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DARK SECTOR (DS)

 SM singlets, possibly with interactions 

 Possibly in thermal equilibrium with T’ ≠ T 

 Interacts (albeit feebly) with SM through a ‘portal’
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<latexit sha1_base64="7r5A3cngKqKeS3kEsjOIwGwboik="></latexit><latexit sha1_base64="7r5A3cngKqKeS3kEsjOIwGwboik="></latexit><latexit sha1_base64="7r5A3cngKqKeS3kEsjOIwGwboik="></latexit><latexit sha1_base64="7r5A3cngKqKeS3kEsjOIwGwboik="></latexit>

DARK SECTOR (DS)



L̄H̃

H
†
H

Bµ!

Dodelson & Widrow (1994) 
… 

Holdom (1986) 
… 

Silveira & Zee (1985) 
Veltman & Ynderain (1989) 
Patt & Wilczek (2006)
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SPECIAL SM PORTALS

! L ! !Bµ ! F !µ !
<latexit sha1_base64="4awjvi2sLvG7UkO62VfOv0fBAFk="></latexit><latexit sha1_base64="4awjvi2sLvG7UkO62VfOv0fBAFk="></latexit><latexit sha1_base64="4awjvi2sLvG7UkO62VfOv0fBAFk="></latexit><latexit sha1_base64="4awjvi2sLvG7UkO62VfOv0fBAFk="></latexit>



!
<latexit sha1_base64="wrRRvDQfV69E6SkNqsop0mZuZbY="></latexit><latexit sha1_base64="wrRRvDQfV69E6SkNqsop0mZuZbY="></latexit><latexit sha1_base64="wrRRvDQfV69E6SkNqsop0mZuZbY="></latexit><latexit sha1_base64="wrRRvDQfV69E6SkNqsop0mZuZbY="></latexit>

SM
dark
qed!

<latexit sha1_base64="wrRRvDQfV69E6SkNqsop0mZuZbY="></latexit><latexit sha1_base64="wrRRvDQfV69E6SkNqsop0mZuZbY="></latexit><latexit sha1_base64="wrRRvDQfV69E6SkNqsop0mZuZbY="></latexit><latexit sha1_base64="wrRRvDQfV69E6SkNqsop0mZuZbY="></latexit>

dark electrons and positrons (DM) 

dark photons  

!
<latexit sha1_base64="/D28nPCSHLYzpNO1Ash4JtPo2UY="></latexit><latexit sha1_base64="/D28nPCSHLYzpNO1Ash4JtPo2UY="></latexit><latexit sha1_base64="/D28nPCSHLYzpNO1Ash4JtPo2UY="></latexit><latexit sha1_base64="/D28nPCSHLYzpNO1Ash4JtPo2UY="></latexit>

! !
<latexit sha1_base64="zu57wZxvxgdY5/ZMPpeqVojTnmA="></latexit><latexit sha1_base64="zu57wZxvxgdY5/ZMPpeqVojTnmA="></latexit><latexit sha1_base64="zu57wZxvxgdY5/ZMPpeqVojTnmA="></latexit><latexit sha1_base64="zu57wZxvxgdY5/ZMPpeqVojTnmA="></latexit>

DARK QED



! , ø!
<latexit sha1_base64="5TyULCPlSKBttJVg4UIZYxA0af8="></latexit><latexit sha1_base64="5TyULCPlSKBttJVg4UIZYxA0af8="></latexit><latexit sha1_base64="5TyULCPlSKBttJVg4UIZYxA0af8="></latexit><latexit sha1_base64="5TyULCPlSKBttJVg4UIZYxA0af8="></latexit>

KINETIC MIXING with DARK QED

e!
<latexit sha1_base64="8z5RqV1a+uxV/Vt1IfV+pW2CZJU="></latexit><latexit sha1_base64="8z5RqV1a+uxV/Vt1IfV+pW2CZJU="></latexit><latexit sha1_base64="8z5RqV1a+uxV/Vt1IfV+pW2CZJU="></latexit><latexit sha1_base64="8z5RqV1a+uxV/Vt1IfV+pW2CZJU="></latexit>

A !
<latexit sha1_base64="AAxs2uItnjIXf1RnB9l0kX7HPkg="></latexit><latexit sha1_base64="AAxs2uItnjIXf1RnB9l0kX7HPkg="></latexit><latexit sha1_base64="AAxs2uItnjIXf1RnB9l0kX7HPkg="></latexit><latexit sha1_base64="AAxs2uItnjIXf1RnB9l0kX7HPkg="></latexit>

e!
<latexit sha1_base64="8z5RqV1a+uxV/Vt1IfV+pW2CZJU="></latexit><latexit sha1_base64="8z5RqV1a+uxV/Vt1IfV+pW2CZJU="></latexit><latexit sha1_base64="8z5RqV1a+uxV/Vt1IfV+pW2CZJU="></latexit><latexit sha1_base64="8z5RqV1a+uxV/Vt1IfV+pW2CZJU="></latexit>

or ! !
<latexit sha1_base64="pDs+HCcmuzFOg+kYDzmedLMY4EU="></latexit><latexit sha1_base64="pDs+HCcmuzFOg+kYDzmedLMY4EU="></latexit><latexit sha1_base64="pDs+HCcmuzFOg+kYDzmedLMY4EU="></latexit><latexit sha1_base64="pDs+HCcmuzFOg+kYDzmedLMY4EU="></latexit>

dark photon (DP)

!dark electron 
& positron! 

(here the DM) 

!
!
2

Fµ! F !µ !

<latexit sha1_base64="rRlmE6YMsXeITlg8gYMF7OBZzNA="></latexit><latexit sha1_base64="rRlmE6YMsXeITlg8gYMF7OBZzNA="></latexit><latexit sha1_base64="rRlmE6YMsXeITlg8gYMF7OBZzNA="></latexit><latexit sha1_base64="rRlmE6YMsXeITlg8gYMF7OBZzNA="></latexit>
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<latexit sha1_base64="p97fG/Z1c//md7NW7cijeh+xqFg="></latexit><latexit sha1_base64="p97fG/Z1c//md7NW7cijeh+xqFg="></latexit><latexit sha1_base64="p97fG/Z1c//md7NW7cijeh+xqFg="></latexit><latexit sha1_base64="G30nvnJkyKBlKcCymNnrqTxJgV4=">AAACtXicjVLLSgMxFD0dX7VWrWs3g0VwVTJudCnowmUF+4BaZCZNa+y8TDJCKf6AWz9O/AP9C2/iCGoRzTAzJ+fec5KbmyiPpTaMvVS8peWV1bXqem2jXtvc2m7UuzorFBcdnsWZ6kehFrFMRcdIE4t+rkSYRLHoRdNTG+/dC6Vlll6aWS6GSThJ5Vjy0BDVvm40WYu54S+CoARNlCNrPOMKI2TgKJBAIIUhHCOEpmeAAAw5cUPMiVOEpIsLPKBG2oKyBGWExE7pO6HZoGRTmltP7dScVonpVaT0sU+ajPIUYbua7+KFc7bsb95z52n3NqN/VHolxBrcEPuX7jPzvzpbi8EYx64GSTXljrHV8dKlcKdid+5/qcqQQ06cxSOKK8LcKT/P2Xca7Wq3Zxu6+KvLtKyd8zK3wJvdJfU3+NnNRdA9bAWsFVwwVLGLPRxQG49wgnO00SHLER7x5J15t97dxz3wKuWF2MG34el34YWM3A==</latexit><latexit sha1_base64="eZqTP2R4vyzd0R3S0sonfNilP0Q="></latexit><latexit sha1_base64="eZqTP2R4vyzd0R3S0sonfNilP0Q="></latexit><latexit sha1_base64="m9nEaQOCNzM3JLrP+VpSH8zrseg="></latexit><latexit sha1_base64="p97fG/Z1c//md7NW7cijeh+xqFg="></latexit><latexit sha1_base64="p97fG/Z1c//md7NW7cijeh+xqFg="></latexit><latexit sha1_base64="p97fG/Z1c//md7NW7cijeh+xqFg="></latexit><latexit sha1_base64="p97fG/Z1c//md7NW7cijeh+xqFg="></latexit><latexit sha1_base64="p97fG/Z1c//md7NW7cijeh+xqFg="></latexit><latexit sha1_base64="p97fG/Z1c//md7NW7cijeh+xqFg="></latexit>

Feldman, Kors, Nath; 
Pospelov, Ritz, Voloshin;…



SM ! , ø!
<latexit sha1_base64="5TyULCPlSKBttJVg4UIZYxA0af8="></latexit><latexit sha1_base64="5TyULCPlSKBttJVg4UIZYxA0af8="></latexit><latexit sha1_base64="5TyULCPlSKBttJVg4UIZYxA0af8="></latexit><latexit sha1_base64="5TyULCPlSKBttJVg4UIZYxA0af8="></latexit>

!
<latexit sha1_base64="wrRRvDQfV69E6SkNqsop0mZuZbY="></latexit><latexit sha1_base64="wrRRvDQfV69E6SkNqsop0mZuZbY="></latexit><latexit sha1_base64="wrRRvDQfV69E6SkNqsop0mZuZbY="></latexit><latexit sha1_base64="wrRRvDQfV69E6SkNqsop0mZuZbY="></latexit>

Feldman, Kors, Nath; 
Pospelov, Ritz, Voloshin;
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Fµ ! F !µ !

