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eV

The investigation on Light Sterile Neutrinos has been stimulated by the 
presence of anomalous results from neutrino oscillation experiments

 LNSD

 MiniBooNE

 Gallium

 Reactor

eV Sterile Neutrino

. J. Kopp et al, 2013

Interpretation: 1 (or more) sterile neutrino with Δm2 ~ O (eV2) and θs~ O (θ13)

2

3+1, 3+2  schemes

see 
White paper, Abazajian et al., 2012

...waiting new data (IceCube...) 
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…sometimes in tension among themselves…
            appearance VS disappearance

.
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Interpretation: 1 (or more) sterile neutrino with Δm2 ~ O (eV2) and θs~ O (θ13)
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3+1, 3+2  schemes

Are eV νs compatible with cosmology?

see 
White paper, Abazajian et al., 2012
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…sometimes in tension among themselves…
            appearance VS disappearance

.

...waiting new data (IceCube...) 
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Cosmological observations

1 MeV 1 eV T

Sensitivity to Neff and ν flavour

Sensitivity to Neff and ν masses
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 The non-e.m. energy density is parameterized by the effective numbers of neutrino species Neff

  Radiation Content in the Universe
At T  <  me , the radiation content of the Universe is

due to non-instantaneous neutrino decoupling 
(+ oscillations)

4Ninetta Saviano

Di Bari et al. 2013, Boehm et al. 2012, Conlon and Marsh, 201,3 Gelmini, Palomarez-Ruiz, Pascoli, 2004

�N = Extra Radiation:  axions and axion-like particles, sterile neutrinos (totally or 
                            partially thermalized), neutrinos in very low-energy reheating 
                            scenarios, relativistic decay products of heavy particles...

Invisibles15, Madrid, 22/06/15



Impact on Big Bang Nucleosynthesis
At T~1- 0.01 MeV  production of the primordial abundances of light 
elements, in particular 2H, 4He

When  Γn⟷p  < H   ➜ neutron-to- proton ratio freezes out
nn
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=

n

p
= e��m/T ! 1/7

nn
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=
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p
= e��m/T ! 1/7
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BBN constraint on ΔNeff   :   NO strong preference    
From new precise measure of D in  damped Lyman-α system
 Neff = 3.28 ± 0.28 ,1 extra d.o.f. ruled out at 99.3 C.L.

ΔNeff  ≤ 1   (95% C.L.)
Hamann et al, 2011, Mangano and Serpico. 2012  Cooke, Pettini et al., 2013



  Impact on CMB and LSS

degeneracy among the parameters ! necessary
 to combine with other cosmological probes 

Ninetta Saviano

 If sterile neutrinos are still relativistic at the
 CMB epoch, they impact the CMB spectrum

318 The recent times: neutrinos and structure formation
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Figure 6.5 Step-like suppression of the matter power spectrum due to neu-
trino mass. The power spectrum of a ⇤CDM model with two massless and
one massive species has been divided by that of a massless model, for several
values of m

⌫

between 0.05 eV and 0.50 eV, spaced by 0.05 eV. All spectra
have the same primordial power spectrum and the same parameters (⌦

M

,
!

M

, !
B

).

• in the intermediate region (k slightly larger than knr), neutrino pertur-
bations, although smaller than CDM perturbations, are not completely
negligible, at least at small redshift. Hence there is a smooth transition
between the region where neutrino masses have no e↵ect, and that in
which they have a maximal e↵ect.

In summary, neutrino masses produce a smooth step-like suppression of the
matter power spectrum on scales k > knr. This step is shown in Fig. 6.5 for
various masses. In the next subsection, we show how to estimate analytically
the suppression factor as a function of neutrino masses in the small scale
limit.

Suppression factor for k � knr

Several approaches for estimating analytically or semi-analytically the neu-
trino mass impact on small scales have been discussed in the literature. A
very accurate (but also very technical) discussion has been presented in (Hu
and Eisenstein, 1998) (see also (Holtzman, 1989), (Pogosian and Starobin-

  mν (Σ) 
increases

 Lesgourgues, Mangano, Miele and Pastor “Neutrino Cosmology”, 2013 

The small-scale matter power spectrum  
 P(k > knr) is reduced in presence of  
 massive ν:

✓   free-streaming neutrinos do not cluster 

✓   slower growth rate of CDM (baryon)  
      perturbations

See Archidiacono’s and Wong talks
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me↵
⌫s = ⇢ss m

ph
⌫s

 Joint constraints on Neff and meff
νs

L. Verde et al, 2014

meff
νs  < 0.3  eV (95% C.L)

     model     Planck TT
         +

mass bound (eV)
     (95% C.L.)

