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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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✓
[Peccei, Quinn, PRL 38 (1977) 1440]
[Weinberg, PRL 40 (1978) 223]
[Wilczek, PRL 40 (1978) 279]

Gluon field
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fa New energy scale
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ma [eV]

Cold axions as dark matter
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ma [eV]
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Coupling of the axion with the photon

<latexit sha1_base64="D6kOw49HJ1kCbZtmAP/8OoSpJKI="></latexit>

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

Interactions are set by the pseudo-scalar nature of the axion, with Lagrangian:

Experimentally, how do they look like? 

• Via                coupling (CP-odd)                        Additional electric current 

• Via coupling to        and      spins                     Precessions
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Coupling of the axion with the photon
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Hunting for axions Haloscopes

Courtesy of Caterina Braggio
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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
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ma ⇠ µeV
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⌫c ⇠ GHz

Particle/astro Instrument

<latexit sha1_base64="pDjE/jMyPIfObGnshaVjEcgCxvs="></latexit>
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Alesini+ (FLASH) 2309.00351

Forecast reach of FLASH: axion

The magnet was successfully tested in January 2024
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Alesini+ (FLASH) 2309.00351

Forecast reach of FLASH: scalar DM
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<latexit sha1_base64="vuoylYAi966pQP4y0yBDZw7EhNo="></latexit>

L � �1

4
g����F

µ⌫Fµ⌫

<latexit sha1_base64="GM6zfWK8YZppmZfRnpW/lKqGKvk=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSyCG0tG1LosduOygn1AG8NkOmmHTiZhZiKWmIW/4saFIm79DXf+jdM2C209cOFwzr3ce48fc6a043xbC4tLyyurhbXi+sbm1ra9s9tUUSIJbZCIR7LtY0U5E7Shmea0HUuKQ5/Tlj+sjf3WPZWKReJWj2LqhrgvWMAI1kby7P2alyKEsi6OYxk9QOTcpSeVzLNLTtmZAM4TlJMSyFH37K9uLyJJSIUmHCvVQU6s3RRLzQinWbGbKBpjMsR92jFU4JAqN53cn8Ejo/RgEElTQsOJ+nsixaFSo9A3nSHWAzXrjcX/vE6ig0s3ZSJONBVkuihIONQRHIcBe0xSovnIEEwkM7dCMsASE20iK5oQ0OzL86R5WkYX5fObs1L1Ko+jAA7AITgGCFRAFVyDOmgAAh7BM3gFb9aT9WK9Wx/T1gUrn9kDf2B9/gAtipTv</latexit>

C111 ⇡ 10�7
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C011 ⇡ 10�13

Coupling with  
TE modes

<latexit sha1_base64="OECoagNRBaX8uSESZ0u1HgVbZUM=">AAACD3icbVC7TsMwFHXKq5RXgJHFogKxUGLeY0UXxiLRh9SEyHGd1qrzwHYQVZQ/YOFXWBhAiJWVjb/BbTNA4UhX9+ice2Xf48WcSWVZX0ZhZnZufqG4WFpaXlldM9c3mjJKBKENEvFItD0sKWchbSimOG3HguLA47TlDWojv3VHhWRReK2GMXUC3AuZzwhWWnLNXVveCpXW3BQhlB3obiEry6CN41hE9xBZN+n+UeaaZatijQH/EpSTMshRd81PuxuRJKChIhxL2UFWrJwUC8UIp1nJTiSNMRngHu1oGuKASicd35PBHa10oR8JXaGCY/XnRooDKYeBpycDrPpy2huJ/3mdRPnnTsrCOFE0JJOH/IRDFcFROLDLBCWKDzXBRDD9V0j6WGCidIQlHQKaPvkvaR5W0Gnl5Oq4XL3I4yiCLbAN9gACZ6AKLkEdNAABD+AJvIBX49F4Nt6M98lowch3NsEvGB/fn86bIw==</latexit>p
C111/C010 ⇡ 10�3

https://doi.org/10.1016/j.dark.2023.101370


Forecast reach of FLASH: vector DM
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<latexit sha1_base64="Np23HL+kihNShShPKV5yW4+c1nM=">AAACIXicbVDLSsNAFJ34rPUVdelmsAiuSlJ8dFkUxIWLCvYBTS2T6aQdOpmEeQgl5Ffc+CtuXCjSnfgzTtoI2npg4HDOvdw5x48ZlcpxPq2l5ZXVtfXCRnFza3tn197bb8pIC0waOGKRaPtIEkY5aSiqGGnHgqDQZ6Tlj64yv/VIhKQRv1fjmHRDNOA0oBgpI/XsqhciNcSIJbcp9KSOJVHQCwTCiZsmldTDQwrbvcQLtcd1ev3ww3p2ySk7U8BF4uakBHLUe/bE60dYh4QrzJCUHdeJVTdBQlHMSFr0tCQxwiM0IB1DOQqJ7CbThCk8NkofBpEwjys4VX9vJCiUchz6ZjLLI+e9TPzP62gVVLsJ5bFWhOPZoUAzqCKY1QX7VBCs2NgQhAU1f4V4iEw9ypRaNCW485EXSbNSds/LZ3enpdplXkcBHIIjcAJccAFq4AbUQQNg8ARewBt4t56tV+vDmsxGl6x85wD8gfX1DU77pN8=</latexit>

