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Fundamental theory 

Low energy parameters 
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Result 95% u.l. ref.
Paramagnetic systems

Xem dA = ( 0.7± 1.4)⇥ 10�22 3.1⇥ 10�22 e cm a
Cs dA = (�1.8± 6.9)⇥ 10�24 1.4⇥ 10�23 e cm b

de = (�1.5± 5.7)⇥ 10�26 1.2⇥ 10�25 e cm
CS = (2.5± 9.8)⇥ 10�6 2⇥ 10�5

Tl dA = (�4.0± 4.3)⇥ 10�25 1.1⇥ 10�24 e cm c
de = ( 6.9± 7.4)⇥ 10�28 1.9⇥ 10�27 e cm

YbF de = (�2.4± 5.9)⇥ 10�28 1.2⇥ 10�27 e cm d
ThO de = (4.3± 4.0)⇥ 10�30 1.2⇥ 10�29 e cm e

CS = (2.8± 2.6)⇥ 10�10 8.0⇥ 10�10

HfF+ de = (0.9± 7.9)⇥ 10�29 1.6⇥ 10�28 e cm f
Diamagnetic systems

199Hg dA = (2.2± 3.1)⇥ 10�30 7.4⇥ 10�30 e cm g
129Xe dA = (0.7± 3.3)⇥ 10�27 6.6⇥ 10�27 e cm h
225Ra dA = (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 dn = (�0.21± 1.82)⇥ 10�26 3.6⇥ 10�26 e cm k
µ dµ = (0.0± 0.9)⇥ 10�19 1.8⇥ 10�19 e cm l
⌧ Re(d⌧ ) = (1.15± 1.70)⇥ 10�17 3.9⇥ 10�17 e cm m
⇤ d⇤ = (�3.0± 7.4)⇥ 10�17 1.6⇥ 10�16 e cm n

Table 1: Systems with EDM results and the most recent results as presented by
the authors. When de is presented by the authors, the assumption is CS = 0, and
for ThO, the CS result assumes de = 0. Qm is the magnetic quadrupole moment,
which requires a paramagnetic atom with nuclear spin I > 1/2 such as 133Cs. (µN

and RCs are the nuclear magneton and the nuclear radius of 133Cs, respectively.) We
have combined statistical and systematic errors in quadrature for cases where they are
separately reported by the experimenters. References; a [?]; b [?]; c [?]; d [?]; e [?]; f
[?]; g [?]; h [?]; i [?]; j [?]. The value of CS provided for HfF+ makes use of ref. [?].
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Experiments 
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• Strong electric field (static): need neutral particles (or confined ion) 
•  Large signal needs POLARIZATION (usually optical pumping) 
 
• MEASURE FREQUENCIES: 
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Paramagnetic Molecules: (YbF), ThO, HfF+

1.  Large internal electric fields.
1.  Eeff ~ 1011 V/cm.
•  Compared to Elab < 105 V/cm.

2. Accessible internal electric fields.
•  Easy to electically polarize, need only Elab ~ 1 V/cm.

3. Rejection of systematic errors.
•  Electron spins triple/L=1 (J=0) µ small

•  Eeff independent of Elab.

Molecules of Choice:
• Yale: TlF (diamagnetic)
•  Imperial College, London: YbF
•  Harvard/Yale: ThO
•  Yale: PbO

•  JILA: HfF
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FIG. 1. Effective electric field interacting with the electron
edm in YbF versus applied electric field. The dot shows the
field at which we operate.

YbF molecule, rising towards its asymptotic value Eint of
26 GV!cm [13] as the applied field is increased. In our
experiment the applied field is 8.3 kV!cm, for which Eeff
is 13 GV!cm. Such a large effective field is not particular
to YbF but can be found in a variety of other heavy polar
diatomic molecules, some of which are listed in Table I.
In short, the edm interaction in heavy polar molecules can
be thousands of times larger than in heavy atoms.

Our experiment uses 174YbF in the electronic, vibra-
tional, and rotational ground state X2S1"y ! 0, N ! 0#.
The electron spin (1!2) and the fluorine nuclear spin (1!2)
combine to produce a hyperfine singlet F ! 0 and triplet
F ! 1, separated by 170 MHz [17] as shown in the inset in
Fig. 2. The applied electric field lowers the energy of the
jF, mF $ ! j1, 0$ state relative to j1, 61$ by an amount D
(D!h ! 6.7 MHz for the 8.3 kV!cm used in our experi-
ment) [18]. This strong tensor splitting reflects the non-
spherical symmetry of the molecule’s internal structure.
The two states j1, 11$ and j1, 21$ remain degenerate as a
consequence of time-reversal symmetry. Their degeneracy
is lifted by the edm interaction, which causes a splitting
of 2deEeff that we seek to measure in the experiment. A
magnetic field small compared with D!mB causes an ad-
ditional splitting [19] of 2mBBz%1 2

1
2 "mBB!!D#2& plus

higher order corrections (here the g factor, both expected

TABLE I. Effective electric fields for some heavy polar
molecules.

Species: state Eeff (GV!cm)

BaF: X2S1 7.4a

YbF: X2S1 26b

HgF: X2S1 99c

PbF: X2S1 229c

PbO: a(1) 3S1 6d

aReference [14].
bReference [13].
cReference [15].
dReference [16].

and measured, is 1). This formula shows that the field par-
allel to E induces a Zeeman splitting 2mBBz between the
mF ! 61 sublevels, whereas the splitting due to the per-
pendicular field B! is suppressed relative to mBB! by a
factor m2

BBzB!!D2, which is 3 3 10210 in our experiment
(Bz ' 10 nT, B! ' 6 nT). We separate the splitting due
to the edm interaction from that of the magnetic interaction
by reversing the directions of the applied electric and mag-
netic fields, E and B. The edm part of interest has the sym-
metry of E ? B, as one might expect for a P-odd, T-odd
effect. The suppression of the splitting induced by B! is a
critical aspect of the experiment because the motion of the
molecules through the electric field generates a 6 nT con-
tribution to B!, Bmot

y ! Ey!c2, which reverses with E and
therefore has the potential to masquerade as an edm [20].
If B! is entirely motional it does not generate a false edm
because the splitting depends on B2

!, remaining unchanged
when B! reverses. However, if there is also a small y com-
ponent By of the applied magnetic field, the magnitude of
B! will change when either E or B is reversed, leading to
an apparent edm given by m3

BBzBmot
y By!D2Eeff. In our ex-

periment By is less than 1 nT and therefore this false de is
less than 10233e cm. The advantage of a strong tensor po-
larizability for edm measurements was first demonstrated
by Player and Sandars using the 3P2 metastable state of Xe
[21]. These two features of heavy polar molecules — large
Eeff and strong tensor polarizability —give them such ex-
cellent suppression of all the known systematic errors that
a major improvement in de now seems accessible.

Our YbF molecular beam, illustrated in Fig. 3, effuses
out of a molybdenum oven containing a mixture of Yb
metal and powdered AlF3 (mass ratio 4:1) heated to
(1500 K. The molecules are detected by dye-laser-
induced fluorescence 1 m away from the source, using
collection optics with 22% efficiency and a photomulti-
plier (PMT) of 10% quantum efficiency. The detection
laser is tuned to the F ! 0 component in the Q"0# line
of the A 2P1!2-X 2S1 electronic transition (Fig. 2) at

A 2Π
1/2 ( ν = 0,   N = 0 )

170 MHz
F = 1

F = 0

∆

X 2Σ+ ( ν = 0,   N = 2 )

X 2Σ+ ( ν = 0,   N = 0 )

40 GHz

OP
12 

(2)

Q(0)

FIG. 2. Important optical transitions Q"0# and OP12"2# in
174YbF at 553 nm. They are 40 GHz apart. Inset: ground
state hyperfine levels F ! 0, F ! 1, 170 MHz apart. In static
electric field, the mF ! 0 sublevel of F ! 1 is lower than the
mF ! 61 sublevels by an amount D.
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1.  Large internal electric fields.
1.  Eeff ~ 1011 V/cm.
•  Compared to Elab < 105 V/cm.

2. Accessible internal electric fields.
•  Easy to electically polarize, need only Elab ~ 1 V/cm.

3. Rejection of systematic errors.
•  Electron spins triple/L=1 (J=0) µ small

•  Eeff independent of Elab.

Molecules of Choice:
• Yale: TlF (diamagnetic)
•  Imperial College, London: YbF
•  Harvard: ThO
•  Yale: PbO

•  JILA: HfF
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FIG. 1. Effective electric field interacting with the electron
edm in YbF versus applied electric field. The dot shows the
field at which we operate.

YbF molecule, rising towards its asymptotic value Eint of
26 GV!cm [13] as the applied field is increased. In our
experiment the applied field is 8.3 kV!cm, for which Eeff
is 13 GV!cm. Such a large effective field is not particular
to YbF but can be found in a variety of other heavy polar
diatomic molecules, some of which are listed in Table I.
In short, the edm interaction in heavy polar molecules can
be thousands of times larger than in heavy atoms.

Our experiment uses 174YbF in the electronic, vibra-
tional, and rotational ground state X2S1"y ! 0, N ! 0#.
The electron spin (1!2) and the fluorine nuclear spin (1!2)
combine to produce a hyperfine singlet F ! 0 and triplet
F ! 1, separated by 170 MHz [17] as shown in the inset in
Fig. 2. The applied electric field lowers the energy of the
jF, mF $ ! j1, 0$ state relative to j1, 61$ by an amount D
(D!h ! 6.7 MHz for the 8.3 kV!cm used in our experi-
ment) [18]. This strong tensor splitting reflects the non-
spherical symmetry of the molecule’s internal structure.
The two states j1, 11$ and j1, 21$ remain degenerate as a
consequence of time-reversal symmetry. Their degeneracy
is lifted by the edm interaction, which causes a splitting
of 2deEeff that we seek to measure in the experiment. A
magnetic field small compared with D!mB causes an ad-
ditional splitting [19] of 2mBBz%1 2

1
2 "mBB!!D#2& plus

higher order corrections (here the g factor, both expected

TABLE I. Effective electric fields for some heavy polar
molecules.

Species: state Eeff (GV!cm)

BaF: X2S1 7.4a

YbF: X2S1 26b

HgF: X2S1 99c

PbF: X2S1 229c

PbO: a(1) 3S1 6d

aReference [14].
bReference [13].
cReference [15].
dReference [16].

and measured, is 1). This formula shows that the field par-
allel to E induces a Zeeman splitting 2mBBz between the
mF ! 61 sublevels, whereas the splitting due to the per-
pendicular field B! is suppressed relative to mBB! by a
factor m2

BBzB!!D2, which is 3 3 10210 in our experiment
(Bz ' 10 nT, B! ' 6 nT). We separate the splitting due
to the edm interaction from that of the magnetic interaction
by reversing the directions of the applied electric and mag-
netic fields, E and B. The edm part of interest has the sym-
metry of E ? B, as one might expect for a P-odd, T-odd
effect. The suppression of the splitting induced by B! is a
critical aspect of the experiment because the motion of the
molecules through the electric field generates a 6 nT con-
tribution to B!, Bmot

y ! Ey!c2, which reverses with E and
therefore has the potential to masquerade as an edm [20].
If B! is entirely motional it does not generate a false edm
because the splitting depends on B2

!, remaining unchanged
when B! reverses. However, if there is also a small y com-
ponent By of the applied magnetic field, the magnitude of
B! will change when either E or B is reversed, leading to
an apparent edm given by m3

BBzBmot
y By!D2Eeff. In our ex-

periment By is less than 1 nT and therefore this false de is
less than 10233e cm. The advantage of a strong tensor po-
larizability for edm measurements was first demonstrated
by Player and Sandars using the 3P2 metastable state of Xe
[21]. These two features of heavy polar molecules — large
Eeff and strong tensor polarizability —give them such ex-
cellent suppression of all the known systematic errors that
a major improvement in de now seems accessible.

Our YbF molecular beam, illustrated in Fig. 3, effuses
out of a molybdenum oven containing a mixture of Yb
metal and powdered AlF3 (mass ratio 4:1) heated to
(1500 K. The molecules are detected by dye-laser-
induced fluorescence 1 m away from the source, using
collection optics with 22% efficiency and a photomulti-
plier (PMT) of 10% quantum efficiency. The detection
laser is tuned to the F ! 0 component in the Q"0# line
of the A 2P1!2-X 2S1 electronic transition (Fig. 2) at
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FIG. 2. Important optical transitions Q"0# and OP12"2# in
174YbF at 553 nm. They are 40 GHz apart. Inset: ground
state hyperfine levels F ! 0, F ! 1, 170 MHz apart. In static
electric field, the mF ! 0 sublevel of F ! 1 is lower than the
mF ! 61 sublevels by an amount D.
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1.  Large internal electric fields.
1.  Eeff ~ 1011 V/cm.
•  Compared to Elab < 105 V/cm.

2. Accessible internal electric fields.
•  Easy to electically polarize, need only Elab ~ 1 V/cm.
•  Can be laser cooled

3. Rejection of systematic errors.
•  Electron spins triple/L=1 (J=0) µ small

•  Eeff independent of Elab.

Molecules of Choice:
• Yale: TlF (diamagnetic)
•  Imperial College, London: YbF
•  Harvard: ThO
•  Yale: PbO
•  JILA: HfF+
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FIG. 1. Effective electric field interacting with the electron
edm in YbF versus applied electric field. The dot shows the
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YbF molecule, rising towards its asymptotic value Eint of
26 GV!cm [13] as the applied field is increased. In our
experiment the applied field is 8.3 kV!cm, for which Eeff
is 13 GV!cm. Such a large effective field is not particular
to YbF but can be found in a variety of other heavy polar
diatomic molecules, some of which are listed in Table I.
In short, the edm interaction in heavy polar molecules can
be thousands of times larger than in heavy atoms.

Our experiment uses 174YbF in the electronic, vibra-
tional, and rotational ground state X2S1"y ! 0, N ! 0#.
The electron spin (1!2) and the fluorine nuclear spin (1!2)
combine to produce a hyperfine singlet F ! 0 and triplet
F ! 1, separated by 170 MHz [17] as shown in the inset in
Fig. 2. The applied electric field lowers the energy of the
jF, mF $ ! j1, 0$ state relative to j1, 61$ by an amount D
(D!h ! 6.7 MHz for the 8.3 kV!cm used in our experi-
ment) [18]. This strong tensor splitting reflects the non-
spherical symmetry of the molecule’s internal structure.
The two states j1, 11$ and j1, 21$ remain degenerate as a
consequence of time-reversal symmetry. Their degeneracy
is lifted by the edm interaction, which causes a splitting
of 2deEeff that we seek to measure in the experiment. A
magnetic field small compared with D!mB causes an ad-
ditional splitting [19] of 2mBBz%1 2

1
2 "mBB!!D#2& plus

higher order corrections (here the g factor, both expected

TABLE I. Effective electric fields for some heavy polar
molecules.

Species: state Eeff (GV!cm)

BaF: X2S1 7.4a

YbF: X2S1 26b

HgF: X2S1 99c

PbF: X2S1 229c

PbO: a(1) 3S1 6d

aReference [14].
bReference [13].
cReference [15].
dReference [16].

and measured, is 1). This formula shows that the field par-
allel to E induces a Zeeman splitting 2mBBz between the
mF ! 61 sublevels, whereas the splitting due to the per-
pendicular field B! is suppressed relative to mBB! by a
factor m2

BBzB!!D2, which is 3 3 10210 in our experiment
(Bz ' 10 nT, B! ' 6 nT). We separate the splitting due
to the edm interaction from that of the magnetic interaction
by reversing the directions of the applied electric and mag-
netic fields, E and B. The edm part of interest has the sym-
metry of E ? B, as one might expect for a P-odd, T-odd
effect. The suppression of the splitting induced by B! is a
critical aspect of the experiment because the motion of the
molecules through the electric field generates a 6 nT con-
tribution to B!, Bmot

y ! Ey!c2, which reverses with E and
therefore has the potential to masquerade as an edm [20].
If B! is entirely motional it does not generate a false edm
because the splitting depends on B2

!, remaining unchanged
when B! reverses. However, if there is also a small y com-
ponent By of the applied magnetic field, the magnitude of
B! will change when either E or B is reversed, leading to
an apparent edm given by m3

BBzBmot
y By!D2Eeff. In our ex-

periment By is less than 1 nT and therefore this false de is
less than 10233e cm. The advantage of a strong tensor po-
larizability for edm measurements was first demonstrated
by Player and Sandars using the 3P2 metastable state of Xe
[21]. These two features of heavy polar molecules — large
Eeff and strong tensor polarizability —give them such ex-
cellent suppression of all the known systematic errors that
a major improvement in de now seems accessible.

Our YbF molecular beam, illustrated in Fig. 3, effuses
out of a molybdenum oven containing a mixture of Yb
metal and powdered AlF3 (mass ratio 4:1) heated to
(1500 K. The molecules are detected by dye-laser-
induced fluorescence 1 m away from the source, using
collection optics with 22% efficiency and a photomulti-
plier (PMT) of 10% quantum efficiency. The detection
laser is tuned to the F ! 0 component in the Q"0# line
of the A 2P1!2-X 2S1 electronic transition (Fig. 2) at
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FIG. 2. Important optical transitions Q"0# and OP12"2# in
174YbF at 553 nm. They are 40 GHz apart. Inset: ground
state hyperfine levels F ! 0, F ! 1, 170 MHz apart. In static
electric field, the mF ! 0 sublevel of F ! 1 is lower than the
mF ! 61 sublevels by an amount D.
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Order of Magnitude Smaller
Limit on the Electric Dipole
Moment of the Electron
The ACME Collaboration,* J. Baron,1 W. C. Campbell,2 D. DeMille,3† J. M. Doyle,1†
G. Gabrielse,1† Y. V. Gurevich,1‡ P. W. Hess,1 N. R. Hutzler,1 E. Kirilov,3§ I. Kozyryev,3||
B. R. O’Leary,3 C. D. Panda,1 M. F. Parsons,1 E. S. Petrik,1 B. Spaun,1 A. C. Vutha,4 A. D. West3

The Standard Model of particle physics is known to be incomplete. Extensions to the Standard
Model, such as weak-scale supersymmetry, posit the existence of new particles and interactions that
are asymmetric under time reversal (T) and nearly always predict a small yet potentially measurable
electron electric dipole moment (EDM), de, in the range of 10−27 to 10−30 e·cm. The EDM is an
asymmetric charge distribution along the electron spin (S→) that is also asymmetric under T. Using the
polar molecule thorium monoxide, we measured de = (–2.1 T 3.7stat T 2.5syst) × 10−29 e·cm. This
corresponds to an upper limit of jdej < 8.7 × 10−29 e·cm with 90% confidence, an order of magnitude
improvement in sensitivity relative to the previous best limit. Our result constrains T-violating physics
at the TeV energy scale.

