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Axion-mediated electron-nucleus and electron-electron interactions
in the barium monofluoride molecule
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The effects induced by the time-reversal (7) and spatial parity (P)-violating electron-nucleus and electron-
electron interactions mediated by the axionlike particles (ALPs) in the BaF molecule were estimated. Molecular
parameters characterizing these interactions were calculated across a wide range of ALP masses. In the case
of the electron-nuclear interaction, the effect of the extended nucleus was studied and shown to be significant
for heavy ALPs. Based on the calculated molecular parameters, we obtained a link between the 7 ,P-violating
energy shift which can be measured in the ongoing experiment designed to search for the electron electric
dipole moment using the BaF molecule (A. Boeschoten et al., arXiV:2303.06402) and the products of coupling

constants of the ALP-electron or ALP-electron and ALP-nucleus interactions.
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I. INTRODUCTION

Precise experiments with heavy-atom molecules, aimed at
detecting violations of spatial parity (P) and time-reversal
(T) symmetries in fundamental interactions, are considered
one of the most powerful tools for exploring new physics
beyond the standard model (SM) [1-3]. The permanent 7 ,P-
violating electric dipole moments (EDMs) of atoms and
molecules can be induced by the permanent electron elec-
tric dipole moment (¢EDM or d.). New physics extensions
of the standard model predict the ¢EDM value to be or-
ders of magnitude larger than the estimates within the SM
[4-9]. Recently, the JILA group updated the most stringent
upper bound on the eEDM through experiments with hafnium
monofluoride (HfF") molecular cations, establishing a 90%
confidence level of |d.| < 4.1 x 1073Y ecm [10]. This up-
dated constraint improves upon the previous most stringent
limit obtained using the ThO molecular beam by a factor of
24 [11].

In Ref. [12], an experiment was proposed to search for
the ¢EDM using an intense cold beam of barium monoflu-
oride molecules. The expected sensitivity to the eEDM was
estimated as |d.| = 5.0 x 1073 ecm [12]. This level of sen-
sitivity is comparable to that achieved in the HfF* experiment.
Such precision can be attained by employing a combination of
Stark deceleration, laser cooling, and an intense primary cold
source of BaF molecules. In Ref. [13], a new method was
proposed to reduce systematic errors and to reduce the need
for numerous auxiliary measurements. A further step towards
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laser cooling of *®Ba '°F molecules that takes into account
the hyperfine splitting has been recently made in Ref. [14].

In addition to the effect of 7,P-violation in atoms and
molecules induced by the ¢EDM, the scalar-pseudoscalar
nucleus-electron interaction is often considered [10,11,15,16].
However, other mechanisms can also induce such effects.
Here, we consider the 7,P-violating interactions arising
from the exchange of a virtual axionlike particle (ALP) be-
tween the electron and nucleus, as well as between electrons
in the BaF molecule. Axions and ALPs are popular dark
matter candidates [17-19]. Axion appears in the Peccei-Quinn
solution to the strong CP problem [20-22] and string the-
ory compactifications [23,24]. Therefore, these particles get
increasing attention from both theory and experiment. Numer-
ous astrophysical and laboratory experiments are devoted to
the search for axions and ALPs and studies their properties. A
compilation of the constraints on axion and ALP properties
obtained so far can be found, e.g., in Ref. [25]. Recently,
there have been proposals for new atomic and molecular
experiments aimed at searching for axion-induced forces us-
ing spin-based quantum sensors (see, e.g., Refs. [26,27] and
references therein).

In Ref. [28], direct calculations were performed to de-
termine the 7,P-violating effects mediated by ALPs on
electron-nucleus and electron-electron interactions in various
atoms, with pilot estimates provided for some molecules. The
ab initio studies of this effect for the YbOH molecule, and
HfF* molecular cation as well as for the Fr atom were carried
out in Refs. [29-32].

