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FIG. 4 (Color online) Sensitivity of the electron EDM (left panel) and neutron EDM (right panel) to the baryon asymmetry
in the MSSM. The horizontal axes give the bino soft mass parameter, M1; the vertical axes give the sine of the relative phase
of M1, the supersymmetric µ parameter, and the soft Higgs mass parameter b. The green bands indicate the values of these
parameters needed to obtain the observed baryon asymmetry. Nearly horizontal lines give contours of constant EDMs. Figure
originally published in Li et al. (2009).

B. General framework

As indicated by FIG. 1, EDMs in experimentally acce-
sible systems arise from CP-violation at a fundamental
level that is manifest at several energy or length scales.
The Lagrangian for a fundamental theory incorporating
SM CKM and ✓̄ and contributions together with BSM
physics can be written

LCPV = LCKM + L
✓̄

+ LBSM. (14)

The general framework that connects this to experiment,
E↵ective Field theory (EFT), absorbs higher-energy pro-
cesses into a set of operators that contribute at a scale
⇤ resulting in a set of weak scale, non-renormalizable
operators involving only SM fields. The corresponding
amplitudes scale as (v/⇤)d�4, where d is the operator’s
canonical dimension and v = 246 GeV is the Higgs vac-
uum expectation value.

The ✓̄ term in LCPV enters at EFT dimension four,
while CKM-generated fermion EDMs are dimension five,
but elecro-weak SU(2) ⇥ U(1) gauge invariance requires
coupling through the Higgs field making these e↵ectively
dimension six. BSM physics enters at dimension six and
higher i.e,

LBSM ! L
e↵

CPV
=

X

k,d

↵
(d)

k

✓
1

⇤

◆d�4

O
(d)

k
, (15)

where ↵
(d)

k
is the Wilson coe�cient for each operator

O
(d)

k
, k denotes all operators for a given d that are invari-

ant under both SU(2) and U(1), and the operators con-
tain only SM fields. However when considering only first
generation SM fermions and SM bosons, it is su�cient to
consider only d = 6. At this order, the relevant set of op-
erators, i.e. the “CP-violating sources” listed in Table II,
include the fermion SU(2)L and U(1)Y electroweak dipole
operators and the SU(3)C chromo-electric-dipole opera-
tors; a set of four fermion semi-leptonic and non-leptonic
operators; a CP-violating three-gluon operator; and a
CP-violating fermion-Higgs operator. After electroweak
symmetry-breaking, the dipole operators induce the el-
ementary fermion EDMs and Chromo-EDMs (CEDMs)
as well as analogous fermion couplings to the massive
electroweak gauge bosons that are not directly relevant
to the experimental observables discussed in this review.
The fermion-Higgs operator induces a four-quark CP-
violating operator whose transformation properties are
distinct from the other four-quark operators listed in Ta-
ble II.

The second term of the electromagnetic Lagrangian in
Eq 3 describes the EDM interaction for an elementary
fermion f , which couples left-handed to right-handed

fermions. Letting the Wilson coe�cient ↵
(6)

fVk
= gkCfVk ,

where k = B, W, G labels the Standard-Model elec-
troweak (B and W ) and gluon (G) gauge fields

LEDM = �i
df

2
 ̄�

µ⌫
�

5
Fµ⌫ 

=
1

⇤2
(gBCfBOfB + 2I3gW CfW OfW ),

(16)

dA=hede+ kSS(qQCD,gp) + (kTCT+kSCS) + h.o
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Lazauskas, and Gudkov (2013), Wirzba, Bsaisou, and Nogga
(2017), and Yamanaka (2017)].

3. Paramagnetic systems

In paramagnetic systems with one or more unpaired elec-
trons, there is a net electric field E⃗eff at the electron’s average
position that is generallymuch greater than a laboratory electric
field (many V=Å or GV=cm). Consequently the EDMs of
paramagnetic atoms and P-odd and T-odd observables in
polar molecules are dominated by the electron EDM and the
nuclear-spin-independent electron-nucleon interaction, which
couples to a scalar (S) component of the nucleus current.
Taking the nuclear matrix element of the interactions given in
Eq. (23) and assuming nonrelativistic nucleons lead to the
atomic Hamiltonian

ĤS ¼
iGFffiffiffi
2

p δðr⃗Þ½ðZ þ NÞCð0Þ
S þ ðZ − NÞCð1Þ

S &γ0γ5. ð55Þ

The resulting atomic EDM dA is given by

dparaA ¼ ρeAde − κð0ÞS CS; ð56Þ

where

CS≡ Cð0Þ
S þ

"
Z − N
Z þ N

#
Cð1Þ
S ; ð57Þ

and ρeA and κð0ÞS are obtained from atomic and hadronic
computations.
For polar molecules, the effective Hamiltonian is

Ĥmol ¼ ½Wdde þWSðZ þ NÞCS&S⃗ · n̂þ ' ' ' ; ð58Þ

where S⃗ and n̂denote the unpaired electron spin and the unit
vector along the intermolecular axis, respectively. The quan-
tities Wd ∝ Eeff and WS that give the sensitivities of the
molecular energy to the electron EDM and electron-quark
interaction are obtained from molecular structure calculations
(Mosyagin, Kozlov, and Titov, 1998; Ginges and Flambaum,
2004; Petrov et al., 2007; Meyer and Bohn, 2008; Fleig and
Nayak, 2013; Skripnikov, Petrov, and Titov, 2013; Skripnikov,
2017). The resulting ground-state matrix element in the
presence of an external electric field E⃗ext is

hg:s:jĤmoljg:s:i ¼ ½Wdde þWSðZ þ NÞCS&ηðEextÞ; ð59Þ

with

ηðEextÞ ¼ hg:s:jS⃗ · n̂jg:s:iEext
: ð60Þ

This takes into account the orientation of the internuclear axis
and the internal electric field with respect to the external field,
i.e., the electric polarizability of the molecule. This leads to
the observable, a P-odd and T-odd frequency shift measured
in molecular experiments discussed in Sec. IV.C.

