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in gigaelectron volts. What values could this take? The electroweak 
scale, ≈250 GeV, was one natural choice but is excluded experi-
mentally. Other scales in particle physics include the grand unified 
scale, O(1016) GeV, and the Planck scale, ∼1019 GeV, which is the 
highest scale where ordinary quantum field theory could possibly 
remain valid before quantum gravity becomes important. These 
considerations give only very rough guidance as to the value of fa 
and the mass of the axion: Below, we narrow their possible ranges.

The axion mechanism may be implemented in a wide variety of 
extensions to the Standard Model, which are the subject of much 
current research (22). In any axion model, we must introduce a new 
complex field F = ceiq, which gains a nonzero vacuum expectation 
value that breaks the PQ symmetry spontaneously. After this spon-
taneous symmetry breaking, the axion is related to the phase of F 
by a = Nfaq, where N is an integer, the “color anomaly,” which varies 
depending on the detailed realization of the PQ mechanism. Figure 3 
is shown for N = 4.

For the axion to solve the strong CP problem, the model must 
also include quarks that are charged under the PQ symmetry, which 
in turn mediate an interaction between the axion and the gluon 
force carriers of the strong nuclear force. There are two ways of 
achieving this. In one class of axion models, the Standard Model 
quarks are charged under the PQ symmetry (23, 24): These models 
have N = 6. This means that we have to add an extra Higgs doublet 
to the model to allow all of the Standard Model interactions to obey 
the PQ symmetry. In another class of models, we instead add extra 
heavy, electrically neutral quarks to the theory (25, 26). Only these 
extra quarks are charged under the PQ symmetry: The canonical 
version of this model has N = 1. The precise values of the axion’s 
mass and interaction strengths depend on these details of the model 
(see the Supplementary Materials).

Interactions
The axion does interact not only with quarks and gluons but also 
with the other particles in the Standard Model. We know that these 
interactions must be very weak for the axion to have evaded detec-
tion so far.

Particle interactions are governed by their symmetries, and the 
axion’s interactions are set by its pseudo-scalar nature. A pseudo- 
scalar field changes sign under a parity transformation, i.e., when 
looking at the universe in a mirror. If we assume that the overall 
interaction is unchanged by a parity transformation, then we find 
that only certain interactions are allowed for a pseudo-scalar 
particle. These can be expressed (schematically) by the nonrelativistic 
Hamiltonian

 H =  √ 
_

    e  0   ─  m  0        g  agg  ∫ aE · BdV +  g  aff   ℏc ∇ a ·  ̂  S  +  √ 
_

  e  0    (ℏc)   3     g  EDM   a ̂  S  · E  (5)

where a is the axion field measured in units energy; gagg is the 
axion’s coupling to photons, g (i.e., to electromagnetism), measured 
in units of inverse energy; gaff is the axion’s coupling to matter 
particles, which are fermions, f (the coupling depends on the parti-
cle in question, we write just one case for simplicity); gEDM is the 
strength of a nuclear EDM induced by the axion; E and B are 
the electric and magnetic fields; and   ̂  S   is the direction of the spin of the 
matter particle in question. e0 and m0 are the permittivity and 
permeability of free space, respectively, constants associated with 
electromagnetism; ℏ is the reduced Planck’s constant, which param-
eterizes the size of quantum effects; and c is the speed of light.

These interactions are very different from the interactions of a 
scalar particle, which can couple directly E2 − B2 (the scalar Maxwell 
term) and to the masses of matter particles. This means that light 
scalar fields can mediate extra long-range forces, and their interactions 
with Standard Model particles are therefore very tightly constrained 
by the nonobservation of these extra forces. In contrast, the couplings 
of pseudo-scalar particles to E · B and to the spins of matter particles 
(27, 28) make them much harder to detect.

What would the axion’s interactions with photons and with 
matter particles look like experimentally? Via its interaction with 
E · B, axion DM would look like an additional electrical current or 
anomalous magnetic field (29). More generally, Maxwell’s equations 
of electromagnetism are modified by the addition of the axion field. 
Further details on how axions modify Maxwell’s equations of 
electromagnetism are discussed in the companion experimental 
review. Via its coupling to nuclear and electron spins, axion DM 
would cause these spins to precess, as they would in a magnetic 
field, but now with an anomalous magnetization caused by the 
invisible presence of the axion field (30, 31).

What are the strengths of the axion’s interaction with Standard 
Model particles? How large are the coupling constants gi in the 
Hamiltonian (Eq. 5)? We know that the interactions must be very 
weak, or we would have found axions already. We expect the axion’s 
couplings to be inversely proportional to the scale of symmetry 
breaking

   g  i   ∼   1 ─  f  a       (6)

This is a consequence of one of the most fundamental ideas in 
particle physics, namely, effective field theory (32), which tells us to 
expect the axion’s interactions to scale inversely with the energy 
scale at which the symmetry giving rise to it originates. As this 
energy fa could be very high, the axion’s interactions could be very 
weak, as required by the experimental constraints. Comparing 
Eqs. 3 and 6, we see that the axion’s couplings obey

   g  i   ∝  m  a    (7)

This is true for most models of the QCD axion, whose couplings 
are generally proportional to its mass, although this relationship 
can be broken in some specific models of the QCD axion. In addi-
tion, as we will see later, the axion is just one particle in the broader 
class of ALPs discussed in more detail below. These ALPs need not, 
in general, solve the strong CP problem or couple to gluons. This 
means that their mass could take any value and need not be propor-
tional to their couplings, and the constants of proportionality differ 
wildly for different ALPs. ALPs could therefore be very weakly 
coupled and hence extremely difficult to detect experimentally. 
Alternatively, nature may provide us with more strongly coupled 
ALPs that can be detected more readily, as discussed below. By 
contrast, for a canonical QCD axion of a given mass, we can predict 
the approximate size of the couplings to Standard Model particles, 
providing a definite target for experimental searches. Further details 
are given in the Supplementary Materials.

The interaction between DM axions or ALPs with particles and 
forces in the Standard Model leads to a wide variety of ways to 
search for them. Initially, in the 1980s up to 2010 or so, experiments 
were few and far between. There was just one viable method, the 
microwave cavity haloscope, and the axion interactions are too 
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Experimentally how do they look like?

• via E · B coupling → additional electric current

• via coupling to n and e− spins → precession

What are the interaction strengths with SM particles?

• gi ∼ 1
fa

mafa ∼ mπ fπ
========⇒ gi ∝ ma true for QCD axion

• ALPs mass could take any value, need not be ∝ gi
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in gigaelectron volts. What values could this take? The electroweak 
scale, ≈250 GeV, was one natural choice but is excluded experi-
mentally. Other scales in particle physics include the grand unified 
scale, O(1016) GeV, and the Planck scale, ∼1019 GeV, which is the 
highest scale where ordinary quantum field theory could possibly 
remain valid before quantum gravity becomes important. These 
considerations give only very rough guidance as to the value of fa 
and the mass of the axion: Below, we narrow their possible ranges.

The axion mechanism may be implemented in a wide variety of 
extensions to the Standard Model, which are the subject of much 
current research (22). In any axion model, we must introduce a new 
complex field F = ceiq, which gains a nonzero vacuum expectation 
value that breaks the PQ symmetry spontaneously. After this spon-
taneous symmetry breaking, the axion is related to the phase of F 
by a = Nfaq, where N is an integer, the “color anomaly,” which varies 
depending on the detailed realization of the PQ mechanism. Figure 3 
is shown for N = 4.

For the axion to solve the strong CP problem, the model must 
also include quarks that are charged under the PQ symmetry, which 
in turn mediate an interaction between the axion and the gluon 
force carriers of the strong nuclear force. There are two ways of 
achieving this. In one class of axion models, the Standard Model 
quarks are charged under the PQ symmetry (23, 24): These models 
have N = 6. This means that we have to add an extra Higgs doublet 
to the model to allow all of the Standard Model interactions to obey 
the PQ symmetry. In another class of models, we instead add extra 
heavy, electrically neutral quarks to the theory (25, 26). Only these 
extra quarks are charged under the PQ symmetry: The canonical 
version of this model has N = 1. The precise values of the axion’s 
mass and interaction strengths depend on these details of the model 
(see the Supplementary Materials).

Interactions
The axion does interact not only with quarks and gluons but also 
with the other particles in the Standard Model. We know that these 
interactions must be very weak for the axion to have evaded detec-
tion so far.

