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Baryon Asymmetry requires BSMP

Fact: There is more matter than antimatter

(WMAP/PLANCK, [4He],,…) 

How?  A) Initial condition – NO (inflation)

B) Evolution from h=0

A. Shakarov
Nobel Peace Prize 1975

1) Baryon number violation

2) CP Violation make and EDM

3) Rapid expansion (non-equilibrium)

€ 

np ≠ np 

€ 

η =
np − np 

np + np 

≈ few ×10−10

Another possibility: CP violation in neutrinos + “seesaw”

CP         Baryon Asymmetry         NEW PHYSICS (BSMP) 
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Electroweak Baryongenesis

6

1. First-order EW PT produces expanding bubbles.

2. C and CP violation near the bubble wall induce asymmetries.

3. Electroweak physics (sphalerons) convert this to baryons

Kuzmin, Rubakov, Shaposhnikov 87; Cohen, Kaplan, Nelson 90&95

EWBG Step 2:  Particle Asymmetries

CP
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• Particles in the plasma scatter off the bubbles.
C+CP violation can lead to charge asymmetries.

EWBG Step 1:  Electroweak Bubbles
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• First-order phase transition.
Bubbles of broken phase are nucleated at T < Tc.

EWBG Step 1:  Electroweak Bubbles

• The effective Higgs potential is modified in the early 
Universe by thermal effects at temperature T:

• High T:

• Low T:

V (H,T ) ' � 1
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2)H2 � � TH
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4
H
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Veff Z >> µ

Z << µ

q

hHi = 0

hHi =
p

(µ2 � ⇣T 2)/� 6= 0

DOESN’T WORK:
1. The EW PT is not first order for m

h
= 125 GeV.

Kajantie, Laine, Rummukainen, Shaposhnikov 98
2. Not enough effective CP violation.

Gavela, Hernandez, Orloff, Pene’94; Huet + Sather ’95

From D. Morrissey



dn
SM » 10-32 e cm

de
SM » 10-37 e cm

dHg
SM » 5x10-34 e cm

dXe
SM » 4x10-35 e cm

Khriplovich,  Zhitnitsky (1982), McKellar et al., (1987) 

Pion-nucleon picture
external E_M field

CP vertex

Standard-model/CKM EDMs small
Vanish at 2-loops for quarks and 3-loops for leptons

; dn
exp

< 3x10-26 e cm
; de

exp < 10-27 e cm
; dHg

exp < 10-29 e cm
; dHe

exp <5x 10-27 e cm

DISCOVERY POTENTIAL!
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EDMs probe TeV-scale “new” physics
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Particle Interactions Polarize Particles, Atoms, Molecules
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Fundamental theory

Low energy parameters

Nucleus level

Wilson coefficients (13)

CKM, q, SUSY, Multi Higgs, LR-symmetry 

gπ0 gπ1 (gπ2)      CT CS0(1)

ParamagneticDiamagnetic

d,t, 3He

dn, dp

Solid state

Schiff moment

q Cggg, Cqqqq(1,8),CqH dud dud semileptonic de~

Atom/molecule level

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

B. General framework

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

LCPV = LCKM + L
✓̄

+ LBSM. (14)

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

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

LBSM ! L
e↵

CPV
=

X

k,d

↵
(d)

k

✓
1

⇤

◆d�4

O
(d)

k
, (15)

where ↵
(d)

k
is the Wilson coe�cient for each operator

O
(d)

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

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

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

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

fVk
= gkCfVk ,

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

LEDM = �i
df

2
 ̄�

µ⌫
�

5
Fµ⌫ 

=
1

⇤2
(gBCfBOfB + 2I3gW CfW OfW ),

(16)

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

3. Paramagnetic systems

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

ĤS ¼
iGFffiffiffi
2

p δðr⃗Þ½ðZ þ NÞCð0Þ
S þ ðZ − NÞCð1Þ

S &γ0γ5. ð55Þ

The resulting atomic EDM dA is given by

dparaA ¼ ρeAde − κð0ÞS CS; ð56Þ

where

CS≡ Cð0Þ
S þ

"
Z − N
Z þ N

#
Cð1Þ
S ; ð57Þ

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

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

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

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

with

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

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

4. Diamagnetic atoms and molecules

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

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

S¼ sNdN þmNgA
Fπ

½a0ḡ
ð0Þ
π þ a1ḡ

ð1Þ
π þ a2ḡ

ð2Þ
π &; ð61Þ

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

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

S¼ sNd̄srN þ
$
mNgA
Fπ

a0 þ sNαn̄gð0Þπ

%
ḡð0Þπ

þ
$
mNgA
Fπ

a1 þ sNαn̄gð1Þπ

%
ḡð1Þπ ; ð62Þ

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

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

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

ĤT ¼ 2iGFffiffiffi
2

p δðr⃗Þ½Cð0Þ
T þ Cð1Þ

T τ3&σ⃗N · γ⃗; ð63Þ

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

dAðdiaÞ ¼ κSS− ½kð0ÞCT
Cð0Þ
T þ kð1ÞCT

Cð1Þ
T &; ð64Þ

where κS and k
ð0;1Þ
CT

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

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

Chupp et al.: Electric dipole moments of atoms, molecules, …
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Sole-source analysis
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coherence times of deuterons using the COSY storage
ring have also been reported (Bagdasarian et al., 2014;
Benati et al., 2012, 2013). High precision (10�10) con-
trol and monitoring of the spin motion of deuterons at
COSY has also been demonstrated (Eversmann et al.,
2015). Plans are also underway to develop an ion source
and polarimetry for 3He by the JEDI collaboration. Al-
though significant e↵ort is still required to perform stor-
age ring EDM experiments, they would provide the most
direct and clean measurements of the EDM of light ions
and muons and would improve the limits on their EDMs
by several orders of magnitude.

