
The discovery of the Higgs boson in 2012 
(refs1,2) marked the completion of the 
standard model (SM) of particle physics, 
with all of its fundamental particles now 
having been observed. Predictions of the 
SM have been confirmed with unparalleled 
precision3, making it one of the best- 
tested fundamental theories of physics yet 
developed. Along with general relativity, the 
SM could in principle model an evolving 
Universe from times as early as nanoseconds 
after the Big Bang to the present. However, 
such a Universe would look very different 
from our own: it would be nearly devoid of 
matter and, even if this issue were resolved, 
would lack cold dark matter, the gravitation 
of which is thought to help create the large- 
scale structure of matter in our Universe4.  
In addition, the mass of the SM Higgs boson 
is small compared with expectations5,  
a discrepancy that is one incarnation of 
an issue known as the hierarchy problem. 
These discrepancies, among others, motivate 
searches for physics beyond- the-SM (BSM).

The near absence of matter in an SM 
Universe would result from the near- perfect 
annihilation of matter particles with their 
corresponding antiparticles, which in the 
SM are produced in nearly equal quantities. 
To leave behind the excess of matter that 
we observe in our Universe of about one 

dipole moments (EDMs) of nucleons, nuclei, 
atoms and molecules11–13 (Box 1). EDMs 
thus provide a set of observables that are 
complementary to direct searches for BSM 
particles in collider experiments (fig. 1). 
Using only table- top-scale apparatus, the 
present generation of atomic and molecular 
EDM experiments provide constraints 
on the masses of BSM particles that are 
comparable to, or even exceed, the reach of 
the LHC14,15.

BSM particles at the TeV scale have long 
been anticipated6 as they have the potential 
to solve several outstanding problems. 
These problems include establishing the 
existence of a stable, weakly interacting 
massive particle (WIMP), which is a 
natural dark- matter candidate16; identifying 
supersymmetry partners at TeV energies 
that could resolve the hierarchy problem and 
stabilize the Higgs mass6; and discovering 
new particles with CP- violating interactions 
that could solve the baryogenesis problem 
and, through their interactions, give rise 
to EDMs in SM particles11. However, so 
far, no BSM particles have been discovered 
at the LHC, WIMP dark matter has not 
been detected, and no EDMs have been 
discovered. These null results point to the 
crucial importance of enhancing EDM 
sensitivities and of expanding the search 
for new physics in the form of very weakly 
coupled, low- mass particles13,15,17.

Recent progress in atomic, molecular and 
optical (AMO) physics techniques, such as 
cooling, trapping and quantum- state control, 
combined with advances in laser technology 
have led to notable improvements in 
precision experiments. In the latest 
generation of optical atomic clocks, for 
example, confinement of ultracold alkaline- 
earth-like atoms in a 3D optical lattice and 
probing with light from ultrastable lasers 
enabled fractional frequency stability  
on the order of one part in 1018 and 
better18. The precision attainable in AMO 
experiments has led to their application 
to a wide variety of investigations, such as 
searches for dark matter, tests of general 
relativity and precision measurements of 
atomic P violation13.

Among precision measurements in AMO 
physics, searches for fundamental symmetry 
violations through EDM measurements 
have a long history and have been reviewed 

part per billion6, particles and antiparticles 
must have been produced in amounts that 
are more unequal than the SM allows. 
A quantum field theory that models the 
unequal formation of matter and antimatter 
must fulfil the Sakharov conditions7: 
charge- conjugation (C) and time- reversal 
(T) symmetries must be violated (Box 1), 
and the evolution of the Universe must 
take place out of thermal equilibrium (for 
example, a first- order phase transition that 
leads to ‘freezing in’ of a matter–antimatter 
imbalance)6. Although T violation within  
the SM has been observed in the decay of  
K and B mesons, a process that is governed 
by the Cabbibo–Kobayashi–Maskawa model 
of quark flavour mixing8–10, T violation 
is highly suppressed in the SM (with 
CPT conserved in the SM, T violation is 
equivalent to CP violation, where parity (P) 
refers to the inversion of spatial coordinates). 
Thus, the SM is believed to be insufficient 
to explain the observed imbalance of matter 
over antimatter in the Universe6, which is an 
issue known as the baryogenesis problem.

BSM theories that seek to resolve the 
baryogenesis problem and other phenomena 
that are not explained by the SM generally 
include additional sources of CP violation, 
which generate T- violating and low- energy 
phenomena, namely permanent electric 
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extensively19. Recent theoretical insight 
and experimental innovations have 
contributed to substantial advances in 
EDM experiments, but challenges and 
opportunities remain in bringing the full 
toolset of experimental AMO physics to bear 
on the atomic and molecular species that 
are sensitive to BSM T violation through 
EDMs. In this Perspective, we review the 
experimental approaches and theoretical 
interpretation of EDM measurements with 
AMO methods, discuss recent experimental 
developments and the innovations that led 
to these, and survey promising approaches 
for greatly improving experimental precision 
in the coming years.

Interpretation of EDM measurements
The theory connecting BSM physics 
to low-energy EDM searches has been 
reviewed previously11. An effective- 
field-theory extension of the SM11,20,21 
includes new interactions of the form 

O∕C Λi i
2. Operators, Oi, couple SM fields, 

such as electrons and quarks, while the 
mass scale of BSM physics, Λ, suppresses its 
magnitude, and a dimensionless coefficient, 
Ci, encapsulates the effects of BSM particles 
that are not directly observed. Using this 

approach led to the identification of 13 
CP- violating effective operators at the SM 
scale that are expected to give dominant 
contributions to EDMs; further effective- 
field-theory techniques were applied to 
identify these operators with T- violating 
observables at the atomic scale (fig. 2a).

At low energies, searches for EDMs 
can be categorized according to the 
physical system being studied: atoms 
or molecules with an unpaired electron 
spin (paramagnetic systems), atoms or 
molecules with zero electron spin but non- 
zero nuclear spin (diamagnetic systems), 
or fundamental particles and nucleons. 
Permanent EDMs of paramagnetic atoms 
and molecules arise primarily from the 
electron EDM, de, and the scalar electron–
nucleon coupling CS (ref.19). Diamagnetic 
atomic or molecular EDMs arise from the 
nuclear Schiff moment, S (discussed further 
below), which has dominant contributions 
from the neutron and proton EDMs 
(dn and dp, respectively) and from isoscalar 
and isovector pion–nucleon interactions 
(gπ

(0) and gπ
(1), respectively). Independently, 

diamagnetic EDMs can also arise from 
scalar and tensor electron–nucleon 
interactions CS and CT (ref.19).

