arXiv:1302.2375v1 [hep-th] 10 Feb 2013

Radiative generation of the CPT-even gauge term of the SME from a dimension-five nonminimal coupling term

R. Casana^a, M. M. Ferreira Jr^a, R. V. Maluf^b, F. E. P. dos Santos^a, aUniversidade Federal do Maranhão (UFMA), Departamento de Física, Campus Universitário do Bacanga, São Luís - MA, 65085-580 - Brazil and bUniversidade Federal do Ceará (UFC), Departamento de Física, Campus do Pici, Fortaleza - CE, C.P. 6030, 60455-760 - Brazil

In this letter we show for the first time that the usual CPT-even gauge term of the standard model extension (SME) can be radiatively generated, in a gauge invariant level, in the context of a modified QED endowed with a dimension-five nonminimal coupling term recently proposed in the literature. As a consequence, the existing upper bounds on the coefficients of the tensor (KF ) can be used improve the bounds on the magnitude of the nonminimal coupling, λ (KF ) , by the factors 10^5 or 10^{25}. The nonminimal coupling also generates higher-order derivative contributions to the gauge field effective action quadratic terms.

PACS numbers: 11.30.Cp, 11.10.Gh, 11.15.Tk, 11.30.Er

INTRODUCTION

During the last years it has been a great interest in theories endowed with Lorentz symmetry violation. This interest was initially motivated by the possibility of occurring this kind of violation in high energy theories defined at the Planck energy scale [1]. The Standard Model Extension (SME) [2] is the theoretical effective structure that includes Lorentz-violating (LV) terms, generated as vacuum expectation values of tensors quantities, in the different sectors of the usual Standard Model. A large number of investigations in LV theories have been developed in recent years, addressing distinct sectors of the SME: fermion systems [3], the CPT-odd gauge sector [4– 6], the CPT-even gauge sector [7–9]. Interesting theoretical generalizations involving higher dimensional LV operators have also been devised [10–12]. These several studies have served both to elucidate the effects engendered by Lorentz violation and to set up stringent upper bounds on the LV coefficients [13].

Another way to consider Lorentz violation effect in a usual physical theory is by inserting new terms of interaction (LV nonminimal coupling terms) in the Lagrangian. A pioneering study in this sense was undertaken in Ref. [14], in which it was proposed a Lorentz-violating and CPT-odd nonminimal coupling between fermions and the gauge field, D_μ = ∂_μ + ieA_μ + i g 2 ϵ_{μλαβ} (k_{AF} )^λF^{αβ} , in the context of the Dirac equation. Here, (k_{AF} )^μ is the Carroll-Field-Jackiw four-vector, and g is the constant that measures the nonminimal coupling magnitude, [g] = mass^{−1}. This nonrenormalizable theoretical proposal has been investigated in several distinct tree-level scenarios [15–19]. See also the references inside [19].

Another very interesting question examined in the literature is the radiative generation of LV terms belonging to the SME framework. This topic was first addressed in the end of 90’s in Refs. [20], in which it was argued that the CPT-odd or Carroll-Field-Jackiw term, ϵ^{μνρσ} (k_{AF} )_μ A_ν F_{ρσ} , belonging to the electrodynamics of the SME is radiatively induced from the axial fermion LV coupling, b_μψ̄γ^μγ_5ψ. This process leads to the one-loop induced self-energy, Π^{μν} = κϵ^{μναβ} b_αq_β , whose coefficient κ depends explicitly on the regularization prescription used to control the UV divergencies. Such ambiguity has unleashed a great controversy about the possibility the CFJ term to be radiatively generated or not, since a gauge invariant prescription, in principle, would provide κ = 0 [21]. Other developments in radiative generation, including the induction of the Chern-Simons-like action in a LV massless QED, finite temperature effects, and photon triple splitting, were addressed in Ref. [22].

