arXiv:1108.3339v2 [hep-ph] 17 Dec 2011

Prepared for submission to JHEP

Testing Nonstandard Neutrino Properties with a Mössbauer Oscillation Experiment

P.A.N. Machado,^{a,b} H. Nunokawa,^c F. A. Pereira dos Santos^c and R. Zukanovich Funchal^a aInstituto de Física, Universidade de São Paulo São Paulo, C.P. 66.318, 05315-970 São Paulo, Brazil bInstitut de Physique Théorique, CEA-Saclay, 91191 Gif-sur-Yvette, France cDepartamento de Física, Pontifícia Universidade Católica do Rio de Janeiro C.P. 38071, 22452-970, Rio de Janeiro, Brazil E-mail: accioly@fma.if.usp.br, nunokawa@puc-rio.br,

fabio.alex@fis.puc-rio.br, zukanov@if.usp.br

Abstract: If the neutrino analogue of the Mössbauer effect, namely, recoiless emission and resonant capture of neutrinos is realized, one can study neutrino oscillations with much shorter baselines and smaller source/detector size when compared to conventional experiments. In this work, we discuss the potential of such a Mössbauer neutrino oscillation experiment to probe nonstandard neutrino properties coming from some new physics beyond the standard model. We investigate four scenarios for such new physics that modify the standard oscillation pattern. We consider the existence of a light sterile neutrino that can mix with ν̄_e, the existence of a Kaluza-Klein tower of sterile neutrinos that can mix with the flavor neutrinos in a model with large flat extra dimensions, neutrino oscillations with nonstandard quantum decoherence and mass varying neutrinos, and discuss to which extent one can constrain these scenarios. We also discuss the impact of such new physics on the determination of the standard oscillation parameters.

Keywords: Neutrino Physics, Beyond Standard Model

Contents

1 Introduction 1

2 Mössbauer ν̄_e: Current Status 3 2.1 Theoretical considerations on Mössbauer ν̄_e oscillation 3 2.2 Experimental feasibility of a Mössbauer ν̄_e experiment 3

3 On the Framework and Assumptions on New Physics 4 3.1 A Light Sterile Neutrino 4 3.2 Large Extra Dimensions 6 3.3 Nonstandard Quantum Decoherence 8 3.4 Mass Varying Neutrinos 10

4 Constraining New Physics Models 12 4.1 Light Sterile Neutrino 12 4.2 Large Extra Dimensions 13 4.3 Nonstandard quantum decoherence 13 4.4 Mass Varying Neutrinos 15

5 Impact of New Physics on the determination of the standard parameters 17

6 Discussion and Conclusions 19

A Analysis Method 21

1 Introduction

Shortly after the discovery of the Mössbauer effect [1], the resonant and recoil-free emission and absorption of photons by atoms bound in a crystal, Visscher [2] suggested that neutrinos could also be emitted and absorbed in a similar fashion. In the early eighties, Kells and Schiffer [3] proposed that a bound-state beta decay [4, 5] could produce a recoil free emission of antineutrinos with ultramonochromatic energy, necessary to accomplish the neutrino Mössbauer effect. Such monochromatic antineutrino could be resonantly absorbed by an induced orbital electron capture [6].

More recently, in 2005, Raghavan [7, 8] rekindle this idea studying the possibility for the recoilless ν̄_e emission by the bound-state beta decay [4, 5]

3H →^3He + e^−(bound) + ν̄_e, (1.1)

– 1 – producing a ν̄_e with energy E = 18.6 keV, and the subsequent resonant ν̄_e capture by the inverse reaction [6],

3He + e^−(bound) + ν̄_e →^3H, (1.2)

where the number of ν̄_e captured can be inferred either by observing the subsequent decay of^3H or by directly counting the number of^3H atoms produced using some chemical technique. After this first study, a considerable amount of related works [9–30] appeared in the last several years.

Due to the resonance nature of the detection process, it was estimated in ref. [7, 8] that the ν̄_e absorption cross section would be 12 orders of magnitude larger than the standard non-resonant weak interaction cross section for the same energy. This would allow for rather compact detectors, of mass of about a kg, or so, instead of a ton or larger.

It was demonstrated in [14] that a Mössbauer neutrino experiment based on the^3H-^3He system, due to the very low energy of ν̄_e emitted (18.6 keV), can be used to study neutrino oscillations driven by the mass squared difference relevant to atmospheric neutrinos, Δm^2_{31}, with a baseline of only ∼ 10 m. This experiment could provide precise measurements of θ_{13} and |Δm^2_{31}|.

Moreover, if θ_{13} is not so small, which the recent T2K result [31] seems to indicate, by extending the baseline to a few hundred meters, where the oscillation effect due to the solar mass squared difference Δm^2_1 becomes relevant, this experiment has the potential to determine also the neutrino mass hierarchy [15], as first considered for reactor neutrinos [32, 33].

Currently, almost all the existing neutrino data are very well described by the standard three flavor massive and mixed neutrinos. However, there are some experimental data which favor more than three neutrino species. Sterile neutrinos, phenomenologically motivated by the results of LSND [34, 35] and supported by MiniBooNe data [36], seem to have gained a new élan. The reactor antineutrino anomaly [37], discovered recently after a new calculation of the reactor antineutrino fluxes [38, 39], as well as the cosmological data [40], also seem to indicate the presence of light sterile neutrino(s).

In this paper, assuming that θ_{13} is not so small (sin^2 2θ_{13} >∼ 0.01), we consider the possibility to probe nonstandard neutrino properties coming from some new physics beyond the standard model by Mössbauer neutrinos. We will consider four scenarios: the possible presence of a light sterile neutrino, mixing with a Kaluza-Klein tower of sterile neutrinos in a model with large extra dimensions (LED) [41–43], nonstandard quantum decoherence (NQD) [44], and a model with the so called mass varying neutrinos (MaVaN) [45, 46].

Since the standard three neutrino flavor framework provides an excellent fit of almost all the experimental data we assume that new physics produce, at the most, subdominant effects on top of the standard oscillation pattern. Under this assumption, one can try to detect small deviations from the standard oscillation and study how to constrain new physics using Mössbauer neutrinos, in a similar way as done in ref. [47] for a future accelerator neutrino oscillation experiment using conventional neutrino beam from pion decays.

– 2 –

2 Mössbauer ν̄_e: Current Status

In last several years, there have been various works on Mössbauer ν̄_e, both from a theoretical and an experimental point of view [9–30]. Let us make a brief summary of the current status of the prospect of a Mössbauer ν̄_e oscillation experiment.

2.1 Theoretical considerations on Mössbauer ν̄_e oscillation

Despite that neutrino oscillations are believed to have been observed and confirmed experimentally, a complete consensus on the formalism of neutrino oscillations seems to be still lacking (see e.g. [48]). Indeed, due to the very special nature of Mössbauer ν̄_e, there has been some controversy in the literature whether or not Mössbauer ν̄_e would indeed oscillate [19–24].

It was argued in refs. [20, 21, 30] that the very small energy uncertainty on Mössbauer ν̄_e (due to its ultramonochromatic nature) is in conflict with the energy uncertainty required to observe neutrino oscillations. In this case, Mössbauer neutrinos could be used to test different approaches on the formalism of neutrino oscillations.

In ref. [19] the oscillation probability of Mössbauer ν̄_e was calculated based solely on quantum field theory without making any a priori assumption about the energy and momentum of the intermediate neutrino state. It was concluded that despite the nearly perfect monochromaticity of the beam, Mössbauer neutrinos do oscillate (see also [26]). The same conclusion was also drawn in ref. [23].

In this work we assume that Mössbauer ν̄_e do oscillate and that the standard expression for three active neutrino flavors oscillation probability can be used. We modify this expression accordingly to the new physics models we consider.

2.2 Experimental feasibility of a Mössbauer ν̄_e experiment

The natural line width of a ν̄_e from a^3H (with life time τ = 17.8 yr) decay is Γ = ℏ/τ ≃ 1.17×10^{−24} eV and if there is no recoil, this implies the extremely small energy uncertainty, ΔE/E ∼ 10^{−31}, which, however, is impossible to reach experimentally. In order to prevent recoil, Raghavan [7, 8] considered that both^3H and^3He should be embedded in Nb metal lattices, and estimated that, due to several line broadening effects, the relative energy uncertainty would be ΔE/E ∼ 5 × 10^{−16}, implying a resonant capture cross section of the order of ∼ 10^{−33} cm^2.

If such a large value of the cross section can be realized, in the absence of oscillation, about one million events per day would be expected for 1 MCi source and 100 g^3He target at a baseline of ∼ 10 m. However, in [13], it was argued that this value could be significantly reduced by some other line broadening effects missed in the estimation done in [7, 8].

