
 Open access  Journal Article  DOI:10.1103/PHYSREVLETT.113.081601

Limiting P-odd interactions of cosmic fields with electrons, protons, and neutrons.
— Source link 

Benjamin Roberts, Yevgeny V. Stadnik, V. A. Dzuba, Victor V. Flambaum ...+2 more authors

Institutions: University of New South Wales, University of Mainz, University of California, Berkeley

Published on: 19 Aug 2014 - Physical Review Letters (American Physical Society)

Topics: Proton, Dark matter, Pseudoscalar, Electron and Pseudovector

Related papers:

 
Parity-violating interactions of cosmic fields with atoms, molecules, and nuclei: Concepts and calculations for
laboratory searches and extracting limits

 New Observables for Direct Detection of Axion Dark Matter

 
Axion-induced effects in atoms, molecules, and nuclei: Parity nonconservation, anapole moments, electric dipole
moments, and spin-gravity and spin-axion momentum couplings

 CP Conservation in the Presence of Pseudoparticles

 Axion dark matter detection with cold molecules

Share this paper:    

View more about this paper here: https://typeset.io/papers/limiting-p-odd-interactions-of-cosmic-fields-with-electrons-
2pv073wseg

https://typeset.io/
https://www.doi.org/10.1103/PHYSREVLETT.113.081601
https://typeset.io/papers/limiting-p-odd-interactions-of-cosmic-fields-with-electrons-2pv073wseg
https://typeset.io/authors/benjamin-roberts-1cv7lf2fp8
https://typeset.io/authors/yevgeny-v-stadnik-3g4rdo67gb
https://typeset.io/authors/v-a-dzuba-3rnru4h46m
https://typeset.io/authors/victor-v-flambaum-x4i5valj1k
https://typeset.io/institutions/university-of-new-south-wales-2xt68jp7
https://typeset.io/institutions/university-of-mainz-26n51ku2
https://typeset.io/institutions/university-of-california-berkeley-24veh4gb
https://typeset.io/journals/physical-review-letters-3av85aju
https://typeset.io/topics/proton-1gypb2nk
https://typeset.io/topics/dark-matter-323gx9n1
https://typeset.io/topics/pseudoscalar-8jcevyje
https://typeset.io/topics/electron-3i3olbqv
https://typeset.io/topics/pseudovector-19wt20t2
https://typeset.io/papers/parity-violating-interactions-of-cosmic-fields-with-atoms-3a4tmll3nj
https://typeset.io/papers/new-observables-for-direct-detection-of-axion-dark-matter-ny4mz9tpvk
https://typeset.io/papers/axion-induced-effects-in-atoms-molecules-and-nuclei-parity-ov2kk84v86
https://typeset.io/papers/cp-conservation-in-the-presence-of-pseudoparticles-1pkuek8umy
https://typeset.io/papers/axion-dark-matter-detection-with-cold-molecules-45w8ddclmx
https://www.facebook.com/sharer/sharer.php?u=https://typeset.io/papers/limiting-p-odd-interactions-of-cosmic-fields-with-electrons-2pv073wseg
https://twitter.com/intent/tweet?text=Limiting%20P-odd%20interactions%20of%20cosmic%20fields%20with%20electrons,%20protons,%20and%20neutrons.&url=https://typeset.io/papers/limiting-p-odd-interactions-of-cosmic-fields-with-electrons-2pv073wseg
https://www.linkedin.com/sharing/share-offsite/?url=https://typeset.io/papers/limiting-p-odd-interactions-of-cosmic-fields-with-electrons-2pv073wseg
mailto:?subject=I%20wanted%20you%20to%20see%20this%20site&body=Check%20out%20this%20site%20https://typeset.io/papers/limiting-p-odd-interactions-of-cosmic-fields-with-electrons-2pv073wseg
https://typeset.io/papers/limiting-p-odd-interactions-of-cosmic-fields-with-electrons-2pv073wseg


