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BARYOGENESIS
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Why is everything made out of matter?



Baryogenesis3

Why is everything made out of matter?
<latexit sha1_base64="ZjOIoNTv28Qr4iWCDkoPqZisyTI=">AAACFnicbZDLSgMxFIYz9VbrbdSlm2AR3LTMiLeNUHTjsoK9SGccMmmmDU0yQ5IRyjBP4cZXceNCEbfizrcxvSy09YfAx3/O4eT8YcKo0o7zbRUWFpeWV4qrpbX1jc0te3unqeJUYtLAMYtlO0SKMCpIQ1PNSDuRBPGQkVY4uBrVWw9EKhqLWz1MiM9RT9CIYqSNFdiVuyCEF9CLJMKZMFwRQeaFSMIwzzOVQ09RDl3nPqu4Th7YZafqjAXnwZ1CGUxVD+wvrxvjlBOhMUNKdVwn0X6GpKaYkbzkpYokCA9Qj3QMCsSJ8rPxWTk8ME4XRrE0T2g4dn9PZIgrNeSh6eRI99VsbWT+V+ukOjr3MyqSVBOBJ4uilEEdw1FGsEslwZoNDSAsqfkrxH1kEtImyZIJwZ09eR6aR1X3tHpyc1yuXU7jKII9sA8OgQvOQA1cgzpoAAwewTN4BW/Wk/VivVsfk9aCNZ3ZBX9kff4Ay5Cd5w==</latexit>

Yb =
nb � nb̄

s
⇠ 10�10

cosmic microwave background nucleosynthesis
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leptogenesis, Affleck-Dine baryogenesis, 
pangenesis, mesongenesis, Wimpy 

baryogenesis, electroweak baryogenesis, GUT 
baryogenesis, darkogenesis, cogenesis, 

gravitational baryogenesis, wash-in 
leptogenesis, axiogenesis, scotogenesis, 

spontaneous baryogenesis, …

BARYOGENESIS SCENARIOS
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PLAN

1. Sakharov conditions 
2. Leptogenesis 
3. Electroweak baryogenesis
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1. Baryon number violation 

2. C- and CP-violation 

3. Out of equilibrium

SAKHAROV CONDITIONS

Sakharov 1976
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C AND CP VIOLATION

baryon number

<latexit sha1_base64="2jHhOAcqAqHH0tZgEzAJXJihaWs=">AAACB3icbVDLSgMxFM3UV62vqktBgkVwY53xvSy6cVnBPqAzlkx624ZmMtMkI5ShOzf+ihsXirj1F9z5N6btLLT1QOBwzr3cnONHnClt299WZm5+YXEpu5xbWV1b38hvblVVGEsKFRryUNZ9ooAzARXNNId6JIEEPoea37se+bUHkIqF4k4PIvAC0hGszSjRRmrmd/vY1SFOXBlgGN4nh8yFSDEeiqOTIe438wW7aI+BZ4mTkgJKUW7mv9xWSOMAhKacKNVw7Eh7CZGaUQ7DnBsriAjtkQ40DBUkAOUl4xxDvG+UFm6H0jyh8Vj9vZGQQKlB4JvJgOiumvZG4n9eI9btSy9hIoo1CDo51I45NslHpeAWk0A1HxhCqGTmr5h2iSRUm+pypgRnOvIsqR4XnfPi2e1poXSV1pFFO2gPHSAHXaASukFlVEEUPaJn9IrerCfrxXq3PiajGSvd2UZ/YH3+APPlmL4=</latexit>

q ! e�i✏/3q
<latexit sha1_base64="5NEs7pVO9r3FjHvnfF/QaDa2REs=">AAACEHicbVC7TsMwFHXKq5RXgJHFokIwlYT3WMHCWCT6kJpSOe5ta9Vxgu0gVVE+gYVfYWEAIVZGNv4Gt80ALUeydHTOubq+x484U9pxvq3c3PzC4lJ+ubCyura+YW9u1VQYSwpVGvJQNnyigDMBVc00h0YkgQQ+h7o/uBr59QeQioXiVg8jaAWkJ1iXUaKN1Lb3PZ9IfI89HeLEkwGG9C5hHkSK8VAcHqd4EmjbRafkjIFniZuRIspQadtfXiekcQBCU06UarpOpFsJkZpRDmnBixVEhA5ID5qGChKAaiXjg1K8Z5QO7obSPKHxWP09kZBAqWHgm2RAdF9NeyPxP68Z6+5FK2EiijUIOlnUjTk214/awR0mgWo+NIRQycxfMe0TSag2HRZMCe70ybOkdlRyz0qnNyfF8mVWRx7toF10gFx0jsroGlVQFVH0iJ7RK3qznqwX6936mERzVjazjf7A+vwBjhqcTQ==</latexit>

q̄ ! ei✏/3q̄

<latexit sha1_base64="SwIjE5BeaB4Dxxr4vQ2+9PUZJC8=">AAAB8nicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PAi96imAdsljA7mU2GzM4sM71KCPkMLx4U8erXePNvnCR70GhBQ1HVTXdXlApu0PO+nMLS8srqWnG9tLG5tb1T3t1rGpVpyhpUCaXbETFMcMkayFGwdqoZSSLBWtHwauq3Hpg2XMl7HKUsTEhf8phTglYKOne8P0CitXrslite1ZvB/Uv8nFQgR71b/uz0FM0SJpEKYkzgeymGY6KRU8EmpU5mWErokPRZYKkkCTPheHbyxD2ySs+NlbYl0Z2pPyfGJDFmlES2MyE4MIveVPzPCzKML8Mxl2mGTNL5ojgTLip3+r/b45pRFCNLCNXc3urSAdGEok2pZEPwF1/+S5onVf+8enZ7Wqnd5HEU4QAO4Rh8uIAaXEMdGkBBwRO8wKuDzrPz5rzPWwtOPrMPv+B8fAOWdpF+</latexit>) leaves          invariant
<latexit sha1_base64="y/hB0Up65VRP78beOJ2OytKM8YI=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiTia1lwo6BQ0T6gCWEynbRDZyZhZqKUmE9x40IRt36JO//GaZuFVg9cOJxzL/feEyaMKu04X1ZpYXFpeaW8Wllb39jcsqvbbRWnEpMWjlksuyFShFFBWppqRrqJJIiHjHTC0fnE79wTqWgs7vQ4IT5HA0EjipE2UmBXMw8jBq/yIPMkh7fXeWDXnLozBfxL3ILUQIFmYH96/RinnAiNGVKq5zqJ9jMkNcWM5BUvVSRBeIQGpGeoQJwoP5uensN9o/RhFEtTQsOp+nMiQ1ypMQ9NJ0d6qOa9ifif10t1dOZnVCSpJgLPFkUpgzqGkxxgn0qCNRsbgrCk5laIh0girE1aFROCO//yX9I+rLsn9eObo1rjsoijDHbBHjgALjgFDXABmqAFMHgAT+AFvFqP1rP1Zr3PWktWMbMDfsH6+AasiZOo</latexit>

LSM

Noether:
<latexit sha1_base64="Y0TIPx6kt9/e8jrF+ZirVX6VUFA="></latexit>

@µj
µ
B = @µ

1

3

X

q

q̄�µq = 0
<latexit sha1_base64="SwIjE5BeaB4Dxxr4vQ2+9PUZJC8=">AAAB8nicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PAi96imAdsljA7mU2GzM4sM71KCPkMLx4U8erXePNvnCR70GhBQ1HVTXdXlApu0PO+nMLS8srqWnG9tLG5tb1T3t1rGpVpyhpUCaXbETFMcMkayFGwdqoZSSLBWtHwauq3Hpg2XMl7HKUsTEhf8phTglYKOne8P0CitXrslite1ZvB/Uv8nFQgR71b/uz0FM0SJpEKYkzgeymGY6KRU8EmpU5mWErokPRZYKkkCTPheHbyxD2ySs+NlbYl0Z2pPyfGJDFmlES2MyE4MIveVPzPCzKML8Mxl2mGTNL5ojgTLip3+r/b45pRFCNLCNXc3urSAdGEok2pZEPwF1/+S5onVf+8enZ7Wqnd5HEU4QAO4Rh8uIAaXEMdGkBBwRO8wKuDzrPz5rzPWwtOPrMPv+B8fAOWdpF+</latexit>)

<latexit sha1_base64="sMyFBBHdCSbdCYKRuVsm6qJwaJk="></latexit>

B =

Z
d3x

1

3

X

q

q̄�0q
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C AND CP VIOLATION
<latexit sha1_base64="sMyFBBHdCSbdCYKRuVsm6qJwaJk="></latexit>

B =

Z
d3x

1

3

X

q

q̄�0q

<latexit sha1_base64="Xid2fomgltw0jq5ZeTIHfa2MEo8=">AAACHXicbVDLSgMxFM3UV62vqks3wSJU0DIjvpYFN7qrYK3QqSWT3rbBZGZM7ohl6I+48VfcuFDEhRvxb0xrwUc9EDiccy439wSxFAZd98PJTExOTc9kZ3Nz8wuLS/nllXMTJZpDlUcy0hcBMyBFCFUUKOEi1sBUIKEWXB0N/NoNaCOi8Ax7MTQU64SiLThDKzXzu9dF/wY4vd3CTeobZPxKg0wr/dTHqE/9DlOKXbr0urj9nWvmC27JHYKOE29ECmSESjP/5rcinigIkUtmTN1zY2ykTKPgEvo5PzEQ29WsA3VLQ6bANNLhdX26YZUWbUfavhDpUP05kTJlTE8FNqkYds1fbyD+59UTbB82UhHGCULIvxa1E0kxooOqaEto4Ch7ljCuhf0r5V2mGUdbaM6W4P09eZyc75S8/dLe6W6hfDKqI0vWyDopEo8ckDI5JhVSJZzckQfyRJ6de+fReXFev6IZZzSzSn7Bef8EKhugug==</latexit>

q(~x, t)
P! �0q(�~x, t)

<latexit sha1_base64="qHp76/93YsksWrdpSnctc8oQN3Y=">AAACIHicbVDLSgMxFM34rPVVdekmWIQqWmZErctCN7qrYFXotCWT3tZgMjMmd8Qy9FPc+CtuXCiiO/0a08fC14HA4ZxzubkniKUw6LofzsTk1PTMbGYuO7+wuLScW1k9N1GiOdR4JCN9GTADUoRQQ4ESLmMNTAUSLoLrysC/uAVtRBSeYS+GhmLdUHQEZ2ilVq50U/BvgdO7HdyivkHGrzXItNJPfYz6dFf4XaYUa+7Rm+b2t2grl3eL7hD0L/HGJE/GqLZy73474omCELlkxtQ9N8ZGyjQKLqGf9RMDsd3OulC3NGQKTCMdHtinm1Zp006k7QuRDtXvEylTxvRUYJOK4ZX57Q3E/7x6gp2jRirCOEEI+WhRJ5EUIzpoi7aFBo6yZwnjWti/Un7FNONoO83aErzfJ/8l53tF77B4cLqfL5+M68iQdbJBCsQjJVImx6RKaoSTe/JInsmL8+A8Oa/O2yg64Yxn1sgPOJ9fLBmhvg==</latexit>

q(~x, t)
C! �i�2q⇤(~x, t)

<latexit sha1_base64="dzoyqoalvvygYw2Nmalg/Ts8Ey4="></latexit>

q†(~x, t)q(~x, t)
C! (�i�2q)T (�i�2q⇤) = qT q⇤ = (q†q)T = �q†(~x, t)q(~x, t)

B odd under C and CP
<latexit sha1_base64="7ilR35Jv4p0g8/xldYacgpgrvtQ=">AAAB/nicdVDJSgNBEO1xjXGLiicvjUHw4jCZrN5CctFbBLNAEkJPpydp0rPQXSOEIeCvePGgiFe/w5t/Y08SQUUfFDzeq6KqnhMKrsCyPoyV1bX1jc3UVnp7Z3dvP3Nw2FJBJClr0kAEsuMQxQT3WRM4CNYJJSOeI1jbmdQTv33HpOKBfwvTkPU9MvK5yykBLQ0yx7WeAkInkom4Pot7EMzwRW2QyVrmZaVkF21smZZVtvOlhNjlgp3HOa0kyKIlGoPMe28Y0MhjPlBBlOrmrBD6MZHAqWCzdC9SLNRryIh1NfWJx1Q/np8/w2daGWI3kLp8wHP1+0RMPKWmnqM7PQJj9dtLxL+8bgRupR9zP4yA+XSxyI0EhgAnWeAhl4yCmGpCqOT6VkzHRBIKOrG0DuHrU/w/adlmrmQWbwrZ6vUyjhQ6QafoHOVQGVXRFWqgJqIoRg/oCT0b98aj8WK8LlpXjOXMEfoB4+0TXEmVyg==</latexit>

B
C! �B

<latexit sha1_base64="4ytB6izkqSsXvhQH6sBDcmwZuVY=">AAAB/XicdVDJSgNBEO2JW4xbXG5eGoPgKUwmq7cQL3qLYBbIDKGn00ma9Cx01whxCP6KFw+KePU/vPk39iQRVPRBweO9KqrquaHgCkzzw0itrK6tb6Q3M1vbO7t72f2DtgoiSVmLBiKQXZcoJrjPWsBBsG4oGfFcwTru5CLxO7dMKh74NzANmeORkc+HnBLQUj971LAVEDqRTMTNWWxDMMONfjZn5s9rFatsYTNvmlWrWEmIVS1ZRVzQSoIcWqLZz77bg4BGHvOBCqJUr2CG4MREAqeCzTJ2pFiot5AR62nqE48pJ55fP8OnWhngYSB1+YDn6veJmHhKTT1Xd3oExuq3l4h/eb0IhjUn5n4YAfPpYtEwEhgCnESBB1wyCmKqCaGS61sxHRNJKOjAMjqEr0/x/6Rt5QuVfPm6lKtfLeNIo2N0gs5QAVVRHV2iJmohiu7QA3pCz8a98Wi8GK+L1pSxnDlEP2C8fQL/Q5Wg</latexit>

B
P! B

<latexit sha1_base64="GnONRkF3XSgXFKk7UjSGnSLeI70=">AAAB6XicdVDJSgNBEK1xjXGLevTSGBRPw8xk9RbworcoZoFkCD2dnqRJz0J3jxCG/IEXD4p49Y+8+Tf2JBFU9EHB470qqup5MWdSWdaHsbK6tr6xmdvKb+/s7u0XDg7bMkoEoS0S8Uh0PSwpZyFtKaY47caC4sDjtONNLjO/c0+FZFF4p6YxdQM8CpnPCFZauu2fDQpFy7yoV52KgyzTsmpOqZoRp1Z2SsjWSoYiLNEcFN77w4gkAQ0V4VjKnm3Fyk2xUIxwOsv3E0ljTCZ4RHuahjig0k3nl87QqVaGyI+ErlChufp9IsWBlNPA050BVmP528vEv7xeovy6m7IwThQNyWKRn3CkIpS9jYZMUKL4VBNMBNO3IjLGAhOlw8nrEL4+Rf+TtmPaVbNyUy42rpdx5OAYTuAcbKhBA66gCS0g4MMDPMGzMTEejRfjddG6YixnjuAHjLdPgvSNZQ==</latexit>

&

<latexit sha1_base64="0K62ESI/LnxSCRHVluyz0YLbNRc="></latexit>

q†(~x, t)q(~x, t)
P! q†(�~x, t)q(�~x, t)
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OUT OF EQUILIBRIUM

<latexit sha1_base64="kjrPzYrq0haRpMYpE8XuA00Ck/4="></latexit>

hB(t)i = Tr(e�H/TB(t)) = Tr(e�H/Te�iHtB(0)eiHt) = hB(0)i

time-independent in thermal equil.

<latexit sha1_base64="HwTdSwsvzYQvoAi6ER9PNQ7z+mo=">AAACAXicdVDLSgMxFM3UV62vUTeCm2AR6qZMp08XQtGN7irYB3RKyaSZNjSTGZKMUIa68VfcuFDErX/hzr8x01ZQ0QMXTs65l9x73JBRqSzrw0gtLa+srqXXMxubW9s75u5eSwaRwKSJAxaIjoskYZSTpqKKkU4oCPJdRtru+CLx27dESBrwGzUJSc9HQ049ipHSUt88cBjiQ0bgeU6dQEfMH2fQ6ptZK39aq9hlG1p5y6raxUpC7GrJLsKCVhJkwQKNvvnuDAIc+YQrzJCU3YIVql6MhKKYkWnGiSQJER6jIelqypFPZC+eXTCFx1oZQC8QuriCM/X7RIx8KSe+qzt9pEbyt5eIf3ndSHm1Xkx5GCnC8fwjL2JQBTCJAw6oIFixiSYIC6p3hXiEBMJKh5bRIXxdCv8nLTtfqOTL16Vs/WoRRxocgiOQAwVQBXVwCRqgCTC4Aw/gCTwb98aj8WK8zltTxmJmH/yA8fYJRTCViA==</latexit>

hB(t)i = 0
<latexit sha1_base64="SwIjE5BeaB4Dxxr4vQ2+9PUZJC8=">AAAB8nicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PAi96imAdsljA7mU2GzM4sM71KCPkMLx4U8erXePNvnCR70GhBQ1HVTXdXlApu0PO+nMLS8srqWnG9tLG5tb1T3t1rGpVpyhpUCaXbETFMcMkayFGwdqoZSSLBWtHwauq3Hpg2XMl7HKUsTEhf8phTglYKOne8P0CitXrslite1ZvB/Uv8nFQgR71b/uz0FM0SJpEKYkzgeymGY6KRU8EmpU5mWErokPRZYKkkCTPheHbyxD2ySs+NlbYl0Z2pPyfGJDFmlES2MyE4MIveVPzPCzKML8Mxl2mGTNL5ojgTLip3+r/b45pRFCNLCNXc3urSAdGEok2pZEPwF1/+S5onVf+8enZ7Wqnd5HEU4QAO4Rh8uIAaXEMdGkBBwRO8wKuDzrPz5rzPWwtOPrMPv+B8fAOWdpF+</latexit>)

B even under  and odd undert → − t <latexit sha1_base64="sCTSYqs2sK3vly+4JculLVkSUG4=">AAAB+XicbVDLSgNBEOyNrxhfqx69DAbBU9gVXxchkIveIuQF2SXMTibJkJnZZWY2EJb8iRcPinj1T7z5N06SPWi0oKGo6qa7K0o408bzvpzC2vrG5lZxu7Szu7d/4B4etXScKkKbJOax6kRYU84kbRpmOO0kimIRcdqOxrW5355QpVksG2aa0FDgoWQDRrCxUs91g8aIGnyXBUqgWr0x67llr+ItgP4SPydlyFHvuZ9BPyapoNIQjrXu+l5iwgwrwwins1KQappgMsZD2rVUYkF1mC0un6Ezq/TRIFa2pEEL9edEhoXWUxHZToHNSK96c/E/r5uawW2YMZmkhkqyXDRIOTIxmseA+kxRYvjUEkwUs7ciMsIKE2PDKtkQ/NWX/5LWRcW/rlw9XparD3kcRTiBUzgHH26gCvdQhyYQmMATvMCrkznPzpvzvmwtOPnMMfyC8/ENyVCTJQ==</latexit>

⇥ = CPT
<latexit sha1_base64="LslNDzE2DlH1xiL1rbyqlQpREFY="></latexit>

hB(t)i = Tr(⇥⇥�1e�H/TB(0)i = Tr(e�H/T⇥�1B(0)⇥i = �hB(t)i
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1. Baryon number violation 

2. C- and CP-violation 

3. Out of equilibrium

SAKHAROV CONDITIONS IN THE STANDARD MODEL

Sakharov 1976
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BARYON NUMBER VIOLATION IN THE SM

path integral measure not invariant under             and<latexit sha1_base64="1c2yMWXHTWy7jhuRUaYVZmmuEiM=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXsqu+HUsetFbBbcttEvJptk2NpssSVYoS/+DFw+KePX/ePPfmLZ70OqDgcd7M8zMCxPOtHHdL6ewtLyyulZcL21sbm3vlHf3mlqmilCfSC5VO8Saciaob5jhtJ0oiuOQ01Y4up76rUeqNJPi3owTGsR4IFjECDZWavpV77h31StX3Jo7A/pLvJxUIEejV/7s9iVJYyoM4VjrjucmJsiwMoxwOil1U00TTEZ4QDuWChxTHWSzayfoyCp9FEllSxg0U39OZDjWehyHtjPGZqgXvan4n9dJTXQZZEwkqaGCzBdFKUdGounrqM8UJYaPLcFEMXsrIkOsMDE2oJINwVt8+S9pntS889rZ3WmlfpvHUYQDOIQqeHABdbiBBvhA4AGe4AVeHek8O2/O+7y14OQz+/ALzsc3K9aOPw==</latexit>