Particle interactions are governed by their symmetries, and the 
axion’s interactions are set by its pseudo-scalar nature. A pseudo- 
scalar field changes sign under a parity transformation, i.e., when 
looking at the universe in a mirror. If we assume that the overall 
interaction is unchanged by a parity transformation, then we find 
that only certain interactions are allowed for a pseudo-scalar 
particle. These can be expressed (schematically) by the nonrelativistic 
Hamiltonian

 H =  √ 
_

    e  0   ─  m  0        g  agg  ∫ aE · BdV +  g  aff   ℏc ∇ a ·  ̂  S  +  √ 
_

  e  0    (ℏc)   3     g  EDM   a ̂  S  · E  (5)

where a is the axion field measured in units energy; gagg is the 
axion’s coupling to photons, g (i.e., to electromagnetism), measured 
in units of inverse energy; gaff is the axion’s coupling to matter 
particles, which are fermions, f (the coupling depends on the parti-
cle in question, we write just one case for simplicity); gEDM is the 
strength of a nuclear EDM induced by the axion; E and B are 
the electric and magnetic fields; and   ̂  S   is the direction of the spin of the 
matter particle in question. e0 and m0 are the permittivity and 
permeability of free space, respectively, constants associated with 
electromagnetism; ℏ is the reduced Planck’s constant, which param-
eterizes the size of quantum effects; and c is the speed of light.

These interactions are very different from the interactions of a 
scalar particle, which can couple directly E2 − B2 (the scalar Maxwell 
term) and to the masses of matter particles. This means that light 
scalar fields can mediate extra long-range forces, and their interactions 
with Standard Model particles are therefore very tightly constrained 
by the nonobservation of these extra forces. In contrast, the couplings 
of pseudo-scalar particles to E · B and to the spins of matter particles 
(27, 28) make them much harder to detect.

What would the axion’s interactions with photons and with 
matter particles look like experimentally? Via its interaction with 
E · B, axion DM would look like an additional electrical current or 
anomalous magnetic field (29). More generally, Maxwell’s equations 
of electromagnetism are modified by the addition of the axion field. 
Further details on how axions modify Maxwell’s equations of 
electromagnetism are discussed in the companion experimental 
review. Via its coupling to nuclear and electron spins, axion DM 
would cause these spins to precess, as they would in a magnetic 
field, but now with an anomalous magnetization caused by the 
invisible presence of the axion field (30, 31).

What are the strengths of the axion’s interaction with Standard 
Model particles? How large are the coupling constants gi in the 
Hamiltonian (Eq. 5)? We know that the interactions must be very 
weak, or we would have found axions already. We expect the axion’s 
couplings to be inversely proportional to the scale of symmetry 
breaking

   g  i   ∼   1 ─  f  a       (6)

This is a consequence of one of the most fundamental ideas in 
particle physics, namely, effective field theory (32), which tells us to 
expect the axion’s interactions to scale inversely with the energy 
scale at which the symmetry giving rise to it originates. As this 
energy fa could be very high, the axion’s interactions could be very 
weak, as required by the experimental constraints. Comparing 
Eqs. 3 and 6, we see that the axion’s couplings obey

   g  i   ∝  m  a    (7)

This is true for most models of the QCD axion, whose couplings 
are generally proportional to its mass, although this relationship 
can be broken in some specific models of the QCD axion. In addi-
tion, as we will see later, the axion is just one particle in the broader 
class of ALPs discussed in more detail below. These ALPs need not, 
in general, solve the strong CP problem or couple to gluons. This 
means that their mass could take any value and need not be propor-
tional to their couplings, and the constants of proportionality differ 
wildly for different ALPs. ALPs could therefore be very weakly 
coupled and hence extremely difficult to detect experimentally. 
Alternatively, nature may provide us with more strongly coupled 
ALPs that can be detected more readily, as discussed below. By 
contrast, for a canonical QCD axion of a given mass, we can predict 
the approximate size of the couplings to Standard Model particles, 
providing a definite target for experimental searches. Further details 
are given in the Supplementary Materials.

The interaction between DM axions or ALPs with particles and 
forces in the Standard Model leads to a wide variety of ways to 
search for them. Initially, in the 1980s up to 2010 or so, experiments 
were few and far between. There was just one viable method, the 
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Axions can be produced in the SUN (→ HELIOSCOPE) and in the LAB (→ LIGHT SHINING THROUGH WALL)



• High magnetic field B
• Long magnets L
• Large bore A
• fM = B2L2 A
• Ultra low background b X-ray receiver
• Sun tracking

Parameter Units CAST BabyIAXO IAXO IAXO+

B T 9 ⇠2 ⇠2.5 ⇠3.5

L m 9.26 10 20 22

A m2 0.003 (⇤) 0.77 2.3 3.9

fM T2m4 21 ⇠230 ⇠6000 ⇠24000

b keV�1 cm�2 s�1 1 ⇥ 10�6 (⇤⇤) 1 ⇥ 10�7 10�8 10�9

✏d ⇠ 0.6 0.7 0.8 0.8

✏o 0.3 0.35 0.7 0.7

a cm2 0.15 2 ⇥ 0.3 8 ⇥ 0.15 8 ⇥ 0.15

✏t 0.12 0.5 0.5 0.5

t year ⇠ 1 1.5 3 5

Table 1. Indicative values of the relevant experimental parameters representative of BabyIAXO as

well as IAXO, compared to those of CAST. The parameters listed are the magnet cross-sectional

area A, length L and magnetic field strength B, the magnet figure of merit fM = B2L2A, the

detector normalized background b and e�ciency ✏d in the energy range of interest, the optics

focusing e�ciency or throughput ✏o and focal spot area a, as well as the tracking e�ciency ✏t (i.e.

the fraction of the time pointing to the sun) and the e↵etive exposure time. We refer to [21] for a

detailed explanation and justification of these values. The values listed for CAST are indicative, as

many di↵erent systems have been used throughout the experiment’s lifetime, usually overlapping

in time, as the four bores of the experiment were equipped with di↵erent detection lines (some of

them without optics).(⇤) This is the area of the two magnet bores.(⇤⇤) The detector parameters of

the CAST column are those of the IAXO pathfinder system.

because it could detect the flux of solar axions originating from (electron-ion and electron-

electron) axion-Bremsstrahlung, Compton, and axio-deexcitation of ions [19] (together re-

ferred to as BCA reactions). The energies of these axions fall in the range of about 0.5�2

keV. In this case the expected signal depends on gaega� , the product of the electron cou-

pling (responsible for the production in the Sun) and the photon coupling (responsible for

the detection in IAXO). Not only could IAXO reach a sensitvity that will surpass the very

stringent astrophysical bound on gae for the first time for an experiment, but, as shown

in figure 3, it could reach specific QCD axion models that may be hinted by anomalous

astrophysical observations that are commented below.

2.1 Summary of IAXO physics case

A comprehensive review of the physics case of IAXO has recently been released by the

collaboration [21]. We refer to it for a detailed explanation of the theoretical, cosmological

and astrophysical motivation of the search for axions in the range of parameters at reach

of IAXO, as well as a detailed discussion of the physics potential of the experiment. In the

following we list and briefly summarize some of the major points:

• IAXO will enter into completely unexplored ALPs and axion parameter space. The

current experimental limit to ga� competes with the best astrophysical bounds. IAXO

– 5 –

Figure 5. CAD overview of the full BabyIAXO assembly, including the magnet (assuming a

cylindrical cryostat, see text), telescopes, detectors, support frame and MST positioner (in red, see

section 7). Overall system length is about 19 meters. Although both detection lines are shown of

equal length (corresponding to 7.5 m of focal length of the XMM optics), in reality one of the lines

will be shorter (5 m focal length, see section 5).

• cryogenics: use of cryocoolers for cool down and stationary operation (dry cooling

condition).

Details and implications of the selected approach for BabyIAXO are presented in the

following sections. A CAD overview of the entire BabyIAXO experiment is shown in

Figure 5.

4.1 Conductor and cold mass

The conductor comprises a Rutherford cable with 8 NbTi/Cu strands of the 1.4 mm

diameter and a copper/non-copper ratio of 1.0, see Figure 6. After the cabling stage, the

flat two-layer assembly of twisted strands is co-extruded in a high purity aluminum matrix,

in order to ensure su�cient thermal stabilization, a safe quench protection and mechanical

properties.

