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10GHz copper cavity, cooled at cryogenic temperature,
barely reaches Q ⇠ 105, a value that rapidly decreases
with increasing frequency. In this paper we present a
substantial improvement obtained for the quality factor
with a “superconducting haloscope” composed of a su-
perconducting cavity operated in high magnetic fields.
This activity has been done within the QUAX experi-
ment, which searches DM axions using a ferromagnetic
haloscope [16, 17]. The same experimental apparatus
can be used as a Sikivie’s haloscope [10] exploiting the
TM010 mode of the cylindrical cavity. In this work we
substitute the copper cavity with a superconducting one,
to increase the quality factor and thus the measurement
sensitivity. We refer to the Primako↵ haloscope of the
QUAX collaboration as “QUAX�a�”.

In section II we describe the characterization of the su-
perconducting cavity (SCC) and the measurement setup,
while in section III we present the results of the opera-
tion of the SCC in magnetic field to search for axions and
the exclusion limit obtained on the coupling ga�� . Fi-
nally, in section IV we discuss the future prospects of the
QUAX�a� experiment for the Primako↵ axion search.

II. EXPERIMENTAL APPARATUS

A. Superconducting cavity

To increase the quality factor and match the optimal
condition for the coupling to cosmological axions, it is
natural to consider SCCs as they were widely studied
in accelerator physics. However, in axion searches these
are operated in strong magnetic fields that, on the one
hand, weaken superconductivity and, on the other, are
screened by the superconducting material. To overcome
both these limitations we designed a cavity divided in
two halves, each composed by a Type II superconducting
body and copper endcaps. Type II superconductors are
infact known to have a reduced sensitivity to the applied
magnetic field. Moreover, magnetic field penetration in
the inner cavity volume may be facilitated by interrupt-
ing the screening supercurrents with the insertion of a
thin (30µm) copper layer between the two halves.

The cavity layout is shown in the upper part of figure
1, featuring two identical copper semi-cells with cylin-
drical body and conical endcaps to reduce current dis-
sipation at interfaces. The cylindrical body is 50mm
long with diameter 26.1mm, while the cones are 19.5mm
long. For the detection of axions through its interaction
with the electron spin[17], part of the cylinder was flat-
tened to break the angular symmetry and prevent the
degeneration of mode TM110. A finite element calcula-
tion performed with ANSYS HFSS [18] of the TM010
mode used for Primako↵ axion detection gives a fre-
quency ⌫

sim
c = 9.08GHz and a coe�cient Cmnl = 0.589

in a volume V = 36.43 cm3. The calculated field profile
of this mode is shown in figure 1. Because of this hybrid

FIG. 1: The upper image represents the electric field of
9.08GHz TM010 mode in arbitary amplitude units, while the
lower photo is one of the two halves of the superconducting
cavity.

geometry, the quality factor is expressed as

1

Q0

=
R

cyl
s

Gcyl

+
R

cones
s

Gcones

(2)

where Rs are the surface resistances. The simulation
yields Gcones = 6270.11⌦ and Gcyl = 482.10⌦. At
9GHz and 4K temperature the surface resistance for Cu
is RCu

s = 4.9m⌦ [19]. A pure Cu cavity with this geom-
etry would have Q

Cu
0

' 9 ⇥ 104 while an hybryd cavity
with copper cones and no losses on the cylindrical surface
would have Q

max
0

= Gcones/R
Cu
s ' 1.3⇥ 106.

To test this promising simulation results, a prototype
of the cavity was fabricated as shown in the lower part
of figure 1. The inner cylindrical part of the cavity was
coated by means of a 10 cm planar magnetron equipped
with a NbTi target. The estimated coating thickness
ranges between 3 to 4µm. To minimize the losses due to
the interaction of fluxons [20] with the superconducting
microwave-current, only the cylindrical body, where the
currents of the mode TM010 are parallel to the applied
field, were coated as evidenced by the di↵erent colors of
the lower picture of figure 1.
We characterized the cavity in a thermally controlled

gas-flow cryostat equipped with an 8T superconduct-
ing magnet located at Laboratori Nazionali di Frascati
(LNF). No copper layer was inserted between the two
halves. Two tunable antennas were coupled to the cav-
ity mode and connected through coax cables to a Vector
Network Analyzer for the measurement of the reflection
and transmission waveforms, S11(⌫) and S12(⌫). The un-
loaded quality factor Q0 was extracted from a simulta-
neous fit of the two waveforms. An expected system-
atic error of ±5% follows from the fit procedure. At
4.2K and no applied external magnetic field we mea-
sured Q0 = 1.2 ⇥ 106 in agreement with the maximal
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FIG. 2: Unloaded quality factor Q0 vs external magnetic field
amplitude B for the hybrid Cu-NbTi cavity, compared with
the one of a Cu cavity (blue horizontal line). ZFC points are
measured by cooling the cavity before increasing the field, the
opposite procedure was used for FC data (see text for details).
Unloaded quality factors Q0 indicated by large markers with
error bars were derived from fits to the reflection and trans-
mission waveforms, S11(⌫) and S12(⌫). These measurements
were used to correct the loaded quality factors QL measured
by the VNA, shown, after the correction, as small markers
without error bars.

