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Introduction 
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Beyond three neutrino families  



    Dirac CP-violating phase δ  

The PMNS mixing matrix 

Explicit form:  
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s23 ~ 0.39   2 s13 ~ 0.023   2 s12 ~ 0.31   2 

θ23 ~ 39º θ13 ~ 9º θ12 ~ 34º 

U is non-real if δ ≠ (0, π)   
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NH  IH 

ν3	



The neutrino mass spectrum 
  

δm2 	



Δm2 	


~ 0.03 

 or 

ν2	



ν1	



νe νµ	

 ντ	



δm2 

+Δm2 

-Δm2 
∼

�
mi sub-eV �

ν3	



|Ue3|2 ≡ sin2 θ13 � 0.025

? 
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Experimental hints 
Although the 3ν scheme explains most of the data  
an increasing number of anomalies are showing up   

Acquired knowledge  
Precision on standard parameters enhances  
the sensitivity to any kind of perturbation  

Why go beyond the standard picture? 

Theory 
Many extensions of the SM point towards new    

 ν properties (interactions, new states,…) 

Future data 
A rich plan of new experiments will allow us 

 to explore and chart new territories  



(I)   Accumulating hints of (sub-)eV νs’s from oscillation  
phenomenology and cosmology 

 
 

(II)  Indications of “warm” dark matter from astrophysical  
      “small-scale” problems (keV νs’s are a good option)    
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Why introduce new light ν species? 

I will discuss only (sub-)eV νs’s 

A few anomalies seem to point towards sterile  
neutrino species νs’s [singlets of U(1)xSU(2)] 



8 

The 4th ν state induces 
a small perturbation of  
the 3-flavor framework 

|Us4| ~ 1 

 Δmsol
 

 Δmatm
 

   Δmnew~ 1eV2 2 

2 

2 

The 3+1 scheme 

Strong effects are expected in short-baseline (SBL)  
reactor and accelerator experiments and in cosmology 

 Small (but non-zero) effects expected in “ordinary” data  
  (solar, atm., LBL-react, LBL-accel.) used in the 3ν fits 

The success of the 3ν scheme must be preserved 



Hints of light (eV) sterile neutrinos 
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A critical outlook  
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FIG. 4. Illustration of the short baseline reactor antineutrino anomaly. The experimental results are compared to the prediction
without oscillation, taking into account the new antineutrino spectra, the corrections of the neutron mean lifetime, and the
off-equilibrium effects. Published experimental errors and antineutrino spectra errors are added in quadrature. The mean
averaged ratio including possible correlations is 0.937±0.027. The red line shows a 3 active neutrino mixing solution fitting the
data, with sin2(2θ13) = 0.06. The blue line displays a solution including a new neutrino mass state, such as |∆m2

new,R| ! 1
eV2 (for illustration) and sin2(2θnew,R)=0.16.

noted anomalies affecting other short baseline electron
neutrino experiments Gallex, Sage and MiniBooNE, re-
viewed in Ref. [43]. Our goal is to quantify the compati-
bility of those anomalies.
We first reanalyzed the Gallex and Sage calibration

runs with 51Cr and 37Ar radioactive sources emitting
∼1 MeV electron neutrinos. [44], following the method-
ology developed in Ref. [43, 45]. However we decided to
include possible correlations between these four measure-
ments in this present work. Details are given in in Ap-
pendix B. This has the effect of being slightly more con-
servative, with the no-oscillation hypothesis disfavored at
97.73% C.L., instead of 98% C.L in Ref. [43]. Gallex and
Sage observed an average deficit of RG = 0.86±0.05(1σ).
Considering the hypothesis of νe disappearance caused by
short baseline oscillations we used Eq. (11), neglecting
the ∆m2

31 driven oscillations because of the very short
baselines of order 1 meter. Fitting the data leads to
|∆m2

new,G| > 0.3 eV2 (95%) and sin2(2θnew,G) ∼ 0.26.
Combining the reactor antineutrino anomaly with the
Gallium anomaly gives a good fit to the data and disfa-
vors the no-oscillation hypothesis at 99.7% C.L. Allowed
regions in the sin2(2θnew) −∆m2

new plane are displayed
in Figure 5 (left). The associated best-fit parameters are
|∆m2

new,R&G| > 0.7 eV2 (95%) and sin2(2θnew,R&G) ∼
0.16.
We then reanalyzed the MiniBooNE electron neutrino

excess assuming the very short baseline neutrino os-
cillation explanation of Ref. [43]. Details of our re-
production of the latter analysis are provided in Ap-
pendix B. The best fit values are |∆m2

new,MB| = 1.9

Experiment(s) sin2(2θnew) |∆m2
new| (eV

2) C.L. (%)
Reactors (no ILL-S,R∗) 0.02-0.23 >0.2 95.0

Gallium (G) 0.06-0.4 >0.3 97.7
MiniBooNE (M) — — 72.4

ILL-S — — 68.2
R∗ + G 0.07-0.24 >1.5 99.7
R∗ + M 0.04-0.23 >1.4 97.5

R∗ + ILL-S 0.04-0.23 >2.0 97.1
ALL 0.06-0.25 >2.0 99.93

TABLE III. Best fit parameter intervals or limits at (95%)
for (sin2(2θnew), ∆m2

new) and significance of the sterile neu-
trino oscillation hypothesis in %, for different combinations of
the reactor experiment rates only (R∗), the ILL-energy spec-
trum information (ILL-S), the Gallium experiments (G), and
MiniBooNE-ν (M) re-analysis of Ref. [43].

eV2 and sin2(2θnew,MB) ∼ 0.2, but are not significant
at 95% C.L. The no-oscillation hypothesis is only dis-
favored at the level of 72.4% C.L., less significant than
the reactor and gallium anomalies. Combining the re-
actor antineutrino anomaly with our MiniBooNE re-
analysis leads to a good fit with the sterile neutrino
hypothesis and disfavors the absence of oscillations at
97.5% C.L., dominated by the reactor experiments’ data.
Allowed regions in the sin2(2θnew) − ∆m2

new plane are
displayed in Figure 5 (right). The associated best-fit
parameters are |∆m2

new,R&MB | > 1.4 eV2 (95%) and

sin2(2θnew,R&MB) ∼ 0.1.