V. INTERPRETATIONS OF CURRENT AND
PROSPECTIVE EXPERIMENTS

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

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

⇡

and ḡ
(1)

⇡ . One approach to putting EDM results in con-
text has been to use the upper limit from an experiment
to set limits on individual phenomenological parameters
by making use of theoretical calculations that establish
the dependence on the individual parameters. This is
the conventional approach, and is based on the reason-
ing that if the measured EDM is small then either all
the contributions to the EDM (all the ↵iCi) are small as
well or large contributions must e↵ectively cancel, that is
have opposite signs and similar magnitudes. While such
a cancellation would be fortuitous, it may be “required”
in the sense that any underlying source of CP violation
generally contributes CP violation in more than one way.
Take, for example, a Left-Right Symmetric model, which

contributes to both ḡ
(1)

⇡ and the short-range part of the
neutron EDM, d̄

sr

n
as given in equations 48, 49 and 51.

A cancellation would require a value of sin ⇠ less than
2 ⇥ 10�6. Thus in this model, either the phase ↵ is very
small or the mixing angle is very small, or both.

A. Sole source

Sole-source limits on the low-energy parameters are
presented in Table XI along with the system that sets
the limits. The most conservative upper limit is derived
using the smallest |↵ij | from the ranges presented in Ta-
bles III and IV. The sole source short-range neutron con-

tribution assumes ḡ
(0)

⇡ = ḡ
(1)

⇡ = 0. For the short-range
proton contribution, the model of Coveney and Sandars
(1983c) is used for TlF and from Dmitriev and Sen’kov
(2003) for 199Hg. The combination of light quark EDMs
dd � 1/3du is derived from the limit on dn. The parame-
ter ✓̄ and the combination of CEDMs d̃d � d̃u are derived

from the sole-source limits on ḡ
(0)

⇡ and ḡ
(1)

⇡ , respectively.

LE Parameter system 95% u.l.
de ThO 9.2 ⇥ 10�29 e cm
CS ThO 8.6 ⇥ 10�9

CT
199Hg 3.6 ⇥ 10�10

ḡ
(0)

⇡
199Hg 3.8 ⇥ 10�12

ḡ
(1)

⇡
199Hg 3.8 ⇥ 10�13

ḡ
(2)

⇡
199Hg 2.6 ⇥ 10�11

d̄
sr

n neutron 3.3 ⇥ 10�26 e cm
d̄

sr

p TlF 8.7 ⇥ 10�23 e cm
d̄

sr

p

199Hg 2.0 ⇥ 10�25 e cm

Other parameters
dd ⇡ 3/4dn 2.5 ⇥ 10�26 e cm

✓̄ ⇡ ḡ
(0)

⇡ /(0.015) 2.5 ⇥ 10�10

d̃d � d̃u 5 ⇥ 10�15
ḡ
(1)

⇡ e cm 2 ⇥ 10�27 e cm

TABLE XI Sole-source limits (95% c.l.) on the absolute value
of the low energy (LE) parameters presented in Sec. II.C for
several experimental systems assuming a single contribution
to the EDM or, for molecules, the P-odd/T-odd observable.
The lower part of the table presents limits on other parameters
derived from the best limits on the low energy parameters.

B. Global analysis

A global analysis of EDM results has been introduced
by Chupp and Ramsey-Musolf (2015) and is updated
here. In this approach simultaneous limits are set on

six low-energy parameters: de, CS , CT , ḡ
(0)

⇡ , ḡ
(1)

⇡ and the
short-range component of the neutron EDM d

sr

n
. New

results from HfF+, 199Hg and 225Ra along with clarifica-
tions of the isospin dependence of CT are included in the
analysis presented below.

Paramagnetic systems: limits on de and CS

Results are listed in Table I for paramagnetic systems
Cs, Tl, YbF, ThO and HfF+. Following Dzuba et al.
(2011, 2012) we take the electron EDM result reported
by each author to be the combination

d
exp

j
= de +

�↵CS

↵de

�
j
CS . (126)

The ↵CS/↵de are listed in Table III. As pointed out by
Dzuba et al. (2011, 2012), though there is a significant
range of ↵de and ↵CS from di↵erent authors for several
cases, there is much less dispersion in the ratio ↵CS/↵de .

