arXiv:hep-ph/0005280 28 May 2000

IUHET 420 February 2000

RECENT RESULTS IN LORENTZ AND CPT TESTS^1

V. Alan Kostelecký

Physics Department Indiana University Bloomington, IN 47405 U.S.A.

INTRODUCTION

At a fundamental level, nature appears invariant under Lorentz transformations. This symmetry, which includes rotations and boosts, is incorporated into the standard model of particle physics. Like other local relativistic field theories of point particles, the standard model is also invariant under the CPT transformation, which is formed from the combination of charge conjugation C, parity reflection P, and time reversal T. Numerous experimental tests of Lorentz and CPT symmetry have been performed [1, 2]. The exceptional sensitivity of these tests and the cornerstone role of Lorentz and CPT symmetry in established theory make studies of possible Lorentz and CPT violation of interest in the context of physics beyond the standard model [3].

Talks at previous conferences in this series (Orbis Scientiae 1997-I [4], 1997-II [5], and 1998) have presented the idea that Lorentz and CPT symmetry might be spontaneously broken in nature by effects emerging from a fundamental theory beyond the standard model, such as string theory [3]. They also have outlined the low-energy description of the resulting effects and have described a candidate consistent standard-model extension incorporating Lorentz and CPT violation [6]. In this talk, I summarize some of the recent experimental constraints on the standard-model extension that that have been obtained since the previous conference. New constraints on Lorentz and CPT violation are also being announced for the first time at this meeting, as reported in other contributions to the proceedings [7, 8].

Since the natual dimensionless suppression factor for observable Lorentz or CPT violation is the ratio r ∼ 10^{−17} of the low-energy scale to the Planck

1Presented at Orbis Scientiae 1999, Fort Lauderdale, Florida, December 1997

scale, relatively few experimental tests are capable of detecting any associated effect. Among those with the necessary sensitivity and placing interesting constraints on parameters in the standard-model extension are studies of neutral-meson oscillations [9, 10, 11, 12, 13, 14], comparative tests of QED in Penning traps [15, 16, 17, 18, 19], spectroscopy of hydrogen and antihydrogen [20, 8, 21], measurements of muon properties [22], clock-comparison experiments [23, 24, 8], observations of the behavior of a spin-polarized torsion pendulum [25, 7], measurements of cosmological birefringence [26, 6, 27, 28], and observations of the baryon asymmetry [29]. Effects on cosmic rays have also been investigated in a restricted version of the standard-model extension [30, 31]. In this contribution to the proceedings, I limit considerations to recent results directly relevant to the standard-model extension and obtained in kaon oscillations and in clock-comparison experiments.

EXPERIMENTS WITH NEUTRAL KAONS

Neutral-meson oscillations provide a sensitive tool for studies of Lorentz and CPT symmetry. In the kaon system, experiments already constrain the CPT figure of merit r_K ≡ |m_K − m_K|/m_K to better than a part in 10^{18} [9, 14, 32], with improvements expected in the near future [33].

The standard analysis [34, 35] of possible CPT violation in the kaon system is purely phenomenological, introducing a complex parameter δ_K in the standard relationships between the physical meson states and the stronginteraction eigenstates. However, in the context of the standard-model extension with Lorentz and CPT violation, the parameter δ_K is calculable rather than purely phenomenological. Thus, a meson with velocity ⃗β in the laboratory frame and associated boost factor γ displays CPT-violating effects given by [13] δ_K ≈ i sin ϕ̂ e^{iϕ̂}γ(Δa_0 − ⃗β · Δ⃗a)/Δm . (1) In this expression, ϕ̂ ≡ tan^{−1}(2Δm/Δγ), where Δm and Δγ are the mass and rate differences between the physical eigenstates, and the four components of the quantity Δa_μ control certain specific Lorentz- and CPT-violating couplings in the standard-model extension.

