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Co-genesis in a dark sector
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I. Motivations
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Standard Cosmology, with remaining puzzles

Time

<latexit sha1_base64="SljKb43F14x0mRrQrpLO29ZFBLQ=">AAACBnicdVDLSgNBEJz1bXxFPYowGARBCLsmmngT9eAxglEhCaF3MpsMzswuM71KCJ68+CtePCji1W/w5t84eQgqWtBQVHXT3RUmUlj0/Q9vbHxicmp6ZjYzN7+wuJRdXjm3cWoYr7JYxuYyBMul0LyKAiW/TAwHFUp+EV4d9f2La26siPUZdhPeUNDWIhIM0EnN7LreTmhd8giNaHcQjIlv6PE2rbdBKWhmc34+2CmVCkXaJ4VCMXCkXCjv7+3SIO8PkCMjVJrZ93orZqniGpkEa2uBn2CjBwYFk/w2U08tT4BdQZvXHNWguG30Bm/c0k2ntGgUG1ca6UD9PtEDZW1Xha5TAXbsb68v/uXVUozKjZ7QSYpcs+GiKJUUY9rPhLaE4Qxl1xFgRrhbKeuAAYYuuYwL4etT+j8538kHe3n/tJg7OBzFMUPWyAbZIgEpkQNyQiqkShi5Iw/kiTx7996j9+K9DlvHvNHMKvkB7+0TsFeYpg==</latexit>

n+ p $ D + �
<latexit sha1_base64="pxM6A/dKsg7Vin9Mvxfd8EtcmxI=">AAACB3icdVDLSgNBEJyN7/ha9SjIYBAEIewGMR5FLzlGMCokIfROepMhM7vLTK8SQm5e/BUvHhTx6i9482/cxIgPtKChqOqmuytIlLTkeW9Obmp6ZnZufiG/uLS8suqurZ/bODUCayJWsbkMwKKSEdZIksLLxCDoQOFF0DsZ+RdXaKyMozPqJ9jU0IlkKAVQJrXcrWQPeUNhSEZ2ugTGxNe8wvd4owNaQ8st+EVvDO59Ed8vlcsl/mkV2ATVlvvaaMci1RiRUGBt3fcSag7AkBQKh/lGajEB0YMO1jMagUbbHIz/GPKdTGnzMDZZRcTH6veJAWhr+zrIOjVQ1/72RuJfXj2l8LA5kFGSEkbiY1GYKk4xH4XC29KgINXPCAgjs1u56IIBQVl0+e8h/E/OS0X/oOid7heOjidxzLNNts12mc/K7IhVWJXVmGA37I49sEfn1rl3npznj9acM5nZYD/gvLwDtWCYkw==</latexit>

p+ e $ H + �

3. structure formation 
&

 cosmic rays

1. nucleosynthesis 2. background radiation

New physics 
before MeV 

Visible Dark Matter

1. MeV: proton/neutron in equilibrium; 

2. Two oscillating modes in T~ eV; 

3. At present: dark gravity potentials 

                                        & 

      little baryon-antibaryon annihilation
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Measurements of precision cosmology
BBN CMB

<latexit sha1_base64="oG87MUfj0c14kHQVHXitnyLVOqk=">AAACDHicbVDLSgMxFL3js9ZX1aWbYBFctTPia1nUhRuxgn1AZyiZNG1Dk5khyQhlmA9w46+4caGIWz/AnX9j2o6grQcCh3PO5eYeP+JMadv+submFxaXlnMr+dW19Y3NwtZ2XYWxJLRGQh7Kpo8V5SygNc00p81IUix8Thv+4GLkN+6pVCwM7vQwop7AvYB1GcHaSO1C0b0RtIfbiZ+Wf6grBbq8TpGrmEBO+dik7JI9BpolTkaKkKHaLny6nZDEggaacKxUy7Ej7SVYakY4TfNurGiEyQD3aMvQAAuqvGR8TIr2jdJB3VCaF2g0Vn9PJFgoNRS+SQqs+2raG4n/ea1Yd8+8hAVRrGlAJou6MUc6RKNmUIdJSjQfGoKJZOaviPSxxESb/vKmBGf65FlSPyw5JyX79qhYOc/qyMEu7MEBOHAKFbiCKtSAwAM8wQu8Wo/Ws/VmvU+ic1Y2swN/YH18A+zqmj0=</latexit>

⌦b/⌦DM ⇠ 1/5That is,  

     a coincidence, or not? Co-genesis

<latexit sha1_base64="bwBCcj/btBYFg80sdldQ47sbCdQ="></latexit>

⌦bh
2 = 0.020± 0.0015
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II. To co-generate 

 dark matter (DM) & 

baryon asymmetry (BAU)



ULB, Belgium                                                            Xiaoyong Chu 6

For DM generation: freeze-out/in and so on.
The conventional expectation: Weakly-Interacting Massive Particles (WIMP)

Expanding Universe Time

Well-populated 
DM, χ, in the 
beginning

Until DM can 
not meet an 
anti-DM in a 
Hubble time:
(freeze-out).
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The conventional expectation: Weakly-Interacting Massive Particles (WIMP)

Expanding Universe Time

Well-populated 
DM, χ, in the 
beginning

Until DM can 
not meet an 
anti-DM in a 
Hubble time:
(freeze-out).

Expanding Universe

Time

Little DM in 
the beginning

SM Universe 
leaks energy 

into DM slowly:
(freeze-in).

For DM generation: freeze-out/in and so on.
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For BAU generation: Sakharov conditions

1.C, CP symmetry violation; 
2.Baryon number violation; 
3.Out of equilibrium.*

*Third condition may not be necessary as 
Universe expansion violates CPT: spontaneous 
baryogenesis [Cohen&Kaplan 1987, 1988].

