arXiv:hep-ph/0410120 v2 2 Nov 2004

Photon deflection by a Coulomb field in noncommutative QED

C. A. de S. Pires^∗ Departamento de Física, Universidade Federal da Paraíba, Caixa Postal 5008, 58059-970, João Pessoa - PB, Brazil.

Abstract

In noncommutative QED photons present self-interactions in the form of triple and quartic interactions. The triple interaction implies that, even though the photon is electrically neutral, it will deflect when in the presence of an electromagnetic field. If detected, such deflection would be an undoubted signal of noncommutative space-time. In this work we derive the general expression of the deflection of a photon by any electromagnetic field. As an application we consider the case of the deflection of a photon by an external static Coulomb field. PACS numbers: 12.90.+b; 13.40.-f.

∗ E-mail: cpires@fisica.ufpb.br

I. INTRODUCTION

It is very well-known that when an electrically charged particle passes through an electromagnetic field it will suffer a deflection, while electrically neutral particles will not. This is particularly true for the photon since that in ordinary QED a photon will never be deflected when passing through an electromagnetic field.

Things change considerably in regard to photons when we formalute QED in the framework of non-commutative space-time(NCST). In noncommutative QED photons develop self-interactions in the form of triple and quartic interactions [1]^1 L_{photonic} = − 1 4 F^{μν} F_{μν} − e sin( p_1Cp_2 2Λ^2

)(∂_μA_ν − ∂_ν A_μ)A^μA^ν

−e^2 sin^2( p_1Cp_2 2Λ^2

)A^4. (1)

These self-interactions implies that photons(even though electrically neutral) will undergo a deflection when passing through an external electromagnetic field A_μ(x)

γ(p) + A(q) → γ(p^′). (2)

This weird prediction, if detected, would be a clear and undoubted signal of NCST.

The proposal of this brief report is to study the photon scattering by an electromagnetic field in the context of noncommutative QED. Our plan is first to obtain the general form of the differential cross section for the scattering of a photon by any external electromagnetic field. After we apply it for the simplest case, which is the scattering of a photon by an external static Coulomb field.

II. CASE OF A GENERAL ELECTROMAGNETIC FIELD

In lowest order the scattering arises from the first-order term of the S-matrix expansion

S^{(1)}_γ = −2e sin( p_1Cp_2 2Λ^2 ) ∫ d^4xT {N[(∂_μA_ν − ∂_ν A_μ)A^μA^ν ]}, (3)

where T and N means time-ordered and normal product respectively.

1 In the expressions in (1) the parameter Λ is the scale of energy where NCST is expected to manifest, while C is an antisymmetric matrix that appears in the commutator [x̂_μ, x̂_ν] = i^{Cμν}_{Λ2} [2].

We consider the following Fourier expansion for the quantum field of the photon

A_μ(x) = ∑ ( 1 2V w_p )_{1/2} [ ϵ_μ(p)a(p)e^{−ip.x} + ϵ^∗_μ(p)a^†(p)e^{−ip.x} ] . (4)

With this we obtain the following expression for the first-order term for the transition of a photon from a state |i⟩, with momentum p = (E, p) and polarization vector ϵ_μ(p), to a state |f⟩, with momentum p^′ = (E^′, p^′) and polarization vector ϵ_μ(p^′) caused by the scattering with an electromagnetic field A_μ(x) ⟨f|S^{(1)}_γ |i⟩ = [ (2π)δ(E − E^′) ( 1 2V w_p′ )_{1/2} ( 1 2V w_p )_{1/2}] M, with

M = 2ie sin( pCq 2Λ^2

)[−(p − q)^ρg^{μν} − (q + p^′)^μg^{νρ} + (p + p^′)^ν g^{μρ}]ϵ_μ(p)ϵ_ρ(p^′)A_ν (q), (5)

being the Feynman amplitude for the scattering depicted in FIG. (1). In this amplitude A_μ(q) is the Fourier transform of A_μ(x).