expected value Q
max
0

and corresponding to a surface re-
sistance of the NbTi RNbTi

s = (20± 20)µ⌦. We repeated
the measurement for di↵erent values of the applied mag-
netic field in the range 0� 5T both in zero-field cooling
(ZFC) and field cooling (FC), thus reducing the temper-
ature of the cavity without or with external magnetic
field, respectively. The results are shown in figure 2. For
B = 2T, the nominal field used in our axion search, we
measured Q

2T
0

= 4.5 ⇥ 105, a factor ⇠ 5 better than a
bulk Cu cavity; at 5T we measured Q

5T
0

= 2.95 ⇥ 105,
a factor ⇠ 3.3 better than a Cu cavity. Comparing FC
and ZFC measurements, we observe a systematic di↵er-
ence below about 0.5T due to magnetic field trapping
in the superconducting material. For higher values the
measurements agree within the errors showing that the
magnetic field is able to penetrate the cavity walls and
that the superconductor is in the flux flow state [21].

In a recent analysis [22], the variation of the surface
resistance of this cavity with the magnetic field was
interpreted taking into account the vortex-motion con-
tribution within the Gittleman and Rosenblum (GR)
model [23, 24]. In particular, the depinning frequency [23]
was estimated to be about 44GHz. Below this frequency,

losses due to vortex motion are suppressed, while they
are maximal at higher frequency where the flux-flow re-
sistivity reaches the value ⇢↵ = c↵⇢nB/Bc2. Here, B

is the applied DC field, c↵ = 0.044 is a correction tak-
ing into account mutual orientation of fluxons and mi-
crowave currents, ⇢n = 7.0⇥ 10�7 ⌦m is NbTi resistivity
in the normal state and Bc2 = 13T ⇥

�
1� (T/Tc)2

�
is

the temperature dependent critical field [22]. Comparing
the surface resistance derived from the GR model with
these parameters and the anomalous surface resistance of
Cu we estimated, for di↵erent values of the applied field,
the crossing frequency for which the losses in NbTi are
equal to the losses in Cu. The result is shown in figure 3.
At T = 4.2K the NbTi cavity is expected to show lower
losses up to an applied field of about 4.5T. For higher
fields the crossing frequency rapidly decreases down to
45GHz for B = 6T. By lowering the temperature down
to 100 mK we expect a 20% improvement of the Q0 and
larger values for the crossing frequency. In fact, at this
temperature the critical field Bc2 reaches its maximum
value, 13T, reducing the flux-flow resistivity.
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FIG. 3: Estimated crossing frequency as a function of applied
B field.

B. Magnet and readout electronics

A replica of the cavity described in section IIA was
mounted in the experimental site at Laboratori Nazion-
ali di Legnaro (LNL), which hosts an apparatus capable
to search for galactic axions [17]. The Scheme of the
apparatus is shown in figure 4. The SCC is inside a vac-
uum chamber inserted in a superconducting magnet. The
magnet is a NbTi compensated solenoid, 15 cm bore and

4

50 cm height, generating a central field of 2T with homo-
geneity better than 20 ppm on a 20mm-long line along
the central axis. A superconducting switch is installed to
perform measurements also in persistent current mode.
The bias current of 50A is supplied by a high-stability
current generator. The magnet and the vacuum chamber
are immersed in a LHe bath at the temperature of 4.2K.
The cavity is instrumented with two antennas, a weakly
coupled one was used to inject probe signals in the cavity
with a source oscillator (SO). The second antenna, with
a variable coupling, is connected through a coax cable
to a low noise cryogenic HEMT amplifier (A1) with gain
G1 ' 40 dB. Before reaching the amplifier the coax cable
is connected to a cryogenic switch and then to an isola-
tor. The switch, used for calibration purposes, allows the
replacement of the cavity output with the output of a re-
sistor (RJ). The temperature of the resistor is kept con-
stant by a heater and read by a thermometer. The setup
is completed by a second FET amplifier (A2) at room
temperature with gain G2 ' 39 dB and a down-converter
mixer referenced to a local oscillator (LO). The in-phase
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FIG. 4: QUAX�a� setup: the blue dashed line encloses the
liquid helium temperature part of the apparatus, the yellow
rectangle stands for the low-frequency electronics and the red
circled T s represent the thermometers. See text for further
details.

