
�Role of BBN in cosmology
�Why measuring a reaction is so 
important…

�Data & analyses
�The good and the bad
�BBN/CMB concordance
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� One of the observational pillars of the hot Big Bang.
� One of the first direct probes of the universe history (few seconds after the bang).
� Involves all known interactions: gravitational for the expansion, weak for neutrino and nucleon
decoupling, electromagnetic and strong for the nuclear reaction network. So, it is sensitive to a large
spectrum of physics.
� Cooked with: 1) General Relativity; 2) SMPP with 3 light standard ν; 3) DE and DM not relevant.

� Before Planck: in its simplest scenario an over-constrained theory with a unique parameter, Ωb→ the best
way for measuring the baryon fraction. Simple extension with free ΔNeff.

� After Planck (pinned down Ωb), BBN stands as a perfect warning signal of any departure form SMC and
SMPP: did you check your model against BBN?

but…
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LUNA measure of D(p,γ)3He 
cross-section

Cosmologic
al analysis 
made with 
BBN code 

PArthENoPE

Cosmological analysis made in collaboration with O. Pisanti
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LUNA measure of D(p,γ)3He cross-section

Complete analysis 
reported in a companion 

paper: 2011.11537 
[astro-ph.CO]
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LUNA measure of D(p,γ)3He cross-section

2011.11320 [astro-ph.CO]
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LUNA measure of D(p,γ)3He cross-section

2011.13874 [astro-ph.CO]
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Precision tool or 
not?
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1. Less than 1 second after the bang, the plasma of γ, e-, ν, n, p (and their antiparticles) is in equilibrium.
2. At T~1 MeV (1 second) neutrinos decouple because their weak interactions go out of equilibrium with

respect to expansion.

3. n/p ratio (fortunately) freezes out just soon after neutrinos, at TD~800 keV; then, when a sufficient
abundance of deuterium forms at TBBN~100 keV, the nuclear chain starts: (almost) all neutrons present at
this moment go into 4He.

The final result is a universe made by 75% of hydrogen, 25% of 4He (and negligible yields of the other
elements up to 7Li).
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Boltzmann equations for a 
large network of light 

nuclei (weak rates with 
radiative and finite nucleon 

mass corr., finite 
temperature corr., plasma 

effects)

Expansion

Boltzmann equations for 
neutrino distributions in 

non-instantaneous 
decoupling

baryon 
number 

conservation
energy 
density 

conservation

Charge 
conservation
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� ηb: 2H and 7Li much more sensitive than 4He. More baryons imply a larger temperature at deuterium
bottleneck and a more efficient burning è less 2H and 3He and more 4He. 7Li production dominates for low
ηb, while 7Be dominates at high ηb, leading to the characteristic “lithium dip” versus ηb in the Schramm plot.

� Neff: more relativistic degrees of freedom è a faster expansion. Then an earlier freeze-out of n/p (more
4He) and less time available for 2H destruction (more 2H).

Neff = 2,3,4Izotov, 2014 Aver, 2020

Cooke, 2018 Planck, 2020 10
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� Accuracy of the BBN codes. Standard physics, theoretical framework well established, but
outputs of the nuclear network depend on the determination of several critical reactions. In
the past mainly experimental measures (not always in the relevant energy range for BBN,
10÷400 keV in the center of mass), now also theoretical calculations.

� Accuracy of primordial elements abundances measurement. Indirect observations, since stars
have changed the chemical composition of the universe. Strategies are observation in
“primordial” systems or careful account for chemical evolution: increasingly precise
astrophysical data on D (1%), He measured by different groups with less than 1.5% accuracy
but one determination is at 4% distance, the situation is not clear for Li (the value is a factor 2-
3 below the BBN prediction, lithium depletion problem).

experimental data and analysis methods

systematics and astrophysical evolution
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Di Valentino et al., Phys. Rev. D90 
(2014) no. 2, 023543
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before LUNA
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The S-factor is the intrinsic nuclear part of the reaction probability for charged particle induced reactions and
is fitted from data (problem: datasets cover limited energy ranges and have different normalization errors, in
some cases not even estimated).

ddn ddpdpγ

Analyses differ for: data selection criteria and/or methods of analysis (R-matrix for resonances, empirical or
nuclear theory inspired form for smooth S-factors, χ2, Bayesian, Monte Carlo, …)
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We change the S-factor of δS at a given energy Ecm and

observe the corresponding variation in the deuterium

yield δ(D/H).

