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In the presence of P, T-violating interactions, the exchange of axionlike particles between electrons and
nucleons in atoms and molecules induces electric dipole moments (EDMs) of atoms and molecules. We
perform calculations of such axion-exchange-induced atomic EDMs using the relativistic Hartree-Fock-
Dirac method including electron core polarization corrections. We present analytical estimates to explain
the dependence of these induced atomic EDMs on the axion mass and atomic parameters. From the
experimental bounds on the EDMs of atoms and molecules, including 133Cs, 205Tl, 129Xe, 199Hg, 171Yb19F,
180Hf19Fþ, and 232Th16O, we constrain the P, T-violating scalar-pseudoscalar nucleon-electron and
electron-electron interactions mediated by a generic axionlike particle of arbitrary mass. Our limits
improve on existing laboratory bounds from other experiments by many orders of magnitude for
ma ≳ 10−2 eV. We also place constraints on CP violation in certain types of relaxion models.

DOI: 10.1103/PhysRevLett.120.013202

Introduction.—The Standard Model (SM) of particle
physics has to date provided a very successful framework
for describing and explaining most of the observed physical
processes and phenomena in nature. However, despite its
success, the SM does not explain several important
observed phenomena, including dark matter and the
observed matter-antimatter asymmetry in our Universe.
This suggests the existence of new particles, which may
interact feebly with the known particles of the SM, as well
as additional sources of CP violation beyond the SM.
The axion, an odd-parity spin-0 particle that was

originally proposed to resolve the strong CP problem of
quantum chromodynamics (QCD) [1–7] and later realized
to also be an excellent candidate for dark matter [8–10], is a
prominent example of such a particle [11].
One may write the couplings of the QCD axion a with

the SM fermions ψ in the following form:

Lint ¼ a
X
ψ

ψ̄ ðgsψ þ igpψγ5Þψ : ð1Þ

In the absence of CP violation in the QCD sector (i.e.,
when the QCD vacuum angle θ in the Lagrangian Lθ ¼
θg2G ~G=32π2 attains its minimum at θeff ¼ 0), the cou-
plings of the axion with fermions are CP conserving:
gsψ ¼ 0. However, when θeff ≠ 0, the axion acquires non-
zero CP-violating couplings with the light quarks:
gsu ¼ gsd ¼ gss ¼ ðθeffmumdÞ=½ðmu þmdÞfa�, where fa is
the axion decay constant [13], and the subscripts u, d, and s
refer to the up, down, and strange quark flavors, respec-
tively. In this case, electric dipole moment (EDM) experi-
ments with ultracold neutrons [14,15] and atomic mercury

[16], which constrain the effective QCD vacuum angle to
be jθeff j≲ 10−10, place the following bounds on the
combination of parameters gsqg

p
ψ (here ψ denotes either a

light quark or the electron, with gpψ ¼ mψ=fa):

jgsqgpψ j ∼
mqjθeff j

fa

mψ

fa
⇒

jgsqgpψ j
m2

a
≲ 10−10mqmψ

Λ4
QCD

; ð2Þ

where we have made use of the relation mafa ∼ Λ2
QCD

for the QCD axion, with ΛQCD ∼ 250 MeV being the
QCD scale.
Apart from the QCD axion, one may also consider

generic axionlike particles, for which the contributions to
gsψ are unrelated to the QCD sector, and so to which the
bounds in Eq. (2) do not apply. Indeed, the majority of
searches for theCP-violating couplings in Eq. (1) via the P,
T-violating interactions which they mediate make no
specific assumption about the underlying source of CP
violation [13,17–42].
In the present Letter, we investigate the manifestation of

the exchange of generic axionlike particles of arbitrary
mass between electrons and nucleons in atoms and mol-
ecules, in the presence of the couplings in Eq. (1). The P,
T-violating potential due to the exchange of an axion of
mass ma between two fermions reads

V12ðrÞ ¼ þi
gp1g

s
2

4π

e−mar

r
γ0γ5; ð3Þ

where r is the distance between the two fermions, and the γ
matrices correspond to fermion 1. We restrict our attention
to the case when fermion 1 is the electron, but fermion 2
can be either the electron or nucleons. We also introduce

PHYSICAL REVIEW LETTERS 120, 013202 (2018)

