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What mass for the dark matter?
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Relic density bounds 
annihilation rate at freeze-out
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What mass for the dark matter?

Thermal freeze-out: wide mass window



Bounds on the dark matter mass

keV MeV GeV TeV PeV
DM Mass



DM Mass

Bounds on the dark matter mass

keV MeV GeV TeV PeV

Unitarity

Griest, Kamionkowski, PRL64 (1990)
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DM Mass

Bounds on the dark matter mass

keV MeV GeV TeV PeV

The WIMP Window

Leane, Slatyer, Beacom, Ng, PR D98 (2018) 

Dark matter with s-wave 
annihilation to visible states

10GeV . mWIMP . 100TeV
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DM Mass

Bounds on the dark matter mass

keV MeV GeV TeV PeV

The BBN Wall

Sabti, Alvey, Escudero, Fairbairn, Blas, arXiv:1910.01649

Thermal relics with mass below 
MeV spoil BBN and CMB

1MeV . mthermal . 100TeV
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DM Mass

Bounds on the dark matter mass

keV MeV GeV TeV PeV

Cannot be Òtoo hotÓ

Viel, Becker, Bolton, Haehnelt, PRD88 (2013)

Bounds on the dark matter 
free-streaming length 

mwarm ! keV
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DM Mass

The sub-GeV mass window

keV MeV GeV TeV PeV

Is it accessible?

Can we successfully produce sub-GeV 
dark matter in the early universe?

How do we test it today?



DM Mass

The sub-GeV mass window

keV MeV GeV TeV PeV

Is it accessible?

Can we successfully produce sub-GeV 
dark matter in the early universe?

How do we test it today?

YES!

DEPENDS!



DM Mass

The sub-GeV mass window

keV MeV GeV TeV PeV

Requirements

¥It cannot annihilate via s-wave (GeV bound)

¥It cannot be in thermal equilibrium at BBN (MeV bound)

¥It has to talk to the visible sector (detectability)



DM Mass

The sub-GeV mass window

keV MeV GeV TeV PeV

In this talk

¥Framework for sub-GeV non-thermal dark matter

¥How to test it today

¥What we can learn about our universe



DM Mass

The sub-GeV mass window

keV MeV GeV TeV PeV

Other scenarios discussed by 
Berlin, DÕAgnolo, DarmŽ, Kußik 

in this workshop 



FIMPs

very weak coupling
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Bi and X odd under a Z2 symmetry
For this talk: X is the lightest Z2-odd particle

Hall, Jedamzik, March-Russell, West, 
JHEP 1003 (2010)



FIMPs

very weak coupling
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X

Bi and X odd under a Z2 symmetry
For this talk: X is the lightest Z2-odd particle

Nightmare for dark 
matter searches 

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

Hall, Jedamzik, March-Russell, West, 
JHEP 1003 (2010)



FIMPs

very weak coupling

GA
µW I

µ

Bµ

Qi

ui

di
Li

ei

H

B1

B2

Bn�1
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X

Bi and X odd under a Z2 symmetry
For this talk: X is the lightest Z2-odd particle

Production mechanism for 
FIMPs in the early universe?

Hall, Jedamzik, March-Russell, West, 
JHEP 1003 (2010)



Freeze-in

Bath particles collisions and/or 
decays dump X out of equilibrium 



Bath particles collisions and/or 
decays dump X out of equilibrium 

B
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Comoving Volume

T !  bath particles mass: 
after inßation, 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>

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>

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

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

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>



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

dnX

dt
= �3HnX + �Bn

eq
B

K1[mB/T ]

K2[mB/T ]
<latexit sha1_base64="U6XGMKAowtmgTEC3BDTmmAhzOfw="></latexit>
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<latexit sha1_base64="7GOi326JLt04cqbQmqu09vBNqJo="></latexit>

dx0
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Freeze-in via decays

Bath particles decays produce X 
particle that will never thermalize
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A collider signal?

BÕs pair-produced at colliders, subsequent decays could be observed



Freeze-in via decays

Bath particles decays produce X 
particle that will never thermalize

B ! SM + X
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A collider signal?

BÕs pair-produced at colliders, subsequent decays could be observed
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Parameters ÒconstrainedÓ by relic density



Freeze-in via decays

Bath particles decays produce X 
particle that will never thermalize

B ! SM + X
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A collider signal?
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Hopeless?  B seems stable on the scale of experiments



Freeze-in via decays

Bath particles decays produce X 
particle that will never thermalize

B ! SM + X
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A collider signal?
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Hopeless?  B seems stable on the scale of experiments

CAVEAT:  result valid for a standard cosmological history



Freeze-in via decays

Bath particles decays produce X 
particle that will never thermalize

B ! SM + X
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A collider signal?

