arXiv:0801.0287v5 [hep-ph] 13 Jan 2012

IUHET 568, January 2012

Data Tables for Lorentz and CPT Violation

V. Alan Kostelecký^a and Neil Russell^b aPhysics Department, Indiana University, Bloomington, IN 47405 bPhysics Department, Northern Michigan University, Marquette, MI 49855

IUHET 568; January 2012 update to Reviews of Modern Physics 83, 11 (2011) [arXiv:0801.0287]

This work tabulates measured and derived values of coefficients for Lorentz and CPT violation in the Standard-Model Extension. Summary tables are extracted listing maximal attained sensitivities in the matter, photon, neutrino, and gravity sectors. Tables presenting definitions and properties are also compiled.

CONTENTS

I. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 II. Summary tables . . . . . . . . . . . . . . . . . . . . . . . . . . . 2 III. Data tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3 IV. Properties tables . . . . . . . . . . . . . . . . . . . . . . . . . . 5 A. Minimal QED extension . . . . . . . . . . . . . . . 5 B. Minimal SME . . . . . . . . . . . . . . . . . . . . . . . . . 6 C. Nonminimal sectors . . . . . . . . . . . . . . . . . . . 7 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8 Table I: List of tables . . . . . . . . . . . . . . . . . . . . . . . . 11 Tables II–XXXV . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

I. INTRODUCTION

Recent years have seen a renewed interest in experimental tests of Lorentz and CPT symmetry. Observable signals of Lorentz and CPT violation can be described in a model-independent way using effective field theory [1].

The general realistic effective field theory for Lorentz violation is called the Standard-Model Extension (SME) [2, 3]. It includes the Standard Model coupled to General Relativity along with all possible operators for Lorentz violation. Both global [2] and local [3] Lorentz violation are incorporated. Since CPT violation in realistic field theories is accompanied by Lorentz violation [4], the SME also describes general CPT violation. Reviews of the SME can be found in Refs. [5, 6].

Each Lorentz-violating term in the Lagrange density of the SME is constructed as the coordinateindependent product of a coefficient for Lorentz violation with a Lorentz-violating operator. The Lorentz-violating physics associated with any operator is therefore controlled by the corresponding coefficient, and so any experimental signal for Lorentz violation can be expressed in terms of one or more of these coefficients.

The Lorentz-violating operators in the SME are systematically classified according to their mass dimension, and operators of arbitrarily large dimension can appear. At any fixed dimension, the operators are finite in number and can in principle be enumerated. A limiting case of particular interest is the minimal SME, which can be viewed as the restriction of the SME to include only Lorentz-violating operators of mass dimension four or less. The corresponding coefficients for Lorentz violation are dimensionless or have positive mass dimension.

The results summarized here concern primarily but not exclusively the coefficients for Lorentz violation in the minimal SME. We compile data tables for these SME coefficients, including both existing experimental measurements and some theory-derived limits. Each of these data tables provides information about the results of searches for Lorentz violation for a specific sector of the SME. For each measurement or constraint, we list the relevant coefficient or combination of coefficients, the result as presented in the literature, the context in which the search was performed, and the source citation. The tables include results available from the literature up to January 12, 2012.

The scope of the searches for Lorentz violation listed in the data tables can be characterized roughly in terms of depth, breadth, and refinement. Deep searches yield great sensitivity to a small number of SME coefficients. Broad searches cover substantial portions of the coefficient space, usually at a lesser sensitivity. Searches with high refinement disentangle combinations of coefficients. In the absence of a compelling signal for Lorentz violation, all types of searches are necessary to obtain complete coverage of the possibilities.

As a guide to the scope of the existing searches, we extract from the data tables four summary tables covering the sectors for matter (electrons, protons, neutrons, and their antiparticles), photons, neutrinos, and gravity. These summary tables list our best estimates for the maximal attained sensitivities to the relevant SME coefficients in the corresponding sectors. Each entry in the summary tables is obtained under the assumption that only one coefficient is nonzero. The summary tables therefore provide information about the overall search depth and breadth, at the cost of masking the search refinement.

In addition to the data tables and the summary tables, we also provide properties tables listing some features and definitions of the SME and the coefficients for Lorentz violation. The Lagrange densities for the minimal QED extension in Riemann spacetime, the minimal SME in Riemann-Cartan spacetime, and the nonminimal photon sector in Minkowski spacetime are provided in tabulated form. The mass dimensions of the operators for Lorentz violation and their properties under the various discrete spacetime transformations are displayed. Standard combinations of SME coefficients that appear in the literature are listed. Along with the data tables and the summary tables, the properties tables can be used to identify open directions for future searches. Among these are first measurements of unconstrained coefficients, improved sensitivities to constrained coefficients, and studies disentangling combinations of coefficients.

The organization of the tables is as follows. Table I contains a list of all tables. The four summary tables are presented next, Tables II, III, IV, and V. These are followed by the data tables, Tables VI to XXIV. The properties tables appear last, Tables XXV to XXXV.

A description of the summary tables is given in Sec. II. Information about the format and content of the data tables is presented in Sec. III, while Sec. IV provides an overview of the properties tables. The bibliography for the text and all the tables follows Sec. IV.

II. SUMMARY TABLES

Four summary tables are provided (Tables II, III, IV, V), listing maximal experimental sensitivities attained for coefficients in the matter, photon, neutrino, and gravity sectors of the minimal SME. To date, there is no confirmed experimental evidence supporting Lorentz violation. A few measurements suggest nonzero coefficients at weak confidence levels, and the OPERA collaboration has recently reported a 6σ difference between the speeds of muon neutrinos and light [7]. These latter results have been excluded in constructing the summary tables but are listed in the data tables.

In the four summary tables, each displayed sensitivity value represents our conservative estimate of a 2σ limit, given to the nearest order of magnitude, on the modulus of the corresponding coefficient. Our rounding convention is logarithmic: a factor greater than or equal to 10^{0.5} rounds to 10, while a factor less than 10^{0.5} rounds to 1. In a few cases, tighter results may exist when suitable theoretical assumptions are adopted; these results can be found in the data tables that follow.

Where observations involve a linear combination of the

FIG. 1: Standard Sun-centered inertial reference frame [8].

coefficients appearing in the summary tables, the displayed sensitivity for each coefficient assumes for definiteness that no other coefficient contributes. Some caution is therefore advisable in applying the results in these summary tables to situations involving two or more nonzero coefficient values. Care in applications is also required because under some circumstances certain coefficients can be intrinsically unobservable or can be absorbed into others by field or coordinate redefinitions as described in Sec. IV A.

In presenting the physical sensitivities, we adopt natural units with ℏ = c = ϵ_0 = 1 and express mass units in GeV. Our values are reported in the standard Suncentered inertial reference frame [8] widely used in the literature. This frame is illustrated in Fig. 1. The origin of the time coordinate T is at the 2000 vernal equinox. The Z axis is directed north and parallel to the rotational axis of the Earth at T = 0. The X axis points from the Sun towards the vernal equinox, while the Y axis completes a right-handed system. Some further details about this frame, including transformations to other frames, can be found in Section III A and Appendix C of Ref. [9].

Table II lists the maximal attained sensitivities involving electrons, protons, neutrons, and their antiparticles. For each distinct massive spin-half Dirac fermion in the minimal SME in Minkowski spacetime, there are 44 independent observable combinations of coefficients for Lorentz violation in the nonrelativistic limit. Of these, 20 also control CPT violation. The 44 combinations are conventionally chosen as the tilde coefficients shown. The definitions of these 44 tilde coefficients in terms of coefficients in the minimal SME are listed in Table XXVII. All the definitions appear elsewhere in the literature [8] except the four combinations b̃^∗_J and c̃_{T T} . The three tilde coefficients b̃^∗_J are the antimatter equivalent of the tilde coefficients b̃_J . They appear in nonrelativistic studies of antimatter properties, such as the hyperfine transitions of antihydrogen [10]. The tilde coefficient c̃_{T T} is a simple scaling of the coefficient c_{T T} in the minimal SME, introduced here to ensure completeness of the set of tilde coefficients. All tilde coefficients have dimensions of GeV in natural units. In Table II, a superscript indicating the particle species of relevance is understood on all coefficients. For example, the first line of the table presents limits on three different tilde coefficients, b̃^e_X , b̃^p_X , b̃^n_X . In the table, a dash indicates that no sensitivity to the coefficient has been identified to date. A few maximal sensitivities listed in the electron column are obtained by applying the inverse of the definitions in Table XXVII to the electron-sector data in Table VI.

Table III displays the maximal attained sensitivities to coefficients for Lorentz violation in the photon sector. There are 23 observable coefficient combinations for photons in the minimal SME, of which four also control CPT violation. The first four rows of the table concern combinations of these four coefficients, which have dimensions of GeV in natural units. The second part of the table displays maximal sensitivities to 19 tilde coefficients, which are conventional combinations of the 19 dimensionless coefficients in the minimal SME. The definitions of all 23 combinations of coefficients in the minimal SME are taken from the literature [9, 11] and are provided in Table XXVIII. The final section of the table concerns those few coefficients in the photon sector of the full SME that control isotropic Lorentz violation. Exactly one such coefficient exists for each operator of mass dimension d [12]. The operators also violate CPT when d is odd. The table displays maximal attained sensitivities to isotropic Lorentz violation from operators of dimension 3 ≤ d ≤ 9.

Table IV lists the maximal attained sensitivities to a subset of the coefficients controlling Lorentz-violating mixing and propagation of the three flavors ν_e, ν_μ, ν_τ of left-handed neutrinos and antineutrinos in the SME. Other coefficients exist but are unconstrained to date. In this table, each numerical value gives the limit on the modulus of the corresponding coefficient. A dash indicates that no sensitivity to the coefficient has been identified as yet. The first 14 rows of the table concern cartesian coefficients governing neutrino mixing for operator dimensions d = 3 and d = 4. All these flavor-mixing coefficients are complex, so bounds on both real and imaginary parts are provided. A subscript eμ, eτ, or μτ indicating the specific flavor mixing is understood on each coefficient and can be identified by the column heading. For example, the entry in the first row and second column provides the constraint |Re (a_L)^T_{eμ}| < 10^{−20} GeV. The last eight rows of Table IV concern spherical coefficients in the nonminimal neutrino sector, which are defined in the literature [13] and listed in Table XXXV. These eight rows list maximal attained sensitivities to isotropic oscillation-free operators of dimension 3 ≤ d ≤ 10 controlling propagation, along with isotropic mixing operators of dimension 3 ≤ d ≤ 10 controlling ν_e ↔ ν_μ oscillations. One isotropic coefficient of each type exists for each d, and the corresponding operators violate CPT when d is odd.

Table V displays the maximal attained sensitivities to certain coefficients for Lorentz violation involving the gravity sector of the minimal SME. Two classes of coefficients can be distinguished in this context: ones appearing in the matter sector, and ones appearing in the pure-gravity sector. For the first class, Table V contains results for the 24 coefficients a^e_μ, a^p_μ, a^n_μ and e^e_μ, e^p_μ, e^n_μ involving the electron, proton, and neutron sectors. These observables are associated with CPT-odd operators and have dimensions of GeV in natural units. The prefactor α is a model-dependent number [14]. For the second class, the table displays nine combinations of the nine dimensionless coefficients for Lorentz violation s^{μν} . Additional sets of coefficients involving the gravity sector exist, but no sensitivities to them have been identified to date.

III. DATA TABLES

We present 19 data tables compiled from the existing literature. Of these, 13 tables include results for various sectors of the minimal SME: the electron sector (Table VI), the proton sector (Table VII), the neutron sector (Table VIII), the photon sector (Tables IX and X), the charged-lepton sector (Table XI), the neutrino sector (Tables XII, XIII, and XIV), the meson sector (Table XV), the electroweak sector (Table XVI), the gluon sector (Table XVII), and the gravity sector (Table XVIII). The remaining six tables list existing bounds on nonminimal coefficients for Lorentz violation in the photon sector (Tables XIX, XX, and XXI) and the neutrino sector (Tables XXII, XXIII, and XXIV).

Each of these 19 data tables contains four columns. The first column lists the coefficients for Lorentz violation or their relevant combinations. Results for coefficients of the same generic type are grouped together. Certain results involve combinations of coefficients across more than one sector; each of these has been listed only once in the table deemed most appropriate. Some minor changes in notation or format have been introduced as needed, but for the most part the results are quoted as they appear in the cited references. Definitions for standard combinations of coefficients are provided in the properties tables that follow. A few authors use unconventional notation; where immediate, the match to the standard notation is shown. Parentheses enclosing a pair of indices on a coefficient indicate symmetrization without a factor of two.

The second column contains the measurements and bounds, presented in the same form as documented in the literature. For each generic type of coefficient, the results are listed in reverse chronological order. If no significant figures appear in the quoted limit on an absolute value, the order of magnitude of the limit is given as a power of 10. Where both statistical and systematic errors appear in a given result, they are quoted in that order.

The third column contains a succinct reminder of the physical context in which the bound is extracted, while the fourth column contains the source citations. The reader is referred to the latter for details of experimental and theoretical procedures, assumptions underlying the results, definitions of unconventional notations, and other relevant information. Results deduced on theoretical grounds are distinguished from those obtained via direct experimental measurement by an asterisk placed after the citation.

Tables VI, VII, and VIII contain data for the electron, proton, and neutron sectors, respectively. Each table is divided into sections focusing sequentially on combinations involving the coefficients b_ν , c_{μν} , H_{μν} , d_{μν} , and g_{μνλ}. A superscript indicating the particle species of relevance is understood on all coefficients in these three tables. Standard definitions for the coefficients and their combinations are provided in Tables XXV and XXVII. Some results depend on η ≃ 23.5^∘, which is the angle between the equatorial and ecliptic planes in the solar system. Note that existing bounds on observables involving a^e_ν , a^p_ν , a^n_ν , and e^e_ν , e^p_ν , e^n_ν are obtained from gravitational experiments and are listed with the gravity-sector results in Table XVIII.

Tables IX and X present the photon-sector data for operator dimensions d = 3 and d = 4, respectively. Most of the combinations of coefficients for Lorentz violation appearing in the first columns of these tables are defined in Tables XXVIII and XXXIV. The combinations k^{(3)}_{(V )jm},

k^{(4)}_{(E)jm}, and k^{(4)}_{(B)jm} arise from analyses [11, 12, 15] using spin-weighted spherical harmonics. The factor of β_⊕ appearing in some places is the speed of the Earth in the standard Sun-centered reference frame, which is about 10^{−4} in natural units.

Tables XI–XIV list measurements and bounds on coefficients for Lorentz violation involving second- and thirdgeneration leptons in the minimal SME and on coefficients for neutrino operators of renormalizable dimension. Results for muons and tau leptons are in Table XI, while those for neutrinos are in Tables XII–XIV and are separated according to operator dimension d. For all these tables, many of the cartesian coefficients appearing in the first column are specified in the lepton sector of Table XXIX and in Table XXXII, while the spherical neutrino coefficients are listed in Table XXXV. The neutrino results in Tables XII–XIV are obtained in the context of various simplified models, as discussed in the references.

Table XV presents experimental sensitivities to coefficients for operators involving second- and thirdgeneration quark fields, which presently are limited to mesons. The coefficients appearing in this table are composite quantities defined in the corresponding references. They are effective coefficients for which complete analytical expressions are as yet unknown, formed from certain quark-sector coefficients appearing in Table XXIX and from other quantities arising from the quark binding in the mesons.

Tables XVI and XVII concern coefficients in the gauge sectors of the minimal SME. Results for the electroweak sector are listed in Table XVI, while those for the gluon sector are in Table XVII. The coefficients for the electroweak sector are defined in the gauge and Higgs sections of Table XXX. The gluon-sector coefficient is the analogue of the corresponding photon-sector coefficient defined in Table XXVIII. To date, all results for the gauge sector are deduced from theoretical considerations.

Table XVIII presents measurements and bounds concerning the gravity sector of the minimal SME. The specific combinations of coefficients in the pure-gravity sector that appear in the first column are defined in the references. They are expressed in terms of the coefficients for Lorentz violation listed in the gravity section of Table XXX.

Tables XIX–XXI contain a compilation of some measurements and bounds on coefficients for Lorentz violation in the nonminimal photon sector of the SME. Results are available for a variety of operators of dimensions 5 through 9, with the coefficients for d = 5, d = 6, and 7 ≤ d ≤ 9 being placed in distinct tables. A convenient basis for classifying operators of arbitrary dimension d is given by the spin-weighted spherical harmonics [12]. The corresponding coefficients in the photon sector are listed in Table XXXIV. Some constraints have been obtained for the vacuum coefficients for Lorentz violation, which are c^{(d)}_{(I)jm}, k^{(d)}_{(E)jm}, k^{(d)}_{(B)jm} for even d and k^{(d)}_{(V )jm} for odd d, where the subscripts jm label the angular-momentum quantum numbers. In the first columns of Tables XIX– XXI, the usual spherical harmonics Y_{jm} are evaluated at specified angles, which are the celestial coordinates of certain astrophysical sources. Measurements of some vacuum-orthogonal coefficients for Lorentz violation are also listed.

Tables XXII–XXIV contain results for coefficients in the nonminimal neutrino sector. Most results are for operators of dimension 5 ≤ d ≤ 10, but a few results in Table XXIV concern operators of arbitrary dimension. The coefficients for d = 5, d = 6, and d ≥ 7 are placed in distinct tables. In parallel with the photon sector, a basis using spin-weighted spherical harmonics is adopted to classify the neutrino operators [13]. The corresponding sets of spherical coefficients are listed in Table XXXV. In

Tables XXII and XXIII a horizontal line is used to separate oscillation-free coefficients from those controlling neutrino mixing. Many of the results listed are obtained in the context of specific neutrino models, described in the cited papers. The last ten lines of Table XXIV concern more general models and present constraints involving combinations of an infinite number of coefficients. In some entries in these tables, orientation information is encoded in the factors_sN_{jm}, which are defined in Eq. (93) of Ref. [13] and evaluated at specific angles determined by the neutrino propagation direction and the laboratory location.

IV. PROPERTIES TABLES

Eleven properties tables are provided, listing various features and definitions related to Lorentz violation. Four tables concern the terms in the restriction of the minimal SME to quantum electrodynamics (QED) in Riemann spacetime. For this theory, which is called the minimal QED extension, the tables include information about the operator structure (Table XXV), the action of discrete symmetries (Table XXVI), and some useful coefficient combinations (Tables XXVII and XXVIII). Two tables contain information about the matter sector (Table XXIX) and the gauge and gravity sectors (Table XXX) of the minimal SME in Riemann-Cartan spacetime. Another two tables summarize some features of the coefficients for Lorentz violation concerning operators of renormalizable dimension in the neutrino sector. One (Table XXXI) lists the cartesian coefficients and some of their properties, while the other (Table XXXII) provides the connection between cartesian and spherical coefficients. The three remaining tables (Tables XXXIII, XXXIV, and XXXV) provide information about the operator structure and the spherical coefficients for Lorentz violation in the nonminimal photon and neutrino sectors.

For these properties tables, our primary conventions are those of Ref. [3]. Greek indices μ, ν, λ, . . . refer to curved-spacetime coordinates and Latin indices a, b, c, . . . to local Lorentz coordinates. The vierbein formalism [16], which relates the two sets of coordinates, is adopted to facilitate the description of spinors on the spacetime manifold. The determinant e of the vierbein e^a_μ is related to the determinant g of the metric g_{μν} by e = √ −g. The conventions for the Dirac matrices γ^a are given in Appendix A of Ref. [3]. The Newton gravitational constant G_N enters as the combination κ ≡ 8πG_N , and it has dimensions of inverse mass squared.

In the Minkowski-spacetime limit, the metric g_{μν} is written η_{μν} with diagonal entries (−1, 1, 1, 1). For decompositions into time and space components, we adopt the Sun-centered frame of Fig. 1 and use indices J, K, L, . . . to denote the three spatial components X, Y, Z. The sign of the antisymmetric tensor ϵ_{κλμν} is fixed via the component ϵ_{T XY Z} = +1, and the antisymmetric symbol in three spatial dimensions is defined with ϵ_{XY Z} = +1. Note that some of the literature on the SME in Minkowski spacetime adopts a metric η_{μν} of opposite sign, following the common present usage in quantum physics instead of the one in relativity. Under this alternative convention, terms in the Lagrange density with an odd number of index contractions have opposite signs to those appearing in this work. The numerical results for the SME coefficients in the tables are unaffected by the convention.

A. Minimal QED extension

Table XXV concerns the minimal QED extension, for which the basic nongravitational fields are a Dirac fermion ψ and the photon A_μ. The electromagnetic field-strength tensor is F_{μν} = ∂_μA_ν − ∂_ν A_μ. The puregravity sector involves the Riemann tensor R_{κλμν} , the Ricci tensor R_{μν} , the curvature scalar R, and the cosmological constant Λ. The spacetime covariant derivative D_μ corrects local Lorentz indices using the spin connection, corrects spacetime indices using the Cartan connection, and contains the usual gauge field A_μ for the

photon. The notation^↔D_μ is an abbreviation for the difference of two terms, the first with derivative acting to the right and the second acting to the left. Note that Table XXV is restricted to the zero-torsion limit of the minimal SME. The general case [3] involves additional operators constructed with the torsion tensor T^α_{μν} . The Minkowski-spacetime limit of QED with nonzero torsion contains terms that mimic Lorentz violation, so searches for Lorentz violation can be used to bound components of the torsion tensor [17].

In Table XXV, each line specifies one term in the Lagrange density for the QED extension in Riemann spacetime. Both conventional QED terms and ones with Lorentz violation are included. The first column indicates the sector to which the term belongs. The second column lists the coefficient controlling the corresponding operator. Note the standard use of an upper-case letter for the coefficient H_{μν} , which distinguishes it from the metric fluctuation h_{μν} . The third column shows the number of components for the coefficient. The next three columns list the operator, its mass dimension, and the vierbein factor contracting the coefficient and the operator. The final two columns list the properties of the term under CPT and Lorentz transformations. A CPT-even operator is indicated by a plus sign and a CPT-odd one by a minus sign, while terms violating Lorentz invariance are identified by a check mark.

As an example, consider the fourth row of Table XXV. This concerns the term in the fermion sector with coefficient a_μ for Lorentz violation. The coefficient has four independent components, which control the four Lorentzviolating operators ψγ^aψ. The gravitational couplings of this operator are contained in the vierbein product ee^μ_a. The corresponding term in the Lagrange density for the minimal QED extension in Riemann spacetime is L_a = −ea_μe^μ_aψγ^aψ. It has mass dimension 3 and is CPT odd. The Minkowski-spacetime limit of this term can be obtained by the vierbein replacement e_μ^a → δ_μ^a. The number of index contractions in L_a is two, one each for the μ and a indices, so the overall sign of L_a is unaffected by the choice of convention for the Minkowski metric.

The properties listed in Table XXV are those of the operators in the Lagrange density rather than those associated with observables. The issue of observability of a given coefficient can be subtle because experiments always involve comparisons of at least two quantities. The point is that in certain tests a given coefficient may produce the same effect on two or more quantities and so may be unobservable, or it may produce effects indistinguishable from those of other coefficients. This situation can often be theoretically understood via a field redefinition that eliminates the coefficient from the relevant part of the Lagrange density without affecting the dynamics of the experiment in question. For example, a constant coefficient a_μ in the minimal QED extension in Minkowski spacetime is unobservable in any experiment involving a single fermion flavor because it can be absorbed as a phase shift in the fermion field [2]. The situation changes in Riemann spacetime, where three of the four components of a_μ become observables affecting the gravitational properties of the fermion [3]. Another example is provided by the coefficient f_μ in the minimal QED extension in Minkowski spacetime, which can be converted into a coefficient of the c_{μν} type via a change of spinor basis [18, 19]. Additional subtleties arise because any experiment must always choose definitions of clock ticking rates, clock synchronizations, rod lengths, and rod isotropies. This involves 10 free coordinate choices and implies the unobservability of 10 combinations of coefficients for Lorentz violation [20].

