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Abstract: In search of suitable molecular candidates for probing the electric dipole moment (EDM) of
the electron (de), a property that arises due to parity and time-reversal violating (P,T-odd) interactions,
we consider the triatomic mercury hydroxide (HgOH) molecule. The impetus for this proposal
is based on previous works on two systems: the recently proposed ytterbium hydroxide (YbOH)
experiment that demonstrates the advantages of polyatomics for such EDM searches, and the
finding that mercury halides provide the highest enhancement due to de compared to other diatomic
molecules. We identify the ground state of HgOH as being in a bent geometry, and show that
its intrinsic EDM sensitivity is comparable to the corresponding value for YbOH. Along with the
theoretical results, we discuss plausible experimental schemes for an EDM measurement in HgOH.
Furthermore, we provide pilot calculations of the EDM sensitivity for de for HgCH3 and HgCF3, that
are natural extensions of HgOH.

Keywords: electron electric dipole moment; polyatomic molecules; HgOH; effective electric field;
molecular electric dipole moment

1. Introduction

Probing properties of fundamental particles using atoms and molecules has become
very popular in the past few decades. The electric dipole moment (EDM) of the electron
(de) is one such property. The EDM of an electron arises due to simultaneous violations of
two discrete symmetries, namely, parity (P) and time-reversal (T) (P,T-odd) [1,2]; with the
latter implying that the EDM is CP-violating (C stands for charge conjugation symmetry),
due to the CPT theorem [3]. This intrinsic property of the electron is extremely tiny, and its
existence has not yet been confirmed experimentally; only upper bounds exist, which
in turn rely upon a combination of atomic or molecular calculations with experimental
results. A stringent bound on de has significant implications in constraining physics that lies
beyond the Standard Model (SM) of elementary particles (∼TeV-PeV energy scales) [4,5]
as well as probing the underlying physics describing the matter-antimatter asymmetry
(baryon asymmetry) in the universe [6,7]. Since direct measurement of de is extremely
challenging, atoms or molecules are used as a means of probing de in non-accelerator
table-top experiments. Within a molecule, the magnitude of the intrinsic electric field that
an electron with an EDM experiences due to the other electrons and nuclei can be viewed
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as an effective electric field (Eeff). This property can only be calculated using relativistic
many-body theory [8,9]. The measured energy shift in a molecule due to electron EDM is
given by the negative of de times Eeff. The EDM of the electron is extracted by combining the
measured shift in energy and the calculated value of the effective electric field. A large value
of the molecule-specific effective electric field leads to significantly improved experimental
sensitivity. Eeff can be very large in certain heavy polar molecules in comparison with
atoms [10–13], arising from the fact that molecules can be polarized in the lab frame. Hence,
polar molecules are powerful platforms for electron EDM experiments. Theoretical studies
play crucial roles in identifying suitable molecules, with enhanced Eeff, for proposing future
electron EDM experiments.

For the last one and half decades, there has been tremendous growth on experimental
and theoretical fronts in the search for de using diatomic polar molecules. This is evident
from the sheer number of ongoing experiments, such as ThO [14], HfF+ [15], YbF [16],
and BaF [17,18]. Among these, the most stringent limit to de is set by an experiment
that uses ThO molecules, with |de| ≤ 1.1× 10−29 e-cm. On the theoretical side, many
interesting proposals have been put forth, identifying new polar molecules and molecular
ions, including PtH+, and HfH+ [19], YbRb, YbCs, YbSr+, and YbBa+ [20], WC [21],
RaF [22], TaN [23], HgX (X=F, Cl, Br, and I) [11], HgA (A=Li, Na, and K) [24], and RaH [25].
The diatomic HgX polar molecules were found to possess significantly larger effective
electric fields than other proposed systems. Polyatomic molecules offer the advantages
of a diatomic system, with the addition of full polarization in small fields and the ability
to obtain good control over systematic effects using internal co-magnetometer states [26].
In addition, molecules such as YbOH can combine the ability to be laser cooled [26,27].
A large number of these highly polarizable molecules, prepared in the low-lying (010)
vibrational state, and trapped in an optical lattice, promises a sensitivity that could exceed
that of ThO by four orders of magnitude; albeit Eeff of YbOH is smaller almost by a factor
of three as compared to ThO [12,28–30].

