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Searching for dark matter with a spin-based
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Axion-like particles (ALPs) arise from well-motivated extensions to the Stan-
dard Model and could account for dark matter. ALP dark matter would man-
ifest as a field oscillating at an (as of yet) unknown frequency. The frequency
depends linearly on the ALP mass and plausibly ranges from 1072 to 10 eV/c%
This motivates broadband search approaches. We report on a direct search for
ALP dark matter with an interferometer composed of two atomic K-Rb-*He
comagnetometers, one situated in Mainz, Germany, and the other in Krakow,
Poland. We leverage the anticipated spatio-temporal coherence properties of
the ALP field and probe all ALP-gradient-spin interactions covering a mass
range of nine orders of magnitude. No significant evidence of an ALP signal is
found. We thus place new upper limits on the ALP-neutron, ALP-proton and
ALP-electron couplings reaching below g v <107° GeV™, g.pp <107 GeV! and
Zuee <107 GeV7, respectively. These limits improve upon previous laboratory
constraints for neutron and proton couplings by up to three orders of
magnitude.

Abundant astrophysical and cosmological observations at different
scales'™ suggest that about 85% of the matter in the Universe does not
noticeably interact beyond gravitational interactions and is thus
known as “dark” matter (DM). Since the DM composition remains
unknown, it serves as a provocative indication of physics beyond the
Standard Model (SM) and drives the search for hypothetical DM
particles.

Ultralight (<10 eV/c? pseudoscalar bosons known as axion-like
particles (ALPs) are particularly well-motivated DM candidates*”. ALPs
could account for the correct abundance of relic DM (via, for example,

a misalignment mechanism®), and a subset of them could resolve the
strong-CP problem’. Additionally, ALPs can interact with SM particles
through couplings to photons, gluons, and fermions'’, offering direct
ways of probing their existence™ .

In this article, we present the results of an interferometric ALP
search (see also refs. 14,15). The search explores a wide mass range
(nine orders of magnitude) and investigates ALP couplings to three
distinct spin types (i.e., those associated with proton, neutron, and
electron). The interferometer is composed of two K-Rb-*He atomic
comagnetometers, one located at the Jagiellonian University in
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Krakow, Poland and the other, separated by 860km, at the
Johannes Gutenberg University in Mainz, Germany, see Fig. 1a. The
interference occurs through the phase-sensitive combination of the
amplitude data, in a manner similar to that used in radio telescope
networks (e.g., the event horizon telescope”). The main difference
between our and other schemes is that we are sensitive to ALP DM
gradients rather than electromagnetic waves, and that the corre-
sponding improvement in angular resolution does not play a role in
searching for DM, which is assumed to have a homogeneous local
density. It might, however, be important in searches when DM
models feature more heterogeneous mass distribution, including
streams and halos®?, or if there are distinguishable emitters of
bosonic fields in the Universe, e.g., black holes emitting ALPs in a
process of superradiance” or during binary merger®. The inter-
ference increases the signal-to-noise ratio of the search compared to
a single sensor®. This work constitutes the first constraints from an
interferometer composed of two comagnetometers.

We optimize both comagnetometers to operate in the self-
compensating regime> . To a first order, the devices are insensitive
to low-frequency magnetic-field variations, but retain sensitivity to
non-magnetic spin interactions?*”. This makes them excellent tools
for probing the interaction of the galactic ALP DM field a(r, t) with
neutron spins @y, proton spins @p and electron spins @, which are
described by the Hamiltonians

Hy=8awwVa- oy,
Hp=8qppVa 0Op, @
He :gaeeva <0,

where g nn, Sapp, and g are unknown coupling constants to neutrons,
protons, and electrons. Self-compensating comagnetometers have
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Fig. 1| Visualization of the spin-based interferometer. a The two devices com-
prising the interferometer are indicated in their respective locations in Mainz and
Krakéw. The small red arrows at the Earth’s surface point in the directions of the
sensor sensitivity axes. In our model, Earth is moving in the galactic rest frame at
velocity vg through the ALP DM field, characterized by its de Broglie wavelength
Apg, that is more than a thousand times larger than the Earth’s radius. Besides its
translational motion, Earth rotates around its axis, giving rise to sidereal modula-
tion of the signal at the frequency wg. Base image: Google Earth. Image ©2025
Google, Image Landsat / Copernicus, Data SIO, NOAA, U.S. Navy, NGA, GEBCO,
IBCAO. b Orientation of the sensitive axes of the comagnetometers with respect to
Earth’s rotation axis. The sensitive axes of the comagnetometers can be decom-
posed into components along and perpendicular to the Earth’s rotation axis. The
former results in an ALP signal component (carrier) arising at the ALP Compton
frequency w,, while the latter results in (generally asymmetric) sidebands separated

already established the most stringent limits in certain mass ranges,
even surpassing astrophysical constraints**~% In this work, we search
in experimentally unconstrained ALP parameter space in the ultralight
mass range below 10 eV/c.

If the estimated local DM density (=0.4 GeV/cm?)* is mostly due to
an ALP of mass m,, the occupation number of the ALP field would be
large, and hence it can be approximated as a classical field oscillating
near the ALP Compton frequency®. In this model, the characteristics of
the oscillating ALP field, such as the amplitudes and the phases of the
ALP-gradient components, fluctuate in time according to the proper-
ties of virialized DM*°. The characteristic time scale of the fluctua-
tions results from the ALP DM velocity spread, which leads to a
coherence time of around 10° oscillations of the field (for example,
about 15 years for m, =107 eV/c?).

