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EDM experiments are well motivated!
129Xe too!!
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Summary of 129Xe Motivations
• Diamagnetic – nuclear spin system
• Alternative to 199Hg, etc. for both theory and experiment
– 199Hg Theory is difficult/ambiguous – FOR NOW

• Xe comagnetometer for nEDM (e.g. TUCAN)
• Discovery potential: not ruled out (model INdependent)

• Can be more sensitive to axions (Stednik&Flambaum)

	

The results of calculations are summarized in Table II. In
this table, the results for an infinite axion mass are taken
from [26], where the EDMs induced by the operator (6)
were calculated.

III. DISCUSSION

In Table II, we present the results of our computations of
the EDMs in four diamagnetic atoms (129Xe, 199Hg, 211Rn,
and 225Ra) induced by the P, T-odd potential (4). In
Table III, we also collect the asymptotical values of
EDMs for these atoms at low (ma ≲ 103 eV) and high
(ma ≳ 108 eV) axion masses. Combining these results with
experimental measurements of EDMs in these atoms
imposes constraints on the product of coupling constants
gseg

p
N . The most stringent constraint comes from the 199Hg

EDM experiment [21] given in Eq. (5) and is shown in
Fig. 1 by the pink exclusion region. The pink exclusion
region in Fig. 1 possesses the following asymptotics:

ma ≲ 103 eV jgsegpN j < 7 × 10−17

ma ≳ 108 eV jgseg
p
N j < 3 × 10−31

!
ma

eV

"
2

: ð18Þ

The latter constraint originates from the results of the paper
[26], where the atomic EDMs due to the operator (6) were
studied.
It is interesting to compare our results with earlier

constraints from macroscopic-scale experiments [35–39],
which reported constraints on the coupling parameters gsNg

p
n ,

where gpn denotes the axion coupling to a polarized neutron,
while gsN denotes the coupling to the nucleons in a non-
polarized massive body. Let hAi and hZi be the average
atomicmass andprotonnumbers in the nonpolarizedmassive
body, respectively. Then, in general, the polarized neutron
interacts with a nonpolarized atom through the combination
of constants ðgsehZiþ gsNhAiÞg

p
n . The constraints on gsNg

p
n

were obtained in [35–39] with the assumption
hAijgsN j ≫ hZijgsej, but we can assume the opposite case,
hAijgsN j ≪ hZijgsej, to find the constraints on gseg

p
n . Since

different experiments deal with different materials, we make
the simple approximation hAi=hZi ≈ 2.2. This allows us to
represent the results of the earlier works [35–39] in the form
of the gray exclusion region in Fig. 1. We conclude that our
results give significantly improved laboratory limits on gseg

p
N

for ma ≳ 10−2 eV.
We note that there are more stringent indirect bounds

from the combination of stellar energy-loss arguments and
laboratory searches for spin-independent fifth forces [40] or
from the combination of stellar energy-loss arguments in
several different astrophysical systems [41–44] for certain
axion masses, though astrophysical bounds may be evaded
by mechanisms that inhibit the processes of stellar “cool-
ing” via axion emission [45–47]. Finally, we mention that
limits on the nucleon-nucleon interaction constants gsNg

p
N0

have been derived from the consideration of the nuclear
Schiff moments induced by the exchange of a low-mass
axionlike particle between nucleons within a nucleus [48].

ACKNOWLEDGMENTS

The authors are grateful to Bryce Lackenby for useful
comments. This work is supported by the Australian
Research Council Grant No. PD150101405. V. V. F.
acknowledges support from the Gutenberg Fellowship
and New Zealand Institute for Advanced Studies. Y. V. S.
was supported by the Humboldt Research Fellowship.

FIG. 1. Laboratory constraints on the parity- and time-reversal-
invariance-violating scalar-pseudoscalar electron-nucleon inter-
action mediated by an axion of mass ma. The pink exclusion
region is the result of this work. The gray exclusion region
summarizes the combined results which were derived from the
earlier macroscopic-scale experiments [35–39] with graphical
accuracy.

TABLE III. Asymptotic values of EDMs of atoms for low and
high axion mass. The values in this table originate from the
corresponding values in Table II after substitution of the value of
the Fermi coupling constant GF ≈ 1.167 × 10−5 GeV−2 and the
coefficient κ from Table I.
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Particle Interactions Polarize Particles, Atoms, Molecules
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Brief history
• 1963: Schiff’s theorem/violations

     Motivated by Fairbank’s 3He idea
• 1980/4: Ramsey’s 3He comagnetometer proposal (nEDM)
• 1984: Fortson/Vold: single species 129Xe at UWashington
• 1990: Oteiza – first He-Xe comagnetometer EDM experiment 
• 2001: Rosenberry* – dual He-Xe maser
• 2019: HeXe @TUM – PTB (MSR test while waiting for UCNs)
• 2019: MIXed (next talk)

Other efforts:
• Romalis – LXe
• Active maser: Tokyo
• TRIUMF Xe (comagnetometer)

Chupp - Heraeus EDM Workshop Les 
Houches 4

	



Comagnetometry
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Other comagnetometers

• 3He/21Ne (I=3/2)
• Alkali-noble gas, e.g. K-3He (Romalis)
• Na/Cs (Sandars)
• Na/Tl (Commins)
• Neutron/199Hg (Pendelbury/ILL)
• Neutron/129Xe (TRIUMF/TUCAN: proposed)
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3He/129Xe Spin-exchange optical pumping 
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M. A. Bouchiat, T. R. Carver, and C. M. Varnum. 
Phys. Rev. Lett., 5:373 (1960).
Happer et al.; TC et al.; Walker et al.
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Figure 2.1:
Energy levels if d = +|d| for a 2-level system with a negative gyromagnetic
ratio, like 3He and 129Xe. (Not to scale.)

Then, we can combine a pair of frequency measurements with opposite E0 directions

|!(+E0)� !(�E0)| =
����
2dE0

~F

���� (2.6)

In practice, there is some magnetic field drift between the two measurements, so, in-

stead, for a pair of measurements we have for a spin-1/2 system

|!(+E0)� !(�E0)| =
����
4dE0

~

����+ � �B. (2.7)

where �B is the shift in the magnetic field between the two measurements. Even with very

stable laboratory magnetic fields, the second term can easily dominate. To address this in

the HeXeEDM experiment, we use a 3He comagnetometer. Use of a 129Xe-3He comag-

netometer was developed previously to take advantage of the ability to polarize multiple

noble gas species at once using spin-exchange optical pumping [32] and was utilized in the

Rosenberry experiment [22]. Other precision searches have also used a 129Xe–3He comag-

netometer [33, 34]. Due to its small Z, the atomic EDM for 3He is suppressed relative to

the 129Xe EDM. Therefore, the 3He precession frequency was used to track changes in the

magnetic field. Details for how the comagnetometer correction was applied in the anal-

ysis are discussed in Ch. V. For a single frequency measurement with B = +B0ẑ and

12

Frobidden Transition

• Strong electric field (static): need neutral particles (or confined ion)
•  Large signal needs POLARIZATION 𝝁 negative, 𝒅 positive. 
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• MEASURE FREQUENCIES:

µ<0

• AND MAGNETIC FIELDS
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Oteiza (1992)
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T. Chupp et al. PRL 72, p 2363 (1994)

R. Stoner  et al. PRL 77, p 3971 (1996)

D. Bear  et al. PRA 57, p 5006 (1998)

CW!
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(<6.6x10-27 e-cm 95%)
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MRX SQUID system in the BMSR-2 at PTB Berlin.
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SQUID Detection

MRX SQUID system in the BMSR-2 at PTB Berlin.