4. Diamagnetic atoms and molecules

The EDMs of diamagnetic atoms of present experimental
interest arise from the nuclear Schiff moment and the

nuclear-spin-dependent electron-nucleon interaction, which
couples to the tensor (T) nuclear current. The Schiff moment,
accounting for both contributions from the EDMs of unpaired
nucleons and the long-range pion-nucleon coupling, can be
written

S¼ sNdN þmNgA
Fπ

½a0ḡ
ð0Þ
π þ a1ḡ

ð1Þ
π þ a2ḡ

ð2Þ
π &; ð61Þ

where contributions from the unpaired nucleon EDMs are
given by sðdNÞ ¼ sndnþ spdp (Dzuba, Flambaum, and
Silvestrov, 1985; Dmitriev and Sen’kov, 2003; Ban et al.,
2010; Yoshinaga, Higashiyama, and Arai, 2010). Values of
a0;1;2 from Eq. (61) for 199Hg, 129Xe, 225Ra, and TlF are
presented in Table V. These depend on the details of the
assumed nucleon-nucleon interaction. However, note that there
is no single consistent approach for all nuclei of interest. As
discussed, each isospin component may be particularly sensi-
tive to a subset of the possible CP-violating interactions. For
example, the QCD parameter θ̄ contributes most strongly to
ḡð0Þπ , while the effect of WL −WR mixing in the left-right
symmetric model shows up most strongly in ḡð1Þπ .
The nucleon EDM long-range and short-range contribu-

tions to the Schiff moment can be separated using Eq. (51)
to write

S¼ sNd̄srN þ
$
mNgA
Fπ

a0 þ sNαn̄gð0Þπ

%
ḡð0Þπ

þ
$
mNgA
Fπ

a1 þ sNαn̄gð1Þπ

%
ḡð1Þπ ; ð62Þ

where the coefficients αNḡð0;1Þπ
, given in Table IV, are the factors

multiplying ḡð0Þπ and ḡð1Þπ in Eq. (51), and the smaller ḡð2Þπ pion-
nucleon contribution to S has been dropped.
Contributions from the electron-nucleus interaction are

revealed in the Hamiltonian resulting from Eq. (24):

ĤT ¼ 2iGFffiffiffi
2

p δðr⃗Þ½Cð0Þ
T þ Cð1Þ

T τ3&σ⃗N · γ⃗; ð63Þ

where the sum over all nucleons is again implicit; τ3 is the
nucleon isospin Pauli matrix, σ⃗N is the nucleon spin Pauli
matrix, and γ⃗ acts on the electron wave function. Including the
effect of ĤT , the individual nucleon EDMs dN , and the nuclear
Schiff moment S [Eq. (7)], one has

dAðdiaÞ ¼ κSS− ½kð0ÞCT
Cð0Þ
T þ kð1ÞCT

Cð1Þ
T &; ð64Þ

where κS and k
ð0;1Þ
CT

give the sensitivities of the ddiaA to the Schiff
moment and the isoscalar and isovector electron-quark tensor
interactions and are provided in Tables IVand V. As indicated
in Eq. (25), the isoscalar and isovector tensor couplings
depend on the same Wilson coefficient ImCð3Þ

lequ , so their
values differ only due to the different nucleon tensor form
factors. Until recently, there has been limited information on
the nucleon tensor form factors gð0;1ÞT . Computations using

Chupp et al.: Electric dipole moments of atoms, molecules, …

Rev. Mod. Phys., Vol. 91, No. 1, January–March 2019 015001-17

Lazauskas, and Gudkov (2013), Wirzba, Bsaisou, and Nogga
(2017), and Yamanaka (2017)].

3. Paramagnetic systems

In paramagnetic systems with one or more unpaired elec-
trons, there is a net electric field E⃗eff at the electron’s average
position that is generallymuch greater than a laboratory electric
field (many V=Å or GV=cm). Consequently the EDMs of
paramagnetic atoms and P-odd and T-odd observables in
polar molecules are dominated by the electron EDM and the
nuclear-spin-independent electron-nucleon interaction, which
couples to a scalar (S) component of the nucleus current.
Taking the nuclear matrix element of the interactions given in
Eq. (23) and assuming nonrelativistic nucleons lead to the
atomic Hamiltonian
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A global analysis
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The nuclear Schi↵ moment arises from a TVPV nucleon-nucleon interaction generated by the pion exchange,
where one of the pion-nucleon vertices is the strong pion-nucleon coupling and the other is the TVPV pion-nucleon
interaction:

L
TVPV
⇡NN = N̄

h
ḡ
(0)
⇡ ~⌧ · ~⇡ + ḡ

(1)
⇡ ⇡

0 + ḡ
(2)
⇡

�
3⌧3⇡

0
� ~⌧ · ~⇡

�i
N . (II.13)