Pee � 1− sin2 2θnew sin2
∆m2

newL

4E

[SAGE, PRC 59 (1999) 2246, hep-ph/9803418]
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[SAGE, PRC 73 (2006) 045805, nucl-ex/0512041]

RGa = 0 86 0 05

C. Giunti Recent Progress in Neutrino Physics 1 Mar 2011 21/25

The reactor and gallium anomalies 

Mention et al. arXiv:1101:2755 [hep-ex] 

SAGE coll., PRC 73 (2006) 045805  sin2 θnew � U2
e4 = sin2 θ14

Pee = 1− 4
�

j>k

U2
ejU

2
ek sin

2
∆m2

jkL

4E

In a 2ν framework: 

In a 3+1 scheme: 

∆m2
sol � ∆m2

atm � ∆m2
new

Warning: both are mere normalization issues  
  The culprit may be in hidden systematics   
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3

TABLE I: The shape factors and leading-order weak magnetism corrections to allowed and first-forbidden Gamow-Teller beta
decays are shown in the top panel. The shape factors for allowed and first-forbidden Fermi beta decays are shown in the bottom
panel. All agree with Ref. [14] for Z = 0. The entries for �JV and ρA are discussed in [15]. The weak magnetism correction
for �JV involves the unknown overlap of very different 1− matrix elements and is therefore not listed. The nucleon isovector
magnetic moment is µv = 4.7, MN is the nucleon mass, gA is the axial vector coupling constant, and β = pe/Ee.

Classification ∆Jπ Operator Shape Factor C(Ee) Fractional Weak Magnetism Correction δWM (Ee)

Allowed GT 1+ Σ ≡ στ 1 2
3

�
µv−1/2
MNgA

�
(Eeβ

2 − Eν)

Non-unique 1st Forbidden GT 0− [Σ, r]0− p2e + E2
ν + 2β2EνEe 0

Non-unique 1st Forbidden ρA 0− [Σ, r]0− λE2
0 0

Non-unique 1st Forbidden GT 1− [Σ, r]1− p2e + E2
ν − 4

3β
2EνEe

�
µv−1/2
MNgA

� �
(p2e+E2

ν)(β2Ee−Eν)+2β2EeEν(Eν−Ee)/3

(p2e+E2
ν−4β2EνEe/3)

�

Unique 1st Forbidden GT 2− [Σ, r]2− p2e + E2
ν

3
5

�
µv−1/2
MNgA

� �
(p2e+E2

ν)(β2Ee−Eν)+2β2EeEν(Eν−Ee)/3

(p2e+E2
ν)

�

Allowed F 0+ τ 1 0

Non-unique 1st Forbidden F 1− rτ p2e + E2
ν + 2

3β
2EνEe 0

Non-unique 1st Forbidden �JV 1− rτ E2
0 -

mations we treat unique forbidden transitions as unique
first-forbidden GT transitions, and treat non-unique for-
bidden transitions in one of the following ways: (1) as al-
lowed GT; (2) as unique first-forbidden GT; (3) with the
operator [Σ, r]0−; (4) with the operator [Σ, r]1−. None
of the these treatments is correct, but they provide es-
timates for changes in the spectra induced by forbidden
transitions.

The aggregate fission beta spectrum under equilibrium
reactor burning conditions for a given actinide is deter-
mined by the beta spectra S(Ee, Zi, Ai) of the individual
unstable fission fragments weighted by their cumulative
fission yields, YFi [16]:

Nβ(Ee) =
�

Fi

YFiS(Ee, Zi, Ai). (3)

The beta spectrum S for each fragment (Zi, Ai) summed
over all decay branches must be normalized to unity:�
S(E,Z,A) dE = 1. Thus, Eq. (3) is a statement

that under equilibrium burning conditions the beta-decay
rates are determined by the fission rate [17]. If the an-
tineutrino spectrum is inferred from a measured aggre-
gate beta spectrum, Eq. (3) must be replaced by a sum
over a set of end-point energies {E0i}, weighted by a fit-
ted set of coefficients {ai}: Nβ =

�
i aiS(Ee, E0i).

There is no unique method for determining the uncer-
tainty in the antineutrino spectrum introduced by the
forbidden transitions. Another possibility (in addition
to the fitting exercise above) is to consider changes in
the bi-variant function k(Ee, Eν), where k(Ee, Eν) =
Nν(Eν)/Nβ(Ee). If k(Ee, Eν) only changes by some
small percentage for some path in the (Ee, Eν) plane as
we change our treatment of forbidden transitions, then
there exists a prescription for inferring the antineutrino
spectrum to that accuracy. We calculated the function
k(Ee, Eν) for each of our four assumptions (above). We
found no path in the (Ee, Eν) plane that left k(Ee, Eν)

unchanged by as little as 5% as our assumptions for the
forbidden transitions changed. Figure (2) depicts the re-
sult for the path Eν = Eke

e ≡ Ee − mec2 [18]. Similar
or larger differences were found for all other paths. The
very non-smooth and non-linear shape of k arises from
the shape factors C(Ee).

2 4 6 8
E
ν
(MeV)

0.9

0.95

1

1.05

1.1

1.15

k(
E ν
)/k
(E

ν)
or
ig
in
al

Treat all transitions  as allowed GT
Treat all non-unique forbidden transitions as [Σ,r]0-

Treat all non-unique forbidden transitions as [Σ,r]1-

Treat all non-unique forbidden transitions as [Σ,r]2-

FIG. 2: The ratio of the function k(Ee, Eν) for 235U using
ENDFB/VII.1 relative to using Eν = Eke

e [18].

