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We identify the X°A, electronic ground state of tungsten carbide (WC) as a candidate molecular system in which
to search for a permanent electric dipole moment (EDM) of the electron. The valence electrons in tungsten

carbide experience an effective electric field of order 54 GV cm

~! when the molecule is placed in a laboratory

electric field of just a few mVem™'. Currently, a continuous tungsten carbide molecular beam is under
construction. Tungsten atoms are evaporated from a resistively heated tungsten filament and are entrained in a
noble gas jet containing a small fraction of methane. Tungsten carbide molecules are formed through the reaction
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1. Introduction

The Standard Model of particle physics cannot explain
several important experimental observations, for
example why the strengths of the fundamental forces
are so different (i.e. the hierarchy problem) and why
there is a dominance of matter over anti-matter in the
universe (i.e. baryogenesis). Various extensions to the
Standard Model, most notably Supersymmetry
(SUSY), have been developed with the goal of
resolving these issues. These extensions predict ‘new
physics’ that can be observed by experiments ranging
in size from the Large Hadron Collider to laboratory-
based tabletop precision measurements [1]. This work
focuses on the latter, specifically, an electron electric
dipole moment search using the valence electrons in the
X3A, ground state of tungsten carbide molecules.
Any permanent electric dipole moment (EDM)
violates both parity (P) and time-reversal (T) symme-
tries. According to the CPT Theorem, T-violation and
CP-violation are equivalent such that EDMs enter the
Standard Model through the CP-violating phase
contained in the CKM Matrix [2]. For the electron,
the Standard Model EDM prediction is limited to
|d.| ~ 10738 e-cm, while various extensions to the
Standard Model predict electron EDMs that are over
10 orders of magnitude larger [3]. This gap between
predictions provides a large window where a non-zero
electron EDM signal would be a background-free
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discovery of physics beyond the Standard Model, while
a null measurement would serve as a constraint for
numerous theories. The discovery potential of EDM
searches is not limited to the electron and experiments
are underway in a variety of systems [4,5].

At present, the experimental limit on the electron
EDM is |d.] < 1.6 x 107> e-cm [6]. To put a more
intuitive size scale on this limit, we note 1072 e-cm ~
5% 107" D, while typical induced (molecule-frame)
electric dipole moments in polar molecules are of the
order a few Debye. An electron EDM is manifest as an
energy splitting between spin-up and spin-down states
which is proportional to the effective electric field
experienced by the electron.! This energy splitting,
perhaps at the & x O(mHz) level or below, must be
resolved on top of residual Zeeman shifts that are
typically several orders of magnitude larger. For
example, the Stark shift of an electron EDM at the
current experimental limit in one atomic unit of electric
field is comparable to the Zeeman shift of a Bohr
magneton in a magnetic field of only 1 nG.

The above comparison illuminates the need to
apply enormous electric fields to the electron while
maintaining exquisite control over residual Zeeman
shifts. This can be accomplished by using the valence
electrons in a suitably chosen heavy diatomic molecule
[7]. To this end, the JILA EDM Group [8,9] has
elucidated the benefits of heavy diatomic molecules in
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Figure 1. The X°A,, J=1 ro-vibrational ground state of WC in external electromagnetic fields. In the absence of laboratory
electric and magnetic fields, the ground state is split into a pair of J=1 parity eigenstates, |e) and |f), with a small energy
separation A Eg (denoted as dotted lines for |M| =1 and solid lines for M =0). From here, applying a laboratory electric field, &,
mixes the states of opposite parity and shifts the [M| =1 states by an approximate energy —pu. - £ to locations denoted by dashed
lines. Next, in addition to the Stark shift, a laboratory magnetic field, B, shifts the |M|=1 levels by an energy gMugB to
locations denoted by dash-dot-dash lines. Finally, in addition to the Stark and Zeeman shifts, a non-zero electron electric dipole
moment, d., shifts the [M|=1 levels by an energy —d, - E. to their final locations denoted by solid lines. The difference in energy
between the pair of |[AM|=2 transitions connected by arrows is ~4d.E.r, Which is nominally independent of the laboratory
electric and magnetic fields. The energy splittings are not drawn to scale and g > 0, B> 0, d. > 0 was assumed. The sign
conventions are as follows: (i) the direction of the applied laboratory electric field, £, defines the positive direction for the space-
fixed quantization axis, (ii) the molecular axis, 7, is defined to point from carbon (C) to tungsten (W) and defines the positive
direction for the molecule-fixed quantization axis, and (iii) the projection of the electronic spin along the molecular axis, X,
defines the positive direction for the electron EDM, d.. The projection of each vector quantity along the space-fixed quantization
axis is indicated by 1 or | for the polarized molecular levels. See text for more details and definitions of various parameters.

