arXiv:1109.5445v5 [hep-ph] 9 Oct 2011

Apparent Lorentz violation with superluminal Majorana neutrinos at OPERA?

F. Tamburini^{1, ∗} and M. Laveder^{2, †} 1Department of Astronomy, University of Padova, vicolo dell’ Osservatorio 3, Padova, Italy 2Department of Physics, University of Padova, via Marzolo 8, Padova, Italy and INFN - Sezione di Padova

From the data release of OPERA - CNGS experiment [1], and publicly announced on 23 September 2011, we cast a phenomenological model based on a Majorana neutrino state carrying a fictitious imaginary mass term, already discussed by Majorana in 1932. This imaginary term can be induced by the interaction with the matter of the Earth’s crust during the 735 Km travel behaving like a Majorana neutrino when propagating in a medium. Within the experimental errors, the model fits with OPERA, MINOS and supernova SN1987a data. Possible violations to Lorentz invariance due to quantum gravity effects have been considered.

PACS numbers: 13.15.+g, 13.20.Cz, 14.60.Pq

INTRODUCTION

Usually superluminal propagation and/or Lorentz invariance are associated with quantum gravity phenomenologies. Quantum-gravitational (QG) effects are thought to generate a violation of Lorentz invariance (LI) in the interactions of energetic neutrinos with the foamy structure of space-time, with the result that they do not propagate at a universal speed of light [2–4]. High energy neutrinos are thought to be one of the best candidates to reveal QG phenomena. One example is the study of nonlinear spacetime foam fluctuations as a subdominant effect in neutrino oscillations [5]. Upper limits posed from the results of supernova SN1987a explosion [6, 7], indicated that in the case of linear violation of LI for energetic electron neutrinos 2.7 × 10^{10} GeV for subluminal propagation and 2.5 × 10^{10} for superluminal propagation. For a quadratic violation of the LI on the order of 4 × 10^4 GeV. The potential sensitivity to QG fluctuations expected from OPERA long-baseline neutrino experiment would be 4 × 10^8 GeV and 7 × 10^5 GeV for the linear and quadratic LI and behave as a medium with refractive index smaller than unity allowing superluminal-like propagation [8]. The data released by OPERA suggest that the muon neutrino speed with respect to that of light is (v − c)/c = (2.48 ± 0.28(stat.) ± 0.30(sys.)) × 10^{−5} [1].

In OPERA experiment, the energetic muonic neutrinos (ν_μ), mainly produced in the decay, π^{(±)} → μ^{(±)} + ν_μ (ν̄_μ), cross the Earth’s crust which is a structured dense medium with variable densities in space. These can induce the neutrino oscillations, that start to become mixed at Mikheev-Smirnov-Wolfenstein (MSW) resonances. In this way, the nature of the oscillations can be determined by the properties of these resonances, in spite of the thickness of the matter traversed. A synergy between T-conjugated oscillation channels in the determination of the neutrino mass hierarchy with oscillation experiments is thought to occur also when the matter effects can be considered small. The matter effect is expected to be of a few percent that suffices to break the sign-degeneracy and allows to determine the neutrino mass hierarchy. In this case, super beam experiments with neutrino energies on the order of the GeV and a detector at large baselines like OPERA are supposed to be far beyond the first oscillation maximum expected with non energetic neutrinos and mass hierarchies [9]. Other types of oscillations phenomena can occur when neutrinos cross structured matter and are supposed to produce sterile neutrinos, ν_s. In the spectrum of active neutrinos with mass hierarchy and small mixing with an additional ν_s, the sterile neutrino mixes strongly with the ν_μ, so that induces ν_μ ↔ ν_e oscillations with the electron neutrino ν_e when high energy neutrinos cross the core of the Earth. This phenomenon can be invoked as a cause for the anomalies observed by MACRO [10, 11]. Neutrino oscillations in matter can also exhibit a specific resonance enhancement expressed in terms of stochastic parametric resonances, which is a phenomenon slightly different from the already discussed behaviors [12].

