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1.  dA(129Xe)=(0.7± 3.3)x10-27 e cm (2001!)  We CAN do better. 
2.  Many sources of CP violation – don’t constrain individual EDMs 
3.  How we know 3He EDM is << 10-28 e cm (199Hg, 129Xe) 
4.  nEDM comagnetometer – need dA(129Xe)<10-27 e cm 
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System Result 95% u.l. ref.
Paramagnetic systems

Xem d
A

= ( 0.7 ± 1.4) ⇥ 10�22 3.1 ⇥ 10�22 e-cm a
Cs d

A

= (�1.8 ± 6.9) ⇥ 10�24 1.4 ⇥ 10�23 e-cm b
d

e

= (�1.5 ± 5.7) ⇥ 10�26 1.2 ⇥ 10�25 e-cm
Tl d

A

= (�4.0 ± 4.3) ⇥ 10�25 1.1 ⇥ 10�24 e-cm c
d

e

= ( 6.9 ± 7.4) ⇥ 10�28 1.9 ⇥ 10�27 e-cm
YbF d

e

= (�2.4 ± 5.9) ⇥ 10�28 1.2 ⇥ 10�27 e-cm d

ThO !NE = 2.6 ± 5.8 mrad/s e
d

e

= (�2.1 ± 4.5) ⇥ 10�29 9.7 ⇥ 10�29 e-cm
C

S

= (�1.3 ± 3.0) ⇥ 10�9 6.4 ⇥ 10�9

HfF+ 2⇡fBD = 0.6 ± 5.6 mrad/s f
d

e

= (0.9 ± 7.9) ⇥ 10�29 16 ⇥ 10�29 e-cm
Diamagnetic systems

199Hg d
A

= (2.2 ± 3.1) ⇥ 10�30 7.4 ⇥ 10�30 e-cm g
129Xe d

A

= (0.7 ± 3) ⇥ 10�27 6.6 ⇥ 10�27 e-cm h
225Ra d

A

= (4 ± 6) ⇥ 10�24 1.4 ⇥ 10�23 e-cm i
TlF d = (�1.7 ± 2.9) ⇥ 10�23 6.5 ⇥ 10�23 e-cm j
n d

n

= (�0.21 ± 1.82) ⇥ 10�26 3.6 ⇥ 10�26 e-cm k
Particle systems

µ d
µ

= (0.0 ± 0.9) ⇥ 10�19 1.8 ⇥ 10�19 e-cm l
⇤ d⇤ = (�3.0 ± 7.4) ⇥ 10�17 7.9 ⇥ 10�17 e-cm m

TABLE I Systems with EDM results and the most recent
results as presented by the authors. When d

e

is presented
by the authors, the assumption is C

S

= 0, and for ThO, the
C

S

result assumes d
e

= 0. We have combined statistical and
systematic errors in quadrature for cases where they are sepa-
rately reported by the experimenters. References; b (Murthy
et al., 1989); c (Regan et al., 2002a); d (Hudson et al., 2002);
e (Baron et al., 2014); f (Graner et al., 2016); g (Cairncross
et al., 2017) h (Rosenberry, 2001); i (Parker et al., 2015); j
(Cho, 1991); k (Baker et al., 2006); l (Bennett et al., 2009);
m (Pondrom et al., 1981). The value of C

S

provided for HfF+

makes use of ref. (Skripnikov, 2017).

A compilation of experimental results is presented in
Table I, which separates paramagnetic (electron-spin de-
pendent) systems from diamagnetic (nuclear and nu-
cleon spin-dependent) systems, which are most sensi-
tive to hadronic e↵ects and nuclear-spin-dependent semi-
hadronic contributions. In order to cast all results con-
sistently, we have expressed the upper limits as 95% con-
fidence levels.

B. Theoretical interpretation

The upper limits on EDMs presented in Table I have
significant theoretical impact in several contexts by con-
straining explicit parameters of Standard Model and
Beyond-Standard-Model physics. The Standard Model
has two explicit CP-violating parameters: the phase
in the CKM matrix, and the coe�cient ✓̄, of the CP-
violating G eG operator in the SM strong interaction La-
grangian. EDMs arising from the CKM-matrix vanish up
to three-loops for the electron (Bernreuther and Suzuki,
1991b) and up to two loops for quarks (Shabalin, 1978,
1983). The leading contributions to the neutron EDM,

however, arise from a combination of hadonic one-loop
and “pole” (resonance) contributions, each a combina-
tion of two �S = 1 hadronic interactions (one CP violat-
ing and one CP-conserving). The CP-violating �S = 1
vertex is, itself, a one-loop e↵ect, arising from the QCD
“Penguin” process (See Fig. 2). The estimate of the cor-
responding neutron EDM is (1 � 6) ⇥ 10�32 e-cm (Seng,
2015), where the range reflects the present hadronic un-
certainties. For both the electron and the neutron, the
Standard-Model CKM contribution lies several orders of
magnitude below the sensitivities of recent and next-
generation EDM searches. The Penguin process gener-
ated by the exchange of a kaon between two nucleons in-
duces CP-violating e↵ects in nuclei; however Donoghue
et al. (1987) and others show that this contribution is
also estimated to fall many orders of magnitude below
current experimental sensitivity for diamagnetic atom
EDMs (Yamanaka and Hiyama, 2016). EDMs of the neu-
tron and atoms also uniquely constrain CP-violation in
the Standard-Model strong interaction through the QCD
“✓-term,” a renormalizable P-odd/T-odd gluonic opera-
tor whose strength is set by the parameter ✓̄ discussed in
Sec. II).

BSM theories generally provide new degrees of free-
dom and CP-violating complex couplings that often in-
duce EDMs at the one-loop level. The most widely-
considered BSM scenarios for which implications have
been analyzed include supersymmetry (SUSY) (Pospelov
and Ritz, 2005; Ramsey-Musolf and Su, 2008), the two-
Higgs model (2HDM) (Inoue et al., 2014), and left-right
symmetric models (LRSM) [see Ref. (Engel et al., 2013)
for a review of LRSM EDM computations]. Examples
are presented in Section II (see also Refs. (Engel et al.,
2013; Pospelov and Ritz, 2005; Ramsey-Musolf and Su,
2008)).

