arXiv:1210.2603v2 [hep-ph] 28 Jan 2013

CP violation in neutrino oscillation experiments with super-beam in presence of standard and non-standard interactions

Zini Rahman,^{1, ∗} Arnab Dasgupta,^{1, †} and Rathin Adhikari^{1, ‡}

1Centre for Theoretical Physics, Jamia Millia Islamia (Central University), Jamia Nagar, New Delhi-110025, India

Considering Daya Bay experimental value of sin θ13 we find that for standard interaction of neutrinos with matter the better discovery reach of CP violation is possible in short baseline neutrino oscillation experiment with superbeam for both the neutrino mass hierarchies. However, this changes in presence of non-standard interactions (NSIs). For small non-standard interactions ( ε_{αβ} ) long baseline is found to be more suitable, in general, for better discovery reach of CP violation. Even for large value of εeμ, long baseline is found to be better. For standard interaction, hierarchy could be determined at 5σ confidence level. However, even in presence of NSIs like εeμ, εeτ , εμμ it could be determined at 3σ confidence level for any δ(true) value. The discovery reach of various NSIs are possible in the longer baseline for their values greater than the order of α. However, the discovery reach of εμτ could be possible at its values lesser than the order of α.

∗ zini@ctp-jamia.res.in † arnab@ctp-jamia.res.in ‡ rathin@ctp-jamia.res.in

I. INTRODUCTION

Among the various neutrino oscillation parameters the values of two mixing angles θ_{12} and θ_{23} have been provided by experiments with certain accuracy. The magnitude of the mass squared differences |Δm^2_{31}| and Δm^2_1 are also known but the sign of Δm^2_{31} is still not known i.e. we still do not know exactly if neutrino masses follow normal hierarchy (NH) or inverted hierarchy (IH). Apart from that we still do not know about the CP violating phase δ. Earlier, the third mixing angle θ_{13} was also not known accurately except its upper bound but recently the Daya Bay experiment [1] has predicted the value of sin^2 2θ_{13} with 5σ confidence level. Now the only unknown parameter in neutrino mixing matrix - so called PMNS matrix is CP violating phase δ. In this work we consider neutrino superbeam (which mainly contains ν_μ and ν̄_μ ) coming from CERN travelling a baseline length of 2300 Km reaches Pyhäsalmi (Finland) where a Liquid Argon detector is placed. We also consider another baseline of 130 Km with a superbeam source at CERN and Water Cherenkov detector placed at Fréjus (France). We do a comparative study in the discovery potentials of the CP violating phase δ for these two baselines in presence of both standard and non-standard interactions. Considering standard interactions there are some earlier studies for 2540 Km baseline [2, 3] and for 2300 Km baseline [4] before and after Daya Bay experiment respectively.

This paper is organised as follows: In section II we discuss how the probability of oscillation for ν_μ → ν_e for short and long baseline differ when NSIs are taken into account. In section III we discuss the experimental setup and assumptions in doing the numerical analysis using GLoBES [5]. In section IV we discuss the discovery reaches of CP violation, hierarchy and NSIs. Finally in section V we conclude with remarks on the prospects of short and long baselines neutrino oscillation experiments.

II. NEUTRINO OCILLATION PROBABILITIES WITH NSI

In addition to the Standard Model (SM) Lagrangian density we consider the following non-standard fermion-neutrino interaction in matter defined by the Lagrangian: L^M_{NSI} = −2 √ 2G_F ε^{f P}_{αβ} [f̄γ_μP f][ν̄_β γ^μLν_α] (1)

where P ∈ (L, R), L =^{(1−γ5)}_2 , R =^{(1+γ5)}_2 , f = e, u, d and ε^{f P}_{αβ} is the deviation from SM interactions and can be called as the non-standard interactions(NSIs). A bound can be set to these NSI parameters [6, 7] which are dependent on specific models [8, 9] or are also model independent [10]. These NSI parameters can be reduced to the effective parameters and can be written as: ε_{αβ} = ∑ f,P ε^{f P}_{αβ} n_f n_e (2)

where n_f is the fermion number density and n_e is the electron number density. These NSIs play significant role in the context of neutrino oscillation experiments and modify the interaction of neutrinos with matter and thus change the oscillation probability of different flavor of neutrinos. The NSIs could be present at the source of neutrinos, during the propagation of neutrinos and also during detection of neutrinos [11]. The