<latexit sha1_base64="rRlmE6YMsXeITlg8gYMF7OBZzNA="></latexit><latexit sha1_base64="rRlmE6YMsXeITlg8gYMF7OBZzNA="></latexit><latexit sha1_base64="rRlmE6YMsXeITlg8gYMF7OBZzNA="></latexit><latexit sha1_base64="rRlmE6YMsXeITlg8gYMF7OBZzNA="></latexit>

e!
<latexit sha1_base64="8z5RqV1a+uxV/Vt1IfV+pW2CZJU="></latexit><latexit sha1_base64="8z5RqV1a+uxV/Vt1IfV+pW2CZJU="></latexit><latexit sha1_base64="8z5RqV1a+uxV/Vt1IfV+pW2CZJU="></latexit><latexit sha1_base64="8z5RqV1a+uxV/Vt1IfV+pW2CZJU="></latexit>

ÔmillichargeÕ

A
<latexit sha1_base64="1fpNIUZRPl2vZJVNl9EHXpCLbCI="></latexit><latexit sha1_base64="1fpNIUZRPl2vZJVNl9EHXpCLbCI="></latexit><latexit sha1_base64="1fpNIUZRPl2vZJVNl9EHXpCLbCI="></latexit><latexit sha1_base64="1fpNIUZRPl2vZJVNl9EHXpCLbCI="></latexit> A !

<latexit sha1_base64="AAxs2uItnjIXf1RnB9l0kX7HPkg="></latexit><latexit sha1_base64="AAxs2uItnjIXf1RnB9l0kX7HPkg="></latexit><latexit sha1_base64="AAxs2uItnjIXf1RnB9l0kX7HPkg="></latexit><latexit sha1_base64="AAxs2uItnjIXf1RnB9l0kX7HPkg="></latexit>

e
<latexit sha1_base64="mJ8GqMi7I82JglfZ7jvtceK19vA="></latexit><latexit sha1_base64="mJ8GqMi7I82JglfZ7jvtceK19vA="></latexit><latexit sha1_base64="mJ8GqMi7I82JglfZ7jvtceK19vA="></latexit><latexit sha1_base64="mJ8GqMi7I82JglfZ7jvtceK19vA="></latexit>
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<latexit sha1_base64="KKNhwYz6kgtIGtiFR63lXUT8t2Q="></latexit><latexit sha1_base64="KKNhwYz6kgtIGtiFR63lXUT8t2Q="></latexit><latexit sha1_base64="KKNhwYz6kgtIGtiFR63lXUT8t2Q="></latexit><latexit sha1_base64="KKNhwYz6kgtIGtiFR63lXUT8t2Q="></latexit>

KINETIC MIXING with DARK QED
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<latexit sha1_base64="p97fG/Z1c//md7NW7cijeh+xqFg="></latexit><latexit sha1_base64="p97fG/Z1c//md7NW7cijeh+xqFg="></latexit><latexit sha1_base64="p97fG/Z1c//md7NW7cijeh+xqFg="></latexit><latexit sha1_base64="G30nvnJkyKBlKcCymNnrqTxJgV4=">AAACtXicjVLLSgMxFD0dX7VWrWs3g0VwVTJudCnowmUF+4BaZCZNa+y8TDJCKf6AWz9O/AP9C2/iCGoRzTAzJ+fec5KbmyiPpTaMvVS8peWV1bXqem2jXtvc2m7UuzorFBcdnsWZ6kehFrFMRcdIE4t+rkSYRLHoRdNTG+/dC6Vlll6aWS6GSThJ5Vjy0BDVvm40WYu54S+CoARNlCNrPOMKI2TgKJBAIIUhHCOEpmeAAAw5cUPMiVOEpIsLPKBG2oKyBGWExE7pO6HZoGRTmltP7dScVonpVaT0sU+ajPIUYbua7+KFc7bsb95z52n3NqN/VHolxBrcEPuX7jPzvzpbi8EYx64GSTXljrHV8dKlcKdid+5/qcqQQ06cxSOKK8LcKT/P2Xca7Wq3Zxu6+KvLtKyd8zK3wJvdJfU3+NnNRdA9bAWsFVwwVLGLPRxQG49wgnO00SHLER7x5J15t97dxz3wKuWF2MG34el34YWM3A==</latexit><latexit sha1_base64="eZqTP2R4vyzd0R3S0sonfNilP0Q="></latexit><latexit sha1_base64="eZqTP2R4vyzd0R3S0sonfNilP0Q="></latexit><latexit sha1_base64="m9nEaQOCNzM3JLrP+VpSH8zrseg="></latexit><latexit sha1_base64="p97fG/Z1c//md7NW7cijeh+xqFg="></latexit><latexit sha1_base64="p97fG/Z1c//md7NW7cijeh+xqFg="></latexit><latexit sha1_base64="p97fG/Z1c//md7NW7cijeh+xqFg="></latexit><latexit sha1_base64="p97fG/Z1c//md7NW7cijeh+xqFg="></latexit><latexit sha1_base64="p97fG/Z1c//md7NW7cijeh+xqFg="></latexit><latexit sha1_base64="p97fG/Z1c//md7NW7cijeh+xqFg="></latexit>



!
<latexit sha1_base64="wrRRvDQfV69E6SkNqsop0mZuZbY="></latexit><latexit sha1_base64="wrRRvDQfV69E6SkNqsop0mZuZbY="></latexit><latexit sha1_base64="wrRRvDQfV69E6SkNqsop0mZuZbY="></latexit><latexit sha1_base64="wrRRvDQfV69E6SkNqsop0mZuZbY="></latexit>
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Fµ ! F !µ !

<latexit sha1_base64="rRlmE6YMsXeITlg8gYMF7OBZzNA="></latexit><latexit sha1_base64="rRlmE6YMsXeITlg8gYMF7OBZzNA="></latexit><latexit sha1_base64="rRlmE6YMsXeITlg8gYMF7OBZzNA="></latexit><latexit sha1_base64="rRlmE6YMsXeITlg8gYMF7OBZzNA="></latexit>

A
<latexit sha1_base64="1fpNIUZRPl2vZJVNl9EHXpCLbCI="></latexit><latexit sha1_base64="1fpNIUZRPl2vZJVNl9EHXpCLbCI="></latexit><latexit sha1_base64="1fpNIUZRPl2vZJVNl9EHXpCLbCI="></latexit><latexit sha1_base64="1fpNIUZRPl2vZJVNl9EHXpCLbCI="></latexit> A !

<latexit sha1_base64="AAxs2uItnjIXf1RnB9l0kX7HPkg="></latexit><latexit sha1_base64="AAxs2uItnjIXf1RnB9l0kX7HPkg="></latexit><latexit sha1_base64="AAxs2uItnjIXf1RnB9l0kX7HPkg="></latexit><latexit sha1_base64="AAxs2uItnjIXf1RnB9l0kX7HPkg="></latexit>

e
<latexit sha1_base64="mJ8GqMi7I82JglfZ7jvtceK19vA="></latexit><latexit sha1_base64="mJ8GqMi7I82JglfZ7jvtceK19vA="></latexit><latexit sha1_base64="mJ8GqMi7I82JglfZ7jvtceK19vA="></latexit><latexit sha1_base64="mJ8GqMi7I82JglfZ7jvtceK19vA="></latexit>

!
<latexit sha1_base64="wrRRvDQfV69E6SkNqsop0mZuZbY="></latexit><latexit sha1_base64="wrRRvDQfV69E6SkNqsop0mZuZbY="></latexit><latexit sha1_base64="wrRRvDQfV69E6SkNqsop0mZuZbY="></latexit><latexit sha1_base64="wrRRvDQfV69E6SkNqsop0mZuZbY="></latexit>
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<latexit sha1_base64="p97fG/Z1c//md7NW7cijeh+xqFg="></latexit><latexit sha1_base64="p97fG/Z1c//md7NW7cijeh+xqFg="></latexit><latexit sha1_base64="p97fG/Z1c//md7NW7cijeh+xqFg="></latexit><latexit sha1_base64="G30nvnJkyKBlKcCymNnrqTxJgV4=">AAACtXicjVLLSgMxFD0dX7VWrWs3g0VwVTJudCnowmUF+4BaZCZNa+y8TDJCKf6AWz9O/AP9C2/iCGoRzTAzJ+fec5KbmyiPpTaMvVS8peWV1bXqem2jXtvc2m7UuzorFBcdnsWZ6kehFrFMRcdIE4t+rkSYRLHoRdNTG+/dC6Vlll6aWS6GSThJ5Vjy0BDVvm40WYu54S+CoARNlCNrPOMKI2TgKJBAIIUhHCOEpmeAAAw5cUPMiVOEpIsLPKBG2oKyBGWExE7pO6HZoGRTmltP7dScVonpVaT0sU+ajPIUYbua7+KFc7bsb95z52n3NqN/VHolxBrcEPuX7jPzvzpbi8EYx64GSTXljrHV8dKlcKdid+5/qcqQQ06cxSOKK8LcKT/P2Xca7Wq3Zxu6+KvLtKyd8zK3wJvdJfU3+NnNRdA9bAWsFVwwVLGLPRxQG49wgnO00SHLER7x5J15t97dxz3wKuWF2MG34el34YWM3A==</latexit><latexit sha1_base64="eZqTP2R4vyzd0R3S0sonfNilP0Q="></latexit><latexit sha1_base64="eZqTP2R4vyzd0R3S0sonfNilP0Q="></latexit><latexit sha1_base64="m9nEaQOCNzM3JLrP+VpSH8zrseg="></latexit><latexit sha1_base64="p97fG/Z1c//md7NW7cijeh+xqFg="></latexit><latexit sha1_base64="p97fG/Z1c//md7NW7cijeh+xqFg="></latexit><latexit sha1_base64="p97fG/Z1c//md7NW7cijeh+xqFg="></latexit><latexit sha1_base64="p97fG/Z1c//md7NW7cijeh+xqFg="></latexit><latexit sha1_base64="p97fG/Z1c//md7NW7cijeh+xqFg="></latexit><latexit sha1_base64="p97fG/Z1c//md7NW7cijeh+xqFg="></latexit>

