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

An axion in the parameter range of 1011 GeV ≤ fa ≤ 1013 GeV is potentially observable using
microwave cavity resonators, where fa is the axion decay constant [1, 2, 3]. This method detects
photons from the axion dark matter conversion in the presence of strong magnetic fields. In the
next decade it is expected that the axion frequency range of 0.1-50 GHz may be covered using
microwave and/or open cavity resonators. However, this method cannot be used for higher value
region of the scale fa (lower mass region) because the axion-photon coupling is suppressed by
fa
(
∼ 1/ f 2

a
)

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. For
example, in the nucleon case, the EDM can be expressed as [2, 3]

dn = 2.4×10−16 a
fa

∼ (9×10−35)cos(mat) [e · cm] , (1.1)

a(t) = a0 cos(mat), (1.2)

where a(t) is the axion dark matter field and ma is the axion mass. By combining the eq.(1.1) and
eq.(1.2) with a possible static EDM, one can write the total EDM as,

d(t) = dDC +dAC cos(mat +ϕx), (1.3)

where dDC and dAC are the magnitudes of the static and oscillating part of EDM, respectively, and
ϕx is the initial phase of the axion field. In this paper, we propose using the storage ring technique
to probe the oscillating EDM signal [5, 6]. 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 ring method, one can scan the frequency range from 10−9 Hz up to 100 MHz, which
corresponds to an axion parameter space of about 1013 GeV ≤ fa ≤ 1030 GeV.

2. Resonance of Axion induced oscillating EDM with g−2 precession in the storage
ring

The previously proposed storage ring EDM experiment is optimized for a DC (fixed in time)
nucleon EDM, applied to protons and deuterons. It is designed to keep (freeze) the particle spin
direction in the longitudinal direction for the duration of the storage time, typically for 103 s, the
stored beam polarization coherence time. In this case, the radial electric field in the particle rest
frame is precessing the particle spin in the vertical plane. The precession frequency in the presence
of both E and B fields is expressed by the T-BMT equation eq. (2.1) ∼ (2.3) [7, 8].

~ω = ~ωa +~ωd , (2.1)

~ωa =− e
m

[
a~B−

(
a− 1

γ2 −1

) ~β ×~E
c

]
, (2.2)
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~ωd =− e
m

[
η

2

(
~E
c
+~β ×~B

)]
, (2.3)

where a = (g−2)/2 is the magnetic anomaly with a = −0.14 for deuteron. The parameter η

shown in the equation is related to the electric dipole moment d as d = ηeh̄/4mc. Since we are
dealing with a time varying EDM due to the oscillating axion background field, η is also a function
of time. The ~ωa is the angular frequency, i.e., 2π times the g− 2 frequency, describing the spin
precession in the horizontal plane relative to the momentum precession.

Figure 1: Deuteron spin precession in E/B combined ring.

The term ~ωd is due to the EDM and the corresponding precession takes place in the vertical
plane. For a time independent nucleon EDM, the spin vector will precess vertically for the duration
of the storage time if the horizontal spin component is fixed to the momentum direction. This
condition can be achieved by setting the E and B fields properly and is called the frozen spin
condition.

With a nonzero g−2 frequency, the average EDM precession angle becomes zero for the static
EDM case because the relative E field direction to the spin vector changes within every cycle of
g−2 precession. For example, the spin tilts in one direction (up or down) due to the EDM within
one half cycle and then tilts in the opposite direction for the other half cycle, resulting in an average
accumulation of zero. The presence of a static EDM will only slightly tilt the g−2 precession plane
away from the horizontal plane, without a vertical spin accumulation. In contrast, for an oscillating
EDM, when the axion frequency (ωx) is the same as the g−2 frequency with the appropriate phase,
the precession angle can be accumulated in one direction. This is possible because the EDM flips
every half cycle and the relative direction between the E field and the EDM d always remains the
same.
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In this idea of resonant axion induced EDM with g− 2 spin precession, one can utilize the
strong effective electric field ~E∗ = ~E+c~β ×~B, which comes from the B field due to particle motion.
In this case, the effective electric field is about one or two orders of magnitude larger than the
applied external E field which can be up to 10 MV/m and has an apparent technical limitation in
strength.