The S-matrix element ⟨f|S^{(1)}γ |i⟩ above leads to the following transition probability per unity time

ω = 1 T |⟨f|S^{(1)}_γ |i⟩|^2 = [ (2π)δ(E − E^′) ( 1 2V w_p′ ) ( 1 2V w_p )] |M|^2 (6)

In order to obtain the differential cross section for this kind of scattering, we have to multiply the transition probability by the density of final states, V d^3p^′ (2π)^3 = V E^{′2}dE^′dΩ (2π)^3

, (7)

and divide by the incident photon flux 1/V . After all this we obtain dσ dΩ = 1 16π^2

|M|^2, (8)

for the differential cross section for the deflection of a photon by an external electromagnetic field as represented in (2). As M in (5) depends on the type of the electromagnetic field, what we have to do next is to specify the electromagnetic field that will scatter the incoming photon.

FIG. 1: Photon deflection by a Coulomb filed.

III. CASE OF AN EXTERNAL STATIC COULOMB FIELD

As a first approach for the subject, we think it is sufficient to consider the case of a static Coulomb field whose source is a massive center of charge Ze as depicted in FIG. 1. This case is particularly interesting because it is similar to the deflection of an electron by an external Coulomb field whose nonrelativistic case is the so-called Rutherford scattering, while its relativistic version is the so-called Mott scattering[3].

In the Coulomb gauge the Coulomb field has the form[4]

A_μ(x) = ( Ze 4π|x| , 0, 0, 0 ) . (9)

Let us establish the kinematic of the process. The process involves the elastic scattering of an incoming photon. This implies only a change of direction of the incoming photon. Then there is no azimuthal dependence. Thus the momenta involved are these

p = E(1, 0, 01) , p^′ = E(1, sin θ, 0, cos θ), q = p^′ − p = E(0, sin θ, 0, cos θ − 1). (10)

With this at hand, and summing over the polarization, we obtain

|M|^2 =

4Z^2e^4E^2 q^4 sin^2( pCq 2Λ^2

)(1 + 2 sin^2(θ/2)). (11)

The set of momenta in (10) yields q^2 = 4E^2 sin^2(θ/2), which along with (11) leads to dσ dΩ = Z^2 4 α^2(1 + 2 sin^2(θ/2) E^2 sin^4(θ/2) sin^2( pCq 2Λ^2

). (12)

Let us now write out explicitly^{pμCμν qν}_{2Λ2} . With the set of momenta in (10), we obtain p^μC_{μν} q^ν 2Λ^2 = E^2 2Λ^2

(sin θ(C_{01} − C_{13}) + (cos θ − 2)C_{03}). (13)

On substituting (13) in (12), we then obtain the following general expression for the scattering of a photon by a Coulomb field in noncommutative QED dσ dΩ = Z^2 4 α^2(1 + 2 sin^2(θ/2) E^2 sin^4(θ/2) sin^2(

E^2 2Λ^2

(sin θ(C_{01} − C_{13}) + (cos θ − 2)C_{03})). (14)

As we can see from the expression above, the differential cross section gets contribution from space-time as well as from space-space noncommutativity. We also can see that, for large Λ, reasonable deflection requires an intense field (large Z) in conjunction with an energetic incoming photon. Such behaviour must be valid for other type of electromagnetic field.

In face of this behaviour of^{dσ}_{dΩ} with Λ, what motivates us to go further with such proposal is the fact that the recent trends in this area expect noncommutativity among space-time to manifest at TeV scale. In this relative low energy, according with the differential cross section above, an energetic photon will suffer a considerable deflection when in the presence of a Coulomb field.

Another reason to go further is that it is expected that future linear colliders run the photon-photon collision. Thus people can use those energetic photons to run the photon scattering by an electromagnetic field. This would be interesting because any deflection would be an undoubted signal of NCST.

