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Charge conjugation

■ Quantum Field Theory:

■ Each charged particle has an antiparticle.

Electron             Anti-electron (positron)

Muon                Anti-muon

Proton.                Anti-proton

Hydrogen            Anti-Hydrogen



Charge conjugation

■ Quantum Field Theory:

■ Each charged particle has an antiparticle.

Electron             Anti-electron (positron)

Muon                Anti-muon

Proton.                Anti-proton                                         Neuron              Anti-Neutron

Hydrogen            Anti-Hydrogen                                    Photon=Anti-Photon

Neutrino             Anti-Neutrino



Parity

■ Spatial inversion

■ x -x

■ y              -y

■ z              -z
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Time inversion

■ t            -t
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<latexit sha1_base64="Pj6IhsdItD0rVPofiBJCT1av3PA=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWy2k3bpZhN2N4US+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx/dxvT1BpHssnM03Qj+hQ8pAzaqzU7k2QZcmsX664VXcBsk68nFQgR6Nf/uoNYpZGKA0TVOuu5ybGz6gynAmclXqpxoSyMR1i11JJI9R+tjh3Ri6sMiBhrGxJQxbq74mMRlpPo8B2RtSM9Ko3F//zuqkJb/2MyyQ1KNlyUZgKYmIy/50MuEJmxNQSyhS3txI2oooyYxMq2RC81ZfXSeuq6l1Xa4+1Sv0uj6MIZ3AOl+DBDdThARrQBAZjeIZXeHMS58V5dz6WrQUnnzmFP3A+fwCoqY/L</latexit>
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<latexit sha1_base64="S0oFbLgJg7zu6Uno18ei/H3tBKA=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWy2k3bpZhN2N4US+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx/dxvT1BpHssnM03Qj+hQ8pAzaqzU7k2QZXrWL1fcqrsAWSdeTiqQo9Evf/UGMUsjlIYJqnXXcxPjZ1QZzgTOSr1UY0LZmA6xa6mkEWo/W5w7IxdWGZAwVrakIQv190RGI62nUWA7I2pGetWbi/953dSEt37GZZIalGy5KEwFMTGZ/04GXCEzYmoJZYrbWwkbUUWZsQmVbAje6svrpHVV9a6rtcdapX6Xx1GEMziHS/DgBurwAA1oAoMxPMMrvDmJ8+K8Ox/L1oKTz5zCHzifP604j84=</latexit>
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<latexit sha1_base64="gODZk7vf3hcTEZl9/wyZ+0xYV5o=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiQi6rLoxmUF+4A2lMl00g6dTMLMjVBCP8ONC0Xc+jXu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wSTu9zvPHFtRKwecZpwP6IjJULBKFqp148ojhmVWXM2qNbcujsHWSVeQWpQoDmofvWHMUsjrpBJakzPcxP0M6pRMMlnlX5qeELZhI54z1JFI278bB55Rs6sMiRhrO1TSObq742MRsZMo8BO5hHNspeL/3m9FMMbPxMqSZErtvgoTCXBmOT3k6HQnKGcWkKZFjYrYWOqKUPbUsWW4C2fvEraF3Xvqn75cFlr3BZ1lOEETuEcPLiGBtxDE1rAIIZneIU3B50X5935WIyWnGLnGP7A+fwBigeRbw==</latexit>P
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<latexit sha1_base64="gODZk7vf3hcTEZl9/wyZ+0xYV5o=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiQi6rLoxmUF+4A2lMl00g6dTMLMjVBCP8ONC0Xc+jXu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wSTu9zvPHFtRKwecZpwP6IjJULBKFqp148ojhmVWXM2qNbcujsHWSVeQWpQoDmofvWHMUsjrpBJakzPcxP0M6pRMMlnlX5qeELZhI54z1JFI278bB55Rs6sMiRhrO1TSObq742MRsZMo8BO5hHNspeL/3m9FMMbPxMqSZErtvgoTCXBmOT3k6HQnKGcWkKZFjYrYWOqKUPbUsWW4C2fvEraF3Xvqn75cFlr3BZ1lOEETuEcPLiGBtxDE1rAIIZneIU3B50X5935WIyWnGLnGP7A+fwBigeRbw==</latexit>P <latexit sha1_base64="yP169jRF0ZDPdgvMMz7+cYkrzVU=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r9AXToWTSTBuaSYYkI5Shn+HGhSJu/Rp3/o2ZdhbaeiBwOOdecu4JE860cd1vp7SxubW9U96t7O0fHB5Vj0+6WqaK0A6RXKp+iDXlTNCOYYbTfqIojkNOe+H0Pvd7T1RpJkXbzBIaxHgsWMQINlbyBzE2E4J51p4PqzW37i6A1olXkBoUaA2rX4ORJGlMhSEca+17bmKCDCvDCKfzyiDVNMFkisfUt1TgmOogW0SeowurjFAklX3CoIX6eyPDsdazOLSTeUS96uXif56fmug2yJhIUkMFWX4UpRwZifL70YgpSgyfWYKJYjYrIhOsMDG2pYotwVs9eZ10r+redb3x2Kg174o6ynAG53AJHtxAEx6gBR0gIOEZXuHNMc6L8+58LEdLTrFzCn/gfP4AkBuRcw==</latexit>

T
<latexit sha1_base64="7Vbz19Kh4IqTKHMu2iETdQnceX4=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjNS1GWxG5cV7AOmQ8mkmTY0kwzJHaEM/Qw3LhRx69e482/MtLPQ1gOBwzn3knNPmAhuwHW/ndLG5tb2Tnm3srd/cHhUPT7pGpVqyjpUCaX7ITFMcMk6wEGwfqIZiUPBeuG0lfu9J6YNV/IRZgkLYjKWPOKUgJX8QUxgQonIWvNhtebW3QXwOvEKUkMF2sPq12CkaBozCVQQY3zPTSDIiAZOBZtXBqlhCaFTMma+pZLEzATZIvIcX1hlhCOl7ZOAF+rvjYzExszi0E7mEc2ql4v/eX4K0W2QcZmkwCRdfhSlAoPC+f14xDWjIGaWEKq5zYrphGhCwbZUsSV4qyevk+5V3buuNx4ateZdUUcZnaFzdIk8dIOa6B61UQdRpNAzekVvDjgvzrvzsRwtOcXOKfoD5/MHdkaRYg==</latexit>

C

+

+

-

-

-

-



Fundamental interactions

■ Gravity

■ Electromagnetism

■ Strong interaction

■ Weak interaction

■ Yukawa interaction (Higgs interaction with elementary fermions)



Fundamental interactions

■ Gravity

■ Electromagnetism

■ Strong interaction

■ Weak interaction

■ Yukawa interaction (Pion-nucleon  Yukawa interaction is  not  a fundamental 
interaction but a form of strong interaction at low energies.)



Fundamental interactions

■ Gravity                                        ✅ ✅ ✅

■ Electromagnetism                     ✅ ✅ ✅

■ Strong interaction                      ✅ ✅ ✅

■ Weak interaction                       ❌ ⭕ ❌

■ Yukawa interaction                    ⭕ ⭕ ⭕

<latexit sha1_base64="gODZk7vf3hcTEZl9/wyZ+0xYV5o=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiQi6rLoxmUF+4A2lMl00g6dTMLMjVBCP8ONC0Xc+jXu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wSTu9zvPHFtRKwecZpwP6IjJULBKFqp148ojhmVWXM2qNbcujsHWSVeQWpQoDmofvWHMUsjrpBJakzPcxP0M6pRMMlnlX5qeELZhI54z1JFI278bB55Rs6sMiRhrO1TSObq742MRsZMo8BO5hHNspeL/3m9FMMbPxMqSZErtvgoTCXBmOT3k6HQnKGcWkKZFjYrYWOqKUPbUsWW4C2fvEraF3Xvqn75cFlr3BZ1lOEETuEcPLiGBtxDE1rAIIZneIU3B50X5935WIyWnGLnGP7A+fwBigeRbw==</latexit>P <latexit sha1_base64="yP169jRF0ZDPdgvMMz7+cYkrzVU=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r9AXToWTSTBuaSYYkI5Shn+HGhSJu/Rp3/o2ZdhbaeiBwOOdecu4JE860cd1vp7SxubW9U96t7O0fHB5Vj0+6WqaK0A6RXKp+iDXlTNCOYYbTfqIojkNOe+H0Pvd7T1RpJkXbzBIaxHgsWMQINlbyBzE2E4J51p4PqzW37i6A1olXkBoUaA2rX4ORJGlMhSEca+17bmKCDCvDCKfzyiDVNMFkisfUt1TgmOogW0SeowurjFAklX3CoIX6eyPDsdazOLSTeUS96uXif56fmug2yJhIUkMFWX4UpRwZifL70YgpSgyfWYKJYjYrIhOsMDG2pYotwVs9eZ10r+redb3x2Kg174o6ynAG53AJHtxAEx6gBR0gIOEZXuHNMc6L8+58LEdLTrFzCn/gfP4AkBuRcw==</latexit>

T <latexit sha1_base64="7Vbz19Kh4IqTKHMu2iETdQnceX4=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjNS1GWxG5cV7AOmQ8mkmTY0kwzJHaEM/Qw3LhRx69e482/MtLPQ1gOBwzn3knNPmAhuwHW/ndLG5tb2Tnm3srd/cHhUPT7pGpVqyjpUCaX7ITFMcMk6wEGwfqIZiUPBeuG0lfu9J6YNV/IRZgkLYjKWPOKUgJX8QUxgQonIWvNhtebW3QXwOvEKUkMF2sPq12CkaBozCVQQY3zPTSDIiAZOBZtXBqlhCaFTMma+pZLEzATZIvIcX1hlhCOl7ZOAF+rvjYzExszi0E7mEc2ql4v/eX4K0W2QcZmkwCRdfhSlAoPC+f14xDWjIGaWEKq5zYrphGhCwbZUsSV4qyevk+5V3buuNx4ateZdUUcZnaFzdIk8dIOa6B61UQdRpNAzekVvDjgvzrvzsRwtOcXOKfoD5/MHdkaRYg==</latexit>

C



Discovery of parity violation

December 1956



In weak interaction

• P is violated.

• C is violated.

• T is violated.

• CP?     

• -+T?   

• CPT is anyway conserved!



