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Today’s Plan  

| Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022

• Vacuum Structure in Quantum Chromodynamics

• Strong CP Puzzle

• The Axion

• Axion Dark Matter

• Axion Experiments  (continued)
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Axion Dark Matter Detection

| Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022

Recap :Dark Matter axion mass spans a huge range

[Saikawa]   
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Axion Dark Matter Detection

| Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022

Recap: Projections of experiments

[https://github.com/cajohare/AxionLimits/blob/master/plots/AxionPhoton_Rescaled.pdf]
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Axion Dark Matter Detection

| Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022

Recap: Microwave cavities

[https://github.com/cajohare/AxionLimits/blob/master/plots/AxionPhoton_Rescaled.pdf]
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Axion Dark Matter Detection

| Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022

Recap: Dish antennas

[https://github.com/cajohare/AxionLimits/blob/master/plots/AxionPhoton_Rescaled.pdf]
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Axion Dark Matter Detection

| Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022

Searches employing lumped elements

[https://github.com/cajohare/AxionLimits/blob/master/plots/AxionPhoton_Rescaled.pdf]
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Axion Dark Matter Detection

| Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022

Searching for Axion-induced Magnetic Fields

• Toroidal (solenoidal) magnet with fixed field B0:
[Sikivie,Sullivan,Tanner 14; Kahn,Safdi,Thaler `16]

[Salemi ‘21]
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Axion Dark Matter Detection

| Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022

Searching for Axion-induced Magnetic Fields

• Toroidal (solenoidal) magnet with fixed field B0:

• Axion DM generates oscillating effective current
Jeff parallel to B0

[Sikivie,Sullivan,Tanner 14; Kahn,Safdi,Thaler `16]

[Salemi ‘21]
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Axion Dark Matter Detection

| Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022

Searching for Axion-induced Magnetic Fields

• Toroidal (solenoidal) magnet with fixed field B0:

• Axion DM generates oscillating effective current
Jeff parallel to B0

• ... generating oscillating magnetic flux Ba through
center (azimuthal magnetic flux)

[Sikivie,Sullivan,Tanner 14; Kahn,Safdi,Thaler `16]

[Salemi ‘21]
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Axion Dark Matter Detection

| Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022

Searching for Axion-induced Magnetic Fields

• Toroidal (solenoidal) magnet with fixed field B0:

• Axion DM generates oscillating effective current
Jeff parallel to B0

• ... generating oscillating magnetic flux Ba through
center (azimuthal magnetic flux)

• ... which can be read out by pickup structure

[Sikivie,Sullivan,Tanner 14; Kahn,Safdi,Thaler `16]

[Salemi ‘21]
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Axion Dark Matter Detection

| Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022

Searching for Axion-induced Magnetic Fields

• Toroidal (solenoidal) magnet with fixed field B0:

• Axion DM generates oscillating effective current
Jeff parallel to B0

• ... generating oscillating magnetic flux Ba through
center (azimuthal magnetic flux)

• ... which can be read out by pickup structure

• Pathfinder experiments

[Sikivie,Sullivan,Tanner 14; Kahn,Safdi,Thaler `16]

[Salemi ‘21]
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Axion Dark Matter Detection

| Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022

Searching for Axion-induced Magnetic Fields

• Toroidal (solenoidal) magnet with fixed field B0:

• Axion DM generates oscillating effective current
Jeff parallel to B0

• ... generating oscillating magnetic flux Ba through
center (azimuthal magnetic flux)

• ... which can be read out by pickup structure

• Pathfinder experiments:

• ABRACADABRA

[Sikivie,Sullivan,Tanner 14; Kahn,Safdi,Thaler `16]

[Ouellet et al. 19]

[Salemi ‘21]
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Axion Dark Matter Detection

| Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022

Searching for Axion-induced Magnetic Fields

• Toroidal (solenoidal) magnet with fixed field B0:

• Axion DM generates oscillating effective current
Jeff parallel to B0

• ... generating oscillating magnetic flux Ba through
center (azimuthal magnetic flux)

• ... which can be read out by pickup structure

• Pathfinder experiments:

• ABRACADABRA
• ADMX SLIC

[Sikivie,Sullivan,Tanner 14; Kahn,Safdi,Thaler `16]

[Ouellet et al. 19]

[Crisosto et al. 20]

[Salemi ‘21]
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Axion Dark Matter Detection

| Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022

Searching for Axion-induced Magnetic Fields

• Toroidal (solenoidal) magnet with fixed field B0:

• Axion DM generates oscillating effective current
Jeff parallel to B0

• ... generating oscillating magnetic flux Ba through
center (azimuthal magnetic flux)

• ... which can be read out by pickup structure

• Pathfinder experiments:

• ABRACADABRA
• ADMX SLIC
• SHAFT

[Sikivie,Sullivan,Tanner 14; Kahn,Safdi,Thaler `16]

[Ouellet et al. 19]

[Crisosto et al. 20]

[Gramolin et al. 21]

[Salemi ‘21]
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Axion Dark Matter Detection

| Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022

Searching for Axion-induced Magnetic Fields

• Toroidal (solenoidal) magnet with fixed field B0:

• Axion DM generates oscillating effective current
Jeff parallel to B0

• ... generating oscillating magnetic flux Ba through
center (azimuthal magnetic flux)

• ... which can be read out by pickup structure

• Pathfinder experiments:

• ABRACADABRA
• ADMX SLIC
• SHAFT

• WISPLC

[Sikivie,Sullivan,Tanner 14; Kahn,Safdi,Thaler `16]

[Ouellet et al. 19]

[Crisosto et al. 20]

[Gramolin et al. 21]

[Zhang,Horns,Ghosh 21]

[Zhang,Horns,Ghosh 21]
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Axion Dark Matter Detection

| Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022

Searching for Axion-induced Magnetic Fields

• Toroidal (solenoidal) magnet with fixed field B0:

• Axion DM generates oscillating effective current
Jeff parallel to B0

• ... generating oscillating magnetic flux Ba through
center (azimuthal magnetic flux)

• ... which can be read out by pickup structure

• Pathfinder experiments:

• ABRACADABRA
• ADMX SLIC
• SHAFT

• WISPLC

[Sikivie,Sullivan,Tanner 14; Kahn,Safdi,Thaler `16]

[Ouellet et al. 19]

[Crisosto et al. 20]

[Gramolin et al. 21]

[Zhang,Horns,Ghosh 21]
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Axion Dark Matter Detection

| Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022

Searching for Axion-induced Magnetic Fields

• Toroidal (solenoidal) magnet with fixed field B0:

• Axion DM generates oscillating effective current
Jeff parallel to B0

• ... generating oscillating magnetic flux Ba through
center (azimuthal magnetic flux)

• ... which can be read out by pickup structure

• Pathfinder experiments:

• ABRACADABRA
• ADMX SLIC
• SHAFT

• WISPLC

• DM-Radio Cubic Meter Consortium

[Sikivie,Sullivan,Tanner 14; Kahn,Safdi,Thaler `16]

[Ouellet et al. 19]

[Crisosto et al. 20]

[Gramolin et al. 21]

