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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~ Hz to 100 MHz can, in principle, be
scanned with high sensitivity, corresponding to an f, range of 10! GeV < f, < 10°° GeV, the breakdown
scale of the global symmetry generating the axion or axionlike particles.
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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
10" GeV < f, < 10" GeV is potentially observable using
microwave cavity resonators, where f, is the global sym-
metry breakdown scale [9—12]. This method 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 GHz may
be covered using microwave cavity and/or open cavity
resonators [17]. However, this method cannot be used for
higher values of f, (lower mass region), because the axion-
photon coupling is suppressed by f, (~1/f2) and the
required resonance structures would be impractically large.
For the higher values of the scale, including Mgyt
(~10'% GeV)-Mp;, (~10' 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

dn:2.4x10‘16fi~(9x10‘35)cos(mat) le-em], (1)

a(t) = agcos(mgt), (2)

where a(r) is the axion dark matter field and m,, is the axion
mass. Graham and Rajendran proposed a method that
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measures the small energy shift with the form E- Zln 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 Egs. (1) and (2) with a possible static EDM,
one can write the total EDM as

d(t) = ddC + dac Cos(mat + (pax)v (3)

where d,;. and d,. are the magnitudes of the static and
oscillating parts of EDM, respectively, and ¢, 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
ring method, one can scan the frequency range from 10~° Hz
up to 100 MHz, which corresponds to an axion parameter
space of about 103 GeV < f, < 10%° 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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(freeze) the particle spin direction along the momentum
direction for the duration of the storage time, typically for
10° s, the stored beam polarization coherence time [20,21].
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 Thomas-BMT (Bargmann-Michel-
Telegdi) Egs. (4)—(6) [22,23]:

® = g + B, (4)
el z (1 pxE
AL

, E - -

where G = (g —2)/2 is the magnetic anomaly with G =
—0.14 for deuterons. Here, other terms are omitted by

assuming the conditions ﬁ E= [§ B =0. The parameter
n shown in the equation is related to the electric dipole
moment d as d = neh/2mc. Since we are dealing with a
time-varying EDM due to the oscillating axion background
field, # is also a function of time. The @ is the angular
frequency, i.e., 2z times the g — 2 frequency, describing
the spin precession in the horizontal plane relative to the
momentum precession.

The term @, 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 [20]. This condition can be achieved by setting
the £ 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 accumu-
lation. In contrast, for an oscillating EDM, when the axion
frequency (w,,) 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
direction flips every half cycle due to the axion field
oscillation and the relative direction between the E field
and the EDM d always remains the same.

In this idea of resonant axion-induced EDM with g — 2
spin precession, one can utilize the strong effective electric

field E* = E + CE X E, which comes from the B field due
to particle motion, as expressed in Eq. (6). In this case, the
effective electric field is about 1 or 2 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.

III. SENSITIVITY CALCULATION

The statistical error in the EDM for proton or deuteron
can be expressed with the following equation [19,20]:

2hs

" PAE"\/NT o,

where P is the degree of polarization, A the analyzing
power, E* the effective electric field that causes the EDM
precession, N, the number of particles stored per cycle,
the detection efficiency of the polarimeter, 7, the polari-
zation lifetime, and T the total experiment running time.
The s in the numerator is 1/2 for protons and 1 for
deuterons. One can easily calculate the sensitivity of
nucleon EDM measurement using this formula with the
corresponding experimental parameters.

In this study, we used the following method to calculate
the sensitivities of the axion EDM measurement including
the oscillation effect. First, we chose the target axion
frequency and then calculated the corresponding E and
B fields for the particle storage, which give the same g — 2
frequency as the chosen axion frequency. Then, the axion
oscillation and g — 2 spin 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
nucleons like deuterons or protons but also for other
leptonic particles like muons, provided there is a coupling
between the oscillating &ocp induced by the background
axion dark matter field and the particle EDM.

As shown in Eq. (6), the EDM part of the precession rate
can be rewritten as

(7)

04

do d y
) = — = —— s
4 dr sh
E* = E + cfB, (8)

where s is 1/2 for protons and 1 for deuterons.
Accordingly, d = %wd, and the error for the EDM d
can be written as

sh
Oq = an,,’ (9)
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where o,,, is the error for . It can be obtained from the fit
of the vertical precession angle 6 as a function of time.

