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Introduction

Several oscillation results or anomalies (reactor antineutrino anomaly, LSND
               data...) cannot be explained within 3-flavour oscillations
⇒ need  at least a fourth neutrino

But constraint from the invisible decay width of the Z boson [LEP]:

⇒ additional neutrinos must be sterile (i.e. electroweak singlets) or be 
heavier than MZ /2

Sterile neutrinos are SM gauge singlets - only interact via their mixing with 
the active neutrinos ⇒ oscillations

Other motivations for sterile neutrinos from cosmology, e.g. keV sterile 
neutrino as warm dark matter [Shaposhnikov] or to explain pulsar velocities 
[Kusenko, Segrè]

ν̄µ → ν̄e

Nν = 2.9840± 0.0082

νe,µ,τ ! νs



Standard case (3 flavours):

Add a sterile neutrino:

  U = 4x4 unitary matrix

Only                   couple to electroweak gauge boson, but all four mass 
eigenstate are produced in a beta decay: 

Active-sterile neutrino mixing

να =
∑4

i=1 Uαi νi
flavour eigenstate
mass eigenstate (m4)

νs
ν4

[α = e, µ, τ ]

νe, νµ, ντ

νe =
∑4

i=1 Uei νi

e−



2-flavour oscillations:

N-flavour oscillations:
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3+1 case: 

Since                                             , it is natural (and cosmologically 
preferred) to assume 

Then 

All data but short baseline oscillations well described by 3-flavour oscillations  
⇒             mainly composed of             + small admixture of      , and
                 mainly composed of       + small admixture of

                                     

∆m2
SBL ! ∆m2
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We are interested in short baseline oscillations with

where

where

∆m2
41L

4E
! 1 =⇒ sin2

(
∆m2

41L

4E

)
" sin2

(
∆m2

31L

4E

)
, sin2

(
∆m2

21L

4E

)

Pνα→να ! 1− 4
(
|Uα1|2 + |Uα2|2 + |Uα3|2

)
|Uα4|2 sin2

(
∆m2

41L

4E

)

≡ 1− sin2 2θαα sin2
(
∆m2

41L

4E

)

Pνα→νβ ! − 4Re
[(
Uα1U

∗
β1 + Uα2U

∗
β2 + Uα3U

∗
β3

)
U∗
α4Uβ4

]
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∆m2

41L

4E

)

≡ sin2 2θαβ sin2
(
∆m2

41L

4E

)

sin2 2θαβ ≡ 4 |Uα4Uβ4|2

sin2 2θαα ≡ 4 (1− |Uα4|2)|Uα4|2



3+2 case: 

Assume 

⇒ two relevant squared mass differences
⇒ CP-violating effects possible due to interference between the two 
oscillations frequencies

                                     

m5 ∼ m4 " m3,m2,m1

∆m2
51 and ∆m2

41

Pνα→νβ(ν̄α→ν̄β) = 4 |Uα4Uβ4|2 sin2
(
∆m2

41L
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β4U

∗
α5Uβ5
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Cosmological constraints

Light sterile neutrinos are in thermal equilibrium in the early universe due to 
oscillations (unless small active-sterile mixing)
⇒ increase the number of relativistic species

⇒ affect BBN, CMB anisotropies and large-scale structure formation

Hamann, Hannestad, Raffelt, Wong [1108.4136]:

within ΛCDM,  CMB+LSS and BBN prefer extra relativistics dofs:

However, a sterile neutrino with an eV mass violates the cosmological bound 
on neutrino masses
⇒                        or must depart from ΛCDM: e.g. additional relativistic 
dofs help relax this bound, but inconsistent with BBN (allows at most one 
extra relativistic dof) unless introduce a neutrino chemical potential

If eV-scale sterile neutrinos are really around, seem to require a significant 
modification of the standard cosmological scenario

Neff = 3.90+0.39
−0.56 (95% C.L.)

m4 ! 0.5 eV



Experimental situation

Several experimental anomalies suggest the existence of sterile neutrinos

LSND:                       oscillations

Excess of      events over background at 3.8 σ  (still controversial)
Not observed by KARMEN

MiniBooNE: 

               data: no excess in the 475-1250 MeV range, but unexplained 3σ  
     excess at low energy

               data:      excess in the E > 475 MeV
region consistent with LSND-like oscillations,
but also (after the 2011 update) with a
background-only hypothesis
A low-energy      excess is also seen

ν̄µ → ν̄e
ν̄e

ν̄µ → ν̄e ν̄e

νµ → νe
νe

Table 3
90% CL limit on the neutrino oscillation probabilities from the negative searches at
short baseline experiments.

Experiment Beam Channel Limit (90%) ∆m2
min (eV2) Ref.

