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Leptogenesis from low energy CP-violation 
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Neutrino Masses and Mixing 
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Neutrinos are part of the SU2L doublets and flavour associated with the 
charge lepton.
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The neutrino flavour interacts with charged leptons of the same flavour.
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<latexit sha1_base64="JRGe5UjD+PpmnjKjd9eJXcoOuvc=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oseiF49V7Ae0oWy2m3bpZhN2J0IJ/QdePCji1X/kzX/jts1Bqw8GHu/NMDMvSKQw6LpfTmFldW19o7hZ2tre2d0r7x+0TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfjm5nffuTaiFg94CThfkSHSoSCUbTSff+8X664VXcO8pd4OalAjka//NkbxCyNuEImqTFdz03Qz6hGwSSflnqp4QllYzrkXUsVjbjxs/mlU3JilQEJY21LIZmrPycyGhkziQLbGVEcmWVvJv7ndVMMr/xMqCRFrthiUZhKgjGZvU0GQnOGcmIJZVrYWwkbUU0Z2nBKNgRv+eW/pHVW9WrVi7tapX6dx1GEIziGU/DgEupwCw1oAoMQnuAFXp2x8+y8Oe+L1oKTzxzCLzgf3zWLjSg=</latexit>
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In the simplified two neutrino case:

P (⌫↵ ! ⌫�) = sin2 (2✓) sin2
�
�m2

ijL
�

2E
<latexit sha1_base64="ues1reQ2DgqU35n2ywcYyYcLT5o="></latexit>

mixing angle parametrises 
misalignment of bases

Energy of neutrino
baseline 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detection

mass squared 
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<latexit sha1_base64="JRGe5UjD+PpmnjKjd9eJXcoOuvc=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oseiF49V7Ae0oWy2m3bpZhN2J0IJ/QdePCji1X/kzX/jts1Bqw8GHu/NMDMvSKQw6LpfTmFldW19o7hZ2tre2d0r7x+0TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfjm5nffuTaiFg94CThfkSHSoSCUbTSff+8X664VXcO8pd4OalAjka//NkbxCyNuEImqTFdz03Qz6hGwSSflnqp4QllYzrkXUsVjbjxs/mlU3JilQEJY21LIZmrPycyGhkziQLbGVEcmWVvJv7ndVMMr/xMqCRFrthiUZhKgjGZvU0GQnOGcmIJZVrYWwkbUU0Z2nBKNgRv+eW/pHVW9WrVi7tapX6dx1GEIziGU/DgEupwCw1oAoMQnuAFXp2x8+y8Oe+L1oKTzxzCLzgf3zWLjSg=</latexit>
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• Neutrinos have (non-degenerate) masses
• Neutrinos mix i.e. PMNS matrix is a non-identity matrix 
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<latexit sha1_base64="ntWvgbtgwOjXtJaLrwPUtOy982U="></latexit><latexit sha1_base64="ntWvgbtgwOjXtJaLrwPUtOy982U="></latexit><latexit sha1_base64="ntWvgbtgwOjXtJaLrwPUtOy982U="></latexit><latexit sha1_base64="ntWvgbtgwOjXtJaLrwPUtOy982U="></latexit>

31.61  ✓12(
�)  36.27

<latexit sha1_base64="hNz0awwFLqc4rQ6pakTL1wbq0uk=">AAACEHicbVA9SwNBEN2L3/ErammzGMTYHHeJREvRxlLBqJCLYW8zlyzZ+3B3TghHfoKNf8XGQhFbSzv/jZt4hSY+GHi8N8PMPD+RQqPjfFmFmdm5+YXFpeLyyuraemlj80rHqeLQ4LGM1Y3PNEgRQQMFSrhJFLDQl3Dt909H/vU9KC3i6BIHCbRC1o1EIDhDI7VLezXXrruehDsPe4CsnbnVIa3celwovj/Saa1uVw/bpbJjO2PQaeLmpExynLdLn14n5mkIEXLJtG66ToKtjCkUXMKw6KUaEsb7rAtNQyMWgm5l44eGdNcoHRrEylSEdKz+nshYqPUg9E1nyLCnJ72R+J/XTDE4amUiSlKEiP8sClJJMaajdGhHKOAoB4YwroS5lfIeU4yjybBoQnAnX54mV1XbrdnVi4Py8UkexyLZJjukQlxySI7JGTknDcLJA3kiL+TVerSerTfr/ae1YOUzW+QPrI9vwW2agg==</latexit>

144  �(�)  357
<latexit sha1_base64="J+cETDVac2MZTw3gI3y2x7FejcQ=">AAACB3icbVDLSgNBEJyNrxhfUY+CDAYhXsJuEonHoBePEcwDsjHMznaSIbOz68ysEJbcvPgrXjwo4tVf8ObfOHkcNLGgoajqprvLizhT2ra/rdTK6tr6Rnozs7W9s7uX3T9oqDCWFOo05KFseUQBZwLqmmkOrUgCCTwOTW94NfGbDyAVC8WtHkXQCUhfsB6jRBupmz12ymWXw73rA9cE5+9cyiQ9m0i4dF7pZnN2wZ4CLxNnTnJojlo3++X6IY0DEJpyolTbsSPdSYjUjHIYZ9xYQUTokPShbaggAahOMv1jjE+N4uNeKE0Jjafq74mEBEqNAs90BkQP1KI3Ef/z2rHuXXQSJqJYg6CzRb2YYx3iSSjYZxKo5iNDCJXM3IrpgEhCtYkuY0JwFl9eJo1iwSkVijflXPVyHkcaHaETlEcOqqAqukY1VEcUPaJn9IrerCfrxXq3PmatKWs+c4j+wPr8AT6Ul6E=</latexit>

41.1  ✓23(
�)  51.3

<latexit sha1_base64="9OFVtMB4+Cj8nXktcvRCobXPGUg=">AAACDnicbVDJSgNBEO1xjXEb9eilMQh6GWaSiB6DXjxGMFHIjKGnU0ma9Cx21whhyBd48Ve8eFDEq2dv/o2d5eD2oODxXhVV9cJUCo2u+2nNzS8sLi0XVoqra+sbm/bWdlMnmeLQ4IlM1HXINEgRQwMFSrhOFbAolHAVDs7G/tUdKC2S+BKHKQQR68WiKzhDI7Xt/arneL6EWx/7gKydlysjenDjc6H44VinR55Tadsl13EnoH+JNyMlMkO9bX/4nYRnEcTIJdO65bkpBjlTKLiEUdHPNKSMD1gPWobGLAId5JN3RnTfKB3aTZSpGOlE/T6Rs0jrYRSazohhX//2xuJ/XivD7kmQizjNEGI+XdTNJMWEjrOhHaGAoxwawrgS5lbK+0wxjibBognB+/3yX9IsO17FKV9US7XTWRwFskv2yAHxyDGpkXNSJw3CyT15JM/kxXqwnqxX623aOmfNZnbID1jvX7+JmgI=</latexit>

8.22  ✓13(
�)  8.98

<latexit sha1_base64="VS8PdWlBATZ1MrQc2b8REPb7hLc=">AAACDnicbVDJSgNBEO1xjXGLevTSGAS9DDOJYLwFvXiMYKKQGYeeTiVp0rPYXSOEIV/gxV/x4kERr569+Td2loPbg4LHe1VU1QtTKTQ6zqc1N7+wuLRcWCmurq1vbJa2tls6yRSHJk9koq5DpkGKGJooUMJ1qoBFoYSrcHA29q/uQGmRxJc4TMGPWC8WXcEZGiko7dfsSsWTcOthH5AFuVsd0YMbjwvFD8c6rdkntaBUdmxnAvqXuDNSJjM0gtKH10l4FkGMXDKt266Top8zhYJLGBW9TEPK+ID1oG1ozCLQfj55Z0T3jdKh3USZipFO1O8TOYu0Hkah6YwY9vVvbyz+57Uz7Nb8XMRphhDz6aJuJikmdJwN7QgFHOXQEMaVMLdS3meKcTQJFk0I7u+X/5JWxXarduXiqFw/ncVRILtkjxwQlxyTOjknDdIknNyTR/JMXqwH68l6td6mrXPWbGaH/ID1/gXgJ5oX</latexit>

If neutrinos Dirac fermions, PMNS:  3 mixing angles + 1 phase 

nu-fit data 4.1

• Neutrinos have (non-degenerate) masses
• Neutrinos mix i.e. PMNS matrix is a non-identity matrix 

http://www.nu-fit.org/?q=node/211
http://www.nu-fit.org/?q=node/211
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<latexit sha1_base64="ntWvgbtgwOjXtJaLrwPUtOy982U="></latexit><latexit sha1_base64="ntWvgbtgwOjXtJaLrwPUtOy982U="></latexit><latexit sha1_base64="ntWvgbtgwOjXtJaLrwPUtOy982U="></latexit><latexit sha1_base64="ntWvgbtgwOjXtJaLrwPUtOy982U="></latexit>

31.61  ✓12(
�)  36.27

<latexit sha1_base64="hNz0awwFLqc4rQ6pakTL1wbq0uk=">AAACEHicbVA9SwNBEN2L3/ErammzGMTYHHeJREvRxlLBqJCLYW8zlyzZ+3B3TghHfoKNf8XGQhFbSzv/jZt4hSY+GHi8N8PMPD+RQqPjfFmFmdm5+YXFpeLyyuraemlj80rHqeLQ4LGM1Y3PNEgRQQMFSrhJFLDQl3Dt909H/vU9KC3i6BIHCbRC1o1EIDhDI7VLezXXrruehDsPe4CsnbnVIa3celwovj/Saa1uVw/bpbJjO2PQaeLmpExynLdLn14n5mkIEXLJtG66ToKtjCkUXMKw6KUaEsb7rAtNQyMWgm5l44eGdNcoHRrEylSEdKz+nshYqPUg9E1nyLCnJ72R+J/XTDE4amUiSlKEiP8sClJJMaajdGhHKOAoB4YwroS5lfIeU4yjybBoQnAnX54mV1XbrdnVi4Py8UkexyLZJjukQlxySI7JGTknDcLJA3kiL+TVerSerTfr/ae1YOUzW+QPrI9vwW2agg==</latexit>

144  �(�)  357
<latexit sha1_base64="J+cETDVac2MZTw3gI3y2x7FejcQ=">AAACB3icbVDLSgNBEJyNrxhfUY+CDAYhXsJuEonHoBePEcwDsjHMznaSIbOz68ysEJbcvPgrXjwo4tVf8ObfOHkcNLGgoajqprvLizhT2ra/rdTK6tr6Rnozs7W9s7uX3T9oqDCWFOo05KFseUQBZwLqmmkOrUgCCTwOTW94NfGbDyAVC8WtHkXQCUhfsB6jRBupmz12ymWXw73rA9cE5+9cyiQ9m0i4dF7pZnN2wZ4CLxNnTnJojlo3++X6IY0DEJpyolTbsSPdSYjUjHIYZ9xYQUTokPShbaggAahOMv1jjE+N4uNeKE0Jjafq74mEBEqNAs90BkQP1KI3Ef/z2rHuXXQSJqJYg6CzRb2YYx3iSSjYZxKo5iNDCJXM3IrpgEhCtYkuY0JwFl9eJo1iwSkVijflXPVyHkcaHaETlEcOqqAqukY1VEcUPaJn9IrerCfrxXq3PmatKWs+c4j+wPr8AT6Ul6E=</latexit>

41.1  ✓23(
�)  51.3

<latexit sha1_base64="9OFVtMB4+Cj8nXktcvRCobXPGUg=">AAACDnicbVDJSgNBEO1xjXEb9eilMQh6GWaSiB6DXjxGMFHIjKGnU0ma9Cx21whhyBd48Ve8eFDEq2dv/o2d5eD2oODxXhVV9cJUCo2u+2nNzS8sLi0XVoqra+sbm/bWdlMnmeLQ4IlM1HXINEgRQwMFSrhOFbAolHAVDs7G/tUdKC2S+BKHKQQR68WiKzhDI7Xt/arneL6EWx/7gKydlysjenDjc6H44VinR55Tadsl13EnoH+JNyMlMkO9bX/4nYRnEcTIJdO65bkpBjlTKLiEUdHPNKSMD1gPWobGLAId5JN3RnTfKB3aTZSpGOlE/T6Rs0jrYRSazohhX//2xuJ/XivD7kmQizjNEGI+XdTNJMWEjrOhHaGAoxwawrgS5lbK+0wxjibBognB+/3yX9IsO17FKV9US7XTWRwFskv2yAHxyDGpkXNSJw3CyT15JM/kxXqwnqxX623aOmfNZnbID1jvX7+JmgI=</latexit>

8.22  ✓13(
�)  8.98

<latexit sha1_base64="VS8PdWlBATZ1MrQc2b8REPb7hLc=">AAACDnicbVDJSgNBEO1xjXGLevTSGAS9DDOJYLwFvXiMYKKQGYeeTiVp0rPYXSOEIV/gxV/x4kERr569+Td2loPbg4LHe1VU1QtTKTQ6zqc1N7+wuLRcWCmurq1vbJa2tls6yRSHJk9koq5DpkGKGJooUMJ1qoBFoYSrcHA29q/uQGmRxJc4TMGPWC8WXcEZGiko7dfsSsWTcOthH5AFuVsd0YMbjwvFD8c6rdkntaBUdmxnAvqXuDNSJjM0gtKH10l4FkGMXDKt266Top8zhYJLGBW9TEPK+ID1oG1ozCLQfj55Z0T3jdKh3USZipFO1O8TOYu0Hkah6YwY9vVvbyz+57Uz7Nb8XMRphhDz6aJuJikmdJwN7QgFHOXQEMaVMLdS3meKcTQJFk0I7u+X/5JWxXarduXiqFw/ncVRILtkjxwQlxyTOjknDdIknNyTR/JMXqwH68l6td6mrXPWbGaH/ID1/gXgJ5oX</latexit>

nu-fit data 4.1

Majorana nature of neutrinos not observable at oscillation experiments
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<latexit sha1_base64="p5Z/mEZCLwOMd+e5QjUvGb1NEhE="></latexit>

If neutrinos Majorana fermions, PMNS:  3 mixing angles + 3 phases

• Neutrinos have (non-degenerate) masses
• Neutrinos mix i.e. PMNS matrix is a non-identity matrix 

If neutrinos Dirac fermions, PMNS:  3 mixing angles + 1 phase 

http://www.nu-fit.org/?q=node/211
http://www.nu-fit.org/?q=node/211
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• Mass ordering?

