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Experimental Axion Search Methods  

| Experimental Hunt for Axions | Andreas Ringwald, DARKWIN, Natal, Brazil, 2-13 September 2019

• Light-shining-through-a-wall (LSW) Searches

• Searches for Solar Axions

• Searches for Dark Matter Axions

• Searches for Axion-Mediated Forces
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Light-Shining-through-a-Wall Searches 

| Experimental Hunt for Axions | Andreas Ringwald, DARKWIN, Natal, Brazil, 2-13 September 2019

• Axion experiences mixing with photon in an external electromagnetic field

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

• For very light axion:

• Light-shining-through a wall: 

[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 

| Experimental Hunt for Axions | Andreas Ringwald, DARKWIN, Natal, Brazil, 2-13 September 2019

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

| Experimental Hunt for Axions | Andreas Ringwald, DARKWIN, Natal, Brazil, 2-13 September 2019

• ALPS I @ DESY (in collaboration with AEI Hannover and U Hamburg)

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

[Ehret et al. 10]

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

| Experimental Hunt for Axions | Andreas Ringwald, DARKWIN, Natal, Brazil, 2-13 September 2019

• ALPS I @ DESY (in collaboration with AEI Hannover and U Hamburg)

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

[Ehret et al. 10]
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Light-Shining-through-a-Wall Searches 

| Experimental Hunt for Axions | Andreas Ringwald, DARKWIN, Natal, Brazil, 2-13 September 2019

• 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

| Experimental Hunt for Axions | Andreas Ringwald, DARKWIN, Natal, Brazil, 2-13 September 2019

ALPS II at DESY

• HERA tunnel on about 300 m cleared

• 22 magnets straightened and tested 
(no failure)

• Construction will be finished end of 2020

• Data taking 2021 and 2022
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Light-Shining-through-a-Wall Searches 

| Experimental Hunt for Axions | Andreas Ringwald, DARKWIN, Natal, Brazil, 2-13 September 2019

• ALPS II will probe previously uncharted territory, in particular part of parameter space relevant for dark matter 
and astro hints (excessive energy losses of Horizontal Branch stars in globular clusters)

ALPS II
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Intermezzo

| Experimental Hunt for Axions | Andreas Ringwald, DARKWIN, Natal, Brazil, 2-13 September 2019

Stellar hints for axions and ALPs
• Practically every stellar systems seems to be cooling a bit faster than predicted by models based on SM:

[Giannotti, Irastorza, Redondo, AR (2015);  Giannotti, Irastorza, Redondo, AR (in preparation)]
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Intermezzo

| Experimental Hunt for Axions | Andreas Ringwald, DARKWIN, Natal, Brazil, 2-13 September 2019

Stellar hints for axions and ALPs
• Excessive energy losses of stars in various stages of their evolution may be explained by axion production
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[Giannotti et al.  17]
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Searches for Solar Axions

| Experimental Hunt for Axions | Andreas Ringwald, DARKWIN, Natal, Brazil, 2-13 September 2019

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

[adapted from Irastorza `16]
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[Giannotti `16]

<latexit sha1_base64="hmIWMFTA+JauWkfn4nPs9xfAlII=">AAACD3icbVBNS8NAEN3Ur1q/oh69LBbFg5ZEBL0IRQ96rGA/oKllst22S3eTsLsRSsg/8OJf8eJBEa9evflv3LQ5aPXBwOO9GWbm+RFnSjvOl1WYm19YXCoul1ZW19Y37M2thgpjSWidhDyULR8U5Sygdc00p61IUhA+p01/dJn5zXsqFQuDWz2OaEfAIGB9RkAbqWvvD7oJeAMQAlJ8jl3nLjlyndQ7TDwp8BVtpJmQdu2yU3EmwH+Jm5MyylHr2p9eLySxoIEmHJRqu06kOwlIzQinacmLFY2AjGBA24YGIKjqJJN/UrxnlB7uh9JUoPFE/TmRgFBqLHzTKUAP1ayXif957Vj3zzoJC6JY04BMF/VjjnWIs3Bwj0lKNB8bAkQycysmQ5BAtImwZEJwZ1/+SxrHFdepuDcn5epFHkcR7aBddIBcdIqq6BrVUB0R9ICe0At6tR6tZ+vNep+2Fqx8Zhv9gvXxDWP+mvg=</latexit>

[Adriamonje et al. `07]
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Searches for Solar Axions

| Experimental Hunt for Axions | Andreas Ringwald, DARKWIN, Natal, Brazil, 2-13 September 2019