Equation (1) exhibits several unexpected features, including dependence on momentum magnitude and orientation. These imply various observable consequences including, for example, time variations of the measured value of δ_K with the Earth’s sidereal (not solar) rotation frequency Ω ≃ 2π/(23 h 56 min) [13]. To display explicitly the time dependence of δ_K arising from the rotation of the Earth, one can introduce a convenient nonrotating frame. Denote the nonrotating-frame basis as (X̂, Ŷ , Ẑ). The natural choice for Ẑ is the rotation axis of the Earth, and celestial equatorial coordinates can be used to fix the X̂ and Ŷ axes [24].

For the general case of a kaon with three-velocity ⃗β in the laboratory frame, an expression for the parameter δ_K in the nonrotating frame can be found. However, for simplicity in what follows I restrict attention to the special case of experiments involving highly collimated uncorrelated kaons with nontrivial momentum spectrum and large mean boost, such as the E773 and KTeV experiments [9, 36] where the average boost factor γ is of order 100. General theoretical expressions and a discussion of issues relevant to other classes of experiment can be found in Ref. [13].

In experiments with boosted collimated kaons, the ẑ axis for the laboratory frame can be chosen along the kaon three-velocity, ⃗β = (0, 0, β). The general expression for δ_K in the nonrotating frame then reduces to δ_K(⃗p, t) = i sin ϕ̂ e^{iϕ̂} Δm γ[Δa_0 + βΔa_Z cos χ + β sin χ(Δa_Y sin Ωt + Δa_X cos Ωt)], (2) where cos χ = ẑ · Ẑ. Note that this equation shows that each component of Δa_μ in the nonrotating frame is associated with momentum dependence through the boost factor γ, but only the coefficients of Δa_X and Δa_Y vary with sidereal time.

Experiments are performed over extended time periods, so a conventional analysis for CPT bounds disregarding the momentum and time dependence is sensitive to a time and momentum average over the data momentum spectrum given by |δ_K| = sin ϕ̂ Δm γ(Δa_0 + βΔa_Z cos χ) , (3)

where β and γ are averages of β and γ. This expression allows the derivation of a bound on a combination of the quantities Δa_0 and Δa_Z [13]:

|Δa_0 + 0.6Δa_Z| ∼< 10^{−20} GeV . (4)

In practice, the experimental constraints on δ_K are obtained via measurements on other observables such as the mass difference Δm, the K_S lifetime τ_S = 1/γ_S , and the ratios η_{+−}, η_{00} of amplitudes for 2π decays. Analysis shows that only the phases ϕ_{+−} and ϕ_{00} of the latter vary with momentum and sidereal time at leading order [13]. For example, the phase ϕ_{+−} is given by

ϕ_{+−} ≈ ϕ̂ + sin ϕ̂ |η_{+−}|Δm γ[Δa_0 + βΔa_Z cos χ + β sin χ(Δa_Y sin Ωt + Δa_X cos Ωt)]. (5) This expression shows that distinct bounds on the components of Δa_μ can in principle be obtained in experiments with boosted collimated kaons if the momentum spectrum is sufficiently resolved.

The KTeV collaboration has recently placed a constraint A_{+−} ∼< 0.5^∘ on the amplitude A_{+−} of time variations of the phase ϕ_{+−} with sidereal periodicity [14]. This gives the limit √ (Δa_X)^2 + (Δa_Y )^2 ∼< 10^{−20} GeV , (6)

which represents the first bound obtained on the parameters Δa_X and Δa_Y .

It should be noted that experiments with neutral mesons are presently the only ones known to be capable of detecting effects associated with the Lorentz- and CPT-violating parameter Δa_μ [13]. Note also that the two bounds (4) and (6) discussed here are independent constraints on possible CPT violation. Relative to the kaon mass, both bounds compare favorably with the ratio of the kaon mass to the Planck scale.