Procurement of such an Al stabilized conductor is nowadays a technical and organiza-

tion problem since it is only incidentally produced in a few companies and currently none

– 14 –



ALPS II - 103 better sensitivity than ALPS I



increasing sensitivity with haloscopes

particle ⇔ wave

λ =
h

mv
, hν = E = mc2 +

1
2

mv2

For light and massless particles the wavelength can be large.

ma ≃ hνa 1µeV ↔ 0.25 GHz

10−6 10−5 10−4

ma [eV]

10−15

10−14

10−13

10−12

10−11

10−10

10−9

|g
aγ

γ
|[

G
eV
−

1 ]

0

103 104
Frequency [MHz]

CASTCAST

E/N = 44/3

E/N = 5/3

KSVZ

DFSZ

UFUF

RBFRBF

A
D

M
X

A
D

M
X

H
A

Y
ST

A
C

H
A

Y
ST

A
C

C
A

PP

C
A

PP

C
A

PP

O
R

G
A

N

G
rA

H
al

A
D

M
X

Q
U

A
X

-a
γ

R
A

D
ES

Neutron StarsNeutron Stars

If these particles are also bosons, many particles can occupy the same state

ρDM = 0.3 − 0.4 GeV cm−3 =⇒ na ∼ 3 × 1012(10−4eV/ma) axions/cm3

it’s a macroscopic wave-like behavior



AXION VS WIMP DETECTION

WIMP [1-1000 GeV]
− number density is small
− tiny wavelength
− no detector-scale coherence

=⇒ observable: scattering of
individual particles

AXION [mA ≪ eV]
− number density is large (bosons)
− long wavelength
− coherence within detector (∼ 1 km for 1µeV)

=⇒ observable: classical, oscillating,
background field



HALOSCOPE SEARCHES - axion DM in the galactic halo
heavy axions

→ Dielectric haloscope: periodic structures of dielectric planes allow for an emission of EM waves induced by
axions with frequencies (masses) between 10 (40) and 100 (400) GHz (µeV)
Magnetized Disc and Mirror Axion Experiment (MADMAX)

→ plasma haloscope (ALPHA, Axion Longitudinal Plasma): use a wire metamaterial to create a tuneable
artificial plasma frequencyHAloscope

→ topological insulator (TOORAD, TOpolOgical Resonant Axion Detection) make an effective massive photon
quasiparticle (polariton) using condensed matter axions

from ∼ 3 up to ∼ 60µeV

→ Cavity haloscopes: resonant conversion of axions into cavity photons
high frequency (5 − 10 GHz) challenge is addressed via QIS technologies for signal readout and using
dielectric resonators

→ ferromagnetic haloscope (QUAX a − e, QUest for AXions)

low-mass axion searches

→ Lumped element searches (ABRACADABRA, . . . )

→ NMR-based search (CASPER-wind)



CAVITY HALOSCOPE - resonant search for axion DM in the Galactic halo

− original proposal by P. Sikivie (1983)
− search for axions as cold dark matter constituent: SHM from ΛCDM, local DM density ρ

→ signal is a line with 10−6 relative width in the energy(→ frequency) spectrum
→ + sharp (10−11) components due to non-thermalized

− an axion may interact with a strong B⃗ field to produce a photon of a specific frequency (→ ma)



CAVITY HALOSCOPE - resonant search for axion DM in the Galactic halo

1. microwave cavity for resonant amplification
-think of an HO driven by an external force-

2. with tuneable frequency to match the axion mass

3. the cavity is within the bore of a SC magnet

4. cavity signal is readout with a low noise receiver

5. cavity and receiver preamplifier are kept at base temperature
of a dilution refrigerator (10 − 50)mK

2

cavity coupled to a JPA and immersed in a static mag-
netic field of 8.1 T, all cooled down with a dilution re-
frigerator at a working temperature T ⇠ 150 mK. These
features improve the precedent work of Ref. [16], allow-
ing us to exclude values of ga�� > 0.639 · 10�13 GeV�1

at 90% C.L.
In Sec. II we describe the experimental setup along

with its calibration, while in Sec. III we present the re-
sults and data analysis, and prospects for QUAX–a� in
Sec. IV.

II. EXPERIMENTAL SETUP

FIG. 1. View of the QUAX�a� dilution refrigerator insert,
instrumented with resonant cavity (at the bottom) and ampli-
fication chain. Behind, the 8.1 T magnet with its countercoil
is visible.

The haloscope, assembled at Laboratori Nazionali di
Legnaro (LNL), is composed by a cylindrical OFHC-Cu
cavity (Fig. 1), with inner radius of 11.05 mm and length
210 mm, inserted inside the 150 mm diameter bore of an
8.1 T superconducting (SC) magnet of length 500 mm.
The total volume of the cavity is V = 80.56 cm3. The
whole system is hosted in a dilution refrigerator with
base temperature of 90 mK. Each cavity endplate hosts
a dipole antenna in the holes drilled on the cavity axis.
The cavity was treated with electrochemical polishing

to minimize surface losses. We measured the resonant
peak of the TM010 mode at 150 mK and magnet on
with a Vector Network Analyzer obtaining the frequency
⌫c= 10.4018 GHz and an unloaded quality-factor Q0=
76,000 in agreement with expectations from simulation
performed with the ANSYS HFSS suite [31]. During
data-taking runs, the cavity was critically coupled to the
output radiofrequency (RF) line and the loaded quality-
factor was measured to be about QL= 36,000.

FIG. 2. Schematics of the experimental apparatus. The mi-
crowave cavity (orange) is immersed in the uniform magnetic
field (blue shaded region) generated by the magnet (crossed
boxes). A1 and A2 are the cryogenic and room-temperature
amplifiers, respectively. The JPA amplifier has three ports:
signal (s), idler (i), and pump (p). Superconducting cables
(red) are used as transmission lines for RF signals from 4 K
stage to 150 mK stage. Thermometers (red circled T) are
in thermal contact with the resonant cavity and the signal
port on the JPA. Attenuators are shown with their reduc-
tion factor in decibels. The horizontal lines (blue) identify
the boundaries of the cryogenic stages of the apparatus, with
the cavity enclosed within the 150 mK radiation shield. The
magnet is immersed in liquid helium.

The RF setup is the same as our previous measure-
ment [15] and is shown in Fig. 2. It consists of four RF
lines used to characterize and measure the cavity sig-



CAVITY HALOSCOPE - resonant search for axion DM in the Galactic halo
− if axions are almost monochromatic then their conversion to detectable particles (photons)
can be accomplished using high-Q microwave cavities.

− cylindrical cavity frequency of resonance νc =
115 GHz
r[mm]

− resonant amplification in [ma ± ma/Q]

− data in thin slices of parameter space;
typically Q < Qa ∼ 1/σ2

v ∼ 106

− signal power Pa→γ is model-dependent

Pa→γ ∝ g2
aγ

ρ

ma
B2 Cmnl V Q

exceedingly tiny (∼ 10−23 W)

− high frequency: poor scaling with V
and increasing standard quantum limit noise

“The last signal ever received from the 7.5 W transmitter aboard Pioneer 10 in 2002, then 12.1 billion kilometers from
Earth, was a prodigious 2.5 × 10−21 W. And unlike with the axion, physicists knew its frequency!”

K. V. Bibber and L. Rosenberg, Physics Today 59, 8, 30 (2006)



poor scaling of the axion power with V sets a limit at ∼ 20 GHz for cavity haloscopes



signal power Pa→γ and scan rate df
dt

how the cavity performance and receiver technology impact haloscope search
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here draw cavity vs axion linewidth



a time-consuming search

For a target sensitivity gaγγ , the scan rate is given by:

df
dt

∝
B4 V2

eff QL

T2
sys

A haloscope optimized at best goes at: (
df
dt

)
KSVZ

∼ GHz/year

(
df
dt

)
DFSZ

∼ 20 MHz/year ⊙⊙

Take-home: to probe the mass range (1-10) GHz at DFSZ sensitivity would require ≳ 100 years with 4-5
complementary haloscopes



TUNING - SCAN RATE and gaγγ

Doubling the sensitivity requires reducing the speed by a factor 16

df
dt

≈
(

g4
aγγ

Σ2

)(
ρ2

aQa

m2
a

)
B4QL(CmnlV)2

(kBTn)2
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FIG. 5. Electric field magnitude plots for different rod rotations of two-rod cavity designs, with the TM010-like mode resonance frequency noted above each corresponding
image. A few sample figure of merit values are presented to the right side of the electric field magnitude plots for each two-rod design.

