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at colliders 

and the pre-BBN universe
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There are bounds and bounds…

Accelerator-Based
No astrophysical uncertainty 

on the dark matter distribution
but

may not be DM 
(we just see something invisible 

and at least quasi-stable)

Cosmo Bounds

No overproduction within a 
given theoretical framework

but
one needs to specify a 
cosmological history

THIS TALK

Can we learn about 
the pre-BBN universe from 

displaced events at colliders? 
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Nightmare for dark 
matter searches 

Testable by direct detection in some exceptions 
(see, e.g., Hambye et al., PRD98 (2018))
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Comoving Volume

T ≫ bath particles mass: 
after inflation, universe 

reheated without any dark 
matter particle in the bath 

(this is an assumption)

Freeze-in



Bath particles collisions and/or 
decays dump X out of equilibrium 
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<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

B
<latexit sha1_base64="x7jCFGUIneNU+wSgUHa/H7odE30=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiRoJTMWqTuxTUuF/AB9yLxx1Ml5H8zMC+ThL2jTooi2/aR2/ZvmqUFFHbhwOOde7r3Hi6TQBuMPJ7O2vrG5ld3O7ezu7R/kD4/aOowV4y0WylB1Paq5FAFvGWEk70aKU9+TvONNr1O/c8+VFmFwa2YRd306DsRIMGqs1KwP8gVcxBgTQlBKSPkKW1KtVkqkgkhqWRRghcYg/94fhiz2eWCYpFr3CI6Mm1BlBJN8nuvHmkeUTemY9ywNqM+1mywOnaMzqwzRKFS2AoMW6veJhPpaz3zPdvrUTPRvLxX/8nqxGVXcRARRbHjAlotGsUQmROnXaCgUZ0bOLKFMCXsrYhOqKDM2m5wN4etT9D9pl4rkolhqXhZq9VUcWTiBUzgHAmWowQ00oAUMODzAEzw7d86j8+K8LlszzmrmGH7AefsE4qWNAA==</latexit>

Comoving Volume

Freeze-in

T ~ freeze-in epoch: 
dark matter particles 

dumped in the primordial plasma 
and then free-stream 
until the present time

(when this happens is important)

X
<latexit sha1_base64="1ngujt593gpqrjtPBT5Yb52GcsI=">AAAB6HicdVDJSgNBEK1xjXGLevTSGARPw0wM6jHoxWMCZoFkCD2dmqRNz0J3jxCGfIEXD4p49ZO8+Tf2ZAEVfdD0470qqur5ieBKO86ntbK6tr6xWdgqbu/s7u2XDg5bKk4lwyaLRSw7PlUoeIRNzbXATiKRhr7Atj++yf32A0rF4+hOTxL0QjqMeMAZ1UZqdPqlsmNfODmIY1eXpDInrj37nTIsUO+XPnqDmKUhRpoJqlTXdRLtZVRqzgROi71UYULZmA6xa2hEQ1ReNlt0Sk6NMiBBLM2LNJmp3zsyGio1CX1TGVI9Ur+9XPzL66Y6uPIyHiWpxojNBwWpIDom+dVkwCUyLSaGUCa52ZWwEZWUaZNN0YSwvJT8T1oV2z23K41quXa9iKMAx3ACZ+DCJdTgFurQBAYIj/AML9a99WS9Wm/z0hVr0XMEP2C9fwHIp4zs</latexit>

X
<latexit sha1_base64="1ngujt593gpqrjtPBT5Yb52GcsI=">AAAB6HicdVDJSgNBEK1xjXGLevTSGARPw0wM6jHoxWMCZoFkCD2dmqRNz0J3jxCGfIEXD4p49ZO8+Tf2ZAEVfdD0470qqur5ieBKO86ntbK6tr6xWdgqbu/s7u2XDg5bKk4lwyaLRSw7PlUoeIRNzbXATiKRhr7Atj++yf32A0rF4+hOTxL0QjqMeMAZ1UZqdPqlsmNfODmIY1eXpDInrj37nTIsUO+XPnqDmKUhRpoJqlTXdRLtZVRqzgROi71UYULZmA6xa2hEQ1ReNlt0Sk6NMiBBLM2LNJmp3zsyGio1CX1TGVI9Ur+9XPzL66Y6uPIyHiWpxojNBwWpIDom+dVkwCUyLSaGUCa52ZWwEZWUaZNN0YSwvJT8T1oV2z23K41quXa9iKMAx3ACZ+DCJdTgFurQBAYIj/AML9a99WS9Wm/z0hVr0XMEP2C9fwHIp4zs</latexit>