Weak interaction and CP

CP is violated

Mass eigenstates           Flavor (weak) eigenstates



Establishing CP violation

CP eigenstates



Mass eigenstates



Matter anti-matter asymmetry

■ Sakharov’s conditions:

■ Out of equilibrium

■ Baryon number violation

■ C and CP violation



Dipole moment

q

-q

<latexit sha1_base64="txA03PzTytH9XVbJW+mgZ1b3RiY=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWy2k3bpZhN2N4US+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx/dxvT1BpHssnM03Qj+hQ8pAzaqzU7k2QZWrWL1fcqrsAWSdeTiqQo9Evf/UGMUsjlIYJqnXXcxPjZ1QZzgTOSr1UY0LZmA6xa6mkEWo/W5w7IxdWGZAwVrakIQv190RGI62nUWA7I2pGetWbi/953dSEt37GZZIalGy5KEwFMTGZ/04GXCEzYmoJZYrbWwkbUUWZsQmVbAje6svrpHVV9a6rtcdapX6Xx1GEMziHS/DgBurwAA1oAoMxPMMrvDmJ8+K8Ox/L1oKTz5zCHzifP6uzj80=</latexit>

~r

Magnitude dipole moment

Electric dipole moment

<latexit sha1_base64="hY2NlQyvgKcjxB6pwUAl3SJVWSM=">AAAB+XicbZDLSsNAFIYn9VbrLerSzWARXJVEiroRim5cVrAXaEOZTE7boZNJnJkUSsibuHGhiFvfxJ1v4zTNQlt/GPj4zzmcM78fc6a043xbpbX1jc2t8nZlZ3dv/8A+PGqrKJEUWjTikez6RAFnAlqaaQ7dWAIJfQ4df3I3r3emIBWLxKOexeCFZCTYkFGijTWw7f4UaBpkN085yGxgV52akwuvgltAFRVqDuyvfhDRJAShKSdK9Vwn1l5KpGaUQ1bpJwpiQidkBD2DgoSgvDS/PMNnxgnwMJLmCY1z9/dESkKlZqFvOkOix2q5Njf/q/USPbz2UibiRIOgi0XDhGMd4XkMOGASqOYzA4RKZm7FdEwkodqEVTEhuMtfXoX2Rc29rNUf6tXGbRFHGZ2gU3SOXHSFGugeNVELUTRFz+gVvVmp9WK9Wx+L1pJVzByjP7I+fwAdeZP8</latexit>

~d = q~r

<latexit sha1_base64="DzAysbnHJqhfCc6+Mt6Tm6Zftes=">AAACFXicbZBNS8MwGMdTX+d8q3r0EhyCBx2tDPU4JoLHCe4F1jLSNN3C0qYk6WCUfgkvfhUvHhTxKnjz25h1PczNPwT++T3PQ/L8vZhRqSzrx1hZXVvf2Cxtlbd3dvf2zYPDtuSJwKSFOeOi6yFJGI1IS1HFSDcWBIUeIx1vdDutd8ZESMqjRzWJiRuiQUQDipHSqG+eXzhjglM/c7DPFcwvd9kMOmEyjxtZ36xYVSsXXDZ2YSqgULNvfjs+x0lIIoUZkrJnW7FyUyQUxYxkZSeRJEZ4hAakp22EQiLdNN8qg6ea+DDgQp9IwZzOT6QolHISerozRGooF2tT+F+tl6jgxk1pFCeKRHj2UJAwqDicRgR9KghWbKINwoLqv0I8RAJhpYMs6xDsxZWXTfuyal9Vaw+1Sr1RxFECx+AEnAEbXIM6uAdN0AIYPIEX8AbejWfj1fgwPmetK0YxcwT+yPj6BTzfn4M=</latexit>

�~d · ~E � ~µ · ~B



<latexit sha1_base64="yP169jRF0ZDPdgvMMz7+cYkrzVU=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r9AXToWTSTBuaSYYkI5Shn+HGhSJu/Rp3/o2ZdhbaeiBwOOdecu4JE860cd1vp7SxubW9U96t7O0fHB5Vj0+6WqaK0A6RXKp+iDXlTNCOYYbTfqIojkNOe+H0Pvd7T1RpJkXbzBIaxHgsWMQINlbyBzE2E4J51p4PqzW37i6A1olXkBoUaA2rX4ORJGlMhSEca+17bmKCDCvDCKfzyiDVNMFkisfUt1TgmOogW0SeowurjFAklX3CoIX6eyPDsdazOLSTeUS96uXif56fmug2yJhIUkMFWX4UpRwZifL70YgpSgyfWYKJYjYrIhOsMDG2pYotwVs9eZ10r+redb3x2Kg174o6ynAG53AJHtxAEx6gBR0gIOEZXuHNMc6L8+58LEdLTrFzCn/gfP4AkBuRcw==</latexit>

T

<latexit sha1_base64="pkALFFQ2EYm2iOHIfA6TWAS1YaU=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9kOaUDbbabt0Nwm7m0IJ/RVePCji1Z/jzX/jts1BWx8MPN6bYWZemAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqlGwSNsGG4EthOFVIYCW+Hobua3xqg0j6NHM0kwkHQQ8T5n1FjpyR8jy3yZTrvlilt15yCrxMtJBXLUu+UvvxezVGJkmKBadzw3MUFGleFM4LTkpxoTykZ0gB1LIypRB9n84Ck5s0qP9GNlKzJkrv6eyKjUeiJD2ympGeplbyb+53VS078JMh4lqcGILRb1U0FMTGbfkx5XyIyYWEKZ4vZWwoZUUWZsRiUbgrf88ippXlS9q+rlw2WldpvHUYQTOIVz8OAaanAPdWgAAwnP8ApvjnJenHfnY9FacPKZY/gD5/MHMP6QrQ==</latexit>

~µ

<latexit sha1_base64="txA03PzTytH9XVbJW+mgZ1b3RiY=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWy2k3bpZhN2N4US+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx/dxvT1BpHssnM03Qj+hQ8pAzaqzU7k2QZWrWL1fcqrsAWSdeTiqQo9Evf/UGMUsjlIYJqnXXcxPjZ1QZzgTOSr1UY0LZmA6xa6mkEWo/W5w7IxdWGZAwVrakIQv190RGI62nUWA7I2pGetWbi/953dSEt37GZZIalGy5KEwFMTGZ/04GXCEzYmoJZYrbWwkbUUWZsQmVbAje6svrpHVV9a6rtcdapX6Xx1GEMziHS/DgBurwAA1oAoMxPMMrvDmJ8+K8Ox/L1oKTz5zCHzifP6uzj80=</latexit>

~r
<latexit sha1_base64="UVBZ4aHfpT+Z7FeVcAN2YVLaPFk=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWy2k3bpZhN2N4US+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx/dxvT1BpHssnM03Qj+hQ8pAzaqzU7k2QZZNZv1xxq+4CZJ14OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4K/VSjQllYzrErqWSRqj9bHHujFxYZUDCWNmShizU3xMZjbSeRoHtjKgZ6VVvLv7ndVMT3voZl0lqULLlojAVxMRk/jsZcIXMiKkllClubyVsRBVlxiZUsiF4qy+vk9ZV1buu1h5rlfpdHkcRzuAcLsGDG6jDAzSgCQzG8Ayv8OYkzovz7nwsWwtOPnMKf+B8/gCxx4/R</latexit>

~v
<latexit sha1_base64="Pj6IhsdItD0rVPofiBJCT1av3PA=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWy2k3bpZhN2N4US+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx/dxvT1BpHssnM03Qj+hQ8pAzaqzU7k2QZcmsX664VXcBsk68nFQgR6Nf/uoNYpZGKA0TVOuu5ybGz6gynAmclXqpxoSyMR1i11JJI9R+tjh3Ri6sMiBhrGxJQxbq74mMRlpPo8B2RtSM9Ko3F//zuqkJb/2MyyQ1KNlyUZgKYmIy/50MuEJmxNQSyhS3txI2oooyYxMq2RC81ZfXSeuq6l1Xa4+1Sv0uj6MIZ3AOl+DBDdThARrQBAZjeIZXeHMS58V5dz6WrQUnnzmFP3A+fwCoqY/L</latexit>

~p
<latexit sha1_base64="28868hUGUsAKe9uWQotK5KVY6+U=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1gEVyWRoi6LblxWsLXQhDKZTtqhk0mYmRRqKP6KGxeKuPU/3Pk3TtMstPXAwLnn3Mu9c4KEM6Ud59sqrayurW+UNytb2zu7e/b+QVvFqSS0RWIey06AFeVM0JZmmtNOIimOAk4fgtHNzH8YU6lYLO71JKF+hAeChYxgbaSefeSNKcnk1NMsoiovkmnPrjo1JwdaJm5BqlCg2bO/vH5M0ogKTThWqus6ifYzLDUjnE4rXqpogskID2jXUIHNLj/Lr5+iU6P0URhL84RGufp7IsORUpMoMJ0R1kO16M3E/7xuqsMrP2MiSTUVZL4oTDnSMZpFgfpMUqL5xBBMJDO3IjLEEhNtAquYENzFLy+T9nnNvajV7+rVxnURRxmO4QTOwIVLaMAtNKEFBB7hGV7hzXqyXqx362PeWrKKmUP4A+vzB6LJlgA=</latexit>

~r ⇥ ~p
<latexit sha1_base64="S0oFbLgJg7zu6Uno18ei/H3tBKA=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWy2k3bpZhN2N4US+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx/dxvT1BpHssnM03Qj+hQ8pAzaqzU7k2QZXrWL1fcqrsAWSdeTiqQo9Evf/UGMUsjlIYJqnXXcxPjZ1QZzgTOSr1UY0LZmA6xa6mkEWo/W5w7IxdWGZAwVrakIQv190RGI62nUWA7I2pGetWbi/953dSEt37GZZIalGy5KEwFMTGZ/04GXCEzYmoJZYrbWwkbUUWZsQmVbAje6svrpHVV9a6rtcdapX6Xx1GEMziHS/DgBurwAA1oAoMxPMMrvDmJ8+K8Ox/L1oKTz5zCHzifP604j84=</latexit>

~s

<latexit sha1_base64="gODZk7vf3hcTEZl9/wyZ+0xYV5o=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiQi6rLoxmUF+4A2lMl00g6dTMLMjVBCP8ONC0Xc+jXu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wSTu9zvPHFtRKwecZpwP6IjJULBKFqp148ojhmVWXM2qNbcujsHWSVeQWpQoDmofvWHMUsjrpBJakzPcxP0M6pRMMlnlX5qeELZhI54z1JFI278bB55Rs6sMiRhrO1TSObq742MRsZMo8BO5hHNspeL/3m9FMMbPxMqSZErtvgoTCXBmOT3k6HQnKGcWkKZFjYrYWOqKUPbUsWW4C2fvEraF3Xvqn75cFlr3BZ1lOEETuEcPLiGBtxDE1rAIIZneIU3B50X5935WIyWnGLnGP7A+fwBigeRbw==</latexit>P
<latexit sha1_base64="7Vbz19Kh4IqTKHMu2iETdQnceX4=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjNS1GWxG5cV7AOmQ8mkmTY0kwzJHaEM/Qw3LhRx69e482/MtLPQ1gOBwzn3knNPmAhuwHW/ndLG5tb2Tnm3srd/cHhUPT7pGpVqyjpUCaX7ITFMcMk6wEGwfqIZiUPBeuG0lfu9J6YNV/IRZgkLYjKWPOKUgJX8QUxgQonIWvNhtebW3QXwOvEKUkMF2sPq12CkaBozCVQQY3zPTSDIiAZOBZtXBqlhCaFTMma+pZLEzATZIvIcX1hlhCOl7ZOAF+rvjYzExszi0E7mEc2ql4v/eX4K0W2QcZmkwCRdfhSlAoPC+f14xDWjIGaWEKq5zYrphGhCwbZUsSV4qyevk+5V3buuNx4ateZdUUcZnaFzdIk8dIOa6B61UQdRpNAzekVvDjgvzrvzsRwtOcXOKfoD5/MHdkaRYg==</latexit>