Table XXVI lists the properties under discretesymmetry transformations of the Lorentz-violating operators in the minimal QED extension [21]. The seven transformations considered are charge conjugation C, parity inversion P, time reversal T, and their combinations CP, CT, PT, and CPT. The first column specifies the operator by indicating its corresponding coefficient. Each of the other columns concerns one of the seven transformations. An even operator is indicated by a plus sign and an odd one by a minus sign. The table contains eight rows, one for each of the eight possible combinations of signs under C, P, and T.

Table XXVII lists the definitions of the 44 combinations of coefficients for Lorentz violation that frequently appear in experimental analyses involving the fermion sector of the minimal QED extension in Minkowski spacetime in the nonrelativistic limit. These combinations are conventionally denoted by tilde coefficients, listed in the first column of the table. Note that six of these combinations, c̃_X , c̃_Y , c̃_Z , g̃_{T X} , g̃_{T Y} , and g̃_{T Z} , are denoted as c̃_{Q,Y} , c̃_{Q,X} , c̃_{XY} , g̃_{Q,Y} , g̃_{Q,X} , and g̃_{XY} , respectively, in some early publications. The definitions in the table are given for a generic fermion of mass m. Most applications in the literature involve electrons, protons, neutrons, and their antiparticles, for which the corresponding mass is understood. The final column lists the number of independent components of each coefficient. For matter involving electrons, protons, neutrons, and their antiparticles, there are therefore 132 independent observable coefficients for Lorentz violation in the minimal QED sector of the SME in Minkowski spacetime.

Table XXVIII presents definitions for certain combinations of the 23 coefficients for Lorentz violation in the photon sector of the minimal QED extension in Minkowski spacetime. This table has three sections. The first section consists of five rows listing 19 widely used combinations of the 19 coefficients for CPT-even Lorentz violation. The second section provides 10 alternative combinations involving the 10 CPT-even Lorentzviolating operators relevant to leading-order birefringence [9]. The third section lists four combinations of the four coefficients for CPT-odd Lorentz violation. These combinations appear when a basis of spin-weighted spherical harmonics is adopted.

B. Minimal SME

Table XXIX concerns the fermion-sector terms in the Lagrange density of the minimal SME in Riemann- Cartan spacetime. The column headings are similar to those in Table XXV. In the lepton sector, the left- and right-handed leptons are denoted by L_A and R_A, where A is the generation index. The SU(2) doublet L_A includes the three neutrino fields ν_e, ν_μ, ν_τ and the left-handed components of the three charged leptons e, μ, and τ. The SU(2) singlet R_A contains the right-handed components of e, μ, and τ. The derivative D_μ is both spacetime and SU(3)×SU(2)×U(1) covariant. The quark fields are denoted U_A, D_A, and Q_A, where A is the generation index. The right-handed components of the u, c, and t quarks are the SU(2) singlets U_A, while the right-handed components of d, s, and b are the SU(2) singlets D_A. The six left-handed quark fields are contained in the SU(2) doublet Q_A. The Yukawa sector involves terms coupling the Higgs doublet ϕ to the leptons and to the quarks. The conventional Yukawa-coupling matrices are denoted (G_L)_{AB} , (G_U )_{AB} , and (G_D )_{AB} . The hermitian conjugate of an operator is abbreviated h.c. in the table.

Table XXX presents information about the Higgs, gauge, and pure-gravity sectors for the Lagrange density of the minimal SME in Riemann-Cartan spacetime. The structure of the table is the same as that of Table XXIX. As before, D_μ is both a spacetime and an SU(3)×SU(2)×U(1) covariant derivative. The complex Higgs field is denoted ϕ, the SU(3) color gauge fields and the SU(2) gauge fields are the hermitian adjoint matrices G_μ and W_μ, respectively, while the U(1) hypercharge gauge field is the singlet B_μ. Each gauge field has an associated field strength, denoted G_{μν} for the strong interactions, W_{μν} for the weak interactions, and B_{μν} for the hypercharge. The pure-gravity sector of Table XXX differs from that in Table XXV only in the addition of terms involving the torsion field T^α_{μν} .

The minimal SME in Riemann-Cartan spacetime described in Tables XXIX and XXX can be reduced to the minimal QED in Riemann spacetime described in Table XXV as follows. For the gauge sector, including the covariant derivatives, remove all the gauge fields except the charge U(1) field in the photon limit B_μ → A_μ, and remove all the Higgs terms. For the gravity sector, remove all the torsion terms. For the fermion sector, restrict the lepton generation index to a single value, remove all quark and neutrino terms, and replace the Yukawacoupling terms with the relevant fermion mass terms.

Table XXXI concerns the piece of the neutrino sector in the SME that contains operators of renormalizable dimension, including both neutrino masses and Lorentzviolating terms. We restrict attention to three generations of active neutrinos and antineutrinos, allowing for possible violations of SU(3) × SU(2) × U(1) gauge symmetry and lepton number [22]. In the table, the first row involves the usual neutrino mass matrix (m_lm^†_l )_{ab}, where the indices a, b take values e, μ, and τ. The next four rows concern coefficients for Lorentz violation that enter without mass in the relativistic limit of the effective hamiltonian for neutrino propagation and mixing, while the final five rows list coefficients that involve combinations of mass and Lorentz-violating effects [13]. The first column labels the coefficient types, the second column lists the coefficients, and the third gives the dimensions of the corresponding operators. The fourth column indicates generically the type of neutrino oscillations controlled by the coefficients. The final two columns list the properties of the operators under CPT and Lorentz transformations.

Table XXXII provides the relationships between the spherical coefficients for neutrino operators of renormalizable dimension listed in Table XXXV and the cartesian ones listed in Table XXXI. The spherical coefficients for Lorentz violation arise when a basis of spin-weighted spherical harmonics is chosen [13]. Table XXXII is split into six sections according to the dimension and CPT properties of the operators, with each section having three columns. The first column lists the spherical coefficients, the second shows the corresponding combination of cartesian components, and the third shows the number of independent spherical coefficients appearing in each section. On each spherical coefficient, superscript flavor-space indices ab are understood. To keep the expressions compact, some of the combinations are expressed using cartesian components of the complex vector X̂_± = X̂ ∓iŶ . The counting of independent spherical coefficients is obtained by taking into account hermiticity, symmetry, or antisymmetry conditions in flavor space. In total, 369 independent spherical coefficients exist for neutrino operators of renormalizable dimension.

C. Nonminimal sectors

Table XXXIII provides information about the nonminimal photon sector of the full SME in Minkowski spacetime. The relevant part of the Lagrange density includes operators of arbitrary dimension d that are both gauge invariant and quadratic in the photon field A_μ [12]. The structure of the table is similar to that adopted for Tables XXV, XXIX, and XXX, with each row associated with a term in the Lagrange density. The first column lists the coefficient for Lorentz violation, while the second column counts its independent components. The next three columns provide the corresponding operator appearing in the Lagrange density, its mass dimension, and the factor contracting the coefficient and the operator. The last two columns list the properties of the operator under CPT and Lorentz transformations, using the same conventions as Table XXV.

Three sections appear in Table XXXIII, separated by horizontal lines. The first section concerns the conventional Lorentz-preserving Maxwell term in the Lagrange density for the photon sector. The second and third sections concern coefficients associated with operators of odd and even dimensions d, respectively. Each of these sections has three rows for the lowest three values of d, along with a final row applicable to the case of general d. The notation for the coefficients incorporates a superscript specifying the dimension d of the corresponding operator. Note that the mass dimension of the coefficients is 4 − d. In each section, the first row describes terms in the minimal SME, and the match is provided between the general notation for nonminimal coefficients and the standard notation used for the minimal SME in Table XXV. In the case of mass dimension four, there are 19 independent Lorentz-violating operators. However, for this case the number in the second column is listed as 19 + 1 to allow for an additional Lorentz-preserving trace term, which maintains consistency with the expression for general d in the last row.

Table XXXIV summarizes properties of spherical coefficients for Lorentz violation in the nonminimal photon sector of the full SME in Minkowski spacetime [12]. The spherical coefficients are combinations of the coefficients listed in Table XXXIII that are of particular relevance for observation and experiment. They can be separated into two types. One set consists of vacuum coefficients that control leading-order effects on photon propagation in the vacuum, including birefringence and dispersion. The complementary set contains the vacuum-orthogonal coefficients, which leave photon propagation in the vacuum unaffected at leading order. The two parts of Table XXXIV reflect this separation, with the part above the horizontal line involving the vacuum coefficients and the part below involving the vacuum-orthogonal ones.

In Table XXXIV, the first column of the table identifies the type of spherical coefficients, while the second column lists the specific coefficient. The coefficient notation reflects properties of the corresponding operator. Coefficients associated with operators leaving unchanged the leading-order photon propagation in the vacuum are distinguished by a negation diacritic ¬. A symbol k denotes coefficients for birefringent operators, while c denotes nonbirefringent ones. The superscript d refers to the operator mass dimension, while the subscripts n, j, m determine the frequency or wavelength dependence, the total angular momentum, and the z-component of the angular momentum, respectively. The superscripts E and B refer to the parity of the operator, while the numerals 0, 1, or 2 preceding E or B refer to the spin weight. Note that the photon-sector coefficients in the minimal SME correspond to the vacuum coefficients with d = 3, 4. The third, fourth, and fifth columns of Table XXXIV provide the allowed ranges of the dimension d and of the indices n and j. The index m can take values ranging from −j to j in unit increments. The final column gives the number of independent coefficient components for each operator of dimension d.

Table XXXV provides a guide to spherical coefficients for Lorentz violation in the neutrino sector of the full SME [13]. Use of these coefficients simplifies analyses in many circumstances because their rotation properties are comparatively simple. The table is separated by horizontal lines into seven sections, reflecting the various theoretical scenarios listed in the first column. The spherical coefficients relevant to each scenario are given in the second column. The third column shows the allowed values of the corresponding operator dimensions, while the fourth column provides the permissible range of the angularmomentum quantum number j. The last two columns display the number of independent coefficients involved and the CPT properties of the corresponding operators.

The effective hamiltonian governing the propagation and mixing of neutrinos in the presence of Lorentzviolating operators of arbitrary dimensions contains four sets of effective spherical coefficients, listed in the first section of Table XXXV. The observables in a given experiment lie among these effective coefficients. In the leading-order relativistic limit, they are formed from combinations of the ten sets of basic spherical coefficients displayed in the second section of the table. Six of these basic sets involve Dirac-type operators coupling neutrinos to neutrinos and antineutrinos to antineutrinos, while four involve Majorana-type operators coupling neutrinos to antineutrinos. The remainder of the sections in the table concern various limiting cases of the general formalism. The spherical coefficients associated with operators of renormalizable dimension are shown in the third section. Their relation to the cartesian coefficients listed in Table XXXI is given in Table XXXII. The fourth section of Table XXXV contains the coefficients appearing in the massless limit of the SME. The remaining three sections concern the special limits of flavor-blind and oscillationfree operators, of simultaneously diagonalizable operators, and of various types of isotropic operators. Constraints on many of the coefficients listed in these sections have been obtained and are given in the data tables.

Acknowledgments

This work was supported in part by the U.S. Department of Energy grant DE-FG02-91ER40661 and by the Indiana University Center for Spacetime Symmetries.

[1] V.A. Kostelecký and R. Potting, Phys. Rev. D 51, 3923 (1995) [hep-ph/9501341].

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

[3] V.A. Kostelecký, Phys. Rev. D 69, 105009 (2004) [hep-th/0312310].

[4] O.W. Greenberg, Phys. Rev. Lett. 89, 231602 (2002) [hep-ph/0201258].

[5] V.A. Kostelecký, ed., CPT and Lorentz Symmetry I, II, III, IV, V, World Scientific, Singapore 1999, 2002, 2005, 2008, 2011.

[6] R. Bluhm, Lect. Notes Phys. 702, 191 (2006) [hep-ph/0506054].

[7] T. Adam et al., OPERA Collaboration, arXiv:1109.4897.

[8] R. Bluhm et al., Phys. Rev. Lett. 88, 090801 (2002) [hep-ph/0111141]; Phys. Rev. D 68, 125008 (2003) [hep-ph/0306190].

[9] V.A. Kostelecký and M. Mewes, Phys. Rev. D 66, 056005 (2002) [hep-ph/0205211].

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

[11] V.A. Kostelecký and M. Mewes, Phys. Rev. Lett. 99, 011601 (2007) [astro-ph/0702379].

[12] V.A. Kostelecký and M. Mewes, Phys. Rev. D 80, 015020 (2009) [arXiv:0905.0031].

[13] V.A. Kostelecký and M. Mewes, arXiv:1112.6395. [14] V.A. Kostelecký and J.D. Tasson, Phys. Rev. Lett. 102, 010402 (2009) [arXiv:0810.1459].

[15] V.A. Kostelecký and M. Mewes, Astrophys. J. Lett.

689, L1 (2008) [arXiv:0809.2846].

[16] R. Utiyama, Phys. Rev. 101, 1597 (1956); T.W.B. Kibble, J. Math. Phys. 2, 212 (1961).

[17] V.A. Kostelecký, N. Russell, and J.D. Tasson, Phys.

Rev. Lett. 100, 111102 (2008) [arXiv:0712.4393]. [18] B. Altschul, J. Phys. A 39, 13757 (2006) [hep-th/0602235].

[19] V.A. Kostelecký and N. Russell, Phys. Lett. B 693, 443 (2010) [arXiv:1008.5062].

[20] V.A. Kostelecký and J. Tasson, Phys. Rev. D 83, 016013 (2011) [arXiv:1006.4106].

[21] V.A. Kostelecký, C.D. Lane, and A.G.M. Pickering, Phys. Rev. D 65, 056006 (2002) [hep-th/0111123].

[22] V.A. Kostelecký and M. Mewes, Phys. Rev. D 69, 016005 (2004) [hep-ph/0309025].

[23] B.R. Heckel et al., Phys. Rev. D 78, 092006 (2008) [arXiv:0808.2673].

[24] T.W. Kornack, G. Vasilakis, and M.V. Romalis, in Ref.

[5], vol. IV.

[25] B.R. Heckel et al., Phys. Rev. Lett. 97, 021603 (2006) [hep-ph/0606218].

[26] L.-S. Hou, W.-T. Ni, and Y.-C.M. Li, Phys. Rev. Lett.

90, 201101 (2003) [physics/0009012]. [27] L. Hunter et al., in Ref. [5], vol. I.

[28] H. Dehmelt et al., Phys. Rev. Lett. 83, 4694 (1999) [hep-ph/9906262].

[29] R.K. Mittleman et al., Phys. Rev. Lett. 83, 2116 (1999). [30] C.J. Berglund et al., Phys. Rev. Lett. 75, 1879 (1995). [31] V.A. Kostelecký and C.D. Lane, Phys. Rev. D 60, 116010 (1999) [hep-ph/9908504].

[32] B. Altschul, Phys. Rev. D 82, 016002 (2010) [arXiv:1005.2994].

[33] B. Altschul, Phys. Rev. D 81, 041701 (2010) [arXiv:0912.0530].

[34] H. Müller et al., Phys. Rev. Lett. 99, 050401 (2007) [arXiv:0706.2031].

[35] H. Müller, Phys. Rev. D 71, 045004 (2005) [hep-ph/0412385].

[36] H. Müller et al., Phys. Rev. D 68, 116006 (2003) [hep-ph/0401016].

[37] C.D. Lane, Phys. Rev. D 72, 016005 (2005) [hep-ph/0505130].

[38] B. Altschul, Phys. Rev. D 74, 083003 (2006) [hep-ph/0608332].

[39] B. Altschul, Astropart. Phys. 28, 380 (2007) [hep-ph/0610324].

[40] F.W. Stecker and S.L. Glashow, Astropart. Phys. 16, 97 (2001) [astro-ph/0102226].

[41] B. Altschul, Phys. Rev. D 75, 041301 (R) (2007) [hep-ph/0612288].

[42] J.M. Brown et al., Phys. Rev. Lett. 105, 151604 (2010) [arXiv:1006.5425]; in Ref. [5], vol. V.

[43] M.A. Humphrey et al., Phys. Rev. A 68, 063807 (2003) [physics/0103068].

[44] D.F. Phillips et al., Phys. Rev. D 63, 111101 (2001) [physics/0008230].

[45] P. Wolf et al., Phys. Rev. Lett. 96, 060801 (2006) [hep-ph/0601024].

[46] G. Gabrielse et al., Phys. Rev. Lett. 82, 3198 (1999). [47] C. Gemmel et al., Phys. Rev. D 82, 111901 (R) (2010) [arXiv:1011.2143].

[48] K. Tullney et al., in Ref. [5], vol. V [arXiv:1008.0579]. [49] I. Altarev et al., Phys. Rev. Lett. 103, 081602 (2009) [arXiv:0905.3221].

[50] V. Flambaum, S. Lambert, and M. Pospelov, Phys. Rev.

D 80, 105021 (2009) [arXiv:0902.3217].

[51] B. Altschul, Phys. Rev. D 79, 061702 (R) (2009) [arXiv:0901.1870].

[52] F. Canè et al., Phys. Rev. Lett. 93, 230801 (2004) [physics/0309070].

[53] D. Bear et al., Phys. Rev. Lett. 85, 5038 (2000) [physics/0007049]; 89, 209902 (2002).

[54] M. Smiciklas et al., Phys. Rev. Lett. 107, 171604 (2011) [arXiv:1106.0738].

[55] B. Altschul, Phys. Rev. D 78, 085018 (2008) [arXiv:0805.0781].

[56] B. Altschul, Phys. Rev. D 75, 023001 (2007) [hep-ph/0608094].

[57] J.D. Prestage et al., Phys. Rev. Lett. 54, 2387 (1985). [58] S.K. Lamoreaux et al., Phys. Rev. Lett. 57, 3125 (1986). [59] T.E. Chupp et al., Phys. Rev. Lett. 63, 1541 (1989). [60] M. Mewes, Phys. Rev. D 78, 096008 (2008) [arXiv:0809.4801].

[61] S.M. Carroll and G.B. Field, Phys. Rev. Lett. 79, 2394 (1997) [arXiv:astro-ph/9704263].

[62] B. Nodland and J.P. Ralston, Phys. Rev. Lett. 78, 3043 (1997) [arXiv:astro-ph/9704196].

[63] S.M. Carroll, G.B. Field, and R. Jackiw, Phys. Rev. D 41, 1231 (1990).

[64] E. Komatsu et al., Astrophys. J. Suppl. 192, 18 (2011).

[arXiv:1001.4538].

[65] J.-Q. Xia, H. Li, and X. Zhang, Phys. Lett. B 687, 129 (2010) [arXiv:0908.1876].

[66] M.L. Brown et al., QUaD Collaboration, Astrophys. J.

705, 978 (2009) [arXiv:0906.1003].

[67] L. Pagano et al., Phys. Rev. D 80, 043522 (2009) [arXiv:0905.1651].

[68] E.Y.S. Wu et al., QUaD Collaboration, Phys. Rev. Lett.

102, 161302 (2009) [arXiv:0811.0618].

[69] T. Kahniashvili, R. Durrer, and Y. Maravin, Phys. Rev.

D 78, 123006 (2008) [arXiv:0807.2593].

[70] E. Komatsu et al., WMAP Collaboration, Astrophys. J.

Suppl. 180, 330 (2009) [arXiv:0803.0547].

[71] J.-Q. Xia et al., Astron. Astrophys. 483, 715 (2008) [arXiv:0710.3325].

[72] P. Cabella, P. Natoli, and J. Silk, Phys. Rev. D 76, 123014 (2007) [arXiv:0705.0810].

[73] B. Feng et al., Phys. Rev. Lett. 96, 221302 (2006) [astro-ph/0601095].

[74] M.A. Hohensee et al., Phys. Rev. D 82, 076001 (2010) [arXiv:1006.1376].

[75] S. Herrmann et al., Phys. Rev. D 80, 105011 (2009) [arXiv:1002.1284].

[76] Ch. Eisele, A.Yu. Nevsky, and S. Schiller, Phys. Rev.

Lett. 103, 090401 (2009).

[77] S. Herrmann et al., in Ref. [5], vol. IV.

[78] P.L. Stanwix et al., Phys. Rev. D 74, 081101 (R) (2006) [gr-qc/0609072].

[79] S. Herrmann et al., Phys. Rev. Lett. 95, 150401 (2005) [physics/0508097].

[80] P.L. Stanwix et al., Phys. Rev. Lett. 95, 040404 (2005) [hep-ph/0506074].

[81] P. Wolf et al., Phys. Rev. D 70, 051902 (2004) [hep-ph/0407232].

[82] H. Müller et al., Phys. Rev. Lett. 91 020401 (2003) [physics/0305117].

[83] J.A. Lipa et al., Phys. Rev. Lett. 90, 060403 (2003) [physics/0302093].

[84] P. Antonini et al., Phys. Rev. A 72, 066102 (2005)

[physics/0602115].

[85] F.R. Klinkhamer and M. Risse, Phys. Rev. D 77, 117901 (2008) [arXiv:0806.4351].

[86] J.-P. Bocquet et al., Phys. Rev. Lett. 104, 241601 (2010) [arXiv:1005.5230].

[87] F. Baynes, A. Luiten, and M. Tobar, Phys. Rev. D 84, 081101 (2011) [arXiv:1108.5414].

[88] M.E. Tobar et al., Phys. Rev. D 80, 125024 (2009) [arXiv:0909.2076].

[89] B. Altschul, Phys. Rev. D 80 091901(R) (2009) [arXiv:0905.4346].

[90] M.A. Hohensee et al., Phys. Rev. D 80 036010 (2009) [arXiv:0809.3442]; Phys. Rev. Lett. 102, 170402 (2009) [arXiv:0904.2031].

[91] F.R. Klinkhamer and M. Schreck, Phys. Rev. D 78, 085026 (2008) [arXiv:0809.3217].

[92] S. Reinhardt et al., Nature Physics 3, 861 (2007). [93] M. Hohensee et al., Phys. Rev. D 75, 049902 (2007) [hep-ph/0701252]; M. Tobar et al., Phys. Rev. D 71, 025004 (2005) [hep-ph/0408006].

[94] C.D. Carone, M. Sher, and M. Vanderhaeghen, Phys.

Rev. D 74, 077901 (2006) [hep-ph/0609150]. [95] J.P. Cotter and B.T.H. Varcoe, physics/0603111. [96] S. Parker et al., Phys. Rev. Lett. 106, 180401 (2011) [arXiv:1102.0081].

[97] Q. Exirifard, Phys. Lett. B 699, 1 (2011) [arXiv:1010.2054].

[98] V.A. Kostelecký and M. Mewes, Phys. Rev. Lett. 97, 140401 (2006) [hep-ph/0607084].

[99] G.W. Bennett et al., Muon g–2 Collaboration, Phys.

Rev. Lett. 100, 091602 (2008) [arXiv:0709.4670]. [100] V.W. Hughes et al., Phys. Rev. Lett. 87, 111804 (2001) [hep-ex/0106103].

[101] M. Deile et al., Muon g–2 Collaboration, in Ref. [5], vol.

II [hep-ex/0110044].

[102] R. Bluhm, V.A. Kostelecký, and C.D. Lane, Phys. Rev.