Does all this complex phenomenology give the possibility to neutrinos to propagate superluminally, behaving during the 735 km travel, as tachyons or as they were transversing a metamaterial [13] with negative refractive index and then detected just after the material/air discontinuity? The data released by CERN and Gran Sasso Labs are made of 16111 events detected in OPERA and correspond to about 10^{20} protons on target collected during the 2009, 2010 and 2011 CNGS runs. If they are free from systematic errors and with a correct interpretation, these data indicate that ν_μ’s can actually propagate at a faster speed after having crossed 735 Km in the Earth’s crust, with averaged density ⟨ρ⟩ ≃ 3.3 g/cm^3, in 2.5 × 10^{−3} seconds. The effective resulting distance measured with GPS was 731278.0 ± 0.2 meters. The peak of neutrino detection occurs ∼ 6 × 10^{−8} s before than expected, with a precision of 7 − 8 nanoseconds, which means 2.48 × 10^{−5} times smaller than the propagation time with 6σ accuracy. A stringent limit of |v−c|/c < 2×10^{−9} was obtained with ν_e’s from the supernova (SN) explosion in the Magellanic Nebula SN1987a [14] after having traveled 51.4 kiloparsecs in vacuum and ∼ 10^{13} cm of dense stellar matter in expansion [1].

Within this hypothesis we show that these neutrinos can behave like a Majorana neutrino. A fit with the observation could be a test for this Majorana neutrino behavior, generated by the interaction of neutrinos with matter or that neutrinos are actually Majorana particles.

MAJORANA NEUTRINO STATE

Superluminal behaviors and LI violations are mainly expected because of QG effects. Recent experimental results from the light analysis of the farthest quasars observed with the Hubble Space Telescope [15] and from the propagation of gamma rays from INTEGRAL/IBIS observations of GRB041219A [16], demonstrate that the scales at which quantum gravity fluctuations are expected to occur and violate LI are much closer to the fundamental Planck’s scale than that invoked in the literature to explain neutrino oscillations and propagation and the problem of sterile neutrino states. If these limits apply to neutrinos, neutrinos produced by OPERA would be free of these effects. Thus, we make the ansatz that the only cause of a possible superluminal propagation of neutrinos could be due by their interaction with matter and we verify this hypothesis by assuming that a similar behavior could have occurred to ν_e’s only inside the matter of the exploding supernova SN1987a. In this case, OPERA, MINOS and SN1987a datasets would follow the same distribution, within the experimental errors.

Phenomenological model

Let us consider a simple phenomenological model of the superluminal neutrino based on the results of OPERA. This evidence of tachyonic propagation could be either a proof for the existence of a neutrino mixing state behaving like a particular Majorana neutrino [17], with imaginary mass term or the indication that neutrinos are actually Majorana particles.

In the original work by Majorana, the author formulated a particular solution of the Dirac equation to obtain an always positive defined mass [18], [ W c + α · p − βmc ] Ψ = 0, (1)

where Ψ is the wavefunction, α and β are the usual Dirac matrices, m is the mass of the particle, p the momentum and W the energy [19, 20]. From the relativistic formulation of the mass and energy, the energy of the particle is W = √ c^2p^2 + m^2c^4 and the indetermination in the sign, interpreted by Dirac in terms of particle and antiparticle states, can be overcome by finding positive-definite rest mass solutions to the Dirac equation.

The solutions to Eq. 1 representing plane waves with positive-defined mass are obtained from those derived through a relativistic transformation of zero momentum waves, whose energy is given by

W_0 = mc^2 s + 1/2 (2) where the choice of the angular momentum parameter, s, gives the scalar, bosonic or fermionic solution. This equation supersedes the well-known Einstein’s equation E = mc^2. Being, for neutrinos, s = 1/2, the two relations coincide with a possible violation of CPT symmetry because of non-locality. Some hints of CPT violations have been observed with ν_μ’s [21] and with ν_e’s [22]. The immediate consequence to the choice of this set of solutions, derived from the infinitesimal Lorentz transformations of the Majorana matrices, is that the spectrum of these particles exhibits a relationship between the intrinsic spin angular momentum, s, and another parameter, m, the Majorana-mass, term, related to the particle’s rest mass or to the virtual mass acquired when crossing a medium.