The time variation of 6(z) will be obtained from the
asymmetry e(¢) measurement (explained below) using a
polarimeter [24—28]. For the hadronic particle case, one can
utilize the nuclear interactions between the spin-polarized
particles and target nuclei. In this case, the spin-orbit
interaction between the spin-polarized incident particle
and target nucleus is one of the major reactions that gives
asymmetrical scattering of the incident particle in the
azimuthal angle [29]. Carbon is one of the most efficient
target materials with a large analyzing power for both
deuterons and protons.

For example, the scattering cross section for a spin-1/2-
polarized particle (e.g., a proton) can be written as [25]

Iy ¢) = Lo(w)[1 + p,A(w)]. (10)

where 1(y) is the cross section for an unpolarized particle
scattered into the angle y, A (y) is the analyzing power of
the reaction, and p, = p | cos(¢) is the y component of the
beam polarization. p, is the component of beam polari-
zation perpendicular to the particle momentum. From
Eq. (10), the number of hits recorded in a detector located
at (y, ¢) can be written as follows:

N(y.¢) = nNoAQL (y. §). (11)

where n is the number of particles incident on the target, N 4
is the number of target nuclei per square centimeter, AQ is
the solid angle subtended by the detector, and { is the
efficiency of the detector. If we assume identical detectors
which are placed at symmetrical locations on the left and
right of the beam direction, the counts recorded on the left
and right are

L=N(y,0) = nN,AQL(w)[1 + piAy(w)]  (12)

and

R=N(y,7) = nNyAQCLy(w)[1 — p1A,(w)].  (13)

respectively. After simple algebra, one can obtain the left-
right asymmetry e for the vertically polarized beam as
follows:

€lt) = 7 (1) = pAO(), (14)

where A is the analyzing power, 6(¢) is the accumulated
EDM precession angle in the vertical plane, and L and R
are the number of hits on the left and right detectors,
respectively. Here we replaced the notation p | with p. As
mentioned earlier, one can get the EDM precession rate @,
from the asymmetry e(7).

The axion quality factor depends on the model used for
the calculation. In this paper, we used the axion quality
factor of Q,, =3 x 10° in reference to numbers from
two theory papers [30,31]. From the Q,, value, one can
calculate the possible measurement time 7,, = Qu/fax

(coherence time between the axion oscillation and g — 2
spin precession), where f,, is the axion frequency [11]. If
this time 7,, is larger than the polarization lifetime 7, [or
spin coherence time (SCT)], then we set the measurement
time to Ipol- Otherwise, the measurement time is set to
Q.x/fax- Furthermore, in some models, the oscillating
axion field is monochromatic with a quality factor in excess
of 10'9; see Refs. [32,33], and references therein. As shown
in Table I in the Appendix, with this high Q,, value, one
can reach very high sensitivities up to 107332¢ - cm under
the said assumptions.

In resonance microwave cavity experiments, the con-
version power of axion to photon is limited by the cavity
quality factor Q;. Therefore, there is no large benefit from
the high axion Q,, value if the cavity Q; is smaller than the
axion Q,,, value. The current cavity experiment assumes the
axion Q,, to be about a few times 10°, and the cavity Q; is
usually smaller than this. However, the proposed storage
ring method can obtain a large benefit from the large Q,,
value, since the spin tune stability in the storage ring
becomes very large and the sensitivity is even more
enhanced with higher Q,, values, as shown in Tables I
and II. For example, it was experimentally measured at
COSY that the spin tune was controllable at the precision
level of 107'° for a continuous 10% s accelerator cycle
time [34].

A. Pure magnetic ring

The effective electric field is an important parameter in
the sensitivity estimation. As shown in Eq. (6), E* is the

vector sum of the radial E field and # x B. For this study,
we started with a pure magnetic ring first. We assumed the
ring bending radius to be r = 10 m. In order to tune the
g — 2 frequency f,_, (or axion frequency on the resonance
condition), the B field was varied, and the momentum was
also changed accordingly to keep the ring bending radius
unchanged. The bottom right plot in Fig. 1 shows the
sensitivity as a function of the g — 2 frequency, and Eq. (7)
is used for the calculation. As can be seen in the plot, the
experiment is more sensitive at high frequencies. This is
because the larger B field provides a larger effective E field

by ¥ x B. Below ~10° Hz, the sensitivity decreases beyond
> 107%¢-cm. We decided to use the E and B field
combined ring for the low-frequency region to improve
the sensitivity in that range.