Theexceptionally high internal effective elec-
tric field Eeff of heavy neutral atoms and
molecules can be used to precisely probe

for the electron electric dipole moment (EDM),
de, via the energy shift U ¼ −d

→
e ⋅

→
Eeff , where

d
→

e ¼ deS
→
=ðℏ=2Þ, S

→
is electron spin, andℏ is the

reduced Planck constant. Valence electrons travel
relativistically near the heavy nucleus, making Eeff

up to a million times the size of any static lab-
oratory field (1–3). The previous best limits on
de came from experiments with thallium (Tl)
atoms (4) (jdej < 1.6 × 10−27 e·cm) and ytterbium
fluoride (YbF) molecules (5, 6) (jdej < 1.06 ×
10−27 e·cm). The latter demonstrated that mole-
cules can be used to suppress the motional electric
fields and geometric phases that limited the Tl
measurement (5) [this suppression is also present

in certain atoms (7)]. Insofar as polar molecules
can be fully polarized in laboratory-scale electric
fields, Eeff can be much greater than in atoms. The
H3D1 electronic state in the thorium monoxide
(ThO) molecule provides an Eeff ≈ 84 GV/cm,
larger than those previously used in EDM mea-
surements (8, 9). This state’s unusually small mag-
netic moment reduces its sensitivity to spurious
magnetic fields (10, 11). Improved systematic er-
ror rejection is possible because internal state se-
lection allows the reversal of

→
Eeff with no change

in the laboratory electric field (12, 13).
To measure de, we perform a spin precession

measurement (10, 14, 15) on pulses of 232Th16O
molecules from a cryogenic buffer gas beam source
(16–18). The molecules pass between parallel plates
that generate a laboratory electric field Ezz% (Fig.

1A). A coherent superposition of two spin states,
corresponding to a spin aligned in the xy plane, is
prepared using optical pumping and state prep-
aration lasers. Parallel electric (

→
E ) and magnetic

(
→
B ) fields exert torques on the electric and mag-
netic dipole moments, causing the spin vector to
precess in the xy plane. The precession angle is
measured with a readout laser and fluorescence
detection. A change in this angle as

→
Eeff is reversed

is proportional to de.
In more detail, a laser beam (wavelength

943 nm) optically pumps molecules from the
ground electronic state into the lowest rotational
level, J = 1, of the metastable (lifetime ~2 ms)
electronic H3D1 state manifold (Fig. 1B), in an
incoherentmixture of the Ñ ¼ T1,M= T1 states.
M is the angular momentum projection along the
z% axis. Ñ refers to the internuclear axis, n%, aligned
(+1) or antialigned (–1) with respect to

→
E , when

j→E j ≳ 1 V/cm (11). The linearly polarized state
preparation laser’s frequency is resonant with the
H→C transition at 1090 nm (Fig. 1B).Within the
short-lived (500 ns) electronicC state, there are two
opposite-parity P̃ =T1 stateswith J =1,M=0. For
a given spin precession measurement, the laser
frequency determines the Ñ and P̃ states that are
addressed. This laser optically pumps the bright

1Department of Physics, Harvard University, Cambridge, MA
02138, USA. 2Department of Physics and Astronomy, Univer-
sity of California, Los Angeles, CA 90095, USA. 3Department of
Physics, Yale University, New Haven, CT 06511, USA. 4Depart-
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§Present address: Institut für Experimentalphysik, Universität
Innsbruck, A-6020 Innsbruck, Austria.
||Present address: Department of Physics, Harvard University,
Cambridge, MA 02138, USA.

Fig. 1. Schematic of the apparatus and energy level diagram. (A) A
collimated pulse of ThO molecules enters a magnetically shielded region (not
to scale). An aligned spin state (smallest red arrows), prepared via optical
pumping, precesses in parallel electric and magnetic fields. The final spin
alignment is read out by a laser with rapidly alternating linear polarizations,
X% and Y%, with the resulting fluorescence collected and detected with photo-
multiplier tubes (PMTs). (B) The state preparation and readout lasers (double-lined

blue arrows) drive one molecule orientation Ñ ¼ $1 (split by 2DE ~ 100 MHz,
where D is the electric dipole moment of the H state) in the H state to C,
with parity P̃ = T1 (split by 50 MHz). Population in the C state decays via
spontaneous emission, and we detect the resulting fluorescence (red
wiggly arrow). H state levels are accompanied by cartoons displaying the
orientation of

→
Eeff (blue arrows) and the spin of the electron (red arrows)

that dominantly contributes to the de shift.
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FIG. 1. (a) Apparatus schematic, (b) experimental timing,
and (c) relevant energy levels (not to scale) for an eEDM
measurement using trapped ions. HfF is resonantly photoion-
ized (yellow) to form HfF+. A rotating electric bias field Erot

(blue) polarizes the molecules, and transfer [red, not shown in
(a)] and depletion lasers (orange) perform state preparation.
The spin resonance sequence is performed by modulating the
value of Erot. Spin state populations are detected by depletion
followed by resonant multiphoton photodissociation (purple)
and counting the resulting Hf+ ions on a time-of-flight mi-
crochannel plate detector (TOF MCP).

co-propagating along the −Ẑ axis drive a stimulated
Raman transition through a 3Π0+ , v = 1, J = 1 in-
termediate state, transferring approximately 40% of the
ground rovibronic state population to the 3∆1, J = 1,
F = 3/2 state. Figure 2(a) shows the structure of this
state in a frame defined by the instantaneous direction of
Erot ≡ Erotẑ. It consists of four Stark doublets (pairs of
magnetic sublevels) separated by dmfErot/3h ≈ 14 MHz,
where dmf is the 3∆1 molecule-frame dipole moment and
h is Planck’s constant. The population transfer process
resolves Stark doublets, but produces an incoherent mix-
ture of mF = ±3/2 states in either the upper or lower
doublet, depending on the detuning of the second transfer
laser. Selective depletion is then performed by a circu-
larly polarized 814.5 nm Ti:sapphire laser resonant with
the P (1) line of a 3Σ−

0+
← 3∆1 transition. The depletion

laser is strobed synchronously with the rotating electric
field so that its wavevector is either parallel or antipar-
allel to Erot, thus driving a σ± transition to an F ′ = 1/2
manifold and leaving a singlemF = ±3/2 level populated
in the 3∆1 state.
Following the production of a pure spin state by

strobed depletion, we perform a π/2 pulse to prepare
an equal superposition of mF = ±3/2 states. This is
accomplished by reducing Erot for a brief interval, which
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FIG. 2. Electron spin resonance spectroscopy in HfF+. (a)
Level structure of the eEDM-sensitive 3∆1, J = 1, F = 3/2
state in an electric bias field Erot. (b) Energies of |mF | = 3/2
states as a function of magnetic bias field Brot (not to scale),
showing an avoided crossing at Brot = 0 due to a rotation-
induced fourth-order coupling ∆u/l [22]. (c) Sample interfer-
ence fringe with frequency fu(Brot) ≈ 23Hz indicated in (b),
showing an interrogation time of ∼ 700ms and decoherence
rate γ = 0.3(2) s−1.

increases a rotation-induced fourth-order coupling ∆u/l

between mF = ±3/2 states [Fig. 2(b)] and causes a pure
spin state to evolve into an equal superposition in ∼ 1ms
[11, 12, 22]. We return Erot to its nominal value and allow
the phase of the superposition state to evolve for a vari-
able precession time up to ∼ 700 ms, then apply a second
π/2 pulse to map the relative phase of the superposition
onto a population difference between mF = ±3/2 states.
A second set of strobed laser pulses again depletes all but
a single mF = ±3/2 level. Finally, to selectively detect
the remaining population in the 3∆1, J = 1 state, we
resonantly photodissociate HfF+ using pulsed UV lasers
at 285.7 nm and 266 nm. We eject all ions from the trap
with a pulsed voltage on the radial trap electrodes, and
count both Hf+ and the temporally resolved background
HfF+ using a microchannel plate (MCP) detector [18].

We interleave experimental trials where the two sets of
strobed depletion pulses have the same or opposite phase
with respect to Erot in order to alternately prepare and
detect population in the mF = ±3/2 states. Denoting
by NA (NB) the measured population when the deple-
tion phases are the same (opposite), we form the asym-
metry A = (NA − NB)/(NA + NB), which normalizes
drifts in the absolute 3∆1 population. The asymmetry
forms an interference fringe that is well-approximated by
a sinusoidal function of precession time t,

A(t) ≃ −Ce−γt cos(2πft+ φ) +O, (1)
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A precision measurement of the electron’s electric dipole moment using trapped
molecular ions
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(Dated: April 27, 2017)

We describe the first precision measurement of the electron’s electric dipole moment (eEDM,
de) using trapped molecular ions, demonstrating the application of spin interrogation times over
700ms to achieve high sensitivity and stringent rejection of systematic errors. Through electron
spin resonance spectroscopy on 180Hf19F+ in its metastable 3∆1 electronic state, we obtain de =
(0.9 ± 7.7stat ± 1.7syst) × 10−29 e cm, resulting in an upper bound of |de| < 1.3 × 10−28 e cm (90%
confidence). Our result provides independent confirmation of the current upper bound of |de| <
9.3 × 10−29 e cm [J. Baron et al., Science 343, 269 (2014)], and offers the potential to improve on
this limit in the near future.

A search for a nonzero permanent electric dipole mo-
ment of the electron (eEDM, de) constitutes a nearly
background-free test for physics beyond the Standard
Model (SM), since the SM predicts |de| ! 10−38 e cm
[1], while the natural scale of de in many proposed SM
extensions is typically 10−27 to 10−30 e cm [2]. Present
experimental techniques now constrain these theories [3];
hence, there have been many recent experimental efforts
to measure an eEDM [3–9].

The most precise eEDM measurements to date were
performed using thermal beams of neutral atoms or
molecules [3–5]. These experiments benefited from ex-
cellent statistical sensitivity provided by a high flux of
neutral atoms or molecules, and decades of past work
have produced a thorough understanding of their com-
mon sources of systematic error. Nonetheless, a crucial
systematics check can be provided by independent mea-
surements conducted using different physical systems and
experimental techniques. Moreover, techniques that al-
low longer interrogation times offer significant potential
for sensitivity improvements in eEDM searches and other
tests of fundamental physics [10].

In this Letter, we report on a precision measurement
of the eEDM using molecular ions confined in a radio
frequency (RF) trap, applying the methods proposed in
Ref. [11] and demonstrated in Ref. [12]. We perform
an electron spin precession experiment on 180Hf19F+

molecules in their metastable 3∆1 electronic state, and
extract the relativistically enhanced eEDM-induced en-
ergy shift ∼ 2deEeff between stretched Zeeman sublevels,
where Eeff ≈ 23 GV/cm in HfF+ [13–17]. In addition
to leveraging the high eEDM sensitivity and systematic
error rejection intrinsic to an |Ω| = 1 electronic state
in a heavy polar molecule [6], including in particular
the small magnetic moment of a 3∆1 state [14], we use
a unique experimental approach that is robust against
sources of systematic error common to other methods.
The 2.1(1) s lifetime of the 3∆1 state in HfF+ [18] and
our use of an RF trap allow us to attain spin preces-

sion times in excess of 700 ms – nearly three orders of
magnitude longer than in contemporary neutral beam
experiments. This exceptionally long interrogation time
allows us to obtain high eEDM sensitivity despite our
lower count rate. In addition, performing an experiment
on trapped particles permits the measurement of spin
precession fringes at arbitrary free-evolution times, mak-
ing our experiment relatively immune to systematic er-
rors due to initial phase shifts associated with imperfectly
characterized state preparation.

Our apparatus and experimental sequence, shown
schematically in Fig. 1, have been described in detail
previously [11, 12, 18–21]. We produce HfF by abla-
tion of Hf metal into a pulsed supersonic expansion of
Ar and SF6. The reaction of Hf with SF6 produces
HfF, which is entrained in the supersonic expansion and
rovibrationally cooled through collisions with Ar. The
resulting beam enters the RF trap, where HfF is ion-
ized with pulsed UV lasers at 309.4 nm and 367.7 nm
to form HfF+ in its 1Σ+, v = 0 ground vibronic state
[19, 20]. The ions are stopped at the center of the RF
trap by a pulsed voltage on the radial trap electrodes,
then confined by a DC axial electric quadrupole field
and an RF radial electric quadrupole field with frequency
frf = 50 kHz. We next adiabatically turn on a spa-
tially uniform electric bias field Erot ≈ 24 V/cm that
rotates in the radial plane of the ion trap with typical
frequency frot ≈ 250 kHz, causing the ions to undergo
circular motion with radius rrot ≈ 0.5mm. A pair of
magnet coils aligned with the Z axis produce an axial
magnetic gradient B = B′

axgrad(2Z − X − Y ) where
|B′

axgrad| ≈ 40mG/cm, which in the rotating, trans-
lating frame of the ions creates a magnetic bias field
Brot ≡ |⟨B · Erot/Erot⟩| ≃ |B′

axgradrrot| that is parallel
(antiparallel) to Erot if B′

axgrad > 0 (< 0) [11, 12].

Our state preparation consists of population transfer
to the eEDM-sensitive 3∆1 state and selective deple-
tion of magnetic sublevels to produce a pure spin state
[Fig. 1(b-c)]. Two cw lasers at 899.7 nm and 986.4 nm

Molecules: TlF, YbF, HfF+
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Improved limit on the electric dipole 
moment of the electron
ACME Collaboration*

The standard model of particle physics accurately describes all particle physics measurements made so far in the 
laboratory. However, it is unable to answer many questions that arise from cosmological observations, such as the nature 
of dark matter and why matter dominates over antimatter throughout the Universe. Theories that contain particles and 
interactions beyond the standard model, such as models that incorporate supersymmetry, may explain these phenomena. 
Such particles appear in the vacuum and interact with common particles to modify their properties. For example, 
the existence of very massive particles whose interactions violate time-reversal symmetry, which could explain the 
cosmological matter–antimatter asymmetry, can give rise to an electric dipole moment along the spin axis of the electron. 
No electric dipole moments of fundamental particles have been observed. However, dipole moments only slightly smaller 
than the current experimental bounds have been predicted to arise from particles more massive than any known to exist. 
Here we present an improved experimental limit on the electric dipole moment of the electron, obtained by measuring the 
electron spin precession in a superposition of quantum states of electrons subjected to a huge intramolecular electric field.  
The sensitivity of our measurement is more than one order of magnitude better than any previous measurement. This 
result implies that a broad class of conjectured particles, if they exist and time-reversal symmetry is maximally violated, 
have masses that greatly exceed what can be measured directly at the Large Hadron Collider.

The electric dipole moment (EDM) of the electron is an asymmetric 
charge distribution along the particle’s spin. The existence of an EDM 
requires violation of time-reversal symmetry. The standard model of 
particle physics predicts that the electron has such an EDM, de, but with 
a magnitude far below current experimental sensitivities1–3. However, 
theories of physics beyond the standard model generally include new 
particles and interactions that can break time-reversal symmetry. If 
these new particles have masses of 1–100 TeV c−2, theories typically 
predict that de ≈ 10−27–10−30e cm (1e cm = 1.6 × 10−21 C m, where e 
is the electron charge)4–8—a value that is orders of magnitude larger 
than the standard model predictions, which is now accessible by 
experiment1,9. Here we report the result of the ACME II experiment, 
an improved measurement of de with sensitivity over 10 times better 
than the previous best measurement, ACME I1,9. This was achieved by 
improving the state preparation, experimental geometry, fluorescence 
collection and control of systematic uncertainties. Our measurement, d
e = (4.3 ± 3.1stat ± 2.6syst) × 10−30e cm (‘stat’, statistical uncertainty; ‘syst’, 
systematic uncertainty), is consistent with zero and corresponds to an 
upper limit of |de| < 1.1 × 10−29e cm at 90% confidence. This result 
constrains new time-reversal-symmetry-violating physics for broad 
classes of proposed beyond-standard-model particles with masses in 
the range 3–30 TeV c−2.

Recent advances in the measurement of de
1,10–12 have relied on using 

the exceptionally high internal effective electric field (Eeff ) of heavy 
polar molecules13–15. This gives rise to an energy shift = − ⋅ EdU e eff , 
where de = des/(ħ/2), s is the spin of the electron and ħ is the reduced 
Planck constant. The H3∆1 electronic state in the thorium monoxide 
(ThO) molecule has16,17 ≈ −E 78 GV cmeff

1 when the molecule is fully 
polarized; this requires only a very modest electric field (E ≳ 1 V cm−1) 
applied in the laboratory. ACME I used ThO to place a limit of 
|de| < 9.4 × 10−29e cm (90% confidence)1,9, which was recently con-
firmed by an experiment with trapped HfF+ molecular ions12, which 
found |de| < 1.3 × 10−28e cm.

An EDM measurement with thorium monoxide
As in ACME I, we performed our measurement in the J = 1, M = ±1 
sublevels of the H3∆1 state of ThO, where J is the angular momentum 
and M is its projection along a quantization axis ẑ  (Fig. 1a). In our 
applied electric field =E E ẑz , these states are fully polarized18, such that 
the internuclear axis n̂, which points from the oxygen to the thorium 
nucleus, is either aligned or antialigned with E. The direction of n̂ coin-
cides with the direction of the field Eeff that acts on de. States with 
opposite molecule orientation are described by the quantum number 

= ⋅ = ±EN
~ n̂sgn( ) 1. The direction of Eeff can be reversed either by 
reversing the laboratory field E or by changing the state = ±N

~ 1 used 
in the measurement; each of these approaches allows us to reject a wide 
range of systematic errors19–21.

The electron spin, s, is along the spin of the molecular state, S. We 
measure the energy difference between states with M = ±1 (which cor-
respond to S being aligned or antialigned with Eeff; Fig. 1a), which 
contains a term proportional to U. To do so, we prepare an initial coher-
ent superposition of M = ±1 states, which corresponds to the spin S 
being aligned with a fixed direction in the x–y plane (Fig. 2). The 
applied magnetic field, =B B ẑz , and Eeff exert torques on the magnetic 
and electric dipole moments associated with the spin, causing S to pre-
cess in the x–y plane by an angle φ as the molecules travel freely. The 
final value of φ is measured by laser excitation of the molecules, which 
induces fluorescence with a strength that depends on the angle between 
S and the laser polarization. The angle φ is given by

φ
µ τ

≈
− | | +B B N E E

~ ~ ~d
ħ

( ) (1)z e eff

where | | = | ⋅ |BB ẑz , = ⋅BB
~ ẑsgn( ), = ⋅EE

~ ẑsgn( ), τ is the spin preces-
sion time and µ µ=

N
gB , where = − .