In Ref. [23] it was demonstrated that aether-like [24], CPT-even, and Lorentz-violating terms can be properly generated when the suitable couplings to the spinor fields are considered. In the first work of Ref. [25] the first higher derivative (dimension-five) CPT-odd operator of the extended QED proposed in Ref. [10] was radiatively induced by the fermion sector term involving the coefficient g^{αμν} . The radiative generation of other higherdimensional gauge terms, including the Myers-Pospelov one, was achieved in the second work of Ref. [25], starting from a modified QED based on the presence of the CPT-odd nonminimal coupling of Ref. [14]. An interesting study about a QED model also modified by the nonminimal coupling ϵ_{μλαβ} γ^μb^λF^{αβ} was performed in Ref. [26], where it was shown that the one-loop quantum corrections to the photon self-energy could provide two LV terms in the photon sector: the usual CPT-odd Carroll-Field-Jackiw term and the CPT-even aether one, b_αb_μF^{αβ} F^{μν} , first generated in Ref. [23]. This aether term may eventually recover some components of CPTeven usual term, (K_F )_{μναβ} , but not its entire structure. Note that the term b_αb_μ is just a piece of the representation of the (K_F )_{μναβ} in terms of the vector b_μ, stated in Eq. (17) of Ref. [26], which maps only the nonbirefringent sector of the tensor (K_F ) . In Ref. [27], a similar investigation was performed considering a chiral version of this nonminimal coupling, that is, ϵ_{μλαβ} γ_5γ^μb^λF^{αβ} , with analogous results.

In two very recent works [28, 29], it has been proposed a new CPT-even, dimension-five, nonminimal coupling linking the fermionic and gauge fields, in the Dirac equation, (iγ^μD_μ − m)Ψ = 0, where D_μ is a nonminimal covariant derivative,

D_μ = ∂_μ + ieA_μ + λ 2 (K_F )_{μναβ} γ^ν F^{αβ} , (1)

in which (K_F )_{μναβ} is the CPT-even tensor of Abelian gauge sector of the SME, and the nonminimal coupling constant λ has dimension mass^{−1}. The corresponding fermionic Lagrangian density is

L_Ψ = Ψ̄ [ i∂/ − eA/ − m + λ 2 (K_F )_{μναβ} σ^{μν} F^{αβ} ] Ψ, (2)

with Ψ representing a Dirac usual spinor, and σ^{μν} = i 2 [γ^μ, γ^ν ].

In Ref. [28], one has studied the effects implied by this new term on the cross section of the electron-muon scattering. The analysis of the ultrarelativistic limit and the available experimental data has allowed to attain the upper bound, |λ (K_F )| ≤ 10^{−12} (eV)^{−1}. On the other hand, the role played by this nonminimal coupling on the nonrelativistic regime of the Dirac equation was analyzed in Ref. [29], focusing on new corrections induced on the hydrogen spectrum and on the gyromagnetic constant. Such analysis has implied an upper bound as restrictive as |λ (K_F )| ≤ 10^{−16} (eV)^{−1}.

In this letter, we show for the first time the radiative generation of the full CPT-even term of the SME electrodynamics, (K_F )_{μναβ} F^{μν} F^{αβ} , embracing the entire structure of the tensor such (K_F )_{μναβ} . This is performed by means of a gauge invariant way by starting from the nonminimal CPT-even coupling (1) introduced in the Dirac equation. We finalize presenting the second order contributions in the tensor (K_F ) to the photon selfenergy. In the conclusions, we discuss how these results may improve some previous upper bounds on the magnitude of the CPT-even nonminimal coupling, yielding |λ_e (K_F )| < 10^{−21} (eV)^{−1} and |λ_e (K_F )| < 10^{−41} (eV)^{−1} for the nonbirefringent and birefringent coefficients, respectively.

EFFECTIVE ACTION

The QED model under consideration is L = − 1 4 F^{μν} F_{μν} + L_Ψ, (3)

where L_Ψ is given in Eq.(2), and a convenient gauge fixing term must be introduced to properly define the quantization procedure. Firstly, we are interested in the contributions of the fermionic fields, undergone to the nonminimal coupling interaction, to the effective action of the electromagnetic field. The full contribution of the fermion fields to the gauge field effective action is attained by integrating on the fermionic field, yielding

e^{iW [A]} = det (i∂/ − B − m) det (i∂/ − m) , (4)

with the matrix B operator defined as B = eA/ − λ (K_F )_{μναβ} σ^{μν} ∂^αA^β . (5) We are interested in the quadratic term in the gauge field coming from Eq. (4), which is equivalent to the second order contribution in e and λ, written in the momentum space as

W^{(2)} [A] = − 1 2 ∫ d^4q (2π)^4

Ã_μ (−q) Π^{μν} (q) Ã_ν (q) , (6)

where Π^{μν} (q) is the one-loop photon self-energy

Π^{μν} (q) = −i ∫ d^4p (2π)^4 tr [ S̃ (p) V^μS̃ (p + q) V^ν ] . (7)