The sensitivity defined as (Fiorentini et al. 1998, Nollett

and Burles 2000)

For the three deuterium reactions the BBN relevant

range is ~ 20-300 keV.
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Before LUNA
� previous data were scarce in the BBN range with ~ 9% uncertainty
� phenomenological fit by Adelberger et al. (AD2011, orange line and band)

� ab initio theoretical prediction by Marcucci et al. (2005) updated in 2016 (green line), 15% higher than
AD2011

� Bayesian analysis by Iliadis et al. (2016, red line)
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Before LUNA
� previous data were scarce in the BBN range with ~ 9% uncertainty
� phenomenological fit by Adelberger et al. (AD2011, orange line and band)

� ab initio theoretical prediction by Marcucci et al. (2005) updated in 2016 (green line), 15% higher than
AD2011

� Bayesian analysis by Iliadis et al. (2016, red line)
After LUNA (more details from Gianluca)
� very precise data (yellow points), ΔS/S ≤ 2.6%, in [30,300] keV Ecm

� S-factor global fit (dominated by LUNA data) with 3rd order polynomial, χred
2 = 1.02 (Nature 2020, blue line

and band)
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Comparison of thermonuclear rates coming from two particular analysis:
� case A, blue: A. Gomez Inesta, C. Iliadis, A. Coc, Astrophys.J. 849 (2016) 2

� subset of data, nuclear theory inspired S-factors, Bayesian

� case B, green: O.P., G. Mangano, G. Miele, P. Mazzella, 2011.11537 [astro-ph.CO]
� more datasets, empirical S-factors (polynomial), χ2

Differences between case A and B are ~ 6% (ddp) and 3% (ddn). Now we change case B by changing only the
dataset choice, adopting the same datasets of case A.

ddn
ddp
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Astrophysical determination ( Cooke et al 2018)

!
" = (2.527 ± 0.030)10#$

Nbo! N2orPAEhNA1�. Ohsqnt ds Uk, ’1/07( Y2“ Bxatqs ds Uk, ’1/05( Y15“

sghr vnqj 1!43÷ /!/6
L=Q1//4 Y26“ 1!41÷ /!/6 1!348÷ /!/25
=C1/00 Y06“ 1!47÷ /!/6 1-468

L=Q1/04 Y00“ 1!34÷ /!/6

19



Li (Neff ,η) =
1

2πσ i
th (Neff ,η)σ i

ex dxexp −
(x −Yi

th (Neff ,η))
2

2σ i
th (Neff ,η)

2

"

#
$$

%

&
''∫ exp −

(x −Yi
ex )2

2σ i
ex2

"

#
$

%

&
'

� Choose the scenario, that is the parameters of your model: A, B, ….

� Run your favourite BBN code and determine the theoretical abundances Xi(A,B,…) with
corresponding uncertainties σi(A,B,…).

� Construct likelihood functions for your abundances:

� Determine confidence level contours from the comparison of theoretical and experimental
quantities.

For Neff=3.045, 2H alone is 
an efficient baryometer
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O.P. et al, 2011.11537 Yeh et al., 2011.13874 Pitrou et al., 2011.11320

� A(blue) and B(black) in fair agreement with each other and with Planck (1σ green bands)
� C(solid) shows 1.84σ tension with Planck
� Note that the Planck green bands correspond to:

� A: Planck +Yp(ωb) + lensing + BAO
� B: Planck + lensing
� C: Planck +Yp(ωb) + lensing + BAO

� Note that the likelihoods come from:
� A: only DBBN, D/H=2.527±0.030
� B: DBBN+ YpBBN+CMB, D/H=2.55±0.03, Yp=0.2453+-0.0034
� C: DBBN+ YpBBN, D/H=2.527±0.030, Yp=0.2453+-0.0034

A B C
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BBN and CMB indirect probes of non-standard cosmological models. In particular, BBN is strongly sensitive
to the Hubble parameter. Since at BBN epoch ρ≃ρR a possible departure from the standard scenario can show
up in Neff.

To break the degeneracy an abundance orthogonal to D (4He, blue contours) or an independent constraining
information (CMB, orange contours).

� Different Yp estimates result in compatibility or
tension of BBN with the Planck measure of the
baryon density and amount of radiation ->
systematics in the astrophysical measurement
of Yp can play a major role.

Peimbert, 2016 [5] Aver, 2015 [6]

Hsyu, 2020 [8]Izotov, 2014 [7]
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Conclusions

Underground measurements of nuclear cross sections are important for many astrophysical and 

cosmological purposes (solar model, BBN…).

The new precise LUNA result on the  dpg astrophysical factor is crucial in assessing the overall

concordance of the standard cosmological model and the error budget on primordial

deuterium.

Thanks to this measurement the theoretical error on D/H is now approaching the 

corresponding astrophysical measurement uncertainty.

The baryon density is extremely sensitive to D/H and its result is in excellent agreement with 

the Planck result (yet there are claims of a slight tension at the level of 2 sigma Pitrou et al 

2020).

Possible extra relativistic species in the early universe both at BBN (Deuterium) and CMB 

formation (Planck) are severely constraint.
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