
Freeze-in versus Glaciation: 
Freezing into a thermalized 

hidden sector
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Based on NF, Kahn and Shelton in prep. 
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Dark Matter also have feelings
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Take home massage 

As soon as one allows for an initial thermalized population in the dark sector, 
the freeze-in standard story line expands to a “glaciation band” which is 

currently being proved by direct-detection experiments
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Freeze-out
Or the art of getting rid of stuff 
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• Relic abundance is 
independent of initial 
conditions 


• Fine with BBN       
(masses > few MeV)


• Experimentally testable. 
Past ~15 years  

χχ
χ

χ
χ

χ

χ

χ χ
χ

χ

χχ

χ

χ

χχχ
χ

χ

χ

χ

χ

χχ
χ

χχχ χχ χχ



Freeze-in
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Or the art of getting enough with less

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


• Fine with BBN and Neff       
(masses > keV)


• Experimentally testable 
soon! Very exciting! 
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Or the art of getting less and just enough 
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independent of initial 
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• Fine with BBN and Neff       
(masses > keV)


• Experimentally testable 
soon! Very exciting! 

[Tien-Tien Yu: Snowmass CF1 2020]
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FDM / 1/q2

H(T) = Γ(T)
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Or the art of getting less and just enough 

H(T) = Γ(T)
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FDM / 1/q2



Freeze-in

10

Or the art of getting less and just enough 

H(T) = Γ(T)
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Or the art of getting less and just enough 

H(T) = Γ(T)
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• Relic abundance is 
independent of initial 
conditions 


• Fine with BBN and Neff       
(masses > keV)


• Experimentally testable 
soon! Very exciting! 

The standard freeze-in paradigm 
has a hidden UV sensitivity in that 

the initial DM population is 
assumed to be exactly zero.  

1/T
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Explicit Model: Kinetic mixing portal 
Dark photon
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mZD ⌧ mZ (ultra light mediator) 

[X. Chu,T.H., M.Tytgat ‘11 ]
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• We explore how a pre-existing population of DM, either alone or as part of a 
thermalized dark sector, affects the dynamics of freeze-in. 


• For a kinetically mixed dark photon, the dominant source of energy injection into 
the hidden sector is through DM pair production (thermal corrections). 


• Elastic processes are fast enough for instantaneous kinetic equilibrium.  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Boltzmann Equation
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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
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<latexit sha1_base64="vuRaILcWnWznFiKPH7Y2gSd0kZk=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBiyep0C9pQ9lstu3S3STsToQS+iu8eFDEqz/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUMnGqGW+yWMa6E1DDpYh4EwVK3kk0pyqQvB2Mb2d++4lrI+KogZOE+4oOIzEQjKKVHnsoZMizxrRfrrhVdw6ySrycVCBHvV/+6oUxSxWPkElqTNdzE/QzqlEwyaelXmp4QtmYDnnX0ogqbvxsfvCUnFklJINY24qQzNXfExlVxkxUYDsVxZFZ9mbif143xcGNn4koSZFHbLFokEqCMZl9T0KhOUM5sYQyLeythI2opgxtRiUbgrf88ippXVS9q6r3cFmp3edxFOEETuEcPLiGGtxBHZrAQMEzvMKbo50X5935WLQWnHzmGP7A+fwBEj2QoA==</latexit>

T̃
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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 correct? 
Parameter space?


• Initial condition 



23

Instantaneous kinetic equilibration of DM 
<latexit sha1_base64="IvWx/Jvp0zcnqM5aMKuz3XXrq4s=">AAACD3icbVDLSgNBEJz1GeNr1aOXwaBECGE3RvQY9OIxgnlAdgmzk9lkyOyDmV4lLPkDL/6KFw+KePXqzb9xkuxBEwsaiqpuuru8WHAFlvVtLC2vrK6t5zbym1vbO7vm3n5TRYmkrEEjEcm2RxQTPGQN4CBYO5aMBJ5gLW94PfFb90wqHoV3MIqZG5B+yH1OCWipa544gvlQxLZTqmBH8v4AiJTRAz7DTglXM+m0axassjUFXiR2RgooQ71rfjm9iCYBC4EKolTHtmJwUyKBU8HGeSdRLCZ0SPqso2lIAqbcdPrPGB9rpYf9SOoKAU/V3xMpCZQaBZ7uDAgM1Lw3Ef/zOgn4l27KwzgBFtLZIj8RGCI8CQf3uGQUxEgTQiXXt2I6IJJQ0BHmdQj2/MuLpFkp2+dl67ZaqF1lceTQITpCRWSjC1RDN6iOGoiiR/SMXtGb8WS8GO/Gx6x1ychmDtAfGJ8/MpiaPA==</latexit>