The symbol “tr” denotes the trace operation in the Dirac’s indices, S̃ (p) is the fermionic Feynman propagator,

S̃(p) = i (p/ − m)^{−1} , (8)

and the quantities B̃ (q) and V_β (q) are given by

B̃ (q) = V_β (q) Ã^β (q) , (9)

V_β (q) = eγ_β + iλ (K_F )_{μναβ} σ^{μν} q^α. (10)

We can justify the introduction in Eq. (6) of the 1- loop photon self-energy as part of the two-point component of the gauge field effective action because it will allow to show that the radiative corrections preserve the transversality condition, guaranteeing the gauge invariance at this level.

One-loop vacuum polarization

In order to evaluate the one-loop corrections to the photon self-energy, expression (7) is rewritten as the sum

Π^{μν} (q) = ∑ (a,b) Π^{μν}_{(a,b)} (q) , (11)

where Π^{μν}_{(a,b)} (q) is defined by

Π^{μν}_{(a,b)} (q) = i ∫ d^4p (2π)^4 N^{μν}_{(a,b)} (p^2 − m^2) ( (p + q)^2 − m^2

) . (12)

It is obtained by replacing the fermion Feynman propagators (8) in Eq. (7), so that N^{μν}_{(a,b)} is

N^{μν}_{(a,b)} = tr [ (p/ + m)V^μ_{(a)} (p/ + q/ + m) V^ν_{(b)} ] , (13)

with a, b = 0, 1 representing the usual and modified vertices,

V^μ_{(0)} = eγ^μ, V^μ_{(1)} = iλ (K_F )^{αβχμ} σ_{αβ} q_χ, (14)

respectively. The integral in (12) is a quadratically divergent by power counting requiring some regularization technique, in our case, we will use an explicitly gauge invariant prescription: the dimensional regularization. The dimensional regularization works in D = 4 − 2ϵ dimensions, regarding ϵ → 0^+.

Hence, in our notation, Π^{μν}_{(0,0)} represents the usual one-loop self-energy corresponding to the vertex V^μ_{(0)} while the new contributions involving the new vertex V^μ_{(1)} namely Π^{μν}_{(0,1)}, Π^{μν}_{(1,0)}, Π^{μν}_{(1,1)}.

The first contribution to be considered is the usual one-loop photon self-energy contribution, Π^{μν}_{(0,0)}, read as

Π^{μν}_{(0,0)} (q) = ie^2 ∫ d^4p (2π)^4

N^{μν}_{(0,0)}

(p^2 − m^2) ( (p + q)^2 − m^2 ), (15) with

N^{μν}_{(0,0)} = tr [(p/ + m)γ^μ (p/ + q/ + m) γ^ν ] . (16)

By following the dimensional regularization technique, we perform the trace operations and compute the momentum integral with the Feynman parametrization. Next, we retain only the contribution of the divergent terms,

Π^{μν}_{(0,0)}(q) = − 1 12π^2ϵ ( g^{μν} q^2 − q^μq^ν ) , (17)

for the quadratic term of the gauge field effective action, given as

W^{(2)}_{(0,0)} [A] = − e^2 48π^2ϵ ∫ d^4x F^{μν} F_{μν} . (18)

As expected, the usual vertex induces a counterterm proportional to the Maxwell term, F^{μν} F_{μν} , which is already present in the QED action.

We now go on evaluating the terms Π^{μν}_{(0,1)}, Π^{μν}_{(1,0)}. A preliminary analysis allows to notice that Π^{μν}_{(0,1)} = Π^{μν}_{(1,0)}, so we go compute the first one, in which the replacement of the vertices (14) yields

Π^{μν}_{(0,1)} (q) = −eλq_σ (K_F )_{αβ}^{σν} Π^{μαβ} , (19)

where

Π^{μαβ} = ∫ d^4p (2π)^4 N^{μαβ} (p^2 − m^2) [(p + q)^2 − m^2]

, (20) and N^{μαβ} = tr [ (p/ + m) γ^μ (p/ + q/ + m) σ^{αβ} ] . (21)

We calculate Π^{μαβ} by following the same procedure used to compute the quantity (15), thus the divergent term is Π^{μαβ} = − m 4π^2ϵ ( q^αg^{βμ} − q^β g^{αμ} ) , (22)

which yields the following contribution to the photon selfenergy:

Π^{μν}_{(0,1)} (q) = meλ 4π^2ϵ

(K_F )_{αβ}^{σν} q_σ ( q^αg^{βμ} − q^β g^{αμ} ) . (23)

Inserting it in the effective action, one attains

W^{(2)}_{(0,1)} [A] + W^{(2)}_{(1,0)} [A] = meλ 8π^2ϵ ∫ d^4x (K_F )_{μναβ} F^{μν} F^{αβ} . (24) This result reveals that the CPT-even abelian gauge term of the SME, (K_F )_{μναβ} F^{μν} F^{αβ} , is radiatively induced by the new vertex. This is the first time this full CPT-even term is generated by a gauge-invariant mechanism.

We finalize evaluating the term Π^{μν}_{(1,1)}, which after vertex substitution can be rewritten as

Π^{μν}_{(1,1)} (q) = −iλ^2 (K_F )_{ηθ}^{ξμ} (K_F )_{λρ}^{χν} q_ξq_χΠ^{ηθλρ} (q) , (25) where we have defined Π^{ηθλρ} (q) = ∫ d^4p (2π)^4 N^{ηθλρ} (p^2 − m^2) [(p + q)^2 − m^2]

, (26) and N^{ηθλρ} = tr [ (p/ + m)σ^{ηθ} (p/ + q/ + m) σ^{λρ} ] . (27)

Direct computation of the integral (26) allows to get the following divergent terms Π^{ηθλρ} (q) = − i 4π^2ϵ ( m^2 − q^2 6 ) [ g^{ηρ}g^{θλ} − g^{ηλ}g^{θρ} ] (28) − i 12π^2ϵ [ q^ηq^ρg^{θλ} − q^ηq^λg^{θρ} + q^θq^λg^{ηρ} − q^θq^ρg^{ηλ} ] , providing the second-order LV contributions to the photon self-energy,

Π^{μν}_{(1,1)} (q) = − m^2λ^2 2π^2ϵ

(K_F )^{μξλρ} (K_F )_{λρ}^{χν} q_ξq_χ + λ^2 12π^2ϵ

(K_F )^{μξλρ} (K_F )_{λρ}^{χν} q^2q_ξq_χ (29) + λ^2 3π^2ϵ

(K_F )^{μξηλ} (K_F )_λ^{ρχν} q_ξq_η q_ρq_χ, and the following counterterms to the effective gauge field action,

W^{(2)}_{(1,1)} = − λ^2m^2 16π^2ϵ ∫ d^4x (K_F )^{μξρθ} (K_F )_{ρθ}^{χν} F_{μξ} F_{χν} + λ^2 96π^2ϵ ∫ d^4x (K_F )^{μξρθ} (K_F )_{ρθ}^{χν} F_{μξ} □F_{χν} (30) − λ^2 24π^2ϵ ∫ d^4x (K_F )^{μξηθ} (K_F )_θ^{λχν} F_{μξ} (∂_η∂_λ) F_{χν} .

We can note that the first term is a dimension-four operator while the two last are dimension-six operators.

Finally, we can show starting from Eqs. (17,23,29) that the divergent contributions to the vacuum polarization tensor are purely transversal. Thus, a direct verification yields,

q_ν Π^{μν} (q) = 0, (31)

It assures, at 1-loop level, the absence of gauge anomalies and, consequently, gauge symmetry preservation in the context of the modified QED of Lagrangian (2).

CONCLUSIONS

In this work, we have studied the contributions to the effective action of the electromagnetic field induced by the dimension-five nonminimal coupling, λ (K_F )_{μναβ} F^{αβ}ψ̄σ^{μν} ψ. Specifically, we have focused in the quadratic gauge field terms generated by the 1- loop radiative corrections. Our main result is that such contributions have generated the CPT-even term of the SME electrodynamics, (K_F )_{μνρσ} F^{μν} F^{ρσ} . Furthermore, at second order in (K_F ), CPT-even terms containing fourth-order derivatives involving dimension-six operators were also produced.

Our analysis has shown that the first-order LV correction to the one-loop vacuum polarization leads to the dimension-four CPT-even term of the SME, ( meλ/8π^2 ) (K_F )_{μνρσ} F^{μν} F^{ρσ} , as presented in Eq. (24).