A complementary, model-independent framework for
EDM interpretation relies on e↵ective field theory (EFT),
presented in detail Section (Sec II.F). The EFT approach
assumes that the Beyond-Standard-Model particles are
su�ciently heavy that their e↵ects can be compiled into a
set of residual weak-scale, non-renormalizable operators
involving only Standard-Model fields. The correspond-
ing operators are dimension six - i.e. scale as the sixth
power of energy and e↵ectively scale as (v/⇤)2, where
v = 246 GeV is the Higgs vaccum-expectation-value. The
strength of each operator’s contribution is characterized
by a corresponding Wilson coe�cient. There are twelve
dimension-6 Beyond-Standard-Model Wilson coe�cients
in all representing the intrinsic electron and quark EDMs
(3), quark chromo-EDMs (2), CP-violating three gluon
operator (1), four-fermion operators (5), and a quark-
Higgs boson interaction (1) - plus ✓̄. Experimental EDM
results constrain the Wilson coe�cients, while a given
Beyond-Standard-Model theory provides predictions for
the Wilson coe�cients in terms of the underlying model
parameters.

Interactions involving light quarks and gluons are, of
course, not directly accessible to experiment. Conse-
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significant theoretical impact in several contexts by con-
straining explicit parameters of Standard Model and
Beyond-Standard-Model physics. The Standard Model
has two explicit CP-violating parameters: the phase
in the CKM matrix, and the coe�cient ✓̄, of the CP-
violating G eG operator in the SM strong interaction La-
grangian. EDMs arising from the CKM-matrix vanish up
to three-loops for the electron (Bernreuther and Suzuki,
1991b) and up to two loops for quarks (Shabalin, 1978,
1983). The leading contributions to the neutron EDM,

however, arise from a combination of hadonic one-loop
and “pole” (resonance) contributions, each a combina-
tion of two �S = 1 hadronic interactions (one CP violat-
ing and one CP-conserving). The CP-violating �S = 1
vertex is, itself, a one-loop e↵ect, arising from the QCD
“Penguin” process (See Fig. 2). The estimate of the cor-
responding neutron EDM is (1 � 6) ⇥ 10�32 e-cm (Seng,
2015), where the range reflects the present hadronic un-
certainties. For both the electron and the neutron, the
Standard-Model CKM contribution lies several orders of
magnitude below the sensitivities of recent and next-
generation EDM searches. The Penguin process gener-
ated by the exchange of a kaon between two nucleons in-
duces CP-violating e↵ects in nuclei; however Donoghue
et al. (1987) and others show that this contribution is
also estimated to fall many orders of magnitude below
current experimental sensitivity for diamagnetic atom
EDMs (Yamanaka and Hiyama, 2016). EDMs of the neu-
tron and atoms also uniquely constrain CP-violation in
the Standard-Model strong interaction through the QCD
“✓-term,” a renormalizable P-odd/T-odd gluonic opera-
tor whose strength is set by the parameter ✓̄ discussed in
Sec. II).

BSM theories generally provide new degrees of free-
dom and CP-violating complex couplings that often in-
duce EDMs at the one-loop level. The most widely-
considered BSM scenarios for which implications have
been analyzed include supersymmetry (SUSY) (Pospelov
and Ritz, 2005; Ramsey-Musolf and Su, 2008), the two-
Higgs model (2HDM) (Inoue et al., 2014), and left-right
symmetric models (LRSM) [see Ref. (Engel et al., 2013)
for a review of LRSM EDM computations]. Examples
are presented in Section II (see also Refs. (Engel et al.,
2013; Pospelov and Ritz, 2005; Ramsey-Musolf and Su,
2008)).

A complementary, model-independent framework for
EDM interpretation relies on e↵ective field theory (EFT),
presented in detail Section (Sec II.F). The EFT approach
assumes that the Beyond-Standard-Model particles are
su�ciently heavy that their e↵ects can be compiled into a
set of residual weak-scale, non-renormalizable operators
involving only Standard-Model fields. The correspond-
ing operators are dimension six - i.e. scale as the sixth
power of energy and e↵ectively scale as (v/⇤)2, where
v = 246 GeV is the Higgs vaccum-expectation-value. The
strength of each operator’s contribution is characterized
by a corresponding Wilson coe�cient. There are twelve
dimension-6 Beyond-Standard-Model Wilson coe�cients
in all representing the intrinsic electron and quark EDMs
(3), quark chromo-EDMs (2), CP-violating three gluon
operator (1), four-fermion operators (5), and a quark-
Higgs boson interaction (1) - plus ✓̄. Experimental EDM
results constrain the Wilson coe�cients, while a given
Beyond-Standard-Model theory provides predictions for
the Wilson coe�cients in terms of the underlying model
parameters.

Interactions involving light quarks and gluons are, of
course, not directly accessible to experiment. Conse-
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inject counter-propagating beams into the storage ring
simultaneously (Anastassopoulos et al., 2015).

While generic proposals have been made to search for
EDMs in charged ions whose nuclei undergo beta decay,
there are significant e↵orts to develop a storage ring EDM
approach only for muons, protons, deuterons, and He-3
nuclei. The current muon EDM limit is derived from
ancillary measurements of the muon decay asymmetry
taken during a precision measurement muon anomalous
magnetic moment (Bennett et al., 2009). The sensitiv-
ity of this measurement was limited by the fact that the
apparatus was designed to be maximally sensitive to the
spin precession to the muon anomalous magnetic mo-
ment. For a dedicated muon EDM experiment, under
development at JPARC (Farley et al., 2004) & PSI (Adel-
mann et al., 2010), ~E and � are chosen to make ~Ba equal
to zero, while also being technically feasible. In this case,
the motional electric field, ~�⇥ ~B, is about 103 larger than
typical laboratory electric field ~E. The spin coherence
time in this case is limited by the muon lifetime. For the
case of a proton EDM search, ~B is chosen to be zero and �
is determined by the “magic momentum” that makes the
second term of ~Ba zero (Anastassopoulos et al., 2015).

V. INTERPRETATIONS OF CURRENT EXPERIMENTS
AND PROSPECTS

In general there are many possible contributions to
the EDM of any system accessible to experiment, for
example the neutron EDM may arise due to a number
of sources including short range (e.g. quark EDMs and

long range pion-nucleon couplings characterized by ḡ
(0)
⇡

and ḡ
(1)
⇡ . One approach to putting EDM results in con-

text has been to use the upper limit from an experiment
to set limits on individual phenomenological parameters
making use of theory calculations, which establish the de-
pendence on the individual parameters. This is the con-
ventional if not perfect approach based on the reasoning
that if the EDM of a system is small then either all the
contributions to the EDM (all ↵iCi) are small as well or
two or more large contributions e↵ectively cancel, that is
have opposite signs and similar magnitudes. While such
a cancellation would be fortuitous, it may be ”required”
in the sense that any underlying source of CP violation
generally contributes CP violation in more than one way.
Take, for example, the standard-model parameter ✓̄QCD,

which contributes to both ḡ
(0)
⇡ and the short-range part

of the neutron EDM, d̄sr
n ....