Xe He

 95 Page 4 of 5 Hyperfine Interact  (2016) 237:95 

a

b

c

Fig. 2 a Spin precession signals of 3He and 129Xe at frequencies of 40.8 Hz and 14.8 Hz, respectively,
detected by the LTc SQUID sensor (z1) at a distance of about 110 mm to the center of the EDM cell. b Free
precession decays of 3He (red) and 129Xe (blue) (signals were filtered by a software FIR bandpass filter of 4
Hz width centered at the corresponding Larmor frequencies) (c) EDM cell mounted on the transport system

the r−3 dependence. Moreover, using a gradiometer formed by z1 and z2 is less favourable,
since the corresponding SQUID sensor (z2) is located at a distance of 140 mm to the center
of the cell, which suppresses the signal strength by a factor of two in the gradiometer.

Nevertheless, we observed pT amplitudes (at 15 fT/
√
Hz noise floor) with transverse

spin lifetimes T∗
2 > 2700 s for both 3He and 129Xe (Fig. 2). This represents a tenfold

improvement of signal size compared to previous runs, attributed to better, more reliable
cell transport and an improved SEOP setup. First test runs with applied voltages of up to
10 kV yielded similar T∗

2 times. However, the valved cells had to be filled from the same
OP cell, hence the total pressure dropped with each filling. This resulted in breakdowns
appearing at lower applied voltages, which significantly reduced signal sizes. Observation
of increased spin lifetimes with subsequent refills may be attributed to diffusion in gradients
at lower (partial) pressures. Possible effects related to varying magnetization or shifts due
to self-interaction of spins need to be addressed in further measurements.

4 Conclusion

The presented results demonstrate very long spin precession times in our newly designed
EDM cells and the feasibility of polarization preserving cell transport into a large magnetic
shield. A new detection system with at least threefold reduced distance between SQUID
magnetometer and sample is under construction and is anticipated to increase the ratio S/ϵ

by one to two orders of magnitude. Using (2) the resulting fundamental frequency sensi-
tivity of a single measurement using this system is projected to be on the order of nHz,
corresponding to an EDM sensitivity as low as 10−28 ecm (1).

Author's personal copy
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Data Reduction

15

1. High pass filter – removes offset and slow drift (B)
2. Fit 20s blocks to AXcos(wXt)+BXsin(wXt)+AHcos(wHt)+BHsin(wHt) (6 param.)
3. Find phase by block: FX=atan(BX/AX)+NXπ; FH=atan(BH/AH)+NHπ: removes B drift
4. Fit comagnetometer phase vs time for each 400(800) second segment; ADD BLIND
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All 2017-18 EDM Data

and other parameters including T!
2 and comagnetometer

drift rate [26].
The comagnetometer-drift corrected results for 2017 and

2018 were confirmed with two independent analyses and
are presented in Table I. The combined result is

dAð129XeÞ ¼ ½1.4& 6.6ðstatÞ' × 10−28 e cm: ð2Þ

The statistical error is the uncertainty of the weighted
average of the uncorrected measurements, and χ2 ¼ 68 for
79 degrees of freedom Combined with the systematic error
from Table I, we find jdAð129XeÞj ≤ 1.4 × 10−27 e cm
(95% C.L.). This is a factor of 5 improvement in sensitivity
over the previous limit of jdAð129XeÞj ≤ 6.6 × 10−27 e cm
(95% C.L.) [12]. Bootstrapping [36] the unblinded 2017
and 2018 subrun data to estimate the error on the mean
resulted in an estimate of 7.4 × 10−28 e cm.
Further improvement to the polarization, SQUID Dewar

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 reduced
with a more precise π=2 flip, tuning the ratio of 129Xe=3He
polarizations, which was shown to be effective 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. [4,5], in
particular lowering the limits on ḡ0;1π and θ̄ by factors of
two andCT by a factor of about 5 [37]; it can also be used to
constrain the QCD axion contribution to EDMs by a factor
of about five compared to that reported in [8].

We wish to thank Patrick Pistel and Roy Wentz for
excellence and innovation in glass blowing and cell

construction. This work was supported in part by
NSF Grant No. PHY-1506021, DOE Grant No. DE-
FG0204ER41331, Michigan State University, by
Deutsche Forschungsgemeinschaft Grants No. TR408/12
and No. FA1456/1-1, and The Cluster of Excellence
“Origin and Structure of the Universe.”W. T. acknowledges
the support of a Humboldt Stiftung Fellowship.
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We report results of a new technique to measure the electric dipole moment of 129Xe with 3He comag-
netometry. 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 measurement campaign in
2017 and a 2.5 week campaign in 2018, combined with detailed study of systematic effects, is
dAð129XeÞ ¼ ð1.4$ 6.6stat $ 2.0systÞ × 10−28 e cm. This corresponds to an upper limit of jdAð129XeÞj <
1.4 × 10−27 e cm (95% C.L.), a factor of 5 more sensitive than the limit set in 2001.

DOI: 10.1103/PhysRevLett.123.143003

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 (SM) incorporates CPV
through the phase in the CKM matrix and the QCD
parameter θ̄. However, the SM alone is insufficient to
explain the size of the baryon asymmetry [2]. BSMscenarios
that generate the observed baryon asymmetry [3] generally
also provide for EDMs larger than the SM estimate, which
for 129Xe is jdAð129XeÞSMj ≈ 5 × 10−35 e cm [4].
EDM measurements have provided constraints on how

BSM CPV can enter low-energy physics [4]. Diamagnetic
systems such as 129Xe and 199Hg are particularly sensitive to
CPV nucleon-nucleon interactions that induce a nuclear
Schiff moment and CPV semileptonic couplings [5]. While
the most precise atomic EDM measurement is from 199Hg
[6], there are theoretical challenges to constraining hadronic
CPV parameters from 199Hg alone, and improved sensitivity
to the 129Xe EDM would tighten these constraints [5,7].
Additionally, recent work has shown that contributions from
light-axion-induced CPVare significantly stronger for 129Xe

than for 199Hg [8]. 129Xe also may be used as a comagne-
tometer in future neutron EDM experiments [9,10].
The first 129Xe EDM measurement by Vold et al.

monitored 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 number
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 detection,
but with a different approach to EDM extraction and
systematic effects, was reported [15]. The early develop-
ments of our approach are described in Ref. [16].
For a system with total angular momentum F⃗, EDM

dF⃗=F, and magnetic moment μF⃗=F, the Hamiltonian is
H¼−ðμF⃗ ·B⃗þdF⃗ ·E⃗Þ=F. This results in an energy splitting
dependent on E⃗ · B̂ anda corresponding frequency shiftωd ¼
$djEj=ðℏFÞ between states with jΔmFj ¼ 1. Changes of B⃗
due to drifts and extraneousmagnetic fields lead to frequency
shifts that are mitigated by comagnetometry—simultaneous
measurement with a colocated species. The 129Xe-3He
comagnetometer system is favorable because both can
be simultaneously polarized by spin-exchange optical
pumping (SEOP) [17], have long spin relaxation times
enabling precision frequency measurements, and 3He, with
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two-species maser with a 3He comagnetometer. A number
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Experimental condition dependence

HV-correlated cell rotation was investigated by measuring
the motion of a laser beam spot reflected from the cell
electrode with a lever arm of 1.5m and estimated to be less
than 33 μrad. HV-correlated translation of the cell in a
nonuniform magnetic field might produce a false EDM
because of the change of B in the cell [second term in
Eq. (1)] or through a change of the higher-order gradients
[fourth term in Eq. (1)]. The fourth term in Eq. (1) is
dominant and was isolated with an auxiliary measurement
of ∂ωco=∂ωHe for a loop mounted on a cell electrode
combined with δωHe. This provided an upper limit on any
HV correlated effect, including cell translation, due to a
source of magnetic field gradient outside the cell, provided
the size of the source was smaller than its distance from the
cell [26].
Uncompensated drift of ωco would appear as a false