CLOCK-COMPARISON EXPERIMENTS

Among the most sensitive tests of Lorentz and CPT symmetry are the clock-comparison experiments [23]. These provide limits on possible spatial anisotropies and hence on violations of rotation symmetry by bounding the relative frequency change between two hyperfine or Zeeman transitions as the Earth rotates. Data from these experiments can be interpreted in the context of the standard-model extension [24]. In this section, I provide a brief outline of the primary results of this study.

The standard-model extension allows for flavor-dependent effects. Since distinct species of atoms and ions have different compositions in terms of elementary particles, the corresponding signals in clock-comparison experiments can crucially depend on the chosen species. The complexity of most atoms and ions makes it impractical to perform a complete ab initio calculation of energy-level shifts arising from Lorentz-violating terms in the standard-model extension. Fortunately, since any Lorentz-violating effects must be minuscule, it suffices to determine leading-order effects in a perturbative calculation. The leading perturbative contribution to Lorentz-violating energy-level shifts consists of a sum of shifts originating from each elementary particle in the atom, generated through the expectation value of the nonrelativistic Lorentz-violating hamiltonian in the multiparticle unperturbed atomic state.

The appropriate single-particle nonrelativistic hamiltonian is known [37], and its perturbation component δh for Lorentz violation has the form

δh = (a_0 − mc_{00} − me_0) + ( −b_j + md_{j0} −^1_2 mε_{jkl}g_{kl0} +^1_2 ε_{jkl}H_{kl} ) σ^j + . . . . (7) Here, m is the single-particle mass, each Lorentz index is split into a timelike component 0 and spacelike cartesian components j = 1, 2, 3, ε_{jkl} is the totally antisymmetric rotation tensor, and the Pauli matrices are denoted by σ^j. The other quantities are parameters for Lorentz and CPT violation arising in the standard-model extension. A complete expression for δh is given in Refs. [24, 37].

The multiparticle Lorentz-violating perturbative hamiltonian describing an atom W is formed as the sum of the perturbative hamiltonians for each of the N_w particles of type w comprising W :

h^′ = ∑ w Nw∑ N=1 δh_{w,N} . (8) Here, w is p for the proton, n for the neutron, and e for the electron. The perturbative hamiltonian δh_{w,N} for the Nth particle of type w has the form given in Eq. (7), except that the dependence of the parameters for Lorentz violation is shown by a superscript w.

The perturbative Lorentz-violating energy shift of the state |F, m_F ⟩ of W is derived as the expectation value ⟨F, m_F |h^′|F, m_F ⟩ of the perturbative hamiltonian (8) in the appropriate unperturbed quantum state. After some calculation, one finds [24] ⟨F, m_F |h^′|F, m_F ⟩ = ^m_F E^W_d + ~m_F E^W_q . (9) Here, ^m_F and ~m_F are ratios of Clebsch-Gordan coefficients [24]. The dipole and quadrupole energy shifts E^W_d and E^W_q are explicitly given in Ref. [24], and they involve components of the parameters for Lorentz violation defined in the laboratory frame.

Since the laboratory frame rotates with the Earth, the laboratory-frame components change cyclically with the Earth’s sidereal rotation frequency Ω. It is therefore more convenient to work in a nonrotating frame. Denote the nonrotating-frame basis by (X̂, Ŷ , Ẑ) as in the previous section, and let the laboratory-frame basis be (x̂, ŷ, ẑ). The ẑ axis here is taken as the quantization axis of W for the given experiment, and the angle χ ∈ (0, π) given by cos χ = ẑ · Ẑ is assumed nonzero.

