifUE7gfsZARrI301BVpr1R2Ks4caJ24OSlDjnqv9NMNYpIKGmnCsVId10m0l2GpGeF0YndTRRNMhrhPO4ZGWFDlZfOoE3RhlACFsTQv0miu/t3IsFBqLHwzKbAeqFVvJv7ndYIRS1R+62VxbDmJDm+9jEVJqmlEFkHClCMdo1kvKGCSEs3HhmAimfkLIgMsMdGmPds2LbmrnayT5lXFrVauH6vl2l3eVxHO4BwuwYUbqMED1KEBBPowhVd4s6bWu/VhfS5GC1a+cwpLsL5+AUC4m64=</latexit>

e

<latexit sha1_base64="gD7QIGCcAnEkdjLuL9IfvA0+WqU=">AAACCXicbVDLTsJAFJ3iC+sLdelmIjFxRVqD0SXRjUtI5JFAQ6bTW5gwnTYzUyJp+AK2+iHujFu/wu/wBxygCwFPMsnJOffmnjl+wpnSjvNtFba2d3b3ivv2weHR8Unp9Kyl4lRSaNKYx7LjEwWcCWhqpjl0Egkk8jm0/dHj3G+PQSoWi2c9ScCLyECwkFGijdSAfqnsVJwF8CZxc1JGOer90k8viGkagdCUE6W6rpNoLyNSM8phavdSBQmhIzKArqGCRKC8bBF0iq+MEuAwluYJjRfq342MREpNIt9MRkQP1bo3F//zusGYJSq/9bI8tppEh/dexkSSahB0GSRMOdYxnreCAyaBaj4xhFDJzF8wHRJJqDbd2bZpyV3vZJO0biputXLbqJZrD3lfRXSBLtE1ctEdqqEnVEdNRBGgGXpFb9bMerc+rM/laMHKd87RCqyvX5CMmsE=</latexit>

⌫̄e

<latexit sha1_base64="CHkZNA1gYDR7CRJTOi/Advr7rgo=">AAACEXicbVDLTsJAFJ3iC+sLdelmIjFxRVqD0SXRjUtM5GFoQ6bTW5gwnTYzUyIhfAVb/RB3xq1f4Hf4Aw7QhYAnmeTknHtzz5wg5Uxpx/m2ChubW9s7xV17b//g8Kh0fNJUSSYpNGjCE9kOiALOBDQ00xzaqQQSBxxaweB+5reGIBVLxJMepeDHpCdYxCjRRnr2AiI9kXWhWyo7FWcOvE7cnJRRjnq39OOFCc1iEJpyolTHdVLtj4nUjHKY2F6mICV0QHrQMVSQGJQ/ngee4AujhDhKpHlC47n6d2NMYqVGcWAmY6L7atWbif95nXDIUpXfelkcW06io1t/zESaaRB0ESTKONYJnrWDQyaBaj4yhFDJzF8w7RNJqDYd2rZpyV3tZJ00ryputXL9WC3X7vK+iugMnaNL5KIbVEMPqI4aiKIYTdErerOm1rv1YX0uRgtWvnOKlmB9/QIDsZ5A</latexit>

⌫µ

<latexit sha1_base64="ywNkWH+aSR06RZnY/9yE5FkLw1o=">AAACD3icbVDLSsNAFL2prxpfVZdugkVwVRJRdFl047KCfUATymQyaYfOTMLMpFhCP6Jb/RB34tZP8Dv8AadtFrb1wMDhnHu5Z06YMqq0635bpY3Nre2d8q69t39weFQ5PmmpJJOYNHHCEtkJkSKMCtLUVDPSSSVBPGSkHQ4fZn57RKSiiXjW45QEHPUFjSlG2khtX2Q9n2e9StWtuXM468QrSBUKNHqVHz9KcMaJ0Jghpbqem+ogR1JTzMjE9jNFUoSHqE+6hgrEiQryedyJc2GUyIkTaZ7Qzlz9u5EjrtSYh2aSIz1Qq95M/M/rRiOaquLWy+LYchId3wU5FWmmicCLIHHGHJ04s26ciEqCNRsbgrCk5i8OHiCJsDYN2rZpyVvtZJ20rmrede3m6bpavy/6KsMZnMMleHALdXiEBjQBwxCm8Apv1tR6tz6sz8VoySp2TmEJ1tcvhSqddA==</latexit>

n ! pe⌫̄e

<latexit sha1_base64="Qeb7KKe8p6UWJYkrE7ki7PhR1ko=">AAACHXicbVDLSsNAFJ3UV42vaJduBovgqiRS0WXRjcsK9gFNKZPJbTt0Mgkzk2Io/ZZu9UPciVvxO/wBp20WtvXAwOGce7lnTpBwprTrfluFre2d3b3ivn1weHR84pyeNVWcSgoNGvNYtgOigDMBDc00h3YigUQBh1Ywepj7rTFIxWLxrLMEuhEZCNZnlGgj9ZySwL6OcYIB+wGRvkh70HPKbsVdAG8SLydllKPec378MKZpBEJTTpTqeG6iuxMiNaMcprafKkgIHZEBdAwVJALVnSzCT/GlUULcj6V5QuOF+ndjQiKlsigwkxHRQ7XuzcX/vE44ZonKb70sj60m0f277oSJJNUg6DJIP+XY1DFvCodMAtU8M4RQycxfMB0SSag2fdq2aclb72STNK8rXrVy81Qt1+7zvoroHF2gK+ShW1RDj6iOGoiiDM3QK3qzZta79WF9LkcLVr5TQiuwvn4BD4yh1w==</latexit>

e

<latexit sha1_base64="gD7QIGCcAnEkdjLuL9IfvA0+WqU=">AAACCXicbVDLTsJAFJ3iC+sLdelmIjFxRVqD0SXRjUtI5JFAQ6bTW5gwnTYzUyJp+AK2+iHujFu/wu/wBxygCwFPMsnJOffmnjl+wpnSjvNtFba2d3b3ivv2weHR8Unp9Kyl4lRSaNKYx7LjEwWcCWhqpjl0Egkk8jm0/dHj3G+PQSoWi2c9ScCLyECwkFGijdSAfqnsVJwF8CZxc1JGOer90k8viGkagdCUE6W6rpNoLyNSM8phavdSBQmhIzKArqGCRKC8bBF0iq+MEuAwluYJjRfq342MREpNIt9MRkQP1bo3F//zusGYJSq/9bI8tppEh/dexkSSahB0GSRMOdYxnreCAyaBaj4xhFDJzF8wHRJJqDbd2bZpyV3vZJO0biputXLbqJZrD3lfRXSBLtE1ctEdqqEnVEdNRBGgGXpFb9bMerc+rM/laMHKd87RCqyvX5CMmsE=</latexit>

⌫̄e

<latexit sha1_base64="CHkZNA1gYDR7CRJTOi/Advr7rgo=">AAACEXicbVDLTsJAFJ3iC+sLdelmIjFxRVqD0SXRjUtM5GFoQ6bTW5gwnTYzUyIhfAVb/RB3xq1f4Hf4Aw7QhYAnmeTknHtzz5wg5Uxpx/m2ChubW9s7xV17b//g8Kh0fNJUSSYpNGjCE9kOiALOBDQ00xzaqQQSBxxaweB+5reGIBVLxJMepeDHpCdYxCjRRnr2AiI9kXWhWyo7FWcOvE7cnJRRjnq39OOFCc1iEJpyolTHdVLtj4nUjHKY2F6mICV0QHrQMVSQGJQ/ngee4AujhDhKpHlC47n6d2NMYqVGcWAmY6L7atWbif95nXDIUpXfelkcW06io1t/zESaaRB0ESTKONYJnrWDQyaBaj4yhFDJzF8w7RNJqDYd2rZpyV3tZJ00ryputXL9WC3X7vK+iugMnaNL5KIbVEMPqI4aiKIYTdErerOm1rv1YX0uRgtWvnOKlmB9/QIDsZ5A</latexit>

n

<latexit sha1_base64="gvbMYnI0Pe0ywXwYeBdTZkPFH6k=">AAACCXicbVDLTsJAFJ3iC+sLdelmIjFxRVqD0SXRjUtI5JFAQ6bTW5gwnTYzUyJp+AK2+iHujFu/wu/wBxygCwFPMsnJOffmnjl+wpnSjvNtFba2d3b3ivv2weHR8Unp9Kyl4lRSaNKYx7LjEwWcCWhqpjl0Egkk8jm0/dHj3G+PQSoWi2c9ScCLyECwkFGijdQQ/VLZqTgL4E3i5qSMctT7pZ9eENM0AqEpJ0p1XSfRXkakZpTD1O6lChJCR2QAXUMFiUB52SLoFF8ZJcBhLM0TGi/UvxsZiZSaRL6ZjIgeqnVvLv7ndYMxS1R+62V5bDWJDu+9jIkk1SDoMkiYcqxjPG8FB0wC1XxiCKGSmb9gOiSSUG26s23TkrveySZp3VTcauW2US3XHvK+iugCXaJr5KI7VENPqI6aiCJAM/SK3qyZ9W59WJ/L0YKV75yjFVhfv59Zmso=</latexit>

p

<latexit sha1_base64="xHAPuZgNxyoce2GVzSDIuyIqgkQ=">AAACCXicbVDLTsJAFL3FF9YX6tJNIzFxRVqD0SXRjUtI5JFAQ6bTKUyYTiczUyJp+AK2+iHujFu/wu/wBxygCwFPMsnJOffmnjmBYFRp1/22ClvbO7t7xX374PDo+KR0etZSSSoxaeKEJbITIEUY5aSpqWakIyRBccBIOxg9zv32mEhFE/6sJ4L4MRpwGlGMtJEaol8quxV3AWeTeDkpQ456v/TTCxOcxoRrzJBSXc8V2s+Q1BQzMrV7qSIC4REakK6hHMVE+dki6NS5MkroRIk0j2tnof7dyFCs1CQOzGSM9FCte3PxP68bjqlQ+a2X5bHVJDq69zPKRaoJx8sgUcocnTjzVpyQSoI1mxiCsKTmLw4eIomwNt3ZtmnJW+9kk7RuKl61ctuolmsPeV9FuIBLuAYP7qAGT1CHJmAgMINXeLNm1rv1YX0uRwtWvnMOK7C+fgGio5rM</latexit>

(1) Higgs decay

(2) Higgs production

h ! bb̄

<latexit sha1_base64="PQpDXRnLciGdLQ3QhwPQtIKbZVs=">AAACFXicbVDLTsJAFL3FF9YX6tLNRGLiirQGo0uiG5eYyCOBhkynU5gwndaZKZE0fAdb/RB3xq1rv8MfcIAuBDzJJCfn3Jt75vgJZ0o7zrdV2Njc2t4p7tp7+weHR6Xjk6aKU0log8Q8lm0fK8qZoA3NNKftRFIc+Zy2/OH9zG+NqFQsFk96nFAvwn3BQkawNpI3QF0dI7/rY4n8XqnsVJw50Dpxc1KGHPVe6acbxCSNqNCEY6U6rpNoL8NSM8LpxO6miiaYDHGfdgwVOKLKy+ahJ+jCKAEKY2me0Giu/t3IcKTUOPLNZIT1QK16M/E/rxOMWKLyWy+LY8tJdHjrZUwkqaaCLIKEKUemiFlDKGCSEs3HhmAimfkLIgMsMdGmR9s2LbmrnayT5lXFrVauH6vl2l3eVxHO4BwuwYUbqMED1KEBBJ5hCq/wZk2td+vD+lyMFqx85xSWYH39Au0CnzA=</latexit>

h

<latexit sha1_base64="rcX0/NCqA9MrvOI3S20G5A1mMkU=">AAACCXicbVDLTsJAFJ3iC+sLdelmIjFxRVqD0SXRjUtI5JFAQ6bTW5gwnTYzUyJp+AK2+iHujFu/wu/wBxygCwFPMsnJOffmnjl+wpnSjvNtFba2d3b3ivv2weHR8Unp9Kyl4lRSaNKYx7LjEwWcCWhqpjl0Egkk8jm0/dHj3G+PQSoWi2c9ScCLyECwkFGijdQY9ktlp+IsgDeJm5MyylHvl356QUzTCISmnCjVdZ1EexmRmlEOU7uXKkgIHZEBdA0VJALlZYugU3xllACHsTRPaLxQ/25kJFJqEvlmMiJ6qNa9ufif1w3GLFH5rZflsdUkOrz3MiaSVIOgyyBhyrGO8bwVHDAJVPOJIYRKZv6C6ZBIQrXpzrZNS+56J5ukdVNxq5XbRrVce8j7KqILdImukYvuUA09oTpqIooAzdArerNm1rv1YX0uRwtWvnOOVmB9/QKVe5rE</latexit>

b

<latexit sha1_base64="ua/L9Om8chZPaVsLubj74Hl2UQ0=">AAACCXicbVDLTsJAFL3FF9YX6tLNRGLiirQGo0uiG5eQyCOBhkynU5gwnTYzUyJp+AK2+iHujFu/wu/wBxygCwFPMsnJOffmnjl+wpnSjvNtFba2d3b3ivv2weHR8Unp9Kyl4lQS2iQxj2XHx4pyJmhTM81pJ5EURz6nbX/0OPfbYyoVi8WzniTUi/BAsJARrI3U8PulslNxFkCbxM1JGXLU+6WfXhCTNKJCE46V6rpOor0MS80Ip1O7lyqaYDLCA9o1VOCIKi9bBJ2iK6MEKIyleUKjhfp3I8ORUpPIN5MR1kO17s3F/7xuMGaJym+9LI+tJtHhvZcxkaSaCrIMEqYc6RjNW0EBk5RoPjEEE8nMXxAZYomJNt3ZtmnJXe9kk7RuKm61ctuolmsPeV9FuIBLuAYX7qAGT1CHJhCgMINXeLNm1rv1YX0uRwtWvnMOK7C+fgGLnZq+</latexit>

b̄

<latexit sha1_base64="f7dBHAzMI3rak3Kf6GZKxv9+ACQ=">AAACDnicbVDLTsJAFL3FF9YX6tLNRGLiirQGo0uiG5eYyCOBhkynUxiZTpuZKZE0/ANb/RB3xq2/4Hf4Aw7QhYAnmeTknHtzzxw/4Uxpx/m2ChubW9s7xV17b//g8Kh0fNJUcSoJbZCYx7LtY0U5E7Shmea0nUiKI5/Tlj+8n/mtEZWKxeJJjxPqRbgvWMgI1kZqdn0skd8rlZ2KMwdaJ25OypCj3iv9dIOYpBEVmnCsVMd1Eu1lWGpGOJ3Y3VTRBJMh7tOOoQJHVHnZPO0EXRglQGEszRMazdW/GxmOlBpHvpmMsB6oVW8m/ud1ghFLVH7rZXFsOYkOb72MiSTVVJBFkDDlSMdoVg0KmKRE87EhmEhm/oLIAEtMtCnQtk1L7mon66R5VXGrlevHarl2l/dVhDM4h0tw4QZq8AB1aACBZ5jCK7xZU+vd+rA+F6MFK985hSVYX78Slpyh</latexit>

gg ! h

<latexit sha1_base64="pQXruim3+hmvWSto6m0lYjTsiks=">AAACEHicbVDLSsNAFL2prxpfVZduBovgqiSi6LLoxmUF+4A2lMlkkg6dTMLMpFhCf6Jb/RB34tY/8Dv8AadtFrb1wMDhnHu5Z46fcqa043xbpY3Nre2d8q69t39weFQ5PmmpJJOENknCE9nxsaKcCdrUTHPaSSXFsc9p2x8+zPz2iErFEvGsxyn1YhwJFjKCtZE6UYR6OkGDfqXq1Jw50DpxC1KFAo1+5acXJCSLqdCEY6W6rpNqL8dSM8LpxO5liqaYDHFEu4YKHFPl5fO8E3RhlACFiTRPaDRX/27kOFZqHPtmMsZ6oFa9mfif1w1GLFXFrZfFseUkOrzzcibSTFNBFkHCjCNTwawcFDBJieZjQzCRzPwFkQGWmGhToW2bltzVTtZJ66rmXtdunq6r9fuirzKcwTlcggu3UIdHaEATCHCYwiu8WVPr3fqwPhejJavYOYUlWF+/a1mdVw==</latexit>

we will estimate the cross-section and decay rate for above processes

as a warm up



Fermi Theory
beta decay



beta decay



beta decay
If it is 2-body decay A ! B + e

<latexit sha1_base64="4GrE6Nm3T4v12RvUv5IsRxC4v5Y=">AAACE3icbVDLSgMxFM3UVx1fVZdugkUQhDIjFV3WunFZwT5gOpRMJtOGZpIhyRTL0M/oVj/Enbj1A/wOf8C0nYVtPRA4nHMv9+QECaNKO863VdjY3NreKe7ae/sHh0el45OWEqnEpIkFE7ITIEUY5aSpqWakk0iC4oCRdjB8mPntEZGKCv6sxwnxY9TnNKIYaSN597CrBazDK0h6pbJTceaA68TNSRnkaPRKP91Q4DQmXGOGlPJcJ9F+hqSmmJGJ3U0VSRAeoj7xDOUoJsrP5pEn8MIoIYyENI9rOFf/bmQoVmocB2YyRnqgVr2Z+J/nhSOaqPzWy+LYchId3fkZ5UmqCceLIFHKoKlh1g8MqSRYs7EhCEtq/gLxAEmEtWnRtk1L7mon66R1XXGrlZunarlWz/sqgjNwDi6BC25BDTyCBmgCDASYglfwZk2td+vD+lyMFqx85xQswfr6BQ+BnZI=</latexit>

electron spectrum cannot be continuous
Instead

Eelectron =
m2

A +m2
e �m2

B

2mA

<latexit sha1_base64="WdqGullI0HT3VRq/ZcedFLvc3BE="></latexit>



beta decay
If it is 2-body decay A ! B + e

<latexit sha1_base64="4GrE6Nm3T4v12RvUv5IsRxC4v5Y=">AAACE3icbVDLSgMxFM3UVx1fVZdugkUQhDIjFV3WunFZwT5gOpRMJtOGZpIhyRTL0M/oVj/Enbj1A/wOf8C0nYVtPRA4nHMv9+QECaNKO863VdjY3NreKe7ae/sHh0el45OWEqnEpIkFE7ITIEUY5aSpqWakk0iC4oCRdjB8mPntEZGKCv6sxwnxY9TnNKIYaSN597CrBazDK0h6pbJTceaA68TNSRnkaPRKP91Q4DQmXGOGlPJcJ9F+hqSmmJGJ3U0VSRAeoj7xDOUoJsrP5pEn8MIoIYyENI9rOFf/bmQoVmocB2YyRnqgVr2Z+J/nhSOaqPzWy+LYchId3fkZ5UmqCceLIFHKoKlh1g8MqSRYs7EhCEtq/gLxAEmEtWnRtk1L7mon66R1XXGrlZunarlWz/sqgjNwDi6BC25BDTyCBmgCDASYglfwZk2td+vD+lyMFqx85xQswfr6BQ+BnZI=</latexit>

electron spectrum cannot be continuous
Instead

Eelectron =
m2

A +m2
e �m2

B

2mA

<latexit sha1_base64="WdqGullI0HT3VRq/ZcedFLvc3BE="></latexit>

If it is N-body decay (N>2) A ! B1 +B2 + · · ·+BN�1 + e

<latexit sha1_base64="pLUNv2tb+G05qnhJ2f5swkRBjcE=">AAACMHicbVDLSsNAFJ3UV42vqEs3g0URxJKUii5r3biSCvYBTQiTyaQdOnkwMymW0D/wa7rVD9GVuHXrDzhts7DVA3M5c+693HuPlzAqpGm+a4WV1bX1jeKmvrW9s7tn7B+0RJxyTJo4ZjHveEgQRiPSlFQy0kk4QaHHSNsb3E7z7SHhgsbRoxwlxAlRL6IBxUgqyTVOb6AtY1h3LXiuYkVFG/uxFLNvdn9hjRUjrlEyy+YM8C+xclICORqu8W37MU5DEknMkBBdy0ykkyEuKWZkrNupIAnCA9QjXUUjFBLhZLN7xvBEKT4MYq5eJOFM/d2RoVCIUeipyhDJvljOTcX/cl1/SBORz3qaD1vcRAbXTkajJJUkwvNFgpRB5dDUPOhTTrBkI0UQ5lTdAnEfcYSlsljXlUvWsid/SatStqrly4dqqVbP/SqCI3AMzoAFrkAN3IEGaAIMnsEEvIBXbaK9aR/a57y0oOU9h2AB2tcPS6mmMw==</latexit>

electron spectrum can be continuous

• Pauli (1930) if a light neutral particle (neutrino) is emitted
along with electron, the spectrum can be explained

• Fermi (1933) L = GF (n̄�µp)(⌫̄e�
µe)

<latexit sha1_base64="unhGAJwLcUF1usZFtIl19pOwGdU="></latexit>



Fermi theory

L = GF (n̄�µp)(⌫̄e�
µe)

<latexit sha1_base64="unhGAJwLcUF1usZFtIl19pOwGdU="></latexit>

Fermi theory successfully explains β-decay as well as muon decay

µ ! e⌫µ⌫̄e

<latexit sha1_base64="wBUdD6LwvI2TB9C2bDwv85XDQq8=">AAACJnicbVBNS8NAEN34WetX1KMeFovgqSRS0WPRi8cK9gOaEDbbabt0swm7m2IpvfhretUf4k3Em//BP+A2zcG2Phh482aGmXlhwpnSjvNlra1vbG5tF3aKu3v7B4f20XFDxamkUKcxj2UrJAo4E1DXTHNoJRJIFHJohoP7Wb05BKlYLJ70KAE/Ij3BuowSbaTAPvOiFHs6xoA9kQZZFhKZJRDYJafsZMCrxM1JCeWoBfaP14lpGoHQlBOl2q6TaH9MpGaUw6TopQoSQgekB21DBYlA+ePsiwm+MEoHd2NpQmicqX8nxiRSahSFpjMiuq+WazPxv1q7M2SJync9z5ctXqK7t/6YiSTVIOj8kG7KsXFlZhnuMAlU85EhhEpmfsG0TySh2hhbLBqX3GVPVknjquxWytePlVL1LvergE7RObpELrpBVfSAaqiOKHpBU/SK3qyp9W59WJ/z1jUrnzlBC7C+fwEyV6WN</latexit>

n ! pe⌫̄e

<latexit sha1_base64="Qeb7KKe8p6UWJYkrE7ki7PhR1ko=">AAACHXicbVDLSsNAFJ3UV42vaJduBovgqiRS0WXRjcsK9gFNKZPJbTt0Mgkzk2Io/ZZu9UPciVvxO/wBp20WtvXAwOGce7lnTpBwprTrfluFre2d3b3ivn1weHR84pyeNVWcSgoNGvNYtgOigDMBDc00h3YigUQBh1Ywepj7rTFIxWLxrLMEuhEZCNZnlGgj9ZySwL6OcYIB+wGRvkh70HPKbsVdAG8SLydllKPec378MKZpBEJTTpTqeG6iuxMiNaMcprafKkgIHZEBdAwVJALVnSzCT/GlUULcj6V5QuOF+ndjQiKlsigwkxHRQ7XuzcX/vE44ZonKb70sj60m0f277oSJJNUg6DJIP+XY1DFvCodMAtU8M4RQycxfMB0SSag2fdq2aclb72STNK8rXrVy81Qt1+7zvoroHF2gK+ShW1RDj6iOGoiiDM3QK3qzZta79WF9LkcLVr5TQiuwvn4BD4yh1w==</latexit>

using dimensional analysis 

GF

<latexit sha1_base64="k9N1gxhzUa0+VOlheLjGH8wjG4Y=">AAACC3icbVDLSgMxFL1TX3V8VV26CRbBVZmRii6LgrqsaB/QDiWTybShmcyQZIql9BO61Q9xJ279CL/DHzBtZ2FbDwQO59zLPTl+wpnSjvNt5dbWNza38tv2zu7e/kHh8Kiu4lQSWiMxj2XTx4pyJmhNM81pM5EURz6nDb9/O/UbAyoVi8WzHibUi3BXsJARrI30dN+56xSKTsmZAa0SNyNFyFDtFH7aQUzSiApNOFaq5TqJ9kZYakY4HdvtVNEEkz7u0pahAkdUeaNZ1DE6M0qAwliaJzSaqX83RjhSahj5ZjLCuqeWvan4n9cKBixR2a2X+bHFJDq89kZMJKmmgsyDhClHOkbTXlDAJCWaDw3BRDLzF0R6WGKiTXu2bVpylztZJfWLklsuXT6Wi5WbrK88nMApnIMLV1CBB6hCDQh0YQKv8GZNrHfrw/qcj+asbOcYFmB9/QK5l5tc</latexit>

2

<latexit sha1_base64="bJ8bin2k6joz8ESDGvjxZgMDIX8=">AAACCXicbVDLTsJAFL3FF9YX6tLNRGLiirQEo0uiG5eQyCOBhkynU5gwnTYzUyJp+AK2+iHujFu/wu/wBxygCwVPMsnJOffmnjl+wpnSjvNlFba2d3b3ivv2weHR8Unp9Kyt4lQS2iIxj2XXx4pyJmhLM81pN5EURz6nHX/8sPA7EyoVi8WTnibUi/BQsJARrI3UrA5KZafiLIE2iZuTMuRoDErf/SAmaUSFJhwr1XOdRHsZlpoRTmd2P1U0wWSMh7RnqMARVV62DDpDV0YJUBhL84RGS/X3RoYjpaaRbyYjrEdq3VuI/3m9YMISld96Xh37m0SHd17GRJJqKsgqSJhypGO0aAUFTFKi+dQQTCQzf0FkhCUm2nRn26Yld72TTdKuVtxa5aZZK9fv876KcAGXcA0u3EIdHqEBLSBAYQ4v8GrNrTfr3fpYjRasfOcc/sD6/AE8rZqO</latexit>

� /

<latexit sha1_base64="zOEeLubClMUfKICbRJXR01w8bNs=">AAACFnicbVDLSgMxFM3UVx1fVZdugkVwVWZE0WXRhS4r2Ad0xpLJZNrQZBKSTLGU/ke3+iHuxK1bv8MfMG1nYVsPBA7n3Ms9OZFkVBvP+3YKa+sbm1vFbXdnd2//oHR41NAiU5jUsWBCtSKkCaMpqRtqGGlJRRCPGGlG/bup3xwQpalIn8xQkpCjbkoTipGx0nNwjzhHMJBKSCM6pbJX8WaAq8TPSRnkqHVKP0EscMZJajBDWrd9T5pwhJShmJGxG2SaSIT7qEvalqaIEx2OZqnH8MwqMUyEsi81cKb+3RghrvWQR3aSI9PTy95U/M9rxwMqdX7rZX5sMYlJbsIRTWVmSIrnQZKMQSPgtCIYU0WwYUNLEFbU/gXiHlIIG1uk69qW/OVOVknjouJfVq4eL8vV27yvIjgBp+Ac+OAaVMEDqIE6wECBCXgFb87EeXc+nM/5aMHJd47BApyvX8MMoD0=</latexit>

/ G2
Fm

5

<latexit sha1_base64="FMH61IrwVaHEBdai8oyjVzwB7wI=">AAACG3icbVDLTsJAFJ36xPoqunQzkZi4Ii2B6JJooi4xkUcCpZlOpzBh2k5mpighfApb/RB3xq0Lv8MfcIAuBDzJJCfn3Jt75vicUals+9vY2Nza3tnN7Zn7B4dHx1b+pCGTVGBSxwlLRMtHkjAak7qiipEWFwRFPiNNf3A785tDIiRN4ic14sSNUC+mIcVIacmz8h0uEq4SeO/ddUsw6lY8q2AX7TngOnEyUgAZap710wkSnEYkVpghKduOzZU7RkJRzMjE7KSScIQHqEfamsYoItIdz6NP4IVWAhgmQr9Ywbn6d2OMIilHka8nI6T6ctWbif957WBIucxuvSyOLSdR4bU7pjFPFYnxIkiYMqirmPUEAyoIVmykCcKC6r9A3EcCYaXbNE3dkrPayTpplIpOuVh5LBeqN1lfOXAGzsElcMAVqIIHUAN1gMEzmIJX8GZMjXfjw/hcjG4Y2c4pWILx9QtZEaDp</latexit>

[L] = 4

<latexit sha1_base64="gFbSUurgbVtxS7sqJ3ks6aYl52M=">AAACFnicbVDLSsNAFL2prxpfVZduBovgqiRS0Y1QdOPCRQX7gDSWyWTSDp08mJkUS+h/dKsf4k7cuvU7/AGnbRa29cDA4Zx7uWeOl3AmlWV9G4W19Y3NreK2ubO7t39QOjxqyjgVhDZIzGPR9rCknEW0oZjitJ0IikOP05Y3uJv6rSEVksXRkxol1A1xL2IBI1hp6dnJOgRz9DB20Q2qdktlq2LNgFaJnZMy5Kh3Sz8dPyZpSCNFOJbSsa1EuRkWihFOx2YnlTTBZIB71NE0wiGVbjZLPUZnWvFREAv9IoVm6t+NDIdSjkJPT4ZY9eWyNxX/8xx/yBKZ33qZH1tMooJrN2NRkioakXmQIOVIxWhaEfKZoETxkSaYCKb/gkgfC0yULtI0dUv2cierpHlRsauVy8dquXab91WEEziFc7DhCmpwD3VoAAEBE3iFN2NivBsfxud8tGDkO8ewAOPrFxO5nzc=</latexit>

[GF ] = �2

<latexit sha1_base64="Uy8EzrfG3IedeyRM4cCwbNhNRmo=">AAACE3icbVDLSgMxFM3UV62vqks3wSK4scyUim6EoqAuK9gHTIeSyWTa0EwyJJliGfoZ3eqHuBO3foDf4Q+YtrOwrQcCh3Pu5Z4cP2ZUadv+tnJr6xubW/ntws7u3v5B8fCoqUQiMWlgwYRs+0gRRjlpaKoZaceSoMhnpOUP7qZ+a0ikooI/61FMvAj1OA0pRtpIrvvQvffgDbyowG6xZJftGeAqcTJSAhnq3eJPJxA4iQjXmCGlXMeOtZciqSlmZFzoJIrECA9Qj7iGchQR5aWzyGN4ZpQAhkKaxzWcqX83UhQpNYp8Mxkh3VfL3lT8z3ODIY1VdutlfmwxiQ6vvZTyONGE43mQMGFQCzjtBwZUEqzZyBCEJTV/gbiPJMLatFgomJac5U5WSbNSdqrly6dqqXab9ZUHJ+AUnAMHXIEaeAR10AAYCDABr+DNmljv1of1OR/NWdnOMViA9fULvgedYA==</latexit>

GF ⇠ 10�5 GeV�2

<latexit sha1_base64="UcWQrIhybwRT5g/akvT2HX6KhaU=">AAACK3icbVDLTsJAFJ3iC/GFunQzSkxcKGkJRJdEE3GJiTwSWpvpMMCEmbaZmRJJ07Vfw1Y/xJXGrV/gDzhAF4Ke5CYn59ybe+/xQkalMs13I7Oyura+kd3MbW3v7O7l9w+aMogEJg0csEC0PSQJoz5pKKoYaYeCIO4x0vKGN1O/NSJC0sB/UOOQOBz1fdqjGCktufnjmnsLbUk5tMzH+KKSQPs8tgWHNdJMtFBK3HzBLJozwL/ESkkBpKi7+W+7G+CIE19hhqTsWGaonBgJRTEjSc6OJAkRHqI+6WjqI06kE89eSeCpVrqwFwhdvoIz9fdEjLiUY+7pTo7UQC57U/E/r9Md0VCmu57myxYvUb0rJ6Z+GCni4/khvYhBFcBpbrBLBcGKjTVBWFD9C8QDJBBWOt1cTqdkLWfylzRLRatcrNyXC9XrNK8sOAIn4AxY4BJUwR2ogwbA4BlMwAt4NSbGm/FhfM5bM0Y6cwgWYHz9ACQupmk=</latexit>

(Fermi constant)

[�] = 1

<latexit sha1_base64="nM3H3eztWoaWiUnmb84zTgA0UvU=">AAACEnicbVDLSgMxFM3UVx1fVZdugkVwVWakohuh6EKXFewDp0PJZDJtaJIZkkyxDP2LbvVD3Ilbf8Dv8AdM21nY1gOBwzn3ck9OkDCqtON8W4W19Y3NreK2vbO7t39QOjxqqjiVmDRwzGLZDpAijArS0FQz0k4kQTxgpBUM7qZ+a0ikorF40qOE+Bz1BI0oRtpIz17nHnGO/Bu3Wyo7FWcGuErcnJRBjnq39NMJY5xyIjRmSCnPdRLtZ0hqihkZ251UkQThAeoRz1CBOFF+Nks8hmdGCWEUS/OEhjP170aGuFIjHphJjnRfLXtT8T/PC4c0Ufmtl/mxxSQ6uvYzKpJUE4HnQaKUQR3DaT0wpJJgzUaGICyp+QvEfSQR1qZE2zYtucudrJLmRcWtVi4fq+Xabd5XEZyAU3AOXHAFauAB1EEDYCDABLyCN2tivVsf1ud8tGDlO8dgAdbXL92Unhs=</latexit>



for muon

�(µ� ! e�⌫µ⌫̄e) =
G2

Fm
5
µ

192⇡3

<latexit sha1_base64="eWcHSp9hqsscNlF+FcQqYE12mMQ="></latexit>

' (2.2µ sec)�1

<latexit sha1_base64="7NudISVgubAOR6HY22EescvHj4U=">AAACKXicbVDLTgJBEJzFF+IL9ejBicQED5JdgtEj0YtHTOSRsEhmhwYmzOyuM7NEsuHo13DVD/GmXv0Ef8AB9iBoJZ1UqrrT3eWFnClt2x9WamV1bX0jvZnZ2t7Z3cvuH9RUEEkKVRrwQDY8ooAzH6qaaQ6NUAIRHoe6N7iZ+vUhSMUC/16PQmgJ0vNZl1GijdTOHruKCXjE+WKhiGNXCuyKyFVAx2cP8bkzbmdzdsGeAf8lTkJyKEGlnf12OwGNBPiacqJU07FD3YqJ1IxyGGfcSEFI6ID0oGmoTwSoVjx7ZIxPjdLB3UCa8jWeqb8nYiKUGgnPdAqi+2rZm4r/ec3OkIUq2fU0X7Z4ie5etWLmh5EGn84P6UYc6wBPU8MdJoFqPjKEUMnML5j2iSRUm2wzGZOSs5zJX1IrFpxS4eKulCtfJ3ml0RE6QXnkoEtURreogqqIomc0QS/o1ZpYb9a79TlvTVnJzCFagPX1A5iJpjM=</latexit>