EDM due to the frequency shift between segments with
opposite E⃗ · B̂. The time dependence of the comagnetom-
eter frequency drifts for all subruns could be accurately
parametrized by polynomials of the first through fifth order
depending on the size of the drift and the signal-to-noise
ratio. Offsets and linear drifts were compensated by the
four-segment HV reversal pattern, while drifts character-
ized by second- and third-order time dependence would be
removed by the 8- and 16-segment HV patterns, respec-
tively. Because the linear time dependence is dominant, we
have chosen to extract the EDM using four-segment
measurements (þ − −þ or −þþ−) and to apply a
correction for quadratic and higher order time dependence.
The correction was estimated from the weighted polyno-
mial coefficients of the fits to the comagnetometer fre-
quency drift for each subrun. The highest polynomial order
needed to accurately parametrize the drift for each subrun
was determined by applying an F test. A threshold of
Fmin ¼ 0.6 was chosen for both data sets. The uncertainty
on this correction is a statistical error based on the
polynomial fits to the segment frequencies for each run,

but is compiled as a systematic error in Table I to emphasize
that it may give rise to a false EDM. For the 2018 analysis,
we applied the comagnetometer drift correction to the EDM
for each subrun and included correlations between coef-
ficients. Applying this method to the 2017 data resulted in a
shift of the central value reported in [24,34] by approx-
imately the estimated systematic uncertainty.
jE⃗j2 effects included any shift that depended on the

magnitude of the applied electric field, for example,
chemical shifts or HV-induced noise detected by the
SQUID. Segments with E ¼ 0 and the different E enabled
studies of the correlation of comagnetometer frequency
with jEj and jE⃗j2. The modeling of the average electric field
in the cell in the presence of the protection electrode
contributed an uncertainty of 0.1dA. The combination of
E⃗ × v⃗ effects coupled with magnetic field gradients could
produce a false EDM, often referred to as a geometric
phase. In gases at the densities used for these experiments,
the time between collisions is small compared to the spin-
precession period, which mitigates the coherent buildup of
phase linear in the electric field. The formalism of Ref. [35]
was used to estimate an upper limit.
In 2017 and 2018, respectively, there were a total of 16

runs and subruns and 25 runs (64 subruns) measured under
different conditions including measurement cell, gas pres-
sure, B⃗0 direction, HV ramp rate, starting HV polarity, and
HV segment length. Figure 2 shows a comparison of
sorting all EDM measurements into groups based on these
variables, including EDM uncertainty σdi, and Fig. 3 shows
the EDMmeasurements per run that had different cells, cell
pressures, and orientations of B⃗0 for 2017 and 2018. We
also investigated correlations between the extracted EDM

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

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

jE⃗j2 effects 1.2 × 10−29 2.2 × 10−30

jE⃗j uncertainty 2.6 × 10−29 9.4 × 10−30

Geometric phase ≤2 × 10−31 ≤2 × 10−31

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

FIG. 2. Comparison of EDM measurements for both the 2017
and 2018 campaigns grouped by cell, cell pressure, B̂0 direction,
HV ramp rate, HV start polarity, HV segment length, and EDM
uncertainty σdi < 3.00 × 10−27 e cm (five subruns) or σdi >
3.00 × 10−27 e cm (75 subruns). The shaded area shows the
result given in Eq. (2).
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Systematic effects
studied with auxiliary measurements

Note loop test covers Leakage, Charge, and MOTION wrt external dipole.

4

Leakage

current
Charging current

Cell

rotation

Cell translation

Linear
Gradient

External Dipole (Loop Test)

Auxiliary
measurement

Single turn
±0.1–1 µA

±10–20 µA ±5� N/A
Loop attached to electrode

0–100 µA

Measured
linear
dependence

1

2⇡
@!co

@I
1

2⇡
@!co

@I
1

2⇡
@!co

@✓
1

2⇡
@!co

@z
1

2⇡
@!co

@!He

2017
= (1.32± 0.93)

Hz/A = (�0.3± 1.2)
mHz/A

 1.6
µHz/rad

 90 nHz/m
= (�1.55± 0.28)⇥ 10�3

2018
= (�8.6± 7.6)

mHz/A
 100 nHz/m

Observed
HV-correlated
maximum

2017 Ileak = 97 pA Icharge = 19 nA
�✓  33 µrad �z  200 µm

�!HV

He

2⇡ = (�181.4± 124.4) nHz

2018 Ileak = 73 pA Icharge = 19 nA �!HV

He

2⇡ = (�82.5± 226.8) nHz

False EDM
(e cm)

2017 1.2⇥ 10�28 1.7⇥ 10�29 4.2⇥ 10�29 1.3⇥ 10�29 2.6⇥ 10�28

2018 4.5⇥ 10�31 1.2⇥ 10�29 4.0⇥ 10�29 1.0⇥ 10�29 1.9⇥ 10�28

TABLE I. Systematic e↵ects arising from HV-correlated magnetic field perturbations that lead to false-EDM signals. Each
column corresponds to an HV-correlated e↵ect. The HV-correlated frequency shift is found from the linear dependence mul-
tiplied by the maximum observed change during the EDM measurements. The false EDM is the 68% CL upper limit of the
frequency shift multiplied by the conversion factor 7 ⇥ 10�28 e cm/nHz for 2017 and 5 ⇥ 10�28 e cm/nHz for 2018. The loop
test measured @!co

@!He

and is most sensitive to the higher-order gradient contribution �0
Xe

�
�Bdif

Xe ��Bdif

He

�
. In lieu of a direct

auxiliary measurement of cell translation, this was used to set an upper limit on the false EDM due to cell translation with
respect to a gradient source external to the cell, and the total cell translation false EDM added this to the limit on translation
coupled to the B dependence. The latter was determined using a measurement of the HV-correlated change in z using a laser
beam reflected o↵ the HV electrode to set an upper limit of �z < 200 µm.

COMAGNETOMETER DRIFT CORRECTION

Uncompensated drift of !co would appear as a false EDM due to the frequency shift between segments with
opposite ~E · B̂. Figs. 2 and 3 show the segment frequencies !co as a function of time for a run, illustrating the
typical comagnetometer drift of a few µHz over the course of the run. Segment lengths were set guided by the
Allan standard deviation such that the segment-to-segment comagnetometer frequency drift was comparable to or
less than the statistical error for the segments. These drifts are predominantly due to e↵ects of residual longitudinal
magnetization, and recent studies have shown that these drifts are dominated by the combination of two e↵ects: a
phase shift induced by the cell-shape dependent torque on the longitudinal magnetization of one species due to the
precessing magnetization of the same species [4] and the additional e↵ective static magnetic field exerted on one species
due to contact interactions during collisions with the other [4, 5]. The drifts are expected to be a combination of
exponential decays due to the T1 decay of longitudinal magnetization of the two species, assumed to be 5,000–10,000
seconds.

The drifts for all runs were accurately parametrized by polynomials of up to 4th order for 2017 and 5th order for
2018. The HV reversal pattern shown in Table II was designed to cancel drifts characterized by polynomials of order
n for sequences of N = 2n+1 segment. For example, a sequence of time-dependent frequencies plus !d for equal length
segments can be described by

!co(ti) = !d + k0 + k1ti + k2t
2

i + k3t
3

i + . . . , (10)

where ti = i�t. The average of N � 1 consecutive frequencies starting at segment i0, with i0 = 1, 1 +N, 1 + 2N, . . . ,
is

!̄d =
1

N

i0+NX

i=i0

SEB
i !co = �2d|E|

h̄
+ c1k1�t+ c2k2�t2 + · · ·+ cnkn�tn, (11)
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leakage current between the two electrodes of the cell were 
monitored. A background magnetic field B0 in the range of 
2.6 μT – 3 μT was applied to shift ωXe and ωHe to 
30 Hz – 36 Hz and 90 Hz – 99 Hz well above the vibrational 
interference signals (see Fig. 2).  

Fig. 2 left shows the raw SQUID signal in pT (gray) of one 
run from the 2018 campaign lasting 35000 s exemplarily. 
This run comprises two so called sub-runs with 36 segments 
each. A segment is defined as the time of constant electric 
field. For the two sub-runs shown in Fig. 2, the segments last 
300 s and 600 s, respectively. The first sub-run ranging from 
50 s to 12400 s is used as an example in the data analysis 
section.    

