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Coupling of the axion with the photon

QCD Axions
• QCD sector needs a solution for the “strong-CP puzzle” 

• Distribution of quarks in  => electric dipole moment 
(EDM) 

• Experimentally:  

n

|θ | ≤ 10−10

Peccei, Quinn, PRL 38 (1977) 1440 
Weinberg, PRL 40 (1978) 223 
Wilczek, PRL 40 (1978) 279
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ℒ ⊃ gaγaE ⋅ B + gaf (∇a) ⋅ S + gEDMaS ⋅ E

The QCD sector of particle physics demands solving the “strong-CP puzzle”

QCD Axion: Theory motivations

The distribution of quarks in a neutron 
defines the neutron’s electric dipole moment 

Experimentally, this is remarkably small
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The QCD sector of particle physics demands solving the “strong-CP puzzle”

QCD Axion: Theory motivations

The distribution of quarks in a neutron 
defines the neutron’s electric dipole moment 

Experimentally, this is remarkably small
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⇒ Quantity  not a parameter but a field  (the axion)θ a

ℒQCD ⊃ θG̃G →
a
fa

G̃G



Haloscope searches

• Axion-photon coupling  modifies Maxwell’s equations 

• Cavity resonating  
at frequency . 
Enhancement  
when 

gaγaE ⋅ B

νc

2πνc ≃ ma

4

ma ∼ μeV
→ νc ∼ GHz

Haloscope searches
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Courtesy of ADMX collaboration

Significant enhancement when

The axion-photon coupling                        modifies Maxwell’s equations
<latexit sha1_base64="D6kOw49HJ1kCbZtmAP/8OoSpJKI="></latexit>

L � ga� aE ·B+ gaf (ra) · S+ gEDMaS ·E

SQUID magnetometer FFT

Amplifier

Axion mass is unknown:
Requires tunable cavity

Cavity resonating at frequency <latexit sha1_base64="xS/FXJlBlzCvb8CnVWbvx50cwic=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEr2PRi8cKxhbaUDbbTbt0swm7E6GE/gYvHhTx6g/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LR7dRvPXFtRKIecJzyIKYDJSLBKFrJ76qsx3rVmlt3ZyDLxCtIDQo0e9Wvbj9hWcwVMkmN6XhuikFONQom+aTSzQxPKRvRAe9YqmjMTZDPjp2QE6v0SZRoWwrJTP09kdPYmHEc2s6Y4tAselPxP6+TYXQd5EKlGXLF5ouiTBJMyPRz0heaM5RjSyjTwt5K2JBqytDmU7EheIsvL5PHs7p3Wb+4P681boo4ynAEx3AKHlxBA+6gCT4wEPAMr/DmKOfFeXc+5q0lp5g5hD9wPn8A1OmOtw==</latexit>⌫c

<latexit sha1_base64="uyBD0kCJusrWnVLBq7pyvJgl4jc=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARXJWZ4mtZdOOygn1AZxgyaaYNzSQhyYilduGvuHGhiFt/w51/Y9rOQlsPXDiccy/33hNLRrXxvG+nsLS8srpWXC9tbG5t77i7e00tMoVJAwsmVDtGmjDKScNQw0hbKoLSmJFWPLie+K17ojQV/M4MJQlT1OM0oRgZK0XuQTWQFAY8izAMkJRKPMA0QpFb9ireFHCR+Dkpgxz1yP0KugJnKeEGM6R1x/ekCUdIGYoZGZeCTBOJ8AD1SMdSjlKiw9H0/jE8tkoXJkLZ4gZO1d8TI5RqPUxj25ki09fz3kT8z+tkJrkMR5TLzBCOZ4uSjEEj4CQM2KWKYMOGliCsqL0V4j5SCBsbWcmG4M+/vEia1Yp/Xjm7PS3XrvI4iuAQHIET4IMLUAM3oA4aAINH8AxewZvz5Lw4787HrLXg5DP74A+czx8GB5V8</latexit>

