arXiv:hep-ph/0608083 v1 7 Aug 2006

PROBING RELATIVITY USING SPACE-BASED EXPERIMENTS^∗

NEIL RUSSELL Physics Department, Northern Michigan University, Marquette, MI 49855, USA

An overview of space tests searching for small deviations from special relativity arising at the Planck scale is given. Potential high-sensitivity space-based experiments include ones with atomic clocks, masers, and electromagnetic cavities. We show that a significant portion of the coefficient space in the Standard-Model Extension, a framework that covers the full spectrum of possible effects, can be accessed using space tests. Some remarks on Lorentz violation in the gravitational sector are also given.

Keywords: Lorentz violation; Standard-Model Extension.

1. Introduction

The Standard Model coupled to General Relativity is considered to be the best existing physical theory of nature. It is thought to be the effective low-energy limit of an underlying fundamental theory that unifies the gravity and matter sectors at the Planck scale. This underlying theory may well include Lorentz violation, detectable in experiments with appropriate types and levels of sensitivity. These nonstandard effects can be described for practical purposes using effective field theory.^1 If one takes the General-Relativity coupled Standard Model and adds appropriate terms that involve operators for Lorentz violation, the result is the Standard-Model Extension (SME), which has provided a framework for Lorentz testing for more than a decade. Fundamental theories describing such violation could involve string theory^2 and spontaneous symmetry breaking.^{3,4}

The Minkowski-spacetime limit of the SME^5 has been examined in several dozen experiments. Theoretical aspects of the photon physics of the SME have been looked at,^{6,7,8} one of these being radiative corrections.^9 Experimental investigations of electromagnetism of the SME have considered microwave and optical cavities,^{10} Doppler-shift experiments,^{11} and Cerenkov radiation.^{12} Work aimed at investigating the electron physics in the SME includes studies and measurements of electron coefficients made using Penning traps,^{13,14} torsion pendula,^{15,16} and scattering physics^{17}. Lorentz-violating effects involving protons and neutrons have been investigated,^{18,19} and a variety of tests involving clock-comparison experiments have been performed.^{20} Similar tests with antihydrogen^{21} may be possible in the near

∗Proceedings of invited talk at International Workshop, “From Quantum to Cosmos: Fundamental Physics Research in Space,” Warrenton, VA, USA, May 22-24, 2006. 1

future. This proceedings will focus on the possibility of testing Lorentz symmetry in the space environment.^{22} The SME physics associated with muons has been studied and experiments performed.^{23} Similarly, SME physics has been researched for neutrinos,^{24} the Higgs,^{25} and baryogenesis and nucleosynthesis.^{26} Several studies have been done with neutral mesons.^{27} The relationship of the SME to noncommutative geometry has been uncovered,^{28} and numerous other aspects have been investigated.^{29} Several general reviews of the SME are available.^{30} In this proceedings article of the international workshop “From Quantum to Cosmos: Fundamental Physics Research in Space” (held May 22-24, 2006 in Warrenton, Virginia, USA), we first consider the use of clock-comparison experiments for measuring the coefficients for Lorentz violation in the Minkowski limit of the SME. The clocks referred to here take several forms, including atomic clocks, masers, and electromagnetic cavity oscillators. We also discuss the pure-gravity sector of the SME.^{31,32,33,34}

2. Fermions and the Minkowski limit of the SME

The lagrangian describing a spin-^1_2 Dirac fermion ψ of mass m in the presence of Lorentz violation is:^5

L =^1_2 iψΓ_ν^↔∂^ν ψ − ψM ψ , (1) where

M := m + a_μγ^μ + b_μγ_5γ^μ +^1_2 H_{μν} σ^{μν} and (2) Γ_ν := γ_ν + c_{μν}γ^μ + d_{μν} γ_5γ^μ + e_ν + if_ν γ_5 +^1_2 g_{λμν}σ^{λμ} . (3) In this expression, the conventional Lorentz-symmetric case is contained in the first terms in the expressions for M and Γ_ν above. The other terms contain conventional Dirac matrices {1, γ_5, γ^μ, γ_5γ^μ, σ^{μν}} and coefficients for Lorentz violation a_μ, b_μ, c_{μν} , d_{μν} , e_μ, f_μ, g_{λμν}, and H_{μν}. Various possible mechanisms can be envisaged for an underlying theory giving rise to such coefficients, including spontaneous symmetry breaking.^{3,4} The coefficients c_{μν} and d_{μν} are traceless, while H_{μν} is antisymmetric and g_{λμν} is antisymmetric in its first two indices. The terms in the equation for M have dimensions of mass, and those in the equation for Γ_ν are dimensionless.

The coefficients for Lorentz violation appearing in the lagrangian can be thought of as fixed geometrical background objects in spacetime. Thus, any experiment rotating in space could detect time-dependent projections of these geometric quantities. Boost-dependent effects could in principle be detected by considering two identical experiments with differing velocity vectors. The general approach to finding Lorentz violation is therefore to compare identical experiments with differing rotations and boosts. Equivalently, one can seek time dependence in a single experiment as it rotates in space. The SME shows that Lorentz symmetry is violated under these ‘particle transformations’ where the entire experimental configuration moves relative to another one, or to itself. Perturbation theory can be used to calculate the effects of the coefficients for Lorentz violation, since they are known to be small. In the case of atomic clocks, various simplifying assumptions are made, and it is then possible to calculate the energy-level corrections that affect the frequency of the clock.

