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Axions as dark matter

Localized power excess ~10-23 W 
@ 10 GHz
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We show that at higher frequencies, and thus higher axion masses, single-photon detectors become

competitive and ultimately favored, when compared to quantum-limited linear amplifiers, as the detector

technology in microwave cavity experimental searches for galactic halo dark matter axions. The crossover

point in this comparison is of order 10 GHz (!40 !eV), not far above the frequencies of current searches.
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I. INTRODUCTION

The next generation of microwave cavity experimental
searches for axions constituting the dark matter halo of
our Galaxy will possess the sensitivity to find or exclude
favored axion models over a significant fraction of their
allowed mass ranges. These experiments will benefit from
new tunable cavity designs of higher frequency and possi-
bly much higher quality factor Q with the use of thin-film
superconducting coatings. They will also operate with
much lower intrinsic noise owing to the development of
quantum-limited amplifiers, such as microstrip-coupled
SQUID amplifiers and Josephson parametric amplifiers
(JPA). The purpose of this paper is to demonstrate that
photon detectors will eventually win over linear amplifiers
at high frequencies, and possibly not far above where the
Axion Dark Matter Experiment (ADMX) and ADMX
High Frequency (ADMX-HF) will soon begin taking data
(!1 and!5 GHz, respectively). Given that the microwave
cavity experiments owe their extraordinary sensitivities to
being both resonant and spectrally resolved, the possible
utility of detectors which sacrifice phase information, all or
in part, bears some discussion. Here we are concerned with
fundamental detection limits that cannot be improved
upon, and we do not address excess technical noise that
can be eliminated with careful experimental design. We do
note, however, that technical noise problems tend to be
more simply solved at higher frequencies.

In Sikivie’s microwave cavity experiment, axions
resonantly convert into a very weak quasimonochromatic

microwave signal in a high-Q cavity permeated by a strong
magnetic field (Fig. 1) [1]. The axion-photon conversion
signal power is given by

Pa!" ¼ #g2a""

!
$a

ma

"
B2
0VCQc; (1)

where ma and $a are the mass and local density of the
axion, respectively, ga"" is the axion-photon coupling, B0

is the strength of the magnetic field, V is the cavity volume,
and C is a mode-dependent form factor. The loaded
(coupled) quality factor of the cavity is designated by
Qc ¼ Q=ð1þ %Þ,Q being the unloaded or intrinsic quality
factor, and % the ratio of power coupled out by the antenna
to power dissipated by cavity wall losses. The fraction of

FIG. 1 (color online). Simplified schematic of the microwave
cavity search for halo axions. The insert depicts the virialized
axion signal (Qa & E=!E! 106) within the Lorentzian band-
pass of the cavity [Qc ¼ Q=ð1þ %Þ].*steve.lamoreaux@yale.edu
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Chapter 1. The physics case 1.2. Searching for axions

Figure 1.7: A sketch of a microwave cavity in which an axion-photon conversion occurs. Taken
from [1].

Conventional haloscopes

Haloscopes are intended to detect axions constituting the galactic DM halo (Sec. 1.2.4),
hence the name halo-scopes, in the hypothesis that all or part of the measured DM density
is explained by axions. The detection technique relies on the inverse Primakoff process
a + �

⇤
! �, where the virtual photon is provided by a static magnetic field. In this case

the emitted photon is collected in a microwave cavity and then the signal is read by some
electronics (Fig. 1.7). The resonant frequency of the cavity has to be matched to the
photon energy, in which case it can excite a cavity mode. The photon energy is equal to
the axion energy, ⌫res = Ea, because when a magnetic field is static, it is considered as
constituted by many virtual photons, so when a single photon interacts the energy transfer
is negligible. In turn, because the axion is non-relativistic as seen in Sec. 1.2.4, its energy
is equal to its rest mass, Ea ' ma; then we can safely state that the photon frequency
must equal the axion mass: ⌫res ' ma