[Particle Data Group]

using dimensional analysis 

GF

<latexit sha1_base64="k9N1gxhzUa0+VOlheLjGH8wjG4Y=">AAACC3icbVDLSgMxFL1TX3V8VV26CRbBVZmRii6LgrqsaB/QDiWTybShmcyQZIql9BO61Q9xJ279CL/DHzBtZ2FbDwQO59zLPTl+wpnSjvNt5dbWNza38tv2zu7e/kHh8Kiu4lQSWiMxj2XTx4pyJmhNM81pM5EURz6nDb9/O/UbAyoVi8WzHibUi3BXsJARrI30dN+56xSKTsmZAa0SNyNFyFDtFH7aQUzSiApNOFaq5TqJ9kZYakY4HdvtVNEEkz7u0pahAkdUeaNZ1DE6M0qAwliaJzSaqX83RjhSahj5ZjLCuqeWvan4n9cKBixR2a2X+bHFJDq89kZMJKmmgsyDhClHOkbTXlDAJCWaDw3BRDLzF0R6WGKiTXu2bVpylztZJfWLklsuXT6Wi5WbrK88nMApnIMLV1CBB6hCDQh0YQKv8GZNrHfrw/qcj+asbOcYFmB9/QK5l5tc</latexit>

2

<latexit sha1_base64="bJ8bin2k6joz8ESDGvjxZgMDIX8=">AAACCXicbVDLTsJAFL3FF9YX6tLNRGLiirQEo0uiG5eQyCOBhkynU5gwnTYzUyJp+AK2+iHujFu/wu/wBxygCwVPMsnJOffmnjl+wpnSjvNlFba2d3b3ivv2weHR8Unp9Kyt4lQS2iIxj2XXx4pyJmhLM81pN5EURz6nHX/8sPA7EyoVi8WTnibUi/BQsJARrI3UrA5KZafiLIE2iZuTMuRoDErf/SAmaUSFJhwr1XOdRHsZlpoRTmd2P1U0wWSMh7RnqMARVV62DDpDV0YJUBhL84RGS/X3RoYjpaaRbyYjrEdq3VuI/3m9YMISld96Xh37m0SHd17GRJJqKsgqSJhypGO0aAUFTFKi+dQQTCQzf0FkhCUm2nRn26Yld72TTdKuVtxa5aZZK9fv876KcAGXcA0u3EIdHqEBLSBAYQ4v8GrNrTfr3fpYjRasfOcc/sD6/AE8rZqO</latexit>

� /

<latexit sha1_base64="zOEeLubClMUfKICbRJXR01w8bNs=">AAACFnicbVDLSgMxFM3UVx1fVZdugkVwVWZE0WXRhS4r2Ad0xpLJZNrQZBKSTLGU/ke3+iHuxK1bv8MfMG1nYVsPBA7n3Ms9OZFkVBvP+3YKa+sbm1vFbXdnd2//oHR41NAiU5jUsWBCtSKkCaMpqRtqGGlJRRCPGGlG/bup3xwQpalIn8xQkpCjbkoTipGx0nNwjzhHMJBKSCM6pbJX8WaAq8TPSRnkqHVKP0EscMZJajBDWrd9T5pwhJShmJGxG2SaSIT7qEvalqaIEx2OZqnH8MwqMUyEsi81cKb+3RghrvWQR3aSI9PTy95U/M9rxwMqdX7rZX5sMYlJbsIRTWVmSIrnQZKMQSPgtCIYU0WwYUNLEFbU/gXiHlIIG1uk69qW/OVOVknjouJfVq4eL8vV27yvIjgBp+Ac+OAaVMEDqIE6wECBCXgFb87EeXc+nM/5aMHJd47BApyvX8MMoD0=</latexit>

/ G2
Fm

5

<latexit sha1_base64="FMH61IrwVaHEBdai8oyjVzwB7wI=">AAACG3icbVDLTsJAFJ36xPoqunQzkZi4Ii2B6JJooi4xkUcCpZlOpzBh2k5mpighfApb/RB3xq0Lv8MfcIAuBDzJJCfn3Jt75vicUals+9vY2Nza3tnN7Zn7B4dHx1b+pCGTVGBSxwlLRMtHkjAak7qiipEWFwRFPiNNf3A785tDIiRN4ic14sSNUC+mIcVIacmz8h0uEq4SeO/ddUsw6lY8q2AX7TngOnEyUgAZap710wkSnEYkVpghKduOzZU7RkJRzMjE7KSScIQHqEfamsYoItIdz6NP4IVWAhgmQr9Ywbn6d2OMIilHka8nI6T6ctWbif957WBIucxuvSyOLSdR4bU7pjFPFYnxIkiYMqirmPUEAyoIVmykCcKC6r9A3EcCYaXbNE3dkrPayTpplIpOuVh5LBeqN1lfOXAGzsElcMAVqIIHUAN1gMEzmIJX8GZMjXfjw/hcjG4Y2c4pWILx9QtZEaDp</latexit>

GF ⇠ 10�5 GeV�2

<latexit sha1_base64="UcWQrIhybwRT5g/akvT2HX6KhaU=">AAACK3icbVDLTsJAFJ3iC/GFunQzSkxcKGkJRJdEE3GJiTwSWpvpMMCEmbaZmRJJ07Vfw1Y/xJXGrV/gDzhAF4Ke5CYn59ybe+/xQkalMs13I7Oyura+kd3MbW3v7O7l9w+aMogEJg0csEC0PSQJoz5pKKoYaYeCIO4x0vKGN1O/NSJC0sB/UOOQOBz1fdqjGCktufnjmnsLbUk5tMzH+KKSQPs8tgWHNdJMtFBK3HzBLJozwL/ESkkBpKi7+W+7G+CIE19hhqTsWGaonBgJRTEjSc6OJAkRHqI+6WjqI06kE89eSeCpVrqwFwhdvoIz9fdEjLiUY+7pTo7UQC57U/E/r9Md0VCmu57myxYvUb0rJ6Z+GCni4/khvYhBFcBpbrBLBcGKjTVBWFD9C8QDJBBWOt1cTqdkLWfylzRLRatcrNyXC9XrNK8sOAIn4AxY4BJUwR2ogwbA4BlMwAt4NSbGm/FhfM5bM0Y6cwgWYHz9ACQupmk=</latexit>

mµ ⇠ 0.1GeV

<latexit sha1_base64="uGGYNEihNcGA4+gHwJynJ6QO8VM=">AAACI3icbVDLSsNAFJ34rPEVdSVuBovgQkoiFV0WXeiygn1AE8JkMmmHziRhZlIsofg13eqHuBM3LvwKf8Bpm4VtPXDhcM693HtPkDIqlW1/GSura+sbm6Utc3tnd2/fOjhsyiQTmDRwwhLRDpAkjMakoahipJ0KgnjASCvo30381oAISZP4SQ1T4nHUjWlEMVJa8q1j7rs8g66kHNoVx73IXcHhPWmOfKtsV+wp4DJxClIGBeq+9eOGCc44iRVmSMqOY6fKy5FQFDMyMt1MkhThPuqSjqYx4kR6+fSFETzTSgijROiKFZyqfydyxKUc8kB3cqR6ctGbiP95nXBAU1nsep4tm79ERTdeTuM0UyTGs0OijEGVwEleMKSCYMWGmiAsqP4F4h4SCCudqmnqlJzFTJZJ87LiVCtXj9Vy7bbIqwROwCk4Bw64BjXwAOqgATB4AWPwCt6MsfFufBifs9YVo5g5AnMwvn8BBhOj2A==</latexit>



for muon

�(µ� ! e�⌫µ⌫̄e) =
G2

Fm
5
µ

192⇡3

<latexit sha1_base64="eWcHSp9hqsscNlF+FcQqYE12mMQ="></latexit>

' (2.2µ sec)�1

<latexit sha1_base64="7NudISVgubAOR6HY22EescvHj4U=">AAACKXicbVDLTgJBEJzFF+IL9ejBicQED5JdgtEj0YtHTOSRsEhmhwYmzOyuM7NEsuHo13DVD/GmXv0Ef8AB9iBoJZ1UqrrT3eWFnClt2x9WamV1bX0jvZnZ2t7Z3cvuH9RUEEkKVRrwQDY8ooAzH6qaaQ6NUAIRHoe6N7iZ+vUhSMUC/16PQmgJ0vNZl1GijdTOHruKCXjE+WKhiGNXCuyKyFVAx2cP8bkzbmdzdsGeAf8lTkJyKEGlnf12OwGNBPiacqJU07FD3YqJ1IxyGGfcSEFI6ID0oGmoTwSoVjx7ZIxPjdLB3UCa8jWeqb8nYiKUGgnPdAqi+2rZm4r/ec3OkIUq2fU0X7Z4ie5etWLmh5EGn84P6UYc6wBPU8MdJoFqPjKEUMnML5j2iSRUm2wzGZOSs5zJX1IrFpxS4eKulCtfJ3ml0RE6QXnkoEtURreogqqIomc0QS/o1ZpYb9a79TlvTVnJzCFagPX1A5iJpjM=</latexit>

for neutron

�(n ! pe⌫̄e) ⇠
G2

F�m5

⇡3

<latexit sha1_base64="4sAHv5+ePCtlXN17tM+lzaFGJCo="></latexit>

⇠ (103 sec)�1

<latexit sha1_base64="dGfLLpZ6R1J5RqUV0fbLLYLz+j8=">AAACJXicbVDLTsJAFJ3iC/FVdclmIjHBREmrGF0S3bjERB4JBTKdTmHCTNvMTImkYeHXsNUPcWdMXPkR/oADdCHgSW5ycs69ufceN2JUKsv6MjJr6xubW9nt3M7u3v6BeXhUl2EsMKnhkIWi6SJJGA1ITVHFSDMSBHGXkYY7uJ/6jSERkobBkxpFpM1RL6A+xUhpqWvmHUk5LNpW58o5TxzBoSR4fNZJLuxx1yxYJWsGuErslBRAimrX/HG8EMecBAozJGXLtiLVTpBQFDMyzjmxJBHCA9QjLU0DxIlsJ7MnxvBUKx70Q6ErUHCm/p1IEJdyxF3dyZHqy2VvKv7ntbwhjWS663m+bPES5d+2ExpEsSIBnh/ixwyqEE4Tgx4VBCs20gRhQfUvEPeRQFjpXHM5nZK9nMkqqV+W7HLp+rFcqNyleWVBHpyAIrDBDaiAB1AFNYDBC5iAV/BmTIx348P4nLdmjHTmGCzA+P4FHtekYw==</latexit>

�m = mn �mp ' 1.3MeV

<latexit sha1_base64="Zlo//eHJ+8vlXT8gm6kFfPBjIwo="></latexit>

using dimensional analysis 

GF

<latexit sha1_base64="k9N1gxhzUa0+VOlheLjGH8wjG4Y=">AAACC3icbVDLSgMxFL1TX3V8VV26CRbBVZmRii6LgrqsaB/QDiWTybShmcyQZIql9BO61Q9xJ279CL/DHzBtZ2FbDwQO59zLPTl+wpnSjvNt5dbWNza38tv2zu7e/kHh8Kiu4lQSWiMxj2XTx4pyJmhNM81pM5EURz6nDb9/O/UbAyoVi8WzHibUi3BXsJARrI30dN+56xSKTsmZAa0SNyNFyFDtFH7aQUzSiApNOFaq5TqJ9kZYakY4HdvtVNEEkz7u0pahAkdUeaNZ1DE6M0qAwliaJzSaqX83RjhSahj5ZjLCuqeWvan4n9cKBixR2a2X+bHFJDq89kZMJKmmgsyDhClHOkbTXlDAJCWaDw3BRDLzF0R6WGKiTXu2bVpylztZJfWLklsuXT6Wi5WbrK88nMApnIMLV1CBB6hCDQh0YQKv8GZNrHfrw/qcj+asbOcYFmB9/QK5l5tc</latexit>

2

<latexit sha1_base64="bJ8bin2k6joz8ESDGvjxZgMDIX8=">AAACCXicbVDLTsJAFL3FF9YX6tLNRGLiirQEo0uiG5eQyCOBhkynU5gwnTYzUyJp+AK2+iHujFu/wu/wBxygCwVPMsnJOffmnjl+wpnSjvNlFba2d3b3ivv2weHR8Unp9Kyt4lQS2iIxj2XXx4pyJmhLM81pN5EURz6nHX/8sPA7EyoVi8WTnibUi/BQsJARrI3UrA5KZafiLIE2iZuTMuRoDErf/SAmaUSFJhwr1XOdRHsZlpoRTmd2P1U0wWSMh7RnqMARVV62DDpDV0YJUBhL84RGS/X3RoYjpaaRbyYjrEdq3VuI/3m9YMISld96Xh37m0SHd17GRJJqKsgqSJhypGO0aAUFTFKi+dQQTCQzf0FkhCUm2nRn26Yld72TTdKuVtxa5aZZK9fv876KcAGXcA0u3EIdHqEBLSBAYQ4v8GrNrTfr3fpYjRasfOcc/sD6/AE8rZqO</latexit>

� /

<latexit sha1_base64="zOEeLubClMUfKICbRJXR01w8bNs=">AAACFnicbVDLSgMxFM3UVx1fVZdugkVwVWZE0WXRhS4r2Ad0xpLJZNrQZBKSTLGU/ke3+iHuxK1bv8MfMG1nYVsPBA7n3Ms9OZFkVBvP+3YKa+sbm1vFbXdnd2//oHR41NAiU5jUsWBCtSKkCaMpqRtqGGlJRRCPGGlG/bup3xwQpalIn8xQkpCjbkoTipGx0nNwjzhHMJBKSCM6pbJX8WaAq8TPSRnkqHVKP0EscMZJajBDWrd9T5pwhJShmJGxG2SaSIT7qEvalqaIEx2OZqnH8MwqMUyEsi81cKb+3RghrvWQR3aSI9PTy95U/M9rxwMqdX7rZX5sMYlJbsIRTWVmSIrnQZKMQSPgtCIYU0WwYUNLEFbU/gXiHlIIG1uk69qW/OVOVknjouJfVq4eL8vV27yvIjgBp+Ac+OAaVMEDqIE6wECBCXgFb87EeXc+nM/5aMHJd47BApyvX8MMoD0=</latexit>

/ G2
Fm

5

<latexit sha1_base64="FMH61IrwVaHEBdai8oyjVzwB7wI=">AAACG3icbVDLTsJAFJ36xPoqunQzkZi4Ii2B6JJooi4xkUcCpZlOpzBh2k5mpighfApb/RB3xq0Lv8MfcIAuBDzJJCfn3Jt75vicUals+9vY2Nza3tnN7Zn7B4dHx1b+pCGTVGBSxwlLRMtHkjAak7qiipEWFwRFPiNNf3A785tDIiRN4ic14sSNUC+mIcVIacmz8h0uEq4SeO/ddUsw6lY8q2AX7TngOnEyUgAZap710wkSnEYkVpghKduOzZU7RkJRzMjE7KSScIQHqEfamsYoItIdz6NP4IVWAhgmQr9Ywbn6d2OMIilHka8nI6T6ctWbif957WBIucxuvSyOLSdR4bU7pjFPFYnxIkiYMqirmPUEAyoIVmykCcKC6r9A3EcCYaXbNE3dkrPayTpplIpOuVh5LBeqN1lfOXAGzsElcMAVqIIHUAN1gMEzmIJX8GZMjXfjw/hcjG4Y2c4pWILx9QtZEaDp</latexit>



with the same G_F

GF

<latexit sha1_base64="k9N1gxhzUa0+VOlheLjGH8wjG4Y=">AAACC3icbVDLSgMxFL1TX3V8VV26CRbBVZmRii6LgrqsaB/QDiWTybShmcyQZIql9BO61Q9xJ279CL/DHzBtZ2FbDwQO59zLPTl+wpnSjvNt5dbWNza38tv2zu7e/kHh8Kiu4lQSWiMxj2XTx4pyJmhNM81pM5EURz6nDb9/O/UbAyoVi8WzHibUi3BXsJARrI30dN+56xSKTsmZAa0SNyNFyFDtFH7aQUzSiApNOFaq5TqJ9kZYakY4HdvtVNEEkz7u0pahAkdUeaNZ1DE6M0qAwliaJzSaqX83RjhSahj5ZjLCuqeWvan4n9cKBixR2a2X+bHFJDq89kZMJKmmgsyDhClHOkbTXlDAJCWaDw3BRDLzF0R6WGKiTXu2bVpylztZJfWLklsuXT6Wi5WbrK88nMApnIMLV1CBB6hCDQh0YQKv8GZNrHfrw/qcj+asbOcYFmB9/QK5l5tc</latexit>

2

<latexit sha1_base64="bJ8bin2k6joz8ESDGvjxZgMDIX8=">AAACCXicbVDLTsJAFL3FF9YX6tLNRGLiirQEo0uiG5eQyCOBhkynU5gwnTYzUyJp+AK2+iHujFu/wu/wBxygCwVPMsnJOffmnjl+wpnSjvNlFba2d3b3ivv2weHR8Unp9Kyt4lQS2iIxj2XXx4pyJmhLM81pN5EURz6nHX/8sPA7EyoVi8WTnibUi/BQsJARrI3UrA5KZafiLIE2iZuTMuRoDErf/SAmaUSFJhwr1XOdRHsZlpoRTmd2P1U0wWSMh7RnqMARVV62DDpDV0YJUBhL84RGS/X3RoYjpaaRbyYjrEdq3VuI/3m9YMISld96Xh37m0SHd17GRJJqKsgqSJhypGO0aAUFTFKi+dQQTCQzf0FkhCUm2nRn26Yld72TTdKuVtxa5aZZK9fv876KcAGXcA0u3EIdHqEBLSBAYQ4v8GrNrTfr3fpYjRasfOcc/sD6/AE8rZqO</latexit>

� /

<latexit sha1_base64="zOEeLubClMUfKICbRJXR01w8bNs=">AAACFnicbVDLSgMxFM3UVx1fVZdugkVwVWZE0WXRhS4r2Ad0xpLJZNrQZBKSTLGU/ke3+iHuxK1bv8MfMG1nYVsPBA7n3Ms9OZFkVBvP+3YKa+sbm1vFbXdnd2//oHR41NAiU5jUsWBCtSKkCaMpqRtqGGlJRRCPGGlG/bup3xwQpalIn8xQkpCjbkoTipGx0nNwjzhHMJBKSCM6pbJX8WaAq8TPSRnkqHVKP0EscMZJajBDWrd9T5pwhJShmJGxG2SaSIT7qEvalqaIEx2OZqnH8MwqMUyEsi81cKb+3RghrvWQR3aSI9PTy95U/M9rxwMqdX7rZX5sMYlJbsIRTWVmSIrnQZKMQSPgtCIYU0WwYUNLEFbU/gXiHlIIG1uk69qW/OVOVknjouJfVq4eL8vV27yvIjgBp+Ac+OAaVMEDqIE6wECBCXgFb87EeXc+nM/5aMHJd47BApyvX8MMoD0=</latexit>

/ G2
Fm

5

<latexit sha1_base64="FMH61IrwVaHEBdai8oyjVzwB7wI=">AAACG3icbVDLTsJAFJ36xPoqunQzkZi4Ii2B6JJooi4xkUcCpZlOpzBh2k5mpighfApb/RB3xq0Lv8MfcIAuBDzJJCfn3Jt75vicUals+9vY2Nza3tnN7Zn7B4dHx1b+pCGTVGBSxwlLRMtHkjAak7qiipEWFwRFPiNNf3A785tDIiRN4ic14sSNUC+mIcVIacmz8h0uEq4SeO/ddUsw6lY8q2AX7TngOnEyUgAZap710wkSnEYkVpghKduOzZU7RkJRzMjE7KSScIQHqEfamsYoItIdz6NP4IVWAhgmQr9Ywbn6d2OMIilHka8nI6T6ctWbif957WBIucxuvSyOLSdR4bU7pjFPFYnxIkiYMqirmPUEAyoIVmykCcKC6r9A3EcCYaXbNE3dkrPayTpplIpOuVh5LBeqN1lfOXAGzsElcMAVqIIHUAN1gMEzmIJX8GZMjXfjw/hcjG4Y2c4pWILx9QtZEaDp</latexit>

(dimensional analysis)

neutron decay/muon decay can be explained

neutron decay/muon decay proceed 

through the same weak interaction

using dimensional analysis 



4-Fermi interaction can be viewed as a current-current interaction

L = GFJ
+
µ J�µ

<latexit sha1_base64="GlIzo38hZLG+QeNPgTnB9uETNYY=">AAACKXicbVDLSsNAFJ34rPFVdenCwSIIYkmkohuhKKiIiwr2AU0Mk8mkHTp5MDMpltClX9Otfog7desn+ANO2yxs64HLPZx7L/fe48aMCmkYn9rc/MLi0nJuRV9dW9/YzG9t10SUcEyqOGIRb7hIEEZDUpVUMtKIOUGBy0jd7VwN6/Uu4YJG4aPsxcQOUCukPsVIKsnJ76UWRgze9+EFvHGu4d3TkWMFicrpscp9J18wisYIcJaYGSmADBUn/2N5EU4CEkrMkBBN04ilnSIuKWakr1uJIDHCHdQiTUVDFBBhp6NH+vBAKR70I64ilHCk/p1IUSBEL3BVZ4BkW0zXhuJ/tabXpbHIdj2Pl01eIv1zO6VhnEgS4vEhfsKgjODQNehRTrBkPUUQ5lT9AnEbcYSl8lbXlUvmtCezpHZSNEvF04dSoXyZ+ZUDu2AfHAITnIEyuAUVUAUYvIABeAVv2kB71z60r3HrnJbN7IAJaN+/6IylzQ==</latexit>

J+µ = (n̄�µp+ ē�µ⌫e + µ̄�µ⌫µ + · · · )

<latexit sha1_base64="z9lrY0OIpcEOnxMjOWhnKRJx/Hs="></latexit>

J�µ = (p̄�µn+ ⌫̄e�
µe+ ⌫̄µ�

µµ+ · · · )

<latexit sha1_base64="ptHziKo6cwN9JdNXCtP1DDszbvs="></latexit>

the cross terms generate neutron/muon decay



Problems of Fermi Theory



From the same current-current interaction

L = GFJ
+
µ J�µ

<latexit sha1_base64="GlIzo38hZLG+QeNPgTnB9uETNYY=">AAACKXicbVDLSsNAFJ34rPFVdenCwSIIYkmkohuhKKiIiwr2AU0Mk8mkHTp5MDMpltClX9Otfog7desn+ANO2yxs64HLPZx7L/fe48aMCmkYn9rc/MLi0nJuRV9dW9/YzG9t10SUcEyqOGIRb7hIEEZDUpVUMtKIOUGBy0jd7VwN6/Uu4YJG4aPsxcQOUCukPsVIKsnJ76UWRgze9+EFvHGu4d3TkWMFicrpscp9J18wisYIcJaYGSmADBUn/2N5EU4CEkrMkBBN04ilnSIuKWakr1uJIDHCHdQiTUVDFBBhp6NH+vBAKR70I64ilHCk/p1IUSBEL3BVZ4BkW0zXhuJ/tabXpbHIdj2Pl01eIv1zO6VhnEgS4vEhfsKgjODQNehRTrBkPUUQ5lT9AnEbcYSl8lbXlUvmtCezpHZSNEvF04dSoXyZ+ZUDu2AfHAITnIEyuAUVUAUYvIABeAVv2kB71z60r3HrnJbN7IAJaN+/6IylzQ==</latexit>

J+µ = (n̄�µp+ ē�µ⌫e + µ̄�µ⌫µ + · · · )

<latexit sha1_base64="z9lrY0OIpcEOnxMjOWhnKRJx/Hs="></latexit>

J�µ = (p̄�µn+ ⌫̄e�
µe+ ⌫̄µ�

µµ+ · · · )

<latexit sha1_base64="ptHziKo6cwN9JdNXCtP1DDszbvs="></latexit>

� / G2
FE

2

<latexit sha1_base64="mOxxL8afEG+14ftB1Js0wx6xeeU=">AAACInicbVDLSsNAFJ3UV42vqBvBzWARXJWkVHRZFB/LCrYVmrRMJpN26CQZZibFUurXdKsf4k5cCf6FP+C0zcK2HrhwOOde7r3H54xKZdtfRm5ldW19I79pbm3v7O5Z+wd1maQCkxpOWCKefCQJozGpKaoYeeKCoMhnpOH3rid+o0+EpEn8qAaceBHqxDSkGCktta0jV9JOhKDLRcJVAu/at60SvGmV2lbBLtpTwGXiZKQAMlTb1o8bJDiNSKwwQ1I2HZsrb4iEopiRkemmknCEe6hDmprGKCLSG04/GMFTrQQwTISuWMGp+ndiiCIpB5GvOyOkunLRm4j/ec2gT7nMdj3Pls1fosJLb0hjnioS49khYcqgjmISFwyoIFixgSYIC6p/gbiLBMJKh2qaOiVnMZNlUi8VnXLx/KFcqFxleeXBMTgBZ8ABF6AC7kEV1AAGL2AMXsGbMTbejQ/jc9aaM7KZQzAH4/sXfRSjkQ==</latexit>

cross-section cannot grow arbitrarily
this 4-Fermi theory becomes non-perturbative

at some high energy scale

[�] = �2

<latexit sha1_base64="V63oTf9QvPLraoyE46Netr3TuMY=">AAACFXicbVDNTgIxGOziH65/qEcvjcTEi2SXYPRiQvTiERNBkmVDut0uNLTdte0SyYbn4KoP4s149exz+AIW2IOAkzSZzHxfvukECaNKO863VVhb39jcKm7bO7t7+welw6OWilOJSRPHLJbtACnCqCBNTTUj7UQSxANGnoLB3dR/GhKpaCwe9SghPkc9QSOKkTaS73UU7XHkwxt4Ue2Wyk7FmQGuEjcnZZCj0S39dMIYp5wIjRlSynOdRPsZkppiRsZ2J1UkQXiAesQzVCBOlJ/NQo/hmVFCGMXSPKHhTP27kSGu1IgHZpIj3VfL3lT8z/PCIU1UfutlfmwxiY6u/YyKJNVE4HmQKGVQx3DaEAypJFizkSEIS2r+AnEfSYS16dG2TUvucierpFWtuLXK5UOtXL/N+yqCE3AKzoELrkAd3IMGaAIMnsEEvII3a2K9Wx/W53y0YOU7x2AB1tcvWaWe1Q==</latexit>

[GF ] = �2

<latexit sha1_base64="hQHWwKm0glBzTm+qyRNOv/99zVU=">AAACEnicbVDLSgMxFL3js9ZX1aWbYBHcWGZKRTdCUVCXFewDp0PJZNI2NJMZkkyxlP5Ft/oh7sStP+B3+AOm7Sxs64HA4Zx7uSfHjzlT2ra/rZXVtfWNzcxWdntnd28/d3BYU1EiCa2SiEey4WNFORO0qpnmtBFLikOf07rfu5349T6VikXiSQ9i6oW4I1ibEayN9Ozet+48dI3Oi61c3i7YU6Bl4qQkDykqrdxPM4hIElKhCcdKuY4da2+IpWaE01G2mSgaY9LDHeoaKnBIlTecJh6hU6MEqB1J84RGU/XvxhCHSg1C30yGWHfVojcR//PcoM9ild56mR2bT6LbV96QiTjRVJBZkHbCkY7QpB4UMEmJ5gNDMJHM/AWRLpaYaFNiNmtachY7WSa1YsEpFS4eS/nyTdpXBo7hBM7AgUsowwNUoAoEBIzhFd6ssfVufVifs9EVK905gjlYX79h0J02</latexit>

this also generates electron-neutrino scattering

e

<latexit sha1_base64="gD7QIGCcAnEkdjLuL9IfvA0+WqU=">AAACCXicbVDLTsJAFJ3iC+sLdelmIjFxRVqD0SXRjUtI5JFAQ6bTW5gwnTYzUyJp+AK2+iHujFu/wu/wBxygCwFPMsnJOffmnjl+wpnSjvNtFba2d3b3ivv2weHR8Unp9Kyl4lRSaNKYx7LjEwWcCWhqpjl0Egkk8jm0/dHj3G+PQSoWi2c9ScCLyECwkFGijdSAfqnsVJwF8CZxc1JGOer90k8viGkagdCUE6W6rpNoLyNSM8phavdSBQmhIzKArqGCRKC8bBF0iq+MEuAwluYJjRfq342MREpNIt9MRkQP1bo3F//zusGYJSq/9bI8tppEh/dexkSSahB0GSRMOdYxnreCAyaBaj4xhFDJzF8wHRJJqDbd2bZpyV3vZJO0biputXLbqJZrD3lfRXSBLtE1ctEdqqEnVEdNRBGgGXpFb9bMerc+rM/laMHKd87RCqyvX5CMmsE=</latexit>

e

<latexit sha1_base64="gD7QIGCcAnEkdjLuL9IfvA0+WqU=">AAACCXicbVDLTsJAFJ3iC+sLdelmIjFxRVqD0SXRjUtI5JFAQ6bTW5gwnTYzUyJp+AK2+iHujFu/wu/wBxygCwFPMsnJOffmnjl+wpnSjvNtFba2d3b3ivv2weHR8Unp9Kyl4lRSaNKYx7LjEwWcCWhqpjl0Egkk8jm0/dHj3G+PQSoWi2c9ScCLyECwkFGijdSAfqnsVJwF8CZxc1JGOer90k8viGkagdCUE6W6rpNoLyNSM8phavdSBQmhIzKArqGCRKC8bBF0iq+MEuAwluYJjRfq342MREpNIt9MRkQP1bo3F//zusGYJSq/9bI8tppEh/dexkSSahB0GSRMOdYxnreCAyaBaj4xhFDJzF8wHRJJqDbd2bZpyV3vZJO0biputXLbqJZrD3lfRXSBLtE1ctEdqqEnVEdNRBGgGXpFb9bMerc+rM/laMHKd87RCqyvX5CMmsE=</latexit>

⌫e

<latexit sha1_base64="thY594v551R7gESG1KjDjVmv/Lg=">AAACDXicbVDLTsJAFJ3iC+sLdelmIjFxRVqj0SXRjUtMLJBAQ6bTW5gwnTYzUyJp+Aa2+iHujFu/we/wBxygCwFPMsnJOffmnjlBypnSjvNtlTY2t7Z3yrv23v7B4VHl+KSpkkxS8GjCE9kOiALOBHiaaQ7tVAKJAw6tYPgw81sjkIol4lmPU/Bj0hcsYpRoI3ldkfWgV6k6NWcOvE7cglRRgUav8tMNE5rFIDTlRKmO66Taz4nUjHKY2N1MQUrokPShY6ggMSg/n4ed4AujhDhKpHlC47n6dyMnsVLjODCTMdEDterNxP+8TjhiqSpuvSyOLSfR0Z2fM5FmGgRdBIkyjnWCZ83gkEmgmo8NIVQy8xdMB0QSqk1/tm1aclc7WSfNq5p7Xbt5uq7W74u+yugMnaNL5KJbVEePqIE8RBFDU/SK3qyp9W59WJ+L0ZJV7JyiJVhfv9GynIc=</latexit>

⌫e

<latexit sha1_base64="thY594v551R7gESG1KjDjVmv/Lg=">AAACDXicbVDLTsJAFJ3iC+sLdelmIjFxRVqj0SXRjUtMLJBAQ6bTW5gwnTYzUyJp+Aa2+iHujFu/we/wBxygCwFPMsnJOffmnjlBypnSjvNtlTY2t7Z3yrv23v7B4VHl+KSpkkxS8GjCE9kOiALOBHiaaQ7tVAKJAw6tYPgw81sjkIol4lmPU/Bj0hcsYpRoI3ldkfWgV6k6NWcOvE7cglRRgUav8tMNE5rFIDTlRKmO66Taz4nUjHKY2N1MQUrokPShY6ggMSg/n4ed4AujhDhKpHlC47n6dyMnsVLjODCTMdEDterNxP+8TjhiqSpuvSyOLSfR0Z2fM5FmGgRdBIkyjnWCZ83gkEmgmo8NIVQy8xdMB0QSqk1/tm1aclc7WSfNq5p7Xbt5uq7W74u+yugMnaNL5KJbVEePqIE8RBFDU/SK3qyp9W59WJ+L0ZJV7JyiJVhfv9GynIc=</latexit>



From the same current-current interaction

L = GFJ
+
µ J�µ

<latexit sha1_base64="GlIzo38hZLG+QeNPgTnB9uETNYY=">AAACKXicbVDLSsNAFJ34rPFVdenCwSIIYkmkohuhKKiIiwr2AU0Mk8mkHTp5MDMpltClX9Otfog7desn+ANO2yxs64HLPZx7L/fe48aMCmkYn9rc/MLi0nJuRV9dW9/YzG9t10SUcEyqOGIRb7hIEEZDUpVUMtKIOUGBy0jd7VwN6/Uu4YJG4aPsxcQOUCukPsVIKsnJ76UWRgze9+EFvHGu4d3TkWMFicrpscp9J18wisYIcJaYGSmADBUn/2N5EU4CEkrMkBBN04ilnSIuKWakr1uJIDHCHdQiTUVDFBBhp6NH+vBAKR70I64ilHCk/p1IUSBEL3BVZ4BkW0zXhuJ/tabXpbHIdj2Pl01eIv1zO6VhnEgS4vEhfsKgjODQNehRTrBkPUUQ5lT9AnEbcYSl8lbXlUvmtCezpHZSNEvF04dSoXyZ+ZUDu2AfHAITnIEyuAUVUAUYvIABeAVv2kB71z60r3HrnJbN7IAJaN+/6IylzQ==</latexit>

J+µ = (n̄�µp+ ē�µ⌫e + µ̄�µ⌫µ + · · · )

<latexit sha1_base64="z9lrY0OIpcEOnxMjOWhnKRJx/Hs="></latexit>

J�µ = (p̄�µn+ ⌫̄e�
µe+ ⌫̄µ�

µµ+ · · · )