One may use axion/curvature. e.g. gravitational 
baryogenesis [Davoudiasl et al, hep-ph/0403019]



ULB, Belgium                                                            Xiaoyong Chu 7

For BAU generation: Sakharov conditions

1.C, CP symmetry violation; 
2.Baryon number violation; 
3.Out of equilibrium.*

Generalised to reheating by local defects in early Universe

e.g. primordial black hole evaporation [A. Hook 1404.0113/….]

yielding different "thermal mass” for B and Bbar.

Emission/decay of such defects also produce DM, 
leading to co-genesis

Q-balls, locally reheated sphere, cosmic strings, axion quark nuggets, filtered brane, …will not be discussed here!

*Third condition may not be necessary as 
Universe expansion violates CPT: spontaneous 
baryogenesis [Cohen&Kaplan 1987, 1988].

One may use axion/curvature. e.g. gravitational 
baryogenesis [Davoudiasl et al, hep-ph/0403019]

 [or axion-like DM and/or Affleck-Dine baryogenesis]. 
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<latexit sha1_base64="oG87MUfj0c14kHQVHXitnyLVOqk=">AAACDHicbVDLSgMxFL3js9ZX1aWbYBFctTPia1nUhRuxgn1AZyiZNG1Dk5khyQhlmA9w46+4caGIWz/AnX9j2o6grQcCh3PO5eYeP+JMadv+submFxaXlnMr+dW19Y3NwtZ2XYWxJLRGQh7Kpo8V5SygNc00p81IUix8Thv+4GLkN+6pVCwM7vQwop7AvYB1GcHaSO1C0b0RtIfbiZ+Wf6grBbq8TpGrmEBO+dik7JI9BpolTkaKkKHaLny6nZDEggaacKxUy7Ej7SVYakY4TfNurGiEyQD3aMvQAAuqvGR8TIr2jdJB3VCaF2g0Vn9PJFgoNRS+SQqs+2raG4n/ea1Yd8+8hAVRrGlAJou6MUc6RKNmUIdJSjQfGoKJZOaviPSxxESb/vKmBGf65FlSPyw5JyX79qhYOc/qyMEu7MEBOHAKFbiCKtSAwAM8wQu8Wo/Ws/VmvU+ic1Y2swN/YH18A+zqmj0=</latexit>

⌦b/⌦DM ⇠ 1/5

A. Opposite asymmetry 
<latexit sha1_base64="lXbIDHhY7Qc9rOzHxKBXvFA+POI=">AAACB3icdVDLSgMxFM34rPVVdSlIsAiCMGTaYutCKLULN0IF+4DOMGTSTBuaeZBkhDJ058ZfceNCEbf+gjv/xvQhqOiBC4dz7uXee7yYM6kQ+jAWFpeWV1Yza9n1jc2t7dzObktGiSC0SSIeiY6HJeUspE3FFKedWFAceJy2veHFxG/fUiFZFN6oUUydAPdD5jOClZbc3IFdp1xhtwZP4Jymtghg/WoMzxF0c3lkooKFiiWITAudVcpFTSoWKpUL0DLRFHkwR8PNvdu9iCQBDRXhWMquhWLlpFgoRjgdZ+1E0hiTIe7TrqYhDqh00ukfY3iklR70I6ErVHCqfp9IcSDlKPB0Z4DVQP72JuJfXjdRfsVJWRgnioZktshPOFQRnIQCe0xQovhIE0wE07dCMsACE6Wjy+oQvj6F/5NWwbROTXRdyldr8zgyYB8cgmNggTKogkvQAE1AwB14AE/g2bg3Ho0X43XWumDMZ/bADxhvnzc4l6A=</latexit>

�B +�DM = 0
Models that conserve a U(1)B-L+X number, naturally arise 

in unified models [Nussinov 1985, Barr, Chivukula & Farhi 1990, …]: 

mDM ≈ 5 GeV *

Co-genesis, more globally:

e.g. Spontaneous co-genesis [March-Russell&McCullough 1106.4319]
conserves a U(1)B-L+X 

number, requiring only 
one new process and  

*DM may still vary after decoupled. with
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<latexit sha1_base64="oG87MUfj0c14kHQVHXitnyLVOqk=">AAACDHicbVDLSgMxFL3js9ZX1aWbYBFctTPia1nUhRuxgn1AZyiZNG1Dk5khyQhlmA9w46+4caGIWz/AnX9j2o6grQcCh3PO5eYeP+JMadv+submFxaXlnMr+dW19Y3NwtZ2XYWxJLRGQh7Kpo8V5SygNc00p81IUix8Thv+4GLkN+6pVCwM7vQwop7AvYB1GcHaSO1C0b0RtIfbiZ+Wf6grBbq8TpGrmEBO+dik7JI9BpolTkaKkKHaLny6nZDEggaacKxUy7Ej7SVYakY4TfNurGiEyQD3aMvQAAuqvGR8TIr2jdJB3VCaF2g0Vn9PJFgoNRS+SQqs+2raG4n/ea1Yd8+8hAVRrGlAJou6MUc6RKNmUIdJSjQfGoKJZOaviPSxxESb/vKmBGf65FlSPyw5JyX79qhYOc/qyMEu7MEBOHAKFbiCKtSAwAM8wQu8Wo/Ws/VmvU+ic1Y2swN/YH18A+zqmj0=</latexit>

⌦b/⌦DM ⇠ 1/5

B. Converted asymmetry 
<latexit sha1_base64="Wi+ECRNAuFVbGtJlMezj+DpOS0Y=">AAACCHicdVDLSgMxFM34rPU16tKFwSK4GjJtsXVXahduhAr2AZ2hZNK0DU1mhiQjlKFLN/6KGxeKuPUT3Pk3pg9BRQ9cODnnXnLvCWLOlEbow1paXlldW89sZDe3tnd27b39pooSSWiDRDyS7QAryllIG5ppTtuxpFgEnLaC0cXUb91SqVgU3uhxTH2BByHrM4K1kbr2kVejXONuFXqKCQgXz9STAtauJrBr55CD8i4qFCFyXHReLhUMKbuoWMpD10Ez5MAC9a797vUikggaasKxUh0XxdpPsdSMcDrJeomiMSYjPKAdQ0MsqPLT2SETeGKUHuxH0lSo4Uz9PpFiodRYBKZTYD1Uv72p+JfXSXS/7KcsjBNNQzL/qJ9wqCM4TQX2mKRE87EhmEhmdoVkiCUm2mSXNSF8XQr/J82845456LqYq1QXcWTAITgGp8AFJVABl6AOGoCAO/AAnsCzdW89Wi/W67x1yVrMHIAfsN4+AQQKmLc=</latexit>

�B ⇠ �DM

Generated then leaked. One 
process for Δ-production, 
the other for Δ-conversion. 

