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Loop level suppressed, but relevant in environments with 

much higher density of photons compared with protons
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Hottest data 

we have

We’re not sure if the 

universe was hotter or not

Lots of photons, not many protons!

𝜈 decoupling
Big Bang 

Nucleosynthesis
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Early Universe Timeline:

• 𝑇 > 2 MeV:  Thermal bath

  𝛾, 𝑒−, 𝑒+, 3𝜈 + 𝑝, 𝑛

• 𝑇 ≈ 2 MeV: Neutrinos decouple

weak force interactions could no longer 

maintain equilibrium

• keV< 𝑇 <MeV: Big Bang Nucleosynthesis

formation of nuclei – He,D,T,Li

radiation baryons (tiny fraction)
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Early Universe Timeline:

• 𝑇 > 2 MeV:  Thermal bath

  𝛾, 𝑒−, 𝑒+, 3𝜈 + 𝑝, 𝑛

• 𝑇 ≈ 2 MeV: Neutrinos decouple

weak force interactions could no longer 

maintain equilibrium

• keV< 𝑇 <MeV: Big Bang Nucleosynthesis

formation of nuclei – He,D,T,Li

radiation baryons (tiny fraction)

𝑌𝑃 D/H  Ω𝑏ℎ2  𝑁𝑒𝑓𝑓 

BBN

(# telescopes)

CMB

(Planck)

Match very well with SM + Nuclear 

Physics + Standard Cosmology

→ Dark matter must have a very 

limited influence on this process

Observables:
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• Dark matter → extra degrees of freedom + extra interactions
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How can dark matter affect BBN and 𝜈-decoupling?

• Dark matter → extra degrees of freedom + extra interactions

• If DM-SM interactions strong enough such that dark matter is 

in thermal equilibrium with the SM bath during this time:

Alters Hubble expansion rate

Unevenly heats photons and neutrinos

• This would alter the observables from BBN and CMB
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2

For heavy dark matter with 𝑚𝜒 ≫ MeV:

are negligible.
No worries

For light dark matter with 𝑚𝜒 ≤ 10 MeV:

can be significant
Some worries

1 2

Become non-relativistic 
after 𝜈-decoupling1 2
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Become non-relativistic 
before 𝜈-decoupling
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So,

“Light dark matter must be produced non-thermally”
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Dirac: 𝒪 =
1

Λ2 ҧ𝜒𝜒 ҧ𝑝𝑝

Scalar: 𝒪 =
1

Λ
𝜒†𝜒 ҧ𝑝𝑝

𝑌𝑃 D/H  Ω𝑏ℎ2  𝑁𝑒𝑓𝑓 

BBN CMB

BBN: 𝑚𝜒 ≲ 0.5 MeV

BBN+CMB: 𝑚𝜒≲ 5 MeV

must be non-thermal

Applies to DM-proton interactions mediated by a heavy 

scalar, with any fraction of Ω𝐷𝑀ℎ2 

New limit:

Γ

𝐻
=

𝑛𝛾 𝜎𝐿𝑃𝐿 𝑣

𝐻
< 1

at 𝑇 = 2 MeV
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OTHER OPERATORS
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• Vector current? 𝒪 =
1

Λ2 ҧ𝜒𝛾𝜇𝜒 ҧ𝑝𝛾𝜇𝑝

 Bound does not apply for vector mediators.

 Luminous loop vanishes due to Landau-Yang theorem. 

• Light mediator?

 Bound much weaker for light scalar mediator, 𝑚𝜙 ≪ 𝑚𝜒.

 Direct detection signal enhanced.

 BUT – new light mediator also subject to BBN+CMB limits.

𝒁′

𝝓
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CROSS-SECTIONS

Final step, calculate the cross-sections:

Effective Operator: 𝒪 =
1

Λ2 ҧ𝜒𝜒 ҧ𝑝𝑝

Fermionic dark matter with a scalar current

Will talk about other effective operators at the end!

Direct Detection: 𝜎𝜒𝑝
𝑆𝐼 =

1

Λ4

𝑚𝜒
2

𝜋
  (non-relativistic & 𝑚𝜒 ≪ 𝑚𝑝) 
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𝒑 𝒑
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Final step, calculate the cross-sections:

Effective Operator: 𝒪 =
1
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Fermionic dark matter with a scalar current

Will talk about other effective operators at the end!
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