arXiv:1210.4801v2 [hep-ph] 28 Jan 2013

Which baseline for neutrino factory could be better for discovering CP violation in neutrino oscillation for standard and non-standard interactions?

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

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

Considering different long baselines with neutrino factory we study the discovery reach of CP violation in presence of standard and non-standard interactions of neutrinos with matter. For standard interactions it is found that around 3000 Km baseline the discovery reach of CP violation is better for neutrino factory. Even this is better than the 130 Km baseline in superbeam facility which is considered with the conservative choices of neutrino flux and detector specifications as given by GLoBES. However, the precision measurement of CP violating phase δ in neutrino factory is found to be good in the baselines ranging from 3000 Km to 4000 Km. In presence of nonstandard interactions the discovery reach of CP violation for 3000 Km baseline is better than 130 Km superbeam facility in presence of εeμ and also for most of the allowed region of εeτ , εμμ and εμτ . For other NSIs - εee, ετ τ the 3000 Km baseline in neutrino factory is better for smaller values of NSIs whereas 130 Km baseline with superbeam facility is sometimes better for larger values of NSIs for different hierarchies. Compared to other baselines for neutrino factory the NSI discovery reach is in general better for 3000 Km baseline except for εμμ and εμτ where as for examples, 5000 Km baseline with neutrino factory and 2300 Km baseline with superbeam respectively are found to be better.

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

I. INTRODUCTION

The present experiments on neutrino oscillations confirms that there is mixing between different flavours of neutrinos (ν_e, ν_μ, ν_τ ). The probability of neutrino oscillations depends on various parameters of the neutrino mixing matrix-the PMNS matrix [1]. The current experiments tells us about two of the angles θ_{23} and θ_{12} [2] with some accuracy. The reactor neutrino experiments like Daya Bay[3] and Reno[4] provided compelling evidences for a relatively large angle θ_{13}, with 5.2σ and 4.9σ results respectively. These recent reactor neutrino results indicate θ_{13} very close to 8.8^∘. The CP violating phase δ is totally unknown. Although the mass squared difference of the different neutrinos (Δm^2_{ij} = m^2_i − m^2_j ) are known to us but the sign of Δm^2_{31} (which is related to mass hierarchy) is still unknown.

In this work we consider long baselines (L > O (2000) Km) for neutrinos coming from neutrino factory. However, it is difficult to consider short baseline below 2000 Km for neutrino factory as the first oscillation peak of oscillation probability will correspond to energy of order MeV for which proper neutrino flux will not be available. We consider totally active scintillator detector (TASD) for our study. Considering ν_e → ν_μ and ν̄_e → ν̄_μ channels and also ν_μ → ν_μ and ν̄_μ → ν̄_μ channels as the signals we do a comparative study of discovery reach of CP violation for different long baselines in neutrino factory as well as 130 Km baseline for superbeam in presence of standard and non-standard interactions. For the oscillation channel considered by us the detection of muon is required. However, this is supposed to be easier than the detection of electron which is required in superbeam. This is an advantage in considering above channels in the neutrino factory. There are some studies on the performance of low enegy neutrino factories in the context of standard [5] and non-standard interactions (NSI) [6] mainly for small θ_{13}. For large θ_{13} sensitivity of experiments like MINOS, NOvA and LBNE to NSI has been studied in [7]. Considering large θ_{13} as obtained from Daya Bay experiment, for neutrino factory we have discussed the prospects of different long baselines for discovery reach of CP violation in the leptonic sector, precision measurement of δ (true) and also for discovery reach of different NSIs.

The paper is organized as follows: In section II we discuss ν_e → ν_μ oscillation probability and how the δ dependent and independent part varies with the variation of matter density for baselines L > O (2000) Km for standard and non-standard interactions. ν_e → ν_μ and ν̄_e → ν̄_μ channels are the most important channels for discovery of CP violation. In section III we discuss the experimental set-ups and the assumptions in doing the numerical simulations using GLoBES. For standard interactions we have shown the discovery reach of CP violation and the precision measurement of CP violating phase δ in different long baselines and also for 130 Km baseline in superbeam. In presence of non-standard interactions we show the discovery reach of CP violation depending on various NSI true values and also discuss the discovery reach of NSIs depending on δ true values. In section IV we conclude with remarks on which baselines could be better for discovering CP violation after considering neutrino factory as well as superbeam for neutrino source.