EMISSION OF DARK PHOTON BY SM
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<latexit sha1_base64="rRlmE6YMsXeITlg8gYMF7OBZzNA="></latexit><latexit sha1_base64="rRlmE6YMsXeITlg8gYMF7OBZzNA="></latexit><latexit sha1_base64="rRlmE6YMsXeITlg8gYMF7OBZzNA="></latexit><latexit sha1_base64="rRlmE6YMsXeITlg8gYMF7OBZzNA="></latexit>

A
<latexit sha1_base64="1fpNIUZRPl2vZJVNl9EHXpCLbCI="></latexit><latexit sha1_base64="1fpNIUZRPl2vZJVNl9EHXpCLbCI="></latexit><latexit sha1_base64="1fpNIUZRPl2vZJVNl9EHXpCLbCI="></latexit><latexit sha1_base64="1fpNIUZRPl2vZJVNl9EHXpCLbCI="></latexit> A !

<latexit sha1_base64="AAxs2uItnjIXf1RnB9l0kX7HPkg="></latexit><latexit sha1_base64="AAxs2uItnjIXf1RnB9l0kX7HPkg="></latexit><latexit sha1_base64="AAxs2uItnjIXf1RnB9l0kX7HPkg="></latexit><latexit sha1_base64="AAxs2uItnjIXf1RnB9l0kX7HPkg="></latexit>

e
<latexit sha1_base64="mJ8GqMi7I82JglfZ7jvtceK19vA="></latexit><latexit sha1_base64="mJ8GqMi7I82JglfZ7jvtceK19vA="></latexit><latexit sha1_base64="mJ8GqMi7I82JglfZ7jvtceK19vA="></latexit><latexit sha1_base64="mJ8GqMi7I82JglfZ7jvtceK19vA="></latexit>

! e!
<latexit sha1_base64="kfuVwZmyDYDdEmTsJrsBPbR5tHI="></latexit><latexit sha1_base64="kfuVwZmyDYDdEmTsJrsBPbR5tHI="></latexit><latexit sha1_base64="kfuVwZmyDYDdEmTsJrsBPbR5tHI="></latexit><latexit sha1_base64="kfuVwZmyDYDdEmTsJrsBPbR5tHI="></latexit>
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<latexit sha1_base64="p97fG/Z1c//md7NW7cijeh+xqFg="></latexit><latexit sha1_base64="p97fG/Z1c//md7NW7cijeh+xqFg="></latexit><latexit sha1_base64="p97fG/Z1c//md7NW7cijeh+xqFg="></latexit><latexit sha1_base64="G30nvnJkyKBlKcCymNnrqTxJgV4=">AAACtXicjVLLSgMxFD0dX7VWrWs3g0VwVTJudCnowmUF+4BaZCZNa+y8TDJCKf6AWz9O/AP9C2/iCGoRzTAzJ+fec5KbmyiPpTaMvVS8peWV1bXqem2jXtvc2m7UuzorFBcdnsWZ6kehFrFMRcdIE4t+rkSYRLHoRdNTG+/dC6Vlll6aWS6GSThJ5Vjy0BDVvm40WYu54S+CoARNlCNrPOMKI2TgKJBAIIUhHCOEpmeAAAw5cUPMiVOEpIsLPKBG2oKyBGWExE7pO6HZoGRTmltP7dScVonpVaT0sU+ajPIUYbua7+KFc7bsb95z52n3NqN/VHolxBrcEPuX7jPzvzpbi8EYx64GSTXljrHV8dKlcKdid+5/qcqQQ06cxSOKK8LcKT/P2Xca7Wq3Zxu6+KvLtKyd8zK3wJvdJfU3+NnNRdA9bAWsFVwwVLGLPRxQG49wgnO00SHLER7x5J15t97dxz3wKuWF2MG34el34YWM3A==</latexit><latexit sha1_base64="eZqTP2R4vyzd0R3S0sonfNilP0Q="></latexit><latexit sha1_base64="eZqTP2R4vyzd0R3S0sonfNilP0Q="></latexit><latexit sha1_base64="m9nEaQOCNzM3JLrP+VpSH8zrseg="></latexit><latexit sha1_base64="p97fG/Z1c//md7NW7cijeh+xqFg="></latexit><latexit sha1_base64="p97fG/Z1c//md7NW7cijeh+xqFg="></latexit><latexit sha1_base64="p97fG/Z1c//md7NW7cijeh+xqFg="></latexit><latexit sha1_base64="p97fG/Z1c//md7NW7cijeh+xqFg="></latexit><latexit sha1_base64="p97fG/Z1c//md7NW7cijeh+xqFg="></latexit><latexit sha1_base64="p97fG/Z1c//md7NW7cijeh+xqFg="></latexit>

! e! =
! m2

! !

m2
! ! ! m2

! (T) + im ! ! !
<latexit sha1_base64="4+mm60lMhfXZYEWofU1UPYdyp1M="></latexit><latexit sha1_base64="4+mm60lMhfXZYEWofU1UPYdyp1M="></latexit><latexit sha1_base64="4+mm60lMhfXZYEWofU1UPYdyp1M="></latexit><latexit sha1_base64="4+mm60lMhfXZYEWofU1UPYdyp1M="></latexit>

EMISSION OF DARK PHOTON BY SM RECAP

for emission
!

<latexit sha1_base64="72xfXQIi/LbVIIOWSjClPnD7C00="></latexit><latexit sha1_base64="72xfXQIi/LbVIIOWSjClPnD7C00="></latexit><latexit sha1_base64="72xfXQIi/LbVIIOWSjClPnD7C00="></latexit><latexit sha1_base64="72xfXQIi/LbVIIOWSjClPnD7C00="></latexit>

(but      for exchange)

EMISSION OF DARK PHOTON BY SM



2 
TAXONOMY OF DM PRODUCTION

!
<latexit sha1_base64="wrRRvDQfV69E6SkNqsop0mZuZbY="></latexit><latexit sha1_base64="wrRRvDQfV69E6SkNqsop0mZuZbY="></latexit><latexit sha1_base64="wrRRvDQfV69E6SkNqsop0mZuZbY="></latexit><latexit sha1_base64="wrRRvDQfV69E6SkNqsop0mZuZbY="></latexit>

SM
!

<latexit sha1_base64="wrRRvDQfV69E6SkNqsop0mZuZbY="></latexit><latexit sha1_base64="wrRRvDQfV69E6SkNqsop0mZuZbY="></latexit><latexit sha1_base64="wrRRvDQfV69E6SkNqsop0mZuZbY="></latexit><latexit sha1_base64="wrRRvDQfV69E6SkNqsop0mZuZbY="></latexit>

!
<latexit sha1_base64="/D28nPCSHLYzpNO1Ash4JtPo2UY="></latexit><latexit sha1_base64="/D28nPCSHLYzpNO1Ash4JtPo2UY="></latexit><latexit sha1_base64="/D28nPCSHLYzpNO1Ash4JtPo2UY="></latexit><latexit sha1_base64="/D28nPCSHLYzpNO1Ash4JtPo2UY="></latexit>

! !
<latexit sha1_base64="zu57wZxvxgdY5/ZMPpeqVojTnmA="></latexit><latexit sha1_base64="zu57wZxvxgdY5/ZMPpeqVojTnmA="></latexit><latexit sha1_base64="zu57wZxvxgdY5/ZMPpeqVojTnmA="></latexit><latexit sha1_base64="zu57wZxvxgdY5/ZMPpeqVojTnmA="></latexit> ! !

<latexit sha1_base64="zu57wZxvxgdY5/ZMPpeqVojTnmA="></latexit><latexit sha1_base64="zu57wZxvxgdY5/ZMPpeqVojTnmA="></latexit><latexit sha1_base64="zu57wZxvxgdY5/ZMPpeqVojTnmA="></latexit><latexit sha1_base64="zu57wZxvxgdY5/ZMPpeqVojTnmA="></latexit>

! ø!
<latexit sha1_base64="5asK3qq0bH7pLrtWF7Z5SoLDMYg="></latexit><latexit sha1_base64="5asK3qq0bH7pLrtWF7Z5SoLDMYg="></latexit><latexit sha1_base64="5asK3qq0bH7pLrtWF7Z5SoLDMYg="></latexit><latexit sha1_base64="5asK3qq0bH7pLrtWF7Z5SoLDMYg="></latexit>







BOLTZMANN EQUATIONS

Hambye, M.T., Vandecasteele, Vanderheyden ’19



BOLTZMANN EQUATIONS

.
! " !

