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<latexit sha1_base64="iKSW11mu0n4KsxVqum9+9Xm4A+s=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBByCrsi0WPAi8cI5gHJEmYns8kk81hmZoWw5B+8eFDEq//jzb9xkuxBEwsaiqpuuruihDNjff/b29jc2t7ZLewV9w8Oj45LJ6cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS5m/vtJ6oNU/LRThMaCjyULGYEWye1emTE+uN+qexX/QXQOglyUoYcjX7pqzdQJBVUWsKxMd3AT2yYYW0Z4XRW7KWGJphM8JB2HZVYUBNmi2tn6NIpAxQr7UpatFB/T2RYGDMVkesU2I7MqjcX//O6qY1vw4zJJLVUkuWiOOXIKjR/HQ2YpsTyqSOYaOZuRWSENSbWBVR0IQSrL6+T1lU1qFVrD9fleiWPowDncAEVCOAG6nAPDWgCgTE8wyu8ecp78d69j2XrhpfPnMEfeJ8/eYKPAA==</latexit>ωj
<latexit sha1_base64="6ItcV+HgbyKjSHxKFmgbqko0UY4=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoOQU9gViR4DXjxGMA9IljA7mU3GzGOZmRXCkn/w4kERr/6PN//GSbIHTSxoKKq66e6KEs6M9f1vr7CxubW9U9wt7e0fHB6Vj0/aRqWa0BZRXOluhA3lTNKWZZbTbqIpFhGnnWhyO/c7T1QbpuSDnSY0FHgkWcwItk5q98mYDSaDcsWv+QugdRLkpAI5moPyV3+oSCqotIRjY3qBn9gww9oywums1E8NTTCZ4BHtOSqxoCbMFtfO0IVThihW2pW0aKH+nsiwMGYqItcpsB2bVW8u/uf1UhvfhBmTSWqpJMtFccqRVWj+OhoyTYnlU0cw0czdisgYa0ysC6jkQghWX14n7ctaUK/V768qjWoeRxHO4ByqEMA1NOAOmtACAo/wDK/w5invxXv3PpatBS+fOYU/8D5/AHsGjwE=</latexit>ωk

<latexit sha1_base64="iKSW11mu0n4KsxVqum9+9Xm4A+s=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBByCrsi0WPAi8cI5gHJEmYns8kk81hmZoWw5B+8eFDEq//jzb9xkuxBEwsaiqpuuruihDNjff/b29jc2t7ZLewV9w8Oj45LJ6cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS5m/vtJ6oNU/LRThMaCjyULGYEWye1emTE+uN+qexX/QXQOglyUoYcjX7pqzdQJBVUWsKxMd3AT2yYYW0Z4XRW7KWGJphM8JB2HZVYUBNmi2tn6NIpAxQr7UpatFB/T2RYGDMVkesU2I7MqjcX//O6qY1vw4zJJLVUkuWiOOXIKjR/HQ2YpsTyqSOYaOZuRWSENSbWBVR0IQSrL6+T1lU1qFVrD9fleiWPowDncAEVCOAG6nAPDWgCgTE8wyu8ecp78d69j2XrhpfPnMEfeJ8/eYKPAA==</latexit>ωj

<latexit sha1_base64="6ItcV+HgbyKjSHxKFmgbqko0UY4=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoOQU9gViR4DXjxGMA9IljA7mU3GzGOZmRXCkn/w4kERr/6PN//GSbIHTSxoKKq66e6KEs6M9f1vr7CxubW9U9wt7e0fHB6Vj0/aRqWa0BZRXOluhA3lTNKWZZbTbqIpFhGnnWhyO/c7T1QbpuSDnSY0FHgkWcwItk5q98mYDSaDcsWv+QugdRLkpAI5moPyV3+oSCqotIRjY3qBn9gww9oywums1E8NTTCZ4BHtOSqxoCbMFtfO0IVThihW2pW0aKH+nsiwMGYqItcpsB2bVW8u/uf1UhvfhBmTSWqpJMtFccqRVWj+OhoyTYnlU0cw0czdisgYa0ysC6jkQghWX14n7ctaUK/V768qjWoeRxHO4ByqEMA1NOAOmtACAo/wDK/w5invxXv3PpatBS+fOYU/8D5/AHsGjwE=</latexit>ωk

<latexit sha1_base64="f/pd+9/W0347snYIKvknr4mKbVs=">AAAB8HicbVDLSgNBEJz1GeMr6tHLYlA8hV2R6DHgxYsQ0TwkWcLspDcZMjO7zPSKYclXePGgiFc/x5t/4+Rx0MSChqKqm+6uMBHcoOd9O0vLK6tr67mN/ObW9s5uYW+/buJUM6ixWMS6GVIDgiuoIUcBzUQDlaGARji4GvuNR9CGx+oehwkEkvYUjzijaKWHNsITZnc3o06h6JW8CdxF4s9IkcxQ7RS+2t2YpRIUMkGNaflegkFGNXImYJRvpwYSyga0By1LFZVggmxy8Mg9tkrXjWJtS6E7UX9PZFQaM5Sh7ZQU+2beG4v/ea0Uo8sg4ypJERSbLopS4WLsjr93u1wDQzG0hDLN7a0u61NNGdqM8jYEf/7lRVI/K/nlUvn2vFg5mcWRI4fkiJwSn1yQCrkmVVIjjEjyTF7Jm6OdF+fd+Zi2LjmzmQPyB87nDwaakHw=</latexit>

SM

<latexit sha1_base64="f/pd+9/W0347snYIKvknr4mKbVs=">AAAB8HicbVDLSgNBEJz1GeMr6tHLYlA8hV2R6DHgxYsQ0TwkWcLspDcZMjO7zPSKYclXePGgiFc/x5t/4+Rx0MSChqKqm+6uMBHcoOd9O0vLK6tr67mN/ObW9s5uYW+/buJUM6ixWMS6GVIDgiuoIUcBzUQDlaGARji4GvuNR9CGx+oehwkEkvYUjzijaKWHNsITZnc3o06h6JW8CdxF4s9IkcxQ7RS+2t2YpRIUMkGNaflegkFGNXImYJRvpwYSyga0By1LFZVggmxy8Mg9tkrXjWJtS6E7UX9PZFQaM5Sh7ZQU+2beG4v/ea0Uo8sg4ypJERSbLopS4WLsjr93u1wDQzG0hDLN7a0u61NNGdqM8jYEf/7lRVI/K/nlUvn2vFg5mcWRI4fkiJwSn1yQCrkmVVIjjEjyTF7Jm6OdF+fd+Zi2LjmzmQPyB87nDwaakHw=</latexit>

SM

Coannihilation Coscattering Decays
Phys. Rev. D 43, 3191
Griest, Seckel

SciPost Phys. 13, 124 
Alguero, Belanger, Kraml, Pukhov



Notions of equilibrium

Takla 4

Chemical Equilibrium
Maintained through scattering between j and k

Kinetic Equilibrium
Maintained through scattering off SM particles. 

Phase space distribution follows SM 
temperature

<latexit sha1_base64="OPtxms7wWZ2YHHrJGqUZ1fxHYL8=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIviqeyKVI8FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq0dHvO/3yxWv6s2BV4mfkwrkaPTLX72BomnMpKWCGNP1vcQGGdGWU8GmpV5qWELomAxZ11FJYmaCbH7tFJ85ZYAjpV1Ji+fq74mMxMZM4tB1xsSOzLI3E//zuqmNboKMyyS1TNLFoigV2Co8ex0PuGbUiokjhGrubsV0RDSh1gVUciH4yy+vktZl1a9Va/dXlfp5HkcRTuAULsCHa6jDHTSgCRQe4Rle4Q0p9ILe0ceitYDymWP4A/T5AyKEjsU=</latexit>ω
1

<latexit sha1_base64="f/pd+9/W0347snYIKvknr4mKbVs=">AAAB8HicbVDLSgNBEJz1GeMr6tHLYlA8hV2R6DHgxYsQ0TwkWcLspDcZMjO7zPSKYclXePGgiFc/x5t/4+Rx0MSChqKqm+6uMBHcoOd9O0vLK6tr67mN/ObW9s5uYW+/buJUM6ixWMS6GVIDgiuoIUcBzUQDlaGARji4GvuNR9CGx+oehwkEkvYUjzijaKWHNsITZnc3o06h6JW8CdxF4s9IkcxQ7RS+2t2YpRIUMkGNaflegkFGNXImYJRvpwYSyga0By1LFZVggmxy8Mg9tkrXjWJtS6E7UX9PZFQaM5Sh7ZQU+2beG4v/ea0Uo8sg4ypJERSbLopS4WLsjr93u1wDQzG0hDLN7a0u61NNGdqM8jYEf/7lRVI/K/nlUvn2vFg5mcWRI4fkiJwSn1yQCrkmVVIjjEjyTF7Jm6OdF+fd+Zi2LjmzmQPyB87nDwaakHw=</latexit>

SM
<latexit sha1_base64="f/pd+9/W0347snYIKvknr4mKbVs=">AAAB8HicbVDLSgNBEJz1GeMr6tHLYlA8hV2R6DHgxYsQ0TwkWcLspDcZMjO7zPSKYclXePGgiFc/x5t/4+Rx0MSChqKqm+6uMBHcoOd9O0vLK6tr67mN/ObW9s5uYW+/buJUM6ixWMS6GVIDgiuoIUcBzUQDlaGARji4GvuNR9CGx+oehwkEkvYUjzijaKWHNsITZnc3o06h6JW8CdxF4s9IkcxQ7RS+2t2YpRIUMkGNaflegkFGNXImYJRvpwYSyga0By1LFZVggmxy8Mg9tkrXjWJtS6E7UX9PZFQaM5Sh7ZQU+2beG4v/ea0Uo8sg4ypJERSbLopS4WLsjr93u1wDQzG0hDLN7a0u61NNGdqM8jYEf/7lRVI/K/nlUvn2vFg5mcWRI4fkiJwSn1yQCrkmVVIjjEjyTF7Jm6OdF+fd+Zi2LjmzmQPyB87nDwaakHw=</latexit>