• Precise PMNS structure?

• CP-violation?

• Absolute mass scale?

PDG

KATRIN

• Dirac or Majorana?

3X

i=1

mi  0.2 eV
<latexit sha1_base64="uyMqbGFMUNbtFpSrz9jTZt/HokY=">AAACD3icbZC7SgNBFIZnvcZ4i1raDAbFQsJuomgjBG0sI5hEyMYwOzlJhsxenDkrhmXfwMZXsbFQxNbWzrdxcik0+sPAx3/O4cz5vUgKjbb9Zc3Mzs0vLGaWsssrq2vruY3Nmg5jxaHKQxmqa49pkCKAKgqUcB0pYL4noe71z4f1+h0oLcLgCgcRNH3WDURHcIbGauX2qKtjv5WIUye9KdEhpa6EW2oXiu6Bi3CPCdTSVi5vF+yR6F9wJpAnE1VauU+3HfLYhwC5ZFo3HDvCZsIUCi4hzbqxhojxPutCw2DAfNDNZHRPSneN06adUJkXIB25PycS5ms98D3T6TPs6ena0Pyv1oixc9JMRBDFCAEfL+rEkmJIh+HQtlDAUQ4MMK6E+SvlPaYYRxNh1oTgTJ/8F2rFglMqHF0e5stnkzgyZJvskH3ikGNSJhekQqqEkwfyRF7Iq/VoPVtv1vu4dcaazGyRX7I+vgF/QZu1</latexit>

It is clear neutrinos much lighter than 
other known fermions 
   

m⌫ < 1.1 eV (90%C.L)

<latexit sha1_base64="2zPI5OvQW+MECYq+US2BWHW9hfI=">AAACFHicbZA9SwNBEIb3/DZ+RS1tFoOgKMedKCpYBNNYWCiYKORC2NtMdMnu3rE7J4YjP8LGv2JjoYithZ3/xk1M4dcLCw/vzDA7b5xKYTEIPryR0bHxicmp6cLM7Nz8QnFxqWaTzHCo8kQm5jJmFqTQUEWBEi5TA0zFEi7iTqVfv7gBY0Wiz7GbQkOxKy3agjN0VrO4qZqRzughDf2QRls0QrjFHGo9x+sHQbQWbUVG5RX/pLfRLJYCPxiI/oVwCCUy1Gmz+B61Ep4p0Mgls7YeBik2cmZQcAm9QpRZSBnvsCuoO9RMgW3kg6N6dM05LdpOjHsa6cD9PpEzZW1Xxa5TMby2v2t9879aPcP2fiMXOs0QNP9a1M4kxYT2E6ItYYCj7Dpg3Aj3V8qvmWEcXY4FF0L4++S/UNv2wx1/92ynVD4axjFFVsgqWSch2SNlckxOSZVwckceyBN59u69R+/Fe/1qHfGGM8vkh7y3T52Im28=</latexit>

http://pdglive.lbl.gov/DataBlock.action?node=S066MNS
http://pdglive.lbl.gov/DataBlock.action?node=S066MNS


The Matter Anti-
Matter Asymmetry
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<latexit sha1_base64="L9nuMmTxa+wo/m5FzpIXrLTuR0o=">AAACG3icbVBNSwMxEM36bf2qevQSLIIXy66IehGKXjwq2Fbo1jKbZmswyS7JrFCW/R9e/CtePCjiSfDgvzGtPWjrg5DHezPMzItSKSz6/pc3NT0zOze/sFhaWl5ZXSuvbzRskhnG6yyRibmOwHIpNK+jQMmvU8NBRZI3o7uzgd+858aKRF9hP+VtBT0tYsEAndQp74cc4SSMDbBcd/LTohh8YQ+UgqIIrVD0MEShuKWBf5PvBX7RKVf8qj8EnSTBiFTICBed8kfYTVimuEYmwdpW4KfYzsGgYJIXpTCzPAV2Bz3eclSDm9bOh7cVdMcpXRonxj2NdKj+7shBWdtXkatUgLd23BuI/3mtDOPjdi50miHX7GdQnEmKCR0ERbvCcIay7wgwI9yulN2CywldnCUXQjB+8iRp7FcDvxpcHlRqp6M4FsgW2Sa7JCBHpEbOyQWpE0YeyBN5Ia/eo/fsvXnvP6VT3qhnk/yB9/kNHFmhYw==</latexit><latexit sha1_base64="L9nuMmTxa+wo/m5FzpIXrLTuR0o=">AAACG3icbVBNSwMxEM36bf2qevQSLIIXy66IehGKXjwq2Fbo1jKbZmswyS7JrFCW/R9e/CtePCjiSfDgvzGtPWjrg5DHezPMzItSKSz6/pc3NT0zOze/sFhaWl5ZXSuvbzRskhnG6yyRibmOwHIpNK+jQMmvU8NBRZI3o7uzgd+858aKRF9hP+VtBT0tYsEAndQp74cc4SSMDbBcd/LTohh8YQ+UgqIIrVD0MEShuKWBf5PvBX7RKVf8qj8EnSTBiFTICBed8kfYTVimuEYmwdpW4KfYzsGgYJIXpTCzPAV2Bz3eclSDm9bOh7cVdMcpXRonxj2NdKj+7shBWdtXkatUgLd23BuI/3mtDOPjdi50miHX7GdQnEmKCR0ERbvCcIay7wgwI9yulN2CywldnCUXQjB+8iRp7FcDvxpcHlRqp6M4FsgW2Sa7JCBHpEbOyQWpE0YeyBN5Ia/eo/fsvXnvP6VT3qhnk/yB9/kNHFmhYw==</latexit><latexit sha1_base64="L9nuMmTxa+wo/m5FzpIXrLTuR0o=">AAACG3icbVBNSwMxEM36bf2qevQSLIIXy66IehGKXjwq2Fbo1jKbZmswyS7JrFCW/R9e/CtePCjiSfDgvzGtPWjrg5DHezPMzItSKSz6/pc3NT0zOze/sFhaWl5ZXSuvbzRskhnG6yyRibmOwHIpNK+jQMmvU8NBRZI3o7uzgd+858aKRF9hP+VtBT0tYsEAndQp74cc4SSMDbBcd/LTohh8YQ+UgqIIrVD0MEShuKWBf5PvBX7RKVf8qj8EnSTBiFTICBed8kfYTVimuEYmwdpW4KfYzsGgYJIXpTCzPAV2Bz3eclSDm9bOh7cVdMcpXRonxj2NdKj+7shBWdtXkatUgLd23BuI/3mtDOPjdi50miHX7GdQnEmKCR0ERbvCcIay7wgwI9yulN2CywldnCUXQjB+8iRp7FcDvxpcHlRqp6M4FsgW2Sa7JCBHpEbOyQWpE0YeyBN5Ia/eo/fsvXnvP6VT3qhnk/yB9/kNHFmhYw==</latexit><latexit sha1_base64="L9nuMmTxa+wo/m5FzpIXrLTuR0o=">AAACG3icbVBNSwMxEM36bf2qevQSLIIXy66IehGKXjwq2Fbo1jKbZmswyS7JrFCW/R9e/CtePCjiSfDgvzGtPWjrg5DHezPMzItSKSz6/pc3NT0zOze/sFhaWl5ZXSuvbzRskhnG6yyRibmOwHIpNK+jQMmvU8NBRZI3o7uzgd+858aKRF9hP+VtBT0tYsEAndQp74cc4SSMDbBcd/LTohh8YQ+UgqIIrVD0MEShuKWBf5PvBX7RKVf8qj8EnSTBiFTICBed8kfYTVimuEYmwdpW4KfYzsGgYJIXpTCzPAV2Bz3eclSDm9bOh7cVdMcpXRonxj2NdKj+7shBWdtXkatUgLd23BuI/3mtDOPjdi50miHX7GdQnEmKCR0ERbvCcIay7wgwI9yulN2CywldnCUXQjB+8iRp7FcDvxpcHlRqp6M4FsgW2Sa7JCBHpEbOyQWpE0YeyBN5Ia/eo/fsvXnvP6VT3qhnk/yB9/kNHFmhYw==</latexit>

20

Universe’s Energy Budget 



Cosmic Microwave Background 

Planck 2015 (1502.01589)

21

T ⇠ 0.26 eV
<latexit sha1_base64="KgfVWO+eym5lnq+OcoZ5M6FqagQ=">AAAB/3icbVDJSgNBEO2JW4zbqODFS2MQPEiYiaIeg148RsgGmRB6OpWkSc9Cd40Yxhz8FS8eFPHqb3jzb+wsB018UPB4r4qqen4shUbH+bYyS8srq2vZ9dzG5tb2jr27V9NRojhUeSQj1fCZBilCqKJACY1YAQt8CXV/cDP26/egtIjCCg5jaAWsF4qu4AyN1LYPKp4WAXUKxQvvlHoID5hCbdS2807BmYAuEndG8mSGctv+8j oRTwIIkUumddN1YmylTKHgEkY5L9EQMz5gPWgaGrIAdCud3D+ix0bp0G6kTIVIJ+rviZQFWg8D33QGDPt63huL/3nNBLtXrVSEcYIQ8umibiIpRnQcBu0IBRzl0BDGlTC3Ut5ninE0keVMCO78y4ukViy4Z4Xi3Xm+dD2LI0sOyRE5IS65JCVyS8qkSjh5JM/klbxZT9aL9W59TFsz1mxmn/yB9fkDIOuU5g==</latexit>

⌘CMB = (6.23± 0.17)⇥ 10�10
<latexit sha1_base64="7YMg8l8dDQcgMQj+7XjIb38i9sY=">AAACGnicbVA9SwNBEN3z2/gVtbRZDIIWHreJGBtBtLERFEwUcjHsbSa6ZO+D3TkxHPc7bPwrNhaK2ImN/8ZNTKHRBwOP92aYmRckShr0vE9nbHxicmp6ZrYwN7+wuFRcXqmbONUCaiJWsb4MuAElI6ihRAWXiQYeBgougu5R37+4BW1kHJ1jL4FmyK8j2ZGCo5VaReYD8lbmI9xhdnRymOd0n27uuuWKn4TUc1l1y0cZgqHMu8q2mZe3iiXP9QagfwkbkhIZ4rRVfPfbsUhDiFAobkyDeQk2M65RCgV5wU8NJFx0+TU0LI243dbMBq/ldMMqbdqJta0I6UD9OZHx0JheGNjOkOONGfX64n9eI8XOXjOTUZIiROJ7USdVFGPaz4m2pQaBqmcJF1raW6m44ZoLtGkWbAhs9OW/pF52WcUtn+2UDg6HccyQNbJONgkjVXJAjskpqRFB7skjeSYvzoPz5Lw6b9+tY85wZpX8gvPxBZUnngo=</latexit>

21
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BBN PDG, 2012
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T ⇠ 1MeV
<latexit sha1_base64="N0och06PuyL7uOuKAK4ifaXSCsw=">AAAB/XicbVDJSgNBEO2JW4xbXG5eGoPgQcJMFPQY9OJFiJANMiH0dGqSJj0L3TViHIK/4sWDIl79D2/+jZ3loIkPCh7vVVFVz4ul0Gjb31ZmaXlldS27ntvY3Nreye/u1XWUKA41HslINT2mQYoQaihQQjNWwAJPQsMbXI/9xj0oLaKwisMY2gHrhcIXnKGROvmDqqtFQB33lLoID5jeQn3UyRfsoj0BXSTOjBTIDJVO/svtRjwJIEQumdYtx46xnTKFgksY5dxEQ8z4gPWgZWjIAtDtdHL9iB4bpUv9SJkKkU7U3xMpC7QeBp7pDBj29bw3Fv/zWgn6l+1UhHGCEPLpIj+RFCM6joJ2hQKOcmgI40qYWynvM8U4msByJgRn/uVFUi8VnbNi6e68UL6axZElh+SInBCHXJAyuSEVUiOcPJJn8krerCfrxXq3PqatGWs2s0/+wPr8AWF4lIo=</latexit>

⌘BBN = (6.08± 0.06)⇥ 10�10
<latexit sha1_base64="QkYdUE13UBxVAJBERe9KiE8Rodw=">AAACGnicbVA9SwNBEN2L3/Hr1NJmMQixMNypqI0QYmMlEYwRcjHsbSZmyd4Hu3NiOO532PhXbCwUsRMb/42bmEITHww83pthZp4fS6HRcb6s3NT0zOzc/EJ+cWl5ZdVeW7/SUaI41HgkI3XtMw1ShFBDgRKuYwUs8CXU/d7pwK/fgdIiCi+xH0MzYLeh6AjO0Egt2/UAWSv1EO4xrVTOs4ye0OJhyTn24oA6Jedwx0MRgKauc5 Puuk7WsgtGHoJOEndECmSEasv+8NoRTwIIkUumdcN1YmymTKHgErK8l2iIGe+xW2gYGjKzrZkOX8votlHatBMpUyHSofp7ImWB1v3AN50Bw64e9wbif14jwc5xMxVhnCCE/GdRJ5EUIzrIibaFAo6ybwjjSphbKe8yxTiaNPMmBHf85UlytVdy90t7FweFcmUUxzzZJFukSFxyRMrkjFRJjXDyQJ7IC3m1Hq1n6816/2nNWaOZDfIH1uc3lsOeCw==</latexit>

