arXiv:1212.1636v1 [hep-ph] 7 Dec 2012

Hyperfine Interactions (2012) 213:137-146 DOI 10.1007/s10751-012-0642-3

Antimatter, the SME, and Gravity

Jay D. Tasson

Published: 12 September, 2012. The original publication is available at www.springerlink.com.

Abstract A general field-theoretic framework for the analysis of CPT and Lorentz violation is provided by the Standard-Model Extension (SME). This work discusses a number of SME-based proposals for tests of CPT and Lorentz symmetry, including antihydrogen spectroscopy and antimatter gravity tests.

Keywords Antimatter · Lorentz violation · Gravity

PACS 11.30.Cp · 04.80.Cc · 11.30.Er

1 Introduction

The Standard Model of particle physics along with General Relativity provide an excellent description of known physics. As a foundational principle of each of our best theories, Lorentz symmetry, along with the associated CPT symmetry [1], should be well tested experimentally. It is also likely that the Standard Model and General Relativity are limits of a more fundamental theory that provides consistent predictions all the way to the Planck scale. A technically feasible means of searching for potential suppressed signals from a complete theory at the Planck scale is provided by tests of CPT and Lorentz symmetry [2]. A comprehensive test framework for searching for such potential signals across all areas of known physics is provided by the SME [3,4].

2 Theory

The basic theory relevant for the discussion to follow is the QED extension limit of the gravitationally coupled SME [4]. Schematically, the action for the theory

Jay D. Tasson Department of Physics Whitman College Walla Walla, WA 99363, USA E-mail: jtasson@carleton.edu

can be written S = S_ψ + S_A + S_{gravity}. (1)

The first term here is the gravitationally coupled fermion sector, the second is the photon sector, and the final term is the pure-gravity sector. Each of the above terms consists of known physics, followed in general by all Lorentz-violating terms. Here we consider what is known as the minimal SME, which is the restriction to operators of dimension 3 and 4.

The minimal fermion-sector action can be written

S_ψ = ∫ d^4x(^1_2 iee^μ_aψΓ^{a ↔}Dμ ψ − eψMψ). (2) where Γ^a ≡ γ^a − cμν e^{νa}e^μ_bγ^b − dμν e^{νa}e^μ_bγ5γ^b −eμe^{μa} − ifμe^{μa}γ5 −^1_2 g_{λμν} e^{νa}e^λ_be^μ_cσ^{bc}, (3) M ≡ m + aμe^μ_aγ^a + bμe^μ_aγ5γ^a +^1_2 Hμν e^μ_ae^ν_bσ^{ab}, (4) and aμ, bμ, cμν , dμν , eμ, fμ, g_{λμν} , Hμν are coefficient fields for Lorentz violation. Couplings to gravity occur here via the vierbein e^a_μ and contributions to the covariant derivative. The form of the Minkowski-spacetime fermion-sector action can be recovered by taking the limit e^a_μ → δ^a_μ.

The action S_A provides the photon sector. It contains Maxwell electrodynamics followed in the minimal case by Lorentz-violating terms of dimension 3 and 4, though operators of arbitrary dimension have now been classified, and numerous new experimental proposals associated with them have been made [5]. Though generically of considerable interest, the explicit form of S_A is omitted here since it is not directly relevant for the discussion to follow.

The minimal contributions to the pure-gravity sector take the form S = 1 2κ ∫ d^4xe(R − uR + s^{μν} R^T_{μν} + t^{κλμν} C_{κλμν} ), (5) where R^T_{μν} is the traceless Ricci tensor, and C_{κλμν} is the Weyl tensor. The standard Einstein-Hilbert action is provided by the first term. The coefficient field s^{μν} in the third term is responsible for the relevant Lorentz-violating signals in the post- Newtonian analysis [6]. The fourth term provides no contributions in the post- Newtonian analysis, while the second term is not Lorentz violating.