N
g 0 0044  is the g-factor of the 

| = NJH, 1,  state22 and µB is the Bohr magneton. The sign, N E
~ ~, of the 

EDM contribution to the angle is given by the sign of the torque of Eeff 

*A list of participants and their affiliations appears at the end of the paper.
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FIG. 25 (Color online) The experimental layout of the ACME
ThO experiment from Baron et al. (2014).

and flipping Ee↵ by selecting the upper to lower pair of
states – was reported:

!BD(HfF+) = 2⇡(0.1 ± 0.87 (stat) ± 0.2 (sys)) mrad/s.
(109)

Assuming CS = 0, the resulting sole-source electron
EDM is

de(HfF+) = (0.9 ± 7.7 (stat) ± 1.7 (sys)) ⇥ 10�29
e cm.
(110)

The authors did not provide a soul-source limit on CS ;
however Skripnikov (2017) has calculated ↵CS ⇡ 2.0⇥106

rad/s, which is used in the analysis presented in Sec. V,
which includes results from ThO and 180Hf19F+ to con-
strain de and CS simultaneously.

A second generation ion trap that may confine ten
times more HfF+ ions in a larger volume combined with
improved electrode design is expected to provide an order
of magnitude higher sensitivity (Cairncross et al., 2017).
The JILA group also intends to perform an experiment
on ThF+ (Ee↵ ⇡ 36 GV/cm), for which the ground state
is 3�1 providing for coherence times that are not lim-
ited by the lifetime of an excited state. It has also been
pointed out that an experiment with the isotope 177Hf
(18.6% abundance) with nuclear spin I = 7/2 would be
sensitive to the P-odd/T-odd magnetic-quadruople mo-
ment (Skripnikov et al., 2017).

A recent proposal to study the orientation-dependent
hyperfine structure of polar molecules in a rare-gas ma-
trix, which is sensitive to the electron EDM has been pre-
sented by Vutha et al. (2018). Another promising idea is
to store paramagnetic molecular ions or other particles
in an electrostatic storage ring of a few meters diameter,
used as a large ion trap.10 Such a configuration enables
the storage of molecular ions of all possible configura-
tions of states. In TaO, for example, the ground state

10 A ring with in principle suitable parameters exists (von Hahn
et al., 2016).

structure is ⌃⇤⌦ =3�1, and ions could be trapped elec-
trostatically for several hours in bunches of up to 107

ions with kinetic energies of the order 100 keV. Prepa-
ration and readout of the molecular states relevant for
EDM measurements would be done with lasers. Due to
the sub-kHz angular frequency of the particles, the small
molecular magnetic dipole moment, and the eddy-current
and RF shielded environment provided by the vacuum
housing of the storage ring, no compensation of the am-
bient magnetic fields is necessary. The long storage times
in the ring allow for a large number of repetitions of the
experiment for each configuration, and the large number
of ions stored in the ring may enable up to six orders of
magnitude greater sensitivity to de. At this level, EDMs
and Majorana neutrinos have model dependent connec-
tions, thus enabling a new path to access physics beyond
the SM (Archambault et al., 2004; Ng and Ng, 1996).
Additionally, radium or radon ions could be stored, tak-
ing advantage of the octupole enhanced Schi↵ moment
or nuclear EDM discussed below.

D. Solid-state systems

The electron EDM can also be measured in special
ferro-electric and paramagnetic solid-state systems with
quasi-free electron spins that can be subjected to applied
electric and magnetic fields. Advantages of such a system
are

i. a high number density of unpaired electrons (1022

cm�3), providing signal amplification;

ii. confinement of the electrons, mitigating such e↵ects
as motional fields;

iii. features of solid-state samples including collective ef-
fects, e.g. for ferro-electric systems, a large electric
field spin-polarizes the electrons resulting in a mag-
netization that reverses with the electric field;

iv. minimal magnetic order to mitigate spurious mag-
netic e↵ects.

A cryogenic experiment increases the electron polariza-
tion and provides for detection of the resulting magne-
tization by SQUID magnetometers. The desired prop-
erties of an ideal material follows from consideration of
the specific requirements of the EDM search (Buhmann
et al., 2002; Ignatovich, 1969a,b; Liu and Lamoreaux,
2004; Shapiro, 1968b; Sushkov et al., 2009, 2010).

The polycrystal Gd3Ga5O12 (gadolinium-gallium-
garnet) provides seven unpaired atomic electrons, high
resistivity (1014 ⌦-m ) and high dielectric strength (1
GV/m). Enhancement of the electron EDM leads to an
atomic EDM of Gd3+ atoms in the lattice dGd3+ ⇡ 20de,
and the result de = (�5.57 ± 7.98stat ± 0.12syst) ⇥ 10�25

e cm was reached with 5 days of data (Kim et al.,
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2015). An experiment in the paramagnetic ferroelec-
tric Eu0.5Ba0.5TiO3 measured de = (�1.07 ± 3.06stat ±
1.74syst)⇥10�25

e cm. (Eckel et al., 2012). Though this
result is several orders of magnitude short of the sensi-
tivity of paramagnetic molecules, improvements to mag-
netic noise and shielding can improve sensitivity. Other
materials under consideration include SrTiO3 doped with
Eu2+ (Müller and Burkard, 1979; Viana et al., 1994). An-
other approach in paramagnetic ferroelectrics, would de-
tect the electric field produced by the electron EDM that
would be magnetically aligned by polarized spins (Hei-
denreich et al., 2005).

E. Diamagnetic atoms and molecules

Diamagnetic atoms have the experimentally attractive
feature that they can be contained in room-temperature
cells with long polarization and spin-coherence lifetimes
T1 and T ⇤

2 , because the nuclear spin is well shielded
by the closed electron shell. Diamagnetic atoms can
also be spin polarized using optical-pumping techniques,
providing the largest possible signal-to-noise ratios and
optimal statistical precision. Combined with tech-
niques to carefully monitor and control systematic ef-
fects, measurements with 129Xe (Vold et al., 1984), with
129Xe/3He (Rosenberry, 2001) and the series of measure-
ments with 199Hg (Graner et al., 2016; Gri�th et al.,
2009; Romalis et al., 2001) are the most sensitive EDM
measurements to date. The most recent 199Hg result
stands alone in its sensitivity to various sources of CP vi-
olation (Graner et al., 2017). The diamagnetic molecule
TlF was used in pioneering work by Hinds and Sandars
(1980) and Wilkening et al. (1984b). The most recent
and most precise TlF result was reported by Cho et al.

(1991), and a new e↵ort to greatly improve the sensitivity
is underway (Norrgard et al., 2017).

As discussed in Sec. II.F and in Eqn. 70, the dominant
contributions to the atomic EDM in diamagnetic atoms
is the Schi↵ moment of the nucleus and the nuclear-spin-

dependent electron-nucleus force with coe�cient C
(0)
T .

The Schi↵ moment itself can arise from T-odd/P-odd NN
interactions and from the EDMs of the individual nucle-
ons (both 129Xe and 199Hg have an unpaired neutron).
However these sources can be related, depending on the
nature of the P-odd/T-odd interactions as discussed in
Sec. II.
Xenon

Xenon is the heaviest stable noble gas, and 129Xe is
a spin-1/2 isotope. Spin-1/2 atoms in cells have the ad-
vantage that only magnetic dipole interactions with ex-
ternal fields, with other atoms, and with the cell walls
are allowed. This leads to longer spin-coherence times
and narrow linewidths compared to atoms with nuclear
spin K > 1/2, which are subject, for example, to elec-
tric quadrupole interactions, in particular with the cell

walls (Chupp and Hoare, 1990; Wu et al., 1990). Spin re-
laxation times of several 100’s of seconds and longer are
observed for free-induction decay. In natural xenon, the
abundance of 129Xe is 26%; however isotopically enriched
gas is available. Polarization of 129Xe generally of greater
than 10%, and approaching 100%, is possible using spin-
exchange, mediated by the hyperfine interaction, with
laser-optically-pumped alkali-metal vapor (Zeng et al.,
1985). Spin exchange also makes it possible to use the
alkali-metal vapor to monitor the free-precession of 129Xe
polarization.

The first EDM measurement in 129Xe by Fortson and
collaborators (Vold et al., 1984) used spin exchange with
laser-optically-pumped rubidium to polarize 129Xe in a
stack of three cylindrical cells with electric fields of mag-
nitude 3.2 to 4.9 kV/cm applied parallel and antiparallel
to a uniform and well shielded 10µT magnetic field. The
stack of cells, treated as magnetometers, allows sums and
di↵erences of the free-precession frequencies to be used
to determine the average magnetic field, and the aver-
age magnetic field gradient. A third combination of the
three frequencies is the EDM signal. One potential sys-
tematic error for such a system was the e↵ective mag-
netic field due to the hyperfine interaction, caused by
any rubidium polarization projection along the electric
field axis that somehow changed when the electric fields
were changed. One successful approach was to “quench”
the polarization of the two rubidium isotopes with reso-
nance RF magnetic fields (Oteiza, 1992). Another con-
cern was any change in the leakage currents that flowed
across the cells due to the applied voltages that was dif-
ferent for di↵erent cells. Both e↵ects were studied and
found to be small compared to the statistical error of
the measurement. The EDM of 129Xe was measured to
be dXe = (�0.3 ± 1.1) ⇥ 10�26

e cm, where the error is
statistical only.

Another approach to measure the 129Xe EDM used
spin-exchange pumped noble-gas masers of 129Xe and
3He (Bear et al., 1998; Chupp et al., 1994; Stoner et al.,
1996). Spin-exchange optical pumping is practical, in
principle, for any odd A noble gas, and a population in-
version can be pumped in multiple species with the same
sign of the magnetic moment. The two species have very
di↵erent sensitivity to the Schi↵ moment and to other
P-odd/T-odd interactions, which are approximately pro-
portional to Z2, but similar sensitivity to magnetic field
e↵ects, particularly those produced by leakage currents
that can change when the electric field is changed. Thus
the 3He served as a comagnetometer occupying nearly
the same volume as the 129Xe in a single measurement
cell (Chupp et al., 1988). The result reported by Rosen-
berry (2001) was

dA(129Xe) = (0.7 ±3.3 (stat) ±0.1 (sys))⇥10�27 e�cm.
(111)
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2015). An experiment in the paramagnetic ferroelec-
tric Eu0.5Ba0.5TiO3 measured de = (�1.07 ± 3.06stat ±
1.74syst)⇥10�25

e cm. (Eckel et al., 2012). Though this
result is several orders of magnitude short of the sensi-
tivity of paramagnetic molecules, improvements to mag-
netic noise and shielding can improve sensitivity. Other
materials under consideration include SrTiO3 doped with
Eu2+ (Müller and Burkard, 1979; Viana et al., 1994). An-
other approach in paramagnetic ferroelectrics, would de-
tect the electric field produced by the electron EDM that
would be magnetically aligned by polarized spins (Hei-
denreich et al., 2005).

E. Diamagnetic atoms and molecules

Diamagnetic atoms have the experimentally attractive
feature that they can be contained in room-temperature
cells with long polarization and spin-coherence lifetimes
T1 and T ⇤

2 , because the nuclear spin is well shielded
by the closed electron shell. Diamagnetic atoms can
also be spin polarized using optical-pumping techniques,
providing the largest possible signal-to-noise ratios and
optimal statistical precision. Combined with tech-
niques to carefully monitor and control systematic ef-
fects, measurements with 129Xe (Vold et al., 1984), with
129Xe/3He (Rosenberry, 2001) and the series of measure-
ments with 199Hg (Graner et al., 2016; Gri�th et al.,
2009; Romalis et al., 2001) are the most sensitive EDM
measurements to date. The most recent 199Hg result
stands alone in its sensitivity to various sources of CP vi-
olation (Graner et al., 2017). The diamagnetic molecule
TlF was used in pioneering work by Hinds and Sandars
(1980) and Wilkening et al. (1984b). The most recent
and most precise TlF result was reported by Cho et al.

(1991), and a new e↵ort to greatly improve the sensitivity
is underway (Norrgard et al., 2017).

As discussed in Sec. II.F and in Eqn. 70, the dominant
contributions to the atomic EDM in diamagnetic atoms
is the Schi↵ moment of the nucleus and the nuclear-spin-

dependent electron-nucleus force with coe�cient C
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However these sources can be related, depending on the
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vantage that only magnetic dipole interactions with ex-
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are allowed. This leads to longer spin-coherence times
and narrow linewidths compared to atoms with nuclear
spin K > 1/2, which are subject, for example, to elec-
tric quadrupole interactions, in particular with the cell
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than 10%, and approaching 100%, is possible using spin-
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1985). Spin exchange also makes it possible to use the
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to a uniform and well shielded 10µT magnetic field. The
stack of cells, treated as magnetometers, allows sums and
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to determine the average magnetic field, and the aver-
age magnetic field gradient. A third combination of the
three frequencies is the EDM signal. One potential sys-
tematic error for such a system was the e↵ective mag-
netic field due to the hyperfine interaction, caused by
any rubidium polarization projection along the electric
field axis that somehow changed when the electric fields
were changed. One successful approach was to “quench”
the polarization of the two rubidium isotopes with reso-
nance RF magnetic fields (Oteiza, 1992). Another con-
cern was any change in the leakage currents that flowed
across the cells due to the applied voltages that was dif-
ferent for di↵erent cells. Both e↵ects were studied and
found to be small compared to the statistical error of
the measurement. The EDM of 129Xe was measured to
be dXe = (�0.3 ± 1.1) ⇥ 10�26

e cm, where the error is
statistical only.

Another approach to measure the 129Xe EDM used
spin-exchange pumped noble-gas masers of 129Xe and
3He (Bear et al., 1998; Chupp et al., 1994; Stoner et al.,
1996). Spin-exchange optical pumping is practical, in
principle, for any odd A noble gas, and a population in-
version can be pumped in multiple species with the same
sign of the magnetic moment. The two species have very
di↵erent sensitivity to the Schi↵ moment and to other
P-odd/T-odd interactions, which are approximately pro-
portional to Z2, but similar sensitivity to magnetic field
e↵ects, particularly those produced by leakage currents
that can change when the electric field is changed. Thus
the 3He served as a comagnetometer occupying nearly
the same volume as the 129Xe in a single measurement
cell (Chupp et al., 1988). The result reported by Rosen-
berry (2001) was
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other approach in paramagnetic ferroelectrics, would de-
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Diamagnetic atoms have the experimentally attractive
feature that they can be contained in room-temperature
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2 , because the nuclear spin is well shielded
by the closed electron shell. Diamagnetic atoms can
also be spin polarized using optical-pumping techniques,
providing the largest possible signal-to-noise ratios and
optimal statistical precision. Combined with tech-
niques to carefully monitor and control systematic ef-
fects, measurements with 129Xe (Vold et al., 1984), with
129Xe/3He (Rosenberry, 2001) and the series of measure-
ments with 199Hg (Graner et al., 2016; Gri�th et al.,
2009; Romalis et al., 2001) are the most sensitive EDM
measurements to date. The most recent 199Hg result
stands alone in its sensitivity to various sources of CP vi-
olation (Graner et al., 2017). The diamagnetic molecule
TlF was used in pioneering work by Hinds and Sandars
(1980) and Wilkening et al. (1984b). The most recent
and most precise TlF result was reported by Cho et al.

(1991), and a new e↵ort to greatly improve the sensitivity
is underway (Norrgard et al., 2017).

As discussed in Sec. II.F and in Eqn. 70, the dominant
contributions to the atomic EDM in diamagnetic atoms
is the Schi↵ moment of the nucleus and the nuclear-spin-

dependent electron-nucleus force with coe�cient C
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The Schi↵ moment itself can arise from T-odd/P-odd NN
interactions and from the EDMs of the individual nucle-
ons (both 129Xe and 199Hg have an unpaired neutron).
However these sources can be related, depending on the
nature of the P-odd/T-odd interactions as discussed in
Sec. II.
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Xenon is the heaviest stable noble gas, and 129Xe is
a spin-1/2 isotope. Spin-1/2 atoms in cells have the ad-
vantage that only magnetic dipole interactions with ex-
ternal fields, with other atoms, and with the cell walls
are allowed. This leads to longer spin-coherence times
and narrow linewidths compared to atoms with nuclear
spin K > 1/2, which are subject, for example, to elec-
tric quadrupole interactions, in particular with the cell
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laxation times of several 100’s of seconds and longer are
observed for free-induction decay. In natural xenon, the
abundance of 129Xe is 26%; however isotopically enriched
gas is available. Polarization of 129Xe generally of greater
than 10%, and approaching 100%, is possible using spin-
exchange, mediated by the hyperfine interaction, with
laser-optically-pumped alkali-metal vapor (Zeng et al.,
1985). Spin exchange also makes it possible to use the
alkali-metal vapor to monitor the free-precession of 129Xe
polarization.

The first EDM measurement in 129Xe by Fortson and
collaborators (Vold et al., 1984) used spin exchange with
laser-optically-pumped rubidium to polarize 129Xe in a
stack of three cylindrical cells with electric fields of mag-
nitude 3.2 to 4.9 kV/cm applied parallel and antiparallel
to a uniform and well shielded 10µT magnetic field. The
stack of cells, treated as magnetometers, allows sums and
di↵erences of the free-precession frequencies to be used
to determine the average magnetic field, and the aver-
age magnetic field gradient. A third combination of the
three frequencies is the EDM signal. One potential sys-
tematic error for such a system was the e↵ective mag-
netic field due to the hyperfine interaction, caused by
any rubidium polarization projection along the electric
field axis that somehow changed when the electric fields
were changed. One successful approach was to “quench”
the polarization of the two rubidium isotopes with reso-
nance RF magnetic fields (Oteiza, 1992). Another con-
cern was any change in the leakage currents that flowed
across the cells due to the applied voltages that was dif-
ferent for di↵erent cells. Both e↵ects were studied and
found to be small compared to the statistical error of
the measurement. The EDM of 129Xe was measured to
be dXe = (�0.3 ± 1.1) ⇥ 10�26

e cm, where the error is
statistical only.