A third prescription for estimating the uncertainties is
to examine the rate of change in the antineutrino spec-
trum relative to the rate of change in the beta spectrum,
using the fact that the beta spectrum is fitted to ampli-
tudes ai on a fixed grid of end-point energies E0i . We
calculated T =

�
i[∂Nν(Eν)/∂ai]/[∂Nβ(Ee)/∂ai], and

examined the changes in T as the assumptions for the
forbidden transitions were varied, and again found no
path in (Ee, Eν) over which the changes were < 5%.
Our final method considers the ratio of the actual an-

Systematics in reactor spectra may have been underestimated  

A.C. Hayes et al arXiv:1309.4146 [nucl-th]  

One example 

However, if we believe the anomalies point to new physics…  
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FIG. 6. Allowed regions in the sin2(2θnew)−∆m2
new plane obtained from the fit of the reactor neutrino data to the 3+1 neutrino

hypothesis, with sin2(2θ13) = 0. The left panel is the combination of the reactors and the gallium experiment calibration results
with 51Cr and 37Ar radioactive sources. The right panel is the combination of the reactors and our reanalysis of the MiniBooNE
data following the method of Ref. [56]. In both cases the ILL energy spectrum information is not included.

Our ILL re-analysis, including only the en-
ergy spectrum shape, leads to the allowed regions
in the sin2(2θnew) − ∆m2

new plane presented in
Figure 7. We notice a hint of neutrino oscil-
lations such that |∆m2

new,ILL−shape| > 1 eV2 and

sin2(2θnew,ILL−shape) ∼ 0.2, in agreement with our
fourth neutrino hypothesis, but still compatible with the
absence of oscillations at the 1σ level. Figure 3 is our
reproduction of the illustration 3 of Ref. [2]; we superim-
posed the oscillation pattern that would be induced by
neutrino oscillations at our best fit (combined analysis).
The ILL positron spectrum is thus in agreement with
the oscillation parameters found independently in our
re-analyses, mainly based on rate information. Because
of the differences in the systematic effects in the rate
and shape analyses, this coincidence is in favor of a true
physical effect rather than an experimental anomaly. As
a cross check we performed a Monte-Carlo simulation of
the ILL and Bugey-3 experiments, including the finite
spatial extension of the nuclear reactors and the ILL and
Bugey-3 detectors. We found that the small dimensions
of the ILL nuclear core lead to small corrections of the
oscillation pattern imprinted on the positron spectrum.
However the large extension of the Bugey nuclear core is
sufficient to wash out most of the oscillation pattern at
15 m. This explains the absence of shape distortion in
the Bugey-3 experiment.

Table III summarizes all the results of our fits of reac-
tor, gallium, and MiniBooNE-ν data to the sterile neu-
trino oscillation hypothesis. We observe that all the data
sets taken separately are very consistent with one an-
other, pointing to very similar oscillation parameters. We
thus performed a global fit to all available data.

The no-oscillation hypothesis is disfavored at
99.8% C.L. The significance is dominated by the
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FIG. 7. Allowed regions in the sin2(2θnew) − ∆m2
new plane

obtained from a fit of the ILL energy spectrum shape only.
The best fit value reported by the authors of Ref. [36] is very
close to our best fit, at |∆m2

new| ∼2 eV2, but it is worth noting
its poor statistical significance, compatible with the absence
of oscillations at the 1σ level. The best-fit point is indicated
by a star.

gallium and reactor data. Allowed regions in the
sin2(2θnew) − ∆m2

new plane are displayed in Figure 8,
together with the marginal ∆χ2 profiles for |∆m2

new| and
sin2(2θnew). The combined fit leads to the following con-
straints on oscillation parameters: |∆m2

new| > 1.5 eV2

(95% C.L.) and sin2(2θnew) = 0.14 ± 0.08 (95% C.L.).
An embryo of possible consequences of this result will
be discussed in Section VIII.

Fitting the anomalies with sterile ν oscillations 

Mention et al., PRD 83 073006 (2011)   

sin2 2θnew � 0.1 ∆m2
new � 1 eV2
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The SBL accelerator anomaly 

Giunti and Laveder, arXiv:1107.1452  

   In tension with disappearance searches: 
νµ->νe positive appearance signal incompatible with  
joint νe–>νe (positive) & νµ->νµ (negative) searches  

3+1 3+2 

sin2 2θeµ � 1

4
sin2 2θee sin

2 2θµµ � 4|Ue4|2|Uµ4|2

Warning:  

 ~ 0.1     < few %   ~ few %o 

Theory: 

Experiments: 

LSND
[LSND, PRL 75 (1995) 2650; PRC 54 (1996) 2685; PRL 77 (1996) 3082; PRD 64 (2001) 112007]
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C. Giunti Phenomenology of Sterile Neutrinos 16 May 2011 5/59

  LSND, PRL 75 (1995) 2650 
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The “dark radiation” anomaly 

extra relativistic content  
~ 2 sigma effect 

Planck (2013) 

-  ΔNeff>0 driven by tension in H0 determination (CMB vs Astro) 

- Neff is not specific of sterile neutrinos  

Warnings: 

- ΔNeff ∈ [0, 1] requires a mechanism hampering νs thermalization       

Planck Collaboration: Cosmological parameters

which favour higher values. Increasing the neutrino mass will
only make this tension worse and drive us to artificially tight
constraints on

�
mν. If we relax spatial flatness, the CMB ge-

ometric degeneracy becomes three-dimensional in models with
massive neutrinos and the constraints on

�
mν weaken consider-

ably to

�
mν <




0.98 eV (95%; Planck+WP+highL)
0.32 eV (95%; Planck+WP+highL+BAO).

(73)

6.3.2. Constraints on Neff

As discussed in Sect. 2, the density of radiation in the Universe
(besides photons) is usually parameterized by the effective neu-
trino number Neff . This parameter specifies the energy density
when the species are relativistic in terms of the neutrino tem-
perature assuming exactly three flavours and instantaneous de-
coupling. In the Standard Model, Neff = 3.046, due to non-
instantaneous decoupling corrections (Mangano et al. 2005).

