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We report on a search for dark matter axionlike particles (ALPs) using a Ramsey-type apparatus for cold
neutrons. A hypothetical ALP-gluon coupling would manifest in a neutron electric dipole moment signal
oscillating in time. Twenty-four hours of data have been analyzed in a frequency range from 23 yHz to
1 kHz, and no significant oscillating signal has been found. The usage of present dark-matter models allows
one to constrain the coupling of ALPs to gluons in the mass range from 10~'° to 4 x 10~!2 eV. The best
limit of Cg/f,m, = 2.7 x 10" GeV~2 (95% C.L.) is reached in the mass range from 2 x 1077 to

2x 1071 eVv.
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Dark matter makes up roughly 27% of our Universe’s
total mass-energy content [1]. So far, no dark-matter model
has been experimentally verified, but promising candidates
remain: the axion and a more general class of axionlike
particles (ALPs) with relaxed property constraints. The
axion was initially suggested to solve the strong CP
problem of quantum chromodynamics (QCD) [2-5]. The
solution is an additional U(1) symmetry to the standard
model of particle physics. The spontaneous and explicit
breaking of this symmetry results in a massive but ultralight
spin-0 particle, the axion. Since this pseudoscalar particle
must satisfy the Klein-Gordon equation, it results in an
oscillating field that could explain the dark-matter content
in our Universe. Most experiments, such as CAST, IAXO,
or ADMX search for the axion via its coupling to photons
[6,7]. Various models suggest interactions with other
particles such as standard model fermions (DFSZ models
[8,9]) or a new exotic heavy quark (KSVZ models [10,11]).
A summary of recent axion theories and experiments can be
found in the PDG review [12]. The coupling of axions and
ALPs to gluons is a common feature in theoretical models
[13-16]. One consequence of this coupling is that an
oscillating ALP field induces an equally oscillating electric
dipole moment (EDM) of the neutron [17]
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where Cs; is a model-dependent parameter, f, the ALP
decay constant, a; its oscillation amplitude, m, its mass,
and e the elementary charge. The parameter space of ALPs
is defined by their mass and the coupling Cs/f,. It is
restricted by various astrophysical and cosmological con-
straints, as well as scrutinized in three recent laboratory
experiments. The CASPEr experiment is dedicated to
searching for axion signals using nuclear magnetic reso-
nance techniques [18,19]. Two other experiments search for
a permanent EDM of the electron, using trapped molecular
ions, and the neutron, using ultracold neutrons in a storage
experiment. Both experiments found no significant oscil-
lating signal from the nHz region up to 0.4 Hz [20,21].
Here, we present the results of the Beam EDM experiment,
which employs a continuous cold neutron beam with
intrinsic sub-ms time resolution [22,23]. Thus, the acces-
sible frequency range is extended to 1 kHz. This allowed us
to extend the probed ALP-mass range by more than 3
orders of magnitude. Since no significant signal was found,
a new constraint on the possible existence of such ultralight
particles has been deduced.

We use Ramsey’s method of separated oscillatory fields
applied to neutrons to search for an axionlike dark-matter
signal [24,25]. In this technique, neutrons act as a spin
clock at their Larmor precession frequency in a magnetic
field B, which allows one to precisely detect magnetic or
pseudomagnetic field changes. The measured quantity is
the phase that a neutron spin acquires due to its coupling to
a magnetic field change AB(¢) and an electric field E

o= A i <y,,AB(t) + %(t) E> dr, (2)

where y,, is the gyromagnetic ratio of the neutron, d,,(z) its
electric dipole moment, 7 the reduced Planck constant, and
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FIG. 1. Schematic of the experimental setup where a neutron
beam enters from the left, polarized along the B field. It shows
the 6 m-long mu-metal shield around the interaction region and
the two 40 cm-long RF spin-flip coils for the /2 flips in green.
The electrodes and the electric field direction are shown in red,
and the magnetic field direction is indicated in blue. The spin
analyzer (purple) reflects one spin state and transmits the other.
The neutrons are detected using a 2D pixel detector with a
sensitive area of 10 x 10 cm? with 16 x 16 pixels. The vacuum
beam pipe surrounding the electrodes is not shown.