In the present paper, we estimated the 7 ,P-violating ef-
fects arising from an ALP exchange between electrons and
between the electron and nucleus for the '**Ba '°F molecule
in its ground electronic state X 2y, 2. We employed the the-
oretical approach developed in Ref. [32], enabling the direct
calculation of the contribution of these effects in molecules

©2024 American Physical Society
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across a wide range of ALP masses. In this work, we extended
this approach to include the finite-nucleus size effect in the
case of the nucleus-electron interaction.

II. THEORY

The 7, P-violating interaction between an electron and a
nucleon, mediated by an ALP with a mass of m,, can be
expressed in the following form [28,33],

gN & e malrRl
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where g); is the coupling constant of the scalar ALP-nucleon
interaction, gl represents the coupling constant of the pseu-
doscalar ALP-electron interaction, r is the position of the
electron, R is the position of the nucleon, Dirac y matrices
refer to the electron, and N is the nucleon, which can be
either a proton or a neutron. In Ref. [32], which focused on
the estimation of the ALP-induced 7T ,P-violating effect in
HfF*, we approximated the nucleus by a pointlike particle
in the 7 ,P-violating interaction calculation. However, it is
worth noting that the extended nuclear charge distribution
was considered in the calculation of the electronic wave func-
tion. Thus, the following approximation for the 7-,P-violating
electron-nucleus interaction was employed:
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Another 7 ,P-violation effect is induced by the ALP-
mediated interaction between two electrons, which can be
expressed as follows [28,33],
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where g’ represents the scalar coupling constant of the

electron-ALP interaction, r; and r, are the positions of the

electrons, and yy and ys matrices correspond to the second
electron.

The 7 ,P-violating interaction between the electrons and

nucleus under consideration can be characterized by a param-

eter that is determined by the molecular electronic structure
[29,34],

Wi m,) =

dRp(R)Vey (ri — R)|W),

Q gJN
4)

where W is the molecular electronic wave function, €2 is the
projection of the total electronic angular momentum on the
molecular axis, N, is the number of electrons, index i runs over
all electrons, and p(R) is the nuclear density, normalized to
unity [35]. g}, is the ALP-nucleon coupling constant averaged
over the nucleons of the Ba nucleus: gy = (N,g, +Zg),)/A,
g, and g, are the ALP-neutron and ALP-proton coupling
constants, respectively, Z is the charge of the Ba nucleus, N,
is its neutron number, and A = Z + N,, with Z = 56, N,, = 82,
and A = 138 for the considered case of '*®*Ba.

Similarly, the electron-electron interaction can be de-
scribed by the following molecular parameter:

W my) = \142 Veeri rp)I®). (5)

i,j=1
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The prime index in the sum indicates that terms with i = j
should be excluded.

The energy shift of the electronic level caused by the 7 ,P-
violating interaction (1) can be expressed as follows,

8E = g\gtQW ™M (m,), (6)

while the energy shift induced by the 7,P-violating interac-
tion (3) can be expressed as

SE = g gt QW (m,). (7)

III. COMPUTATIONAL DETAILS

In Ref. [32], the method to calculate the primitive in-
tegrals (able™™" /r|cd) over Gaussian-type basis functions
a,b,c,d of the form x"y"zke™#" used in the decomposi-
tion of molecular bispinors was implemented. The algorithm
was specifically applied to calculate molecular parameters
W€ (m,) for the molecular cation HfFT. In this study, we
adapted this method to calculate the molecular parameter
W, N (m,), taking into account the effects of the finite nuclear
size. We considered a model of the Gaussian nucleons’ dis-
tribution, which has the same form as the Gaussian nuclear
charge distribution model p = ce ™ [36]. By calculating
(ayle™™" [r|cy), where y = ,/p, we obtained primitive inte-
grals required to calculate the molecular parameter WM (1m,,)
using the extended nucleus model. To calculate the W< (m,)
parameter, we used the approach developed in Ref. [32].

The molecular parameters WM (m,) and W (m,) can
be nonzero for electronic states with unpaired electrons. In
the ground electronic state X 2%, of BaF, the unpaired elec-
tron is primarily localized on the Ba atom and corresponds
approximately to the 6s state of the Ba™ ion. Therefore, in cal-
culations, we neglected the contribution from the F nucleus.
According to our estimations, the largest effect of this type,
only about 1%, is achieved for light ALPs and decreases with
an increase of the ALPs mass.