Joint analysis
  Neff & 1 mass νs 
(prior  mph

νs <10 eV)

lowP+lensing+BAO
Neff < 3.7

meff
νs < 0.52 

  Joint analysis
  Neff & 1 mass νs 
(prior  mph

νs <2 eV)

lowP+lensing+BAO
Neff < 3.7

meff
νs < 0.38 

Planck XIII, 2015

7

Hamann and Hasenkamp, 2013

CMB
all

all= CMB+H0+ C+ CFHTLens

ΔNeff = 0.61 +- 0.30  
                                   meff

νs = 0.41+-0.13 eV
                     (68% C.L.)

me↵
⌫s ⌘ (94, 1 ⌦⌫h

2)eV

Less stringent mass bound from combined analysis      meff
νs  < 0.7  eV

Invisibles15, Madrid, 22/06/15

See Galli’s talk



Active-sterile flavour evolution

i
d⇢

dt
= [⌦, ⇢] + C[⇢]

⌦ = ⌦vac + ⌦mat + ⌦⌫�⌫

Evolution equation:

8

Sterile ν are produced in the Early Universe by the mixing with the active species in 
presence of collisions  

Vacuum term  MSW effect with 
 background medium 
 (refractive effect)  

 refractive ν−ν 
self-interactions term  

Collisional term  
  
creation, annihilation and all the 
momentum exchanging processes

⇢p =

0
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  ν ensemble

+ ...
Stodolsky , Raffelt and Sigl,1992 ;  

Sigl and Raffelt 1993;

(3+1) Scenario



 Thermalized sterile ν with m ∼ O (1 eV) strongly disfavored by cosmological constraints

•  3+1: Too heavy for LSS/CMB 
•  3+2: Too heavy for LSS/CMB and too  many for BBN/CMB

For the mass and mixing parameters 
preferred by laboratory
sterile ν are copiously produced, 
reaching 1 extra d.o.f

9Ninetta Saviano

Comparing with the cosmological bounds:

Invisibles15, Madrid, 22/06/15



 Possible solutions...?
• Different mechanisms to suppress the νs abundance:
 

1. large ν-ν asymmetries
       In the presence of large ν-ν asymmetries (L~10-2) sterile  production strongly
          suppressed.  Mass bound can be evaded   
 

2.  “secret” interactions for sterile neutrinos

      3.   low reheating scenario
            sterile abundance depends on reheating temperature  

• Modification of cosmological models
 

 Inflationary Freedom

Shape of primordial power spectrum of scalar perturbations  different from 
the usual power-law

10Ninetta Saviano

Mirizzi, N.S., Miele, Serpico 2012
Saviano et al., 2013
 Hannestad, Tamborra and Tram 2012
Chu & Cirelli, 2006 
Di Bari et al, 2001

Hannestad et al., 2013,
Dasgupta and Kopp 2013,
Bringmann et al., 2013
Archidiacono et al., 2014
Saviano et al.,2014
Mirizzi, Mangano, Pisanti, N.S. 

 Gelmini, Palomarez-Ruiz, Pascoli, 2004
Yaguna 2007

Gariazzo, Giunti Laveder, 2015
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Secret interactions for sterile νs 
Hannestad, Hansen & Tram,  2013 

 4-fermion point-like interaction:
new secret self-interactions among 
sterile ν mediated by a massive 
gauge boson X : MX << MW 

Suppress the thermalization of  
sterile neutrinos
(Effective νa-νs mixing reduced by a large 
matter term)

νs - νs  interaction strength                               for T<< MX  GX =

p
2

8

g2X
M2

X

GX =

p
2

8

g2X
M2

X
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             consequences on cosmological bounds at low temperature
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νs - νs  interaction strength                               for T<< MX  GX =

p
2

8

g2X
M2

X

GX =

p
2

8

g2X
M2

X

Caveat:  can also generate MSW-like resonant flavor conversions and collisional    
                induced conversions among active and sterile neutrinos, enhancing their   
                production

             consequences on cosmological bounds at low temperature

   If the new mediator interaction X also couples to Dark Matter
                possible attenuation of  some of the small scale structure problems 
                (“missing satellites” problem... )      