L � 1

2
�Xµ⌫F

µ⌫

Alesini+ (FLASH) 2309.00351

https://doi.org/10.1016/j.dark.2023.101370


Inverse Gertsenshtein effect (Domcke&Garcia-Cely ’21)
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High-frequency gravitational waves

<latexit sha1_base64="xFvC3gD9DrzuBQuQu5SjwswoW5k=">AAACEHicbVDLSgMxFM3UV62vUZdugkUUhDIjvjZC0Y3LCvYBnWHIpJk2NMkMSUYoQz/Bjb/ixoUibl26829M28FH64HAuefcy809YcKo0o7zaRXm5hcWl4rLpZXVtfUNe3OroeJUYlLHMYtlK0SKMCpIXVPNSCuRBPGQkWbYvxr5zTsiFY3FrR4kxOeoK2hEMdJGCuz9bpB5PPVEOoQX0CMa/dSHsPddBHbZqThjwFni5qQMctQC+8PrxDjlRGjMkFJt10m0nyGpKWZkWPJSRRKE+6hL2oYKxInys/FBQ7hnlA6MYmme0HCs/p7IEFdqwEPTyZHuqWlvJP7ntVMdnfsZFUmqicCTRVHKoI7hKB3YoZJgzQaGICyp+SvEPSQR1ibDkgnBnT55ljSOKu5p5eTmuFy9zOMogh2wCw6AC85AFVyDGqgDDO7BI3gGL9aD9WS9Wm+T1oKVz2yDP7DevwCvIJ0E</latexit>

gµ⌫ = ⌘µ⌫ + hµ⌫
<latexit sha1_base64="4YHW684fBDoRK26H/wjURQgRDlo=">AAAB/nicbVDLSsNAFJ34rPUVFVduBovgqiTia1l047KCfUATwmQ6aYfOTMI8hJIW/BU3LhRx63e482+ctllo64ELh3Pu5d574oxRpT3v21laXlldWy9tlDe3tnd23b39pkqNxKSBU5bKdowUYVSQhqaakXYmCeIxI614cDvxW49EKpqKBz3MSMhRT9CEYqStFLmH/ciDgaIcjvpRHnATCDMeRW7Fq3pTwEXiF6QCCtQj9yvopthwIjRmSKmO72U6zJHUFDMyLgdGkQzhAeqRjqUCcaLCfHr+GJ5YpQuTVNoSGk7V3xM54koNeWw7OdJ9Ne9NxP+8jtHJdZhTkRlNBJ4tSgyDOoWTLGCXSoI1G1qCsKT2Voj7SCKsbWJlG4I///IiaZ5V/cvqxf15pXZTxFECR+AYnAIfXIEauAN10AAY5OAZvII358l5cd6dj1nrklPMHIA/cD5/ABKElZc=</latexit>

h0 ⇠ |hµ⌫ |
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Alesini+ (FLASH) 2309.00351
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.126.021104
https://doi.org/10.1016/j.dark.2023.101370


Cavities resonate at
much higher frequencies
than those in
LIGO/VIRGO/KAGRA

High-frequency gravitational waves

Cavity
<latexit sha1_base64="ZuCq4H7H4CwVuj06Iqp4z0dGjUc=">AAACC3icbVDJSgNBEO2JW4xb1KOXJkGIoGFG3I5BD+YYwSyQCaGn05M06Z4ZumvEOOTuxV/x4kERr/6AN//GznLQxAcFj/eqqKrnRYJrsO1vK7WwuLS8kl7NrK1vbG5lt3dqOowVZVUailA1PKKZ4AGrAgfBGpFiRHqC1b3+1civ3zGleRjcwiBiLUm6Afc5JWCkdjbnY1dziQt20XGB3YOSydHQsQ8SV0n38Lr8MGxn83bRHgPPE2dK8miKSjv75XZCGksWABVE66ZjR9BKiAJOBRtm3FiziNA+6bKmoQGRTLeS8S9DvG+UDvZDZSoAPFZ/TyREaj2QnumUBHp61huJ/3nNGPyLVsKDKAYW0MkiPxYYQjwKBne4YhTEwBBCFTe3YtojilAw8WVMCM7sy/Okdlx0zoqnNyf50uU0jjTaQzlUQA46RyVURhVURRQ9omf0it6sJ+vFerc+Jq0pazqzi/7A+vwBiC6Zfg==</latexit>

f ⇠ (0.1-10)GHz : Primordial BHs

Vs.