<latexit sha1_base64="ptHziKo6cwN9JdNXCtP1DDszbvs="></latexit>

this also generates electron-neutrino scattering

e

<latexit sha1_base64="gD7QIGCcAnEkdjLuL9IfvA0+WqU=">AAACCXicbVDLTsJAFJ3iC+sLdelmIjFxRVqD0SXRjUtI5JFAQ6bTW5gwnTYzUyJp+AK2+iHujFu/wu/wBxygCwFPMsnJOffmnjl+wpnSjvNtFba2d3b3ivv2weHR8Unp9Kyl4lRSaNKYx7LjEwWcCWhqpjl0Egkk8jm0/dHj3G+PQSoWi2c9ScCLyECwkFGijdSAfqnsVJwF8CZxc1JGOer90k8viGkagdCUE6W6rpNoLyNSM8phavdSBQmhIzKArqGCRKC8bBF0iq+MEuAwluYJjRfq342MREpNIt9MRkQP1bo3F//zusGYJSq/9bI8tppEh/dexkSSahB0GSRMOdYxnreCAyaBaj4xhFDJzF8wHRJJqDbd2bZpyV3vZJO0biputXLbqJZrD3lfRXSBLtE1ctEdqqEnVEdNRBGgGXpFb9bMerc+rM/laMHKd87RCqyvX5CMmsE=</latexit>

e

<latexit sha1_base64="gD7QIGCcAnEkdjLuL9IfvA0+WqU=">AAACCXicbVDLTsJAFJ3iC+sLdelmIjFxRVqD0SXRjUtI5JFAQ6bTW5gwnTYzUyJp+AK2+iHujFu/wu/wBxygCwFPMsnJOffmnjl+wpnSjvNtFba2d3b3ivv2weHR8Unp9Kyl4lRSaNKYx7LjEwWcCWhqpjl0Egkk8jm0/dHj3G+PQSoWi2c9ScCLyECwkFGijdSAfqnsVJwF8CZxc1JGOer90k8viGkagdCUE6W6rpNoLyNSM8phavdSBQmhIzKArqGCRKC8bBF0iq+MEuAwluYJjRfq342MREpNIt9MRkQP1bo3F//zusGYJSq/9bI8tppEh/dexkSSahB0GSRMOdYxnreCAyaBaj4xhFDJzF8wHRJJqDbd2bZpyV3vZJO0biputXLbqJZrD3lfRXSBLtE1ctEdqqEnVEdNRBGgGXpFb9bMerc+rM/laMHKd87RCqyvX5CMmsE=</latexit>

⌫e

<latexit sha1_base64="thY594v551R7gESG1KjDjVmv/Lg=">AAACDXicbVDLTsJAFJ3iC+sLdelmIjFxRVqj0SXRjUtMLJBAQ6bTW5gwnTYzUyJp+Aa2+iHujFu/we/wBxygCwFPMsnJOffmnjlBypnSjvNtlTY2t7Z3yrv23v7B4VHl+KSpkkxS8GjCE9kOiALOBHiaaQ7tVAKJAw6tYPgw81sjkIol4lmPU/Bj0hcsYpRoI3ldkfWgV6k6NWcOvE7cglRRgUav8tMNE5rFIDTlRKmO66Taz4nUjHKY2N1MQUrokPShY6ggMSg/n4ed4AujhDhKpHlC47n6dyMnsVLjODCTMdEDterNxP+8TjhiqSpuvSyOLSfR0Z2fM5FmGgRdBIkyjnWCZ83gkEmgmo8NIVQy8xdMB0QSqk1/tm1aclc7WSfNq5p7Xbt5uq7W74u+yugMnaNL5KJbVEePqIE8RBFDU/SK3qyp9W59WJ+L0ZJV7JyiJVhfv9GynIc=</latexit>

⌫e

<latexit sha1_base64="thY594v551R7gESG1KjDjVmv/Lg=">AAACDXicbVDLTsJAFJ3iC+sLdelmIjFxRVqj0SXRjUtMLJBAQ6bTW5gwnTYzUyJp+Aa2+iHujFu/we/wBxygCwFPMsnJOffmnjlBypnSjvNtlTY2t7Z3yrv23v7B4VHl+KSpkkxS8GjCE9kOiALOBHiaaQ7tVAKJAw6tYPgw81sjkIol4lmPU/Bj0hcsYpRoI3ldkfWgV6k6NWcOvE7cglRRgUav8tMNE5rFIDTlRKmO66Taz4nUjHKY2N1MQUrokPShY6ggMSg/n4ed4AujhDhKpHlC47n6dyMnsVLjODCTMdEDterNxP+8TjhiqSpuvSyOLSfR0Z2fM5FmGgRdBIkyjnWCZ83gkEmgmo8NIVQy8xdMB0QSqk1/tm1aclc7WSfNq5p7Xbt5uq7W74u+yugMnaNL5KJbVEePqIE8RBFDU/SK3qyp9W59WJ+L0ZJV7JyiJVhfv9GynIc=</latexit>

e

<latexit sha1_base64="gD7QIGCcAnEkdjLuL9IfvA0+WqU=">AAACCXicbVDLTsJAFJ3iC+sLdelmIjFxRVqD0SXRjUtI5JFAQ6bTW5gwnTYzUyJp+AK2+iHujFu/wu/wBxygCwFPMsnJOffmnjl+wpnSjvNtFba2d3b3ivv2weHR8Unp9Kyl4lRSaNKYx7LjEwWcCWhqpjl0Egkk8jm0/dHj3G+PQSoWi2c9ScCLyECwkFGijdSAfqnsVJwF8CZxc1JGOer90k8viGkagdCUE6W6rpNoLyNSM8phavdSBQmhIzKArqGCRKC8bBF0iq+MEuAwluYJjRfq342MREpNIt9MRkQP1bo3F//zusGYJSq/9bI8tppEh/dexkSSahB0GSRMOdYxnreCAyaBaj4xhFDJzF8wHRJJqDbd2bZpyV3vZJO0biputXLbqJZrD3lfRXSBLtE1ctEdqqEnVEdNRBGgGXpFb9bMerc+rM/laMHKd87RCqyvX5CMmsE=</latexit>

e

<latexit sha1_base64="gD7QIGCcAnEkdjLuL9IfvA0+WqU=">AAACCXicbVDLTsJAFJ3iC+sLdelmIjFxRVqD0SXRjUtI5JFAQ6bTW5gwnTYzUyJp+AK2+iHujFu/wu/wBxygCwFPMsnJOffmnjl+wpnSjvNtFba2d3b3ivv2weHR8Unp9Kyl4lRSaNKYx7LjEwWcCWhqpjl0Egkk8jm0/dHj3G+PQSoWi2c9ScCLyECwkFGijdSAfqnsVJwF8CZxc1JGOer90k8viGkagdCUE6W6rpNoLyNSM8phavdSBQmhIzKArqGCRKC8bBF0iq+MEuAwluYJjRfq342MREpNIt9MRkQP1bo3F//zusGYJSq/9bI8tppEh/dexkSSahB0GSRMOdYxnreCAyaBaj4xhFDJzF8wHRJJqDbd2bZpyV3vZJO0biputXLbqJZrD3lfRXSBLtE1ctEdqqEnVEdNRBGgGXpFb9bMerc+rM/laMHKd87RCqyvX5CMmsE=</latexit>

⌫e

<latexit sha1_base64="thY594v551R7gESG1KjDjVmv/Lg=">AAACDXicbVDLTsJAFJ3iC+sLdelmIjFxRVqj0SXRjUtMLJBAQ6bTW5gwnTYzUyJp+Aa2+iHujFu/we/wBxygCwFPMsnJOffmnjlBypnSjvNtlTY2t7Z3yrv23v7B4VHl+KSpkkxS8GjCE9kOiALOBHiaaQ7tVAKJAw6tYPgw81sjkIol4lmPU/Bj0hcsYpRoI3ldkfWgV6k6NWcOvE7cglRRgUav8tMNE5rFIDTlRKmO66Taz4nUjHKY2N1MQUrokPShY6ggMSg/n4ed4AujhDhKpHlC47n6dyMnsVLjODCTMdEDterNxP+8TjhiqSpuvSyOLSfR0Z2fM5FmGgRdBIkyjnWCZ83gkEmgmo8NIVQy8xdMB0QSqk1/tm1aclc7WSfNq5p7Xbt5uq7W74u+yugMnaNL5KJbVEePqIE8RBFDU/SK3qyp9W59WJ+L0ZJV7JyiJVhfv9GynIc=</latexit>

⌫e

<latexit sha1_base64="thY594v551R7gESG1KjDjVmv/Lg=">AAACDXicbVDLTsJAFJ3iC+sLdelmIjFxRVqj0SXRjUtMLJBAQ6bTW5gwnTYzUyJp+Aa2+iHujFu/we/wBxygCwFPMsnJOffmnjlBypnSjvNtlTY2t7Z3yrv23v7B4VHl+KSpkkxS8GjCE9kOiALOBHiaaQ7tVAKJAw6tYPgw81sjkIol4lmPU/Bj0hcsYpRoI3ldkfWgV6k6NWcOvE7cglRRgUav8tMNE5rFIDTlRKmO66Taz4nUjHKY2N1MQUrokPShY6ggMSg/n4ed4AujhDhKpHlC47n6dyMnsVLjODCTMdEDterNxP+8TjhiqSpuvSyOLSfR0Z2fM5FmGgRdBIkyjnWCZ83gkEmgmo8NIVQy8xdMB0QSqk1/tm1aclc7WSfNq5p7Xbt5uq7W74u+yugMnaNL5KJbVEePqIE8RBFDU/SK3qyp9W59WJ+L0ZJV7JyiJVhfv9GynIc=</latexit>

� / G2
FE

2 +
1

16⇡2
G4

FE
6

<latexit sha1_base64="gix7CeEDg/mD4xC9UmPKBLKQlfY="></latexit>

[�] = �2

<latexit sha1_base64="V63oTf9QvPLraoyE46Netr3TuMY=">AAACFXicbVDNTgIxGOziH65/qEcvjcTEi2SXYPRiQvTiERNBkmVDut0uNLTdte0SyYbn4KoP4s149exz+AIW2IOAkzSZzHxfvukECaNKO863VVhb39jcKm7bO7t7+welw6OWilOJSRPHLJbtACnCqCBNTTUj7UQSxANGnoLB3dR/GhKpaCwe9SghPkc9QSOKkTaS73UU7XHkwxt4Ue2Wyk7FmQGuEjcnZZCj0S39dMIYp5wIjRlSynOdRPsZkppiRsZ2J1UkQXiAesQzVCBOlJ/NQo/hmVFCGMXSPKHhTP27kSGu1IgHZpIj3VfL3lT8z/PCIU1UfutlfmwxiY6u/YyKJNVE4HmQKGVQx3DaEAypJFizkSEIS2r+AnEfSYS16dG2TUvucierpFWtuLXK5UOtXL/N+yqCE3AKzoELrkAd3IMGaAIMnsEEvII3a2K9Wx/W53y0YOU7x2AB1tcvWaWe1Q==</latexit>

[GF ] = �2

<latexit sha1_base64="hQHWwKm0glBzTm+qyRNOv/99zVU=">AAACEnicbVDLSgMxFL3js9ZX1aWbYBHcWGZKRTdCUVCXFewDp0PJZNI2NJMZkkyxlP5Ft/oh7sStP+B3+AOm7Sxs64HA4Zx7uSfHjzlT2ra/rZXVtfWNzcxWdntnd28/d3BYU1EiCa2SiEey4WNFORO0qpnmtBFLikOf07rfu5349T6VikXiSQ9i6oW4I1ibEayN9Ozet+48dI3Oi61c3i7YU6Bl4qQkDykqrdxPM4hIElKhCcdKuY4da2+IpWaE01G2mSgaY9LDHeoaKnBIlTecJh6hU6MEqB1J84RGU/XvxhCHSg1C30yGWHfVojcR//PcoM9ild56mR2bT6LbV96QiTjRVJBZkHbCkY7QpB4UMEmJ5gNDMJHM/AWRLpaYaFNiNmtachY7WSa1YsEpFS4eS/nyTdpXBo7hBM7AgUsowwNUoAoEBIzhFd6ssfVufVifs9EVK905gjlYX79h0J02</latexit>

(quantum correction)

when

E = Emax = 2

r
⇡

GF

<latexit sha1_base64="kfd5FYtrLRVkgXwTo3IZouPPFX8="></latexit>

perturbation theory breaks down



the current-current interaction seems to suggest

weak interaction might be mediated by spin-1 bosons

e

<latexit sha1_base64="gD7QIGCcAnEkdjLuL9IfvA0+WqU=">AAACCXicbVDLTsJAFJ3iC+sLdelmIjFxRVqD0SXRjUtI5JFAQ6bTW5gwnTYzUyJp+AK2+iHujFu/wu/wBxygCwFPMsnJOffmnjl+wpnSjvNtFba2d3b3ivv2weHR8Unp9Kyl4lRSaNKYx7LjEwWcCWhqpjl0Egkk8jm0/dHj3G+PQSoWi2c9ScCLyECwkFGijdSAfqnsVJwF8CZxc1JGOer90k8viGkagdCUE6W6rpNoLyNSM8phavdSBQmhIzKArqGCRKC8bBF0iq+MEuAwluYJjRfq342MREpNIt9MRkQP1bo3F//zusGYJSq/9bI8tppEh/dexkSSahB0GSRMOdYxnreCAyaBaj4xhFDJzF8wHRJJqDbd2bZpyV3vZJO0biputXLbqJZrD3lfRXSBLtE1ctEdqqEnVEdNRBGgGXpFb9bMerc+rM/laMHKd87RCqyvX5CMmsE=</latexit>

e

<latexit sha1_base64="gD7QIGCcAnEkdjLuL9IfvA0+WqU=">AAACCXicbVDLTsJAFJ3iC+sLdelmIjFxRVqD0SXRjUtI5JFAQ6bTW5gwnTYzUyJp+AK2+iHujFu/wu/wBxygCwFPMsnJOffmnjl+wpnSjvNtFba2d3b3ivv2weHR8Unp9Kyl4lRSaNKYx7LjEwWcCWhqpjl0Egkk8jm0/dHj3G+PQSoWi2c9ScCLyECwkFGijdSAfqnsVJwF8CZxc1JGOer90k8viGkagdCUE6W6rpNoLyNSM8phavdSBQmhIzKArqGCRKC8bBF0iq+MEuAwluYJjRfq342MREpNIt9MRkQP1bo3F//zusGYJSq/9bI8tppEh/dexkSSahB0GSRMOdYxnreCAyaBaj4xhFDJzF8wHRJJqDbd2bZpyV3vZJO0biputXLbqJZrD3lfRXSBLtE1ctEdqqEnVEdNRBGgGXpFb9bMerc+rM/laMHKd87RCqyvX5CMmsE=</latexit>

⌫e

<latexit sha1_base64="thY594v551R7gESG1KjDjVmv/Lg=">AAACDXicbVDLTsJAFJ3iC+sLdelmIjFxRVqj0SXRjUtMLJBAQ6bTW5gwnTYzUyJp+Aa2+iHujFu/we/wBxygCwFPMsnJOffmnjlBypnSjvNtlTY2t7Z3yrv23v7B4VHl+KSpkkxS8GjCE9kOiALOBHiaaQ7tVAKJAw6tYPgw81sjkIol4lmPU/Bj0hcsYpRoI3ldkfWgV6k6NWcOvE7cglRRgUav8tMNE5rFIDTlRKmO66Taz4nUjHKY2N1MQUrokPShY6ggMSg/n4ed4AujhDhKpHlC47n6dyMnsVLjODCTMdEDterNxP+8TjhiqSpuvSyOLSfR0Z2fM5FmGgRdBIkyjnWCZ83gkEmgmo8NIVQy8xdMB0QSqk1/tm1aclc7WSfNq5p7Xbt5uq7W74u+yugMnaNL5KJbVEePqIE8RBFDU/SK3qyp9W59WJ+L0ZJV7JyiJVhfv9GynIc=</latexit>

⌫e

<latexit sha1_base64="thY594v551R7gESG1KjDjVmv/Lg=">AAACDXicbVDLTsJAFJ3iC+sLdelmIjFxRVqj0SXRjUtMLJBAQ6bTW5gwnTYzUyJp+Aa2+iHujFu/we/wBxygCwFPMsnJOffmnjlBypnSjvNtlTY2t7Z3yrv23v7B4VHl+KSpkkxS8GjCE9kOiALOBHiaaQ7tVAKJAw6tYPgw81sjkIol4lmPU/Bj0hcsYpRoI3ldkfWgV6k6NWcOvE7cglRRgUav8tMNE5rFIDTlRKmO66Taz4nUjHKY2N1MQUrokPShY6ggMSg/n4ed4AujhDhKpHlC47n6dyMnsVLjODCTMdEDterNxP+8TjhiqSpuvSyOLSfR0Z2fM5FmGgRdBIkyjnWCZ83gkEmgmo8NIVQy8xdMB0QSqk1/tm1aclc7WSfNq5p7Xbt5uq7W74u+yugMnaNL5KJbVEePqIE8RBFDU/SK3qyp9W59WJ+L0ZJV7JyiJVhfv9GynIc=</latexit>

e

<latexit sha1_base64="gD7QIGCcAnEkdjLuL9IfvA0+WqU=">AAACCXicbVDLTsJAFJ3iC+sLdelmIjFxRVqD0SXRjUtI5JFAQ6bTW5gwnTYzUyJp+AK2+iHujFu/wu/wBxygCwFPMsnJOffmnjl+wpnSjvNtFba2d3b3ivv2weHR8Unp9Kyl4lRSaNKYx7LjEwWcCWhqpjl0Egkk8jm0/dHj3G+PQSoWi2c9ScCLyECwkFGijdSAfqnsVJwF8CZxc1JGOer90k8viGkagdCUE6W6rpNoLyNSM8phavdSBQmhIzKArqGCRKC8bBF0iq+MEuAwluYJjRfq342MREpNIt9MRkQP1bo3F//zusGYJSq/9bI8tppEh/dexkSSahB0GSRMOdYxnreCAyaBaj4xhFDJzF8wHRJJqDbd2bZpyV3vZJO0biputXLbqJZrD3lfRXSBLtE1ctEdqqEnVEdNRBGgGXpFb9bMerc+rM/laMHKd87RCqyvX5CMmsE=</latexit>

e

<latexit sha1_base64="gD7QIGCcAnEkdjLuL9IfvA0+WqU=">AAACCXicbVDLTsJAFJ3iC+sLdelmIjFxRVqD0SXRjUtI5JFAQ6bTW5gwnTYzUyJp+AK2+iHujFu/wu/wBxygCwFPMsnJOffmnjl+wpnSjvNtFba2d3b3ivv2weHR8Unp9Kyl4lRSaNKYx7LjEwWcCWhqpjl0Egkk8jm0/dHj3G+PQSoWi2c9ScCLyECwkFGijdSAfqnsVJwF8CZxc1JGOer90k8viGkagdCUE6W6rpNoLyNSM8phavdSBQmhIzKArqGCRKC8bBF0iq+MEuAwluYJjRfq342MREpNIt9MRkQP1bo3F//zusGYJSq/9bI8tppEh/dexkSSahB0GSRMOdYxnreCAyaBaj4xhFDJzF8wHRJJqDbd2bZpyV3vZJO0biputXLbqJZrD3lfRXSBLtE1ctEdqqEnVEdNRBGgGXpFb9bMerc+rM/laMHKd87RCqyvX5CMmsE=</latexit>

⌫e

<latexit sha1_base64="thY594v551R7gESG1KjDjVmv/Lg=">AAACDXicbVDLTsJAFJ3iC+sLdelmIjFxRVqj0SXRjUtMLJBAQ6bTW5gwnTYzUyJp+Aa2+iHujFu/we/wBxygCwFPMsnJOffmnjlBypnSjvNtlTY2t7Z3yrv23v7B4VHl+KSpkkxS8GjCE9kOiALOBHiaaQ7tVAKJAw6tYPgw81sjkIol4lmPU/Bj0hcsYpRoI3ldkfWgV6k6NWcOvE7cglRRgUav8tMNE5rFIDTlRKmO66Taz4nUjHKY2N1MQUrokPShY6ggMSg/n4ed4AujhDhKpHlC47n6dyMnsVLjODCTMdEDterNxP+8TjhiqSpuvSyOLSfR0Z2fM5FmGgRdBIkyjnWCZ83gkEmgmo8NIVQy8xdMB0QSqk1/tm1aclc7WSfNq5p7Xbt5uq7W74u+yugMnaNL5KJbVEePqIE8RBFDU/SK3qyp9W59WJ+L0ZJV7JyiJVhfv9GynIc=</latexit>

⌫e

<latexit sha1_base64="thY594v551R7gESG1KjDjVmv/Lg=">AAACDXicbVDLTsJAFJ3iC+sLdelmIjFxRVqj0SXRjUtMLJBAQ6bTW5gwnTYzUyJp+Aa2+iHujFu/we/wBxygCwFPMsnJOffmnjlBypnSjvNtlTY2t7Z3yrv23v7B4VHl+KSpkkxS8GjCE9kOiALOBHiaaQ7tVAKJAw6tYPgw81sjkIol4lmPU/Bj0hcsYpRoI3ldkfWgV6k6NWcOvE7cglRRgUav8tMNE5rFIDTlRKmO66Taz4nUjHKY2N1MQUrokPShY6ggMSg/n4ed4AujhDhKpHlC47n6dyMnsVLjODCTMdEDterNxP+8TjhiqSpuvSyOLSfR0Z2fM5FmGgRdBIkyjnWCZ83gkEmgmo8NIVQy8xdMB0QSqk1/tm1aclc7WSfNq5p7Xbt5uq7W74u+yugMnaNL5KJbVEePqIE8RBFDU/SK3qyp9W59WJ+L0ZJV7JyiJVhfv9GynIc=</latexit>

W�

<latexit sha1_base64="Skm7I70wdr5ITZqaWmwQSs135oE=">AAACC3icbVDLTgIxFL2DLxxfqEs3jcTEjWTGYHRJdOMSozwSGEmn04GGTmfSdoiE8Als9UPcGbd+hN/hD1hgFgKepMnJOffmnh4/4Uxpx/m2cmvrG5tb+W17Z3dv/6BweFRXcSoJrZGYx7LpY0U5E7Smmea0mUiKI5/Tht+/m/qNAZWKxeJJDxPqRbgrWMgI1kZ6bDxfdApFp+TMgFaJm5EiZKh2Cj/tICZpRIUmHCvVcp1EeyMsNSOcju12qmiCSR93actQgSOqvNEs6hidGSVAYSzNExrN1L8bIxwpNYx8Mxlh3VPL3lT8z2sFA5ao7NbL/NhiEh3eeCMmklRTQeZBwpQjHaNpLyhgkhLNh4ZgIpn5CyI9LDHRpj3bNi25y52skvplyS2Xrh7Kxcpt1lceTuAUzsGFa6jAPVShBgS6MIFXeLMm1rv1YX3OR3NWtnMMC7C+fgGpRJtS</latexit>

before we discuss a UV-completion of Fermi theory

let us discuss gauge symmetry



Let us go back to Quantum Electrodynamics (QED)

L = �1

4
Fµ⌫F

µ⌫ +  ̄(i�µ@µ �m) � eAµ ̄�
µ 

<latexit sha1_base64="xDOsOIStUeQXp7LX0LR5RfNxRxc="></latexit>

this theory has a U(1) global symmetry

 ! ei↵ 

<latexit sha1_base64="8RC7dxXuMLvfTvSOL83B758fKn4=">AAACJHicbVDLSsNAFJ3UV42vqDvdDBbBVUmkosuiG5cV7AOaWCaTSTt0kgwzk2IJBb+mW/0Qd+LCjT/hDzhps7CtBy4czrmXe+/xOaNS2faXUVpb39jcKm+bO7t7+wfW4VFLJqnApIkTloiOjyRhNCZNRRUjHS4IinxG2v7wLvfbIyIkTeJHNebEi1A/piHFSGmpZ524XFLoqgSSp0wTxPgATWCu9qyKXbVngKvEKUgFFGj0rB83SHAakVhhhqTsOjZXXoaEopiRiemmknCEh6hPuprGKCLSy2Y/TOC5VgIYJkJXrOBM/TuRoUjKceTrzgipgVz2cvE/rxuMKJfFruf5ssVLVHjjZTTmqSIxnh8SpgzqSPLAYEAFwYqNNUFYUP0LxAMkEFY6VtPUKTnLmayS1mXVqVWvHmqV+m2RVxmcgjNwARxwDergHjRAE2DwAqbgFbwZU+Pd+DA+560lo5g5Bgswvn8BQJilHA==</latexit>

i.e. the Lagrangian is invariant under

(↵ = const.)

<latexit sha1_base64="zNiZstWknDkHCNqubpG+HAMu7Mc=">AAACJnicbVDLTgJBEJz1ifha9aiHiWCCF7JrMHoxIXrxiIk8EiBkdhhgwuzsZqaXQDZc/Bqu+iHejPHmP/gDDrAHASvppFLVne4uLxRcg+N8WWvrG5tb26md9O7e/sGhfXRc0UGkKCvTQASq5hHNBJesDBwEq4WKEd8TrOr1H6Z+dcCU5oF8hlHImj7pSt7hlICRWvZZA9gQlB/nsg0iwh7J4jtMA6khfzlu2Rkn78yAV4mbkAxKUGrZP412QCOfSaCCaF13nRCaMVHAqWDjdCPSLCS0T7qsbqgkPtPNePbFGF8YpY07gTIlAc/UvxMx8bUe+Z7p9An09LI3Ff/z6u0BD3WyazhftngJdG6bMZdhBEzS+SGdSGAI8DQy3OaKURAjQwhV3PyCaY8oQsEEm06blNzlTFZJ5SrvFvLXT4VM8T7JK4VO0TnKIRfdoCJ6RCVURhS9oAl6RW/WxHq3PqzPeeualcycoAVY37/uiaVg</latexit>

it is straightforward to check

 ̄ !  ̄ 

<latexit sha1_base64="l6dzucnluq9y8cZglH+BkbrA5FA=">AAACK3icbVC7TsMwFHV4lvAKMLIYKiSmKkFFMFawMBaJPqQmqhzHaa06jmU7FVXUma/pCh/CBGLlC/gB3DYDbTmSraNz7tW994SCUaVd98NaW9/Y3Nou7di7e/sHh87RcVOlmcSkgVOWynaIFGGUk4ammpG2kAQlISOtcHA/9VtDIhVN+ZMeCRIkqMdpTDHSRuo6Z36IJPSFosWnU7godZ2yW3FngKvEK0gZFKh3nR8/SnGWEK4xQ0p1PFfoIEdSU8zI2PYzRQTCA9QjHUM5SogK8tkpY3hhlAjGqTSPazhT/3bkKFFqlISmMkG6r5a9qfif14mGVKhi1vN82OImOr4NcspFpgnH80XijEGTxzQ3GFFJsGYjQxCW1NwCcR9JhLVJ17ZNSt5yJqukeVXxqpXrx2q5dlfkVQKn4BxcAg/cgBp4AHXQABi8gAl4BW/WxHq3Pq2veemaVfScgAVY378dM6eO</latexit>

 ̄�µ !  ̄�µ 

<latexit sha1_base64="46ZJN3/H/bmJYup5ysAnYqwe9cg=">AAACQXicdVDLTgIxFO3gC8fXqEs3jcTEFZkxGlwS3bjERB4Jg+ROKdDQzkzaDpFM+BS/hq1+gJ/gzujSjQVmIaAnaXJ6zr25954g5kxp132zcmvrG5tb+W17Z3dv/8A5PKqpKJGEVknEI9kIQFHOQlrVTHPaiCUFEXBaDwa3U78+pFKxKHzQo5i2BPRC1mUEtJHaTskPQGI/Vgz7PRACHn2RZH8d4X/dtlNwi+4MeJV4GSmgDJW28+V3IpIIGmrCQamm58a6lYLUjHA6tv1E0RjIAHq0aWgIgqpWOjtwjM+M0sHdSJoXajxTf3ekIJQaicBUCtB9texNxb+8ZmfIYpXNepoPW9xEd69bKQvjRNOQzBfpJhybaKZp4g6TlGg+MgSIZOYWTPoggWiTuW2blLzlTFZJ7aLoXRav7i8L5Zssrzw6QafoHHmohMroDlVQFRH0jCboBb1aE+vd+rA+56U5K+s5Rguwvn8AM82woA==</latexit>

so that whole Lagrangian is invariant under the global U(1) transformation



Let us go back to Quantum Electrodynamics (QED)

L = �1

4
Fµ⌫F

µ⌫ +  ̄(i�µ@µ �m) � eAµ ̄�
µ 

<latexit sha1_base64="xDOsOIStUeQXp7LX0LR5RfNxRxc="></latexit>

Actually, the theory contains a larger symmetry, U(1) gauge symmetry

 ! ei↵(x) 

<latexit sha1_base64="bzKsyBmY0kFG5tS0vXjFdg4FdzY=">AAACJ3icbVDLSsNAFJ34rPEVdSnCYBHqpiRS0WXRjcsK9gFNLJPJtB06SYaZSWkJXfk13eqHuBNd+g3+gJM2C9t64MLhnHu59x6fMyqVbX8Za+sbm1vbhR1zd2//4NA6Om7IOBGY1HHMYtHykSSMRqSuqGKkxQVBoc9I0x/cZ35zSISkcfSkxpx4IepFtEsxUlrqWGculxS6KobkOdUEMd5HpdHlBGZGxyraZXsGuEqcnBRBjlrH+nGDGCchiRRmSMq2Y3PlpUgoihmZmG4iCUd4gHqkrWmEQiK9dPbGBF5oJYDdWOiKFJypfydSFEo5Dn3dGSLVl8teJv7ntYMh5TLfNZovW7xEdW+9lEY8USTC80O6CYM6lSwzGFBBsGJjTRAWVP8CcR8JhJVO1jR1Ss5yJqukcVV2KuXrx0qxepfnVQCn4ByUgANuQBU8gBqoAwxewBS8gjdjarwbH8bnvHXNyGdOwAKM718WuaYD</latexit>

Aµ ! Aµ � 1

e
@µ↵(x)

<latexit sha1_base64="5F9a4X3CHUIjRv+UNh9X8uvn4Tw="></latexit>

since 𝛼 = 𝛼(x) we find

 ̄(i�µ@µ) !  ̄(i�µ@µ) �  ̄�µ (@µ↵)

<latexit sha1_base64="d4UDv9KEx5GwkXSbicY+QhSUi74="></latexit>

eAµ ̄�
µ ! eAµ ̄�

µ �  ̄�µ (@µ↵)

<latexit sha1_base64="1UiSiRDhTTfuyvtP/mxGmSKsO5M="></latexit>

so the theory is invariant under local gauge transformation



Let us go back to Quantum Electrodynamics (QED)

L = �1

4
Fµ⌫F

µ⌫ +  ̄(i�µ@µ �m) � eAµ ̄�
µ 

<latexit sha1_base64="xDOsOIStUeQXp7LX0LR5RfNxRxc="></latexit>

local gauge invariance plays a fundamental role in modern particle physics

in QED [U(1) gauge theory]

• gauge invariance enforces A_μ to contain only 2 polarization states

• guarantees that the photon remains massless 
(m2AµA

µ is not gauge invariant)

<latexit sha1_base64="RNvlLubOfMtEc6qDFn3aFmMhVB4="></latexit>

gauge invariance is often taken as a starting point for building a consistent theory



U(1) gauge symmetry, again
let us now take the local gauge invariance as a starting point

and require a theory to be invariant under the local gauge transformation

consider a theory of a complex scalar field

L = (@µ�)⇤(@µ�)�m2|�|2

<latexit sha1_base64="s1X5jf64pS0QTIegnyG/48KKNcs="></latexit>

under the gauge transformation

� ! ei↵(x)�

<latexit sha1_base64="4YyDVTcGFCPCk0QcNCaC0SNJ77w=">AAACJ3icbVDLSgMxFM34rOOr6lKEYBHqpsxIRZdFNy4r2Ad0aslk0jY0kwlJprQMXfk13eqHuBNd+g3+gJl2Frb1wIXDOfdy7z2+YFRpx/my1tY3Nre2czv27t7+wWH+6LiuolhiUsMRi2TTR4owyklNU81IU0iCQp+Rhj+4T/3GkEhFI/6kx4K0Q9TjtEsx0kbq5M880afQ0xEkzwn1EBN9VBxdwglMjU6+4JScGeAqcTNSABmqnfyPF0Q4DgnXmCGlWq4jdDtBUlPMyMT2YkUEwgPUIy1DOQqJaiezNybwwigB7EbSFNdwpv6dSFCo1Dj0TWeIdF8te6n4n9cKhlSobNdovmzxEt29bSeUi1gTjueHdGMGTSppZjCgkmDNxoYgLKn5BeI+kghrk6xtm5Tc5UxWSf2q5JZL14/lQuUuyysHTsE5KAIX3IAKeABVUAMYvIApeAVv1tR6tz6sz3nrmpXNnIAFWN+/816l7Q==</latexit>

@µ� ! ei↵(x)(@µ + i@µ↵)�

<latexit sha1_base64="YrSvf/vG2QVx3G1bc5d3YmZt5Pg="></latexit>

the derivative transforms

to compensate this we need to introduce a gauge field



U(1) gauge symmetry, again
consider a theory of a complex scalar field

L = (@µ�)⇤(@µ�)�m2|�|2

<latexit sha1_base64="s1X5jf64pS0QTIegnyG/48KKNcs="></latexit>

under the gauge transformation
� ! ei↵(x)�

<latexit sha1_base64="4YyDVTcGFCPCk0QcNCaC0SNJ77w=">AAACJ3icbVDLSgMxFM34rOOr6lKEYBHqpsxIRZdFNy4r2Ad0aslk0jY0kwlJprQMXfk13eqHuBNd+g3+gJl2Frb1wIXDOfdy7z2+YFRpx/my1tY3Nre2czv27t7+wWH+6LiuolhiUsMRi2TTR4owyklNU81IU0iCQp+Rhj+4T/3GkEhFI/6kx4K0Q9TjtEsx0kbq5M880afQ0xEkzwn1EBN9VBxdwglMjU6+4JScGeAqcTNSABmqnfyPF0Q4DgnXmCGlWq4jdDtBUlPMyMT2YkUEwgPUIy1DOQqJaiezNybwwigB7EbSFNdwpv6dSFCo1Dj0TWeIdF8te6n4n9cKhlSobNdovmzxEt29bSeUi1gTjueHdGMGTSppZjCgkmDNxoYgLKn5BeI+kghrk6xtm5Tc5UxWSf2q5JZL14/lQuUuyysHTsE5KAIX3IAKeABVUAMYvIApeAVv1tR6tz6sz3nrmpXNnIAFWN+/816l7Q==</latexit>