[Salemi ‘21]
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Axion Dark Matter Detection

| Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022

Searching for Axion-induced Magnetic Fields

• Toroidal (solenoidal) magnet with fixed field B0:

• Axion DM generates oscillating effective current
Jeff parallel to B0

• ... generating oscillating magnetic flux Ba through
center (azimuthal magnetic flux)

• ... which can be read out by pickup structure

• Pathfinder experiments:

• ABRACADABRA
• ADMX SLIC
• SHAFT

• WISPLC

• DM-Radio Cubic Meter Consortium: aims to reach
the canonical axion band, even reaching
predictions from GUTs

[Sikivie,Sullivan,Tanner 14; Kahn,Safdi,Thaler `16]

[Ouellet et al. 19]

[Crisosto et al. 20]

[Gramolin et al. 21]

[Salemi ‘21]

[Ernst,AR,Tamarit 18; Di Luzio,AR,Tamarit 18]
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Axion Dark Matter Detection

| Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022

Planned haloscopes may indeed cover whole mass range within foreseeable future

[https://github.com/cajohare/AxionLimits/blob/master/plots/AxionPhoton_Rescaled.pdf]
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Axion Dark Matter Detection

| Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022

Magnetic Resonance Searches 

• Axion DM field induces oscillating NEDMs:

[Graham,Rajendran 13; Budker et al. 14]

<latexit sha1_base64="j6OfP57Vr/0BZnAq3pewxQ66ldg="></latexit>

[Budker et al. 14]
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Axion Dark Matter Detection

| Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022

Magnetic Resonance Searches 

• Axion DM field induces oscillating NEDMs:

• Place a ferroelectric crystal (permanent electric
polarisation fields ) in external

<latexit sha1_base64="wpl4asMsv8SoAaTc1JOIQ1MSsPA=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GNRBI8V7AcksWy2m3bpZjfsTgol9Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5USq4Adf9dkpr6xubW+Xtys7u3v5B9fCobVSmKWtRJZTuRsQwwSVrAQfBuqlmJIkE60Sj25nfGTNtuJKPMElZmJCB5DGnBKzkB2NG8d1TQAz0qjW37s6BV4lXkBoq0OxVv4K+olnCJFBBjPE9N4UwJxo4FWxaCTLDUkJHZMB8SyVJmAnz+clTfGaVPo6VtiUBz9XfEzlJjJkkke1MCAzNsjcT//P8DOLrMOcyzYBJulgUZwKDwrP/cZ9rRkFMLCFUc3srpkOiCQWbUsWG4C2/vEraF3XPrXsPl7XGTRFHGZ2gU3SOPHSFGugeNVELUaTQM3pFbw44L86787FoLTnFzDH6A+fzB8b9kOk=</latexit> <latexit sha1_base64="rnAJOIRW4tXRkGSGo+PiNtctXOM=">AAACBXicbVDJSgNBEO1xjXEb9aiHxiB4CjMi6DFEBI8RzAKZMfR0KkmTnoXummAYcvHir3jxoIhX/8Gbf2NnOWjig4LHe1VU1QsSKTQ6zre1tLyyurae28hvbm3v7Np7+zUdp4pDlccyVo2AaZAigioKlNBIFLAwkFAP+ldjvz4ApUUc3eEwAT9k3Uh0BGdopJZ95A2A03Ir81RI4QFHXgIqodf3HtPYsgtO0ZmALhJ3RgpkhkrL/vLaMU9DiJBLpnXTdRL0M6ZQcAmjvJdqSBjvsy40DY1YCNrPJl+M6IlR2rQTK1MR0on6eyJjodbDMDCdIcOenvfG4n9eM8XOpZ+JKEkRIj5d1EklxZiOI6FtoYCjHBrCuBLmVsp7TDGOJri8CcGdf3mR1M6KrlN0b88LpfIsjhw5JMfklLjkgpTIDamQKuHkkTyTV/JmPVkv1rv1MW1dsmYzB+QPrM8f/G6YPA==</latexit>

[Graham,Rajendran 13; Budker et al. 14]

<latexit sha1_base64="j6OfP57Vr/0BZnAq3pewxQ66ldg="></latexit>

[Budker et al. 14]
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Axion Dark Matter Detection

| Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022

Magnetic Resonance Searches 

• Axion DM field induces oscillating NEDMs:

• Place a ferroelectric crystal (permanent electric
polarisation fields ) in external

• Nuclear spins are polarised along ,   and precess
at Larmor frequency

<latexit sha1_base64="wpl4asMsv8SoAaTc1JOIQ1MSsPA=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GNRBI8V7AcksWy2m3bpZjfsTgol9Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5USq4Adf9dkpr6xubW+Xtys7u3v5B9fCobVSmKWtRJZTuRsQwwSVrAQfBuqlmJIkE60Sj25nfGTNtuJKPMElZmJCB5DGnBKzkB2NG8d1TQAz0qjW37s6BV4lXkBoq0OxVv4K+olnCJFBBjPE9N4UwJxo4FWxaCTLDUkJHZMB8SyVJmAnz+clTfGaVPo6VtiUBz9XfEzlJjJkkke1MCAzNsjcT//P8DOLrMOcyzYBJulgUZwKDwrP/cZ9rRkFMLCFUc3srpkOiCQWbUsWG4C2/vEraF3XPrXsPl7XGTRFHGZ2gU3SOPHSFGugeNVELUaTQM3pFbw44L86787FoLTnFzDH6A+fzB8b9kOk=</latexit> <latexit sha1_base64="rnAJOIRW4tXRkGSGo+PiNtctXOM=">AAACBXicbVDJSgNBEO1xjXEb9aiHxiB4CjMi6DFEBI8RzAKZMfR0KkmTnoXummAYcvHir3jxoIhX/8Gbf2NnOWjig4LHe1VU1QsSKTQ6zre1tLyyurae28hvbm3v7Np7+zUdp4pDlccyVo2AaZAigioKlNBIFLAwkFAP+ldjvz4ApUUc3eEwAT9k3Uh0BGdopJZ95A2A03Ir81RI4QFHXgIqodf3HtPYsgtO0ZmALhJ3RgpkhkrL/vLaMU9DiJBLpnXTdRL0M6ZQcAmjvJdqSBjvsy40DY1YCNrPJl+M6IlR2rQTK1MR0on6eyJjodbDMDCdIcOenvfG4n9eM8XOpZ+JKEkRIj5d1EklxZiOI6FtoYCjHBrCuBLmVsp7TDGOJri8CcGdf3mR1M6KrlN0b88LpfIsjhw5JMfklLjkgpTIDamQKuHkkTyTV/JmPVkv1rv1MW1dsmYzB+QPrM8f/G6YPA==</latexit>

[Graham,Rajendran 13; Budker et al. 14]

<latexit sha1_base64="j6OfP57Vr/0BZnAq3pewxQ66ldg="></latexit>

[Budker et al. 14]