Particles with different masses then present different intrinsic angular momenta, that are determined in the particle’s reference frame through Eq. 2. The relationship between spin and mass is valid for both bosonic (s = 1, 2, 3, ... ) and fermionic solutions (s = 1/2, 3/2, 5/2, ... ), and for scalar particles, s = 0, M = m s + 1/2 (3) Eq. 3 describes an infinite spectrum of particles with positive-defined mass values that decrease when the spin angular momentum of the particle increases [23]. Photons in vacuum represent a particular solution of the bosonic case with zero rest mass. In addition to states with positive-definite mass values, there are other solutions found and discussed by Majorana himself, for which energy is related to momentum through W = ± √ c^2p^2 − k^2c^4 (4)

and they exist for all the positive values of k for which p ≥ kc holds. Those states can be considered as belonging to the class of solution with imaginary mass term ik.

Tachyonic-like neutrino effects in dense media?

Based on the results of OPERA, that indicate a possible tachyonic-like behavior in a dense medium and those of MINOS [24], we hypothesize that the peak anticipation of ν_e’s in the SN1987a event might have occurred, independently from the neutrino flavor, mainly because of matter effects in the inner layers of the collapsing star. Calculations show that the additional contribution of the interstellar medium during the travel of the neutrino beam can be neglected. Thus, when crossing a dense medium, neutrino states should behave as that specific solution of the Majorana neutrino with imaginary mass, ik, with “tachyonic” behavior. In this case, the Majorana mass/spin relationship becomes

m^2 = −k^2 ( s + 1 2 ) = −k^2 (5)

being the spin of the neutrino s = 1/2. This “superluminal” behavior is not new in nature, it is similar to that of photons in a metamaterial that produce, through a combination of positive and negative refraction indices, stationary patterns of particles and even pseudo-tachyonic behaviors, actually observed [8, 25]. The medium would cause the speed of only certain components of neutrino wavefunction in it to be greater than the speed of ν’s in vacuum for a very large band of neutrino oscillation frequencies. To set up a communication signal through a discontinuity of the beam, one would require the presence of all the frequencies of the wave equation, so a leading edge of the signal would be traveling at c or lower preserving causality. In any case, this behavior does not violate causality [26]. In other words, the tachyonic behavior is expected to disappear when the ratio of the distance propagation in the material, with respect to that in vacuum, tends to zero, like for SN1987a. If these tachyonic properties of neutrinos were intrinsic or due to QG, we would have observed a neutrino peak years before the optical detection of the SN event. This was not the case.

In a more speculative approach, the mass of the neutrino is supposed to vary because of the coupling with strong electromagnetic fields, plasma or structured matter, in which particular spatial structures may give rise to parametric resonances that change the mobility state of the neutrino [12]. Recent studies suggest that neutrinos, when interacting with plasma or structured matter, might also assume orbital angular momentum (OAM) through a spin-to-OAM momentum conversion, as shown in the case of photons [27]. A similar effect is expected also when a beam of neutrinos crosses a Petrov-type D gravitational field [28]. Such neutrinos are thought to behave like a Majorana particle [18], with a relationship between angular momentum and mass [29–31],

M_ν = m Σ(ℓ, q) + 1/2

, (6)

where Σ(ℓ, q) is a general function of the spin s = 1/2 and OAM ℓ of the photon and of the characteristic spatial scale of the perturbation q; the Majorana mass term coincides with that acquired by the neutrino in the unperturbed medium [31]. Thus, differently from the space-time manifold structure of the Lorentz group, in which space is homogeneous and isotropic and time homogeneous, a medium can exhibit peculiar spatial structures that breaks the space-time symmetry and induce neutrino oscillations during the propagation. In this case, for the peculiar solution with imaginary mass state, the mass/spin angular momentum relationship (5) is replaced by a mass/total angular momentum relationship

m^2 = −k^2 ( Σ(ℓ, q) + 1 2 ) . (7)