U(1)B
<latexit sha1_base64="0E2Gqz0ml6Tyw4/UMXQ4js20Tus=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXsqu+HUseFHwUMFtC+1Ssmm2jc0mS5IVytL/4MWDIl79P978N6btHrT6YODx3gwz88KEM21c98spLC2vrK4V10sbm1vbO+XdvaaWqSLUJ5JL1Q6xppwJ6htmOG0niuI45LQVjq6mfuuRKs2kuDfjhAYxHggWMYKNlZp+1Tvu3fbKFbfmzoD+Ei8nFcjR6JU/u31J0pgKQzjWuuO5iQkyrAwjnE5K3VTTBJMRHtCOpQLHVAfZ7NoJOrJKH0VS2RIGzdSfExmOtR7Hoe2MsRnqRW8q/ud1UhNdBhkTSWqoIPNFUcqRkWj6OuozRYnhY0swUczeisgQK0yMDahkQ/AWX/5Lmic177x2dndaqd/kcRThAA6hCh5cQB2uoQE+EHiAJ3iBV0c6z86b8z5vLTj5zD78gvPxDTr+jkk=</latexit>

U(1)L

vacuum pure gauge 
at infinity

<latexit sha1_base64="YYnftLvt9/XDAY2jzAoUWLwyQq8=">AAACJ3icbVDLSsNAFJ34rPVVdelmsAh1YUnE10YpuNFdBdMWmlgm00k7dDIJM5NiCfkbN/6KG0FFdOmfOE0rauuB4R7OuZc793gRo1KZ5ocxMzs3v7CYW8ovr6yurRc2NmsyjAUmNg5ZKBoekoRRTmxFFSONSBAUeIzUvd7F0K/3iZA05DdqEBE3QB1OfYqR0lKrcO70CYb1Ulbu9s4cXyCc0DTppND+VrPicOQx9CPeJvtW2ioUzbKZAU4Ta0yKYIxqq/DstEMcB4QrzJCUTcuMlJsgoShmJM07sSQRwj3UIU1NOQqIdJPszhTuaqUN/VDoxxXM1N8TCQqkHASe7gyQ6spJbyj+5zVj5Z+6CeVRrAjHo0V+zKAK4TA02KaCYMUGmiAsqP4rxF2kk1I62rwOwZo8eZrUDsrWcfno+rBYuRrHkQPbYAeUgAVOQAVcgiqwAQb34BG8gFfjwXgy3oz3UeuMMZ7ZAn9gfH4BVe+kaQ==</latexit>

~W (~x) =
i

g
U(~x)~rU(~x)�1

<latexit sha1_base64="vTj2i678XgajvXptHsiFM7BW80E=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKr4sQ9KK3COYByRJmJ51kyOzsOjMbCEt+wosHRbz6O978GyfJHjRa0FBUddPdFcSCa+O6X05uaXlldS2/XtjY3NreKe7u1XWUKIY1FolINQOqUXCJNcONwGaskIaBwEYwvJn6jREqzSP5YMYx+iHtS97jjBorNdsjZOT6yu0US27ZnYH8JV5GSpCh2il+trsRS0KUhgmqdctzY+OnVBnOBE4K7URjTNmQ9rFlqaQhaj+d3TshR1bpkl6kbElDZurPiZSGWo/DwHaG1Az0ojcV//Naield+imXcWJQsvmiXiKIicj0edLlCpkRY0soU9zeStiAKsqMjahgQ/AWX/5L6idl77x8dn9aqtxlceThAA7hGDy4gArcQhVqwEDAE7zAq/PoPDtvzvu8NedkM/vwC87HN+loj0Q=</latexit>

~B = 0

<latexit sha1_base64="3BMgjQ/sPkHJ+0Nd4X/pQa6xkRA=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjO+lwU3uqtoHzAdSybNtKGZZEjuCGXoZ7hxoYhbv8adf2PazkJbD4QczrmXe+8JE8ENuO63U1haXlldK66XNja3tnfKu3tNo1JNWYMqoXQ7JIYJLlkDOAjWTjQjcShYKxxeT/zWE9OGK/kAo4QFMelLHnFKwEr+/eMp7oDC9u+WK27VnQIvEi8nFZSj3i1/dXqKpjGTQAUxxvfcBIKMaOBUsHGpkxqWEDokfeZbKknMTJBNVx7jI6v0cKS0fRLwVP3dkZHYmFEc2sqYwMDMexPxP89PIboKMi6TFJiks0FRKrA9cnI/7nHNKIiRJYRqbnfFdEA0oWBTKtkQvPmTF0nzpOpdVM/vziq12zyOIjpAh+gYeegS1dANqqMGokihZ/SK3hxwXpx352NWWnDynn30B87nD698kEA=</latexit>

S3 ! S3 labeled by winding number Ncs 

’t Hooft 1976

<latexit sha1_base64="ySWgPPv2Bgq6OyJ0btjn9DC8N48="></latexit>

@µJ
µ
B = @µJ

µ
L = nF

32⇡2

⇣
g2W a

µ⌫W̃
aµ⌫ + g02Bµ⌫B̃µ⌫

⌘
= @µKµ
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BARYON NUMBER VIOLATION IN THE SM

<latexit sha1_base64="x4HRGfhhgC8MJXRfKmM6Tcansts=">AAACFHicbZDLSgMxFIYzXmu9jbp0EyyCIJQZ8bYRioooiFSwF+gMQyZN29AkMyQZoQx9CDe+ihsXirh14c63MW1H0NYfAl/+cw7J+cOYUaUd58uamp6ZnZvPLeQXl5ZXVu219aqKEolJBUcskvUQKcKoIBVNNSP1WBLEQ0ZqYfdsUK/dE6loJO50LyY+R21BWxQjbazA3vXOCdMInsITmOG1QRFc/FxvgtSTHGLVD+yCU3SGgpPgZlAAmcqB/ek1I5xwIjRmSKmG68TaT5HUFDPSz3uJIjHCXdQmDYMCcaL8dLhUH24bpwlbkTRHaDh0f0+kiCvV46Hp5Eh31HhtYP5XayS6deynVMSJJgKPHmolDOoIDhKCTSoJ1qxnAGFJzV8h7iCJsDY55k0I7vjKk1DdK7qHxYPb/ULpKosjBzbBFtgBLjgCJXAJyqACMHgAT+AFvFqP1rP1Zr2PWqesbGYD/JH18Q21tJwt</latexit>

�B = �L = nF�Ncs

<latexit sha1_base64="xQx7uqDE8Ts9b/FAMPlbWB/61XY=">AAACRHicbZBLSwMxEMez9VXrq+rRS7AIQqHsFl/Hghe9VbAP6JaSzaZtaDa7JBOhlH44L34Ab34CLx4U8Sqm7SK1dSDML/+ZYZJ/kAiuwXVfnMzK6tr6RnYzt7W9s7uX3z+o69goymo0FrFqBkQzwSWrAQfBmoliJAoEawSD60m98cCU5rG8h2HC2hHpSd7llICVOvmWKYbYhxj7AVE4xMXyjDQuTjP9VYJUgTT70nTYHPuRmb8BMZ18wS2508DL4KVQQGlUO/lnP4ypiZgEKojWLc9NoD0iCjgVbJzzjWYJoQPSYy2LkkRMt0dTE8b4xCoh7sbKHgl4qs5PjEik9TAKbGdEoK8XaxPxv1rLQPeqPeIyMcAknS3qGoGtaRNHccgVoyCGFghV3L4V0z5RhIL1PWdN8Ba/vAz1csm7KJ3fnRUqt6kdWXSEjtEp8tAlqqAbVEU1RNEjekXv6MN5ct6cT+dr1ppx0plD9Cec7x+GKa05</latexit>

u+ d ! d̄+ 2s̄+ c̄+ 2b̄+ t̄+ ⌫̄e + ⌫̄µ + ⌫̄⌧
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BARYON NUMBER VIOLATION IN THE SM

<latexit sha1_base64="HLIdXettyuhl7e+e3YbekGVVL7s="></latexit>

�

V
⇠

8
<

:

e�8⇡2/g2

, T ⌧ mW

e�Esph/T , T ⇠ mW

T 4, T � mW

<latexit sha1_base64="OuyfSrIY2DATcXhkc1/xKAVSsis=">AAACB3icbVDLSsNAFJ3UV62vqOBGkcEiuLEm4mtZEEEXQgX7gCbEyXTSDJ1JwsxEKKE7N36Fezciirj1F9z5N04fC60euHA4517uvcdPGJXKsr6M3MTk1PRMfrYwN7+wuGQur9RknApMqjhmsWj4SBJGI1JVVDHSSARB3Gek7ndO+379lghJ4+hadRPictSOaEAxUlryzM0zL3MEhzIJe9CRlMODS6++5yCWhMire2bRKlkDwL/EHpFieXfjJvew9lzxzE+nFeOUk0hhhqRs2lai3AwJRTEjvYKTSpIg3EFt0tQ0QpxINxv80YPbWmnBIBa6IgUH6s+JDHEpu9zXnRypUI57ffE/r5mq4MTNaJSkikR4uChIGVQx7IcCW1QQrFhXE4QF1bdCHCKBsNLRFXQI9vjLf0ltv2QflQ6v7GL5AgyRB+tgC+wAGxyDMjgHFVAFGNyBR/ACXo1748l4M96HrTljNLMKfsH4+Aa6XJrb</latexit>

Esph ⇠ 4MW /↵W



Baryogenesis14

C AND CP VIOLATION IN THE SM

weak interactions violate C

CP violation from phase in CKM matrix and QCD  angleθ

<latexit sha1_base64="CpDCtJsIm8QJYQfSy8SFc55mnp8="></latexit>

JCP

T 12
EW

⇠ 10�20 <latexit sha1_base64="8XEUKK8oHm+mzKR12hE9GghC8TU=">AAAB+nicbVDJSgNBEO1xjXGb6FEPjUHwYpgWXA4eAl70FsEskIyhp9OTNOlZ6K5Rwpj/8OJFQRGvfongwV/xZGc5aOKDgsd7VVTV82IpNDjOlzUzOze/sJhZyi6vrK6t27mNio4SxXiZRTJSNY9qLkXIyyBA8lqsOA08yate92zgV2+40iIKr6AXczeg7VD4glEwUtPONaDDgeJTTJzrdJ84/aaddwrOEHiakDHJF62ne7z9+V1q2h+NVsSSgIfAJNW6TpwY3JQqEEzyfraRaB5T1qVtXjc0pAHXbjo8vY93jdLCfqRMhYCH6u+JlAZa9wLPdAYUOnrSG4j/efUE/BM3FWGcAA/ZaJGfSAwRHuSAW0JxBrJnCGVKmFsx61BFGZi0siYEMvnyNKkcFMhR4fCS5IsXaIQM2kI7aA8RdIyK6ByVUBkxdIse0DN6se6sR+vVehu1zljjmU30B9b7D8ZPlh0=</latexit>

✓ < 10�10 EDM of neutronJarlskog invariant

too small!

<latexit sha1_base64="9De0tmzYCJgeEx26kfK5qJNU960="></latexit>

L � ✓ g2
s

32⇡2Fµ⌫ F̃µ⌫
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New physics beyond SM! 

new CP sources 

new dynamics

1. Baryon number violation ✔ 

2. C ✔- and CP-violation ✗ 

3. Out of equilibrium ✗

sphalerons 
B+L broken en B-L conserved

Sakharov 1976

SAKHAROV CONDITIONS IN THE STANDARD MODEL
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PLAN

1. Sakharov conditions 
2. Leptogenesis 
3. Electroweak baryogenesis



Baryogenesis17

1. Baryon number violation: majorana mass for  breaks L 

2. C- and CP-violation: new phase in neutrino yukawa couplings 

3. Out of equilibrium: production/decay of 

Ni

Ni

LEPTOGENESIS



Baryogenesis18

NEUTRINO MASS

<latexit sha1_base64="om3rmesavC1yh0UfkqUIoQEAjOo=">AAACD3icbVC7SgNBFJ2Nrxhfq5Y2g0GxMewGjJaBNNpFMA/IxjA7mSRDZnaXmbtCWNJY2/gnYmOhiI2FrZ2f4R84eRSaeGDgcM653LnHjwTX4DhfVmphcWl5Jb2aWVvf2Nyyt3eqOowVZRUailDVfaKZ4AGrAAfB6pFiRPqC1fx+aeTXbpjSPAyuYBCxpiTdgHc4JWCkln3oRZpjTwOhfcVEUhomHoRDfMy9LpGSXOfxKNGys07OGQPPE3dKssXs9/tt5aFQbtmfXjuksWQBUEG0brhOBM2EKOBUsGHGizWLzE7SZQ1DAyKZbibje4b4wCht3AmVeQHgsfp7IiFS64H0TVIS6OlZbyT+5zVi6Jw1Ex5EMbCAThZ1YoEhxKNycJsrRkEMDCFUcfNXTHtEEQqmwowpwZ09eZ5U8zm3kDu5dLPFCzRBGu2hfXSEXHSKiugclVEFUXSHHtEzerHurSfr1XqbRFPWdGYX/YH18QMHqqBn</latexit>

 
C! �i�2 

<latexit sha1_base64="31srLorvzIsJZaqd0oPvfsL7RJE="></latexit>

⌫R =

✓
0
 R

◆
C! ⌫cR =

✓
(�i�2 ⇤

R)
0

◆

 are left-handed,    are right-handedνL, νc
R νR, νc

L

<latexit sha1_base64="SwIjE5BeaB4Dxxr4vQ2+9PUZJC8=">AAAB8nicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PAi96imAdsljA7mU2GzM4sM71KCPkMLx4U8erXePNvnCR70GhBQ1HVTXdXlApu0PO+nMLS8srqWnG9tLG5tb1T3t1rGpVpyhpUCaXbETFMcMkayFGwdqoZSSLBWtHwauq3Hpg2XMl7HKUsTEhf8phTglYKOne8P0CitXrslite1ZvB/Uv8nFQgR71b/uz0FM0SJpEKYkzgeymGY6KRU8EmpU5mWErokPRZYKkkCTPheHbyxD2ySs+NlbYl0Z2pPyfGJDFmlES2MyE4MIveVPzPCzKML8Mxl2mGTNL5ojgTLip3+r/b45pRFCNLCNXc3urSAdGEok2pZEPwF1/+S5onVf+8enZ7Wqnd5HEU4QAO4Rh8uIAaXEMdGkBBwRO8wKuDzrPz5rzPWwtOPrMPv+B8fAOWdpF+</latexit>)

<latexit sha1_base64="DtZnXmerEDUOvLiNt5rxURstLkw="></latexit>

mD⌫̄L⌫R + h.c. = 1
2

�
⌫cL ⌫R

�✓ 0 mT
D

mD 0

◆✓
⌫L
⌫cR

◆
+ h.c.

<latexit sha1_base64="YlO3bvOcP2AOZP0XSUK5d6EwGkE="></latexit>

1
2mR⌫cR⌫R + h.c. = 1

2

�
⌫cL ⌫R

�✓ 0 0
0 mR

◆✓
⌫L
⌫cR

◆
+ h.c.

dirac mass

majorana mass

<latexit sha1_base64="eB98Q58F0AKMjFPMRkeTgCGXiZA=">AAAB6nicbVDLSgNBEOyJrxhfUY9eBoMgHsKu4ONmwIveopgHJGuYncwmQ2Znl5lZMSz5A0+Cgnj1gwRP/o2TTQ6aWNBQVHXT3eXHgmvjON8ot7C4tLySXy2srW9sbhW3d+o6ShRlNRqJSDV9opngktUMN4I1Y8VI6AvW8AeXY7/xwJTmkbwzw5h5IelJHnBKjJVu7486xZJTdjLgeeJOSeniEzJUO8WvdjeiScikoYJo3XKd2HgpUYZTwUaFdqJZTOiA9FjLUklCpr30MTt1hA+s1MVBpGxJgzP190hKQq2HoW87Q2L6etYbi/95rcQE517KZZwYJulkUZAIbCI8/ht3uWLUiKElhCpuj8W0TxShxqZTsCm4sz/Pk/px2T0tn9y4pcr1JA7Iwx7swyG4cAYVuIIq1IBCAE/wAq9IoGf0ht4nrTk0ndmFP0AfP2BzjrE=</latexit>⇤

<latexit sha1_base64="LTb0WvdvYGLD5+Yv3tZ+PA28/vk="></latexit>

⌫L =

✓
 L

0

◆
C! ⌫cL =

✓
0

(i�2 ⇤
L)

◆
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NEUTRINO MASS

<latexit sha1_base64="n2hxzuG/rzs6TWiWtiu0UVuW5xA="></latexit>

L � �l̄LY⌫H̃ ⌫R � 1
2mR⌫

c
R⌫R + h.c.

<latexit sha1_base64="jRC6PvFtwMee5oS3OOAfer3lfqc="></latexit>

MD = V †MU ) MD = MT
D = UTMTV ⇤ = UTMV ⇤ ) U = V ⇤

<latexit sha1_base64="ZdK9XaOVy0msMJBZl9aqoA7vavg="></latexit>

M =

✓
0 mD

mT
D mR

◆

<latexit sha1_base64="WkuL9xICW75gF5Q77Uy4RrdrWLE="></latexit>

U =

✓
1 ✓

�✓† 1

◆✓
U⌘ 0
0 1

◆

diagonalize mass matrix

<latexit sha1_base64="jRC6PvFtwMee5oS3OOAfer3lfqc="></latexit>

MD = V †MU ) MD = MT
D = UTMTV ⇤ = UTMV ⇤ ) U = V ⇤

<latexit sha1_base64="jt9iHJW5D71ZR4fRJnwu2RxsESE="></latexit>

MD = MT
D = V †MU = UTMV ⇤

take diagonal
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NEUTRINO MASS

<latexit sha1_base64="n2hxzuG/rzs6TWiWtiu0UVuW5xA="></latexit>

L � �l̄LY⌫H̃ ⌫R � 1
2mR⌫

c
R⌫R + h.c.