To express the results in a relatively compact form, it is convenient to introduce nonrotating-frame combinations of Lorentz-violating parameters, denoted b̃_J , c̃_Q, c̃_{Q,J} , c̃_−, c̃_{XY} , d̃_J , g̃_{D,J} , g̃_Q, g̃_{Q,J} , g̃_−, g̃_{XY} . Their definitions in terms of quantities in the nonrelativistic hamiltonian h can be found in Ref. [24]. As one example,

b̃^w_J := b^w_J − md^w_{J0} +^1_2 mϵ_{JKL}g^w_{KL0} −^1_2ϵ_{JKL}H^w_{KL} , (10)

which involves a combination of CPT-odd and CPT-even couplings in the standard-model extension. Here, spatial indices in the nonrotating frame are denoted by J = X, Y, Z, the time index is denoted 0, and ϵ_{JKL} is the nonrotating-frame antisymmetric tensor.

Substituting the above into the expression for the energy-level shift gives

⟨F, m_F |h^′|F, m_F ⟩ = E_0+E_{1X} cos Ωt+E_{1Y} sin Ωt+E_{2X} cos 2Ωt+E_{2Y} sin 2Ωt . (11)

The energy E_0 is constant in time and is therefore irrelevant for clockcomparison experiments. The four other energies are given explicitly in terms of the Lorentz-violating parameters and other quantities in Ref. [24]. In clockcomparison experiments, the result is typically a bound on the amplitude of the time variation of a transition frequency, determined here as the difference between two energy-level shifts of the form ⟨F, m_F |h^′|F, m_F ⟩.

In the remainder of this section, I consider the clock-comparison experiments performed by Prestage et al., Lamoreaux et al., Chupp et al., and Berglund et al. [23]. Each of the bounds from each of these experiments fits one of the following forms: | | ∑ w [u^A_0 (β^A_wb̃^w_X + δ^A_wd̃^w_X + κ^A_wg̃^w_{D,X} ) + u^A_1 (γ^A_w c̃^w_{Q,X} + λ^A_wg̃^w_{Q,X} )] −v ∑ w [u^B_0 (β^B_w b̃^w_X + δ^B_w d̃^w_X + κ^B_w g̃^w_{D,X} ) + u^B_1 (γ^B_w c̃^w_{Q,X} + λ^B_w g̃^w_{Q,X} )] | | ∼< 2πε^{1,X}, | | ∑ w [u^A_0 (β^A_wb̃^w_Y + δ^A_wd̃^w_Y + κ^A_wg̃^w_{D,Y} ) + u^A_1 (γ^A_w c̃^w_{Q,Y} + λ^A_wg̃^w_{Q,Y} )] −v ∑ w [u^B_0 (β^B_w b̃^w_Y + δ^B_w d̃^w_Y + κ^B_wg̃^w_{D,Y} ) + u^B_1 (γ^B_w c̃^w_{Q,Y} + λ^B_w g̃^w_{Q,Y} )] | | ∼< 2πε^{1,Y} , | | ∑ w u^A_2 (γ^A_w c̃^w_− + λ^A_wg̃^w_− ) − v ∑ w u^B_2 (γ^B_w c̃^w_− + λ^B_w g̃^w_−) | | ∼< 2πε^{2,−}, | | ∑ w u^A_2 (γ^A_w c̃^w_{XY} + λ^A_wg̃^w_{XY} ) − v ∑ w u^B_2 (γ^B_w c̃^w_{XY} + λ^B_w g̃^w_{XY} ) | | ∼< 2πε^{2,XY} . (12) In these expressions, the coefficients u_0, u_1, u_2, and v contain the dependences on quantities such as ^m_F , ~m_F , χ, and gyromagnetic ratios. The quantities β, δ, κ, γ, λ with superscripts and subscripts are special matrix elements described in Ref. [24]. The parameter v = g_A/g_B is the ratio of gyromagnetic ratios for the atomic species A and B involved in the particular experiment. The associated bounds on the amplitudes of frequency shifts are denoted ε_{1,X}, ε_{1,Y} , ε_{2,−}, ε_{2,XY} , corresponding to sidereal or semi-sidereal variations as cos Ωt, sin Ωt, cos 2Ωt, sin 2Ωt, respectively. All the quantities in the above experiment are tabulated in Ref. [24] for each of the experiments in question.

