arXiv:1304.5484v1 [hep-th] 19 Apr 2013

Generation of Axion-Like Couplings via Quantum Corrections in a Lorentz Violating Background

L. H. C. Borges,^{1, ∗} A. G. Dias,^{1, †} A. F. Ferrari,^{1, ‡} J. R. Nascimento,^{2, §} and A. Yu. Petrov^{2, ¶} 1Universidade Federal do ABC, Centro de Ciências Naturais e Humanas, Rua Santa Adélia, 166, 09210-170, Santo André, SP, Brasil 2Departamento de Física, Universidade Federal da Paraíba Caixa Postal 5008, 58051-970, João Pessoa, Paraíba, Brazil Abstract

Light pseudoscalars, or axions like particles (ALPs), are much studied due to their potential relevance to the fields of particle physics, astrophysics and cosmology. The most relevant coupling of ALPs from the viewpoint of current experimental searches is to the photon: in this work, we study the generation of this coupling as an effect of quantum corrections, originated from the presence of a fermion field which feels an underlying Lorentz violating background. We show that this mechanism involves the calculation of a triangle graph, which is finite but ambiguous, so it might represent an interesting connection between a theoretical puzzle and an active field of experimental research. Most interestingly, we show that the axion-photon interaction generated by this mechanism turns out to be Lorentz invariant, thus mimicking the standard ALPs coupling to photon that is considered in the experiments. We comment on what kind of bounds in Lorentz violating parameters might be obtained from this connection. Finally, we argue that a similar mechanism can also generate Lorentz invariant coupling involving scalar particles and the photon, thus playing a possible role in the phenomenology of Higgs bosons.

PACS numbers: 11.30.Cp,12.60.-i,14.80.Va

∗Electronic address: luizhenriqueunifei@yahoo.com.br †Electronic address: alex.dias@ufabc.edu.br ‡Electronic address: alysson.ferrari@ufabc.edu.br §Electronic address: jroberto@fisica.ufpb.br ¶Electronic address: petrov@fisica.ufpb.br

The search for light pseudoscalars have been an active field of experimental work. Such particles are usually taken as being pseudo-Nambu-Goldstone bosons, which arise from the breaking of global symmetries. The axion is a prominent example appearing from the breaking of a global chiral U (1) symmetry and leading to a dynamical solution for the strong CP problem [1–3], being only the “invisible axion”-type models [4–7] actually phenomenologically viable. In addition, compactifications in string theory have also been shown to produce light pseudoscalars [8] (see also [9] and references therein).

More concretely, consider a pseudoscalar field ϕ coupled to a charged fermion field ψ according to the term iϕψγ_5ψ. Assuming that the fermionic field is heavy, it can be integrated out, and the low energy effective Lagrangian describing the pseudoscalars interacting with photons turns out to be L_{eff} = − 1 4 F_{μν} F^{μν} + 1 2 ∂_μϕ∂^μϕ − m_ϕ 2 ϕ^2 − g_{ϕγ} 4 ϕF_{μν} ~F^{μν} , (1) where g_{ϕγ} is a coupling constant with inverse of mass dimension, F_{μν} is the electromagnetic fieldstrengh, and F̃^{μν} = ε^{μναβ} F_{αβ} its dual. In axion models there is a specific relation between m_ϕ and g_{ϕγ} , but generically, very light pseudoscalars having interaction as in Eq. (1) are denoted as axion-like-particles (ALPs).

Experiments for testing the effects of the interaction

L_{int} = − g_{ϕγ} 4 ϕF_{μν}F̃^{μν} = g_{ϕγ} ϕ ⃗E · ⃗B , (2) have been proposed and performed along the last decades [10–12]; combining these with astrophysical constraints from energy loss in stars [13], the interaction in Eq. (2) is now excluded in an impressive range of values g_{ϕγ} ≳ 10^{−10}GeV^{−1} for a wide range of mass m_ϕ in the sub-eV scale [14]. Also, new proposals for searching ALPs whose couplings with photons could be directly tested up to g_{ϕγ} ∼ 10^{−11} − 10^{−12}GeV^{−1} are underway [15, 16].