C. PC method 

As mentioned above, one approach to mitigate the effect 
of the comagnetometer frequency drift is repetitively 
reversing the direction of the electric field E. This allows to 
separate the impact of dXe on ωco from other interference 
terms. The E modulation method has been applied in diverse 
EDM experiments with varied modulation patterns  [10,14]. 
For the PC method, the common E pattern for one sub-run 
consists of 36 segments with an equal time interval ts, and 
the sign of E changes according to the following sequence 
±[0 + - - + - + + - - + + - + - - + 0, 0 - + + - + - - + + - - + - + 
+ - 0]. The segments of zero voltage were added to allow for 
systematic error studies. 

The PC method determines the EDM from averaging the 
comagnetometer frequencies coZ from 2n ( )n�  
consecutive segments omitting those with zero voltages. 
This pattern is constructed to cancel the effect of the 
comagnetometer frequency drift up to n-1 order when 
parametrized in polynomials. The effect of the higher order 
(above n-1) drift dependency imposing a false EDM on each 
sub-run is deduced by applying polynomial fits to all coZ
within the sub-runs, leading to a correction for the EDM and 

an additional systematic uncertainty (for more details see 
Ref. [11]).  

III. GLOBAL PHASE FITTING METHOD 
The general data-processing procedure of the GPF method 

is illustrated in Fig. 3. For this method, the raw SQUID data 
of a sub-run is cut into continuous blocks in equal length. 
Each block data is fitted to deduce precession phases of both 
species 3He and 129Xe (see III.A) and the continuous 
comagnetometer phase is derived for each block (see III.B). 
For data blinding an additional phase evaluation bound by 
the measured high voltage signal can be added at this step to 
the comagnetometer phase (see III.C). The EDM value is 
acquired by fitting the blinded comagnetometer phases using 
a polynomial function together with a constructed function 
comprising the phase evolution introduced by a hypothetical 
129Xe EDM. The unblinded EDM result is obtained by 
reanalyzing the raw comagnetometer phases, as illustrated in 
Fig. 3. 

 

 
FIG. 3. The schematic process of the GPF method.   

               
FIG. 2. Left: The measured SQUID Z1 signal (gray curve) and the modulated high voltage signal (blue line) of one run 

from the 2018 campaign.  Right: The amplitude spectral density of data lasting 100 s from the starting of the first sub-run for 
two magnetometers (Z1 and Z2) and one software gradiometer (Z1−Z2). The white noise level of Z1 is ρw ≈ 6 fT Hz . The 
variance of the white noise is ( )22 2

w s w 2 128 fTfV U= = , with the sampling frequency fs = 915.5245 Hz. 

PHYSICAL REVIEW D XX,XXXXXX (2020) 

5 
 

 > @ ( )h
EDM b

1

2 ˆ= ,E B
k

i
i

dtk
=

) � �¦   (11) 

where iE is the average electric field within the block i. By 
replacing dh with a computer-generated pseudo-random 
EDM value biasd , the bias phase bias

k)  is calculated and then 
used to blind the comagnetometer phase coco,b bias

k k k) =) +)

in order to avoid operator induced bias during process 
optimization. The value of biasd  has been saved in an 
independent file in a binary format and co,b

k)  was used for 
later data analysis. 

The measured phase co
k) originates not only from the 

potential 129Xe EDM, but also from other sources such as 
chemical shift  [21,26]. These contributions are 
phenomenologically parametrized by a polynomial of gth 
order  [28]. Hence, the comagnetometer phase co,b

k) is fitted 
with the function  
 > @ > @ 2

fit EDM 0 1 2 ,g
k k g ka p p t p t p tk k) = �) + + � + � + �   (12) 

where a, p0, p1, p2, …, pg are the global fit parameters. The 
fit was conducted by using the iterative least squares 
estimation method with the built-in function nlinfit in 
MATLAB.  Thereby the inverse values of the phase 
variances ( )2

co
kG) are used as weights. Fig. 5 shows the 

comagnetometer phase co
k) , the fit phase > @fit k) , and the 

EDM function > @EDM k)  constructed from the measured E-
field pattern of the exemplary sub-run.  

To determine the order needed for the polynomial function 
in Eq. (12), we apply an F-test where the significance of 
adding q terms to the fitting function with g terms was 
evaluated by the integral probability 
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case, the correlations between the EDM parameter a and the 
polynomial coefficients are significantly smaller than 1, but 
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not orthogonal to > @EDM k) . The derived uncertainty is in good 
agreement with the result using the log profile likelihood 
method. We also applied the linear regression method with 
the model in Eq. (12) and obtained consistent results.  
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tool to evaluate the low-frequency drift of a time series of 
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The measured phase co
k) originates not only from the 

potential 129Xe EDM, but also from other sources such as 
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where a, p0, p1, p2, …, pg are the global fit parameters. The 
fit was conducted by using the iterative least squares 
estimation method with the built-in function nlinfit in 
MATLAB.  Thereby the inverse values of the phase 
variances ( )2
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kG) are used as weights. Fig. 5 shows the 

comagnetometer phase co
k) , the fit phase > @fit k) , and the 

EDM function > @EDM k)  constructed from the measured E-
field pattern of the exemplary sub-run.  

To determine the order needed for the polynomial function 
in Eq. (12), we apply an F-test where the significance of 
adding q terms to the fitting function with g terms was 
evaluated by the integral probability 
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polynomial coefficients are significantly smaller than 1, but 
nonzero, since the polynomials of higher than 3rd order are 
not orthogonal to > @EDM k) . The derived uncertainty is in good 
agreement with the result using the log profile likelihood 
method. We also applied the linear regression method with 
the model in Eq. (12) and obtained consistent results.  
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replacing dh with a computer-generated pseudo-random 
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k)  is calculated and then 
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in order to avoid operator induced bias during process 
optimization. The value of biasd  has been saved in an 
independent file in a binary format and co,b

k)  was used for 
later data analysis. 

The measured phase co
k) originates not only from the 

potential 129Xe EDM, but also from other sources such as 
chemical shift  [21,26]. These contributions are 
phenomenologically parametrized by a polynomial of gth 
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with the function  
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where a, p0, p1, p2, …, pg are the global fit parameters. The 
fit was conducted by using the iterative least squares 
estimation method with the built-in function nlinfit in 
MATLAB.  Thereby the inverse values of the phase 
variances ( )2
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kG) are used as weights. Fig. 5 shows the 

comagnetometer phase co
k) , the fit phase > @fit k) , and the 

EDM function > @EDM k)  constructed from the measured E-
field pattern of the exemplary sub-run.  

To determine the order needed for the polynomial function 
in Eq. (12), we apply an F-test where the significance of 
adding q terms to the fitting function with g terms was 
evaluated by the integral probability 
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The order of the fit was defined sufficient when , 1g gP +  as 
well as , 2g gP + are both smaller than a chosen threshold of

minP .  
The atomic EDM of 129Xe is calculated from the fit 

parameter a as 
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The correlated uncertainties of the parameters are 
determined as the square root of the reciprocal of the 
diagonal of the covariance matrix, which inherently includes 
the uncertainty of the correlations between a and polynomial 
parameters. The influences of these correlations to the 
estimation of a are small due to the orthogonality between 
the constructed function > @EDM k)  and the polynomial 
function of the order up to n-2 where 2n is the number of 
nonzero high voltage segments. The correlation matrix for 
the exemplary sub-run (see Fig. 2) is given in Table Ⅱ. In this 
case, the correlations between the EDM parameter a and the 
polynomial coefficients are significantly smaller than 1, but 
nonzero, since the polynomials of higher than 3rd order are 
not orthogonal to > @EDM k) . The derived uncertainty is in good 
agreement with the result using the log profile likelihood 
method. We also applied the linear regression method with 
the model in Eq. (12) and obtained consistent results.  

D. Modified Allan Deviation 

 The modified Allan deviation (MAD) is an established 
tool to evaluate the low-frequency drift of a time series of 
phases ) , which is defined as   
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where the integration time τ is n times the block length tb, 
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where iE is the average electric field within the block i. By 
replacing dh with a computer-generated pseudo-random 
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k)  is calculated and then 
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in order to avoid operator induced bias during process 
optimization. The value of biasd  has been saved in an 
independent file in a binary format and co,b

k)  was used for 
later data analysis. 