In our work, we focus primarily on the regime where the coher-
ence time of the ALP collective oscillation is larger than the total
measurement time. In this regime, the ALP field can be treated as
having a constant amplitude and direction, and hence its signatures at
the two sensor locations are highly correlated. For reference, an ALP
particle of mass 107 eV/c?, assuming a relative velocity equal to that of
Earth in the galactic rest frame, has a de Broglie wavelength of -~10°
astronomical units. Thus, by properly combining the signals from both
stations, the ALP signals will be added constructively, while the effects
of local noise fluctuations sum incoherently and are suppressed,
see Fig. 1c.

An additional analysis of the results allows us to extend the search
to ALP masses below -~5x1072°eV/c%. This is possible by looking for
spectral signatures in the data that would arise due to the rotation of
the Earth. The properties of the field gradient in this ultra-low fre-
quency regime are discussed, and the signal properties are explicitly
reviewed below.

y O<-__|
| i),

\ -
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from the carrier by the sidereal frequency wg. ¢ Signal interferometry in the data
analysis (illustration). The points in the three subfigures correspond to the complex
Fourier amplitudes of all probed frequency bins of the Mainz (left), Krakéw (mid-
dle) datasets, and their combination (right). The frequency points are intended for
illustration purposes and do not correspond to experimental data. We assume
normal noise distributions. The circles indicate the standard deviation. The points
marked with red, blue, and orange represent injected ALP signatures observable in
both comagnetometers and how they appear in the combined signal. Due to the
directional sensitivity of the comagnetometers, the injected ALP signal manifests as
a carrier of amplitude A* only in the Krakow data, and sideband signatures of
different amplitudes and phases in both Krakow (4% ) and Mainz (4") data. The
phase difference between the signals arises due to the different orientation of the
sensitive axes (17/2), as well as the different locations (¢) of the sensors. Appropriate
phasing allows to coherently add the ALP signals, while the noise adds incoherently.
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This article is structured as follows. In the section “Signal model,”
we review the ALP DM signal model, explicitly showing the expected
signatures in the frequency domain for a daily modulated sensor, and
discuss how the sensitivity can be improved by analyzing interfering
signals from multiple sensors. In the section “Search strategy and
results,” we show the analysis framework and discuss how data is
combined to maximize a signal-to-noise ratio. As no ALP candidates
are found, we set limits on the ALP DM pseudoscalar spin interactions
in the section “Setting limits.” The experimental setup and some
technical details of the search are presented in the section “Methods.”

Results and discussion

Signal model

To describe the expected signal model in the two comagnetometer
locations, we utilize the framework described in refs. 30,37,38. Due to
its high occupation number, the ALP field can be approximated as a
sum of N independent oscillations. We write the components of the
ALP field gradient at position r and time ¢ in a Cartesian frame of
reference i =Xx, y, z, where the Solar System is at rest

h zpDM N . /
Var,t)=—Y"2= V;sin(w,t —k,,-r+
ar, o) mvac«/N;' (Wnt — K- T+ )

2
_ V2Pom > k..
70\/N n§:l(v,,),.cos(wnt k, r+¢,.

The negative sign in the second line is absorbed by the random
phase ¢,=¢, +m, c is the speed of light, m, is the ALP mass,
pom = 0.4 GeV/em?® is the local DM density, k,, = mav,/fi is the ALP-
field wave vector, w, is the angular frequency of each oscillating
mode n, and (v,); is the i-th component of the relative velocity v,
between the ALP mode and the sensor. Assuming that ALPs are
virialized in the Milky Way, the velocities v, follow a 3D normal
distribution centered at zero in the galactic frame. On Earth, the
observed velocity distribution will be offset by Earth’s velocity in the
galactic frame (vg);. We neglect effects due to the movement of Earth
within the Solar System, as it is negligible compared to the velocity of
the Solar System in the galaxy®. The velocity components (v,); are
then distributed according to

_ 1 v; — p)]?
flwy= %—ﬁeXP{— {T} }: 3)

where vo=220km/s is the virial velocity in the Milky Way, deter-
mining the variance of the velocity distribution to be v3 /2. The DM
escape velocity is neglected, since it has a negligible effect on the
distribution.

Each mode of the ALP field experiences a kinetic energy correc-
tion, leading to a small frequency shift w, ~ w,(1+v2/2c?). Thus, most
of the ALP spectrum is concentrated within a spectral width given by**

UZ
Aw =~ @, C—g ~ @, x107°, “4)

The collective mode can be described by a nearly monochromatic
oscillation with independent amplitude and phase for each orthogonal
spatial direction. The amplitudes and phases are random and evolve
smoothly on time scales set by the coherence time 7=2m/Aw. The
underlying probability distributions of the amplitudes and phases can
be derived from Egs. (2) and (3)*. This results in six independent
parameters: three amplitudes (ay, ay, and ), following Rayleigh dis-
tributions, and three phases (¢, ¢y, and @), following uniform dis-
tributions over [0, 2m)*’. Because the ALP de Broglie wavelength in the
analyzed mass range is much larger than the sensor separation,
A=2n/k,>d=860km, we neglect the spatial dependence, i.e.,

k, - r=0, in Eq. (2) for both sensors. The ALP gradient can then be
written as

5 N
Va(t)= cf!/)l%M ; v, COS(W t +P,,) ®)

=Xty COS(Wgt +y) + Y, COS(W L +P,) +2a, COS(W L +,),

where w, is the Compton angular frequency of the ALP. The sum can be
evaluated with the central limit theorem, and results in the amplitude
terms a;. The probability distributions of the amplitudes a; are given

by38
o, ~ Y 2Pou /V%/Zz(vg)iz o (6)
C

where a is a Rayleigh distributed random number with scale parameter
equal to one.