The Minkowski-spacetime limit of action 1 forms the basis of the discussion of nongravitational tests in Sec. 3. Here the pure-gravity sector action 5 is irrelevant and gravitational couplings in the fermion-sector action 2 can be neglected. Relevant theoretical techniques for the analysis of a variety of experiments have been developed. The relativistic quantum mechanics associated with action 2 has been developed after addressing a technical point about how to achieve a hermitian Hamiltonian [7]. The corresponding nonrelativistic Hamiltonian can then be achieved via a standard Foldy-Wouthuysen procedure [8]. The associated classical Lagrangian has also been obtained [9]. Applications of these Minkowski-spacetime results to antimatter are considered in Sec. 3.

Gravitational couplings are the focus of Sec. 4. The necessary results for the analysis of tests based on Lorentz violation in the gravity sector are developed in

Ref. [6]. Though more general geometries may admit explicit breaking [10], in the context of gravitational theory based on Riemannian geometry, Lorentz violation must arise spontaneously [4]. A key theoretical challenge addressed in Ref. [6] was the role of the fluctuations in the coefficient fields [11]. Upon meeting this challenge, the metric and the equations of motion relevant for post-Newtonian tests were obtained, and numerous detailed experimental proposals for investigating the coefficient (vacuum value) s^{μν} associated with the coefficient field s^{μν} were made. These experimental proposals and some associated experimental results are discussed further in Sec. 4.1.

Many of the methods and results of the nongravitational analysis of the fermion sector discussed above are extended and combined with the gravitational sector results in addressing the gravitational couplings in the fermion sector, which are the subject of Ref. [12]. This includes the implications of the fluctuations in the coefficient fields that must be addressed in a gravitational analysis. Some additional theoretical issues are also addressed before specializing to the case of spinindependent couplings for the consideration of experiments. This limit consists of the aμ, cμν , and eμ coefficient fields, with the associated vacuum values being denoted (a_{eff} )μ, for the countershaded combination [13] of the vacuum values associated with the aμ and eμ fields, and cμν for the vacuum value associated with cμν . These vacuum values correspond to the coefficients for Lorentz violation discussed in Minkowski spacetime. Many of the relevant experiments are the same as those that are relevant for investigating the pure-gravity sector coefficient s^{μν} , but the associated signals can be quite different. The experimental implications are summarized in Sec. 4.1, while specific implications for antimatter are discussed in Sec. 4.2.

3 Nongravitational Tests with Antimatter

Numerous experimental investigations have been performed in the context of the SME [14]. One effect of the Lorentz-violating terms in the SME that has been exploited experimentally is modifications to the energy levels of atoms [15,16]. Lorentz violation can then be detected though a comparisons of levels. As the Earth rotates on its axis and revolves around the Sun, the orientation and boost of an experiment in the lab change. In the present context of studies of Lorentz violation, this implies an annual and sidereal variation of energy levels. Since the effects on various levels may differ, Lorentz violation can be investigated by searching for relative changes in the levels with time [15].

A subset of the Lorentz-violating terms in the SME are also CPT violating. Thus the comparison of the spectrum of hydrogen with that of antihydrogen would also provide sensitivity [16], and an experiment aiming to obtain sensitivity to SME coefficients via a measurement of the hyperfine Zeeman line is presently in preparation [17]. In some cases, Lorentz and CPT violating effects that are difficult to detect in matter experiments may be much more readily seen in comparisons of matter and antimatter.

A simple toy model called the isotropic ‘invisible’ model (IIM) [18,12] was constructed to illustrate a scenario in which Lorentz violation would produce a significantly larger effect in tests involving antimatter than in tests with only matter. To construct the model, an isotropic (‘fried-chicken’) limit of the SME is chosen. In any give inertial frame O, a subset of Lorentz-violating operators in the SME preserve rotational symmetry. Setting the coefficients of the other operators to zero produces isotropic Lorentz violation in that frame. Another frame O^′ boosted with respect to O will not have rotation invariance, that is, the effects of Lorentz violation are isotropic in O but not in O^′.