C. Seven-rod cavity

In a seven-rod design, the six peripheral rods pivot in unison
symmetrically away from the central rod. The central rod keeps
the electric field of the TM010-like mode from entering the space
between the rods. Figure 6 shows electric fieldmagnitude plots of the
TM010-like mode for several rod rotations in the seven-rod design.
For comparison, the one-rod design electric field magnitude plots
are shown in Fig. 6(a). The simulated electric field magnitude plots
shown in Fig. 6 are the cross sections taken at the center of the
4 in. diameter cavity and include seven 0.625 in. OD rods. The 0○
rotation in the seven-rod design, where the seven rods are clos-
est to each other, corresponds to the minimum frequency of the
TM010-like mode, while the 0○ rotation in the one-rod design, where
the rod is in the center of the cavity, corresponds to the maxi-
mum frequency of the TM010-like mode in that design. These rod
rotations give the most rotationally symmetric electric field shape.
Throughout the whole tuning range, the seven-rod design preserves

perfect six-fold symmetry, whereas the one-rod design breaks all
rotational symmetries at all angles once it has pivoted away from the
origin.

Figure 7 compares the simulated performance of one-rod cavi-
ties to that of seven-rod cavities, incorporating 0.01 in. gaps between
the rods and endcaps. In the case of later comparisons with mea-
sured data, the final gap sizes in the seven-rod cavity are much
smaller than 0.01 in., which in some cases correspond to better
performance than the simulations with larger gaps. To compare
cavity designs, we focus on the figure of merit QC2V2, its compo-
nents, and the accessible frequency range of the TM010-like mode
in the designs. The TM010-like mode in a seven-rod design reaches a
higher frequency in a larger volume compared to the one-rod design.
This behavior of larger volumes with the seven-rod design could be
extended higher in frequency.

The plots in Fig. 7 show the figure of merit QC2V2 variation
across the TM010-like mode frequency range in one 2 in. OD rod,
one 2.5 in. OD rod, one 2.75 in. OD rod, seven 0.625 in. OD rods,

FIG. 6. Top-view electric field magnitude
plots of TM010-like mode electric field
strength at various rod rotations in the (a)
one 2 in. OD rod and (b) seven 0.625 in.
OD rod designs. Three holes available
for antennas are marked by black dots.
In the seven-rod cavity, the three ports
for antennas and the vernier are sep-
arated by 120○; there is a fourth hole
intended for bead perturbation measure-
ments, but this was not the one used in
this report.
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FIG. 1. Partial electric field profiles of TE and TM modes in a single-rod microwave
cavity; the gray cylinder represents the tuning rod. The small violet arrow repre-
sents �B0, the external applied magnetic field. The plot shows the effect of rod rota-
tion on resonance mode frequency. When the TE and TM modes are sufficiently
close in frequency, they mix and create a hybrid mode.

to the aspect ratio, and this puts constraints on the length of the cav-
ity for which one can do a practical search. The aspect ratio for the
HAYSTAC cavity is L/Rcav ∼ 5, similar to previous microwave cavity
axion experiments; this number represents a rough upper bound to
keep the number of mode crossings manageable.

III. CAVITY DESIGNS

Before discussing the original HAYSTAC microwave cavity,
and the multi-rod tunable cavity reported here, it may be inter-
esting to see the cavity designs and implementation details of
previous microwave cavity dark matter axion experiments. These
include the original experiments of the Rochester-BNL-FNAL

collaboration,29 the University of Florida,25 the first large-scale
experiment ADMX,18,30,31 and CAPP.32

One important result established early on is that cavity tuning
by longitudinal insertion of either dielectric or metal rods invari-
ably resulted in a poor figure of merit, largely because the TM010-like
mode form factor diminishes precipitously when longitudinal sym-
metry is broken.25 From the ADMX experiment on, all experiments
have, thus, utilized transverse displacement of one or more metal or
dielectric rods for cavity tuning.

The cavity barrel size is constrained in width by the size of the
magnet bore and in length by the density of TE and TEM modes in
our frequency range of interest. To probe higher frequencies with
a TM010-like mode, the rod size must increase. As will be seen in
more detail below, with the tuning rod positioned in the center of
the cavity, the form factor is maximized; however, when the rod is
rotated away from the center, breaking the azimuthal symmetry of
the cavity, the form factor falls precipitously. This effect is especially
severe for a large diameter tuning rod, as used in HAYSTAC.

A. One-rod cavity

HAYSTAC Phases I and II used the TM010-like mode of a
copper-coated stainless steel one-rod cavity, as shown by the sim-
plified schematic and photograph in Fig. 2. The barrel has an inner
radius of 2 in. and a height of 10 in., and the rod has a radius of 1 in.
and a height of 9.98 in., making the gaps between the rod and end-
caps 0.01 in. on each side. The rod rotates around an axle, which is
partially composed of 0.25 in. outer-diameter (OD) alumina tubes
centered 0.475 in. away from the cavity and rod centers. The axles
extend through the endcaps, turrets, bearings, and collars. The bear-
ings provide nearly frictionless rod rotation, and the collars fix the
gaps on either side of the rod; otherwise, the rod would rest on the
bottom endcap. We use two dowel pins on either side of the barrel
to align the endcaps. This cavity was experimentally characterized in
detail.33

Simulations of the Phase I and II one-rod HAYSTAC cavity can
predict the resonance frequencies of all possible modes and mode

FIG. 2. One-rod cavity (a) cartoon image
with spatially dependent electric field
strength of the TM010-like mode (electric
field intensity ranges between maxima
denoted by long red arrows and minima
denoted by short blue arrows) and (b)
top-view photographic image with the top
endcap removed.
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ABSTRACT

The microwave cavity technique is currently the most sensitive way of looking for dark matter axions in the 0.1 GHz–10 GHz range, corre-
sponding to masses of 0.41 �eV–41 �eV. A particular challenge for frequencies greater than 5 GHz is designing a cavity with a large volume
that contains a resonant mode that shows high coupling to dark matter axions, a high quality factor, is broadly tunable, and is free from
intruder modes. For the Haloscope at Yale Sensitive to Axion Cold dark matter, we have designed and constructed an optimized high fre-
quency cavity with a tuning mechanism that preserves a high degree of rotational symmetry, critical to maximizing its figure of merit. This
cavity covers an important frequency range according to recent theoretical estimates for the axion mass, 5.5 GHz–7.4 GHz, and the design
appears extendable to higher frequencies as well. This paper will discuss key design and construction details of the cavity, present a summary
of the design evolution, and alert practitioners of potentially unfruitful avenues for future work.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0016125., s

I. INTRODUCTION

The nature of dark matter is one of the most outstanding mys-
teries in science today. Possibilities for its composition range from
black holes to heavy particles that can be detected by their collisions
with atomic nuclei and to light particles that act like a coherent field.
Sensitive experiments have not yet been able to detect dark mat-
ter. A promising dark matter candidate is the axion, which solves
the strong charge-parity problem in the standard model of particle
physics.1–6 If the axion exists, it can potentially constitute a major
component of dark matter.7,8

In the presence of a magnetic field, axions will be converted
to an oscillating electromagnetic field with a frequency f a corre-
sponding to the axion mass ma as fa = mac2

h �1 +O(( vc )2)�, where
v ≈ 10−3c represents the virial velocity of the dark matter in the
halo with respect to the lab frame, c is the speed of light, and h is
Planck’s constant. Thus, the sought-for signal is a quasimonochro-
matic line above the noise floor. The signal is resonantly enhanced
when the cavity mode of interest corresponds to this frequency and
will manifest itself as a power excess inside the cavity.9 The axion sig-
nal does not couple equally to all modes, and it overlaps maximally

with the TM010-like mode. The unknown axion mass requires tun-
ing the narrow cavity resonance over a large range of frequencies.
Each microwave cavity can provide good sensitivity in the search
for axions over a limited frequency range, but new technologies
are necessary to probe the full axion parameter space in a reason-
able amount of time.10 The Haloscope At Yale Sensitive To Axion
Cold dark matter (HAYSTAC) was conceived and designed to serve
both as a data pathfinder at higher frequencies and as an innovation
testbench for new quantum-limited amplifier and cavity concepts.
New amplifier technologies have included the use of Josephson Para-
metric Amplifiers (JPAs) and, more recently, the development and
operation of a squeezed-state receiver to circumvent the standard
quantum limit entirely.11–15 This report represents a new concept in
high figure of merit microwave cavity designs.

