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Static electric dipole moment of the francium atom induced by axionlike particle exchange
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The francium atom is considered as a prospective candidate system to search for the 7, P-violating electron
electric dipole moment [Aoki ef al., Quantum Sci. Technol. 6, 044008 (2021)]. We demonstrate that the same
experiment can be used for axionlike particles (ALP) search. For this, we calculate electronic structure constants
of the ALP-mediated interaction for a wide range of ALP masses. Using the recently updated constraints
on products of ALP-electron and ALP-nucleon coupling constants, we show that contribution of considered
interactions corresponding to these constraints can give significant contribution to the atomic electric dipole
moment. Therefore, obtainment of stronger restrictions for ALP characteristics in the francium atom electric

dipole moment experiment is possible.
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I. INTRODUCTION

Numerous experiments in modern particle physics are
aimed at observation of the phenomena beyond the standard
model (SM) [1]. The development of the SM in the second
half of twentieth century was an essential milestone in the
foundation of fundamental physical interactions theory. Ob-
servation of the Higgs boson confirmed the main ideas of the
SM. However, at present some effects cannot be explained
within the SM. The most popular example is the unknown
nature of cosmological dark matter and dark energy. More-
over, SM is not able to explain the gravity mechanism and,
therefore, surely needs an extension.

One of the approaches to search for beyond-SM effects is
the investigation of C-, P- or T -violating interactions [2—10].
Here C, P, and T are the operations of the charge conju-
gation, spatial inversion, and time reversion, respectively. In
the 1960s, the study of the K-meson decay revealed that
combined CP invariance is violated. According to the CPT
theorem [11], C/P violation implies also 7 violation because
the combined CP7T symmetry must conserve. Current status
of the experiments to test CP7 theorem can be found, i.e.,
in Ref. [1]. It was shown that CP violation is one of three
necessary conditions to explain the observed predominance
of the matter over the antimatter in the Universe [12].

The consequence of a simultaneous 7- and P-invariance
violation in particle physics is the existence of nonzero elec-
tric dipole moments (EDMs) of elementary particles. For
example, numerous experiments with atoms [13—-16] and
molecules [17-20] established strong constraints on the elec-
tron EDM (eEDM) value d,. The most precise one was
obtained in the second generation of the ACME Collabora-
tion experiment [20]: |d,| < 1.1 x 1072 |e| cm, where e < 0
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is the electron charge. However, this constraint is many or-
ders of magnitude higher than the SM prediction [21-23].
Recent constraint on the neutron EDM is as follows: |d,| <
1.8 x 10726 |e| cm [24]. It is almost two times better than the
previous one [25]. The neutron EDM is of great interest since
it provides information about the CP violation in the quantum
chromodynamics sector [26-30]. Besides, the proximity of
d, to zero (so-called “fine-tuning”) was supposed not to be
the coincidence but the consequence of the spontaneous sym-
metry breaking [31]. This symmetry was called Peccei-Quinn
symmetry Upq(1), and its breaking demands the existence of
the pseudo-Goldstone boson, named afterwards axion [32,33].

Later, it was noted that axions and axionlike particles
(ALP) are perfect candidates to be the dark matter compo-
nent [34-36]. Despite numerous experiments to search for
ALPs [37-49], it has not been reliably detected. As it was
noted in Refs. [50,51], the interaction of the cosmic ALPs
with fermions can lead to oscillating atomic and molecular
EDMs, which can be observed. In Ref. [52] it was proposed to
search for the varying EDM employing the solid-state nuclear
magnetic resonance technique. The results of this experiment
are reported in Ref. [48] (see also Ref. [53] for the theoret-
ical study of the Schiff moment enhancement in crystals).
Significant constraints on the axion-gluon coupling constants
were also achieved in the experiment with the HfF™ molecular
cation [49].

In Ref. [54], it was shown that the exchange by the
virtual ALP between electron and nucleon or electron and
electron can also lead to appearance of nonzero static T, P-
violating EDM of an atom or a molecule. Therefore, results
of planned [55,56] and already performed [13-15,18,20,57]
atomic and molecular experiments aimed to search for
¢EDM and other 7, P-violating interactions can be also
used to constrain ALP mass and products of ALP-fermion
coupling constants. Due to arising interest to the YbOH
molecule [58—63], it has been extensively studied from this
point of view in Refs. [64,65].

