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• Statistics for better than 10-29 e-cm for pEDM
• Matching systematics greatly reduced by symmetries



Outline

• Motivation

• Status of EDMs

• Storage ring EDM options

• Systematics with hybrid and hybrid symmetric lattices
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Motivation of pEDM at 10-29 e-cm

• Probe New Physics, at >103 TeV mass scale, Higgs CPV

• Improve sensitivity to 𝛳QCD by three orders of magnitude

• Together with ARIADNE probe high frequency axion dark matter

• Direct search for low frequency axion dark matter
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EDM in systems with spin
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ŝdd =
!

The particle spin generates a magnetic dipole moment. If it also 
generates an EDM, then both P and T symmetries are violated



A Permanent EDM Violates 
both T & P Symmetries:
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Electric Dipole Moments: P and T-violating 
when // to spin
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T-violation: assuming CPT cons. à CP-violation
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T-Violation                                                  CP-Violation
CPT

Andrei Sakharov 1967:

CP-Violation is one of three conditions to 
enable a universe containing initially equal 
amounts of matter and antimatter to evolve 
into a matter-dominated universe, which we 
see today….
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Why is there so much matter after the Big Bang:

€ 

nB
nγ

≈ 6.08 ± 0.14( ) ×10−10

€ 

nB
nγ

≈10−18

We see:

From the SM:
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Purcell and Ramsey:
“The question of the possible existence of an 
electric dipole moment of a nucleus or of an 
elementary particle…becomes a purely 
experimental matter”

- p. 9/28

Phys. Rev. 78 (1950)



Bill Marciano
Snowmass Workshop, 
September 15, 2020

Proton edm SR goal: dp~10-29e-cm
Improvement by more than 4 orders!

Sensitivity similar to de<10-30e-cm

In a renormalizable quantum field theory, at
lowest order dp=0  (No dim. 5 operators)

dp∼em/ΛNP
2sinφNP  quantum loop induced

ΛNP scale of �new physics�
φNP = Complex CP violation phase of New Physics

phase misalignment with mp

∼10-22(1TeV/ΛNP)2sinφNPe-cm

If φNP is of O(1), ΛNP~3000TeV Probed!  (very roughly)
If ΛNP~O(1TeV), φNP~10-6 Probed! 5
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af vs df (very roughly)
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The Electric Dipole Moment precesses in an Electric field

ds d E
dt

= ´
! ! !

+

-

d
! The EDM vector d is induced by the particle spin
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Important attributes of an EDM Experiment
1. Polarization: state preparation, intensity of beams (statistics)

2. Interaction with an E-field: the higher the better (statistics)

3. Analyzer: high efficiency analyzer (statistics)

4. Symmetry tools: combat systematic errors

5. Scientific Interpretation of Result!  Easier for the simpler systems

13



  
d!s
dt

=
!
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"
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!
d ×
!
E

Spin precession at rest

Compare the Precession Frequencies
with E-field Flipped:
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Yannis Semertzidis
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Measuring an EDM of Neutral Particles
H = -(d E + μ B) ● I/I

mI = 1/2

mI = -1/2
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d = 10-28 e cm
E = 200 kV/cm

δw = 10-7 rad/s à
~1 turn/year

Þ
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3He Co-magnetometer

Data:	ILL	nEDM	experiment	with	199Hg	co-magnetometer

EDM	of	199Hg	<	10-28	e-cm	(measured);	atomic	EDM	~	Z2→	3He	EDM	<<	10-30 e-cm

If	nEDM	=	10-26 e×cm,

10	kV/cm	® 0.1	µHz	shift

@ B	field	of	2	´ 10	-15 T.

Co-magnetometer	:

Uniformly	samples	the	B	Field	
faster	than	the	relaxation	time.

Under	gravity,	the	center	of	mass	of	He-3	is	higher	than	UCN	by	Dh	» 0.13	cm,	
sets	DB	=	30	pGauss	(1	nA	of	leakage	current).		DB/B=10-3.
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Strong CP-problem and neutron EDM

The QCD Lagrangrian contains a theta-term violating both P-
parity and T-time reversal symmetries. 

LQCD,θ =θ g 2

32π 2 Gµν
a !Gaµν



Strong CP-problem and neutron EDM

( ) ( ) 163.6 10  e cmn pd dq q q-» - » ´ ×

Dimensional analysis (naïve) estimation of the neutron EDM:

( ) ( )17*
*~ ~ 6 10 e cm,   u d

n
n QCD u d

m mmed m
m m m

q q q -× ´ × =
L +

M. Pospelov,
A. Ritz, Ann. Phys.
318 (2005) 119.

~1fm

In simple terms:  the theory of strong interactions demands a large 
neutron EDM.  Experiments show it is at least ~9-10 orders of 
magnitude less!  WHY?