The two isoelectronic molecules, YbF and YbOH, both happen to have comparable
values of Eeff [10,30]. In this work, we investigate the suitability of HgOH for an electron
EDM experiment. HgOH is an isoelectronic triatomic counterpart of HgF. As HgF has a
considerably large Eeff [11], it is expected that Eeff in HgOH can also be reasonably large
for the consideration of EDM measurement. However, spectroscopic data on HgOH is
very limited and the molecule has received little attention in previous studies, unlike in
the case of YbOH. In fact, mention of HgOH in the literature occurs mainly in the context
of investigating Hg removal mechanisms in the atmosphere, for example, Ref. [31]. It is
in this backdrop that the limited information on the molecule’s geometry and properties
exist in literature [32,33]. However, HgOH has not yet been undertaken in laboratories for
carrying out any high-precision measurements.

In this paper, we appraise the potential of HgOH for an electron EDM experiment,
based on the aforementioned considerations. In view of the limited data available, we
optimize the ground state geometry of the molecule using density functional theory (DFT),
and find its bond lengths and bond angle. We then obtain Eeff and the permanent electric
dipole moment (PDM) of HgOH. Then, we proceed to gauge the importance of the molecule
for future electron EDM measurements in plausible experimental scenarios. This involves
investigating the laser-cooling possibilities in HgOH, which in turn requires calculating
the Franck–Condon factors (FCF) between pairs of vibrational states across two electronic
states. For this purpose, we have also optimized the geometries of higher excited states in
this work. The ground vibrational state of the ground electronic state is chosen as the EDM
measurement state.

2. Theory

The shift in energy level of a molecular system due to the P,T-odd electron EDM
interaction can be expressed as

∆E ' −deEeff (1)
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and the corresponding Hamiltonian is given by [34–36]

HeEDM = −2icde

Ne

∑
i=1

βγ5 p2
i , (2)

where c is the speed of light, β is a Dirac matrix, γ5 is the product of Dirac matrices, pi is the
momentum operator corresponding to the ith electron and Ne is the number of electrons in
the system. It follows from the above expression that the effective electric field is given by

Eeff =
2ic〈Ψ|∑Ne

i=1 βγ5 p2
i |Ψ〉

〈Ψ|Ψ〉 . (3)

Another relevant molecular property that is crucial in the sensitivity of EDM experi-
ments is the molecular permanent electric dipole moment (PDM) and is given by

µ =

∣∣∣∣ 〈Ψ|D|Ψ〉〈Ψ|Ψ〉

∣∣∣∣, (4)

where D = −∑Ne
i=1 ri + ∑Nnuc

A=1 ZArA (in atomic units (a.u.)) for the position vector ri of the
ith electron from origin, rA is the site of the Ath nucleus, and ZA is the atomic number of
the Ath nucleus. Note that the left hand side is the absolute value of the expression given
on the right hand side, that is, µ =

√
µ2

x + µ2
z . For sake of brevity, we choose the oxygen

atom as our origin and we work with the Born–Oppenheimer approximation. Therefore,
in the expression for the PDM, rA are simply the chosen values of the bond lengths in
the molecule.

3. Ground State Geometry Optimization

In order to obtain the aforementioned properties of HgOH, it is necessary to evaluate
its many-body wave function. In the relevant equations to be solved, the ground state
equilibrium geometry of the molecule is a crucial input. It includes the equilibrium bond
lengths, RHg−O and RO−H , and the bond angle, θHg−O−H which is the angle formed
between Hg–O and O–H, as shown in Figure 1. As stated earlier, we use the DFT approach
in order to optimize the geometry of the molecule. We choose the ωB97xD functional,
which is known to perform well in obtaining equilibrium geometries [37], and opt for the
LANL2DZ [38–40] basis sets for Hg, while we choose cc-pVTZ [41] functions for O and H.
We perform these calculations using the Gaussian 16 software [42]. We take utmost care to
avoid saddle points, and among those optimized geometries without negative frequencies,
we select the equilibrium bond lengths and bond angle from the configuration with the
lowest energy.