B. E/B combined ring

The B field was set to 0.38 T, and the E field was applied
to the radial direction (radially outwards indicates positive
direction) as shown in Fig. 2(a). Figure 2(b) shows the
g —2 frequency as a function of the applied E field. To
increase the frequency, the E field has to be reduced.
However, with this E-field change, the ring radius changes
as well. In order to keep the ring radius unchanged
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FIG. 1. Deuteron sensitivity vs g—2 frequency (or axion

frequency). Purely magnetic ring only with ring bending radius
r=10 m.

(r = 10 m for the deuteron in this example), the momen-
tum is adjusted accordingly. Some examples of the exper-
imental conditions are listed in Table L.

Using the parameters shown in Table I, we generated the
asymmetry data, and the data were fit to a function which is
a combination of a linear function and an exponential
function reflecting polarization decay. From the fit, we
obtained the error for the precession frequency, o, . The fit
error was inserted into Eq. (9) to calculate the error of
the EDM d.

“10° g-2 frequency (P=1 GeV/c, B=0.38 T)
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FIG. 2. E/B combined ring for g — 2 frequency tuning. (a) The
coordinate of B, E and v. (b) g — 2 frequency vs E field.

In order to observe changes in the vertical spin direction
due to EDM precession, only two measurements, at an
early time and a later time, are required by spending half
of the total particles for each measurement. By using as
many particles as possible for two points, an optimum error
can be obtained. However, we used 20% of the particles in
this simulation to monitor the spin status during the
measurement.

An example of the simulation result with the fit is shown
in Fig. 3. In the simulation, 40% of the particles were
extracted in the early 10% of measurement time (or storage
time), and another 40% were extracted in the late 10% of
measurement time. The remaining 20% of the particles
were extracted in the middle 80% measurement time. The
middle 80% of time can be used to measure the g —2
frequency. The calculated sensitivities are also shown in
Table I for the deuteron case and are all about 10~*¢ - cm
or less.

The polarimeter efficiency and the average analyzing
power used for the sensitivity calculation were 2%
and 0.36, respectively, for the deuteron case (Table I).
The numbers are for the elastic d-C reaction (exclusive
reaction) measured at the deuteron energy of 270 MeV
(p = 1042 MeV/c¢) [35]. The analyzing power is a func-
tion of the particle energy, and one should avoid the
energies that have small analyzing powers. For a frequency
of 1 MHz, the required momentum is about 2.8 GeV/c
(T ~ 1.5 GeV) for a magnetic field of 0.92 T, as shown in
Table 1. In the literature [36], one can find corresponding
analyzing powers for the inclusive d-C reaction to be
maximum about 0.15 within the angle range we are
interested in, 5°-20°. This value is still practically
useful, but beyond this momentum the analyzing power
might be too small to be used for the deuteron polarization
analysis.

We repeated the estimations for the proton case as well,
and the results are shown in Table II. For the proton, we
assumed the ring bending radius to be 52 m. This is the ring

Axion Frequency : 10° Hz

"
g0 hi
C Entries 1000
Y= Mean 19.91
E Std Dev 7.028
9 i %2/ ndf 1066 / 999
" Prob 0.06976
0 Wi p1 -1.257e-07 + 8.779e-10
ol -1
445 F
2
-3
-4
-5
C PR S T ST S S SNT S NN SO ST S A NS S
0 5 10 15 20 25 30
Time (s)
FIG. 3. Simulation result of asymmetry vs time with fit.
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radius value suggested for the static EDM measurement by
the storage ring proton EDM Collaboration [20]. The
proton has a larger magnetic anomaly (G = 1.79) than
the deuteron, and its mass is half that of the deuteron.
Therefore, its spin precession rate in the magnetic field is
about 26 times more sensitive than the deuteron case. For
this reason, small magnetic fields have to be used for a low
axion frequency scan. Because of the small magnetic field
(contributing to effective electric field E*), the calculated
sensitivities are not as good as in the deuteron case.
However, the resulting sensitivities are still comparable
to the static EDM case (~107*¢ - cm). Instead of varying
the electric field strength (as was done for the deuteron
case), the magnetic field was changed to modify the g — 2
frequency. We changed the momentum as needed to keep
the same ring radius. However, we kept the proton kinetic
energy at around 200 MeV (P > 650 MeV/c) to keep
a large analyzing power from the polarimeter detector.
The average analyzing power for a proton energy of about

