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First limits on axion dark matter from a DALI prototype
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We report a pilot dark matter search with a cryogenic, magnetized, scaled-down DALI prototype. An
analysis of 36 hours of data reveals no statistically significant excess attributable to axionlike particles. We
therefore set new exclusion limits in the 6.88691-6.91792 GHz band, reaching an axion-photon coupling
sensitivity of g,,, $9.7 x 1072 GeV~! at 28.54 peV. These results consolidate the DALI approach and
motivate a next-stage haloscope to explore a broader mass range with upgraded instrumentation.
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I. INTRODUCTION

Axions were proposed to address the quantum chromo-
dynamics (QCD) problem of charge-conjugation and parity
symmetry in the strong interaction [1]. Both axions [2,3]
and axionlike particles beyond the QCD framework—
hereafter, collectively referred to as axions—have long
been hypothesized to constitute dark matter (DM) [4-7], an
elusive substance whose existence is supported by indirect
evidence [8]. Exploiting the weak coupling of axions to
standard particles, various experimental methods have been
developed to search for DM—see Refs. [9,10] for a review.

The axion-photon interaction is described by the effec-
tive Lagrangian density
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where g,,, denotes the axion-photon coupling, a is the
axion field, E represents the electric field of the photon, and
B is an external static magnetic field that supplies the
virtual photon required for Primakoff conversion [11]. A
promising experimental approach to probing this interac-
tion is the haloscope, first proposed by Sikivie [12], which,
in its most common implementation, employs a magnetized
resonant cavity to enhance the weak microwave signal
induced by virialized axions in the Galactic halo. Despite
several decades of development, the cavity haloscope faces
increasing challenges in maintaining high sensitivity at
progressively higher frequencies, as wave coherence
requirements reduce the effective detection volume, and
thus, the achievable sensitivity. In this manuscript, we
report the first results from a demonstrator of the Dark-
photons & Axion-Like particles Interferometer (DALI), a
new-generation DM haloscope designed to complement
axion searches at high frequencies.

DALI [13-18] features a novel experimental setup for
detecting wavelike DM, known as a magnetized phased
array (MPA). A resonator placed in a static magnetic field
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enhances the faint signal expected from cosmic axions,
for which a tunable Fabry-Pérot (FP) interferometer is
employed [19]. In the MPA haloscope, the phased array
forms a coherent electromagnetic pattern that couples to the
resonant field of the FP tuner in the radiative near field,
thereby collecting the signal over the open-cavity aperture.
Interestingly, the resonance frequency is decoupled from the
transverse area of the ceramic plates, allowing the resonator
cross section to be scaled independently of frequency. As a
result, this architecture offers a complementary path toward
resonant axion searches at higher frequencies, where main-
taining large effective volumes and high sensitivity becomes
increasingly challenging for conventional cavity haloscopes.
Notably, DALI relies on mature, readily available compo-
nents, enabling rapid, cost-effective development; the use of
a conventional solenoid-type superconducting magnet,
widely deployed in the medical industry, further reduces
technical risk and facilitates procurement.

The DALI program comprises different stages. As part of
its scientific plan, in this work we report a proof-of-
principle (PoP) test at a lower scale, designed to retain a

part of DALI’s physics potential while relieving hardware
|
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heaviness. The rest of this paper is structured as follows.
Section II, Experimental setup, describes the DALI(PoP)
prototype employed to search for axion DM, while Sec. I1I
details the observations and their statistical treatment. A
new limit on the DM axion parameter space is presented in
Sec. IV, Results.

II. EXPERIMENTAL SETUP

A schematic view of the DALI(PoP) prototype hosted at
the Instituto de Astrofisica de Canarias (IAC) facilities at
latitude 28°28'29” N and longitude 16°18'37” W is shown
in Fig. 1. The apparatus can operate in two frequency
ranges, 6-8 GHz and ~30-40 GHz. The PoP prototype
scales down DALI by approximately halving the number of
layers of the FP tuner and reducing the plate size to ~1:10,
which diminishes the physical area by ~100. Thus, while
the full-scale MPA is designed to cover larger cross-
sectional areas by means of a phased array in which
multiple antennas combine coherently, the reduced surface
of the prototype can be covered with a single antenna while
preserving the same DALI operating principle.

