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Closed-shell atoms and molecules such as Hg or TIF provide some of the best low-energy tests
of hadronic CP-violation beyond the standard model of particle physics which is considered to be
a necessary ingredient to explain the observed excess of matter over antimatter in our universe.
CP-violation is expected to be strongly enhanced in octupole deformed nuclei such as ***Ra. Re-
cently, closed-shell radium-containing symmetric-top molecular ions were cooled sympathetically in
a Coulomb crystal [M. Fan et al., Phys. Rev. Lett. 126, 023002 (2021)] and shown to be well-suited
for precision spectroscopy in the search for fundamental physics [P. Yu and N. R. Hutzler, Phys.
Rev. Lett. 126, 023003 (2021)]. In closed-shell molecules hadronic CP-violation contributes to a
net electric dipole moment (EDM) that violates parity and time-reversal symmetry (P, 7 ), which
is the target of measurements. To interpret experiments, it is indispensable to know the electronic
structure enhancement parameters for the various sources of P, T-violation which contribute to the
net P, T-odd EDM. We employ relativistic density functional theory calculations to determine rele-
vant parameters for interpretation of possible EDM measurements in RaOCH3; ", RaSH™, RaCH3 ™,
RaCN™, and RaNC™ and perform accurate relativistic coupled cluster calculations of the Schiff
moment enhancement in RaSH™ to gauge the quality of the density functional theory approach.
Finally, we project to bounds on various fundamental P, 7-odd parameters that could be achievable
from an experiment with RaOCH;3 ™" in the near future and assess its complementarity to experiments

with Hg and TIF.

I. INTRODUCTION

Molecules and molecular ions provide some of the best
probes of simultaneous violation of parity and time-
reversal symmetry (P, 7T-violation) [I]. Within the cur-
rent experimental resolution a measurement of P,7T-
violation would be an indirect evidence of CP-violation
beyond the Standard model of particle physics [2], which
is assumed to be necessary to explain the imbalance be-
tween matter and antimatter (baryon asymmetry) in our
universe [3]. Recently, an experiment with the molecu-
lar ion HfF " tightened the upper bound on the electron
electric dipole moment (eEDM) [4]. Whereas such ex-
periments with open-shell molecules are established for
searches for P, T-violation in the electron sector, exper-
iments with closed-shell atoms such as mercury provide
some of the best bounds on P, T-violation in the hadronic
sector [5]. Similar to polar open-shell molecules, P, T-
odd effects in polar closed-shell molecules are enhanced
by several orders of magnitude compared to the atom due
to close-lying rotational states of opposite parity [6] [7].
This will be for instance exploited in the upcoming CeN-
TREX experiment with TIF [g].

In addition to the benefits of relativistic enhancement
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of P, T-violation in heavy atoms and molecules, the heav-
iest elements can possess isotopes with octupole deforma-
tion, which can significantly enhance the P, 7T-odd nu-
clear Schiff moment compared to spherical nuclei such
as Tl or Hg [9, 10]. In particular, ?**Ra was identified
to posses a large octupole deformation [IT), 12] and is
expected to have a strongly enhanced nuclear Schiff mo-
ment [I3HI6]. This nuclear enhancement is exploited in
an experiment with 22Ra [17, [18], which is expected to
be able to improve bounds on CP-violation from the Hg
experiment in near future.

Recent developments make precision spectroscopy of
molecules containing short-lived radioactive isotopes,
such as 22°Ra, feasible [19-22]. Moreover, the proposal
for direct laser-cooling of polyatomic molecules [23] and
its successive realization [24], were promptly followed by
the exploration of advantages of polyatomic molecules
for EDM experiments [25H27]. Very close-lying ¢- or K-
doublets can serve as internal co-magnetometers and en-
able large polarization with weak electric fields, which
renders symmetric top and asymmetric top molecules
prospective candidates to search for P, T-violation [26].

Radium-containing polyatomic molecular ions com-
bine these advantages of nuclear structure and molecular
structure in a single system and can be expected to be
exceptionally suitable for tightening bounds on hadronic
CP-violation. Recently, efficient sympathetic cooling of
trapped RaOH™ and RaOCH3™ molecules with atomic
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radium ions in a Coulomb crystal was demonstrated [28].
In this context it was shown that RaOCH;5 ™" has favorable
properties for fundamental physics experiments, such as a
large polarizability and opposite parity states with tun-
able splittings [29]. Shortly afterwards the asymmetric
top molecular ion RaSH™ was suggested as a promising
candidate for precision experiments as it is assumed to
have very close lying K-doublets, and subsequently syn-
thesized, trapped and sympathetically cooled [30H32].

The extraction of bounds on CP-violation from exper-
iments on a fundamental level requires electronic struc-
ture theory predictions of the molecular P, T-violation
sensitivity coefficients. In this paper we provide these
sensitivity coefficients for the symmetric-top molecules
RaOCH;", RaCH;" and the asymmetric-top molecule
RaSH™ and for comparison for the linear Ra-containing
molecules RaNC™ and RaCN ™. Relativistic coupled clus-
ter theory is employed to estimate the influence of elec-
tron correlation on the molecular enhancement of the
Schiff moment in RaSH™, which is achieved with a new
implementation of the Schiff moment interaction opera-
tor into the DIRAC program package [33]. Enhancement
of P, T-violation in other molecules and from other pos-
sible fundamental sources is computed on the level of
density functional theory and subsequently used to esti-
mate the sensitivity of an experiment with RaOCH5™ to
relevant sources of P, T-violation in comparison to ex-
periments with Hg and TIF.