Co-genesis, more globally:

(dark) Sphalerons [e.g. Shelton & 
Zurek 1008.1997, Blennow et al. 1009.3159]

Asymmetry generated by the secondary contributions of sphaleron via out-of-
equilibrium flavor violation [e.g. leptoflavorgenesis, Mukaida, Schmitz & Yamada 2111.03082] 

[Kuzmin, Rubakov & Shaposhnikov  PLB191 171(1987)]

If total ΔL vanishes

Suitable for multi-component DM, similar to L-flavors, but easier to have large CPV.

Xogenesis via effective operators 
[Buckley&Randall 1009.0270], and so on..
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<latexit sha1_base64="oG87MUfj0c14kHQVHXitnyLVOqk=">AAACDHicbVDLSgMxFL3js9ZX1aWbYBFctTPia1nUhRuxgn1AZyiZNG1Dk5khyQhlmA9w46+4caGIWz/AnX9j2o6grQcCh3PO5eYeP+JMadv+submFxaXlnMr+dW19Y3NwtZ2XYWxJLRGQh7Kpo8V5SygNc00p81IUix8Thv+4GLkN+6pVCwM7vQwop7AvYB1GcHaSO1C0b0RtIfbiZ+Wf6grBbq8TpGrmEBO+dik7JI9BpolTkaKkKHaLny6nZDEggaacKxUy7Ej7SVYakY4TfNurGiEyQD3aMvQAAuqvGR8TIr2jdJB3VCaF2g0Vn9PJFgoNRS+SQqs+2raG4n/ea1Yd8+8hAVRrGlAJou6MUc6RKNmUIdJSjQfGoKJZOaviPSxxESb/vKmBGf65FlSPyw5JyX79qhYOc/qyMEu7MEBOHAKFbiCKtSAwAM8wQu8Wo/Ws/VmvU+ic1Y2swN/YH18A+zqmj0=</latexit>

⌦b/⌦DM ⇠ 1/5

C. Symmetric DM
<latexit sha1_base64="w4ZhWGnBNasLlLYUp19a+QRgkg0="></latexit>

✏CP ⌧ 1 ! nB/n� ⌧ 1

Correlation is not obvious, so 
• analytical DM solutions

• predicting exact 𝝐cp
important for quantitative study.

Co-genesis, more globally:

While both may share the out-of-equilibrium 
processes / background (S), only B-L asymmetry 
relies on the CP parameter via loop interferences: 

…

• Zero-T (or thermal) Feynman diagrams; 
• If S is out-of-equilibrium mesons, no new CP needed 

[mesogenesis, Aitken, McKeen et al. 1708.01259, 1810.00880, …].

The out-of-equilibrium processes can be DM freeze-in or freeze-out. 
• Freeze-in, e.g. νMSM-like [Asaka&Shaposhnikov 2005, Shuve&Tucker-Smith 2004.00636…]; 
• Freeze-out: to be discussed below:
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III. Co-genesis for  

symmetric freeze-out
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Case I: WIMPy (thermal) freeze-out [McDonald 1009.3227, Cui, 
Randall & Shuve 1112.2704, etc.]

DM freeze-out via intermediate (B-L) violating states [Cui’s review 1510.04298]

Freeze-out: out-of-equilibrium 

source term

wash-out suppression

At the same time, intermediate states also induce wash-out, e.g.  
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Case I: WIMPy (thermal) freeze-out

Strongly coupled S:  typically important wash-out suppression

[McDonald 1009.3227, Cui, 
Randall & Shuve 1112.2704, etc.]

DM freeze-out via intermediate (B-L) violating states [Cui’s review 1510.04298]

Freeze-out: out-of-equilibrium 

source term

wash-out suppression

At the same time, intermediate states also induce wash-out, e.g.  
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Case II: WIMPy dark freeze-out

Analytical solutions are possible & Absence of wash-out.

SM temperature T

<latexit sha1_base64="AuYpki3RWnmYbNmhEfPCjL6pm2o="></latexit>

ṅDM + 3HnDM = �h�DMvin2
anni. + h�creat.vin2

M

<latexit sha1_base64="ZQ/Mj2rxAs/ioWwVvMPAljM5D28="></latexit>

YB = ✏CPYM '
 
Im[↵j↵m�⇤

j �
⇤
m]

|↵j |2
m2

�2

20⇡m2
�

!
YM

Simply assume final states, M,  are not in equilibrium with SM particles:
<latexit sha1_base64="eHTSBUl4syGQJ7PT/0wel7GJ73k=">AAACEnicbVDLSsNAFJ3UV62vqEs3g0XUTU1E1I1QdOOyQl/QhDCZTtqhk0mYmYghtL/gxl9x40IRt67c+TdO2yy09cCFwzn3cLnHjxmVyrK+jcLC4tLySnG1tLa+sbllbu80ZZQITBo4YpFo+0gSRjlpKKoYaceCoNBnpOUPbsZ+654ISSNeV2lM3BD1OA0oRkpLnnmcOSKElFOdRYylo9HQeaAedfpIwStYP/ToSd1hBNqeWbYq1gRwntg5KYMcNc/8croRTkLCFWZIyo5txcrNkFAUMzIsOYkkMcID1CMdTTkKiXSzyUtDeKCVLgwioYcrOFF/JzIUSpmGvt4MkerLWW8s/ud1EhVcuhnlcaIIx9NDQcKgiuC4H9ilgmDFUk0QFroWDHEfCYSVbrGkS7BnX54nzdOKfV6x7s7K1eu8jiLYA/vgCNjgAlTBLaiBBsDgETyDV/BmPBkvxrvxMV0tGHlmF/yB8fkDYOCdOw==</latexit>

inititally ⇠i=̂T 0
i/T  1

[XC, Cui, Pradler & Shamma 2112.10784]