The IIM assumes the only nonzero coefficients for Lorentz violation in the CMB frame are (b^p)_T ′ and isotropic (d^p)_Ξ′_Ξ′ . The nonzero coefficients are chosen to obey the condition (b^p)_T ′ = km^p(d^p)_T ′_T ′ , for a suitable choice of constant k. Nonzero coefficients (b^p)_J and (d^p)_{JT} are then generated in the Sun-centered frame. In terrestrial experiments with hydrogen, the dominant signals appear in the hyperfine structure and are due to the combination (b^p)_J − m^p(d^p)_{JT} , which vanishes for suitable k. Therefore in the context of the IIM, these experiments can only detect effects suppressed by at least one power of the boost of the Earth around the Sun, which is about 10^{−4} and requires an experiment sensitive to annual variation. The dominant effects in experiments with antihydrogen, however, involve the combination (b^p)_J + m^p(d^p)_{JT} . Thus unsuppressed signals would occur in the hyperfine structure of antihydrogen. The IIM is thus a field-theoretic toy model in which the effects of CPT and Lorentz violation would be at least 10,000 times greater in antihydrogen than those in hydrogen or other nonrelativistic neutral matter.

In addition to shifting the atomic energy levels, the energy levels of trapped particles are shifted. Thus the comparison of the energy levels for trapped particles with those of trapped antiparticles also leads to sensitivities to CPT violation in the SME [7]. Results have been obtained for coefficients for Lorentz violation associated with the electron [19] and proton [20] via this method and ongoing experiments provide the possibility of further results [21].

4 Gravitational Tests

4.1 Overview of Experiments

A wide variety of gravitational experiments can achieve sensitivity to coefficients (a_{eff} )μ, cμν , and sμν . One diverse class of such experiments are those that can be performed in Earth-based laboratories. Proposed or performed tests of this type include gravimeter experiments, tests of the universality of free fall, and experiments with devices traditionally used for short-range gravity tests.

The key point found in the analysis of Refs. [6] and [12] is that the gravitational force acquires tiny corrections both along and perpendicular to the usual free-fall trajectory near the surface of the Earth in the presence of coefficients (a_{eff} )μ, cμν , and sμν . Modifications to the effective inertial mass of a test body that are direction dependent are also generated by coefficients (a_{eff} )μ and cμν , which results in a nontrivial relation between force and acceleration. The corrections considered here are time dependent with variations at the annual and sidereal frequencies. Additionally, the corrections introduced by (a_{eff} )μ and cμν are particle-species dependent.

The above discussion leads naturally to a 4-category classification of laboratory tests using Earth as a source. Free-fall gravimeter tests and force-comparison gravimeter tests make use of the characteristic time dependencies introduced, by monitoring the gravitation acceleration or force over time respectively. The relative acceleration of, or relative force on, a pair of test bodies can also be considered. Experiments that measure these quantities constitute free-fall and force-comparison Weak Equivalence Principle (WEP) tests respectively. Devices presently used or considered for the above types of tests include falling corner cubes [22], atom interferometers [23,24,25], gravimeters based on superconducting levitation [26], laboratory masses tossers [27], balloon drop equipments [28], drop towers [29], sounding rockets [30], and torsion pendula [31]. Specific predictions and estimated sensitivities for the above tests, including a frequency decomposition of the relevant signal to which experimental data could be fit, are provided by Refs. [6] and [12]. A test of this type has already been performed using an atom-interferometer [24]. Note that the effective WEP violation considered here is qualitatively different from that sought in WEP tests to date due to the characteristic time dependence.

Though less sensitive at present to the range-independent SME effects presently under discussion, systems in which both the source mass and the test mass are contained within the lab, such as those devices traditionally used as tests of gravity at short range, can also be considered [32,33]. Space-based versions of the WEP tests discussed above have also been proposed [34], with the potential for significant sensitivity improvements. Lorentz-violating signals in such tests would again have characteristic time dependence distinguishing them from other sources of WEP violation. An SME analysis has also been performed [6] for the space-based Gravity Probe B experiment [35].

