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1. Introduction

The QCD axion model [1, 2] is the clearest solution to the strong CP problem of particle
physics (or absence of parity violation in the strong interactions, and therefore of any neutron
electric dipole), and at the same time predicts a perfect candidate to explain the Cold Dark Matter
[3, 4] that is detected in cosmological observations and accounts for ~ 5/6 of all matter in the
Universe [5, 6]. This has encouraged the experimental search of the axion using the inverse
Primakoff effect, where photons created from the dark matter axions in a resonant cavity placed in
a magnetic field are searched for by scanning over frequency corresponding to the unknown axion
mass, hv = mgc? [7]. So far, these experiments have mostly focused on frequencies below ~ 10
GHz owing to the increasing experimental difficulty with increasing frequency to reach a sufficient
signal-to-noise for probing the expected axion-photon coupling constant g, (for a review, see, e.g.,
[8]). However, theoretical predictions suggest that the axion mass may well lie at higher frequencies
(e.g. [9, 10]), depending on the uncertain prediction of the dark matter density in axions created in
the early Universe, which depends on the complex physics of cosmological defects produced by the
evolution of the axion field.

In this context, we are developing the Canfranc Axion Detection Experiment (CADEX), de-
signed to operate over the frequency range 80 to 110 GHz or axion mass range 330 to 460 ueV,
using the haloscope technique and exploring the use of Kinetic Inductance Detectors (KIDs) as
broadband incoherent detectors, together with large axis ratio resonant haloscopes. CADEX also
searches for other Beyond-the-Standard-Model particles, in particular Dark Photons, in a mass
range where constraints from cosmology and astrophysics are weak, from the same data used for
the axion search and any data taken without a magnetic field. At present, we expect to carry out
a pathfinder phase in a dilution mK cryostat at the Instituto de Fisica de Cantabria (IFCA), with
an initial phase without magnet to demonstrate the sensitivity for the dark photon search, and a
second phase with a magnet for an initial axion search. The full CADEX experiment will then be
installed in the cryostat facility at the Laboratorio Subterrdneo de Canfranc (LSC), with improved
instrumentation and the additional advantage of the shielding of cosmic radiation.

2. Conceptual design

CADE«x was presented in our Collaboration paper [11], where the advantages of using coherent
or incoherent detection are discussed in detail. Our main interest is in the use of incoherent
detectors, with the initial plan to use Kinetic Inductance Detectors (KIDs), although other photon-
counting technologies may be explored in the future. These detectors are characterized by the Noise
Equivalent Power (NEP), which gives the noise N in the received power measured over a time
interval Ar as N = NEP/V2At. At present, the KIDs technology already provides a signal-to-noise
ratio similar to heterodyne detectors with a NEP of ~ 3 X 10~19 W/ VHz [12], but their future
potential promises to reach values of NEP ~ 10-20 W/ VHz [13].

A block diagram of CADEX is shown in Figure 1. The haloscope, thermally coupled to the
mK stage, is in a magnetic field of ~ 10T, and its radiation is focused with horns and mirrors on
the detector. The whole system is calibrated with an injected polarized signal of known intensity.
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Figure 1: Schematic block diagram for CADEX. Colored boxes indicate temperature stages in the cryostat
(red: ambient; yellow: 40K; green: 4.2 K; light blue: 10-20 mK). Green boxes with diagonals depict the
10 T magnet operating at 4 K. The main CADEx subsystems in the mK stage are the haloscope (light blue
inside the magnet), optics (7 coloured horns and rays), and two KID arrays to measure two orthogonal linear
polarizations (dark blue). An externally injected calibration signal is shown in red.

Although the incoherent KID detectors are broadband receivers that do not resolve the narrow
frequency spectral line generated by axions in the haloscope, any thermal radiation from the
haloscope at v ~ 100 GHz is completely negligible even at T = 0.1 K, so the important noise
source is the detector noise, which does not depend on resolution, as well as radiation leaks into
the cryostat. The CADEX detectors can distinguish a linearly polarized haloscope signal against the
unpolarized background or other noise sources as a function of frequency as the haloscope is tuned,
by switching polarization with a half-wave plate to mitigate fluctuations in the system gain and
background in the final sensitivity [14]. Note that any signal coming from the haloscope, whether
or not originating from axions, is polarized by design of the emitting horns, but as mentioned above
the expected limitation of our sensitivity is not from any haloscope emission but from detector noise
and background radiation external to the haloscope. The installation of CADEx at Canfranc will
minimize the impact of cosmic rays on the detectors.