As discussed in detail in [1] and references therein, the isotensor coupling ḡ
(2)
⇡ is generically suppressed by a factor

. 0.01 with respect to ḡ
(0)
⇡ and ḡ

(1)
⇡ by factors associated with isospin-breaking and/or the electromagnetic interaction

for underlying sources of CPV. Consequently we will omit ḡ
(2)
⇡ from our analysis. The nuclear Schi↵ moment can then

be expressed as

S =
mNgA

F⇡

h
a0ḡ

(0)
⇡ + a1ḡ

(1)
⇡

i
(II.14)

where gA ⇡ 1.27 is the nucleon isovector axial coupling, and F⇡ = 92.4 MeV is the pion decay constant. The specific
values of a0,1 for the nuclei of interest are tabulated in Table VI. As discussed in detail in Ref. [1], there exists
considerable uncertainty in the nuclear Schi↵ moment calculations, so we will adopt the “best values” and theoretical
ranges for the a0,1 given in that work.

The neutron and proton EDMs arise from two sources. The long-range contributions from the TVPV ⇡-NN

interaction have been computed using heavy baryon chiral perturbation theory, with the remaining short distance
contributions contained in the “low-energy constants” d̄

sr
n and d̄

sr
p [17]:

dn = d̄
sr
n �

egAḡ
(0)
⇡

8⇡2F⇡

(
ln

m
2
⇡

m
2
N

�
⇡m⇡

2mN
+

ḡ
(1)
⇡

4ḡ
(0)
⇡

(1 � 0)
m

2
⇡

m
2
N

ln
m

2
⇡

m
2
N

)
(II.15)

dp = d̄
sr
p +

egAḡ
(0)
⇡

8⇡2F⇡

(
ln

m
2
⇡

m
2
N

�
2⇡m⇡

mN
�

ḡ
(1)
⇡

4ḡ
(0)
⇡


2⇡m⇡

mN
+ (

5
2

+ 0 + 1)
m

2
⇡

m
2
N

ln
m

2
⇡

m
2
N

�)
, (II.16)

where 0 and 1 are the isoscalar and isovector nucleon anomalous magnetic moments, respectively. At present, we
do not possess an up-to-date, consistent set of ⇢

N
Z for all of the diamagnetic atoms of interest here. Rather than

introduce an additional set of associated nuclear theory uncertainties, we thus do not include these terms in our fit.
Looking to the future, additional nuclear theory work in this regard would be advantageous since, for example, the
sensitivity of the present 199Hg result to dn is not too di↵erent from the limit obtained in Ref. [4].

Low energy parameters: summary

Based on the foregoing discussion, our global analysis of EDM searches will take into account the following param-
eters:

• Paramagnetic atoms and polar molecules: de and CS

• Neutron and diamagnetic atoms: ḡ
(0)
⇡ , ḡ

(1)
⇡ , d̄

sr
n , and C

(0,1)
T for the neutron and diamagnetic atoms.

B. CPV sources of the low-energy parameters

In order to interpret the low-energy parameters in terms of underlying sources of CPV, we will consider those
contained in the SM as well as possible physics beyond the SM. A convenient, model independent framework for doing
so entails writing the CPV Lagrangian in terms of SM fields [1]:

LCPV = LCKM + L✓̄ + L
e↵
BSM . (II.17)

Here the CPV SM CKM [22] and QCD [23–25] interactions are

LCKM = �
ig2
p

2
V

pq
CKMŪ

p
L 6W

+
D

q
L + h.c. , (II.18)

L✓̄ = �
g
2
3

16⇡2
✓̄ Tr

⇣
G

µ⌫
G̃µ⌫

⌘
, (II.19)

where g2 and g3 are the weak and strong coupling constants, respectively, U
p
L (Dp

L) is a generation-p left-handed
up-type (down-type) quark field, V

pq
CKM denotes a CKM matrix element, W

±
µ are the charged weak gauge fields, and

dA =αCT
CT +κS (a0gπ

0 + a1gπ
1 + a2gπ

2 )
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FIG. 32 Combinations of hadronic parameters allowed by experimental results for the best values for ↵ij in Table IV with
↵

Hg,ḡ
(1)
⇡

= 1.6 ⇥ 10�17 and ↵Ra,d̄sr
n

= �8 ⇥ 10�4. The allowed values at 68% c.l. are contained within the ellipses for each pair

of parameters.

d̄
sr

n (e cm) ḡ
(0)

⇡ ḡ
(1)

⇡ C
(0)

T

Range from best values
with ↵g1

⇡
(Hg) = +1.6 ⇥ 10�17 (�4.8-9.8) ⇥ 10�23 (�6.6-3.2) ⇥ 10�9 (�1.0-0.5) ⇥ 10�9 (�3.5-1.6) ⇥ 10�7

Range from best values
with ↵g1

⇡
(Hg) = 0 (�4.3-3.4) ⇥ 10�23 (�2.3-2.9) ⇥ 10�9 (�0.6-1.3) ⇥ 10�9 (�3.2-4.0) ⇥ 10�7

Range from best values
with ↵g1

⇡
(Hg) = �4.9 ⇥ 10�17 (�9.3-2.6) ⇥ 10�23 (�1.8-6.3) ⇥ 10�9 (�1.2-0.4) ⇥ 10�9 (�11-3.8) ⇥ 10�7