Another approach to measure the 129Xe EDM used
spin-exchange pumped noble-gas masers of 129Xe and
3He (Bear et al., 1998; Chupp et al., 1994; Stoner et al.,
1996). Spin-exchange optical pumping is practical, in
principle, for any odd A noble gas, and a population in-
version can be pumped in multiple species with the same
sign of the magnetic moment. The two species have very
di↵erent sensitivity to the Schi↵ moment and to other
P-odd/T-odd interactions, which are approximately pro-
portional to Z2, but similar sensitivity to magnetic field
e↵ects, particularly those produced by leakage currents
that can change when the electric field is changed. Thus
the 3He served as a comagnetometer occupying nearly
the same volume as the 129Xe in a single measurement
cell (Chupp et al., 1988). The result reported by Rosen-
berry (2001) was
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FIG. 25 (Color online) The experimental layout of the ACME
ThO experiment from Baron et al. (2014).

and flipping Ee↵ by selecting the upper to lower pair of
states – was reported:

!BD(HfF+) = 2⇡(0.1 ± 0.87 (stat) ± 0.2 (sys)) mrad/s.
(109)

Assuming CS = 0, the resulting sole-source electron
EDM is

de(HfF+) = (0.9 ± 7.7 (stat) ± 1.7 (sys)) ⇥ 10�29
e cm.
(110)

The authors did not provide a soul-source limit on CS ;
however Skripnikov (2017) has calculated ↵CS ⇡ 2.0⇥106

rad/s, which is used in the analysis presented in Sec. V,
which includes results from ThO and 180Hf19F+ to con-
strain de and CS simultaneously.

A second generation ion trap that may confine ten
times more HfF+ ions in a larger volume combined with
improved electrode design is expected to provide an order
of magnitude higher sensitivity (Cairncross et al., 2017).
The JILA group also intends to perform an experiment
on ThF+ (Ee↵ ⇡ 36 GV/cm), for which the ground state
is 3�1 providing for coherence times that are not lim-
ited by the lifetime of an excited state. It has also been
pointed out that an experiment with the isotope 177Hf
(18.6% abundance) with nuclear spin I = 7/2 would be
sensitive to the P-odd/T-odd magnetic-quadruople mo-
ment (Skripnikov et al., 2017).

A recent proposal to study the orientation-dependent
hyperfine structure of polar molecules in a rare-gas ma-
trix, which is sensitive to the electron EDM has been pre-
sented by Vutha et al. (2018). Another promising idea is
to store paramagnetic molecular ions or other particles
in an electrostatic storage ring of a few meters diameter,
used as a large ion trap.10 Such a configuration enables
the storage of molecular ions of all possible configura-
tions of states. In TaO, for example, the ground state

10 A ring with in principle suitable parameters exists (von Hahn
et al., 2016).

structure is ⌃⇤⌦ =3�1, and ions could be trapped elec-
trostatically for several hours in bunches of up to 107

ions with kinetic energies of the order 100 keV. Prepa-
ration and readout of the molecular states relevant for
EDM measurements would be done with lasers. Due to
the sub-kHz angular frequency of the particles, the small
molecular magnetic dipole moment, and the eddy-current
and RF shielded environment provided by the vacuum
housing of the storage ring, no compensation of the am-
bient magnetic fields is necessary. The long storage times
in the ring allow for a large number of repetitions of the
experiment for each configuration, and the large number
of ions stored in the ring may enable up to six orders of
magnitude greater sensitivity to de. At this level, EDMs
and Majorana neutrinos have model dependent connec-
tions, thus enabling a new path to access physics beyond
the SM (Archambault et al., 2004; Ng and Ng, 1996).
Additionally, radium or radon ions could be stored, tak-
ing advantage of the octupole enhanced Schi↵ moment
or nuclear EDM discussed below.

D. Solid-state systems

The electron EDM can also be measured in special
ferro-electric and paramagnetic solid-state systems with
quasi-free electron spins that can be subjected to applied
electric and magnetic fields. Advantages of such a system
are

i. a high number density of unpaired electrons (1022

cm�3), providing signal amplification;

ii. confinement of the electrons, mitigating such e↵ects
as motional fields;

iii. features of solid-state samples including collective ef-
fects, e.g. for ferro-electric systems, a large electric
field spin-polarizes the electrons resulting in a mag-
netization that reverses with the electric field;

iv. minimal magnetic order to mitigate spurious mag-
netic e↵ects.

A cryogenic experiment increases the electron polariza-
tion and provides for detection of the resulting magne-
tization by SQUID magnetometers. The desired prop-
erties of an ideal material follows from consideration of
the specific requirements of the EDM search (Buhmann
et al., 2002; Ignatovich, 1969a,b; Liu and Lamoreaux,
2004; Shapiro, 1968b; Sushkov et al., 2009, 2010).

The polycrystal Gd3Ga5O12 (gadolinium-gallium-
garnet) provides seven unpaired atomic electrons, high
resistivity (1014 ⌦-m ) and high dielectric strength (1
GV/m). Enhancement of the electron EDM leads to an
atomic EDM of Gd3+ atoms in the lattice dGd3+ ⇡ 20de,
and the result de = (�5.57 ± 7.98stat ± 0.12syst) ⇥ 10�25

e cm was reached with 5 days of data (Kim et al.,
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FIG. 25 (Color online) The experimental layout of the ACME
ThO experiment from Baron et al. (2014).
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!BD(HfF+) = 2⇡(0.1 ± 0.87 (stat) ± 0.2 (sys)) mrad/s.
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Assuming CS = 0, the resulting sole-source electron
EDM is
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e cm.
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rad/s, which is used in the analysis presented in Sec. V,
which includes results from ThO and 180Hf19F+ to con-
strain de and CS simultaneously.

A second generation ion trap that may confine ten
times more HfF+ ions in a larger volume combined with
improved electrode design is expected to provide an order
of magnitude higher sensitivity (Cairncross et al., 2017).
The JILA group also intends to perform an experiment
on ThF+ (Ee↵ ⇡ 36 GV/cm), for which the ground state
is 3�1 providing for coherence times that are not lim-
ited by the lifetime of an excited state. It has also been
pointed out that an experiment with the isotope 177Hf
(18.6% abundance) with nuclear spin I = 7/2 would be
sensitive to the P-odd/T-odd magnetic-quadruople mo-
ment (Skripnikov et al., 2017).

A recent proposal to study the orientation-dependent
hyperfine structure of polar molecules in a rare-gas ma-
trix, which is sensitive to the electron EDM has been pre-
sented by Vutha et al. (2018). Another promising idea is
to store paramagnetic molecular ions or other particles
in an electrostatic storage ring of a few meters diameter,
used as a large ion trap.10 Such a configuration enables
the storage of molecular ions of all possible configura-
tions of states. In TaO, for example, the ground state

10 A ring with in principle suitable parameters exists (von Hahn
et al., 2016).

structure is ⌃⇤⌦ =3�1, and ions could be trapped elec-
trostatically for several hours in bunches of up to 107

ions with kinetic energies of the order 100 keV. Prepa-
ration and readout of the molecular states relevant for
EDM measurements would be done with lasers. Due to
the sub-kHz angular frequency of the particles, the small
molecular magnetic dipole moment, and the eddy-current
and RF shielded environment provided by the vacuum
housing of the storage ring, no compensation of the am-
bient magnetic fields is necessary. The long storage times
in the ring allow for a large number of repetitions of the
experiment for each configuration, and the large number
of ions stored in the ring may enable up to six orders of
magnitude greater sensitivity to de. At this level, EDMs
and Majorana neutrinos have model dependent connec-
tions, thus enabling a new path to access physics beyond
the SM (Archambault et al., 2004; Ng and Ng, 1996).
Additionally, radium or radon ions could be stored, tak-
ing advantage of the octupole enhanced Schi↵ moment
or nuclear EDM discussed below.

D. Solid-state systems

The electron EDM can also be measured in special
ferro-electric and paramagnetic solid-state systems with
quasi-free electron spins that can be subjected to applied
electric and magnetic fields. Advantages of such a system
are

i. a high number density of unpaired electrons (1022

cm�3), providing signal amplification;

ii. confinement of the electrons, mitigating such e↵ects
as motional fields;

iii. features of solid-state samples including collective ef-
fects, e.g. for ferro-electric systems, a large electric
field spin-polarizes the electrons resulting in a mag-
netization that reverses with the electric field;

iv. minimal magnetic order to mitigate spurious mag-
netic e↵ects.

A cryogenic experiment increases the electron polariza-
tion and provides for detection of the resulting magne-
tization by SQUID magnetometers. The desired prop-
erties of an ideal material follows from consideration of
the specific requirements of the EDM search (Buhmann
et al., 2002; Ignatovich, 1969a,b; Liu and Lamoreaux,
2004; Shapiro, 1968b; Sushkov et al., 2009, 2010).

The polycrystal Gd3Ga5O12 (gadolinium-gallium-
garnet) provides seven unpaired atomic electrons, high
resistivity (1014 ⌦-m ) and high dielectric strength (1
GV/m). Enhancement of the electron EDM leads to an
atomic EDM of Gd3+ atoms in the lattice dGd3+ ⇡ 20de,
and the result de = (�5.57 ± 7.98stat ± 0.12syst) ⇥ 10�25

e cm was reached with 5 days of data (Kim et al.,
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ThO experiment from Baron et al. (2014).
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!BD(HfF+) = 2⇡(0.1 ± 0.87 (stat) ± 0.2 (sys)) mrad/s.
(109)
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rad/s, which is used in the analysis presented in Sec. V,
which includes results from ThO and 180Hf19F+ to con-
strain de and CS simultaneously.

A second generation ion trap that may confine ten
times more HfF+ ions in a larger volume combined with
improved electrode design is expected to provide an order
of magnitude higher sensitivity (Cairncross et al., 2017).
The JILA group also intends to perform an experiment
on ThF+ (Ee↵ ⇡ 36 GV/cm), for which the ground state
is 3�1 providing for coherence times that are not lim-
ited by the lifetime of an excited state. It has also been
pointed out that an experiment with the isotope 177Hf
(18.6% abundance) with nuclear spin I = 7/2 would be
sensitive to the P-odd/T-odd magnetic-quadruople mo-
ment (Skripnikov et al., 2017).

A recent proposal to study the orientation-dependent
hyperfine structure of polar molecules in a rare-gas ma-
trix, which is sensitive to the electron EDM has been pre-
sented by Vutha et al. (2018). Another promising idea is
to store paramagnetic molecular ions or other particles
in an electrostatic storage ring of a few meters diameter,
used as a large ion trap.10 Such a configuration enables
the storage of molecular ions of all possible configura-
tions of states. In TaO, for example, the ground state
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structure is ⌃⇤⌦ =3�1, and ions could be trapped elec-
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ions with kinetic energies of the order 100 keV. Prepa-
ration and readout of the molecular states relevant for
EDM measurements would be done with lasers. Due to
the sub-kHz angular frequency of the particles, the small
molecular magnetic dipole moment, and the eddy-current
and RF shielded environment provided by the vacuum
housing of the storage ring, no compensation of the am-
bient magnetic fields is necessary. The long storage times
in the ring allow for a large number of repetitions of the
experiment for each configuration, and the large number
of ions stored in the ring may enable up to six orders of
magnitude greater sensitivity to de. At this level, EDMs
and Majorana neutrinos have model dependent connec-
tions, thus enabling a new path to access physics beyond
the SM (Archambault et al., 2004; Ng and Ng, 1996).
Additionally, radium or radon ions could be stored, tak-
ing advantage of the octupole enhanced Schi↵ moment
or nuclear EDM discussed below.

D. Solid-state systems

The electron EDM can also be measured in special
ferro-electric and paramagnetic solid-state systems with
quasi-free electron spins that can be subjected to applied
electric and magnetic fields. Advantages of such a system
are

i. a high number density of unpaired electrons (1022

cm�3), providing signal amplification;

ii. confinement of the electrons, mitigating such e↵ects
as motional fields;

iii. features of solid-state samples including collective ef-
fects, e.g. for ferro-electric systems, a large electric
field spin-polarizes the electrons resulting in a mag-
netization that reverses with the electric field;

iv. minimal magnetic order to mitigate spurious mag-
netic e↵ects.

A cryogenic experiment increases the electron polariza-
tion and provides for detection of the resulting magne-
tization by SQUID magnetometers. The desired prop-
erties of an ideal material follows from consideration of
the specific requirements of the EDM search (Buhmann
et al., 2002; Ignatovich, 1969a,b; Liu and Lamoreaux,
2004; Shapiro, 1968b; Sushkov et al., 2009, 2010).

The polycrystal Gd3Ga5O12 (gadolinium-gallium-
garnet) provides seven unpaired atomic electrons, high
resistivity (1014 ⌦-m ) and high dielectric strength (1
GV/m). Enhancement of the electron EDM leads to an
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2015). An experiment in the paramagnetic ferroelec-
tric Eu0.5Ba0.5TiO3 measured de = (�1.07 ± 3.06stat ±
1.74syst)⇥10�25

e cm. (Eckel et al., 2012). Though this
result is several orders of magnitude short of the sensi-
tivity of paramagnetic molecules, improvements to mag-
netic noise and shielding can improve sensitivity. Other
materials under consideration include SrTiO3 doped with
Eu2+ (Müller and Burkard, 1979; Viana et al., 1994). An-
other approach in paramagnetic ferroelectrics, would de-
tect the electric field produced by the electron EDM that
would be magnetically aligned by polarized spins (Hei-
denreich et al., 2005).

E. Diamagnetic atoms and molecules

Diamagnetic atoms have the experimentally attractive
feature that they can be contained in room-temperature
cells with long polarization and spin-coherence lifetimes
T1 and T ⇤

2 , because the nuclear spin is well shielded
by the closed electron shell. Diamagnetic atoms can
also be spin polarized using optical-pumping techniques,
providing the largest possible signal-to-noise ratios and
optimal statistical precision. Combined with tech-
niques to carefully monitor and control systematic ef-
fects, measurements with 129Xe (Vold et al., 1984), with
129Xe/3He (Rosenberry, 2001) and the series of measure-
ments with 199Hg (Graner et al., 2016; Gri�th et al.,
2009; Romalis et al., 2001) are the most sensitive EDM
measurements to date. The most recent 199Hg result
stands alone in its sensitivity to various sources of CP vi-
olation (Graner et al., 2017). The diamagnetic molecule
TlF was used in pioneering work by Hinds and Sandars
(1980) and Wilkening et al. (1984b). The most recent
and most precise TlF result was reported by Cho et al.

(1991), and a new e↵ort to greatly improve the sensitivity
is underway (Norrgard et al., 2017).

As discussed in Sec. II.F and in Eqn. 70, the dominant
contributions to the atomic EDM in diamagnetic atoms
is the Schi↵ moment of the nucleus and the nuclear-spin-

dependent electron-nucleus force with coe�cient C
(0)
T .

The Schi↵ moment itself can arise from T-odd/P-odd NN
interactions and from the EDMs of the individual nucle-
ons (both 129Xe and 199Hg have an unpaired neutron).
However these sources can be related, depending on the
nature of the P-odd/T-odd interactions as discussed in
Sec. II.
Xenon

Xenon is the heaviest stable noble gas, and 129Xe is
a spin-1/2 isotope. Spin-1/2 atoms in cells have the ad-
vantage that only magnetic dipole interactions with ex-
ternal fields, with other atoms, and with the cell walls
are allowed. This leads to longer spin-coherence times
and narrow linewidths compared to atoms with nuclear
spin K > 1/2, which are subject, for example, to elec-
tric quadrupole interactions, in particular with the cell

walls (Chupp and Hoare, 1990; Wu et al., 1990). Spin re-
laxation times of several 100’s of seconds and longer are
observed for free-induction decay. In natural xenon, the
abundance of 129Xe is 26%; however isotopically enriched
gas is available. Polarization of 129Xe generally of greater
than 10%, and approaching 100%, is possible using spin-
exchange, mediated by the hyperfine interaction, with
laser-optically-pumped alkali-metal vapor (Zeng et al.,
1985). Spin exchange also makes it possible to use the
alkali-metal vapor to monitor the free-precession of 129Xe
polarization.

The first EDM measurement in 129Xe by Fortson and
collaborators (Vold et al., 1984) used spin exchange with
laser-optically-pumped rubidium to polarize 129Xe in a
stack of three cylindrical cells with electric fields of mag-
nitude 3.2 to 4.9 kV/cm applied parallel and antiparallel
to a uniform and well shielded 10µT magnetic field. The
stack of cells, treated as magnetometers, allows sums and
di↵erences of the free-precession frequencies to be used
to determine the average magnetic field, and the aver-
age magnetic field gradient. A third combination of the
three frequencies is the EDM signal. One potential sys-
tematic error for such a system was the e↵ective mag-
netic field due to the hyperfine interaction, caused by
any rubidium polarization projection along the electric
field axis that somehow changed when the electric fields
were changed. One successful approach was to “quench”
the polarization of the two rubidium isotopes with reso-
nance RF magnetic fields (Oteiza, 1992). Another con-
cern was any change in the leakage currents that flowed
across the cells due to the applied voltages that was dif-
ferent for di↵erent cells. Both e↵ects were studied and
found to be small compared to the statistical error of
the measurement. The EDM of 129Xe was measured to
be dXe = (�0.3 ± 1.1) ⇥ 10�26

e cm, where the error is
statistical only.

Another approach to measure the 129Xe EDM used
spin-exchange pumped noble-gas masers of 129Xe and
3He (Bear et al., 1998; Chupp et al., 1994; Stoner et al.,
1996). Spin-exchange optical pumping is practical, in
principle, for any odd A noble gas, and a population in-
version can be pumped in multiple species with the same
sign of the magnetic moment. The two species have very
di↵erent sensitivity to the Schi↵ moment and to other
P-odd/T-odd interactions, which are approximately pro-
portional to Z2, but similar sensitivity to magnetic field
e↵ects, particularly those produced by leakage currents
that can change when the electric field is changed. Thus
the 3He served as a comagnetometer occupying nearly
the same volume as the 129Xe in a single measurement
cell (Chupp et al., 1988). The result reported by Rosen-
berry (2001) was

dA(129Xe) = (0.7 ±3.3 (stat) ±0.1 (sys))⇥10�27 e�cm.
(111)

Several experimental e↵orts to improve the 129Xe EDM
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FIG. 25 (Color online) The experimental layout of the ACME
ThO experiment from Baron et al. (2014).

and flipping Ee↵ by selecting the upper to lower pair of
states – was reported:

!BD(HfF+) = 2⇡(0.1 ± 0.87 (stat) ± 0.2 (sys)) mrad/s.
(109)

Assuming CS = 0, the resulting sole-source electron
EDM is

de(HfF+) = (0.9 ± 7.7 (stat) ± 1.7 (sys)) ⇥ 10�29
e cm.
(110)

The authors did not provide a soul-source limit on CS ;
however Skripnikov (2017) has calculated ↵CS ⇡ 2.0⇥106

rad/s, which is used in the analysis presented in Sec. V,
which includes results from ThO and 180Hf19F+ to con-
strain de and CS simultaneously.

A second generation ion trap that may confine ten
times more HfF+ ions in a larger volume combined with
improved electrode design is expected to provide an order
of magnitude higher sensitivity (Cairncross et al., 2017).
The JILA group also intends to perform an experiment
on ThF+ (Ee↵ ⇡ 36 GV/cm), for which the ground state
is 3�1 providing for coherence times that are not lim-
ited by the lifetime of an excited state. It has also been
pointed out that an experiment with the isotope 177Hf
(18.6% abundance) with nuclear spin I = 7/2 would be
sensitive to the P-odd/T-odd magnetic-quadruople mo-
ment (Skripnikov et al., 2017).