More recently, it was claimed in ref. [9–12] that, due to motional averaging by lattice vibrations, the decay of^3H in crystals can emit a hypersharp neutrino with ΔE/E ∼ 5 × 10^{−29}, implying a capture cross section of ∼ 10^{−17} cm^2. This conclusion was criticized by Refs. [27–29] claiming it would be impossible to reach such a value and that it would be impractical to perform the experiment using the^3H-^3He system. For example, it was

– 3 – stressed [28, 29] that^3H and^3He atoms occupy differently the lattice space, implying some energy difference (by lattice expansion or contraction) before and after the emission and absorption of ν̄_e, which would broaden the natural line width by many orders of magnitude.

In ref. [29] it was proposed that another system,^{163}Ho-^{163}Dy, would be more promising than the^3H-^3He one. We note that this new system would imply an even smaller baseline <∼ 2 m in order to study Δm^2_{31} driven-oscillations, due to a lower ν̄_e energy, E = 2.6 keV.

While it is yet far from clear if a Mössbauer ν̄_e experiment can be really realized, we assume that it will become possible in the future and for definiteness, throughout this work, we consider the^3H-^3He system as ν̄_e emitter/absorber with E = 18.6 keV. We note, however, that our analysis method can be applied to other systems by appropriately re-scaling neutrino energies and baselines.

3 On the Framework and Assumptions on New Physics

In this section we describe the framework as well as the assumptions for the new physics to be probed by a Mössbauer neutrino experiment. Since all of these new physics models are already described in detail in previous works, we will provide only a brief descriptions of each model and refer the readers to the appropriate references in each case.

As mentioned in the introduction, most of the experimental data are well described by the standard three flavor oscillation scheme, allowing us to assume that the effect coming from new physics is small (subdominant). Therefore, throughout this work, even in the presence of new physics, we consider, to a good approximation, the following true (input) values of the standard oscillation parameters determined by the three flavor analysis of experimental data: Δm^2_1 = 7.6 × 10^{−5} eV^2, sin^2 θ_{12} = 0.31, |Δm^2_{31}| = 2.4 × 10^{−3} eV^2 where the mass squared differences are defined as Δm^2_{ij} ≡ m^2_i − m^2_j with m_i (i = 1, 2, 3) being the neutrino mass. For the most recent global analyses of the neutrino oscillation data which have taken into account the new T2K result [31] as well as new calculations of the reactor neutrino fluxes [38, 39], see Refs. [49, 50].

As long as the mixing among the standard active three neutrino flavors is concerned, we consider the parameterizations found in ref. [51]. We note that the values of the CP phase δ and of the angle θ_{23} are irrelevant for the ν̄_e → ν̄_e channel, even in the presence of new physics. We define the lightest neutrino mass m_0 as m_0 = m_1 (m_3) for normal (inverted) mass hierarchy. As we will see, unlike the standard oscillation case, for LED and MaVaN, the oscillation probabilities depend also on the absolute neutrino mass scale m_0.

3.1 A Light Sterile Neutrino

The original motivation for considering a light sterile neutrino was the result of the LSND experiment [34, 35], now also supported by MiniBooNe [36], where the data can be interpreted as oscillation between active and sterile neutrinos with a mass squared difference of ∼ 0.1 − 1 eV^2. Another hint in favor of a light sterile neutrino comes from the GALLEX [52, 53] and SAGE [54]^{51}Cr neutrino source experiments. Both measured a

– 4 – deficit of ν_e events with respect to the prediction. This can be a signal of oscillation from active to sterile neutrinos [55, 56].

More recently, the so called reactor antineutrino anomaly [37] supports also the possibility of oscillation to a sterile neutrino driven by a mass squared difference compatible with LSND and MiniBooNe. In addition, though the significance is not yet strong, cosmological data also favors the presence of sub-eV mass sterile neutrinos [40].

We note, however, that the significance of the LSND excess was diminished from 3.8 to 2.9 σ according to the new result on pion production from the HARP-CDP collaboration [57], and more recent MiniBOONE result, based on the 8.58 × 10^{20} POT, also reduced the significance of the ν̄_μ → ν̄_e excess to 0.84 σ [58].

Oscillation between active and sterile neutrinos can be tested using the ν̄_e disappearance mode [59] in reactor neutrino experiments. In ref. [60] the impact of sterile neutrinos on the determination of the standard oscillation parameters θ_{13} and Δm^2_{31} for reactor neutrinos was studied.

Here we consider the so called 3+1 model where one species of light sterile neutrino is added to the standard 3 flavor framework. See ref. [61–67] for a partial list of works that studied this possibility. In this model, the mixing between 4 neutrinos (3 active and 1 sterile) is described by six mixing angles and 3 CP phases. For simplicity, we take only one of the mixings, the one which involves the 4th mass eigenstate (mainly the sterile neutrino state), θ_{14}, different from zero.

For definiteness, we consider the mixing between active and sterile neutrinos as ν_e ν_μ ν_τ ν_s = U ν_1 ν_2 ν_3 ν_4

, (3.1)

where

U = c_{14} 0 0 s_{14} 0 1 0 0 0 0 1 0 −s_{14} 0 0 c_{14}

1 0 0 0 0 c_{23} s_{23} 0 0 −s_{23} c_{23} 0 0 0 0 1 c_{13} 0 s_{13} 0 0 1 0 0 −s_{13} 0 c_{13} 0 0 0 0 1 c_{12} s_{12} 0 0 −s_{12} c_{12} 0 0 0 0 1 0 0 0 0 1

, (3.2)

with the notation c_{ij} ≡ cos θ_{ij} and s_{ij} ≡ sin θ_{ij}. Since CP violation is not observable in the ν̄_e → ν̄_e channel, we ignore all CP phases.

Under this parameterization, vacuum oscillation probabilities can be easily calculated without any approximation. In figure 1 we show the ν̄_e survival probability as a function of the baseline for the 3+1 model, for sin^2 2θ_{14} = 0.01 and |Δm^2_{41}| = 1, 0.1, 0.01 and 0.001 eV^2. Assuming that the mixing angle θ_{14} is small, we see that in this range of distances the presence of a sterile neutrino induces an extra smaller modulation on top of the standard oscillation pattern. We note that for larger value of Δm^2_{41}, the net effect is expected to be similar to that of LED to be discussed in section 3.2.

– 5 –

Figure 1. ν̄_e survival probability as a function of the distance from the source for the 3+1 model, the standard 3 active flavors plus one light sterile neutrino, and E = 18.6 keV. We set the mixing angle between active and sterile as sin^2 2θ_{14} = 0.01 (θ_{i4} = 0 for i ≠ 1) and |Δm^2_{41}| = 1, 0.1, 0.01 and 0.001 eV^2. Here sin^2 2θ_{13} = 0.1. For the purpose of comparison, the probability for the standard oscillation scenario without a sterile neutrino is also shown by the solid blue curve.

3.2 Large Extra Dimensions

We consider the model of large extra dimensions discussed in [68–74] in connection with neutrino physics, based on the so called flat large extra dimension (LED) scenario [41– 43]. In this model, it is assumed that right handed neutrinos (Standard Model singlet fields) can, as well as gravity, propagate in the d-dimensional bulk, while Standard Model (SM) particles can only propagate in a brane of 3+1 dimensions. While LED induced neutrino oscillations is not favored by most of the neutrino data [73], in ref. [74] it was demonstrated that gallium [52–56] and reactor antineutrino [37] anomalies can be explained by this scenario.

As in [73], we do not consider explicitly how many extra spatial dimensions do exist, but we assume that the largest one, compactified on a torus of radius a, is sufficiently larger than the others so effectively only 4+1 dimensions can be considered. In other words, only the largest LED in practice contribute to modify the oscillation probabilities. Since in any case for us the LED effect is a subdominant one in neutrino oscillations, this assumption looks reasonable.

For this effective model, the 4-dimensional Lagrangian which describes the charged current interaction of the brane neutrinos with the W as well as the mass term resulting from these couplings with the bulk fermions in the brane, after electroweak symmetry

– 6 – breaking and dimensional reduction, can be written as [69],

L^{eff}_{LED} = L_{mass} + L_{CC} = ∑ α,β m^D_{αβ} [ ν^{(0)}_{αL} ν^{(0)}_{βR} + √ 2 ∞∑ N=1 ν^{(0)}_{αL} ν^{(N)}_{βR} ] + ∑ α ∞∑ N=1 N a ν^{(N)}_{αL} ν^{(N)}_{αR} + g √ 2 ∑ α l_αγ^μ (1 − γ_5) ν^{(0)}_α W_μ + h.c., (3.3)

where the Greek indices α, β = e, μ, τ, the capital Roman index N = 1, 2, 3, ..., ∞, m^D_{αβ} is a Dirac mass matrix, ν^{(0)}_{αR}, ν^{(N)}_{αR} and ν^{(N)}_{αL} are the linear combinations of the bulk fermion fields that couple to the SM neutrinos ν^{(0)}_{αL} which is identified, from now on, as ν_α (α = e, μ, τ) for simplicity.