However, there has been some mild preference for
Neff > 3.046 from recent CMB anisotropy measurements
(Komatsu et al. 2011; Dunkley et al. 2011; Keisler et al. 2011;
Archidiacono et al. 2011; Hinshaw et al. 2012; Hou et al. 2012).
This is potentially interesting, since an excess could be caused
by a neutrino/anti-neutrino asymmetry, sterile neutrinos, and/or
any other light relics in the Universe. In this subsection we dis-
cuss the constraints on Neff from Planck in scenarios where the
extra relativistic degrees of freedom are effectively massless.

The physics of how Neff is constrained by CMB anisotropies
is explained in Bashinsky & Seljak (2004), Hou et al. (2011)
and Lesgourgues et al. (2013). The main effect is that increasing
the radiation density at fixed θ∗ (to preserve the angular scales of
the acoustic peaks) and fixed zeq (to preserve the early-ISW ef-
fect and so first-peak height) increases the expansion rate before
recombination and reduces the age of the Universe at recombi-
nation. Since the diffusion length scales approximately as the
square root of the age, while the sound horizon varies propor-
tionately with the age, the angular scale of the photon diffusion
length, θD, increases, thereby reducing power in the damping tail
at a given multipole. Combining Planck, WMAP polarization and
the high-� experiments gives

Neff = 3.36+0.68
−0.64 (95%; Planck+WP+highL). (74)

The marginalized posterior distribution is given in Fig. 27 (black
curve).

Increasing Neff at fixed θ∗ and zeq necessarily raises the ex-
pansion rate at low redshifts too. Combining CMB with distance
measurements can therefore improve constraints (see Fig. 27) al-
though for the BAO observable rdrag/DV(z) the reduction in both
rdrag and DV(z) with increasing Neff partly cancel. With the BAO
data of Sect. 5.2, the Neff constraint is tightened to

Neff = 3.30+0.54
−0.51 (95%; Planck+WP+highL+BAO). (75)

Our constraints from CMB alone and CMB+BAO are compati-
ble with the standard value Neff = 3.046 at the 1σ level, giving
no evidence for extra relativistic degrees of freedom.

Since Neff is positively correlated with H0, the tension be-
tween the Planck data and direct measurements of H0 in the base
ΛCDM model (Sect. 5.3) can be reduced at the expense of high
Neff . The marginalized constraint is

Neff = 3.62+0.50
−0.48 (95%; Planck+WP+highL+H0). (76)

2.4 3.0 3.6 4.2

Neff

0.0

0.2

0.4

0.6
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1.0

P
/P

m
ax

Planck+WP+highL

+BAO

+H0

+BAO+H0

Fig. 27. Marginalized posterior distribution of Neff for
Planck+WP+highL (black) and additionally BAO (blue),
the H0 measurement (red), and both BAO and H0 (green).

For this data combination, the χ2 for the best-fitting model al-
lowing Neff to vary is lower by 5.0 than for the base Neff = 3.046
model. The H0 fit is much better, with ∆χ2 = −4.0, but there
is no strong preference either way from the CMB. The low-�
temperature power spectrum does mildly favour the high Neff
model (∆χ2 = −1.6) since Neff is positively correlated with ns
(see Fig. 24) and increasing ns reduces power on large scales.
The rest of the Planck power spectrum is agnostic (∆χ2 = −0.5),
while the high-� experiments mildly disfavour high Neff in our
fits (∆χ2 = 1.3). Further including the BAO data pulls the cen-
tral value downwards by around 0.5σ (see Fig. 27):

Neff = 3.52+0.48
−0.45 (95%; Planck+WP+highL+H0+BAO). (77)

The χ2 at the best-fit for this data combination (Neff = 3.37)
is lower by 3.6 than the best-fitting Neff = 3.046 model. While
the high Neff best-fit is preferred by Planck+WP (∆χ2 = −3.3)
and the H0 data (∆χ2 = −2.8 giving an acceptable χ2 = 2.4
for this data point), it is disfavoured by the high-� CMB data
(∆χ2 = 2.0) and slightly by BAO (∆χ2 = 0.4). We conclude
that the tension between direct H0 measurements and the CMB
and BAO data in the base ΛCDM can be relieved at the cost of
additional neutrino-like physics, but there is no strong preference
for this extension from the CMB damping tail.

Throughout this subsection, we have assumed that all the
relativistic components parameterized by Neff consist of ordi-
nary free-streaming relativistic particles. Extra radiation com-
ponents with a different sound speed or viscosity parame-
ter (Hu 1998) can provide a good fit to pre-Planck CMB
data (Archidiacono et al. 2013), but are not investigated in this
paper.

6.3.3. Simultaneous constraints on Neff and either
�

mν or

meff
ν, sterile

It is interesting to investigate simultaneous contraints on Neff and�
mν, since extra relics could coexist with neutrinos of size-

able mass, or could themselves have a mass in the eV range.
Joint constraints on Neff and

�
mν have been explored sev-

eral times in the literature. These two parameters are known

43
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 What “ordinary” data tell us on eV νs?  

- Solar + LBL reactors    sin2 θ14 < 0.04 (90% C.L.)

- Bound independent of reactor fluxes (KamLAND only shape)     

- Combination reduces the indication to the ~ 2σ level  

A.P., Invited Review for Mod. Phys. Lett. A 28, 1330004 (2013)     

More details in A.P., PRD 83, 113013 (2011); A.P., PRD 85, 077301 (2012)      
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  How to shed light onto a confused picture 

    M. Pallavicini @ Neutrino 2012 

A promising option: ν source close or inside Borexino 

Several other projects under scrutiny 

Smoking gun: oscillatory pattern (in energy and/or space) 

External 51Cr source  

M. Pallavicini @ Neutrino 2012 
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A critical summary on eV sterile neutrinos 

Three pieces of data may be interpreted as positive indications  

Reactor, gallium, accelerator anomalies (systematics under control?) 