For high ALP masses, the contribution from two-center in-
tegrals to the molecular parameter W ¢ (m, ) can be expected
to be very small due to the short range of the interaction
described by Eq. (3). Indeed, according to our direct estimate,
starting from the ALP mass of 10* eV, the contributions from
the two-center integrals become negligible. As a result, the
computation procedure can be simplified by considering only
one-center integrals. We followed this approach in calcula-
tions of the molecular parameter W, (m,) for ALP masses
greater than 10* eV.

Electronic structure calculations were performed using the
locally modified versions of the DIRAC [37,38] and MRCC
[39—41] codes within the relativistic coupled cluster method
with single, double, and perturbative triple excitation ampli-
tudes, CCSD(T) [42,43] to treat electron correlation effects.
The Dirac-Coulomb Hamiltonian was employed. For the
ground electronic state X %, ,2 of the BaF molecule, we
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TABLE L. The calculated values of W) (m,) molecular param-
eters (in units of m,c/h) obtained at different levels of electronic
structure theory.

M (eV) DHF CCSD CCSD(T)

1 +1.41 x 105 +1.77 x 1075 +1.74 x 105
10 +1.41 x 1075 +1.77 x 1075 +1.74 x 1075
102 +1.40 x 1075 +1.77 x 1075 +1.73 x 1075
103 +1.11 x 1075 +1.48 x 1075 +1.45 x 105
10* +1.27 x 1076 +1.89 x 1076 +1.86 x 1076
105 —6.91 x 10 ~1.09 x 1075 —1.07 x 1075
10° —3.19 x 10~° —4.79 x 10~° —4.70 x 10~
107 —9.20 x 1078 ~1.38 x 1077 —~1.36 x 107
108 —1.29 x 10~° —1.94 x 107° —1.91 x 10°
10° —134x 101" —201x 107" —1.97 x 10!
1010 —134x 1071 —201x 107  —1.97 x 10~

TABLEII. The calculated values of W, (m,) molecular param-

eters (in units of m,.c/h) at various levels of theory.

my (eV) DHF CCSD CCSD(T)

1 +6.3 x 107 +8.1 x 107 +8.0 x 107
10 +6.3 x 1070 +8.1 x 10 +8.0 x 10~
102 +6.3 x 107 +8.1 x 107 +8.0 x 107
103 +4.8 x 107 +6.6 x 107 +6.5 x 107
10* +1.2 x 1070 +2.0 x 10~° +2.0 x 107
10° +9.3 x 108 +1.4 x 1077 +1.4 x 1077
10° —33x 107 —52 % 107 —5.1x%107°
107 —5.1x 101 —8.0x 10" ~7.8 x 1011
108 —5.1x 1078 —8.0x 1078 ~7.9x 10713
10° —5.1x 10715 —8.0x 10715 ~7.9x 10715
1010 —5.1x 10717 —8.1x 10777 ~7.9 % 10717

used an interatomic distance value of R, = 2.16 A, closely
matching the experimental value [44,45]. All electrons of
the BaF molecule were included in the electron correlation
treatment, and a virtual orbital cutoff was set to 10 000 hartree.
The choice of such a large cutoff is crucial to properly con-
sider the correlation contributions of the inner-core electrons
in systems with heavy atoms [46,47]. Following Ref. [32],
we used the finite-field approach to calculate molecular pa-
rameters W V) (m,) and W% (m,). The uncontracted Dyall’s
all-electron triple-zeta (AE3Z) [48] basis set was used for F,
and an extended version of the AE3Z [49,50] basis set was
used for Ba. In the latter case we added several diffuse basis
functions, and in total the basis set centered on Ba consists
of 33s-, 26p-, 18d-, 8f-, and 3g-type functions. Due to the
complexity of calculations involving two-electron operators,
the all-electron double-zeta (AE2Z) [48-50] basis set was
employed for both atoms to calculate the molecular parameter
W (m,). In all calculations, the Gaussian nuclear charge
distribution model, well suited for molecular problems [36]
was used with a root-mean-square charge radius calculated by
the interpolation formula from Ref. [51].