After performing unitary transformations in order to diagonalize m^D_{αβ} we arrive at the neutrino evolution equation (see eq. (A7) of ref. [73]) that can be solved to obtain the eigenvalues λ^{(N)}_j and amplitudes W^{(0N)}_{ij} (see Appendix of ref. [73]).

Then the ν̄_e survival probability at a distance L from production

P (ν̄_e → ν̄_e; L) = |A(ν̄_e → ν̄_e; L)|^2 , (3.4)

can be given in terms of the transition amplitude

A(ν̄_e → ν̄_e; L) = 3∑ i,j,k=1 ∞∑ N=0 U_{ei}U^∗_{ek}W^{(0N)∗}_{ij} W^{(0N)}_{kj} × exp ( i λ^{(N)2}_j L 2Ea^2 ) , (3.5)

where E is the neutrino energy, L is the baseline distance, a is the size of the largest extra dimension, U and W are the mixing matrices for active and KK (Kaluza-Klein) neutrino modes, respectively (see [73]), λ^{(N)}_j are the eigenvalues of the Hamiltonian matrix described in eq. (A11) in [73], and the index N refers to the KK modes.

In figure 2 we show an example of the ν̄_e survival probability with the effect of LED, for a = 0.4 μm and both mass hierarchies. As discussed in [68–73], the presence of LED induces conversion from active to sterile KK mode neutrinos with rapid oscillations (or smaller oscillation lengths) and reduce further the ν̄_e survival probability when compared to the standard oscillation without LED. In addition to the overall reduction of the probability, LED induces some shift (distortion) of the oscillation minimum though this effect is not so large.

In agreement with the behavior of the ν̄_e survival probability for reactor neutrinos shown in figure 1 of ref. [73], for a given value of a, the impact of LED is significantly larger for the case of the inverted hierarchy (orange curve) than that of the normal one (purple curve). The reason why the LED effect is larger for the inverted hierarchy is that for the normal one, there is a suppression due to small θ_{13} [73].

Due to the ultra monochromatic energy, in principle, a Mössbauer neutrino experiment could be highly sensitive to the LED effect. However, due to the uncertainties on the exact production and detection points, i.e. the finite size of the source and detector, the large

– 7 –

Figure 2. ν̄_e survival probability as a function of the distance from the source for the LED model with a = 0.4 μm and the lightest neutrino mass set to zero for the normal (m_1 = m_0 = 0) (solid magenta curve) and inverted (m_3 = m_0 = 0) hierarchy (solid orange curve). Here sin^2 2θ_{13} = 0.1. We also show the case where the probabilities are averaged over the production and detection (interaction) points using the Gaussian smearing function described in eq. (A.1) of the Appendix with σ_L = 10 cm, by the dashed red (normal) and green (inverted) curves. For the purpose of comparison, the standard survival probability without LED is shown by the solid blue curve.

LED effect can be significantly washed out. This is exemplified by the dashed curves shown in figure 2.

3.3 Nonstandard Quantum Decoherence

Even in the absence of new physics, loss of coherence can occur in standard neutrino oscillations if neutrinos travel further than the coherence length (see e.g.[75]). This, in fact, can be important for neutrinos from astrophysical sources traveling very long distances. Decoherence can also happen in dense media when collisions become important (see e.g. [76]), in particular, when neutrino-neutrino interactions are significant (see e.g. [77]), or matter density perturbations/fluctuations are relevant [78]. Here we focus on a different kind of decoherence, what we will refer to as nonstandard quantum decoherence (NQD), a decoherence that could be induced by quantum gravity [79].

We assume that the survival probability of ν̄_e in the presence of the nonstandard decoherence effect in the 1-3 sector, is given by [44, 80],

P (ν_e → ν_e) = 1 − 1 2 sin^2 2θ_{13} [ 1 − e^{−γ(E)L} cos(Δ_{31}) ] + P_⊙, (3.6)

– 8 – where Δ_{31} ≡ Δm^2_{31}L/(2E) and P_⊙ is the part of the probability that depends on the solar oscillation parameters, P_⊙ ≡ 1 2 s^2_{12} sin^2 2θ_{13} sin(Δ_{31}) sin(Δ_{21}) + [ c^4_{13} sin^2 2θ_{12} + s^2_{12} sin^2 2θ_{13} cos(Δ_{31}) ] sin^2 ( Δ_{31} 2 ) , (3.7) where Δ_{21} ≡ Δm^2_1L/(2E) and c_{ij} ≡ cos θ_{ij} and s_{ij} ≡ sin θ_{ij}. Strictly speaking, there should be some interference term which depends on both, the decoherence parameters and the solar parameters, but since we consider the case where decoherence is a subdominant effect, we assume that such term is negligible in our case.

As in previous works [44, 47, 80], we assume that the parameter γ(E) can be phenomenologically parameterized as,

γ(E) = γ_0 ( E GeV )_β , (3.8)

where γ_0 and β are constant. In this work, the parameter β is restricted to be in the range −2 ≤ β ≤ 2.

Figure 3. ν̄_e → ν̄_e survival probability as a function of the distance from the source for the decoherence model, for the cases (γ_0, β) = (8 × 10^{−23} GeV, −1), (1.8 × 10^{−18} GeV, 0) and (1.5 × 10^{−13} GeV, +1). Here sin^2 2θ_{13} = 0.1.

To illustrate the effect of decoherence in terms of probability, we show in figure 3 how the survival probability is modified by this effect for sin^2 2θ_{13} = 0.1 and three cases (γ_0, β) = (8 × 10^{−23}GeV, −1), (1.8 × 10^{−18} GeV, 0) and (1.5 × 10^{−13}GeV, +1). As expected, the net effect of NQD is to reduce the oscillation amplitudes as compared to the standard oscillation case.

– 9 –

3.4 Mass Varying Neutrinos Some years ago a connection between neutrino mass and dark energy was proposed in a scenario known as Mass Varying Neutrinos (MaVaN) [45]. The idea was that neutrino mass comes about from the interaction with a scalar field whose effective potential changes with the local neutrino density. So the neutrino mass would be a dynamical variable that depends on the local neutrino density (therefore vary as the Universe evolves). Due to the connection field the dark energy density could keep track of the matter densities (dark matter, baryons and neutrinos) throughout the evolution of the Universe. One could further consider that if the scalar field is in some way coupled to visible matter, the neutrino mass could depend on the local matter density as well [46, 81].

One can find in the literature phenomenological studies of MaVaN models involving solar [82–85] and atmospheric neutrinos [86]. (See ref. [87] where the cosmological impact of MaVaN was studied.) We adopt here essentially the same framework of these references but for the 1-3 sector (mixing between the first and third generation), as discussed in ref. [88] for future reactor neutrino experiments.

If the effect of MaVaN is present and significant, a Mössbauer neutrino oscillation experiment should be able to detect some deviation of the oscillation probability, which will depend on the matter present between the source and the detector, from the standard vacuum oscillation. One of the advantages of a Mössbauer experiment is that it is very easy to switch on and off the matter induced MaVaN effect by placing (and removing) matter between the source and the detector which are separated by only ∼ O(10) m.

The Lagrangian we consider has the same form as assumed in ref. [84], and given by

L^{eff}_{MaVaN} = ∑ i ν̄_i(i/∂ −m_i)ν_i + ∑ f f̄(i/∂ −m_f )f + 1 2 [ ϕ(∂^2 − m^2_S )ϕ ] + ∑ ij λ^ν_{ij}ν̄_iν_jϕ+ ∑ f λ^f f̄fϕ, (3.9) where m_i (i = 1, 2, 3) are neutrino masses in the presence of the cosmic neutrino background, which are regarded as vacuum neutrino masses, m_f is the mass of fermion of f-species, m_S is the mass of the scalar particle (acceleron) responsible for the accelerated expansion of the universe (which behaves as the dark energy), and λ^ν_{ij} and λ^f are, respectively, the effective neutrino-scalar and matter-scalar couplings, and f refers to fermions e, n and p.

