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I. Motivations



1. Big Bang Nucleosynthesis (BBN)

Two leading early-Universe observable processes:

<latexit sha1_base64="YJ1Es1P3himQcAh7nDeRwmvSNEg="></latexit>

with T� from 1MeV to keV

T ~ 80 keVgradually decouple.

<latexit sha1_base64="ndFf8Jrhw0r+pxRRw3SewRWoN4w="></latexit>

Tω = Tε at Tω → 3MeV



Two leading early-Universe observable processes:

<latexit sha1_base64="RSF8wv3HYlQqT98pJmL+VALzzvs=">AAACEnicbVDLSgNBEJz1GeMr6tHLYBAUJOyqqMegF48R8hCyIcxOOsngzO4y06uGJfkFL/6KFw+KePXkzb9x8jiosaChqOqmuyuIpTDoul/OzOzc/MJiZim7vLK6tp7b2KyaKNEcKjySkb4OmAEpQqigQAnXsQamAgm14OZi6NduQRsRhWXsxdBQrBOKtuAMrdTM7fsI95jeCewO+uWm32FKMTrwjVDULRz5B2Mfqv1mLu8W3BHoNPEmJE8mKDVzn34r4omCELlkxtQ9N8ZGyjQKLqGf9RMDMeM3rAN1S0OmwDTS0Ut9umuVFm1H2laIdKT+nEiZMqanAtupGHbNX28o/ufVE2yfNVIRxglCyMeL2omkGNFhPrQlNHCUPUsY18LeSnmXacbRppi1IXh/X54m1cOCd1Jwr47zxfNJHBmyTXbIHvHIKSmSS1IiFcLJA3kiL+TVeXSenTfnfdw640xmtsgvOB/fjCCd/w==</latexit>

with T� ⇠ 0.3 eV

(Planck 2018)

<latexit sha1_base64="tQVYExhhSd+tehAyEsBsPfDxzSo="></latexit>

N⌫
e↵=̂3

✓
T⌫/T�

(4/11)1/3

◆4

⇠ 3

✓
T⌫/T�

0.7162

◆4

2. Cosmic Microwave Background (CMB)

decouples.

Universe becomes neutral, so 
photons start to travel freely.

<latexit sha1_base64="cpEtxMADUQeq82Pgg0jOsmeF4x0="></latexit>

Tω → Tε/0.7162 at Tω ↑ 0.3 eV



SM contribution to this ratio is very simple: 
                            i.e. clear background observation!

1. Big Bang Nucleosynthesis (BBN)

2. Cosmic Microwave Background (CMB)

<latexit sha1_base64="ndFf8Jrhw0r+pxRRw3SewRWoN4w="></latexit>

Tω = Tε at Tω → 3MeV

<latexit sha1_base64="cpEtxMADUQeq82Pgg0jOsmeF4x0="></latexit>

Tω → Tε/0.7162 at Tω ↑ 0.3 eV
<latexit sha1_base64="7LM9bUnEL3c+0pNOyJ51v69EQL4=">AAACDXicbZC7SgNBFIZnvcZ4i1raDEbBxrBrYrQRgjY2iqJRIVnD7OSsDpm9MHNWDEtewMZXsbFQxNbezrdxNknh7cAMH/9/DjPn92IpNNr2pzUyOjY+MZmbyk/PzM7NFxYWz3WUKA51HslIXXpMgxQh1FGghMtYAQs8CRdeZz/zL25BaRGFZ9iNwQ3YdSh8wRkaqVVYPbpqItxhenrYaw0IfL9Hd2m5ZFfKG9m91SoU7ZLdL/oXnCEUybCOW4WPZjviSQAhcsm0bjh2jG7KFAouoZdvJhpixjvsGhoGQxaAdtP+Nj26ZpQ29SNlToi0r36fSFmgdTfwTGfA8Eb/9jLxP6+RoL/jpiKME4SQDx7yE0kxolk0tC0UcJRdA4wrYf5K+Q1TjKMJMG9CcH6v/BfON0tOtVQ9qRRre8M4cmSZrJB14pBtUiMH5JjUCSf35JE8kxfrwXqyXq23QeuINZxZIj/Kev8CWI+ZyA==</latexit>

NSM
e! = 3.043→ 3.045

Around T~MeV, visible sector 
decouples from neutrinos via 
weak interaction:

<latexit sha1_base64="qgoeJZBtVJoUWv/HrfDKWv57OGI="></latexit>

ωvēe→ω̄ω → ε2MeV2

m4
Z

→ 10↑46cm2.



Around T~MeV, visible sector 
decouples from neutrinos via 
weak interaction:

MeV dark state annihilation:

SM contribution to this ratio is very simple: 
                            i.e. clear background observation!

1. Big Bang Nucleosynthesis (BBN)

2. Cosmic Microwave Background (CMB)

<latexit sha1_base64="ndFf8Jrhw0r+pxRRw3SewRWoN4w="></latexit>

Tω = Tε at Tω → 3MeV

<latexit sha1_base64="cpEtxMADUQeq82Pgg0jOsmeF4x0="></latexit>

Tω → Tε/0.7162 at Tω ↑ 0.3 eV
<latexit sha1_base64="7LM9bUnEL3c+0pNOyJ51v69EQL4=">AAACDXicbZC7SgNBFIZnvcZ4i1raDEbBxrBrYrQRgjY2iqJRIVnD7OSsDpm9MHNWDEtewMZXsbFQxNbezrdxNknh7cAMH/9/DjPn92IpNNr2pzUyOjY+MZmbyk/PzM7NFxYWz3WUKA51HslIXXpMgxQh1FGghMtYAQs8CRdeZz/zL25BaRGFZ9iNwQ3YdSh8wRkaqVVYPbpqItxhenrYaw0IfL9Hd2m5ZFfKG9m91SoU7ZLdL/oXnCEUybCOW4WPZjviSQAhcsm0bjh2jG7KFAouoZdvJhpixjvsGhoGQxaAdtP+Nj26ZpQ29SNlToi0r36fSFmgdTfwTGfA8Eb/9jLxP6+RoL/jpiKME4SQDx7yE0kxolk0tC0UcJRdA4wrYf5K+Q1TjKMJMG9CcH6v/BfON0tOtVQ9qRRre8M4cmSZrJB14pBtUiMH5JjUCSf35JE8kxfrwXqyXq23QeuINZxZIj/Kev8CWI+ZyA==</latexit>