(I) and quadrature (Q) components of the mixer output
are further magnified by two identical room temperature

amplifiers (A3I,Q) with G3 ' 50 dB each and acquired
by a 16 bit ADC sampling at 2MHz. The acquisition
program controls both the oscillators, the ADC and the
applied magnetic field. Three thermometers monitor the
temperature of the cavity, of the resistance RJ and of the
amplifier A1, with typical temperatures of Tc = 4.3K,
TJ = 4.5K and Ta = 5.1K, respectively.

III. EXPERIMENTAL RESULTS

With the LNL setup described in section II we per-
formed the first search for galactic axions using a SCC.
The frequency of the TM010 cavity mode, ⌫c = 9.07GHz,
was in good agreement with the simulated value ⌫

sim
c =

9.08GHz. A copper layer was used to interrupt circular
screening-currents and allow magnetic field penetration.
No impact was observed on the quality factor, since the
longitudinal microwave currents of the TM010 mode are
una↵ected by the interposed mask. The magnetic field
penetration in the cavity volume was verified by means of
a 1mm YIG sphere positioned on the cavity axis with a
teflon holder. Hybridization of the sphere ferromagnetic-
resonance and the TM110 mode at 14GHz occured with
a field of 0.5T, showing a typical double resonance curve
whose Lorentzian peaks have linewidths equal to the av-
erage the YIG and the cavity linewidths. This confirmed
that the field distortotion were at the level of 100 ppm
or lower over the sphere volume. Measurements in the
dispersive regime, i. e. with ferromagnetic resonance fre-
quency di↵erent from the cavity one, also gave similar
results.
To down-convert and acquire the signal, the frequency

of the local oscillator fed to the mixer was set to ⌫LO =
⌫c�500 kHz, and the I and Q components were combined
to extract the right part of the down-converted spectra,
where the cavity resonance lies. We determined the total
gain G and the noise temperature Tn of the amplification
chain by heating the resistor RJ from about 4.5 to 8.5K
andby measuring the temperature and the corresponding
Johnson noise [25]. The resulting values are

Tn = (11.0± 0.1) K, (3)

G = (1.96± 0.01)⇥ 1012. (4)

We set the magnetic field to 2T and measured the
cavity quality factor Q0 = 4.02⇥ 105, compatible within
the errors with our previous measurment. Finally, we
critically coupled the tunable antenna and measured the
loaded quality factor QL = 2.01⇥105. With high quality
factors the temperature stability of the system is a critical
issue: in fact we observed a drift of the cavity resonance
frequency of the order of the linewidth in the timescale
of an hour. Thus the integration time was limited to
�t = 20min. The collected data were FFT analyzed
with a resolution bandwidth of �⌫ = 7812.5Hz close to
the axion linewidth, to maximize the SNR in a single bin.
The resulting 9375000 FFTs were RMS averaged, and the
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Figure 1.4: The conversion of an axion into a photon stimulated by an external static magnetic field.
Taken from [7].

1.2.1 Axion parameter space

In the models described in Sec. 1.1.4, essentially the only free parameter encountered for
the axion is fa, the energy scale of the PQ transition. Then, model-dependent parameters
can be defined as a function of fa, the most important ones being the mass ma and the
axion-photon coupling ga�� . Taking eq. (1.43), we can write more generally:

ma =
m⇡0f⇡

fa

p
mumd

(mu +md)
. (1.50)

Although its value depends on the assumption made on fa by the model, the form of
eq. (1.50) is model-independent. Recalling the definition of the coupling constant ga�� :

ga�� =
↵em

⇡

Ka��

fa
,

we see that for these "QCD axion" models both ga�� and ma are inversely proportional to
fa, therefore ga�� / ma. The parameter space for the electromagnetic interaction is the
(ga�� vs.ma) plane. This is shown in Fig. 1.5. The yellow band is called model band and
it accounts for QCD axion models, such as KSVZ and DFSZ models (treated in Sec. 1.1.4),
where ga�� is proportional to ma. To understand why it is a band, let’s write the mass in
the following form:

ma =
m⇡0f⇡

fa

p
z

1 + z
, (1.51)

where z = mu/md is the light quark mass ratio. From [9], its central value is z = 0.48, but
it can take any value in the interval 0.40 < z < 0.55, resulting in a range of possible values
for the mass. Moreover, ga�� depends on the values that Ka�� can take. In section 1.1.4
the expression of Ka�� was given for the PQWW model, but more generally for invisible
axion models it can be written in the form [28]:

Ka�� =
1

2

✓
E

N
�

2

3

4 + z

1 + z

◆
, (1.52)
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QUAX-!" operation in the Primakoff configuration
Operating haloscopes above 5 GHz has some limitations: linear
amplifiers, small volumes, and low quality factors of Cu
resonant cavities. In the paper we deal with the last one. We
present the result of a search for galactic axions using a
haloscope based on a NbTi SC cavity, working at # = 4& in a 2
T magnetic field and exhibiting a quality factor '( = 4.5×10.

for the TM010 mode at 9 GHz. With such values of ' the axion
signal is increased with respect to Cu cavity haloscopes. We set
the limit /011 < 1.03×1045678945 on the axion-photon
coupling for a mass of about 37 ;89. A study of the NbTi
cavity at different magnetic fields, temperatures, and
frequencies has also been performed.
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Fig. 11.1. Ranges of axion mass ma, or equivalently axion decay constant fa, which
have been ruled out by accelerator searches, the evolution of red giants, the super-
nova SN1987a, and finally the axion cosmological energy density.

>∼ ma >∼ 0.5 eV [658; 659; 1623] for hadronic axions. Above 200 keV the
axion is too heavy to be copiously emitted in the thermal processes taking
place in red giants, whereas below 0.5 eV it is too weakly coupled. For axions
with a large coupling to electrons (ge = 0(1) in Eq. (11.6)) the range ruled
out can be extended to 200 keV >∼ ma >∼ 10−2 eV because axion emission
through the Compton-like process γ + e → a + e cools the helium core to
such an extent as to prevent the onset of helium burning [636].

Finally the range 2 eV >∼ ma >∼ 3 ×10−3 eV is ruled out by Supernova
1987a [768; 1163; 1221; 1619; 1874]. The constraint follows from the fact that
the duration of the associated neutrino events in the large underground pro-
ton decay detectors [437; 1101] is consistent with theoretical expectations
based on the premise that the collapsed supernova core cools by emission of
neutrinos. If the axion mass is in the above-mentioned range, the core cools
instead by axion emission and the neutrino burst is excessively shortened.
The supernova constraint is quite axion model-independent because the
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FIG. 5: Down-converted rf power at the ADC input. The
collected data are the black dots (the errors are within the
symbol dimension), the red-dashed line is the fit with the
residuals reported in blue. A part of the bandwidth was re-
moved due to systematic disturbances.

bins with disturbances introduced by the low-frequency
electronics were excluded from the analysis. The power
spectrum was fit using a degree 5 polynomial to account
for the o↵-resonance part of the spectra, which are due to
the non-uniform gain of ADC and amplifiers. We model
the on resonance spectrum with the absorption profile of
a Lorentzian curve. In fact, since the temperature of the
cavity is lower than the one of the isolator, the power
reflected by the cavity has a minimum at the resonance
frequency. The resulting spectrum, fit and residuals are
shown in figure 5. The residuals are distributed accord-
ing to a Gaussian probability density function and their
standard deviation scales as

p
�t as expected. The power

at the ADC input was divided by the measured gain G to
get the equivalent power at the cavity output. Its stan-
dard deviation is �P = 6.19 ⇥ 10�22 W. This value is
compatible with the prediction of the Dicke relation [27]

�P = kBTS

r
�⌫

�t
' 5.5⇥ 10�22 W, (5)

where TS = Tn + Tc = 15.3K. The expected power gen-
erated by KSVZ axions in our cavity, derived from equa-
tion 1, is

Pa = 1.85⇥ 10�25 W
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The 95% single sided confidence limit (1.64�), shown in
figure 6, is ga�� < 1.03 ⇥ 10�12 GeV�1 in a frequency
band of 45 kHz at ⌫c corresponding to a mass range of
⇠ 0.2 neV around ma ' 37.5µeV.
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experimental limits are mesured with light shining through a
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in the present work.