CDHSW CERN νµ → νµ Pµµ > 0.95 0.25 [98]

E776 BNL νµ → νe Peµ < 1.5 × 10−3 0.075 [99]

E734 BNL νµ → νe Peµ < 1.6 × 10−3 0.4 [100]

KARMEN2 Rutherford ν̄µ → ν̄e Peµ < 6.5 × 10−4 0.05 [101]

E531 FNAL νµ → ντ Pµτ < 2.5 × 10−3 0.9 [102]

CCFR/ FNAL νµ → νe Pµe < 8 × 10−4 1.6 [103,104]

NUTEV ν̄µ → ν̄e Pµe < 5.5 × 10−4 2.4 [104]

νµ → ντ Pµτ < 4 × 10−3 1.6 [105]

νe → ντ Peτ < 0.1 20.0 [106]

Chorus CERN νµ → ντ Pµτ < 3.4 × 10−4 0.6 [107]

νe → ντ Peτ < 2.6 × 10−2 7.5 [107]

Nomad CERN νµ → ντ Pµτ < 1.7 × 10−4 0.7 [108]

νe → ντ Peτ < 7.5 × 10−3 5.9 [108]

νµ → νe Pµe < 6 × 10−4 0.4 [108]
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Reactor antineutrino anomaly: 

New computation of the reactor antineutrino spectra 

⇒ increase of the flux by about 3%
⇒ deficit of antineutrinos in SBL reactor experiments
     mean observed to predicted rate  0.943 ± 0.023
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FIG. 5. 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 0.943± 0.023. The red line shows a possible 3 active neutrino mixing solution,
with sin2(2θ13) = 0.06. The blue line displays a solution including a new neutrino mass state, such as |∆m2

new,R| ! 1 eV2 and
sin2(2θnew,R) = 0.12 (for illustration purpose only).

ting ∼ 1 MeV electron neutrinos. [57], following the
methodology developed in Ref. [56, 58]. However we
decided to include possible correlations between these
four measurements in this present work. Details are
given in Appendix B. This has the effect of being
slightly more conservative, with the no-oscillation hy-
pothesis disfavored at 97.7% C.L., instead of 98% C.L.
in Ref. [56]. Gallex and Sage observed an average deficit
of RG = 0.86± 0.06 (1σ). Considering the hypothesis of
νe disappearance caused by short baseline oscillations we
used Eq. (13), neglecting the ∆m2

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

new,G| > 0.3 eV2 (95%) and

sin2(2θnew,G) ∼ 0.26. Combining the reactor antineu-
trino anomaly with the gallium anomaly gives a good fit
to the data and disfavors the no-oscillation hypothesis at
99.7% C.L. Allowed regions in the sin2(2θnew)−∆m2

new

plane are displayed in Figure 6 (left). The associated
best-fit parameters are |∆m2

new,R&G| > 1.5 eV2 (95%)

and sin2(2θnew,R&G) ∼ 0.12.

We then reanalyzed the MiniBooNE electron neutrino
excess assuming the very short baseline neutrino os-
cillation explanation of Ref. [56]. 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 eV2

and sin2(2θnew,MB) ∼ 0.2, but are not significant at
95% C.L. The no-oscillation hypothesis is only disfa-
vored 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-

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

2) C.L. (%)
Reactors (no ILL-S,R∗) 0.02-0.20 > 0.40 96.5

Gallium (G) > 0.06 > 0.13 96.1
MiniBooNE (M) — — 72.4

ILL-S — — 68.1
R∗ + G 0.05-0.22 > 1.45 99.7
R∗ + M 0.04-0.20 > 1.45 97.6

R∗ + ILL-S 0.02-0.21 > 0.23 95.3
All 0.06-0.22 > 1.5 99.8

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

new| parameters, and significance of
the sterile neutrino oscillation hypothesis in %, for different
combinations of the reactor experimental rates only (R∗), the
ILL-energy spectrum information (ILL-S), the gallium experi-
ments (G), and MiniBooNE-ν (M) re-analysis of Ref. [56]. We
quantify the difference between the sin2(2θnew) constraints
obtained from the reactor and gallium results. Following pre-
scription of Ref. [77], the parameter goodness-of-fit is 27.0%,
indicating reasonable agreement between the neutrino and an-
tineutrino data sets (see Appendix B).

analysis leads to a good fit with the sterile neutrino
hypothesis and disfavors the absence of oscillations at
98.5% C.L., dominated by the reactor experiments data.
Allowed regions in the sin2(2θnew) − ∆m2

new plane are
displayed in Figure 6 (right). The associated best-
fit parameters are |∆m2

new,R&MB| > 0.4 eV2 (95%) and

sin2(2θnew,R&MB) ∼ 0.1.

G
. M

ention et al.