The HAYSTAC Phase I and II cavity is a cylinder with an inter-
nal rod that rotates off-center, has a 1.5 l volume, and tunes themode
of interest’s resonance frequency between 3.4 GHz and 5.8 GHz.
Several recent theoretical predictions for the axion mass motivate
building cavities higher in frequency, up to 10 GHz.16,17 The opti-
mized cavity presented here will reach a well-motivated parameter
space.
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inant noise. In practice, squeezing is limited by ⌘, the
transmissivity of the cables and microwave components
between the SQ and AMP, scaling as S = ⌘Gs + (1 � ⌘)
where Gs is the inferred squeezing at the output of
the squeezer, limited by saturation e↵ects [16]. In the
HAYSTAC system, ⌘ ⇡ 0.63, giving S = 0.37 as the the-
oretical maximum squeezing. This is nearly saturated by
the measured value and corresponds to an almost twofold
scan rate enhancement relative to optimal unsqueezed
operation.

RESULTS

Using the SSR apparatus described above, we probed
over 70MHz of well-motivated parameter space [2, 3]
in half the time that would have been required for un-
squeezed operation, saving approximately 100 days of
scanning. Initial data acquisition occurred from Septem-
ber 3 to December 17, 2019, covering 4.100–4.178 GHz
and skipping a TE mode at 4.140–4.145 GHz which does
not couple to the axion [29]. A total of 861 spectra
were collected, of which 33 were cut due to cavity fre-
quency drift, poor JPA performance, or an anomalous
power measurement in a probe tone injected near cavity
resonance. Analysis of the initial scan data yielded 32
power excesses that merited further scanning, consistent
with statistical expectations [30]. Rescan data were col-
lected from February 25 to April 11, 2020. None of the
power excesses from the initial scan persisted in the anal-
ysis of rescan data. The process of optimizing the SSR
as well as further measurements and calibrations taken
periodically are described in Appendix A.

From this data, we report a constraint on axion masses
ma within the 16.96–17.12 and 17.14–17.28 µeV/c2 win-
dows. Using the Bayesian power-measured analysis
framework [24] described in Appendix B, we exclude ax-
ions with g� � 1.38⇥gKSVZ

� . Figure 3a shows in greyscale
the prior update (change in probability) Us that the axion
resides at any specific location in parameter space, with
the solid blue line showing the coupling where Us = 10%
at each frequency. The aggregate update U (blue curve
in Fig. 3b) to the relative probabilities of the axion and
no-axion hypotheses corresponds to exclusion at the 90%
confidence level over the entire window at the coupling
where U = 10%. The results from our quantum-enhanced
data run are shown alongside other axion haloscope ex-
clusion curves in Fig. 3c, including previous HAYSTAC
results [6, 18], which operated a single JPA near the
quantum limit.

CONCLUSION

With these results, the HAYSTAC experiment has
achieved a breakthrough in sensitivity by conducting a
sub-quantum-limited search for new fundamental par-
ticles. Through the use of a squeezed state receiver

FIG. 3. Axion exclusion from this work. (a) Prior updates Us

in greyscale in the two-dimensional parameter space of axion
frequency ⌫a and coupling g� are achieved with a Bayesian
analysis framework [24]. The 10% prior update contour is
shown in solid blue. The corresponding 90% aggregate exclu-
sion level of 1.38 ⇥ gKSVZ

� is shown as dashed blue. (b) The
frequency-resolved Us are combined into a single aggregate
prior update U as a function of coupling g� over the entire
frequency range covered by the dashed blue line in (a). (c)
Results of this work are shown alongside previous exclusion
results from other haloscopes (see Ref. [31]). The QCD axion
model band [32] is shown in yellow, with the specific KSVZ
[25, 26] and DFSZ [33, 34] model lines shown as black dashed
lines.

which delivers 4.0 dB of o↵-resonant noise variance re-
duction relative to vacuum, we have demonstrated record
sensitivity to axion dark matter in the 10 µeV/c2 mass
decade. This work demonstrates that the incompatibility
between delicate quantum technology and the harsh and
constrained environment of a real search for new parti-
cle physics can be overcome: in this instance in an ax-
ion haloscope requiring e�cient tunability and operation
in an 8T magnetic field. As intense interest in quan-
tum information processing technology continues to drive
transmission losses downward, quantum-enhanced mea-
surement will deliver transformative benefits to searches
for new physics. In particular, the prospect of removing
nonreciprocal signal routing elements [35] would boost
transmission e�ciencies above 90%, yielding a greater-
than-tenfold scan rate increase beyond the quantum limit
[1].
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FORM FACTOR : quantifying the cavity capacity to resonate a signal

∝
∫

V
dV Emnp · B0

Cmnp =
|
∫

V dV Emnp(x) · B0|2
B2

0V
∫

d3x ε(x)|Emnp(x)|2

0 < Cmnp < 1
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Magnetic	field
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Figure 3.2: Electric and magnetic field vectors of TM, TE, and TEM modes in a cylindrical
geometry, without describing magnitude. The darker profile in the TEM mode sketches is
the central conductor.

3.2 Resonant cavity modes

The figure of merit quantifies the usefulness of a resonant mode in a cavity for an ax-
ion search at a certain frequency. There are many resonant modes in the cavity of various
profiles. Some of these can tune by moving rods and some have approximately stationary
resonance frequencies upon changing the position of the rod. HAYSTAC cavities involve cen-
tral conductors and have transverse magnetic (TM), transverse electric (TE), and transverse
electric and magnetic (TEM) modes. The resonant modes are characterized by the profiles
of their electric and magnetic fields, summarized in Fig. 3.2. Each TE and TM mode is
classified by three numbers m, n, and p that describe the variation in the azimuthal, radial,
and longitudinal directions, respectively. For example, TM020 and TM011 have one extra
radial node and longitudinal node, respectively, in the electric field compared to TM010.

All resonant modes describe profiles of electromagnetic fields that obey the Maxwell
equations and the usual boundary conditions. The Maxwell equations in vacuum are

r⇥ ~E (⇢,�, z, t) = �@ ~B (⇢,�, z, t)

@t

r⇥ ~H (⇢,�, z, t) = ~J (⇢,�, z, t) +
@ ~D (⇢,�, z, t)

@t

r · ~D (⇢,�, z, t) = ⇢

r · ~B (⇢,�, z, t) = 0,

(3.10)

where ~E is the electric field, ~B is the magnetic field, ~D = ✏0 ~E, ~H = ~B/µ0, ~J is the electric
current density, and ⇢ is the electric charge density. Near a metallic surface, we can only
have normal ~E and tangential ~B. This means that at a perfect electric conductor (PEC)

TM (TE), no magnetic (electric) field along the propagation direction

takehome: of all the modes that resonate in a metallic pill box only those that have components E along B0 will
yield a signal



MODE MIXING

TE and TM modes are sufficiently close in frequency, they mix and create a mixed hybrid mode
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to maximize the axion signal we use our best cavities df/dt ∝ QL

Transition from copper cavities (Qc ≪ Qa = 106) to new solutions that satisfy Qc ≫ Qa
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Engineering of Form Factor in Rotationally Symmetric Photonic Cavities for Faster Axion Searches 2 

On the other hand, a major hurdle for photonic cavities is 
maintaining their performance in terms of form and quality 
factors while achieving a significant tuning range. Tuning a 
photonic cavity is rather more difficult than a standard pillbox 
copper cavity as a metallic rod cannot generally be employed 
in the high field regime. In this case, the RF losses on the 
metallic rod itself will degrade the cavity's quality factor. 
Some work on photonic cavities for axions addressed the 
tunability challenge by integrating the tunning mechanism in 
the dielectric loading itself. Two methods were used either by 
utilizing supermodes [14] or through dielectric wedges and 
working with an azimuthally varying transverse magnetic 
mode [16]. However, both the supermodes method and the 
wedge implementation ended up so far with cavities limited in 
quality factor by the wall losses as the field distribution is 
relatively high near the cavity walls. On the other hand, the 
QUAX collaboration suggested a conceptual mechanism for 
tuning rotationally symmetric cavities by dividing the inner 
shell longitudinally into two halves and moving them against 
each other in the transverse plan [17].   

In this letter, we discuss a potential technique to engineer 
rotationally symmetric photonic cavities such that they exhibit 
a high form factor >0.1 while maintaining a high-quality 
factor >5e5, beyond state of the art in photonic cavities for 
axion searches. The superior performance of the proposed 
cavities immediately reflects on the scan rate as it is 
quadratically proportional to the form factor and is linearly 
proportional to the quality factor [9].  