In order to assess the laser coolability of HgOH, we also optimize three excited
electronic states. We use time-dependent DFT for the excited state optimizations. We then
calculate the Franck-Condon factors (FCFs) using the parallel approximation between the
ground state and each of the three excited electronic states. The FCF for a transition from a
vibrational state |Ψv(τn)〉 to another vibrational state |Ψ′v(τn)〉 is given by

FCF = 〈Ψ′v(τn)|Ψv(τn)〉, (5)

where the integral is taken over the nuclear coordinates (denoted by τn). We use the
ezSpectrum 3.0 software [43] to calculate the FCF matrix elements for the transitions
between the ground state and the excited states. A highly diagonal FCF matrix is a good
indicator of the laser coolability of a molecule.
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Figure 1. Pictorial representation of the bent geometry of the ground state of HgOH. Our finding
shows θHg−O−H = 104.83◦.

4. Method of Calculation

Once the equilibrium geometry is obtained, the next step is to calculate the wave
function. In this work, we use relativistic coupled-cluster (RCC) theory for this purpose.
In the RCC theory, the wave function of the ground state of a molecule can be expressed as

|Ψ〉 = eT |Φ0〉, (6)

where |Φ0〉 is the Dirac–Hartree–Fock (DHF) wave function, and T = ∑Ne
i=1 Ti is called

the cluster operator, which is responsible for particle-hole excitations, with subscripts
i = 1, 2, 3, · · · , Ne denoting the levels of excitation. Each of the Tis are made of fermionic
creation and annihilation operators representing an excitation and t the corresponding
amplitude. In our calculation, we have restricted the levels of excitation to singles and
doubles (RCCSD method) by defining T ≈ T1 + T2. In the second quantization notation,
they are given by

T1 = ∑
i,a

ta
i a†i, (7)

and T2 =
1
4 ∑

i,j,a,b
tab
ij a†b†ij, (8)

where the occupied orbitals are denoted by i, j, etc., the unoccupied (virtual) orbitals are
represented by a, b, etc., ta

i is the cluster amplitude corresponding to a single excitation
and tab

ij is the amplitude for a double excitation. Note that by b†, for example, we mean a†
b ,

the fermionic creation operator for b. We determine these t amplitudes by solving the RCC
amplitude equations,

〈Φab···
ij··· |(HeT)|Φ0〉l = 0, (9)

where the Dirac–Coulomb Hamiltonian is chosen for the molecular Hamiltonian H in
this work, |Φab···

ij··· 〉 are excited determinantal wave function with respect to |Φ0〉 and the
subscript l implies that each of the terms in the expression is linked. These RCCSD
amplitudes are used for evaluating the values of Eeff and PDM (µ). We also consider HgOH
in a hypothetical linear geometry for the purposes of extrapolating the correlation effects
in its bent counterpart from the linear one. Moreover, a look at the relevant properties
in a linear geometry allows one to analyze the differences with a bent geometry at the
DHF level of theory. For calculating the hypothetical linear geometry potential energy
curve (PEC), important contributions from the triple excitations along with the RCCSD
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method were also included through the perturbative approach (RCCSD(T) method). All
the electrons are allowed to undergo excitations by imposing a cut-off of 1000 a.u. in energy
levels for the virtuals. The DHF calculations and the atomic orbital to molecular orbital
integral transformations were carried out using the UTChem program [44,45], while the
RCCSD calculations were run on the Dirac08 software [46]. We used the expectation value
approach to calculate molecular properties. In this approach, the expectation value of any
operator, O, can be evaluated as [47]

〈O〉 =
〈Φ0|eT†

OeT |Φ0〉
〈Φ0|eT† eT |Φ0〉

= 〈Φ0|eT†
OeT |Φ0〉l . (10)

Firstly, we calculated these properties in RCC theory, keeping only the terms that are
linear in T and T† (both of them are treated independently) of the above expression and the
results from this approximation is denoted as LECC. It should be noted that only the linear
terms from Equation (10) are retained in the LECC approximation, but the RCC amplitudes
are still obtained with all the non-linear terms from Equation (9).