Gallex-SAGE calibration experiments: 

Calibration of the Gallex and SAGE experiments with radioactive sources
⇒ observed deficit of       with respect to predictions
    R = 0.86 ± 0.05
[tension with      - Carbon cross-section measurements at LSND and 
KARMEN, 1106.5552]

Combined analysis of SBL reactor data, gallium calibration experiments and
MiniBooNE neutrino data [G. Mention et al.]:

                                     

νe

νe

|∆m2
SBL| > 1.5 eV2 , sin2 2θee = 0.14± 0.08 (95% C.L.)



However, no coherent picture of the data with an additional (or even 2) 
sterile neutrinos (even if the global fit has improved with the new reactor 
antineutrino flux):

1) tension between appearance (LSND/MiniBooNE antineutrino data) and 
disappearance experiments (reactors,       disappearence experiments)

Reactors:

require relatively small

CDHS:

require relatively small

νµ

Pν̄e→ν̄e ! 1− sin2 2θee sin
2

(
∆m2

41L

4E

)

sin2 2θee ≡ 4 (1− |Ue4|2)|Ue4|2 # 4 |Ue4|2

(using info from solar neutrino data)

Pνµ→νµ ! 1− sin2 2θµµ sin
2

(
∆m2

41L

4E

)

sin2 2θµµ ≡ 4 (1− |Uµ4|2)|Uµ4|2 # 4 |Uµ4|2

(using info from atm. neutrino data)



Appearance experiments (LSND/MiniBooNE antineutrino data):

Pν̄µ→ν̄e ! sin2 2θeµ sin
2

(
∆m2

41L

4E

)

sin2 2θeµ ≡ 4 |Ue4Uµ4|2 " 1
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sin2 2θee sin2 2θµµ
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Figure 2. Exclusion curves obtained from the data of reactor ν̄e disappearance experiments (see
Ref. [25]), from the data of the CDHSW νµ disappearance experiment [44], and from atmospheric neutrino
data (extracted from the analysis in Ref. [40]).

(4) CP violation cannot be observed in SBL oscillation experiments, even if the mixing matrix
contains CP-violation phases, because neutrinos and antineutrinos have the same effective
SBL oscillation probabilities. Hence, 3+1 neutrino mixing cannot explain the difference
between neutrino [8] and antineutrino [9] oscillations observed in the MiniBooNE.

The dependence of the oscillation amplitudes in Eq. (3) on three independent absolute values

of the elements in the fourth column of the mixing matrix implies that the amplitude of
(−)
νµ →

(−)
νe

transitions is limited by the absence of large SBL disappearance of
(−)
νe and

(−)
νµ observed in several

experiments.
The results of reactor neutrino experiments constrain the value |Ue4|2 through the

measurement of sin2 2ϑee. Even taking into account the reactor antineutrino anomaly [25]
discussed in the Introduction, the ν̄e disappearance is small and large values of sin2 2ϑee are
constrained by the exclusion curves in the left panel of Fig. 2. Since values of |Ue4|2 close to
unity are excluded by solar neutrino oscillations (which require large |Ue1|2 + |Ue2|2), for small
sin2 2ϑee we have

sin2 2ϑee " 4|Ue4|
2 . (4)

The value of sin2 2ϑµµ is constrained by the curves in the right panel of Fig. 2, which have
been obtained from the lack of νµ disappearance in the CDHSW νµ experiment [44] and from
the requirement of large |Uµ1|2+|Uµ2|2+|Uµ3|2 for atmospheric neutrino oscillations [40]. Hence,
|Uµ4|2 is small and

sin2 2ϑµµ " 4|Uµ4|
2 . (5)

From Eqs. (3), (4) and (5), for the amplitude of
(−)
νµ →

(−)
νe transitions we obtain

sin2 2ϑeµ "
1

4
sin2 2ϑee sin2 2ϑµµ . (6)

Therefore, if sin2 2ϑee and sin2 2ϑµµ are small, sin2 2ϑeµ is quadratically suppressed [34, 35].
This is illustrated in the left panel of Fig. 3, where one can see that the separate effects of
the constraints on sin2 2ϑee and sin2 2ϑµµ exclude only the large-sin2 2ϑeµ part of the region
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Figure 3. Left panel: Exclusion curves in the sin2 2ϑeµ–∆m2
41 plane obtained from the separate

constraints in Fig. 2 (blue and green lines) and the combined constraint given by Eq. (6) (red line)
from disappearance experiments (Dis). Right panel: Exclusion curve obtained with the addition of
KARMEN [45] (KAR), NOMAD [46] (NOM) and MiniBooNE neutrino [8] (MBν) data (red line). In
both panels the region enclosed by the dark-red lines is allowed by LSND and MiniBooNE antineutrino
data.

allowed by LSND and MiniBooNE antineutrino data, whereas most of this region is excluded
by the combined constraint in Eq. (6). As shown in the right panel of Fig. 3, the constraint
becomes stronger by including the data of the KARMEN [45], NOMAD [46] and MiniBooNE

neutrino [8] experiments, which did not observe a short-baseline
(−)
νµ →

(−)
νe signal. Since the

parameter goodness-of-fit [43] is 6× 10−6 [42], 3+1 neutrino mixing is disfavored by the data.
This conclusion has been reached recently in Refs. [42,47–49] and confirms the pre-MiniBooNE
antineutrino results in Refs. [34–37,40,41,50].