This implies that the Maxwell electrodynamics must be modified by the inclusion of such term in its structure, implying a new LV electrodynamics ruled by the Lagrangian density −^1_4 F^{μν} F_{μν} −^1_4 gλ(K_F )_{μνρσ} F^{μν} F^{ρσ} , where g = me/2π^2. As a consequence, we can use the same phenomenology that allows to constrain the coefficients of the tensor (K_F ) with stringent upper bounds [7–9, 13] to improve the bounds on the magnitude of the quantity λ (K_F )_{μναβ} by the factor 1/g ∼ 4 × 10^{−4} (in the electron case). This means that a known upper-bound for the nonbirefringent components, |K_F | < 10^{−17}, would lead to an upper-bound as tight as |λ_e (K_F )| < 10^{−21} (eV)^{−1} for the corresponding nonminimal coupling to the electron-photon interaction. A similar argument can be used to transfer the existing bounds of the birefringent components, |K_F | < 10^{−37}, to level of |λ_e (K_F )| < 10^{−41} (eV)^{−1} while associated with the same electron-photon nonminimal interaction.

Therefore, this analysis allows to improve the previous upper bounds on |λ_eK_F | attained in Ref. [29], by the factors 10^5 and 10^{25}, concerning to the nonbirefringent and birefringent sectors of the nonminimal coupling, respectively. As for the higher-order derivative terms in Eq. (30), radiatively generated at order λ^2, they do not lead to any improvement of the previous upper-bounds. An important fact must be noted, since the counterterm depends on the particle mass, it is reasonable to suppose that the magnitude of the nonminimal coupling may also depend on the particle mass under analysis, fact also remarked in Ref. [29], in which different upper bounds were stated for the electron and proton nonminimal interactions with the electromagnetic field. In respect to the proton nonminimal interaction, previously discussed in Ref. [29], the bounds could now be improved to the level |λ_p (K_F )| < 10^{−25} (eV)^{−1} and |λ_pK_F | < 10^{−44} (eV)^{−1}, for the nonbirefringent and birefringent components, respectively.

Some additional sensitive issues still remain under investigation. The new contributions implied by this nonminimal interaction to the fermionic sector and its dispersion relations, and the vertex corrections which possibly give contributions to the anomalous magnetic moment, are two interesting research goals. Obviously such corrections are relevant for establishing the 1-loop renormalization of this model. These investigations are now underway.

The authors are grateful to CNPq, CAPES and FAPEMA (Brazilian research agencies) for invaluable financial support.

[1] V. A. Kostelecky and S. Samuel, Phys. Rev. Lett. 63, 224 (1989); Phys. Rev. Lett. 66, 1811 (1991); Phys. Rev. D 39, 683 (1989); Phys. Rev. D 40, 1886 (1989), V. A. Kostelecky and R. Potting, Nucl. Phys. B 359, 545 (1991); Phys. Lett. B 381, 89 (1996); V. A. Kostelecky and R. Potting, Phys. Rev. D 51, 3923 (1995).

[2] D. Colladay and V. A. Kostelecky, Phys. Rev. D 55, 6760 (1997); D. Colladay and V. A. Kostelecky Phys. Rev. D 58, 116002 (1998); S.R. Coleman and S.L. Glashow, Phys. Rev. D 59, 116008 (1999).

[3] B. Altschul, Phys. Rev. D 70, 056005 (2004); G. M.

Shore, Nucl. Phys. B 717, 86 (2005); D. Colladay and V. A. Kostelecky, Phys. Lett. B 511, 209 (2001); O. G. Kharlanov and V. Ch. Zhukovsky, J. Math. Phys. 48, 092302 (2007); R. Lehnert, Phys. Rev. D 68, 085003 (2003); V.A. Kostelecky and C. D. Lane, J. Math. Phys. 40, 6245 (1999); R. Lehnert, J. Math. Phys. 45, 3399 (2004); W. F. Chen and G. Kunstatter, Phys. Rev. D 62, 105029 (2000); B. Goncalves, Y. N. Obukhov, I. L. Shapiro, Phys.Rev. D 80, 125034 (2009); V. A. Kostelecky and R. Lehnert, Phys. Rev. D 63, 065008 (2001); S. Chen, B. Wang, and R. Su, Class. Quant.Grav. 23, 7581 (2006); T. J. Yoder and G. S. Adkins, Phys. Rev. D 86, 116005 (2012).

