
Freeze-in versus Glaciation: 
Freezing into a thermalized 

hidden sector
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Nicolas Fernandez 

Based on NF, Kahn and Shelton in prep. 
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Dark Matter Production Flow*
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Freeze-out
Or the art of getting rid of stuff 
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1/T

• Relic abundance is 
independent of initial 
conditions 


• Fine with BBN       
(masses > few MeV)


• Experimentally testable. 
Past ~15 years  
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Freeze-in
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Or the art of getting enough with less

Freeze-in (FIMP)
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density

1/T

• Relic abundance is 
independent of initial 
conditions* 


• Fine with BBN and Neff       
(masses > O(10) keV)


• Experimentally testable 
soon! Very exciting! 

χ χχ χ
χ
χ

[Hall et al. 2009 ]



Freeze-in
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Looking in to the future

Freeze-in (FIMP)
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χ

dark matter 
density

• Relic abundance is 
independent of initial 
conditions 


• Fine with BBN and Neff       
(masses > keV)


• Experimentally testable 
soon! Very exciting! 

[Tien-Tien Yu: Snowmass CF1 2020]
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<latexit sha1_base64="v6IPtVE0Y8qKWXQUSfBtLZYq8jI=">AAACAHicbVDLSgMxFM34rPU16sKFm2ARXNWZIuqyqIgboYJ9QDsOmTRtQzOTmGSEMszGX3HjQhG3foY7/8ZMOwttPRA4nHMvN+cEglGlHefbmptfWFxaLqwUV9fWNzbtre2G4rHEpI4547IVIEUYjUhdU81IS0iCwoCRZjC8yPzmI5GK8uhOjwTxQtSPaI9ipI3k27tXfnJ5k8KOkFxoDt2jh/ukkhZ9u+SUnTHgLHFzUgI5ar791elyHIck0pghpdquI7SXIKkpZiQtdmJFBMJD1CdtQyMUEuUl4wApPDBKF/a4NC/ScKz+3khQqNQoDMxkiPRATXuZ+J/XjnXvzEtoJGJNIjw51IsZNEmzNmCXSoI1GxmCsKTmrxAPkERYm86yEtzpyLOkUSm7J2Xn9rhUPc/rKIA9sA8OgQtOQRVcgxqoAwxS8AxewZv1ZL1Y79bHZHTOynd2wB9Ynz8LJZVn</latexit>

FDM / 1/q2

thermal bath 
density



Freeze-in
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Looking in to the future

Freeze-in (FIMP)
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[Tien-Tien Yu: Snowmass CF1 2020]
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<latexit sha1_base64="v6IPtVE0Y8qKWXQUSfBtLZYq8jI=">AAACAHicbVDLSgMxFM34rPU16sKFm2ARXNWZIuqyqIgboYJ9QDsOmTRtQzOTmGSEMszGX3HjQhG3foY7/8ZMOwttPRA4nHMvN+cEglGlHefbmptfWFxaLqwUV9fWNzbtre2G4rHEpI4547IVIEUYjUhdU81IS0iCwoCRZjC8yPzmI5GK8uhOjwTxQtSPaI9ipI3k27tXfnJ5k8KOkFxoDt2jh/ukkhZ9u+SUnTHgLHFzUgI5ar791elyHIck0pghpdquI7SXIKkpZiQtdmJFBMJD1CdtQyMUEuUl4wApPDBKF/a4NC/ScKz+3khQqNQoDMxkiPRATXuZ+J/XjnXvzEtoJGJNIjw51IsZNEmzNmCXSoI1GxmCsKTmrxAPkERYm86yEtzpyLOkUSm7J2Xn9rhUPc/rKIA9sA8OgQtOQRVcgxqoAwxS8AxewZv1ZL1Y79bHZHTOynd2wB9Ynz8LJZVn</latexit>

FDM / 1/q2

thermal bath 
density

<latexit sha1_base64="CTmaHP6qmbvR9cTfL4iYmmOGBgs=">AAACFnicbZDLSsNAFIYnXmu9RV26GSyCG0siii5cFF3oRqhgL9CEMJlO2qEzkzAzEUroU7jxVdy4UMStuPNtnLRZ1NYDAx//fw5zzh8mjCrtOD/WwuLS8spqaa28vrG5tW3v7DZVnEpMGjhmsWyHSBFGBWloqhlpJ5IgHjLSCgfXud96JFLRWDzoYUJ8jnqCRhQjbaTAPnahx5HuS57BO9IcwUvIg8zDfZrjlHmTm4FdcarOuOA8uAVUQFH1wP72ujFOOREaM6RUx3US7WdIaooZGZW9VJEE4QHqkY5BgThRfjY+awQPjdKFUSzNExqO1emJDHGlhjw0nfmWatbLxf+8TqqjCz+jIkk1EXjyUZQyqGOYZwS7VBKs2dAAwpKaXSHuI4mwNkmWTQju7Mnz0DypumdV5/60Ursq4iiBfXAAjoALzkEN3II6aAAMnsALeAPv1rP1an1Yn5PWBauY2QN/yvr6BTCBnYM=</latexit>

1MeV < m� < 1GeV



Freeze-in
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Trying to poke holes

Freeze-in (FIMP)
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• Relic abundance is 
independent of initial 
conditions 


• Fine with BBN and Neff       
(masses > O(10) keV)


• Experimentally testable 
soon! Very exciting! 
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9

Trying to poke holes

Freeze-in (FIMP)
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χ χχ

• Relic abundance is 
independent of initial 
conditions 


• Fine with BBN and Neff       
(masses > keV)


• Experimentally testable 
soon! Very exciting! 

The standard freeze-in paradigm 
could have a hidden UV sensitivity 
in that the initial DM population is 

assumed to be exactly zero. 

1/T



What if…
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Self-Interactions



Let us explore an explicit model:  

Kinetic mixing portal Dark photon
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Explicit Model: Kinetic mixing portal 
Dark photon

14

<latexit sha1_base64="Pfco8rwDPMRUDuang6INkYJwrOQ="></latexit>

L = �1

4
Z̃ 0
µ⌫Z̃

0µ⌫ � ✏

2 cos ✓W
Z̃ 0
µ⌫B̃

µ⌫ � 1

2
m2

ZD
Z̃DµZ̃

µ
D + g�J

µ
DZ̃Dµ + �̄ (i�µ@µ �m�)� ,

<latexit sha1_base64="6sxDqN+1bxb1JuF2Dn3sVmpp580="></latexit>

L � �✏eJµ
EMZDµ + ✏g� tan ✓WJµ

DZµ + g�J
µ
DZDµ ,

<latexit sha1_base64="2JDLnhSQKRJQGslDDj6OdoHWO8c=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1gEVyURRZcFXeiugn1gG8JkOmmHziRhZiLUEPwVNy4Ucet/uPNvnLRdaPXAhTPn3Mvce4KEM6Ud58sqLSwuLa+UVytr6xubW/b2TkvFqSS0SWIey06AFeUsok3NNKedRFIsAk7bweii8Nv3VCoWR7d6nFBP4EHEQkawNpJv7wk/u/OzyzxHPc5R8corvl11as4E6C9xZ6QKMzR8+7PXj0kqaKQJx0p1XSfRXoalZoTTvNJLFU0wGeEB7RoaYUGVl022z9GhUfoojKWpSKOJ+nMiw0KpsQhMp8B6qOa9QvzP66Y6PPcyFiWpphGZfhSmHOkYFVGgPpOUaD42BBPJzK6IDLHERJvAihDc+ZP/ktZxzT2tOTcn1fr1LI4y7MMBHIELZ1CHK2hAEwg8wBO8wKv1aD1bb9b7tLVkzWZ24Resj2/RV5TT</latexit>

mZD ⌧ mZ (ultra light mediator) 
Rotating away 


the mixing term
Gauge boson 


mass eigenstates



RELIC ABUNDANCE FROM FREEZE-IN
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<latexit sha1_base64="6sxDqN+1bxb1JuF2Dn3sVmpp580="></latexit>