NSM
e! = 3.043→ 3.045

MeV particle decay: <latexit sha1_base64="MXOUj6BUAW28VLO/Dn2UDOHnPaA=">AAACJ3icbZDLSsNAFIYnXmu9RV26GSyCIJZERF1J0YVuhIr2Ak0tk+mpHZxJwsxELCFv48ZXcSOoiC59E6dtFrX1hwMf/zmHmfP7EWdKO863NTU9Mzs3n1vILy4tr6zaa+tVFcaSQoWGPJR1nyjgLICKZppDPZJAhM+h5t+f9fu1B5CKhcGN7kXQFOQuYB1GiTZWyz7xzokQpJV4UZdhT4em4FEn15cp3h3hFHuKicxQQNPbZM9NccsuOEVnIDwJbgYFlKncst+8dkhjAYGmnCjVcJ1INxMiNaMc0rwXK4gIvSd30DAYEAGqmQzuTPG2cdq4E0pTgcYDd3QjIUKpnvDNpCC6q8Z7ffO/XiPWneNmwoIo1hDQ4UOdmGMTRz803GYSqOY9A4RKZv6KaZdIQrWJNm9CcMdPnoTqftE9LB5eHRRKp1kcObSJttAOctERKqELVEYVRNETekHv6MN6tl6tT+trODplZTsb6I+sn1+6paXe</latexit>

!ω→SM+SM → sec↑1

up to Boltzmann suppression exp[-m/T]

<latexit sha1_base64="qgoeJZBtVJoUWv/HrfDKWv57OGI="></latexit>

ωvēe→ω̄ω → ε2MeV2

m4
Z

→ 10↑46cm2.

MeV dark state scattering:
<latexit sha1_base64="qQQpTz2jfX6psYf9caM7WHlBgmc=">AAACGnicbVA9SwNBEN3zM8avqKXNYhBsDHcqailqYRNQMFHIxbC3mcQlu3vH7pwYjvsdNv4VGwtF7MTGf+MmpvDrwcDjvRlm5kWJFBZ9/8MbG5+YnJouzBRn5+YXFktLy3Ubp4ZDjccyNpcRsyCFhhoKlHCZGGAqknAR9Y4G/sUNGCtifY79BJqKdbXoCM7QSa1SEFrRVayVhQi3mFWhTo+r+Wao0zyUQAP/KtvcDvIsNIpylV9tVVqlsl/xh6B/STAiZTLCaav0FrZjnirQyCWzthH4CTYzZlBwCXkxTC0kjPdYFxqOaqbANrPhazldd0qbdmLjSiMdqt8nMqas7avIdSqG1/a3NxD/8xopdvabmdBJiqD516JOKinGdJATbQsDHGXfEcaNcLdSfs0M4+jSLLoQgt8v/yX1rUqwW9k92ykfHI7iKJBVskY2SED2yAE5IaekRji5Iw/kiTx7996j9+K9frWOeaOZFfID3vsn1nygGA==</latexit>

ωMeV DM→ω → 10→31cm2.

<latexit sha1_base64="drY2uTSww7KQhRCmpDmVF04aivs=">AAACGHicbVA9SwNBEN3zM8avqKXNYhBsEu9E1DKohU0ggolCLgl7m0lc3L07dufEcNzPsPGv2FgoYmvnv3ETU2jig4HHezPMzAtiKQy67pczMzs3v7CYW8ovr6yurRc2NhsmSjSHOo9kpG8CZkCKEOooUMJNrIGpQMJ1cHc29K/vQRsRhVc4iKGlWD8UPcEZWqlT2PeN6CvWSX2EB0yr0KDn1awEmS+Bem47LR26WeprRbnK2gflTqHolt0R6DTxxqRIxqh1Cp9+N+KJghC5ZMY0PTfGVso0Ci4hy/uJgZjxO9aHpqUhU2Ba6eixjO5apUt7kbYVIh2pvydSpowZqMB2Koa3ZtIbiv95zQR7J61UhHGCEPKfRb1EUozoMCXaFRo4yoEljGthb6X8lmnG0WaZtyF4ky9Pk8ZB2TsqH10eFiun4zhyZJvskD3ikWNSIRekRuqEk0fyTF7Jm/PkvDjvzsdP64wzntkif+B8fgMbJJ8q</latexit>

ωMeV DM→e → 10→40cm2.

<latexit sha1_base64="02FpqvQCrtZk6sGQaMB05HoZAH0=">AAACFXicbVDLSsNAFJ3UV62vqEs3g0UQ0ZJUrS6LblxWsA9o0jCZTtqhM0mYmRRKyE+48VfcuFDEreDOv3H6WGjrgQuHc+7l3nv8mFGpLOvbyC0tr6yu5dcLG5tb2zvm7l5DRonApI4jFomWjyRhNCR1RRUjrVgQxH1Gmv7gduw3h0RIGoUPahQTl6NeSAOKkdKSZ546kvY4gkMvdeI+HVfnJHN6BNpWJz07v8xSR3CIedYplzyzaJWsCeAisWekCGaoeeaX041wwkmoMENStm0rVm6KhKKYkazgJJLECA9Qj7Q1DREn0k0nX2XwSCtdGERCV6jgRP09kSIu5Yj7upMj1Zfz3lj8z2snKrh2UxrGiSIhni4KEgZVBMcRwS4VBCs20gRhQfWtEPeRQFjpIAs6BHv+5UXSKJfsSqlyf1Gs3sziyIMDcAiOgQ2uQBXcgRqoAwwewTN4BW/Gk/FivBsf09acMZvZB39gfP4A3t2d/w==</latexit>

ωvωω→ → 10→35cm2.



SM contribution to this ratio is very simple: 
                            i.e. clear background observation!

1. Big Bang Nucleosynthesis (BBN)

2. Cosmic Microwave Background (CMB)

<latexit sha1_base64="ndFf8Jrhw0r+pxRRw3SewRWoN4w="></latexit>

Tω = Tε at Tω → 3MeV

<latexit sha1_base64="cpEtxMADUQeq82Pgg0jOsmeF4x0="></latexit>

Tω → Tε/0.7162 at Tω ↑ 0.3 eV
<latexit sha1_base64="7LM9bUnEL3c+0pNOyJ51v69EQL4=">AAACDXicbZC7SgNBFIZnvcZ4i1raDEbBxrBrYrQRgjY2iqJRIVnD7OSsDpm9MHNWDEtewMZXsbFQxNbezrdxNknh7cAMH/9/DjPn92IpNNr2pzUyOjY+MZmbyk/PzM7NFxYWz3WUKA51HslIXXpMgxQh1FGghMtYAQs8CRdeZz/zL25BaRGFZ9iNwQ3YdSh8wRkaqVVYPbpqItxhenrYaw0IfL9Hd2m5ZFfKG9m91SoU7ZLdL/oXnCEUybCOW4WPZjviSQAhcsm0bjh2jG7KFAouoZdvJhpixjvsGhoGQxaAdtP+Nj26ZpQ29SNlToi0r36fSFmgdTfwTGfA8Eb/9jLxP6+RoL/jpiKME4SQDx7yE0kxolk0tC0UcJRdA4wrYf5K+Q1TjKMJMG9CcH6v/BfON0tOtVQ9qRRre8M4cmSZrJB14pBtUiMH5JjUCSf35JE8kxfrwXqyXq23QeuINZxZIj/Kev8CWI+ZyA==</latexit>

