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Permanent electric dipole moments (EDMs) of fundamental particles such as the electron are signatures
of parity and time-reversal violation occurring in physics beyond the standard model. EDM measurements
probe new physics at energy scales well beyond the reach of present-day colliders. Recent advances in
assembling molecules from ultracold atoms have opened up new opportunities for improving the reach of
EDM experiments. However, the magnetic field sensitivity of such ultracold molecules means that new
measurement techniques are needed before these opportunities can be fully exploited. We present a
technique that takes advantage of magnetically insensitive hyperfine clock transitions in polar molecules,
offering a way to improve both the precision and accuracy of EDM searches with ultracold assembled

molecules.
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Introduction.—Polar molecules offer one of the best
ways to probe the unknown physics that led to the
imbalance between matter and antimatter in the Universe
[1,2]. Precise measurements using heavy polar molecules,
wherein electron spins experience enormous relativistic
electric fields, have set stringent bounds on the parity (P)
and time-reversal (7') violating permanent electric dipole
moment (EDM) of the electron [3—6]—such experiments
constrain the parameter space of new physics models out to
energy scales exceeding 10 TeV [6,7].

Advances in producing cold molecules [8], such as
direct laser-cooling of polar molecules [9-11] and ultra-
cold assembly of molecules from atoms [12-22], have
generated interest in applying these techniques to EDM
searches [23-27]. Large ensembles of trapped polar
molecules can improve experimental sensitivity to P,
T-violating physics by more than 2 orders of magnitude,
due to the long trap lifetimes (> 10 s) that can be realized.
However, it continues to be difficult to directly laser-cool
EDM-sensitive molecules—which are typically heavier and
have more numerous leakage channels out of the cooling
cycle—to the ultracold (<10 uK) temperatures needed to
confine them in optical traps [8]. In this context, therefore, an
especially attractive and feasible path to producing ultracold
trapped molecules is to assemble them from ultracold
trapped atoms. A variety of ultracold polar diatomics (mostly
bialkali and alkali-alkaline-earth molecules) have been
produced in this way ([12-22]), and excellent coherence
times for their hyperfine states have been demonstrated [28].

However, an important challenge needs to be overcome
before a sensitive EDM experiment with ultracold assembled
molecules can be realized. Electron EDM measurements
require molecules with unpaired electron spins, which rules
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out bialkali molecules in their ground states, and thus we are
left with molecules with one valence electron such as YbAg
(described further below). But the simple % electronic ground
states of these molecules pose problems for traditional
EDM measurements: the coherence time of spin precession
measurements is degraded by magnetic field noise, and they
are susceptible to systematic errors from spurious magnetic
fields. Both these disadvantages can be traced back to the
relatively large magnetic moment of the unpaired electron
spin in these simple diatomic molecules. Therefore it is
believed that ultracold assembled molecules are not ideal
for EDM searches, and other molecules with more complex
level structures must instead be used (cf. [27]).

To address this challenge, we present an EDM measure-
ment technique which can be used with any polar molecule
that has magnetically insensitive hyperfine states (“clock
states”). Such states are found across a host of polar
molecules, including many examples of molecules that
can be assembled from ultracold atoms [29]. Importantly,
therefore, our technique unlocks the full potential of
ultracold assembled molecules for precise EDM measure-
ments with long coherence times, in aid of the search for
new physics at the ~100-TeV energy scale.

Method.—We illustrate the features of our technique
using the example molecule '"#Yb!"’Ag. This molecule
belongs to a class of electron-EDM-sensitive diatomics
whose constituent atoms can be laser-cooled and trapped.
We anticipate that YbAg can be produced and trapped in
significant quantities at ultracold temperatures in an optical
trap, after assembly from ultracold Yb and Ag atoms.
YbAg molecules can be synthesized at ultracold tempera-
tures using methods similar to those demonstrated for other
isoelectronic molecules (YbLi [20], YbRb [12], and YbCs
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[19]). We focus on YbAg due to the larger electronegativity
of Ag compared to the alkali atoms, which results in a more
strongly polar molecule with enhanced sensitivity to the
electron EDM [25]. In the %% electronic ground state of
YbAg, the lowest rovibrational manifold contains four
hyperfine states obtained by coupling the valence electron
spin (S =1/2) to the Ag nuclear spin (I =1/2). The
interaction Hamiltonian for these states with external
electric and magnetic fields is