A recent proposal to study the orientation-dependent
hyperfine structure of polar molecules in a rare-gas ma-
trix, which is sensitive to the electron EDM has been pre-
sented by Vutha et al. (2018). Another promising idea is
to store paramagnetic molecular ions or other particles
in an electrostatic storage ring of a few meters diameter,
used as a large ion trap.10 Such a configuration enables
the storage of molecular ions of all possible configura-
tions of states. In TaO, for example, the ground state

10 A ring with in principle suitable parameters exists (von Hahn
et al., 2016).

structure is ⌃⇤⌦ =3�1, and ions could be trapped elec-
trostatically for several hours in bunches of up to 107

ions with kinetic energies of the order 100 keV. Prepa-
ration and readout of the molecular states relevant for
EDM measurements would be done with lasers. Due to
the sub-kHz angular frequency of the particles, the small
molecular magnetic dipole moment, and the eddy-current
and RF shielded environment provided by the vacuum
housing of the storage ring, no compensation of the am-
bient magnetic fields is necessary. The long storage times
in the ring allow for a large number of repetitions of the
experiment for each configuration, and the large number
of ions stored in the ring may enable up to six orders of
magnitude greater sensitivity to de. At this level, EDMs
and Majorana neutrinos have model dependent connec-
tions, thus enabling a new path to access physics beyond
the SM (Archambault et al., 2004; Ng and Ng, 1996).
Additionally, radium or radon ions could be stored, tak-
ing advantage of the octupole enhanced Schi↵ moment
or nuclear EDM discussed below.

D. Solid-state systems

The electron EDM can also be measured in special
ferro-electric and paramagnetic solid-state systems with
quasi-free electron spins that can be subjected to applied
electric and magnetic fields. Advantages of such a system
are

i. a high number density of unpaired electrons (1022

cm�3), providing signal amplification;

ii. confinement of the electrons, mitigating such e↵ects
as motional fields;

iii. features of solid-state samples including collective ef-
fects, e.g. for ferro-electric systems, a large electric
field spin-polarizes the electrons resulting in a mag-
netization that reverses with the electric field;

iv. minimal magnetic order to mitigate spurious mag-
netic e↵ects.

A cryogenic experiment increases the electron polariza-
tion and provides for detection of the resulting magne-
tization by SQUID magnetometers. The desired prop-
erties of an ideal material follows from consideration of
the specific requirements of the EDM search (Buhmann
et al., 2002; Ignatovich, 1969a,b; Liu and Lamoreaux,
2004; Shapiro, 1968b; Sushkov et al., 2009, 2010).

The polycrystal Gd3Ga5O12 (gadolinium-gallium-
garnet) provides seven unpaired atomic electrons, high
resistivity (1014 ⌦-m ) and high dielectric strength (1
GV/m). Enhancement of the electron EDM leads to an
atomic EDM of Gd3+ atoms in the lattice dGd3+ ⇡ 20de,
and the result de = (�5.57 ± 7.98stat ± 0.12syst) ⇥ 10�25

e cm was reached with 5 days of data (Kim et al.,
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FIG. 5 Representative chiral loop contribution to the neutron
EDM arising from SM CKM CP-violation. The ⌦ indicates
a CP-violating �S = 1 vertex such as that shown in FIG. 2,
while the • corresponds to a CP-conserving �S = 1 interac-
tion. Adapted from Pospelov and Ritz (2005).

where ⇢A(~r) is the nuclear density and, for valence nu-
cleon a = n or p, the P-odd/T-odd coupling strength
is

⌘n = (N/A) ⌘nn + (Z/A) ⌘np,

⌘p = (N/A) ⌘pn + (Z/A) ⌘pp. (38)

In the SM the ⌘a’s are proportional to GF �̄.
For 129Xe and 199Hg , both of which have an unpaired

neutron, Flambaum et al. (1986a) find Schi↵ moments

S(129Xe) ⇡ 1.75 ⇥ 10�8 ⌘np e fm3

S(199Hg) ⇡ �1.4 ⇥ 10�8 ⌘np e fm3. (39)

Donoghue et al. (1987) corrected an earlier computation
of ⌘np by properly taking into account the constraints
from chiral symmetry resulting in |⌘np| . 10�9, leading
to the SM estimates for the atomic EDMs

|dA(129Xe)CKM| . 5 ⇥ 10�35 e cm

|dA(199Hg)CKM| . 4 ⇥ 10�34 e cm, (40)

Here we have used dA(129Xe)/S = 2.7 ⇥ 10�18cm/fm3

and dA(199Hg)/S = �2.8 ⇥ 10�17cm/fm3 given in Ta-
ble V.

The EDMs of unpaired nucleons also contribute to the
Schi↵ moment and atomic EDM. For 129Xe and 199Hg,
the unpaired neutron is dominant. Combining the de-
pendence of the Schi↵ moment on dn from Yoshinaga
et al. (2010) for 129Xe and Dmitriev and Sen’kov (2003)
for 199Hg with the SM estimate for dn:

dA(129Xe)CKM(n) ⇡ 6 ⇥ 10�6dn

dA(199Hg)CKM(n) ⇡ 4 ⇥ 10�4dn, (41)

resulting in

|dA(129Xe)CKM(n)| . 3.6 ⇥ 10�37
e cm

|dA(199Hg)CKM(n)| . 2.4 ⇥ 10�35
e cm. (42)

The EDMs of unpaired nucleons also contribute to the
Schi↵ moment and atomic EDM. For 129Xe and 199Hg,
the unpaired neutron is dominant. Combining the de-
pendence of the Schi↵ moment on dn from Yoshinaga
et al. (2010) for 129Xe and Dmitriev and Sen’kov (2003)
for 199Hg with the SM estimate for dn:

dA(129Xe)CKM(n) ⇡ 6 ⇥ 10�6dn

dA(199Hg)CKM(n) ⇡ 4 ⇥ 10�4dn, (43)

resulting in

|dA(129Xe)CKM(n)| . 3.6 ⇥ 10�37
e cm

|dA(199Hg)CKM(n)| . 2.4 ⇥ 10�35
e cm. (44)

CP violation in the strong-interaction arises from the
term in the QCD Lagrangian formed by gluon field Gµ⌫

combined with its dual G̃µ⌫ = ✏µ⌫↵�G↵�/2:

L✓̄ = � ↵S

16⇡2
✓̄ Tr

⇣
Gµ⌫G̃µ⌫

⌘
, (45)

where ↵S is the strong coupling constant.5 This
will contribute to the neutron and proton EDM di-
rectly as well as induce a nuclear Schi↵ moment
through the T-odd/P-odd (isospin-zero) pion-nucleon
coupling (Crewther et al., 1979, 1980; Pospelov and Ritz,
1999; Shindler et al., 2015). For the neutron, the results
fall in the range

d✓̄
n ⇡ �(0.9 � 1.2) ⇥ 10�16✓̄ e cm. (46)

Recently Abramczyk et al. (2017) have observed the need
to apply a correction to lattice QCD computations of the
d✓̄

n.
Thus experimental constraints on EDMs in hadronic

systems can be used to set an upper bound on ✓̄. Assum-
ing this interaction is the sole source of CP-violation, and
neglecting uncertainties associated with the hadronic and
nuclear physics, limits from dn or from dA(199Hg) imply
✓̄ / 10�10. As we discuss in Sec. V, allowing for multi-
ple sources of CP violation can weaken this upper bound
considerably, but the resulting constraint is nonetheless
severe: ✓̄ / 10�6. Either way, the tiny value allowed
for a non-vanishing ✓̄ parameter gives rise to the“strong
CP problem.” This may be addressed by the axion solu-
tion, which postulates an axion field a(x) that couples to
gluons with the Lagrangian (Peccei and Quinn, 1977a,b)

La =
1

2
@µa@µa � V (a) � a(x)

fa

↵S

8⇡
Gµ⌫G̃µ⌫ . (47)

5 Following (Grzadkowski et al., 2010), ✏0123 = 1 . This sign
convention is opposite that used by Pospelov and Ritz (2005)
and elsewhere. Consequently, L✓̄ carries an overall �1 compared
to what frequently appears in the literature.
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FIG. 5 Representative chiral loop contribution to the neutron
EDM arising from SM CKM CP-violation. The ⌦ indicates
a CP-violating �S = 1 vertex such as that shown in FIG. 2,
while the • corresponds to a CP-conserving �S = 1 interac-
tion. Adapted from Pospelov and Ritz (2005).

where ⇢A(~r) is the nuclear density and, for valence nu-
cleon a = n or p, the P-odd/T-odd coupling strength
is

⌘n = (N/A) ⌘nn + (Z/A) ⌘np,

⌘p = (N/A) ⌘pn + (Z/A) ⌘pp. (38)

In the SM the ⌘a’s are proportional to GF �̄.
For 129Xe and 199Hg , both of which have an unpaired

neutron, Flambaum et al. (1986a) find Schi↵ moments

S(129Xe) ⇡ 1.75 ⇥ 10�8 ⌘np e fm3

S(199Hg) ⇡ �1.4 ⇥ 10�8 ⌘np e fm3. (39)

Donoghue et al. (1987) corrected an earlier computation
of ⌘np by properly taking into account the constraints
from chiral symmetry resulting in |⌘np| . 10�9, leading
to the SM estimates for the atomic EDMs

|dA(129Xe)CKM| . 5 ⇥ 10�35 e cm

|dA(199Hg)CKM| . 4 ⇥ 10�34 e cm, (40)

Here we have used dA(129Xe)/S = 2.7 ⇥ 10�18cm/fm3

and dA(199Hg)/S = �2.8 ⇥ 10�17cm/fm3 given in Ta-
ble V.

The EDMs of unpaired nucleons also contribute to the
Schi↵ moment and atomic EDM. For 129Xe and 199Hg,
the unpaired neutron is dominant. Combining the de-
pendence of the Schi↵ moment on dn from Yoshinaga
et al. (2010) for 129Xe and Dmitriev and Sen’kov (2003)
for 199Hg with the SM estimate for dn:

dA(129Xe)CKM(n) ⇡ 6 ⇥ 10�6dn

dA(199Hg)CKM(n) ⇡ 4 ⇥ 10�4dn, (41)

resulting in

|dA(129Xe)CKM(n)| . 3.6 ⇥ 10�37
e cm

|dA(199Hg)CKM(n)| . 2.4 ⇥ 10�35
e cm. (42)
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, (45)

where ↵S is the strong coupling constant.5 This
will contribute to the neutron and proton EDM di-
rectly as well as induce a nuclear Schi↵ moment
through the T-odd/P-odd (isospin-zero) pion-nucleon
coupling (Crewther et al., 1979, 1980; Pospelov and Ritz,
1999; Shindler et al., 2015). For the neutron, the results
fall in the range

d✓̄
n ⇡ �(0.9 � 1.2) ⇥ 10�16✓̄ e cm. (46)

Recently Abramczyk et al. (2017) have observed the need
to apply a correction to lattice QCD computations of the
d✓̄

n.
Thus experimental constraints on EDMs in hadronic

systems can be used to set an upper bound on ✓̄. Assum-
ing this interaction is the sole source of CP-violation, and
neglecting uncertainties associated with the hadronic and
nuclear physics, limits from dn or from dA(199Hg) imply
✓̄ / 10�10. As we discuss in Sec. V, allowing for multi-
ple sources of CP violation can weaken this upper bound
considerably, but the resulting constraint is nonetheless
severe: ✓̄ / 10�6. Either way, the tiny value allowed
for a non-vanishing ✓̄ parameter gives rise to the“strong
CP problem.” This may be addressed by the axion solu-
tion, which postulates an axion field a(x) that couples to
gluons with the Lagrangian (Peccei and Quinn, 1977a,b)

La =
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and elsewhere. Consequently, L✓̄ carries an overall �1 compared
to what frequently appears in the literature.

13

n Σ�n 

π+
γ

FIG. 5 Representative chiral loop contribution to the neutron
EDM arising from SM CKM CP-violation. The ⌦ indicates
a CP-violating �S = 1 vertex such as that shown in FIG. 2,
while the • corresponds to a CP-conserving �S = 1 interac-
tion. Adapted from Pospelov and Ritz (2005).

where ⇢A(~r) is the nuclear density and, for valence nu-
cleon a = n or p, the P-odd/T-odd coupling strength
is

⌘n = (N/A) ⌘nn + (Z/A) ⌘np,

⌘p = (N/A) ⌘pn + (Z/A) ⌘pp. (38)

In the SM the ⌘a’s are proportional to GF �̄.
For 129Xe and 199Hg , both of which have an unpaired

neutron, Flambaum et al. (1986a) find Schi↵ moments

S(129Xe) ⇡ 1.75 ⇥ 10�8 ⌘np e fm3

S(199Hg) ⇡ �1.4 ⇥ 10�8 ⌘np e fm3. (39)

Donoghue et al. (1987) corrected an earlier computation
of ⌘np by properly taking into account the constraints
from chiral symmetry resulting in |⌘np| . 10�9, leading
to the SM estimates for the atomic EDMs

|dA(129Xe)CKM| . 5 ⇥ 10�35 e cm

|dA(199Hg)CKM| . 4 ⇥ 10�34 e cm, (40)

Here we have used dA(129Xe)/S = 2.7 ⇥ 10�18cm/fm3

and dA(199Hg)/S = �2.8 ⇥ 10�17cm/fm3 given in Ta-
ble V.

The EDMs of unpaired nucleons also contribute to the
Schi↵ moment and atomic EDM. For 129Xe and 199Hg,
the unpaired neutron is dominant. Combining the de-
pendence of the Schi↵ moment on dn from Yoshinaga
et al. (2010) for 129Xe and Dmitriev and Sen’kov (2003)
for 199Hg with the SM estimate for dn:

dA(129Xe)CKM(n) ⇡ 6 ⇥ 10�6dn
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where ↵S is the strong coupling constant.5 This
will contribute to the neutron and proton EDM di-
rectly as well as induce a nuclear Schi↵ moment
through the T-odd/P-odd (isospin-zero) pion-nucleon
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fall in the range
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ing this interaction is the sole source of CP-violation, and
neglecting uncertainties associated with the hadronic and
nuclear physics, limits from dn or from dA(199Hg) imply
✓̄ / 10�10. As we discuss in Sec. V, allowing for multi-
ple sources of CP violation can weaken this upper bound
considerably, but the resulting constraint is nonetheless
severe: ✓̄ / 10�6. Either way, the tiny value allowed
for a non-vanishing ✓̄ parameter gives rise to the“strong
CP problem.” This may be addressed by the axion solu-
tion, which postulates an axion field a(x) that couples to
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where ⇢A(~r) is the nuclear density and, for valence nu-
cleon a = n or p, the P-odd/T-odd coupling strength
is

⌘n = (N/A) ⌘nn + (Z/A) ⌘np,

⌘p = (N/A) ⌘pn + (Z/A) ⌘pp. (38)

In the SM the ⌘a’s are proportional to GF �̄.
For 129Xe and 199Hg , both of which have an unpaired

neutron, Flambaum et al. (1986a) find Schi↵ moments

S(129Xe) ⇡ 1.75 ⇥ 10�8 ⌘np e fm3

S(199Hg) ⇡ �1.4 ⇥ 10�8 ⌘np e fm3. (39)

Donoghue et al. (1987) corrected an earlier computation
of ⌘np by properly taking into account the constraints
from chiral symmetry resulting in |⌘np| . 10�9, leading
to the SM estimates for the atomic EDMs

|dA(129Xe)CKM| . 5 ⇥ 10�35 e cm

|dA(199Hg)CKM| . 4 ⇥ 10�34 e cm, (40)

Here we have used dA(129Xe)/S = 2.7 ⇥ 10�18cm/fm3

and dA(199Hg)/S = �2.8 ⇥ 10�17cm/fm3 given in Ta-
ble V.