SM

e!

# $e!

.

eff
<latexit sha1_base64="re+cEgFdd4PCJGXtMr4C+2JtdfU="></latexit><latexit sha1_base64="re+cEgFdd4PCJGXtMr4C+2JtdfU="></latexit><latexit sha1_base64="re+cEgFdd4PCJGXtMr4C+2JtdfU="></latexit><latexit sha1_base64="re+cEgFdd4PCJGXtMr4C+2JtdfU="></latexit>

! e! = !
m2

! !

m2
! ! ! m2

! (T) + i "
<latexit sha1_base64="ii4Rae4Dbsl4rbPPbbEXyHFzYPw="></latexit><latexit sha1_base64="ii4Rae4Dbsl4rbPPbbEXyHFzYPw="></latexit><latexit sha1_base64="ii4Rae4Dbsl4rbPPbbEXyHFzYPw="></latexit><latexit sha1_base64="ii4Rae4Dbsl4rbPPbbEXyHFzYPw="></latexit>

! = " e!/e
<latexit sha1_base64="TBz3MqlOyUpxKsD6mlLPcfvP7WQ="></latexit><latexit sha1_base64="TBz3MqlOyUpxKsD6mlLPcfvP7WQ="></latexit><latexit sha1_base64="TBz3MqlOyUpxKsD6mlLPcfvP7WQ="></latexit><latexit sha1_base64="TBz3MqlOyUpxKsD6mlLPcfvP7WQ="></latexit>



PETRI NETS

https://en.wikipedia.org/wiki/Petri_net



GENERALIZATION

.
!

" !

h!

SM

e!

#
! e!

#

e!

e!
.

BOLTZMANN EQUATIONS



! = " e!/e
<latexit sha1_base64="TBz3MqlOyUpxKsD6mlLPcfvP7WQ="></latexit><latexit sha1_base64="TBz3MqlOyUpxKsD6mlLPcfvP7WQ="></latexit><latexit sha1_base64="TBz3MqlOyUpxKsD6mlLPcfvP7WQ="></latexit><latexit sha1_base64="TBz3MqlOyUpxKsD6mlLPcfvP7WQ="></latexit>

.
! " !

SM

e!

# $e!

.

MASSLESS DARK PHOTON LIMIT
Chu,  Hambye, M.T. ‘12

m! ! ! 0
<latexit sha1_base64="TaZb2oi/kcmJ3LT8j39zE8p2SEk="></latexit><latexit sha1_base64="TaZb2oi/kcmJ3LT8j39zE8p2SEk="></latexit><latexit sha1_base64="TaZb2oi/kcmJ3LT8j39zE8p2SEk="></latexit><latexit sha1_base64="TaZb2oi/kcmJ3LT8j39zE8p2SEk="></latexit>

OLD

eff
<latexit sha1_base64="re+cEgFdd4PCJGXtMr4C+2JtdfU="></latexit><latexit sha1_base64="re+cEgFdd4PCJGXtMr4C+2JtdfU="></latexit><latexit sha1_base64="re+cEgFdd4PCJGXtMr4C+2JtdfU="></latexit><latexit sha1_base64="re+cEgFdd4PCJGXtMr4C+2JtdfU="></latexit>

! e! = !
m2

! !

m2
! ! ! m2

! (T) + i "
<latexit sha1_base64="ii4Rae4Dbsl4rbPPbbEXyHFzYPw="></latexit><latexit sha1_base64="ii4Rae4Dbsl4rbPPbbEXyHFzYPw="></latexit><latexit sha1_base64="ii4Rae4Dbsl4rbPPbbEXyHFzYPw="></latexit><latexit sha1_base64="ii4Rae4Dbsl4rbPPbbEXyHFzYPw="></latexit>



freeze-in

 standard 
freeze-out

secluded 
freeze-out

reannihilation

Chu,  Hambye, M.T. ‘12

THE 4 BASIC WAYS TO PRODUCE DM
m! ! ! 0

<latexit sha1_base64="TaZb2oi/kcmJ3LT8j39zE8p2SEk="></latexit><latexit sha1_base64="TaZb2oi/kcmJ3LT8j39zE8p2SEk="></latexit><latexit sha1_base64="TaZb2oi/kcmJ3LT8j39zE8p2SEk="></latexit><latexit sha1_base64="TaZb2oi/kcmJ3LT8j39zE8p2SEk="></latexit>

! = " e!/e
<latexit sha1_base64="TBz3MqlOyUpxKsD6mlLPcfvP7WQ="></latexit><latexit sha1_base64="TBz3MqlOyUpxKsD6mlLPcfvP7WQ="></latexit><latexit sha1_base64="TBz3MqlOyUpxKsD6mlLPcfvP7WQ="></latexit><latexit sha1_base64="TBz3MqlOyUpxKsD6mlLPcfvP7WQ="></latexit>

OLD

! dm ! 1/ !
<latexit sha1_base64="3+Ncul7mYSspeklBcgrIkKY3nP0="></latexit><latexit sha1_base64="3+Ncul7mYSspeklBcgrIkKY3nP0="></latexit><latexit sha1_base64="3+Ncul7mYSspeklBcgrIkKY3nP0="></latexit><latexit sha1_base64="3+Ncul7mYSspeklBcgrIkKY3nP0="></latexit>! dm ! !

<latexit sha1_base64="vMCekOBLsKsk/7o47d07j7PEeSs="></latexit><latexit sha1_base64="vMCekOBLsKsk/7o47d07j7PEeSs="></latexit><latexit sha1_base64="vMCekOBLsKsk/7o47d07j7PEeSs="></latexit><latexit sha1_base64="vMCekOBLsKsk/7o47d07j7PEeSs="></latexit>



! = " e!/e
<latexit sha1_base64="TBz3MqlOyUpxKsD6mlLPcfvP7WQ="></latexit><latexit sha1_base64="TBz3MqlOyUpxKsD6mlLPcfvP7WQ="></latexit><latexit sha1_base64="TBz3MqlOyUpxKsD6mlLPcfvP7WQ="></latexit><latexit sha1_base64="TBz3MqlOyUpxKsD6mlLPcfvP7WQ="></latexit>

.
! " !

SM

e!

# $e!

.

MASSLESS DARK PHOTON LIMIT
Chu,  Hambye, M.T. ‘12

m! ! ! 0
<latexit sha1_base64="TaZb2oi/kcmJ3LT8j39zE8p2SEk="></latexit><latexit sha1_base64="TaZb2oi/kcmJ3LT8j39zE8p2SEk="></latexit><latexit sha1_base64="TaZb2oi/kcmJ3LT8j39zE8p2SEk="></latexit><latexit sha1_base64="TaZb2oi/kcmJ3LT8j39zE8p2SEk="></latexit>

OLD

eff
<latexit sha1_base64="re+cEgFdd4PCJGXtMr4C+2JtdfU="></latexit><latexit sha1_base64="re+cEgFdd4PCJGXtMr4C+2JtdfU="></latexit><latexit sha1_base64="re+cEgFdd4PCJGXtMr4C+2JtdfU="></latexit><latexit sha1_base64="re+cEgFdd4PCJGXtMr4C+2JtdfU="></latexit>

! e! = !
m2

! !

m2
! ! ! m2

! (T) + i "
<latexit sha1_base64="ii4Rae4Dbsl4rbPPbbEXyHFzYPw="></latexit><latexit sha1_base64="ii4Rae4Dbsl4rbPPbbEXyHFzYPw="></latexit><latexit sha1_base64="ii4Rae4Dbsl4rbPPbbEXyHFzYPw="></latexit><latexit sha1_base64="ii4Rae4Dbsl4rbPPbbEXyHFzYPw="></latexit>



HSVS
inßation

FREEZE-IN PREREQUISITE 

reheating

freeze-in



ABUNDANCE FROM FREEZE-IN

!

ø!f

øf
! !

! ! ! ! 2T

Y! ! ! 2 M pl

T!
INFRARED  
FREEZE-IN 

T! ! m!

Y! !
n!

n"
! ! ! " t ! t ! !

M pl

T2
!



FREEZE-IN CANDIDATES

Chu, Hambye, M.T. ‘12

m! ! ! m"
Y ! ! 2M pl /m e

Y ! ! 2M pl /m !

Y ! ! 2M pl /m !