Fig. 1 shows a simulation result for deuteron spin precession in a E/B combined ring with
100 kHz of g-2 frequency. The electric field and magnetic field used in the simulation were 7.05×
106 V/m and 0.38 T, respectively. The initial spin direction was set to the +z direction (0,0,1) and
the total precession time shown in the figure is 100 µs. As can be seen, the vertical spin component
(Sy) is accumulated while the horizontal spin precession takes place at the g-2 frequency. As
mentioned before, the vertical precession rate depends on the initial axion phase.

3. Sensitivity of the experiment

In this study, we use the following method to calculate the sensitivities for the axion EDM
measurement including the oscillation effect. First we chose the target axion frequency and then
calculate the corresponding E and B-fields for the particle storage which give the same g− 2 fre-
quency as the chosen axion frequency. Then, the axion oscillation and g−2 precession will be on
resonance and the EDM precession angle in the vertical plane can keep accumulating during the
measurement time. With the chosen axion frequency and the axion quality factor Q, we estimated
the statistical error and the resulting error was used to calculate the experiment sensitivity along
with the effective electric field. This method can be used not only for the nucleons like deuteron
or protons but also can be used for other leptonic particles like muons provided there is a coupling
between the oscillating θQCD induced by the background axion dark matter field and the particle
EDM. As shown in eq. (2.3), the EDM part of the precession rate can be rewritten as eq. (3.1)

ωd =
dθ

dt
=−2d

h̄
E∗,E∗ = E + cβB. (3.1)

Accordingly, d = h̄
2E∗ ωd , and the error for the EDM d can be written as eq. (3.2).

σd =
h̄

2E∗ σωd , (3.2)

where σωd is the error for ωd . It can be obtained from the fit of the vertical precession angle θ as a
function of time. For this study, we wrote a simulation program that produces asymmetry data ε(t)
which gives precession angle θ as a function of time. The left-right asymmetry ε for the vertically
polarized beam is defined as follows [9].

ε(t) =
L−R
L+R

(t) = PAθ(t), (3.3)

where A is the analyzing power, θ(t) is the accumulated EDM precession angle in the vertical plane
and L and R are number of hits on the left and right detectors, respectively. We use this formula in
the MC simulation to get the asymmetry data with given axion frequency.

Table 1 and 2 show sensitivity calculation results for both proton and deuteron cases.
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Table 1: Examples of experimental parameters for frequency tuning, and results of sensitivity
calculation (Deuteron). The analyzing power was assumed to be A = 0.36 if the momentum P was
below 2 GeV/c and A=0.15 was used for the momentum P>2 GeV/c. The ring bending radius was
10 m. The polarimeter efficiency was assumed to be 2% and initial polarization was 0.8. The axion
quality factors: Qax1 = 3×106, Qax2 = 1010.

B (T) P (GeV/c) fg−2 Er (V/m) E* (V/m)
Sensitivity (e·cm)