@µ� ! ei↵(x)(@µ + i@µ↵)�

<latexit sha1_base64="YrSvf/vG2QVx3G1bc5d3YmZt5Pg="></latexit>

the derivative transforms

a convenient way to introduce a gauge field is through covariant derivative

Dµ� = (@µ + ieAµ)�

<latexit sha1_base64="SNnF19vtQaiOhoOGLkFXQgJ0F0U="></latexit>

Dµ� ! ei↵(x)Dµ�

<latexit sha1_base64="7N8JEPoQemP4LZn7P/grnyRw+Rs=">AAACM3icbVDLTgIxFO3gC8cX6tJNIzGBDZkxGF0SdeESEwETBiedUqCh02naDoFM+Aa/hq1+h3Fn3LryBywwiQKe5CYn59ybe+8JBKNKO86blVlb39jcym7bO7t7+we5w6O6imKJSQ1HLJKPAVKEUU5qmmpGHoUkKAwYaQT9m6nfGBCpaMQf9EiQVoi6nHYoRtpIfq5463thDD3Ro9DTESRPiSGIiR4qDItj+Gv7ubxTcmaAq8RNSR6kqPq5b68d4TgkXGOGlGq6jtCtBElNMSNj24sVEQj3UZc0DeUoJKqVzF4awzOjtGEnkqa4hjP170SCQqVGYWA6Q6R7atmbiv95zfaACpXuGs6XLV6iO1ethHIRa8Lx/JBOzKDJZpofbFNJsGYjQxCW1PwCcQ9JhLVJ2bZNSu5yJqukfl5yy6WL+3K+cp3mlQUn4BQUgAsuQQXcgSqoAQyewQS8gFdrYr1bH9bnvDVjpTPHYAHW1w/Wh6pn</latexit>

Aµ ! Aµ � 1

e
@µ↵

<latexit sha1_base64="JaOEEgKIxD1nICB5X7BqddtNjtI="></latexit>

(Dµ�)
⇤(Dµ�) ! (Dµ�)

⇤(Dµ�)

<latexit sha1_base64="YGFLHaCshazR6yGzyhTdGethrUY=">AAACRXicfVDLSsNAFJ3UV62vqEs3g0WoLkoiFQU3RV24rGAf0MQwmUzaoZMHM5NiCf0Yv6ZbXfoRrhS3Om2z6EM8MHDmnHu59x43ZlRIw3jXciura+sb+c3C1vbO7p6+f9AQUcIxqeOIRbzlIkEYDUldUslIK+YEBS4jTbd3O/abfcIFjcJHOYiJHaBOSH2KkVSSo1+X7hwrSKAVd+np0xmc/UJLRvAf39GLRtmYAC4TMyNFkKHm6J+WF+EkIKHEDAnRNo1Y2inikmJGhgUrESRGuIc6pK1oiAIi7HRy5BCeKMWDfsTVCyWcqLMdKQqEGASuqgyQ7IpFbyz+5bW9Po1FNut5Omx+E+lf2SkN40SSEE8X8RMGVTjjRKFHOcGSDRRBmFN1C8RdxBGWKvdCQaVkLmayTBrnZbNSvnioFKs3WV55cASOQQmY4BJUwT2ogTrA4AWMwCt400bah/alfU9Lc1rWcwjmoP38AnPHr1w=</latexit>



U(1) gauge symmetry, again

a theory of complex scalar field invariant under U(1) gauge symmetry

L = (Dµ�)⇤(Dµ�)�m2|�|2

<latexit sha1_base64="Bp5hd9jyekPI5iIEhS32fCb1Amg="></latexit>

Dµ = @µ + ieAµ

<latexit sha1_base64="JpZbBV6zzQO/QERmLAnFAASGH38=">AAACKnicbVDJSsNAGJ7UrcYt6tHLYBEEoSRS0YtQl4PHCnaBJoTJZNIOnSzMTIql9OrT9KoP4q149Q18ASdpDrb1g4Fvvn//vIRRIU1zppXW1jc2t8rb+s7u3v6BcXjUEnHKMWnimMW84yFBGI1IU1LJSCfhBIUeI21v8JDF20PCBY2jFzlKiBOiXkQDipFUkmvAR9cOU3gL7QRxSRHLvxeQQgLvMu4aFbNq5oCrxCpIBRRouMaP7cc4DUkkMUNCdC0zkc44644Zmeh2KkiC8AD1SFfRCIVEOOP8kgk8U4oPg5irF0mYq38rxigUYhR6KjNEsi+WY5n4X6zrD2kiilmv82GLm8jgxhnTKEklifB8kSBlUMYwsw36lBMs2UgRhDlVt0DcRxxhqczVdeWStezJKmldVq1a9eq5VqnfF36VwQk4BefAAtegDp5AAzQBBm9gCt7BhzbVPrWZ9jVPLWlFzTFYgPb9CwAdpl4=</latexit>

repeating the same exercise for the Dirac theory leads to

L =  ̄(i�µDµ �m) 

<latexit sha1_base64="TMuyeW8ISrOOpln6Y/CjdB9jPHI="></latexit>

=  ̄(i�µ@µ �m) � eAµ ̄�
µ 

<latexit sha1_base64="8xYuFH2A+wgAdQro6oYFui4b6yk="></latexit>

(scalar quantum electrodynamics)

Jµ
em

<latexit sha1_base64="vWnMPpl/OrLuDCDPIU1cY93hTZ0=">AAACFnicbVDLSgMxFM3UVx1fVZdugkVwVWakosuiG3FVwT6gMy2ZTKYNTTJDkimWof/RrX6IO3Hr1u/wB0zbWdjWA4HDOfdyT06QMKq043xbhY3Nre2d4q69t39weFQ6PmmqOJWYNHDMYtkOkCKMCtLQVDPSTiRBPGCkFQzvZ35rRKSisXjW44T4HPUFjShG2kjdx67H017mSQ4Jn/RKZafizAHXiZuTMshR75V+vDDGKSdCY4aU6rhOov0MSU0xIxPbSxVJEB6iPukYKhAnys/mqSfwwighjGJpntBwrv7dyBBXaswDM8mRHqhVbyb+53XCEU1UfutlcWw5iY5u/YyKJNVE4EWQKGVQx3BWEQypJFizsSEIS2r+AvEASYS1KdK2TUvuaifrpHlVcauV66dquXaX91UEZ+AcXAIX3IAaeAB10AAYSDAFr+DNmlrv1of1uRgtWPnOKViC9fUL1regSA==</latexit>



Non-Abelian gauge symmetry
we can generalize U(1) gauge symmetry by considering a more general transformation


let us consider for simplicity SU(2) transformation

 =

✓
 1

 2

◆

<latexit sha1_base64="L5yaWxLWHSmsldb/3QmyQogy8Gs="></latexit>

( 1,2: Dirac fields)

<latexit sha1_base64="dC00H9MkUx2VQimE5wy6TQgw5fc="></latexit>

with a field strength tensor

Fµ⌫ = @µA⌫ � @⌫Aµ + ig[Aµ, A⌫ ] ! UFµ⌫U
�1

<latexit sha1_base64="yk6XheFc/k9JXt7Nf5YZHsZi9ps="></latexit>

introduce gauge field through covariant derivative

Dµ = (@µ + igAµ) ! U(x)Dµ 

<latexit sha1_base64="nphZ66a9gvKswyqkcmMmSybvqiw="></latexit>

Aµ ! UAµU
† +

i

g
(@µU)U�1

<latexit sha1_base64="+S4UUhDjiKgJJ1PZazK/XDVIkH8="></latexit>

Aµ = Aa
µT

a

<latexit sha1_base64="kJlj+oD/MKreyilbilWTUAUVpMU=">AAACH3icbVDLTsJAFJ3iC+uraly5mUhMXJHWYHRjArpxiQmvBEoznQ4wYTptZqZE0vAxbPVD3Bm3fIc/4ABdCHiSSU7OuTf3zPFjRqWy7ZmR29re2d3L75sHh0fHJ9bpWUNGicCkjiMWiZaPJGGUk7qiipFWLAgKfUaa/vB57jdHREga8Zoax8QNUZ/THsVIacmzLipeJ0zgI6x4qSaTLoK1LvKsgl20F4CbxMlIAWSoetZPJ4hwEhKuMENSth07Vm6KhKKYkYnZSSSJER6iPmlrylFIpJsu4k/gtVYC2IuEflzBhfp3I0WhlOPQ15MhUgO57s3F/7x2MKKxzG69LY+tJlG9BzelPE4U4XgZpJcwqCI47woGVBCs2FgThAXVf4F4gATCSjdqmrolZ72TTdK4LTql4t1rqVB+yvrKg0twBW6AA+5BGbyAKqgDDFIwBe/gw5gan8aX8b0czRnZzjlYgTH7BU+hong=</latexit>

T a = �a/2

<latexit sha1_base64="pm6glQY0Y14M8/0Ui1SgB89SpDU=">AAACG3icbVDLTsJAFJ3iC+ur6NLNRGLiCluC0Y0J0Y1LTHglUMl0OoUJM20zM0VJw6ew1Q9xZ9y68Dv8AQfoQsCTTHJyzr25Z44XMyqVbX8buY3Nre2d/K65t39weGQVjpsySgQmDRyxSLQ9JAmjIWkoqhhpx4Ig7jHS8ob3M781IkLSKKyrcUxcjvohDShGSks9q1B/QvAWdiXtc6TpZblnFe2SPQdcJ05GiiBDrWf9dP0IJ5yECjMkZcexY+WmSCiKGZmY3USSGOEh6pOOpiHiRLrpPPoEnmvFh0Ek9AsVnKt/N1LEpRxzT09ypAZy1ZuJ/3kdf0Rjmd16WRxbTqKCGzelYZwoEuJFkCBhUEVw1hP0qSBYsbEmCAuq/wLxAAmElW7TNHVLzmon66RZLjmV0tVjpVi9y/rKg1NwBi6AA65BFTyAGmgADJ7BFLyCN2NqvBsfxudiNGdkOydgCcbXL4DAoGo=</latexit>

for SU(2)

<latexit sha1_base64="N7aRCeUv+E5n+5jv4LLVFPadIw0=">AAACHHicbVDLTsJAFJ3iC/FVcelmIjHBDWkJRpdENy4xWiCBhkynU5gwfWTmlkAafoWtfog749bE7/AHbKELBc/q5Jx7c889TiS4AsP40gpb2zu7e8X90sHh0fGJflpuqzCWlFk0FKHsOkQxwQNmAQfBupFkxHcE6zjj+8zvTJhUPAyeYRYx2yfDgHucEkilgV7uA5uC9BMvlPjJqtav5gO9YtSMJfAmMXNSQTlaA/2774Y09lkAVBCleqYRgZ0QCZwKNi/1Y8UiQsdkyHopDYjPlJ0ss8/xZaq4OLvuhQHgpfp7IyG+UjPfSSd9AiO17mXif17PnfBI5bemq2N/k4B3ayc8iGJgAV0F8WKBIcRZUdjlklEQs5QQKnn6C6YjIgmFtM5SKW3JXO9kk7TrNbNRu35sVJp3eV9FdI4uUBWZ6AY10QNqIQtRNEUL9IJetYX2pr1rH6vRgpbvnKE/0D5/ANwSocE=</latexit>

 ! U(x) = ei↵
a(x)Ta

 

<latexit sha1_base64="Ohy7UolhzAntkb7FUdv+6fV+4rU="></latexit>



L = �1

4
Fµ⌫F

µ⌫ +  ̄(i�µDµ �m) 

<latexit sha1_base64="4wDFCKqDxf65JJTMCIGUIzrIUlY="></latexit>

� g(@A)AA+ g2AAAA

<latexit sha1_base64="95hdOKraNCqRtNxwnALaiZwH9DY=">AAACMnicbVBNS8NAEN34WeNX1aOXxSJUhJKUih5bvXisYD+giWWz2bZLN8myuymW0L/gr+lV/4fexKs3/4CbNgfbOsPA480Mb+Z5nFGpLOvdWFvf2Nzazu2Yu3v7B4f5o+OmjGKBSQNHLBJtD0nCaEgaiipG2lwQFHiMtLzhXdpvjYiQNAof1ZgTN0D9kPYoRkpT3XzRkTGXRME+LDocCUURg7ULWNN5CftP5RnS2c0XrJI1C7gK7AwUQBb1bv7H8SMcByRUmCEpO7bFlZukEpiRienEknCEh6hPOhqGKCDSTWYfTeC5ZnzYi4SuUMEZ+3cjQYGU48DTkwFSA7ncS8n/eh1/RLnMtJ7nYouXqN6Nm9CQx4qEeH5IL2ZQRTC1D/pUEKzYWAOEBdW/QDxAAmGlTTZN7ZK97MkqaJZLdqV09VApVG8zv3LgFJyBIrDBNaiCe1AHDYDBC5iCV/BmTI0P49P4mo+uGdnOCVgI4/sXop+nXQ==</latexit>

(self-interaction between gauge fields unlike U(1) gauge theory)

Fµ⌫ = @µA⌫ � @⌫Aµ + ig[Aµ, A⌫ ]

<latexit sha1_base64="R3c+TTnw7d6Nkow8YI5/Wl7ILRM="></latexit>

Non-Abelian gauge symmetry



L = �1

4
Fµ⌫F

µ⌫ +  ̄(i�µDµ �m) 

<latexit sha1_base64="4wDFCKqDxf65JJTMCIGUIzrIUlY="></latexit>

Fµ⌫ = @µA⌫ � @⌫Aµ + ig[Aµ, A⌫ ]

<latexit sha1_base64="R3c+TTnw7d6Nkow8YI5/Wl7ILRM="></latexit>

Aµ = Aa
µT

a

<latexit sha1_base64="kJlj+oD/MKreyilbilWTUAUVpMU=">AAACH3icbVDLTsJAFJ3iC+uraly5mUhMXJHWYHRjArpxiQmvBEoznQ4wYTptZqZE0vAxbPVD3Bm3fIc/4ABdCHiSSU7OuTf3zPFjRqWy7ZmR29re2d3L75sHh0fHJ9bpWUNGicCkjiMWiZaPJGGUk7qiipFWLAgKfUaa/vB57jdHREga8Zoax8QNUZ/THsVIacmzLipeJ0zgI6x4qSaTLoK1LvKsgl20F4CbxMlIAWSoetZPJ4hwEhKuMENSth07Vm6KhKKYkYnZSSSJER6iPmlrylFIpJsu4k/gtVYC2IuEflzBhfp3I0WhlOPQ15MhUgO57s3F/7x2MKKxzG69LY+tJlG9BzelPE4U4XgZpJcwqCI47woGVBCs2FgThAXVf4F4gATCSjdqmrolZ72TTdK4LTql4t1rqVB+yvrKg0twBW6AA+5BGbyAKqgDDFIwBe/gw5gan8aX8b0czRnZzjlYgTH7BU+hong=</latexit>

Dµ = @µ + igAµ

<latexit sha1_base64="K8ICWZ+48OA7HPoMod0hDjmx7j0=">AAACKnicbVDJSsNAGJ7UrcYt6tHLYBEEoSRS0YtQl4PHCnaBJoTJZNIOnSzMTIql9OrT9KoP4q149Q18ASdpDrb1g4Fvvn//vIRRIU1zppXW1jc2t8rb+s7u3v6BcXjUEnHKMWnimMW84yFBGI1IU1LJSCfhBIUeI21v8JDF20PCBY2jFzlKiBOiXkQDipFUkmvAR9cOU3gL7QRxSRHLvxeQwh68y7hrVMyqmQOuEqsgFVCg4Ro/th/jNCSRxAwJ0bXMRDrjrDtmZKLbqSAJwgPUI11FIxQS4YzzSybwTCk+DGKuXiRhrv6tGKNQiFHoqcwQyb5YjmXif7GuP6SJKGa9zoctbiKDG2dMoySVJMLzRYKUQRnDzDboU06wZCNFEOZU3QJxH3GEpTJX15VL1rInq6R1WbVq1avnWqV+X/hVBifgFJwDC1yDOngCDdAEGLyBKXgHH9pU+9Rm2tc8taQVNcdgAdr3LwNzpmA=</latexit>

T a = �a/2

<latexit sha1_base64="2rs81pRMsdYCJTFET1zuwhL9Bhs=">AAACGnicbVDLTgIxFO3gC8fXqEs3jcTEFc4QjG5MiG5cYgJIAgO50ynQ0Hmk7RDJhD9hqx/izrh143f4AxaYhYAnaXJyzr25p8eLOZPKtr+N3Mbm1vZOftfc2z84PLKOTxoySgShdRLxSDQ9kJSzkNYVU5w2Y0Eh8Dh99oYPM/95RIVkUVhT45i6AfRD1mMElJa6llXrAL7Dbcn6AXTgqtS1CnbRngOvEycjBZSh2rV+2n5EkoCGinCQsuXYsXJTEIoRTidmO5E0BjKEPm1pGkJApZvOk0/whVZ83IuEfqHCc/XvRgqBlOPA05MBqIFc9Wbif17LH7FYZrdeFseWk6jerZuyME4UDckiSC/hWEV4VhP2maBE8bEmQATTf8FkAAKI0mWapm7JWe1knTRKRadcvH4qFyr3WV95dIbO0SVy0A2qoEdURXVE0AhN0St6M6bGu/FhfC5Gc0a2c4qWYHz9AiHioEA=</latexit>

=
g

2
 ̄�µ

✓
A3

µ A1
µ � iA2

µ

A1
µ + iA2

µ �A3
µ

◆
 

<latexit sha1_base64="t1YNU3PMUjx/6Q6/WMeSKIk2fjc="></latexit>

�1 =

✓
0 1
1 0

◆

<latexit sha1_base64="l35NH/mvCadecTOUvqcDO/M+8pk="></latexit>

�2 =

✓
0 �i
i 0

◆

<latexit sha1_base64="MPORmsgvtktJc5onVxztIYjm6G0="></latexit>

�3 =

✓
1 0
0 �1

◆

<latexit sha1_base64="gGW9tsRoWKi/j3rrOIwMXj1QWN4="></latexit>

= g ̄�µT a Aa
µ

<latexit sha1_base64="BLZK7hN74wtJ1DMBEcZcjTLp77U="></latexit>

= JaµAa
µ

<latexit sha1_base64="A7RGQsh5E/ognkUP/YTp3rJoTIc=">AAACHXicbVDLSsNAFJ3UV42vaJduBovgqiSi6EaouhFXFewD2jRMJpN26OTBzKQYQr+lW/0Qd+JW/A5/wEmbhW29MMzhnHu55x43ZlRI0/zWSmvrG5tb5W19Z3dv/8A4PGqJKOGYNHHEIt5xkSCMhqQpqWSkE3OCApeRtju6z/X2mHBBo/BZpjGxAzQIqU8xkopyjMoNfOxnqBckk1sny78+coyqWTNnBVeBVYAqKKrhGD89L8JJQEKJGRKia5mxtDPEJcWMTPReIkiM8AgNSFfBEAVE2NnM/ASeKsaDfsTVCyWcsX8nMhQIkQau6gyQHIplLSf/07remMai2PUyX7boRPrXdkbDOJEkxHMjfsKgjGCeFPQoJ1iyVAGEOVW3QDxEHGGp8tR1lZK1nMkqaJ3XrIva5dNFtX5X5FUGx+AEnAELXIE6eAAN0AQYpGAKXsGbNtXetQ/tc95a0oqZClgo7esXEoiicg==</latexit>

� g ̄�µAµ 

<latexit sha1_base64="TmVdyQR8CLhclCIm1XuVqCe+gxk="></latexit>

 

<latexit sha1_base64="huaLinAVpkxaXuxAA4jmB3X7cQM=">AAACDHicbVDLSsNAFL2prxpfVZduBovgqiSi6LLoxmUF+4A2lMlk0g6dTMLMpFhCf6Fb/RB34tZ/8Dv8ASdtFrb1wMDhnHu5Z46fcKa043xbpY3Nre2d8q69t39weFQ5PmmpOJWENknMY9nxsaKcCdrUTHPaSSTFkc9p2x895H57TKVisXjWk4R6ER4IFjKCdS71EsX6lapTc+ZA68QtSBUKNPqVn14QkzSiQhOOleq6TqK9DEvNCKdTu5cqmmAywgPaNVTgiCovm2edogujBCiMpXlCo7n6dyPDkVKTyDeTEdZDterl4n9eNxizRBW3XhbHlpPo8M7LmEhSTQVZBAlTjnSM8mJQwCQlmk8MwUQy8xdEhlhiok19tm1aclc7WSetq5p7Xbt5uq7W74u+ynAG53AJLtxCHR6hAU0gMIQZvMKbNbPerQ/rczFasoqdU1iC9fULFWScIg==</latexit>

 

<latexit sha1_base64="huaLinAVpkxaXuxAA4jmB3X7cQM=">AAACDHicbVDLSsNAFL2prxpfVZduBovgqiSi6LLoxmUF+4A2lMlk0g6dTMLMpFhCf6Fb/RB34tZ/8Dv8ASdtFrb1wMDhnHu5Z46fcKa043xbpY3Nre2d8q69t39weFQ5PmmpOJWENknMY9nxsaKcCdrUTHPaSSTFkc9p2x895H57TKVisXjWk4R6ER4IFjKCdS71EsX6lapTc+ZA68QtSBUKNPqVn14QkzSiQhOOleq6TqK9DEvNCKdTu5cqmmAywgPaNVTgiCovm2edogujBCiMpXlCo7n6dyPDkVKTyDeTEdZDterl4n9eNxizRBW3XhbHlpPo8M7LmEhSTQVZBAlTjnSM8mJQwCQlmk8MwUQy8xdEhlhiok19tm1aclc7WSetq5p7Xbt5uq7W74u+ynAG53AJLtxCHR6hAU0gMIQZvMKbNbPerQ/rczFasoqdU1iC9fULFWScIg==</latexit>

Aa
µ

<latexit sha1_base64="KhIS42bTfHL7oHxCZzVS3hrtDoo=">AAACD3icbVBLTsMwFHwpvxJ+BZZsLCokVlWCQLAssGFZJPqR2lA5jtNadZzIdiqqqIfoFg7CDrHlCJyDC+C2WdCWkSyNZt7TG4+fcKa043xbhbX1jc2t4ra9s7u3f1A6PGqoOJWE1knMY9nysaKcCVrXTHPaSiTFkc9p0x/cT/3mkErFYvGkRwn1ItwTLGQEayM1b7udKH3G3VLZqTgzoFXi5qQMOWrd0k8niEkaUaEJx0q1XSfRXoalZoTTsd1JFU0wGeAebRsqcESVl83ijtGZUQIUxtI8odFM/buR4UipUeSbyQjrvlr2puJ/XjsYskTlt17mxxaT6PDGy5hIUk0FmQcJU450jKbdoIBJSjQfGYKJZOYviPSxxESbBm3btOQud7JKGhcV97Jy9XhZrt7lfRXhBE7hHFy4hio8QA3qQGAAE3iFN2tivVsf1ud8tGDlO8ewAOvrFxyLnTU=</latexit>

Non-Abelian gauge symmetry



The form of current-current interaction
suggests that weak interaction might be mediated by spin-1 particles

e

<latexit sha1_base64="gD7QIGCcAnEkdjLuL9IfvA0+WqU=">AAACCXicbVDLTsJAFJ3iC+sLdelmIjFxRVqD0SXRjUtI5JFAQ6bTW5gwnTYzUyJp+AK2+iHujFu/wu/wBxygCwFPMsnJOffmnjl+wpnSjvNtFba2d3b3ivv2weHR8Unp9Kyl4lRSaNKYx7LjEwWcCWhqpjl0Egkk8jm0/dHj3G+PQSoWi2c9ScCLyECwkFGijdSAfqnsVJwF8CZxc1JGOer90k8viGkagdCUE6W6rpNoLyNSM8phavdSBQmhIzKArqGCRKC8bBF0iq+MEuAwluYJjRfq342MREpNIt9MRkQP1bo3F//zusGYJSq/9bI8tppEh/dexkSSahB0GSRMOdYxnreCAyaBaj4xhFDJzF8wHRJJqDbd2bZpyV3vZJO0biputXLbqJZrD3lfRXSBLtE1ctEdqqEnVEdNRBGgGXpFb9bMerc+rM/laMHKd87RCqyvX5CMmsE=</latexit>

e

<latexit sha1_base64="gD7QIGCcAnEkdjLuL9IfvA0+WqU=">AAACCXicbVDLTsJAFJ3iC+sLdelmIjFxRVqD0SXRjUtI5JFAQ6bTW5gwnTYzUyJp+AK2+iHujFu/wu/wBxygCwFPMsnJOffmnjl+wpnSjvNtFba2d3b3ivv2weHR8Unp9Kyl4lRSaNKYx7LjEwWcCWhqpjl0Egkk8jm0/dHj3G+PQSoWi2c9ScCLyECwkFGijdSAfqnsVJwF8CZxc1JGOer90k8viGkagdCUE6W6rpNoLyNSM8phavdSBQmhIzKArqGCRKC8bBF0iq+MEuAwluYJjRfq342MREpNIt9MRkQP1bo3F//zusGYJSq/9bI8tppEh/dexkSSahB0GSRMOdYxnreCAyaBaj4xhFDJzF8wHRJJqDbd2bZpyV3vZJO0biputXLbqJZrD3lfRXSBLtE1ctEdqqEnVEdNRBGgGXpFb9bMerc+rM/laMHKd87RCqyvX5CMmsE=</latexit>

⌫e

<latexit sha1_base64="thY594v551R7gESG1KjDjVmv/Lg=">AAACDXicbVDLTsJAFJ3iC+sLdelmIjFxRVqj0SXRjUtMLJBAQ6bTW5gwnTYzUyJp+Aa2+iHujFu/we/wBxygCwFPMsnJOffmnjlBypnSjvNtlTY2t7Z3yrv23v7B4VHl+KSpkkxS8GjCE9kOiALOBHiaaQ7tVAKJAw6tYPgw81sjkIol4lmPU/Bj0hcsYpRoI3ldkfWgV6k6NWcOvE7cglRRgUav8tMNE5rFIDTlRKmO66Taz4nUjHKY2N1MQUrokPShY6ggMSg/n4ed4AujhDhKpHlC47n6dyMnsVLjODCTMdEDterNxP+8TjhiqSpuvSyOLSfR0Z2fM5FmGgRdBIkyjnWCZ83gkEmgmo8NIVQy8xdMB0QSqk1/tm1aclc7WSfNq5p7Xbt5uq7W74u+yugMnaNL5KJbVEePqIE8RBFDU/SK3qyp9W59WJ+L0ZJV7JyiJVhfv9GynIc=</latexit>

⌫e

<latexit sha1_base64="thY594v551R7gESG1KjDjVmv/Lg=">AAACDXicbVDLTsJAFJ3iC+sLdelmIjFxRVqj0SXRjUtMLJBAQ6bTW5gwnTYzUyJp+Aa2+iHujFu/we/wBxygCwFPMsnJOffmnjlBypnSjvNtlTY2t7Z3yrv23v7B4VHl+KSpkkxS8GjCE9kOiALOBHiaaQ7tVAKJAw6tYPgw81sjkIol4lmPU/Bj0hcsYpRoI3ldkfWgV6k6NWcOvE7cglRRgUav8tMNE5rFIDTlRKmO66Taz4nUjHKY2N1MQUrokPShY6ggMSg/n4ed4AujhDhKpHlC47n6dyMnsVLjODCTMdEDterNxP+8TjhiqSpuvSyOLSfR0Z2fM5FmGgRdBIkyjnWCZ83gkEmgmo8NIVQy8xdMB0QSqk1/tm1aclc7WSfNq5p7Xbt5uq7W74u+yugMnaNL5KJbVEePqIE8RBFDU/SK3qyp9W59WJ+L0ZJV7JyiJVhfv9GynIc=</latexit>

e

<latexit sha1_base64="gD7QIGCcAnEkdjLuL9IfvA0+WqU=">AAACCXicbVDLTsJAFJ3iC+sLdelmIjFxRVqD0SXRjUtI5JFAQ6bTW5gwnTYzUyJp+AK2+iHujFu/wu/wBxygCwFPMsnJOffmnjl+wpnSjvNtFba2d3b3ivv2weHR8Unp9Kyl4lRSaNKYx7LjEwWcCWhqpjl0Egkk8jm0/dHj3G+PQSoWi2c9ScCLyECwkFGijdSAfqnsVJwF8CZxc1JGOer90k8viGkagdCUE6W6rpNoLyNSM8phavdSBQmhIzKArqGCRKC8bBF0iq+MEuAwluYJjRfq342MREpNIt9MRkQP1bo3F//zusGYJSq/9bI8tppEh/dexkSSahB0GSRMOdYxnreCAyaBaj4xhFDJzF8wHRJJqDbd2bZpyV3vZJO0biputXLbqJZrD3lfRXSBLtE1ctEdqqEnVEdNRBGgGXpFb9bMerc+rM/laMHKd87RCqyvX5CMmsE=</latexit>

e

<latexit sha1_base64="gD7QIGCcAnEkdjLuL9IfvA0+WqU=">AAACCXicbVDLTsJAFJ3iC+sLdelmIjFxRVqD0SXRjUtI5JFAQ6bTW5gwnTYzUyJp+AK2+iHujFu/wu/wBxygCwFPMsnJOffmnjl+wpnSjvNtFba2d3b3ivv2weHR8Unp9Kyl4lRSaNKYx7LjEwWcCWhqpjl0Egkk8jm0/dHj3G+PQSoWi2c9ScCLyECwkFGijdSAfqnsVJwF8CZxc1JGOer90k8viGkagdCUE6W6rpNoLyNSM8phavdSBQmhIzKArqGCRKC8bBF0iq+MEuAwluYJjRfq342MREpNIt9MRkQP1bo3F//zusGYJSq/9bI8tppEh/dexkSSahB0GSRMOdYxnreCAyaBaj4xhFDJzF8wHRJJqDbd2bZpyV3vZJO0biputXLbqJZrD3lfRXSBLtE1ctEdqqEnVEdNRBGgGXpFb9bMerc+rM/laMHKd87RCqyvX5CMmsE=</latexit>

⌫e

<latexit sha1_base64="thY594v551R7gESG1KjDjVmv/Lg=">AAACDXicbVDLTsJAFJ3iC+sLdelmIjFxRVqj0SXRjUtMLJBAQ6bTW5gwnTYzUyJp+Aa2+iHujFu/we/wBxygCwFPMsnJOffmnjlBypnSjvNtlTY2t7Z3yrv23v7B4VHl+KSpkkxS8GjCE9kOiALOBHiaaQ7tVAKJAw6tYPgw81sjkIol4lmPU/Bj0hcsYpRoI3ldkfWgV6k6NWcOvE7cglRRgUav8tMNE5rFIDTlRKmO66Taz4nUjHKY2N1MQUrokPShY6ggMSg/n4ed4AujhDhKpHlC47n6dyMnsVLjODCTMdEDterNxP+8TjhiqSpuvSyOLSfR0Z2fM5FmGgRdBIkyjnWCZ83gkEmgmo8NIVQy8xdMB0QSqk1/tm1aclc7WSfNq5p7Xbt5uq7W74u+yugMnaNL5KJbVEePqIE8RBFDU/SK3qyp9W59WJ+L0ZJV7JyiJVhfv9GynIc=</latexit>

⌫e

<latexit sha1_base64="thY594v551R7gESG1KjDjVmv/Lg=">AAACDXicbVDLTsJAFJ3iC+sLdelmIjFxRVqj0SXRjUtMLJBAQ6bTW5gwnTYzUyJp+Aa2+iHujFu/we/wBxygCwFPMsnJOffmnjlBypnSjvNtlTY2t7Z3yrv23v7B4VHl+KSpkkxS8GjCE9kOiALOBHiaaQ7tVAKJAw6tYPgw81sjkIol4lmPU/Bj0hcsYpRoI3ldkfWgV6k6NWcOvE7cglRRgUav8tMNE5rFIDTlRKmO66Taz4nUjHKY2N1MQUrokPShY6ggMSg/n4ed4AujhDhKpHlC47n6dyMnsVLjODCTMdEDterNxP+8TjhiqSpuvSyOLSfR0Z2fM5FmGgRdBIkyjnWCZ83gkEmgmo8NIVQy8xdMB0QSqk1/tm1aclc7WSfNq5p7Xbt5uq7W74u+yugMnaNL5KJbVEePqIE8RBFDU/SK3qyp9W59WJ+L0ZJV7JyiJVhfv9GynIc=</latexit>

W�

<latexit sha1_base64="Skm7I70wdr5ITZqaWmwQSs135oE=">AAACC3icbVDLTgIxFL2DLxxfqEs3jcTEjWTGYHRJdOMSozwSGEmn04GGTmfSdoiE8Als9UPcGbd+hN/hD1hgFgKepMnJOffmnh4/4Uxpx/m2cmvrG5tb+W17Z3dv/6BweFRXcSoJrZGYx7LpY0U5E7Smmea0mUiKI5/Tht+/m/qNAZWKxeJJDxPqRbgrWMgI1kZ6bDxfdApFp+TMgFaJm5EiZKh2Cj/tICZpRIUmHCvVcp1EeyMsNSOcju12qmiCSR93actQgSOqvNEs6hidGSVAYSzNExrN1L8bIxwpNYx8Mxlh3VPL3lT8z2sFA5ao7NbL/NhiEh3eeCMmklRTQeZBwpQjHaNpLyhgkhLNh4ZgIpn5CyI9LDHRpj3bNi25y52skvplyS2Xrh7Kxcpt1lceTuAUzsGFa6jAPVShBgS6MIFXeLMm1rv1YX3OR3NWtnMMC7C+fgGpRJtS</latexit>

introduce  gauge theorySU(2)⇥ U(1)

