arXiv:1211.3363v1 [hep-th] 14 Nov 2012

On the higher-derivative Lorentz-breaking terms^∗

T. Mariz,^1 J. R. Nascimento,^2 and A. Yu. Petrov^2 1Instituto de Física, Universidade Federal de Alagoas, 57072-270, Maceió, Alagoas, Brazil^† 2Departamento de Física, Universidade Federal da Paraíba Caixa Postal 5008, 58051-970, João Pessoa, Paraíba, Brazil^‡

Abstract

The first one-loop higher-derivative contribution to the effective action of the Lorentz-breaking spinor QED is obtained and shown to be finite and ambiguous.

∗Invited Contribution to the Proceedings of the 7th International Conference on Mathematical Methods in Physics, Rio de Janeiro, Brazil, April 1620, 2012; to be published in Proceedings of Science. †Electronic address: tmariz@fis.ufal.br ‡Electronic address: jroberto, petrov@fisica.ufpb.br

It is well known that the Lorentz symmetry breaking essentially increases the possibilities for the extension of the field theory models by the new additive terms [1–3]. The most natural classification of such terms is based on the derivative expansion [4–7]. In the case of the Lorentz-breaking extension of the spinor QED which we will discuss here, the only restrictions on these modifications arises from the requirement of their gauge invariance. The first term studied within this context is the Carroll-Field-Jackiw (CFJ) term [8] involving only one derivative. The next term arising in the derivative expansion is the aether-like term [9–11]. Thus, the natural continuation of study of the one-loop effective action of the Lorentz-breaking spinor QED consists in discussion of the higher-derivative contribution. The example of such a term is the Myers-Pospelov term, involving three derivatives, known for the fact that it generates the rotation of the polarization plane of light [12]. Beside of this term, the higher-derivative CFJ term different from the usual CFJ term by the presence of the extra d’Alembertian operator also can be generated. In this paper, we consider the perturbative generation of these terms.

Our starting point is the Lorentz-breaking extension of the spinor electrodynamics involving two couplings, that is, minimal one, proportional to e, and the noniminimal one, proportional to g [13]: L = ψ̄ [ i∂/ − γ^μ(eA_μ + gϵ_{μνλρ}F^{νλ}b^ρ) − m − γ_5b/ ] ψ − 1 4 F_{μν} F^{μν} . (1)

Here, the b_ρ is a constant vector implementing the Lorentz symmetry breaking, and F_{μν} = ∂_μA_ν − ∂_ν A_μ is the usual stress tensor constructed on the base of the gauge field A_μ.

The corresponding one-loop effective action of the gauge field A_μ, which we will denote as S_{eff} [b, A], can be expressed in the form of the following functional trace: S_{eff} [b, A] = −i Tr ln(p/ − γ^μÃ_μ − m − γ_5b/), (2) where Ã_μ = eA_μ + gϵ_{μνλρ}F^{νλ}b^ρ. (3) The S_{eff} [b, A] can be expanded in the following power series, S_{eff} [b, A] = i Tr ∞∑ n=1 1 n [ 1 p/ − m − γ_5b/ γ^μÃ_μ ]_n . (4)

Within this study, we are going to consider the contributions of the second order in Ã_μ (further we will restrict ourselves only by the terms of the third order in b_μ). The relevant expression is given by

S^{(2)}_{eff} [b, A] = i 2 Tr 1 p/ − m − γ_5b/ γ^μÃ_μ 1 p/ − m − γ_5b/ γ^νÃ_ν , (5)

or, as is the same, S^{(2)}_{eff} [b, A] = i 2 ∫ d^4x Π^{μν}_b Ã_μÃ_ν , (6) where Π^{μν}_b = tr ∫ d^4p (2π)^4 1 p/ − m − γ_5b/ γ^μ 1 p/ − i∂/ − m − γ_5b/ γ^ν . (7) From these equations, one can find that the contribution to the one-loop effective action of the third order in b_μ is given by three terms, where the number of insertions of the vector b^μ into the propagators is equal to one, two or three. This corresponds to two, one or zero vertices of the form gψ̄ϵ_{μνλρ}γ^μF^{νλ}b^ρψ, respectively (further we will refer to these vertices as to nonminimal ones). Let us consider all these situations.

First, we consider a contribution to Π^{μν}_b characterized by two nonminimal vertices. It follows from (7) that it is given by

Π^{μν}_{b1} (k) = tr ∫ d^4p (2π)^4 S(p)γ_5b/S(p)γ^μS(p − k)γ^ν +tr ∫ d^4p (2π)^4 S(p)γ^μS(p − k)γ_5b/S(p − k)γ^ν , (8) with S(p) = (p/ − m)^{−1}. The same trace emerges when the CFJ term is perturbatively generated (for more details, see f.e. [14, 15] and references therein). The result, up to the first order in the external momentum k_μ, is Π^{μν}_{b1} = Cϵ^{μνλρ}b_λk_ρ, where the coefficient C, being formally superficially divergent, has been shown to be finite and ambiguous, depending essentially on the regularization scheme (for the discussion on the ambiguity see f.e. [16]).

