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1.  Ask what cosmology can do for neutrinos! 
    (particle physicists?) 

2.  Ask what neutrinos can do for cosmology! 
    (cosmologists?) 



Temperature 

Polarization 

Lensing Potential 



Neutrinos impact expansion history: 

Extremely high T regime (above EW scale) (Leptogenesis) 
Majorana vs. Dirac, see-saw mechanism, high scale  
physics (Leptogenesis) 

High T regime (≈ MeV):  
weak + gravitational effects (BBN) 
observables: phase space density (in particular ve distribution), non 
standard interactions, chemical potentials, number of species (active,  
sterile) 



Intermediate T regime (eV):  
gravitational effects including perturbations (CMB) 
observables: phase space density, non standard interactions, mass  
scale, number of species    

Low  T regime (< eV):  
gravitational effects including perturbations (LSS) 
observables: phase space density, non standard interactions, mass  
scale 

Extremely low T regime (today): mass scale, local density  
(CNB direct detection)    



décélération lente décélération lente 

inflation radiation matière énergie noire 

slow deceleration 

inflation RD (radiation domination) MD (matter domination) dark energy domination 

 a(t)~t1/2   a(t)~t2/3  a(t)~eHt 



photons 

neutrinos 

cdm 

baryons 

Λ 

m3=0.05 eV 

m2=0.009 eV 

m1≈ 0 eV 

Ωi= ρi/ρcrit 
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Massless 

Massive mν>>T 

Neutrinos decoupled at T~MeV, keeping a  
spectrum as that of a relativistic species   

€ 

fν (p,T) =
1

ep/Tν +1

€ 

Ω v h
2 =1.7 ×10−5

€ 

Ω v h
2 =

m i
i
∑

94.1  eV



At T~me, electron-
positron pairs 
annihilate 

heating photons 
but not the 
decoupled 
neutrinos 

from entropy 
conservation 



At T<me, the radiation content of the Universe is 



•  Extra radiation can be:  

scalars, pseudoscalars, sterile neutrinos (totally or partially  
thermalized, bulk), neutrinos in very low-energy reheating  
scenarios, relativistic decay products of heavy particles… 

•  Particular cases: relic neutrino asymmetries, sterile v’s 

Actually Neff is slightly larger than 3 for standard 
active neutrinos 



But, since Tdec(ν) is close to me, neutrinos share a  
small part of the entropy release 

At T~me, e+e- pairs annihilate heating photons 

fν=fFD(p,Tν)[1+δf(p)] 



Neutrino oscillations are effective when medium    
effects get small enough 

Compare oscillation term with effective potentials 
(see Exercise VI) and neglecting large neutrino 
asymmetries (see later) 

with ρthe neutrino density matrix (similarly for 
antineutrinos) 

ρ description to account for scatterings AND 
oscillations 

Neutrino oscillations in the Early Universe 
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δρνe(%) δρνµ (%) δρντ(%) Neff 

Instantaneous 
decoupling 1.40102 0 0 0 3 

SM 1.3978 0.94 0.43 0.43 3.045 

+3ν mixing 
(θ13=0) 1.3978 0.73 0.52 0.52 3.045 

+3ν mixing 
(sin2θ13=0.02) 1.3978 0.72 0.54 0.52 3.045 

Results 



Total lepton asymmetry expected quite small in (standard)  
leptogenesis 

unless leptogenesis takes place well below the EW  
breaking scale 

but for each flavour in principle they could be large! 

The role of oscillation! 
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exp −MW (T) /g
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neutrino distribution with a flavour dependent chemical potential 
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fa (p,T) =
1

ep/Tν −ξ a +1



Range of temperatures:  from few to 0.01 MeV 

n/p freezing and 
neutron decay 

Phase I: few – 0.8 MeV 
n-p reactions 



 phase II 2H forms at TD∼0.08 MeV;  
Photodisintegration prevents  
earlier formation for  
temperatures closer  
to nuclear binding energies 

n pd γ 

Freezing of weak rates and so of n/p ratio 

GF
2 Tfr

5 = H(Tfr) ≈ (8 π GN g T4
fr/3)1/2 

n/p = exp[(-Mn-Mp)/Tfr] exp[-(t(TD)-t(Tfr))/τn] ≈ 1/7 



Phase III:  700 - 30 keV 
Formation of light nuclei 
starting from D 



Weak rates: 
radiative corrections O(α) 
finite nucleon mass O(T/MN) 
plasma effects O(αT/me) 
neutrino decoupling O(GF2 T3 mPl) 