©2022 American Physical Society
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It was suggested to perform the ¢eEDM search experi-
ment with the francium atomic beam [66-69]. The scheme
of the measurement using laser-cooled atoms trapped in an
optical lattice was suggested in Ref. [70]. The sensitivity
of such an experiment is expected to be below d,(Fr) <
10~% |e| cm [70].

The sensitivity to ¢EDM in atoms with similar electronic
structures is scaled roughly as Z3 [71,72], where Z is the
nuclear charge. Moreover, most of currently considered 7, P-
violating effects are described by operators, whose mean
values are mostly determined by the behavior of the valence
wave function in the vicinity of the nucleus and determined
mainly by s{,> and p;, electronic states. For these reasons,
219Fr atom with an open 7s electronic shell is one of the most
prospective atomic candidates to measure eEDM. Theoretical
studies of 7, P-violating effects in the francium atom, such as
¢EDM and the scalar-pseudoscalar nucleus-electron interac-
tion, have been performed in several works [73-78] (see also
references therein).

The present paper is devoted to the study of the
T, P-violating ALP-mediated nucleon-electron and electron-
electron interactions in the francium atom. We perform
precise calculation of electronic structure properties with var-
ious values of ALP masses and conclude that the expected
sensitivity of the experiment [70] with the francium atom can
be sufficient for obtainment of the new constraints for the
products of axion-fermion coupling constants.

II. THEORY

The interaction of ALP with SM fermions is given by the
Lagrangian,

L=aY (g, +&r)v. (1)
v

Here a is the axion field, gy, and g’];, are scalar and pseu-
doscalar axion-fermion coupling constants, respectively, ¥
is the fermion field, ¥ = ¥ Ty° and y° and y° are Dirac
matrices defined according to Ref. [72]. The sum is over all
fermions. QCD origin of the axion leads to relations between
gy constants and axion mass m, [79,80]. However, for ALPs
one usually assumes an independence of coupling constants
and m,. Below we follow this widely used agreement and
do not distinguish QCD axions and ALPs and call them just
axions.

The T, P-violating electron-nucleon interaction mediated
by the axion is described by the following operator [54,81,82]:

g;v gg e~ Mar 0 s

4 v
Here r is the radius vector of the electron with respect to the
nucleon, yo and y5 refer to the electron. The nucleon N can
be either the proton or the neutron. In the nonrelativistic limit
this interaction is proportional to the scalar product (Va, s),
where s is the electron spin [83]. Therefore, this interaction
is usually described as the interaction of the axion with the
electron spin. The opposite case of the interaction of the axion
with the nucleon spin is also possible; it is characterized by
product gk g5. However, this contribution is suppressed by the
factor 1/M, where M is the nucleon mass [84].

Ven(r) =i

2

The axion mass determines the characteristic range of the
Yukawa-type interaction,

Ry, = i(relativistic units) = .
My myc
This range can be compared with the atomic characteristic of
the same dimension ag, Bohr radius. The condition Ry, = ag
implies m, = am, = 4 keV, where « is the fine structure con-
stant. For m, > am, the effect is determined by the electronic
density in the narrow vicinity of the nucleus, and for m, <
am, the induced atomic electric dipole moment (see below)
is provided by the whole spatial extent of the electronic wave
function.
In the case of one atom, the total potential of this interac-
tion can be expressed as a double sum,

—Mgry

N, N,
e
Vel =33 Vv = Aghgl > i o Wi )
k=1 N k=1

Here index N runs over all the nucleons of the atomic nu-
cleus, index k enumerates the electrons, the lower index of y
matrices determines the electron, which they act on, and N, is
total number of electrons. A is number of nucleons, and g, is
obtained as a parameter g}, averaged over nucleons,

Zg,+(A—-2)g, @
—

where Z is the atomic nucleus charge, g, and g, are corre-
sponding scalar coupling constants for the proton and neutron,
respectively.

The 7T, P-violating electron-electron ALP-mediated in-
teraction is described by the following two-electron opera-
tor [54,81]:

s
N =

4 e—mz,lrl—rz\
Vee(r1,12) = igsegle — % )
4 |r; — 1|

Here g} is the scalar axion-electron coupling constant and y
matrices refer to the first electron. For a many-electron system
the full axion-mediated electron-electron interaction is given
by the Hamiltonian,

N
Vt(()ie) = Z Vee(ria rj)~ (6)
i,j=1
i#]