In contrast, ‘observer transformations’ preserve Lorentz symmetry. This is important since it guarantees agreement between different observers: different experimenters observing one experimental system from differently boosted or rotated inertial reference frames will find that the components of the parameters a_μ, b_μ, c_{μν} , d_{μν} , e_μ, f_μ, g_{λμν}, and H_{μν} transform like conventional tensors under Lorentz transformations.

3. Clock-comparison Experiments

The basic function of an atomic clock is to produce a stable frequency based on an atomic energy-level transition. In common configurations, there is a quantization axis defined by a magnetic field. If the third coordinate axis of the laboratory reference frame is defined to run parallel to this axis, then the output frequency is a function of this magnetic-field component: f(B_3).

One of the key issues relating to stability is the reduction of this dependence on the magnetic field, which will drift over time. In the general SME formalism, the output frequency is of the form

ω = f(B_3 ) + δω , (4)

where the small correction δω carries all the Lorentz-violating contributions to the output frequency. It can contain terms that are orientation dependent, an example being the dot product of the spatial part of b^μ and ⃗B. In addition, δω can depend on the boost velocity of the clock. These effects arise because of the motion of the laboratory reference frame. Therefore, searching for Lorentz violation requires a detailed knowledge of the motion of the laboratory relative to a reference frame that is known to be inertial over the life of the experiment.

A number of simplifying assumptions must be made to perform calculations of the effects of Lorentz violation on atomic clocks, due to the complexity of these atomic systems. The hamiltonian is split into a conventional part describing the atom within the chosen nuclear model, and a perturbative part containing the coefficients for Lorentz violation. The perturbative hamiltonian has separate terms for each proton, electron, and neutron, indexed by the letter w:

h^′ = ∑ w

N_w∑

N=1 δh_{w,N} . (5) Here, the atom or ion w has N_w particles of type w, and δh_{w,N} is the Lorentzviolating correction for the N th particle of type w. Each of the three particle species in the atom has a set of Lorentz-violation parameters, so a superscript w must be placed on each of the parameters a_μ, b_μ, c_{μν} , d_{μν} , e_μ, f_μ, g_{λμν}, and H_{μν} .

The perturbations in the energy levels due to Lorentz violation are calculated by finding the expectation value of the hamiltonian h^′. Usually, the total angular momentum ⃗F of the atom or ion, and its projection along the quantization axis, are conserved to a good approximation. It is therefore possible to label the unperturbed quantum states for the atomic-clock atoms by the quantum numbers |F, m_F ⟩. The energy-level shift for the state |F, m_F ⟩, calculated in the laboratory frame with 3-coordinate taken as the quantization axis, is δE(F, m_F ) = ⟨F, m_F |h^′|F, m_F ⟩ = ^m_F ∑ w (β_wb̃^w_3 + δ_wd̃^w_3 + κ_wg̃^w_d ) + ~m_F ∑ w (γ_wc̃^w_q + λ_wg̃^w_q ) . (6)

In this expression, the quantities β_w, δ_w , κ_w, γ_w , and λ_w are expectation values of combinations of spin and momentum operators calculated using the extremal states |F, m_F = F ⟩. The quantities ^m_F and ~m_F are particular ratios of Clebsch-Gordan coefficients. The calculations of quantities appearing in (6) are only approximate, depending on the nuclear model used. The quantities with tildes are specific combinations of Lorentz-violation parameters that are the only possible parameter combinations to which clock-comparison experiments are sensitive. There are five such combinations; for example, b̃^w_3 is given by b̃^w_3 := b^w_3 − m_w d^w_{30} + m_w g^w_{120} − H^w_{12} . (7)

More details of these quantities can be found in Ref. [18]. Once the energy-level shifts are known, the effects of Lorentz violation on the clock frequency for the transition (F, m_F ) → (F^′, m^′_F ) can be found from the difference δω = δE(F, m_F ) − δE(F^′, m^′_F ) . (8) 4. The Standard Inertial Reference Frame

The SME framework shows that Lorentz violation could occur in nature in the form of a variety of background observer Lorentz tensors. Experimental Lorentz tests aim to measure these tensor components using a reference frame that is unavoidably noninertial.

Since different experiments use different laboratory coordinates, it is important to standardize the reference frame in which the measurements are reported so that comparisons can be made. The conventional reference frame that has been used has origin at the center of the Sun, and Z axis running northwards parallel to the Earth’s rotation axis. The X axis points towards the vernal equinox on the celestial sphere, and the orthogonal right-handed system is completed by the appropriate choice of Y axis. The standard time coordinate, denoted by T , is measured by a clock at the center of the Sun with time origin at the vernal equinox in the year 2000. This frame is approximately inertial over periods of thousands of years. We note that the choice of an Earth-centered frame would be approximately inertial only for periods on the order of 10 days.

Any given experiment is conducted in a laboratory with spatial coordinates (x_1, x_2, x_3), where the third coordinate is defined to be the quantization axis. This frame may be on the Earth or in space, and is not generally inertial. To obtain the experimental result in the standard frame, details of the laboratory trajectory in spacetime need to be included in the analysis.