Y ! ! 2M pl /m Z

Essig, Mardon, Volansky ‘12

m! ! ! 0
<latexit sha1_base64="TaZb2oi/kcmJ3LT8j39zE8p2SEk="></latexit><latexit sha1_base64="TaZb2oi/kcmJ3LT8j39zE8p2SEk="></latexit><latexit sha1_base64="TaZb2oi/kcmJ3LT8j39zE8p2SEk="></latexit><latexit sha1_base64="TaZb2oi/kcmJ3LT8j39zE8p2SEk="></latexit>



DIRECT TESTS OF DARK QED

Hambye, M.T., Vandecasteele, Vanderheyden ‘18

101 102 103

m! (GeV)

10! 11

10! 10

"
Freeze-in

XENON1T 2018

m! ! ! 0
<latexit sha1_base64="TaZb2oi/kcmJ3LT8j39zE8p2SEk="></latexit><latexit sha1_base64="TaZb2oi/kcmJ3LT8j39zE8p2SEk="></latexit><latexit sha1_base64="TaZb2oi/kcmJ3LT8j39zE8p2SEk="></latexit><latexit sha1_base64="TaZb2oi/kcmJ3LT8j39zE8p2SEk="></latexit>



Dunsky, Hall, Harigaya, 2019

DIRECT TESTS OF DSDIRECT TESTS OF DARK QED



Arvanitaki, Dimopoulos, Ganalis,  Racci, Simon, Thompson, 2021

DIRECT TESTS OF DARK QED



9 WAYS (5 REGIMES) TO PRODUCE DM

Hambye, M.T., Vandecasteele, Vanderheyden ’19

freeze-in (Ia & Ib)

sequential freeze-in (II)

reannihilation (IIIa & IIIb) 
secluded freeze-out (IVa & IVb) 

freeze-out (Va & Vb) 

Chu,  Hambye, M.T. ‘12

m! ! != 0
<latexit sha1_base64="q8mOKg7PWp4gBO8ksARGJ4/adYQ="></latexit><latexit sha1_base64="q8mOKg7PWp4gBO8ksARGJ4/adYQ="></latexit><latexit sha1_base64="q8mOKg7PWp4gBO8ksARGJ4/adYQ="></latexit><latexit sha1_base64="q8mOKg7PWp4gBO8ksARGJ4/adYQ="></latexit>

NEW



DM PRODUCTION REVISITED

Hambye, M.T., Vandecasteele, Vanderheyden ’19

NEW

! = " e!/e
<latexit sha1_base64="TBz3MqlOyUpxKsD6mlLPcfvP7WQ="></latexit><latexit sha1_base64="TBz3MqlOyUpxKsD6mlLPcfvP7WQ="></latexit><latexit sha1_base64="TBz3MqlOyUpxKsD6mlLPcfvP7WQ="></latexit><latexit sha1_base64="TBz3MqlOyUpxKsD6mlLPcfvP7WQ="></latexit>

freeze-in

standard 
freeze-out

reannihilation

sequential 
freeze-in freeze-out 

into dark photons

m! = 100 GeV, m" ! = 10 GeV
<latexit sha1_base64="QpVZoGhq2HDhJtRcJ3Yj8BBdbQs="></latexit><latexit sha1_base64="QpVZoGhq2HDhJtRcJ3Yj8BBdbQs="></latexit><latexit sha1_base64="QpVZoGhq2HDhJtRcJ3Yj8BBdbQs="></latexit><latexit sha1_base64="QpVZoGhq2HDhJtRcJ3Yj8BBdbQs="></latexit>



FREEZE-IN REVISITED

Hambye, M.T., Vandecasteele, Vanderheyden ’19

m! ! != 0
<latexit sha1_base64="2cQF67zzuPJPnqUoO0l1KpeV0Lw="></latexit><latexit sha1_base64="2cQF67zzuPJPnqUoO0l1KpeV0Lw="></latexit><latexit sha1_base64="2cQF67zzuPJPnqUoO0l1KpeV0Lw="></latexit><latexit sha1_base64="2cQF67zzuPJPnqUoO0l1KpeV0Lw="></latexit>

! = " e!/e
<latexit sha1_base64="TBz3MqlOyUpxKsD6mlLPcfvP7WQ="></latexit><latexit sha1_base64="TBz3MqlOyUpxKsD6mlLPcfvP7WQ="></latexit><latexit sha1_base64="TBz3MqlOyUpxKsD6mlLPcfvP7WQ="></latexit><latexit sha1_base64="TBz3MqlOyUpxKsD6mlLPcfvP7WQ="></latexit>

m! = 100 GeV, m" ! = 10 GeV
<latexit sha1_base64="QpVZoGhq2HDhJtRcJ3Yj8BBdbQs="></latexit><latexit sha1_base64="QpVZoGhq2HDhJtRcJ3Yj8BBdbQs="></latexit><latexit sha1_base64="QpVZoGhq2HDhJtRcJ3Yj8BBdbQs="></latexit><latexit sha1_base64="QpVZoGhq2HDhJtRcJ3Yj8BBdbQs="></latexit>

Type Ia 
freeze-in



STANDARD FREEZE-IN (type Ia)

.
! " !

SM

e!

# $e!

.

! = " e!/e
<latexit sha1_base64="TBz3MqlOyUpxKsD6mlLPcfvP7WQ="></latexit><latexit sha1_base64="TBz3MqlOyUpxKsD6mlLPcfvP7WQ="></latexit><latexit sha1_base64="TBz3MqlOyUpxKsD6mlLPcfvP7WQ="></latexit><latexit sha1_base64="TBz3MqlOyUpxKsD6mlLPcfvP7WQ="></latexit>

T ! ! 0
<latexit sha1_base64="VQ2Y4LGjp3mPCzfuUq83r1b53ZM="></latexit><latexit sha1_base64="VQ2Y4LGjp3mPCzfuUq83r1b53ZM="></latexit><latexit sha1_base64="VQ2Y4LGjp3mPCzfuUq83r1b53ZM="></latexit><latexit sha1_base64="VQ2Y4LGjp3mPCzfuUq83r1b53ZM="></latexit>

T
<latexit sha1_base64="8E98ekIagcHhZ2T4U2DKUXccTsA="></latexit><latexit sha1_base64="8E98ekIagcHhZ2T4U2DKUXccTsA="></latexit><latexit sha1_base64="8E98ekIagcHhZ2T4U2DKUXccTsA="></latexit><latexit sha1_base64="8E98ekIagcHhZ2T4U2DKUXccTsA="></latexit>

! e! = !
m2

! !

m2
! ! ! m2

! (T)
<latexit sha1_base64="0GIqm18mU3guSe6tnlt3e6Mmn2g="></latexit><latexit sha1_base64="0GIqm18mU3guSe6tnlt3e6Mmn2g="></latexit><latexit sha1_base64="0GIqm18mU3guSe6tnlt3e6Mmn2g="></latexit><latexit sha1_base64="0GIqm18mU3guSe6tnlt3e6Mmn2g="></latexit>

T ! ! = T
<latexit sha1_base64="KZwuULFq4Cy9NOCXENlvsSzFKH8="></latexit><latexit sha1_base64="KZwuULFq4Cy9NOCXENlvsSzFKH8="></latexit><latexit sha1_base64="KZwuULFq4Cy9NOCXENlvsSzFKH8="></latexit><latexit sha1_base64="KZwuULFq4Cy9NOCXENlvsSzFKH8="></latexit>



FREEZE-IN FROM DARK PHOTONS (type Ib)

T ! ! 0
<latexit sha1_base64="VQ2Y4LGjp3mPCzfuUq83r1b53ZM="></latexit><latexit sha1_base64="VQ2Y4LGjp3mPCzfuUq83r1b53ZM="></latexit><latexit sha1_base64="VQ2Y4LGjp3mPCzfuUq83r1b53ZM="></latexit><latexit sha1_base64="VQ2Y4LGjp3mPCzfuUq83r1b53ZM="></latexit>

! = " e!/e
<latexit sha1_base64="TBz3MqlOyUpxKsD6mlLPcfvP7WQ="></latexit><latexit sha1_base64="TBz3MqlOyUpxKsD6mlLPcfvP7WQ="></latexit><latexit sha1_base64="TBz3MqlOyUpxKsD6mlLPcfvP7WQ="></latexit><latexit sha1_base64="TBz3MqlOyUpxKsD6mlLPcfvP7WQ="></latexit>

.
! " !

SM

e!

# $e!

.

m! ! != 0
<latexit sha1_base64="2cQF67zzuPJPnqUoO0l1KpeV0Lw="></latexit><latexit sha1_base64="2cQF67zzuPJPnqUoO0l1KpeV0Lw="></latexit><latexit sha1_base64="2cQF67zzuPJPnqUoO0l1KpeV0Lw="></latexit><latexit sha1_base64="2cQF67zzuPJPnqUoO0l1KpeV0Lw="></latexit>

T ! ! = T
<latexit sha1_base64="KZwuULFq4Cy9NOCXENlvsSzFKH8="></latexit><latexit sha1_base64="KZwuULFq4Cy9NOCXENlvsSzFKH8="></latexit><latexit sha1_base64="KZwuULFq4Cy9NOCXENlvsSzFKH8="></latexit><latexit sha1_base64="KZwuULFq4Cy9NOCXENlvsSzFKH8="></latexit>

! e! = !
m2

! !

m2
! ! ! m2

! (T)
<latexit sha1_base64="0GIqm18mU3guSe6tnlt3e6Mmn2g="></latexit><latexit sha1_base64="0GIqm18mU3guSe6tnlt3e6Mmn2g="></latexit><latexit sha1_base64="0GIqm18mU3guSe6tnlt3e6Mmn2g="></latexit><latexit sha1_base64="0GIqm18mU3guSe6tnlt3e6Mmn2g="></latexit>