103> 1/2 (1 +ﬂ> 1/2 <100 cm2> 1/2
QL ﬂ Ar[

m, \54/1 day\ /4
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A detailed derivation for the DALI formalism is given in
Refs. [14,18]. The on-resonance axion-induced signal
power in a DALI magnetized interferometer scales as
P, x gﬁszA,?QL,B/ (14 ), where A, represents the
electromagnetically effective cross-sectional area overlap-
ping the axion-induced source distribution, Q; denotes
the loaded quality factor, B is the external static magnetic
field, and f accounts for receiver coupling. Combining
this scaling with the Dicke radiometer relation [20],
SNR « P, T\ (t/Av,)"/?, with Ty the system noise tem-
perature and Ay, the signal linewidth, yields the sensitivity
law in Eq. (2), where m, is the axion mass, ¢ is the
integration time, and p, denotes the local density of DM,
set at 045709 GeV em™ [21] under the assumption that
the axion is its fundamental component.

In the DALI(PoP) haloscope, the superconducting
solenoid of the full-scale DALI design is replaced by a
lighter permanent-magnet assembly consisting of 2 sets of
36 grade-N44 neodymium (Nd) alloy blocks, each meas-
uring 100 x 100 x 30 mm, for a total of 24 three-magnet
stacks, 12 at each pole, enclosed in a tunnel yoke made
of F-114 steel sheets with length, width, and height of
about 1/2 m and a bore of approximately 30 x 11 cm?.

Ty \/20.6 T (0.45 GeVem—\ /2
50 K

B Pa

Nd blocks

antenna q
mirror

Zr0O, plates

RF/IF chain and digitization

FIG. 1. Schematic view of the DALI(PoP) prototype. A tunnel
yoke holds an array of Nd blocks that generates a dipolelike
magnetic field. Ambient axions are converted into microwave
photons, which are collected by the antenna. The resonator,
composed of 20 ZrO, layers and enclosed by a copper mirror,
enhances the weak axion-induced signal to an observable level.
The detected signal is subsequently processed by the readout
chain shown below (from left to right: amplifier, bandpass filter,
attenuator, amplifier, down-converter, low-pass filter, analog-to-
digital converter, and data storage). The haloscope is housed in a
Faraday cage to suppress external spurious signals (not shown).
The magnet is segmented along its longitudinal axis.
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FIG. 2. Field simulation vs measurements. The magnet bore is
approximately 30 (transverse) x11 (height) x40 (longitudinal)
cm. Two one-dimensional profiles are extracted from the three-
dimensional magnetic-field simulations: a center-longitudinal cut
at half height (blue dashed) and a center-transverse cut (red
dashed). The field generated by the magnets installed inside the
steel yoke was simulated using Elmer FEM [22], employing
Gmsh [23] to generate the three-dimensional meshes. The dotted
lines indicate the resonator size (10 x 10 x 14.5 cm?) in its
centered configuration, shown for reference. Control Hall-probe
measurements are shown with 3% vertical error bars and
horizontal probe-positioning bars; the right inset displays three
measurements along the bore height at the longitudinal center.
The simulated field distribution is in good agreement with the
measurements.

