arXiv:physics/0309054 v1 12 Sep 2003

Violations of fundamental symmetries in atoms and tests of

unification theories of elementary particles

J.S.M. Ginges and V.V. Flambaum

School of Physics, University of New South Wales, Sydney 2052, Australia

(May 24, 2004)

Abstract

High-precision measurements of violations of fundamental symmetries in atoms are a very effective means of testing the standard model of elementary particles and searching for new physics beyond it. Such studies complement measurements at high energies. We review the recent progress in atomic parity nonconservation and atomic electric dipole moments (time reversal symmetry violation), with a particular focus on the atomic theory required to interpret the measurements.

PACS: 32.80.Ys,11.30.Er,12.15.Ji,31.15.Ar

Typeset using REVTEX

Contents

I Introduction 5

II Manifestations and sources of parity violation in atoms 6 1 The nuclear spin-independent electron-nucleon interaction; the nuclear weak charge . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7 2 Nuclear spin-dependent contributions to atomic parity violation; the nuclear anapole moment . . . . . . . . . . . . . . . . . . . . . . . . . . 8 A Simple calculation of the weak interaction in atoms induced by the nuclear weak charge; the Z^3 enhancement . . . . . . . . . . . . . . . . . . . . . . 9

III Measurements and calculations of parity violation in atoms 10 A Summary of measurements . . . . . . . . . . . . . . . . . . . . . . . . . . 10 B Summary of calculations . . . . . . . . . . . . . . . . . . . . . . . . . . . 11 C Cesium . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12 1 Measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12 2 Calculations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

IV Method for high-precision atomic structure calculations in heavy alkalimetal atoms 13 A Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14 B Zeroth-order approximation: relativistic Hartree-Fock method . . . . . . . 14 C Correlation corrections and many-body perturbation theory . . . . . . . . 15 D All-orders summation of dominating diagrams . . . . . . . . . . . . . . . . 17 1 Screening of the electron-electron interaction . . . . . . . . . . . . . . 17 2 The hole-particle interaction . . . . . . . . . . . . . . . . . . . . . . . 19 3 Chaining of the self-energy . . . . . . . . . . . . . . . . . . . . . . . . 19 E Other low-order correlation diagrams . . . . . . . . . . . . . . . . . . . . . 20 F Empirical fitting of the energies . . . . . . . . . . . . . . . . . . . . . . . . 20 G Asymptotic form of the correlation potential . . . . . . . . . . . . . . . . 20 H Interaction with external fields . . . . . . . . . . . . . . . . . . . . . . . . 21 1 Time-dependent Hartree-Fock method . . . . . . . . . . . . . . . . . . 21 2 E1 transition amplitudes . . . . . . . . . . . . . . . . . . . . . . . . . 23 3 Hyperfine structure constants . . . . . . . . . . . . . . . . . . . . . . . 24 4 Structural radiation and normalization of states . . . . . . . . . . . . . 24

V High-precision calculation of parity violation in cesium and extraction of the nuclear weak charge 25 A High-precision calculations of parity violation in cesium . . . . . . . . . . 26 1 Mixed-states calculation . . . . . . . . . . . . . . . . . . . . . . . . . . 27 2 Inclusion of the Breit interaction . . . . . . . . . . . . . . . . . . . . . 29 3 Neutron distribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30 4 Strong-field QED radiative corrections . . . . . . . . . . . . . . . . . . 30 5 Tests of accuracy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31 B The vector transition polarizability . . . . . . . . . . . . . . . . . . . . . . 33

C The final value for the Cs nuclear weak charge Q_W and implications . . . 34 D Ongoing/future studies of PNC in atoms with a single valence electron . . 35

VI Atoms with several electrons in unfilled shells 36 A Parity nonconservation in thallium . . . . . . . . . . . . . . . . . . . . . . 36 B A method to exclude the error from atomic theory: isotope ratios and the neutron distribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38 C Ongoing/future studies of PNC in complex atoms . . . . . . . . . . . . . 39

VII The nuclear anapole moment and measurements of P-odd nuclear forces in atomic experiments 40 A The anapole moment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40 B Origin of the nuclear anapole moment . . . . . . . . . . . . . . . . . . . . 41 C Parity violating effects in atoms dependent on the nuclear spin . . . . . . 43 D Measurement of nuclear spin-dependent effects in cesium and extraction of the nuclear anapole moment . . . . . . . . . . . . . . . . . . . . . . . . . 44 1 Atomic calculations and extraction of κ . . . . . . . . . . . . . . . . . 44 2 Extraction of κ_a . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45 E The nuclear anapole moment and parity violating nuclear forces . . . . . . 46 1 The cesium result and comparison with other experiments . . . . . . . 46 F Ongoing/future studies of nuclear anapole moments . . . . . . . . . . . . 48

VIII Electric dipole moments: manifestation of time reversal violation in atoms 49 A Atomic EDMs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50 1 Electronic enhancement mechanisms . . . . . . . . . . . . . . . . . . . 50 B Enhancement of T -odd effects in polar diatomic molecules . . . . . . . . . 50 C Limits on neutron, atomic, and molecular EDMs . . . . . . . . . . . . . . 51 D Mechanisms that induce atomic EDMs . . . . . . . . . . . . . . . . . . . . 52 1 The P, T -violating electron-nucleon interaction . . . . . . . . . . . . . 53 2 The electron EDM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55 3 P, T -violating nuclear moments . . . . . . . . . . . . . . . . . . . . . . 58

IX P, T -violating nuclear moments and the atomic EDMs they induce 58 A Electric moments; the Schiff moment . . . . . . . . . . . . . . . . . . . . . 58 1 The P, T -odd electric field distribution in nuclei created by the nuclear Schiff moment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61 B Magnetic moments; the magnetic quadrupole moment . . . . . . . . . . . 62 1 The spin hedgehog . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63 C What mechanisms induce P, T -odd nuclear moments at the nucleon scale? 63 1 The P, T -odd nucleon-nucleon interaction . . . . . . . . . . . . . . . . 63 2 The external nucleon EDM . . . . . . . . . . . . . . . . . . . . . . . . 66 3 Comparison of the size of nuclear moments induced by the nucleonnucleon interaction and the nucleon EDM . . . . . . . . . . . . . . . . 67 D Nuclear enhancement mechanisms . . . . . . . . . . . . . . . . . . . . . . 68 1 Close-level enhancement . . . . . . . . . . . . . . . . . . . . . . . . . . 68

2 Collective enhancement . . . . . . . . . . . . . . . . . . . . . . . . . . 68 3 Octupole deformation; collective Schiff moments . . . . . . . . . . . . 69 E Calculations of atomic EDMs induced by P, T -violating nuclear moments;

intepretation of the Hg measurement in terms of hadronic parameters . . 71

X Current limits on fundamental P, T -violating parameters and prospects for improvement 72 A Summary of limits . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72 B Ongoing/future EDM experiments in atoms, solids, and diatomic molecules 73

XI Concluding remarks 74

I. INTRODUCTION

The Glashow-Weinberg-Salam SU(3) × SU(2) × U(1) standard model of elementary particles [1] has enjoyed 30 years of undisputed success. It has been tested in physical processes covering a range in momentum transfer exceeding ten orders of magnitude. It correctly predicted the existence of new particles such as the neutral Z boson. However, the standard model fails to provide a deep explanation for the physics that it describes. For example, why are there three generations of fermions? What determines their masses and the masses of gauge bosons? What is the origin of CP violation? The Higgs boson (which gives masses to the particles in the standard model) has not yet been found. The standard model is unable to explain Big Bang baryogenesis which is believed to arise as a consequence of CP violation.

It is widely believed that the standard model is a low-energy manifestation of a more complete theory (perhaps one that unifies the four forces). Many well-motivated extensions to the standard model have been proposed, such as supersymmetric, technicolor, and leftright symmetric models, and these give predictions for physical phenomena that differ from those of the standard model.

Some searches for new physics beyond the standard model are performed at high-energy and medium-energy particle colliders where new processes or particles would be seen directly. However, a very sensitive probe can be carried out at low energies through precision studies of quantities that can be described by the standard model. The new physics is manifested indirectly through a deviation of the measured values from the standard model predictions. The atomic physics tests that are the subject of this review lie in this second category. These tests exploit the fact that low-energy phenomena are especially sensitive to new physics that is manifested in the violations of fundamental symmetries, in particular P (parity) and T (time-reversal), that occur in the weak interaction. The deviations from the standard model, or the effects themselves, may be very small. To this end, exquisitely precise measurements and calculations are required.

More than twenty years ago atomic experiments played an important role in the verification of the standard model. While the first evidence for neutral weak currents (existence of the neutral Z boson) was discovered in neutrino scattering [2], the fact that neutral currents violate parity was first established in atomic experiments [3] and only later observed in high-energy electron scattering [4]. Now atomic physics plays a major role in the search for possible physics beyond the standard model. Precision atomic and high-energy experiments have different sensitivities to models of new physics and so they provide complementary tests. In fact the energies probed in atomic measurements exceed those currently accessible at high-energy facilities. For example, the most precise measurement of parity nonconservation (PNC) in the cesium atom sets a lower bound on an extra Z boson popular in many extensions of the standard model that is tighter than the bound set directly at the Tevatron (see Section V). Also, the null measurements of electric dipole moments (EDMs) in atoms (an EDM is a P - and T -violating quantity) place severe restrictions on new sources of CP -violation which arise naturally in models beyond the standard model such as supersymmetry. (Assuming CPT invariance, CP -violation is accompanied by T -violation.) Such limits on new physics have not been set by the detection of CP-violation in the neutral K [5] and B [6] mesons (see, e.g., Ref. [7] for a review of CP violation in these systems).

Let us note that while new physics would bring a relatively small correction to a very small signal in atomic parity violation, in atomic EDMs the standard model value is suppressed and is many orders of magnitude below the value expected from new theories. Therefore, detection of an EDM would be unambiguous evidence of new physics.

This review is motivated by the great progress that has been made recently in both the measurements and calculations of violations of fundamental symmetries in atoms. This includes the discovery of the nuclear anapole moment (an electromagnetic multipole that violates parity) [8], the measurement of the parity violating electron-nucleon interaction in cesium to 0.35% accuracy [8], the improvement in the accuracy (to 0.5%) of the atomic theory required to interpret the cesium measurement [9], and greatly improved limits on the atomic [10] and electron [11] electric dipole moments.

The aim of this review is to describe the theory of parity and time-reversal violation in atoms and explain how atomic experiments are used to test the standard model of elementary particles and search for new physics beyond it. We track the recent progress in the field. In particular, we clarify the situation in atomic parity violation in cesium: it is now firmly established that the cesium measurement [8] is in excellent agreement with the standard model; see Section V.

The structure of the review is the following. Broadly, it is divided into two parts. The first part, Section II to Section VII, is devoted to parity violation in atoms. The second part, Section VIII to Section X, is concerned with atomic electric dipole moments.

In Section II the sources of parity violation, and the standard model predictions, are described. In Section III a summary of the measurements of parity violation in atoms is given, with particular emphasis on the measurements with cesium. Also the atomic calculations are summarized. In Section IV we present a detailed description of the methods for high-precision atomic structure calculations applicable to atoms with a single valence electron. The methods are applied to parity violation in cesium in Section V and the value for the weak nuclear charge is extracted and compared with the standard model prediction. A discussion of the new physics constraints is also presented. In Section VI a brief description for the method of atomic structure calculations for atoms with more than one valence electron is given, and the thallium PNC work is discussed. A brief discussion of the prospects for measuring PNC along a chain of isotopes is also presented. Then in Section VII work on the anapole moment is reviewed.

A description of electric dipole moments in atoms is given in Section VIII, with a summary of all the measurements and a discussion of the P, T -violating sources at different energy scales. Then in Section IX a review of P, T -violating nuclear moments is given. In Section X a summary of the best limits on P, T -violating parameters can be found.

Concluding remarks are presented in Section XI.

For a general introduction to atomic P -violation and P, T -violation we refer the reader to the excellent books by Khriplovich [12] and Khriplovich and Lamoreaux [13].

II. MANIFESTATIONS AND SOURCES OF PARITY VIOLATION IN ATOMS

Parity nonconservation (PNC) in atoms arises largely due to the exchange of Z^0-bosons between atomic electrons and the nucleus. The weak electron-nucleus interaction violating parity, but conserving time-reversal, is given by the following product of axial vector (A) and vector (V) currents: ĥ = G√ 2 ∑ N [ C_{1N} ēγ_μγ_5eN̄γ^μN + C_{2N} ēγ_μeN̄γ^μγ_5N ] . (1)

Here G = 1.027 × 10^{−5}/m^2_p is the Fermi weak constant, N is a nucleon wave function, and the sum runs over all protons p and neutrons n in the nucleus. The Dirac matrices are defined as

γ_0 = ( I 0 0 −I ) , γ_i = ( 0 σ_i −σ_i 0 ) , γ_5 = ( 0 −I −I 0 ) , (2)

and σ = 2s are the Pauli spin matrices. The coefficients C_{1N} and C_{2N} give different weights to the contributions of protons and neutrons to the parity violating interaction. To lowest order in the electroweak interaction,

C_{1p} = 1/2 ( 1 − 4 sin^2 θ_W ) ≈ 0.04 , C_{1n} = −1/2 ,

C_{2p} = −C_{2n} = 1/2 ( 1 − 4 sin^2 θ_W ) g_A ≈ 0.05 , (3)

where g_A ≈ 1.26. The Weinberg angle θ_W is a free parameter; experimentally it is sin^2 θ_W ≈ 0.23. The suppression of the coefficients C_{1p} and C_{2N} due to the small factor (1 − 4 sin^2 θ) makes |C_{1n}| about 10 times larger than C_{1p} and |C_{2N} |.

There is a contribution to atomic parity violation arising due to Z^0 exchange between electrons. However, this effect is negligibly small for heavy atoms [14–16]. It is suppressed by a factor (1 − 4 sin^2 θ)K/(Q_W R(Z)) compared to the dominant electron-nucleon parity violating interaction, where K is a numerical factor that decreases with Z and R(Z) is a relativistic factor that increases with Z [15]. For^{133}Cs 6S − 7S, K ≈ 2 and R(Z) = 2.8 and so the suppression factor is ≈ 0.04% of the dominant amplitude [15]. This number was confirmed in [16]. We will consider this interaction no further.

1. The nuclear spin-independent electron-nucleon interaction; the nuclear weak charge

Approximating the nucleons as non-relativistic, the time-like component of the interaction (A_e, V_N ) is given by the nuclear spin-independent Hamiltonian (see, e.g., [12]) ĥ_W = G√ 2 γ_5 [ ZC_{1p}ρ_p(r) + NC_{1n}ρ_n(r) ] , (4)

Z and N are the number of protons and neutrons. This is an effective single-electron operator. The proton and neutron densities are normalized to unity, ∫ ρ_{n,p}d^3r = 1. Assuming that these densities coincide, ρ_p = ρ_n = ρ, this interaction reduces to

ĥ_W = G 2 √ 2 Q_W ρ(r)γ_5 , (5)

where Q_W is the nuclear weak charge. The nuclear weak charge Q_W is very close to the neutron number. To lowest order in the electroweak interaction, it is

Q_W = −N + Z(1 − 4 sin^2 θ_W ) ≈ −N . (6)

This value for Q_W is modified by radiative corrections. The prediction of the standard electroweak model for the value of the nuclear weak charge Q_W in cesium is [17]

Q^{SM}_W (^{133}_{55} Cs) = −73.10 ± 0.03 . (7)

The nuclear weak charge Q_W is protected from strong-interaction effects by conservation of the nuclear vector current. The clean extraction of the weak couplings of the quarks from atomic measurements makes this a powerful method of testing the standard model and searching for new physics beyond it.

The nuclear spin independent effects arising from the nuclear weak charge give the largest contribution to parity violation in heavy atoms compared to other mechanisms. However, note that the weak interaction (5) does not always “work”. This interaction can only mix states with the same electron angular momentum (it is a scalar). Nuclear spin-dependent mechanisms (see below), which produce much smaller effects in atoms, can change electron angular momentum and so can contribute exclusively to certain transitions in atoms and dominate parity violation in molecules.

2. Nuclear spin-dependent contributions to atomic parity violation; the nuclear anapole moment

Using the non-relativistic approximation for the nucleons, the nuclear spin-dependent interaction due to neutral weak currents is (see, e.g., [12]) ĥ_{N C} = G√ 2 ∑ N C_{2N} α · σ_N ρ(r) , (8)

where α_i = γ_0γ_i. This term arises from the space-like component of the (V_e, A_N ) coupling. Averaging this interaction over the nuclear state with angular momentum I in the singleparticle approximation gives ĥ^I_{N C} = − G√ 2 κ_2 K − 1/2 I(I + 1) α · Iρ(r) , (9) where K = (I + 1/2)(−1)^{I+1/2−l} and κ_2 = −C_2. There are two reasons for the suppression of this contribution to parity violating effects in atoms. First, unlike the spin-independent effects [Eq. (5)], the nucleons do not contribute coherently; in the nuclear shell model only the unpaired nucleon which carries nuclear spin I makes a contribution. Second, the factor C_2 ∝ (1 − 4 sin^2 θ_W ) is small in the standard model.

There is another contribution to nuclear spin-dependent PNC in atoms arising from neutral currents: the “usual” weak interaction due to the nuclear weak charge, ĥ_W , perturbed by the hyperfine interaction [18]. In the single-particle approximation this interaction can be written as [18,19] ĥ^I_Q = G√ 2 κ_Q α · I I ρ(r) , (10)

with κ_Q = − 1 3 Q_W αμ_N m_pR_N = 2.5 × 10^{−4}A^{2/3}μ_N , (11)

R_N = r_0A^{1/3} is the nuclear radius, r_0 = 1.2 fm, and μ_N is the magnetic moment of the nucleus in nuclear magnetons. For^{133}Cs, μ_N = 2.58 and κ_Q = 0.017.

However, the neutral currents are not the dominant source of parity violating spindependent effects in heavy atoms. It is the nuclear anapole moment κ_a that gives the largest effects [20]. This moment arises due to parity violation inside the nucleus, and manifests itself in atoms through the usual electromagnetic interaction with atomic electrons. The Hamiltonian describing the interaction between the nuclear anapole moment and an electron is^1 ĥ_a = G√ 2 κ_a K I(I + 1) α · Iρ(r) . (12)

The anapole moment κ_a increases with atomic number, κ_a ∝ A^{2/3}. This is the reason it leads to larger parity violating effects in heavy atoms compared to other nuclear spin-dependent mechanisms. In heavy atoms κ_a ∼ αA^{2/3} ∼ 0.1 − 1 [20,21]. (Note that the interaction (10,11) also increases as A^{2/3}, however the numerical coefficient is very small.)

The spin-dependent contributions [Eqs. (9,10,12)] have the same form and produce the same effects in atoms. We will continue our discussion of the nuclear anapole moment and of nuclear spin-dependent effects in atoms in Section VII.

A. Simple calculation of the weak interaction in atoms induced by the nuclear weak charge; the Z^3 enhancement

In 1974 the Bouchiats showed that parity violating effects in atoms increase with the nuclear charge Z faster than Z^3 [14,22]. This result was the incentive for studies of parity violation in heavy atoms.

Let us briefly point out where the factor of Z^3 originates. Taking the non-relativistic limit of the electron wave functions and considering the approximation of infinite boson exchange mass, the Hamiltonian (5) reduces to

ĥ_W = G 4 √ 2m ( σ · pδ^3(r) + δ^3(r)σ · p ) Q_W , (13)

where m, σ, p are the electron mass, spin, and momentum. The weak Hamiltonian ĥ_W mixes electron states of opposite parity and the same angular momentum (it is a scalar). It is a local operator, so we need only consider the mixing of s and p_{1/2} states. The matrix element ⟨p_{1/2}|ĥ_W |s⟩, with non-relativistic single-particle s and p_{1/2} electron states, is proportional to Z^2Q_W . One factor of Z here comes from the probability for the valence electron to be at the nucleus, and the other from the operator p which, near the nucleus (unscreened by

1In fact, the distribution of the anapole magnetic vector potential is different from the nuclear density. However, the corrections produced by this difference are small; see Section VII.

atomic electrons), is proportional to Z. The nuclear weak charge |Q_W | ≈ N ∼ Z. (See [14,22,12] for more details.) It should be remembered that relativistic effects are important, since Dirac wave functions diverge at r = 0, ψ_j ∝ r^{γ−1}, γ = √ (j + 1/2)^2 − Z^2α^2. Taking into account the relativistic nature of the wave functions brings in a relativistic factor R(Z) which increases with the nuclear charge Z. The factor R ≈ 10 when Z = 80.

As a consequence, the parity nonconserving effects in atoms increase as ⟨p_{1/2}|ĥ_W |s⟩ ∝ R(Z)Z^2Q_W , (14) that is, faster than Z^3.

III. MEASUREMENTS AND CALCULATIONS OF PARITY VIOLATION IN ATOMS

An account of the dramatic story of the search for parity violation in atoms can be found in the book [12]. Below we will briefly discuss how parity violation in atoms is manifested, which experiments have yielded non-zero signals of parity violation, what quantity is measured in the atomic experiments, and what is required to interpret the measurements.

Parity violation in atoms produces a spin helix, and this helix interacts differently with right- and left-polarized light (see, e.g., Ref. [12]). The polarization plane of linearly polarized light will therefore be rotated in passing through an atomic vapour.

The weak interaction mixes states of opposite parity (parity violation), e.g., |p⟩ + β|s⟩. Therefore, an M1 transition in atoms will have a component originating from an E1 transition between states of the same nominal parity, E_{P N C} , e.g. p_{1/2} − p_{3/2}. The rotation angle per absorption length in such a transition is proportional to the ratio Im(E_{P N C} )/M1. While it may appear that it is more rewarding to study M1 transitions that are highly forbidden, where there is a larger rotation angle, the ordinary M1 transitions are in fact more convenient for experimental investigation since the angle per unit length ≈ ImE_{P N C} M1 (see, e.g., [12]).

In measurements of parity violation in highly-forbidden M1 transitions, an electric field ε is applied to open up the forbidden transition. The M1 transition then contains a Starkinduced E1 component E_{Stark} which the parity violating amplitude interferes with. In such experiments the ratio Im(E_{P N C} )/β is measured, where β is the vector transition polarizability, E_{Stark} ∼ βε.

Atomic many-body theory is required to calculate the parity nonconserving E1 transition amplitude E_{P N C} . This is expressed in terms of the fundamental P -odd parameters like the nuclear weak charge Q_W . Interpretation of the measurements in terms of the P -odd parameters also requires a determination of M1 or β.

A. Summary of measurements

Zel’dovich was the first to propose optical rotation experiments in atoms [23]. Unfortunately, he only considered hydrogen where PNC effects are small. Optical rotation experiments in Tl, Pb, and Bi were proposed by Khriplovich [24], Sandars [25], and Sorede and Fortson [26]. These proposals followed those by the Bouchiats to measure PNC in highly forbidden transitions in Cs and Tl [22,14].

The first signal of parity violation in atoms was seen in 1978 at Novosibirsk in an optical rotation experiment with bismuth [3]. Now atomic PNC has been measured in bismuth, lead, thallium, and cesium. PNC effects were measured by optical rotation in the following atoms and transitions: in^{209}Bi in the transition 6s^26p^{3 4}S_{3/2} − 6s^26p^{3 2}D_{5/2} by the Novosibirsk [3], Moscow [27], and Oxford [28,29] groups and in the transition 6s^26p^{3 4}S_{3/2} − 6s^26p^{3 2}D_{3/2} by the Seattle [30] and Oxford [31,32] groups; in 6s^26p^{2 3}P_0 − 6s^26p^{2 3}P_1 in^{208}Pb at Seattle [33,34] and Oxford [35]; and in the transition 6s^26p^2P_{1/2} − 6s^26p^2P_{3/2} in natural Tl (70.5% 205Tl and 29.5%^{203}Tl) at Oxford [36,37] and Seattle [38]. The highest accuracy that has been reached in each case is: 9% for^{209}Bi^4S_{3/2} −^2 D_{5/2} [29], 2% for^{209}Bi^4S_{3/2} −^2 D_{3/2} [32], 1% for^{208}Pb [34], and 1% for Tl [38] .

The Stark-PNC interference method was used to measure PNC in the highly-forbidden M1 transitions: 6s^2S_{1/2} − 7s^2S_{1/2} in^{133}Cs at Paris [39–42] and Boulder [43,44,8] and 6s^26p^2P_{1/2} − 6s^27p^2P_{1/2} in^{203,205}Tl at Berkeley [45,46]. In the most precise Tl Stark-PNC experiment [46] an accuracy of 20% was reached. In 1997, PNC in Cs was measured with an accuracy of 0.35% [8] – an accuracy unprecedented in measurements of PNC in atoms.

Results of atomic PNC measurements accurate to sub-5% are listed in Table I. Several PNC experiments in rare-earth atoms have been prompted by the possibility of enhancement of the PNC effects due to the presence of anomously close levels of opposite parity [47]. Another attractive feature of rare earth atoms is their abundance of stable isotopes. Taking ratios of measurements of PNC in different isotopes of the same element removes from the interpretation the dependence on atomic theory [47]; see Section VI. Null measurements of PNC have been reported for M1 transitions in the ground state configuration 4f^66s^2 of samarium at Oxford [48,49] and for the 4f^{10}6s^2 J = 8 − 4f^{10}5d6s J = 10 transition in dysprosium at Berkeley [50]. The upper limits were smaller than expected by theory.

For a recent review of measurements of atomic PNC, we refer the reader to [51]; for a review of the early measurements, see, e.g., [52]. For comprehensive reviews, please see the book [12] and the more recent review [53].

B. Summary of calculations

The interpretation of the PNC measurements is limited by atomic structure calculations. The theoretical uncertainty for thallium is at the level of 2.5-3% for the transition 6P_{1/2} − 6P_{3/2} [54,55], and is worse for the transition 6P_{1/2} − 7P_{1/2} at 6% [54] and for lead (8%) [56] and bismuth (12% for the 876 nm transition^4S_{3/2} −^2D_{3/2} and about 70% for the 648 nm transition^4S_{3/2} −^2D_{5/2}) [56,57]. The sizeable error in the calculation for the Bi 648 nm transition arises because there is a strong cancellation of the zeroth order contribution by the first-order correlation corrections, with the amplitude then being comprised largely of the contributions of higher-order correlations [56,57]. Cesium is the simplest atom of interest in PNC experiments, it has one electron above compact, closed shells. The precision of the atomic calculations for Cs is 0.5% [9] (see also calculations accurate to better than 1%, [57,16,58]). For references to earlier calculations for the above atoms and transitions, see, e.g., the book [12].

In Table II we present the values of the most precise calculations for the PNC amplitudes corresponding to those atoms and transitions in which high-precision measurements (< 5% error) have been performed (Table I).

C. Cesium

Because of the extraordinary precision that has been achieved in measurements of cesium, and the clean interpretation of the measurements (compared to other heavy atoms), in this review we concentrate mainly on parity violation in cesium. The high precision of the nuclear weak charge extracted from cesium has made this system important in low-energy tests of the standard model and has made it one of the most sensitive probes of new physics. Measurements of parity violation in cesium have also opened up a new window from which parity violation within the nucleus (the nuclear anapole moment; see Section VII) can be studied.

Below we list the measurements and calculations for cesium that have been performed over the years, culminating in a 0.35% measurement and 0.5% calculation.

1. Measurements

Measurements of parity violation in the highly forbidden 6S − 7S transition in Cs were first suggested and considered in detail in the landmark works of the Bouchiats [14,22]. Measurements have been performed independently by the Paris group [39–42] and the Boulder group [43,44,8]. The results of the Cs PNC experiments are summarized in Table III.

The Paris result in the first row is the average [41] of their (revised) results for the measurements of PNC in the transitions 6S_{F =4} − 7S_{F =4} [39] and 6S_{F =3} − 7S_{F =4} [40]. (The nuclear angular momentum of^{133}Cs I = 7/2 and the electron angular momentum J = 1/2, so the total angular momentum of the atom is F = 3, 4). The Paris group have very recently performed a new measurement of PNC in Cs (last row) using a novel approach, chiral optical gain [42].

Each of the Boulder results [43,44,8] cited in the table is an average of PNC in the hyperfine transitions 6S_{F =4} − 7S_{F =3} and 6S_{F =3} − 7S_{F =4}. The accuracy of the latest result is 0.35%, several times more precise than the best measurements of parity violation in other atoms.

The PNC nuclear spin-independent component, arising from the nuclear weak charge, makes the same contribution to all hyperfine transitions. So averaging the PNC amplitudes over the hyperfine transitions gives the contribution from the nuclear weak charge.

PNC in atoms dependent on the nuclear spin was detected for the first (and only) time in Ref. [8] where it appeared as a difference in the PNC amplitude in different hyperfine transitions. The dominant mechanism for nuclear spin dependent effects in atoms, the nuclear anapole moment, is the subject of Section VII.

2. Calculations

Numerous calculations of the Cs 6S − 7S E_{P N C} amplitude have been performed over the years. These calculations are summarized in Table IV. The many-body calculations [57,16], accurate to 1%, performed more than ten years ago represented a significant step forward for atomic many-body theory and parity violation in atoms. At the time, these calculations were unmatched by the PNC measurements which were accurate to 2%. The method of calculation used in Ref. [57] is the subject of Sections IV,V. The method used in Ref. [16] is based on the popular coupled-cluster method, and we refer the interested reader to this work for details.

In the last ten years a series of new measurements have been performed for quantities used to test the accuracy of the atomic calculations [57,16], such as electric dipole transition amplitudes (see [77]). The new measurements are in agreement with the calculations, resolving a previous discrepancy between theory and experiment. This inspired Bennett and Wieman [77] to claim that the atomic theory is accurate to 0.4% rather than 1% claimed by theorists. Since then, a number of previously unaccounted for contributions to the PNC amplitude have been discovered, the Breit interaction and more recently the strong-field radiative corrections, that enter above the 0.4% level, but below 1% (see Section V).

A re-calculation of the work [57], with some further improvements, was performed recently, with a full analysis of the accuracy of the PNC amplitude. This work, Ref. [9], represents the most accurate (0.5%) calculation to date. It is described in detail in Section V. The result of [9] differs from [57,16] by only ∼ 0.1% if Breit, vacuum polarization, and neutron distribution corrections are excluded. One may interpret this as grounds for asserting that the many-body calculations [57,16,58,9] have an accuracy of 0.5% in agreement with the conclusion of [77].

IV. METHOD FOR HIGH-PRECISION ATOMIC STRUCTURE CALCULATIONS IN HEAVY ALKALI-METAL ATOMS

In this section we describe methods that can be used to obtain high accuracy in calculations involving many-electron atoms with a single valence electron. These are the methods that have been used to obtain the most precise calculation of parity nonconservation in Cs. They were originally developed in works [65,78,79,54] and applied to the calculation of PNC in Cs in Ref. [57]. In [57] it was claimed that the atomic theory is accurate to 1%. A complete re-calculation of PNC in Cs using this method, with a new analysis of the accuracy, indicates that the error is as small as 0.5% [9]. (We refer the reader to Section V, where this question of accuracy is discussed in general; please also see Section V for an in-depth discussion of PNC in Cs.)

In this section the method is applied to energies, electric dipole (E1) transition amplitudes, and hyperfine structure (hfs). A comparison of the calculated and experimental values gives an indication of the quality of the many-body wave functions. Note that the above quantities are sensitive to the wave functions at different distances from the nucleus. Hyperfine structure, energies, and E1 amplitudes are dominated by the contribution of the wave functions at small, intermediate, and large distances from the nucleus. We concentrate on calculations for Cs relevant to the 6S − 7S PNC E1 amplitude (see Eq. (56) and Section V A 5).

A brief overview of the method is presented in Section IV A. For those not interested in the technical details of the atomic structure calculations, Sections IV B-IV H may be omitted without loss of consistency.

A. Overview

The calculations begin in the relativistic Hartree-Fock (RHF) approximation. The N − 1 self-consistent RHF orbitals of the core are found (N is the total number of electrons in the atom), and the external electron is solved in the potential of the core electrons (the V̂^{N −1} potential). RHF wave functions, energies, and Green’s functions are obtained in this way.

Correlation corrections to the external electron orbitals are included in second (lowest) order in the residual interaction (V̂_{exact} − V̂^{N −1}), where V̂_{exact} is the exact Coulomb interaction between the atomic electrons. The correlations are included into the external electron orbitals by adding the correlation potential (the self-energy operator) to the RHF potential when solving for the external electron. Using the Feynman diagram technique, important higher-order diagrams are included into the self-energy in all orders: screening of the electron-electron interaction and the hole-particle interaction. The self-energy is then iterated using the correlation potential method.

Interactions of the atomic electrons with external fields are calculated using the timedependent Hartree-Fock (TDHF) method; this method is equivalent to the random-phase approximation (RPA) with exchange. Using this approach we can take into account the polarization of the atomic core by external fields to all orders. Then the major correlation corrections are included as corrections to electron orbitals (Brueckner orbitals). Small correlation corrections (structural radiation, normalization) are taken into account using many-body perturbation theory.

B. Zeroth-order approximation: relativistic Hartree-Fock method

The full Hamiltonian we wish to solve is the many-electron Dirac equation^2

Ĥ =^N∑ i=1 [α_i · p_i + (β − 1)m − Ze^2/r_i] + ∑ i<j e^2 |r_i − r_j |

. (15)

Here p is the electron momentum, α and β are Dirac matrices, Ze is the nuclear charge and N is the number of electrons in the atom (N = 55 for cesium). This equation cannot be solved exactly, so some approximation scheme must be used. This is done by excluding the complicated Coulomb term and adding instead some averaged potential in which the electrons move. The Coulomb term, minus the averaged potential, can be added back into the equation perturbatively.