C
+

+

+

+

+

+

+

+

-

-

-

-

-

-

-

<latexit sha1_base64="sxhrtqlJFrvCaQX4o+BHfbB9UbA=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BETwmYB6QLGF20puMmZ1dZmaFEPIFXjwo4tVP8ubfOEn2oIkFDUVVN91dQSK4Nq777eTW1jc2t/LbhZ3dvf2D4uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfekKleSwfzDhBP6IDyUPOqLFS/a5XLLlldw6ySryMlCBDrVf86vZjlkYoDRNU647nJsafUGU4EzgtdFONCWUjOsCOpZJGqP3J/NApObNKn4SxsiUNmau/JyY00nocBbYzomaol72Z+J/XSU147U+4TFKDki0WhakgJiazr0mfK2RGjC2hTHF7K2FDqigzNpuCDcFbfnmVNC/K3mW5Uq+UqjdZHHk4gVM4Bw+uoAr3UIMGMEB4hld4cx6dF+fd+Vi05pxs5hj+wPn8AZvbjNI=</latexit>

E +++

<latexit sha1_base64="gODZk7vf3hcTEZl9/wyZ+0xYV5o=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiQi6rLoxmUF+4A2lMl00g6dTMLMjVBCP8ONC0Xc+jXu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wSTu9zvPHFtRKwecZpwP6IjJULBKFqp148ojhmVWXM2qNbcujsHWSVeQWpQoDmofvWHMUsjrpBJakzPcxP0M6pRMMlnlX5qeELZhI54z1JFI278bB55Rs6sMiRhrO1TSObq742MRsZMo8BO5hHNspeL/3m9FMMbPxMqSZErtvgoTCXBmOT3k6HQnKGcWkKZFjYrYWOqKUPbUsWW4C2fvEraF3Xvqn75cFlr3BZ1lOEETuEcPLiGBtxDE1rAIIZneIU3B50X5935WIyWnGLnGP7A+fwBigeRbw==</latexit>P <latexit sha1_base64="yP169jRF0ZDPdgvMMz7+cYkrzVU=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r9AXToWTSTBuaSYYkI5Shn+HGhSJu/Rp3/o2ZdhbaeiBwOOdecu4JE860cd1vp7SxubW9U96t7O0fHB5Vj0+6WqaK0A6RXKp+iDXlTNCOYYbTfqIojkNOe+H0Pvd7T1RpJkXbzBIaxHgsWMQINlbyBzE2E4J51p4PqzW37i6A1olXkBoUaA2rX4ORJGlMhSEca+17bmKCDCvDCKfzyiDVNMFkisfUt1TgmOogW0SeowurjFAklX3CoIX6eyPDsdazOLSTeUS96uXif56fmug2yJhIUkMFWX4UpRwZifL70YgpSgyfWYKJYjYrIhOsMDG2pYotwVs9eZ10r+redb3x2Kg174o6ynAG53AJHtxAEx6gBR0gIOEZXuHNMc6L8+58LEdLTrFzCn/gfP4AkBuRcw==</latexit>

T
<latexit sha1_base64="7Vbz19Kh4IqTKHMu2iETdQnceX4=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjNS1GWxG5cV7AOmQ8mkmTY0kwzJHaEM/Qw3LhRx69e482/MtLPQ1gOBwzn3knNPmAhuwHW/ndLG5tb2Tnm3srd/cHhUPT7pGpVqyjpUCaX7ITFMcMk6wEGwfqIZiUPBeuG0lfu9J6YNV/IRZgkLYjKWPOKUgJX8QUxgQonIWvNhtebW3QXwOvEKUkMF2sPq12CkaBozCVQQY3zPTSDIiAZOBZtXBqlhCaFTMma+pZLEzATZIvIcX1hlhCOl7ZOAF+rvjYzExszi0E7mEc2ql4v/eX4K0W2QcZmkwCRdfhSlAoPC+f14xDWjIGaWEKq5zYrphGhCwbZUsSV4qyevk+5V3buuNx4ateZdUUcZnaFzdIk8dIOa6B61UQdRpNAzekVvDjgvzrvzsRwtOcXOKfoD5/MHdkaRYg==</latexit>
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CP and T odd

CPT is of course conserved
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Schwinger in 1948:

No EDM at any loop level from QED
Because of CP symmetry



Loop level electron EDM from CKM 
matrix

2

(2) has the dimensions of a dipole, ecm, and is determined
by a ratio of the atomic matrix elements of the CSP and
de operators. Over the years, significant theoretical e↵ort
has gone into computing the fd and r coe↵ecients for
di↵erent molecular and atomic species; see e.g. [9–13].

If only one species is used for an EDM measurement,
the e↵ects of CSP and de cannot be separated (see e.g.
[14, 15] for recent discussions). Since the experimental
sensitivity is usually reported as an inferred limit on the
electron EDM, it is convenient to parametrize the e↵ect
of CSP as a contribution from an equivalent EDM:

d
equiv
e ⌘ rCSP . (3)

Taking the three leading experimental limits on the elec-
tron EDM, we list the relevant r coe�cients [9–13],

rTl = 1.2⇥ 10�20
ecm,

rYbF = 0.88⇥ 10�20
ecm, (4)

rThO = 1.33⇥ 10�20
ecm.

Notice that although the fd coe�cients for these systems
actually di↵er widely, the r coe�cients are approximately
the same, reflecting the very similar dynamical nature of
the P, T -odd perturbations to the electron Hamiltonian
generated by both terms in (1). This leaves only mild
species-dependence in d

equiv
e .

In this paper, we find that in the Standard Model
the CKM-induced CSP contribution dominates the di-
rect contribution from de, and estimate it as

CSP (J ) ⇠ 10�18
, (5)

where J is the reduced Jarlskog invariant. Using the r

coe�cients in (4), we can translate this into a character-
istic CKM background to searches for the electron EDM,

d
equiv
e (J ) ⇠ 10�38

ecm. (6)

This is roughly nine orders of magnitude below the best
current sensitivity to de, from ThO [4].

The rest of this paper is organized as follows. In the
next section, we briefly review the CKM contributions
to fundamental fermions and other observable EDMs. In
Section 3, we turn to the CKM contribution to param-
agnetic EDMs, and obtain the result (5). We finish with
some concluding remarks in Section 4.

2. OVERVIEW OF EDMS FROM THE CKM
PHASE

In this section, we briefly review existing computations
of EDMs induced by the CKM phase. We will orga-
nize the discussion around a simple counting scheme, us-
ing the basic symmetries to estimate the largest viable
contribution to di↵erent classes of EDMs. In particular,
CKM contributions to flavor-diagonal observables neces-
sarily vanish at first order in the weak interaction, due

e

W

W Wq

e

W

� �

q

�

W

FIG. 1. Electron EDM de induced by the CKM phase via a
closed quark loop. The contributions shown are: O(↵3

W↵s)
(left panel, Fig. 1a), and O(↵2

↵
3) (right panel, Fig. 1b).

to the conjugated weak vertices. Nonzero contributions
only start at second order / G

2
F , and are necessarily pro-

portional to the reduced Jarlskog invariant

J = s
2
1s2s3c1c2c3 sin � ' 2.9⇥ 10�5

, (7)

where si and ci are the sines and cosines of the CKM an-
gles in the Kobayashi-Maskawa basis and � is the complex
phase. The antisymmetric flavour structure of J also
leads to additional loop-level suppression of the EDMs of
quarks and leptons in perturbation theory [16, 17]

A. Fundamental fermion EDMs

In addition to the general constraints above, the EDM
operator for quarks and leptons breaks chiral symmetry,
and thus the coe�cient must be at least linear in a chi-
rality breaking parameter. In perturbation theory, this is
generically the fermion mass mf itself. It turns out that
the antisymmetric flavour struture of J actually ensures
that all 2-loop contributions to dq vanish [16], and the
second-order weak exchanges need to be dressed with a
further gluonic loop. Thus, the d-quark EDM for ex-
ample arises only at 3-loop order [18, 19], and takes the
general form

d
(est)
d (J ) ⇠ eJ

↵s↵
2
W

(4⇡)3
md

m2
W

m
2
c

m2
W

< 10�34
ecm. (8)

This estimates assigns ↵i/(4⇡) per corresponding loop,
and ignores additional numerical suppression or modest
numerical enhancement by logarithms of quark mass ra-
tios. The factor of m2

c enters due to the flavour struc-
ture of J . The corresponding contribution to du is in-
stead proportional to mum

2
s, and somewhat further sup-

pressed. The most precise calculation of dq(J ) can be
found in Ref. [19].
EDMs of leptons are even further suppressed. A

generic de diagram involves a quark loop with a minimum
of four W -boson vertices. Such a loop can be attached to
the electron line either by two W -boson lines (Fig. 1a),
at third order in the weak interaction, or via three virtual
photons (Fig. 1b), at even higher loop order.
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the e↵ects of CSP and de cannot be separated (see e.g.
[14, 15] for recent discussions). Since the experimental
sensitivity is usually reported as an inferred limit on the
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rThO = 1.33⇥ 10�20
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Notice that although the fd coe�cients for these systems
actually di↵er widely, the r coe�cients are approximately
the same, reflecting the very similar dynamical nature of
the P, T -odd perturbations to the electron Hamiltonian
generated by both terms in (1). This leaves only mild
species-dependence in d

equiv
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In this paper, we find that in the Standard Model
the CKM-induced CSP contribution dominates the di-
rect contribution from de, and estimate it as

CSP (J ) ⇠ 10�18
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where J is the reduced Jarlskog invariant. Using the r

coe�cients in (4), we can translate this into a character-
istic CKM background to searches for the electron EDM,

d
equiv
e (J ) ⇠ 10�38

ecm. (6)

This is roughly nine orders of magnitude below the best
current sensitivity to de, from ThO [4].

The rest of this paper is organized as follows. In the
next section, we briefly review the CKM contributions
to fundamental fermions and other observable EDMs. In
Section 3, we turn to the CKM contribution to param-
agnetic EDMs, and obtain the result (5). We finish with
some concluding remarks in Section 4.

2. OVERVIEW OF EDMS FROM THE CKM
PHASE

In this section, we briefly review existing computations
of EDMs induced by the CKM phase. We will orga-
nize the discussion around a simple counting scheme, us-
ing the basic symmetries to estimate the largest viable
contribution to di↵erent classes of EDMs. In particular,
CKM contributions to flavor-diagonal observables neces-
sarily vanish at first order in the weak interaction, due

FIG. 1. Electron EDM de induced by the CKM phase via a
closed quark loop. The contributions shown are: O(↵3

W↵s)
(left panel, Fig. 1a), and O(↵2

↵
3) (right panel, Fig. 1b).

to the conjugated weak vertices. Nonzero contributions
only start at second order / G

2
F , and are necessarily pro-

portional to the reduced Jarlskog invariant

J = s
2
1s2s3c1c2c3 sin � ' 2.9⇥ 10�5

, (7)

where si and ci are the sines and cosines of the CKM an-
gles in the Kobayashi-Maskawa basis and � is the complex
phase. The antisymmetric flavour structure of J also
leads to additional loop-level suppression of the EDMs of
quarks and leptons in perturbation theory [16, 17]

A. Fundamental fermion EDMs

In addition to the general constraints above, the EDM
operator for quarks and leptons breaks chiral symmetry,
and thus the coe�cient must be at least linear in a chi-
rality breaking parameter. In perturbation theory, this is
generically the fermion mass mf itself. It turns out that
the antisymmetric flavour struture of J actually ensures
that all 2-loop contributions to dq vanish [16], and the
second-order weak exchanges need to be dressed with a
further gluonic loop. Thus, the d-quark EDM for ex-
ample arises only at 3-loop order [18, 19], and takes the
general form
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This estimates assigns ↵i/(4⇡) per corresponding loop,
and ignores additional numerical suppression or modest
numerical enhancement by logarithms of quark mass ra-
tios. The factor of m2

c enters due to the flavour struc-
ture of J . The corresponding contribution to du is in-
stead proportional to mum

2
s, and somewhat further sup-

pressed. The most precise calculation of dq(J ) can be
found in Ref. [19].
EDMs of leptons are even further suppressed. A

generic de diagram involves a quark loop with a minimum
of four W -boson vertices. Such a loop can be attached to
the electron line either by two W -boson lines (Fig. 1a),
at third order in the weak interaction, or via three virtual
photons (Fig. 1b), at even higher loop order.