To illustrate the approach for the case of a satellite, we consider the superposition of two circular motions, one being that of the Earth around the Sun, and the other being that of the satellite around the Earth. The plane of the Earth’s circular motion is inclined at angle η ≈ 23^∘ from the equatorial plane, and its path intersects the positive X axis at the vernal equinox. To specify the satellite orbital plane, we use the angle of inclination ζ relative to the Z axis, and the right ascension α of the point on its orbit where it intersects the equatorial plane in the northward direction. The experimental laboratory can itself be oriented in various ways within the satellite so, for definiteness, we choose the x_1 axis to point towards the center of the Earth, and the quantization axis x_3 to point along the velocity vector of the satellite relative to the Earth. Using appropriate rotation and boost matrices, results in the laboratory frame can be transformed into the inertial frame. As an example, the expression b̃_3 has the form:

b̃_3 = cos ω_sT_s {[ − b̃_X sin α cos ζ + b̃_Y cos α cos ζ + b̃_Z sin ζ ] + β_⊕[seasonal terms . . .] }

+ sin ω_sT_s {[ − b̃_X cos α − b̃_Y sin α ] + β_⊕[seasonal terms . . .] }

+ cos 2ω_sT_s { β_s[constant terms . . .] } + sin 2ω_sT_s { β_s[constant terms . . .] } + β_s[constant terms . . .] . (9)

The satellite orbital frequency ω_s appears as expected, and we note that signals appear also at twice this frequency. The much lower orbital frequency of the Earth, Ω_⊕, appears in the seasonal terms.

Since the transformations between the laboratory and inertial reference frames include a boost, the appearance of the speed β_⊕ ≈ 10^{−4} of the Earth relative to the Sun is as might be expected. So too, the speed of the satellite relative to the Earth is expected; in the case of the International Space Station, this speed is β_s ≈ 10^{−5}. For further details of b̃_3, see Ref. [22]. The energy shifts appearing in Eq. (6) depend also on the particular atoms of the clock and the choice of transition used. Transitions that change the component of the angular momentum along the quantization axis are often the most favorable for Lorentz tests.^{21}

5. Microwave and Optical Cavities

Experiments involving optical and microwave cavities have attracted much recent interest. Typically, the centimeter dimensions of microwave cavities are approximately equal to the wavelength of the radiation, while optical cavities have much higher frequencies and correspondingly smaller wavelengths.

To perform calculations for these systems, we need to consider the pure-photon sector of the SME. Considering only renormalizable terms, which are constructed from operators that have mass dimension four or less, the lagrangian is^5

L = −^1_4 F_{μν} F^{μν} +^1_2 (k_{AF} )^κϵ_{κλμν} A^λF^{μν} −^1_4 (k_F )_{κλμν} F^{κλ}F^{μν}, (10)

with F_{μν} ≡ ∂_μA_ν − ∂_ν A_μ. Conventional photon physics is contained in the first term, while the second and third terms describe Lorentz-violating interactions. They contain the coefficients for Lorentz violation (k_{AF} )^κ and (k_F )_{κλμν} , which are CPT odd and CPT even respectively. The coefficient (k_F )_{κλμν} has the symmetries of the Riemann tensor and a zero double trace, giving it a total of 19 independent components.

The second term has been studied extensively,^9 and since it has been exceptionally tightly constrained by polarization data from distant astronomical sources,^8 (k_{AF} )^κ is set to zero. A number of the components of the third term have also been tightly constrained by optical data from distant cosmological sources.^6 The remaining components, nine in total, have been the focus of a variety of experimental tests with cavities in the last few years.

In cavity oscillators, the resonant-frequency shift δν/ν is the important experimental quantity. For a cavity with resonant angular frequency ω_0, we take ⃗E_0, ⃗B_0, ⃗D_0, and ⃗H_0 to be the conventional fields. These can be perturbed by nonzero k_F coefficients, giving perturbed fields ⃗E, ⃗B, ⃗D, and ⃗H with resonant frequency changed by δν = δω/2π . The Lorentz-violating Maxwell equations derived from (10) lead to the following expression for the fractional resonant-frequency shift, δν ν = − (∫ V d^3x ( ⃗ E^∗_0 · ⃗D + ⃗H^∗_0 · ⃗B ) )_{−1}

× ∫ V d^3x ( ⃗E^∗_0 · ⃗D − ⃗D^∗_0 · ⃗E − ⃗B^∗_0 · ⃗H + ⃗H^∗_0 · ⃗B −iω^{−1}_0 ⃗∇ · ( ⃗H^∗_0 × ⃗E − ⃗E^∗_0 × ⃗H) ) , (11)

with integrals taken over the volume V of the cavity. Various assumptions regarding boundary conditions and cavity losses are made, and since Lorentz violation can be expected to be small, only leading-order effects on δν/ν need to be considered. For further details see Ref. [7]. In the following, we consider optical cavities first and then microwave cavities.

Optical tests of Lorentz invariance started with the classic tests involving the speed of light done by Michelson and Morley to search for spatial anisotropy. Later tests by Kennedy and Thorndyke sought dependence of the speed of light on the speed of the laboratory. The SME provides a general framework for both these types of experiments, and indeed for experiments from all areas of physics. In the following, modern versions of these experiments are considered.