3A, states for molecule-based electron EDM searches.
In this work, we investigate the X°A; ground state of
tungsten carbide (WC) [10], which adds to the work on
metastable *A; states in HfF" [8,9,11], ThF™ [8,12],
and ThO [12-15].

2. Tungsten carbide molecular structure: an overview

Tungsten carbide has a X°A, ground state with its two
valence electrons in a o8 molecular orbital configura-
tion [16-19].> The designation A, is written as a term
symbol, 2S+1|/1||Q|, in the Hund’s case (a) basis, which
is not entirely accurate in the limit of large spin—orbit
coupling, but will suffice for explanatory purposes. The
two valence electrons in tungsten carbide form a S=1
spin triplet with projection X =1 along the molecular
axis. A4 signifies a projection of the net electronic
orbital angular momentum along the molecular axis of
A ==2. Finally, the projection of the total electronic
angular momentum along the molecular axis is
Q=A+2==I.

More generally, even in the limit of strong spin—
orbit coupling, the ro-vibrational ground state of

tungsten carbide has total angular momentum J=1
with projections M =0, +1 along a space-fixed quanti-
zation axis (Figure 1). Additionally, the /=1 ground
state has a well-defined value of |Q|=1, which
represents the projection of the total electronic angular
momentum (spin plus orbital) along the molecular axis.
In the absence of laboratory electric fields, the J=1
ground state is split into a pair of J=1 parity
eigenstates, known as an Q-doublet. For the J=1,
|| =1 ground state of tungsten carbide, the 2-doublet
levels are labeled as |e) = |—) =(|n; J, +|Q|, M) — |n; J,
—|Ql, M))/2'? and | f) = |+) =(n: J, +IQI, M)+ |n; J,
—1Q|, M))/2"2, with odd (=) and even (+) parities,
respectively, where n represents the any remaining
labels necessary to fully specify the state.

The small energy splitting, AEqo~hx O(kHz),
between 2-doublet levels and relatively large induced
electric dipole moment, u. ~ O(D), of the WC molecule,
allows for a relatively weak laboratory electric field,
E~OmVem™), to mix the states of opposite parity
completely and to polarize the molecule fully. The dc
laboratory electric field provides the space-fixed quan-
tization axis for the remainder of the discussion.
Furthermore, it only couples states with AM =0 and
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an electric dipole selection rule forbids coupling
between states with AJ=0 and AM =0 for M =0
levels. As such, the M =0 levels do not mix and are
nominally unaffected by laboratory electric and mag-
netic fields.> With a laboratory electric field applied,
the energies of the J=1, |[M|=1 Ilevels follow
+[(AEo/2)” 4+ (1e€)2)%]"2, where the zero of energy is
taken at the midpoint of the Q-doublet. In the limit
&> AEg, the J=1, |M|=1 levels are no longer
eigenstates of parity and instead have (i) a definite value
of the signed quantum number Q and (ii) a non-zero
effective electric field, E.¢, experienced by the valence
electrons, which is nominally independent of the
applied laboratory electric field. A non-zero electron
electric dipole moment, d_, shifts the | M| =1 levels by an
energy —d, - Eqy.