Range from full variation of ↵ij (�12-12) ⇥ 10�23 (�7.9-7.8) ⇥ 10�9 (�1.3-1.1) ⇥ 10�9 (�6.6-4.6) ⇥ 10�7

Upper limits (95% c.l.) 2.4 ⇥ 10�22 1.5 ⇥ 10�8 2.4 ⇥ 10�9 1.1 ⇥ 10�6

TABLE XII Revised values and ranges for coe�cients for diamagnetic systems and the neutron. The first three rows give the
68% c.l. range allowed by experiment combined with the best values of the coe�cients ↵ij covering the reasonable range of
↵

Hg,ḡ
(1)
⇡

with ↵Ra,d̄sr
n

= �8 ⇥ 10�4; the fourth row gives ranges of coe�cients for the entire reasonable ranges of the coe�cients

↵ij given in Table IV, and the bottom row presents the 95% c.l. upper limits on the coe�cients for the full reasonable ranges
of the coe�cients.
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Axion-like contributions

 

New constraints on axion-mediated P,T-violating interaction from electric
dipole moments of diamagnetic atoms

V. A. Dzuba,1 V. V. Flambaum,1 I. B. Samsonov,1,2 and Y. V. Stadnik3
1School of Physics, University of New South Wales, Sydney, New South Wales 2052, Australia
2Bogoliubov Laboratory of Theoretical Physics, JINR, Dubna, Moscow region 141980, Russia

3Helmholtz Institute Mainz, Johannes Gutenberg University, 55099 Mainz, Germany

(Received 8 May 2018; published 31 August 2018)

The exchange of an axionlike particle between atomic electrons and the nucleus may induce electric
dipole moments (EDMs) of atoms and molecules. This interaction is described by a parity- and time-
reversal-invariance-violating potential which depends on the product of a scalar gs and a pseudoscalar gp

coupling constant. We consider the interaction with the specific combination of these constants, gseg
p
N ,

which gives significant contributions to the EDMs of diamagnetic atoms. In this paper, we calculate these
contributions to the EDMs of 199Hg, 129Xe, 211Rn, and 225Ra for a wide range of axion masses. Comparing
these results with recent experimental EDM measurements, we place new constraints on gseg

p
N . The most

stringent atomic EDM limits come from 199Hg and improve on existing laboratory limits from other
experiments for axion masses exceeding 10−2 eV.

DOI: 10.1103/PhysRevD.98.035048

I. INTRODUCTION

In field theory, the interaction of the axion field a with
fermions ψ may be described by the Lagrangian density

Lint ¼ a
X

ψ

ψ̄ðgsψ þ igpψγ5Þψ ; ð1Þ

where gsψ and gpψ are model-dependent coupling constants
and γ5 ¼ −iγ0γ1γ2γ3 in the notation of [1] for Dirac
matrices. This Lagrangian appears naturally in the case
of the canonical axion, which solves the strongCP problem
of quantum chromodynamics [2–8]. In Eq. (1), we assume,
however, a generic axionlike particle, which couples to
different fermions with independent constants gsψ and gpψ .
Consistency with various experimental data imposes very
severe constraints on different combinations of such cou-
plings; see, e.g., Ref. [9] for a review. Since these
interactions are extremely weak, the axion can naturally
be considered a candidate for dark matter [10–12].
In atomic phenomena, the interaction (1) implies the

exchange of an axion between the atomic electrons and the
nucleus described by the P, T-violating potential

VðrÞ ¼ i
gpgs

4π
e−mar

r
γ0γ5; ð2Þ

where ma is the axion mass. In Ref. [13], it was shown that
this potential induces anomalous contributions to electric
dipole moments (EDMs) in atoms and molecules due to
mixing of atomic states of opposite parity. The comparison
of these EDMs with the corresponding experimentally

observed values imposes strong constraints on the coupling
constants gs and gp of the interaction (1).
Ref. [13] considered the case when the pseudoscalar

interaction constant gp ≡ gpe is attributed to the electron,
while the scalar interaction constant gs ≡ gsN corresponds to
either another electron or a nucleon. In the latter case, the
potential (2) reduces (in the nonrelativistic limit) to

VðrÞ ¼ −
gpe gsN
8πme

Σ · ∇
!
e−mar

r

"
; ð3Þ

where me is the electron mass and Σ ¼ ðσ0
0
σÞ is the Dirac

spin matrix vector acting on the electron wave functions.
Analysis of contributions to atomic EDMs due to the
potential (3) allowed the authors to place constraints on the
product of coupling constants gpe gsN . The constraints
derived in Ref. [13] gave a significant improvement over
previous laboratory limits on these interaction constants for
certain axion masses [14–20].
In this paper, we consider the opposite case, namely

when the constant gs ≡ gse corresponds to the interaction of
the axion with an electron, while gp ≡ gpN corresponds to
the interaction with a nucleon. In this case, the potential (2)
reduces to the following form

VðrÞ ¼ −
gseg

p
N

8πmN
σN · ∇

!
e−mar

r

"
γ0; ð4Þ

where mN and σN are the nucleon mass and its spin unit
vector, respectively. The Dirac matrix γ0 corresponds to the
atomic electrons. The potential (4) will allow us to place
new constraints on the combination of coupling constants

PHYSICAL REVIEW D 98, 035048 (2018)