L � �✏eJµ
EMZDµ + ✏g� tan ✓WJµ

DZµ + g�J
µ
DZDµ ,

<latexit sha1_base64="CTmaHP6qmbvR9cTfL4iYmmOGBgs=">AAACFnicbZDLSsNAFIYnXmu9RV26GSyCG0siii5cFF3oRqhgL9CEMJlO2qEzkzAzEUroU7jxVdy4UMStuPNtnLRZ1NYDAx//fw5zzh8mjCrtOD/WwuLS8spqaa28vrG5tW3v7DZVnEpMGjhmsWyHSBFGBWloqhlpJ5IgHjLSCgfXud96JFLRWDzoYUJ8jnqCRhQjbaTAPnahx5HuS57BO9IcwUvIg8zDfZrjlHmTm4FdcarOuOA8uAVUQFH1wP72ujFOOREaM6RUx3US7WdIaooZGZW9VJEE4QHqkY5BgThRfjY+awQPjdKFUSzNExqO1emJDHGlhjw0nfmWatbLxf+8TqqjCz+jIkk1EXjyUZQyqGOYZwS7VBKs2dAAwpKaXSHuI4mwNkmWTQju7Mnz0DypumdV5/60Ursq4iiBfXAAjoALzkEN3II6aAAMnsALeAPv1rP1an1Yn5PWBauY2QN/yvr6BTCBnYM=</latexit>

1MeV < m� < 1GeV
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<latexit sha1_base64="6sxDqN+1bxb1JuF2Dn3sVmpp580="></latexit>

L � �✏eJµ
EMZDµ + ✏g� tan ✓WJµ

DZµ + g�J
µ
DZDµ ,

<latexit sha1_base64="TGp/dNcsOWnnBYl9vBSh7VJEKok=">AAACH3icbVDLSgMxFM34tr6qLt0Ei+CqzIivpaAL3VWwKnRquZPetsFMEpJMoQz9Ezf+ihsXioi7/o1pnYWvA4GTc+4lOSfRglsXhqNganpmdm5+YbG0tLyyulZe37i2KjMM60wJZW4TsCi4xLrjTuCtNghpIvAmuT8d+zd9NJYreeUGGpspdCXvcAbOS63yYSxAdgXS2PJuCrQfm+KujdJO0Ri15ULJu3xvGIPQPWjlZ8NWuRJWwwnoXxIVpEIK1Frlj7itWJaidEyAtY0o1K6Zg3GcCRyW4syiBnYPXWx4KiFF28wn+YZ0xytt2lHGH+noRP2+kUNq7SBN/GQKrmd/e2PxP6+Ruc5xM+dSZw4l+3qokwnqc4/Lom1ukDkx8ASY4f6vlPXAAHO+0pIvIfod+S+53qtGB9Xwcr9yclHUsUC2yDbZJRE5IifknNRInTDyQJ7IC3kNHoPn4C14/xqdCoqdTfIDwegTKIijtA==</latexit>

h�vi / ✏2↵D

<latexit sha1_base64="mbnr/Tb1GcPsMYs0JG4kRqb0Rj8=">AAACEHicbVDLSsNAFJ3UV62vqEs3g0V0VZJS0Y1Q0IXuKtgHNDFMppNm6OTBzEQoQz7Bjb/ixoUibl2682+ctllo64ELh3Pu5d57/JRRIS3r2ygtLa+srpXXKxubW9s75u5eRyQZx6SNE5bwno8EYTQmbUklI72UExT5jHT90eXE7z4QLmgS38lxStwIDWMaUIykljzz2EEsDZGnrnJ4AZ2AI6yG96qee8rBIc1z1YBOSnPPrFo1awq4SOyCVEGBlmd+OYMEZxGJJWZIiL5tpdJViEuKGckrTiZIivAIDUlf0xhFRLhq+lAOj7QygEHCdcUSTtXfEwpFQowjX3dGSIZi3puI/3n9TAbnrqJxmkkS49miIGNQJnCSDhxQTrBkY00Q5lTfCnGIdChSZ1jRIdjzLy+STr1mn9as20a1eVPEUQYH4BCcABucgSa4Bi3QBhg8gmfwCt6MJ+PFeDc+Zq0lo5jZB39gfP4AoBac/Q==</latexit>

↵D =
g2�
4⇡



RELIC ABUNDANCE FROM FREEZE-IN
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<latexit sha1_base64="6sxDqN+1bxb1JuF2Dn3sVmpp580="></latexit>

L � �✏eJµ
EMZDµ + ✏g� tan ✓WJµ

DZµ + g�J
µ
DZDµ ,

<latexit sha1_base64="TGp/dNcsOWnnBYl9vBSh7VJEKok=">AAACH3icbVDLSgMxFM34tr6qLt0Ei+CqzIivpaAL3VWwKnRquZPetsFMEpJMoQz9Ezf+ihsXioi7/o1pnYWvA4GTc+4lOSfRglsXhqNganpmdm5+YbG0tLyyulZe37i2KjMM60wJZW4TsCi4xLrjTuCtNghpIvAmuT8d+zd9NJYreeUGGpspdCXvcAbOS63yYSxAdgXS2PJuCrQfm+KujdJO0Ri15ULJu3xvGIPQPWjlZ8NWuRJWwwnoXxIVpEIK1Frlj7itWJaidEyAtY0o1K6Zg3GcCRyW4syiBnYPXWx4KiFF28wn+YZ0xytt2lHGH+noRP2+kUNq7SBN/GQKrmd/e2PxP6+Ruc5xM+dSZw4l+3qokwnqc4/Lom1ukDkx8ASY4f6vlPXAAHO+0pIvIfod+S+53qtGB9Xwcr9yclHUsUC2yDbZJRE5IifknNRInTDyQJ7IC3kNHoPn4C14/xqdCoqdTfIDwegTKIijtA==</latexit>

h�vi / ✏2↵D

<latexit sha1_base64="cgmJtU9+jKRSHplzVOfI9TZnGNs="></latexit>

h�Z!��i / ✏2↵D

<latexit sha1_base64="mbnr/Tb1GcPsMYs0JG4kRqb0Rj8=">AAACEHicbVDLSsNAFJ3UV62vqEs3g0V0VZJS0Y1Q0IXuKtgHNDFMppNm6OTBzEQoQz7Bjb/ixoUibl2682+ctllo64ELh3Pu5d57/JRRIS3r2ygtLa+srpXXKxubW9s75u5eRyQZx6SNE5bwno8EYTQmbUklI72UExT5jHT90eXE7z4QLmgS38lxStwIDWMaUIykljzz2EEsDZGnrnJ4AZ2AI6yG96qee8rBIc1z1YBOSnPPrFo1awq4SOyCVEGBlmd+OYMEZxGJJWZIiL5tpdJViEuKGckrTiZIivAIDUlf0xhFRLhq+lAOj7QygEHCdcUSTtXfEwpFQowjX3dGSIZi3puI/3n9TAbnrqJxmkkS49miIGNQJnCSDhxQTrBkY00Q5lTfCnGIdChSZ1jRIdjzLy+STr1mn9as20a1eVPEUQYH4BCcABucgSa4Bi3QBhg8gmfwCt6MJ+PFeDc+Zq0lo5jZB39gfP4AoBac/Q==</latexit>

