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• Some really exciting possibilities for the muon g-2 ring:
• Frozen spin deuteron EDM experiment at ~10-26e-cm, equivalent to ~10-27e-cm for the neutron EDM
• Requires consecutive clockwise (CW) and counterclockwise (CCW) injections
• Other possibilities include a) negative muon storage with magnetic focusing, b) frozen spin muon and proton 

EDM (they require CW and CCW injections).



A Permanent EDM Violates both T & P Symmetries:
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The particle spin creates the EDM,
EDM is “locked” to the spin



Hadronic EDMs: 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

3

From SUSY-like CPV

From theta-QCD



Why can we do deuteron EDM with high sensitivity?
• Several breakthrough developments in our understanding of the storage ring 

EDM experiments:
• Symmetries in the ring lattice, substantially reduce the level of systematic errors.
• CW and CCW injections are a must. Simultaneous is much better (proton EDM with 

electric bending only), second best is consecutive (deuteron EDM-negative magnetic 
anomaly).

• Related work: 
• Omarov et al., 2007.10332 (symmetric lattice, radial pol. systematic error reduction) 
• Haciomeroglu et al., DOI (pEDM with hybrid lattice, Vertical E-field cancellation)
• Anastassopoulos et al., DOI (all-electric pEDM, challenging systematics, still OK)
• 2008 Deuteron EDM proposal to AGS, https://www.bnl.gov/edm/
• Graham et al., DOI (DM/DE in storage rings) 
• On Kim et al., https://arxiv.org/pdf/2105.06655.pdf (axion search using RF-Wien filter)

https://arxiv.org/abs/2007.10332
https://doi.org/10.1103/PhysRevAccelBeams.22.034001
https://doi.org/10.1063/1.4967465
https://www.bnl.gov/edm/
https://doi.org/10.1103/PhysRevD.103.055010
https://arxiv.org/pdf/2105.06655.pdf


Main systematic error sources and remediation

• Vertical electric field. 
• Requires CW and CCW injections. For combined fields lattice (vertical B-field 

and radial E-field) the CW and CCW injections are consecutive. The final EDM 
sensitivity will be determined by the stability of the (unwanted, vertical) E-field 
when we flip the B-field. Bill Morse is describing the only lattice where CW and 
CCW is simultaneous and this systematic error drops: requires much larger ring.

• Vertical velocity imbalance inside the radial E-field regions (coupled with a small 
radial spin component).

• Make the ring lattice as symmetric as possible to reduce it by orders of magnitude. 
• Use radially polarized bunches as a reference to completely eliminate it.



Main systematic error source: Vertical E-field
• Expected to limit the deuteron EDM exp. sensitivity

• The problem: Requires CW and CCW injections. For combined fields lattice 
(vertical B-field and radial E-field) the CW and CCW injections are consecutive.

• Requirement: The electric field plane should not change direction when we flip 
the vertical B-field. This is a major assumption/uncertainty in the method.

• Assuming ~1nrad stability (random change, easily measurable with Fabry-Perot, 
see deuteron EDM proposal at https://www.bnl.gov/edm/) of average E-field 
direction between B-field direction flipping could give ~10-26e-cm limitation. 
(Simultaneous storage highly suppresses this systematic error source.)

https://www.bnl.gov/edm/


What is the new idea in storage ring EDMs?
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• Omarov et al., 2007.10332, the lattice symmetry reduces the systematic errors. 
Showing the level of systematic errors for low and highly symmetric lattices:

https://arxiv.org/abs/2007.10332


Why choose deuteron EDM in the g-2 ring?
• Technical reasons:
• The muon g-2 ring with magnetic focusing, offers a highly symmetric ring lattice.
• Polarized deuteron sources can provide statistics for much better than 10-27e-cm level.
• The required RF-system and polarimeters are well within our present ability.
• The required radial E-field strength is well within present ability.
• The beam storage time is ~20s, with <10-9 Torr the required vacuum level, the main 

expensive system (TBC).

• Potential science reach: 
• Due to the shape of deuteron-nuclei, parity violating effects are enhanced by more than 

an order of magnitude. (EDM due to 𝜃QCD almost cancels out…!)
• 10-26e-cm deuteron EDM is equivalent to 10-27e-cm for the neutron for SUSY-like new 

CP-violation. This is a great opportunity. (Present nEDM limit is 1.6×10-26e-cm.)