5. Results and Discussion

For performing an electron EDM experiment on HgOH, it is imperative to show that it
possesses a bound ground state. Since HgOH is a triatomic, its ground state geometry need
not be linear. This required us to perform geometry optimization to find out its equilibrium
bond lengths and the bond angle. We followed the procedure outlined in the previous
section, and found that the molecule is indeed bent in its ground electronic state (2 A′ state),
unlike in the case of YbOH [30]. Although one may expect a metal-hydroxide molecule to
be linear on grounds of the ionic nature of its bonding, a bent structure for HgOH indicates
that the bond may possess a hint of covalent nature too, similar to the case of ZnOH [48,49].
We determined the optimized RHg−O to be 2.2294 Å and RO−H to be 0.9633 Å, with the
HgOH bond angle (θHg−O−H) being 104.83◦. These results are presented in Table 1, along
with the optimized values that we obtained for some of the excited states as well. The table
also shows the previously calculated optimized geometries of HgOH [32,33,50,51] in its
ground state. In Ref. [32], in the context of Hg removal mechanisms in the atmosphere,
the authors had employed ab initio DFT calculations with the Becke, three-parameter,
Lee–Yang–Parr (B3LYP) functional and the CEP-121G basis in an ECP-based framework to
obtain the optimized geometry of HgOH. The results in Ref. [51] describes bonding in Hg
molecules using the normalized elimination of small component coupled-cluster theory
in the singles, doubles and partial triples approximation (NESC-CCSD(T)), and en route,
estimates the geometry of HgOH, among other Hg systems, using NESC-B3LYP approach.
In Ref. [33], the optimized geometry of the HgOH ground electronic state was estimated
in the B3LYP-ECP60MWB framework, whereas in Ref. [50], CCSD(T) computations using
the aug-cc-pVQZ basis functions were performed. Our result, obtained using the ωB97xD
functional and with the LAN2LDZ basis for Hg and cc-pVTZ basis sets for O and H, agrees
well with the previous works.

We also determined the potential energy curve (PEC) for the hypothetical linear
ground state geometry in the RCCSD(T) method using the two-component X2C Hamil-
tonian [52], by varying RHg−O and keeping fixed RO−H at 0.922Å, using the Dirac16
program [53]. Further details can be found in Ref. [54]. As described earlier, the purpose of
carrying out this exercise is to extrapolate the results from the linear geometry calculations
to the actual bent geometry of the ground state of HgOH. In principle, it is possible to
perform the RCC calculations using the bent geometry itself. However, it demands large
computational resources.
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Table 1. List of the optimized geometry of the ground electronic state and three low-lying excited
states of HgOH from various works. The unit of bond-lengths is angstrom (Å), while that of the bond
angle is degrees.

State RHg−O RO−H θHg−O−H Reference

Ground 2.091 0.966 104.1 Ref. [50]
2.25 0.99 106.8 Ref. [32]
2.181 - - Ref. [51]

2.2079 0.9691 103.6 Ref. [33]
2.2294 0.9633 104.83 This work

First-excited 3.1458 0.9563 180 This work
Second-excited 2.0766 0.9615 102.5 This work
Third-excited 3.5482 1.0095 81.93 This work

The results of our linear geometry calculations, presented in Table 2, give an Eeff
of 109.02 GV/cm. This value is somewhat similar to that of HgF [11], which is about
115 GV/cm. We also note that while correlation effects account for about 9% for HgF, it
is less than 2% for HgOH in its linear geometry. This implies that it is not necessary to
employ a more sophisticated method for calculating Eeff at this stage. The PDM of HgOH
is 1.04 D, which is much smaller than that of HgF. This is possibly due to reasons similar
to that which explains YbOH having a much smaller PDM than YbF [30]. At the DHF
level of calculation (which is the dominant contribution to the total value of Eeff), Eeff is
about 3.83 times smaller than that in a hypothetical linear geometry. This gives a scaled
RCCSD value of 28.47 GV/cm, as compared to the DHF value of 28.01 GV/cm. In contrast,
the PDM value increases from the DHF method to the RCC calculations. After scaling the
values from linear geometry to the bent geometry, we get its value to be 2.43 D. Comparing
this value with the previous works, we find that our estimate µ value is relatively large.
This could be due to two main reasons: we have used a double-zeta (DZ) quality basis
sets [55–57] and our calculations are based on relativistic methods whereas the previous
calculations were carried using non-relativistic methods. We expect that maximum error in
the estimated value of Eeff to be within 10 percent, while the error in the PDM is expected
can be slightly higher.