The corresponding contribution to the effective action can be written as

S_{b1} = 2g^2C ∫ d^4x [ b^αF_{αμ}(b · ∂)b_β ϵ^{βμνλ}F_{νλ} + b^2b_βϵ^{βμνλ}A_μ□F_{νλ} ] . (9)

The first term of this expression is the Myers-Pospelov term [12], and the second one is the higher-derivative CFJ term (earlier discussed in [17, 18]). Both these terms are gauge invariant.

Now, let us consider another two contributions of third order in b^μ, which essentially involve the minimal coupling. First, we evaluate the contribution to the effective action involving one vertex with minimal coupling, and another vertex with nonminimal coupling. The corresponding contribution from Eq. (7) is given by

Π^{μν}_{b2} = tr ∫ d^4p (2π)^4 S(p)γ_5b/S(p)γ_5b/S(p)γ^μS(p − k)γ^ν +tr ∫ d^4p (2π)^4 S(p)γ_5b/S(p)γ^μS(p − k)γ_5b/S(p − k)γ^ν +tr ∫ d^4p (2π)^4 S(p)γ^μS(p − k)γ_5b/S(p − k)γ_5b/S(p − k)γ^ν . (10) After calculating the trace and taking into account only the terms with the third derivative, we arrive at

S_{b2} = eg 6π^2m^2 ∫ d^4x [ b^αF_{αμ}(b · ∂)b_β ϵ^{βμνλ}F_{νλ} + b^2b_β ϵ^{βμνλ}A_μ□F_{νλ} ] , (11)

We see that in this case, again both the Myers-Pospelov term and the higher-derivative CFJ term arise.

It remains to consider only the contribution to the effective Lagrangian involving both vertices with minimal coupling which requires three insertions of the γ_5b/ into the propagator. Thus, we have

Π^{μν}_{b3} = tr ∫ d^4p (2π)^4 S(p)γ_5b/S(p)γ_5b/S(p)γ_5b/S(p)γ^μS(p − k)γ^ν +tr ∫ d^4p (2π)^4 S(p)γ_5b/S(p)γ_5b/S(p)γ^μS(p − k)γ_5b/S(p − k)γ^ν +tr ∫ d^4p (2π)^4 S(p)γ_5b/S(p)γ^μS(p − k)γ_5b/S(p − k)γ_5b/S(p − k)γ^ν +tr ∫ d^4p (2π)^4 S(p)γ^μS(p − k)γ_5b/S(p − k)γ_5b/S(p − k)γ_5b/S(p − k)γ^ν . (12) After calculating the trace, integration over momenta and the Fourier transform, we obtain

S_{b3} =

4e^2 45π^2m^4 ∫ d^4x [ b^αF_{αμ}(b · ∂)b_β ϵ^{βμνλ}F_{νλ} + 5 4 b^2b_βϵ^{βμνλ}A_μ□F_{νλ} ] . (13)

This term is superficially finite and free of any ambiguities, as well as (11).

We see that the three-derivative contribution to the self-energy tensor arisen in the theory is given by the sum of the expressions (9), (11), and (13). Its explicit form is S_{hd} = ( 2g^2C + eg 6π^2m^2 + 4e^2 45π^2m^4 ) ∫ d^4x b^αF_{αμ}(b · ∂)b_β ϵ^{βμνλ}F_{νλ} + ( 2g^2C + eg 6π^2m^2 + e^2 9π^2m^4 ) ∫ d^4x b^2b_β ϵ^{βμνλ}A_μ□F_{νλ}. (14) We see that this contribution is finite and gauge invariant. It is interesting to point out that for the light-like Lorentz-breaking vector b^μ, the higher-derivative CFJ term disappears. However, we note that the light-like b^μ leads to instabilities [19], whereas the space-like b^μ is preferable. This is also consistent with the analysis related to the minimal Lorentz-breaking spinor QED [20], since the time-like b^μ can produce a certain stability problem, although it is not clear whether this problem affects the consistency of the theory. Therefore, it is natural to suggest that the higher-derivative CFJ term must present in a consistent theory.

