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Experimental hints for sterile neutrinos

★ LSND anomaly [A. Aguilar et al., PRD 64, 112007 (2001)]

★ MiniBooNE data [A.A.Aguilar-Arevalo et al., PRL 102, 101802 (2009)]

★ Short-baseline disappearance data (Bugey, ROVNO, ILL)

★ Reactor anomaly [Mention et al. PRD 83, 073006 (2011), Huber, PRC 84, 024617 (2011)]

★ Gallium anomaly [Giunti, Laveder, PRC 83, 065504 (2011)]

★ ICARUS search for the “LSND anomaly” [M. Antonello et al., arXiv: 1209.0122]

Observations at odds with standard 3-neutrino interpretation of global oscillation data:

Light sterile neutrinos explain quite well these anomalies.*

*  See the white paper on sterile neutrinos for more details: K.N. Abazajian et al., arXiv: 1204.5379.

[See talks by C. Giunti, C. Rubbia, L. Stanco]



The standard value is                    , and it is associated to 3 neutrino families. 
It exceeds 3 because         annihilation provides neutrino heating. 

Neff = 3.046
e+e−

Radiation content of the universe
The radiation content of the universe is expressed in terms of a parameter (      ) representing 
any relativistic degree of freedom. 

Neff

Recent results: 
WMAP-7 (Wilkinson Microwave Anisotropy probe)+
LSS (Large Scale Structure) found

Neff = 4.34+0.86
−0.88

WMAP

A similar study including SDSS data release 7 
(Sloan Digital Sky Survey) found

Neff = 4.78+1.86
−1.79
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Auszüge:

SDSS Query Analyzer

Autor: Nolan Li & Tanu Malik, JHU
Datum: März 2004

sdssQA ist ein GUI SQL Suchwerkzeug, das hilft SQL Suchanfragen aufzustellen. Es wurde durch den SQL Server
Query Analyzer angeregt, aber läuft wie eine Java Applikation auf UNIX, Macintosh und Windows - es ist auf dieser
Webseite frei verfügbar. Die Verbindung findet über ODBC/JDBC (für den lokalen Gebrauch) statt, und über HTTP oder
SOAP für den Gebrauch im Internet.

Download sdssQA

Command-Line SQL Tool

Autor: Tamas Budavari, JHU
Datum: April 2003

sqlcl ist ein Kommandozeilen SQL Suchwerkzeug, um bei den SQL Suchanfragen zu helfen. Es ist ein einfaches
Werkzeug, das in Python geschrieben ist, und Suchanfragen einreichen lässt, ohne großes Aufheben.

Download sqlcl

GalaxyExplorer: ein 3D Visualisierungswerkzeug

Autor: Szalay, Tamas
Datum: Jan 2002

Dieses Werkzeug ermöglicht einen interaktiven, Videospiel-ähnlichen Flug durch die 3D Galaxieverteilung der Sloan
Digital Sky Survey. Es läuft unter Windows, benötigt DirectX8.0 oder höher, und eine Graphikkarte, die 3D unterstützt.

Download GalaxyExplorer

The SDSS SkyServer – Public Access to the Sloan Digital Sky Survey Data

Autor: Szalay, Alexander ; Gray, Jim ; Thakar, Ani ; Kunszt, Peter Z. ; Malik, Tanu ;
             Raddick, Jordan ; Stoughton, Christopher ; VandenBerg, Jan
Datum: November 2001

Der SkyServer bietet einen Internetzugriff auf die öffentlichen Daten der Sloan Digital Sky Survey (SDSS) an, für
Astronomen und für die wissenschaftliche Bildung. Dieses Paper beschreibt die Ziele und Architektur des SkyServers.
Es beschreibt auch unsere Erfahrungen mit dem Betrieb des SkyServers im Internet. Die SDSS Daten sind öffentlich
und gut dokumentiert, was sie zu einer guten Testgrundlage für Untersuchungen von Datenbankalgorithmen und
-leistungen macht. Dies erschien als ein Microsoft Technical Report, MS-TR-2001-104.