A. Sole source

Sole-source limits on the low-energy parameters based
on the ↵i are presented in Table XI along with the system
that sets the limits. The most conservative upper limit
is derived using the smallest |↵ij | from the ranges pre-

sented in tables III and IV. For the short-range neutron
contribution, assuming ḡ0

⇡ = ḡ1
⇡ = 0 is given from the

neutron-EDM limit. For the short-range proton contri-
bution, the model of Coveney and Sandars (1983) is used
for TlF and from Dmitriev and Sen’kov (2003) for 199Hg.
The combination of light quark EDMs dd � 1/3du is de-
rived from the limit on dn. The parameter t̄heta and the
combination of chromo-EDMs d̃d � d̃u are derived from
the sole-source limits on ḡ0

⇡ and ḡ1
⇡.

Parameter system 95% u.l.
d

e

ThO 9.2 ⇥ 10�29 e-cm
C

S

ThO 8.6 ⇥ 10�9

C
T

199Hg 3.6 ⇥ 10�10

ḡ0
⇡

199Hg 3.8 ⇥ 10�12

ḡ0
⇡

neutron 2.2 ⇥ 10�12

ḡ1
⇡

199Hg 3.8 ⇥ 10�13

ḡ1
⇡

TlF 4.1 ⇥ 10�10

ḡ2
⇡

199Hg 2.6 ⇥ 10�11

d̄sr

n

neutron 3.3 ⇥ 10�26 e-cm
d̄sr

p

TlF 8.7 ⇥ 10�23 e-cm
d̄sr

n

199Hg 2.0 ⇥ 10�25 e-cm

Other parameters
d

d

⇡ 3/4d
n

2.5 ⇥ 10�26 e-cm
✓̄ ⇡ ḡ0

⇡

/(0.02) 1.9 ⇥ 10�10

d̃
d

� d̃
u

5 ⇥ 10�15ḡ1
⇡

e-cm 2 ⇥ 10�27 e-cm

TABLE XI Sole-source limits (95% c.l.) on low-energy pa-
rameters presented in Sec. II.F assuming a single contribution
to the EDM or, for molecules, the P-odd/T-odd observable.
The lower part of the table presents limits on other parame-
ters derived from the six low energy parameters.

B. Global Analysis

A global analysis of EDM results has been introduced
by Chupp and Ramsey-Musolf (2015) which sets simul-
taneous limits on six low-energy parameters: de, CS , CT ,
barg0

⇡, ḡ1
⇡ and the short-range component of the neutron

EDM dsr
n . Paramagnetic systems are mostly sensitive to

de and CS and results in four hadronic systems (the neu-
tron, TlF, 129Xe, 199Hg) can be used to simultaneously
constrain the remaining four parameters

Paramagnetic systems: limits on d
e

and C
S

Results are listed in Table I for paramagnetic systems
Cs, Tl, YbF and ThO,. Following Ref. (Dzuba et al.,
2011) we take the electron EDM result reported by each
author to be the combination

dexp
para = de +

↵CS

↵de

CS , (V.94)

where

de = dexp
para � ↵CS

↵de

CS (V.95)

10/16/17	 8	
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We perform a global analysis of searches for the permanent electric dipole moments (EDMs) of the neutron,
neutral atoms, and molecules in terms of six leptonic, semileptonic, and nonleptonic interactions involving
photons, electrons, pions, and nucleons. By translating the results into fundamental charge-conjugation-parity
symmetry (CP) violating effective interactions through dimension six involving standard model particles, we
obtain rough lower bounds on the scale of beyond the standard model CP-violating interactions ranging from
1.5 TeV for the electron EDM to 1300 TeV for the nuclear spin-independent electron-quark interaction. We
show that planned future measurements involving systems or combinations of systems with complementary
sensitivities to the low-energy parameters may extend the mass reach by an order of magnitude or more.
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I. INTRODUCTION

The search for permanent electric dipole moments (EDMs)
of neutrons, atoms, and molecules provides one of the most
powerful probes of the combination of time-reversal (T) and
parity (P) symmetry and the underlying combination of charge
conjugation (C) and P at the elementary particle level (for
recent reviews, see Refs. [1–3]). The nonobservation of the
EDMs of the neutron (dn) [4] and 199Hg atom [5] is consistent
with the standard model (SM) CP violation (CPV) charac-
terized by the Cabibbo-Kobayashi-Maskawa (CKM) matrix
but implies a vanishingly small coefficient θ̄ of the CPV GG̃
operator in the SM strong interaction Lagrangian. Scenarios
for physics beyond the standard model (BSM) typically predict
the existence of new sources of CPV that—in contrast to the
CKM CPV—do not give suppressed contributions to EDMs
unless the CPV parameters themselves are small or the mass
scales high. The presence of new CPV interactions is required
to account for the cosmic matter-antimatter asymmetry. If
the associated energy scale is not too high compared to the
scale of electroweak symmetry breaking (EWSB), and if the
responsible CPV interactions are flavor diagonal, then EDMs
provide a particularly important window [6].

The past decade has witnessed tremendous strides in the
sensitivity of EDM searches as well as the development of
prospects for even more sensitive tests. Recently, the ACME
Collaboration [7] has reported a limit on the EDM of the
paramagnetic ThO molecule that yields an order of magnitude
more stringent bounds on CPV interactions than limits implied
by previously reported results from YbF [8] and Tl [9]. As we
discuss below, the ACME result probes BSM mass scale "
ranging from 1.5 TeV for the electron EDM to 1300 TeV for
the nuclear spin-independent electron-quark interaction. A few
years earlier, a similar advance in sensitivity was achieved for
dA(199Hg) [5]. Looking to the future, efforts are under way to
improve the sensitivity of dn searches by one to two orders of
magnitude, to achieve similar progress in neutral atoms such

as Xe, Rn, and Ra, and to explore the development of proton
and light nuclear EDM searches using storage rings (for a
recent discussion of present and future EDM search efforts,
see Ref. [10]). For O(1) BSM CPV phases, these experiments
could probe " of order 50–100 TeV.