Our main purpose in this work is to show that an interaction like Eq. (2) can be generated from a theory with a Lorentz violating background. More precisely, we will assume the existence of a massive fermionic field with Lorentz violating (LV) interactions of a specific form, and show that the resulting low energy effective Lagrangian contains Lorentz invariant interactions whose intensity are functions of LV parameters. In this way the experiments for searching ALPs would also be able to probe a specific setup of LV that we consider for the first time here.

Concerning theories which include LV, a framework for the incorporation of a possible LV within our current understanding of the elementary interactions has been used to provide an environment for testing the validity of relativistic symmetry in different phenomena [17–19]. In essence, one incorporates in the Standard Model Lagrangian all possible covariant, renormalizable and gauge invariant terms that involve constant tensors. These are assumed to appear from a more fundamental theory at very high energy scales – via a spontaneous symmetry breaking that gives a nonvanishing vev for some tensorial field, for instance [20]. One example is the so-called Carrol-Field-Jackiw (CFJ) term k_μϵ^{μνρσ}A_ν ∂_ρA_σ [21], which leads to modified propagation of light waves in vaccum and – since these effects are not seen in our current experiments – to strong bounds on the value of the Lorentz violating parameter k_μ. Such a term can be induced by quantum corrections, similarly to the mechanism described in the first paragraph, but starting from the Lorentz breaking coupling b_μψγ_5γ^μψ, thus providing a connection between the b_μ and the coefficient k_μ; such connection between k_μ and b_μ would allow the translation of constraints from the photon sector to other sectors of the Lorentz violating extension of the Standard Model, strongly constraining these models.

Let us consider the following Lagrangian, L = ψ̄ [ i/∂ − m − γ^μ(eA_μ + gF_{μν} b^ν ) − γ_5/bϕ ] ψ , (3)

in which the electromagnetic field interacts minimally with a fermionic field, but also non-minimally via the Lorentz breaking interaction gF_{μν} b^ν ψγ^μψ. One should note that the coupling constants e and g have different mass dimensions. The pseudo-scalar field ϕ enters via the Lorentz-breaking Yukawa coupling[30]. Within this model, b_μ is the constant vector responsible for the Lorentz symmetry breaking. We shall not be interested in investigating the origin of the nonvanshing b_μ, but rather to see if from Eq. (3) we can generate the interaction in Eq. (2). Since it is natural to assume that b_μ is small, we do not introduce an independent coupling constant for the Yukawa term, because it could be reabsorbed by a redefinition of b_μ: it is enough to consider the constant g to characterize how differently the photon and the fermions interact with the Lorentz violating background.

The one-loop correction to the effective action of the gauge field A_μ can be expressed as usual in terms of a functional trace,

S_{eff} [b, A] = −i Tr ln ( i/∂ − m − γ^μÃ_μ − γ_5/bϕ ) , (4)

where

Ã_μ = eA_μ + gF_{μν} b^ν . (5)

Figure 1: Triangle graphs corresponding to Eq. ((9)); the momenta associated with the external lines are momenta entering the corresponding line.

This effective action can be expanded in the following power series,

S_{eff} [b, A] = i Tr ∞∑ n=1 1 n [ 1 i/∂ − m ( γ^μÃ_μ + γ_5/bϕ )]^n . (6)

We isolate in (6) the contributions of the second order in Ã_μ and first order in ϕ,