T T T T T T T T T T T
- 00FfF .
o
.06} g
12 | .
> I =
O 48t @50 .
— ¢, =n/8
24 [ 0,4 i
— o, =12
30 F E
S,=$1=(0,0,1)
-36 | -
" | Y (NI NS U N T ST ST T S T
40 0 10 20 30 40 50 60 70 80 90 100 110
Time (us)
(a)

200 MeV is about 0.6 [37], and this value was used in the
sensitivity estimation as shown in Table II.

The last two rows in Table II are for the presence of a B
field only, and the ring bending radius used was r = 10 m.
A high frequency (> 107 Hz) can be easily reached at small
B fields. However, for a constant ring bending radius, the
momentum has to be changed. When the proton case is
combined with the deuteron results shown in Table I, one
can perform measurements from 10™° Hz to 100 MHz
using the same storage ring with a bending radius
of r =10 m.

IV. AXION PHASE EFFECT

Since the initial phase of the axion field is unknown, the
phase ¢, that appears in Eq. (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 ¢,,. Figure 4 shows the effect of

- 3.5 LA L B B BN B B EENLA BN B L B
9 28 S1 4
% | [—s2
21} [——S3 ) E
[ ——s4
14 F e
0.7 - .
>‘ -
9N oot 4
0.7 E
14T $1=(0,0,1) ]
21L $2=(1,0,0) ]
L $3=(0,0,-1)
28 $4=(-1,0,0) 8
-3.5 L YR [T SR T TN (NN S T T (NN AN T SR (TS N S SN SN NN S
-0 0 10 20 30 40 50 60 70 80 90 100 110
Time (us)
(b)

S2

(¢)

FIG. 4. Axion phases and EDM precession rates. (a) Axion phase dependence of EDM precession rates. (b) Spin polarization
dependence of EDM precession rates. Initial axion phase ¢,, = /8. (c) Example of four orthogonal spin polarization settings.
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initial phase on the vertical spin precession (EDM effect).
The parameters used in the simulation are for an axion
frequency of 10° Hz, which is shown in Table 1. The spin
tracking was done by integrating the following two
equations [22,23] for spin and velocity, respectively:

g Y = o=z (9 v \BxE
~(51) 0 B (5 )
n(= = E vy B-E-
+z< X3+zv+—17ﬂ)]’ (15)

G el - E jE-
dt_ym[ﬁXB+C_C ﬂ]- (16)

As can be seen in Fig. 4(a), the vertical EDM precession
rates are different depending on the initial axion phases.
However, this arbitrary axion phase problem can be solved
using two (or four) spin-polarized beam bunches with a
fixed phase relationship between bunches. An example of
four beam bunches with initial spin polarization indicated
by short arrows is shown in Fig. 4(c). The figure shows the
phase relationship between each spin relative to the electric
field. The phase of S1 is z/2 ahead of the E field, = for S2,
3z/2 for §3, and so on. While the direction of the electric
field is fixed to the ring center, the spins precess with g — 2
frequency during circulation in the ring. However, the
relative phase difference between four bunches of beam
polarization is always the same during the precession.

Figure 4(b) shows four different initial spin polarization
effects for wgpy in the case of ¢, = x/8. From the
measurement of individual spin polarization, the total
EDM precession rate can be calculated using the relation-

ship wgpy = \/ Ofpamst T @ipm.so Where wgpy sy and
wgpM.s2 are precession rates for the two sets of polar-
izations S1 and S2, respectively, with a z/2 phase differ-
ence relative to the electric field as shown in Fig. 4(c).
The corresponding axion phase can be obtained by

w S .
Pux = arctan(#i:;?). As can be seen in the example shown

in Fig. 4(b), the S1 and S3 states have large precession rates
(3.2 x 1077 rad/s) for the axion phase of ¢,, = /8, and
the precession directions are opposite to each other. On the
other hand, note that the other two polarizations S2 and $4
have smaller wgpy than the two counterparts of the
polarizations (S1 and S3). In any case, the actual precession
rate wgpy can be calculated using the formula
shown above.