€ 

Exp.:  dn < 3 ×10−26e⋅ cm →θ <10−10

LQCD,θ =θ g 2

32π 2 Gµν
a !Gaµν



Strong CP-problem

• Peccei-Quinn: θQCD is a dynamical variable 
(1977), a(x)/fa.  It goes to zero naturally

LQCD,θ = θ −
a x( )
fa

⎛

⎝
⎜

⎞

⎠
⎟
g 2

32π 2 Gµν
a !Gaµν



Axion Couplings

• Gauge fields: 
• Electromagnetic fields
•
• Gluon Fields (Oscillating EDM,…)

� Fermions (coupling with axion field gradient, 
pseudomagnetic field)

Lint = −
gaγγ
4
aF µν !Fµν = gaγγ a

!
E ⋅
!
B

Lint =
a
fa
Gµν
!Gµν

Lint =
∂µa
fa

Ψ fγ
µγ 5Ψ f



Input to hadronic EDM

• Theta-QCD (part of the SM)

• CP-violation sources beyond the SM

A number of alternative simple systems could provide 
invaluable complementary information (e.g. neutron, 
proton, deuteron,…).  

• At 10-29e�cm pEDM is at least an order of magnitude 
more sensitive than the current nEDM plans
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EDMs of different systems
Theta_QCD:

Super-Symmetry (SUSY) model predictions:
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Recent EDM experimental limits

23

Kuchler (TUCAN and HeXeEDM
Collaborations, 2019)



Physics of EDMs

magnetometer, the statistical uncertainty of a single frequency
measurement for constant signal and SNR is given by σω ¼ffiffiffiffiffi
12

p
=ðτ½SNR$Þ (Chupp et al., 1994; Chibane et al., 1995),

where SNR generally increases as
ffiffiffi
τ

p
. The EDM sensitivity

for a pair of frequency measurements with opposite electric
field each lasting a time τ therefore scales as

σd ≳ ℏJ
E

1ffiffiffiffiffiffiffi
2N

p τ−1 ðcountingÞ;

σd ≳ ℏJ
E

ffiffiffi
3

π

r
vn
V0

τ−3=2 ðphase noiseÞ: ð6Þ

Here V0 is the signal size and vn
ffiffiffiffi
B

p
is the noise in a

bandwidth B ¼ 1=ð2πτÞ, with B in Hz.
The experimental challenges are to have the largest possible

electric field magnitude E, the longest possible τ, and the
highest possible N or V0=vn. Additionally an ideally small,

stable, andwell-characterized appliedmagnetic field is required
to suppress frequency fluctuations due to changes in the
magnetic-moment interaction μ⃗ · B⃗. Experimenters also strive
to find systems in which the EDM is in some way enhanced,
basically due to a large intrinsic (P-even,T-even) electric dipole
moment and/or increased electric polarizability of the system,
which is the case for a molecule or an atomic nucleus with
octupole collectivity. To date all EDM searches (see Table I),
including the neutron, atoms (Cs, Tl, Xe, Hg, and Ra) and
molecules (TlF, YbF, ThO, and HfFþ), have results consistent
with zero but also consistent with the standard model.
Figure 1 shows the connections from fundamental

theory, including standard-model and beyond-standard-model
physics, through a series of theory levels at different energy
scales to the experimentally accessible P-odd and T-odd
observables in a variety of systems. SM CP violation arises
from a complex phase in the Cabibbo-Kobayashi-Maskawa

FIG. 1. The connections from a fundamental theory at a high-energy scale to an EDM in a measurable low-energy system. The dashed
boxes indicate levels dominated by theory, and the solid boxes identify systems that are the object of current and future experiments. The
fundamental CP-violating Lagrangian at the top, a combination of SM and BSM physics, is reduced to the set of effective-field-theory
Wilson coefficients that characterize interactions at the electroweak energy scale of ≈300 GeV, the vacuum expectation value of the
Higgs. The set of low-energy parameters defined in Sec. II enters calculations that connect the electroweak-scale Wilson coefficients
directly to electrons and nuclei. Finally atomic, molecular, and condensed-matter structure calculations connect the low-energy
parameters to the observables in experimentally accessible systems.

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

Rev. Mod. Phys., Vol. 91, No. 1, January–March 2019 015001-3

Rev.Mod.Phys.91.015001



Current EDM limits

Rev.Mod.Phys.91.015001

the case of unpaired electrons (paramagnetic systems) due to
relativistic effects. In fact for paramagnetic atoms there is an
effective enhancement of the sensitivity to an electron EDM
that is approximately 10Z3α2 as explained by Sandars (1965,
1966, 1968a, 1968b), Ignatovich (1969), and Commins,
Jackson, and DeMille (2007). Moreover, an atomic EDM
can arise due to T and P violation in the electron-nucleus
interaction that may have a scalar or tensor nature, and these
effects also increase with Z.
Paramagnetic systems with one or more unpaired electrons

(Cs, Tl, YbF, ThO, HfFþ, etc.) are most sensitive to both the
electron EDM de and the nuclear-spin-independent component
of the electron-nucleus coupling (CS), which are likely to be
several orders of magnitude stronger than tensor and pseudo-
scalar contributions, given comparable strength of the intrinsic
couplings (Ginges and Flambaum, 2004). Diamagnetic sys-
tems, including 129Xe, 199Hg, and 225Ra atoms, and themolecule
TlF are most sensitive to purely hadronic CP-violating sources
that couple through the Schiff moment S⃗, the r2-weighted
electric dipole charge distribution for a nucleus with Z protons,

S⃗ ¼ 1

10

Z
r2r⃗ρQd3r −

1

6Z

Z
r2d3r

Z
r⃗ρQd3r: ð7Þ

The EDM of the nucleus
R
r⃗ρQd3r ¼ d⃗N is unobservable in a

neutral atom and the second term is therefore subtracted from S⃗.
FlambaumandGinges (2002) showed that an effectivemodel of
the Schiff moment is a constant electric field with the nucleus
directed along the nuclear spin,which is probed by the atomic or
molecular electrons through the interaction