↵D =
g2�
4⇡

<latexit sha1_base64="KjivYoyfMONylNzcNOTK3W3yxiY=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEVyURUVdSdKHLCvYBTQiT6aQdOjMJMxOhhIC/4saFIm79Dnf+jZM2C209cOFwzr3ce0+YMKq043xblaXlldW16nptY3Nre8fe3euoOJWYtHHMYtkLkSKMCtLWVDPSSyRBPGSkG45vCr/7SKSisXjQk4T4HA0FjShG2kiBfcCDzMMjml9BF3qSZ7ekk9cCu+40nCngInFLUgclWoH95Q1inHIiNGZIqb7rJNrPkNQUM5LXvFSRBOExGpK+oQJxovxsen4Oj40ygFEsTQkNp+rviQxxpSY8NJ0c6ZGa9wrxP6+f6ujSz6hIUk0Eni2KUgZ1DIss4IBKgjWbGIKwpOZWiEdIIqxNYkUI7vzLi6Rz2nDPG879Wb15XcZRBYfgCJwAF1yAJrgDLdAGGGTgGbyCN+vJerHerY9Za8UqZ/bBH1ifP9r/lMQ=</latexit>

m� > 1GeV
<latexit sha1_base64="0YYRtZnwt6CVnF2FOpK+I8/7YA0=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LJaCp5KIqMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDVh8MPN6bYWZemEph0HW/nNLa+sbmVnm7srO7t39QPTxqmyTTjPsskYnuhtRwKRT3UaDk3VRzGoeSd8LJ7dzvPHJtRKIecJryIKYjJSLBKFrJ91zSrw+qNbfhLkD+Eq8gNSjQGlQ/+8OEZTFXyCQ1pue5KQY51SiY5LNKPzM8pWxCR7xnqaIxN0G+OHZG6lYZkijRthSShfpzIqexMdM4tJ0xxbFZ9ebif14vw+g6yIVKM+SKLRdFmSSYkPnnZCg0ZyinllCmhb2VsDHVlKHNp2JD8FZf/kva5w3vsuHeX9SaN0UcZTiBUzgDD66gCXfQAh8YCHiCF3h1lPPsvDnvy9aSU8wcwy84H99OsY2z</latexit>

10%



RELIC ABUNDANCE FROM FREEZE-IN
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<latexit sha1_base64="6sxDqN+1bxb1JuF2Dn3sVmpp580="></latexit>

L � �✏eJµ
EMZDµ + ✏g� tan ✓WJµ

DZµ + g�J
µ
DZDµ ,

<latexit sha1_base64="TGp/dNcsOWnnBYl9vBSh7VJEKok=">AAACH3icbVDLSgMxFM34tr6qLt0Ei+CqzIivpaAL3VWwKnRquZPetsFMEpJMoQz9Ezf+ihsXioi7/o1pnYWvA4GTc+4lOSfRglsXhqNganpmdm5+YbG0tLyyulZe37i2KjMM60wJZW4TsCi4xLrjTuCtNghpIvAmuT8d+zd9NJYreeUGGpspdCXvcAbOS63yYSxAdgXS2PJuCrQfm+KujdJO0Ri15ULJu3xvGIPQPWjlZ8NWuRJWwwnoXxIVpEIK1Frlj7itWJaidEyAtY0o1K6Zg3GcCRyW4syiBnYPXWx4KiFF28wn+YZ0xytt2lHGH+noRP2+kUNq7SBN/GQKrmd/e2PxP6+Ruc5xM+dSZw4l+3qokwnqc4/Lom1ukDkx8ASY4f6vlPXAAHO+0pIvIfod+S+53qtGB9Xwcr9yclHUsUC2yDbZJRE5IifknNRInTDyQJ7IC3kNHoPn4C14/xqdCoqdTfIDwegTKIijtA==</latexit>

h�vi / ✏2↵D

<latexit sha1_base64="cgmJtU9+jKRSHplzVOfI9TZnGNs="></latexit>

h�Z!��i / ✏2↵D

<latexit sha1_base64="mbnr/Tb1GcPsMYs0JG4kRqb0Rj8=">AAACEHicbVDLSsNAFJ3UV62vqEs3g0V0VZJS0Y1Q0IXuKtgHNDFMppNm6OTBzEQoQz7Bjb/ixoUibl2682+ctllo64ELh3Pu5d57/JRRIS3r2ygtLa+srpXXKxubW9s75u5eRyQZx6SNE5bwno8EYTQmbUklI72UExT5jHT90eXE7z4QLmgS38lxStwIDWMaUIykljzz2EEsDZGnrnJ4AZ2AI6yG96qee8rBIc1z1YBOSnPPrFo1awq4SOyCVEGBlmd+OYMEZxGJJWZIiL5tpdJViEuKGckrTiZIivAIDUlf0xhFRLhq+lAOj7QygEHCdcUSTtXfEwpFQowjX3dGSIZi3puI/3n9TAbnrqJxmkkS49miIGNQJnCSDhxQTrBkY00Q5lTfCnGIdChSZ1jRIdjzLy+STr1mn9as20a1eVPEUQYH4BCcABucgSa4Bi3QBhg8gmfwCt6MJ+PFeDc+Zq0lo5jZB39gfP4AoBac/Q==</latexit>