Insert vertically polarized deuterons into the ring
•Use an RF cavity to bunch the beam
•Use an RF-solenoid to create longitudinally and radially 
polarization bunches (cross check the vertical velocity issue and 
search for DM/DE).
•Magnetic focusing for a first frozen spin deuteron EDM 
measurement at P=0.5 GeV/c, Ekin=65 MeV, 𝛽=0.26, 𝛾=1.035
•Radial E-field: -3.2MV/m
•Magnetic field B: 0.28T, EDM Spin Prec. Rate = 5.5 nrad/s
•CW and CCW injection (flipping of B-field is required)



Above or below transition depending on focusing

•Simulation plot by Zhanibek Omarov, KAIST PhD student
•Below transition requires n < 0.24



Statistical sensitivity? Issues to consider

• Intra-Beam-Scattering lifetime, best at below transition (TBC)

•Coulomb scattering off gas molecules 

•Spin coherence time (should be OK for 20s with RF-cavity 
even without sextupole fields)

• 10-26e-cm is a reasonable first step to establish systematic error 
source, i.e., stability of vertical E-field.



Additional possibilities

•Proton and muon EDM using frozen spin method with 
combined E and B-fields

•Search for axion dark matter (DM), search for dark energy (DE)

•Muon g-2 using magnetic focusing? It’s possible.



Frozen spin method for protons
•Use RF cavity to bunch the beam
•Use an RF-solenoid to create longitudinal and radial polarization 

bunches
•Magnetic focusing, for a first frozen-spin proton EDM exp. at 

P=0.250GeV/c (0.240 GeV/c),   Ekin = 33 MeV (30 MeV), 𝛽=0.26 
(0.25), 𝛾=1.035 (1.032) and low sensitivity
• Radial E-field of about 6.2 MV/m (5.7MV/m)
•Magnetic field ~0.037T (0.036T), EDM Spin Prec. Rate = 2.5 nrad/s
• CW and CCW injections (flipping of B-field is needed)



Frozen spin method for muons
• Magnetic focusing

• Radial E-field

• CW and CCW injections (requires opening a new injection point for CCW)

• The particle gamma factor is around 5, an easy experiment over present one 
when only CW injection is used. 

• P=0.6GeV/c, 𝛾=5.8, 3.2MV/m, 0.27T, R=7.112m 
• P=0.5GeV/c, 𝛾=4.8, 1.9MV/m, 0.23T, R=7.112m



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 with main fields flipping sign 
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 
sources (its own “co-magnetometer”).
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Issues to study for the deuteron EDM:

• Intra-beam-scattering (IBS) lifetime plus required vacuum

• Spin coherence time 

• Systematic errors
• Spin
• Polarimeter

• Overall sensitivity

• Cost: $5-10M plus polarized source (TBC)



Axion Dark Matter (small sensitivity)
• Magnetic focusing
• Let the spin precess at different g-2 frequencies
• With and without radial E-field (different sensitivity)
• Easy experiment over present muon g-2 setting

 

Axionlike dark matter search using the storage ring EDM method
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We propose using the storage ring electric dipole moment (EDM) method to search for the axion dark
matter induced EDM oscillation in nucleons. The method uses a combination of B and E fields to produce a
resonance between the g − 2 spin precession frequency and the background axion field oscillation to
greatly enhance sensitivity to it. An axion frequency range from 10−9 Hz to 100 MHz can, in principle, be
scanned with high sensitivity, corresponding to an fa range of 1013 GeV ≤ fa ≤ 1030 GeV, the breakdown
scale of the global symmetry generating the axion or axionlike particles.

DOI: 10.1103/PhysRevD.99.083002

I. INTRODUCTION

Peccei and Quinn proposed a dynamic oscillating field to
solve the strong CP problem [1], and that oscillating field is
called an axion [2–8]. An axion in the parameter range of
1011 GeV ≤ fa ≤ 1013 GeV is potentially observable using
microwave cavity resonators, where fa is the global sym-
metry breakdown scale [9–12]. Thismethod detects photons
from the axion dark matter conversion in the presence of
strong magnetic fields [10,13–16]. In the next decade, it is
expected that the axion frequency range of 0.1–50 GHzmay
be covered using microwave cavity and/or open cavity
resonators [17]. However, this method cannot be used for
higher values of fa (lower mass region), because the axion-
photon coupling is suppressed by fa ð∼1=f2aÞ and the
required resonance structures would be impractically large.
For the higher values of the scale, including MGUT
(∼1016 GeV)-MPL (∼1019 GeV), axion-gluon coupling
can be considered, which gives a time-varying electric
dipole moment (EDM) to nucleons [11,12]. For example,
in the nucleon case, the EDM can be expressed as