Dasgupta and Kopp, 2013
Bringmann et al, 2013

see Archidiacono’s talk
Invisibles15, Madrid, 22/06/15



Secret interactions for sterile νs 
Hannestad, Hansen & Tram,  2013 

 4-fermion point-like interaction:
new secret self-interactions among 
sterile ν mediated by a massive 
gauge boson X : MX << MW 

Suppress the thermalization of  
sterile neutrinos
(Effective νa-νs mixing reduced by a large 
matter term)

νs - νs  interaction strength                               for T<< MX  GX =

p
2

8

g2X
M2

X

GX =

p
2

8

g2X
M2

X

i
d⇢

dt
= [⌦, ⇢] + C[⇢]

Evolution equation:

/ GF

⌦ = ⌦vac + ⌦mat + ⌦⌫�⌫ + ⌦secr
⌫s�⌫s

/ GX

C = CSM + Csecr

/ G2
F

/ G2
X/ G2

F 12Ninetta Saviano

for pseudo-scalar model see Archidiacono’s talk



Standard case: as expected the sterile  
are copiously produced and thermalize

.

Saviano, Pisanti, Mangano, Mirizzi 2014, ArXiv::1409.1680 

 Sterile production by secret interactions 
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Secret interactions: shift of the conversions 
at lower T. Flavor equilibrium induced by 
the collisional term

.

Saviano, Pisanti, Mangano, Mirizzi 2014, ArXiv::1409.1680 

 Sterile production by secret interactions 
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Secret interactions: conversions around  
1 MeV, sterile ν partially suppressed,

flavor equilibrium.
Note that also νe and  νµ the  are depleted: 
crucial for Neff  (strongly reduced) but also 
for BBN

       ρee= 0.7,  ΔNeff = 0.18

.

Saviano, Pisanti, Mangano, Mirizzi 2014, ArXiv::1409.1680 

 Sterile production by secret interactions 
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Allowed

Planck best fit  Ωb h2= 0.02207

� =
q

�2
exp

+ �2
th

BBN constrains

Planck best fit  Ωb h2= 0.02207
95% C.L. Planck range Ωb h2

Saviano, Pisanti, Mangano, Mirizzi 2014, ArXiv::1409.1680 

Experimental reference value: Yp = 0.2551+- 0.0022

4He yield

PArthENoPE code
Pisanti et al, 2012

 D yield

Experimental reference value: 2H/H = (2.53± 0.04)⇥ 10�5

σexp

σth= 0.062 X10-5 Uncertainty on the reaction d(p, γ)3He ➜

� =
q

�2
exp

+ �2
th

Most of the parameter space excluded at 3σ   MX     40 MeV�



Mass constrains

lower MX   ↔ very large GX  (> 105 GF)   very strong secret  collisional term
 leading to a quick flavor equilibrium

Scatterig rate:

(ρee,  ρµµ,  ρττ,  ρss)initial      →
   (1,     1,   1,     0)

(ρee,  ρµµ,  ρττ,  ρss)final

(3/4, 3/4, 3/4, 3/4)

The flavour evolution (scattering-induced decoherent production) leads to a large 
population of sterile states

Impact  on the mass bound:

 ➝  the laboratory lower value in the 2σ  range gives                       eV

meff
st ⇠ 0.8

me↵
st ⇠ 0.8

BUT... the  less stringent cosmological bounds on sterile mass  give 0.7 eV

 Mirizzi,Mangano, Pisanti Saviano, 2014, 
ArXiv:1410.1385

disfavored  MX     0.1 MeVSecret interaction scenario: �
15Ninetta Saviano

Stodolsky, 1987
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Conclusions
• eV sterile ν incompatible with cosmological bounds:  
    too heavy for structure formation

• possible but not guaranteed  reconciliation  via suppression of sterile abundance:
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Conclusions
• eV sterile ν incompatible with cosmological bounds:  
    too heavy for structure formation

