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To know more about the History of BBN :



1. Very light elements : Primordial Universe

2. Some light elements : spallation from cosmic rays

3. Heavy elements : stars and star explosions 

75% Hydrogen 24% Helium

q Origin of elements
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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
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nn = e�mn/T = npe
�(mn�mp)/T
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mp = 938.2MeV
<latexit sha1_base64="P+7t/QMii+qMwP7rNhhw1nDcilM="></latexit>

mn = mp + 1.3MeV
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q Friedmann equation in radiation era
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q The MeV scale
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Evolution of neutrons
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Nuclear network
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Public BBN codes:
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Yp = 0.2453± 0.0034
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Hunt for precision

• Plasma physics

• Neutrino physics

• Weak rates

• Nuclear rates



q QED reactions :

� + e± $ � + e±
<latexit sha1_base64="2ym2l+RmR+P8PWwpsQUkIVf/iQQ="></latexit>

• Momentum exchange :

• Annihilations

� + � $ e± + e⌥
<latexit sha1_base64="Ym+e5TlYcW39zyx34DTjtedr/oI="></latexit>

⇢̇e± + 3H(⇢e± + Pe±) = q̇e±
<latexit sha1_base64="503zBvMlHmSUoN/4WBosLLchOEo="></latexit>

Collisions

⇢̇� + 4H(⇢�) = q̇�
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q Temperature evolution, method 1

q̇� + q̇e± = 0
<latexit sha1_base64="E3FgE9iCT+oSrQmT28X8AsXdR0E="></latexit>

⇢̇e± + ⇢̇� + 3H(⇢e± + Pe±) + 4H⇢� = 0
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⇢̇ = Ṫ d⇢(T )/dT
<latexit sha1_base64="XkW7RnsKJHnFATX7dRU0RQUrD18="></latexit>

1. Using that thermodynamic quantites are functions of temperature only

H =
d ln a

dt
<latexit sha1_base64="R/tn123WiouH1qUTEoH90SR2lZ8="></latexit>

2.  Trading time for scale factor with :

d lnT

d ln a
= �3[⇢e±(T ) + Pe±(T )] + 4⇢�(T )

T [⇢0e±(T ) + ⇢0�(T )]
<latexit sha1_base64="N7SCKyOGeNN+HRYu7Ga39GCjiwQ="></latexit>
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T / 1/a
<latexit sha1_base64="TKdcmA44oK8VjyUZiVqXIrMDDck="></latexit>



10-12 10-11 10-10 10-9 10-8

1.0

1.1

1.2

1.3

1.4

a/a0

aT

neutrinos

photons

Ph
ot

on
 b

ac
kg

ro
un

d 
w

ar
m

er
th

an
ne

ut
rin

o 
ba

ck
gr

ou
nd

Need of Q
ED co

rrectio
ns fo

r plasm
a thermodynamics



Hunt for precision

• Plasma physics

• Neutrino physics

• Weak rates

• Nuclear rates



Ne↵ = 3.0440
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e�
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e+
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⌫
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W
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! Exaggerated !

Froustey et al. 2020



Neutrino mixing (aka oscillations) effects



Neutrino Fermi-Dirac spectrum distortions



Hunt for precision

• Plasma physics

• Neutrino physics

• Weak rates

• Nuclear rates



q General expression of weak rates

Fermi-Dirac Property

↵i = 1
<latexit sha1_base64="ocNDMV2gZk2LrRIDDGn+erosBNw="></latexit>

if initial particle

↵i = �1
<latexit sha1_base64="c2eaDJMmQ4rDIktDGajsoyoqYrU="></latexit>

if final particle
isotropy

momentum conservation

Weak interaction Matrix element



q Interaction Hamiltonian

Axial current coupling
Weak-Magnetism

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

CKM angle



q BORN approximation

GW = GFVud

Fermi-Dirac distributions

Simple integral on electron momentum : 

CKM angle

Axial coupling constant



Neutron lifetime as a proxy

Best values are :

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

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

gA = 1.2723(23)
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�0 ' 1.75474
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⌧n = 878.4± 0.5 s
PDG 2022



Particle Data Group on neutron lifetime



q BORN approximation rates vs Hubble rate

n -> p

p -> n

Hubble rate



q Radiative corrections

e2
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= ↵FS ' 1

137
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q Total corrections



Hunt for precision

• Plasma physics

• Neutrino physics

• Weak rates

• Nuclear rates



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



At nuclear statistical equilibrium (NSE), the densities of nuclei satisfy

Number protons Number neutrons Binding energy

ni = gi

✓
miT

2⇡

◆3/2

e(µi�mi)/T

<latexit sha1_base64="ly6ffRSp/BwkWWTQnH2ycDKivdQ="></latexit>

• Non-relativistic number density

• Chemical equilibrium

Demo tools :
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Main reactions for D



Final deuterium sensitivity



2020



1. BBN in a nutshell

2. The Hunt for precision

3. Cosmological parameters

Outline



Pitrou et al. 2018

P
la
nc
k

Cooke et al.

Theory

5.8 5.9 6.0 6.1 6.2 6.3 6.4
2.2

2.3

2.4

2.5

2.6

2.7

2.8

1010η

D
/H

(x
10

5 )

This work (2020)

η B
B
N

P
la
nc
k+
B
A
O

Cooke et al.

Theory

5.8 5.9 6.0 6.1 6.2 6.3 6.4
2.2

2.3

2.4

2.5

2.6

2.7

2.8

1010η

D
/H

(x
10

5 )
Improved nuclear rates

Slightly better constraints
from CMB

agreement

Mild tension







q Dependance on number of neutrino species
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Thank you





q Effect on beta decay
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q Helium production
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