S_{eff} [b, A] ⊃ i Tr [ 1 i/∂ − m γ^μÃ_μ 1 i/∂ − m γ^νÃ_ν 1 i/∂ − m γ_5/bϕ ] , (7)

where the cyclic property of the trace have been used. Taking into account Eq. (5), after Fourier transform, one obtains S_{eff} [b, A] ⊃ egb^ρb_σ ∫ d^4k (2π)^4 d^4q (2π)^4 ϕ̃ (q) A_μ (k) F_{νρ} (−k − q) Π^{μνσ} (k, q) , (8) where the one-loop correction to the vacuum polarization reads

Π^{μνσ} (k, q) = i tr ∫ d^4p (2π)^4 γ^μS (p − k − q) γ^ν S (p) γ_5γ^σS (p − q) + i tr ∫ d^4p (2π)^4 γ^ν S (p + k) γ^μS (p) γ_5γ^σS (p − q) . (9)

Here, S(p) = (/p − m)^{−1} is the free Fermion propagator.

Eq. (9) corresponds to the sum of triangle graphs depicted in Fig. 1: if the external momenta q is set to zero, these graphs turn out to be rather similar to the ones considered in the perturbative generation of the CFJ term as studied, for example, in [22], with a difference of momentum routing that amounts to a shift in the integration momentum p → p − k. Since these integrals are linearly divergent, such a shift would produce a finite shift in the result of the integrals, i.e.,

Π^{μνσ} (k, q)|_{q=0} = Π̃^{μνσ} (k) + C^′ε^{μνσρ}k_ρ , (10) where C^′ is a finite constant, and Π̃^{μνσ} (k) is the polarization tensor appearing in [22]. The Feynman integral involved in Π̃^{μνσ} (k) turns out to be finite and ambiguous upon regularization, but also proportional to ε^{μνσρ}k_ρ. We can therefore conclude that Π^{μνσ} (k, q)|_{q=0} = Cε^{μνσρ}k_ρ , (11) where the exact value of the finite coefficient C depends on the regularization scheme and the way the integral is manipulated (some of the “possible” values for C are quoted in [23]).

In summary, from Eqs. (9) and (11), we can state that Π^{μνσ} (k, q) = Cϵ^{μνσρ}k_ρ + q_σ ∂ ∂q_σ Π^{μνσ} (k, q)|_{q=0} + finite terms . (12)

The first term in Eq. (12) is finite and ambiguous; the second one may be at the most logarithmically divergent, but we expect it to be finite due to its similarity with the box graph in standard QED. Thus the quantum corrections to the photon effective action in our theory are completely finite. We are not interested in evaluating the remaining terms of Eq. (12) at this moment: we focus on the first term since it will lead to the kind of ALP-photon interaction we are interested in. Without further comments on the value of the constant C at this point, one can go back to Eq. (8), substituting the result (12), thus obtaining S_{eff} [b, A] ⊃ C eg ϕϵ^{ρμνλ}F_{ρμ}b_λb^κF_{κν} . (13) To recognize in (13) an expression similar to (2), one has to note that ϵ^{ρμνλ}F_{ρμ}b_λb^κF_{κν} = 2b^2 ⃗E · ⃗B , (14) therefore S_{eff} [b, A] ⊃ 2C egb^2 ϕ ⃗E · ⃗B . (15) This is the main result of this paper. We obtain with the mechanism described in the previous paragraphs a term of the same form as Eq. (2), which is the most relevant interaction involving the pseudo-scalar, from the point of view of current experimental searches.

It is surprising to notice that even if the model started with explicit Lorentz violation, the generated interaction depends only on the scalar b^2 = b^μb_μ. That means the underlying LV background involving the vector b_μ that we considered generated a Lorentz invariant interaction, which mimics precisely the effects of the ALPs interactions studied in the Lorentz preserving context. We conclude that, whenever the kind of LV that we considered as the initial input for our calculations turns out to happen in nature, the effective ALP-photon coupling that are measured by experiments is actually G^{(eff)}_{aγγ} aF_{μν}F̃^{μν} = ( G^{(LI)}_{aγγ} + 2C egb^2 ) aF_{μν}F̃^{μν} , (16) where G^{(LI)}_{aγγ} represents the contribution generated by other – Lorentz invariant – mechanisms (such as the Peccei-Quinn mechanism for solving the strong CP problem). At the very least, the observation in Eq. (16) affects the relation between the axion mass and couplings appearing in standard scenarios. One might even say that Lorentz violation could represent an alternative mechanism to generate such couplings, that is, even if G^{(LI)}_{aγγ} = 0, one could have the essential signals of the presence of an ALP induced only via LV.