T;, the interaction time which depends on the neutron
velocity. Figure 1 shows a schematic of the experimental
setup installed at the cold neutron beam facility PF1b at the
Institut Laue-Langevin in Grenoble, France [26]. A beam
of polarized cold neutrons with a Maxwell-Boltzmann-like
velocity distribution, peaking at about 1000 m/s, enters a
constant and homogeneous vertical magnetic field
By =220 uT. The field is adjusted and stabilized to the
sub-nT level using fluxgate sensors and a 3D coil system. A
two-layer passive magnetic mu-metal shield surrounds the
experimental setup. Two radio frequency (RF) spin-flip
coils, one before and one after the interaction region,
induce resonant z/2 flips of the neutron spin. The inter-
action region with a length of 3 m is inside a vacuum beam
pipe between the spin-flip coils. It consists of three sets of
one-meter-long electrode stacks with a high-voltage elec-
trode in the center and two ground electrodes on the top and
bottom. The electrode separation is 1 cm. This setup allows
for two neutron beams passing between the electrodes,
simultaneously sensing the electric field direction parallel
and antiparallel to the magnetic field. This double beam
arrangement provides the possibility to compensate for
global field drifts and common-mode noise. Downstream
of the setup, a neutron spin analyzer spatially separates the
two spin states of each beam before they are counted in a
2D neutron pixel detector [27]. The neutron rate integrated
over the entire sensitive area of the detector was approx-
imately 107 s~!. The statistical counting error of the
detector was calibrated. It was found that the Poisson error
is overestimating the measured standard deviation by
approximately 10% for the given neutron rate and settings
of data acquisition due to event pileup. The potential of the
high-voltage electrode was set to 35 kV, and the resulting
electric field was directly measured with neutrons using the
relativistic 7 x E effect [28]. The measured electric field
amplitude agrees with the nominal value within 4%. The
reason for the small deviation is the slight vertical

displacement of the central high-voltage electrode due to
gravity. With this apparatus, the oscillating neutron EDM
caused by a hypothetical axion field would manifest in an
oscillation of the population in each spin state. This would
lead to a corresponding oscillation of the neutron asym-
metry for each beam, defined as

_M N,

A_ 9
NTJer

(3)

where N4 and N | are the neutron counts in the spin up and
down state, respectively. To be most sensitive to changes in
the asymmetry, the frequency and relative phase of the RF
spin-flip signals are adjusted such that for each beam
A=x0, ie., N4 =~ N,. This corresponds to the point of
steepest slope in a Ramsey resonance pattern.

To connect the signal amplitude of the neutron asym-
metry of Eq. (3) to the ALP-gluon coupling in Eq. (1)
multiple calibration measurements were conducted. In
these measurements, we created artificial signals by apply-
ing homogeneous sinusoidally oscillating magnetic fields
of various frequencies and amplitudes B, parallel to B,
through the entire setup using an additional rectangular
Helmbholtz-type coil. Note, such a field can be interpreted as
a corresponding false EDM signal using Eq. (2):

hy,B
dn: 7/2nEa'

4)

First, we conducted an offline calibration measurement
where we correlated the magnetic field amplitude B, to the
applied oscillating electric current in the auxiliary coil. The
field was determined at 47 positions over a distance of
5.3 m along the neutron beam path with five fluxgates
mounted in a cross-shaped arrangement on a magnetic field
mapper. The magnetic field was recorded with a sampling
rate of 10 kHz for two seconds at each position, and a
sinusoidal function was fitted to the data. The amplitude
was averaged over the interaction region and all five
fluxgates. The calibration parameter was measured to
Sp = (12.134+0.02) uT A"

A second calibration measurement was performed with
neutrons to correlate the amplitude of the oscillating
neutron asymmetry in Eq. (3) to the same coil currents
applied in the first calibration measurement. Here, we
acquired the neutron asymmetry for 60 seconds at a
sampling rate of 4 kHz and performed again a sinusoidal
fit to the data. This resulted in a value of S, = (11.5+
0.5) A~! for frequencies below 5 Hz. Together, the two
calibration measurements are used to translate the ampli-
tude of an oscillating neutron asymmetry into a corre-
sponding (pseudo-)magnetic field amplitude via

428,
B, =—=28 4. 5
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FIG. 2. Calibration factor Sz/S, as a function of frequency.
The measured data are shown as dots, whereas the red dashed line
is a least-squares fit of a Butterworth-filter function [29] which is
used for the data analysis. For instance, typical neutron asym-
metry signals of the order 10~ correspond to a pseudomagnetic
field of 14 pT for frequencies smaller than 5 Hz using Eq. (5).

