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Interactions with the Standard Model (SM)
• Pseudo Nambu-Goldstone bosons from spontaneous breaking of global U(1) symmetry at scale 
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Interactions with the Standard Model (SM)
• Pseudo Nambu-Goldstone bosons from spontaneous breaking of global U(1) symmetry at scale 

• Tiny mass from anomalous or explicit breaking of global symmetry

• Axion: breaking of U(1)PQ symmetry by axial anomaly
• ALP: lower limit from breaking of U(1) symmetry by effects from quantum gravity
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Interactions with the Standard Model (SM)
• Pseudo Nambu-Goldstone bosons from spontaneous breaking of global U(1) symmetry at scale 

• Tiny mass from anomalous or explicit breaking of global symmetry

• Axion: breaking of U(1)PQ symmetry by axial anomaly
• ALP: lower limit from breaking of U(1) symmetry by effects from quantum gravity

• Tiny couplings to SM since they are suppressed by inverse power of symmetry breaking scale     :   



Page 5

Axions and ALPs

| Laboratory Searches of Axions and ALPs | Shoot for the Stars, Aim for the Axions, 5th YOUNGST@RS Virtual Workshop, Mainz Institute for Theoretical Physics, Oct 4 - 7, 2022 

Interactions with the Standard Model (SM)
• Pseudo Nambu-Goldstone bosons from spontaneous breaking of global U(1) symmetry at scale 

• Tiny mass from anomalous or explicit breaking of global symmetry

• Axion: breaking of U(1)PQ symmetry by axial anomaly
• ALP: lower limit from breaking of U(1) symmetry by effects from quantum gravity

• Tiny couplings to SM since they are suppressed by inverse power of symmetry breaking scale     :   

• Size of Wilson coefficients in benchmark axion models:  
• Photon coupling:
• Nucleon couplings:
• EDM coupling: 

[Kaplan 85;Srednicki `85; Grilli di Cortona et al. `16]

[Pospelov,Ritz `00]

[Grilli di Cortona et al. `16]
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• Axion experiences mixing with photon in an external magnetic field

Searching for Home-Made Axions
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• 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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• Axion experiences mixing with photon in an external magnetic field

• Light-shining-through a wall: 

• Probability, that photon (                ) converts 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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• Axion experiences mixing with photon in an external magnetic field

• Light-shining-through a wall: 

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

• Best sensitivity for :

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

<latexit sha1_base64="IRCZElD/jBfpSWC8tWuMMoa5CGM="></latexit>
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• Proposal to recycle HERA dipoles for a light shining through a wall experiment: [AR 03]

Searching for Home-Made Axions
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Light-Shining-through-a-Wall Searches 
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• Letter of Intent for ALPS experiment: [Ehret et al.. 07]

Searching for Home-Made Axions
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• ALPS I @ DESY (in collaboration with AEI Hannover and U Hamburg) [AR 03;....;Ehret et al. 10]
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• ALPS I and OSQAR @ CERN give currently the best purely laboratory limit on low mass ALPs:

[Ballou et al. 15]
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• 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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• 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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• 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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• 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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• 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]



Page 19

Light-Shining-through-a-Wall Searches 
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• 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 and tested

• Cleanrooms at end stations and center are operational
• Commissioning of the optical system almost finished

• First science run in early 2023
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• ALPS II designed to beat astrophysical constraints and check astrophysical hints of axions:

[Irastorza, Redondo `18]
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Impact of ALPS II for society has already started: 

• Rumours that success of soccer team HSV (“Hamburger 
Sportverein”) depends on scientific activities in the HERA
tunnel which is located beneath its stadium (“Volkspark 
Stadion”)

[Bild Hamburg, 5 Oct 2022]
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• Flux of solar axions/ALPs produced by two photon process in core:

[adapted from Irastorza `16]
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[Adriamonje et al. `07]
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• Helioscope concept: solar axion/ALP to photon conversion
in magnetic field

[adapted from Irastorza `16]
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• 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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• 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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• 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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• 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

• Funded by CERN, DESY and

• Preparations have already started in 2020

• Start of data taking envisaged for 2026 

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

[Irastorza, Redondo, 18]
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• (Most of) Parameter range accessible by ALPS II (BabyIAXO) seems far away from expectation for axion

• In case of discovery by those experiments, it can still be the axion in models with

• increased values of , for fixed value of
• smaller values of , for fixed values of

[Di Luzio, Gavela, Quilez, AR 2102.00012]

[Di Luzio et al. 16, Farina et al. 16, Agrawal et al. 17, Sokolov,AR 21]

