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fundamental physics

David DeMille

Thanks to the rich structure of their energy levels, molecules
can be exquisite probes of time-reversal-symmetry violation,
the constancy of the proton-to-electron mass ratio, and more.

or a long time most atomic physicists were
trained in accordance with 1981 Nobel lau-
reate Arthur Schawlow’s dictum, “A di-
atomic molecule is a molecule with one
atom too many.” Compared with atoms,
even the simplest molecules seem daunt-
ingly complicated. Their internal vibrational and ro-
tational (collectively called “rovibrational”) motions
and their lack of spherical symmetry introduce struc-
tural features completely absent in atoms. That com-
plexity makes the quantum mechanical properties of
molecules far more difficult to manipulate, control,
and measure than in their simpler atomic counter-
parts. Nevertheless, during the past several years,
physicists have begun to work with molecules in
high-precision experiments designed to probe some
of the most fundamental features of physical law.
Such precision measurements have long played
an important role in atomic physics. For example,
experiments have looked for violations of spatial-
inversion symmetry, or parity (P), to investigate the
possible existence of new particles analogous to the
Z gauge boson. Other experiments have searched
for a permanent electric dipole moment (EDM) in
a particle, which would provide evidence of CP-
violating forces needed to explain the dominance of
matter over antimatter in the universe (CP denotes
the joint operation of charge conjugation and spatial
inversion). And comparisons of atomic clocks based
on different types of atomic energy levels have ex-
plored whether the fundamental constants of nature
actually vary in time or space. (For PHYSICS TODAY
coverage, see April 1997, page 17; the article by
Norval Fortson, Patrick Sandars, and Steve Barr,
June 2003, page 33; and the article by Maxim
Pospelov and Michael Romalis, July 2004, page 40.)
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Remarkably, the additional degrees of freedom
in molecules can greatly enhance the measurable
signals that manifest the underlying fundamental
physics —often to many orders of magnitude above
the analogous signals in atoms.! Furthermore, recent
years have seen significant advancements in experi-
mental methods for the control and measurement of
molecular energy levels (see reference 2 and the ar-
ticle by Debbie Jin and Jun Ye, PHYSICS TODAY, May
2011, page 27). Those techniques were developed
largely to enable the use of ultracold molecules to
address questions in quantum many-body physics,
quantum chemistry, and quantum information
processing. Those same methods, however, are also
making it possible to exploit the inherent advantages
of molecules for testing deep questions related to
particle physics, nuclear physics, and cosmology.

Level with me

The structural complexity of molecules gives them
a denser spectrum of energy levels than atoms
have. For simple molecules, as the box on page 35
shows, the relevant energy scales can be understood
from dimensional analysis. For a molecule with
reduced mass M, the ratio of electronic to vibra-
tional to rotational energies is on the order of
EE . :E.. = 1:(m/M)"*m/M =1:10%10"*, where m is
the electron mass.

In more complex molecules, additional energy
scales can arise. An example is the hydrogen perox-
ide (HOOH) molecule illustrated in figure 1. In this
case, the new energy scale arises from the torsional
motion of one H atom relative to the plane defined
by the OOH structure. That motion changes the dis-
tance between nearby H atoms, and so its character-
istic energy is the vibrational energy. Classically,
that energy would be minimized in the two mirror-
image configurations for which the rotation angle
0 = +0,, with 6, roughly equal to /2. Quantum me-
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chanically, however, the hydrogen atom can tunnel
through the barrier at 0 =0; energy eigenstates are
symmetric and antisymmetric combinations of the
two classical minimum-energy configurations. The
small energy splitting between the two eigenstates
is proportional to the tunneling rate, which is expo-
nentially suppressed relative to the natural vibra-
tional frequency. For the particular case of HOOH,
the torsional-doublet splitting is comparable to the
molecule’s rotational energy.

Even diatomic molecules can display a similar
effect, if they have an electron orbiting the internu-
clear axis with a nonvanishing angular-momentum
component () along the axis. In that case, a mirror-
image state with the electron orbiting in the oppo-
site direction would nominally have the identical
energy. However, since the entire molecule is free to
rotate, the Coriolis force leads to a weak coupling
between those configurations. The energy eigen-
states are again symmetric or antisymmetric combi-
nations of the mirror-image configurations, though
in this case—called an Q-doublet level structure—
the splitting between the eigenstates is much
smaller than the rotational energy. We'll meet the
Q-doublet structures again, in some of the experi-
ments described below.