2⇡⌫c ⇡ ma

<latexit sha1_base64="AyxDRqD80ivOpsxGp2SN3mNTxTs=">AAAB/nicbVDLSsNAFL3xWeurKq7cDBbBVUnE17LoxmUF+4AmhMl00g6dmYSZiVBCwV9x40IRt36HO//GaZuFth64cDjnXu69J0o508Z1v52l5ZXVtfXSRnlza3tnt7K339JJpghtkoQnqhNhTTmTtGmY4bSTKopFxGk7Gt5O/PYjVZol8sGMUhoI3JcsZgQbK4WVQxFi5GsmUO4rgXyRIdoah5WqW3OnQIvEK0gVCjTCypffS0gmqDSEY627npuaIMfKMMLpuOxnmqaYDHGfdi2VWFAd5NPzx+jEKj0UJ8qWNGiq/p7IsdB6JCLbKbAZ6HlvIv7ndTMTXwc5k2lmqCSzRXHGkUnQJAvUY4oSw0eWYKKYvRWRAVaYGJtY2Ybgzb+8SFpnNe+ydnF/Xq3fFHGU4AiO4RQ8uII63EEDmkAgh2d4hTfnyXlx3p2PWeuSU8wcwB84nz81vJUF</latexit>

ma ⇠ µeV
<latexit sha1_base64="KbYLXAzUtSiDaWsrpgv5ZvVL0Mw=">AAAB/XicbVDJSgNBEK1xjXGLy81LYxA8hRlxOwY9mGMEs0BmCD2dTtKku2fo7hGSIfgrXjwo4tX/8Obf2EnmoIkPCh7vVVFVL4w508Z1v52l5ZXVtfXcRn5za3tnt7C3X9dRogitkYhHqhliTTmTtGaY4bQZK4pFyGkjHNxO/MYjVZpF8sEMYxoI3JOsywg2VmoXDn2ZtAnyNRMo9ZVAd5XRuF0ouiV3CrRIvIwUIUO1XfjyOxFJBJWGcKx1y3NjE6RYGUY4Hef9RNMYkwHu0ZalEguqg3R6/RidWKWDupGyJQ2aqr8nUiy0HorQdgps+nrem4j/ea3EdK+DlMk4MVSS2aJuwpGJ0CQK1GGKEsOHlmCimL0VkT5WmBgbWN6G4M2/vEjqZyXvsnRxf14s32Rx5OAIjuEUPLiCMlSgCjUgMIJneIU358l5cd6dj1nrkpPNHMAfOJ8/sFSUvw==</latexit>

⌫c ⇠ GHz

Particle/astro Instrument
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Luca Visinelli

Courtesy of ADMX coll.Sikivie Phys. Rev. D 32,11 (1985)

P = g2
aγγ

ρa

ma (B2
0VC

β
1 + β

QL)



“Wavy” Light Dark Matter
Interaction with the EM field

Pseudoscalar Dark Matter 
Axions, ALPS, Majoron

Vector Dark Matter 
Dark photon

Scalar extension of GR 
Chameleons

Scalar Dark Matter 
Moduli, dilaton

Phys. Rev. D 104 095029, CERN-TH-2021-04 arXiv:2105.01406, Physics of the Dark Universe 
 42 (2023) 101370, Living Rev. Relativity 21 (2018), 1
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FINUDA magnet for Light Axion Search Haloscope 

FLASH: Resonance Cavity

• Range : 

cosmic axions of masses   

• Resonant frequency tunable on the mode 
 for the axion search 

• Two cylindrical resonant cavities of 
different volumes, each with its tuning 
system 

• The larger cavity  and 
 

νc ∼ (117 − 360) MHz
∼ 10−6 eV

TM010

L = 1200 mm
R = 1050 mm

“The future search for low-frequency axions and new physics  
with the FLASH resonant cavity experiment at Frascati National Laboratories”  
Physics of the Dark Universe 42 (2023) 101370
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FINUDA magnet for Light Axion Search Haloscope 