In this context, it is useful to try and develop a global
picture of the information that has been or will be provided by
present and future EDM searches. Ideally, one would like to
interpret the results in terms of underlying BSM interactions
in a way that would point in the direction of, or rule out,
particular scenarios for new CPV. In practice, most analyses
follow a more constrained approach. Theorists often work
within the framework of a specific model, such as the minimal
supersymmetric standard model, and derive constraints on
the model parameters from the EDM search null results
(see, e.g., Refs. [11,12]). Experimental analyses, on the other
hand, are often agnostic about a specific model realization
but report limits on various “sources” of an EDM (e.g., the
quark EDM or chromo-EDM; see below), assuming only one
of these is present. While entirely appropriate, such studies
inherently either build in a model-dependent bias or preclude
the possibility that multiple sources may be present and, thus,
may not reveal the full landscape of CPV sources probed by
EDM experiments. For these reasons, it is also instructive to
consider EDMs from a model-independent perspective that
does not impose the “single-source” restriction.

In what follows, we begin this undertaking by providing
a model-independent, global analysis of EDM searches. We
carry out this analysis in terms of a set of low-energy
hadronic and atomic parameters that one may ultimately
match onto CPV interactions at the elementary particle level.
It is particularly convenient to organize the latter in terms
of an effective field theory (EFT) involving standard model
degrees of freedom. The effective operators arising in the
EFT constitute the CPV “sources.” In this context, the EFT
provides a bridge between the atomic, nuclear, and hadronic
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Diamagnetic atoms acquire EDMs from several possible sources. Sen-
sitivity to the Schiff moment of the nucleus increases approximately as Z2

due to the electronmomenta, relativistic effects, and the size of the nucleus
(Dzuba et al., 2002). Diamagnetic atoms are also sensitive to T-odd/P-odd
neutral current interactions between the electrons and the nucleus (tensor,
scalar, or pseudoscalar) (Ginges & Flambaum, 2004; Mårtensson-Pendrill,
1985). The EDM of a diamagnetic atom can also be induced, at higher
order, by the electron’s EDM (Flambaum & Khriplovich, 1985;
Mårtensson-Pendrill & Oster, 1987). In general, one can write

dA ¼ kSS þ ! de þ ðkTCT þ kSCS þ kPCPÞ: ð10Þe

Here CT, CS, and CP refer to P-odd and T-odd couplings of the electron to
a current-density of the nucleus that transforms as a tensor, scalar, and
pseudoscalar, respectively. For an infinitely heavy nucleus, the recoil
velocity is zero and the pseudoscalar contribution would vanish.

The Schiff moment itself can arise from T-odd/P-odd NN interactions
and from the EDMs of the individual nucleons (both 129Xe and 199Hg
have an unpaired neutron); however, these sources can be related
depending on the nature of the T-odd/P-odd interactions. The T-odd/
P-odd contributions to the Schiff moment are generally separated into
isospin contributions (deJesus & Engel, 2005; Dmitriev, 2005):

0 1 2 : ð11ÞS ¼ g"NN a0gCP þa1gCP þa2gCP

0;1;2Here gpNN= 13.5 is the strong pNN coupling constant and g areCP
isoscalar, isovector, and isotensor contributions to CP-violating pNN
couplings, and the coefficients a0,1,2 depend on the details of the assumed
NN interaction. Each isospin contribution may isolate specific physics;
for example, the QCD vacuum phase contributes to the isoscalar piece:
0gCP » 0:027#QCD (Crewther et al., 1979, 1980), and quark EDMs contribute

to the isovector component. The Schiff moment could also arise from the
proton or neutron EDM (Dmitriev & Sen’kov, 2003).

2.5.1 Xenon 

Xenon is the heaviest stable noble gas, and 129Xe is a spin-1/2 isotope.
Spin 1/2 has advantages because only dipole interactions with external
fields, other atoms, and cell walls are allowed. This leads to longer spin-
coherence times and narrow linewidths!in fact spin relaxation times of
several hundreds of seconds and longer are observed for free-induction
decay. The stable spin-3/2 isotope, 131Xe, has a quadrupole moment,
which leads to shorter spin-coherence times and cell-geometry depen-
dent effects (Chupp & Hoare, 1990; Wu et al., 1990). In natural xenon, the

129Xeabundance of is 26%; however, isotopically enriched gas is

10/16/17	 9	

TC, Fierlinger, Ramsey Musolf, Singh  arXiv 1710.02504 
 
 
 



Global Analysis: Paramagnetic atoms isolate de, CS 

nEDM	2017	-	HeXe	-	Tim	Chupp	

TC, Fierlinger, Ramsey-Musolf, Singh arXiv 1710.02504 

10/16/17	 10	

-6 x10
-7

-4

-2

0

2

4

6

-δ
e (v

2/Λ
2)

-8 x10
-10

-6 -4 -2 0 2 4 6 8
-ImCeq

(-)
(v

2
/Λ

2
)

-2 x10
-28

-1

0

1

2

d e
 (e

-c
m

)

-1.0 x10
-8 -0.5 0.0 0.5 1.0

CS

 ThO
 HfF+



Hadronic Systems 

nEDM 2017 - HeXe - Tim Chupp 

d0
sr d1

sr CT gπ0 gπ1

neutron 1 -1
Xe, Hg, TlF, Ra x x x

proton 1 +1
d, 3H, 3He x x

Currently: data from 5 experiments: 

Results 

Future 

  

€ 

! 
E ∝
! 
J 

5

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:

LTVPV

⇡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 =
m

N

g
A

F
⇡

h
a
0

ḡ(0)

⇡

+ a
1

ḡ(1)

⇡

i
(II.14)

where g
A

⇡ 1.27 is the nucleon isovector axial coupling, and F
⇡

= 92.4 MeV is the pion decay constant. The specific
values of a

0,1

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 a

0,1

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” d̄sr

n

and d̄sr

p

[17]:

d
n

= d̄sr

n

� eg
A

ḡ
(0)

⇡

8⇡2F
⇡

(
ln

m2

⇡

m2

N

� ⇡m
⇡

2m
N

+
ḡ
(1)

⇡

4ḡ
(0)

⇡

(
1

� 
0

)
m2

⇡

m2

N

ln
m2

⇡

m2

N

)
(II.15)

d
p

= d̄sr

p

+
eg

A

ḡ
(0)

⇡

8⇡2F
⇡

(
ln

m2

⇡

m2

N

� 2⇡m
⇡

m
N

� ḡ
(1)

⇡

4ḡ
(0)

⇡


2⇡m

⇡

m
N

+ (
5
2

+ 
0

+ 
1

)
m2

⇡

m2

N

ln
m2

⇡

m2

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 d

n

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: d
e

and C
S

• Neutron and diamagnetic atoms: ḡ
(0)

⇡

, ḡ
(1)

⇡

, d̄sr

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]:

L
CPV

= L
CKM

+ L
¯

✓

+ Le↵

BSM

. (II.17)