An optical cavity can be analyzed by considering it to be two parallel reflecting surfaces with plane waves traveling between them. With this approach and some simplifying assumptions, Eq. (11) gives the following expression for the fractional frequency shift δν/ν due to Lorentz-violating effects: δν ν = − 1 2| ⃗E_0|^2 [ ⃗ E^∗_0 · (κ_{DE} )_{lab} · ⃗E_0/ϵ − (N̂ × ⃗E^∗_0 ) · (κ_{HB} )_{lab} · (N̂ × ⃗E_0) ] . (12)

Here, N̂ is the unit vector along the cavity axis, ⃗E_0 specifies the polarization, and ϵ is the transverse relative permittivity. The coefficients for Lorentz violation (κ_{DE} )_{lab} and (κ_{HB} )_{lab} are particular laboratory-frame linear combinations of the k^{μνλτ}_F , as is more fully explained in Ref. [7].

Thus, in the presence of Lorentz violation, the fractional frequency shift of an optical-cavity oscillator depends on the cavity orientation and on the polarization direction of the light. In any laboratory, Earth-based or Space-based, laser light incident on a cavity will have fractional frequency shift δν ν = −^1_4 [2(κ_{DE} )^{33}_{lab}/ϵ − (κ_{HB} )^{11}_{lab} − (κ_{HB} )^{22}_{lab}]

−^1_2 (κ_{HB} )^{12}_{lab} sin 2θ −^1_4 [(κ_{HB} )^{11}_{lab} − (κ_{HB} )^{22}_{lab}] cos 2θ, (13)

where 1,2, and 3 are the three orthogonal spatial directions. In general, the laboratory frame is noninertial, since it is either on the surface of the Earth, or on a Space craft. To analyze the results in a standardized form as per the conventions of other SME works, the fractional frequency shift must be expressed in the Sun-centered celestial equatorial basis through the use of a suitable coordinate transformation.

Microwave-frequency cavity oscillators are also capable of excellent Lorentzsymmetry tests. Superconducting cavity-stabilized oscillators have been considered for use as clocks on the International Space Station. Niobium superconducting cavities have achieved Q factors of 10^{11} or better, and frequency stabilities of 3 × 10^{−16} have been attained.

The fractional resonant-frequency shift δν/ν for a superconducting microwave cavity of any geometry can be found from Eq. (11). For a cylindrical cavity of circular cross section that is evacuated and operated in the fundamental TM_{010} mode, the fractional frequency shift takes the form: δν ν | | |_{T M010} = −^1_4 N̂^jN̂^kR^{jJ} R^{kK}[3(κ̃e+)^{JK} + (κ̃e−)^{JK} ]

−^1_2 (δ^{jk} + N̂^jN̂^k)R^{jJ} R^{kK}ϵ^{JP Q}β^Q ×[3(κ̃_{o−})^{KP} + (κ̃_{o+})^{KP} ] − κ̃_{tr}. (14)

By convention, lower-case Roman letters denote the laboratory frame and uppercase ones denote the inertial frame; R^{jJ} is the spatial rotation from the Sun-centered frame to the laboratory frame, N̂ is a unit vector parallel to the symmetry axis of the cavity, and β^Q are the components of the boost vector in the inertial reference frame. The various κ̃ quantities are coefficients for Lorentz violation constructed from particular linear combinations of the (k_F )_{κλμν} quantities. The above equation applies for experiments in any laboratory. For a specific experiment, a variety of parameters are substituted to include information such as the geometry of the cavities used, the trajectory of the laboratory, and the materials in the system. The analysis proceeds in a manner similar to that for clock-comparison experiments, using transformations to produce the results in the standard reference frame. One of the advantageous configurations involves cavities oriented perpendicular to each other. For more details on these issues, see Ref. [7].

6. The Gravitational sector

The gravitational sector of the Standard-Model Extension consists of a framework for addressing Lorentz and CPT violation in Riemann-Cartan spacetimes.^{31} The usual Riemann and Minkowski geometries are recovered as limiting cases. A special case of interest is the quantum electrodynamics extension in a Riemann-Cartan background. The coefficients for Lorentz violation (a_μ, b_μ, . . .) typically vary with position, and the fermion and photon sectors couple to these coefficients. To obtain the full Standard-Model Extension, one needs to consider the actions for the conventional Standard Model, the Lorentz- and CPT-violating terms built from conventional Standard-Model fields, and the pure-gravity sector. Each of these is modified by gravitational couplings appropriate for a background Riemann-Cartan spacetime. This approach allows identification of the dominant terms in the effective low-energy action for the gravitational sector, thereby completing the formulation of the leading-order terms in the SME with gravity. In principle, Lorentz symmetry breaking can occur in one of two ways: it must either be explicit in the action, or it must occur in the solutions obtained from an action that is itself Lorentz symmetric. In other words, Lorentz violation must be either explicit or spontaneous. One of the profound and surprising results obtained in Ref. [31] is the incompatibility of explicit breaking with generic Riemann-Cartan geometries. No such difficulties occur in the case of spontaneous Lorentz violation.