No T- violating permanent EDM of 
an atom, molecule or nucleon has yet 
been observed. EDM measurements that 
are consistent with zero are used to set 
constraints on CP- violating parameters: 
typically, it is assumed that the coefficient  
Ci is of order unity, and an upper bound on  
an EDM is used to set a lower bound  
on the mass scale Λ of BSM particles. 
Within a particular BSM theory, limits can 
be set on the masses of specific particles5. 
Because different experimental searches 
are sensitive to multiple BSM effects at 
different levels, and as multiple CP- violating 
terms generally arise in the low- energy 
limit of a BSM theory, robust constraints 
can be obtained by a global analysis of 
experimental results22,23. In one method22, 
the EDM (di) of a system labelled i is 
parameterized as a sum of contributions 
d α C= ∑i j ij j, where ∕α d C= ∂ ∂ij i j is a 
theoretically obtained sensitivity of the 
EDM of system i to source Cj. The function 

∕χ C d d σ( ) = ∑ ( − )j i i i d
2 exp 2 2

i
exp (where σd

2
i
exp  

is the experimental standard error) then 
expresses the deviation of the observed value 
from what might arise from a superposition 
of multiple sources. Reasonable ranges 
for BSM physics parameters are then 
ellipsoids with boundaries of constant χ2. 
This analysis provides an essentially model- 
independent interpretation of multiple EDM 
measurements with various sensitivities to 
numerous BSM parameters and enables the 
prediction of which future measurements 
may most effectively improve upon existing 
constraints22,23 (fig. 2b).

It is also possible to extract constraints 
on the masses of specific BSM particles 
from EDM measurements within specific 
SM extensions11,24–26. In this case, the 
contributions of BSM particle interactions 
to EDMs can be evaluated explicitly, 
and experimental EDM limits result in 
constraints on particle masses, couplings 
and CP- violating phases. In the case of 
supersymmetric models, the electron  
EDM constraints on the mass of the  
electron superpartner exceed the reach  
of the LHC5,14,26.

EDMs in atoms and molecules
Although polar molecules such as H2O 
and NH3 are often described as possessing 
EDMs, in non- relativistic quantum 
mechanics and in the absence of an 
applied electric field, the eigenstates of all 
molecules, and indeed all atoms and their 
constituent particles, are eigenstates of 
the parity operation, P, corresponding to 
an inversion of spatial coordinates. The 
application of an external electric field 
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Box 1 | Discrete symmetries and EDMs

The standard model (Sm) of particle physics — a 
quantum field theory that describes fundamental 
particles and their interactions — is 
mathematically symmetric with respect to the 
simultaneous application of three discrete 
transformations: inversion of spatial coordinates 
(parity, P), exchange of particles for their 
antiparticles (charge conjugation, C) and time- 
reversal (T)87. Despite its overall CPT symmetry, 
the Sm is asymmetric with respect to P, CP  
and other reduced sets of these operations.  
The discovery of these asymmetries, in particular 
P violation and CP violation, had a major role in 
the development of our understanding of the 
weak nuclear force and the discovery of the third generation of quarks, respectively. However, 
additional violation of CP symmetry, or equivalently T violation, must be present in a beyond- the-Sm 
(BSm) theory that explains the macroscopic matter–antimatter asymmetry in the Universe.

A permanent electric dipole moment (eDm) of a particle with spin angular momentum would 
directly violate both P and T symmetries. Because spin is the only vector degree of freedom of 
fundamental particles such as electrons (strictly, spin is a pseudovector), a fundamental particle eDm 
is constrained to lie along (or against) the spin direction ̂ = ⃗s s

s
, so that = ˆ

��
d ds. The interaction 

Hamiltonian for an eDm 
��
d  with an electric field E

��
 is then =− ˆ E⋅

��
H dsd . Under the T operation, ̂ →−ˆs s 

(see the figure), while under the P operation, →−E E
�� ��

. Thus, in both instances, the interaction 
Hamiltonian changes sign — in other words, P and T symmetries are violated.

In 1950, Purcell and Ramsey first proposed to search for particle eDms88 as a test of P symmetry, 
which they suggested might be violated by the forces that determine nuclear structure. They 
conducted a neutron eDm measurement89; however, upon obtaining a null result, they did not 
publish their measurement results until after P violation was proposed and subsequently discovered 
in beta decay in 1957 (refs90,91). In a modern context with the tools of quantum field theory and the 
renormalization group, the results of eDm experiments are interpreted as constraints on the mass of 
BSm particles and are used to guide experimental approaches towards systems with optimal 
sensitivity to BSm physics22. Today, eDm searches are more strongly motivated by BSm T violation 
and the resulting connection to the baryogenesis problem.

T

d
→

d
→→ѕ

→ѕ



results in mixing of these opposite- parity 
states, causing the system to acquire a 
non- zero expectation value of the EDM 
operator, that is, an EDM is induced. For 
polar molecules, the very small energy 
difference (≲10–5 eV) between opposite- 
parity eigenstates means that the electric 
field required to fully polarize the molecule 
can be very small, of the order of only a few 
V cm–1 for some molecules. In this limit, 
the energy shift is approximately linear 
in the applied electric field, just as if the 
molecule had a permanent EDM. In atoms, 
by contrast, opposite- parity eigenstates are 
typically separated by eV energy scales, 
and thus are only partially polarized by 
laboratory electric fields (fig. 3a, top part), 
which are typically <100 kV cm–1.

Exchange of virtual particles with CP- 
violating interactions results in mixing of 
opposite- parity states even in the absence 
of an applied electric field, leading to a 
T-violating permanent EDM of an atom or 

molecule13,19. This atomic or molecular  
EDM can arise from an EDM of a 
constituent electron or nucleon or from 
other T- violating interactions between 
constituent particles. In atoms, a permanent 
EDM causes a shift in the energies of the 
angular momentum eigenstates. This shift 
is linear in an applied electric field, and for 
small applied fields can be described by an 
effective interaction Hamiltonian12

B E










⃗ ⃗ ⋅
⃗

H μ d F
F

=− + (1)eff

where μ is the magnetic moment of the atom 
or molecule within a particular state of total 
angular momentum F, d is the T- violating 
permanent EDM of the atom or molecule, 
B is an applied magnetic field and E  is an 
applied electric field. The signature of d 
can be detected as a change in the Zeeman 
splitting of the total angular momentum 
eigenstates upon reversal of an applied 

electric field with respect to a simultaneously 
applied magnetic field12 (fig. 3a, bottom).

