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The exceptionally high internal effective electric field (Eeff) of heavy 
neutral atoms and molecules can be used to precisely probe for de via the 
energy shift effeU d= − ⋅E , where ( )2ee Sdd =  and  is the reduced 
Planck constant. Valence electrons travel relativistically near the heavy 
nucleus, making Eeff up to a million times larger than any static laborato-
ry field (1–3). The previous best limits on de came from experiments 
with thallium (Tl) atoms (4) (|de| < 1.6 × 10−27 e cm), and ytterbium fluo-
ride (YbF) molecules (5, 6) (|de| < 1.06 × 10−27 e cm). The latter demon-
strated that molecules can be used to suppress the motional electric fields 
and geometric phases that limited the Tl measurement (5) (this suppres-
sion is also present in certain atoms (7)). Insofar as polar molecules can 
be fully polarized in laboratory-scale electric fields (E), Eeff can be much 
greater than in atoms. The 3Δ1 electronic state in the molecule ThO pro-
vides an Eeff ≈ 84 GV/cm, larger than those previously used in EDM 
measurements (8, 9). Its unusually small magnetic moment reduces its 
sensitivity to spurious magnetic fields (10, 11). Improved systematic 
error rejection is possible because internal state selection allows the 
reversal of Eeff with no change in E  (12, 13). 

To measure de we perform a spin precession measurement (10, 14, 
15) on pulses of 232Th16O molecules from a cryogenic buffer gas beam 
source (16–18). The pulses pass between parallel plates that generate a 
laboratory electric field ˆzzE  (Fig. 1A). A coherent superposition of two 
spin states, corresponding to a spin aligned in the xy plane, is prepared 

using optical pumping and state prepa-
ration lasers. Parallel electric ( E ) and 
magnetic (B ) fields exert torques on 
the electric and magnetic dipole mo-
ments, causing the spin vector to pre-
cess in the xy plane. The precession 
angle is measured with a readout laser 
and fluorescence detection. A change in 
this angle as effE  is reversed is propor-
tional to de. 

In more detail, a 943 nm laser beam 
optically pumps molecules from the 
ground electronic state into the lowest 
rotational level, J = 1, of the metastable 
(lifetime ~ 2 ms) electronic H3Δ1 state 
manifold (Fig. 1B), in an incoherent 
mixture of the 1= ±N , M = ±1 states. 
M is the angular momentum projection 
along the ẑ  axis. N  refers to the in-
ternuclear axis, n̂ , aligned (+1) or anti-
aligned (–1) with respect to E , when 
E > ~1 V/cm (11). The linearly pola-

rized state-preparation laser’s frequency 
is resonant with the H → C transition at 
1090 nm (Fig. 1B). Within the short-
lived (500 ns) electronic C state there 
are two opposite parity 1= ±P  states 
with J = 1, M = 0. For a given spin 
precession measurement, the laser fre-
quency determines the ,N P  states 
that are addressed. This laser optically 
pumps the bright superposition of the 

two resonant M = ±1 sublevels out of the H state, leaving behind the 
orthogonal dark superposition that cannot absorb the laser light; we use 
this dark state as our initial state (19). If the state preparation laser were 
polarized along x̂ , the prepared state, ( )0 ,ψ τ = N , has the electron 
spin aligned along the ŷ  axis. The spin then precesses in the xy plane by 
angle φ to 

 

( )
( ) ( )exp 1, exp 1,

,
2

i M i M⎡ ⎤− φ = + − + φ = −⎢ ⎥⎣ ⎦ψ τ =
N N

N        (1) 

As E  and B  are aligned along ẑ , the phase φ is determined by 
ˆz z= ⋅BB , its sign, ( )ˆsgn z= ⋅B B , and the electron’s EDM, de: 

( )effB z eg d− + τμ
φ ≈

B B ENE
      (2) 

where ( )ˆsgn z≡ ⋅E E , τ is the spin precession time, and μBg is the mag-
netic moment (15) of the H, J = 1 state where g =.0044(1) and μB is the 
Bohr magneton. The sign of the EDM term, NE , arises from the rela-
tive orientation between effE  and the electron spin, as illustrated in Fig. 
1B.  

