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5 to 6 Reasons to like Axions
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1. … may solve the strong CP problem 

2. … may be Dark Matter 

3. … may explain anomalous star cooling 

4. … may explain TeV transparency of intergalactic space 

5. … may contribute to (g-2)µ  

6. … are well motivated by string theory
[arXiv:0605206]

• “Axion-like fields emerge in string theory in 10D  4D 
compactifications as Kaluza-Klein zero modes of ten-dimensional form 
fields” 

→

[A. Ringwald 2014 J. Phys.: Conf. Ser. 485 012013]

https://arxiv.org/abs/hep-th/0605206
https://iopscience.iop.org/article/10.1088/1742-6596/485/1/012013


How to Observe Axions
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Light  Axions and ALPs
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Light  Axions and ALPs
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• Primakoff effect: 

   Resonant photo-production of 
pseudoscalar mesons
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Light  Axions and ALPs
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GeV TeVMeV

possible QCD Axion
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DM predictions
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H ⇾ aaForward 
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• Axion to photon conversion in magnetic field  

   ( inverse Primakoff effect )
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Light Axions - Haloscopes - RF cavity based searches
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• Resonance frequency 
determined by cavity geometry 

• Limited tuning range

• Detection principle feasible in range 
100MHz - 100 GHz 

• 3 orders of magnitude in frequency: 

• Various designs of resonators & DAQ 

• Many experiments!

• Technological challenges 
• High field magnets 
• Ultra low noise amplifier 
• Highly sensitive readout systems 
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Light Axions - Haloscopes - RF cavity based searches
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• Typ signal power: 10-24W
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Axion Haloscope Experiments 
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Why a new Haloscope? 
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r0 = 0.45 GeV cm°3

• Lots of uncovered parameter 
space


• Mass range motivated by 
theory!


• Fully exploit the available 
infrastructure @ Bonn


• Close gaps in interesting 
parameter range
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Can we do it? The 4K Prototype 
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• Magnet bore: 89mm 
• Inner cryostat diameter: 50 mm

• Cryo Preamp @ 4K, 10GHz:  
• Gain:	 	 36 dB 
• Noise:	 3.8K (0.06dB)

14T solenoid magnet 
(existing)

8GHz cavity 

Cryo LNA (36dB)

Cavity supportlHe Cryostat

→ to vacuum pumpHe return ←

lHe feed →
← lN2 feed

Cryo circulator

LNA (38dB)

← signal injection
→ to spectrum analyser

Cryo Attenuators

Sample tube

• Haloscope setup for R&D and physics @ Mainz

• Cavity resonance frequency:  
• 8.4 GHz
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Supax - Measurements
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Magnet  
(warm bore)

Cryostat

Inset Top
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Supax - Cavities
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• Test of various cavity geometries and coatings

15 cm

ø = 48mm 

Cu coated with NbN 
Coating by Zubtsovskii @ Uni Siegen
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Results of Supax - Prototype
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Dark Photon results (< 4h of data):
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Results of Supax - Prototype
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The new Supax Experiment @ Bonn
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The new Supax Experiment
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• Dual use: Axions & GWs 

• Temperature: 	 	 10 mK
• B-field: 	 	 	 	 	 12 T 
• Usable volume: 		  = 9 cm x 20 cm  
• Freq. range: 	 	 	 2 GHz - 7GHz 
• Up to 3 cavities in parallel 

Ø

14

3

Fig. 1. CAD Drawing of the three-cavity design of

the Supax experiment including holding structure

and tuning mechanism.

JPA

HEMPT

ReflectionTransmission Pump

Cavity C1 C2 C3

D1

Fig. 2. Schematic view of the cryogenic RF layout. The receiver

signal path is shown in red. The calibration signal path is shown

in black.

allows for highly precise, cryo-compatible positioning of the rod with micron-level resolution. The fixed endcaps
on the top and bottom of the copper block are coated with ReBCO tapes, as are the 40 rectangular walls formed
by sides of the tetracontagon, ensuring superconducting performance across the entire inner surface. These tapes
significantly reduce surface resistance and are key to reaching a target quality factor of Q0 ¥ 4.5 ◊ 105. In the
initial experimental phase, the cavities will be machined from bulk copper, with an expected quality factor around
Q0 ¥ 60,000. The integration of ReBCO coatings is planned as a future upgrade to enhance performance.

For fine-tuning, 3He gas pressure within the cryostat is regulated between 0 to 1 mbar at temperature ranges
where the He remains gaseous. Adjusting the gas pressure alters the dielectric constant inside the cavities, thereby
refining the resonance conditions and providing an additional fine-tuning capability for resonance frequency ad-
justments.

The TM010 mode exhibits the largest sensitivity to the axion field and is chosen as readout mode. The tripple-
cavity setup o�ers several advantages. The ability to scan multiple resonance frequencies simultaneously while
optimally using the available magnetized volume significantly improves the search e�ciency for axions. Addition-
ally, the combination of a simple mechanical structure for coarse tuning and a gas-based fine-tuning mechanism
ensures both flexibility and precision in frequency adjustments. These design choices are based on extensive pre-
liminary studies, as discussed in Section 5.2. Each cavity is equipped with two ports, one critically coupled and
one very weakly coupled to the target cavity mode. In all designs the length of the strongly coupled antenna is
adjusted via a piezo driven actuator, which is able to move the antenna port in a range of ±0.5 mm.

To scan the mass range envisioned between 10 µeV to 20 µeV three tripple-cavities will be used.