The existence of close-lying energy levels in mol-
ecules is ultimately responsible for the molecules’ en-
hanced sensitivity to tiny perturbations. As one learns
in undergraduate quantum mechanics, the effect of
a perturbation coupling two states is amplified when
the energy difference between the states is small.
Figure 2 illustrates a simple and relevant example:
The polarizability of a molecule in an electric field is
many orders of magnitude larger than that of an atom.

CP violation

Several experiments are using strongly electrically
polarized molecules in searches for a tiny EDM
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along the spin of the electron. The electron EDM
(eEDM), much like its anomalous magnetic moment
(described beautifully in a PHYSICS TODAY Quick
Study by Gerald Gabrielse, December 2013, page
64), can arise from a coupling of the electron to vir-
tual particles in loops of Feynman diagrams such as
shown in figure 3. However, the eEEDM has a special
property: It violates time-reversal (T) invariance,
and so, according to the CPT theorem of quantum
field theory, it also violates CP symmetry. Hence, an
eEDM can occur only in the presence of virtual par-
ticles that are themselves subject to CP-violating
interactions. The standard model of particle physics
predicts an extremely small, nonvanishing eEDM,
but many proposed extensions to the standard
model include new particles and forces that could
induce a much larger value. The sensitivity of recent
experiments to the eEDM is sufficient to place very

Estimates of vibrational and rotational energy

The typical energy scale for the motion of electrons in atoms or mole-
cules can be derived beginning from the quantization of angular
momentum mvr ~ h for an electron with mass m and velocity v orbiting
at a distance r. (Read “~" as “is on the order of.") The centripetal accelera-
tion from the Coulomb force acting on an electron with charge —e is
mv?/r ~ e*/r*. Together, the angular-momentum and acceleration condi-
tions imply that the electron orbits at roughly the Bohr radius a, = h*/me?
and that the electronic energy E,, ~ €%/r ~ mv? ~ me*/h°.

In a molecule, atoms with reduced mass M, typically many times the
proton mass, are bound together with a binding energy £, ~ E,, and each
orbits the center of mass at a distance R ~ a,. The energy scale associated
with vibrational motion can be understood by modeling the molecule as
a harmonic oscillator with spring constant k, so that E, ~ kR* The vibra-
tional energy is E,, = h(k/M)'"* ~ E,(m/M)"% thus E /E, ~ (m/M)"? ~ 1072
The quantized energy of molecular rotation is E_ ~h?/l, where the
moment of inertia / ~ MR%. Hence, E, ~ (m/M)h*/maZ ~ (m/M)e*/a,, and
E /E,~(m/M)~10*

rot
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Diatomic molecules

Figure 1. Mirror images and tiny

energy splittings. Torsional motion in

hydrogen peroxide (HOOH; left panel)

leads to two mirror-image configurations,

with 8 roughly equal to +71/2, that have

the minimum classical energy. Because

of tunneling through the barrier that
separates those configurations, would-be

degenerate vibrational levels are split,

ENERGY

as indicated by the red and green lines

in the spectrum shown to the right.

In general, the splitting is much smaller
than the vibrational-energy scale; in
HOOH it is comparable to the energy
required to impart a single h unit of
rotational angular momentum to the

molecule.

strong bounds on many phenomena underlying
standard model extensions.?

The main advantage of the molecules is that the
electrons in them can experience an enormous in-
tramolecular electric field &, as large as about
100 GV/cm. In the presence of an eEDM, that huge
field creates a measurable energy shift. Not surpris-
ingly, £, is proportional to the electric polarization
of the molecule. Due to relativistic effects, it also
rapidly increases with the atomic number of the
heaviest atom in the molecule. The sensitivity to an
eEDM increases proportionally with the time over
which the internal field acts, whereas the statistical
measurement precision grows as the square root of
the number of molecules observed.

Last year the ACME (Advanced Cold Molecule
Electron EDM) collaboration, which I colead along
with Harvard University’s John Doyle and Gerald
Gabrielse, reported the results of a search for the
eEDM using thorium monoxide molecules (see ref-
erence 4 and PHYSICS TODAY, April 2014, page 15).
We chose ThO because it has an exceptionally large
&, and because its Q-doublet level structure makes
it easy to fully polarize parallel or antiparallel to a
modest laboratory electric field.