Figure 5 shows a simulation result for deuteron spin
precession in an E/B combined ring with 100 kHz of g — 2
frequency. The electric and magnetic fields used in the
simulation were 7.05 x 10° V/m and 0.38 T, respectively.

FIG. 5. Deuteron spin precession in an E/B combined ring.

The initial spin direction was set to the 4z direction (0,0,1),
and the total precession time shown in the figure is 100 us.
As can be seen, the vertical spin component (S,) 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.

The induced EDM due to the Ocp has been calculated to
be 3 times larger for the proton than that for the deuteron
[18,19]. This means that the proton EDM described by
Eq. (1) is 3 times larger than the deuteron case [38].
However, in this sensitivity estimation, we used the same
EDM d for both the deuteron and the proton.

V. SCANNING METHOD

The sensitivities presented in Tables I and II are based on
the assumption that we know the axion mass (frequency)

f . =10°Hz

x10° axion @ T ndf 3.686-16/8

r Prob 1

C PO —2.405e-09 + 2.06e-09

C p1 2.4646-07 + 2.9126-09

02~ 6.283¢-06+ 0

. p 3.943 +0.01185
o1l
- N
° N
S C
] N
~ 07
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1T} L
3 N
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Eoo s x0?
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FIG. 6. wgpy () measurement with the frozen spin condition.
The data are fit to the sine function for the sensitivity calculation.
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and perform the measurement at the same frequency for
8 x 107 s. However, since we do not know the axion mass
yet, all the possible frequency ranges have to be searched
for. We used different scan methods for different frequency
regions.

For very low frequencies, f,, < 100 xHz, one can use
the frozen spin method, which was used for the static EDM
search, parasitically. With this method, one can take data
repeatedly from the frozen spin condition for a limited
storage time. The storage time has to be smaller than the
axion coherence time and spin coherence time. For exam-
ple, assuming a spin coherence time of 10* s, one can use
10* s as the maximum storage time, and with this storage
time one can test up to 100 yHz.

Figure 6 shows an example of simulation results for an
axion frequency of 1 pyHz. Each point corresponds to
wgpym(t) whose data were taken for 10* s. The data points
are fit to the sine function, and the sensitivity is calculated
from the fit results. The sensitivity calculated with this
method was about 1073'¢ - cm for frequencies < 100 uHz.
This method can be used for higher frequencies if one uses
a shorter measurement time (< 10° s). No extra measure-
ment is required for the axion search in this frequency
region. One can do the static EDM experiment with frozen
spin conditions and do the analysis for the axion signal
search afterwards.

For higher frequencies, the resonance method can be
used. Each run is done at a fixed frequency with the
resonance conditions. In this case, the axion coherence time
can be used as the measurement time for each storage time.
Assuming the measurement time to be one axion coherent
time for each frequency and 10'! particles per storage,

Oscillation Frequency (Hz)

2x10™° 2x107 2x10* 2x10™ 2x10° 2x10° 2x10°
1 1 1 1 1 | 1 1 1 1 1 1 1 1 1 1 1
10 1 Pure magnetic ring - -7 10*
107 ] short-time base ) - L 107
B v - L
] A o\ C
10°]  nEDM ™~ o e E1g
- 6\6 L. g 9(0\ -
a ] - 0\\]\ IPPSE]
S 4 10
[} F
) L 107
w® C
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F10%
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10.3‘ T T T T T T T T T T T T T T T T T 10-31
10 10”' 107 10" 107 10° 10°

Axion Mass (eV)

FIG. 7. Experimental limits for the frequency scan with
deuterons. The measurement time is assumed to be 3 s for each
frequency with an E + B ring and axion coherence time with a
B-field ring. See Table III for details.

SCT =10*s, and Q,, =3 x 10°% the sensitivities are
calculated to be about 1072° — 107%%¢ - cm.

In order to shorten the scan time, one can use a shorter
measurement time. As an example, we tested each fre-
quency for 3 s of measurement time, and Table III shows
the sensitivity estimation results. 10'! particles were used
for each measurement. We used the axion width,
Af v = far/Qar» as the scan step. The total scan time
can also be estimated by multiplying the measurement time
of each frequency by the number of steps. The resulting
total scan time was calculated to be about 2 yr for both
1 Hz-1 kHz and 1 kHz-1 MHz, respectively. For the
higher-frequency range, 1-100 MHz, the total scan time is
about 1.3 yr. The limit plot drawn based on the calculation
results shown in Table III is presented in Fig. 7. The
neutron EDM case is added for comparison (see Sec. VI
for a detailed explanation). The average sensitivities were
used for the limit plot for both the B-field ring and E/B
combined ring.

