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• Lorentz-invariant theories must satisfy Sakharov conditions for 
baryogenesis. How does the SM do?

1.Baryon number violation: transitions between electroweak vacua 
can transform baryon number into lepton number  

2.CP-violation: physical CP-violation requires all 3 generations, it is 
too small to explain observed baryon asymmetry ( ~10-10 ) 

3.Departure from equilibrium: particle abundances must deviate 
from equilibrium value, B-violating processes should also be out 
of equilibrium

Sakharov, 1967
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(warning: arbitrary conflation of mass & dynamical 
scales for purpose of illustration!)mass/energy

GUT baryogenesis
Affleck-Dine baryogenesis

Higgs relaxation baryogenesis

standard thermal leptogenesis

resonant leptogenesis  
freeze-in (oscillation) lepto/baryogenesis 

electroweak baryogenesis

B meson oscillation baryogenesis

1010 GeV

1016 GeV

103 GeV

100 GeV

for references, see backup slides
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• Out-of-equilibrium production & scattering of singlets 

• Simple model: same as many freeze-in DM models or see-saw 
mechanism 

• Understudied: one limit (νMSM) very well-studied, but other limits 
can give very different phenomenology/mechanisms 

• Multi-scale: dynamics naturally links TeV, keV, and cm scales 

• Testable: signals in colliders (potentially also cosmology)
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• There are many possible limits, but for now we choose the scenario 
where               charged under unbroken Z2 symmetry 

•      are stable DM candidates,       carry baryon number +1/3 �a
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Figure 2. The two basic mechanisms for DM production: the freeze-out (left panel) and freeze-in
(right panel), for three di↵erent values of the interaction rate between the visible sector and DM
particles � in each case. The arrows indicate the e↵ect of increasing the rate � of the two processes.
In the left panel x = m�/T and gray dashed line shows the equilibrium density of DM particles. In
the right panel x = m�/T , where � denotes the particle decaying into DM, and the gray dashed line
shows the equilibrium density of �. In both panels Y = n�/s, where s is the entropy density of the
baryon-photon fluid.

n = 0 for s-wave annihilation, n = 1 for p-wave annihilation, and so on. Here we assumed
that the freeze-out occurs when DM is non-relativistic.

Eq. (3.6) has an important feature: the present abundance is inversely proportional to
the DM annihilation cross section. This can be understood by recalling that in the freeze-out
scenario DM particles are initially in thermal equilibrium with the visible sector and the
stronger the interaction between them is, the longer the DM particles remain in equilibrium
and thus the more their abundance gets diluted before the eventual freeze-out. This can also
be seen in the left panel of Fig. 2.

3.3 Freeze-in

The above discussion was based on the assumption that the DM initially reached thermal
equilibrium with the visible sector. However, if the coupling between the visible sector and
DM particles is very small, typically y ' O(10�7) or less [258, 259], interactions between them
are not strong enough for DM to reach thermal equilibrium and freeze-out cannot happen.
Instead, the observed DM abundance can be produced by the freeze-in mechanism [15, 19].
In this case, the particle undergoing the freeze-in is referred to as a FIMP (Feebly Interacting
Massive Particle) [19], as opposed to the WIMP.

In the simplest case, the initial number density of DM particles is either zero or negligibly
small, and the observed abundance is produced by bath particle decays, for instance by
� ! ��, where � is a particle in the visible sector heat bath [15, 17–19, 240, 260–265].
The freeze-in yield is active until the number density of � becomes Boltzmann-suppressed,
n� / exp(�m�/T ). The comoving number density of DM particles � then becomes a constant
and the DM abundance freezes in. This is depicted in the right panel of Fig. 2.
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<latexit sha1_base64="IiS6fz3Au0d783R9ArwT6McrTNo=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq9cY8T7plyte1ZsDrxI/JxXI0eiXv3oDRdOYSUsFMabre4kNMqItp4JNS73UsITQMRmyrqOSxMwE2fzaKT5zygBHSruSFs/V3xMZiY2ZxKHrjIkdmWVvJv7ndVMbXQcZl0lqmaSLRVEqsFV49joecM2oFRNHCNXc3YrpiGhCrQuo5ELwl19eJa1a1b+o1u4vK/WbPI4inMApnIMPV1CHO2hAEyg8wjO8whtS6AW9o49FawHlM8fwB+jzB1RUjvc=</latexit>

 ↵
<latexit sha1_base64="KkqsxXClXWWVkymtsq9U8tCVNWs=">AAAB8nicbVBNSwMxEM36WetX1aOXYBE8ld0q6LHoxWMF+wG7S8mm2TY0m4RkViilP8OLB0W8+mu8+W9M2z1o64OBx3szzMxLtOAWfP/bW1vf2NzaLu2Ud/f2Dw4rR8dtq3JDWYsqoUw3IZYJLlkLOAjW1YaRLBGsk4zuZn7niRnLlXyEsWZxRgaSp5wScFIYact7ERF6SHqVql/z58CrJChIFRVo9ipfUV/RPGMSqCDWhoGvIZ4QA5wKNi1HuWWa0BEZsNBRSTJm48n85Ck+d0ofp8q4koDn6u+JCcmsHWeJ68wIDO2yNxP/88Ic0pt4wqXOgUm6WJTmAoPCs/9xnxtGQYwdIdRwdyumQ2IIBZdS2YUQLL+8Str1WnBZqz9cVRu3RRwldIrO0AUK0DVqoHvURC1EkULP6BW9eeC9eO/ex6J1zStmTtAfeJ8/aJqRVQ==</latexit>

SM fermion

�
<latexit sha1_base64="tHfY8EK2hJ+4sMS2XdrdFvwWPhQ=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclZkq6LLoxmUF+4DOUDJppg3NJGOSKZSh3+HGhSJu/Rh3/o2ZdhbaeiBwOOce7s0JE860cd1vZ219Y3Nru7RT3t3bPzisHB23tUwVoS0iuVTdEGvKmaAtwwyn3URRHIecdsLxXe53JlRpJsWjmSY0iPFQsIgRbKwU+NKaedYnI9avVN2aOwdaJV5BqlCg2a98+QNJ0pgKQzjWuue5iQkyrAwjnM7KfqppgskYD2nPUoFjqoNsfvQMnVtlgCKp7BMGzdXfiQzHWk/j0E7G2Iz0speL/3m91EQ3QcZEkhoqyGJRlHJkJMobQAOmKDF8agkmitlbERlhhYmxPZVtCd7yl1dJu17zLmv1h6tq47aoowSncAYX4ME1NOAemtACAk/wDK/w5kycF+fd+ViMrjlF5gT+wPn8ARrlklA=</latexit>

Y eq
�

<latexit sha1_base64="wVuXOfRMbw980WuxVHNP0enE9kQ=">AAAB+HicbVBNS8NAEJ34WetHox69LBbBU0mkoMeiF48V7Ic0MWy2m3bpZhN3N0IN/SVePCji1Z/izX/jts1BWx8MPN6bYWZemHKmtON8Wyura+sbm6Wt8vbO7l7F3j9oqySThLZIwhPZDbGinAna0kxz2k0lxXHIaSccXU39ziOViiXiVo9T6sd4IFjECNZGCuzKXeA1h+w+92SM6MMksKtOzZkBLRO3IFUo0AzsL6+fkCymQhOOleq5Tqr9HEvNCKeTspcpmmIywgPaM1TgmCo/nx0+QSdG6aMokaaERjP190SOY6XGcWg6Y6yHatGbiv95vUxHF37ORJppKsh8UZRxpBM0TQH1maRE87EhmEhmbkVkiCUm2mRVNiG4iy8vk/ZZza3X6jf1auOyiKMER3AMp+DCOTTgGprQAgIZPMMrvFlP1ov1bn3MW1esYuYQ/sD6/AGIR5ME</latexit>



1.Generation of asymmetry 

2. Survival of asymmetry  

3. Size of asymmetry 

4. Numerical results 

5. Single-scalar baryogenesis
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FREEZE-IN BARYOGENESIS
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NEXT ORDER: BARYOGENESIS

!9

�a
<latexit sha1_base64="IiS6fz3Au0d783R9ArwT6McrTNo=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq9cY8T7plyte1ZsDrxI/JxXI0eiXv3oDRdOYSUsFMabre4kNMqItp4JNS73UsITQMRmyrqOSxMwE2fzaKT5zygBHSruSFs/V3xMZiY2ZxKHrjIkdmWVvJv7ndVMbXQcZl0lqmaSLRVEqsFV49joecM2oFRNHCNXc3YrpiGhCrQuo5ELwl19eJa1a1b+o1u4vK/WbPI4inMApnIMPV1CHO2hAEyg8wjO8whtS6AW9o49FawHlM8fwB+jzB1RUjvc=</latexit>

 ↵
<latexit sha1_base64="KkqsxXClXWWVkymtsq9U8tCVNWs=">AAAB8nicbVBNSwMxEM36WetX1aOXYBE8ld0q6LHoxWMF+wG7S8mm2TY0m4RkViilP8OLB0W8+mu8+W9M2z1o64OBx3szzMxLtOAWfP/bW1vf2NzaLu2Ud/f2Dw4rR8dtq3JDWYsqoUw3IZYJLlkLOAjW1YaRLBGsk4zuZn7niRnLlXyEsWZxRgaSp5wScFIYact7ERF6SHqVql/z58CrJChIFRVo9ipfUV/RPGMSqCDWhoGvIZ4QA5wKNi1HuWWa0BEZsNBRSTJm48n85Ck+d0ofp8q4koDn6u+JCcmsHWeJ68wIDO2yNxP/88Ic0pt4wqXOgUm6WJTmAoPCs/9xnxtGQYwdIdRwdyumQ2IIBZdS2YUQLL+8Str1WnBZqz9cVRu3RRwldIrO0AUK0DVqoHvURC1EkULP6BW9eeC9eO/ex6J1zStmTtAfeJ8/aJqRVQ==</latexit>

 �
<latexit sha1_base64="bKGO/fjYnb4durc/NjdU2oqEgx0=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0mqoMeiF48V7Ac2oWy2k3bpZhN2J0Ip/RdePCji1X/jzX/jts1BWx8MPN6bYWZemEph0HW/ncLa+sbmVnG7tLO7t39QPjxqmSTTHJo8kYnuhMyAFAqaKFBCJ9XA4lBCOxzdzvz2E2gjEvWA4xSCmA2UiARnaKVHPzWi54eArFeuuFV3DrpKvJxUSI5Gr/zl9xOexaCQS2ZM13NTDCZMo+ASpiU/M5AyPmID6FqqWAwmmMwvntIzq/RplGhbCulc/T0xYbEx4zi0nTHDoVn2ZuJ/XjfD6DqYCJVmCIovFkWZpJjQ2fu0LzRwlGNLGNfC3kr5kGnG0YZUsiF4yy+vklat6l1Ua/eXlfpNHkeRnJBTck48ckXq5I40SJNwosgzeSVvjnFenHfnY9FacPKZY/IHzucPnt6Q4Q==</latexit>

�a
<latexit sha1_base64="IiS6fz3Au0d783R9ArwT6McrTNo=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq9cY8T7plyte1ZsDrxI/JxXI0eiXv3oDRdOYSUsFMabre4kNMqItp4JNS73UsITQMRmyrqOSxMwE2fzaKT5zygBHSruSFs/V3xMZiY2ZxKHrjIkdmWVvJv7ndVMbXQcZl0lqmaSLRVEqsFV49joecM2oFRNHCNXc3YrpiGhCrQuo5ELwl19eJa1a1b+o1u4vK/WbPI4inMApnIMPV1CHO2hAEyg8wjO8whtS6AW9o49FawHlM8fwB+jzB1RUjvc=</latexit>

�a
<latexit sha1_base64="IiS6fz3Au0d783R9ArwT6McrTNo=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq9cY8T7plyte1ZsDrxI/JxXI0eiXv3oDRdOYSUsFMabre4kNMqItp4JNS73UsITQMRmyrqOSxMwE2fzaKT5zygBHSruSFs/V3xMZiY2ZxKHrjIkdmWVvJv7ndVMbXQcZl0lqmaSLRVEqsFV49joecM2oFRNHCNXc3YrpiGhCrQuo5ELwl19eJa1a1b+o1u4vK/WbPI4inMApnIMPV1CHO2hAEyg8wjO8whtS6AW9o49FawHlM8fwB+jzB1RUjvc=</latexit>

 ↵
<latexit sha1_base64="KkqsxXClXWWVkymtsq9U8tCVNWs=">AAAB8nicbVBNSwMxEM36WetX1aOXYBE8ld0q6LHoxWMF+wG7S8mm2TY0m4RkViilP8OLB0W8+mu8+W9M2z1o64OBx3szzMxLtOAWfP/bW1vf2NzaLu2Ud/f2Dw4rR8dtq3JDWYsqoUw3IZYJLlkLOAjW1YaRLBGsk4zuZn7niRnLlXyEsWZxRgaSp5wScFIYact7ERF6SHqVql/z58CrJChIFRVo9ipfUV/RPGMSqCDWhoGvIZ4QA5wKNi1HuWWa0BEZsNBRSTJm48n85Ck+d0ofp8q4koDn6u+JCcmsHWeJ68wIDO2yNxP/88Ic0pt4wqXOgUm6WJTmAoPCs/9xnxtGQYwdIdRwdyumQ2IIBZdS2YUQLL+8Str1WnBZqz9cVRu3RRwldIrO0AUK0DVqoHvURC1EkULP6BW9eeC9eO/ex6J1zStmTtAfeJ8/aJqRVQ==</latexit>

 �
<latexit sha1_base64="bKGO/fjYnb4durc/NjdU2oqEgx0=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0mqoMeiF48V7Ac2oWy2k3bpZhN2J0Ip/RdePCji1X/jzX/jts1BWx8MPN6bYWZemEph0HW/ncLa+sbmVnG7tLO7t39QPjxqmSTTHJo8kYnuhMyAFAqaKFBCJ9XA4lBCOxzdzvz2E2gjEvWA4xSCmA2UiARnaKVHPzWi54eArFeuuFV3DrpKvJxUSI5Gr/zl9xOexaCQS2ZM13NTDCZMo+ASpiU/M5AyPmID6FqqWAwmmMwvntIzq/RplGhbCulc/T0xYbEx4zi0nTHDoVn2ZuJ/XjfD6DqYCJVmCIovFkWZpJjQ2fu0LzRwlGNLGNfC3kr5kGnG0YZUsiF4yy+vklat6l1Ua/eXlfpNHkeRnJBTck48ckXq5I40SJNwosgzeSVvjnFenHfnY9FacPKZY/IHzucPnt6Q4Q==</latexit>

�a
<latexit sha1_base64="IiS6fz3Au0d783R9ArwT6McrTNo=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq9cY8T7plyte1ZsDrxI/JxXI0eiXv3oDRdOYSUsFMabre4kNMqItp4JNS73UsITQMRmyrqOSxMwE2fzaKT5zygBHSruSFs/V3xMZiY2ZxKHrjIkdmWVvJv7ndVMbXQcZl0lqmaSLRVEqsFV49joecM2oFRNHCNXc3YrpiGhCrQuo5ELwl19eJa1a1b+o1u4vK/WbPI4inMApnIMPV1CHO2hAEyg8wjO8whtS6AW9o49FawHlM8fwB+jzB1RUjvc=</latexit>

+
<latexit sha1_base64="HFb7vPGXWshKfdtTiumEDK16me0=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGE3CnoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0qyUvctypX5Vqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3LTjLM=</latexit>

• Some fraction of DM propagates coherently, re-scatters

• Inverse decay removes a quark from plasma

• Asymmetry in rate of re-scattering can lead to quark asymmetry!

�̄1
<latexit sha1_base64="Rjb73O0vJGnwC4TcCifa3SYEIy4=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ac2oUy2m3bpZhN2N0Ip/RdePCji1X/jzX/jts1BWx8MPN6bYWZemAqujet+O4W19Y3NreJ2aWd3b/+gfHjU0kmmKGvSRCSqE6JmgkvWNNwI1kkVwzgUrB2Obmd++4kpzRP5YMYpC2IcSB5xisZKj36IyqdD3vN65Ypbdecgq8TLSQVyNHrlL7+f0Cxm0lCBWnc9NzXBBJXhVLBpyc80S5GOcMC6lkqMmQ4m84un5MwqfRIlypY0ZK7+nphgrPU4Dm1njGaol72Z+J/XzUx0HUy4TDPDJF0sijJBTEJm75M+V4waMbYEqeL2VkKHqJAaG1LJhuAtv7xKWrWqd1Gt3V9W6jd5HEU4gVM4Bw+uoA530IAmUJDwDK/w5mjnxXl3PhatBSefOYY/cD5/ACgAkJM=</latexit>

�̄2
<latexit sha1_base64="LeB5wxuDjkg4bfDHNp8tJXkXpTI=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ac2oUy2m3bpZhN2N0Ip/RdePCji1X/jzX/jts1BWx8MPN6bYWZemAqujet+O4W19Y3NreJ2aWd3b/+gfHjU0kmmKGvSRCSqE6JmgkvWNNwI1kkVwzgUrB2Obmd++4kpzRP5YMYpC2IcSB5xisZKj36IyqdD3qv1yhW36s5BVomXkwrkaPTKX34/oVnMpKECte56bmqCCSrDqWDTkp9pliId4YB1LZUYMx1M5hdPyZlV+iRKlC1pyFz9PTHBWOtxHNrOGM1QL3sz8T+vm5noOphwmWaGSbpYFGWCmITM3id9rhg1YmwJUsXtrYQOUSE1NqSSDcFbfnmVtGpV76Jau7+s1G/yOIpwAqdwDh5cQR3uoAFNoCDhGV7hzdHOi/PufCxaC04+cwx/4Hz+ACmEkJQ=</latexit>

e�i!1t
<latexit sha1_base64="SMS3u2lcpmP1FmK7yrD2yXW6lnk=">AAACBXicbVC7TsMwFHXKq5RXgREGiwqJhSopSDBWsDAWiT6kNkSOc9tatZPIdpCqqAsLv8LCAEKs/AMbf4ObZoCWI13p6Jx77XuPH3OmtG1/W4Wl5ZXVteJ6aWNza3unvLvXUlEiKTRpxCPZ8YkCzkJoaqY5dGIJRPgc2v7oeuq3H0AqFoV3ehyDK8ggZH1GiTaSVz7sZW+kEoIJhvv0lPUiAQPiOVhPvHLFrtoZ8CJxclJBORpe+asXRDQREGrKiVJdx461mxKpGeUwKfUSBTGhIzKArqEhEaDcNNtggo+NEuB+JE2FGmfq74mUCKXGwjedguihmvem4n9eN9H9SzdlYZxoCOnso37CsY7wNBIcMAlU87EhhEpmdsV0SCSh2gRXMiE48ycvklat6pxVa7fnlfpVHkcRHaAjdIIcdIHq6AY1UBNR9Iie0St6s56sF+vd+pi1Fqx8Zh/9gfX5A06OmG8=</latexit>

e�i!2t
<latexit sha1_base64="eF44AkQym4AxMwUEHvpCWqHRZYI=">AAACBXicbVC7TsMwFHXKq5RXgREGiwqJhSopSDBWsDAWiT6kJkSOe9tadeLIdpCqKAsLv8LCAEKs/AMbf4ObdoCWI13p6Jx77XtPEHOmtG1/W4Wl5ZXVteJ6aWNza3unvLvXUiKRFJpUcCE7AVHAWQRNzTSHTiyBhAGHdjC6nvjtB5CKiehOj2PwQjKIWJ9Roo3klw/d/I1UQi/DcJ+eMleEMCB+DevML1fsqp0DLxJnRipohoZf/nJ7giYhRJpyolTXsWPtpURqRjlkJTdREBM6IgPoGhqREJSX5htk+NgoPdwX0lSkca7+nkhJqNQ4DExnSPRQzXsT8T+vm+j+pZeyKE40RHT6UT/hWAs8iQT3mASq+dgQQiUzu2I6JJJQbYIrmRCc+ZMXSatWdc6qtdvzSv1qFkcRHaAjdIIcdIHq6AY1UBNR9Iie0St6s56sF+vd+pi2FqzZzD76A+vzB1AVmHA=</latexit>

Akhmedov, Rubakov, Smirnov, hep-ph/9803255; Asaka, Shaposhnikov, hep-ph/0505013



!10

CPV REFRESHER

!10

�|M|2 = 0

M(a ! b) = x ei� M(ā ! b̄) = x e�i�



!10

CPV REFRESHER

!10

�|M|2 = 0

M(a ! b) = x ei� M(ā ! b̄) = x e�i�

�|M|2 = 0

M(a ! b) = x1 e
i� + x2 M(ā ! b̄) = x1 e

�i� + x2
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CPV REFRESHER

!10

�|M|2 = 0

M(a ! b) = x ei� M(ā ! b̄) = x e�i�

�|M|2 = 0

M(a ! b) = x1 e
i� + x2 M(ā ! b̄) = x1 e

�i� + x2

M(a ! b) = x1 e
i�+i✓ + x2 M(ā ! b̄) = x1 e

�i�+i✓ + x2

�|M|2 = �4x1x2 sin� sin ✓
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�a
<latexit sha1_base64="IiS6fz3Au0d783R9ArwT6McrTNo=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq9cY8T7plyte1ZsDrxI/JxXI0eiXv3oDRdOYSUsFMabre4kNMqItp4JNS73UsITQMRmyrqOSxMwE2fzaKT5zygBHSruSFs/V3xMZiY2ZxKHrjIkdmWVvJv7ndVMbXQcZl0lqmaSLRVEqsFV49joecM2oFRNHCNXc3YrpiGhCrQuo5ELwl19eJa1a1b+o1u4vK/WbPI4inMApnIMPV1CHO2hAEyg8wjO8whtS6AW9o49FawHlM8fwB+jzB1RUjvc=</latexit>

 ↵
<latexit sha1_base64="KkqsxXClXWWVkymtsq9U8tCVNWs=">AAAB8nicbVBNSwMxEM36WetX1aOXYBE8ld0q6LHoxWMF+wG7S8mm2TY0m4RkViilP8OLB0W8+mu8+W9M2z1o64OBx3szzMxLtOAWfP/bW1vf2NzaLu2Ud/f2Dw4rR8dtq3JDWYsqoUw3IZYJLlkLOAjW1YaRLBGsk4zuZn7niRnLlXyEsWZxRgaSp5wScFIYact7ERF6SHqVql/z58CrJChIFRVo9ipfUV/RPGMSqCDWhoGvIZ4QA5wKNi1HuWWa0BEZsNBRSTJm48n85Ck+d0ofp8q4koDn6u+JCcmsHWeJ68wIDO2yNxP/88Ic0pt4wqXOgUm6WJTmAoPCs/9xnxtGQYwdIdRwdyumQ2IIBZdS2YUQLL+8Str1WnBZqz9cVRu3RRwldIrO0AUK0DVqoHvURC1EkULP6BW9eeC9eO/ex6J1zStmTtAfeJ8/aJqRVQ==</latexit>

 �
<latexit sha1_base64="bKGO/fjYnb4durc/NjdU2oqEgx0=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0mqoMeiF48V7Ac2oWy2k3bpZhN2J0Ip/RdePCji1X/jzX/jts1BWx8MPN6bYWZemEph0HW/ncLa+sbmVnG7tLO7t39QPjxqmSTTHJo8kYnuhMyAFAqaKFBCJ9XA4lBCOxzdzvz2E2gjEvWA4xSCmA2UiARnaKVHPzWi54eArFeuuFV3DrpKvJxUSI5Gr/zl9xOexaCQS2ZM13NTDCZMo+ASpiU/M5AyPmID6FqqWAwmmMwvntIzq/RplGhbCulc/T0xYbEx4zi0nTHDoVn2ZuJ/XjfD6DqYCJVmCIovFkWZpJjQ2fu0LzRwlGNLGNfC3kr5kGnG0YZUsiF4yy+vklat6l1Ua/eXlfpNHkeRnJBTck48ckXq5I40SJNwosgzeSVvjnFenHfnY9FacPKZY/IHzucPnt6Q4Q==</latexit>

�a
<latexit sha1_base64="IiS6fz3Au0d783R9ArwT6McrTNo=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq9cY8T7plyte1ZsDrxI/JxXI0eiXv3oDRdOYSUsFMabre4kNMqItp4JNS73UsITQMRmyrqOSxMwE2fzaKT5zygBHSruSFs/V3xMZiY2ZxKHrjIkdmWVvJv7ndVMbXQcZl0lqmaSLRVEqsFV49joecM2oFRNHCNXc3YrpiGhCrQuo5ELwl19eJa1a1b+o1u4vK/WbPI4inMApnIMPV1CHO2hAEyg8wjO8whtS6AW9o49FawHlM8fwB+jzB1RUjvc=</latexit>

�a
<latexit sha1_base64="IiS6fz3Au0d783R9ArwT6McrTNo=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq9cY8T7plyte1ZsDrxI/JxXI0eiXv3oDRdOYSUsFMabre4kNMqItp4JNS73UsITQMRmyrqOSxMwE2fzaKT5zygBHSruSFs/V3xMZiY2ZxKHrjIkdmWVvJv7ndVMbXQcZl0lqmaSLRVEqsFV49joecM2oFRNHCNXc3YrpiGhCrQuo5ELwl19eJa1a1b+o1u4vK/WbPI4inMApnIMPV1CHO2hAEyg8wjO8whtS6AW9o49FawHlM8fwB+jzB1RUjvc=</latexit>

 ↵
<latexit sha1_base64="KkqsxXClXWWVkymtsq9U8tCVNWs=">AAAB8nicbVBNSwMxEM36WetX1aOXYBE8ld0q6LHoxWMF+wG7S8mm2TY0m4RkViilP8OLB0W8+mu8+W9M2z1o64OBx3szzMxLtOAWfP/bW1vf2NzaLu2Ud/f2Dw4rR8dtq3JDWYsqoUw3IZYJLlkLOAjW1YaRLBGsk4zuZn7niRnLlXyEsWZxRgaSp5wScFIYact7ERF6SHqVql/z58CrJChIFRVo9ipfUV/RPGMSqCDWhoGvIZ4QA5wKNi1HuWWa0BEZsNBRSTJm48n85Ck+d0ofp8q4koDn6u+JCcmsHWeJ68wIDO2yNxP/88Ic0pt4wqXOgUm6WJTmAoPCs/9xnxtGQYwdIdRwdyumQ2IIBZdS2YUQLL+8Str1WnBZqz9cVRu3RRwldIrO0AUK0DVqoHvURC1EkULP6BW9eeC9eO/ex6J1zStmTtAfeJ8/aJqRVQ==</latexit>

 �
<latexit sha1_base64="bKGO/fjYnb4durc/NjdU2oqEgx0=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0mqoMeiF48V7Ac2oWy2k3bpZhN2J0Ip/RdePCji1X/jzX/jts1BWx8MPN6bYWZemEph0HW/ncLa+sbmVnG7tLO7t39QPjxqmSTTHJo8kYnuhMyAFAqaKFBCJ9XA4lBCOxzdzvz2E2gjEvWA4xSCmA2UiARnaKVHPzWi54eArFeuuFV3DrpKvJxUSI5Gr/zl9xOexaCQS2ZM13NTDCZMo+ASpiU/M5AyPmID6FqqWAwmmMwvntIzq/RplGhbCulc/T0xYbEx4zi0nTHDoVn2ZuJ/XjfD6DqYCJVmCIovFkWZpJjQ2fu0LzRwlGNLGNfC3kr5kGnG0YZUsiF4yy+vklat6l1Ua/eXlfpNHkeRnJBTck48ckXq5I40SJNwosgzeSVvjnFenHfnY9FacPKZY/IHzucPnt6Q4Q==</latexit>

�a
<latexit sha1_base64="IiS6fz3Au0d783R9ArwT6McrTNo=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq9cY8T7plyte1ZsDrxI/JxXI0eiXv3oDRdOYSUsFMabre4kNMqItp4JNS73UsITQMRmyrqOSxMwE2fzaKT5zygBHSruSFs/V3xMZiY2ZxKHrjIkdmWVvJv7ndVMbXQcZl0lqmaSLRVEqsFV49joecM2oFRNHCNXc3YrpiGhCrQuo5ELwl19eJa1a1b+o1u4vK/WbPI4inMApnIMPV1CHO2hAEyg8wjO8whtS6AW9o49FawHlM8fwB+jzB1RUjvc=</latexit>

+
<latexit sha1_base64="HFb7vPGXWshKfdtTiumEDK16me0=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGE3CnoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0qyUvctypX5Vqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3LTjLM=</latexit>

• Some fraction of DM propagates coherently, re-scatters

• Inverse decay removes a quark from plasma

• Asymmetry in rate of re-scattering can lead to quark asymmetry!

�̄1
<latexit sha1_base64="Rjb73O0vJGnwC4TcCifa3SYEIy4=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ac2oUy2m3bpZhN2N0Ip/RdePCji1X/jzX/jts1BWx8MPN6bYWZemAqujet+O4W19Y3NreJ2aWd3b/+gfHjU0kmmKGvSRCSqE6JmgkvWNNwI1kkVwzgUrB2Obmd++4kpzRP5YMYpC2IcSB5xisZKj36IyqdD3vN65Ypbdecgq8TLSQVyNHrlL7+f0Cxm0lCBWnc9NzXBBJXhVLBpyc80S5GOcMC6lkqMmQ4m84un5MwqfRIlypY0ZK7+nphgrPU4Dm1njGaol72Z+J/XzUx0HUy4TDPDJF0sijJBTEJm75M+V4waMbYEqeL2VkKHqJAaG1LJhuAtv7xKWrWqd1Gt3V9W6jd5HEU4gVM4Bw+uoA530IAmUJDwDK/w5mjnxXl3PhatBSefOYY/cD5/ACgAkJM=</latexit>

�̄2
<latexit sha1_base64="LeB5wxuDjkg4bfDHNp8tJXkXpTI=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ac2oUy2m3bpZhN2N0Ip/RdePCji1X/jzX/jts1BWx8MPN6bYWZemAqujet+O4W19Y3NreJ2aWd3b/+gfHjU0kmmKGvSRCSqE6JmgkvWNNwI1kkVwzgUrB2Obmd++4kpzRP5YMYpC2IcSB5xisZKj36IyqdD3qv1yhW36s5BVomXkwrkaPTKX34/oVnMpKECte56bmqCCSrDqWDTkp9pliId4YB1LZUYMx1M5hdPyZlV+iRKlC1pyFz9PTHBWOtxHNrOGM1QL3sz8T+vm5noOphwmWaGSbpYFGWCmITM3id9rhg1YmwJUsXtrYQOUSE1NqSSDcFbfnmVtGpV76Jau7+s1G/yOIpwAqdwDh5cQR3uoAFNoCDhGV7hzdHOi/PufCxaC04+cwx/4Hz+ACmEkJQ=</latexit>

e�i!1t
<latexit sha1_base64="SMS3u2lcpmP1FmK7yrD2yXW6lnk=">AAACBXicbVC7TsMwFHXKq5RXgREGiwqJhSopSDBWsDAWiT6kNkSOc9tatZPIdpCqqAsLv8LCAEKs/AMbf4ObZoCWI13p6Jx77XuPH3OmtG1/W4Wl5ZXVteJ6aWNza3unvLvXUlEiKTRpxCPZ8YkCzkJoaqY5dGIJRPgc2v7oeuq3H0AqFoV3ehyDK8ggZH1GiTaSVz7sZW+kEoIJhvv0lPUiAQPiOVhPvHLFrtoZ8CJxclJBORpe+asXRDQREGrKiVJdx461mxKpGeUwKfUSBTGhIzKArqEhEaDcNNtggo+NEuB+JE2FGmfq74mUCKXGwjedguihmvem4n9eN9H9SzdlYZxoCOnso37CsY7wNBIcMAlU87EhhEpmdsV0SCSh2gRXMiE48ycvklat6pxVa7fnlfpVHkcRHaAjdIIcdIHq6AY1UBNR9Iie0St6s56sF+vd+pi1Fqx8Zh/9gfX5A06OmG8=</latexit>

e�i!2t
<latexit sha1_base64="eF44AkQym4AxMwUEHvpCWqHRZYI=">AAACBXicbVC7TsMwFHXKq5RXgREGiwqJhSopSDBWsDAWiT6kJkSOe9tadeLIdpCqKAsLv8LCAEKs/AMbf4ObdoCWI13p6Jx77XtPEHOmtG1/W4Wl5ZXVteJ6aWNza3unvLvXUiKRFJpUcCE7AVHAWQRNzTSHTiyBhAGHdjC6nvjtB5CKiehOj2PwQjKIWJ9Roo3klw/d/I1UQi/DcJ+eMleEMCB+DevML1fsqp0DLxJnRipohoZf/nJ7giYhRJpyolTXsWPtpURqRjlkJTdREBM6IgPoGhqREJSX5htk+NgoPdwX0lSkca7+nkhJqNQ4DExnSPRQzXsT8T+vm+j+pZeyKE40RHT6UT/hWAs8iQT3mASq+dgQQiUzu2I6JJJQbYIrmRCc+ZMXSatWdc6qtdvzSv1qFkcRHaAjdIIcdIHq6AY1UBNR9Iie0St6s56sF+vd+pi2FqzZzD76A+vzB1AVmHA=</latexit>

Akhmedov, Rubakov, Smirnov, hep-ph/9803255; Asaka, Shaposhnikov, hep-ph/0505013

F↵1

<latexit sha1_base64="/t+zHQGPtxr7q7Kbn5+icMWgGmI=">AAACAnicbVDLSsNAFL2pr1pfUVfiZrAIrkoiBV0WBXFZwT6gCWEynbRDJw9mJkIJwY2/4saFIm79Cnf+jdM0C209cOFwzr1z5x4/4Uwqy/o2Kiura+sb1c3a1vbO7p65f9CVcSoI7ZCYx6LvY0k5i2hHMcVpPxEUhz6nPX9yPfN7D1RIFkf3appQN8SjiAWMYKUlzzxyijcyn6c0Rzde5mCejDGyc8+sWw2rAFomdknqUKLtmV/OMCZpSCNFOJZyYFuJcjMsFCOc5jUnlTTBZIJHdKBphEMq3axYn6NTrQxREAtdkUKF+nsiw6GU09DXnSFWY7nozcT/vEGqgks3Y1GSKhqR+aIg5UjFaJYHGjJBieJTTTARTP8VkTEWmCidWk2HYC+evEy65w272WjeNeutqzKOKhzDCZyBDRfQgltoQwcIPMIzvMKb8WS8GO/Gx7y1YpQzh/AHxucPEoiXNw==</latexit>

F ⇤
�1

<latexit sha1_base64="pL7+1pduU+eoIe+0fnKM58ZlqLI=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBZBXJRECrosCuKygn1AE8NketMOnTyYmQglBNz4K25cKOLWn3Dn3zhNu9DWAxcO59w7d+7xE86ksqxvo7S0vLK6Vl6vbGxube+Yu3ttGaeCQovGPBZdn0jgLIKWYopDNxFAQp9Dxx9dTfzOAwjJ4uhOjRNwQzKIWMAoUVryzAOneCPzeQo5vvYyxwdFsJ3fn3pm1apZBfAisWekimZoeuaX049pGkKkKCdS9mwrUW5GhGKUQ15xUgkJoSMygJ6mEQlBulmxP8fHWunjIBa6IoUL9fdERkIpx6GvO0OihnLem4j/eb1UBRduxqIkVRDR6aIg5VjFeBII7jMBVPGxJoQKpv+K6ZAIQpWOraJDsOdPXiTts5pdr9Vv69XG5SyOMjpER+gE2egcNdANaqIWougRPaNX9GY8GS/Gu/ExbS0Zs5l99AfG5w9uMpdf</latexit>

F ⇤
�2

<latexit sha1_base64="4QHo4yFpfPmy7DOYVsLYoq0E9HQ=">AAACA3icbVDLSsNAFJ34rPUVdaebwSKIi5KUgi6LgrisYB/QxDCZ3rRDJw9mJkIJBTf+ihsXirj1J9z5N07TLLT1wIXDOffOnXv8hDOpLOvbWFpeWV1bL22UN7e2d3bNvf22jFNBoUVjHouuTyRwFkFLMcWhmwggoc+h44+upn7nAYRkcXSnxgm4IRlELGCUKC155qGTv5H5PIUJvvYyxwdFcG1yf+aZFatq5cCLxC5IBRVoeuaX049pGkKkKCdS9mwrUW5GhGKUw6TspBISQkdkAD1NIxKCdLN8/wSfaKWPg1joihTO1d8TGQmlHIe+7gyJGsp5byr+5/VSFVy4GYuSVEFEZ4uClGMV42kguM8EUMXHmhAqmP4rpkMiCFU6trIOwZ4/eZG0a1W7Xq3f1iuNyyKOEjpCx+gU2egcNdANaqIWougRPaNX9GY8GS/Gu/Exa10yipkD9AfG5w9vuZdg</latexit>