• possible but not guaranteed  reconciliation  via suppression of sterile abundance:

- Very large  MX                                  thermalization of  νs  ↔ secret interactions do not have effect

-  400 MeV > MX > 0.1  MeV                               mechanism strongly disfavoured  by BBN 
bounds and by sterile mass bounds 

-  MX < 0.1  MeV   ➙ unconstrained at the moment:  νs  still coupled at CMB and LSS  

                                  epochs  ➙ no free-streaming     
Present cosmological mass bound obtained considering free-streaming ν

an appropriated analysis  should be performed for 4-fermion model

relevant also for small scale DM problems: the game is still open
Chu, Dasgupta and Kopp, 2015

• Secret interactions among νs: 
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 Thank you!



Vacuum term
with M neutrino mass matrix

U M2U†

charged lepton asymmetry subleading  (O(10-9)) ➜ 
➜ 2th order term: “symmetric” matter effect
        sum of  e- - e+ energy densities ε

 MSW effect with  background 
medium  (refractive effect)

5

In terms of ϱ and ϱ̄ the Equations of Motion (EoMs) for the neutrino ensemble assume the form [29, 30, 52]

i
dϱ

dx
= +

x2

2m2 y H

!
U†M2U , ϱ

"
+

√
2GF m2

x2 H

#$
−

8 ym2

3 x2 m2
W

Eℓ −
8 ym2

3 x2 m2
Z

Eν + Nν

%
, ϱ

&

+
xC[ϱ]

mH
, (12)

i
dϱ̄

dx
= −

x2

2m2 y H

!
U†M2U , ϱ̄

"
+

√
2GF m2

x2 H

#$
+

8 ym2

3 x2 m2
W

Eℓ +
8 ym2

3 x2 m2
Z

Eν + Nν

%
, ϱ̄

&

+
xC[ϱ̄]

mH
, (13)

x
dε

dx
= ε− 3P . (14)

In the previous expressions H denotes the properly normalized Hubble parameter, namely

H ≡
x2

m
H =

x2

m

'
8π ϵ(x, z(x))

3M2
Pl

=

$
m

MPl

%(
8πε(x, z(x))

3
, (15)

where the total energy density and pressure of the plasma, ϵ and P , enter through their “comoving transformed”
ε ≡ ϵ(x/m)4 and P ≡ P (x/m)4 respectively. Since for most of the temperatures we are interested in, electron and
positrons are the only charged leptons populating the plasma in large numbers, to a very good approximation the
total energy density can be expressed as the sum

ε(x, z(x)) ≃ εγ + εe + εν , (16)

where

εγ =
π2

15
z4(x) , (17)

εe =
1

π2

) ∞

0

dy y3 [fFD(y/z(x)− φe) + fFD(y/z(x) + φe)] ≃
7 π2

60
z4(x) , (18)

εν =
1

2π2

)
dy y3Tr[ϱ(x, y) + ϱ̄(x, y)] ≡

7

8

π2

15
Neff . (19)

Note that due to the range of temperature T considered we have safely assumed massless e± that, due to the fast
electromagnetic interactions, have a Fermi-Dirac distribution fFD(y/z(x)∓φe) ≡ 1/(exp(y/z(x)∓φe)+1) respectively.
The reduced electron chemical potential φe is in principle a dynamical variable that requires a further equation (the
electric charge conservation) in order to be evolved consistently. However, for our purpose electrons are only important
when their energy density is dominated by pairs, rather than by the e− excess due to the baryon asymmetry, and φe

can be put equal to zero.
The first term on the r.h.s. of the EoMs (12) and (13) is responsible for the vacuum neutrino oscillations. In the

second term, the diagonal matrix Eℓ related to the energy density of charged leptons under the previous assumptions
takes the form

Eℓ ≡ diag(εe, 0, 0, 0) = diag

$
7 π2

60
z4(x), 0, 0, 0

%
. (20)

Moreover we have

Nν =
1

2π2

)
dy y2 {Gs(ϱ(x, y)− ϱ̄(x, y))Gs + GsTr [(ϱ(x, y)− ϱ̄(x, y))Gs]} , (21)

Eν =
1

2π2

)
dy y3 Gs(ϱ(x, y) + ϱ̄(x, y))Gs . (22)