↵D =
g2�
4⇡

<latexit sha1_base64="KjivYoyfMONylNzcNOTK3W3yxiY=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEVyURUVdSdKHLCvYBTQiT6aQdOjMJMxOhhIC/4saFIm79Dnf+jZM2C209cOFwzr3ce0+YMKq043xblaXlldW16nptY3Nre8fe3euoOJWYtHHMYtkLkSKMCtLWVDPSSyRBPGSkG45vCr/7SKSisXjQk4T4HA0FjShG2kiBfcCDzMMjml9BF3qSZ7ekk9cCu+40nCngInFLUgclWoH95Q1inHIiNGZIqb7rJNrPkNQUM5LXvFSRBOExGpK+oQJxovxsen4Oj40ygFEsTQkNp+rviQxxpSY8NJ0c6ZGa9wrxP6+f6ujSz6hIUk0Eni2KUgZ1DIss4IBKgjWbGIKwpOZWiEdIIqxNYkUI7vzLi6Rz2nDPG879Wb15XcZRBYfgCJwAF1yAJrgDLdAGGGTgGbyCN+vJerHerY9Za8UqZ/bBH1ifP9r/lMQ=</latexit>

m� > 1GeV
<latexit sha1_base64="0YYRtZnwt6CVnF2FOpK+I8/7YA0=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LJaCp5KIqMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDVh8MPN6bYWZemEph0HW/nNLa+sbmVnm7srO7t39QPTxqmyTTjPsskYnuhtRwKRT3UaDk3VRzGoeSd8LJ7dzvPHJtRKIecJryIKYjJSLBKFrJ91zSrw+qNbfhLkD+Eq8gNSjQGlQ/+8OEZTFXyCQ1pue5KQY51SiY5LNKPzM8pWxCR7xnqaIxN0G+OHZG6lYZkijRthSShfpzIqexMdM4tJ0xxbFZ9ebif14vw+g6yIVKM+SKLRdFmSSYkPnnZCg0ZyinllCmhb2VsDHVlKHNp2JD8FZf/kva5w3vsuHeX9SaN0UcZTiBUzgDD66gCXfQAh8YCHiCF3h1lPPsvDnvy9aSU8wcwy84H99OsY2z</latexit>

10%

  
<latexit sha1_base64="bwOhd3lpeohkigsyzA0f3+J4IvY="></latexit>

3 parameters: ✏, ↵D and m�
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<latexit sha1_base64="6sxDqN+1bxb1JuF2Dn3sVmpp580="></latexit>

L � �✏eJµ
EMZDµ + ✏g� tan ✓WJµ

DZµ + g�J
µ
DZDµ ,

<latexit sha1_base64="TGp/dNcsOWnnBYl9vBSh7VJEKok=">AAACH3icbVDLSgMxFM34tr6qLt0Ei+CqzIivpaAL3VWwKnRquZPetsFMEpJMoQz9Ezf+ihsXioi7/o1pnYWvA4GTc+4lOSfRglsXhqNganpmdm5+YbG0tLyyulZe37i2KjMM60wJZW4TsCi4xLrjTuCtNghpIvAmuT8d+zd9NJYreeUGGpspdCXvcAbOS63yYSxAdgXS2PJuCrQfm+KujdJO0Ri15ULJu3xvGIPQPWjlZ8NWuRJWwwnoXxIVpEIK1Frlj7itWJaidEyAtY0o1K6Zg3GcCRyW4syiBnYPXWx4KiFF28wn+YZ0xytt2lHGH+noRP2+kUNq7SBN/GQKrmd/e2PxP6+Ruc5xM+dSZw4l+3qokwnqc4/Lom1ukDkx8ASY4f6vlPXAAHO+0pIvIfod+S+53qtGB9Xwcr9yclHUsUC2yDbZJRE5IifknNRInTDyQJ7IC3kNHoPn4C14/xqdCoqdTfIDwegTKIijtA==</latexit>

h�vi / ✏2↵D

<latexit sha1_base64="cgmJtU9+jKRSHplzVOfI9TZnGNs="></latexit>

h�Z!��i / ✏2↵D

<latexit sha1_base64="mbnr/Tb1GcPsMYs0JG4kRqb0Rj8=">AAACEHicbVDLSsNAFJ3UV62vqEs3g0V0VZJS0Y1Q0IXuKtgHNDFMppNm6OTBzEQoQz7Bjb/ixoUibl2682+ctllo64ELh3Pu5d57/JRRIS3r2ygtLa+srpXXKxubW9s75u5eRyQZx6SNE5bwno8EYTQmbUklI72UExT5jHT90eXE7z4QLmgS38lxStwIDWMaUIykljzz2EEsDZGnrnJ4AZ2AI6yG96qee8rBIc1z1YBOSnPPrFo1awq4SOyCVEGBlmd+OYMEZxGJJWZIiL5tpdJViEuKGckrTiZIivAIDUlf0xhFRLhq+lAOj7QygEHCdcUSTtXfEwpFQowjX3dGSIZi3puI/3n9TAbnrqJxmkkS49miIGNQJnCSDhxQTrBkY00Q5lTfCnGIdChSZ1jRIdjzLy+STr1mn9as20a1eVPEUQYH4BCcABucgSa4Bi3QBhg8gmfwCt6MJ+PFeDc+Zq0lo5jZB39gfP4AoBac/Q==</latexit>

↵D =
g2�
4⇡

The relic abundance is given 
 by the combination  

<latexit sha1_base64="/TdDorY7LIg3YFlGbDvTVcNRh0g=">AAAB/3icbVDLSsNAFJ3UV62vqODGTbAIrkpSRF0WdeGygn1AE8NkOmmHTmaGmYlQYhb+ihsXirj1N9z5N07bLLT1wIXDOfdy7z2RoERp1/22SkvLK6tr5fXKxubW9o69u9dWPJUItxCnXHYjqDAlDLc00RR3hcQwiSjuRKOrid95wFIRzu70WOAggQNGYoKgNlJoH/hYKEI5u8/quQ+pGMIwu85Du+rW3CmcReIVpAoKNEP7y+9zlCaYaUShUj3PFTrIoNQEUZxX/FRhAdEIDnDPUAYTrIJsen/uHBul78RcmmLamaq/JzKYKDVOItOZQD1U895E/M/rpTq+CDLCRKoxQ7NFcUodzZ1JGE6fSIw0HRsCkSTmVgcNoYRIm8gqJgRv/uVF0q7XvLOad3tabVwWcZTBITgCJ8AD56ABbkATtAACj+AZvII368l6sd6tj1lrySpm9sEfWJ8/fYOWaA==</latexit>

✏2↵D



20

Boltzmann Equation

<latexit sha1_base64="iD7t731kXeCliD2ViwyB8OK7H5Q="></latexit>

⇢̇HS + 3H(⇢HS + PHS) = h�vEiT
fi
n
2
eq
(T )

<latexit sha1_base64="9WnWHBZexXRUKaGKAqJJ7+l6OzM="></latexit>

ṅ� + 3Hn� = �h�viT̃fo(n
2
� � n

2
eq(T̃ )) + h�viTfin

2
eq

Number density of DM:

Energy density of the HS:
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Boltzmann Equation

<latexit sha1_base64="iD7t731kXeCliD2ViwyB8OK7H5Q="></latexit>

⇢̇HS + 3H(⇢HS + PHS) = h�vEiT
fi
n
2
eq
(T )

<latexit sha1_base64="9WnWHBZexXRUKaGKAqJJ7+l6OzM="></latexit>

ṅ� + 3Hn� = �h�viT̃fo(n
2
� � n

2
eq(T̃ )) + h�viTfin

2
eq

Number density of DM:

Energy density of the HS:
<latexit sha1_base64="inD/ciuo82+fXyWpurzKUV1QjVE=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMeAF08SwcRgdgmzk9lkyMzsMg8hLPkLLx4U8erfePNvnCR70MSChqKqm+6uOONMG9//9korq2vrG+XNytb2zu5edf+grVOrCG2RlKeqE2NNOZO0ZZjhtJMpikXM6UM8up76D09UaZbKezPOaCTwQLKEEWyc9BgK28tDMmSTXrXm1/0Z0DIJClKDAs1e9Svsp8QKKg3hWOtu4GcmyrEyjHA6qYRW0wyTER7QrqMSC6qjfHbxBJ04pY+SVLmSBs3U3xM5FlqPRew6BTZDvehNxf+8rjXJVZQzmVlDJZkvSixHJkXT91GfKUoMHzuCiWLuVkSGWGFiXEgVF0Kw+PIyaZ/Vg4t6cHdea9wWcZThCI7hFAK4hAbcQBNaQEDCM7zCm6e9F+/d+5i3lrxi5hD+wPv8Ad0AkRU=</latexit>µ�

<latexit sha1_base64="vuRaILcWnWznFiKPH7Y2gSd0kZk=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBiyep0C9pQ9lstu3S3STsToQS+iu8eFDEqz/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUMnGqGW+yWMa6E1DDpYh4EwVK3kk0pyqQvB2Mb2d++4lrI+KogZOE+4oOIzEQjKKVHnsoZMizxrRfrrhVdw6ySrycVCBHvV/+6oUxSxWPkElqTNdzE/QzqlEwyaelXmp4QtmYDnnX0ogqbvxsfvCUnFklJINY24qQzNXfExlVxkxUYDsVxZFZ9mbif143xcGNn4koSZFHbLFokEqCMZl9T0KhOUM5sYQyLeythI2opgxtRiUbgrf88ippXVS9q6r3cFmp3edxFOEETuEcPLiGGtxBHZrAQMEzvMKbo50X5935WLQWnHzmGP7A+fwBEj2QoA==</latexit>

T̃ • Instantaneous kinetic 
equilibration assumed
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Boltzmann Equation

<latexit sha1_base64="iD7t731kXeCliD2ViwyB8OK7H5Q="></latexit>

⇢̇HS + 3H(⇢HS + PHS) = h�vEiT
fi
n
2
eq
(T )

<latexit sha1_base64="9WnWHBZexXRUKaGKAqJJ7+l6OzM="></latexit>

ṅ� + 3Hn� = �h�viT̃fo(n
2
� � n

2
eq(T̃ )) + h�viTfin

2
eq

Number density of DM:

Energy density of the HS:

• Instantaneous kinetic 
equilibration assumed
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<latexit sha1_base64="/TdDorY7LIg3YFlGbDvTVcNRh0g=">AAAB/3icbVDLSsNAFJ3UV62vqODGTbAIrkpSRF0WdeGygn1AE8NkOmmHTmaGmYlQYhb+ihsXirj1N9z5N07bLLT1wIXDOfdy7z2RoERp1/22SkvLK6tr5fXKxubW9o69u9dWPJUItxCnXHYjqDAlDLc00RR3hcQwiSjuRKOrid95wFIRzu70WOAggQNGYoKgNlJoH/hYKEI5u8/quQ+pGMIwu85Du+rW3CmcReIVpAoKNEP7y+9zlCaYaUShUj3PFTrIoNQEUZxX/FRhAdEIDnDPUAYTrIJsen/uHBul78RcmmLamaq/JzKYKDVOItOZQD1U895E/M/rpTq+CDLCRKoxQ7NFcUodzZ1JGE6fSIw0HRsCkSTmVgcNoYRIm8gqJgRv/uVF0q7XvLOad3tabVwWcZTBITgCJ8AD56ABbkATtAACj+AZvII368l6sd6tj1lrySpm9sEfWJ8/fYOWaA==</latexit>

✏2↵D

VS
<latexit sha1_base64="hlVzcVr6DPl4aPr9TAohJvvSoXA=">AAACC3icbVDLSsNAFJ34rPUVdelmaBFclUREXRZ14bKCfWAbwmQ6aYZOZsLMRCmhezf+ihsXirj1B9z5N07agNp64MLhnHu5954gYVRpx/myFhaXlldWS2vl9Y3NrW17Z7elRCoxaWLBhOwESBFGOWlqqhnpJJKgOGCkHQwvcr99R6Sigt/oUUK8GA04DSlG2ki+XenhiMJbP7scw56kg0gjKcU9/JHLvl11as4EcJ64BamCAg3f/uz1BU5jwjVmSKmu6yTay5DUFDMyLvdSRRKEh2hAuoZyFBPlZZNfxvDAKH0YCmmKazhRf09kKFZqFAemM0Y6UrNeLv7ndVMdnnkZ5UmqCcfTRWHKoBYwDwb2qSRYs5EhCEtqboU4QhJhbeLLQ3BnX54nraOae1Jzr4+r9fMijhLYBxVwCFxwCurgCjRAE2DwAJ7AC3i1Hq1n6816n7YuWMXMHvgD6+Mbx1KaPg==</latexit>

�ZD ! �ZD

<latexit sha1_base64="0mYnTF9ggfeqngUT+fk22awVS1E=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0VwVRIRdVl047KCfUAbymQ6aYZOJmHmRimhWzf+ihsXirj1D9z5N07agNp64F4O59zLzD1+IrgGx/mySkvLK6tr5fXKxubW9o69u9fScaooa9JYxKrjE80El6wJHATrJIqRyBes7Y+ucr99x5TmsbyFccK8iAwlDzglYKS+jXs05EVTfBgCUSq+/1Erfbvq1Jwp8CJxC1JFBRp9+7M3iGkaMQlUEK27rpOAlxEFnAo2qfRSzRJCR2TIuoZKEjHtZdNLJvjIKAMcxMqUBDxVf29kJNJ6HPlmMiIQ6nkvF//zuikEF17GZZICk3T2UJAKDDHOY8EDrhgFMTaEUMXNXzENiSIUTHh5CO78yYukdVJzz2ruzWm1flnEUUYH6BAdIxedozq6Rg3URBQ9oCf0gl6tR+vZerPeZ6Mlq9jZR39gfXwDMjuZYA==</latexit>

�� ! ��
<latexit sha1_base64="dnKspU1aX08Y3VoQJqqtMURaDFE=">AAACFXicbZDLSsNAFIYn9VbrLerSzWARXEhJRNRl0Y3LCvYCTSiT6aQdOpmEmROlhL6EG1/FjQtF3ArufBsnbRbaemDg4//P4cz5g0RwDY7zbZWWlldW18rrlY3Nre0de3evpeNUUdaksYhVJyCaCS5ZEzgI1kkUI1EgWDsYXed++54pzWN5B+OE+REZSB5ySsBIPfvEo0OOvYCoLKcJ9hQfDIEoFT/gOa/Ss6tOzZkWXgS3gCoqqtGzv7x+TNOISaCCaN11nQT8jCjgVLBJxUs1SwgdkQHrGpQkYtrPpldN8JFR+jiMlXkS8FT9PZGRSOtxFJjOiMBQz3u5+J/XTSG89DMukxSYpLNFYSowxDiPCPe5YhTE2AChipu/YjokilAwQeYhuPMnL0LrtOae19zbs2r9qoijjA7QITpGLrpAdXSDGqiJKHpEz+gVvVlP1ov1bn3MWktWMbOP/pT1+QNSAZ7q</latexit>