The measured phase co
k) originates not only from the 

potential 129Xe EDM, but also from other sources such as 
chemical shift  [21,26]. These contributions are 
phenomenologically parametrized by a polynomial of gth 
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where a, p0, p1, p2, …, pg are the global fit parameters. The 
fit was conducted by using the iterative least squares 
estimation method with the built-in function nlinfit in 
MATLAB.  Thereby the inverse values of the phase 
variances ( )2
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kG) are used as weights. Fig. 5 shows the 

comagnetometer phase co
k) , the fit phase > @fit k) , and the 

EDM function > @EDM k)  constructed from the measured E-
field pattern of the exemplary sub-run.  

To determine the order needed for the polynomial function 
in Eq. (12), we apply an F-test where the significance of 
adding q terms to the fitting function with g terms was 
evaluated by the integral probability 

 ( ),

,
0

; ,  ,
g g qF

g g q FP P F q N g q dF
+

+ = − −³    (13) 

where FP is the probability density function of the F 
distribution and N is the number of data points [29]. The 
upper bound of the integral is 

 
( )( )2 2

, 2
.g g q

g g q
g q

N g q
F

q
F F

F
+

+
+

−− −
=

�
  (14) 

The order of the fit was defined sufficient when , 1g gP +  as 
well as , 2g gP + are both smaller than a chosen threshold of

minP .  
The atomic EDM of 129Xe is calculated from the fit 

parameter a as 
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determined as the square root of the reciprocal of the 
diagonal of the covariance matrix, which inherently includes 
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the constructed function > @EDM k)  and the polynomial 
function of the order up to n-2 where 2n is the number of 
nonzero high voltage segments. The correlation matrix for 
the exemplary sub-run (see Fig. 2) is given in Table Ⅱ. In this 
case, the correlations between the EDM parameter a and the 
polynomial coefficients are significantly smaller than 1, but 
nonzero, since the polynomials of higher than 3rd order are 
not orthogonal to > @EDM k) . The derived uncertainty is in good 
agreement with the result using the log profile likelihood 
method. We also applied the linear regression method with 
the model in Eq. (12) and obtained consistent results.  

D. Modified Allan Deviation 

 The modified Allan deviation (MAD) is an established 
tool to evaluate the low-frequency drift of a time series of 
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where the integration time τ is n times the block length tb, 
and the total measurement time T is subdivided into P time 
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B. Comparison with Pattern Combination 

Applying the GPF method to the same data set of 41 runs 
(80 sub-runs) as analyzed by the PC method  [11] and using 
the same analysis parameters, the overall EDM result is in 
good agreement with the result of the PC method (see Table 
Ⅳ). However, the statistical uncertainty is decreased by a 
factor of 2.1.  

C. Overall results 

Due to fewer constraints in the GPF method, runs with the 
number of segments M ≠ 4n with n ∈ ℕ or having SQUID 
jumps could be included in the data analysis, leading to a 
total of 45 independent runs (87 sub-runs). Furthermore, the 
segments with zero high voltage are included into the 
analysis. Although most of the data had been analyzed and 
unblinded before with the PC method, the full data set was 
again blinded with a newly generated EDM value 

2
bias

75 1 m0 ced −u� for the sake of process completeness. 
For the analysis, the threshold of F-test is set to Pmin 0.6=  
(see Appendix B) and the minimum order of the polynomial 
used in the fit is set to 4 in order to adequately describe the 
comagnetometer phase drift. The average polynomial order 
used for all sub-runs is 6.6 and the maximum order 13. 

The analysis parameters, such as the block length and the 
usage of gradiometer vs magnetometer were varied to obtain 
the lowest statistical uncertainty, see Table Ⅴ. With 
increasing block interval tb the statistical uncertainty of the 
obtained EDM value from the magnetometer data slightly 
decreases, since the impact of the non-Gaussian noise on the 
phase fit becomes smaller. In case of the gradiometer, the 
results are almost independent of tb due to the preceding 
cancelling of the non-Gaussian noise. However, the 
statistical uncertainties for the gradiometer with longer block 
lengths are slightly higher than using the magnetometer due 

to the increased white noise level. Nevertheless, all results 
are in good agreements.  

Subsequently, the data set was unblinded and reanalyzed 
with the optimized parameters using the magnetometer and 
a block length of tb = 20 s, leading to   

28
Xe (1.08 2.81) 10  cm,d e−= r u with 2 /dof 107/86F = . This 

result shows a slightly smaller uncertainty compared to the 
value given in Table Ⅳ due to the additional data. Two 
minor post-unblinding adjustments to the code slightly 
changed the result by less than 5%. As all sub-run 
measurements were taken with considerable different 
background noise our slightly larger value than one for 

2 /dofF  is not surprising.  According to the PDG 
guidelines  [32] we accounted for these random variations by 
scaling the statistical uncertainty with the factor 

2 /dof 1.12F =  leading to 3.13×10-28 e cm. 
Bootstrapping  [33] the unblinded 87 EDM measurements 
resulted in an estimate of the statistical uncertainty of 
3.00×10-28 e cm. Fig. 8 shows the derived EDM results per 
sub-run. Sorting all EDM measurements into groups based 
on the experimental parameters, such as the cell geometry, 
B0 field direction, number and duration of segments and the 
gas pressure, shows no correlation between the deduced 
EDM value and these parameters, as shown in Fig. 9. 
Furthermore, no correlation between the chosen polynomial 
order and the derived sub-run EDM values was seen. 

The systematic errors of the two experiment campaigns 
were extensively studied in Ref.  [11]. We applied the same 
analysis to the full data set used here and the derived 
systematic uncertainties are summarized in Table VI. The 
correction to the comagnetometer frequency drift of order 

TABLE Ⅳ. Comparisons of the EDM results for the PC 
method and the GPF method using the constrained data set 
of Ref.  [11]. The units are 10-28 e cm apart from the reduced 

2F . 

 dXe δdXe Reduced 2F  
PC 1.43 6.56 0.87 

GPF 0.251 3.06 1.28 
 

 
FIG. 8.  EDM results of the 2017 and 2018 campaigns 

derived with the GPF method by sub-runs. The thin 
orange bar is the confidence interval of 1σ around the 
weighted mean. The reason for a lower uncertainty in the 
last 20 sub-runs is the increased polarization ratio and the 
longer measurement time. 

TABLE Ⅴ. Blinded EDM values with various tb for 
magnetometer and gradiometer in units of 10-28 e cm. The 
blind value is -16.12×10-27 e cm. 

tb Mag Grad 
1s -17.43 ± 3.97 -16.10 ± 3.08 

5s -16.40 ± 3.17 -16.51 ± 3.08 

20s -15.04 ± 2.81 -17.82 ± 3.02 
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To investigate the potential systematic effect caused by the 
comagnetometer phase drift, we altered the drift amplitude 
uXe and uHe in Eqs. (22)-(23) in the synthetic phase data. 
Fig. 12 shows the derived EDM values as a function of the 
scale ratio of the drift amplitude. No distinct correlation 
between the obtained EDM value and the drift amplitude 
could be observed. Therefore, we did not assign a model 
dependent uncertainty for the comagnetometer drift when 
applying the GPF method.  

APPENDIX B: THE F-TEST THRESHOLD 
The F-test threshold Pmin affects the polynomial order used 

in the GPF method, as listed in Table VIII.  The EDM values 
for various Pmin are overlapped within the 1σ statistical 
uncertainty. Additionally, the upper limit of the 129Xe EDM 
is almost insensitive to the threshold. We have chosen 0.6 as 
F-test threshold yielding the lowest reduced 2F . 