In Figure 31, we plot de vs CS for the d
exp

para
for ThO and

HfF+ along with 68% and 95% confidence-level contours
for �

2 on the de-CS space, where

�
2 =

X

i

⇥
d
exp

i
� de �

�↵CS
↵de

�
i
CS

⇤2

�
2

i

. (127)

d j = αijPj
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Diagmagetic atoms and nucleons
T.C. & M. Ramsey-Musolf – Phys. Rev. C 91 035502 (2015)

dn0 dn1 CT gp0 gp1

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

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

Schiff
Moment
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The nuclear Schi↵ moment arises from a TVPV nucleon-nucleon interaction generated by the pion exchange,
where one of the pion-nucleon vertices is the strong pion-nucleon coupling and the other is the TVPV pion-nucleon
interaction:

L
TVPV
⇡NN = N̄

h
ḡ
(0)
⇡ ~⌧ · ~⇡ + ḡ

(1)
⇡ ⇡

0 + ḡ
(2)
⇡

�
3⌧3⇡

0
� ~⌧ · ~⇡

�i
N . (II.13)

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

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

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

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

be expressed as

S =
mNgA

F⇡

h
a0ḡ

(0)
⇡ + a1ḡ

(1)
⇡

i
(II.14)

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

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

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

sr
n and d̄

sr
p [17]:

dn = d̄
sr
n �

egAḡ
(0)
⇡

8⇡2F⇡

(
ln

m
2
⇡

m
2
N

�
⇡m⇡

2mN
+

ḡ
(1)
⇡

4ḡ
(0)
⇡

(1 � 0)
m

2
⇡

m
2
N

ln
m

2
⇡

m
2
N

)
(II.15)

dp = d̄
sr
p +

egAḡ
(0)
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8⇡2F⇡
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ln

m
2
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m
2
N

�
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ḡ
(1)
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4ḡ
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5
2

+ 0 + 1)
m

2
⇡

m
2
N

ln
m

2
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m
2
N

�)
, (II.16)

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

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

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

Low energy parameters: summary

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

• Paramagnetic atoms and polar molecules: de and CS

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

(1)
⇡ , d̄

sr
n , and C

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

B. CPV sources of the low-energy parameters

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

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

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

LCKM = �
ig2
p

2
V

pq
CKMŪ

p
L 6W

+
D

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

L✓̄ = �
g
2
3

16⇡2
✓̄ Tr

⇣
G

µ⌫
G̃µ⌫

⌘
, (II.19)

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

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

pq
CKM denotes a CKM matrix element, W

±
µ are the charged weak gauge fields, and

≈ 𝑑̅!"# − (1.44×10$%&𝑔'
()) − 8.3×10$%+𝑔'

% ) 𝑒 − 𝑐𝑚
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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 dn is not too di↵erent from the limit obtained in Ref. [4].

Low energy parameters: summary

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

• Paramagnetic atoms and polar molecules: de and CS

• Neutron and diamagnetic atoms: ḡ
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⇡ , ḡ
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⇡ , d̄
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n , and C
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T for the neutron and diamagnetic atoms.

B. CPV sources of the low-energy parameters

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

LCPV = LCKM + L✓̄ + L
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BSM . (II.17)

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

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

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

pq
CKM denotes a CKM matrix element, W

±
µ are the charged weak gauge fields, and

dA =αCT
CT +κS (a0gπ

0 + a1gπ
1 + a2gπ

2 )

TC&MJ Ramsey-Musolf: PHYSICAL REVIEW C 91, 035502 (2015) 
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A global analysis

Results
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Experiments

• Strong electric field

•  Large signal needs POLARIZATION (usually optical pumping)
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Paramagnetic Molecules
Large E, small t

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 174 YbF in the electronic, vibra-
tional, and rotational ground state X 2S1"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 229 c

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
174 YbF 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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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 174 YbF in the electronic, vibra-
tional, and rotational ground state X 2S1"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
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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 229 c

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
174 YbF 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 measurede, 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-
ment of Physics and Astronomy, York University, Toronto,
Ontario M3J 1P3, Canada.

*The collaboration consists of all listed authors. There are
no additional collaborators.
†Corresponding author. E-mail: acme@physics.harvard.edu
(D.D., J.M.D., G.G.)
‡Present address: Department of Physics, Yale University, New
Haven, CT 06511, USA.
§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

William B. Cairncross,∗ Daniel N. Gresh, Matt Grau,† Kevin C. Cossel,‡

Tanya S. Roussy, Yiqi Ni,§ Yan Zhou, Jun Ye, and Eric A. Cornell
JILA, NIST and University of Colorado, Boulder, Colorado 80309-0440, USA and
Department of Physics, University of Colorado, Boulder, Colorado 80309-0440, USA

(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
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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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Ultra-Cold Neutrons (UCN)
SLOW (<8 m/s), “long” wavelength (50 nm) Ns with OPTICAL PROPERTIES

Neutrons properties:
Charge: 0

Weight (m=1.67x10-27 kg): g=(3.1 m/s)2/m
Magnetic moment: µ= (3.4 m/s)2/T
Interactions: Weak (decay) Strong 

(reflecton/absorption/depolarization)

using a medium that is not in thermal equilibrium with the
neutrons. For example, Fig. 17 shows the dispersion curves for
a free neutron and for thermal excitations in superfluid helium
(SF-He), a typical choice for a superthermal source material.
The curves cross at two points: E0 ¼ 0 and E1 ¼ E0 þ Δ,
where Δ ≈ 1 meV corresponding to neutron wavelength λ0 ¼
8.9 Å (Golub, Richardson, and Lamoreaux, 1991). This is
effectively a two-state system, and neutrons at E1 can
resonantly transfer their energy to the SF-He resulting in
final UCN energy EUCN ≈ E0 with a small spread due to the
width of the excitations. The process EUCN þ Δ → EUCN,
called “down-scattering,” is effectively independent of SF-He
temperature T. The reverse process, a UCN absorbing energy
Δ from the SF-He thermal bath (“up-scattering”), is exponen-
tially suppressed for Δ ≥ kBT according to the principle of
detailed balance, which gives the ratio of the up-scattering and

down-scattering cross sections (Golub, Richardson, and
Lamoreaux, 1991):