Experimentally challenging versions of the tests highlighted above performed with antimatter, charged particles, and second- and third-generation particles can yield sensitivities to Lorentz and CPT violation that are otherwise difficult or impossible to achieve. Gravitational experiments with antihydrogen [36,37,38,39, 40,41], charged-particle interferometry [42], ballistic tests with charged particles [43], and signals in muonium free fall [44] are considered in Ref. [12]. Antihydrogen tests are discussed in more detail in Sec. 4.2 of this work.

The observations of orbits also provides a means of searching for Lorentzviolating effects in gravitational physics. References [6] and [12] consider tests that search for such effects in lunar laser ranging [45], perihelion precession measurements [46], and binary-pulsar observations [47].

The interaction of photons with gravity as well as effects on the clocks typically associated with such tests provides a final class of investigations. Signals for Lorentz violation arising in measurements of the time delay, gravitational Doppler shift, and gravitational redshift, along with comparisons of the behaviors of photons and massive bodies have been considered for both the pure-gravity sector [48] and the matter sector [12]. Null redshift tests are also relevant in the context of the matter sector [12]. The implications for a variety of experiments and space missions [49] are also discussed in Refs. [48] and [12]. Sensitivities to (a_{eff} )μ and cμν coefficients have been achieved based on this work via an analysis of a variety of clocks [25]. Note that these results and proposals are in addition to the SME-based clock tests being performed on the ground and proposed for space [15].

4.2 Antimatter Tests

A number of methods for measuring the gravitational acceleration of antihydrogen have been suggested as ways of probing antimatter-gravity interactions. Some such ideas include tests using trapped antihydrogen [36], antihydrogen interferometry [37], antihydrogen free fall from an antiion trap [38], bouncing antihydrogen [39], and tests in space [40]. The Antimatter Experiment: Gravity, Interferometry, Spectroscopy (AEGIS) [41], with an initial sensitivity goal of 1% to the gravitational acceleration of antihydrogen, provides an example of the initial sensitivity likely to be achieved.

In the context of gravitational couplings in the fermion sector of the SME, antimatter-gravity experiments could obtain special sensitivities to the coefficients (a^w_{eff} )μ and (c^w)μν . The idea is that a CPT transformation reverses the sign of (a^w_{eff} )μ but not the sign of (c^w)μν . As a result, experiments with antihydrogen could in principle observe novel behaviors and could place cleaner constrains on certain combinations of SME coefficients than can be obtained with matter. The theoretical treatment of relevant antimatter experiments is then the same as the treatment of the matter experiments discussed above with the only exception being the change in sign of (a^w_{eff} )μ relative its matter counterpart throughout the analysis.

In addition to providing a framework for the analysis of antimatter gravity experiments, the general field-theoretic approach of the SME elucidates aspects of the numerous attempts to place indirect limits on the possibility of unconventional antimatter-gravity interactions that appear in the literature [50]. The discussion proceeds most efficient when presented in the context of an explicit toy-model limit of the SME, the isotropic ‘parachute’ model (IPM), which is similar in design to the IIM discussed above.

The IPM is constructed by restricting the classical nonrelativistic Lagrange density of the SME in the Sun-centered frame S, to the limit in which only coefficients (a^w_{eff} )_T and isotropic (c^w)_{ΣΞ} are nonzero. In this limit, the effective classical Lagrangian for a test particle T moving in the gravitational field of a source S can be written in the suggestive form

L_{IPM} =^1_2 m^T_i v^2 +

G_N m^T_g m^S_g r , (6)

where m^T_i is the effective inertial mass of T, and m^T_g and m^S_g are the effective gravitational masses of T and S, respectively. The effective masses are defined in terms of the coefficients (a^w_{eff} )_T , (c^w)_{T T} for Lorentz violation and the conventional Lorentz invariant body masses m^B as follows:

m^B_i = m^B + ∑ w 5 3 (N^w + N^{w̄})m^w(c^w)_{T T}

m^B_g = m^B + ∑ w ( (N^w + N^{w̄})m^w(c^w)_{T T} + 2α(N^w − N^{w̄})(a^w_{eff} )_T ) . (7)

Here B is either T or S, N^w and N^{w̄} denote the number of particles and antiparticles of type w, respectively, and m^w is the mass of a particle of type w. The IPM for electrons, protons, and neutrons, is then defined by the three conditions α(a^w_{eff} )_T =^1_3 m^w(c^w)_{T T} , where w ranges over e, p, n.

