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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, Ba™, Tl, Dy, Fr, and Ra™. From these calculations and existing measurements in Dy, Cs, and TI, we
constrain the interaction strengths of the parity-violating static pseudovector cosmic field to be
7 x 1071 GeV with an electron, and 3 x 10~8 GeV with a proton.
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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
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nominal parity. Conventionally, the main contribution to
these come from a Z°-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 65-7s 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, T, 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

L3 =nh(0,0)r'v’w (1)
and
L s = —ilmpiry, (2)

respectively, where  is the fermion wave function with
W=y’ 5 and ¢ are dimensionless coupling constants
(into which we have absorbed the amplitude of the field), y°
and y5 are Dirac matrices, and ms is the mass of the
fermion.
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In the above equations, ¢ = ¢(r, ) 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

o(r 1) = cos(w¢ ), for a particular choice of phase [16],
where 7w, is the energy of the field excitation. The tlme—
derivative part of the PS y° interaction (1), and the PS iy%
interaction (2), lead to the interaction Hamiltonians

]':l}F/’SS = nhw, sin(wyt)r°, (3)

7PS
hios

ibys = imyc? cos(wy1)y"y’. (4)

The Lagrangian density for the interaction of fermions
with a pseudovector (PV) cosmic field is

L3 =br'rw. (3)

where we have absorbed the strength of the interaction into
the components of the field, b, = (by,—b). The time
component of this coupling leads to the interaction
Hamiltonian

WY = bo(07, (6)
which could be either static [by(7) = by] or dynamic
[bo(t) = bo Sil’l(d)bt)].

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 (Qy)-
induced PNC signal in the static case.

The matrix elements of the > and iy’y° operators are not
entirely independent; they are related via

bIZy, la), (7)

blZm rila

where the states a and b are eigenstates of the atomic
Hamiltonian, A, with eigenvalues E, and E,, respectively,
and the index : stands for summation over electrons
Equatlon (7 follows directly from the identity iy%y) =
(i/2m,c*)[H,y?]), 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 ¢, and that
the spatial-derivative term in (1) is proportional to (V¢) -
6, (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
|a) = |a) — (i{/2)Z,y}|a), where we have used the relation
(7). Hence, the first-order correction induced by the static

/ch Eb_

PS interaction (2) to the amplitude of an electromagnetic
interaction, which has the form j,A* = l//z (A + - A)y,,
where A* = (A% A) is the photon field and « is a Dirac
matrix, is reduced to (b|[at, 7] - A|a) = 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.,
hw,, < |E, ), — E,| 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),

ERe(r’) = nhw, sin(wyt)Kpxe. (8)

. Chay
ERe(ir'r’) == sin(wy0)Kene. - (9)
dipm(r’) = —2i77h20)$> cos(@y 1) Kepm. (10)

dipm(ir°7°) = =il wj cos(wyt)Kepy.  (11)
For the PV interaction (6), the induced PNC amplitude,

EpNc = bo(1)Kpne: (12)

can be either static, with by(t) = by, or dynamic, with
by(1) = bysin(wyt). In the dynamic case, the PV inter-
action (6) also gives rise to an oscillating atomic EDM,

dEgM = —2ib0fla)b COS(a)bt)KEDM. (13)

In the above equations, we have defined what will be
henceforth denoted atomic structure coefficients,

(bly] |n) (nld,|a)

(bld,|n){nly;}|a)
Kpne = : 14
PNe ;[ Ea_En * Eb_En ’ ( )
Kepm = ) _[((ald,|n)(nlr)|a)/(E, = E,)?, (15)
n.j
where d, = —er, is the E1 operator, and the indices  and

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 y> and iy%y° cases.