The effective neutrino evolution equation in the MaVaN scenario considered in this work is given by,

i d dt ν_e ν_μ ν_τ = 1 2E A 0 0 0 0 0 0 0 0 + UM^2U^† ν_e ν_μ ν_τ , (3.10)

where A ≡ 2 √ 2G_F n_eE, G_F and n_e are the Fermi constant and the electron number density, respectively, and the effective mass squared matrix is given by

M^2 ≡ m^2_1 0 M^2_{13}(r) 0 m^2 0 M^2_{31}(r) 0 {m_3 − M_{33}(r)}^2

. (3.11)

– 10 –

As in the framework considered in [84], M_{ij} is related to more fundamental parameters of the MaVaN model as

M_{ij} (r) = λ^ν_{ij} m^2_S ∑ f λ^f n_f (r), (3.12)

where n_f (r) is the number density of fermion of f-species. For simplicity, we only consider the case of vanishing lightest neutrino mass m_1 = 0 (m_3 = 0) for normal (inverted) mass hierarchy.

Following ref. [84], we introduce the effective MaVaN parameters α_{13} and α_{33} for the 1-3 sector as M_{ij} (r) ≡ α_{ij} [ ρ g/cm^3 ] , (i, j) = (1, 3), (3, 3), (3.13)

where ρ is the density of the matter present along the neutrino trajectory. In vacuum our evolution equation coincides with the standard one.

Figure 4. ν̄_e → ν̄_e survival probability as a function of the distance from the source for the MaVaN model and four cases: (α_{33}, α_{31}) = (±5.7 × 10^{−4} eV, 0), (0, 2.5 × 10^{−4} eV) and (0, 2.5i × 10^{−4} eV). Here sin^2 2θ_{13} = 0.1. To study the MaVaN effect, we consider the case where we place iron (with density ρ = 7.9 g/cm^3) between the source and the detector.

In figure 4 we show how the survival probability can be modified by this effect for the four cases of (α_{33}, α_{31}) = (±5.7 × 10^{−4} eV, 0), (0, 2.5 × 10^{−4} eV) and (0, 2.5i × 10^{−4} eV). As expected from the effective mass squared matrix in eq. (3.11), we can see in figure 4, the effect of a nonzero α_{33} is to shift the position of the oscillation minimum, whereas that of α_{31} is to modify the oscillation amplitude (or effective mixing).

– 11 –

4 Constraining New Physics Models

In this section we present the sensitivity of a Mössbauer experiment to constrain new physics based on the results of our χ^2 analysis, described in the Appendix.

4.1 Light Sterile Neutrino In figure 5 we show the region of the sterile neutrino mixing parameters that can be excluded if the data are consistent with the standard three flavor active neutrino framework.

Figure 5. Regions of the parameters Δm^2_{41} and sin^2 2θ_{14} which can be excluded if the data are consistent with the standard oscillation with sin^2 2θ_{13} = 0.1 by the red curves (see upper two lines of legend) or 0.01 by the blue curves (lower two lines of legend). The two dotted lines correspond to benchmarks of ref. [89], see text.

We observe that the exclusion curves show somewhat complicated and strange oscilatory behaviours, leading to significant reductions of the sensitivity for particular values of |Δm^2_{41}|. We note that most of these behaviours are not physical and is caused by the fact that we have a finite number of detector positions. Below let us try to explain qualitatively the cause of such behaviours.

First of all, being a disappearance oscillation experiment, it is clear that the standard oscillation driven by (Δm^2_{31}, sin^2 2θ_{13}) without sterile neutrino, can always be mimicked by the same values of (Δm^2_{41}, sin^2 2θ_{14}) with vanishing θ_{13}. This explains the “dip” behavior of the exclusion contours around Δm^2_{41} = 2.4×10^{−3} eV^2 in figure 5. This loss of sensitivity

– 12 – can not be avoided even if we consider larger number of detector positions (unless we use independent information from some other experiment).

Second, for larger values of |Δm^2_{41}| when ν̄_e survival probabilities exhibit many rapid oscillations, due to the finite number detector positions, there exist some special values of |Δm^2_{41}| which reproduce quite well the original probabilities at all of the detector positions we considered. This is the cause of the loss of sensitivity at several particular values of |Δm^2_{41}| larger than ∼ 5 × 10^{−3} eV^2 see in figure 5. We note, however, that in principle, by increasing the number of detector positions, such a loss of sensitivity can be avoided.

We also show in figure 5 two dotted lines that correspond to benchmarks for the sterile neutrino contributions to the active neutrinos mass matrix. According to ref. [89], if the oscillation parameters lie above the lower (upper) dotted lines, the sterile neutrino can influence sub-leading structures in the degenerate (normal hierarchy) neutrino mass spectrum. We observe that the Mössbauer experiment can exclude a large region in the plane sin^2 2θ_{14} versus |Δm^2_{41}|, in particular, it closes the lower mass window for any significant induced effect of the sterile neutrino in the active neutrinos mass matrix for the ν_e-ν_s channel [89].

4.2 Large Extra Dimensions In figure 6 we show the sensitivity region in the LED parameter plane a-m_0. Here a is the size of the largest extra dimension and m_0 is the lightest neutrino mass, m_0 being m_1(m_3) for the normal (inverted) mass hierarchy. The parameter region on the top-right side of the curves can be excluded by Mössbauer neutrinos if the data are consistent with the standard oscillation (including the case where θ_{13} = 0).

In obtaining these regions, we have also varied freely the LED parameters a and m_0 and as described in the Appendix we have taken into account the finite size of the source and detector by using the Gaussian smearing function given in eq. (A.1) with σ_L = 10 cm. As expected from figure 2, we obtained better sensitivity for the case of the inverted mass hierarchy. The value sin^2 2θ_{13} = 0.1 was used as input but we verified that in practice the results do not depend on the true value of θ_{13}.

Compared to the current bound coming from CHOOZ, KamLAND and MINOS obtained in [73], the sensitivity we obtained here is somewhat better but very similar to the one which is expected from the Double CHOOZ experiment [73].

We observe that there are mainly two factors that reduce significantly the sensitivity of the Mössbauer experiment to LED. First, as mentioned in the previous section, despite the ultra monochromatic beam energy, due to the finite size of the source and detector, the LED effect which exhibit large oscillatory behavior, is averaged out and the net effect is significantly reduced. Second, the rather large correlated systematic uncertainty of 10% which we assumed following [14] also reduces the sensitivity significantly for this model.

4.3 Nonstandard quantum decoherence We show in figure 7 the sensitivity regions in the plane of the NQD parameters β − γ_0 for the cases where the true value of the standard parameter sin^2 2θ_{13} = 0.1 (lower two lines) or 0.01 (upper two lines). The NQD parameters β and γ_0, as well as the standard

– 13 –

Figure 6. Region of parameters m_0 (lightest neutrino mass) and size of the largest extra dimension a which can be excluded if the data are consistent with the standard oscillation (including the case for vanishing θ_{13}). The data was simulated with sin^2 2θ_{13} = 0.1 (as input) but the results do not essentially depend on the exact value of θ_{13}.

θ_{13} and |Δm^2_{31}| were varied freely in fitting the data according to what is described in the Appendix. We find that the values of β and γ_0 that lie above the diagonal lines of figure 7 are not compatible with the simulated data and can be excluded by the Mössbauer neutrino experiment, if the data are consistent with the standard oscillation. On the other hand, the Mössbauer experiment has the potential of observing NQD effects in this region. Unlike the case of LED, the sensitivity to NQD essentially does not depend on the mass hierarchy but strongly depends on the true value of θ_{13}. This can be easily understood from the expression of the probability shown in eq. (3.6).

We note that these results are worse, by ∼ 2-3 orders of magnitudes, than the current bounds on NQD obtained in ref. [90] which used solar and KamLAND neutrino data (see figure 1 of this reference). However, the bounds obtained in [90] can not be compared directly to the results we obtained in this work because what was constrained by solar and KamLAND data was the decoherence effect relevant for oscillation between the first and second generation whereas we consider here the one between the first and the third generation. This has not yet been constrained for small θ_{13} allowed by current data, see [80].

– 14 –

Figure 7. Regions of the nonstandard decoherence parameters γ_0 and β which can be excluded if the data are consistent with the standard oscillation and sin^2 2θ_{13} = 0.1 (upper two lines) or 0.01 (lower two lines). The region above the diagonal lines can be excluded (or probed) by the Mössbauer neutrino experiment.

4.4 Mass Varying Neutrinos

In figure 8 we show the sensitivity regions of the MaVaN parameters of α_{13} and α_{33}. Again we consider two possible input values for θ_{13}, sin^2 2θ_{13} = 0.1 (upper panel) or sin^2 2θ_{13} = 0.01 (lower panel). For simplicity, as in ref. [84], we have considered the case where CP violation is absent, so sin(arg[α_{13}]) = 0 (α_{13} is real or pure imaginary). In order to determine these exclusion (sensitivity) regions, we have combined the results from two cases where the data are taken by inserting the matter between the source and the detectors (we assume the iron with ρ = 7.9 g/cm^3) and without matter which is considered practically as vacuum, which is crucial to constrain any MaVaN induced effect (comparison of these two cases is very important).

