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Theory does not provide solid information on νs mass-mixing. 
These parameters should be investigated without prejudice. 

Motivations for investigating VLSνs 

However, the latest cosmological data present features which 
cannot be explained by a new particle with mass of ~ 1 eV. 
Differently, particles with a smaller mass can explain them.    

In the recent years most of the attention attracted by 
“heavier” sterile neutrinos (mass ~ 1 eV) because of a few 
anomalies recorded at very short baseline experiments.  

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

14 opening a new window in the search of sterile neutrinos.   
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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, Tamborra, Tram  
    JCAP 1207 (2012) 025  

Mirizzi et al.  
Phys. Lett. B 726 (2013)  8 

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

1) Contribution to the absolute ν mass in the sub-eV range 

2 

2) Only partial thermalization is expected to occur:  
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Existing constraints limited to  
   Δm2

14 > few x 10-2 eV2  

 due to baselines’ limitations  
           (L<100 m)   

Reactor experiments are sensitive to the mixing of the electron  
  (anti-)neutrino with the sterile species (|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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Constraining VLSνs with reactor experiments  

New experiments with longer baselines are now operating  
  and make it possible to probe smaller values of Δm2

14  

 Non zero θ14 induces a 
    “leakage” of νe’s 

_ 
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the baselines, which is defined by σL =

√

〈L〉2 − 〈L2〉, where 〈Ln〉 ≡
∑

k PkL
n−2
k /

∑

k PkL
−2
k . k is the reactor index and Lk

and Pk are the baseline and thermal power of the reactor k.

Complementary to this study, we demonstrated a
similar, but simpler and robust measurement of the
effective ∆m̃2

31 from the baseline dependence of the
disappearance probabilities of the three reactor-θ13
experiments [9, 10]. The result obtained on that work
of ∆m̃2

31 = 2.99+1.13
−1.58 × 10−3 eV2, is compatible with

the value obtained in this paper. In addition, a similar
∆χ2 distribution is presented in [20, fig.-4]. However, the
central value of ∆m̃2

31 could not be compared since only
the distribution is presented.

V. SUMMARY

In this work, a global fit of the data from all the current
reactor-θ13 experiments was performed to measure
∆m̃2

31. The combination of the data from Daya Bay,
RENO and Double Chooz resulted in ∆m̃2

31 = 2.95+0.42
−0.61×

10−3 eV2. This is consistent with ∆m̃2
32 and it confirms

that the experiments are observing standard three flavor
neutrino oscillations within the error. The mixing angle
obtained this analysis is sin2 2θ13 = 0.099+0.016

−0.012. The
small χ2

min/DoF value indicates that the data from the
three reactor experiments are consistent with each other.
This analysis uses independent information from the
energy spectrum distortion and it is possible to improve
the accuracy of ∆m̃2

31 combining with results from energy
spectrum analysis. It will be important to perform
this kind of analysis to improve ∆m̃2

31 accuracy and to
check the consistency of the results from the reactor-θ13
experiments.
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θ13-dedicated reactor experiments  
F.P. An et al: Improved Measurement of Electron Antineutrino Disappearance at Daya Bay 3

1 Introduction

Observations of neutrinos and antineutrinos pro-
duced in the sun, the atmosphere, reactors, and
from particle beams provide overwhelming evidence
that the flavors of neutrinos change (oscillate) [1–5].
The preponderance of data support a three-neutrino
framework where three flavor states (νe,νµ,ντ ) are
superpositions of three mass states (ν1,ν2,ν3). This
mixing can be quantified using a unitary 3× 3 mix-
ing matrix described in terms of three mixing angles
(θ12,θ23,θ13) and a CP violating phase (δ) [6, 7]. Neu-
trino oscillations are also dependent on the differences
in the squares of the neutrino masses.

The Daya Bay collaboration recently measured a
non-zero value for sin2 2θ13 = 0.092± 0.016(stat.)±
0.005(syst.) [8], an observation consistent with previ-
ous and subsequent experimental results [4, 9–11]. In
absolute terms, the value of θ13 is now known with
greater precision than either of the other two mixing
angles. Constraining the value of θ13 increases the
constraints on the other mixing parameters (mixing
angles and mass squared differences) through a global
fit of all available oscillation data [12, 13].