The sensitive axis m of a single sensor located at Earth’s surface
rotates with the sidereal frequency of Earth, wg. The coordinate system
is chosen such that the Z component is parallel to the Earth’s rotation
axis and the X component is perpendicular to the Greenwich meridian.
The coordinate system can be assumed static in the galactic rest frame
over the timespan of the experiment. This results in a fixed m, com-
ponent and daily modulated m, and m, components:

m(t)=x sin @ sin(wgt + ¢r)
+3¥sin 6 cos(wgt + ¢r) @)
+zcos6,

where 6= /(z,m) is the polar angle and ¢ = Z(x, m) is the azimuthal
angle in a spherical Earth coordinate system. The experimental signal is
proportional to the projection of the gradient of the ALP field on the
sensitive axis of the sensor.

va(o)- )= 50 (sinf(@, + 00t + 0y 4 00] — sin (0, — e+ 9~ B1])

. a, sin6
2

{cos| @, + wp)e + | + cos[ (@, — wert + oy — e }
+a, cosfcos(w,t+¢,).

®

The pseudomagnetic field in the experiment is given by B, = %"Va -m,
with p,/2m=-32.4MHz/T the gyromagnetic ratio of *He, and
Zerr = Zannén (€arpEp) the effective nucleon coupling taking into account
the neutron (proton) content &y (§p)*°. In the case of an electron
interaction, the effective coupling is given by the ratio of the gyro-
magnetic ratios of electron and neutron gesr = ZaeeVn/Ve (€€ the section
“Comagnetometer response to exotic electron interaction”).

To obtain the frequency-domain signature of Eq. (8), we describe
the three frequency components of the amplitude-modulated signal as
a carrier, oscillating at the ALP Compton frequency w, and two side-
bands, separated from the carrier by Earth’s sidereal frequency *wg.
The magnitudes of the three components (in magnetic-field units) are
given by

Al = @az cos @,
Hp
G SiNG -
A_|= ﬁT a2 +a2 — 2a,a, sin(p, — ¢,), 9)
sin6 :
|A+|:‘%:fT a2+ a2 + 20,0, Sin(gy — B)).

Because there are three complex amplitudes A and A. that depend
differently on six random variables a; and ¢; the amplitudes are
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independent of one another. It is worth noting that even though the
signal in the different frequency components is a result of an ampli-
tude modulation, the sideband amplitudes are generally asymmetric.
However, for measurements that average a large number of coherence
times, the sideband magnitudes converge to the same value.

Note that the total power of the gradient of the ALP DM signal
within a single coherence patch distributed among three frequencies
Wg, W+, and w_ is

A2

L2042 +1AP)
cos26

sin%6

:ggff<“§+“)2c+“§> =gilal, (10)

where a = (ay, a,, a,) gives the 3D amplitude of the ALP DM field.

In our experimental search for ALP DM, it is essential to consider
the role of noise in the comagnetometer data. Correlated measure-
ments of ALP DM with two sensors instead of a single sensor lead to a
substantial improvement in sensitivity. In fact, the improvement is
greater than a factor of +/2 expected from two measurements of a
quantity with uncorrelated noise?**'. The reason lies in the respective
orientation of the sensitive axes of the sensors. In our configuration,
the combination of both sensors allows access to all spatial compo-
nents of the ALP-gradient signal.

The individual ALP-gradient components are independent ran-
dom values described by Rayleigh distributions. Probing all of them
simultaneously using the ALP DM interferometer configuration
enables us to increase the combined signal amplitude and extend the
range of the search into lower values of gefr.

The spatial configuration of the two-station ALP DM inter-
ferometer is as follows: the sensitive axis of the Mainz station is hor-
izontal in the laboratory pointing East in the Earth rotation plane
(6),=90° +1°), and therefore, is exclusively sensitive to the sideband
signal A.. In contrast, the sensitive axis of the Krakéw station is hor-
izontal in the laboratory pointing North (6x=50°+1°). The Krakow
comagnetometer is therefore sensitive to all ALP spectral signatures
(carrier and sidebands). The uncertainties on the angle are negligible
compared to the statistical noise of the experiment.

Search strategy and results

In our experiment, we searched for ALP DM with Compton frequencies
up to 11.6 Hz. In this frequency range, the linewidth of the ALP signal is
below the frequency resolution of the analysis method. Additionally,
the sensitive axes of the comagnetometers are modulated at
the Earth’s sidereal frequency, wg/2m = 11.6 uHz, resulting in resolvable
sidebands, see Eq. (9). The expected amplitude ratio between the
central peak (carrier) and sidebands is given by the components of
the sensitive axes parallel (carrier) and perpendicular (sidebands) to
the rotation axis of Earth.

The data analyzed in this work correspond to a total of 40 25-h
segments in Mainz and 28 25-h segments in Krakéw, collected over a
92-day period between January 6 and April 7, 2024. Data collection was
performed as consistently as possible, but several technical interrup-
tions occurred during the measurement campaign. From that data,
25-h continuous data segments were used for the analysis, ensuring
sidereal frequency resolution (Aw < wg).