SM

<latexit sha1_base64="iKSW11mu0n4KsxVqum9+9Xm4A+s=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBByCrsi0WPAi8cI5gHJEmYns8kk81hmZoWw5B+8eFDEq//jzb9xkuxBEwsaiqpuuruihDNjff/b29jc2t7ZLewV9w8Oj45LJ6cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS5m/vtJ6oNU/LRThMaCjyULGYEWye1emTE+uN+qexX/QXQOglyUoYcjX7pqzdQJBVUWsKxMd3AT2yYYW0Z4XRW7KWGJphM8JB2HZVYUBNmi2tn6NIpAxQr7UpatFB/T2RYGDMVkesU2I7MqjcX//O6qY1vw4zJJLVUkuWiOOXIKjR/HQ2YpsTyqSOYaOZuRWSENSbWBVR0IQSrL6+T1lU1qFVrD9fleiWPowDncAEVCOAG6nAPDWgCgTE8wyu8ecp78d69j2XrhpfPnMEfeJ8/eYKPAA==</latexit>ωj
<latexit sha1_base64="6ItcV+HgbyKjSHxKFmgbqko0UY4=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoOQU9gViR4DXjxGMA9IljA7mU3GzGOZmRXCkn/w4kERr/6PN//GSbIHTSxoKKq66e6KEs6M9f1vr7CxubW9U9wt7e0fHB6Vj0/aRqWa0BZRXOluhA3lTNKWZZbTbqIpFhGnnWhyO/c7T1QbpuSDnSY0FHgkWcwItk5q98mYDSaDcsWv+QugdRLkpAI5moPyV3+oSCqotIRjY3qBn9gww9oywums1E8NTTCZ4BHtOSqxoCbMFtfO0IVThihW2pW0aKH+nsiwMGYqItcpsB2bVW8u/uf1UhvfhBmTSWqpJMtFccqRVWj+OhoyTYnlU0cw0czdisgYa0ysC6jkQghWX14n7ctaUK/V768qjWoeRxHO4ByqEMA1NOAOmtACAo/wDK/w5invxXv3PpatBS+fOYU/8D5/AHsGjwE=</latexit>ωk

<latexit sha1_base64="geoRYf2ucClmYmGZ/VsJ04uE+eE=">AAACFXicbVDLSgNBEJyNrxhfUY9eBoMQQcKuSPQY9GBuRjAPyIbQO5lNxszsLjOzSlj2J7z4K148KOJV8ObfOHkcNFrQUFR1093lRZwpbdtfVmZhcWl5JbuaW1vf2NzKb+80VBhLQusk5KFseaAoZwGta6Y5bUWSgvA4bXrDi7HfvKNSsTC40aOIdgT0A+YzAtpI3fyR60sgiXsJQkA3ucWuZP2BBinDezxM06SaYlcxga+KzmE3X7BL9gT4L3FmpIBmqHXzn24vJLGggSYclGo7dqQ7CUjNCKdpzo0VjYAMoU/bhgYgqOokk69SfGCUHvZDaSrQeKL+nEhAKDUSnukUoAdq3huL/3ntWPtnnYQFUaxpQKaL/JhjHeJxRLjHJCWajwwBIpm5FZMBmJi0CTJnQnDmX/5LGsclp1wqX58UKuezOLJoD+2jInLQKaqgKqqhOiLoAT2hF/RqPVrP1pv1Pm3NWLOZXfQL1sc37CqepA==</latexit>

!j→k

H
→ O(1)

Coscattering



Singlet Doublet Model

Takla 5

<latexit sha1_base64="H9kO5v7gL5J8hMZfENMzyfquVfE=">AAACBHicbZDLSsNAFIZP6q3WW9RlN8EiVCg1KVJdFty4rGAv0IYymU7aoZNJmJkIJWThxldx40IRtz6EO9/GSVtBW38Y+PjPOcw5vxcxKpVtfxm5tfWNza38dmFnd2//wDw8asswFpi0cMhC0fWQJIxy0lJUMdKNBEGBx0jHm1xn9c49EZKG/E5NI+IGaMSpTzFS2hqYxXI/QGrs+YmTVn6wllac89rZwCzZVXsmaxWcBZRgoebA/OwPQxwHhCvMkJQ9x46UmyChKGYkLfRjSSKEJ2hEeho5Coh0k9kRqXWqnaHlh0I/rqyZ+3siQYGU08DTndmacrmWmf/VerHyr9yE8ihWhOP5R37MLBVaWSLWkAqCFZtqQFhQvauFx0ggrHRuBR2Cs3zyKrRrVaderd9elBrlRRx5KMIJlMGBS2jADTShBRge4Ale4NV4NJ6NN+N93pozFjPH8EfGxzfLQpbU</latexit>

(1,2, 1/2)

<latexit sha1_base64="/fuqGUC+LAHyYx6B/bfIzuiWMCc=">AAACIHicbVDLSgMxFM3UV62vqks3wSK4KjNFWjdCoS5cSQX7gE4pmfS2Dc1khiQjlmE+xY2/4saFIrrTrzGdFtHWA4HDOffe3Hu8kDOlbfvTyqysrq1vZDdzW9s7u3v5/YOmCiJJoUEDHsi2RxRwJqChmebQDiUQ3+PQ8sa1qd+6A6lYIG71JISuT4aCDRgl2ki9fMX1iIwvkwvXgyETcegTLdl9ksq1BLtuLqXXSc4F0f/xe/mCXbRT4GXizEkBzVHv5T/cfkAjH4SmnCjVcexQd2MiNaMczPRIQUjomAyhY6ggPqhunB6Y4BOj9PEgkOYJjVP1d0dMfKUmvmcqzX4jtehNxf+8TqQH592YiTDSIOjso0HEsQ7wNC3cZxKo5hNDCJXM7IrpiEhCtck0Z0JwFk9eJs1S0SkXyzdnhWppHkcWHaFjdIocVEFVdIXqqIEoekBP6AW9Wo/Ws/Vmvc9KM9a85xD9gfX1DWVLpFM=</latexit>

D̄ =

(
C̄
N̄

)

<latexit sha1_base64="fEvMntfdf/vrEZZCzsiXqmF6Y0Q=">AAACDnicbVDLSgNBEJyNr7i+Vj16GQwBT2E3SPQiBOLBk0QwD8iGMDvpJENmZ5eZWTEs+QIv/ooXD4p49ezNv3HyQDSxoKGo6qa7K4g5U9p1v6zMyura+kZ2097a3tndc/YP6ipKJIUajXgkmwFRwJmAmmaaQzOWQMKAQyMYViZ+4w6kYpG41aMY2iHpC9ZjlGgjdZz85YUfQJ+JNA6Jlux+fI19367YPojuj9Zxcm7BnQIvE29OcmiOasf59LsRTUIQmnKiVMtzY91OidSMchjbfqIgJnRI+tAyVJAQVDudvjPGeaN0cS+SpoTGU/X3REpCpUZhYDrNfQO16E3E/7xWonvn7ZSJONEg6GxRL+FYR3iSDe4yCVTzkSGESmZuxXRAJKHaJGibELzFl5dJvVjwSoXSzWmuXJzHkUVH6BidIA+doTK6QlVUQxQ9oCf0gl6tR+vZerPeZ60Zaz5ziP7A+vgG7tKcBA==</latexit>

D =

(
N
C

)

<latexit sha1_base64="wRleADxmRJalvJRJcyJ6rxzK3Ks=">AAACBXicbZDLSsNAFIYn9VbrLepSF4NFqVBrUqS6LLhxWcFeoA1lMp20QyeTMDMRSsjGja/ixoUibn0Hd76NkzaCtv4w8PGfc5hzfjdkVCrL+jJyS8srq2v59cLG5tb2jrm715JBJDBp4oAFouMiSRjlpKmoYqQTCoJ8l5G2O75O6+17IiQN+J2ahMTx0ZBTj2KktNU3D0s9H6mR68V2Uv7BalI+s8+rp32zaFWsqeAi2BkUQaZG3/zsDQIc+YQrzJCUXdsKlRMjoShmJCn0IklChMdoSLoaOfKJdOLpFQk81s4AeoHQjys4dX9PxMiXcuK7ujPdU87XUvO/WjdS3pUTUx5GinA8+8iLGFQBTCOBAyoIVmyiAWFB9a4Qj5BAWOngCjoEe/7kRWhVK3atUru9KNZPsjjy4AAcgRKwwSWogxvQAE2AwQN4Ai/g1Xg0no03433WmjOymX3wR8bHNz1Flwk=</latexit>

(1,2,→1/2)

<latexit sha1_base64="WlR3Z91rXkxIkUQwp/UR0wTfSdc=">AAACAnicbZDLSsNAFIZPvNZ6i7oSN4NFqCAlEakuC25cVrAXaEOZTCft0MkkzEyEEoobX8WNC0Xc+hTufBsnbRa19YeBj/+cw5zz+zFnSjvOj7Wyura+sVnYKm7v7O7t2weHTRUlktAGiXgk2z5WlDNBG5ppTtuxpDj0OW35o9us3nqkUrFIPOhxTL0QDwQLGMHaWD37uNwNsR76QepOLubQOe/ZJafiTIWWwc2hBLnqPfu7249IElKhCcdKdVwn1l6KpWaE00mxmygaYzLCA9oxKHBIlZdOT5igM+P0URBJ84RGU3d+IsWhUuPQN53Zkmqxlpn/1TqJDm68lIk40VSQ2UdBwpGOUJYH6jNJieZjA5hIZnZFZIglJtqkVjQhuIsnL0PzsuJWK9X7q1KtnMdRgBM4hTK4cA01uIM6NIDAE7zAG7xbz9ar9WF9zlpXrHzmCP7I+voF2OqWXQ==</latexit>