Download MS-TR-2001-104

Designing and Mining Multi-Terabyte Astronomy Archives: The Sloan Digital Sky

Survey

Download

SDSS SkyServer Download http://cas.sdss.org/dr7/de/help/download/

1 of 2 02/07/2010 15:58

*  J. Hamann, JCAP 1203 (2012) 021, Smith et al., PRD 85 (2012) 023001, Archidiacono et al., PRD 84 (2011) 123008.  

Recent analysis point towards             .* Neff > 3 [See talk by A. Melchiorri]
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Assuming the existence of light sterile neutrinos, 
they can mix with the active ones. 

Sterile neutrinos can be thermally excited by the 
interplay of oscillations and collisions.

★ three different light active neutrino families 
★ photons

Main radiation components: 

Viable candidates for the excess of radiation, often called “dark radiation,” are sterile 
neutrinos. However other possible candidates might be considered.

Extra-Radiation components: 

How is the radiation excess explained?



Cosmological bounds on sterile neutrinos

In this scenario,              and 3.046 
species of ordinary neutrinos have a 
common mass      .  

ms = 0

mν

In this scenario,             and 2 species 
of sterile neutrinos have a common 
mass      .  

mν = 0

ms

             scheme [fit CMB+LSS]Ns + 3

In the            scenario, 2D marginalized probability at             has a long and narrow tail 
towards larger      , the fewer sterile states there are, the larger the mass they are 
allowed to possess. 
However,                 is cosmologically viable only if additional ingredients are included 
since otherwise the sterile states would contribute too much hot dark matter.**    

Ns < 1

ms � 1 eV

3 + Ns

ms

*  J. Hamann, S. Hannestad, G.G. Raffelt, I. Tamborra, and Y.Y.Y. Wong, PRL 105, 181301 (2010).
**J. Hamann et al., JCAP 1109 (2011) 034.
See also E. Giusarma et al., PRD 83, 115023 (2011), S. Joudaki, K. Abazajian, M. Kaplinghat, arXiv: 1208.4354.

             scheme [fit CMB+LSS]3 + Ns



Concerning BBN: both         and     prefer            , but it may be difficult to accommodate
           .*
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Figure 4. 2D marginal 90%- and 99%-credible regions in the (ωb, Ns)-plane, assuming the

BBN+sterile scenario. Black lines denote results from elemental abundance measurements alone

(solid lines assume τn = 878.5 s, dotted lines 885.7 s). The red lines include a CMB+LSS prior on

ωb. Top left: D data. Top right: 4
He data. Bottom: D+

4
He data.

Figure 5. 1D posterior pdf for Ns, marginalised over ωb, for the BBN+sterile scenario and D+
4
He

data. Same colour/line coding as in figure 4.

thermalisation, such that the effective Ns is smaller than 2; this scenario could be confirmed

if future CMB+LSS data should find Neff < 5. Alternatively, the sterile neutrinos could be

the decay products of a heavy particle species between BBN and decoupling. In this case,

– 9 –

element abundance data only additional CMB prior onωb

*  J. Hamann et al., PRL 105, 181301 (2010). J. Hamann et al., JCAP 1109 (2011) 034.
    See also G. Mangano and P. Serpico, Phys. Lett. B 701 (2011) 296.

Big Bang Nucleosynthesis Bounds

Bounds on dark radiation from BBN point towards a more constrained value for     than what 
is implied by CMB+LSS data.

Ns



Thermalization of Sterile Neutrinos
JCAP07(2012)025

In what follows we will refer δm2
s > 0 as the normal hierarchy scenario (NH) and δm2

s < 0
as the inverted hierarchy scenario (IH). Structure formation data strongly disfavour mod-
els with a total thermalised neutrino mass (the sum of all fully thermalised mass states)
in excess of 0.5–1 eV. Given that all the active states are fully thermalised this disfavours
the inverted hierarchy for sterile masses above 0.2–0.3 eV. However, for masses below this
the inverted hierarchy is not disfavoured and for completeness we study the same mass and
mixing parameter space for both NH and IH.