IV. CONCLUSIONS

SCCs appear as a natural choice for high frequency
haloscopes, as their quality factor matches the one of
cosmological axions. In this work we characterized a
SCC by testing it under a high magnetic field at cryo-
genic temperature. Since the tests were successfull we
performed a single-mass axion search, extracting an up-
per limit on ga�� for a narrow frequency band. This
result is limited by the low magnetic field, the high
system temperature and the small cavity valume. A
new experimental setup is now in preparation consist-
ing of a dilution refrigerator, a quantum limited Joseph-
son Parametric Amplifier and an 8 T superconducting
magnet. At 50 mK with a quantum limited amplifier
the system temperature is reduced to about 400 mK.
Operating a 20 cm long NbTi-cavity in a 5 T magnetic
field, we expect, from our measurements, a quality factor
Q

5T,50mK

0
= 2.95⇥1.2⇥105 = 3.54⇥105, a factor 4 bet-

ter than a copper cavity. With this setup, the expected
95% exclusion limit would be ga�� < 4⇥10�14 GeV�1 for
ma ' 37.5µeV a value that touches the region expected
for KSVZ axions.

The axion is a pseudoscalar particle predicted
by S.Weinberg and F.Wilczek in 1977 as a
consequence of the mechanism introduced
by R.D.Peccei and H.Quinn to solve the strong
CP problem.
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Chapter 1. The physics case 1.2. Searching for axions

in the CMB spectrum.
Finally, in the hypothesis that axions contitute Cold Dark Matter (CDM) (explored in

the next section), one of the requests that they must satisfy is to be stable particles, i.e.
they should have a decay time greater that the age of the universe. The axion decay is the
same as for the neutral pion, through two photons. It can be shown that axions become
stable in the universe time-scale if (in the KSVZ model) the mass is ma . 20 eV.

1.2.3 Axion cosmology

In order to justify the presence of Cold Dark Matter, one needs to find a mechanism for its
production in a certain early cosmological era. In this regard, axions can account for a part
or the entirety of CDM thanks to the PQ mechanism, called the misalignment mechanism
when considered as a cosmological process, and is not a thermal production mechanism.
Remarkably, when imposing that the observed Dark Matter density do not exceed the
observed value, an upper limit on fa (and thus a lower limit on ma) is obtained.

The equation that describes the dynamics of a scalar field in an expanding universe
is [31]:

ä+ 3H(t)ȧ+m
2

a(t)a = 0, (1.56)

where the axion field a has been considered as the scalar field of interest and H(t) is the
Hubble parameter. If H and ma were constant, this would be simply the equation of a
damped harmonic oscillator. The field dynamics depend on the value of ma(t) with respect
to H(t) [31, 7]. When H(t) � ma(t) the mass term can be neglected and the solution
consists of a constant, homogeneous field ai. Note that this initial value corresponds to
a value ✓i (ai = �✓ifa from eq. (1.38)) of the vacuum expectation value of the axion
potential. ✓i can be a random value in the interval [�⇡,⇡] and is taken when the U(1)PQ

symmetry spontaneously breaks at an energy (or temperature) scale much greater than
quark confinement, T ⇠ fa � ⇤QCD, when the axion is still massless. Then, there exists a
time t

⇤ for which H(t
⇤
) = ma(t

⇤
) and can be considered as the time when the axion field

starts its damped oscillations. For H(t) ⌧ ma(t) the amplitude is slowly decaying and
the oscillations are almost sinusoidal. Actually, these oscillations can start only when the
axion acquires a mass. This happens at a temperature scale T ⇠ ⇤QCD, when the QCD
color anomaly becomes effective and the U(1)PQ symmetry is also explicitly broken, with
the axion potential suffering from a tilt.

According to Ref. [31], the solution to eq. (1.56) in the H(t) ⌧ ma(t) regime is of the
form a(t) ' A(t) cos (ma(t) t), where the amplitude A(t) depends on (ma(t)R(t))

�3/2, R(t)

being the universe scale factor of the Friedmann-Robertson-Walker metric. Defining the
average energy density among the universe as %a '

1

2
m

2
aA

2, it follows that this quantity has
a dependence %a / R(t)

�3 as the universe expands, and this is typical of non-relativistic
fluids. This is a general result for scalar fields satisfying eq. (1.56) and produced by
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axion acquires a mass. This happens at a temperature scale T ⇠ ⇤QCD, when the QCD
color anomaly becomes effective and the U(1)PQ symmetry is also explicitly broken, with
the axion potential suffering from a tilt.

According to Ref. [31], the solution to eq. (1.56) in the H(t) ⌧ ma(t) regime is of the
form a(t) ' A(t) cos (ma(t) t), where the amplitude A(t) depends on (ma(t)R(t))

�3/2, R(t)

being the universe scale factor of the Friedmann-Robertson-Walker metric. Defining the
average energy density among the universe as %a '

1

2
m

2
aA

2, it follows that this quantity has
a dependence %a / R(t)

�3 as the universe expands, and this is typical of non-relativistic
fluids. This is a general result for scalar fields satisfying eq. (1.56) and produced by
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Axions are also well motivated Dark Matter
candidates with expected mass laying in a broad
range from peV to few meV. Post-inflationary
scenarios restrict this range to (10 − 10>) ;89.

