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I. Motivations
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    Standard Cosmology is established, where for Dark Matter (DM),

a conventional scenario exists:  Thermal freeze-out (weakly-interacting massive particle)

Universe expansion
Time direction

DM candidate 
in thermal 
equilibrium

One DM meets one DM 
anti-particle to annihilate

Until DM density is so diluted 
that annihilation freezes out.

That is:

1. DM itself contributes to the total energy of Universe;

2. DM annihilation ejects energy (visibly or invisibly)  during freeze-out;
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At a result, observations suggest:  thermal DM mass should be above MeV.

Big Bang Nucleosynthesis (BBN) Cosmic Microwave Background (CMB)

Such observables constrain the additional EM and background energy densities.

<latexit sha1_base64="DspUyyEsTB4kGuYW9tCzeE4Z68E=">AAACEXicbVA9SwNBEN2L3/ErammzGAQLCXciaina2AgKJgZyR9jbTJIlu3fH7pwajvMn2PhXbCwUsbWz89+4+SjU+GDg8d4MM/PCRAqDrvvlFKamZ2bn5heKi0vLK6ultfWaiVPNocpjGet6yAxIEUEVBUqoJxqYCiVch73TgX99A9qIOLrCfgKBYp1ItAVnaKVmacdHuMPsVmD3Pr9q+h2mFKP3vhGKev7uyD2HWt4sld2KOwSdJN6YlMkYF83Sp9+KeaogQi6ZMQ3PTTDImEbBJeRFPzWQMN5jHWhYGjEFJsiGH+V02yot2o61rQjpUP05kTFlTF+FtlMx7Jq/3kD8z2uk2D4KMhElKULER4vaqaQY00E8tCU0cJR9SxjXwt5KeZdpxtGGWLQheH9fniS1vYp3UHEv98vHJ+M45skm2SI7xCOH5JickQtSJZw8kCfyQl6dR+fZeXPeR60FZzyzQX7B+fgGPsmd4g==</latexit>

with T� ⇠ 1MeV
<latexit sha1_base64="RSF8wv3HYlQqT98pJmL+VALzzvs=">AAACEnicbVDLSgNBEJz1GeMr6tHLYBAUJOyqqMegF48R8hCyIcxOOsngzO4y06uGJfkFL/6KFw+KePXkzb9x8jiosaChqOqmuyuIpTDoul/OzOzc/MJiZim7vLK6tp7b2KyaKNEcKjySkb4OmAEpQqigQAnXsQamAgm14OZi6NduQRsRhWXsxdBQrBOKtuAMrdTM7fsI95jeCewO+uWm32FKMTrwjVDULRz5B2Mfqv1mLu8W3BHoNPEmJE8mKDVzn34r4omCELlkxtQ9N8ZGyjQKLqGf9RMDMeM3rAN1S0OmwDTS0Ut9umuVFm1H2laIdKT+nEiZMqanAtupGHbNX28o/ufVE2yfNVIRxglCyMeL2omkGNFhPrQlNHCUPUsY18LeSnmXacbRppi1IXh/X54m1cOCd1Jwr47zxfNJHBmyTXbIHvHIKSmSS1IiFcLJA3kiL+TVeXSenTfnfdw640xmtsgvOB/fjCCd/w==</latexit>

with T� ⇠ 0.3 eV

<latexit sha1_base64="/iKGJBH8u7G6DZnI4zZD4v3HDSM=">AAAB9XicdVDLSgMxFM3UV62vqks3wSK4GjOi7bgrunFZoS9ox5JJM21okhmSjFKG/ocbF4q49V/c+TemD0FFD9zL4Zx7yc0JE860QejDyS0tr6yu5dcLG5tb2zvF3b2mjlNFaIPEPFbtEGvKmaQNwwyn7URRLEJOW+Hoauq37qjSLJZ1M05oIPBAsogRbKx0W+91ZXpi+wALgXvFEnIvkO+flyFy0QyWeKiCfAS9hVICC9R6xfduPyapoNIQjrXueCgxQYaVYYTTSaGbappgMsID2rFUYkF1kM2unsAjq/RhFCtb0sCZ+n0jw0LrsQjtpMBmqH97U/Evr5OayA8yJpPUUEnmD0UphyaG0whgnylKDB9bgoli9lZIhlhhYmxQBRvC10/h/6R56nplF92claqXizjy4AAcgmPggQqogmtQAw1AgAIP4Ak8O/fOo/PivM5Hc85iZx/8gPP2CWDmknI=</latexit>

T⌫/T�

1. DM itself contributes to the total energy of Universe;

2. DM annihilation ejects energy (visibly or invisibly)  during freeze-out;

Both leads to observable effects for MeV-scale DM:  
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And the reality can be even trickier.  