Limiting P-Odd Interactions of Cosmic Fields with Electrons, Protons, and Neutrons

B.M. Roberts,
1,*

Y. V. Stadnik,
1,†

V. A. Dzuba,
1
V. V. Flambaum,

1,2
N. Leefer,

3
and D. Budker

3,4,5

1
School of Physics, University of New South Wales, Sydney 2052, Australia

2
New Zealand Institute for Advanced Study, Massey University, Auckland 0745, New Zealand

3
Helmholtz Institute Mainz, Johannes Gutenberg University, 55099 Mainz, Germany

4
Department of Physics, University of California at Berkeley, Berkeley, California 94720-7300, USA

5
Nuclear Science Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA

(Received 10 April 2014; published 19 August 2014)

We propose methods for extracting limits on the strength of P-odd interactions of pseudoscalar and

pseudovector cosmic fields with electrons, protons, and neutrons, by exploiting the static and dynamic

parity-nonconserving amplitudes and electric dipole moments they induce in atoms. Candidates for such

fields are dark matter (including axions) and dark energy, as well as several more exotic sources described

by Lorentz-violating standard model extensions. Atomic calculations are performed for H, Li, Na, K, Rb,

Cs, Baþ, Tl, Dy, Fr, and Raþ. From these calculations and existing measurements in Dy, Cs, and Tl, we

constrain the interaction strengths of the parity-violating static pseudovector cosmic field to be

7 × 10−15 GeV with an electron, and 3 × 10−8 GeV with a proton.

DOI: 10.1103/PhysRevLett.113.081601 PACS numbers: 11.30.Er, 14.80.Va, 31.15.A-, 95.35.+d

Introduction.—Among the most important unanswered

questions in fundamental physics are the strong CP
problem, the puzzling observation that quantum chromo-

dynamics (QCD) does not appear to violate the combined

charge-parity (CP) symmetry, see, e.g., [1–3], and dark

matter and dark energy, see, e.g., [4,5]. One elegant

solution to the strong CP problem invokes the introduction

of a pseudoscalar particle known as the axion [2] (see also

[6–8]). It has been noted that the axion may also be a

promising cold dark matter (CDM) candidate. Thus axions,

if detected, could resolve both the CDM and strong CP
problems [9].

The possibility of cosmic pseudovector fields has been

proposed in, e.g., Lorentz-invariance-violating standard

model extensions [10]. Limits on the spatial components

of this pseudovector cosmic field have been extracted for

the interaction with electrons, protons, and neutrons, see,

e.g., Ref. [11] and references therein.

In this Letter, we extract direct limits on the coupling of

the temporal component of a static pseudovector cosmic

field with electrons and protons, demonstrating that parity-

violating effects can indeed be used to obtain such limits.

We also outline a method for how limits can be placed on

the interaction strengths of dynamic cosmic fields with

fermions using oscillating atomic parity-violation effects.

The existence of a cosmic field that interacts with

electrons or nucleons in a parity-violating manner would

induce a mixing of opposite-parity states and lead to

observable effects, including parity nonconservation (PNC)

amplitudes and atomic electric dipole moments (EDMs), the

measurement of which would probe the properties of the

fields that gave rise to them [12–16]. PNC amplitudes are

electric dipole (E1) transitions between states of the same

nominal parity. Conventionally, the main contribution to

these come from a Z0-boson exchange between the nucleus

and atomic electrons, see, e.g., [17,18]. Studies of atomic

PNC and EDMs are relatively inexpensive low-energy tests

of the standard model that are complementary to direct tests

performed at high energy. Measurements and calculations

of the Cs 6s-7s PNC amplitude stand as the most precise

atomic test of the electroweak theory to date, see, e.g.,

[19–23].
We perform calculations of cosmic-field-induced PNC

amplitudes and atomic EDMs for several atoms and ions. In
conjunction with experimental data, these calculations are
necessary for determining or placing limits on important
pseudoscalar and pseudovector cosmic-field parameters.
We combine these calculations with the results of existing
PNC experiments in Cs, Tl, and Dy to extract limits on the
interaction strength of a static pseudovector field with
electrons and protons. The same method can be directly
applied to extract a limit for neutrons when appropriate
experimental data become available.