The Nambu-Goldstone theorem basically states that a massless particle arises whenever a continuous global symmetry of the action is not a symmetry of the vacuum. This means, then, that spontaneous Lorentz violation may give rise to various massless particles, or Nambu-Goldstone modes. In nature, known massless particles include the photon and the graviton, both of which have two independent polarizations. It is natural to ask whether the massless modes following from spontaneous Lorentz violation are compatible with the photon and the graviton. This issue is addressed in Ref. [32]. A variety of interesting issues arise. One is that spontaneous violation of Lorentz symmetry is always associated with spontaneous violation of diffeomorphism symmetry and vice versa. Another aspect is the 10 possible Nambu- Goldstone modes associated with the six generators for Lorentz transformations and the four generators for diffeomorphisms. The fate of these modes has been found to depend on the spacetime geometry and the dynamics of the tensor field triggering the spontaneous Lorentz violation.

Explicit models involving tensor fields that take on vacuum values spontaneously can be used to study generic features of the Nambu-Goldstone modes in the case of Minkowski, Riemann, and Riemann-Cartan spacetimes. One example is the socalled Bumblebee model,^{32} involving a vector field B_μ. This idea of using a potential to spontaneously break Lorentz symmetry, thus enforcing a nonzero vacuum value for B_μ, was introduced by Kostelecký and Samuel.^4

Remarkably, in Minkowski and Riemann spacetimes, the bumblebee model generates a photon as a Nambu-Goldstone boson for spontaneous Lorentz violation. In principle, such theories can be experimentally tested, because there are unconventional Lorentz-violating and Lorentz-preserving couplings that could be observed in sensitive experiments. It has also been shown in Ref. [33] that in Riemann-Cartan spacetime, the Nambu-Goldstone modes could be absorbed into the torsion component of the gravitational field through a Higgs mechanism for the spin connection.

Another study of the Nambu-Goldstone modes arising from spontaneous Lorentz violation has been done for the case of a two-index symmetric ‘cardinal’ field C_{μν} taking on a vacuum value.^{33} As in the case of the bumblebee field, the result found is intriguing: two massless modes are generated that correspond to the two polarizations of the graviton. At low energy and temperature, conventional gravity is recovered, and small experimentally testable differences from conventional gravity. These testable findings, that the photon and the graviton could be evidence of spontaneous local Lorentz and diffeomorphism violation, hold the potential for a profound impact on conventional physics.

An extensive study of the pure-gravity sector of the minimal Standard-Model Extension in the limit of Riemann spacetime has been performed.^{34} Under simple assumptions, there are 20 Lorentz-violating coefficient fields that take on vacuum values and lead to modified Einstein field equations in the limit of small fluctuations about the Minkowski vacuum. The equations can be solved to obtain the post-newtonian metric. This work^{34} includes a detailed theoretical investigation of experimental tests and some estimated bounds for experiments involving lunar and satellite laser ranging, laboratory experiments with gravimeters and torsion pendula, measurements of the spin precession of orbiting gyroscopes, timing studies of signals from binary pulsars, and the classic tests involving the perihelion precession and the time delay of light. The sensitivities in these experiments range from parts in 10^4 to parts in 10^{15}.

References 1. V. A. Kostelecký and R. Potting, Phys. Rev. D 51, 3923 (1995) [arXiv:hepph/9501341].

2. V. A. Kostelecký and S. Samuel, Phys. Rev. Lett. 66, 1811 (1991); V. A. Kostelecký and R. Potting, Phys. Lett. B 381, 89 (1996) [arXiv:hep-th/9605088]; Phys. Rev. D 63, 046007 (2001) [arXiv:hep-th/0008252]; V. A. Kostelecký, M. Perry and R. Potting, Phys. Rev. Lett. 84, 4541 (2000) [arXiv:hep-th/9912243].

3. V. A. Kostelecký and S. Samuel, Phys. Rev. D 39, 683 (1989); V. A. Kostelecký and

R. Potting, Nucl. Phys. B 359, 545 (1991); B. Altschul and V.A. Kostelecký, Phys. Lett. B 628, 106 (2005) [arXiv:hep-th/0509068].

4. V. A. Kostelecký and S. Samuel, Phys. Rev. Lett. 63, 224 (1989); Phys. Rev. D 40, 1886 (1989).

5. D. Colladay and V. A. Kostelecký, Phys. Rev. D 55, 6760 (1997) [arXiv:hepph/9703464]; Phys. Rev. D 58, 116002 (1998) [arXiv:hep-ph/9809521].

6. V. A. Kostelecký and M. Mewes, Phys. Rev. Lett. 87, 251304 (2001) [arXiv:hepph/0111026]; [arXiv:hep-ph/0607084].

7. V. A. Kostelecký and M. Mewes, Phys. Rev. D 66, 056005 (2002) [arXiv:hepph/0205211].

8. S. M. Carroll, G. B. Field and R. Jackiw, Phys. Rev. D 41, 1231 (1990); M. P. Haugan and T. F. Kauffmann, Phys. Rev. D 52, 3168 (1995) [arXiv:gr-qc/9504032].

