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Outline:

● Physics of Neutrino Oscillations

● BBN as a way of constraining cosmology

● Role of Neutrinos in BBN

● Our Work



  

● But, it is for a neutrino with a definite energy!
What about an ensemble?

Quantum Statistical Physics!

Neutrinos         
● Neutrinos in thermal equilibrium are described by a 

FD distribution with a chemical potential:

● Asymmetry of neutrinos normalized to photon density 
is in close relation with neutrino chemical potential*:

*before e-- - e+ annihilation
For small chemical potential (almost always), they are linearly 
proportional and of the same order of magnitude!

( "asymmetry" = "chemical potential" = "degeneracy parameter")
● Neutrinos oscillatate in flavours

● table in latex:



  

Measuring θ13

● Reactor experiments – look for disappearance of νe

● Beam experiments – look for the appearance of 
(anti)neutrinos in beams νμ → νe

● contamination of the beam

● correlation with all other mixing parameters
(esp. Dirac CP-violating phase)

● relativly clean θ13 measurement

● Present status:

● Mild preferance to non zero mixing angle.

– 



  

Measuring θ13

future prospects

● Double Chooz
● RENO
● Daya Bay

● T2K
● NOνA



  

● Def:  3 x 3 matrix in the flavour space:
distributions
(F.D. in equilibrium)

flavour transitions

● For off-equilibrium problems one must write down Boltzmann kinetic equation (KE)

● Oscillation in flavours  →   Mixing of the flavours

Neutrino Oscillations

one flavour other flavour

one flavour other flavour

Without collisions

With collisions

With collisions

Without collisions

file:///home/pcl345b/sarikas/Dropbox/Munchen/movie_with_coll.m4v
file:///home/pcl345b/sarikas/Dropbox/Munchen/movie_without_coll.m4v


  

● effects of the background plasma;
● effects of the neutrino background

(self-interaction);
● collisions;

● In the Early Universe at energies between ~ 100 MeV and ~ 1 MeV, KE must account for:

● vacuum oscillations.

Neutrino Mixing       

at 2-3 MeV 
– the freeze-out!

● Non trivial dynamics of neutrino 
asymmetries in Early Universe. e.g:

A. D. Dolgov et al., Nucl.Phys. B 632 (2002) 363

” We conclude that in the LMA region the neutrino
    flavors essentially equilibrate long before n/p 
    freeze out, even when θ13 is vanishingly small”



  

Primordial Nucleosynthesis

● Lemaitre (1931): ”hypothesis of the primeval atom” – Big Bang!

● Gamow (1946): Big Bang provides a feasable framework for the production of all chemical
elements starting from protons and neutrons only.

● Alpher – Bethe – Gamow paper (1948): first quantitative indication of the right way... 
(later to be proved only for Helium and Hydrogen)

● Standard Cosmology:

BBN is an epoch of evolution of the Universe:

EW phase 
transition

quark – hadron
transition

neutrino
decoupling

BBN

structure formation
beginsphotons 

decouple now



  

Primordial Nucleosynthesis
Energy Budget

Electromagnetic plasma:
   -  photons γ
   -  electrons e
 * In equilibrium until ~ 0.1 eV

  -  baryons ( p ↔ n ) 
* In equilibrium until ~ 0.1 MeV

Neutrinos:

  -  3 flavours  νe , νμ , ντ

* In equilibrium until ~ 1 MeV

Extra d.o.f.
  -  sterile neutrinos?
  -  DM particles?
  -  quintessence?
* In equilibrium ?
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●   total energy after electron-positron annihilation:

Effective number of neutrinos  

●  we expect  Neff  =  3

●  extra  ν-like degrees of freedom,  Neff  = 4, 5...

●  non instantaneous decoupling effects: Neff  = 3.046

●  non standard neutrino physics...

●   e.g: with neutrinos asymmetries:



  

Primordial Nucleosynthesis
Role of Neutrinos

● Neutrinos enter in two ways: 

1. indirectly: contributing to energy budget  
→  governing the expansion rate:
crucial parameter: effective number of neutrinos Neff

2. directly (only electronic): in weak interactions 
converting p ⇌ n  :
→  governing the neutron to proton ratio   

→  dictating the abundance of heavier nuclides!

● Crucial parameter – chemical potential:

● ξ > 0  →  η > 0  →  more ν than ν  →   less neutrons   →   less He-4

● ξ < 0  →  η < 0  →   less ν  than ν  →  more neutrons  →  more He-4

raises also Neff  !



  

● Compare predictions
with measurements
(He-4, D, He-3, Li-7)

INPUTS CODE
PArthENoPE

● baryon asymmetry ηb
● neutrino asymmetry ξ
● energy density in rel. d.o.f., Neff

● cosmological constant...