However, in spite of the low value of the parameter goodness-of-fit it is not inconceivable to
refuse to reject 3+1 neutrino mixing for the following reasons:

(A) It is the simplest scheme beyond the standard three-neutrino mixing which can partially
explain the data.

(B) It corresponds to the natural addition of one new entity (a sterile neutrino) to explain a
new effect (short-baseline oscillations). Better fits of the data require the addition of at
least another new entity (in any case at least one sterile neutrino is needed to generate
short-baseline oscillations).

(C) The minimum value of the global χ2 is rather good: χ2
min = 100.2 for 104 degrees of freedom.

(D) There is a marginal appearance–disappearance compatibility: ∆χ2
PG = 9.2 with 2 degrees

of freedom, corresponding to PGoF = 1.0%.

(E) 3+1 mixing is favored with respect to 3+2 mixing by the Big-Bang Nucleosynthesis limit
Neff ≤ 4 at 95% C.L. obtained in Ref. [13].

Therefore, we consider the global fit of all data in the framework of 3+1 neutrino mixing,
which yields the best-fit values of the oscillation parameters listed in Tab. 1.

Figure 4 shows the allowed regions in the sin2 2ϑeµ–∆m2
41, sin

2 2ϑee–∆m2
41 and sin2 2ϑµµ–

∆m2
41 planes and the marginal ∆χ2’s for ∆m2

41, sin
2 2ϑeµ, sin

2 2ϑee and sin2 2ϑµµ.

Giunti, 1110.3914



2) tension between LSND and MiniBooNE neutrino data (+ null result of 
NOMAD and KARMEN)
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Figure 3. Left panel: Exclusion curves in the sin2 2ϑeµ–∆m2
41 plane obtained from the separate

constraints in Fig. 2 (blue and green lines) and the combined constraint given by Eq. (6) (red line)
from disappearance experiments (Dis). Right panel: Exclusion curve obtained with the addition of
KARMEN [45] (KAR), NOMAD [46] (NOM) and MiniBooNE neutrino [8] (MBν) data (red line). In
both panels the region enclosed by the dark-red lines is allowed by LSND and MiniBooNE antineutrino
data.

allowed by LSND and MiniBooNE antineutrino data, whereas most of this region is excluded
by the combined constraint in Eq. (6). As shown in the right panel of Fig. 3, the constraint
becomes stronger by including the data of the KARMEN [45], NOMAD [46] and MiniBooNE

neutrino [8] experiments, which did not observe a short-baseline
(−)
νµ →

(−)
νe signal. Since the

parameter goodness-of-fit [43] is 6× 10−6 [42], 3+1 neutrino mixing is disfavored by the data.
This conclusion has been reached recently in Refs. [42,47–49] and confirms the pre-MiniBooNE
antineutrino results in Refs. [34–37,40,41,50].

However, in spite of the low value of the parameter goodness-of-fit it is not inconceivable to
refuse to reject 3+1 neutrino mixing for the following reasons:

(A) It is the simplest scheme beyond the standard three-neutrino mixing which can partially
explain the data.

(B) It corresponds to the natural addition of one new entity (a sterile neutrino) to explain a
new effect (short-baseline oscillations). Better fits of the data require the addition of at
least another new entity (in any case at least one sterile neutrino is needed to generate
short-baseline oscillations).

(C) The minimum value of the global χ2 is rather good: χ2
min = 100.2 for 104 degrees of freedom.

(D) There is a marginal appearance–disappearance compatibility: ∆χ2
PG = 9.2 with 2 degrees

of freedom, corresponding to PGoF = 1.0%.

(E) 3+1 mixing is favored with respect to 3+2 mixing by the Big-Bang Nucleosynthesis limit
Neff ≤ 4 at 95% C.L. obtained in Ref. [13].

Therefore, we consider the global fit of all data in the framework of 3+1 neutrino mixing,
which yields the best-fit values of the oscillation parameters listed in Tab. 1.

Figure 4 shows the allowed regions in the sin2 2ϑeµ–∆m2
41, sin

2 2ϑee–∆m2
41 and sin2 2ϑµµ–

∆m2
41 planes and the marginal ∆χ2’s for ∆m2

41, sin
2 2ϑeµ, sin

2 2ϑee and sin2 2ϑµµ.
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Figure 3: Global constraints on sterile neutrinos in the 3+1
model. We show the allowed regions at 90% and 99% CL from
a combined analysis of the LSND [3] and MiniBooNE anti-
neutrino [4] signals (filled regions), as well as the constraints
from the null results of KARMEN [20], NOMAD [21] and
MiniBooNE neutrino [19] appearance searches (blue contour).
The limit from disappearance experiments (green contours)
includes data from CDHS [22], atmospheric neutrinos, and
from the SBL reactor experiments. For the latter we compare
the results for the new anti-neutrino flux prediction from [5]
(solid) and the previous ones [6] (dashed). The region to the
right of the curves is excluded at 99% CL.

atmospheric neutrinos. Technical details of our analysis
can be found in [8, 10] and references therein.

