arXiv:1304.6016v2 [hep-th] 10 Jul 2013

Aspects of quantum corrections in a Lorentz-violating extension of the abelian Higgs model

L. C. T. Brito^{(a)},^∗ H. G. Fargnoli^{(a)},^† and A. P. Baêta Scarpelli^{(b)‡} (a) Universidade Federal de Lavras - Departamento de Ciências Exatas Caixa Postal 3037, 37.200-000, Lavras, Minas Gerais, Brazil and (b)Setor Técnico-Científico - Departamento de Polícia Federal Rua Hugo D’Antola, 95 - Lapa - São Paulo (Dated: July 11, 2013)

We investigate new aspects related to the abelian gauge-Higgs model with the addition of the Carroll- Field-Jackiw term. We focus on one-loop quantum corrections to the photon and Higgs sectors due to spontaneous breaking of gauge symmetry and show that new finite and definite Lorentz-breaking terms are induced. Specifically in the gauge sector, a CPT-even aether term is induced. Besides, aspects of the one-loop renormalization of the background vector dependent terms are discussed.

PACS numbers: 11.30.Cp, 11.30.Er, 11.30.Qc, 12.60.-i

I. INTRODUCTION

Lorentz and CPT symmetries play a fundamental role in Quantum Field theories and are observed with high precision in all experimental tests (see [1] for a collection of experimental results). However, the interest in Lorentz and CPT-violating models has increased since a Chern-Simons-like term in four dimensions was first considered [2]. The Standard Model Extension (SME) [3]-[6], which includes this Carroll-Field-Jackiw (CFJ) term, provides a description of Lorentz and CPT violation, controlled by a set of coefficients whose small magnitudes are to be constrained by experiments. Many aspects of the SME have been analyzed since then [7]-[53].

Concerning the gauge sector, the SME encompasses two terms: the CFJ term, which has a Chern- Simons-like form and is CPT-odd, and a CPT-even one, which is controlled by a constant fourth-rank background tensor with the same symmetries of the Riemann tensor. In the context of the SME, there have been great interest in the radiative induction of the CFJ term [7]-[21]. On the other hand, the radiative generation of a particular form of the CPT-even term [36] has been studied in effective models which include Lorentz violating nonminimal couplings [37], [38], [39], [40]. One-loop corrections to the photon sector from a Lorentz-violating fermionic part have been performed in [22], in which it was obtained a non-zero amplitude for the vacuum triple photon splitting.

Spontaneous gauge symmetry breaking (SSB) has also been studied in Lorentz-breaking models. In [29], the CFJ term was added to the traditional abelian gauge-Higgs model. Some interesting physical properties at tree level have been analyzed as, for example, the peculiarities in the way the degrees of freedom are distributed amongst the physical modes of the theory after spontaneous gauge symmetry breaking takes place. The same procedure has been adopted in the non-abelian case [33]. SSB in a Lorentz-violating theory was also analyzed in a model which includes CPT-even terms both in gauge and Higgs sectors [50]. In this paper we investigate aspects of quantum corrections to the abelian Lorentz and CPT-violating gauge-Higgs model of [29]. The one-loop renormalization of the terms which depend on the Lorentz-violating parameter is carried out. Besides, we show that as a consequence of SSB new Lorentz-violating terms, which are finite, are radiatively induced both in gauge and Higgs sectors. These calculations, carried out after SSB takes place, involve massive photons, which have been recently studied in [51] for Lorentz-violating models.

∗lcbrito@dex.ufla.br †helvecio@dex.ufla.br ‡scarpelli.apbs@dpf.gov.br

The paper is organized as follows: in section II we present the model and its Feynman rules, section III is dedicated to the one-loop renormalization of the background vector dependent terms, we calculate the finite radiatively induced terms in section IV and, finally, the concluding comments are presented in section V.