APPENDIX C:  DESIGN OF EXPERIMENTAL 
PARAMETERS 

The number of segments M in one sub-run has a significant 
impact on the estimation uncertainty derived by the GPF 

method. According to the ideal CRLB, a smaller number of 
segments results in a lower uncertainty, shown as the red line 
in Fig. 13. To search for the optimum segment number, we 
used the synthetic comagnetometer phase data with added 
white Gaussian noise. The phase uncertainty increases with 
time and starts with 0.1 mrad. The time constant T2

 for 129Xe 
atoms and 3He atoms is a random number ranged from 
8000 s to 9000 s. The total measurement time length is fixed 
to 38400 s, while M is varied from 2 to 64. The averaged 
EDM value over 100 runs for each M are plotted as the blue 
crosses. The fit uncertainty is larger than the ideal CRLB due 
to the correlation between the EDM function and the phase 
drift. The gap is reduced with the increase of M, since the 
orthogonality condition is satisfied better. A relatively flat 
optimum is found around M = 16.  Note that this optimum 
value also depends on the total measurement time. A sub-run 
with longer measurement time calls for a higher number of 
segments, hence the optimum number for T = 6400 s and 
T = 64000 s is 8 and 64, respectively. The improved 
understanding of the comagnetometer frequency drift 
behavior may reduce the requirement on the segment 
number, thus significantly increasing the measurement 
sensitivity.  

  

            
FIG. 11.  Left: Measured comagnetometer phase drift of 9 sub-runs reduced by the linear deterministic term stemming from 

the Earth’s rotation and chemical shift.  The green curve is the result of the exemplary sub-run used in chapter III. Right: 
synthetic data of 18 sub-runs. 

TABLE VIII. The overall EDM results with various F-test threshold Pmin 

Pmin 
Average 

order EDM dXe Uncertainty Reduced- 2F  P-value Upper limit 
(95% C.L.) 

0.2 13.2 -0.35×10-28 2.96×10-28 1.39 0.01 7.8×10-28 

0.4 9.4 1.81×10-28 2.88×10-28 1.36 0.02 8.3×10-28 

0.6 6.6 1.08×10-28 2.81×10-28 1.24 0.07 7.4×10-28 

0.8 5.5 -1.13×10-28 2.76×10-28 1.26 0.05 7.4×10-28 
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1. Combinations of 4 segments compensate linear drifts
2. Non-linear drift correction determined from polynomial parameterization (fits) by run
3. Check: 8 segment and 16 segment EDMS
4. CORRECTION: (-0.08±0.66)x10-27 e-cm
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Comagnetometer drift

1. HV correlated change of     can produce a false EDM signal 
2. Uncompensated time dependence (drift): false EDM
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COMAGNETOMETER SENSITIVITY TO MAGNETIC FIELD PERTURBATIONS

Ideally, a comagnetometer EDM measurement uses two species with identical responses to magnetic perturbations
and very di↵erent sensitivities to CPV e↵ects. We have chosen 129Xe and 3He, two F = 1/2 atoms. (Diamagnetic
atoms’ sensitivity to CPV is approximately proportional to Z2 [? ].) Note that both 129Xe and 3He have negative

magnetic moments, i.e. the magnetic moment is opposite the total angular momentum ~F ; therefore, for positive ~d
(parallel to ~F ), the precession frequency will decrease when ~E is parallel to B̂ ( ~E · B̂ > 0). Thus, an EDM contributes
a frequency shift to each species given by

!d = �2d

h̄
~E · B̂. (1)

Potential systematic e↵ects, i.e. false-EDM signals, arise because the two species have di↵erent responses to the
magnetic field environment due to chemical shifts, di↵usion in magnetic field gradients, and species-dependent self
and cross-species interactions. Additionally, while the spins are in an inertial frame, the apparatus that measures
their spin precession is on a planet that spins about its axis with the angular velocity ~⌦, adding an o↵set to the
precession frequencies. Taking these into account, the two species’ precession frequencies can be summarized as

!Xe = !dXe
+ �0

Xe
(1� �Xe)hBiXe + !sd

Xe
+ ~⌦ · B̂ (2)

!He = !dHe
+ �0

He
(1� �He)hBiHe + !sd

He
+ ~⌦ · B̂ (3)

where
�0
Xe/He

=
2µXe/He

h̄ �Xe/He are the shielded gyromagnetic ratios of the atoms;

µXe/He are nuclear magnetic moments;
�Xe/He are the atomic diamagnetic shielding factors;
�Xe/He are species-dependent chemical shifts which depend on pressure, temperature, surrounding materials, etc.;
hBiXe/He is the magnetic field averaged over space and time in the presence of second- and higher-order

gradients which are not identically averaged by the two species due to di↵erent di↵usion constants;
!sd
Xe/He

is the species dependent shift;
~⌦ is the Earth’s rotation frequency, and ~⌦ · B̂ is its projection onto ~B.

The comagnetometer frequency is defined as the combination

!co ⌘ !Xe �R!He, (4)

where R = 1/2.7540816 is the nominal ratio of shielded gyromagnetic ratios. Using Eqs. 2 and 3 with !dHe
= 0, the

comagnetometer frequency is

!co = !dXe
+
⇥
�0
Xe
(1� �Xe)hBiXe �R�0

He
(1� �He)hBiHe

⇤
+ (!sd

Xe
�R!sd

He
) + (1�R)~⌦ · B̂. (5)

Further insight is gained by considering the lowest-order response to changes of hBiXe/He and �Xe/He:

hBiXe/He = B +�BXe/He,
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COMAGNETOMETER SENSITIVITY TO MAGNETIC FIELD PERTURBATIONS

Ideally, a comagnetometer EDM measurement uses two species with identical responses to magnetic perturbations
and very di↵erent sensitivities to CPV e↵ects. We have chosen 129Xe and 3He, two F = 1/2 atoms. (Diamagnetic
atoms’ sensitivity to CPV is approximately proportional to Z2 [? ].) Note that both 129Xe and 3He have negative

magnetic moments, i.e. the magnetic moment is opposite the total angular momentum ~F ; therefore, for positive ~d
(parallel to ~F ), the precession frequency will decrease when ~E is parallel to B̂ ( ~E · B̂ > 0). Thus, an EDM contributes
a frequency shift to each species given by

!d = �2d

h̄
~E · B̂. (1)

Potential systematic e↵ects, i.e. false-EDM signals, arise because the two species have di↵erent responses to the
magnetic field environment due to chemical shifts, di↵usion in magnetic field gradients, and species-dependent self
and cross-species interactions. Additionally, while the spins are in an inertial frame, the apparatus that measures
their spin precession is on a planet that spins about its axis with the angular velocity ~⌦, adding an o↵set to the
precession frequencies. Taking these into account, the two species’ precession frequencies can be summarized as

!Xe = !dXe
+ �0

Xe
(1� �Xe)hBiXe + !sd

Xe
+ ~⌦ · B̂ (2)

!He = !dHe
+ �0

He
(1� �He)hBiHe + !sd

He
+ ~⌦ · B̂ (3)

where
�0
Xe/He

=
2µXe/He

h̄ �Xe/He are the shielded gyromagnetic ratios of the atoms;

µXe/He are nuclear magnetic moments;
�Xe/He are the atomic diamagnetic shielding factors;
�Xe/He are species-dependent chemical shifts which depend on pressure, temperature, surrounding materials, etc.;
hBiXe/He is the magnetic field averaged over space and time in the presence of second- and higher-order

gradients which are not identically averaged by the two species due to di↵erent di↵usion constants;
!sd
Xe/He

is the species dependent shift;
~⌦ is the Earth’s rotation frequency, and ~⌦ · B̂ is its projection onto ~B.

The comagnetometer frequency is defined as the combination

!co ⌘ !Xe �R!He, (4)

where R = 1/2.7540816 is the nominal ratio of shielded gyromagnetic ratios. Using Eqs. 2 and 3 with !dHe
= 0, the

comagnetometer frequency is

!co = !dXe
+
⇥
�0
Xe
(1� �Xe)hBiXe �R�0

He
(1� �He)hBiHe

⇤
+ (!sd

Xe
�R!sd

He
) + (1�R)~⌦ · B̂. (5)

Further insight is gained by considering the lowest-order response to changes of hBiXe/He and �Xe/He:

hBiXe/He = B +�BXe/He,

2

where B is the magnetic field spatially averaged over the cell and �BXe/He is the di↵erence of the field actually
averaged by the two species.