Theory.—The Lagrangian densities for the interaction

between fermions and a pseudoscalar (PS) field via a

derivative-type and a direct pseudoscalar coupling read

LPS
γ5

¼ ηℏð∂μϕÞψ̄γμγ5ψ ð1Þ

and

LPS
iγ0γ5

¼ −iζmfc
2ϕψ̄γ5ψ ; ð2Þ

respectively, where ψ is the fermion wave function with

ψ̄ ≡ ψ†γ0, η and ζ are dimensionless coupling constants

(into which we have absorbed the amplitude of the field), γ0

and γ5 are Dirac matrices, and mf is the mass of the

fermion.
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In the above equations, ϕ ¼ ϕðr; tÞ is the dynamic PS

field in question. Below we show that interactions (1) and

(2) involving a static field do not lead to atomic parity-

violating effects. With the assumption that the motion

of the observer with respect to the field is slow compared

to the speed of light, we can express this field as

ϕðr; tÞ ¼ cosðωϕtÞ, for a particular choice of phase [16],

where ℏωϕ is the energy of the field excitation. The time-

derivative part of the PS γ5 interaction (1), and the PS iγ0γ5

interaction (2), lead to the interaction Hamiltonians

ĥPS
γ5

¼ ηℏωϕ sinðωϕtÞγ5; ð3Þ

ĥPS
iγ0γ5

¼ iζmfc
2 cosðωϕtÞγ0γ5: ð4Þ

The Lagrangian density for the interaction of fermions

with a pseudovector (PV) cosmic field is

LPV
γ5

¼ bμψ̄γ
μγ5ψ ; ð5Þ

where we have absorbed the strength of the interaction into

the components of the field, bμ ¼ ðb0;−bÞ. The time

component of this coupling leads to the interaction

Hamiltonian

ĥPV
γ5

¼ b0ðtÞγ5; ð6Þ
which could be either static [b0ðtÞ ¼ b0] or dynamic

[b0ðtÞ ¼ b0 sinðωbtÞ].
Interaction with electrons.—The interactions (3) and (4)

with electrons induce small, oscillating contributions to

PNC amplitudes and atomic EDMs. The effects of (6)

mimic those of (3) in the dynamic case, and mimic the

conventional nuclear-spin-independent weak-charge (QW)-

induced PNC signal in the static case.

The matrix elements of the γ5 and iγ0γ5 operators are not
entirely independent; they are related via

hbj
X

ı

iγ0
ı
γ5

ı
jai ¼ ði=2mec

2ÞðEb − EaÞhbj
X

ı

γ5
ı
jai; ð7Þ

where the states a and b are eigenstates of the atomic

Hamiltonian, Ĥ, with eigenvalues Ea and Eb, respectively,

and the index ı stands for summation over electrons.

Equation (7) follows directly from the identity iγ0
ı
γ5

ı
¼

ði=2mec
2Þ½Ĥ; γ5

ı
�, which holds for the atomic Dirac

Hamiltonian including electromagnetic interactions.