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

<latexit sha1_base64="0HNVvWGCtO12GctiAA9OYHfaSig="></latexit>

�vēe!⌫̄⌫ ⇠ MeV2

m4
Z

⇠ 10�31cm3/s.

1. DM itself contributes to the total energy of Universe;

2. DM annihilation ejects energy (visibly or invisibly)  during freeze-out;



Xiaoyong Chu (HEPHY, Vienna) Obergurgl      30/03/2023

And the reality can be even trickier.  

dark matter 

EM sector 
     e, 𝜸

Z* annihilation

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

Neutrinos 
        𝜈

<latexit sha1_base64="0HNVvWGCtO12GctiAA9OYHfaSig="></latexit>

�vēe!⌫̄⌫ ⇠ MeV2

m4
Z

⇠ 10�31cm3/s.

If MeV DM freeze-out involves three sectors:

3. MeV dark particle may connect EM & 𝜈.

1. DM itself contributes to the total energy of Universe;

2. DM annihilation ejects energy (visibly or invisibly)  during freeze-out;

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

�,�⇤

<latexit sha1_base64="BKp3vru3cOwD6ToiunixrwNoPZA="></latexit>

�v��⇤ ⇠ 10�26 � 10�25cm3/s.

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

this value does not matter if only two sectors  [e.g. recently Escudero 2001.04466,  Giovanetti, Lisanti, Liu &Ruderman 2109.03246]
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II. Improved description of 
three-sectors

dark matter 

EM sector 
     e, 𝜸

Neutrinos 
        𝜈

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

�,�⇤
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To reach a (nearly) full description 

of MeV DM freeze-out

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, ….

<latexit sha1_base64="TySNf6DvqTdQZsfEEU1UCR+eBFY=">AAAB9XicbVDLSgMxFL3xWeur6tJNsAiuyoyIuiy6cSNUsA9ox5JJM21oJjMkGaVM+x9uXCji1n9x59+YaWehrQcCh3Pu5Z4cPxZcG8f5RkvLK6tr64WN4ubW9s5uaW+/oaNEUVankYhUyyeaCS5Z3XAjWCtWjIS+YE1/eJ35zUemNI/kvRnFzAtJX/KAU2Ks9DBOOyExA0oEvp2Mu6WyU3GmwIvEzUkZctS6pa9OL6JJyKShgmjddp3YeClRhlPBJsVOollM6JD0WdtSSUKmvXSaeoKPrdLDQaTskwZP1d8bKQm1HoW+ncwy6nkvE//z2okJLr2UyzgxTNLZoSAR2EQ4qwD3uGLUiJElhCpus2I6IIpQY4sq2hLc+S8vksZpxT2vOHdn5epVXkcBDuEITsCFC6jCDdSgDhQUPMMrvKEn9ILe0cdsdAnlOwfwB+jzB6sWkp4=</latexit>

|M|

 [Or sudden decoupling: Depta, Hufnagel, Schmidt-Hoberg & Wild 1901.06944]
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To reach a (nearly) full description 

of MeV DM freeze-out

dark matter 

EM sector 
     e, 𝜸

Neutrinos 
        𝜈

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

�,�⇤

A parametrization to takes into account 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.

XC, Kuo, Pradler 2205.05714

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, ….

