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Axion Search with a Quantum-Limited Ferromagnetic Haloscope
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A ferromagnetic axion haloscope searches for dark matter in the form of axions by exploiting their
interaction with electronic spins. It is composed of an axion-to-electromagnetic field transducer coupled to a
sensitive rf detector. The former is a photon-magnon hybrid system, and the latter is based on a quantum-limited
Josephson parametric amplifier. The hybrid system consists of ten 2.1 mm diameter yttrium iron garnet spheres
coupled to a single microwave cavity mode by means of a static magnetic field. Our setup is the most sensitive rf
spin magnetometer ever realized. The minimum detectable field is 5.5 x 107!° T with 9 h integration time,

corresponding to a limit on the axion-electron coupling constant g,,, < 1.7 x 107! at 95% C.L. The scientific
run of our haloscope resulted in the best limit on dark matter axions to electron coupling constant in a frequency
span of about 120 MHz, corresponding to the axion-mass range 42.4—43.1 peV. This is also the first apparatus
to perform a wide axion-mass scanning by only changing the static magnetic field.
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The axion is a beyond the standard model (BSM)
hypothetical particle, first introduced in the 1970s as a
consequence of the strong CP problem of quantum chromo-
dynamics (QCD) [1-3]. Present experimental efforts are
directed toward “invisible” axions, described by the Kim-
Shifman-Vainshtein-Zakharov [4,5] and Dine-Fischler-
Srednicki-Zhitnitsky (DFSZ) [6,7] models, which are
extremely light and weakly coupled to the standard model
particles. Axions can be produced in the early Universe by
different mechanisms [8—12] and may be the main constitu-
ents of galactic dark matter (DM) halos. Astrophysical and
cosmological constraints [13,14], as well as lattice QCD
calculations of the DM density [15—17], provide a preferred
axion-mass window around tens of ueV.

Nonbaryonic DM is where cosmology meets particle
physics, and axions are among the most interesting and
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challenging BSM particles to detect. Their experimental
search can be carried out with Earth-based instruments
immersed in the Milky Way’s halo, which are therefore
called “haloscopes™ [18]. Nowadays, haloscopes rely on
the inverse Primakoff effect to detect axion-induced excess
photons inside a microwave cavity in a static magnetic
field. Primakoff haloscopes allowed us to exclude axions
with masses m, between 1.91 and 3.69 peV [19-21] and,
together with helioscopes [22], are the only experiments
that reached the QCD-axion parameter space. The last years
saw a flourishing of new ideas to search for axions and
axionlike particles (ALPs) [23-35]. Among these, the
QUAX experiment [36,37] searches for DM axions through
their coupling with the spin of the electron. This experiment
aims to implement the idea of Ref. [38] as follows.

The axion-electron interaction is described by the
Lagrangian

gaee —_
Lo = 2—meé’,,a(wey"75we)’ (1)

where ¢,,, is the axion-electron coupling constant, a is the
axion field, y, and m, are the electron wave function and
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mass, and y, and ys are Dirac matrices. This vertex
describes an axion-induced flip of an electron spin, which
then decays back to the ground state emitting a photon.
Since v,, the relative speed between Earth and the DM
halo, is small, we may use the nonrelativistic limit of Euler-
Lagrange equations and recast the interaction term

Yaee
Lo~ —2upo
ae HpOo ( e

)Va = —2ugo - B,. (2)

Here —2up0 and e are the spin and charge of the electron,
up is the Bohr magneton, and B, is defined as the axion
effective magnetic field. As Va « v, [38], the nonzero
value of v, results in B, # 0.

If accounting for the whole DM, the numeric axion density
isn, ~8 x 10'2(42 ueV/m,) cm™=. For v, ~ 1073¢, where
c is the speed of light, the de Broglie wavelength and
coherence time of the galactic axion field are
Ava = 25(42 peV/m,) m, and 7y, = 55(m,/42 ueV) us
[36,37]. The effective field frequency is proportional to
the axion mass, w,/2x = 10(m,/42 ueV) GHz, while its
amplitude depends on the properties of the DM halo and of
the axion model,

YGaee nah _23 m,
=== ~4x1077 | ——= | T, (3
2e macmava % (42 ,ueV) 3)

where 7 is the reduced Planck constant. These features allow
for the driving of a coherent interaction between B, and the
homogeneous magnetization of a macroscopic sample. The
sample is immersed in a static magnetic field B to couple
the axion field to the Kittel mode of uniform precession of the
magnetization. The interaction yields a conversion rate of
axions to magnons, which can be measured by searching for
oscillations in the sample’s magnetization. Because of the
angle between B, and B, the resulting signal undergoes a
full daily modulation [39]. The maximum axion-deposited
power is related to Eq. (3) and to the characteristics of the
receiver, namely, number of spins N, and system relaxation
time 7,

B,

P, = }/e,uBNsa)aBglrs’ (4)

where y, is the electron gyromagnetic ratio.

