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1. BBN in a nutshell

2. The hunt for precision

3. Deuterium

Outline
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1. Stellar nucleosynthesis : there are no neutrons…

+ =

2.  Primordial nucleosynthesis : there was plenty of neutrons ! 

2.2 MeV

When does it happen ? How many neutrons were available ? 

q Why primordial synthesis ?



q Neutron/proton conversions

• If enough interactions, then statistical equilibrium

n = e�
E

kBT

Protons

Neutrons

Baryons are non-relativistic : E ' m
<latexit sha1_base64="g0Yabz0GAgCz07eyPXf9o5N7pmc="></latexit>

np = e�mp/T
<latexit sha1_base64="c4CZE395qYC7W9TADVAwNS5yA0Q="></latexit>

nn = e�mn/T = npe
�(mn�mp)/T

<latexit sha1_base64="YzTg9KFrvfKwBaJp6t+YZsm9RGQ="></latexit>

mp = 938.2MeV
<latexit sha1_base64="P+7t/QMii+qMwP7rNhhw1nDcilM="></latexit>

mn = mp + 1.3MeV
<latexit sha1_base64="wJwqTPgqmHSczYqIpbbSiqQNOKI="></latexit>



Evolution of neutrons
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Nuclear network
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1. n ↔ p

2. 1H+ n → 2H+ γ

3. 2H+ p → 3He+ γ

4. 2H+ d → 3He+ n

5. 2H+ d → 3H+ p

6. 3H+ d → 4He+ n

7. 3H+ α → 7Li+ γ

8. 3He+ n → 3H+ p

9. 3He+d → 4He+p

10. 3He+α → 7Be+γ

11. 7Li+ p → 4He+ α

12. 7Be+ n → 7Li+ p



q Evolution of abundances

Removes dilution

Source from nuclear reactions

Yi ⌘ ni/nb
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• Two-body reactions of the type

• General form

Average of cross-section over 
Maxwell-Boltzmann distribution

Baryons are only diluted
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Aver et al. 2020

Cooke et al. 2016
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Yp = 0.2453± 0.0034
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Ne↵ = 3.0440
<latexit sha1_base64="DWb3jEnMqWAtboA0zFE19hdSaLI="></latexit>

e�
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e+
<latexit sha1_base64="ytyqUv4E/axb0yl3aVGOwFWSL24="></latexit>

⌫
<latexit sha1_base64="c2Q/HDj/+YZXKEDGALe5g0eNymI="></latexit>

⌫̄
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W
<latexit sha1_base64="S0KGeh9Lw3XTgVEjmG6+fiRiJ1M="></latexit> definition

! Exaggerated !

Froustey et al. 2020



q Interaction Hamiltonian

Axial current coupling
Weak-Magnetism

Vud
<latexit sha1_base64="VdN3sDkXzkWgoXeIIbhYxPasGbo="></latexit>

CKM angle



<latexit sha1_base64="vnMahMR7faFwlkKPDwdilhOG62g="></latexit>

K =
4G2

FV
2
ud(1 + 3g2A)

(2⇡)3

q BORN approximation

Simple integral on electron momentum : 

CKM angle Axial coupling

gA = 1.2723(23)
<latexit sha1_base64="WQoNCwcBbObVxTVKEhtxjMGanQk="></latexit>

Vud = 0.97420(20)
<latexit sha1_base64="BXInA6evkBlfhgPmdpZcOIWt38Y="></latexit>



Neutron lifetime as a proxy

⌧n ' 879.4± 0.6 s
<latexit sha1_base64="IRtUdehCFBTdw8Rus07PT8xpzzs="></latexit>

�0 ' 1.75474
<latexit sha1_base64="ovZldnGJAUT96xo39a5Dz33iZcE="></latexit>

<latexit sha1_base64="KAwd+BoGPT14FCZH4V5UkQq4JMA="></latexit>

⌧n = 878.4± 0.5 s
PDG 2022



q BORN approximation rates vs Hubble rate

n -> p

p -> n

Hubble rate



q Radiative corrections

e2

4⇡
= ↵FS ' 1

137
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q Total corrections
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Main reactions for deuterium



Final deuterium sensitivity

Δ(D/H)
D/H

= −0.32×
Δ σv

d(p,γ )3He

σv
d(p,γ )3He

− 0.54×
Δ σv

d(d,n)3He

σv
d(d,n)3He

− 0.46×
Δ σv

d(d,p)3H

σv
d(d,p)3H

D(p,γ)3He, D(d,n)3He and D(d,p)3H reaction rates need to be 
known at a few % level to match the 1.6% precision on 

observations!



2020





Pisanti+ 
arXiv:2011.11537 

Pitrou+ 2018; 2021 = Gómez Iñesta+ 2017







• Weak interactions (hence neutrons, hence helium) under control

• Need to measure d+d rates in the BBN range of energies

• Independent measurment of D abundance needed

Conclusion

This work (2020)
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1. n ↔ p

2. 1H+ n → 2H+ γ

3. 2H+ p → 3He+ γ

4. 2H+ d → 3He+ n

5. 2H+ d → 3H+ p

6. 3H+ d → 4He+ n

7. 3H+ α → 7Li+ γ

8. 3He+ n → 3H+ p

9. 3He+d → 4He+p

10. 3He+α → 7Be+γ

11. 7Li+ p → 4He+ α

12. 7Be+ n → 7Li+ p
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q Dependance on number of neutrino species
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