��̄ ! ��̄
<latexit sha1_base64="/sp21qzTwlAdaN1Xyp0FcJ1bvdY=">AAACD3icbZC7TsMwFIadcivlFmBksahATFWCEDBWsDAWiV6kJqoc12msOnZkO6Aqyhuw8CosDCDEysrG2+C0GaDlSJY+/f85Oj5/kDCqtON8W5Wl5ZXVtep6bWNza3vH3t3rKJFKTNpYMCF7AVKEUU7ammpGeokkKA4Y6Qbj68Lv3hOpqOB3epIQP0YjTkOKkTbSwD4OoRcgmYU59CQdRRpJKR6ghyM6MwrKawO77jScacFFcEuog7JaA/vLGwqcxoRrzJBSfddJtJ8hqSlmJK95qSIJwmM0In2DHMVE+dn0nhweGWUIQyHN4xpO1d8TGYqVmsSB6YyRjtS8V4j/ef1Uh5d+RnmSasLxbFGYMqgFLMKBQyoJ1mxiAGFJzV8hjpBEWJsIixDc+ZMXoXPacM8b7u1ZvXlVxlEFB+AQnAAXXIAmuAEt0AYYPIJn8ArerCfrxXq3PmatFauc2Qd/yvr8AYzEnFo=</latexit>

ff̄ ! ��̄

<latexit sha1_base64="AKTF09dXbaZxXWFj8w7g3DL5OcY=">AAACB3icbZDLSsNAFIYnXmu9RV0KMlgEVyURUZdFNy4r2As2oUymk3boZCbMnCgldOfGV3HjQhG3voI738akzUJbfxj4+M85nDl/EAtuwHG+rYXFpeWV1dJaeX1jc2vb3tltGpVoyhpUCaXbATFMcMkawEGwdqwZiQLBWsHwKq+37pk2XMlbGMXMj0hf8pBTApnVtQ/usKd5fwBEa/WAPTrg2AuITnMal7t2xak6E+F5cAuooEL1rv3l9RRNIiaBCmJMx3Vi8FOigVPBxmUvMSwmdEj6rJOhJBEzfjq5Y4yPMqeHQ6WzJwFP3N8TKYmMGUVB1hkRGJjZWm7+V+skEF74KZdxAkzS6aIwERgUzkPBPa4ZBTHKgFDNs79iOiCaUMiiy0NwZ0+eh+ZJ1T2rujenldplEUcJ7aNDdIxcdI5q6BrVUQNR9Iie0St6s56sF+vd+pi2LljFzB76I+vzB0b3mO8=</latexit>

Z ! ��̄

<latexit sha1_base64="G1WwMnNJDtNWkrRLdNVyMbE9PsI=">AAAB9XicbVBNS8NAEJ34WetX1aOXYBE8laSIeizqwWMF+wFtWibbTbt0swm7G6WE/A8vHhTx6n/x5r9x2+agrQ8GHu/NMDPPjzlT2nG+rZXVtfWNzcJWcXtnd2+/dHDYVFEiCW2QiEey7aOinAna0Exz2o4lxdDntOWPb6Z+65FKxSLxoCcx9UIcChYwgtpIvS7yeIT99DbrpdWsXyo7FWcGe5m4OSlDjnq/9NUdRCQJqdCEo1Id14m1l6LUjHCaFbuJojGSMQ5px1CBIVVeOrs6s0+NMrCDSJoS2p6pvydSDJWahL7pDFGP1KI3Ff/zOokOrryUiTjRVJD5oiDhto7saQT2gElKNJ8YgkQyc6tNRiiRaBNU0YTgLr68TJrVintRce/Py7XrPI4CHMMJnIELl1CDO6hDAwhIeIZXeLOerBfr3fqYt65Y+cwR/IH1+QOUnJKR</latexit>

↵2
D

<latexit sha1_base64="q1EjCN3vRSctsgrcNQ2S+XAN7Zc=">AAACEXicbZC7TsMwFIadcivlFmBksaiQOlUJQsBYAQNjkehFNFHkuE5j1Ykj2wFVUV6BhVdhYQAhVjY23ganzQAtR7L16f/PkX1+P2FUKsv6NipLyyura9X12sbm1vaOubvXlTwVmHQwZ1z0fSQJozHpKKoY6SeCoMhnpOePLwu/d0+EpDy+VZOEuBEaxTSgGCkteWbDwSGFjo9EVlAOHUFHoUJC8Ad452VX+eyueWbdalrTgotgl1AHZbU988sZcpxGJFaYISkHtpUoN0NCUcxIXnNSSRKEx2hEBhpjFBHpZtONcniklSEMuNAnVnCq/p7IUCTlJPJ1Z4RUKOe9QvzPG6QqOHczGiepIjGePRSkDCoOi3jgkAqCFZtoQFhQ/VeIQyQQVjrEIgR7fuVF6B437dOmfXNSb12UcVTBATgEDWCDM9AC16ANOgCDR/AMXsGb8WS8GO/Gx6y1YpQz++BPGZ8/19SdAw==</latexit>

��̄ ! ZDZD

Energy injection:

Competing terms

<latexit sha1_base64="pwvSSUb8VQ70udZzmYDF8Wegr7g=">AAAB73icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E1DJoYxnBxEByhL3NXLJkb/fc3RNCyJ+wsVDE1r9j579xk1yhiQ8GHu/NMDMvSgU31ve/vcLK6tr6RnGztLW9s7tX3j9oGpVphg2mhNKtiBoUXGLDciuwlWqkSSTwIRreTP2HJ9SGK3lvRymGCe1LHnNGrZNaHUwNF0p2yxW/6s9AlkmQkwrkqHfLX52eYlmC0jJBjWkHfmrDMdWWM4GTUiczmFI2pH1sOyppgiYcz+6dkBOn9EistCtpyUz9PTGmiTGjJHKdCbUDs+hNxf+8dmbjq3DMZZpZlGy+KM4EsYpMnyc9rpFZMXKEMs3drYQNqKbMuohKLoRg8eVl0jyrBhfV4O68UrvO4yjCERzDKQRwCTW4hTo0gIGAZ3iFN+/Re/HevY95a8HLZw7hD7zPH07JkCY=</latexit>✏ <latexit sha1_base64="AJyIsluqhVjqtZxnypW3HnRdyfs=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GNRDx4r2A9sQ5lsN+3SzSbsboQS+i+8eFDEq//Gm//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUUdagsYhVO0DNBJesYbgRrJ0ohlEgWCsY3Uz91hNTmsfywYwT5kc4kDzkFI2VHrsokiH2sttJr1xxq+4MZJl4OalAjnqv/NXtxzSNmDRUoNYdz02Mn6EynAo2KXVTzRKkIxywjqUSI6b9bHbxhJxYpU/CWNmShszU3xMZRlqPo8B2RmiGetGbiv95ndSEV37GZZIaJul8UZgKYmIyfZ/0uWLUiLElSBW3txI6RIXU2JBKNgRv8eVl0jyrehdV7/68UrvO4yjCERzDKXhwCTW4gzo0gIKEZ3iFN0c7L8678zFvLTj5zCH8gfP5A5w1kOE=</latexit>↵D
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<latexit sha1_base64="/TdDorY7LIg3YFlGbDvTVcNRh0g=">AAAB/3icbVDLSsNAFJ3UV62vqODGTbAIrkpSRF0WdeGygn1AE8NkOmmHTmaGmYlQYhb+ihsXirj1N9z5N07bLLT1wIXDOfdy7z2RoERp1/22SkvLK6tr5fXKxubW9o69u9dWPJUItxCnXHYjqDAlDLc00RR3hcQwiSjuRKOrid95wFIRzu70WOAggQNGYoKgNlJoH/hYKEI5u8/quQ+pGMIwu85Du+rW3CmcReIVpAoKNEP7y+9zlCaYaUShUj3PFTrIoNQEUZxX/FRhAdEIDnDPUAYTrIJsen/uHBul78RcmmLamaq/JzKYKDVOItOZQD1U895E/M/rpTq+CDLCRKoxQ7NFcUodzZ1JGE6fSIw0HRsCkSTmVgcNoYRIm8gqJgRv/uVF0q7XvLOad3tabVwWcZTBITgCJ8AD56ABbkATtAACj+AZvII368l6sd6tj1lrySpm9sEfWJ8/fYOWaA==</latexit>