The magnetic field exhibits Z95% homogeneity over
the resonator volume, as measured with a HIRST-GMO0S8
Hall-effect sensor, with a field strength of 0.59 + 0.01 T—
see Fig. 2. We employ a FP resonator composed of 20
layers of yttria-stabilized zirconia (ZrO,), each of size
100 x 100 mm with £0.5 mm tolerance, thickness
1 +0.03 mm, and surface roughness below 0.1 pm; the
material has permittivity €, ~ 30 and dielectric loss tangent
tan § ~ 10~ at centimeter wavelengths. In this pilot run, the
plate spacing was fixed for a single frequency step at
6.21 £ 0.05 mm. The loaded quality factor was measured
following the laboratory procedure described in Ref. [17]
with a Rohde & Schwarz ZNB 20 vector network analyzer
(VNA). For the present resonator stack, with an interplate
spacing of ~A/8 (where 1 is the wavelength), the response
peaks at Q; = 2200 near 6.907 GHz and follows a pseudo-
Lorentzian profile, as shown in Fig. 3. Microwave absorb-
ers are used to buffer against spillover and suppress
reflections—EA-PF3000-24 and 3650-40-ML. A WR-137
standard horn antenna receives the signal, which is sent
to a high electron mobility transistor radiometer com-
posed of a cryogenic LNF-LNC4-8C low-noise amplifier,
with ~40 dB gain and a noise temperature of a few
kelvin, and a room-temperature backend with a second
LNF-LNC4-8C, a 12 dB attenuator (Mini—Circuits®
model 15542) to avoid compression at the second gain
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FIG. 3. Quality factor and coupling factor. Measured quality
factor data are shown in blue. The full width at half maximum for
a fit, represented by a blue dashed line, is ~20 MHz. In the
present prototype configuration, the receiver is undercoupled.
The observed optical power coupling factor f is depicted in red,
while broadband data (~5-8 GHz) are smoothed with a SG
baseline using a window size W = 201 and polynomial order
d = 1, shown by a red dashed line as a reference. Throughout this
work, Q; and f are taken from the measured data, not from the
fitted or smoothed curves.

stage, and ~6—8 GHz bandpass filtering. Powered by two
closed-cycle “He cryocoolers, the system temperature was
determined with the standard Y-factor method by heating a
microwave absorber with a resistor (Ohmite HS100 330R J)
over AT ~60 K, yielding Ty, ~59 K for the present
implementation, including contributions from the antenna
temperature (49.3 K, cooling limited under the > 300 kg
magnet load) and the receiver noise (9.7 K).

The electromagnetically effective cross section entering
Eq. (2) was obtained from the simulated transverse
modal overlap with the ceramic plate area, giving
A, & Aphys X 0.61. The antenna coupling was extracted
from free-space VNA measurements; the resulting f < 1
(see Fig. 3) reflects an undercoupled antenna-resonator
arrangement, leaving room for improved matching in future
realizations. The instrumental parameters and uncertainties
for this run are listed in Table I.

Components near the magnet are made of nonmagnetic
materials or placed where the fringe field is negligible.

TABLEI. Uncertainties are weighted according to their order in
Eq. (2) to estimate the propagated cumulative uncertainty in this
run.

Parameter Value  Uncertainty (%)
Loaded quality factor (Q;) [peak] 2200 8
Coupling (f) [at resonance] 0.36 1
Effective area (4,) 61 cm? 6
System temperature (7Ty) 59.0 K 2
Magnetic field (B) 059 T 3
Propagation to g,,, sens. 6
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The cryostat is enclosed within a Faraday cage from
Holland Shielding Systems B.V., equipped with a con-
nector plate fitted with radio-frequency (RF) filters,
waveguides, and ventilation honeycombs, to attenuate
spurious microwave signals from outside by more
than 60 dB. The data acquisition system is built
outside the shielding tent and consists of a zero
intermediate frequency (ZIF) down-converter model
thinkRF™ R5550-408, a two-channel digitizer, and a
local server-based storage system. The down-converter
shifts the radiometer output from RF to baseband,
creating in-phase and quadrature (IQ) outputs for instan-
taneous acquisition of the full band with a minor loss of
data close to zero hertz. The IQ outputs pass through
SLP-36+ low-pass filters with a nominal —3 dB cutoff
frequency of approximately 40 MHz before simultaneous
digitization. A mask balances the I and Q signals in
amplitude and phase before channel combination, cali-
brated with a swept VNA measurement at the input of
the ZIF down-converter. Direct acquisition of the IQ
baseband signal is enabled by a dual-channel, 14-bit
analog-to-digital converter (GaGe CSE8329). The digi-
tized raw signals are continuously streamed to the local
storage system via a peripheral component interconnect
express link, where the 14-bit analog-to-digital converter
output is recorded in 16-bit integer format and can store
up to 18 TB of time-domain samples for subsequent
postprocessing.