T
<latexit sha1_base64="8E98ekIagcHhZ2T4U2DKUXccTsA="></latexit><latexit sha1_base64="8E98ekIagcHhZ2T4U2DKUXccTsA="></latexit><latexit sha1_base64="8E98ekIagcHhZ2T4U2DKUXccTsA="></latexit><latexit sha1_base64="8E98ekIagcHhZ2T4U2DKUXccTsA="></latexit>



FREEZE-IN Ia & Ib

Hambye, M.T., Vandecasteele, Vanderheyden ’19! = " e!/e
<latexit sha1_base64="TBz3MqlOyUpxKsD6mlLPcfvP7WQ="></latexit><latexit sha1_base64="TBz3MqlOyUpxKsD6mlLPcfvP7WQ="></latexit><latexit sha1_base64="TBz3MqlOyUpxKsD6mlLPcfvP7WQ="></latexit><latexit sha1_base64="TBz3MqlOyUpxKsD6mlLPcfvP7WQ="></latexit>

m! ! != 0
<latexit sha1_base64="2cQF67zzuPJPnqUoO0l1KpeV0Lw="></latexit><latexit sha1_base64="2cQF67zzuPJPnqUoO0l1KpeV0Lw="></latexit><latexit sha1_base64="2cQF67zzuPJPnqUoO0l1KpeV0Lw="></latexit><latexit sha1_base64="2cQF67zzuPJPnqUoO0l1KpeV0Lw="></latexit>

m! = 100 GeV, m" ! = 10 GeV
<latexit sha1_base64="QpVZoGhq2HDhJtRcJ3Yj8BBdbQs="></latexit><latexit sha1_base64="QpVZoGhq2HDhJtRcJ3Yj8BBdbQs="></latexit><latexit sha1_base64="QpVZoGhq2HDhJtRcJ3Yj8BBdbQs="></latexit><latexit sha1_base64="QpVZoGhq2HDhJtRcJ3Yj8BBdbQs="></latexit>

Type Ib 
freeze-in



SEQUENTIAL FREEZE-IN (type II)

.
! " !

SM

e!

# $e!

.

Type II

T ! ! ! 0
<latexit sha1_base64="qivpdDiL17mTdmwxqL7Mx+JjCEg="></latexit><latexit sha1_base64="qivpdDiL17mTdmwxqL7Mx+JjCEg="></latexit><latexit sha1_base64="qivpdDiL17mTdmwxqL7Mx+JjCEg="></latexit><latexit sha1_base64="qivpdDiL17mTdmwxqL7Mx+JjCEg="></latexit>

T ! ! 0
<latexit sha1_base64="VQ2Y4LGjp3mPCzfuUq83r1b53ZM="></latexit><latexit sha1_base64="VQ2Y4LGjp3mPCzfuUq83r1b53ZM="></latexit><latexit sha1_base64="VQ2Y4LGjp3mPCzfuUq83r1b53ZM="></latexit><latexit sha1_base64="VQ2Y4LGjp3mPCzfuUq83r1b53ZM="></latexit>

m! ! != 0
<latexit sha1_base64="2cQF67zzuPJPnqUoO0l1KpeV0Lw="></latexit><latexit sha1_base64="2cQF67zzuPJPnqUoO0l1KpeV0Lw="></latexit><latexit sha1_base64="2cQF67zzuPJPnqUoO0l1KpeV0Lw="></latexit><latexit sha1_base64="2cQF67zzuPJPnqUoO0l1KpeV0Lw="></latexit>

NEW REGIME!

Hambye, M.T., Vandecasteele, Vanderheyden ’19 
See also Bélanger et al ‘20



SEQUENTIAL FREEZE-IN (type II)

Hambye, M.T., Vandecasteele, Vanderheyden ’19

m! = 100 GeV, m" ! = 10 GeV
<latexit sha1_base64="QpVZoGhq2HDhJtRcJ3Yj8BBdbQs="></latexit><latexit sha1_base64="QpVZoGhq2HDhJtRcJ3Yj8BBdbQs="></latexit><latexit sha1_base64="QpVZoGhq2HDhJtRcJ3Yj8BBdbQs="></latexit><latexit sha1_base64="QpVZoGhq2HDhJtRcJ3Yj8BBdbQs="></latexit>

Type II 
freeze-in

! e! = "e! e!/e
<latexit sha1_base64="IkMwT5iw8BN6I5//V2CJer2SDhQ="></latexit><latexit sha1_base64="IkMwT5iw8BN6I5//V2CJer2SDhQ="></latexit><latexit sha1_base64="IkMwT5iw8BN6I5//V2CJer2SDhQ="></latexit><latexit sha1_base64="IkMwT5iw8BN6I5//V2CJer2SDhQ="></latexit>



Type Ia,b and II freeze-in candidates

100 101 102 103 104

mDM (GeV)

10! 14

10! 13

10! 12

10! 11

10! 10

!

m" ! = 1 GeV m" ! = 10 GeV

Type Ia

Type II
Ty

pe
 Ib

Hambye, M.T., Vandecasteele, Vanderheyden ’19

Ty
pe

 Ib

Type Ia
standard FI

sequential FI
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PERTURBATIVE PRODUCTION OF DARK PHOTONS



PERTURBATIVE SEQUENTIAL FREEZE-IN

.

! !

"

! !

"

ø"
..

!!

"

!!

"

ø"
.

! e!
<latexit sha1_base64="kfuVwZmyDYDdEmTsJrsBPbR5tHI="></latexit><latexit sha1_base64="kfuVwZmyDYDdEmTsJrsBPbR5tHI="></latexit><latexit sha1_base64="kfuVwZmyDYDdEmTsJrsBPbR5tHI="></latexit><latexit sha1_base64="kfuVwZmyDYDdEmTsJrsBPbR5tHI="></latexit>

! !
<latexit sha1_base64="zu57wZxvxgdY5/ZMPpeqVojTnmA="></latexit><latexit sha1_base64="zu57wZxvxgdY5/ZMPpeqVojTnmA="></latexit><latexit sha1_base64="zu57wZxvxgdY5/ZMPpeqVojTnmA="></latexit><latexit sha1_base64="zu57wZxvxgdY5/ZMPpeqVojTnmA="></latexit>

!
<latexit sha1_base64="/D28nPCSHLYzpNO1Ash4JtPo2UY="></latexit><latexit sha1_base64="/D28nPCSHLYzpNO1Ash4JtPo2UY="></latexit><latexit sha1_base64="/D28nPCSHLYzpNO1Ash4JtPo2UY="></latexit><latexit sha1_base64="/D28nPCSHLYzpNO1Ash4JtPo2UY="></latexit>

f
<latexit sha1_base64="7QQfQx4iNX04F8go9Nvv8s3hbAI="></latexit><latexit sha1_base64="7QQfQx4iNX04F8go9Nvv8s3hbAI="></latexit><latexit sha1_base64="7QQfQx4iNX04F8go9Nvv8s3hbAI="></latexit><latexit sha1_base64="7QQfQx4iNX04F8go9Nvv8s3hbAI="></latexit>

øf
<latexit sha1_base64="G1m7KnBYaBMm5bWKAGwvxuMsLNo="></latexit><latexit sha1_base64="G1m7KnBYaBMm5bWKAGwvxuMsLNo="></latexit><latexit sha1_base64="G1m7KnBYaBMm5bWKAGwvxuMsLNo="></latexit><latexit sha1_base64="G1m7KnBYaBMm5bWKAGwvxuMsLNo="></latexit>

t

x



NON-PERTURBATIVE SEQUENTIAL FREEZE-IN

Arvanitaki, Dimopoulos, Ganalis, Racci, Simon, Thompson, 2021



SEQUENTIAL FREEZE-IN CANDIDATES
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Caveat : assumes Stueckelberg mass; production changed if Higgs (Redi, Tesi, 2022)



Hambye, M.T., Vandecasteele, Vanderheyden ’19! = " e!/e
<latexit sha1_base64="TBz3MqlOyUpxKsD6mlLPcfvP7WQ="></latexit><latexit sha1_base64="TBz3MqlOyUpxKsD6mlLPcfvP7WQ="></latexit><latexit sha1_base64="TBz3MqlOyUpxKsD6mlLPcfvP7WQ="></latexit><latexit sha1_base64="TBz3MqlOyUpxKsD6mlLPcfvP7WQ="></latexit>

Type IIIa : HS with T’ < T
m! = 100 GeV, m" ! = 10 GeV

<latexit sha1_base64="QpVZoGhq2HDhJtRcJ3Yj8BBdbQs="></latexit><latexit sha1_base64="QpVZoGhq2HDhJtRcJ3Yj8BBdbQs="></latexit><latexit sha1_base64="QpVZoGhq2HDhJtRcJ3Yj8BBdbQs="></latexit><latexit sha1_base64="QpVZoGhq2HDhJtRcJ3Yj8BBdbQs="></latexit>



.
! " !

SM

e!