The Kpyc 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
y> operator via the exact relation

yd = (i/o)[H.E 1] +2rK,, (16)

where £ is the Dirac spin matrix, K =—-1—-06-L
[KQ, =kQ, for the spherical ~ spinor Q.  with
k= (l—j)(2j+1)], where H is the atomic Dirac-
Coulomb Hamiltonian, L and [ 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 Kpyc 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 x, = x, + x,,, where x,, is due
to parity-violating nuclear forces, and x,, is due to the PV
field and is related to the field parameter b} (the superscript
denotes either a proton or neutron),

%y = [(2V2hrau(P) [ Gpmyelby. (1)

where m,, and y are the mass and magnetic moment (in
nuclear magnetons) of the unpaired nucleon, respectively,
Gr is the Fermi constant, and we take the mean-square
radius (r?) = 2r3A%3, with ry = 1.2 fm, and A the atomic
mass number [16,24]. No new atomic calculations are
required—a limit on b)) can be extracted directly from
existing measurements and calculations of x,. 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 2y°K =-2y"°(y°K), and noting that
single-particle states are eigenstates of y°K (with eigen-
value «), we can use Eq. (7) to invoke the closure relation,
and the amplitude for single-particle states reduces to

Kenc = (1/moc?)(x, + &,)(bly°d|a). (18)

which requires no summation over intermediate states, does
not contain significant cancellation, and can be calculated
with relatively high accuracy.

For the Kgpy coefficients, the first term on the right-
hand side of (16) dominates the amplitude—it scales as 1/¢
whereas the second term scales as 1 /c3. Inserting y° ~
i/c[H,Z-r] into (15), we see that the Kppy coefficients
scale proportionally with the static dipole polarizability,
with corrections of the order (1/c)3. 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 Kpyc
and Kgpy 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 = 10, at £ = 19797.96 cm~ !, 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 (B|y’|A) 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
2y°K 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 (B|y’|A)
matrix element is quite stable. We calculate this to
be 0.7(2) x 1078by a.u. = 50(20)b, MHz.

TABLE 1. Calculated PNC and EDM atomic structure
coefficients for several atomic systems (a.u.).
Transition Kpne (i1079) State Kepum
H 1s5-2s 0.1447 1s 0.0164¢
Li 25-3s 0.219(3) 2s 0.60(1)
Na 35-4s 0.224(4) 3s 0.61(1)
K 4s5-5s 0.242(4) 4s 1.09(5)
4s-3d3)5 —-0.307(6)
Rb 55-6s 0.247(5) S5s 1.22(8)
5s-4ds3y —-0.30(1)
Cs 6s5-7s 0.256(5) 6s 1.6(2)
65-5d3, —-0.22(3)
Ba* 65-5d3/2 —002(1)
Tl 6p1/2-6p3/2 0.22(5) 6pi1)2 0.19(3)
Fr 75-8s 0.253(6) s 1.3(2)
7s-6d3,) —-0.25(3)
Ra™ 75-6d3), —0.08(3)

*From polarizability values of H [26] and TI [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 (Qy-induced)
PNC experiments and calculations in Cs [20,23], TI
[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 b for electrons.

Combining the measured values for the AM of x,(Cs) =
0.364(62) [20,33] and x,(Tl) = —0.22(30) [31,34], with
the values x,(Cs) = 0.19(6) and x,(Tl) = 0.17(10) from
nuclear theory [35] (see also [18]) with Eq. (17), we have
extracted limits on the parameter b that quantifies the
interaction strength of a PV cosmic field with protons (since
the anapole moment in both Cs and TI 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 7, {, or b.

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 1073 eV/c? or 107 eV/c?, 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 Aw,/w,~
(Amav?/m,c?) ~ (v*/c?), where a virial velocity of
v ~ 1073¢ would be typical in our local Galactic neighbor-
hood, and w, ~ m,c?/h [13].

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

TABLE II. Limits (16) on the interaction strengths of a PV

cosmic field with electrons (b§) and protons (bg ) in GeV.
PNC quantity |b§] |65

Cs Epne(6s-7s) 2x 10714 3x 1078

Tl EPN§(6P1/2-6P3/2) 2 X 10_12 8 x 10_8

Dy (A|h|B) 7 x 1071

|bg| <7x 1015 GeV, and protons, |b5| <3 x 107 GeV,
come from Dy and Cs, respectively. These limits on the
temporal components, by, 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 x 107! GeV [39], 6 x 10732 GeV
[40], and 8.4 x 1073* 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].
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