We can exclude the parameter region outside the closed contours of figure 8 for normal (blue lines) and inverted (red lines) mass hierarchy, if the data are consistent with standard oscillation. However if this is not the case, the Mössbauer experiment has the potential to discover MaVaN effects in this region.

For the case where the mass hierarchy is normal, if sin^2 2θ_{13} = 0.1 (0.01), a Mössbauer neutrino experiment can exclude |α_{31}| >∼ 6 × 10^{−4} (12 × 10^{−4}) eV and |α_{33}| >∼ 10^{−4} (10 ×10^{−4}) eV at 3 σ. For the case where the mass hierarchy is inverted, if sin^2 2θ_{13} = 0.1

– 15 –

Figure 8. Regions of MaVaN parameters α_{13} and α_{33} (outside the closed curves) which can be excluded if the data are consistent with the standard oscillation with sin^2 2θ_{13} = 0.1 (upper panel) or sin^2 2θ_{13} = 0.01 (lower panel).

(0.01), we can exclude the same range of |α_{31}| as in the case of normal hierarchy and |α_{33}| >∼ 10^{−3} (3 × 10^{−3}) eV at 3 σ.

Following [84], one can try to describe the bounds we obtained in terms of more fundamental MaVaN parameters using eq. (3.12). We conclude that, roughly speaking, for the normal mass hierarchy, if sin^2 2θ_{13} = 0.1 (0.01) the ranges of |λ^ν λ^f | ( 10^{−7}eV m_S )_2

>∼ × 10^{−27} (10^{−26}), (4.1)

can be excluded by the Mössbauer experiment. For the inverted mass hierarchy, the bounds would be about one order of magnitude weaker.

Comparing our results with the ones obtained in [84] which used solar neutrino data, the sensitivity we obtained is worse by a factor of ∼ 10 or more. However, we should note that we are probing a different set of MaVaN parameters, relevant for the 1-3 sector which are not yet constrained by data.

– 16 –

5 Impact of New Physics on the determination of the standard parameters

When one investigates the presence of any nonstandard property of neutrinos, one also should worry about the impact these new effects may have on the determination of the less known standard mixing parameters. In this section we discuss how the new physics studied in this paper can aggravate the determination of θ_{13} and |Δm^2_{31}| in a Mössbauer neutrino oscillation experiment (here we are mainly interested in the impact for θ_{13} since |Δm^2_{31}| is already rather well determined.)

This can be easily achieved by projecting the four dimensional allowed parameter regions determined by our χ^2 analysis described in the Appendix, into the plane of the standard mixing parameters sin^2 2θ_{13} and |Δm^2_{31}|.

Figure 9. Impact of the presence of a light sterile neutrino on the determination of θ_{13} and |Δm^2_{31}|. We show the 2 and 3 σ CL regions allowed with (color shaded areas) and without (black solid and dashed curves) sterile neutrino parameters included in the fit. Here the input values are sin^2 2θ_{13} = 0.1 (0.01) and |Δm^2_{31}| = 2.4 × 10^{−3} eV^2. We also show, by the red solid and dashed curves, the case where the information on the determination of |Δm^2_{31}| from MINOS is combined.

When the presence of a light sterile neutrino is allowed in the fit we observe a large

– 17 – impact on the determination of the |Δm^2_{31}| and θ_{13} oscillation parameters as can be seen in figure 9 for the case where the true value of sin^2 2θ_{13} = 0.1 (upper panel) and 0.01 (lower panel).

In the case where |Δm^2_{41}| and θ_{14} are varied freely, the precise determination of |Δm^2_{31}| and θ_{13} by the Mössbauer experiment alone is severely limited. Similar argument applies to the case of θ_{13} measurement by reactor ν̄_e alone. This is because one can not identify if the reduction of the ν̄_e survival probability is due to nonzero θ_{13} or nonzero θ_{14}, with |Δm^2_{41}| similar to |Δm^2_{31}|. In particular, for vanishing θ_{13}, arbitrary value of |Δm^2_{31}| is allowed (see figure 9) as the input can be easily mimicked by sin^2 2θ_{14} ∼ 0.1 (0.01) and |Δm^2_{41}| ∼ 2.4 × 10^{−3} eV^2. Even if we add information on the allowed values of |Δm^2_{31}| from another experiment, like MINOS, one can not anymore determine the mixing angle, even if it is rather large, by the Mössbauer experiment.

In Figs. 10 and 11, for the case of sin^2 2θ_{13} = 0.1 and 0.01, respectively, we show how the presence of LED (upper panel), NQD (middle panel) and MaVaN (lower panel) can influence the determination of the standard mixing parameters.

For LED one loses sensitivity in the determination of both |Δm^2_{31}| and sin^2 2θ_{13} but only towards the larger values of these parameters. This is because in the limit of small LED effects, consistent with current experimental bounds, one can write [69, 74] the effect of LED in terms of the effective mass squared difference

Δm^2_{31}^{(eff)} ≈ Δm^2_{31} − π^2 3 a^2 Δm^4_{31} ,

and the mixing angle sin^2 θ^{(eff)}_{13} ≈ sin^2 θ_{13} (1 − π^2 3 m^2_3a^2) ,

so that bigger values of |Δm^2_{31}| can fit the data as long as they can be compensated by a corresponding increase of size of the largest extra dimension a. At the same time when one increases a, one decreases sin^2 θ^{(eff)}_{13} so one needs to increase sin^2 θ_{13} in order to fit the data. Also because of the above behavior the minimum values of |Δm^2_{31}| and sin^2 θ_{13} allowed by LED coincide with the ones allowed by the standard analysis.

For the case of NQD, the allowed parameter regions distorted only towards larger values of the mixing angle. This is because the net effect of NQD is to reduce the amplitude and therefore, NQD can be compensated (canceled) to some extent by a larger value of the mixing angle. We conclude that, NQD, if present, could induce a significant overestimation of the mixing angle θ_{13}.

For the MaVaN model we considered in this work, in principle, we do not have any problem in determining the standard mixing parameters because one can remove the matter inserted between source and detector for this determination. The case where only the atmosphere is present can be regarded as vacuum as the density of the atmosphere is too small to induce any MaVaN effect. However, for the sake of discussion we present the results for the case where the experiment is performed with and without matter (iron) and combined.

From the bottom panels of figure 10 and 11, we can see that the allowed parameter region for |Δm^2_{31}| and θ_{13} are slightly increased, which was expected, since the parameters

– 18 –

Figure 10. Impact of LED (upper panel), NQD (middle panel) and MaVaN (bottom panel) on the determination of the sin^2 2θ_{13} and |Δm^2_{31}|. We show the 2 and 3 σ CL allowed parameter regions determined when the true (input) value is sin^2 2θ_{13} = 0.1 (color shaded areas). For reference we also show the 2 and 3 σ CL allowed regions without considering the possibility of new physics in the fit (solid and dashed lines).

α_{33} and α_{31} can mimic the mass squared difference and the mixing angle, respectively, as we can see from eq. (3.11). We conclude that even in this case the impact of MaVaN in the determination of |Δm^2_{31}| and θ_{13} is small.

6 Discussion and Conclusions

In this work, we discussed the potential of a short baseline (∼ O(10 m)) Mössbauer neutrino oscillation experiment based on the^3H-^3He system to probe new physics beyond the standard model. We investigate four different scenarios: the presence of a light sterile neutrino that can mix with ν̄_e, a model where a tower of sterile neutrinos can change the ν̄_e oscil-

– 19 –

Figure 11. Same as in figure 10 but when the true value is sin^2 2θ_{13} = 0.01.

lation pattern due to large flat extra dimensions, neutrino oscillations with nonstandard quantum decoherence and mass varying neutrinos.

When a single light sterile neutrino is added to the standard three active flavor neutrinos, we conclude that a Mössbauer oscillation experiments can probe (exclude) parameter regions still not yet excluded by other experiments. In particular, it can close the lower mass window for any significant induced effect of the sterile in the active neutrino mass matrix for the ν_e − ν_s channel [89].

For the LED model, Mössbauer neutrinos can exclude the size of the largest extra dimension a >∼ 1 (0.45) μm at 3 σ CL for the normal (inverted) mass hierarchy for a vanishing lightest neutrino mass (m_0 = 0). If m_0 is larger, say 0.2 eV, for example, this experiment can exclude a >∼ 0.15 μm at 3 σ CL. The sensitivity we obtained is somewhat better than the current bounds but not better than what can be achieved in the near future by reactor experiments such as Double CHOOZ. We note, however, the sensitivity of the

– 20 –

Mössbauer experiment can be improved if one can reduce the uncertainties on the neutrino production and detection positions as well as the correlated systematic uncertainty on the initial neutrino flux and/or capture cross section.