σðEUCN → EUCN þ ΔÞ
σðEUCN þ Δ → EUCNÞ

¼ EUCN þ Δ
EUCN

e−Δ=kBT: ð80Þ

The accumulation of UCN and the increase of the phase-space
density of the neutrons does not violate Liouville’s theorem,
because the UCN and excitations in SF-He are both part of the
same thermal system. Producing SF-He requires temperatures
T < 2.17 K. However, due to up-scattering T ≤ 0.6 K is
optimal for UCN production.
The equilbrium UCN density for a given UCN lifetime τtot
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ing a chamber with VF ¼ 252 neV (i.e., Be), the theoretical
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−3 s−1, for dΦ0=dλ in
units of neutrons cm−2 s−1 Å−1. Baker et al. (2003) measured
the production rate for a narrow-band neutron beam near 9 Å,
which, when combined with the measured incident flux, is
interpreted as RI ¼ð3.48 % 0.53Þ×10−8dΦ0=dλjλ0 cm

−3 s−1.
Minimizing losses during UCN production is critical for

achieving high UCN densities. The loss rate is ultimately
limited by the neutron lifetime τnwith additional contributions
for a total loss rate:
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(1) The thermal up-scattering rate 1=τup is small at the
typical operating temperature of about 0.8 K [see
Eq. (80)], and below 0.6 K performance does not
further improve (Piegsa et al., 2014).

FIG. 16. UCN source at PF-2 at the Institut Max von Laue—
Paul Langevin (ILL) in Grenoble, France. Neutrons from the low-
energy tail of the cold-neutron spectrum are guided upward and
lose energy in the gravitational potential. The turbine further
shifts the spectrum to longer wavelengths to produce UCN that
are provided to a number of experiments including the EDM.
From communication group ILL.
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FIG. 17. Single phonon dispersion curve for SF-He with a
minimum at k ≈ 2 nm−1 and the free neutron En¼ ðℏkÞ2=2mn.
The two curves intersect at En¼ 0 and 1 meV corresponding to
k ¼ 0.7 Å−1 or λ0 ¼ 8.9 Å.
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using a medium that is not in thermal equilibrium with the
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(2) The wall collision losses 1=τwalls ¼ μν are defined by
the energy dependent parameters, loss probability per
wall collision μ ≈ 10−4, and the wall collision fre-
quency in the trap ν ∼ 10–50s−1, given in Table VIII.

(3) 1=τslits is related to the mechanical precision of the
trap, which defines the leakage of UCN out of the trap,
which has been reduced with low-temperature Fom-
blin oil (a fluorinated, hydrogen free fluid with low-
neutron absorption) (Serebrov et al., 2008).

(4) τabs is the UCN absorption, due mostly to 3He in the
trap. Less than part-per-billion 3He contamination in
the superfluid is essential due to the strong absorption
of neutrons on 3He.

In a demonstration by Piegsa et al. (2014), total storage
times of greater than 150 s and UCN densities of 220 cm−3

have been achieved by using low-temperature Fomblin oil to
close gaps and slits in the trap volume. The Fermi potential
VF ≈ 100 neV for Fomblin oil results in a lower UCN
energy spectrum. The loss of higher-energy UCN is bal-
anced by potential advantages, because losses, depolariza-
tion, and some velocity-dependent systematic effects may be
smaller.
Many factors limit UCN-source performance including a

low Fermi potential of wall materials, other contributions to
storage lifetime, heat input due to the geometry of the incident
neutron beam extraction guides, source volume dimensions,
beam size, and beam divergence. UCN densities can be
increased to 103 cm−3 with an optimized 8.9 Å neutron beam,
larger storage volumes, and surface-coating improvements.
Extraction of the UCN from the source to the experiment

(Masuda et al., 2002; Piegsa et al., 2014) requires either a
window or a vertical exit from the superfluid He chamber such
as indicated in Fig. 18. For a superfluid He source, the UCNs
are accumulated in the source volume during production and
filling of the experimental volume, which reduces the density
in proportion to the ratio of the source volume relative to the
total volume of the source, guides, and experiment. The
experiment should therefore be placed close to the source, and
the ratio of source volume to experiment volume should be as
large as possible.

