arXiv:1109.6312v2 [hep-ph] 13 Oct 2011

Relativistic Superluminal Neutrinos

Alex Kehagias

Physics Division, National Technical University of Athens, 15780 Athens, Greece

kehagias@central.ntua.gr

Abstract We present a possible solution to the OPERA collaboration anomaly for the speed of neutrinos, based on the idea that it is a local effect caused by a scalar field sourced by the earth. The coupling of the scalar to neutrinos effectively changes the background metric where they propagate, leading to superluminality. The strength of the coupling is set by a new mass scale, which is at 1 TeV to account for the OPERA anomaly. Moreover, if this scenario is valid, the neutrino velocity depends on the baseline distance between the emission and detection points in such a way that superluminal signals are turn to subluminal for baseline distances roughly larger than the earth radius.

The OPERA collaboration [1] has recently announced evidence for superluminal propagation of μ neutrino ν_μ. In particular, the reported value of the μ neutrino velocity is

u = 1 + (2.48 ± 0.28(stat) ± 0.30(sys)) × 10^{−5} (1)

i.e. neutrinos are faster that light (c = 1)! As provocative as it sounds, this measurement kindle fantasies of Lorenz symmetry violations and attracted a lot of attention.

It seems that there are three possibilities for explaining this result: I) The anomaly is due to some systematic error and the neutrino fly at the speed of light. II) The anomaly is real and indicates violation of Lorentz invariance. III) The anomaly is real, neutrinos fly faster than light but still Lorentz invariance is not violated.

A reasonable possibility would be to abandon Lorentz symmetry and adopt an energy-depended speed of the ν_μ [2]. This could explain the reported anomaly. However, in our opinion, it is worth looking for Lorentz symmetric sources of superluminal neutrino velocity before exploring Lorentz violating ones.

We consider the OPERA result as pointing towards the third possibility, first because it is a carefully designed experiment, and second Lorentz symmetry is a deep rooted postulate for which we are biased. Adopting possibility III, means that we should look for possible neutrino interactions which produce the anomaly. The obvious source is the earth itself and its gravitational field. However, gravitational effects are tiny and give contributions which for the case of earth is of order

R_{S⊕} /R_⊕ = 10^{−10} where R_⊕ = 6.4 × 10^8 cm, where R_{S⊕} = 0.886 cm are the Earth radius and its Schwarzschild radius respectively. This is a tiny correction which cannot account for the neutrino speed anomaly and more importantly, it is in the wrong direction as produces delay in arrival time. To produce advanced arrival of neutrino signals, a kind of anti-gravity or repulsion is needed. This is for example the effect of a cosmological constant. In fact, a positive cosmological constant of the order of Λ = 10^{−21} cm may produce the reported OPERA result. The only problem is that such a cosmological constant is too large (although only 35 orders of magnitude off). Another possibility is that the anomaly is due to a second spin-2 particle, massive this time, coupled to neutrinos [3]. Here we will employ a second possibility, namely coupling of neutrinos to a scalar field.

In this direction, let us consider a scalar field π with derivative couplings to the neutrino kinetic term the dynamics of which is described by the following effective Lagrangian

L_ν = ν̄γ^μ∂_μν + L^4_∗∂_μπ∂^ρπ ν̄γ^μ∂_ρν (2)

Here L_∗ (or M_∗ = 1/L_∗) is a new scale which specifies the strength of the π coupling (the same way Planck length specifies the gravitational strength). One may recognize in π a galileon type of scalar field [4]-[7]. In the absence of the π field, the neutrino satisfies

γ^μ∂_μν = 0 (3)

from where the wave-equation

∂_μ∂^μν = 0 (4)

follows. Thus, neutrinos travel at the speed of light c in the absence of scalar couplings. Let us now consider the case of a non-zero π-coupling. In this case, the spherical symmetric static π background field would be π = α r (5) where α is a numerical parameter[5],[8],[9]. We may assume that π is sourced by the trace of energy-momentum tensor T^μ_μ so that in the static case α = M M_∗ . (6)

The sign of α is irrelevant here as it appears quadratically below. The Dirac equation for the neutrino is in this case

γ^μ∂_μν + L^4_∗∂^μπ∂^ρπγ_μ ∂_ρν = 0 (7)

For the spherical symmetric π field we get that

γ^0∂_tν + γ^1(∂_ρ + 2 r )ν + r /D_2ν + L^4_∗π^{′2}γ^1(∂_r + 2 r )ν = 0 (8)

where /D_2 is the Dirac operator on S^2. From the above expression follows that neutrinos see an effective veilbein

E^t_0 = 1 , E^r_1 = 1 + L^4_∗π^{′2} E^i_a = r^2e^i_a , a = 3, 4 , i = θ, ϕ (9) where e^i_a are the S^2 zweinbein. This means that the effective spacetime on which neutrinos propagate has the metric ds^2 = −dt^2 + dr^2 1 + L^4_∗ π^{′2}

+ r^2dΩ^2 (10) It is straightforward then to find that neutrinos travel with velocity u > c u^2 = 1 + π^{′2} = 1 + L^4_∗ α^2 r^4

(11) Thus attributing the neutrino speed anomaly to such a coupling, we find that (u − c)/c = β = 1 2 L^4_∗π^{′2} = 10^{−5} (12) so that we get 2 × 10^{−5} = L^6_∗