Their simultaneous interpretation is problematic due to strong tension  
among different datasets. This difficulty weakens the case for eV νs  

Cosmology tends to disfavor eV sterile neutrinos (more on this later) 
as it can tolerate only sub-eV masses and ΔNeff smaller than unity   

The overall picture is rather confused. The final word will come  
from new more sensitive experiments, which are under development.  
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Towards a change of paradigm 
  

From Light to Very Light Sterile νs 
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Δm14 ~ 1 eV2 2 2

 Light 

Very Light 

3+1 mass spectrum: Light vs Very Light 

Δm14 ~ [10-3 – 10-1] eV2 
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Theory does not provide solid information on νs mass-mixing 
properties and these should be investigated without prejudice 

Motivations for investigating VLSν’s 

The latest cosmological analyses present anomalous features 
which can be easily explained by VLSν’s (but not by eV νs)  

“Classical” eV light sterile neutrinos have several problems    

For the first time new reactor experiments, born for other 
purposes (measure θ13) allow us to probe small values of Δm2

14  
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Figure 2. Joint 68%- and 95%-credible contours of the marginalised posterior for the extra parameters
of the sterile model. Red contours correspond to CMB data only, while the blue contours represent
the full data combination. The vanilla model is located at the origin. Fully thermalised neutrinos
correspond to ∆Neff = 1 by construction. Parameter values corresponding to a low mass sterile
neutrino as motivated by the reactor and gallium anomalies are marked with an asterisk (*). A small
region around the point marked by a cross (+) is motivated by the accelerator anomaly.

CMB loses major parts of its sensitivity to them. Most interestingly, we can infer from Fig. 3
that the vanilla model, located at the origin, is rejected at 3-σ if all data is combined.

To resolve the reactor and gallium anomalies mixing angles sin2 2Θ � 0.1 [13] are pre-
ferred. Regarding the current experimental results, mixing angles preferred by the accelerator
anomaly reside in a small region around sin2 2Θ ∼ 5×10−3 [16]. With these parameter values,
one generically expects full thermalisation of the sterile neutrinos in the early universe, result-
ing in a contribution ∆Neff = 1. We see from (2.1) that in this case m

eff
s = ms. Concerning

the motivation for a reactor or gallium anomaly neutrino, we can see that the corresponding
point marked with an asterisk at ∆Neff = 1 and m

eff
s = 1 eV is rejected even more strongly,

i.e., with an even higher statistical significance than the vanilla model. A sterile neutrino as
motivated by the accelerator anomaly, ∆Neff = 1 and m

eff
s � 0.71 eV, appears in tension at

the 2-σ level with our combined data set. Note that the production of sterile neutrino in the
early universe can be suppressed by, e.g., an initial lepton asymmetry [30, 31], permitting
arbitrary values 0 ≤ ∆Neff ≤ 1.

In the first line of Tab. 3 we see that without any additional data the mean values of
H0 and the parameter combinations σ8 (Ωm/0.27)

x move on the 1-σ level in the extended
model towards values as found in the additional data. Moreover, we see that the errors

– 7 –

ΔNeff ~ 0.6 mν ~ 0.4 eV 

New trends in cosmological data  

Haman and Hasenkamp [1308.3255 astro-ph] 

eV sterile neutrinos 

Wyman et al. [1307.7715 hep-ph]  
Giunti et al. [1309.3192 astro-ph] 

Similar findings in: 
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Figure 1. Iso-δNeff contours in the sin2 2θs − δm2
s plane for L(µ) = 0 and δm2

s > 0 (top panel) and
δm2

s < 0 (bottom panel). The green hexagon denotes the νs best-fit mixing parameters as in the 3+1
global fit in [56]: (δm2

s, sin
2 2θs) = (0.9 eV2, 0.089). The 1 − 2 − 3σ contours denote the CMB+LSS

allowed regions for νs with sub-eV mass as in [27]. In order to facilitate the comparison with the
results presented in sectio 3.3, a dashed rectangle denotes the parameter-space described by (3.4b).

the end result is that isocontours of δNeff always lie at constant values of δm2
s sin

4 2θs, as can
be seen in the top panel of figure 1.

In the inverted hierarchy the resonance conditions are always satisfied. Therefore, we
expect full thermalization for a larger region of the mass-mixing parameters than in NH, as
confirmed in figure 1. In this case, thermalisation may proceed through resonant conversions

– 8 –
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FIG. 3: Active normal mass hierarchy NH. Exclusion plots for the active-sterile neutrino mixing parameter space for SNH
(upper panels) and SIH (lower panels) cases from Neff (black curves) and Ωνh

2 (red curves) at 95 % C.L. The contours refer
to different values of sin2 θi4: sin

2 θi4 = 0 (continuous curves), sin2 θi4 = 10−3 (dashed curves), sin2 θi4 = 10−2 (dotted curves),
sin2 θi4 = 10−1.5 (dot-dashed curves). (see the text for details).

neutrinos, with respect to the SNH case. Therefore, the excluded regions in the parameter space for the same values
of the mixing angles are larger than the corresponding ones in the upper panels.

Active Inverted hierarchy (Figure 4)

Sterile Normal hierarchy.

Panels a) and b) From Fig. 1 it results that there can be only a single resonance for ∆m2
41 < ∆m2

21. Therefore,
comparing the exclusion plots from Neff with the corresponding ones in Fig. 3 one realizes that the constraint is less
stringent. In particular, in Panel b) the change in the slope in the exclusion plot is at ∆m2

41 ∼ ∆m2
21 ∼ 10−4 eV2, i.e.

at a smaller value with respect to Fig. 3. Concerning the bound from Ωνh2, since it occurs in a region where ∆m2
41 is

much larger than the active mass splittings, it is independent on the mass hierarchy and so it is the same as in Fig. 3.

Sterile Inverted hierarchy.