II. THEORY
A. Effective P, T-odd Hamiltonian

In a closed-shell asymmetric-top molecule such as
RaSH™ which is polarized by an external electrical field of
strength &, the effective P, T-odd Hamiltonian is propor-
tional to the interaction of the nuclear angular momen-
tum, f, with polarization axis X in the molecular frame
that can be defined by the principal axes of inertia d, b
and ¢ as

Hp 7= IT . diag Wair o Waig Woere) - X,

where a,b,c denote the components of the vectors in
the principal axes system. In a prolate symmetric-top
molecule such as RaOCHs™ b = ¢. In analogy to hy-
perfine coupling constants, the b and ¢ components con-
tribute to an anisotropy of the P, T-odd interaction and
vanish in a linear molecule. In closed-shell molecules the
electronic structure sensitivity coefficients W are com-

posed of individual contributions of sources of P,7T-
violation as[34H36]

W/?/j:a = deW(Ta + dsr,n(TIAWm,a + RVOIWS,a)
+ SCOHW&Q + kSWSrf; + kTWT,a + ka Ja (2)

where d. is electric dipole moment of the electron
(eEDM), ks is the scalar-pseudoscalar (SPNEC), kr
is the tensor-pseudotensor (TPNEC) and k, is the
pseudoscalar-scalar (PSNEC) nucleon-electron current
interaction constant. Following closely Ref. [37] the col-
lective Schiff moment, which is arises from the long-range
nucleon-pion interactions can be written as

Scoll = ¢ (aogﬁr‘)) +argth + 02§$r2)> ) (3)

where the strong pion-nucleon coupling strength is g ~
13.5, 97(70), g,(rl), g,(?) are the nucleon-pion interaction con-
stants and ag, a1, as are the corresponding nuclear struc-
ture enhancement factors (see also Ref. [38]). dgn is
the remaining short-range contribution to the neutron
EDM (nEDM) as defined e.g. in Ref. [37] in a next-to-
next-to-leading order expansion of d,,, which contributes
to the Schiff moment via the nuclear enhancement fac-
tor Ryo (see also [39]). In Refs. [40, [41] it was shown
that a single valence nucleon with an EDM will interact
with the magnetic field produced by the electrons at the
position of the nucleus with the nuclear structure factor
na = % + AAH _AZA. As the exact nuclear structure re-
lation between the nEDM and the hadronic sources of
P, T-violation is not known, we assume in the following
the interaction with a single valence nucleon. Thereby
we neglect long-range nucleon-pion contributions to the
nEDM, which would contribute to the magnetic inter-
action or via Ry, as these contributions are at least
three orders of magnitude smaller for heavy atoms and
molecules than contributions from the collective Schiff
moment (see Ref.[38] for details). These approximations
do not impact the form of the electronic operators and
allow us to obtain order of magnitude estimates of the
sensitivity to sources of CP-violation at the hadronic
level. However, to obtain rigorous bounds on fundamen-
tal sources of C'P-violation a more sophisticated treat-
ment of the nuclear structure would be required.

In the following we will drop the subscript a on all
W when referring to the principal axis that points ap-
proximately along the Ra bonding axes. The individual
electronic structure factors W for the heavy Ra nucleus
A are defined as (see Refs. [36], [40] [42H45]):
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Here () denotes the expectation value for a given many-
electron wave function and |0), |a) denote wave functions
of the electronic ground state and all excited states with
energies Ey and F, respectively. c is the speed of light, &
is the reduced Planck constant, pg is the magnetic con-
stant, €g is the electric constant, G is the Fermi constant
for which we employ the value 2.222 49 x 107 By a¢?

and uy is the nuclear magneton. 7,, p, = —1hV, and

é_;b = —hry, X ﬁa are the position operator, momentum
operator and angular momentum operator of a particle a
relative to particle b, respectively. The relative position
of two particles is 7, = 7, — 7 and the distance operator
iSrap = |Fab|- pa is the normalized nuclear charge density
distribution of nucleus A. Z 4, I4 and pu4 are the charge
number, spin quantum number and magnetic moment of
nucleus A respectively, which for **°Ra are 88, 1 /2 and
—0.7338 un [46] respectively, and na = L5+ EA— is
—0.00091 py for ?*Ra. We chose Dirac v-matrices to
be defined as ¥ = (_O_. g), ¥ = <(1) _01>7 B =",

g
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III. COMPUTATIONAL DETAILS

In this work we investigate the contribution from differ-
ent sources of P, T-violation on the level of Kohn—Sham
(KS) density functional theory (DFT) and Hartree-Fock
(HF) calculations and benchmark our results on accurate
relativistic coupled cluster (CC) calculations of Ws. For
this purpose we implemented the integrals of the deriva-

(

tive of the nuclear charge density distribution in the space
of Gaussian basis functions x, in the development ver-
sion of the DIRAC program package [33] as

<Xu ‘ Vpa ‘Xu> = —2Ca (XplpaTalxw) , (10)
which are electric dipole moment integrals with a modi-
fied Gaussian density. These integrals are needed for the
calculation of Ws and W;,. The current implementation
was tested by comparison to the results obtained with
the program developed in Ref. [35].