M^2 r^4

(13) Then for OPERA we find L^6_∗ = 8 × 10^{−5}

L^4_P R^4_⊕ 2R^2_{S⊕} (14) which gives a length scale L_∗ = 2 × 10^{−17}cm (15) Surprising, this length corresponds to a mass M_∗ at the electroweak scale M_∗ = 1 TeV (16) By a simple geometric setup one may easily calculate the flying time of neutrinos between two points A and B on earth at baseline distance d. The result is t_{AB} = R^2_⊕ d ( √ 1 + 2β − √ 2β + ( 1 − d^2 R^2_⊕ )) (17)

For small β = 10^{−5} we get t_{AB} = d − d 1 −^{d2}_{R2} β (18) For OPERA, d = 730 km and d/R ≈ 0.1 so that we have approximately t_{AB} = d(1 − β) (19) as expected. It should be noted that the neutrino flying time or its velocity depends on the baseline distance between the points A, B and the anomaly in flying time is δt_{AB} = 10^{−5} d 1 −^{d2}_{R2⊕}

(20)

Note that for d > R_⊕, the δt_{AB} becomes negative and neutrino arrive delayed. Thus for surface distance s > πR_⊕/3 ≈ 6692km, the superluminal speed of neutrinos turns to subluminal. Thus if the CERN CNGS beam had to be detected at Super-Kamiokande more that 9, 000km away, a subluminal speed of neutrinos would have been reported.

One may worry about the supernovae constraints since observations of light and neutrinos from the supernovae provided strict limits on the speed of electron (anti) neutrinos. In the 10 MeV range, a limit of |u − c|/c < 2 × 10^{−9} has been set by the observation of anti-neutrinos burst from the SN1987A supernova [10]. In fact the equivalence principle requires that photons and neutrinos to follow the same geodesic path from SN1987A to Earth. If neutrinos effectively move in the metric (10), the same should do the photons if equivalence principle is to be respected. This is possible if photons couple to the scalar field much the same way as neutrinos. For example a coupling of the form L_{ph} = − 1 4 F_{μν} F^{μν} − L^4_∗ 2 ∂^μπ∂^ν π F_{μρ}F_ν^ρ (21)

would produce consistency with supernova result.

Concluding, we have shown here how a non-minimal effective coupling of a scalar to neutrinos may explain the announced advanced arrival of neutrinos from the CERN CNGS beam to the Gran Sasso Laboratory over a baseline of about 730 km. The proposed effective theory respects Lorentz symmetry and superluminality is due to interactions, which effectively modifies the spacetime metric on which neutrinos propagate without need of violating fundamental laws. In particular, the neutrino speed depends on the baseline distance according to eq.(18) and it might be possible to search for superluminal to subluminal transition.

A final comment concerns the provocative value of M_∗ at the TeV scale. This points towards the possibility π to be a Standard Model or beyond the Standard Model field, and the Lagrangian (2) to describe a non-renormalizable interaction of this mode to neutrinos.

I would like to thank Manolis Dris for turning my attention to the OPERA collaboration result and Gia Dvali for discussions. This work is supported by the PEVE-NTUA-2009 program.

References

[1] T. Adam et al. [ OPERA Collaboration ], “Measurement of the neutrino velocity with the OPERA detector in the CNGS beam,” [arXiv:1109.4897 [hep-ex]].

[2] G. Amelino-Camelia, G. Gubitosi, N. Loret, F. Mercati, G. Rosati, P. Lipari, “OPERAreassessing data on the energy dependence of the speed of neutrinos,” [arXiv:1109.5172 [hepph]].

[3] G. Dvali, A. Vikman, “Price for Environmental Neutrino-Superluminality,” [arXiv:1109.5685 [hep-ph]].

[4] C. Deffayet, G. R. Dvali, G. Gabadadze, A. I. Vainshtein, “Nonperturbative continuity in graviton mass versus perturbative discontinuity,” Phys. Rev. D65, 044026 (2002). [hep-th/0106001].

[5] A. Nicolis, R. Rattazzi, “Classical and quantum consistency of the DGP model,” JHEP 0406, 059 (2004). [hep-th/0404159].

[6] A. Nicolis, R. Rattazzi, E. Trincherini, “The Galileon as a local modification of gravity,” Phys.

Rev. D79, 064036 (2009). [arXiv:0811.2197 [hep-th]].

[7] G. R. Dvali, G. Gabadadze, M. Porrati, “4-D gravity on a brane in 5-D Minkowski space,” Phys. Lett. B485, 208-214 (2000). [hep-th/0005016].

[8] G. Dvali, S. Hofmann, J. Khoury, “Degravitation of the cosmological constant and graviton width,” Phys. Rev. D76, 084006 (2007). [hep-th/0703027 [HEP-TH]].

[9] G. Dvali, G. F. Giudice, C. Gomez, A. Kehagias, “UV-Completion by Classicalization,” [arXiv:1010.1415 [hep-ph]].

[10] K. Hirata et al., Phys. Rev. Lett.58, 1490 (1987);

R. M. Bionta et al., Phys. Rev. Lett. 58 1494 (1987); M. J. Longo, Phys. Rev. D 36 3276 (1987).