In general, when searching for unknown dynamic observables, it is
crucial to precisely know the sensor frequency response. However, in
the case of ALP DM, the frequency response cannot be directly mea-
sured. To address this issue, the frequency responses of both
comagnetometers to exotic interactions were inferred using the
method reported in ref. 29. The method involves (1) measuring the
response to a magnetic step perturbation, (2) fitting the Discrete
Fourier Transform (DFT) data with a model that describes the coupled
spin dynamics, and (3) inferring the frequency response of neutrons,
protons, and electrons to postulated non-magnetic (exotic) interac-
tions. In our analysis, the frequency responses were determined for

each 25-h data segment. The calibration-fit results for Mainz and Kra-
kéw are summarized and discussed in the section “Experi-
mental setup.”

The DFT is applied to a uniform timeseries of 25-h duration with a
rectangular window to generate a DFT subset. To coherently combine
ALP DM signals from different DFT subsets, a frequency-dependent
shift is applied, and the subsets are phase aligned. Then, all DFT sub-
sets of the respective station are averaged, resulting in a mean value
and its standard deviation. We confirmed that the time-shifted DFT
averaging procedure had no effect on the Fourier coefficients of
injected oscillations.

To search for ALP DM signals [Eq. (10)], we construct an estimator
of signal amplitude S(w). To achieve the optimum signal-to-noise ratio,
we extract all potential ALP DM signatures from the data by combining
the Mainz and Krakéw DFT datasets. We then combine the power of
the carrier and sidebands. Cross-correlated combination of spatially
distributed measurements has been performed previously, e.g., ref. 42.
In this case specifically, the complex Fourier components of the side-
bands (A.) in Mainz and Krakow are added with weights taking into
account the direction of the sensitive axes and the noise level (see the
section “Weights of the ALP signal estimator S(w)”). The interfered
sideband signal then reads

+ aliA’i e—i(¢+”/2)

ak +aV

M AM
AI§+M=atAt (11)

’

where @, are the weights with + designating the higher (+) and lower
(-) frequency sideband and superscript i=M, K indicates the Mainz
and Krakow stations, respectively. The angle between the positions of
the Mainz and Krakéw comagnetometers in the rotation plane of the
Earth is ¢, see Fig. 1b. Accounting for the angle ¢ is required to ensure
constructive interference of an oscillating ALP DM signal recorded in
the two comagnetometers. The constructive interference of the ALP
DM signal in the combination of the sidebands is illustrated in Fig. 1c.

Next, we combine the carrier in Krakow A* with the interfered
sideband signal AX*. The signal estimator S(w) for ALP DM incorpo-
rates the appropriate weights for averaging signal power; b* for the
carrier in Krakéw and b’i”"' for the upper and lower interfered side-
band, see the section “Weights of the ALP signal estimator S(w).” The
Mainz carrier signal does not contribute to the signal estimator S(w), as
its weight b = 0, because cos(6,,) ~ 0, meaning that there is no con-
tribution to AY from ALP DM. The estimator for the ALP DM signal S(w)
is defined in the following way

12)

Sty = | DT DA Al
bK+blﬁ+M+bli+M :

Note that the standard deviation of the DFTs is propagated accord-
ingly, resulting in an uncertainty in the signal estimator AS(w) for each
frequency.

The value of S(w), given in magnetic-field units and determined
from the acquired data, is represented by the blue points in Fig. 2. An
ALP DM signal in the S(w) data would correspond to a single data
point at frequency w,. Since this is one point out of the whole dataset
consisting of a million points, one per frequency, the distribution of
S(w) over all frequencies characterizes the technical noise of the
interferometer.

In order to estimate the expected value of the technical noise
amplitude at each frequency, fit(w), we use the measured values of S(w)
at surrounding points. For frequencies below 0.1Hz, the mean is
inferred from a global fit assuming a 1/f noise model. Above 0.1 Hz the
mean is based on the moving average of 500 consecutive points cen-
tered around (but excluding) the frequency of interest. Figure 2 shows
the mean of the technical noise as an orange line determined as
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Table 1| Summary of constants used in the data analysis

5 S(w)
10 L ¥ 5
technical noise Symbol Name Value Source
oo, o, ianifi
101 ] oy 95% global significance threshold & Neutron spin content 0.87 20
. in *He
E & Proton spin content 0.027 40
3 in °He
n YN Gyromagnetic ratio -32.43 MHz/T 54
of *He
Ve Effective gyromagnetic -5.38 GHz/T 55
ratio of K
Pom Local DM energy density 0.4 GeV/cm?® 33
Vo Virial DM velocity 220 km/s
i;?; Vg Velocity of Earth in the 233km/s
g galactic rest frame
?— Wg/2 Earth sidereal frequency  11.6 yHz
~ Om Mainz sensor polar angle  90%1°
Ok Krakow sensor 50+1°

Frequency f (Hz)

Fig. 2 | Signal estimator S(w), obtained by interfering the Mainz and Krakéw
comagnetometer data, for frequencies above wg. The results are shown as a
function of frequency in the upper figure. The data shows a 1/f scaling behavior up
to 1072 Hz consistent with the technical noise of the apparatus. The peak sensitivity
of the estimator reaches 10™ T. No ALP candidate is found beyond the global 95%
significance threshold in p value, as shown in the lower plot.