It is well known that choosing the electrons to move in the self-consistent Hartree-Fock potential V̂^{N −1}, in the zeroth order approximation, simplifies the calculations of higher-order terms (we will come to this in the next section). The single-particle relativistic Hartree-Fock (RHF) Hamiltonian is

ĥ_0 = α · p + (β − 1)m − Ze^2/r + V̂^{N −1} , (16)

2In Section V A 2 we discuss the inclusion of the Breit interaction into the Hamiltonian.

Ĥ_0 = ∑_i ĥ^{(i)}_0 , where the Hartree-Fock potential

V̂^{N −1} = V̂_{dir} + V̂_{exch} ,

is the sum of the direct and nonlocal exchange potentials created by the (N −1) core electrons n, V̂_{dir}ψ(r) = e^{2 N −1}∑ n=1 ∫ ψ^†_n(r_1)ψ_n(r_1) |r − r_1| dr_1ψ(r) (17)

V̂_{exch}ψ(r) = −e^{2 N −1}∑ n=1 ∫ ψ^†_n(r_1)ψ(r_1) |r − r_1| dr_1ψ_n(r) . (18)

The direct and exchange Hartree-Fock potentials are presented diagrammatically in Fig. 1. The Schrödinger equation

ĥ_0ψ_i = ϵ_iψ_i , (19)

where ψ_i, ϵ_i are single-particle wave functions and energies, is solved self-consistently for the N −1 core electrons. The Hartree-Fock potential is then kept “frozen” and the RHF equation (16,19) is solved for the states of the external electron. The Hamiltonian Ĥ_0 thus generates a complete orthogonal set of single-particle orbitals for the core and valence electrons [80].

Because we are performing calculations for heavy atoms, and we are interested in interactions that take place in the vicinity of the nucleus (the weak and hyperfine interactions), the finite size of the nucleus needs to be taken into account. We use the standard formula for the charge distribution in the nucleus ρ(r) = ρ_0 1 + exp[(r − c)/a]

, (20)

where ρ_0 is the normalization constant found from the condition ∫ ρ(r)d^3r = 1, t = a(4 ln 3) is the skin-thickness, and c is the half-density radius. We take t = 2.5 fm and c = 5.6710 fm (⟨r^2⟩^{1/2} = 4.804 fm) [81].

Energy levels of cesium states relevant to the 6S-7S E1 PNC transition are presented in Table V. It is seen that the RHF energies agree with experiment to 10%.

In order to obtain more realistic wave functions, we need to take into account the effect of correlations between the external electron and the core. We describe the techniques used to calculate these correlations in the following sections.

C. Correlation corrections and many-body perturbation theory

The subject of this section is the inclusion of electron-electron correlations into the single-particle electron orbitals using many-body perturbation theory. We will see that high accuracy can be reached in the calculations by using the Feynman diagram technique as a means of including dominating classes of diagrams in all orders.

The correlation corrections can be most accurately calculated in the case of alkali-metal atoms (for example, cesium). This is because the external electron has very little overlap with the electrons of the tightly bound core, enabling the use of perturbation theory in the calculation of the residual interaction of the external electron with the core.

The exact Hamiltonian of an atom [Eq. (15)] can be divided into two parts: the first part is the sum of the single-particle Hamiltonians, and the second part represents the residual Coulomb interaction

Ĥ =^N∑ i=1 ĥ_0(r_i) + Û , (21) Û = ∑ i<j e^2 |r_i − r_j | − N∑ i=1 V̂^{N −1}(r_i) . (22)

Correlation corrections to the single-particle orbitals are included perturbatively in the residual interaction Û . By calculating the wave functions in the Hartree-Fock potential V̂^{N −1} for the zeroth-order approximation, the perturbation corrections are simplified. The first-order corrections (in the residual Coulomb interaction Û) to the ionization energy vanish, since the diagrams in first-order in the Coulomb interaction are nothing but the Hartree-Fock ones (Fig. 1). So two terms in Eq. (22) cancel each other. The lowest-order corrections therefore correspond to those arising in second-order perturbation theory, Û^{(2)}. These corrections are determined by the four Goldstone diagrams in Fig. 2 [80]. They can be calculated by direct summation over intermediate states [80] or by the “correlation potential” method [65]. This latter method gives higher accuracy and, along with the Feynman diagram technique to be discussed in the following section, enables the inclusion of higher-order effects: electron-electron screening, the hole-particle interaction, and the nonlinear contributions of the correlation potential.

The correlation potential method corresponds to adding a nonlocal correlation potential Σ̂ to the potential V̂ N −1 in the RHF equation (16) and then solving for the states of the external electron. The correlation potential is defined such that its average value coincides with the correlation correction to the energy, δϵ_α = ⟨α|Σ̂|α⟩ (23) Σ̂ψ_α = ∫ Σ̂(r_1, r_2, ϵ_α)ψ_α(r_1)d^3r_1 . (24)

It is easy to write the correlation potential explicitly. For example, a part of the operator Σ̂(r_1, r_2, ϵ_α) corresponding to Fig. 2(a) is given by

Σ̂^a(r_1, r_2, ϵ_α) = e^4 ∑ n,β,γ ∫ ∫ d^3r_3d^3r_4 ψ^†_n(r_4)r^{−1}_{24} ψ_β(r_4)ψ_γ (r_2)ψ^†_β(r_3)ψ^†_γ (r_1)r^{−1}_{13} ψ_n(r_3) ϵ_α + ϵ_n − ϵ_γ − ϵ_β

. (25)

Note that Σ̂ is a single-electron and energy-dependent operator. By solving the RHF equation for the states of the external electron in the field V̂^{N −1} + Σ̂, we obtain “Brueckner” orbitals and energies.^3 The largest correlation corrections are included in the Brueckner orbitals.

3Note that there is a slight distinction in the definition of these Brueckner orbitals and those defined in, e.g., [83].

See Table V for Brueckner energies of the lower states of cesium calculated in the seconorder correlation potential. Σ̂^{(2)} ≡ Û^{(2)} denotes the “pure” second-order correlation potential (without screening, etc.). It is seen that the inclusion of these corrections improves the energies significantly, from the level of 10% deviation from experiment for the RHF approximation to the level of 1%.

D. All-orders summation of dominating diagrams

We saw in the previous section that when we take into account second-order correlation corrections, the accuracy for energies is improved significantly beyond that for energies calculated in the RHF approximation. However, the corrections are overestimated. This overestimation is largely due to the neglect of screening in the electron-electron interaction.

In this section we describe the calculations of three series of higher-order diagrams: screening of the electron-electron interaction and the hole-particle interaction, which are inserted into the correlation potential Σ̂; and iterations of Σ̂. With the inclusion of these diagrams the accuracy for energies is improved to the level of 0.1% (see Table V).

The screening of the electron-electron interaction is a collective phenomenon and is similar to Debye screening in a plasma; the corresponding chain of diagrams is enhanced by a factor approximately equal to the number of electrons in the external closed subshell (the 5p electrons in cesium) [78]. The importance of this effect can be understood by looking at a not dissimilar example in which screening effects are important, for instance, the screening of an external electric field in an atom. According to the Schiff theorem [84], a homogeneous electric field is screened by atomic electrons (and at the nucleus it is zero). (See [85] where a numerical calculation of an external electric field inside the atom has been performed.)

The hole-particle interaction is enhanced by the large zero-multipolarity diagonal matrix elements of the Coulomb interaction [79]. The importance of this effect can be seen by noticing that the existence of the discrete spectrum excitations in noble gas atoms are due only to this interaction (see, e.g., [86]).

The non-linear effects of the correlation potential are calculated by iterating the selfenergy operator. These effects are enhanced by the small denominator, which is the energy for the excitation of an external electron (in comparison with the excitation energy of a core electron) [79].

All other diagrams of perturbation theory are proportional to powers of the small parameter Q_{nd}/Δϵ_{int} ∼ 10^{−2}, where Q_{nd} is a nondiagonal Coulomb integral and Δϵ_{int} is a large energy denominator corresponding to the excitation of a core electron [79].

1. Screening of the electron-electron interaction

The main correction to the correlation potential comes from the inclusion of the screening of the Coulomb field by the core electrons. Some examples of the lowest-order screening corrections are presented in Fig. 3. When screening diagrams in the lowest (third) order of perturbation theory are taken into account, a correction is obtained of opposite sign and almost the same absolute value as the corresponding second-order diagram [78]. Due to these strong cancellations there is a need to sum the whole chain of screening diagrams. However, this task causes difficulties in standard perturbation theory as the screening diagrams in the correlation correction cannot be represented by a simple geometric progression due to the overlap of the energy denominators of different loops (such an overlap indicates a large number of excited electrons in the intermediate states, see e.g. Fig. 3(b,c)). This summation problem is solved by using the Feynman diagram technique.

The correlation corrections to the energy in the Feynman diagram technique are presented in Fig. 4. The Feynman Green’s function is of the form

Ĝ_{r1 r2} (ϵ) = ∑ n ψ_n(r_1)ψ^†_n(r_2) ϵ − ϵ_n − iδ + ∑ γ ψ_γ (r_1)ψ^†_γ (r_2) ϵ − ϵ_γ + iδ , δ → 0 , (26)

where ψ_n is an occupied core electron state, ψ_γ is a state outside the core. While the simplest way of calculating the Green’s function is by direct summation over the discrete and continuous spectrum, there is another method in which higher numerical accuracy can be achieved. As is known, the radial Green’s function G_0 for the equation without the nonlocal exchange interaction V_{exch} can be expressed in terms of the solutions χ_0 and χ_∞ of the Schrödinger or Dirac equation that are regular at r → 0 and r → ∞, respectively: G_0(r_1, r_2) ∼ χ_0(r_<)χ_∞(r_>), r_< = min(r_1, r_2), r_> = max(r_1, r_2). The exchange interaction is taken into account by solving the matrix equation Ĝ = Ĝ_0 + Ĝ_0V̂_{exch}Ĝ. The polarization operator (Fig. 5) is given by

Π̂_{r1r2} (ω) = ∫_∞ −∞ dϵ 2π Ĝ_{r1 r2} (ω + ϵ)Ĝ_{r2r1} (ϵ). (27)

This integration is carried out analytically, giving

Π̂_{r1r2} (ω) = ∑ n,γ 2i(ϵ_n − ϵ_γ ) (ϵ_n − ϵ_γ )^2 − ω^2 ψ^†_n(r_1)ψ_γ (r_1)ψ^†_γ (r_2)ψ_n(r_2) = i ∑ n ψ^†_n(r_1)[Ĝ(ϵ_n + ω) + Ĝ(ϵ_n − ω)]ψ_n(r_2). (28)

Using formulae (26) and (28), it is easy to perform analytical integration over ω in the calculation of the diagrams in Fig. 4. After integration, diagram 4(a) transforms to 2(a,c) and diagram 4(b) transforms to 2(b,d).

Electron-electron screening, to all orders in the Coulomb interaction, corresponds to the diagram chain presented in Fig. 6. To calculate this we perform summation of the polarization operators before carrying out the integration over ω. The whole sum of screening diagrams in Fig. 6 can be represented by

π̂(ω) = Π̂(ω)[1 + iQ̂Π̂(ω)]^{−1}. (29)

The integration over ω is performed numerically. The integration contour is rotated 90^o from the real axis to the complex ω plane parallel to the imaginary axis (see Fig. 7) – this aids the numerical convergence by keeping the poles far from the integration contour.

The all-order electron-electron screening reduces the second-order correlation corrections to the energies of S and P states of^{133}Cs by 40%.

2. The hole-particle interaction

The hole-particle interaction is presented diagrammatically in Fig. 8. This diagram describes the alteration of the core potential due to the excitation of the electron from the core to the virtual intermediate state. This electron now moves in the potential created by the N − 2 electrons, and no longer contributes to the Hartree-Fock potential. Denoting V̂_0 as the zero multipolarity direct potential of the outgoing electron, the potential which describes the excited and core states simultaneously is [79]

V̂ = V̂^{N −1} − (1 − P̂ )V̂_0(1 − P̂ ) , (30)

where P̂ is the projection operator on the core orbitals,

P̂ =^{N −1}∑ n=1 |n⟩⟨n| . (31) The projection operator P̂ is introduced into the potential to make the excited states orthogonal to the core states. It is easily seen that for the occupied orbitals ⟨V̂ ⟩ = ⟨V̂^{N −1}⟩, while for the excited orbitals ⟨V̂ ⟩ = ⟨V̂^{N −1}⟩ − ⟨V̂_0⟩. Strictly one should also make subtractions for higher multipolarities and for the exchange interaction as well, however these contributions are relatively small and are therefore safe to ignore [79].

To obtain high accuracy, the hole-particle interaction in the polarization operator needs to be taken into account in all orders (see Fig. 9). This is achieved by calculating the Green’s function in the potential (30) and then using it in the expression for the polarization operator (28). The screened polarization operator, with hole-particle interaction included, is found by using the Green’s function in Eq. (29).

The Coulomb interaction, with screening and the hole-particle interaction included in all orders, is calculated from the matrix equation [79] Q̃ = Q̂ − iQ̂π̂Q̂. (32) This is depicted diagrammatically in Fig. 10.

The infinite series of diagrams representing the screening and hole-particle interaction can now be included into the correlation potential. This is done by introducing the renormalized Coulomb interaction (Fig. 10) and the polarization operator (Fig. 9) into the second-order diagrams according to Fig. 11.

The screened second-order correlation corrections to the energies of S and P states of cesium are increased by 30% when the hole-particle interaction is taken into account in all orders.

3. Chaining of the self-energy

The accuracy of the calculations can be further improved by taking into account the nonlinear contributions of the correlation potential Σ̂ (see Fig. 12). The chaining of the correlation potential (Fig. 11) to all orders is calculated by adding Σ̂ to the Hartree-Fock potential, V̂^{N −1}, and solving the equation

(ĥ_0 + Σ̂ − ϵ)ψ = 0 (33)

iteratively for the states of the external electron. The inclusion of Σ̂ into the Schrödinger equation is what we call the “correlation potential method” and the resulting orbitals and energies “Brueckner” orbitals and “Brueckner” energies (see Section IV C).

Iterations of the correlation potential Σ̂ increase the contributions of Σ̂ (with screening and hole-particle interaction) to the energies of S and P states of cesium by about 10%.

The final results for the energies are listed in Table V. The inclusion of the three series of higher-order diagrams improves the accuracy of the calculations of the energies to the level of 0.1%.

E. Other low-order correlation diagrams

Third-order diagrams for the interaction of a hole and particle in the polarization loop with an external electron are depicted in Fig. 13. These are not taken into account in the method described above. However, these diagrams are of opposite sign and cancel each other almost exactly [79]: the small and almost constant potential of a distant external electron practically does not influence the wave functions of the core and excited electrons in the loop; it shifts the energies of the core and excited electrons by the same amount. This cancellation was proved in the work [87] by direct calculation.

Also, correlation corrections to the external electron energy arising from the inclusion of the self-energy into orbitals belonging to closed electron shells, depicted in Fig. 14, are small and can be safely omitted [65].

F. Empirical fitting of the energies

The calculations of the external electron wave functions can be refined by placing coefficients before the self-energy operator, Σ̂ → fΣ̂, such that the energies are reproduced exactly. This can be considered as a way of including higher-order diagrams not explicitly included in the calculations. Comparison of quantities calculated with and without fitting can be used to test the stability of the wave functions and to estimate the contribution of unaccounted diagrams.

G. Asymptotic form of the correlation potential

At large distances, the correlation potential Σ̂ approaches the local polarization potential [88],

Σ̂_{r→∞} ≈ −αe^2/2r^4 , (34)

where α is the polarizability of the core. This explains the universal behaviour of the correlation corrections to the energies of states of the external electron.

H. Interaction with external fields

In this section we will describe the procedures used to achieve high accuracy in the calculations of the interactions between atomic electrons and external fields (in particular, we will present calculations for E1 transition amplitudes and hyperfine structure (hfs) constants, arising from the interaction of the atomic electrons with the electric field of the photon and with the magnetic field of the nucleus, respectively).

We need to calculate the effect of the external field on the wave functions of the core electrons (core polarization) and then take into account the effect of this polarization and the external field on the valence electron. This is achieved by using the time-dependent Hartree-Fock (TDHF) method. We describe this method in Section IV H 1 and apply it to the calculation of E1 transition amplitudes and hfs constants in Sections IV H 2 and IV H 3, respectively.

The dominant correlation corrections correspond to those diagrams in which the interactions occur in the external lines of the self-energy operator (“Brueckner-type corrections”). These diagrams are presented in Fig. 15; they are enhanced by the small energy denominator ϵ_{ext} corresponding to the excitation of the external electron in the intermediate states. The Brueckner-type corrections are calculated in a similar way to the correlation corrections to energy (see Sections IV H 1, IV H 2, IV H 3). In Section IV H 4 we describe the calculations of the remaining second-order corrections, i.e., “structural radiation” and normalization of states. Structural radiation diagrams are presented in Fig. 16; in these diagrams the external fields occur in the internal lines, and so their contributions are small due to the large energy denominators ϵ_{int} corresponding to the excitation of the core electrons. The relative suppression of the contributions of structural radiation compared to Brueckner-type corrections is ϵ_{ext}/ϵ_{int} ∼ 1/10.

This section is largely based on the works [54,88].

1. Time-dependent Hartree-Fock method

The polarization effects are taken into account by using the time-dependent Hartree-Fock method (see, e.g., [54,88] and references therein). We will consider how the RHF equations are modified in the presence of a time-dependent field

ĥ_{ext} = (f̂e^{−iωt} + f̂^†e^{iωt}). (35)

We can assume that the time-dependent single-particle orbitals are then given by

ψ̃_k = (ψ_k + χ_ke^{−iωt} + η_k e^{iωt}), (36)

with corresponding eigenvalues (“quasi-energies”)

ϵ̃_k = ϵ_k + δϵ^{(1)}_k e^{−iωt} + δϵ^{(2)}_k e^{iωt}; (37)

χ_k, η_k and δϵ^{(1)}_k , δϵ^{(2)}_k are corrections to the RHF wave functions ψ_k and energies ϵ_k, respectively, induced by ĥ_{ext}. The Schrödinger equation

(ĥ_0(ψ̃) + ĥ_{ext})ψ̃_k = i ∂ ∂t ψ̃_k, (38)

can now be used to obtain equations for the corrections χ_k and η_k,

(ĥ_0 − ϵ_k − ω)χ_k = −(f̂ + δV̂_{ext})ψ_k + δϵ_kψ_k (ĥ_0 − ϵ_k + ω)η_k = −(f̂^† + δV̂^†_{ext})ψ_k + δϵ_kψ_k, (39)

where we take into account terms up to first order; the energy shift δϵ_k = δϵ^{(1)}_k = δϵ^{(2)}_k = ⟨ψ_k|f̂ + δV̂_{ext}|ψ_k⟩. The RHF Hamiltonian ĥ(ψ̃) corresponds to ĥ_0 with the Hartree-Fock potential V̂^{N −1} calculated with the new core wave functions ψ̃, and δV̂_{ext} is the difference between the potential found in the external field and the RHF potential,

δV̂_{ext} = V̂^{(N −1)}(ψ̃) − V̂^{(N −1)}(ψ)

δV̂_{ext}ψ(r) = e^2 N −1∑ n=1 ∫ d^3r_1

|r − r_1| [( η^†_n(r_1)ψ_n(r_1) + ψ^†_n(r_1)χ_n(r_1) ) ψ(r) − (40) − ( η^†_n(r_1)ψ_n(r) + ψ^†_n(r_1)χ_n(r) ) ψ(r_1) ] . Eqs. (39), (40) should be solved self-consistently for the (N − 1) core electrons. The wave function of the external electron is then found in the field of the frozen core (the V^{N −1} approximation). So in the same way as in the RHF case, here we can find a complete set of orthonormal TDHF orbitals ψ̃_k with quasi-energy ϵ̃_k.

The external electron transition amplitude M_{βα} from state |α⟩ to state |β⟩ induced by the field ĥ_{ext} can be found by comparison of the amplitude obtained from Eqs. (36) and (39), ⟨ψ_β |ψ̃_α⟩ = ⟨ψ_β |χ_αe^{−iωt}⟩ = ⟨ψ_β|f̂ + δV̂_{ext}|ψ_α⟩ ϵ_α − ϵ_β + ω e^{−iωt}, (41) with conventional time-dependent perturbation theory,

ψ̃_α = ψ_α + M^{βα} ϵ_α − ϵ_β + ω ψ_β e^{−iωt}, (42) where only the resonant term (ω ≈ ϵ_β − ϵ_α) is considered. Comparing Eqs. (42) and (41) gives [54,88]

M_{βα} = ⟨ψ_β|f̂ + δV̂_{ext}|ψ_α⟩ . (43)

This formula corresponds to the well-known random-phase approximation (RPA) with exchange (see, e.g., [86]. When the orbitals α and β are calculated in the potential V̂^{N −1}, the transition amplitude corresponds to the RHF value.

Using the TDHF procedure described above, core polarization is included in all orders of perturbation theory. This is equilavent to summation of the diagram series presented in Fig. 17.

The Brueckner-type correlation corrections are calculated in the same way as the corrections to energies. Brueckner, instead of RHF, orbitals are used for α and β in Eq. (43).

This is equivalent to calculating the diagrams presented in Fig. 15. However, it must be noted that by using this technique we neglect the diagrams in which the interaction takes place in the internal lines (see Fig. 16), although these diagrams give only small corrections; we will deal with these contributions in Section IV H 4. Also in Section IV H 4 we look at another second-order correction: the normalization of the many-body states.

2. E1 transition amplitudes

The Hamiltonian of the electron interaction with the electric field

E(t) = E_0(e^{−iωt} + e^{iωt}) (44)

of an electromagnetic wave depends on the choice of gauge. In “length” form f̂_l = er · E_0 and in “velocity” form f̂_v = −ie(α · E_0/ω), where ĥ_{E1} = f̂e^{−iωt} + f̂^†e^{iωt}.

It is known that in TDHF calculations the amplitude (43) is gauge invariant (see, e.g., [86,89,67]. Comparing results obtained from the two forms for the amplitudes (43) provides a test of the numerical calculation. In [88], the length and velocity forms were shown to give the same results for the E1 transition amplitudes when the correlation corrections (correlation potential, frequency shift in the velocity form operator, structural radiation, and normalization of states) are taken into account. Calculations using the dipole operator in length form are more stable than those obtained in velocity form (see, e.g., [90,91,88]). For this reason we consider the calculations of E1 transition amplitudes in length form.

As seen from Eq. (43), inclusion of the core polarization into the E1 transition amplitude is reduced to the addition of the operator δV̂_{E1}. Because the E1 operator can only mix opposite parity states, there is no energy shift, and so when calculating the wave function corrections χ_k and η_k from Eq. (39), δϵ_k = 0.

The results for E1 transition amplitudes calculated in length form between the lower states of cesium are presented in Table VI.

Another test of the accuracy and self-consistency of the TDHF equations is the value of an external electric field at the nucleus. According to the Schiff theorem [84], an external static electric field (ω = 0 in TDHF) at the nucleus in a neutral atom is shielded completely by atomic electrons. For an atom with charge Z_i the total static electric field E_{tot} at the nucleus is [85]

E_{tot}(0) = E_0 + ⟨E_e(0)⟩ = E_0Z_i/Z , (45)

where E_0 is the external field and E_e is the induced electron field. TDHF equations reproduce this result correctly. The oscillations of the electric field inside the atom are quite complex. We refer the reader to [85] for a plot of the electric field inside Tl^+.^4

4Note that in the paper [85] the figures and the captions have been switched.

3. Hyperfine structure constants

The hyperfine interaction between a relativistic electron and a point nucleus is given by

ĥ_{hf} = eα · A , (46)

where A = μ × r r^3

(47)

is the vector potential created by the nuclear magnetic moment μ and α is the Dirac matrix. When performing the calculation of the hyperfine structure of heavy atoms, it is important to take into account the finite size of the nucleus. Using a simple model in which the nucleus represents a uniformly magnetized ball, the hyperfine interaction is given by

ĥ_{hf} = eμ · f(r) , f(r) = { r × α/r^3_m , r < r_m r × α/r^3 , r ≥ r_m (48)

where we take the magnetic radius r_m = 1.1A^{1/3}fm (A is the mass number of the nucleus). Note that while the distribution of currents in the nucleus (produced by unpaired nucleons) is very complex, the hfs is only weakly dependent on its form (see, e.g., [99]).

Corrections to the RHF wave functions induced by the hyperfine interaction are calculated using Eq. (39). There is no time-variation in the hyperfine interaction, and so we set ω = 0. The hfs equations are then

(ĥ_0 − ϵ)δψ = −(ĥ_{hf} + δV̂_{hf} )ψ + δϵψ (49) δϵ = ⟨ψ|ĥ_{hf} + δV̂_{hf} |ψ⟩ . (50) The hyperfine interaction does not alter the direct contribution to the core potential, so δV̂_{hf} = V̂_{exch}(ψ̃) − V̂_{exch}(ψ). We use the V̂^{N −1} approximation to calculate the complete set of orbitals. The external electron correction δϵ determines the atomic hyperfine structure.

Hyperfine structure results for cesium are presented in Table VII. The correlations increase the density of the external electron in the nuclear vicinity by about 30%. An accurate inclusion of the correlations is therefore very important when considering interactions singular on the nucleus, for example the PNC weak interaction.

4. Structural radiation and normalization of states

“Structural radiation” is the term we use for correlation corrections with the external field in the internal lines. (We will make a further distinction when we are dealing with the PNC E1 amplitude E_{P N C} , since here there are two fields. We call correlation corrections with the weak interaction in the internal lines “weak correlation potential”; see Section V A.) Examples of diagrams which represent structural radiation are presented in Fig. 16. In second-order perturbation theory in the residual interaction there is another contribution which arises due to the change of the normalization of the single-particle wave functions due to admixture with many-particle states.

For the E1 transition amplitudes in length form, the following approximate formula is used to calculate the structural radiation [88],

M_{str} = − 1 2 ⟨β|D ∂Σ̂ ∂ϵ + ∂Σ̂ ∂ϵ D|α⟩ , (51) where D ≡ d + δV. The derivation can be found in Ref. [88]. We refer the interested reader to Refs. [88,54] for the structural radiation in the velocity gauge. The normalization contribution for E1 transitions has the form [88,54]

M_{norm} = 1 2 ⟨β|D|α⟩ ( ⟨β| ∂Σ̂ ∂ϵ |β⟩ + ⟨α| ∂Σ̂ ∂ϵ |α⟩ ) . (52)

The structural radiation and normalization contributions to the hyperfine structure and E1 transition amplitudes of low-lying states of cesium are small. Their combined contribution, for both hfs and E1 amplitudes, usually lies in the range 0.1 − 1.0%.

V. HIGH-PRECISION CALCULATION OF PARITY VIOLATION IN CESIUM AND EXTRACTION OF THE NUCLEAR WEAK CHARGE

In this section the method described in the preceding section is applied to the 6S − 7S parity violating amplitude in cesium and the value for the nuclear weak charge is extracted from the measurement of Wood et al. [8]. The value for this amplitude has been the source of much confusion recently. It has jumped around erratically in the last few years, and finally it has stabilized. The origin of this instability is described below.

In 1999, experimentalists Bennett and Wieman argued that the standard model is in contradiction with atomic experiments by 2.5 σ [77]. This conclusion was mainly based on their analysis of the accuracy of atomic structure calculations which were published in Ref. [57] in 1989 and in Ref. [16] in 1990,1992. The point is that the new measurements of electromagnetic amplitudes in atoms have demonstrated that the accuracy of the atomic calculations is much better than it seemed to be ten years ago. Indeed, all disagreements between theory and experiments were resolved in favour of theory. Based on this, Bennett and Wieman reduced the theoretical error from the 1% claimed by theorists [57,16] to 0.4% and came to the conclusion that there may be new physics beyond the standard model.

Particle physicists put forward new physics possibilities, such as an extra Z boson in the weak interaction, leptoquarks, and composite fermions; see, e.g., Refs. [103].

However, the 1% error placed on the atomic calculations [57,16] was based not only on the comparison of measured and calculated quantities such as E1 transition amplitudes. It was based also on an allowance for unnaccounted contributions. It was soon after discovered that the Breit contribution is larger than expected (-0.6%) [104] (Section V A 2). Then it was suggested that strong-field radiative corrections could make a contribution as large as Breit [105]. The Uehling contribution has been found to give a contribution of 0.4% [106,107] (Section V A 4). And just recently it has been established that self-energy and vertex contributions are ≈ −0.8% [108,109] (Section V A 4). A recent comprehensive calculation of atomic PNC is accurate to 0.5% [9]. The results of this calculation, and the discussion of accuracy, are presented in the following sections. The final value for parity violation in cesium is in agreement with the standard model and tightly constrains possible new physics (Section V C).

A. High-precision calculations of parity violation in cesium

The weak interaction Ĥ_W = ∑_N i ĥi_W [Eq. (5)]5 mixes atomic wave functions of opposite parity and leads to small opposite-parity admixtures in atomic states Ψ, Ψ̃ = Ψ + δΨ. This gives rise to E1 transitions between states of the same nominal parity. The parity violating 6S − 7S E1 transition amplitude in Cs is E_{P N C} = ⟨ ~7S|Ĥ_{E1}| ~6S⟩ = ⟨δ(7S)|Ĥ_{E1}|6S⟩ + ⟨7S|Ĥ_{E1}|δ(6S)⟩ . (53) Calculations of PNC E1 amplitudes can be performed using the following approaches:

from a mixed-states approach, in which there is a small opposite-parity admixture in each state [Eq. (53)]; or from a sum-over-states approach, in which the amplitude [Eq. (53)] is broken down into contributions arising from opposite-parity admixtures and a direct summation over the intermediate states is performed [Eq. (54)].

In the sum-over-states approach, the Cs 6S − 7S PNC E1 transition amplitude is written in terms of a sum over intermediate, many-particle states NP_{1/2} E_{P N C} = ∑ N [ ⟨7S|Ĥ_{E1}|NP_{1/2}⟩⟨NP_{1/2}|Ĥ_W |6S⟩ E_{6S} − E_{N P1/2} + ⟨7S|Ĥ_W |NP_{1/2}⟩⟨NP_{1/2}|Ĥ_{E1}|6S⟩ E_{7S} − E_{N P1/2} ] . (54)

If one neglects configuration mixing, this sum can be represented in terms of single-particle states; in this case, the sum also runs over core states (corresponding to many-particle states with a single core excitation), E_{P N C} = ∑ n [ ⟨7s|ĥ_{E1}|np_{1/2}⟩⟨np_{1/2}|ĥ_W |6s⟩ ϵ_{6s} − ϵ_{np1/2} + ⟨7s|ĥ_W |np_{1/2}⟩⟨np_{1/2}|ĥ_{E1}|6s⟩ ϵ_{7s} − ϵ_{np1/2} ] . (55)

There are three dominating contributions to this sum: E_{P N C} = ⟨7s|ĥ_{E1}|6p_{1/2}⟩⟨6p_{1/2}|ĥ_W |6s⟩ ϵ_{6s} − ϵ_{6p1/2} + ⟨7s|ĥ_W |6p_{1/2}⟩⟨6p_{1/2}|ĥ_{E1}|6s⟩ ϵ_{7s} − ϵ_{6p1/2} + ⟨7s|ĥ_{E1}|7p_{1/2}⟩⟨7p_{1/2}|ĥ_W |6s⟩ ϵ_{6s} − ϵ_{7p1/2} + ... (56)

= −1.908 + 1.493 + 1.352 + ... = 0.937 + ... .

The numbers are from the work [16] where the sum-over-states method was used; here we just demonstrate that these terms dominate. An advantage of the sum-over-states approach is that experimental values for the energies and E1 transition amplitudes can be explicitly included into the sum. This was the procedure for some of the early calculations of PNC in Cs (see, e.g., [71]).

In Refs. [57,16,58,9] PNC calculations were performed in the mixed-states approach, and in Ref. [16] a calculation was carried out in the sum-over-states approach also. Here we refer to the most precise calculations, ≤ 1% accuracy.

5It is seen from Eqs. (3,4), by inserting the coefficients C_{1N} , that the density ρ(r) is essentially the (poorly understood) neutron density in the nucleus. In the calculations, ρ(r) will be taken equal to the charge density, Eq. (20), and then in Section V A 3 we will consider the effect on the PNC E1 amplitude as a result of correcting for ρ(r).

1. Mixed-states calculation

In the TDHF method (Section IV H 1, Eq. (36)), a single-electron wave function in external weak and E1 fields is ψ = ψ_0 + δψ + Xe^{−iωt} + Y e^{iωt} + δXe^{−iωt} + δY e^{iωt}, (57) where ψ_0 is the unperturbed state, δψ is the correction due to the weak interaction acting alone, X and Y are corrections due to the photon field acting alone, and δX and δY are corrections due to both fields acting simultaneously. These corrections are found by solving self-consistently the system of the TDHF equations for the core states

(ĥ_0 − ϵ)δψ = −(ĥ_W + δV̂_W )ψ, (58) (ĥ_0 − ϵ − ω)X = −(ĥ_{E1} + δV̂_{E1})ψ, (59) (ĥ_0 − ϵ + ω)Y = −(ĥ^†_{E1} + δV̂^†_{E1})ψ, (60) (ĥ_0 − ϵ − ω)δX = −δV̂_{E1}δψ − δV̂_W X − δV̂_{E1W} ψ, (61) (ĥ_0 − ϵ + ω)δY = −δV̂^†_{E1}δψ − δV̂_W Y − δV̂^†_{E1W} ψ, (62) where δV̂_W and δV̂_{E1} are corrections to the core potential due to the weak and E1 interactions, respectively, and δV̂_{E1W} is the correction to the core potential due to the simultaneous action of the weak field and the electric field of the photon.