<latexit sha1_base64="ZdK9XaOVy0msMJBZl9aqoA7vavg="></latexit>

M =

✓
0 mD

mT
D mR

◆

⊗

νL νL

⊗

νR

<latexit sha1_base64="SNKpDilXJqkWQ0c0LMAjbXamKeo=">AAAB8HicbZDLSgMxFIbP1Futt6rgRhfBIrixzAheNkLBje4q2Iu0Q82kmTY0yQxJRihDn8KNC6W4deeruPNtTC8Lbf0h8PH/55BzThBzpo3rfjuZhcWl5ZXsam5tfWNzK7+9U9VRogitkIhHqh5gTTmTtGKY4bQeK4pFwGkt6F2P8toTVZpF8t70Y+oL3JEsZAQbaz2IVpMajK5QK19wi+5YaB68KRRKJwePmeHeZ7mV/2q2I5IIKg3hWOuG58bGT7EyjHA6yDUTTWNMerhDGxYlFlT76XjgATqyThuFkbJPGjR2f3ekWGjdF4GtFNh09Ww2Mv/LGokJL/2UyTgxVJLJR2HCkYnQaHvUZooSw/sWMFHMzopIFytMjL1Rzh7Bm115HqqnRe+8eHbnFUq3MFEW9uEQjsGDCyjBDZShAgQEPMMrvDnKeXGGzvukNONMe3bhj5yPH+A7khI=</latexit>m⌘ =
<latexit sha1_base64="BeP/7lPUEO6ZKjPjfoplA5Nj50s="></latexit>

= �mD
1

mR
mT

D = �✓mR✓T
<latexit sha1_base64="SQuU9rddPjMKifKIZZdqyb8eqrI=">AAAB/HicbVBNS8NAEJ34WetXtUcvi0XQS00EPy5CQQ96q2JVaEPYbLd26W4SdidCCRX/iRcPinj1h3jz37hpPWjrg4HHezPMzAsTKQy67pczNT0zOzdfWCguLi2vrJbW1q9NnGrGGyyWsb4NqeFSRLyBAiW/TTSnKpT8Juyd5P7NPddGxNEV9hPuK3oXiY5gFK0UlMot7HKkx0QFp2Q3U8HlgASlilt1hyCTxPshldrOI+SoB6XPVjtmqeIRMkmNaXpugn5GNQom+aDYSg1PKOvRO960NKKKGz8bHj8gW1Zpk06sbUVIhurviYwqY/oqtJ2KYteMe7n4n9dMsXPkZyJKUuQRGy3qpJJgTPIkSFtozlD2LaFMC3srYV2qKUObV9GG4I2/PEmu96reQXX/wqvUzmGEAmzAJmyDB4dQgzOoQwMY9OEJXuDVeXCenTfnfdQ65fzMlOEPnI9vbkiUxA==</latexit>

✓ = mD/mR

<latexit sha1_base64="geWF8KjjpmbXV33I7wg1b4HujR0="></latexit>

⌘ = ⌘L + ⌘R = ⌫L + ⌫cL � ✓(⌫R + ⌫cR)

light neutrinos

see saw mechanism
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1. Baryon number violation: majorana mass for  breaks L 

2. C- and CP-violation: new phase in neutrino yukawa couplings 

3. Out of equilibrium: production/decay of 

Ni

Ni

SAKHAROV CONDITIONS IN LEPTOGENESIS
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BARYON NUMBER VIOLATION

<latexit sha1_base64="n2hxzuG/rzs6TWiWtiu0UVuW5xA="></latexit>

L � �l̄LY⌫H̃ ⌫R � 1
2mR⌫

c
R⌫R + h.c.

lepton number
<latexit sha1_base64="WCTxUbC3RRmo45sL+s1lX+vsjkc=">AAACBXicbVC7SgNBFL3rM8ZX1FKLwSDYGHYFH50BG+0imAdkY5id3CRDZmeXmVkhLGls/BUbC0Vs/QWx82+cPApNPDBwOOde7pwTxIJr47rfztz8wuLScmYlu7q2vrGZ29qu6ChRDMssEpGqBVSj4BLLhhuBtVghDQOB1aB3OfSr96g0j+St6cfYCGlH8jZn1FipmdsTxDcRSX0VEhzcpUfcx1hzEckBEc1c3i24I5BZ4k1I/uITRig1c19+K2JJiNIwQbWue25sGilVhjOBg6yfaIwp69EO1i2VNETdSEcpBuTAKi3SjpR90pCR+nsjpaHW/TCwkyE1XT3tDcX/vHpi2ueNlMs4MSjZ+FA7EcTmHlZCWlwhM6JvCWWK278S1qWKMmOLy9oSvOnIs6RyXPBOCyc3Xr54PW4DMrAL+3AIHpxBEa6gBGVg8ABP8AKvzqPz7Lw57+PROWeyswN/4Hz8AGHZmVE=</latexit>

l ! e�i✏l

<latexit sha1_base64="US6eQAkdla5f697WNFINPKuqQVk=">AAAB83icdVDJSgNBEK2JW4xb1KOXxiB4CjMTs3gQA3pQ8BDBLJAZQk+nkzTpWejuEcKQ3/DiQRGv/ot482/sSRRU9EHB470qqup5EWdSmea7kVlYXFpeya7m1tY3Nrfy2zstGcaC0CYJeSg6HpaUs4A2FVOcdiJBse9x2vbGZ6nfvqVCsjC4UZOIuj4eBmzACFZacpxzyhVGV+gE2b18wSwe1yp22UZm0TSrdqmSErt6ZJeQpZUUhdNXmKHRy785/ZDEPg0U4VjKrmVGyk2wUIxwOs05saQRJmM8pF1NA+xT6Sazm6foQCt9NAiFrkChmfp9IsG+lBPf050+ViP520vFv7xurAY1N2FBFCsakPmiQcyRClEaAOozQYniE00wEUzfisgIC0yUjimnQ/j6FP1PWnbRqhTL11ahfjlPA7KwB/twCBZUoQ4X0IAmEIjgDh7g0YiNe+PJeJ63ZozPmV34AePlA9K8kbQ=</latexit>

�L = 2

<latexit sha1_base64="GIzAjpnoc/zhZeA1P6ET90yhL1Y=">AAACCXicbVC7SgNBFL0bXzG+opY2g0GwCruCj86AjXYRzAOyMcxObpIhs7PLzKwQlrQ2/oqNhSK2/oDY+TdONhaaeGDgcM693DkniAXXxnW/nNzC4tLySn61sLa+sblV3N6p6yhRDGssEpFqBlSj4BJrhhuBzVghDQOBjWB4MfEbd6g0j+SNGcXYDmlf8h5n1FipUyR+QBURxDcRSX0VEhzfptzHWHMRyTERnWLJLbsZyDzxfkjp/AMyVDvFT78bsSREaZigWrc8NzbtlCrDmcBxwU80xpQNaR9blkoaom6nWZIxObBKl/QiZZ80JFN/b6Q01HoUBnYypGagZ72J+J/XSkzvrJ1yGScGJZse6iWC2NiTWkiXK2RGjCyhTHH7V8IGVFFmbHkFW4I3G3me1I/K3kn5+NorVa6mbUAe9mAfDsGDU6jAJVShBgzu4RGe4cV5cJ6cV+dtOppzfnZ24Q+c929s45r9</latexit>

l̄ ! ei✏l

<latexit sha1_base64="oEd/pN0W8bK1zs+cUTGjoV7ohmc=">AAAB+XicbZDJSgNBEIZr4hbjNip40UNjEOIhYUZwuQhBLwoeIpgFkmHs6fQkTXoWunsCYcibCOJBEW/im3jzbewsB43+0PDxVxVV/XsxZ1JZ1peRmZtfWFzKLudWVtfWN8zNrZqMEkFolUQ8Eg0PS8pZSKuKKU4bsaA48Dite73LUb3ep0KyKLxTg5g6Ae6EzGcEK225plm4KN4cuj46nwBzzbxVssZCf8GeQr5c3LvPPO68V1zzs9WOSBLQUBGOpWzaVqycFAvFCKfDXCuRNMakhzu0qTHEAZVOOr58iA6000Z+JPQLFRq7PydSHEg5CDzdGWDVlbO1kflfrZko/8xJWRgnioZksshPOFIRGsWA2kxQovhAAyaC6VsR6WKBidJh5XQI9uyX/0LtqGSflI5v7Xz5GibKwi7sQwFsOIUyXEEFqkCgDw/wDC9GajwZr8bbpDVjTGe24ZeMj28ipZOs</latexit>

(B � L)f = (B � L)i
<latexit sha1_base64="qZfTfIc9sCsZ8eg3qQSacjuDGfY=">AAAB9XicbVDJSgNBEK2JW4xbVPCih8YgRMQwI7gcg14UPEQwCyRj7On0JE26Z4buHiUM+Q8vIop4FX/Fm39jZzmo8UHB470qqup5EWdK2/aXlZqanpmdS89nFhaXlleyq2sVFcaS0DIJeShrHlaUs4CWNdOc1iJJsfA4rXrds4FfvaNSsTC41r2IugK3A+YzgrWRbvKne5e7TR81FBPIbmZzdsEeAk0SZ0xyxf2t29TTxkepmf1stEISCxpowrFSdceOtJtgqRnhtJ9pxIpGmHRxm9YNDbCgyk2GV/fRjlFayA+lqUCjofpzIsFCqZ7wTKfAuqP+egPxP68ea//ETVgQxZoGZLTIjznSIRpEgFpMUqJ5zxBMJDO3ItLBEhNtgsqYEJy/L0+SykHBOSocXjm54gWMkIZN2IY8OHAMRTiHEpSBgIQHeIYX6956tF6tt1FryhrPrMMvWO/fLvOTSQ==</latexit>

(B + L)f ⇠ 0

<latexit sha1_base64="l5wA7CfWZdCaLj0CLAiM718hMJU=">AAAB+nicdVDLSsNAFJ3UV62vVMGNLgaL4KYhSe3DXdGNgosKthbaEifTSTt08mBmopTaTxHBhSKuBL/EnX/jpFVQ0QMXDufcy733uBGjQprmu5aamZ2bX0gvZpaWV1bX9Ox6Q4Qxx6SOQxbyposEYTQgdUklI82IE+S7jFy4g6PEv7giXNAwOJfDiHR81AuoRzGSSnL07KHjwbagPsybRhGeOtTRc6ZxUCnZRRuahmmW7UIpIXZ53y5ASykJctX89mXqbvOl5uhv7W6IY58EEjMkRMsyI9kZIS4pZmScaceCRAgPUI+0FA2QT0RnNDl9DHeV0oVeyFUFEk7U7xMj5Asx9F3V6SPZF7+9RPzLa8XSq3RGNIhiSQI8XeTFDMoQJjnALuUESzZUBGFO1a0Q9xFHWKq0MiqEr0/h/6RhG1bJKJ5ZueoJmCINtsAO2AMWKIMqOAY1UAcYXINb8AAetRvtXnvSnqetKe1zZgP8gPb6AQe8lNg=</latexit>

Bf ⇠ �0.5Li
<latexit sha1_base64="nPKuzbBYafZMl4eItUivIeqS6C4=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSSCHzcLXvRWxX5AGspmu2mXbrJhd6KU0J/hxYMiXv0x4s1/4zbtQVsfDDzem2FmXpAIrtFxvq3C0vLK6lpxvbSxubW9U97da2qZKsoaVAqp2gHRTPCYNZCjYO1EMRIFgrWC4dXEbz0wpbmM73GUMD8i/ZiHnBI0kte54/0BEqXkY7dccapODnuRuDNSufyEHPVu+avTkzSNWIxUEK0910nQz4hCTgUblzqpZgmhQ9JnnqExiZj2s/zksX1klJ4dSmUqRjtXf09kJNJ6FAWmMyI40PPeRPzP81IML/yMx0mKLKbTRWEqbJT25H+7xxWjKEaGEKq4udWmA6IIRZNSyYTgzr+8SJonVfesenrrVmo30zSgCAdwCMfgwjnU4Brq0AAKEp7gBV4ttJ6tN+t92lqwZjP78AfWxw8FOJKK</latexit>)

sphalerons
<latexit sha1_base64="BgVpll9x+TSRh8ipi8ttnFo9Pv8=">AAAB7XicbZDLSgMxFIbP1EtrvVVdihIsghvLjOBlIxTcqLio4LSFdiiZNNOGZjJDklHL0GdwJSiIWx/Ilc/gQ2h6WWj1h8DH/59Dzjl+zJnStv1hZWZm5+azuYX84tLyymphbb2qokQS6pKIR7LuY0U5E9TVTHNajyXFoc9pze+dDfPaLZWKReJG92PqhbgjWMAI1sZyT/evWqxVKNoleyT0F5wJFMvbX5/Zy7utSqvw3mxHJAmp0IRjpRqOHWsvxVIzwukg30wUjTHp4Q5tGBQ4pMpL70fTDtCusdooiKR5QqOR+7MlxaFS/dA3lSHWXTWdDc3/skaigxMvZSJONBVk/FGQcKQjNFwdtZmkRPO+AUwkM8Mi0sUSE20OlDdXcKZ3/gvVg5JzVDq8dorlCxgrB5uwA3vgwDGU4Rwq4AIBBg/wBM9WZD1aL9bruDRjTXo24Jest28hEZHj</latexit>

= �Li
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CP VIOLATION

<latexit sha1_base64="n2hxzuG/rzs6TWiWtiu0UVuW5xA="></latexit>

L � �l̄LY⌫H̃ ⌫R � 1
2mR⌫

c
R⌫R + h.c.

phases

<latexit sha1_base64="pg7RjNjKiHBuTzG8dWCreQK7Wg0=">AAAB+HicbVDLSsNAFJ3UV62PRl26GQyCCylJxeqy4EYXhQqmLbQhTKaTduhkEmYmQg3d+BtuXCjiTvwHf8Cdn+EfOH0stPXAhcM593LvPUHCqFS2/WXklpZXVtfy64WNza3tormz25BxKjBxccxi0QqQJIxy4iqqGGklgqAoYKQZDC7GfvOWCEljfqOGCfEi1OM0pBgpLflmseY7sMMYrPnl45p/4puWXbIngIvEmRGran1/3Ltvlbpvfna6MU4jwhVmSMq2YyfKy5BQFDMyKnRSSRKEB6hH2ppyFBHpZZPDR/BQK10YxkIXV3Ci/p7IUCTlMAp0Z4RUX857Y/E/r52q8NzLKE9SRTieLgpTBlUMxynALhUEKzbUBGFB9a0Q95FAWOmsCjoEZ/7lRdIol5xK6fTasapXYIo82AcH4Ag44AxUwSWoAxdgkIIH8ASejTvj0XgxXqetOWM2swf+wHj/AWHxlV8=</latexit>

M1 ⌧ M2,M3vanilla scenario

<latexit sha1_base64="hTa3R2RmMyv6cpLsL3muBxZWEro="></latexit>

✏1 = �(N1!lH)��(N1!l̄H
⇤)

�(N1!lH)+�(N1!l̄H⇤)

<latexit sha1_base64="21VqT3JeIDe+gFEq4eLVFEU/S70=">AAACK3icbZBJSwMxFMczdWmt26hHUYJFEAplIrhchKoXFYQKdoF2GDJp2oZmFpKMUoZ+Hy9+FQ96cMGrJz+Epotb64PAj9//heQ9N+RMKst6NhITk1PTydRMenZufmHRXFouySAShBZJwANRcbGknPm0qJjitBIKij2X07LbPu7l5SsqJAv8S9UJqe3hps8ajGCllWMexTWCOTzvwgP4hY6V/UakPXGsYXaoM5jVAv0I5JgZK2f1C44DGkImv/7xnjy7Xis45n2tHpDIo74iHEtZRVao7BgLxQin3XQtkjTEpI2btKrRxx6VdtyftQs3tanDRiD08RXs2983YuxJ2fFc3elh1ZKjWU/+l1Uj1di3Y+aHkaI+GTzUiDhUAewtDtaZoETxjgZMBNN/haSFBSZKrzetl4BGRx6H0nYO7eZ2LlAmfwoGlQKrYANsAQT2QB6cgAIoAgJuwB14BE/GrfFgvBivg9aEMbyzAv6U8fYJQhOnCg==</latexit>

M = M0 +M1 = c0A0 + c1A1

<latexit sha1_base64="JiT9xoHS8FfqobGYZhfgvy2HCYs="></latexit>

✏1 / Im(c0c⇤1)Im(A0A⇤
1)

<latexit sha1_base64="nPKuzbBYafZMl4eItUivIeqS6C4=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSSCHzcLXvRWxX5AGspmu2mXbrJhd6KU0J/hxYMiXv0x4s1/4zbtQVsfDDzem2FmXpAIrtFxvq3C0vLK6lpxvbSxubW9U97da2qZKsoaVAqp2gHRTPCYNZCjYO1EMRIFgrWC4dXEbz0wpbmM73GUMD8i/ZiHnBI0kte54/0BEqXkY7dccapODnuRuDNSufyEHPVu+avTkzSNWIxUEK0910nQz4hCTgUblzqpZgmhQ9JnnqExiZj2s/zksX1klJ4dSmUqRjtXf09kJNJ6FAWmMyI40PPeRPzP81IML/yMx0mKLKbTRWEqbJT25H+7xxWjKEaGEKq4udWmA6IIRZNSyYTgzr+8SJonVfesenrrVmo30zSgCAdwCMfgwjnU4Brq0AAKEp7gBV4ttJ6tN+t92lqwZjP78AfWxw8FOJKK</latexit>)

Fukugita and Yanagida 1986

<latexit sha1_base64="eAgrn0k8K2rto+aYtaD1dCY8Mik="></latexit>

1
p2�m2+i✏ ! i⇡�(p2 �m2)
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CP VIOLATION

<latexit sha1_base64="n2hxzuG/rzs6TWiWtiu0UVuW5xA="></latexit>

L � �l̄LY⌫H̃ ⌫R � 1
2mR⌫

c
R⌫R + h.c.

phases

<latexit sha1_base64="pg7RjNjKiHBuTzG8dWCreQK7Wg0=">AAAB+HicbVDLSsNAFJ3UV62PRl26GQyCCylJxeqy4EYXhQqmLbQhTKaTduhkEmYmQg3d+BtuXCjiTvwHf8Cdn+EfOH0stPXAhcM593LvPUHCqFS2/WXklpZXVtfy64WNza3tormz25BxKjBxccxi0QqQJIxy4iqqGGklgqAoYKQZDC7GfvOWCEljfqOGCfEi1OM0pBgpLflmseY7sMMYrPnl45p/4puWXbIngIvEmRGran1/3Ltvlbpvfna6MU4jwhVmSMq2YyfKy5BQFDMyKnRSSRKEB6hH2ppyFBHpZZPDR/BQK10YxkIXV3Ci/p7IUCTlMAp0Z4RUX857Y/E/r52q8NzLKE9SRTieLgpTBlUMxynALhUEKzbUBGFB9a0Q95FAWOmsCjoEZ/7lRdIol5xK6fTasapXYIo82AcH4Ag44AxUwSWoAxdgkIIH8ASejTvj0XgxXqetOWM2swf+wHj/AWHxlV8=</latexit>

M1 ⌧ M2,M3vanilla scenario

<latexit sha1_base64="hTa3R2RmMyv6cpLsL3muBxZWEro="></latexit>

✏1 = �(N1!lH)��(N1!l̄H
⇤)

�(N1!lH)+�(N1!l̄H⇤)

<latexit sha1_base64="7JQbuKUH703ELz1nbEWQR5v+D3g=">AAACCXicbVDLSsNAFJ34rPUVdelmtAiuQlJ8LQtudCFUsA9oYphMJ+3QmSTMTAolZOvGX3HjQhG3/oE7f8Sd6PSx0NYDFw7n3Mu99wQJo1LZ9ocxN7+wuLRcWCmurq1vbJpb23UZpwKTGo5ZLJoBkoTRiNQUVYw0E0EQDxhpBL3zod/oEyFpHN2oQUI8jjoRDSlGSku+CV1JOXRDgXB25TuQ+y5RKM+O3ITC/m05982SbdkjwFniTEip4uSfX3vfVtU33912jFNOIoUZkrLl2InyMiQUxYzkRTeVJEG4hzqkpWmEOJFeNvokhwdaacMwFroiBUfq74kMcSkHPNCdHKmunPaG4n9eK1XhmZfRKEkVifB4UZgyqGI4jAW2qSBYsYEmCAuqb4W4i3QqSodX1CE40y/PknrZck6s42unVLkEYxTALtgHh8ABp6ACLkAV1AAGd+ABPIFn4954NF6M13HrnDGZ2QF/YLz9ABcincM=</latexit>

⇠ M1m⌘

4⇡v2

scales with M1
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OUT OF EQUILIBRIUM DECAY
<latexit sha1_base64="pg7RjNjKiHBuTzG8dWCreQK7Wg0=">AAAB+HicbVDLSsNAFJ3UV62PRl26GQyCCylJxeqy4EYXhQqmLbQhTKaTduhkEmYmQg3d+BtuXCjiTvwHf8Cdn+EfOH0stPXAhcM593LvPUHCqFS2/WXklpZXVtfy64WNza3tormz25BxKjBxccxi0QqQJIxy4iqqGGklgqAoYKQZDC7GfvOWCEljfqOGCfEi1OM0pBgpLflmseY7sMMYrPnl45p/4puWXbIngIvEmRGran1/3Ltvlbpvfna6MU4jwhVmSMq2YyfKy5BQFDMyKnRSSRKEB6hH2ppyFBHpZZPDR/BQK10YxkIXV3Ci/p7IUCTlMAp0Z4RUX857Y/E/r52q8NzLKE9SRTieLgpTBlUMxynALhUEKzbUBGFB9a0Q95FAWOmsCjoEZ/7lRdIol5xK6fTasapXYIo82AcH4Ag44AxUwSWoAxdgkIIH8ASejTvj0XgxXqetOWM2swf+wHj/AWHxlV8=</latexit>