[Hook 18, Di Luzio et al. 21]
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Axion or ALP? 
• (Most of) Parameter range accessible by ALPS II (BabyIAXO) seems far away from expectation for axion

• In case of discovery by those experiments, it can still be the axion in models with

• increased values of , for fixed value of
• smaller values of , for fixed values of
KSVZ variant where exotic quark carries also magnetic charge:

[Di Luzio et al. 16, Farina et al. 16, Agrawal et al. 17, Sokolov,AR 21]

[Hook 18, Di Luzio et al. 21]
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[Sokolov,AR 2104.0257]
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Axion or ALP? 
• (Most of) Parameter range accessible by ALPS II (BabyIAXO) seems far away from expectation for axion

• In case of discovery by those experiments, it can still be the axion in models with

• increased values of , for fixed value of
• smaller values of , for fixed values of
KSVZ variant where exotic quark carries also magnetic charge:      ZN axion exploiting N copies of the SM: 

[Di Luzio et al. 16, Farina et al. 16, Agrawal et al. 17, Sokolov,AR 21]

[Hook 18, Di Luzio et al. 21]

| Laboratory Searches of Axions and ALPs | Shoot for the Stars, Aim for the Axions, 5th YOUNGST@RS Virtual Workshop, Mainz Institute for Theoretical Physics, Oct 4 - 7, 2022 

[Di Luzio et al., 2102.00012]

[Sokolov,AR 2104.0257]
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Microwave Cavities

• Axion DM – photon conversion in microwave cavity placed in magnetic field

• Best sensitivity: mass = resonance frequency

• Power output:                                                                  

[Sikivie 83]
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Microwave Cavities

[https://github.com/cajohare/AxionLimits/blob/master/plots/AxionPhoton_Rescaled.pdf]
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Dish Antennas

• Oscillating axion DM in a background magnetic field carries a small electric field component

• A magnetised mirror in axion/ALP DM background radiates photons [Horns,Jaeckel,Lindner,Lobanov,Redondo,AR 13]   

<latexit sha1_base64="BUPOBJHnm0o92l/XpyZxfX/PAAg="></latexit>
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Axion Dark Matter Detection
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Dish Antennas

• Boosted dish antenna: Open dielectric resonator

• Add stack of dielectric disks with spacing in front of mirror (all immersed in magnetic field)

• Constructive interference of photon part of wave function
[Jaeckel,Redondo 13]   

[Millar,Raffelt,Redondo,Steffen 16]   

[Baryakhtar,Huang,Lasenby18]   

[Caldwell et al.  `16]   
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Dish Antennas

• Boosted dish antenna: MADMAX [Caldwell et al.  `16; Bruns et al. 19]   
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Dish Antennas

• Boosted dish antenna: MADMAX [Caldwell et al.  `16; Bruns et al. 19]   
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(Continuation on the reverse page)
Projection of sensitivities for DM axions and ALPs on the axion–photon coupling gagg as a function of the axion mass. The lines 

denoted by DFSZ and KSVZ show representative gagg values associated with the corresponding two most popular classes of 
QCD axion models. The MADMAX projected sensitivities are compared to existing limits from ADMX [15, 16], other haloscope 

experiments [13], from HAYSTAC [18] and ORGAN [17]. Also the IAXO [72] sensitivity for solar axions and ALPs is indicated.
From MADMAX Collaboration: A new experimental approach to probe QCD axion dark matter in the mass range above 40μeV.
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Dish antennas

[https://github.com/cajohare/AxionLimits/blob/master/plots/AxionPhoton_Rescaled.pdf]
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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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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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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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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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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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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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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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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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Searches employing lumped elements

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

| Laboratory Searches of Axions and ALPs | Shoot for the Stars, Aim for the Axions, 5th YOUNGST@RS Virtual Workshop, Mainz Institute for Theoretical Physics, Oct 4 - 7, 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
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Axion Dark Matter Detection

| Laboratory Searches of Axions and ALPs | Shoot for the Stars, Aim for the Axions, 5th YOUNGST@RS Virtual Workshop, Mainz Institute for Theoretical Physics, Oct 4 - 7, 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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Conclusions

| Laboratory Searches of Axions and ALPs | Shoot for the Stars, Aim for the Axions, 5th YOUNGST@RS Virtual Workshop, Mainz Institute for Theoretical Physics, Oct 4 - 7, 2022 

• Boom in axion searches!

• Large parts in axion parameter space will be tackled in the upcoming decade by a number of terrestrial
experiments: 

• Light-shining-through-a-wall experiments (ALPS II, ...)
• Solar axion searches ((Baby)IAXO, ...)
• Axion dark matter searches (ADMX, BRASS, CAPP, CASPEr, DM RADIO, HAYSTAC, MADMAX, ORGAN, QUAX, ...) 
• Searches for axion-mediated forces (ARIADNE, ...)