II. THE MODEL

Let us first review the abelian gauge-Higgs model, defined by the classical lagrangian density L_{GH} = − 1 4 F_{μν} F^{μν} + D_μϕ (D^μϕ)^∗ + μ^2ϕϕ^∗ − λ 4 (ϕϕ^∗)^2 , (1)

where λ and μ^2 are positive constants, the covariant derivative is defined by D_μϕ = ∂_μϕ + ieA_μϕ and F_{μν} = ∂_μA_ν − ∂_ν A_μ is the electromagnetic field strength tensor. The lagrangian is invariant under local U(1) gauge transformations and the complex scalar field ϕ develops a vacuum expectation value ⟨ϕ⟩_0 =^{v√}_2 (with v constant), since U(1) symmetry is spontaneously broken. The quantum field theory obtained from (1) is renormalizable to all orders of perturbation theory [54].

Rewriting the lagrangian (1) in terms of real scalar fields ρ and φ, such that ϕ = 2^{− 12} (ρ + v + iφ), yields L_{GH} + L_{GF} + L_{ghost} = − 1 4 F_{μν} F^{μν} + m^2_A 2 A^μA_μ − 1 2ξ (∂_μA^μ)^2 +∂_μc̄∂^μc − ξm^2_Ac̄c − ξ v m^2_Ac̄cρ + 1 2 (∂_μρ∂^μρ + ∂_μφ∂^μφ) − m^2_ρ 2 ρ^2 − m^2_φ 2 φ^2 − λ 16 ( ρ^2 + φ^2

)_2 − λ 4 vρ ( ρ^2 + φ^2 )

+eA_μ [ρ∂^μφ − φ∂^μρ] + e^2 2 A^μA_μ [ ρ^2 + φ^2 + 2vρ ]

− 1 2 δm^2 ( ρ^2 + φ^2 ) − vδm^2ρ, (2) where δm^2 = −μ^2 + λv^2, m^2_ρ =^{λv2}_2 , m^2_φ = ξm^2_A and m^2_A = v^2e^2. In (2) we have added to L_{GH} a gauge fixing term L_{GF} = − (2ξ)^{−1} (∂_μA^μ − ξveφ)^2 and the ghost contributions L_{ghost}, which couple the Higgs boson ρ to the Fadeev-Popov ghost field c.

Since ⟨ϕ⟩_0 ≠ 0, the vacuum expectation value ⟨ρ⟩_0 of the field ρ should vanish at the classical level, that is, δm^2 = 0. This gives the ρ field a mass m_ρ, whereas the φ^2 term has a gauge dependent mass m_φ. It is well known that in the quantum theory the field φ is the Goldstone boson. Actually, we can fix δm^2 as a counterterm to each order of perturbation theory using the normalization condition

⟨ρ⟩_0 = 0 (3)

at some renormalization scale.

Now we turn to the model that we will consider in the following: L = L_{GH} + L_{GF} + L_{ghost} + 1 2 (k_{AF} )^μ ϵ_{μνρσ} A^ν F^{ρσ} . (4)

The last term in the above lagrangian is the Lorentz-violating CPT-odd Carroll-Field-Jackiw (CFJ) term, which will be treated here as a perturbation and has the Feynman rule

2ϵ_{μνρσ} (k_{AF} )^μ p^ρ. (5)

The other relevant vertices defined from (2) are shown in the appendix. The propagators of the fields are given by:

• Photon propagator:

D^{μν} (p) = − i p^2 − m^2_A [ η^{μν} + (ξ − 1) 1 (p^2 − ξm^2_A) p^μp^ν ] ; • Higgs propagator:

Δ_ρ(p) = i p^2 − m^2_ρ ; • Goldstone propagator:

Δ_φ(p) = i p^2 − m^2_φ ; • Ghost propagator:

Δ_c(p) = i p^2 − ξm^2_A . We are going to show explicitly in the next section that the one-loop divergences that arise from the CFJ perturbation are renormalized by the counterterm δm^2.

III. ONE-LOOP RENORMALIZATION

We will restrict our attention throughout this paper to one loop order in perturbation theory. As we said before, the renormalization of the model (4) in the limit (k_{AF} )^μ → 0 is well known. Hence in this section we will concentrate on quantum effects which arise from the CFJ term. In other words, we will concentrate in diagrams with insertions of the (AA) vertex (5).