2.3 Readout

Each cavity is equipped with its own dedicated readout chain. Consequently, the readout system described below
is implemented two times in parallel. The cryogenic RF layout is illustrated schematically in Fig. 2. The strongly
coupled port of each cavity is connected to a Josephson Parametric Amplifier (JPA) via two circulators. The JPA
provides a gain of 20 dB. One circulator isolates the JPA from incoming signals reflected o� the cavity, while the
other separates the input and output signals of the JPA. A directional coupler is used to inject the JPA pump
tone into the input line without interference.

The output of the JPA is routed through a third circulator to a HEMT amplifier, located at the 4 K stage of
the cryostat. From there, the signal continues to the room-temperature electronics. To minimize thermal noise, the
pump tone for the JPA is attenuated with 20 dB attenuators at both the 4 K and base temperature stages of the
cryostat. All signal lines connecting the cavity, JPA, and HEMT input are implemented using superconducting
cables to minimize losses.

The weakly coupled port of the cavity is connected to the Vector Network Analyzer (VNA) at room temperature
via an isolator and a 20 dB attenuator at the 4 K stage, enabling transmission measurements through the cavity.
For reflection measurements at the strongly coupled port, the third port of circulator C1 is connected via a 20 dB
attenuator at base temperature, and an additional attenuator at 4 K to the VNA at room temperature. The
room-temperature electronics include a commercial pump-tone generator for the JPA, a Vector Network Analyzer
(VNA), and a real-time spectrum analyzer with an integrated low-noise preamplifier.

 Sensitivity to Axions: [arXiv:2505.07541]

https://arxiv.org/abs/2505.07541
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one very weakly coupled to the target cavity mode. In all designs the length of the strongly coupled antenna is
adjusted via a piezo driven actuator, which is able to move the antenna port in a range of ±0.5 mm.

To scan the mass range envisioned between 10 µeV to 20 µeV three tripple-cavities will be used.

2.3 Readout

Each cavity is equipped with its own dedicated readout chain. Consequently, the readout system described below
is implemented two times in parallel. The cryogenic RF layout is illustrated schematically in Fig. 2. The strongly
coupled port of each cavity is connected to a Josephson Parametric Amplifier (JPA) via two circulators. The JPA
provides a gain of 20 dB. One circulator isolates the JPA from incoming signals reflected o� the cavity, while the
other separates the input and output signals of the JPA. A directional coupler is used to inject the JPA pump
tone into the input line without interference.

The output of the JPA is routed through a third circulator to a HEMT amplifier, located at the 4 K stage of
the cryostat. From there, the signal continues to the room-temperature electronics. To minimize thermal noise, the
pump tone for the JPA is attenuated with 20 dB attenuators at both the 4 K and base temperature stages of the
cryostat. All signal lines connecting the cavity, JPA, and HEMT input are implemented using superconducting
cables to minimize losses.

The weakly coupled port of the cavity is connected to the Vector Network Analyzer (VNA) at room temperature
via an isolator and a 20 dB attenuator at the 4 K stage, enabling transmission measurements through the cavity.
For reflection measurements at the strongly coupled port, the third port of circulator C1 is connected via a 20 dB
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Fig. 3. Projected sensitivity of the Supax experiment for a measurement time of one year is indicated in the shaded areas

for low (blue and purple) and high frequency (orange) frequency ranges using normal conducting copper cavities (dotted

line) and superconducting cavities (dashed line). The scan of the purple area would take an additional half year to close

the gap to the HAYSTAC measurement.

4 Prototype Experiment

To gain initial experience with a haloscope-style experiment and to test novel cavity designs and superconducting
materials for the Supax experiment, a prototype setup has been developed and commissioned at the University
of Mainz. The system operates using a liquid helium (LHe) flow cryostat, achieving a base temperature of 1.5 K,
and features a readout chain based on a HEMT amplifier.

Further details of this prototype setup are provided in the following section.

4.1 Experimental Setup

The core of the prototype experiment is a RF-cavity cooled to 2 K in a dedicated cryogenic setup (Fig. 4). The
cavity is placed in a liquid helium flow cryostat. The lower part of the cryostat itself is immersed in a 14 T solenoidal
magnetic field. Semi-flexible RF-cables are connected to both cavity ports. The strongly coupled port, also named
the readout port, is connected via a circulator (LNF-CIC4 12A) to a 36 dB cryo pre-amplifier (LNF-LNC4 16B).
The output of the preamplifier is connected to the readout electronics outside the cryostat. The second cavity port
is strongly under-coupled and used to feed RF-signals into the cavity. This RF line is attenuated by 20 dB close to
the cavity in order to attenuate room-temperature noise from outside the cryostat. A third RF line is connected
to the remaining port of the circulator, also attenuated by 20 dB to inject signals into the readout port of the
cavity. Circulator and pre-amp are screwed onto a heat-exchanger to stabilize their temperature. The coax-cables
are also connected to the heat-exchanger to allow thermalization of the cables in the lower part or the cryostat.

The temperature of the cavity and the heat-exchanger are monitored. The temperature is coarsely adjusted by
controlling the LHe flow rate at a given pump-setting and stabilized by heating the bottom heat exchanger of the
cryostat. The temperature is stable to better than 0.1 K at 2 K target temperature.