For an atom or molecule to acquire an 
EDM from T- violating interactions of their 
constituent particles requires the evasion 
of Schiff ’s theorem27, which states that a 
composite system of non- relativistic, point- 
like particles will have zero EDM even if 
one of the constituent particles possesses 
an EDM. Schiff noted several ways to 
avoid complete shielding, one of which is 
a difference between the charge and EDM 
distributions for a system with a finite- 
size nucleus; this difference is commonly 
called the Schiff moment and is responsible 
for a large contribution to the permanent 
EDMs of diamagnetic atoms. Intuitively, the 
Schiff moment is analogous to a difference 
between the centre of mass and the centre 
of charge of an atomic nucleus, caused by 
T- violating nuclear forces such as those 
generated by a nucleon EDM. There is a 
further evasion of Schiff ’s theorem that leads 
to an enhancement in sensitivity of orders 
of magnitude to an electron EDM in heavy 
paramagnetic atoms and molecules28; this 
effect arises from the length contraction of an 
atom or molecule in the frame of an electron 
moving at relativistic speeds. A more detailed 
description of the evasion of Schiff ’s theorem 
is provided elsewhere13,29,30.

In partially polarized atoms, the 
EDM induced by T- violating forces is 
approximately given by 2DδT/∆E, where D is 
the ordinary electric dipole matrix element 
between opposite- parity states, ΔE is the 
zero- field energy splitting of those states, 
and δT (with units of energy) is the matrix 
element between opposite- parity states 
induced by T- violating interactions13,31,32. 
A T- violating atomic EDM gives rise to a 
linear energy shift Ed−  in an applied electric 
field E . The small spacing, ΔE, between 
opposite- parity levels in polar molecules 
(a manifestation of their intrinsically 
deformed shape) leads to an enhancement 
of a permanent EDM, such that for a fully 
polarized molecule, the T- violating energy 
shift saturates to the value of about δT 
and is independent of the applied electric 
field32. An analogous effect leads to an 
enhancement of the Schiff moment in 
intrinsically deformed nuclei33,34.

Typically, the same approach is used 
to search for a T- violating energy shift in 
all AMO EDM experiments: an atom or 
molecule is subjected to parallel electric 
and magnetic fields, and the energy 
difference between states of opposite 
angular momentum projection is obtained 
by measuring the spin- precession angular 
frequency, E↑ – E↓ = ħω, where E↑ and E↓ 

512 | AUGUST 2019 | volUme 1 www.nature.com/natrevphys

P e r s P e c t i v e s

BSM phenomena

Theory

Experiments

Baryogenesis
problem

Dark
matter

Dark
energy

Hierarchy
problem

BSM CP
violation 

BSM
theories

Global
analysis

SM and
effective field

theory

Atomic and
molecular

EDMs

Nuclear and
particle
EDMs

Nuclear and
atomic

structure
theory

Low-energy limit

Low-energy limit

Constraints

Results

Possible
solutions

Molecular
spectroscopy

AMO physics
techniques

Fig. 1 | Context of EDM experiments. Out of several phenomena that are not explained by the stand-
ard model (SM) of particle physics, such as dark matter, dark energy and the hierarchy problem, electric 
dipole moment (EDM) experiments are most strongly motivated by the baryogenesis problem —  
that is, the origin of the imbalance of matter and antimatter in the Universe (left). Beyond- the-SM 
(BSM) theories that seek to solve the baryogenesis problem feature additional sources of violation of 
the combined symmetry of charge conjugation (C) and parity inversion (P), or CP, beyond those found 
in the SM. Motivated by BSM CP violation, and drawing on nuclear and atomic structure calculations 
(dashed lines), low- energy precision measurements of EDMs use techniques from molecular spectro-
scopy and atomic, molecular and optical (AMO) physics to set limits on low- energy CP- violating 
pheno mena (yellow). Low- energy precision measurements of EDMs can be interpreted in a global 
analysis (green) to constrain BSM theories. Nuclear and particle EDMs, although not addressed in this 
Perspective, contribute equally with results from atoms and molecules in a global analysis.



are the energies of the opposite electronic 
or nuclear spin states, ħ is the reduced 
Planck’s constant and ω is the angular 
frequency14,35–37. The usual procedure for 
such a measurement is Ramsey’s method of 

separated oscillatory fields38 (fig. 3b).  
In this method, a pure spin state is prepared 
by selective population or depletion, and 
a pair of radiofrequency or laser pulses 
separated by an interrogation time t maps 

the relative accumulated quantum phase 
ϕ = ωt onto a final relative population 
between the states being interrogated.  
A final measurement of populations N↑ 
and N↓ is used to form the spin asymmetry 
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Fig. 2 | Interpretation of EDM experiments. a | Schematic showing the 
paths through which fundamental CP- violating interactions (where CP is 
charge- conjugation and parity symmetry) give rise to low- energy T- violating 
phenomena11 (where T is time- reversal symmetry). Beyond- the standard 
model (BSM) effective operators at the electroweak scale couple SM 
degrees of freedom (yellow , where C are the coefficients of CP- violating 
operators), such as fermions (f; including leptons and quarks), electroweak 
gauge bosons (W and B), quarks (q, u and d), leptons (l and e), gluons (G) and 
the Higgs field (φ), encapsulating the effects of BSM theories at the electro-
weak scale. It is possible to trace the effects of a subset of 12 CP- violating 
effective operators through the hadronic and nuclear scales to their effects 
on the electric dipole moments (EDMs) of paramagnetic and diamagnetic 

atoms and molecules, nucleons and nuclei. Items in red are parameters that 
are constrained by experiment, and the items in purple are the subject of 
this Perspective. b | Schematic depiction of the use of global analysis to 
simultaneously constrain two sources of CP violation. Two experiments, 
labelled 1 and 2, have different sensitivities to CP- violating coefficients  
CA and CB, parameterized by the slopes ∕ω ω
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, where ω1,2 is the  

T-violating frequency shift measured in experiments 1 or 2, and 2σ  
represents an experimental confidence region of two standard errors.  
The intersection of the most probable ranges of CA ,B from the two experi-
ments provides a more robust global constraint on both parameters than 
could be attained from either experiment alone, as described in refs22,23. 
QCD, quantum chromodynamic.