1.01 i »  Local detection threshold
1
0.81 : B we
! Technical noise
« 0.6 i
] i
0.4 i
1
0.2 i
1
1
0.0 T T b T T T T
0 1 2 3 4 5 6
|AK+M((A)) |
DAKTM(y)

Fig. 3 | Histogram of the measured-noise distribution and the combined
amplitude value at wg as a function of the measured Fourier amplitude. For an
ALP field oscillating below wg, the sidebands are not resolved, and an ALP signature
is present at wg. However, AY*(wg) is compatible with the expected noise dis-
tribution and thus no ALP candidates with frequencies w, < wg are reported. The
blue arrow indicates the frequency bin at wg, the dashed red line indicates the 95%
confidence detection threshold, and the orange distribution is the measured noise
for the frequency bins between wg and 0.01 Hz. The amplitude is normalized by the
standard deviation AA¥*(w) to whiten the noise.

discussed above, as well as a light red line indicating the 95% global
significance threshold for each frequency.

To determine whether any of the estimator data points are sig-
nificantly larger than expected from the measured technical noise, a
detection threshold is established. The set of the signal-estimator
values S(w), normalized with the expected noise at each frequency, is
found to match a non-central y* distribution with six degrees of free-
dom (see the section “Noise distribution and signal insertion demon-
stration”). The fitted non-central x* distribution is used to set the
detection threshold to guarantee that a candidate signal has only a 5%
global chance of arising due to technical noise, which accounts for the
look-elsewhere effect. The measured values of S(w) are consistent with
noise and therefore show no evidence of an ALP DM candidate.

For ALP DM with frequencies below wg, a different search
approach is used. An ALP DM contribution at wg would be observed for
the Compton frequencies w,<wg even if w, cannot be directly

polar angle

Effective gyromagnetic ratio of K atoms y, estimated for *K (/=3/2) in SERF regime, taking into
account the slowing down factor polarization level of 50%°°. We denote the polar angle as the
angle of the sensitive axis relative to the rotation axis of the Earth.

resolved in our data. This is due to the fact that the Earth’s rotation is
modulating the ALP field that would be measured in the experiment, so
there would always be a signal oscillating at Earth’s sidereal frequency
we. Similar analysis techniques have been proposed previously*** that
did not take into account the stochasticity of the ALP field. The width
of each frequency bin is approximately equal to wg. In this situation,
the sidebands are at wg + w,. Since wg > w,, they appear in the same
frequency bin at wg. By examining the frequency bin at wg, the ALP
search can be extended to the limit where the ALP oscillation is much
slower than the rotation of Earth (w, < wg). Due to the particular
characteristics of this bin, we do not include it in the general ALP DM
search described in the previous paragraph. Instead, we add Mainz and
Krakéw amplitudes with their respective weights and obtain A*"(w)
following Eq. (11). We use the estimator A*"(w)/AA*(w) normalized
by the standard deviation AA™*(w) as the expected noise model.
For the frequency bins below 0.1Hz the estimator histogram
follows a Rayleigh distribution, which is used to calculate the
detection threshold (95% local significance threshold) for the mea-
sured value A“M(wg). The results are shown in Fig. 3. The measured
amplitude at wg is S(wg) =4.7x10™ T, and the standard deviation is
AS(wg) =4.2x10™T. The standard deviation is calculated from the
value of the Fourier coefficients at w of each of the 25-h segments.
Then, it is propagated following the definition of S(w). It is consistent
with noise and therefore shows no evidence of an ALP DM candidate.

Setting limits
Since our measurements did not reveal any ALP DM candidates in the
frequency range below 11.6 Hz, we proceed to set limits on the ALP DM
pseudoscalar couplings. Specifically, we set exclusions on the ALP-
proton coupling g,pp, ALP-neutron coupling g vy, and ALP-electron-
coupling g,e.. For simplicity, when constraining one of the three cou-
plings, we do not consider interactions due to the other couplings. We
describe the exclusion strategy for a generic g.¢ coupling to the spin.
For proton and neutron couplings, gefr is rescaled by the respective
nucleon contributions &y and &y to the total nuclear spin to get the final
exclusions for gupp=Geri/Ep and gann = Ger/En- The values for *He of the
nuclear content are &y and &p are calculated by using by using the Full-
scale shell model, according to ref. 40. Table 1 shows the values for the
nuclear contents and the gyromagnetic ratios yy and y., among other
relevant parameters.

The electron-coupling frequency response of the setup depends
on the effect of the magnetic shield. While the effect of the shield on
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Fig. 4 | Exclusion plot for the neutron coupling (mean limits). Other laboratory
(solid lines) and astrophysical (dashed lines) constraints are shown for reference

and extracted from ref. 56: CASPEr-ZULF***, K*He***!, nEDM*, PSI HgM*®, SNO*’,
NASDUCK®, Hefei Xe®, ChangE*, and neutron-star cooling®?.

the ALP field itself can be neglected, the electron spins in the ferro-
magnetic shield “see” the exotic field effectively as a weak magnetic
field. The shield generates an actual magnetic field in its inner volume
to compensate. Therefore, within the shielded volume, we have both
the ALP field and the real magnetic field produced by the shield*.