A picture of the cavity including the cryo readout electronics attached to the support structure is shown in
Fig. 5. Fig. 6 shows a diagram of the readout electronics. For data taking the RF lines from the pre-amplifier
is connected to a real-time spectrum analyzer (Tektronix RSA 518A), which can digitize the RF signals in a

Sensitivity to axions in 
40 weeks measurement time / block

 Sensitivity to Axions: [arXiv:2505.07541]

https://arxiv.org/abs/2505.07541
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The new Supax Experiment
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August October ~ August 26 End of 26

Working setup
Cavity prototype

Order Cryostat
Cryostat arrival Axion Program

2028

Commissioning with 

• One cavity

• ‘Classic’ readout:  TWPA - HEMPT - RF digitisation


• 2027: Initial physics measurements: GW / Axions

10 mK 2 K Room temp
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The new Supax Experiment
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August October ~ August 26 End of 26

Working setup
Cavity prototype

Order Cryostat
Cryostat arrival Axion Program

2028

Axion Program: 2028 - …

• Three cavities - additional DAQ channels

• Quantum sensing:  single photon detectors

• Developed e.g. for RADES within dark Quantum


• 1 Phd student from CmF to setup quantum 
readout and harvest axion results
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Take Away Messages
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17

• New haloscope will be built at Bonn 

• Dedicated Axion campaign!
• Axions are very likeable after all ;)  

• Expect to signifi


• Collaboration with RADES 
• Profi


Who does the work? 


To fully exploit the setups potential: 


dedicated phd student required




BACKUP SLIDES



6 reasons to like axions - details
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Axions as Dark Matter - I
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• Axions follow Bose-Einstein statistics 

• Ensemble of light axions:  
 macroscopic, wave-like behaviour 

• Acts as cold dark matter
• Mass Limits:

• ma > 10-22 eV, otherwise no structure formation possible 

• QCD axions:  ma < 2·10-2 eV from neutrino flux of SN1987A 

• No upper bound on mass of ALPs
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• Axions follow Bose-Einstein statistics 

• Ensemble of light axions:  
 macroscopic, wave-like behaviour 

• Acts as cold dark matter

• Assuming all of DM is QCD Axions: Predict it’s mass 

• Depends on production mechanism 

• Computationally difficult:  
• no ab initio calculation possible  
➡ model dependent results

• Mass Limits:

• ma > 10-22 eV, otherwise no structure formation possible 

• QCD axions:  ma < 2·10-2 eV from neutrino flux of SN1987A 

• No upper bound on mass of ALPs
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Axions as Dark Matter - I
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• Axions follow Bose-Einstein statistics 

• Ensemble of light axions:  
 macroscopic, wave-like behaviour 

• Acts as cold dark matter

• Assuming all of DM is QCD Axions: Predict it’s mass 

• Depends on production mechanism 

• Computationally difficult:  
• no ab initio calculation possible  
➡ model dependent results

• Mass Limits:

• ma > 10-22 eV, otherwise no structure formation possible 

• QCD axions:  ma < 2·10-2 eV from neutrino flux of SN1987A 

• No upper bound on mass of ALPs

https://github.com/cajohare/AxionLimits
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Possible Solution to strong CP problem - II

21

• : Axion field 
• : “Peccei-Quinn scale” 

a
fa
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• Only free parameter:  
• Scale of symmetry breaking

Figure 3: “Sombrero” potential of the Peccei-Quinn field F is shown schematically before (left) and after
(right) the QCD phase transition. The axion corresponds to the angular direction of this potential. The
potential on the right is shown for the case of colour anomaly N = 4.

Similar phenomena of “spontaneous symmetry breaking” are central to our understanding of many areas of
macroscopic physics, such as superconductivity, and there are also examples in particle physics, such as the
Higgs mechanism for generating particle masses.

To visualize spontaneous symmetry breaking, consider a ball rolling in the “sombrero” potential shown
on the left of Fig. 3. If the ball has enough energy (as at high temperature), it is able to roll over the hill in
the potential and occupies equally all areas of the circular valley in the “brim” of the potential. Now imagine
that the ball loses energy (as at low temperature), slows down and comes to rest. It will choose at random
to sit in one particular position in the potential well - even though every position in the circular minimum
of the potential well is exactly equivalent. This arbitrary choice is spontaneous symmetry breaking. Notice
now that, while it would take a lot of energy to get the ball over the potential hill again, we can push the ball
around the circle of the potential well with the smallest of nudges. This is a generic feature of spontaneous
symmetry breaking. In particle physics, it corresponds to the appearance following spontaneous symmetry
breaking of a massless particle, which is called a Nambu-Goldstone boson [18, 19]. The Nambu-Goldstone
boson of the spontaneously broken Peccei-Quinn symmetry is the axion. It is represented by a field, a, which
is proportional to the problematic q angle of the strong-CP problem, making the angle dynamical rather than
a fixed and mysterious constant. (Achieving this remarkable theoretical sleight of hand is described briefly in
what follows, and in more detail in the Supplemental Material.)

We have not yet solved the Strong CP problem, as the massless axion field could a priori take any value.
The next part of the story is the QCD phase transition (strictly speaking, a cross over) that occurs as the
temperature falls. When it is sufficiently low, QCD becomes strongly-coupled and confines quarks and gluons
into the bound-state protons, neutrons and other hadrons that we see today. This phase transition breaks the
PQ symmetry by distorting the sombrero potential as seen on the right in Fig. 3 for the case N = 4. The
potential now has discrete minima and the energy is minimised by the axion field taking the value of one
of these minima. Thus, after the QCD cross over, the axion field rolls to the newly created minimum point,
which is where the contribution of q̄ to the neutron EDM vanishes, setting the net neutron EDM to zero. (The
reason this minimum has the right CP properties is discussed in the Supplemental Material.) Notice that now,
to make the ball move around the sombrero potential we would need to push it away and up from its minimum
point. The energy required to move the classical axion field a small distance away from the minimum can be
modelled as an effective potential V (a) = m

2
a
a

2/2. Upon quantisation, we interpret the parameter ma in the
classical potential as the mass of the axion particle.