The Dirac matrix +y was not available in the DIRAC
program but only the time-reversal anti-symmetric ma-
trix 4. For calculations of W the DIRAC program had,
thus, to be adjusted as described in the appendix.

All relativistic four-component calculations as well as
calculations of properties in the Levy-Leblond approxi-
mation, the exact two-component approximation (X2C)
and its spin-free version (SFX2C) were performed with
the development version of the program package DIRAC
[33].

Dirac-KS (DKS) DFT calculations were performed
within the local density approximation (LDA) using the
Xa exchange functional [47, 48] and the VWN-5 corre-
lation functional [49]. In comparison to CC calculations
DFT functionals tend to underestimate the P, 7-odd ef-
fects, whereas HF usually overestimates them [35] 36 [50].
Therefore, we employed the hybrid LDA functional with
50 % Fock exchange by Becke (BHandH) [51], which was
found to give results that agree excellently with CC cal-
culations [36]. Furthermore, we employed the Perdew,
Burke , Ernzerhof functional PBE [52] and its hybrid



Table I. Bond lengths r and bond angles ¢ of various Ra-containing molecular ions with structure RaXY* optimized at the level
of DKS-PBE0Q/dyall.cv3z (DKS) or in case of RaOCH3" at the level of SFX2C-CCSD(T)/ANO-RCC-TZVP [CCSD(T)]. In
addition to DKS and CCSD(T), structure parameters of RaSH™ are shown at the level of SFX2C-HF /dyall.cv3z (SFX2C-HF)

and SFX2C-PBE(Q/dyall.cv3z (SFX2C-KS) are shown.

X Y r(Ra—X)/A r(X-Y)/A ¢(Ra—X~-Y)/° r(C—H))/A $(X-C-H)/° ¢(H-C-H)/°
S H SFX2C-HF 287 1.33 98.2
CCSD(T) 2.81 1.34 89.9
SFX2C-KS  2.80 1.35 93.3
DKS 2.79 1.35 93.8
O CHs CCSD(T) 2.19 1.41 180 1.09 111 108
CH; -  DKS 2.58 1.10 113 106
C N DKS 2.57 1.16 180
N C DKS 2.40 1.18 180

version [53], as well as the Becke three-parameter hybrid
exchange-correlation functional BSLYP [54]. To bench-
mark the exchange-correlation functionals, we computed
the enhancement of the Schiff moment in RaSH™ on
the level of Mgller-Plesset perturbation theory of sec-
ond order (MP2) and single-reference CC with singles
and doubles amplitudes (CCSD) and including pertur-
bative triples [CCSD(T)]. At these correlated levels of
theory, properties are computed in a finite field approach
by adding the perturbing operator with a small ampli-
tude A to the Hamiltonian:

H = Ho+A\H'. (11)
The energy correction of first order in A\, E™) is found by
taking the numerical first derivative with respect to A:

(12)

In all these calculations we computed two points with A =
+1 x 1079 for taking the numerical first derivative. The
finite field is applied after the DHF mean-field calculation
is converged. Therefore, in this approach MP2 results are
orbital unrelaxed (OU-MP2) and, thus, are expected to
be strongly improved by the CCSD iterations.
Molecular structure parameters of RaSH™ and
RaOCH;3" were optimized with the program package
CFOUR [55, 50] at the level of scalar relativistic SFX2C-
CCSD(T) calculations employing an atomic natural or-
bital all electron basis set of triple zeta quality (ANO-
RCC-TZVP) [67H59] up to a change of the geometry
gradient of less than 107° E, Jap @S convergence crite-
rion. Wave functions were optimized until the total en-
ergy change between two consecutive HF cycles was less
than 107!° E}, or better. The SFX2C-CCSD(T) method
provides a good compromise between accuracy and ef-
ficiency for the optimization of the molecular structure
[60]. The molecular structure of RaSH™ optimized in this
way was compared to molecular structure optimizations
with the program package DIRAC at the level of SFX2C-
HF, SFX2C-PBEO and DKS-PBEO with the dyall.cv3z
basis set [61, [62]. All other molecules were optimized at

the level of DKS-PBEQ/dyall.cv3z with DIRAC [61], 62].
The optimized molecular structure parameters are shown
in Table [l

In all calculations with DIRAC, the nucleus was de-
scribed as a normalized spherical Gaussian nuclear charge

3/2 oo
density distribution p4 (7) = %e’“'“”'g with (4 =

2T121:9jc,A
Tnuc,4 Was approximated in dependence of the nuclear
mass number as suggested by Visscher and Dyall [63].
We used the isotopes 'H, 12C, 4N, 160, 32§ and 2?*Ra
in all calculations. The influence of the exact nuclear
mass number on properties is negligible for heavy atoms

such as Ra.

The root-mean-square nuclear charge radius

IV. RESULTS

A. Assessment of uncertainty for the Schiff
moment enhancement in RaSH™'

In the following we estimate the errors of the calcu-
lated nuclear Schiff moment enhancements factors for the
molecule RaSH™ in detail by using sophisticated cou-
pled cluster approaches. This extensive study allows us
to benchmark the DFT calculations, which we succes-
sively employ for other properties and molecules. For
all calculations of RaSH™ discussed in the following the
molecular structure optimized at the level of SFX2C-
CCSD(T)/ANO-RCC-TZVP was used if not stated oth-

erwise.