M1 ⌧ M2,M3vanilla scenario

from Juraj Klaric
<latexit sha1_base64="BRd491D1yg+hy/ey/fLVNusqypM=">AAAB/HicdVBNSwMxEM3Wr1q/qoIXPQSL4MUl27q1vRW86E3BqtCtNZumNZhk1yQrlKX+lV48KOLBiz/Em//GtFVQ0QcDj/dmmJkXxpxpg9C7k5mYnJqeyc7m5uYXFpfyyyunOkoUoXUS8Uidh1hTziStG2Y4PY8VxSLk9Cy83h/6Z7dUaRbJE9OLaVPgrmQdRrCxUiu/KltpoASkN30YaCbgyUWplS8gt1pFu14VItdHqFgpW4JKxYrvQ89FIxRqOxuXmcHay1Er/xa0I5IIKg3hWOuGh2LTTLEyjHDazwWJpjEm17hLG5ZKLKhupqPj+3DLKm3YiZQtaeBI/T6RYqF1T4S2U2BzpX97Q/Evr5GYTqWZMhknhkoyXtRJODQRHCYB20xRYnjPEkwUs7dCcoUVJsbmlbMhfH0K/yenRdcru/6xV6gdgjGyYB1sgm3ggT1QAwfgCNQBAT0wAA/g0blz7p0n53ncmnE+Z1bBDzivH01lltQ=</latexit>

neq ⇠ T 3

<latexit sha1_base64="ork9T7tDNO+NsGwmOo6K/aNvILw="></latexit>

neq ⇠ e�M1/T

<latexit sha1_base64="AcbR4pAT8bwxbdButaMoJRRdIEw="></latexit>

K = �1
H

��
T=M1

& 1assumed
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SIMPLE ESTIMATE
<latexit sha1_base64="pg7RjNjKiHBuTzG8dWCreQK7Wg0=">AAAB+HicbVDLSsNAFJ3UV62PRl26GQyCCylJxeqy4EYXhQqmLbQhTKaTduhkEmYmQg3d+BtuXCjiTvwHf8Cdn+EfOH0stPXAhcM593LvPUHCqFS2/WXklpZXVtfy64WNza3tormz25BxKjBxccxi0QqQJIxy4iqqGGklgqAoYKQZDC7GfvOWCEljfqOGCfEi1OM0pBgpLflmseY7sMMYrPnl45p/4puWXbIngIvEmRGran1/3Ltvlbpvfna6MU4jwhVmSMq2YyfKy5BQFDMyKnRSSRKEB6hH2ppyFBHpZZPDR/BQK10YxkIXV3Ci/p7IUCTlMAp0Z4RUX857Y/E/r52q8NzLKE9SRTieLgpTBlUMxynALhUEKzbUBGFB9a0Q95FAWOmsCjoEZ/7lRdIol5xK6fTasapXYIo82AcH4Ag44AxUwSWoAxdgkIIH8ASejTvj0XgxXqetOWM2swf+wHj/AWHxlV8=</latexit>

M1 ⌧ M2,M3vanilla scenario

total lepton number from decays

washout

<latexit sha1_base64="aDgKy/00kD4qcUg7wVCQQvmtjxA="></latexit>

Yb =
nb
s = ⌘

✏1 neq
N1

s K
?⇠ 10�10

neq
N1

/s ∼ 10−3

sphalerons Bf = ηLi

<latexit sha1_base64="gL+BTLSEmZc2Re/1dUPnKxxnunY=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBi2VX8ONmwYveKrhtoV1LNs22odlkSbJiWfobPAkK4tW/I3jy35huPWjrg4HHezPMzAsTzrRx3S+nsLC4tLxSXC2trW9sbpW3dxpapopQn0guVSvEmnImqG+Y4bSVKIrjkNNmOLyc+M17qjST4taMEhrEuC9YxAg2VvLvsiNv3C1X3KqbA80T74dULj4gR71b/uz0JEljKgzhWOu25yYmyLAyjHA6LnVSTRNMhrhP25YKHFMdZA/5tWN0YKUeiqSyJQzK1d8jGY61HsWh7YyxGehZbyL+57VTE50HGRNJaqgg00VRypGRaPI66jFFieEjSzBRzB6LyAArTIwNqGRT8GZ/nieN46p3Wj258Sq162kcUIQ92IdD8OAManAFdfCBAINHeIYXRzpPzqvzNm0tOD8zu/AHzvs3mj6P+w==</latexit>�1
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SIMPLE ESTIMATE
<latexit sha1_base64="pg7RjNjKiHBuTzG8dWCreQK7Wg0=">AAAB+HicbVDLSsNAFJ3UV62PRl26GQyCCylJxeqy4EYXhQqmLbQhTKaTduhkEmYmQg3d+BtuXCjiTvwHf8Cdn+EfOH0stPXAhcM593LvPUHCqFS2/WXklpZXVtfy64WNza3tormz25BxKjBxccxi0QqQJIxy4iqqGGklgqAoYKQZDC7GfvOWCEljfqOGCfEi1OM0pBgpLflmseY7sMMYrPnl45p/4puWXbIngIvEmRGran1/3Ltvlbpvfna6MU4jwhVmSMq2YyfKy5BQFDMyKnRSSRKEB6hH2ppyFBHpZZPDR/BQK10YxkIXV3Ci/p7IUCTlMAp0Z4RUX857Y/E/r52q8NzLKE9SRTieLgpTBlUMxynALhUEKzbUBGFB9a0Q95FAWOmsCjoEZ/7lRdIol5xK6fTasapXYIo82AcH4Ag44AxUwSWoAxdgkIIH8ASejTvj0XgxXqetOWM2swf+wHj/AWHxlV8=</latexit>

M1 ⌧ M2,M3vanilla scenario

<latexit sha1_base64="aDgKy/00kD4qcUg7wVCQQvmtjxA="></latexit>

Yb =
nb
s = ⌘

✏1 neq
N1

s K
?⇠ 10�10

<latexit sha1_base64="p/BKyDRSicfpJyya6s00J+5BK+o="></latexit>

M1 & 109 GeV

<latexit sha1_base64="gL+BTLSEmZc2Re/1dUPnKxxnunY=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBi2VX8ONmwYveKrhtoV1LNs22odlkSbJiWfobPAkK4tW/I3jy35huPWjrg4HHezPMzAsTzrRx3S+nsLC4tLxSXC2trW9sbpW3dxpapopQn0guVSvEmnImqG+Y4bSVKIrjkNNmOLyc+M17qjST4taMEhrEuC9YxAg2VvLvsiNv3C1X3KqbA80T74dULj4gR71b/uz0JEljKgzhWOu25yYmyLAyjHA6LnVSTRNMhrhP25YKHFMdZA/5tWN0YKUeiqSyJQzK1d8jGY61HsWh7YyxGehZbyL+57VTE50HGRNJaqgg00VRypGRaPI66jFFieEjSzBRzB6LyAArTIwNqGRT8GZ/nieN46p3Wj258Sq162kcUIQ92IdD8OAManAFdfCBAINHeIYXRzpPzqvzNm0tOD8zu/AHzvs3mj6P+w==</latexit>�1
<latexit sha1_base64="aDgKy/00kD4qcUg7wVCQQvmtjxA="></latexit>

Yb =
nb
s = ⌘

✏1 neq
N1

s K
?⇠ 10�10
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TESTABILITY
<latexit sha1_base64="pg7RjNjKiHBuTzG8dWCreQK7Wg0=">AAAB+HicbVDLSsNAFJ3UV62PRl26GQyCCylJxeqy4EYXhQqmLbQhTKaTduhkEmYmQg3d+BtuXCjiTvwHf8Cdn+EfOH0stPXAhcM593LvPUHCqFS2/WXklpZXVtfy64WNza3tormz25BxKjBxccxi0QqQJIxy4iqqGGklgqAoYKQZDC7GfvOWCEljfqOGCfEi1OM0pBgpLflmseY7sMMYrPnl45p/4puWXbIngIvEmRGran1/3Ltvlbpvfna6MU4jwhVmSMq2YyfKy5BQFDMyKnRSSRKEB6hH2ppyFBHpZZPDR/BQK10YxkIXV3Ci/p7IUCTlMAp0Z4RUX857Y/E/r52q8NzLKE9SRTieLgpTBlUMxynALhUEKzbUBGFB9a0Q95FAWOmsCjoEZ/7lRdIol5xK6fTasapXYIo82AcH4Ag44AxUwSWoAxdgkIIH8ASejTvj0XgxXqetOWM2swf+wHj/AWHxlV8=</latexit>

M1 ⌧ M2,M3vanilla scenario

- 6 (2) phases at high energy, 3 (2) phases at low energies for  = 3 (2) nRHN

- heavy RHN 
<latexit sha1_base64="t0/eOO50kurb4YPkGggYM/gPnqg=">AAACBXicbVDLSgMxFM3UR2t9jbosSrAILqTMCL52BRc+QKhgH9AZh0yatqHJzJBk1DJ04cpPcSUoiFs/wpXf4Edo+lho64HA4ZxzubnHjxiVyrI+jdTU9MxsOjOXnV9YXFo2V1YrMowFJmUcslDUfCQJowEpK6oYqUWCIO4zUvU7x32/ekOEpGFwpboRcTlqBbRJMVJa8szchWdDp6V0gkPbuj5ydhJHcHhCKj3PzFsFawA4SewRyRc3vr/S57frJc/8cBohjjkJFGZIyrptRcpNkFAUM9LLOrEkEcId1CJ1TQPEiXSTu8EVPbilpQZshkK/QMGB+nskQVzKLvd1kiPVluNeX/zPq8eqeegmNIhiRQI8XNSMGVQh7FcCG1QQrFhXE4QF1Z+FuI0EwkoXl9Ut2OM3T5LKbsHeL+xd2vniGRgiA3JgE2wDGxyAIjgFJVAGGNyDR/AMXowH48l4Nd6G0ZQxmlkDf2C8/wB13ppW</latexit>

M1 & 109 GeV

- small mixing angle <latexit sha1_base64="4d/QyXG7kMwSLWefN2tT7Fj7WbU=">AAACAnicbVDLSgMxFM3UV62vqpuKCMEiuCozglUXQkEXuqtiH9AZSibNtKGZB8kdsQx1pX/iSlAQt36Frvwb08dCWw/cy+Gce0nucSPBFZjmt5GamZ2bX0gvZpaWV1bXsusbVRXGkrIKDUUo6y5RTPCAVYCDYPVIMuK7gtXc7tnAr90yqXgY3EAvYo5P2gH3OCWgpWY2Z0OHAcGn2PYkoYnfPO/rdt1vZvNmwRwCTxNrTPKl4mNu6/Nkp9zMftmtkMY+C4AKolTDMiNwEiKBU8H6GTtWLCK0S9qsoWlAfKac5G54Qh/vaamFvVDqCgAP1d8rCfGV6vmunvQJdNSkNxD/8xoxeMdOwoMoBhbQ0UNeLDCEeJAHbnHJKIieJoRKrj+LaYfoKECnltEpWJM3T5PqQcEqFg6vrHzpEo2QRttoF+0jCx2hErpAZVRBFN2jJ/SCXo0H49l4M95HoyljvLOJ/sD4+AEFjZmA</latexit>

✓ = mD
mR
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LOW SCALE LEPTOGENESIS

- flavor oscillations
<latexit sha1_base64="fRDUzKRauaabP5Q0TMukMEYzxD4=">AAACBHicbVDLSgMxFM3UR2t9jbpTlGARXJUZweqy4MIHCBXsAzrjkEkzbWgyMyQZtQwFV36KK0FB3PoTrvwGP0LTx0KrBwKHc87l5h4/ZlQqy/owMlPTM7PZ3Fx+fmFxadlcWa3JKBGYVHHEItHwkSSMhqSqqGKkEQuCuM9I3e8eDfz6NRGSRuGl6sXE5agd0oBipLTkmevnng2dttIJDm3rqgRTR3B4TGp9zyxYRWsI+JfYY1Iob319Zs9uNiue+e60IpxwEirMkJRN24qVmyKhKGakn3cSSWKEu6hNmpqGiBPpprfDI/pwR0stGERCv1DBofpzJEVcyh73dZIj1ZGT3kD8z2smKjh0UxrGiSIhHi0KEgZVBAeNwBYVBCvW0wRhQfVnIe4ggbDSveV1C/bkzX9Jba9ol4r7F3ahfApGyIENsA12gQ0OQBmcgAqoAgzuwAN4As/GvfFovBivo2jGGM+sgV8w3r4BpNmZ4Q==</latexit>

M1 & 106GeV

- resonant leptogenesis

lower RHN mass
<latexit sha1_base64="PHz/RY4c4/m0fjmf0toQkPtqKS4=">AAACBHicbVDLSgMxFM3UR2t9jbpTlGARXJWZgo9lwYUPECrYB3TGIZNm2tBkZkgyahkKrvwUV4KCuPUnXPkNfoSmj4VWDwQO55zLzT1+zKhUlvVhZKamZ2azubn8/MLi0rK5slqTUSIwqeKIRaLhI0kYDUlVUcVIIxYEcZ+Rut89Gvj1ayIkjcJL1YuJy1E7pAHFSGnJM9fPPRs6baUTHNrWVQmmjuDwmNT6nlmwitYQ8C+xx6RQ3vr6zJ7dbFY8891pRTjhJFSYISmbthUrN0VCUcxIP+8kksQId1GbNDUNESfSTW+HR/ThjpZaMIiEfqGCQ/XnSIq4lD3u6yRHqiMnvYH4n9dMVHDopjSME0VCPFoUJAyqCA4agS0qCFaspwnCgurPQtxBAmGle8vrFuzJm/+SWqlo7xf3LuxC+RSMkAMbYBvsAhscgDI4ARVQBRjcgQfwBJ6Ne+PReDFeR9GMMZ5ZA79gvH0Dnp2Z3Q==</latexit>

M1 & 102GeV

- ARS leptogenesis
<latexit sha1_base64="011pCwk+ztECiXqISaHTWOXPGfQ=">AAACCnicbZDLSgMxFIYz9dJab1WXogSL4KZlUvCyLLjwAkIFe4HOWDJp2oYmM0OSUcvQrSsfxZWgIG59A1c+gw+h6WWhrT8EPv5zDifn90LOlLbtTysxMzs3n0wtpBeXlldWM2vrFRVEktAyCXggax5WlDOfljXTnNZCSbHwOK163eNBvXpDpWKBf6V7IXUFbvusxQjWxmpk4EUDQUcxAZF9HedQH+YMFGDsSAFPaKXfyGTtvD0UnAY0hmxx+/sreX67VWpkPpxmQCJBfU04VqqO7FC7MZaaEU77aSdSNMSki9u0btDHgio3vhue0oe7xmrCViDN8zUcur9HYiyU6gnPdAqsO2qyNjD/q9Uj3TpyY+aHkaY+GS1qRRzqAA5ygU0mKdG8ZwATycxnIelgiYk26aVNCmjy5mmoFPLoIL9/ibLFMzBSCmyCHbAHEDgERXAKSqAMCLgHj+AZvFgP1pP1ar2NWhPWeGYD/JH1/gNKYJsu</latexit>

M1 ⇠ 10�1 � 102GeV

larger θ -approximate lepton number symmetry
<latexit sha1_base64="7IBgzrJlJXWg/V8G/mMeeMCFCBU=">AAACBnicbZC7SgNBFIZnvcZ4W7XUYjAINgm7gpdGCJhCu0Ryg2SzzE5mkyEzu8vMrBiWNFY+ipWoILa+g5WNjS/i5FJo4g8DH/85hzPn9yJGpbKsT2NufmFxaTm1kl5dW9/YNLe2qzKMBSYVHLJQ1D0kCaMBqSiqGKlHgiDuMVLzehfDeu2GCEnDoKz6EXE46gTUpxgpbbnmHnebRCF4DrPcLUDuXreSrD3QUGiVXTNj5ayR4CzYE8jks99+iT99FV3zo9kOccxJoDBDUjZsK1JOgoSimJFBuhlLEiHcQx3S0BggTqST3I7OGMADbbWhHwr9AgVH7u+RBHEp+9zTnRyprpyuDc3/ao1Y+WdOQoMoViTA40V+zKAK4TAT2KaCYMX6GhAWVH8W4i4SCCudXFqnYE/fPAvVo5x9kjsu2Zn8FRgrBXbBPjgENjgFeXAJiqACMLgDD+AZvBj3xqPxaryNW+eMycwO+CPj/QfR0ptB</latexit>

m⌘ = �mDm�1
R mT

D

relate phases -zeros in the yukawa matrix

<latexit sha1_base64="xGYZUFxb+vSCm4JdTPD/Ft1d3ow="></latexit>

M1 ⇠ M2,M3
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ARS LEPTOGENESIS
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ARS LEPTOGENESIS

<latexit sha1_base64="A+ZkW6CAU3lfe3sz4N7oje8phSE=">AAACEXicbZDLSgMxFIYzXmu9VV26CRYvqzJTvC1Eii7ssoK9QKeUM2mmDU1mxiQjltJHcOWjuBIUxK1LV76NaTuCth4IfPz/OZyc34s4U9q2v6yZ2bn5hcXUUnp5ZXVtPbOxWVFhLAktk5CHsuaBopwFtKyZ5rQWSQrC47TqdS+HfvWOSsXC4Eb3ItoQ0A6YzwhoIzUz++4VCAFNB5/jInZvY2hhd+8Hxl7+DBebmayds0eFp8FJIIuSKjUzn24rJLGggSYclKo7dqQbfZCaEU4HaTdWNALShTatGwxAUNXo348uGuBdI7WwH0rzAo1H6u+RPgilesIznQJ0R016Q/E/rx5r/7TRZ0EUaxqQ8SI/5liHeBgPbjFJieY9A0AkM5/FpAMSiDYhpk0KzuTN01DJ55zj3NH1YbZwkeSRQttoBx0gB52gAiqiEiojgh7QE3pBr9aj9Wy9We/j1hkrmdlCf8r6+AZAYJrS</latexit>

�1 > H & �2 < H at <latexit sha1_base64="qYxbPbgHRIhNOCxGIYxBcl+5Zok=">AAAB8nicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgyIoLcI2TAZQk+nJ2nS0zN014hhyF94EhTEq3/jyb+xsxw0+qDg8V4VVfWCRAqDrvvl5JaWV1bX8uuFjc2t7Z3i7l7DxKlmvM5iGetWQA2XQvE6CpS8lWhOo0DyZjC8mvjNB66NiFUNRwn3I9pXIhSMopXua92soyNy3Rx3iyW37E5B/hJvTkowR7Vb/Oz0YpZGXCGT1Ji25yboZ1SjYJKPC53U8ISyIe3ztqWKRtz42eP05DE5slKPhLG2pZBM1Z8jGY2MGUWB7YwoDsyiNxH/89ophpd+JlSSIldstihMJcGYTP4nPaE5QzmyhDIt7LGEDaimDG1KBZuCt/jzX9I4KXvn5bO701Lldp5HHg7gEI7BgwuowA1UoQ4MFDzBC7w66Dw7b877rDXnzGf24Recj2/fMJEP</latexit>

TEW

bath N1

N1

N2

bath
<latexit sha1_base64="j0QOSy1CptcJxPQUaBXEmnF9k7Y=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9kVvy5CwYuChwpuW2iXkk2zbWg2WZKsWJb+Bk+Cgnj1B3ny35i2e9DWBwOP92aYmRcmnGnjut9OYWl5ZXWtuF7a2Nza3inv7jW0TBWhPpFcqlaINeVMUN8ww2krURTHIafNcHg98ZuPVGkmxYMZJTSIcV+wiBFsrOTfddmV2y1X3Ko7BVokXk4qkKPeLX91epKkMRWGcKx123MTE2RYGUY4HZc6qaYJJkPcp21LBY6pDrKn6bVjdGSlHoqksiUMmqq/RzIcaz2KQ9sZYzPQ895E/M9rpya6DDImktRQQWaLopQjI9HkddRjihLDR5Zgopg9FpEBVpgYG1DJpuDN/7xIGidV77x6dn9aqd3meRThAA7hGDy4gBrcQB18IMDgGV7hzZHOi/PufMxaC04+sw9/4Hz+ANzWjrw=</latexit>

Li = 0

CP
<latexit sha1_base64="4pLPRIf9NgzG8wOkMJVEKoQdy2M=">AAAB8nicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx4UfAQwSyYDKGn05M06ekZu2vEMOQvPAkK4tW/8eTf2FkOGn1Q8Hiviqp6QSKFQdf9cnILi0vLK/nVwtr6xuZWcXunbuJUM15jsYx1M6CGS6F4DQVK3kw0p1EgeSMYXIz9xgPXRsTqFocJ9yPaUyIUjKKV7q47Hmkrfk/cTrHklt0JyF/izUgJZqh2ip/tbszSiCtkkhrT8twE/YxqFEzyUaGdGp5QNqA93rJU0YgbP3ucnDwiB1bqkjDWthSSifpzJKORMcMosJ0Rxb6Z98bif14rxfDcz4RKUuSKTReFqSQYk/H/pCs0ZyiHllCmhT2WsD7VlKFNqWBT8OZ//kvqR2XvtHxyc1yqXM3yyMMe7MMheHAGFbiEKtSAgYIneIFXB51n5815n7bmnNnMLvyC8/ENx2OQWQ==</latexit>