0031-9007=18=120(1)=013202(5) 013202-1 © 2018 American Physical Society

https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.120.013202&domain=pdf&date_stamp=2018-01-05
https://doi.org/10.1103/PhysRevLett.120.013202
https://doi.org/10.1103/PhysRevLett.120.013202
https://doi.org/10.1103/PhysRevLett.120.013202
https://doi.org/10.1103/PhysRevLett.120.013202


the shorthand notation gsN ≡ ðNgsn þ ZgspÞ=A, where N is
the neutron number, Z is the proton number, and A ¼
Z þ N is the nucleon number.
The P, T-violating potential in Eq. (3) induces EDMs in

atoms and molecules by mixing atomic states of opposite
parity. We perform calculations of such axion-exchange-
induced atomic EDMs using the relativistic Hartree-
Fock-Dirac method, including electron core polarization
(RPA) corrections.We summarize our results in Tables I and
II. Detailed analytical calculations explaining the depend-
ence of these induced atomic EDMs on the axion mass and
atomic parameters are presented in the Supplemental
Material [43].
Calculations.—Paramagnetic atoms: We perform calcu-

lations of axion-exchange-induced EDMs of paramagnetic
atoms using the relativistic Hartree-Fock-Dirac method
including electron core polarization (RPA) corrections.

For the atomic EDM of Tl, electron correlation corrections
are known to play an important role (see, e.g., Ref. [45]).
Therefore, for Tl, we employ the CIþMBPT method
described in Ref. [45] to perform the EDM calculations in
the present work. Correlations between the core electrons and
three valence electrons in Tl (ground state 6s26p1=2) have
been taken into account using the many-body perturbation
theory (MBPT)method including the screeningof thevalence
electron interactions by the core electrons. The Hamiltonian
matrix for the three valence electrons has been diagonalized
using the configuration interaction (CI) approach.
Paramagnetic molecules: In molecular species, the

heavy atom is in the internal electric field of a molecule,
Eint, and so the corresponding energy shift may be
estimated by Δε ≈ −D · Eint, where D is the induced
EDM of the heavy atomic species. The molecular electric
field cancels out in the ratio

TABLE I. Summary of relativistic Hartree-Fock-Dirac calculations of the atomic EDMs induced by interaction (3) for various axion

masses. The presented values for the atomic EDMs are in terms of the parameter Cð12Þ
SP ¼ −

ffiffiffi
2

p
gp1g

s
2=GFm2

a and in the units e · cm. For
the electron-nucleon interaction, the values are normalized to a single nucleon, while for the electron-electron interaction, the values
include the effects of all atomic electrons. For molecular YbF in the 2Σ1=2 state, we calculate D ¼ hs1=2jdzjs1=2i≡Dðs1=2Þ for the Ybþ
ion. For molecular HfFþ and ThO in the 3Δ1 excited metastable state, we calculate D ¼ −Dðs1=2Þ þ 3

5
Dðd5=2Þ for the Hf3þ and Thþ

ions, respectively.

Cs Tl Ybþ Hf3þ Thþ

ma (eV) da=C
ðeNÞ
SP da=C

ðeeÞ
SP da=C

ðeNÞ
SP da=C

ðeeÞ
SP D=CðeNÞ

SP D=CðeeÞ
SP D=CðeNÞ

SP D=CðeeÞ
SP D=CðeNÞ

SP D=CðeeÞ
SP

∞ þ7.7 × 10−19 þ4.4 × 10−20 −7.1 × 10−18 −2.0 × 10−19 þ2.0 × 10−18 þ7.9 × 10−20 −2.3 × 10−18 −8.8 × 10−20 −5.8 × 10−17 −1.4 × 10−18

108 þ7.4 × 10−19 þ4.4 × 10−20 −6.7 × 10−18 −2.0 × 10−19 þ1.8 × 10−18 þ8.0 × 10−20 −2.2 × 10−18 −8.9 × 10−20 −5.4 × 10−17 −1.5 × 10−18

107 þ5.3 × 10−19 þ4.4 × 10−20 −3.5 × 10−18 −2.0 × 10−19 þ1.1 × 10−18 þ7.9 × 10−20 −1.3 × 10−18 −8.8 × 10−20 −2.5 × 10−17 −1.4 × 10−18