For reactor-based experiments, in a three-neutrino
framework, an unambiguous determination of θ13 can
be extracted via the survival probability of the elec-
tron antineutrino νe at short distances (O(km)) from
the reactors

Psur ≈ 1−sin2 2θ13 sin
2(1.267∆m2

31L/E) , (1)

where ∆m2
31 can be approximated by ∆m2

atm =
(2.32+0.12

−0.08)×10−3eV2 [14], E is the νe energy in MeV
and L is the distance in meters between the νe source
and the detector (baseline). The near-far arrange-
ment of antineutrino detectors (ADs), as illustrated in
Fig. 1, allows for a relative measurement by compar-
ing the observed νe rates at various distances. With
functionally identical ADs, the relative rate is inde-
pendent of correlated uncertainties, and uncorrelated
reactor uncertainties are minimized.

The results reported here were derived using the
same analysis techniques and event selection as our
previous results [8], but were based on data collected
between December 24, 2011 and May 11, 2012, a 2.5
fold increase in statistics. A blind analysis strategy
was adopted for our previous results, with the base-
lines, the thermal power histories of the cores, and
the target masses of the ADs hidden until the analy-
ses were finalized. Since the baselines and the target
masses have been unveiled for the six ADs, we kept

the thermal power histories hidden in this analysis
until the analyses were finalized.

Fig. 1. Layout of the Daya Bay experiment.

The dots represent reactor cores, labeled as

D1, D2, L1, L2, L3 and L4. Six antineutrino

detectors (ADs) were installed in three exper-

imental halls (EHs).

2 The Experiment

2.1 Site

The Daya Bay nuclear power complex is located
on the southern coast of China, 55 km to the north-
east of Hong Kong and 45 km to the east of Shen-
zhen. A detailed description of the Daya Bay exper-
iment can be found in [15, 16]. As shown in Fig. 1,
the nuclear complex consists of six reactors grouped
into three pairs with each pair referred to as a nu-
clear power plant (NPP). All six cores are function-
ally identical pressurized water reactors, each with a
maximum of 2.9 GW thermal power [17]. The last
core started commercial operation on Aug. 7, 2011.
The distance between the cores for each pair is 88 m.
The Daya Bay cores are separated from the Ling Ao
cores by about 1100 m, while the Ling Ao-II cores are
around 500 m from the Ling Ao cores.

Table 1. Vertical overburden, muon rate Rµ,

and average muon energy <Eµ > of the three

EHs.

Overburden (m.w.e) Rµ (Hz/m2) <Eµ > (GeV)

EH1 250 1.27 57

EH2 265 0.95 58

EH3 860 0.056 137

Three underground experimental halls (EHs) are
connected with horizontal tunnels. For this analy-
sis, two antineutrino detectors (ADs) were located
in EH1, one in EH2, and three near the oscillation

RENO Experimental Setup 

Far Detector 

Near Detector 
<NNI!/O,O.OD!

<PQI!/O,O.OD!

R*#$9!

NSOQ!LT#C!

RENO Double CHOOZ Daya Bay 

24 CHAPTER 3. OVERVIEW OF THE DOUBLE-CHOOZ EXPERIMENT

characteristic of the N4 reactors is their ability to vary their output from 30 %
to 95 % of full power in less than 30 minutes, using the so-called gray control
rods in the reactor core. These rods are referred to as gray because they absorb
fewer free neutrons than conventional black rods. One advantage is a bigger thermal
homogeneity. 205 fuel assemblies are contained within each reactor core. The entire
reactor vessel is a cylinder of 13.65 meters high and 4.65 meters in diameter. The
first reactor started operating at full power in May 1997, and the second one in
September of the same year.

3.2 Detector site

The Double-CHOOZ experiment will run two almost identical detectors of medium
size, containing 12.7 cubic meters of liquid scintillator target doped with 0.1 % of
Gadolinium (see Chapter 5). The neutrino laboratory of the first CHOOZ experi-
ment, located 1.05 km from the two cores of the CHOOZ nuclear plant will be used
again (see Figure 3.3). This is the main advantage of this site compared with other
French locations. We label this site the far detector site or CHOOZ-far. A sketch

Figure 3.1: Overview of the experiment site.

of the CHOOZ-far detector is shown in Figure 3.4. The CHOOZ-far site is shielded
by about 300 m.w.e. of 2.8 g/cm3 rocks. Cosmic ray measurements were made with
Resistive Plate Chambers and compared with the expected angular distributions.
A geological study revealed the existence of several very high density rock layers
(3.1 g/cm3 whose positions and orientations were in agreement with the cosmic ray
measurements [CHO03]). It is intended to start taking data at CHOOZ-far at the
beginning of the year 2007.