In order to describe the evolution of sterile neutrinos in the early universe, we use the
density matrix formalism and we express the density matrix associated with each momentum
p in terms of the Bloch vector components (P0,P) = (P0, Px, Py, Pz) [40, 41, 43],

ρ =
1

2
f0(P0 +P · σ) , ρ =

1

2
f0(P 0 +P · σ) , (2.3)

where σ are the Pauli matrices and f0 = 1/(1+ep/T ) is the Fermi-Dirac distribution function
with no chemical potential. The neutrino kinetic equations in terms of the components of
the Bloch vectors for each momentum mode are:

Ṗ = V ×P−D(Pxx+ Pyy) + Ṗ0z , (2.4)

Ṗ0 = Γ

[
feq
f0

−
1

2
(P0 + Pz)

]
(2.5)

where the dot denotes the time derivative (dt = ∂t −Hp∂p, with H the Hubble parameter)
and feq = 1/(1 + e(p−µ)/T ).

Defining the comoving momentum x = p/T , the vector V has the following components

Vx =
δm2

s

2xT
sin 2θs , (2.6)

Vy = 0 , (2.7)

Vz = V0 + V1 + VL. (2.8)

and

V0 = −
δm2

s

2xT
cos 2θs, (2.9)

V (a)
1 = −

7π2

45
√
2

GF

M2
Z

xT 5 [nνa + nν̄a ] ga (2.10)

VL =
2
√
2ζ(3)

π2
GFT

3L(a). (2.11)

Here, gµ,τ = 1 for νµ,τ–νs mixing, ge = 1 + 4 sec2 θW /(nνe + nν̄e) for νe–νs mixing and θW is
the Weinberg angle. The dimensionless number densities nνa,(ν̄a) are the equilibrium active
neutrino (antineutrino) densities normalised to unity in thermal equilibrium. The effective
neutrino asymmetries L(a) are defined by

L(e) =

(
1

2
+ 2 sin2 θW

)
Le +

(
1

2
− 2 sin2 θW

)
Lp −

1

2
Ln + 2Lνe + Lνµ + Lντ , (2.12)

L(µ) = L(e) − Le − Lνe + Lνµ , (2.13)

L(τ) = L(e) − Le − Lνe + Lντ , (2.14)
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*   S. Hannestad, I. Tamborra, and T. Tram, JCAP 07 (2012) 025.

damping term 
(loss of quantum coherence)

scattering rate 

The neutrino kinetic equations for each mode are (with                       )**dt = ∂t −Hp∂p

V = V(δm2
s, θs, L

(a), p, T )

processes that deplete or 
enhance the abundance of aaa          νa

Big Bang Nucleosynthesis constraints assume sterile neutrinos are thermalized at the BBN 
epoch. Is this assumption justified? 
To study their thermalization, we* assume (1 active+1 sterile) scheme and adopt the density 
matrix formalism. The matrix associated with each momentum bin can be decomposed in 
terms of the Bloch vector components 

**  G. Sigl and G.G. Raffelt, Nucl. Phys. B 406, 423 (1993).

[See talk by N. Saviano]



Thermalization of Sterile Neutrinos
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Thermalization of Sterile Neutrinos
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★ Cosmological data favor extra-radiation in the universe beyond photons and neutrinos. 
Low-mass sterile neutrinos are one natural possibility, introduced also to explain the 
LSND/MiniBooNE+reactor anomalies.

★ One/two sterile states are allowed from cosmology (CMB+LSS), BBN is more 
constraining (one thermalized sterile state allowed).

★ Small/null initial leptonic asymmetry: one eV (sub-eV) mass sterile family is 
thermalized at the BBN epoch. Tension between cosmology and reactor data. 

★ Large initial leptonic asymmetry: eV (sub-eV) sterile neutrinos are partially or not 
thermalized at the BBN epoch. 
eV sterile states compatible with CMB+LSS constraints. Agreement between cosmology 
and reactor anomalies.

★ The Planck results will give us more precise constraints.

Conclusions and perspectives



Thank you for your 
attention!