NSM
e! = 3.043→ 3.045

dark state 

EM sector 
     e, 𝜸

Z* annihilation
Neutrinos 
        𝜈 if MeV dark state 

connect EM & 𝜈

<latexit sha1_base64="KpNyYthqmW8TrD/cgduSbkM7csk=">AAAB83icbVDLSgMxFL3js9ZX1aWbYBFEpMyIqMuiG5cV7AM6Y8mkmTY0kwlJRihDf8ONC0Xc+jPu/Bsz7Sy09cC9HM65l9ycUHKmjet+O0vLK6tr66WN8ubW9s5uZW+/pZNUEdokCU9UJ8SaciZo0zDDaUcqiuOQ03Y4us399hNVmiXiwYwlDWI8ECxiBBsr+b4csjOU98fTXqXq1twp0CLxClKFAo1e5cvvJySNqTCEY627nitNkGFlGOF0UvZTTSUmIzygXUsFjqkOsunNE3RslT6KEmVLGDRVf29kONZ6HId2MsZmqOe9XPzP66Ymug4yJmRqqCCzh6KUI5OgPADUZ4oSw8eWYKKYvRWRIVaYGBtT2YbgzX95kbTOa95lzb2/qNZvijhKcAhHcAIeXEEd7qABTSAg4Rle4c1JnRfn3fmYjS45xc4B/IHz+QMFFZEF</latexit>

�,�⇤

MeV dark state may 
maintain the 
coupling of EM and 
𝜈, even for branching 
ratio to EM/𝜈 of 10-5.

As an extension of the two decoupled sector cases  [e.g. Escudero 2001.04466,  Giovanetti, Lisanti, Liu &Ruderman 2109.03246]

Strong bounds can be obtained on MeV dark bridge 
with future BBN/CMB measurements!

as a bridge



II. To describe a three-sector system

dark state 

EM sector 
     e, 𝜸

Neutrinos 
        𝜈

<latexit sha1_base64="KpNyYthqmW8TrD/cgduSbkM7csk=">AAAB83icbVDLSgMxFL3js9ZX1aWbYBFEpMyIqMuiG5cV7AM6Y8mkmTY0kwlJRihDf8ONC0Xc+jPu/Bsz7Sy09cC9HM65l9ycUHKmjet+O0vLK6tr66WN8ubW9s5uZW+/pZNUEdokCU9UJ8SaciZo0zDDaUcqiuOQ03Y4us399hNVmiXiwYwlDWI8ECxiBBsr+b4csjOU98fTXqXq1twp0CLxClKFAo1e5cvvJySNqTCEY627nitNkGFlGOF0UvZTTSUmIzygXUsFjqkOsunNE3RslT6KEmVLGDRVf29kONZ6HId2MsZmqOe9XPzP66Ymug4yJmRqqCCzh6KUI5OgPADUZ4oSw8eWYKKYvRWRIVaYGBtT2YbgzX95kbTOa95lzb2/qNZvijhKcAhHcAIeXEEd7qABTSAg4Rle4c1JnRfn3fmYjS45xc4B/IHz+QMFFZEF</latexit>

�,�⇤



Self-kinetic equilibrium assumption: dark bridge 

EM sector 
     e, 𝜸

Neutrinos 
        𝜈

<latexit sha1_base64="KpNyYthqmW8TrD/cgduSbkM7csk=">AAAB83icbVDLSgMxFL3js9ZX1aWbYBFEpMyIqMuiG5cV7AM6Y8mkmTY0kwlJRihDf8ONC0Xc+jPu/Bsz7Sy09cC9HM65l9ycUHKmjet+O0vLK6tr66WN8ubW9s5uZW+/pZNUEdokCU9UJ8SaciZo0zDDaUcqiuOQ03Y4us399hNVmiXiwYwlDWI8ECxiBBsr+b4csjOU98fTXqXq1twp0CLxClKFAo1e5cvvJySNqTCEY627nitNkGFlGOF0UvZTTSUmIzygXUsFjqkOsunNE3RslT6KEmVLGDRVf29kONZ6HId2MsZmqOe9XPzP66Ymug4yJmRqqCCzh6KUI5OgPADUZ4oSw8eWYKKYvRWRIVaYGBtT2YbgzX95kbTOa95lzb2/qNZvijhKcAhHcAIeXEEd7qABTSAg4Rle4c1JnRfn3fmYjS45xc4B/IHz+QMFFZEF</latexit>

�,�⇤

C) the MeV dark bridge

A) the EM sector Satisfied, with null chemical potentials 
(up to B/L-asymmetry).

B) the neutrino sector

<latexit sha1_base64="DOC1PuGKsdRxEXxSjVgerHaXE3U="></latexit>

fi(Ei, µi) =
1

e(Ei�µi)/Ti ⌥ 1
⌘ 1

eẼi�µ̃i ⌥ 1

<latexit sha1_base64="qM/eaufACi5v0F0l2+hli9lsNPg=">AAACAnicbVDLSgMxFM3UV62vUVfiJlgEV3VGRN0IRTcuK/QFnWHIZDJtaJIZkoxQhuLGX3HjQhG3foU7/8a0nYW2Hrjcwzn3ktwTpowq7TjfVmlpeWV1rbxe2djc2t6xd/faKskkJi2csER2Q6QIo4K0NNWMdFNJEA8Z6YTD24nfeSBS0UQ09SglPkd9QWOKkTZSYB94mrKIQI9nAYXXRT9tBjSwq07NmQIuErcgVVCgEdhfXpTgjBOhMUNK9Vwn1X6OpKaYkXHFyxRJER6iPukZKhAnys+nJ4zhsVEiGCfSlNBwqv7eyBFXasRDM8mRHqh5byL+5/UyHV/5ORVpponAs4fijEGdwEkeMKKSYM1GhiAsqfkrxAMkEdYmtYoJwZ0/eZG0z2ruRc25P6/Wb4o4yuAQHIET4IJLUAd3oAFaAINH8AxewZv1ZL1Y79bHbLRkFTv74A+szx9y1ZYs</latexit>

µ̃i = µi/Ti

To reach a (nearly) full 
description of three sectors:

 [naive treatments: M.Escudero 1812.05605, Depta, Hufnagel, Schmidt-Hoberg & Wild 1901.06944]



B) the neutrino sector

Tiny non-equilibrium,  even 
with only weak interactions.