A second-generation SF-He source at ILL (SUN2) is shown
in Fig. 18 (Leung et al., 2016). The SF-He is held in a
container with inner surfaces that have a large Fermi potential,
e.g., for beryllium VF ¼ 252 neV, or with the help of
magnetically enhanced confinement (Zimmer and Golub,
2015). The cryogenics package (not shown) dissipates
60 mW at 0.6 K. Neutrons with 8.9 Å wavelength enter
the SF-He container through one of the UCN reflecting
walls. Neutron beams available for such sources are typically
cold beams that are guided to experiments tens of meters
away from the neutron source. Neutron fluxes at ILL for the
H172A beam line are Φ0 ¼ 2.62×107 neutrons cm−2 s−1 Å−1

(Piegsa et al., 2014).
UCN production is a coherent phenomenon in superfluid

helium. Thus the polarization of an incident neutron beam is
preserved, and it is possible to produce polarized UCN from a
polarized cold-neutron beam or with a magnetic reflector
surrounding the UCN production volume (Zimmer and Golub,
2015). The alternative, polarizing UCN after extraction from
the source, rejects at least half the neutrons.
The possibility of directly performing a UCN storage

experiment inside the source has led to the SNS nEDM
experimental concept described in Sec. IV.A. This also

TABLE VIII. Properties of materials for UCN production, storage, and transport showing loss per bounce and depolarization per bounce. DPe
is deuterated polyethylene; PET is polyethylene terephthalate; DLC is diamondlike carbon. 58Ni and steel alloys are magnetic, resulting in strong
depolarization of UCN. References: (a) Brenner et al. (2015); (b) T. Ito et al. (2018); (c) Atchison et al. (2007); (d) Serebrov et al. (2005);
(e) Serebrov et al. (2003); (f) Pattie et al. (2017); (g) Tang et al. (2016); and (h) Golub, Richardson, and Lamoreaux (1991).

Material V (neV) Loss per bounce Ref. Depolarization Ref.

DPe (300 K) 214 1.3 × 10−4 (a) 4 × 10−6 (b)
DLC on Al substrate (70 K) 270 1.7 × 10−4 (c) 0.7 × 10−6 (c)
DLC on Al substrate (300 K) 270 3.5 × 10−4 (c) 3 × 10−6 (c)
DLC on PET substrate (70 K) 242 1.6 × 10−4 (c) 15" ×10−6 (c)
DLC on PET substrate (300 K) 242 5.8 × 10−4 (c) ð14" 1Þ × 10−6 (c)
Fomblin 300 K 106.5 2.2 × 10−5 (d) 1 × 10−5 (e)
Be (10 K) 252 3 × 10−5 (d) 1.1 × 10−5 (e)
Be (300 K) 252 ð4 − 10Þ × 10−5 (d) 1.1 × 10−5 (e)
NiP 213 1.3 × 10−4 (f) < 7 × 10−6 (g)
58Ni 335 (h) Strong
Fe/steel/stainless 180–190 (h) Strong

8.9  beam

UCN Flap valve

Be
Valve 

control

FIG. 18. Schematic diagram of the ILL SUN2 source described
in the text. Adapted from Leung et al., 2016.
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Putting it all together: panEDM
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Next Generation nEDM Experiments

Cryogenic UCN source, room temperature storage cells
• PSI
• ILL – panEDM (Munich/ILL)
• PNPI Petersburg
• TRIUMF TUCAN
• US SNS
• LANL nEDM

Projected: 10-100x improvement (10-28 e-cm) 
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Reduced Limit on the Permanent Electric Dipole Moment of 199Hg
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This Letter describes the results of the most recent measurement of the permanent electric dipole moment
(EDM) of neutral 199Hg atoms. Fused silica vapor cells containing enriched 199Hg are arranged in a stack in a
common magnetic field. Optical pumping is used to spin polarize the atoms orthogonal to the applied
magnetic field, and the Faraday rotation of near-resonant light is observed to determine an electric-field-
induced perturbation to the Larmor precession frequency. Our results for this frequency shift are consistent
with zero; we find the corresponding 199Hg EDM dHg ¼ ð−2.20 # 2.75stat # 1.48systÞ × 10−30e cm.We use
this result to place a new upper limit on the 199Hg EDM jdHgj < 7.4 × 10−30e cm (95%C.L.), improving our
previous limit by a factor of 4. We also discuss the implications of this result for various CP-violating
observables as they relate to theories of physics beyond the standard model.

DOI: 10.1103/PhysRevLett.116.161601

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 B 0. The atoms are transverse polarized
via optical pumping, and precess with angular frequency
ω0 ¼ γB 0, where γ¼ 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 B 0. 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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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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We describe a new technique to measure the EDM of 129Xe with 3He comagnetometry. Both
species are polarized using spin-exchange optical pumping, transferred to a measurement cell, and
transported into a magnetically shielded room, where SQUID magnetometers detect free precession
in applied electric and magnetic fields. The result of a one week run combined with a detailed study
of systematic e↵ects is dA(

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

Searches for permanent electric dipole moments
(EDMs) are a powerful way to investigate beyond-
standard-model (BSM) physics. An EDM is a charge
asymmetry along the total angular momentum axis of a
particle or system and is odd under both parity reversal
(P) and time reversal (T). Assuming CPT conservation
(C is charge conjugation) an EDM is a direct signal of CP
violation (CPV), a topic of current interest in part be-
cause it is a condition required to generate the observed
baryon asymmetry of the universe [1]. The Standard
Model incorporates CPV through the phase in the CKM
matrix and the QCD parameter ✓̄. However, the Stan-
dard Model alone is insu�cient to explain the size of the
baryon asymmetry [2], motivating the search for BSM
CPV. BSM scenarios that generate the observed baryon
asymmetry [3] generally also provide for EDMs larger
than the SM estimate |dA(129Xe)SM| ⇡ 5⇥10�35

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

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

e cm.