106 þ1.9 × 10−19 þ2.9 × 10−20 −5.9 × 10−19 −5.1 × 10−20 þ2.6 × 10−19 þ3.6 × 10−20 −2.9 × 10−19 −3.8 × 10−20 −3.1 × 10−18 −2.8 × 10−19

105 þ4.1 × 10−21 −7.4 × 10−21 −4.3 × 10−21 þ2.3 × 10−20 þ3.2 × 10−21 −1.3 × 10−20 −3.4 × 10−21 þ1.3 × 10−20 −2.3 × 10−20 þ1.3 × 10−19

104 −6.5 × 10−24 −9.1 × 10−22 þ1.1 × 10−23 þ1.5 × 10−21 −6.9 × 10−24 −9.5 × 10−22 þ7.7 × 10−24 þ1.0 × 10−21 þ6.4 × 10−23 þ1.0 × 10−20

103 −6.3 × 10−25 −3.4 × 10−23 þ6.3 × 10−25 þ4.7 × 10−23 −5.7 × 10−25 −4.0 × 10−23 þ4.6 × 10−25 þ3.2 × 10−23 þ3.2 × 10−24 þ2.8 × 10−22

102 −8.3 × 10−27 −4.4 × 10−25 þ6.6 × 10−27 þ4.9 × 10−25 −6.7 × 10−27 −4.7 × 10−25 þ5.1 × 10−27 þ3.5 × 10−25 þ3.9 × 10−26 þ3.4 × 10−24

10 −8.3 × 10−29 −4.4 × 10−27 þ6.6 × 10−29 þ4.9 × 10−27 −6.8 × 10−29 −4.8 × 10−27 þ5.1 × 10−29 þ3.5 × 10−27 þ3.9 × 10−28 þ3.4 × 10−26

TABLE II. Summary of derived limits on the combinations of parameters gsNg
p
eXr=m2

a and gseg
p
e =m2

a forma ≫ 300 keV, and gsNg
p
e and

gseg
p
e forma ≪ 1 keV, from the consideration of tree-level axion-mediated P, T-violating interactions between electrons and nucleons in

atoms and molecules, and on the combination of parameters gseg
p
e lnðma=meÞ=m2

a for ma ≫ me, from the consideration of the loop-
induced electron EDM. The parameter Xr is defined by Xr ≈ 1 when maRnucl ≫ 1, and by Xr ≈ ðmaRnuclÞ2−2γ when maRnucl ≪ 1,
where Rnucl is the radius of the atomic nucleus and γ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðjþ 1=2Þ2 − ðZαÞ2

p
; see the Supplemental Material for more details [43]. We

have also summarized the numerical calculations (see also Table I) and experimental EDM bounds used in deriving these limits. The
P,T-odd parameters Wc and Wd are the normalized expectation values of the contact nucleon-electron scalar-pseudoscalar interaction
operator HSP ¼ −iðGFCSP=

ffiffiffi
2

p Þγ0γ5δð3ÞðrÞ, and of the electron EDM interaction operator He ¼ −deγ0Σ · E, respectively:
Wc ¼ hΨjHSPjΨi=ðCSPΩÞ, Wd ¼ hΨjHejΨi=ðdeΩÞ. The best limits are highlighted in bold.

Atom da=CSPðe · cmÞ da=de jdaj limit ðe · cmÞ jgsNgpe jXr=m2
a

limit ðGeV−2Þ
jgsNgpe jlimit jgsegpe j=m2

a
limit ðGeV−2Þ

jgsegpe j lnðma=meÞ=m2
a

limit ðGeV−2Þ
jgsegpe jlimit

133Cs þ7.6 × 10−19 [45] þ124 [45] 1.3 × 10−23 [46] 1.5 × 10−10 1.3 × 10−16 3.4 × 10−7 4.2 × 10−7 3.3 × 10−16
205Tl −7.0 × 10−18 [45] −582 [45,47,48] 9.4 × 10−25 [49] 1.1 × 10−12 1.2 × 10−17 8.1 × 10−9 6.3 × 10−9 3.2 × 10−17
129Xe −5.0 × 10−23 [50] −8 × 10−4 [50] 6.6 × 10−27 [51] 1.1 × 10−9 � � � 1.4 × 10−6 3.2 × 10−5 � � �
199Hg −5.9 × 10−22 [50] −0.014 [50] 7.4 × 10−30 [16] 1.0 × 10−13 � � � 5.5 × 10−10 2.1 × 10−9 � � �

Molecule Wc=Wdðe · cmÞ jEeff jðGV=cmÞ jdej limit ðe · cmÞ jgsNgpe jXr=m2
a

limit ðGeV−2Þ
jgsNgpe jlimit jgsegpe j=m2

a
limit ðGeV−2Þ

jgsegpe j lnðma=meÞ=m2
a

limit ðGeV−2Þ
jgsegpe jlimit

171Yb19F 3.4 × 10−21 [52] 14.5 [52–56] 1.05 × 10−27 [56] 2.5 × 10−12 7.5 × 10−18 1.1 × 10−8 4.1 × 10−9 1.8 × 10−17
180Hf19Fþ 3.7 × 10−21 [57,58] 23 [59,60] 1.3 × 10−28 [61] 2.9 × 10−13 1.3 × 10−18 1.4 × 10−9 5.1 × 10−10 3.4 × 10−18
232Th16O 5.8 × 10−21 [62] 84 [62–64] 8.7 × 10−29 [65] 1.2 × 10−13 1.9 × 10−18 1.2 × 10−9 3.4 × 10−10 5.0 × 10−18
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Δεjma

Δεjma→∞
≈

Djma

Djma→∞
; ð4Þ

where the subscripts refer to the axion masses at which the
relevant quantities are evaluated. Expression (4) allows us
to determine the energy shift for a finite axion mass in
molecules, by using calculated values for the induced EDM
of the heavy atomic species in Table I, as well as existing
values of the energy shift for an infinite axion mass in
molecules [52–55,57–60,62–64]. This allows us to inter-
pret molecular experiments.
For molecular YbF, which is in the 2Σ1=2 state, we

calculate D ¼ hs1=2jdzjs1=2i≡Dðs1=2Þ for the Ybþ ion,
where the atomic EDM is calculated for the maximal
projection of the electron angular momentum, jz. For
molecular HfFþ and ThO, the EDM is measured in the
3Δ1 excited metastable state that corresponds to one s and
one d electron in the state jLz ¼ þ2; Sz ¼ −1; Jz ¼ þ1i.
Expanding this state in terms of s1=2, d3=2 and d5=2 atomic
orbitals, we obtain D ¼ −Dðs1=2Þ þ 3

5
Dðd5=2Þ. The d3=2

atomic orbital does not contribute to the atomic EDM in
this case, since the dipole operator cannot mix it with a p3=2

atomic orbital (which has the opposite value of the electron
spin projection, sz).
For a high-mass axion (where the effect arises mainly

from the small distances r ≪ aB=Z1=3), the dominant
contribution to the atomic EDM comes from the mixing
of the s1=2 state with p1=2 states, while for a low-mass axion
(where the effect arises mainly from the intermediate
distances r ∼ aB=Z1=3), there is also a non-negligible
contribution from the mixing of the d5=2 state with f5=2
states.
Diamagnetic atoms: In diamagnetic atoms with zero

electron angular momentum, an electron-spin-dependent
P,T-violating interaction induces an atomic EDM only in
combination with the hyperfine interaction [66].
Calculations in Ref. [66] have been performed for the
contact limit of interaction (3), and also for the interaction
of an electron EDM with atomic electric and magnetic
fields. Relativistic many-body calculations of the electron
EDM effects including RPA corrections have been per-
formed in Ref. [67]. There is an approximate analytical
relation between the matrix elements of the contact limit of
interaction (3) and the interaction of an electron EDM with
the atomic electric field [68]. Therefore, we may also use
the calculations of the electron EDM effects to predict the
effect of the contact limit of Eq. (3). In the present
Letter, we use the calculated values for da=CSP [defined
via the operator HSP ¼ −iðGFCSP=

ffiffiffi
2

p Þγ0γ5δð3ÞðrÞ] from
Refs. [66,67], which have been presented in the review
[50], together with the analytical formulas (9) and (12) in
the Supplemental Material [43], in order to extract the
limits presented in Table II.