Both the V" and the V,“ interactions can induce the
T, P-odd permanent atomic electric dipole moment [54]. If
one considers any of them as a perturbation, in the first order
of perturbation theory with respect to this interaction, the

atomic EDM can be expressed as

Nﬂ
(Wol D eri| W) (W |Vi | Wo)

da — Z i=1

j>0

H.c. 7
IE +He ()

Here Vi can be either V" or V,““), r; is the radius vector
of the ith electron with respect to the nucleus and N, is the
total electron number. W; is the electronic wave function of
the atom in the jth state, E; is its energy; j = 0 corresponds

to the ground electronic state.
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The induced atomic EDM can be measured as a linear Stark
shift in the external electric field. Specifically, given that €.y
is the electric field, the energy shift of atomic level can be
calculated as

SE = —dyext. ®)

According to Eq. (7), the value of d, is proportional to the
product g &> for the electron-nucleon interaction or g8 gb for
the electron-electron one. Therefore, it is possible to intro-
duce electronic structure enhancement factors RY) and R(¢®),
which depend on m, and are defined by the following equa-
tions:

dy = gyg'RY, ©)
d, = g g'R%. (10)

These coefficients allow one to extract corresponding cou-
pling constants product when the atomic EDM value (con-
straint) is obtained experimentally. These coefficients cannot
be measured and have to be calculated by the methods of
many-body theory. Their calculation can be performed by
using Eq. (7) directly, e.g., within the so-called sum over states
method. In the present paper we exploit another technique,
which is known as the finite-field approach [85]. It is imple-
mented by calculation of RN or R as the following mixed
derivatives:

2
(eN) _ 0°E
B = A T N : (In
agexta(g;lg[e)) ;f’;pzzoo
2
gie) — _8—E . (12)
886xta(gig£) ;;e;p::%

Its advantage is that calculation of the infinite sum, such as in
Eq. (7) is not required, but the Schrodinger equation should
be solved for an atom in an electric field. It requires to reduce
the spatial symmetry from O(3) to C,, [86].

The many-electron problem has been solved in the follow-
ing steps. At first, the system of Dirac-Hartree-Fock (DHF)
equations for the many-electron system was solved. Next,
the electronic correlation contribution has been calculated.
DHF equations have been solved in the basis of Gaussian
functions. Specifically, the components of electronic bispinors
were expressed as linear combinations of functions x(r) =
x"y"zke=P Here B > 0 is the parameter of the exponent,
which determines the width of the function, and n, m, k are
nonnegative integers; n + m + k = [ is the angular momen-
tum of the basis function. The primitive one- and two-electron
integrals of the Yukawa-type potential over the Gaussian
functions for the one-center problem can be reduced to the
following one-dimensional radial integral:

400
/ dr r2N—le—ar2—m‘,r
0

— 1 F(N)F Nlmzzl
T 2aV P2 4a

My e D m vy L3 (13)
ﬁ 2 11 2’2’ a 9

where I is the Euler I function, ; F; is the Kummer confluent
hypergeometric function, and N is a positive integer.

Study of the atomic electronic structure was performed
within the coupled cluster approach [87-91]. It is based on
the exponential ansatz of the wave function,

W = exp(T)®. (14)

Here @ is the Dirac-Hartree-Fock wave function of the many-
electron system, and W is the correlated wave function beyond
the Dirac-Hartree-Fock approximation. 7" is the cluster exci-
tation operator, which can be written as the following sum:

T=T1+DH+T+---, (15)

where the excitation operators of different orders are defined
as follows:

, 1
o b 7 . o biby 7T
T, = E tyapa;, T = T E Liiy Qp, Gy, Qi i, -
icocc " ij<ipeocc

bevirt by <b,evirt

Here ¢ are unknown scalar cluster amplitudes to be deter-
mined, az and g; are creation and annihilation operators of
states b and i, respectively. Indices b and i correspond to the
virtual and occupied states, respectively. Since the solution of
the coupled cluster equations for all the possible excitations
for many-electron atoms is unfeasible, the sum (15) should
be truncated. Below we exploit the following commonly used
implementations: the coupled cluster approach with single
and double cluster amplitudes (CCSD) and the couple cluster
approach with single, double, and perturbative triple ampli-
tudes [CCSD(T)]. The former one is based on approximation
T ~ T, + T, and the latter one includes also perturbative
consideration of the 73 term. The CCSD(T) method is often
called “the golden standard” of quantum chemistry and usu-
ally allows one to calculate electronic properties with high
accuracy [92,93].