Big Bang Nucleosynthesis 
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Baryon and Lepton Number Violation

Insufficient CP-violation
Gavela, Hernandez, Orloff, 

Pene; Huet and Sather

No departure from thermal equilibrium 
Kajantie, Laine, Rummukainen, 

Shaposhnikov

Kuzmin, Rubakov and 
Shaposhnikov

* assumes CPT conserved  

Sakharov’s Conditions 
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• SU2L invariant term mass term for neutrinos 

�Ld=5 = �
L.HL.H

M<latexit sha1_base64="xnt1PyU6jDkHNbgobOvtM/tgvK0=">AAACFnicbVDLSgMxFM3UV62vqks3wSK46TBTFd0Uim66qFDBPqBThkwm04ZmHiQZoYT5Cjf+ihsXirgVd/6N6WOhrQcuHM659yb3eAmjQlrWt5FbWV1b38hvFra2d3b3ivsHbRGnHJMWjlnMux4ShNGItCSVjHQTTlDoMdLxRjcTv/NAuKBxdC/HCemHaBDRgGIkteQWy2UnRHKIEVONzFV+9SKDVegwvcFHTsARVg2zDnVl6jZziyXLtKaAy8SekxKYo+kWvxw/xmlIIokZEqJnW4nsK8QlxYxkBScVJEF4hAakp2mEQiL6anpWBk+04sMg5roiCafq7wmFQiHGoac7JzeIRW8i/uf1Uhlc9RWNklSSCM8eClIGZQwnGUGfcoIlG2uCMKf6rxAPkc5C6iQLOgR78eRl0q6Y9plZuTsv1a7nceTBETgGp8AGl6AG6qAJWgCDR/AMXsGb8WS8GO/Gx6w1Z8xnDsEfGJ8/i3aeWA==</latexit>

L

L

H

H

Weinberg
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• SU2L invariant term mass term for neutrinos 

�Ld=5 = �
L.HL.H

M<latexit sha1_base64="xnt1PyU6jDkHNbgobOvtM/tgvK0=">AAACFnicbVDLSgMxFM3UV62vqks3wSK46TBTFd0Uim66qFDBPqBThkwm04ZmHiQZoYT5Cjf+ihsXirgVd/6N6WOhrQcuHM659yb3eAmjQlrWt5FbWV1b38hvFra2d3b3ivsHbRGnHJMWjlnMux4ShNGItCSVjHQTTlDoMdLxRjcTv/NAuKBxdC/HCemHaBDRgGIkteQWy2UnRHKIEVONzFV+9SKDVegwvcFHTsARVg2zDnVl6jZziyXLtKaAy8SekxKYo+kWvxw/xmlIIokZEqJnW4nsK8QlxYxkBScVJEF4hAakp2mEQiL6anpWBk+04sMg5roiCafq7wmFQiHGoac7JzeIRW8i/uf1Uhlc9RWNklSSCM8eClIGZQwnGUGfcoIlG2uCMKf6rxAPkc5C6iQLOgR78eRl0q6Y9plZuTsv1a7nceTBETgGp8AGl6AG6qAJWgCDR/AMXsGb8WS8GO/Gx6w1Z8xnDsEfGJ8/i3aeWA==</latexit>

L

L

H

H

• How can we ultraviolet complete this operator at tree-level?

Weinberg
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• SU2L invariant term mass term for neutrinos 

�Ld=5 = �
L.HL.H

M<latexit sha1_base64="xnt1PyU6jDkHNbgobOvtM/tgvK0=">AAACFnicbVDLSgMxFM3UV62vqks3wSK46TBTFd0Uim66qFDBPqBThkwm04ZmHiQZoYT5Cjf+ihsXirgVd/6N6WOhrQcuHM659yb3eAmjQlrWt5FbWV1b38hvFra2d3b3ivsHbRGnHJMWjlnMux4ShNGItCSVjHQTTlDoMdLxRjcTv/NAuKBxdC/HCemHaBDRgGIkteQWy2UnRHKIEVONzFV+9SKDVegwvcFHTsARVg2zDnVl6jZziyXLtKaAy8SekxKYo+kWvxw/xmlIIokZEqJnW4nsK8QlxYxkBScVJEF4hAakp2mEQiL6anpWBk+04sMg5roiCafq7wmFQiHGoac7JzeIRW8i/uf1Uhlc9RWNklSSCM8eClIGZQwnGUGfcoIlG2uCMKf6rxAPkc5C6iQLOgR78eRl0q6Y9plZuTsv1a7nceTBETgGp8AGl6AG6qAJWgCDR/AMXsGb8WS8GO/Gx6w1Z8xnDsEfGJ8/i3aeWA==</latexit>

L

L

H

H

• How can we ultraviolet complete this operator at tree-level?

N

νL H

νL H

H H

νL νL

∆

νL H

νL H

Σ

Minkowski, Yanagida, 
Glashow, Gell-Mann, 
Ramond, Slansky,

Mohapatra, Senjanovic

Ma, Roy, Senjanovic,

Hambye

fermionic 
singlet

scalar 
triplet

fermionic 
tripletMagg, Wetterich, 

Lazarides, Shafi. 
Mohapatra, Senjanovic,

Schecter, Valle 

Weinberg
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• SU2L invariant term mass term for neutrinos 

�Ld=5 = �
L.HL.H

M<latexit sha1_base64="xnt1PyU6jDkHNbgobOvtM/tgvK0=">AAACFnicbVDLSgMxFM3UV62vqks3wSK46TBTFd0Uim66qFDBPqBThkwm04ZmHiQZoYT5Cjf+ihsXirgVd/6N6WOhrQcuHM659yb3eAmjQlrWt5FbWV1b38hvFra2d3b3ivsHbRGnHJMWjlnMux4ShNGItCSVjHQTTlDoMdLxRjcTv/NAuKBxdC/HCemHaBDRgGIkteQWy2UnRHKIEVONzFV+9SKDVegwvcFHTsARVg2zDnVl6jZziyXLtKaAy8SekxKYo+kWvxw/xmlIIokZEqJnW4nsK8QlxYxkBScVJEF4hAakp2mEQiL6anpWBk+04sMg5roiCafq7wmFQiHGoac7JzeIRW8i/uf1Uhlc9RWNklSSCM8eClIGZQwnGUGfcoIlG2uCMKf6rxAPkc5C6iQLOgR78eRl0q6Y9plZuTsv1a7nceTBETgGp8AGl6AG6qAJWgCDR/AMXsGb8WS8GO/Gx6w1Z8xnDsEfGJ8/i3aeWA==</latexit>

L

L

H

H

• How can we ultraviolet complete this operator at tree-level?

N

νL H

νL H

H H

νL νL

∆

νL H

νL H

Σ

Minkowski, Yanagida, 
Glashow, Gell-Mann, 
Ramond, Slansky,

Mohapatra, Senjanovic

Ma, Roy, Senjanovic,

Hambye

Magg, Wetterich, 
Lazarides, Shafi. 
Mohapatra, Senjanovic,

Schecter, Valle 

We will focus on this possibility for the remainder of the talk

Weinberg

fermionic 
singlet

scalar 
triplet

fermionic 
triplet



28

N

νL H

νL H

H H

νL νL

∆

νL H

νL H

Σ

L = Y⌫L�̃N � 1

2
MNN cN

<latexit sha1_base64="5i+1wiHcoCU1M/KkBn2YryYvTQk="></latexit>

• Type-I seesaw mechanism
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N

νL H

νL H

H H

νL νL

∆

νL H

νL H

Σ

mD = Y⌫v

<latexit sha1_base64="pUt9aKfVTf1hIvPgxB53H584nko=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9mVil6Eoh48VrAf0i5LNk3b0CS7JtlCWfo7vHhQxKs/xpv/xrTdg7Y+GHi8N8PMvDDmTBvX/XZyK6tr6xv5zcLW9s7uXnH/oKGjRBFaJxGPVCvEmnImad0ww2krVhSLkNNmOLyZ+s0RVZpF8sGMY+oL3Jesxwg2VvJFcIuu0GPQkQkaBcWSW3ZnQMvEy0gJMtSC4lenG5FEUGkIx1 q3PTc2foqVYYTTSaGTaBpjMsR92rZUYkG1n86OnqATq3RRL1K2pEEz9fdEioXWYxHaToHNQC96U/E/r52Y3qWfMhknhkoyX9RLODIRmiaAukxRYvjYEkwUs7ciMsAKE2NzKtgQvMWXl0njrOxVyuf3lVL1OosjD0dwDKfgwQVU4Q5qUAcCT/AMr/DmjJwX5935mLfmnGzmEP7A+fwBPXuRHg==</latexit>

L = Y⌫L�̃N � 1

2
MNN cN

<latexit sha1_base64="5i+1wiHcoCU1M/KkBn2YryYvTQk="></latexit>

✓
0 mD

mT
D MN

◆

<latexit sha1_base64="4YeLbEGvmgD8Z3cVW4/VtCuIRQc="></latexit>

• Type-I seesaw mechanism
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N

νL H

νL H

H H

νL νL

∆

νL H

νL H

Σ

L = Y⌫L�̃N � 1

2
MNN cN

<latexit sha1_base64="5i+1wiHcoCU1M/KkBn2YryYvTQk="></latexit>

✓
0 mD

mT
D MN

◆

<latexit sha1_base64="4YeLbEGvmgD8Z3cVW4/VtCuIRQc="></latexit>

find eigenvalues 
of mass matrix 

m⌫ =
Y 2
⌫ v

2

MN
⇠ 0.1 eV

• Type-I seesaw mechanism

mD = Y⌫v

<latexit sha1_base64="pUt9aKfVTf1hIvPgxB53H584nko=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9mVil6Eoh48VrAf0i5LNk3b0CS7JtlCWfo7vHhQxKs/xpv/xrTdg7Y+GHi8N8PMvDDmTBvX/XZyK6tr6xv5zcLW9s7uXnH/oKGjRBFaJxGPVCvEmnImad0ww2krVhSLkNNmOLyZ+s0RVZpF8sGMY+oL3Jesxwg2VvJFcIuu0GPQkQkaBcWSW3ZnQMvEy0gJMtSC4lenG5FEUGkIx1 q3PTc2foqVYYTTSaGTaBpjMsR92rZUYkG1n86OnqATq3RRL1K2pEEz9fdEioXWYxHaToHNQC96U/E/r52Y3qWfMhknhkoyX9RLODIRmiaAukxRYvjYEkwUs7ciMsAKE2NzKtgQvMWXl0njrOxVyuf3lVL1OosjD0dwDKfgwQVU4Q5qUAcCT/AMr/DmjJwX5935mLfmnGzmEP7A+fwBPXuRHg==</latexit>
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N

νL H

νL H

H H

νL νL

∆

νL H

νL H

Σ

L = Y⌫L�̃N � 1

2
MNN cN

<latexit sha1_base64="5i+1wiHcoCU1M/KkBn2YryYvTQk="></latexit>

✓
0 mD

mT
D MN

◆

<latexit sha1_base64="4YeLbEGvmgD8Z3cVW4/VtCuIRQc="></latexit>

find eigenvalues 
of mass matrix 

m⌫ =
Y 2
⌫ v

2

MN
⇠ 0.1 eV

Seesaw mechanism qualitatively satisfies Sakharov’s conditions!

• Type-I seesaw mechanism
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N

Fukugida, Yanagida

N

Thermal leptogenesis 
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N

Fukugida, Yanagida

T ~ M

N ! LH

<latexit sha1_base64="0flBAOMWwi+jxXO6+H7grydsH7k=">AAAB+HicbVBNSwMxEM3Wr1o/uurRS7AInsquKHoseulBpIL9gHYp2TTbhmaTJZlVaukv8eJBEa/+FG/+G9N2D9r6YODx3gwz88JEcAOe9+3kVlbX1jfym4Wt7Z3doru33zAq1ZTVqRJKt0JimOCS1YGDYK1EMxKHgjXD4fXUbz4wbbiS9zBKWBCTvuQRpwSs1HWLtx3N+wMgWqtHfFPtuiWv7M2Al4mfkRLKUOu6X52eomnMJFBBjGn7XgLBmGjgVLBJoZMalhA6JH3WtlSSmJlgPDt8go+t0sOR0rYk4Jn6e2JMYmNGcWg7YwIDs+hNxf+8dgrRZTDmMkmBSTpfFKUCg8LTFHCPa0ZBjCwhVHN7K6YDogkFm1XBhuAvvrxMGqdl/6x8fndWqlxlceTRITpCJ8hHF6iCqqiG6oiiFD2jV/TmPDkvzrvzMW/NOdnMAfoD5/MHauiS8A==</latexit>