The frequency-dependent response of the comagnetometer to
this combination of fields is discussed in the section “Comagnet-
ometer response to exotic electron interaction.” Below, the Larmor
precession frequency of *He (=3 Hz), the comagnetometer is, by
design, insensitive to magnetic fields and its frequency response to the
ALP field” is the same as the nuclear frequency response but rescaled
by the gyromagnetic ratio of the electron gyee = SerrVn/Ve-

To compute upper limits on the ALP-coupling strength, the sta-
tistical properties of the technical noise distribution and the distribu-
tion of ALP DM signatures in the signal estimator S(w) have to be
considered. The ALP DM signal distribution S, (w), given an effective
coupling g.s, is obtained by performing Monte Carlo simulations
based on Eq. (12). It accounts for the stochastic properties of ALP DM
(section “Signal model”) according to Eq. (9).

We use the Confidence Levels (CLs) method*’, commonly used in
new particle searches since ref. 48 to determine the limits on the
coupling strength g. If the measured value S(w) is purely due to noise,
it can be represented by a random number X,, drawn from a non-
central x> distribution with a scale parameter determined by the
expected value based on the neighboring points (1/ffit for frequencies
below 0.1 Hz and moving average for frequencies above). The potential
contribution to S(w) from an ALP DM signal can also be represented by
a random number accounting for its stochastic nature. We compute
this with Monte Carlo simulations and scale the ALP DM distribution
with the interaction strength ge. Finally, we add the noise distribution
to the signal distribution and draw from the combined distribution a
random number Xs. .

A certain value of g is excluded with CL=95% at frequency w
when

PXs.,<S(w))

PIX, <S@)) <1- CL=0.05,

13)

where P indicates the probability. The condition described by Eq. (13)
means that for the excluded value of g, there is only a 5% relative
probability that an ALP DM signal contributes to the measured value
of S(w).

The sidereal frequency bin at wg is used to expand the search to
frequencies below 10°Hz. Due to constraints on ALP DM density

below m, =102 eV/c*?, the exclusion from the sidereal frequency bin
is limited to the range from 2.4 x 1078 Hz up to the sidereal frequency
wg/2m~1.1x107° Hz. In this range, the field is considered nearly con-
stant (w, = 0). The derivation of the signal model in this regime, as well
as for the intermediate regime, is shown in the section “Derivation of
the ALP signal in the ultra-low oscillating regime w, < wg.”

For frequencies around 107 Hz, the total measurement time is on
the order of the ALP field coherence time 7, . The ALP oscillation is
coherent for measurement times TSt /2.5 In particular, for fre-
quencies w,/2m = 5 x 1072 Hz the ALP field is not coherent over the entire
measurement time (7=92 days). Therefore, for frequencies above
5x107Hz, we weaken our estimated constraints on the coupling con-

stants by | /T/t,, to account for the incoherent averaging, as discussed

in ref. 11. We also consider that over several coherence times the sto-
chastic amplitudes [ay, @), and a; in Eq. 9] will change. When calculating
Sg., (@) with MC simulations, we average the stochastic amplitudes over
the number of coherence times during the total measurement time.

The final results of this work are constraints on proton, neutron,
and electron ALP couplings g.nvn, Sarp, and Gue., respectively. The
excluded parameter space covers a frequency range from 1078 to
11.6 Hz, corresponding to masses from 1072 to 4 x 10 eV, a total of
nine orders of magnitude. Figs. 4-6 show the constrained parameter
space in the context of previous laboratory searches. We plot the
constraints smoothed with a moving average to guide the eye (mean
limits). The scatter of the constraint data is similar to that in Fig. 2. In
the mass range between 1.2x107 and 4 x1077eV, the exclusion
improves previous constraints by 3-4 orders of magnitude in g,y and
Zapp- The constraints on g,.. improve direct DM search constraint by
up to one order of magnitude and confirm the exclusions from solar
axions searches and stellar physics.

Note that we do not include the results of ref. 45 in Figs. 4 and 6.
Reference® presented a re-analysis of the comagnetometer data from
the Princeton group acquired in three different experiments**~'. More
recently, the Princeton group published their own re-analysis of their
data®, which notes critical issues in the interpretation of their data not
accounted for in ref. 45. We regard the Princeton analysis as the defi-
nitive interpretation of the data.

Both comagnetometers in Mainz and Krakéw are part of the
Advanced GNOME experiment™. With additional comagnetometers
currently in development, the network is set to expand, significantly
enhancing its sensitivity to both ALP DM and transient events in future
science runs.

At the same time, this experiment is part of the CASPEr family of
experiments**>, significantly improving previous CASPEr results (up
to seven orders of magnitude) while also extending the covered mass
range, see Figs. 4 and 5.