2470-0010=2018=98(3)=035048(5) 035048-1 © 2018 American Physical Society

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 ðgsehZi þ 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].
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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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Summary of 129Xe Motivations
• Diamagnetic – nuclear spin system
• Alternative to 199Hg for both theory and experiment
– 199Hg Theory is difficult/ambiguous

• Discovery potential: not ruled out (model INdependent)
• Can be more sensitive to axions (Stednik&Flambaum)
• Xe comagnetometer for nEDM (e.g. TUCAN)

	

21

System ↵de = ⌘e ↵CS = WS ↵CS/↵de ref.
Cs 123 7.1 ⇥ 10�19 e cm 5.8 ⇥ 10�21 ( e cm) a, b,c

(100-138) (7.0-7.2) (0.6-0.7) ⇥ 10�20

Tl -573 �7 ⇥ 10�18 e cm 1.2 ⇥ 10�20 ( e cm) a, b

�(562-716) �(5-9) (1.1-1.2) ⇥ 10�20

YbF �3.5 ⇥ 1025 rad/s

e cm
�2.9 ⇥ 105 rad/s 8.6 ⇥ 10�21 ( e cm) d

�(2.9-3.8) �(4.6-6.8) (8.0-9.0) ⇥ 10�21

ThO �1.6 ⇥ 1026 rad/s

e cm
�2.1 ⇥ 106 rad/s 1.3 ⇥ 10�20 ( e cm) e, f , g

�(1.3-1.6) �(1.4-2.1) (1.2-1.3) ⇥ 10�20

HfF+ 3.5 ⇥ 1025 rad/s

e cm
3.2 ⇥ 105 rad/s 8.9 ⇥ 10�21 ( e cm) h, i, j

�(3.4-3.6) (3.0-3.3) (8.3-9.7)

TABLE III Sensitivity to de (↵de) and CS (↵CS ) and the ratio ↵CS/↵de for observables in paramagnetic systems based on
atomic theory calculations. Ranges (bottom entry) for coe�cients ↵ij representing the contribution of each of the T-odd/P-
odd parameters to the observed EDM of each system. For atomic systems, the atom EDM is measured, whereas for molecular
systems the P-odd/Todd frequency is measured, from which de and CS are determined from the tabulated ↵

0
s. (Note that for

YbF and ThO, ↵de = eEeff/~ = ⇡Wd, with Wd given in (Engel et al., 2013); for HfF+, ↵de = eEeff/~ (Cairncross et al., 2017)
and ↵CS = WS = WT,P

Z+N

Z
with WT,P given by (Skripnikov, 2017).) References: a (Ginges and Flambaum, 2004); b (Engel

et al., 2013); c (Nataraj et al., 2008); d (Dzuba et al., 2011, 2012), e (Meyer and Bohn, 2008); f (Dzuba et al., 2011, 2012);
g (Skripnikov et al., 2013); h (Petrov et al., 2007); i (Fleig and Nayak, 2013); j (Skripnikov, 2017).

System @d
exp

/@de @d
exp

/@CS (e cm) @d
exp

/@C
(0)

T
(e cm) @d

exp
/@ḡ

(0)

⇡ (e cm) @d
exp

/@ḡ
(1)

⇡ ( e cm) @d
exp

/@d̄
sr

n

neutron 1.5 ⇥ 10�14 1.4 ⇥ 10�16 1

129Xe -0.0008 �4.4 ⇥ 10�23
�6.1 ⇥ 10�21

�0.4 ⇥ 10�19
�2.2 ⇥ 10�19 1.7 ⇥ 10�5

�4.4-(�5.6) �6.1-(�9.1) �23.4-(1.8) �19-(�1.1) 1.7-2.4

199Hg -0.014 �5.9 ⇥ 10�22 3.0 ⇥ 10�20
�11.8 ⇥ 10�18 0 �5.3 ⇥ 10�4

�0.014-0.012 3.0-9.0 �38-(�9.9) (�4.9-1.6) ⇥ 10�17
�7.7-(�5.2)

225Ra 5.3 ⇥ 10�20 1.7 ⇥ 10�15
�6.9 ⇥ 10�15

5.3-10.0 6.9-0.9 �27.5-(�3.8) (�1.6-0) ⇥ 10�3

TlF 81 2.9 ⇥ 10�18 2.7 ⇥ 10�16 1.9 ⇥ 10�14
�1.6 ⇥ 10�13 0.46

0.5-2 �0.5-0.5

TABLE IV Coe�cients for P-odd/T-odd parameter contributions to EDMs for diamagnetic systems and the neutron. The
second line for each entry is the reasonable range for each coe�cient. The @d

exp
/@de and @d

exp
/@CS are from (Ginges and

Flambaum, 2004) and are based on (Mårtensson-Pendrill, 1985) and (Mrtensson-Pendrill and ster, 1987) for 129Xe, and 199Hg.
Also see (Fleig and Jung, 2018) for 199Hg. The @d

exp
/@de and @d

exp
/@CS for TlF are compiled in (Cho et al., 1991). The

@d
exp

/@C
(0)

T
are adjusted for the unpaired neutron in 129Xe, 199Hg and 225Ra using kT from (Ginges and Flambaum, 2004)

and is consistent with (Sahoo, 2017). For 225Ra @d
exp

/@C
(0)

T
is from (Dzuba et al., 2009; Singh and Sahoo, 2015a). The ḡ

(0)

⇡ ,

ḡ
(1)

⇡ and d̄
sr

n coe�cients for atoms and molecules are based on data provided in Table V; the range for 225Ra corresponds to
0  sn  2 fm2. For TlF, the unpaired neutron is replaced by an unpaired proton and the “best value” assumes d̄

sr

p = �d̄
sr

n ,
i.e. mostly isovector in analogy to the anomalous magnetic moment, while the range is defined by |d̄

sr

p |  |d̄
sr

n | .