• If axion/ALP couples to electron, even higher flux of solar axion/ALPs produced by atomic recombination

and deexcitation (FB+BB),  Bremsstrahlung (FF) and Compton 

[Giannotti `16]
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Searches for Solar Axions

| Experimental Hunt for Axions | Andreas Ringwald, DARKWIN, Natal, Brazil, 2-13 September 2019

• Helioscope concept: solar axion/ALP to photon conversion

in magnetic field

[adapted from Irastorza `16]
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Searches for Solar Axions

| Experimental Hunt for Axions | Andreas Ringwald, DARKWIN, Natal, Brazil, 2-13 September 2019

• 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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Searches for Solar Axions

| Experimental Hunt for Axions | Andreas Ringwald, DARKWIN, Natal, Brazil, 2-13 September 2019

• 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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Searches for Solar Axions

| Experimental Hunt for Axions | Andreas Ringwald, DARKWIN, Natal, Brazil, 2-13 September 2019

• 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

• Funded mainly via

• Preferred site: HERA South Hall at DESY

• Construction may start in 2020

• Data taking may start in 2024

Irastorza: ERC-AvG 2017 IAXO+
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Searches for Solar Axions

| Experimental Hunt for Axions | Andreas Ringwald, DARKWIN, Natal, Brazil, 2-13 September 2019

• (Baby)IAXO probes meV mass QCD axion and covers most of parameter space relevant for astro hints
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Searches for Solar Axions

| Experimental Hunt for Axions | Andreas Ringwald, DARKWIN, Natal, Brazil, 2-13 September 2019

• (Baby)IAXO also sensitive to electron coupling hinted at by stellar energy losses

[Armengaud et al. 19]
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Searches for Dark Matter Axions

| Experimental Hunt for Axions | Andreas Ringwald, DARKWIN, Natal, Brazil, 2-13 September 2019

Microwave cavities

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

• Best sensitivity: mass = resonance frequency

Pout ⇠ g2 | B0 |2 ⇢DMV Q/ma

[Sikivie 83]
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Searches for Dark Matter Axions

| Experimental Hunt for Axions | Andreas Ringwald, DARKWIN, Natal, Brazil, 2-13 September 2019

Microwave cavities

• Currently running:

• ADMX

• HAYSTAC

• ORGAN

• CAST-CAPP

• RADES

[AR,Rybka,Rosenberg in update draft PDG RPP 2019]
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Searches for Dark Matter Axions

| Experimental Hunt for Axions | Andreas Ringwald, DARKWIN, Natal, Brazil, 2-13 September 2019

Microwave cavities

• Currently running:

• ADMX

• HAYSTAC

• ORGAN

• CAST-CAPP

• RADES

• Currently in construction:

• CULTASK 

• Proposed:

• KLASH

• ACTION 

• IAXO-DM

[Irastorza,Redondo 18]
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Searches for Dark Matter Axions

| Experimental Hunt for Axions | Andreas Ringwald, DARKWIN, Natal, Brazil, 2-13 September 2019

Dish antennas

• Oscillating axion/ALP 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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Searches for Dark Matter Axions

| Experimental Hunt for Axions | Andreas Ringwald, DARKWIN, Natal, Brazil, 2-13 September 2019

Dish antennas

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

• A magnetised mirror in axion/ALP DM background radiates photons

• Proposed axion/ALP DM dish antenna experiment: BRASS (U Hamburg)        

[Horns,Jaeckel,Lindner,Lobanov,Redondo,AR 13]   

[Horns et al.  (unpublished)]

• Permanently magnetized surface for
axion/ALP photon conversion
(Halbach array) 

• Dish antenna for photon signal
concentration

• Broadband acquisition (16 GHz 
bandwidth, 107 channels)        
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Searches for Dark Matter Axions

| Experimental Hunt for Axions | Andreas Ringwald, DARKWIN, Natal, Brazil, 2-13 September 2019

Dish antennas

• BRASS-6 in construction, data taking starting 2020 

[Le Hoang Nguyen, Patras Workshop 2019]
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Searches for Dark Matter Axions

| Experimental Hunt for Axions | Andreas Ringwald, DARKWIN, Natal, Brazil, 2-13 September 2019

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]   
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Searches for Dark Matter Axions

| Experimental Hunt for Axions | Andreas Ringwald, DARKWIN, Natal, Brazil, 2-13 September 2019

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]   