<latexit sha1_base64="duWbqEA34Z/lM7hFvr7p+Q6ZRxY=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lE0GOpF48V7Ac0IWy203bp7ibsbool9J948aCIV/+JN/+N2zYHbX0w8Hhvhpl5ccqZNp737ZQ2Nre2d8q7lb39g8Mj9/ikrZNMUWjRhCeqGxMNnEloGWY4dFMFRMQcOvH4bu53JqA0S+SjmaYQCjKUbMAoMVaKXDeYAMWNKA+UwPBkZpFb9WreAnid+AWpogLNyP0K+gnNBEhDOdG653upCXOiDKMcZpUg05ASOiZD6FkqiQAd5ovLZ/jCKn08SJQtafBC/T2RE6H1VMS2UxAz0qveXPzP62VmcBvmTKaZAUmXiwYZxybB8xhwnymghk8tIVQxeyumI6IINTasig3BX315nbSvar5X8x+uq/VGEUcZnaFzdIl8dIPq6B41UQtRNEHP6BW9Obnz4rw7H8vWklPMnKI/cD5/ABSvk0o=</latexit>

<latexit sha1_base64="HSfWR/KrHb4xgxypQ8fU7ZrpLIc=">AAACCHicbVBNS8NAEN3Ur1q/oh49uFgETyUpgl6EUi8eRCrYD2hC2Gyn7dLdJOxuxBJ69OJf8eJBEa/+BG/+G5M2B219MPB4b4aZeX7EmdKW9W0UlpZXVteK66WNza3tHXN3r6XCWFJo0pCHsuMTBZwF0NRMc+hEEojwObT90WXmt+9BKhYGd3ocgSvIIGB9RolOJc88dEIBA+Jd4wtcxY6IvRtc9xJHCgwPelLyzLJVsabAi8TOSRnlaHjml9MLaSwg0JQTpbq2FWk3IVIzymFScmIFEaEjMoBuSgMiQLnJ9JEJPk6VHu6HMq1A46n6eyIhQqmx8NNOQfRQzXuZ+J/XjXX/3E1YEMUaAjpb1I851iHOUsE9JoFqPk4JoZKlt2I6JJJQnWaXhWDPv7xIWtWKbVXs29NyrZ7HUUQH6AidIBudoRq6Qg3URBQ9omf0it6MJ+PFeDc+Zq0FI5/ZR39gfP4AGGaYGg==</latexit>
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Axion Dark Matter Detection

| Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022

Magnetic Resonance Searches 

• Axion DM field induces oscillating NEDMs:

• Place a ferroelectric crystal (permanent electric
polarisation fields ) in external

• Nuclear spins are polarised along ,   and precess
at Larmor frequency

• Interaction                       of DM induced NEDM with
the -field leads to resonant increase of transver-
se magnetisation of sample when

<latexit sha1_base64="wpl4asMsv8SoAaTc1JOIQ1MSsPA=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GNRBI8V7AcksWy2m3bpZjfsTgol9Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5USq4Adf9dkpr6xubW+Xtys7u3v5B9fCobVSmKWtRJZTuRsQwwSVrAQfBuqlmJIkE60Sj25nfGTNtuJKPMElZmJCB5DGnBKzkB2NG8d1TQAz0qjW37s6BV4lXkBoq0OxVv4K+olnCJFBBjPE9N4UwJxo4FWxaCTLDUkJHZMB8SyVJmAnz+clTfGaVPo6VtiUBz9XfEzlJjJkkke1MCAzNsjcT//P8DOLrMOcyzYBJulgUZwKDwrP/cZ9rRkFMLCFUc3srpkOiCQWbUsWG4C2/vEraF3XPrXsPl7XGTRFHGZ2gU3SOPHSFGugeNVELUaTQM3pFbw44L86787FoLTnFzDH6A+fzB8b9kOk=</latexit> <latexit sha1_base64="rnAJOIRW4tXRkGSGo+PiNtctXOM=">AAACBXicbVDJSgNBEO1xjXEb9aiHxiB4CjMi6DFEBI8RzAKZMfR0KkmTnoXummAYcvHir3jxoIhX/8Gbf2NnOWjig4LHe1VU1QsSKTQ6zre1tLyyurae28hvbm3v7Np7+zUdp4pDlccyVo2AaZAigioKlNBIFLAwkFAP+ldjvz4ApUUc3eEwAT9k3Uh0BGdopJZ95A2A03Ir81RI4QFHXgIqodf3HtPYsgtO0ZmALhJ3RgpkhkrL/vLaMU9DiJBLpnXTdRL0M6ZQcAmjvJdqSBjvsy40DY1YCNrPJl+M6IlR2rQTK1MR0on6eyJjodbDMDCdIcOenvfG4n9eM8XOpZ+JKEkRIj5d1EklxZiOI6FtoYCjHBrCuBLmVsp7TDGOJri8CcGdf3mR1M6KrlN0b88LpfIsjhw5JMfklLjkgpTIDamQKuHkkTyTV/JmPVkv1rv1MW1dsmYzB+QPrM8f/G6YPA==</latexit>

<latexit sha1_base64="duWbqEA34Z/lM7hFvr7p+Q6ZRxY=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lE0GOpF48V7Ac0IWy203bp7ibsbool9J948aCIV/+JN/+N2zYHbX0w8Hhvhpl5ccqZNp737ZQ2Nre2d8q7lb39g8Mj9/ikrZNMUWjRhCeqGxMNnEloGWY4dFMFRMQcOvH4bu53JqA0S+SjmaYQCjKUbMAoMVaKXDeYAMWNKA+UwPBkZpFb9WreAnid+AWpogLNyP0K+gnNBEhDOdG653upCXOiDKMcZpUg05ASOiZD6FkqiQAd5ovLZ/jCKn08SJQtafBC/T2RE6H1VMS2UxAz0qveXPzP62VmcBvmTKaZAUmXiwYZxybB8xhwnymghk8tIVQxeyumI6IINTasig3BX315nbSvar5X8x+uq/VGEUcZnaFzdIl8dIPq6B41UQtRNEHP6BW9Obnz4rw7H8vWklPMnKI/cD5/ABSvk0o=</latexit>

<latexit sha1_base64="HSfWR/KrHb4xgxypQ8fU7ZrpLIc=">AAACCHicbVBNS8NAEN3Ur1q/oh49uFgETyUpgl6EUi8eRCrYD2hC2Gyn7dLdJOxuxBJ69OJf8eJBEa/+BG/+G5M2B219MPB4b4aZeX7EmdKW9W0UlpZXVteK66WNza3tHXN3r6XCWFJo0pCHsuMTBZwF0NRMc+hEEojwObT90WXmt+9BKhYGd3ocgSvIIGB9RolOJc88dEIBA+Jd4wtcxY6IvRtc9xJHCgwPelLyzLJVsabAi8TOSRnlaHjml9MLaSwg0JQTpbq2FWk3IVIzymFScmIFEaEjMoBuSgMiQLnJ9JEJPk6VHu6HMq1A46n6eyIhQqmx8NNOQfRQzXuZ+J/XjXX/3E1YEMUaAjpb1I851iHOUsE9JoFqPk4JoZKlt2I6JJJQnWaXhWDPv7xIWtWKbVXs29NyrZ7HUUQH6AidIBudoRq6Qg3URBQ9omf0it6MJ+PFeDc+Zq0FI5/ZR39gfP4AGGaYGg==</latexit>