The TDHF contribution to E_{P N C} between the states 6S and 7S is given by E^{T DHF} P N C = ⟨ψ7s|ĥE1 + δV̂E1|δψ6s⟩ + ⟨ψ7s|ĥW + δV̂W |X6s⟩ + ⟨ψ7s|δV̂E1W |ψ6s⟩ . (63) The corrections δψ_{6s} and X_{6s} are found by solving the equations (58-59) in the field of the frozen core (of course, the amplitude (63) can instead be expressed in terms of corrections to ψ_{7s}).

Now we need to include the correlation corrections to the PNC E1 amplitude. In the previous sections (Sections IV C,IV D,IV H 4) we have discussed two types of corrections: the dominant Brueckner-type corrections, represented by diagrams in which the external field appears in the external electron line (see Fig. 18); and structural radiation, in which the external field acts on an internal electron line. In the case of PNC E1 amplitudes, in order to distinguish between structural radiation diagrams with different fields, we refer to diagrams with the weak interaction attached to the internal electron line as “weak correlation potential” diagrams. Structural radiation and the weak correlation potential diagrams are presented in Fig. 19.

We will consider first the dominating Brueckner-type corrections to the E1 PNC amplitude. Remember that the correlation potential is energy-dependent, Σ̂ = Σ̂(ϵ). This means that the Σ̂ operators for the 6s and 7s states are different. We should consider the proper energy-dependence at least in first-order in Σ̂ (higher-order corrections are small and the proper energy-dependence is not important for them). The first-order in Σ̂ correction to E_{P N C} is presented diagrammatically in Fig. 18. We can write this as

⟨ψ_{7s}|Σ̂_s(ϵ_{7s})|δX_{6s}⟩ + ⟨δψ_{7s}|Σ̂_p(ϵ_{7s})|X_{6s}⟩ + ⟨δY_{7s}|Σ̂_s(ϵ_{6s})|ψ_{6s}⟩ + ⟨Y_{7s}|Σ̂_p(ϵ_{6s})|δψ_{6s}⟩ . (64)

The non-linear in Σ̂ contribution to the Brueckner-type correction is found using the correlation potential method (Section IV C): the all-orders in Σ̂ contribution is calculated and from this the first-order contribution, found in the same method, is subtracted. The all-orders term is calculated using external electron orbitals, and corrections to these orbitals induced by the weak interaction and the photon field, found in the potential V̂^{N −1} + Σ̂. The PNC E1 amplitude is then calculated, using these new orbitals, in the same way as in the usual time-dependent Hartree-Fock method. The all-orders contribution to E_{P N C} is

E^{all−orders} P N C = EP N C (V̂ N −1 + Σ̂) − E P N C (V̂ N −1) . (65)

The first-order in Σ̂ contribution is found by placing a small coefficient a before the correlation potential, Σ̂ → aΣ̂. When a ≪ 1, the linear in Σ̂ contribution to E_{P N C} dominates. Its extrapolation to a = 1 gives the first-order in Σ̂ contribution. So the non-linear in Σ̂ contribution to E_{P N C} is [110]

E^{non−lin} P N C = [ E_{P N C} (V̂^{N −1} + Σ̂) − E_{P N C} (V̂^{N −1}) ] − 1 a [ E_{P N C} (V̂^{N −1} + aΣ̂) − E_{P N C} (V̂^{N −1}) ] . (66)

To complete the calculation of corrections second-order in the residual Coulomb interaction the weak correlation potential, structural radiation, and normalization contributions to the PNC amplitude must be included.

The weak correlation potential is calculated by direct summation over intermediate states. See Section IV H 4 for the approximate form for structural radiation in length form. and for the form for the normalization of the many-body states. Due to parity violation there is an opposite-parity correction to the orbitals α and β, α̃ = α + δα and β̃ = β + δβ, and to the correlation potential Σ̂, Σ̃ = Σ̂ + δΣ̂.

Structural radiation is then given by

M̃_{str} = −1 2 ⟨β̃|D ∂Σ̃ ∂ϵ + ∂Σ̃ ∂ϵ D|α̃⟩. (67) There are two contributions to structural radiation for the PNC E1 amplitude: one in which the electromagnetic vertex is parity conserving, the weak interaction included in the external lines:

M̃_{Fig.19(b)} = −1 2 ⟨β̃|D ∂Σ̂ ∂ϵ + ∂Σ̂ ∂ϵ D|α̃⟩. (68) (see diagram (b) Fig. 19); and the other in which the weak interaction is included in the electromagnetic vertex (we call this structural radiation and not weak correlation potential):

M_{Fig.19(c)} = − 1 2 ⟨β|D ∂Σ̃ ∂ϵ + ∂Σ̃ ∂ϵ D|α⟩. (69) (see diagram (c) of Fig. 19). Note that in each case the amplitude first-order in the weak interaction is considered.

The normalization contribution is

M̃_{norm} = 1 2 ⟨β̃|D|α̃⟩ ( ⟨β| ∂Σ̂ ∂ϵ |β⟩ + ⟨α| ∂Σ̂ ∂ϵ |α⟩ ) . (70)

The results of the calculation [9] for the 6S − 7S PNC amplitude are presented in Table VIII. Taking into account all corrections discussed in this section, the following value is obtained for the 6S − 7S PNC amplitude in cesium

E_{P N C} = 0.9078 × 10^{−11}iea_B(−Q_W /N) . (71)

This corresponds to “Subtotal” of Table VIII. This is in agreement with the 1989 result [57]. Notice the stability of the PNC amplitude. The time-dependent Hartree-Fock value gives a contribution to the total amplitude of about 98%. The point is that there is a strong cancellation of the correlation corrections.

The mixed-states approach has also been performed in [16] and [58] to determine the PNC amplitude in cesium. However, in these works the screening of the electron-electron interaction was included in a simplified way. In [16] empirical screening factors were placed before the second-order correlation corrections Σ̂^{(2)} to fit the experimental values of energies. Kozlov et al. [58] introduced screening factors based on average screening factors calculated for the Coulomb integrals between valence electron states. The results obtained by these groups (without the Breit interaction, i.e., corresponding to the Subtotal of Table VIII) are 0.904 [16] and 0.905 [58].^6 As a check, a pure second-order (i.e., using Σ̂^{(2)}) calculation with energy-fitting was also performed in [9] (in the same way as [16]), and the result 0.904 was reproduced.

Contributions of the Breit interaction, the neutron distribution, and radiative corrections to E_{P N C} are considered in the following sections.

2. Inclusion of the Breit interaction

The Breit interaction is a two-particle operator

Ĥ_{Breit} = −e^2 2 ∑ i<j α_i · α_j + (α_i · n_{ij} )(α_j · n_{ij} ) |r_i − r_j |

, (72)

α are Dirac matrices, n = (r_i − r_j )/|r_i − r_j |. It gives magnetic (Gaunt) and retardation corrections to the Coulomb interaction. A few years ago it was thought that the correction to E_{P N C} arising due to inclusion of the Breit interaction in the Hamiltonian (15) is small (safely smaller than 1%). In the work [57] the Breit interaction was neglected, and in [16] it was only partially calculated. (Remember that these works claimed an accuracy of 1%.) The huge improvement in the experimental precision of the cesium PNC measurement in 1997 [8] and the claim of Bennett and Wieman in 1999 [77] that the theoretical accuracy is 0.4% prompted theorists to revisit their calculations. Naturally this also involves a consideration of previously neglected contributions which, while at the 1% level could be neglected, are

6The numbers differ from those presented in Table II due to the Breit interaction. In [16] a value for Breit of −0.2% of the PNC amplitude was included (this value was underestimated), while in [58] the magnetic (Gaunt) part of the Breit interaction was included and calculated to be −0.4%. See Section V A 2.

significant at the 0.4% level. Derevianko [104] calculated the contribution of the Breit interaction to E_{P N C} and found that it is larger than had been expected. Its contribution to E_{P N C} is -0.6%. This result has been confirmed by subsequent calculations [111,58,9].

3. Neutron distribution

The weak Hamiltonian Eq. (5) was used to obtain the result Eq. (71) with ρ(r) taken to be the charge density, parametrized according to Eq. (20). However, as we mentioned in a footnote at the beginning of Section V A, the weak interaction is sensitive to the distribution of neutrons in the nucleus. Here we look at the effect of correcting for the neutron distribution.

For the neutron density the two-parameter Fermi model (20) is used. The result of Ref. [112] was used in [9] for the difference Δr_{np} = 0.13(4) fm in the root-mean-square radii of the neutrons ⟨r^2_n⟩^{1/2} and protons ⟨r^2_p ⟩^{1/2}. Three cases which correspond to the same value of ⟨r^2_n⟩ were considered: (i) c_n = c_p, a_n > a_p; (ii) c_n > c_p, a_n > a_p; and (iii) c_n > c_p, a_n = a_p (using the relation ⟨r^2_n⟩ ≈^3_5 c^2_n +^7_5 π^2a^2_n). It is found that E_{P N C} shifts from −0.18% to −0.21% when moving from the extreme c_n = c_p to the extreme a_n = a_p. Therefore, E_{P N C} changes by about −0.2% (−0.0018) due to consideration of the neutron distribution. This is in agreement with Derevianko’s estimate, −0.19(8)% [113].

4. Strong-field QED radiative corrections

It was noted in Ref. [105] that corrections to the PNC amplitude due to vacuum polarization by the strong Coulomb field of the nucleus could be comparable in size to the Breit correction. This has been confirmed by calculations, the strong-field radiative corrections associated with the Uehling potential (vacuum polarization) increase E_{P N C} by 0.4% [107,106,9].

In Ref. [114] it was pointed out that the self-energy correction can give a larger contribution to^{133}Cs PNC with opposite sign (∼ −0.65%). The self-energy and vertex corrections were first calculated in [108] and found to be −0.73(20)% for^{133}Cs. The relation between the PNC correction and radiative corrections to finite nuclear size energy shifts was used in this work. This result was confirmed in direct analytical calculations using Zα expansion [115,109,116] and by all-orders in Zα numerical calculations of the PNC matrix element of the 2S_{1/2} − 2P_{1/2} transition in hydrogenic ions performed in [117].

Note that corrections occur at very small distances (r <∼ 1/m) where the nuclear Coulomb field is not screened and the electron energy is negligible. Therefore, the relative radiative corrections to weak matrix elements in neutral atoms like Cs are approximately the same as for the 2S_{1/2} − 2P_{1/2} transition in hydrogenic ions.

There is good agreement between the different calculations for all values of Z; see [118] and the review [119]. For the strong-field self-energy and vertex contribution to PNC in 133Cs we will quote the value −0.8%, which is the average value of [108,116] corresponding also to the value obtained in [117].

Above we discussed the radiative corrections to the weak matrix elements. However, the sum-over-states expression for the PNC amplitude contains also energy denominators and

E1 electromagnetic amplitudes. It was shown in [114,9] that for Cs the corrections to the energies (−0.3%) and E1 matrix elements (+0.3%) cancel.

The contributions of strong-field radiative corrections to E_{P N C} of cesium are listed in Table VIII.

5. Tests of accuracy

There are two main methods used to estimate the accuracy of the PNC amplitude E_{P N C} : (i) root-mean-square (rms) deviation of the calculated energy intervals, E1 amplitudes, and hyperfine structure constants from the accurate experimental values; (ii) influence of fitting of energies and hyperfine structure constants on the PNC amplitude.

The PNC amplitude can be expressed as a sum over intermediate states (see beginning of Section V A). Notice that there are three dominating contributions to the 6S − 7S PNC amplitude in Cs; see Eq. (56). Each term in the sum is a product of E1 transition amplitudes, weak matrix elements, and energy denominators. Therefore, this amplitude is sensitive to the electron wave functions at all distances. (The weak matrix elements, energies, and E1 amplitudes are sensitive to the wave functions at small, intermediate, and large distances from the nucleus, respectively.) While mixed-states calculations of PNC amplitudes do not involve a direct summation over intermediate states, it is instructive to analyze the accuracy of the weak matrix elements, energy intervals, and E1 transition amplitudes which contribute to Eq. (56) calculated using the same method as that used to calculate E_{P N C} . The accuracy of these quantities is determined by comparing the calculated values with experiment. Note that we cannot directly compare weak matrix elements with experiment. However, like the weak matrix elements, hyperfine structure is determined by the electron wave functions in the vicinity of the nucleus, and this is known very accurately.

In Section IV we presented calculations of the energies, E1 transition amplitudes, and hyperfine structure constants relevant to Cs 6S − 7S E_{P N C} . The states that have been considered in these calculations are those relavant to E_{P N C} [in the sum (56)].

The calculated removal energies are presented in Table V. The Hartree-Fock values deviate from experiment by 10%. Including the second-order correlation corrections Σ̂^{(2)} reduces the error to ∼ 1%. When screening and the hole-particle interaction are included into Σ̂^{(2)} in all orders, the energies improve, 0.2 − 0.3%. The rms deviation between the calculated and experimental energy intervals ϵ_{6s} − ϵ_{6p1/2} , ϵ_{7s} − ϵ_{6p1/2} , and ϵ_{6s} − ϵ_{7p1/2} is 0.3%.

We mentioned at the end of Section IV D that the experimental values for energies can be fitted exactly by placing a coefficient before the correlation potential Σ̂. The stability of the amplitude E_{P N C} (as well as the E1 amplitudes and hfs constants) with fitting gives us an indication of the size of omitted contributions. Note that the accuracy for the energies is already very high and the remaining discrepancy with experiment is of the same order of magnitude as the Breit and radiative corrections. Therefore, generally speaking, we should not expect that fitting of the energy will always improve the results for amplitudes and hyperfine structure. In fact, as we will see below, some values do improve while others do not. The overall accuracy, however, remains at the same level.

Below we present results for E_{P N C} obtained in three different approximations: with unfitted Σ̂, and with Σ̂^{(2)} and Σ̂ fitted with coefficients to reproduce experimental removal energies.^7 First, we analyse the E1 transition amplitudes and hfs constants calculated in these approximations.

The relevant E1 transition amplitudes (radial integrals) are presented in Table VI. These are calculated with the energy-fitted “bare” correlation potential Σ̂^{(2)} and the (unfitted and fitted) “dressed” potential Σ̂. Structural radiation and normalization contributions are also included. The rms deviations of the calculated E1 amplitudes from experiment are the following: without energy fitting, the rms deviation is 0.1%; fitting the energy gives a rms deviation of 0.2% for Σ̂^{(2)} and 0.3% for the complete Σ̂. Note, these correspond to the deviations between the calculations and the central points of the measurements. The errors associated with the measurements are in fact comparable to this difference. So it is unclear if the theory is limited to this precision or is in fact much better. Regardless, the uncertainty in the theoretical accuracy remains the same.

The hyperfine structure constants calculated in different approximations are presented in Table VII. Corrections due to the Breit interaction, structural radiation, and normalization are included. The rms deviation of the calculated hfs values from experiment using the unfitted Σ̂ is 0.5%. With fitting, the rms deviation in the pure second-order approximation is 0.3%; with higher orders it is 0.4%. The point is to estimate the accuracy of the s−p_{1/2} weak matrix elements. It seems reasonable then to use the square-root formula, √ hfs(s)hfs(p_{1/2}).

Notice that by using this approach the deviation is smaller. Without energy fitting, the rms deviation is 0.5%. With fitting, the rms deviation in the second-order calculation (Σ̂^{(2)}) is 0.2% and in the full calculation (Σ̂) it is 0.3%.

From the above consideration it is seen that the rms deviation for the relevant parameters is 0.5% or better. Note that from this analysis the error for a sum-over-states calculation of E_{P N C} would be larger than this, as the errors for the energies, hfs constants, and E1 amplitudes contribute to each of the three terms in Eq. (56). However, in the mixed-states approach, the errors do not add in this way.

We now consider calculations of the PNC amplitude performed in [9] in different approximations (with unfitted Σ̂, and with energy-fitted Σ̂^{(2)} and Σ̂). The spread of the results can be used to estimate the error. The results are listed in Table IX. It can be seen that the PNC amplitude is very stable. The PNC amplitude is much more stable than hyperfine structure. This can be explained by the much smaller correlation corrections to E_{P N C} (∼ 2% for E_{P N C} and ∼ 30% for hfs; compare Table VIII with Table VII). One can say that this small value of the correlation correction is a result of cancellation of different terms in (64) but each term is not small (see Table VIII). However, this cancellation has a regular behaviour. The stability of E_{P N C} may be compared to the stability of the usual electromagnetic amplitudes where the error is very small (even without fitting).^8

7Note that fitting Σ̂^{(2)} is an empirical method to estimate screening corrections (which were accurately calculated in Σ̂). Agreement between results with fitted Σ̂^{(2)} and ab initio Σ̂ shows that the fitting procedure is a reasonable way to estimate omitted diagrams.

8Note that different methods also give different signs of the errors for hfs. This is one more argument that the true value of E_{P N C} is somewhere in the interval between the results of different calculations in Table IX.

In [9] the fitting of hyperfine structure was also considered, using different coefficients before each Σ̂. The first-order in Σ̂ correlation correction (64) changes by about 10%. It was found that the PNC amplitude changes by about 0.4%.

It is also instructive to look at the spread of E_{P N C} obtained in different schemes. The result of the work [9] (the number we present here) is in excellent agreement with the earlier result [57] while the calculation scheme is significantly different. The only other calculation of the E_{P N C} in Cs which is as complete as [57,9] is that of Blundell et al. [16]. Their result in the all-orders sum-over-states approach is 0.909 (without Breit) and is very close to the value of 0.908 (corresponding to “Subtotal” of Table VIII).

A note on the sum-over-states procedure. The authors of reference [16] include single, double, and selected triple excitations into their wave functions. Note, however, that even if wave functions of 6S, 7S, and intermediate NP states are calculated exactly (i.e., with all configuration mixing included) there are still some missed contributions in this approach. Consider, e.g., the intermediate state 6P ≡ 5p^66p. It contains an admixture of states 5p^5ns6d: 6P = 5p^66p + α5p^5ns6d + .... This mixed state is included into the sum (54). However, the sum (54) must include all many-body states of opposite parity. This means that the state ~5p^5ns6d = 5p^5ns6d − α5p^66p + ... should also be included into the sum. Such contributions to E_{P N C} have never been estimated directly within the sum-over-states approach. However, they are included into the mixed-states calculations [57,16,58,9].

It is important to note that the omitted higher-order many-body corrections are different in the sum-over-states [16] and mixed-states [57,9] calculations. This may be considered as an argument that the omitted many-body corrections in both calculations are small. Of course, here it is assumed that the omitted many-body corrections to both values (which, in principle, are completely different) do not “conspire” to give exactly the same magnitude.

A comparison of calculations of E_{P N C} in second-order with fitting of the energies is also useful in determining the accuracy of the calculations of E_{P N C} . (Remember that this value is in agreement with results of similar calculations performed in [16,58]; see Section V A 1.) One can see that replacing the all-order Σ̂ by its very rough second-order (with fitting) approximation changes E_{P N C} by less than 0.4% only. On the other hand, if the higher orders are included accurately, the difference between the two very different approaches is 0.1% only.

The maximum deviation obtained in the above analysis is 0.5%. This is the error claimed in the E_{P N C} calculation [9].

B. The vector transition polarizability

The determination of the nuclear weak charge from the Stark-PNC interference measurements also requires knowledge of the vector transition polarizability β. This can be found in a number of ways:

(i) from a direct calculation of β. β can be expressed as a sum over intermediate states and experimental E1 transition amplitudes and energies can be used [14] (see also [16,120]). However, this calculation is unstable due to strong cancellations of different terms in the sum (see Ref. [120]). These cancellations are explained by the fact that β is proportional to the spin-orbit interaction, therefore for zero spin-orbit interaction the sum for β must be zero;

(ii) from the measurement of the ratio of the off-diagonal hyperfine amplitude to the vector transition polarizability, M_{hf s}/β [121]. β is then extracted from the ratio using a theoretical determination of M_{hf s};

(iii) from the measurement of the ratio of the scalar to vector polarizabilities, α/β. α can be calculated accurately using experimental values for E1 transition amplitudes and energies in the sum-over-states approach (the calculation of α is much more stable than that of β [120]).

There are currently two very precise determinations of β. One was obtained from the analysis [122] (calculation of M_{hf s}) of the measurement [77] of the ratio M_{hf s}/β, β = 26.957(51)a^3_B , and another is from an analysis [9] (semi-empirical calculation of α; see [120] for details, where a similar calculation was performed) of the measurement [123] of the ratio α/β using the most accurate experimental data for E1 transition amplitudes including the recent measurements of Ref. [124], β = 27.15(11)a^3_B . An average of these values gives

β = 26.99(5)a^3_B . (73)

C. The final value for the Cs nuclear weak charge Q_W and implications

Combining the measurement [8] − Im(E_{P N C} ) β = 1.5935(56) mV cm (74)

with the calculated value (see Table VIII)

E_{P N C} = 0.897(1 ± 0.5%) × 10^{−11}iea_B(−Q_W /N) (75)

(from the calculation [9] with the averaged value −0.8% of works [108,109] for the self-energy and vertex radiative corrections) and the averaged value for β [Eq. (73)], gives

Q_W = −72.74(29)_{exp}(36)_{theor} (76)

for the value of the nuclear weak charge for^{133}Cs. The difference between this value and that predicted by the standard model, Q^{SM}_W (^{133}_{55} Cs) = −73.19 ± 0.13 [125],^9 is

ΔQ^{new}_W ≡ Q_W − Q^{SM}_W = 0.45(48) , (77)

adding the errors in quadrature.

Let us briefly consider the constraints on physics beyond the standard model set by the nuclear weak charge of cesium [Eq. (77)]. New physics corrections to the standard model are divided into two groups, those that originate through vacuum polarization corrections to

9We use this value rather than the Particle Data Group value, Eq. (7), since we use the new physics analysis of Ref. [125].

gauge boson propagators and those that originate from all other mechanisms (such as new physics arising through vertex and self-energy diagrams and new tree-level physics). The former are termed “oblique” and the latter “direct”.

A formalism for oblique corrections has been devised by Peskin and Takeuchi [126] in terms of weak isospin conserving and weak isospin breaking parameters S and T , respectively. Atomic parity violation (on a single isotope) is unique among other electroweak probes of new physics in its almost exclusive dependence on the parameter S. Indeed, the dependence of the nuclear weak charge on the parameter T cancels almost exactly. For^{133}Cs [125]

ΔQ^{oblique}

W = −0.800S − 0.007T . (78)

The standard model value corresponds to S = T = 0 (no new physics) at values m_t = 174.3 GeV for the top quark mass and M_H = 100 GeV for the Higgs boson mass.^{10} The constraint on S from PNC in^{133}_{55} Cs [comparing Eqs. (77) and (78)] is

S = −0.56(60) , (79)

adding the errors in quadrature.

In terms of direct new physics, a positive ΔQ^{new}_W [Eq. (77)] could be indicative of an extra Z boson in the weak interaction. A lower bound for the Z_χ boson mass predicted in SO(10) theories can be obtained from the deviation of the measured weak charge from theory, according to [128]

ΔQ^{new}_{W tree} ≈ 0.4(2N + Z)(M_W /M_{Zχ} )^2 . (80)

To one standard deviation, the lower bound on the mass M_{Zχ} from parity violation in^{133}_{55} Cs is M_{Zχ} > 750 GeV . (81)

A lower bound of about 600 GeV has been obtained from a direct search at the Tevatron [129].

For a discussion of atomic physics sensitivities to new physics, see, e.g., [130,131,125] and references therein. For a recent analysis of electroweak tests of the standard model, including atomic parity violation, see, e.g., [125,132,133]; an earlier review on this topic [134] is also very informative.

D. Ongoing/future studies of PNC in atoms with a single valence electron

A PNC measurement in cesium is continuing at Paris [42], where ∼ 1% precision is expected to be reached. The possibility of performing PNC measurements on the single trapped ions Ba^+ and Ra^+ is being considered at Seattle [135,136]. Preliminary atomic

10The result is actually not very sensitive to M_H which is currently M_H > 114.4 GeV at the 95% confidence level [127].

PNC calculations [137] indicate that the accuracy for calculations of Ba^+ could compete with that of cesium. An experiment to measure PNC in francium was discussed at Stony Brook [138,139]. Francium is a heavier analog of cesium, and correspondingly the PNC effect is an order of magnitude (18 times [110]) larger than that for cesium. However, there are no stable isotopes in francium. The group uses laser trapping to suspend the atoms.

A new facility (TRIμP) is under development at the Kernfysisch Versneller Instituut, Groningen. One aim is to measure parity violation in radioactive atoms and ions, attractive candidates being Ra^+ and Fr. See Ref. [140].

Note that the atomic theory is limited by the error associated with calculations of correlation corrections. It’s expected that the relative corrections due to correlations are the same in analogous atoms, e.g., cesium and rubidium. Thus, taking ratios of PNC measurements in analogous atoms possibly provides a way to circumvent the troublesome correlations in the determination of the ratio of the nuclear weak charges. [Another way to exclude atomic theory is through isotope ratios, see Section VI B.] Light atoms by themselves may provide some advantage from the point of view of atomic theory. Breit, neutron skin, and QED radiative corrections for rubidium are much smaller than for cesium. Therefore, atomic PNC calculations for rubidium could, in principle, reach a precision better than for cesium, however the amplitude is much smaller [70,54], about 6 times [54].

VI. ATOMS WITH SEVERAL ELECTRONS IN UNFILLED SHELLS

There are some advantages in measuring PNC effects in heavier atoms (where the PNC signal is expected to be larger) with relatively complicated electronic structure. However, the interpretation of the measurements in such a case is strongly impeded by the poor knowledge of the atomic wave functions. Even for Tl, which has a relatively simple structure, the atomic theory has an error of 2.5-3% [54,55].

The method we discussed in Sections IV and V is applicable for heavy alkali-metal atoms. However, this method may not be accurate for atoms with more than one electron in unfilled shells. This is because the correlations between the electrons in the unfilled shells may be important.

The most effective many-body method for atoms with several electrons above closed shells was developed in the works [141,142] (see also [56]). It is a combination of many-body perturbation theory and configuration interaction methods (it is called “MBPT+CI”). An effective Hamiltonian is constructed for the valence electrons using many-body perturbation theory for the interaction of the valence electrons with the core. In this way the correlations between the external electrons and the core are taken into account using MBPT while the correlations between the external electrons are calculated using the CI method.

A detailed description of the MBPT+CI method is beyond the scope of this review. We refer the interested reader to the works [141,142].

A. Parity nonconservation in thallium

High-precision measurements of parity violation in the 6P_{1/2} −6P_{3/2} transition in thallium have been performed by the Oxford and Seattle groups,

R ≡ Im{E_{P N C} /M1} = { (−15.68 ± 0.45) × 10^{−8} Oxford [37] (−14.68 ± 0.17) × 10^{−8} Seattle [38] . (82)

We will use the latter, most precise measurement to extract the value for Q_W . A recent measurement of the ratio E2/M1 indicates that the Oxford result should be rescaled to R = −15.34 ± 0.45 [143], reducing the discrepancy between the two measurements (82).

Let us move on now to the calculations. The electronic configuration for the ground state of thallium is 6s^26p_{1/2}. This system can be treated as a one-electron or a threeelectron system above closed shells. However, the 6p electron is energetically close to the 6s electrons, and correlations between 6s and 6p are significant. This means that the method described in Sections IV,V will not be as effective for thallium as for cesium. This method was employed in the work [54] to the transition 6p_{1/2} − 6p_{3/2}, yielding the following result:

E_{P N C} = (−2.70 ± 0.08) × 10^{−10}iea_B(−Q_W /N) . (83)

This result includes core polarization of E1 and weak fields calculated in the TDHF method and all second order correlation corrections (higher-order diagrams – electron-electron screening and the hole-particle interaction – are not included). Finally, empirical fitting of the energies is used to take into account some missed higher-order correlations.

Consideration of the Breit interaction, Eq. (72), gives a correction [144]

ΔE^{Breit}_{P N C} /E_{P N C} = −0.0098 . (84)

The size of radiative corrections to Tl PNC is the following. The Uehling correction is 0.94% [145] and we take the self-energy and vertex corrections to be −1.51% (average of −1.61% from [108] and −1.41% from [109]),

ΔE^{rad.}_{P N C} /E_{P N C} = −0.0057 . (85)

The correction for the neutron distribution is small (with a relatively large error) [55],

ΔE^{neutron} P N C /EP N C = −0.003 . (86) With these corrections, Eq. (83) becomes

E_{P N C} = (−2.65 ± 0.08) × 10^{−10}iea_B(−Q_W /N) . (87)

(the errors associated with the corrections to Eq. (83) are well below 1%.)

More recently the method MBPT+CI was applied in Ref. [55], with the result

E_{P N C} = (−2.72 ± 0.07) × 10^{−10}iea_B(−Q_W /N) . (88)

This method is well-suited for a system like thallium, where there are three electrons above a compact core, with the correlations between the three external electrons treated nonperturbatively. In this work the Gaunt interaction (the dominant, magnetic part of the Breit interaction, Eq. (72)) was included self-consistently at every stage of the calculation. Inclusion of radiative corrections shifts the value (88) slightly, E_{P N C} = (−2.70 ± 0.07) × 10^{−10}iea_B(−Q_W /N). The difference between this value and Eq. (87) is within the assigned errors.

We need a value for the 6P_{1/2} − 6P_{3/2} magnetic dipole transition amplitude, M1. Calculations of this quantity are very stable. In Ref. [55] the values M1 = 1.692 × 10^{−3} a.u. and M1 = 1.694 × 10^{−3} a.u. were calculated, the former using the MBPT+CI method and the latter in the MBPT method (treating thallium as a single-electron atom).

The Seattle measurement (82), the PNC calculation (87), and the M1 amplitude calculated in [55] lead to the following value for the nuclear weak charge of thallium,

Q_W (^{205}Tl) = −116.3(1.3)_{exp}(3.5)_{theor} , (89)

in agreement with the standard model value [17]

Q^{SM}_W (^{205}Tl) = −116.67(5) (90)

B. A method to exclude the error from atomic theory: isotope ratios and the neutron distribution

In Ref. [47] it was pointed out that atomic theory (and hence the large associated error) can be excluded by taking ratios of atomic PNC measurements along an isotope chain. Indeed, from a simple non-relativistic consideration, the measured parity violating amplitude can be expressed as

A_{P N C} = ξQ_W , (91)

where the atomic theory is included into ξ. It is seen that in this approximation taking ratios of measurements of different isotopes with neutron numbers N and N^′

A_{P N C} (N^′) A_{P N C} (N) = Q_W (N^′) Q_W (N)

(92)

removes the dependence on ξ, assuming that the atomic structure does not change significantly from isotope to isotope. However, a consideration of relativistic effects (the variation of the electron wave functions inside the nucleus) changes this simple formulation.

It was shown in Ref. [146] that while the atomic structure cancels in the isotope ratios, there is an enhanced sensitivity to the neutron distribution ρ_n(r), and the uncertainty associated with ρ_n(r) may limit the extraction of new physics. The dependence of the PNC amplitude on nuclear structure effects can be incorporated through the correction Q^{nuc} [146],

A_{P N C} = ξ(Q_W + Q^{nuc}_W ) , (93)

where

Q^{nuc}_W = −N(q_n − 1) + Z(1 − 4 sin^2_{θW} )(q_p − 1) (94) and q_n = ∫ ρ_n(r)f(r)d^3r , q_p = ∫ ρ_p(r)f(r)d^3r . (95)

The variation of the electron wave functions inside the nucleus is given by f(r), which is normalized to f(0) = 1. The isotope ratio R ≡ A_{P N C} (N^′) A_{P N C} (N) ≈ Q_W (N^′) Q_W (N)

)[1 + Δq_n] , (96)

where Δq_n ≡ q_n − q^′_n. It is seen that R is sensitive, in particular, to the difference in the neutron distributions, and it is the error associated with this difference, δ(Δq_n), that could limit the interpretation of the ratio R of the PNC measurements in heavy atoms in terms of new physics.

The isotope ratios are sensitive to a combination of new physics that is different from that probed by measurements of parity violation in a single isotope. While measurements of atomic parity violation in a single isotope are sensitive to the weak isospin conserving parameter S and to new tree level physics, the isotope ratios are sensitive to both S and T through sin^2 θ_W as well as to new tree level physics. The sensitivity of the isotope ratios to oblique new physics has been investigated in [128,147,148], and the sensitivity to direct new physics in [131,148].