The factor of 4.2/3 comes from the fact that the magnetic
and the electric interaction length are different as shown in
Fig. 1. The resulting calibration curve as a function of
frequency is presented in Fig. 2. The value is constant for
low frequencies up to approximately 5 Hz. The primary
reason for its subsequent rise is the frequency-dependent
RF shielding of the aluminum parts of the setup, i.e., the
construction frame, vacuum beam pipe, and electrodes.
Another reason is an effect that depends on the neutron
velocity: as shown in Eq. (2), the acquired neutron spin
phase has to be integrated over the interaction time. In the
case of an oscillating field, this integral becomes zero if the
period of the oscillation matches the interaction time. This
effect is suppressed for a beam with a broad velocity
distribution but still results in a decrease in sensitivity at
higher frequencies. Calculations, simulations, and further
test measurements that are not included in this Letter for
brevity suggest that the actual decrease in sensitivity would
be smaller for real ALP signals. However, since these
effects cannot be simply decorrelated, we use the presented
curve. This results in a conservative upper limit at high
frequencies if no ALPs were found.

We performed several continuous measurements of the
neutron EDM for the dedicated ALP search with various
duration and high-voltage polarities. The presented analysis
uses a total of 24 hours of data, taken with a sampling rate
of 4 kHz, i.e., we obtained a value for the neutron
asymmetry and, hence, the neutron EDM every 0.25 ms.
The potential of the central high-voltage electrode was set
to +35 kV. Hence, the electric field used for the evaluation
is E=2x35kV/cm as all the analysis is done for the
difference of the two beams. Data were taken on September
13 and 14, 2020, and are publicly available [30]. A
5 second-long subset of the data is presented in Fig. 3(a).
The entire data are split into two halves of 12 hours each.

Limits are based on the first half of the data, but an
oscillating signal would only be considered significant if it
appears in the spectral analysis of both sets at least on the 5-
sigma level. We performed the spectral analysis on the
neutron data using an adapted version of the generalized
Lomb-Scargle algorithm [31-34]. The basic concept of the
algorithm is to perform a y? minimization of the fit function
f(t) = asin(wt) + b cos(wt) + ¢, where a, b, and ¢ are the
parameters to be minimized for each frequency w. The

signal amplitude v a*> + b? is Rayleigh distributed assum-
ing only white noise.

We subtracted the signals of both neutron beams,
i.e., opposite electric field directions, from each other.
Figure 3(b) shows how this eliminates the eminent 50 Hz
signal coming from the power line frequency. The peak is
visible in the spectra of both beams separately but not in the
spectrum of the difference of the signals. The overall
spectrum shows three groups of significant signals of
different origins that are not ALPs. The first group appears
for frequencies below 10 mHz. They can be explained by
long-term magnetic gradient field drifts due to temperature
changes. They happen on the timescale of hours and result
in a rise in signal amplitude. The second group is located in
the frequency range between 10 mHz and 2 Hz. They are
caused by the data structure itself, and a subrange is
presented in Fig. 3(c). Our sequence of data taking is
divided into runs of 62.5 s duration. Each run consists of
57.5 s of measurement time and 5 s of downtime to save the
data. This time structure leads to peaks at the inverse run
time of 16 mHz and higher orders. Additionally, the 5 s gap
leads to an envelop hump structure with a period of
200 mHz. For frequencies higher than 2 Hz, these peaks
are too small to be detected. The third group of significant
signals has a statistical origin. Since the amplitudes of the
signals follow a Rayleigh distribution, the pull or signifi-
cance is also distributed accordingly. We found 113 +
I £ 9y and 132 £ 11, & 135 events above the 5-
sigma threshold in the first and second half of the data,
respectively. The frequencies of the events of both sets do
not coincide. The systematic error originates from the
uncertainty of the detector count-error calibration. These
values are slightly below the 162 statistically expected
events for a dataset with 43.6 million analyzed frequencies.
With the use of Eq. (5), the neutron asymmetry amplitude
shown in Figs. 3(b) and 3(c) can be translated into the
pseudomagnetic field amplitude. The full spectrum with a
reduced spectral resolution is shown in Fig. 3(d). The most
sensitive region of a few pT is in the central flat region.