It turns out that the experimental results all constrain distinct linear combinations of parameters for Lorentz violation. A useful tool for studying specific sensitivities is the nuclear Schmidt model [38]. In this context, the Prestage et al., Lamoreaux et al., and Chupp et al. experiments are sensitive to neutron parameters for Lorentz violation, while the Berglund et al. experiment is sensitive to electron, proton, and neutron parameters. In fact, only a subset of the allowed parameter space is constrained [24] by all these experiments. However, the bounds obtained are impressive and represent sensitivity to Planck-scale physics.

The relatively complicated form of the results (12) can be simplified under certain assumptions. If one supposes both no appreciable cancellation of effects between the species A and B and no cancellations among different terms in the sums appearing in Eq. (12), then the numerical value of each bound can be applied to each term in the sum, producing individual constraints on the parameters for Lorentz violation appearing in Eq. (12). To obtain specific values, one can work within the context of the Schmidt model and make some crude dimensional estimates of the unknown matrix elements. The results of this procedure are tabulated in Ref. [24]. For example, one finds that the Lorentz- and CPT-violating parameters b̃^w_J are most tightly constrained by the experiment of Berglund et al., which gives |b̃^n_J | ∼< 10^{−30} GeV, |b̃^e_J | ∼< 10^{−27} GeV, |b̃^p_J | ∼< 10^{−27} GeV. The experiments in Ref. [23] also bound other parameters, as described in Ref. [24].

Experiments producing both calculable and clean bounds would evidently be of particular theoretical interest. One possibility for improving both calculability and cleanliness is to use species W for which the Lorentzviolating energy shifts depend predominantly on a single valence particle w. For example, in the case where w is an electron, substances of nuclear spin zero could be used. For the case where w is a nucleon, a list of nuclei theoretically expected to yield relatively calculable and clean bounds is provided in Ref. [24].

NEW RESULTS REPORTED AT THIS CONFERENCE

In other presentations to this conference [7, 8], new experimental results are reported that provide relatively calculable and clean bounds on certain Lorentz-violating parameters in the standard-model extension. In this final section, I provide a brief summary placing these results in the context of the preceding discussion.

Neutron parameters. An interesting limit on neutron parameters for Lorentz violation is attainable using a dual nuclear Zeeman^3He-^{129}Xe maser [39] because the I =^1_2 nucleus^{129}Xe is sensitive to dipole energy shifts from neutron parameters. Within the Schmidt model, the description of the 3He and^{129}Xe systems are related, which leads to a relatively clean bound [24]. At this conference, Walsworth discusses [8] an experiment producing a bound of 80 nHz on sidereal variations of the free-running^3He frequency using^{129}Xe as a reference. In the context of the Schmidt model and the assumptions described in the previous section, this can be interpreted as a bound on equatorial components of |b̃^n_J | of approximately 10^{−31} GeV [8].

Electron parameters. High-sensitivity tests of Lorentz symmetry in the electron sector can be performed by searching for Lorentz-violating spin couplings with macroscopic materials having a net spin polarization generated by the effects of many electrons [25]. The most sensitive apparatus of this type at present is the spin-polarized torsion pendulum used with the Eöt-Wash II instrument at the University of Washington [40, 41, 7], which involves stacked layers of toroidal magnets producing a large net electron spin but negligible magnetic moment. At this conference, Heckel describes [7] an analysis of data taken with this apparatus that places a strong constraint on the components |b̃^e_J |, at the level of about 10^{−29} GeV for the equatorial components and about 10^{−28} GeV for the component along Ẑ.