Back-up slides



Thermalization dependence from mixing

JCAP07(2012)025
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Figure 2. Top panel: δNeff as a function of the temperature for four different mixing angles
(sin2 2θs = 10−4, 2 × 10−3, 5 × 10−2, 10−1) and fixed mass difference (δm2

s = 0.93 eV2). Bot-
tom panel: δNeff as a function of the temperature for four different mass differences (δm2

s =
10−3, 3.5× 10−2, 9.3× 10−1, 10 eV2) and fixed mixing angle (sin2 2θs = 0.051). Thermalisation begins
earlier and is more effective for larger mass differences and for larger mixing angles.

alone. For illustration, we choose the point of figure 1 with (δm2
s, sin

2 θs) = (−3.3 eV2, 6 ×
10−4) for which δNeff = 0.55 and we show the percentage of active (Na) and sterile (Ns)
neutrinos as a function of x for different T in figure 3. The thermalisation is not complete
and it is nearly instantaneous as the resonance moves through the momentum spectrum and
the resulting dip in the active sector is quickly repopulated from the background.

We have presented results for L(µ) = 0 only, but the case of L(e) = 0 shows exactly
the same trend as in figure 1. However, the region with δNeff = 1 is slightly smaller than
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Thermalization begins 
earlier and is more efficient 
for larger mass differences 
and larger mixing angles 
(L=0)

δm2
s = 0.93 eV2

sin2 2θs = 0.051

*  S. Hannestad, I. Tamborra, and T. Tram, JCAP 07 (2012) 025.



Thermalization cartoon
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Figure 3. Temperature evolution of active and sterile neutrino distributions for the resonant case
(δm2

s, sin
2 θs) = (−3.3 eV2, 6× 10−4) and L(µ) = 0.

the one shown in figure 1. This is due to the fact that νe’s have a larger potential than νµ,τ
(because of the charged current interaction contribution) and therefore resonances occur at
slight lower temperatures.

3.3 The case of large initial lepton asymmetry

We now discuss the thermalisation degree for initial large lepton asymmetry. In principle,
one would expect a lepton asymmetry of the same order of magnitude as the baryon asym-
metry (η # 10−10). However, since neutrinos are neutral particles, L(a) = 10−2 − 10−1 is
not presently excluded [36, 37, 57] by the requirement of charge neutrality. A large lepton
asymmetry is responsible for blocking the active-sterile flavor conversions by an in-medium
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*  S. Hannestad, I. Tamborra, and T. Tram, JCAP 07 (2012) 025.

(δm2
s, sin

2 θs) = (−3.3 eV2, 6× 10−4)

La = 0



Combined analysis 
of short-baseline + cosmological data

*  M. Archidiacono et al., arXiv: 1207.6515. See also: S. Joudaki, K. Abazajian, M. Kaplinghat, arXiv: 1208.4354.

0.85 eV < m4 < 1.18 eV

3+1 scheme 
[fit SBL + (CMB+LSS)]

0.67 eV < m5 < 1.35 eV

m4 < 0.7 eV

3+2 scheme
[fit SBL + (CMB+LSS)]

CMB + SBL CMB + LSS + SBL

[See talk by C. Giunti] 
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FIG. 4: Allowed regions in the ∆m2
41-∆m2

51 plane obtained with a Bayesian analysis. The “boxy” regions (the same in the
two panels) refer to the global analysis of the short–baseline oscillation data and are relative to the following confidence levels
(from the innermost to the outermost region): 68.27% (red), 90.00% (light blue), 95.45% (green), 99.00% (brown) and 99.73%
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dataset, while the right panel refers to the inclusion of the SDSS information and HST prior to the CMB data. The different
lines refer to the following confidence levels (from the lower curve to the upper curve, in each panel): 68.27% , 90.00%, 95.45%,
99.00% and 99.73% .
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FIG. 5: Marginal posterior probabilities obtained with a Bayesian analysis for ∆m2
41 in the 3+1 scheme, for the joint analysis

of cosmological and short–baseline data. Left panel: the cosmological analysis employs CMB–only data. Right panel: the
cosmological analysis adds SDSS and HST information to the CMB data. The horizontal dashed lines identify (from the lower
curve to the upper curve, in each panel) the credible intervals at 68.27%, 90.00%, 95.45%, 99.00% and 99.73% C.L.