1. Influence of the basis set on the mean-field level

The influence of the basis set was studied on the level
of DHF for RaSH™ comparing dyall.cv2z, dyall.cv3z and
dyall.cvdz [61] 62]. From previous works [35] [64] it is
known that the Schiff moment enhancement operator is
extremely sensitive to the wave function close to the nu-
cleus, and one usually needs to add steep functions with



exponents that are in the range of the exponent of the
Gaussian nuclear charge density distribution. This re-
gion is weakly described in the used Dyall basis sets. Ex-
ponential factors (; of the Gaussian basis functions of
form exp(—¢;r?) of the steepest s and p functions are re-
lated by relatively large ratios (;/¢; of order ~ 4 and the
Gaussians with largest exponential factors are not steep
enough to penetrate the nucleus. We added n steep s
and m steep p functions with larger exponents, using the
ratio of exponents ¢;/(;, where (; and (; are the largest
and second largest exponential factors in the basis set, to
obtain the next steeper s and p function with exponent (i
as Cx = (?/¢;. This is indicated by “+nsmp” in the de-
scriptor of the basis set. We also studied the influence of
densifying the region of steep exponents by adding func-
tions with exponential factors obtained as §; = (;1/(i/
and for all additional (; analogue. This is indicated in
the name of the basis by “(d)”. Finally, the influence
of densifying twice the region of steep functions is stud-
ied by adding in addition functions with (m = (v/C/G
[indicated by (dd)]. This study is summarized in Table
I

Table II. Influence of the basis set on the enhancement of
the nuclear Schiff moment in RaSH™ on the level of DHF.
In the last column the deviation relative to the dyall.cv4dz
basis set with additional 2s and 2p steep functions and double
densification of the steep function space [cv4z+2s2p(dd)] is
shown.

Basis set Steeper Densified 1073 Ws/ =25 Deviation/%

oag
cv2z —13.06 73.5
cv3z —44.77 9.1
cviz —46.66 5.2
cv2z 1slp no —45.69 7.2
cv3z 1slp no —48.17 2.2
cv2z 2s2p no —46.10 6.4
cv3z 2s2p no —48.38 1.8
cvdz 2s2p no —48.31 1.9
cv3z 3s yes —47.32 3.9
cv2z 1slp yes —49.01 0.5
cv3z 1slp yes —49.23 0.0
cv2z 2s2p yes —48.83 0.8
cv3z 2s2p yes —49.22 0.0
cviz, 2s2p yes —49.29 0.0
cv3z 3s3p yes —49.22 0.0
cv3z 2s2p double —49.24 0.0
cvdz, 2s2p double —49.24
The double densification [cv3z+2s2p(dd),

cvdz+2s2p(dd)] has no significant influence on the
results, but we take this augmentation as a refer-
ence which describes the region in the nucleus best.
All non-augment basis sets show large deviations to
cv4z+2s2p(dd). Even the dyall.cv4z basis results in an
error of 5 % for Ws. Adding a single steeper function
in the s and p block reduces the error of the cv3z basis
already by 7 %. A densification of the steep functions
finally converges the basis set on the DHF level. Only

adding s functions is not enough to make the error
smaller than 1 %. In the following calculations we will
use an augmentation with 2s2p and densification, i.e. in
total five additional s and p functions [cv3z+2s2p(d)].

2. Relativistic effects

To study the influence of relativistic effects we per-
formed calculations in the non-relativistic limit employ-
ing the Levy-Leblond Hamiltonian, on the scalar rel-
ativistic (SFX2C) and two-component quasi-relativistic
level employing the X2C scheme with and without the
atomic mean-field two-electron spin-orbit coupling cor-
rection (AMFI) and on the full four-component Dirac—
Coulomb (DC) and Dirac-Coulomb-Gaunt (DCG) level.
We also computed the effect of explicitly considering the
pure small-component two-electron integrals (SSSS). The
results are summarized in Table [[TT| We find that impor-
tant relativistic effects are covered by more than 99 % by
using a two-component Hamiltonian, whereas consider-
ing only scalar relativistic effects overestimates the effect
by about 30 %. The influence of AMFI is negligible and
the corrections due to explicitly considering the full four-
component Hamiltonian almost cancel with the Gaunt
correction, which are both almost 1%. As we are doing
coupled cluster calculations in the following, the used
Hamiltonian is not time-critical and we will employ the
DC Hamiltonian for all following discussions. Currently
the Gaunt interaction can not be included in the corre-
lated calculations in DIRAC.

Table III. Influence of relativistic effects on the enhance-
ment of the nuclear Schiff moment in RaSH™ at the level
of DHF /cv3z+2s2p(d).

Method 1073 Ws/m Increment/%
Levy-Leblond —4.734

SFX2C —69.84 93.2
X2C —48.83 30.1
X2C+AMFI —48.79 —0.1

DC —49.22 0.9

+G —48.82 -0.8
+SSSS —48.72 —0.2

3. Electron correlation effects

The size of the active space is studied on the level
of CCSD(T) in Tab Thereby we were limited to use
medium large active spaces due to the enormous memory
requirements. To circumvent this we studied the influ-
ence of larger active spaces with the cv2z+2s2p(d) basis
set.