9. R. Jackiw and V. A. Kostelecký, Phys. Rev. Lett. 82, 3572 (1999) [arXiv:hepph/9901358]; M. Perez-Victoria, JHEP 0104, 032 (2001) [arXiv:hep-th/0102021]; V. A. Kostelecký, C. D. Lane and A. G. M. Pickering, Phys. Rev. D 65, 056006 (2002) [arXiv:hep-th/0111123]; B. Altschul, Phys. Rev. D 69, 125009 (2004) [arXiv:hepth/0311200]; Phys. Rev. D 70, 101701 (2004) [arXiv:hep-th/0407172]; H. Belich, T. Costa-Soares, M. M. . Ferreira and J. A. Helayel-Neto, Eur. Phys. J. C 42, 127 (2005) [arXiv:hep-th/0411151]; T. Mariz, J. R. Nascimento, E. Passos, R. F. Ribeiro and F. A. Brito, JHEP 0510, 019 (2005) [arXiv:hep-th/0509008].

10. P. Antonini, M. Okhapkin, E. Goklu and S. Schiller, Phys. Rev. A 72, 066102 (2005) [arXiv:physics/0602115]; M. E. Tobar, P. Wolf and P. L. Stanwix, Phys. Rev. A 72, 066101 (2005) [arXiv:physics/0601186]; S. Herrmann, A. Senger, E. Kovalchuk, H. Muller and A. Peters, Phys. Rev. Lett. 95, 150401 (2005) [arXiv:physics/0508097]; M. E. Tobar, P. L. Stanwix, M. Susli, P. Wolf, C. R. Locke and E. N. Ivanov, [arXiv:hep-ph/0506200]; P. L. Stanwix et al., Phys. Rev. Lett. 95, 040404 (2005) [arXiv:hep-ph/0506074]; P. Antonini, M. Okhapkin, E. Goklu and S. Schiller, Phys. Rev. A 71, 050101 (2005) [arXiv:gr-qc/0504109]; M. E. Tobar, P. Wolf, A. Fowler and J. G. Hartnett, Phys. Rev. D 71, 025004 (2005) [arXiv:hep-ph/0408006]; P. Wolf, S. Bize, A. Clairon, G. Santarelli, M. E. Tobar and A. N. Luiten, Phys. Rev. D 70, 051902 (2004) [arXiv:hep-ph/0407232]; P. Wolf, M. E. Tobar, S. Bize, A. Clairon, A. N. Luiten and G. Santarelli, Gen. Rel. Grav. 36, 2352 (2004) [arXiv:gr-qc/0401017]; H. Muller, S. Herrmann, A. Saenz, A. Peters and C. Lammerzahl, Phys. Rev. D 68, 116006 (2003) [arXiv:hep-ph/0401016]; H. Müller, S. Herrmann, C. Braxmaier, S. Schiller, A. Peters, Phys. Rev. Lett. 91 020401 (2003); J. A. Lipa, J. A. Nissen, S. Wang, D. A. Stricker and D. Avaloff, Phys. Rev. Lett. 90, 060403 (2003) [arXiv:physics/0302093].

11. J. P. Cotter and B. Varcoe, [arXiv:physics/0603111].

12. C. Adam and F. R. Klinkhamer, Nucl. Phys. B 657, 214 (2003) [arXiv:hepth/0212028]; T. Jacobson, S. Liberati and D. Mattingly, Phys. Rev. D 67, 124011 (2003) [arXiv:hep-ph/0209264]; V. A. Kostelecký and A. G. M. Pickering, Phys. Rev. Lett. 91, 031801 (2003) [arXiv:hep-ph/0212382]; R. Lehnert and R. Potting, Phys. Rev. Lett. 93, 110402 (2004) [arXiv:hep-ph/0406128]; Phys. Rev. D 70, 125010 (2004) [Erratum-ibid. D 70, 129906 (2004)] [arXiv:hep-ph/0408285]; T. A. Jacobson, S. Liberati, D. Mattingly and F. W. Stecker, Phys. Rev. Lett. 93, 021101 (2004) [arXiv:astro-ph/0309681]; B. Altschul, Phys. Rev. D 72, 085003 (2005) [arXiv:hepth/0507258]; F. R. Klinkhamer and C. Rupp, Phys. Rev. D 72, 017901 (2005) [arXiv:hep-ph/0506071]. C. Kaufhold and F.R. Klinkhamer, Nucl. Phys. 734, 1 (2006); B. Altschul, Phys. Rev. D 70, 056005 (2004) [arXiv:hep-ph/0405084].

13. R. Bluhm et al., Phys. Rev. Lett. 79, 1432 (1997) [arXiv:hep-ph/9707364]; Phys.

Rev. D 57, 3932 (1998) [arXiv:hep-ph/9809543].

14. H. Dehmelt, R. Mittleman, R. S. . van Dyck and P. Schwinberg, Phys. Rev. Lett. 83, 4694 (1999) [arXiv:hep-ph/9906262]; R. K. Mittleman, I. I. Ioannou, H. G. Dehmelt and N. Russell, Phys. Rev. Lett. 83, 2116 (1999); G. Gabrielse, A. Khabbaz, D. S. Hall, C. Heimann, H. Kalinowsky and W. Jhe, Phys. Rev. Lett. 82, 3198 (1999).