In the following sections, some of the progress in the experiment since our original publication
[11], in relation to the haloscope and the KID detectors, is presented.

3. Haloscope construction and testing

The scaling of haloscope volume as the inverse cube of the search frequency is a challenge for
axion searches at high frequency. We address this by designing a system of multiple rectangular
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cavities with a large ratio of cavity length and height to width. The cavity width is then near 1.5 mm
for 100 GHz. The ratio of length and height to width is limited, apart from the magnet bore volume,
by the clustering of unwanted modes around the only mode of interest for axion detection, the
TMj 1 in our solenoid magnet. This limit is more strict owing to mode crossings as the frequency
is tuned. We find the maximum ratio of length and height to width to be around 50. In our present
design, the signals from 7 cavities are coherently combined to a beam that is directed to the detector
by our optical system. Each cavity comes with its horn, a mechanism to adjust the coupling based
on a screw which is inserted into the waveguide port, and a tuning system based on a sliding wall
that modifies the cavity width, with design specifications to keep the phase coherence and optimal
coupling of the multiple cavities as the frequency is tuned.
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Figure 2: (a) Image of the haloscope placed inside the cryostat for characterization at cryogenic temperature.
(b) Magnitude of the S-parameters measured from the cavity at 7 = 11 K and with the coupling screw
inserted.

As an example of the progress made on the haloscope, Figure 2a shows the cavity connected to
the waveguide ports placed in the cryostat for cryogenic characterization. The right plot (Figure 2b)
depicts the measured S-parameters of the cavity, showing the first resonances. For testing purposes,
these measurements were taken at 7 = 11 K, with the coupling screw inserted inside the waveguide
by a fixed length. A comparison with electromagnetic simulations indicated that the resonance at
90.40 GHz is the axion mode (7'M11¢), with a coupling value near the optimal 5 ~ 1. The coupling
screw in these measurements could not yet be moved, which is of vital importance during tuning. A
cryogenic motor has recently been acquired to move the mechanical system and obtain the desired
coupling at each frequency.

4. Detection System: Kinetic Inductance Detectors

The planned CADEX detection system is based on lumped-element KIDs (LEKIDs), where the
superconducting inductor in the resonator will absorb the incident radiation modifying its kinetic
inductance and resistance, lowering its resonant frequency and quality factor. KIDs developed
for astronomical instrumentation have demonstrated state-of-the-art sensitivity at millimeter wave-
lengths [14, 15]. These KIDs are based on aluminum which has a low cut-off frequency for the
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absorbed radiation of ~90 GHz, twice the superconducting gap [16]. CADEX is intended to cover
the whole W-band (75 GHz to 110 GHz), which cannot be achieved with aluminum only KIDs.
Extending the KIDs response below the Al cut-off frequency requires using superconductors with
lower critical temperatures. We have explored the Titanium (Ti)/Aluminium (Al) bi-layer approach,
which has demonstrated responsivity down to ~80 GHz [17].

Figure 3: a) Image of the 3x3 LEKID array demonstrator integrated with a single read-out line (SMA
horizontal connectors) installed in the mK stage of the CAB cryostat looking at the black body source for its
characterization. b) Microwave transmission amplitude of one LEKID (resonator) as a function of the read-
out frequency for different radiation powers coded with different colors indicated by the lower horizontal
color scale bar. Vertical scale for the amplitude has been has been normalized to the out-of-resonance
transmission. Note the shift of the resonant frequency towards lower values and the decrease of the quality
factor as the absorbed power increases

We have designed and fabricated a 3-by-3 array of KIDs integrated with a single read-out line
(Figure 3a). The array has been fabricated using a Titanium/Aluminum (Ti/Al) bilayer, where each
layer is 15 nm thick. This bilayer exhibits a superconducting gap (Ap) of 112 peV, allowing to
decrease the KID’s cut-off frequency to ~57 GHz. The KID optical design is optimized to cover
the whole W-band [18].