The EDMs of unpaired nucleons also contribute to the
Schi↵ moment and atomic EDM. For 129Xe and 199Hg,
the unpaired neutron is dominant. Combining the de-
pendence of the Schi↵ moment on dn from Yoshinaga
et al. (2010) for 129Xe and Dmitriev and Sen’kov (2003)
for 199Hg with the SM estimate for dn:

dA(129Xe)CKM(n) ⇡ 6 ⇥ 10�6dn

dA(199Hg)CKM(n) ⇡ 4 ⇥ 10�4dn, (41)

resulting in

|dA(129Xe)CKM(n)| . 3.6 ⇥ 10�37
e cm

|dA(199Hg)CKM(n)| . 2.4 ⇥ 10�35
e cm. (42)

The EDMs of unpaired nucleons also contribute to the
Schi↵ moment and atomic EDM. For 129Xe and 199Hg,
the unpaired neutron is dominant. Combining the de-
pendence of the Schi↵ moment on dn from Yoshinaga
et al. (2010) for 129Xe and Dmitriev and Sen’kov (2003)
for 199Hg with the SM estimate for dn:

dA(129Xe)CKM(n) ⇡ 6 ⇥ 10�6dn

dA(199Hg)CKM(n) ⇡ 4 ⇥ 10�4dn, (43)

resulting in

|dA(129Xe)CKM(n)| . 3.6 ⇥ 10�37
e cm

|dA(199Hg)CKM(n)| . 2.4 ⇥ 10�35
e cm. (44)

CP violation in the strong-interaction arises from the
term in the QCD Lagrangian formed by gluon field Gµ⌫

combined with its dual G̃µ⌫ = ✏µ⌫↵�G↵�/2:

L✓̄ = � ↵S

16⇡2
✓̄ Tr

⇣
Gµ⌫G̃µ⌫

⌘
, (45)

where ↵S is the strong coupling constant.5 This
will contribute to the neutron and proton EDM di-
rectly as well as induce a nuclear Schi↵ moment
through the T-odd/P-odd (isospin-zero) pion-nucleon
coupling (Crewther et al., 1979, 1980; Pospelov and Ritz,
1999; Shindler et al., 2015). For the neutron, the results
fall in the range

d✓̄
n ⇡ �(0.9 � 1.2) ⇥ 10�16✓̄ e cm. (46)

Recently Abramczyk et al. (2017) have observed the need
to apply a correction to lattice QCD computations of the
d✓̄

n.
Thus experimental constraints on EDMs in hadronic

systems can be used to set an upper bound on ✓̄. Assum-
ing this interaction is the sole source of CP-violation, and
neglecting uncertainties associated with the hadronic and
nuclear physics, limits from dn or from dA(199Hg) imply
✓̄ / 10�10. As we discuss in Sec. V, allowing for multi-
ple sources of CP violation can weaken this upper bound
considerably, but the resulting constraint is nonetheless
severe: ✓̄ / 10�6. Either way, the tiny value allowed
for a non-vanishing ✓̄ parameter gives rise to the“strong
CP problem.” This may be addressed by the axion solu-
tion, which postulates an axion field a(x) that couples to
gluons with the Lagrangian (Peccei and Quinn, 1977a,b)

La =
1

2
@µa@µa � V (a) � a(x)

fa

↵S

8⇡
Gµ⌫G̃µ⌫ . (47)

5 Following (Grzadkowski et al., 2010), ✏0123 = 1 . This sign
convention is opposite that used by Pospelov and Ritz (2005)
and elsewhere. Consequently, L✓̄ carries an overall �1 compared
to what frequently appears in the literature.
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sensitivity by 2-3 orders of magnitude are underway, in-
cluding the active maser (Yoshimi et al., 2002), highly
polarized liquid 129Xe detected with SQUID magne-
tometers (Ledbetter, 2005; Ledbetter et al., 2005) and
gas-phase experiments with 3He comagnetometry and
SQUID-magnetometer detection (Heil et al., 2013; Kuch-
ler et al., 2014). The SQUID-magnetometer experiments
have demonstrated signal and noise that suggest one to
three orders of magnitude improvement in sensitivity to
the 129Xe EDM is possible in the near future.
Mercury

The 199Hg experiments undertaken by Fortson’s
group (Graner et al., 2016; Gri�th et al., 2009; Roma-
lis et al., 2001) built on the ideas used in their 129Xe
bu↵er-gas cell experiment (Vold et al., 1984). However
there are two crucial di↵erences with mercury: it is more
chemically reactive, resulting in shorter coherence times,
and it is heavier and thus generally more sensitive to
sources of T and P violation. The most recent experi-
ment (Graner et al., 2016) used a stack of four cells sealed
with sulfur-free vacuum sealant and directly pumped and
probed the 199Hg with a 254 nm laser (Harber and Ro-
malis, 2000) as illustrated in FIG. 26. The outer two of
the four cells have no electric field and the inner two have
electric fields in opposite directions so that a di↵erence
of the free-precession frequencies for the two inner cells
is an EDM signal. An EDM-like di↵erence of the outer
cell frequencies was attributed to spurious e↵ects such as
non-uniform leakage currents correlated with the electric
field reversals and were therefore scaled and subtracted
from the inner-cell frequency di↵erence to determine the
EDM frequency shift. The magnitudes of the leakage cur-
rents were also monitored directly and used to set a max-
imum E-field correlated frequency shift that contributed
to the systematic error estimate. Other systematic error
sources explored included e↵ects of high-voltage sparks
on the EDM signals and a number of possible correla-
tions of experimentally monitored parameters (e.g. laser
power and magnetic field fluctuations outside the mag-
netic shields). There were no apparent correlations, and
the leakage current (± 0.5 pA) was so small that only up-
per limits on the systematic errors could be estimated.
The most recent result is (Graner et al., 2017)

dA(199Hg) = (2.20 ±2.75 (stat) ±1.48 (sys))⇥10�30e�cm.
(112)

TlF

Molecular beam experiments using TlF were pursued
by Sandars (Harrison et al., 1969a,b; Hinds and San-
dars, 1980), by Ramsey (Wilkening et al., 1984b) and
by Hinds (Cho et al., 1991; Schropp et al., 1987). For
molecular beams, the systematic errors associated with
the ~v ⇥ ~E and leakage current e↵ects are mitigated by
using a relatively small applied electric field to align the
intermolecular axis as is the case with polar molecules
discussed in IV.C. This results in a large internal elec-
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The existence of a nonzero permanent electric dipole
moment (EDM) oriented along the spin axis of an atom
or subatomic particle requires time-reversal symmetry
(T ) violation [1]. By the CPT theorem, T -violation im-
plies that CP symmetry must be violated as well. The
Standard Model (SM) of particle physics provides two
sources of CP violation: a single phase in the CKM
matrix [2] and ✓QCD, the coe�cient of an allowed CP -
violating term in the QCD Lagrangian. However, the
CKM phase contribution to any atomic or particle EDM
is far below existing experimental sensitivities [3], and
the measured value of ✓QCD is consistent with zero, an
apparent anomaly that forms the basis of the Strong CP
problem. An atomic EDM may thus provide the first ev-
idence of CP -violation in the strong sector, or evidence
of CP -violating physics beyond the SM [4]. Discovery of
any new source of CP -violation may also fulfill one of the
Sakharov conditions [5] necessary for a theory of baryo-
genesis that can reproduce the observed matter excess in
the universe [6].

There are many ongoing experiments currently search-
ing for a nonzero atomic, electron, or neutron EDM [7–
10]. This paper presents the results of an improved
EDM search in the 199Hg atom [11]. The experiment
consists of four (25 mm inner diameter, 10.1 mm tall)
vapor cells fabricated from Heraeus Suprasil fused sil-
ica and filled with 0.56 atm of CO bu↵er gas and ⇠0.5
mg of isotopically-enriched (92%) 199Hg, arranged in a
stack inside a common magnetic field B0. The atoms
are optically pumped with circularly polarized resonant
254 nm laser light chopped at the Larmor frequency to
create a net polarization orthogonal to B0. Once polar-
ized, they precess with an unperturbed angular frequency
!0 = �B0, where � = 4844 s�1/G is the gyromagnetic
ratio of 199Hg. A nonzero EDM, d = dHgI, adds a second
term to the Hamiltonian H = �µ ·B�d ·E. Because the
only vector characterizing the system is the nuclear spin
(I = 1/2), any EDM must lie along the spin axis. De-

FIG. 1. Cross-sectional diagrams of the apparatus used to
measure the EDM of 199Hg (not to scale). a) Section of
the vessel through the y-z plane showing the HV cables,
groundplane, plus a cut-away view of the HV electrodes and
feedthroughs. b) Section through the x-y plane showing the
cylindrical 3-layer magnetic shielding, the cos(✓) magnet coil
windings, and a diagram with 2 of the polarimeters used to ob-
serve signals from each of the 4 cells. The laser beams through
the outer cells traverse the apparatus along the shield axis (z-
axis), while the middle cell beams travel along the x-axis.

generacy arguments imply that the EDM can have only
one projection onto the spin vector for a given particle
or atomic species [3]. If a two-level atom with a nonzero
EDM is placed in parallel fields B, E and another in an-
tiparallel fields B, �E, the di↵erence in the precession
frequency is given by ~�! = 4(dHgE).

A schematic diagram of the experimental apparatus is
given in Fig. 1. The Hg vapor cells are stacked along the
axis of the static magnetic field B0. All four cells are in-
side a grounded box (called the vessel) constructed from
anti-static UHMW polyethylene, with a tin(IV) oxide-
coated groundplane constructed from 3 layers of 1/16”
fused silica dividing the two halves. The two outer cells
are seated inside conducting plastic electrodes (main-
tained at the same potential), so only the inner cells have
nonzero electric fields inside (pointing in opposite direc-
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FIG. 26 (Color online) The experimental layout of the Seattle
199Hg experiment from Graner et al. (2016).

tric field at the thallium nucleus (Coveney and Sandars,
1983b). The experiment is set up to detect an alignment
of a spin or angular momentum along the electric field by
detecting precession around the internuclear axis, i.e. the
frequency shift when the relative orientation of applied
electric and magnetic fields are reversed. When the aver-
age projection of the thallium nuclear spin on the inter-
nuclear axis is taken into account (hcos ✓��i = 0.524), a
frequency shift for full electric polarization is determined
to be d = (�0.13 ± 0.22) ⇥ 10�3 Hz. With the applied
electric field of 29.5 kV/cm, the most recent result (Cho
et al., 1991) is interpreted as a permanent dipole moment
of the thallium molecule of

dTlF = (�1.7 ± 2.9) ⇥ 10�23e cm. (113)

For TlF, the electron spins form a singlet, but both
stable isotopes of thallium (203Tl and 205Tl) have nu-
clear spin J⇡ = 1/2+, and the dipole distribution in the
nucleus would be aligned with the spin through T and
P violation. This gives rise to the Schi↵ moment. An
alternative (and the original) interpretation is based on
the observation that in the odd-A thallium isotopes, one
proton remains unpaired and can induce the molecular
EDM through both the Schi↵ moment (see Eqns. (37-38))
and through magnetic interactions (Coveney and San-
dars, 1983b). Separating these, the proton EDM would
produce a magnetic contribution to a molecular EDM of
dp�mag
TlF = 0.13 dp, and a contribution to the Schi↵ mo-

ment that would produce a molecular EDM estimated to
be dp�vol

TlF = 0.46 dp. The TlF molecular EDM can also
arise from the electron EDM and from P- and T-violating
scalar and tensor electron-hadron interactions. However
paramagnetic systems are more sensitive to C

(0,1)
S and

diamagnetic systems such as TlF are more sensitive to

C
(0,1)
T . Thus this measurement has been interpreted as

a (model dependent) measurement of the proton EDM:
dp = (�3.7 ± 6.3) ⇥ 10�23

e cm.
A new e↵ort is underway to measure CP violation

in TlF using cooled molecules, which is based on work
by Hunter et al. (2012) and Norrgard et al. (2017). This

205TlF 

129Xe and 199Hg - SM 

Experiment ~ 10-27 (Xe) and 10-29 (Hg)  

~10-32 e cm 
Experiment ~ 10-23 
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with zero; we find the corresponding 199Hg EDM dHg ¼ ð−2.20# 2.75stat # 1.48systÞ × 10−30e cm.We use
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The existence of a nonzero permanent electric dipole
moment (EDM) oriented along the spin axis of an atom or
subatomic particle requires time-reversal symmetry (T)
violation [1]. By the CPT theorem, T violation implies
that CP symmetry must be violated as well. The standard
model (SM) of particle physics provides two sources of CP
violation: a single phase in the CKM matrix [2] and θ̄QCD,
the coefficient of an allowed CP-violating term in the QCD
Lagrangian [3]. However, the CKM phase contribution to
any atomic or particle EDM is far below existing exper-
imental sensitivities [4], and the measured value of θ̄QCD is
consistent with zero, an apparent anomaly that forms the
basis of the strong CP problem. An atomic EDM may thus
provide the first evidence of CP violation in the strong
sector, or evidence of CP-violating physics beyond the SM
[5]. Discovery of any new source of CP violation may also
fulfill one of the Sakharov conditions [6] necessary for a
theory of baryogenesis that can reproduce the observed
matter excess in the universe [7].
There are many ongoing experiments currently searching

for a nonzero atomic, electron, or neutron EDM [8–11].
This Letter presents the results of an improved EDM search
in the 199Hg atom [12]. The experiment consists of four
(25 mm inner diam, 10.1 mm tall) vapor cells fabricated
from Heraeus Suprasil fused silica and filled with 0.56 atm
of CO buffer gas and ∼0.5 mg of isotopically enriched
(92%) 199Hg, arranged in a stack inside a common
magnetic field B0. The atoms are transverse polarized
via optical pumping, and precess with angular frequency
ω0 ¼ γB0, where γ ¼ 4844 s−1=G is the gyromagnetic
ratio of 199Hg. A nonzero EDM, d ¼ dHgI, adds a second
term to the Hamiltonian H ¼ −μ ·B − d · E. Because the
only vector characterizing the system is the nuclear spin
(I ¼ 1=2), any EDM must lie along the spin axis.
Degeneracy arguments imply that the EDM can have only
one projection onto the spin vector for a given particle or

atomic species [4]. If a two-level atom with a nonzero EDM
is placed in parallel fields B, E and another in antiparallel
fields B, −E, the difference in the precession frequency is
given by ℏΔω ¼ 4ðdHgEÞ.
A schematic diagram of the experimental apparatus is

given in Fig. 1. The Hg vapor cells are stacked along the
axis of the static magnetic field B0. All four cells are inside
a grounded box (called the vessel) constructed from
antistatic UHMW polyethylene, with a tin(IV) oxide-
coated ground plane constructed from 3 layers of 1=16-
inch fused silica dividing the two halves. The two outer
cells are seated inside conducting plastic electrodes
(maintained at the same potential), so only the inner cells
have nonzero electric fields inside (pointing in opposite
directions). The outer cells (with E ¼ 0) have zero EDM

(a) (b)

FIG. 1. Cross-sectional diagrams of the apparatus used to
measure the EDM of 199Hg (not to scale). (a) Section of the
vessel through the y-z plane showing the HV cables, ground
plane, and a cutaway view of the HVelectrodes and feedthroughs.
(b) Section through the x-y plane showing the cylindrical three-
layer magnetic shielding, the cosðθÞ magnet coil windings, and a
diagram with 2 of the polarimeters used to observe signals from
each of the 4 cells. The laser beams through the outer cells
traverse the apparatus along the shield axis (z axis), while the
middle cell beams travel along the x axis.
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term to the Hamiltonian H ¼ −μ ·B − d · E. Because the
only vector characterizing the system is the nuclear spin
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Measurement Technique 

• Atoms are contained in a stack of 4 
vapor cells in a common B field 

• 2 conducting plastic electrodes at 
the same potential hold the 2 outer 
cells 

• Opposite E field causes an EDM to 
shift the relative frequency of the 2 
inner cells 

● 
199Hg is pumped to align spins with 
laser beams 

● Precession is observed by detecting 
Faraday rotation of weak, linear   
polarized light 
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Faraday Rotation Detection 
• Atomic polarization changes the index 
of refraction for σ+ and σ- light 
	
• Incoming linearly polarized 
probe light is rotated 

• Rotation angle oscillates at 
the Larmor frequency 

• A polarizing beam splitter 
separates the beam into  
vertical, horizontal 
components 

• Intensity of 2 orthogonal 
polarization states oscillate  
out of phase 
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Phase Difference Analysis 

● Instead of fitting a single long sample for ω, we can apply the Ramsey 
method: fit 2 samples for Δφ with light off in between for time Δt 

● Freq. difference (ωMT - ωMB) = Δ φMT-MB(tf) – ΔφMT-MB(ti) 

● dHg signal = ΔHV[(ωMT - ωMB) - 1/3(ωOT - ωOB)]                                                                                 
LEPON	2017	Atomic	EDMs	12/6/18	 18	



199Hg Systematics 
Source Error (10-31 e cm) 

Axial Cell Motion 12.6 

Leakage Currents 5.02 

Radial Cell Motion 3.36 

E2 effects 3.04 

Parameter 
Correlations 

2.33 

v x E B fields 2.29 

Charging Currents 1.83 

Geometric Phase 0.06 

Quadrature sum 14.8 
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-HV+HV

Polarizability; Noise
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Current 129Xe efforts 
•  TRIUMF/nEDM 
•  Active maser: Tokyo 
•  Xe-129/He-3 MIXed (Mainz/Heidelberg/Juelich) 
•  HeXe (TUM, PTB, MSU, Umich) 

Tim Chupp - ACFI 2018 EDMs 12/6/18	 20	
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129Xe EDM: Spin Exchange Pumped Zeeman Maser
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Final: dXe=(0.7±3.3)x10-27 e-cm 
dXe<6.6x10-27 e-cm 



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.12/6/18	 Tim	Chupp	-	ACFI	2018	EDMs	 22	
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HeXeEDM	experiment	at	BMSR-2	(PTB-Berlin)	

8-layer	shield,	significant	
shielding	factor	
improvement	over	
TUM’s	2-layer	outer	
shield	



SuperconducVng	Quantum	
Interference	Devices	(SQUIDs)	

12/6/18	 24	

MRX	SQUID	system	in	the	BMSR-2	at	PTB	Berlin.	 MRX	SQUIDs	over	a	sealed	cell	at	the	FRM-II	MSR.	

•  SQUIDs	are	very	sensiVve	low-
temperature	magnetometers	

•  More	sensiVve	than	atomic	
magnetometers	for	the	
frequency	range	of	interest	
(10-100	Hz)	

•  The	most	sensiVve	
SQUID	
magnetometers	
report	a	sensiVvity	
of	100 aT/√ ⁠Hz 	

•  SQUID	sensiVvity	is	
limited	by	Johnson	
noise	from	dewar	
insulaVng	and	
protecVve	materials.	

	



25	12/6/18	

HeXeEDM	experiment	at	BMSR-2	(PTB-Berlin)	



DetecVon	with	SQUID	magnetometer	
array	

Xe	
He	
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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



SystemaVc	effects	

Source	of	systemaAc	
error	

DescripAon	

Leakage	current	 HV	leaking	across	cell	to	other	electrode.	Corkscrew	pafern	will	generate	a	
magneVc	field	

Charging	currents	
Current	from	charging	electrode	up	to	target	HV.	May	magneVze	materials	on	
or	near	cell	(like	an	o-ring)	which	will	cause	a	magneVc	field	gradient	across	the	

cell.	

E2	effects	 Any	effect	that	scales	with	the	magnitude	of	the	electric	field,	e.g.,	xenon	
chemical	shig,	HV-induced	phase	noise.	

Comagnetometer	drig	 Residual	longitudinal	magneVzaVon	causes	a	drig	seen	in	the	comagnetometer	
corrected	Xe	frequency.	

E-field	uncertainty	 Uncertainty	in	the	electric	field	magnitude.	

E-field	correlated	cell	
moVon	

The	applied	electric	field	may	cause	the	cell	to	shig.	This	will	cause	the	
magneVc	field	and	gradients	within	the	cell	to	be	slightly	different.	

Geometric	phase	 MoVonal	magneVc	field	(v	x	E)	effects.		
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~⌦ · B̂ is the projection onto ~B0. The comagnetometer frequency is !0 = !Xe � R!He, where R
is a number used in the analysis that is nominally the ratio of shielded gyromagetic ratios, but
which we don’t know exactly due to additional chemical shifts and material e↵ects. Thus,

!0 = [�Xe(1� �Xe)hBiXe �R�He(1� �He)hBiHe] + (!sd

Xe �R!sd

He) + (1�R)~⌦ · B̂. (7)

Assuming small changes of hBiXe/He and �Xe/He,

hBiXe/He = B0 +�BXe/He �Xe/He = �Xe/He + �0Xe/He

R =
�Xe(1� �Xe � �0Xe)

�He(1� �He � �0He)
= R0 +�R

R0 =
�Xe(1� �Xe)

�He(1� �He)
�R ⇡ R0�0He �

�Xe

�He
�0Xe (8)

Thus

!0 ⇡ ��He(1� �He)�RB0 + �Xe(1� �Xe)(�BXe ��BHe) + !sd

Xe �R!sd

He + (1�R)~⌦ · B̂.

(9)

Equation 9 reveals the following:

1. The first term shows that the varying chemical shift�R (di↵erent cell, di↵erent pressure...)
leads to a comagnetometer o↵set proportional to B0.