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

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

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

e cm (95% CL),
the most sensitive 129Xe measurement to date. A num-
ber of 129Xe EDM e↵orts to improve on this limit have
followed, including an active maser technique [14], and
an experiment with polarized liquid xenon [15]. An ap-
proach similar to ours using free precession and SQUID
magnetometry is also being pursued [16].

For a system with total angular momentum ~F , EDM
d~F/F , and magnetic moment µ~F/F , the Hamiltonian is
H = �(µ~F · ~B+d~F · ~E)/F . This results in an energy split-
ting dependent on ~E · B̂ and a corresponding frequency
shift !d = ±d |E|/(h̄F ) between states with |�mF | = 1.
Changes of ~B due to drifts and extraneous magnetic
fields, for example from leakage currents, lead to fre-
quency shifts that are mitigated by comagnetometry—
simultaneous measurement with a colocated species. The
129Xe-3He comagnetometer system is nearly ideal be-
cause both can be simultaneously polarized by spin-
exchange optical pumping (SEOP) [17], have long spin
relaxation times enabling precision frequency measure-
ments, and 3He, with 27⇥ lower nuclear charge Z, is
much less sensitive to CP violation [18].

The layout of the HeXeEDM experiment, previously
described in [19], is shown in Fig. 1. Free precession of
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Searches for permanent electric dipole moments (EDMs)
are a powerful way to investigate beyond-standard-model
(BSM) physics. An EDM is a charge asymmetry along the
total angular momentum axis of a particle or system and is
odd under both parity reversal (P) and time reversal (T).
Assuming CPT conservation (C is charge conjugation), an
EDM is a direct signal of CP violation (CPV), a condition
required to generate the observed baryon asymmetry of the
universe [1]. The standard model (SM) incorporates CPV
through the phase in the CKM matrix and the QCD
parameter θ̄. However, the SM alone is insufficient to
explain the size of the baryon asymmetry [2]. BSMscenarios
that generate the observed baryon asymmetry [3] generally
also provide for EDMs larger than the SM estimate, which
for 129Xe is jdAð129XeÞSMj ≈ 5 × 10−35 e cm [4].
EDM measurements have provided constraints on how

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

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

monitored 129Xe Larmor precession frequency as a function
of applied electric field [11]. Rosenberry et al. [12] used a
two-species maser with a 3He comagnetometer. A number
of 129Xe EDM efforts to improve on this limit have
followed, including an active maser technique [13], and
an experiment with polarized liquid xenon [14]. Recently
the result of an experiment using 3He and SQUID detection,
but with a different approach to EDM extraction and
systematic effects, was reported [15]. The early develop-
ments of our approach are described in Ref. [16].
For a system with total angular momentum F⃗, EDM

dF⃗=F, and magnetic moment μF⃗=F, the Hamiltonian is
H¼−ðμF⃗ ·B⃗þ dF⃗ ·E⃗Þ=F. This results in an energy splitting
dependent on E⃗ · B̂ anda corresponding frequency shiftωd ¼
$ djEj=ðℏFÞ between states with jΔmFj ¼ 1. Changes of B⃗
due to drifts and extraneousmagnetic fields lead to frequency
shifts that are mitigated by comagnetometry—simultaneous
measurement with a colocated species. The 129Xe-3He
comagnetometer system is favorable because both can
be simultaneously polarized by spin-exchange optical
pumping (SEOP) [17], have long spin relaxation times
enabling precision frequency measurements, and 3He, with
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are a powerful way to investigate beyond-standard-model
(BSM) physics. An EDM is a charge asymmetry along the
total angular momentum axis of a particle or system and is
odd under both parity reversal (P) and time reversal (T).
Assuming CPT conservation (C is charge conjugation), an
EDM is a direct signal of CP violation (CPV), a condition
required to generate the observed baryon asymmetry of the
universe [1]. The standard model (SM) incorporates CPV
through the phase in the CKM matrix and the QCD
parameter θ̄. However, the SM alone is insufficient to
explain the size of the baryon asymmetry [2]. BSMscenarios
that generate the observed baryon asymmetry [3] generally
also provide for EDMs larger than the SM estimate, which
for 129Xe is jdAð129XeÞSMj ≈ 5 × 10−35 e cm [4].
EDM measurements have provided constraints on how

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

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

monitored 129Xe Larmor precession frequency as a function
of applied electric field [11]. Rosenberry et al. [12] used a
two-species maser with a 3He comagnetometer. A number
of 129Xe EDM efforts to improve on this limit have
followed, including an active maser technique [13], and
an experiment with polarized liquid xenon [14]. Recently
the result of an experiment using 3He and SQUID detection,
but with a different approach to EDM extraction and
systematic effects, was reported [15]. The early develop-
ments of our approach are described in Ref. [16].
For a system with total angular momentum F⃗, EDM

dF⃗=F, and magnetic moment μF⃗=F, the Hamiltonian is
H¼−ðμF⃗ ·B⃗þ dF⃗ ·E⃗Þ=F. This results in an energy splitting
dependent on E⃗ · B̂ anda corresponding frequency shiftωd ¼
$ djEj=ðℏFÞ between states with jΔmFj ¼ 1. Changes of B⃗
due to drifts and extraneousmagnetic fields lead to frequency
shifts that are mitigated by comagnetometry—simultaneous
measurement with a colocated species. The 129Xe-3He
comagnetometer system is favorable because both can
be simultaneously polarized by spin-exchange optical
pumping (SEOP) [17], have long spin relaxation times
enabling precision frequency measurements, and 3He, with
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Schiff moment and CPV semileptonic couplings [5]. While
the most precise atomic EDM measurement is from 199Hg
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Additionally, recent work has shown that contributions from
light-axion-induced CPVare significantly stronger for 129Xe