II. FORM FACTOR ENGINEERING 
Conventionally, the form factor of a resonant mode inside the 
RF cavity is defined as [9] 

 
Where B0 is the dc magnetic field in the interaction region of 
the magnet and the cavity, Emnp is the electric field of an 
electromagnetic mode number mnp in the cavity, V is the 
cavity volume, and ε(x) is the dielectric constant as a function 
of volume. Both integrals in the form factor definition are 
carried over the cavity volume.  
 The most common magnet type in axion searches is a 
solenoid, where the magnetic field is vertical. The form factor, 
in this case, can then be reduced to  

 
where Ez is the electric field in the vertical direction. The 
solenoid magnet case narrows down the useful resonant modes 
to TM modes.  

Moreover, the highest in form factor among the TM modes 
will be the one with the full field in the z-direction; TM0n0 
(assuming a mode convention of a cylindrical cavity). There 
are no longitudinal variations to the field for such modes, and 
the electromagnetic problem can then be simplified to 2D to 
study only the cavity's cross-section.  

 
Let's consider a photonic bandgap cavity loaded with two 

layers of nested sapphire tubes as shown in Fig. 1(a), similar 
to the work presented before by QUAX in [17]. Figure1(b)-(g) 
show the simulated longitudinal electric field for the first six 
TM0n0 modes. Comsol Multiphysics was used in these 
electromagnetic simulations [29]. We have intentionally 
chosen the dimensions of Rc=29 mm, Rs1=10.7 mm, ts1=1.9 
mm, Rs2=19.8 mm, and ts2=1.6 mm, that are identical to the 
cavity in [17] to use it as a reference for comparison purposes. 
Dielectric constant of 11.2 and loss tangent of 2e-6 was 
assumed for the sapphire.  

Meanwhile, Table 1 lists the resonance frequencies, form, 
and quality factors for these six TM0n0 modes. The table also 
lists C2Q0, which is a direct measure of the scan rate. TM030 
is the mode that was used in [17], where the simulated form 
factor in 2D is 0.041, and the quality is 2.33e6. The work in 
[17] focused on increasing the cavity's quality factor to the 
maximum extent. In that sense, TM030 is the highest Q mode, 
as shown in Table 1. We noticed, however, while studying the 
higher-order modes of this structure that some modes in the 
same cavity exhibit superior form factors, specifically, TM050 
and TM060. TM060, in particular, also exhibits a relatively 
high-quality factor resulting in the highest C2Q0, as listed in 
Table 1.  

The superior performance of TM060 warranted further 
investigation to come up with a physical explanation as to why 

 
(a) 

  
(b)                                      (c)                                     (d) 

 
(e)                                      (f)                                     (g) 

     
Fig. 1.  Electromagnetic resonance modes in photonic cavity with two 
dielectric shells. (a) 2D cross-section of the cavity. (b) TM010. (c) TM020. 
(d) TM030. (e) TM040. (f) TM050. (g) TM060. 
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• copper cavity with dielectric shells /
“dielectric boosted” resonator concept
Phys. Rev. Appl. 14, 044051 (2020)

J. Phys. G47 035203 (2020)

• the shells allow for shaping the cavity fields to
suppress ohmic losses at the copper boundaries

◦ higher order modes (e.g. TM030) are exploited
C030 = 0.03 (2-shell), upcoming version with
1-shell has C030 = 0.47 (df/dt ∝ C2Q)
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type-II superconductor (ReBCO)
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results from CAPP (Korea)

Q ∼ 107 for any B field value we can afford



SCAN RATE and CAVITY QUALITY FACTOR

recent improvements in the cavity quality factor → taking into account the impedance mismatch in noise flow



to maximize the axion signal we use our best magnets df/dt ∝ B4Magnet
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to minimize noise we use our best low noise amplifiers

and cool down to lowest temperatures in the Universe (∼ 10 mK) df/dt ∝ T−2

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 = hν
(

1
ehν/kBT − 1

+
1
2
+ Na

)

ADMX: Axion Dark Matter eXperiment

at 10 GHz frequency
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STANDARD QUANTUM LIMIT IN LINEAR AMPLIFICATION

Any narrow bandwidth signal ∆νc ≪ νc can be written as:

V(t) = V0[X1 cos(2πνct) + X2 sin(2πνct)]

= V0/2[a(t) exp(−2πiνct) + a∗(t) exp(+2πiνct)]

X1 and X2 signal quadratures
a, a∗ → to operators a, a† with [a, a†] = 1 and N = aa†
Hamiltonian of the cavity mode is that of the HO:

H = hνc

(
N +

1
2

)

Alternatively, with [X1,X2] =
i
2 :

H =
hνc

2
(X2

1 + X2
2)

kTsys = hνcNsys =
(

1
ehν/kT−1

+ 1
2 + NA

)
Caves’ Theorem: NA > 1/2

The quantum noise is a consequence of the base
that we want to use to measure the content of the
cavity.
A linear amplifier measures the amplitudes in
phase and in quadrature, while a photon counter
measures N.



BEYOND SQL THROUGH PHOTON COUNTING

νc GHz Q β B T V cm3 Cnml Paγγ × 10−24 W Γsig Hz
QUAXaγ 10.48 1×106 1 14 T 1150 0.47 439 (KSWZ) 63

60 (DFSZ) 8.7

− Photon counting is a game changer at high frequency and
low temperatures: in the energy eigenbasis there is no
intrinsic limit (SQL)

− unlimited (exponential) gain in the haloscope scan rate
compared to linear amplification at SQL:

Rcounter

RSQL
≈ QL

Qa
e

hν
kBT

plot example at 10 GHz, where TSQL = hν/kB → 0.5 K

at 7 GHz, 40 mK =⇒ 103 faster than SQL linear amplifier readout!



INTRODUCTION axion-photon [a�] axion-electron quantum sensing LNL and LNF haloscopes

back to the origins of the QUAX FMR haloscope

ELECTRON COUPLING – QUAX NEW CONCEPT! the FMR haloscope

the axion DM cloud acts as an effective RF magnetic field on the
electron spin exciting magnetic transitions in a magnetized sample
(YIG) ! RF photons

sostituire con disegno modificato: ⌧min = min(⌧a, ⌧c, tau2) under the condition of strong coupling, sotto ns metti
YIG (Yttrium Iron Garnet) e tuning con campo B sotto a massa (ESR, where the RF field is actually the axion
effective field)
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Fig. 1 Transmission spectrum of the hybrid system as a function of
the external field B0, showing the anticrossing curve of the cavity mode
(red dashed line) and Kittel mode (blue dashed line). The coupling g is
defined by Eq. (5)

Fig. 2 Power spectrum of the cavity (blue line), and hybrid modes
calculated for a critically coupled antenna and a sample volume Vs
(orange line) and 5Vs (green line). The used parameters are close to the
experimental values of our apparatus

g = γ

2π

√
µ0h fa
Vm

nsVs = f+ − f−, (5)

where µ0 is vacuum magnetic permeability and Vm = ξVc is
the product of the cavity volume Vc and a mode-dependent
form factor ξ . The linewidths of the hybrid modes k+,− are an
average of the linewidth of the cavity kc and of the material
km , i. e. k+,− = 1

2 (kc + km) ≡ kh . The calculated power
spectral density of an empty cavity and of a cavity with the
volume Vs and 5Vs of material are shown in Fig. 2. The two
hybrid modes are more sensitive to the power deposited by the
axion field since they are not affected by radiation damping,
the minimum relaxation time is τmin = min(τh, τ∇a), where
τh = 1/kh . With an antenna critically coupled to one of the
hybrid resonant modes, the extracted power is Pout = Pin/2.

The scalar product σ̂ · ∇a of Eq. (2) shows that the effect is
directional. Due to earth rotation, an earth-based experiment
experiences a full daily modulation of the signal, due to the
variation of the axion wind direction.

3 The QUAX prototype

To implement the scheme presented in Sect. 2 we use a cylin-
drical copper cavity TM110 mode with resonance frequency
fc $ 13.98 GHz and linewidth kc/2π $ 400 kHz at liq-
uid helium temperature, measured with a critically coupled
antenna. The shape of the cavity is not a regular cylinder, two
symmetric sockets are carved into the cylinder to remove the
angular degeneration of the normal mode, the maximum and
minimum diameters are 26.7 mm and 26.1 mm, and the length
is 50.0 mm. The shape of the cavity and of the mode magnetic
field are shown in Fig. 3. The choice of the TM110 mode has
the advantage of having a uniform maximum magnetic rf field
along the cavity axis. Its volume can be increased just using
a longer cavity without changing the mode resonance fre-
quency. For this mode we calculate a form factor ξ = 0.52
[61]. The cavity mode is coupled to a magnetic material,
thus we studied the properties of several paramagnetic sam-
ples and some ferrites. Highest values of ns together with
long relaxation times have been found for YIG (Yttrium Iron
Garnet) and GaYIG (Gallium doped YIG). To avoid inho-
mogeneous broadening of the linewidth due to geometrical
demagnetization, these garnets are shaped as highly polished
spheres. Five GaYIG spheres of 1 mm diameter have been
placed in the maximum magnetic field of the mode, which
lies on the axis of the cavity. The spheres are housed inside
a PTFE support large enough to let them rotate in all pos-
sible directions, in order to automatically align the GaYIG
magnetization easy axis with the external magnetic field.