III. DATA ANALYSIS

Data were acquired for 36 hours effective time
between February 17 and March 5, 2026, using the
equipment described in the previous section. A total of
N = 12960 spectra were recorded at 125 MS/s, centered
at 6.90 GHz. Each stored spectrum corresponds to the
average of 9540 consecutive dual-channel fast Fourier
transform segments of length 2!7 samples, yielding an
effective integration time of 10 s per file and a frequency
resolution of Ay, ~954 Hz. In total, this corresponds to
approximately 64.8 TB of raw time-domain data com-
pressed to 44.2 GB in the stored frequency-domain
dataset.

In Ref. [15], we adapted the analysis method of
Ref. [24] to our MPA haloscope and used the resulting
pipeline to perform end-to-end Monte Carlo simulations
in which a synthetic axion signal was injected into a
noisy background, and its detection rate was used to
fine-tune the prefactor in Eq. (2). In this section, we
follow the methodology and nomenclature introduced
there. First, time-to-frequency-domain conversions were
calculated using the FASTEST FOURIER TRANSFORM IN
THE WEST library [25], and the spectra were cropped to
the region with Q; = 600, chosen to retain the sensitive
resonant band. The cropped spectra were averaged in the
frequency domain, and the resulting spectrum was

smoothed using a Savitzky-Golay (SG) baseline with
W = 251 and polynomial degree d =4. At this stage,
spurious RF interferences in each normalized spectrum
were identified iteratively as bins exceeding 5.5¢ with
respect to that spectrum’s mean and standard deviation.
The compromised bins were replaced with random
values drawn from the corresponding Gaussian distribu-
tion until no further outliers were found [26]; their
frequencies were subsequently masked in the analysis.
The residual broad spectral structure in each spectrum
was then removed using a SG filter with W = 251 and
d = 4. Processed spectra were rescaled by the effective
quality factor, Q. = Q;f/(1 + ), at each bin. The
rescaled spectra were then combined and rebinned with
parameters K, = 3, K,= 5, and z = 0.65, such that the
expected axion line shape spanned approximately K,
bins. The resulting grand spectrum (GS), with frequency-
bin width Aygg~?2.86 kHz, was obtained from a
weighted sum that accounts for the expected axion line
shape in the laboratory frame,

0= G (Vi ) oo ()

3 (v—va)>2 3r2}
% = _

ol a(g) -3l o
where v is the axion velocity in the lab frame, v, is the
mean axion velocity in the Galactic rest frame, r=
Viab/ Urms €ncodes the lab motion relative to the halo, and
(B2ns) = 3/202,/c? is the mean squared velocity in
units of the speed of light ¢, with v, ~270 km/s.
The total lab-frame velocity is vy, = vg + vg + Vg,
where v ~ 230 km/s is the Sun’s velocity relative to
the Galactic frame, vg ~29.8 km/s is Earth’s orbital
speed, and vg = wgRg cOSy accounts for Earth’s
rotation at detector latitude ¢ge, With wg = 27/day
and Rg ~6371 km the Earth’s equatorial radius [24].
The filter-induced correlations among bins in the nor-
malized GS were corrected at first order by dividing by
its standard deviation. Candidates were then flagged as
the bins exceeding a significance threshold (a) for an
arbitrary confidence level (CL) assuming a normal
distribution as a = SNR — CL.