L1 6= 0

<latexit sha1_base64="uYWlQcNDss1NQlFw4eKBwAb04SE=">AAAB8nicbVDJSgNBEK2JW4xb1KOXxiB4CjPB7RjwouAhglkwGUJPpyZp0tMzdveIIeQvPAkK4tW/8eTf2FkOmvig4PFeFVX1gkRwbVz328ksLa+srmXXcxubW9s7+d29mo5TxbDKYhGrRkA1Ci6xargR2EgU0igQWA/6l2O//ohK81jemUGCfkS7koecUWOl+5t2ibQkPhC3nS+4RXcCski8GSnADJV2/qvViVkaoTRMUK2bnpsYf0iV4UzgKNdKNSaU9WkXm5ZKGqH2h0+Tk0fkyEodEsbKljRkov4eGdJI60EU2M6Imp6e98bif14zNeGFP+QySQ1KNl0UpoKYmIz/Jx2ukBkxsIQyxe2xhPWooszYlHI2BW/+50VSKxW9s+Lp7UmhfD3LIwsHcAjH4ME5lOEKKlAFBhKe4RXeHOO8OO/Ox7Q148xm9uEPnM8fyO+QWg==</latexit>

L2 6= 0

oscillations

sphalerons

<latexit sha1_base64="MPGpPtTt3G+LzaPxLzvM8B7CuL0=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi94imAckS5iddJIhs7PrzKwYlvyEJ0FBvPo7nvwbJ8keNLGgoajqprsriAXXxnW/ndzS8srqWn69sLG5tb1T3N2r6yhRDGssEpFqBlSj4BJrhhuBzVghDQOBjWB4PfEbj6g0j+S9GcXoh7QveY8zaqzUvCJtiQ/E7RRLbtmdgiwSLyMlyFDtFL/a3YglIUrDBNW65bmx8VOqDGcCx4V2ojGmbEj72LJU0hC1nz5NDx6TIyt1SS9StqQhU/X3SEpDrUdhYDtDagZ63puI/3mtxPQu/ZTLODEo2WxRLxHERGTyPelyhcyIkSWUKW6PJWxAFWXGZlSwKXjzPy+S+knZOy+f3Z2WKrdZHnk4gEM4Bg8uoAI3UIUaMBDwDK/w5ijnxXl3PmatOSeb2Yc/cD5/AI49j6s=</latexit>

B 6= 0
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APPROXIMATE LEPTON SYMMETRY

<latexit sha1_base64="TRasMPSKAZD3njoQMHv04lDSUNM="></latexit>

Y =

0

@
ye 0
yµ 0
y⌧ 0

1

A
<latexit sha1_base64="XYv5lxVSAe26Ud5v/iaBV/hRy+A="></latexit>

mR =

✓
0 M
M 0

◆
RHNs combine in Dirac neutrino

- lepton number conserved 
- degenerate RHN mass 
- vanishing light neutrino mass 
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APPROXIMATE LEPTON SYMMETRY

RHNs combine in Dirac neutrino

- almost lepton number conserved 
- almost degenerate RHN mass 
- almost vanishing light neutrino 

small symmetry breaking

<latexit sha1_base64="HU0nmU0EH8lOWPf50gAEs+omTYE="></latexit>

mR =

✓
µ M
M µ

◆<latexit sha1_base64="sRLNmpS6mQuFVJ40mLHYZUYHwzk="></latexit>

Y =

0

@
ye y0e
yµ y0µ
y⌧ y0⌧

1

A
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PLAN

1. Sakharov conditions 
2. Leptogenesis 
3. Electroweak baryogenesis
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1. Baryon number violation: sphalerons 

2. C- and CP-violation: new CP violation at EW scale 

3. Out of equilibrium: 1st order EW phase transition

ELECTROWEAK BARYOGENESIS
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EW PHASE TRANSITION

<latexit sha1_base64="pyiNaRSpo+WoF6uiTZwCUhLGwx4=">AAAB7XicdVDLSsNAFJ3UV62vqks3g0VwFZL06UIouNFdhaYttKFMppN26CQTZiZiCf0GV4KCuPWDXPk3TtoKKnrgwuGce7n3Hj9mVCrL+jBya+sbm1v57cLO7t7+QfHwqCN5IjBxMWdc9HwkCaMRcRVVjPRiQVDoM9L1p1eZ370jQlIetdUsJl6IxhENKEZKS24bXkJrWCxZ5kWj5lQdaJmWVXfKtYw49YpThrZWMpTACq1h8X0w4jgJSaQwQ1L2bStWXoqEopiReWGQSBIjPEVj0tc0QiGRXnq/uHYOz7Q0ggEXuiIFF+r3kRSFUs5CX3eGSE3kby8T//L6iQoaXkqjOFEkwstFQcKg4jB7HY6oIFixmSYIC6qPhXiCBMJKB1TQKXy9Cv8nHce0a2b1tlJq3qzyyIMTcArOgQ3qoAmuQQu4AAMKHsATeDa48Wi8GK/L1pyxmjkGP2C8fQJ8cY6A</latexit>

T = 0

<latexit sha1_base64="eVmedxTdIoeLgshuB2gKs/I8Yb4=">AAACD3icbVDLSsNAFJ3UV62vqEs3g6VQF5Yk1MdGKLjRXQX7gCYtk+mkHTp5MDMplpAvcOWnuBIUxK1rV/6N0zYLbT0wcDjnHu7c40aMCmkY31puZXVtfSO/Wdja3tnd0/cPmiKMOSYNHLKQt10kCKMBaUgqGWlHnCDfZaTljq6nfmtMuKBhcC8nEXF8NAioRzGSSurppSa8gtD2OMKJzVSuj9KkmpbtaEi7Fjwdd62TrtXTi0bFmAEuEzMjRZCh3tO/7H6IY58EEjMkRMc0IukkiEuKGUkLdixIhPAIDUhH0QD5RDjJw+yeFJaU1IdeyNULJJypvyMJ8oWY+K6a9JEcikVvKv7ndWLpXToJDaJYkgDPF3kxgzKE03Jgn3KCJZsogjCn6rMQD5HqRqoKC6oFc/HmZdK0KuZ55eyuWqzdZn3kwRE4BmVgggtQAzegDhoAg0fwDF7Bm/akvWjv2sd8NKdlmUPwB9rnDwy4mtk=</latexit>

V =
�

4
(�2 � v2)2
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EW PHASE TRANSITION

<latexit sha1_base64="HJd6Z+e1au5pct8L36dkA+IXedU=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9kVvy5CwYveKnTbQruUbJptQ7PJkmTFsvQ3eBIUxKs/yJP/xrTdg7Y+GHi8N8PMvDDhTBvX/XYKK6tr6xvFzdLW9s7uXnn/oKllqgj1ieRStUOsKWeC+oYZTtuJojgOOW2Fo9up33qkSjMpGmac0CDGA8EiRrCxkt/sNdBNr1xxq+4MaJl4OalAjnqv/NXtS5LGVBjCsdYdz01MkGFlGOF0UuqmmiaYjPCAdiwVOKY6yJ5m107QiZX6KJLKljBopv4eyXCs9TgObWeMzVAvelPxP6+Tmug6yJhIUkMFmS+KUo6MRNPXUZ8pSgwfW4KJYvZYRIZYYWJsQCWbgrf48zJpnlW9y+rFw3mldp/nUYQjOIZT8OAKanAHdfCBAINneIU3RzovzrvzMW8tOPnMIfyB8/kDs7COoQ==</latexit>

VT =
<latexit sha1_base64="z6JgZI91PZUALSi1QsEor2a8doI=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoMgCGFXfB0DXvSWgHlAEsLspDcZMju7zMyKYckXeBIUxKuf5Mm/cZLsQRMLGoqqbrq7/FhwbVz328mtrK6tb+Q3C1vbO7t7xf2Dho4SxbDOIhGplk81Ci6xbrgR2IoV0tAX2PRHt1O/+YhK80g+mHGM3ZAOJA84o8ZKtbNeseSW3RnIMvEyUoIM1V7xq9OPWBKiNExQrdueG5tuSpXhTOCk0Ek0xpSN6ADblkoaou6mT7NLJ+TESn0SRMqWNGSm/h5Jaaj1OPRtZ0jNUC96U/E/r52Y4KabchknBiWbLwoSQUxEpm+TPlfIjBhbQpni9ljChlRRZmw4BZuCt/jzMmmcl72r8mXtolS5z/LIwxEcwyl4cA0VuIMq1IEBwjO8wpszcl6cd+dj3ppzsplD+APn8wc+Do0+</latexit>

+<latexit sha1_base64="z6JgZI91PZUALSi1QsEor2a8doI=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoMgCGFXfB0DXvSWgHlAEsLspDcZMju7zMyKYckXeBIUxKuf5Mm/cZLsQRMLGoqqbrq7/FhwbVz328mtrK6tb+Q3C1vbO7t7xf2Dho4SxbDOIhGplk81Ci6xbrgR2IoV0tAX2PRHt1O/+YhK80g+mHGM3ZAOJA84o8ZKtbNeseSW3RnIMvEyUoIM1V7xq9OPWBKiNExQrdueG5tuSpXhTOCk0Ek0xpSN6ADblkoaou6mT7NLJ+TESn0SRMqWNGSm/h5Jaaj1OPRtZ0jNUC96U/E/r52Y4KabchknBiWbLwoSQUxEpm+TPlfIjBhbQpni9ljChlRRZmw4BZuCt/jzMmmcl72r8mXtolS5z/LIwxEcwyl4cA0VuIMq1IEBwjO8wpszcl6cd+dj3ppzsplD+APn8wc+Do0+</latexit>

+
<latexit sha1_base64="Cx8xews73LbQcQdgNxpHMT8M3XU=">AAAB7XicbVBNS8NAEJ34WetX1aOXxSIIQkjEr2PBi94qmLbQhrLZbtqlm92wuxFL6G/wJCiIV3+QJ/+N2zYHbX0w8Hhvhpl5UcqZNp737Swtr6yurZc2yptb2zu7lb39hpaZIjQgkkvVirCmnAkaGGY4baWK4iTitBkNbyZ+85EqzaR4MKOUhgnuCxYzgo2VglPkum63UvVcbwq0SPyCVKFAvVv56vQkyRIqDOFY67bvpSbMsTKMcDoudzJNU0yGuE/blgqcUB3mT9Nrx+jYSj0US2VLGDRVf4/kONF6lES2M8FmoOe9ifif185MfB3mTKSZoYLMFsUZR0aiyeuoxxQlho8swUQxeywiA6wwMTagsk3Bn/95kTTOXP/Svbg/r9buijxKcAhHcAI+XEENbqEOARBg8Ayv8OZI58V5dz5mrUtOMXMAf+B8/gDVpY4Q</latexit>

+...

<latexit sha1_base64="Ds3KRJNZfxl1rwvIKKqFjXpOhm0=">AAAB8HicdVDLSgMxFM3UV62vqks3wSK4GjLTp7uCG91V6AvaoWTStA3NZMYkI5ahP+FKUBC3/o4r/8ZMW0FFD1w4nHMv997jR5wpjdCHlVlb39jcym7ndnb39g/yh0dtFcaS0BYJeSi7PlaUM0FbmmlOu5GkOPA57fjTy9Tv3FGpWCiaehZRL8BjwUaMYG2kbhP2Bb2FaJAvIPuiVnHLLkQ2QlW3WEmJWy25RegYJUUBrNAY5N/7w5DEARWacKxUz0GR9hIsNSOcznP9WNEIkyke056hAgdUecn94uA5PDPSEI5CaUpouFC/jyQ4UGoW+KYzwHqifnup+JfXi/Wo5iVMRLGmgiwXjWIOdQjT7+GQSUo0nxmCiWTmWEgmWGKiTUY5k8LXq/B/0nZtp2KXb0qF+vUqjyw4AafgHDigCurgCjRACxDAwQN4As+WtB6tF+t12ZqxVjPH4Aest08NUZAB</latexit>

T 6= 0
<latexit sha1_base64="pyiNaRSpo+WoF6uiTZwCUhLGwx4=">AAAB7XicdVDLSsNAFJ3UV62vqks3g0VwFZL06UIouNFdhaYttKFMppN26CQTZiZiCf0GV4KCuPWDXPk3TtoKKnrgwuGce7n3Hj9mVCrL+jBya+sbm1v57cLO7t7+QfHwqCN5IjBxMWdc9HwkCaMRcRVVjPRiQVDoM9L1p1eZ370jQlIetdUsJl6IxhENKEZKS24bXkJrWCxZ5kWj5lQdaJmWVXfKtYw49YpThrZWMpTACq1h8X0w4jgJSaQwQ1L2bStWXoqEopiReWGQSBIjPEVj0tc0QiGRXnq/uHYOz7Q0ggEXuiIFF+r3kRSFUs5CX3eGSE3kby8T//L6iQoaXkqjOFEkwstFQcKg4jB7HY6oIFixmSYIC6qPhXiCBMJKB1TQKXy9Cv8nHce0a2b1tlJq3qzyyIMTcArOgQ3qoAmuQQu4AAMKHsATeDa48Wi8GK/L1pyxmjkGP2C8fQJ8cY6A</latexit>

T = 0

<latexit sha1_base64="4CV/mZddGBBq/PoguVz3pszY1ZI=">AAAB6XicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx40VsC5gHJEmYnvcmQ2dllZlYMS77Ak6AgXv0kT/6Nk2QPmljQUFR1090VJIJr47rfzsrq2vrGZmGruL2zu7dfOjhs6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0O/Vbj6g0j+WDGSfoR3QgecgZNVaqm16p7FbcGcgy8XJShhy1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9nT7NIJObVSn4SxsiUNmam/RzIaaT2OAtsZUTPUi95U/M/rpCa88TMuk9SgZPNFYSqIicn0bdLnCpkRY0soU9weS9iQKsqMDadoU/AWf14mzfOKd1W5rF+Uq/d5HgU4hhM4Aw+uoQp3UIMGMEB4hld4c0bOi/PufMxbV5x85gj+wPn8Aaz7jYc=</latexit>

t
<latexit sha1_base64="n9xoQRReXVN+K0UNqjSStQ9XV/8=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PEi94SMA9IljA76SRDZmeXmVkxLPkCT4KCePWTPPk3TpI9aGJBQ1HVTXdXEAuujet+O7mV1bX1jfxmYWt7Z3evuH/Q0FGiGNZZJCLVCqhGwSXWDTcCW7FCGgYCm8Hoduo3H1FpHskHM47RD+lA8j5n1FipdtMtltyyOwNZJl5GSpCh2i1+dXoRS0KUhgmqddtzY+OnVBnOBE4KnURjTNmIDrBtqaQhaj99ml06ISdW6pF+pGxJQ2bq75GUhlqPw8B2htQM9aI3Ff/z2onpX/spl3FiULL5on4iiInI9G3S4wqZEWNLKFPcHkvYkCrKjA2nYFPwFn9eJo2zsndZvqidlyr3WR55OIJjOAUPrqACd1CFOjBAeIZXeHNGzovz7nzMW3NONnMIf+B8/gBffI1U</latexit>

A

<latexit sha1_base64="eVmedxTdIoeLgshuB2gKs/I8Yb4=">AAACD3icbVDLSsNAFJ3UV62vqEs3g6VQF5Yk1MdGKLjRXQX7gCYtk+mkHTp5MDMplpAvcOWnuBIUxK1rV/6N0zYLbT0wcDjnHu7c40aMCmkY31puZXVtfSO/Wdja3tnd0/cPmiKMOSYNHLKQt10kCKMBaUgqGWlHnCDfZaTljq6nfmtMuKBhcC8nEXF8NAioRzGSSurppSa8gtD2OMKJzVSuj9KkmpbtaEi7Fjwdd62TrtXTi0bFmAEuEzMjRZCh3tO/7H6IY58EEjMkRMc0IukkiEuKGUkLdixIhPAIDUhH0QD5RDjJw+yeFJaU1IdeyNULJJypvyMJ8oWY+K6a9JEcikVvKv7ndWLpXToJDaJYkgDPF3kxgzKE03Jgn3KCJZsogjCn6rMQD5HqRqoKC6oFc/HmZdK0KuZ55eyuWqzdZn3kwRE4BmVgggtQAzegDhoAg0fwDF7Bm/akvWjv2sd8NKdlmUPwB9rnDwy4mtk=</latexit>

V =
�

4
(�2 � v2)2

<latexit sha1_base64="c0gFMs7quvDzgfe4ofMS3ZlGVGI=">AAAB8HicbVDLSgNBEJz1GeMr6tHLYBA8SNgVX8eAF71FMA9IljA76U2GzM4uM71iWPITngQF8ervePJvnCR70MSChqKqm+6uIJHCoOt+O0vLK6tr64WN4ubW9s5uaW+/YeJUc6jzWMa6FTADUiioo0AJrUQDiwIJzWB4M/Gbj6CNiNUDjhLwI9ZXIhScoZVag9MODgBZt1R2K+4UdJF4OSmTHLVu6avTi3kagUIumTFtz03Qz5hGwSWMi53UQML4kPWhbaliERg/e5oePKbHVurRMNa2FNKp+nskY5ExoyiwnRHDgZn3JuJ/XjvF8NrPhEpSBMVni8JUUozp5HvaExo4ypEljGthj6V8wDTjaDMq2hS8+Z8XSeOs4l1WLu7Py9W7PI8COSRH5IR45IpUyS2pkTrhRJJn8kreHO28OO/Ox6x1yclnDsgfOJ8/oX+QXw==</latexit>

h, ✓
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EW PHASE TRANSITION

1st order
from Cline ’06 

2nd order/cross over
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THERMAL CORRECTIONS

<latexit sha1_base64="q/87Qk/3huXVUqM40mEWQ8PFrzY="></latexit>

Z = tr⇢ = tr(e��H), � = 1/T

<latexit sha1_base64="e8Jxox0ETC6F6M0GNNVLsE4Tr6s=">AAACI3icbZDLSsNAFIYnXmu9RV26GSyCG0siXhdCQRDdVWjTYhPKZDpph04mYWYilpBnceWjuBIU1I0L38Vpm0Vt/WHg5zvncOb8fsyoVJb1bczNLywuLRdWiqtr6xub5ta2I6NEYFLHEYtE00eSMMpJXVHFSDMWBIU+Iw2/fzWsNx6IkDTiNTWIiReiLqcBxUhp1DYvnHbqihCSIMjgpRsIhNPrLE1djBh0Ms0Ox7A2AV3G4X3bLFllayQ4a+zclECuatv8dDsRTkLCFWZIypZtxcpLkVAUM5IV3USSGOE+6pKWthyFRHrp4+jGDO5r1IFBJPTjCo7o5EiKQikHoa87Q6R6cro2hP/VWokKzr2U8jhRhOPxoiBhUEVwGBjsUEGwYgNtEBZUfxbiHtKRKB1rUadgT988a5yjsn1aPrk7LlVu8zwKYBfsgQNggzNQATegCuoAgyfwAt7Au/FsvBofxte4dc7IZ3bAHxk/vxoapKI=</latexit>

Ve↵ =
F

V = �T

V lnZ

<latexit sha1_base64="lQ3EsH9Tx65eo2z+HWzXv2d274U=">AAACEXicbVDJSgNBEO2JW4xb1KOXxiB6kDgjbgcDAS96i5ANkhBqOp2kSc9id40YhnyCJz/Fk6AgXj168m/sLAdNfFDU470quuu5oRQabfvbSszNLywuJZdTK6tr6xvpza2yDiLFeIkFMlBVFzSXwuclFCh5NVQcPFfyitu7GvqVe660CPwi9kPe8KDji7ZggEZqpvfrCBHNUUHxkNbvImhRm17SkWqayxFozjkqNtMZO2uPQGeJMyEZMkGhmf6qtwIWedxHJkHrmmOH2IhBoWCSD1L1SPMQWA86vGaoDx7XjfhhdNGA7hmpRduBMuUjHam/V2LwtO57rpn0ALt62huK/3m1CNsXjVj4YYTcZ+OH2pGkGNBhPLQlFGco+4YAU8J8lrIuKGBoQkyZFJzpm2dJ+TjrnGVPb08y+ZtJHkmyQ3bJAXHIOcmTa1IgJcLII3kmr+TNerJerHfrYzyasCY72+QPrM8fLrOaKg==</latexit>

⌧ = it, 0 < ⌧ < � = 1/T

<latexit sha1_base64="R0RwR5AIFdjxfPy8JJpXee+2pQo="></latexit>

Z =

Z
d�id�f h�f (~x, t)|e�iHt|�i(~x, 0)i

partition function in thermal equil.