<latexit sha1_base64="xKOoMqGlx0jN++DcAYuVs0suEws=">AAACFHicbZDJSgNBEIZ7XGPcoh69NAYhIoQZEfQYFMGTRDQLZGLo6akkTXoWumsCYchDePFVvHhQxKsHb76NneWgiT80fPxVRXX9XiyFRtv+thYWl5ZXVjNr2fWNza3t3M5uVUeJ4lDhkYxU3WMapAihggIl1GMFLPAk1Lze5ahe64PSIgrvcRBDM2CdULQFZ2isVu7YhVgLafCOun3g1G/dFPDI5X6EE+PqIXWZxiHNtnJ5u2iPRefBmUKeTFVu5b5cP+JJACFyybRuOHaMzZQpFFzCMOsmGmLGe6wDDYMhC0A30/FRQ3poHJ+2I2VeiHTs/p5IWaD1IPBMZ8Cwq2drI/O/WiPB9nkzFWGcIIR8sqidSIoRHSVEfaGAoxwYYFwJ81fKu0wxjibHUQjO7MnzUD0pOnbRuT3Nly6mcWTIPjkgBeKQM1Ii16RMKoSTR/JMXsmb9WS9WO/Wx6R1wZrO7JE/sj5/AMTynVo=</latexit>

<latexit sha1_base64="wpl4asMsv8SoAaTc1JOIQ1MSsPA=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GNRBI8V7AcksWy2m3bpZjfsTgol9Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5USq4Adf9dkpr6xubW+Xtys7u3v5B9fCobVSmKWtRJZTuRsQwwSVrAQfBuqlmJIkE60Sj25nfGTNtuJKPMElZmJCB5DGnBKzkB2NG8d1TQAz0qjW37s6BV4lXkBoq0OxVv4K+olnCJFBBjPE9N4UwJxo4FWxaCTLDUkJHZMB8SyVJmAnz+clTfGaVPo6VtiUBz9XfEzlJjJkkke1MCAzNsjcT//P8DOLrMOcyzYBJulgUZwKDwrP/cZ9rRkFMLCFUc3srpkOiCQWbUsWG4C2/vEraF3XPrXsPl7XGTRFHGZ2gU3SOPHSFGugeNVELUaTQM3pFbw44L86787FoLTnFzDH6A+fzB8b9kOk=</latexit>

[Graham,Rajendran 13; Budker et al. 14]

<latexit sha1_base64="hR9fWeftDG5REBfTunJ1tP+oMKw=">AAAB9XicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0EaI2lhYRDAfkJzH3mYvWbK7d+zuKeHI/7CxUMTW/2Lnv3GTXKGJDwYe780wMy9MONPGdb+dwtLyyupacb20sbm1vVPe3WvqOFWENkjMY9UOsaacSdowzHDaThTFIuS0FQ6vJ37rkSrNYnlvRgn1Be5LFjGCjZUeurGgfRzcogskgsugXHGr7hRokXg5qUCOelD+6vZikgoqDeFY647nJsbPsDKMcDoudVNNE0yGuE87lkosqPaz6dVjdGSVHopiZUsaNFV/T2RYaD0Soe0U2Az0vDcR//M6qYnO/YzJJDVUktmiKOXIxGgSAeoxRYnhI0swUczeisgAK0yMDapkQ/DmX14kzZOq51a9u9NK7SqPowgHcAjH4MEZ1OAG6tAAAgqe4RXenCfnxXl3PmatBSef2Yc/cD5/ACsukaA=</latexit>

<latexit sha1_base64="j6OfP57Vr/0BZnAq3pewxQ66ldg="></latexit>

[Budker et al. 14]
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Axion Dark Matter Detection

| Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022

Magnetic Resonance Searches 

• Axion DM field induces oscillating NEDMs:

• Place a ferroelectric crystal (permanent electric
polarisation fields ) in external

• Nuclear spins are polarised along ,   and precess
at Larmor frequency

• Interaction                       of DM induced NEDM with
the -field leads to resonant increase of transver-
se magnetisation of sample when

• CASPEr-Electric currently being set-up in Boston 

<latexit sha1_base64="wpl4asMsv8SoAaTc1JOIQ1MSsPA=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GNRBI8V7AcksWy2m3bpZjfsTgol9Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5USq4Adf9dkpr6xubW+Xtys7u3v5B9fCobVSmKWtRJZTuRsQwwSVrAQfBuqlmJIkE60Sj25nfGTNtuJKPMElZmJCB5DGnBKzkB2NG8d1TQAz0qjW37s6BV4lXkBoq0OxVv4K+olnCJFBBjPE9N4UwJxo4FWxaCTLDUkJHZMB8SyVJmAnz+clTfGaVPo6VtiUBz9XfEzlJjJkkke1MCAzNsjcT//P8DOLrMOcyzYBJulgUZwKDwrP/cZ9rRkFMLCFUc3srpkOiCQWbUsWG4C2/vEraF3XPrXsPl7XGTRFHGZ2gU3SOPHSFGugeNVELUaTQM3pFbw44L86787FoLTnFzDH6A+fzB8b9kOk=</latexit> <latexit sha1_base64="rnAJOIRW4tXRkGSGo+PiNtctXOM=">AAACBXicbVDJSgNBEO1xjXEb9aiHxiB4CjMi6DFEBI8RzAKZMfR0KkmTnoXummAYcvHir3jxoIhX/8Gbf2NnOWjig4LHe1VU1QsSKTQ6zre1tLyyurae28hvbm3v7Np7+zUdp4pDlccyVo2AaZAigioKlNBIFLAwkFAP+ldjvz4ApUUc3eEwAT9k3Uh0BGdopJZ95A2A03Ir81RI4QFHXgIqodf3HtPYsgtO0ZmALhJ3RgpkhkrL/vLaMU9DiJBLpnXTdRL0M6ZQcAmjvJdqSBjvsy40DY1YCNrPJl+M6IlR2rQTK1MR0on6eyJjodbDMDCdIcOenvfG4n9eM8XOpZ+JKEkRIj5d1EklxZiOI6FtoYCjHBrCuBLmVsp7TDGOJri8CcGdf3mR1M6KrlN0b88LpfIsjhw5JMfklLjkgpTIDamQKuHkkTyTV/JmPVkv1rv1MW1dsmYzB+QPrM8f/G6YPA==</latexit>

<latexit sha1_base64="duWbqEA34Z/lM7hFvr7p+Q6ZRxY=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lE0GOpF48V7Ac0IWy203bp7ibsbool9J948aCIV/+JN/+N2zYHbX0w8Hhvhpl5ccqZNp737ZQ2Nre2d8q7lb39g8Mj9/ikrZNMUWjRhCeqGxMNnEloGWY4dFMFRMQcOvH4bu53JqA0S+SjmaYQCjKUbMAoMVaKXDeYAMWNKA+UwPBkZpFb9WreAnid+AWpogLNyP0K+gnNBEhDOdG653upCXOiDKMcZpUg05ASOiZD6FkqiQAd5ovLZ/jCKn08SJQtafBC/T2RE6H1VMS2UxAz0qveXPzP62VmcBvmTKaZAUmXiwYZxybB8xhwnymghk8tIVQxeyumI6IINTasig3BX315nbSvar5X8x+uq/VGEUcZnaFzdIl8dIPq6B41UQtRNEHP6BW9Obnz4rw7H8vWklPMnKI/cD5/ABSvk0o=</latexit>