The ACME experiment relied on a new
method, developed by Doyle’s group, that used a
cryogenic buffer and carrier gas to produce molec-
ular beams with high flux and slow velocity. As a re-
sult we were able to obtain unprecedented sensitiv-
ity. The eEDM reported by ACME was consistent
with zero. Moreover, ACME determined that the
magnitude of the eEDM is less than 9 x 10 e-cm, a
value so small as to rule out most models with CP-
violating forces arising from exchange of particles
with masses in the few-TeV range —the energy scale
currently being explored directly at the Large
Hadron Collider at CERN. Future planned experi-
ments should allow ACME to probe energies well
beyond those directly accessible at the collider.

Violation of parity symmetry

The electroweak interactions violate spatial-inversion
symmetry. From the 1970s to early in this century,
atomic-physics experiments looking for parity vio-
lation focused mainly on a particular effect known
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as the weak charge of the nucleus. In the course of
those investigations, experimenters also observed a
much smaller parity-violating effect that arises from
the so-called anapole moment of the nucleus.® The
anapole moment describes a distribution of current,
illustrated in figure 4, that corresponds to a toroidal
winding whose central axis parallels the spin of the
nucleus. That current distribution can arise due to
electroweak forces within the nucleus that cause the
spin direction of an individual nucleon to tip in the
direction of its momentum.

A toroidal winding creates a magnetic field
only inside the torus, so the effect of the anapole
moment is confined to the nucleus. However, the
electron in an atom or molecule spends some of its
time inside the nuclear volume. Hence the electron’s
spin magnetic moment interacts with the parity-
violating anapole magnetic field.

In atoms, that interaction leads to mixing of
opposite-parity energy levels that typically are sep-
arated by something like 1 eV. In molecules, elec-
tronic interactions with the nuclear anapole field
can mix opposite-parity rotational levels separated
by a mere 10™* eV or so. In fact, the rotational levels
are so close that, thanks to the Zeeman effect, their
energy difference can be completely bridged'® by
applying a magnetic field of order 1 T. Under those
conditions, the effective energy separation between
the molecular states is determined by a finite energy
resolution, which by the uncertainty principle is
inversely proportional to observation time.

In 2014 my research group succeeded in bring-
ing opposite parity levels to within about 10™ eV of
each other in barium monofluoride.® Such tuning
enhances parity-violation-induced mixing by 11
orders of magnitude relative to that in atoms, and
we anticipate it will enable measurements of ana-
pole moments for many nuclei. The cesium-atom
measurement of the anapole moment—the only
observation on the books at present—is difficult to
reconcile with data from parity-violating nuclear
scattering experiments. A systematic program of
molecular measurements should help to clarify
how the strong nuclear force modifies electroweak
interactions in general, and the anapole-moment-
inducing interactions in particular.
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Figure 2. Closely spaced energy levels magnify perturbations. (a) This diagram shows the typical hierarchy of energies in
molecules. Blue curves show electronic energies as a function of the distance between atoms in the molecule. Green lines show
ladders of vibrational energies. The lowest states of a diatomic molecule have quantized rotational angular momentum and
alternating parity, as shown in the blowup. Here, J specifies the rotational angular momentum in units of A. (b) A diatomic molecule
can be almost completely polarized by a relatively modest electric field. Wavefunctions for rotational motion around the center of
mass are analogous to the familiar |s), |p), and other orbitals of an electron in a hydrogen atom. With that in mind, let |s) denote the
ground-state, parity-even, J = 0 wavefunction and |p) the parity-odd, first-excited-state, J = 1 wavefunction. The illustration to the left
shows those wavefunctions for a light, negatively charged atom (red) orbiting a heavy positive atom (green); shading of the red
wavefunction denotes amplitude, with pink negative and white zero. An electric field £ mixes opposite-parity levels. Assuming

that it’s OK to consider only the two states with lowest energies E, and E,, the perturbed wavefunctions are |3) « |s) + n|p) and

|B) < [p) — nls). Constructive and destructive interferences yield configurations in which the molecule polarizes along the field (|3)) or
against it (|p)). For weak fields, n « d&/(E, - E)), where d is the electric dipole moment of the molecule. If, however, the electric field

is strong enough that d€ = £, - £, n approaches 1, and the molecular polarization is nearly complete, as illustrated on the right.

Constants that change?