This additional effect, due to spatial inhomogeneities in the traversed medium, could model more in detail the decrease to the time of arrival of neutrinos: the OAMinduced mass would act as a negative mass term due to the inhomogeneities of the medium, parametric resonances [32], neutrino oscillations and their energy. If also these effects apply to the muon neutrinos of OPERA, this Majorana-like behavior induced by structured matter could explain more in detail the apparent superluminal propagation observed between CERN and Gran Sasso labs.

FIG. 1. Majorana fictitious imaginary mass vs. neutrino energy. The neutrinos propagating inside SN1987a and those from MINOS and OPERA data are distributed along a single line, indicating the presence of a variable imaginary mass term (p ≥ kc). The dashed line indicates the distribution fitted into MINOS and OPERA (17 GeV) data.

We now test our conjecture by comparing the data of OPERA, MINOS and see if that of neutrinos propagating only inside the dense matter of SN1987a follow the same distribution, confirming the ansatz that it is the propagation inside a dense medium the cause of the observed tachyonic behavior. For SN1987a, we calculated the neutrino’s path length inside a shell of matter with averaged density equivalent to that of the Earth’s crust with the size obtained from the characteristic parameters of the SN precursor, a blue supergiant with radius 4 × 10^{12} cm.

In Tab. 1 are reported the averaged neutrino energies for OPERA and MINOS and those calculated for SN1987a, the relative time anticipation ΔT/T_0 and the imaginary mass terms, with their uncertainties, obtained with the relationship m^2 = 2E^2ΔT/T_0 [33]. All the values obey the tachyonic relationship p ≥ kc and for p = kc, the lower limit of the neutrino imaginary mass term is 1.33 × 10^{−13} eV. The properties of ν_e’s inside the structure SN are found in good agreement with those of OPERA and MINOS neutrinos.

Dataset E(GeV ) ΔT/T_0 m(GeV ) Δm OPERA high 42.9 2.76 × 10^{−5} 0.317 0.093 OPERA 17GeV 17 2.48 × 10^{−5} 0.119 0.028 OPERA low 13.9 2.18 × 10^{−5} 0.092 0.035 MINOS 3 5.10 × 10^{−5} 0.030 0.017 SN1987a 4 × 10^{−2} 2 × 10^{−2} 0.019 0.008

CONCLUSIONS

The recent data released by OPERA experiment suggest a superluminal propagation of muonic neutrinos in the Earth’s crust, if the data acquisition and interpretation are correct.

We suggest a phenomenological description, already discussed by Majorana in 1932, that avoids the invoking of Lorentz invariance violations and other quantum gravity effects. These neutrinos are expected to behave like Majorana particles with a fictitious imaginary mass due either by actual Majorana neutrinos, or induced by the matter present in the Earth’s crust through MSW mixing, sterile neutrino states, parametric resonances, acquisition of orbital angular momentum states. We argue that this superluminal behavior could occur only in the presence of interaction with matter, with an effect similar to that observed with photons in a metamaterial. We verified our hypothesis with the electron neutrinos of SN1987a assuming a superluminal propagation only inside the supernova matter, when it was starting its catastrophic collapse [34]. In vacuum, instead, neutrinos are expected to propagate at a speed less or equal that of light, otherwise the anticipation observed in the SN1987a would have been of years. A detailed description of the cause of this phenomenology goes far beyond the purposes of this letter.

Future investigations could solve the problem of a Majorana nature of the neutrino. In any case, these new neutrino properties, if confirmed, would not only revolutionize the standard model of particles [35] and its extensions to Lorentz-violating phenomenologies [36], but also the astrophysics of supernova explosions, compact objects, stellar interiors and cosmology [37].

The authors would like to acknowledge Carlo Giunti, Antonio Masiero, Massimo Della Valle and Cesare Chiosi for the helpful discussions.