A ↑ ↓

↑ ↓
C ϕ= ≈− cos( )

N N
N N

−
+ , a quantity that 

normalizes against fluctuations in the total 
sample size N↑ + N↓ (ref.39). The measurement 
contrast C ≤ 1 characterizes imperfections in 
state preparation and readout.

Most EDM experiments are 
accomplished by counting the number of 
particles that result in each spin state14,36,40. 
The precision of such a counting experiment 
(excluding spin- squeezing techniques) 
is limited by quantum projection noise41. 
Projecting the quantum state of a particle in 
an equal superposition ~ ↑ ↓ ∕( + ) 2  onto 
↑  and ↓  is analogous to a coin flip and 
obeys the same binomial distribution. 
Identical repetitions of the same projection 
measurement (or coin toss) result in 
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Fig. 3 | Signatures and detection of T-violating 
permanent EDMs in atoms and molecules.  
a | A permanent electric dipole moment (EDM) 
causes an electric- field-dependent energy shift 
of the spin states in atoms and molecules. The 
top part shows that an applied electric field 
E  mixes states of opposite parity (illustrated by 
hydrogenic s and p orbitals). A permanent EDM 
causes an additional asymmetry to these energy 
shifts, which experiments aim to detect. In atoms,  
opposite- parity states are too far apart in energy  
(ΔE) to fully mix, so only a partially polarized 
regime of the ground electronic state is acces-
sible to EDM experiments. The bottom parts 
show that in the presence of a magnetic field 
B parallel or antiparallel to E , a permanent EDM, 
d, that violates time- reversal symmetry is 
detectable as a modification of the Zeeman 
splitting and is proportional to E . b | Ramsey’s 
method of separated oscillatory fields is a stand-
ard method for precision spectroscopy and is 
used to search for an EDM. In this approach, a 
pair of radiofrequency (RF) or laser pulses sepa-
rated by a spin- precession time t induces transi-
tions between quantum states composed of a 
complex superposition of eigenstates |↑〉 and 
|↓〉. The space of these quantum states can be 
represented on the Bloch sphere, as shown in 
the bottom left part. Each electromagnetic 
pulse induces a rotation by an angle π/2 on the 
Bloch sphere, and the probabilities P↑ and P↓ of 
the final state of a particle (indicated by the 
transparency of the grey circles in the top part 
of panel b) vary sinusoidally with t. Repeated 
experimental trials on an ensemble of particles 
with different values of t, shown in blue, orange 
and green, yield a sinusoidal asymmetry A(t) in 
the number of particles detected in the |↑〉 and 
|↓〉 eigenstates, from which a measurement of 
the EDM- dependent energy difference ΔE can 
be extracted. The highest attainable precision 
with conventional methods is given by the  
shot-noise-limited uncertainty , σω, which scales  
as t N1/ , where N is the number of particles 
measured. μ, magnetic moment; ω, angular fre-
quency ; e, excited state; g, ground state; h, 
Planck’s constant; ħ, reduced Planck’s constant.



scattered values of the asymmetry A with 
a variance Aσ NP P= (1− )2 , where N is the 
total number of particles measured (or 
coin flips) and P = 0.5 is the probability of 
finding ↑  (or heads). This variance results 
in an uncertainty in the extracted value of 
ω = (E↑ – E↓)/ħ, and the resulting standard 
error on a quantum- projection-noise-limited 
EDM measurement is

E

ħσ
Ct Nf T

=
2 (2)d

rep tot

where frep is the repetition rate of the 
experiment, and Ttot is the total measurement 
time; usually 1/frep > t owing to the dead time 
between successive measurements. Factors 
such as decoherence and particle loss, which 
decrease C and N with increased t, lead to an 
optimal value of t that depends on the details 
of the decoherence or loss mechanism. For 
example, collisional decoherence led to an 
exponential loss of contrast C ≈ C0e–t/τ from 
an initial value C0 with coherence time τ in 
one experiment42, resulting in an optimal 
interrogation time t ≈ τ.

Although quantum projection 
noise is the limit of precision for EDM 
measurements (again neglecting spin- 
squeezing techniques), attaining this limit is 
not guaranteed. In most cases, experimental 
inefficiencies lead to measurements that do 
not achieve the quantum- projection-noise 
limit. Thus, there are several experimental 
requirements that are invaluable to 
achieving high levels of precision. First is 
high sensitivity to the underlying physics 
through enhancement factors, such as those 
available through polar molecules or systems 
with deformed nuclei, which reduce the 
requisite measurement precision. Second 
is to perform a differential and normalized 
measurement wherever possible. Finally, 
sources of technical noise frequently have 
a ‘flicker’ or 1/frep spectral character; thus, 
they can often be suppressed by increasing 
the measurement frequency. Each of these 
requirements has had a major role in 
motivating the present and next generation 
of EDM experiments.

Recent AMO EDM experiments
Diamagnetic systems. Diamagnetic atoms 
and molecules are sensitive to up to 11 
of the 13 BSM CP- violating effective 
operators that are expected to give dominant 
contributions to EDMs of low- energy 
systems11,19. This wide range of parameter 
sensitivities, particularly those connected 
to strongly coupled nuclear physics, makes 
the theoretical interpretation of diamagnetic 

EDMs challenging11,19 but also makes the 
benefits of complementary experiments 
and global analysis highly applicable to 
diamagnetic EDM measurements22. EDM 
experiments are underway using various 
systems, including 199Hg (ref.40), 225Ra (ref.36), 
129Xe (ref.43), Rn (ref.44) and TlF (ref.45).

A 199Hg EDM experiment has set the most 
stringent constraints on BSM parameters 
derived from diamagnetic systems, with the 
most recent limit |dHg| ≤ 7.4 × 10–30 e cm  
(95% confidence) set in 2016 (ref.40). This 
limit was set through implementation of 
a Ramsey- like laser spectroscopy scheme 
conducted on vapour cells of isotopically 
enriched 199Hg, in which the spin orientation 
of the 1S0 ground state of the atom was 
optically pumped and detected by using 
near- resonant laser light at 254 nm. The 
199Hg experiment attained nuclear spin 
coherence times of the order of 500 s in 
paraffin- coated cells at room temperature, 
owing to the shielding of nuclear spin by 
the closed shells of bound electrons. Less 
chemically reactive species such as 129Xe have 
attained even longer coherence times19,43.