Main uncertainty: neutron lifetime 
τn= 885.6 ± 0.8 sec (old PDG mean) 
τn= 878.5  ± 0.8 sec (Serebrov et al  2005) 

Presently: 

τn=880.2 ± 1.0 sec (PDG)  

4He mass fraction YP  linearly increases  
with τn: 0.246 - 0.249 

Nico & Snow 2006 Neff=3.045 

gA 

gV 



Nuclear rates: 
main input from experiments 
low energy range (102 KeV) 
major improvement: underground  
measurements (e.g. LUNA at LNGS) 

2H(p,γ)3He 

LUNA 

LUNA 

Rupak 

n(p,γ)2H 

3He(α,γ)7Be 
Weitzmann Inst. 



Nuclear rates: for d(p,γ) 3He also available ab initio 
calculations (Viviani et al 2000 PRC, Marcucci et al 2005 
PRC, …,Marcucci et al 2016 PRL) 
       Larger cross section  
       than present data fit 
        (Adelberger et al, 2011,  
       Rev. Mod. Phys.)  

       R= <S>TH/<S>exp >1!          

2H(p,γ)3He 

LUNA Important to check experimentally this result! 
LUNA 2018? 

d(α,γ) 6Li crucial for 6Li production, see later 



non minimal models: 
extra radiation  g= 5.5 +7 Neff /4  
boosts the expansion rate H 

ξi=μi/T  i= e, μ, τ 
boosts the expansion rate H 
change chemical equilibrium of n/p (ve) 



  Observations in systems negligibly 
contaminated by stellar evolution (e.g. 
high redshift); 

  Careful account for galactic chemical 
evolution. 

The quest for primordiality 



He recombination lines in ionized HII regions in BCG & regression to 
zero metallicity. Small statistical error but large systematics  

Recent analyses: 

Izotov & Thuan 2014 
Aver, Olive  
& Skillmann 2015 

Aver, Olive & Skillmann 2015 

Yp = 4 n4He/nB ≈ 2nn/(nn+np)=2(n/p)/(n/p+1) 

p



2H measures baryon fraction.  
Quite good agreement  with 
Planck determination: 

    Ωbh2 = 0.02225± 0.00032 

Observations: absorption lines in 
clouds of light from high redshift  
background QSO  



7Li (and 6Li) still a puzzle. 
Spite plateau in metal poor dwarfs questioned 



MINIMAL SCENARIO: ALL FIXED! 

PLANCK 2015 

EXP: 
 Yp =0.2551±0.0022 !!! 
 Yp=0.2449±0.0040 ! 
2H/H(10 -5)=2.55±0.03 !! 

Ωbh2=0.0223  ± 0.0002 
Yp=0.2467± 0.0001 ± 0.0003 
2H/H=2.60 ± 0.03 ± 0.07 



PLANCK 2015 



For several cosmological observables, all in a single parameter 
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CMB and BBN scrutinize different “mass” scales! 

Instantaneous v decoupling value for Tv / Tγ  

Extra neutrinos 



Planck 2015 



What could it be this putative extra radiation? 

Sterile neutrinos? 

Succesfull picture of 3-active neutrino mixing in terms of 2 mass 
differences and 3 mixing angles. 

Few parameters describe a lot of data: solar v flux, atmospheric v’s, 
accelerator v beams! 

Yet, few anomalies (2-3 σ) :

1) LSND-MiniBooNE (short baseline exp’s); 
2) Reactor anomaly; 
3) Gallium anomaly. 



For large mixing angles sterile neutrino too much 
produced (Neff = 1) 

New Planck analysis 
2015 even stronger! 

(Planck XIII 2015) 

Neff = 3.04±0.22 
ms< 0.38 eV 

The standard  
case, after 
Planck 2013 

Neff < 3.30±0.27 
ms< 0.38 eV 



Lepton asymmetry suppresses sterile  
production 

V = √2 GF Lν 



Possible way out? 
active neutrino large ( > 10-3) chemical potential,  
but then ve distortion 

sterile neutrino “secret interactions” ? 