dn¼2.4×10−16
a
fa

∼ð9×10−35ÞcosðmatÞ ½e·cm%; ð1Þ

aðtÞ ¼ a0 cosðmatÞ; ð2Þ

where aðtÞ is the axion dark matter field andma is the axion
mass. Graham and Rajendran proposed a method that

measures the small energy shift with the form E⃗ · d⃗n in an
atom as a probe of the oscillating axion field [11]. In this
case, the electric field is an internal atomic field. By
combining Eqs. (1) and (2) with a possible static EDM,
one can write the total EDM as

dðtÞ ¼ ddc þ dac cosðmatþ φaxÞ; ð3Þ

where ddc and dac are the magnitudes of the static and
oscillating parts of EDM, respectively, and φax is the phase
of the axion field. In this paper, we propose using the storage
ring technique to probe the oscillating EDM signal [18–20],
with some modification of storage ring conditions depend-
ing on the axion frequency. Instead of completely zeroing
the g − 2 frequency, we just control and tune it to be in
resonance with the axion background field oscillation
frequency. We propose searching for the oscillating EDM
term by using a resonance with the g − 2 precession
frequency. This method is expected to be more sensitive,
and the systematic errors are easier to handle than in the
frozen spin storage ring EDM method. Using the storage
ringmethod, one can scan the frequency range from10−9 Hz
up to 100 MHz, which corresponds to an axion parameter
space of about 1013 GeV ≤ fa ≤ 1030 GeV.
The particle (or field) discussed in this paper is not the

exact QCD axion. However, we use the term axion for
both axions and axionlike particles without distinguishing
them throughout the paper.

II. RESONANCE OF AXION-INDUCED
OSCILLATING EDM WITH g − 2 SPIN
PRECESSION IN STORAGE RINGS

The previously proposed storage ring EDM experiment
is optimized for a dc (fixed in time) nucleon EDM, applied
to protons and deuterons [18–20]. It is designed to keep
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Dark Matter/Dark Energy

• Magnetic focusing
• Radial E-field for frozen spin

• CW and CCW injections. 
Main error source (vertical 
velocity) is suppressed with 
symmetric lattice.

 

Storage ring probes of dark matter and dark energy
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We show that proton storage ring experiments designed to search for proton electric dipole moments can
also be used to look for the nearly dc spin precession induced by dark energy and ultralight dark matter.
These experiments are sensitive to both axion-like and vector fields. Current technology permits probes of
these phenomena up to 3 orders of magnitude beyond astrophysical limits. The relativistic boost of the
protons in these rings allows this scheme to have sensitivities comparable to atomic comagnetometer
experiments that can also probe similar phenomena. These complementary approaches can be used to
extract the microphysics of a signal, allowing us to distinguish between pseudoscalar, magnetic and electric
dipole moment interactions.

DOI: 10.1103/PhysRevD.103.055010

I. INTRODUCTION

A variety of cosmological and astrophysical measure-
ments have established that nearly 95% of the energy
density in the Universe today is in dark energy and dark
matter. The nature of these cosmic fluids remains a mystery.
Since these fluids form a preferred (cosmic) background, a
generic way to search for the properties of these fluids is to
look for the effects of the motion of standard model par-
ticles against this cosmic background “ether.” Experiments
that test Lorentz invariance can thus be reinterpreted as
searches for interactions between the standard model and
these dark fluids [1].
Spin precession experiments [2–6] are a canonical test

of Lorentz invariance. These look for an anomalous
precession of a spin caused by an interaction between a
spin moving against a background classical field. These
experiments are a particularly well motivated way to search
for ultralight dark matter candidates such as axions and
axion-like particles, which naturally possess such spin-
precession-inducing interactions [7]. Moreover, unlike dark

matter where ultralight particles are simply a possible class
of dark matter candidates, any viable dark energy candidate
that is not a cosmological constant has to be an ultralight
classical field. Axion-like interactions that induce spin
precession are also a natural expectation of such dark
energy candidates, particularly when those candidates can
actually solve the cosmological constant problem [8,9].
Spin precession experiments that search for axion dark

matter [10] are largely focused on axions with a mass larger
than ∼1 Hz. In this regime, many technical sources of noise
(such as vibrations and magnetic shielding) are more easily
ameliorated. There is however considerable scientific
motivation to develop techniques that can search for such
signals at much lower frequencies. This is important since
the observational limit on the mass of dark matter is as low
as 10−7 Hz, wherein dark matter in this mass range gives
rise to an essentially dc signal in an experiment. Moreover,
the spin precession induced by dark energy will also be a dc
signal since any change to the frequency of this signal has
to be comparable to the Hubble scale ∼10−18 Hz. The
challenges of a dc spin precession signal are currently
combated through the use of atomic comagnetometers
[2,4–6], where the relative precession between two species
in a medium is used to cancel out many sources of
technical noise.
In this paper, we propose the use of storage rings as an