[4] C. Adam and F. R. Klinkhamer, Nucl. Phys. B 607, 247 (2001); C. Adam and F. R. Klinkhamer, Nucl. Phys. B 657, 214 (2003); A.A. Andrianov and R. Soldati, Phys. Rev. D 51, 5961 (1995); Phys. Lett. B 435, 449 (1998); A.A. Andrianov, R. Soldati and L. Sorbo, Phys. Rev. D 59, 025002 (1998); A. A. Andrianov, D. Espriu, P. Giacconi, R. Soldati, J. High Energy Phys. 0909, 057 (2009); J. Alfaro, A.A. Andrianov, M. Cambiaso, P. Giacconi, R. Soldati, Int. J. Mod. Phys. A 25, 3271 (2010); V. Ch. Zhukovsky, A. E. Lobanov, E. M. Murchikova, Phys.Rev. D 73 065016, (2006); O. M. Del Cima, D. H. T. Franco, A. H. Gomes, J. M. Fonseca, and O. Piguet, Phys. Rev. D 85, 065023 (2012).

[5] R. Lehnert and R. Potting, Phys. Rev. Lett. 93, 110402 (2004); R. Lehnert and R. Potting, Phys. Rev. D 70, 125010 (2004); B. Altschul, Phys. Rev. D 75, 105003 (2007); C. Kaufhold and F.R. Klinkhamer, Nucl. Phys. B 734, 1 (2006).

[6] A. P. Baeta Scarpelli, H. Belich, J. L. Boldo, J.A.

Helayël-Neto, Phys. Rev. D 67, 085021 (2003); M. B. Cantcheff, Eur. Phys. J. C 46, 247 (2006); J.A. de Sales, T. Costa-Soares, and V. J. Vasquez Otoya, Physica (Amsterdam) 391A, 5422 (2012).

[7] V. A. Kostelecky and M. Mewes, Phys. Rev. Lett. 87, 251304 (2001); V. A. Kostelecky and M. Mewes, Phys. Rev. D 66, 056005 (2002); V. A. Kostelecky and M. Mewes, Phys. Rev. Lett. 97, 140401 (2006).

[8] F.R. Klinkhamer and M. Risse, Phys. Rev. D 77, 016002 (2008); F.R. Klinkhamer and M. Risse, Phys. Rev. D 77, 117901 (2008); F. R. Klinkhamer and M. Schreck, Phys. Rev. D 78, 085026 (2008); B. Altschul, Phys. Rev. Lett. 98, 041603 (2007); M. Schreck, Phys. Rev. D 86, 065038 (2012).

[9] B. Altschul, Nucl. Phys. B 796, 262 (2008); B. Altschul, Phys. Rev. Lett. 98, 041603 (2007); C. Kaufhold and F.R. Klinkhamer, Phys. Rev. D 76, 025024 (2007).

[10] V. A. Kostelecky and M. Mewes, Phys. Rev. D 80, 015020 (2009); M. Mewes, Phys. Rev. D 85, 116012 (2012).

[11] M. Cambiaso, R. Lehnert, R. Potting, Phys. Rev. D 85 085023 (2012); B. Agostini, F. A. Barone, F. E. Barone, P. Gaete, J. A. Helayël-Neto, Phys. Lett. B 708, 212 (2012).

[12] R. C. Myers and M. Pospelov, Phys. Rev. Lett. 90, 211601 (2003); P. A. Bolokhov and M. Pospelov, Phys. Rev. D 77, 025022 (2008); C. M. Reyes, L. F. Urrutia, and J. D. Vergara, Phys. Rev. D 78, 125011 (2008); C. Marat Reyes, Phys. Rev. D 80, 105008 (2009); Phys. Rev. D 82, 125036 (2010); J. Lopez-Sarrion and C. M. Reyes, Eur. Phys. J. C 72, 2150 (2012); C.M. Reyes, L.F. Urrutia, J.D. Vergara, Phys. Lett. B 675, 336 (2009); F. A. Brito, M. S. Guimaraes, E. Passos, P. Sampaio, C. Wotzasek, Phys. Rev. D 86, 105036 (2012).

[13] V.A. Kostelecky and N. Russell, Rev. Mod. Phys. 83, 11 (2011).

[14] H. Belich, T. Costa-Soares, M.M. Ferreira Jr., J. A.