Panels c) and d) In this case, looking at Fig. 1 we realize that for |∆m2
41| > |∆m2

31| three resonances are possible
as in the NH case shown in the Fig. 3, while for |∆m2

41| < |∆m2
31| only two resonances occur. Therefore, for

|∆m2
41| ∼< 10−4 eV2 the constraint from Neff becomes less stringent than in the corresponding case in the NH scenario,

while it is comparable for larger mass splittings.

A VLSν provides both features 

Hannestad et al 1204.5861 Mirizzi et al. 1303.5368 

Partial thermalization for Δm2
14 ∈ [10-3, 10-1] eV2 and Ue4<10-2 

Contribution to the absolute neutrino mass in the sub-eV range 

No need to resort to more exotic mechanisms  
(a sterile ν is already exotic!) such as big lepton asymmetry 

2 
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First laboratory constraints on VLSν’s from 
   

θ13-sensitive reactor experiments 

see A.P. [1308.5880 hep-ph] 
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Existing constraints limited to  
     Δm2

14 > few x 10-2 eV2   

Reactor experiments are sensitive to the mixing of the sterile  
     neutrinos with the electron neutrino (|Ue4|2 = sin2θ14) RAPID COMMUNICATION 

530 B. Achkar et al./Nuclear Physics B 434 (1995) 503-532 
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Fig. 18. The 90% C.L. exclusion contour obtained from the positron energy spectra measured at 40, 15 and 95 
meters. Also shown is the hitherto excluded area in earlier reactor experiments with the region for a possible 
Ve-V/~ oscillation put forward by the KAMIOKANDE collaboration. 

9. Conclusions 

We have studied neutrino oscillations using a novel neutrino detection technique and 
increased significantly the statistics compared to all previous measurements on reactors. 
About 40% of the data were taken simultaneously at the two detection positions thereby 
reducing the systematic uncertainties due to burn-up. Comparing both the shapes and 
the integrated values of the positron spectra at 15 m, 40 m and 95 m distances we have 
been able to increase the exclusion region in the plane of the oscillation parameters 
with respect to previous experiments. Our high statistics measurement shows a very 
satisfactory agreement with the reactor spectrum deduced from the measured fl-spectra 
for the main fuel components at ILL (Grenoble). 
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Bugey-3 

Were obtained with  
baselines O(100 m) 

Role of reactor experiments in νs searches 

Expected sensitivity of θ13-sensitive experiments to smaller Δm2
14 

Baselines of few hundreds meters (near site) to 1-2 km (far site)  
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3

where L is the antineutrino propagation distance (baseline), Eν is the neutrino energy and ∆m2
ij ≡ m2

j − m2
i . As

shown in [14], for L and Eν values of interest, the survival probability can be approximated as

Pee # 1− 4(1− |Ue3|
2 − |Ue4|

2)|Ue3|
2 sin2

(

∆m2
13L

4Eν

)

− 4(1− |Ue4|
2)|Ue4|

2 sin2
(

∆m2
14L

4Eν

)

, (2)

where small terms suppressed by the fourth power of the two matrix elements4 (|Ue3|2|Ue4|2) or by the solar neutrino
splitting have been neglected (see [14] for a detailed proof). In this limit, Pee is a function of the absolute value of
the two mass-squared differences (|∆m2

13| and |∆m2
14|) and of the moduli of the two elements (|Ue3| and |Ue4|) of the

lepton mixing matrix.
It is convenient to parameterize the mixing matrix U as

U = AR14R13R12, (3)

where Rij represents a real 4 × 4 rotation in the (i, j) plane and the matrix A is the product of the three matrices
(R23, R24, R34).5 This parameterization leads to the following simple expressions for the matrix elements involving
the electron neutrino

Ue1 = cos θ14 cos θ13 cos θ12 , (4)

Ue2 = cos θ14 cos θ13 sin θ12 , (5)

Ue3 = cos θ14 sin θ13 , (6)

Ue4 = sin θ14 , (7)

and as a consequence the approximate survival probability in Eq. (2) takes the form

Pee # 1− sin2 2θ13 sin
2

(

∆m2
13L

4Eν

)

− sin2 2θ14 sin
2

(

∆m2
14L

4Eν

)

. (8)

In the limit θ14 → 0 one recovers the well-known expression for Pee at θ13-driven reactor neutrino experiments.6

In order to qualitatively understand the effect of sterile neutrinos in reactor neutrino setups it useful to express the
phase entering the oscillator factor of the θ14-driven term in Eq. (8) as follows

∆m2
14L

4Eν
# 1.267

(

∆m2
14

10−2 eV2

)(

L

400 m

)(

4 MeV

Eν

)

. (9)

With the help of Eq. (9) we can make the following observations. I) For values in the interval ∆m2
14 ∈ [10−3−10−1] eV2

sterile neutrino oscillations can affect Pee in the near and far detectors in distinct ways. Therefore, one expects that
the near-versus-far comparison is affected by the presence of VLSν oscillations. II) For values of ∆m2

14 ! 10−3 eV2

the sensitivity quickly decreases as the phase in Eq. (9) becomes small both at the near and far site. III) For values
of ∆m2

14 " 10−1 eV2 the phase becomes large and the oscillations get averaged due to the integration over the energy
both at the near and far detectors of Daya Bay and RENO, which are positioned at distances of at least few hundreds
meters from the reactor cores. As a consequence, the effect of the oscillations cancel out in the near/far ratio of their
total rates, which becomes insensitive to sterile neutrino oscillations. IV) In the special case of Double Chooz, the
role of the near detector is played by Bugey-4, which is a very short baseline (∼ 15 m) experiment. For this reason,
in principle one could obtain information also on values of ∆m2

14 lying outside (above) the range under investigation.
However, as in this paper we are not interested in such values, we will not consider such a potentiality.

III. PRODUCTION AND DETECTION OF REACTOR ANTINEUTRINOS

A. Production

Nuclear reactors release electron antineutrinos produced in the beta decays of the fission products of 235U, 238U,
239Pu, and 241Pu. In general, in a reactor experiment, a given detector (labelled by the index d) will receive neutrinos

4 As shown [14] this term is the only one potentially sensitive to the sign of ∆m2
14
. Our analysis confirms that such a sensitivity is

negligible.
5 The order of the three matrices in the product is irrelevant as we are interested only in the electron neutrino mixing. We have dropped
the dependence on the (three) CP-violating phases as they are unobservable in reactor setups.