NSI effects are expected to be smaller at the source and detector due to their stringent constraints [10]. We shall consider the NSI effect during the propagation of neutrinos only and in section IV in presenting results of our numerical analysis we shall consider the model independent allowed range of real values of different NSIs as mentioned in reference [10] for earth like matter.

In vacuum, flavor eigenstates ν_α may be related to mass eigenstates of neutrinos ν_i as |ν_α >= ∑ i U_{αi}|ν_i > ; i = 1, 2, 3, (3)

where U is PMNS matrix [12] which depends on three mixing angles θ_{12}, θ_{23} and θ_{13} and one CP violating phase δ. Although two more Majorana phases could be present in U but are not relevant for neurino oscillation experiments. The Hamiltonian due to standard (H_{SM} ) and non-standard interactions (H_{NSI} ) of neutrinos interacting with matter during propagation can be written in the flavor basis as:

H = H_{SM} + H_{NSI} (4)

where

H_{SM} = Δm^2_{31} 2E U 0 0 0 0 α 0 0 0 1 U^† + A 0 0 0 0 0 0 0 0 , (5)

H_{NSI} = A ε_{ee} ε_{eμ} ε_{eτ} ε^∗_{eμ} ε_{μμ} ε_{μτ} ε^∗_{eτ} ε^∗_{μτ} ε_{τ τ} (6) In equations (5) and (6)

A = 2E √ 2G_F n_e Δm^2_{31}

; α =

Δm^2_1 Δm^2_{31}

; Δm^2_{ij} = m^2_i − m^2_j (7) where m_i is the mass of the i-th neutrino and A is considered due to the interaction of neutrinos with matter in SM, G_F is the Fermi constant and n_e is the electron number density of matter . ε_{ee}, ε_{eμ} , ε_{eτ} , ε_{μμ}, ε_{μτ} and ε_{τ τ} are considered due to the non-standard interaction (NSIs) of neutrinos with matter. In equation (6), (^∗ ) denotes complex conjugation. In general, the NSIs - ε_{eμ}, ε_{eτ} and ε_{μτ} could be complex and later in the expressions of probability of oscillation these are expressed as ε_{ij} = |ε_{ij} |e^{iϕij} . However, in our numerical analysis we have considered those to be real.

For understanding qualitatively which baseline is suitable for discovery reach of CP violation and hierarchy in presence of standard and non-standard interactions we present below the oscillation probability P_{νμ →νe} for both short and long baseline. ν_μ → ν_e and ν̄_μ → ν̄_e oscillation channels are particularly sensitive to CP violation. In our numerical analysis however, we have considered other channels also like ν_μ → ν_μ and ν̄_μ → ν̄_μ. To get the expression of probability for ν_μ → ν_e we have followed the perturbation method adopted in references [11, 13–15] and have considered sin θ_{13} ∼ √ α following Daya Bay result. At first, we shall present the oscillation probability for 130 Km baseline upto order α^2 as the matter effect first appear at this order for short baseline like 130 Km. For this baseline keeping the matter effect parameter A at the O(α) and considering NSI parameters ε_{αβ} of the order of α one obtains

P_{νμ →νe} = 4s^2_{13}c^2_{13}s^2_3 sin^2

Δm^2_{31}L 4E + αs_{13}s_{2×23}s_{2×12}

Δm^2_{31}L 2E sin Δm^2_{31}L 4E cos ( δ + Δm^2_{31}L 4E )

+ α^2c^2_3 sin^2 2θ_{12} ( Δm^2_{31}L 4E )_2

− 2αs^2_{13}s^2_{12}s^2_3

Δm^2_{31}L 2E sin Δm^2_{31}L 2E + 8As^2_{13}s^2_3 ( sin^2

Δm^2_{31}L 4E − Δm^2_{31}L 8E sin Δm^2_{31}L 2E )