We now show that a static PS interaction cannot give rise

to observable P-odd effects in atoms in the lowest order

(though, note that a static pseudovector field can). To

see this for a derivative-type coupling, note that the

time-derivative term in (1) vanishes for static ϕ, and that

the spatial-derivative term in (1) is proportional to ð∇ϕÞ ·
σe (in the nonrelativistic limit), and does not contribute to

the mixing of opposite-parity atomic states. To see this for

the pseudoscalar coupling (2), we write the perturbed

wave function for atomic state a to first order as

j ~ai ¼ jai − ðiζ=2ÞΣ
ı
γ5

ı
jai, where we have used the relation

(7). Hence, the first-order correction induced by the static

PS interaction (2) to the amplitude of an electromagnetic

interaction, which has the form jμA
μ ¼ ψ†

bðA0 þ α · AÞψa,

where Aμ ¼ ðA0;AÞ is the photon field and α is a Dirac

matrix, is reduced to hbj½α; γ5� · Ajai ¼ 0. There are thus

no corrections to electromagnetic amplitudes, including

PNC amplitudes and atomic EDMs.
To analyze the dynamic effects, we apply first-order

time-dependent perturbation theory—see Ref. [16] for
further details. We now make the assumption that the
energy of the field particle is much smaller than the energy
separation between all opposite-parity states of interest, i.e.,
ℏωϕ=b ≪ jEa;b − Enj for all n. For a relatively light field
particle, there is no loss of generality in making this
assumption, except in the case where the atomic system
of interest possesses close levels of opposite parity. This
case will be investigated for Dy.

With this, we can present four comparatively simple

formulas for the dynamic PNC amplitudes and atomic

EDMs induced by the PS interactions (3) and (4),

EPS
PNCðγ5Þ ¼ ηℏωϕ sinðωϕtÞKPNC; ð8Þ

EPS
PNCðiγ0γ5Þ ¼

ζℏωϕ

2
sinðωϕtÞKPNC; ð9Þ

dPSEDMðγ5Þ ¼ −2iηℏ2ω2
ϕ cosðωϕtÞKEDM; ð10Þ

dPSEDMðiγ0γ5Þ ¼ −iζℏ2ω2
ϕ cosðωϕtÞKEDM: ð11Þ

For the PV interaction (6), the induced PNC amplitude,

EPV
PNC ¼ b0ðtÞKPNC; ð12Þ

can be either static, with b0ðtÞ ¼ b0, or dynamic, with

b0ðtÞ ¼ b0 sinðωbtÞ. In the dynamic case, the PV inter-

action (6) also gives rise to an oscillating atomic EDM,

dPVEDM ¼ −2ib0ℏωb cosðωbtÞKEDM: ð13Þ

In the above equations, we have defined what will be

henceforth denoted atomic structure coefficients,

KPNC¼
X

n;ı;ȷ

�hbjd
ı
jnihnjγ5ȷ jai
Ea−En

þhbjγ5ȷ jnihnjdı
jai

Eb−En

�

; ð14Þ

KEDM ¼
X

n;ı;ȷ

½ðhajd
ı
jnihnjγ5ȷ jaiÞ=ðEa − EnÞ2�; ð15Þ

where d
ı
¼ −er

ı
is the E1 operator, and the indices ı and ȷ

stand for the summation over atomic electrons.

Formulas (8)–(13) provide the link between the atomic-

structure calculations and the fundamental physics neces-

sary to extract quantitative information about the fields in

question. In deriving these equations we made use of

Eq. (7). Notice that the atomic-structure coefficients are the

same for the γ5 and iγ0γ5 cases.
The KPNC coefficients vanish in the nonrelativistic limit

[16]. In the calculations, this leads to significant
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cancellation between terms in the sum (14). If the calcu-
lations were exact, this would eliminate the nonrelativistic
part of the amplitude and leave only the relativistic
corrections, constituting the correct result. In practice,
however, the cancellation leads to significant instabilities
in the calculations. To bypass this problem, we express the
γ5 operator via the exact relation

γ5
ı
¼ ði=cÞ½Ĥ; Σ̂

ı
· r

ı
� þ 2γ5

ı
K̂

ı
; ð16Þ

where Σ̂ is the Dirac spin matrix, K̂ ¼ −1 − σ · L
[K̂Ωκ ¼ κΩκ for the spherical spinor Ωκ with
κ ¼ ðl − jÞð2jþ 1Þ], where Ĥ is the atomic Dirac-
Coulomb Hamiltonian, L and l are the operator and value
of the orbital angular momentum, and j is the total angular
momentum of the single-electron atomic states. The com-
mutator in (16) cancels exactly in the amplitude, and does
not contribute. We thus calculate the KPNC coefficients free
of large cancellation by using only the last term in (16).