# $e!

.

m! ! != 0
<latexit sha1_base64="2cQF67zzuPJPnqUoO0l1KpeV0Lw="></latexit><latexit sha1_base64="2cQF67zzuPJPnqUoO0l1KpeV0Lw="></latexit><latexit sha1_base64="2cQF67zzuPJPnqUoO0l1KpeV0Lw="></latexit><latexit sha1_base64="2cQF67zzuPJPnqUoO0l1KpeV0Lw="></latexit>

Type IIIa : HS with T’ < T

T
<latexit sha1_base64="8E98ekIagcHhZ2T4U2DKUXccTsA="></latexit><latexit sha1_base64="8E98ekIagcHhZ2T4U2DKUXccTsA="></latexit><latexit sha1_base64="8E98ekIagcHhZ2T4U2DKUXccTsA="></latexit><latexit sha1_base64="8E98ekIagcHhZ2T4U2DKUXccTsA="></latexit>

T! = T" ! = T ! < T
<latexit sha1_base64="xwniDksj9pCH8WRa4Fnf2j7BnEo="></latexit><latexit sha1_base64="xwniDksj9pCH8WRa4Fnf2j7BnEo="></latexit><latexit sha1_base64="xwniDksj9pCH8WRa4Fnf2j7BnEo="></latexit><latexit sha1_base64="xwniDksj9pCH8WRa4Fnf2j7BnEo="></latexit>



Figure from M.Cirelli 

WIMPs at  T’=T 

3 
DOMAIN OF THERMAL DARK MATTER



MAXIMAL DM MASS

Cowsik-McLelland 
relativistic freeze-out

! ! mdm
<latexit sha1_base64="5AmFx7xmSiz5HJgflLGENfyfSe0="></latexit><latexit sha1_base64="5AmFx7xmSiz5HJgflLGENfyfSe0="></latexit><latexit sha1_base64="5AmFx7xmSiz5HJgflLGENfyfSe0="></latexit><latexit sha1_base64="5AmFx7xmSiz5HJgflLGENfyfSe0="></latexit>

unitarity bound on 
non-relativistic freeze-out

Griest & Kamionkowski

! ! 1/ "! v# ! m2
dm

<latexit sha1_base64="VVdEQlam8gO7gi20L2K/3pKl/70="></latexit><latexit sha1_base64="VVdEQlam8gO7gi20L2K/3pKl/70="></latexit><latexit sha1_base64="VVdEQlam8gO7gi20L2K/3pKl/70="></latexit><latexit sha1_base64="VVdEQlam8gO7gi20L2K/3pKl/70="></latexit>



RELATIVISTIC vs NON-RELATIVISTIC FREEZE-OUT

! dm !
1

"! v#
$ m2

dm
<latexit sha1_base64="q7myUMyCrdzY4vmuGBY6K2ukvZo="></latexit><latexit sha1_base64="q7myUMyCrdzY4vmuGBY6K2ukvZo="></latexit><latexit sha1_base64="q7myUMyCrdzY4vmuGBY6K2ukvZo="></latexit><latexit sha1_base64="q7myUMyCrdzY4vmuGBY6K2ukvZo="></latexit>

! dm ! mdm
<latexit sha1_base64="+armf+pxxxoQfpmxkCD43UnStSU="></latexit><latexit sha1_base64="+armf+pxxxoQfpmxkCD43UnStSU="></latexit><latexit sha1_base64="+armf+pxxxoQfpmxkCD43UnStSU="></latexit><latexit sha1_base64="+armf+pxxxoQfpmxkCD43UnStSU="></latexit>



MINIMAL & MAXIMAL DM MASS

relativistic freeze-out

! ! mdm
<latexit sha1_base64="5AmFx7xmSiz5HJgflLGENfyfSe0="></latexit><latexit sha1_base64="5AmFx7xmSiz5HJgflLGENfyfSe0="></latexit><latexit sha1_base64="5AmFx7xmSiz5HJgflLGENfyfSe0="></latexit><latexit sha1_base64="5AmFx7xmSiz5HJgflLGENfyfSe0="></latexit>

unitarity bound on 
non-relativistic freeze-out

Griest & Kamionkowski
Cowsik-McLelland

! ! 1/ "! v# ! m2
dm

<latexit sha1_base64="VVdEQlam8gO7gi20L2K/3pKl/70="></latexit><latexit sha1_base64="VVdEQlam8gO7gi20L2K/3pKl/70="></latexit><latexit sha1_base64="VVdEQlam8gO7gi20L2K/3pKl/70="></latexit><latexit sha1_base64="VVdEQlam8gO7gi20L2K/3pKl/70="></latexit>



MINIMAL & MAXIMAL DM MASS

Griest & Kamionkowski
Cowsik-McLelland

?



Lee-Weinberg 
massive neutrino

Plot from Kainulainen  & Olives ‘03

A CLASSIC - DIRAC NEUTRINO DM

! ! 1/G 2
F m2

dm
<latexit sha1_base64="itduNfYDPCLbl9BpkssCdzWoLtQ="></latexit><latexit sha1_base64="itduNfYDPCLbl9BpkssCdzWoLtQ="></latexit><latexit sha1_base64="itduNfYDPCLbl9BpkssCdzWoLtQ="></latexit><latexit sha1_base64="itduNfYDPCLbl9BpkssCdzWoLtQ="></latexit>



stronger weaker

CHANGING INTERACTION STRENGTH

! ! " 4/m 2
dm

<latexit sha1_base64="Z45nhxZYUIgwlFuZ03RZvJdjdKI="></latexit><latexit sha1_base64="Z45nhxZYUIgwlFuZ03RZvJdjdKI="></latexit><latexit sha1_base64="Z45nhxZYUIgwlFuZ03RZvJdjdKI="></latexit><latexit sha1_base64="Z45nhxZYUIgwlFuZ03RZvJdjdKI="></latexit>



DOMAIN OF THERMAL CANDIDATES FOR T’=T



LOWERING T’/T

?

! ! mdm (T !/T )3
<latexit sha1_base64="0A9khuSE2dQ3jwWG7pm7sJGohm8="></latexit><latexit sha1_base64="0A9khuSE2dQ3jwWG7pm7sJGohm8="></latexit><latexit sha1_base64="0A9khuSE2dQ3jwWG7pm7sJGohm8="></latexit><latexit sha1_base64="0A9khuSE2dQ3jwWG7pm7sJGohm8="></latexit>



DOMAIN OF THERMAL DM PARTICLES

Coy, Hambye, MHGT, Vanderheyden ’21 
Hambye, Lucca, Vanderheyden ‘20



DOMAIN OF THERMAL DM PARTICLES

Coy, Hambye, MHGT, Vanderheyden ’21 
Hambye, Lucca, Vanderheyden ‘20

relativistic freeze-out

                          T !/T ! m" 1/ 3
dm

<latexit sha1_base64="HF+WX7Nd60NgzdC2Vt3q+6M43RQ="></latexit><latexit sha1_base64="HF+WX7Nd60NgzdC2Vt3q+6M43RQ="></latexit><latexit sha1_base64="HF+WX7Nd60NgzdC2Vt3q+6M43RQ="></latexit><latexit sha1_base64="HF+WX7Nd60NgzdC2Vt3q+6M43RQ="></latexit>



DOMAIN OF THERMAL DM PARTICLES

Coy, Hambye, MHGT, Vanderheyden ’21 
Hambye, Lucca, Vanderheyden ‘20

non-relativistic freeze-out

                          T 0/T ! 1/m2
dm

<latexit sha1_base64="krgGbkW5KxXP8AdlW7k2zSy7YHE="></latexit><latexit sha1_base64="krgGbkW5KxXP8AdlW7k2zSy7YHE="></latexit><latexit sha1_base64="krgGbkW5KxXP8AdlW7k2zSy7YHE="></latexit><latexit sha1_base64="krgGbkW5KxXP8AdlW7k2zSy7YHE="></latexit>



DOMAIN OF THERMAL DM PARTICLES

Coy, Hambye, MHGT, Vanderheyden ’21 
Hambye, Lucca, Vanderheyden ‘20

mdm ! 50 PeV
<latexit sha1_base64="sz0178e0jYjGFp7p3dc1lIL8yek="></latexit><latexit sha1_base64="sz0178e0jYjGFp7p3dc1lIL8yek="></latexit><latexit sha1_base64="sz0178e0jYjGFp7p3dc1lIL8yek="></latexit><latexit sha1_base64="sz0178e0jYjGFp7p3dc1lIL8yek="></latexit>

Tfo ⇡ 1011 GeV
<latexit sha1_base64="OViUHt4Cudu1cO7uVZl3nU6hkW0="></latexit><latexit sha1_base64="OViUHt4Cudu1cO7uVZl3nU6hkW0="></latexit><latexit sha1_base64="OViUHt4Cudu1cO7uVZl3nU6hkW0="></latexit><latexit sha1_base64="OViUHt4Cudu1cO7uVZl3nU6hkW0="></latexit>



EXAMPLE : DARK QED AGAIN



relativistic freeze-out

EXAMPLE : DARK QED AGAIN

                          T !/T ! 1/m 1/ 3
dm

<latexit sha1_base64="lldO6Q3QCd8jhB5yopRPUHzCyz4="></latexit><latexit sha1_base64="lldO6Q3QCd8jhB5yopRPUHzCyz4="></latexit><latexit sha1_base64="lldO6Q3QCd8jhB5yopRPUHzCyz4="></latexit>



DOMAIN OF THERMAL DM PARTICLES

non-relativistic freeze-out

EXAMPLE : DARK QED AGAIN

                          T !/T ! ! !2/m 2
!