<latexit sha1_base64="HSfWR/KrHb4xgxypQ8fU7ZrpLIc=">AAACCHicbVBNS8NAEN3Ur1q/oh49uFgETyUpgl6EUi8eRCrYD2hC2Gyn7dLdJOxuxBJ69OJf8eJBEa/+BG/+G5M2B219MPB4b4aZeX7EmdKW9W0UlpZXVteK66WNza3tHXN3r6XCWFJo0pCHsuMTBZwF0NRMc+hEEojwObT90WXmt+9BKhYGd3ocgSvIIGB9RolOJc88dEIBA+Jd4wtcxY6IvRtc9xJHCgwPelLyzLJVsabAi8TOSRnlaHjml9MLaSwg0JQTpbq2FWk3IVIzymFScmIFEaEjMoBuSgMiQLnJ9JEJPk6VHu6HMq1A46n6eyIhQqmx8NNOQfRQzXuZ+J/XjXX/3E1YEMUaAjpb1I851iHOUsE9JoFqPk4JoZKlt2I6JJJQnWaXhWDPv7xIWtWKbVXs29NyrZ7HUUQH6AidIBudoRq6Qg3URBQ9omf0it6MJ+PFeDc+Zq0FI5/ZR39gfP4AGGaYGg==</latexit>

<latexit sha1_base64="xKOoMqGlx0jN++DcAYuVs0suEws=">AAACFHicbZDJSgNBEIZ7XGPcoh69NAYhIoQZEfQYFMGTRDQLZGLo6akkTXoWumsCYchDePFVvHhQxKsHb76NneWgiT80fPxVRXX9XiyFRtv+thYWl5ZXVjNr2fWNza3t3M5uVUeJ4lDhkYxU3WMapAihggIl1GMFLPAk1Lze5ahe64PSIgrvcRBDM2CdULQFZ2isVu7YhVgLafCOun3g1G/dFPDI5X6EE+PqIXWZxiHNtnJ5u2iPRefBmUKeTFVu5b5cP+JJACFyybRuOHaMzZQpFFzCMOsmGmLGe6wDDYMhC0A30/FRQ3poHJ+2I2VeiHTs/p5IWaD1IPBMZ8Cwq2drI/O/WiPB9nkzFWGcIIR8sqidSIoRHSVEfaGAoxwYYFwJ81fKu0wxjibHUQjO7MnzUD0pOnbRuT3Nly6mcWTIPjkgBeKQM1Ii16RMKoSTR/JMXsmb9WS9WO/Wx6R1wZrO7JE/sj5/AMTynVo=</latexit>

<latexit sha1_base64="wpl4asMsv8SoAaTc1JOIQ1MSsPA=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GNRBI8V7AcksWy2m3bpZjfsTgol9Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5USq4Adf9dkpr6xubW+Xtys7u3v5B9fCobVSmKWtRJZTuRsQwwSVrAQfBuqlmJIkE60Sj25nfGTNtuJKPMElZmJCB5DGnBKzkB2NG8d1TQAz0qjW37s6BV4lXkBoq0OxVv4K+olnCJFBBjPE9N4UwJxo4FWxaCTLDUkJHZMB8SyVJmAnz+clTfGaVPo6VtiUBz9XfEzlJjJkkke1MCAzNsjcT//P8DOLrMOcyzYBJulgUZwKDwrP/cZ9rRkFMLCFUc3srpkOiCQWbUsWG4C2/vEraF3XPrXsPl7XGTRFHGZ2gU3SOPHSFGugeNVELUaTQM3pFbw44L86787FoLTnFzDH6A+fzB8b9kOk=</latexit>

[Graham,Rajendran 13; Budker et al. 14]

<latexit sha1_base64="hR9fWeftDG5REBfTunJ1tP+oMKw=">AAAB9XicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0EaI2lhYRDAfkJzH3mYvWbK7d+zuKeHI/7CxUMTW/2Lnv3GTXKGJDwYe780wMy9MONPGdb+dwtLyyupacb20sbm1vVPe3WvqOFWENkjMY9UOsaacSdowzHDaThTFIuS0FQ6vJ37rkSrNYnlvRgn1Be5LFjGCjZUeurGgfRzcogskgsugXHGr7hRokXg5qUCOelD+6vZikgoqDeFY647nJsbPsDKMcDoudVNNE0yGuE87lkosqPaz6dVjdGSVHopiZUsaNFV/T2RYaD0Soe0U2Az0vDcR//M6qYnO/YzJJDVUktmiKOXIxGgSAeoxRYnhI0swUczeisgAK0yMDapkQ/DmX14kzZOq51a9u9NK7SqPowgHcAjH4MEZ1OAG6tAAAgqe4RXenCfnxXl3PmatBSef2Yc/cD5/ACsukaA=</latexit>

<latexit sha1_base64="j6OfP57Vr/0BZnAq3pewxQ66ldg="></latexit>

[Budker et al. 14]
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Axion Dark Matter Detection

| Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022

Magnetic Resonance Searches 

• Axion DM field induces oscillating NEDMs:

• Place a ferroelectric crystal (permanent electric
polarisation fields ) in external

• Nuclear spins are polarised along ,   and precess
at Larmor frequency

• Interaction                       of DM induced NEDM with
the -field leads to resonant increase of transver-
se magnetisation of sample when

• CASPEr-Electric currently being set-up in Boston 

• In phase III: probes axion dark matter in mass range
predicted by GUTs

<latexit sha1_base64="wpl4asMsv8SoAaTc1JOIQ1MSsPA=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GNRBI8V7AcksWy2m3bpZjfsTgol9Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5USq4Adf9dkpr6xubW+Xtys7u3v5B9fCobVSmKWtRJZTuRsQwwSVrAQfBuqlmJIkE60Sj25nfGTNtuJKPMElZmJCB5DGnBKzkB2NG8d1TQAz0qjW37s6BV4lXkBoq0OxVv4K+olnCJFBBjPE9N4UwJxo4FWxaCTLDUkJHZMB8SyVJmAnz+clTfGaVPo6VtiUBz9XfEzlJjJkkke1MCAzNsjcT//P8DOLrMOcyzYBJulgUZwKDwrP/cZ9rRkFMLCFUc3srpkOiCQWbUsWG4C2/vEraF3XPrXsPl7XGTRFHGZ2gU3SOPHSFGugeNVELUaTQM3pFbw44L86787FoLTnFzDH6A+fzB8b9kOk=</latexit> <latexit sha1_base64="rnAJOIRW4tXRkGSGo+PiNtctXOM=">AAACBXicbVDJSgNBEO1xjXEb9aiHxiB4CjMi6DFEBI8RzAKZMfR0KkmTnoXummAYcvHir3jxoIhX/8Gbf2NnOWjig4LHe1VU1QsSKTQ6zre1tLyyurae28hvbm3v7Np7+zUdp4pDlccyVo2AaZAigioKlNBIFLAwkFAP+ldjvz4ApUUc3eEwAT9k3Uh0BGdopJZ95A2A03Ir81RI4QFHXgIqodf3HtPYsgtO0ZmALhJ3RgpkhkrL/vLaMU9DiJBLpnXTdRL0M6ZQcAmjvJdqSBjvsy40DY1YCNrPJl+M6IlR2rQTK1MR0on6eyJjodbDMDCdIcOenvfG4n9eM8XOpZ+JKEkRIj5d1EklxZiOI6FtoYCjHBrCuBLmVsp7TDGOJri8CcGdf3mR1M6KrlN0b88LpfIsjhw5JMfklLjkgpTIDamQKuHkkTyTV/JmPVkv1rv1MW1dsmYzB+QPrM8f/G6YPA==</latexit>