Proton parameters. Since hydrogen is theoretically well understood, it is a good candidate for a substance producing a calculable bound in a clockcomparison experiment. In fact, the reference transition in the Prestage et al. experiment was a hydrogen maser. In the context of the standard-model extension, analyses of experiments with hydrogen and antihydrogen have been performed [16, 20, 21]. The standard H-maser line involves atomic states with m_F = 0 and is insensitive to Lorentz violation, but the other groundstate hyperfine lines involve states with m_F = ±1 and therefore are sensitive to Lorentz violation. The sidereal variations of these lines are determined at leading order by the combinations b̃^e_J ± b̃^p_J . At this conference, Walsworth describes [8] an experiment with hydrogen masers that places a bound of 0.7 mHz on the magnitude of sidereal variations in these frequencies. Combined with the above constraints on b̃^e_J in the electron sector announced by Heckel [7], this can be interpreted as a bound on the equatorial components of |b̃^p_J | of approximately 4 × 10^{−27} GeV [8].

ACKNOWLEDGMENTS

This work is supported in part by the United States Department of Energy under grant number DE-FG02-91ER40661.

REFERENCES

1. See, for example, Review of Particle Properties, Eur. Phys. J. C 3 (1998) 1.

2. See, for example, V.A. Kostelecký, ed., CPT and Lorentz Symmetry, World Scientific, Singapore, 1999.

3. V.A. Kostelecký and S. Samuel, Phys. Rev. D 39 (1989) 683; ibid. 40 (1989) 1886; Phys. Rev. Lett. 63 (1989) 224; ibid. 66 (1991) 1811; V.A. Kostelecký and R. Potting, Nucl. Phys. B 359 (1991) 545; Phys. Lett. B 381 (1996) 89; V.A. Kostelecký, M. Perry, and R. Potting, Phys. Rev. Lett. 84 (2000) 4541.

4. V.A. Kostelecký, in B.N. Kursunoglu, S.L. Mintz, A. Perlmutter, eds., High-Energy Physics and Cosmology, Plenum, New York, 1997 (hepph/9704264).

5. V.A. Kostelecký, in B.N. Kursunoglu, S.L. Mintz, A. Perlmutter, eds., Physics of Mass, Plenum, New York, 1999 (hep-ph/9810239).

6. D. Colladay and V.A. Kostelecký, Phys. Rev. D 55 (1997) 6760; ibid.

58, 116002 (1998).

7. B. Heckel et al., these proceedings. 8. R. Walsworth et al., these proceedings.

9. E773 collaboration, B. Schwingenheuer et al., Phys. Rev. Lett. 74 (1995) 4376. See also E731 collaboration, L.K. Gibbons et al., Phys. Rev. D 55 (1997) 6625; R. Carosi et al., Phys. Lett. B 237 (1990) 303.

10. V.A. Kostelecký and R. Potting, Phys. Rev. D 51 (1995) 3923. 11. V.A. Kostelecký and R. Potting, in D.B. Cline, ed., Gamma Ray– Neutrino Cosmology and Planck Scale Physics (World Scientific, Singapore, 1993) (hep-th/9211116); D. Colladay and V.A. Kostelecký, Phys. Lett. B 344 (1995) 259; Phys. Rev. D 52 (1995) 6224; V.A. Kostelecký and R. Van Kooten, Phys. Rev. D 54 (1996) 5585.

12. OPAL Collaboration, R. Ackerstaff et al., Z. Phys. C 76 (1997) 401;

DELPHI Collaboration, M. Feindt et al., preprint DELPHI 97-98 CONF 80 (July 1997).

13. V.A. Kostelecký, Phys. Rev. Lett. 80 (1998) 1818; Phys. Rev. D 61 (2000) 16002.

14. KTeV Collaboration, presented by Y.B. Hsiung at the KAON 99 conference, Chicago, June 1999.

15. P.B. Schwinberg, R.S. Van Dyck, Jr., and H.G. Dehmelt, Phys. Lett.

A 81 (1981) 119; Phys. Rev. D 34 (1986) 722; L.S. Brown and G. Gabrielse, Rev. Mod. Phys. 58 (1986) 233; R.S. Van Dyck, Jr., P.B. Schwinberg, and H.G. Dehmelt, Phys. Rev. Lett. 59 (1987) 26; G. Gabrielse et al., ibid., 74 (1995) 3544.