We now briefly comment on the error arising from our extrapolation. An extrapolation
scheme may work if the electronic wave function does not change significantly between
a linear and a bent case. This may not be the situation here, given that in the bent case,
the effective field is thrice as small and the PDM is twice as large as in the linear case.
As noted earlier, RCC calculations become complicated due to the bent geometry. Keeping
in mind this complication, and at the same time also noting the need to address the concern
on extrapolation, we performed non-relativistic finite-field coupled-cluster (FFCC) calcu-
lations of the PDM in both the hypothetical linear and the actual bent geometries (using
the Dirac18 program) as shown in Figure 2, and obtained 0.81 D and 2.59 D, respectively.
These points are denoted in blue color in the figure. We compare these values with our
relativistic linear and bent geometry values, with the former calculated as 1.04 D and the
latter obtained as 2.43 D by extrapolation. The values are depicted in red color in the plot.
Based on the data (where the two values for PDM corresponding to the bent geometry
differ by about 6%), and noting that the differences in the values themselves are due to
relativity, we set a conservative estimate of the error in extrapolation to about 10%, for the
PDM. While adopting the same extrapolation for Eeff may raise or lower the error involved
in doing so, we still expect it to be a reasonable starting point and anticipate the estimate
to be in the ballpark of the actual value, given that our aim is to propose a new EDM
experiment. For example, starting with the extrapolated value of 28.47 GV/cm, which
offers a projected sensitivity of ∼ 10−30, we arbitrarily lower and raise the value of the
effective electric field by as large as 25 percent, that is, 21.36 GV/cm and 35.58 GV/cm,
respectively, to find that the projected sensitivities that are still of the same order (around 6
and 3 times 10−30, respectively). In that spirit, that is, given that the proposals of the Hg
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polyatomic molecules for eEDM experiments are intended to be more of a proof of concept,
the error that stems from our rather rudimentary extrapolation scheme may be admissible.

Figure 2. The extrapolation scheme from a linear to a bent geometry, for the permanent electric
dipole moment (PDM) of HgOH. The data points in blue show the finite-field coupled-cluster (FFCC)
values of the PDM in a non-relativistic framework, while for those in red, the point corresponding to
the linear geometry is calculated, and the one pertaining to the bent geometry is the extrapolated
value. We add that the distance that we have set between the points corresponding to the linear and
bent geometries on the X-axis is arbitrary.

Table 2. Table showing the calculated Eeff (in GV/cm) and µ (in D) values in HgOH by assuming its
hypothetical linear and the actual bent geometry ground state using the Dirac–Hartree–Fock (DHF)
and RCCSD methods. We also give µ values from the previous calculations using density functional
theory (DFT).

Geometry Eeff µ

DHF LECC DHF LECC

From this work
Linear 107.24 109.02 1.57 1.04
Bent 28.01 28.47† 3.67 2.43 †

From other works
1.89 [32]
1.92 [51]
1.96 [33]

† Scaled results from the DHF and LECC values of the linear geometry calculations.

Table 3 gives the contributions to Eeff and µ from each of the terms of the RCCSD
method in the LECC approximation for the linear geometry. We note that of the nine result-
ing terms in the LECC approximation, OT2 and its hermitian conjugate do not contribute,
due to the Slater–Condon rules. We will begin the analysis of the individual terms with Eeff.
It can be seen from the above table that the dominant correlation contributions come from
OT1 and its hermitian conjugate terms, and there are strong cancellations of correlation
effects through different RCC terms. As a result, there is a very small difference between
the DHF and RCCSD values. For PDM too, OT1 term and its hermitian conjugate gives
dominant correlation contributions. There is an important difference between the correla-
tion contributions to Eeff and µ in that in the former quantity, they cancel out, whereas in µ,
they add up to give a reduced value than the DHF result.

Since the DHF term contributes the most to Eeff, we intend to analyze contributions
from various single-particle orbitals (especially from the heavier Hg and O atoms) to it
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in both the linear and bent geometry configurations. In our calculation, the DHF value is
computed by

EDHF
eff = 〈Φ0|HeEDM|Φ0〉 (11)

= −4ic
NB

∑
j=1

2NB

∑
k=NB+1

C∗Sj CL
k 〈χ

S
n,j|p

2|χL
n,k〉, (12)

where the summations are over large (denoted by superscript L) and small (denoted by
superscript S) component basis functions, NB is the total number of large component basis
functions, Cj and Ck are the MO coefficients, and χ is the atomic orbital basis function,
with the subscript n denoting the singly occupied molecular orbital. The results of this
analysis are presented in Table 4. We have not provided the results for terms that arise from
mixings between other orbital combinations, as they are well below error margins, and are
almost zero. The table shows that the DHF term is dominated by the contributions that arise
from the mixing of the s and p1/2 orbitals of Hg. The rest of the terms almost completely
cancel out in pairs. While the s and p1/2 mixing accounts for nearly 108.14 GV/cm for the
linear case, we see that it contributes only 29.30 GV/cm for the bent geometry. We also
observe that although the values of the other contributions are different between the linear
and bent cases, their differences turn out to be very similar. Thus, the major deciding factor
for the effective electric field between the linear and bent cases is the mixing between the s
and p1/2 orbitals.