(8) where s_{ij} = sin θ_{ij} , c_{ij} = cos θ_{ij} , s_{2×ij} = sin 2θ_{ij} , c_{2×ij} = cos 2θ_{ij} . This probability is independent of NSIs. For 2300 Km the matter effect is large. Here, we present the oscillation probability upto order α^{3/2} at which δ dependence appears. Keeping A in the leading order of perturbation and considering NSI parameters ε_{αβ} of the order of α one obtains

P_{νμ →νe} = 4 sin

(A − 1)Δm^2_{31}L 4E s^2_{13}s^2_3 (A − 1)^4 ( ((A − 1)^2 − (1 + A)^2s^2_{13}) sin

(A − 1)Δm^2_{31}L 4E + A(A − 1)

Δm^2_{31}L E s^2_{13} cos

(A − 1)Δm^2_{31}L 4E )

+ αs_{13}s_{2×12}s_{2×23} A(A − 1) ( 2 cos ( δ + Δm^2_{31}L 4E ) sin (A − 1)Δm^2_{31}L 4E sin AΔm^2_{31}L 4E )

+ 4a_2s_{2×23}s_{13} A(A − 1) sin AΔm^2_{31}L 4E sin (A − 1)Δm^2_{31}L 4E cos ( δ + Δm^2_{31}L 4E + ϕ_{a2} )

+ 8a_3s^2_3 (A − 1)^2 sin^2

(A − 1)Δm^2_{31}L 4E cos(δ + ϕ_{a3} )s_{13} (9) where

a_2 = A √ |ε_{eμ}|^2 + |ε_{eτ} |^2 + (|ε_{eμ}|^2 − |ε_{eτ} |^2) c_{2×23} − 2|ε_{eμ}||ε_{eτ} | cos[ϕ_{eμ} − ϕ_{eτ} ]s_{2×23} √ 2 a_3 = A √ |ε_{eμ}|^2 + |ε_{eτ} |^2 + (−|ε_{eμ}|^2 + |ε_{eτ} |^2) c_{2×23} + 2|ε_{eμ}||ε_{eτ} | cos[ϕ_{eμ} − ϕ_{eτ} ]s_{2×23} √ 2 ϕ_{a2} = tan^{−1} [ |ε_{eμ}|c_{23} sin ϕ_{eμ} − |ε_{eτ} |s_{23} sin ϕ_{eτ} |ε_{eμ}|c_{23} cos ϕ_{eμ}] − |ε_{eτ} | cos ϕ_{eτ} ]s_{23} ]

ϕ_{a3} = tan^{−1} [ |ε_{eμ}|s_{23} sin ϕ_{eμ} + |ε_{eτ} |c_{23} sin ϕ_{eτ} |ε_{eτ} |c_{23} cos ϕ_{eτ} + |ε_{eμ}| cos ϕ_{eμ}s_{23} ]

(10)

One can relate the oscillation probabilities for antineutrinos to those probabilities given for neutrinos above by the following relation: P_ᾱ¯_β = P_{αβ} (δ_{CP} → −δ_{CP} , A → −A). (11) In addition, we also have to replace ε_{αβ} with their complex conjugates, in order to deduce the oscillation probability for the antineutrino, if one considers non-standard interaction during propagation.