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

L
CKM

= � ig
2p
2
V pq

CKM

Ūp

L

6W+Dq

L

+ h.c. , (II.18)

L
¯

✓

= � g2

3

16⇡2

✓̄ Tr
⇣
Gµ⌫G̃

µ⌫

⌘
, (II.19)

where g
2

and g
3

are the weak and strong coupling constants, respectively, Up

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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III. EXPERIMENTAL STATUS AND PROSPECTS

Over the past six decades, a large number of EDM measurements in a variety of systems have provided results, all
of which are consistent with zero. The most recent or best result for each system used in our analysis is presented
in Table III. The results are separated into two distinct categories as indicated above: (a) paramagnetic atoms and
molecules and (b) diamagnetic systems (including the neutron). Although paramagnetic systems (Cs, Tl, YbF and
ThO) are most sensitive to both the electron EDM d

e

and the nuclear spin-independent component of the electron-
nucleus coupling (C

S

), most experimenters have presented their results as a measurement of d
e

, which requires the
assumption that C

S

= 0. As we discuss below, this assumption is not required in a global analysis of EDM results.
Diamagnetic systems, including 129Xe and 199Hg atoms, the molecule TlF, and the neutron, are most sensitive to

purely hadronic CPV sources, as well as the tensor component of the electron-nucleus coupling C
T

for atoms and
molecules; however the electron EDM and C

S

contribute to the diamagnetic atoms in higher order. The constraints
provided by the diamagnetic systems are expected to change significantly within the next few years. Strong e↵orts or
proposals at several labs foresee improving the neutron-EDM sensitivity by one or more orders of magnitude [27–32],
and the EDM of 129Xe by several orders of magnitude [33, 34]. Most importantly, there has been significant progress
in theory and towards a measurement of the EDMs of heavy atoms with octupole-deformed nuclei, i.e. in 225Ra [35]
and 221Rn or 223Rn[36]. In these systems, the nuclear structure e↵ects are expected to enhance the Schi↵ moment
generated by the long-range TVPV pion-exchange interaction, leading to an atomic EDM 2-3 orders of magnitude
larger than 199Hg. As we show below, an atomic-EDM measurement at the 10�26 e cm level will provide additional
input that will significantly impact our knowledge of the TVPV hadronic parameters.

A. Constraints on TVPV Couplings

From the arguments presented above, there are seven dominant e↵ective-field-theory parameters: d
e

, C
S

, C
T

, ḡ
(0)

⇡

,
ḡ
(1)

⇡

, and the two isospin components of the short-range hadronic contributions to the neutron and proton EDMs,
which we isolate as d̄sr

n

and d̄sr

p

in eq. II.16. We, thus, write the the EDM of a particular system as

d = ↵
dede

+ ↵
CS C

S

+ ↵
CT C

T

+ ↵
¯

d

sr

n
d̄sr

n

+ ↵
¯

d

sr

p
d̄sr

p

+ ↵
g

0

⇡
ḡ0

⇡

+ ↵
g

1

⇡
ḡ1

⇡

, (III.34)

where ↵
de = @d/@d

e

, etc.. This can be compactly written as

d
i

=
X

j

↵
ij

C
j

, (III.35)

where i labels the system, and j labels the physical contribution. The coe�cients ↵
ij

are provided by atomic and
nuclear theory calculations and are listed in Tables IV and V for diamagnetic and paramagnetic systems, respectively.
The sensitivity of the EDM for each experimental system to the parameters presented as a best value and a reasonable
range as set forth in Ref. [1].

B. Paramagnetic systems: limits on d
e

and C
S

Paramagnetic systems are dominantly sensitive to d
e

and C
S

; thus for Cs, Tl, YbF and ThO, following Ref. [13] and
recalling that the experimental result is reported as a limit on the electron EDM, we can define an e↵ective electron
EDM entering paramagnetic systems as

de↵

para

⇡ d
e

+
↵

CS

↵
de

C
S

. (III.36)

The quantities ↵
CS /↵

de listed in Table IV vary over a small range, i.e. from (0.6 � 1.5) ⇥ 10�20 e cm for the
paramagnetic systems and from (3� 5)⇥ 10�20 for Hg, Xe and TlF. We note, as pointed out in Ref. [13], that while
there is a significant range of ↵

de and ↵
CS from di↵erent authors, there is much less dispersion in the ratio ↵

CS /↵
de

as reflected in Table IV. In Figure 1, we plot d
e

as a function of C
S

using experimental results for dexp

para

for Tl, YbF
and ThO.

Constraints on d
e

and C
S

are found from a fit to the form Eq. (III.36) for the four paramagnetic systems listed in
Table III. The results are

d
e

= (�0.4± 2.2)⇥ 10�27 e cm C
S

= (0.3± 1.7)⇥ 10�7 Best coe�cient values.

di = αijCji∑
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FIG. 1: (Color online) Electron EDM d
e

as a function of C
S

from the experimental results in Tl, YbF and ThO. Also shown
are 68% and 95% error ellipses representing the best-fit for the paramagnetic systems and including d

A

(199Hg) as discussed in

the text. Also shown are the constraints on the dimensionless Wilson coe�cients �
e

and Im C(�)
eq

times the squared scale ratio
(v/⇤)2.

Error ellipses representing 68% and 95% confidence interval for the two parameters d
e

and C
S

are presented in
Figure 1. The corresponding constraints on �

e

(v/⇤)2 and Im C
(�)

eq

(v/⇤)2 are obtained from those for d
e

and C
S

by
dividing by �3.2⇥ 10�22 e cm and �12.7, respectively.

C. Hadronic parameters and C
T

Diamagnetic atom EDMs are most sensitive to the hadronic parameters ḡ
(0)

⇡

and ḡ
(1)

⇡

and the electron-nucleon
contribution C

T

. As noted above, d
e

and C
S

contribute to diamagnetic systems in higher order. Given that d
e

and
C

S

are e↵ectively constrained by the paramagnetic systems, constraints on the four free parameters C
T

, ḡ
(0)

⇡

, ḡ
(1)

⇡

and
d̄sr

n

are provided by four experimental results from TlF, 129Xe and 199Hg and the neutron. For example, the solution
using the experimental centroids and the best values for the coe�cients are labeled as “exact solution” in the first
line of Table VII. In order to provide estimates of the constrained ranges of the parameters, we define �2 for a given
set of coe�cients ↵

ij

and a set of parameters Cj:

�2(Cj) =
X

i

(dexp

i

� d
i

)2

�2

d

exp

i

, (III.38)

where d
i

is given in equation III.35. We then take the following steps:

1. Fix d
e

and C
S

using paramagnetic systems only: d
e

= (�0.3± 3.0)⇥ 10�27 e cm; C
S

= (0.2± 2.5)10�7.