These terms make the EoMs non-linear and are the main numerical challenge in dealing with this physical system.
Note that the matrix Nν is related to the difference of the density matrices of neutrinos and antineutrinos, while
Eν to their sum. The matrix Gs = diag(1, 1, 1, 0) in flavor space contains the dimensionless coupling constants. We
remark that in the presence of more than one active species, the Nν matrix also contains off-diagonal terms. The

Figure 2.1: Representative amplitudes contributing to forward scatterning: (a)
leading order and (b) higher order CC interactions (c) leading or-
der and (d) higher order NC interactions, (e) and (f) momentum
conserving and momentum exchanging processes, respectively, corre-
sponding to the low-energy limit of (c).

Self-interaction terms In extreme environments, such as the SN and the
Early Universe, the density of the neutrinos can be high that the neutri-
nos themselves form a background medium for their propagation [59]. The
neutrino-neutrino interactions, / GF , make an additional contribution to the
refractive energy shift. In particular, in addition to the diagonal refractive
index, there will be present also “o↵-diagonal refractive potentials” given by
the zero-momentum transfer processes in which neutrinos flavor exchange.
The amplitudes contributing to these processes are shown in the panel (c),
(d), (e), (f) of the Fig. 2.1.
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index, there will be present also “o↵-diagonal refractive potentials” given by
the zero-momentum transfer processes in which neutrinos flavor exchange.
The amplitudes contributing to these processes are shown in the panel (c),
(d), (e), (f) of the Fig. 2.1.
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tive method presented in Mangano & Serpico (2011) leads to an
upper bound for YBBN

P that is consistent with the above estimate.
The recent measurement of the proto-Solar helium abundance
by Serenelli & Basu (2010) provides an even more conservative
upper bound, YP < 0.294 at the 2� level.

For the primordial abundance of deuterium, data points show
excess scatter above the statistical errors, indicative of system-
atic errors. The compilation presented in Iocco et al. (2009),
based on data accumulated over several years, gives yBBN

DP =
2.87 ± 0.22 (68% CL). Pettini & Cooke (2012) report an accu-
rate deuterium abundance measurement in the z = 3.04984 low-
metallicity damped Ly↵ system in the spectrum of QSO SDSS
J1419+0829, which they argue is particularly well suited to deu-
terium abundance measurements. These authors find yBBN

DP =
2.535 ± 0.05 (68% CL), a significantly tighter constraint than
that from the Iocco et al. (2009) compilation. The Pettini-Cooke
measurement is, however, a single data point, and it is im-
portant to acquire more observations of similar systems to as-
sess whether their error estimate is consistent with possible
sources of systematic error. We adopt a conservative position
in this paper and compare both the Iocco et al. (2009) and the
Pettini & Cooke (2012) measurements to the CMB predictions

We consider only the 4He and D abundances in this paper.
We do not discuss measurements of 3He abundances since these
provide only an upper bound on the true primordial 3He frac-
tion. Likewise, we do not discuss lithium. There has been a long
standing discrepancy between the low lithium abundances mea-
sured in metal-poor stars in our Galaxy and the predictions of
BBN. At present it is not clear whether this discrepancy is caused
by systematic errors in the abundance measurements, or has an
“astrophysical” solution (e.g., destruction of primordial lithium)
or is caused by new physics (see Fields 2011, for a recent re-
view).

6.4.2. Planck predictions of primordial abundances in
standard BBN

We first restrict ourselves to the base cosmological model, with
no extra relativistic degrees of freedom beyond ordinary neutri-
nos (and a negligible lepton asymmetry), leading to Ne↵ = 3.046
(Mangano et al. 2005). Assuming that standard BBN holds, and
that there is no entropy release after BBN, we can compute
the spectrum of CMB anisotropies using the relation YP(!b)
given by PArthENoPE. This relation is used as the default
in the grid of models discussed in this paper; we use the
CosmoMC implementation developed by Hamann et al. (2008).
The Planck+WP+highL fits to the base ⇤CDM model gives the
following estimate of the baryon density,

!b = 0.02207 ± 0.00027 (68%; Planck+WP+highL), (84)

as listed in Table 5. In Fig. 29, we show this bound together
with theoretical BBN predictions for YBBN

P (!b) and yBBN
DP (!b).