To detect this signal, we devised a suitable receiver. As it
measures the magnetization of a sample, it is configured as
a spin magnetometer used as an axion haloscope. The
device consists of an axion field transducer and of a rf
detection chain.

At high frequencies and in free field, the electron spin
resonance linewidth is dominated by radiation damping,
which limits 7, [40-42]. To avoid this issue, the material is
placed in a microwave cavity. If the frequency of the Kittel
mode w,, = y,B is close to the cavity mode frequency
., the two resonances hybridize and the single mode
splits into two, following an anticrossing curve [43,44].

The By-dependent hybrid modes’ frequencies are w; and
@, and the cavity-material coupling is g, =
min(w, — ;). If g, is larger than the hybrid mode
linewidths y;, ~ (y. +v,)/2, where y. and y,, are the
cavity and material dissipations, the system is in the strong
coupling regime. To increase P,, N, and 7, must be large,
so a suitable sample has a high spin density and a narrow
linewidth. The best material identified so far is yttrium iron
garnet (YIG), with roughly 2 x 10?? spins/cm? and 1 MHz
linewidth [45].

In the apparatus that we operated at the Laboratori
Nazionali di Legnaro of INFN, the TM110 mode of a
cylindrical copper cavity is coupled to ten 2.1 mm diameter
spheres of YIG. The spherical shape is needed to avoid
geometrical demagnetization. We devised an on-site grind-
ing and polishing procedure to obtain narrow linewidth
spherical samples starting from large single crystals of
YIG. The spheres are placed on the axis of the cavity, where
the 1f magnetic field is uniform.

Several room temperature tests were performed to design
the YIG holder: a 4 mm inner diameter fused silica pipe,
containing ten stacked PTFE cups, each one large enough
to host a free rotating YIG. Free rotation permits the
spheres’ easy axis self-alignment to the external magnetic
field, while a separation of 3 mm prevents sphere-sphere
interaction. The pipe is filled with 1 bar of helium and
anchored to the cavity for thermalization. The cavity and
pipe are placed inside the internal vacuum chamber (IVC)
of a dilution refrigerator, with a base temperature around
90 mK. Outside the IVC, in a liquid helium bath, a
superconducting magnet provides the static field with an
inhomogeneity below 7 ppm over all the spheres.

The resulting hybrid system (HS) has been studied by
collecting a B, vs frequency transmission plot, reported in
Fig. 1 (left). The measured plot is not a usual anticrossing
curve. In our system, the cavity frequency w./27 =
10.7 GHz and the expected coupling is of the order of
600 MHz, thus w, gets close and couples to a higher order
mode of the cavity. This hybrid mode further splits into
others, making the two oscillators description unsuitable.
Other disturbances are related to residual sphere-sphere
interaction and to nonidentical spheres. To model the HS,
we write a Hamiltonian based on two cavity modes, ¢ and
d, and two magnetic modes, m and n,

iy,
W, — R 0 Gem Yen
iy
0 (CF Td 9dm Ydn
7_(cdmn = Y ’ (5)
Yem 9dm Oy — 2 9mn

Yen YGan 9mn

where g, @, and y indicate their couplings, resonant
frequencies, and dissipations, respectively. Figure 1 (right)
shows the function f.4.,(®,®,,) = det(@ly — H gmn)s
whose maxima identify the resonance frequencies of the
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FIG. 1. Measured (left) and modeled (right) transmission func-

tions of the HS. The right plot is the function f 4., (@, ,, ), based
on the second quantization of coupled harmonic oscillators, while
the left one is a SO-to-readout (see Fig. 2) transmission measure-
ment with the JPA off, performed at 90 mK. Color scales are in
arbitrary units (brighter colors correspond to higher amplitudes).
The dashed line in the left plot identifies the low-frequency hybrid
mode, having resonant frequencies @, and linewidths y;.