X
<latexit sha1_base64="1ngujt593gpqrjtPBT5Yb52GcsI=">AAAB6HicdVDJSgNBEK1xjXGLevTSGARPw0wM6jHoxWMCZoFkCD2dmqRNz0J3jxCGfIEXD4p49ZO8+Tf2ZAEVfdD0470qqur5ieBKO86ntbK6tr6xWdgqbu/s7u2XDg5bKk4lwyaLRSw7PlUoeIRNzbXATiKRhr7Atj++yf32A0rF4+hOTxL0QjqMeMAZ1UZqdPqlsmNfODmIY1eXpDInrj37nTIsUO+XPnqDmKUhRpoJqlTXdRLtZVRqzgROi71UYULZmA6xa2hEQ1ReNlt0Sk6NMiBBLM2LNJmp3zsyGio1CX1TGVI9Ur+9XPzL66Y6uPIyHiWpxojNBwWpIDom+dVkwCUyLSaGUCa52ZWwEZWUaZNN0YSwvJT8T1oV2z23K41quXa9iKMAx3ACZ+DCJdTgFurQBAYIj/AML9a99WS9Wm/z0hVr0XMEP2C9fwHIp4zs</latexit>



Freeze-in via decays

B ! SM+X
<latexit sha1_base64="+iR/SuBMRcjwNipUHMNFwjE683M=">AAACCXicbZDLSgMxFIYzXmu9jbp0EyyCIJQZERTclLpxI1S0F+gMJZOmbWguQ5JRytCtG1/FjQtF3PoG7nwbM+0stPWHwJf/nENy/ihmVBvP+3YWFpeWV1YLa8X1jc2tbXdnt6FlojCpY8mkakVIE0YFqRtqGGnFiiAeMdKMhpdZvXlPlKZS3JlRTEKO+oL2KEbGWh0XVmFwAQNF+wODlJIP2TUNFIe312N4DFsdt+SVvYngPPg5lECuWsf9CroSJ5wIgxnSuu17sQlTpAzFjIyLQaJJjPAQ9UnbokCc6DCdbDKGh9bpwp5U9ggDJ+7viRRxrUc8sp0cmYGerWXmf7V2YnrnYUpFnBgi8PShXsKgkTCLBXapItiwkQWEFbV/hXiAFMLGhle0IfizK89D46TsW745LVWqeRwFsA8OwBHwwRmogCtQA3WAwSN4Bq/gzXlyXpx352PauuDkM3vgj5zPH2P1mDY=</latexit><latexit sha1_base64="+iR/SuBMRcjwNipUHMNFwjE683M=">AAACCXicbZDLSgMxFIYzXmu9jbp0EyyCIJQZERTclLpxI1S0F+gMJZOmbWguQ5JRytCtG1/FjQtF3PoG7nwbM+0stPWHwJf/nENy/ihmVBvP+3YWFpeWV1YLa8X1jc2tbXdnt6FlojCpY8mkakVIE0YFqRtqGGnFiiAeMdKMhpdZvXlPlKZS3JlRTEKO+oL2KEbGWh0XVmFwAQNF+wODlJIP2TUNFIe312N4DFsdt+SVvYngPPg5lECuWsf9CroSJ5wIgxnSuu17sQlTpAzFjIyLQaJJjPAQ9UnbokCc6DCdbDKGh9bpwp5U9ggDJ+7viRRxrUc8sp0cmYGerWXmf7V2YnrnYUpFnBgi8PShXsKgkTCLBXapItiwkQWEFbV/hXiAFMLGhle0IfizK89D46TsW745LVWqeRwFsA8OwBHwwRmogCtQA3WAwSN4Bq/gzXlyXpx352PauuDkM3vgj5zPH2P1mDY=</latexit><latexit sha1_base64="+iR/SuBMRcjwNipUHMNFwjE683M=">AAACCXicbZDLSgMxFIYzXmu9jbp0EyyCIJQZERTclLpxI1S0F+gMJZOmbWguQ5JRytCtG1/FjQtF3PoG7nwbM+0stPWHwJf/nENy/ihmVBvP+3YWFpeWV1YLa8X1jc2tbXdnt6FlojCpY8mkakVIE0YFqRtqGGnFiiAeMdKMhpdZvXlPlKZS3JlRTEKO+oL2KEbGWh0XVmFwAQNF+wODlJIP2TUNFIe312N4DFsdt+SVvYngPPg5lECuWsf9CroSJ5wIgxnSuu17sQlTpAzFjIyLQaJJjPAQ9UnbokCc6DCdbDKGh9bpwp5U9ggDJ+7viRRxrUc8sp0cmYGerWXmf7V2YnrnYUpFnBgi8PShXsKgkTCLBXapItiwkQWEFbV/hXiAFMLGhle0IfizK89D46TsW745LVWqeRwFsA8OwBHwwRmogCtQA3WAwSN4Bq/gzXlyXpx352PauuDkM3vgj5zPH2P1mDY=</latexit><latexit sha1_base64="+iR/SuBMRcjwNipUHMNFwjE683M=">AAACCXicbZDLSgMxFIYzXmu9jbp0EyyCIJQZERTclLpxI1S0F+gMJZOmbWguQ5JRytCtG1/FjQtF3PoG7nwbM+0stPWHwJf/nENy/ihmVBvP+3YWFpeWV1YLa8X1jc2tbXdnt6FlojCpY8mkakVIE0YFqRtqGGnFiiAeMdKMhpdZvXlPlKZS3JlRTEKO+oL2KEbGWh0XVmFwAQNF+wODlJIP2TUNFIe312N4DFsdt+SVvYngPPg5lECuWsf9CroSJ5wIgxnSuu17sQlTpAzFjIyLQaJJjPAQ9UnbokCc6DCdbDKGh9bpwp5U9ggDJ+7viRRxrUc8sp0cmYGerWXmf7V2YnrnYUpFnBgi8PShXsKgkTCLBXapItiwkQWEFbV/hXiAFMLGhle0IfizK89D46TsW745LVWqeRwFsA8OwBHwwRmogCtQA3WAwSN4Bq/gzXlyXpx352PauuDkM3vgj5zPH2P1mDY=</latexit>