In the electronic structure calculations the Gaussian nu-
clear charge distribution model [94] was used. Following
Ref. [54], we did not consider the effect of the finite distri-
butions of nucleons in the operator (3). For a related problem
where the finite distribution of nucleons was studied, see
Refs. [82,95].

The DHF equations have been solved using the DIRACIS
code [96]. Coupled cluster calculation of the R‘") parameter
has been also performed using the DIRAC15, whereas in the
case of R the MRCC code [97] has been used. The program
to construct the matrix of the operator (3) was developed in
Ref. [64]. The code to construct the matrix of the operator (6)
was developed in Ref. [65] for m, < 1 keV and generalized
for arbitrary axion masses in the present paper.

III. RESULTS AND DISCUSSION

We report the results for m, = 10" eV forn =1, 2,.. ., 10.
As it was shown in Refs. [54,64], this range is also sufficient
to estimate R")(m,) and R\’ (m,) functions for extremely
high and extremely low values of m, beyond the considered
interval.

For all the values of axion mass, the DHF calculations have
been performed within three different uncontracted Dyall’s
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TABLE L. The values of the R‘") parameter for the 2°Fr atom
obtained within the Dirac-Hartree-Fock approach within different
basis sets. The results are presented in units of cm/|e|.

mg, (eV) CvV2Z CV3Z CVv4z

10 +1.06 x 107° +1.06 x 107 +1.06 x 107°
102 +1.05 x 107° +1.05 x 107 +1.05 x 107°
10° +746 x 10710 4746 x 1070 4746 x 10710
10* +1.03 x 1071 41.02 x 107  4+1.02 x 10710
10° —3.54 x 10710 354 x 10710 —3.54 x 10710
100 —4.67 x 10710 —467 x 10710 —4.67 x 10710
107 —341 x 107" —341 x 107" =341 x 107!
108 —8.08 x 10°®  —8.18 x 1073 —8.19 x 10713
10° —9.11 x 107  —935 x 1075 —9.39 x 107"
10% —9.13 x 1077 —938 x 1077  —9.41 x 1077

basis sets of increasing quality: CV2Z, CV3Z, and CV4Z [98].
All electrons were included in the coupled cluster calcula-
tion. The virtual orbitals cutoff threshold was set equal to
10 000E},. For comparison, the orbital energy of 1s electron is
~—3700E;,. The importance of high-energy orbitals con-
tribution to similar one-electron properties was shown in
Refs. [77,93]. The interaction with the external electric field
has been added to the electronic Hamiltonian from the begin-
ning, i.e., already at the DHF level. This corresponds to the
“strategy 1" of Ref. [77]. The results for the RN) constant
for various m, values within the DHF approach are given in
Table 1. Tables II and III include analogous results obtained
within the CCSD and CCSD(T) methods, respectively. The
final results are highlighted in bold in Table III. Tables IV-VI
contain the results for R within DHF, CCSD, and CCSD(T)
approaches, respectively, using the CV2Z and CV3Z ba-
sis sets. The final results are also highlighted in bold in
Table VI.

A. Contribution of R¢M

Analysis of the results in Table III demonstrates that
the RN value changes its sign in the interval of
(10* eV, 10° eV). The reason is that for low-mass axions
RN is determined by the oscillating wave function of the

TABLE II. Results of RY parameter calculations for various
axion masses within the CCSD approach in units of cm/|e|.

TABLE III. Results of RN parameter calculations for various
axion masses within the CCSD(T) approach in units of cm/|e].

my (eV) CV2Z CV3Z CV4z

10 +1.09 x 107 +1.10 x 107° +1.10 x 10~°
10? +1.09 x 107° +1.09 x 107° +1.09 x 10~°
10° +828 x 1071 4+838 x 1071  48.39 x 101
10* +1.24 x 10710 4128 x 1071 +1.28 x 10~1°
10° —459 x 10710 467 x 10710  —4.68 x 10710
10° —573 x 1071 —586 x 1071 —5.89 x 10~1°
107 —4.18 x 107" —428 x 107" —4.30 x 10~
108 —-991 x 10°¥  —-1.03 x 1072  —-1.03 x 10712
10° —1.12 x 10°%  —1.17 x 107 —-1.18 x 10"
1010 —1.12 x 107  —1.18 x 1076 —1.19 x 10~'¢

valence electron in a wide range, whereas for high m, only the
close vicinity of the nucleus gives a noticeable contribution.