Several sources of systematic error are proportional
to the laboratory electric field (e.g. Zeeman shifts due to
(i) leakage currents and (ii) v x £/¢? effective magnetic
fields, where v is the velocity of molecules moving
through the laboratory electric field £ and c is the speed
of light), while a potential electron EDM signal is
proportional to £, The saturation of £, when the
molecule is fully polarized allows for a large variation
of the laboratory electric field to search for systematic
effects while leaving a true EDM signal unaffected.
Furthermore, the small magnitude of £ reduces the
overall magnitude of these potential systematic errors,
which is in sharp contrast to EDM searches using the
valence electrons in atoms (T [6] and Cs [20-22]) and
some molecules (YbF [23] and PbF [24]), where
laboratory electric fields of order 10°Vem™' and
10*Vem ™' must be applied, respectively.

For a laboratory magnetic field, B, applied parallel
or anti-parallel to the electric field £, the |M| =1 levels
shift in energy by an amount gMugB due to the
Zeeman effect, where g is the magnetic g-factor, up is
the Bohr magneton, and B > 0 and B < 0 represents B
parallel and anti-parallel to &, respectively. For a good
Hund’s case (a) state, the g-factor for a rotational level
J is given by g,~ Q(g; A + gs2)/J(J + 1). For the X°A,
ground state of tungsten carbide, A =42 and 2 =1,
which yields g;~0 under the approximations gg~ 2
and g;~1 for the spin and orbital g-factors of the
electron, respectively. Thus, the inherent sensitivity of
the molecular levels to magnetic fields is significantly
reduced compared to that of an unpaired valence
electron in atoms such as Tl [6] and Cs [20-22] and
molecules such as YbF [23] and PbO [25]. A similar
reduction in the g-factor appears in the IT; 12 state of
PbF [24] and *A, states of HfF " [8,9,11], ThF* [8,12],
and ThO [12-15]. Unfortunately, for the real [Q|=1
states of WC, HfF', ThF", and ThO, the actual
molecular g-factors will be dominated by admixtures of
other Hund’s case (a) electronic states with |Q| =1 due

to strong spin—orbit coupling. The resultant g-factors
are expected to be in the range 0.01 <g <1 and will be
addressed further in the following section.

Even in the presence of a non-zero molecular
g-factor, the pair of |[AM|=2 transitions shown in
Figure 1 share a common Zeeman shift. Thus, taking
the difference between the transition energies yields a
result, 4d.E.p, that is exclusively due to the electron
EDM. This assumes that the g-factors of the upper and
lower transitions are equal, which is a good approx-
imation, but not an exact result [25]. The difference in
g-factors and their dependence on the applied labora-
tory electric field will be addressed in the next section.

Above, we have provided a qualitative description
of the X°A,, J=1 ro-vibrational ground state of
tungsten carbide in the presence of laboratory electric
and magnetic fields. In the next section, we will provide
a non-relativistic molecular structure calculation to
quantify these results.

3. Tungsten carbide molecular structure: a
non-relativistic calculation

Our electronic structure calculation for tungsten car-
bide was similar to previous work on this molecule [16].
Specifically, we performed a non-relativistic multi-
configuration, self-consistent field calculation [26]
followed by a multi-reference configuration interaction
calculation [27]. In order to assess the size of spin—orbit
effects, additional scalar-relativistic calculations were
performed. All calculations used the MoLPRO suite of
codes [28]. For symmetry groups {Al, B1, B2, A2}, an
active space of {9,5,5,1} orbitals were used, respec-
tively, with {4,2,2,0} orbitals ‘closed off’ by constrain-
ing them to be doubly occupied. Closing off this space
kept the calculation manageable and amounted to
forcing orbitals that were bound by more than half
an atomic unit of energy to be doubly occupied.
The ECP60MWB scalar-relativistic potential of the
Stuttgart group [29,30] was used to describe the 60
electron core as well as the s, p, d, f orbitals on tungsten
and the aug-cc-pVTZ basis set of Dunning [31] was
used to describe the s, p, d orbitals on carbon. Thus, the
total number of electrons considered explicitly was 20.