In the 3+1 scheme the SBL experiments depend on
the three parameters ∆m2

41, |Ue4|, and |Uµ4|. Since
only one mass-scale is relevant in this case it is not
possible to obtain CP violation. Therefore, oscillations
involving one sterile neutrino are not capable of rec-
onciling the different results for neutrino (MiniBooNE)
and anti-neutrino (LSND and MiniBooNE) appearance
searches. Fig. 3 compares the allowed regions from LSND
and MiniBooNE anti-neutrino data to the constraints
from the other experiments in the 3+1 model. Note
that, even though reactor analyses using the new flux
prediction prefer non-zero Ue4, no closed regions ap-
pear for the disappearance bound (solid curve), since
sin2 2θSBL = 4|Ue4|2|Uµ4|2 can still become zero if
Uµ4 = 0. We find that the parameter region favored by
LSND and MiniBooNE anti-neutrino data is ruled out by
other experiments, except for a tiny overlap of the three
99% CL contours around ∆m2

41 ≈ 1 eV2. Note that in
this region the constraint from disappearance data does
not change significantly due to the new reactor flux pre-
dictions. Using the PG test from [23] we find a compat-
ibility of the LSND+MiniBooNE(ν̄) signal with the rest
of the data only of about 10−5, with χ2

PG
= 21.5(24.2)

∆m2
41 |Ue4| |Uµ4| ∆m2

51 |Ue5| |Uµ5| δ/π χ2/dof

3+2 0.47 0.128 0.165 0.87 0.138 0.148 1.64 110.1/130

1+3+1 0.47 0.129 0.154 0.87 0.142 0.163 0.35 106.1/130

Table II: Parameter values and χ2 at the global best fit
points for 3+2 and 1+3+1 oscillations (∆m2’s in eV2).
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Figure 4: Predicted spectra for MiniBooNE data and the
transition probability for LSND (inset). Solid histograms re-
fer to the 3+2 global best fit point (Tab. II), dashed his-
tograms correspond to the best fit of appearance data only
(LSND, MiniBooNE ν/ν̄, KARMEN, NOMAD). For Mini-
BooNE we fit only data above 475 MeV.

for new (old) reactor fluxes. Hence we conclude that the
3+1 scenario does not provide a satisfactory description
of the data despite the new hint coming from reactors.
Let us move now to the 3+2 model, where SBL exper-

iments depend on the seven parameters listed in Tab. II.
In addition to the two mass-squared differences and the
moduli of the mixing matrix elements, also a physical
complex phase enters, δ ≡ arg(Uµ4U

∗

e4U
∗

µ5Ue5). This
phase leads to CP violation in SBL oscillations [8, 24],
allowing to reconcile differing neutrino and anti-neutrino
results from MiniBooNE/LSND. Tab. II shows the para-
meter values at the global best fit point and the corre-
sponding χ2 value. Changing from the previous to the
new reactor flux calculations the χ2 decreases by 10.6
units, indicating a significant improvement of the descrip-
tion of the data, see also upper panel of Fig. 2. From that
figure follows also that going from 3+1 to 3+2 leads to
a significant improvement of the fit with the new reactor
fluxes, which was not the case with the old ones. The
χ2 improves by 11.2 units, which means that 3+1 is dis-
favoured at the 97.6% CL (4 dof) with respect to 3+2,
compared to ∆χ2 = 6.3 (82% CL) for old fluxes.
In Fig. 1 we show the prediction for the Bugey spectra

at the global best fit point as dashed curves. Clearly they
are very similar to the best fit of reactor data only. Fig. 4
shows the predicted spectra for MiniBooNE neutrino and
anti-neutrino data, as well as the LSND ν̄µ → ν̄e transi-
tion probability. Again we find an acceptable fit to the
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➞ 3+1 case does not provide a very satisfactory fit of all the data

Best fit point of a global analysis [Giunti, Laveder, 1111.1069 - incl. MiniBooNE 2011]:

3+2 case [Kopp, Maltoni, Schwetz]

Allows for CP violation  ⇒ 

⇒ can reconcile MiniBooNE neutrino data with LSND/MiniBooNE 2010 
antineutrino data (less motivated
after inclusion of 2011 data)