Another key parameter for CADEX is the sensitivity of the detection system. We have charac-
terized the response and sensitivity of the KID array in the mK dilution refrigerator of the Centro
de Astrobiologia (CAB, CSIC-INTA) equipped with a temperature-controlled black body radiation
calibration source (Fig. 3a). A low-pass filter is placed in the optical path between the detectors and
the black body to block radiation above 110 GHz. Fig. 3b displays the response of the resonator
to the W-band radiation from the blackbody at temperatures ranging from 2.0 K to 8.0 K. The
measured NEP reaches values of ~ 5 x 1071 W Hz~ /2 at 1 Hz, still above the baseline sensitivity
requirement of CADEX, but with good perspectives to improve this by reducing the Two-Level
System noise ( see e.g. [19]) and optimizing the bilayer by changing the thickness of the Al and
Ti layers. The quoted NEP has to be taken with caution since Ti compounds such as TiN show
anomalous behavior, with a decreasing trend in NEP with increasing absorbed power [20]. Further
measurements at lower power will be performed to confirm the behavior of the NEP with absorbed
power. Additionally, we will implement strategies to alleviate the Two-Level System noise that
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currently limits the sensitivity.

5. Projected Sensitivity

The left panel of Fig. 4 shows the projected So sensitivity of CADEx to the axion-photon
coupling gayl, assuming 7 cavities for a total haloscope volume V = 0.08 L; a magnetic field
strength B = 10T; an unloaded quality factor Qy = 2 x 10% and a coupling factor 8 = 1.
The vertical dashed black line corresponds to a three-month search centred on the axion mass of
mg ~ 370 peV (f ~ 89.5 GHz) and detector noise NEP = 1 X 10719 W/\/m (the baseline noise
target for the experiment). The region bounded by the solid black line can be explored by tuning
the resonant frequency of the cavity. Given a cavity bandwith of Av. = v./Q¢ = 9MHz, the
region between 80—110 GHz (corresponding to axion masses 330—460 11eV) could be covered with
~ 3000 exposures. Assuming future improvements in the NEP down to NEP = 1 x 10-2 W/+/Hz,
this would correspond to a measuring time of around 8 years (performing ~ 1 scan per day). The
proposed set up should be able to probe down to axion-photon couplings of g, ~ 6 X 10713 Gev !,
beginning to explore relevant parameter space for the QCD axion over mass range which is as-yet
poorly explored.

The right panel of Fig. 4 shows the sensitivity to the kinetic mixing y of Dark Photon DM,
using the same data obtained for axions or data without a magnetic field. The sensitivity to y,
obtained from the axion-photon sensitivity by mapping g, — xm,’/ (V3B) (assuming random
dark photon polarization [24]), reaches down to y ~ 2 x 10~!4 in the CADExX frequency range.
This is a significant improvement in this region of parameter space, where the overlap between
experimental constraints [24, 25] and stellar cooling constraints [24] is weakest.

In summary, the Canfranc Axion Detection Experiment (CADEX) aims to the well-motivated
parameter space of the QCD axion in the mass range m, ~ 370 peV (f ~ 89.5 GHz) which is
as-yet unexplored by haloscope experiments. Following an initial pathfinder phase installed at the
Instituto de Fisica de Cantabria (IFCA), the full CADEXx experiment will then be installed in the
cryostat facility at the Laboratorio Subterrdneo de Canfranc (LSC), with improved instrumentation
and the additional advantage of the shielding of cosmic radiation. With this setup, CADEx will
provide a sensitivity three orders of magnitude better than the current best broadband limit from the
CAST helioscope [27], reaching the well-motivated region for QCD axion dark matter predicted
from models [28-30]. Without additional data-taking, CADEx will also provide sensitivity to
Dark Photon DM. CADEXx will provide a multidisciplinary platform to develop novel concepts of
haloscopes, including tunable-cavity haloscopes, and push the W-band superconducting detectors
to their ultimate sensitivities.
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Figure 4: Projected CADEX sensitivity to the axion-photon coupling g, (left) and the dark photon
kinetic mixing y (right). The vertical black dashed line corresponds to a 3 month exposure at a single
frequency with NEP of 10! W Hz~!/2, while the yellow region covering 3000 frequency channels can be
explored with a 10 times lower NEP over ~ 8 years. The left panel shows various constraints from axion
haloscopes (filled red and purple regions), and projected constraints from future haloscopes (transparent red
regions). In the right panel, the solid blue regions show where dark photons are excluded from being all
of the Dark Matter on cosmological grounds [24, 25]. The brown region shows the envelope of constraints
from stellar cooling (see [24] for a compilation). We show current and projected constraints from other axion
haloscopes in red, with dedicated dark photon searches shown in green. Figures adapted from [26] and [24].
See Ref. [26] for full references.
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