The effective electric field calculation for tungsten
carbide included the X°A ground state and the °X~,
3¥7, T, and 'A excited states, with relative energies
similar to previous work [16]. A tungsten-to-carbon
bond length of ro=1.727A was used for the X°A
ground state, which corresponds to the equilibrium
bond length found previously [16]. This is longer than
the experimental W—C bond length of rq= 1.714 A [17]
due to relativistic contraction. Under these conditions,
the calculated induced (molecule-frame) electric dipole
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moment of WC is u.,=4.3D, which is in good
agreement with the value of u.=4.2D calculated
previously [16]. The polarization of tungsten carbide
has the polarity W'C™, such that the induced
(molecule-frame) electric dipole moment points along
the molecular axis (i.e. from C~ to WT). Using the
perturbative approximation detailed in [12], the effec-
tive electric field experienced by the valence electrons
in tungsten carbide is found to have magnitude
Er~54GVem™' and direction pointing against the
molecular axis (i.e. from W' to C7). We expect this
estimate to be valid at the 25% level based on previous
experience in comparing with more accurate calcula-
tions [12].

In addition to calculating &g, we also examined the
magnitude of the Q2-doublet splitting, AE,, and mag-
netic g-factor, g, in the X°A; ground state of WC. In a
pure Hund’s case (a) basis state, e.g. >A, the Q-doublet
splitting is more appropriately called A-type doubling
and is caused by rotational and spin—orbit effects that
mix in excited >57'2 || states of a particular parity. For
WC in the X°A,, J=1 ro-vibrational ground state, the
negative parity state, |e) =|—), is strongly influenced
by relatively low-lying 2~ states and therefore is lower
in energy than the positive parity state, |f)=|+),
which is influenced by faraway X7 states (Figure 1).
The dominant contribution to the A-type doubling
comes from couplings between the states 3A; <
STI; <> °%7. The splitting can be computed with
fourth-order perturbation theory by appropriately
accounting for the many routes through which the
perturbation can be transmitted [32]. In doing so,
an order-of-magnitude estimate for the Q-doublet
splitting in the ro-vibrational ground state is
AEg~hx 1kHz, which is quite sensitive to the
detailed energy differences between the intermediate
electronic states. With an induced (molecule-frame)
electric dipole moment of u.=4.3 D, the electric field
required to polarize WC is just a few mVcm™'.

The magnetic g-factor for the X°A; ground state is
also affected by neighboring electronic states due to
spin—orbit coupling. In particular, spin—orbit interac-
tions mix a small amount of the °I1; electronic state
into the X°A, ground state. Using perturbation theory,
the molecular g-factor can be estimated in terms of
combinations of Hund’s case (a) basis functions such
that the leading-order contribution is g;—; ~(1/2) x
((E[°Dop] — E[°Dy o)W (ECTL] — EPA]) ~+0.12,
where (E[°Dyj] — E[’ Dy l)/4~ he x 1537 em ™" [33] is
the average ground state spin—orbit splitting for singly-
ionized atomic tungsten* and E[I1,]— E[*A]~
he x 6693 cm ™! [16]. Similar to the Q-doublet splitting,
this expression for the g-factor is a rough estimate and
ultimately must be determined spectroscopically.