<latexit sha1_base64="PB4ZLl7AEzRqvZnGig/sOb9kCRU=">AAACGnicbVDNTsJAGNziH9a/qkcvG4kJXEhLMHokevGI0QIJNGS73cKG7bbZ3RJJw5tw1QfxZrx68Tl8ARfoQcAv2WQy832Z2fETRqWy7W+jsLW9s7tX3DcPDo+OT6zTs5aMU4GJi2MWi46PJGGUE1dRxUgnEQRFPiNtf3Q/19tjIiSN+bOaJMSL0IDTkGKkNNW3rCe3XKv0FI2IhG7ZqfStkl21FwM3gZODEsin2bd+ekGM04hwhRmSsuvYifIyJBTFjEzNXipJgvAIDUhXQ460k5ctkk/hlWYCGMZCP67ggv17kaFIyknk680IqaFc1+bkf1o3GNNE5l4vS7PVJCq89TLKk1QRjpdBwpRBFcN5TTCggmDFJhogLKj+C8RDJBBWukzT1C05651sglat6tSr14/1UuMu76sILsAlKAMH3IAGeABN4AIMxmAGXsGbMTPejQ/jc7laMPKbc7AyxtcvUkufww==</latexit>

T a = �a/2

<latexit sha1_base64="pm6glQY0Y14M8/0Ui1SgB89SpDU=">AAACG3icbVDLTsJAFJ3iC+ur6NLNRGLiCluC0Y0J0Y1LTHglUMl0OoUJM20zM0VJw6ew1Q9xZ9y68Dv8AQfoQsCTTHJyzr25Z44XMyqVbX8buY3Nre2d/K65t39weGQVjpsySgQmDRyxSLQ9JAmjIWkoqhhpx4Ig7jHS8ob3M781IkLSKKyrcUxcjvohDShGSks9q1B/QvAWdiXtc6TpZblnFe2SPQdcJ05GiiBDrWf9dP0IJ5yECjMkZcexY+WmSCiKGZmY3USSGOEh6pOOpiHiRLrpPPoEnmvFh0Ek9AsVnKt/N1LEpRxzT09ypAZy1ZuJ/3kdf0Rjmd16WRxbTqKCGzelYZwoEuJFkCBhUEVw1hP0qSBYsbEmCAuq/wLxAAmElW7TNHVLzmon66RZLjmV0tVjpVi9y/rKg1NwBi6AA65BFTyAGmgADJ7BFLyCN2NqvBsfxudiNGdkOydgCcbXL4DAoGo=</latexit>

Y = �1/2

<latexit sha1_base64="dOddaO5bxeIoxWAPwMCOyKNl97k=">AAACDnicbVDLTgIxFL2DLxxfqEs3jcTEjThDMLoxIbpxiYk8DExIp9OBSueRtkMkE/6BrX6IO+PWX/A7/AELzELQkzQ5Oefe3NPjxpxJZVlfRm5ldW19I79pbm3v7O4V9g8aMkoEoXUS8Ui0XCwpZyGtK6Y4bcWC4sDltOkObqd+c0iFZFH4oEYxdQLcC5nPCFZaajxen9nn5W6haJWsGdBfYmekCBlq3cJ3x4tIEtBQEY6lbNtWrJwUC8UIp2Ozk0gaYzLAPdrWNMQBlU46SztGJ1rxkB8J/UKFZurvjRQHUo4CV08GWPXlsjcV//Pa3pDFMrv1PD+2mET5V07KwjhRNCTzIH7CkYrQtBrkMUGJ4iNNMBFM/wWRPhaYKF2gaeqW7OVO/pJGuWRXShf3lWL1JusrD0dwDKdgwyVU4Q5qUAcCTzCBF3g1Jsab8W58zEdzRrZzCAswPn8A2FCb4w==</latexit>



introduce  gauge theorySU(2)⇥ U(1)

<latexit sha1_base64="PB4ZLl7AEzRqvZnGig/sOb9kCRU=">AAACGnicbVDNTsJAGNziH9a/qkcvG4kJXEhLMHokevGI0QIJNGS73cKG7bbZ3RJJw5tw1QfxZrx68Tl8ARfoQcAv2WQy832Z2fETRqWy7W+jsLW9s7tX3DcPDo+OT6zTs5aMU4GJi2MWi46PJGGUE1dRxUgnEQRFPiNtf3Q/19tjIiSN+bOaJMSL0IDTkGKkNNW3rCe3XKv0FI2IhG7ZqfStkl21FwM3gZODEsin2bd+ekGM04hwhRmSsuvYifIyJBTFjEzNXipJgvAIDUhXQ460k5ctkk/hlWYCGMZCP67ggv17kaFIyknk680IqaFc1+bkf1o3GNNE5l4vS7PVJCq89TLKk1QRjpdBwpRBFcN5TTCggmDFJhogLKj+C8RDJBBWukzT1C05651sglat6tSr14/1UuMu76sILsAlKAMH3IAGeABN4AIMxmAGXsGbMTPejQ/jc7laMPKbc7AyxtcvUkufww==</latexit>

 =

✓
⌫e
e

◆

<latexit sha1_base64="HEGTlV0H5y8KLsvGZ0SbrtEbVXI="></latexit>

= ⌫̄e�
µeW+

µ + ē�µ⌫eW
�
µ

<latexit sha1_base64="33YrYk0Du0TvOI05EM2zxmXNcNw="></latexit>

T a = �a/2

<latexit sha1_base64="pm6glQY0Y14M8/0Ui1SgB89SpDU=">AAACG3icbVDLTsJAFJ3iC+ur6NLNRGLiCluC0Y0J0Y1LTHglUMl0OoUJM20zM0VJw6ew1Q9xZ9y68Dv8AQfoQsCTTHJyzr25Z44XMyqVbX8buY3Nre2d/K65t39weGQVjpsySgQmDRyxSLQ9JAmjIWkoqhhpx4Ig7jHS8ob3M781IkLSKKyrcUxcjvohDShGSks9q1B/QvAWdiXtc6TpZblnFe2SPQdcJ05GiiBDrWf9dP0IJ5yECjMkZcexY+WmSCiKGZmY3USSGOEh6pOOpiHiRLrpPPoEnmvFh0Ek9AsVnKt/N1LEpRxzT09ypAZy1ZuJ/3kdf0Rjmd16WRxbTqKCGzelYZwoEuJFkCBhUEVw1hP0qSBYsbEmCAuq/wLxAAmElW7TNHVLzmon66RZLjmV0tVjpVi9y/rKg1NwBi6AA65BFTyAGmgADJ7BFLyCN2NqvBsfxudiNGdkOydgCcbXL4DAoGo=</latexit>

Y = �1/2

<latexit sha1_base64="dOddaO5bxeIoxWAPwMCOyKNl97k=">AAACDnicbVDLTgIxFL2DLxxfqEs3jcTEjThDMLoxIbpxiYk8DExIp9OBSueRtkMkE/6BrX6IO+PWX/A7/AELzELQkzQ5Oefe3NPjxpxJZVlfRm5ldW19I79pbm3v7O4V9g8aMkoEoXUS8Ui0XCwpZyGtK6Y4bcWC4sDltOkObqd+c0iFZFH4oEYxdQLcC5nPCFZaajxen9nn5W6haJWsGdBfYmekCBlq3cJ3x4tIEtBQEY6lbNtWrJwUC8UIp2Ozk0gaYzLAPdrWNMQBlU46SztGJ1rxkB8J/UKFZurvjRQHUo4CV08GWPXlsjcV//Pa3pDFMrv1PD+2mET5V07KwjhRNCTzIH7CkYrQtBrkMUGJ4iNNMBFM/wWRPhaYKF2gaeqW7OVO/pJGuWRXShf3lWL1JusrD0dwDKdgwyVU4Q5qUAcCTzCBF3g1Jsab8W58zEdzRrZzCAswPn8A2FCb4w==</latexit>

under gauge transformation

 ! ei↵
a(x)Ta

eiY �(x) 

<latexit sha1_base64="Solj+A/Fh0lFP/sOpONR97FaIKg="></latexit>

L =  ̄i�µ(@µ � igAa
µT

a � ig0Y Bµ) 

<latexit sha1_base64="GEsVXnXz1II4eeD2D6JwZZpYeJc="></latexit>

the Lagrangian is

W±
µ =

1p
2
(A1

µ ⌥ iA2
µ)

<latexit sha1_base64="4nJAGFr9bQMGfyywPlRIStuOFro="></latexit>

� ( ⌫̄e ē )�µ

✓
gA3

µ � g0Bµ

p
2gW+

µp
2gW�

µ �(gA3
µ + g0Bµ)

◆✓
⌫e
e

◆

<latexit sha1_base64="UmeA6fw6vxR8VuiiIFsrJaUFwmg="></latexit>



L =  ̄i�µ(@µ � igAa
µT

a � ig0Y Bµ) 

<latexit sha1_base64="GEsVXnXz1II4eeD2D6JwZZpYeJc="></latexit>

the Lagrangian is

W±
µ =

1p
2
(A1

µ ⌥ iA2
µ)

<latexit sha1_base64="4nJAGFr9bQMGfyywPlRIStuOFro="></latexit>

e

<latexit sha1_base64="gD7QIGCcAnEkdjLuL9IfvA0+WqU=">AAACCXicbVDLTsJAFJ3iC+sLdelmIjFxRVqD0SXRjUtI5JFAQ6bTW5gwnTYzUyJp+AK2+iHujFu/wu/wBxygCwFPMsnJOffmnjl+wpnSjvNtFba2d3b3ivv2weHR8Unp9Kyl4lRSaNKYx7LjEwWcCWhqpjl0Egkk8jm0/dHj3G+PQSoWi2c9ScCLyECwkFGijdSAfqnsVJwF8CZxc1JGOer90k8viGkagdCUE6W6rpNoLyNSM8phavdSBQmhIzKArqGCRKC8bBF0iq+MEuAwluYJjRfq342MREpNIt9MRkQP1bo3F//zusGYJSq/9bI8tppEh/dexkSSahB0GSRMOdYxnreCAyaBaj4xhFDJzF8wHRJJqDbd2bZpyV3vZJO0biputXLbqJZrD3lfRXSBLtE1ctEdqqEnVEdNRBGgGXpFb9bMerc+rM/laMHKd87RCqyvX5CMmsE=</latexit>

⌫e

<latexit sha1_base64="thY594v551R7gESG1KjDjVmv/Lg=">AAACDXicbVDLTsJAFJ3iC+sLdelmIjFxRVqj0SXRjUtMLJBAQ6bTW5gwnTYzUyJp+Aa2+iHujFu/we/wBxygCwFPMsnJOffmnjlBypnSjvNtlTY2t7Z3yrv23v7B4VHl+KSpkkxS8GjCE9kOiALOBHiaaQ7tVAKJAw6tYPgw81sjkIol4lmPU/Bj0hcsYpRoI3ldkfWgV6k6NWcOvE7cglRRgUav8tMNE5rFIDTlRKmO66Taz4nUjHKY2N1MQUrokPShY6ggMSg/n4ed4AujhDhKpHlC47n6dyMnsVLjODCTMdEDterNxP+8TjhiqSpuvSyOLSfR0Z2fM5FmGgRdBIkyjnWCZ83gkEmgmo8NIVQy8xdMB0QSqk1/tm1aclc7WSfNq5p7Xbt5uq7W74u+yugMnaNL5KJbVEePqIE8RBFDU/SK3qyp9W59WJ+L0ZJV7JyiJVhfv9GynIc=</latexit>

W

<latexit sha1_base64="eQTCZOA6+SlXoo2ndrJijsjSSew=">AAACCXicbVDLTsJAFJ3iC+sLdelmIjFxRVqD0SXRjUtI5JFAQ6bTW5gwnTYzUyJp+AK2+iHujFu/wu/wBxygCwFPMsnJOffmnjl+wpnSjvNtFba2d3b3ivv2weHR8Unp9Kyl4lRSaNKYx7LjEwWcCWhqpjl0Egkk8jm0/dHj3G+PQSoWi2c9ScCLyECwkFGijdRo90tlp+IsgDeJm5MyylHvl356QUzTCISmnCjVdZ1EexmRmlEOU7uXKkgIHZEBdA0VJALlZYugU3xllACHsTRPaLxQ/25kJFJqEvlmMiJ6qNa9ufif1w3GLFH5rZflsdUkOrz3MiaSVIOgyyBhyrGO8bwVHDAJVPOJIYRKZv6C6ZBIQrXpzrZNS+56J5ukdVNxq5XbRrVce8j7KqILdImukYvuUA09oTpqIooAzdArerNm1rv1YX0uRwtWvnOOVmB9/QJ5hpqz</latexit>

Zµ =
gA3

µ � g0Bµp
g2 + g02

<latexit sha1_base64="lfEaoZDWKc1VlSHcd5ldqr0RLW4="></latexit>

Aµ =
g0A3

µ + gBµp
g2 + g02

<latexit sha1_base64="4sQIIB7uLVe7LRSkDCKtVMrgaJM="></latexit>

/ ⌫̄e�
µeW+

µ + ē�µ⌫eW
�
µ

<latexit sha1_base64="USAK0CwmJpow1pyT+qMGbycnav8="></latexit>

� ( ⌫̄e ē )�µ

✓
gA3

µ � g0Bµ

p
2gW+

µp
2gW�

µ �(gA3
µ + g0Bµ)

◆✓
⌫e
e

◆

<latexit sha1_base64="UmeA6fw6vxR8VuiiIFsrJaUFwmg="></latexit>



The form of current-current interaction

suggests that weak interaction might be mediated by spin-1 particles

e

<latexit sha1_base64="gD7QIGCcAnEkdjLuL9IfvA0+WqU=">AAACCXicbVDLTsJAFJ3iC+sLdelmIjFxRVqD0SXRjUtI5JFAQ6bTW5gwnTYzUyJp+AK2+iHujFu/wu/wBxygCwFPMsnJOffmnjl+wpnSjvNtFba2d3b3ivv2weHR8Unp9Kyl4lRSaNKYx7LjEwWcCWhqpjl0Egkk8jm0/dHj3G+PQSoWi2c9ScCLyECwkFGijdSAfqnsVJwF8CZxc1JGOer90k8viGkagdCUE6W6rpNoLyNSM8phavdSBQmhIzKArqGCRKC8bBF0iq+MEuAwluYJjRfq342MREpNIt9MRkQP1bo3F//zusGYJSq/9bI8tppEh/dexkSSahB0GSRMOdYxnreCAyaBaj4xhFDJzF8wHRJJqDbd2bZpyV3vZJO0biputXLbqJZrD3lfRXSBLtE1ctEdqqEnVEdNRBGgGXpFb9bMerc+rM/laMHKd87RCqyvX5CMmsE=</latexit>

e

<latexit sha1_base64="gD7QIGCcAnEkdjLuL9IfvA0+WqU=">AAACCXicbVDLTsJAFJ3iC+sLdelmIjFxRVqD0SXRjUtI5JFAQ6bTW5gwnTYzUyJp+AK2+iHujFu/wu/wBxygCwFPMsnJOffmnjl+wpnSjvNtFba2d3b3ivv2weHR8Unp9Kyl4lRSaNKYx7LjEwWcCWhqpjl0Egkk8jm0/dHj3G+PQSoWi2c9ScCLyECwkFGijdSAfqnsVJwF8CZxc1JGOer90k8viGkagdCUE6W6rpNoLyNSM8phavdSBQmhIzKArqGCRKC8bBF0iq+MEuAwluYJjRfq342MREpNIt9MRkQP1bo3F//zusGYJSq/9bI8tppEh/dexkSSahB0GSRMOdYxnreCAyaBaj4xhFDJzF8wHRJJqDbd2bZpyV3vZJO0biputXLbqJZrD3lfRXSBLtE1ctEdqqEnVEdNRBGgGXpFb9bMerc+rM/laMHKd87RCqyvX5CMmsE=</latexit>

⌫e

<latexit sha1_base64="thY594v551R7gESG1KjDjVmv/Lg=">AAACDXicbVDLTsJAFJ3iC+sLdelmIjFxRVqj0SXRjUtMLJBAQ6bTW5gwnTYzUyJp+Aa2+iHujFu/we/wBxygCwFPMsnJOffmnjlBypnSjvNtlTY2t7Z3yrv23v7B4VHl+KSpkkxS8GjCE9kOiALOBHiaaQ7tVAKJAw6tYPgw81sjkIol4lmPU/Bj0hcsYpRoI3ldkfWgV6k6NWcOvE7cglRRgUav8tMNE5rFIDTlRKmO66Taz4nUjHKY2N1MQUrokPShY6ggMSg/n4ed4AujhDhKpHlC47n6dyMnsVLjODCTMdEDterNxP+8TjhiqSpuvSyOLSfR0Z2fM5FmGgRdBIkyjnWCZ83gkEmgmo8NIVQy8xdMB0QSqk1/tm1aclc7WSfNq5p7Xbt5uq7W74u+yugMnaNL5KJbVEePqIE8RBFDU/SK3qyp9W59WJ+L0ZJV7JyiJVhfv9GynIc=</latexit>

⌫e

<latexit sha1_base64="thY594v551R7gESG1KjDjVmv/Lg=">AAACDXicbVDLTsJAFJ3iC+sLdelmIjFxRVqj0SXRjUtMLJBAQ6bTW5gwnTYzUyJp+Aa2+iHujFu/we/wBxygCwFPMsnJOffmnjlBypnSjvNtlTY2t7Z3yrv23v7B4VHl+KSpkkxS8GjCE9kOiALOBHiaaQ7tVAKJAw6tYPgw81sjkIol4lmPU/Bj0hcsYpRoI3ldkfWgV6k6NWcOvE7cglRRgUav8tMNE5rFIDTlRKmO66Taz4nUjHKY2N1MQUrokPShY6ggMSg/n4ed4AujhDhKpHlC47n6dyMnsVLjODCTMdEDterNxP+8TjhiqSpuvSyOLSfR0Z2fM5FmGgRdBIkyjnWCZ83gkEmgmo8NIVQy8xdMB0QSqk1/tm1aclc7WSfNq5p7Xbt5uq7W74u+yugMnaNL5KJbVEePqIE8RBFDU/SK3qyp9W59WJ+L0ZJV7JyiJVhfv9GynIc=</latexit>

e

<latexit sha1_base64="gD7QIGCcAnEkdjLuL9IfvA0+WqU=">AAACCXicbVDLTsJAFJ3iC+sLdelmIjFxRVqD0SXRjUtI5JFAQ6bTW5gwnTYzUyJp+AK2+iHujFu/wu/wBxygCwFPMsnJOffmnjl+wpnSjvNtFba2d3b3ivv2weHR8Unp9Kyl4lRSaNKYx7LjEwWcCWhqpjl0Egkk8jm0/dHj3G+PQSoWi2c9ScCLyECwkFGijdSAfqnsVJwF8CZxc1JGOer90k8viGkagdCUE6W6rpNoLyNSM8phavdSBQmhIzKArqGCRKC8bBF0iq+MEuAwluYJjRfq342MREpNIt9MRkQP1bo3F//zusGYJSq/9bI8tppEh/dexkSSahB0GSRMOdYxnreCAyaBaj4xhFDJzF8wHRJJqDbd2bZpyV3vZJO0biputXLbqJZrD3lfRXSBLtE1ctEdqqEnVEdNRBGgGXpFb9bMerc+rM/laMHKd87RCqyvX5CMmsE=</latexit>

e

<latexit sha1_base64="gD7QIGCcAnEkdjLuL9IfvA0+WqU=">AAACCXicbVDLTsJAFJ3iC+sLdelmIjFxRVqD0SXRjUtI5JFAQ6bTW5gwnTYzUyJp+AK2+iHujFu/wu/wBxygCwFPMsnJOffmnjl+wpnSjvNtFba2d3b3ivv2weHR8Unp9Kyl4lRSaNKYx7LjEwWcCWhqpjl0Egkk8jm0/dHj3G+PQSoWi2c9ScCLyECwkFGijdSAfqnsVJwF8CZxc1JGOer90k8viGkagdCUE6W6rpNoLyNSM8phavdSBQmhIzKArqGCRKC8bBF0iq+MEuAwluYJjRfq342MREpNIt9MRkQP1bo3F//zusGYJSq/9bI8tppEh/dexkSSahB0GSRMOdYxnreCAyaBaj4xhFDJzF8wHRJJqDbd2bZpyV3vZJO0biputXLbqJZrD3lfRXSBLtE1ctEdqqEnVEdNRBGgGXpFb9bMerc+rM/laMHKd87RCqyvX5CMmsE=</latexit>

⌫e

<latexit sha1_base64="thY594v551R7gESG1KjDjVmv/Lg=">AAACDXicbVDLTsJAFJ3iC+sLdelmIjFxRVqj0SXRjUtMLJBAQ6bTW5gwnTYzUyJp+Aa2+iHujFu/we/wBxygCwFPMsnJOffmnjlBypnSjvNtlTY2t7Z3yrv23v7B4VHl+KSpkkxS8GjCE9kOiALOBHiaaQ7tVAKJAw6tYPgw81sjkIol4lmPU/Bj0hcsYpRoI3ldkfWgV6k6NWcOvE7cglRRgUav8tMNE5rFIDTlRKmO66Taz4nUjHKY2N1MQUrokPShY6ggMSg/n4ed4AujhDhKpHlC47n6dyMnsVLjODCTMdEDterNxP+8TjhiqSpuvSyOLSfR0Z2fM5FmGgRdBIkyjnWCZ83gkEmgmo8NIVQy8xdMB0QSqk1/tm1aclc7WSfNq5p7Xbt5uq7W74u+yugMnaNL5KJbVEePqIE8RBFDU/SK3qyp9W59WJ+L0ZJV7JyiJVhfv9GynIc=</latexit>

⌫e

<latexit sha1_base64="thY594v551R7gESG1KjDjVmv/Lg=">AAACDXicbVDLTsJAFJ3iC+sLdelmIjFxRVqj0SXRjUtMLJBAQ6bTW5gwnTYzUyJp+Aa2+iHujFu/we/wBxygCwFPMsnJOffmnjlBypnSjvNtlTY2t7Z3yrv23v7B4VHl+KSpkkxS8GjCE9kOiALOBHiaaQ7tVAKJAw6tYPgw81sjkIol4lmPU/Bj0hcsYpRoI3ldkfWgV6k6NWcOvE7cglRRgUav8tMNE5rFIDTlRKmO66Taz4nUjHKY2N1MQUrokPShY6ggMSg/n4ed4AujhDhKpHlC47n6dyMnsVLjODCTMdEDterNxP+8TjhiqSpuvSyOLSfR0Z2fM5FmGgRdBIkyjnWCZ83gkEmgmo8NIVQy8xdMB0QSqk1/tm1aclc7WSfNq5p7Xbt5uq7W74u+yugMnaNL5KJbVEePqIE8RBFDU/SK3qyp9W59WJ+L0ZJV7JyiJVhfv9GynIc=</latexit>

W�

<latexit sha1_base64="Skm7I70wdr5ITZqaWmwQSs135oE=">AAACC3icbVDLTgIxFL2DLxxfqEs3jcTEjWTGYHRJdOMSozwSGEmn04GGTmfSdoiE8Als9UPcGbd+hN/hD1hgFgKepMnJOffmnh4/4Uxpx/m2cmvrG5tb+W17Z3dv/6BweFRXcSoJrZGYx7LpY0U5E7Smmea0mUiKI5/Tht+/m/qNAZWKxeJJDxPqRbgrWMgI1kZ6bDxfdApFp+TMgFaJm5EiZKh2Cj/tICZpRIUmHCvVcp1EeyMsNSOcju12qmiCSR93actQgSOqvNEs6hidGSVAYSzNExrN1L8bIxwpNYx8Mxlh3VPL3lT8z2sFA5ao7NbL/NhiEh3eeCMmklRTQeZBwpQjHaNpLyhgkhLNh4ZgIpn5CyI9LDHRpj3bNi25y52skvplyS2Xrh7Kxcpt1lceTuAUzsGFa6jAPVShBgS6MIFXeLMm1rv1YX3OR3NWtnMMC7C+fgGpRJtS</latexit>

� / G2
FE

2

<latexit sha1_base64="mOxxL8afEG+14ftB1Js0wx6xeeU=">AAACInicbVDLSsNAFJ3UV42vqBvBzWARXJWkVHRZFB/LCrYVmrRMJpN26CQZZibFUurXdKsf4k5cCf6FP+C0zcK2HrhwOOde7r3H54xKZdtfRm5ldW19I79pbm3v7O5Z+wd1maQCkxpOWCKefCQJozGpKaoYeeKCoMhnpOH3rid+o0+EpEn8qAaceBHqxDSkGCktta0jV9JOhKDLRcJVAu/at60SvGmV2lbBLtpTwGXiZKQAMlTb1o8bJDiNSKwwQ1I2HZsrb4iEopiRkemmknCEe6hDmprGKCLSG04/GMFTrQQwTISuWMGp+ndiiCIpB5GvOyOkunLRm4j/ec2gT7nMdj3Pls1fosJLb0hjnioS49khYcqgjmISFwyoIFixgSYIC6p/gbiLBMJKh2qaOiVnMZNlUi8VnXLx/KFcqFxleeXBMTgBZ8ABF6AC7kEV1AAGL2AMXsGbMTbejQ/jc9aaM7KZQzAH4/sXfRSjkQ==</latexit>

� / g4

(E2 +m2
W )2

E2

<latexit sha1_base64="4Ge8ewNz1xpKSLfNc2+E2/cFdDQ="></latexit>

GF / g2

m2
W

<latexit sha1_base64="Ufiqf5wEAP+wMc/XgPYZRomRaLk=">AAACJ3icbZDNSsNAEMc3ftb4FfUowmIRPJWkVPRYFNRjBfsBTQyb7aZdukmW3U2xhJ58ml71QbyJHn0GX8Btm4NtHVj2z39mmJlfwBmVyra/jJXVtfWNzcKWub2zu7dvHRw2ZJIKTOo4YYloBUgSRmNSV1Qx0uKCoChgpBn0byb55oAISZP4UQ058SLUjWlIMVLa8q2TO/8WulwkXCXQDQXCWfepPMoiv6k/3yraJXsacFk4uSiCPGq+9eN2EpxGJFaYISnbjs2VlyGhKGZkZLqpJBzhPuqStpYxioj0sukZI3imnQ4ME6FfrODU/duRoUjKYRToygipnlzMTcz/cu3OgHKZz3qeDZvfRIVXXkZjnioS49kiYcqgRjJhBjtUEKzYUAuEBdW3QNxDmpXSZE1TU3IWmSyLRrnkVEoXD5Vi9TrnVQDH4BScAwdcgiq4BzVQBxi8gDF4BW/G2Hg3PozPWemKkfccgbkwvn8BtZCmYw==</latexit>

in a low energy limit, the left and right is the same provided



The form of current-current interaction

suggests that weak interaction might be mediated by spin-1 particles

e

<latexit sha1_base64="gD7QIGCcAnEkdjLuL9IfvA0+WqU=">AAACCXicbVDLTsJAFJ3iC+sLdelmIjFxRVqD0SXRjUtI5JFAQ6bTW5gwnTYzUyJp+AK2+iHujFu/wu/wBxygCwFPMsnJOffmnjl+wpnSjvNtFba2d3b3ivv2weHR8Unp9Kyl4lRSaNKYx7LjEwWcCWhqpjl0Egkk8jm0/dHj3G+PQSoWi2c9ScCLyECwkFGijdSAfqnsVJwF8CZxc1JGOer90k8viGkagdCUE6W6rpNoLyNSM8phavdSBQmhIzKArqGCRKC8bBF0iq+MEuAwluYJjRfq342MREpNIt9MRkQP1bo3F//zusGYJSq/9bI8tppEh/dexkSSahB0GSRMOdYxnreCAyaBaj4xhFDJzF8wHRJJqDbd2bZpyV3vZJO0biputXLbqJZrD3lfRXSBLtE1ctEdqqEnVEdNRBGgGXpFb9bMerc+rM/laMHKd87RCqyvX5CMmsE=</latexit>

e

<latexit sha1_base64="gD7QIGCcAnEkdjLuL9IfvA0+WqU=">AAACCXicbVDLTsJAFJ3iC+sLdelmIjFxRVqD0SXRjUtI5JFAQ6bTW5gwnTYzUyJp+AK2+iHujFu/wu/wBxygCwFPMsnJOffmnjl+wpnSjvNtFba2d3b3ivv2weHR8Unp9Kyl4lRSaNKYx7LjEwWcCWhqpjl0Egkk8jm0/dHj3G+PQSoWi2c9ScCLyECwkFGijdSAfqnsVJwF8CZxc1JGOer90k8viGkagdCUE6W6rpNoLyNSM8phavdSBQmhIzKArqGCRKC8bBF0iq+MEuAwluYJjRfq342MREpNIt9MRkQP1bo3F//zusGYJSq/9bI8tppEh/dexkSSahB0GSRMOdYxnreCAyaBaj4xhFDJzF8wHRJJqDbd2bZpyV3vZJO0biputXLbqJZrD3lfRXSBLtE1ctEdqqEnVEdNRBGgGXpFb9bMerc+rM/laMHKd87RCqyvX5CMmsE=</latexit>

⌫e

<latexit sha1_base64="thY594v551R7gESG1KjDjVmv/Lg=">AAACDXicbVDLTsJAFJ3iC+sLdelmIjFxRVqj0SXRjUtMLJBAQ6bTW5gwnTYzUyJp+Aa2+iHujFu/we/wBxygCwFPMsnJOffmnjlBypnSjvNtlTY2t7Z3yrv23v7B4VHl+KSpkkxS8GjCE9kOiALOBHiaaQ7tVAKJAw6tYPgw81sjkIol4lmPU/Bj0hcsYpRoI3ldkfWgV6k6NWcOvE7cglRRgUav8tMNE5rFIDTlRKmO66Taz4nUjHKY2N1MQUrokPShY6ggMSg/n4ed4AujhDhKpHlC47n6dyMnsVLjODCTMdEDterNxP+8TjhiqSpuvSyOLSfR0Z2fM5FmGgRdBIkyjnWCZ83gkEmgmo8NIVQy8xdMB0QSqk1/tm1aclc7WSfNq5p7Xbt5uq7W74u+yugMnaNL5KJbVEePqIE8RBFDU/SK3qyp9W59WJ+L0ZJV7JyiJVhfv9GynIc=</latexit>

⌫e

<latexit sha1_base64="thY594v551R7gESG1KjDjVmv/Lg=">AAACDXicbVDLTsJAFJ3iC+sLdelmIjFxRVqj0SXRjUtMLJBAQ6bTW5gwnTYzUyJp+Aa2+iHujFu/we/wBxygCwFPMsnJOffmnjlBypnSjvNtlTY2t7Z3yrv23v7B4VHl+KSpkkxS8GjCE9kOiALOBHiaaQ7tVAKJAw6tYPgw81sjkIol4lmPU/Bj0hcsYpRoI3ldkfWgV6k6NWcOvE7cglRRgUav8tMNE5rFIDTlRKmO66Taz4nUjHKY2N1MQUrokPShY6ggMSg/n4ed4AujhDhKpHlC47n6dyMnsVLjODCTMdEDterNxP+8TjhiqSpuvSyOLSfR0Z2fM5FmGgRdBIkyjnWCZ83gkEmgmo8NIVQy8xdMB0QSqk1/tm1aclc7WSfNq5p7Xbt5uq7W74u+yugMnaNL5KJbVEePqIE8RBFDU/SK3qyp9W59WJ+L0ZJV7JyiJVhfv9GynIc=</latexit>

e

<latexit sha1_base64="gD7QIGCcAnEkdjLuL9IfvA0+WqU=">AAACCXicbVDLTsJAFJ3iC+sLdelmIjFxRVqD0SXRjUtI5JFAQ6bTW5gwnTYzUyJp+AK2+iHujFu/wu/wBxygCwFPMsnJOffmnjl+wpnSjvNtFba2d3b3ivv2weHR8Unp9Kyl4lRSaNKYx7LjEwWcCWhqpjl0Egkk8jm0/dHj3G+PQSoWi2c9ScCLyECwkFGijdSAfqnsVJwF8CZxc1JGOer90k8viGkagdCUE6W6rpNoLyNSM8phavdSBQmhIzKArqGCRKC8bBF0iq+MEuAwluYJjRfq342MREpNIt9MRkQP1bo3F//zusGYJSq/9bI8tppEh/dexkSSahB0GSRMOdYxnreCAyaBaj4xhFDJzF8wHRJJqDbd2bZpyV3vZJO0biputXLbqJZrD3lfRXSBLtE1ctEdqqEnVEdNRBGgGXpFb9bMerc+rM/laMHKd87RCqyvX5CMmsE=</latexit>

e

<latexit sha1_base64="gD7QIGCcAnEkdjLuL9IfvA0+WqU=">AAACCXicbVDLTsJAFJ3iC+sLdelmIjFxRVqD0SXRjUtI5JFAQ6bTW5gwnTYzUyJp+AK2+iHujFu/wu/wBxygCwFPMsnJOffmnjl+wpnSjvNtFba2d3b3ivv2weHR8Unp9Kyl4lRSaNKYx7LjEwWcCWhqpjl0Egkk8jm0/dHj3G+PQSoWi2c9ScCLyECwkFGijdSAfqnsVJwF8CZxc1JGOer90k8viGkagdCUE6W6rpNoLyNSM8phavdSBQmhIzKArqGCRKC8bBF0iq+MEuAwluYJjRfq342MREpNIt9MRkQP1bo3F//zusGYJSq/9bI8tppEh/dexkSSahB0GSRMOdYxnreCAyaBaj4xhFDJzF8wHRJJqDbd2bZpyV3vZJO0biputXLbqJZrD3lfRXSBLtE1ctEdqqEnVEdNRBGgGXpFb9bMerc+rM/laMHKd87RCqyvX5CMmsE=</latexit>

⌫e

<latexit sha1_base64="thY594v551R7gESG1KjDjVmv/Lg=">AAACDXicbVDLTsJAFJ3iC+sLdelmIjFxRVqj0SXRjUtMLJBAQ6bTW5gwnTYzUyJp+Aa2+iHujFu/we/wBxygCwFPMsnJOffmnjlBypnSjvNtlTY2t7Z3yrv23v7B4VHl+KSpkkxS8GjCE9kOiALOBHiaaQ7tVAKJAw6tYPgw81sjkIol4lmPU/Bj0hcsYpRoI3ldkfWgV6k6NWcOvE7cglRRgUav8tMNE5rFIDTlRKmO66Taz4nUjHKY2N1MQUrokPShY6ggMSg/n4ed4AujhDhKpHlC47n6dyMnsVLjODCTMdEDterNxP+8TjhiqSpuvSyOLSfR0Z2fM5FmGgRdBIkyjnWCZ83gkEmgmo8NIVQy8xdMB0QSqk1/tm1aclc7WSfNq5p7Xbt5uq7W74u+yugMnaNL5KJbVEePqIE8RBFDU/SK3qyp9W59WJ+L0ZJV7JyiJVhfv9GynIc=</latexit>