F↵2

<latexit sha1_base64="zF4ybFcHisbTjnuLqGWwnwRM7js=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgqiSloMuiIC4r2Ac0IdxMJ+3QyYOZiVBCcOOvuHGhiFu/wp1/4zTNQlsPXDicc+/cucdPOJPKsr6NldW19Y3NylZ1e2d3b988OOzKOBWEdkjMY9H3QVLOItpRTHHaTwSF0Oe050+uZ37vgQrJ4uheTRPqhjCKWMAIKC155rFTvJH5PKU5vvEyB3gyBtzIPbNm1a0CeJnYJamhEm3P/HKGMUlDGinCQcqBbSXKzUAoRjjNq04qaQJkAiM60DSCkEo3K9bn+EwrQxzEQlekcKH+nsgglHIa+rozBDWWi95M/M8bpCq4dDMWJamiEZkvClKOVYxneeAhE5QoPtUEiGD6r5iMQQBROrWqDsFePHmZdBt1u1lv3jVrrasyjgo6QafoHNnoArXQLWqjDiLoET2jV/RmPBkvxrvxMW9dMcqZI/QHxucPFA2XOA==</latexit>



!11

BARYOGENESIS

!11

�a
<latexit sha1_base64="IiS6fz3Au0d783R9ArwT6McrTNo=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq9cY8T7plyte1ZsDrxI/JxXI0eiXv3oDRdOYSUsFMabre4kNMqItp4JNS73UsITQMRmyrqOSxMwE2fzaKT5zygBHSruSFs/V3xMZiY2ZxKHrjIkdmWVvJv7ndVMbXQcZl0lqmaSLRVEqsFV49joecM2oFRNHCNXc3YrpiGhCrQuo5ELwl19eJa1a1b+o1u4vK/WbPI4inMApnIMPV1CHO2hAEyg8wjO8whtS6AW9o49FawHlM8fwB+jzB1RUjvc=</latexit>

 ↵
<latexit sha1_base64="KkqsxXClXWWVkymtsq9U8tCVNWs=">AAAB8nicbVBNSwMxEM36WetX1aOXYBE8ld0q6LHoxWMF+wG7S8mm2TY0m4RkViilP8OLB0W8+mu8+W9M2z1o64OBx3szzMxLtOAWfP/bW1vf2NzaLu2Ud/f2Dw4rR8dtq3JDWYsqoUw3IZYJLlkLOAjW1YaRLBGsk4zuZn7niRnLlXyEsWZxRgaSp5wScFIYact7ERF6SHqVql/z58CrJChIFRVo9ipfUV/RPGMSqCDWhoGvIZ4QA5wKNi1HuWWa0BEZsNBRSTJm48n85Ck+d0ofp8q4koDn6u+JCcmsHWeJ68wIDO2yNxP/88Ic0pt4wqXOgUm6WJTmAoPCs/9xnxtGQYwdIdRwdyumQ2IIBZdS2YUQLL+8Str1WnBZqz9cVRu3RRwldIrO0AUK0DVqoHvURC1EkULP6BW9eeC9eO/ex6J1zStmTtAfeJ8/aJqRVQ==</latexit>

 �
<latexit sha1_base64="bKGO/fjYnb4durc/NjdU2oqEgx0=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0mqoMeiF48V7Ac2oWy2k3bpZhN2J0Ip/RdePCji1X/jzX/jts1BWx8MPN6bYWZemEph0HW/ncLa+sbmVnG7tLO7t39QPjxqmSTTHJo8kYnuhMyAFAqaKFBCJ9XA4lBCOxzdzvz2E2gjEvWA4xSCmA2UiARnaKVHPzWi54eArFeuuFV3DrpKvJxUSI5Gr/zl9xOexaCQS2ZM13NTDCZMo+ASpiU/M5AyPmID6FqqWAwmmMwvntIzq/RplGhbCulc/T0xYbEx4zi0nTHDoVn2ZuJ/XjfD6DqYCJVmCIovFkWZpJjQ2fu0LzRwlGNLGNfC3kr5kGnG0YZUsiF4yy+vklat6l1Ua/eXlfpNHkeRnJBTck48ckXq5I40SJNwosgzeSVvjnFenHfnY9FacPKZY/IHzucPnt6Q4Q==</latexit>

�a
<latexit sha1_base64="IiS6fz3Au0d783R9ArwT6McrTNo=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq9cY8T7plyte1ZsDrxI/JxXI0eiXv3oDRdOYSUsFMabre4kNMqItp4JNS73UsITQMRmyrqOSxMwE2fzaKT5zygBHSruSFs/V3xMZiY2ZxKHrjIkdmWVvJv7ndVMbXQcZl0lqmaSLRVEqsFV49joecM2oFRNHCNXc3YrpiGhCrQuo5ELwl19eJa1a1b+o1u4vK/WbPI4inMApnIMPV1CHO2hAEyg8wjO8whtS6AW9o49FawHlM8fwB+jzB1RUjvc=</latexit>

�a
<latexit sha1_base64="IiS6fz3Au0d783R9ArwT6McrTNo=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq9cY8T7plyte1ZsDrxI/JxXI0eiXv3oDRdOYSUsFMabre4kNMqItp4JNS73UsITQMRmyrqOSxMwE2fzaKT5zygBHSruSFs/V3xMZiY2ZxKHrjIkdmWVvJv7ndVMbXQcZl0lqmaSLRVEqsFV49joecM2oFRNHCNXc3YrpiGhCrQuo5ELwl19eJa1a1b+o1u4vK/WbPI4inMApnIMPV1CHO2hAEyg8wjO8whtS6AW9o49FawHlM8fwB+jzB1RUjvc=</latexit>

 ↵
<latexit sha1_base64="KkqsxXClXWWVkymtsq9U8tCVNWs=">AAAB8nicbVBNSwMxEM36WetX1aOXYBE8ld0q6LHoxWMF+wG7S8mm2TY0m4RkViilP8OLB0W8+mu8+W9M2z1o64OBx3szzMxLtOAWfP/bW1vf2NzaLu2Ud/f2Dw4rR8dtq3JDWYsqoUw3IZYJLlkLOAjW1YaRLBGsk4zuZn7niRnLlXyEsWZxRgaSp5wScFIYact7ERF6SHqVql/z58CrJChIFRVo9ipfUV/RPGMSqCDWhoGvIZ4QA5wKNi1HuWWa0BEZsNBRSTJm48n85Ck+d0ofp8q4koDn6u+JCcmsHWeJ68wIDO2yNxP/88Ic0pt4wqXOgUm6WJTmAoPCs/9xnxtGQYwdIdRwdyumQ2IIBZdS2YUQLL+8Str1WnBZqz9cVRu3RRwldIrO0AUK0DVqoHvURC1EkULP6BW9eeC9eO/ex6J1zStmTtAfeJ8/aJqRVQ==</latexit>

 �
<latexit sha1_base64="bKGO/fjYnb4durc/NjdU2oqEgx0=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0mqoMeiF48V7Ac2oWy2k3bpZhN2J0Ip/RdePCji1X/jzX/jts1BWx8MPN6bYWZemEph0HW/ncLa+sbmVnG7tLO7t39QPjxqmSTTHJo8kYnuhMyAFAqaKFBCJ9XA4lBCOxzdzvz2E2gjEvWA4xSCmA2UiARnaKVHPzWi54eArFeuuFV3DrpKvJxUSI5Gr/zl9xOexaCQS2ZM13NTDCZMo+ASpiU/M5AyPmID6FqqWAwmmMwvntIzq/RplGhbCulc/T0xYbEx4zi0nTHDoVn2ZuJ/XjfD6DqYCJVmCIovFkWZpJjQ2fu0LzRwlGNLGNfC3kr5kGnG0YZUsiF4yy+vklat6l1Ua/eXlfpNHkeRnJBTck48ckXq5I40SJNwosgzeSVvjnFenHfnY9FacPKZY/IHzucPnt6Q4Q==</latexit>

�a
<latexit sha1_base64="IiS6fz3Au0d783R9ArwT6McrTNo=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq9cY8T7plyte1ZsDrxI/JxXI0eiXv3oDRdOYSUsFMabre4kNMqItp4JNS73UsITQMRmyrqOSxMwE2fzaKT5zygBHSruSFs/V3xMZiY2ZxKHrjIkdmWVvJv7ndVMbXQcZl0lqmaSLRVEqsFV49joecM2oFRNHCNXc3YrpiGhCrQuo5ELwl19eJa1a1b+o1u4vK/WbPI4inMApnIMPV1CHO2hAEyg8wjO8whtS6AW9o49FawHlM8fwB+jzB1RUjvc=</latexit>

+
<latexit sha1_base64="HFb7vPGXWshKfdtTiumEDK16me0=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGE3CnoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0qyUvctypX5Vqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3LTjLM=</latexit>

• Some fraction of DM propagates coherently, re-scatters

• Inverse decay removes a quark from plasma

• Asymmetry in rate of re-scattering can lead to quark asymmetry!

�̄1
<latexit sha1_base64="Rjb73O0vJGnwC4TcCifa3SYEIy4=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ac2oUy2m3bpZhN2N0Ip/RdePCji1X/jzX/jts1BWx8MPN6bYWZemAqujet+O4W19Y3NreJ2aWd3b/+gfHjU0kmmKGvSRCSqE6JmgkvWNNwI1kkVwzgUrB2Obmd++4kpzRP5YMYpC2IcSB5xisZKj36IyqdD3vN65Ypbdecgq8TLSQVyNHrlL7+f0Cxm0lCBWnc9NzXBBJXhVLBpyc80S5GOcMC6lkqMmQ4m84un5MwqfRIlypY0ZK7+nphgrPU4Dm1njGaol72Z+J/XzUx0HUy4TDPDJF0sijJBTEJm75M+V4waMbYEqeL2VkKHqJAaG1LJhuAtv7xKWrWqd1Gt3V9W6jd5HEU4gVM4Bw+uoA530IAmUJDwDK/w5mjnxXl3PhatBSefOYY/cD5/ACgAkJM=</latexit>

�̄2
<latexit sha1_base64="LeB5wxuDjkg4bfDHNp8tJXkXpTI=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ac2oUy2m3bpZhN2N0Ip/RdePCji1X/jzX/jts1BWx8MPN6bYWZemAqujet+O4W19Y3NreJ2aWd3b/+gfHjU0kmmKGvSRCSqE6JmgkvWNNwI1kkVwzgUrB2Obmd++4kpzRP5YMYpC2IcSB5xisZKj36IyqdD3qv1yhW36s5BVomXkwrkaPTKX34/oVnMpKECte56bmqCCSrDqWDTkp9pliId4YB1LZUYMx1M5hdPyZlV+iRKlC1pyFz9PTHBWOtxHNrOGM1QL3sz8T+vm5noOphwmWaGSbpYFGWCmITM3id9rhg1YmwJUsXtrYQOUSE1NqSSDcFbfnmVtGpV76Jau7+s1G/yOIpwAqdwDh5cQR3uoAFNoCDhGV7hzdHOi/PufCxaC04+cwx/4Hz+ACmEkJQ=</latexit>

e�i!1t
<latexit sha1_base64="SMS3u2lcpmP1FmK7yrD2yXW6lnk=">AAACBXicbVC7TsMwFHXKq5RXgREGiwqJhSopSDBWsDAWiT6kNkSOc9tatZPIdpCqqAsLv8LCAEKs/AMbf4ObZoCWI13p6Jx77XuPH3OmtG1/W4Wl5ZXVteJ6aWNza3unvLvXUlEiKTRpxCPZ8YkCzkJoaqY5dGIJRPgc2v7oeuq3H0AqFoV3ehyDK8ggZH1GiTaSVz7sZW+kEoIJhvv0lPUiAQPiOVhPvHLFrtoZ8CJxclJBORpe+asXRDQREGrKiVJdx461mxKpGeUwKfUSBTGhIzKArqEhEaDcNNtggo+NEuB+JE2FGmfq74mUCKXGwjedguihmvem4n9eN9H9SzdlYZxoCOnso37CsY7wNBIcMAlU87EhhEpmdsV0SCSh2gRXMiE48ycvklat6pxVa7fnlfpVHkcRHaAjdIIcdIHq6AY1UBNR9Iie0St6s56sF+vd+pi1Fqx8Zh/9gfX5A06OmG8=</latexit>

e�i!2t
<latexit sha1_base64="eF44AkQym4AxMwUEHvpCWqHRZYI=">AAACBXicbVC7TsMwFHXKq5RXgREGiwqJhSopSDBWsDAWiT6kJkSOe9tadeLIdpCqKAsLv8LCAEKs/AMbf4ObdoCWI13p6Jx77XtPEHOmtG1/W4Wl5ZXVteJ6aWNza3unvLvXUiKRFJpUcCE7AVHAWQRNzTSHTiyBhAGHdjC6nvjtB5CKiehOj2PwQjKIWJ9Roo3klw/d/I1UQi/DcJ+eMleEMCB+DevML1fsqp0DLxJnRipohoZf/nJ7giYhRJpyolTXsWPtpURqRjlkJTdREBM6IgPoGhqREJSX5htk+NgoPdwX0lSkca7+nkhJqNQ4DExnSPRQzXsT8T+vm+j+pZeyKE40RHT6UT/hWAs8iQT3mASq+dgQQiUzu2I6JJJQbYIrmRCc+ZMXSatWdc6qtdvzSv1qFkcRHaAjdIIcdIHq6AY1UBNR9Iie0St6s56sF+vd+pi2FqzZzD76A+vzB1AVmHA=</latexit>

same for 
antiparticle!

Akhmedov, Rubakov, Smirnov, hep-ph/9803255; Asaka, Shaposhnikov, hep-ph/0505013

F↵1

<latexit sha1_base64="/t+zHQGPtxr7q7Kbn5+icMWgGmI=">AAACAnicbVDLSsNAFL2pr1pfUVfiZrAIrkoiBV0WBXFZwT6gCWEynbRDJw9mJkIJwY2/4saFIm79Cnf+jdM0C209cOFwzr1z5x4/4Uwqy/o2Kiura+sb1c3a1vbO7p65f9CVcSoI7ZCYx6LvY0k5i2hHMcVpPxEUhz6nPX9yPfN7D1RIFkf3appQN8SjiAWMYKUlzzxyijcyn6c0Rzde5mCejDGyc8+sWw2rAFomdknqUKLtmV/OMCZpSCNFOJZyYFuJcjMsFCOc5jUnlTTBZIJHdKBphEMq3axYn6NTrQxREAtdkUKF+nsiw6GU09DXnSFWY7nozcT/vEGqgks3Y1GSKhqR+aIg5UjFaJYHGjJBieJTTTARTP8VkTEWmCidWk2HYC+evEy65w272WjeNeutqzKOKhzDCZyBDRfQgltoQwcIPMIzvMKb8WS8GO/Gx7y1YpQzh/AHxucPEoiXNw==</latexit>

F ⇤
�1

<latexit sha1_base64="pL7+1pduU+eoIe+0fnKM58ZlqLI=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBZBXJRECrosCuKygn1AE8NketMOnTyYmQglBNz4K25cKOLWn3Dn3zhNu9DWAxcO59w7d+7xE86ksqxvo7S0vLK6Vl6vbGxube+Yu3ttGaeCQovGPBZdn0jgLIKWYopDNxFAQp9Dxx9dTfzOAwjJ4uhOjRNwQzKIWMAoUVryzAOneCPzeQo5vvYyxwdFsJ3fn3pm1apZBfAisWekimZoeuaX049pGkKkKCdS9mwrUW5GhGKUQ15xUgkJoSMygJ6mEQlBulmxP8fHWunjIBa6IoUL9fdERkIpx6GvO0OihnLem4j/eb1UBRduxqIkVRDR6aIg5VjFeBII7jMBVPGxJoQKpv+K6ZAIQpWOraJDsOdPXiTts5pdr9Vv69XG5SyOMjpER+gE2egcNdANaqIWougRPaNX9GY8GS/Gu/ExbS0Zs5l99AfG5w9uMpdf</latexit>

F ⇤
�2

<latexit sha1_base64="4QHo4yFpfPmy7DOYVsLYoq0E9HQ=">AAACA3icbVDLSsNAFJ34rPUVdaebwSKIi5KUgi6LgrisYB/QxDCZ3rRDJw9mJkIJBTf+ihsXirj1J9z5N07TLLT1wIXDOffOnXv8hDOpLOvbWFpeWV1bL22UN7e2d3bNvf22jFNBoUVjHouuTyRwFkFLMcWhmwggoc+h44+upn7nAYRkcXSnxgm4IRlELGCUKC155qGTv5H5PIUJvvYyxwdFcG1yf+aZFatq5cCLxC5IBRVoeuaX049pGkKkKCdS9mwrUW5GhGKUw6TspBISQkdkAD1NIxKCdLN8/wSfaKWPg1joihTO1d8TGQmlHIe+7gyJGsp5byr+5/VSFVy4GYuSVEFEZ4uClGMV42kguM8EUMXHmhAqmP4rpkMiCFU6trIOwZ4/eZG0a1W7Xq3f1iuNyyKOEjpCx+gU2egcNdANaqIWougRPaNX9GY8GS/Gu/Exa10yipkD9AfG5w9vuZdg</latexit>

F↵2

<latexit sha1_base64="zF4ybFcHisbTjnuLqGWwnwRM7js=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgqiSloMuiIC4r2Ac0IdxMJ+3QyYOZiVBCcOOvuHGhiFu/wp1/4zTNQlsPXDicc+/cucdPOJPKsr6NldW19Y3NylZ1e2d3b988OOzKOBWEdkjMY9H3QVLOItpRTHHaTwSF0Oe050+uZ37vgQrJ4uheTRPqhjCKWMAIKC155rFTvJH5PKU5vvEyB3gyBtzIPbNm1a0CeJnYJamhEm3P/HKGMUlDGinCQcqBbSXKzUAoRjjNq04qaQJkAiM60DSCkEo3K9bn+EwrQxzEQlekcKH+nsgglHIa+rozBDWWi95M/M8bpCq4dDMWJamiEZkvClKOVYxneeAhE5QoPtUEiGD6r5iMQQBROrWqDsFePHmZdBt1u1lv3jVrrasyjgo6QafoHNnoArXQLWqjDiLoET2jV/RmPBkvxrvxMW9dMcqZI/QHxucPFA2XOA==</latexit>



!12

BARYOGENESIS

!12

�a
<latexit sha1_base64="IiS6fz3Au0d783R9ArwT6McrTNo=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq9cY8T7plyte1ZsDrxI/JxXI0eiXv3oDRdOYSUsFMabre4kNMqItp4JNS73UsITQMRmyrqOSxMwE2fzaKT5zygBHSruSFs/V3xMZiY2ZxKHrjIkdmWVvJv7ndVMbXQcZl0lqmaSLRVEqsFV49joecM2oFRNHCNXc3YrpiGhCrQuo5ELwl19eJa1a1b+o1u4vK/WbPI4inMApnIMPV1CHO2hAEyg8wjO8whtS6AW9o49FawHlM8fwB+jzB1RUjvc=</latexit>

 ↵
<latexit sha1_base64="KkqsxXClXWWVkymtsq9U8tCVNWs=">AAAB8nicbVBNSwMxEM36WetX1aOXYBE8ld0q6LHoxWMF+wG7S8mm2TY0m4RkViilP8OLB0W8+mu8+W9M2z1o64OBx3szzMxLtOAWfP/bW1vf2NzaLu2Ud/f2Dw4rR8dtq3JDWYsqoUw3IZYJLlkLOAjW1YaRLBGsk4zuZn7niRnLlXyEsWZxRgaSp5wScFIYact7ERF6SHqVql/z58CrJChIFRVo9ipfUV/RPGMSqCDWhoGvIZ4QA5wKNi1HuWWa0BEZsNBRSTJm48n85Ck+d0ofp8q4koDn6u+JCcmsHWeJ68wIDO2yNxP/88Ic0pt4wqXOgUm6WJTmAoPCs/9xnxtGQYwdIdRwdyumQ2IIBZdS2YUQLL+8Str1WnBZqz9cVRu3RRwldIrO0AUK0DVqoHvURC1EkULP6BW9eeC9eO/ex6J1zStmTtAfeJ8/aJqRVQ==</latexit>

 �
<latexit sha1_base64="bKGO/fjYnb4durc/NjdU2oqEgx0=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0mqoMeiF48V7Ac2oWy2k3bpZhN2J0Ip/RdePCji1X/jzX/jts1BWx8MPN6bYWZemEph0HW/ncLa+sbmVnG7tLO7t39QPjxqmSTTHJo8kYnuhMyAFAqaKFBCJ9XA4lBCOxzdzvz2E2gjEvWA4xSCmA2UiARnaKVHPzWi54eArFeuuFV3DrpKvJxUSI5Gr/zl9xOexaCQS2ZM13NTDCZMo+ASpiU/M5AyPmID6FqqWAwmmMwvntIzq/RplGhbCulc/T0xYbEx4zi0nTHDoVn2ZuJ/XjfD6DqYCJVmCIovFkWZpJjQ2fu0LzRwlGNLGNfC3kr5kGnG0YZUsiF4yy+vklat6l1Ua/eXlfpNHkeRnJBTck48ckXq5I40SJNwosgzeSVvjnFenHfnY9FacPKZY/IHzucPnt6Q4Q==</latexit>

�a
<latexit sha1_base64="IiS6fz3Au0d783R9ArwT6McrTNo=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq9cY8T7plyte1ZsDrxI/JxXI0eiXv3oDRdOYSUsFMabre4kNMqItp4JNS73UsITQMRmyrqOSxMwE2fzaKT5zygBHSruSFs/V3xMZiY2ZxKHrjIkdmWVvJv7ndVMbXQcZl0lqmaSLRVEqsFV49joecM2oFRNHCNXc3YrpiGhCrQuo5ELwl19eJa1a1b+o1u4vK/WbPI4inMApnIMPV1CHO2hAEyg8wjO8whtS6AW9o49FawHlM8fwB+jzB1RUjvc=</latexit>

�a
<latexit sha1_base64="IiS6fz3Au0d783R9ArwT6McrTNo=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq9cY8T7plyte1ZsDrxI/JxXI0eiXv3oDRdOYSUsFMabre4kNMqItp4JNS73UsITQMRmyrqOSxMwE2fzaKT5zygBHSruSFs/V3xMZiY2ZxKHrjIkdmWVvJv7ndVMbXQcZl0lqmaSLRVEqsFV49joecM2oFRNHCNXc3YrpiGhCrQuo5ELwl19eJa1a1b+o1u4vK/WbPI4inMApnIMPV1CHO2hAEyg8wjO8whtS6AW9o49FawHlM8fwB+jzB1RUjvc=</latexit>

 ↵
<latexit sha1_base64="KkqsxXClXWWVkymtsq9U8tCVNWs=">AAAB8nicbVBNSwMxEM36WetX1aOXYBE8ld0q6LHoxWMF+wG7S8mm2TY0m4RkViilP8OLB0W8+mu8+W9M2z1o64OBx3szzMxLtOAWfP/bW1vf2NzaLu2Ud/f2Dw4rR8dtq3JDWYsqoUw3IZYJLlkLOAjW1YaRLBGsk4zuZn7niRnLlXyEsWZxRgaSp5wScFIYact7ERF6SHqVql/z58CrJChIFRVo9ipfUV/RPGMSqCDWhoGvIZ4QA5wKNi1HuWWa0BEZsNBRSTJm48n85Ck+d0ofp8q4koDn6u+JCcmsHWeJ68wIDO2yNxP/88Ic0pt4wqXOgUm6WJTmAoPCs/9xnxtGQYwdIdRwdyumQ2IIBZdS2YUQLL+8Str1WnBZqz9cVRu3RRwldIrO0AUK0DVqoHvURC1EkULP6BW9eeC9eO/ex6J1zStmTtAfeJ8/aJqRVQ==</latexit>

 �
<latexit sha1_base64="bKGO/fjYnb4durc/NjdU2oqEgx0=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0mqoMeiF48V7Ac2oWy2k3bpZhN2J0Ip/RdePCji1X/jzX/jts1BWx8MPN6bYWZemEph0HW/ncLa+sbmVnG7tLO7t39QPjxqmSTTHJo8kYnuhMyAFAqaKFBCJ9XA4lBCOxzdzvz2E2gjEvWA4xSCmA2UiARnaKVHPzWi54eArFeuuFV3DrpKvJxUSI5Gr/zl9xOexaCQS2ZM13NTDCZMo+ASpiU/M5AyPmID6FqqWAwmmMwvntIzq/RplGhbCulc/T0xYbEx4zi0nTHDoVn2ZuJ/XjfD6DqYCJVmCIovFkWZpJjQ2fu0LzRwlGNLGNfC3kr5kGnG0YZUsiF4yy+vklat6l1Ua/eXlfpNHkeRnJBTck48ckXq5I40SJNwosgzeSVvjnFenHfnY9FacPKZY/IHzucPnt6Q4Q==</latexit>

�a
<latexit sha1_base64="IiS6fz3Au0d783R9ArwT6McrTNo=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq9cY8T7plyte1ZsDrxI/JxXI0eiXv3oDRdOYSUsFMabre4kNMqItp4JNS73UsITQMRmyrqOSxMwE2fzaKT5zygBHSruSFs/V3xMZiY2ZxKHrjIkdmWVvJv7ndVMbXQcZl0lqmaSLRVEqsFV49joecM2oFRNHCNXc3YrpiGhCrQuo5ELwl19eJa1a1b+o1u4vK/WbPI4inMApnIMPV1CHO2hAEyg8wjO8whtS6AW9o49FawHlM8fwB+jzB1RUjvc=</latexit>

+
<latexit sha1_base64="HFb7vPGXWshKfdtTiumEDK16me0=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGE3CnoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0qyUvctypX5Vqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3LTjLM=</latexit>

• For relativistic DM:

�̄1
<latexit sha1_base64="Rjb73O0vJGnwC4TcCifa3SYEIy4=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ac2oUy2m3bpZhN2N0Ip/RdePCji1X/jzX/jts1BWx8MPN6bYWZemAqujet+O4W19Y3NreJ2aWd3b/+gfHjU0kmmKGvSRCSqE6JmgkvWNNwI1kkVwzgUrB2Obmd++4kpzRP5YMYpC2IcSB5xisZKj36IyqdD3vN65Ypbdecgq8TLSQVyNHrlL7+f0Cxm0lCBWnc9NzXBBJXhVLBpyc80S5GOcMC6lkqMmQ4m84un5MwqfRIlypY0ZK7+nphgrPU4Dm1njGaol72Z+J/XzUx0HUy4TDPDJF0sijJBTEJm75M+V4waMbYEqeL2VkKHqJAaG1LJhuAtv7xKWrWqd1Gt3V9W6jd5HEU4gVM4Bw+uoA530IAmUJDwDK/w5mjnxXl3PhatBSefOYY/cD5/ACgAkJM=</latexit>

�̄2
<latexit sha1_base64="LeB5wxuDjkg4bfDHNp8tJXkXpTI=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ac2oUy2m3bpZhN2N0Ip/RdePCji1X/jzX/jts1BWx8MPN6bYWZemAqujet+O4W19Y3NreJ2aWd3b/+gfHjU0kmmKGvSRCSqE6JmgkvWNNwI1kkVwzgUrB2Obmd++4kpzRP5YMYpC2IcSB5xisZKj36IyqdD3qv1yhW36s5BVomXkwrkaPTKX34/oVnMpKECte56bmqCCSrDqWDTkp9pliId4YB1LZUYMx1M5hdPyZlV+iRKlC1pyFz9PTHBWOtxHNrOGM1QL3sz8T+vm5noOphwmWaGSbpYFGWCmITM3id9rhg1YmwJUsXtrYQOUSE1NqSSDcFbfnmVtGpV76Jau7+s1G/yOIpwAqdwDh5cQR3uoAFNoCDhGV7hzdHOi/PufCxaC04+cwx/4Hz+ACmEkJQ=</latexit>

e�i!1t
<latexit sha1_base64="SMS3u2lcpmP1FmK7yrD2yXW6lnk=">AAACBXicbVC7TsMwFHXKq5RXgREGiwqJhSopSDBWsDAWiT6kNkSOc9tatZPIdpCqqAsLv8LCAEKs/AMbf4ObZoCWI13p6Jx77XuPH3OmtG1/W4Wl5ZXVteJ6aWNza3unvLvXUlEiKTRpxCPZ8YkCzkJoaqY5dGIJRPgc2v7oeuq3H0AqFoV3ehyDK8ggZH1GiTaSVz7sZW+kEoIJhvv0lPUiAQPiOVhPvHLFrtoZ8CJxclJBORpe+asXRDQREGrKiVJdx461mxKpGeUwKfUSBTGhIzKArqEhEaDcNNtggo+NEuB+JE2FGmfq74mUCKXGwjedguihmvem4n9eN9H9SzdlYZxoCOnso37CsY7wNBIcMAlU87EhhEpmdsV0SCSh2gRXMiE48ycvklat6pxVa7fnlfpVHkcRHaAjdIIcdIHq6AY1UBNR9Iie0St6s56sF+vd+pi1Fqx8Zh/9gfX5A06OmG8=</latexit>

e�i!2t
<latexit sha1_base64="eF44AkQym4AxMwUEHvpCWqHRZYI=">AAACBXicbVC7TsMwFHXKq5RXgREGiwqJhSopSDBWsDAWiT6kJkSOe9tadeLIdpCqKAsLv8LCAEKs/AMbf4ObdoCWI13p6Jx77XtPEHOmtG1/W4Wl5ZXVteJ6aWNza3unvLvXUiKRFJpUcCE7AVHAWQRNzTSHTiyBhAGHdjC6nvjtB5CKiehOj2PwQjKIWJ9Roo3klw/d/I1UQi/DcJ+eMleEMCB+DevML1fsqp0DLxJnRipohoZf/nJ7giYhRJpyolTXsWPtpURqRjlkJTdREBM6IgPoGhqREJSX5htk+NgoPdwX0lSkca7+nkhJqNQ4DExnSPRQzXsT8T+vm+j+pZeyKE40RHT6UT/hWAs8iQT3mASq+dgQQiUzu2I6JJJQbYIrmRCc+ZMXSatWdc6qtdvzSv1qFkcRHaAjdIIcdIHq6AY1UBNR9Iie0St6s56sF+vd+pi2FqzZzD76A+vzB1AVmHA=</latexit>

!2 � !1 ⇡ M2
2 �M2

1

2p�
<latexit sha1_base64="Zb0wg1xnV7s8m8wQSE+9ys4dLmw=">AAACHXicbZDLSgMxFIYzXmu9VV26CRbBTcvMWNBl0Y2bQgV7gU47ZNJMG5qZhCQjlqEv4sZXceNCERduxLcxbWehrT8EPv5zDifnDwSjStv2t7Wyura+sZnbym/v7O7tFw4Om4onEpMG5ozLdoAUYTQmDU01I20hCYoCRlrB6Hpab90TqSiP7/RYkG6EBjENKUbaWH6h4vGIDJDvljJwPCSE5A/QCyXCac13e26p5js9d5K6wvfwkE78QtEu2zPBZXAyKIJMdb/w6fU5TiISa8yQUh3HFrqbIqkpZmSS9xJFBMIjNCAdgzGKiOqms+sm8NQ4fRhyaV6s4cz9PZGiSKlxFJjOCOmhWqxNzf9qnUSHl92UxiLRJMbzRWHCoOZwGhXsU0mwZmMDCEtq/grxEJlUtAk0b0JwFk9ehqZbds7L7m2lWL3K4siBY3ACzoADLkAV3IA6aAAMHsEzeAVv1pP1Yr1bH/PWFSubOQJ/ZH39AEQuoWY=</latexit>

Akhmedov, Rubakov, Smirnov, hep-ph/9803255; Asaka, Shaposhnikov, hep-ph/0505013

F↵1

<latexit sha1_base64="/t+zHQGPtxr7q7Kbn5+icMWgGmI=">AAACAnicbVDLSsNAFL2pr1pfUVfiZrAIrkoiBV0WBXFZwT6gCWEynbRDJw9mJkIJwY2/4saFIm79Cnf+jdM0C209cOFwzr1z5x4/4Uwqy/o2Kiura+sb1c3a1vbO7p65f9CVcSoI7ZCYx6LvY0k5i2hHMcVpPxEUhz6nPX9yPfN7D1RIFkf3appQN8SjiAWMYKUlzzxyijcyn6c0Rzde5mCejDGyc8+sWw2rAFomdknqUKLtmV/OMCZpSCNFOJZyYFuJcjMsFCOc5jUnlTTBZIJHdKBphEMq3axYn6NTrQxREAtdkUKF+nsiw6GU09DXnSFWY7nozcT/vEGqgks3Y1GSKhqR+aIg5UjFaJYHGjJBieJTTTARTP8VkTEWmCidWk2HYC+evEy65w272WjeNeutqzKOKhzDCZyBDRfQgltoQwcIPMIzvMKb8WS8GO/Gx7y1YpQzh/AHxucPEoiXNw==</latexit>

F ⇤
�1

<latexit sha1_base64="pL7+1pduU+eoIe+0fnKM58ZlqLI=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBZBXJRECrosCuKygn1AE8NketMOnTyYmQglBNz4K25cKOLWn3Dn3zhNu9DWAxcO59w7d+7xE86ksqxvo7S0vLK6Vl6vbGxube+Yu3ttGaeCQovGPBZdn0jgLIKWYopDNxFAQp9Dxx9dTfzOAwjJ4uhOjRNwQzKIWMAoUVryzAOneCPzeQo5vvYyxwdFsJ3fn3pm1apZBfAisWekimZoeuaX049pGkKkKCdS9mwrUW5GhGKUQ15xUgkJoSMygJ6mEQlBulmxP8fHWunjIBa6IoUL9fdERkIpx6GvO0OihnLem4j/eb1UBRduxqIkVRDR6aIg5VjFeBII7jMBVPGxJoQKpv+K6ZAIQpWOraJDsOdPXiTts5pdr9Vv69XG5SyOMjpER+gE2egcNdANaqIWougRPaNX9GY8GS/Gu/ExbS0Zs5l99AfG5w9uMpdf</latexit>

F ⇤
�2

<latexit sha1_base64="4QHo4yFpfPmy7DOYVsLYoq0E9HQ=">AAACA3icbVDLSsNAFJ34rPUVdaebwSKIi5KUgi6LgrisYB/QxDCZ3rRDJw9mJkIJBTf+ihsXirj1J9z5N07TLLT1wIXDOffOnXv8hDOpLOvbWFpeWV1bL22UN7e2d3bNvf22jFNBoUVjHouuTyRwFkFLMcWhmwggoc+h44+upn7nAYRkcXSnxgm4IRlELGCUKC155qGTv5H5PIUJvvYyxwdFcG1yf+aZFatq5cCLxC5IBRVoeuaX049pGkKkKCdS9mwrUW5GhGKUw6TspBISQkdkAD1NIxKCdLN8/wSfaKWPg1joihTO1d8TGQmlHIe+7gyJGsp5byr+5/VSFVy4GYuSVEFEZ4uClGMV42kguM8EUMXHmhAqmP4rpkMiCFU6trIOwZ4/eZG0a1W7Xq3f1iuNyyKOEjpCx+gU2egcNdANaqIWougRPaNX9GY8GS/Gu/Exa10yipkD9AfG5w9vuZdg</latexit>

F↵2

<latexit sha1_base64="zF4ybFcHisbTjnuLqGWwnwRM7js=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgqiSloMuiIC4r2Ac0IdxMJ+3QyYOZiVBCcOOvuHGhiFu/wp1/4zTNQlsPXDicc+/cucdPOJPKsr6NldW19Y3NylZ1e2d3b988OOzKOBWEdkjMY9H3QVLOItpRTHHaTwSF0Oe050+uZ37vgQrJ4uheTRPqhjCKWMAIKC155rFTvJH5PKU5vvEyB3gyBtzIPbNm1a0CeJnYJamhEm3P/HKGMUlDGinCQcqBbSXKzUAoRjjNq04qaQJkAiM60DSCkEo3K9bn+EwrQxzEQlekcKH+nsgglHIa+rozBDWWi95M/M8bpCq4dDMWJamiEZkvClKOVYxneeAhE5QoPtUEiGD6r5iMQQBROrWqDsFePHmZdBt1u1lv3jVrrasyjgo6QafoHNnoArXQLWqjDiLoET2jV/RmPBkvxrvxMW9dMcqZI/QHxucPFA2XOA==</latexit>



!12

BARYOGENESIS

!12

�a
<latexit sha1_base64="IiS6fz3Au0d783R9ArwT6McrTNo=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq9cY8T7plyte1ZsDrxI/JxXI0eiXv3oDRdOYSUsFMabre4kNMqItp4JNS73UsITQMRmyrqOSxMwE2fzaKT5zygBHSruSFs/V3xMZiY2ZxKHrjIkdmWVvJv7ndVMbXQcZl0lqmaSLRVEqsFV49joecM2oFRNHCNXc3YrpiGhCrQuo5ELwl19eJa1a1b+o1u4vK/WbPI4inMApnIMPV1CHO2hAEyg8wjO8whtS6AW9o49FawHlM8fwB+jzB1RUjvc=</latexit>