ULB, Belgium                                                            Xiaoyong Chu 15

Case II: WIMPy dark freeze-out

a) If total dark particle number is conserved.
<latexit sha1_base64="IcI9L1pVyJ8uwqnMZy6w3Xh7a2M=">AAACB3icdZDLSgMxFIYz9VbrbdSlIMEiuhrSWrXdFXXhplChN2jLkEkz09DMhSQjlGF2bnwVNy4UcesruPNtTC+Civ4Q+PjPOZyc34k4kwqhDyOzsLi0vJJdza2tb2xumds7LRnGgtAmCXkoOg6WlLOANhVTnHYiQbHvcNp2RpeTevuWCsnCoKHGEe372AuYywhW2rLNfd9Ormop7HkUaqylPc+DjSM7ca3QSqFt5pGFECqWS3AKlZPTKZRQpQgLE0crD+aq2+Z7bxCS2KeBIhxL2S2gSPUTLBQjnKa5XixphMkIe7SrMcA+lf1kekcKD7UzgG4o9AsUnLrfJxLsSzn2Hd3pYzWUv2sT869aN1ZuuZ+wIIoVDchskRtzqEI4CQUOmKBE8bEGTATTf4VkiAUmSkeX0yF8XQr/h1bRKpxZ6KaUr17M48iCPXAAjkEBnIMquAZ10AQE3IEH8ASejXvj0XgxXmetGWM+swt+yHj7BDuFmEU=</latexit>

mDM � mM � T 0
f.o.e.g. nearly degenerate

Dark temperature T’

<latexit sha1_base64="TBIJ6nnenxtlsqu8CsDvdh+mqdg="></latexit>

Quasi-static solution: YM =
1

1 + (1� �)�3/2e��mDM/T 0 (YDM + YM)

[XC, Cui, Pradler & Shamma 2112.10784]

<latexit sha1_base64="rWbsq9xW5AAUbefrp00Ur16L808="></latexit>

� = (mDM �mM)/mDM ⌧ 1

<latexit sha1_base64="88gIQPDpfOcvApXswsf0s7Wi2Ho="></latexit>

T 0 ' (3⇠iT )
2/mM (=̂�T 2/mDM)



ULB, Belgium                                                            Xiaoyong Chu 15

Case II: WIMPy dark freeze-out

a) If total dark particle number is conserved.
Dark temperature T’

<latexit sha1_base64="TBIJ6nnenxtlsqu8CsDvdh+mqdg="></latexit>

Quasi-static solution: YM =
1

1 + (1� �)�3/2e��mDM/T 0 (YDM + YM)

<latexit sha1_base64="rWbsq9xW5AAUbefrp00Ur16L808="></latexit>

� = (mDM �mM)/mDM ⌧ 1

<latexit sha1_base64="88gIQPDpfOcvApXswsf0s7Wi2Ho="></latexit>

T 0 ' (3⇠iT )
2/mM (=̂�T 2/mDM)

<latexit sha1_base64="WTnpEi7GhrgNSfc9D3suY4LkkXI="></latexit>

YDM ' 1

�

✓
1

��
ln[

0.15�⇠3i �
1/2�1/2

(1� �)3/2
g�
g⇤S

]

◆1/2

for s-wave.

[XC, Cui, Pradler & Shamma 2112.10784]

Allowing analytical results:

<latexit sha1_base64="d70qNbaadftJXawQ02LgCzn4yuc="></latexit>

� = 0.264g⇤S/g
1/2
⇤ mPlmDM�0

<latexit sha1_base64="IcI9L1pVyJ8uwqnMZy6w3Xh7a2M=">AAACB3icdZDLSgMxFIYz9VbrbdSlIMEiuhrSWrXdFXXhplChN2jLkEkz09DMhSQjlGF2bnwVNy4UcesruPNtTC+Civ4Q+PjPOZyc34k4kwqhDyOzsLi0vJJdza2tb2xumds7LRnGgtAmCXkoOg6WlLOANhVTnHYiQbHvcNp2RpeTevuWCsnCoKHGEe372AuYywhW2rLNfd9Ormop7HkUaqylPc+DjSM7ca3QSqFt5pGFECqWS3AKlZPTKZRQpQgLE0crD+aq2+Z7bxCS2KeBIhxL2S2gSPUTLBQjnKa5XixphMkIe7SrMcA+lf1kekcKD7UzgG4o9AsUnLrfJxLsSzn2Hd3pYzWUv2sT869aN1ZuuZ+wIIoVDchskRtzqEI4CQUOmKBE8bEGTATTf4VkiAUmSkeX0yF8XQr/h1bRKpxZ6KaUr17M48iCPXAAjkEBnIMquAZ10AQE3IEH8ASejXvj0XgxXmetGWM+swt+yHj7BDuFmEU=</latexit>

mDM � mM � T 0
f.o.e.g. nearly degenerate
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Case II: WIMPy dark freeze-out

a) If total dark particle number is conserved.
Dark temperature T’

[XC, Cui, Pradler & Shamma 2112.10784]

For 1 TeV DM
<latexit sha1_base64="ZMhuxuhYgeaS71sPx7t0n8twXxE="></latexit>

via
(�̄DM��DM)(�̄M��M)