In view of this, let us then analyze the differential cross section above in the regime E ≤ Λ. We also restrict our analysis to noncommutativity only among space-space. For this we take C_{01} = C_{03} = 0 and normalize C_{13} = 1. With these considerations, we then obtain dσ dΩ = Z^2α^2E^2 4Λ^4

(1 + 2 sin^2(θ/2))(1 − sin^2(θ/2)) sin^2(θ/2) . We see in this expression for the differential cross section that for Λ around few TeVs , and an energetic incoming photon, photon deflection by a Coulomb field provides an alternative and interesting way to probe NCST.

In general NCST will lead to deviation from the basic processes of QED. NCQED were recently probed at LEP through the process e^+e^− → γγ[5]. No significant deviation from the standard prediction was found. In the present stage of the development of NCST, we can conclude that none of those basic processes is good enough to probe NCST. This is so because no agreement has been reached yet regarding a phenomenological noncommutative standard model. However the phenomenology of NCQED has being intensively investigated. As the main novelty in NCQED is the triple and quartic couplings, they have being investigated through the Compton scattering[6], pair annihilation process, e^+e^− → γγ, and in the γγ → γγ process[7, 8]. All these processes are sensitive to a NCST manifesting in the scale of TeV. Then problem is the background of the standard model and of the proper ordinary QED. Of those processes, the only one whose ordinary QED does not contribute at tree level is the γγ → γγ process. This made of such process the natural process to probe NCQED. In this work we proposed an alternative check of NCQED. One of the reason that make our proposal very interesting is the fact that it has no similar in ordinary QED, neither in the standard model. It is a pure noncommutative effect. This makes of the photon deflection the main signal of NCST.

It is necessary to say that perhaps, from the experimental side, the Coulomb field of a center of charge Ze is not the appropriate field to probe NCST. It could be that an electric field of a capacitor could do the job more appropriately, or even the magnetic field of some specific apparatus. However, whatever the field be, the calculation done here can be easily extended for any electromagnetic source.

To finalize, we reinforce that the deflection of an energetic photon by an intense electromagnetic field would provide an unquestionable test for this recent idea of NCST at relative low energy.

Acknowledgments. This work was supported by Conselho Nacional de Pesquisa e Desenvolvimento - CNPq.

[1] A. Armoni, Nucl. Phys. B 593, 229 (2001); M. Hayakawa, Phys. Lett. B 478, 394 (2000); I .F.

Riad, M. M. Sheikh-Jabbari J. High Energy Phys. 08, 45 (2000).

[2] The present interest in NCST arouse in string theory: N. Seiberg and E. Witten, J. High Energy Phys. 09, 32 (1999), however the original idea dates back to 1947 in the work of Snyder, H. S. Snyder , Phys. Rev. D 71, 38 (1947).

[3] N. F. Mott, Proc. R. Soc. London Ser. A 124, 425 (1929); 135, 429 (1932). For the derivation of the Mott formula in the framework of ordinary QED see: C. Itzykson and J-B Zuber,

QUANTUM FIELD THEORY, (McGraw-Hill), 1985.

[4] In the context of NCST the Coulomb field receives a correction proportional to^1_{Λ2} : M.

Chaichian , M. M. Sheikh-Jabbari, A. Tureanu Phys. Rev. Lett. 86, 2716 (2001). In this work we discarded such correction once it leads to higher order corrections in^1_Λ .

[5] G. Abbiendi et al (OPAL Collaboration), Phys. Lett. B568, 181 (2003). [6] P. Mathews, Phys. Rev. D 63, 075007-1 (2001).

[7] J. L. Hewett, F. J. Petriello and T. G. Rizzo, Phys. Rev. D 64, 075012 (2001). [8] For other papers concerning NCQED phenomenology see: H. Grosse and Y. Liao Phys. Rev. D 64, 115007 2001; S. Godfrey and M. A. Doncheski, Phys. Rev. D 65, 015005 2002; I. Hinchliffe and N. Kersting, hep-ph/0205040.; C. A. de S. Pires and S. M. Lietti, Eur. Phys. J. C 35, 137 (2004).