⌫e

<latexit sha1_base64="thY594v551R7gESG1KjDjVmv/Lg=">AAACDXicbVDLTsJAFJ3iC+sLdelmIjFxRVqj0SXRjUtMLJBAQ6bTW5gwnTYzUyJp+Aa2+iHujFu/we/wBxygCwFPMsnJOffmnjlBypnSjvNtlTY2t7Z3yrv23v7B4VHl+KSpkkxS8GjCE9kOiALOBHiaaQ7tVAKJAw6tYPgw81sjkIol4lmPU/Bj0hcsYpRoI3ldkfWgV6k6NWcOvE7cglRRgUav8tMNE5rFIDTlRKmO66Taz4nUjHKY2N1MQUrokPShY6ggMSg/n4ed4AujhDhKpHlC47n6dyMnsVLjODCTMdEDterNxP+8TjhiqSpuvSyOLSfR0Z2fM5FmGgRdBIkyjnWCZ83gkEmgmo8NIVQy8xdMB0QSqk1/tm1aclc7WSfNq5p7Xbt5uq7W74u+yugMnaNL5KJbVEePqIE8RBFDU/SK3qyp9W59WJ+L0ZJV7JyiJVhfv9GynIc=</latexit>

W�

<latexit sha1_base64="Skm7I70wdr5ITZqaWmwQSs135oE=">AAACC3icbVDLTgIxFL2DLxxfqEs3jcTEjWTGYHRJdOMSozwSGEmn04GGTmfSdoiE8Als9UPcGbd+hN/hD1hgFgKepMnJOffmnh4/4Uxpx/m2cmvrG5tb+W17Z3dv/6BweFRXcSoJrZGYx7LpY0U5E7Smmea0mUiKI5/Tht+/m/qNAZWKxeJJDxPqRbgrWMgI1kZ6bDxfdApFp+TMgFaJm5EiZKh2Cj/tICZpRIUmHCvVcp1EeyMsNSOcju12qmiCSR93actQgSOqvNEs6hidGSVAYSzNExrN1L8bIxwpNYx8Mxlh3VPL3lT8z2sFA5ao7NbL/NhiEh3eeCMmklRTQeZBwpQjHaNpLyhgkhLNh4ZgIpn5CyI9LDHRpj3bNi25y52skvplyS2Xrh7Kxcpt1lceTuAUzsGFa6jAPVShBgS6MIFXeLMm1rv1YX3OR3NWtnMMC7C+fgGpRJtS</latexit>

L = �m2
WW+

µ W�µ + gW+
µ J�µ + gW�

µ J+µ

<latexit sha1_base64="Po344/x2/jUPcXJfBqIZ+wRfvyU="></latexit>

J+µ = (n̄�µp+ ē�µ⌫e + µ̄�µ⌫µ + · · · )

<latexit sha1_base64="z9lrY0OIpcEOnxMjOWhnKRJx/Hs="></latexit>

J�µ = (p̄�µn+ ⌫̄e�
µe+ ⌫̄µ�

µµ+ · · · )

<latexit sha1_base64="ptHziKo6cwN9JdNXCtP1DDszbvs="></latexit>



In low energy limit

we can ‘integrate out’ heavy gauge boson by using the equation of motion

L = �m2
WW+

µ W�µ + gW+
µ J�µ + gW�

µ J+µ

<latexit sha1_base64="Po344/x2/jUPcXJfBqIZ+wRfvyU="></latexit>

J+µ = (n̄�µp+ ē�µ⌫e + µ̄�µ⌫µ + · · · )

<latexit sha1_base64="z9lrY0OIpcEOnxMjOWhnKRJx/Hs="></latexit>

J�µ = (p̄�µn+ ⌫̄e�
µe+ ⌫̄µ�

µµ+ · · · )

<latexit sha1_base64="ptHziKo6cwN9JdNXCtP1DDszbvs="></latexit>

@L
@W+

µ
= 0

<latexit sha1_base64="f3x0gAgDjG6D2qwx01pN2HgXVsk="></latexit>

W�
µ =

g

m2
W

J�
µ

<latexit sha1_base64="VmwrfSATHyjCZCZv9LQ/RH/Vf4Q=">AAACK3icbVDLSsNAFJ34rPUVdelmtAhuLEmp6EYouhFXFewDmjRMppN26EwSZibFErr2a7rVD3GluPUL/AGnbRa29cCFwzn3cu89fsyoVJb1Yaysrq1vbOa28ts7u3v75sFhXUaJwKSGIxaJpo8kYTQkNUUVI81YEMR9Rhp+/27iNwZESBqFT2oYE5ejbkgDipHSkmeeNDyHJ+0LeAOdQCCcdkcp9xrt0gg+zBzPLFhFawq4TOyMFECGqmf+OJ0IJ5yECjMkZcu2YuWmSCiKGRnlnUSSGOE+6pKWpiHiRLrp9JURPNNKBwaR0BUqOFX/TqSISznkvu7kSPXkojcR//NanQGNZbbrebZs/hIVXLspDeNEkRDPDgkSBlUEJ7nBDhUEKzbUBGFB9S8Q95BOTOl083mdkr2YyTKpl4p2uXj5WC5UbrO8cuAYnIJzYIMrUAH3oApqAIMXMAav4M0YG+/Gp/E1a10xspkjMAfj+xfKFKdd</latexit>

L =
g2

m2
W

J+
µ J�µ

<latexit sha1_base64="ArKdFurBA94PwLhEtS8+vzMP6pU="></latexit>

the same current-current interaction of Fermi theory !

= GF

<latexit sha1_base64="6gIn6pYu+nRcS6w7dVOqPp/fd/w=">AAACDHicbVDLSsNAFL2prxpfVZduBovgqiRS0Y1QFNRlBfuANpTJZNIOnUzCzKRYQn+hW/0Qd+LWf/A7/AGTNgvbemDgcM693DPHjThT2rK+jcLa+sbmVnHb3Nnd2z8oHR41VRhLQhsk5KFsu1hRzgRtaKY5bUeS4sDltOUO7zK/NaJSsVA863FEnQD3BfMZwTqTbh56971S2apYM6BVYuekDDnqvdJP1wtJHFChCcdKdWwr0k6CpWaE04nZjRWNMBniPu2kVOCAKieZZZ2gs1TxkB/K9AmNZurfjQQHSo0DN50MsB6oZS8T//M63ohFKr/1Mj+2mET7107CRBRrKsg8iB9zpEOUFYM8JinRfJwSTCRL/4LIAEtMdFqfaaYt2cudrJLmRcWuVi6fquXabd5XEU7gFM7BhiuowSPUoQEEBjCFV3gzpsa78WF8zkcLRr5zDAswvn4BQ7ebow==</latexit>



While the parity symmetry (x-> -x) is a good symmetry of QED

it is maximally broken by weak interaction

which is confirmed by a series of experiments in 50’s [e.g. Wu et al (57)]



Chirality / Helicity

electron has two states

p

<latexit sha1_base64="6hmJDlrvqAx4+3I386xwtE/wVkg=">AAACHHicbVDLSgMxFM3UVx1fY126CRbBVZkRRZdFNy4r2Ae0Q8lkMm1oJhOSTGkZ+ivd6oe4E7eC3+EPmE5nYVsvBA7n3HvPzQkEo0q77rdV2tre2d0r79sHh0fHJ85ppaWSVGLSxAlLZCdAijDKSVNTzUhHSILigJF2MHpc6O0xkYom/EVPBfFjNOA0ohhpQ/WdStbLl2QilYKRGRSzvlN1a25ecBN4BaiCohp956cXJjiNCdeYIaW6niu0nyGpKTYr7V6qiEB4hAakayBHMVF+ltvO4KVhQhgl0jyuYc7+nchQrNQ0DkxnjPRQrWsL8j+tG46pUIXXZGm2eomO7v2McpFqwvHykChlUCdwERQMqSRYs6kBCEtq/gLxEEmEtYnTtk1K3nomm6B1XfNuarfPN9X6Q5FXGZyDC3AFPHAH6uAJNEATYDABc/AK3qy59W59WJ/L1pJVzJyBlbK+fgGT5KLK</latexit>

S

<latexit sha1_base64="DVBDTQQSjkNB1E2U+KPKDKYJ04U=">AAACGnicbVDLSsNAFL2pr1pfUZduBovgqiRS0WXRjcuK9gFtKJPJpB06eTAzKZaQP+lWP8SduHXjd/gDTtMsbOuBgcO5j3PnuDFnUlnWt1Ha2Nza3invVvb2Dw6PzOOTtowSQWiLRDwSXRdLyllIW4opTruxoDhwOe244/t5vTOhQrIofFbTmDoBHobMZwQrLQ1MM+3nS1KXJzRDT9nArFo1KwdaJ3ZBqlCgOTB/+l5EkoCGinAsZc+2YuWkWChGOM0q/UTSGJMxHtKepiEOqHTS3DRDF1rxkB8J/UKFcvXvRIoDKaeBqzsDrEZytTYX/6v1vAmLZeH1sjBbvkT5t07KwjhRNCSLQ/yEIxWheUzIY4ISxaeaYCKY/gsiIywwUTrMSkWnZK9msk7aVzW7Xrt+rFcbd0VeZTiDc7gEG26gAQ/QhBYQmMAMXuHNmBnvxofxuWgtGcXMKSzB+PoFf+2hqQ==</latexit>

right-handed

(helicity = +1/2)

p

<latexit sha1_base64="6hmJDlrvqAx4+3I386xwtE/wVkg=">AAACHHicbVDLSgMxFM3UVx1fY126CRbBVZkRRZdFNy4r2Ae0Q8lkMm1oJhOSTGkZ+ivd6oe4E7eC3+EPmE5nYVsvBA7n3HvPzQkEo0q77rdV2tre2d0r79sHh0fHJ85ppaWSVGLSxAlLZCdAijDKSVNTzUhHSILigJF2MHpc6O0xkYom/EVPBfFjNOA0ohhpQ/WdStbLl2QilYKRGRSzvlN1a25ecBN4BaiCohp956cXJjiNCdeYIaW6niu0nyGpKTYr7V6qiEB4hAakayBHMVF+ltvO4KVhQhgl0jyuYc7+nchQrNQ0DkxnjPRQrWsL8j+tG46pUIXXZGm2eomO7v2McpFqwvHykChlUCdwERQMqSRYs6kBCEtq/gLxEEmEtYnTtk1K3nomm6B1XfNuarfPN9X6Q5FXGZyDC3AFPHAH6uAJNEATYDABc/AK3qy59W59WJ/L1pJVzJyBlbK+fgGT5KLK</latexit>

S

<latexit sha1_base64="DVBDTQQSjkNB1E2U+KPKDKYJ04U=">AAACGnicbVDLSsNAFL2pr1pfUZduBovgqiRS0WXRjcuK9gFtKJPJpB06eTAzKZaQP+lWP8SduHXjd/gDTtMsbOuBgcO5j3PnuDFnUlnWt1Ha2Nza3invVvb2Dw6PzOOTtowSQWiLRDwSXRdLyllIW4opTruxoDhwOe244/t5vTOhQrIofFbTmDoBHobMZwQrLQ1MM+3nS1KXJzRDT9nArFo1KwdaJ3ZBqlCgOTB/+l5EkoCGinAsZc+2YuWkWChGOM0q/UTSGJMxHtKepiEOqHTS3DRDF1rxkB8J/UKFcvXvRIoDKaeBqzsDrEZytTYX/6v1vAmLZeH1sjBbvkT5t07KwjhRNCSLQ/yEIxWheUzIY4ISxaeaYCKY/gsiIywwUTrMSkWnZK9msk7aVzW7Xrt+rFcbd0VeZTiDc7gEG26gAQ/QhBYQmMAMXuHNmBnvxofxuWgtGcXMKSzB+PoFf+2hqQ==</latexit>

left-handed

(helicity = -1/2)

(massive) particles of spin s have (2s+1) independent states (QM)

h =
1

2
p̂ · S

<latexit sha1_base64="YZn7aDTcqY40ubAd5ApJePAdWCw=">AAACKHicbVDLSgNBEJyNrxhfqx4FGQyCp7AbInoRgl48RjQPyIYwOzubDJl9MNMbDEtufk2u+iHeJFd/wR9wkuzBJBY0FFXddHe5seAKLGtq5DY2t7Z38ruFvf2DwyPz+KShokRSVqeRiGTLJYoJHrI6cBCsFUtGAlewpjt4mPnNIZOKR+ELjGLWCUgv5D6nBLTUNc/7+A47viQ0tcdpeYydPgEcY4d6EeDnrlm0StYceJ3YGSmiDLWu+eN4EU0CFgIVRKm2bcXQSYkETgUbF5xEsZjQAemxtqYhCZjqpPM/xvhSKx72I6krBDxX/06kJFBqFLi6MyDQV6veTPzPa3tDHqts1+ti2fIl4N92Uh7GCbCQLg7xE4EhwrPQsMcloyBGmhAquf4F0z7RoYGOtlDQKdmrmayTRrlkV0rXT5Vi9T7LK4/O0AW6Qja6QVX0iGqojih6QxP0jj6MifFpfBnTRWvOyGZO0RKM71+94qXB</latexit>



consider a right-handed massive electron

p

<latexit sha1_base64="6hmJDlrvqAx4+3I386xwtE/wVkg=">AAACHHicbVDLSgMxFM3UVx1fY126CRbBVZkRRZdFNy4r2Ae0Q8lkMm1oJhOSTGkZ+ivd6oe4E7eC3+EPmE5nYVsvBA7n3HvPzQkEo0q77rdV2tre2d0r79sHh0fHJ85ppaWSVGLSxAlLZCdAijDKSVNTzUhHSILigJF2MHpc6O0xkYom/EVPBfFjNOA0ohhpQ/WdStbLl2QilYKRGRSzvlN1a25ecBN4BaiCohp956cXJjiNCdeYIaW6niu0nyGpKTYr7V6qiEB4hAakayBHMVF+ltvO4KVhQhgl0jyuYc7+nchQrNQ0DkxnjPRQrWsL8j+tG46pUIXXZGm2eomO7v2McpFqwvHykChlUCdwERQMqSRYs6kBCEtq/gLxEEmEtYnTtk1K3nomm6B1XfNuarfPN9X6Q5FXGZyDC3AFPHAH6uAJNEATYDABc/AK3qy59W59WJ/L1pJVzJyBlbK+fgGT5KLK</latexit>

S

<latexit sha1_base64="DVBDTQQSjkNB1E2U+KPKDKYJ04U=">AAACGnicbVDLSsNAFL2pr1pfUZduBovgqiRS0WXRjcuK9gFtKJPJpB06eTAzKZaQP+lWP8SduHXjd/gDTtMsbOuBgcO5j3PnuDFnUlnWt1Ha2Nza3invVvb2Dw6PzOOTtowSQWiLRDwSXRdLyllIW4opTruxoDhwOe244/t5vTOhQrIofFbTmDoBHobMZwQrLQ1MM+3nS1KXJzRDT9nArFo1KwdaJ3ZBqlCgOTB/+l5EkoCGinAsZc+2YuWkWChGOM0q/UTSGJMxHtKepiEOqHTS3DRDF1rxkB8J/UKFcvXvRIoDKaeBqzsDrEZytTYX/6v1vAmLZeH1sjBbvkT5t07KwjhRNCSLQ/yEIxWheUzIY4ISxaeaYCKY/gsiIywwUTrMSkWnZK9msk7aVzW7Xrt+rFcbd0VeZTiDc7gEG26gAQ/QhBYQmMAMXuHNmBnvxofxuWgtGcXMKSzB+PoFf+2hqQ==</latexit>

right-handed

p

<latexit sha1_base64="6hmJDlrvqAx4+3I386xwtE/wVkg=">AAACHHicbVDLSgMxFM3UVx1fY126CRbBVZkRRZdFNy4r2Ae0Q8lkMm1oJhOSTGkZ+ivd6oe4E7eC3+EPmE5nYVsvBA7n3HvPzQkEo0q77rdV2tre2d0r79sHh0fHJ85ppaWSVGLSxAlLZCdAijDKSVNTzUhHSILigJF2MHpc6O0xkYom/EVPBfFjNOA0ohhpQ/WdStbLl2QilYKRGRSzvlN1a25ecBN4BaiCohp956cXJjiNCdeYIaW6niu0nyGpKTYr7V6qiEB4hAakayBHMVF+ltvO4KVhQhgl0jyuYc7+nchQrNQ0DkxnjPRQrWsL8j+tG46pUIXXZGm2eomO7v2McpFqwvHykChlUCdwERQMqSRYs6kBCEtq/gLxEEmEtYnTtk1K3nomm6B1XfNuarfPN9X6Q5FXGZyDC3AFPHAH6uAJNEATYDABc/AK3qy59W59WJ/L1pJVzJyBlbK+fgGT5KLK</latexit>

S

<latexit sha1_base64="DVBDTQQSjkNB1E2U+KPKDKYJ04U=">AAACGnicbVDLSsNAFL2pr1pfUZduBovgqiRS0WXRjcuK9gFtKJPJpB06eTAzKZaQP+lWP8SduHXjd/gDTtMsbOuBgcO5j3PnuDFnUlnWt1Ha2Nza3invVvb2Dw6PzOOTtowSQWiLRDwSXRdLyllIW4opTruxoDhwOe244/t5vTOhQrIofFbTmDoBHobMZwQrLQ1MM+3nS1KXJzRDT9nArFo1KwdaJ3ZBqlCgOTB/+l5EkoCGinAsZc+2YuWkWChGOM0q/UTSGJMxHtKepiEOqHTS3DRDF1rxkB8J/UKFcvXvRIoDKaeBqzsDrEZytTYX/6v1vAmLZeH1sjBbvkT5t07KwjhRNCSLQ/yEIxWheUzIY4ISxaeaYCKY/gsiIywwUTrMSkWnZK9msk7aVzW7Xrt+rFcbd0VeZTiDc7gEG26gAQ/QhBYQmMAMXuHNmBnvxofxuWgtGcXMKSzB+PoFf+2hqQ==</latexit>

left-handed

helicity is not Lorentz invariant
it changes depending on the choice of frame

Chirality / Helicity



Chirality / Helicity

consider a right-handed massless electron

p

<latexit sha1_base64="6hmJDlrvqAx4+3I386xwtE/wVkg=">AAACHHicbVDLSgMxFM3UVx1fY126CRbBVZkRRZdFNy4r2Ae0Q8lkMm1oJhOSTGkZ+ivd6oe4E7eC3+EPmE5nYVsvBA7n3HvPzQkEo0q77rdV2tre2d0r79sHh0fHJ85ppaWSVGLSxAlLZCdAijDKSVNTzUhHSILigJF2MHpc6O0xkYom/EVPBfFjNOA0ohhpQ/WdStbLl2QilYKRGRSzvlN1a25ecBN4BaiCohp956cXJjiNCdeYIaW6niu0nyGpKTYr7V6qiEB4hAakayBHMVF+ltvO4KVhQhgl0jyuYc7+nchQrNQ0DkxnjPRQrWsL8j+tG46pUIXXZGm2eomO7v2McpFqwvHykChlUCdwERQMqSRYs6kBCEtq/gLxEEmEtYnTtk1K3nomm6B1XfNuarfPN9X6Q5FXGZyDC3AFPHAH6uAJNEATYDABc/AK3qy59W59WJ/L1pJVzJyBlbK+fgGT5KLK</latexit>

S

<latexit sha1_base64="DVBDTQQSjkNB1E2U+KPKDKYJ04U=">AAACGnicbVDLSsNAFL2pr1pfUZduBovgqiRS0WXRjcuK9gFtKJPJpB06eTAzKZaQP+lWP8SduHXjd/gDTtMsbOuBgcO5j3PnuDFnUlnWt1Ha2Nza3invVvb2Dw6PzOOTtowSQWiLRDwSXRdLyllIW4opTruxoDhwOe244/t5vTOhQrIofFbTmDoBHobMZwQrLQ1MM+3nS1KXJzRDT9nArFo1KwdaJ3ZBqlCgOTB/+l5EkoCGinAsZc+2YuWkWChGOM0q/UTSGJMxHtKepiEOqHTS3DRDF1rxkB8J/UKFcvXvRIoDKaeBqzsDrEZytTYX/6v1vAmLZeH1sjBbvkT5t07KwjhRNCSLQ/yEIxWheUzIY4ISxaeaYCKY/gsiIywwUTrMSkWnZK9msk7aVzW7Xrt+rFcbd0VeZTiDc7gEG26gAQ/QhBYQmMAMXuHNmBnvxofxuWgtGcXMKSzB+PoFf+2hqQ==</latexit>

right-handed right-handed

since the particle is massless

helicity becomes invariant under Lorentz transformation

p

<latexit sha1_base64="6hmJDlrvqAx4+3I386xwtE/wVkg=">AAACHHicbVDLSgMxFM3UVx1fY126CRbBVZkRRZdFNy4r2Ae0Q8lkMm1oJhOSTGkZ+ivd6oe4E7eC3+EPmE5nYVsvBA7n3HvPzQkEo0q77rdV2tre2d0r79sHh0fHJ85ppaWSVGLSxAlLZCdAijDKSVNTzUhHSILigJF2MHpc6O0xkYom/EVPBfFjNOA0ohhpQ/WdStbLl2QilYKRGRSzvlN1a25ecBN4BaiCohp956cXJjiNCdeYIaW6niu0nyGpKTYr7V6qiEB4hAakayBHMVF+ltvO4KVhQhgl0jyuYc7+nchQrNQ0DkxnjPRQrWsL8j+tG46pUIXXZGm2eomO7v2McpFqwvHykChlUCdwERQMqSRYs6kBCEtq/gLxEEmEtYnTtk1K3nomm6B1XfNuarfPN9X6Q5FXGZyDC3AFPHAH6uAJNEATYDABc/AK3qy59W59WJ/L1pJVzJyBlbK+fgGT5KLK</latexit>

S

<latexit sha1_base64="DVBDTQQSjkNB1E2U+KPKDKYJ04U=">AAACGnicbVDLSsNAFL2pr1pfUZduBovgqiRS0WXRjcuK9gFtKJPJpB06eTAzKZaQP+lWP8SduHXjd/gDTtMsbOuBgcO5j3PnuDFnUlnWt1Ha2Nza3invVvb2Dw6PzOOTtowSQWiLRDwSXRdLyllIW4opTruxoDhwOe244/t5vTOhQrIofFbTmDoBHobMZwQrLQ1MM+3nS1KXJzRDT9nArFo1KwdaJ3ZBqlCgOTB/+l5EkoCGinAsZc+2YuWkWChGOM0q/UTSGJMxHtKepiEOqHTS3DRDF1rxkB8J/UKFcvXvRIoDKaeBqzsDrEZytTYX/6v1vAmLZeH1sjBbvkT5t07KwjhRNCSLQ/yEIxWheUzIY4ISxaeaYCKY/gsiIywwUTrMSkWnZK9msk7aVzW7Xrt+rFcbd0VeZTiDc7gEG26gAQ/QhBYQmMAMXuHNmBnvxofxuWgtGcXMKSzB+PoFf+2hqQ==</latexit>



Chirality / Helicity

consider a right-handed massless electron

p

<latexit sha1_base64="6hmJDlrvqAx4+3I386xwtE/wVkg=">AAACHHicbVDLSgMxFM3UVx1fY126CRbBVZkRRZdFNy4r2Ae0Q8lkMm1oJhOSTGkZ+ivd6oe4E7eC3+EPmE5nYVsvBA7n3HvPzQkEo0q77rdV2tre2d0r79sHh0fHJ85ppaWSVGLSxAlLZCdAijDKSVNTzUhHSILigJF2MHpc6O0xkYom/EVPBfFjNOA0ohhpQ/WdStbLl2QilYKRGRSzvlN1a25ecBN4BaiCohp956cXJjiNCdeYIaW6niu0nyGpKTYr7V6qiEB4hAakayBHMVF+ltvO4KVhQhgl0jyuYc7+nchQrNQ0DkxnjPRQrWsL8j+tG46pUIXXZGm2eomO7v2McpFqwvHykChlUCdwERQMqSRYs6kBCEtq/gLxEEmEtYnTtk1K3nomm6B1XfNuarfPN9X6Q5FXGZyDC3AFPHAH6uAJNEATYDABc/AK3qy59W59WJ/L1pJVzJyBlbK+fgGT5KLK</latexit>

S

<latexit sha1_base64="DVBDTQQSjkNB1E2U+KPKDKYJ04U=">AAACGnicbVDLSsNAFL2pr1pfUZduBovgqiRS0WXRjcuK9gFtKJPJpB06eTAzKZaQP+lWP8SduHXjd/gDTtMsbOuBgcO5j3PnuDFnUlnWt1Ha2Nza3invVvb2Dw6PzOOTtowSQWiLRDwSXRdLyllIW4opTruxoDhwOe244/t5vTOhQrIofFbTmDoBHobMZwQrLQ1MM+3nS1KXJzRDT9nArFo1KwdaJ3ZBqlCgOTB/+l5EkoCGinAsZc+2YuWkWChGOM0q/UTSGJMxHtKepiEOqHTS3DRDF1rxkB8J/UKFcvXvRIoDKaeBqzsDrEZytTYX/6v1vAmLZeH1sjBbvkT5t07KwjhRNCSLQ/yEIxWheUzIY4ISxaeaYCKY/gsiIywwUTrMSkWnZK9msk7aVzW7Xrt+rFcbd0VeZTiDc7gEG26gAQ/QhBYQmMAMXuHNmBnvxofxuWgtGcXMKSzB+PoFf+2hqQ==</latexit>

right-handed right-handed

left-handed (e_L) and right-handed (e_R) particle

are fundamentally different

p

<latexit sha1_base64="6hmJDlrvqAx4+3I386xwtE/wVkg=">AAACHHicbVDLSgMxFM3UVx1fY126CRbBVZkRRZdFNy4r2Ae0Q8lkMm1oJhOSTGkZ+ivd6oe4E7eC3+EPmE5nYVsvBA7n3HvPzQkEo0q77rdV2tre2d0r79sHh0fHJ85ppaWSVGLSxAlLZCdAijDKSVNTzUhHSILigJF2MHpc6O0xkYom/EVPBfFjNOA0ohhpQ/WdStbLl2QilYKRGRSzvlN1a25ecBN4BaiCohp956cXJjiNCdeYIaW6niu0nyGpKTYr7V6qiEB4hAakayBHMVF+ltvO4KVhQhgl0jyuYc7+nchQrNQ0DkxnjPRQrWsL8j+tG46pUIXXZGm2eomO7v2McpFqwvHykChlUCdwERQMqSRYs6kBCEtq/gLxEEmEtYnTtk1K3nomm6B1XfNuarfPN9X6Q5FXGZyDC3AFPHAH6uAJNEATYDABc/AK3qy59W59WJ/L1pJVzJyBlbK+fgGT5KLK</latexit>

S

<latexit sha1_base64="DVBDTQQSjkNB1E2U+KPKDKYJ04U=">AAACGnicbVDLSsNAFL2pr1pfUZduBovgqiRS0WXRjcuK9gFtKJPJpB06eTAzKZaQP+lWP8SduHXjd/gDTtMsbOuBgcO5j3PnuDFnUlnWt1Ha2Nza3invVvb2Dw6PzOOTtowSQWiLRDwSXRdLyllIW4opTruxoDhwOe244/t5vTOhQrIofFbTmDoBHobMZwQrLQ1MM+3nS1KXJzRDT9nArFo1KwdaJ3ZBqlCgOTB/+l5EkoCGinAsZc+2YuWkWChGOM0q/UTSGJMxHtKepiEOqHTS3DRDF1rxkB8J/UKFcvXvRIoDKaeBqzsDrEZytTYX/6v1vAmLZeH1sjBbvkT5t07KwjhRNCSLQ/yEIxWheUzIY4ISxaeaYCKY/gsiIywwUTrMSkWnZK9msk7aVzW7Xrt+rFcbd0VeZTiDc7gEG26gAQ/QhBYQmMAMXuHNmBnvxofxuWgtGcXMKSzB+PoFf+2hqQ==</latexit>



Experiment by Wu

60
27Co ! 60

28Ni + e� + ⌫̄e

<latexit sha1_base64="38IzXmmqkOM7J7v+7WVLOqhIeSM="></latexit>

60
27Co

<latexit sha1_base64="NNdIisB3qIviFVnLEHgB9thNAYo=">AAACHXicbVDLSsNAFJ34rPEV7dLNYBFclaRU67LYjcsK9gFtDJPJpB06eTAzKYaQb+lWP8SduBW/wx9w2mZhWw8MHM65l3vmuDGjQprmt7a1vbO7t1860A+Pjk9OjbPzrogSjkkHRyzifRcJwmhIOpJKRvoxJyhwGem5k9bc700JFzQKn2QaEztAo5D6FCOpJMcoP2e3Zu5ktUYOsyEPYCvKHaNiVs0F4CaxClIBBdqO8TP0IpwEJJSYISEGlhlLO0NcUsxIrg8TQWKEJ2hEBoqGKCDCzhbhc3ilFA/6EVcvlHCh/t3IUCBEGrhqMkByLNa9ufifN/CmNBbFrZflsdUk0r+zMxrGiSQhXgbxEwZlBOdNQY9ygiVLFUGYU/UXiMeIIyxVn7quWrLWO9kk3VrVqldvHuuV5n3RVwlcgEtwDSzQAE3wANqgAzBIwQy8gjdtpr1rH9rncnRLK3bKYAXa1y8ko6Hi</latexit>

B

<latexit sha1_base64="2Jk5fM5Xh5ET2slTrQmXDqXpIro=">AAACCXicbVDLTsJAFJ3iC+sLdelmIjFxRVqj0SXBjUtI5JFAQ6bTW5gwnTYzUyJp+AK2+iHujFu/wu/wBxygCwFPMsnJOffmnjl+wpnSjvNtFba2d3b3ivv2weHR8Unp9Kyl4lRSaNKYx7LjEwWcCWhqpjl0Egkk8jm0/dHj3G+PQSoWi2c9ScCLyECwkFGijdSo9Utlp+IsgDeJm5MyylHvl356QUzTCISmnCjVdZ1EexmRmlEOU7uXKkgIHZEBdA0VJALlZYugU3xllACHsTRPaLxQ/25kJFJqEvlmMiJ6qNa9ufif1w3GLFH5rZflsdUkOnzwMiaSVIOgyyBhyrGO8bwVHDAJVPOJIYRKZv6C6ZBIQrXpzrZNS+56J5ukdVNxbyt3jdtytZb3VUQX6BJdIxfdoyp6QnXURBQBmqFX9GbNrHfrw/pcjhasfOccrcD6+gVW/Zqe</latexit>

Jz = 5

<latexit sha1_base64="RkQDYeAqwQ3N+AikohtErj590fw=">AAACDnicbVDLSgMxFL1TX3V8VV26CRbBVZmRFt0IRTfiqoJ9QDuUTCbTxmYeJJliHfoP3eqHuBO3/oLf4Q+YtrOwrQcCh3Pu5Z4cN+ZMKsv6NnJr6xubW/ltc2d3b/+gcHjUkFEiCK2TiEei5WJJOQtpXTHFaSsWFAcup013cDv1m0MqJIvCRzWKqRPgXsh8RrDSUuO++4KuK91C0SpZM6BVYmekCBlq3cJPx4tIEtBQEY6lbNtWrJwUC8UIp2Ozk0gaYzLAPdrWNMQBlU46SztGZ1rxkB8J/UKFZurfjRQHUo4CV08GWPXlsjcV//Pa3pDFMrv1PD+2mET5V07KwjhRNCTzIH7CkYrQtBrkMUGJ4iNNMBFM/wWRPhaYKF2gaeqW7OVOVknjomSXS5WHcrF6k/WVhxM4hXOw4RKqcAc1qAOBJ5jAK7wZE+Pd+DA+56M5I9s5hgUYX793T5xD</latexit>

60
28Ni

<latexit sha1_base64="Eyx0OZYpluQMyZJaQWETcpqv2ew=">AAACHXicbVDLTsJAFJ3iC+urytLNRGLiirQElSXRjSuDiSAJ1GY6ncKE6SMzU2LT9FvY6oe4M26N3+EPOEAXAp5kkpNz7s09c9yYUSFN81srbWxube+Ud/W9/YPDI+P4pCuihGPSwRGLeM9FgjAako6kkpFezAkKXEae3PHtzH+aEC5oFD7KNCZ2gIYh9SlGUkmOUXnOrszcyerNHGYDHsB7mjtG1ayZc8B1YhWkCgq0HeNn4EU4CUgoMUNC9C0zlnaGuKSYkVwfJILECI/RkPQVDVFAhJ3Nw+fwXCke9COuXijhXP27kaFAiDRw1WSA5EisejPxP6/vTWgsilsvi2PLSaTftDMaxokkIV4E8RMGZQRnTUGPcoIlSxVBmFP1F4hHiCMsVZ+6rlqyVjtZJ916zWrULh8a1dZN0VcZnIIzcAEscA1a4A60QQdgkIIpeAVv2lR71z60z8VoSSt2KmAJ2tcvLpuh6A==</latexit>

Jz = 4

<latexit sha1_base64="ESISGzxamfIs+Os6r3uRBR0A4to=">AAACDnicbVDLSgMxFL1TX3V8VV26CRbBVZmRim6EohtxVcE+oB1KJpNpo5nMkGSKtfQfutUPcSdu/QW/wx8wbWdhWw8EDufcyz05fsKZ0o7zbeVWVtfWN/Kb9tb2zu5eYf+gruJUElojMY9l08eKciZoTTPNaTORFEc+pw3/6WbiN/pUKhaLBz1IqBfhrmAhI1gbqX7XeUFX5U6h6JScKdAycTNShAzVTuGnHcQkjajQhGOlWq6TaG+IpWaE05HdThVNMHnCXdoyVOCIKm84TTtCJ0YJUBhL84RGU/XvxhBHSg0i30xGWPfUojcR//NaQZ8lKrv1PDs2n0SHl96QiSTVVJBZkDDlSMdoUg0KmKRE84EhmEhm/oJID0tMtCnQtk1L7mIny6R+VnLLpfP7crFynfWVhyM4hlNw4QIqcAtVqAGBRxjDK7xZY+vd+rA+Z6M5K9s5hDlYX791qpxC</latexit>