(1,1, 0)
<latexit sha1_base64="DTUlsyaJ4p6f5z9ImquJubKZhhk=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaJQY8kXjxClEcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj27nffkKleSwfzCRBP6JDyUPOqLFS475fLLlldwGyTryMlCBDvV/86g1ilkYoDRNU667nJsafUmU4Ezgr9FKNCWVjOsSupZJGqP3p4tAZubDKgISxsiUNWai/J6Y00noSBbYzomakV725+J/XTU1440+5TFKDki0XhakgJibzr8mAK2RGTCyhTHF7K2EjqigzNpuCDcFbfXmdtCplr1quNq5KtUoWRx7O4BwuwYNrqMEd1KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AKznjNI=</latexit>

S
<latexit sha1_base64="enaMi4kX0svgnDGwbOomLc2XKzU=">AAAB8HicbVBNS8NAEN34WetX1aOXxSJ4KkmR6rHoxWMF+yFtKJvNtF26m4TdiVBCf4UXD4p49ed489+4bXPQ1gcDj/dmmJkXJFIYdN1vZ219Y3Nru7BT3N3bPzgsHR23TJxqDk0ey1h3AmZAigiaKFBCJ9HAVCChHYxvZ377CbQRcfSAkwR8xYaRGAjO0EqPPRQyhOxm2i+V3Yo7B10lXk7KJEejX/rqhTFPFUTIJTOm67kJ+hnTKLiEabGXGkgYH7MhdC2NmALjZ/ODp/TcKiEdxNpWhHSu/p7ImDJmogLbqRiOzLI3E//zuikOrv1MREmKEPHFokEqKcZ09j0NhQaOcmIJ41rYWykfMc042oyKNgRv+eVV0qpWvFqldn9ZrlfzOArklJyRC+KRK1Ind6RBmoQTRZ7JK3lztPPivDsfi9Y1J585IX/gfP4A8AKQdw==</latexit>

B̃

<latexit sha1_base64="IAZdEP08aEDJ0OEEWUzTHUeQLGo=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mKVI8FLz1WsB+QhrLZbNqlm92wOxFK6M/w4kERr/4ab/4bt20O2vpg4PHeDDPzwlRwA6777ZS2tnd298r7lYPDo+OT6ulZz6hMU9alSig9CIlhgkvWBQ6CDVLNSBIK1g+n9wu//8S04Uo+wixlQULGksecErCSPwQuIpa3R9l8VK25dXcJvEm8gtRQgc6o+jWMFM0SJoEKYozvuSkEOdHAqWDzyjAzLCV0SsbMt1SShJkgX548x1dWiXCstC0JeKn+nshJYswsCW1nQmBi1r2F+J/nZxDfBTmXaQZM0tWiOBMYFF78jyOuGQUxs4RQze2tmE6IJhRsShUbgrf+8ibpNepes958uKm1GkUcZXSBLtE18tAtaqE26qAuokihZ/SK3hxwXpx352PVWnKKmXP0B87nD4wNkWU=</latexit>

H̃u

<latexit sha1_base64="YOZTZog8A7zZoNQTSoRBFLN/w1s=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mKVI8FLz1WsB+QhrLZbNqlm92wOxFK6M/w4kERr/4ab/4bt20O2vpg4PHeDDPzwlRwA6777ZS2tnd298r7lYPDo+OT6ulZz6hMU9alSig9CIlhgkvWBQ6CDVLNSBIK1g+n9wu//8S04Uo+wixlQULGksecErCSPwQuIpa3R9F8VK25dXcJvEm8gtRQgc6o+jWMFM0SJoEKYozvuSkEOdHAqWDzyjAzLCV0SsbMt1SShJkgX548x1dWiXCstC0JeKn+nshJYswsCW1nQmBi1r2F+J/nZxDfBTmXaQZM0tWiOBMYFF78jyOuGQUxs4RQze2tmE6IJhRsShUbgrf+8ibpNepes958uKm1GkUcZXSBLtE18tAtaqE26qAuokihZ/SK3hxwXpx352PVWnKKmXP0B87nD3I4kVQ=</latexit>

H̃d

SUSY

<latexit sha1_base64="s+D8NXxy3gTtgi695MOP6gmCsKI=">AAACIHicbZDLSsNAFIYn9VbrLerSTbAIglCSIq0boaALFwoV7QXaECbTSTp0MgkzE7GEPIobX8WNC0V0p0/jpM3Ctv4w8POdc5hzfjeiREjT/NYKS8srq2vF9dLG5tb2jr671xZhzBFuoZCGvOtCgSlhuCWJpLgbcQwDl+KOO7rI6p0HzAUJ2b0cR9gOoM+IRxCUCjl6vR9AOUSQJtepk9xd3qTnM8SHsY/TkxkWkMfU0ctmxZzIWDRWbsogV9PRv/qDEMUBZhJRKETPMiNpJ5BLgihOS/1Y4AiiEfRxT1kGAyzsZHJgahwpMjC8kKvHpDGhfycSGAgxDlzVmS0q5msZ/K/Wi6V3ZieERbHEDE0/8mJqyNDI0jIGhGMk6VgZiDhRuxpoCDlEUmVaUiFY8ycvmna1YtUqtdvTcqOax1EEB+AQHAML1EEDXIEmaAEEnsALeAPv2rP2qn1on9PWgpbP7IMZaT+/Rd+k4g==</latexit>

LSDM = Lgauge + Lmix
<latexit sha1_base64="99FAmJHbPasRuAWwPNzOtFbNQCY="></latexit>

Lgauge = iS†ω̄µεµS + iD†ω̄µ→µD + iD̄†ω̄µ→µD̄
<latexit sha1_base64="1oJ8OC6NpIUQ8X1qIbIZtGLNOWA="></latexit>

Lmix = →1

2
MsS

2 →MDDD̄ → y1DHS → y2H
†
D̄S + h.c.
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Mass spectrum and vertices

Takla 6

<latexit sha1_base64="mtWJ9gJeeQdFAHyOnkixj4sj9gI=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBg5RdKdVjwYvHCvYDu2vJptk2NMkuSVYoS/+FFw+KePXfePPfmLZ70NYHA4/3ZpiZFyacaeO6305hbX1jc6u4XdrZ3ds/KB8etXWcKkJbJOax6oZYU84kbRlmOO0mimIRctoJxzczv/NElWaxvDeThAYCDyWLGMHGSg8+GbHHzE/EtF+uuFV3DrRKvJxUIEezX/7yBzFJBZWGcKx1z3MTE2RYGUY4nZb8VNMEkzEe0p6lEguqg2x+8RSdWWWAoljZkgbN1d8TGRZaT0RoOwU2I73szcT/vF5qousgYzJJDZVksShKOTIxmr2PBkxRYvjEEkwUs7ciMsIKE2NDKtkQvOWXV0n7surVq/W7WqVxkcdRhBM4hXPw4AoacAtNaAEBCc/wCm+Odl6cd+dj0Vpw8plj+APn8wfKw5Dy</latexit>

ω±

<latexit sha1_base64="ymkHU/gHrQS9/tl/E1S7hbcDWx0=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoOQU9gViR4DevAiRDQPSJYwO+lNhszOLjOzQgj5BC8eFPHqF3nzb5wke9DEgoaiqpvuriARXBvX/XZya+sbm1v57cLO7t7+QfHwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0fXMbz2h0jyWj2acoB/RgeQhZ9RY6eGud9MrltyKOwdZJV5GSpCh3it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuqUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa88idcJqlByRaLwlQQE5PZ36TPFTIjxpZQpri9lbAhVZQZm07BhuAtv7xKmucVr1qp3l+UauUsjjycwCmUwYNLqMEt1KEBDAbwDK/w5gjnxXl3PhatOSebOYY/cD5/AOKrjXk=</latexit>

MD

<latexit sha1_base64="YFTLrbupkOKa3CrYxxkgAVS20Bs=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSL0VBKR6rHgxYtQ0X5AG8pmO2mXbjZhdyOU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYng2rjut7O2vrG5tV3YKe7u7R8clo6OWzpOFcMmi0WsOgHVKLjEpuFGYCdRSKNAYDsY38z89hMqzWP5aCYJ+hEdSh5yRo2VHu76ul8qu1V3DrJKvJyUIUejX/rqDWKWRigNE1Trrucmxs+oMpwJnBZ7qcaEsjEdYtdSSSPUfjY/dUrOrTIgYaxsSUPm6u+JjEZaT6LAdkbUjPSyNxP/87qpCa/9jMskNSjZYlGYCmJiMvubDLhCZsTEEsoUt7cSNqKKMmPTKdoQvOWXV0nrourVqrX7y3K9ksdRgFM4gwp4cAV1uIUGNIHBEJ7hFd4c4bw4787HonXNyWdO4A+czx8p9o2o</latexit>

Ms

<latexit sha1_base64="57xEtUanPaGnyeyCNQUYkK84EC0=">AAACFnicbVDLSgMxFM3UV62vqks3wSK4qGWmSnVZcOOqVLAP6AxDJs20ocnMmGSEEuYr3Pgrblwo4lbc+Temj4W2HrhwOOde7r0nSBiVyra/rdzK6tr6Rn6zsLW9s7tX3D9oyzgVmLRwzGLRDZAkjEakpahipJsIgnjASCcYXU/8zgMRksbRnRonxONoENGQYqSM5BfPXDykvj4vVzNXUu6GAmEN3QAJ3cigm3DYyLQr74XS1SzziyW7Yk8Bl4kzJyUwR9Mvfrn9GKecRAozJGXPsRPlaSQUxYxkBTeVJEF4hAakZ2iEOJGenr6VwROj9GEYC1ORglP194RGXMoxD0wnR2ooF72J+J/XS1V45WkaJakiEZ4tClMGVQwnGcE+FQQrNjYEYUHNrRAPkUlGmSQLJgRn8eVl0q5WnFqldntRqpfnceTBETgGp8ABl6AObkATtAAGj+AZvII368l6sd6tj1lrzprPHII/sD5/AFgIn3U=</latexit>