We propose that the electron EDM experiment be performed on the ground vibrational
state of the ground electronic state of HgOH. We note that in YbOH, the chosen EDM
measurement state is the low-lying (010) vibrational state of the ground electronic state.
This was necessary for YbOH, as it is in a linear geometry. The choice of a bent mode
allows us to make use of the closely-spaced doublets of opposite parity as internal co-
magnetometer states [26]. In such a case, there is no need to flip the external electric field in
order to perform electron EDM measurements, and this feature, therefore, helps to avoid
systematic effects associated with reversing electric fields. Since HgOH is permanently bent
in its ground electronic state unlike YbOH, it would have these relevant parity doublets
even in its ground vibrational state. We now estimate the size of such a doublet for HgOH,
which is an asymmetric top. Using the computed values for the rotational constants,
623.56714, 6.39027, and 6.32545 (in GHz), we estimate the size of the K-doublet [58–60] to
be 30 MHz, which is comparable to that in YbOH (∼ 10 MHz) [26]. It is worth adding at
this point that K, the relevant quantum number, is associated with the projection of the total
orbital, spin, and nuclear rotational angular momenta, onto a suitably chosen body-fixed
axis of the molecule. The quantum number is normally associated with a symmetric top,
and yet it is relevant in the case of HgOH as the molecule can be classified as a near-prolate
asymmetric top based on its asymmetry parameter.

Table 3. Contributions from the individual relativistic coupled-cluster (RCC) terms to Eeff (in GV/cm),
µ (in D), and Ws (in kHz) from both the linear and bent geometries of HgOH. O denotes the operator
corresponding to the properties and h.c. means hermitian conjugate. Note that for the PDM, the term
corresponding to the DHF contribution also accounts for the nuclear contribution in it.

Term Eeff (GV/cm) µ (D)

O (DHF) 107.24 1.57
OT1+h.c. 9.50 −0.42

T†
1 OT1 −2.76 −0.15

T†
1 OT2+h.c. −0.38 0.12

T†
2 OT2 −4.58 −0.11

We now conduct a preliminary survey of the possible experimental schemes for an
electron EDM measurement using the molecule. We begin with the statistical sensitivity of
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an electron EDM experiment with HgOH. If we were to propose a trap experiment, a pre-
liminary requirement would be laser cooling of the molecules, as typical ‘non-perturbative’
traps are ∼ mK deep. We use the data from Table 1 to calculate FCFs from the ground elec-
tronic state to each of the four low-lying excited electronic states. We find that the diagonal
FCFs are negligibly small, thus, rendering HgOH unsuitable for a trap experiment. This
result suggests that, albeit one may naively expect HgOH to possess highly diagonal FCFs
based on its isoelectronic counterpart, HgF, it need not be the case. A possible reason for
this observation may be the presence of inner (n− 1)d orbitals, unlike in the case of YbOH.
The (n− 1)d orbitals possibly lead to a strong coupling between electronic and vibrational
degrees of freedom, thus, allowing for off-diagonal excitations. However, the precise
mechanism of the (n− 1)d orbitals in substantially lowering the diagonal nature of FCFs
is unclear. A reasonable understanding of this mechanism will prove to be important in
qualitatively predicting the laser coolability of other polyatomic systems in the future.

Table 4. Contributions from different atomic orbital (AO) mixing to the DHF value of Eeff (in
GV/cm), where the AO in the left hand side is a small component AO and that in the right hand
side is a large component AO. Non-zero contributions may come only from odd-parity AO mixings
〈(AO)S

1 |Ô|(AO)L
2 〉, where superscript S, and L stand for small component and large component AOs

respectively. Results are given for both the linear and the actual bent geometry HgOH molecule.