System S = d

S
(cm/fm3) a0 = S

13.5ḡ
(0)
⇡

(e-fm3) a1 = S

13.5ḡ
(1)
⇡

(e-fm3) a2 = S

13.5ḡ
(
⇡2)

(e-fm3) sN (fm2)
129Xe 0.27 ⇥ 10�17 (0.27-0.38) �0.008(�0.005-(�0.05)) �0.006(�0.003-(�0.05)) �0.009(�0.005-(�0.1)) 0.63
199Hg �2.8 ⇥ 10�17( �4.0-(�2.8)) 0.01 (0.005-0.05) ±0.02 (�0.03-0.09) 0.02(0.01-0.06) 1.895 ± 0.035
225Ra �8.5 ⇥ 10�17 (�8.5-(�6.8)) �1.5 (�6-(�1)) +6.0 (4-24) �4.0 (�15-(�3))
TlF �7.4 ⇥ 10�14 -0.0124 0.1612 -0.0248 0.62

TABLE V Ranges and “best values” used in Chupp and Ramsey-Musolf (2015) for atomic EDM sensitivity to the Schi↵-

moment and dependence of the Schi↵ moments on ḡ
(0)

⇡ and ḡ
(1)

⇡ ; S and sN . References: TlF: (Coveney and Sandars, 1983a);
Hg:(Dzuba et al., 2002; Flambaum et al., 1986b; Singh and Sahoo, 2015b); Xe: (Dzuba et al., 1985b, 2002; Teruya et al., 2017);
Ra: (Dzuba et al., 2002; Singh and Sahoo, 2015a; Spevak et al., 1997a). Values for a0, a1 and a2 are compiled in (Engel et al.,
2013). The value of sn is from (Dzuba et al., 1985a) for 129Xe and from (Dmitriev and Sen’kov, 2003) for 199Hg; there is no
available calculation of sn for 225Ra. The value for sp for TlF is derived from (Cho et al., 1991).

Diamagnetic systems
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• 1963: Schiff’s theorem/violations
Motivated by Fairbank’s 3He idea

• 1980/4: Ramsey’s 3He comagnetometer proposal (nEDM)
• 1984: Forstons/Vold: single species 129Xe
• 1990: Oteiza – first He-Xe comagnetometer 
• 2001: Rosenberry – dual He-Xe maser
• 2014: HeXe @TUM – PTB*

Other efforts

• Romalis – LXe
• Active maser: Tokyo
• TRIUMF Xe (comagnetometer)
• Xe-129/He-3 MIXed (Mainz/Heidelberg/Juelich)

dXe <x10-27 e-cm

Brief history
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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
• 1990: Oteiza – first He-Xe comagnetometer 
• 2001: Rosenberry – dual He-Xe maser
• 2014: HeXe @TUM – PTB*

Other efforts
• Romalis – LXe
• Active maser: Tokyo
• TRIUMF Xe (comagnetometer)
• Xe-129/He-3 MIXed (Mainz/Heidelberg/Juelich)
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EDM Measurements

• Strong electric filed

•  Large signal needs POLARIZATION (usually optical pumping)

  

€ 

σd ≈
1
2E
!
T2

1
S /N

  

€ 

1
2E
!
T2

1
ϕnT2

Phase-noise limit

Count-rate limit
(P=A=1)

  

€ 

H = −
! 
µ ⋅
! 
B −
! 
d ⋅
! 
E 

• MEASURE FREQUENCIES

• AND MAGNETIC FIELDS - Comagnetometry
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1
2E
!
T2

1
Nγ

t

∝
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𝜏!/#

Per HV dwell
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t
t

Measurement time 
(HV dwell)

9/16/20 Snowmass 129Xe EDM - Tim Chupp 9



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)

M

1/T*2
1/τRD

CXe

CHe

Phase
Detector

3700 Hz

Magnetic
Field Control

Laser (795 nm)Pump Cell

Master
Oscillator

÷

Spin Diffusion

+HV
+HV

RELAYS

B

Phase
Detector ÷10138 Hz

• Two species – comagnetometry
• Continuous spin precession

• HV dwell time limited by drifts

dXe=(0.7±3.3)x10-27 e-cm (<6.6x10-27 e-cm 95%)
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Spin-exchange optical pumping (SEOP)

129Xe

129Xe

129Xe

3He

3He

3He

3He

3He

3He Rb

Rb

Rb

Rb

Rb

Rb

Rb

N2

N2

N2

794.8 nm circularly 
polarized light

B0 ≈ 3 mT

1/14/2019

11

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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We describe a new technique to measure the EDM 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 of a one week run combined with a detailed study
of systematic e↵ects is dA(

129Xe) = (0.26 ± 2.33stat ± 0.72syst) ⇥ 10�27 e cm. This corresponds to
an upper limit of |dA(129Xe)| < 4.81⇥ 10�27 e cm (95% CL), a factor of 1.4 more sensitive than the
previous limit.