Nuclear structure corrections to the weak charge distribution have been calculated for different isotopes of lead [148,149], cesium [150,149,151], barium [149], and ytterbium [149]. The calculations are model-dependent, and it is seen from the spread in the results that at this time our knowledge of the neutron distribution would preclude a determination of new physics competitive with other probes. The problem is that there is a very limited amount of empirical information on neutron distributions. In Ref. [152] new data on neutron distributions from experiments with antiprotonic atoms was used to re-analyze the impact of the nuclear structure uncertainties on the extraction of new physics. It was found that the errors associated with nuclear structure are slightly reduced compared with those associated with nuclear calculations. It was suggested that isotope ratios of PNC measurements with atoms having Z <∼ 50 may be more effective at searching for new physics, since the nuclear structure uncertainty in the extraction of (direct) new physics increases roughly as Z^{8/3} and the required experimental uncertainty is less strict for lighter atoms [152]. Since the PNC signal ∝ Z^3, this would only be feasible if there is an accidental enhancement of the PNC effect (for example, very close levels of opposite parity).

The high sensitivity of isotope ratios of PNC measurements to variations in the neutron distribution could be used to determine the nuclear structure and test nuclear models [146]. Parity violating electron scattering measurements appear to be very promising for extracting information on the neutron distribution (see, e.g, [153]). It appears that such measurements could be used to significantly reduce the nuclear structure uncertainties to the level where the new physics sensitivity of PNC isotope ratios is significant.

C. Ongoing/future studies of PNC in complex atoms

A thallium PNC measurement is continuing at Seattle [154] in which sub-1% accuracy is expected to be reached. Experimental studies of rare-earth elements dysprosium and ytterbium are in progress at Berkeley [155]. Studies with dysprosium are continuing despite the small upper limit found for the PNC amplitude [50]. Dysprosium appeared to be particularly attractive for PNC studies due to the presence of a state (4f^95d^26s J = 10) that is nearly degenerate with the state 4f^{10}5d6s J = 10 with opposite parity and the same angular momentum. However, the weak interaction does not mix the dominant electronic configurations of the nearly degenerate states, a non-zero weak matrix element shows up only through configuration mixing and core polarization which makes it very small. An improvement in the statistical sensitivity of a few orders of magnitude is anticipated in the current search [50,156]. If the effect is of the same order of magnitude as the current upper limit, then dysprosium will provide an important test of the standard model and allow the determination of the nuclear anapole moment [50,156]. A measurement of PNC in ytterbium is in progress also at Berkeley [157,158]. In ytterbium there are seven stable isotopes in the range A = 168 − 176 with two of these isotopes having non-zero nuclear spin (possibility to observe the nuclear anapole moment). The atomic theory in this case should be more reliable than in the other rare-earth atoms, since here there is a closed 4f-shell.

PNC studies with samarium appear to have no advantages over other systems. Preliminary work showed that PNC optical rotation on the forbidden M1 transition 4f^66s^{2 7}F_0 − 4f^65d6s^7G_1, which could have benefited from having close (∼ 10 cm^{−1}) opposite parity states, is not feasible [159]. Moreover, it has recently been found, through a term reassignment of several of the odd-parity states in Sm [160], that an estimate of the weak matrix element made in the original proposal for the experiment [161] should be reduced by about 40 times. The null PNC results of the Oxford group reported in Refs. [48,49] for M1 transitions between the ground state configuration show that the possible enhancement due to the relatively small energy denominators (∼ 200 cm^{−1}) is not realized due to very small E1 and weak matrix elements.

There are some interesting proposals for new experiments where large enhancements are expected. E.g., atomic calculations [162,163] indicate that parity violation in the electronic transitions 7s^{2 1}S_0 − 7s6d^3D_1 of the radium isotopes^{223}Ra and^{225}Ra are enhanced due to a very small interval between the states 7s7p^3P_1 and 7s6d^3D_1. The parity violating amplitude is calculated to be 100 times larger than that of Cs. (Note that the electronic structure of radium is relatively simple and so it is expected that the PNC amplitude will not suffer from large suppressions that appeared in the PNC amplitudes of the rare earth atoms.)

VII. THE NUCLEAR ANAPOLE MOMENT AND MEASUREMENTS OF P-ODD NUCLEAR FORCES IN ATOMIC EXPERIMENTS

A. The anapole moment

The notion of the anapole moment was introduced by Zel’dovich [164] just after the discovery of parity violation. He noted that a particle may have a parity violating electromagnetic form factor, in addition to the usual electric and magnetic form factors. The first realistic example, the anapole moment of the nucleus, was considered in Ref. [20] and calculated in Ref. [21]. In these works it was also demonstrated that atomic and molecular experiments could detect anapole moments. Subsequently, a number of experiments were performed in Paris, Boulder, Oxford, and Seattle [40,43,44,37,38] and some limits on the magnitude of the anapole moment were established. However, it was only recently that a nuclear anapole moment was unambiguously detected – in 1997 a group in Boulder measured a nuclear anapole moment in^{133}Cs (using atomic experiments) to an accuracy of 14% [8] (see also the recent review [177]). This is the first observation of an electromagnetic moment that violates fundamental discrete symmetries.

Besides the usual electric and magnetic monopole, dipole and quadrupole (and so on) moments, there are also other electromagnetic multipole moments, which are not usually dealt with in multipole moment expansions as they give rise to contact, rather than longrange, potentials. The anapole moment is such a moment. It obeys time reversal invariance but violates parity conservation and charge conjugation invariance (i.e., T -even and P - and C-odd). The anapole moment arises out of an expansion of the vector potential as a series in R^{−1}, where R is the distance from the center of the charge distribution (see, e.g., [165,12]). The part of the vector potential that is due to the anapole moment is^{11}

A^a(r) = aδ^3(r) , (97)

where a = −π ∫ r^2j(r)d^3r , (98)

j is the electromagnetic current density. Eq. (98) can be taken as the definition of the anapole moment. Notice the contact form of the potential – this is true for any T -even, P -odd moment; see, e.g., [20,12] for a proof.

What kind of current distribution corresponds to an anapole moment? Such a current distribution is shown in Fig. 20. This will give a nonzero anapole moment, because the places at which the current is pointing downwards are further from the center than the places where the current is pointing upwards. Since the current in Eq. (98) is weighted by a factor of r^2 this current distribution will produce an anapole moment pointing perpendicular to the plane of the doughnut. A magnetic field is produced inside the current distribution, as shown in the figure.

The expression for the anapole moment (98) contains the current vector j, which changes its sign under reflection of co-ordinates. The anapole moment is directed along the nuclear spin I: ⟨â⟩ = −π⟨r^2j⟩ = aI/I. However, the spin I does not change its sign under coordinate reflection. The different behavior of the right and left hand sides of the relation ⟨r^2j⟩ ∝ I under reflection of co-ordinates means that the existence of the anapole moment violates parity, i.e., symmetry under the reflection of co-ordinates (but it does not violate time reversal invariance).

B. Origin of the nuclear anapole moment

We now turn to the question of how an anapole moment can actually be produced. A T -even, P -odd moment like the anapole can only arise if there is some kind of P -odd force present; for this the weak interaction is needed. The two-body P -odd nucleon-nucleon interaction, in the contact limit, has the form (see, e.g., [12])

11In the gauge ∇ · A = 0 there is a long-range term in the anapole vector-potential which may be removed by a gauge transformation.

Ŵ_{ab} = G√ 2 1 2m ({ (g_{ab}σ_a − g_{ba}σ_b) · (p_a − p_b), δ(r_a − r_b) } +g^′_{ab}[σ_a × σ_b] · ∇δ(r_a − r_b) ) , (99)

where { , } is an anticommutator, G is the Fermi constant of the weak interaction, m is the nucleon mass, and σ, p, and r are the spins, momenta, and coordinates of the nucleons a and b. The dimensionless constants g_{ab}, g_{ba}, g^′_{ab} give the strength of the weak interaction between nucleons. The effective one-body P -odd weak interaction between an unpaired nucleon and the nuclear core can then be obtained, Ŵ = G 2 √ 2m g[σ · pρ(r) + ρ(r)σ · p] , (100)

where ρ(r) is the number density of core nucleons and g = Z A g_{ap} + N A g_{an} . (101)

Here a = p, n denotes the unpaired nucleon. For the^{133}Cs atom the unpaired nucleon is a proton and so g ≡ g_p.

The interaction (100) perturbs the wave function of the unpaired nucleon, resulting in the mixing of opposite parity states: ψ = ψ_0 + δψ, where ψ_0 ≡ |0⟩ is the unperturbed wave function and δψ = ∑ n |n⟩⟨n|Ŵ |0⟩(E_0 − E_n)^{−1}. An approximate analytical solution for the perturbed Schrödinger equation (Ĥ_0 + Ŵ )ψ = Eψ (which assumes that the nuclear density is constant) gives (see, e.g., [21,166])

ψ = e^{iθ}σ^{·r}ψ_0, (102) where θ = −gGρ/ √ 2. What this means is that the spin (s =^1_2 σ) of the unperturbed wave function will be rotated around the vector r by an angle of 2θr. If, for example, the unperturbed wave function was in a spin up state, the spin at different points for the perturbed wave function will be as shown in Fig. 21. Thus we have a spin helix, with a definite chirality, i.e., right- or left-handedness (see, e.g., [12]). This means that the parity symmetry has been broken. Now consider the current and magnetic field produced by such a spin helix. The electromagnetic current of the unpaired nucleon in the non-relativistic limit has the form

j = − ie 2m q[ψ^†∇ψ − (∇ψ^†)ψ] + eμ 2m ∇ × (ψ^†σψ), (103) where q = 0 (1) for a neutron (proton) and μ is the nucleon magnetic moment in nuclear magnetons. The first term comes from the orbital motion of the nucleon (convection or orbital current), while the second term is a magnetic moment current term, which produces the dominating contribution. The current distribution and the magnetic field produced by the wave function ψ of Eq. (102) have been calculated, e.g., in Ref. [167].

Using the expression for the electromagnetic current (103) in Eq. (98), the operator of the anapole moment, â (a = ⟨ψ|â|ψ⟩) can be written as

â = (πe/m)[μ(r × σ) − (q/2)(pr^2 + r^2p)], (104) where r and p are the position and momentum operators of the nucleon. The dominant contribution to the nuclear anapole comes from the first, spin term and so we can express the anapole moment operator in terms of the magnetic dipole moment operator M̂ = σ(eμ)/(2m) as â ≈ 2π(r × M̂).

The anapole moment is usually described by a dimensionless parameter, κ_a, defined by the following equation a = 1 e G √ 2 KI I(I + 1) κ_a, (105)

where K = (I +^1_2 )(−1)^{I+1/2−l} and l is the orbital angular momentum of the external nucleon.

In Ref. [21] an approximate analytical result for κ_a (in terms of the parameter g_p) was obtained by using the wave function (102) to calculate the mean value of the anapole moment operator (104). The result is

κ_a = 9 10 αμ mr_0 A^{2/3}g_p (106)

= 0.08g_p for^{133}Cs , (107)

where α = 1/137, μ is the magnetic moment of the external nucleon in nuclear magnetons, and r_0 = 1.2 fm. It is the dependence on A^{2/3} that makes the anapole moment the dominant nuclear spin-dependent effect in heavy atoms.

Single-particle calculations of κ_a for Cs in the Woods-Saxon and harmonic oscillator potentials have been performed in Refs. [21,168,19,174] (note that in Refs. [168,19] the effects of configuration mixing were also included semi-empirically) and many-body calculations in Refs. [169–172]. The results of these calculations are presented in Table X; a compilation of these results in terms of DDH “best values” (see Section VII E) can also be found in Ref. [173]. Single-particle calculations for the anapole moment are remarkably stable with the choice of potential [174]. We will quote the value

κ^{SP}_a = 0.06g_p (108)

for^{133}Cs, obtained from numerical calculations in the Woods-Saxon potential with spin-orbit interaction [21,174]. We will leave the discussion of many-body effects to Section VII E.

C. Parity violating effects in atoms dependent on the nuclear spin

The nuclear anapole moment interacts with an atom’s electrons due to its magnetic field. The interaction is [using Eqs. (97) and (105)]

ĥ_a = eα · A = eα · aδ^3(r) = G√ 2 KI · α I(I + 1) κ_aδ^3(r), (109)

where A is the anapole vector-potential and α is the relativistic velocity operator (Dirac matrices). The magnetic field corresponding to the anapole is localized inside the nucleus. Therefore the interaction with atomic electrons occurs only if the electron wave functions penetrate the nucleus.

The anapole moment produces parity violating nuclear spin-dependent effects in atoms. In heavy atoms it is the dominant mechanism producing such effects. However, its effects are indistinguishable from the smaller parity violating neutral current effects, and these need to be accounted for in the extraction of κ_a from atomic measurements (we mentioned these effects briefly in Section II 2). One contribution to parity violating nuclear spin-dependent effects arises from Z^0 exchange in an electron-nucleus interaction, with an axial-vector Z^0-nucleus coupling and a vector Z^0-electron coupling [Eq. (9)]; see Ref. [175]. Another contribution arises from the perturbation of the nuclear spin-independent contribution, corresponding to the nuclear weak charge, by the hyperfine interaction (Eq. (10)); see [18,19,176]. The total effective nuclear spin-dependent interaction can be expressed in the form^{12} ĥ^I_{ef f} = G√ 2 κ K I(I + 1) α · Iρ(r) , (110)

where κ = κ_a − K − 1/2 K κ_2 +

I + 1 K κ_Q , (111)

and K = (I + 1/2)(−1)^{I+1/2−l}.

D. Measurement of nuclear spin-dependent effects in cesium and extraction of the nuclear anapole moment

The anapole moment can be detected by observing the amplitudes of transitions between atomic levels that violate parity. In the case of the Boulder experiment [8], it was an E1 transition between the 6S and 7S states of the cesium atom. The nuclear spin-dependent P -odd effects can be separated from the dominant effect (the weak interaction between the electron and the weak charge of the nucleus; see Sections III,V) by observing the dependence of the parity violating effects in two different hyperfine transitions. The nuclear spin has different relative orientations in the different hyperfine states. For^{133}Cs, F = 3 and F = 4, where F is the total angular momentum of the atom (F = J + I, where J is the electron’s angular momentum). By observing the transitions 6S_{F =4} → 7S_{F =3} and 6S_{F =3} → 7S_{F =4}, the anapole moment can be detected. In the Boulder experiment [8] these two amplitudes were measured, and they were found to be significantly different, indicating the presence of an anapole moment.

1. Atomic calculations and extraction of κ

Atomic many-body calculations are required to extract the effective constant κ from experiment. Atomic calculations of nuclear spin-dependent effects in cesium have been per-

12Note that different definitions for κ, κ_a, κ_2, κ_Q are used in different works. For example, in [172,177,176] the effective Hamiltonian ĥ^I_{ef f} =^{G√}_2 κα · Iρ(r), κ = κ_a + κ_2 + κ_Q. Also different notations for the constants are used in these works.

formed in [175,178,179,168,16,176]. In [180] the value for κ was extracted from [8] by taking the ratio of the nuclear spin dependent PNC amplitude to the main spin independent PNC amplitude, using the spin dependent calculation [179] and the spin independent calculation [54]. The calculations [179,54] were performed in the relativistic Hartree-Fock approximation, with the effects of core polarization included using the time-dependent Hartree-Fock method and correlations included through the use of Brueckner orbitals (see Section IV). These calculations were performed using the same method and computer codes, so the theoretical errors should cancel in the ratio. The value obtained in [180] is

κ(^{133}Cs) = 0.442(63) . (112)

In the recent work [176] the value κ(^{133}Cs) = 0.462(63) was obtained. The calculations were performed in zeroth-order in the relativistic Hartree-Fock approximation, and core polarization was included using the random phase approximation. This result was extracted directly from the spin-dependent component measured in [8], with β from [77]. The 4% difference between the two values for κ(^{133}Cs) is explained by correlation corrections: correlation corrections (Brueckner orbitals) are included in [179], while they are not considered in [176]. At the TDHF level, the results coincide.

2. Extraction of κ_a

The value of κ contains three contributions (see Eq. (111)). The contributions to κ from the nuclear spin-dependent neutral current κ_2 and from the combined neutral weak charge and hyperfine interaction κ_Q must be subtracted to give the anapole constant κ_a. In the single-particle approximation, κ_2 = −C_{2p} ≈ −0.05 [see Section II, Eq. (9)]. Large-basis nuclear shell-model calculations for^{133}Cs give κ_2 = −0.063 [172]. Atomic calculations for the combined weak charge and hyperfine interaction have been performed in [18,19,176]. The recent calculation [176] is the most complete: it was performed in third-order perturbation theory, with core polarization taken into account in the random phase approximation. In the other calculations [18,19] the single-particle form for the operator [Eq. (10)] was used. The result of Johnson et al. [176] for^{133}Cs is κ_Q = 0.017. Results of calculations for κ_2 and κ_Q are compiled in Table XI. With κ_2 from [172] and κ_Q from [176], the anapole moment constant is

κ_a = 0.368(63) . (113)

The interaction (109) is for a point-like nucleus. However, a real nucleus has a finite size. In the works [178,179,168,16,176] the atomic calculations were performed by replacing δ^3(r) with the nuclear density ρ(r). A more accurate treatment of finite nuclear size effects was given in [167,180]. For Cs the correction is small. The corrected value for κ_a [Eq. (113)] is

κ_a = 0.362(62) . (114)

E. The nuclear anapole moment and parity violating nuclear forces

The weak potential is usually parametrized in terms of a one-boson exchange model. The proton-nucleus and neutron-nucleus constants, g_p and g_n, can be expressed in terms of the following combination of meson-nucleon parity nonconserving interaction constants [21,181] (using the notation of Ref. [182]):

g_p = 2.0 × 10^5W_ρ [ 176 W_π W_ρ f_π − 19.5h^0_ρ − 4.7h^1_ρ + 1.3h^2_ρ − 11.3(h^0_ω + h^1_ω) ] (115)

g_n = 2.0 × 10^5W_ρ [ −118 W_π W_ρ f_π − 18.9h^0_ρ + 8.4h^1_ρ − 1.3h^2_ρ − 12.8(h^0_ω − h^1_ω ) ] , (116)

f_π ≡ h^1_π and the h’s are weak meson-nucleon coupling constants — the subscript denotes the type of meson involved and the superscript indicates whether it is an isoscalar, isovector or isotensor interaction (0, 1, or 2). These are the effective constants obtained in the contact limit of the nucleon-nucleon PNC interaction [Eq. (99)], with short-range nucleon-nucleon repulsion and long-range effects taken into account through the parameters W_ρ and W_π. Following [21,180], we take W_ρ = 0.4 and W_π = 0.16 using calculations of PNC for neutron and proton scattering on^4He [183].

The standard reference values for weak meson-nucleon couplings are those of Desplanques, Donoghue, and Holstein [182] [we list the DDH “best values” for the weak couplings and the effective coupling constants (Eqs. (115,116,101); Refs. [21,184,174]) in terms of these values in Table XII for easy reference]. However, there are large uncertainties in the possible values (known as the “DDH reasonable ranges”). It is therefore important to determine the weak coupling constants experimentally. Information on these constants can be obtained from the measurement of the Cs anapole moment.

1. The cesium result and comparison with other experiments

The measurement of the anapole moment κ_a (114) and the single-particle calculation (108) give the following value for the weak interaction constant between an unpaired proton and the nuclear core [180],

g^{SP}_p = 6 ± 1(exp.) . (117)

(Note that only the experimental error is included here; there is also a theoretical error from the nuclear calculation of κ_a (108).) There is a lot of uncertainty about the value for f_π. Following [180], we use DDH best values for h_ρ and h_ω to obtain a value for f_π from the measurement of the cesium anapole moment. Using Eqs. (117), (115) it is found that

f^{SP}_π = (g^{SP}_p − 2) × 1.8 × 10^{−7} = [7 ± 2 (exp.)] × 10^{−7} . (118)

(The contribution of ρ and ω to g_p is 2.) This result (118) agrees with QCD calculations [185,186] which give f_π = 5–6 × 10^{−7} and is in agreement with the DDH best value f_π = 4.6 × 10^{−7} (note that the DDH “reasonable range” for f_π is 0.0 − 11.4 × 10^{−7}).

However, there is a serious discrepancy between the weak meson-nucleon couplings extracted from the Cs anapole moment and those extracted from other experiments. The following experiments are thought to give reliable information on the weak meson-nucleon couplings (that is, their interpretation is not hindered too much by nuclear structure uncertainties) [187,172]: the longitudinal analyzing power for ⃗pp scattering at 13.6 MeV [188], 45 MeV [189], and 221 MeV [190] and ⃗pα scattering at 46 MeV [191], the circular polarization of γ-rays emitted from the 1081 keV state in^{18}F [192], and the asymmetry of γ-rays emitted in the decay of the state 110 keV in polarized^{19}F [193]. These experiments depend on different combinations of the coupling constants. They are consistent and favor a small value of f_π , roughly lying between −1 × 10^{−7} and 1 × 10^{−7} (see [172,177]), in contradiction with the Cs anapole result.

The value for f_π extracted above for Cs was obtained in the single particle model. Let us briefly discuss how this value changes when many-body effects are included. Core polarization effects have been calculated in Refs. [170,171] using the random phase approximation. In Ref. [171] it was found that for^{133}Cs core polarization and pairing effects decrease the single-particle value for κ_a by almost a factor of two. These calculations therefore increase the discrepancy of the cesium result with other experiments and with the DDH best value. Large-basis shell model calculations have been performed in Refs. [169,172]. These calculations also reduce the size of κ_a, although not to the extent of the calculation [171].

In Table X results of single-particle and many-body calculations of κ_a for^{133}Cs are presented. It appears that consideration of many-body effects tends to exacerbate the disagreement between the meson-nucleon couplings extracted from the Cs anapole moment and those obtained from other experiments.

Note that there may be other significant corrections to the anapole moment calculations that may resolve the discrepancy between theory and experiment. For instance, consideration of the strong renormalization of the weak potential [168,194]. Another correction to the calculations could stem from the use of an improved set of strong meson-nucleon coupling constants. (In the one-boson exchange model the weak potential is formed from a product of weak and strong meson-nucleon couplings. The strong couplings g_π = 13.45, g_ρ = 2.79, g_ω = 8.37 and the isoscalar χ_S = −0.12 and isovector χ_V = 3.7 anomalous magnetic moments of the nucleon have been employed in the calculations; see, e.g., [182,183,172,195]. These values were used to arrive at Eqs. (115,116)). In the recent work [195] it was shown that using strong coupling constants in the one-boson exchange model constrained by nucleon-nucleon phase shifts leads to an enhancement of parity violating effects by about a factor of two.

The cesium anapole moment is not the only case in which parity violating effects appear to be enhanced. Parity violation in the Mossbauer transitions in^{57}Fe and^{199}Sn nuclei give a value for the circular polarization of γ-rays at least four orders of magnitude larger than calculations (see Ref. [184]). Statistical methods were applied in Refs. [196,197] to study parity violating effects in polarized neutron scattering from compound nuclei. It was found in Ref. [197] that the experiments give parity violating effects 1.7 − 3 times larger than those estimated using the DDH values for weak meson-nucleon couplings.

The Cs anapole measurement is also inconsistent with the limit on the anapole moment of Tl [38],

κ(Tl) = −0.22 ± 0.30 . (119)

In fact, the Tl anapole moment itself produces problems. Its central point is of opposite sign to that predicted by theory.^{13} Results of calculations of κ_a for Tl are presented in Table XIII (these results in terms of DDH “best values” can also be found in [173]). Using DDH best values for the weak couplings, the most complete many-body calculations of the anapole moment of Tl give κ_a(Tl) = 0.24 within RPA [171] and κ_a(Tl) = 0.24 [199] and κ_a(Tl) = 0.10 [172] in shell model calculations.

Note that the anapole moment of Tl extracted above (119) was obtained from the nuclear spin-dependent component of the PNC optical rotation using a single-particle atomic calculation [198]. In a recent many-body calculation [200], in which the MBPT+CI method was implemented (see Section VI for a brief description and references), the central point for the Tl anapole moment is interpreted as κ_a = −0.26; that is, the disagreement with theory is more obvious.

F. Ongoing/future studies of nuclear anapole moments

It is clear that further experimental investigation is required to resolve these inconsistencies. An improved measurement of the Tl anapole moment is important, as is an anapole measurement involving a nucleus with an unpaired neutron (Cs and Tl have unpaired protons). This latter experiment would give information on g_n which depends on a different combination of weak meson-nucleon couplings that are roughly perpendicular to the current anapole measurements (compare Eqs. (115,116)) and so would provide a very important cross-check.

We have already discussed in Sections V D,VI C the PNC experiments underway. Nuclear spin-dependent effects in those atoms with non-zero nuclear spin will be measured.

Enhancement of anapole moment effects in atoms can occur due to close levels of opposite parity. For example, calculations [162,163] show that the PNC amplitudes in the transitions 7s^{2 1}S_0 − 7s6d^3D_1 and 7s^{2 1}S_0 − 7s6d^3D_2 in^{223}Ra and^{225}Ra can be more than 1000 times larger than the nuclear spin-dependent transition amplitudes in Cs. Moreover, in the transition 7s^{2 1}S_0 − 7s6d^3D_2 there is no background nuclear spin-independent amplitude, since the large change in angular momentum ΔJ = 2 forbids it. Note that measurements with^{223,225}Ra, sensitive to the neutron constant g_n, would provide a sought-after cross-check on the parity violating meson-nucleon couplings.

Work towards measurements of anapole moments in diatomic molecules is underway [201]. Diatomic molecules are attractive for anapole moment searches because the nuclear spin-dependent effects, but not the (usually dominating) nuclear spin-independent ones, are enhanced compared to atoms due to the presence of close rotational levels of opposite parity [202,203]; see also the review [204].

13Note that while the Oxford result [37], κ(Tl) = 0.23 ± 1.20 [using the single-particle atomic calculation [198] used to obtain (119)], has a central point that is positive, its error is four times larger than the Seattle value [38]. The Oxford result has been misquoted in the literature.

VIII. ELECTRIC DIPOLE MOMENTS: MANIFESTATION OF TIME REVERSAL VIOLATION IN ATOMS

Violation of CP symmetry (combined symmetry of charge conjugation, C, and parity) was discovered in 1964 in the decays of the neutral K mesons [205]. It is incorporated into the standard electroweak model as a single complex phase in the quark mixing matrix (Kobayashi-Maskawa mechanism [206]). For a long time K mesons remained the only system in which CP violation had been observed, until just recently, in 2001, when the collaborations BaBar and Belle detected it in the neutral B mesons [207]. The CP violation seen there is consistent with the standard model predictions.

However, a striking problem arises from cosmology. Sakharov proposed that CP violation, present at the time of the Big Bang, is a necessary ingredient in the asymmetry of matter and antimatter [208]. It is well-known that standard model CP violation is insufficient to generate the level of matter-antimatter asymmetry in the Universe. Understanding the origin of CP violation and searching for possible new sources is therefore a very interesting and fundamental problem.

If CP T is a good symmetry, as it is in gauge theories, then CP violation is accompanied by T (time-reversal) violation. So far there has been no (undisputed) direct observation of T violation and its detection is of interest in its own right. Also, detection of T-violation may shed light on the origin of CP violation. The measurement of a permanent electric dipole moment (EDM) of, e.g., a neutron, atom, or molecule would be direct evidence of T -violation. This can be seen very simply: an EDM, d, of a non-degenerate quantum system is directed along the total angular momentum F (the only vector specifying the system), and such a correlation can only occur if both T and P are violated (d and F behave differently on reversal of r and t).

T violating electric dipole moments have an extraordinary sensitivity to new models of CP violation. The reason is that the standard model CP violation, appearing through just a single phase, is highly suppressed in such flavour-conserving phenomena. In particular, the standard model prediction for the neutron EDM is d_n(SM) ∼ 10^{−34} e cm [209], with the proton EDM the same order of magnitude, and the electron EDM is even smaller d_e(SM) <∼ 10^{−38} e cm [210]. The EDMs appear only in high-order loops (3-loop diagrams for the neutron and 3- to 4-loop diagrams for the electron). The new sources of CP violation appearing in new theories generate EDMs that are many orders of magnitude larger than the standard model values and the size of these EDMs are in reach of current experiments. Already the parameter space of popular theories such as supersymmetry, multi-Higgs models, and left-right symmetric models are strongly restricted by current measurements.

A CP -violating phase also appears in quantum chromodynamics (QCD) and it can be constrained (or detected) from EDM measurements. It defines the strength of the P - and T -violating term in the QCD Lagrangian containing G_{μν}G̃_{μν} (this is analogous to F_{μν}F̃_{μν} in electrodynamics which reduces to E · B, clearly a P, T -violating correlation; see, e.g, Ref. [12]). The “unnatural” smallness of this phase (θ_{QCD} <∼ 10^{−10}, compare this to the Kobayashi-Maskawa angle δ_{KM} ∼ 1) is the famous “strong CP problem”. One solution to this problem involves the introduction of a new Goldstone boson known as the “axion” [211], and this particle has become a popular candidate for dark matter. However, after many experimental searches, there is no evidence of its existence. (For a review of experimental searches for axions, see, e.g., [212].)

A. Atomic EDMs

In this section we will consider the contributions to an atomic EDM arising from various P, T -odd mechanisms. Contributions to an atomic EDM arise from (i) the sum of intrinsic EDMs of the atomic constituents (averaged over the atomic state) and (ii) the mixing of opposite parity wave functions due to a P, T -odd interaction Ĥ_{P T} .

The atomic EDM induced in an atomic state K due to admixture with the oppositeparity wave functions M has the form

d_{atom} = 2 ∑ M ⟨K|D̂|M⟩⟨M|Ĥ_{P T} |K⟩ E_K − E_M = d_{atom}(F/F ) , (120)

where D̂ = −e ∑ i r_i is the electric dipole operator, Ĥ_{P T} is the P, T -odd operator that mixes K with the set of wave functions M, and F is the total angular momentum of the atom corresponding to the state K.

We will use the following notations for the electron wave functions:

ψ(R) = ( f(R)Ω_{jlm} −i(σ · n)g(R)Ω_{jlm} ) , (121)

where Ω_{jlm} is a spherical spinor, n = R/R, and f(R) and g(R) are radial functions (see, e.g., [12]).

1. Electronic enhancement mechanisms

What are the mechanisms that lead to enhancement of parity and time invariance violating effects in atoms? Like the P -odd, T -even effects we discussed in the first part of this review, the effects of P, T -violation increase in atoms with:

(i) a high nuclear charge Z. P, T -odd effects in atoms increase rapidly with Z, [213,214]. Therefore, it is best to search for atomic EDMs in heavy atoms.

(ii) close levels of opposite parity. From Eq. (120) we can see that if H_{P T} mixes opposite parity levels with energies E_1 ≈ E_2, then the atomic EDM induced will be enhanced, d_{atom} ∝ 1/(E_1 − E_2). This enhancement occurs, for example, in rare-earth atoms, where there are anomalously close levels of opposite parity.

B. Enhancement of T -odd effects in polar diatomic molecules

Sandars was the first to point out the enhancement of T -odd effects in polar diatomic molecules compared to atoms in his proposal to measure the proton EDM in TlF [215]. The idea is to polarize the molecules along an external electric field, thereby aligning the enormous intramolecular field, leading to an effective enhancement of the external field by several orders of magnitude. This enhancement mechanism is related to that arising from the presence of close rotational levels of opposite parity [203]. The two cases correspond to the respective cases of strong and weak interactions with the electric field compared to the rotational level spacing. See [204] for a review.

C. Limits on neutron, atomic, and molecular EDMs

A typical EDM experiment is performed in parallel electric and magnetic fields. The corresponding Hamiltonian is ĥ = −μ · B − d · E . (122)

A linear Stark shift is measured by observing the change in frequency when the electric field is reversed (this is a measure of the P, T -odd correlation E · B).

To date, permanent EDMs in neutrons, atoms, and molecules have escaped detection. Null measurements of EDMs have been obtained for the paramagnetic atoms^{85}Rb [216,217], 133Cs [218–220],^{205}Tl [221–224,11], and^{129}Xe in the metastable state 5p^56s^3P_2 [225] and, very recently, the molecule YbF in the ground state [226]. An experiment aimed to measure the EDM of the ion Fe^{3+} in the solid state was carried out a long time ago [227]. Interest to carry out measurements in solids, in particular in gadolinium gallium garnet and gadolinium iron garnet, has been sparked recently [228,229] (see Section X). In diamagnetic systems, EDM experiments have been performed for atomic^{129}Xe [230,231] and^{199}Hg [232,233,10] in the ground states and for the polar molecule TlF [234–238].

Measurements of EDMs in paramagnetic systems (that is, with non-zero total electron angular momentum) are most sensitive to leptonic sources of P, T -violation, in particular the electron EDM, while measurements of EDMs in diamagnetic systems (zero total electron angular momentum) are most sensitive to P, T -odd mechanisms in the hadronic sector. Both are sensitive to P, T -odd semi-leptonic processes (the electron-nucleon interaction), the former to those involving the electron spin, and the latter to those involving the nuclear spin.

The most precise measurement of an atomic EDM in a paramagnetic system has been obtained for^{205}Tl [11],

d(^{205}Tl) = −(4.0 ± 4.3) × 10^{−25} e cm . (123)

With the use of atomic calculations, described in Section VIII D 2, this measurement can be expressed in terms of a limit on the EDM of the electron, for which it currently sets the tightest constraint.