To estimate the order of magnitude of different terms in the above two oscillation probabilities we shall consider A ∼ α for short baseline and A ∼ 0.5 for longer baseline and following Daya Bay result we shall consider sin θ_{13} ∼ √ α. For only SM interactions, (i.e ε_{αβ} → 0) in above expressions of oscillation probabilities one finds that for both short and long baseline the δ dependence occurs at order of α^{3/2}. However, the δ independent but matter dependent (i.e., A dependent) part in the probability P_{νμ →νe} for short baseline is at order α^2 but for long baseline this is at order α. This happens due to matter effect through A for SM as can be seen from above expressions. For this reason the discovery reach of CP violation is better in short baseline than that in long baseline. However, when NSIs are also taken into account one can see that for longer baseline further δ dependence in P_{νμ →νe} could occur at the order of α^{3/2} through a_2 and a_3 containing terms in (9) for NSIs of the order of α. We have checked that for slightly higher NSIs of the order of √ α using perturbation method the same δ dependent terms in P_{νμ →νe} appears with a_2 and a_3 in the oscillation probability for long baseline as given in (9) and this slightly higher NSI makes these terms at the order of α which could compete with the δ independent but matter dependent part in P_{νμ →νe} for long baseline as that is also at the order of α. This improvement of δ dependent part over independent part for long baseline does not happen for short baseline. First of all for NSI of the order of α, oscillation probability in (8) for short baseline is independent of NSIs. Even for slightly higher NSIs of order √ α we have checked although NSIs like a_2 and a_3 enter into the only δ dependent part of P_{νμ →νe} for short baseline but that is at the order of α^2. So not much improvement in the discovery reach of CP violation is expected for short baseline for NSIs which are present in a_2 and a_3. So presence of slightly higher NSIs of order √ α present in a_2 and a_3 improves the discovery reach of CP violation for longer baseline in comparison to the short baseline. As a_2 and a_3 contains NSIs like ε_{eμ} and ε_{eτ} it is expected that in presence of these NSIs the long baseline could provide a better discovery reach for CP violation. In fact, our numerical analysis also shows this feature. However, this is valid for somewhat smaller values of these NSIs where the perturbation has been considered.

For hierarchy discovery the difference in the oscillation probabilities due to two different hierachies matters. If we change hierarchy then in above oscillation probabilities the following transformations are to be considered:

Δm^2_{31} → −Δm^2_{31} + Δm^2_1 ; A → −A ; α → −α

For SM only the above differences of oscillation probabilities between two different hierarchies (ΔP_H ) for longer baseline is of the order α due to matter interaction through A. However, for shorter baseline the ΔP_H is of the order α^{3/2}. So longer baseline is more suitable for discovery of hierarchy. This remains unaltered even after including NSIs.

III. ANALYSIS AND EXPERIMENTAL SETUP

In this work for the numerical simulation we consider two set-ups: (a) A Superbeam setup which originates in CERN and reaches a 100 kt Liquid Argon detector placed at a distance of 2300 Km at Pyhäsalmi (Finland) (b) A Superbeam setup originating in CERN and reaching a 500 Kt Water Cherenkov detector placed at a distance of 130 Km at Fréjus (France).

We consider a flux with mean neutrino energy around 5 GeV and 3 × 10^{21} protons on target per year. We consider the same flux as in [4]. For set-up(a) we consider a power of 0.8 MW per year. In doing the analysis we consider a signal efficiency of 90% in both the appearance and disappearance channels. As backgrounds we consider a 0.5% neutral current events, 1% of ν_μ misidentified and the complete intrinsic contamination of the beam. The background rejection efficiencies were assumed to be constant over the energy window of 0.5 to 10 GeV. The calibration error has been considered to be 2% for ν_μ disappearance channel and 0.01% for ν_e appearance channel. The Gaussian energy resolution is considered to be 150 MeV for electrons and positrons and 0.2 √ E for muons. The correlation between the visible energy of background NC events and the neutrino energy is implemented by migration matrices which has been provided by L. Whitehead [16].

In the case of set-up(b) we have considered a beam intensity of 4 MW and a systemetics on signal and background as 2% based on [17]. A neutrino energy window of 0.5 to 10 GeV has been considered for both the set-ups and both ν and ν̄ beams have been used simultaneously for a time period of 5 yrs for neutrino and 5 yrs for antineutrino in case of set up (a) 2300 km and 2 yrs for neutrino and 8 yrs for antineutrino in case of set up (b) 130 km.