We find that the active space has no large influence on
the results on the level of CCSD(T). This is in contrast
to our findings for the Wy parameters in BaF, BaOH,



Table IV. Influence of the active space on the RCCSD(T)
electron correlation effects in the enhancement of the nuclear
Schiff moment in RaSH'. The first two columns show the
lower and upper energy cutoff for active spinors, respectively.
In the third column the active space is given as ninm, where
n is the number of electron in m spinors. For the number of
spinors a number in parentheses defines the number of spinors
for the cv2z+2s2p(d) basis set, whereas the number without
parentheses gives the number of spinors for the cv3z+2s2p(d)
basis set. The number of digits corresponds to the numerical
precision of the finite field CCSD(T) property gradient.

Cutoff/E1,  Active space 1073 W5/47Te€0a4
cv2z+2s2p(d) cv3z+2s2p(d) cv3z

—2 10 16in300 —44.76

—2 30 16in352 —44.70

—2 100 16in420 —44.68

—4 30 26in352(182) —45.94 —45.06 —40.615
—4 100 26in420 —45.06
—10 100 40in420 —44.71

: 10 104in(134) —45.5

- 30 104in(182) —45.5

- 100 104in(222) —45.5

YbOH, and BaCH3, where the core electrons have a sig-
nificant effect on the calculated values [65H67]. Thus, we
choose an active space of [—4, 30] Ey, as compromise that
allows computations in a reasonable amount of time. The
error of this approximation is estimated from our calcu-
lations to be on the order of 1%.

From comparison of the very small cv2z+2s2p(d) basis
set with the cv3z+2s2p(d) basis set for an active space of
[—4, 30] Ey,, we see that the influence of the basis set on
the correlation effects on Wy is below 2 %. The influence
of the steep functions in the basis set is identical to the
DHF level: The result with the cv3z basis set deviates by
about 10 % from the result with the cv3z+42s2p(d) basis
set.

Table V. Influence of electron correlation at the levels of OU-
MP2, CCSD, CCSD(T) and DFT on the enhancement of
the nuclear Schiff moment in RaSH™. All post-HF calcu-
lations are run with an active space of [—4,30] Ey, and the
cv3z+2s2p(d) basis set. Deviations from CCSD(T) calcula-
tions are shown in the third column.

Method 1073 Ws/“;a% Dev./%
DHF —49.22 9.2
OU-MP2 —48.00 6.5
CCSD —45.68 14
CCSD(T) —45.06 -
DKS-BHandH —43.89 —2.6
DKS-PBEO —41.44 -8.0
DKS-B3LYP —40.52 —10.1
DKS-PBE —38.00 —15.7
DKS-LDA —37.16 —17.5

The influence of including electron correlation up to
a certain level was studied by comparing calculations at

the levels of DHF, OU-MP2, CCSD and CCSD(T) in
Table [V] Furthermore we compare to different flavors of
density functional theory (DFT). We find that the total
correlation effect is only 9%. However, using DFT on
the level of LDA or GGA the effect of electron correla-
tion is strongly overestimated leading to too small values
and deviations of more than 15%. Including 50 % Fock
exchange on the level of LDA (BHandH), the DFT error
is reduced and coupled cluster results can be very well
reproduced. This is in line with previous observations
[35, 36l 50]. Thus, we will use the BHandH functional
for the calculation of other properties.

The perturbative triples have only a small influence
of 1.4% on the results. Based on this, we estimate the

overall error due to the higher order correlations to be
below 2 %.

4. Molecular structure effects and vibrational corrections

We compare equilibrium molecular structures for
RaSH™ optimized at different levels of theory in Table
[ The influence of relativistic effects and electron cor-
relation effects on the structure was determined by com-
parison of SFX2C-HF and SFX2C-CCSD(T) calculations
as well as by comparing SFX2C-PBEO and DKS-PBEOQ
calculations. The former comparison shows that corre-
lation effects are important, in particular for the bond-
ing angle between Ra, S and H which is overestimated
by HF by about 8 %. The comparison of SFX2C-PBEQ
and DKS-PBEQ calculations shows that spin-orbit cou-
pling does not play a significant role for the structure of
RaSH™. The influence of the molecular structure on the
enhancement of the Schiff moment was determined at the
level of DHF/cv3z+2s2p(dd). With the molecular struc-
ture computed on the level of SEX2C-HF the value of the
Schiff moment was found to be —47.75x 10 ;—£—, which

Tegald’
deviates by about 3 % from the result obtained uosing the
SFX2C-CCSD(T) geometry (—49.22 x 10% —%—). Thus,

4dmegal
the slightly different HF structure has only a fninor in-
fluence on the Schiff moment enhancement. From this
and the excellent agreement of molecular structures ob-
tained at the PBEO and CCSD(T) levels, we expect er-
rors due to the equilibrium molecular structure on the
Schiff moment enhancement to be well below 1%. From
considerations of vibrational corrections to enhancements
of P, T-violation in other polyatomic molecules such as
YbOH [68] [69] and RaOH [70] we can expect that vibra-
tional corrections are well below 1% too. Therefore, we
are considering molecular structure effects to be negligi-
ble at the present level of accuracy.