[Garutti, Patras Workshop 19]   
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Searches for Dark Matter Axions

| Experimental Hunt for Axions | Andreas Ringwald, DARKWIN, Natal, Brazil, 2-13 September 2019

Dish antennas

• Boosted dish antenna: Proposed MADMAX experiment [Caldwell et al.  `16 ]   

[The MADMAX collaboration: Brun et al. 1901.07401]   
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Searches for Dark Matter Axions

| Experimental Hunt for Axions | Andreas Ringwald, DARKWIN, Natal, Brazil, 2-13 September 2019

Dish antennas

• Boosted dish antenna: Proposed MADMAX experiment [Caldwell et al.  `16 ]   2017 -2019
Design 

2020 -2025
Prototype 

2025 -2035
Experiment 

The European Physical Journal

EPJ C
Recognized by European Physical Society

Particles and Fields

The European Physical Journal C
volume 79 · number 3 · march · 2019

volume 79 · number 3 · march · 2019           

123

179   H. Chakrabarty, A. Abdujabbarov and C. Bambi
Scalar perturbations and quasi-normal modes 
of a nonlinear magnetic-charged black hole 
surrounded by quintessence
Regular Article - Theoretical Physics

180   M. Azarkin et al.
Studying minijets and MPI with rapidity 
correlations
Regular Article - Theoretical Physics

181   R. Islam, M. Kumar and V. Rawoot
KT -factorization approach to the Higgs boson 
production in ZZ* → 4ℓ channel at the LHC
Regular Article - Theoretical Physics

182   B.-L. Du  et al.
Extending the predictive power of perturbative 
QCD
Regular Article - Theoretical Physics

183   G. Bruno  et al.
On the critical energy required for homogeneous 
nucleation in bubble chambers employed in dark 
matter searches
Regular Article - Experimental Physics

184   Z.-G. Wang
Strong decays of the Y(4660) as a vector 
tetraquark state in solid quark-hadron duality
Regular Article - Theoretical Physics

185   S. Boran, S. Desai and E.O. Kahya
Constraints on diff erential Shapiro delay between 
neutrinos and photons from IceCube-170922A
Regular Article - Theoretical Physics

186   P. Brun et al.
MADMAX Collaboration
A new experimental approach to probe QCD axion 
dark matter in the mass range above 40 µ eV
Regular Article - Experimental Physics

187   E. Benedetto et al.
On the general relativistic framework of the 
Sagnac eff ect
Letter

188   L. Fabbri
Polar solutions with tensorial connection of the 
spinor equation
Regular Article - Theoretical Physics

189   J. Bergner and M. Schulze
The top quark charge asymmetry in tt–g 
production at the LHC
Regular Article - Theoretical Physics

190   R. Del Grande et al.
K− multi-nucleon absorption cross sections and 
branching ratios in "p and  #0p fi nal states
Regular Article - Experimental Physics

191   V. Malvimat et al.
Holographic entanglement negativity for disjoint 
intervals in AdS3/C F T2

Regular Article - Theoretical Physics

192   E. Gotsman, E. Levin and I. Potashnikova
A new parton model for the soft interactions 
at high energies
Regular Article - Theoretical Physics

193   P. Goodarzi and H.M. Sadjadi
Reheating in a modifi ed teleparallel model of 
infl ation
Regular Article - Theoretical Physics

194   Y. Ling, Y. Liu and C.-Y. Zhang
Holographic subregion complexity 
in Einstein-Born-Infeld theory
Regular Article - Theoretical Physics

(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.

The European Physical Journal C
  volum

e 79 ∙ num
ber 3 ∙ m

arch ∙ 2019          

Scaling:  Area       1/10    (of final experiment) 
# discs     1/4 
B [T]         1/5

@CERN @DESY
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Searches for Dark Matter Axions

| Experimental Hunt for Axions | Andreas Ringwald, DARKWIN, Natal, Brazil, 2-13 September 2019

Searching for axion-induced magnetic fields

• ABRACADABRA (MIT) currently being set-up

• Exploit toroidal magnet with fixed magnetic field:

• Axion DM generates oscillating effective current
around ring

• ... this generates oscillating magnetic field through
center

• ... this can be detected by pickup loop

• DM-Radio (Stanford): similar experiment in path-

finder status [Silva-Feaver et al. 16]

[Irastorza,Redondo 18]

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

[Ouellet `16; adapted from Kahn,Safdi,Thaler `16]
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Searches for Dark Matter Axions

| Experimental Hunt for Axions | Andreas Ringwald, DARKWIN, Natal, Brazil, 2-13 September 2019