A global axial @(1) symmetry is added in the
SM, and the axion is the pseudo-Goldstone
boson associated to the spontaneous
symmetry breaking.

Cosmological production:

• When the PQ phase
transitions generates the axion field.

• When the QCD
phase transition tilts the potential and
axions acquire a mass.

Chapter 1. The physics case 1.1. Strong CP problem and axions

q = (qL + qR), obtained from the application of the chiral projection operators PL ad PR:

qL = PL q =
1� �5

2
q qR = PR q =

1 + �5

2
q. (1.1)

I also write the QCD gauge-invariant Lagrangian density that will be useful for further
discussions. For one quark flavor it is [8]:

LQCD = qLi�
µ
DµqL + qRi�

µ
DµqR � qLmqR � qRmqL �

1

4
G

a
µ⌫G

µ⌫
a , (1.2)

with Dµ the covariant derivative, m the mass of the quark and G
µ⌫
a the gluon field strength

tensor:
G

µ⌫
a = @

µ
A

⌫
a � @

⌫
A

µ
a + gsfabcA

µ
bA

⌫
c , (1.3)

where A
µ
a is the gluon vector field, a, b, c = 1, . . . , 8 are indexes for the gauge fields, fabc

the structure constants of SU(3)c (the sum over b and c is implicit), and gs the coupling
constant of strong interactions.

A global vector U(1)V transformation is a phase transformation that rotates the left-
and right-handed fields in the same sense:

qL �! e
�i↵

qL qR �! e
�i↵

qR, (1.4)

while a global axial U(1)A transformation causes the fields to rotate in the opposite sense:

qL �! e
�i↵

qL qR �! e
i↵
qR. (1.5)

For the conjugate fields qL and qR the sign of the exponents has to be changed. Note
that these transformations repeat identically for any quark flavor. The field rotations of
eq. (1.5) are equivalent to the following rotation of the Dirac field:

q �! e
i↵�5 q, (1.6)

because in the chiral representation �5 = diag(�1,�1, 1, 1), and then �5 L,R = ⌥ L,R.
In the context of the SM, all elementary particle fields are invariant under SU(3)c ⇥

SU(2)W ⇥ U(1)Y transformations, where the c, W and Y subscripts respectively stand
for color, weak isospin and hypercharge. The quark fields exhibit additional symmetries
concerning also their flavors, if the chiral limit is supposed. Let’s consider only u and d

quarks; in the chiral limit their masses can be thought to be zero, mu, md ⇡ 0. This is a
reasonable assumption, since the actual masses are much smaller than ⇤QCD ⇡ 200MeV,
being mu ' 2.2MeV and md ' 4.7MeV [9]. In the chiral limit the symmetries that
arise are only approximate, and they would be exact if u and d masses were actually zero.
The new global symmetries are SU(2)V , U(1)V , SU(2)A and U(1)A, or equivalently QCD

5

ØQUAX-!" Haloscope

ØQUAX-!A Ferromagnetic Haloscope

Chapter 1. The physics case 1.2. Searching for axions

1.2 Searching for axions

In the first section we saw that one way to solve the strong CP problem is introducing
a new particle (and possibly other Higgs fields) in the SM, the axion, which is a natural
extension of the theory. From the properties that a Goldstone boson of an axial U(1)

symmetry must possess, we saw that the axion is a massive pseudoscalar boson electrically
neutral. After motivating theoretically the introduction of the axion, in this section I will
introduce some basics of the experimental search. I will focus on the detection techniques
and will describe which bounds can be put on axion mass and couplings from astrophysical
and cosmological observations.

One needs to first illustrate the axion-photon-photon coupling and the Primakoff effect,
because the latter is the main process that allows axion production in stars and its de-
tection. For convenience I report here the expression (1.44) of the axion coupling to two
photons:

La�� = Ka��
↵em

4⇡

a

fa
Fµ⌫F̃

µ⌫
,

and remember that Ka�� is a dimensionless model-dependent parameter. The interaction
can be rewritten more compactly defining the coupling constant ga�� :

La�� =
1

4
ga��aFµ⌫F̃

µ⌫
, (1.47)

ga�� =
↵em

⇡

Ka��

fa
. (1.48)

Now ga�� has dimensions GeV
�1 but is still model-dependent. It is important to note that

ga�� is inversely proportional to the scale constant fa. Furthermore, the electromagnetic
interaction can also be written in terms of the electric and magnetic fields, the components
of the Fµ⌫ tensor:

La�� =
1

4
ga��aFµ⌫F̃

µ⌫
= �ga��a

~E · ~B. (1.49)

The equality is explicitly derived in appendix A of Ref. [7]. This expression becomes useful
when dealing with the axion conversion into photons in a detector, such as a microwave
cavity.