Helayël-Neto, Eur. Phys. J. C 41, 421 (2005). [15] H. Belich, L.P. Colatto, T. Costa-Soares, J.A. Helayël- Neto, M.T.D. Orlando, Eur. Phys. J. C 62, 425 (2009).

[16] B. Charneski, M. Gomes, R. V. Maluf, A. J. da Silva, Phys. Rev. D 86, 045003 (2012).

[17] L. R. Ribeiro, E. Passos, C. Furtado, J. Phys. G. 39, 105004 (2012).

[18] K. Bakke, H. Belich, J. Phys. G 39, 085001 (2012); K.

Bakke, H. Belich, E. O. Silva, J. Math. Phys. 52, 063505 (2011); J. Phys. G 39, 055004 (2012); Annalen der Physik (Leipzig) 523, 910 (2011); K. Bakke and H. Belich, Eur. Phys. J. Plus 127, 102 (2012).

[19] H. Belich, E.O. Silva, M.M. Ferreira Jr., and M.T. D.

Orlando, Phys. Rev. D 83, 125025 (2011).

[20] R. Jackiw and V. A. Kostelecky, Phys. Rev. Lett. 82, 3572 (1999); M. Perez-Victoria, Phys. Rev. Lett. 83, 2518 (1999); J.M. Chung, Phys.Rev. D 60, 127901 (1999); J. M. Chung and B. K. Chung Phys. Rev. D 63, 105015 (2001); G. Bonneau, Nucl. Phys. B 593, 398 (2001); M. Perez-Victoria, J. High. Energy Phys. 0104, (2001) 032.

[21] O.A. Battistel and G. Dallabona, Nucl. Phys. B 610, 316 (2001); O.A. Battistel and G. Dallabona, J. Phys. G 28, L23 (2002); J. Phys. G 27, L53 (2001); A. P. B. Scarpelli, M. Sampaio, M. C. Nemes, and B. Hiller, Phys. Rev. D 64, 046013 (2001); T. Mariz, J.R. Nascimento, E. Passos, R.F. Ribeiro and F.A. Brito, J. High. Energy Phys. 0510 (2005) 019; J. R. Nascimento, E. Passos, A. Yu. Petrov, F. A. Brito, J. High. Energy Phys. 0706, (2007) 016; B. Altschul, Phys. Rev. D 70, 101701 (2004); A.P.B. Scarpelli, M. Sampaio, M.C. Nemes, B. Hiller, Eur. Phys. J. C 56, 571 (2008); F.A. Brito, J.R. Nascimento, E. Passos, A.Yu. Petrov, Phys. Lett. B 664, 112 (2008); Oswaldo M. Del Cima, J. M. Fonseca, D.H.T. Franco, O. Piguet, Phys. Lett. B 688, 258 (2010).

[22] F.A. Brito, L.S. Grigorio, M.S. Guimaraes, E. Passos, C.

Wotzasek, Phys. Rev. D 78, 125023 (2008); Phys. Lett. B 681,495 (2009); F.A.Brito, E. Passos, P.V. Santos, Europhys. Lett. 95, 51001 (2011); J. Leite and T. Mariz, Eur. Phys. Lett. 99, 21003 (2012).

[23] M. Gomes, J. R. Nascimento, A. Yu. Petrov, A. J. da Silva, Phys. Rev. D 81, 045018 (2010).

[24] S. Carroll and H. Tam, Phys. Rev. D 78, 044047 (2008);

C. F. Farias, A. C. Lehum, J. R. Nascimento, A. Yu. Petrov, Phys. Rev. D 86, 065035 (2012).

[25] T. Mariz, Phys. Rev. D 83, 045018 (2011); T. Mariz, J.

R. Nascimento, A. Yu. Petrov, Phys. Rev. D 85, 125003 (2012).

[26] G. Gazzola, H. G. Fargnoli, A. P. Baeta Scarpelli, M.

Sampaio, and M. C. Nemes, J. Phys. G 39, 035002 (2012).

[27] A. P. Baeta Scarpelli, J. Phys. G 39, 125001 (2012). [28] R. Casana, M. M. Ferreira Jr, R.V. Maluf, F.E.P. dos Santos, Phys. Rev. D 86, 125033 (2012).

[29] R. Casana, M. M. Ferreira Jr, E. Passos, F.E.P. dos Santos, E.O. Silva, Phys. Rev. D 87, 047701 (2013).