Methods

Experimental setup

The interferometer is composed of two self-compensating comagnet-
ometers located about 1000 km apart: one in Mainz, Germany, and the
other in Krakéw, Poland. The two self-compensating comagnetometers
are similar to that reported in refs. 27,29. At the core of the Mainz
(Krakéw) comagnetometer system is a spherical cell heated to about
180 °C and mounted inside a four-layer magnetic shield. The cell is filled
with 3 amg of *He and 50 Torr of N, and loaded with a drop of an alkali-
metal mixture with 1% ¥Rb and 99% natural-abundance K (molar frac-
tions). Spins are optically pumped with a 30 mW/cm? (50 mW/cm?)
circularly-polarized light tuned to the center of the Rb D; (D,) line. The
readout is realized by monitoring the polarization rotation of a ~15mW/
cm? (1 mW/cm?) linearly-polarized light detuned about 0.5 nm from the
K Dy line. To reduce the influence of the magnetic-field noise at low
frequencies, the comagnetometers are operated in the self-
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compensating regime?. To operate in this regime, a B, (compensation)
field of about 100 nT (50 nT) is applied in Mainz (Krakéw). In the Mainz
comagnetometer, we modulate the B, field with an 80 Hz sine wave. The
signal demodulated at that frequency exhibits a resonance that is used
to lock the system to the compensation point and therefore follows slow
drifts of the equilibrium compensation field”. The sensitivity of both
comagnetometers to exotic nucleon couplings is estimated with a daily
(every 25h) calibration pulse according to the calibration procedure
described in ref. 29. In the Krakéw comagnetometer, the drifts from the
compensation point are corrected depending on demand after applying
the calibration pulse (see, for example, two groups of fitted values of w,
and wye in Fig. 7, corresponding to two time-separated datasets), while
there is no such a correction procedure in Mainz. The response to the
calibration pulse is fitted with such parameters as the amplitude of
the response that relates the voltage output to pseudomagnetic fields,
the detuning from the compensation point AB,, the Larmor frequency of
both electron spin w,, and *He nuclear spin w,, and the relaxation rate of
electrons R, (at the current stage of the work, nuclear relaxation R, is
ignored). Figure 7 summarizes the fit parameters for all 25 h datasets. As
shown, there is little variance in the parameters during the whole run.
The detuning from the compensation point, AB, remains below 5nT,
which is within 5% (10%) of the leading field ~100 nT (-50 nT) in Mainz
(Krakow). The fitted parameters encode the effects of ambient drifts of

the environment, such as temperature and external magnetic field, that
affect the comagnetometer sensitivity. By recalibrating every 25 h, the
effects of such drifts on the low-frequency noise floor of the comag-
netometer are taken into account. A detailed discussion of the setup
stability on shorter time scales is provided in Chapter 6 of ref. 16. The
low-frequency calibration factor for Mainz and Krakéw is displayed
in Fig. 7.

Weights of the ALP signal estimator S(w)
The weights used in the signal estimator [see Eqs. (11) and (12)] are
defined in the following way

sin6
a¥= (aﬁ‘{i ’)"2 ,
o = sin 6y
()"
P 2cosBy 0.
()’ "
2cos 0,
b* = (GK >’§ ,
1A]?
pm_ 2

2
oY)

where &, and b’; are the weights with + designating the higher (+) and
lower (=) frequency sideband, and index i=M, K, K+ M indicates the
Mainz, Krakow, and combined signal, respectively. The o4 (0)42)
represents the standard deviation of the Mainz and Krakéw amplitudes
(power) in the frequency bin of interest. For the interfered sidebands,
the weights are resulting from error propagation of b’f’M according to
Eq. (11). The factor 2 in ", b* and b%*™ is given by the expected ALP
DM signal in the carrier being twice the sidebands [Eq. (9)].

Noise distribution and signal insertion demonstration

In order to derive the global threshold and the limits, it is important to
understand the expected distribution of the signal estimator S(w). The
signal power estimator S*(w) is a sum of six squares of normally dis-
tributed numbers: the real and imaginary Fourier coefficients from
three frequency bins. However, to compare noise at different fre-
quencies, we normalize ("whiten”) each bin by the estimated mean
noise, fit(w). Note that the expected value of the noise is proportional
to the standard deviation of S(w), namely, AS(w). The signal estimator
excess square S*w)/AS*(w) follows a non-central x>-distribution,
defined as Z=YN_, X2, where {X,} is a set of normally distributed
random numbers with different means and same variance. From pro-
pagation of errors, we have that AS*(w)=2S(w)AS(w). As S(w)/
AS(w) = 25%(w)/AS*(w), they both follow the same distribution. This is
also the case for S(w)/fit(w) ~ S(w)/AS(w), which is the estimator used to
calculate the global threshold and the limits. The fitted non-central x*
distribution reproduces the histogram of S(w)/fit(w), especially its tail,
which is critical for claiming detection, see Fig. 8.

Let us now consider the modification of the distribution induced
by an ALP DM signal. Both noise and ALP DM signal are expected to
have the same distribution: Gaussian variables in both Fourier quad-
ratures of the raw Fourier spectrum (before combining the Mainz and
Krakéw carrier and sidebands). We inject the ALP DM signal in the raw
Fourier spectrum as a normally distributed random variable, and then
the data are combined to obtain the signal estimator S(w) [see Egs. (11)
and (12)].

Figure 9 shows the distribution of S(w/2m=111mHz) with an
injected ALP DM signal for different coupling strengths g. computed
according to Eq. (9). To sample the stochastic ALP parameter space, we
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Fig. 8 | Histogram of the normalized signal estimator S(w)/fit(w). It is obtained
by dividing the signal estimator S(w) by the expected noise, fit(w). The global
threshold at each frequency is determined by fitting the normalized signal esti-
mator with a non-central x* distribution with six degrees of freedom. This enables
the calculation of the limits according to Eq. (13). Note that the y-axis is on a
logarithmic scale to show the tail of the distribution in more detail.

injected 10° different sets of random amplitudes &; and phases ¢;. The
resulting distributions are the sum of the noise and ALP signal dis-
tributions. As shown, increasing g increases the mean and the variance
of the distribution, which has to be taken into account when setting
limits.

Derivation of the ALP signal in the ultra-low oscillating

regime w, < Wg

Consider a single station and a quasi-constant oscillating ALP field at
wq < we. The expected signal, defined in Eq. (8), becomes (ignoring the
constant terms)

lim0 Va(t) - m(t) = sin 6{a, cos @, sin(wgt + ;)
Wg— (15)
+a, cos @, Cos(wgt + ¢E)} .