ω3,2 → N̄ ±N↑
2

<latexit sha1_base64="SnEvmsG3dMOMv3Qa8ICB3mPdY/0=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEInkoiUj0W9eClUNF+QBvCZrtpl242YXcj1NBf4sWDIl79Kd78N27bHLT6YODx3gwz84KEM6Ud58sqrKyurW8UN0tb2zu7ZXtvv63iVBLaIjGPZTfAinImaEszzWk3kRRHAaedYHw18zsPVCoWi3s9SagX4aFgISNYG8m3yw3/rs+pUopFqOFf+3bFqTpzoL/EzUkFcjR9+7M/iEkaUaEJx0r1XCfRXoalZoTTaamfKppgMsZD2jNU4IgqL5sfPkXHRhmgMJamhEZz9edEhiOlJlFgOiOsR2rZm4n/eb1UhxdexkSSairIYlGYcqRjNEsBDZikRPOJIZhIZm5FZIQlJtpkVTIhuMsv/yXt06pbq9Zuzyr1yzyOIhzCEZyAC+dQhxtoQgsIpPAEL/BqPVrP1pv1vmgtWPnMAfyC9fENDs6Stw==</latexit>

MS ↭ MD
<latexit sha1_base64="P9jw9E8uGnvMkW6HCNMAoyKP54g=">AAAB8nicbVBNS8NAEN34WetX1aOXxSJ4kJIUqR6LXjxWsB+QhrLZbtqlm92wOxFC6M/w4kERr/4ab/4bt20O2vpg4PHeDDPzwkRwA6777aytb2xubZd2yrt7+weHlaPjjlGppqxNlVC6FxLDBJesDRwE6yWakTgUrBtO7mZ+94lpw5V8hCxhQUxGkkecErCSnw28y2xQ7wvhDSpVt+bOgVeJV5AqKtAaVL76Q0XTmEmgghjje24CQU40cCrYtNxPDUsInZAR8y2VJGYmyOcnT/G5VYY4UtqWBDxXf0/kJDYmi0PbGRMYm2VvJv7n+SlEN0HOZZICk3SxKEoFBoVn/+Mh14yCyCwhVHN7K6ZjogkFm1LZhuAtv7xKOvWa16g1Hq6qzdsijhI6RWfoAnnoGjXRPWqhNqJIoWf0it4ccF6cd+dj0brmFDMn6A+czx88xJCX</latexit>

y1, y2 → 1

<latexit sha1_base64="Bqna2zHZ9ZUiODS0puJq+IujAcA=">AAACBnicbVDLSsNAFJ3UV62vqEsRBouQUiiJSHVZcOOqVrQPaEKYTCft0MmDmYkQQldu/BU3LhRx6ze482+ctllo64ELh3Pu5d57vJhRIU3zWyusrK6tbxQ3S1vbO7t7+v5BR0QJx6SNIxbxnocEYTQkbUklI72YExR4jHS98dXU7z4QLmgU3ss0Jk6AhiH1KUZSSa5+bOMRdS1oCxrAu+qNkVaMZtX2EM+ak4qrl82aOQNcJlZOyiBHy9W/7EGEk4CEEjMkRN8yY+lkiEuKGZmU7ESQGOExGpK+oiEKiHCy2RsTeKqUAfQjriqUcKb+nshQIEQaeKozQHIkFr2p+J/XT6R/6WQ0jBNJQjxf5CcMyghOM4EDygmWLFUEYU7VrRCPEEdYquRKKgRr8eVl0jmrWfVa/fa83DDyOIrgCJwAA1jgAjTANWiBNsDgETyDV/CmPWkv2rv2MW8taPnMIfgD7fMHNJ6W+w==</latexit>

ω1 → S +O(y)(N + N̄)

Bhattiprolu, Petrosky, Pierce
arXiv:2505.11607



<latexit sha1_base64="OPtxms7wWZ2YHHrJGqUZ1fxHYL8=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIviqeyKVI8FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq0dHvO/3yxWv6s2BV4mfkwrkaPTLX72BomnMpKWCGNP1vcQGGdGWU8GmpV5qWELomAxZ11FJYmaCbH7tFJ85ZYAjpV1Ji+fq74mMxMZM4tB1xsSOzLI3E//zuqmNboKMyyS1TNLFoigV2Co8ex0PuGbUiokjhGrubsV0RDSh1gVUciH4yy+vktZl1a9Va/dXlfp5HkcRTuAULsCHa6jDHTSgCRQe4Rle4Q0p9ILe0ceitYDymWP4A/T5AyKEjsU=</latexit>ω
1

<latexit sha1_base64="f/pd+9/W0347snYIKvknr4mKbVs=">AAAB8HicbVDLSgNBEJz1GeMr6tHLYlA8hV2R6DHgxYsQ0TwkWcLspDcZMjO7zPSKYclXePGgiFc/x5t/4+Rx0MSChqKqm+6uMBHcoOd9O0vLK6tr67mN/ObW9s5uYW+/buJUM6ixWMS6GVIDgiuoIUcBzUQDlaGARji4GvuNR9CGx+oehwkEkvYUjzijaKWHNsITZnc3o06h6JW8CdxF4s9IkcxQ7RS+2t2YpRIUMkGNaflegkFGNXImYJRvpwYSyga0By1LFZVggmxy8Mg9tkrXjWJtS6E7UX9PZFQaM5Sh7ZQU+2beG4v/ea0Uo8sg4ypJERSbLopS4WLsjr93u1wDQzG0hDLN7a0u61NNGdqM8jYEf/7lRVI/K/nlUvn2vFg5mcWRI4fkiJwSn1yQCrkmVVIjjEjyTF7Jm6OdF+fd+Zi2LjmzmQPyB87nDwaakHw=</latexit>

SM
<latexit sha1_base64="f/pd+9/W0347snYIKvknr4mKbVs=">AAAB8HicbVDLSgNBEJz1GeMr6tHLYlA8hV2R6DHgxYsQ0TwkWcLspDcZMjO7zPSKYclXePGgiFc/x5t/4+Rx0MSChqKqm+6uMBHcoOd9O0vLK6tr67mN/ObW9s5uYW+/buJUM6ixWMS6GVIDgiuoIUcBzUQDlaGARji4GvuNR9CGx+oehwkEkvYUjzijaKWHNsITZnc3o06h6JW8CdxF4s9IkcxQ7RS+2t2YpRIUMkGNaflegkFGNXImYJRvpwYSyga0By1LFZVggmxy8Mg9tkrXjWJtS6E7UX9PZFQaM5Sh7ZQU+2beG4v/ea0Uo8sg4ypJERSbLopS4WLsjr93u1wDQzG0hDLN7a0u61NNGdqM8jYEf/7lRVI/K/nlUvn2vFg5mcWRI4fkiJwSn1yQCrkmVVIjjEjyTF7Jm6OdF+fd+Zi2LjmzmQPyB87nDwaakHw=</latexit>

SM

<latexit sha1_base64="OPtxms7wWZ2YHHrJGqUZ1fxHYL8=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIviqeyKVI8FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq0dHvO/3yxWv6s2BV4mfkwrkaPTLX72BomnMpKWCGNP1vcQGGdGWU8GmpV5qWELomAxZ11FJYmaCbH7tFJ85ZYAjpV1Ji+fq74mMxMZM4tB1xsSOzLI3E//zuqmNboKMyyS1TNLFoigV2Co8ex0PuGbUiokjhGrubsV0RDSh1gVUciH4yy+vktZl1a9Va/dXlfp5HkcRTuAULsCHa6jDHTSgCRQe4Rle4Q0p9ILe0ceitYDymWP4A/T5AyKEjsU=</latexit>ω1
<latexit sha1_base64="iKSW11mu0n4KsxVqum9+9Xm4A+s=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBByCrsi0WPAi8cI5gHJEmYns8kk81hmZoWw5B+8eFDEq//jzb9xkuxBEwsaiqpuuruihDNjff/b29jc2t7ZLewV9w8Oj45LJ6cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS5m/vtJ6oNU/LRThMaCjyULGYEWye1emTE+uN+qexX/QXQOglyUoYcjX7pqzdQJBVUWsKxMd3AT2yYYW0Z4XRW7KWGJphM8JB2HZVYUBNmi2tn6NIpAxQr7UpatFB/T2RYGDMVkesU2I7MqjcX//O6qY1vw4zJJLVUkuWiOOXIKjR/HQ2YpsTyqSOYaOZuRWSENSbWBVR0IQSrL6+T1lU1qFVrD9fleiWPowDncAEVCOAG6nAPDWgCgTE8wyu8ecp78d69j2XrhpfPnMEfeJ8/eYKPAA==</latexit>ωj

<latexit sha1_base64="9QwKAEzgeO66T6NexYcH0coK820=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahXsquSPVY8OLNCvZD2qVk02wbmmSXJCssS3+FFw+KePXnePPfmLZ70NYHA4/3ZpiZF8ScaeO6305hbX1jc6u4XdrZ3ds/KB8etXWUKEJbJOKR6gZYU84kbRlmOO3GimIRcNoJJjczv/NElWaRfDBpTH2BR5KFjGBjpce+ZgLdVdPzQbni1tw50CrxclKBHM1B+as/jEgiqDSEY617nhsbP8PKMMLptNRPNI0xmeAR7VkqsaDaz+YHT9GZVYYojJQtadBc/T2RYaF1KgLbKbAZ62VvJv7n9RITXvsZk3FiqCSLRWHCkYnQ7Hs0ZIoSw1NLMFHM3orIGCtMjM2oZEPwll9eJe2Lmlev1e8vK41qHkcRTuAUquDBFTTgFprQAgICnuEV3hzlvDjvzseiteDkM8fwB87nD7kGj6M=</latexit>