H ¼ −4π∇⃗ρeð0Þ · S⃗; ð8Þ

where ∇⃗ρeð0Þ is the gradient of the electron density at the
nucleus. As the atomic electrons penetrate the nucleus, the
Schiff moment electric force moves the electron cloud with
respect to the atom’s center of mass and induces an EDM along
the spin.2 In addition, the EDM of a diamagnetic atom or
molecule can arise due to the tensor component of the electron-
nucleus coupling CT for atoms and molecules. The electron
EDM and CS contribute to the EDM of diamagnetic atoms in
higher order. Themagnetic quadrupolemoment, aP-odd andT-
odd distribution of currents in the nucleus, is not shielded in the
same way as electric moments and induces an atomic EDM by
coupling to an unpaired electron (Sushkov, Flambaum, and
Khriplovich, 1984). Themagnetic quadrupolemoment requires
a paramagnetic atom with nuclear spin I > 1=2, and cesium is
the only experimental system so far that meets these require-
ments. Murthy et al. (1989) presented an analysis of their
experiment on cesium that extracts the magnetic quadrupole
moment.
EDM searches are not confined to neutral systems.

Charged particles and ions can be contained in storage rings
or with time-dependent fields. For example, the paramagnetic
molecular ion HfFþ was stored with a rotating electric field

(Cairncross et al., 2017), and the EDM of the muon was
measured in conjunction with the g − 2, magnetic-moment
anomaly measurements at Brookhaven National Lab (Bennett
et al., 2006). In the muon experiment, spin precession due to
the EDM coupling to the motional electric field (v⃗ × B⃗) was
measured, and an upper limit ondμwas reported (Bennett et al.,
2009). Although not a dedicated EDM measurement, the
technique demonstrated the possibility of a significantly
improved measurement, which is motivated by theoretical
suggestions that lepton EDMs may scale with a power of
the lepton mass (Babu, Barr, and Dorsner, 2001). Storage-
ring EDM searches have also been proposed for light nuclei,
i.e., the proton, deuteron, and helion (3Heþþ) (Khriplovich,
1998; Farley et al., 2004; Rathmann, Saleev, and Nikolaev,
2013). The electron EDM can also be measured in special
ferroelectric and paramagnetic solid-state systems with
quasifree electron spins that can be subjected to applied electric
and magnetic fields (Eckel, Sushkov, and Lamoreaux, 2012).
We also note that the EDM of theΛ hyperon was measured in a
spin-precession measurement (Pondrom et al., 1981), and that
limits on the τ lepton EDM (Inami et al., 2003) and on neutrino
EDMs have been derived (Commins, 1999, 2007).
A compilation of experimental results is presented in Table I,

which separates paramagnetic (electron-spin-dependent) systems

TABLE I. Systems with EDM results and the most recent results as
presented. When de is presented, the assumption is CS ¼ 0, and
for ThO, theCS result assumes de ¼ 0.Qm is the magnetic quadrupole
moment, which requires a paramagnetic atom with nuclear spin
I > 1=2. (μN and RCs are the nuclear magneton and the nuclear radius
of 133Cs, respectively.) We have combined statistical and systematic
errors in quadrature for cases where they are separately reported by the
experimenters. References: (a) Player and Sandars (1970); (b) Murthy
et al. (1989); (c)Regan et al. (2002); (d)Hudson et al. (2011); (e)Baron
et al. (2014); (f) Cairncross et al. (2017); (g) Graner et al. (2017);
h Rosenberry (2001); (i) Parker et al. (2015); (j) Cho, Sangster, and
Hinds (1991); (k) Pendlebury et al. (2015); (l) Bennett et al. (2009);
(m) Inami et al. (2003); and (n) Pondrom et al. (1981).

Result 95% u.l. Ref.

Paramagnetic systems
Xem dA ¼ ð0.7% 1.4Þ × 10−22 3.1 × 10−22 e cm (a)
Cs dA ¼ ð−1.8% 6.9Þ × 10−24 1.4 × 10−23 e cm (b)

de ¼ ð−1.5% 5.7Þ × 10−26 1.2 × 10−25 e cm
CS ¼ ð2.5% 9.8Þ × 10−6 2 × 10−5

Qm ¼ ð3% 13Þ × 10−8 2.6 × 10−7 μN RCs
Tl dA ¼ ð−4.0% 4.3Þ × 10−25 1.1 × 10−24 e cm (c)

de ¼ ð6.9% 7.4Þ × 10−28 1.9 × 10−27 e cm
YbF de ¼ ð−2.4% 5.9Þ × 10−28 1.2 × 10−27 e cm (d)
ThO de ¼ ð−2.1% 4.5Þ × 10−29 9.7 × 10−29 e cm (e)

CS ¼ ð−1.3% 3.0Þ × 10−9 6.4 × 10−9

HfFþ de ¼ ð0.9% 7.9Þ × 10−29 1.6 × 10−28 e cm (f)