Following ref [4] we consider the true values of the neutrino oscillation parameters as |Δm^2_{31}| = 2.45×10^{−3} eV^2, Δm^2_1 = 7.64×10^{−5} eV^2, θ_{13} = 9^∘, θ_{12} = 34.2^∘ and θ_{23} = 45^∘. Also in calculating the priors we consider an error of 3% on θ_{12}, 0.005 on sin^2 2θ_{13}, 8% on θ_{23}, 4% on |Δm^2_{31}| and 2.5% on Δm^2_1. Also we consider an error of 2% on matter density and a systematic uncertainties of 5 and 10% on signal and background channels. In doing the whole analysis we have used GLoBES software [5]. In this work we have done a comparative study of the two set-ups (a) and (b) in finding the discovery reach of the CP violating phase δ depending on different NSI parameters and the hierarchies. For the longer baseline we have also discussed about discovery reach of hierarchy and NSI.

IV. RESULTS

A. Discovery of CP violation

FIG. 1: Discovery of CP violation for two different baselines 130 Km and 2300 Km considering only SM interactions. The right hand panel is for IH and the left hand panel is for NH .

In presenting our results we have considered the uncertainty in hierarchy of neutrino masses in finding the discovery reach of CP violation and the discovery reach of NSIs. In figure 1 we have shown the discovery reach of CP violation for SM interactions of neutrinos with matter. For 130 Km baseline the CP violation could be discovered over about 59% of the possible δ values for normal hierarchy and this is about 57% for inverted hierarchy whereas for 2300 Km baseline these values are about 44% and 47% respectively. The discovery reach for longer baseline of 2300 Km was shown earlier by Coloma et al [4]. So with only SM the short baseline like 130 Km seems to be better for good discovery reach of CP violation. However, this could change depending on the type of NSIs taken into account as discussed below.

In figure 2 we have compared the discovery reach of CP violation for 130 Km baseline and 2300 Km baseline in presence of NSIs like ε_{ee}, ε_{eμ} and ε_{eτ} . For ε_{ee} in the range of about - 2.5 to 0.5 the 2300 Km baseline is found to be better for the discovery reach which could be possible for about 70 % of the possible δ values whereas 130 Km is not so good in this range of NSI ε_{ee}. For somewhat larger NSI around 4 or -4 the short baseline of 130 Km is found to be better for discovery reach which could be possible for about 41% of the possible δ values. It is interesting to note that for NSI - ε_{eμ} - the discovery reach is consistently better for 2300 Km than that for 130 Km and could be discovered over 96% of the allowed δ values. For ε_{eτ} in 2300 Km CP violation could be discovered over about 84% of the δ values over the entire allowed region of ε_{eτ} . 130 Km baseline is found to be better for very high ε_{eτ} values around 3 and -3 only for about 96%.

FIG. 2: CP violating phase δ discovery for two different baselines 130 Km and 2300 Km at 3σ considering NSIs εee, εeμ and εeτ . The right hand panel is for IH and the left hand panel is for NH .

FIG. 3: CP violating phase δ discovery for two different baselines 130 Km and 2300 Km at 3σ considering NSIs εμμ, εμτ and ετ τ . The right hand panel is for IH and the left hand panel is for NH .

In figure 3 we have compared the discovery reach of CP violation for 130 Km baseline and 2300 Km baseline in presence of NSIs like ε_{μμ}, ε_{μτ} and ε_{eτ} . For particularly ε_{μμ} and ε_{μτ} , 130 Km baseline is found to be better for CP discovery which could be possible over 58 % for ε_{μμ} and 70 % for ε_{μτ} of the δ values for both the hierarchies throughout the entire allowed region of these NSIs. This is about 44 % for ε_{μμ} and

63 % for ε_{μτ} for 2300 Km baseline. For ε_{τ τ} in 2300 Km baseline the discovery reach of CP violation could be possible over 63 % of δ values for small NSIs. For 130 Km for large NSIs only good discovery reach of about 63% could be possible. So it is found that except ε_{μμ} and ε_{μτ} for other NSIs for their small values the discovery reach for CP violation is better for longer baseline than the shorter baseline.