II. νe → νμ OCILLATION PROBABILITIES WITH NSI

Apart from Standard Model (SM) Lagrangian density we consider the following non-standard fermionneutrino 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} are termed as non-standard interactions (NSIs) parameters signifying the deviation from SM interactions. Model dependent and independent bound [8–10] are obtained for these NSI parameters. 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 and n_e are the fermion and the electron number density respectively in matter. As these NSIs modify the interactions with matter from the Standard Model interactions the effective mass matrix for the neutrinos are changed and as such there will be change in the oscillation probability of different flavor of neutrinos. Although NSIs could be present at the source of neutrinos, during the propagation of neutrinos and also during detection of neutrinos [11] but as those effects are expected to be smaller at the source and detector due to their stringent constraints [10], we consider the NSI effect during the propagation of neutrinos only. In section IV in numerical simulations we shall consider the model independent allowed range of real values of different NSIs as mentioned in reference [10] for earth like matter.

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

in vacuum where U is PMNS matrix [1] consisting four parameters- three mixing angles θ_{12}, θ_{23} and θ_{13} and one CP violating phase δ. In the flavor basis the total Hamiltonian consisting both standard (H_{SM} ) and non-standard interactions (H_{NSI} ) of neutrinos interacting with matter during propagation can be written 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, A corresponds to the interaction of neutrinos with matter in SM and G_F is the Fermi constant. ε_{ee}, ε_{eμ} , ε_{eτ} , ε_{μμ}, ε_{μτ} and ε_{τ τ} correspond to the non-standard interactions (NSIs) of neutrinos with matter. In equation (6), (^∗ ) denotes complex conjugation. The NSIs - ε_{eμ}, ε_{eτ} and ε_{μτ} could be complex. Later on, in the expressions of probability of oscillation we have expressed these NSIs as ε_{ij} = |ε_{ij} |e^{iϕij} . In our numerical analysis we have considered the NSIs - ε_{eμ}, ε_{eτ} and ε_{μτ} to be real.

To discuss the variation of δ dependent and independent part in the oscillation probability and for that which baseline could be suitable for discovery reach of CP violation in presence of standard and non-standard interactions we present below the oscillation probability P_{νe →νμ} for long baseline (L > O 2000 Km). To get this expression of probability we have followed the perturbation method adopted in references [11–14]. We shall present the oscillation probability upto order α^{3/2} considering sin θ_{13} ∼ √ α (as follows from recent Daya Bay experiment) and small NSI of the order of α. Considering the matter effect parameter A in the leading order of perturbation and NSI parameters ε_{αβ} of the order of α one obtains

P_{νe →νμ} = 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} (8) where

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

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

(9) where s_{ij} = sin θ_{ij} , c_{ij} = cos θ_{ij} , s_{2×ij} = sin 2θ_{ij} , c_{2×ij} = cos 2θ_{ij} . For CP violation there is difference of probability in the neutrino oscillation and probability of antineutrino oscillation. The oscillation probabilities for antineutrinos can be obtained from the oscillation probabilities given for neutrinos above by using the following relation: P_ᾱ¯_β = P_{αβ} (δ_{CP} → −δ_{CP} , A → −A). (10) In addition, while considering non-standard interactions we also have to replace ε_{αβ} with their complex conjugates, in order to deduce the oscillation probability for the antineutrino.

To estimate the order of magnitude of δ dependent and δ independent but matter dependent ( i.e, A dependent) part in the above two oscillation probability, 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 the δ dependence occurs at order of α^{3/2} for both neutrino oscillation and antineutrino oscillation probabilities.

However, the δ independent but matter dependent part (which is actually A dependent in above expression) could mimic CP violation and it is at order α. Apart from this difference in the order dependence by α^{1/2}, the parameter A plays a very crucial role in determining the variation of δ dependent (which varies as 1/A) and δ independent part (which varies as 1/(1 − A)). We have ignored the variation of trigonometric functions (which depend on A) as the variation is much slower for A due to the baselines in the range of 2000 to 5000 Km. For relatively shorter baselines the A value is smaller and the δ dependent part becomes more pronounced. Apparently, it seems 2000 or 3000 Km baselines will be better than 4000 or 5000 Km baselines. However, it is important to note that for relatively shorter baselines the first oscillation peak will also correspond to relatively lower neutrino energy where the neutrino flux may not be that good. For this reason 2000 Km (as found in our numerical simulation also) is not expected to be that good so far the discovery reach of CP violation is concerned.

However, when NSIs are also taken into account one can see that δ dependence in oscillation probability could occur at the order of α^{3/2} also through a_2 and a_3 (which are NSI dependent) containing terms in (8) 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 appears with a_2 and a_3 in the oscillation probability for long baseline as given in (8) and this slightly higher NSI makes these terms at the order of α which could compete with the δ independent but matter dependent part (which could mimic CP violation) for long baseline as that is also at the order of α. 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. 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.