For NQD, due to the low energy, Mössbauer neutrinos are most sensitive to the case of β = −2, where γ_0 >∼ 10^{−27} (10^{−26}) GeV can be excluded if sin^2 2θ_{13} = 0.1 (0.01). If β is increased by a unity, the sensitivity would be reduced by about a factor of five orders of magnitude. The sensitivity we obtained for the NQD parameter are worse than the existing ones derived from solar and KamLAND neutrino data [90]. However, the existing bounds are for the mixing between first and second generation whereas Mössbauer neutrinos can put limit on the decoherence parameter for first and third generation, where no bounds currently exist (for small θ_{13}.)

Regarding the MaVaN model, for sin^2 2θ_{13} = 0.01 − 0.1, Mössbauer neutrinos can exclude the range of |α_{31}| and |α_{33}| parameters larger than ∼ 10^{−4} − 10^{−3} eV, depending on the precise value of θ_{13} and of the mass hierarchy. This is worse than the bounds obtained in [84] which used solar neutrino and KamLAND data but as in the case of the decoherence effect, the existing bounds apply only to the 1-2 sector whereas Mössbauer neutrinos can probe the 1-3 sector which is not bounded yet.

We still do not know if a Mössbauer neutrino oscillation experiment can be really feasible due to several technical (experimental) difficulties. Nevertheless, we hope that new technologies will come about permitting it to happen in the future. It would be fantastic to be able to build such a compact experiment capable to explore not only standard but also nonstandard neutrino oscillation physics.

Acknowledgments

This work is supported by Fundação de Amparo à Pesquisa do Estado de São Paulo (FAPESP), Fundação de Amparo à Pesquisa do Estado do Rio de Janeiro (FAPERJ) and by Conselho Nacional de Ciência e Tecnologia (CNPq). The work of PANM has also been supported by an European Commission ESR Fellowship under the contract PITN- GA-2009-237920. Three of us (PANM, HN, RZF) would like to acknowledge the Fermilab Theory Group for its hospitality during the last stage of this work.

A Analysis Method

Here we give a very brief description of our analysis method which is basically the same as used in [14, 15] apart from the fact that we have more free parameters due to new physics.

We adopt the experimental setup referred to as Run IIB in [14] where the detectors occupy 10 different positions corresponding to the following baselines: L_1 = L_{OM}/5, L_{i+1} = L_i + (2/5)L_{OM}, i = 1, ..., 9, where L_{OM} ≡ 4πE/|Δm^2_{31}| ≃ 9 m, is the distance which corresponds to the first oscillation minimum. We assume that each detector is exposed to 10^6 ν̄_e events.

We simulate the input data assuming only standard oscillation physics. In doing this, throughout this work, we assume that the true values (input values for the simulation) of

– 21 – the standard mixing parameters are Δm^2_1 = 7.6 × 10^{−5} eV^2, sin^2 θ_{12} = 0.31, |Δm^2_{31}| = 2.4 × 10^{−3} eV^2, and sin^2 2θ_{13} = 0.1 or 0.01. In our χ^2 analysis (described below), when fitting the simulated data, we vary freely, in addition to the new physics parameters of each model, the standard mixing parameters θ_{13} and |Δm^2_{31}|. We do not vary the other oscillation parameters since the impact of their uncertainties is quite small. In order to illustrate the standalone potential of this experiment, we do not use any biases information on the values of |Δm^2_{31}| and θ_{13} from existing or future experiments, except for results shown in figure 9 where the results from MINOS experiment is combined only for the purpose of illustration of loss of the sensitivity.

When we calculate the survival probability for the LED model we observed many rapid oscillations due to the conversion of ν̄_e into KK modes, as can be seen in figure 2 in section 3.2. Due to the finite size of the source and detector (uncertainties on the exact production and detection positions), such rapid oscillations must be averaged out over the size of the source and detector, which tends to “wash out” the LED effect. In order to take this finite size effect into account, we average the probability over the baseline, allowing for the uncertainty on the production/detection points through a Gaussian smearing function defined as f(L, L^′) = 1 √ 2πσ_L exp [ − (L − L^′)^2 2σ^2_L ] , (A.1)

where we set σ_L = 10 cm.

To evaluate the sensitivity to constrain new physics described by the parameters, say, α e β, we compute

Δχ^2_{min}(α, β) = χ^2_{min}(α, β) − χ^2_{min}(α = β = 0) , (A.2)

where χ^2_{min}(α, β) is the minimum of χ^2(α, β) ≡ χ^2(α, β, Δm^2_{31}, sin^2 2θ_{13}) given by

χ^2(α, β, Δm^2_{31}, sin^2 2θ_{13}) = 10∑ i,j=1 [ N^{obs}_i − N^{theo}_i N^{theo}_i ] (V^{−1})_{ij} [ N^{obs}_j − N^{theo}_j

N^{theo}_j ] , (A.3)

where N^{obs}_i is the number of observed (simulated) events at baseline L_i for a given fixed values of the standard oscillation parameters (no new physics), while N^{theo}_i = N^{theo}_i (α, β, θ_{13}, Δm^2_{31}) is the theoretically expected number of events at baseline L_i for a given set of oscillation and new physics parameters. We use, as in ref. [14], the correlation matrix defined by the elements (V^{−1})_{ij} = δ_{ij} σ^2_{ui} − 1 σ^2_{ui}σ^2_{uj} σ^2_c [1 + ( ∑ k 1 σ^2_{uk} )σ 2 c ] , (A.4)

where σ^2_{ui} = σ^2_{usys} + 1/N^{theo}_i . For the uncorrelated systematic uncertainty, we take the optimistic choice considered in[14] σ_{usys} = 0.2 %. For the correlated systematic uncertainty we set, as in[14] , σ_c = 10 %.

We determine the new physics parameter regions that can be excluded by the Mössbauer experiment by imposing the condition Δχ^2_{min} > 6.18 and 11.83, respectively, for 2 and 3 σ significance level and 2 degrees of freedom.

– 22 –

References

[1] R. L. Mössbauer, Kernresonanzfluoreszenz von Gammastrahlung in Ir-191, Z. Phys. 151, 124 (1958).

[2] W. M. Visscher, Neutrino detection by resonance absorption in crystals at low temperatures, Phys. Rev. 116, 1581 (1959).

[3] W. P. Kells and J. P. Schiffer, Possibility Of Observing Recoilless Resonant Neutrino Absorption, Phys. Rev. C28, 2162 (1983).

[4] R. Daudel et al., Physique nucleaire - Sur la desintegration-beta, Compt. Rend. 224, 1427 (1947).

[5] J. N. Bahcall, Theory of Bound-State Beta Decay, Phys. Rev. 124, 495 (1961). [6] L. A. Mikaelyan et al., Induced capture of Orbital electron, Sov. J. Nucl. Phys. 6, 254 (1968). [7] R. S. Raghavan, Recoilless resonant capture of antineutrinos, arXiv:hep-ph/0511191. [8] R. S. Raghavan, Recoilless resonant capture of antineutrinos from tritium decay, arXiv:hep-ph/0601079.

[9] R. S. Raghavan, Hypersharp Resonant Capture of Anti-Neutrinos, arXiv:0806.0839 [hep-ph]. [10] R. S. Raghavan, Hypersharp Neutrino Lines, arXiv:0805.4155 [hep-ph]. [11] R. S. Raghavan, Why Neutrino Lines are Hypersharp, arXiv:0908.2980 [hep-ph]. [12] R. S. Raghavan, Hypersharp Resonant Capture of Neutrinos as a Laboratory Probe of the Planck Length, Phys. Rev. Lett. 102, 091804 (2009) [arXiv:0903.0787 [hep-ph]].

[13] W. Potzel, Recoilless resonant capture of antineutrinos: Basic questions and some ideas, Phys. Scripta T127, 85 (2006).

[14] H. Minakata and S. Uchinami, Recoilless resonant absorption of monochromatic neutrino beam for measuring Δm^2_{31} and θ_{13}, New J. Phys. 8, 143 (2006) [arXiv:hep-ph/0602046].

[15] H. Minakata, H. Nunokawa, S. J. Parke and R. Zukanovich Funchal, Determination of the neutrino mass hierarchy via the phase of the disappearance oscillation probability with a monochromatic ν̄_e source, Phys. Rev. D76, 053004 (2007) [Erratum-ibid. D76, 079901 (2007)] [arXiv:hep-ph/0701151].