The axion mass can be computed in terms of well-understood physics of the strong nuclear force by
considering the axion mixing with the neutral pion - a bound state of quarks with the same quantum numbers
as the axion. The axion’s interactions with the neutral pion mean that the pion’s mass generates a small mass
for the axion - this effect is only possible because the axion and the pion have the same quantum numbers.
This leads to the following relation for the axion mass ma:

ma fa ⇠ mp fp , (3)

where fa is proportional to the energy at which the PQ symmetry is spontaneously broken, mp is the pion

6
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Five reasons to like Axions and ALPS : Axions and/or ALPS…

3. … may explain anomalous star cooling

Emission of Axions strongly constrained from too fast cool down of stars

Some stars appear to cool down faster than expected (stellar cooling anomaly)!
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they lead to a clear systematic tendency of excessive energy losses. The interpretation in terms of
several particle physics models including neutrino anomalous magnetic moments, minicharged par-
ticles, hidden photons, and axion-like particles (ALPs) was discussed in Ref. [8]. It turned out that
axion/ALPs coupled to electrons are perfectly fit to all the anomalies while other candidates are
inadequate for the explanation. The combined analysis of the hints from WD, HB, and RGB stars
performed in Ref. [10] indicates non-vanishing couplings of axion/ALPs with electrons and photons.

Let us revisit the global analysis of the cooling hints by taking account of several systematic
uncertainties that were not included in the analysis of Ref. [10]. In Fig. 1, we show the results for
the 1, 2, and 3 � hinted regions in the gae-ga� plane. In this analysis we include the systematic
uncertainties associated with the e↵ect of stellar rotation in the globular clusters and the model
dependencies in the prediction for the rate of the period change of the WD variable PG 1351+489 (see
Secs. 2.1 and 2.4). Furthermore, we take a di↵erent approach to treat the systematic uncertainties in
the predicted TRGB brightness. The details of the analysis method are summarized in Appendix A.
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Figure 1: 1, 2, and 3 � hinted regions in the gae-ga� plane found from the combined analysis of the
observational data of WD, HB, and RGB stars.

Since we adopt conservative assessments on the systematic uncertainties, the significance of the
hints becomes weaker than Ref. [10]. In particular, because of the systematic error corresponding
to the e↵ect of stellar rotation, the hint for a non-zero axion-photon coupling becomes less clear,
and any value in the range of ga� . 0.07 ⇥ 10�10 GeV�1 gives an equally good fit. A non-zero
axion-electron coupling is favored at around 2.4 �, and the best fit value is gae = 1.56 ⇥ 10�13 with
�

2
min/d.o.f. = 14.7/15.

Although the anomalous excessive cooling can be explained in a general framework of axion/ALPs
where there is no particular relation between the mass and couplings, there remains a question of
whether typical axion models that provide a solution to the strong CP problem accommodate the

9

[arXiv:1907.07662]

• Some stars appear to cool down faster than expected 
• (Weak) evidence seen in white dwarfs, horizontal 
branch and red giant branch stars 
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Five reasons to like Axions and ALPS: Axions…

4. … may explain anomalous 

TeV transparency of the sky

[Horns, Meyer; Troitsky; …]

8

[arXiv:2004.08321, arXiv:1602.07499]

https://arxiv.org/abs/2004.08321
https://arxiv.org/abs/1602.07499
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• Contribute to (g-2)µ 

• Debated in literature if it helps to solve the 
remaining (g-2)µ discrepancy 5

a � 0

�

�

`

`

�

Ga��0

Ga��0

FIG. 5. Two-loop diagram providing the leading contribu-
tion to lepton anomalous magnetic moment including a-�-�0

vertices.

assuming c = 0, as non-zero values of c will only mag-
nify the e↵ect of the dark axion portal contribution and
correspondingly improve the limits. The current best
measurements of the anomalous magnetic moment of the
muon come from a muon storage ring at Brookhaven Na-
tional Laboratory [42–45]. Their measurement exceeds
the theoretically predicted value by 3.5� [3],

�aµ = aµ(exp)� aµ(SM) = (26.8± 7.6)⇥ 10�10
. (13)

The dark axion portal unfortunately exacerbates this dis-
agreement. We place a limit where the SM+dark axion
portal increases �aµ by 15.2 ⇥ 10�10, a 5.5� disagree-
ment. In the future, the E989 collaboration at FNAL
intends to improve on the precision of the current exper-
imental measurement by a factor of three [46].

The electron anomalous magnetic moment has been
determined most accurately through one-electron quan-
tum cyclotron experiments and measurements of the
ratio between the Planck constant and the mass of
Rubidium-87 [47–49]. The theory prediction [50] exceeds
experimental measurements by approximately 1� [51],

�ae = ae(exp)�ae(SM) = �(1.06±0.82)⇥10�12
. (14)

The dark axion portal can reduce the disagreement be-
tween theory and experiment of the electron anomalous
magnetic moment. We place a limit where the dark axion
portal contribution overcorrects the di↵erence between
the SM and experiment, and ae disagrees with the ex-
perimentally measured value by more than 2�. Both this
contour and that derived for muon g � 2 are shown in
Fig. 4.

While the two-loop contribution from the dark axion
portal cannot resolve the muon g � 2 discrepancy (be-
cause of the wrong sign), the situation could become
nontrivial if we allow for the model-dependent contri-
butions from a-fermion-fermion Yukawa couplings or a-
�-� coupling (Ga��). As studied in Ref. [52], the com-
bined e↵ect of Bar-Zee one-loop diagrams and light-by-
light and vacuum polarization two-loop diagrams might
resolve the muon g � 2 discrepancy if su�ciently large

⇡0, ⌘

�

a

� 0

�

Ga��0

FIG. 6. Decay of the pseudoscalar mesons ⇡0 and ⌘ to �a�0

used in the analysis of LSND, MiniBooNE and CHARM. The
o↵-shell internal photon and three body final state suppress
the branching ratio.

coupling strengths are allowed. We will study this more
general situation in subsequent works.