Diamagnetic systems
199Hg dA ¼ ð2.2% 3.1Þ × 10−30 7.4 × 10−30 e cm (g)
129Xe dA ¼ ð0.7% 3.3Þ × 10−27 6.6 × 10−27 e cm (h)
225Ra dA ¼ ð4% 6Þ × 10−24 1.4 × 10−23 e cm (i)
TlF d ¼ ð−1.7% 2.9Þ × 10−23 6.5 × 10−23 e cm (j)
n dn ¼ ð−0.21% 1.82Þ × 10−26 3.6 × 10−26 e cm (k)

Particle systems
μ dμ ¼ ð0.0% 0.9Þ × 10−19 1.8 × 10−19 e cm (l)
τ ReðdτÞ¼ ð1.15%1.70Þ×10−17 3.9 × 10−17 e cm (m)
Λ dΛ ¼ ð−3.0% 7.4Þ × 10−17 1.6 × 10−16 e cm (n)

2We note that Schiff’s theorem has been recently reevaluated in
work showing that these formulas may be unjustified approximations
(Liu et al., 2007); however, there is disagreement on the validity of
this reformulation (Sen’kov et al., 2008).

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

Rev. Mod. Phys., Vol. 91, No. 1, January–March 2019 015001-5
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Physics strength comparison  (Marciano)

System Current limit 
[e×cm]

Future goal Neutron 
equivalent

Neutron <1.6×10-26 ~10-28 10-28

199Hg atom <7×10-30 <10-30 10-26

129Xe atom <6×10-27 ~10-29-10-31 10-25-10-27

Deuteron 
nucleus

~10-29 3×10-29-
5×10-31

Proton 
nucleus

<2×10-25 ~10-29 10-29
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Yannis Semertzidis, IBS-CAPP & KAIST

The sensitivity to EDM is optimum when the spin 
vector is kept aligned to the momentum vector

0=aw
!

Momentum
vector

Spin vector

  
d!s
dt

=
!
d ×
!
E

E

E E

E
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Yannis Semertzidis, IBS-CAPP & KAIST

The spin precession relative to momentum in the 
plane is kept near zero.  A vert. spin precession vs. 
time is an indication of an EDM (d) signal.

0=aw
!

  
d!s
dt

=
!
d ×
!
E

E

E E

E
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Yannis Semertzidis, IBS-CAPP & KAIST

The spin precession relative to momentum in the 
plane is kept near zero.  A vert. spin precession vs. 
time is an indication of an EDM (d) signal.

0=aw
!

  
d!s
dt

=
!
d ×
!
E

E

E
E

E
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Freezing the horizontal spin precession

   

!
ω a =

e
m

a − m
p

⎛
⎝⎜

⎞
⎠⎟

2⎛

⎝
⎜

⎞

⎠
⎟
!
β ×
!
E

• The spin precession is zero at “magic” momentum 
(0.7 GeV/c for protons, 3.1GeV/c for muons,…)

2, with 
2

m gp a
a

-
= =

• The “magic” momentum concept was first used in the 
last muon g-2 experiment at CERN, at BNL & FNAL. 31



Storage Ring Electric Dipole Moments exp. options

Fields Example EDM signal term Comments

Dipole magnetic field (B)
(Parasitic)

Muon g-2 Tilt of the spin precession plane.  
(Limited statistical sensitivity 
due to spin precession)

Eventually limited by geometrical 
alignment.  
Requires consecutive CW and CCW 
injection to eliminate systematic errors

Combination of electric & 
and magnetic fields (E, B)
(Combined lattice)

Deuteron, 3He, 
proton, etc.

Mainly: High statistical sensitivity. 
Requires consecutive CW and CCW 
injection to eliminate systematic errors

Radial Electric field (E) & 
Electric focusing (E)
(All electric lattice)

Proton, etc. Large ring, CW & CCW storage.  
Requires demonstration of adequate 
sensitivity to radial B-field syst. error

Radial Electric field (E) & 
Magnetic focusing (B)
(Hybrid, symmetric lattice)

Proton, etc. Large ring, CW & CCW storage.  
Only lattice to achieve direct 
cancellation of main systematic error 
source

d!s
dt
=
!
d × !v ×

!
B( )

  
d!s
dt

=
!
d ×
!
E

32

  
d!s
dt

=
!
d ×
!
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Hybrid lattice storage ring

•It eliminates the main syst. error sources: ext. B-fields

Sensitivity goal
10-29e-cm



Hybrid, symmetric lattice storage ring
•It eliminates the main syst. error sources: ext. B-fields
•Reduces major systematic error sources by several orders of magnitude

Sensitivity goal
10-29e-cm
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I. INTRODUCTION

The possibility of the permanent electric dipole mo-
ments (EDMs) for elementary particles was initially
proposed by Purcell and Ramsey [1] where the search
for neutron EDM was used to investigate the parity-
symmetry (P) violation. Later, it was also shown that
non-zero EDMs separately violate time-reversal symme-
try (T) by Landau [2].

Today’s most advanced EDM experiments have set
their limits on the parameter space: neutron EDM
(nEDM) < 3⇥ 10�26e·cm [3], electron EDM (eEDM)
< 1.1⇥ 10�29e·cm [4, 5], and mercury 199Hg EDM <
7.4⇥ 10�30e·cm [6] which is equivalent to 2⇥ 10�26e·cm
for neutron and 5⇥ 10�25e·cm for proton. Each of these
experiments has di↵erent techniques, but all are similar
as they require confined cold stationary particles. The
Storage Ring Proton EDM not only has di↵erent system-
atics but also is the first dedicated EDM search exper-
iment with relativistic particles. Having an experiment
with a completely di↵erent design would be complemen-
tary to all the previous EDM experiments. It would also
further expand the ground of storage ring high-precision
experiments previously established by highly successful
Muon (g � 2) experiments [7–10].