The amplitude of an external magnetic field B0 determines
the Larmor frequency of the electrons. The uniformity of
B0 on all the spheres must be enough to avoid inhomoge-
neous broadening of the ferromagnetic resonance. To achieve
a magnetic field uniformity ≤ 1/Qh , where Qh ∼ 104 is the
quality factor of the hybrid mode, we make use of a supercon-
ducting NbTi cylindrical magnet equipped with a concentric
cylindrical NbTi correction magnet. With B0 = 0.5 T we
have fL $ fc and thus the hybridization of the cavity and
Kittel modes, as discussed in Sect. 2. The power supply of the
main magnet is a high-precision, high-stability current gen-
erator, injecting 15.416 A into the magnet with a precision
better than 1 mA, while a stable current generator provides
26.0 A for the correction magnet. A simplified scheme of the
cavity, material and magnet setup is represented in the left
part of Fig. 4.

In the strong coupling regime, the hybrid mode frequen-
cies are f+ = 14.061 GHz and f− = 13.903 GHz, yielding
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under the condition of strong coupling

YIG (Yttrium Iron Garnet)

ESR (Electron Spin Resonance)
 the RF field is actually the axion effective field

—> > axion mass tuning with B field!
1.7 T —>  48 GHz
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Crescini et al Phys Rev Lett 124, 171801 (2020)
Barbieri et al Phys Dark Univ 15, 135-141 (2017)



Why do we need Single Microwave Photon Detectors (SMPD) in haloscope search?

Using quantum-limited linear amplifiers (Josephson parametric amplifiers) the noise set by quantum
mechanics exceeds the signal in the high frequency range, whereas photon counting has no intrinsic limitations

νc [GHz] Q0 B T V [liter] Paγγ [10−24 W] Γsig [Hz]
QUAXaγ 10.48 1×106 14 T 1.15 439 (KSWZ) 63

60 (DFSZ) 8.7
Pilot exp. 7.3 1×106 2 T 0.11 0.8 (KSWZ) 0.16

0.11 (DFSZ) 0.02

axion linewidth = ∆νa

PSQL
n = hνa

√
∆νa

Pth
n = hνan̄

√
∆νa, with n̄ = 1

ehν/kT−1
, T=50 mK

PSMPD
n = hνa

√
Γdark



SMPDS in the microwave range

Detection of individual microwave photons is a challenging task because of their low energy
e.g. hν = 2.1 × 10−5 eV for ν = 5 GHz

Requirements for axion dark matter search:

◦ detection of itinerant photons due to involved intense B fields

◦ lowest dark count rate Γ < 100 Hz

◦ ≳ 40 − 50 % efficiency

◦ large “dynamic” bandwidth ∼ cavity tunability



ITINERANT and CAVITY PHOTON DETECTION

The detection of itinerant photons, i.e. excitations in a transmission line, is more challenging compared to the
detection of cavity mode excitations.

detection of cavity photons
applicable to dark photon searches (no B field)

SMPD

detection of itinerant photons
applicable to axion searches (multi-Tesla fields)



Itinerant photon counters for axion detection: most advanced SMPD schemes

◦ “artificial atoms” introduced in circuit QED, their
transition frequencies lie in the ∼GHz range

E. Albertinale et al, Nature 600, 434–438 (2021)

R. Lescanne et al, Phys. Rev. X 10, 021038 (2020)

◦ single current-biased Josephson junction (JJ)

npj Quantum Information 8, 61 (2022)

IEEE Tras. Appl. Supercond. 33, 1-9 (2023)

https://www.nature.com/articles/s41586-021-04076-z
https://www.nature.com/articles/s41586-021-04076-z
https://www.nature.com/articles/s41534-022-00569-5
https://ieeexplore.ieee.org/document/9932667


CHALLENGES and R&D OBJECTIVES

⊙ SMPDs are superconducting circuits, not compatible with magnetic fields above a critical value
e.g. for Niobium, Bc = 100 mT

can they be screened to the required level?
flux quantum Φ0 = h/(2e) ≈ 2.0678...× 10−15 Wb

⊙ to probe different axion masses tuning of both cavity and SMPD is required

⊙ can we probe the axion parameter space at reasonable speed?
i.e. best is tuning the whole system at ∼ 500 MHz/year∗ for νa ≳ 5 GHz

∗ for best haloscopes the signal exceeds few tens of Hz rate (QUAX projected) thus the integration time is short
and the search is limited by the speed at which the system can be tuned (e.g. thermal loads . . . )



HALOSCOPE SEARCHES - axion DM in the galactic halo
heavy axions

→ Dielectric haloscope: periodic structures of dielectric planes allow for an emission of EM waves induced by
axions with frequencies (masses) between 10 (40) and 100 (400) GHz (µeV)
Magnetized Disc and Mirror Axion Experiment (MADMAX)

→ plasma haloscope (ALPHA, Axion Longitudinal Plasma): use a wire metamaterial to create a tuneable
artificial plasma frequencyHAloscope

→ topological insulator (TOORAD, TOpolOgical Resonant Axion Detection) make an effective massive photon
quasiparticle (polariton) using condensed matter axions

from ∼ 3 up to ∼ 60µeV

→ Cavity haloscopes: resonant conversion of axions into cavity photons
high frequency (5 − 10 GHz) challenge is addressed via QIS technologies for signal readout and using
dielectric resonators

→ ferromagnetic haloscope (QUAX a − e, QUest for AXions)

low-mass axion searches

→ Lumped element searches (ABRACADABRA, . . . )

→ NMR-based search (CASPER-wind)



→ Dielectric haloscope
idea: at boundaries between two media (different ϵ) in a B-field // to the surface, the axion induced E-field
oscillation has a discontinuity and EM waves are emitted by the surface

⊙ 104 power boost factor (tens of
disks) is needed

⊙⊙ important to know how much is
the actual boost factor: direct
info is needed on expected signal
shape from coherent emission of
surfaces

→ solution: reflectivity
measurements and study of the
noise



→ plasma haloscope (ALPHA, Axion Longitudinal Plasma):
idea: in a plasma the photon has an effective mass corresponding to the plasma frequency → wavelength
matching between the massless photon and the axion with mass on much larger resonant system



CONCLUSIONS

− Axions are leading candidates for dark matter
and the QCD axion solves the strong CP problem

− Theoretically well motivated but experimentally challenging
weak coupling and unknown mass

− Tremendous search efforts
Different technologies targeting at different mass ranges, quantum sensing

− Axion community is getting larger
New results, new groups and new ideas

− Next decade must be critical/exciting
covering a substantial portion of the parameter space... uncovering the nature of dark matter?



FORM FACTOR : quantifying the cavity capacity to resonate a signal78

Figure 4.1: Electric field for di↵erent TM and TE modes in a bare cavity. Red indicates
regions of higher field for cross-sections of the cavity.

important because currents need to flow across the junction to create the modes that couple

to axions. To avoid Ohmic losses that would degrade the Q, the cavity is given a knife-edge

and the end caps are bolted tightly down. The Q can be written in terms of the geometry
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Electric	field

Magnetic	field

TM	mode TEM	modeTE	mode

Figure 3.2: Electric and magnetic field vectors of TM, TE, and TEM modes in a cylindrical
geometry, without describing magnitude. The darker profile in the TEM mode sketches is
the central conductor.

3.2 Resonant cavity modes

The figure of merit quantifies the usefulness of a resonant mode in a cavity for an ax-
ion search at a certain frequency. There are many resonant modes in the cavity of various
profiles. Some of these can tune by moving rods and some have approximately stationary
resonance frequencies upon changing the position of the rod. HAYSTAC cavities involve cen-
tral conductors and have transverse magnetic (TM), transverse electric (TE), and transverse
electric and magnetic (TEM) modes. The resonant modes are characterized by the profiles
of their electric and magnetic fields, summarized in Fig. 3.2. Each TE and TM mode is
classified by three numbers m, n, and p that describe the variation in the azimuthal, radial,
and longitudinal directions, respectively. For example, TM020 and TM011 have one extra
radial node and longitudinal node, respectively, in the electric field compared to TM010.