3

Moreover, as mentioned before, the full 3-loop con-
tribution to de vanishes once again on account of the
implicit antisymmetry of J [17]. An additional gluonic
loop is required to generate de at 4-loop order. Thus, one
can estimate the results for the two families of diagrams
in Fig. 1, taking into account all the relevant coupling
constants,
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where in the second line mhad is a soft QCD mass scale
(e.g. m⇡) accounting for the fact that the loop may be
saturated in the IR. To obtain an estimate, it su�ces to
take mhad ⇠ ms. Both contributions to de are highly
suppressed and give comparable values,

de(J ) ⇠ O(10�44) ecm. (11)

A very small number indeed!
To conclude this section, we discuss the origin of the

quark mass suppression factors in Eqs. (9) and (10) in
more detail. These expressions contain an extra factor
of m2

s compared to the d-quark EDM estimate, Eq. (8).
This factor originates from the closed quark loop of
Fig. 1, where a complete antisymmetrization over d, s, b

quark masses is applied compared to the open quark line
with the d flavor as an in- and out-state, where only
the s and b flavors internal to diagram are antisym-
metrized. As a result, the quark diagram can contain
ms, mb factors in a logarithm, dd / log(m2

b/m
2
s) and the

power-like GIM suppression by m
2
s is avoided. For the

closed quark loop, complete antisymmetrization leads to
log(m2

b/m
2
s)+log(m2

d/m
2
b)+log(m2

s/m
2
d) = 0, and conse-

quently the power-like GIM suppression by m
2
s necessar-

ily arises. Explicit calculations of the quark loop in the
CKM model giving rise to the triple-gluon Weinberg op-
erator [20] and the magnetic quadrupole moment of the
W -boson [21] confirm the power-suppression by m

2
s. One

can also argue that since Fig. 1a is third order in the elec-
troweak coupling, the 1/M6

W factor is inevitable, as the
W -bosons can be integrated out to give contact ⇠ GF

interactions [18]. Then a factor of (mass)5 is required
in the numerator, and mem

2
sm

2
c is the only combination

of quark and electron masses that is consistent with all
the symmetries of the problem. If, for instance, m2

s/M
2
W

were to be absent, it would signal a quadratic divergence
in the contact limit with loop momenta on the order of
M

2
W . If that were possible, all down-type quarks could

be considered massless and setting ms = md would nul-
lify the answer. Retaining the finite m

2
s/M

2
W correction

returns us to the estimate (9).

B. Nucleon EDMs

In practice, these primary fermion EDMs are not the
dominant source of the CKM-induced EDMs of nucleons,

FIG. 2. Strong and electromagnetic penguin diagrams gen-
erating flavor-changing CP -violating four-quark and semi-
leptonic operators.

and diamagnetic atoms. The largest CKM contributions
generically arise through CP -odd multi-quark operators,
containing (part of) the required flavour structure to pro-
duce J . For 4-quark operators of this type, there is also
the possibility of enhanced hadronic-scale contributions
when these operators contribute to the interactions be-
tween nucleons and light pseudoscalar mesons. To get an
idea of the size of possible enhancements, we can write
down an expression for the nucleon EDM in a form which
accounts, as above, for the irreducible requirements, and
makes no further assumptions about small parameters,
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In this limiting estimate, the chiral parameter mhad is
taken to be characteristic of the quark condensate. In all
practical estimates, the overall coe�cient cn ⌧ 1, but is
not known with great precision.
The antisymmetry of J requires that the operators

obtained by combining weak currents at second order
must contain at least two sea-quark flavours, e.g. s

and c. Integrating out the c, t quarks at 1-loop via a
strong penguin (see Fig. 2) allows for the possibility of
an enhanced phase, with the GIM cancelation factor be-
ing rather large, ln(m2
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c) (or rather ln(m

2
W /m

2
c) since
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t ). This penguin-induced 4-quark operator was

originally used by Khriplovich and Zhitnitsky to estimate
dn(J ) via CP -odd n⇡⌃ and nKp vertices entering a pion
loop [22]. In these diagrams, the chiral scale m
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10�2, leading to dn ⇠ 10�32

� 10�31
ecm. A some-

what larger estimate, dn / 10�30
ecm, was obtained in

Ref. [23].
An alternative to generating 4-quark operators at 1-

loop is to integrate out charm at tree-level, generating
a 6-quark operator with a coe�cient / 1/m2

c . Recently,
evidence for enhanced CP -violation in the D meson sys-
tem led to further scrutiny of this contribution by Mannel
and Uraltsev [24]. While avoiding the corresponding loop
factor, there is suppression by 1/m2

c and it remains dif-
ficult to obtain reliable estimates for the matrix element
of this dimension-9 operator over the nucleon. Scaling

3
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tribution to de vanishes once again on account of the
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where in the second line mhad is a soft QCD mass scale
(e.g. m⇡) accounting for the fact that the loop may be
saturated in the IR. To obtain an estimate, it su�ces to
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be considered massless and setting ms = md would nul-
lify the answer. Retaining the finite m
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In practice, these primary fermion EDMs are not the
dominant source of the CKM-induced EDMs of nucleons,
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and diamagnetic atoms. The largest CKM contributions
generically arise through CP -odd multi-quark operators,
containing (part of) the required flavour structure to pro-
duce J . For 4-quark operators of this type, there is also
the possibility of enhanced hadronic-scale contributions
when these operators contribute to the interactions be-
tween nucleons and light pseudoscalar mesons. To get an
idea of the size of possible enhancements, we can write
down an expression for the nucleon EDM in a form which
accounts, as above, for the irreducible requirements, and
makes no further assumptions about small parameters,
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taken to be characteristic of the quark condensate. In all
practical estimates, the overall coe�cient cn ⌧ 1, but is
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obtained by combining weak currents at second order
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and c. Integrating out the c, t quarks at 1-loop via a
strong penguin (see Fig. 2) allows for the possibility of
an enhanced phase, with the GIM cancelation factor be-
ing rather large, ln(m2

t/m
2
c) (or rather ln(m

2
W /m

2
c) since

m
2
W < m

2
t ). This penguin-induced 4-quark operator was

originally used by Khriplovich and Zhitnitsky to estimate
dn(J ) via CP -odd n⇡⌃ and nKp vertices entering a pion
loop [22]. In these diagrams, the chiral scale m

3
had ⇠

hq̄qim
2
⇡/(f⇡ms) ⇠ (300MeV)3 is enhanced, while the co-

e�cient cn roughly scales as cn ⇠ ↵s/(4⇡) ln(mK/m⇡) ⇠
10�2, leading to dn ⇠ 10�32

� 10�31
ecm. A some-

what larger estimate, dn / 10�30
ecm, was obtained in
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An alternative to generating 4-quark operators at 1-

loop is to integrate out charm at tree-level, generating
a 6-quark operator with a coe�cient / 1/m2

c . Recently,
evidence for enhanced CP -violation in the D meson sys-
tem led to further scrutiny of this contribution by Mannel
and Uraltsev [24]. While avoiding the corresponding loop
factor, there is suppression by 1/m2

c and it remains dif-
ficult to obtain reliable estimates for the matrix element
of this dimension-9 operator over the nucleon. Scaling
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tribution to de vanishes once again on account of the
implicit antisymmetry of J [17]. An additional gluonic
loop is required to generate de at 4-loop order. Thus, one
can estimate the results for the two families of diagrams
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where in the second line mhad is a soft QCD mass scale
(e.g. m⇡) accounting for the fact that the loop may be
saturated in the IR. To obtain an estimate, it su�ces to
take mhad ⇠ ms. Both contributions to de are highly
suppressed and give comparable values,

de(J ) ⇠ O(10�44) ecm. (11)

A very small number indeed!
To conclude this section, we discuss the origin of the

quark mass suppression factors in Eqs. (9) and (10) in
more detail. These expressions contain an extra factor
of m2

s compared to the d-quark EDM estimate, Eq. (8).
This factor originates from the closed quark loop of
Fig. 1, where a complete antisymmetrization over d, s, b

quark masses is applied compared to the open quark line
with the d flavor as an in- and out-state, where only
the s and b flavors internal to diagram are antisym-
metrized. As a result, the quark diagram can contain
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erator [20] and the magnetic quadrupole moment of the
W -boson [21] confirm the power-suppression by m
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can also argue that since Fig. 1a is third order in the elec-
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dominant source of the CKM-induced EDMs of nucleons,
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and diamagnetic atoms. The largest CKM contributions
generically arise through CP -odd multi-quark operators,
containing (part of) the required flavour structure to pro-
duce J . For 4-quark operators of this type, there is also
the possibility of enhanced hadronic-scale contributions
when these operators contribute to the interactions be-
tween nucleons and light pseudoscalar mesons. To get an
idea of the size of possible enhancements, we can write
down an expression for the nucleon EDM in a form which
accounts, as above, for the irreducible requirements, and
makes no further assumptions about small parameters,
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In this limiting estimate, the chiral parameter mhad is
taken to be characteristic of the quark condensate. In all
practical estimates, the overall coe�cient cn ⌧ 1, but is
not known with great precision.
The antisymmetry of J requires that the operators

obtained by combining weak currents at second order
must contain at least two sea-quark flavours, e.g. s

and c. Integrating out the c, t quarks at 1-loop via a
strong penguin (see Fig. 2) allows for the possibility of
an enhanced phase, with the GIM cancelation factor be-
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ecm, was obtained in
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An alternative to generating 4-quark operators at 1-

loop is to integrate out charm at tree-level, generating
a 6-quark operator with a coe�cient / 1/m2

c . Recently,
evidence for enhanced CP -violation in the D meson sys-
tem led to further scrutiny of this contribution by Mannel
and Uraltsev [24]. While avoiding the corresponding loop
factor, there is suppression by 1/m2

c and it remains dif-
ficult to obtain reliable estimates for the matrix element
of this dimension-9 operator over the nucleon. Scaling
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(2) has the dimensions of a dipole, ecm, and is determined
by a ratio of the atomic matrix elements of the CSP and
de operators. Over the years, significant theoretical e↵ort
has gone into computing the fd and r coe↵ecients for
di↵erent molecular and atomic species; see e.g. [9–13].

