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In the presence of P-violating interactions, the exchange of vector bosons between electrons and
nucleons induces parity-nonconserving (PNC) effects in atoms and molecules, while the exchange of
vector bosons between nucleons induces anapole moments of nuclei. We perform calculations of such
vector-mediated PNC effects in Cs, Ba™, Yb, Tl, Fr, and Ra™ using the same relativistic many-body
approaches as in earlier calculations of standard-model PNC effects, but with the long-range operator of the
weak interaction. We calculate nuclear anapole moments due to vector-boson exchange using a simple
nuclear model. From measured and predicted (within the standard model) values for the PNC amplitudes in

Cs, Yb, and TI, as well as the nuclear anapole moment of 133Cs, we constrain the P-violating vector-
pseudovector nucleon-electron and nucleon-proton interactions mediated by a generic vector boson of
arbitrary mass. Our limits improve on existing bounds from other experiments by many orders of
magnitude over a very large range of vector-boson masses.
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Introduction.—The discovery that the parity symmetry
(that is, the symmetry associated with the inversion of the
spatial coordinates) is not conserved by the weak interaction
[1,2] was pivotal for the subsequent development of the
standard model (SM) of particle physics, which to date
remains the most successful description of elementary
particles and their interactions. At the same time, the SM
does not explain a number of important observed phenom-
ena, such as dark matter, suggesting the existence of at least
one new feebly interacting particle beyond the SM.

Atomic parity nonconservation (PNC) experiments pro-
vide a very powerful and relatively inexpensive test of the
SM at low energies [3-5]. Measurements and calculations
(within the SM) of the Cs 6s-7s PNC amplitude have
provided the most precise atomic test of the electroweak
theory thus far [6-16] and have also supplied invaluable
information on parity-violating interactions within the
nucleus [10,17-20]. Investigations of atomic PNC phe-
nomena have been applied to search for new vector bosons
with masses greater than 100 keV [21-25], as well as
interactions of electrons and nucleons with bosonic dark
matter and dark-energy-type fields [26-28].

In this Letter, we investigate the manifestation of the
exchange of a generic vector boson Z' of arbitrary mass
between atomic electrons and nucleons, in the presence of
the following couplings [29]:

Lin=Z, Z Fr(gy +rsgh)f (1)

f=e.p.n

The P-violating potential due to the exchange of a vector
boson of mass m, between two fermions reads
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where r is the distance between the two fermions, the y
matrix corresponds to fermion 1, and we have treated
fermion 2 nonrelativistically. We introduce the shorthand
notation g = (Ngy + Zgy)/A, where N is the neutron
number, Z is the proton number, and A = Z + N is the
nucleon number.

The P-violating potential in Eq. (2) induces PNC
effects in atoms and molecules, as well as nuclear anapole
moments, by mixing states of opposite parity. We first
calculate such vector-mediated atomic PNC effects using
the same relativistic many-body approaches as in earlier
calculations of standard-model PNC effects [13,30-32],
but with the long-range operator (2). We then calculate
the nuclear anapole moments due to vector-boson
exchange using a simple nuclear model. We find that
atomic PNC experiments improve on existing bounds on
the interaction parameters in Eq. (2) by many orders of
magnitude over a very large range of vector-boson
masses, compared to previous experiments that looked
for macroscopic forces associated with potential (2), since
phenomena that arise on atomic and subatomic length
scales allow one to probe larger boson masses compared
to experiments that probe phenomena on macroscopic
length scales.

PNC effects in atoms.—The PNC amplitude associated
with interaction (2) for the atomic transition a — b can be
written as
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TABLE I

Summary of calculations of atomic PNC amplitudes induced by interaction (2) for various vector-boson masses.

The presented values for the atomic PNC amplitudes are in terms of the parameter —Qy, /N = (2v/2A4g2g%)/ (NG rm%,) and in the units

i X atomic unit (a.u.).

my (eV) Cs (6s-7s) Ba' (6s-5d3/5) Yb (6521Sy-655d°D;) TI (6s26p1/2—6s26p3/2) Fr (75-8s)

Fr (7S—6d3/2) Ra+ (7S—6d3/2)

o0 89x 10712 23 x 107! 1.1x107°
10° 8.6x 10712 22x 1071 1.1 x107°
108 83x 10712 2.1x10°!! 1.0 x 107°
107 63x10712  1.6x 107" 6.7 x 10710
100 29%x 10712 7.0x 1072 2.3 x 10710
105 22x1073  2.0x 1071 2.2 x 10711
10* 3.0x 1075 =33 x 10713 3.8 x 10713
103 1.8x 10717  42x 10717 1.4 x 10713
102 1.1x107"°  57x107" 9.1x 1018
10 1.1 x10720 57 x 1072 8.9 x 10720