9. For this reason a microwave cavity must have the
possibility to vary somehow its resonant frequency, to scan over a range of axion masses as
wide as possible. In Chap. 2 I will describe in some more detail the properties of microwave
cavities. However it is important to mention two things at this point. First, if ẑ is the axis
direction of the cavity and the external magnetic field is applied along ẑ, the only cavity
modes that can be excited by an axion conversion are TMnm0, transverse magnetic modes,
for which the electric field has component along the ẑ axis [36]. This is a consequence
of the form of the interaction seen in eq. (1.49). Secondly, to scan higher mass values,
larger frequencies are needed. This implies smaller cavity volumes, since ⌫res is inversely
proportional to the geometric parameters of the cavity (Sec. 2.3).

ADMX (Axion Dark Matter eXperiment) has become the paradigm of axion searches
with haloscopes. The experiment has been built in 1995 and is still running and improving
its performances. [1, 38] ADMX employs a NbTi superconducting magnet up to 8 T, with
a bore of 60 cm ⇥ 110 cm. The copper microwave cavity has a volume of about 200 L

9
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FIG. 18. Expected physics reach for the QUAX-a� experi-
ment.

VI. THE QUAX-ae R&D FOR THE FERROMAGNETIC
HALOSCOPE

Detection sensitivity of ferrimagnetic haloscopes is di-
rectly related to the amount of sensitive material. To
improve sensitivity, while keeping the same central work-
ing frequency, longer cylindrical cavities holding more
spheres can be used. Alternatively, o↵ axis loading of
the spheres can be implemented. In order to coherently
use all the available spins, every single sphere must be
strongly coupled to the cavity mode. This results in the
production of ultra strong vacuum Rabi splitting for the
complete system, with the drawback of possible interfer-
ence with other cavity modes or between higher order
magnetic modes. To avoid such problems, spheres can
be placed in a region of lower rf magnetic field of the
cavity mode, thereby reducing the single sphere coupling
to a few times the magnon or cavity linewidth, with the
result of a smaller total splitting. Moreover, some pre-
liminary measurements that we have performed shows
that magnon-magnon interaction is kept small when two
or more spheres are placed in a plane perpendicular to
the cavity axis, thus allowing a small gap separation be-
tween the spheres in such direction. It is then possible
to foresee a single microwave cavity with a volume of ac-
tive material one order of magnitude larger than the one
employed in this article, just by filling the cavity with
planes of spheres, each plane separated by the required
distance to avoid mutual interaction.

This will be the first step of the QUAX ferrimagnetic
haloscope, i.e. trying to implement in the current cavity
O(100) spheres. While keeping the same detector this
will represent a factor 10 improvement in the power sen-
sitivity, corresponding to a factor 3 improvement on the
e↵ective axion field sensitivity and coupling constant.

We are also planning to study the possibility of ob-
taining YIG samples with longer coherence times. As
suggested in some publications, losses for the FMR reso-

nance can be partially due to the presence of 57Fe in the
crystal. This iron isotope has a nuclear spin 1/2, while
the other isotopes have no net spin. 57Fe has a natu-
ral abundance of 2.5%, and its presence in the YIG can
cause a reduction of the ferromagnetic resonance lifetime
through nuclear spin dissipation106. By producing YIG
with lower 57Fe content, we believe we could improve the
coherence time and thus obtain a better sensitivity for
the axion hunting.
With the current prototype we reached the rf sen-

sitivity limit of linear amplifiers107. To further im-
prove the present setup one needs to rely on bolome-
ters or single photon/magnon counters38. Such devices
are currently being studied by a number of groups, as
they find important applications in the field of quantum
information65,108–110.
Further improvements will then be obtained by the

change on the detector. The ferromagnetic haloscope
will be used as a test bench for the quantum counter
developed in Paris, that we should be able to have in use
within 2-3 years.
Detector sensitivity can also be improved by imple-

menting the multi-cavity approach that will be studied
with the LNF haloscopes. In the case of the ferromag-
netic haloscope this solution has the di�culty of having
a uniform magnetic field over a large volume.