After the spin precesses over a distance of L ≈ 22 cm (τ ≈ 1.1 ms), 
we measure φ by optically pumping on the same H → C transition with 
the state readout laser. The laser polarization alternates between X̂  and 
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The Standard Model (SM) of particle physics is known to be incomplete. Extensions 
to the SM, such as weak-scale Supersymmetry, posit the existence of new particles 
and interactions that are asymmetric under time-reversal (T), and nearly always 
predict a small, yet potentially measurable (10−27-10−30 e cm) electron electric dipole 
moment (EDM, de). The EDM is an asymmetric charge distribution along the spin 
( S ) that is also asymmetric under T. Using the polar molecule thorium monoxide 
(ThO), we measure de = (–2.1 ± 3.7stat ± 2.5syst) × 10−29 e cm. This corresponds to an 
upper limit of |de| < 8.7 × 10−29 e cm with 90 percent confidence, an order of 
magnitude improvement in sensitivity compared to the previous best limit. Our 
result constrains T-violating physics at the TeV energy scale. 
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Ŷ  every 5 s and we record the modulated fluorescence signals SX and SY 
from the decay of C to the ground state (fig. S1A). This procedure 
amounts to a projective measurement of the spin onto X̂  and Ŷ , which 
are defined such that X̂  is at an angle θ with respect to x̂  in the xy 
plane (Fig. 1A). To normalize out molecule number fluctuations, we 
compute the asymmetry, (10) 

( )cos 2X Y

X Y

S S
S S

− ⎡ ⎤≡ = φ − θ⎣ ⎦+
A C      (3) 

where the contrast C is 94 ± 2% on average. We set |Bz| and θ such that φ 
– θ ≈ (π/4)(2n + 1) for integer n, so that the asymmetry is linearly pro-
portional to small changes in φ, and maximally sensitive to the EDM. 
We measure C by dithering θ between two nearby values that differ by 
0.1 rad, denoted by 1θ = ± . 

We perform this spin precession measurement repeatedly under va-
rying experimental conditions to (a) distinguish the EDM energy shift 
from background phases and (b) search for and monitor possible syste-
matic errors. Within a “block” of data (fig. S1C) taken over 40 s, we 
perform measurements of the phase for each experimental state derived 
from 4 binary switches, listed from fastest (.5 s) to slowest (20 s): the 
molecule alignment, N ; the E-field direction, E ; the readout laser 
polarization dither state, θ ; and the B-field direction, B . For each 
( , ,N E B ) state of the experiment, we measure A and C, from which we 
can extract φ. Within each block, we form “switch-parity components” 
of the phase, φu, that are combinations of the measured phases that are 
odd or even under these switch operations (13). We denote the switch-
parity of a quantity with a superscript, u, listing the switch labels under 
which the quantity is odd; it is even under all unlabeled switches. For 
example, the EDM contributes to a phase component φNE = –deEeffτ/ħ. We 
extract the mean precession time τ from φB = –μBg|Bz|τ/ħ and compute 
the frequencies, ωu ≡ φu/τ. The EDM value is obtained from ωNE by de = 
– ħωNE/Eeff. 

On a slower time scale, we perform additional “superblock” binary 
switches (fig. S1D) to suppress some known systematic errors and to 
search for unknown ones. These switches, which occur on the 40-600 s 
time scales, are: the excited state parity addressed by the state readout 
lasers, P ; a rotation of the readout polarization basis by θ → θ + π/2, 
R ; a reversal of the leads that supply the electric fields, L ; and a glob-
al polarization rotation of both the state preparation and readout laser 
polarizations, G . The P  and R  switches interchange the role of the 
X̂  and Ŷ  readout beams and hence reject systematic errors associated 

with small differences in power, shape, or pointing. The two G  state 
angles are chosen to suppress systematics that couple to unwanted ellip-
ticity imprinted on the polarizations by birefringence in the electric field 
plates. The L  switch rejects systematics that couple to an offset voltage 
in the electric field power supplies. We extract the EDM from ωNE after a 
complete set of the 28 block and superblock states. The ωNE is even under 
all of the superblock switches. 