EM sector 
     e, 𝜸

Neutrinos 
        𝜈

<latexit sha1_base64="KpNyYthqmW8TrD/cgduSbkM7csk=">AAAB83icbVDLSgMxFL3js9ZX1aWbYBFEpMyIqMuiG5cV7AM6Y8mkmTY0kwlJRihDf8ONC0Xc+jPu/Bsz7Sy09cC9HM65l9ycUHKmjet+O0vLK6tr66WN8ubW9s5uZW+/pZNUEdokCU9UJ8SaciZo0zDDaUcqiuOQ03Y4us399hNVmiXiwYwlDWI8ECxiBBsr+b4csjOU98fTXqXq1twp0CLxClKFAo1e5cvvJySNqTCEY627nitNkGFlGOF0UvZTTSUmIzygXUsFjqkOsunNE3RslT6KEmVLGDRVf29kONZ6HId2MsZmqOe9XPzP66Ymug4yJmRqqCCzh6KUI5OgPADUZ4oSw8eWYKKYvRWRIVaYGBtT2YbgzX95kbTOa95lzb2/qNZvijhKcAhHcAIeXEEd7qABTSAg4Rle4c1JnRfn3fmYjS45xc4B/IHz+QMFFZEF</latexit>

�,�⇤

Akita & Yamaguchi 2005.07047

See also 1606.06986, 1812.05605, 2001.04466, 2012.02726, etc. 

<latexit sha1_base64="qM/eaufACi5v0F0l2+hli9lsNPg=">AAACAnicbVDLSgMxFM3UV62vUVfiJlgEV3VGRN0IRTcuK/QFnWHIZDJtaJIZkoxQhuLGX3HjQhG3foU7/8a0nYW2Hrjcwzn3ktwTpowq7TjfVmlpeWV1rbxe2djc2t6xd/faKskkJi2csER2Q6QIo4K0NNWMdFNJEA8Z6YTD24nfeSBS0UQ09SglPkd9QWOKkTZSYB94mrKIQI9nAYXXRT9tBjSwq07NmQIuErcgVVCgEdhfXpTgjBOhMUNK9Vwn1X6OpKaYkXHFyxRJER6iPukZKhAnys+nJ4zhsVEiGCfSlNBwqv7eyBFXasRDM8mRHqh5byL+5/UyHV/5ORVpponAs4fijEGdwEkeMKKSYM1GhiAsqfkrxAMkEdYmtYoJwZ0/eZG0z2ruRc25P6/Wb4o4yuAQHIET4IJLUAd3oAFaAINH8AxewZv1ZL1Y79bHbLRkFTv74A+szx9y1ZYs</latexit>

µ̃i = µi/Ti

<latexit sha1_base64="DOC1PuGKsdRxEXxSjVgerHaXE3U="></latexit>

fi(Ei, µi) =
1

e(Ei�µi)/Ti ⌥ 1
⌘ 1

eẼi�µ̃i ⌥ 1

dark bridge 

To reach a (nearly) full 
description of three sectors:

 [naive treatments: M.Escudero 1812.05605, Depta, Hufnagel, Schmidt-Hoberg & Wild 1901.06944]

Self-kinetic equilibrium assumption:



EM sector 
     e, 𝜸

Neutrinos 
        𝜈

<latexit sha1_base64="KpNyYthqmW8TrD/cgduSbkM7csk=">AAAB83icbVDLSgMxFL3js9ZX1aWbYBFEpMyIqMuiG5cV7AM6Y8mkmTY0kwlJRihDf8ONC0Xc+jPu/Bsz7Sy09cC9HM65l9ycUHKmjet+O0vLK6tr66WN8ubW9s5uZW+/pZNUEdokCU9UJ8SaciZo0zDDaUcqiuOQ03Y4us399hNVmiXiwYwlDWI8ECxiBBsr+b4csjOU98fTXqXq1twp0CLxClKFAo1e5cvvJySNqTCEY627nitNkGFlGOF0UvZTTSUmIzygXUsFjqkOsunNE3RslT6KEmVLGDRVf29kONZ6HId2MsZmqOe9XPzP66Ymug4yJmRqqCCzh6KUI5OgPADUZ4oSw8eWYKKYvRWRIVaYGBtT2YbgzX95kbTOa95lzb2/qNZvijhKcAhHcAIeXEEd7qABTSAg4Rle4c1JnRfn3fmYjS45xc4B/IHz+QMFFZEF</latexit>

�,�⇤

• Before decoupled, scattering with EM/𝜈 makes it thermally coupled;

• After, it becomes non-relativistic quickly, so at most mild effect after decoupling   
[exceptions are non-trivial velocity-dependence in annihilation, e.g. Binder, Bringmann, Gustafsson &Hryczuk, 2103.01944].

• Even easier with DM self-interaction (SIDM).

<latexit sha1_base64="qM/eaufACi5v0F0l2+hli9lsNPg=">AAACAnicbVDLSgMxFM3UV62vUVfiJlgEV3VGRN0IRTcuK/QFnWHIZDJtaJIZkoxQhuLGX3HjQhG3foU7/8a0nYW2Hrjcwzn3ktwTpowq7TjfVmlpeWV1rbxe2djc2t6xd/faKskkJi2csER2Q6QIo4K0NNWMdFNJEA8Z6YTD24nfeSBS0UQ09SglPkd9QWOKkTZSYB94mrKIQI9nAYXXRT9tBjSwq07NmQIuErcgVVCgEdhfXpTgjBOhMUNK9Vwn1X6OpKaYkXHFyxRJER6iPukZKhAnys+nJ4zhsVEiGCfSlNBwqv7eyBFXasRDM8mRHqh5byL+5/UyHV/5ORVpponAs4fijEGdwEkeMKKSYM1GhiAsqfkrxAMkEdYmtYoJwZ0/eZG0z2ruRc25P6/Wb4o4yuAQHIET4IJLUAd3oAFaAINH8AxewZv1ZL1Y79bHbLRkFTv74A+szx9y1ZYs</latexit>