Atom AOs Linear Bent

Hg sS
1/2 − pL

1/2 378.40 100.11
pS

1/2 − sL
1/2 −270.26 −71.81

pS
1/2 − dL

3/2 −31.40 −8.07
dS

3/2 − pL
3/2 30.19 7.77

dS
5/2 − f L

5/2 0.79 0.19
f S
5/2 − dL

5/2 −0.78 −0.18
O sS

1/2 − pL
1/2 2.78 1.44

pS
1/2 − sL

1/2 −2.77 −1.44

We now turn our attention to a beam experiment. The figure of merit for statistical
sensitivity of a beam experiment is given by [61]

δdstat
e ∼ 1√

NTτEeffη
, (13)

where N is the number of molecules detected per second, T is the total integration time, τ
is the coherence time for spin precession, and η is the polarization factor. We anticipate
that the Eeff in the ground vibrational state will be very close to the calculated value in
the absolute ground state. Photoassociation of laser-cooled Hg and magnetically trapped
OH [62] to produce HgOH molecules may be a possibility [11]. The molecules could also
be produced by ablating a mercury-containing compound, such as pure Hg or HgO, in the
presence of a reactive gas such as H2O to make HgOH. Though molecular beam intensities
vary appreciably between species, we estimate the production of 109 molecules in a single
pulse of a slow beam based on comparison to other optimized beam sources [63]. Assuming
the detection area of radius ∼1 cm to be ∼1 m away, typical values for comparable beam
experiments [14,16], and using a slow beam divergence of 1 sr, we expect a total of ∼
105−6 molecules. One can also increase the number of molecules by magnetic or electrostatic
guiding [64,65]. There are also possibilities that the molecular production can be chemically
enhanced [66]. A distinct advantage over ThO is that HgOH is not limited by radiative
decay. With a slow beam [63] of buffer gas-cooled HgOH molecules, one can hope to
achieve τ ∼ 10 ms (with the spin precession region set to 30 cm long (comparable to that of
ThO), and the beam forward velocity to 50 m/s). We set the efficiency in state preparation/
detection to 25%, a reasonable estimate when we compare it with that for the ACME
EDM experiment. Combining these estimates with an Eeff of 28.47 GV/cm and T ∼ 107,
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the projected statistical sensitivity is about 5× 10−30 e-cm, which is an improvement over
ThO, the system that has set the current best limit for electron EDM.

Furthermore, we would like to add a brief remark here on whether a bent ground-state
geometry could introduce an asymmetry in the experiment that could mimic an EDM.
Since electron EDM can arise only from the P,T-odd interactions, any other interactions
cannot really contribute to its signature. For example, contributions from the PDM and a
bent ground-state geometry may contribute to the energy shifts during the experiments,
but their contributions effectively cancel out while inferring the signature due to the
electron EDM. Therefore, there is no combination of regular molecular effects, structures,
properties, etc. could intrinsically mimic a permanent EDM even in a molecule having bent
geometry. Systematic effects arising from experimental imperfections, such as uncontrolled
background fields, can lead to false EDM signals. However, the parity doublets in this
molecule give rise to internal co-magnetometer states, similar to those which are already
being used with great success for the rejection of systematic errors in the most sensitive
current measurements [14,15].

We also examine the possibility of an electron EDM experiment with HgOH using the
EDM3 proposal [18]. In this class of experiments, a molecule of interest to electron EDM
searches is embedded in an inert gas matrix, while retaining the measurement schemes of
a beam experiment. Since the molecules are embedded in a matrix, one can achieve large
values of N and long coherence times, τ. Given that the molecules are already embedded,
a laser cooling scheme gives no specific advantage. Since the FCFs are unfavorable for laser
cooling in HgOH, we consider the possibility of an HgOH EDM3 experiment. A reasonably
large PDM in its ground state facilitates orienting the molecule in a relatively low applied
electric field. Moreover, our preliminary DFT calculations show that HgOH possesses a very
large PDM of around 7 D in an excited 2Σ state. A large difference between PDMs between
the ground and an excited electronic state offers promise in state selective detection [18].
However, from a comagnetometry point of view, it is unclear if parity doublets can arise,
in view of HgOH interacting with the inert gas atoms in the lattice. With the possible
absence of this advantage, HgOH in itself may not offer any distinct advantage in an EDM3