Without an applied laboratory electric field, the
parity eigenstates, |e) and |f), have slightly different
g-factors. These can be approximated as g,_, ~ gj—1 +
2(AEq/heB) and g5_, ~ gj=1 — 2(AEq/hcB) [34], which
yields a zero-field difference in g-factors potentially as
small as Ag(£=0)~4(AEo/hcB)~3x 1077 for AEq/
h~1kHz and ¢cB=15GHz[17]. Under the application
of a laboratory electric field large enough to fully mix
the parity eigenstates, the g-factors for the upper and
lower transitions shown in Figure 1 deviate further.
For *A, molecules in the ground rotational state, the
leading order correction to g;_; is due to an interfer-
ence between the Stark mixing and Zeeman mixing of
the J=2 rotational excited state. The difference in g-
factors scales as Ag(g)/gJ=l :(gupper_glower)/gj=l ~
+(3/10) (el heB) [25]. In the limit p.E > AEqg, the
electric field dependent g-factor difference will be
comparable to, if not larger than, the zero field g-
factor difference. For WC molecules in a laboratory
electric field of £~ 1Vem™', the absolute difference
between g-factors for the upper and lower transitions
shown in Figure 1 is estimated to be Ag(E~
1Vem ) a5 x107° for g;_; ~+0.12, u.~4.3D, and
¢B=15GHz [17]. As a result, the energy difference
between a pair of |AM|=2 transitions shown in
Figure 1 will have a small laboratory electric field
and magnetic field dependence, rather than simply
being equal to 4d.E.qyy.

4. Continuous tungsten carbide molecular beam

As a precursor to creating a continuous tungsten
carbide molecular beam, we have first developed a
continuous tungsten atomic beam. Tungsten atoms are
continuously evaporated from a resistively heated
filament by passing a dc current through it. For a
filament diameter ~500 um, a current of ~25A heats
the filament to a temperature of ~3000 K. Typically,
(1) the total number of tungsten atoms evaporated from
a single filament before it breaks is ~10'°, as measured
by the change in diameter of the filament, and (ii) the
filament lifetime is ~1000 s, but can be made arbitrarily
shorter or longer by varying the current by a few amps.

The filament is surrounded by ~1 torr of argon
buffer gas. The majority of tungsten atoms evaporated
from the filament are entrained in a buffer gas jet that
forms by passing through a converging—diverging
conical nozzle (half-angle ~15°) upon entering a high
vacuum region. The measured beam divergence after
exiting the nozzle is ~50 mrad. The beam propagates
~30cm before passing through a 3mm diameter
copper skimmer, after which the measured beam
divergence is only ~5mrad. This results in a factor of
~100 reduction in the atomic flux. A glass slide placed
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~30cm after the skimmer collects the tungsten atoms
for analysis (Figure 2(«)). The deposited tungsten spot
has a diameter of ~6mm and a thickness of ~30nm,
corresponding to ~5 x 10'® tungsten atoms and a flux
of ~10*' tungsten atoms per steradian per filament.
Converting the continuous tungsten atomic beam to a
continuous tungsten carbide molecular beam can be
accomplished by adding a small fraction of methane to
the buffer gas. This allows for the chemical reaction
W + CH4— WC + 2H,, which we have observed using
a quadrupole mass filter (Figures 2(b) and (¢)).
Optical spectroscopy of the WC molecules is
currently under development to determine the flux
and ro-vibrational state occupation of the WC
molecules. Additionally, tungsten carbide has abun-
dant isotopes '*W'2C (26%), "*W'?C (30%), and
186W12C (28%) with zero nuclear spin and thus no
hyperfine structure, which will greatly simplify the
electron EDM measurement, while '**W'2C (14%) has
hyperfine structure due to a tungsten nuclear spin of
I=1/2. Comparing a measurement of the hyperfine
structure in '"**W'?C to theoretical calculations will be
useful in characterizing the electronic wavefunction
overlap with the tungsten nucleus, which can poten-
tially improve calculations and uncertainty estimates of
Eorr. Future measurements probing nuclear Schiff
moments [5] may also be possible in '**W'*C.

5. EDM sensitivity considerations

Given the effective electric field experienced by the
valence electrons in the polarized X°A; ground state of
tungsten carbide, .~ 54 GVem™', an electron EDM
just below the current experimental limit, |d.| < 1.6 x
10727 e-cm [6], would produce a frequency shift to
the spectroscopy transitions shown in Figure 1 of
Awgpm = 2d.Eepr/h A~ 2t x 40mHz. Given round, but
reasonable, parameters for typical molecular beams,
such as a mean beam speed of v~1000m s~' and a
length of L~ 1m corresponding to an interrogation
time of T~ 1 ms, the Fourier-limited frequency resolu-
tion of a single-particle measurement is dwg, = 1/~
27 x 160 Hz. Thus, to achieve a statistical sensitivity
for detecting an electron EDM just below the current
limit, we would require of order N~ 16 x 10° WC
molecules to be interrogated. Improving upon the
current electron EDM limit by a factor of ~1000
would require of order N~ 16 x 10'*> WC molecules to
be interrogated, corresponding to statistical frequency
resolution of dwgy,/N'?~ 27 x 40 uHz.