For species such as 129Xe and 199Hg, 
which have high vapour pressures and long 
spin coherence times at room temperature, 
vapour cell experiments are highly 
advantageous in attaining large signal sizes. 
However, the large volume occupied by the 
atomic sample in such experiments may 
make them susceptible to systematic errors 
that arise from magnetic- field and electric- 
field gradients. In addition, the requirement 
of multiple experimental constraints and the 
challenges of nuclear theory for 199Hg and 
129Xe (ref.11) have motivated studies of species 
such as 225Ra, which has an enhanced Schiff 
moment through its octupole- deformed 
nucleus46 (fig. 4a). This deformation not only 
leads to orders- of-magnitude enhancement 
of sensitivity to BSM physics in 225Ra but 
also makes this enhancement more readily 
calculable46–48.

AMO techniques of laser slowing, 
cooling and trapping are being used in an 
ongoing experiment to perform nuclear 
spin resonance spectroscopy on the ground 
state of 225Ra (refs36,49). This isotope of Ra is 
not naturally occurring, but has a half- life 
of 14.9 days, which is long enough for it to 
be produced, transported and then studied 
in an EDM experiment. An experiment 
on laser- cooled and trapped atoms enables 
efficient use of the extremely small samples 
by reducing the temperature of a sample to 
the range of 10–6 K. A laser- cooled sample 
can have high optical density and excellent 
overlap with a probe laser beam, unlike in 
vapour cells.

Despite the challenges of collecting, 
laser slowing and trapping 225Ra, two 
successive limits on dRa have been 
produced36,49, with the most stringent result 
|dRa| < 1.4 × 10–23 e cm (95% confidence). 
Since this result was obtained in 2016, efforts 
have been made to improve the statistical 
sensitivity of the experiment. A top priority 
is the use of electron shelving detection50, 
in which the population of one nuclear spin 
projection is transferred to the metastable 
3D1 state while the other population is 
measured using an optical cycling transition. 
This technique should enable quantum- 
projection-noise- limited detection of 
the spin- precession phase of the atom, 
corresponding to an order- of-magnitude 
increase in sensitivity36.

With improvements to the electric field 
and spin readout, it is anticipated that 
EDM precision at the 10–25 e cm level can 
be obtained, and thus 225Ra will attain a 
sensitivity to BSM physics that is similar to 
that of 199Hg, and the combined constraints 
on BSM parameters of the two experiments 
will be more stringent than those of 199Hg 
alone. The ultimate precision goal of the 
experiment is 10–28 e cm (ref.36), which will 
require improved laser slowing and cooling 
as well as a larger source of 225Ra (ref.51).

Paramagnetic systems. Until 2011, the 
most precise measurement of the EDM of a 
paramagnetic system was set by experiments 
using atomic Tl (ref.52). Since 2011, notable 
advances have resulted from several key 
innovations (fig. 4b–d): the use of diatomic 
molecules, which have enhanced sensitivity 
to electron EDMs owing to relativistic 
effects; the cryogenic buffer- gas beam; and 
Ω- doublet electronic states. All EDM results 
since 2011 for paramagnetic systems have 
been obtained using diatomic molecules: 
174Yb19F in 2011 (ref.37), 232Th16O in 2013 and 
2018 (refs14,39) and 180Hf19F+ in 2017 (ref.42).

The most recent paramagnetic EDM 
limit was set in 2018 using ThO molecules 
in their metastable 3Δ1 electronic state14, in 
which states of opposite angular momentum 
projection have a relativistically enhanced 
EDM- induced energy shift of E~de eff , where 
E ≈ 80 GV cmeff

−1 is the effective electric 
field (ref.14). The 3Δ1 state of ThO, which 
is an example of an Ω- doublet electronic 
state (fig. 4d), suppresses systematic effects 
through its very small magnetic moment 
and ability to reverse the EDM- induced 
energy shift without reversal of a laboratory 
electric field. The 2018 ThO result is an 
improvement of approximately an order of 
magnitude over the previous limit from 2013 
(ref.39). The result can be interpreted as a 
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Fig. 4 | Recent progress in AMO EDM experi-
ments. Several innovations have led to pro-
gress in electric dipole moment (EDM) 
experi ments using atomic, molecular and 
optical physics (AMO) techniques on diamag-
netic and paramagnetic atoms and molecules. 
a | Octupole- deformed nuclei have closely 
spaced (on the order of tens of keV) nuclear 
states of opposite parity , enhancing the 
parity-mixing effect of T-violating (where T is 
time-reversal symmetry) matrix elements. 
These nuclei are orders of magnitude more 
sensitive to T violation through a nuclear 
Schiff moment Sz than undeformed nuclei. 
The enhancement of the nuclear Schiff 
moment can be thought of as a polarization of 
the intrinsic nuclear deforma tion Sintr along 
the total nuclear spin I (ref.31). b | Diatomic 
molecules can be used for both diamagnetic 
and paramagnetic EDM searches, and feature 
closely spaced (10–9 to 10–5 eV) opposite- 
parity levels due to their intrinsically non- 
spherical shape. Relativistic effects and  
the distortion of atomic wavefunctions by 
bonding in heavy polar molecules make  
them highly sensitive to T- violating effects. 
Analogous to the collective Schiff enhance-
ment in octupole- deformed nuclei shown in 
panel a, the relativistic interaction of an elec-
tron EDM de with the internal electric field of 
the molecule Eint causes a polarization of the 
molecule along the total angular momentum 
J, creating an effective electric field Eeff paral-
lel to J (ref.31). c | Cryogenic buffer-gas beams 
are a highly versatile source of cold, slow and 
bright beams of almost any small molecule 
that can be introduced into the inert buffer- 
gas environment. The molecules are cooled 
through collisions with the buffer-gas atoms, 
and hydrodynamic effects create a slow , 
intense beam of cold molecules. d | Energy- 
level diagram of stretched magnetic sublevels 
within the ground rotational level of an 
Ω-doublet electro nic state in a polar mol-
ecule. The quantum number Ω denotes the 
non-zero projection of the electronic angular 
momentum along the internuclear axis, which 
has two possible orientations, giving rise to 
this level structure. As Ω- doublet levels are 
also very closely spaced levels of opposite 
parity , they enable complete polarization  
of the molecules in electric fields of tens of  
V cm–1, creating pairs of states of opposite 
molecular orientation. The opposite Eint of the 
molecule in the upper and lower magnetic 
sublevels causes a T-violating electron EDM  
to contribute opposite energy shifts ħωEDM,  
perturbing the Zeeman shift ħω0. By com-
paring the Zeeman shifts  between the  
upper and lower magnetic sublevels, states 
with Ω-doublet structure in paramagnetic 
molecules enable differential EDM mea-
surements without reversal of a laboratory  
electric field, greatly suppressing systematic  
errors. ΔE, energy difference; Bext, external  
magnetic field; Eext, external electric field;  
M, magnetic quantum number ; T, temperature;  
v, velocity.