15. R. Bluhm and V. A. Kostelecký, Phys. Rev. Lett. 84, 1381 (2000) [arXiv:hepph/9912542].

16. B.R. Heckel, in CPT and Lorentz Symmetry III, edited by V.A. Kostelecký, World Scientific, Singapore (2004), page 133; L.-S. Hou, W.-T. Ni, and Y.-C.M. Li, Phys. Rev. Lett. 90, 201101 (2003).

17. D. Colladay and V. A. Kostelecký, Phys. Lett. B 511, 209 (2001) [arXiv:hepph/0104300]; B. Altschul, Phys. Rev. D 70, 056005 (2004) [arXiv:hep-ph/0405084]; Phys. Rev. Lett. 96, 201101 (2006) [arXiv:hep-ph/0603138].

18. V. A. Kostelecký and C. D. Lane, Phys. Rev. D 60, 116010 (1999) [arXiv:hepph/9908504]; J. Math. Phys. 40, 6245 (1999) [arXiv:hep-ph/9909542].

19. C. D. Lane, Phys. Rev. D 72, 016005 (2005) [arXiv:hep-ph/0505130]; D. Colladay and P. McDonald, arXiv:hep-ph/0602071.

20. P. Wolf, F. Chapelet, S. Bize and A. Clairon, Phys. Rev. Lett. 96, 060801 (2006) [arXiv:hep-ph/0601024]; [arXiv:hep-ph/0509329]; P. Wolf, S. Bize, M. E. Tobar, F. Chapelet, A. Clairon, A. N. Luiten and G. Santarelli, arXiv:physics/0506168; F. Cane et al., Phys. Rev. Lett. 93, 230801 (2004) [arXiv:physics/0309070]; D. F. Phillips, M. A. Humphrey, E. M. Mattison, R. E. Stoner, R. F. C. Vessot and R. L. Walsworth, Phys. Rev. D 63, 111101 (2001) [arXiv:physics/0008230]; M. A. Humphrey, D. F. Phillips, E. M. Mattison, R. F. C. Vessot, R. E. Stoner and R. L. Walsworth, Phys. Rev. A 68, 063807 (2003) [arXiv:physics/0103068]; M. A. Humphrey, D. F. Phillips, and R. L. Walsworth, Phys. Rev. A62, 063405 (2000); D. Bear, R. E. Stoner, R. L. Walsworth, V. A. Kostelecký and C. D. Lane, Phys. Rev. Lett. 85, 5038 (2000) [Erratum-ibid. 89, 209902 (2002)] [arXiv:physics/0007049]; R. L. Walsworth, D. Bear, M. Humphrey, E. M. Mattison, D. F. Phillips, R. E. Stoner and R. F. C. Vessot, AIP Conf. Proc. 539, 119 (2000) [arXiv:physics/0007063]; L. Hunter, in CPT and Lorentz Symmetry, V. Kostelecký, Ed., World Scientific, Singapore (1999), page 180.

21. R. Bluhm et al., Phys. Rev. Lett. 82, 2254 (1999) [arXiv:hep-ph/9810269];

G. M. Shore, Nucl. Phys. B 717, 86 (2005) [arXiv:hep-th/0409125]. 22. R. Bluhm et al. Phys. Rev. Lett. 88, 090801 (2002) [arXiv:hep-ph/0111141]; Phys.

Rev. D 68, 125008 (2003) [arXiv:hep-ph/0306190].

23. R. Bluhm, V. A. Kostelecký and C. D. Lane, Phys. Rev. Lett. 84, 1098 (2000) [arXiv:hep-ph/9912451]; V. W. Hughes, M. Grosse Perdekamp, D. Kawall, W. Liu, K. Jungmann and G. zu Putlitz, Phys. Rev. Lett. 87, 111804 (2001) [arXiv:hepex/0106103]; Muon g-2 Collab. (M. Deile et al.), [hep-ex/0110044].

24. V. A. Kostelecký and M. Mewes, Phys. Rev. D 69, 016005 (2004) [arXiv:hepph/0309025]; Phys. Rev. D 70, 031902 (2004) [arXiv:hep-ph/0308300]; Phys. Rev. D 70, 076002 (2004) [arXiv:hep-ph/0406255]; T. Katori et al., [arXiv:hep-ph/0606154]; LSND Collab. (L. B. Auerbach et al.), Phys. Rev. D 72, 076004 (2005) [arXiv:hepex/0506067]; SuperKamiokande Collab. (M.D. Messier), in CPT and Lorentz Symmetry III, World Scientific, Singapore (2005), V.A. Kostelecký, ed.; MINOS Collab. (B.J. Rebel, and S.F. Mufson), in CPT and Lorentz Symmetry III, World Scientific, Singapore (2005), V.A. Kostelecký, ed.

25. D. L. Anderson, M. Sher and I. Turan, Phys. Rev. D 70, 016001 (2004) [arXiv:hepph/0403116]; E. O. Iltan, Mod. Phys. Lett. A 19, 327 (2004) [arXiv:hep-ph/0309154];

26. O. Bertolami et al. Phys. Lett. B 395, 178 (1997) [arXiv:hep-ph/9612437]; G. Lambiase, Phys. Rev. D 72, 087702 (2005) [arXiv:astro-ph/0510386]; J. M. Carmona, J. L. Cortes, A. Das, J. Gamboa and F. Mendez, Mod. Phys. Lett. A 21, 883 (2006) [arXiv:hep-th/0410143]; S. M. Carroll and J. Shu, Phys. Rev. D 73, 103515 (2006) [arXiv:hep-ph/0510081].