 ↵
<latexit sha1_base64="KkqsxXClXWWVkymtsq9U8tCVNWs=">AAAB8nicbVBNSwMxEM36WetX1aOXYBE8ld0q6LHoxWMF+wG7S8mm2TY0m4RkViilP8OLB0W8+mu8+W9M2z1o64OBx3szzMxLtOAWfP/bW1vf2NzaLu2Ud/f2Dw4rR8dtq3JDWYsqoUw3IZYJLlkLOAjW1YaRLBGsk4zuZn7niRnLlXyEsWZxRgaSp5wScFIYact7ERF6SHqVql/z58CrJChIFRVo9ipfUV/RPGMSqCDWhoGvIZ4QA5wKNi1HuWWa0BEZsNBRSTJm48n85Ck+d0ofp8q4koDn6u+JCcmsHWeJ68wIDO2yNxP/88Ic0pt4wqXOgUm6WJTmAoPCs/9xnxtGQYwdIdRwdyumQ2IIBZdS2YUQLL+8Str1WnBZqz9cVRu3RRwldIrO0AUK0DVqoHvURC1EkULP6BW9eeC9eO/ex6J1zStmTtAfeJ8/aJqRVQ==</latexit>

 �
<latexit sha1_base64="bKGO/fjYnb4durc/NjdU2oqEgx0=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0mqoMeiF48V7Ac2oWy2k3bpZhN2J0Ip/RdePCji1X/jzX/jts1BWx8MPN6bYWZemEph0HW/ncLa+sbmVnG7tLO7t39QPjxqmSTTHJo8kYnuhMyAFAqaKFBCJ9XA4lBCOxzdzvz2E2gjEvWA4xSCmA2UiARnaKVHPzWi54eArFeuuFV3DrpKvJxUSI5Gr/zl9xOexaCQS2ZM13NTDCZMo+ASpiU/M5AyPmID6FqqWAwmmMwvntIzq/RplGhbCulc/T0xYbEx4zi0nTHDoVn2ZuJ/XjfD6DqYCJVmCIovFkWZpJjQ2fu0LzRwlGNLGNfC3kr5kGnG0YZUsiF4yy+vklat6l1Ua/eXlfpNHkeRnJBTck48ckXq5I40SJNwosgzeSVvjnFenHfnY9FacPKZY/IHzucPnt6Q4Q==</latexit>

�a
<latexit sha1_base64="IiS6fz3Au0d783R9ArwT6McrTNo=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq9cY8T7plyte1ZsDrxI/JxXI0eiXv3oDRdOYSUsFMabre4kNMqItp4JNS73UsITQMRmyrqOSxMwE2fzaKT5zygBHSruSFs/V3xMZiY2ZxKHrjIkdmWVvJv7ndVMbXQcZl0lqmaSLRVEqsFV49joecM2oFRNHCNXc3YrpiGhCrQuo5ELwl19eJa1a1b+o1u4vK/WbPI4inMApnIMPV1CHO2hAEyg8wjO8whtS6AW9o49FawHlM8fwB+jzB1RUjvc=</latexit>

�a
<latexit sha1_base64="IiS6fz3Au0d783R9ArwT6McrTNo=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq9cY8T7plyte1ZsDrxI/JxXI0eiXv3oDRdOYSUsFMabre4kNMqItp4JNS73UsITQMRmyrqOSxMwE2fzaKT5zygBHSruSFs/V3xMZiY2ZxKHrjIkdmWVvJv7ndVMbXQcZl0lqmaSLRVEqsFV49joecM2oFRNHCNXc3YrpiGhCrQuo5ELwl19eJa1a1b+o1u4vK/WbPI4inMApnIMPV1CHO2hAEyg8wjO8whtS6AW9o49FawHlM8fwB+jzB1RUjvc=</latexit>

 ↵
<latexit sha1_base64="KkqsxXClXWWVkymtsq9U8tCVNWs=">AAAB8nicbVBNSwMxEM36WetX1aOXYBE8ld0q6LHoxWMF+wG7S8mm2TY0m4RkViilP8OLB0W8+mu8+W9M2z1o64OBx3szzMxLtOAWfP/bW1vf2NzaLu2Ud/f2Dw4rR8dtq3JDWYsqoUw3IZYJLlkLOAjW1YaRLBGsk4zuZn7niRnLlXyEsWZxRgaSp5wScFIYact7ERF6SHqVql/z58CrJChIFRVo9ipfUV/RPGMSqCDWhoGvIZ4QA5wKNi1HuWWa0BEZsNBRSTJm48n85Ck+d0ofp8q4koDn6u+JCcmsHWeJ68wIDO2yNxP/88Ic0pt4wqXOgUm6WJTmAoPCs/9xnxtGQYwdIdRwdyumQ2IIBZdS2YUQLL+8Str1WnBZqz9cVRu3RRwldIrO0AUK0DVqoHvURC1EkULP6BW9eeC9eO/ex6J1zStmTtAfeJ8/aJqRVQ==</latexit>

 �
<latexit sha1_base64="bKGO/fjYnb4durc/NjdU2oqEgx0=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0mqoMeiF48V7Ac2oWy2k3bpZhN2J0Ip/RdePCji1X/jzX/jts1BWx8MPN6bYWZemEph0HW/ncLa+sbmVnG7tLO7t39QPjxqmSTTHJo8kYnuhMyAFAqaKFBCJ9XA4lBCOxzdzvz2E2gjEvWA4xSCmA2UiARnaKVHPzWi54eArFeuuFV3DrpKvJxUSI5Gr/zl9xOexaCQS2ZM13NTDCZMo+ASpiU/M5AyPmID6FqqWAwmmMwvntIzq/RplGhbCulc/T0xYbEx4zi0nTHDoVn2ZuJ/XjfD6DqYCJVmCIovFkWZpJjQ2fu0LzRwlGNLGNfC3kr5kGnG0YZUsiF4yy+vklat6l1Ua/eXlfpNHkeRnJBTck48ckXq5I40SJNwosgzeSVvjnFenHfnY9FacPKZY/IHzucPnt6Q4Q==</latexit>

�a
<latexit sha1_base64="IiS6fz3Au0d783R9ArwT6McrTNo=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq9cY8T7plyte1ZsDrxI/JxXI0eiXv3oDRdOYSUsFMabre4kNMqItp4JNS73UsITQMRmyrqOSxMwE2fzaKT5zygBHSruSFs/V3xMZiY2ZxKHrjIkdmWVvJv7ndVMbXQcZl0lqmaSLRVEqsFV49joecM2oFRNHCNXc3YrpiGhCrQuo5ELwl19eJa1a1b+o1u4vK/WbPI4inMApnIMPV1CHO2hAEyg8wjO8whtS6AW9o49FawHlM8fwB+jzB1RUjvc=</latexit>

+
<latexit sha1_base64="HFb7vPGXWshKfdtTiumEDK16me0=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGE3CnoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0qyUvctypX5Vqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3LTjLM=</latexit>

• For relativistic DM:

�̄1
<latexit sha1_base64="Rjb73O0vJGnwC4TcCifa3SYEIy4=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ac2oUy2m3bpZhN2N0Ip/RdePCji1X/jzX/jts1BWx8MPN6bYWZemAqujet+O4W19Y3NreJ2aWd3b/+gfHjU0kmmKGvSRCSqE6JmgkvWNNwI1kkVwzgUrB2Obmd++4kpzRP5YMYpC2IcSB5xisZKj36IyqdD3vN65Ypbdecgq8TLSQVyNHrlL7+f0Cxm0lCBWnc9NzXBBJXhVLBpyc80S5GOcMC6lkqMmQ4m84un5MwqfRIlypY0ZK7+nphgrPU4Dm1njGaol72Z+J/XzUx0HUy4TDPDJF0sijJBTEJm75M+V4waMbYEqeL2VkKHqJAaG1LJhuAtv7xKWrWqd1Gt3V9W6jd5HEU4gVM4Bw+uoA530IAmUJDwDK/w5mjnxXl3PhatBSefOYY/cD5/ACgAkJM=</latexit>

�̄2
<latexit sha1_base64="LeB5wxuDjkg4bfDHNp8tJXkXpTI=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ac2oUy2m3bpZhN2N0Ip/RdePCji1X/jzX/jts1BWx8MPN6bYWZemAqujet+O4W19Y3NreJ2aWd3b/+gfHjU0kmmKGvSRCSqE6JmgkvWNNwI1kkVwzgUrB2Obmd++4kpzRP5YMYpC2IcSB5xisZKj36IyqdD3qv1yhW36s5BVomXkwrkaPTKX34/oVnMpKECte56bmqCCSrDqWDTkp9pliId4YB1LZUYMx1M5hdPyZlV+iRKlC1pyFz9PTHBWOtxHNrOGM1QL3sz8T+vm5noOphwmWaGSbpYFGWCmITM3id9rhg1YmwJUsXtrYQOUSE1NqSSDcFbfnmVtGpV76Jau7+s1G/yOIpwAqdwDh5cQR3uoAFNoCDhGV7hzdHOi/PufCxaC04+cwx/4Hz+ACmEkJQ=</latexit>

e�i!1t
<latexit sha1_base64="SMS3u2lcpmP1FmK7yrD2yXW6lnk=">AAACBXicbVC7TsMwFHXKq5RXgREGiwqJhSopSDBWsDAWiT6kNkSOc9tatZPIdpCqqAsLv8LCAEKs/AMbf4ObZoCWI13p6Jx77XuPH3OmtG1/W4Wl5ZXVteJ6aWNza3unvLvXUlEiKTRpxCPZ8YkCzkJoaqY5dGIJRPgc2v7oeuq3H0AqFoV3ehyDK8ggZH1GiTaSVz7sZW+kEoIJhvv0lPUiAQPiOVhPvHLFrtoZ8CJxclJBORpe+asXRDQREGrKiVJdx461mxKpGeUwKfUSBTGhIzKArqEhEaDcNNtggo+NEuB+JE2FGmfq74mUCKXGwjedguihmvem4n9eN9H9SzdlYZxoCOnso37CsY7wNBIcMAlU87EhhEpmdsV0SCSh2gRXMiE48ycvklat6pxVa7fnlfpVHkcRHaAjdIIcdIHq6AY1UBNR9Iie0St6s56sF+vd+pi1Fqx8Zh/9gfX5A06OmG8=</latexit>

e�i!2t
<latexit sha1_base64="eF44AkQym4AxMwUEHvpCWqHRZYI=">AAACBXicbVC7TsMwFHXKq5RXgREGiwqJhSopSDBWsDAWiT6kJkSOe9tadeLIdpCqKAsLv8LCAEKs/AMbf4ObdoCWI13p6Jx77XtPEHOmtG1/W4Wl5ZXVteJ6aWNza3unvLvXUiKRFJpUcCE7AVHAWQRNzTSHTiyBhAGHdjC6nvjtB5CKiehOj2PwQjKIWJ9Roo3klw/d/I1UQi/DcJ+eMleEMCB+DevML1fsqp0DLxJnRipohoZf/nJ7giYhRJpyolTXsWPtpURqRjlkJTdREBM6IgPoGhqREJSX5htk+NgoPdwX0lSkca7+nkhJqNQ4DExnSPRQzXsT8T+vm+j+pZeyKE40RHT6UT/hWAs8iQT3mASq+dgQQiUzu2I6JJJQbYIrmRCc+ZMXSatWdc6qtdvzSv1qFkcRHaAjdIIcdIHq6AY1UBNR9Iie0St6s56sF+vd+pi2FqzZzD76A+vzB1AVmHA=</latexit>

!2 � !1 ⇡ M2
2 �M2

1

2p�
<latexit sha1_base64="Zb0wg1xnV7s8m8wQSE+9ys4dLmw=">AAACHXicbZDLSgMxFIYzXmu9VV26CRbBTcvMWNBl0Y2bQgV7gU47ZNJMG5qZhCQjlqEv4sZXceNCERduxLcxbWehrT8EPv5zDifnDwSjStv2t7Wyura+sZnbym/v7O7tFw4Om4onEpMG5ozLdoAUYTQmDU01I20hCYoCRlrB6Hpab90TqSiP7/RYkG6EBjENKUbaWH6h4vGIDJDvljJwPCSE5A/QCyXCac13e26p5js9d5K6wvfwkE78QtEu2zPBZXAyKIJMdb/w6fU5TiISa8yQUh3HFrqbIqkpZmSS9xJFBMIjNCAdgzGKiOqms+sm8NQ4fRhyaV6s4cz9PZGiSKlxFJjOCOmhWqxNzf9qnUSHl92UxiLRJMbzRWHCoOZwGhXsU0mwZmMDCEtq/grxEJlUtAk0b0JwFk9ehqZbds7L7m2lWL3K4siBY3ACzoADLkAV3IA6aAAMHsEzeAVv1pP1Yr1bH/PWFSubOQJ/ZH39AEQuoWY=</latexit>

�( �� !  ↵�)� �( ��
⇤ !  ↵�
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✓Z
dt

�M2
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2p

◆

<latexit sha1_base64="5T88mHQHJl6nZB0//rMEOEmVh9g="></latexit>

Akhmedov, Rubakov, Smirnov, hep-ph/9803255; Asaka, Shaposhnikov, hep-ph/0505013

F↵1

<latexit sha1_base64="/t+zHQGPtxr7q7Kbn5+icMWgGmI=">AAACAnicbVDLSsNAFL2pr1pfUVfiZrAIrkoiBV0WBXFZwT6gCWEynbRDJw9mJkIJwY2/4saFIm79Cnf+jdM0C209cOFwzr1z5x4/4Uwqy/o2Kiura+sb1c3a1vbO7p65f9CVcSoI7ZCYx6LvY0k5i2hHMcVpPxEUhz6nPX9yPfN7D1RIFkf3appQN8SjiAWMYKUlzzxyijcyn6c0Rzde5mCejDGyc8+sWw2rAFomdknqUKLtmV/OMCZpSCNFOJZyYFuJcjMsFCOc5jUnlTTBZIJHdKBphEMq3axYn6NTrQxREAtdkUKF+nsiw6GU09DXnSFWY7nozcT/vEGqgks3Y1GSKhqR+aIg5UjFaJYHGjJBieJTTTARTP8VkTEWmCidWk2HYC+evEy65w272WjeNeutqzKOKhzDCZyBDRfQgltoQwcIPMIzvMKb8WS8GO/Gx7y1YpQzh/AHxucPEoiXNw==</latexit>

F ⇤
�1

<latexit sha1_base64="pL7+1pduU+eoIe+0fnKM58ZlqLI=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBZBXJRECrosCuKygn1AE8NketMOnTyYmQglBNz4K25cKOLWn3Dn3zhNu9DWAxcO59w7d+7xE86ksqxvo7S0vLK6Vl6vbGxube+Yu3ttGaeCQovGPBZdn0jgLIKWYopDNxFAQp9Dxx9dTfzOAwjJ4uhOjRNwQzKIWMAoUVryzAOneCPzeQo5vvYyxwdFsJ3fn3pm1apZBfAisWekimZoeuaX049pGkKkKCdS9mwrUW5GhGKUQ15xUgkJoSMygJ6mEQlBulmxP8fHWunjIBa6IoUL9fdERkIpx6GvO0OihnLem4j/eb1UBRduxqIkVRDR6aIg5VjFeBII7jMBVPGxJoQKpv+K6ZAIQpWOraJDsOdPXiTts5pdr9Vv69XG5SyOMjpER+gE2egcNdANaqIWougRPaNX9GY8GS/Gu/ExbS0Zs5l99AfG5w9uMpdf</latexit>

F ⇤
�2

<latexit sha1_base64="4QHo4yFpfPmy7DOYVsLYoq0E9HQ=">AAACA3icbVDLSsNAFJ34rPUVdaebwSKIi5KUgi6LgrisYB/QxDCZ3rRDJw9mJkIJBTf+ihsXirj1J9z5N07TLLT1wIXDOffOnXv8hDOpLOvbWFpeWV1bL22UN7e2d3bNvf22jFNBoUVjHouuTyRwFkFLMcWhmwggoc+h44+upn7nAYRkcXSnxgm4IRlELGCUKC155qGTv5H5PIUJvvYyxwdFcG1yf+aZFatq5cCLxC5IBRVoeuaX049pGkKkKCdS9mwrUW5GhGKUw6TspBISQkdkAD1NIxKCdLN8/wSfaKWPg1joihTO1d8TGQmlHIe+7gyJGsp5byr+5/VSFVy4GYuSVEFEZ4uClGMV42kguM8EUMXHmhAqmP4rpkMiCFU6trIOwZ4/eZG0a1W7Xq3f1iuNyyKOEjpCx+gU2egcNdANaqIWougRPaNX9GY8GS/Gu/Exa10yipkD9AfG5w9vuZdg</latexit>

F↵2

<latexit sha1_base64="zF4ybFcHisbTjnuLqGWwnwRM7js=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgqiSloMuiIC4r2Ac0IdxMJ+3QyYOZiVBCcOOvuHGhiFu/wp1/4zTNQlsPXDicc+/cucdPOJPKsr6NldW19Y3NylZ1e2d3b988OOzKOBWEdkjMY9H3QVLOItpRTHHaTwSF0Oe050+uZ37vgQrJ4uheTRPqhjCKWMAIKC155rFTvJH5PKU5vvEyB3gyBtzIPbNm1a0CeJnYJamhEm3P/HKGMUlDGinCQcqBbSXKzUAoRjjNq04qaQJkAiM60DSCkEo3K9bn+EwrQxzEQlekcKH+nsgglHIa+rozBDWWi95M/M8bpCq4dDMWJamiEZkvClKOVYxneeAhE5QoPtUEiGD6r5iMQQBROrWqDsFePHmZdBt1u1lv3jVrrasyjgo6QafoHNnoArXQLWqjDiLoET2jV/RmPBkvxrvxMW9dMcqZI/QHxucPFA2XOA==</latexit>



 �
<latexit sha1_base64="bKGO/fjYnb4durc/NjdU2oqEgx0=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0mqoMeiF48V7Ac2oWy2k3bpZhN2J0Ip/RdePCji1X/jzX/jts1BWx8MPN6bYWZemEph0HW/ncLa+sbmVnG7tLO7t39QPjxqmSTTHJo8kYnuhMyAFAqaKFBCJ9XA4lBCOxzdzvz2E2gjEvWA4xSCmA2UiARnaKVHPzWi54eArFeuuFV3DrpKvJxUSI5Gr/zl9xOexaCQS2ZM13NTDCZMo+ASpiU/M5AyPmID6FqqWAwmmMwvntIzq/RplGhbCulc/T0xYbEx4zi0nTHDoVn2ZuJ/XjfD6DqYCJVmCIovFkWZpJjQ2fu0LzRwlGNLGNfC3kr5kGnG0YZUsiF4yy+vklat6l1Ua/eXlfpNHkeRnJBTck48ckXq5I40SJNwosgzeSVvjnFenHfnY9FacPKZY/IHzucPnt6Q4Q==</latexit>

 ↵
<latexit sha1_base64="KkqsxXClXWWVkymtsq9U8tCVNWs=">AAAB8nicbVBNSwMxEM36WetX1aOXYBE8ld0q6LHoxWMF+wG7S8mm2TY0m4RkViilP8OLB0W8+mu8+W9M2z1o64OBx3szzMxLtOAWfP/bW1vf2NzaLu2Ud/f2Dw4rR8dtq3JDWYsqoUw3IZYJLlkLOAjW1YaRLBGsk4zuZn7niRnLlXyEsWZxRgaSp5wScFIYact7ERF6SHqVql/z58CrJChIFRVo9ipfUV/RPGMSqCDWhoGvIZ4QA5wKNi1HuWWa0BEZsNBRSTJm48n85Ck+d0ofp8q4koDn6u+JCcmsHWeJ68wIDO2yNxP/88Ic0pt4wqXOgUm6WJTmAoPCs/9xnxtGQYwdIdRwdyumQ2IIBZdS2YUQLL+8Str1WnBZqz9cVRu3RRwldIrO0AUK0DVqoHvURC1EkULP6BW9eeC9eO/ex6J1zStmTtAfeJ8/aJqRVQ==</latexit>

!13

BARYOGENESIS

!13

• But wait…we don’t actually have an asymmetry yet!

�a
<latexit sha1_base64="IiS6fz3Au0d783R9ArwT6McrTNo=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq9cY8T7plyte1ZsDrxI/JxXI0eiXv3oDRdOYSUsFMabre4kNMqItp4JNS73UsITQMRmyrqOSxMwE2fzaKT5zygBHSruSFs/V3xMZiY2ZxKHrjIkdmWVvJv7ndVMbXQcZl0lqmaSLRVEqsFV49joecM2oFRNHCNXc3YrpiGhCrQuo5ELwl19eJa1a1b+o1u4vK/WbPI4inMApnIMPV1CHO2hAEyg8wjO8whtS6AW9o49FawHlM8fwB+jzB1RUjvc=</latexit>

 ↵
<latexit sha1_base64="KkqsxXClXWWVkymtsq9U8tCVNWs=">AAAB8nicbVBNSwMxEM36WetX1aOXYBE8ld0q6LHoxWMF+wG7S8mm2TY0m4RkViilP8OLB0W8+mu8+W9M2z1o64OBx3szzMxLtOAWfP/bW1vf2NzaLu2Ud/f2Dw4rR8dtq3JDWYsqoUw3IZYJLlkLOAjW1YaRLBGsk4zuZn7niRnLlXyEsWZxRgaSp5wScFIYact7ERF6SHqVql/z58CrJChIFRVo9ipfUV/RPGMSqCDWhoGvIZ4QA5wKNi1HuWWa0BEZsNBRSTJm48n85Ck+d0ofp8q4koDn6u+JCcmsHWeJ68wIDO2yNxP/88Ic0pt4wqXOgUm6WJTmAoPCs/9xnxtGQYwdIdRwdyumQ2IIBZdS2YUQLL+8Str1WnBZqz9cVRu3RRwldIrO0AUK0DVqoHvURC1EkULP6BW9eeC9eO/ex6J1zStmTtAfeJ8/aJqRVQ==</latexit>

 �
<latexit sha1_base64="bKGO/fjYnb4durc/NjdU2oqEgx0=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0mqoMeiF48V7Ac2oWy2k3bpZhN2J0Ip/RdePCji1X/jzX/jts1BWx8MPN6bYWZemEph0HW/ncLa+sbmVnG7tLO7t39QPjxqmSTTHJo8kYnuhMyAFAqaKFBCJ9XA4lBCOxzdzvz2E2gjEvWA4xSCmA2UiARnaKVHPzWi54eArFeuuFV3DrpKvJxUSI5Gr/zl9xOexaCQS2ZM13NTDCZMo+ASpiU/M5AyPmID6FqqWAwmmMwvntIzq/RplGhbCulc/T0xYbEx4zi0nTHDoVn2ZuJ/XjfD6DqYCJVmCIovFkWZpJjQ2fu0LzRwlGNLGNfC3kr5kGnG0YZUsiF4yy+vklat6l1Ua/eXlfpNHkeRnJBTck48ckXq5I40SJNwosgzeSVvjnFenHfnY9FacPKZY/IHzucPnt6Q4Q==</latexit>

�a
<latexit sha1_base64="IiS6fz3Au0d783R9ArwT6McrTNo=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq9cY8T7plyte1ZsDrxI/JxXI0eiXv3oDRdOYSUsFMabre4kNMqItp4JNS73UsITQMRmyrqOSxMwE2fzaKT5zygBHSruSFs/V3xMZiY2ZxKHrjIkdmWVvJv7ndVMbXQcZl0lqmaSLRVEqsFV49joecM2oFRNHCNXc3YrpiGhCrQuo5ELwl19eJa1a1b+o1u4vK/WbPI4inMApnIMPV1CHO2hAEyg8wjO8whtS6AW9o49FawHlM8fwB+jzB1RUjvc=</latexit>

�a
<latexit sha1_base64="IiS6fz3Au0d783R9ArwT6McrTNo=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq9cY8T7plyte1ZsDrxI/JxXI0eiXv3oDRdOYSUsFMabre4kNMqItp4JNS73UsITQMRmyrqOSxMwE2fzaKT5zygBHSruSFs/V3xMZiY2ZxKHrjIkdmWVvJv7ndVMbXQcZl0lqmaSLRVEqsFV49joecM2oFRNHCNXc3YrpiGhCrQuo5ELwl19eJa1a1b+o1u4vK/WbPI4inMApnIMPV1CHO2hAEyg8wjO8whtS6AW9o49FawHlM8fwB+jzB1RUjvc=</latexit>

�a
<latexit sha1_base64="IiS6fz3Au0d783R9ArwT6McrTNo=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq9cY8T7plyte1ZsDrxI/JxXI0eiXv3oDRdOYSUsFMabre4kNMqItp4JNS73UsITQMRmyrqOSxMwE2fzaKT5zygBHSruSFs/V3xMZiY2ZxKHrjIkdmWVvJv7ndVMbXQcZl0lqmaSLRVEqsFV49joecM2oFRNHCNXc3YrpiGhCrQuo5ELwl19eJa1a1b+o1u4vK/WbPI4inMApnIMPV1CHO2hAEyg8wjO8whtS6AW9o49FawHlM8fwB+jzB1RUjvc=</latexit>

�1,2
<latexit sha1_base64="KsWwwEnfppteoFpBw5ZTabDMG8M=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgQkpSBV0W3bisYB/QhDCZTtqhk5kwMxFCqL/ixoUibv0Qd/6NkzYLbT0wcDjnHu6dEyaMKu0431ZlbX1jc6u6XdvZ3ds/sA+PekqkEpMuFkzIQYgUYZSTrqaakUEiCYpDRvrh9Lbw+49EKir4g84S4sdozGlEMdJGCuy6J4xdpD08oUHunrdmgd1wms4ccJW4JWmAEp3A/vJGAqcx4RozpNTQdRLt50hqihmZ1bxUkQThKRqToaEcxUT5+fz4GTw1yghGQprHNZyrvxM5ipXK4tBMxkhP1LJXiP95w1RH135OeZJqwvFiUZQyqAUsmoAjKgnWLDMEYUnNrRBPkERYm75qpgR3+curpNdquhfN1v1lo31T1lEFx+AEnAEXXIE2uAMd0AUYZOAZvII368l6sd6tj8VoxSozdfAH1ucPdrSUow==</latexit>

�1,2
<latexit sha1_base64="KsWwwEnfppteoFpBw5ZTabDMG8M=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgQkpSBV0W3bisYB/QhDCZTtqhk5kwMxFCqL/ixoUibv0Qd/6NkzYLbT0wcDjnHu6dEyaMKu0431ZlbX1jc6u6XdvZ3ds/sA+PekqkEpMuFkzIQYgUYZSTrqaakUEiCYpDRvrh9Lbw+49EKir4g84S4sdozGlEMdJGCuy6J4xdpD08oUHunrdmgd1wms4ccJW4JWmAEp3A/vJGAqcx4RozpNTQdRLt50hqihmZ1bxUkQThKRqToaEcxUT5+fz4GTw1yghGQprHNZyrvxM5ipXK4tBMxkhP1LJXiP95w1RH135OeZJqwvFiUZQyqAUsmoAjKgnWLDMEYUnNrRBPkERYm75qpgR3+curpNdquhfN1v1lo31T1lEFx+AEnAEXXIE2uAMd0AUYZOAZvII368l6sd6tj8VoxSozdfAH1ucPdrSUow==</latexit>

• If                            (as is approx. true in early Universe), summed 
asymmetry is zero! 

M ↵ = M �
<latexit sha1_base64="JSftuAtwUgD86gP8F+xhen5vtNQ=">AAACB3icbVDLSsNAFJ34rPUVdSnIYBFclaQKuhGKbtwIFewDmhBuppN26OTBzEQoITs3/oobF4q49Rfc+TdO2yDaeuDCmXPuZe49fsKZVJb1ZSwsLi2vrJbWyusbm1vb5s5uS8apILRJYh6Ljg+SchbRpmKK004iKIQ+p21/eDX22/dUSBZHd2qUUDeEfsQCRkBpyTMPbrzMSSTzHODJAPKLn7dPFeSeWbGq1gR4ntgFqaACDc/8dHoxSUMaKcJByq5tJcrNQChGOM3LTippAmQIfdrVNIKQSjeb3JHjI630cBALXZHCE/X3RAahlKPQ150hqIGc9cbif143VcG5m7EoSRWNyPSjIOVYxXgcCu4xQYniI02ACKZ3xWQAAojS0ZV1CPbsyfOkVavaJ9Xa7WmlflnEUUL76BAdIxudoTq6Rg3URAQ9oCf0gl6NR+PZeDPep60LRjGzh/7A+PgGm8mZyA==</latexit>

(there are other subtleties we will get to…)

F↵I
<latexit sha1_base64="YWffyXVmvVL9duyvAFOJf4FozBw=">AAACAXicbVDLSsNAFL2pr1pfUTeCm8EiuCpJFXRZFER3FewDmhAm00k7dPJgZiKUEDf+ihsXirj1L9z5N07bLLT1wIXDOffOnXv8hDOpLOvbKC0tr6yuldcrG5tb2zvm7l5bxqkgtEViHouujyXlLKItxRSn3URQHPqcdvzR1cTvPFAhWRzdq3FC3RAPIhYwgpWWPPPAmb6R+Tyl+bWXOZgnQ4xuc8+sWjVrCrRI7IJUoUDTM7+cfkzSkEaKcCxlz7YS5WZYKEY4zStOKmmCyQgPaE/TCIdUutl0e46OtdJHQSx0RQpN1d8TGQ6lHIe+7gyxGsp5byL+5/VSFVy4GYuSVNGIzBYFKUcqRpM4UJ8JShQfa4KJYPqviAyxwETp0Co6BHv+5EXSrtfs01r97qzauCziKMMhHMEJ2HAODbiBJrSAwCM8wyu8GU/Gi/FufMxaS0Yxsw9/YHz+ANmtlyI=</latexit>

F ⇤
↵I

<latexit sha1_base64="vrNaZJJjCG34YoyrQYHZ21pNEn0=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBZBXJSkCrosCqK7CvYBTQyT6aQdOpmEmYlQQsCNv+LGhSJu/Ql3/o3TNAttPXDhcM69c+ceP2ZUKsv6NkoLi0vLK+XVytr6xuaWub3TllEiMGnhiEWi6yNJGOWkpahipBsLgkKfkY4/upz4nQciJI34nRrHxA3RgNOAYqS05Jl7Tv5G6rOEZFde6iAWDxG8ye6PPbNq1awccJ7YBamCAk3P/HL6EU5CwhVmSMqebcXKTZFQFDOSVZxEkhjhERqQnqYchUS6ab4/g4da6cMgErq4grn6eyJFoZTj0NedIVJDOetNxP+8XqKCczelPE4U4Xi6KEgYVBGcBAL7VBCs2FgThAXVf4V4iATCSsdW0SHYsyfPk3a9Zp/U6ren1cZFEUcZ7IMDcARscAYa4Bo0QQtg8AiewSt4M56MF+Pd+Ji2loxiZhf8gfH5AwWzl74=</latexit>

F ⇤
�I

<latexit sha1_base64="u19WnhfjfuKqgHXffnZlhbIJV1g=">AAACAnicbVDLSgMxFM3UV62vqitxEyyCuCgzVdBlURDdVbAP6IxDJr1tQzOZIckIZShu/BU3LhRx61e4829M21lo64ELh3Puzc09QcyZ0rb9beUWFpeWV/KrhbX1jc2t4vZOQ0WJpFCnEY9kKyAKOBNQ10xzaMUSSBhwaAaDy7HffACpWCTu9DAGLyQ9wbqMEm0kv7jnTt5IA57A6MpP3QA0wTej+2O/WLLL9gR4njgZKaEMNb/45XYimoQgNOVEqbZjx9pLidSMchgV3ERBTOiA9KBtqCAhKC+drB/hQ6N0cDeSpoTGE/X3REpCpYZhYDpDovtq1huL/3ntRHfPvZSJONEg6HRRN+FYR3icB+4wCVTzoSGESmb+immfSEK1Sa1gQnBmT54njUrZOSlXbk9L1YssjjzaRwfoCDnoDFXRNaqhOqLoET2jV/RmPVkv1rv1MW3NWdnMLvoD6/MHNXSXSg==</latexit>

F�I
<latexit sha1_base64="qV/dCZzjzHXGim76IwYVQoFo1VM=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaL4KokVdBlURDdVbCt0IQwmd60QycPZiZCCdn4K25cKOLWz3Dn3zhNs9DWAxcO59w7d+7xE86ksqxvo7K0vLK6Vl2vbWxube+Yu3tdGaeCQofGPBYPPpHAWQQdxRSHh0QACX0OPX98NfV7jyAki6N7NUnADckwYgGjRGnJMw+c4o3M5ynk117m+KAIvs09s241rAJ4kdglqaMSbc/8cgYxTUOIFOVEyr5tJcrNiFCMcshrTiohIXRMhtDXNCIhSDcrluf4WCsDHMRCV6Rwof6eyEgo5ST0dWdI1EjOe1PxP6+fquDCzViUpAoiOlsUpByrGE/TwAMmgCo+0YRQwfRfMR0RQajSmdV0CPb8yYuk22zYp43m3Vm9dVnGUUWH6AidIBudoxa6QW3UQRTl6Bm9ojfjyXgx3o2PWWvFKGf20R8Ynz8KVZau</latexit>

Akhmedov, Rubakov, Smirnov, hep-ph/9803255; Asaka, Shaposhnikov, hep-ph/0505013



F 1
�I

<latexit sha1_base64="6dVDw2tulB27uWgBi/fbOzvjFXQ=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBFclaQKuiwKorsK9gFNDJPpbTt08mBmIpSQlRt/xY0LRdz6De78G6dpFtp64MLhnHtn7j1+zJlUlvVtLCwuLa+sltbK6xubW9vmzm5LRomg0KQRj0THJxI4C6GpmOLQiQWQwOfQ9keXE7/9AEKyKLxT4xjcgAxC1meUKC155oGTv5H6PIEsvbpP7cxLHR8UwTdZ5pkVq2rlwPPELkgFFWh45pfTi2gSQKgoJ1J2bStWbkqEYpRDVnYSCTGhIzKArqYhCUC6ab5Cho+00sP9SOgKFc7V3xMpCaQcB77uDIgayllvIv7ndRPVP3dTFsaJgpBOP+onHKsITzLBPSaAKj7WhFDB9K6YDokgVOnkyjoEe/bkedKqVe2Tau32tFK/KOIooX10iI6Rjc5QHV2jBmoiih7RM3pFb8aT8WK8Gx/T1gWjmNlDf2B8/gDwu5lp</latexit>

F ⇤2
�I

<latexit sha1_base64="1InZBsA2GeobGlyIYJswJzqKd5g=">AAACB3icbVDLSsNAFJ3UV62vqEtBBosgLkpSBV0WBdFdBfuAJpbJ9KYdOnkwMxFKyM6Nv+LGhSJu/QV3/o3TtAttPXDhcM69M/ceL+ZMKsv6NgoLi0vLK8XV0tr6xuaWub3TlFEiKDRoxCPR9ogEzkJoKKY4tGMBJPA4tLzh5dhvPYCQLArv1CgGNyD9kPmMEqWlrrnv5G+kHk8gS6/u0+Nq1k0dDxTBN1nWNctWxcqB54k9JWU0Rb1rfjm9iCYBhIpyImXHtmLlpkQoRjlkJSeREBM6JH3oaBqSAKSb5jtk+FArPexHQleocK7+nkhJIOUo8HRnQNRAznpj8T+vkyj/3E1ZGCcKQjr5yE84VhEeh4J7TABVfKQJoYLpXTEdEEGo0tGVdAj27MnzpFmt2CeV6u1puXYxjaOI9tABOkI2OkM1dI3qqIEoekTP6BW9GU/Gi/FufExaC8Z0Zhf9gfH5A2AUmZ4=</latexit>

F 1
↵I

<latexit sha1_base64="1KlMaPocRt1M/R6rHtTBFOU+yY0=">AAACA3icbVDLSsNAFJ34rPUVdaebwSK4KkkVdFkURHcV7AOaGG6mk3bo5MHMRCih4MZfceNCEbf+hDv/xmmahbYeuHA45965c4+fcCaVZX0bC4tLyyurpbXy+sbm1ra5s9uScSoIbZKYx6Ljg6ScRbSpmOK0kwgKoc9p2x9eTvz2AxWSxdGdGiXUDaEfsYARUFryzH0nfyPzeUrHV/e2lznAkwHgm7FnVqyqlQPPE7sgFVSg4ZlfTi8maUgjRThI2bWtRLkZCMUIp+Oyk0qaABlCn3Y1jSCk0s3y/WN8pJUeDmKhK1I4V39PZBBKOQp93RmCGshZbyL+53VTFZy7GYuSVNGITBcFKccqxpNAcI8JShQfaQJEMP1XTAYggCgdW1mHYM+ePE9atap9Uq3dnlbqF0UcJXSADtExstEZqqNr1EBNRNAjekav6M14Ml6Md+Nj2rpgFDN76A+Mzx8OMJfF</latexit>