Interaction with nucleons.—The main contribution to the
nuclear-spin-dependent PNC amplitude comes from the
interaction of electrons with the anapole moment (AM), a
P-odd, T-even nuclear moment that arises due to parity-
violating nuclear forces [24]. The interaction between a PS
or PV cosmic field and an unpaired proton or neutron will
give rise to a contribution to the AM. This was considered
for a PS field in Ref. [16].
In the case of the static PV interaction (6), the dimen-

sionless constant quantifying the magnitude of the anapole
moment can be expressed as ~ϰa ¼ ϰa þ ϰb, where ϰa is due
to parity-violating nuclear forces, and ϰb is due to the PV
field and is related to the field parameter bN

0
(the superscript

denotes either a proton or neutron),

ϰb ¼ ½ð2
ffiffiffi

2
p

ℏπαμhr2iÞ=GFmpc�bN0 ; ð17Þ
where mp and μ are the mass and magnetic moment (in
nuclear magnetons) of the unpaired nucleon, respectively,
GF is the Fermi constant, and we take the mean-square
radius hr2i ¼ 3

5
r2
0
A2=3, with r0 ¼ 1.2 fm, and A the atomic

mass number [16,24]. No new atomic calculations are
required—a limit on bN

0
can be extracted directly from

existing measurements and calculations of ϰa. Note
that interactions with the dynamic PS (3) and PV (6)
fields would induce oscillating nuclear anapole and Schiff
moments, which would contribute to nuclear-spin-depen-
dent PNC amplitudes and atomic EDMs, respectively [16].

Results and discussion.—Apart from Dy, we treat all the

considered atoms as single-valence systems. We then use

the correlation potential method to include core-valence

correlations [21]. Core polarization and interactions with

external fields are taken into account with the time-

dependent Hartree-Fock method [21]. We estimate the

uncertainty in these quantities from the effect that including

correlations has on the values.

By expressing the second term on the right-hand side

of (16) as 2γ5K̂ ¼ −2γ0γ5ðγ0K̂Þ, and noting that
single-particle states are eigenstates of γ0K̂ (with eigen-
value κ), we can use Eq. (7) to invoke the closure relation,
and the amplitude for single-particle states reduces to

KPNC ¼ ð1=mec
2Þðκb þ κaÞhbjγ5djai; ð18Þ

which requires no summation over intermediate states, does
not contain significant cancellation, and can be calculated
with relatively high accuracy.
For the KEDM coefficients, the first term on the right-

hand side of (16) dominates the amplitude—it scales as 1=c
whereas the second term scales as 1=c3. Inserting γ5 ≈

i=c½Ĥ; Σ̂ · r� into (15), we see that the KEDM coefficients
scale proportionally with the static dipole polarizability,
with corrections of the order ð1=cÞ3. We use this fact as a
test of our calculations, and find excellent agreement using
published polarizability values, see, e.g., [25]. Results of
our calculations for the atomic structure coefficients KPNC

and KEDM are presented in Table I.
The feature of Dy that makes it a particularly interesting

system for the study of atomic PNC is the presence of two
nearly degenerate opposite-parity states with the same total
angular momentum, J ¼ 10, at E ¼ 19797.96 cm−1. We
use the notation A for the even-parity state and notation B
for the odd-parity state, following Ref. [28]. The method
we use for the calculations here closely follows previous
calculations of PNC effects in Dy [29]. This particular
configuration interaction (CI) method is described in
greater detail in Ref. [30].
For Dy, it is the quantity hBjγ5jAi that is of direct

interest, since here the transition between A and B is
measured directly [28]. Because of the near degeneracy of
the levels in Dy, the first term on the right-hand side of (16)
does not contribute, and we perform calculations using
2γ5K̂ instead. To determine the uncertainty in this matrix
element, we examine the effect of removing configuration
states from the CI basis. Note that in the conventional
PNC case, the relevant matrix element is highly dependent
on the configurations used [29]. We find, however, that
this makes little difference here, meaning the hBjγ5jAi
matrix element is quite stable. We calculate this to
be 0.7ð2Þ × 10−8b0 a:u: ¼ 50ð20Þb0 MHz.