We have carried out the perturbative generation of the three-derivative gauge-invariant term in the Lorentz-breaking extended spinor QED. This term represents itself as a linear combination of the Myers-Pospelov term and the higher-derivative CFJ term, being finite, gauge invariant and ambiguous. The ambiguity of the coefficient C accompanying this term is identically the same as that one accompanying the CFJ term in the usual Lorentzbreaking QED [14, 15]. This shows that the ABJ anomaly which is known to be related with the ambiguity of the CFJ term [16] can be naturally promoted to the higher-derivative theories. One must note, however, that this ambiguity disappears if we switch off the nonminimal interaction, therefore, there is no this ambiguity in the usual Lorentz-breaking QED, although the Myers-Pospelov term arises even in this case as we have shown.

Acknowledgments. This work was partially supported by Conselho Nacional de Desenvolvimento Científico e Tecnológico (CNPq). The work by A. Yu. P. has been supported by the CNPq project No. 303461/2009-8.

[1] D. Colladay, V. A. Kostelecky, CPT violation and the standard model, Phys. Rev. D 55 (1997) 6770 [hep-ph/9703464].

[2] D. Colladay, V. A. Kostelecky, Lorentz violating extension of the standard model, Phys. Rev.

D 58 (1998) 116002 [hep-ph/9809521].

[3] V. A. Kostelecky, Gravity, Lorentz violation, and the standard model Phys. Rev. D 69 (2004) 105009 [hep-th/0312310].

[4] C. M. Fraser,Calculation of Higher Derivative Terms in the One Loop Effective Lagrangian Z. Phys. C 28 (1985) 101.

[5] I. J. R. Aitchison, C. M. Fraser, Derivative Expansions of Fermion Determinants: Anomaly Induced Vertices, Goldstone-Wilczek Currents and Skyrme Terms, Phys. Rev. D 31 (1985) 2605.

[6] A. Das, A. Karev, The Derivative Expansion And The Anomaly At Finite Temperature, Phys. Rev. D 36 (1987) 623.

[7] A. Das, A. Karev, The Derivative Expansion And The Solubility Of Two-dimensional Models, Phys. Rev. D 36 (1987) 2591.

[8] S. Carroll, G. Field, R. Jackiw, Limits on a Lorentz and Parity Violating Modification of Electrodynamics, Phys. Rev. D 41 (1990) 1231.

[9] M. Gomes, J. R. Nascimento, A. Yu. Petrov, A. J. da Silva, On the aether-like Lorentzbreaking actions, Phys. Rev. D 81 (2010) 045018 [arXiv: 0911.3548].

[10] R. Casana, M. M. Ferreira, J. S. Rodrigues, M. R. O. Silva, Finite Temperature CPT-even Electrodynamics of the Standard Model Extension, Phys. Rev. D 80 (2009) 085026 [arXiv: 0907.1924].

[11] R. Casana, A. R. Gomes, M. M. Ferreira, P. R. D. Pinheiro, Gauge propagator and physical consistency of the CPT-even part of the Standard Model Extension, Phys. Rev. D 80 (2009) 125040 [arXiv: 0909.0544].

[12] R. Myers and M. Pospelov, Ultraviolet modifications of dispersion relations in effective field theory, Phys. Rev. Lett. 90 (2003) 211601 [hep-ph/0301124].

[13] T. Mariz, J. R. Nascimento, A. Yu. Petrov, On the perturbative generation of the higherderivative Lorentz-breaking terms, Phys. Rev. D 85 (2012) 125003 [arXiv: 1111.0198].

[14] M. Gomes, J. R. Nascimento, E. Passos, A. Yu. Petrov and A. J. da Silva, On the induction of the four-dimensional Lorentz-breaking non-Abelian Chern-Simons action, Phys. Rev. D

76 (2007) 047701 [arXiv: 0704.1104].

[15] J. R. Nascimento, E. Passos, A. Yu. Petrov and F. A. Brito, Lorentz-CPT violation, radiative corrections and finite temperature JHEP 0706 (2007) 016 [arXiv: 0705.1338].

[16] R. Jackiw, When radiative corrections are finite but undetermined, Int. J. Mod. Phys. B 14 (2000) 2011 [hep-th/9903044].

[17] T. Mariz, Radiatively induced Lorentz-violating operator of mass dimension five in QED, Phys. Rev. D 83 (2011) 045018 [arXiv: 1010.5013].

[18] J. Leite, T. Mariz, Induced Lorentz-violating terms at finite temperature, Europhys. Lett. 99 (2012) 21003 [arXiv: 1110.2127].

[19] C. Marat Reyes, Causality and stability for Lorentz-CPT violating electrodynamics with dimension-5 operators, Phys. Rev. D 82, 125036 (2010) [arXiv: 1011.2971].

[20] V. A. Kostelecky, R. Lehnert, Stability, causality, and Lorentz and CPT violation, Phys.

Rev. D 63, 065008 (2001) [hep-th/0012060].