→ O(y)

<latexit sha1_base64="OPtxms7wWZ2YHHrJGqUZ1fxHYL8=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIviqeyKVI8FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq0dHvO/3yxWv6s2BV4mfkwrkaPTLX72BomnMpKWCGNP1vcQGGdGWU8GmpV5qWELomAxZ11FJYmaCbH7tFJ85ZYAjpV1Ji+fq74mMxMZM4tB1xsSOzLI3E//zuqmNboKMyyS1TNLFoigV2Co8ex0PuGbUiokjhGrubsV0RDSh1gVUciH4yy+vktZl1a9Va/dXlfp5HkcRTuAULsCHa6jDHTSgCRQe4Rle4Q0p9ILe0ceitYDymWP4A/T5AyKEjsU=</latexit>ω1

<latexit sha1_base64="OPtxms7wWZ2YHHrJGqUZ1fxHYL8=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIviqeyKVI8FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq0dHvO/3yxWv6s2BV4mfkwrkaPTLX72BomnMpKWCGNP1vcQGGdGWU8GmpV5qWELomAxZ11FJYmaCbH7tFJ85ZYAjpV1Ji+fq74mMxMZM4tB1xsSOzLI3E//zuqmNboKMyyS1TNLFoigV2Co8ex0PuGbUiokjhGrubsV0RDSh1gVUciH4yy+vktZl1a9Va/dXlfp5HkcRTuAULsCHa6jDHTSgCRQe4Rle4Q0p9ILe0ceitYDymWP4A/T5AyKEjsU=</latexit>ω1

Early universe story

Takla 7

Coscattering/Decays

<latexit sha1_base64="iP96wysc6JOAJDaEXxjHfiMn9fk=">AAACBnicbZDLSgMxFIYz9VbrbdSlCMEiuJAyU6W6LLpxWcFeoDMOmTTThiaZIckIZejKja/ixoUibn0Gd76NaTsLbf0h8PGfczg5f5gwqrTjfFuFpeWV1bXiemljc2t7x97da6k4lZg0ccxi2QmRIowK0tRUM9JJJEE8ZKQdDq8n9fYDkYrG4k6PEuJz1Bc0ohhpYwX2oYcHFAbVUziDsxzuMy/h48AuOxVnKrgIbg5lkKsR2F9eL8YpJ0JjhpTquk6i/QxJTTEj45KXKpIgPER90jUoECfKz6ZnjOGxcXowiqV5QsOp+3siQ1ypEQ9NJ0d6oOZrE/O/WjfV0aWfUZGkmgg8WxSlDOoYTjKBPSoJ1mxkAGFJzV8hHiCJsDbJlUwI7vzJi9CqVtxapXZ7Xq5f5XEUwQE4AifABRegDm5AAzQBBo/gGbyCN+vJerHerY9Za8HKZ/bBH1mfP2JulzI=</latexit>

ω2,ω3,ω
± <latexit sha1_base64="APPhD2QspyKx1cNgAYtlur64UCI=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEWo9FLx4r2A9oQ9lsJ+3SzSbsboQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJaPZpqgH9GR5CFn1Fip02djTgbeoFxxq+4CZJ14OalAjuag/NUfxiyNUBomqNY9z02Mn1FlOBM4K/VTjQllEzrCnqWSRqj9bHHujFxYZUjCWNmShizU3xMZjbSeRoHtjKgZ61VvLv7n9VIT3vgZl0lqULLlojAVxMRk/jsZcoXMiKkllClubyVsTBVlxiZUsiF4qy+vk/ZV1atVaw/XlcZtHkcRzuAcLsGDOjTgHprQAgYTeIZXeHMS58V5dz6WrQUnnzmFP3A+fwCCLo8L</latexit>ω1

An
ni

hi
la

tio
n

<latexit sha1_base64="ORm5n7jpyqwemKSPW2BRdr4UYyY=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahXsquSPVY8OLNCvZD2qVk02wbmmSXJCuUpb/CiwdFvPpzvPlvTLd70NYHA4/3ZpiZF8ScaeO6305hbX1jc6u4XdrZ3ds/KB8etXWUKEJbJOKR6gZYU84kbRlmOO3GimIRcNoJJjdzv/NElWaRfDDTmPoCjyQLGcHGSo99zQS6q3rng3LFrbkZ0CrxclKBHM1B+as/jEgiqDSEY617nhsbP8XKMMLprNRPNI0xmeAR7VkqsaDaT7ODZ+jMKkMURsqWNChTf0+kWGg9FYHtFNiM9bI3F//zeokJr/2UyTgxVJLFojDhyERo/j0aMkWJ4VNLMFHM3orIGCtMjM2oZEPwll9eJe2Lmlev1e8vK41qHkcRTuAUquDBFTTgFprQAgICnuEV3hzlvDjvzseiteDkM8fwB87nD0uej1s=</latexit>

→ O(1)

<latexit sha1_base64="iKSW11mu0n4KsxVqum9+9Xm4A+s=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBByCrsi0WPAi8cI5gHJEmYns8kk81hmZoWw5B+8eFDEq//jzb9xkuxBEwsaiqpuuruihDNjff/b29jc2t7ZLewV9w8Oj45LJ6cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS5m/vtJ6oNU/LRThMaCjyULGYEWye1emTE+uN+qexX/QXQOglyUoYcjX7pqzdQJBVUWsKxMd3AT2yYYW0Z4XRW7KWGJphM8JB2HZVYUBNmi2tn6NIpAxQr7UpatFB/T2RYGDMVkesU2I7MqjcX//O6qY1vw4zJJLVUkuWiOOXIKjR/HQ2YpsTyqSOYaOZuRWSENSbWBVR0IQSrL6+T1lU1qFVrD9fleiWPowDncAEVCOAG6nAPDWgCgTE8wyu8ecp78d69j2XrhpfPnMEfeJ8/eYKPAA==</latexit>ωj

<latexit sha1_base64="6ItcV+HgbyKjSHxKFmgbqko0UY4=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoOQU9gViR4DXjxGMA9IljA7mU3GzGOZmRXCkn/w4kERr/6PN//GSbIHTSxoKKq66e6KEs6M9f1vr7CxubW9U9wt7e0fHB6Vj0/aRqWa0BZRXOluhA3lTNKWZZbTbqIpFhGnnWhyO/c7T1QbpuSDnSY0FHgkWcwItk5q98mYDSaDcsWv+QugdRLkpAI5moPyV3+oSCqotIRjY3qBn9gww9oywums1E8NTTCZ4BHtOSqxoCbMFtfO0IVThihW2pW0aKH+nsiwMGYqItcpsB2bVW8u/uf1UhvfhBmTSWqpJMtFccqRVWj+OhoyTYnlU0cw0czdisgYa0ysC6jkQghWX14n7ctaUK/V768qjWoeRxHO4ByqEMA1NOAOmtACAo/wDK/w5invxXv3PpatBS+fOYU/8D5/AHsGjwE=</latexit>ωk

An
ni

hi
la

tio
n

<latexit sha1_base64="7zwiAqCBYMBo9pvxzjBxPiQbbhk=">AAAB8nicbVBNSwMxEM36WetX1aOXYBHqpewWqR4LXrxZwX5Au5Zsmm1Dk82SzArL0p/hxYMiXv013vw3pu0etPXBwOO9GWbmBbHgBlz321lb39jc2i7sFHf39g8OS0fHbaMSTVmLKqF0NyCGCR6xFnAQrBtrRmQgWCeY3Mz8zhPThqvoAdKY+ZKMIh5ySsBKvb7hEt9V0sfaxaBUdqvuHHiVeDkpoxzNQemrP1Q0kSwCKogxPc+Nwc+IBk4Fmxb7iWExoRMyYj1LIyKZ8bP5yVN8bpUhDpW2FQGeq78nMiKNSWVgOyWBsVn2ZuJ/Xi+B8NrPeBQnwCK6WBQmAoPCs//xkGtGQaSWEKq5vRXTMdGEgk2paEPwll9eJe1a1atX6/eX5UYlj6OATtEZqiAPXaEGukVN1EIUKfSMXtGbA86L8+58LFrXnHzmBP2B8/kD45eQRw==</latexit>

→ O(y2)

No Direct Detection 
analogue 

Direct Detection 
analogue is 

suppressed by 𝑦!