2. Vary Cj to determine �2 contours for a specific set of ↵
ij

. For 68% confidence and four parameters, (�2��2

min

) <
4.7. (Note that �2

min

= 0.)

3. This procedure is repeated for values of ↵
ij

spanning the reasonable ranges presented in Table V to estimate
ranges C

T

, ḡ
(0)

⇡

, ḡ
(1)

⇡

, and d̄sr

n

.

Our estimates of the constraints are presented as ranges in Table VII. Finally, we use the ranges for C
T

, ḡ
(0)

⇡

and
ḡ
(1)

⇡

to determine their contribution to the EDM of 199Hg and subtract to isolate the d
e

/C
S

contribution as described
above.

IV. EXPERIMENTAL OUTLOOK & THEORETICAL IMPLICATIONS

Anticipated advances of both theory and experiment would lead to much tighter constraints on the TVPV param-
eters. The disparity shown in Table VII between the ranges provided by the best values of the coe�cients ↵

ij

and
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20

System ↵
de = ⌘

e

↵
CS = W

S

↵
CS/↵

de

Cs 123 7.1 ⇥ 10�19 e-cm 5.8 ⇥ 10�21 (e-cm)
(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)
�(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)
�(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)
�(1.3-1.6) �(1.4-2.1) (1.2-1.3) ⇥ 10�20

HfF+ 3.5 ⇥ 1025 rad/s
e�cm

2.0 ⇥ 106 rad/s 5.7 ⇥ 10�20 (e-cm)
�(3.4-3.6) (1.9-2.1) (5.3-6.2)

TABLE III Sensitivity to d
e

and C
S

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. See Ginges and Flambaum (2004) and Engel et al. (2013) for Cs and Tl. For YbF,
theory results are compiled in Dzuba et al. (2011), for ThO results are from Meyer and Bohn (2008), Dzuba et al. (2011), and
Skripnikov et al. (2013), and for HfF+ from Petrov et al. (2007), Fleig and Nayak (2013) and Skripnikov (2017). (Note that
for YbF and ThO, ↵

de = eE
eff

/~ = ⇡W
d

, with W
d

given in (Engel et al., 2013); for HfF+, ↵
de = eE

eff

/~ (Cairncross et al.,
2017) and ↵

CS = W
S

= W
T,P

Z+N

Z

with W
T,P

given by (Skripnikov, 2017).)

System @dexp/@d
e

@dexp/@C
S

@dexp/@C
(0)
T

@dexp/@g0
⇡

@dexp/@g1
⇡

@dexp/@d̄sr

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

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 in
units of e-cm except for @dexp/@d̄sr

n

, which is dimensionless. The second line for each entry is the reasonable range for each
coe�cient. The @dexp/@d

e

and @dexp/@C
S

are from (Ginges and Flambaum, 2004) and are based on (Martensson-Pendrill,
1985) and (Martensson-Pendrill and Oster, 1987) for 129Xe and 199Hg. The @dexp/@d

e

and @dexp/@C
S

and for TlF are compiled

in (Cho, 1991). The @dexp/@C
(0)
T

are adjusted for the unpaired neutron in 129Xe, 199Hg and 225Ra using k
T

from (Ginges and

Flambaum, 2004) and for 225Ra from (Dzuba et al., 2009). The ḡ
(0)
⇡

, ḡ
(1)
⇡

and d̄sr

n

coe�cients for atoms and molecules are based
on data provided in Table V; the range for 225Ra corresponds to 0  s

n

 2 fm2. For TlF, the unpaired neutron is replaced
by an unpaired proton and the “best value” assumes d̄sr

p

= �d̄sr

n

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

p

|  |d̄sr

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) s

N

(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-(�7.0)) �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 Best values and ranges (in parenthesis) for atomic EDM sensitivity to the Schi↵-moment and dependence of the

Schi↵ moments on ḡ
(0)
⇡

and ḡ
(1)
⇡

; 
S

and s
N

. References: TlF: (Coveney and Sandars, 1983a); Hg:(Dzuba et al., 2002; Flambaum
et al., 1986a); Xe: (Dzuba et al., 1985a, 2002); Ra: (Dzuba et al., 2002; Spevak et al., 1997a). Values for a0, a1 and a2 are
compiled in (Engel et al., 2013) The value of s

n

is from (Dzuba et al., 1985b) for 129Xe and from (Dmitriev and Sen’kov, 2003)
for 199Hg; there is no available calculation of s

n

for 225Ra. The value for s
p

for TlF is derived from (Cho, 1991).

0 
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Impact and Discovery 
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Current 129Xe efforts 

•  TRIUMF/nEDM 
•  Active maser: Tokyo 
•  MIXed (Mainz/Heidelberg/Juelich) 
•  HeXe (TUM, PTB, MSU, Umich) 

+

-
HeXe 
EDM 



129Xe Spin Exchange Pumped Zeeman Maser

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

Readout

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)
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Spin-Exchange Optical Pumping 

•  Optically pump the Rb with 
circularly polarized laser light. 

•  Spin-exchange collisions transfer 
the polarization to the 3He, 129Xe, 
radon nuclei. 

Buffer gas
collisions

1/2 1/22/3 1/3

5s1/2

5p1/2

ms=-1/2 ms=+1/2

Rb

Rb

ng

ng

Binary Collision:
τ~10-12 sec.

Rb

Rb

ng

ng
N2

N2

van Der Waals Molecule
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3He Comagnetometer

Readout

• EDM ~ Z2 for Schiff moment and CT 
 
• Polarized by spin exchange-optical pumping 
 
• Monitor magnetic fields – due to leakage current 
 
• Lock field to 129Xe – change E – measure B with 3He 
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False EDM Signals
Cell Leakage Currents

Two Species -- BUT not quite in the same place
CHECK: (1µA loop around cell) d<1x10-28 e-cm (20 pA) -HV+HV

E2 Correlations (Polarizability; Noise)

CHECK: (dν/d(E2) = (7±3)x10-9 Hz/kV2/cm2

Reference Oscillators Disturbed by E, E2

CHECK: (clock test) d<1x10-28 e-cm
Charging Currents Magnetize Shields

PLL Control Loop Droop
Cavity Pulling Changes

CHECK: Zeros: d<1x10-26 e-cm (stat)

HV PS

0 + - + - 0 - + - + 0 + - + - 0 - + - + ...

+ Memory?
- Memory?