IV. RESULTS AND DISCUSSION

To assess the impact of the extended nucleus size effect
on the Wa(,fN )(m,) molecular parameter, we first considered
the HfF™ molecular cation. Previously [32], we employed
the point nucleus model approximation (2) corresponding to
the §-type distribution in Eq. (4). We compared those values
of W) (m,) for the various values of m, with the values
W, N)(m,) calculated for the nucleon distribution function in
Eq. (4), approximated by the Gaussian distribution model with
the rms radius equal to the nuclear rms charge radius. We
found that the finite nuclear size effect is negligible for ALPs
with m, < 107 eV. A small effect appears for m, = 10’ eV
and becomes significant for heavier ALPs (see Tables I and
IT in the Supplemental Material [52]). It reaches 15% for
m, = 10'0 eV and stabilizes. These findings can be explained
as follows. The characteristic radius of the Yukawa-type inter-
action Ry, = 1/my(relativistic units) = 7i/m,c is significantly
larger than the molecule size for light ALPs [28]. In particu-
lar, the characteristic atomic scale of 1 bohr corresponds to

m, ~ 4 keV. Thus, the details of the nucleons’ distribution are
insignificant for such an interaction. In contrast, for heavier
ALPs the characteristic radius can become compatible with
the nuclear size. For example, the nuclear scale of 1 F (Fermi)
corresponds to m, =~ 0.2 GeV. Therefore, the effect of the
finite size of the atomic nucleus should be taken into account.

The calculated values of W,“¥)(m,) for the BaF molecule
are given in Table I using three electronic structure com-
putational models in order of increasing accuracy: Dirac-
Hartree-Fock (DHF), relativistic coupled cluster with single
and double excitation amplitudes (CCSD), and CCSD(T).
Notably, electron correlation effects, i.e., effects beyond the
DHF approximation, are significant for the molecular constant
W N (m,), and their importance increases with the ALP’s
mass. Comparing the “CCSD” and “CCSD(T)” columns, one
can see good convergence with respect to the treatment of
electron correlation effects. The difference of the CCSD(T)
and CCSD values can be used as a measure of the uncertainty
in the treatment of electron correlation effects. We also took
the half of the difference of results obtained within the AE3Z
and AE2Z basis sets at the CCSD(T) level as a measure of
the uncertainty due to the basis set incompleteness (see also
Ref. [31] and Table III of the Supplemental Material [52] for
the results in a smaller basis set AE2Z). The overall uncer-
tainty of the calculated W “¥)(m,,) values is less than 5%.

Similar to the YbOH molecule [29] and the HfF™ molec-
ular cation [32], the parameter Wa(fN )(m,) remains almost
independent of m,, for ALPs with m, < 10% eV and undergoes
a sign change in the interval between m, = 10* eV and m, =
10° eV. According to our calculations, the extended nucleus
size effect in the BaF molecule depends on m, similarly to
the HfF' case described above, but smaller by magnitude:
Starting from the negligible value for ALPs with m, < 107 eV,
the effect appears at m, = 107 eV and reaches a magnitude of
about 6% for m, = 10'° eV and stabilizes (see Table IV of the
Supplemental Material [52]).

The calculated values of W) (m,) for the BaF molecule
can be found in Table II. Similar to W,V (m,), electron corre-
lation effects become more pronounced with increasing ALP
mass, although they remain significant even for light ALPs.
The convergence with respect to the treatment of electron
correlation effects, as it can be seen from the “CCSD” and
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TABLE III. The calculated constraints on |}, g”| and |g} g”| prod-
ucts corresponding to the eEDM limitation |d,| = 5.0 x 1073° ecm

expected in the planned experiment on BaF [12].