SCT = 103s SCT = 104s SCT = 105s
Qax1 Qax2 Qax1 Qax2 Qax1 Qax2

0.3800 0.9428 1.E1 8.82E6 4.23E7 9.9E-31 9.9E-31 3.1E-31 3.1E-31 9.9E-32 9.9E-32
0.3800 0.9429 1.E2 8.82E6 4.23E7 9.9E-31 9.9E-31 3.1E-31 3.1E-31 1.4E-31 9.9E-32
0.3800 0.9433 1.E3 8.80E6 4.24E7 9.9E-31 9.9E-31 4.3E-31 3.1E-31 3.8E-31 9.9E-32
0.3800 0.9473 1.E4 8.65E6 4.27E7 1.4E-30 9.9E-31 8.3E-31 3.1E-31 1.2E-30 9.9E-32
0.3800 0.9880 1.E5 7.05E6 4.60E7 3.5E-30 9.1E-31 3.5E-30 2.9E-31 3.5E-30 9.1E-32
0.3800 1.0345 2.E5 5.06E6 5.00E7 4.6E-30 8.4E-31 4.5E-30 2.7E-31 4.5E-30 9.8E-32
0.3800 1.1326 4.E5 3.47E5 5.85E7 5.5E-30 7.2E-31 5.5E-30 2.3E-31 5.5E-30 5.2E-32
0.3800 1.2386 6.E5 -5.47E6 6.82E7 5.8E-30 6.2E-31 5.3E-30 2.0E-31 5.8E-30 1.1E-31
0.3800 1.3546 8.E5 -1.26E7 7.93E7 5.7E-30 5.3E-31 3.9E-30 1.7E-31 5.7E-30 1.0E-31
0.3800 1.4836 1.E6 -2.14E7 9.20E7 5.5E-30 4.6E-31 3.5E-30 1.4E-31 5.5E-30 1.0E-31
0.8000 2.5124 1.E6 -9.13E6 2.01E8 1.6E-30 1.5E-31 2.5E-30 6.6E-32 2.5E-30 4.6E-32
0.9198 2.7574 1.E6 0.0 2.28E8 5.3E-30 4.4E-31 3.4E-30 1.4E-31 5.3E-30 9.7E-32
9.1977 27.5740 1.E7 0.0 2.75E9 3.3E-30 3.7E-32 4.4E-30 2.5E-32 4.4E-30 2.4E-32

Table 2: Examples of experimental parameters for frequency tuning, and results of sensitivity
calculation (Proton). The analyzing power was assumed to be A = 0.6 for the momentum P<1
GeV/c and A = 0.25 was used for the momentum P>1 GeV/c. The ring bending radius was 52 m
for the E/B combined ring, and r = 10 m for the pure magnetic ring. The polarimeter efficiency used
was 2% and initial polarization was 0.8. The axion quality factors: Qax1 = 3×106, Qax2 = 1010.

B (T) P (GeV/c) fg−2 Er (V/m) E* (V/m)
Sensitivity (e·cm)

SCT = 103s SCT = 104s SCT = 105s
Qax1 Qax2 Qax1 Qax2 Qax1 Qax2

0.00011 0.6984 1.E1 -8.0E6 8.02E6 1.6E-30 1.6E-30 5.0E-31 5.0E-31 1.6E-31 1.6E-31
0.00010 0.6984 1.E2 -8.0E6 8.02E6 1.6E-30 1.6E-30 3.6E-31 3.6E-31 2.2E-31 1.6E-31
0.00008 0.6982 1.E3 -8.0E6 8.01E6 1.6E-30 1.6E-30 6.9E-31 5.0E-31 6.1E-31 1.6E-31
-0.00015 0.6960 1.E4 -8.0E6 7.97E6 2.2E-30 1.6E-30 1.9E-30 4.1E-31 1.9E-30 1.6E-31
-0.00243 0.6747 1.E5 -8.0E6 7.57E6 6.4E-30 1.7E-30 4.9E-30 5.3E-31 6.4E-30 1.7E-31
-0.00495 0.6519 2.E5 -8.0E6 7.15E6 9.6E-30 1.8E-30 9.5E-30 5.6E-31 6.7E-30 2.0E-31
-0.01523 0.7103 4.E5 -1.1E7 8.24E6 1.2E-29 1.1E-30 1.2E-29 4.8E-31 1.2E-29 2.3E-31
-0.02002 0.6711 6.E5 -1.1E7 7.51E6 1.6E-29 1.7E-30 1.4E-29 5.3E-31 1.6E-29 2.9E-31
-0.02666 0.6643 8.E5 -1.2E7 7.38E6 1.8E-29 1.7E-30 1.8E-29 5.4E-31 1.8E-29 3.4E-31
-0.03327 0.6583 1.E6 -1.3E7 7.27E6 2.1E-29 1.7E-30 2.1E-29 5.5E-31 2.1E-29 3.8E-31
0.36587 1.0968 1.E7 0.0 8.33E7 4.4E-29 3.6E-31 4.4E-29 1.9E-31 4.4E-29 2.4E-31
3.65868 10.9684 1.E8 0.0 1.09E9 2.3E-29 3.9E-32 3.4E-29 5.8E-32 3.4E-29 5.8E-32