Bath particles decays produce X 
particle that will never thermalize



B ! SM+X
<latexit sha1_base64="+iR/SuBMRcjwNipUHMNFwjE683M=">AAACCXicbZDLSgMxFIYzXmu9jbp0EyyCIJQZERTclLpxI1S0F+gMJZOmbWguQ5JRytCtG1/FjQtF3PoG7nwbM+0stPWHwJf/nENy/ihmVBvP+3YWFpeWV1YLa8X1jc2tbXdnt6FlojCpY8mkakVIE0YFqRtqGGnFiiAeMdKMhpdZvXlPlKZS3JlRTEKO+oL2KEbGWh0XVmFwAQNF+wODlJIP2TUNFIe312N4DFsdt+SVvYngPPg5lECuWsf9CroSJ5wIgxnSuu17sQlTpAzFjIyLQaJJjPAQ9UnbokCc6DCdbDKGh9bpwp5U9ggDJ+7viRRxrUc8sp0cmYGerWXmf7V2YnrnYUpFnBgi8PShXsKgkTCLBXapItiwkQWEFbV/hXiAFMLGhle0IfizK89D46TsW745LVWqeRwFsA8OwBHwwRmogCtQA3WAwSN4Bq/gzXlyXpx352PauuDkM3vgj5zPH2P1mDY=</latexit><latexit sha1_base64="+iR/SuBMRcjwNipUHMNFwjE683M=">AAACCXicbZDLSgMxFIYzXmu9jbp0EyyCIJQZERTclLpxI1S0F+gMJZOmbWguQ5JRytCtG1/FjQtF3PoG7nwbM+0stPWHwJf/nENy/ihmVBvP+3YWFpeWV1YLa8X1jc2tbXdnt6FlojCpY8mkakVIE0YFqRtqGGnFiiAeMdKMhpdZvXlPlKZS3JlRTEKO+oL2KEbGWh0XVmFwAQNF+wODlJIP2TUNFIe312N4DFsdt+SVvYngPPg5lECuWsf9CroSJ5wIgxnSuu17sQlTpAzFjIyLQaJJjPAQ9UnbokCc6DCdbDKGh9bpwp5U9ggDJ+7viRRxrUc8sp0cmYGerWXmf7V2YnrnYUpFnBgi8PShXsKgkTCLBXapItiwkQWEFbV/hXiAFMLGhle0IfizK89D46TsW745LVWqeRwFsA8OwBHwwRmogCtQA3WAwSN4Bq/gzXlyXpx352PauuDkM3vgj5zPH2P1mDY=</latexit><latexit sha1_base64="+iR/SuBMRcjwNipUHMNFwjE683M=">AAACCXicbZDLSgMxFIYzXmu9jbp0EyyCIJQZERTclLpxI1S0F+gMJZOmbWguQ5JRytCtG1/FjQtF3PoG7nwbM+0stPWHwJf/nENy/ihmVBvP+3YWFpeWV1YLa8X1jc2tbXdnt6FlojCpY8mkakVIE0YFqRtqGGnFiiAeMdKMhpdZvXlPlKZS3JlRTEKO+oL2KEbGWh0XVmFwAQNF+wODlJIP2TUNFIe312N4DFsdt+SVvYngPPg5lECuWsf9CroSJ5wIgxnSuu17sQlTpAzFjIyLQaJJjPAQ9UnbokCc6DCdbDKGh9bpwp5U9ggDJ+7viRRxrUc8sp0cmYGerWXmf7V2YnrnYUpFnBgi8PShXsKgkTCLBXapItiwkQWEFbV/hXiAFMLGhle0IfizK89D46TsW745LVWqeRwFsA8OwBHwwRmogCtQA3WAwSN4Bq/gzXlyXpx352PauuDkM3vgj5zPH2P1mDY=</latexit><latexit sha1_base64="+iR/SuBMRcjwNipUHMNFwjE683M=">AAACCXicbZDLSgMxFIYzXmu9jbp0EyyCIJQZERTclLpxI1S0F+gMJZOmbWguQ5JRytCtG1/FjQtF3PoG7nwbM+0stPWHwJf/nENy/ihmVBvP+3YWFpeWV1YLa8X1jc2tbXdnt6FlojCpY8mkakVIE0YFqRtqGGnFiiAeMdKMhpdZvXlPlKZS3JlRTEKO+oL2KEbGWh0XVmFwAQNF+wODlJIP2TUNFIe312N4DFsdt+SVvYngPPg5lECuWsf9CroSJ5wIgxnSuu17sQlTpAzFjIyLQaJJjPAQ9UnbokCc6DCdbDKGh9bpwp5U9ggDJ+7viRRxrUc8sp0cmYGerWXmf7V2YnrnYUpFnBgi8PShXsKgkTCLBXapItiwkQWEFbV/hXiAFMLGhle0IfizK89D46TsW745LVWqeRwFsA8OwBHwwRmogCtQA3WAwSN4Bq/gzXlyXpx352PauuDkM3vgj5zPH2P1mDY=</latexit>

Bath particles decays produce X 
particle that will never thermalize

When does freeze-in happen in the early universe?