Controls chemical equilibrium

<latexit sha1_base64="ORm5n7jpyqwemKSPW2BRdr4UYyY=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahXsquSPVY8OLNCvZD2qVk02wbmmSXJCuUpb/CiwdFvPpzvPlvTLd70NYHA4/3ZpiZF8ScaeO6305hbX1jc6u4XdrZ3ds/KB8etXWUKEJbJOKR6gZYU84kbRlmOO3GimIRcNoJJjdzv/NElWaRfDDTmPoCjyQLGcHGSo99zQS6q3rng3LFrbkZ0CrxclKBHM1B+as/jEgiqDSEY617nhsbP8XKMMLprNRPNI0xmeAR7VkqsaDaT7ODZ+jMKkMURsqWNChTf0+kWGg9FYHtFNiM9bI3F//zeokJr/2UyTgxVJLFojDhyERo/j0aMkWJ4VNLMFHM3orIGCtMjM2oZEPwll9eJe2Lmlev1e8vK41qHkcRTuAUquDBFTTgFprQAgICnuEV3hzlvDjvzseiteDkM8fwB87nD0uej1s=</latexit>

→ O(1)

Sector 2 Sector 1



How to test the model

Takla 8

Method Possibility
Direct Detection X
Indirect Detection X
Collider ✓

Larger Yukawas prompt decays to 
soft leptons

Smaller Yukawas we have displaced 
vertices and long-lived particles 

The 𝜒± promptly decay to 𝜒",$ via 2-
body pion decays

<latexit sha1_base64="lyS0In3x0AwzPKf9SzQ1G/W4+Ho=">AAAB8nicbVBNSwMxEJ2tX7V+VT16CRahBym7VarHghePFewHbJeSTbNtaDZZkqxQlv4MLx4U8eqv8ea/MW33oK0PBh7vzTAzL0w408Z1v53CxubW9k5xt7S3f3B4VD4+6WiZKkLbRHKpeiHWlDNB24YZTnuJojgOOe2Gk7u5332iSjMpHs00oUGMR4JFjGBjJb9PxgwNsvrl1WxQrrg1dwG0TrycVCBHa1D+6g8lSWMqDOFYa99zExNkWBlGOJ2V+qmmCSYTPKK+pQLHVAfZ4uQZurDKEEVS2RIGLdTfExmOtZ7Goe2MsRnrVW8u/uf5qYlug4yJJDVUkOWiKOXISDT/Hw2ZosTwqSWYKGZvRWSMFSbGplSyIXirL6+TTr3mNWqNh+tKs5rHUYQzOIcqeHADTbiHFrSBgIRneIU3xzgvzrvzsWwtOPnMKfyB8/kDIv6QcQ==</latexit>ω2,3

<latexit sha1_base64="YQMGDbOBtH3/xoZxwqTE2T8dwFk=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvQU9kVqR4LXjxWsB/SLiWbZtvQJLskWaEs/RVePCji1Z/jzX9j2u5BWx8MPN6bYWZemAhurOd9o8LG5tb2TnG3tLd/cHhUPj5pmzjVlLVoLGLdDYlhgivWstwK1k00IzIUrBNObud+54lpw2P1YKcJCyQZKR5xSqyTHvt0zPEg82eDcsWreQvgdeLnpAI5moPyV38Y01QyZakgxvR8L7FBRrTlVLBZqZ8alhA6ISPWc1QRyUyQLQ6e4QunDHEUa1fK4oX6eyIj0pipDF2nJHZsVr25+J/XS210E2RcJallii4XRanANsbz7/GQa0atmDpCqObuVkzHRBNqXUYlF4K/+vI6aV/W/Hqtfn9VaVTzOIpwBudQBR+uoQF30IQWUJDwDK/whjR6Qe/oY9laQPnMKfwB+vwBQYGP/Q==</latexit>ω1

<latexit sha1_base64="QdEy5bbzof+q6se5T4p48uW0YGw=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRahp7IrUj0WvHisYD+gXUs2zbahSTYkWaEs/RFePCji1d/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLG5tb2TnG3tLd/cHhUPj5pmyTVhLZIwhPdjbChnEnassxy2lWaYhFx2okmt3O/80S1YYl8sFNFQ4FHksWMYOukDn/M+krMBuWKX/MXQOskyEkFcjQH5a/+MCGpoNISjo3pBb6yYYa1ZYTTWamfGqowmeAR7TkqsaAmzBbnztCFU4YoTrQradFC/T2RYWHMVESuU2A7NqveXPzP66U2vgkzJlVqqSTLRXHKkU3Q/Hc0ZJoSy6eOYKKZuxWRMdaYWJdQyYUQrL68TtqXtaBeq99fVRrVPI4inME5VCGAa2jAHTShBQQm8Ayv8OYp78V79z6WrQUvnzmFP/A+fwCW8Y+s</latexit>

l±

<latexit sha1_base64="QdEy5bbzof+q6se5T4p48uW0YGw=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRahp7IrUj0WvHisYD+gXUs2zbahSTYkWaEs/RFePCji1d/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLG5tb2TnG3tLd/cHhUPj5pmyTVhLZIwhPdjbChnEnassxy2lWaYhFx2okmt3O/80S1YYl8sFNFQ4FHksWMYOukDn/M+krMBuWKX/MXQOskyEkFcjQH5a/+MCGpoNISjo3pBb6yYYa1ZYTTWamfGqowmeAR7TkqsaAmzBbnztCFU4YoTrQradFC/T2RYWHMVESuU2A7NqveXPzP66U2vgkzJlVqqSTLRXHKkU3Q/Hc0ZJoSy6eOYKKZuxWRMdaYWJdQyYUQrL68TtqXtaBeq99fVRrVPI4inME5VCGAa2jAHTShBQQm8Ayv8OYp78V79z6WrQUvnzmFP/A+fwCW8Y+s</latexit>

l±
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Goal of this work

Takla 9

• Study the Singlet Doublet Model in/out of chemical and kinetic 
equilibrium 

• Explore the parameter space M!, M", y#, y$ and determine 
what mechanisms are dominant in determining the relic 
abundance

Coscattering/Decays
<latexit sha1_base64="iP96wysc6JOAJDaEXxjHfiMn9fk=">AAACBnicbZDLSgMxFIYz9VbrbdSlCMEiuJAyU6W6LLpxWcFeoDMOmTTThiaZIckIZejKja/ixoUibn0Gd76NaTsLbf0h8PGfczg5f5gwqrTjfFuFpeWV1bXiemljc2t7x97da6k4lZg0ccxi2QmRIowK0tRUM9JJJEE8ZKQdDq8n9fYDkYrG4k6PEuJz1Bc0ohhpYwX2oYcHFAbVUziDsxzuMy/h48AuOxVnKrgIbg5lkKsR2F9eL8YpJ0JjhpTquk6i/QxJTTEj45KXKpIgPER90jUoECfKz6ZnjOGxcXowiqV5QsOp+3siQ1ypEQ9NJ0d6oOZrE/O/WjfV0aWfUZGkmgg8WxSlDOoYTjKBPSoJ1mxkAGFJzV8hHiCJsDbJlUwI7vzJi9CqVtxapXZ7Xq5f5XEUwQE4AifABRegDm5AAzQBBo/gGbyCN+vJerHerY9Za8HKZ/bBH1mfP2JulzI=</latexit>

ω2,ω3,ω
± <latexit sha1_base64="APPhD2QspyKx1cNgAYtlur64UCI=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEWo9FLx4r2A9oQ9lsJ+3SzSbsboQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJaPZpqgH9GR5CFn1Fip02djTgbeoFxxq+4CZJ14OalAjuag/NUfxiyNUBomqNY9z02Mn1FlOBM4K/VTjQllEzrCnqWSRqj9bHHujFxYZUjCWNmShizU3xMZjbSeRoHtjKgZ61VvLv7n9VIT3vgZl0lqULLlojAVxMRk/jsZcoXMiKkllClubyVsTBVlxiZUsiF4qy+vk/ZV1atVaw/XlcZtHkcRzuAcLsGDOjTgHprQAgYTeIZXeHMS58V5dz6WrQUnnzmFP3A+fwCCLo8L</latexit>ω1
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Sector 2 Sector 1



Boltzmann equation

Takla 10

<latexit sha1_base64="thNXMnvHt4fmjrxjd9mu5pUSlBI="></latexit>

dY

dx
= → s

Hx
↑ωve!↓(Y 2 → Y

eq2)

<latexit sha1_base64="uYdA+0PAZt9ACVt7DZgucFRGgCU="></latexit>

→ωve!↑ = →ωv2200↑
Y eq2
2

Y eq2

<latexit sha1_base64="k//812KmHSRaP4gzHrlNA0TNoBI="></latexit>

dY1

dx
=

!2→1

Hx

(
Y2 → Y1

Y
eq
2

Y
eq
1

)

<latexit sha1_base64="I1W8P1ZDsaK2VNdpyF4VUE2g9cE="></latexit>

dY2

dx
= → s

Hx

[
↑ωv2200↓(Y 2

2 → Y
eq2
2 ) +

!2→1

s

(
Y2 → Y1

Y
eq
2

Y
eq
1

)]

<latexit sha1_base64="lca9Fxrx0IEHNJR4Htru4m4P5Z4="></latexit>

!2→1 =

∑
a↑2

!a→1,0gam2
aK1(

ma
T )

∑
a↑2

gam2
aK2(

ma
T )

+ →ωv2010↑neq
0

Chemical equilibrium between sector 1 and sector 2 

Chemical equilibrium loss
<latexit sha1_base64="px6IL1NfZwyi26e/tnArJAlzZvU=">AAACE3icbVC7SgNBFJ31GeMramkzGIRoEXaDRMughemMYB6QDeHuZDYZMrO7zMwqYdl/sPFXbCwUsbWx82+cPApNPHDhcM693HuPF3GmtG1/W0vLK6tr65mN7ObW9s5ubm+/ocJYElonIQ9lywNFOQtoXTPNaSuSFITHadMbXo395j2VioXBnR5FtCOgHzCfEdBG6uZOXV8CSdxrEAK6ScmVrD/QIGX4gJ00Taqpq5jANwXnpJvL20V7ArxInBnJoxlq3dyX2wtJLGigCQel2o4d6U4CUjPCaZp1Y0UjIEPo07ahAQiqOsnkpxQfG6WH/VCaCjSeqL8nEhBKjYRnOgXogZr3xuJ/XjvW/kUnYUEUaxqQ6SI/5liHeBwQ7jFJieYjQ4BIZm7FZAAmJG1izJoQnPmXF0mjVHTKxfLtWb5yOYsjgw7RESogB52jCqqiGqojgh7RM3pFb9aT9WK9Wx/T1iVrNnOA/sD6/AFynZ3e</latexit>

!2→1

H
→ O(1)