If only one species is used for an EDM measurement,
the e↵ects of CSP and de cannot be separated (see e.g.
[14, 15] for recent discussions). Since the experimental
sensitivity is usually reported as an inferred limit on the
electron EDM, it is convenient to parametrize the e↵ect
of CSP as a contribution from an equivalent EDM:

d
equiv
e ⌘ rCSP . (3)

Taking the three leading experimental limits on the elec-
tron EDM, we list the relevant r coe�cients [9–13],

rTl = 1.2⇥ 10�20
ecm,

rYbF = 0.88⇥ 10�20
ecm, (4)

rThO = 1.33⇥ 10�20
ecm.

Notice that although the fd coe�cients for these systems
actually di↵er widely, the r coe�cients are approximately
the same, reflecting the very similar dynamical nature of
the P, T -odd perturbations to the electron Hamiltonian
generated by both terms in (1). This leaves only mild
species-dependence in d

equiv
e .

In this paper, we find that in the Standard Model
the CKM-induced CSP contribution dominates the di-
rect contribution from de, and estimate it as

CSP (J ) ⇠ 10�18
, (5)

where J is the reduced Jarlskog invariant. Using the r

coe�cients in (4), we can translate this into a character-
istic CKM background to searches for the electron EDM,

d
equiv
e (J ) ⇠ 10�38

ecm. (6)

This is roughly nine orders of magnitude below the best
current sensitivity to de, from ThO [4].

The rest of this paper is organized as follows. In the
next section, we briefly review the CKM contributions
to fundamental fermions and other observable EDMs. In
Section 3, we turn to the CKM contribution to param-
agnetic EDMs, and obtain the result (5). We finish with
some concluding remarks in Section 4.

2. OVERVIEW OF EDMS FROM THE CKM
PHASE

In this section, we briefly review existing computations
of EDMs induced by the CKM phase. We will orga-
nize the discussion around a simple counting scheme, us-
ing the basic symmetries to estimate the largest viable
contribution to di↵erent classes of EDMs. In particular,
CKM contributions to flavor-diagonal observables neces-
sarily vanish at first order in the weak interaction, due

e

W

W Wq

e

W

� �

q

�

W

FIG. 1. Electron EDM de induced by the CKM phase via a
closed quark loop. The contributions shown are: O(↵3

W↵s)
(left panel, Fig. 1a), and O(↵2
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3) (right panel, Fig. 1b).

to the conjugated weak vertices. Nonzero contributions
only start at second order / G

2
F , and are necessarily pro-

portional to the reduced Jarlskog invariant
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1s2s3c1c2c3 sin � ' 2.9⇥ 10�5

, (7)

where si and ci are the sines and cosines of the CKM an-
gles in the Kobayashi-Maskawa basis and � is the complex
phase. The antisymmetric flavour structure of J also
leads to additional loop-level suppression of the EDMs of
quarks and leptons in perturbation theory [16, 17]

A. Fundamental fermion EDMs

In addition to the general constraints above, the EDM
operator for quarks and leptons breaks chiral symmetry,
and thus the coe�cient must be at least linear in a chi-
rality breaking parameter. In perturbation theory, this is
generically the fermion mass mf itself. It turns out that
the antisymmetric flavour struture of J actually ensures
that all 2-loop contributions to dq vanish [16], and the
second-order weak exchanges need to be dressed with a
further gluonic loop. Thus, the d-quark EDM for ex-
ample arises only at 3-loop order [18, 19], and takes the
general form
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and ignores additional numerical suppression or modest
numerical enhancement by logarithms of quark mass ra-
tios. The factor of m2

c enters due to the flavour struc-
ture of J . The corresponding contribution to du is in-
stead proportional to mum
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s, and somewhat further sup-

pressed. The most precise calculation of dq(J ) can be
found in Ref. [19].
EDMs of leptons are even further suppressed. A

generic de diagram involves a quark loop with a minimum
of four W -boson vertices. Such a loop can be attached to
the electron line either by two W -boson lines (Fig. 1a),
at third order in the weak interaction, or via three virtual
photons (Fig. 1b), at even higher loop order.
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In this section, we briefly review existing computations
of EDMs induced by the CKM phase. We will orga-
nize the discussion around a simple counting scheme, us-
ing the basic symmetries to estimate the largest viable
contribution to di↵erent classes of EDMs. In particular,
CKM contributions to flavor-diagonal observables neces-
sarily vanish at first order in the weak interaction, due

FIG. 1. Electron EDM de induced by the CKM phase via a
closed quark loop. The contributions shown are: O(↵3

W↵s)
(left panel, Fig. 1a), and O(↵2

↵
3) (right panel, Fig. 1b).

to the conjugated weak vertices. Nonzero contributions
only start at second order / G

2
F , and are necessarily pro-

portional to the reduced Jarlskog invariant

J = s
2
1s2s3c1c2c3 sin � ' 2.9⇥ 10�5

, (7)

where si and ci are the sines and cosines of the CKM an-
gles in the Kobayashi-Maskawa basis and � is the complex
phase. The antisymmetric flavour structure of J also
leads to additional loop-level suppression of the EDMs of
quarks and leptons in perturbation theory [16, 17]

A. Fundamental fermion EDMs

In addition to the general constraints above, the EDM
operator for quarks and leptons breaks chiral symmetry,
and thus the coe�cient must be at least linear in a chi-
rality breaking parameter. In perturbation theory, this is
generically the fermion mass mf itself. It turns out that
the antisymmetric flavour struture of J actually ensures
that all 2-loop contributions to dq vanish [16], and the
second-order weak exchanges need to be dressed with a
further gluonic loop. Thus, the d-quark EDM for ex-
ample arises only at 3-loop order [18, 19], and takes the
general form
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This estimates assigns ↵i/(4⇡) per corresponding loop,
and ignores additional numerical suppression or modest
numerical enhancement by logarithms of quark mass ra-
tios. The factor of m2

c enters due to the flavour struc-
ture of J . The corresponding contribution to du is in-
stead proportional to mum

2
s, and somewhat further sup-

pressed. The most precise calculation of dq(J ) can be
found in Ref. [19].
EDMs of leptons are even further suppressed. A

generic de diagram involves a quark loop with a minimum
of four W -boson vertices. Such a loop can be attached to
the electron line either by two W -boson lines (Fig. 1a),
at third order in the weak interaction, or via three virtual
photons (Fig. 1b), at even higher loop order.

3

Moreover, as mentioned before, the full 3-loop con-
tribution to de vanishes once again on account of the
implicit antisymmetry of J [17]. An additional gluonic
loop is required to generate de at 4-loop order. Thus, one
can estimate the results for the two families of diagrams
in Fig. 1, taking into account all the relevant coupling
constants,
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where in the second line mhad is a soft QCD mass scale
(e.g. m⇡) accounting for the fact that the loop may be
saturated in the IR. To obtain an estimate, it su�ces to
take mhad ⇠ ms. Both contributions to de are highly
suppressed and give comparable values,

de(J ) ⇠ O(10�44) ecm. (11)

A very small number indeed!
To conclude this section, we discuss the origin of the

quark mass suppression factors in Eqs. (9) and (10) in
more detail. These expressions contain an extra factor
of m2

s compared to the d-quark EDM estimate, Eq. (8).
This factor originates from the closed quark loop of
Fig. 1, where a complete antisymmetrization over d, s, b

quark masses is applied compared to the open quark line
with the d flavor as an in- and out-state, where only
the s and b flavors internal to diagram are antisym-
metrized. As a result, the quark diagram can contain
ms, mb factors in a logarithm, dd / log(m2

b/m
2
s) and the

power-like GIM suppression by m
2
s is avoided. For the

closed quark loop, complete antisymmetrization leads to
log(m2

b/m
2
s)+log(m2

d/m
2
b)+log(m2

s/m
2
d) = 0, and conse-

quently the power-like GIM suppression by m
2
s necessar-

ily arises. Explicit calculations of the quark loop in the
CKM model giving rise to the triple-gluon Weinberg op-
erator [20] and the magnetic quadrupole moment of the
W -boson [21] confirm the power-suppression by m

2
s. One

can also argue that since Fig. 1a is third order in the elec-
troweak coupling, the 1/M6

W factor is inevitable, as the
W -bosons can be integrated out to give contact ⇠ GF

interactions [18]. Then a factor of (mass)5 is required
in the numerator, and mem

2
sm

2
c is the only combination

of quark and electron masses that is consistent with all
the symmetries of the problem. If, for instance, m2

s/M
2
W

were to be absent, it would signal a quadratic divergence
in the contact limit with loop momenta on the order of
M

2
W . If that were possible, all down-type quarks could

be considered massless and setting ms = md would nul-
lify the answer. Retaining the finite m

2
s/M

2
W correction

returns us to the estimate (9).

B. Nucleon EDMs

In practice, these primary fermion EDMs are not the
dominant source of the CKM-induced EDMs of nucleons,

FIG. 2. Strong and electromagnetic penguin diagrams gen-
erating flavor-changing CP -violating four-quark and semi-
leptonic operators.

and diamagnetic atoms. The largest CKM contributions
generically arise through CP -odd multi-quark operators,
containing (part of) the required flavour structure to pro-
duce J . For 4-quark operators of this type, there is also
the possibility of enhanced hadronic-scale contributions
when these operators contribute to the interactions be-
tween nucleons and light pseudoscalar mesons. To get an
idea of the size of possible enhancements, we can write
down an expression for the nucleon EDM in a form which
accounts, as above, for the irreducible requirements, and
makes no further assumptions about small parameters,
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In this limiting estimate, the chiral parameter mhad is
taken to be characteristic of the quark condensate. In all
practical estimates, the overall coe�cient cn ⌧ 1, but is
not known with great precision.
The antisymmetry of J requires that the operators

obtained by combining weak currents at second order
must contain at least two sea-quark flavours, e.g. s

and c. Integrating out the c, t quarks at 1-loop via a
strong penguin (see Fig. 2) allows for the possibility of
an enhanced phase, with the GIM cancelation factor be-
ing rather large, ln(m2

t/m
2
c) (or rather ln(m

2
W /m

2
c) since

m
2
W < m

2
t ). This penguin-induced 4-quark operator was

originally used by Khriplovich and Zhitnitsky to estimate
dn(J ) via CP -odd n⇡⌃ and nKp vertices entering a pion
loop [22]. In these diagrams, the chiral scale m

3
had ⇠

hq̄qim
2
⇡/(f⇡ms) ⇠ (300MeV)3 is enhanced, while the co-

e�cient cn roughly scales as cn ⇠ ↵s/(4⇡) ln(mK/m⇡) ⇠
10�2, leading to dn ⇠ 10�32

� 10�31
ecm. A some-

what larger estimate, dn / 10�30
ecm, was obtained in

Ref. [23].
An alternative to generating 4-quark operators at 1-

loop is to integrate out charm at tree-level, generating
a 6-quark operator with a coe�cient / 1/m2

c . Recently,
evidence for enhanced CP -violation in the D meson sys-
tem led to further scrutiny of this contribution by Mannel
and Uraltsev [24]. While avoiding the corresponding loop
factor, there is suppression by 1/m2

c and it remains dif-
ficult to obtain reliable estimates for the matrix element
of this dimension-9 operator over the nucleon. Scaling

3

Moreover, as mentioned before, the full 3-loop con-
tribution to de vanishes once again on account of the
implicit antisymmetry of J [17]. An additional gluonic
loop is required to generate de at 4-loop order. Thus, one
can estimate the results for the two families of diagrams
in Fig. 1, taking into account all the relevant coupling
constants,
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where in the second line mhad is a soft QCD mass scale
(e.g. m⇡) accounting for the fact that the loop may be
saturated in the IR. To obtain an estimate, it su�ces to
take mhad ⇠ ms. Both contributions to de are highly
suppressed and give comparable values,

de(J ) ⇠ O(10�44) ecm. (11)

A very small number indeed!
To conclude this section, we discuss the origin of the
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s compared to the d-quark EDM estimate, Eq. (8).
This factor originates from the closed quark loop of
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ms, mb factors in a logarithm, dd / log(m2

b/m
2
s) and the

power-like GIM suppression by m
2
s is avoided. For the

closed quark loop, complete antisymmetrization leads to
log(m2

b/m
2
s)+log(m2

d/m
2
b)+log(m2

s/m
2
d) = 0, and conse-
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s necessar-

ily arises. Explicit calculations of the quark loop in the
CKM model giving rise to the triple-gluon Weinberg op-
erator [20] and the magnetic quadrupole moment of the
W -boson [21] confirm the power-suppression by m
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s. One

can also argue that since Fig. 1a is third order in the elec-
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W factor is inevitable, as the
W -bosons can be integrated out to give contact ⇠ GF

interactions [18]. Then a factor of (mass)5 is required
in the numerator, and mem
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c is the only combination

of quark and electron masses that is consistent with all
the symmetries of the problem. If, for instance, m2
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were to be absent, it would signal a quadratic divergence
in the contact limit with loop momenta on the order of
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W . If that were possible, all down-type quarks could

be considered massless and setting ms = md would nul-
lify the answer. Retaining the finite m
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W correction

returns us to the estimate (9).