limit on the electron EDM de < 1.1 × 10–29 e cm 
(90% confidence) or on the scalar–
pseudoscalar electron–nucleon coupling 
CS < 7.3 × 10–10 (90% confidence). On the 
basis of generic expressions for how an 
electron EDM could arise from interactions 
with BSM particles at next to leading order 
in perturbation theory13, it was estimated 
that the 2018 limit constrains the mass scale 
of new physics to lie above 30 TeV. This 
mass range is beyond the direct reach of the 
LHC, for which the centre- of-mass energy of 
proton–proton collisions is ~14 TeV.

The unprecedented precision achieved in 
experiments on ThO is largely attributable 
to the extremely high count rate, which 
was obtained by using a cryogenic buffer- 
gas beam53 (fig. 4c). In this highly versatile 
technique, vapour- phase molecules are 
introduced into a flow of inert buffer gas 
inside an enclosure that is cooled to a 
few kelvin. The molecules are cooled by 
collisions with the buffer gas and escape 
the enclosure through an aperture to 
form a cold, bright beam. The versatility 
of cryogenic buffer- gas beams enables 
molecules to be introduced by various 
methods. In the first two generations of 
these experiments, ThO molecules were 
introduced by ablation of a ThO2 target, 
whereas in the third- generation experiment 
under design, a thermochemical source 
based on the reaction Th + ThO2 → 2ThO has 
been developed and is projected to increase 
the signal by an order of magnitude54.

The statistical sensitivity of the first- 
generation ThO experiment was limited by 
photon shot noise. Sources of technical noise 
were suppressed by conducting a differential 
quantum- phase measurement with a high 
bandwidth through polarization switching.  
In such a measurement, the spin readout laser 
is rapidly alternated between perpendicular 
linear polarizations, enabling rapid sequential 
measurements of the projections SX and SY 
of the quantum state onto perpendicular 
axes X̂  and Ŷ , respectively, to measure 
the spin- precession angle ϕ. These values 
are then used to form the asymmetry 
A ∝∕S S S S ϕ= ( − ) ( + ) cosX Y X Y  for 
fluorescence pulses separated by only a  
few microseconds, which is a much shorter 
timescale than variations in the density  
of molecules in the cryogenic beam.  
The asymmetry is thus essentially immune 
to technical noise arising from variations 
in the molecular density; these variations 
occur most severely from one pulse of the 
molecular beam to the next on a timescale  
of tens of milliseconds.

The second- generation ThO experiment 
was limited by technical noise but had a 

statistical sensitivity ~20 times higher than 
that in the first- generation experiment39,55. 
Towards a third- generation experiment, 
further sensitivity enhancements through 
lensing of the molecular beam to increase 
the count rate and optical cycling detection 
for higher efficiency quantum- state 
detection are being explored56,57.

In 2017, the limit de < 1.3 × 10–28 e cm was 
obtained using HfF+ molecules in an ion 
trap42. Although the measurement did not 
independently set a new limit on de and CS, a 
joint analysis along with the 2014 ThO result 
improved the global constraints on de and CS 
(ref.23). The first- generation molecular- ion 
result was limited by statistics: in a single 
experimental cycle, of the order of only 
10 signal molecules were detected out of 
approximately 103 trapped molecules. The 
fraction of ions that contribute to the usable 
signal is small owing to the low efficiencies 
of state preparation and detection. Much like 
the 225Ra hadronic EDM result, systematic 
errors and technical noise did not have a 
dominant role at the present sensitivity, but 
this will certainly change in subsequent 
measurements as the statistical precision 
continues to improve.

Developments towards the second- 
generation electron EDM search with 
HfF+ include the implementation of an ion 
trap with a larger trapping volume, which 
enables the molecular cloud to be cooled 
by adiabatic expansion. The strong scaling 
γcoll ∝ T13/2 of the collisional decoherence 
rate (γcoll) with temperature (T) has already 
enabled coherence times of more than 
2 s with 104 trapped molecules58. State 
preparation by optical pumping is also 
being implemented; this technique has 
the potential to substantially increase the 
usable fraction of trapped molecules with 
no change in cycle time or coherence time58 
while reducing potential systematic effects 
caused by background molecular ions.

Shot- to-shot variations in ion creation, 
state preparation and detection efficiency 
will present a considerable challenge for 
subsequent generations of molecular- 
ion EDM experiments. It is possible to 
normalize against many of these fluctuations 
by conducting simultaneous measurements 
of laser powers and frequencies; however, 
fluctuations in molecular- beam properties, 
such as density, velocity and temperature, 
are much more difficult to monitor in situ. 
A more robust approach to suppressing 
technical noise is to conduct differential 
phase measurements within a single 
experimental cycle, analogous to the 
polarization switching technique used in 
the ThO experiments. Such a measurement 

approach is currently being explored for use 
in HfF+ experiments58.

Advances are being made on several 
fronts in the search for EDMs in 
paramagnetic systems: very large numbers of 
molecules are being produced in a quantum 
state with high efficiency through the use 
of cryogenic buffer- gas beams (along with 
other techniques), and very long coherence 
times are being pursued in trapped 
molecular- ion experiments, along with 
optical pumping for population increase. 
Future experiments on paramagnetic 
systems aim to bring together these 
developments into EDM searches that will 
constrain BSM physics up to the PeV scale.