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 topic of current interest in part be-
cause it is 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 ✓̄. However, the Stan-
dard Model alone is insu�cient to explain the size of the
baryon asymmetry [2], motivating the search for BSM
CPV. BSM scenarios that generate the observed baryon
asymmetry [3] generally also provide for EDMs larger
than the SM estimate |dA(129Xe)SM| ⇡ 5⇥10�35

e cm [4].
Additional motivation is provided by the consideration
of 129Xe as a comagnetometer in neutron EDM experi-
ments [5, 6], which require dA(129Xe) <⇠ 3 ⇥ 10�28

e cm
in order to measure the neutron EDM with sensitivity
1⇥ 10�27

e cm.

Beginning with the neutron [7], EDMs measured in
several systems have provided constraints on how BSM
CPV can enter low-energy physics (see [4] for a review).
EDMs of diamagnetic systems such as 129Xe and 199Hg
are particularly sensitive to CPV nucleon-nucleon inter-
actions that induce a nuclear Schi↵ moment. Diamag-
netic systems are also essential for constraining electron-
spin independent low-energy CPV parameters [8]. While
the most precise atomic EDM measurement is from
199Hg [9], there are theoretical challenges to constrain-
ing hadronic CPV parameters from 199Hg alone, and

improved sensitivity to the 129Xe EDM would tighten
these constraints [8, 10]. Recent work has shown that
diamagnetic-atom EDM contributions from light-axion-
induced CPV are significantly stronger for 129Xe than for
199Hg [11].

The first 129Xe EDM measurement by Vold et al. mon-
itored 129Xe Larmor precession frequency as a function
of applied electric field [12]. Rosenberry et al. [13] used a
two-species maser with a 3He comagnetometer providing
the upper limit |dA(129Xe)|  6.6⇥10�27

e cm (95% CL),
the most sensitive 129Xe measurement to date. A num-
ber of 129Xe EDM e↵orts to improve on this limit have
followed, including an active maser technique [14], and
an experiment with polarized liquid xenon [15]. An ap-
proach similar to ours using free precession and SQUID
magnetometry is also being pursued [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 energy split-
ting dependent on ~E · B̂ and a corresponding frequency
shift !d = ±d |E|/(h̄F ) between states with |�mF | = 1.
Changes of ~B due to drifts and extraneous magnetic
fields, for example from leakage currents, lead to fre-
quency shifts that are mitigated by comagnetometry—
simultaneous measurement with a colocated species. The
129Xe-3He comagnetometer system is nearly ideal be-
cause both can be simultaneously polarized by spin-
exchange optical pumping (SEOP) [17], have long spin
relaxation times enabling precision frequency measure-
ments, and 3He, with 27⇥ lower nuclear charge Z, is
much less sensitive to CP violation [18].

The layout of the HeXeEDM experiment, previously
described in [19], is shown in Fig. 1. Free precession of
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New Limit on the Permanent Electric Dipole Moment of 129Xe
Using 3He Comagnetometry and SQUID Detection

N. Sachdeva ,1,* I. Fan,2 E. Babcock,3 M. Burghoff,2 T. E. Chupp,1 S. Degenkolb,1,4 P. Fierlinger,5 S. Haude,2

E. Kraegeloh,5,1 W. Kilian,2 S. Knappe-Grüneberg,2 F. Kuchler,5,6 T. Liu,2 M. Marino,5 J. Meinel,5 K. Rolfs,2

Z. Salhi,3 A. Schnabel,2 J. T. Singh,7 S. Stuiber,5 W. A. Terrano,5 L. Trahms,2 and J. Voigt2
1Department of Physics, University of Michigan, Ann Arbor, Michigan 48109, USA

2Physikalisch-Technische Bundesanstalt (PTB) Berlin, 10587 Berlin, Germany
3Jülich Center for Neutron Science, 85748 Garching, Germany

4Institut Laue-Langevin, 38042 Grenoble, France
5Excellence Cluster Universe and Technische Universität München, 85748 Garching, Germany

6TRIUMF, Vancouver, British Columbia V6T 2A3, Canada
7National Superconducting Cyclotron Laboratory and Department of Physics & Astronomy,

Michigan State University, East Lansing, Michigan 48824, USA

(Received 8 February 2019; published 4 October 2019)

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 ·B⃗þ dF⃗ ·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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HeXe Overview
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Figure 3.9: Different kinds of cells used in the experiment: (a) sealed cells, (b) a double-
chambered cell, (c) refillable optical pumping cell (OPC), and (d) valved EDM measurement
cell. Figure reprinted with permission from Ref. [38].

Figure 3.10: A cylindrical OPC used during measurements at PTB. Here, it is attached to
the gas system at Michigan prior to chasing rubidium into the cell from the ampoule in the
sidearm.

35

3-5 kV/cm
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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

9/16/20 Snowmass 129Xe EDM - Tim Chupp 14



EDM Extraction

1. BLINDED analysis
2. Segment comagnetometer frequencies combined in groups of 4 are an EDM measurement 
3. HV patterns ABBA BAAB … cancel offsets (2), linear drifts (4), quadratic drifts (8) etc.
4. Total of 16/27 runs in 2017/2018

Comagnetometer
frequency

3

where the 3He EDM is strongly suppressed because diamagnetic atoms’ sensitivity to CPV is approximately propor-
tional to Z2 [3].