In addition to the AA vertex, the lagrangian (4) has other four super-renormalizable vertices: AAρ, ρ^3, c̄cρ and ρφ^2. Thus the superficial degree of divergence d(G) of a diagram G reads d(G) = 4 − n − ( V_{AA} + V_{AAρ} + V_ρ3 + V_{c̄cρ} + V_{ρφ}2 ) , (6)

where n is the number of external lines of G and, in parentheses, we have the sum of the number of super-renormalizable vertices. From (6), we can see that diagrams that have n = 4 and at least one super-renomalizable vertex are finite; the same is true with n = 3 and at least two super-renomalizable vertices.

Actually, the one loop diagrams in figures 1-5 have AA vertices and d(G) ≥ 0. We will show in this section that the normalization condition (3) - which determines the counterterm δm^2 - is sufficient to renormalize the model at one loop.

We start our analysis with the ρ field one-point function. The divergent diagrams (proportional to powers of (k_{AF} )_μ) are depicted in figure 1 (in the following figures, external lines are amputated).

The expression of the diagram proportional to (k_{AF} )_μ is null. After using Feynman rules in an arbitrary gauge and Dimensional Reduction [55] (only the integrals are calculated in d = 4 − ε dimensions), the second diagram in figure 1 gives the divergent term

Γ^{(div)}_ρ = − 3i 4π^2 ve^2 (k_{AF} )^2 1 ε . (7)

FIG. 1: Potentially divergent diagrams of the Higgs field one-point function. (a) One AA vertex; (b) two AA vertices.

Thus, to obey the renormalization condition (3) the divergent piece of δm^2 must be chosen as

δm^2 = − 3 4π^2 e^2 (k_{AF} )^2 1 ε . (8)

We proceed next to the two-point functions. The gauge field propagator receives no divergent contribution (at one-loop) from the AA vertex, as we discuss in the next section. Figures 2 and 3 show the superficially divergent (k_{AF} )_μ contributions to the Higgs and Goldstone propagators, respectively.

FIG. 2: Higgs two-point function divergent diagrams. (a), (b), (c) and (d) Diagrams with one AA vertex; (e) diagram with two AA vertices.

FIG. 3: Goldstone two-point function divergent diagrams. (a) and (b) Diagrams with one AA vertex; (c) two AA vertices.

Terms with p_αp_β ϵ^{μναβ} appear in the expressions of diagrams 2(a)-(d), 3(a) and 3(b) and then they are equal to zero. The divergent pieces of diagrams 2(e) and 3(c) are Γ^{(div)}_{ρρ} = − 3i 4π^2 e^2 (k_{AF} )^2 1 ε (9) and Γ^{(div)}_{φφ} = − 3i 4π^2 e^2 (k_{AF} )^2 1 ε . (10)

Besides the one and two-point functions considered above, we must also evaluate the vertex function shown in figure 4, because it has n = 3 and equation (6) tells us that those diagrams are superficially logarithmically divergent. However, one can verify that the divergent piece of each diagram in figure 4 is

FIG. 4: Divergent vertex diagrams proportional to (kAF )_μ.

individually null. Therefore, no vertex function has divergences proportional to powers of the parameter (k_{AF} )_μ at one-loop order.

Lastly, the mixing two-point function < φA_μ > has also logarithmic divergences. The (k_{AF} )_μ divergent contribution to it is given by the diagram of figure 5. Once more, it can be shown that the divergent piece of this diagram is null.

FIG. 5: Mixing propagator divergent diagram.

Thus, as we can see in the lagrangian density (2), the choice (8) is sufficient to remove the divergences (9) and (10) rendering a one-loop finite theory.

IV. FINITE QUANTUM CORRECTIONS TO GAUGE AND HIGGS SECTORS

We perform first the calculations of the one-loop corrections to the gauge self-energy. In addition to the usual gauge-Higgs diagram in figure 6, which arise from the spontaneous gauge symmetry breaking, we have new diagrams with insertions of AA vertex in the internal gauge propagator. So we can obtain a perturbative series on (k_{AF} )_μ, from which we will consider up to the second order in this parameter - figure 7.

FIG. 6: Contribution due to the SSB.