�2
<latexit sha1_base64="v2f/BVBjAQo4ceykkYBA5CTD/ic=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq9cY8X6tX654VW8OvEr8nFQgR6Nf/uoNFE1jJi0VxJiu7yU2yIi2nAo2LfVSwxJCx2TIuo5KEjMTZPNrp/jMKQMcKe1KWjxXf09kJDZmEoeuMyZ2ZJa9mfif101tdB1kXCapZZIuFkWpwFbh2et4wDWjVkwcIVRzdyumI6IJtS6gkgvBX355lbRqVf+iWru/rNRv8jiKcAKncA4+XEEd7qABTaDwCM/wCm9IoRf0jj4WrQWUzxzDH6DPHw0Yjsg=</latexit>

�2
<latexit sha1_base64="v2f/BVBjAQo4ceykkYBA5CTD/ic=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq9cY8X6tX654VW8OvEr8nFQgR6Nf/uoNFE1jJi0VxJiu7yU2yIi2nAo2LfVSwxJCx2TIuo5KEjMTZPNrp/jMKQMcKe1KWjxXf09kJDZmEoeuMyZ2ZJa9mfif101tdB1kXCapZZIuFkWpwFbh2et4wDWjVkwcIVRzdyumI6IJtS6gkgvBX355lbRqVf+iWru/rNRv8jiKcAKncA4+XEEd7qABTaDwCM/wCm9IoRf0jj4WrQWUzxzDH6DPHw0Yjsg=</latexit>

�1
<latexit sha1_base64="dKOONgMCnmK3tdOSMOqpRvb3BxQ=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq9cY8b7fL1e8qjcHXiV+TiqQo9Evf/UGiqYxk5YKYkzX9xIbZERbTgWblnqpYQmhYzJkXUcliZkJsvm1U3zmlAGOlHYlLZ6rvycyEhsziUPXGRM7MsveTPzP66Y2ug4yLpPUMkkXi6JUYKvw7HU84JpRKyaOEKq5uxXTEdGEWhdQyYXgL7+8Slq1qn9Rrd1fVuo3eRxFOIFTOAcfrqAOd9CAJlB4hGd4hTek0At6Rx+L1gLKZ47hD9DnDwuUjsc=</latexit>

�1
<latexit sha1_base64="dKOONgMCnmK3tdOSMOqpRvb3BxQ=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq9cY8b7fL1e8qjcHXiV+TiqQo9Evf/UGiqYxk5YKYkzX9xIbZERbTgWblnqpYQmhYzJkXUcliZkJsvm1U3zmlAGOlHYlLZ6rvycyEhsziUPXGRM7MsveTPzP66Y2ug4yLpPUMkkXi6JUYKvw7HU84JpRKyaOEKq5uxXTEdGEWhdQyYXgL7+8Slq1qn9Rrd1fVuo3eRxFOIFTOAcfrqAOd9CAJlB4hGd4hTek0At6Rx+L1gLKZ47hD9DnDwuUjsc=</latexit>

 �
<latexit sha1_base64="bKGO/fjYnb4durc/NjdU2oqEgx0=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0mqoMeiF48V7Ac2oWy2k3bpZhN2J0Ip/RdePCji1X/jzX/jts1BWx8MPN6bYWZemEph0HW/ncLa+sbmVnG7tLO7t39QPjxqmSTTHJo8kYnuhMyAFAqaKFBCJ9XA4lBCOxzdzvz2E2gjEvWA4xSCmA2UiARnaKVHPzWi54eArFeuuFV3DrpKvJxUSI5Gr/zl9xOexaCQS2ZM13NTDCZMo+ASpiU/M5AyPmID6FqqWAwmmMwvntIzq/RplGhbCulc/T0xYbEx4zi0nTHDoVn2ZuJ/XjfD6DqYCJVmCIovFkWZpJjQ2fu0LzRwlGNLGNfC3kr5kGnG0YZUsiF4yy+vklat6l1Ua/eXlfpNHkeRnJBTck48ckXq5I40SJNwosgzeSVvjnFenHfnY9FacPKZY/IHzucPnt6Q4Q==</latexit>

 ↵
<latexit sha1_base64="KkqsxXClXWWVkymtsq9U8tCVNWs=">AAAB8nicbVBNSwMxEM36WetX1aOXYBE8ld0q6LHoxWMF+wG7S8mm2TY0m4RkViilP8OLB0W8+mu8+W9M2z1o64OBx3szzMxLtOAWfP/bW1vf2NzaLu2Ud/f2Dw4rR8dtq3JDWYsqoUw3IZYJLlkLOAjW1YaRLBGsk4zuZn7niRnLlXyEsWZxRgaSp5wScFIYact7ERF6SHqVql/z58CrJChIFRVo9ipfUV/RPGMSqCDWhoGvIZ4QA5wKNi1HuWWa0BEZsNBRSTJm48n85Ck+d0ofp8q4koDn6u+JCcmsHWeJ68wIDO2yNxP/88Ic0pt4wqXOgUm6WJTmAoPCs/9xnxtGQYwdIdRwdyumQ2IIBZdS2YUQLL+8Str1WnBZqz9cVRu3RRwldIrO0AUK0DVqoHvURC1EkULP6BW9eeC9eO/ex6J1zStmTtAfeJ8/aJqRVQ==</latexit>

!14

TWO-SCALAR BARYOGENESIS

!14

• However, an asymmetry arises at this order with two scalars

 ↵
<latexit sha1_base64="KkqsxXClXWWVkymtsq9U8tCVNWs=">AAAB8nicbVBNSwMxEM36WetX1aOXYBE8ld0q6LHoxWMF+wG7S8mm2TY0m4RkViilP8OLB0W8+mu8+W9M2z1o64OBx3szzMxLtOAWfP/bW1vf2NzaLu2Ud/f2Dw4rR8dtq3JDWYsqoUw3IZYJLlkLOAjW1YaRLBGsk4zuZn7niRnLlXyEsWZxRgaSp5wScFIYact7ERF6SHqVql/z58CrJChIFRVo9ipfUV/RPGMSqCDWhoGvIZ4QA5wKNi1HuWWa0BEZsNBRSTJm48n85Ck+d0ofp8q4koDn6u+JCcmsHWeJ68wIDO2yNxP/88Ic0pt4wqXOgUm6WJTmAoPCs/9xnxtGQYwdIdRwdyumQ2IIBZdS2YUQLL+8Str1WnBZqz9cVRu3RRwldIrO0AUK0DVqoHvURC1EkULP6BW9eeC9eO/ex6J1zStmTtAfeJ8/aJqRVQ==</latexit>

 �
<latexit sha1_base64="bKGO/fjYnb4durc/NjdU2oqEgx0=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0mqoMeiF48V7Ac2oWy2k3bpZhN2J0Ip/RdePCji1X/jzX/jts1BWx8MPN6bYWZemEph0HW/ncLa+sbmVnG7tLO7t39QPjxqmSTTHJo8kYnuhMyAFAqaKFBCJ9XA4lBCOxzdzvz2E2gjEvWA4xSCmA2UiARnaKVHPzWi54eArFeuuFV3DrpKvJxUSI5Gr/zl9xOexaCQS2ZM13NTDCZMo+ASpiU/M5AyPmID6FqqWAwmmMwvntIzq/RplGhbCulc/T0xYbEx4zi0nTHDoVn2ZuJ/XjfD6DqYCJVmCIovFkWZpJjQ2fu0LzRwlGNLGNfC3kr5kGnG0YZUsiF4yy+vklat6l1Ua/eXlfpNHkeRnJBTck48ckXq5I40SJNwosgzeSVvjnFenHfnY9FacPKZY/IHzucPnt6Q4Q==</latexit>

�1,2
<latexit sha1_base64="KsWwwEnfppteoFpBw5ZTabDMG8M=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgQkpSBV0W3bisYB/QhDCZTtqhk5kwMxFCqL/ixoUibv0Qd/6NkzYLbT0wcDjnHu6dEyaMKu0431ZlbX1jc6u6XdvZ3ds/sA+PekqkEpMuFkzIQYgUYZSTrqaakUEiCYpDRvrh9Lbw+49EKir4g84S4sdozGlEMdJGCuy6J4xdpD08oUHunrdmgd1wms4ccJW4JWmAEp3A/vJGAqcx4RozpNTQdRLt50hqihmZ1bxUkQThKRqToaEcxUT5+fz4GTw1yghGQprHNZyrvxM5ipXK4tBMxkhP1LJXiP95w1RH135OeZJqwvFiUZQyqAUsmoAjKgnWLDMEYUnNrRBPkERYm75qpgR3+curpNdquhfN1v1lo31T1lEFx+AEnAEXXIE2uAMd0AUYZOAZvII368l6sd6tj8VoxSozdfAH1ucPdrSUow==</latexit>

�1,2
<latexit sha1_base64="KsWwwEnfppteoFpBw5ZTabDMG8M=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgQkpSBV0W3bisYB/QhDCZTtqhk5kwMxFCqL/ixoUibv0Qd/6NkzYLbT0wcDjnHu6dEyaMKu0431ZlbX1jc6u6XdvZ3ds/sA+PekqkEpMuFkzIQYgUYZSTrqaakUEiCYpDRvrh9Lbw+49EKir4g84S4sdozGlEMdJGCuy6J4xdpD08oUHunrdmgd1wms4ccJW4JWmAEp3A/vJGAqcx4RozpNTQdRLt50hqihmZ1bxUkQThKRqToaEcxUT5+fz4GTw1yghGQprHNZyrvxM5ipXK4tBMxkhP1LJXiP95w1RH135OeZJqwvFiUZQyqAUsmoAjKgnWLDMEYUnNrRBPkERYm75qpgR3+curpNdquhfN1v1lo31T1lEFx+AEnAEXXIE2uAMd0AUYZOAZvII368l6sd6tj8VoxSozdfAH1ucPdrSUow==</latexit>

• Asymmetry no longer cancels when summed over flavours!

F ⇤2
↵I

<latexit sha1_base64="BxkveM39ER6k0mHNS64hC469or4=">AAACCHicbVDLSgMxFM3UV62vUZcuDBZBXJSZKuiyKIjuKtgHdMYhk2ba0MyDJCOUMEs3/oobF4q49RPc+Tem01lo64ELh3PuTe49fsKokJb1bZQWFpeWV8qrlbX1jc0tc3unLeKUY9LCMYt510eCMBqRlqSSkW7CCQp9Rjr+6HLidx4IFzSO7uQ4IW6IBhENKEZSS5657+RvKJ+lJFNX9+q4nnnKQSwZIniTZZ5ZtWpWDjhP7IJUQYGmZ345/RinIYkkZkiInm0l0lWIS4oZySpOKkiC8AgNSE/TCIVEuCpfIoOHWunDIOa6Iglz9feEQqEQ49DXnSGSQzHrTcT/vF4qg3NX0ShJJYnw9KMgZVDGcJIK7FNOsGRjTRDmVO8K8RBxhKXOrqJDsGdPniftes0+qdVvT6uNiyKOMtgDB+AI2OAMNMA1aIIWwOARPINX8GY8GS/Gu/ExbS0Zxcwu+APj8wcyIJoS</latexit>

BS, D. Tucker-Smith, to appear



�1
<latexit sha1_base64="+q9NSd2Wj48lQm9a/toH6FortvU=">AAAB+HicbVDLSsNAFL3xWeujUZdugkVwVZIq6LLoxmUF+4AmhMl00g6dzISZiVBDv8SNC0Xc+inu/BsnbRbaemDgcM493DsnShlV2nW/rbX1jc2t7cpOdXdv/6BmHx51lcgkJh0smJD9CCnCKCcdTTUj/VQSlESM9KLJbeH3HolUVPAHPU1JkKARpzHFSBsptGu+MHaR9ttjGnqhXXcb7hzOKvFKUocS7dD+8ocCZwnhGjOk1MBzUx3kSGqKGZlV/UyRFOEJGpGBoRwlRAX5/PCZc2aUoRMLaR7Xzlz9nchRotQ0icxkgvRYLXuF+J83yHR8HeSUp5kmHC8WxRlztHCKFpwhlQRrNjUEYUnNrQ4eI4mwNl1VTQne8pdXSbfZ8C4azfvLeuumrKMCJ3AK5+DBFbTgDtrQAQwZPMMrvFlP1ov1bn0sRtesMnMMf2B9/gCkypMS</latexit>

 ↵
<latexit sha1_base64="XkwRkRiBbHkfJ2OL3wLKgUdNR2c=">AAAB/XicbVDLSgMxFM3UV62v8bFzEyyCqzJTBV0W3bisYB/QGYZMmmlDM0lIMkItxV9x40IRt/6HO//GTDsLbT0QOJxzD/fmxJJRbTzv2ymtrK6tb5Q3K1vbO7t77v5BW4tMYdLCggnVjZEmjHLSMtQw0pWKoDRmpBOPbnK/80CUpoLfm7EkYYoGnCYUI2OlyD0KhLXzdCA1jQLE5BBFbtWreTPAZeIXpAoKNCP3K+gLnKWEG8yQ1j3fkyacIGUoZmRaCTJNJMIjNCA9SzlKiQ4ns+un8NQqfZgIZR83cKb+TkxQqvU4je1kisxQL3q5+J/Xy0xyFU4ol5khHM8XJRmDRsC8CtinimDDxpYgrKi9FeIhUggbW1jFluAvfnmZtOs1/7xWv7uoNq6LOsrgGJyAM+CDS9AAt6AJWgCDR/AMXsGb8+S8OO/Ox3y05BSZQ/AHzucPFZSVoA==</latexit>

 �
<latexit sha1_base64="4Bx1BYzbP3yUTLYWJVYFkgm49J0=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBFclaQKuiy6cVnBPqAJYTK9aYdOJmFmIoRSf8WNC0Xc+iHu/BsnbRbaemDgcM493DsnTDlT2nG+rbX1jc2t7cpOdXdv/+DQPjruqiSTFDo04Ynsh0QBZwI6mmkO/VQCiUMOvXByW/i9R5CKJeJB5yn4MRkJFjFKtJECu+Ylxi7SXqpY4IWgSWDXnYYzB14lbknqqEQ7sL+8YUKzGISmnCg1cJ1U+1MiNaMcZlUvU5ASOiEjGBgqSAzKn86Pn+EzowxxlEjzhMZz9XdiSmKl8jg0kzHRY7XsFeJ/3iDT0bU/ZSLNNAi6WBRlHOsEF03gIZNANc8NIVQycyumYyIJ1aavqinBXf7yKuk2G+5Fo3l/WW/dlHVU0Ak6RefIRVeohe5QG3UQRTl6Rq/ozXqyXqx362MxumaVmRr6A+vzB0fnlSw=</latexit>

�2
<latexit sha1_base64="eIQiE+Ec4eArH2JkmM3S+jdLO2Q=">AAAB+HicbVDLSsNAFL3xWeujUZduBovgqiRV0GXRjcsK9gFNCJPppB06mYSZiVBDv8SNC0Xc+inu/BsnbRbaemDgcM493DsnTDlT2nG+rbX1jc2t7cpOdXdv/6BmHx51VZJJQjsk4Ynsh1hRzgTtaKY57aeS4jjktBdObgu/90ilYol40NOU+jEeCRYxgrWRArvmJcYu0l57zIJmYNedhjMHWiVuSepQoh3YX94wIVlMhSYcKzVwnVT7OZaaEU5nVS9TNMVkgkd0YKjAMVV+Pj98hs6MMkRRIs0TGs3V34kcx0pN49BMxliP1bJXiP95g0xH137ORJppKshiUZRxpBNUtICGTFKi+dQQTCQztyIyxhITbbqqmhLc5S+vkm6z4V40mveX9dZNWUcFTuAUzsGFK2jBHbShAwQyeIZXeLOerBfr3fpYjK5ZZeYY/sD6/AGmTpMT</latexit>

�2
<latexit sha1_base64="v2f/BVBjAQo4ceykkYBA5CTD/ic=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq9cY8X6tX654VW8OvEr8nFQgR6Nf/uoNFE1jJi0VxJiu7yU2yIi2nAo2LfVSwxJCx2TIuo5KEjMTZPNrp/jMKQMcKe1KWjxXf09kJDZmEoeuMyZ2ZJa9mfif101tdB1kXCapZZIuFkWpwFbh2et4wDWjVkwcIVRzdyumI6IJtS6gkgvBX355lbRqVf+iWru/rNRv8jiKcAKncA4+XEEd7qABTaDwCM/wCm9IoRf0jj4WrQWUzxzDH6DPHw0Yjsg=</latexit>

�1
<latexit sha1_base64="dKOONgMCnmK3tdOSMOqpRvb3BxQ=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq9cY8b7fL1e8qjcHXiV+TiqQo9Evf/UGiqYxk5YKYkzX9xIbZERbTgWblnqpYQmhYzJkXUcliZkJsvm1U3zmlAGOlHYlLZ6rvycyEhsziUPXGRM7MsveTPzP66Y2ug4yLpPUMkkXi6JUYKvw7HU84JpRKyaOEKq5uxXTEdGEWhdQyYXgL7+8Slq1qn9Rrd1fVuo3eRxFOIFTOAcfrqAOd9CAJlB4hGd4hTek0At6Rx+L1gLKZ47hD9DnDwuUjsc=</latexit>

!15

TWO-SCALAR BARYOGENESIS

!15

• If the scalars have different masses, the rates differ between early- 
and late-time processes: CPT invariance no longer gives cancellation

 ↵
<latexit sha1_base64="KkqsxXClXWWVkymtsq9U8tCVNWs=">AAAB8nicbVBNSwMxEM36WetX1aOXYBE8ld0q6LHoxWMF+wG7S8mm2TY0m4RkViilP8OLB0W8+mu8+W9M2z1o64OBx3szzMxLtOAWfP/bW1vf2NzaLu2Ud/f2Dw4rR8dtq3JDWYsqoUw3IZYJLlkLOAjW1YaRLBGsk4zuZn7niRnLlXyEsWZxRgaSp5wScFIYact7ERF6SHqVql/z58CrJChIFRVo9ipfUV/RPGMSqCDWhoGvIZ4QA5wKNi1HuWWa0BEZsNBRSTJm48n85Ck+d0ofp8q4koDn6u+JCcmsHWeJ68wIDO2yNxP/88Ic0pt4wqXOgUm6WJTmAoPCs/9xnxtGQYwdIdRwdyumQ2IIBZdS2YUQLL+8Str1WnBZqz9cVRu3RRwldIrO0AUK0DVqoHvURC1EkULP6BW9eeC9eO/ex6J1zStmTtAfeJ8/aJqRVQ==</latexit>

 �
<latexit sha1_base64="bKGO/fjYnb4durc/NjdU2oqEgx0=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0mqoMeiF48V7Ac2oWy2k3bpZhN2J0Ip/RdePCji1X/jzX/jts1BWx8MPN6bYWZemEph0HW/ncLa+sbmVnG7tLO7t39QPjxqmSTTHJo8kYnuhMyAFAqaKFBCJ9XA4lBCOxzdzvz2E2gjEvWA4xSCmA2UiARnaKVHPzWi54eArFeuuFV3DrpKvJxUSI5Gr/zl9xOexaCQS2ZM13NTDCZMo+ASpiU/M5AyPmID6FqqWAwmmMwvntIzq/RplGhbCulc/T0xYbEx4zi0nTHDoVn2ZuJ/XjfD6DqYCJVmCIovFkWZpJjQ2fu0LzRwlGNLGNfC3kr5kGnG0YZUsiF4yy+vklat6l1Ua/eXlfpNHkeRnJBTck48ckXq5I40SJNwosgzeSVvjnFenHfnY9FacPKZY/IHzucPnt6Q4Q==</latexit>

�1,2
<latexit sha1_base64="KsWwwEnfppteoFpBw5ZTabDMG8M=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgQkpSBV0W3bisYB/QhDCZTtqhk5kwMxFCqL/ixoUibv0Qd/6NkzYLbT0wcDjnHu6dEyaMKu0431ZlbX1jc6u6XdvZ3ds/sA+PekqkEpMuFkzIQYgUYZSTrqaakUEiCYpDRvrh9Lbw+49EKir4g84S4sdozGlEMdJGCuy6J4xdpD08oUHunrdmgd1wms4ccJW4JWmAEp3A/vJGAqcx4RozpNTQdRLt50hqihmZ1bxUkQThKRqToaEcxUT5+fz4GTw1yghGQprHNZyrvxM5ipXK4tBMxkhP1LJXiP95w1RH135OeZJqwvFiUZQyqAUsmoAjKgnWLDMEYUnNrRBPkERYm75qpgR3+curpNdquhfN1v1lo31T1lEFx+AEnAEXXIE2uAMd0AUYZOAZvII368l6sd6tj8VoxSozdfAH1ucPdrSUow==</latexit>

�1,2
<latexit sha1_base64="KsWwwEnfppteoFpBw5ZTabDMG8M=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgQkpSBV0W3bisYB/QhDCZTtqhk5kwMxFCqL/ixoUibv0Qd/6NkzYLbT0wcDjnHu6dEyaMKu0431ZlbX1jc6u6XdvZ3ds/sA+PekqkEpMuFkzIQYgUYZSTrqaakUEiCYpDRvrh9Lbw+49EKir4g84S4sdozGlEMdJGCuy6J4xdpD08oUHunrdmgd1wms4ccJW4JWmAEp3A/vJGAqcx4RozpNTQdRLt50hqihmZ1bxUkQThKRqToaEcxUT5+fz4GTw1yghGQprHNZyrvxM5ipXK4tBMxkhP1LJXiP95w1RH135OeZJqwvFiUZQyqAUsmoAjKgnWLDMEYUnNrRBPkERYm75qpgR3+curpNdquhfN1v1lo31T1lEFx+AEnAEXXIE2uAMd0AUYZOAZvII368l6sd6tj8VoxSozdfAH1ucPdrSUow==</latexit>6=

<latexit sha1_base64="mmSifh/t9bsa9iwIbQRSu32qLJw=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2k3bpZhN3N0IJ/QtePCji1T/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzamZST+Jjv1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7rlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jgZcIXMiIkllClubyVsRBVlxsZTsiF4yy+vklat6l1Ua/eXlfpNHkcRTuAUzsGDK6jDHTSgCQxG8Ayv8OZEzovz7nwsWgtOPnMMf+B8/gAZW45G</latexit>



�1
<latexit sha1_base64="+q9NSd2Wj48lQm9a/toH6FortvU=">AAAB+HicbVDLSsNAFL3xWeujUZdugkVwVZIq6LLoxmUF+4AmhMl00g6dzISZiVBDv8SNC0Xc+inu/BsnbRbaemDgcM493DsnShlV2nW/rbX1jc2t7cpOdXdv/6BmHx51lcgkJh0smJD9CCnCKCcdTTUj/VQSlESM9KLJbeH3HolUVPAHPU1JkKARpzHFSBsptGu+MHaR9ttjGnqhXXcb7hzOKvFKUocS7dD+8ocCZwnhGjOk1MBzUx3kSGqKGZlV/UyRFOEJGpGBoRwlRAX5/PCZc2aUoRMLaR7Xzlz9nchRotQ0icxkgvRYLXuF+J83yHR8HeSUp5kmHC8WxRlztHCKFpwhlQRrNjUEYUnNrQ4eI4mwNl1VTQne8pdXSbfZ8C4azfvLeuumrKMCJ3AK5+DBFbTgDtrQAQwZPMMrvFlP1ov1bn0sRtesMnMMf2B9/gCkypMS</latexit>

 ↵
<latexit sha1_base64="XkwRkRiBbHkfJ2OL3wLKgUdNR2c=">AAAB/XicbVDLSgMxFM3UV62v8bFzEyyCqzJTBV0W3bisYB/QGYZMmmlDM0lIMkItxV9x40IRt/6HO//GTDsLbT0QOJxzD/fmxJJRbTzv2ymtrK6tb5Q3K1vbO7t77v5BW4tMYdLCggnVjZEmjHLSMtQw0pWKoDRmpBOPbnK/80CUpoLfm7EkYYoGnCYUI2OlyD0KhLXzdCA1jQLE5BBFbtWreTPAZeIXpAoKNCP3K+gLnKWEG8yQ1j3fkyacIGUoZmRaCTJNJMIjNCA9SzlKiQ4ns+un8NQqfZgIZR83cKb+TkxQqvU4je1kisxQL3q5+J/Xy0xyFU4ol5khHM8XJRmDRsC8CtinimDDxpYgrKi9FeIhUggbW1jFluAvfnmZtOs1/7xWv7uoNq6LOsrgGJyAM+CDS9AAt6AJWgCDR/AMXsGb8+S8OO/Ox3y05BSZQ/AHzucPFZSVoA==</latexit>

 �
<latexit sha1_base64="4Bx1BYzbP3yUTLYWJVYFkgm49J0=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBFclaQKuiy6cVnBPqAJYTK9aYdOJmFmIoRSf8WNC0Xc+iHu/BsnbRbaemDgcM493DsnTDlT2nG+rbX1jc2t7cpOdXdv/+DQPjruqiSTFDo04Ynsh0QBZwI6mmkO/VQCiUMOvXByW/i9R5CKJeJB5yn4MRkJFjFKtJECu+Ylxi7SXqpY4IWgSWDXnYYzB14lbknqqEQ7sL+8YUKzGISmnCg1cJ1U+1MiNaMcZlUvU5ASOiEjGBgqSAzKn86Pn+EzowxxlEjzhMZz9XdiSmKl8jg0kzHRY7XsFeJ/3iDT0bU/ZSLNNAi6WBRlHOsEF03gIZNANc8NIVQycyumYyIJ1aavqinBXf7yKuk2G+5Fo3l/WW/dlHVU0Ak6RefIRVeohe5QG3UQRTl6Rq/ozXqyXqx362MxumaVmRr6A+vzB0fnlSw=</latexit>

�2
<latexit sha1_base64="eIQiE+Ec4eArH2JkmM3S+jdLO2Q=">AAAB+HicbVDLSsNAFL3xWeujUZduBovgqiRV0GXRjcsK9gFNCJPppB06mYSZiVBDv8SNC0Xc+inu/BsnbRbaemDgcM493DsnTDlT2nG+rbX1jc2t7cpOdXdv/6BmHx51VZJJQjsk4Ynsh1hRzgTtaKY57aeS4jjktBdObgu/90ilYol40NOU+jEeCRYxgrWRArvmJcYu0l57zIJmYNedhjMHWiVuSepQoh3YX94wIVlMhSYcKzVwnVT7OZaaEU5nVS9TNMVkgkd0YKjAMVV+Pj98hs6MMkRRIs0TGs3V34kcx0pN49BMxliP1bJXiP95g0xH137ORJppKshiUZRxpBNUtICGTFKi+dQQTCQztyIyxhITbbqqmhLc5S+vkm6z4V40mveX9dZNWUcFTuAUzsGFK2jBHbShAwQyeIZXeLOerBfr3fpYjK5ZZeYY/sD6/AGmTpMT</latexit>

�2
<latexit sha1_base64="v2f/BVBjAQo4ceykkYBA5CTD/ic=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq9cY8X6tX654VW8OvEr8nFQgR6Nf/uoNFE1jJi0VxJiu7yU2yIi2nAo2LfVSwxJCx2TIuo5KEjMTZPNrp/jMKQMcKe1KWjxXf09kJDZmEoeuMyZ2ZJa9mfif101tdB1kXCapZZIuFkWpwFbh2et4wDWjVkwcIVRzdyumI6IJtS6gkgvBX355lbRqVf+iWru/rNRv8jiKcAKncA4+XEEd7qABTaDwCM/wCm9IoRf0jj4WrQWUzxzDH6DPHw0Yjsg=</latexit>

�1
<latexit sha1_base64="dKOONgMCnmK3tdOSMOqpRvb3BxQ=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq9cY8b7fL1e8qjcHXiV+TiqQo9Evf/UGiqYxk5YKYkzX9xIbZERbTgWblnqpYQmhYzJkXUcliZkJsvm1U3zmlAGOlHYlLZ6rvycyEhsziUPXGRM7MsveTPzP66Y2ug4yLpPUMkkXi6JUYKvw7HU84JpRKyaOEKq5uxXTEdGEWhdQyYXgL7+8Slq1qn9Rrd1fVuo3eRxFOIFTOAcfrqAOd9CAJlB4hGd4hTek0At6Rx+L1gLKZ47hD9DnDwuUjsc=</latexit>

!15

TWO-SCALAR BARYOGENESIS

!15

• If the scalars have different masses, the rates differ between early- 
and late-time processes: CPT invariance no longer gives cancellation

 ↵
<latexit sha1_base64="KkqsxXClXWWVkymtsq9U8tCVNWs=">AAAB8nicbVBNSwMxEM36WetX1aOXYBE8ld0q6LHoxWMF+wG7S8mm2TY0m4RkViilP8OLB0W8+mu8+W9M2z1o64OBx3szzMxLtOAWfP/bW1vf2NzaLu2Ud/f2Dw4rR8dtq3JDWYsqoUw3IZYJLlkLOAjW1YaRLBGsk4zuZn7niRnLlXyEsWZxRgaSp5wScFIYact7ERF6SHqVql/z58CrJChIFRVo9ipfUV/RPGMSqCDWhoGvIZ4QA5wKNi1HuWWa0BEZsNBRSTJm48n85Ck+d0ofp8q4koDn6u+JCcmsHWeJ68wIDO2yNxP/88Ic0pt4wqXOgUm6WJTmAoPCs/9xnxtGQYwdIdRwdyumQ2IIBZdS2YUQLL+8Str1WnBZqz9cVRu3RRwldIrO0AUK0DVqoHvURC1EkULP6BW9eeC9eO/ex6J1zStmTtAfeJ8/aJqRVQ==</latexit>

 �
<latexit sha1_base64="bKGO/fjYnb4durc/NjdU2oqEgx0=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0mqoMeiF48V7Ac2oWy2k3bpZhN2J0Ip/RdePCji1X/jzX/jts1BWx8MPN6bYWZemEph0HW/ncLa+sbmVnG7tLO7t39QPjxqmSTTHJo8kYnuhMyAFAqaKFBCJ9XA4lBCOxzdzvz2E2gjEvWA4xSCmA2UiARnaKVHPzWi54eArFeuuFV3DrpKvJxUSI5Gr/zl9xOexaCQS2ZM13NTDCZMo+ASpiU/M5AyPmID6FqqWAwmmMwvntIzq/RplGhbCulc/T0xYbEx4zi0nTHDoVn2ZuJ/XjfD6DqYCJVmCIovFkWZpJjQ2fu0LzRwlGNLGNfC3kr5kGnG0YZUsiF4yy+vklat6l1Ua/eXlfpNHkeRnJBTck48ckXq5I40SJNwosgzeSVvjnFenHfnY9FacPKZY/IHzucPnt6Q4Q==</latexit>

�1,2
<latexit sha1_base64="KsWwwEnfppteoFpBw5ZTabDMG8M=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgQkpSBV0W3bisYB/QhDCZTtqhk5kwMxFCqL/ixoUibv0Qd/6NkzYLbT0wcDjnHu6dEyaMKu0431ZlbX1jc6u6XdvZ3ds/sA+PekqkEpMuFkzIQYgUYZSTrqaakUEiCYpDRvrh9Lbw+49EKir4g84S4sdozGlEMdJGCuy6J4xdpD08oUHunrdmgd1wms4ccJW4JWmAEp3A/vJGAqcx4RozpNTQdRLt50hqihmZ1bxUkQThKRqToaEcxUT5+fz4GTw1yghGQprHNZyrvxM5ipXK4tBMxkhP1LJXiP95w1RH135OeZJqwvFiUZQyqAUsmoAjKgnWLDMEYUnNrRBPkERYm75qpgR3+curpNdquhfN1v1lo31T1lEFx+AEnAEXXIE2uAMd0AUYZOAZvII368l6sd6tj8VoxSozdfAH1ucPdrSUow==</latexit>

�1,2
<latexit sha1_base64="KsWwwEnfppteoFpBw5ZTabDMG8M=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgQkpSBV0W3bisYB/QhDCZTtqhk5kwMxFCqL/ixoUibv0Qd/6NkzYLbT0wcDjnHu6dEyaMKu0431ZlbX1jc6u6XdvZ3ds/sA+PekqkEpMuFkzIQYgUYZSTrqaakUEiCYpDRvrh9Lbw+49EKir4g84S4sdozGlEMdJGCuy6J4xdpD08oUHunrdmgd1wms4ccJW4JWmAEp3A/vJGAqcx4RozpNTQdRLt50hqihmZ1bxUkQThKRqToaEcxUT5+fz4GTw1yghGQprHNZyrvxM5ipXK4tBMxkhP1LJXiP95w1RH135OeZJqwvFiUZQyqAUsmoAjKgnWLDMEYUnNrRBPkERYm75qpgR3+curpNdquhfN1v1lo31T1lEFx+AEnAEXXIE2uAMd0AUYZOAZvII368l6sd6tj8VoxSozdfAH1ucPdrSUow==</latexit>

T1 T1

T2T2

6=
<latexit sha1_base64="mmSifh/t9bsa9iwIbQRSu32qLJw=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2k3bpZhN3N0IJ/QtePCji1T/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzamZST+Jjv1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7rlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jgZcIXMiIkllClubyVsRBVlxsZTsiF4yy+vklat6l1Ua/eXlfpNHkcRTuAUzsGDK6jDHTSgCQxG8Ayv8OZEzovz7nwsWgtOPnMMf+B8/gAZW45G</latexit>



!16!16

FREEZE-IN BARYOGENESIS

1. Generation of asymmetry  

2.Survival of asymmetry 

3. Size of asymmetry 

4. Numerical results 

5. Single-scalar baryogenesis



!17

ASYMMETRY SURVIVAL

!17

• There exists an exact B-L symmetry in the model!

��
<latexit sha1_base64="FxdxB+otEGSH5NL+um3YYTgz9MI=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mqoMeiHjxWsB+QhLLZbtqlm92wOxFK6M/w4kERr/4ab/4bt20O2vpg4PHeDDPzolRwA6777ZTW1jc2t8rblZ3dvf2D6uFRx6hMU9amSijdi4hhgkvWBg6C9VLNSBIJ1o3GtzO/+8S04Uo+wiRlYUKGksecErCSH9wxAQQHrRHvV2tu3Z0DrxKvIDVUoNWvfgUDRbOESaCCGON7bgphTjRwKti0EmSGpYSOyZD5lkqSMBPm85On+MwqAxwrbUsCnqu/J3KSGDNJItuZEBiZZW8m/uf5GcTXYc5lmgGTdLEozgQGhWf/4wHXjIKYWEKo5vZWTEdEEwo2pYoNwVt+eZV0GnXvot54uKw1b4o4yugEnaJz5KEr1ET3qIXaiCKFntErenPAeXHenY9Fa8kpZo7RHzifP5qvkM8=</latexit>

� 
<latexit sha1_base64="Fk4Y1XtuoZjgYWwHZCnIIhtIg08=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mqoMeiHjxWsB+QhLLZbtqlm92wOxFK6M/w4kERr/4ab/4bt20O2vpg4PHeDDPzolRwA6777ZTW1jc2t8rblZ3dvf2D6uFRx6hMU9amSijdi4hhgkvWBg6C9VLNSBIJ1o3GtzO/+8S04Uo+wiRlYUKGksecErCSH9wxAQQHqeH9as2tu3PgVeIVpIYKtPrVr2CgaJYwCVQQY3zPTSHMiQZOBZtWgsywlNAxGTLfUkkSZsJ8fvIUn1llgGOlbUnAc/X3RE4SYyZJZDsTAiOz7M3E/zw/g/g6zLlMM2CSLhbFmcCg8Ox/POCaURATSwjV3N6K6YhoQsGmVLEheMsvr5JOo+5d1BsPl7XmTRFHGZ2gU3SOPHSFmugetVAbUaTQM3pFbw44L86787FoLTnFzDH6A+fzB9wmkPo=</latexit>

• SM asymmetry exactly balanced by asymmetry in scalar

• But, SM asymmetry distributed between quarks & leptons



!17

ASYMMETRY SURVIVAL

!17

• There exists an exact B-L symmetry in the model!