Lett. 84, 1098 (2000) [hep-ph/9912451].

[103] P. Adamson et al., MINOS Collaboration, arXiv:1201.2631.

[104] R. Abbasi et al., IceCube Collaboration, Phys. Rev. D 82, 112003 (2010) [arXiv:1010.4096].

[105] P. Adamson et al., MINOS Collaboration, Phys. Rev.

Lett. 105, 151601 (2010) [arXiv:1007.2791].

[106] P. Adamson et al., MINOS Collaboration, Phys. Rev.

Lett. 101, 151601 (2008) [arXiv:0806.4945].

[107] T. Katori, MiniBooNE Collaboration, in Ref. [5], vol. V [arXiv:1008.0906].

[108] A.A. Aguilar-Arevalo et al., MiniBooNE Collaboration, arXiv:1109.3480.

[109] L.B. Auerbach et al., LSND Collaboration, Phys. Rev.

D 72, 076004 (2005) [hep-ex/0506067].

[110] V. Barger, D. Marfatia, and K. Whisnant, Phys. Lett.

B 653, 267 (2007) [arXiv:0706.1085]. [111] M.D. Messier, in Ref. [5], vol. III.

[112] R. Cowsik, S. Nussinov, and U. Sarkar, Phys. Rev. Lett.

107, 251801 (2011) [arXiv:1110.0241].

[113] X.-J. Bi, P.-F. Yin, Z.-H. Yu, and Q. Yuan, Phys. Rev.

Lett. 107, 241802 (2011) [arXiv:1109.6667].

[114] A.G. Cohen and S.L. Glashow, Phys. Rev. Lett. 107, 181803 (2011) [arXiv:1109.6562].

[115] M. Antonello et al., ICARUS Collaboration, arXiv:1110.3763.

[116] B. Altschul, J. Phys. Conf. Ser. 173 012003 (2009). [117] A. Di Domenico, KLOE Collaboration, Found. Phys.

40, 852 (2010); J. Phys. Conf. Ser. 171, 012008 (2009); F. Bossi et al., KLOE Collaboration, Riv. Nuov. Cim. 031, 531 (2008) [arXiv:0811.1929]; M. Testa, KLOE Collaboration, arXiv:0805.1969.

[118] A. Di Domenico, KLOE Collaboration, in Ref. [5], vol. IV. [119] H. Nguyen, KTeV Collaboration, in Ref. [5], vol. II [hep-ex/0112046].

[120] V.A. Kostelecký, Phys. Rev. Lett. 80, 1818 (1998) [hep-ph/9809572].

[121] V.A. Kostelecký and R.J. Van Kooten, Phys. Rev. D 82, 101702 (R) (2010) [arXiv:1007.5312].

[122] J. Link et al., FOCUS Collaboration, Phys. Lett. B 556, 7 (2003) [hep-ex/0208034].

[123] B. Aubert et al., BaBar Collaboration, Phys. Rev. Lett.

100, 131802 (2008) [arXiv:0711.2713].

[124] B. Aubert et al., BaBar Collaboration, hep-ex/0607103. [125] B. Altschul, Phys. Rev. D 77, 105018 (2008) [arXiv:0712.1579].

[126] D.L. Anderson, M. Sher, and I. Turan, Phys. Rev. D 70, 016001 (2004) [hep-ph/0403116].

[127] M.A. Hohensee et al., Phys. Rev. Lett. 106, 151102 (2011) [arXiv:1102.4362].

[128] H. Panjwani, L. Carbone, and C.C. Speake, in Ref. [5], vol. V.

[129] K.-Y. Chung et al., Phys. Rev. D 80, 016002 (2009) [arXiv:0905.1929].

[130] H. Müller et al., Phys. Rev. Lett. 100, 031101 (2008) [arXiv:0710.3768].

[131] J.B.R. Battat, J.F. Chandler, and C.W. Stubbs, Phys.

Rev. Lett. 99, 241103 (2007) [arXiv:0710.0702]. [132] D. Bennett, V. Skavysh, and J. Long, in Ref. [5], vol. V [arXiv:1008.3670].

[133] Q.G. Bailey and V.A. Kostelecký, Phys. Rev. D 74, 045001 (2006) [gr-qc/0603030].

[134] F.W. Stecker, Astropart. Phys. 35, 95 (2011) [arXiv:1102.2784].

[135] G. Gubitosi et al., JCAP 08, 021 (2009) [arXiv:0904.3201].

[136] V. Vasileiou, Fermi GBT and LAT Collaborations, in Ref. [5], vol. V [arXiv:1008.2913].

[137] A. Abdo et al., Fermi LAT and GBM Collaborations, Science 323, 1688 (2009).

[138] F. Aharonian et al., H.E.S.S. Collaboration, Phys. Rev.

Lett. 101, 170402 (2008) [arXiv:0810.3475].

[139] J. Albert et al., MAGIC Collaboration, Phys. Lett. B 668, 253 (2008) [arXiv:0708.2889].

[140] S.E. Boggs et al., Astrophys. J. Lett. 611, 77 (2004) [astro-ph/0310307].

Table I. List of tables Type Table Content

Summary II Maximal sensitivities for the matter sector III Maximal sensitivities for the photon sector IV Maximal sensitivities for the neutrino sector V Maximal sensitivities for the gravity sector Data VI Electron sector VII Proton sector VIII Neutron sector IX Photon sector, d = 3 X Photon sector, d = 4 XI Charged-lepton sector XII Neutrino sector, d = 2 XIII Neutrino sector, d = 3 XIV Neutrino sector, d = 4 XV Meson sector XVI Electroweak sector XVII Gluon sector XVIII Gravity sector XIX Nonminimal photon sector, d = 5 XX Nonminimal photon sector, d = 6 XXI Nonminimal photon sector, d ≥ 7 XXII Nonminimal neutrino sector, d = 5 XXIII Nonminimal neutrino sector, d = 6 XXIV Nonminimal neutrino sector, d ≥ 7 Properties XXV Lagrange density for the minimal QED extension in Riemann spacetime XXVI C, P, T properties for operators for Lorentz violation in QED XXVII Definitions for the fermion sector of the minimal QED extension XXVIII Definitions for the photon sector of the minimal QED extension XXIX Lagrange density for the fermion sector of the minimal SME in Riemann-Cartan spacetime XXX Lagrange density for the boson sector of the minimal SME in Riemann-Cartan spacetime XXXI Coefficients in the renormalizable neutrino sector XXXII Definitions for the minimal neutrino sector XXXIII Quadratic Lagrange density for the nonminimal photon sector in Minkowski spacetime XXXIV Spherical coefficients for the nonminimal photon sector in Minkowski spacetime XXXV Spherical coefficients for the nonminimal neutrino sector in Minkowski spacetime

Table II. Maximal sensitivities for the matter sector

Coefficient Electron Proton Neutron b̃_X 10−31 GeV 10−31 GeV 10−32 GeV b̃_Y 10−31 GeV 10−31 GeV 10−32 GeV b̃_Z 10−29 GeV – – b̃_T 10−26 GeV – 10−26 GeV b̃∗_J , (J = X, Y, Z) 10−22 GeV – –

c̃_− 10^{−18} GeV 10^{−24} GeV 10^{−28} GeV c̃_Q 10^{−17} GeV 10^{−21} GeV 10^{−10} GeV c̃_X 10^{−19} GeV 10^{−25} GeV 10^{−28} GeV c̃_Y 10^{−19} GeV 10^{−25} GeV 10^{−28} GeV c̃_Z 10^{−19} GeV 10^{−24} GeV 10^{−29} GeV c̃_{T X} 10^{−18} GeV 10^{−20} GeV – c̃_{T Y} 10^{−18} GeV 10^{−20} GeV – c̃_{T Z} 10^{−20} GeV 10^{−20} GeV – c̃_{T T} 10^{−18} GeV 10^{−11} GeV 10^{−11} GeV

d̃_+ 10−27 GeV – 10−27 GeV d̃_− 10−26 GeV – 10−26 GeV d̃_Q 10−26 GeV – 10−26 GeV d̃_{XY} 10−26 GeV – 10−27 GeV d̃_{Y Z} 10−26 GeV – 10−26 GeV d̃_{ZX} 10−26 GeV – – d̃_X 10−22 GeV 10−25 GeV 10−28 GeV d̃_Y 10−22 GeV 10−25 GeV 10−28 GeV d̃_Z 10−19 GeV – –

H̃_{XT} 10−26 GeV – 10−26 GeV H̃_{Y T} 10−26 GeV – 10−26 GeV H̃_{ZT} 10−26 GeV – 10−27 GeV

g̃_T 10^{−27} GeV – 10^{−27} GeV g̃_c 10^{−26} GeV – 10^{−27} GeV g̃_Q – – – g̃_− – – – g̃_{T J} , (J = X, Y, Z) – – – g̃_{XY} 10^{−17} GeV – – g̃_{Y X} 10^{−17} GeV – – g̃_{ZX} 10^{−18} GeV – – g̃_{XZ} 10^{−17} GeV – – g̃_{Y Z} 10^{−17} GeV – – g̃_{ZY} 10^{−18} GeV – – g̃_{DX} 10^{−22} GeV 10^{−25} GeV 10^{−28} GeV g̃_{DY} 10^{−22} GeV 10^{−25} GeV 10^{−28} GeV g̃_{DZ} 10^{−22} GeV – –

Table III. Maximal sensitivities for the photon sector d = 3 Coefficient Sensitivity k^{(3)}_{(V )00} 10^{−43} GeV k^{(3)}_{(V )10} 10^{−42} GeV Re k^{(3)}_{(V )11} 10^{−42} GeV Im k^{(3)}_{(V )11} 10^{−42} GeV

d = 4 Coefficient Sensitivity Coefficient Sensitivity (κ̃_{e+})^{XY} 10^{−32} (κ̃_{e−})^{XY} 10^{−17} (κ̃_{e+})^{XZ} 10^{−32} (κ̃_{e−})^{XZ} 10^{−17} (κ̃_{e+})^{Y Z} 10^{−32} (κ̃_{e−})^{Y Z} 10^{−17} (κ̃_{e+})^{XX} − (κ̃_{e+})^{Y Y} 10^{−32} (κ̃_{e−})^{XX} − (κ̃_{e−})^{Y Y} 10^{−17} (κ̃_{e+})^{ZZ} 10^{−32} (κ̃_{e−})^{ZZ} 10^{−16}

(κ̃_{o−})^{XY} 10^{−32} (κ̃_{o+})^{XY} 10^{−13} (κ̃_{o−})^{XZ} 10^{−32} (κ̃_{o+})^{XZ} 10^{−14} (κ̃_{o−})^{Y Z} 10^{−32} (κ̃_{o+})^{Y Z} 10^{−14} (κ̃_{o−})^{XX} − (κ̃_{o−})^{Y Y} 10^{−32}

(κ̃_{o−})^{ZZ} 10^{−32} κ̃_{tr} 10^{−14} Isotropic Coefficient Sensitivity k^{(3)}_{(V )00} 10^{−43} GeV c^{(4)}_{(I)00} = √ 4πκ̃_{tr} 10^{−14} k^{(5)}_{(V )00} 10^{−33} GeV^{−1} c^{(6)}_{(I)00} 10^{−21} GeV^{−2} k^{(7)}_{(V )00} 10^{−24} GeV^{−3} c^{(8)}_{(I)00} 10^{−24} GeV^{−4} k^{(9)}_{(V )00} 10^{−15} GeV^{−5}

Table IV. Maximal sensitivities for the neutrino sector d = 3 Coefficient eμ eτ μτ Coefficient eμ eτ μτ Re (a_L)^T 10^{−20} GeV – – Im (a_L)^T – – – Re (a_L)^X 10^{−20} GeV – 10^{−23} GeV Im (a_L)^X 10^{−20} GeV – 10^{−20} GeV Re (a_L)^Y 10^{−20} GeV – 10^{−23} GeV Im (a_L)^Y 10^{−20} GeV – 10^{−20} GeV Re (a_L)^Z 10^{−19} GeV – – Im (a_L)^Z – – –

d = 4 Coefficient eμ eτ μτ Coefficient eμ eτ μτ Re (c_L)^{XY} 10^{−21} – 10^{−23} Im (c_L)^{XY} 10^{−21} – 10^{−21} Re (c_L)^{XZ} 10^{−21} – 10^{−23} Im (c_L)^{XZ} 10^{−21} – 10^{−21} Re (c_L)^{Y Z} 10^{−21} – 10^{−23} Im (c_L)^{Y Z} 10^{−21} – 10^{−21} Re (c_L)^{XX} 10^{−21} – 10^{−23} Im (c_L)^{XX} 10^{−21} – 10^{−21} Re (c_L)^{Y Y} 10^{−21} – 10^{−23} Im (c_L)^{Y Y} 10^{−21} – 10^{−21} Re (c_L)^{ZZ} 10^{−19} – – Im (c_L)^{ZZ} – – – Re (c_L)^{T T} 10^{−19} – – Im (c_L)^{T T} – – – Re (c_L)^{T X} 10^{−22} – 10^{−27} Im (c_L)^{T X} 10^{−22} – 10^{−22} Re (c_L)^{T Y} 10^{−22} – 10^{−27} Im (c_L)^{T Y} 10^{−22} – 10^{−22} Re (c_L)^{T Z} 10^{−20} – – Im (c_L)^{T Z} – – –

Isotropic Coefficient Sensitivity Coefficient Sensitivity å^{(3)} 10^{−7} GeV å^{(3)}eμ 10^{−20} GeV c̊^{(4)} 10^{−9} c̊^{(4)}_{eμ} 10^{−19} å^{(5)} 10^{−18} GeV^{−1} å^{(5)}_{eμ} 10^{−19} GeV^{−1} c̊^{(6)} 10^{−8} GeV^{−2} c̊^{(6)}_{eμ} 10^{−19} GeV^{−2} å^{(7)} 10^{−29} GeV^{−3} å^{(7)}eμ 10^{−19} GeV^{−3} c̊^{(8)} 10^{−11} GeV^{−4} c̊^{(8)}eμ 10^{−18} GeV^{−4} å^{(9)} 10^{−40} GeV^{−5} å^{(9)}_{eμ} 10^{−18} GeV^{−5} c̊^{(10)} 10^{−14} GeV^{−6} c̊^{(10)}_{eμ} 10^{−18} GeV^{−6}

Table V. Maximal sensitivities for the gravity sector Coefficient Electron Proton Neutron αa_T 10^{−11} GeV 10^{−11} GeV 10^{−11} GeV αa_X 10^{−6} GeV 10^{−6} GeV 10^{−5} GeV αa_Y 10^{−5} GeV 10^{−5} GeV 10^{−4} GeV αa_Z 10^{−5} GeV 10^{−5} GeV 10^{−4} GeV

αe_T 10^{−8} 10^{−11} 10^{−11} αe_X 10^{−3} 10^{−6} 10^{−5} αe_Y 10^{−2} 10^{−5} 10^{−4} αe_Z 10^{−2} 10^{−5} 10^{−4}

Coefficient Sensitivity s^{XY} 10^{−9} s^{XZ} 10^{−9} s^{Y Z} 10^{−9} s^{XX} − s^{Y Y} 10^{−9} s^{XX} + s^{Y Y} − 2s^{ZZ} 10^{−7}

s^{T T} – s^{T X} 10^{−6} s^{T Y} 10^{−7} s^{T Z} 10^{−5}

Table VI. Electron sector Combination Result System Ref.

b̃_X (−0.9 ± 1.4) × 10−31 GeV Torsion pendulum [23] b̃_Y (−0.9 ± 1.4) × 10−31 GeV ” [23] b̃_Z (−0.3 ± 4.4) × 10−30 GeV ” [23] 1 2 (b̃_T + d̃_− − 2g̃_c − 3g̃_T + 4d̃_+ − d̃_Q) (0.9 ± 2.2) × 10^{−27} GeV ” [23] 1 2 (2g̃_c − g̃_T − b̃_T + 4d̃_+ − d̃_− − d̃_Q) (−0.8 ± 2.0) × 10^{−27} GeV ” [23] + tan η(d̃_{Y Z} − H̃_{XT} )

b̃_X (2.8 ± 6.1) × 10−29 GeV K/He magnetometer [24] b̃_Y (6.8 ± 6.1) × 10−29 GeV ” [24] b̃_X (0.1 ± 2.4) × 10−31 GeV Torsion pendulum [25] b̃_Y (−1.7 ± 2.5) × 10−31 GeV ” [25] b̃_Z (−29 ± 39) × 10−31 GeV ” [25] b̃_⊥ < 3.1 × 10−29 GeV ” [26] |b̃_Z | < 7.1 × 10^{−28} GeV ” [26] r_e < 3.2 × 10^{−24} Hg/Cs comparison [27] |⃗b| < 50 radians/s Penning trap [28] r_ω−_{a ,diurnal} < 1.6 × 10^{−21} ” [29] |b̃_J |, (J = X, Y ) < 10^{−27} GeV Hg/Cs comparison [30], [31]*

c_{T T} (−4 to 2) × 10^{−15} Collider physics [32]* c_{(T X)} (−30 to 1) × 10^{−14} ” [32]* c_{(T Y )} (−80 to 6) × 10^{−15} ” [32]* c_{(T Z)} (−11 to 1.3) × 10^{−13} ” [32]* 0.83c_{(T X)} + 0.51c_{(T Y )} + 0.22c_{(T Z)} (4 ± 8) × 10^{−11} 1S-2S transition [33]* c_{XX} − c_{Y Y} (−2.9 ± 6.3) × 10^{−16} Optical, microwave resonators [34]* 1 2 c_{(XY )} (2.1 ± 0.9) × 10^{−16} ” [34]* 1 2 c_{(XZ)} (−1.5 ± 0.9) × 10^{−16} ” [34]* 1 2 c_{(Y Z)} (−0.5 ± 1.2) × 10^{−16} ” [34]* c_{XX} + c_{Y Y} − 2c_{ZZ} (−106 ± 147) × 10^{−16} ” [34]* λ^{ZZ} (13.3 ± 9.8) × 10^{−16} ” [34]* 1 2 c_{(Y Z)} (2.1 ± 4.6) × 10^{−16} ” [35]* 1 2 c_{(XZ)} (−1.6 ± 6.3) × 10^{−16} ” [35]* 1 2 c_{(XY )} (7.6 ± 3.5) × 10^{−16} ” [35]* c_{XX} − c_{Y Y} (1.15 ± 0.64) × 10^{−15} ” [35]* |c_{XX} + c_{Y Y} − 2c_{ZZ} − 0.25(κ̃_{e−})^{ZZ} | < 10^{−12} ” [35]* |^1_2 c_{(XY )}| < 8 × 10^{−15} Optical resonators [36]* |c_{XX} − c_{Y Y} | < 1.6 × 10^{−14} ” [36]* |c_{XX} + c_{Y Y} − 2c_{ZZ} | < 10^{−5} Doppler shift [37]* |c_{T J} + c_{JT} | , (J = X, Y, Z) < 10^{−2} ” [37]*

Table VI. Electron sector (continued) Combination Result System Ref.

c_{XX} (−3 to 5) × 10^{−15} Astrophysics [38]* c_{Y Y} (−0.7 to 2.5) × 10^{−15} ” [38]* c_{ZZ} (−1.6 to 2.5) × 10^{−15} ” [38]* c_{(Y Z)} (−2.5 to 1.8) × 10^{−15} ” [38]* c_{0X} (−7 to 4) × 10^{−15} ” [38]* c_{0Y} (−0.5 to 1.5) × 10^{−15} ” [38]* c_{0Z} (−4 to 2) × 10^{−17} ” [38]* |0.05c_{XX} + 0.55c_{Y Y} + 0.41c_{ZZ} < 1.3 × 10^{−15} ” [39]* +0.16c_{(XY )} − 0.14c_{(XZ)} − 0.47c_{(Y Z)} +0.22c_{(0X)} + 0.74c_{(0Y )} − 0.64c_{(0Z)} + c_{00} | | |0.58c_{XX} + 0.04c_{Y Y} + 0.38c_{ZZ} < 2.5 × 10^{−15} ” [39]* −0.14c_{(XY )} − 0.47c_{(XZ)} + 0.12c_{(Y Z)} +0.76c_{(0X)} − 0.19c_{(0Y )} − 0.62c_{(0Z)} + c_{00} | | c_{T T} ≡ −δ (−13 to 2) × 10^{−16} ” [40]*

d̃_{XY} − H̃_{ZT} + tan ηH̃_{Y T} (0.1 ± 1.8) × 10−27 GeV Torsion pendulum [23] H̃_{ZT} (−4.1 ± 2.4) × 10−27 GeV ” [23] H̃_{Y T} − d̃_{ZX} (−4.9 ± 8.9) × 10−27 GeV ” [23] −H̃_{XT} + tan η(g̃_T − 2d̃_+ + d̃_Q) (1.1 ± 9.2) × 10^{−27} GeV ” [23] |d_{XX} | < 2 × 10^{−14} Astrophysics [41]* |d_{Y Y} |, |d_{ZZ} | < 3 × 10^{−15} ” [41]* |d_{(XY )}| < 2 × 10^{−15} ” [41]* |d_{(XZ)}| < 2 × 10^{−14} ” [41]* |d_{(Y Z)}| < 7 × 10^{−15} ” [41]* |d_{T X} | < 5 × 10^{−14} ” [41]* |d_{T Y} | < 5 × 10^{−15} ” [41]* |d_{T Z} | < 8 × 10^{−17} ” [41]* |d̃_J |, |g̃_{D,J} |, (J = X, Y ) < 10^{−22} GeV Hg/Cs comparison [30], [31]*

Table VII. Proton sector Combination Result System Ref.

b̃_⊥ < 6 × 10−32 GeV K/He magnetometer [42] b̃_X (6.0 ± 1.3) × 10−31 GeV ” [24] b̃_Y (1.5 ± 1.2) × 10−31 GeV ” [24] √ (b̃^e_X + b̃^p_X )^2 + (b̃^e_Y + b̃^p_Y )^2 (3 ± 2) × 10^{−27} GeV H maser [43] |b̃_J |, (J = X, Y ) < 2 × 10^{−27} GeV ” [44] ” < 10^{−27} GeV Hg/Cs comparison [30], [31]*

c̃_Q (−0.3 ± 2.2) × 10^{−22} GeV Cs fountain [45] c̃_− (−1.8 ± 2.8) × 10^{−25} GeV ” [45] c̃_X (0.6 ± 1.2) × 10^{−25} GeV ” [45] c̃_Y (−1.9 ± 1.2) × 10^{−25} GeV ” [45] c̃_Z (−1.4 ± 2.8) × 10^{−25} GeV ” [45] c̃_{T X} (−2.7 ± 3.0) × 10^{−21} GeV ” [45] c̃_{T Y} (−0.2 ± 3.0) × 10^{−21} GeV ” [45] c̃_{T Z} (−0.4 ± 2.0) × 10^{−21} GeV ” [45] |c_{XX} + c_{Y Y} − 2c_{ZZ} | < 10^{−11} Doppler shift [37]* |c_{T J} + c_{JT} | , (J = X, Y, Z) < 10^{−8} ” [37]* r^{H−}_{ωc} < 4 × 10^{−26} Penning trap [46]

|d̃_J |, |g̃_{D,J} |, (J = X, Y ) < 10^{−25} GeV Hg/Cs comparison [30], [31]*

Table VIII. Neutron sector Combination Result System Ref.