µ̃i = µi/Ti

<latexit sha1_base64="DOC1PuGKsdRxEXxSjVgerHaXE3U="></latexit>

fi(Ei, µi) =
1

e(Ei�µi)/Ti ⌥ 1
⌘ 1

eẼi�µ̃i ⌥ 1

C) the MeV dark bridge

dark bridge 

To reach a (nearly) full 
description of three sectors:

 [naive treatments: M.Escudero 1812.05605, Depta, Hufnagel, Schmidt-Hoberg & Wild 1901.06944]

Self-kinetic equilibrium assumption:



dark matter 

EM sector 
     e, 𝜸

Neutrinos 
        𝜈

<latexit sha1_base64="KpNyYthqmW8TrD/cgduSbkM7csk=">AAAB83icbVDLSgMxFL3js9ZX1aWbYBFEpMyIqMuiG5cV7AM6Y8mkmTY0kwlJRihDf8ONC0Xc+jPu/Bsz7Sy09cC9HM65l9ycUHKmjet+O0vLK6tr66WN8ubW9s5uZW+/pZNUEdokCU9UJ8SaciZo0zDDaUcqiuOQ03Y4us399hNVmiXiwYwlDWI8ECxiBBsr+b4csjOU98fTXqXq1twp0CLxClKFAo1e5cvvJySNqTCEY627nitNkGFlGOF0UvZTTSUmIzygXUsFjqkOsunNE3RslT6KEmVLGDRVf29kONZ6HId2MsZmqOe9XPzP66Ymug4yJmRqqCCzh6KUI5OgPADUZ4oSw8eWYKKYvRWRIVaYGBtT2YbgzX95kbTOa95lzb2/qNZvijhKcAhHcAIeXEEd7qABTSAg4Rle4c1JnRfn3fmYjS45xc4B/IHz+QMFFZEF</latexit>

�,�⇤

Tabulation of Rates:
1. For the relativistic particles, neutrino:

<latexit sha1_base64="BbgkaF6i9O6zc5ekGfsW3o8FrMo="></latexit>

f⌫(Ẽ⌫ , µ̃⌫) '
1

eẼ⌫ + 1
+ µ̃⌫

1

eẼ⌫ + e�Ẽ⌫ + 2

= f (0)(E⌫) + µ̃⌫f
(1)(E⌫) .

<latexit sha1_base64="XuU/xqXkTN1XpyMDtFDoWck5dTI="></latexit>

f�(Ẽ�, µ̃�) '

8
<

:

1

eẼ�⌥1
before freeze-out

eµ̃�

eẼ�
after freeze-out

! eµ̃�f (0)
� (Ẽ�)

2. For non-relativistic particles, DM:

3. EM sector has negligible chemical potential.

<latexit sha1_base64="qM/eaufACi5v0F0l2+hli9lsNPg=">AAACAnicbVDLSgMxFM3UV62vUVfiJlgEV3VGRN0IRTcuK/QFnWHIZDJtaJIZkoxQhuLGX3HjQhG3foU7/8a0nYW2Hrjcwzn3ktwTpowq7TjfVmlpeWV1rbxe2djc2t6xd/faKskkJi2csER2Q6QIo4K0NNWMdFNJEA8Z6YTD24nfeSBS0UQ09SglPkd9QWOKkTZSYB94mrKIQI9nAYXXRT9tBjSwq07NmQIuErcgVVCgEdhfXpTgjBOhMUNK9Vwn1X6OpKaYkXHFyxRJER6iPukZKhAnys+nJ4zhsVEiGCfSlNBwqv7eyBFXasRDM8mRHqh5byL+5/UyHV/5ORVpponAs4fijEGdwEkeMKKSYM1GhiAsqfkrxAMkEdYmtYoJwZ0/eZG0z2ruRc25P6/Wb4o4yuAQHIET4IJLUAd3oAFaAINH8AxewZv1ZL1Y79bHbLRkFTv74A+szx9y1ZYs</latexit>

µ̃i = µi/Ti

Take the case of thermal DM



EM sector 
     e, 𝜸

Neutrinos 
        𝜈

<latexit sha1_base64="KpNyYthqmW8TrD/cgduSbkM7csk=">AAAB83icbVDLSgMxFL3js9ZX1aWbYBFEpMyIqMuiG5cV7AM6Y8mkmTY0kwlJRihDf8ONC0Xc+jPu/Bsz7Sy09cC9HM65l9ycUHKmjet+O0vLK6tr66WN8ubW9s5uZW+/pZNUEdokCU9UJ8SaciZo0zDDaUcqiuOQ03Y4us399hNVmiXiwYwlDWI8ECxiBBsr+b4csjOU98fTXqXq1twp0CLxClKFAo1e5cvvJySNqTCEY627nitNkGFlGOF0UvZTTSUmIzygXUsFjqkOsunNE3RslT6KEmVLGDRVf29kONZ6HId2MsZmqOe9XPzP66Ymug4yJmRqqCCzh6KUI5OgPADUZ4oSw8eWYKKYvRWRIVaYGBtT2YbgzX95kbTOa95lzb2/qNZvijhKcAhHcAIeXEEd7qABTSAg4Rle4c1JnRfn3fmYjS45xc4B/IHz+QMFFZEF</latexit>

�,�⇤

1. For the relativistic particles, neutrino:
<latexit sha1_base64="BbgkaF6i9O6zc5ekGfsW3o8FrMo="></latexit>

f⌫(Ẽ⌫ , µ̃⌫) '
1

eẼ⌫ + 1
+ µ̃⌫

1

eẼ⌫ + e�Ẽ⌫ + 2

= f (0)(E⌫) + µ̃⌫f
(1)(E⌫) .

<latexit sha1_base64="XuU/xqXkTN1XpyMDtFDoWck5dTI="></latexit>

f�(Ẽ�, µ̃�) '

8
<

:

1

eẼ�⌥1
before freeze-out

eµ̃�

eẼ�
after freeze-out

! eµ̃�f (0)
� (Ẽ�)

2. For non-relativistic particles, DM:

3. EM sector has negligible chemical potential.

Rates between two sectors (a and b) as functions of (Ta, Tb):
<latexit sha1_base64="JP2Fk2/pcvQ2JICAraAmXlII8Ec="></latexit>

� /
Z

dE1dE2dsdt f
0,1
1 f0,1

2

d�12!34(s)

dt
vM

<latexit sha1_base64="7bqsR4iJ95gKDBN8YYTefdecraw="></latexit>

⇣ /
Z

dE1dE2dsdtf
0,1
1 f0,1

2

d�12!34(s)

dt
vM �E

Leading number-changing:

Leading energy-transferring:

<latexit sha1_base64="qM/eaufACi5v0F0l2+hli9lsNPg=">AAACAnicbVDLSgMxFM3UV62vUVfiJlgEV3VGRN0IRTcuK/QFnWHIZDJtaJIZkoxQhuLGX3HjQhG3foU7/8a0nYW2Hrjcwzn3ktwTpowq7TjfVmlpeWV1rbxe2djc2t6xd/faKskkJi2csER2Q6QIo4K0NNWMdFNJEA8Z6YTD24nfeSBS0UQ09SglPkd9QWOKkTZSYB94mrKIQI9nAYXXRT9tBjSwq07NmQIuErcgVVCgEdhfXpTgjBOhMUNK9Vwn1X6OpKaYkXHFyxRJER6iPukZKhAnys+nJ4zhsVEiGCfSlNBwqv7eyBFXasRDM8mRHqh5byL+5/UyHV/5ORVpponAs4fijEGdwEkeMKKSYM1GhiAsqfkrxAMkEdYmtYoJwZ0/eZG0z2ruRc25P6/Wb4o4yuAQHIET4IJLUAd3oAFaAINH8AxewZv1ZL1Y79bHbLRkFTv74A+szx9y1ZYs</latexit>

µ̃i = µi/Ti

Tabulation of Rates:

dark matter 

Take the case of thermal DM



For each two-body process 1 + 2 ↔ 3 + 4 ,  the detailed-balance factor:
<latexit sha1_base64="WO5kHUs6P1brbGyRmGWJbv/5Nzc="></latexit>

J = f1f2(1± f3)(1± f4)(1� e�µ̃1�µ̃2+µ̃3+µ̃4eẼ1+Ẽ2�Ẽ3�Ẽ4)

For numerical results, we have neglected such Bose/Fermi corrections for the heavier particle of each process.

Tabulation of the rates

<latexit sha1_base64="6fSGxYSO5Y8y/2hthZkiTYV6VHU="></latexit>

T� , (T⌫ , µ̃⌫), (T�, µ̃�)
<latexit sha1_base64="6fSGxYSO5Y8y/2hthZkiTYV6VHU="></latexit>

T� , (T⌫ , µ̃⌫), (T�, µ̃�)
<latexit sha1_base64="6fSGxYSO5Y8y/2hthZkiTYV6VHU="></latexit>

T� , (T⌫ , µ̃⌫), (T�, µ̃�)
Self-kinetic equilibrium assumption:

Set of Boltzmann equations



III. Precision Freeze-out



To yield a fixed abundance
<latexit sha1_base64="acZsxIx5de4my0JFXzsYu605KsU=">AAACHHicbZDLSsNAFIYn9VbrLerSzWARXJVERd0IRV24ESrYi7QhTKbTduhkEmZOxBLyIG58FTcuFHHjQvBtnF4W2vrDwM93zuHM+YNYcA2O823l5uYXFpfyy4WV1bX1DXtzq6ajRFFWpZGIVCMgmgkuWRU4CNaIFSNhIFg96F8M6/V7pjSP5C0MYuaFpCt5h1MCBvn24Z2ftoA9AL68znCrRwCf4VQaqMIxisw41mMAEZSyzLeLTskZCc8ad2KKaKKKb3+22hFNQiaBCqJ103Vi8FKigFPBskIr0SwmtE+6rGmsJCHTXjo6LsN7hrRxJ1LmScAj+nsiJaHWgzAwnSGBnp6uDeF/tWYCnVMv5TJOgEk6XtRJhDkSD5PCba4YBTEwhlDFzV8x7RFFKJg8CyYEd/rkWVM7KLnHJefmqFg+n8SRRztoF+0jF52gMrpCFVRFFD2iZ/SK3qwn68V6tz7GrTlrMrON/sj6+gGQ5qER</latexit>

YDM =̂
nDM

stot.

For complex scalar DM

p-wave case
s-wave case



To yield a fixed abundance
<latexit sha1_base64="acZsxIx5de4my0JFXzsYu605KsU=">AAACHHicbZDLSsNAFIYn9VbrLerSzWARXJVERd0IRV24ESrYi7QhTKbTduhkEmZOxBLyIG58FTcuFHHjQvBtnF4W2vrDwM93zuHM+YNYcA2O823l5uYXFpfyy4WV1bX1DXtzq6ajRFFWpZGIVCMgmgkuWRU4CNaIFSNhIFg96F8M6/V7pjSP5C0MYuaFpCt5h1MCBvn24Z2ftoA9AL68znCrRwCf4VQaqMIxisw41mMAEZSyzLeLTskZCc8ad2KKaKKKb3+22hFNQiaBCqJ103Vi8FKigFPBskIr0SwmtE+6rGmsJCHTXjo6LsN7hrRxJ1LmScAj+nsiJaHWgzAwnSGBnp6uDeF/tWYCnVMv5TJOgEk6XtRJhDkSD5PCba4YBTEwhlDFzV8x7RFFKJg8CyYEd/rkWVM7KLnHJefmqFg+n8SRRztoF+0jF52gMrpCFVRFFD2iZ/SK3qwn68V6tz7GrTlrMrON/sj6+gGQ5qER</latexit>

YDM =̂
nDM

stot.

compare with analytical solutions
 (numerical: gray lines; analytical: coloured)

For complex scalar DM

p-wave case
s-wave case

<latexit sha1_base64="pd4L4TSc6U71Hr6eXJ5yUibEpHo=">AAACGXicbZDLSgMxFIYz9VbrbdSlm2ARXJUZEXUjlIriRqhgL9CWkknTNjSTGZIzYhmmj+HGV3HjQhGXuvJtTKdd1OoPgY//nMPJ+b1QcA2O821lFhaXlleyq7m19Y3NLXt7p6qDSFFWoYEIVN0jmgkuWQU4CFYPFSO+J1jNG1yM67V7pjQP5B0MQ9bySU/yLqcEjNW2nSawB4ivAjUaJXFT+bikknYKlzcJnnFklOBz7LTtvFNwUuG/4E4hj6Yqt+3PZiegkc8kUEG0brhOCK2YKOBUsCTXjDQLCR2QHmsYlMRnuhWnlyX4wDgd3A2UeRJw6s5OxMTXeuh7ptMn0NfztbH5X60RQfesFXMZRsAknSzqRgJDgMcx4Q5XjIIYGiBUcfNXTPtEEQomzJwJwZ0/+S9UjwruScG5Pc4XS9M4smgP7aND5KJTVETXqIwqiKJH9Ixe0Zv1ZL1Y79bHpDVjTWd20S9ZXz9vmqCB</latexit>

For BrEMBr⌫ = 0
p-wave case

During/after decoupling, temperatures can 
not be fully tracked in analytical solution.