Physicists have long speculated that quantities
thought of as constants of nature might in fact vary
slightly over time.” To test that idea, one might iden-
tify pairs of atomic or molecular levels whose en-
ergy splittings depend differently on fundamental
constants. Then, if the precisely measured ratio of
the energy splittings were to change over time, that
would be evidence that the dimensionless constants
determining the splittings were also varying.
Molecular rovibrational energies depend on
the ratio p of the proton mass to the electron mass,
and the splittings that arise due to tunneling are
exponentially sensitive to that parameter. Compar-
ing such a sensitive splitting to one that is less sen-
sitive—say, from electronic or vibrational motion—
can serve to probe whether p is varying. Such
comparisons can be made directly in the laboratory,
where they may be carried out with extremely high
precision—but only over the time scale of a few
years. Alternatively, they may be conducted indi-
rectly, by comparing molecular transition energies
observed in astrophysical data from distant sources
to those measured in the laboratory. The indirect
approach is much less precise, but it can span time
scales approaching the lifetime of the universe.
The structure of some molecules leads to a dra-
matic amplification of the effects manifested from a
change in 1.8 The key idea is related to the inspira-
tion behind the Vernier caliper: If the energy of a
state associated with one type of motion (say, vibra-
tional or tunneling) happens to be almost identical
to that of a state associated with another motion
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(say, electronic or rotational), then the relative
difference in energy between the two accidentally
degenerate states can be extraordinarily sensitive to
changes in p.

Indeed, the most sensitive test to date for a vari-
ation of u uses that principle. In the methanol
(CH,OH) molecule, some rotational states are very
close in energy to states, similar to the HOOH states
of figure 1, that are associated with torsional tunnel-
ing. Transitions between those close-lying states,
and between pairs of ordinary rotational states,
have been observed both in extragalactic sources
and in the laboratory.” A comparison of laboratory
and astrophysical data has established that during
the past 7x10° years, Au/u has been less than
1x107—an extraordinarily precise limit. Similar
experiments based on molecular clouds located in
dense regions of the Milky Way have set strong lim-
its on any possible density dependence of y, as
could occur in so-called chameleon-field models of
dark energy.’

Ultracold and trapped molecules

The dense and complex energy spectrum that en-
hances molecules’ intrinsic sensitivity to effects of
fundamental interest also makes molecules difficult
to work with in experiments. For example, accord-
ing to the Boltzmann distribution, at room temper-
ature most molecules have hundreds of quantum
states populated. If experiments relying on any in-
dividual state are not to be plagued by poor statis-
tics, they must be conducted at low temperatures.
In addition, energy resolution scales inversely with
measurement time, so the energies of molecules
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Diatomic molecules

Figure 3. Searching for the electron’s electric
dipole moment (eEDM). (a) In quantum field
theories, the electron continuously emits and
reabsorbs virtual particles of all types that exist in
nature. An eEDM arises if the charge distribution
of that cloud of virtual particles is not spherically
symmetric. Shown here is a typical process that
could generate an eEDM: The electron splits into
a virtual pair of supersymmetric particles—the
photino y and the selectron é&—that are partners
of ordinary particles. The required violation of
time-reversal invariance, denoted by an “x”in the
figure, comes from the mechanism that causes
supersymmetric particles’ partners to be more
massive than their ordinary counterparts.

(b) The resulting eEDM d, depicted here as a

small asymmetry of charge along the electron’s
spin axis, can interact with the internal electric
field in a molecule. (c) In the ACME experiment
described in the text, a putative eEDM interacts
with a strong internal electric field &, in a polarized
thorium monoxide molecule. That interaction
shifts the energy from that of the black line to that
of the red. In the ACME experiment, we flip the
relative orientations of d and £, and measure the
double energy shift indicated by the green, double-
headed arrows. The oppositely directed shifts for
oppositely polarized states help us suppress
systematic errors.

QU
o

moving more slowly can be measured more pre-
cisely. If the motion is slow enough to allow the mol-
ecules to be trapped, then the measurement time
can be further extended —by orders of magnitude.

So far, all the laboratory measurements probing
fundamental physics as described above have come
from experiments that used molecular beams with
internal temperatures of a few kelvin. However,
techniques for producing molecular gases at much
lower temperatures have begun to work effectively,
and they promise to soon yield dramatic improve-
ments in experiments that use molecules to probe
fundamental physical laws.