V. FIXED TARGET NEUTRINO
EXPERIMENTS

Fixed target neutrino experiments (FTNEs) impact
high intensity proton beams onto thick targets to produce
charged mesons, primarily pions and kaons, the decays of
which produce neutrinos. FTNEs deliver in excess of 1020

protons on target (POT) over the life of their running
time. While the objective of FTNEs is to study neutrino
oscillations, their high intensity and low Standard Model
backgrounds are also well suited to searching for hidden
sector states with sub-GeV masses [53, 54]. This section
will consider the sensitivity of LSND and MiniBooNE to
the dark axion portal by repurposing published analyses
of neutral current elastic scattering. All cross sections in
this section were calculated with the assistance of Feyn-
Calc [30, 31].

Alongside the charged mesons, FTNEs also produce
the neutral pseudoscalar mesons ⇡

0 and ⌘. The ⇡
0 is

produced in quantities similar to those of the ⇡
+ and

⇡
�, while the ⌘ is produced at a rate suppressed by a

factor of 20 to 30 [55, 56]. The a and the �
0 could be

produced in radiative decays of the pseudoscalar mesons
through the diagram shown in Fig. 6. The partial decay
width of the decay ⇡

0
! a��

0 is given by

d
2�

dm
2
12dm

2
23

=
1

(2⇡)3
1

32m3
⇡0

|M|2, (15)

where m
2
ij = (pi + pj)2 for i, j = 1, 2, 3, where particle 1

corresponds to the �, particle 2 is the a and particle 3 is

New results from the Muon 6�2 Experiment

Figure 5: SM contributions to the muon 6�2.

knowledge of the vacuum fluctuations involving strongly interacting particles, an effect called
hadronic vacuum polarization (HVP), denoted also by 0HLO

` (see Fig 5). In 2020 the Muon 6�2
Theory Initiative, an international collaboration of more than 100 people, published an update of
the SM prediction of the muon 6�2 with accuracy of 0.37 ppm [3]. We refer to this prediction
as wp20. The consensus prediction of wp20 [3] is based on the dispersive approach, for which
experimental measurements of low-energy 4+4� ! ⌘03A>=B cross sections serve as input. In
2021, the BMW collaboration published the first complete Lattice-QCD prediction of HVP with
subpercent precision, that was closer to the experimental average and in 2.1f tension with the
prediction from the dispersive approach [19], see Fig. 6, Left. In 2023, the CMD-3 experiment
released a result on the 4+4� ! c+c� cross section that disagrees with all previous measurements
used in the 2020 White Paper wp20, and for which the prediction of 0` is in less tension with the
experimental value [20], see Fig. 6, Right. If we compare the Run-2/3 result of 0` with wp20, it
shows a significance of 5.1f. However current tensions and puzzles in the hadronic sector preclude
a firm comparison of the muon 6�2 measurement with the theory.

Figure 6: Left: Comparison of theoretical predictions of 0` with the experimental value. Each data point
represents a different evaluation of HVP. From Ref. [21]. Right: 2c contribution to HVP from different 4+4�

experiments.

8

Probably solved
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1. … may solve the strong CP problem 

2. … may be Dark Matter 

3. … may explain anomalous star cooling 

4. … may explain TeV transparency of intergalactic space 

5. … may contribute to (g-2)µ  

6. … are well motivated by string theory
[arXiv:0605206]

• “Axion-like fields emerge in string theory in 10D  4D 
compactifications as Kaluza-Klein zero modes of ten-dimensional form 
fields” 

→

[A. Ringwald 2014 J. Phys.: Conf. Ser. 485 012013]

https://arxiv.org/abs/hep-th/0605206
https://iopscience.iop.org/article/10.1088/1742-6596/485/1/012013
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3.7. Properties of the invisible axion Page 59
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Figure 3.2 – Feynman diagrams of the axion-photon coupling: coupling of the axion to two

photons via a triangle loop through fermions carrying PQ and electric charges (left panel), and

axion-pion mixing producing the generic coupling of axions to photons (right panel).

3.7.4 Coupling to fermions

Fermions like electrons and quarks would show Yukawa coupling to axions if they carry the PQ

charge. The Feynman diagrams of axion direct coupling with electrons, higher-order coupling

of axion and electron, and axion-to-nucleon coupling, respectively, are shown in figure 3.3. The

coupling of axion to fermions contributes to the Lagrangian density with a term equal to

Laf =
gaf
2mf

( ¯ f�
µ�5 f )@µ a , (3.62)

where  f is the fermion field, fm is its mass, and gaf represents the axion-fermion coupling

constant, that can be written as

gaf =
Cfmf

fa
. (3.63)

The dimensionless coe�cient plays the role of a Yukawa coupling with an e↵ective PQ charge

Cf and a fine-structure constant of the axion ↵↵f = g2
af
/4⇡ can be defined.

Some axion models calculated the interaction coe�cient Ce that describes the axion e↵ective

coupling with electrons at the tree level. In addition, and despite there are no free quarks exists

below the QCD scale ⇤QCD ⇡ 200 MeV, the coupling of axions to light quarks at tree level

and the mixing of axions with pions lead to calculate the interaction coe�cient of axions with

proton Cp and neutron Cn and therefore derive the e↵ective axion-to-nucleon coupling.