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

monitored 129Xe Larmor precession frequency as a function
of applied electric field [11]. Rosenberry et al. [12] used a
two-species maser with a 3He comagnetometer. A number
of 129Xe EDM efforts to improve on this limit have
followed, including an active maser technique [13], and
an experiment with polarized liquid xenon [14]. Recently
the result of an experiment using 3He and SQUID detection,
but with a different approach to EDM extraction and
systematic effects, was reported [15]. The early develop-
ments of our approach are described in Ref. [16].
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dF⃗=F, and magnetic moment μF⃗=F, the Hamiltonian is
H¼−ðμF⃗ ·B⃗þ dF⃗ ·E⃗Þ=F. This results in an energy splitting
dependent on E⃗ · B̂ anda corresponding frequency shiftωd ¼
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EDM is a direct signal of CP violation (CPV), a condition
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universe [1]. The standard model (SM) incorporates CPV
through the phase in the CKM matrix and the QCD
parameter θ̄. However, the SM alone is insufficient to
explain the size of the baryon asymmetry [2]. BSMscenarios
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also provide for EDMs larger than the SM estimate, which
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to the 129Xe EDM would tighten these constraints [5,7].
Additionally, recent work has shown that contributions from
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than for 199Hg [8]. 129Xe also may be used as a comagne-
tometer in future neutron EDM experiments [9,10].
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monitored 129Xe Larmor precession frequency as a function
of applied electric field [11]. Rosenberry et al. [12] used a
two-species maser with a 3He comagnetometer. A number
of 129Xe EDM efforts to improve on this limit have
followed, including an active maser technique [13], and
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the result of an experiment using 3He and SQUID detection,
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systematic effects, was reported [15]. The early develop-
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SQUID Detection

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

Xe He

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

a

b

c

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

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

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

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

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

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

4 Conclusion

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

by one to two orders of magnitude. Using (2) the resulting fundamental frequency sensi-
tivity of a single measurement using this system is projected to be on the order of nHz,
corresponding to an EDM sensitivity as low as 10−28 ecm (1).
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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
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Engel et al. agree with Flambaum et al.
Even octupole vibrations enhance S (Engel, Flambaum& Zelevinsky)
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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
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Detection 

X0 C6ll,b6r,t26n M00t2n1  2016�21 



Second Ra-225 EDM Measurements

Future Directions EDMs - Tim Chupp11/4/20 36

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.
225Ra production may use FRIB etc. (harvesting)



Cold molecule Nuclear Time-Reversal Experiment (CeNTREX)

Incorporates many methods from ACME + new techniques

1st generation design & construction well underway

Future generations of CeNTREX could incorporate
--transverse laser cooling for increased flux

--laser slowing and/or trapping for increased interaction time?

(slow molecular beam, rotational cooling + cycling fluorescence for detection, etc.)

(D. DeMille[Chicago+Argonne], T. Zelevinsky [Columbia], D. Kawall [UMass], S. Lamoreaux [Yale])

Project 20x improvement on proton EDM (10-27 e-cm), 10-100 on qQCD11/4/20 Future Directions EDMs - Tim Chupp 37



173YbOH NMQM Experiment @ Caltech
• Building a NMQM 

search in 173YbOH at 
Caltech
– 173Yb (I=5/2), large 

quadrupole 
deformation (𝛽! ≈
0.3)

– Cryogenic buffer gas 
beam experiment

– Laser cooling, trapping 
in future generations?

38

V. V. Flambaum, D. DeMille, and M. G. Kozlov, PRL 113, 103003 (2014)
I. Kozyryev and NRH, PRL 119, 133002 (2017)
D. E. Maison, L. V. Skripnikov, and V. V. Flambaum, PRA 100, 032514 (2019)
M. Denis, Y. Hao, E. Eliav, NRH, M. K. Nayak, R. G. E. Timmermans, A. Borschesvky, J. Chem. Phys. 152, 084303 (2020)

11/4/20 Future Directions EDMs - Tim Chupp



Storage-ring EDMs (e.g. muon)
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g-2:

EDM Signal: out-of-plane oscillation  out of phase with wa

11/4/20



EDM Signal: out-of-plane oscillation  out of 
phase with wa

(g-2) EDM
Vertical Oscillation out of phase with waE821 Data

€ 

E821: dµ = (0.9 ±1.9) ×10−19 e-cm

Improve by 100x (potential large effort for p,d,3He - Cosy, BNL, FNAL)Future Directions EDMs - Tim Chupp 4011/4/20