<latexit sha1_base64="5JXTnpbuRxaGtAa8yMNRQG2jZC4=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69BIsgCCUpUr0IRS8eK9iP0Iaw2W7apbubsLsRSuiv8OJBEa/+HG/+G7dtDtr6YODx3gwz88KEUaUd59sqrK1vbG4Vt0s7u3v7B+XDo7aKU4lJC8cslt0QKcKoIC1NNSPdRBLEQ0Y64fhu5neeiFQ0Fo96khCfo6GgEcVIG8nzbrzAvfCCWlCuOFVnDnuVuDmpQI5mUP7qD2KcciI0Zkipnusk2s+Q1BQzMi31U0UShMdoSHqGCsSJ8rP5wVP7zCgDO4qlKaHtufp7IkNcqQkPTSdHeqSWvZn4n9dLdXTtZ1QkqSYCLxZFKbN1bM++twdUEqzZxBCEJTW32niEJMLaZFQyIbjLL6+Sdq3q1qv1h8tK4zaPowgncArn4MIVNOAemtACDBye4RXeLGm9WO/Wx6K1YOUzx/AH1ucPTpiPcw==</latexit>

Y = Y1 + Y2



Results(1)

Takla 11

Borders of these regions shift 
downwards (upwards) when 𝑦!/𝑦"
approaches 1 (-1) 

Shapes of curves are roughly 
independent of 𝑦!/𝑦"

★ m,M, 𝑦", 𝑦! =(300,316.7,1e-5,5e-6)
★ m,M, 𝑦", 𝑦! =(300,305,6e-8,3e-8)

Preliminary results suggest that kinetic 
equilibrium effects are small
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Coscattering
Chemical equilibrium loss

Overabundance 

Coannihilation
Chemical equilibrium 
between sectors

Excluded by Direct Detection

<latexit sha1_base64="Hlud8yeRg72s+837b7anEcXpr3s=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEao8FLx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1iNOE+xEdKREKRtFKD9OBNyhX3Kq7AFknXk4qkKM5KH/1hzFLI66QSWpMz3MT9DOqUTDJZ6V+anhC2YSOeM9SRSNu/Gxx6oxcWGVIwljbUkgW6u+JjEbGTKPAdkYUx2bVm4v/eb0Uw7qfCZWkyBVbLgpTSTAm87/JUGjOUE4toUwLeythY6opQ5tOyYbgrb68TtpXVa9Wrd1fVxr1PI4inME5XIIHN9CAO2hCCxiM4Ble4c2Rzovz7nwsWwtOPnMKf+B8/gANxo2i</latexit> y 1

<latexit sha1_base64="hPHUHB3aJYPMd2+G3eu1YDFa7yA=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4iknR2otQ8OKxgv2ANITNdtMu3WzC7kYIpT/DiwdFvPprvPlv3LY5aOuDgcd7M8zMC1POlHacb2ttfWNza7u0U97d2z84rBwdd1SSSULbJOGJ7IVYUc4EbWumOe2lkuI45LQbju9mfveJSsUS8ajzlPoxHgoWMYK1kbw8qF3mgXvr2NdBperYzhxolbgFqUKBVlD56g8SksVUaMKxUp7rpNqfYKkZ4XRa7meKppiM8ZB6hgocU+VP5idP0blRBihKpCmh0Vz9PTHBsVJ5HJrOGOuRWvZm4n+el+mo4U+YSDNNBVksijKOdIJm/6MBk5RonhuCiWTmVkRGWGKiTUplE4K7/PIq6dRst27XH66qzUYRRwlO4QwuwIUbaMI9tKANBBJ4hld4s7T1Yr1bH4vWNauYOYE/sD5/AFtxj/s=</latexit>

y2/y1 = 0.5

<latexit sha1_base64="YFTLrbupkOKa3CrYxxkgAVS20Bs=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSL0VBKR6rHgxYtQ0X5AG8pmO2mXbjZhdyOU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYng2rjut7O2vrG5tV3YKe7u7R8clo6OWzpOFcMmi0WsOgHVKLjEpuFGYCdRSKNAYDsY38z89hMqzWP5aCYJ+hEdSh5yRo2VHu76ul8qu1V3DrJKvJyUIUejX/rqDWKWRigNE1Trrucmxs+oMpwJnBZ7qcaEsjEdYtdSSSPUfjY/dUrOrTIgYaxsSUPm6u+JjEZaT6LAdkbUjPSyNxP/87qpCa/9jMskNSjZYlGYCmJiMvubDLhCZsTEEsoUt7cSNqKKMmPTKdoQvOWXV0nrourVqrX7y3K9ksdRgFM4gwp4cAV1uIUGNIHBEJ7hFd4c4bw4787HonXNyWdO4A+czx8p9o2o</latexit>

Ms

Δ𝑚 = 1



Results(1)

Takla 12

Borders of these regions shift 
downwards (upwards) when 𝑦!/𝑦"
approaches 1 (-1) 

Shapes of curves are roughly 
independent of 𝑦!/𝑦"

★ m,M, 𝑦", 𝑦! =(300,316.7,1e-5,5e-6)
★ m,M, 𝑦", 𝑦! =(300,305,6e-8,3e-8)

Preliminary results suggest that kinetic 
equilibrium effects are small

Pr
el

im
in

ar
y

Bh
at

tip
ro

lu
, P

et
ro

sk
y,

Pi
er

ce
, A

T 
 

(to
 a

pp
ea

r)

Coscattering
Chemical equilibrium loss

Overabundance 

Coannihilation
Chemical equilibrium 
between sectors

Excluded by Direct Detection

<latexit sha1_base64="Hlud8yeRg72s+837b7anEcXpr3s=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEao8FLx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1iNOE+xEdKREKRtFKD9OBNyhX3Kq7AFknXk4qkKM5KH/1hzFLI66QSWpMz3MT9DOqUTDJZ6V+anhC2YSOeM9SRSNu/Gxx6oxcWGVIwljbUkgW6u+JjEbGTKPAdkYUx2bVm4v/eb0Uw7qfCZWkyBVbLgpTSTAm87/JUGjOUE4toUwLeythY6opQ5tOyYbgrb68TtpXVa9Wrd1fVxr1PI4inME5XIIHN9CAO2hCCxiM4Ble4c2Rzovz7nwsWwtOPnMKf+B8/gANxo2i</latexit> y 1

<latexit sha1_base64="hPHUHB3aJYPMd2+G3eu1YDFa7yA=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4iknR2otQ8OKxgv2ANITNdtMu3WzC7kYIpT/DiwdFvPprvPlv3LY5aOuDgcd7M8zMC1POlHacb2ttfWNza7u0U97d2z84rBwdd1SSSULbJOGJ7IVYUc4EbWumOe2lkuI45LQbju9mfveJSsUS8ajzlPoxHgoWMYK1kbw8qF3mgXvr2NdBperYzhxolbgFqUKBVlD56g8SksVUaMKxUp7rpNqfYKkZ4XRa7meKppiM8ZB6hgocU+VP5idP0blRBihKpCmh0Vz9PTHBsVJ5HJrOGOuRWvZm4n+el+mo4U+YSDNNBVksijKOdIJm/6MBk5RonhuCiWTmVkRGWGKiTUplE4K7/PIq6dRst27XH66qzUYRRwlO4QwuwIUbaMI9tKANBBJ4hld4s7T1Yr1bH4vWNauYOYE/sD5/AFtxj/s=</latexit>

y2/y1 = 0.5

<latexit sha1_base64="YFTLrbupkOKa3CrYxxkgAVS20Bs=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSL0VBKR6rHgxYtQ0X5AG8pmO2mXbjZhdyOU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYng2rjut7O2vrG5tV3YKe7u7R8clo6OWzpOFcMmi0WsOgHVKLjEpuFGYCdRSKNAYDsY38z89hMqzWP5aCYJ+hEdSh5yRo2VHu76ul8qu1V3DrJKvJyUIUejX/rqDWKWRigNE1Trrucmxs+oMpwJnBZ7qcaEsjEdYtdSSSPUfjY/dUrOrTIgYaxsSUPm6u+JjEZaT6LAdkbUjPSyNxP/87qpCa/9jMskNSjZYlGYCmJiMvubDLhCZsTEEsoUt7cSNqKKMmPTKdoQvOWXV0nrourVqrX7y3K9ksdRgFM4gwp4cAV1uIUGNIHBEJ7hFd4c4bw4787HonXNyWdO4A+czx8p9o2o</latexit>

Ms

Δ𝑚 = 1 <latexit sha1_base64="rcDUOYmRJCdZrkfivFGJFS4AEAI=">AAAB7HicbVBNSwMxEJ31s9avqkcvwSL0VHdFqheh4MVjhW5baJeSTbNtaJJdkqxYlv4GLx4U8eoP8ua/MW33oK0PBh7vzTAzL0w408Z1v5219Y3Nre3CTnF3b//gsHR03NJxqgj1Scxj1QmxppxJ6htmOO0kimIRctoOx3czv/1IlWaxbJpJQgOBh5JFjGBjJf/pVlw0+6WyW3XnQKvEy0kZcjT6pa/eICapoNIQjrXuem5iggwrwwin02Iv1TTBZIyHtGupxILqIJsfO0XnVhmgKFa2pEFz9fdEhoXWExHaToHNSC97M/E/r5ua6CbImExSQyVZLIpSjkyMZp+jAVOUGD6xBBPF7K2IjLDCxNh8ijYEb/nlVdK6rHq1au3hqlyv5HEU4BTOoAIeXEMd7qEBPhBg8Ayv8OZI58V5dz4WrWtOPnMCf+B8/gBBlo5C</latexit>

x = m/T

<latexit sha1_base64="SLXkIuVSsH8HXEhCWw0JHzi0yDo=">AAAB7HicbVBNSwMxEJ3Ur1q/qh69BIvQU90VqV6EghePFdy20i4lm2bb0Gx2SbJCWfobvHhQxKs/yJv/xrTdg7Y+GHi8N8PMvCARXBvH+UaFtfWNza3idmlnd2//oHx41NJxqijzaCxi1QmIZoJL5hluBOskipEoEKwdjG9nfvuJKc1j+WAmCfMjMpQ85JQYK3mPN/Jc98sVp+bMgVeJm5MK5Gj2y1+9QUzTiElDBdG66zqJ8TOiDKeCTUu9VLOE0DEZsq6lkkRM+9n82Ck+s8oAh7GyJQ2eq78nMhJpPYkC2xkRM9LL3kz8z+umJrz2My6T1DBJF4vCVGAT49nneMAVo0ZMLCFUcXsrpiOiCDU2n5INwV1+eZW0LmpuvVa/v6w0qnkcRTiBU6iCC1fQgDtoggcUODzDK7whiV7QO/pYtBZQPnMMf4A+fwBCoI5D</latexit>