3.7.5 Further processes

There are some other processes involving axioms quite relevant in the frame of astrophysics. The

predominant emission process of axion in stars would be the Primako↵ e↵ect �+Ze ! Ze+a,

in which a photon can be converted into an axion in the presence of strong electromagnetic

fields. This process is quite relevant in axion searches because axions could be reconverted into

photons (and detected) inside a strong magnetic field via the inverse Primako↵ e↵ect.
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Cf and a fine-structure constant of the axion ↵↵f = g2
af
/4⇡ can be defined.

Some axion models calculated the interaction coe�cient Ce that describes the axion e↵ective

coupling with electrons at the tree level. In addition, and despite there are no free quarks exists

below the QCD scale ⇤QCD ⇡ 200 MeV, the coupling of axions to light quarks at tree level

and the mixing of axions with pions lead to calculate the interaction coe�cient of axions with

proton Cp and neutron Cn and therefore derive the e↵ective axion-to-nucleon coupling.

3.7.5 Further processes

There are some other processes involving axioms quite relevant in the frame of astrophysics. The

predominant emission process of axion in stars would be the Primako↵ e↵ect �+Ze ! Ze+a,

in which a photon can be converted into an axion in the presence of strong electromagnetic

fields. This process is quite relevant in axion searches because axions could be reconverted into

photons (and detected) inside a strong magnetic field via the inverse Primako↵ e↵ect.

• Two benchmark models: 

• KSVZ:  
New heavy, electrically neutral quarks 
carrying PQ charge 

• DFSZ:  
SM Quarks carry PQ charge, additional 
Higgs doublet needed

[DOI:10.5281/zenodo.3932430 https://cajohare.github.io/AxionLimits/]

, π0• Axions couple to quarks by definition 

• Axions also couple to photons 

• Can mix with pi0 

• May couple to other SM particle 

https://cajohare.github.io/AxionLimits/
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Axionlike Particles (ALPS)

14

Axion ma ~ 1/fa

ALPS   ma and fa independent

ALPS may arise “generically” from 
“any” broken U(1) symmetry…

There may be more than one ALP 
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From Axions to Axion Like Particles
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• ALPs appear in many extension to the SM 

• Any new symmetry breaking ‘Higgs’-like field requires 
additional (pseudo)-scalar particles  
• e.g. SUSY, GUT 

• String theories: 
• Any theory using extra dimensions leads to the 
existence of ALPs 

[https://www.symmetrymagazine.org/article/the-other-dark-matter-

• Dropping requirement to solve strong CP problem: 

• No strict mass - coupling strength relation 
• Vast parameter space opens up 

• Any new pseudo-scalar particle: 

• Qualitatively similar properties to QCD Axion  
➡ Axion Like Particle (ALP) 
➡ Connection to collider physics 

https://www.symmetrymagazine.org/article/the-other-dark-matter-candidate
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• Axions and ALPs are fascinating! 

• May explain several mysteries of particle physics 

• Strict mass - coupling relation for Peccei-Quinn (QCD) axion 

• Will couple to photons 

• Huge parameter space in coupling and mass for ALPs 



DAQ
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• Readout 

• Linear HEMPT amplifier  
• 40 MHz realtime IQ data: 200MB/s 
• Realtime FFT, averaging and DQ

RF Cavity Pre-amp: 
LNF-LNC4_16B 

Attenuator

Spectrum 
analyser: 
RSA518

RF input

DAQ PC via USB3

Circultaor 

26 dB

Pre-amp

26 dB
T

T

P

• Slowcontrol 

• Temperature and pressure sensors 
• Monitoring with Influx + Grafana 

• T: PID control  
• P: Actuator in development

T : Environmental sensors
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• Readout 

• Linear HEMPT amplifier  
• 40 MHz realtime IQ data: 200MB/s 
• Realtime FFT, averaging and DQ

RF Cavity Pre-amp: 
LNF-LNC4_16B 

Attenuator

Spectrum 
analyser: 
RSA518

RF input

DAQ PC via USB3

Circultaor 

26 dB

Pre-amp

26 dB
T

T

P

• Slowcontrol 

• Temperature and pressure sensors 
• Monitoring with Influx + Grafana 

• T: PID control  
• P: Actuator in development

T : Environmental sensors

• Readout - Future 

• JPA based readout  
• Eventually: Quantum detectors for single photons
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Breakthrough from Quantum Sensing:

• From linear amplification (LA) to  
counting single photons (SPD) 

SQL

I

Q
• Linear cavity
• Linear amp

Conventional haloscope: In-phase(I) and Out 
of phase (Q) conjugates limited by SQL 

Quantum + 
thermal noise

[I,Q]=i

4

linear amplification

• Measurement of amplitude and phase of EM wave: 
• Minimum noise corresponding to one quantum (c.f. 
zero point energy)

SQL
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Breakthrough from Quantum Sensing:

• From linear amplification (LA) to  
counting single photons (SPD) 

SQL

I

Q
• Linear cavity
• Linear amp

Conventional haloscope: In-phase(I) and Out 
of phase (Q) conjugates limited by SQL 

Quantum + 
thermal noise

[I,Q]=i

4

linear amplification

• Measurement of amplitude and phase of EM wave: 
• Minimum noise corresponding to one quantum (c.f. 
zero point energy)

Shot noise
Nois

e c
ou

nts
 ex

pon
en

tial
ly 

sup
pres

sed
 at

 low
 T

• Change of paradigm   
• Number-Phase conjugates evade the SQL

SQL
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[arXiv:2302.07556 ]
[arXiv:2308.07084 ]
[arXiv:2307.03614 ]