��
<latexit sha1_base64="FxdxB+otEGSH5NL+um3YYTgz9MI=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mqoMeiHjxWsB+QhLLZbtqlm92wOxFK6M/w4kERr/4ab/4bt20O2vpg4PHeDDPzolRwA6777ZTW1jc2t8rblZ3dvf2D6uFRx6hMU9amSijdi4hhgkvWBg6C9VLNSBIJ1o3GtzO/+8S04Uo+wiRlYUKGksecErCSH9wxAQQHrRHvV2tu3Z0DrxKvIDVUoNWvfgUDRbOESaCCGON7bgphTjRwKti0EmSGpYSOyZD5lkqSMBPm85On+MwqAxwrbUsCnqu/J3KSGDNJItuZEBiZZW8m/uf5GcTXYc5lmgGTdLEozgQGhWf/4wHXjIKYWEKo5vZWTEdEEwo2pYoNwVt+eZV0GnXvot54uKw1b4o4yugEnaJz5KEr1ET3qIXaiCKFntErenPAeXHenY9Fa8kpZo7RHzifP5qvkM8=</latexit>

• SM asymmetry exactly balanced by asymmetry in scalar

• But, SM asymmetry distributed between quarks & leptons

� Q
<latexit sha1_base64="l5WP/VWCQ3sXAHzLgIxvTM1VE2A=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DGoB48JmAdklzA7mU2GzD6c6Q2EJd/hxYMiXv0Yb/6Nk2QPmljQUFR1093lJ1JotO1va219Y3Nru7BT3N3bPzgsHR23dJwqxpsslrHq+FRzKSLeRIGSdxLFaehL3vZHdzO/PeZKizh6xEnCvZAOIhEIRtFInnvPJVLiJlr0Gr1S2a7Yc5BV4uSkDDnqvdKX249ZGvIImaRadx07QS+jCgWTfFp0U80TykZ0wLuGRjTk2svmR0/JuVH6JIiVqQjJXP09kdFQ60nom86Q4lAvezPxP6+bYnDjZSJKUuQRWywKUkkwJrMESF8ozlBODKFMCXMrYUOqKEOTU9GE4Cy/vEpa1YpzWak2rsq12zyOApzCGVyAA9dQgweoQxMYPMEzvMKbNbZerHfrY9G6ZuUzJ/AH1ucPOXGRvg==</latexit>

� L
<latexit sha1_base64="2WVAqKY37IkFA1agjVAfrpG1bKc=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DGoBw8eIpgHZJcwO5lNhsw+nOkNhCXf4cWDIl79GG/+jZNkD5pY0FBUddPd5SdSaLTtb2tldW19Y7OwVdze2d3bLx0cNnWcKsYbLJaxavtUcyki3kCBkrcTxWnoS97yhzdTvzXiSos4esRxwr2Q9iMRCEbRSJ57yyVS4iZadO+7pbJdsWcgy8TJSRly1LulL7cXszTkETJJte44doJeRhUKJvmk6KaaJ5QNaZ93DI1oyLWXzY6ekFOj9EgQK1MRkpn6eyKjodbj0DedIcWBXvSm4n9eJ8XgystElKTIIzZfFKSSYEymCZCeUJyhHBtCmRLmVsIGVFGGJqeiCcFZfHmZNKsV57xSfbgo167zOApwDCdwBg5cQg3uoA4NYPAEz/AKb9bIerHerY9564qVzxzBH1ifPzHdkbk=</latexit>
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• There exists an exact B-L symmetry in the model!

��
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• SM asymmetry exactly balanced by asymmetry in scalar

• But, SM asymmetry distributed between quarks & leptons

� Q
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• If at least one scalar decays after electroweak phase transition, we 
are left with a baryon asymmetry

�� < H(Tew)
<latexit sha1_base64="SD3SygfydtnsK5eKAWDIXuFaUcM=">AAACBHicbVC7SgNBFJ31GeNr1TLNYBBiE3ajoIVF0MKUEfKC7LLMTibJkJnZZWZWCUsKG3/FxkIRWz/Czr9xkmyhiQcuHM65l3vvCWNGlXacb2tldW19YzO3ld/e2d3btw8OWypKJCZNHLFIdkKkCKOCNDXVjHRiSRAPGWmHo5up374nUtFINPQ4Jj5HA0H7FCNtpMAueLeIcxR49SGFV7BWagSpJzkkD5PTwC46ZWcGuEzcjBRBhnpgf3m9CCecCI0ZUqrrOrH2UyQ1xYxM8l6iSIzwCA1I11CBOFF+OntiAk+M0oP9SJoSGs7U3xMp4kqNeWg6OdJDtehNxf+8bqL7l35KRZxoIvB8UT9hUEdwmgjsUUmwZmNDEJbU3ArxEEmEtcktb0JwF19eJq1K2T0rV+7Oi9XrLI4cKIBjUAIuuABVUAN10AQYPIJn8ArerCfrxXq3PuatK1Y2cwT+wPr8AaNvls8=</latexit>
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ew

⇠ 1 cm
<latexit sha1_base64="k0LvsHN/OXs9GVgnT/j76HTh7YE="></latexit>

• For baryogenesis to work, at least one scalar must have a 
macroscopic lifetime: interesting implications for colliders

• Most direct link of particle lifetime to cosmological scale at 
electroweak phase transition that I know of
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• Redshift causes increasing oscillation frequency for asymmetry 
generation rate
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• This only tells us the mass-squared splitting, but is naturally realized 
when singlet mass is ~10 keV

• This is optimal for DM too: heavy enough to be consistent with 
small-scale structure, light enough to not have over-density

• My takeaway: the model is very simple, the mechanism is subtle, 
but it naturally generates several interesting and relevant mass 
scales: 100 GeV, 10 keV, and 1 cm
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• In paper, we present transparent, perturbative calculation of results; 
confirmed with numerical solutions of density matrix evolution eq.

• Ignore thermal mass effects & washout (for now), quantum 
statistics, etc. (we have checked they are all small effects)

• Concrete model (tends to give largest available parameter region):

 = uR
<latexit sha1_base64="/ZOO6CXippww71zg65vL/mPLE/I=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0mqoBeh6MVjFfsBTQib7aZdutmE3U2hhP4TLx4U8eo/8ea/cdvmoK0PBh7vzTAzL0w5U9pxvq3S2vrG5lZ5u7Kzu7d/YB8etVWSSUJbJOGJ7IZYUc4EbWmmOe2mkuI45LQTju5mfmdMpWKJeNKTlPoxHggWMYK1kQLb9lLF0A3KgtyTMXqcBnbVqTlzoFXiFqQKBZqB/eX1E5LFVGjCsVI910m1n2OpGeF0WvEyRVNMRnhAe4YKHFPl5/PLp+jMKH0UJdKU0Giu/p7IcazUJA5NZ4z1UC17M/E/r5fp6NrPmUgzTQVZLIoyjnSCZjGgPpOUaD4xBBPJzK2IDLHERJuwKiYEd/nlVdKu19yLWv3hstq4LeIowwmcwjm4cAUNuIcmtIDAGJ7hFd6s3Hqx3q2PRWvJKmaO4Q+szx+Bf5Lt</latexit>
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• In paper, we present transparent, perturbative calculation of results; 
confirmed with numerical solutions of density matrix evolution eq. 12
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FIG. 2: For the inputs indicated, contours of (YB)max and ⇢
�+�. In (a), M�2 is held fixed; (b) compares contours

for various M�2 . For both plots, we take J = ±1, which maximizes the baryon asymmetry, and we take the �
quantum numbers to be those of uR. For the dark matter matter contours we assume M

2
�2

' �M
2
21 and neglect the

energy density stored in the lighter � mass eigenstate. [BS: I feel like we should say which contours are

which in the caption as well (or at least that blue are baryon asymmetry, red DM) in case someone is

skimming. This might be too di�cult, but is it worth trying to see if we can shade the viable region?]
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Fig. 3 shows a plot of Ĩ12(�̃osc). The maximum value
(Ĩ12)max ' 0.364 is obtained for �̃osc ' 0.385, corre-
sponding to
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Increasing or decreasing
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21 by an order of magni-

tude from this value shifts �̃osc by two orders of magni-
tude and suppresses Ĩ12 by a factor of roughly ⇠ 3⇥10�2.

Without imposing the dark matter constraint of
Eq. (50), Eq. (55) places a very weak upper bound on
the mass of the lighter scalar,
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FIG. 3: The function Ĩ12(�̃osc) appearing in Eq. (55),
which gives the baryon asymmetry in the
M�2 � M�1 � Tew regime.

If we impose the bound of Eq. (52), the two factors in
front are order-one or smaller.
A much more stringent bound on M�1 can be deter-

mined by applying the dark matter constraint on the
� + �̄ abundance. Setting Y

�+�

2 at what we take to be
its maximum allowed value, thereby saturating Eq. (52),
we can maximize YB subject to the observed DM density,
Eq. (50), for fixed values of M�1 and ��1 . We also take
�1/�̄1 to be massless so that �2+�2 account for all of the
cold dark matter. In Fig. 4, the interior of the blue, green,
and red contours give rise to predicted baryon asymme-
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RESULTS: ASYMMETRY + DM
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• In paper, we present transparent, perturbative calculation of results; 
confirmed with numerical solutions of density matrix evolution eq. 12
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FIG. 2: For the inputs indicated, contours of (YB)max and ⇢
�+�. In (a), M�2 is held fixed; (b) compares contours

for various M�2 . For both plots, we take J = ±1, which maximizes the baryon asymmetry, and we take the �
quantum numbers to be those of uR. For the dark matter matter contours we assume M

2
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' �M
2
21 and neglect the

energy density stored in the lighter � mass eigenstate. [BS: I feel like we should say which contours are

which in the caption as well (or at least that blue are baryon asymmetry, red DM) in case someone is

skimming. This might be too di�cult, but is it worth trying to see if we can shade the viable region?]

with

Ĩ12(�̃osc) =

Z 1

0
dy ye

�y

Z 1

0
dx x

1/2
e
�x

⇥ sin
h
�̃osc x

3/2
y
1/2
i

(56)

and

�̃osc =
4�M

2
21M0

3M3
�1

. (57)

Fig. 3 shows a plot of Ĩ12(�̃osc). The maximum value
(Ĩ12)max ' 0.364 is obtained for �̃osc ' 0.385, corre-
sponding to
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tude from this value shifts �̃osc by two orders of magni-
tude and suppresses Ĩ12 by a factor of roughly ⇠ 3⇥10�2.

Without imposing the dark matter constraint of
Eq. (50), Eq. (55) places a very weak upper bound on
the mass of the lighter scalar,
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FIG. 3: The function Ĩ12(�̃osc) appearing in Eq. (55),
which gives the baryon asymmetry in the
M�2 � M�1 � Tew regime.

If we impose the bound of Eq. (52), the two factors in
front are order-one or smaller.
A much more stringent bound on M�1 can be deter-

mined by applying the dark matter constraint on the
� + �̄ abundance. Setting Y

�+�

2 at what we take to be
its maximum allowed value, thereby saturating Eq. (52),
we can maximize YB subject to the observed DM density,
Eq. (50), for fixed values of M�1 and ��1 . We also take
�1/�̄1 to be massless so that �2+�2 account for all of the
cold dark matter. In Fig. 4, the interior of the blue, green,
and red contours give rise to predicted baryon asymme-
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• Second scalar can actually be so heavy as to be decoupled!
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FIG. 2: For the inputs indicated, contours of (YB)max and ⇢
�+�. In (a), M�2 is held fixed; (b) compares contours

for various M�2 . For both plots, we take J = ±1, which maximizes the baryon asymmetry, and we take the �
quantum numbers to be those of uR. For the dark matter matter contours we assume M
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energy density stored in the lighter � mass eigenstate. [BS: I feel like we should say which contours are

which in the caption as well (or at least that blue are baryon asymmetry, red DM) in case someone is

skimming. This might be too di�cult, but is it worth trying to see if we can shade the viable region?]
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Fig. 3 shows a plot of Ĩ12(�̃osc). The maximum value
(Ĩ12)max ' 0.364 is obtained for �̃osc ' 0.385, corre-
sponding to
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Without imposing the dark matter constraint of
Eq. (50), Eq. (55) places a very weak upper bound on
the mass of the lighter scalar,
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FIG. 3: The function Ĩ12(�̃osc) appearing in Eq. (55),
which gives the baryon asymmetry in the
M�2 � M�1 � Tew regime.

If we impose the bound of Eq. (52), the two factors in
front are order-one or smaller.
A much more stringent bound on M�1 can be deter-

mined by applying the dark matter constraint on the
� + �̄ abundance. Setting Y

�+�

2 at what we take to be
its maximum allowed value, thereby saturating Eq. (52),
we can maximize YB subject to the observed DM density,
Eq. (50), for fixed values of M�1 and ��1 . We also take
�1/�̄1 to be massless so that �2+�2 account for all of the
cold dark matter. In Fig. 4, the interior of the blue, green,
and red contours give rise to predicted baryon asymme-
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• This gives us a new perspective: baryogenesis can actually result 
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 ↵
<latexit sha1_base64="KkqsxXClXWWVkymtsq9U8tCVNWs=">AAAB8nicbVBNSwMxEM36WetX1aOXYBE8ld0q6LHoxWMF+wG7S8mm2TY0m4RkViilP8OLB0W8+mu8+W9M2z1o64OBx3szzMxLtOAWfP/bW1vf2NzaLu2Ud/f2Dw4rR8dtq3JDWYsqoUw3IZYJLlkLOAjW1YaRLBGsk4zuZn7niRnLlXyEsWZxRgaSp5wScFIYact7ERF6SHqVql/z58CrJChIFRVo9ipfUV/RPGMSqCDWhoGvIZ4QA5wKNi1HuWWa0BEZsNBRSTJm48n85Ck+d0ofp8q4koDn6u+JCcmsHWeJ68wIDO2yNxP/88Ic0pt4wqXOgUm6WJTmAoPCs/9xnxtGQYwdIdRwdyumQ2IIBZdS2YUQLL+8Str1WnBZqz9cVRu3RRwldIrO0AUK0DVqoHvURC1EkULP6BW9eeC9eO/ex6J1zStmTtAfeJ8/aJqRVQ==</latexit>

�1,2
<latexit sha1_base64="KsWwwEnfppteoFpBw5ZTabDMG8M=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgQkpSBV0W3bisYB/QhDCZTtqhk5kwMxFCqL/ixoUibv0Qd/6NkzYLbT0wcDjnHu6dEyaMKu0431ZlbX1jc6u6XdvZ3ds/sA+PekqkEpMuFkzIQYgUYZSTrqaakUEiCYpDRvrh9Lbw+49EKir4g84S4sdozGlEMdJGCuy6J4xdpD08oUHunrdmgd1wms4ccJW4JWmAEp3A/vJGAqcx4RozpNTQdRLt50hqihmZ1bxUkQThKRqToaEcxUT5+fz4GTw1yghGQprHNZyrvxM5ipXK4tBMxkhP1LJXiP95w1RH135OeZJqwvFiUZQyqAUsmoAjKgnWLDMEYUnNrRBPkERYm75qpgR3+curpNdquhfN1v1lo31T1lEFx+AEnAEXXIE2uAMd0AUYZOAZvII368l6sd6tj8VoxSozdfAH1ucPdrSUow==</latexit>

• Common in (p)reheating models? Moduli decay? etc

Q↵
<latexit sha1_base64="YMoa6nQaN09TbkHOuynFzU1fATA=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rEF+wFtKJPtpl262cTdjVBC/4QXD4p49e9489+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVlDVpLGLVCVAzwSVrGm4E6ySKYRQI1g7GdzO//cSU5rF8MJOE+REOJQ85RWOlTqPfQ5GMsF8quxV3DrJKvJyUIUe9X/rqDWKaRkwaKlDrrucmxs9QGU4FmxZ7qWYJ0jEOWddSiRHTfja/d0rOrTIgYaxsSUPm6u+JDCOtJ1FgOyM0I73szcT/vG5qwhs/4zJJDZN0sShMBTExmT1PBlwxasTEEqSK21sJHaFCamxERRuCt/zyKmlVK95lpdq4Ktdu8zgKcApncAEeXEMN7qEOTaAg4Ble4c15dF6cd+dj0brm5DMn8AfO5w/l7Y/g</latexit>



�1
<latexit sha1_base64="dKOONgMCnmK3tdOSMOqpRvb3BxQ=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq9cY8b7fL1e8qjcHXiV+TiqQo9Evf/UGiqYxk5YKYkzX9xIbZERbTgWblnqpYQmhYzJkXUcliZkJsvm1U3zmlAGOlHYlLZ6rvycyEhsziUPXGRM7MsveTPzP66Y2ug4yLpPUMkkXi6JUYKvw7HU84JpRKyaOEKq5uxXTEdGEWhdQyYXgL7+8Slq1qn9Rrd1fVuo3eRxFOIFTOAcfrqAOd9CAJlB4hGd4hTek0At6Rx+L1gLKZ47hD9DnDwuUjsc=</latexit>

�2
<latexit sha1_base64="v2f/BVBjAQo4ceykkYBA5CTD/ic=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq9cY8X6tX654VW8OvEr8nFQgR6Nf/uoNFE1jJi0VxJiu7yU2yIi2nAo2LfVSwxJCx2TIuo5KEjMTZPNrp/jMKQMcKe1KWjxXf09kJDZmEoeuMyZ2ZJa9mfif101tdB1kXCapZZIuFkWpwFbh2et4wDWjVkwcIVRzdyumI6IJtS6gkgvBX355lbRqVf+iWru/rNRv8jiKcAKncA4+XEEd7qABTaDwCM/wCm9IoRf0jj4WrQWUzxzDH6DPHw0Yjsg=</latexit>

!26

ASIDE: COHERENT BKD BARYOGENESIS

!26

• This gives us a new perspective: baryogenesis can actually result 
from any out-of-equilibrium states produced in early Universe!

 ↵
<latexit sha1_base64="KkqsxXClXWWVkymtsq9U8tCVNWs=">AAAB8nicbVBNSwMxEM36WetX1aOXYBE8ld0q6LHoxWMF+wG7S8mm2TY0m4RkViilP8OLB0W8+mu8+W9M2z1o64OBx3szzMxLtOAWfP/bW1vf2NzaLu2Ud/f2Dw4rR8dtq3JDWYsqoUw3IZYJLlkLOAjW1YaRLBGsk4zuZn7niRnLlXyEsWZxRgaSp5wScFIYact7ERF6SHqVql/z58CrJChIFRVo9ipfUV/RPGMSqCDWhoGvIZ4QA5wKNi1HuWWa0BEZsNBRSTJm48n85Ck+d0ofp8q4koDn6u+JCcmsHWeJ68wIDO2yNxP/88Ic0pt4wqXOgUm6WJTmAoPCs/9xnxtGQYwdIdRwdyumQ2IIBZdS2YUQLL+8Str1WnBZqz9cVRu3RRwldIrO0AUK0DVqoHvURC1EkULP6BW9eeC9eO/ex6J1zStmTtAfeJ8/aJqRVQ==</latexit>

�1,2
<latexit sha1_base64="KsWwwEnfppteoFpBw5ZTabDMG8M=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgQkpSBV0W3bisYB/QhDCZTtqhk5kwMxFCqL/ixoUibv0Qd/6NkzYLbT0wcDjnHu6dEyaMKu0431ZlbX1jc6u6XdvZ3ds/sA+PekqkEpMuFkzIQYgUYZSTrqaakUEiCYpDRvrh9Lbw+49EKir4g84S4sdozGlEMdJGCuy6J4xdpD08oUHunrdmgd1wms4ccJW4JWmAEp3A/vJGAqcx4RozpNTQdRLt50hqihmZ1bxUkQThKRqToaEcxUT5+fz4GTw1yghGQprHNZyrvxM5ipXK4tBMxkhP1LJXiP95w1RH135OeZJqwvFiUZQyqAUsmoAjKgnWLDMEYUnNrRBPkERYm75qpgR3+curpNdquhfN1v1lo31T1lEFx+AEnAEXXIE2uAMd0AUYZOAZvII368l6sd6tj8VoxSozdfAH1ucPdrSUow==</latexit>

• Common in (p)reheating models? Moduli decay? etc

any early out-
of-equilibrium 

dynamics

Q↵
<latexit sha1_base64="YMoa6nQaN09TbkHOuynFzU1fATA=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rEF+wFtKJPtpl262cTdjVBC/4QXD4p49e9489+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVlDVpLGLVCVAzwSVrGm4E6ySKYRQI1g7GdzO//cSU5rF8MJOE+REOJQ85RWOlTqPfQ5GMsF8quxV3DrJKvJyUIUe9X/rqDWKaRkwaKlDrrucmxs9QGU4FmxZ7qWYJ0jEOWddSiRHTfja/d0rOrTIgYaxsSUPm6u+JDCOtJ1FgOyM0I73szcT/vG5qwhs/4zJJDZN0sShMBTExmT1PBlwxasTEEqSK21sJHaFCamxERRuCt/zyKmlVK95lpdq4Ktdu8zgKcApncAEeXEMN7qEOTaAg4Ble4c15dF6cd+dj0brm5DMn8AfO5w/l7Y/g</latexit>



!27

LARGEST PARAMETER SPACE

!27

14

��
χ+χ

_

= � × ��-�

θ� = π/�� θ� = π/�

θ� = �/��� θ� = �/��

� � � �� ����-�

�

���

���

���

���

�Φ� (���)

�τ
(�
�
)

0.001

0.010

0.100

1.000

FIG. 4: The contours (identical for the two plots) enclose regions in the (M�1 , c⌧) plane that can give a large
enough baryon asymmetry while satisfying the dark matter constraint of Eq. (50), under three di↵erent coupling
assumptions. The shading shows relative frequencies in two di↵erent random scans over couplings and masses, as
described in the text. In (a), the magnitude of each F

1
↵I

is generated by multiplying a log-distributed overall scale
by a random number in the range [0, 1], and similarly for each F

2
↵I
. In (b), the magnitudes of each F

i

↵I
are taken to

be log-distributed and fully uncorrelated. We take the � quantum numbers to be those of uR.

ues, and each coupling is then assigned a random complex
phase. This second routine tends to produce larger hi-
erarchies among coupling matrix elements, making small
� branching ratios to �2 more common and avoiding the
over-production of dark matter. This produces a broader
distribution in (M�1 , c⌧�1) space. Both scans prefer, to
di↵erent degrees, lighter �1 masses, M�1 . 5 TeV. In-
deed, in Fig. 4(a), we see that the most generic points
are those enclosed within the equal-mixing contour, con-
sistent with the fact that the first scan method leads to
more anarchic coupling structure and consequently large
mixing angles among all states.

In Figs. 4 and 5 we take �1 to be e↵ectively massless by
equating M

2
�2

= �M
2
21 and neglecting the energy density

stored in the lighter � mass eigenstate. As shown in
Fig. 6, the viable (M�1 , c⌧�1) space shrinks further if we
adopt di↵erent assumptions for M�1 . As a result, the
prospects for testing the model are even more promising
in this case.

IV. BARYOGENESIS WITH A SINGLE
SCALAR

Having thoroughly explored the parameter space giv-
ing rise to baryogenesis and dark matter in a model with
two scalars, we now return to the more ARS-like sce-
nario with a single scalar. We consider the same model
as Sec. II B, but now including only a single scalar, �,

with couplings to all quark generations:

L � �F↵I Q̄↵��I �
MI

2
�̄
c
I
�I + h.c. (64)

As argued in Sec. II A, the baryon asymmetry is expected
to be smaller with only a single scalar, and indeed we
show in this section that the viable parameter space for
baryogenesis and dark matter is much more constrained
than in Sec. III. This is due to the fact that the baryon
asymmetry arises at a higher order in perturbation the-
ory, either O(F 4

y
2
t
) or O(F 6), where yt is the SM top

quark Yukawa coupling.
We start by discussing why the asymmetry vanishes if

we neglect higher-order e↵ects such as thermal masses.
In this case, the SM quarks are massless because we are
in the unbroken electroweak phase. Generating an asym-
metry relies on processes such as � ! Q↵�̄I , Q��̄I ! �
di↵ering in rate from the equivalent process for �̄. To de-
termine the total asymmetry, we must sum over all quark
flavors ↵, �, giving rise to sums over pairs of processes
such as � ! Q1�̄I , �̄IQ2 ! � and � ! Q2�̄I , �̄IQ1 !
�. The Yukawa dependence of these terms di↵ers only
by complex conjugation, and the (inverse) decay rate can
only depend on T and M�. Since both processes have
one rate evaluated at the decay time T1 and one rate
evaluated at the inverse decay time T2, the overall tem-
perature dependence of the combined decay + inverse
decay processes are the same for both. Summing over
Yukawa couplings for the pair gives a purely real com-
bination, and the asymmetry vanishes when we subtract
the CP -conjugate process.
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FIG. 4: The contours (identical for the two plots) enclose regions in the (M�1 , c⌧) plane that can give a large
enough baryon asymmetry while satisfying the dark matter constraint of Eq. (50), under three di↵erent coupling
assumptions. The shading shows relative frequencies in two di↵erent random scans over couplings and masses, as
described in the text. In (a), the magnitude of each F
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is generated by multiplying a log-distributed overall scale
by a random number in the range [0, 1], and similarly for each F

2
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. In (b), the magnitudes of each F
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be log-distributed and fully uncorrelated. We take the � quantum numbers to be those of uR.

ues, and each coupling is then assigned a random complex
phase. This second routine tends to produce larger hi-
erarchies among coupling matrix elements, making small
� branching ratios to �2 more common and avoiding the
over-production of dark matter. This produces a broader
distribution in (M�1 , c⌧�1) space. Both scans prefer, to
di↵erent degrees, lighter �1 masses, M�1 . 5 TeV. In-
deed, in Fig. 4(a), we see that the most generic points
are those enclosed within the equal-mixing contour, con-
sistent with the fact that the first scan method leads to
more anarchic coupling structure and consequently large
mixing angles among all states.

In Figs. 4 and 5 we take �1 to be e↵ectively massless by
equating M

2
�2

= �M
2
21 and neglecting the energy density

stored in the lighter � mass eigenstate. As shown in
Fig. 6, the viable (M�1 , c⌧�1) space shrinks further if we
adopt di↵erent assumptions for M�1 . As a result, the
prospects for testing the model are even more promising
in this case.

IV. BARYOGENESIS WITH A SINGLE
SCALAR

Having thoroughly explored the parameter space giv-
ing rise to baryogenesis and dark matter in a model with
two scalars, we now return to the more ARS-like sce-
nario with a single scalar. We consider the same model
as Sec. II B, but now including only a single scalar, �,

with couplings to all quark generations:

L � �F↵I Q̄↵��I �
MI

2
�̄
c
I
�I + h.c. (64)

As argued in Sec. II A, the baryon asymmetry is expected
to be smaller with only a single scalar, and indeed we
show in this section that the viable parameter space for
baryogenesis and dark matter is much more constrained
than in Sec. III. This is due to the fact that the baryon
asymmetry arises at a higher order in perturbation the-
ory, either O(F 4

y
2
t
) or O(F 6), where yt is the SM top

quark Yukawa coupling.
We start by discussing why the asymmetry vanishes if

we neglect higher-order e↵ects such as thermal masses.
In this case, the SM quarks are massless because we are
in the unbroken electroweak phase. Generating an asym-
metry relies on processes such as � ! Q↵�̄I , Q��̄I ! �
di↵ering in rate from the equivalent process for �̄. To de-
termine the total asymmetry, we must sum over all quark
flavors ↵, �, giving rise to sums over pairs of processes
such as � ! Q1�̄I , �̄IQ2 ! � and � ! Q2�̄I , �̄IQ1 !
�. The Yukawa dependence of these terms di↵ers only
by complex conjugation, and the (inverse) decay rate can
only depend on T and M�. Since both processes have
one rate evaluated at the decay time T1 and one rate
evaluated at the inverse decay time T2, the overall tem-
perature dependence of the combined decay + inverse
decay processes are the same for both. Summing over
Yukawa couplings for the pair gives a purely real com-
bination, and the asymmetry vanishes when we subtract
the CP -conjugate process.

• In limit with decoupled heavy scalar; allows us to do simple scans

anarchic Yukawa texture hierarchical Yukawa texture

• Each point is consistent with baryogenesis + DM

M�1 = 0, M�2 > 10 keV
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• If lightest DM particle is not massless, even tighter constraints

• If lightest DM < 10 keV, require it give < 35% of DM energy density
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FIG. 6: Results of repeating the two scans of Fig. 4 with M�1/M�2 = 1/2 (top), M�1/M�2 = 1/10 (middle), and
M�1/M�2 = 1/100 (bottom). For points with 0 < M�1 < 10 keV, we restrict the �1 energy density to be no larger
than 1/3 of the total dark matter energy density to evade structure-formation constraints [67, 68].
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• DM masses up to 1 MeV allowed in most optimistic scenario

• Correlation between heavier scalar, larger DM mass 15
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FIG. 5: The maximum baryon asymmetry consistent
with the dark matter constraint of Eq. (50), as a
function of M�1 and M�2 , in two di↵erent coupling
scenarios. We assume M
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21 and neglect the

energy density stored in the lighter � mass eigenstate.
For this particular plot, we have not imposed structure
formation constraints relevant for M�2 . 10 GeV. We
take the � quantum numbers to be those of uR.

The lack of asymmetry results from the flavor-
universality of the quarks. However, the quarks have
di↵erent Yukawa couplings. Most significantly, the top
quark Yukawa coupling is relatively large, and it gives
rise to a thermal mass; for more details on the inclusion
of thermal masses in the two-scalar case, see Appendix
A 1. For example, if our quark is a right-handed top
quark, it has a thermal mass[BS: Add citation]
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while the light-flavor right-handed quarks have only the
gauge contributions. We can now consider a process
such asc� ! tR�̄I , uR�̄I ! � and its complement,
� ! uR�̄I , tR�̄I ! �. The combination of early-time
decay and late-time inverse-decay are no longer equal be-
cause they happen at di↵erent times. For example, the
available phase space is smaller for the process where tR

is produced first than for the process where uR is pro-
duced first. This is consistent with CPT which, due to
the expansion of the universe, only relates rates that oc-
cur at equal times. Since this asymmetry vanishes in
the flavor-universal limit yt ! 0, we find the resulting
asymmetry is O(F 4

y
2
t
).

In this section, we consider two separate, equally moti-
vated cases: in the first, the top quark couples apprecia-
bly to � and �, and an asymmetry is generated according
to the flavor-non-universal mechanism described above.

In the second, the top quark does not couple appreciably
to � and �, in which case the smallness of the light-quark
Yukawa coupling leads to the dominant asymmetry pro-
duction occurring instead at O(F 6).
We conclude this introductory discussion with a com-

ment about when the asymmetry vanishes even with
flavor-non-universality in the quark or lepton masses. We
find that the asymmetry is zero if the temperature de-
pendence of the reaction densities is universal, even if the
reaction densities themselves are non-flavor-universal. In
other words, we can write �↵(T ) = �̃↵ f(T ), where f(T )
is the same for every flavor. The reason the asymme-
try vanishes is that, once again, the combined processes
� ! Q↵�̄I , Q��̄I ! � and � ! Q��̄I , Q↵�̄I ! � al-
ways feature an insertion of the rates at decay tempera-
ture T1 and inverse-decay temperature T2. Since f(T1) is
the same for both ↵ and �, we get a symmetry in the rates
of the pair that leads to a real combination of Yukawa
couplings. This is of particular relevance to ARS lepto-
genesis, where � is the SM Higgs. In this case, no fields
have significant tree-level masses in the unbroken phase,
all reaction densities must scale like �↵(T ) = �̃↵ T

4 from
dimensional analysis, and consequently the asymmetry
vanishes even in the presence of a ⌧ thermal mass. This
is not quite true at T ⇠ Tew, since at this point the Higgs
tree-level mass is relevant, and so a small e↵ect may be
observed there. The O(F 4

y
2
t
) asymmetry we find in our

non-universal model therefore crucially depends on the
tree-level � mass, and no asymmetry is generated at this
order for T � M�.

A. Top-Mass-Induced Asymmetry

We now show via explicit calculation the presence of a
non-zero asymmetry at O(F 4

y
2
t
). To investigate this is-

sue we retrace the steps of the perturbative calculation of
Sec. II B with a single scalar, with quark thermal masses
now encoded in the flavor-dependent functions

⇢↵(z) = 1�
M

2
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(z)

M
2
�(z)

. (66)

We find that the baryon asymmetry can be expressed as
[DTS: Here I’m using Brian’s overall sign; I am

getting a di↵erent sign in my notes, I want to

check this . . . ]
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FREEZE-IN BARYOGENESIS

1. Generation of asymmetry  

2. Survival of asymmetry  

3. Size of asymmetry 

4. Numerical results 

5.Single-scalar baryogenesis
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• If                            (as is approx. true in early Universe), summed 
asymmetry is zero!  

• But…top quark has larger thermal mass than other quarks

M ↵ = M �
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TOP-FLAVOUR SINGLE SCALAR
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• Asymmetry is higher order: 

• Constrained parameter space, but it works!

O(F 4y2t )
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FIG. 7: Taking ✓ = ⇡/4 and choosing �� to satisfy
⇢

�+� = ⇢cdm, the maximum possible baryon asymmetry
in the single-scalar scenario for various values of M�

and M�2 . For the solid (dashed) contours we take
Aself = 0 (1/3) in calculating the scalar thermal mass.

sults forward in this section? Also, should we put

in some assumptions - like we are using a quasi-

particle approximation and not doing full finite-T

field theory, or something like this.]

B. Asymmetry with Flavor-Universal Masses

We now turn to the scenario where the top quark has a
vanishing coupling to �I , F3I = 0. In this case, the asym-
metry can arise only at O(F 6), which is the same order
as ARS leptogenesis. The model in Eq. (64) appears
superficially similar to the conventional ARS model in
Eq. (2), but there are crucial di↵erences between the two
scenarios. In the absence of neutrino masses, individual
lepton flavors are conserved in the SM, while di↵erent
quark flavors come into chemical equilibrium at temper-
atures T � Tew. The dominant source for the asym-
metry in ARS leptogenesis relies on the accumulation
of asymmetries in individual lepton flavors, even though
the total asymmetry sums to zero; these flavor asymme-
tries are then converted to a total lepton asymmetry by
washout processes. For quarks, however, all flavors have
equal chemical potentials, and the flavor asymmetries are
therefore driven to zero by SM scattering processes. The
standard ARS results therefore do not hold in the case
where the � fields couple predominantly to quarks.

As recently pointed out in Ref. [62], however, there ex-
ists an additional source term for the baryon asymmetry
at O(F 6), and it is non-zero even for vanishing initial
quark flavor chemical potentials. This is the dominant
source for the baryon asymmetry in the case of QCD-
charged �, and we perform the first systematic study of
its e↵ects. We find that this contribution is somewhat
smaller than the usual asymmetry in the ARS model,
but it is su�cient to account for the observed baryon

asymmetry over a relatively restricted part of parame-
ter space. In particular, we find that M� . 2.5 TeV
to obtain the observed baryon asymmetry. The model
therefore faces strong constraints from collider probes of
�, and the bulk of the parameter space can be tested
with current experiments.
We introduce the kinetic equations that give the evo-

lution of density matrices for the various particle abun-
dances. These have been derived in the literature; we
refer the reader to Refs. [62, 69] and references therein
for the full equations and their derivation. We focus on
rates that conserve Q+� number, since violations of this
symmetry include Majorana mass insertions that are sub-
dominant at high temperature given the small masses for
� in our model [18]. We also assume there are no pre-
existing asymmetries and solve the equations iteratively
assuming small coupling F . The relevant terms in the
kinetic equations are:

dY
�

IJ

d ln z
= �1

2

(
X

↵

�̃↵, Y
� � Y

�

eq

)
, (80)

d �Y
↵

d ln z
= Tr

⇥
�̃↵Y

� � �̃
⇤
↵
Y

�̄
⇤
� �Y

↵

✓
Y

�

eq

Y ↵
eq

◆
Tr �̃

w
↵

,(81)

where {·, ·} indicates an anticommutator, Y
�

eq
is the equi-

librium abundance for a single mass eigenstate, and we
have introduced interaction-picture distributions Y

� =
U(z)†n�(z)U(z)/s(z) that include the e↵ects of oscilla-
tions,

U(z)IJ = exp

"
�i

Z ln z

�1
d ln z

0 EI(z0)

H(z0)

#
�IJ . (82)

EI is the thermally averaged energy of �I which, in the
relativistic limit and neglecting a flavor-universal mo-
mentum piece that is irrelevant for oscillations,

EI ⇡ M
2
I

2CET
, (83)

with CE = 18⇣(3)/⇡
2. The �̃↵ and �̃

w
↵

are dimension-
less reaction densities for � production and asymmetry
washout, defined in the interaction picture as

�̃ ⌘ U
†(z)�(z)U(z)

Y
�

eqs(z)H(z)
, (84)

and � is the standard reaction density. �Y
↵ is the asym-

metry in the SM fermion flavor ↵; because of rapid scat-
tering, we do not have to keep track of oscillations or
preserve o↵-diagonal components of the �Y

↵ density ma-
trix. As before, z ⌘ Tew/T , and the equations for the
CP -conjugate processes can be found by taking F ! F

⇤.
In Eq. (80), we have averaged over � momenta to keep
the calculation analytically tractable at O(F 6) in per-
turbation theory; this reduces the accuracy of our result
relative to that in Sec. II B, but the two-scalar results of
Appendix A 2 suggest that our answers should be correct
to within a factor of two.