<latexit sha1_base64="D/6v8kMgUXraPBh5++qu1piF2Rc="></latexit><latexit sha1_base64="D/6v8kMgUXraPBh5++qu1piF2Rc="></latexit><latexit sha1_base64="D/6v8kMgUXraPBh5++qu1piF2Rc="></latexit><latexit sha1_base64="D/6v8kMgUXraPBh5++qu1piF2Rc="></latexit>



                          m�0 = 10GeV
<latexit sha1_base64="gsWko8yMBRiqsGF28R8b0O9T6NQ="></latexit><latexit sha1_base64="gsWko8yMBRiqsGF28R8b0O9T6NQ="></latexit><latexit sha1_base64="gsWko8yMBRiqsGF28R8b0O9T6NQ="></latexit><latexit sha1_base64="gsWko8yMBRiqsGF28R8b0O9T6NQ="></latexit>

EXAMPLE : DARK QED AGAIN



                          m! ! = 30MeV
<latexit sha1_base64="9J/IeUhU6X5ZsKhjGdV/CLuEjG0="></latexit><latexit sha1_base64="9J/IeUhU6X5ZsKhjGdV/CLuEjG0="></latexit><latexit sha1_base64="9J/IeUhU6X5ZsKhjGdV/CLuEjG0="></latexit><latexit sha1_base64="9J/IeUhU6X5ZsKhjGdV/CLuEjG0="></latexit>

EXAMPLE : DARK QED AGAIN



non-relativistic freeze-out 
larger ↵0

<latexit sha1_base64="OxUtlcMgcNPxGXMBNZfYPy4QYzA="></latexit><latexit sha1_base64="OxUtlcMgcNPxGXMBNZfYPy4QYzA="></latexit><latexit sha1_base64="OxUtlcMgcNPxGXMBNZfYPy4QYzA="></latexit><latexit sha1_base64="OxUtlcMgcNPxGXMBNZfYPy4QYzA="></latexit>

T!/T ! ! !2/m 2
!

<latexit sha1_base64="D/6v8kMgUXraPBh5++qu1piF2Rc="></latexit><latexit sha1_base64="D/6v8kMgUXraPBh5++qu1piF2Rc="></latexit><latexit sha1_base64="D/6v8kMgUXraPBh5++qu1piF2Rc="></latexit><latexit sha1_base64="D/6v8kMgUXraPBh5++qu1piF2Rc="></latexit>

EXAMPLE : DARK QED AGAIN



ANOTHER EXAMPLE : CANNIBAL DM

L hs =
1
2

! µ "! µ " !
1
2

µ2" 2 !
#
4!

" 4

<latexit sha1_base64="omdQsfc/IJv8xULZVuat1tKllvI="></latexit><latexit sha1_base64="omdQsfc/IJv8xULZVuat1tKllvI="></latexit><latexit sha1_base64="omdQsfc/IJv8xULZVuat1tKllvI="></latexit><latexit sha1_base64="omdQsfc/IJv8xULZVuat1tKllvI="></latexit>

4� ! 2�
<latexit sha1_base64="uM00B9NXKOEHwOCJZXMVCZZoOzg="></latexit><latexit sha1_base64="uM00B9NXKOEHwOCJZXMVCZZoOzg="></latexit><latexit sha1_base64="uM00B9NXKOEHwOCJZXMVCZZoOzg="></latexit><latexit sha1_base64="uM00B9NXKOEHwOCJZXMVCZZoOzg="></latexit>

3� ! 2�
<latexit sha1_base64="u6manuIo0QyxrfddebN3B6w3494="></latexit><latexit sha1_base64="u6manuIo0QyxrfddebN3B6w3494="></latexit><latexit sha1_base64="u6manuIo0QyxrfddebN3B6w3494="></latexit><latexit sha1_base64="u6manuIo0QyxrfddebN3B6w3494="></latexit>

broken phase 
(this plot)

symmetric phase

Hufnagel, MHGT ’22



ANOTHER EXAMPLE : CANNIBAL DM

L hs =
1
2

! µ "! µ " !
1
2

µ2" 2 !
#
4!

" 4

<latexit sha1_base64="omdQsfc/IJv8xULZVuat1tKllvI="></latexit><latexit sha1_base64="omdQsfc/IJv8xULZVuat1tKllvI="></latexit><latexit sha1_base64="omdQsfc/IJv8xULZVuat1tKllvI="></latexit><latexit sha1_base64="omdQsfc/IJv8xULZVuat1tKllvI="></latexit>

4� ! 2�
<latexit sha1_base64="uM00B9NXKOEHwOCJZXMVCZZoOzg="></latexit><latexit sha1_base64="uM00B9NXKOEHwOCJZXMVCZZoOzg="></latexit><latexit sha1_base64="uM00B9NXKOEHwOCJZXMVCZZoOzg="></latexit><latexit sha1_base64="uM00B9NXKOEHwOCJZXMVCZZoOzg="></latexit>

3� ! 2�
<latexit sha1_base64="u6manuIo0QyxrfddebN3B6w3494="></latexit><latexit sha1_base64="u6manuIo0QyxrfddebN3B6w3494="></latexit><latexit sha1_base64="u6manuIo0QyxrfddebN3B6w3494="></latexit><latexit sha1_base64="u6manuIo0QyxrfddebN3B6w3494="></latexit>

broken phase 
(this plot)

symmetric phase

Hufnagel, MHGT,  in progress but ’22

T!/T ! m
" ( 1

3 + ! )
dm

<latexit sha1_base64="hGPE78yFhhIDer/J9oH+Vm1D32k="></latexit><latexit sha1_base64="hGPE78yFhhIDer/J9oH+Vm1D32k="></latexit><latexit sha1_base64="hGPE78yFhhIDer/J9oH+Vm1D32k="></latexit><latexit sha1_base64="hGPE78yFhhIDer/J9oH+Vm1D32k="></latexit>

cannibal DM like relativistic FO,  
with Ç!anomalous scaling!È



4. A HOT DARK SECTOR ? 

?



HSSM
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A HOT DARK SECTOR ? 



A HISTORY OF A HOT DARK SECTOR

{ µ!, T !, T}
<latexit sha1_base64="4sEPEZIPjUL8biO3DlGqHK+kvZ0="></latexit><latexit sha1_base64="4sEPEZIPjUL8biO3DlGqHK+kvZ0="></latexit><latexit sha1_base64="4sEPEZIPjUL8biO3DlGqHK+kvZ0="></latexit><latexit sha1_base64="4sEPEZIPjUL8biO3DlGqHK+kvZ0="></latexit>

!
m! !

T ! "
<latexit sha1_base64="sHCDv5Unj1uke6f2Cmy78NWH5v8="></latexit><latexit sha1_base64="sHCDv5Unj1uke6f2Cmy78NWH5v8="></latexit><latexit sha1_base64="sHCDv5Unj1uke6f2Cmy78NWH5v8="></latexit><latexit sha1_base64="sHCDv5Unj1uke6f2Cmy78NWH5v8="></latexit>

total energy

!
"""""#

"""""$

n!

! !

p!

s!

...

%
"""""&

"""""'
<latexit sha1_base64="xpb1RC3z5dNfeQYh3Daa5wQvWyc="></latexit><latexit sha1_base64="xpb1RC3z5dNfeQYh3Daa5wQvWyc="></latexit><latexit sha1_base64="xpb1RC3z5dNfeQYh3Daa5wQvWyc="></latexit><latexit sha1_base64="xpb1RC3z5dNfeQYh3Daa5wQvWyc="></latexit>

simplifyÉ

eos

T! ! m! !
<latexit sha1_base64="w3FWNxHmitEWOKbVD9+IVDXCA1Q="></latexit><latexit sha1_base64="w3FWNxHmitEWOKbVD9+IVDXCA1Q="></latexit><latexit sha1_base64="w3FWNxHmitEWOKbVD9+IVDXCA1Q="></latexit><latexit sha1_base64="w3FWNxHmitEWOKbVD9+IVDXCA1Q="></latexit>
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EX UMBRA IN SOLEM



CONSTRAINTS, CONSEQUENCES?

Can make sure that DP are gone  
by the time of BBN (so, unfortunately, no dragons)

Work in progress 
on DP parameter space, modiÞcation of domain of DM 

and other consequences (ie baryo/leptogenesis,É)
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cannibal DM almost like relativistic FO  
but Ç!anomalous scaling!È
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heating of VS from relativistic decay
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heating the VS (hopefully before BBN)

Impact on dark QED parameter space? Other consequences? 



PRODUCTION TROUGH KINETIC MIXING
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Patt & Wilczek (2006)

3 special gates in SM

Dodelson & Widrow (1994) 
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Holdom (1986) 
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PORTALS TO A DARK SECTOR

Silveira & Zee (1985) 
Veltman & Ynderain (1989) 
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Neutrino portal  

Kinetic mixing portal

Higgs portal



DIFFERENT REGIMES ARE POSSIBLE

NR decay (Sherrer-Turner) 

relativistic decay 



SCHERRER-TURNER HEATING OF VS

plateau

relativistic 
decay

non-relativistic 
decay



relativistic  
freeze-out

non-relativistic  
freeze-out

NO THERMALIZATION
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VIRTUAL DARK PHOTON EXCHANGE

« eigenmass basis »
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« SM interaction basis »
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