+

<latexit sha1_base64="1FdYvUyZugSwySVR8ubwLFuCzRc=">AAACCXicbVDLSsNAFJ3UV42vqks3g0UQhJJIRZdFNy5bsLXQhjKZ3LRDJ5MwMymW0C/oVj/Enbj1K/wOf8Bpm4VtPTBwOOde7pnjJ5wp7TjfVmFjc2t7p7hr7+0fHB6Vjk9aKk4lhSaNeSzbPlHAmYCmZppDO5FAIp/Dsz98mPnPI5CKxeJJjxPwItIXLGSUaCM1rnqlslNx5sDrxM1JGeWo90o/3SCmaQRCU06U6rhOor2MSM0oh4ndTRUkhA5JHzqGChKB8rJ50Am+MEqAw1iaJzSeq383MhIpNY58MxkRPVCr3kz8z+sEI5ao/NbL4thyEh3eeRkTSapB0EWQMOVYx3jWCg6YBKr52BBCJTN/wXRAJKHadGfbpiV3tZN10rquuNXKTaNart3nfRXRGTpHl8hFt6iGHlEdNRFFgKboFb1ZU+vd+rA+F6MFK985RUuwvn4BMSqahw==</latexit>

Jz = Jz,⌫̄ + Jz,e = 1

<latexit sha1_base64="fKYAoTR5sXzwFXDN3az89G+Y9Qc=">AAACKnicbVDLSsNAFJ34rPUVdelmsAiCUhKp6KZQdCOuKtgHNKFMppN26GQSZibFNmTr13SrH+KuuPUP/AGnbRa29cAM5557L/fe40WMSmVZE2NtfWNzazu3k9/d2z84NI+O6zKMBSY1HLJQND0kCaOc1BRVjDQjQVDgMdLw+g/TfGNAhKQhf1HDiLgB6nLqU4yUltomfGqPYFn/yejK8ZBweJzCy3lM0jK022bBKlozwFViZ6QAMlTb5o/TCXEcEK4wQ1K2bCtSboKEopiRNO/EkkQI91GXtDTlKCDSTWaXpPBcKx3oh0I/ruBM/duRoEDKYeDpygCpnlzOTcX/cq3OgEYym/U6H7a4ifLv3ITyKFaE4/kifsygCuHUNtihgmDFhpogLKi+BeIeEggrbW4+r12ylz1ZJfXrol0q3jyXCpX7zK8cOAVn4ALY4BZUwCOoghrA4A2MwTv4MMbGpzExvuala0bWcwIWYHz/ApUZph8=</latexit>

⌫̄e

<latexit sha1_base64="n1pCo5LQcHmYey5cjIV287M8SmI=">AAACEnicbVDLTsJAFJ3iC+sLdelmIjFxRVqD0SXRjUtM5BFpQ6bTW5gwnTYzUyIh/AVb/RB3xq0/4Hf4Aw7QhYAnmeTknHtzz5wg5Uxpx/m2ChubW9s7xV17b//g8Kh0fNJUSSYpNGjCE9kOiALOBDQ00xzaqQQSBxxaweB+5reGIBVLxJMepeDHpCdYxCjRRnr2AiKxJ7IudEtlp+LMgdeJm5MyylHvln68MKFZDEJTTpTquE6q/TGRmlEOE9vLFKSEDkgPOoYKEoPyx/PEE3xhlBBHiTRPaDxX/26MSazUKA7MZEx0X616M/E/rxMOWaryWy+LY8tJdHTrj5lIMw2CLoJEGcc6wbN6cMgkUM1HhhAqmfkLpn0iCdWmRNs2LbmrnayT5lXFrVauH6vl2l3eVxGdoXN0iVx0g2roAdVRA1Ek0BS9ojdrar1bH9bnYrRg5TunaAnW1y9fl55q</latexit>

e

<latexit sha1_base64="gD7QIGCcAnEkdjLuL9IfvA0+WqU=">AAACCXicbVDLTsJAFJ3iC+sLdelmIjFxRVqD0SXRjUtI5JFAQ6bTW5gwnTYzUyJp+AK2+iHujFu/wu/wBxygCwFPMsnJOffmnjl+wpnSjvNtFba2d3b3ivv2weHR8Unp9Kyl4lRSaNKYx7LjEwWcCWhqpjl0Egkk8jm0/dHj3G+PQSoWi2c9ScCLyECwkFGijdSAfqnsVJwF8CZxc1JGOer90k8viGkagdCUE6W6rpNoLyNSM8phavdSBQmhIzKArqGCRKC8bBF0iq+MEuAwluYJjRfq342MREpNIt9MRkQP1bo3F//zusGYJSq/9bI8tppEh/dexkSSahB0GSRMOdYxnreCAyaBaj4xhFDJzF8wHRJJqDbd2bZpyV3vZJO0biputXLbqJZrD3lfRXSBLtE1ctEdqqEnVEdNRBGgGXpFb9bMerc+rM/laMHKd87RCqyvX5CMmsE=</latexit>

(left-handed electron)

(right-handed antineutrino)



Experiment by Wu

60
27Co ! 60

28Ni + e� + ⌫̄e

<latexit sha1_base64="38IzXmmqkOM7J7v+7WVLOqhIeSM="></latexit>

60
27Co

<latexit sha1_base64="NNdIisB3qIviFVnLEHgB9thNAYo=">AAACHXicbVDLSsNAFJ34rPEV7dLNYBFclaRU67LYjcsK9gFtDJPJpB06eTAzKYaQb+lWP8SduBW/wx9w2mZhWw8MHM65l3vmuDGjQprmt7a1vbO7t1860A+Pjk9OjbPzrogSjkkHRyzifRcJwmhIOpJKRvoxJyhwGem5k9bc700JFzQKn2QaEztAo5D6FCOpJMcoP2e3Zu5ktUYOsyEPYCvKHaNiVs0F4CaxClIBBdqO8TP0IpwEJJSYISEGlhlLO0NcUsxIrg8TQWKEJ2hEBoqGKCDCzhbhc3ilFA/6EVcvlHCh/t3IUCBEGrhqMkByLNa9ufifN/CmNBbFrZflsdUk0r+zMxrGiSQhXgbxEwZlBOdNQY9ygiVLFUGYU/UXiMeIIyxVn7quWrLWO9kk3VrVqldvHuuV5n3RVwlcgEtwDSzQAE3wANqgAzBIwQy8gjdtpr1rH9rncnRLK3bKYAXa1y8ko6Hi</latexit>

B

<latexit sha1_base64="2Jk5fM5Xh5ET2slTrQmXDqXpIro=">AAACCXicbVDLTsJAFJ3iC+sLdelmIjFxRVqj0SXBjUtI5JFAQ6bTW5gwnTYzUyJp+AK2+iHujFu/wu/wBxygCwFPMsnJOffmnjl+wpnSjvNtFba2d3b3ivv2weHR8Unp9Kyl4lRSaNKYx7LjEwWcCWhqpjl0Egkk8jm0/dHj3G+PQSoWi2c9ScCLyECwkFGijdSo9Utlp+IsgDeJm5MyylHvl356QUzTCISmnCjVdZ1EexmRmlEOU7uXKkgIHZEBdA0VJALlZYugU3xllACHsTRPaLxQ/25kJFJqEvlmMiJ6qNa9ufif1w3GLFH5rZflsdUkOnzwMiaSVIOgyyBhyrGO8bwVHDAJVPOJIYRKZv6C6ZBIQrXpzrZNS+56J5ukdVNxbyt3jdtytZb3VUQX6BJdIxfdoyp6QnXURBQBmqFX9GbNrHfrw/pcjhasfOccrcD6+gVW/Zqe</latexit>

Jz = 5

<latexit sha1_base64="RkQDYeAqwQ3N+AikohtErj590fw=">AAACDnicbVDLSgMxFL1TX3V8VV26CRbBVZmRFt0IRTfiqoJ9QDuUTCbTxmYeJJliHfoP3eqHuBO3/oLf4Q+YtrOwrQcCh3Pu5Z4cN+ZMKsv6NnJr6xubW/ltc2d3b/+gcHjUkFEiCK2TiEei5WJJOQtpXTHFaSsWFAcup013cDv1m0MqJIvCRzWKqRPgXsh8RrDSUuO++4KuK91C0SpZM6BVYmekCBlq3cJPx4tIEtBQEY6lbNtWrJwUC8UIp2Ozk0gaYzLAPdrWNMQBlU46SztGZ1rxkB8J/UKFZurfjRQHUo4CV08GWPXlsjcV//Pa3pDFMrv1PD+2mET5V07KwjhRNCTzIH7CkYrQtBrkMUGJ4iNNMBFM/wWRPhaYKF2gaeqW7OVOVknjomSXS5WHcrF6k/WVhxM4hXOw4RKqcAc1qAOBJ5jAK7wZE+Pd+DA+56M5I9s5hgUYX793T5xD</latexit>

60
28Ni

<latexit sha1_base64="Eyx0OZYpluQMyZJaQWETcpqv2ew=">AAACHXicbVDLTsJAFJ3iC+urytLNRGLiirQElSXRjSuDiSAJ1GY6ncKE6SMzU2LT9FvY6oe4M26N3+EPOEAXAp5kkpNz7s09c9yYUSFN81srbWxube+Ud/W9/YPDI+P4pCuihGPSwRGLeM9FgjAako6kkpFezAkKXEae3PHtzH+aEC5oFD7KNCZ2gIYh9SlGUkmOUXnOrszcyerNHGYDHsB7mjtG1ayZc8B1YhWkCgq0HeNn4EU4CUgoMUNC9C0zlnaGuKSYkVwfJILECI/RkPQVDVFAhJ3Nw+fwXCke9COuXijhXP27kaFAiDRw1WSA5EisejPxP6/vTWgsilsvi2PLSaTftDMaxokkIV4E8RMGZQRnTUGPcoIlSxVBmFP1F4hHiCMsVZ+6rlqyVjtZJ916zWrULh8a1dZN0VcZnIIzcAEscA1a4A60QQdgkIIpeAVv2lR71z60z8VoSSt2KmAJ2tcvLpuh6A==</latexit>

Jz = 4

<latexit sha1_base64="ESISGzxamfIs+Os6r3uRBR0A4to=">AAACDnicbVDLSgMxFL1TX3V8VV26CRbBVZmRim6EohtxVcE+oB1KJpNpo5nMkGSKtfQfutUPcSdu/QW/wx8wbWdhWw8EDufcyz05fsKZ0o7zbeVWVtfWN/Kb9tb2zu5eYf+gruJUElojMY9l08eKciZoTTPNaTORFEc+pw3/6WbiN/pUKhaLBz1IqBfhrmAhI1gbqX7XeUFX5U6h6JScKdAycTNShAzVTuGnHcQkjajQhGOlWq6TaG+IpWaE05HdThVNMHnCXdoyVOCIKm84TTtCJ0YJUBhL84RGU/XvxhBHSg0i30xGWPfUojcR//NaQZ8lKrv1PDs2n0SHl96QiSTVVJBZkDDlSMdoUg0KmKRE84EhmEhm/oJID0tMtCnQtk1L7mIny6R+VnLLpfP7crFynfWVhyM4hlNw4QIqcAtVqAGBRxjDK7xZY+vd+rA+Z6M5K9s5hDlYX791qpxC</latexit>

+

<latexit sha1_base64="1FdYvUyZugSwySVR8ubwLFuCzRc=">AAACCXicbVDLSsNAFJ3UV42vqks3g0UQhJJIRZdFNy5bsLXQhjKZ3LRDJ5MwMymW0C/oVj/Enbj1K/wOf8Bpm4VtPTBwOOde7pnjJ5wp7TjfVmFjc2t7p7hr7+0fHB6Vjk9aKk4lhSaNeSzbPlHAmYCmZppDO5FAIp/Dsz98mPnPI5CKxeJJjxPwItIXLGSUaCM1rnqlslNx5sDrxM1JGeWo90o/3SCmaQRCU06U6rhOor2MSM0oh4ndTRUkhA5JHzqGChKB8rJ50Am+MEqAw1iaJzSeq383MhIpNY58MxkRPVCr3kz8z+sEI5ao/NbL4thyEh3eeRkTSapB0EWQMOVYx3jWCg6YBKr52BBCJTN/wXRAJKHadGfbpiV3tZN10rquuNXKTaNart3nfRXRGTpHl8hFt6iGHlEdNRFFgKboFb1ZU+vd+rA+F6MFK985RUuwvn4BMSqahw==</latexit>

Jz = Jz,⌫̄ + Jz,e = 1

<latexit sha1_base64="fKYAoTR5sXzwFXDN3az89G+Y9Qc=">AAACKnicbVDLSsNAFJ34rPUVdelmsAiCUhKp6KZQdCOuKtgHNKFMppN26GQSZibFNmTr13SrH+KuuPUP/AGnbRa29cAM5557L/fe40WMSmVZE2NtfWNzazu3k9/d2z84NI+O6zKMBSY1HLJQND0kCaOc1BRVjDQjQVDgMdLw+g/TfGNAhKQhf1HDiLgB6nLqU4yUltomfGqPYFn/yejK8ZBweJzCy3lM0jK022bBKlozwFViZ6QAMlTb5o/TCXEcEK4wQ1K2bCtSboKEopiRNO/EkkQI91GXtDTlKCDSTWaXpPBcKx3oh0I/ruBM/duRoEDKYeDpygCpnlzOTcX/cq3OgEYym/U6H7a4ifLv3ITyKFaE4/kifsygCuHUNtihgmDFhpogLKi+BeIeEggrbW4+r12ylz1ZJfXrol0q3jyXCpX7zK8cOAVn4ALY4BZUwCOoghrA4A2MwTv4MMbGpzExvuala0bWcwIWYHz/ApUZph8=</latexit>

⌫̄e

<latexit sha1_base64="n1pCo5LQcHmYey5cjIV287M8SmI=">AAACEnicbVDLTsJAFJ3iC+sLdelmIjFxRVqD0SXRjUtM5BFpQ6bTW5gwnTYzUyIh/AVb/RB3xq0/4Hf4Aw7QhYAnmeTknHtzz5wg5Uxpx/m2ChubW9s7xV17b//g8Kh0fNJUSSYpNGjCE9kOiALOBDQ00xzaqQQSBxxaweB+5reGIBVLxJMepeDHpCdYxCjRRnr2AiKxJ7IudEtlp+LMgdeJm5MyylHvln68MKFZDEJTTpTquE6q/TGRmlEOE9vLFKSEDkgPOoYKEoPyx/PEE3xhlBBHiTRPaDxX/26MSazUKA7MZEx0X616M/E/rxMOWaryWy+LY8tJdHTrj5lIMw2CLoJEGcc6wbN6cMgkUM1HhhAqmfkLpn0iCdWmRNs2LbmrnayT5lXFrVauH6vl2l3eVxGdoXN0iVx0g2roAdVRA1Ek0BS9ojdrar1bH9bnYrRg5TunaAnW1y9fl55q</latexit>

e

<latexit sha1_base64="gD7QIGCcAnEkdjLuL9IfvA0+WqU=">AAACCXicbVDLTsJAFJ3iC+sLdelmIjFxRVqD0SXRjUtI5JFAQ6bTW5gwnTYzUyJp+AK2+iHujFu/wu/wBxygCwFPMsnJOffmnjl+wpnSjvNtFba2d3b3ivv2weHR8Unp9Kyl4lRSaNKYx7LjEwWcCWhqpjl0Egkk8jm0/dHj3G+PQSoWi2c9ScCLyECwkFGijdSAfqnsVJwF8CZxc1JGOer90k8viGkagdCUE6W6rpNoLyNSM8phavdSBQmhIzKArqGCRKC8bBF0iq+MEuAwluYJjRfq342MREpNIt9MRkQP1bo3F//zusGYJSq/9bI8tppEh/dexkSSahB0GSRMOdYxnreCAyaBaj4xhFDJzF8wHRJJqDbd2bZpyV3vZJO0biputXLbqJZrD3lfRXSBLtE1ctEdqqEnVEdNRBGgGXpFb9bMerc+rM/laMHKd87RCqyvX5CMmsE=</latexit>

(left-handed anti-neutrino)

(right-handed electron)

if parity were symmetry of weak interaction
one should also see

parity is maximally broken; only left-handed particles participates in weak interaction



Experiment by Wu

60
27Co ! 60

28Ni + e� + ⌫̄e

60
27Co

B

Jz = 5

60
28Ni

Jz = 4

+

Jz = Jz,⌫̄ + Jz,e = 1

⌫̄e

e

(left-handed anti-neutrino)

(right-handed electron)

if parity were symmetry of weak interaction
one should also see

parity is maximally broken; only left-handed particles participates in weak interaction

SM is a chiral theory



only left-handed particle participates in the weak interaction

Fermion mass term

since weak interaction is gauge interaction it would mean that
left-handed and right-handed leptons transform differently

under SU(2)xU(1) gauge symmetry

eR ! e�i�eR

<latexit sha1_base64="yPtlv7MYXz4juedVJP0Kkwdk12c=">AAACInicbVDLSgNBEJyNr7i+Vr0IXgaD4MWwKxE9Br14jGIekMRldraTDJl9MDMbDEv8mlz1Q7yJJ8G/8AecJHswiQUNRVU33V1ezJlUtv1l5FZW19Y38pvm1vbO7p61f1CTUSIoVGnEI9HwiATOQqgqpjg0YgEk8DjUvf7txK8PQEgWhY9qGEM7IN2QdRglSkuudQTuA26pCMNTes5wywNFRliLrlWwi/YUeJk4GSmgDBXX+mn5EU0CCBXlRMqmY8eqnRKhGOUwMluJhJjQPulCU9OQBCDb6fSDET7Vio87kdAVKjxV/06kJJByGHi6MyCqJxe9ifif1/QHLJbZrufZsvlLVOe6nbIwThSEdHZIJ+FYJzKJC/tMAFV8qAmhgulfMO0RQajSoZqmTslZzGSZ1C6KTql4eV8qlG+yvPLoGJ2gM+SgK1RGd6iCqoiiFzRGr+jNGBvvxofxOWvNGdnMIZqD8f0LmFajpw==</latexit>

✓
⌫L
eL

◆
! ei~↵(x)·~�/2e�i�/2

✓
⌫L
eL

◆

<latexit sha1_base64="ayF71PJECVXY/1cTTFycy5HGskU="></latexit>



Fermion mass term

On the other hand


fermion mass term is

L = �mēLeR + h.c.

<latexit sha1_base64="EULwVxH+2WvUrh71ZvtX+pN5w/0="></latexit>

which is not gauge invariant


The SM Lagrangian should NOT contain fermion mass term


Fermion masses are emergent in SM (from Higgs)



Fermion mass term

On the other hand
fermion mass term is

L = �mēLeR + h.c.

<latexit sha1_base64="EULwVxH+2WvUrh71ZvtX+pN5w/0="></latexit>

Y = �1

<latexit sha1_base64="xg2IFmR7A5LGi4JRgbZ4m97u62g=">AAACDHicbVDLSsNAFL2prxpfVZduBovgxpJIRTdC0Y3LCvYhbSiTyaQdOnkwMymW0F/oVj/Enbj1H/wOf8BJm4VtPTBwOOde7pnjxpxJZVnfRmFtfWNzq7ht7uzu7R+UDo+aMkoEoQ0S8Ui0XSwpZyFtKKY4bceC4sDltOUO7zO/NaJCsih8UuOYOgHuh8xnBKtMer69sHulslWxZkCrxM5JGXLUe6WfrheRJKChIhxL2bGtWDkpFooRTidmN5E0xmSI+7SjaYgDKp10lnWCzrTiIT8S+oUKzdS/GykOpBwHrp4MsBrIZS8T//M63ojFMr/1Mj+2mET5N07KwjhRNCTzIH7CkYpQVgzymKBE8bEmmAim/4LIAAtMlK7PNHVL9nInq6R5WbGrlavHarl2l/dVhBM4hXOw4Rpq8AB1aACBAUzhFd6MqfFufBif89GCke8cwwKMr1/sjZtu</latexit>

Y = 1/2

<latexit sha1_base64="QkHlUnPNjbmMoAlOHC7qBumXGvU=">AAACD3icbVDLTgIxFL3jE8cX6tJNIzFxhTMEoxsTohuXmMjDwIR0Oh1o6HQmbYdICB/BVj/EnXHrJ/gd/oAFZiHgSZqcnHNv7unxE86Udpxva219Y3NrO7dj7+7tHxzmj47rKk4loTUS81g2fawoZ4LWNNOcNhNJceRz2vD791O/MaBSsVg86WFCvQh3BQsZwdpIjWd0i9zLUidfcIrODGiVuBkpQIZqJ//TDmKSRlRowrFSLddJtDfCUjPC6dhup4ommPRxl7YMFTiiyhvN4o7RuVECFMbSPKHRTP27McKRUsPIN5MR1j217E3F/7xWMGCJym69zI8tJtHhjTdiIkk1FWQeJEw50jGadoMCJinRfGgIJpKZvyDSwxITbRq0bdOSu9zJKqmXim65ePVYLlTusr5ycApncAEuXEMFHqAKNSDQhwm8wps1sd6tD+tzPrpmZTsnsADr6xcdf5wA</latexit>

(should also be a part of doublet w. neutrino) L =

✓
⌫L
eL

◆

<latexit sha1_base64="UOas6gciGW0QO+Js5wuVdVjSRM8="></latexit>



Fermion mass term

On the other hand
fermion mass term is

L = �mēLeR + h.c.

<latexit sha1_base64="EULwVxH+2WvUrh71ZvtX+pN5w/0="></latexit>

Y = �1

<latexit sha1_base64="xg2IFmR7A5LGi4JRgbZ4m97u62g=">AAACDHicbVDLSsNAFL2prxpfVZduBovgxpJIRTdC0Y3LCvYhbSiTyaQdOnkwMymW0F/oVj/Enbj1H/wOf8BJm4VtPTBwOOde7pnjxpxJZVnfRmFtfWNzq7ht7uzu7R+UDo+aMkoEoQ0S8Ui0XSwpZyFtKKY4bceC4sDltOUO7zO/NaJCsih8UuOYOgHuh8xnBKtMer69sHulslWxZkCrxM5JGXLUe6WfrheRJKChIhxL2bGtWDkpFooRTidmN5E0xmSI+7SjaYgDKp10lnWCzrTiIT8S+oUKzdS/GykOpBwHrp4MsBrIZS8T//M63ojFMr/1Mj+2mET5N07KwjhRNCTzIH7CkYpQVgzymKBE8bEmmAim/4LIAAtMlK7PNHVL9nInq6R5WbGrlavHarl2l/dVhBM4hXOw4Rpq8AB1aACBAUzhFd6MqfFufBif89GCke8cwwKMr1/sjZtu</latexit>

Y = 1/2

<latexit sha1_base64="QkHlUnPNjbmMoAlOHC7qBumXGvU=">AAACD3icbVDLTgIxFL3jE8cX6tJNIzFxhTMEoxsTohuXmMjDwIR0Oh1o6HQmbYdICB/BVj/EnXHrJ/gd/oAFZiHgSZqcnHNv7unxE86Udpxva219Y3NrO7dj7+7tHxzmj47rKk4loTUS81g2fawoZ4LWNNOcNhNJceRz2vD791O/MaBSsVg86WFCvQh3BQsZwdpIjWd0i9zLUidfcIrODGiVuBkpQIZqJ//TDmKSRlRowrFSLddJtDfCUjPC6dhup4ommPRxl7YMFTiiyhvN4o7RuVECFMbSPKHRTP27McKRUsPIN5MR1j217E3F/7xWMGCJym69zI8tJtHhjTdiIkk1FWQeJEw50jGadoMCJinRfGgIJpKZvyDSwxITbRq0bdOSu9zJKqmXim65ePVYLlTusr5ycApncAEuXEMFHqAKNSDQhwm8wps1sd6tD+tzPrpmZTsnsADr6xcdf5wA</latexit>

(should also be a part of doublet w. neutrino) L =

✓
⌫L
eL

◆

<latexit sha1_base64="UOas6gciGW0QO+Js5wuVdVjSRM8="></latexit>

introduce Higgs doublet and write

L = �y

✓
⌫̄L

ēL

◆
·
✓

H
+

H
0

◆
eR

<latexit sha1_base64="m+fxQSDIHRUPLWj0+BSMeEMxobk="></latexit>

Y = 1/2

<latexit sha1_base64="QkHlUnPNjbmMoAlOHC7qBumXGvU=">AAACD3icbVDLTgIxFL3jE8cX6tJNIzFxhTMEoxsTohuXmMjDwIR0Oh1o6HQmbYdICB/BVj/EnXHrJ/gd/oAFZiHgSZqcnHNv7unxE86Udpxva219Y3NrO7dj7+7tHxzmj47rKk4loTUS81g2fawoZ4LWNNOcNhNJceRz2vD791O/MaBSsVg86WFCvQh3BQsZwdpIjWd0i9zLUidfcIrODGiVuBkpQIZqJ//TDmKSRlRowrFSLddJtDfCUjPC6dhup4ommPRxl7YMFTiiyhvN4o7RuVECFMbSPKHRTP27McKRUsPIN5MR1j217E3F/7xWMGCJym69zI8tJtHhjTdiIkk1FWQeJEw50jGadoMCJinRfGgIJpKZvyDSwxITbRq0bdOSu9zJKqmXim65ePVYLlTusr5ycApncAEuXEMFHqAKNSDQhwm8wps1sd6tD+tzPrpmZTsnsADr6xcdf5wA</latexit>



Fermion mass term

On the other hand
fermion mass term is

L = �mēLeR + h.c.

<latexit sha1_base64="EULwVxH+2WvUrh71ZvtX+pN5w/0="></latexit>

Y = �1

<latexit sha1_base64="xg2IFmR7A5LGi4JRgbZ4m97u62g=">AAACDHicbVDLSsNAFL2prxpfVZduBovgxpJIRTdC0Y3LCvYhbSiTyaQdOnkwMymW0F/oVj/Enbj1H/wOf8BJm4VtPTBwOOde7pnjxpxJZVnfRmFtfWNzq7ht7uzu7R+UDo+aMkoEoQ0S8Ui0XSwpZyFtKKY4bceC4sDltOUO7zO/NaJCsih8UuOYOgHuh8xnBKtMer69sHulslWxZkCrxM5JGXLUe6WfrheRJKChIhxL2bGtWDkpFooRTidmN5E0xmSI+7SjaYgDKp10lnWCzrTiIT8S+oUKzdS/GykOpBwHrp4MsBrIZS8T//M63ojFMr/1Mj+2mET5N07KwjhRNCTzIH7CkYpQVgzymKBE8bEmmAim/4LIAAtMlK7PNHVL9nInq6R5WbGrlavHarl2l/dVhBM4hXOw4Rpq8AB1aACBAUzhFd6MqfFufBif89GCke8cwwKMr1/sjZtu</latexit>

Y = 1/2

<latexit sha1_base64="QkHlUnPNjbmMoAlOHC7qBumXGvU=">AAACD3icbVDLTgIxFL3jE8cX6tJNIzFxhTMEoxsTohuXmMjDwIR0Oh1o6HQmbYdICB/BVj/EnXHrJ/gd/oAFZiHgSZqcnHNv7unxE86Udpxva219Y3NrO7dj7+7tHxzmj47rKk4loTUS81g2fawoZ4LWNNOcNhNJceRz2vD791O/MaBSsVg86WFCvQh3BQsZwdpIjWd0i9zLUidfcIrODGiVuBkpQIZqJ//TDmKSRlRowrFSLddJtDfCUjPC6dhup4ommPRxl7YMFTiiyhvN4o7RuVECFMbSPKHRTP27McKRUsPIN5MR1j217E3F/7xWMGCJym69zI8tJtHhjTdiIkk1FWQeJEw50jGadoMCJinRfGgIJpKZvyDSwxITbRq0bdOSu9zJKqmXim65ePVYLlTusr5ycApncAEuXEMFHqAKNSDQhwm8wps1sd6tD+tzPrpmZTsnsADr6xcdf5wA</latexit>

(should also be a part of doublet w. neutrino) L =

✓
⌫L
eL

◆

<latexit sha1_base64="UOas6gciGW0QO+Js5wuVdVjSRM8="></latexit>

introduce Higgs doublet and write

H =

✓
0

v+hp
2

◆

<latexit sha1_base64="dyEdfj9yo9isQXXMjXPq1ZwIorY="></latexit>

L = �y

✓
⌫̄L

ēL

◆
·
✓

H
+

H
0

◆
eR = � yvp

2
(1 +

h

v
)ēLeR

<latexit sha1_base64="4W6iKazyrEk7FbQjUaOhc0ApNbc="></latexit>

me

<latexit sha1_base64="IuAGFQZmwKH+yXpqhyjNu7gLo+w=">AAACG3icbVDLSsNAFJ3UV42vVJduBovgqiSi6LLoxmUF+4A2lMnkth06eTAzqZaQT+lWP8SduHXhd/gDTtMsbOuBgcO5j3PneDFnUtn2t1Ha2Nza3invmnv7B4dHVuW4JaNEUGjSiEei4xEJnIXQVExx6MQCSOBxaHvj+3m9PQEhWRQ+qWkMbkCGIRswSpSW+lYl7eVLUgF+hoM+ZH2ratfsHHidOAWpogKNvvXT8yOaBBAqyomUXceOlZsSoRjlkJm9REJM6JgMoatpSAKQbpq7ZvhcKz4eREK/UOFc/TuRkkDKaeDpzoCokVytzcX/al1/wmJZeL0szJYvUYNbN2VhnCgI6eKQQcKxivA8J+wzAVTxqSaECqb/gumICEKVTtM0dUrOaibrpHVZc65q149X1fpdkVcZnaIzdIEcdIPq6AE1UBNR9Ixm6BW9GTPj3fgwPhetJaOYOUFLML5+AWVtoiQ=</latexit>

� �me

v
hēLeR

<latexit sha1_base64="UdqNQKULiZ18D5Ne23yzMvF3OVI="></latexit>

Y = 1/2

<latexit sha1_base64="QkHlUnPNjbmMoAlOHC7qBumXGvU=">AAACD3icbVDLTgIxFL3jE8cX6tJNIzFxhTMEoxsTohuXmMjDwIR0Oh1o6HQmbYdICB/BVj/EnXHrJ/gd/oAFZiHgSZqcnHNv7unxE86Udpxva219Y3NrO7dj7+7tHxzmj47rKk4loTUS81g2fawoZ4LWNNOcNhNJceRz2vD791O/MaBSsVg86WFCvQh3BQsZwdpIjWd0i9zLUidfcIrODGiVuBkpQIZqJ//TDmKSRlRowrFSLddJtDfCUjPC6dhup4ommPRxl7YMFTiiyhvN4o7RuVECFMbSPKHRTP27McKRUsPIN5MR1j217E3F/7xWMGCJym69zI8tJtHhjTdiIkk1FWQeJEw50jGadoMCJinRfGgIJpKZvyDSwxITbRq0bdOSu9zJKqmXim65ePVYLlTusr5ycApncAEuXEMFHqAKNSDQhwm8wps1sd6tD+tzPrpmZTsnsADr6xcdf5wA</latexit>



Fermion mass term

introduce Higgs doublet and write

L = �y

✓
⌫̄L

ēL

◆
·
✓

H
+

H
0

◆
eR = � yvp

2
(1 +

h

v
)ēLeR

<latexit sha1_base64="4W6iKazyrEk7FbQjUaOhc0ApNbc="></latexit>

� �me

v
hēLeR

<latexit sha1_base64="UdqNQKULiZ18D5Ne23yzMvF3OVI="></latexit>

Higgs coupling to SM fermion is proportional to the mass!





Spontaneous symmetry breaking

previously we consider 4-Fermi theory and discuss 

that 4-Fermi theory originates from SU(2)xU(1) electroweak gauge theory

L = GFJ
+
µ J�µ

<latexit sha1_base64="GlIzo38hZLG+QeNPgTnB9uETNYY=">AAACKXicbVDLSsNAFJ34rPFVdenCwSIIYkmkohuhKKiIiwr2AU0Mk8mkHTp5MDMpltClX9Otfog7desn+ANO2yxs64HLPZx7L/fe48aMCmkYn9rc/MLi0nJuRV9dW9/YzG9t10SUcEyqOGIRb7hIEEZDUpVUMtKIOUGBy0jd7VwN6/Uu4YJG4aPsxcQOUCukPsVIKsnJ76UWRgze9+EFvHGu4d3TkWMFicrpscp9J18wisYIcJaYGSmADBUn/2N5EU4CEkrMkBBN04ilnSIuKWakr1uJIDHCHdQiTUVDFBBhp6NH+vBAKR70I64ilHCk/p1IUSBEL3BVZ4BkW0zXhuJ/tabXpbHIdj2Pl01eIv1zO6VhnEgS4vEhfsKgjODQNehRTrBkPUUQ5lT9AnEbcYSl8lbXlUvmtCezpHZSNEvF04dSoXyZ+ZUDu2AfHAITnIEyuAUVUAUYvIABeAVv2kB71z60r3HrnJbN7IAJaN+/6IylzQ==</latexit>

L = �m2
WW+

µ W�µ + gW+
µ J�µ + gW�

µ J+µ

<latexit sha1_base64="Po344/x2/jUPcXJfBqIZ+wRfvyU="></latexit>



Spontaneous symmetry breaking

we have also discussed that if we require gauge invariance 
gauge bosons are necessarily massless


while from the observation weak bosons are massive

how do we provide mass to weak gauge bosons?