b̃_X (3.36 ± 1.72) × 10−32 GeV He/Xe magnetometer [47] b̃_Y (1.43 ± 1.33) × 10−32 GeV ” [47] |b̃_⊥| < 3.72 × 10^{−32} GeV ” [47], [48] b̃_X (0.1 ± 1.6) × 10−33 GeV K/He magnetometer [42] b̃_Y (2.5 ± 1.6) × 10−33 GeV ” [42] |b̃_⊥| < 3.7 × 10^{−33} GeV ” [42] b_⊥ < 2 × 10^{−29} GeV Ultra-cold neutrons [49] −4.2b^{(n)}_i + 0.7b^{(p)}_i 2π(53 ± 45) nHz Xe/He maser [50]* |b_J −^1_2 ϵ_{JKL}H_{KL}|, (J = X, Y ) < 10^{−28} GeV Maser/magnetometer [51]* b̃_X (−3.7 ± 8.1) × 10−32 GeV K/He magnetometer [24] b̃_Y (−9.0 ± 7.5) × 10−32 GeV ” [24] b̃_Y − 0.0034d̃_Y + 0.0034g̃_{DY} (8.0 ± 9.5) × 10−32 GeV Xe/He maser [52] −b̃_X − 0.0034d̃_X − 0.0034g̃_{DX} (2.2 ± 7.9) × 10^{−32} GeV ” [52] − cos η(^1_2 b̃_T +^1_2 d̃_− − g̃_c −^1_2 g̃_T ) (−1.1 ± 1.0) × 10^{−27} GeV ” [52] − cos η(g̃_T − 2d̃_+ +^1_2 d̃_Q) + sin η(d̃_{Y Z} − H̃_{XT} )

−H̃_{ZT} (0.2 ± 1.8) × 10^{−27} GeV ” [52] (^1_2 b̃_T +^1_2 d̃_− − g̃_c −^1_2 g̃_T ) (−1.8 ± 1.9) × 10^{−27} GeV ” [52] −(g̃_T − 2d̃_+ +^1_2 d̃_Q) cos η(H̃_{ZT} − d̃_{XY} ) − sin ηH̃_{Y T} (−1.1 ± 0.8) × 10^{−27} GeV ” [52] √ (b̃_X )^2 + (b̃_Y )^2 (6.4 ± 5.4) × 10^{−32} GeV ” [53] r_n < 1.5 × 10^{−30} Hg/Cs comparison [27] |b̃_J |, (J = X, Y ) < 10^{−30} GeV ” [30], [31]*

c_{Y Z} + c_{ZY} 4.8 ± 4.4 × 10^{−29} Ne/Rb/K comagnetometer [54] c_{XZ} + c_{ZX} −2.8 ± 3.4 × 10^{−29} ” [54] c_{XY} + c_{Y X} −1.2 ± 1.4 × 10^{−29} ” [54] c_{XX} − c_{Y Y} 1.4 ± 1.7 × 10^{−29} ” [54] 1 4 |c_Q|, |c_{(T J)}|, (J = X, Y, Z) < 5 × 10^{−14} Astrophysics [55]* min(|c_{11} − c_{22}|, |c_{11} − c_{33}|, |c_{22} − c_{33}|) < 1.7 × 10^{−8} Pulsar timing [56]* |c̃_J |, (J = X, Y ) < 10^{−25} GeV Be/H comparison [57], [31]* |c̃_−|, |c̃_Z | < 10^{−27} GeV Hg/Hg & Ne/He comparison [58], [59], [31]*

|md_{JT} −^1_2 ϵ_{JKL}mg_{KLT} |, (J = X, Y ) < 10^{−28} GeV Maser/magnetometer [51]* 1 2 |d_{(XZ)}|, |d_{(T Z)}| < 5 × 10^{−14} Astrophysics [55]* |d̃_J |, |g̃_{D,J} |, (J = X, Y ) < 10^{−28} GeV Hg/Cs comparison [30], [31]*

Table IX. Photon sector, d = 3

Combination Result System Ref.

|k^{(3)}_{(V )10}| < 16 × 10^{−21} GeV Schumann resonances [60]* |k^{(3)}_{(V )11}| < 12 × 10^{−21} GeV ” [60]*

|k^{(3)}_{AF}| ≡ ( 6|k^{(3)}_{(V )11}|^2 + 3|k^{(3)}_{(V )10}|^2 )_{1/2} / √ 4π (10^{+4}_{−8}) × 10^{−43} GeV CMB polarization [15]* |k^{(3)}_{AF}| (15 ± 6) × 10^{−43} GeV ” [11]*, [12]* k^{(3)}_{(V )10} ±(3 ± 1) × 10^{−42} GeV ” [11]* Re k^{(3)}_{(V )11} ±(21^{+7}_{−9}) × 10^{−43} GeV ” [11]* |k^{(3)}_{AF}| (0.57 ± 0.70)H_0 Astrophysical birefringence [61]* |2k^{(3)}_{AF}| 10^{−41} GeV ” [62]* | ∑ jm Y_{jm}k^{(3)}_{(V )jm}| < 6 × 10^{−43} GeV ” [63]*, [12]*

|k^{(3)}_{(V )00}| < 14 × 10^{−21} GeV Schumann resonances [60]* k^{(3)}_{(V )00} (1.1 ± 1.3 ± 1.5) × 10^{−43} GeV CMB polarization [64] ” (0.04 ± 0.35) × 10^{−43} GeV ” [65]* ” (−0.64 ± 0.50 ± 0.50) × 10^{−43} GeV ” [66] ” (4.3 ± 4.1) × 10^{−43} GeV ” [67] ” (−1.4 ± 0.9 ± 0.5) × 10^{−43} GeV ” [68] ” (2.3 ± 5.4) × 10^{−43} GeV ” [15]* ” < 2.5 × 10^{−43} GeV ” [69]*, [15]* ” (1.2 ± 2.2) × 10^{−43} GeV ” [70], [15]* ” (12 ± 7) × 10^{−43} GeV ” [11]* ” (2.6 ± 1.9) × 10^{−43} GeV ” [71]*, [15]* ” (2.5 ± 3.0) × 10^{−43} GeV ” [72]*, [15]* ” (6.0 ± 4.0) × 10^{−43} GeV ” [73]*, [11]* ” (1.1 ± 1.4)H_0 Astrophysical birefringence [61]* ” < 2 × 10^{−42} GeV ” [63]*, [12]*

Table X. Photon sector, d = 4 Combination Result System Ref.

(κ̃_{e−})^{XY} (0.8 ± 0.6) × 10^{−16} Rotating microwave resonators [74] ” (−0.31 ± 0.73) × 10^{−17} Rotating optical resonators [75] ” (0.0 ± 1.0 ± 0.3) × 10^{−17} ” [76] ” (−0.1 ± 0.6) × 10^{−17} ” [77] ” (−7.7 ± 4.0) × 10^{−16} Optical, microwave resonators [34]* ” (2.9 ± 2.3) × 10^{−16} Rotating microwave resonators [78] ” (−3.1 ± 2.5) × 10^{−16} Rotating optical resonators [79] ” (−0.63 ± 0.43) × 10^{−15} Rotating microwave resonators [80] ” (−1.7 ± 1.6) × 10^{−15} Optical, microwave resonators [35]* ” (−5.7 ± 2.3) × 10^{−15} Microwave resonator, maser [81] ” (1.7 ± 2.6) × 10^{−15} Optical resonators [82] ” (1.4 ± 1.4) × 10^{−13} Microwave resonators [83]

(κ̃_{e−})^{XZ} (1.5 ± 1.3) × 10^{−16} Rotating microwave resonators [74] ” (0.54 ± 0.70) × 10^{−17} Rotating optical resonators [75] ” (0.4 ± 1.5 ± 0.1) × 10^{−17} ” [76] ” (−2.0 ± 0.9) × 10^{−17} ” [77] ” (−10.3 ± 3.9) × 10^{−16} Optical, microwave resonators [34]* ” (−6.9 ± 2.2) × 10^{−16} Rotating microwave resonators [78] ” (5.7 ± 4.9) × 10^{−16} Rotating optical resonators [79] ” (0.19 ± 0.37) × 10^{−15} Rotating microwave resonators [80] ” (−4.0 ± 3.3) × 10^{−15} Optical, microwave resonators [35]* ” (−3.2 ± 1.3) × 10^{−15} Microwave resonator, maser [81] ” (−6.3 ± 12.4) × 10^{−15} Optical resonators [82] ” (−3.5 ± 4.3) × 10^{−13} Microwave resonators [83]

(κ̃_{e−})^{Y Z} (1.7 ± 1.3) × 10^{−16} Rotating microwave resonators [74] ” (−0.97 ± 0.74) × 10^{−17} Rotating optical resonators [75] ” (−0.6 ± 1.4 ± 0.5) × 10^{−17} ” [76] ” (−0.3 ± 1.4) × 10^{−17} ” [77] ” (0.9 ± 4.2) × 10^{−16} Optical, microwave resonators [34]* ” (2.1 ± 2.1) × 10^{−16} Rotating microwave resonators [78] ” (−1.5 ± 4.4) × 10^{−16} Rotating optical resonators [79] ” (−0.45 ± 0.37) × 10^{−15} Rotating microwave resonators [80] ” (0.52 ± 2.52) × 10^{−15} Optical, microwave resonators [35]* ” (−0.5 ± 1.3) × 10^{−15} Microwave resonator, maser [81] ” (3.6 ± 9.0) × 10^{−15} Optical resonators [82] ” (1.7 ± 3.6) × 10^{−13} Microwave resonators [83]

Table X. Photon sector, d = 4 (continued) Combination Result System Ref.

(κ̃_{e−})^{XX} − (κ̃_{e−})^{Y Y} (0.2 ± 1.0) × 10^{−16} Rotating microwave resonators [74] ” (0.80 ± 1.27) × 10^{−17} Rotating optical resonators [75] ” (0.8 ± 2.0 ± 0.3) × 10^{−17} ” [76] ” (−2.0 ± 1.7) × 10^{−17} ” [77] ” (−12 ± 16) × 10^{−16} Optical, microwave resonators [34]* ” (−5.0 ± 4.7) × 10^{−16} Rotating microwave resonators [78] ” (5.4 ± 4.8) × 10^{−16} Rotating optical resonators [79] ” (−1.3 ± 0.9) × 10^{−15} Rotating microwave resonators [80] ” (2.8 ± 3.3) × 10^{−15} Optical, microwave resonators [35]* ” (−3.2 ± 4.6) × 10^{−15} Microwave resonator, maser [81] ” (8.9 ± 4.9) × 10^{−15} Optical resonators [82] ” (−1.0 ± 2.1) × 10^{−13} Microwave resonators [83]

(κ̃_{e−})^{ZZ} (143 ± 179) × 10^{−16} Rotating microwave resonators [74] ” (−0.04 ± 1.73) × 10^{−17} Rotating optical resonators [75] ” (1.6 ± 2.4 ± 1.1) × 10^{−17} ” [76] ” (−0.2 ± 3.1) × 10^{−17} ” [77] ” (223 ± 290) × 10^{−16} Optical, microwave resonators [34]* ” (143 ± 179) × 10^{−16} Rotating microwave resonators [78] ” (−1.9 ± 5.2) × 10^{−15} Rotating optical resonators [79] ” (21 ± 57) × 10^{−15} Rotating microwave resonators [80] ” (−2.9 ± 2.2) × 10^{−14} Optical resonators [84]

|(κ̃_{e−})^{(kl)}| < 4 × 10^{−18} Astrophysics [85]*

Table X. Photon sector, d = 4 (continued)

Combination Result System Ref.

(κ̃_{o+})^{XY} (−1.5 ± 1.2) × 10^{−12} Rotating microwave resonators [74] √ [2c_{T X} − (κ̃_{o+})^{Y Z} ]^2 + [2c_{T Y} − (κ̃_{o+})^{ZX} ]^2 < 1.6 × 10^{−14} Compton scattering [86] β_⊕(κ̃_{o+})^{XY} (−0.14 ± 0.78) × 10^{−17} Rotating optical resonators [75] (κ̃_{o+})^{XY} (1.5 ± 1.5 ± 0.2) × 10^{−13} ” [76] β_⊕(κ̃_{o+})^{XY} (−2.5 ± 2.5) × 10^{−17} ” [77] (κ̃_{o+})^{XY} (1.7 ± 2.0) × 10^{−12} Optical, microwave resonators [34]* ” (−0.9 ± 2.6) × 10^{−12} Rotating microwave resonators [78] ” (−2.5 ± 5.1) × 10^{−12} Rotating optical resonators [79] ” (0.20 ± 0.21) × 10^{−11} Rotating microwave resonators [80] ” (−1.8 ± 1.5) × 10^{−11} Microwave resonator, maser [81] ” (14 ± 14) × 10^{−11} Optical resonators [82]

(κ̃_{o+})^{XZ} (0.7 ± 1.4) × 10^{−12} Asymmetric optical resonator [87] ” (1.7 ± 0.7) × 10^{−12} Rotating microwave resonators [74] β_⊕(κ̃_{o+})^{XZ} (−0.45 ± 0.62) × 10^{−17} Rotating optical resonators [75] (κ̃_{o+})^{XZ} (−0.1 ± 1.0 ± 0.2) × 10^{−13} ” [76] β_⊕(κ̃_{o+})^{XZ} (1.5 ± 1.7) × 10^{−17} ” [77] (κ̃_{o+})^{XZ} (−3.1 ± 2.3) × 10^{−12} Optical, microwave resonators [34]* ” (−4.4 ± 2.5) × 10^{−12} Rotating microwave resonators [78] ” (−3.6 ± 2.7) × 10^{−12} Rotating optical resonators [79] ” (−0.91 ± 0.46) × 10^{−11} Rotating microwave resonators [80] ” (−1.4 ± 2.3) × 10^{−11} Microwave resonator, maser [81] ” (−1.2 ± 2.6) × 10^{−11} Optical resonators [82]

(κ̃_{o+})^{Y Z} (0.2 ± 0.7) × 10^{−12} Rotating microwave resonators [74] β_⊕(κ̃_{o+})^{Y Z} (−0.34 ± 0.61) × 10^{−17} Rotating optical resonators [75] (κ̃_{o+})^{Y Z} (−0.1 ± 1.0 ± 0.4) × 10^{−13} ” [76] β_⊕(κ̃_{o+})^{Y Z} (−1.0 ± 1.5) × 10^{−17} ” [77] (κ̃_{o+})^{Y Z} (−2.8 ± 2.2) × 10^{−12} Optical, microwave resonators [34]* ” (−3.2 ± 2.3) × 10^{−12} Rotating microwave resonators [78] ” (2.9 ± 2.8) × 10^{−12} Rotating optical resonators [79] ” (0.44 ± 0.46) × 10^{−11} Rotating microwave resonators [80] ” (2.7 ± 2.2) × 10^{−11} Microwave resonator, maser [81] ” (0.1 ± 2.7) × 10^{−11} Optical resonators [82]

(κ̃_{o+})^{Y X} − 0.432(κ̃_{o+})^{ZX} (4.0 ± 8.4) × 10^{−9} Microwave resonators [83] (κ̃_{o+})^{XY} − 0.209(κ̃_{o+})^{Y Z} (4.0 ± 4.9) × 10^{−9} ” [83] (κ̃_{o+})^{XZ} − 0.484(κ̃_{o+})^{Y Z} (1.6 ± 1.7) × 10^{−9} ” [83] (κ̃_{o+})^{Y Z} + 0.484(κ̃_{o+})^{XZ} (0.6 ± 1.9) × 10^{−9} ” [83]

|(κ̃_{o+})^{(ij)}| < 2 × 10^{−18} Astrophysics [85]*

Table X. Photon sector, d = 4 (continued)

Combination Result System Ref.

κ̃_{tr} (3.4 ± 6.2) × 10^{−9} Asymmetric optical resonator [87] ” (−1.5 ± 0.74) × 10^{−8} Rotating microwave resonators [74] ” (−0.3 ± 3) × 10^{−7} Microwave interferometer [88] |κ̃_{tr} −^4_3 c^e_{00}| < 5 × 10^{−15} Collider physics [89]* κ̃_{tr} −^4_3 c^e_{00} (−5.8 to 12) × 10^{−12} ” [90]* κ̃_{tr} −^4_3 c^p_{00} < 6 × 10^{−20} Astrophysics [91]* − [ κ̃_{tr} −^4_3 c^e_{00} ] < 9 × 10^{−16} ” [91]* κ̃_{tr} < 1.4 × 10^{−19} ” [85]* |κ̃_{tr}| < 8.4 × 10^{−8} Optical atomic clocks [92] ” < 2.2 × 10^{−7} Heavy-ion storage ring [93]* ” < 2 × 10^{−14} Astrophysics [94]* ” < 3 × 10^{−8} g_e − 2 [94]* ” < 1.6 × 10^{−5} Sagnac interferometer [95]

c^{(4)}_{(I)20} (3 ± 16) × 10^{−15} Rotating microwave resonators [96] Re (c^{(4)}_{(I)21}) (20 ± 23) × 10^{−17} ” [96] Im (c^{(4)}_{(I)21}) (137 ± 71) × 10^{−18} ” [96] Re (c^{(4)}_{(I)22}) (−4 ± 23) × 10^{−17} ” [96] Im (c^{(4)}_{(I)22}) (20 ± 22) × 10^{−18} ” [96] | ∑ jm 2Yjm(98.2 ∘, 182.1^∘)(k^{(4)}_{(E)jm} + ik^{(4)}_{(B)jm})| ≲ 10^{−37} Astrophysical birefringence [12]* | ∑ jm 2Yjm(87.3 ∘, 37.3^∘)(k^{(4)}_{(E)jm} + ik^{(4)}_{(B)jm})| ≲ 10^{−37} ” [12]* k^{(4)}_{(E)20} ±(17^{+7}_{−9}) × 10^{−31} CMB polarization [11]* k^{(4)}_{(B)20} ±(17^{+7}_{−9}) × 10^{−31} ” [11]* √ ( ∑_3

i=1 k^i_2)^2 < 1.4 × 10^{−16} Astrophysical birefringence [97]* √∑ m(|k^{(4)}_{(E)2m}|^2 + |k^{(4)}_{(B)2m}|^2) < 5 × 10^{−32} ” [9]*, [12]* |k^a| for some a < 2 × 10^{−37} ” [98]* |k^a| for a = 1, . . . , 10 < 2 × 10^{−32} ” [9]*

Table XI. Charged-lepton sector

Combination Result System Ref.

b^μ_Z −(1.0 ± 1.1) × 10^{−23} GeV BNL g_μ − 2 [99] √ (b̌^{μ+}_X )^2 + (b̌^{μ+}_Y )^2 < 1.4 × 10^{−24} GeV ” [99] √ (b̌^{μ−}_X )^2 + (b̌^{μ−}_Y )^2 < 2.6 × 10^{−24} GeV ” [99] √ (b̃^μ_X )^2 + (b̃^μ_Y )^2 < 2 × 10^{−23} GeV Muonium spectroscopy [100] b^μ_Z − 1.19(m_μd^μ_{Z0} + H^μ_{XY} ) (−1.4 ± 1.0) × 10^{−22} GeV BNL, CERN g_μ − 2 data [101] b^μ_Z (−2.3 ± 1.4) × 10^{−22} GeV CERN g_μ − 2 data [101], [102]*

m_μd^μ_{Z0} + H^μ_{XY} (1.8 ± 6.0) × 10^{−23} GeV BNL g_μ − 2 [99]

|c^μ| < 10^{−11} Astrophysics [39]* |c^τ | < 10^{−8} ” [39]*

Table XII. Neutrino sector, d = 2 Combination Result System Ref. |Re ( c^{(2)}_{eff} )_{eμ} 10 | < 1.5 × 10^{−19} GeV^2 LSND [13]* ” < 4.1 × 10^{−20} GeV^2 MiniBooNE [13]* ” < 4.3 × 10^{−20} GeV^2 MiniBooNE ν [13]* |Re ( c^{(2)}_{eff} )_{eμ} 11 | < 3.0 × 10^{−20} GeV^2 LSND [13]* ” < 3.1 × 10^{−20} GeV^2 MiniBooNE [13]* ” < 4.8 × 10^{−20} GeV^2 MiniBooNE ν [13]* |Im ( c^{(2)}_{eff} )_{eμ} 11 | < 3.0 × 10^{−20} GeV^2 LSND [13]* ” < 2.6 × 10^{−20} GeV^2 MiniBooNE [13]* ” < 5.1 × 10^{−20} GeV^2 MiniBooNE ν [13]*

Table XIII. Neutrino sector, d = 3

Combination Result System Ref.

|å^{(3)}| < 1.9 × 10^{−7} GeV IceCube meson threshold [13]*

|Re(a_L)^X_{μτ} | < 5.9 × 10^{−23} GeV MINOS [103] |Im(a_L)^X_{μτ} | < 2.2 × 10^{−20} GeV ” [103] |Re(a_L)^Y_{μτ} | < 6.1 × 10^{−23} GeV ” [103] |Im(a_L)^Y_{μτ} | < 2.2 × 10^{−20} GeV ” [103]

a^X_L , a^Y_L < 1.8 × 10^{−23} GeV IceCube [104] |(a_L)^X_{μτ} | < 5.9 × 10^{−23} GeV MINOS FD [105] |(a_L)^Y_{μτ} | < 6.1 × 10^{−23} GeV ” [105] |a^X_L |, |a^Y_L | < 3.0 × 10^{−20} GeV MINOS ND [106] |Re ( a^{(3)}_{eff} )_{eμ} 00 | < 1.3 × 10^{−18} GeV LSND [13]* ” < 1.5 × 10^{−19} GeV MiniBooNE [13]* ” < 9.2 × 10^{−20} GeV MiniBooNE ν [13]* |Re ( a^{(3)}_{eff} )_{eμ} 10 | < 3.8 × 10^{−18} GeV LSND [13]* ” < 1.1 × 10^{−19} GeV MiniBooNE [13]* ” < 7.1 × 10^{−20} GeV MiniBooNE ν [13]* |Re ( a^{(3)}_{eff} )_{eμ} 11 | < 7.6 × 10^{−19} GeV LSND [13]* ” < 8.7 × 10^{−20} GeV MiniBooNE [13]* ” < 8.1 × 10^{−20} GeV MiniBooNE ν [13]* |Im ( a^{(3)}_{eff} )_{eμ} 11 | < 7.6 × 10^{−19} GeV LSND [13]* ” < 7.2 × 10^{−20} GeV MiniBooNE [13]* ” < 8.5 × 10^{−20} GeV MiniBooNE ν [13]* |Re ( a^{(3)}_{eff} )_{eμ} 20 | < 1.3 × 10^{−18} GeV LSND [13]* ” < 2.0 × 10^{−19} GeV MiniBooNE [13]* ” < 1.2 × 10^{−19} GeV MiniBooNE ν [13]* |Re ( a^{(3)}_{eff} )_{eμ} 21 | < 1.7 × 10^{−18} GeV LSND [13]* ” < 5.2 × 10^{−20} GeV MiniBooNE [13]* ” < 4.8 × 10^{−20} GeV MiniBooNE ν [13]* |Im ( a^{(3)}_{eff} )_{eμ} 21 | < 1.7 × 10^{−18} GeV LSND [13]* ” < 4.3 × 10^{−20} GeV MiniBooNE [13]* ” < 5.1 × 10^{−20} GeV MiniBooNE ν [13]* |Re ( a^{(3)}_{eff} )_{eμ} 22 | < 6.9 × 10^{−19} GeV LSND [13]* |Im ( a^{(3)}_{eff} )_{eμ} 22 | < 6.9 × 10^{−19} GeV ” [13]*

|å^{(3)}_{eμ} | < 3.6 × 10^{−19} GeV ” [13]* ” < 4.2 × 10^{−20} GeV MiniBooNE [13]* ” < 2.6 × 10^{−20} GeV MiniBooNE ν [13]*

|Re(a_L)^X_{eμ}| < 2.2 × 10^{−20} GeV MINOS [103] |Im(a_L)^X_{eμ}| < 2.2 × 10^{−20} GeV ” [103] |Re(a_L)^Y_{eμ}| < 2.2 × 10^{−20} GeV ” [103] |Im(a_L)^Y_{eμ}| < 2.2 × 10^{−20} GeV ” [103]

Table XIII. Neutrino sector, d = 3 (continued)

Combination Result System Ref.