For low-mass axions (m, < 1keV) the R¢") parameter
is weakly dependent on both the basis set size and the elec-
tronic correlation treatment level. In contrast, for the heavy
axions, the role of correlation effects is sufficiently higher: for
m, = 10'° eV the contribution of these effects reaches 20%,
whereas for m, = 10 eV it is less than 4%. Additionally, for
low-mass axions R") is almost independent on m,, whereas
for large m, the dependence is significant. For m, > 1 MeV
the inverse quadratic dependence takes place: RN ~ m_ 2.
Therefore, it is possible to introduce parameter R in the fol-
lowing way:

R= lim m’R“N(m,). (16)
my— 00
It will be used further in order to estimate the atomic EDM in
the heavy axion case.

In the case of high m,, RN can be estimated in another
way. For this, one can use the similarity of Eq. (2) and the
Hamiltonian of the scalar-pseudoscalar nucleus-electron inter-
action in the pointlike nucleus approximation [3],

. GF 0.5
Hyp = krpiZ— E 8(re). (17
T,P T.P «/5 ~ Vi Vi 0O\F'k

Here kr p is the parameter of the 7, P-odd interaction, and
Gr ~ 1.166 x 1072 eV~2(fic)’ is the Fermi constant. Taking

TABLE IV. Results of calculations of the R parameter for the

29Fr atom within the DHF approach in units of cm/|e].

Mg (eV) cv2Z CcV3z Ccv4z my (eV) cv2z CV3z

10 +1.09 x 107  +1.10 x 10°  +1.11 x 107° 10 +4.37 x 10710 +4.37 x 10710
102 +1.08 x 107  +1.10 x 107  +1.10 x 107° 102 +4.34 x 10710 +4.34 x 10710
103 +824 x 10710 4840 x 10710  +843 x 10710 10 +3.10 x 10710 +3.10 x 10710
10 +124 x 10710 4128 x 10710 4+129 x 1071 10* +721 x 1071 +721 x 1071
10° —458 x 10710 —4.69 x 1071 —471 x 1071 10° +9.34 x 10~ +9.33 x 102
106 —571 x 1071 5388 x 1071 —591 x 1071  10° —1.35 x 10713 —1.35 x 10713
107 —4.17 x 10711 —429 x 107" —432 x 107" 107 —7.13 x 10715 —7.13 x 10715
108 —9.88 x 10°®  —1.03 x 10°2  —1.04 x 102 10¢ —7.37 x 107 —~7.37 x 1077
10° —1.11 x 1074 —1.18 x 107% —1.19 x 107  10° —~7.38 x 107 ~7.37 x 107
10'° —1.12 x 1071 —1.18 x 10°'¢  —1.19 x 107'¢  10'° —7.38 x 102! —7.37 x 1072
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TABLE V. Results of calculations of the R parameter for the

ééOFr atom within the CCSD-approach in units of cm/|e|.

my, (eV) cv2z CcV3z
10 +4.52 x 10710 +4.57 x 10710
10? +4.49 x 10710 +4.54 x 10710
10° +3.46 x 10710 +3.52 x 10710
10* 4+9.31 x 1071 4+9.59 x 107!
10° +1.13 x 1071 +1.16 x 1071
10° —1.82 x 1071 —1.86 x 1071
107 —8.83 x 1079 —-9.07 x 1079
108 —9.13 x 107" —-9.38 x 107"
10° —9.14 x 107" —-9.39 x 107"
1010 —9.14 x 1072 —9.39 x 1072
also into account the relation,
e Ma 1
~ —48(r), 18
4y m2 ® (18)
one obtains for large m,,
AV2 1
(eN) ~
Rax (ma) ~ 7 m(%GF RSv (19)

where the atomic enhancement parameter of the scalar-
pseudoscalar nucleus-electron interaction Ry is defined sim-
ilarly to Eq. (11). One can see from Tables I-III, that the
inverse quadratic dependence with respect to the axion mass
is fulfilled with high accuracy for m, > 1 MeV.

Obtained results for RYY) can be compared with the ones
for other atoms. For example, according to Ref. [54] on the
borders of the interval studied

REV(22Cs,m, = 10 eV) ~ +7.3 x 1071 em/Jel,

REV('22Cs, m, = 10" eV) &~ —6.8 x 107 cm/Je].

For low-mass axions, the ratio of R constants for 23°Fr and
%?Cs is close to Zg /Zcs & Ap /Acs ~ 1.6. However, in the
heavy axion case, the RN value increases dramatically when
the nuclear charge increases. The character of this dependence
is extensively analyzed in Ref. [54].