The amplitude corresponding to the diagrams of figures 6 and 7 is given by

Π^{ρAA}_{μν} = Π^{(0)}_{μν} + Π^{(1)}_{μν} + Π^{(2)}_{μν} + O((k_{AF} )^3), (11)

where

Π^{(0)}_{μν} = −4v^2e^4g_{μν} ∫ d^dk (2π)^d 1 (k^2 − m^2_A) [ (p − k)^2 − m^2_ρ

], (12)

FIG. 7: Background vector dependent contributions to the photon propagator.

Π^{(1)}_{μν} = 8iv^2e^4 (k_{AF} )^λ ε_{λμρν} ∫ d^4k (2π)^4 k^ρ (k^2 − m^2_A)^2 [ (p − k)^2 − m^2_ρ ] = 1 2π^2 v^2e^4 (k_{AF} )^λ p^ρε_{λμρν}

∫_1 0 dx (1 − x)x M^2_{Aρ} (13) and Π^{(2)}_{μν} = −16v^2e^4 ∫ d^4k (2π)^4 1 (k^2 − m^2_A)^3 [ (p − k)^2 − m^2_ρ ] × { (k_{AF} )^2 ( k_μk_ν − g_{μν} k^2 ) − (k_{AF} ) · k ( k_μ (k_{AF} )_ν + k_ν (k_{AF} )_μ ) + (k_{AF} )_μ (k_{AF} )_ν k^2 + ((k_{AF} ) · k)^2g_{μν} }

= − iv^2e^4 2π^2 {[ (k_{AF} )^2 g_{μν} − (k_{AF} )_μ (k_{AF} )_ν ] ∫ 1 0 dx (1 − x)^2 M^2_{Aρ} + [ (k_{AF} )^2 ( p_μp_ν − g_{μν} p^2 ) + L_{μν} ] ∫ 1 0 dx (1 − x)^2x^2 M^4_{Aρ} } . (14)

We have defined above the expressions

M^2_{12} ≡ m^2_1(1 − x) + m^2x − p^2x(1 − x) (15) and L_{μν} ≡ ((k_{AF} ) · p)^2g_{μν} − ((k_{AF} ) · p) (p_μ (k_{AF} )_ν + p_ν (k_{AF} ) b_μ) + p^2 (k_{AF} )_μ (k_{AF} )_ν . (16)

Let us then analyze these three terms. The first one is the Proca-type correction which occur even in the usual gauge-Higgs model. The second one, Π^{(1)}_{μν} , will give a finite correction to the CFJ term. The most interesting term is Π^{(2)}_{μν} .

Analyzing the structures present on (14), we see that the first term on brackets violates gauge and Lorentz symmetries and the piece (k_{AF} )^2 ( p_μp_ν − g_{μν} p^2 ) is a correction to the Maxwell term with dependence on the Lorentz-violating parameter (k_{AF} )_μ. The part on L_{μν} is a CPT-even Lorentz breaking contribution. The induced term in the Lagrange density has the following aether-like form [36]:

L_{aether} = v^2e^4B(p, m_ρ, m_A) (k^μ_{AF} F_{μν} )^2 (17)

with B(p, m_ρ, m_A) ≡^i_{4π2}

∫_1 0 dx^{(1−x)2 x2}

M^4_{Aρ} . This term can be mapped in the CPT-even term proposed in

[4], L^{even}_{gauge} = − 1 4 (k_F )_{μναβ} F^{μν} F^{αβ} , (18)

as long as we establish the relation

(k_F )_{μναβ} = −v^2e^4B(p, m_ρ, m_A) { g_{μα} (k_{AF} )_ν (k_{AF} )_β − g_{να} (k_{AF} )_μ (k_{AF} )_β

+g_{νβ} (k_{AF} )_μ (k_{AF} )_α − g_{μβ} (k_{AF} )_ν (k_{AF} )_α } . (19)

FIG. 8: Remaining contributions to ρ propagator due to the Lorentz violating term of order O((kAF )^2).

We now consider the background vector dependent quantum corrections to the Higgs field propagator. Figures 2 and 8 give contributions up to second order in (k_{AF} )_μ.