Storage ring EDMs
Fermilab, Jparc, BNL, COSY

and a smaller and more compact storage ring is being
developed at PSI. A proposal for injecting muons into such
a compact storage ring as well as an evaluation of the
systematic effects due specifically to the lower muon energy
was presented by Adelmann et al. (2010).
The two main differences between an experiment designed

for muons and one designed for light nuclei are the need for
more careful control of the beam properties to preserve the
spin coherence and, of course, a different spin polarimetry
scheme. A spread in the beam position and momentum smears
the cancellation of the g − 2 spin precession which would,
after many cycles, result in decoherence of the beam. Since the
muon spin-coherence time is limited by the finite muon
lifetime, this is not as critical for the muon EDM experiment.
For the case of a proton EDM search, choosing B⃗ ¼ 0 and
β ¼ 1=

ffiffiffiffiffiffiffiffiffiffiffi
aþ 1

p
suppresses the β⃗ × E⃗ term (Anastassopoulos

et al., 2016). This requires effective magnetic shielding, such
as that discussed in Sec. III.A. The electric storage ring with
bending radius R ¼ ðm=eÞ=E

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
aðaþ 1Þ

p
is generally only

possible for particles with positive magnetic-moment anoma-
lies (a > 0). With E ¼ 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 (Mane, 2008, 2012,
2014a, 2014b, 2014c, 2015a, 2015b, 2015c; Hacömeroğlu
and Semertzidis, 2014; Metodiev et al., 2015), developing
simulation code for electrostatic rings (Talman and Talman,
2015a, 2015b), and calculating the fringe fields for different
plate geometries (Metodiev et al., 2014). To achieve sensi-
tivity of 10−29e cm, impractically small residual magnetic
fields would be required, thus two counterpropagating beams
within the same storage ring are envisioned, for which a
vertical separation would develop in the presence of a radial
magnetic field. After several cycles around the ring, this
vertical separation would be large enough to measure using
SQUID magnetometers as precision beam position monitors.
The development of an electric storage-ring experiment
dedicated to measurement of the proton EDM is being pursued
by the Storage Ring EDM Collaboration srEDM (Rathmann,
Saleev, and Nikolaev, 2013).

A magnetic storage ring could also be used to measure the
J ¼ 1 deuteron EDM using a similar technique. The deuteron
polarization would be analyzed by the asymmetry 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 s for a vacuum of 10−10 Torr,
which has been demonstrated at the cooler synchrotron
(COSY) storage ring (Guidoboni et al., 2016). The theory
of spin evolution for a J ¼ 1 particle in electromagnetic fields
was developed by Silenko (2015).
The Jülich Electric Dipole moment Investigations (JEDI)

Collaboration in Germany is undertaking precursor experi-
ments while developing long term plans to measure the EDMs
of the proton, deuteron, and 3He using an “all-in-one” electric
and magnetic storage ring (Rathmann, Saleev, and Nikolaev,
2013). An intermediate step is direct measurement of the
proton and deuteron EDMs with lower statistical sensitivity
using the presently available magnetostatic 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, Morse, and
Semertzidis, 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, Orlov, and Semertzidis, 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 both for measuring the EDM

signal as well as for diagnosing and improving the spin-
coherence time. Significant progress has been made toward
controlling systematics related to spin polarimetry for deuter-
ons. Results indicate that precision polarimetry for both
deuterons and protons is feasible at the ppm level, which is
required for a 10−29e cm EDM sensitivity. Preliminary efforts

TABLE X. Relevant parameters for proposed storage-ring EDM searches. The present muon EDM limit is 1.8 × 10−19e cm and the indirect
limit on the proton EDM derived from the atomic-EDM limit of 199Hg is 2 × 10−25e cm. The magnetic-moment anomaly is calculated using
values for the unshielded magnetic moments of the particles from CODATA 2014 (Mohr, Newell, and Taylor, 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,
Saleev, and Nikolaev, 2013).

Particle J a jp⃗j (GeV=c) γ jB⃗j (T) jE⃗j ðkV=cmÞ jE⃗0j=γ ðkV=cmÞ R (m) σgoald (e cm) Ref.

μ% 1=2 þ0.001 17 3.094 29.3 1.45 0.0 4300 7.11 10−21 E989
0.3 3.0 3.0 0.0 8500 0.333 10−21 E34
0.5 5.0 0.25 22.0 760 7.0 10−24 srEDM
0.125 1.57 1.0 6.7 2300 0.42 10−24 PSI

pþ 1=2 þ1.792 85 0.7007 1.248 0.0 80.0 80 52.3 10−29 srEDM
0.7007 1.248 0.0 140.0 140 30.0 10−29 JEDI

dþ 1 −0.142 99 1.0 1.13 0.5 120.0 580 8.4 10−29 srEDM
1.000 1.13 0.135 33.0 160 30.0 10−29 JEDI

3Heþþ 1=2 −4.184 15 1.211 1.09 0.042 140.0 89 30.0 10−29 JEDI

Chupp et al.: Electric dipole moments of atoms, molecules, …
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EDM results
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The decadal horizon
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1. Molecules (cold) will rule
Next generation ACME (CFP-Northwestern)
Diamagnetic TlF (CeTREX)
MQMs etc. (N. Hutzler)
Ra(F) – octupole enhancement (Argonne/Dietrich)

2. UCNs sources will peak: 10x-100x (SNS nEDM)
Magnetometry challenges!

3. Storage rings will emerge
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A TRIUMF perspective

1. TUCAN (nEDM) go-go-go!
We are all learning from eachother

2. Francium: competes with paramagnetic molecules

3. Ocutpole enhancements: (molecules)
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Thanks to everyone
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