search and discovery

Surprising upper limit on the electron’s electric

dipole moment

A new null result challenges favored expansions of particle theory’s
standard model.

been using atomic and molecular

beams to measure the electric di-
pole moment (EDM) of the electron. As
yet they’ve found no clear signal —just
increasingly stringent upper limits.
Those modest tabletop searches are ad-
dressing an issue crucial to particle
physics, a discipline whose usual search
tools are gargantuan. It’s been argued
that such EDM searches are the fastest
and cheapest route to the discovery of
new physics beyond the standard
model of particle theory.

The electron can have a nonvanish-
ing EDM only if nature violates symme-
try under time reversal (T) and under
the combined operations of charge con-
jugation (C), which replaces particles by
their antiparticles, and parity inversion
(P). The standard model incorporates
the small violations of CP and T sym-
metry that experiments at high-energy
accelerators have revealed (see PHYSICS
TopAy, November 2012, page 16). But
its prediction for the electron EDM’s
magnitude—about 107 e-cm—is far
too small to detect with foreseeable
techniques.

It's also very much smaller than

‘ or decades, experimenters have

what'’s predicted by leading attempts to
progress beyond the manifestly incom-
plete standard model and, in particu-
lar, to explain the cosmological imbal-
ance of matter and antimatter. The
range of those new-physics predictions
is now accessible by molecular-beam
searches.

An EDM implies some spatial sepa-
ration of charges. But the electron, unlike
the hadrons, is taken to be a dimension-
less point particle. Its EDM is attributed
to the surrounding cloud of virtual par-
ticles it continually emits and reabsorbs.
And the proposed new physics predicts
heavy new particles whose interactions
strongly violate CP symmetry.

The electron’s EDM vector d, must
be coaxial with its intrinsic spin. A non-
vanishing EDM would manifest itself
by a shift —d_E of the electron’s energy
in an electric field E. But applying a
strong enough electric field to a free
electron would just sweep it away.
Nowadays experimenters favor highly
polarizable diatomic molecules with
one heavy nucleus. In such molecules,
a valence electron near the heavy nu-
cleus is subjected by a relativistic effect
to a very strong intramolecular effective
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Figure 1. The ACME experiment subjects a pulsed beam of cold, polarized thorium
oxide molecules to electric and magnetic fields E and B normal to the transparent
electric-field plates. The fields make the molecular spins (green arrows) precess in the
xy-plane. A pair of initializing laser beams set the molecules’starting spin direction.
A rapidly polarizable readout laser 22 cm downstream selectively excites different
components of the final molecular quantum state to fluorescent decay. Comparing the
fluorescence intensities excited by the readout laser’s different polarizations measures
the molecules’final spin orientation and thus the precession rate. (Adapted from ref. 2.)
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electric field E,,. Three years ago Ed-
ward Hinds’s team at Imperial College
London used an ytterbium fluoride
beam! to set an upper limit of 10% e-cm
on the magnitude of d, (see PHYSICS
TODAY, August 2011, page 12). The sign
of d, indicates whether the electron’s
EDM is parallel (+) or antiparallel (-) to
its intrinsic spin.

The 2011 limit already bit signifi-
cantly into the parameter space of prom-
ising supersymmetric extensions of the
standard model. But now, such “SUSY”
models and a wide class of alternatives
are even more hard-pressed by a new
null result reported by the ACME col-
laboration.? The team is headed by John
Doyle and Gerald Gabrielse at Harvard
University and David DeMille at Yale.
With a cryogenic thorium oxide beam
setup at Harvard, they have reduced
the Hinds team’s upper limit by a fur-
ther order of magnitude.

Measuring spin precession

The ThO molecule, much studied by the
ACME team, has special advantages in
the quest for d.. When laser-excited to
the rotational ground state of a particu-
lar metastable electronic state (desig-
nated the H state), the molecule can be
fully polarized by a modest external elec-
tric field of order 10 V/em. In the polar-
ized H state, the valence electron nearest
the molecule’s positively charged tho-
rium end feels an enormous E, of
84 GV/cm in the direction of the oxygen
end. (A second, less localized valence
electron feels an E, that’s negligible by
comparison.)

Essentially, the ACME team sought
to determine d, by looking for a tiny en-
ergy splitting 2d,E ,between two molec-
ular states that differ only by whether
the spin of the localized valence elec-
tron is parallel or antiparallel to E.
That’s done, as in the Hinds experi-
ment, by measuring the spin precession
of molecules as they traverse a region of
electric and magnetic fields.