As already mentioned in section III, diagrams 2(a)-(d) vanish. Summing up the diagrams depicted in figures 2(e) and 8, we have

Γ_{ρρ} = i 4π^2 e^2 { − 3 2 (k_{AF} )^2 [ 2 ε − γ + ln(4π) − 5 3 − ln ( m^2_A Λ^2 )] + 3 2 v^2e^2 (k_{AF} )^2 [ 2 ∫_1 0 dx (1 − x)x M^2_{AA} + ∫_1 0 dx (1 − x)^2 M^2_{AA} ] + [ (p · (k_{AF} ))^2 − (k_{AF} )^2 p^2 ] [ 2 ∫_1 0 dx (1 − x)^2 M^2_{AA} − v^2e^2

∫_1 0 dx (1 − x)^2x^2 M^4_{AA} ]} , (20)

where γ is the Euler-Mascheroni constant and Λ is an energy scale.

The first term in brackets is the divergent piece appearing in section III plus some constants, the second is a mass correction and the last one can be mapped in L^{even}_{Higgs} = 1 2 κ^{μν} ∂_μρ∂_ν ρ, (21) introduced in [4], provided that

κ^{μν} = 2e^2 ( (k_{AF} )^2 g^{μν} − (k_{AF} )^μ (k_{AF} )^ν ) A(p, m_A), (22) with A(p, m_A) = i 4π^2 [ 2 ∫_1 0 dx (1 − x)^2 M^2_{AA} − v^2e^2

∫_1 0 dx (1 − x)^2x^2 M^4_{AA} ] . (23)

A comment is in order. We have shown that, at second order in the Lorentz-violating parameter (k_{AF} )_μ, finite and well defined CPT-even terms are induced both in the photon and the Higgs sectors. These inductions are consequences of the spontaneous breaking of local U(1) symmetry, which produces the ρAA vertex. This is an interesting theoretical result, although the magnitude of the background vector (k_{AF} ) has been constrained to the level of 10^{−42}, as can be found in [1]. Concerning this small magnitude of the Lorentz-breaking parameter, it is worth to mention that, although | (k_{AF} ) e^4| > | (k_{AF} )^2 e^2|, which would imply that two-loop contributions should be considered, these e^4 linear terms in the background vector would not contribute to the CPT-even part.

Last but not least, particularly intriguing is the induction of a gauge-breaking term in the Lorentzviolating sector of the model. A question which arises for a further investigation is whether this term (and the other radiatively induced terms) would be canceled out if the finite part of the one-loop shift in the Higgs field is carried out.

V. CONCLUDING COMMENTS

We have studied some aspects of quantum corrections of the four-dimensional abelian Lorentz-violating CFJ-Higgs model. The new divergences due the presence of the CFJ term were shown to be worked out by the renormalization condition which requires the vacuum expectation value of the Higgs field remains null. We have also analyzed what kind of effects are induced at the quantum level by spontaneous gauge symmetry breaking due the presence of the Chern-Simons-like term. It was shown that, at second order in the background vector, it is induced an aether-like CPT-even Lorentz breaking term in the pure gauge sector. This term is finite and free from ambiguities. A finite and determined CPT-even term is also induced in the pure Higgs sector.

It is worth to comment on the induction of a finite gauge and Lorentz breaking term in the photon sector. It is possible that, after considering the finite part of the one-loop shift in the Higgs field, this term would be canceled out. A further investigation would be interesting in order to check this and also whether the other radiatively induced terms could be canceled out in this process.

Acknowledgements

H. G. Fargnoli and A. P. Baêta Scarpelli thank CNPq for the financial support. A. P. Baêta Scarpelli thanks J. A. Helayel-Neto for relevant discussions. H.G. Fargnoli thanks S.M. de Souza for his encouragement.

Appendix

We present in this appendix the relevant vertex Feynman rules derived from lagrangian (2).

• AAρ vertex:

ive^2g_{αβ}

• Aρϕ vertex:

e (p + p^′)_α

• AAρρ vertex:

ie^2g_{αβ}

• AAϕϕ vertex:

ie^2g_{αβ}

[1] V. A. Kostelecky and Neil Russell, Rev. Mod. Phys. 83, (2011) 11. [2] S.M. Carroll, G.B. Field and R. Jackiw, Phys. Rev. D 41, (1990) 1231. [3] D. Colladay and V. A. Kostelecky, Phys. Rev. D 55, (1997) 6760.