The most advanced methods for producing
ultracold molecular gases rely on first cooling indi-
vidual atoms, then binding pairs of those atoms
to make diatomic molecules.”> The newly formed
molecules inherit the very low center-of-mass
velocity of the constituent atoms and can be readily
trapped —for example, in an optical lattice. In addi-
tion, if the starting point is a low-entropy state such
as a degenerate quantum gas, the atoms can be
transferred very efficiently to a single quantum state
of their internal motion.

For example, Tanya Zelevinsky’s group at Co-
lumbia University is developing a laboratory exper-
iment to search for temporal variations in u by mea-
suring vibrational energies in ultracold, trapped
diatomic strontium molecules; the combination of
long interaction times and techniques to eliminate
systematic errors in the energy measurement prom-
ises excellent sensitivity.! (The error-reducing tech-
niques are similar to those used in optical atomic
clocks, as discussed in PHYSICS TODAY, March 2014,
page 12.) In diatomic cesium and other molecules,
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accidental degeneracies exist between states of high
vibrational energy and metastable electronic states.
Measurements of transition energies between those
nearly degenerate states would be extraordinarily
sensitive to changes in p.® Shin Inouye’s group at
Osaka City University in Japan is undertaking mea-
surements of that type with potassium-rubidium
molecules. Such experiments, based on the Vernier
principle, can potentially surpass the impressive
sensitivity already achieved to variations of u-but
with laboratory measurements only, rather than in
combination with astrophysical data.

Cooling molecules with lasers

Nowadays, methods of laser cooling and trapping
are being applied directly to molecules. They are
providing species distinct from those that can be as-
sembled out of laser-cooled atoms and that have spe-
cific structures optimized for particular experimen-
tal goals. That development is remarkable, as it was
long believed that the complex structure of molecules
made them essentially impossible to cool with lasers.
Laser cooling relies on the scattering of something
like 100 000 photons, because each photon can carry
away only a small amount of momentum. In mole-
cules, the absorption of an optical photon excites an
electronic orbital, which can then decay to the ground-
state orbital. That decay, however, typically excites
vibrational or rotational motion. Since each photon
carries one unit of angular momentum, the rotational
quantum number cannot change by more than 1.
Vibrational excitations are a different story,
however. When the electron orbital de-excites, the
number of vibrational quanta excited is determined
by Franck-Condon factors—overlaps of excited-
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Figure 4. Bringing energy levels together to reveal an anapole moment. (a) The lower part of this Feynman diagram shows
electroweak interactions between the nucleons in a nucleus, mediated by the exchange of virtual W and Z bosons. (b) Those
interactions lead to a toroidal current circulating around the nucleus. The central axis of the torus and the spin I of the nucleus are
parallel. The electron spin interacts magnetically with the field in the torus, as depicted in panel a by the exchange of a virtual
photon. (c) The Zeeman effect is the splitting of degenerate energy levels by an applied magnetic field. By using that effect to tune
opposite-parity rotational levels (purple and orange) to near degeneracy, experimenters dramatically enhance the degree of parity
violation arising from the anapole moment of a nucleus in the molecule. Typically the field needed to achieve that near degeneracy
is about 1T. In the kets to the right, the large arrows denote electron spins responsible for the Zeeman shift, and the small arrows

represent the nuclear spins responsible for the anapole moment.

and ground-state vibrational wavefunctions—that
follow no simple rules. In a typical molecule, a sin-
gle scattered photon can excite more than a dozen
different vibrational states with significant proba-
bility. Once the molecule is vibrationally excited, the
frequency of the laser photons no longer matches
the new resonance condition needed to excite the
electron’s orbital. So the only way to keep scattering
photons is to add many new laser frequencies to
keep exciting the molecule from the many popu-
lated vibrational states. The repeated process of ex-
citation and de-excitation, called optical cycling, has
been accomplished with broadband lasers that hit
many molecular resonances at once and also with
arrays of single-frequency lasers.

Roughly a decade ago, a pair of seminal papers
showed that for a broad class of diatomic molecules,
Franck-Condon factors and angular-momentum se-
lection rules are sufficiently simple that just a few
single-frequency lasers suffice to maintain optical
cycling long enough for laser cooling and trapping.'!
Over the past few years, my group and several oth-
ers have begun to put those ideas to work.”? For in-
stance, my group laser cooled strontium monofluo-
ride molecules and demonstrated that their spread
of velocities along one direction corresponded to a
temperature as low as 300 pK, comparable to that
typical of atomic laser cooling. We have also loaded
molecules into a magneto-optical trap (MOT)." (Fig-
ure 5 further illustrates those two experiments.)