Results and discussion.—Our results are summarized in
Tables I and II, and are shown in Fig. 2. We find that the
best limits on high-mass axions come from Hg and ThO,
while the best limits on low-mass axions come from HfFþ.
The reason why a relatively light system such as HfFþ can
give strong constraints for low-mass axions (and not
necessarily for high-mass axions) can be traced to the
dependence of the induced atomic EDM on the atomic
parameters. When a high-mass axion is exchanged, the
induced atomic EDM has a strong Z dependence (scaling as
da ∝ AZ2Krel for the electron-nucleon interaction and da ∝
Z2 for the electron-electron interaction, where Krel is a
relativistic factor), whereas when a low-mass axion is
exchanged, the induced atomic EDM has a milder Z
dependence (scaling only asda ∝ A for the electron-nucleon
interaction and da ∝ Z for the electron-electron interaction);
see the Supplemental Material for more details [43].
We also note that the atomic EDMs induced by

the exchange of high-mass and low-mass axions differ in
sign (see Table I). This can be traced to the fact that the
effects arise from different distances in these two limiting
cases. When a high-mass axion is exchanged, the dominant
contribution comes from the small distances r ≪ aB=Z1=3,
whereas when a low-mass axion is exchanged, the dom-
inant contribution comes from the intermediate distances
r ∼ aB=Z1=3, where the wave functions oscillate; see the
Supplemental Material for more details [43].
Loop-induced electron EDM:The interactions in Eq. (1)

also induce an electron EDM via the one-loop process in
Fig. 1:

de ≈ −
gseg

p
e eme

4π2m2
a

lnðma=meÞ for ma ≫ me; ð5Þ

de ≈ −
gseg

p
e e

8π2me
for ma ≪ me; ð6Þ

where −e is the electric charge of the electron. Equation (5)
was presented in Ref. [17]. We see (referring to the
tabulated data in Tables I and II) that the one-loop-induced
electron EDM contribution (proportional to gseg

p
e ) to the

atomic and molecular EDMs is smaller than the corre-
sponding direct tree-level contribution for small axion
masses, but can be larger for large axion masses. The

FIG. 1. One-loop-induced contribution to an electron electric
dipole moment. The large black circle denotes a pseudoscalar
interaction vertex, while the white circle denotes a scalar
interaction vertex, as defined in Eq. (1).
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reason for the latter is the strong Z dependence of the
electron EDM contribution in species with unpaired atomic
electrons (da ∝ Z3Kede, where Ke is a relativistic factor
[69]), compared with that of the direct tree-level contribu-
tion (da ∝ Z2gseg

p
e ), as well as an additional numerical

suppression factor for the direct tree-level contribution [see
Eq. (11) in the Supplemental Material [43]].
Conclusions.—To summarize, we have derived limits on

the P, T-violating scalar-pseudoscalar nucleon-electron
and electron-electron interactions mediated by a generic
axionlike particle of arbitrary mass from EDM experiments
with atoms and molecules (see Table II for a summary of

limits). Our derived limits improve on existing laboratory
bounds from other experiments by many orders of magni-
tude for ma ≳ 10−2 eV (see Fig. 2). We note that there are
more stringent indirect bounds from the combination of
stellar energy-loss arguments and laboratory searches for
spin-independent fifth forces for ma ≲ 10 eV [32], though
these bounds may be evaded by certain chameleonic
mechanisms, whereby the processes of stellar “cooling”
due to axion emission become inhibited [70].
Our derived limits also directly constrain CP violation in

certain types of relaxion models [71–73], where a spin-0
relaxion field ϕ couples to the Higgs doublet H via the
super-renormalizable interaction Lϕhh ¼ −gϕH†H, which
induces scalar interactions of ϕ with the electron and
nucleons [74]: gse ¼ gme=m2

h and gsN ¼ gbmN=m2
h, where

mh is the Higgs boson mass, and the parameter b ∼ 0.2–0.5
[75]. Our results constrain the combination of parameters
ggpe via the relation

jggpe jlimit ¼
�

m2
h

me þ bmN

�
jgsegpe þ gsNg

p
e jlimit: ð7Þ

Finally, we mention that ongoing and future EDM
experiments with atoms and molecules (see, e.g.,
Ref. [76] for an overview) may improve on the level of
sensitivity demonstrated in the present work.
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