The storage ring proton EDM method targets dp =
10�29e·cm which is 3 orders of magnitude better than the
current best neutron EDM limits. We also claim that this
sensitivity is achievable with existing technology thanks
to the significantly relaxed alignment requirements with
the Symmetric-Hybrid ring design.

The most prominent systematic error source in the
storage ring designs based on the all-electric ring [11]
is the background radial magnetic field — Bexternal

x . All-
electric ring designs variants are challenging due to im-
mense average stray magnetic field requirements [12]—
Bexternal

x < 10�17 T.
To overcome such a challenging shielding requirement,

the next iteration after the all-electric ring, the Hybrid

⇤ Corresponding author

ring design [13] was developed. It has been a major ac-
complishment as for any Bexternal

x is naturally shielded
by the magnetic focusing system. Hybrid ring design fea-
tures strong alternating magnetic focusing with electric
bending that still allows simultaneous Clockwise (CW)
and Counter-Clockwise (CCW) beam storage.

In rings where the main vertical focusing is magnetic,
the main systematic error source becomes the out-of-
plane electric field. However, this systematic error can-
cels exactly for vertical dipole electric fields. It is the
only lattice that accomplishes this cancellation and as
such it represents a major breakthrough in the storage
ring EDM field. The next level systematic error source is
the fact that the average vertical velocity integrated over
electric field sections might not be zero. This is a strict
requirement for the case of radial polarization which has
been relaxed by several orders of magnitude by making
the lattice highly symmetric.

This work, the newest design iteration, the Symmetric-
Hybrid ring relaxes requirements established by the Hy-
brid ring, provides comprehensive systematic error analy-
sis, standardizes experimental techniques, and aims to be
the conceptual foundational basis for the commissioning.

II. METHODS

A. Experimental Technique

The rest frame spin ~S dynamics equation in presence
of magnetic ~B and electric ~E fields is given as,

d~S

dt
= ~µ⇥ ~B + ~d⇥ ~E

where magnetic and electric dipole moments are defined
as ~µ = (ge/2m)~S and ~d = (⌘e/2mc)~S respectively.

However, for a particle with ~� = ~v/c and ~� · ~E =

0, ~� · ~B = 0 the motion of the spin vector relative to the
momentum can be more conveniently described by the
BMT equation relative to a particle’s momentum [14–
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⇥
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⇥
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TABLE I. Ring and beam parameters for Symmetric Hybrid
ring design

Quantity Value

Bending Radius R0 95.49m
Electrode spacing 4 cm
Electrode height 20 cm
Deflector shape cylindrical
Radial bending E-field 4.4MV/m
Number of FODO sections 24
Straight section length 4.16m
Quadrupole length 0.4m
Quadrupole strength ±0.21T/m
Bending section length 12.5m
Bending section circumference 600m
Straight section circumference 200m
Total circumference 800m
Cyclotron frequency 224 kHz
Revolution time 4.46 µs
Particles per bunch 2.5⇥ 108 (TBD)
Momentum spread, (dp/p)max 2⇥ 10�4

Horizontal beta function, �max
x 64m

Horizontal beta function, �min
x 35m

Vertical beta function, �max
y 76m

Vertical beta function, �min
y 41m

Dispersion function Dmax
x 33m

Dispersion function Dmin
x 24m

Horizontal tune, Qx 2.75
Vertical tune, Qy 2.3
Slip factor, ⌘ = dp

p /dt
t -0.28

radial spin directions might first seem as a major chal-
lenge. However, being able to control the mixing ra-
tio between maximally longitudinal and maximally ra-
dial polarization is a powerful tool to clearly di↵erentiate
the systematic error sources into longitudinal and radial
polarization originating types.

For instance, the beam placed in radial polarization
with its vertical precession rate measured.2

Hence, any vertical spin growth inducer in radial po-
larization is a potential EDM systematic issue. The most
prominent radial spin systematic is described in Sec-
tion IIIA.

A. Vertical Velocity

Vertical velocity systematic originates from the pro-
portional to

2 the polarization direction that does not manifest EDM induced
vertical precession rate dSy/dt due to the bending electric field
Ex being along the spin direction

FIG. 2. Schematic top view of the symmetric ring. Both CW
and CCW beams have longitudinally, radially, and vertically
polarized bunches. Blue and red correspond to focusing and
defocusing quads. Naturally, CW and CCW beams see oppo-
site focusing e↵ect from magnetic quads. The actual number
of FODO sections is 24.

FIG. 3. The slip factor ⌘ is obtained from evaluating dt
t = ⌘ dp

p
per turn via numerical tracking.