 NO-TOP SINGLE SCALAR
• If we are unlucky and the top quark doesn’t couple, an asymmetry 

arises at             from a sequence of 3 scattering processesO(F 6)
<latexit sha1_base64="I4wdgfBxIZwpAURhFcrFWkXh/9k=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRahbspMFXVZFMSdFewD2rFk0rQNzWSGJFMoQ//EjQtF3Pon7vwbM+0stPVA4HDOvdyT40ecKe0431ZuZXVtfSO/Wdja3tnds/cPGiqMJaF1EvJQtnysKGeC1jXTnLYiSXHgc9r0Rzep3xxTqVgoHvUkol6AB4L1GcHaSF3b7gRYDwnmyf20dPt0cdq1i07ZmQEtEzcjRchQ69pfnV5I4oAKTThWqu06kfYSLDUjnE4LnVjRCJMRHtC2oQIHVHnJLPkUnRilh/qhNE9oNFN/byQ4UGoS+GYyzakWvVT8z2vHun/lJUxEsaaCzA/1Y450iNIaUI9JSjSfGIKJZCYrIkMsMdGmrIIpwV388jJpVMruWbnycF6sXmd15OEIjqEELlxCFe6gBnUgMIZneIU3K7FerHfrYz6as7KdQ/gD6/MHldCS9w==</latexit>

• Need 3 chi particles! Can’t get baryon asymmetry + DM
21

� �� �� ����× ��-��

��× ��-��

��× ��-��

��× ��-��

��× ��-��

�χ (���)

� Δ
�
�
��
�

FIG. 8: Maximum baryon asymmetry that can be
obtained in the model with a single scalar of mass
M� = 1 TeV when we impose the requirement that the
total � abundance match the observed DM abundance.
We set the � masses as follows: M1 = 0, M2 = M�,
M3 = 2M�. The baryon asymmetry obtained in the
model is well below the observed baryon asymmetry,
indicated with a dashed red line.

viable DM candidates with a single QCD-charged scalar.
The lack of viable parameter space is directly linked to
the fact that the asymmetry arises at O(F 6) with a sin-
gle scalar while the DM abundance is still established
at O(F 2), making it impossible to simultaneously satisfy
both observed abundances.

In examining our results, we have found that the
largest baryon asymmetry consistent with the DM abun-
dance is associated with large mixing angles ✓1 ⇠ 1. This
is in contrast with our findings in the two-scalar model,
where there was a larger parameter space associated with
small mixings. Since we now have two massive � states,
and � must couple to all three of them to generate a
baryon asymmetry, it is di�cult to get an appreciable
asymmetry without significantly populating the heavier
states. Additionally, the baryon asymmetry for small
mixing angles is proportional to ✓

4
1, which is a significant

suppression. Indeed, as we show in the next section, it is
di�cult to obtain the observed baryon asymmetry even
for maximal mixing and removing all constraints from
DM.

Baryon Asymmetry Without Dark Matter

In Sec. IVB, we found that imposing the requirement
that � constitute the DM yields a baryon asymmetry that
is too small. Alternatively, obtaining the correct baryon
asymmetry leads to an over-abundance of �. This is not
necessarily a problem: since the � hidden sector is rela-
tively poorly constrained, it is possible that there exist
additional states to which the heavier � fields could de-
cay. For example, we could imagine a model with a new
massless singlet scalar ' such that �2,3 ! �1' prior to re-
combination. Because all of the � fields have sub-thermal

number densities and they are produced at T ⇠TeV, such
a scenario is safely within cosmological limits from Ne↵

provided �1 is su�ciently light.
While it may be possible for � or some other hidden

sectors fields to be DM in this scenario, the details de-
pend sensitively on the content and structure of the hid-
den sectors. Because of the loss of predictive power with
respect to the DM abundance in this scenario, we instead
take a di↵erent approach: we simply assume that the �

fields decay to (nearly) massless particles that are safe
from cosmological limits, and abandon the requirement
of obtaining the DM density. We then explore which
parameters can still give rise to the baryon asymmetry
based on the production and oscillations of �.
As in Sec. III, the baryon asymmetry depends on sev-

eral physical parameters: the mass of the scalar, M�;
the Yukawa couplings, or alternatively the � lifetime
c⌧� = 1/��; the mass splittings, �M

2
JI
, and the CP

phases as encoded in J . Because we wish to explore the
most expansive parameter space that gives rise to the ob-
served baryon asymmetry, we set J to its maximal single-
scalar value of 1/27 (see Appendix B). Once again, we
paramterize the � masses and splittings through a single
parameter, M�: M1 = 0, M2 = M�, and M3 = 2M�.
Up until now, we have employed a perturbative anal-

ysis as outlined in Sec. II, which is valid in the out-
of-equilibrium, weak-washout regime. The requirement
that � constitute the DM situates us safely within the
perturbative regime. Once we relax this assumption,
however, it is possible that � attains a near-equilibrium
abundance and baryogenesis can still occur. For example,
if � decouples at T & 100 GeV, then each Weyl fermion
only contributes 0.05 to the e↵ective number of neutrinos
[70]. As a result, we must consider the possibility that
the � particles come close to equilibrium.
It is, perhaps, surprising that the strong-washout

regime would be relevant at all for baryogenesis since the
asymmetry appears to be exponentially damped. How-
ever, if the CP -violating source and washout terms are
both large, then the asymmetry can reach a quasi-steady-
state solution where dYB/dz = 0 due to a cancellation
between source and washout terms: if the Boltzmann
equations have the form dYB/dz = S(z) � W (z)YB , we
see that a quasi-steady-state solution is obtained with
YB = S(z)/W (z). In this case, the asymmetry is not
exponentially suppressed.

To generate a sizable asymmetry in the strong washout
regime, we need a large source of CP -violation down to
T ⇠ Tew; since the production rate of � is suppressed
by e

�M�/Tew , this suggests that M� cannot be too much
larger than the electroweak scale for the strong washout
regime to be relevant. Furthermore, we must have Y� 6=
Y

eq
�

. For the optimal benchmark outlined in Appendix B

with J = 1/27, F
†
F has a zero eigenvalue, meaning that

there is a linear combination of � states that does not
interact with �. This is valid until oscillations become
important, in which case the final � state is brought into
equilibrium. For su�ciently small M�, this can lead to

M� = 1 TeV
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<latexit sha1_base64="0jb2wpFlOZ1yQE38/M8qXejiP1E=">AAACBHicbVC7TsMwFHV4lvIKMHaxqJCYqqQgwViVhbFI9IGaEDmO01p1nMh2kKooAwu/wsIAQqx8BBt/g5tmgJYjXenonHvte4+fMCqVZX0bK6tr6xubla3q9s7u3r55cNiTcSow6eKYxWLgI0kY5aSrqGJkkAiCIp+Rvj+5mvn9ByIkjfmtmibEjdCI05BipLTkmTWneCMTJMjhnZe18/vMERGMfZl7Zt1qWAXgMrFLUgclOp755QQxTiPCFWZIyqFtJcrNkFAUM5JXnVSSBOEJGpGhphxFRLpZsUAOT7QSwDAWuriChfp7IkORlNPI150RUmO56M3E/7xhqsJLN6M8SRXheP5RmDKoYjhLBAZUEKzYVBOEBdW7QjxGAmGlc6vqEOzFk5dJr9mwzxrNm/N6q13GUQE1cAxOgQ0uQAtcgw7oAgwewTN4BW/Gk/FivBsf89YVo5w5An9gfP4ANDyYcg==</latexit>

Y max
B

<latexit sha1_base64="rYIr5B0x9Ip1mwqHjiNweMG5LY0=">AAAB9HicbVBNTwIxEJ31E/EL9eilkZh4IrtookeCF4+YyIeBlXRLFxra7tp2iWTD7/DiQWO8+mO8+W8ssAcFXzLJy3szmZkXxJxp47rfzsrq2vrGZm4rv72zu7dfODhs6ChRhNZJxCPVCrCmnElaN8xw2ooVxSLgtBkMr6d+c0SVZpG8M+OY+gL3JQsZwcZK/n23+pB2lEACP026haJbcmdAy8TLSBEy1LqFr04vIomg0hCOtW57bmz8FCvDCKeTfCfRNMZkiPu0banEgmo/nR09QadW6aEwUrakQTP190SKhdZjEdhOgc1AL3pT8T+vnZjwyk+ZjBNDJZkvChOOTISmCaAeU5QYPrYEE8XsrYgMsMLE2JzyNgRv8eVl0iiXvPNS+faiWKlmceTgGE7gDDy4hArcQA3qQOARnuEV3pyR8+K8Ox/z1hUnmzmCP3A+fwCG85Hx</latexit>

A. Abada et al., arXiv:1810.12463

BS, D. Tucker-Smith, to appear
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J. Alimena et al. (ed. BS), arXiv:1903.04497

c⌧� & 0.1 cm
<latexit sha1_base64="1X2DZK1b5RIXghUVNCXpSgqdt0I=">AAACDHicbVDLSsNAFJ3UV62vqks3g0VwISGpgi6LblxWsA9oQplMJ+3QmSTM3Agl9APc+CtuXCji1g9w5984abPQ1jsMHM45l3vvCRLBNTjOt1VaWV1b3yhvVra2d3b3qvsHbR2nirIWjUWsugHRTPCItYCDYN1EMSIDwTrB+CbXOw9MaR5H9zBJmC/JMOIhpwQM1a/WqAck7XvNEfeGYHzSsV3vzDxJYKRkRuXUuBzbmRVeBm4BaqioZr/65Q1imkoWARVE657rJOBnRAGngk0rXqpZQuiYDFnPwIhIpv1sdswUnxhmgMNYmR8BnrG/OzIitZ7IwDjzFfWilpP/ab0Uwis/41GSAovofFCYCgwxzpPBA64YBTExgFDFza6YjogiFEx+FROCu3jyMmjXbffcrt9d1BrXRRxldISO0Sly0SVqoFvURC1E0SN6Rq/ozXqyXqx362NuLVlFzyH6U9bnD169mzA=</latexit>

pp ! �⇤�, � ! Q↵�̄
<latexit sha1_base64="jVSACSehkQKi5Rpgo4snIRH+fDI=">AAACJXicbVDLSgMxFM34rPU16tJNsAgipcxUQRcuim5ctmAf0KnlTpp2QjMzIckopfRn3PgrblxYRHDlr5hpu6itB5J7OOdeknt8wZnSjvNtrayurW9sZray2zu7e/v2wWFNxYkktEpiHsuGD4pyFtGqZprThpAUQp/Tut+/S/36E5WKxdGDHgjaCqEXsS4joI3Utm+E8CTrBRqkjJ+xVw7Y43l65718WubNStsDLgLAng/SIwFr2zmn4EyAl4k7Izk0Q7ltj71OTJKQRppwUKrpOkK3hiA1I5yOsl6iqADShx5tGhpBSFVrONlyhE+N0sHdWJoTaTxR5yeGECo1CH3TGYIO1KKXiv95zUR3r1tDFolE04hMH+omHOsYp5HhDpOUaD4wBIhk5q+YBCCBaBNs1oTgLq68TGrFgntRKFYuc6XbWRwZdIxO0Bly0RUqoXtURlVE0At6Qx9obL1a79an9TVtXbFmM0foD6yfX9wApXc=</latexit>



LONG-LIVED PARTICLES

!35

J. Alimena et al. (ed. BS), arXiv:1903.04497

displaced signal

c⌧� & 0.1 cm
<latexit sha1_base64="1X2DZK1b5RIXghUVNCXpSgqdt0I=">AAACDHicbVDLSsNAFJ3UV62vqks3g0VwISGpgi6LblxWsA9oQplMJ+3QmSTM3Agl9APc+CtuXCji1g9w5984abPQ1jsMHM45l3vvCRLBNTjOt1VaWV1b3yhvVra2d3b3qvsHbR2nirIWjUWsugHRTPCItYCDYN1EMSIDwTrB+CbXOw9MaR5H9zBJmC/JMOIhpwQM1a/WqAck7XvNEfeGYHzSsV3vzDxJYKRkRuXUuBzbmRVeBm4BaqioZr/65Q1imkoWARVE657rJOBnRAGngk0rXqpZQuiYDFnPwIhIpv1sdswUnxhmgMNYmR8BnrG/OzIitZ7IwDjzFfWilpP/ab0Uwis/41GSAovofFCYCgwxzpPBA64YBTExgFDFza6YjogiFEx+FROCu3jyMmjXbffcrt9d1BrXRRxldISO0Sly0SVqoFvURC1E0SN6Rq/ozXqyXqx362NuLVlFzyH6U9bnD169mzA=</latexit>

pp ! �⇤�, � ! Q↵�̄
<latexit sha1_base64="jVSACSehkQKi5Rpgo4snIRH+fDI=">AAACJXicbVDLSgMxFM34rPU16tJNsAgipcxUQRcuim5ctmAf0KnlTpp2QjMzIckopfRn3PgrblxYRHDlr5hpu6itB5J7OOdeknt8wZnSjvNtrayurW9sZray2zu7e/v2wWFNxYkktEpiHsuGD4pyFtGqZprThpAUQp/Tut+/S/36E5WKxdGDHgjaCqEXsS4joI3Utm+E8CTrBRqkjJ+xVw7Y43l65718WubNStsDLgLAng/SIwFr2zmn4EyAl4k7Izk0Q7ltj71OTJKQRppwUKrpOkK3hiA1I5yOsl6iqADShx5tGhpBSFVrONlyhE+N0sHdWJoTaTxR5yeGECo1CH3TGYIO1KKXiv95zUR3r1tDFolE04hMH+omHOsYp5HhDpOUaD4wBIhk5q+YBCCBaBNs1oTgLq68TGrFgntRKFYuc6XbWRwZdIxO0Bly0RUqoXtURlVE0At6Qx9obL1a79an9TVtXbFmM0foD6yfX9wApXc=</latexit>
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FIG. 12: Summary of existing collider constraints from
(purple) heavy stable charged particle searches; (blue)
delayed jet searches; (red) displaced jet searches;
(brown) searches for prompt decays to jets and /ET.
Details are provided in the text.

the prompt squark limits of Ref. [85] for finite lifetimes.
While this is only an approximate procedure, we expect
it gives the correct qualitative behavior of the limits for
� ! q� decays.

Summary of Collider Constraints and Prospects

We summarize the existing collider constraints in
Fig. 12. It is evident that nearly all the parameter space
with M�  1 TeV is ruled out, with the possible excep-
tion of a small sliver around c⌧ = 10 cm. However, it
is likely that the delayed jet search has some sensitivity
below 1 TeV, which would close most of the sliver. It
is evident that a combination of prompt and long-lived
searches currently gives excellent sensitivity to the freeze-
in baryogenesis model with a new QCD-charged scalar.
Given that the search of Ref. [85] is brand new and, as un-
derstanding of the detectors improves, we expect sensitiv-
ity could get even better, allowing excellent prospects for
discovery. At

p
s = 14 TeV, the high-luminosity phase

of the LHC should have more than 10 signal events for
M� . 2.5 TeV, and this is the upper limit of possible sen-
sitivity at the LHC for high-e�ciency, low-background
searches.

While our reinterpretations of existing searches shows
good sensitivity to � ! q�, most of the existing searches
do not directly give results in terms of our simplified
model. It may be true, for example, that the smaller
mass of the quark-initiated jet could reduce sensitivity
relative to a model with gluons. We therefore suggest
that the experimental collaborations explicitly include a
quark +/ET model in their LLP studies, since it is theo-
retically well motivated and it may be that variants of the
existing search strategies could be used to improve signal
e�ciency for the quark model. It would also facilitate
reinterpretation and give a more accurate understanding

of how much of the model space is covered by current
and planned collider searches.

Other Possible Signatures

So far, we have assumed that the only coupling of � to
the SM is via the operator(s) in Eq. 12. This would be
true if there exists a Z2 symmetry under which � and �

are charged and the SM fields are uncharged. However,
one can also imagine a scenario without a symmetry: in
this case, terms of the form

�ij �diRdjR (116)

are allowed, depending on the specific charge of �. Typi-
cally, this would lead to a rapid decay of � ! jj, leaving
prompt signatures in colliders. It would also explicitly
violate baryon number, potentially leading to a larger
asymmetry that does not depend on spectator e↵ects in
the manner of our current model.
Such operators are also dangerous because they lead

to proton decay via o↵-shell �-mediated processes, such
as p ! ⇡

+
�. This leads to extremely strong constraints

on �: indeed, we have checked that even if � couples
exclusively to heavy-flavor quarks at tree-level, there are
couplings to light-flavor quarks induced at loop level that
violate proton decay constraints unless |�| ⌧ |F |. There-
fore, our preliminary investigation finds that the possibil-
ity of Z2 symmetry violation seems phenomenologically
untenable without a high degree of tuning, and we do not
consider their signatures further.

B. X-ray lines

Our minimal model possesses a Z2 symmetry that
makes the lightest � DM particle exactly stable. How-
ever, there are variations of the model that would permit
DM to decay, such as

L � yL̄H� + h.c.. (117)

This coupling leads to decays � ! 3⌫ and, more impor-
tantly, � ! �⌫, giving rise to X-ray line signatures with
E� = M�/2. This could, for example, explain a possi-
ble feature observed in X-ray data at 7 keV energies, al-
though there is conflicting evidence (or lack thereof) for
the existence of this line in di↵erent galaxies and clusters.
y could easily be large enough to account for any X-ray
lines that are observed, while being small enough to not
otherwise disrupt how our mechanism works. In partic-
ular, since � is produced at temperatures well above the
electroweak scale, it is produced colder than conventional
sterile neutrinos via the Dodelson-Widrow mechanism,
although a 7 keV X-ray line would still be in tension with
structure formation constraints that require M� & 10
keV [66].

• Any single fermion + missing energy signature well-motivated

• Experiments did well at providing material for interpretation!

ATLAS, arXiv:1808.04095; CMS, arXiv:1811.07991; CMS, arXiv:1906.06441; CMS, arXiv:1908.04722 

BS, D. Tucker-Smith, to appear
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• Low-mass DM: possible imprints in Lyman-alpha and other small-
scale structure (DM masses close to 10 keV)

• Much of parameter space features an (almost) massless state with 
large abundance: affects Neff (0.05 per Weyl fermion state)

• If Z2 very slightly broken, can get X-ray line signatures, but it is not 
a necessary prediction of the model
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2 scalar, anarchic texture (                )   M�1 = 0
<latexit sha1_base64="VFVQQDlKrYnIyUg1vI8hFcTT0iM=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9CIUvXgRKtgPaELYbDft0s1u2N0IJfRvePGgiFf/jDf/jds2B219MPB4b4aZeVHKmTau++2srK6tb2yWtsrbO7t7+5WDw7aWmSK0RSSXqhthTTkTtGWY4bSbKoqTiNNONLqd+p0nqjST4tGMUxokeCBYzAg2VvLvw9wnQxZ6k2s3rFTdmjsDWiZeQapQoBlWvvy+JFlChSEca93z3NQEOVaGEU4nZT/TNMVkhAe0Z6nACdVBPrt5gk6t0kexVLaEQTP190SOE63HSWQ7E2yGetGbiv95vczEV0HORJoZKsh8UZxxZCSaBoD6TFFi+NgSTBSztyIyxAoTY2Mq2xC8xZeXSbte885r9YeLauOmiKMEx3ACZ+DBJTTgDprQAgIpPMMrvDmZ8+K8Ox/z1hWnmDmCP3A+fwA7TZEn</latexit>
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ARS LEPTOGENESIS
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 ↵
<latexit sha1_base64="KkqsxXClXWWVkymtsq9U8tCVNWs=">AAAB8nicbVBNSwMxEM36WetX1aOXYBE8ld0q6LHoxWMF+wG7S8mm2TY0m4RkViilP8OLB0W8+mu8+W9M2z1o64OBx3szzMxLtOAWfP/bW1vf2NzaLu2Ud/f2Dw4rR8dtq3JDWYsqoUw3IZYJLlkLOAjW1YaRLBGsk4zuZn7niRnLlXyEsWZxRgaSp5wScFIYact7ERF6SHqVql/z58CrJChIFRVo9ipfUV/RPGMSqCDWhoGvIZ4QA5wKNi1HuWWa0BEZsNBRSTJm48n85Ck+d0ofp8q4koDn6u+JCcmsHWeJ68wIDO2yNxP/88Ic0pt4wqXOgUm6WJTmAoPCs/9xnxtGQYwdIdRwdyumQ2IIBZdS2YUQLL+8Str1WnBZqz9cVRu3RRwldIrO0AUK0DVqoHvURC1EkULP6BW9eeC9eO/ex6J1zStmTtAfeJ8/aJqRVQ==</latexit>

= SM lepton doublet

�I
<latexit sha1_base64="H4htjWVTxnrBQRqMMQbzFJwugbA=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoRW8RzAOSJcxOZpMx81hmZoWw5B+8eFDEq//jzb9xkuxBEwsaiqpuuruihDNjff/bW1ldW9/YLGwVt3d29/ZLB4dNo1JNaIMornQ7woZyJmnDMstpO9EUi4jTVjS6mfqtJ6oNU/LBjhMaCjyQLGYEWyc1u2TIene9Utmv+DOgZRLkpAw56r3SV7evSCqotIRjYzqBn9gww9oywumk2E0NTTAZ4QHtOCqxoCbMZtdO0KlT+ihW2pW0aKb+nsiwMGYsItcpsB2aRW8q/ud1UhtfhRmTSWqpJPNFccqRVWj6OuozTYnlY0cw0czdisgQa0ysC6joQggWX14mzWolOK9U7y/Ktes8jgIcwwmcQQCXUINbqEMDCDzCM7zCm6e8F+/d+5i3rnj5zBH8gff5A00MjvI=</latexit>

= 2 or more singlet fields with Majorana masses (RHNs)

�a
<latexit sha1_base64="IiS6fz3Au0d783R9ArwT6McrTNo=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq9cY8T7plyte1ZsDrxI/JxXI0eiXv3oDRdOYSUsFMabre4kNMqItp4JNS73UsITQMRmyrqOSxMwE2fzaKT5zygBHSruSFs/V3xMZiY2ZxKHrjIkdmWVvJv7ndVMbXQcZl0lqmaSLRVEqsFV49joecM2oFRNHCNXc3YrpiGhCrQuo5ELwl19eJa1a1b+o1u4vK/WbPI4inMApnIMPV1CHO2hAEyg8wjO8whtS6AW9o49FawHlM8fwB+jzB1RUjvc=</latexit>

= SM Higgs, Z2 symmetry broken

• No DM, but singlets now play the role of the right-handed neutrinos

L = �F a
↵I ↵�a�I �

MI

2
�̄c
I�I � V (�a)

<latexit sha1_base64="QJNRKiWTVnqrb2Sji76tdltxGDc="></latexit>

• Single scalar, so asymmetry comes in at O(F 6)

<latexit sha1_base64="XevuZJPFGsgOclyj75e9GS1FhGU=">AAAB+XicbVDLSsNAFL3xWesr6tLNYBHqpiRS1GVREHdWsA9oY5lMJ+3QySTMTAol9E/cuFDErX/izr9x0mahrQcGDufcyz1z/JgzpR3n21pZXVvf2CxsFbd3dvf27YPDpooSSWiDRDySbR8rypmgDc00p+1YUhz6nLb80U3mt8ZUKhaJRz2JqRfigWABI1gbqWfb3RDrIcE8vZ+Wb58uznp2yak4M6Bl4uakBDnqPfur249IElKhCcdKdVwn1l6KpWaE02mxmygaYzLCA9oxVOCQKi+dJZ+iU6P0URBJ84RGM/X3RopDpSahbyaznGrRy8T/vE6igysvZSJONBVkfihIONIRympAfSYp0XxiCCaSmayIDLHERJuyiqYEd/HLy6R5XnGrlepDtVS7zusowDGcQBlcuIQa3EEdGkBgDM/wCm9War1Y79bHfHTFyneO4A+szx+WyJL6</latexit>

Akhmedov, Rubakov, Smirnov, hep-ph/9803255; Asaka, Shaposhnikov, hep-ph/0505013
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ARS LEPTOGENESIS
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�1,2
<latexit sha1_base64="KsWwwEnfppteoFpBw5ZTabDMG8M=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgQkpSBV0W3bisYB/QhDCZTtqhk5kwMxFCqL/ixoUibv0Qd/6NkzYLbT0wcDjnHu6dEyaMKu0431ZlbX1jc6u6XdvZ3ds/sA+PekqkEpMuFkzIQYgUYZSTrqaakUEiCYpDRvrh9Lbw+49EKir4g84S4sdozGlEMdJGCuy6J4xdpD08oUHunrdmgd1wms4ccJW4JWmAEp3A/vJGAqcx4RozpNTQdRLt50hqihmZ1bxUkQThKRqToaEcxUT5+fz4GTw1yghGQprHNZyrvxM5ipXK4tBMxkhP1LJXiP95w1RH135OeZJqwvFiUZQyqAUsmoAjKgnWLDMEYUnNrRBPkERYm75qpgR3+curpNdquhfN1v1lo31T1lEFx+AEnAEXXIE2uAMd0AUYZOAZvII368l6sd6tj8VoxSozdfAH1ucPdrSUow==</latexit>

F↵I
<latexit sha1_base64="YWffyXVmvVL9duyvAFOJf4FozBw=">AAACAXicbVDLSsNAFL2pr1pfUTeCm8EiuCpJFXRZFER3FewDmhAm00k7dPJgZiKUEDf+ihsXirj1L9z5N07bLLT1wIXDOffOnXv8hDOpLOvbKC0tr6yuldcrG5tb2zvm7l5bxqkgtEViHouujyXlLKItxRSn3URQHPqcdvzR1cTvPFAhWRzdq3FC3RAPIhYwgpWWPPPAmb6R+Tyl+bWXOZgnQ4xuc8+sWjVrCrRI7IJUoUDTM7+cfkzSkEaKcCxlz7YS5WZYKEY4zStOKmmCyQgPaE/TCIdUutl0e46OtdJHQSx0RQpN1d8TGQ6lHIe+7gyxGsp5byL+5/VSFVy4GYuSVNGIzBYFKUcqRpM4UJ8JShQfa4KJYPqviAyxwETp0Co6BHv+5EXSrtfs01r97qzauCziKMMhHMEJ2HAODbiBJrSAwCM8wyu8GU/Gi/FufMxaS0Yxsw9/YHz+ANmtlyI=</latexit>

F ⇤
�I

<latexit sha1_base64="u19WnhfjfuKqgHXffnZlhbIJV1g=">AAACAnicbVDLSgMxFM3UV62vqitxEyyCuCgzVdBlURDdVbAP6IxDJr1tQzOZIckIZShu/BU3LhRx61e4829M21lo64ELh3Puzc09QcyZ0rb9beUWFpeWV/KrhbX1jc2t4vZOQ0WJpFCnEY9kKyAKOBNQ10xzaMUSSBhwaAaDy7HffACpWCTu9DAGLyQ9wbqMEm0kv7jnTt5IA57A6MpP3QA0wTej+2O/WLLL9gR4njgZKaEMNb/45XYimoQgNOVEqbZjx9pLidSMchgV3ERBTOiA9KBtqCAhKC+drB/hQ6N0cDeSpoTGE/X3REpCpYZhYDpDovtq1huL/3ntRHfPvZSJONEg6HRRN+FYR3icB+4wCVTzoSGESmb+immfSEK1Sa1gQnBmT54njUrZOSlXbk9L1YssjjzaRwfoCDnoDFXRNaqhOqLoET2jV/RmPVkv1rv1MW3NWdnMLvoD6/MHNXSXSg==</latexit>

H

<latexit sha1_base64="ZSmqke+kantsOnTbqO/mwsbbfws=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokU9Fj00mML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkfu53nlBpHssHM03Qj+hI8pAzaqzUrA9KZbfiLkDWiZeTMuRoDEpf/WHM0gilYYJq3fPcxPgZVYYzgbNiP9WYUDahI+xZKmmE2s8Wh87IpVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNkUbgrf68jppX1e8aqXarJZrd3kcBTiHC7gCD26gBnVoQAsYIDzDK7w5j86L8+58LFs3nHzmDP7A+fwBn7+M0w==</latexit>

H

<latexit sha1_base64="ZSmqke+kantsOnTbqO/mwsbbfws=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokU9Fj00mML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkfu53nlBpHssHM03Qj+hI8pAzaqzUrA9KZbfiLkDWiZeTMuRoDEpf/WHM0gilYYJq3fPcxPgZVYYzgbNiP9WYUDahI+xZKmmE2s8Wh87IpVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNkUbgrf68jppX1e8aqXarJZrd3kcBTiHC7gCD26gBnVoQAsYIDzDK7w5j86L8+58LFs3nHzmDP7A+fwBn7+M0w==</latexit>

L↵

<latexit sha1_base64="ebNwI3p3H3LY84p+pfXxwecfIws=">AAAB73icbVA9SwNBEJ2LXzF+RS1tFoNgFe4koGXQxsIigvmA5Ahzm71kyd7eubsnhCN/wsZCEVv/jp3/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVFHWpLGIVSdAzQSXrGm4EayTKIZRIFg7GN/M/PYTU5rH8sFMEuZHOJQ85BSNlTp3/R6KZIT9csWtunOQVeLlpAI5Gv3yV28Q0zRi0lCBWnc9NzF+hspwKti01Es1S5COcci6lkqMmPaz+b1TcmaVAQljZUsaMld/T2QYaT2JAtsZoRnpZW8m/ud1UxNe+RmXSWqYpItFYSqIicnseTLgilEjJpYgVdzeSugIFVJjIyrZELzll1dJ66Lq1aq1+1qlfp3HUYQTOIVz8OAS6nALDWgCBQHP8ApvzqPz4rw7H4vWgpPPHMMfOJ8/3y6P3g==</latexit>

L�

<latexit sha1_base64="5S+bo+2c85F8x474hXXgZxgnTyw=">AAAB7nicbVA9SwNBEJ3zM8avqKXNYRCswp0EtAzaWFhEMB+QHGFvM0mW7O0du3NCOPIjbCwUsfX32Plv3CRXaOKDgcd7M8zMCxMpDHnet7O2vrG5tV3YKe7u7R8clo6OmyZONccGj2Ws2yEzKIXCBgmS2E40siiU2ArHtzO/9YTaiFg90iTBIGJDJQaCM7JS677XDZFYr1T2Kt4c7irxc1KGHPVe6avbj3kaoSIumTEd30soyJgmwSVOi93UYML4mA2xY6liEZogm587dc+t0ncHsbalyJ2rvycyFhkziULbGTEamWVvJv7ndVIaXAeZUElKqPhi0SCVLsXu7He3LzRykhNLGNfC3uryEdOMk02oaEPwl19eJc3Lil+tVB+q5dpNHkcBTuEMLsCHK6jBHdShARzG8Ayv8OYkzovz7nwsWtecfOYE/sD5/AEW449q</latexit>

• No net asymmetry in leptons

• But, rate of                    can be 
different from rate of 

L� ! L↵

<latexit sha1_base64="ftl71NxR0oSgAdqujjRNYIelY1M=">AAACBHicbVA9SwNBEN3zM8avU8s0i0GwCncS0DJoY2ERwXxAEsLcZi+3ZG/v2J1TQkhh41+xsVDE1h9h579x81Fo4oOBx3szzMwLUikMet63s7K6tr6xmdvKb+/s7u27B4d1k2Sa8RpLZKKbARguheI1FCh5M9Uc4kDyRjC4mviNe66NSNQdDlPeiaGvRCgYoJW6buGm2w44QluLfoSgdfJArQQyjaDrFr2SNwVdJv6cFMkc1a771e4lLIu5QibBmJbvpdgZgUbBJB/n25nhKbAB9HnLUgUxN53R9IkxPbFKj4aJtqWQTtXfEyOIjRnGge2MASOz6E3E/7xWhuFFZyRUmiFXbLYozCTFhE4SoT2hOUM5tASYFvZWyiLQwNDmlrch+IsvL5P6Wckvl8q35WLlch5HjhTIMTklPjknFXJNqqRGGHkkz+SVvDlPzovz7nzMWlec+cwR+QPn8wfPuJg1</latexit>

L� ! L↵

<latexit sha1_base64="BGlB7A/uVVjZ2XG9i8gShr+j1jw=">AAACGHicbVC7TgJBFJ3FF+ILtbSZSEyscNeQaEm0sbDARB4JS8jdYYAJszubmbsaQvgMG3/FxkJjbOn8G2eBQsCTTHJyzj25c08QS2HQdX+czNr6xuZWdju3s7u3f5A/PKoZlWjGq0xJpRsBGC5FxKsoUPJGrDmEgeT1YHCb+vUnro1Q0SMOY94KoReJrmCAVmrnL3xl7TRN79t+wBF8LXp9BK3VM10wQcZ9aOcLbtGdgq4Sb04KZI5KOz/xO4olIY+QSTCm6bkxtkagUTDJxzk/MTwGNoAeb1oaQchNazQ9bEzPrNKhXaXti5BO1b+JEYTGDMPAToaAfbPspeJ/XjPB7nVrJKI4QR6x2aJuIikqmrZEO0JzhnJoCTAt7F8p64MGhrbLnC3BWz55ldQui16pWHooFco38zqy5IScknPikStSJnekQqqEkRfyRj7Ip/PqvDtfzvdsNOPMM8dkAc7kF5dEoL0=</latexit>

• Asymmetries in individual 
lepton flavours, cancel in sum

�Le

<latexit sha1_base64="IKWCj5UPMDyWR1TX2+SL0ZTOt8c=">AAAB8XicbVA9SwNBEJ3zM8avqKXNYhCswp0EtAxqYWERwXxgcoS9zVyyZG/v2N0TwpF/YWOhiK3/xs5/4ya5QhMfDDzem2FmXpAIro3rfjsrq2vrG5uFreL2zu7efungsKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0fXUbz2h0jyWD2acoB/RgeQhZ9RY6bF7g8JQctfDXqnsVtwZyDLxclKGHPVe6avbj1kaoTRMUK07npsYP6PKcCZwUuymGhPKRnSAHUsljVD72eziCTm1Sp+EsbIlDZmpvycyGmk9jgLbGVEz1IveVPzP66QmvPQzLpPUoGTzRWEqiInJ9H3S5wqZEWNLKFPc3krYkCrKjA2paEPwFl9eJs3ziletVO+r5dpVHkcBjuEEzsCDC6jBLdShAQwkPMMrvDnaeXHenY9564qTzxzBHzifP83jkFs=</latexit>

�Lµ

<latexit sha1_base64="uk7CCIa+rlE0ltY3LV31aMw8dGA=">AAAB83icbVBNSwMxEM3Wr1q/qh69BIvgqexKQY9FPXjwUMF+QHcp2TTbhibZJZkIpfRvePGgiFf/jDf/jWm7B219MPB4b4aZeXEmuAHf//YKa+sbm1vF7dLO7t7+QfnwqGVSqylr0lSkuhMTwwRXrAkcBOtkmhEZC9aORzczv/3EtOGpeoRxxiJJBoonnBJwUhjeMgEE3/dCaXvlil/158CrJMhJBeVo9MpfYT+lVjIFVBBjuoGfQTQhGjgVbFoKrWEZoSMyYF1HFZHMRJP5zVN85pQ+TlLtSgGeq78nJkQaM5ax65QEhmbZm4n/eV0LyVU04SqzwBRdLEqswJDiWQC4zzWjIMaOEKq5uxXTIdGEgoup5EIIll9eJa2LalCr1h5qlfp1HkcRnaBTdI4CdInq6A41UBNRlKFn9IrePOu9eO/ex6K14OUzx+gPvM8faBqRSA==</latexit>

• Total asymmetry arises at O(F 6)

<latexit sha1_base64="XevuZJPFGsgOclyj75e9GS1FhGU=">AAAB+XicbVDLSsNAFL3xWesr6tLNYBHqpiRS1GVREHdWsA9oY5lMJ+3QySTMTAol9E/cuFDErX/izr9x0mahrQcGDufcyz1z/JgzpR3n21pZXVvf2CxsFbd3dvf27YPDpooSSWiDRDySbR8rypmgDc00p+1YUhz6nLb80U3mt8ZUKhaJRz2JqRfigWABI1gbqWfb3RDrIcE8vZ+Wb58uznp2yak4M6Bl4uakBDnqPfur249IElKhCcdKdVwn1l6KpWaE02mxmygaYzLCA9oxVOCQKi+dJZ+iU6P0URBJ84RGM/X3RopDpSahbyaznGrRy8T/vE6igysvZSJONBVkfihIONIRympAfSYp0XxiCCaSmayIDLHERJuyiqYEd/HLy6R5XnGrlepDtVS7zusowDGcQBlcuIQa3EEdGkBgDM/wCm9War1Y79bHfHTFyneO4A+szx+WyJL6</latexit>

Akhmedov, Rubakov, Smirnov, hep-ph/9803255; Asaka, Shaposhnikov, hep-ph/0505013
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�1,2
<latexit sha1_base64="KsWwwEnfppteoFpBw5ZTabDMG8M=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgQkpSBV0W3bisYB/QhDCZTtqhk5kwMxFCqL/ixoUibv0Qd/6NkzYLbT0wcDjnHu6dEyaMKu0431ZlbX1jc6u6XdvZ3ds/sA+PekqkEpMuFkzIQYgUYZSTrqaakUEiCYpDRvrh9Lbw+49EKir4g84S4sdozGlEMdJGCuy6J4xdpD08oUHunrdmgd1wms4ccJW4JWmAEp3A/vJGAqcx4RozpNTQdRLt50hqihmZ1bxUkQThKRqToaEcxUT5+fz4GTw1yghGQprHNZyrvxM5ipXK4tBMxkhP1LJXiP95w1RH135OeZJqwvFiUZQyqAUsmoAjKgnWLDMEYUnNrRBPkERYm75qpgR3+curpNdquhfN1v1lo31T1lEFx+AEnAEXXIE2uAMd0AUYZOAZvII368l6sd6tj8VoxSozdfAH1ucPdrSUow==</latexit>