B. Nucleon EDMs

In practice, these primary fermion EDMs are not the
dominant source of the CKM-induced EDMs of nucleons,

FIG. 2. Strong and electromagnetic penguin diagrams gen-
erating flavor-changing CP -violating four-quark and semi-
leptonic operators.

and diamagnetic atoms. The largest CKM contributions
generically arise through CP -odd multi-quark operators,
containing (part of) the required flavour structure to pro-
duce J . For 4-quark operators of this type, there is also
the possibility of enhanced hadronic-scale contributions
when these operators contribute to the interactions be-
tween nucleons and light pseudoscalar mesons. To get an
idea of the size of possible enhancements, we can write
down an expression for the nucleon EDM in a form which
accounts, as above, for the irreducible requirements, and
makes no further assumptions about small parameters,
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In this limiting estimate, the chiral parameter mhad is
taken to be characteristic of the quark condensate. In all
practical estimates, the overall coe�cient cn ⌧ 1, but is
not known with great precision.
The antisymmetry of J requires that the operators

obtained by combining weak currents at second order
must contain at least two sea-quark flavours, e.g. s

and c. Integrating out the c, t quarks at 1-loop via a
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Ref. [23].
An alternative to generating 4-quark operators at 1-

loop is to integrate out charm at tree-level, generating
a 6-quark operator with a coe�cient / 1/m2

c . Recently,
evidence for enhanced CP -violation in the D meson sys-
tem led to further scrutiny of this contribution by Mannel
and Uraltsev [24]. While avoiding the corresponding loop
factor, there is suppression by 1/m2

c and it remains dif-
ficult to obtain reliable estimates for the matrix element
of this dimension-9 operator over the nucleon. Scaling
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Moreover, as mentioned before, the full 3-loop con-
tribution to de vanishes once again on account of the
implicit antisymmetry of J [17]. An additional gluonic
loop is required to generate de at 4-loop order. Thus, one
can estimate the results for the two families of diagrams
in Fig. 1, taking into account all the relevant coupling
constants,
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where in the second line mhad is a soft QCD mass scale
(e.g. m⇡) accounting for the fact that the loop may be
saturated in the IR. To obtain an estimate, it su�ces to
take mhad ⇠ ms. Both contributions to de are highly
suppressed and give comparable values,

de(J ) ⇠ O(10�44) ecm. (11)

A very small number indeed!
To conclude this section, we discuss the origin of the

quark mass suppression factors in Eqs. (9) and (10) in
more detail. These expressions contain an extra factor
of m2

s compared to the d-quark EDM estimate, Eq. (8).
This factor originates from the closed quark loop of
Fig. 1, where a complete antisymmetrization over d, s, b

quark masses is applied compared to the open quark line
with the d flavor as an in- and out-state, where only
the s and b flavors internal to diagram are antisym-
metrized. As a result, the quark diagram can contain
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CKM model giving rise to the triple-gluon Weinberg op-
erator [20] and the magnetic quadrupole moment of the
W -boson [21] confirm the power-suppression by m
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s. One

can also argue that since Fig. 1a is third order in the elec-
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be considered massless and setting ms = md would nul-
lify the answer. Retaining the finite m
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In practice, these primary fermion EDMs are not the
dominant source of the CKM-induced EDMs of nucleons,

FIG. 2. Strong and electromagnetic penguin diagrams gen-
erating flavor-changing CP -violating four-quark and semi-
leptonic operators.

and diamagnetic atoms. The largest CKM contributions
generically arise through CP -odd multi-quark operators,
containing (part of) the required flavour structure to pro-
duce J . For 4-quark operators of this type, there is also
the possibility of enhanced hadronic-scale contributions
when these operators contribute to the interactions be-
tween nucleons and light pseudoscalar mesons. To get an
idea of the size of possible enhancements, we can write
down an expression for the nucleon EDM in a form which
accounts, as above, for the irreducible requirements, and
makes no further assumptions about small parameters,
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In this limiting estimate, the chiral parameter mhad is
taken to be characteristic of the quark condensate. In all
practical estimates, the overall coe�cient cn ⌧ 1, but is
not known with great precision.
The antisymmetry of J requires that the operators

obtained by combining weak currents at second order
must contain at least two sea-quark flavours, e.g. s

and c. Integrating out the c, t quarks at 1-loop via a
strong penguin (see Fig. 2) allows for the possibility of
an enhanced phase, with the GIM cancelation factor be-
ing rather large, ln(m2

t/m
2
c) (or rather ln(m
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loop is to integrate out charm at tree-level, generating
a 6-quark operator with a coe�cient / 1/m2

c . Recently,
evidence for enhanced CP -violation in the D meson sys-
tem led to further scrutiny of this contribution by Mannel
and Uraltsev [24]. While avoiding the corresponding loop
factor, there is suppression by 1/m2

c and it remains dif-
ficult to obtain reliable estimates for the matrix element
of this dimension-9 operator over the nucleon. Scaling
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Loop level electron EDM from CKM 
matrix

2

(2) has the dimensions of a dipole, ecm, and is determined
by a ratio of the atomic matrix elements of the CSP and
de operators. Over the years, significant theoretical e↵ort
has gone into computing the fd and r coe↵ecients for
di↵erent molecular and atomic species; see e.g. [9–13].

If only one species is used for an EDM measurement,
the e↵ects of CSP and de cannot be separated (see e.g.
[14, 15] for recent discussions). Since the experimental
sensitivity is usually reported as an inferred limit on the
electron EDM, it is convenient to parametrize the e↵ect
of CSP as a contribution from an equivalent EDM:

d
equiv
e ⌘ rCSP . (3)

Taking the three leading experimental limits on the elec-
tron EDM, we list the relevant r coe�cients [9–13],

rTl = 1.2⇥ 10�20
ecm,

rYbF = 0.88⇥ 10�20
ecm, (4)

rThO = 1.33⇥ 10�20
ecm.

Notice that although the fd coe�cients for these systems
actually di↵er widely, the r coe�cients are approximately
the same, reflecting the very similar dynamical nature of
the P, T -odd perturbations to the electron Hamiltonian
generated by both terms in (1). This leaves only mild
species-dependence in d

equiv
e .

In this paper, we find that in the Standard Model
the CKM-induced CSP contribution dominates the di-
rect contribution from de, and estimate it as

CSP (J ) ⇠ 10�18
, (5)

where J is the reduced Jarlskog invariant. Using the r

coe�cients in (4), we can translate this into a character-
istic CKM background to searches for the electron EDM,

d
equiv
e (J ) ⇠ 10�38

ecm. (6)

This is roughly nine orders of magnitude below the best
current sensitivity to de, from ThO [4].

The rest of this paper is organized as follows. In the
next section, we briefly review the CKM contributions
to fundamental fermions and other observable EDMs. In
Section 3, we turn to the CKM contribution to param-
agnetic EDMs, and obtain the result (5). We finish with
some concluding remarks in Section 4.

2. OVERVIEW OF EDMS FROM THE CKM
PHASE

In this section, we briefly review existing computations
of EDMs induced by the CKM phase. We will orga-
nize the discussion around a simple counting scheme, us-
ing the basic symmetries to estimate the largest viable
contribution to di↵erent classes of EDMs. In particular,
CKM contributions to flavor-diagonal observables neces-
sarily vanish at first order in the weak interaction, due
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FIG. 1. Electron EDM de induced by the CKM phase via a
closed quark loop. The contributions shown are: O(↵3

W↵s)
(left panel, Fig. 1a), and O(↵2

↵
3) (right panel, Fig. 1b).

to the conjugated weak vertices. Nonzero contributions
only start at second order / G

2
F , and are necessarily pro-

portional to the reduced Jarlskog invariant

J = s
2
1s2s3c1c2c3 sin � ' 2.9⇥ 10�5

, (7)

where si and ci are the sines and cosines of the CKM an-
gles in the Kobayashi-Maskawa basis and � is the complex
phase. The antisymmetric flavour structure of J also
leads to additional loop-level suppression of the EDMs of
quarks and leptons in perturbation theory [16, 17]

A. Fundamental fermion EDMs

In addition to the general constraints above, the EDM
operator for quarks and leptons breaks chiral symmetry,
and thus the coe�cient must be at least linear in a chi-
rality breaking parameter. In perturbation theory, this is
generically the fermion mass mf itself. It turns out that
the antisymmetric flavour struture of J actually ensures
that all 2-loop contributions to dq vanish [16], and the
second-order weak exchanges need to be dressed with a
further gluonic loop. Thus, the d-quark EDM for ex-
ample arises only at 3-loop order [18, 19], and takes the
general form
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This estimates assigns ↵i/(4⇡) per corresponding loop,
and ignores additional numerical suppression or modest
numerical enhancement by logarithms of quark mass ra-
tios. The factor of m2

c enters due to the flavour struc-
ture of J . The corresponding contribution to du is in-
stead proportional to mum

2
s, and somewhat further sup-

pressed. The most precise calculation of dq(J ) can be
found in Ref. [19].
EDMs of leptons are even further suppressed. A

generic de diagram involves a quark loop with a minimum
of four W -boson vertices. Such a loop can be attached to
the electron line either by two W -boson lines (Fig. 1a),
at third order in the weak interaction, or via three virtual
photons (Fig. 1b), at even higher loop order.

2

(2) has the dimensions of a dipole, ecm, and is determined
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the CKM-induced CSP contribution dominates the di-
rect contribution from de, and estimate it as

CSP (J ) ⇠ 10�18
, (5)

where J is the reduced Jarlskog invariant. Using the r

coe�cients in (4), we can translate this into a character-
istic CKM background to searches for the electron EDM,

d
equiv
e (J ) ⇠ 10�38

ecm. (6)

This is roughly nine orders of magnitude below the best
current sensitivity to de, from ThO [4].