✏2↵D

VS
<latexit sha1_base64="hlVzcVr6DPl4aPr9TAohJvvSoXA=">AAACC3icbVDLSsNAFJ34rPUVdelmaBFclUREXRZ14bKCfWAbwmQ6aYZOZsLMRCmhezf+ihsXirj1B9z5N07agNp64MLhnHu5954gYVRpx/myFhaXlldWS2vl9Y3NrW17Z7elRCoxaWLBhOwESBFGOWlqqhnpJJKgOGCkHQwvcr99R6Sigt/oUUK8GA04DSlG2ki+XenhiMJbP7scw56kg0gjKcU9/JHLvl11as4EcJ64BamCAg3f/uz1BU5jwjVmSKmu6yTay5DUFDMyLvdSRRKEh2hAuoZyFBPlZZNfxvDAKH0YCmmKazhRf09kKFZqFAemM0Y6UrNeLv7ndVMdnnkZ5UmqCcfTRWHKoBYwDwb2qSRYs5EhCEtqboU4QhJhbeLLQ3BnX54nraOae1Jzr4+r9fMijhLYBxVwCFxwCurgCjRAE2DwAJ7AC3i1Hq1n6816n7YuWMXMHvgD6+Mbx1KaPg==</latexit>

�ZD ! �ZD

<latexit sha1_base64="0mYnTF9ggfeqngUT+fk22awVS1E=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0VwVRIRdVl047KCfUAbymQ6aYZOJmHmRimhWzf+ihsXirj1D9z5N07agNp64F4O59zLzD1+IrgGx/mySkvLK6tr5fXKxubW9o69u9fScaooa9JYxKrjE80El6wJHATrJIqRyBes7Y+ucr99x5TmsbyFccK8iAwlDzglYKS+jXs05EVTfBgCUSq+/1Erfbvq1Jwp8CJxC1JFBRp9+7M3iGkaMQlUEK27rpOAlxEFnAo2qfRSzRJCR2TIuoZKEjHtZdNLJvjIKAMcxMqUBDxVf29kJNJ6HPlmMiIQ6nkvF//zuikEF17GZZICk3T2UJAKDDHOY8EDrhgFMTaEUMXNXzENiSIUTHh5CO78yYukdVJzz2ruzWm1flnEUUYH6BAdIxedozq6Rg3URBQ9oCf0gl6tR+vZerPeZ6Mlq9jZR39gfXwDMjuZYA==</latexit>

�� ! ��
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Energy injection:

Competing terms
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 be important Maira Dutra’s talk for  Z’



Let us check two things:  

• Instantaneous kinetic equilibration assumption 

• Initial conditions
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26

Instantaneous kinetic equilibration of DM 

 Thermally averaged momentum loss:

<latexit sha1_base64="YksY/jO577WquuwTjB7rfAOVdG4="></latexit>

�p loss ⇡ hdp
dt

i 1

hpi =
n2eq(T̃ )h�T vpi

hpi & H

<latexit sha1_base64="jqZ8XTpeH1qOqkTKVvRgxPkc+MI=">AAAB+nicbZDLSsNAFIZP6q3WW6pLN4NFcFWSouiy6MZlhd6gDWEynbZDJ5M4M1FKzKO4caGIW5/EnW/jtM1CW38Y+PjPOZwzfxBzprTjfFuFtfWNza3idmlnd2//wC4ftlWUSEJbJOKR7AZYUc4EbWmmOe3GkuIw4LQTTG5m9c4DlYpFoqmnMfVCPBJsyAjWxvLtctNP3Qz1Bb1HBmsZ8u2KU3XmQqvg5lCBXA3f/uoPIpKEVGjCsVI914m1l2KpGeE0K/UTRWNMJnhEewYFDqny0vnpGTo1zgANI2me0Gju/p5IcajUNAxMZ4j1WC3XZuZ/tV6ih1deykScaCrIYtEw4UhHaJYDGjBJieZTA5hIZm5FZIwlJtqkVTIhuMtfXoV2repeVJ2780r9Oo+jCMdwAmfgwiXU4RYa0AICj/AMr/BmPVkv1rv1sWgtWPnMEfyR9fkD1QKTEg==</latexit>

T1 6= T2 • Two different temperatures in the 
initial state


• Relativistic 
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Instantaneous kinetic equilibration of DM  
Vs 

DM self-interaction constraints 
<latexit sha1_base64="EXLFG+AA3EeGBvGyZigkAupUZ5Y=">AAACGXicbZDLSsNAFIYn9VbrLerSzWARXJWkiLosunFZwV6gDWEynbRDJ5Mwc6KU0Ndw46u4caGIS135Nk7aLLT1wMDH/5/DmfMHieAaHOfbKq2srq1vlDcrW9s7u3v2/kFbx6mirEVjEatuQDQTXLIWcBCsmyhGokCwTjC+zv3OPVOax/IOJgnzIjKUPOSUgJF82+nTEfczd4rnUDeg+HAERKn4AS+5Fd+uOjVnVngZ3AKqqKimb3/2BzFNIyaBCqJ1z3US8DKigFPBppV+qllC6JgMWc+gJBHTXja7bIpPjDLAYazMk4Bn6u+JjERaT6LAdEYERnrRy8X/vF4K4aWXcZmkwCSdLwpTgSHGeUx4wBWjICYGCFXc/BXTEVGEggkzD8FdPHkZ2vWae15zb8+qjasijjI6QsfoFLnoAjXQDWqiFqLoET2jV/RmPVkv1rv1MW8tWcXMIfpT1tcPweGgIg==</latexit>

�1�2 ! �1�2

<latexit sha1_base64="RDVD4VDDnT3YLoK2y+Gpo5x087E=">AAACJXicdVDLSsNAFJ3UV62vqEs3g0VwVZIi6sJF0Y3LCvYBTQiT6aQZOsmEmYlSQn7Gjb/ixoVFBFf+ipM2C231wMC559zLnXv8hFGpLOvTqKysrq1vVDdrW9s7u3vm/kFX8lRg0sGccdH3kSSMxqSjqGKknwiCIp+Rnj++KfzeAxGS8vheTRLiRmgU04BipLTkmVcODqmX2Tl0fCSyosq9rKlLQUehQkLwR/hPT80z61bDmgEuE7skdVCi7ZlTZ8hxGpFYYYakHNhWotwMCUUxI3nNSSVJEB6jERloGqOISDebXZnDE60MYcCFfrGCM/XnRIYiKSeRrzsjpEK56BXiX94gVcGlm9E4SRWJ8XxRkDKoOCwig0MqCFZsognCguq/QhwigbDSwRYh2IsnL5Nus2GfN+y7s3rruoyjCo7AMTgFNrgALXAL2qADMHgCL+ANTI1n49V4Nz7mrRWjnDkEv2B8fQMwjKWs</latexit>

�1�̄2 ! �1�̄2
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⇠ =
T̃

T
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Initial condition DM 
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Freeze-in or freeze-out?
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Parameter space and DM relic abundance
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DM relic abundance
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DM relic abundance
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DM relic abundance
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DM relic abundance
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DM relic abundance and parameter space
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SENSEI 2020

• How the the freeze-in 
line is affected?