• Shown single photon efficiency: 43% @ 90 Hz dark count rate 
• Big R&D effort ongoing [ERC syn.:  “Dark Quantum” ]

2

Figure 1. a) Principle of the photon detector. Two cavities,
the buffer (orange) and the waste (green), are coupled to a
transmon qubit whose non-linearity allows the modes to be
mixed. A pump tone (purple) triggers a four-wave mixing
process, converting an incoming buffer photon into a long-
lived qubit excitation and a waste photon quickly dissipated
into the environment, making the reversal process impossi-
ble. b) Schematic of the SMPD chip. The transmon qubit
(blue) at frequency !q/2⇡ = 6.184 GHz is capacitively cou-
pled to two CPW resonators: the buffer (characteristic see
c.) and the waste (!w/2⇡ = 7.704 GHz, w/2⇡ = 1.8 MHz).
Two Purcell filters are added to protect the qubit from ra-
diative relaxation. The tunability of the detector is ensured
by inserting a SQUID, driven by a flux line (red), in the
buffer resonator. c) Evolution of the buffer frequency with
the respect to the magnetic flux through the SQUID. Or-
ange points are data, solid red line is a fit, and dashed black
line represents the buffer Purcell filter frequency. Due to
the frequency detuning between the buffer and its filter, the
buffer bandwidth b varies with its frequency. Red square
represents the operating point. d) Cyclic operation of the
SMPD consisting in three steps repeated continuously. The
detection window (D) consists in switching on the pump tone
during Td = 10 µs to allow the conversion of the incoming
photon. The measurement window (M) consists in applying
a readout pulse on the waste resonator to measure the qubit
state. The reset window (R) is a conditional loop to reini-
tialize the qubit in its ground state. The average detector
blind time is Tm + Tr = 1.9 µs.

mixing process, directly provided by the transmon qubit
Hamiltonian. The incoming photon impinging on an in-
put resonator with frequency !b (called "buffer" mode,
orange in Fig. 1a) combines with a pump tone at fre-
quency !p and is converted into an excitation in the
transmon qubit mode at frequency !q and an additional

photon in an output resonator mode at frequency !w

(called "waste" mode, green in Fig. 1a). This four-wave
mixing process is described by the Hamiltonian

Ĥ4WM =
p
�b�w

⇣
⇠b̂�̂

†
ŵ

†
+ ⇠

⇤
b̂
†
�̂ŵ

⌘
, (2)

where b̂, ŵ are the annihilation operators correspond-
ing to the buffer mode and waste mode, �̂ is the lower-
ing operator corresponding to the qubit, ⇠ is the pump
amplitude in the qubit mode, and �b and �w are the
dispersive shifts of the transmon qubit with respect to
the buffer and waste modes [21]. For this process to
be activated, the pump frequency is tuned such that
!p+!b = !q+!w��w, to satisfy the four-wave mixing
resonance condition.

The irreversibility of the conversion is ensured by the
coupling of the waste resonator to a dissipative environ-
ment. While the qubit remains excited, the photon in
the waste resonator leaks out in the measurement line
at the rate w. The reciprocal four-wave mixing process
(second term in the parenthesis of Eq.(2)) is therefore
suppressed and the qubit is left in its excited state. The
detector behaves as an energy integrator, which is in-
dependent of the incoming photon waveform provided
that its spectral extension remains included than the
frequency linewidth of the buffer mode.

The four-wave mixing being a resonant process, it is
intrinsically narrowband. To make it a practical detec-
tor, our device is made frequency tunable to match the
photon frequency of interest by inserting a SQUID in
the buffer resonator (see Fig. 1b). The detector fre-
quency can be tuned from !b/2⇡ = 7.005 GHz at zero
magnetic flux applied to the SQUID to !b/2⇡ = 6.824

GHz at 0.25 flux quantum (see Fig. 1c). Two band-
pass Purcell filters are associated with the resonators
to prevent spurious decay of the qubit into the lines
[23]. Therefore, the buffer resonator linewidth depends
on its frequency detuning with respect to its Purcell fil-
ter. The bandwidth b/2⇡ = 3 MHz is maximal for
!b/2⇡ = 6.824 GHz. In the following, the detector is
characterized at !b/2⇡ = 6.979 GHz and b/2⇡ = 0.2

MHz. The fixed resonance frequencies of the device are
those of the waste resonator !w/2⇡ = 7.704 GHz and
the transmon qubit !q/2⇡ = 6.184 GHz. The relaxation
time T1 of the transmon qubit is measured to T1 ⇠ 37

µs (see Fig. 2d) and its equilibrium population fluctu-
ates around peq ⇠ 2 � 4 · 10�4 (see Fig. 2c,d), close to
the lowest reported [24–27].