The bound of Eq. (84) leads to the predictions

YP(!b) = 0.24725 ± 0.00032, (85a)
yDP(!b) = 2.656 ± 0.067, (85b)

where the errors here are 68% and include theoretical errors that
are added in quadrature to those arising from uncertainties in
!b. (The theoretical error dominates the total error in the case
of YP.)36 For helium, this prediction is in very good agreement

36Note that, throughout this paper, our quoted CMB constraints on
all parameters do not include the theoretical uncertainty in the BBN
relation (where used).

0.
25

0.
26

Y
P Aver et al. (2012) Standard BBN

0.018 0.020 0.022 0.024 0.026
�b

2.
2

2.
6

3.
0

3.
4

y D
P

Iocco et al. (2008)

Pettini & Cooke (2012)

Planck+WP+highL

Fig. 29. Predictions of standard BBN for the primordial abun-
dance of 4He (top) and deuterium (bottom), as a function of
the baryon density. The width of the green stripes corresponds
to 68% uncertainties on nuclear reaction rates. The horizontal
bands show observational bounds on primordial element abun-
dances compiled by various authors, and the red vertical band
shows the Planck+WP+highL bounds on !b (all with 68% er-
rors). BBN predictions and CMB results assume Ne↵ = 3.046
and no significant lepton asymmetry.

with the data compilation of Aver et al. (2012), with an error
that is 26 times smaller. For deuterium, the CMB+BBN pre-
diction lies midway between the best-fit values of Iocco et al.
(2009) and Pettini & Cooke (2012), but agrees with both at ap-
proximately the 1� level. These results strongly support stan-
dard BBN and show that within the framework of the base
⇤CDMmodel, Planck observations lead to extremely precise
predictions of primordial abundances.

6.4.3. Estimating the helium abundance directly from Planck
data

In the CMB analysis, instead of fixing YP to the BBN predic-
tion, YBBN

P (!b), we can relax any BBN prior and let this pa-
rameter vary freely. The primordial helium fraction has an influ-
ence on the recombination history and a↵ects CMB anisotropies
mainly through the redshift of last scattering and the dif-
fusion damping scale (Hu et al. 1995; Trotta & Hansen 2004;
Ichikawa & Takahashi 2006; Hamann et al. 2008). Extending
the base ⇤CDM model by adding YP as a free parameter with
a flat prior in the range [0.1, 0.5], we find

YP = 0.266 ± 0.021 (68%; Planck+WP+highL). (86)

Constraints in the YP–!b plane are shown in Fig. 30. This figure
shows that the CMB data have some sensitivity to the helium
abundance. In fact, the error on the CMB estimate of YP is only
2.7 times larger than the direct measurements of the primordial
helium abundance by Aver et al. (2012). The CMB estimate of
YP is consistent with the observational measurements adding fur-
ther support in favour of standard BBN.

6.4.4. Extension to the case with extra relativistic relics

We now consider the e↵ects of additional relativistic degrees of
freedom on photons and ordinary neutrinos (obeying the stan-
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ωb = 0.02207 ± 0.00027
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Figure 6.5 Step-like suppression of the matter power spectrum due to neu-
trino mass. The power spectrum of a ⇤CDM model with two massless and
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• in the intermediate region (k slightly larger than knr), neutrino pertur-
bations, although smaller than CDM perturbations, are not completely
negligible, at least at small redshift. Hence there is a smooth transition
between the region where neutrino masses have no e↵ect, and that in
which they have a maximal e↵ect.

In summary, neutrino masses produce a smooth step-like suppression of the
matter power spectrum on scales k > knr. This step is shown in Fig. 6.5 for
various masses. In the next subsection, we show how to estimate analytically
the suppression factor as a function of neutrino masses in the small scale
limit.

Suppression factor for k � knr

Several approaches for estimating analytically or semi-analytically the neu-
trino mass impact on small scales have been discussed in the literature. A
very accurate (but also very technical) discussion has been presented in (Hu
and Eisenstein, 1998) (see also (Holtzman, 1989), (Pogosian and Starobin-

  mν (Σ) 
increases

The small-scale matter power spectrum P(k > knr) is reduced in presence of massive ν:

✓   free-streaming neutrinos do not cluster 

✓   slower growth rate of CDM (baryon) perturbations
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