The most precise measurement of an atomic EDM has been carried out with^{199}Hg [10],

d(^{199}Hg) = −(1.06 ± 0.49 ± 0.40) × 10^{−28} e cm . (124)

This measurement sets the best limits on a number of P, T -violating mechanisms in the hadronic sector. The nucleus of^{199}Hg has an unpaired neutron. A limit on the neutron EDM extracted from (124) is competitive with the best direct neutron EDM measurements^{14}

14In line with the comments of Ref. [239], we present the most recent 1999 result of the ILL group, rather than the final value cited in Ref. [240] which is the average of their 1999 and 1990 results.

performed at the Institut Laue-Langevin (ILL) and the Petersburg Nuclear Physics Institute (PNPI)

d_n = { (1.9 ± 5.4) × 10^{−26} e cm ILL [240] (2.6 ± 4.0 ± 1.6) × 10^{−26} e cm PNPI [241]

. (125)

As we will see in Section X, at the most fundamental scale the limits on P, T -violating parameters from the measurement (124) are more strict than those from the neutron measurements (125) due to the presence of a nucleon-nucleon P, T -violating interaction that induces P, T -violating nuclear moments more efficiently than does an intrinsic EDM of a nucleon.

It is interesting that although the^{199}Hg nucleus has an unpaired neutron, the measurement (124) sets a constraint on the proton EDM (it contributes due to configuration mixing) that is tighter than that from the measurement of the EDM of the TlF molecule (Tl has an unpaired proton) used in the past to set the proton EDM upper limit. In TlF the P, T -odd interaction is given by Ĥ = −hdσ · λ̂, where σ is the spin operator of the Tl nucleus, λ̂ is the unit vector along the internuclear axis, and h is Planck’s constant. The most precise limit on the P, T -odd coupling constant d in TlF is [238]

d = −(0.13 ± 0.22) mHz . (126)

The coupling constant d can be expressed, e.g., in terms of permanent EDMs of the proton and electron and P, T -violating interactions; such calculations for TlF have been performed in [215,242–244,165,18,245–247]; see, e.g, Ref. [238] for a general overview. The limit on the proton EDM following from the calculations of Ref. [247] is presented in Table XIX.

A more detailed comparison of limits on P, T -violating parameters will be postponed until Section X. In the following sections we discuss the different mechanisms that induce atomic EDMs.

D. Mechanisms that induce atomic EDMs

An external electric field acting on a neutral atom consisting of non-relativistic point-like charged particles with EDMs, interacting via electrostatic forces, is screened exactly at each particle [248,84]; see also [12].^{15} This occurs due to polarization of the atomic electrons by the external field. An atomic EDM cannot be induced in such a case. However, as shown by Schiff [84], if magnetic or finite-size effects are taken into account, there is incomplete shielding, and so atomic EDMs can in principle be measured.

An atomic EDM can be induced from the following P, T -odd mechanisms: (i) an intrinsic EDM of an electron – the electron EDM can interact with the atomic field

15Actually, for moving particles like electrons the average value of the screened field is zero. An explanation is the following: a neutral atom is not accelerated by the homogeneous external field. If a charged particle inside the atom is not accelerated the electric field acting on this particle is zero. Therefore, the EDM of the particle has nothing to interact with, d · ⟨E⟩ = 0.

producing an atomic EDM that is many times larger than the single electron EDM [213];

(ii) a P, T -odd electron-nucleon interaction [249,242]; (iii) an intrinsic EDM of an external nucleon [215,250];

(iv) a P, T -odd nucleon-nucleon interaction – this interaction can induce P, T -odd nuclear moments that can greatly exceed the moments of single nucleons [251,165].

The latter two mechanisms (iii),(iv) can be grouped together at the nuclear scale since they both produce P, T -odd nuclear multipole moments.

One may consider other exotic T -violating mechanisms such as dyon^{16} vacuum polarization [252].

There are in fact other mechanisms that can lead to an atomic EDM that are not P, T - violating at the fundamental level. For example, T -odd, P -even interactions can have P, T - odd effects due to P -odd radiative corrections (see, e.g., [13]).

In Fig. 22 we present a flowdiagram (slightly modified from the review Ref. [253]) showing the CP-violating mechanisms at different energy scales that induce neutron, atomic, and molecular EDMs. Read from left to right, it is seen clearly which measurements constrain which CP -violating parameters at smaller distances (and which popular CP -violating models). (Read in the other direction, it is seen which small-distance mechanisms induce large-distance CP -violating effects.) Calculations are required to relate the CP -violating parameters at different scales. Solid lines indicate the parameters that are most strongly constrained (induced) by the parameters to the left (right), while dashed lines indicate a weaker constraint (inducing mechanism).

In this review we focus primarily on atomic EDMs induced by P, T -odd nuclear moments that originate from P, T -odd nuclear forces, since there have been several recent developments in this area. We will first discuss atomic EDMs induced by the P, T -violating electron-nucleon interaction in Section VIII D 1 and by the electron EDM in Section VIII D 2. For the sake of completion, we briefly introduce nuclear P, T -violating moments in Section VIII D 3 before a comprehensive overview of these moments is given in Section IX.

1. The P, T -violating electron-nucleon interaction

The P, T -violating electron-nucleus interaction has the following form (see, e.g. [13]): ĥ = i G√ 2 ∑ N [ C^{SP}_N N̄ Nēγ_5e + C^{P S}_N N̄ γ_5Nēe + C^T_N N̄γ_5σ_{μν} Nēσ_{μν} e ] . (127)

The real, dimensionless constants C^{SP}_N , C^{P S}_N , and C^T_N give the strength of the scalarpseudoscalar, pseudoscalar-scalar, and tensor P, T -odd electron-nucleon interactions for the nucleon N. Upper limits on the constants C^{SP} , C^{P S} , and C^T can be obtained from measurements of atomic EDMs.

In the limit of an infinitely heavy nucleon the following form for the electron-nucleus interaction is obtained [13]

16A dyon is a particle with both electric and magnetic charges.

ĥ^{SP,T} = ĥ^{SP} + ĥ^T = i G√ 2 δ(r) [ (ZC^{SP}_p + NC^{SP}_n )γ_0γ_5 + 2(C^T_p ∑ p σ_p + C^T_n ∑ n σ_n) · γ ] . (128)

In this approximation the term containing C^{P S} vanishes.

Notice the similarity between this expression (128) and Eqs. (4), (8). However, here the matrix element is real (the factor i is placed here to make the operator Hermitian; another factor of i arises due to the mixing of the upper and lower components of the electron wave function (121) due to γ_5 and γ_i). Therefore the interaction (128) mixes atomic states of opposite parity and induces static electric dipole moments in atoms.

Like their P -odd, T -even analogues (4) and (8), the nuclear spin-independent term in (128) receives coherent contributions from the nucleons inside the nucleus, whereas the smaller second term, dependent on the nuclear spin, arises from the unpaired nucleons.

Each of the interactions Ĥ^{SP} and Ĥ^T can induce EDMs in paramagnetic atoms. However, only Ĥ^T can open up the closed electron shells of diamagnetic atoms and thus induce an EDM; this term is dependent on the nuclear spin, while the scalar-pseudoscalar term is not. Therefore, the interaction Ĥ^{SP} cannot by itself contribute to EDMs in diamagnetic atoms.

However, by allowing for the hyperfine interaction, measurements of EDMs of diamagnetic atoms can place limits on C^{SP} which are, in fact, as competitive as those obtained from experiments with paramagnetic atoms. The atomic EDM induced by the P, T -odd scalar-pseudoscalar electron-nucleus interaction Ĥ^{SP} along with the hyperfine interaction Ĥ_{hf} arises in the third order of perturbation theory [18],

d_{atom} = ∑ mn ⟨0|D̂|m⟩⟨m|Ĥ_{hf} |n⟩⟨n|Ĥ^{SP} |0⟩ (E_0 − E_m)(E_0 − E_n)

+ permutations . (129)

The matrix element of an effective operator constructed from Ĥ^{SP} and Ĥ_{hf} ,

Ĥ^{SP}_{eff} = ∑ n

( Ĥ SP |n⟩⟨n|Ĥ_{hf} ) + ( Ĥ_{hf} |n⟩⟨n|Ĥ SP ) E_0 − E_n

, (130)

has the form ⟨p_{1/2}|Ĥ^{SP}_{eff} |s_{1/2}⟩ ∝ (ZC^{SP}_p + NC^{SP}_n )j · I. This matrix element can be related to that of ⟨p_{1/2}|Ĥ^T |s_{1/2}⟩ ∝ j · ⟨C^T_p ∑ p σ_p + C^T_n ∑ n σ_n⟩, the brackets ⟨ ⟩ denote averaging over the nuclear state. The correspondence between d_{atom}(C^{SP} ) and d_{atom}(C^T ) [18,254,13], ( Z A C^{SP}_p + N A C^{SP}_n ) I I ↔ 1.9 × 10^3(1 + 0.3Z^2α^2)^{−1}A^{−2/3}μ^{−1}⟨C^T_p ∑ p σ_p + C^T_n ∑ n σ_n⟩ , (131)

where μ is the nuclear magnetic moment in nuclear magnetons, can be used to obtain the sensitivity of d_{atom} to C^{SP} from calculations of d_{atom}(C^T ) for diamagnetic atoms.

Calculations of atomic EDMs induced by Ĥ^{SP} and Ĥ^T are presented in Table XIV. The current best limits for C^{SP} have been obtained from the^{205}Tl and^{199}Hg measurements, Eqs. (123) and (124),

(0.40C^{SP}_p + 0.60C^{SP}_n ) = { (6 ± 6) × 10^{−8} Tl (1.8 ± 0.8 ± 0.7) × 10^{−7} Hg

, (132)

and for C^T from Hg,

C^T_n = −(5.3 ± 2.5 ± 2.0) × 10^{−9} . (133)

Here we have used the simple shell model of the nucleus, ⟨σ_n⟩ = −(1/3)I/I.

Let us now consider the contribution to an atomic EDM arising from the pseudoscalarscalar component of the electron-nucleus interaction (127). In the lowest non-vanishing approximation in m^{−1}_p , the Hamiltonian of the electron-nucleus interaction reduces to the form [13] ĥ^{P S} = − G√ 2 1 2m_p (C^{P S}_p ∑ p σ_p + C^{P S}_n ∑ n σ_n)∇δ(r)γ_0 . (134)

Again, the matrix element of this interaction ⟨p_{1/2}|Ĥ^{P S} |s_{1/2}⟩ ∝ j · ⟨C^{P S}_p ∑ p σ_p + C^{P S}_n ∑ n σ_n⟩ can be related to that of Ĥ^T . The correspondence is [18,12,13]

C^{P S} ↔ 4.6 × 10^3 A^{1/3} Z C^T . (135)

See Table XIV for calculations of the sensitivities of atomic EDMs to C^{P S} . It is seen that this interaction induces EDMs much less efficiently than Ĥ^{SP} and Ĥ^T .

It is the^{199}Hg EDM measurement (124) that currently places the tightest constraint on C^{P S} ,

C^{P S}_n = −(1.8 ± 0.8 ± 0.7) × 10^{−6} . (136)

2. The electron EDM

The best limits on the electron electric dipole moment are derived from measurements of atomic EDMs. Salpeter first noted the possibility of an enhancement of the electron EDM in atoms through consideration of the metastable 2s state in hydrogen [258].

As noted above, when magnetic effects are considered, the screening of the EDMs in an atom (Schiff theorem) is lifted [84]. Sandars [213] pointed out that due to relativistic magnetic effects, the atomic EDM induced in heavy atoms can be strongly enhanced compared to the electron EDM inducing it. The value of the atomic EDM compared to the electron EDM is expressed through an enhancement factor

K = d_{atom}/d_e . (137)

The enhancement factor K increases with nuclear charge Z faster than Z^3.

We will look briefly at how an electron EDM induces an EDM of an atom as a whole; for a more detailed consideration we refer the reader to the works [259,214,12,13,260]. As we mentioned at the beginning of Section VIII A, there are two types of contributions to an atomic EDM arising from constituent EDMs. For the case of electron EDMs these are the following: (i) the sum of the intrinsic EDMs of the electrons ⟨0|d_e ∑_N i=1 γ^i_0Σ^i_z |0⟩;

and (ii) the admixture of opposite parity atomic states due to the pseudoscalar interaction Ĥ_e = −d_e ∑^N_{i=1} γi_0Σi · Ei_{nt}; see Eq. (120). Here γ_0 and Σ = γ_0γ_5γ are Dirac matrices defined in Eq. (2), |0⟩ is the unperturbed state of the atom (it is an eigenstate of the P, T -even Hamiltonian with no external electric field), and E_{int} is the internal atomic electric field.

Let us consider for a moment the Stark shift generated by the presence of the electron EDMs. It has the form ΔE = ⟨~0| − d_e ∑_N i=1 γ^i_0Σ^i · E^i|~0⟩, where |~0⟩ is an eigenstate of the P, T -even Hamiltonian Ĥ which includes the external electric field and E = E_{int} + E_{ext} is the total electric field. (When the external field is treated perturbatively and only terms first-order in this field are considered, this reduces to the linear Stark shift generated by the two contributions to the atomic EDM mentioned above.) It is convenient to break up the pseudoscalar interaction γ_0Σ · E = Σ · E + (γ_0 − 1)Σ · E, since the first term on the right-hand-side does not contribute to a linear Stark shift, Σ · E = (1/e)[Σ · ∇, Ĥ].

The enhancement factor for the atom can then be written as K(J_z /J) = ⟨0| N∑ i=1 (γ^i_0 − 1)Σ^i_z |0⟩ + 2e ∑ M ⟨0| ∑_N i=1(γ^i_0 − 1)Σ^i · E^i_{nt}|M⟩⟨M| ∑_N i=1 z^i|0⟩ E_0 − E_M

, (138)

where J is the electron angular momentum of the state |0⟩. The operator

(γ_0 − 1)Σ = ( 0 0 0 −2σ ) (139)

mixes the lower components of the wave functions (121). So it is seen that this is a purely relativistic effect. In heavy atoms the first term in Eq. (138) is small compared to the second and so can be omitted in the calculations.

The first analytical formulation of the enhancement factor was performed in Ref. [214]. The following expression was obtained for alkaline atoms, in terms of quantities that can be determined experimentally, K = ∑ m 4(Zα)^3r_{0m}h̄c (J + 1)a^2_B γ(4γ^2 − 1)(ν_0ν_m)^{3/2}(E_m − E_0)

. (140)

The sum over m is taken over the excited states of the external electron, ν_0, ν_m are effective principal quantum numbers for the ground and excited states, γ = √ (J + 1/2)^2 − (Zα)^2, and r_{0m} is the electric dipole radial integral. Taking into account mixing with only the nearest level, and assuming the values r_{0m} = 5a_B , ν_0 = ν_m = 2, and E_m − E_0 = (1/10)Ry, we obtain: |K| ∼ 10 Z^3α^2 J(J + 1/2)(J + 1)^2

R , (141)

where R is a relativistic enhancement factor that increases with Z and is 1.2 for Rb and 2.8 for Fr in the ground states (R tends to unity when J is large).

This simple formula (141) illustrates the dependence of the enhancement factor on Z^3 and on the angular momentum J and can be used to obtain order of magnitude estimates. It is seen that K is large for high Z and low J.

For atoms with more complex configurations these formulae are not applicable and numerical calculations of the enhancement factor are required.

As we mentioned earlier, experiments with paramagnetic atoms and molecules are most sensitive to the electron EDM. The current best limit on the electron EDM comes from the Tl measurement (123). The sensitivity of atomic thallium to the electron EDM is [261] d(^{205}Tl) = −585d_e (142)

and accordingly the measurement (123) of the electron EDM is

d_e = (6.9 ± 7.4) × 10^{−28} e cm . (143)

There is some sensitivity of diamagnetic systems to the electron EDM [262], although this sensitivity is very weak. The dominant contribution appears in third-order perturbation theory due to consideration of the hyperfine interaction, Eq. (129) with Ĥ^{SP} replaced with the interaction Ĥ_e [18]. (The second-order “bare” contribution, 2 ∑ n⟨0|−d_e ∑_N i=1 γ^i_0Σ^i|n⟩⟨n|Ĥ_{hf} |0⟩/(E_0 − E_n), is significantly smaller and can be neglected [18].) Another contribution [18] comes from the direct interaction of the nuclear magnetic field B (arising from the nuclear magnetic moment) with the electron EDM [258], Ĥ_{P T} = −id_e ∑^N_{i=1} γ^i · B^i. This latter interaction contributes in second-order, Eq. (120). The following relation between d_e and the P, T -odd tensor electron-nucleon interaction has been obtained [18,12,13], d_eI/I ↔ 3 7 Gm_pe √ 2παμ R (R − 1) ⟨C^T_p ∑ p σ_p + C^T_n ∑ n σ_n⟩ , (144)

R is a relativistic enhancement factor. Using the result of Ref. [256] for the calculation of d_{atom}(C^T ) for^{199}Hg and the above relation, the enhancement factor K(^{199}Hg) = −0.014 was found in Ref. [18]. A TDHF self-consistent calculation performed in [263] yielded the result

d(^{199}Hg) = 1.16 × 10^{−2} d_e . (145)

Due to huge polarization corrections, it is of opposite sign, and the same order of magnitude, as the lowest-order result, and its value may change with inclusion of correlation corrections [263].

While the enhancement factors are small for diamagnetic systems, the extraordinary precision that has been achieved in the Hg measurement (124) makes the corresponding measurement of the electron EDM, d_e = −(9.1 ± 4.2 ± 3.4) × 10^{−27} e cm, comparable with those from the best paramagnetic EDM measurements.

In Table XV we list enhancement factors for both paramagnetic and diamagnetic atoms of experimental interest.

Paramagnetic polar diatomic molecules are attractive for electron EDM studies, in particular those with electron states^2Σ_{1/2} and^2Π_{1/2} (see, e.g., [203,264] and the review [204]). In [203] an analytical estimate for the energy shift in such molecules (Ω = 1/2) was made, ⟨β| − d_e(γ_0 − 1)Σ · E_{tot}|β⟩ = κ_dσ · λ̂ , |κ_d| ∼ Z^3α^2ed_e γ(4γ^2 − 1)a^2_B

, (146)

where |β⟩ are molecular orbitals built up from atomic orbitals mixed by the strong internal electric field. Molecules with electron ground state^2Σ_{1/2} include BaF, YbF, HgF, PbF. The same estimate (146) is valid for the metastable a(1)^3Σ state in PbO with which an EDM experiment is in progress [270]; more refined calculations can be found in Refs. [271,272].

The recent measurement of the electron EDM in YbF yielded the result [226] d_e = (−0.2 ± 3.2) × 10^{−26} e cm (147)

(calculations for the effective electric fields have been performed in Refs. [273]). This is the first measurement of an EDM in a paramagnetic molecule, and while the limit on the electron EDM is not as impressive as that from Tl or even Hg, it is limited only by statistics.

3. P, T -violating nuclear moments

Atomic EDMs can be induced if the nucleus possesses P, T -odd nuclear moments. These moments arise at the nucleon scale due to a P, T -violating interaction between nucleons or due to intrinsic nucleon EDMs. The induced nuclear moments can be electric or magnetic. For example, the following moments violate parity and time-reversal invariance: electric dipole, magnetic quadrupole, electric octupole. For the electric case, the interaction Hamiltonian that mixes opposite parity electron states, and induces an EDM of the atom, is of the form ĥ_{P T} = −eφ, where φ is the electrostatic potential of the nucleus corresponding to a P, T -odd charge distribution. In fact, due to Schiff’s theorem [84], there is an additional screening term which we will look at in Section IX. In the magnetic case Schiff’s theorem is not valid, and the interaction Hamiltonian of a relativistic electron with the vector potential A corresponding to a P, T -odd current distribution is simply ĥ_{P T} = eα · A. See formula (120).

The operator ĥ_{P T} has electronic and nuclear components. While the overall operator ĥ_{P T} is a scalar, the electronic and nuclear operators can be of any (equal) rank. Accordingly, the triangle rule for addition of angular momenta imposes restrictions on the angular momenta of the electron and nuclear states for non-zero matrix elements. For example, the electron interaction with the nuclear magnetic quadrupole moment cannot mix s and p_{1/2} electron states, since we must have |j_1 − j_2| ≤ 2 ≤ j_1 + j_2. Similarly, a static magnetic quadrupole moment of the nucleus cannot arise in nuclei with total angular momentum I < 1.

We leave a detailed consideration of P, T -odd nuclear moments for the next section.

IX. P, T -VIOLATING NUCLEAR MOMENTS AND THE ATOMIC EDMS THEY INDUCE

This section is devoted to a consideration of the P, T -odd nuclear moments that can induce atomic EDMs. In Sections IX A,IX B we look at the form of the P, T -violating electric and magnetic moments. In Section IX C we discuss how P, T -violating nuclear moments are induced by P, T -violating mechanisms at the nucleon scale. Enhancement mechanisms for nuclear moments are reviewed in Section IX D. Finally, in Section IX E we look at calculations of atomic EDMs induced by nuclear moments.

A. Electric moments; the Schiff moment

When considering the P, T -odd electric moments of the nucleus, we must take note of an important screening phenomenon - the Schiff theorem (we mentioned this at the beginning of Section VIII D). The electron screening is taken into account by using the following (screened) electrostatic potential of the nucleus (for a derivation, see, e.g., [274]):

φ(R) = ∫ eρ(r) |R − r| d^3r + 1 Z (d · ∇) ∫ ρ(r) |R − r| d^3r , (148)

where ρ(r) is the nuclear charge density, ∫ ρ(r)d^3r = Z, and d = ∫ erρ(r)d^3r = dI/I (149)

is the P, T -odd nuclear EDM.^{17}

We are interested in the contributions of the first and second terms to φ that are first order in the P, T -odd interaction. The first term on the right-hand-side of Eq. (148) is P, T -odd if the charge density is distorted due to a P, T -odd interaction. The density in the second term can be considered spherical, since the nuclear EDM is P, T -violating (it arises due to a P, T -violating component of the density in Eq. (149)).

If we consider the nucleus to be point-like, then we can perform a multipole expansion of the potential (148) in terms of r/R. According to Schiff’s theorem, the nuclear electrostatic potential is screened by atomic electrons such that the dominant nuclear P, T -odd moment, the nuclear EDM, of a point-like nucleus cannot generate an atomic EDM. It is easy to see this from Eq. (148): − ∫ eρ(r)(r · ∇ 1 R )d^3r + 1 Z (d · ∇) 1 R ∫ ρ(r)d^3r = 0 . (150)

The first non-zero P, T -odd term in Eq. (148) is then

φ^{(3)} = − 1 6 ∫ eρ(r)r_αr_β r_γ d^3r∇_α∇_β∇_γ 1 R + 1 2Z (d · ∇)∇_α∇_β 1 R ∫ ρ(r)r_αr_βd^3r . (151)

The first term r_αr_βr_γ on the right-hand-side of the equation is a reducible rank-3 tensor, while the second r_αr_β is a reducible rank-2 tensor. Separating the trace,

r_αr_β r_γ = [ r_αr_βr_γ − 1 5 r^2(r_αδ_{βγ} + r_βδ_{αγ} + r_γ δ_{αβ}) ] + 1 5 r^2(r_αδ_{βγ} + r_β δ_{αγ} + r_γ δ_{αβ}) (152)

r_αr_β = [ r_αr_β − 1 3 r^2δ_{αβ} ] + 1 3 r^2δ_{αβ} , (153)

it is seen that φ^{(3)} is comprised of a rank-3 octupole potential φ_{octupole} and a rank-1 “Schiff” potential φ_{Schiff},

φ^{(3)} = φ_{octupole} + φ_{Schiff} , (154)

17The screening term appears as a result of a unitary transformation of the Hamiltonian which does not change the linear Stark shift. For exact atomic wave functions the result for the atomic EDM must be the same with and without the screening term. However, in real (approximate) calculations inclusion of the screening term is a must.

where

φ_{octupole} = − 1 6 O_{αβγ} ∇_α∇_β∇_γ 1 R + 1 e 1 2Z Q_{αβ}(d · ∇)∇_α∇_β 1 R (155)

φ_{Schiff} = 4πS · ∇δ(R) , (156)

and we have used ∇^2(1/R) = −4πδ(R). S is the P, T -odd nuclear Schiff moment, O_{αβγ} is the P, T -odd nuclear electric octupole moment, and Q_{αβ} = ∫ eρ(r)(r_αr_β −^1_3 r^2δ_{αβ})d^3r is the P, T -even nuclear electric quadrupole moment. The second term in Eq. (155) is small since only protons in the external shell contribute to Q_{αβ} and there is a factor^1_Z . The nuclear octupole and Schiff moments are given by O_{αβγ} = ∫ eρ(r) [ r_αr_β r_γ − 1 5 r^2 ( r_αδ_{βγ} + r_β δ_{αγ} + r_γ δ_{αβ} )] d^3r , (157) S = 1 10 [ ∫ eρ(r)rr^2d^3r − 5 3 d 1 Z ∫ ρ(r)r^2d^3r ] = SI/I . (158)

Because the octupole moment O_{ijk} carries 3 units of angular momentum it can only arise in nuclei with spin I ≥ 3/2, whereas the Schiff moment can arise in nuclei with spin I ≥ 1/2 (due to the triangle rule for the addition of angular momenta). Of the atomic EDM measurements performed so far, only Cs (I = 7/2) has a nuclear spin large enough to have a static octupole moment; all other nuclei have spin I = 1/2.

However, for these moments to induce an atomic EDM they must satisfy electronic angular momentum requirements. Due to the higher rank of the octupole moment it mixes electronic states of higher angular momentum than the Schiff moment. This means that the atomic EDM induced by the octupole moment is smaller than that induced by the Schiff moment because the wave functions of electrons with higher angular momentum penetrate the vicinity of the nucleus less due to the greater centrifugal barrier. The lowest value for the angular momentum of the electrons that can induce an atomic EDM due to mixing by the octupole moment is j = 3/2. [The conditions imposed on the allowed electronic angular momentum for mixing by the octupole moment is |j_1 − j_2] ≤ 3 ≤ j_1 + j_2 and that allowed by the electric dipole mixing is |j_1 − j_2] ≤ 1 ≤ j_1 + j_2, so the conditions for inducing an atomic EDM are |j_1 − j_2] ≤ 1 and j_1 + j_2 ≥ 3.] This means that s states cannot contribute to the EDM produced by the electric octupole moment, so that in fact the octupole moment of the Cs nucleus cannot induce an atomic EDM in Cs in the ground state, as this state corresponds to a configuration with a single electron in an s-state above closed shells. Static nuclear octupole moments and the atomic EDMs they induce have been considered in detail in Ref. [275]. The EDMs they induce in atoms are very small, so we will consider them no further.

It is therefore obvious that the Schiff moment is the only P, T -odd moment that induces an EDM in atoms with closed electron subshells such as Xe and Hg. (The nuclear magnetic quadrupole moment, which will be discussed in the next section, cannot induce an atomic EDM in systems with zero electron angular momentum, since there is no magnetic field of the electrons for the MQM to interact with. The same conclusion also follows from the triangle rule applied to Eq. (120).) In fact, all the atoms for which EDM measurements have been performed

(_{133}

Cs (I = 7/2, J = 1/2),^{205}Tl (I = 1/2, J = 1/2),^{129}Xe^3P_2 (I = 1/2, J = 2),^{129}Xe^1S_0 (I = 1/2, J = 0),^{199}Hg (I = 1/2, J = 0) ) can have contributions from the nuclear Schiff moment, however it is only Cs that can have an EDM arising due to a static magnetic quadrupole moment.

Let us consider the form of the atomic EDM (120) induced by the interaction of electrons with the Schiff moment (156). The contact interaction Ĥ_{P T} = −e ∑ i φ^i_{Schiff} mixes s- and p-wave electron orbitals and produces EDMs in atoms. The expression (156) is consistently defined for non-relativistic electrons. Using integration by parts, it is seen that the matrix element ⟨s| − eφ_{Schiff}|p⟩ is finite,

⟨s| − eφ_{Schiff}|p⟩ = 4πeS · (∇ψ^†_sψ_p)_{R=0} = constant . (159)

However, atomic electrons near the nucleus are ultra-relativistic, the ratio of the kinetic or potential energy to mc^2 in heavy atoms is about 100. For the solution of the Dirac equation, (∇ψ^†_sψ_p)_{R→0} → ∞ for a point-like nucleus. Usually this problem is solved by a cut-off of the electron wave functions at the nuclear surface. However, even inside the nucleus ∇ψ^†_sψ_p varies significantly, ≈ Z^2α^2, where α is the fine-structure constant, Z is the nuclear charge. In Hg (Z = 80), Z^2α^2 = 0.34.

A more accurate treatment requires the calculation of a new nuclear characteristic which has been termed the local dipole moment (LDM) [276]. This moment takes into account relativistic corrections to the nuclear Schiff moment which originate from the electron wave functions. So in the non-relativistic limit, Zα → 0, the LDM L = S. For^{199}Hg, L ≈ S(1 − 0.8Z^2α^2) ≈ 0.75S. When considering the interaction of atomic electrons with the LDM it is defined as placed at the center of the nucleus, that is the electrostatic potential is

φ(R) = 4πL · ∇δ(R) . (160)

See Ref. [276] for the explicit form for L.

It is more convenient to use a real electric field distribution produced by a P, T -odd perturbation. In [276] it was shown (by considering several nuclear models) that the natural generalization of the Schiff moment potential for a finite-size nucleus is

φ(R) = −

15S · R R^5_N n(R − R_N ) , (161)

where R_N is the nuclear radius and n(R−R_N ) is a smooth function which is 1 for R < R_N −δ and 0 for R > R_N + δ; n(R − R_N ) can be taken as proportional to the nuclear density. This form for the electrostatic potential has no singularities and is suitable for relativistic atomic calculations.

1. The P, T -odd electric field distribution in nuclei created by the nuclear Schiff moment

From the new form for the electrostatic potential Eq. (161) it can easily be seen that the Schiff moment gives rise to a constant electric field inside the nucleus (see Fig. 23), E = −∇φ. The correlation between the electric field and the nuclear spin, E ∝ I, is naturally P, T -odd. This electric field polarizes atomic electrons, producing an EDM of the atom.

B. Magnetic moments; the magnetic quadrupole moment

In the gauge ∇ · A = 0 the vector potential produced by a steady current is

A(R) =

∫ j(r) |R − r| d^3r , (162)

where j is the vector current density. The lowest-order term in the multipole expansion of Eq. (162) is the P, T -even magnetic dipole moment, and we have no interest in this. The lowest-order P, T -odd moment arises in second-order and is the rank-2 magnetic quadrupole moment (MQM); it appears alongside the P -odd, T -even anapole moment a (see Section VII) [165],

A^{(2)}_γ = 1 2 ∫ j_γ r_δr_αd^3r∇_δ∇_α 1 R (163) = [ 1 4π (δ_{γα}a_δ − δ_{δα}a_γ ) − 1 6 ϵ_{γδβ}M_{αβ} ] ∇_δ∇_α 1 R (164)

= A^a_γ + A^{M QM}_γ , (165)

where the anapole moment is given by Eq. (97) and the MQM is M_{αβ} = − ∫ (r_αϵ_{βξη} + r_βϵ_{αξη})j_ξr_ηd^3r . (166)

The P, T -odd component of the current density j will give rise to a non-zero magnetic quadrupole moment. Its form is specific to the P, T -odd mechanism creating it. For instance, if we consider that it is produced by an external nucleon perturbed by P, T -odd nuclear forces, then we can use the current (103), M_{αβ} = e 2m ∫ [ 3μ(r_ασ_β + r_β σ_α − 2 3 δ_{αβ}σ · r) + 2q(r_αl_β + r_βl_α) ] ρ(r)d^3r . (167)

The magnetic quadrupole moment can now be calculated using a P, T -odd perturbed density ρ(r).

A general expression for the MQM can be constructed in terms of the total angular momentum of the system I, M_{αβ} = 3 2 M I(2I − 1) [ I_αI_β + I_βI_α − 2 3 I(I + 1)δ_{αβ} ] . (168)

The quantity M is conventionally referred to as the MQM and is defined as the maximum projection of M_{αβ} on the nuclear axis, M = M_{zz} . It is easily seen from a comparison of Eqs. (166), (168) that the magnetic quadrupole moment violates parity and time-reversal invariance.

The interaction of electrons with a nuclear MQM induces an atomic EDM typically an order of magnitude larger than that induced by the nuclear Schiff moment [250,165]. The ratio of the s − p electronic matrix elements is [165] ⟨s|α · A^{M QM} |p⟩ ⟨s|φ_{Schiff}|p⟩ ∼ 10^2A^{−2/3} R_M R_S , (169)

R_M , R_S are relativistic enhancement factors for the magnetic quadrupole and Schiff moments, respectively, R → 1 as Zα → 0. It is seen that for atoms with light nuclei the contribution of the MQM dominates. The relativistic factor R_S grows faster than R_M with increase of Z. For example, at Z = 80, R_S = 7 [p_{1/2}], 5 [p_{3/2}] while R_M = 1.8; explicit formulae can be found in Ref. [165]. (In the square brackets the angular momentum of the p electron state is specified; for the MQM, p ≡ p_{3/2}.) At Z = 80, A = 200, the ratio (169) reaches ∼ 1.

1. The spin hedgehog

In a spherically symmetric system the P, T -odd interaction induces a “spin-hedgehog” whereby the spin density is proportional to the radial vector, σ ∝ r [277,278]. The P, T - odd nucleon-nucleon interaction (leading to the perturbed wave functions (177), see below) produces the following distributions of the spins for protons and neutrons in the nucleus,

σ_p(r) = ξ_p∇ρ_p(r) , σ_n(r) = ξ_n∇ρ_n(r) , (170)

the unperturbed nuclear density ρ = ∑ |ψ|^2. This collective spin distribution, however, produces no current ( j(r) = μ∇ × σ(r) ∝ ∇ × ∇ρ(r) = 0 ) and hence no magnetic field [278]. One may think that because the spin-hedgehog has no magnetic field it produces no effects. This is not the case. The spin-dependent part of the strong interaction is sensitive to this spin structure. It reduces the constants of the P, T -odd nucleon-nucleon interaction: for the case of an external proton interacting with the spin-hedgehog, η_p → η_p/1.5, while for a neutron, η_n → η_n/1.8 [278,194]. A distorted spin hedgehog in deformed nuclei produces a collective magnetic quadrupole field (see Section IX D 2).