R = R0 +�R =
�0
Xe
(1� �Xe)

�0
He
(1� �He)

,

where

R0 =
�0
Xe

�0
He

; �R ⇡ R0 (�He � �Xe) . (6)

Therefore, Eq. 5 reduces to

!co ⇡ !d

+ (1�R) ~⌦ · B̂
� �0

He
�RB

+ �0
Xe

(�BXe ��BHe)

+
�
!sd
Xe

�R!sd
He

�
. (7)

The 2nd through 4th terms in Eq. 7 indicate the sensitivity of !co to the magnitude, direction, and gradients of the
magnetic field. Any correlation of these with the HV may cause a false-EDM signal. Such correlations are expected
from possible leakage currents that flow across the cell, magnetization induced by charging currents that flow when
the HV is changed, and motion of the measurement cell due to electrostatic forces that change with the HV. Our
approach to estimating false-EDM signals is based on auxiliary measurements that measure the comagnetometer
frequency response to amplified leakage and charging currents, gradients, and cell motion, which are scaled to the
observed maximum of these parameters monitored during the experiment.

In Table I, we show how the systematic error from false-EDM e↵ects were determined from auxiliary measurements.
The comagnetometer drift is not a direct coupling to the magnetic field and is addressed in the next section.

Leakage current Charging current
Cell

translation
Cell rotation External dipole (loop test)

Auxiliary
measurement

Single turn
±0.1–1 µA

±10–20 µA N/A ±5�
Loop attached to electrode

0–100 µA

Linear
dependence

@!co

@I

@!co

@I

@!co

@z

@!co

@✓

@!co

@!He

= (1.32± 0.93)
Hz/A

= (�0.3±1.2)⇥10�3

Hz/A
= 3⇥ 10�7

Hz/m
=0.6 µHz/rad = (�1.55± 0.28)⇥ 10�3

Observed
HV-correlated
maximum

Ileakage = 97 pA Icharging = 19 nA �z  30 µm �✓  33 µrad �!HV

He = (�181.4± 124.4) nHz

False EDM (e cm) 1.2⇥ 10�28 1.7⇥ 10�29 1.9⇥ 10�30 4.2⇥ 10�29 2.6⇥ 10�28

TABLE I. Systematic e↵ects arising from HV-correlated magnetic field perturbations that lead to false-EDM signals. Each col-
umn corresponds to an HV-correlated e↵ect. The HV-correlated frequency shift is found from the linear dependence multiplied
by the maximum observed change during the EDM measurements. The false EDM is the 68% c.l. upper limit of frequency shift
multiplied by the conversion factor 7⇥ 10�28 e cm/Hz. The loop test measured @!co

@!He

and is most sensitive to the higher-order

gradient contribution �0
Xe (�BXe ��BHe). In lieu of a direct auxiliary measurement of cell translation, this was used to set an

upper limit on the false EDM due to cell translation with respect to a gradient source external to the cell, and the total cell
translation false EDM added this to the limit on translation coupled to the B dependence.

FIG. 1. Top: Segment frequencies !co (left axis) and the HV pattern (right axis) for a single cell-filling run. The o↵set of the
comagnetometer frequency is due largely to the combination of the chemical shift and Earth’s rotation, which are compensated
by combining segment frequencies in combinations of two or more segments with opposite HV. See Eq. 7 and the following
discussion. Bottom: Four-segment EDMs, which compensate linear drifts; (left/gray) uncorrected and (right/black) corrected
for higher order drifts. The drift correction reverses with the polarity of the first HV segment in the sequence of four and
increases in magnitude later in the run.

EDM
Earth’s rotation

Residual B-dependence (chemical shifts)

Diffusion affects averaging of B: 

Species-dependent drifts

!
B

∂2
!
B

∂z2
...
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Species dependent drift 
(J. Meinel, W. Terrano et al.)

Transverse (RBS) dependence very small Longitudinal dependence dominant
   Xe-He scalar contact 
   Rotation of ML by resonant

transverse field ~ radiation damping

Perfe
ct c

omagneto
meter

Oteiza PhD Dissertation (1992)
D. Sheng, A. Kabcenell, and M. V. Romalis. 
Phys. Rev. Lett., 113:163002 (2014).
M. E. Limes, N. Dural, M. V. Romalis, E. L Foley, 
T. W. Kornack, A. Nelson, L. R. Grisham, and J. Vaara.
Phys Rev A 100, 010501 (2019).

W. A. Terrano,J. Meinel, N. Sachdeva, T. Chupp, S. Degenkolb, 
P. Fierlinger, F. Kuchler, and J. T. Singh. 
Phys Rev A 100, 012502 (2019)

ML

MT Phase shift: freq shift
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From  10-27 to 10-30 e-cm 

Increase S/N           
 Quieter SQUID →3 fT/√Hz      3x
 Coupling to cell (cold-warm)+4 loops   5x
 Improved polarizer         2x
Larger E
 Optimize gas mixture         1.5x
Longer HV dwell (t) 
 Cell shape, π/2 pulse (t-3/2)      8x
Phase analysis           2x
Duty factor and integration (1 year)      5x
                  3600
 

	

  

€ 

σd ≈
1
2E
!
T2

1
S /N

∝
1
𝜏*/, Per HV dwell time t
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Axial gradiometer 1 

Optimized 
EDM cell

Axial gradiometer 2Axial gradiometer 3 

Axial gradiometer 4

Reference 
magnetometer

Magnetometer 
in x

Magnetometer 
in y

o Paired axial gradiometer (e.g., 1 and 3) serves as 
synthetic planar gradiometer.

o Effectively less susceptible to vibration-induced and 
ambient noises.

Increase S/N
Young-Jin Kim, S. Clayton (LANL)

Small Tristan Low-noise Dewar 
(Dewar inner diameter = 4.1 cm)

Numerical simulation of EDM signal 
at the bottom pickup loops  
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Large loop 
(top)

Large loop 
(bottom)

2.34 
cm

2.6 

cm

3 cm

3 cm

1.27 cm1.59 cm

Twisted pair lead, connected to SQUIDs

2 turns

twisted pair wires

Two diameters for comparison

0.254 mm 
NbTi wire 
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Increase S/N
Young-Jin Kim, S. Clayton (LANL)



• Gradiometer 2 Field Noise with/without B0 field

100 101 102 103

 Frequency (Hz)

10-15

10-14

10-13

10-12

 F
iel

d 
no

ise
 ( 

 T
 / 

 H
z )

 

Gradiometer 2 with B0 OFF
Gradiometer 2 with B0 ONVibration

<2.5 fT/√Hz > 20 Hz 
Design: 1 ft/√Hz
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Noise: 3X (B0 supply needs work)

Increase S/N
Young-Jin Kim, S. Clayton (LANL)



Reduce cold-warm distance

Corona dome

Ground electrode

CellHV 
electrode

Electrodes and corona dome made of high resistivity material to suppress magnetic 
Johnson noise 1 fT/sqrt(Hz) at 100 Hz (at SQUID), e.g. SiC.

N. S. Phan, S. M. Clayton, Y. J. Kim, T. M. Ito, J. Appl. Phys. 136, 124901 (2024).

tra. We also present in Appendix B analytical calculations of
noise from nonmagnetic conducting objects that can model
other common experimental parts used in precision measure-
ments.