Fermi type lagrangian term with coupling GX
2 and a  

sterile potential term linear in GX 

“small” GX (<104GF) problem with BBN 
“large” GX (>105 GF) problem with Neff (smaller  
 than 3 and neutrino mass bounds from CMB) € 

VS = − 2GX
8p
3MX

2 ρs€ 

gX v sγ
µ Xµvs



New effective interactions between electron and neutrinos 

Bounds on non standard  
neutrino interactions 



Breaking of Lepton universality (α=β) Flavour-changing (α≠ β) 

Limits from scattering experiments,  
LEP data, solar vs Kamland data… 



δρνe(%) δρνµ (%) δρντ(%) Neff 

Instantaneous 
decoupling 1.40102 0 0 0 3 

εLee= 4.0  
εRee= 4.0 1.3812 9.47 3.83 3.83 3.357 

Results 

Very large NSI parameters,  
FAR from allowed regions  



δρνe(%) δρνµ (%) δρντ(%) Neff 

Instantaneous 
decoupling 1.40102 0 0 0 3 

εLee= 0.12  
εRee= -1.58 
εLττ= -0.5 
 εRττ= 0.5 
εLeτ= -0.85  
εReτ= 0.38 

1.3937 2.21 1.66 0.52 3.120 

Results 

Large NSI parameters, still  
allowed by present lab data  



LSS: neutrino mass scale (free streaming and suppression 
of perturbation growth on scales smaller than free 
streaming length 

CMB: Neff and neutrino mass scale (gravitational lensing) 



Searching for non-zero neutrino mass in laboratory experiments 

•  Tritium beta decay: measurements of endpoint energy 

 m(νe) < 2.2 eV (95% CL)   Mainz 

 Future experiments (KATRIN) m(νe) ~ 0.2-0.3 eV 

•  Neutrinoless double beta decay: if Majorana neutrinos 

experiments with 76Ge and other isotopes:  ImeeI < 0.4hN eV      



CMB + galaxy clustering 

+ HST, SNI-a… 
+ BAO and/or bias 

+ including Ly-α 



Field of density  
Fluctuations 



•  Effect of Massive Neutrinos: suppression of 
Power at small scales 

Massive Neutrinos can still be subdominant DM: limits on mν from Structure 
Formation (combined with other cosmological data) 



baryons and 
CDM 
experience 
gravitational 
clustering 



growth of  δρ/ρ (k,t)  fixed by  

« gravity vs. expansion » balance  

  δρ/ρ ∝ a 

baryons and 
CDM 
experience 
gravitational 
clustering 



neutrinos 
experience  
free-streaming 
with 
v = c or <p>/m 

baryons and 
CDM 
experience 
gravitational 
clustering 



 neutrinos cannot cluster below their diffusion length  

                         λ = ∫ v dt/a   < ∫ c dt/a 

baryon and CDM 
experience 
gravitational 
clustering 

baryons and 
CDM 
experience 
gravitational 
clustering 

neutrinos 
experience  
free-streaming 
with 
v = c or <p>/m 





CMB 
fixing the angular scale of acoustic peaks and  
zeq , a larger amount of dark radiation  (and a larger H0)  
gives a higher expansion speed, a shorter age of the  
universe T at recombination.  

Diffusion length ≈ √T  
(Brownian motion) 

Sound horizon ≈ T 

J. Lesgourgues, Planck 2014, Ferrara 



Neff > 0 at 10 σ 

Planck 2015 results, XIII 



Planck 2013 : a narrower 95 % C.L. range  for Neff,  
but still inconclusive. H0 problem:  

Ade et al. 2013  
(Planck XVI) 

3.4±0.7 
3.3±0.5 
3.6±0.5 
3.5±0.5 



Planck 2015 : 

In good agreemnt with  
Standard expectation (3.045) 

Caveat: discrepancy with SNIa  
value of H0 at 2.2 σ level 

σ8 ≈ 0.83 



CMB and BBN are quite consistent 

Planck 2015 results, XIII 

Neff  free 



CMB: 
For the expected mass range the main effect is around the first 
acoustic peak due to the early integrated Sachs-Wolfe (ISW)  
effect; 

Planck: gravitational lensing. Increasing neutrino mass, increases  
the expansion rate at z >1 and so suppresses clustering on 
scales smaller than the horizon size at the nonrelativistic  
transition (Kaplinghat et al. 2003 ; Lesgourgues et al. 2006 ).  
Suppression of the  CMB lensing potential.  