Much better fit of pre-2011
data than in the 3+1 case

[low-energy excess of MiniBooNE
not included in the fit]

|∆m2
41| = 1.6 eV2 , |Ue4|2 = 0.036 , |Uµ4|2 = 0.0084

[
sin2 2θeµ = 1.2× 10−3
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model. We show the allowed regions at 90% and 99% CL from
a combined analysis of the LSND [3] and MiniBooNE anti-
neutrino [4] signals (filled regions), as well as the constraints
from the null results of KARMEN [20], NOMAD [21] and
MiniBooNE neutrino [19] appearance searches (blue contour).
The limit from disappearance experiments (green contours)
includes data from CDHS [22], atmospheric neutrinos, and
from the SBL reactor experiments. For the latter we compare
the results for the new anti-neutrino flux prediction from [5]
(solid) and the previous ones [6] (dashed). The region to the
right of the curves is excluded at 99% CL.

atmospheric neutrinos. Technical details of our analysis
can be found in [8, 10] and references therein.

In the 3+1 scheme the SBL experiments depend on
the three parameters ∆m2

41, |Ue4|, and |Uµ4|. Since
only one mass-scale is relevant in this case it is not
possible to obtain CP violation. Therefore, oscillations
involving one sterile neutrino are not capable of rec-
onciling the different results for neutrino (MiniBooNE)
and anti-neutrino (LSND and MiniBooNE) appearance
searches. Fig. 3 compares the allowed regions from LSND
and MiniBooNE anti-neutrino data to the constraints
from the other experiments in the 3+1 model. Note
that, even though reactor analyses using the new flux
prediction prefer non-zero Ue4, no closed regions ap-
pear for the disappearance bound (solid curve), since
sin2 2θSBL = 4|Ue4|2|Uµ4|2 can still become zero if
Uµ4 = 0. We find that the parameter region favored by
LSND and MiniBooNE anti-neutrino data is ruled out by
other experiments, except for a tiny overlap of the three
99% CL contours around ∆m2

41 ≈ 1 eV2. Note that in
this region the constraint from disappearance data does
not change significantly due to the new reactor flux pre-
dictions. Using the PG test from [23] we find a compat-
ibility of the LSND+MiniBooNE(ν̄) signal with the rest
of the data only of about 10−5, with χ2

PG
= 21.5(24.2)

∆m2
41 |Ue4| |Uµ4| ∆m2
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points for 3+2 and 1+3+1 oscillations (∆m2’s in eV2).
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fer to the 3+2 global best fit point (Tab. II), dashed his-
tograms correspond to the best fit of appearance data only
(LSND, MiniBooNE ν/ν̄, KARMEN, NOMAD). For Mini-
BooNE we fit only data above 475 MeV.

for new (old) reactor fluxes. Hence we conclude that the
3+1 scenario does not provide a satisfactory description
of the data despite the new hint coming from reactors.
Let us move now to the 3+2 model, where SBL exper-

iments depend on the seven parameters listed in Tab. II.
In addition to the two mass-squared differences and the
moduli of the mixing matrix elements, also a physical
complex phase enters, δ ≡ arg(Uµ4U

∗

e4U
∗

µ5Ue5). This
phase leads to CP violation in SBL oscillations [8, 24],
allowing to reconcile differing neutrino and anti-neutrino
results from MiniBooNE/LSND. Tab. II shows the para-
meter values at the global best fit point and the corre-
sponding χ2 value. Changing from the previous to the
new reactor flux calculations the χ2 decreases by 10.6
units, indicating a significant improvement of the descrip-
tion of the data, see also upper panel of Fig. 2. From that
figure follows also that going from 3+1 to 3+2 leads to
a significant improvement of the fit with the new reactor
fluxes, which was not the case with the old ones. The
χ2 improves by 11.2 units, which means that 3+1 is dis-
favoured at the 97.6% CL (4 dof) with respect to 3+2,
compared to ∆χ2 = 6.3 (82% CL) for old fluxes.
In Fig. 1 we show the prediction for the Bugey spectra

at the global best fit point as dashed curves. Clearly they
are very similar to the best fit of reactor data only. Fig. 4
shows the predicted spectra for MiniBooNE neutrino and
anti-neutrino data, as well as the LSND ν̄µ → ν̄e transi-
tion probability. Again we find an acceptable fit to the



Other implications of sterile neutrinos

Tritium beta decay:

                                        

The electron energy spectrum is given by:

Effect of the non-vanishing neutrino mass: 
⇒ distorsion of the Ee spectrum close to the endpoint

3H → 3He + e− + ν̄e E0 = m 3H −m 3He

dN

dEe
= R(Ee)

√
(E0 − Ee)2 −m2

ν Ee = E0 − Eν

Emax
e = E0 → E0 −mν



Present bound (Troitsk/Mainz):

KATRIN will reach a sensitivity of about 0.3 eV

In pratice, there is no electron neutrino mass, but 3 (or more) strongly mixed 
mass eigenstates, and