Figure 1 is a schematic of the ACME
apparatus. A 50-Hz pulsed beam of
ThO molecules embedded in cold neon
carrier gas traces a pass through uni-
form magnetic and electric fields B
and E pointing in the 2 normal to the
transparent electric-field plates. At the
start and finish of the instrument’s
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22-cm-long precession region, the mol-
ecules encounter laser beams that, re-
spectively, initialize and read out their
spin directions.

The pair of tunable initializing lasers
excite ThO molecules to the polarized H
state with a chosen orientation, up or
down, of the molecule’s own EDM in
the external E field. Choosing the polar-
ization of the second laser prepares the
H state in a particular coherent super-
position of angular-momentum sub-
states that specifies the spin preces-
sion’s starting angle.

The O and *?Th nuclei are both
spinless. So in the rotationless H state,
only the two unpaired valence electrons
contribute to the molecule’s total angu-
lar momentum ] =1 (in units of 7). And
when the H state is fully polarized, only
the spin-aligned M =], substates *1
occur.

In the B field of order 10 milligauss,
the two M substates exhibit the usual
Zeeman energy splitting 2uB, where p
is the polarized molecule’s magnetic
moment. But the electron’s EDM, if it
exists, contributes the additional split-
ting 2d.E.; that ever so slightly aug-
ments or diminishes the Zeeman split-
ting, depending on the sign of d,B-E
(see figure 2).

The net energy splitting between the
M substates [+1) and |-1) determines the
rate at which the molecule’s spin vector,
viewed semiclassically, precesses in the
xy-plane of the field plates en route to
the downstream state-readout laser. For
example, initializing the polarized H
state in the coherent superposition

[t =0)) = (+1) + |-1)A2

starts off the molecule’s spin vector
pointing in the i direction. But the two
M substates acquire a growing phase
separation as the molecule traverses the
precession region, so that

[9() = E1+1) + e =D,

where the phase angle ¢(t) equals
(uB * d E )t/h. The sign between the en-
ergy terms is that of B-E .

Semiclassically, one can think of ¢(t)
as the angle through which the mole-
cule’s spin vector has precessed in the
xy plane. When it’s 71/2, the spin vector
is aligned with the % axis. The preces-
sion angle’s final value ¢, depends on d...
It's measured by the readout laser
beam, whose polarization direction
rapidly switches back and forth be-
tween orthogonal directions during the
passage of each beam pulse.

In each polarization, the readout
beam excites only the % or ] projection of
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Figure 2. The greater the energy-level splitting between the M =+1 and —1
components of the polarized ThO molecule in the B and E fields of the ACME
experiment, the faster is its spin-precession rate. The magnetic quantum number M
determines the spin orientation of the valence electron e in the B direction.
Energy-level shifts are shown for the two opposite orientations of the strong
intramolecular electric field E_; experienced by that electron. The red arrows are the
Zeeman shifts, with u being the molecule’s magnetic moment. The green arrows
indicate the shifts due to a d, that's parallel to the electron’s intrinsic spin. If it turns
out to be antiparallel (d, < 0), the green arrows are reversed.

the molecule’s final precession state to a
short-lived electronic state that promptly
exhibits fluorescent decay. So compar-
ing the strengths of the fluorescence sig-
nals for the two laser-polarization di-
rections yields a measurement of ¢,.

Seeking tiny differences

In the quest for d,, the team scoured the
noisy ¢, data from millions of molecu-
lar-beam pulses measured in different
combinations of E , B, and E orienta-
tions, for evidence of the tiny effect of a
d, on the spin-precession rate. In the
ACME experiment, the principal flip-
ping of field orientations was done by
the initializing lasers. They reversed the
molecular orientation, and thus E_,
every 25 pulses without requiring a
change in the external E field. At longer
intervals, the E and B fields were also
reversed, to estimate and mitigate sys-
tematic errors.

Having measured the precessions of
some 10" ThO molecules during two
weeks’ running last summer, the ACME
team found no statistically significant
evidence of the electron’s EDM. The
null result yields a 90%-confidence
upper limit of 8.7 x 10 e-cm on the ab-
solute value of d..

The team attributes its 12-fold im-
provement on the 2011 upper limit pri-
marily to the greater intensity and
slower transit speed of ACME’s beam
and the fact that ThO provides an in-
tramolecular E  five times as strong as
that of YbF. To extend the search below
the new limit, upgrades are under way
that should yield a hundredfold in-
crease in the rate at which ThO mole-
cules are prepared and measured.