Note that the spin-hedgehog is not specific to nuclei. For example, the P, T -odd electronnucleon interaction (Section VIII D 1) mixes atomic states of opposite parity and induces a spin-hedgehog of the atom [277]; see, e.g., [12,13] for details.

C. What mechanisms induce P, T -odd nuclear moments at the nucleon scale?

P, T -odd nuclear moments can arise due to an intrinsic EDM of an external nucleon or due to P, T -odd nuclear forces. The P, T -odd nuclear forces induce larger nuclear moments than a single nucleon EDM (Section IX C 3). This is what makes atomic experiments so competitive compared to neutron experiments in probing CP -violation in the hadron sector. As we will see in Section X, atomic experiments are more sensitive than neutron experiments to many underlying CP -violating mechanisms.

1. The P, T -odd nucleon-nucleon interaction

The P, T -odd nucleon-nucleon interaction is the dominating nuclear mechanism inducing atomic EDMs in diamagnetic atoms and molecules.

The P, T -odd nucleon-nucleon interaction, to first-order in the velocities p/m, can be presented as [165]

Ŵ_{ab} = G√ 2 1 2m ((η_{ab}σ_a − η_{ba}σ_b) · ∇_aδ(r_a − r_b) + η^′_{ab} [σ_a × σ_b] {(p_a − p_b), δ(r_a − r_b)}) ,

(171)

where { , } is an anticommutator, G is the Fermi constant of the weak interaction, m is the nucleon mass, and σ, r, and p are the spins, coordinates, and momenta of the nucleons a and b. The dimensionless constants η_{ab} and η^′_{ab} characterize the strength of the P, T -odd nuclear interaction (experiments on EDMs are aimed to measure these constants).

If we consider the P, T -odd interaction between a single unpaired nucleon and a heavy spherical core, then we can average the two-particle interaction (171) over the core nucleons to obtain the effective single-particle P, T -odd interaction between the nucleon and core [165], Ŵ = G√ 2 η_a 2m σ · ∇ρ_A(r) . (172)

Here it has been assumed that the proton and neutron densities are proportional to the total nuclear density ρ_A(r); the dimensionless constant

η_a = Z A η_{ap} + N A η_{an} . (173)

Notice that there is only one surviving term from the P, T -odd nucleon-nucleon interaction (171); this is because all other terms contain the spin of the internal nucleons for which ⟨σ⟩ = 0. The shape of the nuclear density ρ_A and the strong potential U are known to be similar;

we therefore take

ρ_A(r) = ρ_A(0) U(0)

U(r) . (174)

Then Eq. (172) can be rewritten in the following form: Ŵ = ξσ · ∇U , ξ = η G 2 √ 2m ρ_A(0) U(0)

= −2 × 10^{−21}η cm . (175)

Now it is easy to find the solution of the Schrödinger equation including the interaction Ŵ [165],

(Ĥ + Ŵ )ψ̃ = Eψ̃ , (176) ψ̃ = (1 + ξσ · ∇)ψ , (177)

where ψ is the unperturbed solution (Ĥψ = Eψ). The density arising from the wave function (177) is

ρ = ψ̃^†ψ̃ = ψ^†ψ + ξ∇ · (ψ^†σψ) (178)

The second term is the P, T -odd part of the density which generates the nuclear P, T -odd moments.

The electric dipole (149), Schiff (158), and magnetic quadrupole (167,168) nuclear moments induced by the P, T -odd nucleon-nucleon interaction, through the perturbed density (178), are [165] d = −eξ ( q − Z A ) t_I , (179) S = − eq 10 ξ [( t_I + 1 I + 1 ) r^2_{ex} − 5 3 t_I r^2_q ] , (180) M = e m ξ(μ − q)(2I − 1)t_I , (181)

where q = 0 (1) for an external neutron (proton), r^2_q and r^2_{ex} are the mean-square radii of the nuclear charge and external nucleon, respectively, and

t_I = { 1 I = l + 1/2 −^I_{I+1} I = l − 1/2 , (182)

l is the orbital angular momentum of the external nucleon. The recoil effect for the electric moments (the motion of the nuclear core around the center-of-mass; see Ref. [165]) has been taken into account (q → q − Z/A in the expression for d). In the single-particle model, the recoil effect for the Schiff moment disappears due to the cancellation of its contributions to the first and second (screening) terms in Eq. (148).

Note that for nuclei with an unpaired nucleon in the state s_{1/2} (in the simple shell model), such as^{203,205}Tl, the Schiff moment is reduced to the difference of two approximately equal terms,

S(s_{1/2}) ∝ ( r^2_{ex} − r^2_q ) . (183)

In obtaining numerical values for the Schiff moment in an analytical calculation it is usually assumed that r^2_{ex} = r^2_q = (3/5)R^2_N , where R_N = r_0A^{1/3}, r_0 = 1.1 fm. Then the Schiff moment Eq. (183) vanishes. This cancellation makes calculations for^{203,205}Tl unstable.

The moments we have discussed so far are produced by a valence nucleon. In the work [279] it was shown that core nucleons make a contribution to P, T -odd moments that is comparable to that of a valence nucleon.

Of particular interest is^{199}Hg, which gives the best limit on the nuclear Schiff moment. In the^{199}Hg nucleus the unpaired nucleon is a neutron. It doesn’t contribute to the Schiff moment directly (see Eq. (180)). The nuclear Schiff moment arises due to the polarization of the protons of the core by the P, T -odd field of the external neutron. (The charge distribution must be distorted to give a P, T -odd correction to the charge density.) The strength of the P, T -odd interaction is defined by the parameter η_{np}. A numerical calculation of the Schiff moment for^{199}Hg in the Woods-Saxon potential with spin-orbit interaction gives [280,279]

S(^{199}Hg) = −1.4 × 10^{−8}η_{np} e fm^3 . (184)

An analytical treatment of the electron relativistic corrections to the Schiff moment (that is, calculation of the local dipole moment) of^{199}Hg shows that these corrections are small – they reduce the Schiff moment S only by about 25%. A many-body treatment of the 199Hg Schiff moment has been performed recently in the work [281]. A finite-range P, T -odd nucleon-nucleon interaction was used and core polarization was calculated in the randomphase approximation. The result of Ref. [281] is

S(^{199}Hg) = −0.0004 gḡ_0 − 0.055 gḡ_1 + 0.009 gḡ_2 e fm^3 , (185)

where g ≡ g_{πN N} is the strong pion-nucleon coupling constant, ḡ ≡ ḡ_{πN N} are the P, T - violating isoscalar (i = 0), isovector (i = 1), and isotensor (i = 2) pion-nucleon couplings; see, e.g., Refs. [251,282] for the form of the finite-range P, T -violating interaction. Eqs. (184,185) can be compared by using the relation [281] η_{np} ∼ (Gm^2_π/ √ 2)^{−1}g(ḡ_0 + ḡ_1 − 2ḡ_2) ∼ 7×10^6 g(ḡ_0 +ḡ_1 −2ḡ_2), so Eq. (184) gives S(^{199}Hg) ∼ −0.09 g(ḡ_0 +ḡ_1 −2ḡ_2) e fm^3. It is seen that while the contribution of the isovector channel does not change much from the value in Eq. (184), the isoscalar channel is suppressed by two orders of magnitude and the isotensor channel by one order of magnitude. These corrections are due largely to the inclusion of core polarization [281].

As we mentioned earlier, of the EDM experiments performed so far, only the^{133}Cs measurement can be interpreted in terms of a magnetic quadrupole moment of the nucleus. A calculation in the Woods-Saxon potential with the spin-orbit interaction gives [165]

M(^{133}Cs) = 1.7 × 10^{−7}η_p e m fm (186)

Single-particle calculations have been performed in [283] for the external nucleon contribution and in [284] for the core contribution. These calculations show that the MQM is very sensitive to the shape of the P, T -odd potential relative to the shape of the central field potential and to the spin-orbit potential. It was found that the core contributions arising from the interaction proportional to η is comparable to that of the valence contribution, and that if η ∼ η^′ then the core contribution is several times larger than the valence contribution.

Results of calculations of nuclear P, T -odd moments of current interest are presented in Table XVI.

2. The external nucleon EDM

Even though the nucleon-nucleon interaction may be more effective in inducing nuclear P, T -odd moments and hence atomic EDMs, measurements of nucleon EDMs are interesting in their own right. Also, nucleon EDMs measured from atomic experiments may be compared to those from direct measurements. Currently, the limit on the neutron EDM from the Hg measurement (124) is competitive with those from direct neutron EDM searches (125); see Tables XIX,XX. Here we will merely quote the results of the work [250] for the nuclear Schiff and magnetic quadrupole moments induced by a single unpaired nucleon (neutron or proton) with an intrinsic EDM d_{n,p}, S = 1 10 d_{n,p} [ r^2_{ex} ( 1 I + 1 + t_I ) − 5 3 r^2_q t_I ] , (187) M = d_{n,p} m (2I − 1)t_I . (188)

See, e.g., [250,13] for details. Notice the similarity between these expressions and those for the corresponding moments induced by P, T -odd nuclear forces (180),(181). In the approximations used, there is a simple correspondence between the P, T -violating parameters. For the Schiff moment, −eqξ ↔ d_{n,p}, while for the MQM, −eξ(q − μ) ↔ d_{n,p}. The second contribution (∝ μ) to the MQM from the P, T -odd nuclear forces appears from the spin term in (103). This has no analog in the case of d_{n,p} since a stationary EDM cannot induce a MQM. It is the orbital motion of a nucleon with an intrinsic EDM that induces the nuclear MQM [250].

In the simple shell model the unpaired neutron in the^{199}Hg nucleus carries the nuclear spin I, and the Schiff moment is induced by the EDM of just this neutron. In this picture, the induced Schiff moment can be calculated using Eq. (187) and the simplifying assumptions r^2_{ex} = r^2_q = (3/5)R^2_N , R_N ≈ 1.1A^{1/3} fm, giving S(^{199}Hg) ≈ 2.2 d_n fm^2. Proton EDMs also contribute due to configuration mixing. It is possible to estimate their contribution by comparing the experimental value of the magnetic moment of^{199}Hg with that of the simple shell model; see Ref. [257]. In this way, it is found [285] that d_n can be replaced by (d_n + 0.1d_p),

S(^{199}Hg) = (2.2 d_n + 0.2 d_p) fm^2 . (189)

A numerical calculation of the nuclear Schiff moment of^{199}Hg induced by neutron and proton EDMs has recently been performed, with core polarization accounted for in the RPA approximation [286]. The result is [286]

S(^{199}Hg) = (1.9 d_n + 0.2 d_p) fm^2 . (190)

(See [286] for the discussion of uncertainty.)

3. Comparison of the size of nuclear moments induced by the nucleon-nucleon interaction and the nucleon EDM

Here we consider the enhancement of the nuclear EDM induced by P, T -odd nuclear forces compared to that induced by an external valence nucleon using the simple one-boson exchange model, following [280,279,287]. The largest contribution to the constant η is probably given by the lightest π^0-meson, G √ 2 η ≈ g_{πN N} ḡ^0_{πN N} m^2_π

, (191)

g_{πN N} and ḡ_{πN N} are the constants of the strong and T -odd π meson-nucleon interactions,

(ig_{πN N}n̄γ_5n + ḡ^0_{πN N} p̄p)π^0 + √ 2(ig_{πN N}p̄γ_5n + ḡ^−_{πN N} p̄n)(π^−)^† + ... . (192)

A neutron EDM is induced through virtual creation of a π^− meson [288],

d_n = e m g_{πN N} ḡ^−_{πN N} 4π^2 ln M m_π . (193)

Here M ∼ m_ρ ∼ 700 MeV is the scale at which the π-meson loop converges. The values of η and d_n are expressed in terms of different quantities, ḡ^0_{πN N} and ḡ^−_{πN N} , respectively. However, for example, in the model of T -violation with the θ-term, |g_{πN N} ḡ^0_{πN N} | = |g_{πN N} ḡ^−_{πN N} | = 0.37|θ̄| [288]. Taking |g_{πN N} ḡ^0_{πN N} | ∼ |g_{πN N} ḡ^−_{πN N} |, it is found that [165,280,279,287] d d_n ∼ eξ d_n ∼ 2π ( m^2_πr^3_0|U(0)| )_{−1} ∼ 40 , (194)

that is, the nuclear EDM exceeds the nucleon EDM by one to two orders of magnitude. Similarly, P, T -odd nuclear forces generate all P, T -odd nuclear moments, such as Schiff and MQM moments, 10 − 100 times larger than those generated by the presence of a nucleon EDM [287].

D. Nuclear enhancement mechanisms

So far we have considered P, T -odd nuclear moments in spherical nuclei. However, in non-spherical nuclei there is the possibility of enhancement due to (i) the presence of a low-lying level with opposite parity and the same angular momentum with respect to the ground state; and (ii) collective effects.

1. Close-level enhancement

It is known that nuclei with non-spherical symmetry have close levels of opposite parity. It was pointed out in Ref. [289] that due to the existence of a close level of opposite parity with the same angular momentum as the ground state, the nuclear EDM can be enhanced; calculations of enhanced EDMs and MQMs were performed in [251], Schiff moments in [165]. In the frozen frame, the contribution to the z-components of the electric dipole, Schiff, and magnetic quadrupole nuclear moments in the ground state Ω due to the close opposite parity state Ω̄ is

T = 2 ⟨Ω|Ĥ_{P T} |Ω̄⟩⟨Ω̄|T̂ |Ω⟩ E_Ω − E¯_Ω

, (195)

where T = d_z , S_z , M_{zz} . The magnetic quadrupole moment in heavy stable nuclei can be enhanced by an order of magnitude due to the “close level” mechanism, while for the electric dipole and Schiff moments this enhancement hardly exceeds ∼ 5 − 10 [165]. However, this “close-level” enhancement is not regular: it gives contributions to P, T -odd moments with different magnitudes and signs even in the “nearest” nuclei, the results are unstable.^{18}

2. Collective enhancement

While the “close-level” mechanism enhances the contribution of the external nucleon to the P, T -odd nuclear moments, there can also be a “collective” enhancement of the nuclear moments that occurs due to the contribution of many nucleons. In the work [278] it was

18The reason is explained in [165]: taking Eq. (175) for the P, T -odd interaction Ĥ_{P T} , it is seen that Ŵ = ξσ · ∇U ∝ [Ĥ, σ · p], where Ĥ is the single-particle Hamiltonian, has small matrix elements between close levels, ⟨Ω|[H, σ · p]|Ω̄⟩ ∝ E_Ω − E¯_Ω.

shown that a collective magnetic quadrupole moment can be produced in deformed nuclei by P, T -odd nuclear forces. Unlike the close-level enhancement, this collective enhancement is regular: in deformed nuclei about A^{2/3} nucleons belong to open shells that contribute to the MQM. The P, T -odd nuclear forces create a spin hedgehog [Eq. (170)] as in the case of spherical nuclei (Section IX B 1), however in the deformed case there is a non-zero magnetic field associated with it. The MQM of a deformed nucleus (in the rotating frame) can basically be calculated as a summation of the single-particle MQMs (181) of all nucleons in the open shells. Notice, from Eqs. (181,182), that spin-orbit pairs I = l + 1/2 and I = l − 1/2 make contributions to the collective MQM of opposite sign. A sufficiently large spin-orbit splitting is therefore required to avoid cancellation, and this is satisfied in nuclei. This collective mechanism gives an order of magnitude enhancement of the nuclear MQM in deformed nuclei compared to spherical nuclei.

3. Octupole deformation; collective Schiff moments

We will now move on to the collective P, T -odd nuclear moments produced by P, T -odd nuclear forces that arise in nuclei with static octupole deformation [290,274,275]. There is an enhancement of these collective moments, compared to single-particle nuclear moments, due to the collective nature of the intrinsic moments and the small energy separation between members of parity doublets. This enhancement can be as large as 1000 times.

Static octupole deformation in the ground state has been demonstrated to exist in nuclei in the regions Ra-Th and Ba-Sm. It produces effects such as parity doublets, large dipole and octupole moments in the intrinsic frame of reference and enhanced electric dipole and octupole transitions; see the review Ref. [291].

While it has been shown that the Schiff and electric dipole and octupole moments are enhanced in nuclei with octupole deformation, we will focus our attention on the nuclear Schiff moment (the EDM is not of direct interest, in atoms it is screened by atomic electrons; also, the atomic EDM induced by the electric octupole moment is small since it does not mix s and p electron orbitals.)

The mechanism generating collective P, T -odd moments is the following. In the “frozen” body frame collective moments can exist without any P, T -violation. However, the nucleus rotates, and this makes the expectation value of these moments vanish in the laboratory frame if there is no P, T -violation. (For example, the intrinsic Schiff moment is directed along the nuclear axis, S_{intr} = S_{intr}n, and in the laboratory frame the only possible correlation ⟨n⟩ ∝ I violates parity and time reversal invariance.) The P, T -odd nuclear forces mix rotational states of opposite parity and create an average orientation of the nuclear axis n along the nuclear spin I, ⟨n_z ⟩ = 2α KM I(I + 1)

, (196)

where α = ⟨ψ_−|Ŵ |ψ_+⟩ E_+ − E_−

(197) is the mixing coefficient of the opposite parity states, K = |I · n| is the absolute value of the projection of the nuclear spin I on the nuclear axis, M = I_z, and Ŵ is the effective single-particle potential (172). The Schiff moment in the laboratory frame is

S_z = S_{intr}⟨n_z ⟩ = S_{intr} 2αKM I(I + 1)

. (198)

In the “frozen” body frame the surface of an axially symmetric deformed nucleus is described by the following expression

R(θ) = R_N (1 + ∑ l=1 β_lY_{l0}(θ)) . (199)

To keep the center-of-mass at r = 0 we have to fix β_1 [292]:

β_1 = −3 √ 3 4π ∑ l=2 (l + 1)β_lβ_{l+1} √ (2l + 1)(2l + 3)

. (200)

Assuming that the distributions of the protons and neutrons are the same, the electric dipole moment e⟨r⟩ = 0 (since the center-of-mass of the charge distribution coincides with the center-of-mass) and hence there is no screening contribution to the Schiff moment. We also assume constant density for R < R(θ). The intrinsic Schiff moment S_{intr} is then [290,274]

S_{intr} = eZR^3_N 3 20π ∑ l=2 (l + 1)β_lβ_{l+1} √ (2l + 1)(2l + 3) ≈ eZR^3_N 9β_2β_3 20π √ 35 , (201)

where the major contribution comes from β_2β_3, the product of the quadrupole β_2 ∼ 0.1 and octupole β_3 ∼ 0.1 deformations. The estimate of the Schiff moment in the laboratory frame gives [274]

S ∼ αS_{intr} ∼ 0.05 eβ_2β^2_3 ZA^{2/3}ηr^3_0 eV E_+ − E_−

∼ 700 × 10^{−8} ηefm^3 , (202)

where r_0 ≈ 1.2 fm is the internucleon distance, E_+ − E_− ∼ 50 keV. This estimate (202) is about 500 times larger than the Schiff moment of a spherical nucleus like Hg (see Eq. (184)).

See Table XVII for calculations [274] of Schiff moments in nuclei assuming static octupole deformation. An attractive candidate for P, T -odd studies is radium, and recently several laboratories around the world have considered performing EDM experiments with it. As well as the possibility for a large Schiff moment, the atomic EDM is large due to high Z. And if measurements can be performed for metastable atomic states, further enhancement can occur due to the presence of close opposite parity levels [162,163]. A Woods-Saxon calculation for the Schiff moment of^{225}Ra gives [274]

S(^{225}Ra) = 300 × 10^{−8} η_{np} e fm^3 . (203)

Recently, a self-consistent calculation of the nuclear Schiff moment of^{225}Ra was performed, with core polarization taken into account [293],

S(^{225}Ra) = −5.06 gḡ_0 + 10.4 gḡ_1 − 10.1 gḡ_2 e fm^3 . (204)

This calculation was carried out in the approximation of the zero-range P, T -odd interaction. It was found that the Schiff moment in the rotating frame is up to twice as large as the value calculated in [274] (see Table XVII). However, the Schiff moment in the laboratory frame was found to be suppressed by between 1.5 and 3 times due to suppression of the matrix element of the P, T -odd interaction. [Comparison between Eqs. (203,204) can be made using the relation following Eq. (185); Eq. (203) then gives S(^{225}Ra) ∼ 20 g(ḡ_0 + ḡ_1 − 2ḡ_2) e fm^3.] Improved calculations (taking into account the finite-range of the P, T -odd interaction) are in progress [293]. It is seen by comparison with the calculations for^{199}Hg (184,185) that the radium Schiff moment is several hundred times larger.

Note that S in Eq. (202) is proportional to the squared octupole deformation parameter β^2_3 . In Ref. [294] it was pointed out that in nuclei with a soft octupole vibration mode ⟨β^2_3 ⟩ ∼ (0.1)^2, i.e., the Schiff moments induced in nuclei with a soft octupole vibration mode are of the same magnitude as those induced in nuclei with static octupole deformation. In a recent work [295] Schiff moments of nuclei with soft octupole vibrations were calculated and found to have a similar enhancement as in the static case. This means that a number of heavy nuclei can have large collective Schiff moments.

The effect of static octupole deformation on the size of the single-particle MQM was considered in [275]. It was found that generally there is no significant enhancement due to this mechanism.

There are several experiments in preparation aimed to detect EDMs of heavy atoms with deformed nuclei; see Section X.

E. Calculations of atomic EDMs induced by P, T -violating nuclear moments;

intepretation of the Hg measurement in terms of hadronic parameters

Results of atomic calculations of EDMs (of current interest) induced by nuclear Schiff moments are presented in Table XVIII. Of particular interest is the calculation for^{199}Hg. A recent calculation for the atomic EDM induced by the Schiff moment yielded the result [285]

d(^{199}Hg) = −2.8 × 10^{−17}

( S(^{199}Hg) e fm^3 ) e cm . (205)

This value was obtained using the new finite-size form for the Schiff potential (161) and is the average of two calculations: one performed in the potential V̂^N with core polarization taken into account using the TDHF method and the other performed in the V̂^{N −2} potential using the combined MBPT+CI method. The error of the result (205) is about 20%. The previous value for d(^{199}Hg) induced by the nuclear Schiff moment, d(^{199}Hg) = −4 (in the same units as Eq. (205)), was estimated in Refs. [280,279] from an atomic calculation [256] of the EDM induced by the tensor electron-nucleon interaction.

From (124,205), the best limit on the Schiff moment follows,

S(^{199}Hg) = (3.8 ± 1.8 ± 1.4) × 10^{−12} e fm^3 . (206)

As we have discussed, the Schiff moment can be induced from a number of P, T -violating mechanisms: due to a P, T -violating nucleon-nucleon interaction or due to a static EDM of an unpaired nucleon. The limit on η_{np} from Eqs. (206,184) is η_{np} = −(2.7 ± 1.3 ± 1.0) × 10^{−4} . (207)

The limits on neutron and proton EDMs are [Eqs. (206,189)]

d_n = (1.7 ± 0.8 ± 0.6) × 10^{−25} e cm (208) d_p = (17 ± 8 ± 6) × 10^{−25} e cm . (209)

Using instead the recent calculation (190) will change the limits on d_n and d_p only slightly. The result (185) suggests that the limits on the isoscalar and isotensor P, T -odd couplings may be substantially weaker than those that would follow from Eq. (207) using Eq. (184).

X. CURRENT LIMITS ON FUNDAMENTAL P, T -VIOLATING PARAMETERS AND PROSPECTS FOR IMPROVEMENT

A. Summary of limits

EDM measurements have already excluded several models of CP -violation and the parameter space of currently popular models is strongly constrained. In this review we will not discuss the sensitivities of the various EDM measurements to different CP -violating models; for such an analysis, see, e.g., the reviews [296,253,260] and the book [13]. The problem is that in new theories there are many free parameters, and this gives a whole range of possible values for CP -violating effects. Here we compare the sensitivities of different measurements to fundamental CP -violating interactions by placing limits on phenomenological parameters.

In Tables XIX,XX we present the best limits on fundamental P, T -violating parameters extracted from EDM measurements in atoms, molecules, and neutrons. In previous sections we presented limits on hadronic and semi-leptonic CP -violating parameters at the nucleon scale [nucleon EDMs, Eqs. (125,208,209); nucleon-nucleon interaction, Eqs. (207); electronnucleon interaction, Eqs. (132,133,136)] and in the leptonic sector directly on the electron EDM [Eq. (143)]. These are summarized in Table XIX. Here we constrain CP -violation at the quark scale from limits at the nucleon scale. Fig. 22 shows which of these parameters are related.

We will begin with a discussion of limits on CP -violating parameters in the hadronic sector. Currently, the best limits on the neutron EDM come from direct neutron measurements (125), and the limit from mercury is not far behind (208). The best proton EDM limit comes from mercury (209). Constraints on nucleon EDMs constrain the following parameters at the quark level: quark EDMs, chromoelectric dipole moments (CEDMs) [CEDMs are analogous to quark EDMs, though with the external electromagnetic field replaced by a gluonic field], P, T -odd quark-quark four-fermion interactions, the QCD phase defining the strength of the term GG̃, and another parameter defining the strength of the term GGG̃ [in all models of CP violation considered this parameter is not the dominating mechanism inducing neutron EDMs [302], so we will not discuss it further]. Limits on nucleon EDMs can also constrain P, T -odd lepton-quark four-fermion interactions which induce quark EDMs at the one-loop level [303]; however, the limits involving light quarks are weaker than those obtained at tree-level from atomic measurements.

We use the following calculations to relate the nucleon and quark parameters, with the corresponding limits presented in Table XX. The limit on the QCD θ term is arrived at using the relation obtained in Ref. [301], d_n = 1.2 × 10^{−16}θ̄e cm. To relate d_n to the quark CEDMs d̃_q and quark EDMs d_q we use the recent calculation [300], d_n = (1 ± 0.5)[0.55e(d̃_d + 0.5d̃_u) + 0.7(d_d − 0.25d_u)]. For the P, T -odd quarkquark interactions we use the phenomenological parameters [297,298,13] defined by the Hamiltonian ĥ_{qq} =^{G√}_2 [k_s(q̄_1iγ_5q_1)(q̄_2q_2) + k^c_s(q̄_1iγ_5t^aq_1)(q̄_2t^aq_2) + k_t^1_2 ϵ_{μναβ}(ūσ_{μν} u)(d̄σ_{αβ}d) + k^c_t^1_2 ϵ_{μναβ} (ūσ_{μν} t^au)(d̄σ_{αβ}t^ad)], where t^a are the SU(3) generators and the quarks q_1, q_2 = u, d.

From the limit on the P, T -odd nucleon-nucleon interaction η from mercury follows the best limit on the P, T -odd pion-nucleon coupling ḡ_{πN N} ; they are related through η = g_{πN N} ḡ_{πN N} √ 2/(Gm^2_π ), where the strong coupling g_{πN N} = 13.6. The relation |ḡ_{πN N} | ≈ 0.027|θ̄| (Ref. [288]) is used to place a constraint on the QCD θ term, tighter than those obtained from direct neutron measurements. Limits on CEDMs of quarks can be obtained from the limit on ḡ_{πN N} . We use the calculation of Ref. [299], ḡ_{πN N} = 2(d̃_u − d̃_d)/(10^{−14}cm). Again, this limit is better than those from the neutron. Constraints on the phenomenological P, T -odd quark-quark interactions defined above are obtained from the constraints on ḡ_{πN N} , with the exception of k^c_s with q_1 ≠ q_2 and k^c_t for which the P, T -odd neutral pion-nucleon vertex is insensitive [13].

Limits on the P, T -odd electron-nucleon parameters can be broken down into limits on phenomenological P, T -odd electron-quark parameters k_{1q}, k_{2q}, k_{3q} defined according to ĥ_{eq} =^G_{√2} [k_{1q}q̄qēiγ_5e + k_{2q}^1_2 ϵ_{κλμν}q̄σ_{κλ}qēσ_{μν} e + k_{3q}q̄iγ_5qēe]; see Ref. [13].

Until this point we have not mentioned the P, T -odd electron-electron interaction, ĥ_{ee} = G√ 2 k^e_s (ēiγ_5e)(ēe). This interaction induces atomic EDMs smaller than those induced by the electron-nucleon interaction. It does not benefit from two enhancement factors present in the latter interaction: the relativistic factor arising from the outer electrons being in the nuclear vicinity; and the interaction with A nucleons (rather than two K-shell electrons in the former interaction); see Ref. [13].

The limit on the electron EDM can be reduced to limits on the P, T -odd electron-quark interaction [303] and on the electron-electron interaction [13] that are competitive with those obtained at tree level. However, we do not include these into our table.

In relating the P, T -odd parameters at the nucleon and quark levels we used the most recent calculations available. For references to other calculations, please see, e.g., the review [253] and book [13].

B. Ongoing/future EDM experiments in atoms, solids, and diatomic molecules

There is a new generation of experiments in preparation aimed to measure EDMs of ions in solids (gadolinium gallium garnet and gadolinium iron garnet) [228,229]. Here it is expected that the sensitivity to T -violating effects (in particular, the electron EDM) will be improved by several orders of magnitude. The solid-state nature of the problem complicates the calculations required for interpretation of the measurements. A series of calculations have been performed in [304].

One of the primary goals of the TRIμP facility under construction at Groningen is to measure permanent EDMs of radioactive atoms and ions, in particular Ra (see, e.g.,

[140]). Groups at Yale, Argonne, and Los Alamos are also considering performing EDM experiments with Ra and Rn. These atoms can have very large EDMs due to their high Z and the presence of nuclear (static/vibrational) octupole deformation (Section IX D 3). Also, metastable atomic states of Ra have close levels of opposite parity, and this can be exploited to obtain an enhanced EDM effect [162,163].

EDM experiments with both paramagnetic and diamagnetic diatomic molecules are underway. The first EDM experiment with paramagnetic molecules (YbF) was performed recently at the University of Sussex [226], and while the result gave a looser bound on the electron EDM than the Tl experiment [11], a substantial improvement in the result is expected. Experiments with PbO excited to the metastable a(1) state have begun at Yale [270].

XI. CONCLUDING REMARKS

Exciting developments in violations of fundamental symmetries are expected in the next few years. Improved EDM measurements underway, including the new generation of experiments in solids, diatomic molecules, and radioactive atoms, are expected to yield limits on electric dipole moments that are several orders of magnitude better than the current ones. Or perhaps an EDM will be unambiguously detected? Popular models such as supersymmetry will be put to the test. Improved precision tests of parity violation in atoms in a single isotope and in a chain of isotopes will provide crucial tests of physics beyond the standard model complementary to each other and to other electroweak tests. New measurements of the nuclear anapole moment are anticipated, and they will have important consequences for the theory of parity violating nuclear forces.

ACKNOWLEDGMENTS

We would like to thank V.A. Dzuba and M.Yu. Kuchiev for useful discussions. Some of this work was carried out at the National Institute for Nuclear Theory, University of Washington, Seattle; we thank them for support and kind hospitality. This work was supported by the Australian Research Council.

REFERENCES

[1] S.L. Glashow, Nucl. Phys. 22, 579 (1961); S. Weinberg, Phys. Rev. Lett. 19, 1264 (1967); A. Salam, in Elementary particle theory, relativistic groups, and analyticity, ed. N. Svartholm (Almqvist and Wiksells, Stockholm, 1968) p.367.

[2] F.J. Hasert et al., Phys. Lett. B 46, 138 (1973); A. Benvenuti et al., Phys. Rev. Lett.

32, 800 (1974); B.C. Barish et al., Phys. Rev. Lett. 34, 538 (1975). [3] L.M. Barkov and M.S. Zolotorev, Pis’ma Zh. Eksp. Teor. Fiz. 27, 379 (1978) [Sov.

Phys. JETP Lett. 27, 357 (1978)]; Pis’ma Zh. Eksp. Teor. Fiz. 28, 544 (1978) [Sov. Phys. JETP Lett. 28, 503 (1978)]; Phys. Lett. B 85, 308 (1979); Zh. Eksp. Teor. Fiz. 79, 713 (1980) [Sov. Phys. JETP 52, 360 (1980)].

[4] C.Y. Prescott et al., Phys. Lett. B 77, 347 (1978).

[5] J.H. Christensen, J.W. Cronin, V.L. Fitch, and R. Turlay, Phys. Rev. Lett. 13, 138 (1964).

[6] BaBar Collaboration, B. Aubert et al., Phys. Rev. Lett. 87, 091801 (2001); Belle Collaboration, K. Abe et al., Phys. Rev. Lett. 87, 091802 (2001).

[7] R. Fleischer, Phys. Rep. 370, 537 (2002).

[8] C.S. Wood, S.C. Bennett, D. Cho, B.P. Masterson, J.L. Roberts, C.E. Tanner, and C.E. Wieman, Science 275, 1759 (1997).

[9] V.A. Dzuba, V.V. Flambaum, and J.S.M. Ginges, Phys. Rev. D 66, 076013 (2002). [10] M.V. Romalis, W.C. Griffith, J.P. Jacobs, and E.N. Fortson, Phys. Rev. Lett. 86, 2505 (2001).