B. Discovery of hierarchy

FIG. 4: Discovery reach of hierarchy for two different baselines 130 Km and 2300 Km for SM interactions only. The right hand panel is for IH and the left hand panel is for NH .

In figure 4 it is seen that with only SM interactions the discovery reach of hierarchy could be possible at above 5σ confidence level for 2300 Km baseline. It was shown earlier by Coloma et al [4]. The 130 Km baseline is found to be not so suitable for hierarchy as the discovery could be possible at only below 3σ.

FIG. 5: Discovery reach of hierarchy with NSIs for a baseline of 2300 Km at 3σ.

In figure 5 the discovery reach of hierarchy is shown in the δ NSI plane. Although for entire negative allowed values of ε_{ee} hierachy could be discovered at 3 σ confidence level but for positive values it could be possible for lesser than about 2. The discovery reach is possible for the entire allowed region of NSIs particularly for ε_{eμ}, ε_{eτ} and ε_{μμ}. For other NSIs like ε_{μτ} and ε_{τ τ} discovery is possible for almost entire allowed region except few δ and NSI values found in small enclosed areas. Furthermore, for ε_{τ τ} near to about 1 also the discovery is difficult.

C. Discovery of NSI

FIG. 6: Discovery reach of NSIs for both the hierarchies for a baseline of 2300 Km at 3σ.

In figure 6 we have shown the discovery reach of different NSIs with δ for both the hierarchies at 3σ confidence level. The NSI discovery reach in the figures are the area excluded by the area bounded by the solid (IH) and dotted (NH) lines for set-up(a) i.e. baseline is 2300 km. However, for set-up(b) i.e. baseline 130 Km (not shown in figure) we are not able to obtain any statistically significant bound on the NSIs in the total allowed range of NSIs. From the figure the range (after approximately averaging for different delta values and also for different hierarchies) over which the different NSIs could be discovered for set-up (a) are given as −0.24 > ε_{ee} > 0.26, −0.03 > ε_{eμ} > 0.04, −0.06 > ε_{eτ} > 0.07, −0.22 > ε_{μμ} > 0.38, −0.0025 > ε_{μτ} > 0.0025 and −0.3 > ε_{τ τ} > 0.26.

V. CONCLUSION

In this work we have considered two experimental set-ups - one with a baseline of 2300 Km directed towards a 100 Kt Liquid argon detector and the other with a baseline of 130 Km directed towards a 500 Kt Water Cherenkov detector. Considering the recently obtained value of sin θ_{13} from Daya Bay experiment it is found that in presence of only SM interactions the discovery reach of CP violation is better for short baseline like 130 Km than that for long baseline like 2300 Km. In presence of NSIs ε_{μμ} and ε_{μτ} , for their entire allowed region, the short baseline is found to be more suitable for discovery of CP violation. However, for ε_{eμ} over its entire allowed region and also for ε_{eτ} over significant part of the allowed region in the δ NSI plane the longer baseline is found to be better. For other NSIs, in general, for their smaller values the longer baseline is better whereas for larger NSI values the shorter baseline is found to be better. In presence of only SM interactions the discovery reach of hierarchy is far superior for longer baseline than that for short baseline. In presence of NSI in long baseline we find that the discovery reach of hierarchy is possible for the entire allowed region of NSIs particularly for ε_{eμ}, ε_{eτ} and ε_{μμ}. However, for allowed region of ε_{ee} < 2 only it is possible to find the good discovery reach at 3σ. For other NSIs like ε_{μτ} and ε_{τ τ} discovery is possible for almost entire allowed region except for few δ and NSI values. The discovery reach of various NSIs are possible in the longer baseline for NSI values greater than the order of α. However, the discovery reach of ε_{μτ} could be possible at its values lesser than the order of α

The good discovery reach of CP violation crucially depends on the relative contribution of the δ dependent terms in the probability with respect to the δ independent but matter dependent part as discussed in section II. In the longer baseline the NSIs ε_{eμ} and ε_{eτ} is coupled with δ in the oscillation probability and as such increases the δ dependent contribution and provides the possibility of good discovery reach of CP violation. This follows from our numerical results as well as from the expression of oscillation probability as in (9) obtained for long baselines with small NSI values of O(α). This does not happen for very large NSI values and the shorter baseline is found to be better for CP violation discovery. Considering the possibility of the presence of NSIs in nature it seems both short and long baseline should be considered particularly for discovery of CP violation in the leptonic sector through neutrino oscillation experiment.