HS. By comparing the two plots of Fig. 1, one can see that the
model appropriately describes the system, allowing us to
extract the linewidths, frequencies, and couplings of the
modes through a fit. The typical measured values are y; ~
1.9 MHz and g,.,,, ~ 638 MHz, yielding 7, ~ 84 ns and N~
1.0 x 10! spins, respectively. With respect to the hybridi-
zation of a single sphere, g,,, scales as the square root of the
number of spheres, showing their coherent coupling to the
cavity mode. Remarkably, the mode , is not altered by other
modes, thus we will use it to search for axion-induced
signals. For a fixed By, the linewidth of the hybrid mode is the
haloscope sensitive band. By changing B, we can perform a
frequency scan along the dashed line of Fig. 1.

The electronic schematics, shown in Fig. 2, consists of
four rf lines used to characterize, calibrate, and operate the
haloscope. The HS output power is collected by a dipole
antenna (D1), connected to a manipulator by a thin steel
wire and a system of pulleys to change its coupling. The
source oscillator (SO) line is connected to a weakly coupled
antenna (D2) and used to inject signals into the HS, the
pump line goes to a Josephson parametric amplifier (JPA),
the readout line amplifies the power collected by D1, and
“Aux” is an auxiliary line. The readout line is connected
to a heterodyne as described in [37], where an analog-
to-digital converter (ADC) samples the down-converted
power, which is then stored for analysis. The JPA is a
quantum-limited amplifier, with resonance frequency of
about 10 GHz, resulting in a noise temperature of 0.5 K. Its
gain is close to 20 dB in a band of order 10 MHz, and its
working frequency can be tuned thanks to a small super-
conducting coil [46]. Excluding some mode crossings,
hybrid mode and JPA frequencies overlap between 10.2
and 10.4 GHz and allow us to scan the corresponding
axion-mass range.

SO Pump Readout Aux
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FIG. 2. Schematics of the apparatus. The cavity is reported in
orange, the ten YIG spheres are in black, and the blue shaded
region is permeated by a uniform magnetic field. The cryogenic
and room temperature HEMT amplifiers are A1 and A2, respec-
tively, and the JPA ports are the signal (s), idler (i), and pump (p).
Superconducting cables are brown, the red circled 7T’s are the
thermometers, SO is a source oscillator, and attenuators are
shown with their reduction factor in decibels. (Inset) The
calibration of the system gain and noise temperature, obtained
by injecting signals in the SO line. The power injected in the HS
is given in terms of an effective temperature proportional to A,.
The errors are within the symbol dimension. See text for further
details.

The procedure to calibrate all the lines of the setup is as
follows: (i) the transmittivity of the Aux-readout path K,g
is measured by decoupling D1 or by detuning w; (ii) for
the Aux-SO and SO-readout paths, K,g and Kgg are
obtained by critically coupling D1 to the mode w;. The

transmittivity of the SO line is Kgg =~ \/ Ksg Kas/Kar. If a
signal of power A;, is injected in the SO line, the fraction of
this power getting into the HS results A.,; = A;,Kgo. Since
A, 1s a calibrated signal, it can be used to measure gain and
noise temperature of the readout line. From this measure-
ment, we obtain a system noise temperature 7,, = 1.0 K
and a gain of 70.4 dB from D1 to readout (see Fig. 2).
In our setup, the coupling of D1 can be varied by 8 dB, thus
we estimate a calibration uncertainty of 16%.

To double check the accuracy of the result, we measure
the thermal noise of the HS. The noise difference for @, on
and off the JPA resonance (dark blue and light blue) gives
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FIG. 3. Excess noise in the JPA band due to the added thermal

noise of the HS. The areas show the power measured at the
readout with @; on resonance with the JPA (blue) and detuned
from the JPA bandwidth (gray). The difference of the two is the
HS noise (reported in orange).

the noise added by the hybrid mode (orange curve), as
shown in Fig. 3. The excess noise is compatible with a
temperature of the HS ~ 100 mK higher than the one of the
nearest load, which is realistic since the load is closer to the
mixing chamber at 90 mK. Similar results are obtained by
changing the D1 antenna coupling for a fixed B,. We
measured the JPA gain, the HEMT’s noise temperature, and
estimate the HS temperature to get the noise budget detailed
in Table I. The 0.14 K difference may be due to unac-
counted losses or nonprecise temperature control.