<latexit sha1_base64="duWbqEA34Z/lM7hFvr7p+Q6ZRxY=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lE0GOpF48V7Ac0IWy203bp7ibsbool9J948aCIV/+JN/+N2zYHbX0w8Hhvhpl5ccqZNp737ZQ2Nre2d8q7lb39g8Mj9/ikrZNMUWjRhCeqGxMNnEloGWY4dFMFRMQcOvH4bu53JqA0S+SjmaYQCjKUbMAoMVaKXDeYAMWNKA+UwPBkZpFb9WreAnid+AWpogLNyP0K+gnNBEhDOdG653upCXOiDKMcZpUg05ASOiZD6FkqiQAd5ovLZ/jCKn08SJQtafBC/T2RE6H1VMS2UxAz0qveXPzP62VmcBvmTKaZAUmXiwYZxybB8xhwnymghk8tIVQxeyumI6IINTasig3BX315nbSvar5X8x+uq/VGEUcZnaFzdIl8dIPq6B41UQtRNEHP6BW9Obnz4rw7H8vWklPMnKI/cD5/ABSvk0o=</latexit>

<latexit sha1_base64="HSfWR/KrHb4xgxypQ8fU7ZrpLIc=">AAACCHicbVBNS8NAEN3Ur1q/oh49uFgETyUpgl6EUi8eRCrYD2hC2Gyn7dLdJOxuxBJ69OJf8eJBEa/+BG/+G5M2B219MPB4b4aZeX7EmdKW9W0UlpZXVteK66WNza3tHXN3r6XCWFJo0pCHsuMTBZwF0NRMc+hEEojwObT90WXmt+9BKhYGd3ocgSvIIGB9RolOJc88dEIBA+Jd4wtcxY6IvRtc9xJHCgwPelLyzLJVsabAi8TOSRnlaHjml9MLaSwg0JQTpbq2FWk3IVIzymFScmIFEaEjMoBuSgMiQLnJ9JEJPk6VHu6HMq1A46n6eyIhQqmx8NNOQfRQzXuZ+J/XjXX/3E1YEMUaAjpb1I851iHOUsE9JoFqPk4JoZKlt2I6JJJQnWaXhWDPv7xIWtWKbVXs29NyrZ7HUUQH6AidIBudoRq6Qg3URBQ9omf0it6MJ+PFeDc+Zq0FI5/ZR39gfP4AGGaYGg==</latexit>

<latexit sha1_base64="xKOoMqGlx0jN++DcAYuVs0suEws=">AAACFHicbZDJSgNBEIZ7XGPcoh69NAYhIoQZEfQYFMGTRDQLZGLo6akkTXoWumsCYchDePFVvHhQxKsHb76NneWgiT80fPxVRXX9XiyFRtv+thYWl5ZXVjNr2fWNza3t3M5uVUeJ4lDhkYxU3WMapAihggIl1GMFLPAk1Lze5ahe64PSIgrvcRBDM2CdULQFZ2isVu7YhVgLafCOun3g1G/dFPDI5X6EE+PqIXWZxiHNtnJ5u2iPRefBmUKeTFVu5b5cP+JJACFyybRuOHaMzZQpFFzCMOsmGmLGe6wDDYMhC0A30/FRQ3poHJ+2I2VeiHTs/p5IWaD1IPBMZ8Cwq2drI/O/WiPB9nkzFWGcIIR8sqidSIoRHSVEfaGAoxwYYFwJ81fKu0wxjibHUQjO7MnzUD0pOnbRuT3Nly6mcWTIPjkgBeKQM1Ii16RMKoSTR/JMXsmb9WS9WO/Wx6R1wZrO7JE/sj5/AMTynVo=</latexit>

<latexit sha1_base64="wpl4asMsv8SoAaTc1JOIQ1MSsPA=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GNRBI8V7AcksWy2m3bpZjfsTgol9Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5USq4Adf9dkpr6xubW+Xtys7u3v5B9fCobVSmKWtRJZTuRsQwwSVrAQfBuqlmJIkE60Sj25nfGTNtuJKPMElZmJCB5DGnBKzkB2NG8d1TQAz0qjW37s6BV4lXkBoq0OxVv4K+olnCJFBBjPE9N4UwJxo4FWxaCTLDUkJHZMB8SyVJmAnz+clTfGaVPo6VtiUBz9XfEzlJjJkkke1MCAzNsjcT//P8DOLrMOcyzYBJulgUZwKDwrP/cZ9rRkFMLCFUc3srpkOiCQWbUsWG4C2/vEraF3XPrXsPl7XGTRFHGZ2gU3SOPHSFGugeNVELUaTQM3pFbw44L86787FoLTnFzDH6A+fzB8b9kOk=</latexit>

[Graham,Rajendran 13; Budker et al. 14]

[Ernst,AR,Tamarit 18; Di Luzio,AR,Tamarit 18]

<latexit sha1_base64="hR9fWeftDG5REBfTunJ1tP+oMKw=">AAAB9XicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0EaI2lhYRDAfkJzH3mYvWbK7d+zuKeHI/7CxUMTW/2Lnv3GTXKGJDwYe780wMy9MONPGdb+dwtLyyupacb20sbm1vVPe3WvqOFWENkjMY9UOsaacSdowzHDaThTFIuS0FQ6vJ37rkSrNYnlvRgn1Be5LFjGCjZUeurGgfRzcogskgsugXHGr7hRokXg5qUCOelD+6vZikgoqDeFY647nJsbPsDKMcDoudVNNE0yGuE87lkosqPaz6dVjdGSVHopiZUsaNFV/T2RYaD0Soe0U2Az0vDcR//M6qYnO/YzJJDVUktmiKOXIxGgSAeoxRYnhI0swUczeisgAK0yMDapkQ/DmX14kzZOq51a9u9NK7SqPowgHcAjH4MEZ1OAG6tAAAgqe4RXenCfnxXl3PmatBSef2Yc/cD5/ACsukaA=</latexit>