The defining conditions of the IPM ensure that for a matter body B the effective inertial and gravitational masses are equal. That is, m^B_i = m^B_g , and hence no Lorentz-violating effects appear in gravitational tests to PNO(3) using ordinary matter. However, for an antimatter test body T, m^T_i ≠ m^T_g within the IPM. Thus, observable signals arise in comparisons of the gravitational responses of matter and antimatter or between different types of antimatter.

Though the IPM was constructed as a field-theoretic toy model in which the indirect limitations on antimatter gravity could be explored, it is interesting to note the levels at which anomalous effects in antimatter gravity experiments might be seen. The validity of the perturbative analysis under which the present results are generated [12] requires that the coefficients α(a^w_{eff} )_T = m^w(c^w)_{T T} /3 are perturbatively small relative to m^w. Values even as large as 0.5m^w might be consistent with this restriction. This would result in gravitational accelerations of hydrogen and antihydrogen that differ at the 50% level. However, certain experiments with sensitivity to order v^2 effects including the recent redshift analysis [12,25] and double-boost suppression terms, if analyzed in some flat spacetime tests, could restrict the size considerably more. Note however, that these restrictions are considerably different than the indirect experimental restrictions usually considered, and that they may be evaded in more realistic models that could be created via consideration of higher-order SME terms [51]. The following paragraphs point out how the IPM does not appear to limited by some of the usual arguments against anomalous antimatter gravity.

One issue that has been raised is whether energy remains conserved when antimatter has a different gravitational response than does matter [52]. In the context of the present SME-based discussion, the issue is moot because the energymomentum tensor is explicitly conserved. However, as an illustration, it is useful to consider a thought experiment in which a particle and an antiparticle are lowered in a gravitational field, converted to a photon pair, raised to the original location, and reconverted to the original particle-antiparticle pair. Generically problems can arise if the particle, antiparticle, and photons each provide different contributions to the energy. It is possible to see explicitly how these issues are avoided. In the analysis of Ref. [12], the photons are conventional, partly via an available coordinate choice. The CPT-odd coefficient (a^w_{eff} )_T does lead to different contributions to the energy, but the two contributions cancel. Contributions due to the CPT-even coefficient (c^w)_{T T} exist and combine during the lowering step; however, the effect is offset by a (c^w)_{T T} contained in the definition of the conserved energy.

Neutral mesons provide natural interferometers mixing particle and antiparticle states. Experiments studying such systems could in principle also restrict the gravitational response of antimatter [53]. In the context of the SME in Minkowski spacetime, neutral-meson systems have already been used to place tight constraints on certain differences of the coefficients (a^w_{eff} )μ for w ranging over quark flavors [54,55]. No dominant implications arise from these constrains for baryons, which involve three valence quarks, or for leptons. Moreover in meson tests, valence s, c, or b quarks are involved, which are largely irrelevant for protons and neutrons. The same line of reasoning holds for gravitational interactions. Again the flavor dependence of Lorentz and CPT violation implies that the IPM evades restrictions from meson systems.

Finally, consider the attempt to argue against an anomalous gravitational response of antimatter based on the large binding energy content of baryons, atoms, and bulk matter [56]. A modern version of the argument relevant for the present discussion of antihydrogen could proceed by noting that the quarks in hydrogen contain only about 10% of the mass, with much of the remainder contained in the gluon and sea binding. One might then concluding that since the binding forces are comparable for hydrogen and antihydrogen the gravitational response of the two cannot differ by more than about 10%.