6 We stress that in our codes we have incorporated the general expression of the survival probability given in Eq. (1), limiting the usage
of the approximated expression in Eq. (8) to qualitative discussions.
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A. Production
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4ν formulae valid at reactors 

Neglecting terms prop to |Ue3|2|Ue4|2 or Δm2
sol we have 

Sizable effects expected both at near and far detectors   

Far/near ratios are expected to provide information on VLSν’s   
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FIG. 1: Results obtained in the 3-flavor case (θ14 = 0). Regions allowed by the three reactor experiments and by their
combination. The contours refer to ∆χ2 = 1, 4, 9.

V. THREE FLAVOR ANALYSIS

Before discussing the results of the full 4-flavor analysis we deem it useful to consider in some detail the simple 3-
flavor case, which is obtained in the limit of θ14 = 0. In this case, the electron neutrino survival probability, neglecting
solar neutrino terms, depends only on the atmospheric mass-squared splitting |∆m2

13| and from θ13. For the sake of
precision in our analysis we include also the solar terms, fixing the solar parameters at their best fit values as obtained
in the global analysis performed in [42].
Before commenting the 3-flavor analysis results it is opportune to compare our findings for the estimate of θ13

with those published by each single experiment. For this purpose we fix the value of the atmospheric mass-squared
splitting at the MINOS best fit [43] |∆m2

13| = 2.32 × 10−3 eV2, as done by all the three experiments. We obtain
for Double Chooz, sin2 2θ13 = 0.154 ± 0.053 (θ13 = 0 excluded at 2.9 σ) in good agreement with the rate-only
analysis made by the collaboration, which gives sin2 2θ13 = 0.170 ± 0.052 (θ13 = 0 excluded at 3.3 σ). For RENO
we obtain sin2 2θ13 = 0.098 ± 0.019 (θ13 = 0 excluded at 5.2 σ), in agreement with the collaboration findings
sin2 2θ13 = 0.100 ± 0.018 (θ13 = 0 excluded at 5.6 σ). For Daya Bay we obtain sin2 2θ13 = 0.086 ± 0.012 (θ13 = 0
excluded at 7.4 σ), again in excellent agreement with the collaboration result sin2 2θ13 = 0.089±0.011 (θ13 = 0 excluded
at 7.7 σ). Finally, the estimate obtained from the combination of the three experiments is sin2 2θ13 = 0.090± 0.009,
representing an evidence of non-zero θ13 at the ∼ 10 sigma level.
Reassured by these checks, which make us confident on the accuracy of our analysis, we show in Fig. 1 the 2-

dimensional regions determined by the three experiments taken separately (first three panels) and by their combination
(fourth panel). The curves represent contours at the ∆χ2 = 1, 4, 9 levels. With this choice, one can easily deduce
the allowed ranges for the single parameters at the 1, 2, 3 σ levels, by just projecting the 2-dimensional region onto
the corresponding axis. It must be noted that all the three collaborations, Double-Chooz, RENO and Daya Bay,
consider the estimate of |∆m2

13| as an external input, since this parameter is precisely determined by MINOS. In our
analysis we can leave this parameter free to vary. This allows us to check that the estimates of |∆m2

13| obtained by
the three experiments are mutually consistent and that their global estimate is consistent with that obtained from
the accelerators, which make use of a different measurement technique based on νµ → νµ disappearance.
From the last panel in Fig. 1 we find that the global reactor estimate of the atmospheric splitting is |∆m2

13| =
3.2+0.8

−2.0×10−3 eV2 (2 σ level), which is consistent with the determination obtained from MINOS |∆m2
13| = 2.32+0.24

−0.16×

10−3 eV2 (2 σ level), although it is much less precise.8 We observe a slight mismatch between the determination of
both parameters θ13 and |∆m2

13| made by Double Chooz and those made by the other two experiments RENO and
Daya Bay, which is driven by the bigger rate suppression observed by Double Chooz. The comparison of the first
panel with the second and third ones, shows that Double Chooz is complementary to RENO and Daya-Bay in the
determination of |∆m2

13|. As already observed in [45], this behavior is due to the fact that at the Double Chooz far site

8 The region in the fourth panel of Fig. 1 is in agreement with the analogous one presented in [44, 45], where similar 3-flavor analyses
have been performed.

3-flavor analysis (θ14=0) 

Excellent agreement with the three collaborations 

Combination gives θ13 at ~10 sigma level sin2θ13 = 0.023 +/- 0.002 

A.P. [1308.5880 hep-ph] 
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FIG. 2: Results obtained from the 4-flavor analysis for a fixed value of θ13 = 9o. The contours refer to 2 d.o.f. 90% C.L. (blue
thick line) and 99% (red thin line).

baseline (∼ 1 km) the survival probability has maximal (negative) slope, while at RENO (∼ 1.4 km) and Daya-Bay
(∼ 1.6 km) it is close to its minimum. For this reason, the more precise measurement expected by Double Chooz with
the near detector will be very important to improve the global accuracy of the (reactor) estimate of |∆m2

13|.
To this regard we remind that the comparison of the measurements of the atmospheric mass-squared splitting made

at reactors (based on νe → νe disappearance) with that performed at the accelerators (based on νµ → νµ disappear-
ance) could be used in principle to the determine the neutrino mass hierarchy [46]. However, at the moment we are
very far from realizing such a possibility, as it requires an accuracy at the sub-percent level in both measurements [46].