<latexit sha1_base64="TySNf6DvqTdQZsfEEU1UCR+eBFY=">AAAB9XicbVDLSgMxFL3xWeur6tJNsAiuyoyIuiy6cSNUsA9ox5JJM21oJjMkGaVM+x9uXCji1n9x59+YaWehrQcCh3Pu5Z4cPxZcG8f5RkvLK6tr64WN4ubW9s5uaW+/oaNEUVankYhUyyeaCS5Z3XAjWCtWjIS+YE1/eJ35zUemNI/kvRnFzAtJX/KAU2Ks9DBOOyExA0oEvp2Mu6WyU3GmwIvEzUkZctS6pa9OL6JJyKShgmjddp3YeClRhlPBJsVOollM6JD0WdtSSUKmvXSaeoKPrdLDQaTskwZP1d8bKQm1HoW+ncwy6nkvE//z2okJLr2UyzgxTNLZoSAR2EQ4qwD3uGLUiJElhCpus2I6IIpQY4sq2hLc+S8vksZpxT2vOHdn5epVXkcBDuEITsCFC6jCDdSgDhQUPMMrvKEn9ILe0cdsdAnlOwfwB+jzB6sWkp4=</latexit>

|M|

 [Or sudden decoupling: Depta, Hufnagel, Schmidt-Hoberg & Wild 1901.06944]
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A) the neutrino sector
Non-equilibrium neutrinos contribute 

negligibly even in SM-only case.

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

fi(Ei, µi) =
1

e(Ei�µi)/Ti ⌥ 1
⌘ 1

eẼi�µ̃i ⌥ 1

dark matter 

EM sector 
     e, 𝜸

Neutrinos 
        𝜈

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

�,�⇤

Simplification introduced:

Akita & Yamaguchi 2005.07047

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

❖ Kinetic equilibrium within each sector:
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Simplification introduced:

dark matter 

EM sector 
     e, 𝜸

Neutrinos 
        𝜈

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

�,�⇤

C) the dark sector
• Depend on DM self-interaction (SIDM?);
• Before fully decoupled, scattering with EM/𝜈 makes it close to be thermal;
• It becomes non-relativistic quickly, so little effects after decoupling  [with a few 

exceptions such as second freeze-out, e.g. Binder, Bringmann, Gustafsson &Hryczuk, 2103.01944].

B) the EM sector
In general satisfied, with null chemical 

potentials (up to B/L-asymmetry).

A) the neutrino sector
Non-equilibrium neutrinos contribute 

negligibly even in SM-only case.

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

fi(Ei, µi) =
1

e(Ei�µi)/Ti ⌥ 1
⌘ 1

eẼi�µ̃i ⌥ 1

❖ Kinetic equilibrium within each sector:
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dark matter 

EM sector 
     e, 𝜸

Neutrinos 
        𝜈

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

�,�⇤

Simplification introduced:

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�)

❖ Minimize multi-integrals: [separate 5 parameters] 

for non-relativistic particles, DM:

Calculate the full number/energy-transfer rates as functions of (T1, T2), e.g. 
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For each two-body process 1 + 2 ↔ 3 + 4 ,  the phase space factor:

Solving the number/energy densities by including all two-body processes: 

3f and 4f terms not included yet in our numerical results.

To calculate exactly MeV DM freeze-out:

<latexit sha1_base64="WO5kHUs6P1brbGyRmGWJbv/5Nzc="></latexit>

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

Scan the two temperatures to 
obtain all numerical values of 

multi-integrals.
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Solving the number/energy densities by including all two-body processes: 

Scan the two temperatures to 
obtain all numerical values of 

multi-integrals.

To calculate exactly MeV DM freeze-out:

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

T� , (T⌫ , µ̃⌫), (T�, µ̃�)

5 variables from 5 ODEs: Multi-integral tables 
(interaction rates 

from particle model)
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III. Numerical results 
in a toy model
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<latexit sha1_base64="C9iTpL8m9Z20t0NyEWeu5dd20jw="></latexit>

Take an e↵ective operator
1

⇤2
Z0

(l̄�µl) (�⇤$@ µ�)