The total dataset consists of ~104 blocks of data, taken over the 
course of ~2 weeks (fig. S1, E and F). During this dataset, we also va-
ried, from fastest (hours) to slowest (a few days): the B-field magnitude, 
|Bz| ≈ 1, 19, 38 mG (corresponding to |φ| ≈ 0, π/4, π/2 respectively), the 
E-field magnitude |Ez| ≈ 36, 141 V/cm, and the pointing direction of the 
lasers, ˆ ˆ 1k z⋅ = ± . Figure 2B shows measured EDM values obtained 
when the dataset is grouped according to the states of |Bz|, |Ez|, ˆ ˆk z⋅ , and 

each superblock switch. All of these measurements are consistent within 
2σ.  

We compute the 1σ standard error in the mean and use standard 
Gaussian error propagation to obtain the reported statistical uncertainty. 
The reported upper limit is computed using the Feldman-Cousins pre-
scription (20) applied to a folded normal distribution. To prevent expe-
rimental bias, we performed a blind analysis by adding an unknown 
offset to ωNE. The mean, statistical error, systematic shifts, and procedure 
for calculating the systematic error were determined before unblinding. 
Figure 2A shows a histogram of EDM measurements. The asymmetry, 
A, obeys a ratio distribution, which has large non-Gaussian tails in the 
limit of low signal to noise (21). We apply a photon count rate threshold 
cut so that we only include data with a large signal-to-noise, resulting in 
a statistical distribution that closely approximates a Gaussian. When the 
EDM measurements are fit to a constant value, the reduced chi-squared 
is χ2 = 0.996 ± 0.006. Based on the total number of detected photoelec-
trons (~1000 per pulse) that contribute to the measurement, the statistical 
uncertainty is 1.15 times that from shot noise (15). 

To search for possible sources of systematic error, we varied over 40 
separate parameters (table S1) and observed their effect on ωNE and many 
other components of the phase correlated with N , E , or B . These 
parameters are intentionally applied tunable imperfections, such as 
transverse magnetic fields or laser detunings. These systematic checks 
were performed concurrently with the 8 block and superblock switches. 

We assume that ωNE depends linearly on each parameter P, so that the 
possible systematic shift and uncertainty of ωNE is evaluated from the 
measured slope, S = ∂ωNE/∂P, and the parameter value during normal 
operation (obtained from auxiliary measurements). If S is not monitored 
throughout the data set, we do not apply a systematic correction but 
simply include the measured upper limit in our systematic error budget. 
Data taken with intentionally applied parameter imperfections is used 
only for determination of systematic shifts and uncertainties. Table 1 
lists all contributions to our systematic error. 

We identified two parameters that systematically shift the value of 
ωNE within our experimental resolution. Both parameters couple to the AC 
Stark shift induced by the lasers. The molecules are initially prepared in 
the dark state with a spin orientation dependent on the laser polarization. 
If there is a polarization gradient along the molecular beam propagation 
direction, the molecules acquire a small bright state amplitude. Away 
from the center of a Gaussian laser profile, the laser can be weak enough 
that the bright state amplitude is not rapidly pumped away; it acquires a 
phase relative to the dark state due to their mutual energy splitting, given 
by the AC Stark shift. An equivalent phase is acquired in the state rea-
dout laser. This effect changes the measured phase by φAC(Δ, Ωr) ≈ (αΔ 
+ βΩr), where Δ, Ωr are the detuning from and Rabi frequency of the H 
→ C transition, respectively. The constants α, β are measured directly by 
varying Δ and Ωr, and depend on the laser’s spatial intensity and polari-
zation profile. These measurements are in good agreement with our ana-
lytical and numerical models. 

A significant polarization gradient is caused by laser-induced ther-
mal stress birefringence (22) in the electric field plates. The laser beams 
are elongated perpendicular to the molecular beam axis, which creates an 
asymmetric thermal gradient and defines the axes for the resulting bire-
fringence gradient. By aligning the laser polarization with the birefrin-
gence axes, the polarization gradient can be minimized. We have 
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verified this both with polarimetry (23) and through the resulting AC 
Stark shift systematic (Fig. 3A). 

Such AC Stark shift effects can cause a systematic shift in the mea-
surement of ωNE in the presence of an NE  correlated detuning, ΔNE, or 
Rabi frequency, rΩNE . We observe both. 