[4] D. Colladay and V. A. Kostelecky, Phys. Rev. D 58, (1998) 116002. [5] S. Coleman and S. L. Glashow, Phys. Lett. B 405, (1997) 249. [6] S. Coleman and S. L. Glashow, Phys. Rev. D 59, (1999) 116008. [7] R. Jackiw and V. A. Kostelecky, Phys. Rev. Lett. 82, (1999) 3572. [8] J.M. Chung, Phys.Rev. D 60, (1999) 127901. [9] W. F. Chen, Phys. Rev. D 60, (1999) 085007. [10] M. Perez-Victoria, Phys. Rev. Lett. 83, (1999) 2518. [11] M. Perez-Victoria, J. High. Energy Phys. 0104, (2001) 032. [12] J. M. Chung and B. K. Chung, Phys. Rev. D 63, (2001) 105015.

[13] O.A. Battistel and G. Dallabona, Nucl. Phys. B 610, (2001) 316; J. Phys. G 27, (2001) L53; O.A. Battistel and G. Dallabona, J. Phys. G 28, (2002) L23.

[14] A. P. Baêta Scarpelli, M. Sampaio, M. C. Nemes, and B. Hiller, Phys. Rev. D 64, (2001) 046013. [15] B. Altschul, Phys. Rev. D 70, (2004) 101701.

[16] T. Mariz, J.R. Nascimento, E. Passos, R.F. Ribeiro and F.A. Brito, J. High. Energy Phys. 0510 (2005) 019. [17] J. R. Nascimento, E. Passos, A. Yu. Petrov, F. A. Brito, J. High. Energy Phys. 0706, (2007) 016. [18] F.A. Brito, J.R. Nascimento, E. Passos, A.Yu. Petrov, Phys. Lett. B 664, (2008) 112. [19] F.A. Brito, L.S. Grigorio, M.S. Guimaraes, E. Passos, C. Wotzasek, Phys.Rev. D 78, (2008) 125023. [20] A.P. Baêta Scarpelli, M. Sampaio, M.C. Nemes, B. Hiller, Eur. Phys. J. C 56, (2008) 571. [21] Oswaldo M. Del Cima, J. M. Fonseca, D.H.T. Franco, O. Piguet, Phys. Lett. B 688, (2010) 258. [22] V. A. Kostelecky and Austin G. M. Pickering, Phys. Rev. Lett. 91, (2003) 031801. [23] A.A. Andrianov and R. Soldati, Phys. Rev. D 51, (1995) 5961; A. A. Andrianov and R. Soldati, Phys. Lett.

B 435, (1998) 449; A. A. Andrianov, R. Soldati and L. Sorbo, Phys. Rev. D 59, (1998) 025002. [24] V. A. Kostelecky and R. Lehnert, Phys. Rev. D 63, (2001) 065008.

[25] C. Adam and F. R. Klinkhamer, Nucl. Phys. B 607, (2001) 247; C. Adam and F. R. Klinkhamer, Nucl.

Phys. B 657, (2003) 214.

[26] V. A. Kostelecky and M. Mewes, Phys. Rev. Lett. 87, (2001) 251304. [27] V. A. Kostelecky and M. Mewes, Phys. Rev. D 66, (2002) 056005.

[28] M.S. Berger, V. A. Kostelecky, Phys.Rev. D 65, (2002) 091701; H. Belich , J.L. Boldo, L.P. Colatto, J.A.

Helayel-Neto, A.L.M.A. Nogueira, Phys.Rev. D 68, (2003) 065030.

[29] A. P. Baêta Scarpelli, H. Belich, J. L. Boldo, J. A. Helayel-Neto, Phys. Rev. D 67, (2003) 085021. [30] T. Jacobson, S. Liberati, D.Mattingly, Nature 424, (2003) 1019; T. Jacobson, S. Liberati, D.Mattingly, Phys.Rev. D 67, (2003) 124011.

[31] R. Lehnert and R. Potting, Phys. Rev. Lett. 93, (2004) 110402.