4. Axion phase effect

Since the initial phase of the axion field is unknown, the phase ϕx that appears in eq.(1.3)
cannot be controlled in the experiment. However, the rate of the EDM precession angle strongly
depends on the relative phase between the initial spin and axion phase ϕx. Fig. 2 shows the effect
of initial phase on the vertical spin precession (EDM effect). The parameters used in the simulation
are for the axion frequency of 105 Hz, which is shown in Table 1. The spin tracking was done by
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integrating the following two equations for spin and velocity, respectively.

d~s
dt

=
e
m
~s×

[(
g
2
− γ −1

γ

)
~B−

(g
2
−1
)

γ

γ +1

(
~β ·~B

)
~β −

(
g
2
− γ

γ +1

) ~β ×~E
c

+
η

2

(
~β ×~B+

~E
c
− γ

γ +1

~β ·~E
c

~β

)]
,

(4.1)

d~β
dt

=
e

γm

[
~β ×~B+

~E
c
−

~β ·~E
c

~β

]
. (4.2)

-10 0 10 20 30 40 50 60 70 80 90 100 110

-3.6

-3.0

-2.4

-1.8

-1.2

-0.6

0.0
-7.2x10 -12 rad/s

-2.5x10 -7 rad/s

S0=S1=(0,0,1)

-3.2x10 -7 rad/s

-3.5x10 -7 rad/s

x1
0-1

1
Sy

Time ( s)

 x=0
 x= /8
 x= /4
 x= /2

(a) Axion phase dependence of EDM precession
rates.

(b) Spin polarization dependence of EDM pre-
cession rates. Initial axion phase ϕx = π/8

(c) Example of four orthogonal spin polarization
settings.

Figure 2: Axion phases and EDM precession rates.

As can be seen in Fig. 2a, depending on the initial axion phases, the accumulated vertical
EDM precession rates are different and random. However, this random axion phase issue can be
resolved using two (or four) orthogonally set spin polarizations. An example of four orthogonally
set polarizations are presented in Fig. 2c. Fig. 2b shows the effect of four orthogonally set spin
polarizations on the ωEDM. From the measurement of individual spin polarization, one can calcu-
late the total EDM precession rate using the relationship, ωEDM =

√
ω2

EDM,S1 +ω2
EDM,S2, where

ωEDM,S1 and ωEDM,S2 are two orthogonally set polarizations. The corresponding axion phase can
be obtained by ϕx = arctan(ωEDM,S2

ωEDM,S1
). As can be seen in the example shown in Fig. 2b, the S1

5



P
o
S
(
P
S
T
P
2
0
1
7
)
0
3
6

Axion EDM search Seongtae Park

and S3 states have large precession rates (3.2× 10−7 rad/s) for the axion phase of ϕx = π/8, and
the precession directions are opposite to each other. On the other hand, note that the other two
polarizations S2 and S4 have smaller ωEDM than the two counter part of polarizations (S1, S3). In
any case, the actual precession rate ωEDM can be calculated using the formula shown above.

5. Summary and conclusion

As a candidate for dark matter, the axion has been the target of extensive searches using mi-
crowave cavities and other methods. The fact that the axion-gluon coupling can produce an os-
cillating EDM in nucleons led to the novel idea of measuring the oscillating EDM in hadronic
particles like the proton and deuteron. We propose using the storage ring technique to measure the
axion induced oscillating EDM at the resonance conditions between the axion frequency and g−2
spin precession frequency.

In this study, we calculated the electric field and magnetic field that are required for the res-
onance conditions. With the experimental conditions, we estimated the achievable sensitivities,
and the result shows the experiment is more sensitive than the planned static EDM measurement
(10−29 e·cm) by at least by one order of magnitude, ≤ 10−30 e·cm. This sensitivity is achieved if
we assume that we know the axion frequency and spend all the experimental time at one frequency
value. At very low frequencies, fax < 1 mHz, one can search for the axion with the sensitivities of
10−31 −10−32 e·cm using the frozen spin method, without knowing the axion frequencies.

A wide range of frequencies (10−9 Hz − 100 MHz) of axion dark matter can be searched
by using both deuterons and protons in the same storage ring. Even though the proposed method
does not reach the estimated sensitivity needed to reach the theoretical models of axion dark matter
induced oscillating EDM, it promises to be one of the most sensitive ways to look for axions over
a wide frequency range.
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