(4TeV)2
:

Agree with numerical calculations well.
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Case II: WIMPy dark freeze-out

b) if allows number-changing of dark partner M:
<latexit sha1_base64="nfewApw7d9c6B+zzjFg5K/1Ns94=">AAACBnicdZDLSgMxFIYz9VbrbdSlCMEiuhrSWrXdFXXhplChN2jLkEkzbWjmQpIRyjArN76KGxeKuPUZ3Pk2ZtoKKvpD4M93ziE5vxNyJhVCH0ZmYXFpeSW7mltb39jcMrd3WjKIBKFNEvBAdBwsKWc+bSqmOO2EgmLP4bTtjC/TevuWCskCv6EmIe17eOgzlxGsNLLNfc+Or2pJbziEjSM7dq3ASmB607yW2GYeWQihYrkEp6Zycjo1JVQpwkJKtPJgrrptvvcGAYk86ivCsZTdAgpVP8ZCMcJpkutFkoaYjPGQdrX1sUdlP56ukcBDTQbQDYQ+voJT+n0ixp6UE8/RnR5WI/m7lsK/at1IueV+zPwwUtQns4fciEMVwDQTOGCCEsUn2mAimP4rJCMsMFE6uZwO4WtT+L9pFa3CmYVuSvnqxTyOLNgDB+AYFMA5qIJrUAdNQMAdeABP4Nm4Nx6NF+N11pox5jO74IeMt0/ckZgd</latexit>

mDM � T 0
f.o. � mM

Dark temperature T’

<latexit sha1_base64="xogoHT+n/7Z+b1BG5tlB8JeFpm0=">AAACDHicdVDLSgMxFM34tr6qLt0Ei+iqprW+dqIblwp9QaeUTHqroUlmmmSKZegHuPFX3LhQxK0f4M6/MR0rqOiBwOGcc7m5J4gEN5aQd29icmp6ZnZuPrOwuLS8kl1dq5ow1gwqLBShrgfUgOAKKpZbAfVIA5WBgFrQPRv5tT5ow0NVtoMImpJeKd7hjFontbI5/4ZjH3ox7+Py9m4Z+4ZL6OHE1xKzUBmbH7oUyRNCikclnJLjvf2UlMhxERdGikMOjXHRyr757ZDFEpRlghrTKJDINhOqLWcChhk/NhBR1qVX0HBUUQmmmaTHDPGWU9q4E2r3lMWp+n0iodKYgQxcUlJ7bX57I/EvrxHbzlEz4SqKLSj2uagTC2xDPGoGt7kGZsXAEco0d3/F7JpqyqzrL+NK+LoU/0+qxXzhIE8uS7mT03Edc2gDbaIdVECH6ASdowtUQQzdonv0iJ68O+/Be/ZePqMT3nhmHf2A9/oBcDuaoA==</latexit>

⇠ ⌘ T 0/T ' const.A dark freeze-out, with 

It converges to conventional WIMP results with 𝞷=1, as shown in the literature 

[Ackerman et al. 0810.5126, Feng et al.0808.2318, XC, Hambye & Tytgat 1112.0493]. 

<latexit sha1_base64="UPuFt5WjwzFQABOW4ubDiPii/rk="></latexit>

YDM ' ⇠

�
xf.o. /

⇠

h�anni.vi
for s-wave freeze-out

[XC, Cui, Pradler & Shamma 2112.10784]

<latexit sha1_base64="/wijdw/uPxjdO30tcctypwfiq6I="></latexit>

YM / ⇠3 (or given by SIMP-like freeze-out)
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Case II: WIMPy dark freeze-out

Dark temperature T’

It converges to conventional WIMP results with 𝞷=1, as shown in the literature 

[Ackerman et al. 0810.5126, Feng et al.0808.2318, XC, Hambye & Tytgat 1112.0493]. 

[XC, Cui, Pradler & Shamma 2112.10784]

<latexit sha1_base64="WxeZ/XCFDsHwthPTPGt019Ij82M="></latexit>

⌦B

⌦DM
= ✏CP

mp

mDM
⇥

8
<

:
0.42 g�

g⇤

⇠3i �
(2n+1)�n

1
x2n+1
f.o.

� 1 near-degenerate

0.42 g�
g⇤

⇠3i �

(n+1)⇠�n
f.o.

1
xn+1
f.o.

� 1 hierarchical
, (1)

To combine a & b:

b) if allows number-changing of dark partner M:
<latexit sha1_base64="nfewApw7d9c6B+zzjFg5K/1Ns94=">AAACBnicdZDLSgMxFIYz9VbrbdSlCMEiuhrSWrXdFXXhplChN2jLkEkzbWjmQpIRyjArN76KGxeKuPUZ3Pk2ZtoKKvpD4M93ziE5vxNyJhVCH0ZmYXFpeSW7mltb39jcMrd3WjKIBKFNEvBAdBwsKWc+bSqmOO2EgmLP4bTtjC/TevuWCskCv6EmIe17eOgzlxGsNLLNfc+Or2pJbziEjSM7dq3ASmB607yW2GYeWQihYrkEp6Zycjo1JVQpwkJKtPJgrrptvvcGAYk86ivCsZTdAgpVP8ZCMcJpkutFkoaYjPGQdrX1sUdlP56ukcBDTQbQDYQ+voJT+n0ixp6UE8/RnR5WI/m7lsK/at1IueV+zPwwUtQns4fciEMVwDQTOGCCEsUn2mAimP4rJCMsMFE6uZwO4WtT+L9pFa3CmYVuSvnqxTyOLNgDB+AYFMA5qIJrUAdNQMAdeABP4Nm4Nx6NF+N11pox5jO74IeMt0/ckZgd</latexit>