Nearly maximal DM effects with large

<latexit sha1_base64="lbAvkhL/QHOd8AbRZmd5gvu4tTY=">AAACFnicbVBNSwMxEM3W7/q16tFLsAheLLsqKgWh6sWjgrWFtpRsOrWh2eySzIplqX/Ci3/FiwdFvIo3/43p2oNWHyTzeG+GZF4QS2HQ8z6d3MTk1PTM7Fx+fmFxadldWb0yUaI5VHgkI10LmAEpFFRQoIRarIGFgYRq0Dsd+tUb0EZE6hL7MTRDdq1ER3CGVmq52w2EW0yzmx4rJbpCZtbdgJ7oVkMlpWEFekR3Szstt+AVvQz0L/FHpEBGOG+5H412xJMQFHLJjKn7XozNlGkUXMIg30gMxIz32DXULVUsBNNMs7UGdNMqbdqJtD0Kaab+nEhZaEw/DGxnyLBrxr2h+J9XT7Bz2EyFihMExb8f6iSSYkSHGdG20MBR9i1hXAv7V8q7TDOONsm8DcEfX/kvudop+vtF72KvUD4ZxTFL1skG2SI+OSBlckbOSYVwck8eyTN5cR6cJ+fVeftuzTmjmTXyC877F/Nanog=</latexit>

Annihilation Br⌫ : Bre = 3 : 2

Bœhm, XC, Kuo, Pradler [2010.02954]

Scalar DM, p-wave freeze-out, 
constrained to mZ’ ~ 2mDM

Here, Z’ not included in this 
toy model!

<latexit sha1_base64="li0YaY0qGeoHOvzckzUqPmdRbuU=">AAACC3icdVDLSgNBEJyNrxhfqx69DAbBg4RdkcSjxIvHKEaFbAizk44OmZ1dZ3rFsOTuxV/x4kERr/6AN//GyUN8FzTUVHUz3RUmUhj0vDcnNzE5NT2Tny3MzS8sLrnLKycmTjWHOo9lrM9CZkAKBXUUKOEs0cCiUMJp2N0f+KdXoI2I1TH2EmhG7FyJjuAMrdRy1wNzqTELEK4xqx71W4FKabD1+YZ+yy16JX+nUimX6W/il7whimSMWst9DdoxTyNQyCUzpuF7CTYzplFwCf1CkBpIGO+yc2hYqlgEppkNb+nTDau0aSfWthTSofp1ImORMb0otJ0Rwwvz0xuIf3mNFDu7zUyoJEVQfPRRJ5UUYzoIhraFBo6yZwnjWthdKb9gmnG08RVsCB+X0v/JyXbJL5e8w53iXnUcR56skXWySXxSIXvkgNRInXByQ+7IA3l0bp1758l5HrXmnPHMKvkG5+UdVR+b4w==</latexit>p
BR⌫ BRe

Taking a d.o.f.-blind model: 
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<latexit sha1_base64="C9iTpL8m9Z20t0NyEWeu5dd20jw="></latexit>

Take an e↵ective operator
1

⇤2
Z0

(l̄�µl) (�⇤$@ µ�)

1. We re-produce the standard results with 
SM interaction rates in the literature: 

XC, Kuo, Pradler 2205.05714

Bennett, Buldgen, Pastor et al. 2012.02726

Taking a d.o.f.-blind model: 
<latexit sha1_base64="lbAvkhL/QHOd8AbRZmd5gvu4tTY=">AAACFnicbVBNSwMxEM3W7/q16tFLsAheLLsqKgWh6sWjgrWFtpRsOrWh2eySzIplqX/Ci3/FiwdFvIo3/43p2oNWHyTzeG+GZF4QS2HQ8z6d3MTk1PTM7Fx+fmFxadldWb0yUaI5VHgkI10LmAEpFFRQoIRarIGFgYRq0Dsd+tUb0EZE6hL7MTRDdq1ER3CGVmq52w2EW0yzmx4rJbpCZtbdgJ7oVkMlpWEFekR3Szstt+AVvQz0L/FHpEBGOG+5H412xJMQFHLJjKn7XozNlGkUXMIg30gMxIz32DXULVUsBNNMs7UGdNMqbdqJtD0Kaab+nEhZaEw/DGxnyLBrxr2h+J9XT7Bz2EyFihMExb8f6iSSYkSHGdG20MBR9i1hXAv7V8q7TDOONsm8DcEfX/kvudop+vtF72KvUD4ZxTFL1skG2SI+OSBlckbOSYVwck8eyTN5cR6cJ+fVeftuzTmjmTXyC877F/Nanog=</latexit>