(a_L)^T_{eμ} (−3.1 ± 0.9) × 10^{−20} GeV MiniBooNE [107] (a_L)^X_{eμ} (0.6 ± 1.9) × 10^{−20} GeV ” [107] (a_L)^Y_{eμ} (−0.9 ± 1.8) × 10^{−20} GeV ” [107] (a_L)^Z_{eμ} (−4.2 ± 1.2) × 10^{−20} GeV ” [107] (a_L)^T_{ēμ̄} (0.2 ± 1.0) × 10^{−19} GeV LSND [107] (a_L)^X_{ēμ̄} (4.2 ± 1.5) × 10^{−19} GeV ” [107] (a_L)^Y_{ēμ̄} (−1.7 ± 1.8) × 10^{−19} GeV ” [107] (a_L)^Z_{ēμ̄} (1.0 ± 5.4) × 10^{−19} GeV ” [107] | |(a_L)^T_{eμ} + 0.75(a_L)^Z_{eμ} −0.36[1.22(c_L)^{T T}_{eμ} + 1.50(c_L)^{T Z}_{eμ} + 0.34(c_L)^{ZZ}_{eμ} ] GeV | | (3.1 ± 0.6 ± 0.9) × 10^{−20} GeV MiniBooNE [108] | | − (a_L)^T_{eμ} − 0.75(a_L)^Z_{eμ} −0.60[1.22(c_L)^{T T}_{eμ} + 1.50(c_L)^{T Z}_{eμ} + 0.34(c_L)^{ZZ}_{eμ} ] GeV | | (0.1 ± 0.8 ± 0.1) × 10^{−20} GeV ” [108] | |0.66(a_L)^Y_{eμ} −0.36[1.33(c_L)^{T Y}_{eμ} + 0.99(c_L)^{Y Z}_{eμ} ] GeV | | (0.6 ± 0.9 ± 0.3) × 10^{−20} GeV ” [108] | | − 0.66(a_L)^Y_{eμ} −0.60[1.33(c_L)^{T Y}_{eμ} + 0.99(c_L)^{Y Z}_{eμ} ] GeV | | (2.4 ± 1.3 ± 0.5) × 10^{−20} GeV ” [108] | |0.66(a_L)^X_{eμ} −0.36[1.33(c_L)^{T X}_{eμ} + 0.99(c_L)^{XZ}_{eμ} ] GeV | | (0.4 ± 0.9 ± 0.4) × 10^{−20} GeV ” [108] | | − 0.66(a_L)X_{eμ} −0.60[1.33(c_L)^{T X}_{eμ} + 0.99(c_L)^{XZ}_{eμ} ] GeV | | (2.1 ± 1.2 ± 0.4) × 10^{−20} GeV ” [108]

|(C)_{ēμ̄}|^2 (10.7 ± 2.6 ± 1.3) × (10^{−19} GeV)^2 LSND [109] |(C)_{ēμ̄}|^2 +^1_2 |(A_s)_{ēμ̄}|^2 +^1_2 |(A_c)_{ēμ̄}|^2 (9.9 ± 2.3 ± 1.4) × (10^{−19} GeV)^2 ” [109] |(C)_{ēμ̄}|^2 +^1_2 |(A_s)_{ēμ̄}|^2 +^1_2 |(A_c)_{ēμ̄}|^2 +^1_2 |(B_s)_{ēμ̄}|^2 +^1_2 |(B_c)_{ēμ̄}|^2

(10.5 ± 2.4 ± 1.4) × (10^{−19} GeV)^2 ” [109]

a cos ρ excluded Multiple [110]* a sin ρ n̂ excluded ” [110]* b < 1.6 × 10^{−23} GeV Atmospheric [111] ǎ/c̊ < 5 GeV ” [111]

Table XIV. Neutrino sector, d = 4

Combination Result System Ref. | ( c^{(4)}_{of} ) 00| < 7.1 × 10^{−9} SN1987A [13]* ” < 1.4 × 10^{−4} Fermilab time of flight [13]* ( c^{(4)}_{of} ) 00 −8.4 ± 1.1^{+1.2}_{−0.9} × 10^{−5} OPERA time of flight [13]* ” −1.8 ± 1.0 × 10^{−4} MINOS time of flight [13]* | ( c^{(4)}_{of} ) 10| < 4.4 × 10^{−9} SN1987A [13]* ” < 1.6 × 10^{−4} Fermilab time of flight [13]* ( c^{(4)}_{of} ) 10 11.8 ± 1.6^{+1.7}_{−1.2} × 10^{−5} OPERA time of flight [13]* ” −1.6 ± 0.9 × 10^{−4} MINOS time of flight [13]* |Re ( c^{(4)}_{of} ) 11| < 8.2 × 10^{−9} SN1987A [13]* |Im ( c^{(4)}_{of} ) 11| < 8.4 × 10^{−8} ” [13]* | ( c^{(4)}_{of} ) 20| < 3.9 × 10^{−9} ” [13]* ” < 6.2 × 10^{−4} Fermilab time of flight [13]* ( c^{(4)}_{of} ) 20 15.2 ± 2.1^{+2.2}_{−1.5} × 10^{−5} OPERA time of flight [13]* ” −5.6 ± 3.2 × 10^{−4} MINOS time of flight [13]* |Re ( c^{(4)}_{of} ) 21| < 3.9 × 10^{−9} SN1987A [13]* |Im ( c^{(4)}_{of} ) 21| < 4.0 × 10^{−8} ” [13]* |Re ( c^{(4)}_{of} ) 22| < 2.1 × 10^{−8} ” [13]* |Im ( c^{(4)}_{of} ) 22| < 1.1 × 10^{−7} ” [13]*

|c̊^{(4)}| < 2.0 × 10^{−9} ” [13]* ” < 4.0 × 10^{−5} Fermilab time of flight [13]* c̊^{(4)} −23.7 ± 3.2^{+3.4}_{−2.4} × 10^{−6} OPERA time of flight [13]* ” −5.1 ± 2.9 × 10^{−5} MINOS time of flight [13]* ” > −4.7 × 10^{−13} IceCube meson threshold [13]* ” > −10^{−12} ” [112]*, [13]* ” > −4 × 10^{−15} ” [113]*, [13]* ” > −3 × 10^{−5} 17 GeV, Čerenkov emission [13]* ” > −6 × 10^{−6} 43 GeV, Čerenkov emission [13]* ” > −3 × 10^{−11} 100 TeV, Čerenkov emission [13]* ” > −8.5 × 10^{−12} ” [114]*, [13]* ” > −2 × 10^{−8} ICARUS, Čerenkov emission [115], [13]*

(c^{νe}_L )_{00} < 2 × 10^{−11} Cosmic rays [116]*

Table XIV. Neutrino sector, d = 4 (continued)

Combination Result System Ref.

|Re(c_L)^{T X}_{μτ} | < 0.5 × 10^{−23} MINOS [103] |Im(c_L)^{T X}_{μτ} | < 9.0 × 10^{−23} ” [103] |Re(c_L)^{T Y}_{μτ} | < 0.5 × 10^{−23} ” [103] |Im(c_L)^{T Y}_{μτ} | < 9.0 × 10^{−23} ” [103] |Re(c_L)^{XX}_{μτ} | < 2.5 × 10^{−23} ” [103] |Im(c_L)^{XX}_{μτ} | < 4.6 × 10^{−21} ” [103] |Re(c_L)^{Y Y}_{μτ} | < 2.4 × 10^{−23} ” [103] |Im(c_L)^{Y Y}_{μτ} | < 4.5 × 10^{−21} ” [103] |Re(c_L)^{XZ}_{μτ} | < 0.7 × 10^{−23} ” [103] |Im(c_L)^{XZ}_{μτ} | < 1.1 × 10^{−21} ” [103] |Re(c_L)^{Y Z}_{μτ} | < 0.7 × 10^{−23} ” [103] |Im(c_L)^{Y Z}_{μτ} | < 1.1 × 10^{−21} ” [103] |Re(c_L)^{XY}_{μτ} | < 1.2 × 10^{−23} ” [103] |Im(c_L)^{XY}_{μτ} | < 2.2 × 10^{−21} ” [103] c^{T X}_L , c^{T Y}_L < 3.7 × 10^{−27} IceCube [104] |(c_L)^{T X}_{μτ} |, |(c_L)^{T Y}_{μτ} | < 0.5 × 10^{−23} MINOS FD [105] |(c_L)^{XX}_{μτ} | < 2.5 × 10^{−23} ” [105] |(c_L)^{Y Y}_{μτ} | < 2.4 × 10^{−23} ” [105] |(c_L)^{XY}_{μτ} | < 1.2 × 10^{−23} ” [105] |(c_L)^{Y Z}_{μτ} |, |(c_L)^{XZ}_{μτ} | < 0.7 × 10^{−23} ” [105] |c^{T X}_L |, |c^{T Y}_L | < 9 × 10^{−23} MINOS ND [106] |c^{XX}_L | < 5.6 × 10^{−21} ” [106] |c^{Y Y}_L | < 5.5 × 10^{−21} ” [106] |c^{XY}_L | < 2.7 × 10^{−21} ” [106] |c^{Y Z}_L | < 1.2 × 10^{−21} ” [106] |c^{XZ}_L | < 1.3 × 10^{−21} ” [106] |Re ( c^{(4)}_{eff} )_{eμ} 00 | < 3.2 × 10^{−17} LSND [13]* ” < 4.1 × 10^{−19} MiniBooNE [13]* ” < 1.5 × 10^{−19} MiniBooNE ν [13]* |Re ( c^{(4)}_{eff} )_{eμ} 10 | < 9.6 × 10^{−17} LSND [13]* ” < 3.2 × 10^{−19} MiniBooNE [13]* ” < 1.2 × 10^{−19} MiniBooNE ν [13]* |Re ( c^{(4)}_{eff} )_{eμ} 11 | < 1.9 × 10^{−17} LSND [13]* ” < 2.4 × 10^{−19} MiniBooNE [13]* ” < 1.3 × 10^{−19} MiniBooNE ν [13]* |Im ( c^{(4)}_{eff} )_{eμ} 11 | < 1.9 × 10^{−17} LSND [13]* ” < 2.0 × 10^{−19} MiniBooNE [13]* ” < 1.4 × 10^{−19} MiniBooNE ν [13]* |Re ( c^{(4)}_{eff} )_{eμ} 20 | < 3.3 × 10^{−17} LSND [13]* ” < 5.5 × 10^{−19} MiniBooNE [13]* ” < 2.0 × 10^{−19} MiniBooNE ν [13]* |Re ( c^{(4)}_{eff} )_{eμ} 21 | < 4.4 × 10^{−17} LSND [13]* ” < 1.4 × 10^{−19} MiniBooNE [13]* ” < 8.0 × 10^{−20} MiniBooNE ν [13]* |Im ( c^{(4)}_{eff} )_{eμ} 21 | < 4.4 × 10^{−17} LSND [13]* ” < 1.2 × 10^{−19} MiniBooNE [13]* ” < 8.5 × 10^{−20} MiniBooNE ν [13]* |Re ( c^{(4)}_{eff} )_{eμ} 22 | < 1.7 × 10^{−17} LSND [13]* |Im ( c^{(4)}_{eff} )_{eμ} 22 | < 1.7 × 10^{−17} ” [13]*

Table XIV. Neutrino sector, d = 4 (continued)

Combination Result System Ref. |Re ( c^{(4)}_{eff} )_{eμ} 30 | < 4.5 × 10^{−17} LSND [13]* ” < 2.0 × 10^{−18} MiniBooNE [13]* ” < 7.6 × 10^{−19} MiniBooNE ν [13]* |Re ( c^{(4)}_{eff} )_{eμ} 31 | < 2.5 × 10^{−17} LSND [13]* ” < 1.4 × 10^{−19} MiniBooNE [13]* ” < 8.0 × 10^{−20} MiniBooNE ν [13]* |Im ( c^{(4)}_{eff} )_{eμ} 31 | < 2.5 × 10^{−17} LSND [13]* ” < 1.2 × 10^{−19} MiniBooNE [13]* ” < 8.4 × 10^{−20} MiniBooNE ν [13]* |Re ( c^{(4)}_{eff} )_{eμ} 32 | < 3.4 × 10^{−17} LSND [13]* |Im ( c^{(4)}_{eff} )_{eμ} 32 | < 3.4 × 10^{−17} LSND [13]*

|c̊^{(4)}_{eμ} | < 9.1 × 10^{−18} LSND [13]* ” < 1.2 × 10^{−19} MiniBooNE [13]* ” < 4.3 × 10^{−20} MiniBooNE ν [13]*

|Re(c_L)^{T X}_{eμ} | < 9.0 × 10^{−23} MINOS [103] |Im(c_L)^{T X}_{eμ} | < 9.0 × 10^{−23} ” [103] |Re(c_L)^{T Y}_{eμ} | < 9.0 × 10^{−23} ” [103] |Im(c_L)^{T Y}_{eμ} | < 9.0 × 10^{−23} ” [103] |Re(c_L)^{XX}_{eμ} | < 4.6 × 10^{−21} ” [103] |Im(c_L)^{XX}_{eμ} | < 4.6 × 10^{−21} ” [103] |Re(c_L)^{Y Y}_{eμ} | < 4.5 × 10^{−21} ” [103] |Im(c_L)^{Y Y}_{eμ} | < 4.5 × 10^{−21} ” [103] |Re(c_L)^{XZ}_{eμ} | < 1.1 × 10^{−21} ” [103] |Im(c_L)^{XZ}_{eμ} | < 1.1 × 10^{−21} ” [103] |Re(c_L)^{Y Z}_{eμ} | < 1.1 × 10^{−21} ” [103] |Im(c_L)^{Y Z}_{eμ} | < 1.1 × 10^{−21} ” [103] |Re(c_L)^{XY}_{eμ} | < 2.2 × 10^{−21} ” [103] |Im(c_L)^{XY}_{eμ} | < 2.2 × 10^{−21} ” [103] (c_L)^{T T}_{ēμ̄} (0.3 ± 1.8) × 10^{−18} LSND [107] (c_L)^{T X}_{ēμ̄} (−5.2 ± 1.9) × 10^{−18} ” [107] (c_L)^{T Y}_{ēμ̄} (2.1 ± 2.2) × 10^{−18} ” [107] (c_L)^{T Z}_{ēμ̄} (1.3 ± 6.7) × 10^{−18} ” [107] (c_L)^{XZ}_{ēμ̄} (−2.7 ± 1.0) × 10^{−17} ” [107] (c_L)^{Y Z}_{ēμ̄} (1.1 ± 1.2) × 10^{−17} ” [107] (c_L)^{ZZ}_{ēμ̄} (−1.1 ± 5.9) × 10^{−18} ” [107] (c_L)^{T T}_{eμ} (7.2 ± 2.1) × 10^{−20} MiniBooNE [107] (c_L)^{T X}_{eμ} (−0.9 ± 2.8) × 10^{−20} ” [107] (c_L)^{T Y}_{eμ} (1.3 ± 2.6) × 10^{−20} ” [107] (c_L)^{T Z}_{eμ} (5.9 ± 1.7) × 10^{−20} ” [107] (c_L)^{XZ}_{eμ} (−1.1 ± 3.7) × 10^{−20} ” [107] (c_L)^{Y Z}_{eμ} (1.7 ± 3.4) × 10^{−20} ” [107] (c_L)^{ZZ}_{eμ} (2.6 ± 0.8) × 10^{−19} ” [107]

c excluded Multiple [110]* c < 1.4 × 10^{−26} Atmospheric [111]

Table XV. Meson sector Combination Result System Ref.

Δa^K_X (−6.3 ± 6.0) × 10^{−18} GeV K oscillations [117] Δa^K_Y (2.8 ± 5.9) × 10^{−18} GeV ” [117] Δa^K_Z (2.4 ± 9.7) × 10^{−18} GeV ” [117] Δa^K_0 (0.4 ± 1.8) × 10^{−17} GeV ” [117], [118] Δa^K_Z (−1 ± 4) × 10^{−17} GeV ” [118] |Δa^K_1 | < 9.2 × 10^{−22} GeV ” [119] |Δa^K_2 | < 9.2 × 10^{−22} GeV ” [119] |(Δa^K )_T − 0.60(Δa^K )_Z | < 5 × 10^{−21} GeV ” [120]*, [121]*

N^D(Δa^D_0 − 0.6Δa^D_Z ) (−2.8 to 4.8) × 10^{−16} GeV D oscillations [122] N^DΔa^D_X (−7 to 3.8) × 10^{−16} GeV ” [122] N^DΔa^D_Y (−7 to 3.8) × 10^{−16} GeV ” [122]

N^B (Δa^B_0 − 0.30Δa^B_Z ) (−3.0 ± 2.4) × 10^{−15} GeV B_d oscillations [123] N^B Δa_X (−22 ± 7) × 10^{−15} GeV ” [123] N^B Δa_Y (−27 to − 4) × 10^{−15} GeV ” [123] N^B (Δa^B_0 − 0.3Δa^B_Z ) −(5.2 ± 4.0) × 10^{−15} GeV ” [124] N^B √ (Δa^B_X )^2 + (Δa^B_Y )^2 (37 ± 16) × 10^{−15} GeV ” [124]

(Δa^{Bs} )_T (3.7 ± 3.8) × 10^{−12} GeV B_s oscillations [121]*

δ^π (−1.5 to 200) × 10^{−11} Astrophysics [125]* |c^π| < 10^{−10} ” [39]* |c^K | < 10^{−9} ” [39]* |c^D| < 10^{−8} ” [39]* |c^{Bd} |, |c^{Bs} | < 10^{−7} ” [39]*

Table XVI. Electroweak sector Combination Result System Ref.

|(k^A_{ϕϕ})_{μν} | < 3 × 10^{−16} Cosmological birefringence [126]* |(k_{ϕB} )_{μν} | < 0.9 × 10^{−16} ” [126]* |(k_{ϕW} )_{μν} | < 1.7 × 10^{−16} ” [126]* |(k^S_{ϕϕ})_{XX} |, |(k^S_{ϕϕ})_{Y Y} |, |(k^S_{ϕϕ})_{ZZ} | < 10^{−27} Clock comparisons [126]* |(k^S_{ϕϕ})_{XY} | < 10^{−27} ” [126]* |(k^S_{ϕϕ})_{XZ} |, |(k^S_{ϕϕ})_{Y Z} | < 10^{−25} ” [126]* |(k^S_{ϕϕ})_{T T} | < 4 × 10^{−13} H^− ion, p̄ comparison [126]* |(k_ϕ)_X |, |(k_ϕ)_Y | < 10^{−31} Xe-He maser [126]* |(k_ϕ)_Z |, |(k_ϕ)_T | < 2.8 × 10^{−27} ” [126]* |(k_W )^α_{μαν} | < 10^{−5} Astrophysics [39]*

Table XVII. Gluon sector

Combination Result System Ref.

|κ̃^{QCD}_{tr} | < 2 × 10^{−13} Astrophysics [94]*

Table XVIII. Gravity sector

Combination Result System Ref.

α(a^{e+p}_{eff} )_T (0.8 ± 1.0) × 10^{−6} GeV Cs interferometer [127] α(a^n_{eff} )_T (4.3 ± 3.7) × 10^{−6} GeV ” [127] |α(a^{e+p}_{eff} )_T | < 10^{−7} GeV Free-fall WEP [20]* ” < 10^{−10} GeV Force-comparison WEP [20]* |α(a^n_{eff} )_T | < 10^{−7} GeV Free-fall WEP [20]* ” < 10^{−10} GeV Force-comparison WEP [20]* |α(a^{e+p−n} eff )_T −^1_3 m^p(c^{e+p−n})_{T T} | < 10^{−8} GeV Combined WEP [20]* |α(a^{e+p−n} eff )_T −^1_3 m^p(c^{e+p−n})_{T T} + (^1_2 cos^2 χ −^1_6 )m^n(c^n)_Q| < 10^{−8} GeV Free-fall WEP [20]* |α(a^{e+p−n} eff )_T −^1_3 m^p(c^{e+p−n})_{T T} −^1_6 m^n(c^n)_Q| < 10^{−11} GeV Force-comparison WEP [20]* |(a^e_ff )� + (a^p_{eff} )� + 0.1(a^n_{eff} )�| < 10^{−6} GeV Solar system [20]* |(a^e_ff )_⊕ + (a^p_{eff} )_⊕ + 0.1(a^n_{eff} )_⊕| < 10^{−6} GeV ” [20]* |α[a^n_X + 0.83(a^p_X + a^e_X )]| ≤ 2 × 10^{−1} GeV Torsion-strip balance [128] |α[a^n_Y + 0.83(a^p_Y + a^e_Y )]| ≤ 4 × 10^{−1} GeV ” [128] |αa^e_T + αa^p_T − 0.8αa^n_T | < 1 × 10^{−11} GeV Torsion pendulum [14]*

(c^e)_{T T} (4.6 ± 4.6) × 10^{−6} Cs interferometer [127] (c^p)_{T T} (−3.3 ± 3.5) × 10^{−6} ” [127] (c^n)_{T T} (7.6 ± 6.7) × 10^{−6} ” [127] |(c^n)_Q| < 10^{−8} Combined WEP [20]* |(c^n)�| < 10^{−8} Solar system [20]* |(c^n)_⊕| < 10^{−7} ” [20]*

Table XVIII. Gravity sector (continued)

Combination Result System Ref.