Future techniques
The near future holds great potential 
for improvements to EDM experiments. 
Further development of the 225Ra apparatus 
with established techniques is expected 
to increase the statistical sensitivity by 
orders of magnitude, and improvements 
in quantum- state control of molecules will 
enable the application of laser cooling and 
trapping techniques to both diamagnetic 
and paramagnetic EDM- sensitive molecular 
species. Also being developed are additional 
experiments on the paramagnetic atoms Cs 
and Fr (refs59,60), a paramagnetic- molecule 
experiment using a Stark- decelerated 
beam of BaF (ref.61) and an experiment 
on the diamagnetic molecule TlF (ref.62). 
Additional molecular species 229ThO, 
229ThOH+ and 225,223RaOH+ have also been 
proposed as candidates with high sensitivity 
to T- violating effects through an enhanced 
nuclear Schiff moment31. At present, 
molecules appear to provide the highest raw 
sensitivity to paramagnetic and diamagnetic 
EDMs, and thus almost all near- future 
techniques will focus on improving statistical 
sensitivity through higher count rates and 
longer coherence times. Long coherence 
times provide another important advantage, 
as the long interrogation times suppress 
initial phase errors as δω = δϕ/t, where δϕ 
is a phase error, t is the interrogation time 
and δω is the resulting error on a frequency 
measurement.

New approaches with existing systems. 
One possibility for improving global 
constraints on BSM physics parameters 
without dramatically changing the absolute 
precision of an individual EDM experiment 
is through the nuclear magnetic quadrupole 
moment in species with a heavy nucleus that 
has spin I > 1/2 (ref.63). The operators that 
give rise to a nuclear magnetic quadrupole 
moment are complementary to those 
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constrained by diamagnetic systems and 
include the dimension- four CP- violating 
term with coefficient θ  in the quantum 
chromodynamics Lagrangian11, quark 
chromo- EDMs and the proton EDM dp 
(ref.63). Species such as 177Hf19F+ and 181Ta16O+ 
have accessible Ω- doublet states and 
comparable sensitivity to and the nuclear 
magnetic quadrupole moment64,65. The 
neutral species 173Yb19F and the isovalent 
triatomic molecule 173YbOH are expected 
to have comparable sensitivity to a nuclear 
magnetic quadrupole moment63,66.

For HfF+, the current search for an 
electron EDM could be adapted to search 
for a nuclear magnetic quadrupole moment 
by studying the isotopologue 177Hf19F+, 
in which the Hf isotope has nuclear 
spin I = 7/2. However, the experimental 
sensitivity required for a nuclear magnetic 
quadrupole moment measurement in 
177Hf19F+ to improve upon constraints to the 
underlying BSM physics parameters is of  
the order of 20 μHz (ref.65), which is ~50 times 
smaller than the 1σ uncertainty in the most 
recent electron EDM measurement using 
HfF+. Particularly owing to the multiple 
parameter sensitivities and the necessity  
of a global analysis, the sensitivity of ion- 
trap measurements must improve by at  
least an order of magnitude to constrain 
BSM physics.

Apart from direct BSM physics sensitivity, 
which depends on the chosen molecular 
species, there are several possible routes to 
improve precision in molecular- ion EDM 
experiments. For example, the spin coherence 
time in HfF+ has been increased to ~2.3 s 
through adiabatic expansion cooling, which 
reduces decoherence resulting from ion–ion 
collisions67. Notable further improvements 
will require a cryogenic environment to 
reduce the vibrational excitation rate from 
black- body radiation and the use of a 
molecule with a 3Δ1 ground state, which is 
being pursued in a separate electron EDM 
search using ThF+ (ref.68). For the search for a 
nuclear magnetic quadrupole moment, TaO+ 
has a 3Δ1 ground state and, in a cryogenic 
environment, may attain coherence times on 
the scale of many seconds64.

EDM experiments with coherence 
times on the scale of seconds may operate 
in a regime in which the experimental 
repetition rate frep (Eq. 2) is limited by the 
spin interrogation time t rather than dead 
time td. In this regime, frep = 1/(t + td) ≈ 1/t, 
and the resulting standard error on an EDM 
measurement from Eq. 2 is reduced to

E

ħσ
C NtT

≈
2 (3)d

tot

Thus, experimental sensitivity scales as  
∕ t1  for a fixed total data collection time 

(which is often constrained by practicality). 
Both the HfF+ electron EDM search and 
the 225Ra EDM search are approaching 
this limit. Substantial improvement could 
be attained by multiplexing experiments 
in a ‘bucket-brigade’ conveyor- belt 
style apparatus (fig. 5a). For example, 
simultaneous interrogation of 100 bunches 
of 103 (detected) particles with t = 10 s and 
a repetition rate of 10 Hz would result 
in a sensitivity of ~10 μHz in 1 hour of 
data collection, which is equivalent to 
σd ≈ 10–31 e cm if E = 35 GVcmeff

−1 (fig. 5a). 
This multiplexed approach is relatively 
straightforward to apply in an ion- 
trapping experiment because the technical 
challenges are primarily related to the 
development of electronics, which are 
a mature technology and can likely be 
made more reliable than a laser system 
for creating the same number of optical 
traps for neutral particles. The possibility 
of a multiplexed approach for the ThF+ 
electron- EDM search is currently being 
investigated (E. A. Cornell, personal 
communication).

Laser- cooled neutral molecules. Ideas 
are also being pursued for attaining long 
coherence times with neutral molecules 
through laser cooling and trapping. 
Magneto- optical traps have been an 
essential tool in AMO experiments 
for several decades and show promise for 
application to EDM experiments with 
molecules. These dissipative traps enable 
particles to be accumulated from a slowed 
atomic beam or a vapour, and in atomic 
systems, can reach about 109 atoms at 
temperatures of the order of 100 μK. Since 
2011, the first magneto- optical traps for 
diatomic molecules have been demonstrated 
for SrF, CaF and YO (refs69–72). These 
molecules were chosen for their decoupled 
vibrational and electronic degrees of 
freedom and their low mass, which enables 
the molecules to be slowed to magneto- 
optical trap capture velocities with as 
few scattered photons as possible while 
maintaining optical cycling. The molecules 
used in EDM experiments are typically 
very heavy (around 200 u); however, YbF 
is isovalent with SrF and CaF and is thus 
reasonably well suited to laser cooling. 
Recently, 1D laser cooling for YbF was 
demonstrated73, and a molecular- fountain 
design for measuring the electron EDM74 
(fig. 5b) was proposed. With this approach,  
it is estimated that a spin- precession time  
of >100 ms will be achievable with packets of  

105 molecules, leading to an estimated 
sensitivity in the 10–30 e  cm range.