[32] H. Belich, T. Costa-Soares, M. M. Ferreira Jr., J.A. Helayel-Neto, Eur. Phys. J. C 41, (2005) 421; H. Belich, T. Costa-Soares, M. M. Ferreira Jr., J.A. Helayel-Neto, Eur. Phys. J. C 42, (2005) 127; H. Belich, T. Costa- Soares, M. M. Ferreira Jr., J.A. Helayel-Neto, F. M. O Moucherek, Phys. Rev. D 74, (2006) 065009; H. Belich, L.P. Colatto, T. Costa-Soares, J.A. Helayel-Neto, M.T.D. Orlando, Eur. Phys. J. C 62, (2009) 425.

[33] A. P. Baêta Scarpelli and J. A. Helayel-Neto, Phys.Rev. D 73, (2006) 105020. [34] V. A. Kostelecky and M. Mewes, Phys. Rev. Lett. 97, (2006) 140401. [35] B. Altschul, Phys. Rev. Lett. 98, (2007) 041603. [36] S. Carroll and H. Tam, Phys. Rev. D 78, (2008) 044047.

[37] M. Gomes, J. R. Nascimento, A. Yu. Petrov, A. J. da Silva, Phys. Rev. D 81, (2010) 045018. [38] M. Gomes, J.R. Nascimento, A.Yu. Petrov, A.J. da Silva, arXiv:1008.0607.

[39] G. Gazzola, H.G. Fargnoli, A.P. Baêta Scarpelli, Marcos Sampaio, M.C. Nemes, J. Phys. G 39 (2012) 035002. [40] A.P. Baêta Scarpelli, J. Phys. G 39 (2012) 125001.

[41] R. Casana, M.M. Ferreira Jr, Carlos E. H. Santos, Phys. Rev. D 78, (2008) 105014. [42] R. Casana, M. M. Ferreira Jr. and J. S. Rodrigues, Phys. Rev. D 78, (2008) 125013; F. A. Brito, L.S.

Grigorio, M.S. Guimaraes, E. Passos, C. Wotzasek, Phys. Lett. B 681, (2009) 495. [43] B. Goncalves, Y. N. Obukhov, I. L. Shapiro, Phys.Rev. D 80, (2009) 125034. [44] V. A. Kostelecky and M. Mewes, Phys. Rev. D 80, (2009) 015020.

[45] R. Casana, M.M. Ferreira Jr, A. R. Gomes, P. R. D. Pinheiro, Phys. Rev. D 80, (2009) 125040. [46] V.A. Kostelecky and R. Potting, Phys.Rev. D 79, (2009) 065018; Q. G. Bailey, Phys.Rev. D 82, (2010) 065012.

[47] J. Alfaro, A. A. Andrianov, M. Cambiaso, P. Giacconi, R. Soldati, Int.J.Mod.Phys. A 25, (2010) 3271; [48] J.-P. Bocquet et at., Phys. Rev. Lett. 104, (2010) 241601.

[49] Rodolfo Casana, Manoel M. Ferreira, Adalto R. Gomes, Frederico E. P. dos Santos, Phys. Rev. D 82, (2010) 125006.

[50] B. Altschul, Phys. Rev. D 86, (2012) 045008.

[51] Mauro Cambiaso, Ralph Lehnert, Robertus Potting, Phys. Rev. D 85, (2012) 085023.

[52] R. Casana, M. M. Ferreira, R. V. Maluf, F. E. P. dos Santos, Phys. Rev. D 86, (2012) 125033; R. Casana, M. M. Ferreira, Jr, E. O. Silva, E. Passos, F. E. P. dos Santos, Phys. Rev. D 87, (2013) 047701; R. Casana, M. M. Ferreira, R. V. Maluf, F. E. P. dos Santos, arXiv:1302.2375.

[53] F. M. Andrade, E. O. Silva, Europhys. Let. 101, (2013) 51005; F. M. Andrade, E. O. Silva, T. Prudncio, C.

Figueiras, arXiv:1303.1660.

[54] Benjamin W. Lee, Phys. Rev. D 5, (1972) 823; C. Becchi, A. Rouet, R. Stora, Commun. Math. Phys. 42, (1975) 127.

[55] W. Siegel, Phys. Lett. B 84, (1979) 193; D. M. Capper, D. R. T. Jones and P. van Nieuwenhuizen, Nucl.

Phys. B 167, (1980) 479.