N ! LH

<latexit sha1_base64="OkiLdiZEz1nhWypOsO3CkXMALe0=">AAACA3icbVBLSwMxGMzWV62vVW96CRbBU9mVih6LXnoQqWAf0F1KNs22odlkSbJKWQpe/CtePCji1T/hzX9jtt2Dtg4Ehpn5knwTxIwq7TjfVmFpeWV1rbhe2tjc2t6xd/daSiQSkyYWTMhOgBRhlJOmppqRTiwJigJG2sHoKvPb90QqKvidHsfEj9CA05BipI3Usw9uPEkHQ42kFA/QEyabXZVeT+o9u+xUnCngInFzUgY5Gj37y+sLnESEa8yQUl3XibWfIqkpZmRS8hJFYoRHaEC6hnIUEeWn0x0m8NgofRgKaQ7XcKr+nkhRpNQ4CkwyQnqo5r1M/M/rJjq88FPK40QTjmcPhQmDWsCsENinkmDNxoYgLKn5K8RDJBHWpraSKcGdX3mRtE4rbrVydlst1y7zOorgEByBE+CCc1ADddAATYDBI3gGr+DNerJerHfrYxYtWPnMPvgD6/MHgw+YFg==</latexit>

lepton  
asymmetryN lepton  
asymmetry

Thermal leptogenesis 



34

N

Fukugida, Yanagida

T ~ M

N ! LH

<latexit sha1_base64="0flBAOMWwi+jxXO6+H7grydsH7k=">AAAB+HicbVBNSwMxEM3Wr1o/uurRS7AInsquKHoseulBpIL9gHYp2TTbhmaTJZlVaukv8eJBEa/+FG/+G9N2D9r6YODx3gwz88JEcAOe9+3kVlbX1jfym4Wt7Z3doru33zAq1ZTVqRJKt0JimOCS1YGDYK1EMxKHgjXD4fXUbz4wbbiS9zBKWBCTvuQRpwSs1HWLtx3N+wMgWqtHfFPtuiWv7M2Al4mfkRLKUOu6X52eomnMJFBBjGn7XgLBmGjgVLBJoZMalhA6JH3WtlSSmJlgPDt8go+t0sOR0rYk4Jn6e2JMYmNGcWg7YwIDs+hNxf+8dgrRZTDmMkmBSTpfFKUCg8LTFHCPa0ZBjCwhVHN7K6YDogkFm1XBhuAvvrxMGqdl/6x8fndWqlxlceTRITpCJ8hHF6iCqqiG6oiiFD2jV/TmPDkvzrvzMW/NOdnMAfoD5/MHauiS8A==</latexit>

N ! LH

<latexit sha1_base64="OkiLdiZEz1nhWypOsO3CkXMALe0=">AAACA3icbVBLSwMxGMzWV62vVW96CRbBU9mVih6LXnoQqWAf0F1KNs22odlkSbJKWQpe/CtePCji1T/hzX9jtt2Dtg4Ehpn5knwTxIwq7TjfVmFpeWV1rbhe2tjc2t6xd/daSiQSkyYWTMhOgBRhlJOmppqRTiwJigJG2sHoKvPb90QqKvidHsfEj9CA05BipI3Usw9uPEkHQ42kFA/QEyabXZVeT+o9u+xUnCngInFzUgY5Gj37y+sLnESEa8yQUl3XibWfIqkpZmRS8hJFYoRHaEC6hnIUEeWn0x0m8NgofRgKaQ7XcKr+nkhRpNQ4CkwyQnqo5r1M/M/rJjq88FPK40QTjmcPhQmDWsCsENinkmDNxoYgLKn5K8RDJBHWpraSKcGdX3mRtE4rbrVydlst1y7zOorgEByBE+CCc1ADddAATYDBI3gGr+DNerJerHfrYxYtWPnMPvgD6/MHgw+YFg==</latexit>

lepton  
asymmetry

B-L conserving  
sphaleron  
processes baryon  

asymmetry

Thermal leptogenesis 



N

Fukugida, Yanagida

T ~ M

N ! LH

<latexit sha1_base64="0flBAOMWwi+jxXO6+H7grydsH7k=">AAAB+HicbVBNSwMxEM3Wr1o/uurRS7AInsquKHoseulBpIL9gHYp2TTbhmaTJZlVaukv8eJBEa/+FG/+G9N2D9r6YODx3gwz88JEcAOe9+3kVlbX1jfym4Wt7Z3doru33zAq1ZTVqRJKt0JimOCS1YGDYK1EMxKHgjXD4fXUbz4wbbiS9zBKWBCTvuQRpwSs1HWLtx3N+wMgWqtHfFPtuiWv7M2Al4mfkRLKUOu6X52eomnMJFBBjGn7XgLBmGjgVLBJoZMalhA6JH3WtlSSmJlgPDt8go+t0sOR0rYk4Jn6e2JMYmNGcWg7YwIDs+hNxf+8dgrRZTDmMkmBSTpfFKUCg8LTFHCPa0ZBjCwhVHN7K6YDogkFm1XBhuAvvrxMGqdl/6x8fndWqlxlceTRITpCJ8hHF6iCqqiG6oiiFD2jV/TmPDkvzrvzMW/NOdnMAfoD5/MHauiS8A==</latexit>

N ! LH

<latexit sha1_base64="OkiLdiZEz1nhWypOsO3CkXMALe0=">AAACA3icbVBLSwMxGMzWV62vVW96CRbBU9mVih6LXnoQqWAf0F1KNs22odlkSbJKWQpe/CtePCji1T/hzX9jtt2Dtg4Ehpn5knwTxIwq7TjfVmFpeWV1rbhe2tjc2t6xd/daSiQSkyYWTMhOgBRhlJOmppqRTiwJigJG2sHoKvPb90QqKvidHsfEj9CA05BipI3Usw9uPEkHQ42kFA/QEyabXZVeT+o9u+xUnCngInFzUgY5Gj37y+sLnESEa8yQUl3XibWfIqkpZmRS8hJFYoRHaEC6hnIUEeWn0x0m8NgofRgKaQ7XcKr+nkhRpNQ4CkwyQnqo5r1M/M/rJjq88FPK40QTjmcPhQmDWsCsENinkmDNxoYgLKn5K8RDJBHWpraSKcGdX3mRtE4rbrVydlst1y7zOorgEByBE+CCc1ADddAATYDBI3gGr+DNerJerHfrYxYtWPnMPvgD6/MHgw+YFg==</latexit>
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Washout and scattering processes 
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temperature

Region 1: leptons and Higgs have enough energy to 
inverse decay creating a lepton asymmetry
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Region 2: At T ~ M,  RHN reach equilibrium abundance and lepton 
asymmetry is produced from decays, inverse decays and washout

Notice the number density of lepton asymmetry can change sign. 
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high 
temperature

Region 3: At T < M,  RHN abundance is depleted. Lepton 
asymmetry freezes out. 
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T < MT > M
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Casas, Ibarra

low-energy scale: 3 phases, 3 mixing angles and 3 masses 
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Casas, Ibarra

low-energy scale: 3 phases, 3 mixing angles and 3 masses 

high-energy scale: 3 phases, 3 mixing angles and 3 masses 
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M

Casas, Ibarra

low-energy scale: 3 phases, 3 mixing angles and 3 masses 

high-energy scale: 3 phases, 3 mixing angles and 3 masses 

Without any symmetry constraints 18 parameters in total. 
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~1014 GeV~50 GeV ~107 GeV~105 GeV~ 0.1 GeV~ eV

Leptogenesis via

oscillations

Resonant Leptogenesis

Minimal Leptogenesis

Flavour effects can lower the scale

• small neutrino masses ⟺ BAU 
• minimal: 2RHN 
• neutrino data, NDBD, LFV and LNV, cosmology 
    in meson decays, collider searches

• small neutrino masses ⟺ BAU 
• minimal: 2RHN 
• Easily embedded in GUT 

models 
• falsifiable 
• Can induce the EW scale

• Scale too high can exacerbate 
Higgs fine tuning 

• RHNs too heavy to produce

Akmedov, Rubakov, 
Smirnov, Hernandez, Kekic, 
Lopez-Pavon, Racker, 
Salvado,Drewes,Garbcreht, 
Klaric, Gueter 

Pilaftsis, Underwood, Millington, Teresi

image taken from 
1609.09069


(Drewes, Garbrecht, 
Klaric, Gueter)
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Intermediate Scale 
Leptogenesis

1804.05066

In collaboration with K. Moffat, S. Pascoli, S.Petcov and H.Schulz

https://arxiv.org/abs/1804.05066
https://arxiv.org/abs/1804.05066
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�` < H
<latexit sha1_base64="LBERK9zZZso47IdytgCeZqiAfyY=">AAAB+nicbVBNS8NAEN34WetXqkcvi0XwVJIq6MFD0YM9VrAf0ISw2U7bpbtJ2N0oJfanePGgiFd/iTf/jds2B219MPB4b4aZeWHCmdKO822trK6tb2wWtorbO7t7+3bpoKXiVFJo0pjHshMSBZxF0NRMc+gkEogIObTD0c3Ubz+AVCyO7vU4AV+QQcT6jBJtpMAuebdECBJkHnA+wVe4Hthlp+LMgJeJm5MyytEI7C+vF9NUQKQpJ0p1XSfRfkakZpTDpOilChJCR2QAXUMjIkD52ez0CT4xSg/3Y2kq0nim/p7IiFBqLELTKYgeqkVvKv7ndVPdv/QzFiWphojOF/VTjnWMpzngHpNANR8bQqhk5lZMh0QSqk1aRROCu/jyMmlVK+5ZpXp3Xq5d53EU0BE6RqfIRReohuqogZqIokf0jF7Rm/VkvVjv1se8dcXKZw7RH1ifPzENk0w=</latexit>

`1
<latexit sha1_base64="k3uR8vVTZ5QT92O/bUfRU57E4Oc=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2k3bpZhN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqzU6aEQ/cyb9ssVt+rOQVaJl5MK5Gj0y1+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+b3TsmZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ/Xjc14bWfcZmkBiVbLApTQUxMZs+TAVfIjJhYQpni9lbCRlRRZmxEJRuCt/zyKmnVqt5FtXZ/Wanf5HEU4QRO4Rw8uII63EEDmsBAwDO8wpvz6Lw4787HorXg5DPH8AfO5w/9To/v</latexit>

`1
<latexit sha1_base64="k3uR8vVTZ5QT92O/bUfRU57E4Oc=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2k3bpZhN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqzU6aEQ/cyb9ssVt+rOQVaJl5MK5Gj0y1+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+b3TsmZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ/Xjc14bWfcZmkBiVbLApTQUxMZs+TAVfIjJhYQpni9lbCRlRRZmxEJRuCt/zyKmnVqt5FtXZ/Wanf5HEU4QRO4Rw8uII63EEDmsBAwDO8wpvz6Lw4787HorXg5DPH8AfO5w/9To/v</latexit>

B
<latexit sha1_base64="wW6OXYFoJg3RvlrYIdlxqPzQzSE=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI8ELx4hkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSwfzCRBP6JDyUPOqLFSo9YvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyd1WuNK5L1VoWRx7O4BwuwYMbqMI91KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AJWvjMo=</latexit>
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T ' 1013GeV
<latexit sha1_base64="edASg+JK7xjaoQsnr48Rk70Wj5c=">AAACB3icbVDJSgNBEO2JW4zbqEdBGoPgKcwkgh6DHvQYIRskMfR0KkmTnoXuGkkYcvPir3jxoIhXf8Gbf2NnOWjig4LHe1VU1fMiKTQ6zreVWlldW99Ib2a2tnd29+z9g6oOY8WhwkMZqrrHNEgRQAUFSqhHCpjvSah5g+uJX3sApUUYlHEUQctnvUB0BWdopLZ9XG72ULEoUuGQus594hbGtIkwxOQGquO2nXVyzhR0mbhzkiVzlNr2V7MT8tiHALlkWjdcJ8JWwhQKLmGcacYaIsYHrAcNQwPmg24l0z/G9NQoHdoNlakA6VT9PZEwX+uR75lOn2FfL3oT8T+vEWP3spWIIIoRAj5b1I0lxZBOQqEdoYCjHBnCuBLmVsr7TDGOJrqMCcFdfHmZVPM5t5DL351ni1fzONLkiJyQM+KSC1Ikt6REKoSTR/JMXsmb9WS9WO/Wx6w1Zc1nDskfWJ8/PQ2Y6A==</latexit>

T ⇠ 1011GeV
<latexit sha1_base64="2dxBy0qahmPFAjb8dMxU+Ighuw0=">AAACAHicbVDJSgNBEO1xjXGLevDgpTEInsJMFPQY9KDHCNkgM4aeTiVp0rPQXSOGYS7+ihcPinj1M7z5N3aWgyY+KHi8V0VVPT+WQqNtf1tLyyura+u5jfzm1vbObmFvv6GjRHGo80hGquUzDVKEUEeBElqxAhb4Epr+8HrsNx9AaRGFNRzF4AWsH4qe4AyN1Ckc1lwtAse+Tx0noy7CI6Y30Mg6haJdsiegi8SZkSKZodopfLndiCcBhMgl07rt2DF6KVMouIQs7yYaYsaHrA9tQ0MWgPbSyQMZPTFKl/YiZSpEOlF/T6Qs0HoU+KYzYDjQ895Y/M9rJ9i79FIRxglCyKeLeomkGNFxGrQrFHCUI0MYV8LcSvmAKcbRZJY3ITjzLy+SRrnknJXKd+fFytUsjhw5IsfklDjkglTILamSOuEkI8/klbxZT9aL9W59TFuXrNnMAfkD6/MHxQyV4g==</latexit>

|`1i =
X

↵=e,µ,⌧

c1↵|`↵i
<latexit sha1_base64="uqTPDhK4W1og8aDlTdlkVcyapT8="></latexit>

�` < H
<latexit sha1_base64="LBERK9zZZso47IdytgCeZqiAfyY=">AAAB+nicbVBNS8NAEN34WetXqkcvi0XwVJIq6MFD0YM9VrAf0ISw2U7bpbtJ2N0oJfanePGgiFd/iTf/jds2B219MPB4b4aZeWHCmdKO822trK6tb2wWtorbO7t7+3bpoKXiVFJo0pjHshMSBZxF0NRMc+gkEogIObTD0c3Ubz+AVCyO7vU4AV+QQcT6jBJtpMAuebdECBJkHnA+wVe4Hthlp+LMgJeJm5MyytEI7C+vF9NUQKQpJ0p1XSfRfkakZpTDpOilChJCR2QAXUMjIkD52ez0CT4xSg/3Y2kq0nim/p7IiFBqLELTKYgeqkVvKv7ndVPdv/QzFiWphojOF/VTjnWMpzngHpNANR8bQqhk5lZMh0QSqk1aRROCu/jyMmlVK+5ZpXp3Xq5d53EU0BE6RqfIRReohuqogZqIokf0jF7Rm/VkvVjv1se8dcXKZw7RH1ifPzENk0w=</latexit>