16. R. Bluhm, V.A. Kostelecký and N. Russell, Phys. Rev. Lett. 79 (1997) 1432; Phys. Rev. D 57 (1998) 3932.

17. G. Gabrielse et al., in Ref. [2]; Phys. Rev. Lett. 82 (1999) 3198. 18. H. Dehmelt et al., Phys. Rev. Lett. 83 (1999) 4694.

19. R. Mittleman, I. Ioannou, and H. Dehmelt, in Ref. [2]; R. Mittleman et al., Phys. Rev. Lett. 83 (1999) 2116.

20. R. Bluhm, V.A. Kostelecký and N. Russell, Phys. Rev. Lett. 82 (1999) 2254.

21. R. Bluhm et al., these proceedings.

22. V.A. Kostelecký and C.D. Lane, Phys. Rev. D 60 (1999) 116010. 23. V.W. Hughes, H.G. Robinson, and V. Beltran-Lopez, Phys. Rev. Lett.

4 (1960) 342; R.W.P. Drever, Philos. Mag. 6 (1961) 683; J.D. Prestage et al., Phys. Rev. Lett. 54 (1985) 2387; S.K. Lamoreaux et al., Phys. Rev. Lett. 57 (1986) 3125; Phys. Rev. A 39 (1989) 1082; T.E. Chupp et al., Phys. Rev. Lett. 63 (1989) 1541; C.J. Berglund et al., Phys. Rev. Lett. 75 (1995) 1879.

24. V.A. Kostelecký and C.D. Lane, Phys. Rev. D 60 (1999) 116010. 25. R. Bluhm and V.A. Kostelecký, Phys. Rev. Lett. 84 (2000) 1381. 26. S.M. Carroll, G.B. Field, and R. Jackiw, Phys. Rev. D 41 (1990) 1231. 27. R. Jackiw and V.A. Kostelecký, Phys. Rev. Lett. 82 (1999) 3572. 28. M. Pérez-Victoria, Phys. Rev. Lett. 83 (1999) 2518; J.M. Chung, Phys.

Lett. B 461 (1999) 138.

29. O. Bertolami et al., Phys. Lett. B 395 (1997) 178. 30. S. Coleman and S. Glashow, Phys. Rev. D 59 (1999) 116008. 31. O. Bertolami and C.S. Carvalho, gr-qc/9912117.

32. CPLEAR collaboration, presented by P. Bloch, at the KAON 99 conference, Chicago, June 1999.

33. P. Franzini, in G. Diambrini-Palazzi, C. Cosmelli, L. Zanello, eds., Phenomenology of Unification from Present to Future, World Scientific, Singapore, 1998; P. Franzini and J. Lee-Franzini, Nucl. Phys. Proc. Suppl. 71 (1999) 478.

34. See, for example, T.D. Lee and C.S. Wu, Annu. Rev. Nucl. Sci. 16 (1966) 511.

35. See, for example, R.G. Sachs, The Physics of Time Reversal, University of Chicago Press, Chicago, 1987.

36. J. Adams et al., Phys. Rev. Lett. 79 (1997) 4093. 37. V.A. Kostelecký and C.D. Lane, J. Math. Phys. 40 (1999) 6245. 38. T. Schmidt, Z. Physik 106 (1937) 358. 39. R.E. Stoner et al., Phys. Rev. Lett. 77 (1996) 3971. 40. E.G. Adelberger et al., in P. Herczeg et al., eds., Physics Beyond the Standard Model, p. 717, World Scientific, Singapore, 1999.

41. M.G. Harris, Ph.D. thesis, Univ. of Washington, 1998.