TABLE I. Calculated PNC and EDM atomic structure

coefficients for several atomic systems (a.u.).

Transition KPNCði10−6Þ State KEDM

H 1s-2s 0.1447 1s 0.0164a

Li 2s-3s 0.219(3) 2s 0.60(1)

Na 3s-4s 0.224(4) 3s 0.61(1)

K 4s-5s 0.242(4) 4s 1.09(5)

4s-3d3=2 −0.307ð6Þ
Rb 5s-6s 0.247(5) 5s 1.22(8)

5s-4d3=2 −0.30ð1Þ
Cs 6s-7s 0.256(5) 6s 1.6(2)

6s-5d3=2 −0.22ð3Þ
Baþ 6s-5d3=2 −0.02ð1Þ
Tl 6p1=2-6p3=2 0.22(5) 6p1=2 0.19(3)a

Fr 7s-8s 0.253(6) 7s 1.3(2)

7s-6d3=2 −0.25ð3Þ
Raþ 7s-6d3=2 −0.08ð3Þ
a
From polarizability values of H [26] and Tl [27].
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For the static case, the PV interaction manifests itself as a
contribution to the PNC amplitude of a transition between
two states of the same nominal parity. Therefore, by
combining the results of the conventional (QW-induced)
PNC experiments and calculations in Cs [20,23], Tl
[31,32], and Dy [28,29], with the calculations of the
cosmic-field-induced amplitudes from the present Letter,
it is possible to extract limits on the value of the PV cosmic-
field coupling constant be

0
for electrons.

Combining the measured values for the AM of ϰaðCsÞ ¼
0.364ð62Þ [20,33] and ϰaðTlÞ ¼ −0.22ð30Þ [31,34], with
the values ϰaðCsÞ ¼ 0.19ð6Þ and ϰaðTlÞ ¼ 0.17ð10Þ from
nuclear theory [35] (see also [18]) with Eq. (17), we have
extracted limits on the parameter b

p
0

that quantifies the
interaction strength of a PV cosmic field with protons (since
the anapole moment in both Cs and Tl is due to an unpaired
proton). Note that ongoing AM measurements with Fr, Yb,
and BaF will also lead to limits on the coupling to protons
and neutrons [36–38]. We present both the electron and
proton PV cosmic-field coupling limits in Table II.

For static effects, only measurements of static PNC

amplitudes from conventional PNC experiments are needed

to place limits on the cosmic-field parameters. For dynamic

effects, however, a different style of experiment, in which

one would measure small oscillations in the PNC amplitude

or atomic EDM, is needed. The frequency and amplitude of

these oscillations would enable one to extract values for the

relevant field parameters [13,14,16]. For example, a deter-

mination of the frequency would provide the mass of the

particle, and the amplitude of the oscillations would lead to

a determination of the constants η, ζ, or b0.
The high sensitivity of atomic EDM experiments makes

them promising for the study of the oscillating

effects considered here. Further enhancement in the sensi-

tivity of the EDM measurements can be obtained by

tuning the experiment to a specific frequency, see, e.g.,

Refs. [13,14,16], where oscillating-EDM experiments have

been recently considered. For example, axions with masses

of 10−5 eV=c2 or 10−9 eV=c2, corresponding to the

“classical” and “anthropic” regions (see, e.g., [9]), would

lead to oscillations with frequencies of the order of GHz

and MHz, respectively. For the case of axions, the

coherence time may be estimated from Δωa=ωa∼

ð1
2
mav

2=mac
2Þ ∼ ðv2=c2Þ, where a virial velocity of

v ∼ 10−3c would be typical in our local Galactic neighbor-

hood, and ωa ≈mac
2=ℏ [13].