Searching for axion-induced magnetic fields

• ABRACADABRA (MIT) currently being set-up

• Exploit toroidal magnet with fixed magnetic field:

• Axion DM generates oscillating effective current
around ring

• ... this generates oscillating magnetic field through
center

• ... this can be detected by pickup loop

• DM-Radio (Stanford): similar experiment in path-

finder status [Silva-Feaver et al. 16]

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

ABRACADABRA-10 cm Run 1:
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Searches for Dark Matter Axions

| Experimental Hunt for Axions | Andreas Ringwald, DARKWIN, Natal, Brazil, 2-13 September 2019

Searching for axion-induced magnetic fields

• ABRACADABRA (MIT) currently being set-up

• Exploit toroidal magnet with fixed magnetic field:

• Axion DM generates oscillating effective current
around ring

• ... this generates oscillating magnetic field through
center

• ... this can be detected by pickup loop

• DM-Radio (Stanford): similar experiment in path-

finder status

• Probe QCD axion dark matter in mass range pre-

dicted by Grand Unified Theories (GUTs)  
[Ernst,AR,Tamarit 18; Di Luzio,AR,Tamarit 18]

[Silva-Feaver et al. 16]

[Sikivie,Sullivan,Tanner 14; Kahn,Safdi,Thaler `16]
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[Di Luzio, AR, Tamarit, arXiv:1807.09769]
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Searches for Dark Matter Axions

| Experimental Hunt for Axions | Andreas Ringwald, DARKWIN, Natal, Brazil, 2-13 September 2019

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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<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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Searches for Dark Matter Axions

| Experimental Hunt for Axions | Andreas Ringwald, DARKWIN, Natal, Brazil, 2-13 September 2019

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 

• Probe QCD axion dark matter in mass range pre-
dicted 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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Searches for Dark Matter Axions

| Experimental Hunt for Axions | Andreas Ringwald, DARKWIN, Natal, Brazil, 2-13 September 2019

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 

• Probe QCD axion dark matter in mass range pre-
dicted by GUTs

• CASPEr-Wind (Mainz) and QUAX (Legnaro) 
search for spin precession about axion wind

<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>

[Budker et al. 14]

CASPEr-Wind

protons
neutrons minimal SU(5) x  U(1)PQ

spin noise LHC SK
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[Di Luzio,AR,Tamarit 18]
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Searches for Axion Mediated Forces

| Experimental Hunt for Axions | Andreas Ringwald, DARKWIN, Natal, Brazil, 2-13 September 2019

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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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, 
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[Giannotti,Irastorza,Redondo,AR,Saikawa 17]
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• Boom in axion/ALP searches!

• Large parts in axion/ALP 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 (IAXO, ...)

• Axion Dark Matter searches (ABRACADABRA, BRASS, ADMX, CASPEr, CULTASK, HAYSTAC, MADMAX, ORGAN, 
QUAX, ...)

• Searches for axion-mediated forces (ARIADNE, ...)
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| Experimental Hunt for Axions | Andreas Ringwald, DARKWIN, Natal, Brazil, 2-13 September 2019

• Boom in axion/ALP searches!

• Large parts in axion/ALP 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 (IAXO, ...)

• Axion Dark Matter searches (ABRACADABRA, BRASS, ADMX, CASPEr, CULTASK, HAYSTAC, MADMAX, ORGAN, 
QUAX, ...)

• Searches for axion-mediated forces (ARIADNE, ...)

• If 100 % of DM consists of QCD axions, one of the ADM searches will see a signal in the upcoming decade! 

STAY TUNED!
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Indirect Detection of Axion Dark Matter
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Telescope searches 

• In presence of axion DM, monochromatic radio
signals are emitted from neutron stars (NSs) due 
to axion-photon conversion within high magnetic
field regions in NS magnetosphere

• Forthcoming radiotelescopes such as SKA can
search for those

• In dwarf spheroidal magnetic fields expected to
be small enough that monochromatic radio line
due to axion DM decay dominates over signal
due to axion-photon conversion in magnetic field

• SKA sensitivity not enough to probe QCD axion DM, 
but sufficient for ALP DM  

[Huang et al. `18; Hook et al. `18]
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Telescope searches 

• In presence of axion DM, monochromatic radio
signals are emitted from neutron stars (NSs) due 
to axion-photon conversion within high magnetic
field regions in NS magnetosphere

• Forthcoming radiotelescopes such as SKA can
search for those

• In dwarf spheroidal magnetic fields expected to
be small enough that monochromatic radio line
due to axion DM decay dominates over signal
due to axion-photon conversion in magnetic field