alternate technique to search for such spin precession.
Storage rings are devices where a relativistic beam of
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large radial electric field looks like it has a large magnetic
component perpendicular to the plane of the ring. If the
proton has an EDM, then its spin will also precess around
the large electric field and thus out of the plane of the ring.
The protons spins are measured continuously over the
period of about 1000 s that they spend in the ring.
Our proposal is to use the same storage ring to search for

time-varying dark energy (with axionic couplings) and
axion (or vector) dark matter. Note that for the axion case,
as in Fig. 1, the proton’s spin must be oriented radially
(instead of tangentially as in the EDM case) so that it will
precess around the proton’s velocity, out of the plane of the

ring. The signal of axion dark matter or dark energy then is
a small rising component of the proton’s spin out of the
plane as a function of time. Thus the same storage ring can
be used to search for dark matter and dark energy as will be
used for the proton EDM. We are just searching for a
different signal with a different dependence on the spin
orientation of the proton and also, in the case of dark matter,
with a fixed temporal frequency (see Sec. II).
In Fig. 2 we show an estimate for the sensitivity of

this proposal to axion dark matter. Figure 3 shows the
sensitivity to time-varying dark energy, assuming it has an
axion-like coupling. We have assumed similar numbers to

NS + SN 1987A

resonant

10–22 10–20 10–18 10–16 10–14 10–12

10–14

10–13

10–12

10–11

10–10

10–9

10–8

10–6 10–4 10–2 100 102

mass (eV)

g a
N

N
(G

eV
–1

)

frequency (Hz)

FIG. 2. The sensitivity of the storage ring proposal to axion dark matter in axion-nucleon coupling gaNN vs mass of axion. The gray
region is excluded by excess cooling in neutron stars and SN1987A. The solid blue line shows the estimated sensitivity of the proton
storage ring experiment assuming a 1000 s storage time and sensitivity to a proton spin precession rate of 10−9 rad=s. The dashed blue
line shows the sensitivity of a resonant version of the experiment.

FIG. 1. A sketch of the geometry for this storage ring proposal (left figure) and the directions of the proton’s spin σ⃗, velocity β⃗ and
precession, as well as the axion field gradient seen by the proton (right figure). The proton’s spin must be oriented radially and will then
precess around its velocity (out of the plane of the ring).
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Alternative focusing options for g-2 (doc-db 194)
• Before CERN went with the “magic” momentum they were considering magnetic 

focusing.
• Yuri Orlov, in the sixties wrote to E. Picasso that an RF-system could solve the 

issue related to the muon position resolution.
• When I asked Francis Farley what was the reason for the rejection, he said: we 

didn’t know what is the effect of the RF-fields on the spin.
• Today we have high confidence in the simulation results, agreements with 

analytical estimations down to 1ppb
• An RF-cavity with low Q is required (to be designed) 
• B-field focusing and RF-cavity, E. Metodiev et al., NIM A 797 (2015) 311.
• Pitch effect with quadrupole 

component in cylindrical coordinates:

where the nonlinearity arises from the application of Maxwell's
equations in cylindrical coordinates. The horizontal and vertical
tunes are given by νx ¼

ffiffiffiffiffiffiffiffiffiffiffi
1"n

p
and νy ¼

ffiffiffi
n

p
respectively.

We make use of the relations [10] from Eq. (6):

ox4
r0

¼ "αp
θ2
0
2

¼ "
1

1"n
θ2
0
2
; ð9Þ

and θ0 ¼ y0=ðr0=
ffiffiffi
n

p
Þ, where y0 is the maximum vertical excursion.

From this we see that

CB ¼
By

B0
"1

" #
¼ "

n
r0
ox4þn

y20
4r20

¼
n

1"n
θ2
0
2
þ
θ2
0
4
: ð10Þ

By considering the time-averaged relative B-field change, call-
ing CB the modification due to the different B-field encountered by
the particle, we find that the correction Cn ¼ C"CB to the (g"2)
precession frequency in a magnetic storage ring with weak
focusing, i.e. ωm ¼ωað1"CnÞ, is given by the expression:

Cn ¼ a"
n

1−n

$ %θ20
2
: ð11Þ

Here we see that several terms of the inhomogeneous B-field
correction and the correction in Eq. 5 cancel, leaving a small correc-
tion. The necessity of including the second-order inhomogeneous
magnetic field contributions was overlooked by previous authors.
Thus, investigating the precision of the tracking program identified an
oversight and led back to improvement of the analytical estimate.