<latexit sha1_base64="j6OfP57Vr/0BZnAq3pewxQ66ldg="></latexit>

CASPEr-Electric

[Ernst,Di Luzio,AR,Tamarit 18]
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Axion Dark Matter Detection

| Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022

Magnetic Resonance Searches 

• Axion DM field induces oscillating NEDMs:

• Place a ferroelectric crystal (permanent electric
polarisation fields ) in external

• Nuclear spins are polarised along ,   and precess
at Larmor frequency

• Interaction                       of DM induced NEDM with
the -field leads to resonant increase of transver-
se magnetisation of sample when

• CASPEr-Electric currently being set-up in Boston 

• In phase III: probes axion dark matter in mass range
predicted by GUTs

• In phase I and II: probes ZN axion dark matter  
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Light-Shining-through-a-Wall Searches 

| Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022

• Axion experiences mixing with photon in an external magnetic field

Searching for Home-Made Axions
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Light-Shining-through-a-Wall Searches 

| Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022

• Axion experiences mixing with photon in an external magnetic field

• Light-shining-through a wall: 

[Sikivie 1983, Ansel’m 1985, van Bibber et al. 1987]

Searching for Home-Made Axions
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Light-Shining-through-a-Wall Searches 

| Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022

• Axion experiences mixing with photon in an external magnetic field

• Light-shining-through a wall: 

• Probability, that photon (                ) converted in axion after having traversed a distance in magnetic
field: 

[Sikivie 1983, Ansel’m 1985, van Bibber et al. 1987]
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Searching for Home-Made Axions
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Light-Shining-through-a-Wall Searches 

| Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022

• Axion experiences mixing with photon in an external magnetic field

• Light-shining-through a wall: 

• Probability, that photon (                ) converted in axion after having traversed a distance in magnetic
field: 

• Best sensitivity for :

[Sikivie 1983, Ansel’m 1985, van Bibber et al. 1987]
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Searching for Home-Made Axions
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Light-Shining-through-a-Wall Searches 

| Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022

• ALPS I @ DESY (in collaboration with AEI Hannover and U Hamburg) [AR 03;....;Ehret et al. 10]
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Light-Shining-through-a-Wall Searches 

| Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022

• ALPS I and OSQAR @ CERN give currently the best purely laboratory limit on low mass ALPs:

[Ballou et al. 15]
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Light-Shining-through-a-Wall Searches 

| Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022

• ALPS II @ DESY (in collaboration with AEI Hannover, U Cardiff, U Florida, U Mainz) [Bähre et al (ALPS II TDR) 13]
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Light-Shining-through-a-Wall Searches 

| Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022

• ALPS II @ DESY (in collaboration with AEI Hannover, U Cardiff, U Florida, U Mainz) [Bähre et al (ALPS II TDR) 13]

• Increase sensitivity in photon coupling by a 
factor of more than 103
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Light-Shining-through-a-Wall Searches 

| Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022

• ALPS II @ DESY (in collaboration with AEI Hannover, U Cardiff, U Florida, U Mainz) [Bähre et al (ALPS II TDR) 13]

• Increase sensitivity in photon coupling by a 
factor of more than 103 by exploiting

• 12 + 12 straightened HERA magnets
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Light-Shining-through-a-Wall Searches 

| Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022

• ALPS II @ DESY (in collaboration with AEI Hannover, U Cardiff, U Florida, U Mainz) [Bähre et al (ALPS II TDR) 13]

• Increase sensitivity in photon coupling by a 
factor of more than 103 by exploiting

• 12 + 12 straightened HERA magnets

• Optical cavities both at production and 
regeneration sites

[Hogeveen,Ziegenhagen 91;Sikivie,Tanner,van Bibber 07]
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Light-Shining-through-a-Wall Searches 

| Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022

• ALPS II @ DESY (in collaboration with AEI Hannover, U Cardiff, U Florida, U Mainz) [Bähre et al (ALPS II TDR) 13]

• Increase sensitivity in photon coupling by a 
factor of more than 103 by exploiting

• 12 + 12 straightened HERA magnets

• Optical cavities both at production and 
regeneration sites

• Two detection techniques:
• Heterodyne
• Transition Edge Sensor (TES)

[Hogeveen,Ziegenhagen 91;Sikivie,Tanner,van Bibber 07]
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Light-Shining-through-a-Wall Searches 

| Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022

• ALPS II @ DESY (in collaboration with AEI Hannover, U Cardiff, U Florida, U Mainz) [Bähre et al (ALPS II TDR) 13]

• Construction progressing:

• All 24 magnets are installed and aligned

• Cleanrooms at end stations are operational
• Commissioning of the optical system has begun

• Alignment laser through the beam tube accomplished
• Test operation of magnets ongoing

• First science run scheduled for Fall 2022
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Light-Shining-through-a-Wall Searches 

| Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022

• ALPS II designed to beat astrophysical constraints and check astrophysical hints of axions:

[Irastorza, Redondo `18]
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Light-Shining-through-a-Wall Searches 

| Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022

• ALPS II designed to beat astrophysical constraints and check astrophysical hints of axions:

[Irastorza, Redondo `18]

• Proposed next generation LSW ex-
periments
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Light-Shining-through-a-Wall Searches 

| Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022

• ALPS II designed to beat astrophysical constraints and check astrophysical hints of axions:

[Irastorza, Redondo `18]

• Proposed next generation LSW ex-
periments

• STAX: 
• Photon source: GHz gyrotron
• Challenges of microwave range:

• Resonant photon regeneration
• Single photon detection (TES?)

[Miyazaki,Spagnolo `20]

[Capparelli et al. `15]
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Light-Shining-through-a-Wall Searches 

| Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022

• ALPS II designed to beat astrophysical constraints and check astrophysical hints of axions and ALPs:

[Irastorza, Redondo `18]

• Proposed next generation LSW ex-
periments

• STAX: 
• Photon source: GHz gyrotron
• Challenges of microwave range:

• Resonant photon regeneration
• Single photon detection (TES?)

• ALPS III (aka JURA)

• 2 x 426 m long string of FCC-hh
magnets (13 T)

• MW scale optical resonator

[Miyazaki,Spagnolo `20]

[Capparelli et al. `15]

[Lindner,Willke,Ten Kate `16]
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Helioscope Searches

| Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022

• Flux of solar axions/ALPs produced by two photon process in core:

[adapted from Irastorza `16]
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[Giannotti `16]
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[Adriamonje et al. `07]
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Helioscope Searches

| Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022

• Helioscope concept: solar axion/ALP to photon conversion
in magnetic field

[adapted from Irastorza `16]
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Helioscope Searches

| Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022

• Most sensitive until now: CERN Axion Solar Telescope (CAST)
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Helioscope Searches

| Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022

• Most sensitive until now: CERN Axion Solar Telescope (CAST)

• Superconducting LHC dipole magnet
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Helioscope Searches

| Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022

• Most sensitive until now: CERN Axion Solar Telescope (CAST)

• Superconducting LHC dipole magnet

• X-ray detectors
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Helioscope Searches

| Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022

• Most sensitive until now: CERN Axion Solar Telescope (CAST)