The most stringent limits on the P-odd interaction of the
temporal component of a static PV field with electrons,

jbe
0
j<7×10−15GeV, and protons, jbp

0
j < 3 × 10−8 GeV,

come from Dy and Cs, respectively. These limits on the
temporal components, b0, which are derived from P-odd
effects, are complementary to existing limits on the spatial
components, b, derived from P-even effects due to the
interaction of static cosmic fields with electrons, protons,

and neutrons, of 1.3 × 10−31 GeV [39], 6 × 10−32 GeV

[40], and 8.4 × 10−34 GeV [41], respectively. For further
details and a brief history on recent developments and
improvements in these limits, we refer the reader to
Refs. [11,42]. Note that analogous oscillating P-even
interactions can also be sought [13,16].

The prospect that atomic systems could be used as a probe

for CDM has been considered in the literature, see, e.g.,

[13,16,43–47]. In addition to inducing PNC effects and

EDMs, pseudoscalar fields can also give rise to other

phenomena, e.g., the axioelectric effect [48–51], and spin-

gravity and spin-axion-momentum couplings [13,16,52,53].

Searches for cosmic-field-induced EDMs can also be per-

formed, e.g., in solid-state, nuclear, and molecular systems.

Static electron EDM and nuclear Schiff moment experiments

in ferroelectrics are discussed in Refs. [54,55], for instance,

and solid-state systems have already been proposed for use

in the detection of axionic dark matter (see, e.g., [14,56]).

We have demonstrated that atomic experiments inves-

tigating the P-odd effects discussed here are a viable option
for searching for evidence of pseudoscalar and pseudo-

vector cosmic fields, and for placing constraints on their

interaction strengths with electrons, protons, and neutrons.

Finally, we mention that transient EDMs may also be

induced by cosmic fields in the form of topological

defects [57].

The authors would like to thank Michael Hohensee, Iosif

B. Khriplovich, Derek Jackson Kimball, V. Alan

Kostelecký, Mikhail Kozlov, Maxim Pospelov, Arkady

Vainshtein, and Vladimir G. Zelevinsky for valuable

discussions. This research was supported in part by the

Australian Research Council, by NSF Grant No. PHY-

1068875, and by the Perimeter Institute for Theoretical

Physics. Research at the Perimeter Institute is supported by

the Government of Canada through Industry Canada and by

the Province of Ontario through the Ministry of Economic

Development & Innovation. N. Leefer was supported by a

Marie Curie International Incoming Fellowship within the

7th European Community Framework Programme.

*
b.roberts@unsw.edu.au

†
y.stadnik@unsw.edu.au

[1] S. Weinberg, Phys. Rev. Lett. 37, 657 (1976); S. Weinberg,

Phys. Rev. Lett. 40, 223 (1978).

[2] R. D. Peccei and H. R. Quinn, Phys. Rev. Lett. 38, 1440
(1977); R. D. Peccei and H. R. Quinn, Phys. Rev. D 16,
1791 (1977).

[3] F. Wilczek, Phys. Rev. Lett. 40, 279 (1978); J. E. Moody

and F. Wilczek, Phys. Rev. D 30, 130 (1984).

TABLE II. Limits (1σ) on the interaction strengths of a PV

cosmic field with electrons (be
0
) and protons (b

p
0
) in GeV.

PNC quantity jbe
0
j jbp

0
j

Cs EPNCð6s-7sÞ 2 × 10−14 3 × 10−8

Tl EPNCð6p1=2-6p3=2Þ 2 × 10−12 8 × 10−8
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