[16] S. M. Bilenky, F. von Feilitzsch and W. Potzel, Recoilless resonant neutrino capture and basics of neutrino oscillations, J. Phys. G34, 987 (2007) [arXiv:hep-ph/0611285].

[17] S. M. Bilenky, F. von Feilitzsch and W. Potzel, Recoilless resonant neutrino experiment and origin of neutrino oscillations, AIP Conf. Proc. 944, 119 (2007) [arXiv:0705.0345 [hep-ph]].

[18] S. M. Bilenky, Recoilless Resonance Absorption of Tritium Antineutrinos and Time-Energy Uncertainty Relation, arXiv:0708.0260 [hep-ph].

[19] E. K. Akhmedov, J. Kopp and M. Lindner, Oscillations of Mössbauer neutrinos, JHEP 0805, 005 (2008) [arXiv:0802.2513 [hep-ph]].

[20] S. M. Bilenky, F. von Feilitzsch and W. Potzel, Time-Energy Uncertainty Relations for Neutrino Oscillation and Mössbauer Neutrino Experiment, J. Phys. G35, 095003 (2008) [arXiv:0803.0527 [hep-ph]].

[21] S. M. Bilenky, F. von Feilitzsch and W. Potzel, Different Schemes of Neutrino Oscillations in Mossbauer Neutrino Experiment, arXiv:0804.3409 [hep-ph].

– 23 –

[22] E. K. Akhmedov, J. Kopp and M. Lindner, On application of the time-energy uncertainty relation to Mössbauer neutrino experiments, J. Phys. G36, 078001 (2009) [arXiv:0803.1424 [hep-ph]].

[23] A. G. Cohen, S. L. Glashow and Z. Ligeti, Disentangling Neutrino Oscillations, Phys. Lett.

B678, 191 (2009) [arXiv:0810.4602 [hep-ph]].

[24] S. M. Bilenky, F. von Feilitzsch and W. Potzel, Reply to the Comment on “On application of the time-energy uncertainty relation to Moessbauer neutrino experiments” by E Kh Akhmedov, J Kopp and M Lindner, J. Phys. G36, 078002 (2009).

[25] W. Potzel, Recoilless Resonant Emission and Detection of Electron Antineutrinos, J. Phys.

Conf. Ser. 136, 022010 (2008) [arXiv:0810.2170 [hep-ph]].

[26] J. Kopp, Mossbauer neutrinos in quantum mechanics and quantum field theory, JHEP 0906, 049 (2009) [arXiv:0904.4346 [hep-ph]].

[27] W. Potzel and F. E. Wagner, Comment on “Hypersharp Resonant Capture of Neutrinos as a Laboratory Probe of the Planck Length”, Phys. Rev. Lett. 103, 099101 (2009) [arXiv:0908.3985 [hep-ph]].

[28] J. P. Schiffer, Comment on “Hypersharp Resonant Capture of Neutrinos as a Laboratory Probe of the Planck Length”, Phys. Rev. Lett. 103, 099102 (2009).

[29] W. Potzel, Mössbauer antineutrinos: Some basic considerations, Acta Phys. Polon. B40, 3033 (2009) [arXiv:0912.2221 [hep-ph]].

[30] S. M. Bilenky, F. von Feilitzsch and W. Potzel, Neutrino oscillations and uncertainty relations, J.Phys. G38 115002,2011 [arXiv:1102.2770 [hep-ph]].

[31] K. Abe et al. [T2K Collaboration], Indication of Electron Neutrino Appearance from an Accelerator-produced Off-axis Muon Neutrino Beam, Phys. Rev. Lett. 107, 041801 (2011) [arXiv:1106.2822 [hep-ex]].

[32] S. T. Petcov and M. Piai, The LMA MSW solution of the solar neutrino problem, inverted neutrino mass hierarchy and reactor neutrino experiments, Phys. Lett. B533, 94 (2002) [arXiv:hep-ph/0112074].

[33] S. Choubey, S. T. Petcov and M. Piai, Precision neutrino oscillation physics with an intermediate baseline reactor neutrino experiment, Phys. Rev. D68, 113006 (2003) [arXiv:hep-ph/0306017].

[34] C. Athanassopoulos et al. [LSND Collaboration], Evidence for ν̄_μ → ν̄_e oscillations from the LSND experiment at LAMPF, Phys. Rev. Lett. 77, 3082 (1996) [arXiv:nucl-ex/9605003].

[35] A. Aguilar et al. [LSND Collaboration], Evidence for neutrino oscillations from the observation of ν̄_e appearance in a ν̄_μ beam, Phys. Rev. D64, 112007 (2001) [arXiv:hep-ex/0104049].

[36] A. A. Aguilar-Arevalo et al. [The MiniBooNe Collaboration], Event Excess in the MiniBooNe Search for ν̄_μ → ν̄_e Oscillations, Phys. Rev. Lett. 105, 181801 (2010) [arXiv:1007.1150 [hep-ex]].

[37] G. Mention, M. Fechner, T. Lasserre, T. A. Mueller, D. Lhuillier, M. Cribier and A. Letourneau, The Reactor Antineutrino Anomaly, Phys. Rev. D83, 073006 (2011) [arXiv:1101.2755 [hep-ex]].

– 24 –

[38] T. A. Mueller et al., Improved Predictions of Reactor Antineutrino Spectra, Phys. Rev.

C83, 054615 (2011) [arXiv:1101.2663 [hep-ex]].

[39] Patrick Huber, On the determination of anti-neutrino spectra from nuclear reactors, Phys.Rev. C84, 024617 (2011) [arXiv:1106.0687 [hep-ph]].

[40] J. Hamann, S. Hannestad, G. G. Raffelt, I. Tamborra and Y. Y. Y. Wong, Cosmology Favoring Extra Radiation and Sub-eV Mass Sterile Neutrinos as an Option, Phys. Rev. Lett. 105, 181301 (2010) [arXiv:1006.5276 [hep-ph]].

[41] N. Arkani-Hamed, S. Dimopoulos and G. Dvali, The Hierarchy problem and new dimensions at a millimeter,Phys. Lett. B429, 263 (1998).

[42] I. Antoniadis, N. Arkani-Hamed, S. Dimopoulos and G. Dvali, New dimensions at a millimeter to a Fermi and superstrings at a TeV, Phys. Lett. B436, 257 (1998).

[43] N. Arkani-Hamed, S. Dimopoulos and G. Dvali, Phenomenology, astrophysics and cosmology of theories with submillimeter dimensions and TeV scale quantum gravity, Phys. Rev. D59, 086004 (1999).

[44] E. Lisi, A. Marrone and D. Montanino, Probing possible decoherence effects in atmospheric neutrino oscillations, Phys. Rev. Lett. 85, 1166 (2000) [arXiv:hep-ph/0002053].

[45] R. Fardon, A. E. Nelson and N. Weiner, Dark energy from mass varying neutrinos, JCAP 0410, 005 (2004) [arXiv:astro-ph/0309800].

[46] D. B. Kaplan, A. E. Nelson and N. Weiner, Neutrino oscillations as a probe of dark energy, Phys. Rev. Lett. 93, 091801 (2004) [arXiv:hep-ph/0401099].

[47] N. C. Ribeiro, H. Nunokawa, T. Kajita, S. Nakayama, P. Ko and H. Minakata, Probing Nonstandard Neutrino Physics by Two Identical Detectors with Different Baselines, Phys. Rev. D77, 073007 (2008) [arXiv:0712.4314 [hep-ph]].

[48] E. K. Akhmedov and A. Y. Smirnov, Paradoxes of neutrino oscillations, Phys. Atom. Nucl.

72, 1363 (2009) [arXiv:0905.1903 [hep-ph]].

[49] G. L. Fogli, E. Lisi, A. Marrone, A. Palazzo and A. M. Rotunno, Evidence of θ_{13} > 0 from global neutrino data analysis, Phys.Rev. D84, 053007 (2011). [arXiv:1106.6028 [hep-ph]].

[50] T. Schwetz, M. Tortola and J. W. F. Valle, Where we are on θ_{13}: addendum to “Global neutrino data and recent reactor fluxes: status of three-flavour oscillation parameters”, New J.Phys. 13 109401, 2011 [arXiv:1108.1376 [hep-ph]].

[51] K. Nakamura et al. [Particle Data Group], Review of particle physics, J. Phys. G37, 075021 (2010).

[52] W. Hampel et al. [GALLEX Collaboration], Final results of the Cr-51 neutrino source experiments in GALLEX, Phys. Lett. B420, 114 (1998).

[53] F. Kaether, W. Hampel, G. Heusser, J. Kiko and T. Kirsten, Reanalysis of the GALLEX solar neutrino flux and source experiments, Phys. Lett. B685, 47 (2010) [arXiv:1001.2731 [hep-ex]].