As Ay, is much larger than the scale of the apparatus, the
axion field interacts coherently with all the spheres. Its
quality factor is @,7y, /2 ~ 2 x 10°, thus the axion power is
deposited in a band of about 5 kHz.

The axion search consisted of 56 runs, each one with
fixed B,. For every run, a transmission measurement of the
hybrid system is used to set @y, to critically couple D1 to it,
and to measure y;. The frequency stability of w; resulted
well below the linewidth within an interval of several hours,
allowing long integration times. Data are stored with the
ADC over a 2 MHz band around @; for subsequent
analysis. We FFT the data with a 100 Hz resolution
bandwidth to identify and remove biased bins and disturb-
ances in the down-converted spectra. To estimate the
sensitivity to the axion field, we rebin the FFTs with a
resolution bandwidth RBW ~ 5 kHz, which at this fre-
quency gives the best SNR for the axionic signal [38].

TABLE 1. Noise budget of the apparatus, expressed as equiv-
alent noise temperature. The measured noise is compatible with
the estimated one.

Source Noise [K]
Quantum noise 0.50
Thermal noise 0.10
HEMT’s noise 0.25
Expected total 0.85
Measured total T, 0.99

The spectra are fitted to a degree five polynomial to extract
the residuals, whose standard deviation is the sensitivity of
the apparatus. We verified that the analysis procedure
excludes unwanted bins, while preserving the signal and
SNR by adding a fake axion signal to the acquired data.

Our data were collected in July 2019 in a total run time of
74 h. The average run length was ~1 h, and each one was
performed during the maximum of the daily-modulated
axionic signal. The measured fluctuations are compatible
with the estimated noise in every run, and we detected no
statistically significant signal consistent with the DM
axion field. The minimum measured fluctuation is op =
5.1 x 1072* W, for the longest integration time # =9 h,
where the Dicke prediction is kgT,/RBW/t=
4.8 x 107* W. By using Eq. (4), one obtains the magnetic
field sensitivity o5 = 5.5 x 107" T, which, to our knowl-
edge, is a record one for a rf spin magnetometer. The
absence of fast rf bursts in the data is verified by using a
1 ms time resolution waterfall spectrogram.

Even if the minimum field detectable by the haloscope is
much larger than B,, these measurements can still be a
probe for ALPs, which may also constitute the totality of
DM [47]. The 95% C.L. upper limit on the axion-electron
coupling constant is

k 2
Do < — X 2OP L 17% 1071, (6)
Tm,v, ZMByenaNSTS

The transduction coefficient of the axionic signal k,. was
calculated with a model similar to the one of Eq. (5) [48].
It essentially depends on @; and, in our bandwidth, results
0.5 < k,. < 1.0. The overall exclusion plot obtained with
the ferromagnetic haloscope is given in Fig. 4. All the
experimental parameters used to extract the limits from
Eq. (6) are measured within every run, making the
measurement highly self-consistent.

These results improved the best previous limits [37] by
roughly a factor 30 in g,.,. and 50 in bandwidth. The
improvement over the previous prototype is due to an
increased material volume, to an almost quantum-limited
noise temperature, and to longer integration times. Much
narrower axion-mass scans were performed by previous
experiments of this kind [37,49], and we now demonstrate
that it is feasible to tune a hybrid resonance over hundreds
of megahertz to search for axion-deposited power. Our
prototype scanned a range of axion masses of about
0.7 peV with a field variation of 7 mT, drastically sim-
plifying the tuning of the haloscope.

In conclusion, we designed and developed a quantum-
limited rf spin magnetometer used as an axion haloscope. The
instrument implements an axion-to-rf transducer, i.e., a hybrid
system that embeds one of the largest quantities of magnetic
material to date, and a detection electronics based on a
quantum-limited JPA. The operation of this instrument led to
an axion search over a span of 0.7 ueV around 42.7 ueV,
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FIG. 4. Exclusion plot at 95% C.L. on the axion-electron coupling obtained with the present prototype (excluded region reported in
blue and error in light blue) and overview of other searches for the axion-electron interaction. The other results are from [37] (orange)
and [49] (green), while the DFSZ axion line is at about g,,, ~ 1071, (Inset) A detailed view of the reported result.
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