nX

s
= YX(T ) ' mB

T
�B t(T ) ' mB�BMPl

T 3
<latexit sha1_base64="5oyaKw3QUfDHxzAyBgYZtxeYQ94="></latexit>

Freeze-in via decays



B ! SM+X
<latexit sha1_base64="+iR/SuBMRcjwNipUHMNFwjE683M=">AAACCXicbZDLSgMxFIYzXmu9jbp0EyyCIJQZERTclLpxI1S0F+gMJZOmbWguQ5JRytCtG1/FjQtF3PoG7nwbM+0stPWHwJf/nENy/ihmVBvP+3YWFpeWV1YLa8X1jc2tbXdnt6FlojCpY8mkakVIE0YFqRtqGGnFiiAeMdKMhpdZvXlPlKZS3JlRTEKO+oL2KEbGWh0XVmFwAQNF+wODlJIP2TUNFIe312N4DFsdt+SVvYngPPg5lECuWsf9CroSJ5wIgxnSuu17sQlTpAzFjIyLQaJJjPAQ9UnbokCc6DCdbDKGh9bpwp5U9ggDJ+7viRRxrUc8sp0cmYGerWXmf7V2YnrnYUpFnBgi8PShXsKgkTCLBXapItiwkQWEFbV/hXiAFMLGhle0IfizK89D46TsW745LVWqeRwFsA8OwBHwwRmogCtQA3WAwSN4Bq/gzXlyXpx352PauuDkM3vgj5zPH2P1mDY=</latexit><latexit sha1_base64="+iR/SuBMRcjwNipUHMNFwjE683M=">AAACCXicbZDLSgMxFIYzXmu9jbp0EyyCIJQZERTclLpxI1S0F+gMJZOmbWguQ5JRytCtG1/FjQtF3PoG7nwbM+0stPWHwJf/nENy/ihmVBvP+3YWFpeWV1YLa8X1jc2tbXdnt6FlojCpY8mkakVIE0YFqRtqGGnFiiAeMdKMhpdZvXlPlKZS3JlRTEKO+oL2KEbGWh0XVmFwAQNF+wODlJIP2TUNFIe312N4DFsdt+SVvYngPPg5lECuWsf9CroSJ5wIgxnSuu17sQlTpAzFjIyLQaJJjPAQ9UnbokCc6DCdbDKGh9bpwp5U9ggDJ+7viRRxrUc8sp0cmYGerWXmf7V2YnrnYUpFnBgi8PShXsKgkTCLBXapItiwkQWEFbV/hXiAFMLGhle0IfizK89D46TsW745LVWqeRwFsA8OwBHwwRmogCtQA3WAwSN4Bq/gzXlyXpx352PauuDkM3vgj5zPH2P1mDY=</latexit><latexit sha1_base64="+iR/SuBMRcjwNipUHMNFwjE683M=">AAACCXicbZDLSgMxFIYzXmu9jbp0EyyCIJQZERTclLpxI1S0F+gMJZOmbWguQ5JRytCtG1/FjQtF3PoG7nwbM+0stPWHwJf/nENy/ihmVBvP+3YWFpeWV1YLa8X1jc2tbXdnt6FlojCpY8mkakVIE0YFqRtqGGnFiiAeMdKMhpdZvXlPlKZS3JlRTEKO+oL2KEbGWh0XVmFwAQNF+wODlJIP2TUNFIe312N4DFsdt+SVvYngPPg5lECuWsf9CroSJ5wIgxnSuu17sQlTpAzFjIyLQaJJjPAQ9UnbokCc6DCdbDKGh9bpwp5U9ggDJ+7viRRxrUc8sp0cmYGerWXmf7V2YnrnYUpFnBgi8PShXsKgkTCLBXapItiwkQWEFbV/hXiAFMLGhle0IfizK89D46TsW745LVWqeRwFsA8OwBHwwRmogCtQA3WAwSN4Bq/gzXlyXpx352PauuDkM3vgj5zPH2P1mDY=</latexit><latexit sha1_base64="+iR/SuBMRcjwNipUHMNFwjE683M=">AAACCXicbZDLSgMxFIYzXmu9jbp0EyyCIJQZERTclLpxI1S0F+gMJZOmbWguQ5JRytCtG1/FjQtF3PoG7nwbM+0stPWHwJf/nENy/ihmVBvP+3YWFpeWV1YLa8X1jc2tbXdnt6FlojCpY8mkakVIE0YFqRtqGGnFiiAeMdKMhpdZvXlPlKZS3JlRTEKO+oL2KEbGWh0XVmFwAQNF+wODlJIP2TUNFIe312N4DFsdt+SVvYngPPg5lECuWsf9CroSJ5wIgxnSuu17sQlTpAzFjIyLQaJJjPAQ9UnbokCc6DCdbDKGh9bpwp5U9ggDJ+7viRRxrUc8sp0cmYGerWXmf7V2YnrnYUpFnBgi8PShXsKgkTCLBXapItiwkQWEFbV/hXiAFMLGhle0IfizK89D46TsW745LVWqeRwFsA8OwBHwwRmogCtQA3WAwSN4Bq/gzXlyXpx352PauuDkM3vgj5zPH2P1mDY=</latexit>