σ^{XX} − σ^{Y Y} (4.4 ± 11) × 10^{−9} Atom interferometry [129] σ^{XY} (0.2 ± 3.9) × 10^{−9} ” [129] σ^{XZ} (−2.6 ± 4.4) × 10^{−9} ” [129] σ^{Y Z} (−0.3 ± 4.5) × 10^{−9} ” [129] σ^{T X} (−3.1 ± 5.1) × 10^{−5} ” [129] σ^{T Y} (0.1 ± 5.4) × 10^{−5} ” [129] σ^{T Z} (1.4 ± 6.6) × 10^{−5} ” [129] σ^{XX} − σ^{Y Y} (−5.6 ± 2.1) × 10^{−9} ” [130] σ^{XY} (−0.09 ± 79) × 10^{−9} ” [130] σ^{XZ} (−13 ± 37) × 10^{−9} ” [130] σ^{Y Z} (−61 ± 38) × 10^{−9} ” [130] σ^{T X} (5.4 ± 4.5) × 10^{−5} ” [130] σ^{T Y} (−2.0 ± 4.4) × 10^{−5} ” [130] σ^{T Z} (1.1 ± 26) × 10^{−5} ” [130]

s^{XX} − s^{Y Y} (−1.2 ± 1.6) × 10^{−9} LLR & Atom interferometry [131]*, [129]* s^{XX} + s^{Y Y} − 2s^{ZZ} (1.8 ± 38) × 10^{−9} ” [131]*, [129]* s^{XY} (−0.6 ± 1.5) × 10^{−9} ” [131]*, [129]* s^{XZ} (−2.7 ± 1.4) × 10^{−9} ” [131]*, [129]* s^{Y Z} (0.6 ± 1.4) × 10^{−9} ” [131]*, [129]* s^{T X} (0.5 ± 6.2) × 10^{−7} ” [131]*, [129]* s^{T Y} (0.1 ± 1.3) × 10^{−6} ” [131]*, [129]* s^{T Z} (−0.4 ± 3.8) × 10^{−6} ” [131]*, [129]* s^{11} − s^{22} (1.3 ± 0.9) × 10^{−10} Lunar laser ranging (LLR) [131]* s^{12} (6.9 ± 4.5) × 10^{−11} ” [131]* s^{01} (−0.8 ± 1.1) × 10^{−6} ” [131]* s^{02} (−5.2 ± 4.8) × 10^{−7} ” [131]* s_{Ω⊕c} (0.2 ± 3.9) × 10^{−7} ” [131]* s_{Ω⊕ s} (−1.3 ± 4.1) × 10^{−7} ” [131]* s^{XX} (−0.04 ± 4.90) × 10^4 Short-range gravity [132] s^{XY} (−0.07 ± 6.12) × 10^4 ” [132] s^{XZ} (−0.01 ± 2.56) × 10^3 ” [132] s^{Y Z} (−0.06 ± 5.83) × 10^4 ” [132] s^{ZZ} (−0.08 ± 6.68) × 10^4 ” [132]

|s�| ≤ 10^{−9} Perihelion precession [133]* |s_⊕| ≤ 10^{−8} ” [133]* |s_{SSP}| ≤ 10^{−13} Solar-spin precession [133]*

Table XIX. Nonminimal photon sector, d = 5 Combination Result System Ref. | ∑ jm Y_{jm}(37^∘, 0^∘)k^{(5)}_{(V )jm}| < 1.2 × 10^{−34} GeV^{−1} Astrophysical birefringence [134]* |k^{(5)}_{(V )00}| < 4.2 × 10^{−34} GeV^{−1} ” [134]* | ∑ jm Y_{jm}(98.2^∘, 182.1^∘)k^{(5)}_{(V )jm}| < 7 × 10^{−33} GeV^{−1} ” [12]* |k^{(5)}_{(V )00}| < 2 × 10^{−32} GeV^{−1} ” [12]* | ∑ jm Y_{jm}(87.3^∘, 37.3^∘)k^{(5)}_{(V )jm}| < 4 × 10^{−33} GeV^{−1} ” [12]* |k^{(5)}_{(V )00}| < 1 × 10^{−32} GeV^{−1} ” [12]* k^{(5)}_{(V )00} (3.2 ± 2.1) × 10^{−20} GeV^{−1} CMB polarization [135]* ” (3 ± 2) × 10^{−20} GeV^{−1} ” [11]* k^{(5)}_{(V )10} (8^{+2}_{−3}) × 10^{−20} GeV^{−1} ” [11]* −(8^{+3}_{−4}) × 10^{−20} GeV^{−1} ” [11]* k^{(5)}_{(V )20} −(10 ± 3) × 10^{−20} GeV^{−1} ” [11]* k^{(5)}_{(V )30} (8^{+3}_{−4}) × 10^{−20} GeV^{−1} ” [11]* −(8 ± 3) × 10^{−20} GeV^{−1} ” [11]*

Table XX. Nonminimal photon sector, d = 6 Combination Result System Ref.

(c¬^{(6)}_F )^{(0E)}_{220} (3 ± 13) × 10^{10} GeV^{−2} Rotating microwave resonators [96] Re((c¬^{(6)}_F )^{(0E)}_{221} ) (17 ± 19) × 10^8 GeV^{−2} ” [96] Im((c¬^{(6)}_F )^{(0E)}_{221} ) (114 ± 59) × 10^7 GeV^{−2} ” [96] Re((c¬^{(6)}_F )^{(0E)}_{222} ) (−3 ± 19) × 10^8 GeV^{−2} ” [96] Im((c¬^{(6)}_F )^{(0E)}_{222} ) (37 ± 40) × 10^7 GeV^{−2} ” [96] ∑ jm Y_{jm}(116^∘, 334^∘)c^{(6)}_{(I)jm} < 3.9 × 10^{−22} GeV^{−2} Astrophysical dispersion [136] c^{(6)}_{(I)00} < 1.4 × 10^{−21} GeV^{−2} ” [136] ∑ jm Y_{jm}(147^∘, 120^∘)c^{(6)}_{(I)jm} < 3.2 × 10^{−20} GeV^{−2} ” [137], [12]* c^{(6)}_{(I)00} < 1.1 × 10^{−19} GeV^{−2} ” [137], [12]* | ∑ jm Y_{jm}(120^∘, 330^∘)c^{(6)}_{(I)jm}| < 7.4 × 10^{−22} GeV^{−2} ” [138], [12]* |c^{(6)}_{(I)00}| < 2.6 × 10^{−21} GeV^{−2} ” [138], [12]* ∑ jm Y_{jm}(50.2^∘, 253^∘)c^{(6)}_{(I)jm} 3^{+1}_{−2} × 10^{−22} GeV^{−2} ” [139], [12]* c^{(6)}_{(I)00} 10^{+4}_{−7} × 10^{−22} GeV^{−2} ” [139], [12]* | ∑ jm Y_{jm}(99.7^∘, 240^∘)c^{(6)}_{(I)jm}| < 1 × 10^{−16} GeV^{−2} ” [140], [12]* |c^{(6)}_{(I)00}| < 4 × 10^{−16} GeV^{−2} ” [140], [12]* | ∑ jm 2Yjm(98.2 ∘, 182.1^∘)(k^{(6)}_{(E)jm} + ik^{(6)}_{(B)jm})| ≲ 10^{−29} GeV^{−2} Astrophysical birefringence [12]* | ∑ jm 2Yjm(87.3 ∘, 37.3^∘)(k^{(6)}_{(E)jm} + ik^{(6)}_{(B)jm})| ≲ 10^{−29} GeV^{−2} ” [12]* k^{(6)}_{(E)20} ±(11^{+4}_{−5}) × 10^{−10} GeV^{−2} CMB polarization [11]* k^{(6)}_{(E)30} ±(11^{+5}_{−6}) × 10^{−10} GeV^{−2} ” [11]* k^{(6)}_{(E)40} ±(11^{+5}_{−6}) × 10^{−10} GeV^{−2} ” [11]*

Table XXI. Nonminimal photon sector, d ≥ 7

Combination Result System Ref. | ∑ jm Y_{jm}(98.2^∘, 182.1^∘)k^{(7)}_{(V )jm}| < 2 × 10^{−24} GeV^{−3} Astrophysical birefringence [12]* |k^{(7)}_{(V )00}| < 7 × 10^{−24} GeV^{−3} ” [12]* | ∑ jm Y_{jm}(87.3^∘, 37.3^∘)k^{(7)}_{(V )jm}| < 5 × 10^{−25} GeV^{−3} ” [12]* |k^{(7)}_{(V )00}| < 2 × 10^{−24} GeV^{−3} ” [12]*

(c¬^{(8)}_F )^{(0E)}_{220} − 94(c¬^{(8)}_F )^{(0E)}_{420} − 20(c¬^{(8)}_F )^{(0E)}_{440} (5 ± 23) × 10^{37} GeV^{−4} Rotating microwave resonators [96] Re((c¬^{(8)}_F )^{(0E)}_{221} ) − 98 Re((c¬^{(8)}_F )^{(0E)}_{421} ) + 48 Re((c¬^{(8)}_F )^{(0E)}_{441} ) (11 ± 15) × 10^{36} GeV^{−4} ” [96] Im((c¬^{(8)}_F )^{(0E)}_{221} ) − 98 Im((c¬^{(8)}_F )^{(0E)}_{421} ) + 48 Im((c¬^{(8)}_F )^{(0E)}_{441} ) (39 ± 15) × 10^{36} GeV^{−4} ” [96] Re((c¬^{(8)}_F )^{(0E)}_{221} ) − 92 Re((c¬^{(8)}_F )^{(0E)}_{421} ) − 11 Re((c¬^{(8)}_F )^{(0E)}_{441} ) (58 ± 55) × 10^{35} GeV^{−4} ” [96] Im((c¬^{(8)}_F )^{(0E)}_{221} ) − 92 Im((c¬^{(8)}_F )^{(0E)}_{421} ) − 11 Im((c¬^{(8)}_F )^{(0E)}_{441} ) (7 ± 55) × 10^{35} GeV^{−4} ” [96] Re((c¬^{(8)}_F )^{(0E)}_{222} ) − 96 Re((c¬^{(8)}_F )^{(0E)}_{422} ) + 3 Re((c¬^{(8)}_F )^{(0E)}_{442} ) (66 ± 29) × 10^{35} GeV^{−4} ” [96] Im((c¬^{(8)}_F )^{(0E)}_{222} ) − 96 Im((c¬^{(8)}_F )^{(0E)}_{422} ) + 3 Im((c¬^{(8)}_F )^{(0E)}_{442} ) (−26 ± 28) × 10^{35} GeV^{−4} ” [96] Re((c¬^{(8)}_F )^{(0E)}_{222} ) − 94 Re((c¬^{(8)}_F )^{(0E)}_{422} ) + 49 Re((c¬^{(8)}_F )^{(0E)}_{442} ) (−8 ± 24) × 10^{35} GeV^{−4} ” [96] Im((c¬^{(8)}_F )^{(0E)}_{222} ) − 94 Im((c¬^{(8)}_F )^{(0E)}_{422} ) + 49 Im((c¬^{(8)}_F )^{(0E)}_{442} ) (−25 ± 25) × 10^{35} GeV^{−4} ” [96] Re((c¬^{(8)}_F )^{(0E)}_{443} ) (−11 ± 15) × 10^{33} GeV^{−4} ” [96] Im((c¬^{(8)}_F )^{(0E)}_{443} ) (−89 ± 53) × 10^{32} GeV^{−4} ” [96] Re((c¬^{(8)}_F )^{(0E)}_{444} ) (−5 ± 29) × 10^{33} GeV^{−4} ” [96] Im((c¬^{(8)}_F )^{(0E)}_{444} ) (−10 ± 28) × 10^{32} GeV^{−4} ” [96] ∑ jm Y_{jm}(116^∘, 334^∘)c^{(8)}_{(I)jm} < 2.1 × 10^{−25} GeV^{−4} Astrophysical dispersion [136] c^{(8)}_{(I)00} < 7.6 × 10^{−25} GeV^{−4} ” [136] ∑ jm Y_{jm}(147^∘, 120^∘)c^{(8)}_{(I)jm} < 2.6 × 10^{−23} GeV^{−4} ” [137], [12]* c^{(8)}_{(I)00} < 9.2 × 10^{−23} GeV^{−4} ” [137], [12]* | ∑ jm Y_{jm}(99.7^∘, 240^∘)c^{(8)}_{(I)jm}| < 3 × 10^{−13} GeV^{−4} ” [140], [12]* |c^{(8)}_{(I)00}| < 9 × 10^{−13} GeV^{−4} ” [140], [12]* | ∑ jm 2Yjm(98.2 ∘, 182.1^∘)(k^{(8)}_{(E)jm} + ik^{(8)}_{(B)jm})| ≲ 10^{−20} GeV^{−4} Astrophysical birefringence [12]* | ∑ jm 2Yjm(87.3 ∘, 37.3^∘)(k^{(8)}_{(E)jm} + ik^{(8)}_{(B)jm})| ≲ 10^{−20} GeV^{−4} ” [12]* | ∑ jm Y_{jm}(98.2^∘, 182.1^∘)k^{(9)}_{(V )jm}| < 6 × 10^{−16} GeV^{−5} ” [12]* |k^{(9)}_{(V )00}| < 2 × 10^{−15} GeV^{−5} ” [12]* | ∑ jm Y_{jm}(87.3^∘, 37.3^∘)k^{(9)}_{(V )jm}| < 1 × 10^{−16} GeV^{−5} ” [12]* |k^{(9)}_{(V )00}| < 4 × 10^{−16} GeV^{−5} ” [12]*

Table XXII. Nonminimal neutrino sector, d = 5

Combination Result System Ref. ( a^{(5)}_{of} ) 00 25.7 ± 3.3^{+3.5}_{−2.5} × 10^{−7} GeV^{−1} OPERA time of flight [13]* ” 3.0 ± 1.7 × 10^{−5} GeV^{−1} MINOS time of flight [13]* | ( a^{(5)}_{of} ) 00| < 2.4 × 10^{−6} GeV^{−1} Fermilab time of flight [13]* ” < 2.1 × 10^{−6} GeV^{−1} Fermilab νν comparison [13]* ” < 3.5 × 10^{−7} GeV^{−1} SN1987A [13]* ( a^{(5)}_{of} ) 10 −34.7 ± 4.7^{+5.0}_{−3.5} × 10^{−7} GeV^{−1} OPERA time of flight [13]* ” 2.7 ± 1.5 × 10^{−5} GeV^{−1} MINOS time of flight [13]* | ( a^{(5)}_{of} ) 10| < 2.7 × 10^{−6} GeV^{−1} Fermilab time of flight [13]* ” < 2.3 × 10^{−6} GeV^{−1} Fermilab νν comparison [13]* ” < 2.2 × 10^{−7} GeV^{−1} SN1987A [13]* |Re ( a^{(5)}_{of} ) 11| < 4.1 × 10^{−7} GeV^{−1} ” [13]* |Im ( a^{(5)}_{of} ) 11| < 4.2 × 10^{−6} GeV^{−1} ” [13]* ( a^{(5)}_{of} ) 20 −44.8 ± 6.1^{+6.4}_{−4.5} × 10^{−7} GeV^{−1} OPERA time of flight [13]* ” 9.4 ± 5.3 × 10^{−5} GeV^{−1} MINOS time of flight [13]* | ( a^{(5)}_{of} ) 20| < 1.0 × 10^{−5} GeV^{−1} Fermilab time of flight [13]* ” < 9.0 × 10^{−6} GeV^{−1} Fermilab νν comparison [13]* ” < 2.0 × 10^{−7} GeV^{−1} SN1987A [13]* |Re ( a^{(5)}_{of} ) 21| < 2.0 × 10^{−7} GeV^{−1} ” [13]* |Im ( a^{(5)}_{of} ) 21| < 2.0 × 10^{−6} GeV^{−1} ” [13]* |Re ( a^{(5)}_{of} ) 22| < 1.1 × 10^{−6} GeV^{−1} ” [13]* |Im ( a^{(5)}_{of} ) 22| < 5.3 × 10^{−6} GeV^{−1} ” [13]* ( a^{(5)}_{of} ) 30 21.1 ± 2.9^{+3.0}_{−2.1} × 10^{−7} GeV^{−1} OPERA time of flight [13]* ” −4.1 ± 2.3 × 10^{−5} GeV^{−1} MINOS time of flight [13]* | ( a^{(5)}_{of} ) 30| < 2.1 × 10^{−6} GeV^{−1} Fermilab time of flight [13]* ” < 1.8 × 10^{−6} GeV^{−1} Fermilab νν comparison [13]* ” < 2.1 × 10^{−7} GeV^{−1} SN1987A [13]* |Re ( a^{(5)}_{of} ) 31| < 1.3 × 10^{−7} GeV^{−1} ” [13]* |Im ( a^{(5)}_{of} ) 31| < 1.3 × 10^{−6} GeV^{−1} ” [13]* |Re ( a^{(5)}_{of} ) 32| < 4.3 × 10^{−7} GeV^{−1} ” [13]* |Im ( a^{(5)}_{of} ) 32| < 2.2 × 10^{−6} GeV^{−1} ” [13]* |Re ( a^{(5)}_{of} ) 33| < 2.8 × 10^{−6} GeV^{−1} ” [13]* |Im ( a^{(5)}_{of} ) 33| < 9.4 × 10^{−6} GeV^{−1} ” [13]* ∑ j 0N_{j0}(86.7^∘, 52.4^∘, 47.5^∘) ( a^{(5)}_{of} ) j0 10 ± 19 × 10^{−8} GeV^{−1} OPERA time of flight [13]*

å^{(5)} 69.7 ± 9.4^{+10.0}_{−7.1} × 10^{−8} GeV^{−1} ” [13]* ” 10 ± 19 × 10^{−8} GeV^{−1} ” [13]* ” 8.5 ± 4.8 × 10^{−6} GeV^{−1} MINOS time of flight [13]* ” < 1 × 10^{−6} GeV^{−1} 17 GeV, Čerenkov emission [13]* ” < 1 × 10^{−7} GeV^{−1} 43 GeV, Čerenkov emission [13]* |å^{(5)}| < 6.7 × 10^{−7} GeV^{−1} Fermilab time of flight [13]* ” < 5.8 × 10^{−7} GeV^{−1} Fermilab νν comparison [13]* ” < 1.2 × 10^{−18} GeV^{−1} IceCube meson threshold [13]* ” < 4 × 10^{−16} GeV^{−1} 100 TeV, Čerenkov emission [13]* ” < 1.0 × 10^{−7} GeV^{−1} SN1987A [13]*

Table XXII. Nonminimal neutrino sector, d = 5 (continued)

Combination Result System Ref. |Re ( a^{(5)}_{eff} )_{eμ} 00 | < 8.1 × 10^{−16} GeV^{−1} LSND [13]* ” < 1.1 × 10^{−18} GeV^{−1} MiniBooNE [13]* ” < 2.6 × 10^{−19} GeV^{−1} MiniBooNE ν [13]* |Re ( a^{(5)}_{eff} )_{eμ} 10 | < 2.4 × 10^{−15} GeV^{−1} LSND [13]* ” < 8.9 × 10^{−19} GeV^{−1} MiniBooNE [13]* ” < 2.0 × 10^{−19} GeV^{−1} MiniBooNE ν [13]* |Re ( a^{(5)}_{eff} )_{eμ} 11 | < 4.8 × 10^{−16} GeV^{−1} LSND [13]* ” < 6.7 × 10^{−19} GeV^{−1} MiniBooNE [13]* ” < 2.2 × 10^{−19} GeV^{−1} MiniBooNE ν [13]* |Im ( a^{(5)}_{eff} )_{eμ} 11 | < 4.8 × 10^{−16} GeV^{−1} LSND [13]* ” < 5.6 × 10^{−19} GeV^{−1} MiniBooNE [13]* ” < 2.4 × 10^{−19} GeV^{−1} MiniBooNE ν [13]* |Re ( a^{(5)}_{eff} )_{eμ} 20 | < 8.1 × 10^{−16} GeV^{−1} LSND [13]* ” < 1.5 × 10^{−18} GeV^{−1} MiniBooNE [13]* ” < 3.4 × 10^{−19} GeV^{−1} MiniBooNE ν [13]* |Re ( a^{(5)}_{eff} )_{eμ} 21 | < 1.1 × 10^{−15} GeV^{−1} LSND [13]* ” < 4.0 × 10^{−19} GeV^{−1} MiniBooNE [13]* ” < 1.3 × 10^{−19} GeV^{−1} MiniBooNE ν [13]* |Im ( a^{(5)}_{eff} )_{eμ} 21 | < 1.1 × 10^{−15} GeV^{−1} LSND [13]* ” < 3.3 × 10^{−19} GeV^{−1} MiniBooNE [13]* ” < 1.4 × 10^{−19} GeV^{−1} MiniBooNE ν [13]* |Re ( a^{(5)}_{eff} )_{eμ} 22 | < 4.3 × 10^{−16} GeV^{−1} LSND [13]* |Im ( a^{(5)}_{eff} )_{eμ} 22 | < 4.3 × 10^{−16} GeV^{−1} ” [13]* |Re ( a^{(5)}_{eff} )_{eμ} 30 | < 1.1 × 10^{−15} GeV^{−1} ” [13]* ” < 5.7 × 10^{−18} GeV^{−1} MiniBooNE [13]* ” < 1.3 × 10^{−18} GeV^{−1} MiniBooNE ν [13]* |Re ( a^{(5)}_{eff} )_{eμ} 31 | < 6.3 × 10^{−16} GeV^{−1} LSND [13]* ” < 4.0 × 10^{−19} GeV^{−1} MiniBooNE [13]* ” < 1.3 × 10^{−19} GeV^{−1} MiniBooNE ν [13]* |Im ( a^{(5)}_{eff} )_{eμ} 31 | < 6.3 × 10^{−16} GeV^{−1} LSND [13]* ” < 3.3 × 10^{−19} GeV^{−1} MiniBooNE [13]* ” < 1.4 × 10^{−19} GeV^{−1} MiniBooNE ν [13]* |Re ( a^{(5)}_{eff} )_{eμ} 32 | < 8.4 × 10^{−16} GeV^{−1} LSND [13]* |Im ( a^{(5)}_{eff} )_{eμ} 32 | < 8.4 × 10^{−16} GeV^{−1} ” [13]* |Re ( a^{(5)}_{eff} )_{eμ} 40 | < 1.1 × 10^{−15} GeV^{−1} ” [13]* ” < 1.1 × 10^{−18} GeV^{−1} MiniBooNE [13]* ” < 2.4 × 10^{−19} GeV^{−1} MiniBooNE ν [13]* |Re ( a^{(5)}_{eff} )_{eμ} 41 | < 6.5 × 10^{−16} GeV^{−1} LSND [13]* ” < 7.2 × 10^{−19} GeV^{−1} MiniBooNE [13]* ” < 2.4 × 10^{−19} GeV^{−1} MiniBooNE ν [13]* |Im ( a^{(5)}_{eff} )_{eμ} 41 | < 6.5 × 10^{−16} GeV^{−1} LSND [13]* ” < 5.9 × 10^{−19} GeV^{−1} MiniBooNE [13]* ” < 2.5 × 10^{−19} GeV^{−1} MiniBooNE ν [13]* |Re ( a^{(5)}_{eff} )_{eμ} 42 | < 6.8 × 10^{−16} GeV^{−1} LSND [13]* |Im ( a^{(5)}_{eff} )_{eμ} 42 | < 6.8 × 10^{−16} GeV^{−1} ” [13]*

|å^{(5)}_{eμ} | < 2.3 × 10^{−16} GeV^{−1} ” [13]* ” < 3.2 × 10^{−19} GeV^{−1} MiniBooNE [13]* ” < 7.2 × 10^{−20} GeV^{−1} MiniBooNE ν [13]*

Table XXIII. Nonminimal neutrino sector, d = 6

Combination Result System Ref. ( c^{(6)}_{of} ) 00 −9.7 ± 1.3^{+1.4}_{−1.0} × 10^{−8} GeV^{−2} OPERA time of flight [13]*

” −6.7 ± 3.8 × 10^{−6} GeV^{−2} MINOS time of flight [13]* | ( c^{(6)}_{of} ) 00| < 5.3 × 10^{−8} GeV^{−2} Fermilab time of flight [13]*

” < 2.4 × 10^{−5} GeV^{−2} SN1987A [13]* ( c^{(6)}_{of} ) 10 13.6 ± 1.8^{+2.0}_{−1.3} × 10^{−8} GeV^{−2} OPERA time of flight [13]*

” −5.9 ± 3.4 × 10^{−6} GeV^{−2} MINOS time of flight [13]* | ( c^{(6)}_{of} ) 10| < 5.9 × 10^{−8} GeV^{−2} Fermilab time of flight [13]*

” < 1.5 × 10^{−5} GeV^{−2} SN1987A [13]* |Re ( c^{(6)}_{of} ) 11| < 2.7 × 10^{−5} GeV^{−2} ” [13]* |Im ( c^{(6)}_{of} ) 11| < 2.8 × 10^{−4} GeV^{−2} ” [13]* ( c^{(6)}_{of} ) 20 17.6 ± 2.4^{+2.5}_{−1.8} × 10^{−8} GeV^{−2} OPERA time of flight [13]*