+ Memory?
FLIP B

Much smaller than statistical error.10/16/17	 nEDM	2017	-	HeXe	-	Tim	Chupp	 19	



Magnetic Crosstalk
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HeXeEDM 
•  High signal to noise 

SQUID detection 
•  Xe-129/He-3 co-

magnetometer 
•  ~ nT remnant B-field 
•  ~ pT/cm gradients   
•  Stage-1 FRM-II/TUM 

2-layer MSR 
•  Stage-2 PTB MSR2 

nEDM 2017 - HeXe - Tim Chupp 
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HeXeEDM 
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2 F. Kuchler et. al.
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Magnetic and RF shield
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Cell transport
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Silicon wafer
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Fig. 1 Experimental setup: Nuclei of the noble gases 3He and 129Xe are simultanously spin
polarized in a SEOP setup located near the outside magnetic shielding layer of the MSR.
The polarized gases are then filled into an evacuated valved EDM cell at position 1. For
measurements the EDM cell is then transported to the center of the MSR (position 2) using a
rail system and moved underneath a liquid helium dewar containing six LTc SQUID sensors.
A grounded silicon wafer protects the SQUID sensors from eventually occuring currents due
to discharges from high-voltage applied to the silicon electrodes.

1 Introduction

Experimental limits on EDMs offer a valuable probe of physics beyond the Stan-
dard Model, as a non-zero value of an EDM directly implies violation of time-
reversal (T) symmetry. Assuming CPT symmetry, a non-zero EDM is also a man-
ifestation of new sources of CP violation providing possible solutions to profound
issues of the Standard Model. As an example the observed matter-antimatter
asymmetry yields an eight order of magnitude disagreement to the prediction from
the Standard Model [8,10]. Experimental results obtained from EDM searches, in
particular the 199Hg EDM experiment [7] lead to the strongest constrains on fun-
damental nuclear CP-odd parameters. Although the current EDM limit on 129Xe
[9] is at least two orders behind the 199Hg measurement, recent work strongly
motivates the need for more sensitive measurements of 129Xe and other systems
[5,4]. The state-of-the-art method used in EDM searches looks for deviations in
Larmor spin precession frequency δν when an electric field E is applied in parallel
to a magnetic holding field B. Assuming the magnetic field B to be constant, sub-
traction of observed precession frequencies for reversed applied electric fields E↑↑

and E↑↓ yields the relation to the EDM d as

d =
h∆ν

2(E↑↑ − E↑↓)
, (1)

where h is Planck’s constant. A nHz frequency resolution in ∆ν corresponds to an
EDM sensitivity of 10−28 ecm assuming typically applied electric fields of several
kV/cm. An expression of the achievable frequency sensitivity for a sinusoidal signal
of amplitude S at a spectral noise density ϵ is given by the Cramer-Rao lower bound
[3,6]. For an observation time T the achievable frequency sensitivity is limited to

σν ≥

√
3

π

ϵ

S · T 3/2
· C(T, T ∗

2 ). (2)
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T. Lins1 ·M. Marino1 ·J. Meinel1 ·B. Niessen1 ·N. Sachdeva3 ·Z. Salhi5 ·
A. Schnabel2 ·F. Seifert2 ·J. Singh4 ·S. Stuiber1 ·L. Trahms2 ·J. Voigt2

© Springer International Publishing Switzerland 2016

Abstract Permanent electric dipole moments (EDMs) arise due to the breaking of time-
reversal or, equivalently, CP-symmetry. Although EDM searches have so far only set upper
limits, which are many orders of magnitude larger than Standard Model (SM) predictions,
the motivation for more sensitive searches is stronger than ever. A new effort at FRM-
II incorporating 129Xe and 3He as a co-magnetometer can potentially improve the current
limit. The noble gas mixture of 129Xe and 3He is simultanously polarized by spin-exchange
optical pumping and then transferred into a high-performance magnetically shielded room.
Inside, both species can freely precess in the presence of applied magnetic and electric
fields. The precession signals are detected by LTc SQUID sensors. In EDM cells with silicon
electrodes we observed spin lifetimes in excess of 2500 s without and with high-voltage
applied. This meets one requirement to achieve our goal of improving the EDM limit on
129Xe by several orders of magnitude.

Keywords New physics · Time-reversal violation · Electric dipole moment · Xenon ·
Magnetometer

PACS 11.30.Er · 24.80.+y · 32.10.Dk · 33.25.+k

This article is part of the Topical Collection on Proceedings of the 6th International Symposium
on Symmetries in Subatomic Physics (SSP 2015), Victoria, Canada, 8–12 June 2015

! F. Kuchler
florian.kuchler@tum.de

1 Excellence Cluster Universe and Technische Universität München, Boltzmannstr. 2,
85748 Garching, Germany

2 Physikalisch-Technische Bundesanstalt, Abbestr. 2-12, 10587, Berlin, Germany

3 University of Michigan, 450 Church St., Ann Arbor, MI 48109, USA

4 Michigan State University and NSCL, 640 S. Shaw Lane, East Lansing, MI 48824, USA

5 Juelich Center for Neutron Science, Lichtenbergstr. 1, 85747, Garching, Germany

Author's personal copy

 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).
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•  ~ 2 weeks of “data” for Jonas and Natasha 
•  Systematic studies 
–  Co-magnetometer leakage current cancellation 
–  Hysteresis effects from dipole  

HeXeEDM 
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Signal amplitude in shield
  



HeXeEDM 
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129Xe [pT] 3He [pT] 
TUM 2016 13 44 less repeatable; laser drift 

 
PTB 2017 25-40 5-7 pyrex pumping cell; “dirty” Rb? 