2. The second term is due to the di↵erent averaging resulting from the di↵erent di↵usion
constants and couples to 2nd order gradients.

3. The third term is a species-dependent shift that arises from the longitudinal magnetization
and manifests as the comagnetometer drift

4. The last term is the earth’s rotation contribution to !0, which depends on the projection
of ~⌦ on ~B0. Any change of the direction B̂ would induce a comagnetometer-frequency
shift.

The species-dependent term has been studied and shown to be dominated by coupling to
the longitudinal polarization of each species through the resonant, rotating component of that
species. This e↵ect would vanish for a sphere, but for other geometries, the average field in the
cell ~B

int

due to the precessing magnetization is proportional to the transverse magnetization
and a geometric factor �T . Taking the static magnetic field in the lab along ẑ0 and transforming
a rotating frame rotating with the transverse magnetization along x, the Bloch equations for
each species k become:
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Source Section 1
2⇡!

f alse (nHz) Corrections (e-cm) Uncertainty (e-cm)
Leakage Current 2 0 ± 0.225 0 1.6 ⇥ 10�28
Charging currents 3 0 ± 0.024 0 1.7 ⇥ 10�29
Comagnetometer drift 4 0.28 ± 0.91 1.9 ⇥ 10�28 6.3 ⇥ 10�28
E-correlated cell motion

rotation 5.2 0 ± 0.66 0 3.0 ⇥ 10�28
translation - B0 coil 5.3 0 ± 0.03 0 2 ⇥ 10�29
translation - fixed gradient 5.3 ⌧ �w0

d

Geometric phase 6 0 ± 0.00017 0 1 ⇥ 10�31
|E | uncertainty 7 0 (0.1) dA(129Xe)
|E |2 e�ects 8 0 ± 0.03 0 2 ⇥ 10�29
Total 1.9 ⇥ 10�28 7.2 ⇥ 10�28

Table 1: Systematic corrections and uncertainties contributing to the 4-segment
EDM result. Note that the EDM correction is (+6.9⇥ 10�28 e cm /nHz) 1

2⇡!
f alse

(see sec. 1.3.)

Source Sys. Error (e-cm)
Leakage Current 1.6 ⇥ 10�28
Charging currents 1.7 ⇥ 10�29

Comagnetometer drift 6.3 ⇥ 10�28
E-correlated cell motion (rotation) 3.0 ⇥ 10�28

E-correlated cell motion (translation*) 7.6 ⇥ 10�28
Geometric phase 1 ⇥ 10�31
|E | uncertainty (0.1) dA(129Xe)
|E |2 e�ects 2 ⇥ 10�29

Total 7.2 ⇥ 10�28

Table 2: Proposed systematics table for paper.

2

~⌦ · B̂ is the projection onto ~B0. The comagnetometer frequency is !0 = !Xe � R!He, where R
is a number used in the analysis that is nominally the ratio of shielded gyromagetic ratios, but
which we don’t know exactly due to additional chemical shifts and material e↵ects. Thus,

!0 = [�Xe(1� �Xe)hBiXe �R�He(1� �He)hBiHe] + (!sd

Xe �R!sd

He) + (1�R)~⌦ · B̂. (7)

Assuming small changes of hBiXe/He and �Xe/He,

hBiXe/He = B0 +�BXe/He �Xe/He = �Xe/He + �0Xe/He

R =
�Xe(1� �Xe � �0Xe)

�He(1� �He � �0He)
= R0 +�R

R0 =
�Xe(1� �Xe)

�He(1� �He)
�R ⇡ R0�0He �

�Xe

�He
�0Xe (8)

Thus

!0 ⇡ ��He(1� �He)�RB0 + �Xe(1� �Xe)(�BXe ��BHe) + !sd

Xe �R!sd

He + (1�R)~⌦ · B̂.

(9)

Equation 9 reveals the following:

1. The first term shows that the varying chemical shift�R (di↵erent cell, di↵erent pressure...)
leads to a comagnetometer o↵set proportional to B0.

2. The second term is due to the di↵erent averaging resulting from the di↵erent di↵usion
constants and couples to 2nd order gradients.

3. The third term is a species-dependent shift that arises from the longitudinal magnetization
and manifests as the comagnetometer drift

4. The last term is the earth’s rotation contribution to !0, which depends on the projection
of ~⌦ on ~B0. Any change of the direction B̂ would induce a comagnetometer-frequency
shift.

The species-dependent term has been studied and shown to be dominated by coupling to
the longitudinal polarization of each species through the resonant, rotating component of that
species. This e↵ect would vanish for a sphere, but for other geometries, the average field in the
cell ~B

int

due to the precessing magnetization is proportional to the transverse magnetization
and a geometric factor �T . Taking the static magnetic field in the lab along ẑ0 and transforming
a rotating frame rotating with the transverse magnetization along x, the Bloch equations for
each species k become:
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Final result:  ….......  ±   2.4 (stat) ±  



Diamagnetic Molecules: TlF
1.  Large internal electric fields.

1.  Eeff ~ 1011 V/cm.
•  Compared to Elab < 105 V/cm.

2. Accessible internal electric fields.
•  Easy to electically polarize, need only Elab ~ 1 V/cm.
•  Can be laser cooled

3. Rejection of systematic errors.
•  Electron spins triple/L=1 (J=0) µ small

•  Eeff independent of Elab.
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FIG. 1. Effective electric field interacting with the electron
edm in YbF versus applied electric field. The dot shows the
field at which we operate.

YbF molecule, rising towards its asymptotic value Eint of
26 GV!cm [13] as the applied field is increased. In our
experiment the applied field is 8.3 kV!cm, for which Eeff
is 13 GV!cm. Such a large effective field is not particular
to YbF but can be found in a variety of other heavy polar
diatomic molecules, some of which are listed in Table I.
In short, the edm interaction in heavy polar molecules can
be thousands of times larger than in heavy atoms.

Our experiment uses 174YbF in the electronic, vibra-
tional, and rotational ground state X2S1"y ! 0, N ! 0#.
The electron spin (1!2) and the fluorine nuclear spin (1!2)
combine to produce a hyperfine singlet F ! 0 and triplet
F ! 1, separated by 170 MHz [17] as shown in the inset in
Fig. 2. The applied electric field lowers the energy of the
jF, mF $ ! j1, 0$ state relative to j1, 61$ by an amount D
(D!h ! 6.7 MHz for the 8.3 kV!cm used in our experi-
ment) [18]. This strong tensor splitting reflects the non-
spherical symmetry of the molecule’s internal structure.
The two states j1, 11$ and j1, 21$ remain degenerate as a
consequence of time-reversal symmetry. Their degeneracy
is lifted by the edm interaction, which causes a splitting
of 2deEeff that we seek to measure in the experiment. A
magnetic field small compared with D!mB causes an ad-
ditional splitting [19] of 2mBBz%1 2

1
2 "mBB!!D#2& plus

higher order corrections (here the g factor, both expected

TABLE I. Effective electric fields for some heavy polar
molecules.

Species: state Eeff (GV!cm)

BaF: X2S1 7.4a

YbF: X2S1 26b

HgF: X2S1 99c

PbF: X2S1 229c

PbO: a(1) 3S1 6d

aReference [14].
bReference [13].
cReference [15].
dReference [16].

and measured, is 1). This formula shows that the field par-
allel to E induces a Zeeman splitting 2mBBz between the
mF ! 61 sublevels, whereas the splitting due to the per-
pendicular field B! is suppressed relative to mBB! by a
factor m2

BBzB!!D2, which is 3 3 10210 in our experiment
(Bz ' 10 nT, B! ' 6 nT). We separate the splitting due
to the edm interaction from that of the magnetic interaction
by reversing the directions of the applied electric and mag-
netic fields, E and B. The edm part of interest has the sym-
metry of E ? B, as one might expect for a P-odd, T-odd
effect. The suppression of the splitting induced by B! is a
critical aspect of the experiment because the motion of the
molecules through the electric field generates a 6 nT con-
tribution to B!, Bmot

y ! Ey!c2, which reverses with E and
therefore has the potential to masquerade as an edm [20].
If B! is entirely motional it does not generate a false edm
because the splitting depends on B2

!, remaining unchanged
when B! reverses. However, if there is also a small y com-
ponent By of the applied magnetic field, the magnitude of
B! will change when either E or B is reversed, leading to
an apparent edm given by m3

BBzBmot
y By!D2Eeff. In our ex-

periment By is less than 1 nT and therefore this false de is
less than 10233e cm. The advantage of a strong tensor po-
larizability for edm measurements was first demonstrated
by Player and Sandars using the 3P2 metastable state of Xe
[21]. These two features of heavy polar molecules — large
Eeff and strong tensor polarizability —give them such ex-
cellent suppression of all the known systematic errors that
a major improvement in de now seems accessible.

Our YbF molecular beam, illustrated in Fig. 3, effuses
out of a molybdenum oven containing a mixture of Yb
metal and powdered AlF3 (mass ratio 4:1) heated to
(1500 K. The molecules are detected by dye-laser-
induced fluorescence 1 m away from the source, using
collection optics with 22% efficiency and a photomulti-
plier (PMT) of 10% quantum efficiency. The detection
laser is tuned to the F ! 0 component in the Q"0# line
of the A 2P1!2-X 2S1 electronic transition (Fig. 2) at

A 2Π
1/2 ( ν = 0,   N = 0 )

170 MHz
F = 1

F = 0

∆

X 2Σ+ ( ν = 0,   N = 2 )

X 2Σ+ ( ν = 0,   N = 0 )

40 GHz

OP
12 

(2)

Q(0)

FIG. 2. Important optical transitions Q"0# and OP12"2# in
174YbF at 553 nm. They are 40 GHz apart. Inset: ground
state hyperfine levels F ! 0, F ! 1, 170 MHz apart. In static
electric field, the mF ! 0 sublevel of F ! 1 is lower than the
mF ! 61 sublevels by an amount D.

023003-2 023003-2

CeNTREX	experiment	(Yale/Umass).	205Tl	has	an	unpaired	proton	has	an	EDM,	it	will	lead	to	a	deformaVon	in	the	
shape	of	atomic	nuclei	known	as	a	Schiff	moment.		CeNTREX	will	search	for	the	Schiff	moment	of	the	205Tl	nucleus	
inside	a	TlF	(thallium	fluoride)	molecule.		The	observable	signature	of	a	Schiff	moment	will	be	a	shig	in	the	NMR	
frequency	of	205Tl	nuclei	when	the	molecules	are	polarized	by	a	strong	electric	field.		The	size	of	the	NMR	shig	is	
3-4	orders	of	magnitude	larger	than	in	similar	experiments	that	use	atoms	instead	of	molecules,	for	the	same	size	
of	the	Schiff	moment.	
The	first	generaVon	of	CeNTREX,	now	under	construcVon,	will	use	a	cryogenic	molecular	beam	of	TlF	(similar	to	
that	used	in	our	ACME	electron	EDM	search)	and	will	perform	state	preparaVon	and	detecVon	using	opVcal	cycling	
(similar	to	methods	developed	for	our	experiments	to	laser	cool	and	trap	SrF	molecules).		Later	generaVons	of	
CeNTREX	aim	to	laser	cool	and	trap	the	TlF	molecules	for	increased	sensiVvity.	



Spherical Quadrupole Octupole 

Octupole Enhancements of Schiff Moments 
225Ra   221/223Rn  
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Nuclei with Octupole Deformation/Vibration �
(Haxton & Henley; Auerbach, Flambaum, Spevak; Engel et al., Hayes & Friar, etc.)

 
Ref: Dzuba PRA66, 012111 (2002) - Uncertainties of 50% 
*Based on Woods-Saxon Potential 
† Nilsson Potential Prediction is 137 keV 
 

E	
J -	-	

-	
+	
+	
+	
+	

-	
-	 -	

NOTES: 
Ocutpole Enhancements 
Engel et al. agree with Flambaum et al. 
Even octupole vibrations enhance S (Engel, Flambaum& Zelevinsky) 
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Estimate of 221Rn Enhancement 
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gamma-ray peaks can be identified at 
201.0, 223.5, and 289.3 KeV. 
Work is on-going with regards to analysis of 
the spectrum.  It is of interest to note the 
large number of x-rays, which would be 
expected in this nucleus, as there are highly 
converted transitions, adding to the normal 
counts from atomic processes. 
A new silicon detector, SPEDE, for 
conversion electron measurements will be 
installed at HIE-ISOLDE. This device will 
enhance the experimental set-up to include 
simultaneous conversion electron and 
gamma-ray spectroscopy.  Analysis of this 
odd mass nucleus will give quantitative 
information about the octupole correlations, 
with implications on the search for 
permanent atomic electric dipole moments. 
 

 
Fig.1: Prompt gamma-ray spectrum following 
Coulomb excitation of 221Rn projectile at 
2.85 MeV/u on a 120Sn target (2 mg/cm2), 
Doppler corrected for radon (background 
subtracted). 
 
The original proposal for the experiment 
can be found at 
http://cdsweb.cern.ch/record/1100218/files/
INTC-P-244.pdf. 
 
George O’Neill (for the MINIBALL 
Collaboration) 
 
 
 
 
 

IS478: Shape determination in 
Coulomb excitation of 72Kr 
 
Unlike prolate deformed nuclei, the oblate 
ones are rare across the nuclear landscape 
[1]. Consequently, very limited data exist 
and the underlying mechanism responsible 
for the emergence of oblate deformation in 
nuclei is not well understood. In the A~70 
region of shape co-existence [2], the first 
excited 2+ state in 72Kr is a special case 
because all the existing experimental and 
theoretical information indicate an oblate 
deformation for this state [3,4].  However, 
no direct experimental evidence has been 
found to date to confirm these expectations 
(see the contribution on page 6. of this 
newsletter).   
In an attempt to obtain the sign of the 
spectroscopic quadrupole moment, utilizing 
the re-orientation effect [5] (c.f. Fig.1), and 
thereby to determine the shape of 72Kr 
residing in this state, we initiated a low-
energy inelastic Coulomb excitation study of 
72Kr using a beam produced at REX-ISOLDE. 
After extensive efforts from the target 
group to develop the beam [6] and several 
attempts using Miniball to study 72Kr using 
Coulomb excitation, in May 2012 we 
successfully collected the first data.  The 
2.85 MeV/u beam was used to bombard a 
104Pd target of 2 mg/cm2 thickness and the 
Ȗ rays were detected using the Miniball 
setup.  The Ȗ-ray yield (~150 counts) seen 
in Fig.2 for the 2+Î0+ transition in 72Kr is 
comparable to that seen in the work 
presented in Ref.[5], which in turn suggests 
that the sign of the spectroscopic 
quadrupole moment  can be obtained.   The 
analysis is currently in progress. 
 
 
 

221Rn (ISOLDE)	
50 keV 

400 keV 



EsVmate	intrinsic	Schiff	moments	from	Q3’s	

from Q30 [224Ra]
from Q30 [226Ra]
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Search for EDM of 225Ra at Argonne�
(Thanks Matt Dietrich) 

Oven: 
225Ra (+Ba) 

Zeeman  
Slower 

Optical 
dipole trap 

EDM 
probe 

225Ra	
Nuclear	Spin	=	½	
Electronic	Spin	=	0	
t1/2	=	15	days	

Magneto-optical 
trap 

EDM's 
12/6/18	 35	



Search for EDM of 225Ra at Argonne�
(Thanks Matt Dietrich) 
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Magnetic Shielding 
& Magnet Coils 

Atoms 

Standing Wave  
“Holding” ODT 
10 W 1550 nm 

Absorption 
Imaging 

1.3 mm 

1.3 m
m

 

700 atoms R. H. Parker et al., PRC 86, 065503 
(2012) 

Transfer Atoms from “Bus” to 
“Holding” ODT 

ODT!ODT Transfer: 70% Efficiency 

Ultr,c6ld Gr6up II At6ms  2016�



Search for EDM of 225Ra at Argonne�
(Thanks Matt Dietrich) 
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Detection 

X0 C6ll,b6r,t26n M00t2n1  2016�21 

Optical Pumping and 
Detection 

483 nm 

1S0 

1P1 

F = 1/2 

F = 1/2 

F = 3/2 

X0 C6ll,b6r,t26n M00t2n1  2016�20 

C
C

D
 

1.2 m 
2f-2f  imaging 

300 mm, 3’’ diameter lens 

Optimal SNR after 2.1 photons/atom 
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First Ra-225 EDM Measurements 

                     |d(Ra-225)| < 5x10-22 e cm (95%)	
•  all systematic effects estimated to be <10-25 e cm	
•  first EDM measurement made in a laser trap	
•  first EDM measurement of an octupole-deformed species	
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Second Ra-225 EDM Measurements 
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New Result! 

X0 C6ll,b6r,t26n M00t2n1  2016�26 M. Bishof  et al.(in preparation). 

June 2015 

dRa-225 < 1.4 × 10-23 e-cm 95% C.L. 
36-fold improvement in 6 months 

Hoping	for	10-26	e-cm	and	smaller.	
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Storage ring EDMs
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EDM Signal: out-of-plane oscillation  out of 
phase with ωa 

(g-2) EDM 
VerVcal	OscillaVon	out	of	phase	with	ωa			E821	Data	

€ 

E821: dµ = (0.9 ±1.9) ×10−19 e-cm 

Improve by 100x (potential large effort for p,d,3He - Cosy, BNL, FNAL) Muon	g-2	Experiment	-	Tim	Chupp	 42	



The industry of storage ring EDM efforts 

Muon	g-2	Experiment	-	Tim	Chupp	 43	

50

particle J a |~p| � | ~B| | ~E| | ~E0|/� R �goal
d Ref.