The rest of this paper is organized as follows. In the
next section, we briefly review the CKM contributions
to fundamental fermions and other observable EDMs. In
Section 3, we turn to the CKM contribution to param-
agnetic EDMs, and obtain the result (5). We finish with
some concluding remarks in Section 4.

2. OVERVIEW OF EDMS FROM THE CKM
PHASE

In this section, we briefly review existing computations
of EDMs induced by the CKM phase. We will orga-
nize the discussion around a simple counting scheme, us-
ing the basic symmetries to estimate the largest viable
contribution to di↵erent classes of EDMs. In particular,
CKM contributions to flavor-diagonal observables neces-
sarily vanish at first order in the weak interaction, due

FIG. 1. Electron EDM de induced by the CKM phase via a
closed quark loop. The contributions shown are: O(↵3

W↵s)
(left panel, Fig. 1a), and O(↵2

↵
3) (right panel, Fig. 1b).

to the conjugated weak vertices. Nonzero contributions
only start at second order / G

2
F , and are necessarily pro-

portional to the reduced Jarlskog invariant

J = s
2
1s2s3c1c2c3 sin � ' 2.9⇥ 10�5

, (7)

where si and ci are the sines and cosines of the CKM an-
gles in the Kobayashi-Maskawa basis and � is the complex
phase. The antisymmetric flavour structure of J also
leads to additional loop-level suppression of the EDMs of
quarks and leptons in perturbation theory [16, 17]

A. Fundamental fermion EDMs

In addition to the general constraints above, the EDM
operator for quarks and leptons breaks chiral symmetry,
and thus the coe�cient must be at least linear in a chi-
rality breaking parameter. In perturbation theory, this is
generically the fermion mass mf itself. It turns out that
the antisymmetric flavour struture of J actually ensures
that all 2-loop contributions to dq vanish [16], and the
second-order weak exchanges need to be dressed with a
further gluonic loop. Thus, the d-quark EDM for ex-
ample arises only at 3-loop order [18, 19], and takes the
general form
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This estimates assigns ↵i/(4⇡) per corresponding loop,
and ignores additional numerical suppression or modest
numerical enhancement by logarithms of quark mass ra-
tios. The factor of m2

c enters due to the flavour struc-
ture of J . The corresponding contribution to du is in-
stead proportional to mum

2
s, and somewhat further sup-

pressed. The most precise calculation of dq(J ) can be
found in Ref. [19].
EDMs of leptons are even further suppressed. A

generic de diagram involves a quark loop with a minimum
of four W -boson vertices. Such a loop can be attached to
the electron line either by two W -boson lines (Fig. 1a),
at third order in the weak interaction, or via three virtual
photons (Fig. 1b), at even higher loop order.

3

Moreover, as mentioned before, the full 3-loop con-
tribution to de vanishes once again on account of the
implicit antisymmetry of J [17]. An additional gluonic
loop is required to generate de at 4-loop order. Thus, one
can estimate the results for the two families of diagrams
in Fig. 1, taking into account all the relevant coupling
constants,
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where in the second line mhad is a soft QCD mass scale
(e.g. m⇡) accounting for the fact that the loop may be
saturated in the IR. To obtain an estimate, it su�ces to
take mhad ⇠ ms. Both contributions to de are highly
suppressed and give comparable values,

de(J ) ⇠ O(10�44) ecm. (11)

A very small number indeed!
To conclude this section, we discuss the origin of the

quark mass suppression factors in Eqs. (9) and (10) in
more detail. These expressions contain an extra factor
of m2

s compared to the d-quark EDM estimate, Eq. (8).
This factor originates from the closed quark loop of
Fig. 1, where a complete antisymmetrization over d, s, b

quark masses is applied compared to the open quark line
with the d flavor as an in- and out-state, where only
the s and b flavors internal to diagram are antisym-
metrized. As a result, the quark diagram can contain
ms, mb factors in a logarithm, dd / log(m2

b/m
2
s) and the

power-like GIM suppression by m
2
s is avoided. For the

closed quark loop, complete antisymmetrization leads to
log(m2

b/m
2
s)+log(m2

d/m
2
b)+log(m2

s/m
2
d) = 0, and conse-

quently the power-like GIM suppression by m
2
s necessar-

ily arises. Explicit calculations of the quark loop in the
CKM model giving rise to the triple-gluon Weinberg op-
erator [20] and the magnetic quadrupole moment of the
W -boson [21] confirm the power-suppression by m

2
s. One

can also argue that since Fig. 1a is third order in the elec-
troweak coupling, the 1/M6

W factor is inevitable, as the
W -bosons can be integrated out to give contact ⇠ GF

interactions [18]. Then a factor of (mass)5 is required
in the numerator, and mem

2
sm

2
c is the only combination

of quark and electron masses that is consistent with all
the symmetries of the problem. If, for instance, m2

s/M
2
W

were to be absent, it would signal a quadratic divergence
in the contact limit with loop momenta on the order of
M

2
W . If that were possible, all down-type quarks could

be considered massless and setting ms = md would nul-
lify the answer. Retaining the finite m

2
s/M

2
W correction

returns us to the estimate (9).

B. Nucleon EDMs

In practice, these primary fermion EDMs are not the
dominant source of the CKM-induced EDMs of nucleons,

FIG. 2. Strong and electromagnetic penguin diagrams gen-
erating flavor-changing CP -violating four-quark and semi-
leptonic operators.

and diamagnetic atoms. The largest CKM contributions
generically arise through CP -odd multi-quark operators,
containing (part of) the required flavour structure to pro-
duce J . For 4-quark operators of this type, there is also
the possibility of enhanced hadronic-scale contributions
when these operators contribute to the interactions be-
tween nucleons and light pseudoscalar mesons. To get an
idea of the size of possible enhancements, we can write
down an expression for the nucleon EDM in a form which
accounts, as above, for the irreducible requirements, and
makes no further assumptions about small parameters,
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In this limiting estimate, the chiral parameter mhad is
taken to be characteristic of the quark condensate. In all
practical estimates, the overall coe�cient cn ⌧ 1, but is
not known with great precision.
The antisymmetry of J requires that the operators

obtained by combining weak currents at second order
must contain at least two sea-quark flavours, e.g. s

and c. Integrating out the c, t quarks at 1-loop via a
strong penguin (see Fig. 2) allows for the possibility of
an enhanced phase, with the GIM cancelation factor be-
ing rather large, ln(m2

t/m
2
c) (or rather ln(m

2
W /m

2
c) since

m
2
W < m

2
t ). This penguin-induced 4-quark operator was

originally used by Khriplovich and Zhitnitsky to estimate
dn(J ) via CP -odd n⇡⌃ and nKp vertices entering a pion
loop [22]. In these diagrams, the chiral scale m

3
had ⇠

hq̄qim
2
⇡/(f⇡ms) ⇠ (300MeV)3 is enhanced, while the co-

e�cient cn roughly scales as cn ⇠ ↵s/(4⇡) ln(mK/m⇡) ⇠
10�2, leading to dn ⇠ 10�32

� 10�31
ecm. A some-

what larger estimate, dn / 10�30
ecm, was obtained in

Ref. [23].
An alternative to generating 4-quark operators at 1-

loop is to integrate out charm at tree-level, generating
a 6-quark operator with a coe�cient / 1/m2

c . Recently,
evidence for enhanced CP -violation in the D meson sys-
tem led to further scrutiny of this contribution by Mannel
and Uraltsev [24]. While avoiding the corresponding loop
factor, there is suppression by 1/m2

c and it remains dif-
ficult to obtain reliable estimates for the matrix element
of this dimension-9 operator over the nucleon. Scaling

3

Moreover, as mentioned before, the full 3-loop con-
tribution to de vanishes once again on account of the
implicit antisymmetry of J [17]. An additional gluonic
loop is required to generate de at 4-loop order. Thus, one
can estimate the results for the two families of diagrams
in Fig. 1, taking into account all the relevant coupling
constants,
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where in the second line mhad is a soft QCD mass scale
(e.g. m⇡) accounting for the fact that the loop may be
saturated in the IR. To obtain an estimate, it su�ces to
take mhad ⇠ ms. Both contributions to de are highly
suppressed and give comparable values,

de(J ) ⇠ O(10�44) ecm. (11)

A very small number indeed!
To conclude this section, we discuss the origin of the

quark mass suppression factors in Eqs. (9) and (10) in
more detail. These expressions contain an extra factor
of m2

s compared to the d-quark EDM estimate, Eq. (8).
This factor originates from the closed quark loop of
Fig. 1, where a complete antisymmetrization over d, s, b

quark masses is applied compared to the open quark line
with the d flavor as an in- and out-state, where only
the s and b flavors internal to diagram are antisym-
metrized. As a result, the quark diagram can contain
ms, mb factors in a logarithm, dd / log(m2
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power-like GIM suppression by m
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quently the power-like GIM suppression by m
2
s necessar-

ily arises. Explicit calculations of the quark loop in the
CKM model giving rise to the triple-gluon Weinberg op-
erator [20] and the magnetic quadrupole moment of the
W -boson [21] confirm the power-suppression by m

2
s. One

can also argue that since Fig. 1a is third order in the elec-
troweak coupling, the 1/M6

W factor is inevitable, as the
W -bosons can be integrated out to give contact ⇠ GF

interactions [18]. Then a factor of (mass)5 is required
in the numerator, and mem
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c is the only combination

of quark and electron masses that is consistent with all
the symmetries of the problem. If, for instance, m2
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were to be absent, it would signal a quadratic divergence
in the contact limit with loop momenta on the order of
M
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W . If that were possible, all down-type quarks could

be considered massless and setting ms = md would nul-
lify the answer. Retaining the finite m
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W correction

returns us to the estimate (9).