<latexit sha1_base64="6vHpqK7vVq3l1BfNUOG4mhyjCdI=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PAi96imAdsljA7mU2GzM4sM7NqWPIZngQF8erXePJvnCR70MSChqKqm+6uMOFMG9f9dgpLyyura8X10sbm1vZOeXevqWWqCG0QyaVqh1hTzgRtGGY4bSeK4jjktBUOryZ+64EqzaS4N6OEBjHuCxYxgo2V/M4d6w8MVko+dssVt+pOgRaJl5MK5Kh3y1+dniRpTIUhHGvte25iggwrwwin41In1TTBZIj71LdU4JjqIHua3jxGR1bqoUgqW8Kgqfp7JMOx1qM4tJ0xNgM9703E/zw/NdFlkDGRpIYKMlsUpRwZiSYBoB5TlBg+sgQTxeyxiAywwsTYmEo2BW/+50XSPKl659Wz29NK7SbPowgHcAjH4MEF1OAa6tAAAhKe4RXenNR5cd6dj1lrwcln9uEPnM8fYgiR/A==</latexit>)

compare with generation function

QFT at finite T   euclidean QFT on a finite imaginary `time' interval.≃



Baryogenesis40

THERMAL CORRECTIONS IN QM

harmonic oscillator for bosons

<latexit sha1_base64="R6BW8KhvorV4XVMv2UoUfmGItDE=">AAAB/3icbVDLSgMxFM3UV62vUXHlJliEilBmiq+NUHBTN1LBPqAzlEyaaUOTyZBkxDJ04ae4EhTErd/hyr8xbWeh1QMXDufcy733BDGjSjvOl5VbWFxaXsmvFtbWNza37O2dphKJxKSBBROyHSBFGI1IQ1PNSDuWBPGAkVYwvJr4rXsiFRXRnR7FxOeoH9GQYqSN1LX3avASeoKTPirdHHuhRNitHHXtolN2poB/iZuRIshQ79qfXk/ghJNIY4aU6rhOrP0USU0xI+OClygSIzxEfdIxNEKcKD99mN4/hodG6sFQSFORhlP150iKuFIjHphOjvRAzXsT8T+vk+jwwk9pFCeaRHi2KEwY1AJOwoA9KgnWbGQIwpKaYyEeIJOBNpEVTAru/M9/SbNSds/Kp7cnxep1lkce7IMDUAIuOAdVUAN10AAYpOAJvIBX69F6tt6s91lrzspmdsEvWB/fLj2UWw==</latexit>

H = !(N +
1

2
)

<latexit sha1_base64="tALJ9M4MdRNFpSck2oDf7dseopk="></latexit>

Z =

Z
dq hq|e�H� |qi =

Z
dq

X

n

e��!(n+ 1
2 )hn|qihq|ni / e��!/2

1� e��!
,

<latexit sha1_base64="IIJaZw8nSSozJX1eA/QGWAwjFB0="></latexit>

F = �1/� lnZ =
1

2
! + T ln(1� e��!

<latexit sha1_base64="vSGu0AuqVuWK4TT5tjZWYXUK2rY=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoOgl7Arvo4BL3pLwDwgCWF20psMmZ1dZmbFsOQLPAkK4tVP8uTfOEn2oIkFDUVVN91dfiy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUy6caBZdYN9wIbMUKaegLbPqj26nffESleSQfzDjGbkgHkgecUWOl2lmvWHLL7gxkmXgZKUGGaq/41elHLAlRGiao1m3PjU03pcpwJnBS6CQaY8pGdIBtSyUNUXfTp9mlE3JipT4JImVLGjJTf4+kNNR6HPq2M6RmqBe9qfif105McNNNuYwTg5LNFwWJICYi07dJnytkRowtoUxxeyxhQ6ooMzacgk3BW/x5mTTOy95V+bJ2UarcZ3nk4QiO4RQ8uIYK3EEV6sAA4Rle4c0ZOS/Ou/Mxb8052cwh/IHz+QM7BI08</latexit>

)

free energy
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THERMAL CORRECTIONS IN QM

harmonic oscillator for fermions

free energy

<latexit sha1_base64="4FTYcNKbslg57fNFq33Kv9FFVlk="></latexit>

Z =

Z
dq hq|e�H� |qi =

Z
dq

X

n=0,1

e��!(n� 1
2 )hn|qihq|ni / e�!/2(1 + e��!)

<latexit sha1_base64="oVJVXurf0b2+BGniWqrnUqoDkHs=">AAACH3icbVDLSgMxFM34rPVVdekmWISKtMwUq26EgiC6U7BV6NSSSe+0oUlmSDJiGfolrvwUV4KCCK78G9M6C18HAodzzuXmniDmTBvX/XCmpmdm5+ZzC/nFpeWV1cLaelNHiaLQoBGP1HVANHAmoWGY4XAdKyAi4HAVDI7H/tUtKM0ieWmGMbQF6UkWMkqMlTqF2skRLvuhItSrYj8S0CO4jC+xz2XJ2019JTCMbtKyH4AhWWC00ykU3Yo7Af5LvIwUUYbzTuHd70Y0ESAN5UTrlufGpp0SZRjlMMr7iYaY0AHpQctSSQTodno3uW+Et63UxWGk7JMGT9TvIykRWg9FYJOCmL7+7Y3F/7xWYsLDdspknBiQ9GtRmHBsIjwuC3eZAmr40BJCFbOfxbRPbFnGVpq3LXi/b/5LmtWKt1+pXewV62dZHzm0ibZQCXnoANXRKTpHDUTRPXpEz+jFeXCenFfn7Ss65WQzG+gHnI9PwbegeA==</latexit>

F = �1

2
! � T ln(1 + e��!)
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THERMAL CORRECTIONS IN QFT

free QFT ~ harmonic oscillator for each k
<latexit sha1_base64="DzNh+N8npsyw2fDqK0ju9NW3Phc=">AAACEnicbVDJSgNBEO1xjXGLevTSGISIEGaC20UIeNFbBLNAJhl6OpWkSffM2N0TDEN+wZOf4klQEK/ePPk3dpaDJj4oeLxXRVU9P+JMadv+thYWl5ZXVlNr6fWNza3tzM5uRYWxpFCmIQ9lzScKOAugrJnmUIskEOFzqPq9q5Ff7YNULAzu9CCChiCdgLUZJdpIXibnhgI6xGP4ErvqXurE7QPFvWYBH2PhsZwbddlRszD0Mlk7b4+B54kzJVk0RcnLfLmtkMYCAk05Uaru2JFuJERqRjkM026sICK0RzpQNzQgAlQjeRi/NMSHRmrhdihNBRqP1d8jCRFKDYRvOgXRXTXrjcT/vHqs2xeNhAVRrCGgk0XtmGMd4lE+uMUkUM0HhhAqmTkW0y6RhGqTYtqk4Mz+PE8qhbxzlj+9PckWb6Z5pNA+OkA55KBzVETXqITKiKJH9Ixe0Zv1ZL1Y79bHpHXBms7soT+wPn8A3H6cZQ==</latexit>

!i =
q
~k2 +mi(�)2

<latexit sha1_base64="lYjBS2mpE/H5vOPhJOfH1p8pk00=">AAAB9XicbVDLSsNAFL2pr1pfVZduBovgqiTF17LgRncV+oI2LZPpJB06mcSZiVpCv8OVoCBu/RhX/o3TNgttPXDhcM693HuPF3OmtG1/W7mV1bX1jfxmYWt7Z3evuH/QVFEiCW2QiEey7WFFORO0oZnmtB1LikOP05Y3up76rQcqFYtEXY9j6oY4EMxnBGsjufVeBXWDAIV91qv0iyW7bM+AlomTkRJkqPWLX91BRJKQCk04Vqrj2LF2Uyw1I5xOCt1E0RiTEQ5ox1CBQ6rc9Gl29QSdGGmA/EiaEhrN1N8jKQ6VGoee6QyxHqpFbyr+53US7V+5KRNxoqkg80V+wpGO0DQCNGCSEs3HhmAimTkWkSGWmGgTVMGk4Cz+vEyalbJzUT6/OytVb7M88nAEx3AKDlxCFW6gBg0gcA/P8Apv1qP1Yr1bH/PWnJXNHMIfWJ8/ARiRng==</latexit>

T 2 � m2
ifor

<latexit sha1_base64="/NJpHQjilQpNDyjpNAWlquSEMG0="></latexit>

=
X

i

⇣
c(2)i m2

iT
2 + c(3)i m3

iT + ...
⌘<latexit sha1_base64="iW/CK858OdfupoEfWyPrxAvPWIE="></latexit>

VT =
X

bosons

ni

Z
d3~k

(2⇡)3

✓
1

2
!i + T ln(1� e��!i)

◆
�

X

fermions

ni

Z
d3~k

(2⇡)3

✓
1

2
!i + T ln(1 + e��!i)

◆

<latexit sha1_base64="iW/CK858OdfupoEfWyPrxAvPWIE="></latexit>

VT =
X

bosons

ni

Z
d3~k

(2⇡)3

✓
1

2
!i + T ln(1� e��!i)

◆
�

X

fermions

ni

Z
d3~k

(2⇡)3

✓
1

2
!i + T ln(1 + e��!i)

◆

<latexit sha1_base64="iW/CK858OdfupoEfWyPrxAvPWIE="></latexit>

VT =
X

bosons

ni

Z
d3~k

(2⇡)3

✓
1

2
!i + T ln(1� e��!i)

◆
�

X

fermions

ni

Z
d3~k

(2⇡)3

✓
1

2
!i + T ln(1 + e��!i)

◆

<latexit sha1_base64="XoXxFx63h3mFX9upI2ilAsV0gzw=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBA8hV3Bx82AF71FMA/IrmF2MpsMmdlZZmaDYclveBIUxKvfInjyb5xsctDEgoaiqpvurjDhTBvX/XaWlldW19YLG8XNre2d3dLefkPLVBFaJ5JL1QqxppzFtG6Y4bSVKIpFyGkzHFxP/OaQKs1kfG9GCQ0E7sUsYgQbK/mNh8xXAnEpk3GnVHYrbg60SLwZKV99Qo5ap/TldyVJBY0N4VjrtucmJsiwMoxwOi76qaYJJgPco21LYyyoDrLH/OgxOrZSF0VS2YoNytXfIxkWWo9EaDsFNn09703E/7x2aqLLIGNxkhoak+miKOXISDRJAHWZosTwkSWYKGaPRaSPFSbG5lS0KXjzPy+SxmnFO6+c3Xnl6u00DijAIRzBCXhwAVW4gRrUgUACT/ACr87QeXbenPdp65IzmzmAP3A+fgBVspNO</latexit>

V loop
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THERMAL CORRECTIONS TO HIGGS POTENTIAL

free QFT ~ harmonic oscillator for each k
<latexit sha1_base64="iW/CK858OdfupoEfWyPrxAvPWIE="></latexit>

VT =
X

bosons

ni

Z
d3~k

(2⇡)3

✓
1

2
!i + T ln(1� e��!i)

◆
�

X

fermions

ni

Z
d3~k

(2⇡)3

✓
1

2
!i + T ln(1 + e��!i)

◆

<latexit sha1_base64="DzNh+N8npsyw2fDqK0ju9NW3Phc=">AAACEnicbVDJSgNBEO1xjXGLevTSGISIEGaC20UIeNFbBLNAJhl6OpWkSffM2N0TDEN+wZOf4klQEK/ePPk3dpaDJj4oeLxXRVU9P+JMadv+thYWl5ZXVlNr6fWNza3tzM5uRYWxpFCmIQ9lzScKOAugrJnmUIskEOFzqPq9q5Ff7YNULAzu9CCChiCdgLUZJdpIXibnhgI6xGP4ErvqXurE7QPFvWYBH2PhsZwbddlRszD0Mlk7b4+B54kzJVk0RcnLfLmtkMYCAk05Uaru2JFuJERqRjkM026sICK0RzpQNzQgAlQjeRi/NMSHRmrhdihNBRqP1d8jCRFKDYRvOgXRXTXrjcT/vHqs2xeNhAVRrCGgk0XtmGMd4lE+uMUkUM0HhhAqmTkW0y6RhGqTYtqk4Mz+PE8qhbxzlj+9PckWb6Z5pNA+OkA55KBzVETXqITKiKJH9Ixe0Zv1ZL1Y79bHpHXBms7soT+wPn8A3H6cZQ==</latexit>

!i =
q
~k2 +mi(�)2

<latexit sha1_base64="/NJpHQjilQpNDyjpNAWlquSEMG0="></latexit>

=
X

i

⇣
c(2)i m2

iT
2 + c(3)i m3

iT + ...
⌘

<latexit sha1_base64="GKVAvFIKZe3V4cJqzO6OYLBV314="></latexit>

� = {h, ✓,W±, Z, t}, m2/�2 = {3�,�, 1
4
g2,

1

4
(g2 + g0

2
),
1

2
y2t }, n = {1, 3, 6, 3, 12}
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THERMAL CORRECTIONS TO HIGGS POTENTIAL
<latexit sha1_base64="nM+BWKpl/PqECFv/DIS6X3qft7M="></latexit>

V =
1

2
(��v2 + aT 2)�2 � 1

3
bT�3 +

�

4
�4

at  degenerate minima at  and Tc ϕ = 0 ϕ = vc
<latexit sha1_base64="dmyMcmRSIGI13aQnxUNd/PRJc+Q="></latexit>

V (Tc) =
�

4
�2(�� vc)

2 =
�

4
v2c�

2 � �

2
vc�

3 +
�

4
�4

 Higgs potential

<latexit sha1_base64="TVPeHl+RhW0pOohdSYbz+nNWc1Q="></latexit>

vc
Tc

=
2b

3�
⇡ 3g3

16⇡�
& 1

<latexit sha1_base64="6vHpqK7vVq3l1BfNUOG4mhyjCdI=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PAi96imAdsljA7mU2GzM4sM7NqWPIZngQF8erXePJvnCR70MSChqKqm+6uMOFMG9f9dgpLyyura8X10sbm1vZOeXevqWWqCG0QyaVqh1hTzgRtGGY4bSeK4jjktBUOryZ+64EqzaS4N6OEBjHuCxYxgo2V/M4d6w8MVko+dssVt+pOgRaJl5MK5Kh3y1+dniRpTIUhHGvte25iggwrwwin41In1TTBZIj71LdU4JjqIHua3jxGR1bqoUgqW8Kgqfp7JMOx1qM4tJ0xNgM9703E/zw/NdFlkDGRpIYKMlsUpRwZiSYBoB5TlBg+sgQTxeyxiAywwsTYmEo2BW/+50XSPKl659Wz29NK7SbPowgHcAjH4MEF1OAa6tAAAhKe4RXenNR5cd6dj1lrwcln9uEPnM8fYgiR/A==</latexit>)

strong 1st order PT
<latexit sha1_base64="Xp54hpg1CUEGfaSczfjKEsa8L9M="></latexit>

m2
h . (30GeV)2
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EW PHASE TRANSITION

1st order
from Cline ’06 

2nd order/cross over

K

Standard Model 
(mh ≳ 65 GeV) 
Kajantie et al. ’96 
Csikor et al. ‘98

KNew physics 
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EW PHASE TRANSITION

<latexit sha1_base64="xJKgx+Qx+cTUbqZ0evR4yGSTdwA=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8UgWIXdFGojBm0sEzAXSJYwOzmbjJmdXWZmhbDkCWwsFLHVh7G3Ed/GyaXQ6A8DH/9/DnPOCRLOlHbdLyu3tLyyupZftzc2t7Z3Crt7DRWnkmKdxjyWrYAo5ExgXTPNsZVIJFHAsRkMryZ58w6lYrG40aME/Yj0BQsZJdpYtUa3UHRL7lTOX/DmULx4t8+Tt0+72i18dHoxTSMUmnKiVNtzE+1nRGpGOY7tTqowIXRI+tg2KEiEys+mg46dI+P0nDCW5gntTN2fHRmJlBpFgamMiB6oxWxi/pe1Ux2e+RkTSapR0NlHYcodHTuTrZ0ek0g1HxkgVDIzq0MHRBKqzW1scwRvceW/0CiXvJNSueYWK5cwUx4O4BCOwYNTqMA1VKEOFBDu4RGerFvrwXq2XmalOWvesw+/ZL1+AxSRkB4=</latexit>

V

<latexit sha1_base64="zWgGn+KxnGT4WVzvscDZLe5fxpU=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaJUY9ELx4hkUcCGzI79MLI7OxmZpaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj+7nfGqPSPJaPZpKgH9GB5CFn1FipPu4VS27ZXYCsEy8jJchQ6xW/uv2YpRFKwwTVuuO5ifGnVBnOBM4K3VRjQtmIDrBjqaQRan+6OHRGLqzSJ2GsbElDFurviSmNtJ5Ege2MqBnqVW8u/ud1UhPe+lMuk9SgZMtFYSqIicn8a9LnCpkRE0soU9zeStiQKsqMzaZgQ/BWX14nzUrZuy5X6lel6l0WRx7O4BwuwYMbqMID1KABDBCe4RXenCfnxXl3PpatOSebOYU/cD5/AOV7jQE=</latexit>v

<latexit sha1_base64="C+VWbWnffx4lHnPy2IeLggVWN5Y=">AAAB/3icbVC7SgNBFJ2Nrxhfq0Iam8EgWMiyG/HRCCEWWiZgHpBdltnJJBkys7vMzAphTeGv2Fj4wNbeL7Cz8VucPApNPHDhcM693HtPEDMqlW1/GZmFxaXllexqbm19Y3PL3N6pyygRmNRwxCLRDJAkjIakpqhipBkLgnjASCPoX478xi0RkkbhjRrExOOoG9IOxUhpyTfz3O/BC+gUT6xj9yh1BYdXpD70zYJt2WPAeeJMSaGUr37Tl/JHxTc/3XaEE05ChRmSsuXYsfJSJBTFjAxzbiJJjHAfdUlL0xBxIr10fP8QHmilDTuR0BUqOFZ/T6SISzngge7kSPXkrDcS//NaieqceykN40SREE8WdRIGVQRHYcA2FQQrNtAEYUH1rRD3kEBY6chyOgRn9uV5Ui9azqlVrOo0ymCCLNgD++AQOOAMlMA1qIAawOAOPIAn8GzcG4/Gq/E2ac0Y05ld8AfG+w+3WZey</latexit>

mh = 125.3GeV

<latexit sha1_base64="KFYJZeAbhO6/eE4dmCRiy84+iz8=">AAAB+nicbVDLSsNAFJ3UV42vVJduBovgQkpSpLopFl3osoJ9QBPKZDpph84kYWZSKbGf4kZBEbf+g3s34t84fSy09cCFwzn3cu89fsyoVLb9bWSWlldW17Lr5sbm1vaOldutyygRmNRwxCLR9JEkjIakpqhipBkLgrjPSMPvX479xoAISaPwVg1j4nHUDWlAMVJaalu5QRkWT0ruceoKDq9IfdS28nbBngAuEmdG8ucfZjl++jKrbevT7UQ44SRUmCEpW44dKy9FQlHMyMh0E0lihPuoS1qahogT6aWT00fwUCsdGERCV6jgRP09kSIu5ZD7upMj1ZPz3lj8z2slKjjzUhrGiSIhni4KEgZVBMc5wA4VBCs21ARhQfWtEPeQQFjptEwdgjP/8iKpFwtOqVC8sfOVCzBFFuyDA3AEHHAKKuAaVEENYHAHHsAzeDHujUfj1XibtmaM2cwe+APj/QeH45Xl</latexit>

v = 246GeV

measured

<latexit sha1_base64="XssYdHO1zUYIimSycect0Jw7IRE=">AAAB7HicbVBNS8NAFHzxs9avqkcvi0XwVJIi6rHoxWMF0xbaUDbbTbt0swm7L0IJ/Q1ePCji1R/kzX/jts1BWwcWhpn32DcTplIYdN1vZ219Y3Nru7RT3t3bPzisHB23TJJpxn2WyER3Qmq4FIr7KFDyTqo5jUPJ2+H4bua3n7g2IlGPOEl5ENOhEpFgFK3k9zAho36l6tbcOcgq8QpShQLNfuWrN0hYFnOFTFJjup6bYpBTjYJJPi33MsNTysZ0yLuWKhpzE+TzY6fk3CoDEiXaPoVkrv7eyGlszCQO7WRMcWSWvZn4n9fNMLoJcqHSDLlii4+iTBIbcZacDITmDOXEEsq0sLcSNqKaMrT9lG0J3nLkVdKq17yrWv3hstq4LeoowSmcwQV4cA0NuIcm+MBAwDO8wpujnBfn3flYjK45xc4J/IHz+QN70o56</latexit>

! h

how much room for new physics?