III. NUMERICAL SIMULATION

In this work we have considered a neutrino factory set-up with four kinds of baselines which are : 2000, 3000, 4000 and 5000 km with 5.5, 7.1, 8.5 and 9 GeV parent muons respectively with 5 × 10^{21} number of stored muons and anti-muons decays per year with running time of 5 years for each type of decays. The energy of parent muons have been chosen in such a way that the energy corresponding to the peak of ν_e flux matches with the neutrino energy correspond to the first oscillation peak of the probability of oscillation ν_e → ν_μ (fixing the probability for Standard Model interactions only) for different baselines. We have taken a magnetized totally active scintillator detector of mass 25 kt with threshold energy 1 GeV. In doing the analysis we consider a signal efficiency of 94% in appearance and 0.1% in disappearance channels. As signal we have taken the ν_e → ν_μ, ν̄_e → ν̄_μ, ν_μ → ν_μ and ν̄_μ → ν̄_μ oscillation channels. As backgrounds we consider the neutral current events and ν_μ and ν̄_μ disappearance events. The systematic uncertainties of 2.5% and energy calibration error of 0.01% has been considered for both signal and for the background channels. The Gaussian energy resolution is considered to be 0.1 √ E . The numerical simulation has been done by using GLoBES [15]. For the experimental setup of CERN to Frejus baseline of 130 Km and for 2300 Km for neutrinos and antineutrinos coming from superbeam we have considered the flux and detector specifications as considered in reference [16]. For discovery reach of CP violation we have compared with 130 Km baseline because there the discovery reach is found to be better in comparison to other baselines. For NSI discovery we have compared with 2300 Km baseline as the discovery limit is also found to be better in comparison to other baselines for superbeam.

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 . In our analysis we have taken the uncertainty in the hierarchy of neutrino masses .

FIG. 1: Discovery reach of CP violation for only SM interactions for different baselines for normal (left panel) and inverted hierarchy (right panel). 130 Km baseline corresponds to superbeam and others correspond to neutrino factory.

In the figure 1 we have shown the CP violation discovery reach for 2000 Km, 3000 Km, 4000 Km and 5000 Km baselines for neutrino factory and 130 Km baseline for superbeam. It is found that 3000 Km baseline for neutrino factory gives the better CP violation discovery reach than all other baselines considered for both the hierarchies of neutrino masses and for normal (inverted) hierarchy this discovery is possible over the 67 % (74%) of the allowed δ values. However, 130 Km baselines for superbeam seems better than other baselines for neutrino factory as shown above.

FIG. 2: δ (true) vs δ (test) at 3σ confidence level for two different setups and for both NH (left panel) and IH (right panel). 130 Km baseline corresponds to superbeam and others correspond to neutrino factory.

In figure 2 we have shown the contour for δ(true) vs δ(test) for 2000, 3000, 4000, 5000 Km baselines for neutrino factory and 130 Km baseline for superbeam for both the hierarchies at 3σ confidence level. This gives the 3σ bound on δ given by upper and lower δ (test) values corresponding to any particular δ (true) value indicating the sensitivity of measurement. As for example, for 3000 Km baseline for NH(IH) for δ (true)= 0^∘ the 3σ lower and upper bounds on δ is about −18^∘(−12^∘) and 12^∘(12^∘) respectively. For same baseline for NH(IH) for δ (true)= 45^∘ the 3σ lower and upper bounds on δ is about 30^∘(30^∘) and 54^∘(57^∘) respectively. It is found that the uncertainty in the measurement of δ (true) are more in case of 130 Km superbeam and it is relatively lesser for 3000 Km baseline in neutrino factory.

In figure 3 we have shown at 3σ confidence level the discovery reach of CP violation in presence of NSIs ε_{ee}, ε_{eμ} and ε_{eτ} for baselines 3000 Km and 5000 Km baselines for neutrino factory and 130 Km baseline for superbeam. In figure 4 we have shown at 3σ confidence level the discovery reach of CP violation in presence of NSIs ε_{μμ}, ε_{μτ} and ε_{τ τ} for baselines 3000 Km and 5000 Km baselines for neutrino factory and 130 Km baseline for superbeam. In general, it is found that 3000 Km baseline in neutrino factory is somewhat better for smaller NSI values. However, for higher allowed NSI values 130 Km baseline for superbeam is found to be better in general. But for ε_{eμ} and ε_{eτ} the CP violation discovery reach is much better for almost all allowed NSI values. The possible reason for this significant improvement is discussed in section II in the context of the

FIG. 3: Discovery limit of CP violation with NSI for both NH (left panel) and IH (right panel) at 3σ confidence levels for εee, εeμ and εeτ . 130 Km baseline corresponds to superbeam and others correspond to neutrino factory.