My (eV) gy gel (ic) lg.8¢1 (fic)

1 +7.29 x 1072 +1.6 x 1072
10 +7.29 x 102! +1.6 x 1072
107 +7.31 x 107! +1.6 x 1072
103 +8.71 x 107! +1.9 x 1072
10 +6.81 x 102! +6.5 x 107
10° +1.18 x 1072 +9.2 x 107"
106 +2.69 x 1072 +2.5x 107"
107 +9.34 x 107" +1.6 x 1071
108 +6.65 x 107" +1.6 x 107"
10° +6.43 x 1071 +1.6 x 107"
10% +6.43 x 107" +1.6 x 107°

“CCSD(T)” columns, is good. Due to its complexity, we cal-
culated the W, (m,) molecular parameters within one basis
set only. To be conservative, we (arbitrary) assumed that the
basis set uncertainty for W, %) (m,) may be twice as large
as that for Wa(,fN )(my), resulting in an overall uncertainty of
approximately 10% for W, ¢ (m,).

One can see from Table II, that for light ALPs with masses
m, < 107 eV, the parameter W) (m,) remains nearly con-
stant. As the ALP mass increases, one can see a noticeable
change in W ¢ (m,) for m, = 10* eV, followed by a drop of
approximately by a factor of 3 for m, = 10* eV. Finally, in the
range between m, = 10° eV and m, = 10° eV, the parameter
W€ (m,) undergoes a change in sign.

The experiment to measure 7,P-violating effects on the
BaF molecule is under preparation [12]. Using the ex-
pected constraint on the magnitude of the eEDM, |d.| =
5.0 x 10739 ¢cm [12], and the theoretical value of the ef-
fective field Eqr = W,|Q| ~ 1.565 x 10** Hz/(ecm) [53], it
is possible to estimate the expected sensitivity of the ex-
periment in terms of the 7 ,P-violating energy shift: §E ~
8 uHz. According to Egs. (6) and (7), this constraint can
be reinterpreted in terms of limits on the products of ALP
coupling constants. The obtained results are given in Ta-
ble IIT and in Fig. 1. Let us consider the two limiting cases
separately.

Low-mass limit. As one can see from Tables I and II,
molecular parameters WanN (mg) and WS¢ (m,) are almost ALP
mass independent for light ALPs with masses m, < 10% eV.
This can be explained by the fact that, in this case, the range
of the interaction is comparable to the size of the molecule.
Therefore, in the Yukawa-type interaction one can approx-
imate the exponential factor by unity and the interaction
becomes independent of m,,. Thus, for light ALPs, constraints
on |g,&%| and |g'g%| become mass independent.

High-mass limit. For ALPs with high masses (m, >
10° eV) the interaction becomes very short ranged and the
following approximation in Eq. (4) can be made,

/dRp(R)VeN(rl R)~ +zgf;’1g€

(rdyoys. ®)
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FIG. 1. Derived constraints on (a) |gy,g"| and on (b) |g}g”| prod-
ucts (dashed green line and blue region) corresponding to the eEDM
limitation |d.] = 5.0 x 1073 ecm expected in the planned experi-
ment on BaF [12]. At the graph scale, the constraints almost coincide
with the current limitations on [g}g%| and |g)g?| obtained in the
HfF*' experiment [10,32]. Constraint on | gy &bl from macroscopic
experiments (black line and violet region) were compiled in Ref. [28]
using the results of Refs. [59,61-66]. The macroscopic constraints
of |g}gP| were estimated in Ref. [28] by reevaluating the published
constraints on |8} g°|.

and the following approximate relations for W) and
W€ can be obtained (see also Refs. [28,29]): W(EN )(mg) ~
Wen m;% and W (m,) ~ Wem>2, where parameters WV
and W¢¢ are independent of m,. Thus, the energy shift for the
electron-nuclear interaction can be parametrized as follows,

SE ~ gsng QW 9)
where
W = lim m2W N (my,). (10)
my—>+00

A similar dependence can be used for the electron-electron
interaction
gse—gf Qwe, (11)

a

O0E ~
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TABLE IV. Summary of the obtained constraints on the com-
binations of ALP coupling constants for limiting cases of light-
and high-mass ALPs. These constraints correspond to the expected
sensitivity of the planned experiment on BaF [12].