mDM � T 0
f.o. � mM

<latexit sha1_base64="xogoHT+n/7Z+b1BG5tlB8JeFpm0=">AAACDHicdVDLSgMxFM34tr6qLt0Ei+iqprW+dqIblwp9QaeUTHqroUlmmmSKZegHuPFX3LhQxK0f4M6/MR0rqOiBwOGcc7m5J4gEN5aQd29icmp6ZnZuPrOwuLS8kl1dq5ow1gwqLBShrgfUgOAKKpZbAfVIA5WBgFrQPRv5tT5ow0NVtoMImpJeKd7hjFontbI5/4ZjH3ox7+Py9m4Z+4ZL6OHE1xKzUBmbH7oUyRNCikclnJLjvf2UlMhxERdGikMOjXHRyr757ZDFEpRlghrTKJDINhOqLWcChhk/NhBR1qVX0HBUUQmmmaTHDPGWU9q4E2r3lMWp+n0iodKYgQxcUlJ7bX57I/EvrxHbzlEz4SqKLSj2uagTC2xDPGoGt7kGZsXAEco0d3/F7JpqyqzrL+NK+LoU/0+qxXzhIE8uS7mT03Edc2gDbaIdVECH6ASdowtUQQzdonv0iJ68O+/Be/ZePqMT3nhmHf2A9/oBcDuaoA==</latexit>

⇠ ⌘ T 0/T ' const.A dark freeze-out, with 

<latexit sha1_base64="UPuFt5WjwzFQABOW4ubDiPii/rk="></latexit>

YDM ' ⇠

�
xf.o. /

⇠

h�anni.vi
for s-wave freeze-out
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To suppress wash-out in DM freeze-out:

Cannibal annihilation

(Enabled) forbidden annihilation

[Cline, Liu, Slatyer & Xue 1702.07716]

Also semi-annihilation/catalysed/inverse-decay/multi-step+ freeze-out  
[1003.5912,1705.08450, 1803.02901, 1906.00981, 2003.04900, 2004.07705,2102.02447, 2111.14857,…]

Many models contains a heavy partner (may be heavier than DM). 

[Griest & Seckel PRD43, 3191(1991), D’Agnolo & 
Ruderman 1505.07107]

[Carlson, Machacek & Hall, ApJ398, 43(1992), 
Pappadopulo,  Ruderman & Trevisan 1602.04219, etc.]

—

Meta-stable bound states [see Petraki’s talk]



ULB, Belgium                                                            Xiaoyong Chu 19

• Early decoupling of wash-out: a naive example above

Symmetric DM in a general BAU set-up:

source term wash-out suppression

1. C, CP symmetry violation; 
2. Baryon number violation; 
3. Out of equilibrium.

Sufficient BAU abundance can be obtained from:

<latexit sha1_base64="Wruvv4ZlJzMwLfwIjGfO3IG9FpU="></latexit>

dYB�L

dt
= (✏CP�V )(YN � Y eq

N )� �wash�out YB�L

To suppress wash-out, one may alternatively stop EW sphaleron 

processes when ΔB reaches its maximum:
[e.g. Hambye & Teresi 1606.00017, where the BEH scalar 

may decay to generates ΔL due to thermal corrections]

More freedom to have phase transition in a dark sector.
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• Strong deviation from chemical equilibrium

source term wash-out suppression

Sufficient BAU abundance can be obtained from:

<latexit sha1_base64="Wruvv4ZlJzMwLfwIjGfO3IG9FpU="></latexit>

dYB�L

dt
= (✏CP�V )(YN � Y eq

N )� �wash�out YB�L

Simplest: thermal leptogenesis

N -  heavy Majorana neutrino

1. C, CP symmetry violation; 
2. Baryon number violation; 
3. Out of equilibrium.

Symmetric DM in a general BAU set-up:

<latexit sha1_base64="bXTMxLt2KaMNl8p2h4L3uSU64xI="></latexit>

YN � Y eq
N =

1

�tot

dYN

dt
' 1

�tot

dY eq
N

dt
⌧ 1
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source term wash-out suppression

Simplest: thermal leptogenesis

<latexit sha1_base64="Wruvv4ZlJzMwLfwIjGfO3IG9FpU="></latexit>

dYB�L

dt
= (✏CP�V )(YN � Y eq

N )� �wash�out YB�L

N -  heavy Majorana neutrino

New: quasi-static equilibrium (QES)  
                            【instead of thermal equilibrium】

Dark sector naturally serves as external sources!

<latexit sha1_base64="ekOVPvF2FGlyESa+CPbzAD40FfI=">AAAB/XicdVDJSgNBEO2JW4xbXG5eGoPgxWEmCVluQS+eQgSzkYxDT6eTNOnpGbt7hDgEf8WLB0W8+h/e/Bs7i6CiDwoe71VRVc8LGZXKsj6MxNLyyupacj21sbm1vZPe3WvIIBKY1HHAAtHykCSMclJXVDHSCgVBvsdI0xudT/3mLRGSBvxKjUPi+GjAaZ9ipLTkpg/ablydwFPYvo67wofkZuJW3XTGMu1ssVDMwynJZcu2JqVc2SqWoW1aM2TAAjU3/d7tBTjyCVeYISk7thUqJ0ZCUczIJNWNJAkRHqEB6WjKkU+kE8+un8BjrfRgPxC6uIIz9ftEjHwpx76nO32khvK3NxX/8jqR6pecmPIwUoTj+aJ+xKAK4DQK2KOCYMXGmiAsqL4V4iESCCsdWEqH8PUp/J80sqZdMK3LfKZytogjCQ7BETgBNiiCCrgANVAHGNyBB/AEno1749F4MV7nrQljMbMPfsB4+wSufpTB</latexit>

YN � Y eq
N

1. C, CP symmetry violation; 
2. Baryon number violation; 
3. Out of equilibrium.

Symmetric DM in a general BAU set-up:

• Strong deviation from chemical equilibrium
Sufficient BAU abundance can be obtained from:

<latexit sha1_base64="bXTMxLt2KaMNl8p2h4L3uSU64xI="></latexit>

YN � Y eq
N =

1

�tot

dYN

dt
' 1

�tot

dY eq
N

dt
⌧ 1

<latexit sha1_base64="lXTASO9paqnbnqabXrxo6EufJCo="></latexit>

dYN

dt
= ��tot(YN � Y eq

N ) + �creat.Yext ! 0
large rates

<latexit sha1_base64="8wycwWC4LnC2vhbkloVWzY9dMDo="></latexit>

(YN � Y eq
N ) ' �creat.