All resonant modes describe profiles of electromagnetic fields that obey the Maxwell
equations and the usual boundary conditions. The Maxwell equations in vacuum are

r⇥ ~E (⇢,�, z, t) = �@ ~B (⇢,�, z, t)

@t

r⇥ ~H (⇢,�, z, t) = ~J (⇢,�, z, t) +
@ ~D (⇢,�, z, t)

@t

r · ~D (⇢,�, z, t) = ⇢

r · ~B (⇢,�, z, t) = 0,

(3.10)

where ~E is the electric field, ~B is the magnetic field, ~D = ✏0 ~E, ~H = ~B/µ0, ~J is the electric
current density, and ⇢ is the electric charge density. Near a metallic surface, we can only
have normal ~E and tangential ~B. This means that at a perfect electric conductor (PEC)

higher modes have not been considered for axion search experiments. However, a (periodic)
structure of dielectric material can suppress the out-of-phase electric field component(s),
which would enhance the form factors substantially, making reasonable sensitivities
achievable. For cylindrical cavities, a (periodic) layer(s) of dielectric hollow(s) can be con-
sidered for this purpose. Figure 2 provides an example of such a dielectric effect and intuitive
design for the TM030 mode of a cylindrical cavity. In this article, we examine several tuning
mechanisms utilizing higher-order resonant modes, in particular the TM030 mode, to find a
suitable approach for high mass axion searches.

The optimal size and position of the dielectric material can be determined analytically by
solving the EM field solution, and requiring the experimental sensitivity to be maximized.
The tunability of resonant frequency, in the meantime, also matters in order to achieve a large
coverage of axion masses for a given cavity dimension. In section 2, the general solutions for
TM modes of a cylindrical geometry with a dielectric hollow are obtained and the TM030

Figure 1. Electric field profiles (in the rz plane) of the TM modes, listed in table 1, of a
cylindrical cavity. The maximum field strength and cavity radius are normalized to
unity.

Figure 2. (a) Effect of a dielectric medium (in cyan) on the electric field of the TM030
mode. The black solid and green dashed lines are the electric field profiles with and
without the medium. (b) A dielectric hollow structure for a cylindrical cavity to
implement the effect.

J. Phys. G: Nucl. Part. Phys. 47 (2020) 035203 J Kim et al

3

( )r
=gg ggP g

m
B VC Q Qmin , ,a a

a

a
L a

2
0
2

where gaγγ is the axion-to-photon coupling, ρa is the local halo density, ma is the axion mass,
B0 is the external magnetic field, V is the cavity volume, C is the form factor, and QL and Qa

are the cavity (loaded) and axion quality factors. As the axion mass is a priori unknown, all
possible mass ranges need to be scanned. From the experimental point of view, the figure of
merit is the scan rate, which is written as
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where SNR is the signal-to-noise ratio, kB is the Boltzmann constant, and Tsys is the noise
temperature of the system.

The form factor has dependence on the cavity geometry and resonant mode:
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where
G
Ec is the electric field of the cavity mode under consideration, and ò(x) is the dielectric

constant inside the cavity volume. For cylindrical cavities, the TM010 mode is conventionally
considered since it yields the largest form factor in a homogeneous static magnetic field [4].

To date, the axion haloscope is the most promising approach with sensitivity to the QCD
axion models [5, 6] in the mass range between 100 and 102 μeV, where the axion is con-
sidered to be a candidate for cold dark matter. However, current experimental sensitivities are
limited to relatively low mass regions since cavity-based experiments typically employ a
single resonant cavity for a large detection volume and adopt the lowest resonant mode for the
maximum form factor [7–10]. Some cavity designs have been proposed to efficiently explore
higher mass regions with minimal volume loss while relying on the same resonant
mode [11, 12].

As an alternative method to extend the search range towards higher mass regions, it could
be beneficial to exploit the higher-order resonant modes in a cylindrical cavity. This would
enable us to access higher frequency regions without volume loss and even with higher
quality factors, as summarized in table 1. However, as shown in figure 1, high-degree var-
iations in the cavity EM field give rise to out-of-phase field components, which, under an
external magnetic field, results in negative contributions to the form factor in equation (1).
The negative effect becomes larger with the increasing order of the resonant mode, as can be
seen in table 1. This significantly reduces the experimental sensitivity, and consequently, the

Table 1. Parameters of a cylindrical cavity for different resonant modes: resonant
frequency ( f ), volume (V ), quality factor (Q), and form factor (C). f, V, and Q are
values relative to those of the TM010 mode, while C is the absolute value.

Mode f V Q C

TM010 f010 V010 Q010 0.69
TM020 2.3×f010 V010 1.5×Q010 0.13
TM030 3.6×f010 V010 1.9×Q010 0.05
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where gaγγ is the axion-to-photon coupling, ρa is the local halo density, ma is the axion mass,
B0 is the external magnetic field, V is the cavity volume, C is the form factor, and QL and Qa

are the cavity (loaded) and axion quality factors. As the axion mass is a priori unknown, all
possible mass ranges need to be scanned. From the experimental point of view, the figure of
merit is the scan rate, which is written as
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where SNR is the signal-to-noise ratio, kB is the Boltzmann constant, and Tsys is the noise
temperature of the system.

The form factor has dependence on the cavity geometry and resonant mode:
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where
G
Ec is the electric field of the cavity mode under consideration, and ò(x) is the dielectric

constant inside the cavity volume. For cylindrical cavities, the TM010 mode is conventionally
considered since it yields the largest form factor in a homogeneous static magnetic field [4].

To date, the axion haloscope is the most promising approach with sensitivity to the QCD
axion models [5, 6] in the mass range between 100 and 102 μeV, where the axion is con-
sidered to be a candidate for cold dark matter. However, current experimental sensitivities are
limited to relatively low mass regions since cavity-based experiments typically employ a
single resonant cavity for a large detection volume and adopt the lowest resonant mode for the
maximum form factor [7–10]. Some cavity designs have been proposed to efficiently explore
higher mass regions with minimal volume loss while relying on the same resonant
mode [11, 12].

As an alternative method to extend the search range towards higher mass regions, it could
be beneficial to exploit the higher-order resonant modes in a cylindrical cavity. This would
enable us to access higher frequency regions without volume loss and even with higher
quality factors, as summarized in table 1. However, as shown in figure 1, high-degree var-
iations in the cavity EM field give rise to out-of-phase field components, which, under an
external magnetic field, results in negative contributions to the form factor in equation (1).
The negative effect becomes larger with the increasing order of the resonant mode, as can be
seen in table 1. This significantly reduces the experimental sensitivity, and consequently, the

Table 1. Parameters of a cylindrical cavity for different resonant modes: resonant
frequency ( f ), volume (V ), quality factor (Q), and form factor (C). f, V, and Q are
values relative to those of the TM010 mode, while C is the absolute value.

Mode f V Q C

TM010 f010 V010 Q010 0.69
TM020 2.3×f010 V010 1.5×Q010 0.13
TM030 3.6×f010 V010 1.9×Q010 0.05
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higher modes have not been considered for axion search experiments. However, a (periodic)
structure of dielectric material can suppress the out-of-phase electric field component(s),
which would enhance the form factors substantially, making reasonable sensitivities
achievable. For cylindrical cavities, a (periodic) layer(s) of dielectric hollow(s) can be con-
sidered for this purpose. Figure 2 provides an example of such a dielectric effect and intuitive
design for the TM030 mode of a cylindrical cavity. In this article, we examine several tuning
mechanisms utilizing higher-order resonant modes, in particular the TM030 mode, to find a
suitable approach for high mass axion searches.

The optimal size and position of the dielectric material can be determined analytically by
solving the EM field solution, and requiring the experimental sensitivity to be maximized.
The tunability of resonant frequency, in the meantime, also matters in order to achieve a large
coverage of axion masses for a given cavity dimension. In section 2, the general solutions for
TM modes of a cylindrical geometry with a dielectric hollow are obtained and the TM030

Figure 1. Electric field profiles (in the rz plane) of the TM modes, listed in table 1, of a
cylindrical cavity. The maximum field strength and cavity radius are normalized to
unity.

Figure 2. (a) Effect of a dielectric medium (in cyan) on the electric field of the TM030
mode. The black solid and green dashed lines are the electric field profiles with and
without the medium. (b) A dielectric hollow structure for a cylindrical cavity to
implement the effect.
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takehome: of all the modes that resonate in a metallic pill box only those that have components E along B0 will
yield a signal
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