−1 ≲
λBSM

hhh

λSM
hhh

≲ 7
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ELECTROWEAK BARYOGENESIS IN A NUTSHELL

h'i = 0
<latexit sha1_base64="VOA5ZWZchODHH/fBh+7+FX5jP+s=">AAACBHicbVDLSsNAFL2pr1pfUZfdDBbBVUmqoAuFghuXFewDmlAm00k7dDIJM5NCCV248VfcuFDErR/hzr9x2mahrQcunDnnXubeEyScKe0431ZhbX1jc6u4XdrZ3ds/sA+PWipOJaFNEvNYdgKsKGeCNjXTnHYSSXEUcNoORrczvz2mUrFYPOhJQv0IDwQLGcHaSD277HEsBpwib4xlMmTIk4v3DXJ6dsWpOnOgVeLmpAI5Gj37y+vHJI2o0IRjpbquk2g/w1Izwum05KWKJpiM8IB2DRU4osrP5kdM0alR+iiMpSmh0Vz9PZHhSKlJFJjOCOuhWvZm4n9eN9XhlZ8xkaSaCrL4KEw50jGaJYL6TFKi+cQQTCQzuyIyxBITbXIrmRDc5ZNXSatWdc+rtfuLSv06j6MIZTiBM3DhEupwBw1oAoFHeIZXeLOerBfr3fpYtBasfOYY/sD6/AFIfZcu</latexit>

h'i 6= 0
<latexit sha1_base64="CtBvo3qjPh9Qhp7/6RpPBVJUlUo=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgqiRV0IWLghuXFewDmlAm05t26GQSZyaFErpz46+4caGIW3/BnX/jtM1CWw9cOHPOvcy9J0g4U9pxvq3Cyura+kZxs7S1vbO7Z+8fNFWcSgoNGvNYtgOigDMBDc00h3YigUQBh1YwvJn6rRFIxWJxr8cJ+BHpCxYySrSRuvaxx4noc8DeiMhkwLAn87eAB+x07bJTcWbAy8TNSRnlqHftL68X0zQCoSknSnVcJ9F+RqRmlMOk5KUKEkKHpA8dQwWJQPnZ7I4JPjVKD4exNCU0nqm/JzISKTWOAtMZET1Qi95U/M/rpDq88jMmklSDoPOPwpRjHeNpKLjHJFDNx4YQKpnZFdMBkYRqE13JhOAunrxMmtWKe16p3l2Ua9d5HEV0hE7QGXLRJaqhW1RHDUTRI3pGr+jNerJerHfrY95asPKZQ/QH1ucP8iuYrw==</latexit>

no sphalerons sphalerons

CP

<latexit sha1_base64="W9CS1hnwgSIIGwgeIeXhBmAIbig="></latexit>

L � ytp
2
�

✓
1 + c

�2

⇤2

◆
t̄LtR + h.c.

<latexit sha1_base64="s8z6XQunSQVaTEt7vyScoEF1IWQ=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx4UfAQwTwgWcLsZDYZMju7zPSKYclPeBIUxKu/48m/cZLsQRMLGoqqbrq7gkQKg6777Swtr6yurRc2iptb2zu7pb39holTzXidxTLWrYAaLoXidRQoeSvRnEaB5M1geD3xm49cGxGrBxwl3I9oX4lQMIpWanUCqgl277qlsltxpyCLxMtJGXLUuqWvTi9macQVMkmNaXtugn5GNQom+bjYSQ1PKBvSPm9bqmjEjZ89TQ8ek2Mr9UgYa1sKyVT9PZLRyJhRFNjOiOLAzHsT8T+vnWJ45WdCJSlyxWaLwlQSjMnke9ITmjOUI0so08IeS9iAasrQZlS0KXjzPy+SxmnFu6ic35+Vq7d5HgU4hCM4AQ8uoQo3UIM6MJDwDK/w5mjnxXl3PmatS04+cwB/4Hz+AE+jkCk=</latexit>

t̄L
<latexit sha1_base64="klolmzz00IVQWHhsLvQMb1bxYq8=">AAAB63icbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PAi4KHiOYByRJmJ5NkyMzsMtMrhiWf4ElQEK9+kSf/xkmyB00saCiquunuCmPBDXret5NbWl5ZXcuvFzY2t7Z3irt7dRMlmrIajUSkmyExTHDFashRsGasGZGhYI1weDXxG49MGx6pBxzFLJCkr3iPU4JWusfObadY8sreFO4i8TNSggzVTvGr3Y1oIplCKogxLd+LMUiJRk4FGxfaiWExoUPSZy1LFZHMBOnT9Naxe2SlrtuLtC2F7lT9PZISacxIhrZTEhyYeW8i/ue1EuxdBilXcYJM0dmiXiJcjNzJ426Xa0ZRjCwhVHN7rEsHRBOKNp6CTcGf/3mR1E/K/nn57O60VLnJ8sjDARzCMfhwARW4hirUgEIfnuEV3hzpvDjvzsesNedkM/vwB87nD/v0jkY=</latexit>

tL CP violation

Cohen, Kaplan and Nelson 1991
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ELECTROWEAK BARYOGENESIS IN A NUTSHELL

h'i = 0
<latexit sha1_base64="VOA5ZWZchODHH/fBh+7+FX5jP+s=">AAACBHicbVDLSsNAFL2pr1pfUZfdDBbBVUmqoAuFghuXFewDmlAm00k7dDIJM5NCCV248VfcuFDErR/hzr9x2mahrQcunDnnXubeEyScKe0431ZhbX1jc6u4XdrZ3ds/sA+PWipOJaFNEvNYdgKsKGeCNjXTnHYSSXEUcNoORrczvz2mUrFYPOhJQv0IDwQLGcHaSD277HEsBpwib4xlMmTIk4v3DXJ6dsWpOnOgVeLmpAI5Gj37y+vHJI2o0IRjpbquk2g/w1Izwum05KWKJpiM8IB2DRU4osrP5kdM0alR+iiMpSmh0Vz9PZHhSKlJFJjOCOuhWvZm4n9eN9XhlZ8xkaSaCrL4KEw50jGaJYL6TFKi+cQQTCQzuyIyxBITbXIrmRDc5ZNXSatWdc+rtfuLSv06j6MIZTiBM3DhEupwBw1oAoFHeIZXeLOerBfr3fpYtBasfOYY/sD6/AFIfZcu</latexit>

h'i 6= 0
<latexit sha1_base64="CtBvo3qjPh9Qhp7/6RpPBVJUlUo=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgqiRV0IWLghuXFewDmlAm05t26GQSZyaFErpz46+4caGIW3/BnX/jtM1CWw9cOHPOvcy9J0g4U9pxvq3Cyura+kZxs7S1vbO7Z+8fNFWcSgoNGvNYtgOigDMBDc00h3YigUQBh1YwvJn6rRFIxWJxr8cJ+BHpCxYySrSRuvaxx4noc8DeiMhkwLAn87eAB+x07bJTcWbAy8TNSRnlqHftL68X0zQCoSknSnVcJ9F+RqRmlMOk5KUKEkKHpA8dQwWJQPnZ7I4JPjVKD4exNCU0nqm/JzISKTWOAtMZET1Qi95U/M/rpDq88jMmklSDoPOPwpRjHeNpKLjHJFDNx4YQKpnZFdMBkYRqE13JhOAunrxMmtWKe16p3l2Ua9d5HEV0hE7QGXLRJaqhW1RHDUTRI3pGr+jNerJerHfrY95asPKZQ/QH1ucP8iuYrw==</latexit>

no sphalerons sphalerons

CP

<latexit sha1_base64="W9CS1hnwgSIIGwgeIeXhBmAIbig="></latexit>

L � ytp
2
�

✓
1 + c

�2

⇤2

◆
t̄LtR + h.c.

<latexit sha1_base64="s8z6XQunSQVaTEt7vyScoEF1IWQ=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx4UfAQwTwgWcLsZDYZMju7zPSKYclPeBIUxKu/48m/cZLsQRMLGoqqbrq7gkQKg6777Swtr6yurRc2iptb2zu7pb39holTzXidxTLWrYAaLoXidRQoeSvRnEaB5M1geD3xm49cGxGrBxwl3I9oX4lQMIpWanUCqgl277qlsltxpyCLxMtJGXLUuqWvTi9macQVMkmNaXtugn5GNQom+bjYSQ1PKBvSPm9bqmjEjZ89TQ8ek2Mr9UgYa1sKyVT9PZLRyJhRFNjOiOLAzHsT8T+vnWJ45WdCJSlyxWaLwlQSjMnke9ITmjOUI0so08IeS9iAasrQZlS0KXjzPy+SxmnFu6ic35+Vq7d5HgU4hCM4AQ8uoQo3UIM6MJDwDK/w5mjnxXl3PmatS04+cwB/4Hz+AE+jkCk=</latexit>

t̄L
<latexit sha1_base64="klolmzz00IVQWHhsLvQMb1bxYq8=">AAAB63icbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PAi4KHiOYByRJmJ5NkyMzsMtMrhiWf4ElQEK9+kSf/xkmyB00saCiquunuCmPBDXret5NbWl5ZXcuvFzY2t7Z3irt7dRMlmrIajUSkmyExTHDFashRsGasGZGhYI1weDXxG49MGx6pBxzFLJCkr3iPU4JWusfObadY8sreFO4i8TNSggzVTvGr3Y1oIplCKogxLd+LMUiJRk4FGxfaiWExoUPSZy1LFZHMBOnT9Naxe2SlrtuLtC2F7lT9PZISacxIhrZTEhyYeW8i/ue1EuxdBilXcYJM0dmiXiJcjNzJ426Xa0ZRjCwhVHN7rEsHRBOKNp6CTcGf/3mR1E/K/nn57O60VLnJ8sjDARzCMfhwARW4hirUgEIfnuEV3hzpvDjvzsesNedkM/vwB87nD/v0jkY=</latexit>

tL CP violation

B
nb � nb̄ 6= 0

<latexit sha1_base64="IJI7Vzh22rLr3hvbe6miry/NbHA=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSwFN5akCrpwUXDjsoJ9QBPCZHrbDp1M4sxEKLELf8WNC0Xc+hvu/BunbRbaeuDC4Zx7mTMnTDhT2nG+raXlldW19cJGcXNre2fX3ttvqjiVFBo05rFsh0QBZwIammkO7UQCiUIOrXB4PfFbDyAVi8WdHiXgR6QvWI9Roo0U2IciCPGpCDIvJBKHY+wJuMdOYJecijMFXiRuTkooRz2wv7xuTNMIhKacKNVxnUT7GZGaUQ7jopcqSAgdkj50DBUkAuVn0/xjXDZKF/diaUZoPFV/X2QkUmoUmXTliOiBmvcm4n9eJ9W9Sz9jIkk1CDp7qJdyrGM8KQN3mQSq+cgQQiUzWTEdEEmoNpUVTQnu/JcXSbNacc8q1dvzUu0qr6OAjtAxOkEuukA1dIPqqIEoekTP6BW9WU/Wi/VufcxWl6z85gD9gfX5AzVDlOk=</latexit>
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ELECTROWEAK BARYOGENESIS IN A NUTSHELL

h'i = 0
<latexit sha1_base64="VOA5ZWZchODHH/fBh+7+FX5jP+s=">AAACBHicbVDLSsNAFL2pr1pfUZfdDBbBVUmqoAuFghuXFewDmlAm00k7dDIJM5NCCV248VfcuFDErR/hzr9x2mahrQcunDnnXubeEyScKe0431ZhbX1jc6u4XdrZ3ds/sA+PWipOJaFNEvNYdgKsKGeCNjXTnHYSSXEUcNoORrczvz2mUrFYPOhJQv0IDwQLGcHaSD277HEsBpwib4xlMmTIk4v3DXJ6dsWpOnOgVeLmpAI5Gj37y+vHJI2o0IRjpbquk2g/w1Izwum05KWKJpiM8IB2DRU4osrP5kdM0alR+iiMpSmh0Vz9PZHhSKlJFJjOCOuhWvZm4n9eN9XhlZ8xkaSaCrL4KEw50jGaJYL6TFKi+cQQTCQzuyIyxBITbXIrmRDc5ZNXSatWdc+rtfuLSv06j6MIZTiBM3DhEupwBw1oAoFHeIZXeLOerBfr3fpYtBasfOYY/sD6/AFIfZcu</latexit>

h'i 6= 0
<latexit sha1_base64="CtBvo3qjPh9Qhp7/6RpPBVJUlUo=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgqiRV0IWLghuXFewDmlAm05t26GQSZyaFErpz46+4caGIW3/BnX/jtM1CWw9cOHPOvcy9J0g4U9pxvq3Cyura+kZxs7S1vbO7Z+8fNFWcSgoNGvNYtgOigDMBDc00h3YigUQBh1YwvJn6rRFIxWJxr8cJ+BHpCxYySrSRuvaxx4noc8DeiMhkwLAn87eAB+x07bJTcWbAy8TNSRnlqHftL68X0zQCoSknSnVcJ9F+RqRmlMOk5KUKEkKHpA8dQwWJQPnZ7I4JPjVKD4exNCU0nqm/JzISKTWOAtMZET1Qi95U/M/rpDq88jMmklSDoPOPwpRjHeNpKLjHJFDNx4YQKpnZFdMBkYRqE13JhOAunrxMmtWKe16p3l2Ua9d5HEV0hE7QGXLRJaqhW1RHDUTRI3pGr+jNerJerHfrY95asPKZQ/QH1ucP8iuYrw==</latexit>

no sphalerons sphalerons

CP

<latexit sha1_base64="W9CS1hnwgSIIGwgeIeXhBmAIbig="></latexit>

L � ytp
2
�

✓
1 + c

�2

⇤2

◆
t̄LtR + h.c.

<latexit sha1_base64="s8z6XQunSQVaTEt7vyScoEF1IWQ=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx4UfAQwTwgWcLsZDYZMju7zPSKYclPeBIUxKu/48m/cZLsQRMLGoqqbrq7gkQKg6777Swtr6yurRc2iptb2zu7pb39holTzXidxTLWrYAaLoXidRQoeSvRnEaB5M1geD3xm49cGxGrBxwl3I9oX4lQMIpWanUCqgl277qlsltxpyCLxMtJGXLUuqWvTi9macQVMkmNaXtugn5GNQom+bjYSQ1PKBvSPm9bqmjEjZ89TQ8ek2Mr9UgYa1sKyVT9PZLRyJhRFNjOiOLAzHsT8T+vnWJ45WdCJSlyxWaLwlQSjMnke9ITmjOUI0so08IeS9iAasrQZlS0KXjzPy+SxmnFu6ic35+Vq7d5HgU4hCM4AQ8uoQo3UIM6MJDwDK/w5mjnxXl3PmatS04+cwB/4Hz+AE+jkCk=</latexit>

t̄L
<latexit sha1_base64="klolmzz00IVQWHhsLvQMb1bxYq8=">AAAB63icbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PAi4KHiOYByRJmJ5NkyMzsMtMrhiWf4ElQEK9+kSf/xkmyB00saCiquunuCmPBDXret5NbWl5ZXcuvFzY2t7Z3irt7dRMlmrIajUSkmyExTHDFashRsGasGZGhYI1weDXxG49MGx6pBxzFLJCkr3iPU4JWusfObadY8sreFO4i8TNSggzVTvGr3Y1oIplCKogxLd+LMUiJRk4FGxfaiWExoUPSZy1LFZHMBOnT9Naxe2SlrtuLtC2F7lT9PZISacxIhrZTEhyYeW8i/ue1EuxdBilXcYJM0dmiXiJcjNzJ426Xa0ZRjCwhVHN7rEsHRBOKNp6CTcGf/3mR1E/K/nn57O60VLnJ8sjDARzCMfhwARW4hirUgEIfnuEV3hzpvDjvzsesNedkM/vwB87nD/v0jkY=</latexit>

tL CP violation

B
nb � nb̄ 6= 0

<latexit sha1_base64="IJI7Vzh22rLr3hvbe6miry/NbHA=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSwFN5akCrpwUXDjsoJ9QBPCZHrbDp1M4sxEKLELf8WNC0Xc+hvu/BunbRbaeuDC4Zx7mTMnTDhT2nG+raXlldW19cJGcXNre2fX3ttvqjiVFBo05rFsh0QBZwIammkO7UQCiUIOrXB4PfFbDyAVi8WdHiXgR6QvWI9Roo0U2IciCPGpCDIvJBKHY+wJuMdOYJecijMFXiRuTkooRz2wv7xuTNMIhKacKNVxnUT7GZGaUQ7jopcqSAgdkj50DBUkAuVn0/xjXDZKF/diaUZoPFV/X2QkUmoUmXTliOiBmvcm4n9eJ9W9Sz9jIkk1CDp7qJdyrGM8KQN3mQSq+cgQQiUzWTEdEEmoNpUVTQnu/JcXSbNacc8q1dvzUu0qr6OAjtAxOkEuukA1dIPqqIEoekTP6BW9WU/Wi/VufcxWl6z85gD9gfX5AzVDlOk=</latexit>

<latexit sha1_base64="zmFZpATQCN5aTQ0hGq26MSdhohE="></latexit>

�sph

V ⇠ e�Esph/T ⇠ e�8⇡v/(gT )



Baryogenesis50

BOLTZMANN EQUATIONS

<latexit sha1_base64="iOGQTv0sxZGNN+6B+ueugOFCtto="></latexit>

df

dt
=

@f

@t
+

d~x

dt
·r~xf +

d~p

dt
·r~pf = C[f ]

<latexit sha1_base64="/chuzNkI1MEzRSw3I4mdsf5d4+E="></latexit>

n(~x, t) = gs

Z
d3~p

(2⇡)3
f(~x, ~p, t)phase space density

Boltzmann eq.

force collision term
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SEMI-CLASSICAL FORCE

<latexit sha1_base64="8v3DE9OlRA4D7N0WcruGKSWyLQM=">AAACHXicbVDLSgMxFM34rPVVdekmWIQqWGZ8b4SCGwUXVewDOrXcSdM2NJkZkoxYhn6IKz/FlaAgblyIf2Om7UJbD4QczrmXe+/xQs6Utu1va2p6ZnZuPrWQXlxaXlnNrK2XVRBJQksk4IGseqAoZz4taaY5rYaSgvA4rXjd88Sv3FOpWODf6l5I6wLaPmsxAtpIjcxBjrltEAJc0gx07IYgNQPex3tY4GLjKvnvdg272cFuqBg+w3Yjk7Xz9gB4kjgjkkUjFBuZT7cZkEhQXxMOStUcO9T1OBlFOO2n3UjREEgX2rRmqA+Cqnr8MLiuj7eN1MStQJrnazxQf7fEIJTqCc9UCtAdNe4l4n9eLdKt03rM/DDS1CfDQa2IYx3gJCrcZJISzXuGAJHMLItJByQQbQJNmxSc8ZsnSXk/7xznj64Ps4XLUR4ptIm2UA456AQV0AUqohIi6BE9o1f0Zj1ZL9a79TEsnbJGPRvoD6yvHzzWn4U=</latexit>

(i� · @ �mPL �m⇤PR) = 0

<latexit sha1_base64="U4FLVwgB9aZmvb3OEZZmTYlfjx0="></latexit>

 = e�i!t

✓
Ls

Rs

◆
⌦ �s

<latexit sha1_base64="Nnzw7NxdkWD+xlnxBbEfaKU7XCs="></latexit>
(! + is@z)

1

m
(! � is@z)�m⇤

�
Ls = 0,


(! � is@z)

1

m⇤ (! + is@z)�m

�
Rs = 0

<latexit sha1_base64="lLSTmrkMcFN6InUMyOYg+/9qngU=">AAACGnicbVDJSgNBEO2Je9yiHr00BlEvYUbcLkLAi4KHCGaBTAw9nUrS2N0zdPeIyTC/4clP8SQoiEe9+Dd2loNGHxQ83quiql4QcaaN6345manpmdm5+YXs4tLyympubb2iw1hRKNOQh6oWEA2cSSgbZjjUIgVEBByqwe3ZwK/egdIslNemF0FDkI5kbUaJsVIz5142NT7FfiigQ3DiK4EhvUkY9pk0N30c7fZ39kZ6K8X9nbSZy7sFdwj8l3hjkkdjlJq5D78V0liANJQTreueG5lGQpRhlEOa9WMNEaG3pAN1SyURoBvJ/fC1FG9bqYXbobIlDR6qP0cSIrTuicB2CmK6etIbiP959di0TxoJk1FsQNLRonbMsQnxICfcYgqo4T1LCFXMHotplyhCjU0za1PwJn/+Syr7Be+ocHh1kC9ejPOYR5toC+0iDx2jIjpHJVRGFD2gJ/SCXp1H59l5c95HrRlnPLOBfsH5/AaSkp9q</latexit>

Ls = !ei
R z p(z0)dz0

<latexit sha1_base64="4SEB8y9WFdxIp7GGIoT5tYMF7CI=">AAACJ3icbVDLSgMxFM34tr6qLt0Ei1AXlhnxtSkIbnSnYFXolCGT3mlDMzMhuSPWoV/jyk9xJSiILv0T01pEWw8EDufcR+4JlRQGXffDmZicmp6ZnZsvLCwuLa8UV9euTJppDjWeylTfhMyAFAnUUKCEG6WBxaGE67Bz0vevb0EbkSaX2FXQiFkrEZHgDK0UFKt+M0WqaJXuUF9ChGU/0oznvmIaBZPUT2Nosd6PENz3fC1abdwOFA2KJbfiDkDHiTckJTLEeVB8tft4FkOCXDJj6p6rsJH3R3MJvYKfGVCMd1gL6pYmLAbTyO8Gd/bolpWaNEq1fQnSgfq7JWexMd04tJUxw7YZ9frif149w+iokYtEZQgJ/14UZZJiSvuh0abQwFF2LWFcC/tZytvM5oQ22oJNwRu9eZxc7Va8g8r+xV7p+GyYxxzZIJukTDxySI7JKTknNcLJA3kiL+TVeXSenTfn/bt0whn2rJM/cD6/AAygpjI=</latexit>

ṗ = �
✓
@!