[54] J. N. Abdurashitov et al. [SAGE Collaboration], Measurement of the response of the Russian-American gallium experiment to neutrinos from a Cr-51 source, Phys. Rev. C59, 2246 (1999) [arXiv:hep-ph/9803418].

[55] M. A. Acero, C. Giunti and M. Laveder, Limits on ν_e and ν̄_e disappearance from Gallium and reactor experiments, Phys. Rev. D78, 073009 (2008) [arXiv:0711.4222 [hep-ph]].

– 25 –

[56] C. Giunti and M. Laveder, Short-Baseline Electron Neutrino Disappearance, Tritium Beta Decay and Neutrinoless Double-Beta Decay, Phys. Rev. D82, 053005 (2010) [arXiv:1005.4599 [hep-ph]].

[57] T. H. -C. G. : A. Bolshakova, I. Boyko, G. Chelkov, D. Dedovitch, A. Elagin, D. Emelyanov, M. Gostkin, A. Guskov et al., [arXiv:1110.4265 [hep-ex]].

[58] Talk given by Djurcic at the XIIIth InternationalWorkshop on Neutrino Factories, Super beams and Beta beams, Aug. 1-6, Geneve, 2011, available at http://NUFACT11.unige.ch/.

[59] V. Kopeikin, L. Mikaelyan and V. Sinev, Search for sterile neutrinos as another research objective of θ_{13} experiments at reactors, arXiv:hep-ph/0310246.

[60] A. de Gouvea and T. Wytock, Light Sterile Neutrino Effects at theta(3)-Sensitive Reactor Neutrino Experiments, Phys. Rev. D79, 073005 (2009) [arXiv:0809.5076 [hep-ph]].

[61] O. L. G. Peres and A. Y. Smirnov, (3+1) spectrum of neutrino masses: A Chance for LSND?, Nucl. Phys. B599, 3 (2001) [arXiv:hep-ph/0011054].

[62] M. Maltoni, T. Schwetz, M. A. Tortola and J. W. F. Valle, Ruling out four neutrino oscillation interpretations of the LSND anomaly?, Nucl. Phys. B643, 321 (2002) [arXiv:hep-ph/0207157].

[63] M. Sorel, J. M. Conrad and M. Shaevitz, A Combined analysis of short baseline neutrino experiments in the (3+1) and (3+2) sterile neutrino oscillation hypotheses, Phys. Rev. D70, 073004 (2004) [arXiv:hep-ph/0305255].

[64] M. Maltoni and T. Schwetz, Sterile neutrino oscillations after first MiniBooNe results, Phys. Rev. D76, 093005 (2007) [arXiv:0705.0107 [hep-ph]].

[65] G. Karagiorgi, Z. Djurcic, J. M. Conrad, M. H. Shaevitz and M. Sorel, Viability of Δm^2 ∼ 1 eV^2 sterile neutrino mixing models in light of MiniBooNe electron neutrino and antineutrino data from the Booster and NuMI beamlines, Phys. Rev. D80, 073001 (2009) [Erratum-ibid. D81, 039902 (2010)] [arXiv:0906.1997 [hep-ph]].

[66] J. Kopp, M. Maltoni and T. Schwetz, Are there sterile neutrinos at the eV scale?, Phys.Rev.Lett. 107 091801,2011 [ arXiv:1103.4570 [hep-ph]].

[67] C. Giunti and M. Laveder, 3+1 and 3+2 Sterile Neutrino Fits, [arXiv:1107.1452 [hep-ph]].

[68] R. Barbieri, P. Creminelli and A. Strumia, Neutrino oscillations from large extra dimensions, Nucl. Phys. B585, 28 (2000) [arXiv:hep-ph/0002199].

[69] H. Davoudiasl, P. Langacker and M. Perelstein, Constraints on large extra dimensions from neutrino oscillation experiments, Phys. Rev. D65, 105015 (2002) [arXiv:hep-ph/0201128].

[70] R. N. Mohapatra, S. Nandi and A. Perez-Lorenzana, Neutrino masses and oscillations in models with large extra dimensions, Phys. Lett. B466, 115 (1999) [arXiv:hep-ph/9907520].

[71] R. N. Mohapatra and A. Perez-Lorenzana, Sterile neutrino as a bulk neutrino, Nucl. Phys.

B576, 466 (2000) [arXiv:hep-ph/9910474].

[72] R. N. Mohapatra and A. Perez-Lorenzana, Three flavor neutrino oscillations in models with large extra dimensions, Nucl. Phys. B593, 451 (2001) [arXiv:hep-ph/0006278].

[73] P. A. N. Machado, H. Nunokawa and R. Zukanovich Funchal, Testing for Large Extra Dimensions with Neutrino Oscillations, Phys. Rev. D84, 013003 (2011) [arXiv:1101.0003 [hep-ph]].

– 26 –

[74] P. A. N. Machado, H. Nunokawa, F. A. Pereira dos Santos and R. Zukanovich Funchal, Bulk Neutrinos as the Cause of the Gallium and Reactor Anti-neutrino Anomalies, arXiv:1107.2400 [hep-ph].

[75] C. Giunti, C. W. Kim and U. W. Lee, When do neutrinos really oscillate?: Quantum mechanics of neutrino oscillations, Phys. Rev. D44, 3635 (1991).

[76] G. G. Raffelt, Stars as laboratories for fundamental physics: The astrophysics of neutrinos, axions, and other weakly interacting particles, Chicago, USA: Univ. Pr. (1996) 664 p.

[77] G. G. Raffelt and G. Sigl, Self-induced decoherence in dense neutrino gases, Phys. Rev.

D75, 083002 (2007) [arXiv:hep-ph/0701182].

[78] G. L. Fogli, E. Lisi, A. Mirizzi and D. Montanino, Damping of supernova neutrino transitions in stochastic shock-wave density profiles, JCAP 0606, 012 (2006) [arXiv:hep-ph/0603033].

[79] J. R. Ellis, J. S. Hagelin, D. V. Nanopoulos and M. Srednicki, Search For Violations Of Quantum Mechanics, Nucl. Phys. B241, 381 (1984).

[80] A. M. Gago, E. M. Santos, W. J. C. Teves and R. Zukanovich Funchal, Quantum dissipative effects and neutrinos: Current constraints and future perspectives, Phys. Rev. D63, 073001 (2001) [arXiv:hep-ph/0009222].

[81] P. Gu, X. Wang and X. Zhang, Dark Energy and Neutrino Mass Limits from Baryogenesis, Phys. Rev. D68, 087301 (2003) [arXiv:hep-ph/0307148].

[82] V. Barger, P. Huber and D. Marfatia, Solar mass-varying neutrino oscillations, Phys. Rev.

Lett. 95, 211802 (2005) [arXiv:hep-ph/0502196].

[83] M. Cirelli, M. C. Gonzalez-Garcia and C. Pena-Garay, Mass varying neutrinos in the sun, Nucl. Phys. B719, 219 (2005) [arXiv:hep-ph/0503028].

[84] M. C. Gonzalez-Garcia, P. C. de Holanda and R. Zukanovich Funchal, Effects of environment dependence of neutrino mass versus solar and reactor neutrino data, Phys. Rev. D73, 033008 (2006) [arXiv:hep-ph/0511093].

[85] P. C. de Holanda, Possible scenario for MaVaN’s as the only neutrino flavor conversion mechanism in the Sun, JCAP 0907, 024 (2009) [arXiv:0811.0567 [hep-ph]].

[86] K. Abe et al. [Super-Kamiokande Collaboration], Search for matter-dependent atmospheric neutrino oscillations in Super-Kamiokande, Phys. Rev. D77, 052001 (2008) [arXiv:0801.0776 [hep-ex]].

[87] U. Franca, M. Lattanzi, J. Lesgourgues and S. Pastor, Model independent constraints on mass-varying neutrino scenarios, Phys. Rev. D80, 083506 (2009). [arXiv:0908.0534 [astro-ph.CO]].

[88] T. Schwetz and W. Winter, Testing mass-varying neutrinos with reactor experiments, Phys.

Lett. B633, 557 (2006) [arXiv:hep-ph/0511177].

[89] A. Y. .Smirnov and R. Zukanovich Funchal, Sterile neutrinos: Direct mixing effects versus induced mass matrix of active neutrinos, Phys. Rev. D74, 013001 (2006) [hep-ph/0603009].

[90] G. L. Fogli, E. Lisi, A. Marrone, D. Montanino and A. Palazzo, Probing non-standard decoherence effects with solar and KamLAND neutrinos, Phys. Rev. D76, 033006 (2007) [arXiv:0704.2568 [hep-ph]].

– 27 –