Another appealing property of the mechanism presented here is that the entire construction depends on the presence of a fermion ψ which feels the underlying LV of the specific form we proposed. This fermion could be very massive, which justifies integrating out its degrees of freedom, with the remnant of its presence given by effective interactions such as (15). Also, our conclusions are independent of the mass of the ALP, which could be as small as necessary to fit into experimental constraints.

The appearance of the ambiguous constant C in (15) brings into question the technical puzzle involved in its calculation. Assuming, for the sake of the argument, C ∼ 1, one roughly obtains from (15) and (2) the experimental constraint

egb^2 ≲ 10^{−10}GeV^{−1} . (17)

We are unaware of independent experimental constraints on the Lorentz violating couplings gb^ν F_{μν}ψ̄γ^μψ and ϕψ̄γ_5/bψ, but if one of these could be found, we could put an experimental constraint on the other one. Notice however that (15) is of second order in b_μ, so we might not be able to put very stringent bounds on g based on Eq. (17). This is a question that deserves further study since it connects the ambiguous constant C with an experimentally observable quantity, namely the effective coupling in Eq. (15).

In summary, the connection between Lorentz violation and the phenomenology of axion-like particles can have very interesting consequences both for the searches of possible violations of standard spacetime symmetries, and for the search of the elusive light pseudoscalars that could solve many theoretical puzzles in our current understanding of the universe.

To finish, one may wonder whether other relevant Lorentz invariant operators could be induced by and underlying LV dynamics. The answer actually is yes: if, for example, one starts with L = ψ̄ [ i/∂ − m − γ^μ ( eA_μ + g^′d^ν ϵ_{μνλρ}F^{λρ} ) − γ_5/dh ] ψ , (18)

instead of Eq. (5), where now d_μ is a pseudovector, so that h is a scalar field, by repeating the steps described in the previous paragraphs one would arrive at S_{eff} [b, A] ⊃ 2Cg^′e ϵ^{ρμνλ}d_λϵ_{νκστ} d^κ hF_{ρμ}F^{στ} . (19) In this way one generates scalar couplings to the photon of the general form

L_{hγ} = c_1h (d^μF_{μν} )^2 + c_2d^2hF^{μν} F_{μν} . (20)

The first term is sensitive to the direction of the Lorentz breaking vector d_μ; this can be made explicit by rewriting it as

c_1h [ − ( d^0

)_2 ⃗

E^2 + ( 2d^0 ) ⃗ d · ( ⃗E × ⃗B ) + ( ⃗E · ⃗d )_2 + ⃗d · [ ⃗B × ( ⃗B × ⃗d )]] . (21)

From this interaction, a typically Lorentz violating phenomenology could be studied, namely, the dependence of physical measurements on the direction of the vector d_μ, which by assumption is fixed in some preferred cosmological Lorentz frame.

The second term in Eq. (20), however, depend only on the scalar d^2, and it is identical in form to the effective coupling in the Standard Model that is responsible for the diphoton Higgs boson decay. This decay was one of the main channels for the observation of the resonance at 126 GeV recently discovered at the LHC [24, 25]. We may speculate, therefore, that LV could play a relevant role in possible deviations from the predictions of the Stardard Model for this particular process.

Acknowledgements. The authors acknowledges financial support from the Brazilian agencies CNPq, under the processes 303438/2012-6 (A.Yu.P.), 471834/2011-4 (A.F.F.) and 302138/2010-2 (A.G.D.), and CAPES (L.H.C.B.).