The Paris Quantum Counter

Single photon detection is a key resource for sensing
at the quantum limit and the enabling technology for
measurement based quantum computing. Photon detec-
tion at optical frequencies relies on irreversible photo-
assisted ionization of various natural materials. However,
microwave photons have energies 5 orders of magnitude
lower than optical photons, and are therefore ine↵ec-
tive at triggering measurable phenomena at macroscopic
scales. It is possible to implement a new type of interac-
tion between a single two level system (qubit) and a mi-
crowave resonator. These two quantum systems do not
interact coherently, instead, they share a common dissi-
pative mechanism to a cold bath: the qubit irreversibly
switches to its excited state if and only if a photon enters
the resonator. By using this highly correlated dissipa-
tion mechanism detection of itinerant single microwave
photons impinging on the resonator is possible111. This
scheme does not require any prior knowledge of the pho-
ton waveform nor its arrival time, and dominant decoher-
ence mechanisms do not trigger spurious detection events
(dark counts). A detection e�ciency of 58% and a record
low dark count rate of 1.4 per ms has been obtained. A
scheme of the working principle of such device is shown
in Figure19.
The possibility of using a quantum counter would rep-

resent a major improvement for every kind of haloscopes.
One can calculate the improvement on sensitivity chang-
ing from a quantum limited linear amplifier with power

LNF (Frascati)

LNL (Legnaro)

• Classical haloscope (just like ADMX, HAYSTAC etc)

• Searching for QCD axions

• Between 𝟖 − 𝟏𝟎 GHz

a g

Photons 
detector

Galactic 
axions 𝐵

~10 T

The QUAX experiment is a light DM hunt experiment

Courtesy of A. Rettaroli



COLD Laboratory

𝑇!"#$ = 8 𝑚𝐾

Cooling power:
500 𝜇𝑊 @ 100 𝑚𝐾 9 T magnet
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• OFHC Copper

• Radius = 13.5 mm,  height = 246 mm

• TM010 mode

• Starting frequency (𝜶 = 𝟎°): 8.83 GHz

• Tuning ~𝟑𝟎𝟎 MHz with 𝚫𝜶 ∼ 𝟖𝟎°

HFSS simulations by Simone Tocci

Microwave cavity + tuning

Courtesy of A. Rettaroli



Expected 𝑄! ≃ 10" from simulations, 
and measured w/out rod

Measured 𝑄! ≃ 5×10# w/ rod 

This is likely due to losses caused by 
the rod configuration and PEEK

Trapped field between metallic
disk and cavity endcap

Microwave cavity + tuning

Courtesy of A. Rettaroli



Fits by Gianluca Vidali ( Master student)

cavity

LO

From fit we extract
𝜈%, 𝑄&, 𝛽, 𝐺𝑎𝑖𝑛

Fit procedure

Raw power spectrum

§ 𝑉 = 0.141 𝑙
§ 𝑓#'"(' = 8.83 GHz
§ 𝑚" = 36.5 𝜇𝑒𝑉
§ 𝑄& = 50000
§ 𝛽 = 0.5
§ C010 = 0.667
§ 𝐵0 = 8 T (Bav=6.5 B0)

§ Δ𝑡 = 3760 𝑠
§ 𝑇%") = 40 mK

From calibrated power spectrum
we extract the noise temp

𝑇% ≃ 4.5 𝐾

Calibration+ power spectrum

Courtesy of A. Rettaroli



6 MHz scan

• 𝑸𝟎, 𝜷 and 𝑮𝒂𝒊𝒏 remain stable

• Δ𝑚" = 𝟐𝟓 𝒏𝒆𝑽

• Effective scan rate in this test:

220 MHz/year

Performed the same procedure 
on each run

6 MHz tuning

Courtesy of A. Rettaroli



where Tsys, is the system noise-temperature, Δν is the bin
width (651 Hz) and Δt is the integration time (3000 s). The
distribution of the cumulative normalized-residuals from
all the datasets is shown in Fig. 5 along with a Gaussian fit,
showing a standard deviation compatible with 1.
We use the least squares method to estimate the best

value ĝaγγ for the axion-photon coupling, by minimizing

χ2 ¼
XNscan

α¼1

XNbin

i¼1

!
RðαÞ
i − SðαÞi ðma; g2aγγÞ

σðαÞDicke

"2
; ð6Þ

where the α index runs over the Nscan datasets taken with
different cavity resonant frequencies, the index i runs over
the frequency bins of each power spectrum, Riα and Siα are
the residuals and the expected power signals for the scan α

and frequency bin i, respectively. Siα is calculated as the
integral in the frequency domain of Eq. (4) multiplied
by the spectrum of the full standard halo model distribu-
tion [44].
We express the expected power as Sα;iðma; g2aγγÞ ¼

g2aγγTα;iðmaÞ, and analytically minimize Eq. (6) by solving
∂χ2=∂g2aγγ ¼ 0, and calculating the uncertainty according to
the formula ðξ ¼ g2aγγÞ:

1

σ2
ξ̂

¼ 1

2

∂2χ2

∂ξ2
: ð7Þ

Solving this equation, we get: (
PP≡PNscan

α¼1

PNbin
i¼1 )

g2 ¼ σ2ðg2Þ
!XXRðαÞ

i TðαÞ
i ðmaÞ

ðσðαÞDickeÞ2

"
ð8Þ

where g2 is the average squared coupling constant that
accounts for the contributions of all the frequency bins of
all the datasets, and

σ2ðg2Þ ¼
XX !

TðαÞ
i ðmaÞ
σðαÞDicke

"2
ð9Þ

is its variance. We repeated this procedure for different
values of ma and calculated g2 and σðg2Þ for axions masses
in the range 42.8210 − 42.8223 μeV.
A candidate discovery requires the detection of a power

excess larger than 5σ above the noise, hence in the
distribution of g2=σðg2Þ. We did not find any candidate
(see Fig. 6) and the result is interpreted as an exclusion test
in this axion-mass range.

FIG. 5. Distribution of the cumulative residuals from each
dataset normalized to the σDicke.

FIG. 6. Histogram of the g2=σðg2Þ distribution calculated using
Eqs. (8) and (9). No excess above 5σ was observed.

FIG. 4. FFT cavity power spectrum (blue dots) and SG filter
(black line). νc ¼ 10.3534149 GHz, QL ¼ 354000.

SEARCH FOR GALACTIC AXIONS WITH A HIGH-Q … PHYS. REV. D 106, 052007 (2022)

052007-5

• Fit to power spectra
with Savitzky-Golay filter
to calculate residuals

• Maximum likelihood over all
scans to estimate the best 
value !𝑔&''

• Calculate the efficiency of the SG 
filter by Monte Carlo simulations
with fake axion signal
(𝜀 = 0.84)

Example of power spectrum with SG fit Cumulative normalized residuals over all scans

Analysis

Courtesy of A. Rettaroli
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0 mK QUAX@LNF this run

Touched the QCD line Avg value 𝑔"++ = 2×10,-. 𝐺𝑒𝑉,-

Final plot gaγγ

A. Rettaroli et al PRD 2024 (submitted) 
Courtesy of A. Rettaroli



the FINUDA magnet for Light Axion SearcH

FLASH

• 1.1 T superconducting magnet. 
Succsessfully operated  again after xxx years

• 240 MHz tuning (~ 1μeV of axion mass 

range)

• Low frequency region  that is still 

unexplored (resonant cavity  up to 2.5 

m3)



FLASH

D. Alesini et al, Physics of the Dark Universe,2023



FLASH

And much more like:

• Chamaleons

• High frequency gravitational waves
D. Alesini et al, Physics of the Dark Universe,2023



• First QUAX@LNF run with complete haloscope

• 2 weeks of data taking.

• 9 T magnet. Operated at 8 T.