• SKA sensitivity not enough to probe QCD axion DM, 
but sufficient for ALP DM  

[Huang et al. `18; Hook et al. `18]

[Caputo et al. `18]

[Caputo et al. `18]
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Searches for FCNC Interactions
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• Introduce right-handed singlet neutrinos       and 
complex scalar field      with flavor-dependent spon-
taneously broken global chiral               Froggatt-
Nielsen (FN)  symmetry

• Explains SM fermionic mass hierarchies and mixings 
by FN mechanism

• Explains neutrino masses and mixing by seesaw

• FN symmetry is at the same time a PQ symmetry

• Nambu-Goldstone boson of FN breaking solves also 
strong CP problem (“axion”): “flaxion” or “axiflavon” 

• Flaxion has flavor changing neutral current (FCNC)  
interactions

• Currently best bound from    

Minimal flavored SMASH 
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• Flaxion properties:

• Decay constant: 

• Typically large domain wall number 

• Viable example:

• Coupling to photon:

• For example above:

• NA62: reach in decay constant increased by order of 
magnitude!

<latexit sha1_base64="G34lrVm+orCjHMWn2hwIOkfGzR8="></latexit>

<latexit sha1_base64="mO1XBIdEmy66qMil+sEroPNLzJ4="></latexit>

<latexit sha1_base64="WLBc3PrfaGEQ6ZSR1i5/V6rsggw="></latexit>

<latexit sha1_base64="QnYg3zccWmgjVvarqhyUezieRdA=">AAACC3icbVDLSsNAFJ34rPUVdelmaBFclaSIulEKunAlVewDmhAm02k7dB5hZqKU0L0bf8WNC0Xc+gPu/BuTNgttPXDhcM693HtPGDGqjeN8WwuLS8srq4W14vrG5ta2vbPb1DJWmDSwZFK1Q6QJo4I0DDWMtCNFEA8ZaYXDi8xv3ROlqRR3ZhQRn6O+oD2KkUmlwC55t7Q/MEgp+QCvg8RTHF62xvAMVo+LUwR22ak4E8B54uakDHLUA/vL60occyIMZkjrjutExk+QMhQzMi56sSYRwkPUJ52UCsSJ9pPJL2N4kCpd2JMqLWHgRP09kSCu9YiHaSdHZqBnvUz8z+vEpnfqJ1REsSECTxf1YgaNhFkwsEsVwYaNUoKwoumtEA+QQtik8WUhuLMvz5NmteI6FffmqFw7z+MogH1QAofABSegBq5AHTQABo/gGbyCN+vJerHerY9p64KVz+yBP7A+fwB6lJdm</latexit>

<latexit sha1_base64="KtpWbIDcHOY19oYAJLLvzIXd0kI="></latexit>

<latexit sha1_base64="uySuBYHSJOQjXoak/0wixsArvn0="></latexit>

<latexit sha1_base64="XIUrTUDE6figicz2IkxASm4joJk=">AAACF3icbVDLSgMxFM3UV1tfVZdugkVw4zhphdqFUunGZQX7gHYYMmnahiaZMckIZehfuPFX3LhQxK3u/Bunj4W2HrhwOOde7r3HDznTxnG+rdTK6tr6RjqT3dza3tnN7e03dBApQusk4IFq+VhTziStG2Y4bYWKYuFz2vSH1YnffKBKs0DemVFIXYH7kvUYwSaRvJydqXrxdaePhcBjCC8hQsWzYvkU2eUC7Ggm6D107HIpO4OXyzu2MwVcJmhO8mCOmpf76nQDEgkqDeFY6zZyQuPGWBlGOB1nO5GmISZD3KfthEosqHbj6V9jeJwoXdgLVFLSwKn6eyLGQuuR8JNOgc1AL3oT8T+vHZnehRszGUaGSjJb1Is4NAGchAS7TFFi+CghmCiW3ArJACtMTBLlJAS0+PIyaRRs5Njo9jxfuZrHkQaH4AicAARKoAJuQA3UAQGP4Bm8gjfryXqx3q2PWWvKms8cgD+wPn8Atx+ZSQ==</latexit>

<latexit sha1_base64="mwoqFx2sPd+9FOftk7T8oBzOZcw="></latexit>

[Ema et al., 1612.05492;1802.07739; Calibbi et al., 1612.08040]

<latexit sha1_base64="35mdf7XARC2CBsJCcv5WSI+Cwbw="></latexit>