Annihilation Br⌫ : Bre = 3 : 2

<latexit sha1_base64="0HNVvWGCtO12GctiAA9OYHfaSig="></latexit>

�vēe!⌫̄⌫ ⇠ MeV2

m4
Z

⇠ 10�31cm3/s.
Most important process:
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<latexit sha1_base64="C9iTpL8m9Z20t0NyEWeu5dd20jw="></latexit>

Take an e↵ective operator
1

⇤2
Z0

(l̄�µl) (�⇤$@ µ�)

2. One then adds a 5 MeV complex 
scalar thermal DM, which freezes out: 

XC, Kuo, Pradler 2205.05714

Taking a d.o.f.-blind model: 
<latexit sha1_base64="lbAvkhL/QHOd8AbRZmd5gvu4tTY=">AAACFnicbVBNSwMxEM3W7/q16tFLsAheLLsqKgWh6sWjgrWFtpRsOrWh2eySzIplqX/Ci3/FiwdFvIo3/43p2oNWHyTzeG+GZF4QS2HQ8z6d3MTk1PTM7Fx+fmFxadldWb0yUaI5VHgkI10LmAEpFFRQoIRarIGFgYRq0Dsd+tUb0EZE6hL7MTRDdq1ER3CGVmq52w2EW0yzmx4rJbpCZtbdgJ7oVkMlpWEFekR3Szstt+AVvQz0L/FHpEBGOG+5H412xJMQFHLJjKn7XozNlGkUXMIg30gMxIz32DXULVUsBNNMs7UGdNMqbdqJtD0Kaab+nEhZaEw/DGxnyLBrxr2h+J9XT7Bz2EyFihMExb8f6iSSYkSHGdG20MBR9i1hXAv7V8q7TDOONsm8DcEfX/kvudop+vtF72KvUD4ZxTFL1skG2SI+OSBlckbOSYVwck8eyTN5cR6cJ+fVeftuzTmjmTXyC877F/Nanog=</latexit>

Annihilation Br⌫ : Bre = 3 : 2

increase 
interactions

• DM annihilates, heating up one 
sector (either EM or 𝜈);

• DM connects both sectors, reducing 
the temperature difference. 
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<latexit sha1_base64="C9iTpL8m9Z20t0NyEWeu5dd20jw="></latexit>

Take an e↵ective operator
1

⇤2
Z0

(l̄�µl) (�⇤$@ µ�)
Taking a d.o.f.-blind model: 

<latexit sha1_base64="lbAvkhL/QHOd8AbRZmd5gvu4tTY=">AAACFnicbVBNSwMxEM3W7/q16tFLsAheLLsqKgWh6sWjgrWFtpRsOrWh2eySzIplqX/Ci3/FiwdFvIo3/43p2oNWHyTzeG+GZF4QS2HQ8z6d3MTk1PTM7Fx+fmFxadldWb0yUaI5VHgkI10LmAEpFFRQoIRarIGFgYRq0Dsd+tUb0EZE6hL7MTRDdq1ER3CGVmq52w2EW0yzmx4rJbpCZtbdgJ7oVkMlpWEFekR3Szstt+AVvQz0L/FHpEBGOG+5H412xJMQFHLJjKn7XozNlGkUXMIg30gMxIz32DXULVUsBNNMs7UGdNMqbdqJtD0Kaab+nEhZaEw/DGxnyLBrxr2h+J9XT7Bz2EyFihMExb8f6iSSYkSHGdG20MBR9i1hXAv7V8q7TDOONsm8DcEfX/kvudop+vtF72KvUD4ZxTFL1skG2SI+OSBlckbOSYVwck8eyTN5cR6cJ+fVeftuzTmjmTXyC877F/Nanog=</latexit>

Annihilation Br⌫ : Bre = 3 : 2

• DM temperature is in between 
photon and neutrino temperatures, 
before it gradually decouples.

(DM-SM scattering is important here)

3. Regarding the DM final abundance: 
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Calculating DM temperature is 
crucial for p-wave freeze-out.