Provided results allow one to estimate the atomic EDM
d, induced by the studied interaction. According to the

TABLE VI. Results of calculations of the R? parameter for the

29Fr atom within the CCSD(T)-approach in units of cm/|e].

m, (V) cv2z Ccv3z
10 +4.40 x 10710 +4.38 x10~1°
102 +4.37 x 10710 +4.36 x1071°
10° +3.37 x 10710 +3.38 x10~1°
10* +9.09 x 10~ +9.25 x10~1
10° +1.10 x 1071 +1.12 x10~ 1!
10° —1.77 x 1071 —1.79 x10~13
107 —8.61 x 1071 —8.75 x10~15
108 —8.90 x 107V -9.05 x10~"7
10° —8.90 x 107" —9.05 x10~Y
10'° —8.91 x 1072 —9.05 x10~!

updated results of Ref. [54], the upper constraint for cou-
pling constants product was obtained in the ThO beam
experiment [20] [99] and is |g5Ng’§ | < 9.0 x 10~2%¢ under
the condition m, < 1keV. According to Eq. (9), this cor-
responds to the atomic EDM constraint |d,(Fr)| < 1.4 x
107%| ¢[cm. Now, let us consider the high-mass axion
limit. Substitution of the constraint value |g5,g5|/m2 < 6.0 x
10~ %%ic GeV~2 from Ref. [54], and result of the present
study R = —1.19 x 10~'* GeV?cm/|e| shows that the atomic
EDM induced by heavy axion exchange between nucleon
and electron correspond to the atomic EDM value |d,(Fr)| <
9.8 x 107%7| e| cm. These constraints can be compared with
Fr atomic EDM, induced by the eEDM,

|d.(¢cEDM)| = |d.Ry| < 1077 |e| cm, (20)

where |d,| < 1.1 x 107 |e|cm is the current constraint on
the ¢eEDM [20] and R; ~ 800 is the dimensionless ¢eEDM
enhancement factor [73-75,78,100]. The axion-induced EDM
values in both considered cases have the same order of magni-
tude as the upper limit on the ¢EDM contribution. Therefore,
if the constraint on the Fr EDM, better than in Eq. (20) is
experimentally obtained, it will also lead to a new constraint
on the product of the considered coupling constants.

B. Contribution of R

The R parameter changes its sign for the m, value which
is higher than the value for the RN case (see above)—in the
interval (10° eV, 10° eV). As in the case of the one-electron
interaction, results of the DHF approach are weakly dependent
on the basis set size. For low values of m, results of DHF and
CCSD(T) approaches almost coincide, whereas CCSD results
slightly differ from them.

Comparison of the final results shows one that the
ratio RN /R is close to A/Z for m, < 1keV. This re-
sult is consistent with the same proportion for the YbOH
molecule [64,65] and heavy atoms considered in Ref. [54].

Results of Ref. [54] for the caesium atom are as follows:

R ('2Cs, my = 10 eV) ~ 2.9 x 107" cm /],

ReO(‘3Cs,m, = 10 eV) ~ —2.8 x 107! cm/Je].
As for the electron-nucleon interaction case, for small m,
the ratio R (Fr)/R%(Cs) ~ Zg, /Zcs is fulfilled. However,
for heavy axions, the proportion is R (Fr)/R¢)(Cs) ~
(Ze:/Zcs)?, which is consistent with Eq. (18) of Ref. [54].

Despite the fact that Eq. (18) is not valid in the two-particle
case, R%(m,) is also proportional to m>. This can be ex-
plained by the fact that the main contribution to R is given
by the mixing of s and p electrons, and the corresponding ma-
trix elements are proportional to expression (13) with N = 1;
and in this case the integral is scaled as m; 2.

Combining the final results for R for extremely
low and extremely high mass with the constraints from
Ref. [54] (Ig8gh] <24 x 107%hc and |ggh|/m2 < 5.6 x
10~""ic GeV~2, respectively), one can obtain the upper limit
of the electron-electron axion-induced contribution to the
atomic EDM,

i (my < 1keV)| S 1.4 x 107 Jefem, (1)

1d\)(my > 1 MeV)| < 7.0 x 107 |efecm.  (22)
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These values are of the same order of magnitude as for the
electron-nucleon interaction case. So, the constraint on g' gl
may also be updated if the sensitivity, better than in Eq. (20),
will be obtained in the francium atomic EDM measurement.
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