�⌧ / h
2
⌧T > H

<latexit sha1_base64="r2+0zutriUjS9D9tBbpC0YkszAI=">AAACDnicbVC7SgNBFJ31GeNr1dJmMASswm4UtJKghSkj5AXZNdydTJIhM7vLzKwQlnyBjb9iY6GIrbWdf+Mk2UITDwwczrmXO+cEMWdKO863tbK6tr6xmdvKb+/s7u3bB4dNFSWS0AaJeCTbASjKWUgbmmlO27GkIAJOW8HoZuq3HqhULArrehxTX8AgZH1GQBupaxe9WxACuqmnIZlgL5ZRrCM8vC9nUh1f4WrXLjglZwa8TNyMFFCGWtf+8noRSQQNNeGgVMd1Yu2nIDUjnE7yXqJoDGQEA9oxNARBlZ/O4kxw0Sg93I+keaHGM/X3RgpCqbEIzKQAPVSL3lT8z+skun/ppyyME01DMj/UTzg2gafd4B6TlGg+NgSIZOavmAxBAtGmwbwpwV2MvEya5ZJ7VirfnRcq11kdOXSMTtApctEFqqAqqqEGIugRPaNX9GY9WS/Wu/UxH12xsp0j9AfW5w9owpus</latexit>

`1
<latexit sha1_base64="k3uR8vVTZ5QT92O/bUfRU57E4Oc=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2k3bpZhN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqzU6aEQ/cyb9ssVt+rOQVaJl5MK5Gj0y1+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+b3TsmZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ/Xjc14bWfcZmkBiVbLApTQUxMZs+TAVfIjJhYQpni9lbCRlRRZmxEJRuCt/zyKmnVqt5FtXZ/Wanf5HEU4QRO4Rw8uII63EEDmsBAwDO8wpvz6Lw4787HorXg5DPH8AfO5w/9To/v</latexit>

`1
<latexit sha1_base64="k3uR8vVTZ5QT92O/bUfRU57E4Oc=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2k3bpZhN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqzU6aEQ/cyb9ssVt+rOQVaJl5MK5Gj0y1+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+b3TsmZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ/Xjc14bWfcZmkBiVbLApTQUxMZs+TAVfIjJhYQpni9lbCRlRRZmxEJRuCt/zyKmnVqt5FtXZ/Wanf5HEU4QRO4Rw8uII63EEDmsBAwDO8wpvz6Lw4787HorXg5DPH8AfO5w/9To/v</latexit>

B
<latexit sha1_base64="wW6OXYFoJg3RvlrYIdlxqPzQzSE=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI8ELx4hkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSwfzCRBP6JDyUPOqLFSo9YvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyd1WuNK5L1VoWRx7O4BwuwYMbqMI91KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AJWvjMo=</latexit>

`⌧
<latexit sha1_base64="1DWS7jpzy7xlovVl/fQFBY1/nQI=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGC/YAklM122y7dbMLuRCihP8OLB0W8+mu8+W/ctjlo64OBx3szzMyLUikMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3I2q4FIq3UKDk3VRzGkeSd6Lx3czvPHFtRKIecZLyMKZDJQaCUbSSH3Ape3mANJv2KlW35s5BVolXkCoUaPYqX0E/YVnMFTJJjfE9N8UwpxoFk3xaDjLDU8rGdMh9SxWNuQnz+clTcm6VPhkk2pZCMld/T+Q0NmYSR7Yzpjgyy95M/M/zMxzchLlQaYZcscWiQSYJJmT2P+kLzRnKiSWUaWFvJWxENWVoUyrbELzll1dJu17zLmv1h6tq47aIowSncAYX4ME1NOAemtACBgk8wyu8Oei8OO/Ox6J1zSlmTuAPnM8frNaRgg==</latexit>

`⌧
<latexit sha1_base64="cZkx4QyEqLfPBmL4wT1/saNuCGs=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXJWkCrosunFZwT6gCWEynbRDJzNhZiKUmIW/4saFIm79DXf+jZM2C209MHA45x7unRMmjCrtON9WZWV1bX2julnb2t7Z3bP3D7pKpBKTDhZMyH6IFGGUk46mmpF+IgmKQ0Z64eSm8HsPRCoq+L2eJsSP0YjTiGKkjRTYR54wdpHOPMJYkHkapXke2HWn4cwAl4lbkjoo0Q7sL28ocBoTrjFDSg1cJ9F+hqSmmJG85qWKJAhP0IgMDOUoJsrPZvfn8NQoQxgJaR7XcKb+TmQoVmoah2YyRnqsFr1C/M8bpDq68jPKk1QTjueLopRBLWBRBhxSSbBmU0MQltTcCvEYSYS1qaxmSnAXv7xMus2Ge95o3l3UW9dlHVVwDE7AGXDBJWiBW9AGHYDBI3gGr+DNerJerHfrYz5ascrMIfgD6/MHLfyW2Q==</latexit>

H
<latexit sha1_base64="OmnsBIcI7uL9xT1nnclacUzB0Hk=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI9ELxwhkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj+7nffkKleSwfzCRBP6JDyUPOqLFSo9YvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyd1WuNK5L1bssjjycwTlcggc3UIUa1KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AJ7HjNA=</latexit>

H
<latexit sha1_base64="OmnsBIcI7uL9xT1nnclacUzB0Hk=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI9ELxwhkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj+7nffkKleSwfzCRBP6JDyUPOqLFSo9YvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyd1WuNK5L1bssjjycwTlcggc3UIUa1KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AJ7HjNA=</latexit>

`2
<latexit sha1_base64="sgIaJCHQ/bxGzmRkqpqkfg+rpLE=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2k3bpZhN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqzU6aEQ/aw27ZcrbtWdg6wSLycVyNHol796g5ilEUrDBNW667mJ8TOqDGcCp6VeqjGhbEyH2LVU0gi1n83vnZIzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qwms/4zJJDUq2WBSmgpiYzJ4nA66QGTGxhDLF7a2EjaiizNiISjYEb/nlVdKqVb2Lau3+slK/yeMowgmcwjl4cAV1uIMGNIGBgGd4hTfn0Xlx3p2PRWvByWeO4Q+czx/+04/w</latexit>

`2
<latexit sha1_base64="cw1NkgLU8eC58vmS4xBLT2fmDqM=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBFclaQKuiy6cVnBPqAJYTKdtEMnM2FmIoQQf8WNC0Xc+iHu/BsnbRbaemDgcM493DsnTBhV2nG+rbX1jc2t7dpOfXdv/+DQPjruK5FKTHpYMCGHIVKEUU56mmpGhokkKA4ZGYSz29IfPBKpqOAPOkuIH6MJpxHFSBspsBueMHaZzj3CWJC3iyKwm07LmQOuErciTVChG9hf3ljgNCZcY4aUGrlOov0cSU0xI0XdSxVJEJ6hCRkZylFMlJ/Pjy/gmVHGMBLSPK7hXP2dyFGsVBaHZjJGeqqWvVL8zxulOrr2c8qTVBOOF4uilEEtYNkEHFNJsGaZIQhLam6FeIokwtr0VTcluMtfXiX9dsu9aLXvL5udm6qOGjgBp+AcuOAKdMAd6IIewCADz+AVvFlP1ov1bn0sRtesKtMAf2B9/gBxNZVH</latexit>
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T ' 1013GeV
<latexit sha1_base64="edASg+JK7xjaoQsnr48Rk70Wj5c=">AAACB3icbVDJSgNBEO2JW4zbqEdBGoPgKcwkgh6DHvQYIRskMfR0KkmTnoXuGkkYcvPir3jxoIhXf8Gbf2NnOWjig4LHe1VU1fMiKTQ6zreVWlldW99Ib2a2tnd29+z9g6oOY8WhwkMZqrrHNEgRQAUFSqhHCpjvSah5g+uJX3sApUUYlHEUQctnvUB0BWdopLZ9XG72ULEoUuGQus594hbGtIkwxOQGquO2nXVyzhR0mbhzkiVzlNr2V7MT8tiHALlkWjdcJ8JWwhQKLmGcacYaIsYHrAcNQwPmg24l0z/G9NQoHdoNlakA6VT9PZEwX+uR75lOn2FfL3oT8T+vEWP3spWIIIoRAj5b1I0lxZBOQqEdoYCjHBnCuBLmVsr7TDGOJrqMCcFdfHmZVPM5t5DL351ni1fzONLkiJyQM+KSC1Ikt6REKoSTR/JMXsmb9WS9WO/Wx6w1Zc1nDskfWJ8/PQ2Y6A==</latexit>

T ⇠ 1011GeV
<latexit sha1_base64="2dxBy0qahmPFAjb8dMxU+Ighuw0=">AAACAHicbVDJSgNBEO1xjXGLevDgpTEInsJMFPQY9KDHCNkgM4aeTiVp0rPQXSOGYS7+ihcPinj1M7z5N3aWgyY+KHi8V0VVPT+WQqNtf1tLyyura+u5jfzm1vbObmFvv6GjRHGo80hGquUzDVKEUEeBElqxAhb4Epr+8HrsNx9AaRGFNRzF4AWsH4qe4AyN1Ckc1lwtAse+Tx0noy7CI6Y30Mg6haJdsiegi8SZkSKZodopfLndiCcBhMgl07rt2DF6KVMouIQs7yYaYsaHrA9tQ0MWgPbSyQMZPTFKl/YiZSpEOlF/T6Qs0HoU+KYzYDjQ895Y/M9rJ9i79FIRxglCyKeLeomkGNFxGrQrFHCUI0MYV8LcSvmAKcbRZJY3ITjzLy+SRrnknJXKd+fFytUsjhw5IsfklDjkglTILamSOuEkI8/klbxZT9aL9W59TFuXrNnMAfkD6/MHxQyV4g==</latexit>

T ⇠ 109GeV
<latexit sha1_base64="o8Ln+8cEUenO4+oX4DVU1Ljeba0=">AAAB/3icbVDJSgNBEO1xjXGLCl68NAbBU5iJgnoLetBjhGyQGUNPp5I06VnorhHDmIO/4sWDIl79DW/+jZ3loIkPCh7vVVFVz4+l0Gjb39bC4tLyympmLbu+sbm1ndvZrekoURyqPJKRavhMgxQhVFGghEasgAW+hLrfvxr59XtQWkRhBQcxeAHrhqIjOEMjtXL7FVeLwLHv0oshdREeML2G2rCVy9sFeww6T5wpyZMpyq3cl9uOeBJAiFwyrZuOHaOXMoWCSxhm3URDzHifdaFpaMgC0F46vn9Ij4zSpp1ImQqRjtXfEykLtB4EvukMGPb0rDcS//OaCXbOvVSEcYIQ8smiTiIpRnQUBm0LBRzlwBDGlTC3Ut5jinE0kWVNCM7sy/OkViw4J4Xi7Wm+dDmNI0MOyCE5Jg45IyVyQ8qkSjh5JM/klbxZT9aL9W59TFoXrOnMHvkD6/MHXGuVrw==</latexit>

|`1i =
X

↵=e,µ,⌧

c1↵|`↵i
<latexit sha1_base64="uqTPDhK4W1og8aDlTdlkVcyapT8="></latexit>

�` < H
<latexit sha1_base64="LBERK9zZZso47IdytgCeZqiAfyY=">AAAB+nicbVBNS8NAEN34WetXqkcvi0XwVJIq6MFD0YM9VrAf0ISw2U7bpbtJ2N0oJfanePGgiFd/iTf/jds2B219MPB4b4aZeWHCmdKO822trK6tb2wWtorbO7t7+3bpoKXiVFJo0pjHshMSBZxF0NRMc+gkEogIObTD0c3Ubz+AVCyO7vU4AV+QQcT6jBJtpMAuebdECBJkHnA+wVe4Hthlp+LMgJeJm5MyytEI7C+vF9NUQKQpJ0p1XSfRfkakZpTDpOilChJCR2QAXUMjIkD52ez0CT4xSg/3Y2kq0nim/p7IiFBqLELTKYgeqkVvKv7ndVPdv/QzFiWphojOF/VTjnWMpzngHpNANR8bQqhk5lZMh0QSqk1aRROCu/jyMmlVK+5ZpXp3Xq5d53EU0BE6RqfIRReohuqogZqIokf0jF7Rm/VkvVjv1se8dcXKZw7RH1ifPzENk0w=</latexit>

�⌧ / h
2
⌧T > H

<latexit sha1_base64="r2+0zutriUjS9D9tBbpC0YkszAI=">AAACDnicbVC7SgNBFJ31GeNr1dJmMASswm4UtJKghSkj5AXZNdydTJIhM7vLzKwQlnyBjb9iY6GIrbWdf+Mk2UITDwwczrmXO+cEMWdKO863tbK6tr6xmdvKb+/s7u3bB4dNFSWS0AaJeCTbASjKWUgbmmlO27GkIAJOW8HoZuq3HqhULArrehxTX8AgZH1GQBupaxe9WxACuqmnIZlgL5ZRrCM8vC9nUh1f4WrXLjglZwa8TNyMFFCGWtf+8noRSQQNNeGgVMd1Yu2nIDUjnE7yXqJoDGQEA9oxNARBlZ/O4kxw0Sg93I+keaHGM/X3RgpCqbEIzKQAPVSL3lT8z+skun/ppyyME01DMj/UTzg2gafd4B6TlGg+NgSIZOavmAxBAtGmwbwpwV2MvEya5ZJ7VirfnRcq11kdOXSMTtApctEFqqAqqqEGIugRPaNX9GY9WS/Wu/UxH12xsp0j9AfW5w9owpus</latexit>