5. Error Budget

The overall error budget is summarized in Table [V]]
and we estimate the predicted value of Wg to be accu-



Table VI. Estimated uncertainties of the enhancement of the
nuclear Schiff moment in RaSH™ predicted at the level of
CCSD(T)/cv3z+2s2p(d) with active space [—4,30] En.

Amount /%

Molecular structure & vibra- <1
tional corrections

Error source

Relativity 1
Basis set 2
Higher order correlation 2
Active space 1
Total <7

rate within 7%. Our final value for the Schiff moment

enhancement in RaSH™ is —45(3) x 103 Treoar> Which is
0

favorably large and comparable to the enhancement in
TIF (Ws ~ 40 x 10% —=— [64]), although not as large
0

4mepa,

as, for instance, in multiply charged molecules such as
PaF*" or UF** [71][72].

B. P,T7-odd electronic structure enhancement
factors and projected limits

At the level of DKS-BHandH, we computed proper-
ties that are considered to be relevant for P, T-violation
in closed shell molecules [see eq. ] for RaSH™,
RaOCH; ", RaCH3', RaNC" and RaCN™. The results
are shown in Tab. [VII] We find for all compounds very
similar enhancement effects, and the influence of the sub-
stituents is small.

1. Anisotropy and asymmetry of P, T-odd coupling tensors
in asymmetric-top molecules

As outlined in the theory section, in an asymmetric-top
molecule the electronic enhancement factors are rank-
1 tensors in principle. As the moment of inertia along
the Ra-S bond in RaSH™ is very small, coupling ten-
sors will be similar to those of a linear molecule. Thus,
no considerable enhancement effects along the principal
axes perpendicular to the Ra—S bond can be expected.
However, it is interesting to consider if the asymmetry is
different for different P, T-odd properties. This could be
utilized in other system with larger difference in the prin-
cipal axes to disentangle different contributions by mea-
surements with different polarization directions. Though
achieving controlled polarization in only one direction is
already difficult for a polyatomic molecule, the differ-
ent principal axes have been manipulated and studied
with alternating fields for chiral spectroscopy [73], and
such techniques could potentially be combined with mea-
surement schemes which use alternating fields for P, 7T-
violation searches [74H76]

In analogy to a diagonal rank-2 tensor we can define
the isotropy Wz, the anisotropy Wp z,,; and the

asymmetry We 2, as

W ot W + W c
P T iso — 2. )Z?E%b T (13)
W 21 T.a I - c
P Fani — £ /732%1) 2. (14)

W)jﬂ/,asy = (ij%b - W/P(ﬂ’:c)/wjfﬂ/,ani (15)

For RaSH™ the isotropy and anisotropy are in good ap-
proximation proportional to W. P 8 Wop, is ex-
pected to be much larger than the other two compo-
nents. Thus, we focus on the asymmetry. We com-
puted the b and ¢ components of Ws and Wy for RaSH™
on the level of DKS-BHandH. The ¢ components are
zero within the numerical precision and for the b com-
ponents we find Ws;, = 2 i}flrfl_i}, Wap = 0.1 102:0#.
As expected the resulting asymmetry is negligibly small
(Ws.asy ~ —2 % 1073, Wa,asy ~ 6 % 1073). Interestingly,
the asymmetry for the eEDM enhancement differs con-
siderably from the Schiff moment enhancement asymme-
try, which reflects different ratios of Ws /Wy for different
polarization directions. This could be valuable for the
disentanglement of the different sources of P, T-violation
[36l, B7, [77H79] in an experiment with an asymmetric top
molecule, if polarization in different directions could be
controlled. For RaSH™, effects are anyway on the or-
der of 1072 and, therewith, too small to be relevant. It
would be interesting to exploit larger differences between
the principal components of P, T-odd enhancement fac-
tors, which can be expected in heavy-element-containing
chiral molecules, in which other parity-violating forces
beyond the Standard model of particle physics are favor-
ably enhanced [80, [81].

2. Projected limits on fundamental sources of
P, T -violation

Ref. [29] gave the estimated experimental sensitiv-
ity for precession frequency measurements on a single
trapped 2*RaOCH3 ™ ion with two weeks of data taking
to be dv = 7.5mrad/s/\/336/21 = 6.5 x 107° Hz. As-
suming this sensitivity, we can project limits on funda-
mental sources of P, T-violation from an experiment with
225RaOCH3 ™ within single-source models, i.e. assuming
only a single source of P, T-violation being existent at a
time.

For the collective Schiff moment of ***Ra we use rec-
ommended values from Ref. [38]:

ap = —1.5efm? a; = 6efm®; ag = —4efm®.  (16)

To our best knowledge there is no calculation for
Ryo available. In order to obtain a rough order of
magnitude estimate of the sensitivity of an experiment
with ?**RaOCHs" in comparison to the TIF and Hg
experiments we use a crude rule-of-thumb approxima-
tion discussed in Ref. [39): Ryo ~ 15(1.2fm)?2A%3 =



(0)
x

7

=

N

AN

300

200!