• Tuning rod to scan frequencies.

• ~ 25 neV of axion mass scan

• Still much room for improvements.

• QUAX competitive in the panorama. 

• Flash aims to use FINUDA magnets to operate a 

large haloscope

• ~ 1μeV of axion mass range

• 1.1 T magnet. Cavity (diameter 2.1 m and 

1.18 m, height 1.2 m)

• Hunt for axion dark matter into an hardly 
accesible mass region

• Potential for discovery of new physics 
(chamaleons, high frequency gravitational waves)

Conclusions



Thank you for your attention!
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Figures of merit in a haloscope

Chapter 1. Axions: theory and experiment 1.2. Axion properties
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Figure 1.1: Left) Axion decay into one real photon and one virtual photon via the inverse Primako↵ e↵ect
through a fermion loop. Right) Axion production via the Primako↵ e↵ect in vacuum, from one
real and one virtual photon.

ga““

a “

B̨

Figure 1.2: Conversion of an axion into a photon through the inverse Primako↵ e↵ect. The conversion is
stimulated by a static magnetic field.

axion flux from stars, since in their cores many photons are produced via nuclear fusions.
As we will see in Section 1.2.1, axion fluxes from stars can be used to obtain bounds on the
gagg coupling. On the contrary, the inverse Primakoff effect of Fig. 1.1(left) is the paradigm
of axion detection. This can be exploited if in the diagram one real outgoing photon is sub-
stituted with an external static magnetic field, which continuously provides virtual photons
and is treated as a classical electromagnetic field. This situation is depicted in Fig. 1.2. Also,
if in the latter diagram the ingoing axion line and the outgoing photon line are exchanged,
this would account for a production mechanism in some regions of the Universe where high
magnetic fields are reached, such as pulsar magnetospheres or AGNs.

Coming to the interaction between axions and fermions, from Eq. (1.16) we saw that it
must be a derivative coupling. A derivation is given in [45], but the following is written with
the same notation as in [5]:

La f f =
∂µa
2 fa

Â
f

Ca f f
�
Y f gµg5Y f

�
, (1.24)

where Y f are fermion Dirac fields and Ca f f are model-dependent dimensionless coupling
constants. The interaction can be equivalently written as an effective CP-conserving La-

13

Pagg µ

 
g2

agg

m2
a

ran

!⇣
VB2Q

⌘

<latexit sha1_base64="dKYb5tHWK1Jve3iYR1qKnUeZrqY="></latexit><latexit sha1_base64="UeTvqBVFyXKWA9ype6+j2eUmcUQ="></latexit><latexit sha1_base64="UeTvqBVFyXKWA9ype6+j2eUmcUQ="></latexit><latexit sha1_base64="nkoz8hEg2w+1esY2eCZArB0ibrs="></latexit>

df

dt
/ B4V 2QL

T 2
sys

<latexit sha1_base64="PGWOZHQ+N+1lSh+jfKHGbDcj9C8="></latexit>

In these searches, the signal is much smaller than noise

Pn = kBT�⌫ � Ps / B2 Veff QL ⇠ (10�22 � 10�23) W

To increase sensitivity we rely on averaging several spectra recorded at the same
cavity frequency over a certain integration time.

SIGNAL READOUT df/dt / V2
eff QL T�2

sys

weak interactions with SM particles =) 10�23 W signal power
Josephson Parametric Amplifiers (JPAs) introduce the lowest level of noise, set by the laws of quantum
mechanics (Standard Quantum Limit noise)

Tsys = Tc + TA
Tc cavity physical temperature
TA effective noise temperature of the amplifier

kBTsys = h⌫
✓

1
eh⌫/kBTc � 1

+
1
2

+ NA

◆

NA & 0.5
S. K. Lamoreaux et al., Phys Rev D 88 035020 (2013)

ADMX: Axion Dark Matter eXperiment

The signal power is very faint

The scan rate depends critically on noise temperature
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All calibrated scans
Calibration of downconversion hardware