⇣
~S ⇥ (~� ⇥ ~E)s

⌘

y
= Sx�yEx (4)

term in the BMT equation — Equation (2). Radial spin
component Sx combined with vertical velocity �y may
create a vertical spin precession that would be indistin-



E-field plate modules: The (26) FNAL Tevatron 
ES-separators ran for years with harder specs

0.4 m

3 m

Beam position
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Proton Statistical Error (230MeV): 10-29 e-cm

tp : 103s    Polarization Lifetime (Spin Coherence Time)
A : 0.6      Left/right asymmetry observed by the polarimeter
P : 0.8      Beam polarization
Nc : 4´1010p/cycle Total number of stored particles per cycle (103s)
TTot: 107s               Total running time per year
f : 1%                 Useful event rate fraction (efficiency for EDM)
ER : 4.5 MV/m       Radial electric field strength

  

� 

σ d = 2!
ERPA Nc fτ pTtot
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How the srEDM exp. at 10-29 e-cm works
üRequired radial E-field <5 MV/m, for 40mm plate separation

üBeam and spin dynamics stable for required beam intensity

üSpin coherence time estimated >103s

üAlternate magnetic focusing all but eliminating external B-field sensitivity

üSymmetric lattice significantly reducing systematic error sources

üRequired ring planarity <0.1mm; CW & CCW beam separation <0.01mm
39



Ring planarity critical to control geometrical phase errors

• The beam planarity requirement: <0.1mm, within existing technology

• Clock-wise (CW) and counter-clock-wise (CCW) beam storage split to 
<0.01mm. SQUID-based BPMs (S-BPM) resolution: 10nm/sqrt(Hz)!
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Ring planarity critical to control geometrical phase errors

• Numerous studies on slow ground motion in accelerators, 
Hydrostatic Level System for slow ground motion studies at Fermilab.

• Thorough review by Vladimir Shiltsev (FNAL):
https://arxiv.org/pdf/0905.4194.pdf
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Tevatron Sensors on Quad

James T Volk May 2009

In the circle is a water level 
pot on a Tevatron 
quadrupole  

Air Line

Water line



HLS measurements at Fermilab
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Fig.35. HLS probe on Tevatron accelerator focusing magnet. 

 

Fig.36. One week record of elevation difference of two neighbor focusing magnets in 

the Teveatron tunnel as measured by HLS (starts midnight Feb.7,2004; Ref.[29]). 
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Fig.36. One week record of elevation difference of two neighbor focusing magnets in 

the Teveatron tunnel as measured by HLS (starts midnight Feb.7,2004; Ref.[29]). 
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Future Expectations
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Outlook

EDMs will eventually be discovered: de,dn,dp…dD
Magnitudes of ≈ 10-28 expected for Baryogenesis
Atomic, Molecular, Neutron, Storage Ring (All important)

CP violation phase in: Hee, Hγγ, Htt, 2HD Model…
Uniquely explored by 2 loop edms!  Barr-Zee effect
May be our only window to Hee, Huu and Hdd couplings

The Higgs Mechanism critical for our existence!
Early Universe and Beyond

Must Be Fully Explored                       

20
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Technically driven timeline
• We have submitted our LOI to the Snowmass Process in the US and writing a 

White Paper for it.
• Preparing a CDR document, critical studies are finished

• Most of the collaborators are either Muon g-2 collaborators and/or original 
Storage ring EDM proponents

47

the beam-beam interaction effects on beam dynamics low.  Another important factor is that the hybrid ring 
method does not require an ultra-low vertical tune, a source of a major uncertainty in the ability of the ring 
to maintain efficient storage of high-intensity beams.  In that sense, the AGS-analog, an all-electric storage 
ring designed and operated to demonstrate the alternating gradient principle in the beginning of 1960’s, 
also demonstrates the feasibility of beam storage for sufficiently long times.  Finally, since strong magnetic 
focusing can be afforded, any potential intra-beam-scattering (IBS) issues also disappear, since the vertical 
beam tune is no longer restricted to ultra-weak values. 

 
In case BNL is chosen for hosting this experiment, there will be a synergy with the electron ion collider 
(EIC) recently approved to be built at BNL.  First, since a major physics target of the EIC is the exploration 
of the spin distribution of the quarks inside the proton, a connection between the anomalous magnetic 
moments, EDMs, and spin distributions could be revealed.  Secondly, EIC program’s high-intensity 
polarized sources, could provide polarized beams for the proton, deuteron and neutron (3He nucleus) in a 
storage-ring EDM experiment studying the corresponding nucleus. 

Our collaborators, listed below under the rubric of “Supporters,” includes many original developers 
of the storage-ring EDM method, and current and past muon g-2 colleagues with great experience in 
storage-ring precision physics techniques, as well as completely new collaborators.  More collaborators can 
be expected to join the effort as we make progress towards building the experiment and as the muon g-2 
experiment winds down.  Additional institutions from Europe, currently engaged in developing the deuteron 
EDM experiment, using combined electric and magnetic fields, may also join forces with our collaboration.  
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Summary
üEDM physics is must do, exciting and timely

üHybrid, symmetric ring lattice works well. Minimized systematic error sources. 
Statistics and systematics to 10-29e-cm

üE-field strength similar to TEVATRON (FNAL) ES-separators, ran for years…

üWorking EDM lattice with long SCT and large enough acceptance provides the 
statistics

üRing planarity <0.1mm, CW & CCW beam separation <0.01mm
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ARIADNE: 
Axion Resonant InterAction 
DetectioN Experiment

ARIADNE (monopole-dipole interactions, 
sensitive to axions) and proton EDM can help 
find the dark matter or exclude axions!
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ARIADNE needs a CP violating phase to see an 
effect. 



ARIADNE
• If ARIADNE finds a signal, then we are done.  We will know the 

axion mass à axion dark matter experiment.