(units) (GeV/c) (T) (kV/cm) (kV/cm) (m) (e cm)
µ± 1/2 +0.00117 3.094 29.3 1.45 0 4300 7.11 10�21 E989

0.3 3.0 3.0 0 8500 0.333 10�21 E34
0.5 5.0 0.25 22 760 7 10�24 srEDM

0.125 1.57 1 6.7 2300 0.42 10�24 PSI
p+ 1/2 +1.79285 0.7007 1.248 0 80 80 52.3 10�29 srEDM

0.7007 1.248 0 140 140 30 10�29 JEDI
d+ 1 �0.14299 1.0 1.13 0.5 120 580 8.4 10�29 srEDM

1.000 1.13 0.135 33 160 30 10�29 JEDI
3He++ 1/2 �4.18415 1.211 1.09 0.042 140 89 30 10�29 JEDI

TABLE X Relevant parameters for proposed storage ring EDM searches. The present muon EDM limit is 1.8⇥10�19 e cm and
the indirect limit on the proton EDM derived from the atomic EDM limit of 199Hg is 2 ⇥ 10�25 e cm. The magnetic moment
anomaly is calculated using values for the unshielded magnetic moments of the particles from CODATA 2014 (Mohr et al.,
2016). The sign convention for positively charged particles is such that the magnetic field is vertical and the particles are
circulating clockwise. References are E989: Muon g�2 experiment at Fermilab (Gorringe and Hertzog, 2015); E34: Muon g�2
experiment at JPARC (Gorringe and Hertzog, 2015); srEDM: Muon EDM at JPARC (Kanda, 2014), “All-Electric” Proton
EDM at Brookhaven (Anastassopoulos et al., 2016), Deuteron EDM at JPARC (Morse, 2011); PSI: Compact Muon EDM
(Adelmann et al., 2010); JEDI: “All-In-One” Proton, Deuteron, and Helion EDM at COSY (Rathmann et al., 2013b).

proton EDM search, choosing ~B = 0 and � = 1/
p

a + 1

supresses the ~� ⇥ ~E term (Anastassopoulos et al., 2016).
This requires e↵ective magnetic shielding, such as that
discussed in sec. III.A. The electric storage ring with
bending radius R = (m/e)/(E

p
(a(a + 1)) is generally

only possible for particles with positive magnetic mo-
ment anomalies (a > 0). With E = 106 V/m, a bending
radius of R ⇡ 10 m is required for protons. Progress
has been made in describing the challenging problem
of orbital and spin dynamics inside electrostatic rings
(Hacömeroğlu and Semertzidis, 2014; Mane, 2008, 2012,
2014a,b,c, 2015a,b,c; Metodiev et al., 2015), developing
simulation code for electrostatic rings (Talman and Tal-
man, 2015a,b), and calculating the fringe fields for di↵er-
ent plate geometries (Metodiev et al., 2014). To achieve
sensitivity of 10�29

e cm, impractically small residual
magnetic fields would be required, thus two counter prop-
agating beams within the same storage ring are envi-
sioned, for which a vertical separation would develop in
the presence of a radial magnetic field. After several cy-
cles around the ring, this vertical separation would be
large enough to measure using SQUID magnetometers
as precision beam position monitors (BPMs). The devel-
opment of an electric storage ring experiment dedicated
to measurement of the proton EDM is being pursued by
the Storage Ring EDM collaboration srEDM (Rathmann
et al., 2013a).

A magnetic storage ring could also be used to measure
the J = 1 deuteron EDM using a similar technique. The
deuteron polarization would be analyzed by the asymme-
try in elastic scattering from a carbon target (Brantjes
et al., 2012). The goal for the deuteron EDM experiment
is to maintain the spin coherence for at least as long as the
vacuum-limited ion storage time which is about 103 sec-
onds for a vacuum of 10�10 Torr, which has been demon-

strated at COSY (Guidoboni et al., 2016). The theory
of spin evolution for a J = 1 particle in electromagnetic
fields has been developed by Silenko (2015).

The Jülich Electric Dipole moment Investigations
(JEDI) collaboration in Germany is undertaking precur-
sor experiments while developing long term plans to mea-
sure the EDMs of the proton, deuteron, and 3He using
an “all-in-one” electirc and magnetic storage ring (Rath-
mann et al., 2013a). An intermediate step is direct mea-
surement of the proton and deuteron EDMs with lower
statistical sensitivity using the presently available mag-
netostatic Cooler Synchrotron (COSY) storage ring with
some modifications. The main challenge is to introduce
beam-line elements that prevent the spin precession due
to the magnetic moment anomaly from washing out the
torque on the spin generated by the presence of an EDM.
One suggestion is to synchronize the EDM torque to the
magnetic moment anomaly spin precession (Orlov et al.,
2006), however the approach being developed for COSY
by the JEDI collaboration is to partially “freeze” or lock
the spin to the momentum using a beam element called
a “magic” RF Wien filter (Morse et al., 2013). If the
parameters of the Wien filter are carefully chosen, one
component of the particle’s spin does not undergo the
usual magnetic moment anomaly spin precession, which
would allow the EDM torque to build up a transverse
polarization.

Spin polarimetry is critical for both measuring the
EDM signal as well as for diagnosing and improving the
spin coherence time. Significant progress has been made
towards controlling systematics related to spin polarime-
try for deuterons. Results indicate that precision po-
larimetry for both deuterons and protons is feasible at the
ppm level, which is required for a 10�29 e · cm EDM sen-
sitivity. Preliminary e↵orts to measure and improve spin
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New	Results	
	ThO	–	But	7x	improvement	improves	2-parameter	limits	by	2x	
	 	Need	other	experiments	(HfF+)	to	“keep	pace”	

	
	225Ra	–	Octupole	deformed	
	 	100-1000x	more	sensiVve	to	N-N	CPV	than	Hg	
	 	106x	less	sensiVve	experiment	(for	now)	

	
	129Xe	–	HeXe	WILL	get	10x	in	coming	~year	

	
	199Hg	will	incrementally	improve	

	
	
Any	experiment	has	discovery	potenVal!	
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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
TlF, 173YbOH

Currently: data from 5 experiments: 

Current 

Future 
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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:

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]:
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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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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
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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)
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from our analysis. The nuclear Schi↵ moment can then
be expressed as

S =
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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
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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
¯
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+ Le↵

BSM

. (II.17)

Here the CPV SM CKM [22] and QCD [23–25] interactions are
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where g
2

and g
3

are the weak and strong coupling constants, respectively, Up

L

(Dp
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) 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
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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 ↵0s. (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 @dexp/@de @dexp/@CS (e cm) @dexp/@C
(0)
T (e cm) @dexp/@ḡ

(0)
⇡ (e cm) @dexp/@ḡ

(1)
⇡ ( e cm) @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

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

@dexp/@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 @dexp/@C
(0)
T is from (Dzuba et al., 2009; Singh and Sahoo, 2015a). 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  sn  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) 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).
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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.
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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

12/6/18	 48	

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).
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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

and12/6/18	 49	
TC, Fierlinger, Ramsey-Musolf, Singh 

53

-100 x10
-24

-50

0

50

100
d n

sr
  (e

-c
m

)

-10 x10
-9 -5 0 5 10

gπ
0

-100 x10
-24

-50

0

50

100

d n
sr

  (e
-c

m
)

-1.5 x10
-9 -1.0 -0.5 0.0 0.5 1.0 1.5

gπ
1

-1.5 x10
-9

-1.0

-0.5

0.0

0.5

1.0

1.5

g π
1

-10 x10
-9 -5 0 5 10

gπ
0

-100 x10
-24

-50

0

50

100

d n
sr

  (e
-c

m
)

-400 x10
-9 -200 0 200 400

CT
 

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.

d̄sr
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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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
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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.

d̄sr
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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experiments: 199Hg, 129Xe, 225Ra, and the neutron. The
inverse of the matrix ↵ij from Eqn. 9 is
2

6664

d̄

sr
n

ḡ

(0)
⇡

ḡ

(1)
⇡

C

(0)
T

3

7775
=

2

664

5.2 4.7 ⇥ 104 9.5 ⇥ 103 21
�2.8 ⇥ 1014 �3.1 ⇥ 1018 �6.3 ⇥ 1017 �1.4 ⇥ 1015

�7.0 ⇥ 1013 �7.7 ⇥ 1017 �1.6 ⇥ 1017 �4.8 ⇥ 1014

1.9 ⇥ 1016 1.4 ⇥ 1019 3.6 ⇥ 1019 8.4 ⇥ 1016

3

775

2

664

dn

dXe

dHg

dRa

3

775,

(132)

for the best values from Table IV with ↵
Hg,ḡ

(1)

⇡
= 1.6 ⇥

10�17 and ↵Ra,d̄sr
n

= �8 ⇥ 10�4 . For example

d̄sr
n = 5.2dn + 4.7 ⇥ 104dXe + 9.5 ⇥ 103dHg + 21dRa

This combined with the results from Table I shows that
the 129Xe and 225Ra results have comparable contribu-
tions to the constraints and that improving each by a
factor of about 500 would make their impact similar to
that of 199Hg in the context of this global analysis.

VI. SUMMARY AND CONCLUSIONS

We live in exciting times for EDMs. The observa-
tion and explanations of the baryon asymmetry call for
BSM sources of CP violation that produce EDMs that
may be discovered in the next generation of experiments
in a variety of systems. Experiment has marched for-
ward with greater sensitivity recently achieved for the
neutron and 199Hg, the tremendous advance in complex-
ity and sensitivity for ThO and HfF+ polar-molecule
experiments sensitive to the electron EDM, and with
new techniques providing results from the octupole de-
formed 225Ra. The next generation of experiments on
the neutron will take advantage of new ideas and tech-
niques incorporated into UCN sources and EDM tech-
niques at a number of laboratories around the world; and
new approaches to magnetic shielding and magnetome-
try/comagnetometry along with deeper understanding of
systematic e↵ects will be essential to achieving the next
step in sensitivity in all systems. Storage rings and rare
isotopes are expected to be new approaches that move
forward in the coming years.

Interpretations of EDM limits and eventually finite re-
sults continue to advance with more quantitative connec-
tions to baryogenesis and clarification of e↵ective-field
theory approaches that connect fundamental quantum
field theory to low-energy parameters relevant to the
structure of nucleons, nuclei, atoms and molecules. The
theory of EDMs brings together theoretical approaches
at each of these scales, however the nucleus is a par-
ticularly di�cult system for calculations and introduces
the largest uncertainties in connecting experiment to the-
ory. The best experimental result - in 199Hg - is chal-
lenged by significant nuclear theory uncertainties. With

the increasing interest in EDMs due to their role in con-
necting cosmology, particle physics and nuclear/atomic
and molecular physics, the motivations for tackling these
problems in hadronic theory become stronger.

Even in light of current uncertainties, interpretation of
EDM results from the sole-source perspective or in the
context of a global analysis show that CP violating pa-
rameters are surprisingly small. In the case of the QCD
parameter ✓̄ this leads to the strong-CP problem and its
potential solution via the axion hypothesis, which may
also provide an explanation of non-baryonic dark matter.
In a generic approach to CP violation consistent with cur-
rent limits, combined with an assumption that the phases
are of order unity, the mass scale probed is tens of TeV
or greater, emphasizing the complementarity of EDMs
and the LHC as well as future higher-energy colliders. In
the context of models that introduce new phases, such as
SUSY variants and Left-Right Symmetric Models, either
the phases appear to be far less than naturally expected
or the mass scale of CP violation is quite large, which in-
troduces challenges with the connection to Electroweak
Baryogenesis.

The definitive observation of an EDM in any system
will be a tremendous achievement, but a single system
alone may not clarify the questions arising in the con-
nections to fundamental theory and to cosmology, for
example separating weak and strong CP-violation. We
therefore conclude by calling for e↵orts in several sys-
tems - paramagnetic systems most sensitive to the elec-
tron EDM and electron-spin-dependent CP violating in-
teractions as well as diamagnetic atoms/molecules, nu-
cleons and nuclear systems where hadronic CP violation
is dominant. We also call for advanced theory e↵orts, in
particular nuclear theory, which must improve to sharpen
interpretation of EDM results in all systems.

ACKNOWLEDGMENTS

The authors would like to thank everyone in the
community who has provided input and advice as well
as encouragement. In particular we are grateful to
Martin Burgho↵, Will Cairncross, Vincenzo Cirigliano,
Skyler Degenkolb, Matthew Dietrich, Peter Geltenbort,
Takeyasu Ito, Martin Jung, Zheng-Tian Lu, Kent Le-
ung, Kia Boon Ng, Natasha Sachdeva, Z Sun, Yan
Zhou, and Oliver Zimmer. The authors also acknowledge
the Excellence Cluster Universe, MIAPP, the Munich
Institute for Astronomy and Astrophysics and MITP,
the Mainz Institute for Theoretical Physics for hosting
and providing the opportunity to collaborate. TC has
been supported by US Department of Energy grant No.
DE-FG0204ER41331; PF is supported by the Deutsche
Forschungsgemeinschaft (DFG) Priority Program SPP
1491 Precision Experiments with Cold and Ultra-Cold
Neutrons ; MJRM is supported by US Department of



Hadronic Systems 

DNP 2018 Fundamental Symmetries 

d0
sr d1

sr CT gπ0 gπ1

proton 1 +1
d, 3H, 3He x x
TlF, 173YbOH

Currently: data from 5 experiments: 
Upcoming experiments 

  

€ 

! 
E ∝
! 
J 

12/6/18	 52	

Talk 00002 

50

particle J a |~p| � | ~B| | ~E| | ~E0|/� R �goal
d Ref.

(units) (GeV/c) (T) (kV/cm) (kV/cm) (m) (e cm)
µ± 1/2 +0.00117 3.094 29.3 1.45 0 4300 7.11 10�21 E989

0.3 3.0 3.0 0 8500 0.333 10�21 E34
0.5 5.0 0.25 22 760 7 10�24 srEDM

0.125 1.57 1 6.7 2300 0.42 10�24 PSI
p+ 1/2 +1.79285 0.7007 1.248 0 80 80 52.3 10�29 srEDM

0.7007 1.248 0 140 140 30 10�29 JEDI
d+ 1 �0.14299 1.0 1.13 0.5 120 580 8.4 10�29 srEDM

1.000 1.13 0.135 33 160 30 10�29 JEDI
3He++ 1/2 �4.18415 1.211 1.09 0.042 140 89 30 10�29 JEDI

TABLE X Relevant parameters for proposed storage ring EDM searches. The present muon EDM limit is 1.8⇥10�19 e cm and
the indirect limit on the proton EDM derived from the atomic EDM limit of 199Hg is 2 ⇥ 10�25 e cm. The magnetic moment
anomaly is calculated using values for the unshielded magnetic moments of the particles from CODATA 2014 (Mohr et al.,
2016). The sign convention for positively charged particles is such that the magnetic field is vertical and the particles are
circulating clockwise. References are E989: Muon g�2 experiment at Fermilab (Gorringe and Hertzog, 2015); E34: Muon g�2
experiment at JPARC (Gorringe and Hertzog, 2015); srEDM: Muon EDM at JPARC (Kanda, 2014), “All-Electric” Proton
EDM at Brookhaven (Anastassopoulos et al., 2016), Deuteron EDM at JPARC (Morse, 2011); PSI: Compact Muon EDM
(Adelmann et al., 2010); JEDI: “All-In-One” Proton, Deuteron, and Helion EDM at COSY (Rathmann et al., 2013b).

proton EDM search, choosing ~B = 0 and � = 1/
p

a + 1

supresses the ~� ⇥ ~E term (Anastassopoulos et al., 2016).
This requires e↵ective magnetic shielding, such as that
discussed in sec. III.A. The electric storage ring with
bending radius R = (m/e)/(E

p
(a(a + 1)) is generally

only possible for particles with positive magnetic mo-
ment anomalies (a > 0). With E = 106 V/m, a bending
radius of R ⇡ 10 m is required for protons. Progress
has been made in describing the challenging problem
of orbital and spin dynamics inside electrostatic rings
(Hacömeroğlu and Semertzidis, 2014; Mane, 2008, 2012,
2014a,b,c, 2015a,b,c; Metodiev et al., 2015), developing
simulation code for electrostatic rings (Talman and Tal-
man, 2015a,b), and calculating the fringe fields for di↵er-
ent plate geometries (Metodiev et al., 2014). To achieve
sensitivity of 10�29

e cm, impractically small residual
magnetic fields would be required, thus two counter prop-
agating beams within the same storage ring are envi-
sioned, for which a vertical separation would develop in
the presence of a radial magnetic field. After several cy-
cles around the ring, this vertical separation would be
large enough to measure using SQUID magnetometers
as precision beam position monitors (BPMs). The devel-
opment of an electric storage ring experiment dedicated
to measurement of the proton EDM is being pursued by
the Storage Ring EDM collaboration srEDM (Rathmann
et al., 2013a).

A magnetic storage ring could also be used to measure
the J = 1 deuteron EDM using a similar technique. The
deuteron polarization would be analyzed by the asymme-
try in elastic scattering from a carbon target (Brantjes
et al., 2012). The goal for the deuteron EDM experiment
is to maintain the spin coherence for at least as long as the
vacuum-limited ion storage time which is about 103 sec-
onds for a vacuum of 10�10 Torr, which has been demon-

strated at COSY (Guidoboni et al., 2016). The theory
of spin evolution for a J = 1 particle in electromagnetic
fields has been developed by Silenko (2015).

The Jülich Electric Dipole moment Investigations
(JEDI) collaboration in Germany is undertaking precur-
sor experiments while developing long term plans to mea-
sure the EDMs of the proton, deuteron, and 3He using
an “all-in-one” electirc and magnetic storage ring (Rath-
mann et al., 2013a). An intermediate step is direct mea-
surement of the proton and deuteron EDMs with lower
statistical sensitivity using the presently available mag-
netostatic Cooler Synchrotron (COSY) storage ring with
some modifications. The main challenge is to introduce
beam-line elements that prevent the spin precession due
to the magnetic moment anomaly from washing out the
torque on the spin generated by the presence of an EDM.
One suggestion is to synchronize the EDM torque to the
magnetic moment anomaly spin precession (Orlov et al.,
2006), however the approach being developed for COSY
by the JEDI collaboration is to partially “freeze” or lock
the spin to the momentum using a beam element called
a “magic” RF Wien filter (Morse et al., 2013). If the
parameters of the Wien filter are carefully chosen, one
component of the particle’s spin does not undergo the
usual magnetic moment anomaly spin precession, which
would allow the EDM torque to build up a transverse
polarization.

Spin polarimetry is critical for both measuring the
EDM signal as well as for diagnosing and improving the
spin coherence time. Significant progress has been made
towards controlling systematics related to spin polarime-
try for deuterons. Results indicate that precision po-
larimetry for both deuterons and protons is feasible at the
ppm level, which is required for a 10�29 e · cm EDM sen-
sitivity. Preliminary e↵orts to measure and improve spin
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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
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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.

d̄sr
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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UV	excitaVon	(256	nm)	

silicon	APD	

condenser	opVcs	

reflecVve	foil	
for	solid-angle	
integraVon	

UV	recycling	
mirror	

fluorescence	
recycling	mirror	

S. Degenkolb 
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2x259	nm	



Facility TRIUMF-ISAC FRIB(223Th) 

Rate 2.5x107 s-1 1x109 s-1 

 

# atoms 3.5x1010 1.4x1012 

   σEDM  (100 d) 2x10-27 e-cm 3x10-28 e-cm 

    199Hg 
equivalent 

4x10-28/29 e-cm 6x10-29/30 e-cm 
 

Radon-EDM Prospects 
Compare to 199Hg: d<3x10-29 e-cm (90%) 

Assumptions: E=10 kV/cm, T2=15 s, A=0.2, 25% duty factor  

  

€ 

σd ≈
1
2E

!
AT2

1
Nγ
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