FLASH: Cryogenics

• Cryostat and cooled at , using liquid 
helium 

• External stainless steel vacuum vessel, 
aluminum-alloy radiation shield, 

 by cold gaseous helium 

• Cooled in contact with pipes in which 
the helium flows

4.5 K

∼ 70 K

“The future search for low-frequency axions and new physics  
with the FLASH resonant cavity experiment at Frascati National Laboratories”  
Physics of the Dark Universe 42 (2023) 101370
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FINUDA magnet for Light Axion Search Haloscope 

FLASH: Cryogenic amplifiers

TM,TE mode

X X

Signal out  
100MHz – 200MHz

Signal out 
200MHz – 300MHz

Signal out 
300MHz - …

X X X X
SQUID (MSA) SQUID (MSA) SQUID (MSA)

Ca
vi

ty

• Superconducting QUantum Interference Device (SQUID) 
=> Microstrip SQUID Amplifier (MSA) 

• Low-noise, low-power-dissipation radio frequency and microwave 
amplifier 

• Ultracryogenic temperatures, noise scales with the temperature 
down to 200 − 300 mK Characterization of noise and gain 

variation on T in autumn  
(4 K in Trento, mK in Pisa,  
1 to 4 K in Camerino) 

University of Liverpool responsible for 
designing the magnetic shielding of the 
SQUID, to be tested in Camerino with a 
DC magnetic field



Approved by INFN in Sept. 2024 ⇒ TDR ready in 2026

Design Study and R&D  for the TDR

• Six WP ranging from Physics reach to old FINUDA detector and 
magnet decommissioning 

• WP4: Responsibility for Signal Amplification and DAQ 
• INFN Pisa 

• INFN Trento 

• Mainz University  

• Università di Camerino 

• University of Liverpool   

• WP5: Responsibility for Data Analysis and Computing 
• Mainz University  

• Bonn University 

• INFN Pisa 

• INFN Frascati 

• University of Liverpool 
9
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• 2025 

• FINUDA decomissioning  
• Design FLASH and R&D 
• Formalisation of FLASH Collaboration 

• 2026 

• Certification and maintenance of the cryogenic system  
and magnet 

• Design FLASH 
• Fabrication 500 MHz FLASH cavity prototype  

(Bonn University) 
• Protoype characterization at 4K 

• 2027 

• Technical Design Report 
• Call of tender for cavity cryostat and RF cavity 

• 2028 - 2030  Start fabrication & Data Taking

Project timeline

10



Axion searches

FLASH Physics reach

Cu cavity at 4.5 K
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“Exotic” models

Physics reach

Vector Dark Matter

Scalar Dark Matter

Majoron 

arXiv:2406.19083

HFGW 

Chameleons 
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Luca Visinelli
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Conclusions and further read

Ideas can be found in the FLASH CDR: 2309.00351

Thanks to all my collaborators 
and to the audience!

Thank you! 13



Back up
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• R.D.Peccei and H.R.Quinn,  
Phys. Rev. Lett. 38, 1440 (1977);  
Phys. Rev. D 16, 1791 (1977). 

• S. Weinberg, Phys. Rev. Lett. 40, 223 (1978). 
•  F. Wilczek, Phys. Rev. Lett. 40, 279 (1978).

M⌘0 = 958 MeV � M⌘

S.Weinberg U(1) problem PRD 11 (1975)

Axions
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U(1)A 
problem

Strong CP 
problem L��CP

QCD = ✓QCD
↵s

8⇡
Ga

µ⌫G̃
µ⌫
a

Phys Rev Lett 82, n.5 (1999) p.904

dn < 2.9⇥ 10�26e cm

✓ < 10�10

Axion L��CP
QCD =
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a

Axion 
Dark Matter Misalignment mechanism

T<T(QCD)

θ

Veff(a)

a

a
θ

Veff(a)

T>T(QCD)



Axions

• Mass  

• Coupling 

• Lifetime 
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ma = 5.70(7)
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Cold axions as dark matter Luca Visinelli
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Gravitational Waves searches

• Gravitational Waves (GWs) at  ~ scale of grand unification  
⇒ frequencies in the MHz and GHz regime today 

• Inverse Gertsenshtein effect which describes the conversion of GWs 
into photons in the presence of  