∗ fabrizio.tamburini@unipd.it † marco.laveder@unipd.it [1] T. Adam and the OPERA collaboration, Arxiv preprint 1109.4897v1.

[2] J. Ellis, N. Harries, A. Meregaglia, A. Rubbia, and A. Sakharov, Phys. Rev. D 78, 033013 (2008).

[3] A. Sakharov, J. Ellis, N. Harries, A. Meregaglia, and A. Rubbia, in Journal of Physics: Conference Series, Vol. 171 (IOP Publishing, 2009) p. 012039.

[4] S. Giani, Arxiv preprint hep-ph/9712265. [5] N. E. Mavromatos et al., Phys. Rev. D 77, 053014 (2008). [6] K. Hirata et al., Phys. Rev. Lett. 58, 1490 (1987). [7] S. Cullen and M. Perelstein, Phys. Rev. Lett. 83, 268 (1999).

[8] R. Ziolkowski, Phys. Rev. E 63, 046604 (2001). [9] T. Schwetz, Journal of High Energy Physics, 093(2007). [10] Q. Liu and A. Smirnov, Arxiv preprint hepph/9712493(1997).

[11] Q. Liu, Nucl. Phys. B-Proc. Suppl. 87, 208 (2000). [12] E. Akhmedov, Pramana 54, 47 (2000).

[13] J. Pendry, D. Schurig, and D. Smith, Science 312, 1780 (2006).

[14] W. Arnett, J. Bahcall, R. Kirshner, and S. Woosley, Ann.

rev. of Astron. and Astroph. 27, 629 (1989).

[15] Tamburini, F., Cuofano, C., Della Valle, M., and Gilmozzi, R., A&A 533, A71 (2011).

[16] P. Laurent et al., Phys. Rev. D 83, 121301 (Jun 2011). [17] E. Majorana, Nuov. Cim. 14, 171 (1937). [18] E. Majorana, Nuov. Cim. 9, 335 (1932).

[19] P. A. M. Dirac, Proc. R. Soc. of London. Series A 117, 610 (1928).

[20] B. Thaller, The Dirac Equation (Texts and Monographs in Physics) (Springer, 1992).

[21] C. Giunti and M. Laveder, Phys. Rev. D 82, 113009 (2010).

[22] P. Adamson et al., Phys. Rev. Lett. 107, 021801 (2011). [23] If the neutral Higgs boson were a Majorana particle, its mass would be of m = (273.56 ± 0.01) GeV.

[24] P. Adamson et al., Phys. Rev. D 76, 072005 (2007). [25] I. Smolyaninov, Journal of Optics 13, 024004 (2011). [26] G. Feinberg, Phys. Rev. 159, 1089 (1967). [27] L. Marucci, C. Manzo, and D. Paparo, Phys. Rev. Lett.

96, 163905(4) (28 April 2006).

[28] F. Tamburini, B. Thidé, G. Molina-Terriza, and G. Anzolin, Nature Physics 7, 195 (2011).

[29] J. Mendonça and B. Thidé, EPL (Europhysics Letters) 84, 41001 (2008).

[30] F. Tamburini, A. Sponselli, B. Thidé, and J. Mendonça, EPL (Europhysics Letters) 90, 45001 (2010).

[31] F. Tamburini and B. Thidé, Arxiv preprint 1105.0700(2011).

[32] E. Akhmedov, Physics of Atomic Nuclei 64, 787 (2001). [33] H. Huzita, Modern Physics Letters A 2, 905 (1987). [34] S. Woosley and T. Weaver, Ann. rev. of astron. and astroph. 24, 205 (1986).

[35] W. Yao et al., Journal of Physics G: Nuclear and Particle Physics 33, 1 (2006).

[36] D. Colladay and V. Kosteleckỳ, Phys. Rev. D 58, 116002 (1998).

[37] N. Itoh, H. Hayashi, A. Nishikawa, and Y. Kohyama, ApJS 102, 411 (1996).