�⌧ / h
2
µT > H

<latexit sha1_base64="pCT2vlC3TDPyaMe5X5GAs1HGK0I=">AAACDXicbVC7SgNBFJ31GeNr1dJmMApWYTcKWknQwpQR8oLsGu5OJsmQmd1lZlYIS37Axl+xsVDE1t7Ov3GSbKGJBwYO59zLnXOCmDOlHefbWlpeWV1bz23kN7e2d3btvf2GihJJaJ1EPJKtABTlLKR1zTSnrVhSEAGnzWB4M/GbD1QqFoU1PYqpL6Afsh4joI3UsY+9WxACOqmnIRljL5ZRrCM8uC8ZSSTjGr7ClY5dcIrOFHiRuBkpoAzVjv3ldSOSCBpqwkGptuvE2k9BakY4Hee9RNEYyBD6tG1oCIIqP52mGeMTo3RxL5LmhRpP1d8bKQilRiIwkwL0QM17E/E/r53o3qWfsjBONA3J7FAv4djknVSDu0xSovnIECCSmb9iMgAJRJsC86YEdz7yImmUiu5ZsXR3XihfZ3Xk0CE6QqfIRReojCqoiuqIoEf0jF7Rm/VkvVjv1sdsdMnKdg7QH1ifP5fUmzo=</latexit>

`1
<latexit sha1_base64="k3uR8vVTZ5QT92O/bUfRU57E4Oc=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2k3bpZhN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqzU6aEQ/cyb9ssVt+rOQVaJl5MK5Gj0y1+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+b3TsmZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ/Xjc14bWfcZmkBiVbLApTQUxMZs+TAVfIjJhYQpni9lbCRlRRZmxEJRuCt/zyKmnVqt5FtXZ/Wanf5HEU4QRO4Rw8uII63EEDmsBAwDO8wpvz6Lw4787HorXg5DPH8AfO5w/9To/v</latexit>

`1
<latexit sha1_base64="k3uR8vVTZ5QT92O/bUfRU57E4Oc=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2k3bpZhN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqzU6aEQ/cyb9ssVt+rOQVaJl5MK5Gj0y1+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+b3TsmZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ/Xjc14bWfcZmkBiVbLApTQUxMZs+TAVfIjJhYQpni9lbCRlRRZmxEJRuCt/zyKmnVqt5FtXZ/Wanf5HEU4QRO4Rw8uII63EEDmsBAwDO8wpvz6Lw4787HorXg5DPH8AfO5w/9To/v</latexit>

B
<latexit sha1_base64="wW6OXYFoJg3RvlrYIdlxqPzQzSE=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI8ELx4hkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSwfzCRBP6JDyUPOqLFSo9YvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyd1WuNK5L1VoWRx7O4BwuwYMbqMI91KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AJWvjMo=</latexit>

`⌧
<latexit sha1_base64="1DWS7jpzy7xlovVl/fQFBY1/nQI=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGC/YAklM122y7dbMLuRCihP8OLB0W8+mu8+W/ctjlo64OBx3szzMyLUikMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3I2q4FIq3UKDk3VRzGkeSd6Lx3czvPHFtRKIecZLyMKZDJQaCUbSSH3Ape3mANJv2KlW35s5BVolXkCoUaPYqX0E/YVnMFTJJjfE9N8UwpxoFk3xaDjLDU8rGdMh9SxWNuQnz+clTcm6VPhkk2pZCMld/T+Q0NmYSR7Yzpjgyy95M/M/zMxzchLlQaYZcscWiQSYJJmT2P+kLzRnKiSWUaWFvJWxENWVoUyrbELzll1dJu17zLmv1h6tq47aIowSncAYX4ME1NOAemtACBgk8wyu8Oei8OO/Ox6J1zSlmTuAPnM8frNaRgg==</latexit>

`⌧
<latexit sha1_base64="cZkx4QyEqLfPBmL4wT1/saNuCGs=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXJWkCrosunFZwT6gCWEynbRDJzNhZiKUmIW/4saFIm79DXf+jZM2C209MHA45x7unRMmjCrtON9WZWV1bX2julnb2t7Z3bP3D7pKpBKTDhZMyH6IFGGUk46mmpF+IgmKQ0Z64eSm8HsPRCoq+L2eJsSP0YjTiGKkjRTYR54wdpHOPMJYkHkapXke2HWn4cwAl4lbkjoo0Q7sL28ocBoTrjFDSg1cJ9F+hqSmmJG85qWKJAhP0IgMDOUoJsrPZvfn8NQoQxgJaR7XcKb+TmQoVmoah2YyRnqsFr1C/M8bpDq68jPKk1QTjueLopRBLWBRBhxSSbBmU0MQltTcCvEYSYS1qaxmSnAXv7xMus2Ge95o3l3UW9dlHVVwDE7AGXDBJWiBW9AGHYDBI3gGr+DNerJerHfrYz5ascrMIfgD6/MHLfyW2Q==</latexit>

H
<latexit sha1_base64="OmnsBIcI7uL9xT1nnclacUzB0Hk=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI9ELxwhkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj+7nffkKleSwfzCRBP6JDyUPOqLFSo9YvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyd1WuNK5L1bssjjycwTlcggc3UIUa1KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AJ7HjNA=</latexit>

H
<latexit sha1_base64="OmnsBIcI7uL9xT1nnclacUzB0Hk=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI9ELxwhkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj+7nffkKleSwfzCRBP6JDyUPOqLFSo9YvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyd1WuNK5L1bssjjycwTlcggc3UIUa1KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AJ7HjNA=</latexit>

`2
<latexit sha1_base64="sgIaJCHQ/bxGzmRkqpqkfg+rpLE=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2k3bpZhN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqzU6aEQ/aw27ZcrbtWdg6wSLycVyNHol796g5ilEUrDBNW667mJ8TOqDGcCp6VeqjGhbEyH2LVU0gi1n83vnZIzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qwms/4zJJDUq2WBSmgpiYzJ4nA66QGTGxhDLF7a2EjaiizNiISjYEb/nlVdKqVb2Lau3+slK/yeMowgmcwjl4cAV1uIMGNIGBgGd4hTfn0Xlx3p2PRWvByWeO4Q+czx/+04/w</latexit>

`2
<latexit sha1_base64="cw1NkgLU8eC58vmS4xBLT2fmDqM=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBFclaQKuiy6cVnBPqAJYTKdtEMnM2FmIoQQf8WNC0Xc+iHu/BsnbRbaemDgcM493DsnTBhV2nG+rbX1jc2t7dpOfXdv/+DQPjruK5FKTHpYMCGHIVKEUU56mmpGhokkKA4ZGYSz29IfPBKpqOAPOkuIH6MJpxHFSBspsBueMHaZzj3CWJC3iyKwm07LmQOuErciTVChG9hf3ljgNCZcY4aUGrlOov0cSU0xI0XdSxVJEJ6hCRkZylFMlJ/Pjy/gmVHGMBLSPK7hXP2dyFGsVBaHZjJGeqqWvVL8zxulOrr2c8qTVBOOF4uilEEtYNkEHFNJsGaZIQhLam6FeIokwtr0VTcluMtfXiX9dsu9aLXvL5udm6qOGjgBp+AcuOAKdMAd6IIewCADz+AVvFlP1ov1bn0sRtesKtMAf2B9/gBxNZVH</latexit>

`⌧
<latexit sha1_base64="1DWS7jpzy7xlovVl/fQFBY1/nQI=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGC/YAklM122y7dbMLuRCihP8OLB0W8+mu8+W/ctjlo64OBx3szzMyLUikMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3I2q4FIq3UKDk3VRzGkeSd6Lx3czvPHFtRKIecZLyMKZDJQaCUbSSH3Ape3mANJv2KlW35s5BVolXkCoUaPYqX0E/YVnMFTJJjfE9N8UwpxoFk3xaDjLDU8rGdMh9SxWNuQnz+clTcm6VPhkk2pZCMld/T+Q0NmYSR7Yzpjgyy95M/M/zMxzchLlQaYZcscWiQSYJJmT2P+kLzRnKiSWUaWFvJWxENWVoUyrbELzll1dJu17zLmv1h6tq47aIowSncAYX4ME1NOAemtACBgk8wyu8Oei8OO/Ox6J1zSlmTuAPnM8frNaRgg==</latexit>

`⌧
<latexit sha1_base64="cZkx4QyEqLfPBmL4wT1/saNuCGs=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXJWkCrosunFZwT6gCWEynbRDJzNhZiKUmIW/4saFIm79DXf+jZM2C209MHA45x7unRMmjCrtON9WZWV1bX2julnb2t7Z3bP3D7pKpBKTDhZMyH6IFGGUk46mmpF+IgmKQ0Z64eSm8HsPRCoq+L2eJsSP0YjTiGKkjRTYR54wdpHOPMJYkHkapXke2HWn4cwAl4lbkjoo0Q7sL28ocBoTrjFDSg1cJ9F+hqSmmJG85qWKJAhP0IgMDOUoJsrPZvfn8NQoQxgJaR7XcKb+TmQoVmoah2YyRnqsFr1C/M8bpDq68jPKk1QTjueLopRBLWBRBhxSSbBmU0MQltTcCvEYSYS1qaxmSnAXv7xMus2Ge95o3l3UW9dlHVVwDE7AGXDBJWiBW9AGHYDBI3gGr+DNerJerHfrYz5ascrMIfgD6/MHLfyW2Q==</latexit>

H
<latexit sha1_base64="OmnsBIcI7uL9xT1nnclacUzB0Hk=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI9ELxwhkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj+7nffkKleSwfzCRBP6JDyUPOqLFSo9YvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyd1WuNK5L1bssjjycwTlcggc3UIUa1KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AJ7HjNA=</latexit>

`µ
<latexit sha1_base64="hZ6WPmuXrIgOlFa2/YQZoBN9ZyM=">AAAB/nicbVDLSsNAFJ34rPUVFVduBovgqiRV0GXRjcsK9gFNCJPppB06jzAzEUoo+CtuXCji1u9w5984abPQ1gMDh3Pu4d45ccqoNp737aysrq1vbFa2qts7u3v77sFhR8tMYdLGkknVi5EmjArSNtQw0ksVQTxmpBuPbwu/+0iUplI8mElKQo6GgiYUI2OlyD0OpLWLdB4QxqI84Nl0Grk1r+7NAJeJX5IaKNGK3K9gIHHGiTCYIa37vpeaMEfKUMzItBpkmqQIj9GQ9C0ViBMd5rPzp/DMKgOYSGWfMHCm/k7kiGs94bGd5MiM9KJXiP95/cwk12FORZoZIvB8UZIxaCQsuoADqgg2bGIJworaWyEeIYWwsY1VbQn+4peXSadR9y/qjfvLWvOmrKMCTsApOAc+uAJNcAdaoA0wyMEzeAVvzpPz4rw7H/PRFafMHIE/cD5/AGJslmc=</latexit>

`e
<latexit sha1_base64="b7n1vgBEX8Y6omX2NeJr2HW8pL0=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBFclaQKuiy6cVnBPqAJYTK9aYdOHsxMhBDir7hxoYhbP8Sdf+OkzUJbDwwczrmHe+f4CWdSWda3sba+sbm1Xdup7+7tHxyaR8d9GaeCQo/GPBZDn0jgLIKeYorDMBFAQp/DwJ/dlv7gEYRkcfSgsgTckEwiFjBKlJY8s+HE2i7TuQOcezkUhWc2rZY1B14ldkWaqELXM7+ccUzTECJFOZFyZFuJcnMiFKMcirqTSkgInZEJjDSNSAjSzefHF/hMK2McxEK/SOG5+juRk1DKLPT1ZEjUVC57pfifN0pVcO3mLEpSBRFdLApSjlWMyybwmAmgimeaECqYvhXTKRGEKt1XXZdgL395lfTbLfui1b6/bHZuqjpq6ASdonNkoyvUQXeoi3qIogw9o1f0ZjwZL8a78bEYXTOqTAP9gfH5A77nlXo=</latexit>

`e
<latexit sha1_base64="lSxKElUmZJCav+fQMiOdfpOhy+8=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2k3bpZhN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqzU6aEQ/Qyn/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/m9U3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeO1nXCapQckWi8JUEBOT2fNkwBUyIyaWUKa4vZWwEVWUGRtRyYbgLb+8Slq1qndRrd1fVuo3eRxFOIFTOAcPrqAOd9CAJjAQ8Ayv8OY8Oi/Ou/OxaC04+cwx/IHz+QNMYZAj</latexit>

`µ
<latexit sha1_base64="Oh0vSQDbq2i82pw0Vs01CtSbuNo=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ac2oWy203bpZhN2N0IJ/RdePCji1X/jzX/jts1BWx8MPN6bYWZemAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCalGwSU2DTcCO4lCGoUC2+H4dua3n1BpHssHM0kwiOhQ8gFn1Fjp0UchepkfpdNeueJW3TnIKvFyUoEcjV75y+/HLI1QGiao1l3PTUyQUWU4Ezgt+anGhLIxHWLXUkkj1EE2v3hKzqzSJ4NY2ZKGzNXfExmNtJ5Eoe2MqBnpZW8m/ud1UzO4DjIuk9SgZItFg1QQE5PZ+6TPFTIjJpZQpri9lbARVZQZG1LJhuAtv7xKWrWqd1Gt3V9W6jd5HEU4gVM4Bw+uoA530IAmMJDwDK/w5mjnxXl3PhatBSefOYY/cD5/AOYekRA=</latexit>