Acknowledgment: AD thanks Council of Scientific and Industrial Research, India for financial support through Senior Research Fellowship (EMR No. 09/093(0132)/2010-EMR-I) and ZR thanks University Grants Commission, Govt. of India for providing research fellowships. AD thanks S. K. Raut for discussion on

GLoBES. We thank L. Whitehead for helpful communication.

[1] F. P. An et al. [DAYA-BAY Collaboration], Phys. Rev. Lett. 108, 171803 (2012), arXiv:1203.1669 [2] S. K. Raut, R. S. Singh and S. U. Sankar, Phys. Lett. B 696, 227 (2011), arXiv:0908.3741. [3] A. Dighe, S. Goswami and S. Ray, Phys. Rev. Lett. 105, 261802 (2010), arXiv:1009.1093. [4] P. Coloma, E. Fernandez-Martinez and L. Labarga, JHEP 1211, 069 (2012), arXiv:1206.0475. [5] P. Huber, M. Lindner and W. Winter, Comput. Phys. Commun.167, 195 (2005), hep-ph/0407333; P. Huber, J. Kopp, M. Lindner, M. Rolinec and W. Winter, Comput. Phys. Commun. 177, 432 (2007), hep-ph/0701187.

[6] S. Davidson et al., JHEP 0303, 011 (2003); M. M. Guzzo et al., Phys. Lett. B591, 1 (2004); J. Barranco et al., Phys. Rev. D73, 113001 (2006); G. Mangano et al., Phys. B756, 100 (2006); M. Blennow, T. Ohlsson, J. Skrotzki, Phys. Lett. B66, 522 (2008); J. Kopp, M. Lindner, T. Ota, Phys. Rev. D76, 013001 (2007); A. Esteban-Pretel, R. Tomas, J. W. F. Valle, Phys. Rev. D76, 053001 (2007); J. Kopp et al., Phys. Rev. D77, 013007 (2008); A. M. Gago et al., JHEP 1001, 049 (2010); F.J. Escrihuela et al., Phys. Rev. D80, 105009 (2009), Erratum-ibid. D80, 129908 (2009) ; O. Yasuda, Acta Phys. Polon. B38, 3381-3388 (2007).

[7] Super-Kamiokande Collaboration (G. Mitsuka et al.), Phys. Rev. D84, 113008 (2011). [8] L. J. Hall, V. A. Kostelecky and S. Raby, Nucl. Phys. B267, 415 (1986). [9] R. Adhikari, S. K. Agarwalla and A. Raychaudhuri, Phys. Lett. B642, 111-118 (2006). [10] C. Biggio, M. Blennow and E. Fernandez-Martinez, JHEP 0908, 090 (2009); T. Ohlsson, arXiv:12092710. [11] R. Adhikari, S. Chakraborty, A. Dasgupta and S. Roy, Phys. Rev. D 86, 073010 (2012), arXiv:1201.3047. [12] K. Hagiwara et al., Phys. Rev. D66, 010001 (2002); B. Pontecorvo Sov. Phys. JETP 26:984 (1968). [13] T. Kikuchi, H. Minakata and S. Uchinami, JHEP 0903, 114 (2009), arXiv:0809.3312. [14] H. Minakata, Acta Phys. Polon. B 40, 3023 (2009). arXiv:0910.5545. [15] K. Asano and H. Minakata, JHEP 1106, 022 (2011), arXiv:1103.4387. [16] L. Whitehead (Private communication).

[17] J. -E. Campagne, M. Maltoni, M. Mezzetto and T. Schwetz, JHEP 0704, 003 (2007).