Smaller than expected

In most suggested extensions of the
standard model, a measurable d, im-
plies the existence of heavy new parti-
cles with masses roughly proportional
to 1A]d|. Their CP-violating interac-
tions with electrons and other leptons
could also account for the cosmological
matter—antimatter asymmetry.

A d, of 102 e:em would have sug-
gested that the new particles have
masses of a few hundred GeV. That’s
precisely the energy scale of elec-
troweak symmetry breaking, where
SUSY models originally anticipated the
appearance of “sleptons,” supersym-
metric boson partners of the leptons.

But now we learn that d, is even
smaller than 102 e-cm. “That’s a very
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significant tightening of constraints on
the new physics,” says theorist Maxim
Pospelov (University of Victoria, British
Columbia). “It seems to disengage the
anticipated CP-violating leptonic inter-
actions from the electroweak scale. It
pushes the new particles firmly into
multi-TeV territory inaccessible to the
next generation of sub-TeV electron-

positron colliders.” Their discovery at
CERN’s Large Hadron Collider remains
an open question.

Bertram Schwarzschild
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Nonlinear microscopy looks beneath
the surface of historic artwork

For the first time, it's possible to create depth-resolved images of a

painting without damaging it.

deep: Human vision can penetrate

tens to hundreds of microns, a
depth that can include dozens of layers
of paint. For centuries, painters have lay-
ered their paints for artistic effect, and
conservators and art historians today
are interested in probing those layers to
learn about artists’ materials and meth-
ods, undocumented restorations, and
chemical changes in pigments over time.

But until now the only way to quan-
titatively analyze a painting’s cross-
sectional structure has been to slice away
slivers of paint with a scalpel. Nonde-
structive techniques exist for studying
the material composition of art and ar-
tifacts (see, for example, the Quick
Study by Philippe Collon and Michael
Wiescher, PHYSICS TODAY, January 2012,
page 58), but none of them can image
paintings with the necessary micron-
scale depth resolution.

Now Duke University’s Warren S.
Warren, Tana Villafana, and Martin Fis-
cher, in collaboration with conservation
experts from the North Carolina Mu-
seum of Art in Raleigh and the National
Gallery of Art in Washington, DC, have
shown that femtosecond pump-probe
microscopy of paintings can nonde-
structively create three-dimensional
images that resolve layers of paint up to
hundreds of microns deep and distin-
guish different pigments and materials.!
As a proof of principle, the researchers
have applied the technique, which was
originally developed by Warren and
others for biomedical imaging applica-
tions, to historic paintings that have al-
ready been extensively analyzed with
the scalpel method.

Probing pigments

Warren’s inspiration for the project
came several years ago when he visited
the National Gallery in London and

‘ ine paintings are more than skin
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saw an exhibit on detecting art forger-
ies. “It was fascinating,” he recalls, “but
it was also clear that they were using
technologies that would be decades out
of date in the biomedical imaging com-
munity. So that set me to thinking about
what we could do.”

Pump-probe microscopy, which
Warren and his group had been using
to image pigments in skin tissue,? is a
nonlinear optical technique that makes
use of sample-mediated interactions be-
tween two pulsed laser beams. The first
beam, or pump, induces molecular ex-
citations, which affect how the second
beam, the probe, interacts with the sam-
ple. Some molecular processes attenu-
ate the probe—for example, molecules
in the excited state might more readily
absorb the probe wavelength than those
in the ground state. Other processes,
such as stimulated emission, enhance
the probe’s intensity.

Whatever the process, the magni-
tude of the pump—probe interaction de-
pends on the product of the beam inten-
sities, which is maximized in the small
volume where the beams are focused
most tightly. Measuring the intensity of
the scattered probe light, therefore,
gives information about what molecules
are present in that focal volume, which
can be positioned in 3D space as far be-
neath the surface of the painting as the
lasers can penetrate.

But even in the focal volume, the
beam intensities are tiny. To avoid dam-
age to the sample, whether human skin
or centuries-old artwork, Warren and
colleagues limit themselves to an opti-
cal power of 5 mW, less than that of a
laser pointer. As a result, the enhance-
ment or attenuation of the probe is typ-
ically about 1 part in 10°. So feeble a sig-
nal is easily overwhelmed by laser
intensity fluctuations and other sources
of noise. To tease out the signal from the

April 2014  Physics Today 17

Micro Raman
Micro-PL

Ultra-Low
Vibration
3-5nm

Piezoelectric
Translation
Stages

5K
Sample Stage
Temperature

Advanced Research Systems
Tel: +1 610 967 2120
Fax: +1 610 967 2395
WWW.arscryo.com * ars@arscryo.com