H; = —MB(9s§+917) -F)’—Dﬁ-é_f+ WPTS:'ﬁ (1)

(with A = 1 everywhere), gg, g; are the electron and nuclear
spin g factors, D is the molecular dipole moment, and 7 is
the unit vector pointing along the internuclear axis of
the molecule. The electron EDM, and other sources of P,
T-violation such as the scalar-pseudoscalar nucleon-
electron interaction [30], are_described by the effective
low-energy Hamiltonian WpzS - .

In EDM search experiments, a lab electric field, E=¢ e

polarizes the molecule and a small magnetic field, B= B.z,
is used to control the electron spin. A molecule polarized in
an electric field has a nonzero expectation value of its
orientation, ¢ = (i -%), and the effective interaction
Hamiltonian for the electron and nuclear spin degrees of
freedom can be expressed as

Hee = _<gsSz + gllz)/’lBBz + WPTSZC (2)

The dependence of the molecular orientation  on the applied
electric field &£, is discussed in detail in the Supplemental
Material [29], using both a detailed numerical model and a
simple analytical model. In the traditional EDM measurement
method, a static electric field is applied and the energy
difference between the F = 1, mp = £1 hyperfine levels
due to the Wpr term is measured, typically using a spin-
interferometer sequence [3,6,31,32]. However, the magnetic
field sensitivity of the my # O levels leads to the coherence
time limitations and systematic errors mentioned above.

In our proposed clock transition (CT) method, we
instead focus on the two hyperfine clock states |g) =
|F=0,mr=0) and |e) =|F = 1,mp =0), which are
separated in energy by w,. Despite the fact that both of
these states have zero spin (and thus zero magnetic
moment), they can remarkably still be used to measure
the EDM associated with the electron spin, as we demon-
strate below. We consider the interaction of the
molecule with a time-dependent polarizing electric field,
E.=E&ycos(wpt + B), and a time-dependent magnetic
field, B, = By cos(wpt), where f is an adjustable phase.
The magnetic field drives the hyperfine clock transition
between |g) and |e). The electric field induces an oscillating
molecular orientation with amplitude ¢, at the frequency
wpg, as shown in Fig. 1. Because of P, T violation, the
molecular orientation behaves like an effective magnetic
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FIG. 1. Magnetic field B.(¢) (black, dotted line) and molecular

orientation ¢(7) (red, solid line). The curve for () is in response
to an electric field £ (1) = & cos(wr + f) and is calculated using
the methods in [29], Sec. A. The nonlinear response of { to £, is
evident. The red dashed line shows the first harmonic of @
contained in {(¢), which drives the hyperfine transition.

field coupled to the electron spin [see Eq. (2)]. The key idea
is that the P, T-violating term induces an extra transition
amplitude between |g) and |e), which interferes construc-
tively or destructively (depending on the phase /) with the
transition amplitude due to the applied magnetic field. The
dynamics in the subspace spanned by the clock states is
represented on the Bloch sphere in Fig. 2, which illustrates
the interference between the transition amplitudes.
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FIG. 2. The population transfer is shown on a Bloch sphere for
the two clock states in the presence of oscillating electric and
magnetic fields. The P, T-violating Hamiltonian leads to an extra
transition amplitude Qpy7 that interferes with the transition
amplitude Qp7 due to the oscillating magnetic field. The case
shown here corresponds to f = 0, where these amplitudes add
constructively.
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FIG. 3. The population in the excited clock state, |e), as a
function of interaction time, when the electric and magnetic fields
are on resonance (Qpy is exaggerated for illustration). The
relative phase f between the electric and magnetic fields can
be varied to distinguish the P, T-violating transition amplitude
from that due to the magnetic field.

