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[ Origin of elements

1. Very light elements : Primordial Universe

2. Some light elements : spallation from cosmic rays

3. Heavy elements : stars and star explosions
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O Why primordial synthesis ?

1. Stellar nuc thesis : there are no neutrons...

2. Primordial nucleosynthesis : there was plenty of neutrons !

p _I_ " NS D _I_ ‘:& 2.2 MeV
O + O = o0 - e

When does it happen ? How many neutrons were available ?




1 Neutron/proton conversions
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U Friedmann equation in radiation era
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Scale factor

d The MeV scale

Temperature, Energy
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Neutron Abundance

Evolution of neutrons

— 12% of neutrons
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Nuclear network
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Public BBN codes:
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‘Deuterium

D/H = (2.527 £+ 0.030) x 107°
Cooke et al. 2016
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Hunt for precision

Plasma physics
Neutrino physics
Weak rates

Nuclear rates



1 QED reactions :

e
e
« Momentum exchange : \/\J’J g

vy+e & y+ e

 Annihilations ~ Collisions
i T II \
Y+y<re +et J N

II \\

b \
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Pet + 3H (pet + Pot) = G
Py +4H (py) = ¢y




1 Temperature evolution, method 1

Ay + gex =0

Pet + Py + 3H (pex + Pex) +4Hpy =0

1. Using that thermodynamic quantites are functions of temperature only
p="Tdp(T)/dT

dlna
dt

2. Trading time for scale factor with : H =

AT 3pe=(T) + Pox (T)] + 4po(T)
dlna _ T(p . (T) + p/,(T)
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Beyond the instantaneous decoupling approximation

o Overlap between decoupling and e* annihilations

= smaller T’ and increased T,
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Hunt for precision

« Plasma physics v
* Neutrino physics
 Weak rates

* Nuclear rates
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[ General expression of weak rates

Nn + 3SHN,
ny, + 3Hn,

_nnrn—)p + onp—)n

_nprp—>n + nnrn—m

Weak interaction Matrix element
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nl = [ Wia*pi(en)'6* (p, - 5, +aup, +acp,) M fu(Bn)[L - fo(Bp)fulas B (o)

momentum conservation
isotro

o«; = 1 ifinitial particle
a; = —1 if final particle
Y
d*p 47rpgdp

[d3p] = 2E(2’/T)3 = 2E’(27r3) g(_E) =1- g(E)

Fermi-Dirac Property




J Interaction Hamiltonian
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CKM angle Axial current coupling

Weak-Magnetism



O BORN approximation

Simple integral on electron momentum :

rn—w - Pn—>p+e+rn+e—>p

= K / oopzdp[x-(E)+X+(—E)],
0

Fermi-Dirac distributions

x+(E) = (Ef)%g.(El)g(-E),
EF = EFA,
K = 4G%,(1+ 3¢%)
(27)°

Axial coupling constant

Gw = GrVuq CKM angle



Neutron lifetime as a proxy
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Ao ~ 1.75474



Neutron lifetime as a proxy

4G%,(1+ 3g%)
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Particle Data Group on neutron lifetime

WEIGHTED AVERAGE
878.4+0.5 (Error scaled by 1.8)
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d BORN approximation rates vs Hubble rate
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1 Radiative corrections
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1 Evolution of abundances

dni

T + 3Hn; = J; — Source from nuclear reactions
dnb .

' +3Hn, =0, Baryons are only diluted

Y, = ni/nb » Removes dilution

. Two-body reactions of the type ¢+ J <+ k+ 1

\72‘ 2 NEMYkl—i5 — NG Yij—kl Yii—kl = <0v>z‘j—>kl .

Average of cross-section over

Maxwell-Boltzmann distribution
 General form
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At nuclear statistical equilibrium (NSE), the densities of nuclei satisfy

SUA )

3/2 Z Ai-Zi go\ HAD
nNSE _ giT itp ( Nn ) ( 7’) eBi/T

: 24 mg/2 m3/? T

Number protons  Number neutrons ~ Binding energy

Demo tools : T 3/2
* Non-relativistic number density n; = g; ( 21 ) olri—mi)/T
s

« Chemical equilibrium  pti = Ziptp + (Ai — Z;) pin
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Final deuterium sensitivity
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A new tension in the cosmological model from primordial
deuterium?
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Primordial Deuterium after LUNA: concordances and
error budget

Ofelia Pisanti, Gianpiero Mangano, Gennaro Miele, and Pierpaolo
Mazzella

Dipartimento di Fisica E. Pancini, Universita di Napoli Federico 11, and INFN, Sezione di
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after the LUNA results, the value
of Deuterium is quite precisely fixed, and points to a value of the baryon density in excellent
agreement with the Planck result,



The Impact of New d(p,7)*He Rates on Big Bang Nucleosynthesis

Tsung-Han Yeh
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Keith A. Olive
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Brian D. Fields
Departments of Astronomy and of Physics,

University of Illinois, Urbana, IL 61801

Finally, we note that the observed deuterium abundance continues to be more precise than the

BBN+CMB prediction, whose error budget is now dominated by d(d,n)*He and d(d, p)*H.




 Dependance on number of neutrino species
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Combined constraints

Baryon fraction
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U Effect on beta decay
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J Helium production
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