If all mi are smaller than the energy resolution, this can be rewritten as:

If there is an eV-scale sterile neutrino (comparable to the energy resolution of 
KATRIN), its mass may be resolved (but difficult measurement):

(also: upper bound on m4 from beta decay)

mνe < 2.2 eV (95% C.L.)

dN

dEe
= R(Ee)

∑

i

|Uei|2
√

(E0 − Ee)2 −m2
i Θ(E0 − Ee −mi)

dN

dEe
= R(Ee)

√
(E0 − Ee)2 −m2

β m2
β ≡

∑

i

m2
i |Uei|2

1

R(Ee)

dN

dEe
= (1− |Ue4|2)

√
(E0 − Ee)2 −m2

β

+ |Ue4|2
√
(E0 − Ee)2 −m2

4 Θ(E0 − Ee −m4)

8.3. β-decay 101
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Figure 8.2: Fig. 8.2a: β-decay spectrum close to end-point for a massless (dotted) and massive
(continuous line) neutrino. Fig. 8.2b: 2ν2β and 0ν2β spectra.

needed to plan a β-decay experiment able of reaching the neutrino mass scale suggested by
oscillation data. In line of principle, a β-decay experiment is sensitive to neutrino masses mi and
mixings |Vei|:

dNe

dEe
=

∑

i

|Vei|2F (Ee)(Q− Ee)
√

(Q− Ee)2 −m2
i . (8.3)

This is illustrated in fig. 8.2a, where we show the combined effect of a Heavier neutrino with little
e component and of a Lighter neutrino with sizable e component. Following Kurie we plotted
the square root of dNe/dEe, that in absence of neutrino masses is a linear function close to the
end-point, assumed to be known with negligible error. In fig. 8.3 we show the predicted reduction
of the β-decay rate around its end-point. The various curves are for different values of the lightest
neutrino mass.

In practice the energy resolution is limited, and only broad features can be seen. If it is not
possible to resolve the difference between neutrino masses, it is useful to approximate eq. (8.3)
with (8.1) and present the experimental bound in terms of the single effective parameter

m2
νe ≡

∑

i

|V 2
ei|m2

i = cos2 θ13(m
2
1 cos

2 θ12 +m2
2 sin

2 θ12) +m2
3 sin

2 θ13. (8.4)

The last equality holds in the standard three-neutrino case. The expected ranges of mνe are
reported in table 8.1 in the limiting case where the lightest neutrino is massless. From this it
is immediate to obtain the ranges corresponding to the generic case of a non vanishing lightest
neutrino mass mlightest: as clear from the definition m2

νe ≡ (m · m†)ee or from the more explicit
expression in eq. (8.4) one just needs to add m2

lightest to m2
νe . The resulting bands at 99% CL are

plotted in fig. 8.5b.

Searches for νµ and ντ masses have been performed by studying decays like π → µν̄µ. The
resulting bounds, mνµ,τ

<∼ MeV are very loose. Notice that β-decay experiments probe anti-
neutrinos. If one does not trust CPT and allows neutrinos and anti-neutrinos to have different
masses, the looser bound mνe < 200 eV applies to neutrinos.

Finally, [82] explores the futuristic possibility of studying atomic decays into νν̄γ, which
would be convenient since atomic energy differences are comparable to neutrino masses, allowing



Neutrinoless double beta decay: 

Possible if lepton number violated
(Majorana neutrinos), in nuclei where
the single beta decay is forbidden

Sensitive to the effective mass parameter:

                                              possible cancellations in the sum (phases in U)

                                     

(A,Z) → (A,Z + 2) + e− + e−

mββ ≡
∑

i

miU
2
ei
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Figure 8.5: 99% CL expected ranges as function of the lightest neutrino mass for the parameters:
mcosmo = m1 + m2 + m3 probed by cosmology (fig. 8.5a), mνe ≡ (m · m†)1/2ee probed by β-decay
(fig. 8.5b), |mee| probed by 0ν2β (fig. 8.5c). ∆m2

23 > 0 corresponds to normal hierarchy (mlightest =
m1) and ∆m2

23 < 0 corresponds to inverted hierarchy (mlightest = m3), see fig. 2.4. The darker
regions show how the ranges would shrink if the present best-fit values of oscillation parameters
were confirmed with negligible error.

Many other experiments and proposals are based on (various combinations of) these concepts
and other important considerations (background control, isotopic enrichment, double tag, etc.).
The so called “pulse shape discrimination” is a good example of how the background can be
reduced in 76Ge detectors; in the terminology above, it might be classified as a rough “electron
tracking”. In 0ν2β events the energy is deposited by two electrons in a single point. Background
from γ radiation deposits monochromatic energy in the crystal, producing a line in the energy
spectrum, at energies that can be dangerously close to the 0ν2β line. However, γ tend to manifest
as multi-site events, making a few Compton scatterings, until their energy is so low that γ get
photoelectrically absorbed. The electric pulse from charge collection of multi-site events has on
average a different time structure from single-site events: the HM collaboration [17] tried to
exploit this difference to suppress the background by a factor O(2) (IGEX also employs the same
technique).