EM-only channel:  

Neutrino-only channel:  

<latexit sha1_base64="CJsrSBfTI0q3HZP22RS5smT3xtk=">AAACAnicbVBNS8NAEN34WetX1JN4WSyCBymJSNVb0YsXoYL9gCaUzXbSLt1Nwu5GKKF48a948aCIV3+FN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbS0sLi2vrBbWiusbm1vb9s5uQ8WppFCnMY9lKyAKOIugrpnm0EokEBFwaAaD67HffACpWBzd62ECviC9iIWMEm2kjr0vOl7SZ9jrAa6UL72TzJMC30Jj1LFLTtmZAM8TNycllKPWsb+8bkxTAZGmnCjVdp1E+xmRmlEOo6KXKkgIHZAetA2NiADlZ5MXRvjIKF0cxtJUpPFE/T2REaHUUASmUxDdV7PeWPzPa6c6vPAzFiWphohOF4UpxzrG4zxwl0mgmg8NIVQycyumfSIJ1Sa1ognBnX15njROy26l7NydlapXeRwFdIAO0TFy0TmqohtUQ3VE0SN6Rq/ozXqyXqx362PaumDlM3voD6zPHyKdlfs=</latexit>

m� � 6.9MeV

<latexit sha1_base64="xXGGYayCMS7jyCjgjVYVTpnM+AA=">AAACAnicbVDLSgNBEJz1GeMr6km8DAbBgyy7IibHoBcvQgTzgGwIs5PeZMjM7DIzK4QlePFXvHhQxKtf4c2/cfI4aGJBQ1HVTXdXmHCmjed9O0vLK6tr67mN/ObW9s5uYW+/ruNUUajRmMeqGRINnEmoGWY4NBMFRIQcGuHgeuw3HkBpFst7M0ygLUhPsohRYqzUKRyKTpD0GQ56gMtuKTjLAiXwLdRHnULRc70J8CLxZ6SIZqh2Cl9BN6apAGkoJ1q3fC8x7YwowyiHUT5INSSEDkgPWpZKIkC3s8kLI3xilS6OYmVLGjxRf09kRGg9FKHtFMT09bw3Fv/zWqmJyu2MySQ1IOl0UZRybGI8zgN3mQJq+NASQhWzt2LaJ4pQY1PL2xD8+ZcXSf3c9S9d7+6iWLmaxZFDR+gYnSIflVAF3aAqqiGKHtEzekVvzpPz4rw7H9PWJWc2c4D+wPn8ASKhlfs=</latexit>

m� � 8.7MeV

Complex scalar [s-wave]

<latexit sha1_base64="pd4L4TSc6U71Hr6eXJ5yUibEpHo=">AAACGXicbZDLSgMxFIYz9VbrbdSlm2ARXJUZEXUjlIriRqhgL9CWkknTNjSTGZIzYhmmj+HGV3HjQhGXuvJtTKdd1OoPgY//nMPJ+b1QcA2O821lFhaXlleyq7m19Y3NLXt7p6qDSFFWoYEIVN0jmgkuWQU4CFYPFSO+J1jNG1yM67V7pjQP5B0MQ9bySU/yLqcEjNW2nSawB4ivAjUaJXFT+bikknYKlzcJnnFklOBz7LTtvFNwUuG/4E4hj6Yqt+3PZiegkc8kUEG0brhOCK2YKOBUsCTXjDQLCR2QHmsYlMRnuhWnlyX4wDgd3A2UeRJw6s5OxMTXeuh7ptMn0NfztbH5X60RQfesFXMZRsAknSzqRgJDgMcx4Q5XjIIYGiBUcfNXTPtEEQomzJwJwZ0/+S9UjwruScG5Pc4XS9M4smgP7aND5KJTVETXqIwqiKJH9Ixe0Zv1ZL1Y79bHpDVjTWd20S9ZXz9vmqCB</latexit>

For BrEMBr⌫ = 0

• Bounds are insensitive to s- or p-wave, or 

to exact annihilation cross sections, as 

evolution is the same until very late.

(Planck 2018)
Bounds on DM mass from



weaker bounds from CMB!

<latexit sha1_base64="zEFEN312dBvElOUKF2SMrq13Mx8=">AAACHHicbZBNSwMxEIaz9bt+VT16CRbBU9lVUY+longRFKwWuqVk02kNZrNrMiuWZf0fXvwrXjwo4sWD4L8xrT3U1hcCD+/MMJk3iKUw6LrfTm5icmp6ZnYuP7+wuLRcWFm9NFGiOVR5JCNdC5gBKRRUUaCEWqyBhYGEq+DmsFe/ugNtRKQusBtDI2QdJdqCM7RWs7DjI9xjehzph4cs9XVIKzpr9uHoNKNDjkoy6iu4pW6zUHRLbl90HLwBFMlAZ83Cp9+KeBKCQi6ZMXXPjbGRMo2CS8jyfmIgZvyGdaBuUbEQTCPtH5fRTeu0aDvS9imkfXd4ImWhMd0wsJ0hw2szWuuZ/9XqCbYPGqlQcYKg+O+idiIpRrSXFG0JDRxl1wLjWti/Un7NNONo88zbELzRk8fhcrvk7ZXc891iuTKIY5askw2yRTyyT8rkhJyRKuHkkTyTV/LmPDkvzrvz8duacwYza+SPnK8fM0OiAg==</latexit>

For BrEMBr⌫ 6= 0

• Lighter DM maintains T𝛾 = Tν, even after 
e+e- annihilation 

• heavy DM maintains T𝛾 = Tν before e+e- 

annihilation, same as only SM. 

(MeV)

tend to increase Neff.