2.8 x 10710 1.5%x 10710 —53x 10710  45x 10710
2.7 x 10710 1.5x 10710 —5.1 x 10719 4.4 x 10710
2.6 x 10710 1.5x 10710 —49%x 10710  42x 10710
1.5x 10710 8.1x 107" —27x10710 23x10710
3.8 x 107! 1.7x 107" —58 x 10711 4.6 x 10!
1.4 x 10712 62x 10713 —27x10712 39x 1013
1.6 x 10714 7.1x 1075 —36x 107 —48x10""
1.3x 10716 47 %x 10717 —17x 1071 1.1 x1071°
1.2x 1018 35x 10712 —1.0x 107 14x10°'8
1.2 x 10720 34x10721 —1.0x 10720 14 x10720

v, Hpy |b

(a|Hg1|n)(n|V.n|b)
Ea_En ’

Eb_En

n

(3)

where Hp, is the electric-dipole operator.

We perform calculations of vector-mediated atomic
PNC effects starting from the relativistic Hartree-
Fock-Dirac method including electron core polarization
corrections calculated in the framework of the random-
phase approximation method. For atoms with one
external electron, we also use the correlation potential
method [8,13,30,31,33,34] to take into account the
dominating correlation corrections. For Yb and TI, we
employ the combination of the configuration interaction
(CI) and many-body perturbation theory (MBPT) meth-
ods, CI + MBPT [32], in the V¥~2 approximation for Yb
and the VN=3 approximation for TI, treating them as two-
and three-valence-electron systems, respectively.

We summarize the results of our calculations in Table I
and present limits on the vector-mediated electron-nucleon
interaction—as defined in Eq. (1)—in Table II. We note
that when a high-mass vector boson is exchanged, the
induced PNC amplitude has a very strong Z dependence
(the relevant matrix elements scale as « AZ’K,, where
K, 1s a relativistic factor [6]), whereas when a low-mass
vector boson is exchanged, the induced PNC amplitude has

a milder Z dependence (in the semiclassical framework, the
relevant matrix elements scale only as o« A).

Nuclear anapole moments.—The nuclear anapole
moment a is expressed through the electromagnetic current
density j(r) as follows:

a=-n | drjr). (4)
/

We are specifically interested in heavy nuclei (A > 1)
with a single unpaired nucleon. For our calculations, we
adopt the simple shell model of the nucleus, with a constant
core density peoe(r) = po, and treat all nucleons non-
relativistically. In the nonrelativistic limit, the potential
(2) for the interaction of an external nucleon N’ with the
core nucleons N reads

Vn =S BB Lo p

¥ 8m

where m, 6, and p are the mass, spin, and momentum
operator for the external nucleon, respectively. We consider
the two limiting cases: (i) m, > 1/rq and (i) my < 1/R,
where ry~ 1.2 fm is a distance parameter related to the
internucleon separation, and R = A'/3r, is the radius of the
nucleus.

We determine the wave function of the external nucleon,
in the presence of interaction (5), by applying perturbation

TABLE II.  Summary of derived limits on the combinations of parameters g4 g\ /m2, for my > Zam,, g2 gy for my < 1/Ryom,
Gogn/m%, for mzy > 1/ry (ro~1.2 fm), and gigy for my < 1/Ry,q, from the consideration of vector-mediated P-violating
interactions in atoms. We have also summarized the experimentally measured and theoretically predicted (within the standard model)
nuclear-spin-independent PNC amplitudes used in deriving the limits on the electron-nucleon interaction.

Atom  Epc(i107'" aw)  ERr (107! a.u.)

g2 gk|/m2, limit (GeV~2)

133Cs  0.8353(29) [10] 0.8428(38) [16] 3.9x 1078
17%b 87(14) [35] 110(14) [32] 1.1 x 1076
2057 24.8(2) [36] 25.6(7) [37] 1.5 x 1077

lga gy | limit  |gpgx|/m7, limit (GeV™2) |gpgy| limit
3.1x 107 23 x 1073 6.0x 1078
1.4 x 10712
3.6x 10713
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theory, making use of the relation p = im[H, r|, where H is
the nonrelativistic nuclear Hamiltonian, and summing over
all intermediate states with the aid of the completeness
relation. For simplicity, we neglect the spin-orbit interac-
tion, and in the limiting case m, < 1/R, we also first
average over the Yukawa part of the potential in Eq. (5)
before applying the relation p = im[H,r]. The resulting
wave function of the external nucleon reads

Iy IN
w(r)~ {l—kz ’I;LZN
Z/

P ] wolr) for my > 1/r. (6)