[11] B.C. Regan, E.D. Commins, C.J. Schmidt, and D. DeMille, Phys. Rev. Lett. 88, 071805 (2002).

[12] I.B. Khriplovich, Parity Nonconservation in Atomic Phenomena (Gordon and Breach, Philadelphia, 1991).

[13] I.B Khriplovich and S.K. Lamoreaux, CP Violation Without Strangeness (Springer, Berlin, 1997).

[14] M.A. Bouchiat and C. Bouchiat, J. Phys. (Paris) 35, 899 (1974); J. Phys. (Paris) 36, 493 (1975).

[15] O.P. Sushkov and V.V. Flambaum, Yad. Fiz. 27, 1308 (1978).

[16] S.A. Blundell, W.R. Johnson, J. Sapirstein, Phys. Rev. Lett. 65, 1411 (1990); Phys.

Rev. D 45, 1602 (1992).

[17] Particle Data Group, K. Hagiwara et al., Phys. Rev. D 66, 010001 (2002). [18] V.V. Flambaum and I.B. Khriplovich, Zh. Eksp. Teor. Fiz. 89, 1505 (1985) [Sov. Phys.

JETP 62, 872 (1985)].

[19] C. Bouchiat and C.A. Piketty, Phys. Lett. B 269, 195 (1991); 274, 526(E) (1992). [20] V.V. Flambaum and I.B. Khriplovich, Zh. Eksp. Teor. Fiz. 79, 1656 (1980) [Sov. Phys.

JETP 52, 835 (1980)].

[21] V.V. Flambaum, I.B. Khriplovich, and O.P. Sushkov, Phys. Lett. B 146, 367 (1984);

Preprint 84-89 Nuclear Physics Institute, Novosibirsk (1984). [22] M.A. Bouchiat and C.C. Bouchiat, Phys. Lett. B 48, 111 (1974). [23] Ya.B. Zel’dovich, Zh. Eksp. Teor. Fiz. 36, 964 (1959) [Sov. Phys. JETP 9, 682 (1959)]. [24] I.B. Khriplovich, Pis’ma Zh. Eksp. Teor. Fiz. 20, 686 (1974) [Sov. Phys. JETP Lett.

20, 315 (1974)].

[25] P.G.H. Sandars, in Atomic Physics, ed. G. zu Putlitz (Plenum, New York, 1975) Vol.

4, p.71.

[26] D.S. Sorede and E.N. Fortson, Bull. Am. Phys. Soc. 20, 491 (1975). [27] G.N. Birich, Yu.V. Bogdanov, S.I. Kanorskii, I.I. Sobel’man, V.N. Sorokin, I.I. Struk, and E.A. Yukov, Zh. Eksp. Teor. Fiz. 87, 776 (1984) [Sov. Phys. JETP 60, 442 (1984)].

[28] J.D. Taylor, P.E.G. Baird, R.G. Hunt, M.J.D. Macpherson, G. Nowicki, P.G.H. Sandars, and D.N. Stacey, J. Phys. B 20, 5423 (1987).

[29] R.B. Warrington, C.D. Thompson, and D.N. Stacey, Europhys. Lett. 24, 641 (1993). [30] J.H. Hollister, G.R. Apperson, L.L. Lewis, T.P. Emmons, T.G. Vold, and E.N. Fortson, Phys. Rev. Lett. 46, 643 (1981).

[31] M.J.D. Macpherson, D.N. Stacey, P.E.G. Baird, J.P. Hoare, P.G.H. Sandars, K.M.J.

Tregidgo, and Wang Guowen, Europhys. Lett. 4, 811 (1987).

[32] M.J.D. Macpherson, K.P. Zetie, R.B. Warrington, D.N. Stacey, and J.P. Hoare, Phys.

Rev. Lett. 67, 2784 (1991).

[33] T.P. Emmons, J.M. Reeves, and E.N. Fortson, Phys. Rev. Lett. 51, 2089 (1983); 52, 86(E) (1984).

[34] D.M. Meekhof, P. Vetter, P.K. Majumder, S.K. Lamoreaux, and E.N. Fortson, Phys.

Rev. Lett. 71, 3442 (1993).

[35] S.J. Phipp, N.H. Edwards, P.E.G. Baird, and S. Nakayama, J. Phys. B 29, 1861 (1996). [36] T.D. Wolfenden, P.E.G. Baird, and P.G.H. Sandars, Europhys. Lett. 15, 731 (1991). [37] N.H. Edwards, S.J. Phipp, P.E.G. Baird, and S. Nakayama, Phys. Rev. Lett. 74, 2654 (1995).

[38] P.A. Vetter, D.M. Meekhof, P.K. Majumder, S.K. Lamoreaux, and E.N. Fortson, Phys.

Rev. Lett. 74, 2658 (1995).

[39] M.A. Bouchiat, J. Guéna, L. Hunter, and L. Pottier, Phys. Lett. B 117, 358 (1982);

121, 456(E) (1983).

[40] M.A. Bouchiat, J. Guéna, L. Pottier, and L. Hunter, Phys. Lett. B 134, 463 (1984). [41] M.A. Bouchiat, J. Guéna, and L. Pottier, J. Phys. (Paris) 46, 1897 (1985); 47, 1175 (1986); M.A. Bouchiat, J. Guéna, L. Pottier, and L. Hunter, J. Phys. (Paris) 47, 1709 (1986).

[42] J. Guéna, D. Chauvat, Ph. Jacquier, E. Jahier, M. Lintz, S. Sanguinetti, A. Wasan, M.A. Bouchiat, A.V. Papoyan, and D. Sarkisyan, Phys. Rev. Lett. 90, 143001 (2003).

[43] S.L. Gilbert, M.C. Noecker, R.N. Watts, and C.E. Wieman, Phys. Rev. Lett. 55, 2680 (1985); S.L. Gilbert and C.E. Wieman, Phys. Rev. A 34, 792 (1986).

[44] M.C. Noecker, B.P. Masterson, and C.E. Wieman, Phys. Rev. Lett. 61, 310 (1988). [45] R. Conti, P. Bucksbaum, S. Chu, E. Commins, and L. Hunter, Phys. Rev. Lett. 42, 343 (1979); P. Bucksbaum, E. Commins, and L. Hunter, Phys. Rev. Lett. 46, 640 (1981); P.H. Bucksbaum, E.D. Commins, and L.R. Hunter, Phys. Rev. D 24, 1134 (1981).

[46] P.S. Drell and E.D. Commins, Phys. Rev. Lett. 53, 968 (1984); Phys. Rev. A 32, 2196 (1985).

[47] V.A. Dzuba, V.V. Flambaum, and I.B. Khriplovich, Z. Phys. D 1, 243 (1986). [48] T.D. Wolfenden and P.E.G. Baird, J. Phys. B 26, 1379 (1993).

[49] D.M. Lucas, R.B. Warrington, D.N. Stacey, and C.D. Thompson, Phys. Rev. A 58, 3457 (1998).

[50] A.T. Nguyen, D. Budker, D. DeMille, and M. Zolotorev, Phys. Rev. A 56, 3453 (1997).

[51] D. Budker, in Physics Beyond the Standard Model, proceedings of the Fifth International WEIN Symposium, eds. P. Herczeg, C.M. Hoffman, and H.V. Klapdor- Kleingrothaus (World Scientific, 1999) p. 418.

[52] E.N. Fortson and L.L. Lewis, Phys. Rep. 113, 289 (1984). [53] M.-A. Bouchiat and C. Bouchiat, Rep. Prog. Phys. 60, 1351 (1997). [54] V.A. Dzuba, V.V. Flambaum, P.G. Silvestrov, and O.P. Sushkov, J. Phys. B 20, 3297 (1987).

[55] M.G. Kozlov, S.G. Porsev, and W.R. Johnson, Phys. Rev. A 64, 052107 (2001). [56] V.A. Dzuba, V.V. Flambaum, P.G. Silvestrov, and O.P. Sushkov, Europhys. Lett. 7, 413 (1988).

[57] V.A. Dzuba, V.V. Flambaum, O.P. Sushkov, Phys. Lett. A 141, 147 (1989). [58] M.G. Kozlov, S.G. Porsev, and I.I. Tupitsyn, Phys. Rev. Lett. 86, 3260 (2001). [59] C.E. Loving and P.G.H. Sandars, J. Phys. B 8, L336 (1975). [60] D.V. Neuffer and E.D. Commins, Phys. Rev. A 16, 1760 (1977). [61] M.Yu. Kuchiev, S.A. Sheinerman, and V.L. Yahontov, in Proc. Conf. on Atomic and Molecular Spectra (Tbilisi Polytechnic Institute, 1981) p. 143.

[62] B.P. Das, Ph.D. dissertation, State University of New York, Albany, 1981. [63] C. Bouchiat, C.A. Piketty, and D.Pignon, Nucl. Phys. B 221, 68 (1983). [64] V.A. Dzuba, V.V. Flambaum, P.G. Silvestrov, and O.P. Sushkov, Phys. Lett. A 103, 265 (1984).

[65] V.A. Dzuba, V.V. Flambaum, P.G. Silvestrov, and O.P. Sushkov, J. Phys. B 18, 597 (1985).

[66] A. Schäfer, B. Müller, W. Greiner, and W.R. Johnson, Preprint UFTP 130 (Frankfurt, 1984).

[67] A.-M. Mårtensson-Pendrill, J. Phys. (Paris) 46, 1949 (1985). [68] E.P. Plummer and I.P. Grant, J. Phys. B 18, L315 (1985). [69] A. Schäfer, B. Müller, and W. Greiner, Z. Phys. A 322, 539 (1985). [70] W.R. Johnson, D.S. Guo, M. Idrees, and J. Sapirstein, Phys. Rev. A 32, 2093 (1985);

Phys. Rev. A 34, 1043 (1986).

[71] C. Bouchiat and C.A. Piketty, Europhys. Lett. 2, 511 (1986).

[72] W.R. Johnson, S.A. Blundell, Z.W. Liu, and J. Sapirstein, Phys. Rev. A 37, 1395 (1988).

[73] F.A. Parpia, W.F. Perger, and B.P. Das, Phys. Rev. A 37, 4034 (1988). [74] A.C. Hartley and P.G.H. Sandars, J. Phys. B 23, 1961 (1990); A.C. Hartley and P.G.H.

Sandars, J. Phys. B 23, 2649 (1990).

[75] A.C. Hartley, E. Lindroth, and A.-M. Mårtensson-Pendrill, J. Phys. B 23, 3417 (1990). [76] M.S. Safronova and W.R. Johnson, Phys. Rev. A 62, 022112 (2000). [77] S.C. Bennett and C.E. Wieman, Phys. Rev. Lett. 82, 2484 (1999); 82, 4153(E) (1999);

83, 889(E) (1999).

[78] V.A. Dzuba, V.V. Flambaum, P.G. Silvestrov, and O.P. Sushkov, Phys. Lett. A 131, 461 (1988).

[79] V.A. Dzuba, V.V. Flambaum, and O.P. Sushkov, Phys. Lett. A 140, 493 (1989). [80] V.A. Dzuba, V.V. Flambaum, and O.P. Sushkov, J. Phys. B 16, 715 (1983). [81] G. Fricke et al., At. Data Nucl. Data Tables 60, 177 (1995). [82] C.E. Moore, Natl. Stand. Ref. Data Ser. (U.S., Natl. Bur. Stand.) 3 (1971).

[83] I. Lindgren and J. Morrison, Atomic Many-Body Theory (Springer, Berlin, 1986). [84] L.I. Schiff, Phys. Rev. 132, 2194 (1963).

[85] V.A. Dzuba, V.V. Flambaum, P.G. Silvestrov, and O.P. Sushkov, Phys. Lett. 118, 177 (1986).

[86] M.Ya. Amusia and N.A. Cherepkov, Case Stud. At. Phys. 5, 47 (1975). [87] W.R. Johnson, M. Idrees, and J. Sapirstein, Phys. Rev. A 35, 3218 (1987). [88] V.A. Dzuba, V.V. Flambaum, P.G. Silvestrov, and O.P. Sushkov, J. Phys. B 20, 1399 (1987).

[89] D.H. Kobe, Phys. Rev. A 19, 1876 (1979).

[90] S.L. Garter and H.P. Kelly, Phys. Rev. Lett. 42, 966 (1979). [91] P.G.H. Sandars, Phys. Scripta 21, 284 (1980). [92] L. Young et al., Phys. Rev. A 50, 2174 (1994).

[93] R.J. Rafac, C.E. Tanner, A.E. Livingston, and H.G. Berry, Phys. Rev. A 60, 3648 (1999).

[94] A. Derevianko and S.G. Porsev, Phys. Rev. A 65, 053403 (2002). [95] C. Amiot, O. Dulieu, R.F. Gutterres, and F. Masnou-Seeuws, Phys. Rev. A 66, 052506 (2002).

[96] J.M. Amini and H. Gould, physics/0305074 (2003).

[97] M.-A. Bouchiat, J. Guéna, and L. Pottier, J. Phys. (Paris) 45, L523 (1984). [98] S.C. Bennett, J.L. Roberts, and C.E. Wieman, Phys. Rev. A 59, R16 (1999). [99] V.A. Dzuba, V.V. Flambaum, and O.P. Sushkov, J. Phys. B 17, 1953 (1984). [100] E. Arimondo, M. Inguscio, and P. Violino, Rev. Mod. Phys. 49, 31 (1977). [101] S.L. Gilbert, R.N. Watts, and C.E. Wieman, Phys. Rev. A 27, 581 (1983). [102] R.J. Rafac and C.E. Tanner, Phys. Rev. A 56, 1027 (1997).

[103] R. Casalbuoni, S. De Curtis, D. Dominici, and R. Gatto, Phys. Lett. B 460, 135 (1999);

J.L. Rosner, Phys. Rev. D 61, 016006 (1999); J. Erler and P. Langacker, Phys. Rev. Lett. 84, 212 (2000); V. Barger and K. Cheung, Phys. Lett. B 480, 149 (2000).

[104] A. Derevianko, Phys. Rev. Lett. 85, 1618 (2000). [105] O.P. Sushkov, Phys. Rev. A 63, 042504 (2001).

[106] A.I. Milstein and O.P. Sushkov, Phys. Rev. A 66, 022108 (2002). [107] W.R. Johnson, I. Bednyakov, and G. Soff, Phys. Rev. Lett. 87, 233001 (2001). [108] M.Yu. Kuchiev and V.V. Flambaum, Phys. Rev. Lett. 89, 283002 (2002). [109] A.I. Milstein, O.P. Sushkov, and I.S. Terekhov, Phys. Rev. Lett. 89, 283003 (2002). [110] V.A. Dzuba, V.V. Flambaum, and O.P. Sushkov, Phys. Rev. A 51, 3454 (1995). [111] V.A. Dzuba, C. Harabati, W.R. Johnson, and M.S. Safronova, Phys. Rev. A 63, 044103 (2001).

[112] A. Trzcińska et al., Phys. Rev. Lett. 87, 082501 (2001). [113] A. Derevianko, Phys. Rev. A 65, 012106 (2002).

[114] V.A. Dzuba, V.V. Flambaum, and J.S.M. Ginges, preprint hep-ph/0111019 (2001). [115] M.Yu. Kuchiev, J. Phys. B 35, 4101 (2002).

[116] A.I. Milstein, O.P. Sushkov, and I.S. Terekhov, preprint hep-ph/0212072 (2002). [117] J. Sapirstein, K. Pachucki, A. Vietia, and K.T. Cheng, preprint hep-ph/0302202 (2003). [118] M.Yu. Kuchiev and V.V. Flambaum, preprint hep-ph/0209052 (2002). [119] M.Yu. Kuchiev and V.V. Flambaum, J. Phys. B 36, R191 (2003). [120] V.A. Dzuba, V.V. Flambaum, and O.P. Sushkov, Phys. Rev. A 56, R4357 (1997).

[121] C. Bouchiat and C.A. Piketty, J. Phys. (Paris) 49, 1851 (1988); M.-A. Bouchiat and J. Guéna, J. Phys. (Paris) 49, 2037 (1988).

[122] V.A. Dzuba and V.V. Flambaum, Phys. Rev. A 62, 052101 (2000). [123] D. Cho, C.S. Wood, S.C. Bennett, J.L. Roberts, and C.E. Wieman, Phys. Rev. A 55, 1007 (1997).

[124] A.A. Vasilyev, I.M. Savukov, M.S. Safronova, and H.G. Berry, Phys. Rev. A 66, 020101 (2002).

[125] J.L. Rosner, Phys. Rev. D 65, 073026 (2002).

[126] M. Peskin and T. Takeuchi, Phys. Rev. Lett. 65, 964 (1990); Phys. Rev. D 46, 381 (1992).

[127] ALEPH, DELPHI, L3, and OPAL Collaborations, The LEP Working Group for Higgs Boson Searches, Phys. Lett. B 565, 61 (2003).

[128] W.J. Marciano and J.L. Rosner, Phys. Rev. Lett. 65, 2963 (1990). [129] CDF Collaboration, F. Abe et al., Phys. Rev. Lett. 79, 2192 (1997). [130] P.G.H. Sandars, J. Phys. B 23, L655 (1990); B.W. Lynn and P.G.H. Sandars, J. Phys.

B 27, 1469 (1994).

[131] M.J. Ramsey-Musolf, Phys. Rev. C 60, 015501 (1999). [132] P. Langacker, J. Phys. G 29, 1 (2003). [133] P. Langacker, preprint hep-ph/0308145 (2003).

[134] P. Langacker, M. Luo, A.K. Mann, Rev. Mod. Phys. 64, 87 (1992). [135] E.N. Fortson, Phys. Rev. Lett. 70, 2383 (1993).

[136] T.W. Koerber, M. Schacht, W. Nagourney, and E.N. Fortson, J. Phys. B 36, 637 (2003).

[137] V.A. Dzuba, V.V. Flambaum, and J.S.M. Ginges, Phys. Rev. A 63, 062101 (2001). [138] G.D. Sprouse, S. Aubin, E. Gomez, J.S. Grossman, L.A. Orozco, M.R. Pearson, and M. True, Eur. Phys. J. A 13, 239 (2002).

[139] S. Aubin, E. Gomez, J.M. Grossman, L.A. Orozco, M.R. Pearson, G.D. Sprouse, and D.P. DeMille, Proceedings of the 15th International Conference on Laser Spectroscopy, Eds. S. Chu, V. Vuletic, A.J. Kerman, and C. Chin (World Scientific, Singapore, 2002) p.305.

[140] K. Jungmann, Acta Phys. Pol. B 33, 2049 (2002); J.A. Behr, Nucl. Instrum. Meth. B 204, 526 (2003); G.P. Berg, P. Dendooven, O. Dermois, M.N. Harakeh, R. Hoekstra, K. Jungmann, S. Kopecky, R. Morgenstern, A. Rogachevskiy, R. Timmermans, L. Willmann, and H.W. Wilschut, Nucl. Instrum. Meth. B 204, 532 (2003).

[141] V.A. Dzuba, V.V. Flambaum, and M.G. Kozlov, Pis’ma Zh. Eksp. Teor. Fiz. 63, 844 (1996) [Sov. Phys. JETP Lett. 63, 882 (1996)]; Phys. Rev. A 54, 3948 (1996).

[142] V.A. Dzuba, M.G. Kozlov, S.G. Porsev, and V.V. Flambaum, Zh. Eksp. Teor. Fiz.114, 1636 (1998) [Sov. Phys. JETP 87, 885 (1998)].

[143] P.K. Majumder and L.L. Tsai, Phys. Rev. A 60, 267 (1999). [144] V.A. Dzuba, private communication. [145] V.A. Dzuba and V.V. Flambaum, unpublished.

[146] E.N. Fortson, Y. Pang, and L. Wilets, Phys. Rev. Lett. 65, 2857 (1990). [147] J.L. Rosner, Phys. Rev. D 53, 2724 (1996).

[148] S.J. Pollock, E.N. Fortson, and L. Wilets, Phys. Rev. C 46, 2587 (1992). [149] D. Vretenar, G.A. Lalazissis, and P. Ring, Phys. Rev. C 62, 045502 (2000).

[150] B.Q. Chen and P. Vogel, Phys. Rev. C 48, 1392 (1993). [151] P.K. Panda and B.P. Das, Phys. Rev. C 62, 065501 (2000). [152] A. Derevianko and S.G. Porsev, Phys. Rev. A 65, 052115 (2002). [153] C.J. Horowitz, S.J. Pollock, P.A. Souder, and R. Michaels, Phys. Rev. C 63, 025501 (2001).

[154] A.D. Cronin, R.B. Warrington, S.K. Lamoreaux, and E.N. Fortson, Phys. Rev. Lett.

80, 3719 (1998).

[155] D.S. English, D.F. Kimball, C.-H. Li, A.-T. Nguyen, S.M. Rochester, J.E. Stalnaker, V.V. Yashchuck, D. Budker, S.J. Freedman, and M. Zolotorev, in Art and Symmetry in Experimental Physics, Eds. D. Budker, S.J. Freedman, and P.H. Bucksbaum (AIP, NY, 2001) p. 108.

[156] A.T. Nguyen, D.E. Brown, D. Budker, D. DeMille, D.F. Kimball, and M. Zolotorev, in Parity violation in atoms and electron scattering, Eds. B. Frois and M.A. Bouchiat (World Scientific, 1999) p.295.

[157] D. DeMille, Phys. Rev. Lett. 74, 4165 (1995).

[158] J.E. Stalnaker, D. Budker, D.P. DeMille, S.J. Freedman, and V.V. Yashchuk, Phys.

Rev. A 66, 031403 (2002).

[159] I.O.G. Davies, P.E.G. Baird, P.G.H. Sandars, and T.D. Wolfenden, J. Phys. B 22, 741 (1989).

[160] S. Rochester, C.J. Bowers, D. Budker, D. DeMille, and M. Zolotorev, Phys. Rev. A 59, 3480 (1999).

[161] A. Gongora and P.G.H. Sandars, J. Phys. B 19, L291 (1986). [162] V.V. Flambaum, Phys. Rev. A 60, R2611 (1999).

[163] V.A. Dzuba, V.V. Flambaum, and J.S.M. Ginges, Phys. Rev. A 61, 062509 (2000). [164] Ya.B. Zel’dovich, Zh. Eksp. Teor. Fiz. 33, 1531 (1957) [Sov. Phys. JETP 6, 1184 (1958)]. (This reference also contains a mention of analogous results found by V.G. Vaks.)

[165] O.P. Sushkov, V.V. Flambaum, and I.B. Khriplovich, Zh. Eksp. Teor. Fiz. 87, 1521 (1984) [Sov. Phys. JETP 60, 873 (1984)].

[166] F. Curtis Michel, Phys. Rev. 133, B329 (1964). [167] V.V. Flambaum and C. Hanhart, Phys. Rev. C 48, 1329 (1993). [168] C. Bouchiat and C.A. Piketty, Z. Phys. C 49, 91 (1991).

[169] W.C. Haxton, E.M. Henley, and M.J. Musolf, Phys. Rev. Lett. 63, 949 (1989). [170] V.F. Dmitriev and V.B. Telitsin, Nucl. Phys. A 613, 237 (1997). [171] V.F. Dmitriev and V.B. Telitsin, Nucl. Phys. A 674, 168 (2000). [172] W.C. Haxton, C.-P. Liu, and M.J. Ramsey-Musolf, Phys. Rev. Lett. 86, 5247 (2001);

Phys. Rev. C 65, 045502 (2002).

[173] V.F. Dmitriev and I.B. Khriplovich, nucl-th/0201041.

[174] V.F. Dmitriev, I.B. Khriplovich, and V.B. Telitsin, Nucl. Phys. A 577, 691 (1994). [175] V.N. Novikov, O.P. Sushkov, V.V. Flambaum, and I.B. Khriplovich, Zh. Eksp. Teor.

Fiz. 73, 802 (1977) [Sov. Phys. JETP 46, 420 (1977)].

[176] W.R. Johnson, M.S. Safronova, and U.I. Safronova, preprint hep-ph/0302029 (2003). [177] W.C. Haxton and C.E. Wieman, Annu. Rev. Nucl. Part. Sci. 51, 261 (2001). [178] P.A. Frantsuzov and I.B. Khriplovich, Z. Phys. D 7, 297 (1988). [179] A.Ya. Kraftmakher, Phys. Lett. A 132, 167 (1988).

[180] V.V. Flambaum and D.W. Murray, Phys. Rev. C 56, 1641 (1997). [181] V.V. Flambaum, Phys. Scripta T46, 198 (1993).

[182] B. Desplanques, J.F. Donoghue, and B.R. Holstein, Ann. Phys. 124, 449 (1980). [183] V.F. Dmitriev, V.V. Flambaum, O.P. Sushkov, and V.B. Telitsin, Phys. Lett. B 125, 1 (1983); V.V. Flambaum, V.B. Telitsin, and O.P. Sushkov, Nucl. Phys. A 444, 611 (1985).

[184] O.P. Sushkov and V.B. Telitsin, Phys. Rev. C 48, 1069 (1993). [185] V.M. Khatsimovskii, Yad. Fiz. 42, 1236 (1985) [Sov. J. Nucl. Phys. 42, 781 (1985)]. [186] D.B. Kaplan and M.J. Savage, Nucl. Phys. A 556, 653 (1993).

[187] E.G. Adelberger and W.C. Haxton, Annu. Rev. Nucl. Part. Sci. 35, 501 (1985); W.

Haeberli and B.R. Holstein, Symmetries and Fundamental Interactions in Nuclei, Ed. W.C. Haxton and E.M. Henley (World Scientific, Singapore, 1996).

[188] P.D. Eversheim et al., Phys. Lett. B 256, 11 (1991). [189] S. Kistryn et al., Phys. Rev. Lett. 58, 1616 (1987).

[190] A.R. Berdoz et al., Phys. Rev. Lett. 87, 272301 (2001); preprint nucl-exp/0211020 (2003).

[191] J. Lang et al., Phys. Rev. Lett. 54, 170 (1985); 54, 2729(E); Phys. Rev. C 34, 1545 (1986).

[192] C.A. Barnes et al., Phys. Rev. Lett. 40, 840 (1978); P.G. Bizetti et al., Lett. Nuovo Cimento 29, 167 (1982); G. Ahrens et al., Nucl. Phys. A 390, 496 (1982); M. Bini, T.F. Fazzini, G. Poggi, and N. Taccetti, Phys. Rev. Lett. 55, 795 (1985); S.A. Page et al., Phys. Rev. C 35, 1119 (1987).

[193] K. Elsener et al., Nucl. Phys. A 461, 579 (1987). [194] V.V. Flambaum and O.K. Vorov, Phys. Rev. C 49, 1827 (1994). [195] G.A. Miller, Phys. Rev. C 67, 042501 (2003).

[196] V.V. Flambaum and O.K. Vorov, Phys. Rev. Lett. 70, 4051 (1993). [197] S. Tomsovic, M.B. Johnson, A.C. Hayes, and J.D. Bowman, Phys. Rev. C 62, 054607 (2000).

[198] I.B. Khriplovich, Phys. Lett. A 197, 316 (1995). [199] N. Auerbach and B.A. Brown, Phys. Rev. C 60, 025501 (1999). [200] M.G. Kozlov, Pis’ma Zh. Eksp. Teor. Fiz. 75, 651 (2002) [Sov. Phys. JETP Lett. 75, 534 (2002)].

[201] D. DeMille, private communication.

[202] L.N. Labzovsky, Zh. Eksp. Teor. Fiz. 75, 856 (1978) [Sov. Phys. JETP 48, 434 (1978)]. [203] O.P. Sushkov and V.V. Flambaum, Zh. Eksp. Teor. Fiz. 75, 1208 (1978) [Sov. Phys.

JETP 48, 608 (1978)].

[204] M.G. Kozlov and L.N. Labzowsky, J. Phys. B 28, 1933 (1995).

[205] J.H. Christensen, J.W. Cronin, V.L. Fitch, and R. Turlay, Phys. Rev. Lett. 13, 138 (1964).

[206] M. Kobayashi and T. Maskawa, Prog. Theor. Phys. 49, 652 (1973). [207] BABAR Collaboration, B. Aubert et al., Phys. Rev. Lett. 87, 091801 (2001); Belle Collaboration, K. Abe et al., Phys. Rev. Lett. 87, 091802 (2001).

[208] A.D. Sakharov, Pis’ma Zh. Eksp. Teor. Fiz. 5, 32 (1967) [Sov. Phys. JETP Lett. 5, 24 (1967)].

[209] M. Pospelov and I.B. Khriplovich, Sov. J. Nucl. Phys. 53, 638 (1991)

[210] A. Czarnecki and B. Krause, Phys. Rev. Lett. 78, 4339 (1997). [211] R.D. Peccei and H.R. Quinn, Phys. Rev. Lett. 38, 1440 (1977); Phys. Rev. D 16, 1791 (1977); S. Weinberg, Phys. Rev. Lett. 40, 223 (1978); F. Wilczek, Phys. Rev. Lett. 40, 279 (1978).

[212] L.J. Rosenberg and K.A. van Bibber, Phys. Rep. 325, 1 (2000). [213] P.G.H Sandars, Phys. Lett. 14, 194 (1965); Phys. Lett. 22, 290 (1966). [214] V.V. Flambaum, Yad. Fiz. 24, 383 (1976) [Sov. J. Nucl. Phys. 24, 199 (1976)]. [215] P.G.H. Sandars, Phys. Rev. Lett. 19, 1396 (1967).

[216] E.S. Ensberg, Bull. Am. Phys. Soc. 7, 534 (1962); Phys. Rev. 153, 36 (1967). [217] F.R. Huang-Hellinger, Ph.D. Thesis, University of Washington, Seattle, WA, 1987 (unpublished). Cited in the book [13].

[218] P.G.H. Sandars and E. Lipworth, Phys. Rev. Lett. 13, 718 (1964). [219] M.C. Weisskopf, J.P. Carrico, H. Gould, E. Lipworth, and T.S. Stein, Phys. Rev. Lett.

21, 1645 (1968).

[220] S.A. Murthy, D. Krause, Jr., Z.L. Li, and L.R. Hunter, Phys. Rev. Lett. 63, 965 (1989). [221] J.P. Carrico, T.S. Stein, E. Lipworth, and M.C. Weisskopf, Phys. Rev. A 1, 211 (1970). [222] H. Gould, Phys. Rev. Lett. 24, 1091 (1970).

[223] K. Abdullah, C. Carlberg, E.D. Commins, H. Gould, and S.B. Ross, Phys. Rev. Lett.

65, 2347 (1990).

[224] E.D. Commins, S.B. Ross, D. DeMille, and B.C. Regan, Phys. Rev. A 50, 2960 (1994). [225] M.A. Player and P.G.H. Sandars, J. Phys. B 3, 1620 (1970).

[226] J.J. Hudson, B.E. Sauer, M.R. Tarbutt, and E.A. Hinds, Phys. Rev. Lett. 89, 023003 (2002).

[227] B.V. Vasil’ev and E.V. Kolycheva, Zh. Eksp. Teor. Fiz. 74, 466 (1978) [Sov. Phys.

JETP 47, 243 (1978)].

[228] S.K. Lamoreaux, Phys. Rev. A 66, 022109 (2002).

[229] L.R. Hunter, Tests of fundamental symmetries in atoms and molecules, talk at workshop, Harvard, 2001. Online: http://itamp.harvard.edu/fundamentalworkshop.html.

[230] T.G. Vold, F.J. Raab, B. Heckel, and E.N. Fortson, Phys. Rev. Lett. 52, 2229 (1984). [231] M.A. Rosenberry and T.E. Chupp, Phys. Rev. Lett. 86, 22 (2001). [232] S.K. Lamoreaux, J.P. Jacobs, B.R. Heckel, F.J. Raab, and N. Fortson, Phys. Rev. Lett.

59, 2275 (1987).

[233] J.P. Jacobs, W.M. Klipstein, S.K. Lamoreaux, B.R. Heckel, and E.N. Fortson, Phys.

Rev. Lett. 71, 3782 (1993); Phys. Rev. A 52, 3521 (1995).

[234] G.E. Harrison, P.G.H. Sandars, and S.J. Wright, Phys. Rev. Lett. 22, 1263 (1969). [235] E.A. Hinds and P.G.H. Sandars, Phys. Rev. A 21, 480 (1980). [236] D.A. Wilkening, N.F. Ramsey, and D.J. Larson, Phys. Rev. A 29, 425 (1984). [237] D. Schropp, Jr., D. Cho, T. Vold, and E.A. Hinds, Phys. Rev. Lett. 59, 991 (1987). [238] D. Cho, K. Sangster, and E.A. Hinds, Phys. Rev. Lett. 63, 2559 (1989); Phys. Rev. A 44, 2783 (1991).

[239] S.K. Lamoreaux and R. Golub, Phys. Rev. D 61, 051301 (2000). [240] P.G. Harris et al., Phys. Rev. Lett. 82, 904 (1999). [241] I.S. Altarev et al., Phys. Atom. Nucl. 59, 1152 (1996).

[242] E.A. Hinds, C.E. Loving, and P.G.H. Sandars, Phys. Lett. B 62, 97 (1976). [243] E.A. Hinds and P.G.H. Sandars, Phys. Rev. A 21, 471 (1980).

[244] P.V. Coveney and P.G.H. Sandars, J. Phys. B 16, 3727 (1983) [245] F.A. Parpia, J. Phys. B 30, 3983 (1997).