Through spontaneous symmetry breaking by Higgs

L = �m2
WW+

µ W�µ + gW+
µ J�µ + gW�

µ J+µ

<latexit sha1_base64="Po344/x2/jUPcXJfBqIZ+wRfvyU="></latexit>



Spontaneous symmetry breaking
let us consider U(1) gauge theory


particularly, scalar electrodynamics

Dµ = @µ + ieAµ

<latexit sha1_base64="JpZbBV6zzQO/QERmLAnFAASGH38=">AAACKnicbVDJSsNAGJ7UrcYt6tHLYBEEoSRS0YtQl4PHCnaBJoTJZNIOnSzMTIql9OrT9KoP4q149Q18ASdpDrb1g4Fvvn//vIRRIU1zppXW1jc2t8rb+s7u3v6BcXjUEnHKMWnimMW84yFBGI1IU1LJSCfhBIUeI21v8JDF20PCBY2jFzlKiBOiXkQDipFUkmvAR9cOU3gL7QRxSRHLvxeQQgLvMu4aFbNq5oCrxCpIBRRouMaP7cc4DUkkMUNCdC0zkc44644Zmeh2KkiC8AD1SFfRCIVEOOP8kgk8U4oPg5irF0mYq38rxigUYhR6KjNEsi+WY5n4X6zrD2kiilmv82GLm8jgxhnTKEklifB8kSBlUMYwsw36lBMs2UgRhDlVt0DcRxxhqczVdeWStezJKmldVq1a9eq5VqnfF36VwQk4BefAAtegDp5AAzQBBm9gCt7BhzbVPrWZ9jVPLWlFzTFYgPb9CwAdpl4=</latexit>

L = (Dµ�)⇤(Dµ�)� V (|�|2)

<latexit sha1_base64="Kj/qdcjzYu7oxU0YfiQtB9OhqjE="></latexit>

V (|�|2) = �m2|�|2 + �|�|4

<latexit sha1_base64="RgSoP77dcsUwraGMBiisF7Ls9uw="></latexit>

scalar field obtains vacuum expectation value (VEV)

h�i = v =
p

m2/2�

<latexit sha1_base64="t8PPHWEb4A7eRxHOuFkmVd/+GbY="></latexit>



Higgs mechanism
let us consider U(1) gauge theory


particularly, scalar electrodynamics

Dµ = @µ + ieAµ

<latexit sha1_base64="JpZbBV6zzQO/QERmLAnFAASGH38=">AAACKnicbVDJSsNAGJ7UrcYt6tHLYBEEoSRS0YtQl4PHCnaBJoTJZNIOnSzMTIql9OrT9KoP4q149Q18ASdpDrb1g4Fvvn//vIRRIU1zppXW1jc2t8rb+s7u3v6BcXjUEnHKMWnimMW84yFBGI1IU1LJSCfhBIUeI21v8JDF20PCBY2jFzlKiBOiXkQDipFUkmvAR9cOU3gL7QRxSRHLvxeQQgLvMu4aFbNq5oCrxCpIBRRouMaP7cc4DUkkMUNCdC0zkc44644Zmeh2KkiC8AD1SFfRCIVEOOP8kgk8U4oPg5irF0mYq38rxigUYhR6KjNEsi+WY5n4X6zrD2kiilmv82GLm8jgxhnTKEklifB8kSBlUMYwsw36lBMs2UgRhDlVt0DcRxxhqczVdeWStezJKmldVq1a9eq5VqnfF36VwQk4BefAAtegDp5AAzQBBm9gCt7BhzbVPrWZ9jVPLWlFzTFYgPb9CwAdpl4=</latexit>

L = (Dµ�)⇤(Dµ�)� V (|�|2)

<latexit sha1_base64="Kj/qdcjzYu7oxU0YfiQtB9OhqjE="></latexit>

� e2AµA
µ|�|2

<latexit sha1_base64="IQoXEsWCYtiC8NDCwxPVQkLQ8c8=">AAACKnicbVDLTgIxFO34RHyhLt00EhNXZIZgdAm6cYmJPBIGSKdcoKEz07QdIgG2fg1b/RB3xK1/4A/YgVkIeJI2J+fcm3vv8QRnStv23Nra3tnd208dpA+Pjk9OM2fnVRVGkkKFhjyUdY8o4CyAimaaQ11IIL7HoeYNHmO/NgSpWBi86JGApk96AesySrSR2hnsqkgo0BhaeVxqu36ES634n7iizyatfDuTtXP2AniTOAnJogTldubH7YQ08iHQlBOlGo4tdHNMpGaUwzTtRgoEoQPSg4ahAfFBNceLS6b42igd3A2leYHGC/Vvx5j4So18z1T6RPfVuheL/3mNzpAJlcx6XQ5b3UR375tjFohIQ0CXi3QjjnWI49hwh0mgmo8MIVQycwumfSIJ1SbcdNqk5Kxnskmq+ZxTyN0+F7LFhySvFLpEV+gGOegOFdETKqMKougNzdA7+rBm1qc1t76WpVtW0nOBVmB9/wI8OKcY</latexit>

due to scalar VEV <ϕ> = v  

the gauge boson obtains mass

m2
A = e2h|�|2i = e2v2

<latexit sha1_base64="ENRJaw4sql2dooPU1Igz/X/xgLE=">AAACOHicbVDLTgIxFO34RHyNunTTSExckRmC0Y0J6sYlJvJIeKVTLtDQ6UzaDpEAf+HXsNWfcOfOuNUfsDCzEPAkbU7OuTf33uOFnCntOO/W2vrG5tZ2aie9u7d/cGgfHZdVEEkKJRrwQFY9ooAzASXNNIdqKIH4HoeK17+f+ZUBSMUC8aSHITR80hWswyjRRmrZWb9128zhGwzmr3MiuhzwuB722HgmyFiI7UEz17IzTtaZA68SNyEZlKDYsn/q7YBGPghNOVGq5jqhboyI1IxymKTrkYKQ0D7pQs1QQXxQjdH8rgk+N0obdwJpntB4rv7tGBFfqaHvmUqf6J5a9mbif16tPWChSmY9x8MWN9Gd68aIiTDSIGi8SCfiWAd4FiJuMwlU86EhhEpmbsG0RySh2kSdTpuU3OVMVkk5l3Xz2cvHfKZwl+SVQqfoDF0gF12hAnpARVRCFL2gKXpFb9bU+rA+ra+4dM1Kek7QAqzvX56Pqx8=</latexit>

in this way (spontaneous symmetry breaking)

gauge boson can obtain mass without breaking gauge symmetry



Application to the SM

Symmetry of SM

SU(2)L ⇥ U(1)Y

<latexit sha1_base64="YUXpsI73mZr5heYvfUsCe7E+EnY=">AAACHnicbVDLTsJAFJ3iC+urPnZuJhIT2JCWYHRJdOPCBUYLGGia6XQKE6aPzEyJSPgXtvoh7oxb/Q5/wAG6EPAmk5ycc2/OmeMljAppmt9abm19Y3Mrv63v7O7tHxiHRw0RpxwTG8cs5i0PCcJoRGxJJSOthBMUeow0vf7NVG8OCBc0jh7lMCFOiLoRDShGUlGucfJgFysl964jaUgEtItWyX1yjYJZNmcDV4GVgQLIpu4aPx0/xmlIIokZEqJtmYl0RohLihkZ651UkAThPuqStoIRUl7OaJZ+DM8V48Mg5upFEs7YvxcjFAoxDD21GSLZE8valPxPa/sDmojM63lutphEBlfOiEZJKkmE50GClEEZw2lV0KecYMmGCiDMqfoLxD3EEZaqUF1XLVnLnayCRqVsVcsX99VC7TrrKw9OwRkoAgtcghq4BXVgAwxewAS8gjdtor1rH9rnfDWnZTfHYGG0r19EXqFO</latexit>

Symmetry of vacuum

U(1)em

<latexit sha1_base64="FRAI5OMAkqn4FWlUJTqRCy7g+V4=">AAACFXicbVDNTgIxGOziH65/qEcvjcQEL2TXYPRI9OIRExdIYEO63S40tN217RLJhufgqg/izXj17HP4AhbYg4CTNJnMfF++6QQJo0o7zrdV2Njc2t4p7tp7+weHR6Xjk6aKU4mJh2MWy3aAFGFUEE9TzUg7kQTxgJFWMLyf+a0RkYrG4kmPE+Jz1Bc0ohhpI/lexb3sZV3JIeGTXqnsVJ054Dpxc1IGORq90k83jHHKidCYIaU6rpNoP0NSU8zIxO6miiQID1GfdAwViBPlZ/PQE3hhlBBGsTRPaDhX/25kiCs15oGZ5EgP1Ko3E//zOuGIJiq/9bI4tpxER7d+RkWSaiLwIkiUMqhjOGsIhlQSrNnYEIQlNX+BeIAkwtr0aNumJXe1k3XSvKq6ter1Y61cv8v7KoIzcA4qwAU3oA4eQAN4AINnMAWv4M2aWu/Wh/W5GC1Y+c4pWIL19QvoY58v</latexit>

L = (Dµ
H)⇤(DµH)� V (|H|2)

<latexit sha1_base64="OlYAU6IhYPXDf48Ga3+Kr1xU1oo="></latexit>

V (|H|)2 = �(|H|2 � v
2

2
)2

<latexit sha1_base64="ahqY/P99W0B1h5zcU4Cgtgb9HNU="></latexit>

hHi =
✓

0
v/

p
2

◆

<latexit sha1_base64="CryisqBucAmxtjud13Ql+JZrUnA="></latexit>

|DµH|2 =
g
2
v
2

4
W

+
W

� +
v
2

8
(�gW

3 + g
0
B)2

<latexit sha1_base64="L/OEG7x+TBbEIw3/OanUp3AgON4="></latexit>

DµH = (@µ � igW
a

µ
T

a � ig
0
YHBµ)H

<latexit sha1_base64="S5z6wBHbdT2KVAcNPwzhO44odnw="></latexit>

YH = 1/2

<latexit sha1_base64="CARidastlEmxnDW9b0aiNRsK/MA=">AAACD3icbVDLTgIxFL2DLxxfqEs3jcTEFc4QjG5MiG5YYiIPAxPS6XSgofNI2yGSCR/BVj/EnXHrJ/gd/oAFZiHgSZqcnHNv7ulxY86ksqxvI7exubW9k9819/YPDo8KxydNGSWC0AaJeCTaLpaUs5A2FFOctmNBceBy2nKHDzO/NaJCsih8UuOYOgHuh8xnBCsttZ57tTv7qtwrFK2SNQdaJ3ZGipCh3iv8dL2IJAENFeFYyo5txcpJsVCMcDoxu4mkMSZD3KcdTUMcUOmk87gTdKEVD/mR0C9UaK7+3UhxIOU4cPVkgNVArnoz8T+v441YLLNbL4tjy0mUf+ukLIwTRUOyCOInHKkIzbpBHhOUKD7WBBPB9F8QGWCBidINmqZuyV7tZJ00yyW7Urp+rBSr91lfeTiDc7gEG26gCjWoQwMIDGEKr/BmTI1348P4XIzmjGznFJZgfP0CyKCcZw==</latexit>



Application to the SM

Symmetry of SM

SU(2)L ⇥ U(1)Y

<latexit sha1_base64="YUXpsI73mZr5heYvfUsCe7E+EnY=">AAACHnicbVDLTsJAFJ3iC+urPnZuJhIT2JCWYHRJdOPCBUYLGGia6XQKE6aPzEyJSPgXtvoh7oxb/Q5/wAG6EPAmk5ycc2/OmeMljAppmt9abm19Y3Mrv63v7O7tHxiHRw0RpxwTG8cs5i0PCcJoRGxJJSOthBMUeow0vf7NVG8OCBc0jh7lMCFOiLoRDShGUlGucfJgFysl964jaUgEtItWyX1yjYJZNmcDV4GVgQLIpu4aPx0/xmlIIokZEqJtmYl0RohLihkZ651UkAThPuqStoIRUl7OaJZ+DM8V48Mg5upFEs7YvxcjFAoxDD21GSLZE8valPxPa/sDmojM63lutphEBlfOiEZJKkmE50GClEEZw2lV0KecYMmGCiDMqfoLxD3EEZaqUF1XLVnLnayCRqVsVcsX99VC7TrrKw9OwRkoAgtcghq4BXVgAwxewAS8gjdtor1rH9rnfDWnZTfHYGG0r19EXqFO</latexit>

Symmetry of vacuum

U(1)em

<latexit sha1_base64="FRAI5OMAkqn4FWlUJTqRCy7g+V4=">AAACFXicbVDNTgIxGOziH65/qEcvjcQEL2TXYPRI9OIRExdIYEO63S40tN217RLJhufgqg/izXj17HP4AhbYg4CTNJnMfF++6QQJo0o7zrdV2Njc2t4p7tp7+weHR6Xjk6aKU4mJh2MWy3aAFGFUEE9TzUg7kQTxgJFWMLyf+a0RkYrG4kmPE+Jz1Bc0ohhpI/lexb3sZV3JIeGTXqnsVJ054Dpxc1IGORq90k83jHHKidCYIaU6rpNoP0NSU8zIxO6miiQID1GfdAwViBPlZ/PQE3hhlBBGsTRPaDhX/25kiCs15oGZ5EgP1Ko3E//zOuGIJiq/9bI4tpxER7d+RkWSaiLwIkiUMqhjOGsIhlQSrNnYEIQlNX+BeIAkwtr0aNumJXe1k3XSvKq6ter1Y61cv8v7KoIzcA4qwAU3oA4eQAN4AINnMAWv4M2aWu/Wh/W5GC1Y+c4pWIL19QvoY58v</latexit>

L = (Dµ
H)⇤(DµH)� V (|H|2)

<latexit sha1_base64="OlYAU6IhYPXDf48Ga3+Kr1xU1oo="></latexit>

V (|H|)2 = �(|H|2 � v
2

2
)2

<latexit sha1_base64="ahqY/P99W0B1h5zcU4Cgtgb9HNU="></latexit>

DµH = (@µ � igW
a

µ
T

a � ig
0
YHBµ)H

<latexit sha1_base64="S5z6wBHbdT2KVAcNPwzhO44odnw="></latexit>

YH = 1/2

<latexit sha1_base64="CARidastlEmxnDW9b0aiNRsK/MA=">AAACD3icbVDLTgIxFL2DLxxfqEs3jcTEFc4QjG5MiG5YYiIPAxPS6XSgofNI2yGSCR/BVj/EnXHrJ/gd/oAFZiHgSZqcnHNv7ulxY86ksqxvI7exubW9k9819/YPDo8KxydNGSWC0AaJeCTaLpaUs5A2FFOctmNBceBy2nKHDzO/NaJCsih8UuOYOgHuh8xnBCsttZ57tTv7qtwrFK2SNQdaJ3ZGipCh3iv8dL2IJAENFeFYyo5txcpJsVCMcDoxu4mkMSZD3KcdTUMcUOmk87gTdKEVD/mR0C9UaK7+3UhxIOU4cPVkgNVArnoz8T+v441YLLNbL4tjy0mUf+ukLIwTRUOyCOInHKkIzbpBHhOUKD7WBBPB9F8QGWCBidINmqZuyV7tZJ00yyW7Urp+rBSr91lfeTiDc7gEG26gCjWoQwMIDGEKr/BmTI1348P4XIzmjGznFJZgfP0CyKCcZw==</latexit>

hHi =
✓

0
vp
2

◆

<latexit sha1_base64="kztJNwspE3rzuINFDbWHEabDsgE="></latexit>

=
g2v2

4
W+W� +

v2

8
(gW 3 � g0B)2

<latexit sha1_base64="28zan0/RAkhLam6mJu1do1HfN/I="></latexit>

hDµHi = � i

2
p
2

✓
gW

3 + g
0
B

p
2gW+

p
2gW�

g
0
B � gW

3

◆✓
0
v

◆

<latexit sha1_base64="n/jm2cIBwvm1Hufu3+cVKEBGUjE="></latexit>

|DµH|2 =
1

8
(0 v)

✓
gW

3 + g
0
B

p
2gW+

p
2gW�

g
0
B � gW

3

◆2 ✓
0
v

◆

<latexit sha1_base64="jnM34telfK6prCvOiP+fqFSgqho="></latexit>

=
1

8
(0 v)

✓
· ·
· 2g2W+W� + (gW 3 � g0B)2

◆✓
0
v

◆

<latexit sha1_base64="8w0+7z27MXzew+7Dv/5BoHU0Bfg="></latexit>



DµH = (@µ � igW
a

µ
T

a � ig
0
YHBµ)H

<latexit sha1_base64="S5z6wBHbdT2KVAcNPwzhO44odnw="></latexit>

YH = 1/2

<latexit sha1_base64="CARidastlEmxnDW9b0aiNRsK/MA=">AAACD3icbVDLTgIxFL2DLxxfqEs3jcTEFc4QjG5MiG5YYiIPAxPS6XSgofNI2yGSCR/BVj/EnXHrJ/gd/oAFZiHgSZqcnHNv7ulxY86ksqxvI7exubW9k9819/YPDo8KxydNGSWC0AaJeCTaLpaUs5A2FFOctmNBceBy2nKHDzO/NaJCsih8UuOYOgHuh8xnBCsttZ57tTv7qtwrFK2SNQdaJ3ZGipCh3iv8dL2IJAENFeFYyo5txcpJsVCMcDoxu4mkMSZD3KcdTUMcUOmk87gTdKEVD/mR0C9UaK7+3UhxIOU4cPVkgNVArnoz8T+v441YLLNbL4tjy0mUf+ukLIwTRUOyCOInHKkIzbpBHhOUKD7WBBPB9F8QGWCBidINmqZuyV7tZJ00yyW7Urp+rBSr91lfeTiDc7gEG26gCjWoQwMIDGEKr/BmTI1348P4XIzmjGznFJZgfP0CyKCcZw==</latexit>

hHi =
✓

0
vp
2

◆

<latexit sha1_base64="kztJNwspE3rzuINFDbWHEabDsgE="></latexit>

m2
W

<latexit sha1_base64="uePdpnI6kk3P+0bUgH6xoEBWkO4=">AAACDXicbVDLTsJAFL31ifWFunTTSExckZZgdEl04xITCyRQyXQ6hQkz02ZmSiSEb2CrH+LOuPUb/A5/wAG6EPAkk5ycc2/umROmjCrtut/WxubW9s5uYc/ePzg8Oi6enDZUkklMfJywRLZCpAijgviaakZaqSSIh4w0w8H9zG8OiVQ0EU96lJKAo56gMcVIG8nn3eZzpVssuWV3DmedeDkpQY56t/jTiRKccSI0ZkiptuemOhgjqSlmZGJ3MkVShAeoR9qGCsSJCsbzsBPn0iiREyfSPKGdufp3Y4y4UiMemkmOdF+tejPxP68dDWmq8lsvi2PLSXR8G4ypSDNNBF4EiTPm6MSZNeNEVBKs2cgQhCU1f3FwH0mEtenPtk1L3mon66RRKXvV8vVjtVS7y/sqwDlcwBV4cAM1eIA6+ICBwhRe4c2aWu/Wh/W5GN2w8p0zWIL19QtN/Jw3</latexit>

Z =
gW 3 � g0Bp

g2 + g02

<latexit sha1_base64="dqxCONAAuVAhOvU4BchLtezBjHw="></latexit>

= m2
WW+W� +

1

2
m2

ZZ
2

<latexit sha1_base64="Httm4C7Su07Ak8i9Vj/6gMIQIRw="></latexit>

one direction remains massless: photon!

A =
g0W 3 + gBp

g2 + g02

<latexit sha1_base64="iuzvYOvX1JfbsfKTMKT0cBefHPg="></latexit>

=
g2v2

4
W+W� +

v2

8
(gW 3 � g0B)2

<latexit sha1_base64="28zan0/RAkhLam6mJu1do1HfN/I="></latexit>

|DµH|2 =
1

8
(0 v)

✓
gW

3 + g
0
B

p
2gW+

p
2gW�

g
0
B � gW

3

◆2 ✓
0
v

◆

<latexit sha1_base64="jnM34telfK6prCvOiP+fqFSgqho="></latexit>

=
1

8
(0 v)

✓
· ·
· 2g2W+W� + (gW 3 � g0B)2

◆✓
0
v

◆

<latexit sha1_base64="8w0+7z27MXzew+7Dv/5BoHU0Bfg="></latexit>



Application to the SM

|DµH|2 =
g
2
v
2

4
W

+
W

� +
v
2

8
(�gW

3 + g
0
B)2

<latexit sha1_base64="L/OEG7x+TBbEIw3/OanUp3AgON4="></latexit>

W±
µ

<latexit sha1_base64="T9oi50jyS7rDGOIk6mF9PIE75Ws=">AAACEXicbVDLTgIxFO3gC8cX6tJNIzFxRWaMRpdENy4xkYdhRtLpdKCh7TRth0gIX8FWP8SdcesX+B3+gAVmIeBJmpycc2/u6Ykko9p43rdTWFvf2Nwqbrs7u3v7B6XDo4ZOM4VJHacsVa0IacKoIHVDDSMtqQjiESPNqH839ZsDojRNxaMZShJy1BU0oRgZKz01nwPJOwHPOqWyV/FmgKvEz0kZ5Kh1Sj9BnOKME2EwQ1q3fU+acISUoZiRsRtkmkiE+6hL2pYKxIkOR7PAY3hmlRgmqbJPGDhT/26MENd6yCM7yZHp6WVvKv7nteMBlTq/9TI/tpjEJDfhiAqZGSLwPEiSMWhSOG0HxlQRbNjQEoQVtX+BuIcUwsZ26Lq2JX+5k1XSuKj4l5Wrh8ty9TbvqwhOwCk4Bz64BlVwD2qgDjDgYAJewZszcd6dD+dzPlpw8p1jsADn6xf0XJ43</latexit>

Zµ

<latexit sha1_base64="QXZyFGdLTZZQM+bRxPxkJMAxc/0=">AAACDXicbVDLTsJAFL3FF9YX6tLNRGLiirQGo0uiG5eYWCBCQ6bTKUyYaZuZKZEQvoGtfog749Zv8Dv8AQfoQsCTTHJyzr25Z06Qcqa043xbhY3Nre2d4q69t39weFQ6PmmoJJOEeiThiWwFWFHOYupppjltpZJiEXDaDAb3M785pFKxJH7So5T6AvdiFjGCtZG8525HZN1S2ak4c6B14uakDDnq3dJPJ0xIJmisCcdKtV0n1f4YS80IpxO7kymaYjLAPdo2NMaCKn88DztBF0YJUZRI82KN5urfjTEWSo1EYCYF1n216s3E/7x2OGSpym+9LI4tJ9HRrT9mcZppGpNFkCjjSCdo1gwKmaRE85EhmEhm/oJIH0tMtOnPtk1L7mon66RxVXGrlevHarl2l/dVhDM4h0tw4QZq8AB18IAAgym8wps1td6tD+tzMVqw8p1TWIL19Qu9nZx7</latexit>

Aµ

<latexit sha1_base64="MyMnQCVll/JEen0ch1HtcymzFlQ=">AAACDXicbVDLTsJAFL3FF9YX6tLNRGLiirQGo0vUjUtMLJBAQ6bTKUyYaZuZKZEQvoGtfog749Zv8Dv8AQfoQsCTTHJyzr25Z06Qcqa043xbhY3Nre2d4q69t39weFQ6PmmoJJOEeiThiWwFWFHOYupppjltpZJiEXDaDAYPM785pFKxJH7Wo5T6AvdiFjGCtZG8u25HZN1S2ak4c6B14uakDDnq3dJPJ0xIJmisCcdKtV0n1f4YS80IpxO7kymaYjLAPdo2NMaCKn88DztBF0YJUZRI82KN5urfjTEWSo1EYCYF1n216s3E/7x2OGSpym+9LI4tJ9HRrT9mcZppGpNFkCjjSCdo1gwKmaRE85EhmEhm/oJIH0tMtOnPtk1L7mon66RxVXGrleunarl2n/dVhDM4h0tw4QZq8Ah18IAAgym8wps1td6tD+tzMVqw8p1TWIL19QuUHJxi</latexit>

m = 0

<latexit sha1_base64="bBdOn2avBoyHiOL5e1l2RC2aBuY=">AAACC3icbVDLSsNAFL2prxpfVZduBovgqiSi6EYounFZ0T6gDWUymbRDJ5MwMymW0E/oVj/Enbj1I/wOf8Bpm4VtPTBwOOde7pnjJ5wp7TjfVmFtfWNzq7ht7+zu7R+UDo8aKk4loXUS81i2fKwoZ4LWNdOcthJJceRz2vQH91O/OaRSsVg861FCvQj3BAsZwdpIT9Gt0y2VnYozA1olbk7KkKPWLf10gpikERWacKxU23US7WVYakY4HdudVNEEkwHu0bahAkdUedks6hidGSVAYSzNExrN1L8bGY6UGkW+mYyw7qtlbyr+57WDIUtUfutlfmwxiQ5vvIyJJNVUkHmQMOVIx2jaCwqYpETzkSGYSGb+gkgfS0y0ac+2TUvucierpHFRcS8rV4+X5epd3lcRTuAUzsGFa6jCA9SgDgR6MIFXeLMm1rv1YX3ORwtWvnMMC7C+fgGcJ5tK</latexit>

mZ =
p

g2 + g02
v

2

<latexit sha1_base64="t9f0YIk2GCORkw30SXrtk5jtvdA=">AAACKnicbVDLSsNAFJ3UV62vqEs3g0UUhJKUim6EohuXFewDmzRMppN26OThzKRYQrZ+Tbf6Ie6KW//AH3DaZmFbD1w4nHMv997jRowKaRgTLbe2vrG5ld8u7Ozu7R/oh0cNEcYckzoOWchbLhKE0YDUJZWMtCJOkO8y0nQH91O/OSRc0DB4kqOI2D7qBdSjGEklOTr0nWd4Cy3xwmXS65Qve+edcmp5HOFkmCbl1NGLRsmYAa4SMyNFkKHm6D9WN8SxTwKJGRKibRqRtBPEJcWMpAUrFiRCeIB6pK1ogHwi7GT2SQrPlNKFXshVBRLO1L8TCfKFGPmu6vSR7Itlbyr+57W7QxqJbNfrfNniJdK7sRMaRLEkAZ4f4sUMyhBOY4NdygmWbKQIwpyqXyDuI5WSVOEWCiolczmTVdIol8xK6eqxUqzeZXnlwQk4BRfABNegCh5ADdQBBm9gDN7BhzbWPrWJ9jVvzWnZzDFYgPb9C5hdp1Q=</latexit>

mW =
gv

2

<latexit sha1_base64="xW3ByEUo4I/404sPinLlBeyPzPg=">AAACG3icbVDLSsNAFJ3UV42vVJduBovgqiSlohuh6MZlBfuANoTJZNIOnUnCzKRaQj6lW/0Qd+LWhd/hDzhts9DWAwOHc+7lnjl+wqhUtv1llDY2t7Z3yrvm3v7B4ZFVOe7IOBWYtHHMYtHzkSSMRqStqGKklwiCuM9I1x/fzf3uhAhJ4+hRTRPicjSMaEgxUlryrAr3uvBmEAqEs+Ekz+q5Z1Xtmr0AXCdOQaqgQMuzvgdBjFNOIoUZkrLv2IlyMyQUxYzk5iCVJEF4jIakr2mEOJFutoiew3OtBDCMhX6Rggv190aGuJRT7utJjtRIrnpz8T+vH0xoIotbz8tjf5Oo8NrNaJSkikR4GSRMGVQxnPcEAyoIVmyqCcKC6r9APEK6JqXbNE3dkrPayTrp1GtOo3b50Kg2b4u+yuAUnIEL4IAr0AT3oAXaAIMnMAMv4NWYGW/Gu/GxHC0Zxc4J+APj8weKxaGk</latexit>

1p
2
(W 1

µ ⌥ iW 2
µ)

<latexit sha1_base64="WxInGWrhiioEs+/XHTyj7K338/w="></latexit>

gW 3
µ � g0Bµp
g2 + g02

<latexit sha1_base64="qvD4R3x4fuJpMctWu5NQi0i7qPU="></latexit>

g0W 3
µ + gBµp
g2 + g02

<latexit sha1_base64="9j/q7g1R0VkOQkNI6xSB5TQmFDk="></latexit>

DµH = (@µ � igWµ � i
g
0

2
Bµ)H

<latexit sha1_base64="pk3x9j9V6ZhfFLoIRMd+mU7m98k="></latexit>



L �
h
m2

WW+W� +
1

2
m2

ZZ
2
i
(1 + h/v)2

<latexit sha1_base64="6/R2IESKCfen8LUeT0h4Yy9UNJk="></latexit>

similarly, the interaction of Higgs and EW gauge bosons

are uniquely determined





Theoretical Challenges

in the Standard Model



⇤ = meV

<latexit sha1_base64="Ub+ir4ithGG///ekX7pi7gRXzL4=">AAACLnicbVDLSsNAFJ34rPFVdelmtAquSlIquhGKbly4qGAf0IQymUzaoTNJmJkUS8gP+DXd6ocILsSte3/AaZuFbT0wcDj3nnvvHC9mVCrL+jBWVtfWNzYLW+b2zu7efvHgsCmjRGDSwBGLRNtDkjAakoaiipF2LAjiHiMtb3A3qbeGREgahU9qFBOXo15IA4qR0lK3eOZMZ6QeQ3hwUq5k0HnQbh/BG5g6gkNOmlm3WLLK1hRwmdg5KYEc9W7xx/EjnHASKsyQlB3bipWbIqEoZiQznUSSWC9EPdLRNEScSDedXpLBc634MIiEfqGCU/WvI0VcyhH3dCdHqi8XaxPxv1rHH9JY5rueZ8vmL1HBtZvSME4UCfHskCBhUEVwEh30qSBYsZEmCAuq/wJxHwmElQ7YNHVK9mImy6RZKdvV8uVjtVS7zfMqgGNwCi6ADa5ADdyDOmgADF7AGLyCN2NsvBufxtesdcXIPUdgDsb3Ly6WqJE=</latexit>

Lcc = ⇤4

<latexit sha1_base64="NcinGyyY5dY2nllGJFr0V77udhI="></latexit>



m2
H

⇠ (100GeV)2

<latexit sha1_base64="XWYdPV745nKyZQ4Zvw66lE0QVlI="></latexit>

LH = m
2
H
|H|2

<latexit sha1_base64="tItwbk7bQJSs1aJZ0zZMiWYgcLc="></latexit>



neutron electric dipole moment

dn ⇠ 10�16✓ e · cm

<latexit sha1_base64="/Qnlmo0s7BIVjq0SfjuD9bdBHSQ="></latexit>

L = ✓G eG

<latexit sha1_base64="xnJKcBz15FDmJlAJRJ5BCx96Ls0=">AAACKnicbVDLSgNBEJyNrxhfUY9eBoPgKeyKohdB9BAPHiKYB2RDmJ3tmCGzD2Z61bDk6tfkqh/iLXj1D/wBJ8keTLSgoajqprvLi6XQaNtjK7e0vLK6ll8vbGxube8Ud/fqOkoUhxqPZKSaHtMgRQg1FCihGStggSeh4fVvJn7jCZQWUfiAgxjaAXsMRVdwhkbqFGnqcibp3ZBeUhd7gIxW3GfhAwrpQ1oZdoolu2xPQf8SJyMlkqHaKX67fsSTAELkkmndcuwY2ylTKLiEYcFNNMSM99kjtAwNWQC6nU4/GdIjo/i0GylTIdKp+nsiZYHWg8AznQHDnl70JuJ/Xst/ErHOdr3Mls1fgt2LdirCOEEI+eyQbiIpRnQSG/WFAo5yYAjjSphfKO8xxTiacAsFk5KzmMlfUj8pO6fls/vT0tV1lleeHJBDckwcck6uyC2pkhrh5JWMyBt5t0bWhzW2PmetOSub2SdzsL5+AKx1p18=</latexit>

. 10�26 e · cm

<latexit sha1_base64="SVOi2GkM4MnKdo1VPcraIJgD8cQ=">AAACLnicbVDLSsNAFJ34Nr6qLt0MVsGFlkR8LUU3LivYBzSxTCa37eDMJMxMxBL6A35Nt/ohggtx694fcNpm4evChcM593LuPVHKmTae9+pMTc/Mzs0vLLpLyyura6X1jbpOMkWhRhOeqGZENHAmoWaY4dBMFRARcWhEd5cjvXEPSrNE3ph+CqEgXck6jBJjqXZpJ+CgtWYC+95tfnB4Mgj2cR4ogQEHNE4MpmLQLpW9ijcu/Bf4BSijoqrt0mcQJzQTIA3lROuW76UmzIkyjHIYuEGmISX0jnShZaEkAnSYj78Z4F3LxLiTKNvS+o/Y7xs5EVr3RWQnBTE9/Vsbkf9prfiepbrwepiY/bzEdM7CnMk0MyDp5JBOxrFJ8Cg6HDMF1PC+BYQqZn/BtEcUocYG7Lo2Jf93Jn9B/bDiH1WOr4/K5xdFXgtoC22jPeSjU3SOrlAV1RBFj2iIntCzM3RenDfnfTI65RQ7m+hHOR9fdt6oKQ==</latexit>

Abel et al (20)



✓ < 10�10

<latexit sha1_base64="OyTfUw1P+hL2NnNGp6dH4wBS4bc=">AAACG3icbVDLTsJAFJ3iC+ur6NLNRGLiRtIajC5cEN24xEQeCVQynQ4wYfrIzC1KGj6FrX6IO+PWhd/hDzhAFwKeZJKTc+7NPXO8WHAFtv1t5NbWNza38tvmzu7e/oFVOKyrKJGU1WgkItn0iGKCh6wGHARrxpKRwBOs4Q3upn5jyKTiUfgIo5i5AemFvMspAS11rEIb+gwIvsGO/ZSeO/a4YxXtkj0DXiVORoooQ7Vj/bT9iCYBC4EKolTLsWNwUyKBU8HGZjtRLCZ0QHqspWlIAqbcdBZ9jE+14uNuJPULAc/UvxspCZQaBZ6eDAj01bI3Ff/zWv6Qxyq79TI/tpgEutduysM4ARbSeZBuIjBEeNoT9rlkFMRIE0Il13/BtE8koaDbNE3dkrPcySqpX5SccunyoVys3GZ95dExOkFnyEFXqILuURXVEEXPaIJe0ZsxMd6ND+NzPpozsp0jtADj6xdxz6Bg</latexit>

L = ✓G eG

<latexit sha1_base64="xnJKcBz15FDmJlAJRJ5BCx96Ls0=">AAACKnicbVDLSgNBEJyNrxhfUY9eBoPgKeyKohdB9BAPHiKYB2RDmJ3tmCGzD2Z61bDk6tfkqh/iLXj1D/wBJ8keTLSgoajqprvLi6XQaNtjK7e0vLK6ll8vbGxube8Ud/fqOkoUhxqPZKSaHtMgRQg1FCihGStggSeh4fVvJn7jCZQWUfiAgxjaAXsMRVdwhkbqFGnqcibp3ZBeUhd7gIxW3GfhAwrpQ1oZdoolu2xPQf8SJyMlkqHaKX67fsSTAELkkmndcuwY2ylTKLiEYcFNNMSM99kjtAwNWQC6nU4/GdIjo/i0GylTIdKp+nsiZYHWg8AznQHDnl70JuJ/Xst/ErHOdr3Mls1fgt2LdirCOEEI+eyQbiIpRnQSG/WFAo5yYAjjSphfKO8xxTiacAsFk5KzmMlfUj8pO6fls/vT0tV1lleeHJBDckwcck6uyC2pkhrh5JWMyBt5t0bWhzW2PmetOSub2SdzsL5+AKx1p18=</latexit>



Summary



Summary




