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We report results of a new technique to measure the electric dipole moment of 129Xe with 3He
comagnetometry. Both species are polarized using spin-exchange optical pumping, transferred to a
measurement cell, and transported into a magnetically shielded room, where SQUID magnetometers
detect free precession in applied electric and magnetic fields. The result from a one week measure-
ment campaign in 2017 and a 2.5 week campaign in 2018, combined with detailed study of systematic
effects, is dA(

129Xe) = (1.4± 6.6stat ± 2.0syst)× 10−28
e cm. This corresponds to an upper limit of

|dA(
129Xe)| < 1.4× 10−27

e cm (95% CL), a factor of five more sensitive than the limit set in 2001.

Searches for permanent electric dipole moments
(EDMs) are a powerful way to investigate beyond-
standard-model (BSM) physics. An EDM is a charge
asymmetry along the total angular momentum axis of a
particle or system and is odd under both parity reversal
(P) and time reversal (T). Assuming CPT conservation
(C is charge conjugation), an EDM is a direct signal of
CP violation (CPV), a condition required to generate
the observed baryon asymmetry of the universe [1]. The
Standard Model incorporates CPV through the phase
in the CKM matrix and the QCD parameter θ̄. How-
ever, the Standard Model alone is insufficient to explain
the size of the baryon asymmetry [2]. BSM scenarios
that generate the observed baryon asymmetry [3] gener-
ally also provide for EDMs larger than the SM estimate,
which for 129Xe is |dA(

129Xe)SM| ≈ 5× 10−35 e cm [4].

EDM measurements have provided constraints on how
BSM CPV can enter low-energy physics [4]. Diamag-
netic systems such as 129Xe and 199Hg are particularly
sensitive to CPV nucleon-nucleon interactions that in-
duce a nuclear Schiff moment and CPV semileptonic cou-
plings [7]. While the most precise atomic EDM measure-
ment is from 199Hg [8], there are theoretical challenges to
constraining hadronic CPV parameters from 199Hg alone,
and improved sensitivity to the 129Xe EDMwould tighten
these constraints [7, 9]. Additionally, recent work has
shown that contributions from light-axion-induced CPV
are significantly stronger for 129Xe than for 199Hg [10].
129Xe also may be used as a comagnetometer in future
neutron EDM experiments [5, 6].

The first 129Xe EDM measurement by Vold et al. mon-
itored 129Xe Larmor precession frequency as a function
of applied electric field [11]. Rosenberry et al. [12] used a

two-species maser with a 3He comagnetometer. A num-
ber of 129Xe EDM efforts to improve on this limit have
followed, including an active maser technique [13], and
an experiment with polarized liquid xenon [14]. Recently
the result of an experiment using 3He and SQUID detec-
tion, but with a different approach to EDM extraction
and systematic effects, was reported [15]. The early de-
velopments of our approach are described in Ref. [16].

For a system with total angular momentum ~F , EDM
d~F/F , and magnetic moment µ~F/F , the Hamiltonian

is H = −(µ~F · ~B + d~F · ~E)/F . This results in an en-

ergy splitting dependent on ~E · B̂ and a corresponding
frequency shift ωd = ±d |E|/(h̄F ) between states with

|∆mF | = 1. Changes of ~B due to drifts and extraneous
magnetic fields lead to frequency shifts that are mitigated
by comagnetometry—simultaneous measurement with a
colocated species. The 129Xe-3He comagnetometer sys-
tem is favorable because both can be simultaneously po-
larized by spin-exchange optical pumping (SEOP) [17],
have long spin relaxation times enabling precision fre-
quency measurements, and 3He, with 27× lower nuclear
charge Z, is much less sensitive to CP violation [18].
We present the combined results of two HeXeEDM

campaigns in 2017 and 2018 at the BMSR-2 (Berlin
Magnetically Shielded Room) facility at Physikalisch-
Technische Bundesanstalt (PTB) Berlin. The layout of
the experiment is shown in Fig. 1. Free precession of
129Xe and 3He was measured with low-noise supercon-
ducting quantum interference devices (SQUIDs). The
BMSR-2 provided a passive shielding factor of more than
108 above 6 Hz [19]. A 1.6 m diameter set of Helmholtz
coils generated the static magnetic field (B0) of 2.6–
3.0 µT along the y-axis in 2017 and x-axis in 2018. In a
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overlapping blocks of length τ = 20 seconds, short
enough that amplitude decay and frequency drift were
negligible. Data for each block were fit using a separable
nonlinear least-squares method [25] to a six-parameter
model to determine the amplitude, frequency, and phase
Φm

Xe/He
for blockm for each species (see supplement [26]).

An independent analysis was performed using an alterna-
tive approach, which did not use the high-pass filter but
added an offset and linear drift term to the fit function
as described in [27], and produced consistent results.

Magnetic field drifts were compensated by the comag-
netometer corrected phases Φm

co = Φm
Xe − RΦm

He, where
R = 1/2.7540816 is the nominal ratio of the shielded
gyromagnetic ratios of 129Xe and 3He [28]. For each
HV segment, the comagnetometer frequency ωco and un-
certainty were determined from the slope of a linear fit
to Φm

co as a function of time. The frequency uncertain-
ties were consistent with the minimum expected uncer-
tainties based on the signal amplitude, noise, and seg-
ment duration [24, 29, 30]. Segment frequencies were
blinded by adding or subtracting, depending on the
sign of ~E · B̂, an unknown offset derived from a pre-
viously computer-generated pseudorandom number such
that |ω2017

blind|/(2π) ≤ 50 nHz or |d2018blind| ≤ 5× 10−27 e cm.
The blinding offsets were saved separately from the data
in a binary format. After all cuts and systematic cor-
rections were determined, the blinding offset was set to
zero to produce the set of HV segment frequencies for the
final unblinded EDM analysis.