Narrow spectral features not removed by the upstream
screening can become significant only at the GS stage,
where persistent lines accumulate through stacking, rebin-
ning, and line-shape weighting; their extent is then assessed
with an adaptive veto procedure. The normalized GS was
corrected for its measured correlation factor, determined
from a line-free window. Fixed instrumental masks and
bins associated with narrow IF/RF interferences were
excluded before candidate selection. Positive excesses
above the threshold @ = 3 were grouped into contiguous
clusters, and those with widths compatible with the
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expected axion linewidth (3 < Ny, <7) were provi-
sionally retained; wider clusters were vetoed as broad
noise or systematics. Candidate and negative-excursion
bins were excluded using adaptive veto windows. The
end-to-end response was calibrated by injecting the
laboratory-frame axion template into the recorded spec-
tra before the baseline was estimated, so that the
baseline response to the signal itself is included.
Injections at five frequencies spanning the band, and
at three couplings, gave an end-to-end pipeline
detection efficiency of ~0.6 (e = 0.6 = Hpaeh X Hsg =
0.76 x 0.79) with no measurable dispersion in either
variable. Surviving clusters were subjected to two
independent tests. The first is a line-shape test on
the coadded, unrebinned spectrum. We fit a Gaussian
of free width propagated through the same baseline-
removal operator as the data, and compared it with the
width recovered by the axion template propagated
identically. The test was applied only where the local
excess exceeded five times the median-absolute-
deviation noise level of the coadded spectrum and
was otherwise declared inconclusive rather than used
to veto. Secondly, excesses incompatible with the CAST
limit at 95% confidence were flagged and excluded
from further consideration. Persistent narrow lines near
6.9 GHz were also observed with the RF input from the
cryogenic front end disconnected and the room-temper-
ature chain terminated with a matched load, and in
control runs with the RF center frequency shifted by
+50 MHz, supporting their instrumental classification.
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FIG. 4. Normalized, correlation-corrected grand spectrum
(left). The black trace shows the retained bins, while gray traces
denote masked bins; orange traces mark positive clusters flagged
for rescan (see Table II). The blue dashed line indicates the
detection threshold, ¢ = 3. Right: Histogram of the retained
normalized power excesses compared with a unit normal refer-
ence (red dashed). The grand spectrum is normalized by a robust
(median) estimate of the noise scale over the instrumentally
unmasked band, so that @ = 3 corresponds to 30; the measured
6 = 0.96 of the retained bins reflects the symmetric vetoing of
positive and negative excursions.

Fourteen of the forty-six width-selected clusters
satisfy the criteria and have a local confidence level
CLj,. > 1%, as listed in Table II. Negative excursions
were vetoed symmetrically with the positive side
because baseline removal turns any narrow feature into
a residual with negative sidelobes, so a strong spurious
line imprints companion excursions. They sit more than
twice as close to the positive excesses as random
placement would allow, confirming that they trace the
same instrumental contamination as the excess that
generates them. The masked regions appear as gray
traces and the retained rescan candidates as orange
traces in Fig. 4.

IV. RESULTS

The main results of this work are depicted in Fig. 5. We
analyzed 12960 files of 10.0 s each (total integration
time 36.0 h) in the 6.886909-6.917922 GHz band
(28.4820-28.6102 peV), with a sensitivity peak of 9.718 x
10712 GeV~! at 6.902112 (28.5448 peV) sustained over a
full K ;-bin resolution element. We excluded axions at 90%
CL in the unmasked region comprising 9555 of 10841 GS
bins (88.1%). The candidates identified for rescanning in
Table II will be re-evaluated during a future experimental
run using upgraded hardware.

This proof-of-concept test establishes new exclusion
limits, marks a first step toward broadband operation of
the DALI(PoP) prototype, and lays the groundwork for the
full-scale DALI experiment, designed to complement
existing axion DM searches by probing a region of
parameter space that, while well motivated by postinfla-
tionary scenarios, remains poorly explored because
QCD-axion searches at high frequencies are technically

challenging.
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FIG. 5. New exclusion region (blue) at 90% CL. Narrow gaps
indicate masked bins and vetoed neighborhoods around above-
threshold excursions. Other laboratory-based constraints in the
vicinity of the newly excluded region are also shown [27-30].
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TABLE II. Positive-excess clusters retained for follow-up
rescans. Columns list the frequency range and cluster width;
CL,,. is the local exclusion confidence level for each cluster.

Frequency [GHz] Npins CLj,. [%]
6.891944-6.891950 3 54.2
6.892648-6.892656 4 38.1
6.893729-6.893741 5 17.3
6.893818-6.893829 5 53
6.899245-6.899260 6 72.9
6.900493-6.900499 3 77.2
6.900730-6.900739 4 75.9
6.905700-6.905711 5 16.5
6.906163-6.906175 5 7.4
6.906252-6.906263 5 5.2
6.906655-6.906667 5 3.6
6.907334-6.907339 3 77.9
6.907929-6.907937 4 49.4
6.908564-6.908572 4 72.1
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