B. Nucleon EDMs

In practice, these primary fermion EDMs are not the
dominant source of the CKM-induced EDMs of nucleons,

FIG. 2. Strong and electromagnetic penguin diagrams gen-
erating flavor-changing CP -violating four-quark and semi-
leptonic operators.

and diamagnetic atoms. The largest CKM contributions
generically arise through CP -odd multi-quark operators,
containing (part of) the required flavour structure to pro-
duce J . For 4-quark operators of this type, there is also
the possibility of enhanced hadronic-scale contributions
when these operators contribute to the interactions be-
tween nucleons and light pseudoscalar mesons. To get an
idea of the size of possible enhancements, we can write
down an expression for the nucleon EDM in a form which
accounts, as above, for the irreducible requirements, and
makes no further assumptions about small parameters,

d
(lim)
N (J ) ⇠ ecnJG

2
Fm

3
had

< 10�29
ecm⇥ cn

⇣
mhad

300MeV

⌘3
. (12)

In this limiting estimate, the chiral parameter mhad is
taken to be characteristic of the quark condensate. In all
practical estimates, the overall coe�cient cn ⌧ 1, but is
not known with great precision.
The antisymmetry of J requires that the operators

obtained by combining weak currents at second order
must contain at least two sea-quark flavours, e.g. s

and c. Integrating out the c, t quarks at 1-loop via a
strong penguin (see Fig. 2) allows for the possibility of
an enhanced phase, with the GIM cancelation factor be-
ing rather large, ln(m2
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c) since
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t ). This penguin-induced 4-quark operator was
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dn(J ) via CP -odd n⇡⌃ and nKp vertices entering a pion
loop [22]. In these diagrams, the chiral scale m
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e�cient cn roughly scales as cn ⇠ ↵s/(4⇡) ln(mK/m⇡) ⇠
10�2, leading to dn ⇠ 10�32

� 10�31
ecm. A some-

what larger estimate, dn / 10�30
ecm, was obtained in

Ref. [23].
An alternative to generating 4-quark operators at 1-

loop is to integrate out charm at tree-level, generating
a 6-quark operator with a coe�cient / 1/m2

c . Recently,
evidence for enhanced CP -violation in the D meson sys-
tem led to further scrutiny of this contribution by Mannel
and Uraltsev [24]. While avoiding the corresponding loop
factor, there is suppression by 1/m2

c and it remains dif-
ficult to obtain reliable estimates for the matrix element
of this dimension-9 operator over the nucleon. Scaling

3

Moreover, as mentioned before, the full 3-loop con-
tribution to de vanishes once again on account of the
implicit antisymmetry of J [17]. An additional gluonic
loop is required to generate de at 4-loop order. Thus, one
can estimate the results for the two families of diagrams
in Fig. 1, taking into account all the relevant coupling
constants,
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where in the second line mhad is a soft QCD mass scale
(e.g. m⇡) accounting for the fact that the loop may be
saturated in the IR. To obtain an estimate, it su�ces to
take mhad ⇠ ms. Both contributions to de are highly
suppressed and give comparable values,

de(J ) ⇠ O(10�44) ecm. (11)

A very small number indeed!
To conclude this section, we discuss the origin of the

quark mass suppression factors in Eqs. (9) and (10) in
more detail. These expressions contain an extra factor
of m2

s compared to the d-quark EDM estimate, Eq. (8).
This factor originates from the closed quark loop of
Fig. 1, where a complete antisymmetrization over d, s, b

quark masses is applied compared to the open quark line
with the d flavor as an in- and out-state, where only
the s and b flavors internal to diagram are antisym-
metrized. As a result, the quark diagram can contain
ms, mb factors in a logarithm, dd / log(m2
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s) and the

power-like GIM suppression by m
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s is avoided. For the

closed quark loop, complete antisymmetrization leads to
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d) = 0, and conse-

quently the power-like GIM suppression by m
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s necessar-

ily arises. Explicit calculations of the quark loop in the
CKM model giving rise to the triple-gluon Weinberg op-
erator [20] and the magnetic quadrupole moment of the
W -boson [21] confirm the power-suppression by m

2
s. One

can also argue that since Fig. 1a is third order in the elec-
troweak coupling, the 1/M6

W factor is inevitable, as the
W -bosons can be integrated out to give contact ⇠ GF

interactions [18]. Then a factor of (mass)5 is required
in the numerator, and mem
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of quark and electron masses that is consistent with all
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in the contact limit with loop momenta on the order of
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W . If that were possible, all down-type quarks could

be considered massless and setting ms = md would nul-
lify the answer. Retaining the finite m
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returns us to the estimate (9).

B. Nucleon EDMs

In practice, these primary fermion EDMs are not the
dominant source of the CKM-induced EDMs of nucleons,

FIG. 2. Strong and electromagnetic penguin diagrams gen-
erating flavor-changing CP -violating four-quark and semi-
leptonic operators.

and diamagnetic atoms. The largest CKM contributions
generically arise through CP -odd multi-quark operators,
containing (part of) the required flavour structure to pro-
duce J . For 4-quark operators of this type, there is also
the possibility of enhanced hadronic-scale contributions
when these operators contribute to the interactions be-
tween nucleons and light pseudoscalar mesons. To get an
idea of the size of possible enhancements, we can write
down an expression for the nucleon EDM in a form which
accounts, as above, for the irreducible requirements, and
makes no further assumptions about small parameters,
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In this limiting estimate, the chiral parameter mhad is
taken to be characteristic of the quark condensate. In all
practical estimates, the overall coe�cient cn ⌧ 1, but is
not known with great precision.
The antisymmetry of J requires that the operators

obtained by combining weak currents at second order
must contain at least two sea-quark flavours, e.g. s

and c. Integrating out the c, t quarks at 1-loop via a
strong penguin (see Fig. 2) allows for the possibility of
an enhanced phase, with the GIM cancelation factor be-
ing rather large, ln(m2

t/m
2
c) (or rather ln(m

2
W /m

2
c) since

m
2
W < m

2
t ). This penguin-induced 4-quark operator was

originally used by Khriplovich and Zhitnitsky to estimate
dn(J ) via CP -odd n⇡⌃ and nKp vertices entering a pion
loop [22]. In these diagrams, the chiral scale m

3
had ⇠

hq̄qim
2
⇡/(f⇡ms) ⇠ (300MeV)3 is enhanced, while the co-

e�cient cn roughly scales as cn ⇠ ↵s/(4⇡) ln(mK/m⇡) ⇠
10�2, leading to dn ⇠ 10�32

� 10�31
ecm. A some-

what larger estimate, dn / 10�30
ecm, was obtained in

Ref. [23].
An alternative to generating 4-quark operators at 1-

loop is to integrate out charm at tree-level, generating
a 6-quark operator with a coe�cient / 1/m2

c . Recently,
evidence for enhanced CP -violation in the D meson sys-
tem led to further scrutiny of this contribution by Mannel
and Uraltsev [24]. While avoiding the corresponding loop
factor, there is suppression by 1/m2

c and it remains dif-
ficult to obtain reliable estimates for the matrix element
of this dimension-9 operator over the nucleon. Scaling
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m⌫ ⇠ 0.01 eV
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Complex Yukawa couplings
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Hermitian conjugate

Some phases can be absorbed by rephasing the left-handed neutrinos

Remaining phases are physical and source of CP violation
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Leptogenesis
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Lepton number violation

Baryon number violation

New sources of CP violation



Super-symmetry

■ Each particle has a super-partner

■ Electron             Selectron

■ Muon                  Smuon 

■ Higgs Higgsino



New sources of CP violation

formulae and compare these to the results of other models of lepton CP violation.

Our calculations in this paper look specifically at the terms resulting from inte-
grating out the right-handed neutrino sector. We work from an initial assumption
that the soft supersymmetry breaking terms are universal and flavor-independent. In
a model with renormalizable interactions that violate the flavor and CP symmetries,
this initial condition is not technically natural. Thus, there will in general be other
CP violating contributions, for example, from the thresholds at the grand unification
scale MGUT, that should be added to the formulae we present here. Because, in all of
our formulae, the leading logarithmic behavior cancels due to a GIM cancellation, our
terms are not parametrically enhanced over those from the GUT threshold. In spe-
cific models, the GUT scale terms can be numerically smaller than the terms from the
right-handed neutrino scale; the authors of [9], for example, argue this for their SU(5)
GUT model. In any event, our formulae are computed precisely for the effective the-
ory of Section 2 with minimal subtraction (in the DR scheme) at MGUT. By noting
this prescription, it should be straightforward to add GUT threshold corrections to
our results when these are computed in a particular GUT model.

2 The model

We consider the supersymmetric Standard Model coupled to three chiral super-
multiplets Ni which contain the heavy right-handed neutrinos associated with the
seesaw mechanism. The superpotential of the model contains the following terms
involving lepton supermultiplets:

W = Y ik
ℓ ϵαβH1αEiLjβ − Y ij

ν ϵαβH2αNiLjβ − µϵαβH1αH2β +
1

2
MijNiNj . (1)

In this equation, Ljβ is the supermultiplet containing the left-handed lepton fields
(νjL, ℓ

−
jL)β, Ei is the superfield whose left-handed fermion is ℓ+iL, and Ni is the su-

perfield whose left-handed fermion is νiL. The Ni are singlets of SU(2) × U(1). We
introduce the right-handed neutrino masses Mij by hand, and we do not assume any
a priori relation of these parameters to the other couplings in (1).

Without loss of generality, we can choose the basis and phases of L, E, and N
such that Mij and Y ij

ℓ are real and diagonal. We will refer to the diagonal elements
of these matrices as Mi, Yℓi. These choices exhaust the freedom to redefine fields, and
so the matrix Y ij

ν is in general off-diagonal and complex. The mass matrix of light
neutrinos is given by

(mν)ij =
∑

k

Y ki
ν Y kj

ν

Mk

〈
H0

2

〉2
. (2)
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−
1

2(xE − xL)2

(

5− 4xL − x2
L + 2(1 + 2xL)LogxL

(1− xL)4

+
5− 4xE − x2

E + 2(1 + 2xE)LogxE

(1− xE)4

)

. (9)

Note that one should insert the value of µ at the supersymmetry breaking scale in Eq. (8).

To evaluate the order of magnitude of the EDMs, at first sight it seems that we can

simply set all the supersymmetric parameters to some common scale msusy and take the

values of the functions f and h in Eqs. (3,7,8) to be numbers of order 1. However, this is not

a valid simplification because the functions f and h rapidly decrease when their arguments

fall below unity. In the mSUGRA model we expect the mass of the lightest neutralino to

be smaller than that of sfermions. As a result, we expect h and g to be smaller than one.

In section 4, we will see that this effect gives rise to a suppression by two to three orders of

magnitude.

3 Effects of the phases of µ and a0 on EDMs

In this section, we first review the current bounds on de, dµ, dD, dHg and dn and the prospects

of improving them. We then review how we can write them in terms of Im(µ) and Im(a0).

• Electron EDM de: The present bound on the EDM of electron is

de < 1.7× 10−27 e cm at 95 % CL [18] (10)

DeMille and his Yale group are running an experiment that uses the PbO molecules

to probe de. Within three years they can reach a sensitivity of 10−29 e cm [19] and

hopefully down to a sensitivity of 10−31 e cm within five years. There are proposals

[20] for probing de down to 10−35 e cm level. In sum there is a very good prospect of

measuring de in future [21].

• Neutron EDM dn: The present bound on dn [22] is

dn < 6.3× 10−26e cm at 90% C.L. (11)

This bound will be improved considerably by LANSCE [23] which will be able to probe

dn down to 4× 10−28 e cm.

• Muon EDM, dµ: The present bound on dµ [18] is

dµ < 7× 10−19 e cm. (12)

8
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Figure 4: Electric dipole moment of the electron for a0 = 0, tan β = 10 and sgn(µ) = +. To
draw the red solid and purple dotted lines, we have assumed that Im[µ] is the only source of
CP-violation and have taken d̃d− d̃u equal to 2×10−26 cm and 2×10−28 cm, respectively to
derive Im[µ]. To produce the dots, we have assumed that complex Yν is the only source of
CP-violation and have randomly produced Yν compatible with the data. The blue dashed
line is the present bound on de [18] and dot-dashed lines show the values of de that can be
probed in the future [19, 20]
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Take-home message

■ Relatively low budget experiments looking for electron EDM can give us great 
insight: 

1) symmetries of nature

2) Matter asymmetry of universe



Take-home message

■ Relatively low budget experiments looking for electron EDM can give us great 
insight: 

1) symmetries of nature

2) Matter asymmetry of universe

Durmus was a great friend and a dedicated physicists whose memory and enthusiam 
for science will be remembered and will be a guiding star in the stormy days of research.



Low energy scheme

■ Hadrons are all color singlets:

■ Yukawa interaction: 

Short range: Range given by inverse of mass pion.