We assume that the electric and magnetic fields are
driven at the same frequency, oy = wp = o, with detuning
A =w—wy. In the rotating wave approximation, the
Hamiltonian from Eq. (2) is

Q Q A
B 6.+ -—2L (cos fo, + sin o) + o)

Hp = —2
eff D) 2

oz (3)

where o, , . are Pauli matrices, and the Rabi frequencies
for the Zeeman and P, T-violating interactions
are Qpr =3Wprly respectively and Qpp =5 Wprlo.
When the molecule is driven on resonance (A = 0)
for a time 7, molecules initially prepared in |g) are
transferred to |e). The excited-state population is then
Pee(7) = sin?{[(Qp + Qprcos f)z]/2}, where the vanish-
ingly small terms that are quadratic in Wpy have been
dropped. The time evolution of p,,(z) and the effect of the
phase f are shown in Fig. 3.

For an EDM measurement, the magnetic field amplitude,
By, and the pulse duration, z, are set so that Qg7 ~ +7/2
mod 2z, to make p,, maximally sensitive to Qpg.
The measurement is then repeated for different values of
the phase angle f, as shown in Fig. 3. Setting f = +x/2
leaves p,, unchanged, and provides a convenient null test.
The values of By, and 7 can also be varied over a
large dynamic range while maintaining the condition
Qpt = +(7/2)mod2z, which is a useful way to tease
out systematic errors. A genuine P, T-violating signal
can be identified using the part of p,, that changes sign
under switches of (i) the initial state between |g) and |e),
(i1) the phase f between 0 and 7, and (iii) the pulse area Qg7
between +7/2 mod 27.

With measurements on a total of N, molecules, and an
interaction time 7 for each measurement cycle, the pre-
cision achievable in a projection-noise-limited measure-
ment of WPT = 2QPT/CO is 5WPT = 2/(;0’[\/1% The
corresponding electron EDM precision (assuming that
the electron EDM is the only source of P, T violation)
is 6d, = 6Wpr/2eE, Where E is the effective electric
field experienced by the electron EDM in the molecule
[1,2]. For an experiment using the CT method, we estimate
an electron EDM sensitivity

104172 /10 s\ /10 d\ /2
8d, = 107! —) (=) (=
ot een() () ()

(26 ®

Here N is the number of trapped molecules used per
measurement cycle, and 7 is the total integration time of the
experiment. We have used realistic experimental quantities
for the nominal values of N, 7, and T above, and assumed
Eer =20 GV/cm for YbAg molecules [33]. Applying
the above equation to YbRb, a molecule that has been
produced by ultracold assembly [12] and has &g ~
0.7 GV/cm [34], we estimate that 6d, ~3 x 107 ecm
can be reached. An electron EDM measurement with a
precision of 107! ¢ cm would improve on the current state
of the art by 2 orders of magnitude and probe energy scales
well beyond 100 TeV [1,2].

Advantages.—Compared to the traditional EDM search
method, the CT method has some practical advantages.

First, in the traditional method spurious low-frequency
magnetic fields, e.g., from leakage currents, are a common
source of systematic errors. However with hyperfine clock
transitions, only radio-frequency (rf) magnetic fields, in the
spectral range w, & 1/7, can cause shifts of the Rabi
frequency. Such magnetic fields are significantly easier
to measure, and shield in practice (due to the high
effectiveness of eddy current shielding at these frequen-
cies), with consequent improvements to the control of
systematic errors.

Second, the phase # between the electric and magnetic
fields can be smoothly varied with high precision using
standard rf instruments. This eliminates switching transi-
ents and discharges, and the resulting magnetic field errors,
that are encountered in typical EDM experiments where the
sign of dc electric fields has to be switched. A number of
potential systematic effects (discussed further below) also
have a characteristic dependence on f that is different from
the cosf dependence of the P, T-violating interaction,
which thus allows them to be cleanly separated from
genuine new physics signals.

Third, the hyperfine levels separated by @, are insensi-
tive to magnetic field noise and fluctuations to first order.
So the requirements for shielding stray magnetic fields
and their low-frequency drifts are significantly relaxed
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compared to traditional EDM search experiments. This
feature can lead to better control over systematics and
simplify the design of experiments.