H
<latexit sha1_base64="OmnsBIcI7uL9xT1nnclacUzB0Hk=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI9ELxwhkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj+7nffkKleSwfzCRBP6JDyUPOqLFSo9YvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyd1WuNK5L1bssjjycwTlcggc3UIUa1KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AJ7HjNA=</latexit>

H
<latexit sha1_base64="OmnsBIcI7uL9xT1nnclacUzB0Hk=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI9ELxwhkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj+7nffkKleSwfzCRBP6JDyUPOqLFSo9YvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyd1WuNK5L1bssjjycwTlcggc3UIUa1KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AJ7HjNA=</latexit>

SM Yukawa couplings

Flavour Effects
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Density Matrix Equations
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Promote lepton asymmetry number density to matrix:

N =

0

@
N⌧⌧ N⌧µ N⌧e

Nµ⌧ Nµµ Nµe

Ne⌧ Neµ Nee

1

A
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“Classical” BE ignore off-diagonal components of matrix and

only take the trace of the matrix

N =

0

@
N⌧⌧ N⌧µ N⌧e

Nµ⌧ Nµµ Nµe

Ne⌧ Neµ Nee

1

A
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Represent off-diagonal  
components of density matrix

Similar to inclusion of spectator effects, 
protection of lepton asymmetry

Era of leptonenesis occurs T < 109 GeV, three flavours become distinct

Density matrix equations account for flavour oscillations 

1804.05066 we demonstrate non-resonant thermal leptogenesis can 
be lowered to T~ 106 GeV
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Leptogenesis from low energy CPV

S. Pascoli, S.T. Petcov and A. Riotto (0609125, 0611338) 

All CPV stems from low energy phases. This implies the “high 
scale” phases of the R-matrix must be CP conserving*  
R-matrix entries purely real or imaginary:


They found low scale CPV could explain the observed BAU: 

*not entirely ad hoc, models that include such a  feature have been studied in the context of flavour and 
generalised CP symmetries (1203.4435 [Petcov etal], 1506.06788 [Mohapatra etc], 1602.03873 [Ding etal],
1602.04206 [Hagedorn etal] ) 
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Upper bound was placed as in the one-flavoured regime 
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R⇤
ij = Rij⇢

N
i ⇢⌫j , i, j 2 {1, 2, 3} .
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1809.08251 revisits this question using 
modern numerical machinery: density 
matrix equations + MultiNest* for 
effective PS exploration 
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Leptogenesis from Leptonic CP 
Violation 


T < 109 GeV
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<latexit sha1_base64="A28Y2+VpT/jI6Smq6X6db7ntgbI=">AAACAHicbVDLSgNBEJyNrxhfqx48eFkMgoiE3SjoRQh68RjBPCAbw+ykkwyZfTDTK4ZlL/6KFw+KePUzvPk3TpI9aGJBQ1HVTXeXFwmu0La/jdzC4tLySn61sLa+sbllbu/UVRhLBjUWilA2PapA8ABqyFFAM5JAfU9Awxtej/3GA0jFw+AORxG0fdoPeI8zilrqmHt+J3HSS7tUdtwTF+ERE6in98cds2iX7AmseeJkpEgyVD vml9sNWexDgExQpVqOHWE7oRI5E5AW3FhBRNmQ9qGlaUB9UO1k8kBqHWqla/VCqStAa6L+nkior9TI93SnT3GgZr2x+J/XirF30U54EMUIAZsu6sXCwtAap2F1uQSGYqQJZZLrWy02oJIy1JkVdAjO7MvzpF4uOael8u1ZsXKVxZEn++SAHBGHnJMKuSFVUiOMpOSZvJI348l4Md6Nj2lrzshmdskfGJ8/Dg2VbA==</latexit>

* Can be lowered to m1=0.05 eV
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Pure Dirac phase leptogenesis requires minimally M1~108 GeV
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M1 = 7.0⇥ 108 GeV, M2 = 3.5M1, M3 = 3.5M2
<latexit sha1_base64="2O8j4Iqorhd9YC9+IrEOlU3mjpY="></latexit>

m1 = 0.21 eV
<latexit sha1_base64="v5r5krVaY9lANdl58jKehlOTq64=">AAAB/nicbVDJSgNBEO2JW4xbVDx5aQyCBwkzUdCLEPTiMYJZIAlDT6cmadKz0F0jhmHAX/HiQRGvfoc3/8bOctDEBwWP96qoqufFUmi07W8rt7S8srqWXy9sbG5t7xR39xo6ShSHOo9kpFoe0yBFCHUUKKEVK2CBJ6HpDW/GfvMBlBZReI+jGLoB64fCF5yhkdziQeCmTnZllytO57SD8IgpNDK3WLLL9gR0kTgzUiIz1NziV6cX8SSAELlkWrcdO8ZuyhQKLiErdBINMeND1oe2oSELQHfTyfkZPTZKj/qRMhUinai/J1IWaD0KPNMZMBzoeW8s/ue1E/Qvu6kI4wQh5NNFfiIpRnScBe0JBRzlyBDGlTC3Uj5ginE0iRVMCM78y4ukUSk7Z+XK3Xmpej2LI08OyRE5IQ65IFVyS2qkTjhJyTN5JW/Wk/VivVsf09acNZvZJ39gff4A5nuU0A==</latexit>

Pure Dirac  CP Violation

scale is higher than Majorana only as we are sinθ13 penalised
26

Pure Dirac CP Violation
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JCP ⌘ =
⇥
Ue1Uµ2U

⇤
e2U

⇤
µ1

⇤

<latexit sha1_base64="QKRgjB2HPJXzFVlGolT1dpbjZMY="></latexit>
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Pure Majorana phase leptogenesis requires minimally 
M1~106 GeV
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M1 = 3.71⇥ 106 GeV, M2 = 3.5M1, M3 = 3.5M2
<latexit sha1_base64="qNMwLS4tcv6Clpx6SQrW9U0Gffg="></latexit>

m1 = 0.21 eV
<latexit sha1_base64="v5r5krVaY9lANdl58jKehlOTq64=">AAAB/nicbVDJSgNBEO2JW4xbVDx5aQyCBwkzUdCLEPTiMYJZIAlDT6cmadKz0F0jhmHAX/HiQRGvfoc3/8bOctDEBwWP96qoqufFUmi07W8rt7S8srqWXy9sbG5t7xR39xo6ShSHOo9kpFoe0yBFCHUUKKEVK2CBJ6HpDW/GfvMBlBZReI+jGLoB64fCF5yhkdziQeCmTnZllytO57SD8IgpNDK3WLLL9gR0kTgzUiIz1NziV6cX8SSAELlkWrcdO8ZuyhQKLiErdBINMeND1oe2oSELQHfTyfkZPTZKj/qRMhUinai/J1IWaD0KPNMZMBzoeW8s/ue1E/Qvu6kI4wQh5NNFfiIpRnScBe0JBRzlyBDGlTC3Uj5ginE0iRVMCM78y4ukUSk7Z+XK3Xmpej2LI08OyRE5IQ65IFVyS2qkTjhJyTN5JW/Wk/VivVsf09acNZvZJ39gff4A5nuU0A==</latexit> Pure Majorana  CPV
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Pure Majorana CP Violation
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JCP ⌘ =
⇥
Ue1Uµ2U

⇤
e2U

⇤
µ1

⇤

<latexit sha1_base64="QKRgjB2HPJXzFVlGolT1dpbjZMY="></latexit>
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Mini summary: non-resonant thermal 
leptogenesis can explain BAU using only 

low scale phases at M1~106 GeV

28
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Leptogenesis from Leptonic CP 
Violation 


T > 1012 GeV
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Before in very  high energy regime (“one flavoured”) not possible 
to produce the BAU from low phases

Although ϵ = 0, the washout terms are still flavour dependent  
and can generate sufficient lepton asymmetry.

y3 = 30�
<latexit sha1_base64="fxeqcV7NVbVwE/QCsc9gDLMSddQ=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJ4Kkkr6EUoevFYwX5AG8Nmu2mXbjZhd1MIof/EiwdFvPpPvPlv3LY5aOuDgcd7M8zMCxLOlHacb2ttfWNza7u0U97d2z84tI+O2ypOJaEtEvNYdgOsKGeCtjTTnHYTSXEUcNoJxnczvzOhUrFYPOosoV6Eh4KFjGBtJN+2Mz+vT9ENqjtPfcIk8e2KU3XmQKvELUgFCjR9+6s/iEkaUaEJx0r1XCfRXo6lZoTTabmfKppgMsZD2jNU4IgqL59fPkXnRhmgMJamhEZz9fdEjiOlsigwnRHWI7XszcT/vF6qw2svZyJJNRVksShMOdIxmsWABkxSonlmCCaSmVsRGWGJiTZhlU0I7vLLq6Rdq7r1au3hstK4LeIowSmcwQW4cAUNuIcmtIDABJ7hFd6s3Hqx3q2PReuaVcycwB9Ynz/tH5KN</latexit>

y3 = 5�
<latexit sha1_base64="+hN0lwzIVSXGj6SKrW1KyUE0e7Y=">AAAB+HicbVBNS8NAEJ34WetHox69LBbBU0laRS9C0YvHCvYD2hg22027dLMJuxuhhv4SLx4U8epP8ea/cdvmoK0PBh7vzTAzL0g4U9pxvq2V1bX1jc3CVnF7Z3evZO8ftFScSkKbJOax7ARYUc4EbWqmOe0kkuIo4LQdjG6mfvuRSsVica/HCfUiPBAsZARrI/l2aexntQm6QucPPcIk8e2yU3FmQMvEzUkZcjR8+6vXj0kaUaEJx0p1XSfRXoalZoTTSbGXKppgMsID2jVU4IgqL5sdPkEnRumjMJamhEYz9fdEhiOlxlFgOiOsh2rRm4r/ed1Uh5dexkSSairIfFGYcqRjNE0B9ZmkRPOxIZhIZm5FZIglJtpkVTQhuIsvL5NWteLWKtW7s3L9Oo+jAEdwDKfgwgXU4RYa0AQCKTzDK7xZT9aL9W59zFtXrHzmEP7A+vwBfoGSVQ==</latexit>

y3 = 0.3�
<latexit sha1_base64="B3A70KJx1Wam5AA6wAA5e7O2p64=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSK4Ckkr6EYounFZwT6gjWEynbRDJw9mJkqI/RQ3LhRx65e482+ctllo64ELh3Pu5d57/IQzqWz721hZXVvf2Cxtlbd3dvf2zcpBW8apILRFYh6Lro8l5SyiLcUUp91EUBz6nHb88fXU7zxQIVkc3aksoW6IhxELGMFKS55Zyby8PkGXyLbq933CBPHMqm3ZM6Bl4hSkCgWanvnVH8QkDWmkCMdS9hw7UW6OhWKE00m5n0qaYDLGQ9rTNMIhlW4+O32CTrQyQEEsdEUKzdTfEzkOpcxCX3eGWI3kojcV//N6qQou3JxFSapoROaLgpQjFaNpDmjABCWKZ5pgIpi+FZERFpgonVZZh+AsvrxM2jXLqVu127Nq46qIowRHcAyn4MA5NOAGmtACAo/wDK/wZjwZL8a78TFvXTGKmUP4A+PzB1v2ksU=</latexit>

y3 = 0.0�
<latexit sha1_base64="W/HsOMmUIoCLHk5AiYzpYMGSRsQ=">AAAB+nicbZDLSsNAFIZPvNZ6S3XpZrAIrkrSCroRim5cVrAXaGOYTCft0MkkzEyUEvsoblwo4tYncefbOG2z0NYfBj7+cw7nzB8knCntON/Wyura+sZmYau4vbO7t2+XDloqTiWhTRLzWHYCrChngjY105x2EklxFHDaDkbX03r7gUrFYnGnxwn1IjwQLGQEa2P5dmnsZ7UJukROxbnvESaJb5cNz4SWwc2hDLkavv3V68ckjajQhGOluq6TaC/DUjPC6aTYSxVNMBnhAe0aFDiiystmp0/QiXH6KIyleUKjmft7IsORUuMoMJ0R1kO1WJua/9W6qQ4vvIyJJNVUkPmiMOVIx2iaA+ozSYnmYwOYSGZuRWSIJSbapFU0IbiLX16GVrXi1irV27Ny/SqPowBHcAyn4MI51OEGGtAEAo/wDK/wZj1ZL9a79TFvXbHymUP4I+vzB1dYksI=</latexit>

3F

2F
1F1F

1F

3F

2F

density matrix 
equations

3063



64

Jessica Turner 		 	 	 Fermilab	 	 	 	 	 	 	 	 	 	 	 	 	 	

150 300 450 600

�21 [�]

150

300

450

600

�
31

[�
]

2� region

1�
re
gi
on

80 160 240 320

� [�]

150

300

450

600

�
31

[�
]

2� region

1� region

80 160 240 320

� [�]

150

300

450

600

�
21

[�
]

2� regio
n

1�
region

150 300 450 600

�21 [�]

150

300

450

600

�
31

[�
]

2� region

1� region

80 160 240 320

� [�]

150

300

450

600

�
31

[�
]

2�
re
gi
on1�

re
gi

on

80 160 240 320

� [�]

150

300

450

600

�
21

[�
]