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, the apparatus that measures the spin precession rotates with the Earth,
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 (4)

!He = !dHe
+ �0

He
(1� �He)hBiHe + !sd

He
+ ~⌦ · B̂, (5)

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 angular velocity, and ~⌦ · B̂ is its projection onto ~B.

The comagnetometer frequency is defined as the combination

!co ⌘ !Xe �R!He, (6)

where R = 1/2.7540816 is the nominal ratio of shielded gyromagnetic ratios. Using Eqs. 4 and 5, with !d ⌘
!dXe

�R!dHe
, the comagnetometer frequency is

!co = !d +
⇥
�0
Xe
(1� �Xe)hBiXe �R�0

He
(1� �He)hBiHe

⇤
+ (!sd

Xe
�R!sd

He
) + (1�R)~⌦ · B̂. (7)

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

hBiXe/He = B +�Bdif

Xe/He
,

where B is the magnetic field spatially averaged over the cell and �Bdif

Xe/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) . (8)

Therefore, Eq. 7 reduces to

!co ⇡ !d

+ (1�R) ~⌦ · B̂
� �0

He
�RB

+ �0
Xe

�
�Bdif

Xe
��Bdif

He

�

+
�
!sd
Xe

�R!sd
He

�
. (9)

The 2nd through 4th terms in Eq. 9 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.
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The 2nd through 4th terms in Eq. 9 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.
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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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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].
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ments and increased SNR. Therefore, runs from the last week of
data collection had improved statistical sensitivity.
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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 ·B⃗þ dF⃗ ·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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Future and Prospects

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.

*sachd@umich.edu
[1] A. Sakharov, Usp. Fiz. Nauk 161, 61 (1991) [Sov. Phys.

Usp. 34, 392 (1991)].
[2] M. Dine and A. Kusenko, Rev. Mod. Phys. 76, 1 (2003).
[3] D. E. Morrissey and M. J. Ramsey-Musolf, New J. Phys. 14,

125003 (2012).
[4] T. E. Chupp, P. Fierlinger, M. J. Ramsey-Musolf, and J. T.

Singh, Rev. Mod. Phys. 91, 015001 (2019).
[5] T. Chupp and M. Ramsey-Musolf, Phys. Rev. C 91, 035502

(2015).
[6] B. Graner, Y. Chen, E. G. Lindahl, and B. R. Heckel, Phys.

Rev. Lett. 116, 161601 (2016).
[7] N. Yamanaka, B. K. Sahoo, N. Yoshinaga, T. Sato, K. Asahi,

and B. P. Das, Eur. Phys. J. A 53, 54 (2017).
[8] V. A. Dzuba, V. V. Flambaum, I. B. Samsonov, and Y. V.

Stadnik, Phys. Rev. D 98, 035048 (2018).
[9] S. Degenkolb, A. Leanhardt, and T. Chupp, in 43rd Annual

Meeting of the APS Division of Atomic, Molecular and
Optical Physics (2012), Vol. 57, http://meetings.aps.org/
link/BAPS.2012.DAMOP.J6.9

[10] Y. Masuda, K. Asahi, K. Hatanaka, S.-C. Jeong,
S. Kawasaki, R. Matsumiya, K. Matsuta, M. Mihara, and
Y. Watanabe, Phys. Lett. A 376, 1347 (2012).

[11] T. G. Vold, F. J. Raab, B. Heckel, and E. N. Fortson, Phys.
Rev. Lett. 52, 2229 (1984).

[12] M. A. Rosenberry and T. E. Chupp, Phys. Rev. Lett. 86, 22
(2001).

[13] T. Inoue et al., Eur. Phys. J. D 70, 129 (2016).
[14] M. P. Ledbetter, S. Pustelny, D. Budker, M. V. Romalis,

J. W. Blanchard, and A. Pines, Phys. Rev. Lett. 108, 243001
(2012).

[15] F. Allmendinger, I. Engin, W. Heil, S. Karpuk, H.-J.
Krause, B. Niederländer, A. Offenhäusser, M. Repetto,
U. Schmidt, and S. Zimmer, Phys. Rev. A 100, 022505
(2019).

[16] F. Kuchler et al., Hyperfine Interact. 237, 95 (2016).
[17] T. E. Chupp, E. R. Oteiza, J. M. Richardson, and T. R.

White, Phys. Rev. A 38, 3998 (1988).
[18] V. V. Flambaum and J. S. M. Ginges, Phys. Rev. A 65,

032113 (2002).
[19] J. Bork, H.-D. Hahlbohm, R. Klein, and A. Schnabel,

Proceedings of 13th International Conference on Biomag-
netism (Biomag 2002) (VDE Verlag GMBH, Berlin, 2002),
p. 970.

[20] E. S. Korchak, W. Kilian, and L. Mitschang, Appl. Magn.
Reson. 44, 65 (2013).

[21] P. Pistel (private communication).
[22] SV91 m from Verity Systems, Placerville Ca., USA.
[23] BVA8607 from Oscilloquartz S. A., CH-2002 Neuchâtel 2,

Switzerland.

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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The Takeaway (Conclusions)

1. 129Xe: hadronic (nuclear spin) system
adds constraints to global fits

2. 3He comagnetometer

3. Recently improved our 2001 limit 5x

4. Path to an additional factors of 10 (of course)

5. Discovery potential (not ruled out)
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