Fourth, the magnetic field insensitivity of the clock states
also improves the precision of EDM measurements, since
long coherence times for hyperfine state superpositions can
be realized [28].

Fifth, the initial state preparation is simple: it is easy to
accurately initialize molecules in one of the hyperfine states
lg) or |e), compared to preparing the spin-state superpositions
used in the traditional EDM measurement method (e.g., [3]).
This feature improves the duty cycle of experiments, yielding
better precision in a given integration time, and greatly
reduces systematic errors due to imperfect state preparation.

Finally, while we have focused on electron EDM
measurements for the sake of simplicity, the same method
can be used to measure nuclear P, T violation, arising from
P, T-violating nuclear moments or new physics inter-
actions between electrons and nucleons [35]. For nuclei in
polar molecules, there is in fact an additional term H,py =
W,.prl.¢ in the effective Hamiltonian in Eq. (2), represent-
ing the P, T-violating coupling between the nuclear spin /
and the molecular orientation. Therefore the CT method
can be applied to nuclear P, T violation search experiments
in much the same way as above. This method could be
especially valuable in experiments that use radioactive
nuclei (e.g., >*Ra [36] or **°Pa [37]) to take advantage
of their enhanced sensitivity, but where only a limited set of
molecular species can be efficiently produced from rare
isotope sources. The CT method can also be applied to a
variety of molecular ions ([29], Sec. E), as ion traps can be
engineered so that the secular and micromotion frequencies
are well separated from the hyperfine resonance frequency.

Controlling systematic errors.—Stringent control over
systematic errors is an important requirement for EDM
measurements. Here we consider potential EDM-mimick-
ing effects that are specific to the CT method. One possible
source of such errors is the displacement current produced
by the oscillating £ field, which produces an E&-linear
magnetic field. These systematic errors can be suppressed
by many orders of magnitude, using the characteristic
dependence of the P, T-violating signal on the phase  and
frequency wg of the & field ([29], Sec. C).

We have also analyzed other sources of systematic
errors, such as E1 — M1 mixing and differential Stark
shifts. Stray background electric (£4.) and magnetic (Bg.)
fields can admix rotational states in the N =0 and N =1
manifolds. This leads to a transition Rabi frequency
Qri_ayn « EqBya.Eo which can mimic Qpp. For realistic
estimates of the stray fields, numerical and analytical
calculations described in the Supplemental Material [29]
indicate that this effect leads to a negligible systematic
error. We have also considered systematic errors that arise
through the differential Stark shift of the hyperfine clock
states in the oscillating electric field. Using both analytical

and numerical models, we find that the error due to this
effect is also negligible ([29], Sec. D).

Finally, we point out that the nonlinear response of the
molecular orientation to the £ field offers up a uniquely
powerful way to control any residual systematic errors.
This method employs the fact that () contains odd
harmonics of the electric field frequency wg (see [29],
Fig. 5). So wg can be set to a subharmonic of the hyperfine
resonance frequency w, (e.g., wrp = wy/3), while still
allowing the P, T-violating interaction to resonantly drive
the hyperfine transition. But any systematic effects linear in
the electric field (a condition that encompasses the over-
whelming majority of them) are pushed far off resonance,
and so their interference with the transition amplitude is
highly suppressed. Subharmonic modulation therefore
offers a clear and general diagnostic to distinguish genuine
P, T-violating effects from spurious backgrounds. Pre-
cision control of electric and magnetic field amplitudes and
phases in the rf domain, in combination with methods such
as subharmonic modulation, provides a versatile toolbox to
control systematic errors in EDM measurements using
hyperfine clock transitions.

Summary.—We have presented a technique for measur-
ing parity and time-reversal violation, which leverages the
magnetic-field insensitivity of ubiquitously available
hyperfine clock transitions in polar molecules. The use
of clock transitions enables longer coherence times leading
to improved precision, and opens up new ways to control
systematic errors in experiments using trapped ultracold
molecules. A wide selection of ultracold molecules, includ-
ing simple X diatomic molecules that can be assembled out
of ultracold atoms, thus becomes available for new physics
searches.
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