<latexit sha1_base64="C9iTpL8m9Z20t0NyEWeu5dd20jw="></latexit>

Take an e↵ective operator
1

⇤2
Z0

(l̄�µl) (�⇤$@ µ�)
<latexit sha1_base64="lbAvkhL/QHOd8AbRZmd5gvu4tTY=">AAACFnicbVBNSwMxEM3W7/q16tFLsAheLLsqKgWh6sWjgrWFtpRsOrWh2eySzIplqX/Ci3/FiwdFvIo3/43p2oNWHyTzeG+GZF4QS2HQ8z6d3MTk1PTM7Fx+fmFxadldWb0yUaI5VHgkI10LmAEpFFRQoIRarIGFgYRq0Dsd+tUb0EZE6hL7MTRDdq1ER3CGVmq52w2EW0yzmx4rJbpCZtbdgJ7oVkMlpWEFekR3Szstt+AVvQz0L/FHpEBGOG+5H412xJMQFHLJjKn7XozNlGkUXMIg30gMxIz32DXULVUsBNNMs7UGdNMqbdqJtD0Kaab+nEhZaEw/DGxnyLBrxr2h+J9XT7Bz2EyFihMExb8f6iSSYkSHGdG20MBR9i1hXAv7V8q7TDOONsm8DcEfX/kvudop+vtF72KvUD4ZxTFL1skG2SI+OSBlckbOSYVwck8eyTN5cR6cJ+fVeftuzTmjmTXyC877F/Nanog=</latexit>

Annihilation Br⌫ : Bre = 3 : 2

3. Regarding the DM final abundance: 

Preliminary

If without DM-SM scattering.

Taking a d.o.f.-blind model: 
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<latexit sha1_base64="cMAvcf93Eas9gn1PqEX4Pl3QDM4="></latexit>

around CMB, 0.686  T�/T⌫  0.739

New bound: mϕ > 7 MeV (p-wave)

Taking the Planck bounds:
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<latexit sha1_base64="cMAvcf93Eas9gn1PqEX4Pl3QDM4="></latexit>

around CMB, 0.686  T�/T⌫  0.739

New bound: mϕ > 7 MeV (p-wave)

Taking the Planck bounds:

stronger than previous results (which use pre-
fixed constant cross sections, 4.5 MeV [N. Sabti, et 

al, 1910.01649]).

This should be due to
• Stronger annihilation for MeV DM;
• Cross section even larger at high DM 

velocities for p-wave freeze-out.

Scattering hardly affects EM/ν sectors in the 
case of contact interactions. 
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IV. Further applications
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due to constraints on MeV DM annihilation: dark sector 

EM sector 
     e, 𝜸

Z* annihilation

Neutrinos 
        𝜈

• 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

Beyond DM

❖ Can be generalized to decaying MeV particles
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due to constraints on MeV DM annihilation: 

EM sector 
     e, 𝜸

Z* annihilation

Neutrinos 
        𝜈

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

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

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

With the exact 
energy evolution

Beyond DM and CMB

❖ Can be generalized to decaying MeV particles

To be precise, EM cascade may be needed
 [e.g. Poulin& Serpico 1503.04852, Hufnagel, Schmidt-Hoberg & Wild,1808.09324].

❖ Impose bounds from BBN observables 

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

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

dark sector 
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Anomalies related to MeV dark matter?
Galactic 511 keV-line excess

EDGES explanation

A lower 
bound 
from 

cosmology
? 

BSM source

DM annihilation produces low-energy positrons?
[e.g. Keith&Hooper 2103.08611] [e.g. MiniBooNE-

DM, 1807.06137]

[e.g. Ely D. Kovetz in Blois 2019]

Baryon scatters with 
sub-leading MeV DM?
Probably less serious now 

[SARAS, 2112.06778]

etc.

Intensity-frontier

[HERA 2210.04912]
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❖ With better BBN/CMB measurements, we should improve the 

precision of theoretical calculations in MeV physics too.

❖ A numerical treatment of MeV DM freeze-out (into both EM/

neutrino) can be very precise, without solving the exact 

momentum distribution functions. 

❖ We can now obtain the full history of MeV DM decoupling, and 

are applying it to various DM spins, branching ratios:

• Decaying dark particles, 

• BBN constraints,…

Conclusions
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Thanks! 



Non-Neff Bounds on DM freeze-out

1703.02546

2004.00627



Previous CMB/BBN on s-wave DM

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