100

-100

-200

-300

-0.6-04-02 00 02 04 06

10% d,, /(e cm)

-100 -50 0 50

10% d,, /(e cm)

20

-20

N\

-60

-40 -20 0 20 40 6
101 5O

0

e
=

A\

AN

5 -1.0 -05 0.0

107 k,

05 1.0

101 g»

AN

\

hY

Figure 1. Restriction of two dimensional subspaces including parameters ds;n, kT, kp, g
dimensional space of P, T-odd parameters by experiments with Hg, TIF and the proposed experiment with RaOCH3 . Coverage
regions are computed with electronic structure parameters of RAROCH3 ™ provided in this work, electronic structure parameters
of TIF and Hg from Ref. [36] and nuclear structure parameters from Ref. [38]. Experimental uncertainty on the EDM of TIF
g = 2.9 x 1072 ecm with an external electric field for polarization of strength £& = 16000V cm™" is taken from Ref. [§2] and
on the EDM of Hg g4 = 3.1 x 107* ecm is taken from Ref. [5]. The expected uncertainty of an experiment with a single
RaOCH3" molecule 6v ~ 6.5 x 107° Hz is used as proposed in Ref. [29]. All bounds are computed with Gaussian probability
distributions of 95 % CL as described in Ref. ﬂBEﬂ The two dimensional subspaces that include the parameters de, ds,p, ks are

-0.04 -0.02 0.00

10°% kp

0.02 0.04

— Hg
RaOCH;

= Total

— Hg
RaOCH]

== Total

— Hg

RaOCH; 2

= Total

— Hg
RaOCH;

== Total

shown in the supplementary material.

>

1
0 ‘\\(::;;;::::jfjjj)\\\
-1
-2

\

-06 -04 -02 00 02 04

10% d,,/(e cm)

_5 \\

-100 -50 0 50

10% d,, /(e cm)

100

TN

/
/

—2b

AN

101 g

-3 -2 -1 2 3

7

D

\

-15 -10 -05 0.0
107k,

05 10 15

2
0
-2

~004 -002 0.0
10% kp

0.02 0.04

- Hg
RaOCH;

- Total

- Hg

= TIF

RaOCH

= Total

- Hg

RaOCH; =

= Total

= Hg
RaOCHj

= Total

10 gO

-06 -04 -02 00 02
10% d, /(e cm)

N
\

04 06

\

\

-5 0 5
10" 5©

-15 -10 -05 0.0
107k,

05 10 15

/

N\

-0.06-0.04-0.02 0.00 0.02 0.04 0.06

10° ky

-100 0 100 200

10°% kp

-200

o) (1) (2

y g 'y G

- Hg

RaOCH;

- Total

- Hg
RaOCH]

= Total

— Hg
RaOCH;

- Total

— Hg
RaOCH;

- Total

— Hg
— TIF
RaOCH;

== Total

) of the considered nine



Table VII. Electronic structure enhancement factors of P, T-violation in Ra-containing closed-shell molecular ions computed

at the level of DCKS-BHandH/dyall.cv3z+sp(d).

Molecule W§*/ 1029 Hz hh W™ /(hHz) Wr/(hkHz) W, /(hHz) WmnA/1017 Heh g /MHzh

ecm

RaSH™ 31.9 82.9
RaOCH3™ 34.9 93.5
RaCHs™ 39.0 98.5
RaCN™ 325 86.4
RaNC™ 32.0 86.1

—-3.91
—4.45
—4.62
—-4.10
—4.10

ecm e fm3
—15.3 —1.68 —1.95
—17.5 —1.88 —2.23
—18.1 —-1.91 —2.24
—16.1 —1.82 —2.06
—16.1 —1.82 —2.08

Table VIII. Projected limits on fundamental sources of P, T-violation from a proposed experiment with single
RaOCH3;" molecular ion compared to the Hg [5] and TIF [82] experiments. Limits are derived from the
projected experimental sensitivity of an experiment with RaOCH3" §v ~ 6.5 x 107°Hz [29], the electronic
structure enhancement factors given in Table m and the nuclear structure factors discussed in the text.

System de/(ecm) dern/(ecm) dsrp/(ecm) ks kT kp gﬁro) g,(,” g,(r2>
TIF* 6 x 10726 - 6x1072* 2x107% 6x107% 2x107° 2x107% 9x107!° 6x107°
Hg*> 3x107%" 2x1072%¢ - 2x107% 2x1071° 4%x107® 3x 107" 2x 1071 2 x 107

RaOCH3t 4x 10726 2x 10~ - 2x107% 3x107® 8x107% 4x107t 1x107 2x 1071t

® Values are computed with the experimental uncertainty on the EDM of TIF o4 = 2.9 x 10723 ecm with
an external electric field for polarization of strength & = 16000V em ™! from Ref. [82] and the EDM of
Hg 04 = 3.1 x 107%% ecm from Ref. [5]. Electronic structure enhancement factors W for Hg and TIF were
computed at the level of ZORA-BHandH in Ref. [36]. Nuclear structure factors are taken from Ref. [3§].

L(1.2fm)?2 x 225%/3 = 3.2fm*> For obtaining rigor-
ous bounds on the underlying sources of P, T-violation
a more sophisticated treatment of the nuclear structure
will be required.