@z

◆

p

<latexit sha1_base64="9/4FAoohS1bujcGmqI0Z/lQGjRY="></latexit>

! =
p
(p+ ✓0/2)2 + |m|2 � 1

2
s✓0

subst.

gives:

gradient expansion <latexit sha1_base64="6vHpqK7vVq3l1BfNUOG4mhyjCdI=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PAi96imAdsljA7mU2GzM4sM7NqWPIZngQF8erXePJvnCR70MSChqKqm+6uMOFMG9f9dgpLyyura8X10sbm1vZOeXevqWWqCG0QyaVqh1hTzgRtGGY4bSeK4jjktBUOryZ+64EqzaS4N6OEBjHuCxYxgo2V/M4d6w8MVko+dssVt+pOgRaJl5MK5Kh3y1+dniRpTIUhHGvte25iggwrwwin41In1TTBZIj71LdU4JjqIHua3jxGR1bqoUgqW8Kgqfp7JMOx1qM4tJ0xNgM9703E/zw/NdFlkDGRpIYKMlsUpRwZiSYBoB5TlBg+sgQTxeyxiAywwsTYmEo2BW/+50XSPKl659Wz29NK7SbPowgHcAjH4MEF1OAa6tAAAhKe4RXenNR5cd6dj1lrwcln9uEPnM8fYgiR/A==</latexit>)

<latexit sha1_base64="6vHpqK7vVq3l1BfNUOG4mhyjCdI=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PAi96imAdsljA7mU2GzM4sM7NqWPIZngQF8erXePJvnCR70MSChqKqm+6uMOFMG9f9dgpLyyura8X10sbm1vZOeXevqWWqCG0QyaVqh1hTzgRtGGY4bSeK4jjktBUOryZ+64EqzaS4N6OEBjHuCxYxgo2V/M4d6w8MVko+dssVt+pOgRaJl5MK5Kh3y1+dniRpTIUhHGvte25iggwrwwin41In1TTBZIj71LdU4JjqIHua3jxGR1bqoUgqW8Kgqfp7JMOx1qM4tJ0xNgM9703E/zw/NdFlkDGRpIYKMlsUpRwZiSYBoB5TlBg+sgQTxeyxiAywwsTYmEo2BW/+50XSPKl659Wz29NK7SbPowgHcAjH4MEF1OAa6tAAAhKe4RXenNR5cd6dj1lrwcln9uEPnM8fYgiR/A==</latexit>)force

<latexit sha1_base64="4viYu+k+5IPNvOkfhiBcl9cvKrE=">AAACAnicbVDLSgNBEOz1bXxFvQheBoOgB8Ou4OMiBLzoTcGokMQwO+mYITO7y0yvGNaIBz/Fk6AgXv0LT/6Nk8SDr4KGoqqb7q4wUdKS7394Q8Mjo2PjE5O5qemZ2bn8/MKpjVMjsCxiFZvzkFtUMsIySVJ4nhjkOlR4Frb3e/7ZFRor4+iEOgnWNL+MZFMKTk6q55f03o2+YVnVaIbdi2xDVqmFxLv1fMEv+n2wvyT4IoXS+h30cFTPv1cbsUg1RiQUt7YS+AnVMm5ICoXdXDW1mHDR5pdYcTTiGm0tu+6/0GWrTmqwZmxcRcT66veRjGtrOzp0nZpTy/72euJ/XiWl5m4tk1GSEkZisKiZKkYx6+XBGtKgINVxhAsj3bFMtLjhglxqOZdC8Pvnv+R0sxhsF7eOg0LpEAaYgGVYgTUIYAdKcABHUAYBt/AAT/Ds3XuP3ov3Omgd8r5mFuEHvLdPgvKYVQ==</latexit>

m = |m|e�i✓

antiparticle θ → − θ
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TESTABILITY OF EW BARYOGENESIS

- triple higgs coupling at LHC 

- electric dipole moment of electron 

- gravitational waves 

−1 ≲
λBSM

hhh

λSM
hhh

≲ 7
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GRAVITATIONAL WAVES

- bubble collisions 
- colliding sound waves 
- turbulence 
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ELECTRIC DIPOLE MOMENT

spin  

magnetic dipole

from Jordy de Vries

<latexit sha1_base64="Ntvd/INuARxdcflMrQb87bl5WSQ=">AAAB/HicbVDJSgNBEO2JW4zbGI9eGoPgKcyIG3gJiKC3CGaBzBB6Op2kSS9Dd09IGOKneBIUxKs/4sm/sZPMQRMfFDzeq6KqXhQzqo3nfTu5ldW19Y38ZmFre2d3z90v1rVMFCY1LJlUzQhpwqggNUMNI81YEcQjRhrR4GbqN4ZEaSrFoxnHJOSoJ2iXYmSs1HaLwZBgeAuDa5gGikOpJm235JW9GeAy8TNSAhmqbfcr6EiccCIMZkjrlu/FJkyRMhQzMikEiSYxwgPUIy1LBeJEh+lodvwEHlupA7tS2RIGztTfIyniWo95ZDs5Mn296E3F/7xWYrpXYUpFnBgi8HxRN2HQSDhNAnaoItiwsSUIK2qPhbiPFMLG5lWwKfiLPy+T+mnZvyifP5yVKvdZHnlwCI7ACfDBJaiAO1AFNYDBCDyDV/DmPDkvzrvzMW/NOdnMAfgD5/MHR+6T+A==</latexit>

~E or

<latexit sha1_base64="ziac3GMHfAU2m3TdfGHEWsNc9M0=">AAACBHicbVDJSgNBEO1xjXGLetNLYxA8hRlxuwhBL3qLYFTIDKGnU0kau3uG7hoxDAFPfoonQUG8+hOe/Bs7y8HtQcHjvSqq6sWpFBZ9/9ObmJyanpktzBXnFxaXlksrq5c2yQyHOk9kYq5jZkEKDXUUKOE6NcBULOEqvjkZ+Fe3YKxI9AX2UogU62jRFpyhk5ql9TBR0GH0iLaaih7T0ApNQ+wCsmap7Ff8IehfEoxJmYxRa5Y+wlbCMwUauWTWNgI/xShnBgWX0C+GmYWU8RvWgYajmimwUX43fKJPt5zUou3EuNJIh+r3kZwpa3sqdp2KYdf+9gbif14jw/ZhlAudZgiajxa1M0kxoYNEaEsY4Ch7jjBuhDuW8i4zjKPLrehSCH7//Jdc7lSC/cre+W65ejbOo0A2yCbZJgE5IFVySmqkTji5J4/kmbx4D96T9+q9jVonvPHMGvkB7/0L3NyXCg==</latexit>

! = dmB sin ✓

<latexit sha1_base64="zfSwiI+w4AtEwGcUnHNrBCAWnuo=">AAACBHicbVDLSgNBEJyN7/iKelOUwSB4CruCj4sQEEE9RTAmkA1hdtJJhszOLjO9aggBT36KJ0FBvPoTnvwGP0IniQeNFjQUVd10dwWxFAZd991JjY1PTE5Nz6Rn5+YXFjNLy5cmSjSHIo9kpMsBMyCFgiIKlFCONbAwkFAK2kd9v3QF2ohIXWAnhmrImko0BGdopVpm1Y9CaDJ6SOs1oMfUN0JRH1uArJbJujl3APqXeN8km9/4/Jg6u14v1DJvfj3iSQgKuWTGVDw3xmqXaRRcQi/tJwZixtusCRVLFQvBVLs3gyd6dMtKddqItC2FdKD+HOmy0JhOGNjOkGHLjHp98T+vkmDjoNoVKk4QFB8uaiSSYkT7idC60MBRdixhXAt7LOUtphlHm1vapuCN/vyXXO7kvL3c7rmXzZ+SIabJGtkk28Qj+yRPTkiBFAknt+SePJIn5855cJ6dl2FryvmeWSG/4Lx+AR6rmi8=</latexit>

! = deE sin ✓<latexit sha1_base64="QYkA0WPGqnutyPjXNCPqOkxrohw=">AAACBnicbVC7SgNBFJ2Nrxhfq5ZajAbBatkJ+GiEgI12Ec0DskuYncwmQ2YfzMwGw5LGyk+xEhTE1n+w8kfsRCebFJp44MLhnHu59x4v5kwq2/4wcnPzC4tL+eXCyura+oa5uVWTUSIIrZKIR6LhYUk5C2lVMcVpIxYUBx6nda93PvLrfSoki8IbNYipG+BOyHxGsNJSy9x1+pTAa3gGHV9ggkowExzJOgFumUXbsjPAWYImpFhGw8+vvW+r0jLfnXZEkoCGinAsZRPZsXJTLBQjnA4LTiJpjEkPd2hT0xAHVLrpbfbGEB5oqQ39SOgKFczU3yMpDqQcBJ7uDLDqymlvJP7nNRPln7opC+NE0ZCMF/kJhyqCo0xgmwlKFB9ogolg+lhIuljHoXRyBZ0Cmv55ltRKFjq2jq5QsXwJxsiDHbAPDgECJ6AMLkAFVAEBd+ABPIFn4954NF6M13FrzpjMbIM/MN5+AGg4m6o=</latexit>

~S = 1
2~�

electric dipole
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ELECTRIC DIPOLE MOMENT

spin  

from Jordy de Vries

<latexit sha1_base64="QYkA0WPGqnutyPjXNCPqOkxrohw=">AAACBnicbVC7SgNBFJ2Nrxhfq5ZajAbBatkJ+GiEgI12Ec0DskuYncwmQ2YfzMwGw5LGyk+xEhTE1n+w8kfsRCebFJp44MLhnHu59x4v5kwq2/4wcnPzC4tL+eXCyura+oa5uVWTUSIIrZKIR6LhYUk5C2lVMcVpIxYUBx6nda93PvLrfSoki8IbNYipG+BOyHxGsNJSy9x1+pTAa3gGHV9ggkowExzJOgFumUXbsjPAWYImpFhGw8+vvW+r0jLfnXZEkoCGinAsZRPZsXJTLBQjnA4LTiJpjEkPd2hT0xAHVLrpbfbGEB5oqQ39SOgKFczU3yMpDqQcBJ7uDLDqymlvJP7nNRPln7opC+NE0ZCMF/kJhyqCo0xgmwlKFB9ogolg+lhIuljHoXRyBZ0Cmv55ltRKFjq2jq5QsXwJxsiDHbAPDgECJ6AMLkAFVAEBd+ABPIFn4954NF6M13FrzpjMbIM/MN5+AGg4m6o=</latexit>

~S = 1
2~� breaks CP
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ELECTRIC DIPOLE MOMENT OF ELECTRON

measured

SM

<latexit sha1_base64="h4BHbE/L1yAq6lrmf9/FnijAak0=">AAACGHicbVDLSgMxFL3js9ZX1aWbYBEUapnxvSy40V0FW4VOLZn0VkOTmSHJiGVa8CNc+SmuBAVxqyv/xrR1odYDgcM595F7glhwbVz30xkbn5icms7MZGfn5hcWc0vLVR0limGFRSJSFwHVKHiIFcONwItYIZWBwPOgfdT3z29QaR6FZ6YTY13Sq5C3OKPGSo1csdtsYJf4ArXWXJJd4hsuURPPvUy3dtxe1i+gX0h9JQmTvUYu7xbdAcgo8b5JvrR5B32UG7kPvxmxRGJomKBa1zw3NvWUKsOZQDs90RhT1qZXWLM0pHZ3Pb0dHNYj61Zqklak7AsNGag/W1Iqte7IwFZKaq71X68v/ufVEtM6rKc8jBODIRsuaiWCmIj0UyJNrpAZ0bGEMsXtZwm7pooyY7PM2hS8vzePkup20dsv7p16+dIJDJGBVViDDfDgAEpwDGWoAIN7eIRneHEenCfn1Xkblo453z0r8AvO+xdS0Z+D</latexit>

|de| . 4⇥ 10�30 e cm

<latexit sha1_base64="t92ifqcTio33v2CSGTXLXPnf4dk=">AAACDHicbVBNSwMxEJ2t3/Wr6tFLaBEUtOxK/TgWvOitgrVCt5ZsOrWhye6SZMWyFjx68qd4EhTEq3/Ak//GtPWg1gcDj/dmkpkXxIJr47qfTmZicmp6ZnYuO7+wuLScW1k911GiGFZZJCJ1EVCNgodYNdwIvIgVUhkIrAXdo4Ffu0aleRSemV6MDUmvQt7mjBorNXP521YTb4mvuSTEcy/TnVKpn/W30d9OfSUJk/1mruAW3SHIOPG+SaG8dQcDVJq5D78VsURiaJigWtc9NzaNlCrDmUD7eqIxpqxLr7BuaUgl6kZ6MzymTzas1CLtSNkKDRmqP0dSKrXuycB2Smo6+q83EP/z6olpHzZSHsaJwZCNPmongpiIDJIhLa6QGdGzhDLF7bKEdaiizNj8sjYF7+/N4+R8t+jtF/dOvUL5BEaYhXXIwyZ4cABlOIYKVIHBPTzCM7w4D86T8+q8jVozzvfMGvyC8/4FA/iahw==</latexit>

|de| ⇠ 10�44 e cm

new physics

<latexit sha1_base64="hCiU7fRof8iSfcqGBJepSxcFJ80=">AAACCHicbVDLSgMxFL3js9ZX1aUgwSK4kDIj+NhZcKPgokJf0BlKJpO2ocnMkGTEMnTnyk9xJSiIW79AcOXfmE670NYDgcM553Jzjx9zprRtf1tz8wuLS8u5lfzq2vrGZmFru66iRBJaIxGPZNPHinIW0ppmmtNmLCkWPqcNv3858ht3VCoWhVU9iKkncDdkHUawNlK7sOfemHCAkdvVJiWQYyP3KHWlQFVaH7YLRbtkZ0CzxJmQ4sUnZKi0C19uEJFE0FATjpVqOXasvRRLzQinw7ybKBpj0sdd2jI0xIIqL73PDhmiAyMFqBNJ80KNMvX3SIqFUgPhm6TAuqemvZH4n9dKdOfcS1kYJ5qGZLyok3CkIzRqBQVMUqL5wBBMJDOfRaSHJSbadJc3LTjTN8+S+nHJOS2d3DrF8vW4DsjBLuzDIThwBmW4ggrUgMADPMELvFqP1rP1Zr2Po3PWZGYH/sD6+AE4npms</latexit>

⇤ & 10TeV

<latexit sha1_base64="qN95PruaRPrPbuEfjQLuDLorybc=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKewKPm4GvOgtAfOAZAmzk95kyOzsMjMrhpAv8CQoiFd/SPDk3zjZ5KCJBQ1FVTfdXUEiuDau++3kVlbX1jfym4Wt7Z3dveL+QUPHqWJYZ7GIVSugGgWXWDfcCGwlCmkUCGwGw5up33xApXks780oQT+ifclDzqixUg27xZJbdjOQZeLNSen6EzJUu8WvTi9maYTSMEG1bntuYvwxVYYzgZNCJ9WYUDakfWxbKmmE2h8/ZpdOyImVeiSMlS1pSKb+HhnTSOtRFNjOiJqBXvSm4n9eOzXhlT/mMkkNSjZbFKaCmJhM3yY9rpAZMbKEMsXtsYQNqKLM2HAKNgVv8edl0jgrexfl85pXqtzN4oA8HMExnIIHl1CBW6hCHRggPMELvDpD59l5c95nrTlnPnMIf+B8/AAGAY6E</latexit>e <latexit sha1_base64="qN95PruaRPrPbuEfjQLuDLorybc=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKewKPm4GvOgtAfOAZAmzk95kyOzsMjMrhpAv8CQoiFd/SPDk3zjZ5KCJBQ1FVTfdXUEiuDau++3kVlbX1jfym4Wt7Z3dveL+QUPHqWJYZ7GIVSugGgWXWDfcCGwlCmkUCGwGw5up33xApXks780oQT+ifclDzqixUg27xZJbdjOQZeLNSen6EzJUu8WvTi9maYTSMEG1bntuYvwxVYYzgZNCJ9WYUDakfWxbKmmE2h8/ZpdOyImVeiSMlS1pSKb+HhnTSOtRFNjOiJqBXvSm4n9eOzXhlT/mMkkNSjZbFKaCmJhM3yY9rpAZMbKEMsXtsYQNqKLM2HAKNgVv8edl0jgrexfl85pXqtzN4oA8HMExnIIHl1CBW6hCHRggPMELvDpD59l5c95nrTlnPnMIf+B8/AAGAY6E</latexit>e

<latexit sha1_base64="W9CS1hnwgSIIGwgeIeXhBmAIbig="></latexit>

L � ytp
2
�

✓
1 + c

�2

⇤2

◆
t̄LtR + h.c.
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ELECTRIC DIPOLE MOMENT OF ELECTRON

measured

Rules out simplest 
scenarios

<latexit sha1_base64="h4BHbE/L1yAq6lrmf9/FnijAak0=">AAACGHicbVDLSgMxFL3js9ZX1aWbYBEUapnxvSy40V0FW4VOLZn0VkOTmSHJiGVa8CNc+SmuBAVxqyv/xrR1odYDgcM595F7glhwbVz30xkbn5icms7MZGfn5hcWc0vLVR0limGFRSJSFwHVKHiIFcONwItYIZWBwPOgfdT3z29QaR6FZ6YTY13Sq5C3OKPGSo1csdtsYJf4ArXWXJJd4hsuURPPvUy3dtxe1i+gX0h9JQmTvUYu7xbdAcgo8b5JvrR5B32UG7kPvxmxRGJomKBa1zw3NvWUKsOZQDs90RhT1qZXWLM0pHZ3Pb0dHNYj61Zqklak7AsNGag/W1Iqte7IwFZKaq71X68v/ufVEtM6rKc8jBODIRsuaiWCmIj0UyJNrpAZ0bGEMsXtZwm7pooyY7PM2hS8vzePkup20dsv7p16+dIJDJGBVViDDfDgAEpwDGWoAIN7eIRneHEenCfn1Xkblo453z0r8AvO+xdS0Z+D</latexit>

|de| . 4⇥ 10�30 e cm

new physics

<latexit sha1_base64="hCiU7fRof8iSfcqGBJepSxcFJ80=">AAACCHicbVDLSgMxFL3js9ZX1aUgwSK4kDIj+NhZcKPgokJf0BlKJpO2ocnMkGTEMnTnyk9xJSiIW79AcOXfmE670NYDgcM553Jzjx9zprRtf1tz8wuLS8u5lfzq2vrGZmFru66iRBJaIxGPZNPHinIW0ppmmtNmLCkWPqcNv3858ht3VCoWhVU9iKkncDdkHUawNlK7sOfemHCAkdvVJiWQYyP3KHWlQFVaH7YLRbtkZ0CzxJmQ4sUnZKi0C19uEJFE0FATjpVqOXasvRRLzQinw7ybKBpj0sdd2jI0xIIqL73PDhmiAyMFqBNJ80KNMvX3SIqFUgPhm6TAuqemvZH4n9dKdOfcS1kYJ5qGZLyok3CkIzRqBQVMUqL5wBBMJDOfRaSHJSbadJc3LTjTN8+S+nHJOS2d3DrF8vW4DsjBLuzDIThwBmW4ggrUgMADPMELvFqP1rP1Zr2Po3PWZGYH/sD6+AE4npms</latexit>

⇤ & 10TeV

<latexit sha1_base64="W9CS1hnwgSIIGwgeIeXhBmAIbig="></latexit>

L � ytp
2
�

✓
1 + c

�2

⇤2

◆
t̄LtR + h.c.
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RECENT WORK ON EW BARYOGENESIS

- triple higgs coupling at LHC 

- electric dipole moment of electron 

- gravitational waves 

hide CP asymmetry 
include flavor effects 
new scenarios 

thermal corrections 
bubble wall velocity 
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PLAN

1. Sakharov conditions 
2. Leptogenesis 
3. Electroweak baryogenesis