, 3A
w(r)~ {1 + ng,gX,mo’-r] wo(r) for my < 1/R,

(7)

where y,(r) is the unperturbed wave function of the

external nucleon.
We compute the anapole moment of a nucleus using

Egs. (5), (6), and (7):

gglg,‘\/, 2mep () K1
T m PV )
g‘:,/gx, Oeu KI
- A%/3 f > 1/r, 8
m2, 10mry I(I+1) otz /o ®)
~—gh gl 3eyA< 2y KI
w9 R II+1)
9eﬂro A4/ KI
fi << 1/R, (9
g}t] (1+ 1) or mz / ( )

where —e is the electric charge of the electron, y is the
magnetic moment of the external nucleon in nuclear
magnetons (4, = 2.79, u, = —1.91), I is the spin of the
nucleus, and K = (I + 1/2)(=1)"*1/27 with [ being the
orbital angular momentum of the external nucleon. In
the second lines of Egs. (8) and (9), we have made use
of the relations (r?) = 3r3A%3/5 and py = (4zr}/3)™!

The Hamiltonian for the interaction of atomic electrons
with the electromagnetic vector potential of the nucleus
created by an anapole moment takes the form

GF Kl -«

N DR

Hanapole =ea- 05( ) (10)

where a = (%) are Dirac matrices associated with the
external nucleon, and G~ 1.166 x 107> GeV~2 is the
Fermi constant of the weak interaction. From Egs. (8)
and (9), the dimensionless parameter «, in Eq. (10) is

given by

QQ’QN 9\/’(1/4 ZY T A2/

R o Tomre for my > 1/ry, (11)
ZI
v
1gn V2

where a = e &~ 1/137 is the electromagnetic fine-structure
constant.

The interaction (10) induces nuclear-spin-dependent
PNC effects in atoms and molecules, allowing the deter-
mination of the parameter x,. The only successful meas-
urement of a nuclear anapole moment to date was
performed in Ref. [10]. The experimentally measured value
of k, for the 133Cs nucleus is [10,20]

K, = 0.364(62). (13)
0 T T T T T T
I
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FIG. 1. Limits on the P-violating vector-pseudovector nucleon-

electron (top panel) and nucleon-proton (bottom panel) inter-
actions mediated by a generic vector boson of mass my, as
defined in Eq. (1). The regions in grey correspond to regions of
parameters excluded by this Letter from consideration of atomic
parity nonconservation experiments. The regions in darker grey
correspond to existing constraints from torsion-pendulum and
magnetometry experiments [44—46].
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Single-particle nuclear shell-model calculations of «, for
the '33Cs nucleus have been performed in Refs. [19,20]
using nucleon interaction constants from Ref. [38],
while many-body corrections have been considered in
Refs. [39-43]. For consistency with the single-particle
approach adopted in this Letter, we likewise use the results
of single-particle calculations [20]:

K, = 0.27(8). (14)

Comparing the measured and predicted values of «, in
Egs. (13) and (14), and using expressions (11) and (12), we
place the following constraints on the interaction param-
eters in Eq. (1):

59 _ 55 10-5 Gev-2 1 15
2 <23 e or my > 1/rg,  (15)
Z’

lghgN| < 6.0x 1078 for my < 1/R. (16)

Conclusions.—We have derived limits on the P-violating
vector-pseudovector nucleon-electron and nucleon-proton
interactions mediated by a generic vector boson of arbitrary
mass from atomic PNC experiments (see Table II for a
summary of limits). Our derived limits on the electron-
nucleon interaction improve on existing bounds from
torsion-pendulum experiments [44,45] by many orders of
magnitude for my > 10716 eV (see Fig. 1). For non—
isotopically invariant interactions of a vector boson with
nucleons (i.e., the vector boson couples with different
strengths to the proton and neutron), our constraints on
the proton-nucleon interaction are complementary to
existing bounds from magnetometry experiments on the
neutron-nucleon interaction [46], while for isotopically
invariant interactions of a vector boson with nucleons,
our derived limits on the nucleon-nucleon interaction
improve on existing bounds from magnetometry experi-
ments [46] by many orders of magnitude for m, > 107> eV
(see Fig. 1).

Ongoing and future PNC experiments with atoms [47—
51] and molecules [52,53] may improve on the level of
sensitivity demonstrated in this Letter. For example, atomic
PNC experiments that involve the mixing of atomic states
of high angular momentum (e.g., in Dy [48]) may be
particularly sensitive to the electron-nucleon interaction
mediated by a low-mass vector boson since a large
centrifugal barrier does not necessarily suppress PNC
effects in this case (in contrast to the case of a high-mass
vector boson, where the effects arise mainly in the vicinity
of the atomic nucleus). Molecular PNC experiments are
primarily sensitive to nuclear-spin-dependent PNC effects
[54,55] and thus may provide improved sensitivity to
nucleon-nucleon interactions.
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Humboldt Research Fellowship.
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