[246] H.M. Quiney, J.K. Laerdahl, K. Faegri, Jr., and T. Saue, Phys. Rev. A 57, 920 (1998). [247] A.N. Petrov, N.S. Mosyagin, T.A. Isaev, A.V. Titov, V.F. Ezhov, E.Eliav, and U.

Kaldor, Phys. Rev. Lett. 88, 073001 (2002).

[248] E.M. Purcell and N.F. Ramsey, Phys. Rev. 78, 807 (1950). [249] C. Bouchiat, Phys. Lett. B 57, 284 (1975).

[250] I.B. Khriplovich, Zh. Eksp. Teor. Fiz. 71, 51 (1976) [Sov. Phys. JETP 44, 25 (1976)]. [251] W.C. Haxton and E.M. Henley, Phys. Rev. Lett. 51, 1937 (1983). [252] V.V. Flambaum and D.W. Murray, Phys. Rev. A 55, 1736 (1997); D.W. Murray and V.V. Flambaum, J. Phys. G 25, 2059 (1999).

[253] S.M. Barr, Int. J. Mod. Phys. A 8, 209 (1993).

[254] M.G. Kozlov, Phys. Lett. A 130, 426 (1988); private communication to I.B. Khriplovich and S.K. Lamoreaux, Ref. [13].

[255] A.-M. Mårtensson-Pendrill and E. Lindroth, Europhys. Lett. 15, 155 (1991). [256] A.-M. Mårtensson-Pendrill, Phys. Rev. Lett. 54, 1153 (1985). [257] V.A. Dzuba, V.V. Flambaum, and P.G. Silvestrov, Phys. Lett. B 154, 93 (1985). [258] E.E. Salpeter, Phys. Rev. 112, 1642 (1958). [259] P.G.H. Sandars, J. Phys. B 1, 511 (1968).

[260] E.D. Commins, in Advances in Atomic, Molecular, and Optical Physics (Academic Press, New York, 1999) Vol. 40, p. 1.

[261] Z.W. Liu and H.P. Kelly, Phys. Rev. A 45, R4210 (1992). [262] E.N. Fortson, Bull. Am. Phys. Soc. 28, 1321 (1983). [263] A.-M. Mårtensson-Pendrill and P. Öster, Phys. Scripta 36, 444 (1987). [264] V.V. Flambaum and I.B. Khriplovich, Phys. Lett. A 110, 121 (1985). [265] R.M. Sternheimer, Phys. Rev. 183, 112 (1969).

[266] V.K. Ignatovich, Zh. Eksp. Teor. Fiz. 56, 2019 (1969) [Sov. Phys. JETP 29, 1084 (1969)].

[267] T.M.R. Byrnes, V.A. Dzuba, V.V. Flambaum, and D.W. Murray, Phys. Rev. A 59, 3082 (1999).

[268] P.G.H. Sandars and R.M. Sternheimer, Phys. Rev. A 11, 473 (1975). [269] A.Ya. Kraftmakher, J. Phys. B 21, 2803 (1988).

[270] D. DeMille, F. Bay, S. Bickman, D. Kawall, D. Krause, Jr., S.E. Maxwell, and L.R.

Hunter, Phys. Rev. A 61, 052507 (2000); in Art and Symmetry in Experimental Physics, Eds. D. Budker, S.J. Freedman, and P.H. Bucksbaum (AIP, NY, 2001) pp. 72-83.

[271] M.G. Kozlov and D. DeMille, Phys. Rev. A 89, 133001 (2002). [272] T.A. Isaev, A.N. Petrov, N.S. Mosyagin, A.V. Titov, E. Eliav, and U. Kaldor, preprint physics/0306071 (2003).

[273] V.V. Flambaum, Doctor of Science Thesis, Institute for Nuclear Physics, Novosibirsk (1987); M.G. Kozlov and V.F. Ezhov, Phys. Rev. A 49, 4502 (1994); A.V. Titov, N.S. Mosyagin, and V.F. Ezhov, Phys. Rev. Lett. 77, 5346 (1996); M.G. Kozlov, J. Phys. B 30, L607 (1997); H.M. Quiney, H. Skaane, and I.P. Grant, J. Phys. B 31, L85 (1998); F.A. Parpia, J. Phys. B 31, 1409 (1998); N.S. Mosyagin, M.G. Kozlov, and A.V. Titov, J. Phys. B 31, L763 (1998).

[274] V. Spevak, N. Auerbach, and V.V. Flambaum, Phys. Rev. C 56, 1357 (1997). [275] V.V. Flambaum, D.W. Murray, and S.R. Orton, Phys. Rev. C 56, 2820 (1997). [276] V.V. Flambaum and J.S.M. Ginges, Phys. Rev. A 65, 032113 (2002). [277] R.M. Ryndin, private communication to I.B. Khriplovich (see Refs. [12,13]). [278] V.V. Flambaum, Phys. Lett. B 320, 211 (1994).

[279] V.V. Flambaum, I.B. Khriplovich, and O.P. Sushkov, Nucl. Phys. A 449, 750 (1986). [280] V.V. Flambaum, I.B. Khriplovich, and O.P. Sushkov, Phys. Lett. B 162, 213 (1985). [281] V.F. Dmitriev and R.A. Sen’kov, preprint nucl-th/0304048 (2003). [282] P. Herczeg, Hyperfine Interactions 43, 77 (1988).

[283] V.F. Dmitriev, I.B. Khriplovich, and V.B. Telitsin, Phys. Rev. C 50, 2358 (1994). [284] V.F. Dmitriev, V.B. Telitsin, V.V. Flambaum, and V.A. Dzuba, Phys. Rev. C 54, 3305 (1996).

[285] V.A. Dzuba, V.V. Flambaum, J.S.M. Ginges, and M.G. Kozlov, Phys. Rev. A 66, 012111 (2002).

[286] V.F. Dmitriev and R.A. Sen’kov, nucl-th/0306050.

[287] V.V. Flambaum, proceedings of the International Symposium on Modern Developments in Nuclear Physics, ed. O.P. Sushkov (World Scientific, Singapore, 1987) p.556.

[288] R.J. Crewther, P. Di Vecchia, G. Veneziano, and E. Witten, Phys. Lett. B 88, 123 (1979); Phys. Lett. B 91(E), 487 (1980).

[289] G. Feinberg, Trans. N.Y. Ac. Sc., ser. II, 38, 26 (1977).

[290] N. Auerbach, V.V. Flambaum, V. Spevak, Phys. Rev. Lett. 76, 4316 (1996). [291] I. Ahmad and P.A. Butler, Annu. Rev. Nucl. Part. Sci. 43, 71 (1993). [292] A. Bohr and B. Mottelson, Nuclear Structure (Benjamin, New York, 1975), Vol. 2. [293] J. Engel, M. Bender, J. Dobaczewski, J.H. de Jesus, and P. Olbratowski, preprint nucl-th/0304075 (2003).

[294] J. Engel, J.L. Friar, and A.C. Hayes, Phys. Rev. C 61, 035502 (2000). [295] V.V. Flambaum and V.G. Zelevinsky, accepted to Phys. Rev. C; preprint nuclth/0208073 (2002).

[296] W. Benreuther and M. Suzuki, Rev. Mod. Phys. 63, 313 (1991). [297] V.M. Khatsymovsky, I.B. Khriplovich, and A.S. Yelkhovsky, Ann. Phys. 186, 1 (1988) [298] V.M. Khatsymovsky and I.B. Khriplovich, Phys. Lett. B 296, 219 (1992) [299] M. Pospelov, Phys. Lett. B 530, 123 (2002). [300] M. Pospelov and A. Ritz, Phys. Rev. D 63, 073015 (2001). [301] M. Pospelov and A. Ritz, Phys. Rev. Lett. 83, 2526 (1999). [302] I.I. Bigi and N.G. Uraltsev, Nucl. Phys. B 353, 321 (1991). [303] X.-G. He and B. McKellar, Phys. Lett. B 390, 318 (1997).

[304] S.Y. Buhmann, V.A. Dzuba, and O.P. Sushkov, Phys. Rev. A 66, 042109 (2002); S.A.

Kuenzi, O.P. Sushkov, V.A. Dzuba, and J.M. Cadogan, Phys. Rev. A 66, 032111 (2002); V.A. Dzuba, O.P. Sushkov, W.R. Johnson, and U.I. Safronova, Phys. Rev. A 66, 032105 (2002); T.N. Mukhamedjanov, V.A. Dzuba, and O.P. Sushkov, preprint cond-mat/0301133 (2003).

TABLES TABLE I. Results of atomic PNC experiments measured to better than 5%. Results of optical rotation experiments are given in terms of Im(E_{P N C} /M1); Stark-PNC experiments are given in terms of Im(E_{P N C}/β).

Atom Transition Group Year Ref. Measurement Im(E_{P N C} /M1) Im(E_{P N C} /β) [10^{−8}] [mV/cm] 209Bi^4S_{3/2} −^2D_{3/2} Oxford 1991 [32] −10.12(20) 208Pb^3P_0 −^3P_1 Seattle 1993 [34] −9.86(12) Oxford 1996 [35] −9.80(33) 205Tl 6P_{1/2} − 6P_{3/2} Oxford 1995 [37] −15.68(45) Seattle 1995 [38] −14.68(17) 133Cs 6S_{1/2} − 7S_{1/2} Boulder 1988 [44] −1.576(34) Boulder 1997 [8] −1.5935(56)

TABLE II. Most precise calculations of PNC amplitudes E_{P N C} for atoms and transitions listed in Table I. Units: 10^{−11}iea_B(−Q_W /N).

Atom Transition E_{P N C}^a Ref. 209Bi^4S_{3/2} −^2D_{3/2} 28(3) [56,57] 208Pb^3P_0 −^3P_1 30(2) [56] 205Tl 6P_{1/2} − 6P_{3/2} 27.0(8) [54] 27.2(7) [55] 133Cs 6S − 7S 0.904(5) [9]

aThe values for the PNC amplitudes for Cs [9] and for Tl 6P_{1/2} − 6P_{3/2} [55] include corrections beyond the other calculations. In particular, for Cs the contributions of the Breit interaction and vacuum polarization due to the strong nuclear Coulomb field are included. For Tl the Breit interaction is also included. The remaining corrections for Cs and Tl are discussed in detail in Sections V,VI, respectively. These corrections would be inside the error bars for the other atoms and transitions in the table.

TABLE III. Summary of experimental results for PNC in cesium 6S − 7S, −Im(E_{P N C} )/β; units: mV/cm.

Group Year Ref. Value Paris 1982,1984 [39–41] 1.52(18) Boulder 1985 [43] 1.65(13) Boulder 1988 [44] 1.576(34) Boulder 1997 [8] 1.5935(56) Paris 2003 [42] 1.752(147)

TABLE IV. Summary of calculations of the PNC E1 amplitude for the cesium 6S − 7S transition; units are 10^{−11}iea_B(−Q_W /N).

Authors Year Ref. Value Bouchiat, Bouchiat 1974,1975 [14,22]^a 1.33 Loving, Sandars 1975 [59]^a 1.15 Neuffer, Commins 1977 [60]^a 1.00 Kuchiev, Sheinerman, Yahontov 1981 [61]^a 0.75 Das 1981 [62]^b 1.06 Bouchiat, Piketty, Pignon 1983 [63]^a 0.97(10) Dzuba, Flambaum, Silvestrov, Sushkov 1984,1985 [64,65]^b 0.88(3) Schäfer, Müller, Greiner, Johnson 1984 [66]^b 0.74 Mårtensson-Pendrill 1985 [67]^b 0.886 Plummer, Grant 1985 [68]^b 0.64 Schäfer, Müller, Greiner 1985 [69]^b 0.92 Johnson, Guo, Idrees, Sapirstein 1985,1986 [70]^c 0.754, 0.876, 0.856 Johnson, Guo, Idrees, Sapirstein 1985,1986 [70]^b 0.890 Bouchiat, Piketty 1986 [71]^a 0.935(20)(30) Dzuba, Flambaum, Silvestrov, Sushkov 1987 [54]^b 0.90(2) Johnson, Blundell, Liu, Sapirstein 1988 [72]^b 0.95(5) Parpia, Perger, Das 1988 [73]^c 0.879 Dzuba, Flambaum, Sushkov 1989 [57]^b 0.908(9) Hartley, Sandars 1990 [74]^c 0.904(18) Hartley, Lindroth, Mårtensson-Pendrill 1990 [75]^b 0.933(37) Blundell, Johnson, Sapirstein 1990,1992 [16]^b 0.905(9) Safronova, Johnson 2000 [76]^b 0.909(11) Kozlov, Porsev, Tupitsyn 2001 [58]^{bd} 0.901(9) Dzuba, Flambaum, Ginges 2002 [9]^{bd} 0.904(5)

aSemi-empirical calculations. bAb initio many-body calculations.

cCombined many-body and semi-empirical calculations.

dThe difference between the values of [58,9] and previous ones is due to the inclusion of the Breit interaction in [58] and the Breit and strong field vacuum polarization in [9].

TABLE V. Removal energies for Cs in units cm^{−1}.

State RHF Σ̂^{(2)} Σ̂ Experiment^a 6S 27954 32415 31492 31407 7S 12112 13070 12893 12871 6P_{1/2} 18790 20539 20280 20228 7P_{1/2} 9223 9731 9663 9641

aTaken from [82].

TABLE VI. Radial integrals of E1 transition amplitudes for Cs in different approximations. The experimental values are listed in the last column. (a.u.)

Transition RHF TDHF Σ̂^{(2)} Σ̂ Σ̂ Experiment with fitting with fitting 6S − 6P_{1/2} 6.464 6.093 5.499 5.497 5.509 5.5232(91)^a, 5.4979(80)^b, 5.5192(58)^c, 5.512(2)^d, 5.524(5)(1)^e 7S − 6P_{1/2} 5.405 5.450 5.198 5.190 5.204 5.185(27)^f 7S − 7P_{1/2} 13.483 13.376 12.602 12.601 12.612 12.625(18)^g

aRef. [92]. bRef. [93].

cRef. [94]. Deduced from the van der Waals coefficient C_6. dRef. [95]. Deduced from photoassociation spectroscopy.

eRef. [96]. Deduced from their measurement of the static dipole polarizability. f Ref. [97]. gRef. [98].

TABLE VII. Calculations of the hyperfine structure of Cs in different approximations. In the last column the experimental values are listed. Units: MHz.

State RHF TDHF Σ̂^{(2)} Σ̂ Σ̂ Experiment with fitting with fitting 6S 1425.0 1717.5 2306.9 2315.0 2300.3 2298.2^a 7S 391.6 471.1 544.4 545.3 543.8 545.90(9)^b 6P_{1/2} 160.9 200.3 291.5 293.6 290.5 291.89(8)^c 7P_{1/2} 57.6 71.2 94.3 94.8 94.1 94.35^a

aRef. [100]. bRef. [101]. cRef. [102].

TABLE VIII. Contributions to the 6S − 7S E_{P N C} amplitude for Cs in units 10^{−11}iea_B(−Q_W /N). (Σ̂ corresponds to the (unfitted) “dressed” self-energy operator.) TDHF 0.8898 Brueckner-type correlations

⟨ψ_{7s}|Σ̂_s(ϵ_{7s})|δX_{6s}⟩ 0.0773 ⟨δψ_{7s}|Σ̂_p(ϵ_{7s})|X_{6s}⟩ 0.1799 ⟨δY_{7s}|Σ̂_s(ϵ_{6s})|ψ_{6s}⟩ -0.0810 ⟨Y_{7s}|Σ̂_p(ϵ_{6s})|δψ_{6s}⟩ -0.1369 Nonlinear in Σ̂ correction -0.0214 Weak correlation potential 0.0038 Structural radiation 0.0029 Normalization -0.0066

Subtotal 0.9078

Breit -0.0055 Neutron distribution correction -0.0018 QED radiative corrections

Vacuum polarization (Uehling) 0.0036 Self-energy and vertex -0.0072

Total 0.8969

TABLE IX. Values for E_{P N C} in different approximations; units 10^{−11}iea_B(−Q_W /N). Σ̂(2) with fitting Σ̂ Σ̂ with fitting E_{P N C} 0.901 0.904 0.903

TABLE X. Calculations of the anapole moment κ_a for^{133}Cs. In the last column the value for the anapole moment constant κ_a is presented, using DDH best values of the meson-nucleon couplings (see Table XII).

Ref. κ_a × 10^2 κ_a(DDH) Single- [21]^a 8g_p 0.36 particle [21]^b 6g_p = (34f_π − 9h^0_ρ − 2h^1_ρ + 1h^2_ρ − 5h^0_ω − 5h^1_ω) × 10^2 0.27 [174,170,171]^c 4.9g_p + 0.65g_{pn} 0.26 [168,19]^d 5.5g_p 0.25 Many- [169]^e 23 × 10^2f_π 0.11 body [170,171]^f 4.4g_p + 0.45g_n + 0.45g_{pn} − 0.03g_{np} 0.23 [171]^g 2.9g_p + 0.18g_n + 0.36g_{pn} − 0.02g_{np} 0.15 [172]^h (26.98f_π − 7.01h^0_ρ − 1.72h^1_ρ + 0.16h^2_ρ − 4.48h^0_ω − 2.16h^1_ω) × 10^2 0.21

aFormulae (107) and (115).

bWoods-Saxon potential with spin-orbit interaction, formulae (108) and (115). cWoods-Saxon potential with spin-orbit interaction; the contact and spin-orbit currents are included. This calculation includes some contributions beyond the single-particle approximation. dHarmonic oscillator potential with spin-orbit interaction. Configuration mixing is taken into account semi-empirically.

eLarge-basis shell-model calculations; just the pion contribution was calculated. f Many-body effects taken into account in RPA.

gMany-body effects taken into account in RPA. More complete treatment than Ref. [170]. hLarge-basis shell-model calculations.

TABLE XI. Nuclear calculations of κ_2 and atomic calculations of κ_Q for^{133}Cs and^{203,205}Tl.

Ref.^{133}Cs^{203,205}Tl κ_2 κ_Q κ_2 κ_Q Eq. (3)^a -0.05 - -0.05 - [18]^b - 0.017 - 0.014 [168,19] -0.038^c 0.027 -0.027^c 0.022 [172]^d -0.063 - -0.064 - [176]^e - 0.017 - -

aSingle-particle, standard model value with sin^2 θ_W = 0.23. bEq. (11).

cNuclear configuration mixing was taken into account semi-empirically. dLarge-basis nuclear shell model calculations.

eAtomic many-body calculations in third-order perturbation theory. Core polarization is included in RPA.

TABLE XII. DDH “best values” (f_π , h) in units 10^{−7} and effective coupling constants (g) at DDH values for the meson-nucleon couplings.

f_π h^0_ρ h^1_ρ h^2_ρ h^0_ω h^1_ω g_{pn} g_{np} g_{pp} = g_{nn} g_p g_n 4.6 -11.4 -0.19 -9.5 -1.9 -1.1 6.5 -2.2 1.5 4.5 0.2

TABLE XIII. Calculations of the anapole moment κ_a for^{203,205}Tl. In the last column the value for the anapole moment constant κ_a is presented, using DDH best values of the meson-nucleon couplings (see Table XII).

Ref. κ_a × 10^2 κ_a(DDH) Single- [21]^a 11g_p 0.48 particle [21]^b 10g_p = (56f_π − 16h^0_ρ − 4h^1_ρ + 1h^2_ρ − 9h^0_ω − 9h^1_ω) × 10^2 0.43 [174,170,171]^c 7.8g_p + 0.85g_{pn} 0.41 [168,19]^d 6.0g_p 0.27 Many- [170,171]^e 7.1g_p + 0.35g_n + 0.64g_{pn} − 0.06g_{np} 0.36 body [199]^f 5.3g_p + 0.4g_n 0.24 [171]^g 4.3g_p + 0.1g_n + 0.64g_{pn} − 0.06g_{np} 0.24 [172]^h (13.98f_π − 2.92h^0_ρ − 0.26h^1_ρ + 0.23h^2_ρ − 2.14h^0_ω − 0.98h^1_ω) × 10^2 0.10

aFormulae (106) and (115).

bWoods-Saxon potential with spin-orbit interaction. Eq. (115) is used to express the effective coupling constant g_p in terms of parity violating weak meson-nucleon couplings. cWoods-Saxon potential with spin-orbit interaction; the contact and spin-orbit currents are included. This calculation includes some contributions beyond the single-particle approximation. dHarmonic oscillator potential with spin-orbit interaction. Configuration mixing was taken into account semi-empirically.

eMany-body effects taken into account in RPA.

f Large-basis shell-model calculations. Just the dominant spin-current contribution was considered. gMany-body effects taken into account in RPA. More complete treatment than Ref. [170]. hLarge-basis shell-model calculations.

TABLE XIV. Calculations of atomic EDMs induced by P, T -odd electron-nucleon interaction. Atom d_{atom}/C^{SP} d_{atom}/C^T d_{atom}/C^{P S} (10^{−18} e cm) (10^{−20} e cm) (10^{−23} e cm) Cs 0.70^a 0.92^b 2.2^c 0.71^b 0.72^d Tl −5.1^b 0.5^b 1.5^c −(7 ± 2)^d Xe −5.6 × 10^{−5 e} 0.52^f 1.2^e −4.4 × 10^{−5 g} 0.41^h 0.95^g 0.6^b Hg −5.9 × 10^{−4 e} 2.0^f 6.0^e 1.3^b

aRef. [249], semi-empirical calculation. bRef. [12,13], simple analytical calculations.

cUsing formula (135) and calculations for d_{atom}/C^T from [13].

dRef. [255], TDHF calculation with correlation corrections estimated from the size of the corrections for the corresponding electron EDM enhancement factors in [75]. eUsing formulae (131), (135) and the calculation d_{atom}/C^T from Ref. [256]. f Ref. [256], TDHF calculations.

gUsing formulae (131), (135) and the calculation d_{atom}/C^T from Ref. [257]. hRef. [257], TDHF calculation.

TABLE XV. Enhancement factors for atoms of interest. Atom Enhancement factor K

Semi-empirical Ab initio Paramagnetic Rb 24^a, 24.6^b, 16.1^c, 23.7^c, 22.0^c 24.6^c Cs 119^a, 131^d, 138^b, 138^e, 80.3^c, 106.0^c, 100.4^c 114.9^c, 114^f, 115^g Fr 1150^a 910(50)^h Tl −716^i, −500^e, −502^c, −607^c, −562^c −1041^c, −301^j, −179^f , −585^k Xe^3P_2 130^l, 120^e Diamagnetic Xe −0.0008^m, −0.0008^g Hg −0.014^m, 0.0116^g

aRef. [213]. bRef. [265]. cRef. [70]. dRef. [266]. eRef. [214]. f Ref. [75]. gRef. [263]. hRef. [267]. iRef. [268]. jRef. [269]. kRef. [261]. lRef. [225].

mRef. [18]. Extracted from the many-body calculation of d_{atom}(C^T ) [256]; see Section VIII D 2.

TABLE XVI. Calculations of P, T -violating moments in spherical nuclei induced by the P, T -odd nucleon-nucleon interaction.

Atom S(e fm^3) × 10^8 M(^e_{mp} fm) × 10^7 129Xe 1.75η_{np}^a 199Hg −1.4η_{np}^a 133Cs 3.0η_p^b 1.7η_p^b 1.6η_p, 2.6η_p, 1.8η_p^c −0.3η_{pp} − 0.2η_{pn} − 2.5η^′_{pp} + 1.7η^′_{pn}^d 203,205Tl −2η p b 1.2η_{pp} − 1.4η_{pn}^{ae} aCalculated using wave functions and Green’s functions found in the Woods-Saxon potential with spin-orbit interaction, Refs. [280,279].

bWoods-Saxon potential with spin-orbit interaction, Ref. [165].

cContributions of the valence nucleon carried out in different potentials: Eq. (174), harmonic oscillator, Woods-Saxon, respectively. Ref. [283]. dCore contribution, Ref. [284].

eThis value is comprised of a valence nucleon and core contribution. The valence proton gives a contribution of −0.04η_{pp} − 1.4η_{pn} while the core contribution is 1.23η_{pp}, in the units in the table. The difference between the valence contributions of the works [280,279] and [165] is due to a difference in the potentials used; remember that in^{203,205}Tl the Schiff moment is very sensitive to the potential, see Eq. (183).

TABLE XVII. Nuclear Schiff moments S_{intr} and S (in rotating and laboratory frames, respectively) calculated in the Woods-Saxon potential. Static octupole deformation is assumed.

223Ra^{225}Ra^{223}Rn^{221}Fr^{223}Fr S_{intr}(e fm^3)^a 24 24 15 21 20 S(η e fm^3) × 10^{8a} 400 300 1000 43 500

aNumbers are from Ref. [274]. See [274] for details.

TABLE XVIII. Ground state EDMs of diamagnetic atoms induced by nuclear Schiff moments. Units: 10^{−17} ( S/(e fm^3) ) e cm.

129Xe^{223}Rn^{199}Hg^{225}Ra 0.27^a, 0.38^b 2.0^c, 3.3^b −4.0^d, −2.8^b −7.0^c, −8.5^b

aRef. [257]. Relativistic Hartree-Fock calculation.

bRef. [285]. Average of two ab initio many-body calculations; core polarization and correlation corrections included.

cRef. [274]. Estimate found by scaling (with Z) calculations for lighter analogous atoms. Radon result scaled from xenon calculation [257]; radium result scaled from mercury calculation [280,279]. dRef. [280,279]. Estimated from the calculation of d_{atom}(C^T ) for mercury performed in Ref. [256].

TABLE XIX. Best limits on P, T -violating parameters at the nucleon level. Signs of the central points are omitted. Errors are experimental. Some relevant theoretical works are presented in the last column.

P, T -violating term Value System Exp. Theory HADRONIC

neutron EDM d_n (17 ± 8 ± 6) × 10^{−26} e cm^{199}Hg [10] [250,13] (1.9 ± 5.4) × 10^{−26} e cm n [240] (2.6 ± 4.0 ± 1.6) × 10^{−26} e cm n [241]

proton EDM d_p (1.7 ± 0.8 ± 0.6) × 10^{−24} e cm^{199}Hg [10] [250,13,285] (17 ± 28) × 10^{−24} e cm TlF [238] [215,247] G√ 2 1 2m ησ · ∇ρ η_{np} = (2.7 ± 1.3 ± 1.0) × 10^{−4 199}Hg [10] [280,279]

ḡ_{πN N} ḡ_{πN N} = (3.0 ± 1.4 ± 1.1) × 10^{−12 199}Hg [10] [288,13]

SEMI-LEPTONIC G√ 2 C^{SP} N̄Nēiγ_5e (0.40C^{SP}_p + 0.60C^{SP}_n ) = (18 ± 8 ± 7) × 10^{−8 199}Hg [10] [18,13] (0.40C^{SP}_p + 0.60C^{SP}_n ) = (6 ± 6) × 10^{−8 205}Tl [11] [255] G√ 2 C^{P S}N̄iγ_5Nēe C^{P S}_n = (1.8 ± 0.8 ± 0.7) × 10^{−6 199}Hg [10] [18,13] G√ 2 C^T N̄iγ_5γ_{μν} Nēσ_{μν} e C^T_n = (5.3 ± 2.5 ± 2.0) × 10^{−9 199}Hg [10] [256]

LEPTONIC

electron EDM d_e (6.9 ± 7.4) × 10^{−28} e cm^{205}Tl [11] [261] (9.1 ± 4.2 ± 3.4) × 10^{−27} e cm^{199}Hg [10] [18]

TABLE XX. Best limits on P, T -violating parameters at the quark level. Signs of the central points are omitted. Errors are experimental. Some relevant theoretical works are presented in the last column.

P, T -violating term Value System Exp. Theory HADRONIC G√ 2 k_sq̄_1iγ_5q_1q̄_2q_2 k_s = (3 ± 1 ± 1) × 10^{−7 199}Hg [10] [297,13] k_s = (2 ± 5) × 10^{−5} n [240] [297,298,13] k_s = (3 ± 4 ± 2) × 10^{−5} n [241] [297,298,13] G√ 2 k^c_sq̄_1iγ_5t^aq_1q̄_2t^aq_2 q_1 = q_2 k^c_s = (1 ± 1 ± 1) × 10^{−6 199}Hg [10] [297,13] k^c_s = (1 ± 2) × 10^{−4} n [240] [297,298,13] k^c_s = (1 ± 1 ± 1) × 10^{−4} n [241] [297,298,13]

q_1 ≠ q_2 k^c_s = (5 ± 2 ± 2) × 10^{−4 199}Hg [10] [297,13] k^c_s = (1 ± 2) × 10^{−4} n [240] [297,298,13] k^c_s = (1 ± 1 ± 1) × 10^{−4} n [241] [297,298,13] G√ 2 k_t 2 ϵ_{μναβ}ūiσ_{μν} ud̄σ_{αβ}d k_t = (1 ± 1 ± 1) × 10^{−5 199}Hg [10] [297,13] k_t = (1 ± 2) × 10^{−5} n [240] [297,298,13] k_t = (1 ± 1 ± 1) × 10^{−5} n [241] [297,298,13] G√ 2 k^c_t 2 ϵ_{μναβ}ūiσ_{μν} t^aud̄σ_{αβ}t^ad k^c_t = (5 ± 3 ± 2) × 10^{−5 199}Hg [10] [297,13] k^c_t = (1 ± 2) × 10^{−5} n [240] [297,298,13] k^c_t = (1 ± 1 ± 1) × 10^{−5} n [241] [297,298,13]

CEDMs d̃ and e(d̃_d − d̃_u) = (1.5 ± 0.7 ± 0.6) × 10^{−26}ecm^{199}Hg [10] [299] EDMs d of quarks e(d̃_d + 0.5d̃_u) + 1.3d_d − 0.3d_u = (3.5 ± 9.8) × 10^{−26}ecm n [240] [300] = (4.7 ± 7.3 ± 2.9) × 10^{−26}ecm n [241] [300]

QCD phase θ̄ θ̄ = (1.1 ± 0.5 ± 0.4) × 10^{−10 199}Hg [10] [288,13] θ̄ = (1.6 ± 4.5) × 10−10 n [240] [301] θ̄ = (2.2 ± 3.3 ± 1.3) × 10−10 n [241] [301]

SEMI-LEPTONIC G√ 2 k_{1q}q̄qēiγ_5e k_{1u} + k_{1d} = (3 ± 1 ± 1) × 10^{−8 199}Hg [10] [13] k_{1u} + k_{1d} = (1 ± 1) × 10^{−8 205}Tl [11] [13] G√ 2q̄iγ_5qēe k_{3q} = (2 ± 1 ± 1) × 10^{−8 199}Hg [10] [13] G√ 2q̄iγ_5σ_{μν} qēσ_{μν} e k_{2q} = (5 ± 3 ± 2) × 10^{−9 199}Hg [10] [13]

96

FIGURES

FIG. 1. Hartree-Fock (a) direct and exchange (b) diagrams for energies. The solid and dashed lines are the electron and Coulomb lines, respectively.

FIG. 2. Second-order correlation diagrams for the valence electron (Σ̂ operator). Dashed line is the Coulomb interaction between core and valence electrons. Loop is the polarization of the atomic core which corresponds to the virtual creation of the excited electron and a hole in the core shells. Here α is the state of the external electron; n, m are core states; and β, γ are states outside the core.

FIG. 3. Lowest order screening corrections to the diagram in Fig. 2(a).

FIG. 4. Correlation corrections to energy in the Feynman diagram technique.

FIG. 5. Polarization operator.

FIG. 6. Screening diagram chain for effective polarization operator.

FIG. 7. Rotation of the integration contour over ω. The points indicate the positions of Green function poles; the crosses denote the positions of the poles of the polarization operator.

FIG. 8. Insertion of the hole-particle interaction into the second order correlation correction.

FIG. 9. Hole-particle interaction in the polarization operator.

FIG. 10. Renormalization of the Coulomb line due to the hole-particle interaction and screening.

FIG. 11. The electron self-energy operator with screening and hole-particle interaction included.

FIG. 12. Chaining of the self-energy operator.

FIG. 13. Third-order diagrams of the interaction of a hole and particle from the loop with an external electron.

FIG. 14. Correlation corrections to occupied orbitals of closed shells.

FIG. 15. External field (denoted by a cross) in the external electron lines.

FIG. 16. Structural radiation in diagram 2(a) of the self-energy operator.

FIG. 17. Lowest order many-body perturbation corrections to the exchange potential; the cross denotes the external field.

FIG. 18. Brueckner-type correlation corrections to the PNC E1 transition amplitude in first order in the weak interaction; the crosses denote the weak interaction and the dashed lines denote the electromagnetic interaction.

FIG. 19. External field inside the correlation potential. In diagrams (a) the weak interaction is inside the correlation potential (δΣ denotes the change in Σ due to the weak interaction); this is known as the weak correlation potential. Diagrams (b,c) represent the structural radiation (photon field inside the correlation potential). In diagram (b) the weak interaction occurs in the external lines; in diagram (c) the weak interaction is included in the electromagnetic vertex.

FIG. 20. Diagram showing the anapole moment, a, the toroidal current that produces it, j, and the magnetic field that the current creates, H.

FIG. 21. Diagram showing the spin helix that occurs due to the parity violating nucleon-nucleus interaction. The degree of spin rotation is proportional to the distance from the origin and the strength of the weak interaction.

102

FIG. 22. Flow diagram of CP-violation mechanisms at different levels that induce neutron, atomic, and molecular EDMs.

FIG. 23. Constant electric field E inside the nucleus produced by the P, T -odd interaction (Schiff moment field). E is directed along the nuclear spin I.