F↵I
<latexit sha1_base64="YWffyXVmvVL9duyvAFOJf4FozBw=">AAACAXicbVDLSsNAFL2pr1pfUTeCm8EiuCpJFXRZFER3FewDmhAm00k7dPJgZiKUEDf+ihsXirj1L9z5N07bLLT1wIXDOffOnXv8hDOpLOvbKC0tr6yuldcrG5tb2zvm7l5bxqkgtEViHouujyXlLKItxRSn3URQHPqcdvzR1cTvPFAhWRzdq3FC3RAPIhYwgpWWPPPAmb6R+Tyl+bWXOZgnQ4xuc8+sWjVrCrRI7IJUoUDTM7+cfkzSkEaKcCxlz7YS5WZYKEY4zStOKmmCyQgPaE/TCIdUutl0e46OtdJHQSx0RQpN1d8TGQ6lHIe+7gyxGsp5byL+5/VSFVy4GYuSVNGIzBYFKUcqRpM4UJ8JShQfa4KJYPqviAyxwETp0Co6BHv+5EXSrtfs01r97qzauCziKMMhHMEJ2HAODbiBJrSAwCM8wyu8GU/Gi/FufMxaS0Yxsw9/YHz+ANmtlyI=</latexit>

F ⇤
�I

<latexit sha1_base64="u19WnhfjfuKqgHXffnZlhbIJV1g=">AAACAnicbVDLSgMxFM3UV62vqitxEyyCuCgzVdBlURDdVbAP6IxDJr1tQzOZIckIZShu/BU3LhRx61e4829M21lo64ELh3Puzc09QcyZ0rb9beUWFpeWV/KrhbX1jc2t4vZOQ0WJpFCnEY9kKyAKOBNQ10xzaMUSSBhwaAaDy7HffACpWCTu9DAGLyQ9wbqMEm0kv7jnTt5IA57A6MpP3QA0wTej+2O/WLLL9gR4njgZKaEMNb/45XYimoQgNOVEqbZjx9pLidSMchgV3ERBTOiA9KBtqCAhKC+drB/hQ6N0cDeSpoTGE/X3REpCpYZhYDpDovtq1huL/3ntRHfPvZSJONEg6HRRN+FYR3icB+4wCVTzoSGESmb+immfSEK1Sa1gQnBmT54njUrZOSlXbk9L1YssjjzaRwfoCDnoDFXRNaqhOqLoET2jV/RmPVkv1rv1MW3NWdnMLvoD6/MHNXSXSg==</latexit>

H

<latexit sha1_base64="ZSmqke+kantsOnTbqO/mwsbbfws=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokU9Fj00mML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkfu53nlBpHssHM03Qj+hI8pAzaqzUrA9KZbfiLkDWiZeTMuRoDEpf/WHM0gilYYJq3fPcxPgZVYYzgbNiP9WYUDahI+xZKmmE2s8Wh87IpVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNkUbgrf68jppX1e8aqXarJZrd3kcBTiHC7gCD26gBnVoQAsYIDzDK7w5j86L8+58LFs3nHzmDP7A+fwBn7+M0w==</latexit>

H

<latexit sha1_base64="ZSmqke+kantsOnTbqO/mwsbbfws=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokU9Fj00mML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkfu53nlBpHssHM03Qj+hI8pAzaqzUrA9KZbfiLkDWiZeTMuRoDEpf/WHM0gilYYJq3fPcxPgZVYYzgbNiP9WYUDahI+xZKmmE2s8Wh87IpVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNkUbgrf68jppX1e8aqXarJZrd3kcBTiHC7gCD26gBnVoQAsYIDzDK7w5j86L8+58LFs3nHzmDP7A+fwBn7+M0w==</latexit>

L↵

<latexit sha1_base64="ebNwI3p3H3LY84p+pfXxwecfIws=">AAAB73icbVA9SwNBEJ2LXzF+RS1tFoNgFe4koGXQxsIigvmA5Ahzm71kyd7eubsnhCN/wsZCEVv/jp3/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVFHWpLGIVSdAzQSXrGm4EayTKIZRIFg7GN/M/PYTU5rH8sFMEuZHOJQ85BSNlTp3/R6KZIT9csWtunOQVeLlpAI5Gv3yV28Q0zRi0lCBWnc9NzF+hspwKti01Es1S5COcci6lkqMmPaz+b1TcmaVAQljZUsaMld/T2QYaT2JAtsZoRnpZW8m/ud1UxNe+RmXSWqYpItFYSqIicnseTLgilEjJpYgVdzeSugIFVJjIyrZELzll1dJ66Lq1aq1+1qlfp3HUYQTOIVz8OAS6nALDWgCBQHP8ApvzqPz4rw7H4vWgpPPHMMfOJ8/3y6P3g==</latexit>

L�

<latexit sha1_base64="5S+bo+2c85F8x474hXXgZxgnTyw=">AAAB7nicbVA9SwNBEJ3zM8avqKXNYRCswp0EtAzaWFhEMB+QHGFvM0mW7O0du3NCOPIjbCwUsfX32Plv3CRXaOKDgcd7M8zMCxMpDHnet7O2vrG5tV3YKe7u7R8clo6OmyZONccGj2Ws2yEzKIXCBgmS2E40siiU2ArHtzO/9YTaiFg90iTBIGJDJQaCM7JS677XDZFYr1T2Kt4c7irxc1KGHPVe6avbj3kaoSIumTEd30soyJgmwSVOi93UYML4mA2xY6liEZogm587dc+t0ncHsbalyJ2rvycyFhkziULbGTEamWVvJv7ndVIaXAeZUElKqPhi0SCVLsXu7He3LzRykhNLGNfC3uryEdOMk02oaEPwl19eJc3Lil+tVB+q5dpNHkcBTuEMLsCHK6jBHdShARzG8Ayv8OYkzovz7nwsWtecfOYE/sD5/AEW449q</latexit>

• No net asymmetry in leptons

• But, rate of                    can be 
different from rate of 

L� ! L↵

<latexit sha1_base64="ftl71NxR0oSgAdqujjRNYIelY1M=">AAACBHicbVA9SwNBEN3zM8avU8s0i0GwCncS0DJoY2ERwXxAEsLcZi+3ZG/v2J1TQkhh41+xsVDE1h9h579x81Fo4oOBx3szzMwLUikMet63s7K6tr6xmdvKb+/s7u27B4d1k2Sa8RpLZKKbARguheI1FCh5M9Uc4kDyRjC4mviNe66NSNQdDlPeiaGvRCgYoJW6buGm2w44QluLfoSgdfJArQQyjaDrFr2SNwVdJv6cFMkc1a771e4lLIu5QibBmJbvpdgZgUbBJB/n25nhKbAB9HnLUgUxN53R9IkxPbFKj4aJtqWQTtXfEyOIjRnGge2MASOz6E3E/7xWhuFFZyRUmiFXbLYozCTFhE4SoT2hOUM5tASYFvZWyiLQwNDmlrch+IsvL5P6Wckvl8q35WLlch5HjhTIMTklPjknFXJNqqRGGHkkz+SVvDlPzovz7nzMWlec+cwR+QPn8wfPuJg1</latexit>

L� ! L↵

<latexit sha1_base64="BGlB7A/uVVjZ2XG9i8gShr+j1jw=">AAACGHicbVC7TgJBFJ3FF+ILtbSZSEyscNeQaEm0sbDARB4JS8jdYYAJszubmbsaQvgMG3/FxkJjbOn8G2eBQsCTTHJyzj25c08QS2HQdX+czNr6xuZWdju3s7u3f5A/PKoZlWjGq0xJpRsBGC5FxKsoUPJGrDmEgeT1YHCb+vUnro1Q0SMOY94KoReJrmCAVmrnL3xl7TRN79t+wBF8LXp9BK3VM10wQcZ9aOcLbtGdgq4Sb04KZI5KOz/xO4olIY+QSTCm6bkxtkagUTDJxzk/MTwGNoAeb1oaQchNazQ9bEzPrNKhXaXti5BO1b+JEYTGDMPAToaAfbPspeJ/XjPB7nVrJKI4QR6x2aJuIikqmrZEO0JzhnJoCTAt7F8p64MGhrbLnC3BWz55ldQui16pWHooFco38zqy5IScknPikStSJnekQqqEkRfyRj7Ip/PqvDtfzvdsNOPMM8dkAc7kF5dEoL0=</latexit>

• Asymmetries in individual 
lepton flavours, cancel in sum

�Le

<latexit sha1_base64="IKWCj5UPMDyWR1TX2+SL0ZTOt8c=">AAAB8XicbVA9SwNBEJ3zM8avqKXNYhCswp0EtAxqYWERwXxgcoS9zVyyZG/v2N0TwpF/YWOhiK3/xs5/4ya5QhMfDDzem2FmXpAIro3rfjsrq2vrG5uFreL2zu7efungsKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0fXUbz2h0jyWD2acoB/RgeQhZ9RY6bF7g8JQctfDXqnsVtwZyDLxclKGHPVe6avbj1kaoTRMUK07npsYP6PKcCZwUuymGhPKRnSAHUsljVD72eziCTm1Sp+EsbIlDZmpvycyGmk9jgLbGVEz1IveVPzP66QmvPQzLpPUoGTzRWEqiInJ9H3S5wqZEWNLKFPc3krYkCrKjA2paEPwFl9eJs3ziletVO+r5dpVHkcBjuEEzsCDC6jBLdShAQwkPMMrvDnaeXHenY9564qTzxzBHzifP83jkFs=</latexit>

�N

<latexit sha1_base64="cxpUDjUxEnuk7EFfQStmxILf2bM=">AAAB73icbVBNS8NAEN34WetX1aOXxSJ4KokU9FjUgyepYD+gDWWznbRLN5u4OxFK6J/w4kERr/4db/4bt20O2vpg4PHeDDPzgkQKg6777aysrq1vbBa2its7u3v7pYPDpolTzaHBYxnrdsAMSKGggQIltBMNLAoktILR9dRvPYE2IlYPOE7Aj9hAiVBwhlZqd29AIqN3vVLZrbgz0GXi5aRMctR7pa9uP+ZpBAq5ZMZ0PDdBP2MaBZcwKXZTAwnjIzaAjqWKRWD8bHbvhJ5apU/DWNtSSGfq74mMRcaMo8B2RgyHZtGbiv95nRTDSz8TKkkRFJ8vClNJMabT52lfaOAox5YwroW9lfIh04yjjahoQ/AWX14mzfOKV61U76vl2lUeR4EckxNyRjxyQWrkltRJg3AiyTN5JW/Oo/PivDsf89YVJ585In/gfP4AWCOPhQ==</latexit>

�Lµ

<latexit sha1_base64="uk7CCIa+rlE0ltY3LV31aMw8dGA=">AAAB83icbVBNSwMxEM3Wr1q/qh69BIvgqexKQY9FPXjwUMF+QHcp2TTbhibZJZkIpfRvePGgiFf/jDf/jWm7B219MPB4b4aZeXEmuAHf//YKa+sbm1vF7dLO7t7+QfnwqGVSqylr0lSkuhMTwwRXrAkcBOtkmhEZC9aORzczv/3EtOGpeoRxxiJJBoonnBJwUhjeMgEE3/dCaXvlil/158CrJMhJBeVo9MpfYT+lVjIFVBBjuoGfQTQhGjgVbFoKrWEZoSMyYF1HFZHMRJP5zVN85pQ+TlLtSgGeq78nJkQaM5ax65QEhmbZm4n/eV0LyVU04SqzwBRdLEqswJDiWQC4zzWjIMaOEKq5uxXTIdGEgoup5EIIll9eJa2LalCr1h5qlfp1HkcRnaBTdI4CdInq6A41UBNRlKFn9IrePOu9eO/ex6K14OUzx+gPvM8faBqRSA==</latexit>

• Total asymmetry arises at O(F 6)

<latexit sha1_base64="XevuZJPFGsgOclyj75e9GS1FhGU=">AAAB+XicbVDLSsNAFL3xWesr6tLNYBHqpiRS1GVREHdWsA9oY5lMJ+3QySTMTAol9E/cuFDErX/izr9x0mahrQcGDufcyz1z/JgzpR3n21pZXVvf2CxsFbd3dvf27YPDpooSSWiDRDySbR8rypmgDc00p+1YUhz6nLb80U3mt8ZUKhaJRz2JqRfigWABI1gbqWfb3RDrIcE8vZ+Wb58uznp2yak4M6Bl4uakBDnqPfur249IElKhCcdKdVwn1l6KpWaE02mxmygaYzLCA9oxVOCQKi+dJZ+iU6P0URBJ84RGM/X3RopDpSahbyaznGrRy8T/vE6igysvZSJONBVkfihIONIRympAfSYp0XxiCCaSmayIDLHERJuyiqYEd/HLy6R5XnGrlepDtVS7zusowDGcQBlcuIQa3EEdGkBgDM/wCm9War1Y79bHfHTFyneO4A+szx+WyJL6</latexit>

Akhmedov, Rubakov, Smirnov, hep-ph/9803255; Asaka, Shaposhnikov, hep-ph/0505013
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• Singlets typically called N

M⌫,SM ⇠ F 2v2

MN
<latexit sha1_base64="7n0BgE/ewaozlJh2VayDyne+8Kc=">AAACFXicbVDLSgMxFM3UV62vqks3wSK4KGWmCrosCuKmUtG2QqcdMmmmDU0yQ5IplGF+wo2/4saFIm4Fd/6N6WOhrQcuHM65l3vv8SNGlbbtbyuztLyyupZdz21sbm3v5Hf3GiqMJSZ1HLJQPvhIEUYFqWuqGXmIJEHcZ6TpDy7HfnNIpKKhuNejiLQ56gkaUIy0kbx8seolroiLLke6L3lyV01T6CrKoRtIhJOrThkOO+U0qXo3qZcv2CV7ArhInBkpgBlqXv7L7YY45kRozJBSLceOdDtBUlPMSJpzY0UihAeoR1qGCsSJaieTr1J4ZJQuDEJpSmg4UX9PJIgrNeK+6Rwfr+a9sfif14p1cN5OqIhiTQSeLgpiBnUIxxHBLpUEazYyBGFJza0Q95FJQ5sgcyYEZ/7lRdIol5yTUvn2tFC5mMWRBQfgEBwDB5yBCrgGNVAHGDyCZ/AK3qwn68V6tz6mrRlrNrMP/sD6/AEEw562</latexit>

• To avoid coming into equilibrium,  
To get sufficient asymmetry (single scalar), 

F . 10�7
<latexit sha1_base64="O42OleF2JvT8w0BqgPpiUx8wDkE=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSyCF0tShXosCuKxgv2ANpbNdtMu3WzC7kYpsT/FiwdFvPpLvPlv3LY5aOuDgcd7M8zM82POlHacbyu3srq2vpHfLGxt7+zu2cX9pooSSWiDRDySbR8rypmgDc00p+1YUhz6nLb80dXUbz1QqVgk7vQ4pl6IB4IFjGBtpJ5dvO5yqpRiIXKd+/S0OunZJafszICWiZuREmSo9+yvbj8iSUiFJhwr1XGdWHsplpoRTieFbqJojMkID2jHUIFDqrx0dvoEHRulj4JImhIazdTfEykOlRqHvukMsR6qRW8q/ud1Eh1ceCkTcaKpIPNFQcKRjtA0B9RnkhLNx4ZgIpm5FZEhlphok1bBhOAuvrxMmpWye1au3J6XapdZHHk4hCM4AReqUIMbqEMDCDzCM7zCm/VkvVjv1se8NWdlMwfwB9bnDw2bkzY=</latexit>

F & 10�9
<latexit sha1_base64="QRTxOdflkpkjPb5w7Tx5edpIFR0=">AAAB+XicbVBNSwMxEJ2tX7V+rXr0EiyCF8tuFdRbURCPFewHtGvJpmkbmmSXJFsoS/+JFw+KePWfePPfmLZ70NYHA4/3ZpiZF8acaeN5305uZXVtfSO/Wdja3tndc/cP6jpKFKE1EvFINUOsKWeS1gwznDZjRbEIOW2Ew9up3xhRpVkkH804poHAfcl6jGBjpY7r3rX7xtoC+d5TenY96bhFr+TNgJaJn5EiZKh23K92NyKJoNIQjrVu+V5sghQrwwink0I70TTGZIj7tGWpxILqIJ1dPkEnVumiXqRsSYNm6u+JFAutxyK0nQKbgV70puJ/XisxvasgZTJODJVkvqiXcGQiNI0BdZmixPCxJZgoZm9FZIAVJsaGVbAh+IsvL5N6ueSfl8oPF8XKTRZHHo7gGE7Bh0uowD1UoQYERvAMr/DmpM6L8+58zFtzTjZzCH/gfP4ARF6SxA==</latexit>

MN ⇠ 1� 10 GeV
<latexit sha1_base64="LUHOqzJaA8hsPVn52pjMPrcZK5g=">AAACBHicbVDLSgMxFM34rPU16rKbYBFcaJmpgi6LLnSjVLAP6AxDJs20oUlmSDJCGbpw46+4caGIWz/CnX9jpu1CW08IHM65l3vvCRNGlXacb2thcWl5ZbWwVlzf2Nzatnd2mypOJSYNHLNYtkOkCKOCNDTVjLQTSRAPGWmFg8vcbz0QqWgs7vUwIT5HPUEjipE2UmCXboJbT1HuHruOd2QeR7oveXZFmqPALjsVZww4T9wpKYMp6oH95XVjnHIiNGZIqY7rJNrPkNQUMzIqeqkiCcID1CMdQwXiRPnZ+IgRPDBKF0axNF9oOFZ/d2SIKzXkoanMd1SzXi7+53VSHZ37GRVJqonAk0FRyqCOYZ4I7FJJsGZDQxCW1OwKcR9JhLXJrWhCcGdPnifNasU9qVTvTsu1i2kcBVAC++AQuOAM1MA1qIMGwOARPINX8GY9WS/Wu/UxKV2wpj174A+szx/4T5cK</latexit>

�M2
N ⇠ (5 keV)2 ! �MN

MN
. 10�10

<latexit sha1_base64="9HeD9YJU4jL+iy8Xce5awBlEL9g="></latexit>
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• In vacuum today, the RH and LH neutrinos mix

N ναsin θαN ⌫µ

<latexit sha1_base64="1b7GsD26GuG7DifIzkV6V8LtfTo=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKexKQI9BLx4jmAdklzA7mU2GzMwu8xDCko/w4kERr36PN//GSbIHTSxoKKq66e6KM8608f1vr7SxubW9U96t7O0fHB5Vj086OrWK0DZJeap6MdaUM0nbhhlOe5miWMScduPJ3dzvPlGlWSofzTSjkcAjyRJGsHFSN5R2EAo7qNb8ur8AWidBQWpQoDWofoXDlFhBpSEca90P/MxEOVaGEU5nldBqmmEywSPad1RiQXWUL86doQunDFGSKlfSoIX6eyLHQuupiF2nwGasV725+J/Xtya5iXImM2uoJMtFieXIpGj+OxoyRYnhU0cwUczdisgYK0yMS6jiQghWX14nnat60Kg3Hhq15m0RRxnO4BwuIYBraMI9tKANBCbwDK/w5mXei/fufSxbS14xcwp/4H3+AG40j6M=</latexit>

VµN

<latexit sha1_base64="eDAktoXeaETKMEJNjHV/FaJG8H4=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXJVECrosunElFewDmhAm00k7dCYJ8xBKzMJfceNCEbf+hjv/xmmahbYeuHA45965c0+YMiqV43xblZXVtfWN6mZta3tnd8/eP+jKRAtMOjhhieiHSBJGY9JRVDHSTwVBPGSkF06uZ37vgQhJk/heTVPiczSKaUQxUkYK7COveCMLmSY57AaZxzW8zQO77jScAnCZuCWpgxLtwP7yhgnWnMQKMyTlwHVS5WdIKIoZyWueliRFeIJGZGBojDiRflbszuGpUYYwSoSpWMFC/T2RIS7llIemkyM1loveTPzPG2gVXfoZjVOtSIzniyLNoErgLAw4pIJgxaaGICyo+SvEYyQQViaymgnBXTx5mXTPG26z0bxr1ltXZRxVcAxOwBlwwQVogRvQBh2AwSN4Bq/gzXqyXqx362PeWrHKmUPwB9bnDxHqliI=</latexit>

V 2
µN ⇠ M⌫,SM

MN
⇠ 10�10

<latexit sha1_base64="h3jE9Cpk+22xLZVCznkXZsTgINQ="></latexit>

• Coupling can be enhanced in models with approximate symmetries 
(inverse see-saw, etc) or by fine-tuning the Yukawa couplings

N
<latexit sha1_base64="7q1irupdDkFIrAgPBl445nbMRCA=">AAAB/HicbVBLSgNBFHwTfzH+oi7dNAbBVZiJgi6DblxJAuYDyRB6Om+SJj0funvEMMQLuNUbuBO33sULeA47ySxMYkFDUfUer7q8WHClbfvbyq2tb2xu5bcLO7t7+wfFw6OmihLJsMEiEcm2RxUKHmJDcy2wHUukgSew5Y1up37rEaXiUfigxzG6AR2E3OeMaiPV73vFkl22ZyCrxMlICTLUesWfbj9iSYChZoIq1XHsWLsplZozgZNCN1EYUzaiA+wYGtIAlZvOgk7ImVH6xI+keaEmM/XvRkoDpcaBZyYDqodq2ZuK/3mdRPvXbsrDONEYsvkhPxFER2T6a9LnEpkWY0Mok9xkJWxIJWXadLNw5WketWCKcZZrWCXNStm5KFfql6XqTVZRHk7gFM7BgSuowh3UoAEMEF7gFd6sZ+vd+rA+56M5K9s5hgVYX7/K6pVc</latexit>

W+
<latexit sha1_base64="ceVYnGt0Jv/dWG9NLSQlcR8PDuQ=">AAAB/nicbVDLSgMxFL3js9ZX1aWbYBEEocxUQZdFNy4r2ge0Y8mkmTY0yQxJRixDwR9wq3/gTtz6K/6A32HazsK2HggczrmXe3KCmDNtXPfbWVpeWV1bz23kN7e2d3YLe/t1HSWK0BqJeKSaAdaUM0lrhhlOm7GiWAScNoLB9dhvPFKlWSTvzTCmvsA9yUJGsLHSXePhtFMouiV3ArRIvIwUIUO1U/hpdyOSCCoN4VjrlufGxk+xMoxwOsq3E01jTAa4R1uWSiyo9tNJ1BE6tkoXhZGyTxo0Uf9upFhoPRSBnRTY9PW8Nxb/81qJCS/9lMk4MVSS6aEw4chEaPxv1GWKEsOHlmCimM2KSB8rTIxtZ+bK0zRq3hbjzdewSOrlkndWKt+eFytXWUU5OIQjOAEPLqACN1CFGhDowQu8wpvz7Lw7H87ndHTJyXYOYAbO1y/+p5YC</latexit>

⌫e
<latexit sha1_base64="7cZ44fxvIxPAeMkF35ZTXR+Zwdg=">AAACAHicbVDLTsJAFL3FF+ILdemmkZi4Ii2a6JLoxiUmFkigIdPhFiZMp83M1EgaNv6AW/0Dd8atf+IP+B0O0IWAJ5nk5Jx7c8+cIOFMacf5tgpr6xubW8Xt0s7u3v5B+fCoqeJUUvRozGPZDohCzgR6mmmO7UQiiQKOrWB0O/VbjygVi8WDHifoR2QgWMgo0UbyuiLtYa9ccarODPYqcXNSgRyNXvmn249pGqHQlBOlOq6TaD8jUjPKcVLqpgoTQkdkgB1DBYlQ+dks7MQ+M0rfDmNpntD2TP27kZFIqXEUmMmI6KFa9qbif14n1eG1nzGRpBoFnR8KU27r2J7+3O4ziVTzsSGESmay2nRIJKHa9LNw5WketWSKcZdrWCXNWtW9qNbuLyv1m7yiIpzAKZyDC1dQhztogAcUGLzAK7xZz9a79WF9zkcLVr5zDAuwvn4BG42XOQ==</latexit>

e�
<latexit sha1_base64="CmCvn9nUD8hh0FEs2kUOApiCoUE=">AAAB/nicbVBLSgNBFHzjN8Zf1KWbxiC4McxEQZdBNy4jmg8kY+jpvEma9Hzo7hHDEPACbvUG7sStV/ECnsNOMguTWNBQVL3Hqy4vFlxp2/62lpZXVtfWcxv5za3tnd3C3n5dRYlkWGORiGTTowoFD7GmuRbYjCXSwBPY8AbXY7/xiFLxKLzXwxjdgPZC7nNGtZHu8OG0UyjaJXsCskicjBQhQ7VT+Gl3I5YEGGomqFItx461m1KpORM4yrcThTFlA9rDlqEhDVC56STqiBwbpUv8SJoXajJR/26kNFBqGHhmMqC6r+a9sfif10q0f+mmPIwTjSGbHvITQXRExv8mXS6RaTE0hDLJTVbC+lRSpk07M1eeplHzphhnvoZFUi+XnLNS+fa8WLnKKsrBIRzBCThwARW4gSrUgEEPXuAV3qxn6936sD6no0tWtnMAM7C+fgEYUpYS</latexit>

µ+
<latexit sha1_base64="IdNEZ4T0h5FDT8L5P3FlQEkpmR0=">AAACAHicbVDLSgMxFL1TX7W+qi7dBIsgCGWmCrosunFZwWkL7VgyaaYNTTJDkhFL6cYfcKt/4E7c+if+gN9h2s7Cth4IHM65l3tywoQzbVz328mtrK6tb+Q3C1vbO7t7xf2Duo5TRahPYh6rZog15UxS3zDDaTNRFIuQ00Y4uJn4jUeqNIvlvRkmNBC4J1nECDZW8tsifTjrFEtu2Z0CLRMvIyXIUOsUf9rdmKSCSkM41rrluYkJRlgZRjgdF9qppgkmA9yjLUslFlQHo2nYMTqxShdFsbJPGjRV/26MsNB6KEI7KbDp60VvIv7ntVITXQUjJpPUUElmh6KUIxOjyc9RlylKDB9agoliNisifawwMbafuStPs6gFW4y3WMMyqVfK3nm5cndRql5nFeXhCI7hFDy4hCrcQg18IMDgBV7hzXl23p0P53M2mnOynUOYg/P1C7valv0=</latexit>

⌫µ
<latexit sha1_base64="dbyY81kP3xAU/fm6XWh3wpFF75g=">AAACAnicbVDLSsNAFL2pr1pfVZdugkVwVZIq6LLoxmUF+4AmlMl00g6dmYR5iCV05w+41T9wJ279EX/A73DaZmFbDwwczrmXe+ZEKaNKe963U1hb39jcKm6Xdnb39g/Kh0ctlRiJSRMnLJGdCCnCqCBNTTUjnVQSxCNG2tHoduq3H4lUNBEPepySkKOBoDHFSFupHQjTC7jplSte1ZvBXSV+TiqQo9Er/wT9BBtOhMYMKdX1vVSHGZKaYkYmpcAokiI8QgPStVQgTlSYzeJO3DOr9N04kfYJ7c7UvxsZ4kqNeWQnOdJDtexNxf+8rtHxdZhRkRpNBJ4fig1zdeJO/+72qSRYs7ElCEtqs7p4iCTC2ja0cOVpHrVki/GXa1glrVrVv6jW7i8r9Zu8oiKcwCmcgw9XUIc7aEATMIzgBV7hzXl23p0P53M+WnDynWNYgPP1C8PXmCY=</latexit>

Z ′

N1

ν̄e+

<latexit sha1_base64="ATwppHokSVdUG9UblOQf70qnhV8=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSIIQkmkoMeiF48V7Qe0sWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+Oyura+sbm4Wt4vbO7t5+6eCwqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzdRvPaHSPJYPZpygH9GB5CFn1FjpHh/Pe6WyW3FnIMvEy0kZctR7pa9uP2ZphNIwQbXueG5i/Iwqw5nASbGbakwoG9EBdiyVNELtZ7NTJ+TUKn0SxsqWNGSm/p7IaKT1OApsZ0TNUC96U/E/r5Oa8MrPuExSg5LNF4WpICYm079JnytkRowtoUxxeythQ6ooMzadog3BW3x5mTQvKl61Ur2rlmvXeRwFOIYTOAMPLqEGt1CHBjAYwDO8wpsjnBfn3fmYt644+cwR/IHz+QPmWI2N</latexit>

N
<latexit sha1_base64="7q1irupdDkFIrAgPBl445nbMRCA=">AAAB/HicbVBLSgNBFHwTfzH+oi7dNAbBVZiJgi6DblxJAuYDyRB6Om+SJj0funvEMMQLuNUbuBO33sULeA47ySxMYkFDUfUer7q8WHClbfvbyq2tb2xu5bcLO7t7+wfFw6OmihLJsMEiEcm2RxUKHmJDcy2wHUukgSew5Y1up37rEaXiUfigxzG6AR2E3OeMaiPV73vFkl22ZyCrxMlICTLUesWfbj9iSYChZoIq1XHsWLsplZozgZNCN1EYUzaiA+wYGtIAlZvOgk7ImVH6xI+keaEmM/XvRkoDpcaBZyYDqodq2ZuK/3mdRPvXbsrDONEYsvkhPxFER2T6a9LnEpkWY0Mok9xkJWxIJWXadLNw5WketWCKcZZrWCXNStm5KFfql6XqTVZRHk7gFM7BgSuowh3UoAEMEF7gFd6sZ+vd+rA+56M5K9s5hgVYX7/K6pVc</latexit>

W+

<latexit sha1_base64="EBmu0cA62lRpxi88DB245PeS0e8=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSIIQkmkoMeiF48V7Qe0sWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+Oyura+sbm4Wt4vbO7t5+6eCwqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzdRvPaHSPJYPZpygH9GB5CFn1FjpvvV43iuV3Yo7A1kmXk7KkKPeK311+zFLI5SGCap1x3MT42dUGc4ETordVGNC2YgOsGOppBFqP5udOiGnVumTMFa2pCEz9fdERiOtx1FgOyNqhnrRm4r/eZ3UhFd+xmWSGpRsvihMBTExmf5N+lwhM2JsCWWK21sJG1JFmbHpFG0I3uLLy6R5UfGqlepdtVy7zuMowDGcwBl4cAk1uIU6NIDBAJ7hFd4c4bw4787HvHXFyWeO4A+czx/RBI1/</latexit>

VeN

<latexit sha1_base64="FGQLJu6FO2e+a9+rNFkzQ7s/8zM=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBFclUQKuiy6cSUV7APaECbTm3boZBJmJkII9VfcuFDErR/izr9xmmahrQcuHM65d+7cEyScKe0439ba+sbm1nZlp7q7t39waB8dd1WcSgodGvNY9gOigDMBHc00h34igUQBh14wvZn7vUeQisXiQWcJeBEZCxYySrSRfLs2LN7IA57CDHf9HO5mvl13Gk4BvErcktRRibZvfw1HMU0jEJpyotTAdRLt5URqRjnMqsNUQULolIxhYKggESgvLxbP8JlRRjiMpSmhcaH+nshJpFQWBaYzInqilr25+J83SHV45eVMJKkGQReLwpRjHeN5EnjEJFDNM0MIlcz8FdMJkYRqk1fVhOAun7xKuhcNt9lo3jfrresyjgo6QafoHLnoErXQLWqjDqIoQ8/oFb1ZT9aL9W59LFrXrHKmhv7A+vwBEVeVCw==</latexit>

VeN

<latexit sha1_base64="FGQLJu6FO2e+a9+rNFkzQ7s/8zM=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBFclUQKuiy6cSUV7APaECbTm3boZBJmJkII9VfcuFDErR/izr9xmmahrQcuHM65d+7cEyScKe0439ba+sbm1nZlp7q7t39waB8dd1WcSgodGvNY9gOigDMBHc00h34igUQBh14wvZn7vUeQisXiQWcJeBEZCxYySrSRfLs2LN7IA57CDHf9HO5mvl13Gk4BvErcktRRibZvfw1HMU0jEJpyotTAdRLt5URqRjnMqsNUQULolIxhYKggESgvLxbP8JlRRjiMpSmhcaH+nshJpFQWBaYzInqilr25+J83SHV45eVMJKkGQReLwpRjHeN5EnjEJFDNM0MIlcz8FdMJkYRqk1fVhOAun7xKuhcNt9lo3jfrresyjgo6QafoHLnoErXQLWqjDqIoQ8/oFb1ZT9aL9W59LFrXrHKmhv7A+vwBEVeVCw==</latexit>
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• In vacuum today, the RH and LH neutrinos mix

N ναsin θαN ⌫µ

<latexit sha1_base64="1b7GsD26GuG7DifIzkV6V8LtfTo=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKexKQI9BLx4jmAdklzA7mU2GzMwu8xDCko/w4kERr36PN//GSbIHTSxoKKq66e6KM8608f1vr7SxubW9U96t7O0fHB5Vj086OrWK0DZJeap6MdaUM0nbhhlOe5miWMScduPJ3dzvPlGlWSofzTSjkcAjyRJGsHFSN5R2EAo7qNb8ur8AWidBQWpQoDWofoXDlFhBpSEca90P/MxEOVaGEU5nldBqmmEywSPad1RiQXWUL86doQunDFGSKlfSoIX6eyLHQuupiF2nwGasV725+J/Xtya5iXImM2uoJMtFieXIpGj+OxoyRYnhU0cwUczdisgYK0yMS6jiQghWX14nnat60Kg3Hhq15m0RRxnO4BwuIYBraMI9tKANBCbwDK/w5mXei/fufSxbS14xcwp/4H3+AG40j6M=</latexit>

VµN

<latexit sha1_base64="eDAktoXeaETKMEJNjHV/FaJG8H4=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXJVECrosunElFewDmhAm00k7dCYJ8xBKzMJfceNCEbf+hjv/xmmahbYeuHA45965c0+YMiqV43xblZXVtfWN6mZta3tnd8/eP+jKRAtMOjhhieiHSBJGY9JRVDHSTwVBPGSkF06uZ37vgQhJk/heTVPiczSKaUQxUkYK7COveCMLmSY57AaZxzW8zQO77jScAnCZuCWpgxLtwP7yhgnWnMQKMyTlwHVS5WdIKIoZyWueliRFeIJGZGBojDiRflbszuGpUYYwSoSpWMFC/T2RIS7llIemkyM1loveTPzPG2gVXfoZjVOtSIzniyLNoErgLAw4pIJgxaaGICyo+SvEYyQQViaymgnBXTx5mXTPG26z0bxr1ltXZRxVcAxOwBlwwQVogRvQBh2AwSN4Bq/gzXqyXqx362PeWrHKmUPwB9bnDxHqliI=</latexit>

V 2
µN ⇠ M⌫,SM

MN
⇠ 10�10

<latexit sha1_base64="h3jE9Cpk+22xLZVCznkXZsTgINQ="></latexit>

• Coupling can be enhanced in models with approximate symmetries 
(inverse see-saw, etc) or by fine-tuning the Yukawa couplings

N
<latexit sha1_base64="7q1irupdDkFIrAgPBl445nbMRCA=">AAAB/HicbVBLSgNBFHwTfzH+oi7dNAbBVZiJgi6DblxJAuYDyRB6Om+SJj0funvEMMQLuNUbuBO33sULeA47ySxMYkFDUfUer7q8WHClbfvbyq2tb2xu5bcLO7t7+wfFw6OmihLJsMEiEcm2RxUKHmJDcy2wHUukgSew5Y1up37rEaXiUfigxzG6AR2E3OeMaiPV73vFkl22ZyCrxMlICTLUesWfbj9iSYChZoIq1XHsWLsplZozgZNCN1EYUzaiA+wYGtIAlZvOgk7ImVH6xI+keaEmM/XvRkoDpcaBZyYDqodq2ZuK/3mdRPvXbsrDONEYsvkhPxFER2T6a9LnEpkWY0Mok9xkJWxIJWXadLNw5WketWCKcZZrWCXNStm5KFfql6XqTVZRHk7gFM7BgSuowh3UoAEMEF7gFd6sZ+vd+rA+56M5K9s5hgVYX7/K6pVc</latexit>
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• Parameter space for leptogenesis:

f.t.
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Figure 1: Active-sterile mixing for the viable BAU solutions as a function of the heavy neutrino mass, for

a normal (left) and an inverted (right) ordering in the light neutrino mass spectrum. From top to bottom:
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2
i mixings. The grey region is excluded by direct searches of

heavy neutral leptons (cf. Section 5.2), the lines show the expected sensitivities for the ongoing experiments

T2K [182], NA62 [39], Belle II [183], LHCb [180] with an integrated luminosity of 380 fb
�1

, and for ATLAS

and CMS with an integrated luminosity of 300 fb
�1

. The latter include di↵erent proposed searches: [22]

(continuous line), [17] (dashed line), [21] (dotted line).
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• Grey regions excluded by lab experiments

V
2 µ
N
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comprehensive review by M. Drewes et al., arXiv:1711.02862

A. Abada et al., arXiv:1810.12463
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• BBN: N cannot inject too much energy to disrupt BBN

• Accelerator/collider examples:

J. Feng et al., arXiv:1708.09389

S. Alekhin et al., arXiv:1504.04855

O. Ruchayskiy and A. Ivashko, arXiv:1202.2841



Physics reach of PBC projects on 10-15 year timescale

Figure 33 shows the 90 % CL exclusion limits from MATHUSLA200, FASER2, CODEX-
b and SHiP in a 10-15 years time scale. Also in this case the curves are obtained under the
assumption of zero background, for which the same considerations drawn in the previous
paragraph hold.