Eq. (1.49) has exactly the same form as the Primakoff process [27], that was first
introduced to account for the ⇡

0 production through a two-photon interaction (in that
case the field a is substituted by the ⇡

0 field). The decay of ⇡0 into two photons is called
inverse Primakoff process. Now, in the framework of the Standard Model and with the
QFT formalism, we know that this decay can happen through a triangle diagram with a
virtual fermion in the loop, shown in Fig. 1.2, and it is valid for any pseudoscalar meson
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The axion-photon coupling allows their detection
by means of a static magnetic field applied in a
resonant cavity. The photon outcoming from the
interaction vertex is stored in the cavity and then
extracted and read by electronics.

This lagrangian term describes the conversion of
an axion into a photon when a static magnetic
field is applied.

The power stored in the cavity due to the axion
field is:

Chapter 2. QUAX R&D at LNF 2.1. The QUAX experiment

The coupling coefficient will be also defined in the next paragraph and in eq. (2.48) of
Sec. 2.2.1 in terms of quality factors. A receiver is said to be critically coupled when
 = 1, and in this case the power signal is finally:

Psig =
Pin

2
= 3.8 · 10

�26

✓
ma

200µeV

◆
3
✓

Vs

100 cm3

◆
·

✓
ns

2 · 1028/m3

◆✓
⌧min

2µs

◆
W. (2.13)

It is clear that this power is very tiny, so QUAX should possibly have the chance to use a
single microwave photon counter to suitably detect such a signal.

Signal power for an empty cavity

As discussed earlier, QUAX could also operate in the ADMX configuration, i.e. with an
external magnetic field applied in an empty cavity. The signal power in this case depends
on different parameters. After an axion-photon conversion the power Pin transferred to the
cavity must be dissipated in the cavity walls and in the receiver coupled to the microwave
device, Pin = P0+Psig. As before, Psig is only a fraction of Pin, precisely Psig = Pin /(1+).
In this case we can express Pin as:

Pin = !res
U

QL
, (2.14)

where !res is the resonant pulsation, U is the electromagnetic energy stored in the cavity
and QL a loaded quality factor. A quality factor is the ratio between the stored energy and
the power losses in a cavity, and is well defined in Sec. 2.2.1. There it is shown (eq. (2.28))
that 1/QL = 1/Q0+1/Qr, where Q0 is the unloaded quality factor and takes into account
the resistive losses of the cavity walls, while Qr takes into account the additional losses
introduced by the external receiver. Therefore from the general expression of Psig (2.12)
and eq. (2.14) we can express the power that will be read by the receiver as:

Psig =
!resU

QL



1 + 
. (2.15)

Now U is the energy due to an axion-to-photon conversion in the cavity. I quote the results
given in Refs. [36, 37] and readapted in [7]. In natural units the energy is:

U = g
2

a��
⇢a

m2
a
B

2

0VcCnmlQ
2

L, (2.16)

thus the final expression for the signal power from an axion-to-photon conversion is:

Psig(a� ! �) = !res


1 + 
g
2

a��
⇢a

m2
a
B

2

0VcCnmlQL. (2.17)
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In the non-relativistic limit the interaction of axions
with the spin of electrons has the same form as a
magnetic interaction, with the magnetic field given
by B! =

CDEE

6F
GH. The power transferred is:

QUAX-ae uses magnetized materials to detect
axions via their interaction with spins.

Top: electric field of 9.08
GHz TM010 mode in
arbitary amplitude units.
Bottom: one half of the
superconducting NbTi
cavity. The NbTi is a thin
film deposited on Cu bulk.

Article accepted on Physical Review D

• The cavity is made of type-II superconductor. Height: 5
cm, diameter: 2.6 cm. It is stored in a cryostat at # = 4&

and immersed in a 2 T magnetic field.