FIG. 4: Discovery limit of CP violation with NSI for both NH (left panel) and IH (right panel) at 3σ confidence levels for εμμ, εμτ and ετ τ . 130 Km baseline corresponds to superbeam and others correspond to neutrino factory.

FIG. 5: Discovery limit of NSI for both NH (left panel) and IH (right panel) at 3σ confidence levels for εee, εeμ and εeτ . 2300 Km baseline corresponds to superbeam and others correspond to neutrino factory.

FIG. 6: Discovery limit of NSI for both NH (left panel) and IH (right panel) at 3σ confidence levels for εμμ, εμτ and ετ τ . 2300 Km baseline corresponds to superbeam and others correspond to neutrino factory.

oscillation probability. For 3000 Km baseline for ε_{ee}, ε_{eμ}, ε_{eτ} , ε_{μμ}, ε_{μτ} and ε_{τ τ} the relatively better discovery reach of CP violation is possible at their NSI values -1, ±0.3, 0.5, -0.6, -0.3 and 0.5 respectively for both the hierarchies over 84%(82%), 97%(97%), 98%(98%), 80%(82%), 86%(86%) and 96%(91%) respectively of the allowed δ values for normal (inverted) hierarchy .

In figure 5 we have shown at 3σ confidence level the discovery of NSIs ε_{ee}, ε_{eμ} and ε_{eτ} for baselines 3000 Km and 5000 Km baselines for neutrino factory and 2300 Km baseline for superbeam. In figure 6 we have shown at 3σ confidence level the discovery of NSIs ε_{μμ}, ε_{μτ} and ε_{τ τ} for baselines 3000 Km and 5000 Km baselines for neutrino factory and 2300 Km baseline for superbeam. In general the NSI discovery reach is better for 3000 Km baseline with neutrino factory for different NSIs except ε_{μμ} (for which 5000 Km baseline in neutrino factory is better) and ε_{μτ} (for which 2300 Km baseline in superbeam is better). In case of 3000 Km baseline for ε_{ee} the NSI discovery is possible for its value above about ±0.1 except δ values around 225^∘(225^∘) and 80^∘(50^∘) for normal(inverted) hierarchy where the respective NSI values are slightly higher. For 3000 Km baseline for ε_{eμ}, ε_{eτ} , ε_{μμ}, ε_{μτ} and ε_{τ τ} the discovery is possible below -0.02 and above 0.02 (below -0.02 and above 0.02), below -0.04 and above 0.02 (below -0.02 and above 0.05), below -0.18 and above 0.18 (below -0.18 and above 0.2), below -0.015 and above 0.015 (below -0.015 and above 0.015), below -0.18 and above 0.18(below -0.18 and above 0.18) respectively for normal (inverted) hierarchy.

IV. CONCLUSION

We have made a comparative study of different baselines 2000, 3000, 4000 and 5000 Km baselines for neutrino factory and 130 Km baseline for superbeam in studying discovery reach of CP violation, precision of measurement of δ(true) for standard interactions. In presence of non-standard interactions we have made comparative study of baselines 3000, 5000 Km for neutrino factory with 130 Km for superbeam for CP violation discovery reach and with 2300 Km baseline for superbeam for NSI discovery limits. In comparing baselines for neutrino factory with baselines for superbeam we have considered some conservative setups. However, if the technology is further developed for superbeam [17] our conclusion could differ.

Considering standard model interactions only we find that for CP violation discovery reach 3000 Km baseline for neutrino factory is somewhat better than other baselines with neutrino factory or with superbeam as found in figure 1. However, for precision of measurement of different values of δ (true) both 3000 and 4000 Km baselines for neutrino factory seem to be good as seen in figure 2. In presence of non-standard interactions ε_{eμ} over the entire allowed range and ε_{eτ} for most of the allowed range, 3000 Km baseline for neutrino factory is found to be good for CP violation discovery reach. The possible reason for this feature has been discussed in section II from the expression of ν_e → ν_μ oscillation probability. One advantage of neutrino factory also lies in the detector for identification of muon instead of electron which is required in superbeam. We find that the NSI discovery reach is better for 3000 Km baseline with neutrino factory for different NSIs except ε_{μμ} and ε_{μτ} . So it seems that if we consider CP violation discovery reach, precision of measurement of δ(true) as well as NSI discoveries, 3000 Km baseline in neutrino factory performs better in most of the cases for various allowed range of NSI parameters. However, considering the combination of this baseline along with other baselines there is scope to improve further particularly the precision measurement of δ(true), discovery reach of CP violation in presence of non-standard interactions. For better discovery reach of NSIs in some cases 3000 Km baseline in neutrino factory in combination with some baseline with superbeam could be more appropriate.