Arguments such as the above implicitly assume that the gravitational response of a body is determined by its mass and hence by binding energy. In the IPM, the coefficient (a^w_{eff} )_T , leads to a correction to the gravitational force that is independent of mass, but can vary with flavor. In fact, the binding energies are largely conventional in the IPM, and the Lorentz-violating modifications to the gravitational responses are determined primarily by the flavor content of the valence particles. It is in principle even conceivable that an anomalous gravity effect could be associated purely with the positron, as would occur in the IPM when (a^e_ff )_T is the only nonzero coefficient. More define statements along the above lines would be possible via careful consideration of radiative effects involving (a^w_{eff} )_T , (c^w)_{T T} , and other SME coefficients for Lorentz violation [3,57], perhaps imposing the IPM condition only after renormalization; however, the essential points illustrated with the IPM are: the gravitational response of a body can be independent of mass, can vary with flavor, and can differ between particles and antiparticles.

5 Summary

Searches for Lorentz and CPT violation provide the opportunity to probe Planckscale physics with existing technology, and a general field-theoretic framework for such investigations is provided by the SME. A large number of SME-based experiments have been performed or proposed across many areas of physics, including recent progress in gravitational physics. The comparison of matter and antimatter, including hydrogen and antihydrogen, provides a means of conducting such investigations using spectroscopic and gravitational experiments. Moreover, scenarios exist in which the antimatter studies could detect Lorentz violation that is otherwise challenging to observe.

References

1. O.W. Greenberg, Phys. Rev. Lett. 89, 231602 (2002).

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

Potting, Nucl. Phys. B 359, 545 (1991).

3. D. Colladay and V.A. Kostelecký, Phys. Rev. D 55, 6760 (1997); Phys. Rev. D 58, 116002 (1998).

4. V.A. Kostelecký, Phys. Rev. D 69, 105009 (2004). 5. V.A. Kostelecký and M. Mewes, Phys. Rev. D 80, 015020 (2009). 6. Q.G. Bailey and V.A. Kostelecký, Phys. Rev. D 74, 045001 (2006). 7. R. Bluhm, V.A. Kostelecký, and N. Russell, Phys. Rev. D 57, 3932 (1998). 8. V.A. Kostelecký and C.D. Lane, J. Math. Phys. 40, 6245 (1999). 9. V.A. Kostelecký and N. Russell, Phys. Lett. B 693, 443 (2010). 10. V.A. Kostelecký, Phys. Lett. B 701, 137 (2011).

11. R. Bluhm and V.A. Kostelecký, Phys. Rev. D 71 065008 (2005); R. Bluhm et al., Phys.

Rev. D 77, 065020 (2008).

12. V.A. Kostelecký and J.D. Tasson, Phys. Rev. D 83, 016013 (2011). 13. V.A. Kostelecký and J.D. Tasson, Phys. Rev. Lett. 102, 010402 (2009). 14. Data Tables for Lorentz and CPT Violation, 2010 edition, V.A. Kostelecký and N. Russell, Rev. Mod. Phys. 83, 11 (2011), arXiv:0801.0287v4.

15. V.A. Kostelecký and C.D. Lane, Phys. Rev. D 60, 116010 (1999); R. Bluhm et al., Phys.

Rev. Lett. 88, 090801 (2002).

16. R. Bluhm, V.A. Kostelecký, and N. Russell, Phys. Rev. Lett. 82, 2254 (1999). 17. B. Juhasz, these proceedings, Hyperfine Interact. 212, 69 (2012). 18. V.A. Kostelecký, unpublished (2003).

19. H. Dehmelt et al., Phys. Rev. Lett. 83, 4694 (1999). 20. G. Gabrielse et al., Phys. Rev. Lett. 82, 3198 (1999). 21. W. Quint, these proceedings.

22. I. Marson and J.E. Faller, J. Phys. E 19, 22 (1986); K. Kuroda and N. Mio, Phys. Rev.

D 42, 3903 (1990); T.M. Niebauer, M.P. McHugh, and J.E. Faller, Phys. Rev. Lett. 59, 609 (1987).

23. A. Peters, K.Y. Chung, and S. Chu, Nature 400, 849 (1999); J.M. McGuirk et al., Phys.

Rev. A 65, 033608 (2002); N. Yu et al., Appl. Phys. B 84, 647 (2006); B. Canuel et al., Phys. Rev. Lett. 97, 010402 (2006); H. Kaiser et al., Physica B 385-386, 1384 (2006); S. Fray et al., Phys. Rev. Lett. 93, 240404 (2004). S. Dimopoulos et al., Phys. Rev. D 78, 042003 (2008).