(1 2 ! 3 4)
<latexit sha1_base64="jqZ8XTpeH1qOqkTKVvRgxPkc+MI=">AAAB+nicbZDLSsNAFIZP6q3WW6pLN4NFcFWSouiy6MZlhd6gDWEynbZDJ5M4M1FKzKO4caGIW5/EnW/jtM1CW38Y+PjPOZwzfxBzprTjfFuFtfWNza3idmlnd2//wC4ftlWUSEJbJOKR7AZYUc4EbWmmOe3GkuIw4LQTTG5m9c4DlYpFoqmnMfVCPBJsyAjWxvLtctNP3Qz1Bb1HBmsZ8u2KU3XmQqvg5lCBXA3f/uoPIpKEVGjCsVI914m1l2KpGeE0K/UTRWNMJnhEewYFDqny0vnpGTo1zgANI2me0Gju/p5IcajUNAxMZ4j1WC3XZuZ/tV6ih1deykScaCrIYtEw4UhHaJYDGjBJieZTA5hIZm5FZIwlJtqkVTIhuMtfXoV2repeVJ2780r9Oo+jCMdwAmfgwiXU4RYa0AICj/AMr/BmPVkv1rv1sWgtWPnMEfyR9fkD1QKTEg==</latexit>

T1 6= T2

Momentum transferred:

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

Cp
1 2!3 4(T, T̃ ) = neq

1 (T )neq
2 (T̃ )h�vpi

= �g1g2T 4T̃ 3

32⇡4

Z 1

s̃min

ds̃
�

1
2 (s̃2, x1, x2)

s̃
�(s)

�
�(s̃2, x1, x2)K2(s̃) + 4s̃x2

1K1(s̃)
�

<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
χχ
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Instantaneous kinetic equilibration of DM 
<latexit sha1_base64="IvWx/Jvp0zcnqM5aMKuz3XXrq4s=">AAACD3icbVDLSgNBEJz1GeNr1aOXwaBECGE3RvQY9OIxgnlAdgmzk9lkyOyDmV4lLPkDL/6KFw+KePXqzb9xkuxBEwsaiqpuuru8WHAFlvVtLC2vrK6t5zbym1vbO7vm3n5TRYmkrEEjEcm2RxQTPGQN4CBYO5aMBJ5gLW94PfFb90wqHoV3MIqZG5B+yH1OCWipa544gvlQxLZTqmBH8v4AiJTRAz7DTglXM+m0axassjUFXiR2RgooQ71rfjm9iCYBC4EKolTHtmJwUyKBU8HGeSdRLCZ0SPqso2lIAqbcdPrPGB9rpYf9SOoKAU/V3xMpCZQaBZ7uDAgM1Lw3Ef/zOgn4l27KwzgBFtLZIj8RGCI8CQf3uGQUxEgTQiXXt2I6IJJQ0BHmdQj2/MuLpFkp2+dl67ZaqF1lceTQITpCRWSjC1RDN6iOGoiiR/SMXtGb8WS8GO/Gx6x1ychmDtAfGJ8/MpiaPA==</latexit>

(1 2 ! 3 4)
<latexit sha1_base64="jqZ8XTpeH1qOqkTKVvRgxPkc+MI=">AAAB+nicbZDLSsNAFIZP6q3WW6pLN4NFcFWSouiy6MZlhd6gDWEynbZDJ5M4M1FKzKO4caGIW5/EnW/jtM1CW38Y+PjPOZwzfxBzprTjfFuFtfWNza3idmlnd2//wC4ftlWUSEJbJOKR7AZYUc4EbWmmOe3GkuIw4LQTTG5m9c4DlYpFoqmnMfVCPBJsyAjWxvLtctNP3Qz1Bb1HBmsZ8u2KU3XmQqvg5lCBXA3f/uoPIpKEVGjCsVI914m1l2KpGeE0K/UTRWNMJnhEewYFDqny0vnpGTo1zgANI2me0Gju/p5IcajUNAxMZ4j1WC3XZuZ/tV6ih1deykScaCrIYtEw4UhHaJYDGjBJieZTA5hIZm5FZIwlJtqkVTIhuMtfXoV2repeVJ2780r9Oo+jCMdwAmfgwiXU4RYa0AICj/AMr/BmPVkv1rv1sWgtWPnMEfyR9fkD1QKTEg==</latexit>

T1 6= T2

Momentum transferred:

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

Cp
1 2!3 4(T, T̃ ) = neq

1 (T )neq
2 (T̃ )h�vpi

= �g1g2T 4T̃ 3

32⇡4

Z 1

s̃min

ds̃
�

1
2 (s̃2, x1, x2)

s̃
�(s)

�
�(s̃2, x1, x2)K2(s̃) + 4s̃x2

1K1(s̃)
�

<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
χχ
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Instantaneous kinetic equilibration of DM 

Have you seen this formula?