2� region

1�
re

gi
on

Normal Ordering

Inverted Ordering

M1 = 1013 GeV, M2 = 3.5M1, M3 = 3.5M2
<latexit sha1_base64="mdRBCoA+Bd0hKjrphH9M48OP7+M=">AAACJnicbVDLSgNBEJz1GeMr6tHLYBA8hLCbKHoJBD3oRVAwiZCNYXbS0SGzD2Z6xbDs13jxV7x4UES8+SlOkhV8FQwUVdX0dHmRFBpt+92amp6ZnZvPLeQXl5ZXVgtr600dxopDg4cyVJce0yBFAA0UKOEyUsB8T0LLGxyN/NYtKC3C4AKHEXR8dh2IvuAMjdQt1E67iZPWHPsqcaqpW3IR7jA5hmZackvUmJW0Vi3vjVOZUv1SKmm3ULTL9hj0L3EyUiQZzrqFZ7cX8tiHALlkWrcdO8JOwhQKLiHNu7GGiPEBu4a2oQHzQXeS8Zkp3TZKj/ZDZV6AdKx+n0iYr/XQ90zSZ3ijf3sj8T+vHWP/oJOIIIoRAj5Z1I8lxZCOOqM9oYCjHBrCuBLmr5TfMMU4mmbzpgTn98l/SbNSdqrlyvlusX6Y1ZEjm2SL7BCH7JM6OSFnpEE4uSeP5Jm8WA/Wk/VqvU2iU1Y2s0F+wPr4BDf9ooc=</latexit>

Leptogenesis from Leptonic CP 
Violation

31

Leptogenesis from low-scale CP-Violation
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<latexit sha1_base64="mdRBCoA+Bd0hKjrphH9M48OP7+M=">AAACJnicbVDLSgNBEJz1GeMr6tHLYBA8hLCbKHoJBD3oRVAwiZCNYXbS0SGzD2Z6xbDs13jxV7x4UES8+SlOkhV8FQwUVdX0dHmRFBpt+92amp6ZnZvPLeQXl5ZXVgtr600dxopDg4cyVJce0yBFAA0UKOEyUsB8T0LLGxyN/NYtKC3C4AKHEXR8dh2IvuAMjdQt1E67iZPWHPsqcaqpW3IR7jA5hmZackvUmJW0Vi3vjVOZUv1SKmm3ULTL9hj0L3EyUiQZzrqFZ7cX8tiHALlkWrcdO8JOwhQKLiHNu7GGiPEBu4a2oQHzQXeS8Zkp3TZKj/ZDZV6AdKx+n0iYr/XQ90zSZ3ijf3sj8T+vHWP/oJOIIIoRAj5Z1I8lxZCOOqM9oYCjHBrCuBLmr5TfMMU4mmbzpgTn98l/SbNSdqrlyvlusX6Y1ZEjm2SL7BCH7JM6OSFnpEE4uSeP5Jm8WA/Wk/VqvU2iU1Y2s0F+wPr4BDf9ooc=</latexit>

Pure Dirac  CPV

32

Pure Dirac CP Violation
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JCP ⌘ =
⇥
Ue1Uµ2U

⇤
e2U

⇤
µ1

⇤

<latexit sha1_base64="QKRgjB2HPJXzFVlGolT1dpbjZMY="></latexit>
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M1 = 1013 GeV, M2 = 3.5M1, M3 = 3.5M2
<latexit sha1_base64="mdRBCoA+Bd0hKjrphH9M48OP7+M=">AAACJnicbVDLSgNBEJz1GeMr6tHLYBA8hLCbKHoJBD3oRVAwiZCNYXbS0SGzD2Z6xbDs13jxV7x4UES8+SlOkhV8FQwUVdX0dHmRFBpt+92amp6ZnZvPLeQXl5ZXVgtr600dxopDg4cyVJce0yBFAA0UKOEyUsB8T0LLGxyN/NYtKC3C4AKHEXR8dh2IvuAMjdQt1E67iZPWHPsqcaqpW3IR7jA5hmZackvUmJW0Vi3vjVOZUv1SKmm3ULTL9hj0L3EyUiQZzrqFZ7cX8tiHALlkWrcdO8JOwhQKLiHNu7GGiPEBu4a2oQHzQXeS8Zkp3TZKj/ZDZV6AdKx+n0iYr/XQ90zSZ3ijf3sj8T+vHWP/oJOIIIoRAj5Z1I8lxZCOOqM9oYCjHBrCuBLmr5TfMMU4mmbzpgTn98l/SbNSdqrlyvlusX6Y1ZEjm2SL7BCH7JM6OSFnpEE4uSeP5Jm8WA/Wk/VqvU2iU1Y2s0F+wPr4BDf9ooc=</latexit>

Pure Majorana  CPV

33

Pure Majorana CP Violation

66

JCP ⌘ =
⇥
Ue1Uµ2U

⇤
e2U

⇤
µ1

⇤

<latexit sha1_base64="QKRgjB2HPJXzFVlGolT1dpbjZMY="></latexit>
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Mini summary: non-resonant thermal 
leptogenesis can explain BAU using only 

low scale phases at M1 > 1012 GeV

34
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Conclusions
• Thermal leptogenesis is a very plausible mechanism to 

explain the BAU. 
• The scale can be lowered (but still non-resonant) using a 

mild hierarchy of RHN, flavour effects and broad PS 
exploration. 

• Low scale leptonic phases can produce the BAU over 
many (106 - 1013 GeV) orders of magnitude.  

“The observation of low-scale leptonic Dirac CP violation, in 
combination with the positive determination of the Majorana 
nature of the massive neutrinos,  
would make more plausible, but will not be a proof of, the 
existence of high or intermediate-scale thermal leptogenesis. 
These remarkable discoveries would indicate, in particular, 
that thermal leptogenesis could produce the BAU  
with the requisite CP violation provided by the  Dirac CP-
violating phase in the neutrino mixing matrix.”
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Thank you!
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ULYSSES: Universal Leptogenesis Equation Solver

Python package calculates the baryon asymmetry from 
leptogenesis based on a type-I seesaw from masses of RHN  

10-1 to 1013 GeV: current implementation for leptogenesis via 
decays and resonant leptogenesis still to do oscillation case.

Code has been profiled and slow functions optimised using 
numba. Easily parallelisable and customisable. 

Will be available on Pypi for easy installation.
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Formulae

⌘B(T = Trec) =
28

29

Nf
B�L

N�

g⇤(T = Trec)

g⇤(T = Tlep)
' 0.96⇥ 10�2Nf

B�L
<latexit sha1_base64="BxCD2P6VJw805vAJoaEYz3VGT2M="></latexit><latexit sha1_base64="BxCD2P6VJw805vAJoaEYz3VGT2M="></latexit><latexit sha1_base64="BxCD2P6VJw805vAJoaEYz3VGT2M="></latexit><latexit sha1_base64="BxCD2P6VJw805vAJoaEYz3VGT2M="></latexit>

D1(z) =
�1(T )

Hz
= K1zh

K1(z)

K2(z)
i

<latexit sha1_base64="dswhNDFDHktF7JUO7LXVuGXWAnA="></latexit><latexit sha1_base64="dswhNDFDHktF7JUO7LXVuGXWAnA="></latexit><latexit sha1_base64="dswhNDFDHktF7JUO7LXVuGXWAnA="></latexit><latexit sha1_base64="dswhNDFDHktF7JUO7LXVuGXWAnA="></latexit>

Neq
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1

2
z2K2(z)

<latexit sha1_base64="4Al2rBAkRxb+ZnBvZxQx2ZWhjEU=">AAACDHicbVDLSgMxFM3UV62vqks3wSLUTZkpgm6EohtBkAr2Ae20ZNI7bWjmYZIR2mE+wI2/4saFIm79AHf+jWk7C209EHI451ySe5yQM6lM89vILC2vrK5l13Mbm1vbO/ndvboMIkGhRgMeiKZDJHDmQ00xxaEZCiCew6HhDC8nfuMBhGSBf6dGIdge6fvMZZQoLXXzhZtODPdJN7YSfI7briBU07icjDvl666+i+NjnTJL5hR4kVgpKaAU1W7+q90LaOSBrygnUrYsM1R2TIRilEOSa0cSQkKHpA8tTX3igbTj6TIJPtJKD7uB0MdXeKr+noiJJ+XIc3TSI2og572J+J/XipR7ZsfMDyMFPp095EYcqwBPmsE9JoAqPtKEUMH0XzEdEF2I0v3ldAnW/MqLpF4uWWbJuj0pVC7SOrLoAB2iIrLQKaqgK1RFNUTRI3pGr+jNeDJejHfjYxbNGOnMPvoD4/MHTj2afA==</latexit><latexit sha1_base64="4Al2rBAkRxb+ZnBvZxQx2ZWhjEU=">AAACDHicbVDLSgMxFM3UV62vqks3wSLUTZkpgm6EohtBkAr2Ae20ZNI7bWjmYZIR2mE+wI2/4saFIm79AHf+jWk7C209EHI451ySe5yQM6lM89vILC2vrK5l13Mbm1vbO/ndvboMIkGhRgMeiKZDJHDmQ00xxaEZCiCew6HhDC8nfuMBhGSBf6dGIdge6fvMZZQoLXXzhZtODPdJN7YSfI7briBU07icjDvl666+i+NjnTJL5hR4kVgpKaAU1W7+q90LaOSBrygnUrYsM1R2TIRilEOSa0cSQkKHpA8tTX3igbTj6TIJPtJKD7uB0MdXeKr+noiJJ+XIc3TSI2og572J+J/XipR7ZsfMDyMFPp095EYcqwBPmsE9JoAqPtKEUMH0XzEdEF2I0v3ldAnW/MqLpF4uWWbJuj0pVC7SOrLoAB2iIrLQKaqgK1RFNUTRI3pGr+jNeDJejHfjYxbNGOnMPvoD4/MHTj2afA==</latexit><latexit sha1_base64="4Al2rBAkRxb+ZnBvZxQx2ZWhjEU=">AAACDHicbVDLSgMxFM3UV62vqks3wSLUTZkpgm6EohtBkAr2Ae20ZNI7bWjmYZIR2mE+wI2/4saFIm79AHf+jWk7C209EHI451ySe5yQM6lM89vILC2vrK5l13Mbm1vbO/ndvboMIkGhRgMeiKZDJHDmQ00xxaEZCiCew6HhDC8nfuMBhGSBf6dGIdge6fvMZZQoLXXzhZtODPdJN7YSfI7briBU07icjDvl666+i+NjnTJL5hR4kVgpKaAU1W7+q90LaOSBrygnUrYsM1R2TIRilEOSa0cSQkKHpA8tTX3igbTj6TIJPtJKD7uB0MdXeKr+noiJJ+XIc3TSI2og572J+J/XipR7ZsfMDyMFPp095EYcqwBPmsE9JoAqPtKEUMH0XzEdEF2I0v3ldAnW/MqLpF4uWWbJuj0pVC7SOrLoAB2iIrLQKaqgK1RFNUTRI3pGr+jNeDJejHfjYxbNGOnMPvoD4/MHTj2afA==</latexit><latexit sha1_base64="4Al2rBAkRxb+ZnBvZxQx2ZWhjEU=">AAACDHicbVDLSgMxFM3UV62vqks3wSLUTZkpgm6EohtBkAr2Ae20ZNI7bWjmYZIR2mE+wI2/4saFIm79AHf+jWk7C209EHI451ySe5yQM6lM89vILC2vrK5l13Mbm1vbO/ndvboMIkGhRgMeiKZDJHDmQ00xxaEZCiCew6HhDC8nfuMBhGSBf6dGIdge6fvMZZQoLXXzhZtODPdJN7YSfI7briBU07icjDvl666+i+NjnTJL5hR4kVgpKaAU1W7+q90LaOSBrygnUrYsM1R2TIRilEOSa0cSQkKHpA8tTX3igbTj6TIJPtJKD7uB0MdXeKr+noiJJ+XIc3TSI2og572J+J/XipR7ZsfMDyMFPp095EYcqwBPmsE9JoAqPtKEUMH0XzEdEF2I0v3ldAnW/MqLpF4uWWbJuj0pVC7SOrLoAB2iIrLQKaqgK1RFNUTRI3pGr+jNeDJejHfjYxbNGOnMPvoD4/MHTj2afA==</latexit>
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Strong 
washout

K1 =
�1 + �1

Hz
=

m1

m⇤ =
(m†

DmD)11
M1

1

10�3eV
=

(Y †
⌫ Y⌫)11v2

M1

1

10�12GeV

Strong 
washout Weak 

washout

Strong washout FDFT effects 
negligible.  
Weak washout FDFT important.

Plots from 1002.1326. Garbrecht etal

Luckily for us, we are always in 
the strong washout regime!

Weak 
washout

Strong 
washout

Semi-Classical Justification

10
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Parametrisation: Radiative Corrections 

Z0

νk, Nk

H0

νi νjνk, Nk νi νj

W±

νi νjl∓k

Y =
1

v
mD =

1

v
U
p
m̂⌫R

T
p

f(M)�1,

m⌫ = mtree +m1-loop.

contains loop contributions
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Light Neutrino Mass
mtree ⇡ mDM�1mT

D
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Fine Tuning

F.T. ⌘
P3

i=1 SVD[m1-loop]iP3
i=1 SVD[m⌫ ]i

!42
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CP Conditions

CP-conjugate neutrino fields (light and heavy)

UCPNi (x)U
†
CP = i⇢Ni Ni (x

0) ,

UCP ⌫i (x)U
†
CP = i⇢⌫i ⌫i (x

0) ,
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CP-invariance of R-matrix follows from the above and CI parametrisation:

R⇤
ij = Rij⇢

N
i ⇢⌫j , i, j 2 {1, 2, 3} .
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High scale baryon asymmetry from low scale phases

nB�L(zf ) =

Z zf

z0

e�
R zf
z0 W1(z

00)dz00
⇣
Tr✏(1)D1(z

0)(nN1
(z0)� neq

N1
(z0)) +W1(z

0)�(z0)
⌘
dz0,
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Analytic solution
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Tr✏(1) = 0
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For CP-conserving R-matrix: 

nB�L(zf ) =

Z zf

z0

e�
R zf
z0 W1(z

00)dz00
W1(z

0)�(z0)dz0.
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solution isn’t vanishing due to off-diagonal lepton asymmetry! If you didn’t 
solve the density matrix equations you would miss this piece!