• If ARIADNE doesn’t observe a signal, then it could be due to the 
absence of extra CP-violating source.

• Proton EDM experiment can clarify the situation.  The large 
axion mass can be probed effectively.
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UspðrÞ ¼ − ~∇VasðrÞ · σ̂2;

UppðrÞ ¼ − ~∇VapðrÞ · σ̂2: ð3Þ

Here VasðrÞ ¼ ðℏ2gsgp=8πmfÞðe−ðr=λaÞ=rÞ for monopole-
dipole interactions, or VapðrÞ¼ðℏ3c=16πÞðgp1

gp2
=

mf1mf2Þðσ̂1 · r̂Þðð1=r
2Þþð1=λarÞÞe−ðr=λaÞ, if an axion can

be exchanged between two spins. Equation (3) shows the
axion generated potential by an unpolarized or polarized
mass acts on a nearby fermion as an “effective” magnetic
field

~Beff ¼
2 ~∇VaðrÞ

ℏγf
; ð4Þ

where γf is the fermion gyromagnetic ratio, and we
omit the subscripts in Vas and Vap for brevity. However,
this field is different from an ordinary electromagnetic field
—it couples to the spin of the particle, is independent of the
fermion’s magnetic moment, and does not couple to electric
charge, moving charges, or ordinary angular momentum.
As the axion potential is generated by pseudoscalar
exchange rather than vector gauge boson (i.e., photon)
exchange, ~Beff is not subject to Maxwell’s equations.
Therefore, it crucially is not screened by magnetic
shielding.
For the PQ axion gs and gp satisfy

6 × 10−27
!
109 GeV

fa

"
≲ gs ≲ 10−21

!
109 GeV

fa

"
; ð5Þ

gp ¼
Cfmf

fa
¼ Cf10

−9
!

mf

1 GeV

"!
109 GeV

fa

"
; ð6Þ

where ma ¼ 6 × 10−3 eVð109 GeV=faÞ. gs is indirectly
constrained from above by electric dipole moment searches
and the lower bound is set by the amount of CP violation in
the standard model [15,16]. There are large uncertainties in
the QCD matrix elements involved in the calculations of
this coupling and further study is required through lattice
simulations. Cf is a model dependent constant typically
expected to be Oð1Þ [17] and in what follows we assume
Cf ¼ 1 for simplicity. The axion decay constant is con-
strained to be 109 GeV≲ fa ≲ 1017 GeV by astrophysics;
the lower bound comes from red giant cooling and SN
1987a, while the lesser known upper bound on fa arises
because the wavelength of a large fa PQ axion is of order
the size of stellar mass black holes. If such an axion existed,
these black holes would spin down through the super-
radiance effect [2,18]. They are thus excluded by obser-
vations of near extremal black holes.
Experimental setup.—The setup is schematically drawn

in Fig. 1. A quartz vessel containing hyperpolarized 3He
gas is placed next to a segmented cylinder or radius R that

acts as a source mass. The cylinder consists of either high
density unpolarized material (e.g., tungsten) or material
with a net electron or nuclear spin polarization, and is
rotated around its axis of symmetry with a frequency ωrot.
To screen background electromagnetic fields including
surface magnetic field noise [19], a superconducting Nb
shell is placed between the cylinder and 3He sample.
An axion with λa < R will generate a potential at a

distance r ≪ R from the surface of the cylinder approx-
imately given by VaðrÞ ≈ ðℏ2gsgpN

=2mNÞλ2anNe−ðr=λaÞ, if
the axion has a monopole coupling to nucleons, and mN
and nN are the nucleon mass and density of the material,
respectively, or VaðrÞ ≈ ðℏ3cgpf

gpN
=4mfmNÞλanpe−ðr=λaÞ,

if the axion has a dipole coupling to nucleons or to
electrons and the polarization of the source mass is
perpendicular to the axis of rotation, where np is the
polarized spin density in the material. Here we assume the
cylinder surface is effectively flat. For our sensitivity
estimates we numerically integrate over the actual dimen-
sions of the cylinder. Given the proximity of the sample,
nonflatness affects the overall signal by less than 10%. We
also assume the NMR sample thickness is of order λa.
A spin polarized nucleus near this rotating segmented

cylinder will feel an effective magnetic field of approx-
imately

~Beff ≈
1

ℏγN
∇VaðrÞ½1þ cosðnωrottÞ&; ð7Þ

where γN is the nuclear gyromagnetic ratio and n is the
number of segments. ~Beff is parallel to the radius of the
cylinder. The exact time-varying field can be determined by
numerical integration over the cylinder geometry. From the
Bloch equations, a NMR sample with net polarization Mz

Bext
z

x

FIG. 1 (color online). A source mass consisting of a segmented
cylinder with n sections is rotated around its axis of symmetry
at frequency ωrot, which results in a resonance between the
frequency ω ¼ nωrot at which the segments pass near the sample
and the resonant frequency 2~μN · ~Bext=ℏ of the NMR sample.
Superconducting cylinders screen the NMR sample from the
source mass and (not shown) the setup from the environment.
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Axion Couplings

� Gauge fields: 
� Electromagnetic fields
�

� Gluon Fields (Oscillating EDM,…)

� Fermions (coupling with axion field gradient, 
pseudomagnetic field)