If a signal is seen, measuring the energy and/or angular distributions of the events (as say
in NEMO3) and/or related modes of decay such as electron capture or double positron emission
(say with a setup as in COBRA) would allow to test if 0ν2β is due to neutrino masses or to some
other speculative source, such as new gauge interactions among right-handed fermions.

3-neutrino case
(Strumia, Vissani)



An additional sterile neutrino will contribute                      to the effective  
mass                              ; depending on the active neutrino parameters it 
may dominate or lead to cancellations

 using the fit of Kopp, Maltoni and Schwetz:

mββ ≡
∑

i miU2
ei

m4|Ue4|2eiγ
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FIG. 1: The allowed ranges in the 〈mee〉 − mlight parameter space, both in the standard three-

neutrino picture (unshaded regions) and with one sterile neutrino (shaded regions), for the 1+3
(top) and 3+1 (bottom) cases.

holds, where 〈mee〉3ν = c212c
2
13m1+s212c

2
13m2eiα+s213m3eiβ is the standard expression for three

active neutrinos. The upper panel of Fig. 1 displays the allowed range of 〈mee〉(1+3)ν as a

function of the lightest mass mlight, using data from Refs. [7, 33]. Also shown in this plot

and the following ones is the allowed range of |〈mee〉3ν |, i.e. the standard case. Its crucial

features (see [36] and references therein) are that |〈mee〉3ν | can vanish exactly in the normal

hierarchy case, but cannot vanish in neither the inverted hierarchy nor the quasi-degenerate

case. This standard behavior can be completely mixed up by the presence of one or more

sterile neutrinos: if the lightest neutrino mass is reasonably small, e.g. mlight < 0.01 eV, the

7

Barry, Rodejohann,
Zhang, 1105.3911

TABLE I: Best-fit (from Ref. [7]) and estimated 2σ values of the sterile neutrino parameters.

parameter ∆m2
41 [eV] |Ue4|2 ∆m2

51 [eV] |Ue5|2

3+1/1+3
best-fit 1.78 0.023
2σ 1.61–2.01 0.006–0.040

3+2/2+3
best-fit 0.47 0.016 0.87 0.019
2σ 0.42–0.52 0.004–0.029 0.77–0.97 0.005–0.033

1+3+1
best-fit 0.47 0.017 0.87 0.020
2σ 0.42–0.52 0.004–0.029 0.77–0.97 0.005–0.035

the 3+2, 2+3 and 1+3+1 cases to have 2σ uncertainties of the same relative magnitude as

those in the 3+1/1+3 scenario. The data favor the presence of two sterile neutrinos, mostly

because they allow different neutrino and anti-neutrino probabilities, thus alleviating the

tension between the LSND and MiniBooNE results. As mentioned above, 1+3+1 scenarios

have a slightly better fit than 3+2/2+3 cases.

We note in addition that the recent results from the T2K [29] and MINOS [30] experiments

strengthen the existing hints [31–33] for non-zero θ13, and that the analysis in Ref. [34] finds

evidence for θ13 > 0 at the level of > 3σ. It is not yet evident whether these new data will

improve or worsen the fits in the various sterile neutrino scenarios; on the other hand it can

also be argued that the T2K result is not due to θ13 but is actually another signature of

sterile neutrinos [35].

B. Neutrino-less double beta decay

Neutrino-less double beta decay (0νββ) is the only realistic test of lepton number vio-

lation. While there are several mechanisms to mediate the process (e.g. heavy neutrinos,

right-handed currents or SUSY particles), light Majorana neutrino exchange is presumably

the best motivated scenario. We will work in this standard interpretation of 0νββ, and

study the effect of massive sterile neutrinos in the eV range. This section is an update of

the results in Refs. [12, 13]; we also use the best-fit values in Table I to report approximate

numerical lower limits for the complementary mass observablesmβ ≡
√

|Uei|2m2
i and

∑

mi,

constrained by beta decay and cosmology, respectively.

In the presence of one sterile neutrino, the effective neutrino mass in 0νββ is given by

〈mee〉4ν =
∣

∣c212c
2
13c

2
14m1 + s212c

2
13c

2
14m2e

iα + s213c
2
14m3e

iβ + s214m4e
iγ
∣

∣ , (6)

using the parameterization in Eq. (2). If the sterile neutrino is heavier than the active ones,

the approximation

〈mee〉(1+3)ν $
∣

∣

∣

∣

c214〈mee〉3ν + s214

√

∆m2
41e

iγ

∣

∣

∣

∣

(7)
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