Figure 33: BC7: Sensitivity to Heavy Neutral Leptons with coupling to the second lepton
generation only. Current bounds (filled areas) and 10-15 years prospects for PBC projects
(SHiP, MATHUSLA200, CODEX-b and FASER2) (dotted and solid lines). Projections for
the LBNE near detector with 5 ◊ 1021 pot and FCC-ee with 1012 Z0 decays are also shown.

9.3.3 Neutrino portal with tau-flavor dominance (BC8)

In this Section we consider the case in which HNLs couple only to third SM generation and
the sensitivity plots are shown in the plane {|U· |

2, mN }.

Current bounds and experimental landscape

Current bounds and future experimental landscape in the next ≥ 5 years, including
some PBC projects, is shown in Figure 34 for the case of HNL coupling only to the third
lepton generation and masses in the MeV-GeV range. Also in this case the allowed range of
couplings is bounded from below by the BBN constraints [263], and the see-saw limit [286].

Main bounds in this benchmark case arise from CHARM [291], NOMAD [292], and
again the same data from DELPHI [267] used for the other two benchmark cases (BC6 and
BC7).

- CHARM: limits on the square mixing strength |U· |
2 in a mass range 10-290 MeV

were set by re-interpreting the null result of a search for events produced by the decay
of neutral particles into two electrons performed by the CHARM experiment using

– 103 –
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• Also: recent first results from ATLAS & CMS

V
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N
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Physics Beyond Colliders BSM Report: J. Beacham et al., arXiv:1901.09966
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• Discovery prospects are better in non-minimal models where there 
are additional N couplings

Z 0
N

N

N

N

h/hD

Graesser, 2007; Shoemaker et al., 2008; Gago 
et al., 2015; Accomando et al., 2016, … 

Basso et al., 2008; Fileviez Perez, Han, Li, 
2009; Batell, Pospelov, BS, 2016, …
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• Discovery prospects are better in non-minimal models where there 
are additional N couplings

Z 0
N

N

N

N

h/hD

Graesser, 2007; Shoemaker et al., 2008; Gago 
et al., 2015; Accomando et al., 2016, … 

Basso et al., 2008; Fileviez Perez, Han, Li, 
2009; Batell, Pospelov, BS, 2016, …

• But…by bringing N into equilibrium earlier, this can reduce the 
lepton asymmetry by many orders of magnitude

I. Flood (HMC ’20), J. Schlesinger (HMC ’21), BS, to appear
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SUMMARY
• Freeze-in baryogenesis is a simple, predictive model for (some 

combination of) baryon asymmetry, dark matter, neutrino masses

• Asymmetry generation relies on initial condition after reheating

• Dynamics of decay, oscillation, and inverse decay point towards a 
multitude of interesting particle scales: keV, GeV, 100 GeV, cm

• Many signatures in colliders, accelerators, and cosmology

• I think we’re just scratching the surface - what other regimes & 
signatures are there to uncover?
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FIG. 13: Variations on our perturbative calculations of YB and ⇢
�+�. In both plots, we adopt Maxwell-Boltzmann

statistics and replace the survival function by its z = 0 value: S�i(z) ! S�i(0). The solid contours reproduce our
earlier results, see Fig. 2(a). In (a), The dashed contours show the e↵ect of including thermal mass contributions,
with Aself = 0. (Turning on a moderate scalar self-coupling of Aself = 1/3 barely changes the plot.) In (b) we adopt
a thermal ansatz for the � momentum distribution, leading to Eqns. (A17) and (A19). We use the
Maxwell-Boltzmann expressions for hT/E�i and n

�

eq
in Eqns. (A16) and (A18); switching to the Fermi-Dirac ones

again produces an almost unnoticeable shift.

FIG. 14: Comparison of the “mimimal” perturbative calculation of Sec. II B with more refined estimates of YB and
⇢

�+�. Here we decouple �2 and set the combined � + � abundance left behind from �2 decays to be
Y

�+�

2 = 3⇥ 10�5, and we take J = 1. The blue contours show the e↵ect of modifying the perturbative calculation
to incorporate thermal masses and the full z dependence in the survival function S�1(z). The red contours compare
the minimal calculation with numerical solution of the kinetic equations presented in Sec. A 3; in the numerical
calculation we use quantum statistics, include thermal masses, and adopt a thermal ansatz for the � momentum
distribution. We show the fractional di↵erence in YB in (a) and the fractional di↵erence in YB/⇢

�+� in (b). For the
parameters chosen, ⇢

�+� = ⇢cdm is realized for c⌧ ' 6 cm and (YB)max > (YB)obs is realized for c⌧ ⇠< 130 cm.
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FIG. 15: Comparison of the approximate YB expressions
of Eqns. (A22) and (55), obtained with and without the
thermal ansatz for the � momentum distribution.

once we neglect thermal masses and adopt Maxwell-
Boltzmann statistics.

For a particular set of inputs, Fig. 13(b) compares the
results of the “direct” calculation of Sec. II B with those
based on Eqns. (A17) and (A19). As with thermal mass
e↵ects, the thermal ansatz only modestly impacts the
preferred parameter space.

When
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and
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M
3
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apply, we can follow the same steps that led to Eqn. (55)
to approximate the thermal-ansatz results of Eqns. (A17)
and (A19) by
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The ratio of the thermal-ansatz-based YB of Eqn. (A22)
and the “direct” YB of Eqn. (55) depends on the single
dimensionless parameter �̃osc = 4�M

2
21M0/3M3

�1
. Fig-

ure 15 shows that the numerical discrepancy between the
two expressions is less than ⇠ 50%.

3. Numerical solution of kinetic equations

To write down the kinetic equations for the two-scalar
model we follow Refs. []. We avoid having to track
momentum-dependent quantities by adopting a thermal
ansatz for the momentum dependence of the � number-
density matrix,

n
�

IJ
(p) =

n
�

IJ

n
�

eq

f
�

eq
(p), (A23)

and similarly for �. Doing so leaves us with the simpler
task of solving momentum-integrated kinetic equations.
The � and � number densities are given by the traces of
n

�

IJ
and n

�

IJ
, respectively.

We neglect � masses except in oscillations. An unbro-
ken U(1)��� symmetry under which only � and �i are
charged (oppositely) then simplifies the analysis. Here
we are motivated by dark matter considerations, which
lead us to focus on parameter regions with M� ⇠ 10�100
keV.
Our main goal is to to compare our perturbative cal-

culation from Section (II B) with numerical integration
of kinetic equations that incorporate washout e↵ects and
quantum statistics. To that end we make further simpli-
fying approximations that might be abandoned in future
work. We adopt the flavor-universal Q masses given in
Eqns. (A3–A5), thereby ignoring top-Yukawa-related ef-
fects. The 1 $ 2 processes �i $ Q� are therefore kine-
matically allowed at all temperatures. We neglect 2 $ 2
processes, even though their e↵ects have been found to
be sizeable in similar contexts [][DTS: or, maybe this

is less of a big deal for us, dominated by quasi-

non-relativistic decays] [BS: I agree it’s not a big

deal. It might be worth having this in the main

text just to be explicit, but I think we can com-

ment that we expect it should be sub-dominant

given that thermal masses are]. Finally, we assume
that quark flavor mixing is su�ciently rapid to ensure
that the Q chemical potentials are flavor universal.
With these assumptions, the reaction densities enter-

ing into the kinetic equations can be summarized by the
matrix expression
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(A24)
where the equilibrium distribution functions enter
through

F0,i(k,p,q) = F�1,i(k,p,q) =
⇥
1� f

Q

eq
(p)
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f
�i
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(q)
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Q
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(p)f�i
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(q)
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�

eq
(k)fQ
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(p)

F�2,i(k,p,q) = f
�

eq
(k)f�i

eq
(q). (A25)

In Eqn. (A24), the indices i = 1, 2 and I, J = 1, 2
reference � and � flavors, respectively, while ↵ indi-
cates whether the associated contributions to dn

�
/dt and

dn
�
/dt survive in the absence of asymmetries (“0”), are

driven by a Q
↵ � Q

↵

asymmetry (“Q1” and “Q2”), or
are driven by a �i � �⇤

i
asymmetry (“�1” and “�2”).

The phase space factor in Eqn. (A24) is
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d
3
k
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1
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d
3
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(2⇡)3
1

2EQ(p)

⇥ d
3
q

(2⇡)3
1

2E�i(q)
(2⇡)4�4(q � p � k), (A26)
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FIG. 13: Variations on our perturbative calculations of YB and ⇢
�+�. In both plots, we adopt Maxwell-Boltzmann

statistics and replace the survival function by its z = 0 value: S�i(z) ! S�i(0). The solid contours reproduce our
earlier results, see Fig. 2(a). In (a), The dashed contours show the e↵ect of including thermal mass contributions,
with Aself = 0. (Turning on a moderate scalar self-coupling of Aself = 1/3 barely changes the plot.) In (b) we adopt
a thermal ansatz for the � momentum distribution, leading to Eqns. (A17) and (A19). We use the
Maxwell-Boltzmann expressions for hT/E�i and n

�

eq
in Eqns. (A16) and (A18); switching to the Fermi-Dirac ones

again produces an almost unnoticeable shift.
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FIG. 14: Comparison of the “mimimal” perturbative calculation of Sec. II B with more refined estimates of YB and
⇢

�+�. Here we decouple �2 and set the combined � + � abundance left behind from �2 decays to be
Y

�+�

2 = 3⇥ 10�5, and we take J = 1. The blue contours show the e↵ect of modifying the perturbative calculation
to incorporate thermal masses and the full z dependence in the survival function S�1(z). The red contours compare
the minimal calculation with numerical solution of the kinetic equations presented in Sec. A 3; in the numerical
calculation we use quantum statistics, include thermal masses, and adopt a thermal ansatz for the � momentum
distribution. We show the fractional di↵erence in YB in (a) and the fractional di↵erence in YB/⇢

�+� in (b). For the
parameters chosen, ⇢

�+� = ⇢cdm is realized for c⌧ ' 6 cm and (YB)max > (YB)obs is realized for c⌧ ⇠< 130 cm.
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The survival of a substantial fraction of �i scalars
down to the electroweak scale suggests that ��i . Hew

for at least one of the scalars. This suggests that the
decay length of one of the scalars satisfies c⌧� & 1 cm.
This is interesting from a phenomenological perspective,
since this is precisely the set of decay lengths that lead
to long-lived particle signatures at colliders. The freeze-
in baryogenesis mechanism therefore provides a very ex-
plicit link between the baryon asymmetry, the Hubble
expansion rate at the electroweak phase transition time,
and collider signatures. We explore collider signatures in
more detail in Sec. V.

Final Result

Putting together the results from the four steps of our
calculation, we find the baryon asymmetry today equals
the asymmetry at the time of the electroweak phase tran-
sition:

YB =
45g2�

256g⇤⇡6

KB

K�

M
2
�1

M
2
�2

M
2
0

T 6
ew

⇥ Im
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1
1
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2
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2
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F

1
2

⌘
(I12 � I21) , (32)

Iij =

Z 1

0
dy

e
�y

y2

Z 1

0
dz1 z

2
1 S�i(z1) e

�↵iz
2
1/y

Z
z1

0
dz2 z

2
2 e

�↵jz
2
2/y sin


�osc

y
(z31 � z

3
2)

�
, (33)

where ↵i = (M�i/2Tew)2 and �osc = M0�M
2
21/6T

3
ew.

Again, we have neglected thermal masses throughout.
The factors KB and K� define the ratios of the � and B

asymmetries with respect to B � L:

�Y
�1 + �Y

�2 = K� YB�L, SM (34)

YB = KB YB�L, SM, (35)

where we define �Y
�i = Y

�i � Y
�⇤

i and exclude the
� asymmetries in calculating YB�L, SM. The ratios are
found by solving systems of equations relating SM chem-
ical potentials and abundances in equilibrium. We follow
the method in Ref. [63], although the hypercharge and
B � L conservation equations are modified to include
the �i abundances. We find that K� = �3, while the
value of KB depends on the gauge charges of Q: it is
KB = �54/79 for Q = QL, �63/79 for Q = uR, and
�45/79 for Q = dR.

To make more transparent the connections between
the baryon asymmetry and physical properties of the
new states such as masses and decay widths, we re-
parametrize the asymmetry as follows:

YB =
45g2�
4⇡4g⇤

KB

K�
J

✓
M�1

Tew

◆✓
M�2

Tew

◆

⇥
✓
��1

Hew

◆✓
��2

Hew

◆
(I12 � I21) , (36)

where we have used the fact that
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2
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⌘
= J Tr

h
F

1†
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1
i
Tr

h
F

2†
F

2
i
,(37)

��i =
Tr

h
F

i†
F

i

i

16⇡
M�i , (38)

and all of the phase information is encoded in the
Jarlskog-like invariant J . This invariant can be
parametrized in terms of six mixing angles,

J = sin 2✓1 sin 2✓2 cos ⇢1 cos ⇢2 sin(�1 � �2), (39)

where

cos ✓i =

s
(F i†F i)11

Tr(F i†F i)
, (40)

cos ⇢i =
|(F i†

F
i)12|q

(F i†F i)11(F i†F i)22

, (41)

�i = arg(F i†
F

i)12. (42)

The ✓i angles parametrize the relative strength of the
coupling to �1 vs. �2, while the ⇢i angles parametrize
the relative size of the o↵-diagonal couplings. Since the
asymmetry depends on the interference of the �1 and
�2 intermediate states, the asymmetry is maximized for
larger o↵-diagonal couplings. Finally, the �i give the
relative phases.
This result is consistent with our arguments from

Sec. IIA. In particular, we can specialize to the case of
a single scalar by making M�1 = M�2 and F

1 = F
2; in

this case, the asymmetry vanishes at this order in per-
turbation theory, recovering the standard ARS result. In
Sec. IV, we return to the single-scalar scenario, show-
ing that an asymmetry does arise at O(F 6) in the model
where � couples to quarks, although the asymmetry has
a di↵erent parametric dependence than in ARS lepto-
genesis due to the equilibration among quark flavors in
the SM. We also note that, if we neglect washout ef-
fects, then the quantity I12 � I21 = 0 if M�1 = M�2 ,
in accordance with our arguments in Sec. IIA that the
asymmetry should vanish in this limit.

Our perturbative analysis neglects possible washout
and back-reaction e↵ects. Apart from simplifying the cal-
culation, it also makes the asymmetry result independent
of a possible cross-quartic coupling, �12(�

†
1�2)2 + h.c.

However, those scatterings can impact decay-washout ef-

fects. To arrive at Eq. (36), we assume that the �1/�
(⇤)
1

and �2/�
(⇤)
2 asymmetries evolve independently. In many

cases of interest, for example if the � oscillations nec-
essary for asymmetry generation begin at temperatures
well below M�2 , this assumption is valid. Moreover,
when �1�⇤

2 $ �⇤
1�2 scattering does a↵ect the final asym-

metry it does not generally reduce it dramatically in vi-
able parameter regions. For simplicity, we therefore ne-
glect �1�⇤

2 $ �⇤
1�2 scattering. [DTS: I made a plot

illustrating this issue but think it is not worth
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Step 3: Oscillations and Asymmetry

In steps 1 and 2 of our calculation, we have assumed
the production and re-scattering of a single �I mass
eigenstate; the final result is an incoherent sum over these
processes. It is therefore unsurprising that we find the
asymmetry dY

�1 � dY
�⇤

1 = 0; since dY
�1 = �dY

Q, we
obtain zero baryon asymmetry.

However, our calculation has oversimplified the physics
because the �I particles are out of equilibrium and prop-
agate coherently between the point of production and
re-scattering. As a result, we need to sum coherently
over the production and inverse decay processes medi-
ated by di↵erent �I mass eigenstates. In the calculation
as it stands now,

dY
�1 / ��1��2 (22)

/
X

I,J

|F 1
I
|2|F 2

J
|2. (23)

According to the arguments of Section IIA, we should
replace these couplings with the coherent sum

X

I,J
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I
|2|F 2

J
|2 !
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The phases are calculated from the time of production
in �2 decay to the time of re-scattering into �1, and the
physical phase is the di↵erence3

�2 � �1 =
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dt (E2 � E1) (25)
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y
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The coherent oscillation phase thus depends on the co-
moving energy of the propagating singlet (y), as well as
the times of production (z2) and re-scattering (z1).

Combining this with the result of Eq. (20), we find
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The asymmetry in Q is of equal magnitude and opposite
sign. Finally, an analogous calculation gives an asym-
metry in �2 from the process �1 ! Q�̄, �̄Q ! �2; the
result is found by simply interchanging 1 $ 2 in all of
our results so far.

3 Our notation is slightly confusing because there are two types
of scalar �1,2, as well as two types of fermion �1,2. The phases
�1,2 and energies E1,2 refer to the propagation of the �1,2 mass
eigenstates, while the times t1,2 refer to production/scattering
o↵ of �1,2.

Step 4: From Quark Asymmetry to Baryon Asymmetry

At this stage, we have equal and opposite asymme-
try production in SM quarks and the scalars �1,2. How-
ever, it is not apparent that there exists an overall baryon
asymmetry: for example, we can extend SM baryon asym-
metry such that �1,2 have baryon number 1/3, in which
case there exists no total asymmetry. Physically, this
results from the fact that at some point all of the �1,2

will decay to Q�̄, at which point the asymmetry in SM
quarks is destroyed.
Spectator processes among the other SM quarks and

leptons can, however, prevent this destruction from hap-
pening and directly connect the phenomenology of �1,2 to
the baryon asymmetry. The rate of asymmetry produc-
tion in �1,2 is equal and opposite to the that in Q; how-
ever, the asymmetry in Q is quickly distributed amongst
all SM quark, lepton, and Higgs species via sphalerons
and SM Yukawa interactions. By contrast, the �1,2

asymmetry is not distributed amongst any other parti-
cles. Thus, the chemical potentials of Q and �1,2 are dif-
ferent when spectator processes are taken into account.
When � particles decay prior to the electroweak phase

transition (i.e., while sphalerons are still active), then
the asymmetry stored in it is destroyed due to the rapid
equilibration of the SM quark and lepton asymmetries.
After sphalerons decouple, however, the lepton asymme-
try is frozen and cannot be changed by �1,2 decays. Since
the �1,2 asymmetries equal the negative sum of quark
and lepton asymmetries, but the lepton asymmetries are
frozen at the electroweak phase transition, there exists a
residual SM quark asymmetry after all � particles have
decayed that is equal in magnitude, and opposite in sign,
to the SM lepton asymmetry. Sphalerons and spectator
e↵ects are therefore crucial to the success of baryogenesis
in this model.
Because the ultimate baryon asymmetry depends on

the �1,2 asymmetries at sphaleron decoupling (zew = 1),
the asymmetry is proportional to the fraction of �1,2 par-
ticles that survive until zew = 1. We therefore dress the
asymmetry in each scalar generated at z1 with the sur-
vival factor
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✓
�
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dt h��ii
◆

, (30)

where h��ii is the thermally averaged decay width.
Neglecting thermal masses and adopting Maxwell-
Boltzmann statistics, we get

S�i(z) = exp
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dz
0
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z
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M�i
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z0
⌘

1

A , (31)

where Ki are modified Bessel functions of the second
kind. The washout from �i decay can also be taken into
account by solving the quantum kinetic equations includ-
ing both source and washout terms, as done in Appendix
A 3.
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The survival of a substantial fraction of �i scalars
down to the electroweak scale suggests that ��i . Hew

for at least one of the scalars. This suggests that the
decay length of one of the scalars satisfies c⌧� & 1 cm.
This is interesting from a phenomenological perspective,
since this is precisely the set of decay lengths that lead
to long-lived particle signatures at colliders. The freeze-
in baryogenesis mechanism therefore provides a very ex-
plicit link between the baryon asymmetry, the Hubble
expansion rate at the electroweak phase transition time,
and collider signatures. We explore collider signatures in
more detail in Sec. V.

Final Result

Putting together the results from the four steps of our
calculation, we find the baryon asymmetry today equals
the asymmetry at the time of the electroweak phase tran-
sition:

YB =
45g2�

256g⇤⇡6
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M
2
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M
2
�2

M
2
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T 6
ew
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2 e
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2
2/y sin


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y
(z31 � z

3
2)

�
, (33)

where ↵i = (M�i/2Tew)2 and �osc = M0�M
2
21/6T

3
ew.

Again, we have neglected thermal masses throughout.
The factors KB and K� define the ratios of the � and B

asymmetries with respect to B � L:

�Y
�1 + �Y

�2 = K� YB�L, SM (34)

YB = KB YB�L, SM, (35)

where we define �Y
�i = Y

�i � Y
�⇤

i and exclude the
� asymmetries in calculating YB�L, SM. The ratios are
found by solving systems of equations relating SM chem-
ical potentials and abundances in equilibrium. We follow
the method in Ref. [63], although the hypercharge and
B � L conservation equations are modified to include
the �i abundances. We find that K� = �3, while the
value of KB depends on the gauge charges of Q: it is
KB = �54/79 for Q = QL, �63/79 for Q = uR, and
�45/79 for Q = dR.

To make more transparent the connections between
the baryon asymmetry and physical properties of the
new states such as masses and decay widths, we re-
parametrize the asymmetry as follows:

YB =
45g2�
4⇡4g⇤

KB

K�
J

✓
M�1

Tew

◆✓
M�2

Tew

◆

⇥
✓
��1
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◆
(I12 � I21) , (36)

where we have used the fact that
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= J Tr
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F

2†
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2
i
,(37)

��i =
Tr
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i†
F

i

i

16⇡
M�i , (38)

and all of the phase information is encoded in the
Jarlskog-like invariant J . This invariant can be
parametrized in terms of six mixing angles,

J = sin 2✓1 sin 2✓2 cos ⇢1 cos ⇢2 sin(�1 � �2), (39)

where

cos ✓i =

s
(F i†F i)11

Tr(F i†F i)
, (40)

cos ⇢i =
|(F i†

F
i)12|q

(F i†F i)11(F i†F i)22

, (41)

�i = arg(F i†
F

i)12. (42)

The ✓i angles parametrize the relative strength of the
coupling to �1 vs. �2, while the ⇢i angles parametrize
the relative size of the o↵-diagonal couplings. Since the
asymmetry depends on the interference of the �1 and
�2 intermediate states, the asymmetry is maximized for
larger o↵-diagonal couplings. Finally, the �i give the
relative phases.
This result is consistent with our arguments from

Sec. IIA. In particular, we can specialize to the case of
a single scalar by making M�1 = M�2 and F

1 = F
2; in

this case, the asymmetry vanishes at this order in per-
turbation theory, recovering the standard ARS result. In
Sec. IV, we return to the single-scalar scenario, show-
ing that an asymmetry does arise at O(F 6) in the model
where � couples to quarks, although the asymmetry has
a di↵erent parametric dependence than in ARS lepto-
genesis due to the equilibration among quark flavors in
the SM. We also note that, if we neglect washout ef-
fects, then the quantity I12 � I21 = 0 if M�1 = M�2 ,
in accordance with our arguments in Sec. IIA that the
asymmetry should vanish in this limit.

Our perturbative analysis neglects possible washout
and back-reaction e↵ects. Apart from simplifying the cal-
culation, it also makes the asymmetry result independent
of a possible cross-quartic coupling, �12(�

†
1�2)2 + h.c.

However, those scatterings can impact decay-washout ef-

fects. To arrive at Eq. (36), we assume that the �1/�
(⇤)
1

and �2/�
(⇤)
2 asymmetries evolve independently. In many

cases of interest, for example if the � oscillations nec-
essary for asymmetry generation begin at temperatures
well below M�2 , this assumption is valid. Moreover,
when �1�⇤

2 $ �⇤
1�2 scattering does a↵ect the final asym-

metry it does not generally reduce it dramatically in vi-
able parameter regions. For simplicity, we therefore ne-
glect �1�⇤

2 $ �⇤
1�2 scattering. [DTS: I made a plot

illustrating this issue but think it is not worth
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in baryogenesis mechanism therefore provides a very ex-
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where ↵i = (M�i/2Tew)2 and �osc = M0�M
2
21/6T

3
ew.

Again, we have neglected thermal masses throughout.
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ical potentials and abundances in equilibrium. We follow
the method in Ref. [63], although the hypercharge and
B � L conservation equations are modified to include
the �i abundances. We find that K� = �3, while the
value of KB depends on the gauge charges of Q: it is
KB = �54/79 for Q = QL, �63/79 for Q = uR, and
�45/79 for Q = dR.

To make more transparent the connections between
the baryon asymmetry and physical properties of the
new states such as masses and decay widths, we re-
parametrize the asymmetry as follows:
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relative phases.
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fects, then the quantity I12 � I21 = 0 if M�1 = M�2 ,
in accordance with our arguments in Sec. IIA that the
asymmetry should vanish in this limit.

Our perturbative analysis neglects possible washout
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culation, it also makes the asymmetry result independent
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for at least one of the scalars. This suggests that the
decay length of one of the scalars satisfies c⌧� & 1 cm.
This is interesting from a phenomenological perspective,
since this is precisely the set of decay lengths that lead
to long-lived particle signatures at colliders. The freeze-
in baryogenesis mechanism therefore provides a very ex-
plicit link between the baryon asymmetry, the Hubble
expansion rate at the electroweak phase transition time,
and collider signatures. We explore collider signatures in
more detail in Sec. V.

Final Result

Putting together the results from the four steps of our
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the �i abundances. We find that K� = �3, while the
value of KB depends on the gauge charges of Q: it is
KB = �54/79 for Q = QL, �63/79 for Q = uR, and
�45/79 for Q = dR.

To make more transparent the connections between
the baryon asymmetry and physical properties of the
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with E�(k) = |k|, EQ(p) =
q
|p|2 + M

2
Q
, and E�i(q) =q

|q|2 + M
2
�i
. Carrying out all integrations besides those

over E�i and E� gives
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where
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A . (A28)

In Eqn. (A27) it is to be understood that F�
↵,i

(k,p,q)
depends on its arguments only through the associated
energies, with EQ = E�i � E�. For example,

F�
0,i
(k,p,q) !

✓
e
(E�i �E�)/T

e
(E�i �E�)/T + 1
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e
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◆
. (A29)

As we did in the single-scalar analysis of Sec. IV, we
present the kinetic equations in terms of dimensionless
interaction-picture quantities

Y
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U
†
n

�
U

s
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�(z) =
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†
n

�
U

s
(A30)

and

�̃ =
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†
�U

Y
�

eqsH
�̃

⇤ =
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†
�
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U

Y
�

eqsH
, (A31)

where s = 2⇡2
g⇤T

3
/45 is the entropy density, H =

T
2
/M0 is the Hubble parameter, Y

�

eq
is the equilibrium

abundance for a single mass eigenstate, and oscillation
e↵ects are encoded in the diagonal matrix

U = diag

⇢
1, exp

⇢
�i�osc

⌧
T

E�

�
z
3

��
. (A32)

The thermal average hT/E�i is given in Eqn. (A16), and
we define �osc = �M

2
M0/(6T 3

ew) as before. Note that
for �̃

⇤ we complex conjugate the couplings appearing in
� but not the U matrices.

For �i and Q we similarly define Y = n/s, along with
the asymmetries

�Y
Q = Y

Q � Y
Q (A33)

�Y
�i = Y

�i � Y
�⇤

i . (A34)

We define these quantities and their equilibrium counter-
parts Y

�i
eq

and Y
Q

eq
to include a sum over gauge degrees

of freedom (but not, for Q, a sum over flavor degrees of
freedom), while Y

�

eq
is the equilibrium abundance for a

single mass eigenstate (and a single helicity: � or �, not
both).

As is typically done, we linearize in Q chemical poten-
tials,

f
Q(p,±µQ)

f
Q

eq(p)
' 1± �Y

Q

2Y Q

eq

. (A35)

However, a �i ��⇤
i
asymmetry can leave �i or �⇤

i
parti-

cles around after �i�⇤
i
annihilations have e↵ectively com-

pleted, in which case µ�i ⌧ T is not satisfied and it is not
appropriate to linearize in µ�i . We assume that �i�i

⇤

annihilations keep these particles in chemical equilibrium
even for temperatures T << M�i .

In the T << M�i regime Maxwell-Boltzmann statis-
tics should apply, giving

f
�i(q,±µ�i)

f
�i
eq (q)

= e
±µ�i /T (A36)

=

s

1 +

✓
�f�i(q)

2f�i
eq (q)

◆2

± �f
�i(q)

2f�i
eq (q)

, (A37)

where �f
�i(q) ⌘ f

�i(q, µ�i) � f
�i(q,�µ�i). This re-

lation is a good approximation even when Maxwell-
Boltzmann statistics does not apply. For T & M

�i , it is

safe to assume µ�i ⌧ T and �f
�i (q)

2f
�i
eq (q)

⌧ 1, and Eqn. (A37)

approximately reproduces what one gets by linearizing in
µ�i ,

f
�i(q,±µ�i) = f

�i
eq

(q)± �f
�i(q)

2
. (A38)

Following our treatment of f
Q, we neglect momentum

dependence in the ratio �f
�i (q)

2f
�i
eq (q)

, giving

f
�i(q,±µ�i)

f
�i
eq (q)

= 1 + G
✓
±�Y

�i

2Y �i
eq

◆
, (A39)

where we define the function

G(x) =
p

1 + x2 + x � 1. (A40)

Having established our notation, we now give the ki-
netic equations describing the evolution of the Y

� and
Y

� matrices:

d Y
�

IJ

d ln z
=
X

i

 
� 1

2

�
�̃0,i

, Y
� � Y

�

eq

 

+
�Y

Q

2Y Q

eq


�̃

Q1,i
Y

�

eq
+

1

2

�
�̃

Q2,i
, Y

�
 �

+ G
✓
��Y

�i

2Y �i
eq

◆
�̃�1,i

Y
�

eq
� 1

2

�
�̃�2,i

, Y
�
 �

!

IJ

(A41)
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FIG. 9: Comparison of parameters giving rise to the observed baryon asymmetry based on (blue, dashed)
perturbative analysis, and (purple solid) solution of Boltzmann equations. The � masses are M1 = 0, M2 = 5 keV,
M3 = 10 keV. (Left) Couplings correspond to optimal CP -violating parameters from Appendix B. (Right)
Couplings correspond to the modified benchmark in Appendix B.

The standard analytic results for ARS assume that the
scattering processes for � production are dominated by
2 $ 2 and decays of the SM Higgs where the dominant
contribution to the Higgs mass comes from thermal pro-
cesses. In this case, �(z) = ↵� T

4 (where ↵� is a dimen-
sionless constant), and hence

�̄(z) =
↵�T

4
ew

Y
�

eqsewHew
z. (110)

In this case, the analytic results simplify significantly be-
cause the factors of z cancel in the integrals and we have,
restricting ourselves to only two � particles,

Z
z

0
dz2

Z
z2

0
dz1 sin


�M

2
21(z

3
2 � z

3
1)

3µ2
osc

�
⇡ 1.4

✓
µ
2
osc

�M
2
21

◆2/3

(111)

for �M
2
21/3µ

2
oscz

3 � 1 (i.e., many oscillations prior to
time z) [69]. We then have

�Y
SM = �

5.6↵w
�
↵
2
�
T

12
ew

(Y �

eqsewHew)3

✓
µ
2
osc

�M
2
21

◆2/3

Y
�

eq

X

↵

Y
�

eq

Y ↵
eq

(FF
†)↵↵ Im

⇥
F↵1F

⇤
↵2(F

†
F )12

⇤
(112)

which agrees with Eq. (A8) of Ref. [69] for the case where
� is coupled to SM leptons. [BS: Give values of ↵

�
?]

b. Color-Triplet Scalar. We are now in a position
where we can make a direct comparison to the conven-
tional ARS contribution by substituting Eq. (110) for
�̄(z). We do not assume that �̄ ⇠ T

4
in our numeri-

cal work, but do so here only to compare with the

standard ARS results. Defining �IJ ⌘ �M
2
JI

/3µ2
osc,

and taking the limit of many oscillations (z3�IJ � 1),
we have

f̃IJ(z) !
�6⇡ + i�(1/3)�(�1/3)

6�(�1/3)�1/3
IJ

, (113)

where we have selected mass orderings such that �IJ > 0.
This gives us

�Y
� ⇡ �3.2

↵
3
�
T

12
ewY

�

eqµ
2
osc Im

⇥
(F †

F )12(F †
F )23(F †

F )31
⇤

(Y �

eqsewHew)3(�M
2
21�M

2
32�M

2
31)

1/3

= ��Y
SM

. (114)

Neglecting O(1) factors, and the fact that this contri-
bution relies on a distinct combination of Yukawa cou-
plings from the ARS asymmetry in Eq. (112), we find
that the new contribution su↵ers from an additional
(µ2

osc/�M
2)1/3 suppression6 relative to the ARS contri-

bution; otherwise, the asymmetries from the two terms
are comparable.

V. SIGNALS OF FREEZE-IN BARYOGENESIS

A. Collider Signatures

The models proposed in this paper have very specific
phenomenological signatures that follow naturally from

6 This is a suppression because µ2
osc < �M2; otherwise, the as-

sumption of many oscillations prior to the electroweak phase
transition is not satisfied and these results do not hold.

perturbative
full calc.

• Relax DM assumption, assume all 3 chi states decay to massless 
radiation through unspecified mechanism
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• Relax DM assumption, assume all 3 chi states decay to massless 
radiation through unspecified mechanism

M�3 = 2M�2
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Mχ = 5 keV
Mχ = 30 keV
Mχ = 50 keV
Mχ = 80 keV
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FIG. 10: Comparison of parameters giving rise to the
observed baryon asymmetry based on a full solution of
Boltzmann equations for (top) the optimal
CP -violating parameters; (bottom) the modified
benchmark, both from Appendix B. The � masses are
M1 = 0, M2 = M�, M3 = 2M� keV with: (purple) 5
keV, (black) 30 keV, (red) 50 keV, (blue) 80 keV.

the observed baryon asymmetry. They arise from the
existence of one or more QCD-charged scalars, �, with
lifetimes often governed by

�� . Hew ⇠ cm�1
. (115)

Connections between the baryon asymmetry, particle life-
time and the Hubble expansion rate at the electroweak
scale arise in other models as well [71–74], but in our case
the connection between the decay rate of the scalar and
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FIG. 11: Maximum value of M� that allows successful
generation of the baryon asymmetry in the strong
washout limit (c⌧� < 0.01 cm) as a function of M�. The
� masses are M1 = 0, M2 = M�, M3 = 2M�. The
CP -violating parameters are (red) the optimal
benchmark, and (blue) the modified benchmark
described in Appendix B. It is evident that that � must
be lighter than approximately 2.5 TeV.

the Hew is very direct.
Particles which travel macroscopic distances before de-

caying give rise to spectacular signatures at colliders. Be-
cause the only truly long lived particles (LLPs) in the SM
have masses . 5 GeV, the decay of a TeV-scale LLP has
no irreducible backgrounds. However, such decays may
not be reconstructed using standard algorithms, and the
backgrounds are challenging to characterize. Searching
for LLPs has therefore been identified as a primary op-
portunity for the discovery of new particles, and a large
community of theorists and LHC physicists are working
on new ways of looking for LLPs [75] 7.

The primary prediction of our model is the existence
of one or more scalars �, which carry color charge and
have proper lifetimes ranging from promptly decaying
to 10 meters. These particles subsequently decay to a
SM quark and an invisible � state. This leads to sev-
eral distinct signatures depending on the decay location,
including

• One or more heavy quasi-stable charged particles
resulting from � being bound inside a hadronic fi-
nal state prior to its decay; these states leave tracks
with unusual ionization or timing properties that
can be distinguished from SM particle tracks;

• One or two displaced hadronic vertices or jets ac-
companied by missing transverse momentum; while
the SM quark is massless, the resulting jet (and,
hence, displaced vertex) acquires a mass from per-
turbative QCD e↵ects;

7 For other reviews of theoretical motivations for LLPs and exist-
ing experimental searches, see Refs. [76, 77]

max CPV source
modified benchmark
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modified benchmark

c⌧� < 0.01 cm
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