[1] R.D. Peccei and Helen R. Quinn, Phys.Rev.Lett. 38, 1440 (1977). [2] Steven Weinberg, Phys.Rev.Lett. 40, 223 (1978). [3] Frank Wilczek, Phys.Rev.Lett. 40, 279 (1978). [4] Jihn E. Kim, Phys.Rev.Lett. 43, 103 (1979).

[5] Mikhail A. Shifman, A.I. Vainshtein, and Valentin I. Zakharov, Nucl.Phys. B 166, 493 (1980). [6] M. Dine, W. Fischler, and M. Srednicki, Physics Letters B 104, 199 (1981).

[7] A.R. Zhitnitsky, Sov.J.Nucl.Phys. 31, 260 (1980). [8] Peter Svrcek and Edward Witten, JHEP 06, 051 (2006).

[9] Andreas Ringwald, Searching for axions and ALPs from string theory, arXiv:1002.0329 (2012). [10] P. Sikivie, Phys.Rev.Lett. 51, 1415 (1983), Erratum-ibid. 52 695 (1984). [11] Joerg Jaeckel and Andreas Ringwald, Ann.Rev.Nucl.Part.Sci. 60, 405 (2010). [12] A. Ringwald, Phys. Dark Univ. 1, 116 (2012). [13] G. G. Raffelt, The University of Chicago Press, 1996. 654 p.

[14] J. Beringer et al, Review of Particle Physics (RPP). Phys.Rev. D 86, 010001 (2012). [15] J.K. Vogel, F.T. Avignone, G. Cantatore, J.M. Carmona, S. Caspi, et al, IAXO - The International Axion Observatory, arXiv:1302.3273, 2013 [16] Robin Bahre, Babette Dobrich, Jan Dreyling-Eschweiler, Samvel Ghazaryan, Reza Hodajerdi, et al, Any Light Particle Search II – Technical Design Report, arXiv:1302.5647, 2013.

[17] Don Colladay and V. Alan Kostelecky, Phys. Rev. D 58, 116002 (1998). [18] V. Alan Kostelecky and Neil Russell, Rev. Mod. Phys. 83, 11 (2011). [19] David Mattingly, Living Rev. Rel. 8, 5 (2005).

[20] V.A. Kosteleckỳ and S. Samuel, Physical Review D 39, 683 (1989). [21] Sean M. Carroll, George B. Field, and Roman Jackiw, Phys. Rev. D 41, 1231 (1990). [22] Roman Jackiw and V. Alan Kostelecky, Phys.Rev.Lett. 82, 3572 (1999). [23] F.A. Brito, J.R. Nascimento, E. Passos, and A. Yu. Petrov, Phys.Lett. B 664, 112 (2008). [24] Georges Aad et al, Phys.Lett. B 716, 1 (2012). [25] Serguei Chatrchyan et al, Phys.Lett. B 716, 30 (2012).

[26] G. Gazzola, H. G. Fargnoli, A. P. Baêta Scarpelli, M. Sampaio, and M. C. Nemes, Journal of Physics G Nuclear Physics 39, 035002 (2012).

[27] T. Mariz, J.R. Nascimento, and A. Yu. Petrov, Phys.Rev. D 85, 125003 (2012). [28] A. P. Baeta Scarpelli, T. Mariz, J. R. Nasciment, and A. Yu. Petrov, “Four-dimensional aether-like Lorentz-breaking QED revisited and problem of ambiguities”, arXiv: 1304.2256 [hep-th].

[29] M. Gomes, J.R. Nascimento, A. Yu. Petrov, and A.J. da Silva, Phys.Rev. D 81, 045018 (2010). [30] The model (3) is an extension of the one used earlier in [26–28] for studies of the perturbative generation of the aether term, and in [29] its version involving only the nonminimal interaction was used for the same purpose.