24. K.-Y. Chung et al., Phys. Rev. D 80, 016002 (2009); H. Müller et al., Phys. Rev. Lett.

100, 031101 (2008).

25. M. Hohensee et al., Phys. Rev. Lett. 106 151102 (2011).

26. R.J. Warburton and J.M. Goodkind, Astrophys. J. 208, 881 (1976); S. Shiomi, arXiv:0902.4081; L. Carbone et al., in T. Damour, R.T. Jantzen, and R. Ruffini, eds., Proceedings of the Twelfth Marcel Grossmann Meeting on General Relativity, World Scientific, Singapore, 2010.

27. R.D. Reasenberg, in V.A. Kostelecký, ed., CPT and Lorentz Symmetry II, World Scientific, Singapore, 2005.

28. V. Iafolla et al., Class. Quantum Grav. 17, 2327 (2000). 29. H. Dittus and C. Mehls, Class. Quantum Grav. 18, 2417 (2001). 30. R.D. Reasenberg and J.D. Phillips, Class. Q. Grav. 27, 095005 (2010). 31. Y. Su et al., Phys. Rev. D 50, 3614 (1994); S. Schlamminger et al., Phys. Rev. Lett. 100, 041101 (2008).

32. D. Bennett, V. Skavysh, and J. Long, in V.A. Kostelecký, ed., CPT and Lorentz Symmetry V, World Scientific, Singapore, 2010.

33. H. Panjwani, L. Carbone, and C.C. Speake, in V.A. Kostelecký, ed., CPT and Lorentz Symmetry V, World Scientific, Singapore, 2010.

34. P. Touboul et al., Comptes Rendus de l’Académie des Sciences, Series IV, 2, 1271 (2001);

T.J. Sumner et al., Adv. Space Res. 39, 254 (2007); A.M. Nobili et al., Exp. Astron. 23, 689 (2009); G. Amelino-Camelia et al., Exp. Astron. 23, 549 (2009).

35. C.W.F. Everitt et al., Phys. Rev. Lett. 106, 221101 (2011).

36. G. Gabrielse, Hyperfine Interact. 44, 349 (1988); N. Beverini et al., Hyperfine Interact.

44, 357 (1988); R. Poggiani, Hyperfine Interact. 76, 371 (1993).

37. T.J. Phillips, Hyperfine Interact. 109, 357 (1997); AGE Collaboration, A.D. Cronin et al., Letter of Intent: Antimatter Gravity Experiment (AGE) at Fermilab, February 2009; D. Kaplan, in V.A. Kostelecký, ed., CPT and Lorentz Symmetry V, World Scientific, Singapore, 2010; these proceedings, Hyperfine Interact. 213, 217 (2012).

38. J. Walz and T.W. Hänsch, Gen. Rel. Grav. 36, 561 (2004); P. Pérez et al., Letter of Intent to the CERN-SPSC, November 2007; P. Debu, these proceedings, Hyperfine Interact. 212, 51 (2012).

39. A. Voronin, P. Froelich, and V. Nesvizhevsky, these proceedings, Hyperfine Interact. 213, 129 (2012).

40. F.M. Huber, E.W. Messerschmid, and G.A. Smith, Class. Quantum Grav. 18, 2457 (2001). 41. AEGIS Collaboration, A. Kellerbauer et al., Nucl. Instr. Meth. B 266, 351 (2008), L.

Jorgensen, these proceedings; J. Storey, these proceedings, Hyperfine Interact. 212, 109 (2012).

42. F. Hasselbach and M. Nicklaus, Phys. Rev. A 48, 143 (1993); B. Neyenhuis, D. Christensen, and D.S. Durfee, Phys. Rev. Lett. 99, 200401 (2007).