• The system temperature is #IJI = #K0L + #N = 15.3 & ,
and the std dev of the output power is OP = 6.19×

10466 S.

• Power is read by a critically coupled antenna. The signal is
down-converted to low frequencies and acquired by an
ADC. The amplification chain yields a gain of 7 ≃ 2×1056.
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FIG. 5: Down-converted rf power at the ADC input. The
collected data are the black dots (the errors are within the
symbol dimension), the red-dashed line is the fit with the
residuals reported in blue. A part of the bandwidth was re-
moved due to systematic disturbances.

bins with disturbances introduced by the low-frequency
electronics were excluded from the analysis. The power
spectrum was fit using a degree 5 polynomial to account
for the o↵-resonance part of the spectra, which are due to
the non-uniform gain of ADC and amplifiers. We model
the on resonance spectrum with the absorption profile of
a Lorentzian curve. In fact, since the temperature of the
cavity is lower than the one of the isolator, the power
reflected by the cavity has a minimum at the resonance
frequency. The resulting spectrum, fit and residuals are
shown in figure 5. The residuals are distributed accord-
ing to a Gaussian probability density function and their
standard deviation scales as

p
�t as expected. The power

at the ADC input was divided by the measured gain G to
get the equivalent power at the cavity output. Its stan-
dard deviation is �P = 6.19 ⇥ 10�22 W. This value is
compatible with the prediction of the Dicke relation [27]

�P = kBTS

r
�⌫

�t
' 5.5⇥ 10�22 W, (5)

where TS = Tn + Tc = 15.3K. The expected power gen-
erated by KSVZ axions in our cavity, derived from equa-
tion 1, is

Pa = 1.85⇥ 10�25 W
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The 95% single sided confidence limit (1.64�), shown in
figure 6, is ga�� < 1.03 ⇥ 10�12 GeV�1 in a frequency
band of 45 kHz at ⌫c corresponding to a mass range of
⇠ 0.2 neV around ma ' 37.5µeV.
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FIG. 6: Exclusion plot of the axion-photon coupling. The red
lines with yellow error-band show the theoretical predictions
for the KSVZ and DFSZ axions [11, 12]. The grey area shows
the prediction form other hadronic axions models [28]. The
experimental limits are mesured with light shining through a
wall experiments [29, 30], from changes in laser polarization
[31] helioscopes [32] and haloscopes [5–7, 33, 34], as the one
in the present work.

IV. CONCLUSIONS

SCCs appear as a natural choice for high frequency
haloscopes, as their quality factor matches the one of
cosmological axions. In this work we characterized a
SCC by testing it under a high magnetic field at cryo-
genic temperature. Since the tests were successfull we
performed a single-mass axion search, extracting an up-
per limit on ga�� for a narrow frequency band. This
result is limited by the low magnetic field, the high
system temperature and the small cavity valume. A
new experimental setup is now in preparation consist-
ing of a dilution refrigerator, a quantum limited Joseph-
son Parametric Amplifier and an 8 T superconducting
magnet. At 50 mK with a quantum limited amplifier
the system temperature is reduced to about 400 mK.
Operating a 20 cm long NbTi-cavity in a 5 T magnetic
field, we expect, from our measurements, a quality factor
Q

5T,50mK

0
= 2.95⇥1.2⇥105 = 3.54⇥105, a factor 4 bet-

ter than a copper cavity. With this setup, the expected
95% exclusion limit would be ga�� < 4⇥10�14 GeV�1 for
ma ' 37.5µeV a value that touches the region expected
for KSVZ axions.

v Operate at lower temperatures (50 V&) with
a diluition refrigerator. This reduces the
Johnson noise.

v Use of amplifiers based on SC technology, like
Josephson Parametric Amplifiers, to reach
the Standard Quantum Limit.

v Increase the magnetic field (5 T) to directly
increase the signal power.

v Make longer cavities (20 cm of height instead
of 5 cm) to directly increase the signal power.

With this setup we would have a system
temperature of #IJI = 400 V& and a better
quality factor wrt Cu ('( ≃ 3.5×10. at 5 T).
With these improvements the expected 95%
exclusion limit would be /011 < 4×

1045W 78945 for V0 ≃ 37.5 ;89, a value that
touches the region expected for KSVZ axions.

Quality factor as a function of B. At 2 T
the '( of NbTi is X. YZ×[Y\, a factor of
5 better than copper cavities. At 5 T NbTi
is a factor of 3.3 better than copper, and
this would be equivalent to work at 9 T
with copper cavities.
The working frequency is well below the
depinning frequency (44 GHz) of this thin
film.

Power spectrum of the signal
after the down-conversion
and the amplification chain.
The residuals follow a
gaussian distribution and have
std dev of OP = 6.19×

10466 S.

Exclusion plot for /011 as a
function of the axion mass.
The diagonal red lines are
theoretical predictions for
KSVZ and DFSZ axion models.
With our measurement we
set a 95% CL upper limit on
/011 of ]!"" < [. Y^×

[Y4[Z _A`4[ in a mass
range of ∼ 0.2 b89 around
V0 ≃ 37.5 ;89 (see red
vertical QUAX-Hc line).
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