The scan time estimation described above is based on
resonance. However, one can utilize off-resonance signals
to shorten the scan time. In Fig. 8, the simulation results
show that the storage ring method is sensitive to the off-
resonance case as well. The simulation was performed with
the g —2 frequency of 100 kHz and assumed the axion
frequency to be 2 Hz off the g—2 frequency. The
measurement time was 30 s. One can clearly see the beat
oscillation signal at 2 Hz which can be obtained from the
FFT analysis as shown in Fig. 8(b). Figure 8(c) shows
the FFT magnitude as a function of the axion frequency
offset from the g — 2 frequency. The off-resonance sensi-
tivity decreases as the axion frequency moves away
from the resonance [see the inset in Fig. 8(c)]. The
sensitivity at resonance is estimated to be 4 x 107*7¢ - cm
at f,, = 105 Hz.

From this simulation study, we found that one can obtain
sensitivities of < 107>*¢ - cm within 0.002% offset of the
g —2 frequency. Using 2 x 0.002% (=4 x 107f,,) as
the scan steps, the scan times are estimated to be 60 days
for both 1 Hz-1 kHz and 1 kHz—1 MHz and 40 days for
the scan range of 1-100 MHz. In this rough scan time
estimation, we used the same measurement time of 30 s for
the three frequency ranges. However, for precise calcu-
lations, the axion coherence time and spin coherence time
should be considered for each frequency step. Then, the
scan times for the high-frequency range will be shorter
because of the short axion coherence time. In any case, the
resulting scan time can be significantly reduced compared
to the resonance scan case.

The off-resonance signal could be too small to be
detected. However, recently, O’Hare et al. reported impor-
tant results saying that a strong dark matter wind could be
blowing in our region of the Galaxy [39]. If that is the case,
there could be high chances of detecting strong axion
signals.
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VI. AXION GLUON COUPLED EDM SEARCHES
AND THE SENSITIVITY OF THE EXPERIMENTS

The current experimental limit comes from the ultracold
neutron trap method (NEDM) [40-44]. One can compare
the sensitivities between the NEDM method and the storage
ring EDM method. For example, the statistical error of
the NEDM for one day’s measurement is reported to be
6 x 107%¢ - cm (see [42] for details). This result is based
on the experimental parameters such as the number of
particles per storage (13 000 neutrons), a free precession
time of 130 s, and an electric field of 450 kV/m. Compared
with the proposed storage ring EDM method, the number of
particles can reach up to 10'" per storage, the polarimeter
efficiency can be about 2% for the proton or deuteron case,
the effective electric field can be over 1 GV/m, and the

FIG. 8.

measurement time, which is limited by the spin coherence
time, can be more than 10* s. For example, for the 10° Hz
deuteron case with a measurement time of one day, the
sensitivity is estimated to be ~10728¢-cm. From this
comparison, one can tell the storage ring method is more
sensitive than the ultracold neutron trap method, by roughly
more than 3 orders of magnitude.

However, NEDM collaborations have been pursuing
efforts to improve sensitivity using a highly sensitive
spectrometer that can improve sensitivity by 10 times
the current record of 1072%¢ - cm. They expect to achieve
an even higher sensitivity of 3 x 1072%¢-cm with an
upgraded ultracold neutron source [45-49].

Figure 9 shows the experimental limits for the axion-
gluon coupled oscillating EDM measurements. For
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comparison, we include the NEDM results, which were
taken from Fig. 4 in Ref. [40]. Two sets of data are
displayed for comparison. Two different time bases were
used for the least squares spectral analysis (LSSA). The
“long-time base” plot is an analysis of data collected from
1998 to 2002 (4 yr), and the “short-time base” is from the
data taken with higher sensitivity from 2015 to 2016
(506 days). Here the terms long-time and short-time base
imply different LSSA analysis steps used. For the long-time
base analysis, the LSSA analysis step of 7.49 nHz (1/4 yr)
was used, and 23 nHz (1/506 days) was used for the short-
time base analysis. The details are described in the
reference.