The triatomic molecule YbOH has 
recently been proposed66 as a species 
that is amenable to both laser cooling 
and high electron- EDM sensitivity while 
maintaining the suppression of systematic 
effects owing to Ω- doublet states75,76, which 
are being applied in the ThO, HfF+ and 
ThF+ electron- EDM searches. YbOH has 
a similar electronic structure to YbF, SrF 
and CaF, leading to a low probability of 
vibrational excitation in electronic decay 
and the possibility of laser slowing and 
trapping. Experiments sensitive to BSM 
physics would take place in the first excited 
state of the bending vibrational mode, 
using its Ω-doublet structure to enable full 
polarization in small laboratory electric 
fields and to suppress systematic effects.  
As it is isovalent with YbF, YbOH is 
anticipated to have a sensitivity to a nuclear 
magnetic quadrupole moment that is  
similar to those of YbF and HfF+ (ref.63).  
A search for a nuclear magnetic quadrupole 
moment is under development77, along with 
a parallel effort to implement laser cooling 
and trapping for a future electron EDM 
measurement (fig. 5c).

In upcoming experiments using 
molecules and atoms with ground or low- 
lying EDM- sensitive states (for example, 
225Ra, ThF+, YbF and YbOH), the spin- 
precession time will probably not be limited 
by spontaneous decay. For YbF and YbOH 
in cryogenic buffer- gas beams, for example, 
the spin interrogation time will instead be 
limited by the length of the apparatus and 
the beam velocity. In this regime, spin- 
squeezing techniques that use quantum 
correlations between particles to overcome 
the quantum- projection-noise limit become 
applicable78–80. To our knowledge, these 
techniques have not yet been demonstrated 
with cold molecules, but they have the 
potential to further improve the precision of 
future EDM experiments.

Molecules in matrices. Several past EDM 
searches have used solid- state systems81,82, 
which have exceptionally high statistical 
sensitivity owing to sample sizes of the order 
of 1020 particles. However, these experiments 
have faced challenges with diagnosing 
and suppressing systematic effects. Other 
proposals include performing an EDM 
measurement on molecules confined in 
inert- gas matrices83,84 (fig. 5d). This approach 
has the potential to combine very high count 
rates with coherence times on the order of 
100 ms and robustness against systematic 
effects through highly variable experimental 
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parameters. In such an experiment, an 
orientation- dependent hyperfine structure 
could enable an EDM experiment to be 
performed without the application of an 
external electric field; this would further 
suppress systematic effects85. An EDM 
experiment on molecules in inert gas 
matrices would yield a statistical sensitivity 
of the order of 10–36 e cm in 100 hours — a 
value beyond that of any other proposed 
technique. However, a detailed investigation 
of systematic effects in this approach has not 
yet been reported.

Conclusions
Searches for EDMs and other T- violating 
interactions in atoms and molecules have 
great potential to host some of the first signs 
of microscopic BSM physics. Their high 
sensitivity, relatively low cost and the short 
time between successive measurements 
(when compared with collider experiments) 
has brought EDMs to the forefront of new 
physics searches.

The opposing requirements of high 
absolute frequency precision and strong 
relativistic effects for EDM- sensitive 

systems have pushed researchers to use 
specialized approaches (such as molecular 
ions in rotating bias fields42) that are often 
distinct from those applicable in systems 
chosen for other precision applications, 
such as atomic clocks, gyroscopes and 
accelerometers. However, these challenging 
systems inspire innovation, which can 
contribute to advances in other fields, such 
as laser cooling of polyatomic molecules for 
ultracold chemistry86.

Although the careful and fastidious 
approach that is required of researchers 
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Fig. 5 | Future methods for EDM searches. a | A ‘bucket brigade’ of trapped 
molecular ions could be used to attain long coherence times and high rep-
etition rates in an electron electric dipole moment (EDM) experiment with 
ThF+. Bunches of about 104 molecular ions are created and prepared in  
a pure spin state at a high repetition rate and are then transported through a  
cryogenic region for EDM- sensitive spin precession with >10 s coherence 
times, before being detected by photodissociation. In such an apparatus, 
about 100 bunches of molecules could be simultaneously interrogated.  
b | A molecular- fountain design for laser cooling and trapping YbF mol-
ecules for an electron EDM search could offer much longer spin interroga-
tion times than those with beam experiments, resulting in a substantial 
increase in the sensitivity provided that large signal sizes can be maintained. 
c | YbOH molecules combine the systematic- suppressing features of 
Ω-doublet states (fig. 4d) with the possibility of laser cooling. Shown here 

is a conceptual illustration of a future experiment, in which YbOH molecules 
are prepared by laser and microwave manipulation, confined in an optical 
lattice and then detected through fluorescence on an optical cycling tran-
sition. This approach could enable very high fidelity detection. d | An elec-
tron EDM search with polar molecules in inert gas matrices offers 
unprecedented sample sizes while maintaining desirable characteristics of 
an atomic physics experiment, such as detection by laser- induced fluores-
cence (bottom). An orientation- dependent molecular hyperfine structure 
in the inert gas matrix may also enable EDM measurements to be made in 
the absence of an external electric field, suppressing systematic effects  
such as magnetic fields due to leakage currents. B, applied magnetic field; 
E , applied electric field; fcc, face- centred cubic; T, temperature. Panel b is 
adapted from ref.74, CC- BY-3.0. Panel c is adapted from an image provided 
courtesy of N. R . Hutzler, Caltech, USA.



in conducting EDM and other precision 
measurements does not generally result in 
rapid advances, the past decade has seen 
great improvements to EDM bounds in both 
paramagnetic and diamagnetic systems. 
For diamagnetic systems in particular, the 
abundance of BSM parameter sensitivities 
encourages a wide variety of approaches, 
and the most stringent constraints are 
likely to require combined results from 
Hg, Xe, Rn, TlF and neutron experiments. 
For paramagnetic systems, attaining orders 
of magnitude further improvement will 
necessitate systems that achieve both high 
count rates and long coherence times. 
The confluence of techniques required to 
improve both paramagnetic and diamagnetic 
EDM bounds will require drawing from, 
and contributing to, advances in techniques 
in the broader world of AMO physics and 
emerging quantum technologies.
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