Signal insertion demonstration at 11.1 mHz
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Fig. 9 | Insertion of a signal at a frequency bin situated at around 11.1 mHz. We
show the probability distribution function (p.d.f.) of the signal amplitude assuming
three different effective couplings ges. The shapes of both noise and signal are the
same, since they come from the same distribution. By changing the inserted
effective coupling gesr, S(w) reaches above the detection threshold at this fre-
quency. Due to the measurement time being shorter than the coherence time, this
distribution is only sampled once, so it is possible that even for a large coupling
strength, the amplitude might still be below the threshold.

Therefore, the oscillating signal expected in the sensor is driven only
by the rotation of Earth at wg with an amplitude

. =8efr SINO \/ (@, cos P,)* +(a, cos ) (16)
In contrast to the case of w, > wg [Eq. (10)], the ALP DM signal ampli-
tude explicitly depends on the random phases ¢, and ¢,. In this
regime, where w, = 0, there is a probability of measuring near a zero
crossing of the oscillation (when A, ~ 0).

We want to account for the reduction of signal amplitude due to
sampling a fraction of the oscillation, when 0 < w, <1/(2rT), with T=92
days being the total period when the measurements took place. Here,
some of the ALP DM oscillation is still measured. We perform Monte
Carlo simulations of the integrated power of the respective oscillation
fractions. We define this factor as

azCOS (W t + Py) + a5 OS2 (W, t + Py)

T(aZ+ aﬁ)/Z » @

T
2 — d
Ry 90 t)= [ e

where ¢, and ¢, are uniformly distributed phases between (0,2m].
They are sampled in a Monte Carlo procedure to estimate the dis-
tribution of k for a given w,. The constraints at a frequency w, < wg
are given by the product of k(w,, @y, ¢y) and the signal distribution at
we. Then, the limits are calculated by taking a 95% CL with the CLs
method.

Figure 10 (left) represents the 95% CL of the factor k depending on
the ALP frequency.

Comagnetometer response to exotic electron interaction

As explicitly shown in ref. 29, the direct coupling of the ALP DM
with electrons results in a frequency response that is significantly
different from those of neutrons and protons. To accurately
estimate the response of the system, one has to consider all
possible manifestations of the ALP-electron interaction. The
comagnetometer vapor cell is surrounded by a mu-metal shield
that cancels the external magnetic fields. However, due to the
electron-based mechanism of magnetic shielding, the mu-metal
also responds to an exotic electron interaction and induces a
“compensating” magnetic field inside the shield (the response of
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0.3. The black dashed line represents a k factor of 1. Right: Comagnetometer fre-
quency response to exotic electronic perturbations. Different shielding scenarios
are shown in Mainz (top) and Krakéw (bottom): unshielded (dashed), 50% shielded
(dotted), fully shielded (dash-dotted). The neutron coupling frequency response
(full line) is shown for reference.

the shield in the case of an exotic electron perturbation has been
discussed in ref. 46). For the purpose of searching for ALP-
electron coupling in the analyzed frequency range, we assume
that the ALP-electron shielding factor is of the order of the
magnetic shielding factor.

The ALP-electron interaction for a comagnetometer and a mu-
metal shield manifests in the following way. The shield generates an
opposing real magnetic field as a response to the applied exotic
effective field at the sensor position. For a comagnetometer inside the
shield, the two fields are superimposed. The electron is influenced by
both opposing (magnetic and exotic) fields such that the perturbation
of the electron, and consequently its response, is canceled. However,
the magnetic field generated by the shield is picked up by the *He
nuclear spins, which do not directly respond to the ALP-electron
interaction. Hence, for 100% shielding (i.e., when the induced magnetic
field is equal and opposite to the effective exotic field), the frequency
response has the same shape as the comagnetometer response to
exotic nuclear spin interactions. It is rescaled by the response of the
electrons in the shield to the ALP interaction, which is assumed to be
flat in the frequency range of interest, effectively attenuating the
response by a factor ya/y.. This is the scenario we assume when setting
the limits in Fig. 6.

In general, the nuclear and electron spin perturbation in the
comagnetometer is different for arbitrary shielding factors, and then
the self-compensating mechanism would not apply. However, an
interesting case is when the shield responds only at a 50% level to the
exotic electron coupling. In the framework of ref. 28, this corresponds
to .= 0.5 and a,, = -0.5. In this case, although the magnetic and exotic
interactions are equal in strength, they have opposing directions, and
hence the comagnetometer remains sensitive to the electron exotic
interaction. The shape of the frequency response is a combination of
the electron and nuclear spin responses.

Figure 10 (right) shows the comagnetometer response for three
different shielding scenarios. They converge at frequencies below the
nuclear Larmor frequency (-3 Hz), since the nuclear spin dominates
the dynamics in this regime. Thus, the limits on ALP-electron coupling
of this work in this frequency range are almost invariant for any
shielding. However, for searches beyond 11.6 Hz, the response changes
significantly. For high frequencies (<100 Hz), the unshielded electron
response is greater compared to the fully shielded response, and a
detailed shielding model should be considered while setting limits. For
reference, the nuclear spin response to exotic neutron interactions is
also displayed in Fig. 10.

Data availability
The calibrated data for neutron interactions from Mainz and Krakéw
comagnetometers are publicly available in https://doi.org/10.6084/
m9.figshare.28902860.

Code availability
The code that support the plots in this paper are available from the
corresponding authors upon request.
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