The optimal pump characteristics (frequency !p/2⇡

and amplitude ⇠) are determined experimentally by
monitoring the qubit population while illuminating the
buffer mode with a weak coherent signal and by sweep-
ing the pump tone frequency and amplitude. As shown
in Fig. 2b, a large excited state population is found in
the qubit state conditioned on the presence of the illu-
minating tone for a pump frequency of !p/2⇡ = 6.885

GHz. This value is in good agreement with the mode

[arXiv:2307.03614 ]

https://doi.org/10.1103/PhysRevLett.126.141302 

• Using Q-bits for single RF photon sensing  

https://doi.org/10.1103/PhysRevLett.126.141302
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efficiency that is linear in the number of measurements.
More importantly, for the detection of rare events, false
positives are exponentially suppressed with more repeated
measurements, as evident in Fig. 2(c).
Detector characterization.—To characterize the detector,

we populate the cavity by applying a weak drive (n̄ ≪ 1).
We map out the relationship between the probability of
injected and measured photons [Fig. 3(a)] by varying the
injected mean photon population (n̄ ¼ α2), performing 30
repeated parity measurements, and applying λthresh to
discriminate between one and zero photon events. We fit
this relationship with the function n̄meas ¼ ηn̄inj þ δ. We
obtain the efficiency of detection η ¼ 0.409# 0.055 and
the false positive probability δ ¼ 4.3# 1.1 × 10−4 at
threshold λthresh ¼ 105 with goodness of fit χ2fit ¼ 0.0048.
Figure 3(b) shows that the efficiency corrected false

positive probability (δ=η) initially decreases for low-like-
lihood thresholds λthresh, indicating a suppression of qubit-
and readout-based false positives. Leveling off at larger
thresholds indicates that the dominant source of false
positives is no longer detector errors, but rather a back-
ground of real photons.

False positives that occur when qubit errors are highly
suppressed (at large λthresh) are due to a photon background
in the storage cavity. In experiments with no photons
injected into the cavity, we observe events with high-
likelihood ratios comparable with those seen in experi-
ments with injected photons [Fig. 3(c)]. The detector thus
correctly identifies real photons that set the background for
dark matter searches. We measure the background cavity
occupation to be n̄c ¼ 7.3# 2.9 × 10−4, corresponding to a
temperature of 39.9# 2.2 mK.
Because the measured cavity photon temperature is

greater than the physical 8 mK temperature of the device
there must be coupling to extraneous baths. One contri-
bution, arising from coupling to quasiparticles via qubit
dressing of the cavity [45], results in a photon population of
n̄qc ¼ 1.8# 0.1 × 10−4 (see Supplemental Material [9]).
Suppression of quasiparticle production could be achieved
by enhanced infrared filtering, extensive radiation shield-
ing, gap engineering, and quasiparticle trapping [46–48].
Other sources of background photons could include black-
body radiation from higher temperature stages of the
dilution refrigerator, poorly thermalized or insufficiently
attenuated microwave lines, or amplifier noise [49,50].
Hidden photon dark matter exclusion.—By counting

photons with repeated parity measurements and applying
a Markov-model-based analysis, we demonstrate single-
photon detection with background shot noise reduced to
−10log10

ffiffiffiffiffi
n̄c

p
¼ 15.7# 0.9 dB below the quantum limit.

We use this detection technique to conduct a narrow band
hidden photon search. We collect 15,141 independent
measurements where the injected n̄ is well below the
background population n̄c and the time between measure-
ments is much longer than either cavity or qubit timescale.
Each measurement consists of integrating the signal
(for the cavity lifetime, Ts

1 ¼ 546 μs) and counting the
number of photons in the cavity with 30 repeated parity
measurements (30 × tm ¼ 300 μs). The total search time is
15; 141 × ð546þ 300Þ μs ¼ 12.81 s with a duty cycle of
546 μs=846 μs ¼ 65% (8.33 s of integration). We apply a
detection threshold of λthresh ¼ 105, such that the qubit and
readout errors are suppressed below the background photon
probability (1=ðλthresh þ 1Þ < n̄c). We count 9 photons in
15,141 measurements. Accounting for the systematic
uncertainties of the experiment (statistical uncertainties
are dominant, see Supplemental Material [9] for full
treatment of all systematics [51,52]), a hidden photon
candidate on resonance with the storage cavity
(mγ0c2 ¼ ℏωs), with mixing angle ϵ > 1.68 × 10−15 is
excluded at the 90% confidence level. Figure 4 shows
the regions of hidden photon parameter space excluded by
the qubit-based search, assuming the hidden photon com-
prises all the dark matter density (ρDM ¼ 0.4 GeV=cm3).
The detector is maximally sensitive to dark matter candi-
dates with masses within a narrow window around the
resonance frequency of the cavity. This window is set by
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FIG. 3. Detector characterization. (a) After a variable initial
cavity displacement, 30 repeated parity measurements of cavity
photon state are performed and a threshold λthresh is applied to
determine the cavity population. Detector efficiency (η) and false
positive probability (δ) are determined from the fit in orange. The
dashed red line corresponds to the standard quantum limit, which
results in the noise equivalent of one photon occupation. (b) The
efficiency corrected false positive probability (δ=η) vs threshold
(λthresh) curve asymptotes at high thresholds, indicating qubit
errors are now a subdominant contribution to the total detector
false positive probability. (c) Histograms of log-likelihood ratios
of all events for two different injected mean photon numbers. The
histogram y axis is cut off at four counts to view the rare events at
high log-likelihood ratios. The dashed gray line corresponds to
λthresh ¼ 105 used in (a). The unexpected photon events when
very small photon numbers are injected with log-likelihood ratios
are from a photon background occupying the storage cavity rather
than detector error-based false positives.

PHYSICAL REVIEW LETTERS 126, 141302 (2021)

141302-4

https://doi.org/10.1103/PhysRevLett.126.141302 

Effective noise  
Tnoise = 40 mK

Detection efficiency: 	 	 	  
False positive probability: 	

ϵ = 0.41
δ = 4.3 ⋅ 10−4

https://doi.org/10.1103/PhysRevLett.126.141302
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• Fundamentally different signal properties
• Duration 
• Coupling of GW and B-field:   

• Orientation 
• Cavity geometry 
• Sensitive Mode 

• Same technological challenges 
• High field magnets 
• Ultra low noise amplifier 
• Highly sensitive readout systems 

• Identical setup to axion haloscopes 