Y
=

n
/s
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Borders of these regions shift 
downwards (upwards) when 𝑦!/𝑦"
approaches 1 (-1) 

Shapes of curves are roughly 
independent of 𝑦!/𝑦"

★ m,M, 𝑦", 𝑦! =(300,316.7,1e-5,5e-6)
★ m,M, 𝑦", 𝑦! =(300,305,6e-8,3e-8)

Preliminary results suggest that kinetic 
equilibrium effects are small
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Coscattering
Chemical equilibrium loss

Overabundance 

Coannihilation
Chemical equilibrium 
between sectors

Excluded by Direct Detection

<latexit sha1_base64="Hlud8yeRg72s+837b7anEcXpr3s=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEao8FLx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1iNOE+xEdKREKRtFKD9OBNyhX3Kq7AFknXk4qkKM5KH/1hzFLI66QSWpMz3MT9DOqUTDJZ6V+anhC2YSOeM9SRSNu/Gxx6oxcWGVIwljbUkgW6u+JjEbGTKPAdkYUx2bVm4v/eb0Uw7qfCZWkyBVbLgpTSTAm87/JUGjOUE4toUwLeythY6opQ5tOyYbgrb68TtpXVa9Wrd1fVxr1PI4inME5XIIHN9CAO2hCCxiM4Ble4c2Rzovz7nwsWwtOPnMKf+B8/gANxo2i</latexit> y 1

<latexit sha1_base64="hPHUHB3aJYPMd2+G3eu1YDFa7yA=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4iknR2otQ8OKxgv2ANITNdtMu3WzC7kYIpT/DiwdFvPprvPlv3LY5aOuDgcd7M8zMC1POlHacb2ttfWNza7u0U97d2z84rBwdd1SSSULbJOGJ7IVYUc4EbWumOe2lkuI45LQbju9mfveJSsUS8ajzlPoxHgoWMYK1kbw8qF3mgXvr2NdBperYzhxolbgFqUKBVlD56g8SksVUaMKxUp7rpNqfYKkZ4XRa7meKppiM8ZB6hgocU+VP5idP0blRBihKpCmh0Vz9PTHBsVJ5HJrOGOuRWvZm4n+el+mo4U+YSDNNBVksijKOdIJm/6MBk5RonhuCiWTmVkRGWGKiTUplE4K7/PIq6dRst27XH66qzUYRRwlO4QwuwIUbaMI9tKANBBJ4hld4s7T1Yr1bH4vWNauYOYE/sD5/AFtxj/s=</latexit>

y2/y1 = 0.5

<latexit sha1_base64="YFTLrbupkOKa3CrYxxkgAVS20Bs=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSL0VBKR6rHgxYtQ0X5AG8pmO2mXbjZhdyOU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYng2rjut7O2vrG5tV3YKe7u7R8clo6OWzpOFcMmi0WsOgHVKLjEpuFGYCdRSKNAYDsY38z89hMqzWP5aCYJ+hEdSh5yRo2VHu76ul8qu1V3DrJKvJyUIUejX/rqDWKWRigNE1Trrucmxs+oMpwJnBZ7qcaEsjEdYtdSSSPUfjY/dUrOrTIgYaxsSUPm6u+JjEZaT6LAdkbUjPSyNxP/87qpCa/9jMskNSjZYlGYCmJiMvubDLhCZsTEEsoUt7cSNqKKMmPTKdoQvOWXV0nrourVqrX7y3K9ksdRgFM4gwp4cAV1uIUGNIHBEJ7hFd4c4bw4787HonXNyWdO4A+czx8p9o2o</latexit>

Ms

Δ𝑚 = 1
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★ m,M, 𝑦%, 𝑦" =(300,316.7,1e-5,5e-6)

<latexit sha1_base64="v3SPjSfzugAHo60J5EMUcaigzFo=">AAACHnicbVBNS8NAEN34bf2KevSyWARPbVK0ehFED/aoYLXQhDDZbuvi7ibsboQS+ku8+Fe8eFBE8KT/xm2bg7Y+GHi8N8PMvDjlTBvP+3ZmZufmFxaXlksrq2vrG+7m1o1OMkVokyQ8Ua0YNOVM0qZhhtNWqiiImNPb+P586N8+UKVZIq9NP6WhgJ5kXUbAWClyD4MLEAJwlNdqnjeoNk4CDrLHKQ4061njoXACNZZlVKs2IrfsVbwR8DTxC1JGBS4j9zPoJCQTVBrCQeu276UmzEEZRjgdlIJM0xTIPfRo21IJguowH703wHtW6eBuomxJg0fq74kchNZ9EdtOAeZOT3pD8T+vnZnucZgzmWaGSjJe1M04NgkeZoU7TFFieN8SIIrZWzG5AwXE2ERLNgR/8uVpclOr+PVK/eqgfHpWxLGEdtAu2kc+OkKnqIEuURMR9Iie0St6c56cF+fd+Ri3zjjFzDb6A+frB8XAoG4=</latexit>

!2200/H = →ωv2200↑n2/H
<latexit sha1_base64="HDiwVj5swKqqr79gkMLQm6+G00w=">AAACHnicbVBNS8NAEN34bf2KevSyWARPNSlavQiiB3tUsCo0IUy227p0dxN2N4US+ku8+Fe8eFBE8KT/xm2bg7Y+GHi8N8PMvDjlTBvP+3ZmZufmFxaXlksrq2vrG+7m1q1OMkVogyQ8UfcxaMqZpA3DDKf3qaIgYk7v4u7F0L/rUaVZIm9MP6WhgI5kbUbAWClyj4JLEAJwlFc93xsc1E8DDrLDKQ4061ijVziBGssy8g7qkVv2Kt4IeJr4BSmjAleR+xm0EpIJKg3hoHXT91IT5qAMI5wOSkGmaQqkCx3atFSCoDrMR+8N8J5VWridKFvS4JH6eyIHoXVfxLZTgHnQk95Q/M9rZqZ9EuZMppmhkowXtTOOTYKHWeEWU5QY3rcEiGL2VkweQAExNtGSDcGffHma3FYrfq1Suz4sn50XcSyhHbSL9pGPjtEZqqMr1EAEPaJn9IrenCfnxXl3PsatM04xs43+wPn6Ab9woGo=</latexit>

!2010/H = →ωv2010↑n0/H
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★ m,M, 𝑦%, 𝑦" =(300,305,6e-8,3e-8)

<latexit sha1_base64="v3SPjSfzugAHo60J5EMUcaigzFo=">AAACHnicbVBNS8NAEN34bf2KevSyWARPbVK0ehFED/aoYLXQhDDZbuvi7ibsboQS+ku8+Fe8eFBE8KT/xm2bg7Y+GHi8N8PMvDjlTBvP+3ZmZufmFxaXlksrq2vrG+7m1o1OMkVokyQ8Ua0YNOVM0qZhhtNWqiiImNPb+P586N8+UKVZIq9NP6WhgJ5kXUbAWClyD4MLEAJwlNdqnjeoNk4CDrLHKQ4061njoXACNZZlVKs2IrfsVbwR8DTxC1JGBS4j9zPoJCQTVBrCQeu276UmzEEZRjgdlIJM0xTIPfRo21IJguowH703wHtW6eBuomxJg0fq74kchNZ9EdtOAeZOT3pD8T+vnZnucZgzmWaGSjJe1M04NgkeZoU7TFFieN8SIIrZWzG5AwXE2ERLNgR/8uVpclOr+PVK/eqgfHpWxLGEdtAu2kc+OkKnqIEuURMR9Iie0St6c56cF+fd+Ri3zjjFzDb6A+frB8XAoG4=</latexit>

!2200/H = →ωv2200↑n2/H
<latexit sha1_base64="HDiwVj5swKqqr79gkMLQm6+G00w=">AAACHnicbVBNS8NAEN34bf2KevSyWARPNSlavQiiB3tUsCo0IUy227p0dxN2N4US+ku8+Fe8eFBE8KT/xm2bg7Y+GHi8N8PMvDjlTBvP+3ZmZufmFxaXlksrq2vrG+7m1q1OMkVogyQ8UfcxaMqZpA3DDKf3qaIgYk7v4u7F0L/rUaVZIm9MP6WhgI5kbUbAWClyj4JLEAJwlFc93xsc1E8DDrLDKQ4061ijVziBGssy8g7qkVv2Kt4IeJr4BSmjAleR+xm0EpIJKg3hoHXT91IT5qAMI5wOSkGmaQqkCx3atFSCoDrMR+8N8J5VWridKFvS4JH6eyIHoXVfxLZTgHnQk95Q/M9rZqZ9EuZMppmhkowXtTOOTYKHWeEWU5QY3rcEiGL2VkweQAExNtGSDcGffHma3FYrfq1Suz4sn50XcSyhHbSL9pGPjtEZqqMr1EAEPaJn9IrenCfnxXl3PsatM04xs43+wPn6Ab9woGo=</latexit>

!2010/H = →ωv2010↑n0/H



Future Work
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• Generalize our code as a tool for studying dark sectors outside 
of chemical and kinetic equilibrium

• Probe the freeze-in/superWIMP regime of the Singlet Doublet 
Model
JHEP 03 (2010) 080
Hall, Jedamzikb ,March-Russellc, West
Phys. Rev. D 98, 095031 (2018)
Garny, Heisig