The detuning component ΔNE is caused by a non-reversing E-field 
component Enr, generated by patch potentials and technical voltage off-
sets, which is small relative to the reversing component, z EE . The Enr 
creates a correlated DC Stark shift with an associated detuning ΔNE = 
DEnr, where D is the H state electric dipole moment. We measured Enr 
via microwave spectroscopy (Fig. 3B), two-photon Raman spectroscopy, 
and the NE -correlated contrast. 

The Rabi frequency component rΩNE , arises from a dependence of 
Ωr on the orientation of the molecular axis, ˆ ˆn z≈ NE , with respect to 
laser propagation direction, k̂ . This ˆ ˆk n⋅  dependence can be caused by 
interference between E1 and M1 transition amplitudes on the H → C 
transition. Measurements of a nonzero NE -correlated fluorescence 
signal SNE, and an NEB -correlated phase φNEB, both of which changed 
sign when we reversed k̂ , provided evidence for a nonzero rΩNE . The 
φNEB channel, along with its linear dependence on an artificial rΩNE  gen-
erated by an NE  correlated laser intensity, allowed us to measure 

( ) ( )3
r r

ˆ ˆ8.0 0.8 10 k z−= − ± × ⋅Ω ΩNE , where Ωr is the uncorrelated (mean) 
Rabi frequency (see supplementary materials). 

By intentionally exaggerating these parameters we verified that both 
Enr and rΩNE  couple to AC Stark shift effects to produce a false EDM. 
We tuned the laser polarization for each G  state to minimize the magni-
tude of the systematic slope ∂ωNE/∂Enr (Fig. 3A). The correlations 
∂ωNE/∂Enr and r∂∂ω ΩNE NE  were monitored at regular intervals through-
out the data set (fig. S1E). The resulting systematic corrections to ωNE 
were all < 1 mrad/s. 

For a subset of our data, the N -correlated phase φN was nonzero 
and drifted with time. We identified the cause of this behavior as an N -
correlated laser pointing ˆˆ xk ⋅N  ≈ 5 μrad present in our optical frequency 
switching setup. We eliminated this effect with improved optical align-
ment; however, since we were not able to determine the precise mechan-
ism by which k̂

N  coupled to φN, we chose to include φN variations in our 
systematic error budget. The slope ∂ωNE/∂φN (consistent with zero) and 
the mean value of φN established a systematic uncertainty limit of ~1 
mrad/s on ωNE. 

To be cautious, we include in our systematic error budget possible 
contributions from the following parameters that caused a nonzero EDM 
shift in experiments similar to ours: stray B-fields nr

, ,x y zB  and B-field 
gradients (13); an E -correlated phase, φE, caused by leakage current, 
v ×E , and geometric phase effects (4); and laser detunings and E-field 
ground offsets (5). We obtained direct ωNE systematic limits of < ~1 
mrad/s for each. We simulated the effects that contribute to φE by corre-
lating Bz with E , which allowed us to place a ~10−2 mrad/s limit on 
their combined effect. Because of our slow molecular beam, relatively 
small applied E-fields, and small magnetic dipole moment, we do not 
expect any of these effects to systematically shift ωNE above the 10−3 
mrad/s level (10, 11). 

The result of this first-generation ThO measurement, 
( ) 29

stat syst   cm2.1 3.7 2.5 10e ed −= ± ×− ±     
 (4)  

comes from de = –ħωNE/Eeff using Eeff = 84 GV/cm (8, 9) and ωNE = (2.6 ± 

4.8stat ± 3.2syst) mrad/s. This sets a 90 percent confidence limit, 
29  cm8.7 10e ed −< ×      (5) 

that is 12 times smaller than the previous best limit (4, 5), an improve-
ment made possible by the first use of the ThO molecule and of a cryo-
genic source of cold molecules for this purpose. If we were to take into 
account the roughly estimated 15 percent uncertainty on the calculated 
Eeff (8), and assume that this represents a 1σ Gaussian distribution width, 
the de limit stated above would increase by about 5 percent. Because 
paramagnetic molecules are sensitive to multiple T-violating effects 
(24), our measurement should be interpreted as ħωNE = –deEeff – WSCS, 
where CS is a T-violating electron-nucleon coupling, and WS is a mole-
cule-specific constant (8, 25). For the de limit above we assume CS = 0. 
Assuming instead that de = 0 yields CS = (–1.3 ± 3.0) × 10−9, correspond-
ing to a 90 percent confidence limit |CS| < 5.9 × 10−9 that is 9 times 
smaller than the previous limit (26). 