�tot
Yext
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IV. Relevant  

experimental searches
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A meta-stable B-violating particle [𝛘M-like particle]

1. Strong constraints from di-nucleon decay & n-nbar oscillation:

e.g. for (uds): 

[Aitken, MaKeen et al. 1708.01259]

To have successful baryogenesis and 
nucleosynthesis, we choose heavy quarks, 
e.g. (cds), (udb). 

Set it to be a Majorana fermion 𝛘M with
<latexit sha1_base64="xeeEUgKPNh3uZoO7DSirHCFRnMA="></latexit>

L|�B|=1 � ↵j

⇤2
(ūjPL�M) (d̄kPLd

c
l ) + h.c.

<latexit sha1_base64="qSnABJMJ9p/LMekp0wVYeX70aOw="></latexit>

↵2
j

mM⇤4
. 10�10

TeV5
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A meta-stable B-violating particle [𝛘M-like particle]

Set it to be a Majorana fermion 𝛘M with

1. Strong constraints from di-nucleon decay & n-nbar oscillation:

2. On-shell 𝛘M from DM annihilations: 
at Galactic centre: indirect detection inside the Sun: DM (in)direct detection

cosmic rays

<latexit sha1_base64="K1ORbdeMAD6HbfS/loORLfBfA4E=">AAACFXicbVBNS8NAEN34bf2qevSyWIQKUpIi6lFU0IuoYKvQ1LLZTtulu0nYnYgl5E948a948aCIV8Gb/8Zt7UGtDwYe780wMy+IpTDoup/O2PjE5NT0zGxubn5hcSm/vFI1UaI5VHgkI30dMANShFBBgRKuYw1MBRKugu5h37+6BW1EFF5iL4a6Yu1QtARnaKVGfks1Ul8renSa+W2gqa8YdjiT9Cwreu5NedPf8hHuMD2GatbIF9ySOwAdJd6QFMgQ5438h9+MeKIgRC6ZMTXPjbGeMo2CS8hyfmIgZrzL2lCzNGQKTD0dfJXRDas0aSvStkKkA/XnRMqUMT0V2M7+0eav1xf/82oJtvbqqQjjBCHk34taiaQY0X5EtCk0cJQ9SxjXwt5KeYdpxtEGmbMheH9fHiXVcsnbKbkX24X9g2EcM2SNrJMi8cgu2Scn5JxUCCf35JE8kxfnwXlyXp2379YxZzizSn7Bef8CrOKd4g==</latexit>

mDM � O(102)GeV

<latexit sha1_base64="zn4bfB6vcRLU9avPlzfnPQ9fJEw="></latexit>

tyically ⌧M ⇠ 10�7 � 10�2 sec

IceCube

<latexit sha1_base64="v7kYulSE4X3B8p6Ff2PbMTEj/IU="></latexit>

P�M!X |detector =
Vdetector

lM · 4⇡r2Earth

⇡ 0.8⇥ 10�13

 
0.02 sec

⌧
p

m2
DM/m2

M � 1

!
.

assuming one event per year:

Weak even in this best scenario.

heavy quarks, e.g. (cds), (udb). 

<latexit sha1_base64="xeeEUgKPNh3uZoO7DSirHCFRnMA="></latexit>

L|�B|=1 � ↵j

⇤2
(ūjPL�M) (d̄kPLd

c
l ) + h.c.
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A meta-stable B-violating particle [𝛘M-like particle]

1. Strong constraints from di-nucleon decay & n-nbar oscillation:

2. On-shell 𝛘M from DM annihilations: 

<latexit sha1_base64="K1ORbdeMAD6HbfS/loORLfBfA4E=">AAACFXicbVBNS8NAEN34bf2qevSyWIQKUpIi6lFU0IuoYKvQ1LLZTtulu0nYnYgl5E948a948aCIV8Gb/8Zt7UGtDwYe780wMy+IpTDoup/O2PjE5NT0zGxubn5hcSm/vFI1UaI5VHgkI30dMANShFBBgRKuYw1MBRKugu5h37+6BW1EFF5iL4a6Yu1QtARnaKVGfks1Ul8renSa+W2gqa8YdjiT9Cwreu5NedPf8hHuMD2GatbIF9ySOwAdJd6QFMgQ5438h9+MeKIgRC6ZMTXPjbGeMo2CS8hyfmIgZrzL2lCzNGQKTD0dfJXRDas0aSvStkKkA/XnRMqUMT0V2M7+0eav1xf/82oJtvbqqQjjBCHk34taiaQY0X5EtCk0cJQ9SxjXwt5KeYdpxtEGmbMheH9fHiXVcsnbKbkX24X9g2EcM2SNrJMi8cgu2Scn5JxUCCf35JE8kxfnwXlyXp2379YxZzizSn7Bef8CrOKd4g==</latexit>

mDM � O(102)GeV

3. Neutron electric dipole moment bounds on CP-violations:

use only right-handed quarks and left-handed anti-quarks

heavy quarks, e.g. (cds), (udb). 

(to have further Yukawa suppression [see e.g. N.Yamanaka et al. 1703.01570])

Set it to be a Majorana fermion 𝛘M with
<latexit sha1_base64="xeeEUgKPNh3uZoO7DSirHCFRnMA="></latexit>

L|�B|=1 � ↵j

⇤2
(ūjPL�M) (d̄kPLd

c
l ) + h.c.