This correction holds for a vertical pitch frequency much
greater than the (g"2) precession frequency of the particle, which
for a weak focusing ring means

ffiffiffi
n

p
⪢aγ. Eq. (11) implies that the

pitch effect can, in principle, be made to vanish for n¼ a=ð1þaÞ,
but the condition

ffiffiffi
n

p
⪢aγ makes it rather difficult to achieve. To

test the tracking program we introduced a particle with 10 times
the muon mass, with same a value as the muon, stored in a ring
radius of 7.112 m. The program indeed showed that the pitch
correction vanishes with an uncertainty at the part per billion
(ppb) level when n¼ a=ð1þaÞ was used.

For realistic muon parameters, the observed (g"2) frequency is
off from its correct value by þ0.109 ppm, for a vertical maximum
pitch angle θ0 ¼ 1 mrad, and n¼0.18, consistent with the offset
shown in Fig. 4 to sub-ppb level.

A resonance of the pitch effect correction occurs when the
vertical pitch frequency ωp is equal to the (g"2) precession of
the stored particles ωa. The correction C approaches Eq. (4) for

ωp⪡ωa and Eq. 5 for ωp⪢ωa. The full range of pitch corrections C
over a range of index values is shown in Fig. 5. When all the
fields are taken properly into account, as shown above, the
tracking results reproduce the same curve to sub-ppb level for
Δωa=ωa.

A comparison of the frequency shift predicted by Eq. (11) and
the results from tracking is given in Table 1. The analytical
estimates of the pitch correction and the tracking results are in
very good agreement, better than ppb level. This level of precision
is adequate for the Muon g"2 experiments currently underway
[6,11], both aiming for better than 0.1 ppm total systematic error.

4.3. Weak electric focusing

In the case of electric focusing in a uniform magnetic ring,
the expected precession frequency correction due to the pitch
effect is [2]

C ¼
1
4
θ2
0 β2"ða2β4γ2ω2

pÞ=ðω
2
a"ω2

pÞ
n o

: ð12Þ

and

C ¼
1
4
θ2
0β

2ð1þaÞ; ð13Þ

Fig. 2. The particle deviation from the ideal radial position over time, modulo 50 μs. The simulations used a maximum pitch angle of θ0 ¼ 1 mrad and magnetic focusing with
field index n¼0.01.

Fig. 3. The average 〈Δr=r0〉 versus the field focusing index n. The solid line
represents the predicted values while the points are the results of tracking. The
simulation used a maximum pitch angle of θ0 ¼ 1:0 mrad.

E.M. Metodiev et al. / Nuclear Instruments and Methods in Physics Research A 797 (2015) 311–318 313



Alternative focusing options for g-2 (doc-db 194)

• RF-cavity will 
reduce B-field 
uncertainty

• Inject polarized 
protons to map the 
magnetic field

• Meeting with B-
field team for best 
choice



Yannis K. Semertzidis, BNL

Muon g-2 collaboration meeting
FNAL, 12 January 2012

Weak magnetic focusing, Precision tracking

Reasons to consider weak magnetic focusing:  
1) Develop the beam/spin dynamics tools (tracking) 

and compare with theoretical expectations.
2) At the end of the experiment we can run with 

magnetic focusing. Some syst. errors are different.
3) Possibly cross-check with polarized protons (needs 

proton polarimetry- as per FJM Farley).
4) J-PARC muon g-2 plans to use ultra-weak magnetic 

focusing.



Summary

• Muon g-2 announcement put strong wind into the storage ring g-2/EDM sails

• The most promising of the possibilities is the frozen-spin EDM method. First 
estimations show that 10-26 e-cm may be possible for the deuteron and proton due 
to the vertical E-field temporal stability (see Bill Morse’s talk on the 
hybrid/symmetric ring lattice evading this systematic error). Study further the 
systematic error sources, IBS and vacuum requirements. Better sensitivity may 
be possible.

• Possibly 10-22 e-cm for the muon (current exp. target is 10-21 e-cm), statistics 
limited.

• The cost is ~$5-10M, FNAL would need a polarized proton/deuteron source. 
Combined with the hybrid/symmetric ring for the proton EDM (see Bill Morse’s 
talk aiming for 10-29 e-cm), it will provide a very powerful physics program.



Extra slides



Is the polarimeter analyzing power 
good at Pmagic? YES!

Analyzing power can be further optimized

24



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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