• Superconducting LHC dipole magnet

• X-ray detectors
• Use of buffer gas to extend sensitivity to higher masses (axion band)  
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Helioscope Searches

| Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022

• International Axion Observatory (IAXO) [IAXO CDR: JINST 9 (2014) T05002 (arXiv:1401.3233)]
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Helioscope Searches

| Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022

• International Axion Observatory (IAXO) 

• Large toroidal 8-coil magnet L = ~20 m 

[IAXO CDR: JINST 9 (2014) T05002 (arXiv:1401.3233)]
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Helioscope Searches

| Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022

• International Axion Observatory (IAXO) 

• Large toroidal 8-coil magnet L = ~20 m 

• 8 bores: 600 mm diameter each

[IAXO CDR: JINST 9 (2014) T05002 (arXiv:1401.3233)]
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Helioscope Searches

| Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022

• International Axion Observatory (IAXO) 

• Large toroidal 8-coil magnet L = ~20 m 

• 8 bores: 600 mm diameter each
• 8 X-ray telescopes + 8 detection systems

[IAXO CDR: JINST 9 (2014) T05002 (arXiv:1401.3233)]
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Helioscope Searches

| Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022

• International Axion Observatory (IAXO) 

• Large toroidal 8-coil magnet L = ~20 m 

• 8 bores: 600 mm diameter each
• 8 X-ray telescopes + 8 detection systems
• Rotating platform with services

[IAXO CDR: JINST 9 (2014) T05002 (arXiv:1401.3233)]
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Helioscope Searches

| Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022

• International Axion Observatory (IAXO) 

• Large toroidal 8-coil magnet L = ~20 m 

• 8 bores: 600 mm diameter each
• 8 X-ray telescopes + 8 detection systems
• Rotating platform with services

• Proposed site: DESY

[IAXO CDR: JINST 9 (2014) T05002 (arXiv:1401.3233)]
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Helioscope Searches

| Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022

• Prototype for IAXO: BabyIAXO
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Helioscope Searches

| Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022

• Prototype for IAXO: BabyIAXO

• Two bores of dimensions similar to final IAXO bores
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Helioscope Searches

| Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022

• Prototype for IAXO: BabyIAXO

• Two bores of dimensions similar to final IAXO bores

• Detection lines representative of final ones



Page 59

Helioscope Searches

| Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022

• Prototype for IAXO: BabyIAXO

• Two bores of dimensions similar to final IAXO bores

• Detection lines representative of final ones
• Test & improve all systems
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Helioscope Searches

| Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022

• Prototype for IAXO: BabyIAXO

• Two bores of dimensions similar to final IAXO bores

• Detection lines representative of final ones
• Test & improve all systems

• Magnet technical design ongoing at CERN
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• Prototype for IAXO: BabyIAXO

• Two bores of dimensions similar to final IAXO bores

• Detection lines representative of final ones
• Test & improve all systems

• Magnet technical design ongoing at CERN

• Construction site: DESY
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Helioscope Searches
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• Prototype for IAXO: BabyIAXO

• Two bores of dimensions similar to final IAXO bores

• Detection lines representative of final ones
• Test & improve all systems

• Magnet technical design ongoing at CERN

• Construction site: DESY

• Funded by DESY, CERN and Irastorza: ERC-AvG 2017 IAXO+
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Helioscope Searches
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• Prototype for IAXO: BabyIAXO

• Two bores of dimensions similar to final IAXO bores

• Detection lines representative of final ones
• Test & improve all systems

• Magnet technical design ongoing at CERN

• Construction site: DESY

• Funded by DESY, CERN and

• Preparations have already started in 2020

Irastorza: ERC-AvG 2017 IAXO+
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Helioscope Searches

| Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022

• Prototype for IAXO: BabyIAXO

• Two bores of dimensions similar to final IAXO bores

• Detection lines representative of final ones
• Test & improve all systems

• Magnet technical design ongoing at CERN

• Construction site: DESY

• Funded by DESY, CERN and

• Preparations have already started in 2020

• Data taking may start in 2024/25

Irastorza: ERC-AvG 2017 IAXO+
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Helioscope Searches
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• (Baby)IAXO probes meV mass axion:  

[Irastorza, Redondo, 18]
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Helioscope Searches
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• (Baby)IAXO also sensitive to electron coupling hinted at by stellar energy losses: 

[Armengaud et al. 19]
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Light Shining through Walls (LSW)

• Any-Light-Particle-Search (ALPS) experiment @ DESY searches for the conversion of photons into light 
particles and vice versa in a strong transverse magnetic field

• In the Standard Model (SM), light-shining-through walls (LSW) occurs dominantly through magnetic conver-
sion of gravitons:

[Gertsenshtein 1962]
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Light Shining through Walls (LSW)

• Any-Light-Particle-Search (ALPS) experiment @ DESY searches for the conversion of photons into light 
particles and vice versa in a strong transverse magnetic field

• In the Standard Model (SM), light-shining-through walls (LSW) occurs dominantly through magnetic conver-
sion of gravitons:

• In a Peccei-Quinn extension of the SM, LSW can also proceed via magnetic conversion of axions or axion-
like particles (ALPs): 

[Sikivie 1983]

[Gertsenshtein 1962]
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Gravitational Wave Searches with ALPS & Co 
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• ALPS I and OSQAR @ CERN give currently best purely laboratory limit on the photon coupling of light ALPs:

• If interpreted in terms of photon conversion into gravitons and vice versa, this limit can be translated into a lower bound
on the Planck mass: 

• Far away from actual value inferred from measurements of the Newton constant:

[Ballou et al. 15]

Light Shining through Walls (LSW)

[Ehret et al. 10; Ballou et al. 15]
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• ALPS I and OSQAR @ CERN give currently best purely laboratory limit on the photon coupling of light ALPs:

• If interpreted in terms of photon conversion into gravitons and vice versa, this limit can be translated into a lower bound
on the Planck mass: 

• Far away from actual value inferred from measurements of the Newton constant:
• ALPS II prospects:

[Ballou et al. 15]

Light Shining through Walls (LSW)

[Ehret et al. 10; Ballou et al. 15]
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• LSW experiments (ALPS, OSQAR) and helioscopes (CAST, (Baby)IAXO are sensitive to any stochastic GW 
background due to graviton photon conversion:  

Upper limits on stochastic GW background from LSW experiments and helioscopes

[Ejlli et al 2019]
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Gravitational Wave Searches with ALPS & Co 
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• Bounds on the axion photon coupling obtained by ALPS, OSQAR, CAST can be translated into bounds on 
the characteristic amplitude of the stochastic GW background: 

Upper limits on stochastic GW background from LSW experiments and helioscopes

[Ejlli et al 2019]
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Gravitational Wave Searches with ALPS & Co 
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• Projected bounds from LSW experiments and helioscopes:

Upper limits on stochastic GW background from LSW experiments and helioscopes

[Ejlli et al 2019]
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• Currently, a community is forming which seriously considers the search for high-frequency gravitational 
waves: 
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GW Detection Opportunities beyond ALPS & Co? 
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• Techniques developed for axion detection may well be suited for GW detection at high frequencies:

[AR, Tamarit in progress]