In Table [VIII] we compare the resulting projected sen-
sitivities for RaOCH3 " with the single-source limits of
the Hg [5] and TIF [82] experiments, which we computed
from the electronic structure data provided in Ref. [36]
and nuclear structure data summarized in Ref. [38]. We
want to note that RaOCH3" and Hg are sensitive to
the nEDM whereas TIF is sensitive to the proton EDM
(pEDM), which we give here within our rough approx-
imation as the short-range contribution to the proton
EDM dg . Moreover, open-shell molecules such as
HfF", ThO or RaF are generally much more sensitive
to de and kg, which we will, therefore, not discuss in the
following.

We find that an experiment with even a sin-
gle RaOCH31 molecule will have sensitivity to P,7T-
violation comparable to that of the Hg experiment for
certain underlying sources. In particular, the single-
molecule experiment with RaOCH3" would place simi-
lar bounds on pion-nucleon couplings gﬁro), g&l), §7(T2) and,
therewith, similar bounds on the CP-violation param-
eter 0 ~ g&o)/0.015 [83] and quark EDMs dg — dy, ~
5 x 107 ecm gt [38]. In comparison to the TIF ex-
periment of Ref. [82], only a slightly increased sensitivity
can be expected for the electron-nucleon current inter-
actions, whereas sensitivity to pion-nucleon couplings is
increased by at least two orders of magnitude. The sensi-
tivity of the TIF experiment is expected to be improved
by roughly three orders of magnitude in the upcoming

CeNTREX experiment with TIF, for which a frequency
shift of v = 50 x 1072 Hz is claimed to be achievable
[8]. Taking this projected sensitivity for TIF would sur-
pass all single-source bounds from Hg and an experiment
with a single RaOCH3". Having a valence proton and
therewith sensitivity to dg,p instead of den, TIF would
at any rate be complementary to RaOCH3 ™.

The limits here are given for a single trapped
RaOCH;3" molecule with a coherence time of 7 = 5 s
limited by blackbody pumping at 300 K [29]. Increasing
the coherence time by a factor of ¢, which would require
using a cryogenic apparatus, and trapping N > 1 ions at
a time [, 84, [85], would increase the sensitivity by a fac-
tor of VtN, as would using quantum-enhanced metrology
to beat the standard quantum limit [76]. Experimental
efforts to realize these advances are currently underway.

The single-source assumption is not a realistic model
[36, B7, [77] and in a global model for P, T-violation the
polyatomic Ra-containing molecular ions will be very
beneficial as ratios between different sensitivity coeffi-
cients vary considerably compared to Hg and TIF. The
complementarity of RaOCH3" to Hg and TIF is illus-
trated for the two-dimensional subspaces of the consid-
ered P, T-odd parameter space in Fig. [I] as suggested in
Ref. [36]. The subspaces which include the parameters
de, dsr,p, ks to which the RaOCH; " molecule is rather
insensitive compared to open-shell systems and systems
with a valence proton are shown in the supplementary
material. Fig. [T highlights the complementary sensitivity
to pion-nucleon interactions of Ra-containing polyatomic
ions compared to the Hg experiment.



V. CONCLUSION

We have computed electronic structure enhancement of
P, T-violation in radium containing molecular ions with
closed electronic shells, which are promising candidates
for precision tests of fundamental symmetry violation in
the hadronic sector. With a new implementation of the
Schiff moment interaction operator in DIRAC we could
perform accurate coupled cluster calculations to gauge
the importance of electron correlation for this effect in
the asymmetric-top molecule RaSHT. The suggested
value for the Schiff moment enhancement in RaSH™ is
—45(3) x 103 =< Subsequently we used this approach

4megal "
to benchmark DFT functionals for the computation of
enhancement factors for various possible sources of P, T -
violation in several polyatomic radium-containing molec-
ular ions. The asymmetry of P, T-violation enhancement
in RaSH™' was studied within DFT. Although this effect
is too small to be relevant in RaSH™ | our findings indicate
that asymmetric-top molecules which deviate strongly
from prolate or oblate rotors may provide an interesting
route for disentanglement of sources of P, T-violation via
measurements with different polarization directions. Fi-
nally, we computed projected P, T-violation sensitivities
of an experiment with a single RaROCH3" molecule. Our
results show that enhancements in radium-containing
polyatomic molecular ions are favorably large and are
complementary to those in the TIF and Hg experiments.
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Appendix A: Implementation of W

Each matrix in the vector 3& can be decomposed in
a quaternion scalar and a real valued matrix in the space
of the large and small component spinors:
0 -1

o (A1)
where 2, j’, k, with ¢ = » are the quaternion units that cor-
respond to the space spanned by & with 2 = /—1 being
the imaginary unit. This matrix is time-reversal symmet-
ric and can be combined with anti-symmetric real valued
basis-function integrals to form hermitian operators. In
the DIRAC program the matrix defined under this name
iBETAAL (z3¢) is a time-reversal anti-symmetric matrix
of the form:

Ba = 1oy Q16 = ® (—1oy) =

Soon [
oo F[;H

®(—0y) = _15 ®((1) _01> :
(A2)

For the computation of Wt the definition of iBETAAL in
DIRAC was modified to
0 -1
«(1 )

The resulting time-reversal symmetric density matrix is
combined with the anti-symmetric real-valued integrals
of the normalized nuclear charge density distribution op-
erator pa.

Ba = —220y®z&' =

oo FIH

(A3)

<ol n FJ[;H
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