Total neutrino mass also affects the angular-diameter  
distance to last scattering, and can be constrained 
through the angular scale of the first acoustic peak.  
Degenerate with ΩΛ (and so the derived H0 ) 

Including BAO constraint 
is much tighter: 

Planck 2015 results, XIII 



viable candidate as warm dark matter: not hot (decoupled when  
relativistic)neither cold (massive particles such as WIMP’s). 

Bounds 

1)  mS > 0.4 keV (Tremain-Gunn): since they’re fermions their  
local density cannot exceed the thermal Fermi degenerate gas density 

Non thermal production! Otherwise too much energy density! 

€ 

ρS > 45 keV cm-3

ρcr =10.5 h2 keV cm-3



Production via oscillations: 

Resonant mode: a large active neutrino asymmetry can give a  
resonant matter effect 

Non resonant mode:  
lower sterile density. 

2) X ray signal from vS v + γ   
 mS <50 keV 

3) bounds from LSS. For warm dark matter the free streaming length is 
smaller: suppression of structure at a smaller scale with respect to hot 
dark matter: Ly α forest 

mS > 2 keV  



Several indirect effects of the neutrino background on cosmological 
observables 

Informations on neutrino properties: mass oscillations, extra relativistic 
species, lifetime, magnetic moments,…… 

DIRECT OBSERVATION? 

Tritium! See review of other 
approaches in S. Gariazzo talk  



Milky Way (1012 Msun) 

@ Earth 

Ringwald and Wong ‘04 



A ’62 paper by S. Weinberg and v chemical potential 

In the original idea a large neutrino chemical potential 
produces a distortion of the electron (positron)  
spectrum near the endpoint energy 



Massive neutrinos and neutrino capture on beta 
decaying nuclei 

e± 

νe 

(-) 

(A, Z) (A, Z ± 1) 

Beta decay 

e± 

νe 
(-) 

Neutrino Capture on a 
Beta Decaying Nucleus 

(A, Z) (A, Z ± 1) 

This process has no energy threshold ! 



dn/dEe 

Q
β 

mν 

Ee-me 

2mν 

A 2 mv  gap in the electron spectrum centered 
around Qβ 

Today we know that v are NOT degenerate but are 
massive !! 

Beta decay 

Neutrino Capture on a 
Beta Decaying Nucleus 

dn/dEe 

Ee-me 

Q
β 

mν 



Two issues: 

Rate 

Background 



1272 β- decays 

  799 β+ decays 

Beta decaying nuclei having BR(β±) > 5 %  
selected from 14543 decays listed in the ENSDF database 

3H 

A, Cocco et 
al, 2007 



Superallowed 0+        0+ decays 
used for CVC hypotesis testing 
(very precise measure of Qβ and t1/2) Nuclei having the highest product 

                     σNCB  t1/2 



The cosmological relic neutrino capture rate 

Tν = 1.7 ⋅ 10-4 eV 



In the case of Tritium: 

Taking into account the beta decays occurring in the last bin  
of width Δ at the spectum end-point we have that 

The ratio between capture (λν) and beta decay rate (λβ) is obtained  
using the  previous expressions  

∼ 10- 10 



Observing the last 
energy bins of width Δ 

Δ 

It works for Δ<mv 

dn/dTe 

mν Te 

2mν 

Δ Δ Δ 

where the last term is the probability for a beta decay electron 
at the endpoint to be measured beyond the 2mν gap 



As an example, given a neutrino mass of 0.7 eV and an 
energy resolution at the beta decay endpoint of 0.2 eV 
a signal to background ratio of 3 is obtained 

In the case of 100 g mass target of Tritium it would take 
one and a half year to observe a 5σ effect 

In case of neutrino gravitational clustering we expect a 
significant signal enhancement 

FD = Fermi-Dirac  NFW= Navarro, Frenk and White MW=Milky Way (Ringwald, Wong) 



  Aim at direct neutrino mass measurement through the 
  study of the 3H endpoint(Qβ =18.59 keV, t1/2=12.32 years) 

  Phase I: 
     Energy resolution: 0.93 eV 
     Tritium mass: ∼ 0.1 mg 
     Noise level 10 mHz 
     Sensitivity to νe mass: 0.2 eV 

Magnetic Adiabatic Collimator + Electrostatic filter 