1304.0670

LVK :  Solar-mass BHs
<latexit sha1_base64="N8QkEewYm4S7rnMiGUI5d7WxseY=">AAACDHicbVDLSgMxFM34rPVVdekmWIQKWjLia1l002UF+4DOUDJpRoPJzJDcEevQD3Djr7hxoYhbP8Cdf2PazsLXgcDhnHO5uSdIpDBAyKczNT0zOzdfWCguLi2vrJbW1lsmTjXjTRbLWHcCargUEW+CAMk7ieZUBZK3g+uzkd++4dqIOLqAQcJ9RS8jEQpGwUq9UjnEnhEKV1ziAb8FrbK9oUsI2ck8rbC3W78b2hSpkjHwX+LmpIxyNHqlD68fs1TxCJikxnRdkoCfUQ2CST4seqnhCWXX9JJ3LY2o4sbPxscM8bZV+jiMtX0R4LH6fSKjypiBCmxSUbgyv72R+J/XTSE88TMRJSnwiE0WhanEEONRM7gvNGcgB5ZQpoX9K2ZXVFMGtr+iLcH9ffJf0tqvukfVw/ODcu00r6OANtEWqiAXHaMaqqMGaiKG7tEjekYvzoPz5Lw6b5PolJPPbKAfcN6/AMl0mZM=</latexit>

f ⇠ (10-1000)Hz
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https://arxiv.org/abs/2403.18610


Conclusions and future directions
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- Motivate students into astroparticles: we need ideas!

- Synergy between theory, experiments, computer skills

- Boost networking between communities (e.g. I belong to COST actions and organize workshops)

- Keep up with the theory motivations besides larger experiments

- Come up with new frameworks that challenge experimentalists

- Aspire to enter large collaborations (Xenon, LZ, IAXO) to further these theory lines

Group goals:

Individual goals (besides getting grants and publish):

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!

https://arxiv.org/abs/2309.00351


The QCD axion is a pseudo-scalar boson resulting from the spontaneous symmetry breaking 
of a global U(1) symmetry

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

[Peccei, Quinn, PRL 38 (1977) 1440]

[Weinberg, PRL 40 (1978) 223;  Wilczek, PRL 40 (1978) 279]

QCD Axion: Theory motivations

Its most plausible solution predicts a new particle, the QCD axion

SSB at energy
<latexit sha1_base64="gFZWEIXK0F+cDGXiNUk2rpfdl3E=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQ9ijvXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1WL+7PK7WbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gA8RI3I</latexit>

fa

Axion mass

<latexit sha1_base64="IQt7BtikC+BAc6lZzdoQPwNV8hI=">AAACAnicbVDLSgMxFM3UV62vUVfiJlgEV2VGfC2LblxWsA/olCGTZtrQTBKSjFCGwY2/4saFIm79Cnf+jWk7C209EDiccy8350SSUW0879spLS2vrK6V1ysbm1vbO+7uXkuLVGHSxIIJ1YmQJoxy0jTUMNKRiqAkYqQdjW4mfvuBKE0FvzdjSXoJGnAaU4yMlUL3IAkRDKQS0ggYxArhzM+zOER56Fa9mjcFXCR+QaqgQCN0v4K+wGlCuMEMad31PWl6GVKGYkbySpBqIhEeoQHpWspRQnQvm0bI4bFV+jAWyj5u4FT9vZGhROtxEtnJBJmhnvcm4n9eNzXxVS+jXKaGcDw7FKcM2riTPmCfKoING1uCsKL2rxAPke3B2NYqtgR/PvIiaZ3W/Iva+d1ZtX5d1FEGh+AInAAfXII6uAUN0AQYPIJn8ArenCfnxXl3PmajJafY2Qd/4Hz+AD7Jl1s=</latexit>

ma / 1

fa

Couplings 

<latexit sha1_base64="ZD62Ivk5Yrdrq9csBZg2h+DbwMM=">AAACAnicbVDLSgMxFM3UV62vUVfiJlgEV2VGfC2LblxWsA/olCGTZtrQTBKSjFCGwY2/4saFIm79Cnf+jWk7C209EDiccy8350SSUW0879spLS2vrK6V1ysbm1vbO+7uXkuLVGHSxIIJ1YmQJoxy0jTUMNKRiqAkYqQdjW4mfvuBKE0FvzdjSXoJGnAaU4yMlUL3YBAiGEglpBEwiBXCmZ9ncYjy0K16NW8KuEj8glRBgUbofgV9gdOEcIMZ0rrre9L0MqQMxYzklSDVRCI8QgPStZSjhOheNo2Qw2Or9GEslH3cwKn6eyNDidbjJLKTCTJDPe9NxP+8bmriq15GuUwN4Xh2KE4ZtHEnfcA+VQQbNrYEYUXtXyEeItuDsa1VbAn+fORF0jqt+Re187uzav26qKMMDsEROAE+uAR1cAsaoAkweATP4BW8OU/Oi/PufMxGS06xsw/+wPn8ATUhl1U=</latexit>

ga / 1

fa
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