and (2.27 eV < m4 < 2.51 eV) and the best–fit solution
(m4 = 1.27 eV). When SDSS and HST information is
added to the analysis, the allowed interval of the global
analysis shifts down to lower values of the sterile neu-
trino mass, due to the more stringent bound from the
cosmological sector. The 95% C.L. mass range becomes
0.85 eV < m4 < 1.18 eV, and the best fit shifts down to

m4 = 0.93 eV.

The combined analysis for the 3+2 scheme is shown in
Fig. 6, again for the case of CMB–only data (left panel)
and for the further inclusion of SDSS and HST data (right
panel). The global results are that at least one sterile
neutrino needs to be massive, with a mass of the order of
1 eV (m5 with our choice of hierarchy), while the second
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FIG. 6: Allowed regions in the ∆m2
41–∆m2

51 plane obtained with a Bayesian approach, for the joint analysis of short–baseline
and cosmological data. The different regions (as in Fig. 4) refer to the following confidence levels (from the innermost to the
outermost region): 68.27% (red), 90.00% (light blue), 95.45% (green), 99.00% (brown) and 99.73% (dark blue). Left panel:
SBL data plus the CMB–only dataset. Right panel: SBL data plus CMB, SDSS and HST data; in this case only 68.27% (red),
95.45% (green) and 99.73% (dark blue) C.L. are reported.

sterile neutrino can be massless. The marginalized 95%
intervals for the two neutrino masses are: m4 < 2.51 eV
and 0.86 eV < m5 < 3.16 eV when CMB–only data are
considered; m4 < 0.70 eV and 0.67 eV < m5 < 1.35 eV
for the full analysis which includes also SDSS and HST.

V. CONCLUSIONS

Measuring the number and the mass of sterile neutri-
nos is one of the most interesting challenges both in cos-
mology and in neutrino physics. The existing cosmologi-
cal data indicate that the energy density of the Universe
may contain dark radiation composed of one or two ster-
ile neutrinos, which may correspond to those in 3+1 or
3+2 models which have been invoked for the explanation
of short–baseline neutrino oscillation anomalies. We have
performed analyses of the cosmological and SBL data in
the frameworks of both the 3+1 and 3+2 models. Then
we have compared the results obtained with the same
Bayesian method, to figure out if the indications of cos-
mological and SBL data are compatible.
At the state of art, cosmological data are sensitive to

the sum of neutrino masses, for which they give an up-
per limit at the scale of about 1 eV. Hence they do not
allow us to resolve the degeneracy between the mass of
the first and the second sterile neutrino in a 3+2 model,
although in the numerical calculation we leave them as in-
dependent parameters. Instead, short–baseline neutrino
oscillations have a completely different parameterization
and in the 3+2 model the degeneracy between the two
square mass differences ∆m2

41 and ∆m2
51 is broken.

The results of our analysis show that the cosmological
and SBL data give compatible results when the cosmo-
logical analysis takes into account only CMB data. But
if the information on the matter power spectrum com-
ing from galaxies surveys are also considered there is a
tension between the sterile neutrino masses needed to
have SBL neutrino oscillations and the cosmological up-
per limit on the sum of the masses.
The combined analysis of cosmological and SBL data

gives an allowed region for m4 in the 3+1 scheme around
1 eV. In the 3+2 scheme, the cosmological data reduce
the allowance of the second massive sterile neutrino given
by SBL data, leading to a combined fit which prefers the
case of only one massive sterile neutrino at the scale of
about 1 eV.
In conclusion, our analysis shows that cosmological

data are marginally compatible with the existence of one
massive sterile neutrino with a mass of about 1 eV, which
can explain the anomalies observed in SBL neutrino oscil-
lation experiments. The case of massive sterile neutrinos
is less tolerated by cosmological data and in any case the
second sterile neutrino must have a mass smaller than
about 0.6 eV.
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