Complex scalar [s-wave] Bounds on DM mass from
(Planck 2018)



IV. For entertaining 

Neff bound may disappear



reduce the EM heating from e+e- annihilation; 

if cancel out

Only a short period of 
extra radiation 

also alleviates the BBN 
Neff bound.

increase EM sector heating by DM annihilation; 

If dark matter dominantly annihilates into the EM sector.
•

<latexit sha1_base64="hsKu7PkHGzkgsoLbN5WURgAIEmQ=">AAACCHicbZA9SwNBEIb3/DZ+RS0tXAyCVbgTiZYhNpYKxgRyIext5pIle3vH7pwYjrOz8a/YWChi60+w89+4iSk08YWFh3dmmJ03SKQw6Lpfztz8wuLS8spqYW19Y3OruL1zY+JUc6jzWMa6GTADUiioo0AJzUQDiwIJjWBwPqo3bkEbEatrHCbQjlhPiVBwhtbqFPd9hDvMREjvc1rTnQxy6vd6Y/RVmneKJbfsjkVnwZtAiUx02Sl++t2YpxEo5JIZ0/LcBNsZ0yi4hLzgpwYSxgesBy2LikVg2tn4kJweWqdLw1jbp5CO3d8TGYuMGUaB7YwY9s10bWT+V2ulGJ61M6GSFEHxn0VhKinGdJQK7QoNHOXQAuNa2L9S3meacbTZFWwI3vTJs3BzXPYq5crVSalam8SxQvbIATkiHjklVXJBLkmdcPJAnsgLeXUenWfnzXn/aZ1zJjO75I+cj2+Uz5m2</latexit>

if Bre → Brω



• 10-3 - 10-4 pico-barn for e/𝛄-line case [s-wave]:

• 10-100 pico-barn for 𝜈-only case [s-wave]:

CMB/X-ray experiments/…, e.g. Liu&Slatyer 1803.09739, Cirelli et al, 2303.08857

Super-K/…, e.g. Argüelles et al. 1912.09486

At this moment, MeV DM annihilation should be be below:

❖ Only p-wave freeze-out allowed 
by indirect search;

BBN Neff  bounds for the black 

line: 



❖ Only p-wave freeze-out allowed 
by indirect search;

❖ BBN Neff  bounds along the 

black line: 
<latexit sha1_base64="yuxLxwcraznxlLyMEIi08kAQXwE=">AAACBHicbVDLSsNAFJ3UV62vqMtuBovgQkqioi6LbtwIFewDmhAm09t26EwSZiZCCV248VfcuFDErR/hzr9x2mahrQcGDuecy517woQzpR3n2yosLa+srhXXSxubW9s79u5eU8WppNCgMY9lOyQKOIugoZnm0E4kEBFyaIXD64nfegCpWBzd61ECviD9iPUYJdpIgV0WgZcMGPb62oQEPvWOM08KfAvNcWBXnKozBV4kbk4qKEc9sL+8bkxTAZGmnCjVcZ1E+xmRmlEO45KXKkgIHZI+dAyNiADlZ9MjxvjQKF3ci6V5kcZT9fdERoRSIxGapCB6oOa9ifif10l179LPWJSkGiI6W9RLOdYxnjSCu0wC1XxkCKGSmb9iOiCSUG16K5kS3PmTF0nzpOqeV527s0rtKq+jiMroAB0hF12gGrpBddRAFD2iZ/SK3qwn68V6tz5m0YKVz+yjP7A+fwCewJdv</latexit>

m� & 3MeV

• 10-3 - 10-4 pico-barn for e/𝛄-line case [s-wave]:

• 10-100 pico-barn for 𝜈-only case [s-wave]:

CMB/X-ray experiments/…, e.g. Liu&Slatyer 1803.09739, Cirelli et al, 2303.08857

Super-K/…, e.g. Argüelles et al. 1912.09486

At this moment, MeV DM annihilation should be be below:

Photodisintegration excludes thermal dark 
states that decay into EM particles 

[P.F.Depta, M.Hufnagel, K.Schmidt-Hoberg 2011.06519].  

BUT:

Such fine-tuning is mostly for entertaining.



V. Conclusions



❖ With better BBN/CMB measurements, we should improve the 
precision of theoretical calculations in MeV physics too.

❖ A numerically-fast treatment of MeV dark bridge (into both EM/
neutrino) can be fairly precise, without solving the exact 
momentum distribution functions. 

❖ We obtain the full history of MeV dark state decoupling, and can 
apply it to various dark sector models:

• Decaying dark particles, 

• Elastic scattering of asymmetric DM

• Delicate BBN constraints, …

Conclusions



Thanks! 



dark matter 

EM sector 
     e, 𝜸

Neutrinos 
        𝜈

<latexit sha1_base64="KpNyYthqmW8TrD/cgduSbkM7csk=">AAAB83icbVDLSgMxFL3js9ZX1aWbYBFEpMyIqMuiG5cV7AM6Y8mkmTY0kwlJRihDf8ONC0Xc+jPu/Bsz7Sy09cC9HM65l9ycUHKmjet+O0vLK6tr66WN8ubW9s5uZW+/pZNUEdokCU9UJ8SaciZo0zDDaUcqiuOQ03Y4us399hNVmiXiwYwlDWI8ECxiBBsr+b4csjOU98fTXqXq1twp0CLxClKFAo1e5cvvJySNqTCEY627nitNkGFlGOF0UvZTTSUmIzygXUsFjqkOsunNE3RslT6KEmVLGDRVf29kONZ6HId2MsZmqOe9XPzP66Ymug4yJmRqqCCzh6KUI5OgPADUZ4oSw8eWYKKYvRWRIVaYGBtT2YbgzX95kbTOa95lzb2/qNZvijhKcAhHcAIeXEEd7qABTSAg4Rle4c1JnRfn3fmYjS45xc4B/IHz+QMFFZEF</latexit>

�,�⇤In earlier work [M.Escudero 1812.05605]:
• Actual DM annihilation cross section was never obtained (by 

assuming ~ pico-barn value);

• Simplified interaction rates (e.g. massless limit, constant         );

• Only include DM pair-annihilation processes;

• Only with Maxwell-Boltzmann statistics, ….
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To reach a (nearly) full description 
of three sectors, taking dark matter 

(DM) freeze-out
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�,�⇤

We develop a parametrization to include all the effects above
     [up to solving the exact momentum distribution functions (MDF) of each sector].

Solving the momentum distribution of each particle species is 
very time-consuming, and only leads to tiny corrections.

In earlier work [M.Escudero 1812.05605]:
• Actual DM annihilation cross section was never obtained (by 

assuming ~ pico-barn value);

• Simplifi

• Only include DM pair-annihilation processes; 

• Only with Maxwell-Boltzmann statistics, ….
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of three sectors, taking dark matter 
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Previous CMB/BBN results on s-wave DM freeze-out

Thermalised and non-mu neutrinos + MB 
statistics in collision rates + zero-mass electron 

【with DM: 1812.05605, 1910.01649】 

same 
branch

 [Depta, Hufnagel, Schmidt-Hoberg & Wild 1901.06944] 
 sudden decoupling induced by DM annihilation into e/v

EM energy ejection [Depta, Hufnagel, 
Schmidt-Hoberg 2011.06519]



Previous Non-Neff results on s/p-wave DM freeze-out

1703.02546

2004.00627