The EDM frequency was determined from an aver-
age of four consecutive segment frequencies with HV
(+ − −+) or (− + +−) to compensate for linear drifts
of the comagnetometer frequencies, typically a few µHz
over the course of a run. The EDM for each subrun was
determined from the weighted average of the 4-segment
EDM frequencies within the subrun.

Systematic effects include the uncertainties of experi-
mental parameters as well as false-EDM signals that may
arise from the nonideal response of the comagnetometer.
The comagnetometer frequency ωco can be described by
the following four dominant terms plus the EDM contri-
bution ωd ≡ ωdXe

−RωdHe
:

ωco ≈ ωd − γ′

He∆RB + (1−R) ~Ω · B̂

+ γ′

Xe

(

∆Bdif
Xe −∆Bdif

He

)

+
(

ωsd
Xe −Rωsd

He

)

. (1)

Here, γ′

He/Xe
are the shielded gyromagnetic ratios; ∆R

is a correction to R that changed from run to run due
mostly to pressure dependence of the chemical shifts; ~B
is the average magnetic field within the cell with contri-
butions from the applied magnetic field ~B0, the ambient
magnetic field of the room, and any nearby magnetized
materials; ~Ω is the angular frequency of the Earth’s ro-
tation; and ∆Bdif

Xe/He
represents the difference of the vol-

ume averaged magnetic field and the field averaged by the
atoms of each species as they diffuse through the cell. In

2017(e cm) 2018 (e cm)

EDM 7.2× 10−28 0.9× 10−28

Statistical error 23.5× 10−28 6.8× 10−28

Systematic Source

Leakage current 1.2× 10−28 4.5× 10−31

Charging currents 1.7× 10−29 1.2× 10−29

Cell motion (rotation) 4.2× 10−29 4.0× 10−29

Cell motion (translation) 2.6× 10−28 1.9× 10−28

Comagnetometer drift 2.6× 10−28 4.0× 10−29

| ~E|2 effects 1.2× 10−29 2.2× 10−30

| ~E| uncertainty 2.6× 10−29 9.4× 10−30

Geometric phase ≤ 2× 10−31 ≤ 1× 10−31

Total Systematic Error 3.9× 10−28 2.0× 10−28

TABLE I. Summary of EDM results and systematic effects
discussed in the text.

the presence of second- and higher-order gradients, this
average is different for the two species [31].

The 2nd through 4th terms in Eq. 1 indicate the resid-
ual sensitivity of ωco to the magnitude, direction, and
gradients of the magnetic field, and any correlation of
these with the HV may cause a false-EDM signal. Such
correlations are expected from possible leakage currents,
magnetization induced by charging currents that flow
when the HV is changed, and motion of the measurement
cell due to electrostatic forces. Our approach to estimat-
ing false-EDM signals is based on auxiliary measurements
of the dependence of ωco on amplified leakage and charg-
ing currents, gradients, and cell motion, which are scaled
to the HV correlations of these parameters monitored
during the experiment. The last term in Eq. 1 reflects
time-dependent, species-dependent shifts, predominantly
due to effects of residual longitudinal magnetization that
dominate the comagnetometer drift [32, 33]. Eq. 1 does

not include ~E × ~v effects, which are negligible.

Systematic effects, including false EDM contributions
and their uncertainties for both campaigns, are listed
in Table I. During each campaign, an auxiliary mea-
surement of the comagnetometer response to a leakage
current was simulated by a single turn of wire wrapped
around the cell and scaled by the observed maximum
leakage current of 97 pA in 2017 and 73 pA in 2018.
Since the leakage current followed an unknown path that
could increase or decrease B, we consider this an upper
limit on the magnitude of a false EDM. During each HV
ramp, the charging current might have induced magneti-
zation of materials in or near the cell, correlated with the
change of HV. The comagnetometer response to charging
currents of ±10 µA and ±20 µA was measured and scaled
by the maximum charging current observed for the EDM
data.

The electric force between the cell electrodes and the
grounded safety electrode might have caused cell move-
ment when the electric field was changed, affecting the
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FIG. 3. All drift-corrected EDM measurements by run in-
dicating the cell used, cell pressure, and the magnetic field
direction. During the 2018 run, an adjusted polarization rou-
tine resulted in a reduction of the comagnetometer drift allow-
ing for longer segments and increased SNR. Therefore, runs
from the last week of data collection had improved statistical
sensitivity.

Further improvement to the polarization, SQUID de-
war noise, measurement time, and increased electric field
should result in an order of magnitude or more in 129Xe
EDM sensitivity. The comagnetometer drift can be re-
duced with a more precise π/2 flip, tuning the ratio of
129Xe/3He polarizations, which was shown to be effec-
tive at the end of the 2018 campaign, and an optimized
EDM cell shape [33]. Precise cell motion measurements
are also essential.

This improved limit improves constraints on the low-
energy CPV parameters developed in Refs. [4, 7], in par-
ticular lowering the limits on ḡ0,1π and θ̄ by a factor of two
and CT by factors of about five [38]; it can also be used
to constrain the QCD axion contribution to EDMs by a
factor of about five compared to that reported in [10].
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