” 2.1 ± 1.2 × 10^{−5} GeV^{−2} MINOS time of flight [13]* | ( c^{(6)}_{of} ) 20| < 2.3 × 10^{−7} GeV^{−2} Fermilab time of flight [13]*

” < 1.3 × 10^{−5} GeV^{−2} SN1987A [13]* |Re ( c^{(6)}_{of} ) 21| < 1.3 × 10^{−5} GeV^{−2} ” [13]* |Im ( c^{(6)}_{of} ) 21| < 1.3 × 10^{−4} GeV^{−2} ” [13]* |Re ( c^{(6)}_{of} ) 22| < 7.0 × 10^{−5} GeV^{−2} ” [13]* |Im ( c^{(6)}_{of} ) 22| < 3.6 × 10^{−4} GeV^{−2} ” [13]* ( c^{(6)}_{of} ) 30 −8.3 ± 1.1^{+1.2}_{−0.8} × 10^{−8} OPERA time of flight [13]*

” 9.1 ± 5.4 × 10^{−6} GeV^{−2} MINOS time of flight [13]* | ( c^{(6)}_{of} ) 30| < 4.6 × 10^{−8} GeV^{−2} Fermilab time of flight [13]*

” < 1.4 × 10^{−5} GeV^{−2} SN1987A [13]* |Re ( c^{(6)}_{of} ) 31| < 8.7 × 10^{−6} GeV^{−2} ” [13]* |Im ( c^{(6)}_{of} ) 31| < 8.9 × 10^{−5} GeV^{−2} ” [13]* |Re ( c^{(6)}_{of} ) 32| < 2.8 × 10^{−5} GeV^{−2} ” [13]* |Im ( c^{(6)}_{of} ) 32| < 1.4 × 10^{−4} GeV^{−2} ” [13]* |Re ( c^{(6)}_{of} ) 33| < 1.9 × 10^{−4} GeV^{−2} ” [13]* |Im ( c^{(6)}_{of} ) 33| < 6.2 × 10^{−4} GeV^{−2} ” [13]* ( c^{(6)}_{of} ) 40 24.2 ± 3.3^{+3.5}_{−2.5} × 10^{−8} GeV^{−2} OPERA time of flight [13]*

” 5.2 ± 3.0 × 10^{−6} GeV^{−2} MINOS time of flight [13]* | ( c^{(6)}_{of} ) 40| < 5.6 × 10^{−8} GeV^{−2} Fermilab time of flight [13]*

” < 1.8 × 10^{−5} GeV^{−2} SN1987A [13]* |Re ( c^{(6)}_{of} ) 41| < 6.9 × 10^{−6} GeV^{−2} ” [13]* |Im ( c^{(6)}_{of} ) 41| < 7.0 × 10^{−5} GeV^{−2} ” [13]* |Re ( c^{(6)}_{of} ) 42| < 1.6 × 10^{−5} GeV^{−2} ” [13]* |Im ( c^{(6)}_{of} ) 42| < 8.0 × 10^{−5} GeV^{−2} ” [13]* |Re ( c^{(6)}_{of} ) 43| < 6.7 × 10^{−5} GeV^{−2} ” [13]* |Im ( c^{(6)}_{of} ) 43| < 2.2 × 10^{−4} GeV^{−2} ” [13]* |Re ( c^{(6)}_{of} ) 44| < 5.2 × 10^{−4} GeV^{−2} ” [13]* |Im ( c^{(6)}_{of} ) 44| < 1.3 × 10^{−3} GeV^{−2} ” [13]*

Table XXIII. Nonminimal neutrino sector, d = 6 (continued)

Combination Result System Ref.

c̊^{(6)} −27.3 ± 3.7^{+3.9}_{−2.8} × 10^{−9} GeV^{−2} OPERA time of flight [13]* ” −1.9 ± 1.1 × 10^{−6} GeV^{−2} MINOS time of flight [13]* ” > −2.9 × 10^{−24} GeV^{−2} IceCube meson threshold [13]* ” > −8 × 10^{−8} GeV^{−2} 17 GeV, Čerenkov emission [13]* ” > −3 × 10^{−9} GeV^{−2} 43 GeV, Čerenkov emission [13]* ” > −3 × 10^{−21} GeV^{−2} 100 TeV, Čerenkov emission [13]* |c̊^{(6)}| < 1.5 × 10^{−8} GeV^{−2} Fermilab [13]* ” < 6.7 × 10^{−6} GeV^{−2} SN1987A [13]* |Re ( c^{(6)}_{eff} )_{eμ} 00 | < 2.0 × 10^{−14} GeV^{−2} LSND [13]* ” < 3.2 × 10^{−18} GeV^{−2} MiniBooNE [13]* ” < 4.3 × 10^{−19} GeV^{−2} MiniBooNE ν [13]* |Re ( c^{(6)}_{eff} )_{eμ} 10 | < 6.0 × 10^{−14} GeV^{−2} LSND [13]* ” < 2.5 × 10^{−18} GeV^{−2} MiniBooNE [13]* ” < 3.3 × 10^{−19} GeV^{−2} MiniBooNE ν [13]* |Re ( c^{(6)}_{eff} )_{eμ} 11 | < 1.2 × 10^{−14} GeV^{−2} LSND [13]* ” < 1.9 × 10^{−18} GeV^{−2} MiniBooNE [13]* ” < 3.7 × 10^{−19} GeV^{−2} MiniBooNE ν [13]* |Im ( c^{(6)}_{eff} )_{eμ} 11 | < 1.2 × 10^{−14} GeV^{−2} LSND [13]* ” < 1.5 × 10^{−18} GeV^{−2} MiniBooNE [13]* ” < 3.9 × 10^{−19} GeV^{−2} MiniBooNE ν [13]* |Re ( c^{(6)}_{eff} )_{eμ} 20 | < 2.0 × 10^{−14} GeV^{−2} LSND [13]* ” < 4.2 × 10^{−18} GeV^{−2} MiniBooNE [13]* ” < 5.6 × 10^{−19} GeV^{−2} MiniBooNE ν [13]* |Re ( c^{(6)}_{eff} )_{eμ} 21 | < 2.7 × 10^{−14} GeV^{−2} LSND [13]* ” < 1.1 × 10^{−18} GeV^{−2} MiniBooNE [13]* ” < 2.2 × 10^{−19} GeV^{−2} MiniBooNE ν [13]* |Im ( c^{(6)}_{eff} )_{eμ} 21 | < 2.7 × 10^{−14} GeV^{−2} LSND [13]* ” < 9.2 × 10^{−19} GeV^{−2} MiniBooNE [13]* ” < 2.4 × 10^{−19} GeV^{−2} MiniBooNE ν [13]* |Re ( c^{(6)}_{eff} )_{eμ} 22 | < 1.1 × 10^{−14} GeV^{−2} LSND [13]* |Im ( c^{(6)}_{eff} )_{eμ} 22 | < 1.1 × 10^{−14} GeV^{−2} ” [13]* |Re ( c^{(6)}_{eff} )_{eμ} 30 | < 2.8 × 10^{−14} GeV^{−2} ” [13]* ” < 1.6 × 10^{−17} GeV^{−2} MiniBooNE [13]* ” < 2.1 × 10^{−18} GeV^{−2} MiniBooNE ν [13]* |Re ( c^{(6)}_{eff} )_{eμ} 31 | < 1.6 × 10^{−14} GeV^{−2} LSND [13]* ” < 1.1 × 10^{−18} GeV^{−2} MiniBooNE [13]* ” < 2.2 × 10^{−19} GeV^{−2} MiniBooNE ν [13]* |Im ( c^{(6)}_{eff} )_{eμ} 31 | < 1.6 × 10^{−14} GeV^{−2} LSND [13]* ” < 9.2 × 10^{−19} GeV^{−2} MiniBooNE [13]* ” < 2.3 × 10^{−19} GeV^{−2} MiniBooNE ν [13]* |Re ( c^{(6)}_{eff} )_{eμ} 32 | < 2.1 × 10^{−14} GeV^{−2} LSND [13]* |Im ( c^{(6)}_{eff} )_{eμ} 32 | < 2.1 × 10^{−14} GeV^{−2} ” [13]*

Table XXIII. Nonminimal neutrino sector, d = 6 (continued)

Combination Result System Ref. |Re ( c^{(6)}_{eff} )_{eμ} 40 | < 2.8 × 10^{−14} GeV^{−2} LSND [13]* ” < 3.0 × 10^{−18} GeV^{−2} MiniBooNE [13]* ” < 4.0 × 10^{−19} GeV^{−2} MiniBooNE ν [13]* |Re ( c^{(6)}_{eff} )_{eμ} 41 | < 1.6 × 10^{−14} GeV^{−2} LSND [13]* ” < 2.0 × 10^{−18} GeV^{−2} MiniBooNE [13]* ” < 4.0 × 10^{−19} GeV^{−2} MiniBooNE ν [13]* |Im ( c^{(6)}_{eff} )_{eμ} 41 | < 1.6 × 10^{−14} GeV^{−2} LSND [13]* ” < 1.6 × 10^{−17} GeV^{−2} MiniBooNE [13]* ” < 4.2 × 10^{−19} GeV^{−2} MiniBooNE ν [13]* |Re ( c^{(6)}_{eff} )_{eμ} 42 | < 1.7 × 10^{−14} GeV^{−2} LSND [13]* |Im ( c^{(6)}_{eff} )_{eμ} 42 | < 1.7 × 10^{−14} GeV^{−2} ” [13]* |Re ( c^{(6)}_{eff} )_{eμ} 50 | < 2.0 × 10^{−14} GeV^{−2} LSND [13]* ” < 2.3 × 10^{−18} GeV^{−2} MiniBooNE [13]* ” < 3.1 × 10^{−19} GeV^{−2} MiniBooNE ν [13]* |Re ( c^{(6)}_{eff} )_{eμ} 51 | < 2.6 × 10^{−14} GeV^{−2} LSND [13]* ” < 7.7 × 10^{−18} GeV^{−2} MiniBooNE [13]* ” < 1.5 × 10^{−18} GeV^{−2} MiniBooNE ν [13]* |Im ( c^{(6)}_{eff} )_{eμ} 51 | < 2.6 × 10^{−14} GeV^{−2} LSND [13]* ” < 6.3 × 10^{−18} GeV^{−2} MiniBooNE [13]* ” < 1.6 × 10^{−18} GeV^{−2} MiniBooNE ν [13]* |Re ( c^{(6)}_{eff} )_{eμ} 52 | < 1.4 × 10^{−14} GeV^{−2} LSND [13]* |Im ( c^{(6)}_{eff} )_{eμ} 52 | < 1.4 × 10^{−14} GeV^{−2} ” [13]*

|c̊^{(6)}eμ | < 5.7 × 10^{−15} GeV^{−2} LSND [13]* ” < 9.0 × 10^{−19} GeV^{−2} MiniBooNE [13]* ” < 1.2 × 10^{−19} GeV^{−2} MiniBooNE ν [13]*

Table XXIV. Nonminimal neutrino sector, d ≥ 7

Combination Result System Ref.

å^{(7)} 12.1 ± 1.6^{+1.7}_{−1.2} × 10^{−10} GeV^{−3} OPERA time of flight [13]* ” 4.7 ± 2.7 × 10^{−7} GeV^{−3} MINOS time of flight [13]* ” < 5 × 10^{−9} GeV^{−3} 17 GeV, Čerenkov emission [13]* ” < 6 × 10^{−11} GeV^{−3} 43 GeV, Čerenkov emission [13]* |å^{(7)}| < 3.7 × 10^{−10} GeV^{−3} Fermilab time of flight [13]* ” < 3.2 × 10^{−10} GeV^{−3} Fermilab νν comparison [13]* ” < 5.0 × 10^{−4} GeV^{−3} SN1987A [13]* ” < 7.3 × 10^{−30} GeV^{−3} IceCube meson threshold [13]* ” < 2 × 10^{−26} GeV^{−3} 100 TeV, Čerenkov emission [13]* |å^{(7)}_{eμ} | < 1.4 × 10^{−13} GeV^{−3} LSND [13]* ” < 2.5 × 10^{−18} GeV^{−3} MiniBooNE [13]* ” < 2.0 × 10^{−19} GeV^{−3} MiniBooNE ν [13]*

c̊^{(8)} −56.8 ± 7.7^{+8.1}_{−5.8} × 10^{−12} GeV^{−4} OPERA time of flight [13]* ” −12.6 ± 7.2 × 10^{−8} GeV^{−4} MINOS time of flight [13]* ” > −1.8 × 10^{−35} GeV^{−4} IceCube meson threshold [13]* ” > −3 × 10^{−10} GeV^{−4} 17 GeV, Čerenkov emission [13]* ” > −1 × 10^{−12} GeV^{−4} 43 GeV, Čerenkov emission [13]* ” > −2 × 10^{−31} GeV^{−4} 100 TeV, Čerenkov emission [13]* |c̊^{(8)}| < 9.9 × 10^{−12} GeV^{−4} Fermilab time of flight [13]* ” < 4.0 × 10^{−2} GeV^{−4} SN1987A [13]* |c̊^{(8)}_{eμ} | < 3.6 × 10^{−12} GeV^{−4} LSND [13]* ” < 6.9 × 10^{−18} GeV^{−4} MiniBooNE [13]* ” < 3.3 × 10^{−19} GeV^{−4} MiniBooNE ν [13]*

å^{(9)} 27.8 ± 3.8^{+4.0}_{−2.8} × 10^{−13} GeV^{−5} OPERA time of flight [13]* ” 3.5 ± 2.0 × 10^{−8} GeV^{−5} MINOS time of flight [13]* ” < 2 × 10^{−11} GeV^{−5} 17 GeV, Čerenkov emission [13]* ” < 3 × 10^{−14} GeV^{−5} 43 GeV, Čerenkov emission [13]* |å^{(9)}| < 2.7 × 10^{−13} GeV^{−5} Fermilab time of flight [13]* ” < 2.4 × 10^{−13} GeV^{−5} Fermilab νν comparison [13]* ” < 3.3 GeV^{−5} SN1987A [13]* ” < 4.6 × 10^{−41} GeV^{−5} IceCube meson threshold [13]* ” < 2 × 10^{−36} GeV^{−5} 100 TeV, Čerenkov emission [13]* |å^{(9)}_{eμ} | < 8.9 × 10^{−11} GeV^{−5} LSND [13]* ” < 1.9 × 10^{−17} GeV^{−5} MiniBooNE [13]* ” < 5.6 × 10^{−19} GeV^{−5} MiniBooNE ν [13]*

c̊^{(10)} −14.0 ± 1.9^{+2.0}_{−1.4} × 10^{−14} GeV^{−6} OPERA time of flight [13]* ” −10.0 ± 5.7 × 10^{−9} GeV^{−6} MINOS time of flight [13]* ” > −1.1 × 10^{−46} GeV^{−6} IceCube meson threshold [13]* ” > −9 × 10^{−13} GeV^{−6} 17 GeV, Čerenkov emission [13]* ” > −8 × 10^{−16} GeV^{−6} 43 GeV, Čerenkov emission [13]* ” > −2 × 10^{−41} GeV^{−6} 100 TeV, Čerenkov emission [13]* |c̊^{(10)}| < 7.8 × 10^{−15} GeV^{−6} Fermilab time of flight [13]* ” < 2.9 × 10^2 GeV^{−6} SN1987A [13]* |c̊^{(10)}eμ | < 2.2 × 10^{−9} GeV^{−6} LSND [13]* ” < 5.4 × 10^{−17} GeV^{−6} MiniBooNE [13]* ” < 9.3 × 10^{−19} GeV^{−6} MiniBooNE ν [13]*

Table XXIV. Nonminimal neutrino sector, d ≥ 7 (continued)

Combination Result System Ref. ∑ dj (d − 3)(17 GeV)^{d−4}_0N_{j0}(86.7^∘, 52.4^∘, 47.5^∘) [( a^{(d)}_{of} ) j0 − ( c^{(d)}_{of} ) j0 ] 2.37 ± 0.32^{+0.34}_{−0.24} × 10^{−5} OPERA time of flight [13]* ∑ dj (d − 3)(3 GeV)^{d−4}_0N_{j0}(86.7^∘, 203.9^∘, 42.2^∘) [( a^{(d)}_{of} ) j0 − ( c^{(d)}_{of} ) j0 ] 5.1 ± 2.9 × 10^{−5} MINOS time of flight [13]* | | ∑_{dj} (d − 3)(30 GeV)^{d−4}_0N_{j0}(90^∘, 140^∘, 48.2^∘)[ ± (a^{(d)}_{of} )_{j0} − (c^{(d)}_{of} )_{j0}] | | < 4 × 10^{−5} Fermilab time of flight [13]* | | ∑_{dj} (d − 3)(30 GeV)^{d−4}_0N_{j0}(90^∘, 140^∘, 48.2^∘)(a^{(d)}_{of} )_{j0} | | < 3.5 × 10^{−5} Fermilab νν comparison [13]* | | ∑_{djm}(d − 3)(10 MeV)d−4 Y_{jm}(20.7∘, 185.6∘)[(a^{(d)}_{of} )_{jm} + (c^{(d)}_{of} )_{jm}] | | < 2 × 10−9 SN1987A [13]* ∑ d(d − 3)(17 GeV)^{d−4}(å^{(d)} − c̊^{(d)}) 2.37 ± 0.32^{+0.34}_{−0.24} × 10^{−5} OPERA time of flight [13]* ∑ d(d − 3)(3 GeV)^{d−4}(å^{(d)} − c̊^{(d)}) 5.1 ± 2.9 × 10^{−5} MINOS time of flight [13]* | | ∑_d(d − 3)(30 GeV)^{d−4}(±å^{(d)} − c̊^{(d)}) | | < 4 × 10^{−5} Fermilab time of flight [13]* | | ∑_d(d − 3)(30 GeV)d−4 å(d) | | < 3.5 × 10−5 Fermilab νν comparison [13]* | | ∑_d(d − 3)(10 MeV)d−4 (å(d) + c̊(d)) | | < 2 × 10−9 SN1987A [13]*

Table XXV. Lagrange density for the minimal QED extension in Riemann spacetime

Sector Coeff. # Operator Dim. Factor CPT L.V.

Fermion m ψψ 3 −e +

m_5 ψγ_5ψ 3 −ie +

ψγ^{a ↔}D_μ ψ 4^1_2 iee^μ_a + a_μ 4 ψγ^aψ 3 −ee^μ_a − ✓ b_μ 4 ψγ_5γ^aψ 3 −ee^μ_a − ✓ H_{μν} 6 ψσ^{ab}ψ 3 −ee^μ_ae^ν_b + ✓ c_{λν} 16 ψγ^{b ↔}D_μ ψ 4 −^1_2 iee^μ_ae^{νa}e^λ_b + ✓

d_{λν} 16 ψγ_5γ^{b ↔}D_μ ψ 4 −^1_2 iee^μ_ae^{νa}e^λ_b + ✓

e_λ 4 ψ^↔D_μ ψ 4 −^1_2 iee^μ_ae^{λa} − ✓

f_λ 4 ψγ_5^↔D_μ ψ 4 −^1_2 iee^μ_ae^{λa} − ✓ g_{λκν} 24 ψσ^{bc ↔}D_μ ψ 4 −^1_4 iee^μ_ae^{νa}e^λ_be^κ_c − ✓ Photon F_{μν} F^{μν} 4 −^1_4 e +

(k_{AF} )^κ 4 A^λF^{μν} 3^1_2 eϵ_{κλμν} − ✓

(k_F )_{κλμν} 19 F^{κλ}F^{μν} 4 −^1_4 e + ✓

Gravity R 2 e/2κ + Λ 1 0 −e/κ + u 1 R 2 −e/2κ + s^{μν} 9 R_{μν} 2 e/2κ + ✓ t^{κλμν} 10 R_{κλμν} 2 e/2κ + ✓

Table XXVI. C, P, T properties of operators for Lorentz violation in QED Coefficient C P T CP CT PT CPT c_{T T} , c_{JK} , (k_F )_{T JT K} , (k_F )_{JKLM} + + + + + + + b_J , g_{JT L}, g_{JKT} , (k_{AF} )_J + + − + − − − b_T , g_{JT T} , g_{JKL}, (k_{AF} )_T + − + − + − − c_{T J} , c_{JT} , (k_F )_{T JKL} + − − − − + + a_T , e_T , f_J − + + − − + − H_{JK} , d_{T J} , d_{JT} − + − − + − + H_{T J} , d_{T T} , d_{JK} − − + + − − + a_J , e_J , f_T − − − + + + −

Table XXVII. Definitions for the fermion sector of the minimal QED extension Symbol Combination Components b̃_J b_J −^1_2 ε_{JKL}H_{KL} − m(d_{JT} −^1_2 ε_{JKL}g_{KLT} ) 3 b̃∗_J b_J +^1_2 ε_{JKL}H_{KL} + m(d_{JT} +^1_2 ε_{JKL}g_{KLT} ), 3 b̃_T b_T + mg_{XY Z} 1 g̃_T b_T − m(g_{XY Z} − g_{Y ZX} − g_{ZXY} ) 1 H̃_{XT} H_{XT} + m(d_{ZY} − g_{XT T} − g_{XY Y} ) 1 H̃_{Y T} H_{Y T} + m(d_{XZ} − g_{Y T T} − g_{Y ZZ} ) 1 H̃_{ZT} H_{ZT} + m(d_{Y X} − g_{ZT T} − g_{ZXX} ) 1 d̃_± m(d_{XX} ± d_{Y Y} ) 2 d̃_Q m(d_{XX} + d_{Y Y} − 2d_{ZZ} − g_{Y ZX} − g_{ZXY} + 2g_{XY Z} ) 1 d̃_J m(d_{T J} +^1_2 d_{JT} ) −^1_4 ε_{JKL}H_{KL} 3 d̃_{Y Z} m(d_{Y Z} + d_{ZY} − g_{XY Y} + g_{XZZ} ) 1 d̃_{ZX} m(d_{ZX} + d_{XZ} − g_{Y ZZ} + g_{Y XX} ) 1 d̃_{XY} m(d_{XY} + d_{Y X} − g_{ZXX} + g_{ZY Y} ) 1 g̃_c m(g_{XY Z} − g_{ZXY} ) 1 g̃_− m(g_{XT X} − g_{Y T Y} ) 1 g̃_Q m(g_{XT X} + g_{Y T Y} − 2g_{ZT Z} ) 1 g̃_{T J} m |ε_{JKL}| g_{KT L} 3 g̃_{DJ} −b_J + mε_{JKL}(g_{KT L} +^1_2 g_{KLT} ) 3 g̃_{JK} m(g_{JT T} + g_{JKK} ), (no K sum, J ≠ K) 6 c̃_Q m(c_{XX} + c_{Y Y} − 2c_{ZZ} ) 1 c̃_− m(c_{XX} − c_{Y Y} ) 1 c̃_J m |ε_{JKL}| c_{KL} 3 c̃_{T J} m(c_{T J} + c_{JT} ) 3 c̃_{T T} mc_{T T} 1 total: 44