Weak even in this best scenario.
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A meta-stable B-violating particle [𝛘M-like particle]

Collider: displaced vertices & missing ET
𝛘

M

𝛘
M

coloured heavy scalar
Meta-stable fermion

<latexit sha1_base64="cAWUCF9SWrPiLYbE7awplLCj+A8="></latexit>

c�⌧M = 4 cm
⇣ �

10

⌘✓
10�4

|↵|

◆2 ✓
1TeV

mM

◆5 ⇣ m�

10TeV

⌘4

With 10 TeV scalar, production is suppressed:
<latexit sha1_base64="Rr2oqE0j/KHSl8rVZs9YEhj20ow="></latexit>

�M ⇠
✓

|↵|
10�2

◆4

fb.

<latexit sha1_base64="VeL7NI9oolJZ5rYoFuVCs8K91rE="></latexit>

LUV � ↵j �(ūjPL�M) + h.c.

Small coupling to create visible displaced vertices: Displaced vertices search in 
multijet events [CMS 1803.03078]:

Undetectable in LHC, maybe possible in HL-LHC.
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A meta-stable B-violating particle [𝛘M-like particle]

Collider: displaced vertices & missing ET
𝛘

M

𝛘
M

coloured heavy scalar
Meta-stable fermion

A early matter-dominated (EMD) Universe?

(leading to density dilution, which conserves              )
<latexit sha1_base64="fZbD/Hy5ezB5RZo+nK1j65BVf7A=">AAACAXicbZDLSgMxFIYz9VbrbdSN4CZYBFd1RkRdlurCjVjBXqAzDJk004YmmSHJCGWoG1/FjQtF3PoW7nwb03YW2vpD4OM/53By/jBhVGnH+bYKC4tLyyvF1dLa+sbmlr2901RxKjFp4JjFsh0iRRgVpKGpZqSdSIJ4yEgrHFyO660HIhWNxb0eJsTnqCdoRDHSxgrsPe+Wkx4Kasc5ZJ7k8OpmFNhlp+JMBOfBzaEMctUD+8vrxjjlRGjMkFId10m0nyGpKWZkVPJSRRKEB6hHOgYF4kT52eSCETw0ThdGsTRPaDhxf09kiCs15KHp5Ej31WxtbP5X66Q6uvAzKpJUE4Gni6KUQR3DcRywSyXBmg0NICyp+SvEfSQR1ia0kgnBnT15HponFfes4tydlqu1PI4i2AcH4Ai44BxUwTWogwbA4BE8g1fwZj1ZL9a79TFtLVj5zC74I+vzB29Llj0=</latexit>

⌦B/⌦DM

TeV dark freeze-out at t ~ 10-10 sec, and 𝛘M may dominate later before BBN.

During EMD, the sub-horizon density perturbations grow linearly, at most:
<latexit sha1_base64="o8tHqT+4PycikGRKgdERIHSK5P8="></latexit>

Lco�moving = ⌧M

✓
s(TEDM)

s(T0)

◆1/3

⇡ 10�5

r
⌧M

0.02 s
Mpc ,

which corresponds to 10-4M⊙, and future Pulsar Timing Arrays may reach it [K. 

Zurek et al 2005. 03030, 2012.09857, …].  

<latexit sha1_base64="VeL7NI9oolJZ5rYoFuVCs8K91rE="></latexit>

LUV � ↵j �(ūjPL�M) + h.c.
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DM signals within concrete models

DM direct detection:

a) loop-induced b) direct portals

<latexit sha1_base64="/EfhY96wEaw7JVTBol2096wj/xg="></latexit>

�SI
�N ⇠ f2

N

256⇡5

"
↵2mMm�m2

N

m2
�m

2
S(m� +mN )

#2

a) suppressed by large intermediate scales

b) suppressed by small mixing
<latexit sha1_base64="+2ELn/FkvpgJ8PD2E6fkhz0VBU8="></latexit>

�SI
�N ⇠ 10�42✓2Sh cm

2

unlikely for a decoupled sector.
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DM signals within concrete models

DM direct detection:

Exotic signatures: 

a) loop-induced b) direct portals

e.g. DM-induced proton decay

Unlikely in the Local Group, maybe in neutron 
star, to be investigated  [Huang&Zhao 1312.0011].

<latexit sha1_base64="/EfhY96wEaw7JVTBol2096wj/xg="></latexit>

�SI
�N ⇠ f2

N

256⇡5

"
↵2mMm�m2

N

m2
�m

2
S(m� +mN )

#2

a) suppressed by large intermediate scales

b) suppressed by small mixing
<latexit sha1_base64="+2ELn/FkvpgJ8PD2E6fkhz0VBU8="></latexit>

�SI
�N ⇠ 10�42✓2Sh cm

2

unlikely for a decoupled sector.
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V.  Conclusions
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Conclusions

• Standard cosmology, including DM&BAU, is well established; 

• The similar DM&BAU abundances: shared origin, coincidence, or 

anthropic principle? 

• For asymmetric DM, a shared origin could be theoretically natural;

• Symmetric DM within co-genesis needs to be quantitatively explored. 

• Dark sector naturally provides suppressed wash-out and/or strong 

deviation from SM thermal equilibrium.

Discovery of new physics will help 😉  [+ muonic g-2, cosmic ray excesses, H0 tension, …].
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Backup
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Entropy dilution:

Flavor violation [2111.03082]: Mesogenesis [1810.00880, 2101.02706, 2109.09751,…]
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 [1804.01991, 1903.04218, 2002.08962, 
2005.03030, 2009.06639, 2012.09857]

Also probed by distortions in primordial GW in the far future. 

• Astrometry from Nancy Grace Roman Space Telescope 【2108.10886】

Still need the halo-mass distributions from PTA, CTA, lensing, astrometry, stellar streams, … 

2012.09857

Sub-halo scale detection?