In order to cancel the systematic errors originating from the nuclear reactors
(lack of knowledge of the νe flux and spectrum), as well as to reduce the set of sys-
tematic errors related to the detector and to the event selection procedure, a second
detector will be installed close to the nuclear cores. We label this detector site the
near site or CHOOZ-near. Since no natural hills or underground cavity already
exists at this location, an artificial overburden of a few tens of meters height has to

Observed far/near deficit implies θ13 is different from zero    

Figure from Bezerra et al., Phys Lett. B 725 (2013) 271   

Pee � 1− 4|Ue3|2(1− |Ue3|2) sin2
∆m2

13L

4E

4|Ue3|2(1− |Ue3|2) ≡ sin2 2θ13
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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.

3
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)

− 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.

4ν formulae valid at θ13-experiments 

Neglecting terms ∝ |Ue3|2|Ue4|2 or ∝ Δm2
sol we have 

Sizable effects expected both at  
near (few hundreds m) and far (1-2 km) detectors   

where 
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!m412 " 0
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FIG. 3. The ν̄e survival probability versus L/E for different values of sin2 2θ13, sin2 2θ14 and

∆m2
41
. The blue box represents the relevant L/E region for the medium baseline experiments.

Panel (a) shows the probability in the 3ν framework with the best-fit value of θ13. Panel (b) is for

nonzero active-sterile mixing parameters, with a rather large ∆m2
41
. Panels (c) and (d) show the

probability for the best-fit values obtained in the analysis of (3 + 1)light model, for Double Chooz

and the combined data, respectively.

where Rij(θij) (i,j = 1,...,4 and i < j) is the 4× 4 rotation matrix in the ij-plane with angle

θij. Totally, four new mixing parameters are introduced in (3 + 1)light model: three mixing

angles (θ14, θ24, θ34) which quantify the νs − νe, νs − νµ and νs − ντ mixings, respectively;

and one new mass-squared difference which we choose as ∆m2

41
≡ m2

4
− m2

1
. The two

extra mass-squared differences ∆m2

42
and ∆m2

43
are not independent and can be written as:

∆m2

42
= ∆m2

41
−∆m2

21
and ∆m2

43
= ∆m2

41
−∆m2

31
.

In the medium baseline reactor experiments (Double Chooz, Daya Bay and RENO) which

we are considering in this paper, the distances of near and far detectors to the sources are
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FIG. 3. The ν̄e survival probability versus L/E for different values of sin2 2θ13, sin2 2θ14 and

∆m2
41
. The blue box represents the relevant L/E region for the medium baseline experiments.

Panel (a) shows the probability in the 3ν framework with the best-fit value of θ13. Panel (b) is for

nonzero active-sterile mixing parameters, with a rather large ∆m2
41
. Panels (c) and (d) show the

probability for the best-fit values obtained in the analysis of (3 + 1)light model, for Double Chooz

and the combined data, respectively.

where Rij(θij) (i,j = 1,...,4 and i < j) is the 4× 4 rotation matrix in the ij-plane with angle

θij. Totally, four new mixing parameters are introduced in (3 + 1)light model: three mixing

angles (θ14, θ24, θ34) which quantify the νs − νe, νs − νµ and νs − ντ mixings, respectively;

and one new mass-squared difference which we choose as ∆m2

41
≡ m2

4
− m2

1
. The two

extra mass-squared differences ∆m2

42
and ∆m2

43
are not independent and can be written as:

∆m2

42
= ∆m2

41
−∆m2

21
and ∆m2

43
= ∆m2

41
−∆m2

31
.

In the medium baseline reactor experiments (Double Chooz, Daya Bay and RENO) which

we are considering in this paper, the distances of near and far detectors to the sources are

11

Numerical examples 

3ν: (θ13 ≠ 0, θ14 = 0)  4ν: (θ13 ≠ 0, θ14 ≠ 0)  

Figures from Esmaili et al., Phys. Rev. D 88, 073012 (2013)  

Far/near ratios are expected to provide information on VLSνs   
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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 oscillating 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 oscillating phase) 

A.P. JHEP 1310 (2013) 172  
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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 

General degradation of sensitivity in each of the three experiments  

Entire lobes disappear due to strong degeneracies among θ13 and θ14 

Noticeable synergy in the global combination 

A.P. JHEP 1310 (2013) 172  
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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. JHEP 1310 (2013) 172  
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Further information on VLSνs 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 

The 3ν scheme may not constitute the ultimate description of the  
ν oscillatory phenomena. Sterile νs may alter the standard picture 

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

First constraints on VLSνs obtained with θ13-dedicated experiments 

ALL MASS SCALES SHOULD BE PROBED WITHOUT PREJUDICES!  