Astrophysical 
data

● Make prediction on 
abundances.

Primordial Nucleosynthesis
Calculation

PDG



  

INPUTS CODE
PArthENoPE

● baryon asymmetry ηb
● neutrino asymmetry ξ
● energy density in rel. d.o.f., Neff

● cosmological constant...

Astrophysical 
data

● Make prediction on 
abundances.

Primordial Nucleosynthesis
Calculation

● Use them as INPUT

e.g: WMAP pinned down the 
baryon content to high 
precision:

● Compare predictions
with measurements
(He-4, D, He-3, Li-7)

PDG



  

Astrophysical 
data

Primordial Nucleosynthesis
Data

F. Iocco et al, Phys. Rep. 472 (2009) 1–76

Aver et al: astro-ph/1001.5218

Izotov, Thuan, AJL 710 (2010) L67-L71



  

BBN and Neutrinos
an example

+ =

He-4 D

 – varying 2 parameters:

electronic neutrino
chemical potential

vs
effective number

 of neutrinos

F. Iocco et al, Phys. Rep. 472 (2009)



  

BBN and Neutrinos
Izotov & Thuan 2010

 – set chemical potential  to zero



  

BBN and Neutrinos
Izotov & Thuan 2010

 – set chemical potential  to zero

Sign of extra d.o.f?
sterile?
axion?

What is the maximal contribution 
of neutrinos to energy density?



  

We fit to a FD with two effective 
parameters Tν

eff and ξν
eff .

real
FD fit

S.Pastor, T.Pinto and G.G.Raffelt, Phys.Rev.Lett. 102(2009)

After decoupling flavour mixing continues, but 
there is no process driving them to kinetic 
and chemical equilibrium!

Understanding the neutrino dynamics

An average of two equilibrium Fermi-Dirac distributions is not necessarily a FD distribution!

● So, we are dealing with non equillibrium 
distributions. 

● They need to be obtained from KE!
● Neutrinos are a bit hotter → ΔN ↑

neutrino decoupling

A. D. Dolgov et al., Nucl.Phys. B 632 (2002) 363



  

Solve KE for neutrinos

Parse outputs

Compare to exp.
values

(Draw likelihoods)

Choose a point in (Lνe
init, Ltot) plane

Neutrino evolution files
Run ParthENoPE

(calculate the abbundances)

Method



  

Results
Constraints in the plane: Total ν asymmetry vs. Initial electronic ν asymmetry



  

Results
Constraints in the plane: Total ν asymmetry vs. Initial electronic ν asymmetry

Results prefer                     .



  

Results
Constraints in the plane: Total ν asymmetry vs. Initial electronic ν asymmetry

Results prefer                     .

Neutrino chemical potentials have 
more time to equilibrate:

is closer to 

Contours follow it!



  

Results
Constraints in the plane: Total ν asymmetry vs. Initial electronic ν asymmetry

● Constraints on total neutrino asymmetry depend on        :

● Constraints on νe asymmetry is order 
of magnitute looser in both cases!

- of the order of magnitute as previously thought;

- as electronic with a clear anticorrellation.



  

Results
Constraints on the final degeneracies:

● Constraining the residual energy 
density  Neff   < 3.4 max!

● Planck sesitivity on Neff   is 
supposed to be 0.4.

● With the results from Planck, our 
results could complement 
experimental studies on neutrino 
physics and/or BSM physics:

● Constraints on final νe asymmetry is virtually indipendent of mixing angle! (=> Dictated by He-4)

● Difference between final asymmetries depends on mixing angle. (as expected)
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● Constraining the residual energy density  
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● Present bound on Neff by WMAP is very loose:
Neff < 6

● The forecast on Planck sensitivity for Neff 
ranges from ~0.6  to ~0.2.

● A proper BBN prior is crucial (dependence of 
Yp on other parameters)!
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● The forecast on Planck sensitivity for Neff 
ranges from ~0.6  to ~0.2.

● A proper BBN prior i crucial (dependence of 
Yp on other parameters)!

● Suppose Planck measures Neff   ≃ 3 

↳ No extra d.o.f. at the epoch of BBN;
↳ No conclusion on  θ13 .

● Suppose Planck measures Neff  ≳ 4

↳ energy excess cannot be explained in
    terms of (active) neutrino physics
    ⇨ New physics BSM!

● Suppose Planck measures Neff   ≃ 3.5

↳ If we are to retain that the excess of 
    energy content is due to neutrinos:

⇨  θ13 must be small  ⇨  lab. exp.

⇨  Neutrinos are largely degenerate!
or: 

↳ Extra d.o.f  ⇨ BSM.

With the results from Planck, our results could 
complement experimental studies on neutrino 
physics and/or BSM physics:
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