Lint = −
gaγγ
4
aF µν !Fµν = gaγγ a

!
E ⋅
!
B

Lint =
a
fa
Gµν
!Gµν

Lint =
∂µa
fa

Ψ fγ
µγ 5Ψ f



Probing high-mass axions
with ARIADNE and pEDM

IBS/CAPP five-year review, Yannis K. Semertzidis, IBS & KAIST 53

pEDM hypothetical measurement:



Extraction: lowering the 
vertical focusing

“defining aperture”
polarimeter target

RL
RL

H +
-

=e

UD
UD

V +
-

=e

carries EDM signal
increases slowly with time

carries in-plane (g-2) 
precession signal

pEDM polarimeter principle: probing the 
proton spin components as a function of 
storage time

Micro-Megas TPC detector
and/or MRPC
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The EDM signal: early to late change
• Comparing the (left-right)/(left+right) counts vs. time we 

monitor the vertical component of spin 

(L-R)/(L+R) vs. Time [s]

M.C. data
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Spin Coherence Time
• Not all particles have same deviation from magic 

momentum, or same horizontal and vertical divergence 
(second order effects)

• They Cause a spread in the g-2 frequencies:

• Correct by tuning plate shape/straight section 
length plus fine tuning with sextupoles (current 
plan) or cooling (mixing) during storage (under 
evaluation).� 

dω a = aϑx
2 + bϑy

2 + c
dP
P

⎛ 
⎝ 
⎜ 

⎞ 
⎠ 
⎟ 
2
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Is the polarimeter analyzing power 
good at Pmagic? YES!

Analyzing power can be further optimized

57



A charged particle between Electric Field 
plates would be lost right away.

- +
E
!

+
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Key Features of nEDM@SNS
• Sensitivity:  ~2x10-28 e-cm, 100 times better than existing limit
• In-situ Production of UCN in superfluid helium (no UCN transport)
• Polarized 3He co-magnetometer

• Also functions as neutron spin precession monitor via spin-dependent n-3He 
capture cross section using wavelength-shifted scintillation light in the LHe

• Ability to vary influence of external B-fields via “dressed spins” 
• Extra RF field allows synching of n & 3He relative precession frequency

• Superconducting Magnetic Shield
• Two cells with opposite E-field
• Control of central-volume temperature

• Can vary 3He diffusion (mfp)- big change in geometric phase effect on 3He

62
Arguably the most ambitious of all neutron EDM 
experiments 

Brad Filippone



History/Status of nEDM@SNS
• 2011: NSAC Neutron Subcommittee
• 2013: Critical R&D successfully demonstrated
• 2014-2017: Critical Component Demonstration (CCD) 

phase begun
• Build working, full-scale, prototypes of technically-challenging 

subsystems (use these in the full experiment)
• 4yr NSF proposal for 6.5M$ CCD funded
• DOE commitment of  ≈ 1.8M$/yr for CCD

• 2018-2020: Large scale Integration and Conventional 
Component Procurement

• 2021: Begin Commissioning and Data-taking
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The TUM EDM experiment

- Initially a ‘conventional’ Ramsey experiment 
- UCN trapped at room temperature, ultimately cryogenic trap
- Double chamber with co-magnetometer option
- 199Hg, Cs, 129Xe, 3He, SQUID magnetometers 
- Portable and modular setup, including magnetically shielded room 
- Ultimate goal: 10-28 ecm sensitivity, staged approach (syst. and stat.)

I. Altarev et al., Il Nuovo Cimento 35 C 122 (2012)

Double chamber in SF6 container Modular shield setup

nedm.ph.tum.de

P. Fierlinger
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Most hardware built & tested

E.g.: passive magnetic shielding factor  > 6 million @ 1 mHz
(without ext. compensation coils!) I.Altarev et al., arXiv:1501.07408

I. Altarev et al., , arXiv:1501.07861
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- The smallest gradients over an 
extended volume ever realized: 
< 50 pT / m stable gradient over 
EDM cell volume

- Residual field drift < 5 fT in 
typical Ramsey cycle time

- Hg and Cs magnetometry on < 
20 fT level: 

- Basically all magnetic field 
related systematics under control 1.5m

Cs sensor head 
assembly

Raw 199-Hg FPD 
signal
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A charged particle between Electric Field 
plates would be lost right away…

- +
E
!

+
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Cosmological inventory
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Axion Dark matter

• Dark matter: 0.3-0.5 GeV/cm3

• Axions in the 1-300μeV range: 1012-1014/cm3, classical 
system.

• Lifetime ~7×1044s (100μeV / ma)5

• Cold Dark Matter (v/c~10-3), Kinetic energy ~10-6ma, very 
narrow line in spectrum.
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Axion Dark matter

• Velocity range: <10-3c (bound in galaxies)
• Mass range: >10-22eV (size of galaxies)
• Coherence length (De Broglie wavelength):

lDB ≈1m × 1meV
ma

⎛

⎝⎜
⎞

⎠⎟
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SQUID magnetometer To p-beam line

Liquid He

Vacuum

Beam position monitor: SQUID array



Cylindrical Dewar: original design (KRISS)
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SQUID-based BPMs, Korea

Selcuk Haciomeroglu, IBS-CAPP
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Δt = 1 sec Δt = 3 min Δt = 5 hr

Next: Testing the concept at an accelerator in Korea.

72



Storage Ring EDM experiments
(or how to create a Dirac-like particle in 
a storage ring)
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