Bath particles decays produce X 
particle that will never thermalize

When does freeze-in happen in the early universe?

nX

s
= YX(T ) ' mB

T
�B t(T ) ' mB�BMPl

T 3
<latexit sha1_base64="5oyaKw3QUfDHxzAyBgYZtxeYQ94="></latexit>

“IR dominated”

The production is more efficient at low temperatures 
(good: we do not need to know the thermal history above!)

Valid as long as the temperature is above the B mass

Freeze-in via decays



dnX

dt
= �3HnX + �Bn

eq
B

K1[mB/T ]

K2[mB/T ]
<latexit sha1_base64="U6XGMKAowtmgTEC3BDTmmAhzOfw="></latexit>
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K1[x0]

g⇤s(x0)H(x0)
<latexit sha1_base64="7GOi326JLt04cqbQmqu09vBNqJo="></latexit>

Freeze-in via decays

dx0
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B’s pair-produced at colliders, 
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Case 1: FI and Early MD
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Co, FD, Hall, Pappadopulo, JCAP 1512 (2015)
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Case 1: FI and Early MD

Co, FD, Hall, Pappadopulo, JCAP 1512 (2015)
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Case 2: FI and Kination
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(Kinetic ≫ Potential)
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Case 2: FI and Kination

FD, Fernandez, Profumo, JCAP 1802 (2018)
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Non-renormalizable: 
scattering is UV sensitive
(e.g., production dominated at the 
reheat temperature after inflation)

Y scattering
X (T ) / T 2d�9
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in SUSY PQ theories
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Gravitino and Axino 
in SUSY PQ theories

fh0 !ea h
fh0 !eaZ
fh± !eaW±

WDFSZ ⇢ qµ
µ

VPQ
AHuHd

EWinos in thermal equilibrium decaying to axinos, 
production dominated at TeV scale (IR)

A motivated example
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Gravitino and Axino 
in SUSY PQ theories

A cosmological disaster from frozen-in LSP axinos?

⇢ã(FI)

⇢obsDM

⇡ 4.5⇥ 108
✓
106.75

g⇤

◆3/2 ⇣ mã

100GeV

⌘⇣ µ

300GeV

⌘✓
1010 GeV

f

◆2

(cosmological problems also 
if the axino is not the LSP)

A motivated example
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Freeze-In by decay

Freeze-In
by inverse decay

ma� = 2 TeV

ma� = 20 TeV
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VPQ (GeV)

Ya�

sI=VPQ

2M1 =M2 = µ = 1TeV

ms =500GeV
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• Lightest observable SUSY 
particle (LOSP) highly diluted

• R-odd particles produced by 
processes with axino and 
gravitino in the final state

• Cold and/or warm dark matter

• No gravitino problem

• Axion dark radiation

• Imposing the dark matter relic 
density points toward displaced 
signals at colliders

A motivated example



A bottom-up approach
Classification of all possible operators mediating the decay

Work in progress with Calibbi, Junius, Lopez-Honorez, Mariotti

B ! SM+X
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For each choice of the SM 
particle, we know the 
quantum numbers of B 

(X must be a gauge singlet)

We consider:
spin 0 and 1/2 DM

spin 0, 1/2 and 1 for B
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See Genevieve Bélanger’s Talk

Related work:

• Singlet-doublet model for standard cosmological history

• Scalar DM coupled to SM fermions with a fermion B 
particle and instantaneous reheating

Calibbi et al. , JHEP 1809 (2018) 037

Bélanger et al. , JHEP 1902 (2019) 186
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allowed by all symmetries
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Outlook
• Freeze-in in modified 

cosmologies and 
displaced signatures

• A motivated example: 
DFSZ axino disaster 
and the saxion

• Bottom-up 
classification
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Obrigado

• Freeze-in in modified 
cosmologies and 
displaced signatures

• A motivated example: 
DFSZ axino disaster 
and the saxion

• Bottom-up 
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