A measurably large EDM requires new mechanisms for T violation, 
which is equivalent to charge conjugation-parity (CP) violation given the 
CPT invariance theorem (2). Nearly every extension to the SM (27, 28) 
introduces new CP violating phases φCP. It is difficult to construct me-
chanisms that systematically suppress φCP, so model builders typically 
assume sin(φCP) ~ 1 (29). An EDM arising from new particles at energy 
Λ in an n-loop Feynman diagram will have size 

( )( )
2

1eff
CP2

~ sin
4

n
e ed m c c

e
−⎛ ⎞ακ φ⎜ ⎟π Λ⎝ ⎠

⎛ ⎞
⎜ ⎟
⎝ ⎠

     (6) 

where αeff (about 4/137 for electroweak interactions) encodes the 
strength with which the electron couples to the new particles, me is the 
electron mass, and κ ~ 0.1-1 is a dimensionless prefactor (2, 30, 31). In 
models where 1- or 2-loop diagrams produce de, our result typically sets 
a bound on CP violation at energy scales Λ ~ 3 TeV or 1 TeV, respec-
tively (27–29, 31). Hence, within the context of many models, our more 
precise EDM limit constrains CP violation up to energy scales similar to 
or higher than those explored directly at the Large Hadron Collider. 
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Table 1. Summary of systematic errors. Systematic and statistical errors for ωNE, in units of mrad/s. All errors are added in quadra-
ture, and are derived from Gaussian 1σ (68%) confidence intervals. In EDM units, 1.3 mrad/s ≈ 10−29 e cm. 

Parameter Shift Uncertainty 
Enr correction −0.81 0.66 

rΩNE  correction −0.03 1.58 
φE correlated effects −0.01 0.01 
φN correlation  1.25 
Non-reversing B-field ( nr

zB )  0.86 
Transverse B -fields ( nr

xB , nr
yB )  0.85 

B-field gradients  1.24 
Prep./read laser detunings  1.31 
N correlated detuning  0.90 
E-field ground offset  0.16 
     Total systematic −0.85 3.24 
Statistical  4.80 
     Total uncertainty  5.79 

 

Fig. 1. Schematic of the apparatus and energy level diagram. (A) A collimated pulse of ThO molecules enters a 
magnetically shielded region (not to scale). An aligned spin state (smallest red arrows), prepared via optical pumping, 
precesses in parallel electric and magnetic fields. The final spin alignment is read out by a laser with rapidly alternating linear 
polarizations, X̂ , Ŷ , with the resulting fluorescence collected and detected with photomultiplier tubes (PMTs). (B) The state-
preparation and readout lasers (double lined blue arrows) drive one molecule orientation 1= ±N  (split by 2DE ~ 100 MHz, 
where D is the electric dipole moment of the H state) in the H state to C, with parity 1= ±P  (split by 50 MHz). Population in 
the C state decays via spontaneous emission, and we detect the resulting fluorescence (red wiggly arrow). H state levels are 
accompanied by cartoons displaying the orientation of effE  (blue arrows) and the spin of the electron (red arrows) that 
dominantly contributes to the de shift. 
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Fig. 2. Statistical spread of ωNE measurements. (A) Histogram of ωNE measurements for each time point (within molecule 
pulse) and for all blocks. Error bars represent expected Poissonian fluctuations in each histogram bin. (B) Measured ωNE 
values grouped by the states of |Bz|, |Ez|, ˆ ˆk z⋅ , and each superblock switch, before systematic corrections. 
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Fig. 3. The Enr systematic. (A) Tuning out laser polarization gradient and ∂ωNE/∂Enr (see text for details). The red (black) 
points were taken with the polarization misaligned (aligned) with the birefringence axes of the electric field plates. (B) 
Microwave spectroscopic measurement of Enr during normal operation along the molecule beam axis, x. 
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