SEINSEI: [2004.11378]
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Current Experiments
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Current Experiments are testing this parameter space

UV sensitive

UV insensitive
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Current Experiments are testing this parameter space

UV sensitive

UV insensitive
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We could be probing the freeze-in 
scenario with current experiments!  
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Conclusion

<latexit sha1_base64="UM1uSu0enAUdFVwF4WL+2X4wX88="></latexit>

The standard freeze-in paradigm, this same combination of couplings ap-
pears in the annihilation cross section, leading to a 1-to-1 relation between
thermal history parameter space and direct detection parameter space. As soon
as one allows for an initial thermalized population in the dark sector or sizable
self-interactions, this “freeze-in line” expands to a “glaciation band” because
there are multiple points in the ✏ � ↵D plane which achieve the correct relic
abundance.
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Gracias
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Instantaneous kinetic equilibration of DM 
<latexit sha1_base64="jqZ8XTpeH1qOqkTKVvRgxPkc+MI=">AAAB+nicbZDLSsNAFIZP6q3WW6pLN4NFcFWSouiy6MZlhd6gDWEynbZDJ5M4M1FKzKO4caGIW5/EnW/jtM1CW38Y+PjPOZwzfxBzprTjfFuFtfWNza3idmlnd2//wC4ftlWUSEJbJOKR7AZYUc4EbWmmOe3GkuIw4LQTTG5m9c4DlYpFoqmnMfVCPBJsyAjWxvLtctNP3Qz1Bb1HBmsZ8u2KU3XmQqvg5lCBXA3f/uoPIpKEVGjCsVI914m1l2KpGeE0K/UTRWNMJnhEewYFDqny0vnpGTo1zgANI2me0Gju/p5IcajUNAxMZ4j1WC3XZuZ/tV6ih1deykScaCrIYtEw4UhHaJYDGjBJieZTA5hIZm5FZIwlJtqkVTIhuMtfXoV2repeVJ2780r9Oo+jCMdwAmfgwiXU4RYa0AICj/AMr/BmPVkv1rv1sWgtWPnMEfyR9fkD1QKTEg==</latexit>

T1 6= T2Momentum transferred:

<latexit sha1_base64="VcyspRh/warSDPJWLo1CwyLXDo0="></latexit>
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<latexit sha1_base64="wx4ExJvE6KIIp0B54pR2OFAdc1o="></latexit>

s = s̃2T T̃ + (T � T̃ )(Tx2
1 � T̃ x2

2) , s̃min = x1 + x2

<latexit sha1_base64="3QIN75HEHVfdRFQZQrVsFDKSYL4=">AAACAnicbZBNS8MwGMfT+TbnW9WTeAkOwdNoRdGLMPTiccLeYCsjzdItLElLkoqjFC9+FS8eFPHqp/DmtzHtetDNB0J+/P/PQ/L8/YhRpR3n2yotLa+srpXXKxubW9s79u5eW4WxxKSFQxbKro8UYVSQlqaakW4kCeI+Ix1/cpP5nXsiFQ1FU08j4nE0EjSgGGkjDeyDh0FC06t+IBFOeMZp0syvgV11ak5ecBHcAqqgqMbA/uoPQxxzIjRmSKme60TaS5DUFDOSVvqxIhHCEzQiPYMCcaK8JF8hhcdGGcIglOYIDXP190SCuFJT7ptOjvRYzXuZ+J/Xi3Vw6SVURLEmAs8eCmIGdQizPOCQSoI1mxpAWFLzV4jHyKShTWoVE4I7v/IitE9r7nnNuTur1q+LOMrgEByBE+CCC1AHt6ABWgCDR/AMXsGb9WS9WO/Wx6y1ZBUz++BPWZ8/t4CYRw==</latexit>

xi =
mi

Ti

• Two different temperatures in the initial state


• Relativistic 


• One Integration variable left

<latexit sha1_base64="V8uHXYefKudL647Dnjl1odJqGkE=">AAAB73icdVBNSwMxEJ31s9avqkcvwSJ4WrK1rXorevFYwX5Au5Rsmrah2eyaZIWy9E948aCIV/+ON/+N2baCij4YeLw3w8y8IBZcG4w/nKXlldW19dxGfnNre2e3sLff1FGiKGvQSESqHRDNBJesYbgRrB0rRsJAsFYwvsr81j1Tmkfy1kxi5odkKPmAU2Ks1O7SEe+l3rRXKGK3WqqUsIewiysYV08zUi5feBXkuXiGIixQ7xXeu/2IJiGThgqidcfDsfFTogyngk3z3USzmNAxGbKOpZKETPvp7N4pOrZKHw0iZUsaNFO/T6Qk1HoSBrYzJGakf3uZ+JfXSczg3E+5jBPDJJ0vGiQCmQhlz6M+V4waMbGEUMXtrYiOiCLU2IjyNoSvT9H/pFlyvarr3ZSLtctFHDk4hCM4AQ/OoAbXUIcGUBDwAE/w7Nw5j86L8zpvXXIWMwfwA87bJzyqkB0=</latexit>�1
<latexit sha1_base64="A4jzo+sIJAD/NpJFcED+RL34mC8=">AAAB73icdVDLSsNAFL2pr1pfVZduBovgKiSNpumu6MZlBWsLbSiT6aQdOnk4MxFK6E+4caGIW3/HnX/j9CGo6IELh3Pu5d57gpQzqSzrwyisrK6tbxQ3S1vbO7t75f2DW5lkgtAWSXgiOgGWlLOYthRTnHZSQXEUcNoOxpczv31PhWRJfKMmKfUjPIxZyAhWWur0yIj18+q0X65YplWreecu0qRe95y6Jo7reK6DbNOaowJLNPvl994gIVlEY0U4lrJrW6nycywUI5xOS71M0hSTMR7SrqYxjqj08/m9U3SilQEKE6ErVmiufp/IcSTlJAp0Z4TVSP72ZuJfXjdToefnLE4zRWOyWBRmHKkEzZ5HAyYoUXyiCSaC6VsRGWGBidIRlXQIX5+i/8lt1bRd074+qzQulnEU4QiO4RRsqEEDrqAJLSDA4QGe4Nm4Mx6NF+N10VowljOH8APG2yeCfpBN</latexit>�2