Based on the calculation results shown in Tables I and II,
the projected limit of the storage ring EDM method is
drawn by the red dotted line for the resonance method with
the pure magnetic ring (I MHz < f,, < 100 MHz), the
blue dotted line with the E/B combined ring method
(100 pHz < f, < 1 MHz), and the magenta dotted line
for the frozen spin method (f,, < 100 mHz). For an axion
frequency below 100 mHz, one can take data from the
frozen spin condition which is used for the static EDM
experiment. By combining many separate runs of data, as

Oscillation Frequency (Hz)

2x10™° 2x107 2x10* 2x10™ 2x10° 2x10° 2x10°
1 0-4 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ] 1 10A
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FIG. 9. Experimental limits for the axion-gluon coupled oscil-
lating EDM measurement. The NEDM results are included for
comparison. See Ref. [40] for detailed NEDM results. The limits
for three different frequency regions are indicated with different
colors of broken lines. Average values are used for each
frequency region. See the column for SCT = 10* s and Q,,,; =
3 x 10° in Tables I and II for the relevant numbers. If 10'° is used
as the axion quality factor, the C;/f, can be improved by 1 or 2
orders of magnitude in the high-frequency region. An estimation
of the limit plot for storage ring EDM method is made by
assuming that the axion mass (frequency) is known, and the
measurement is performed for 8 x 107 s at that frequency.
However, for very low frequency ranges (f,, < 100 mHz), the
axions can be searched for with high sensitivity using the frozen
spin method without knowing the axion frequency. See the text
for details.

the ultracold neutron EDM experiment did (periodogram
analysis) [40], searching for the very low frequency region
is possible. Even lower frequency searches are possible
with data collected for longer times. The sensitivities
used for the projected limit plot were averages for the
SCT = 10* s and Q,,; = 3 x 10° in Tables I and II for the
100 MHz proton case.

The CASPEr experiment proposes cosmic axion
searches using the nuclear magnetic resonance (NMR)
method [50,51]. They utilized the resonance of nuclei spin
precession with the oscillating axion field. With the NMR
method, one can search the high-frequency region when a
strong magnetic field is used.

The axion field is proportional to the square root of the
local axion dark matter density. For this calculation, we
used plSsal ~ 0.3 GeV/cm?® as the local cold dark matter
density. Furthermore, it can take advantage of the recently
proposed local dark matter enhancement factors from the
focusing effects due to planetary motion [52,53].

VII. SUMMARY AND CONCLUSION

As a candidate for dark matter, the axion has been the
target of extensive searches using microwave cavities and
other methods. The fact that the axion-gluon coupling can
produce an oscillating 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 resonance con-
ditions. With the experimental conditions, we estimated the
achievable sensitivities, and the result shows the experi-
ment is more sensitive than the planned static EDM
measurement (107>°¢ - cm) by at least one order of mag-
nitude, < 1073% - 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, f,, < 100 mHz, one can search for the axion
with the sensitivities of ~1073!¢ - cm using the frozen spin
method, without knowing the axion frequencies.

A wide range of frequencies (10~ 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.

With the frozen spin conditions, systematic errors from
an imperfect field alignment or residual B field are not
canceled, and one needs to correct them using specific
technologies [20,54]. However, with nonzero g —2 pre-
cession, the four bunches of polarizations rotate and the
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10719 as mentioned in Sec. TIL.

|
APPENDIX: SENSITIVITY ESTIMATION RESULTS

As shown in Sec. III, the statistical error of the EDM d can be calculated from the fit of the experimental data with the
Eq. (Al):

TABLE I. 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 the initial polarization was 0.8. The axion
quality factors are Q,,; = 3 x 10% and Q,,, = 10'°.