! B = ! ! 1
B ! 3.7 " 108 cm

! mX

100 GeV

" #
300 GeV

mB

$ 2

Displaced events at collider could give information
about the dark matter mass 

and the cosmological history of our universe



Case 1: FI and Early MD
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aRai a

MDNAINFLATION RD

a ∝ exp(HIt) T " 0

ρR " 0ρI " const

a ∝ t2/3 T ∝ a−3/8

ρR ∝ a−3/2ρI ∝ a−3

a ∝ t1/2

T ∝ a−1

ρR ∝ a−4

Co, FD, Hall, Pappadopulo, JCAP 1512 (2015)



Case 1: FI and Early MD

ρrad

ρrad

ρI

ρI

aRai a

MDNAINFLATION RD

a ∝ exp(HIt) T " 0

ρR " 0ρI " const

a ∝ t2/3 T ∝ a−3/8

ρR ∝ a−3/2ρI ∝ a−3

a ∝ t1/2

T ∝ a−1

ρR ∝ a−4

Dark matter Freeze-In 
during this epoch

Freeze-In density depends 
on the reheat temperature

Decaying particle in the bath

Tmax ' (EITR)
1/2 & mB

Co, FD, Hall, Pappadopulo, JCAP 1512 (2015)



Case 1: FI and Early MD

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

ρR

ρR

ρφ

araI a

KIN RD

a ∝ t1/3 T ∝ a−1

ρR ∝ a−4ρφ ∝ a−6

a ∝ t1/2

T ∝ a−1

ρR ∝ a−4

Kination phase: w = 1
(Kinetic !  Potential)

p

⇢
= w =

�̇2

2 � V (�)
�̇2

2 + V (�)
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Case 2: FI and Kination

FD, Fernandez, Profumo, JCAP 1802 (2018)
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ClassiÞcation of all possible operators mediating the decay
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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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l ! ! B
<latexit sha1_base64="iWuYQf69B3cDnJfDxiSo9xq+68Y=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhbBhZTUio9dqRuXFewDmhAm00kzdDIJMxOhhC7d+CtuXCji1k9w5984SYOo9cDA4Zx7uHOPFzMqlWV9GqWFxaXllfJqZW19Y3PL3N7pyigRmHRwxCLR95AkjHLSUVQx0o8FQaHHSM8bX2V+744ISSN+qyYxcUI04tSnGCktuea+HWk7S6dsah9DGwcUwoy0A+q2oGtWrZqVA86TekGqoEDbNT/sYYSTkHCFGZJyULdi5aRIKIoZmVbsRJIY4TEakYGmHIVEOml+yBQeamUI/UjoxxXM1Z+JFIVSTkJPT4ZIBfKvl4n/eYNE+RdOSnmcKMLxbJGfMKgimLUCh1QQrNhEE4QF1X+FOEACYaW7q+QlXGY4+z55nnRPavVGrXFzWm22ijrKYA8cgCNQB+egCa5BG3QABvfgETyDF+PBeDJejbfZaMkoMrvgF4z3L7R8mJo=</latexit>

Also a Higgs portal operator 
allowed by all symmetries

�HH
†
H ! †

B
! B

<latexit sha1_base64="DM4evLGWmaDBgwLJNdgJSFuPN60=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0XoQkpixceu1E2XFewDmhgmk0k7dPJgZiKU0F9w46+4caGIW3fu/BunSRC1Hhg4nHMud+5xY0aFNIxPrbS0vLK6Vl6vbGxube/ou3s9ESUcky6OWMQHLhKE0ZB0JZWMDGJOUOAy0ncnV3O/f0e4oFF4I6cxsQM0CqlPMZJKcvSaxVTYQ04btm8tD41gG1rH0OqMqdPKhZw7etWoGxngIjELUgUFOo7+YXkRTgISSsyQEEPTiKWdIi4pZmRWsRJBYoQnaESGioYoIMJOs4tm8EgpHvQjrl4oYab+nEhRIMQ0cFUyQHIs/npz8T9vmEj/wk5pGCeShDhf5CcMygjO64Ee5QRLNlUEYU7VXyEeI46wVCVWshIu5zj7PnmR9E7qZqPeuD6tNltFHWVwAA5BDZjgHDRBG3RAF2BwDx7BM3jRHrQn7VV7y6MlrZjZB7+gvX8BV1ablg==</latexit>
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