Table XXVIII. Definitions for the photon sector of the minimal QED extension Symbol Combination Components (κ̃_{e+})^{JK} −(k_F )^{T JT K} +^1_4 ϵ^{JP Q}ϵ^{KRS} (k_F )^{P QRS} 5 (κ̃_{o−})^{JK 1}_2 ϵ^{KP Q}(k_F )^{T JP Q} +^1_2 ϵ^{JP Q}(k_F )^{T KP Q} 5 (κ̃_{e−})^{JK} −(k_F )^{T JT K} −^1_4 ϵ^{JP Q}ϵ^{KRS} (k_F )^{P QRS} +^2_3 (k_F )^{T LT L}δ^{JK} 5 (κ̃_{o+})^{JK 1}_2 ϵ^{KP Q}(k_F )^{T JP Q} −^1_2 ϵ^{JP Q}(k_F )^{T KP Q} 3 κ̃_{tr} −^2_3 [ (k_F )^{T XT X} + (k_F )^{T Y T Y} + (k_F )^{T ZT Z} ] 1 total: 19 k^1 (k_F )^{T Y XZ} 1 k^2 (k_F )^{T XY Z} 1 k^3 (k_F )^{T Y T Y} − (k_F )^{XZXZ} 1 k^4 (k_F )^{T ZT Z} − (k_F )^{XY XY} 1 k^5 (k_F )^{T XT Y} + (k_F )^{XZY Z} 1 k^6 (k_F )^{T XT Z} − (k_F )^{XY Y Z} 1 k^7 (k_F )^{T Y T Z} + (k_F )^{XY XZ} 1 k^8 (k_F )^{T XXY} + (k_F )^{T ZY Z} 1 k^9 (k_F )^{T XXZ} − (k_F )^{T Y Y Z} 1 k^{10} (k_F )^{T Y XY} − (k_F )^{T ZXZ} 1 total: 10

k^{(3)}_{(V )00} − √ 4π (k_{AF} )^T 1 k^{(3)}_{(V )10} − √ 4π/3 (k_{AF} )^Z 1 Re k^{(3)}_{(V )11} √ 2π/3 (k_{AF} )^X 1 Im k^{(3)}_{(V )11} − √ 2π/3 (k_{AF} )^Y 1 total: 4

Table XXIX. Lagrange density for the fermion sector of the minimal SME in Riemann-Cartan spacetime Sector Coeff. Operator Dim. Factor CPT L.V. Lepton L_Aγ^{a ↔}D_μ L_A 4^1_2 iee^μ_a + R_Aγ^{a ↔}D_μ R_A 4^1_2 iee^μ_a + (a_L)_{μAB} L_Aγ^aL_B 3 −ee^μ_a − ✓ (a_R)_{μAB} R_Aγ^aR_B 3 −ee^μ_a − ✓ (c_L)_{μνAB} L_Aγ^{a ↔}D^ν L_B 4 −^1_2 iee^μ_a + ✓ (c_R)_{μνAB} R_Aγ^{a ↔}D^ν R_B 4 −^1_2 iee^μ_a + ✓ Quark Q_Aγ^{a ↔}D_μ Q_A 4^1_2 iee^μ_a + U_Aγ^{a ↔}D_μ U_A 4^1_2 iee^μ_a + D_Aγ^{a ↔}D_μ D_A 4^1_2 iee^μ_a + (a_Q)_{μAB} Q_Aγ^aQ_B 3 −ee^μ_a − ✓ (a_U )_{μAB} U_Aγ^aU_B 3 −ee^μ_a − ✓ (a_D )_{μAB} D_Aγ^aD_B 3 −ee^μ_a − ✓ (c_Q)_{μνAB} Q_Aγ^{a ↔}D^ν Q_B 4 −^1_2 iee^μ_a + ✓ (c_U )_{μνAB} U_Aγ^{a ↔}D^ν U_B 4 −^1_2 iee^μ_a + ✓ (c_D )_{μνAB} D_Aγ^{a ↔}D^ν D_B 4 −^1_2 iee^μ_a + ✓ Yukawa (G_L)_{AB} L_AϕR_B + h.c. 4 −e + (G_U )_{AB} Q_Aϕ^cU_B + h.c. 4 −e + (G_D )_{AB} Q_AϕD_B + h.c. 4 −e + (H_L)_{μνAB} L_Aϕσ^{ab}R_B + h.c. 4 −^1_2 ee^μ_ae^ν_b + ✓ (H_U )_{μνAB} Q_Aϕ^cσ^{ab}U_B + h.c. 4 −^1_2 ee^μ_ae^ν_b + ✓ (H_D )_{μνAB} Q_Aϕσ^{ab}D_B + h.c. 4 −^1_2 ee^μ_ae^ν_b + ✓

Table XXX. Lagrange density for the boson sector of the minimal SME in Riemann-Cartan spacetime Sector Coeff. Operator Dim. Factor CPT L.V. Higgs μ^2 ϕ^†ϕ 2 e + λ (ϕ^†ϕ)^2 4 −^1_{3!} e + (D_μϕ)^†(D^μϕ) 4 −e + (k_ϕ)^μ ϕ^†D_μϕ + h.c. 3 ie − ✓ (k_{ϕϕ})^{μν} (D_μϕ)^†(D_ν ϕ) + h.c. 4^1_2 e + ✓ (k_{ϕW} )^{μν} ϕ^†W_{μν} ϕ 4 −^1_2 e + ✓ (k_{ϕB} )^{μν} ϕ^†ϕB_{μν} 4 −^1_2 e + ✓ Gauge Tr(G_{μν} G^{μν} ) 4 −^1_2 e + Tr(W_{μν} W^{μν} ) 4 −^1_2 e + B_{μν} B^{μν} 4 −^1_4 e + (k_0)_κ B^κ 1 e − ✓ (k_1)_κ B_λB_{μν} 3 eϵ^{κλμν} − ✓ (k_2)_κ Tr(W_λW_{μν} +^2_3 igW_λW_μW_ν ) 3 eϵ^{κλμν} − ✓ (k_3)_κ Tr(G_λG_{μν} +^2_3 ig_3G_λG_μG_ν ) 3 eϵ^{κλμν} − ✓ (k_G)_{κλμν} Tr(G^{κλ}G^{μν} ) 4 −^1_2 e + ✓ (k_W )_{κλμν} Tr(W^{κλ}W^{μν} ) 4 −^1_2 e + ✓ (k_B )_{κλμν} B^{κλ}B^{μν} 4 −^1_4 e + ✓ Gravity R 2 e/2κ + Λ 1 0 −e/κ + u R 2 −e/2κ + (k_T )^{λμν} T_{λμν} 1 e/2κ + ✓ s^{μν} R_{μν} 2 e/2κ + ✓ t^{κλμν} R_{κλμν} 2 e/2κ + ✓ (k_{T T} )^{αβγλμν} T_{αβγ} T_{λμν} 2 e/2κ + ✓ (k_{DT} )^{κλμν} D_κT_{λμν} 2 e/2κ + ✓

Table XXXI. Coefficients in the renormalizable neutrino sector

Type Coeff. Dim. Oscillation CPT L.V.

mass (m_lm^†_l )_{ab} 3 ν ↔ ν, ν ↔ ν +

massless (a_L)^μ_{ab} ≡ [a^{(3)μ}_L ]_{ab} 3 ν ↔ ν, ν ↔ ν − ✓ H^{μν}_{ab} ≡ [H^{(3)μν}_{M+} ]_{ab} 3 ν ↔ ν + ✓ (c_L)^{μν}_{ab} ≡ [c^{(4)μν}_L ]_{ab} 4 ν ↔ ν, ν ↔ ν + ✓ g^{μνσ}_{ab} ≡ [g^{(4)μνρ}_{M+} ]_{ab} 4 ν ↔ ν − ✓

mass-induced [H^{(3)μν}_l ]_{ab} 3 ν ↔ ν, ν ↔ ν + ✓ [a^{(3)μ}_l ]_{ab} 3 ν ↔ ν − ✓ [e^{(4)μ}_l ]_{ab} 4 ν ↔ ν, ν ↔ ν − ✓ [g^{(4)μνρ} l ]_{ab} 4 ν ↔ ν, ν ↔ ν − ✓ [c^{(4)μν}_l ]_{ab} 4 ν ↔ ν + ✓

Table XXXII. Definitions for the minimal neutrino sector

Symbol Combination Components ( a^{(3)}_{eff} ) 00 √ 4π ( a^{(3)T}_L − e^{(4)T}_l − 2g̃^{(4)T T T}_l ) − (4 √ π/3)g̃^{(4)T JJ} l ( a^{(3)}_{eff} ) 1−1 − √ (2π/3) X̂^J_− ( a^{(3)J}_L − e^{(4)J}_l − 2g̃^{(4)T JT}_l ) ( a^{(3)}_{eff} ) 10 − √ (4π/3) ( a^{(3)Z}_L − e^{(4)Z}_l − 2g̃^{(4)T ZT}_l ) ( a^{(3)}_{eff} ) 11 √ (2π/3) X̂^J_+ ( a^{(3)J}_L − e^{(4)J}_l − 2g̃^{(4)T JT}_l ) ( a^{(3)}_{eff} ) 2−2 − √ (8π/15) X̂^J_−X̂^K_− g̃^{(4)T JK}_l ( a^{(3)}_{eff} ) 2−1 − √ (8π/15) X̂^J_− ( g̃^{(4)T ZJ} l + g̃^{(4)T JZ} l ) ( a^{(3)}_{eff} ) 20 − √ (16π/5) ( g̃^{(4)T ZZ} l − (1/3)g̃^{(4)T JJ}_l ) ( a^{(3)}_{eff} ) 21 √ (8π/15) X̂^J_+ ( g̃^{(4)T ZJ} l + g̃^{(4)T JZ} l ) ( a^{(3)}_{eff} ) 22 − √ (8π/15) X̂^J_+X̂^K_+ g̃^{(4)T JK}_l 9 × 9 = 81 ( c^{(2)}_{eff} ) 1−1 √ (8π/3)X̂^J_−H̃^{(3)T J}_l ( c^{(2)}_{eff} ) 10 √ (16π/3)H̃^{(3)T Z}_l ( c^{(2)}_{eff} ) 11 − √ (8π/3)X̂^J_+H̃^{(3)T J}_l 9 × 3 = 27 ( c^{(4)}_{eff} ) 00 √ 4π ( c^{(4)T T} L + (1/3)c^{(4)JJ}_L ) ( c^{(4)}_{eff} ) 1−1 − √ (4π/6) X̂^J_− ( c^{(4)T J} L + c^{(4)JT}_L ) ( c^{(4)}_{eff} ) 10 − √ (4π/3) ( c^{(4)T Z} L + c^{(4)ZT}_L ) ( c^{(4)}_{eff} ) 11 √ (4π/6) X̂^J_+ ( c^{(4)T J} L + c^{(4)JT}_L ) ( c^{(4)}_{eff} ) 2−2 √ (2π/15) X̂^J_−X̂^K_− c^{(4)JK}_L ( c^{(4)}_{eff} ) 2−1 √ (2π/15) X̂^J_− ( c^{(4)ZJ} L + c^{(4)JZ}_L ) ( c^{(4)}_{eff} ) 20 √ (4π/5) ( c^{(4)ZZ} L − (1/3)c^{(4)JJ}_L ) ( c^{(4)}_{eff} ) 21 − √ (2π/15) X̂^J_+ ( c^{(4)ZJ} L + c^{(4)JZ}_L ) ( c^{(4)}_{eff} ) 22 √ (2π/15) X̂^J_+X̂^K_+ c^{(4)JK}_L 9 × 9 = 81 ( g^{(2)}_{eff} ) 1−1 √ (4π/3) X̂^J_− a^{(3)J}_l ( g^{(2)}_{eff} ) 10 √ (8π/3) a^{(3)Z}_l ( g^{(2)}_{eff} ) 11 − √ (4π/3) X̂^J_+ a^{(3)J}_l 12 × 3 = 36 ( g^{(4)}_{eff} ) 1−1 i √ (16π/3) X̂^J_− ( g^{(4)T JT} M+ + (1/2)g^{(4)T ZJ}_{M+} − (1/2)g^{(4)T JZ}_{M+} ) ( g^{(4)}_{eff} ) 10 i √ (32π/3) ( g^{(4)T ZT} M+ − (i/2)g^{(4)T XY}_{M+} + (i/2)g^{(4)T Y X}_{M+} ) ( g^{(4)}_{eff} ) 11 −i √ (16π/3) X̂^J_+ ( g^{(4)T JT} M+ − (1/2)g^{(4)T ZJ}_{M+} + (1/2)g^{(4)T JZ}_{M+} ) ( g^{(4)}_{eff} ) 2−2 −i √ (4π/5) X̂^J_−X̂^K_− g^{(4)T JK}_{M+} ( g^{(4)}_{eff} ) 2−1 −i √ (4π/5) X̂^J_− ( g^{(4)T ZJ} M+ + g^{(4)T ZJ}_{M+} ) ( g^{(4)}_{eff} ) 20 −i √ (24π/5) ( g^{(4)T ZZ} M+ − (1/3)g^{(4)T JJ}_{M+} ) ( g^{(4)}_{eff} ) 21 i √ (4π/5) X̂^J_+ ( g^{(4)T ZJ} M+ + g^{(4)T ZJ}_{M+} ) ( g^{(4)}_{eff} ) 22 −i √ (4π/5) X̂^J_+X̂^K_+ g^{(4)T JK}_{M+} 12 × 8 = 96 ( H^{(3)}_{eff} ) 1−1 √ (4π/3) X̂^J_− ( 2iH^{(3)T J}_{M+} + c^{(4)JT}_l + (1/2)c^{(4)ZJ}_l − (1/2)c^{(4)JZ}_l ) ( H^{(3)}_{eff} ) 10 √ (8π/3) ( 2iH^{(3)T Z} M+ + c^{(4)ZT}_l − (i/2)c^{(4)XY}_l + (i/2)c^{(4)Y X}_l ) ( H^{(3)}_{eff} ) 11 − √ (4π/3) X̂^J_+ ( 2iH^{(3)T J}_{M+} + c^{(4)JT}_l − (1/2)c^{(4)ZJ}_l + (1/2)c^{(4)JZ}_l ) ( H^{(3)}_{eff} ) 2−2 − √ (π/5) X̂^J_−X̂^K_− c^{(4)JK}_l ( H^{(3)}_{eff} ) 2−1 − √ (π/5) X̂^J_− ( c^{(4)ZJ} l + c^{(4)JZ}_l ) ( H^{(3)}_{eff} ) 20 − √ (6π/5) ( c^{(4)ZZ} l − (1/3)c^{(4)JJ}_l ) ( H^{(3)}_{eff} ) 21 √ (π/5) X̂^J_+ ( c^{(4)ZJ} l + c^{(4)JZ}_l ) ( H^{(3)}_{eff} ) 22 − √ (π/5) X̂^J_+X̂^K_+ c^{(4)JK}_l 6 × 8 = 48 total: 369

Table XXXIII. Quadratic Lagrange density for the nonminimal photon sector in Minkowski spacetime Coeff. # Operator Dim. Factor CPT L.V. F_{μν} F^{μν} 4 −^1_4 + (k^{(3)}_{AF} )_κ ≡ (k_{AF} )_κ 4 A_λF_{μν} 3^1_2 ϵ^{κλμν} − ✓ (k^{(5)}_{AF} )_κ^{α1 α2} 36 A_λ∂_{α1} ∂_{α2} F_{μν} 5^1_2 ϵ^{κλμν} − ✓ (k^{(7)}_{AF} )_κ^{α1 α2 α3α4} 120 A_λ∂_{α1} ∂_{α2} ∂_{α3} ∂_{α4} F_{μν} 7^1_2 ϵ^{κλμν} − ✓ . . . . . . . . . . (k^{(d)}_{AF} )_κ^{α1 ···α(d−3) 1}_2 (d + 1)(d − 1)(d − 2) A_λ∂_{α1} · · · ∂_{α(d−3)} F_{μν} odd d^1_2 ϵ^{κλμν} − ✓ (k^{(4)}_F )^{κλμν} ≡ (k_F )^{κλμν} 19 + 1 F_{κλ}F_{μν} 4 −^1_4 + ✓ (k^{(6)}_F )^{κλμνα1 α2} 126 F_{κλ}∂_{α1} ∂_{α2} F_{μν} 6 −^1_4 + ✓ (k^{(8)}_F )^{κλμνα1 α2 α3α4} 360 F_{κλ}∂_{α1} ∂_{α2} ∂_{α3} ∂_{α4} F_{μν} 8 −^1_4 + ✓ . . . . . . . . . . (k^{(d)}_F )^{κλμνα1 ···α(d−4)} (d + 1)d(d − 3) F_{κλ}∂_{α1} · · · ∂_{α(d−4)} F_{μν} even d −^1_4 + ✓

Table XXXIV. Spherical coefficients for the nonminimal photon sector in Minkowski spacetime Type Coeff. Dim. n j # vacuum c^{(d)}_{(I)jm} even, ≥ 4 – 0, 1, . . . , d − 2 (d − 1)^2 k^{(d)}_{(E)jm} even, ≥ 4 – 2, 3, . . . , d − 2 (d − 1)^2 − 4 k^{(d)}_{(B)jm} even, ≥ 4 – 2, 3, . . . , d − 2 (d − 1)^2 − 4 k^{(d)}_{(V )jm} odd, ≥ 3 – 0, 1, . . . , d − 2 (d − 1)^2 vacuum orthogonal (c¬^{(d)}_F )^{(0E)}_{njm} even, ≥ 4 0, 1, . . . , d − 4 n, n − 2, n − 4 . . . , ≥ 0^{(d−1)(d−2)(d−3)}_6 (k ¬^{(d)}_F )^{(0E)}_{njm} even, ≥ 6 1, 2, . . . , d − 4 n, n − 2, n − 4 . . . , ≥ 0^{(d−1)(d−2)(d−3)}_6 −1 (k ¬^{(d)}_F )^{(1E)}_{njm} even, ≥ 6 1, 2, . . . , d − 4 n + 1, n − 1, n − 3 . . . , ≥ 1^{(d−4)(d2+d+3)}_6 (k ¬^{(d)}_F )^{(2E)}_{njm} even, ≥ 6 2, 3, . . . , d − 4 n, n − 2, n − 4 . . . , ≥ 2^{(d−4)(d2−2d−9)}_6 (k ¬^{(d)}_F )^{(1B)}_{njm} even, ≥ 6 1, 2, . . . , d − 4 n, n − 2, n − 4 . . . , ≥ 1^{d(d−2)(d−4)}_6 (k ¬^{(d)}_F )^{(2B)}_{njm} even, ≥ 6 1, 2, . . . , d − 4 n + 1, n − 1, n − 3 . . . , ≥ 2^{(d+3)(d−2)(d−4)}_6 (k ¬^{(d)}_{AF} )^{(0B)}_{njm} odd, ≥ 5 0, 1, . . . , d − 4 n, n − 2, n − 4 . . . , ≥ 0^{(d−1)(d−2)(d−3)}_6 (k¬^{(d)}_{AF} )^{(1B)}_{njm} odd, ≥ 5 0, 1, . . . , d − 4 n + 1, n − 1, n − 3 . . . , ≥ 1^{(d+1)(d−1)(d−3)}_6 (k ¬^{(d)}_{AF} )^{(1E)}_{njm} odd, ≥ 5 1, 2, . . . , d − 3 n, n − 2, n − 4 . . . , ≥ 1^{(d+1)(d−1)(d−3)}_6

Table XXXV. Spherical coefficients for the nonminimal neutrino sector in Minkowski spacetime

Type Coeff. Dim. j # CPT

effective ( a^{(d)}_{eff} )_{ab} jm odd, ≥ 3 d − 1 ≥ j ≥ 0 9d^2 − ( c^{(d)}_{eff} )_{ab} jm { d = 2

even, ≥ 4 j = 1 d − 1 ≥ j ≥ 0 27 9d^2 + ( g^{(d)}_{eff} )_{ab} jm even, ≥ 2 d − 1 ≥ j ≥ 1 12(d^2 − 1) − ( H^{(d)}_{eff} )_{ab} jm odd, ≥ 3 d − 1 ≥ j ≥ 1 6(d^2 − 1) +

Dirac ( a^{(d)}_L )_{ab} jm odd, ≥ 3 d − 2 ≥ j ≥ 0 9(d − 1)^2 − ( c^{(d)}_L )_{ab} jm even, ≥ 4 d − 2 ≥ j ≥ 0 9(d − 1)^2 + ( m^{(d)}_l )_{ab} jm odd, ≥ 5 d − 3 ≥ j ≥ 0 9(d − 2)^2 + ( e^{(d)}_l )_{ab} jm even, ≥ 4 d − 3 ≥ j ≥ 0 9(d − 2)^2 − ( g^{(d)}_l )_{ab} jm even, ≥ 4 d − 2 ≥ j ≥ 0 9(d − 1)^2 − ( H^{(d)}_l )_{ab} jm { d = 3

odd, ≥ 5 j = 1 d − 2 ≥ j ≥ 0 27 9(d − 1)^2 + Majorana ( g^{(d)}_{M+} )_{ab} jm even, ≥ 4 d − 2 ≥ j ≥ 1 12d(d − 2) − ( H^{(d)}_{M+} )_{ab} jm odd, ≥ 3 d − 2 ≥ j ≥ 1 6d(d − 2) + ( a^{(d)}_l )_{ab} jm odd, ≥ 3 d − 2 ≥ j ≥ 1 12d(d − 2) − ( c^{(d)}_l )_{ab} jm even, ≥ 4 d − 2 ≥ j ≥ 1 6d(d − 2) +

renormalizable ( a^{(3)}_{eff} ) jm 3 0, 1, 2 81 − ( c^{(2)}_{eff} ) jm 2 1 27 + ( c^{(4)}_{eff} ) jm 4 0, 1, 2 81 + ( g^{(2)}_{eff} ) jm 2 1 36 − ( g^{(4)}_{eff} ) jm 4 1, 2 96 − ( H^{(3)}_{eff} ) jm 3 1, 2 48 +

massless ( a^{(d)}_L )_{ab} jm odd, ≥ 3 d − 2 ≥ j ≥ 0 9(d − 1)^2 − ( c^{(d)}_L )_{ab} jm even, ≥ 4 d − 2 ≥ j ≥ 0 9(d − 1)^2 + ( g^{(d)}_{M+} )_{ab} jm even, ≥ 4 d − 2 ≥ j ≥ 1 12d(d − 2) − ( H^{(d)}_{M+} )_{ab} jm odd, ≥ 3 d − 2 ≥ j ≥ 1 6d(d − 2) +

flavor-blind ( a^{(d)}_{fb} ) jm odd, ≥ 3 d − 1 ≥ j ≥ 0 d^2 − ( c^{(d)}_{fb} ) jm even, ≥ 4 d − 2 ≥ j ≥ 0 (d − 1)^2 + ( g^{(d)}_{fb} ) jm even, ≥ 2 d − 1 ≥ j ≥ 1 2(d^2 − 1) −

oscillation-free ( a^{(d)}_{of} ) jm odd, ≥ 3 d − 2 ≥ j ≥ 0 (d − 1)^2 − ( c^{(d)}_{of} ) jm even, ≥ 4 d − 2 ≥ j ≥ 0 (d − 1)^2 +

diagonalizable ( a^{(d)}_d )_a′ jm odd, ≥ 3 d − 1 ≥ j ≥ 0 3d^2 − ( c^{(d)}_d )_a′ jm even, ≥ 4 d − 2 ≥ j ≥ 0 3(d − 1)^2 + ( g^{(d)}_d )_a′ jm even, ≥ 2 d − 1 ≥ j ≥ 1 6(d^2 − 1) −

generic isotropic å^{(d)}_{ab} odd, ≥ 3 9 −

c̊^{(d)}_{ab} even, ≥ 4 9 +

isotropic diag. å^{(d)}_a′ odd, ≥ 3 3 −

c̊^{(d)}_a′ even, ≥ 4 3 +

isotropic osc.-free å^{(d)} odd, ≥ 3 1 −

c̊^{(d)} even, ≥ 4 1 +