43. F.S. Witteborn and W.M. Fairbank, Phys. Rev. Lett. 19, 1049 (1967). 44. K. Kirch, arXiv:physics/0702143; B. Lesche, Gen. Rel. Grav. 21, 623 (1989). 45. J.B.R. Battat, J.F. Chandler, and C.W. Stubbs, Phys. Rev. Lett. 99, 241103 (2007). 46. C.M. Will, Living Rev. Rel. 4, 4 (2001). 47. I.H. Stairs, Living Rev. Rel. 6, 5 (2003). 48. Q.G. Bailey, Phys. Rev. D 80, 044004 (2009).

49. B. Bertotti, L. Iess, and P. Tortora, Nature 425, 374 (2003); T. Appourchaux et al., Exp.

Astron. 23, 491 (2009); L. Iess and S. Asmar, Interact. J. Mod. Phys. D 16, 2117 (2007); P. Wolf et al., Exp. Astron. 23, 651 (2009); B. Christophe et al., Exper. Astron. 23, 529 (2009); S.G. Turyshev et al., Interact. J. Mod. Phys. D 18, 1025 (2009); S.B. Lambert and C. Le Poncin-Lafitte, Astron. Astrophys. 499, 331 (2009); R. Byer, Space-Time Asymmetry Research, Stanford University proposal, January 2008; L. Cacciapuoti and C. Salomon, Eur. Phys. J. Spec. Top. 172, 57 (2009); S.G. Turyshev and M. Shao, Interact. J. Mod. Phys. D 16, 2191 (2007); S.C. Unwin et al., Pub. Astron. Soc. Pacific 120, 38 (2008).

50. M.M. Nieto and T. Goldman, Phys. Rep. 205, 221 (1991). 51. V.A. Kostelecký and M. Mewes, Phys. Rev. D 85, 096005 (2012). 52. P. Morrison, Am. J. Phys. 26, 358 (1958). 53. M.L. Good, Phys. Rev. 121, 311 (1961).

54. KTeV Collaboration, H. Nguyen, in V.A. Kostelecký, ed., CPT and Lorentz Symmetry II, World Scientific, Singapore, 2002 [hep-ex/0112046]; A. Di Domenico, KLOE Collaboration, J. Phys. Conf. Ser. 171, 012008 (2009); FOCUS Collaboration, J.M. Link et al., Phys. Lett. B 556, 7 (2003); BaBar Collaboration, B. Aubert et al., Phys. Rev. Lett. 100, 131802 (2008); hep-ex/0607103.

55. V.A. Kostelecký, Phys. Rev. Lett. 80, 1818 (1998); Phys. Rev. D 61, 016002 (2000); Phys.

Rev. D 64, 076001 (2001); V.A. Kostelecký and R. Van Kooten, Phys. Rev. D 82, 101702 (2010).

56. L.I. Schiff, Phys. Rev. Lett. 1, 254 (1958), Proc. Natl. Acad. Sci. 45, 69 (1959). 57. R. Jackiw and V.A. Kostelecký, Phys. Rev. Lett. 82, 3572 (1999); M. Pérez-Victoria, JHEP 0104, 032 (2001); V.A. Kostelecký, C.D. Lane, and A.G.M. Pickering, Phys. Rev. D 65, 056006 (2002); V.A. Kostelecký and A.G.M. Pickering, Phys. Rev. Lett. 91, 031801 (2003); B. Altschul, Phys. Rev. D 69, 125009 (2004); Phys. Rev. D 70, 101701 (2004); B. Altschul and V.A. Kostelecký, Phys. Lett. B 628, 106 (2005); H. Belich et al., Eur. Phys. J. C 42, 127 (2005); T. Mariz et al., JHEP 0510, 019 (2005); G. de Berredo-Peixoto and I.L. Shapiro, Phys. Lett. B 642, 153 (2006); P. Arias et al., Phys. Rev. D 76, 025019 (2007); D. Colladay and P. McDonald, Phys. Rev. D 75, 105002 (2007); Phys. Rev. D 77, 085006 (2008); Phys. Rev. D 79, 125019 (2009); M. Gomes et al., Phys. Rev. D 78, 025029 (2009); D. Anselmi, Ann. Phys. 324, 874 (2009); Ann. Phys. 324, 1058 (2009).