Sensitivity (e - cm)

SCT=103s SCT = 10*s SCT=10%s

B (T) P (GCV/C) fg—2 (HZ) Er (V/II]) E* (V/m) anl an2 anl anZ anl an2

0.3800 0.9428 1.E1 8.82E6 4.23E7 9.9E-31 99E-31 3.1E-31 3.1E-31 99E-32 9.9E-32
0.3800 0.9429 1.E2 8.82E6 4.23E7 9.9E-31 909E-31 3.1E-31 3.1E-31 14E-31 9.9E-32
0.3800 0.9433 1.E3 8.80E6 4.24E7 9.9E-31 909E-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 99E-31 8.3E-31 3.1E-31 1.2E-30 9.9E-32
0.3800 0.9880 1.ES 7.05E6 4.60E7 3.5E-30 9.1E-31 3.5E-30 29E-31 3.5E-30 9.1E-32
0.3800 1.0345 2.ES 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 3.47ES5 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.ES —1.26E7 7.93E7 5.7E-30  5.3E-31 39E-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 27574 1.E6 0.0 2.28E8 5.3E-30 44E-31 34E-30 14E-31 5.3E-30 9.7E-32
9.1977 27.5740 1.E7 0.0 2.75E9 3.3E-30 3.7E-32 44E-30 2.5E-32 44E-30 2.4E-32

TABLEII. Examples of experimental parameters for frequency tuning and results of the 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 » = 10 m for the pure magnetic ring. The polarimeter efficiency used was 2%,
and the initial polarization was 0.8. The axion quality factors are Q,,; = 3 x 10° and Q,,, = 10'°.

Sensitivity (e - cm)

SCT=10%s SCT = 10* s SCT =10°s

B (T) P (GeV/C) fg—2 (HZ) Er (V/m) E* (V/m) anl an2 anl an2 anl an2

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  19E-30 4.1E-31 19E-30 1.6E-31
—-0.00243 0.6747 1.E5 —8.0E6 7.57E6 6.4E-30 1.7E-30 49E-30 5.3E-31 6.4E-30 1.7E-31
—0.00495 0.6519 2.BE5 —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.ES -1.1E7 8.24E6 1.2E-29  1.1E-30 1.2B-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 14E-29 5.3E-31 1.6E-29 209E-31
—0.02666 0.6643 8.E5 —1.2E7 7.38E6 1.8E-29 1.7E-30 1.8E-29 54E-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 44E-29 3.6E-31 4.4E-29 19E-31 44E-29 24E-31
3.65868 10.9684 1.E8 0.0 1.09E9 23E-29 39E-32 34E-29 5.8E-32 34E-29 5.8E-32
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TABLE III.

Deuteron sensitivities for the 3 s measurement. The last raw is for proton. AP is the analyzing power, E* the effective

electric field, wgpy the spin precession rate, T, the axion coherence time, and T,.,, the measurement time.

Sf9— (Hz) Ring type AP E* (V/m) WEDM T cone (8) T meas (8) Sensitivity (e - cm)
1.0E1 E-+B 0.36 4.23462E + 07 —3.2E-07 300000 3 6.2E-26
1.0E2 E+B 0.36 4.23499E + 07 —3.2E-07 30000 3 6.2E-26
1.0E3 E+B 0.36 4.23822E + 07 —3.2E-07 3000 3 6.2E-26
1.0E4 E-+B 0.36 4.27061E + 07 —3.2E-07 300 3 6.1E-26
1.0E5 E+B 0.36 4.60434E + 07 —3.5E-07 30 3 5.7E-26
2.0E5 E-+B 0.36 4.99613E + 07 —3.8E-07 15 3 5.2E-26
4.0ES E+B 0.36 5.85416E +- 07 —4.4E-07 7.5 3 4.5E-26
6.0ES E+B 0.36 6.82496E + 07 —5.2E-07 5 3 3.8E-26
8.0ES E+B 0.36 7.93095E + 07 —6.0E-07 3.75 3 3.3E-26
1.0E6 E-+B 0.36 9.20350E +- 07 —7.0E-07 3 3 2.8E-26
1.0E6 B 0.15 2.27994E + 08 —1.7E-06 3 3 2.8E-26
1.0E7 B 0.15 2.75104E 4 09 —2.1E-05 0.3 0.3 7.2E-26
1.0ES8 B 0.25(P) 1.09285E + 09 —1.7E-05 0.03 0.03 1.7E-24

sh Al parameters. Three spin coherence times and two axion

Cd E* Oy (A1) quality factors are considered in the calculations as

where s is 1/2 for protons and 1 for deuterons, E* the
effective electric field, and w, is the vertical spin pre-
cession rate. We estimated the sensitivity of the experi-
ment using this formula with appropriate experimental

examples. Table I and II show the sensitivity estimation
results for deuteron case and proton case, respectively.
Table III is the sensitivity estimation results for deuterons
calculated with 3 s of measurement time. The details are
described in the text.
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