Limit Value
1gyell/(he), m, < 1 keV 7.29 x 102!
lgtgl|/(hic), m, < 1 keV 1.6 x 10720

6.43 x 10715 GeV 2
1.6 x 107! GeV ™2

gy gtl/ (iem2), my > 1 GeV
|gtgll/(hem?), m, > 1 GeV

where

Wee = JJim m2W (m,). (12)
In the case of heavy ALPs, the electron-nucleus interaction
parameter (4) can be related to the parameter of the scalar-
pseudoscalar nucleus-electron interaction [see also Eq. (8)].
Indeed, the potential of the latter interaction can be expressed
in the following form [54],
Gr
Vs.ps = iZks.ps—=p()YoYs, (13)
72 YoV
where Z is the charge of the nucleus, ksps is the dimen-
sionless coupling constant, and G is the Fermi coupling
constant (2.2225 x 10~ in atomic units). The energy shift
corresponding to this interaction is

SE = Qks.psWs.ps, (14)
where
1 TR
Wsps = —(V|—— Vs. BILAR 15
sps = |ks-1>s§ s.ps (1) W) (15)

Therefore, the approximate relation between the molecular
parameters can be obtained:

AV2 1

— WWS—PS- (16)
In Ref. [53] the value of the molecular parameter Wsps =
8.29 kHz was calculated. It corresponds to WY (m, =
10" eV) = —2.01 x 10~ Bm,c/h, which is very close to the
value —1.97 x 10~ m,c/h obtained in the present study (see
Table I).

For convenience, the constraints obtained for both light and
heavy ALPs are summarized in Table IV. In the case of light
ALPs, the expected limitations on the products |gg-| and
|gSgh| are approximately 50% and 40% better, respectively,
than those derived [32] from the HfF" experiment [10]. The
constraint on |g},g|/m? is almost twice weaker, while the
constraint on |gigh|/m> is about 5% better for heavy ALPs
compared to the HfF " case [32]. Note that these comparisons
are based on the present limitations of the 7 ,P-violating
energy shift in HfF™ [10], corresponding to |d.| < 4.1 x
1073% ¢cm, and the expected sensitivity of the BaF experi-
ment [12], corresponding to |d.| = 5.0 x 1073° ¢ cm. Taking

N
WM (m, — o) =

into account the very close limitations on the ¢EDM, the
numbers given above correspond to the relative sensitivities
of HfF" and BaF molecules to different 7, P-violating effects.
The difference in sensitivities is important to set more robust
constraints on various sources of 7 ,P-violating effects [55].
As one can see, the expected limitations on the products of the
considered ALP-coupling constants from the experiment on
the BaF molecule are of the same order of magnitude as those
from the experiment on the HfFt molecular cation. Thus,
the conclusions drawn from the comparison with macroscopic
experiments (see Ref. [25] for a review of such experiments)
will be nearly identical to those for the HfF" case [32]: For
very light ALPs, much better constraints can be obtained from
macroscopic experiments [25,56-66]. However, for heavy
ALPs (m, > 1073 eV), the limitations that can be achieved
from the planned experiment on the BaF molecule [12] can
be more stringent (see Fig. 1, which updates the plot given in
Ref. [28]).

V. CONCLUSIONS

The magnitudes of the effects of the axionlike-particle-
mediated scalar-pseudoscalar 7 ,P-violating nucleus-electron
and electron-electron interactions were estimated for the bar-
ium monofluoride molecule in the X 2%, /2 ground electronic
state. We demonstrated that the extended nucleus size effect
is valuable in case of the nucleus-electron interaction medi-
ated by heavy ALPs and should be taken into account in an
accurate treatment.

In our calculations, we obtained the molecular parameters
that characterize the 7 ,P-violating interactions in the ground
state of the BaF molecule. These parameters can be used
for interpretation of such experiment in terms of the scalar-
pseudoscalar ALP-mediated interactions with arbitrary mass
ALPs of future experiments [12]. The developed approach
can be used in future studies of the scalar-pseudoscalar ALP-
mediated nucleus-electron interaction in other molecules and
atoms.
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