II. PRINCIPLES

The principle of calculating magnetic field noise from
energy dissipation in the source material has been demon-
strated by several authors. For example, see Refs. 4, 5, and
11. The argument is summarized as follows. If at a point r!
there is a fluctuation of magnetic field along a direction n̂,
with power spectral density SB!f", an N-turn pickup coil lo-
cated at r! directed along n̂ will develop a fluctuating voltage,
according to the Faraday’s law, with power spectral density

SV!f" = A2N2!2SB!f" . !1"

Here !=2" f and A is the area of the pickup coil, assumed to
be small so that the field is uniform over the area. We further
assume that the coil is purely inductive, for example by mak-
ing it superconducting, so that in the absence of an external
material !noise source" there is no voltage fluctuation due to
conventional Nyquist noise, SV,coil=4kTRcoil=0. Now assume
that we take the pickup coil and the material responsible for
the noise as a single effective electronic element, whose
small-excitation response is characterized by an impedance
Z. The fluctuation-dissipation theorem applied to this system
states that the voltage fluctuation at the terminals of the
pickup coil is related to the real part of Z, Re#Z!f"$%Reff, by

SV!f" = 4kTReff!f" . !2"

Here the system is assumed to be at thermal equilibrium at
temperature T, k is the Boltzmann constant, and the effective
resistance Reff is obtained from the time-averaged power dis-
sipation in the system

P!f" =
1
2

I2Reff!f" !3"

incurred by an oscillating current I!t"= I sin ! t flowing in
the pickup coil whose amplitude I is small so that the re-
sponse is linear. In the absence of the resistance of the pickup
coil itself, the power dissipation is entirely due to the loss in
the material driven electromagnetically by the current I!t".
From Eqs. !1"–!3" this power determines the magnetic field
noise by

#B!f" % &SB!f" =
&4kT&2P!f"

ANI!
. !4"

Since the power P scales quadratically with the driving di-
pole p%ANI in the linear response regime, the above equa-
tion is independent of the size and driving current of the
pickup coil. The usefulness of this expression lies in the fact
that, in most cases, calculation of power loss is much easier
than that of magnetic field noise, the latter requiring an in-
coherent sum of vectorial contributions from many fluctua-
tion modes inside the source material.

For high-permeability metals and ceramics used for
magnetic shields the primary sources of power loss at low
frequencies !$1 MHz" are eddy current loss Peddy

='V
1
2 %E2 dv and hysteresis loss Physt='V

1
2 !&!H2 dv.14,15

Here % is the conductivity, &! is the imaginary part of the
permeability &=&"− i&!, and the integrals are over the vol-
ume of the material in which oscillating electric and mag-
netic fields of amplitude E and H, respectively, are induced
by I!t".

For a given driving dipole strength p, the eddy current
j= %E is proportional to the frequency !, therefore Peddy
leads to a frequency independent !white" noise according to
Eq. !4", to the extent that % is frequency independent. On the
other hand, Physt, assuming frequency-independent &, leads
to a noise with 1 / f power spectrum, which is indeed ob-
served in experiments with ferromagnetic transformer
cores.12 In the following sections we will denote the noises
associated with Peddy and Physt by #Bcurr and #Bmagn, respec-
tively.

We emphasize that by applying the Nyquist relation to
noise calculation, we assume that the noise generating me-
dium is linear. Whereas ferromagnets are in general not lin-
ear, many materials, including mu-metal and Mn-Zn ferrite,
used for magnetic shields and transformers are soft by re-
quirement. For these materials, the energy needed for domain
wall movement and reorientation is much less than kT, and
the response of magnetization to harmonic driving field is
well represented by a !frequency-dependent" complex per-
meability. Previous experimental measurements of the mag-
netic noise generated by soft ferromagnetic toroidal
transformers12 and a Mn-Zn ferrite enclosure13 have shown
good agreement with calculations based on the Nyquist rela-
tion. In addition to the steady-state thermal noise considered
here, if a ferromagnet is subjected to a time-dependent driv-
ing magnetic field, sudden, steplike movements of domain
walls also produce Barkhausen noise.16 Since this is not a
typical experimental situation in precision measurements,
such noise is not considered in this paper.

III. POWER LOSS CALCULATION FOR HIGH-
PERMEABILITY SHIELDS WITH CYLINDRICAL
SYMMETRY

In this section we calculate power dissipation in high-
permeability shields with cylindrical symmetry when the
driving dipole is on and along the axis of the shield. See Fig.
1!a" for a representative geometry. We restrict ourselves to a
quasi-static regime where the magnetic field amplitude inside
the shield material is given by its dc value, ignoring pertur-
bation due to induced !eddy" currents, which is proportional
to the frequency. The power dissipation when the dipole is at
other locations and along other directions can be calculated
numerically with, for instance, a three-dimensional finite el-
ement analysis software commonly used for power loss cal-
culations in transformer cores.

Figure 1!a" also shows several magnetic field lines, cal-
culated numerically, in the '-z plane around the shield gen-
erated by a current loop modeling a driving dipole. Two fea-
tures are noticeable. First, the field lines entering the shield
are very nearly normal to the surface, reflecting the well-
known boundary condition involving a high-permeability
material. Second, most of the field lines reaching the shield
are subsequently confined within the thickness of the shell,

084904-2 S.-K. Lee and M. V. Romalis J. Appl. Phys. 103, 084904 !2008"

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp

Fluctuation-Dissipation theorem and a finite element tool (COMSOL).

< 0.5 ft/√Hz (flat over freq.)
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Axial gradiometer 1 

Optimized 
EDM cell

Axial gradiometer 2Axial gradiometer 3 

Axial gradiometer 4

Reference 
magnetometer

Magnetometer 
in x

Magnetometer 
in y

Rotating-field test coil
Henry Sottrel (UMich)
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Increase E
T. Ito (LANL)

2” diameter SS sphere electrodes

Paschen-curve measurement of breakdown
Xe, He, and N2 mixture

Optimize gas mixture for E
 AND 129Xe/3He polarization 
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Pure x
enon

He,X
e,N

2

|E|:1.5-2X



Longer t
W. Terrano (ASU)

and other parameters including T!
2 and comagnetometer

drift rate [26].
The comagnetometer-drift corrected results for 2017 and

2018 were confirmed with two independent analyses and
are presented in Table I. The combined result is

dAð129XeÞ ¼ ½1.4& 6.6ðstatÞ' × 10−28 e cm: ð2Þ

The statistical error is the uncertainty of the weighted
average of the uncorrected measurements, and χ2 ¼ 68 for
79 degrees of freedom Combined with the systematic error
from Table I, we find jdAð129XeÞj ≤ 1.4 × 10−27 e cm
(95% C.L.). This is a factor of 5 improvement in sensitivity
over the previous limit of jdAð129XeÞj ≤ 6.6 × 10−27 e cm
(95% C.L.) [12]. Bootstrapping [36] the unblinded 2017
and 2018 subrun data to estimate the error on the mean
resulted in an estimate of 7.4 × 10−28 e cm.
Further improvement to the polarization, SQUID Dewar

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 reduced
with a more precise π=2 flip, tuning the ratio of 129Xe=3He
polarizations, which was shown to be effective 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. [4,5], in
particular lowering the limits on ḡ0;1π and θ̄ by factors of
two andCT by a factor of about 5 [37]; it can also be used to
constrain the QCD axion contribution to EDMs by a factor
of about five compared to that reported in [8].
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FIG. 3. All drift-corrected EDM measurements by run indicat-
ing the cell used, cell pressure, and the magnetic field direction.
During the 2018 run, an adjusted polarization routine resulted in a
reduction of the comagnetometer drift allowing for longer seg-
ments and increased SNR. Therefore, runs from the last week of
data collection had improved statistical sensitivity.
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Duty-factor: Full time polarizer
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“De-magnetized” PFE valves

Duty-factor: Full time polarizer
Henry Sottrel (UMich)



From  10-27 to 10-30 e-cm 

Increase S/N           
 Quieter SQUID →3 fT/√Hz      3x
 Coupling to cell (cold-warm)+4 loops   5x
 Improved polarizer         2x
Larger E
 Optimize gas mixture         1.5x
Longer HV dwell (t) 
 Cell shape, π/2 pulse (t-3/2), MXe/He      >8x
Phase analysis           2x
Duty factor and integration (1 year)      5x
              1200-3600
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Towards 10-30 e-cm
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