27. KTeV Collab. (H. Nguyen), in CPT and Lorentz Symmetry II, World Scientific, Singapore (2002), V.A. Kostelecký, ed., [arXiv:hep-ex/0112046]; OPAL Collab. (K. Ackerstaff et al.), Z. Phys. C 76, 401 (1997) [arXiv:hep-ex/9707009]; DELPHI Collab. (M. Feindt, C. Kreuter, and O. Podobrin), DELPHI 97-98, CONF 80 (1997); Belle Collab. (K. Abe et al.), Phys. Rev. Lett. 86, 3228 (2001) [arXiv:hep-ex/0011090]; BABAR Collab. (B. Aubert et al.), [arXiv:hep-ex/0607103]; FOCUS Collab. (J. M. Link et al.), Phys. Lett. B 556, 7 (2003) [arXiv:hep-ex/0208034]; V. A. Kostelecký, Phys. Rev. Lett. 80, 1818 (1998) [arXiv:hep-ph/9809572]; Phys. Rev. D 61, 016002 (2000) [arXiv:hep-ph/9909554]; Phys. Rev. D 64, 076001 (2001) [arXiv:hep-ph/0104120]; D. Colladay and V. A. Kostelecký, Phys. Lett. B 344, 259 (1995) [arXiv:hepph/9501372]; Phys. Rev. D 52, 6224 (1995) [arXiv:hep-ph/9510365]; V. A. Kostelecký and R. Van Kooten, Phys. Rev. D 54, 5585 (1996) [arXiv:hep-ph/9607449]; V. A. Kostelecký and A. Roberts, Phys. Rev. D 63, 096002 (2001) [arXiv:hepph/0012381]; N. Isgur et al., Phys. Lett. B 515, 333 (2001) [arXiv:hep-ph/0106353].

28. I. Mocioiu, M. Pospelov and R. Roiban, Phys. Lett. B 489, 390 (2000) [arXiv:hepph/0005191]; S. M. Carroll, J. A. Harvey, V. A. Kostelecký, C. D. Lane and T. Okamoto, Phys. Rev. Lett. 87, 141601 (2001) [arXiv:hep-th/0105082]; Z. Guralnik, R. Jackiw, S. Y. Pi and A. P. Polychronakos, Phys. Lett. B 517, 450 (2001) [arXiv:hep-th/0106044]; C. E. Carlson, C. D. Carone and R. F. Lebed, Phys. Lett. B 518, 201 (2001) [arXiv:hep-ph/0107291]; A. Anisimov, T. Banks, M. Dine and M. Graesser, Phys. Rev. D 65, 085032 (2002) [arXiv:hep-ph/0106356]; A. Das, J. Gamboa, J. Lopez-Sarrion and F. A. Schaposnik, Phys. Rev. D 72, 107702 (2005) [arXiv:hep-th/0510002].

29. H. Muller, S. Herrmann, A. Saenz, A. Peters and C. Lammerzahl, Phys. Rev. D 70, 076004 (2004); H. Muller, Phys. Rev. D 71, 045004 (2005) [arXiv:hep-ph/0412385]; Q. G. Bailey and V. A. Kostelecký, Phys. Rev. D 70, 076006 (2004) [arXiv:hepph/0407252]; V. A. Kostelecký and R. Lehnert, Phys. Rev. D 63, 065008 (2001) [arXiv:hep-th/0012060]; M. S. Berger and V. A. Kostelecký, Phys. Rev. D 65, 091701 (2002) [arXiv:hep-th/0112243]; V. A. Kostelecký, R. Lehnert and M. J. Perry, Phys. Rev. D 68, 123511 (2003) [arXiv:astro-ph/0212003]; B. Altschul, [arXiv:hepth/0602235].

30. For an overview, see V.A. Kostelecký, ed., CPT and Lorentz Symmetry, World Scientific, Singapore (1999); CPT and Lorentz Symmetry II, World Scientific, Singapore (2002); CPT and Lorentz Symmetry III, World Scientific, Singapore (2005); R. Bluhm, arXiv:hep-ph/0506054; D. Mattingly, Living Rev. Rel. 8, 5 (2005) [arXiv:grqc/0502097]; G. Amelino-Camelia, C. Lammerzahl, A. Macias and H. Muller, AIP Conf. Proc. 758, 30 (2005) [arXiv:gr-qc/0501053]; H. Vucetich, [arXiv:gr-qc/0502093]; N. Russell, Phys. Scripta 72, C38 (2005) [arXiv:hep-ph/0501127].

31. V. A. Kostelecký, Phys. Rev. D 69, 105009 (2004) [arXiv:hep-th/0312310]. 32. R. Bluhm and V. A. Kostelecký, Phys. Rev. D 71, 065008 (2005) [arXiv:hepth/0412320].

33. V.A. Kostelecký and R. Potting, Gen. Rel. Grav. 37, 1675 (2005). [arXiv:grqc/0510124].

34. Q.G. Bailey and V.A. Kostelecký, Phys. Rev. D 74, 045001 (2006) [arXiv:grqc/0603030].