• If 100 % of DM consists of QCD axions, one of the dark matter axion experiments likely to see a signal in the
upcoming decade! 

STAY TUNED!
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Axion Dark Matter Search Based on NEDM Coupling

| QCD Axion Dark Matter in Reach of Nucleon Electric Dipole Moment Experiments?  | Andreas Ringwald, Online Colloquium, CAPP, Daejon, South Korea, 25 May 2022 

Storage ring EDM method
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Axion Dark Matter Search Based on NEDM Coupling

| QCD Axion Dark Matter in Reach of Nucleon Electric Dipole Moment Experiments?  | Andreas Ringwald, Online Colloquium, CAPP, Daejon, South Korea, 25 May 2022 

Storage ring EDM method

JEDY at COSY

First demonstrator experiment at COSY
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Axion Dark Matter Search Based on NEDM Coupling

| QCD Axion Dark Matter in Reach of Nucleon Electric Dipole Moment Experiments?  | Andreas Ringwald, Online Colloquium, CAPP, Daejon, South Korea, 25 May 2022 

Storage ring EDM method
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Axion Dark Matter Search Based on NEDM Coupling

| QCD Axion Dark Matter in Reach of Nucleon Electric Dipole Moment Experiments?  | Andreas Ringwald, Online Colloquium, CAPP, Daejon, South Korea, 25 May 2022 

Storage ring EDM method

ALP with nEDM coupling in projected reach of storage ring 
EDM method is much lighter than a canonical QCD axion 
with the same nEDM coupling strength

[Alexander et al., arXiv:2205.00830 [hep-ph]]
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Searches for Axion Mediated Forces

| Laboratory Searches of Axions and ALPs | Shoot for the Stars, Aim for the Axions, 5th YOUNGST@RS Virtual Workshop, Mainz Institute for Theoretical Physics, Oct 4 - 7, 2022 

Magnetic Resonance Searches 

• Experiments searching for axion mediated forces
particularly effective in meV mass range

• Monopole-dipole interaction between nucleon
and fermion: 

• Proposed ARIADNE experiment searches for for-
ces between a rotating cylinder, made of unpola-
rized material, and a vessel containing hyper-
polarized 3He gas

• Since 3He magnetic moment dominated by neutron
contribution: sensitive to monopole-dipole  interac-
tion between nucleus and neutrons, [Arvanitaki, Geraci 14]
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Searches for Axion Mediated Forces

| Laboratory Searches of Axions and ALPs | Shoot for the Stars, Aim for the Axions, 5th YOUNGST@RS Virtual Workshop, Mainz Institute for Theoretical Physics, Oct 4 - 7, 2022 

Magnetic Resonance Searches 

• Experiments searching for axion mediated forces
particularly effective in meV mass range

• Monopole-dipole interaction between nucleon
and fermion: 

• Proposed ARIADNE experiment searches for for-
ces between a rotating cylinder, made of unpola-
rized material, and a vessel containing hyper-
polarized 3He gas

• Since 3He magnetic moment dominated by neutron
contribution: sensitive to monopole-dipole  interac-
tion between nucleus and neutrons, [Arvanitaki, Geraci 14]
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Axion Dark Matter

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

Wavy dark matter 

• ‘‘Invisible axion’’ (                                              )

• Natural DM candidate

• stable on cosmologically time scales
• automatically produced in early universe by misalignment mechanism

• Belongs to the generic class of Ultralight Dark Matter candidates

[US Cosmic Visions: New Ideas in Dark Matter 2017]   

[Preskill,Wise,Wilczek 83; Abbott,Sikivie 83; Dine,Fischler 83,....]

[Kim 79;Shifman,Vainshtein,Zakharov 80;Zhitnitsky 80;Dine,Fischler,Srednicki 81;...]
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Axion Dark Matter

| Theory of Ultralight Dark Sectors | Andreas Ringwald, Dark Matter from Theory to Detection,  Online ISAPP School, 14 & 15 July 2021

Wavy dark matter 

• De Broglie wave length of dark matter in our neighborhood in Milky Way: 

• For , large occupation number per de Broglie volume in our neighborhood in Milky Way:

• Invisible axion dark matter (                                          ) best described by classical waves.

• Therefore also known as

Coherent-Field Dark Matter or Wave Dark Matter

• For , de Broglie wave length exceeds size of dwarf galaxies. Therefore,  

Axion Dark Matter Candidates must have a mass