Major systematic concerns arise from spurious
Zeeman shifts. Most of these can be removed by
taking the difference in frequencies between the upper
and lower transitions shown in Figure 1, provided that

the g-factors for the separate transitions are identical
and/or well known. Assuming that an upper bound on
the uncertainty in g-factors, 8g can be approximated
through the g-factor difference estimated above,
sg~Ag(E~1Vem 1)/222.5x 107°, then this sets an
upper bound on our ability to differentiate Zeeman
shifts from true EDM signals and gives rise to a
systematic limit for the experiment: dwsys ~ 2(6g)M g
B/h. Under this assumption, a residual magnetic field
of B~ 6 mG would give rise to a systematic uncertainty
in the transition frequencies, dwgys”2m x 40mHz,
limiting the sensitivity to the experiment to detecting
an electron EDM near the current limit.
Correspondingly, magnetic field control at the
B~ 6uG level would reduce the potential systematic
uncertainty to a factor of ~1000 below the current
electron EDM limit.

6. Conclusion

Molecular states with the °A; symmetry are good
candidates for electron EDM searches because their
valence electrons experience a large effective electric
field under the application of only a weak laboratory
electric field and have a small magnetic moment.
Additionally, ®A; states have a pair of spectroscopy
transitions with similar sensitivities to magnetic fields,
but sensitivities to an electron EDM with opposite
signs, such that they have a built-in co-magnetometer
to monitor for spurious Zeeman shifts. To our knowl-
edge, tungsten carbide is the only heavy diatomic
molecule verified both theoretically [16,18] and exper-
imentally [17,19] to have a *A, ground state. However,
3A, molecular levels arise as a low-lying metastable
state in other species currently being used for electron
EDM searches (e.g. HfF" [8,9], ThF* [8,12], and ThO
[12-15]). For WC, we have calculated &~
54GVem™' under the application of a laboratory
field of just a few mV cm™'. Furthermore, the magnetic
g-factor of the ro-vibrational ground state was
estimated to be g~ +0.12 with g-factor differences
between the fully polarized Q-doublet levels estimated
to be at the level of Ag(E~1Vem™') < O(107°). A
continuous tungsten atomic beam has been developed
with a flux of ~10?' tungsten atoms per steradian per
filament, and we are currently working towards
converting this to a continuous tungsten carbide
molecular beam.
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Notes

1. There are solid state electron EDM searches that look
for an induced magnetic field under an applied voltage
[35] or an induced voltage under an applied magnetic
field [36].

2. To our knowledge, there is one published calculation
that disagrees with the *A, assignment for the ground
state of tungsten carbide [37].

3. All M levels of the /=1 rotational ground state will mix
with the corresponding M levels of the J =2 rotationally
excited state, however, this mixing will be minimal for
sufficiently weak laboratory electric fields in the limit
AEq < 1€ < heB, where h is the Planck constant, ¢ is
the speed of light, and B is the rotational constant of the
molecular state.

4. The average energy splitting for the singly-ionized
atomic tungsten electronic ground state, (E [6D9//2] —
E[(’Dl/z])/4%hc x 1537cm™', was taken to be the rele-
vant spin—orbit splitting since the tungsten carbide bond
is fairly ionic, i.e. WT—C~. Using the average energy
splitting for the neutral atomic tungsten electronic
ground state, (E[°D4] — E[°Do])/4 ~ hc x 1555cm ™" does
not significantly modify the calculation.
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