VI. FOUR FLAVOR ANALYSIS

In the 4-flavor analysis we fix the atmospheric mass-squared splitting at the best fit value obtained by the global
analysis performed in [42]. We have checked that the results show negligible differences varying this parameter in
the interval currently allowed. As done in the 3-flavor case we also fix the solar parameters at their best fit values.
Therefore, the analysis depends on three parameters: the new mass-splitting ∆m2

14 and the two mixing angles θ13
and θ14. We allow both mixing angles to vary in the range θij ≤ π/4, ignoring the bigger uninteresting values lying
in the “dark octants” corresponding to θij > π/4. We have checked that the results of the analysis show only a
negligible dependence on the sign of ∆m2

14 as expected from the qualitative discussion made in Sec. II (see also [14]).
Therefore, for definiteness we show the results only for ∆m2

14 > 0. In consideration of the upper limit established
in [47] (see also [48–50]) with the combination of solar and KamLAND data [sin2 θ14 < 0.08 (95% C.L. 1 d.o.f.)], which
is independent on ∆m2

14 as far as it is much bigger than the solar mass-squared splitting (a condition fulfilled for the
range of values explored in this paper), we display the results of our analysis in the phenomenologically interesting
region of sin2 θ14 < 0.1. For a better clarity we first discuss the results obtained for a fixed value of θ13 chosen at the
best fit point of the 3-flavor analysis. Then we discuss the general case in which θ13 is treated as a free parameter.

A. The case of fixed θ13

Figure 2 shows the results of the 4-flavor analysis for the particular case of θ13 fixed at its best fit value as obtained
in the 3-flavor analysis (θ13 $ 9o). Therefore, the contours represent a section of the 3-dimensional space spanned
by the three parameters. This particular case will help in the interpretation of the most general case, in which the
parameter θ13 will be left free to vary and marginalized away when taking the 2-dimensional projection in the plane
of the two displayed parameters. We plot the confidence levels for 2 d.o.f. at 90% and 99% as usually done in the
literature, in order to facilitate the comparison of our results with those already existing.
In Fig. 2, the first panel represents the regions excluded by Double Chooz. Around ∆m2

14 ∼ 4×10−3 eV2, where the
exclusion regions are more restrictive, the 4-flavor (and 3-flavor) effects at the near site (Bugey-4), which has a baseline
of only 15m are completely negligible. Therefore, in this range of parameters Bugey-4 provides a measurement of the
non-oscillated flux. The comparison of the rate observed at the far-detector with such a no-oscillation rate determines

4-flavor analysis performed at fixed θ13 

D-Chooz used Bugey-4 (15 m) as an anchor, limits up to 10-1 eV2  

All the three experiments exclude a lobe around the atm. splitting  
(far site sees the oscillation phase, at near site negligible effects) 

All the three experiments exclude a second lobe around 10-2 eV2  
(at far site oscillations averaged, near site sees oscillation phase) 

A.P. [1308.5880 hep-ph] 
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FIG. 3: Results obtained from the 4-flavor analysis for a free θ13, which is marginalized away. The contours refer to 2 d.o.f.
90% C.L. (blue thick line) and 99% (red thin line).

(∆m2
13 ! 2.4× 10−3 eV2), the parameter θ13 has no lower bound. This behavior can be easily understood as in this

case the two terms in Eq. (8), respectively driven by θ13 and θ14, becomes almost identical and a complete degeneracy
among the two parameters emerges. In other words, for such values of ∆m2

14 all the reactor data could be interpreted
in terms of pure θ14-driven oscillations without resorting to a non-zero θ13. In practice, this interpretation is not

FIG. 4: Regions allowed by the combination of the three reactor experiments. The undisplayed parameter θ14 is marginalized
away. The contours refer to 90% (blue thick line) and 99% (red thin line) for 2 d.o.f.

4-flavor analysis performed for free θ13 

Degradation less severe in:  
D-Chooz (Bugey-4 at 15 m as an anchor)  

Daya-Bay (additional near/near ratio constrain values > 10-2 eV2)   

General degradation of sensitivity in all the three experiments  

Entire lobes disappear due to strong degeneracies among θ13 and θ14 

Noticeable synergy in the global combination 

A.P. [1308.5880 hep-ph] 
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FIG. 3: Results obtained from the 4-flavor analysis for a free θ13, which is marginalized away. The contours refer to 2 d.o.f.
90% C.L. (blue thick line) and 99% (red thin line).

(∆m2
13 ! 2.4× 10−3 eV2), the parameter θ13 has no lower bound. This behavior can be easily understood as in this

case the two terms in Eq. (8), respectively driven by θ13 and θ14, becomes almost identical and a complete degeneracy
among the two parameters emerges. In other words, for such values of ∆m2

14 all the reactor data could be interpreted
in terms of pure θ14-driven oscillations without resorting to a non-zero θ13. In practice, this interpretation is not

FIG. 4: Regions allowed by the combination of the three reactor experiments. The undisplayed parameter θ14 is marginalized
away. The contours refer to 90% (blue thick line) and 99% (red thin line) for 2 d.o.f.

Estimate of θ13 in a 4-flavor framework 

Standard 3ν estimate is robust provided that Δm2
14 > 6 x 10-3 eV2  

No lower bound for smaller Δm2
14 due to degeneracy of θ13 and θ14 

However, in this region lower bound by T2K (4ν effects negligible) 

A.P. [1308.5880 hep-ph] 
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Further information on VLSν’s can be gained by spectral analysis 
and from LBL accelerator experiments and atmospheric neutrinos  

Not unreasonable to think that several sterile νs can co-exist and 
explain some observations: (SBL,eV), solar spectrum (10-3 eV), dark 
radiation (sub-eV), DM (keV), Leptogenesis (TeV), small ν mass (GUT)   

Conclusions 

Light (eV) sterile neutrinos hinted at by terrestrial experiments 
but a consistent picture is missing. Final word to new experiments 

Very light sterile neutrinos (VLSν’s) Δm2 ~ [10-3-10-1] eV2 offer 
an option for cosmo hints (dark radiation and hot-dark-matter)  

First constraints on VLSν’s obtained with θ13-dedicated experiments 

ALL MASS SCALES SHOULD BE PROBED WITHOUT PREJUDICES!  
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Thank you  
for 

your attention! 