Besides having a significant amplitude over the back-
ground noise level, an actual oscillating EDM signal must
disappear if no electric field is applied. This way, noise
signals or signals from external sources can be further
excluded. For this, we performed an additional measure-
ment with no electric field applied. Moreover, the ampli-
tude of a real signal must be identical for both electric field
directions but must exhibit a phase shift of z.
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The data for the top beam (blue upward triangle), the bottom beam (yellow downward triangle), and the difference between the

two beams (red circle) are shown for various stages in the data processing. (a) Measured neutron asymmetry for a time window of
5 seconds. (b) Frequency spectrum between 1 Hz and 60 Hz. The highly significant signal at 50 Hz from the power line frequency are
canceled out by analyzing the beam difference. (c) Discrete peaks appear in the spectrum due to the data structure. (d) After applying the
calibration as shown in Fig. 2, the neutron asymmetry spectrum translates into a pseudomagnetic field spectrum. Error bars were omitted
for reasons of readability but are of order 3 pT in the most sensitive central range. Note that the plots of (b)—(d) are based on the whole
12 hour dataset and that only a fraction of the data points are shown for legibility in all subfigures.

Overall, no significant signal was found at the same
frequency in both partial datasets. Thus, an upper limit on
the ALP-gluon coupling can be derived. Using Egs. (1) and
(4) as well as the calibration shown in Fig. 2, the coupling
can be calculated with

CG o 7nhBa
fa  agEx48x1071 ecm’

(6)

The oscillation amplitude relates to the local dark-matter
density via ay = v/2ppm/m,, assuming all dark matter
consists of ALPs. The coherence time of the dark-matter
field 7., is 10° periods of the oscillating signal [35], and our
measurement time 7" is 12 hours. For T > 7., the field is
deterministic and the local dark-matter density averages to
pom = 0.4 GeV/em® [36-38]. If T < 7., the field is
stochastic, and the amplitude then follows a Rayleigh
distribution with scale parameter a,/v/2 [39]. Since our
measurement time and frequency range cover both cases,
we display both limits in Fig. 4. The upper limit at a given
frequency is calculated by integrating the normalized
distribution of the coupling Cs;/f, up to the confidence

limit of 95%. Hence, the upper integration constant
corresponds to the upper limit of the ALP-gluon coupling.
In the case of deterministic dark matter, the coupling
follows solely a Rayleigh distribution. However, in the
case of stochastic dark matter, the coupling corresponds to
the ratio of two Rayleigh distributions which has a much
longer tail, resulting in a higher upper limit. We determined
a scaling factor of 3.2 4+ 0.3 compared to the deterministic
limit, in agreement with similar calculations by the
CASPEr collaboration [40].

Figure 4 shows our exclusion region of the ALP-gluon
coupling as a function of mass or frequency. The most
stringent constraint of Cg/f.m, = 2.7 x 101° GeV~2
(95% C.L.) for deterministic dark matter was set in the
frequency range between 5 mHz and 5 Hz [46]. For
frequencies below 5 mHz, the upper limit increases due
to magnetic gradient field drifts. For frequencies above
5 Hz, the upper limit increases due to a decrease in
sensitivity of the apparatus, as shown in Fig. 3(d). For
reasons of legibility, we smoothed the limits in Fig. 4 with a
Savitzky-Golay filter [47]. To provide context, the con-
straints on 95% C.L. from the other laboratory experiments
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FIG. 4. Limits on the ALP-gluon coupling are shown as a
function of the mass or frequency. The shaded areas are exclusion
regions from cosmology and astrophysical observations (blue:
Galaxies [41], BBN [42,43], SN1987A [44,45]) and laboratory
experiments (orange: nEDM [20], HfH [21]). The black outlines
with the pink area mark the exclusion region of this publication
(labeled Beam EDM). The solid and dotted lines correspond to
the deterministic and stochastic dark-matter models, respectively.
The green line shows the canonical QCD axion.

are also presented [48]. In addition, indirect astrophysical
and cosmological constraints arise from galaxy luminosity
functions at high redshifts, big bang nucleosynthesis
models, and the SN1978A cooling. The QCD-axion line
shows the region where an axion would simultaneously
solve the strong CP problem and explain all dark matter.

In conclusion, we performed a direct laboratory search
for axionlike particles but did not find a significant
oscillating signal. We could constrain an ALP-gluon
coupling in a mass region covering almost 8 orders of
magnitude. Together with the results of two other experi-
ments, a large region of the ALP-dark-matter parameter
space could be excluded, and future EDM searches may
extend this even further.
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