 Signal amplitude in shield
  



June 2017 PTB “test run” 
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Leakage current test 

Single loop – leakage current simulation

Shift < 5 µHz/µA 
            x20 pA 
            =0.1 nHz (u.l.) 
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Loop 

Dipole/hysteresis test 



µHz 
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-  … + 
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Blinded data run – 6 kV/400 s 

      Reversals 
E (~6 kV/2 cm) 
B (1µT) 
E-flip patterns 
Cell orientationChange  
 

   Vary/monitor 
Pressure/magnetization  
“π/2” residual  
Ileak 
“HV Dwell”/ramp (kV/s) 
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EDM	
cell	

Diaphragm	
pump	

~3	mbar	 ~1	atm	

Gas	fill	

Ballast	

Purifier	

UHV	
RGA	

GATE	VALVE	(2-3/4”	CF)	

UHV	
Glass	tubing	
SS	tubing	

VT:	vacutap	valve	
PV:	pneumaYc	valve	
MV:	Manual	valve	

Pfeiffer	MVP	15-02	

To	EDM	Cell	

MV3	

~	~	

PV1	
VT1	

Vacuum/pressure	

MV2	

MV1	

VT2	

VT3	 VT4	



Summary 
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Global analysis sets limits on CS, CT,  gπ0, gπ1…
Improving any “existing” system has  discovery potential 
129Xe EDM NOT ruled out by 199Hg/nEDM (amazing experiments) de 

goal 2014 Run 2015 Run 2016 Run 2017 Run 2018 goal 
SNR (1Hz BW) 104 150 1500 1800 1000 (5000) 2500 

E [kV/cm] 10 4 4 4 2.4 4 

T2* [s] 200 90 2000 2500 6000-9000 > 8000 

       TUM/PTB  2016/2017: 
l  Systematic studies 
l  Blinded EDM data 
l  T2* of up to 9000 s in EDM cell 
l  3He signal limited 
l  Leakage currents < 20pA 
l  Blind EDM “analysis”/full systematics 

 
 

          PTB ~March 2018 
• BMSR-II upgrade  

 extra layer 
• Improve 3He polarization 

  GE180 pumping cell 
 Circulating-closed system 

• Improved SQUID dewar (10x) 
• Improve spin-flip pulse accuracy 



Thank You/Merci! 

TUM 
Peter Fierlinger 
Florian Kuchler 
Stefan Stuber 
Mike Marino 
Jonas Meinel 

Julich FZ 
Earl Babcock 

PTB 
Wolfgang Kilian 

Issac Fan 
Allard Schnabel 
Sylvian Knappe 
Martin Burghoff 

Lutz Trahms 
 

MSU 
Jaideep Singh 

UM 
Natasha Sachdeva 

Skyler Degenkolb (ILL) 
Fei Gong 

T.C. 
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Thank you! 
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Paramagetic atoms/molecules isolate de, CS 
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System Year/ref Result
Paramagnetic systemss

Cs 1989 [37] d
A

= (�1.8± 6.9)⇥ 10�24 e cm
d

e

= (�1.5± 5.6)⇥ 10�26 e cm
Tl 2002 [9] d

A

= (�4.0± 4.3)⇥ 10�25 e cm
d

e

= ( 6.9± 7.4)⇥ 10�28 e cm
YbF 2011 [8] d

e

= (�2.4± 5.9)⇥ 10�28 e cm

ThO 2014 [7] !NE = 2.6± 5.8 mrad/s
d

e

= (�2.1± 4.5)⇥ 10�29 e cm
C

S

= (�1.3± 3.0)⇥ 10�9

Diamagnetic systems
199Hg 2009 [5] d

A

= (0.49± 1.5)⇥ 10�29 e cm
129Xe 2001 [38] d

A

= (0.7± 3)⇥ 10�27 e cm
TlF 2000 [39] d = (�1.7± 2.9)⇥ 10�23 e cm

neutron 2006 [4] d
n

= (0.2± 1.7)⇥ 10�26 e cm

TABLE III: EDM results used in our analysis as presented by the authors. When d
e

is presented, the assumption is C
S

= 0,
and for ThO, the C

S

result assumes d
e

= 0. We have combined statistical and systematic errors in quadrature for cases where
they are separately reported by the experimenters.

System ↵
de ↵

CS ↵
CS /↵

de (e cm)
Cs 123 7.1⇥ 10�19 e cm 5.8⇥ 10�21

(100� 138) (7.0� 7.2) (0.6� 0.7)⇥ 10�20

Tl -573 �7⇥ 10�18 e cm 1.2⇥ 10�20

�(562� 716) �(5� 9) (1.1� 1.2)⇥ 10�20

YbF �1.1⇥ 1025 Hz/e cm �9.2⇥ 104 Hz 8.6⇥ 10�21

-(0.9-1.2) -(92-132) (8.0� 9.0)⇥ 10�21

ThO �5.0⇥ 1025 Hz/e cm �6.6⇥ 105 Hz 1.3⇥ 10�20

�(4.0� 5.0) -(4.6-6.6) (1.2� 1.3)⇥ 10�20

TABLE IV: Sensitivity to d
e

and C
S

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 TVPV parameters to the
observed EDM of each system. See Refs. [1, 18] for Cs and Tl. For YbF, theory results are compiled in Ref. [13], and for ThO
we use result from Refs. [13, 19, 20].

In order to account for the variation of atomic theory results we vary ↵
CS /↵

de over the ranges presented in Table IV
and find that when the ↵

CS /↵
de are most similar,

d
e

= (�0.3 ± 3.0)⇥ 10�27 e cm C
S

= (0.2 ± 2.5)⇥ 10�7 Varied coe�cient values.

It is in principle possible to include the diamagnetic systems, in particular 199Hg, in constraining d
e

and C
S

. To
do so, however, requires accounting for the hadronic and C

T

contributions to d
A

(199Hg). As described below, the
hadronic parameters and C

T

are constrained by our analysis of the diamagnetic systems, though the constraints are
quite weak due to the limitations of both experimental input and hadronic theory. Using the experimental result for
d

A

(199Hg) combined with the upper limits for C
T

, ḡ
(0)

⇡

and ḡ
(1)

⇡

, we estimate the contribution to d
A

(199Hg) from d
e

and C
S

, i.e.

↵
dede

+ ↵
CS C

S

= d
A

(199Hg)� (↵
CT C

T

+ ↵
ḡ

(0)

⇡
ḡ(0)

⇡

+ ↵
ḡ

(1)

⇡
ḡ(1)

⇡

) ⇡ (1.2 ± 8.0)⇥ 10�26 e cm, (III.37)

where the coe�cients ↵
ij

for 199Hg are given in Table V. The large numerical value follows from the uncertainties on
the parameters C

T

, ḡ
(0)

⇡

and ḡ
(1)

⇡

resulting from the global fit. When this additional constraint is included, the limits
on d

e

and C
S

improve slightly due to the lever arm provided by the significantly di↵erent ↵
CS /↵

de compared to the
paramagnetic systems with the result

d
e

= (�0.3 ± 2.7)⇥ 10�27 e cm C
S

= (0.2 ± 2.3)⇥ 10�7 including 199Hg.

The 68% and 95% upper limits for the are

|d
e

| =< (2.7/5.4)⇥ 10�27 e cm |C
S

| < (2.3/4.5)⇥ 10�7 (68%/95%) CL
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Global Analysis 
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HeXeEDM 
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HeXeEDM 2015 vs 2016 
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Goal/expectation:  10-29/30 e-cm 
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