Acknowledgment: AD likes to thank Council of Scientific and Industrial Research, Govt. of India for financial support through Senior Research Fellowship(EMR No. 09/093(0132)/2010-EMR-I) and ZR likes to thank University Grants Commission, Govt. of India for providing research fellowships. RA likes to thank

Raj Gandhi for helpful discussion.

[1] K. Hagiwara et al., Phys. Rev. D66, 010001 (2002); B. Pontecorvo Sov. Phys. JETP 26:984 (1968). [2] K. Nakamura et al. (Particle Data Group), J. Phys. G 37, 075021 (2010) and 2011 partial update for the 2012 edition.

[3] F. P. An et al. [DAYA-BAY Collaboration], Phys. Rev. Lett. 108, 171803 (2012), arXiv:1203.1669. [4] J. K. Ahn et al. [RENO Collaboration], Phys. Rev. Lett. 108, 191802 (2012), arXiv:1204.0626. [5] P. Ballett and S. Pascoli, Phys. Rev. D 86, 053002 (2012), arXiv:1201.6299; S. Choubey, R. Gandhi, S. Goswami, J. S. Berg, J. C. Gallardo, H. Kirk, N. Simos and T. Tsang et al., IDS-NF-017; S. Choubey et al. [IDS-NF Collaboration], arXiv:1112.2853;A. Bross, M. Ellis, S. Geer, O. Mena and S. Pascoli, J. Phys. Conf. Ser. 136, 042032 (2008); T. Li, A. Bross, M. Ellis, E. Fernandez Martinez, S. Geer, O. Mena and S. Pascoli, AIP Conf. Proc. 1222, 84 (2010); E. Fernandez Martinez, T. Li, S. Pascoli and O. Mena, Phys. Rev. D 81, 073010 (2010) [arXiv:0911.3776] ; P. Kyberd, M. Ellis, A. Bross, S. Geer, O. Mena, K. Long, S. Pascoli and E. Fernandez Martinez et al., FERMILAB-FN-0836-APC;A. Bross, M. Ellis, S. Geer, O. Mena and S. Pascoli, AIP Conf. Proc. 981, 187 (2008); A. Bandyopadhyay et al. [ISS Physics Working Group Collaboration], Rept. Prog. Phys. 72, 106201 (2009), arXiv:0710.4947; A. D. Bross, M. Ellis, S. Geer, O. Mena and S. Pascoli, Phys. Rev. D 77, 093012 (2008), arXiv:0709.3889; S. Geer, O. Mena and S. Pascoli, Phys. Rev. D 75, 093001 (2007) [hep-ph/0701258] .

[6] J.Kopp, T. Ota and W.Winter, Phys. Rev. D78, 053007 (2008); W. Winter, Phys. Lett. B 671, 77 (2009), arXiv:0808.3583.

[7] A. Friedland and I. M. Shoemaker, arXiv:1207.6642.

[8] 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 (2007).

[9] Super-Kamiokande Collaboration (G. Mitsuka et al.), arXiv:1109.1889.

[10] C. Biggio, M. Blennow and E. Fernandez-Martinez, JHEP 0908, 090 (2009); T. Ohlsson, arXiv:1209.2710. [11] R. Adhikari, S. Chakraborty, A. Dasgupta and S. Roy, Phys. Rev. D 86, 073010 (2012), arXiv:1201.3047. [12] T. Kikuchi, H. Minakata and S. Uchinami, JHEP 0903, 114 (2009), arXiv:0809.3312. [13] H. Minakata, Acta Phys. Polon. B 40, 3023 (2009), arXiv:0910.5545. [14] K. Asano and H. Minakata, JHEP 1106, 022 (2011), arXiv:1103.4387.

[15] P. Huber, M. Lindner and W. Winter, Comput. Phys. Commun.167, 195 (2005); P. Huber, J. Kopp, M. Lindner, M. Rolinec and W. Winter, Comput. Phys. Com- mun.177, 432 (2007).

[16] Z. Rahman, A. Dasgupta and R. Adhikari, arXiv:1210.2603 . [17] A. Longhin, Eur. Phys. J. C 71, 1745 (2011), arXiv:1106.1096.