experiment over HgF, although in principle, and EDM3 measurement with HgOH is very
much possible. HgOH may offer some advantage in a clock-state EDM experiment [67] due
to its polarizability, though the advantages of that approach would be most notable in a trap
experiment. Hence, we conclude from our preliminary survey that a beam experiment is
best suited for HgOH, given its spectroscopic properties. Moreover, we forecast that as the
co-magnetometer states in polyatomic species aid extensively in controlling systematics,
one can extract parameters from beyond Standard Model theories with very stringent
constraints, with possible combinations like YbOH and HgOH. The more the number of
such systems, the tighter the bounds. To that end, we discuss next other natural extensions
of HgF and HgOH for electron EDM experiments.

6. Other Prospective Polyatomic Molecules for EDM Measurements

We now briefly look at two other molecular candidates that are natural extensions
to HgF and HgOH, namely HgCH3 and HgCF3. These systems are expected to preserve
the features of K-doublets, with the additional advantage that these splittings will be
even smaller [26]. We choose our geometry for HgCH3 from Refs. [68,69]. We obtain
75.07 GV/cm for Eeff at DHF level of theory, which is almost comparable to that of ThO,
thereby giving this system an edge over HgOH. We do not expect the effective electric field
to change beyond 10 percent when we include electron correlation. We find that the PDM
of HgCH3 is about 0.47 D at the DHF level of theory and 0.44 D using DFT. This low value
for PDM can be explained by observing the fact that the difference in electronegativity is
very less for CH3. One expects that this issue will be alleviated when CH3 is replaced by
CF3. Indeed, we observe that the value of Eeff for HgCF3 is 60.95 GV/cm, while its PDM
is 3.33 D. We use numbers similar to those estimated for HgOH (adding that all the three
species should be comparably polarizable, and noting that the production is similar to that
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of HgOH, except that we propose to use methanol instead of water), and the projected
sensitivities thus obtained for HgCH3 and HgCF3 are 2× 10−30 e-cm and 2× 10−30 e-cm,
respectively.

Table 5 presents the effective electric fields as well as upper bounds to the electron
EDM from ongoing electron EDM experiments, and compares the projected sensitivities
of Hg-containing polyatomics that have been considered in this work, with them. We
see immediately that the projected sensitivities from HgOH, HgCH3, and HgCF3 offer
scope for sensitivities that can exceed those from the current best systems. The estimated
sensitivities for HgCH3 and HgCF3 assume that they are not laser-coolable. Given the stark
contrast in FCFs between HgF and HgOH, it is not inconceivable that HgCH3 and HgCF3
may offer prospects for cooling. In such a case, a trap experiment could provide much
higher sensitivities comparable to YbOH.

Table 5. Comparison of measured (ThO, HfF+, and YbF) and projected sensitivities (from appropriate
references as given in the table) offered by different molecules for EDM experiments. For molecules
where measurements are not available, the sensitivity is estimated with appropriate N, T, τ, and η

values. The unit chosen for δde is e-cm, while the effective electric field is given in GV/cm.

Molecule Eeff δde Reference(s)

ThO 79.9 [12] 1.1× 10−29 Ref. [14]
HfF+ 22.5 [13] 1.3× 10−28 Ref. [15]
YbF 23.1 [10] 1.06× 10−27 Ref. [16]

HgOH 28.47 5× 10−30 This work
HgCH3 75.07 2× 10−30 This work
HgCF3 60.95 2× 10−30 This work

7. Conclusions

We have investigated the HgOH molecule as a prospective candidate for the mea-
surement of electric dipole moment due to the electric dipole moment of an electron.
To demonstrate the same, we calculated the effective electric field and the molecular perma-
nent electric dipole moment of the HgOH molecule. We also evaluated its Franck–Condon
factors, which show that HgOH is not laser-coolable, although this molecule is isoelectronic
to the laser-coolable HgF polar molecule. We surveyed possible experimental scenarios
with HgOH, and find that a trap experiment would be very challenging. We found that
HgOH might not offer specific advantages in schemes such as the EDM3, except a possibil-
ity of state selective detection. We also observed that it is best suited for a beam experiment
as its sensitivity is 5× 10−30. This is an improvement over ThO, which holds the current
best limit on the upper bound of the electron EDM. Furthermore, we realized from our
preliminary analyses that HgCH3 and HgCF3 offer similar sensitivities.
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