The workhorse of atomic laser cooling and
trapping, the MOT simultaneously cools and con-
fines; thus it makes possible the accumulation of
large, dense samples of ultracold gas. It is the start-
ing point for a vast range of experiments in modern
atomic physics involving quantum-degenerate
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gases, atomic clocks, and more. The ability to apply
MOT technology to molecules promises to enable a
similarly broad range of new experiments.

The internal, rovibrational motion of molecules
can also be cooled and the molecular population
thus concentrated in a small number of quantum
states. For example, by shaping the spectral profile
of a broadband laser so that all vibrational states ex-
cept the lowest were resonant with some frequency
of the light, Pierre Pillet and colleagues were able to
drive an initially broad distribution of vibrational
levels down to the lowest state.!* Single-frequency
lasers can systematically reduce rotational energy
by driving transitions from states with angular
momentum Ji to states with angular momentum
(J = 1)h. The ACME collaboration, for example, used
that rotational-cooling technique to enhance the
signal size in its eEDM experiment.* In contrast to
center-of-mass cooling, rovibrational cooling requires
only a handful of scattered photons to be effective.

Molecular laser cooling and trapping is still in
its infancy, but several groups are making plans to
incorporate it into next-generation experiments that
probe fundamental interactions.”® For example, a
group of researchers at Imperial College London
has begun work on an eEDM experiment in which
they plan to launch laser-cooled ytterbium mono-
fluoride molecules in a fountain-like configuration;
that design should yield interaction times 100-fold
larger than we achieved in our ACME experiment.
Larry Hunter’s group at Amherst College and I
have together proposed to employ laser cooling
(and potentially trapping) of thallium monofluoride
molecules in an experiment designed to search for
hadronic CP violation via the nuclear “Schiff mo-
ment,” which is similar to a nuclear EDM. A group
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Figure 5. Laser cooling and
magneto-optical trapping of stron-
tium monofluoride. (a) If a molecule
can be induced to scatter enough
photons, it can be cooled below a
millikelvin. But to have multiple
scatterings, an excitation-relaxation
sequence must be repeated over and
over, a process called optical cycling.
Shown here are electronic energy
levels and associated vibrational
levels (v for the ground-state ladder
and V' for the excited-state ladder)
relevant for the optical cycling
process my colleagues and | used to
cool SrF.’? Laser-induced excitations
are indicated by upward-pointing
arrows and decay paths are repre-
sented by downward arrows; the
widths of the decay arrows indicate
the transition probabilities. Because
the probability of decay to succes-
sively higher vibrational levels decreases monotonically, just a few lasers suffice for the optical
cycling. (b) In our magneto-optical trap,” a multicolor laser beam (red) impinges on molecules from both directions along three
orthogonal axes. The laser, together with a magnetic field gradient (gray arrows), provides simultaneous confining and cooling forces
that lead to an accumulation of molecules in the center of a vacuum chamber. The central inset shows an image of fluorescence from
a cloud of magneto-optically trapped SrF molecules at a temperature of about 400 pK. The sketch does not show all optical elements.
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Beyond the simplest molecules

In this article I have emphasized advances obtained
with neutral diatomic molecules, but closely related
work has branched into directions that until recently
seemed even more exotic. For example, several
groups have developed methods for trapping, cool-
ing, manipulating, and precisely measuring proper-
ties of molecular ions. In one such experiment, de-
signed to search for the eEDM, a group at JILA has
demonstrated extraordinarily long interaction times
that promise extremely good energy resolution, even
with minimal cooling.'® A team at the Max Planck In-
stitute of Quantum Optics showed they could trap
and laser cool polyatomic molecules.”” That method
might provide a tool for measuring energy levels in
complex molecules with unprecedented precision.
Along-term goal would be to demonstrate the long-
predicted difference in energy between left- and
right-handed enantiomers of chiral molecules due to
the electroweak interaction.'®

Precision experiments with ultracold, trapped
molecules appear set to make a vital contribution
toward exploring the frontiers of fundamental
physics for years to come.

I thank the many colleagues who made possible my contribu-
tions to the topics discussed here.
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