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

T1 6= T2
Momentum transferred:

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

Cp
1 2!3 4(T, T̃ ) = neq

1 (T )neq
2 (T̃ )h�vpi

= �g1g2T 4T̃ 3

32⇡4

Z 1

s̃min

ds̃
�

1
2 (s̃2, x1, x2)

s̃
�(s)

�
�(s̃2, x1, x2)K2(s̃) + 4s̃x2

1K1(s̃)
�

<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 


• One Integration variable left
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Instantaneous kinetic equilibration of DM 
<latexit sha1_base64="IvWx/Jvp0zcnqM5aMKuz3XXrq4s=">AAACD3icbVDLSgNBEJz1GeNr1aOXwaBECGE3RvQY9OIxgnlAdgmzk9lkyOyDmV4lLPkDL/6KFw+KePXqzb9xkuxBEwsaiqpuuru8WHAFlvVtLC2vrK6t5zbym1vbO7vm3n5TRYmkrEEjEcm2RxQTPGQN4CBYO5aMBJ5gLW94PfFb90wqHoV3MIqZG5B+yH1OCWipa544gvlQxLZTqmBH8v4AiJTRAz7DTglXM+m0axassjUFXiR2RgooQ71rfjm9iCYBC4EKolTHtmJwUyKBU8HGeSdRLCZ0SPqso2lIAqbcdPrPGB9rpYf9SOoKAU/V3xMpCZQaBZ7uDAgM1Lw3Ef/zOgn4l27KwzgBFtLZIj8RGCI8CQf3uGQUxEgTQiXXt2I6IJJQ0BHmdQj2/MuLpFkp2+dl67ZaqF1lceTQITpCRWSjC1RDN6iOGoiiR/SMXtGb8WS8GO/Gx6x1ychmDtAfGJ8/MpiaPA==</latexit>

(1 2 ! 3 4)
<latexit sha1_base64="jqZ8XTpeH1qOqkTKVvRgxPkc+MI=">AAAB+nicbZDLSsNAFIZP6q3WW6pLN4NFcFWSouiy6MZlhd6gDWEynbZDJ5M4M1FKzKO4caGIW5/EnW/jtM1CW38Y+PjPOZwzfxBzprTjfFuFtfWNza3idmlnd2//wC4ftlWUSEJbJOKR7AZYUc4EbWmmOe3GkuIw4LQTTG5m9c4DlYpFoqmnMfVCPBJsyAjWxvLtctNP3Qz1Bb1HBmsZ8u2KU3XmQqvg5lCBXA3f/uoPIpKEVGjCsVI914m1l2KpGeE0K/UTRWNMJnhEewYFDqny0vnpGTo1zgANI2me0Gju/p5IcajUNAxMZ4j1WC3XZuZ/tV6ih1deykScaCrIYtEw4UhHaJYDGjBJieZTA5hIZm5FZIwlJtqkVTIhuMtfXoV2repeVJ2780r9Oo+jCMdwAmfgwiXU4RYa0AICj/AMr/BmPVkv1rv1sWgtWPnMEfyR9fkD1QKTEg==</latexit>

T1 6= T2

 Thermally averaged momentum loss:

<latexit sha1_base64="1hFuRk/8zazjXMfW4wEjoBdwHCQ="></latexit>

�p loss ⇡ hdp
dt

i 1

hpi =
n2eq(T̃ )h�T vpi

hpi

χχ
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Instantaneous kinetic equilibration of DM  
Vs 

DM self-interaction constraints 
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m¬[MeV]
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ry
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ª = 0.01
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æ

m¬
= 1 cm2g°1 (v = 3 · 10°3)

<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

<latexit sha1_base64="pAhFjqsUOcrfQygxB6/1y4rMUnI=">AAACE3icbVDLSsNAFJ34rPUVdelmsAjioiQi6rKoC5cV7AObECbTSTN0MhNmJkoJ+Qc3/oobF4q4dePOvzFps7CtBy4czrmXe+/xY0aVtqwfY2FxaXlltbJWXd/Y3No2d3bbSiQSkxYWTMiujxRhlJOWppqRbiwJinxGOv7wqvA7D0QqKvidHsXEjdCA04BipHPJM48dHFIvtTN476XXGXQkHYQaSSke4bRV9cyaVbfGgPPELkkNlGh65rfTFziJCNeYIaV6thVrN0VSU8xIVnUSRWKEh2hAejnlKCLKTcc/ZfAwV/owEDIvruFY/TuRokipUeTnnRHSoZr1CvE/r5fo4MJNKY8TTTieLAoSBrWARUCwTyXBmo1ygrCk+a0Qh0girPMYixDs2ZfnSfukbp/V7dvTWuOyjKMC9sEBOAI2OAcNcAOaoAUweAIv4A28G8/Gq/FhfE5aF4xyZg9Mwfj6BQhTnZ4=</latexit>

�1ZD ! �1ZD
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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

Regular 

freeze-in

Thermalization
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DM relic abundance



NF, Kahn and Shelton in prep.
35

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

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

• The standard freeze-in paradigm, this same combination of couplings 
appears 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, this “freeze-in line” expands to a “glaciation band” because 
there are multiple points in the ε − αD plane which achieve the correct relic 
abundance. 
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Thanks!