⇒ Distortion of the CMB, which can serve as a detector for MHz to 

GHz gravitational wave sources active before reionization

E

B

18



• Solving the equation inside a cylindrical  
resonant cavity, the signal power is

Sikivie Phys. Rev. D 32,11 (1985)

Sikivie’s Haloscope 

r2E � @2
tE = �ga��B0@

2
t a

Psig =

✓
g2�

↵2

⇡2

~3c3⇢a
⇤4

◆
⇥

✓
�

1 + �
!c

1

µ0
B2

0V CmnlQL

◆
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β antenna coupling to cavity 

V cavity volume

Cmnl mode dependent factor  
~ 0.6 for TM010 

QL cavity “loaded” quality factor
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Cryogenic plant put back  
into operation  
Jan the 19th 2024 
- FINUDA was cooled down to   
- Energised with a current of  
- Generating a magnetic field of  

4 K
2706 A

1.05 T

Magnet from FINUDA
FINUDA 

Fisica Nucleare a DAΦNE

B [T] 1.1

R [m] 1.4

L [m] 2.2



Resonance Cavity
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C =
∫

V
( ⃗E ⋅ ⃗B 0) dV
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Itinerant Photon Detection 

22

Superconducting devices 
placed in a B-field free region μ-metal  + sc shield

Resonant cavity 

We must detect the photon 
Traveling in the coax cable 
=> Itinerant photon detection



Superconducting Quantum Interference Device

SQUID Radio Frequency Amplifiers
SQUID Radio Frequency Amplifiers

The SQUID is the most sensitive detector of magnetic flux available.  SQUIDs have long
been used for a wide-range of low-frequency applications, including gravity wave
detection, susceptometry, biomagnetism, nondestructive evaluation, and magnetic
resonance imaging. There has been recent interest in the development of low-noise
radiofrequency and microwave amplifiers for particle detection, the readout of infrared
sensors, or measurement of superconducting quantum bits.  For these applications, the
SQUID has emerged as a leading candidate, as due to its extremely low power dissipation
and unsurpassed noise properties.

In a typical SQUID amplifier, the input signal is converted to a current, which is injected
into a thin-film input coil that is tightly coupled to the SQUID (usually in the form of a
square washer). The input current induces a flux in the SQUID, which in turn generates
an output voltage Vo, which is a function of the applied flux (see Fig.1a).  As the flux
threading the SQUID loop changes, the voltage across the current-biased SQUID changes
with periodicity Φ0 (Fig. 1b).

To maximize the output voltage Vo, a static flux of (2n-1)Φ0/4 must be added to the ac
input signal so as to bias the device at the steepest point of the V(Φ) curve.  This is
usually accomplished by passing a dc current IΦ in a small wire-wound coil tightly
coupled to the SQUID, and adjusting this dc current for maximum gain.

Fig. 1. (a). Configuration of dc SQUID amplifier. (b) Voltage vs flux for a current-
biased dc SQUID showing conversion of an input flux Φi to an output voltage Vo .

• Τhe most sensitive detector of magnetic flux available 

• Low power dissipation and unsurpassed noise properties 

• Input signal converted to current => flux in the SQUID, generates 
output voltage Vo 

• Function of the applied flux, the SQUID loop changes => the 
voltage across the current-biased SQUID changes periodicity Φ0
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Coupling of the axion with the photon

24

Coupling of the axion with the photon

6

Upper lim
it fo

r axions making up DM

Axion lifetime equals age Universe
Luca Visinelli



Next 10 Years

Probing the Full QCD-Axion Band
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ERC GravNet budget
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Total ERC funds at INFN 3.75 Meuro: 

…  

0.5 Meuro from timesheet 

0.7 Meuro for recruitment 

1.5 Meuro full capitalized costs 
(FLASH detector) 

0.25 Meuro consumables 

0.05 Meuro travel +  audit. 

Expected costs: 

FLASH 1.8 Meuro 

FINUDA cost  
(magnet cryogenics + decommissioning) 
100 keuro 

…  

Quantum Sensing (COLD Lab) 200 keuro 

Audit 30 keuro  

 
Additionally: 

DAFNE Cryogenics Refurbishment 
(with LNF overheads) 


