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Axion-like particles (ALPs)

pseudo Goldstone Bosons
- Global symmetry spontaneously broken 

- massless Goldstone Boson @ Low Energy 
shift symmetry ✓(x) ! ✓(x) + ↵

- small symmetry breaking               small mass

stringy axions
- Im parts of moduli fields (control sizes) 

- O(100) candidates in compactification 

- “decay constant” ,  string scale 

- masses from non-perturbative effects 

- HE decay constant,  Ms
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electron couplingphoton coupling

Low-energy effective action
- Shift symmetry allows some generic types of interactions

- SS breaking terms induce mass + new interactions (one example ... 
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CP Neutron electric dipolenucleon coupling
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4 hints

Strong CP problem /  PQ solution

Trostski 2017
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4 hints

Strong CP problem /  PQ solution
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cold DM in oscillations [cosmology dependent]

-ray transparency / photon regeneration�

Too many gamma-rays from far away sources?

low estimate of opacity vs ALP-mediated regeneration 

Trostski 2017

potential min.
hAi/fA = �✓SM

✓SM

Dark matter / vacuum realignment 

pick up a vacuum when quasi-degenerate ups! not the lowest ... oscillate!

Anomalous Star cooling / ALP emission

Theory fits better some observations with ALPs

ALP bremstrahlung

e

Giannotti 2016



Hints and constraints (example)
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birds and stones ...



Direct Detection of ALPs



Natural sources

~ upper limits (predictions vary!) 



Lab experiments 2011

ALPS, DESY

OSQAR, CERN

CAST, CERN

BMV, Toulouse

ADMX, Wash. U

ADMX-HF, Yale

PVLAS, Legnaro

GammeV, Fermilab



Lab experiments 2017

OSQAR, CERN

IAXO, (?)

ARIADNE, Reno

ADMX, Wash. U

ABRACADABRA, Yale

ADMX,-HF Yale
CASPER, Mainz

ALPS-II, DESY

CAST, CERN

MADMAX, (?)

QUAX
QUAXgsgp

CAPP

ORGAN, UWA,Perth

BMV, Toulouse
PVLAS, Legnaro

ADMX+, Fermilab



the ANY-Light-Particle-Search

Light shining through walls

Resonant regeneration in the receiving cavity (see later)



ALPS IIc reach
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STAX, ALPS III and beyond



Long-range forces

Long-range forces between macroscopic bodies

In some case a tiny s-coupling can lead to a larger effect

p-p forces are spin-spin ... very hard to measure!

s-p forces are number-spin ... much easier

Wilzcek ’84, Geraci 14

ARIADNE, University of Nevada in Reno



ARIADNE reach Arvanitaki, Geraci 14

ARIADNE

ultimate sens.

axion



convert into X-rays focus detect
The Sun is a copious emitter of ALPs!

Helioscopes (search solar ALPs) Sikivie PRL 1983

photon coupling

electron coupling

gae = 10�13

ga� = 10�12

Coherent Conversion along the B-field
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International AXion Observatory

-NGAG paper JCAP 1106:013,2011 
-Conceptual design report IAXO 2014 JINST 9 T05002 
-LOI submitted to CERN, TDR in preparation 

-Possibility of Direct Axion DM experiments (cavities,ABRACA)  

Large toroidal 8-coil magnet L = ~20 m  
8 bores: 600 mm diameter each 
8 x-ray optics + 8 detection systems 
Rotating platform with services 

Transverse B-field (peak 5T, average 2.5T)



IAXO reach
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In mode detail



QCD axions, IAXO and ARIADNE

M. Giannotti et al JCAP10(2017)010 

f_a [GeV]

Example DFSZ axion model, 1-free parameter tanbeta 



- wiggles in the vacuum (particles)
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- Axions in Galaxy are non-relativistic 

Detecting Dark Matter



Axion dark matter in a nutshell
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<latexit sha1_base64="xK+8aPVjfApawzkC8KHkUfAusAk=">AAAB6nicbZC7SgNBFIbPxluMt6ilzWAQrMKujekSsLGMl1wgWcLsZDYZMju7zJwVwpJHsLFQxNaHsPIh7HwbJ5dCE38Y+Pj/c5hzTpBIYdB1v53c2vrG5lZ+u7Czu7d/UDw8apo41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRlfTvPXAtRGxusdxwv2IDpQIBaNorbtuInrFklt2ZyKr4C2gVP38uAWreq/41e3HLI24QiapMR3PTdDPqEbBJJ8UuqnhCWUjOuAdi4pG3PjZbNQJObNOn4Sxtk8hmbm/OzIaGTOOAlsZURya5Wxq/pd1UgwrfiZUkiJXbP5RmEqCMZnuTfpCc4ZybIEyLeyshA2ppgztdQr2CN7yyqvQvCh7btm7cUu1CsyVhxM4hXPw4BJqcA11aACDATzCM7w40nlyXp23eWnOWfQcwx857z8KCI/G</latexit><latexit sha1_base64="JzjTaeFm+yuKhXlT1N2+DNiUSM8=">AAAB6nicbZC7SgNBFIbPeo3xFrUUZDAIVmHXxnQGbCwTNBdIQpidnE2GzM4uM7NCWFJa2lgoYutDpPIh7HwGX8LJpdDEHwY+/v8c5pzjx4Jr47pfzsrq2vrGZmYru72zu7efOzis6ShRDKssEpFq+FSj4BKrhhuBjVghDX2BdX9wPcnr96g0j+SdGcbYDmlP8oAzaqx124p5J5d3C+5UZBm8OeSvPsaV74eTcbmT+2x1I5aEKA0TVOum58amnVJlOBM4yrYSjTFlA9rDpkVJQ9TtdDrqiJxZp0uCSNknDZm6vztSGmo9DH1bGVLT14vZxPwvayYmKLZTLuPEoGSzj4JEEBORyd6kyxUyI4YWKFPczkpYnyrKjL1O1h7BW1x5GWoXBc8teBU3XyrCTBk4hlM4Bw8uoQQ3UIYqMOjBIzzDiyOcJ+fVeZuVrjjzniP4I+f9BxQDkgs=</latexit><latexit sha1_base64="JzjTaeFm+yuKhXlT1N2+DNiUSM8=">AAAB6nicbZC7SgNBFIbPeo3xFrUUZDAIVmHXxnQGbCwTNBdIQpidnE2GzM4uM7NCWFJa2lgoYutDpPIh7HwGX8LJpdDEHwY+/v8c5pzjx4Jr47pfzsrq2vrGZmYru72zu7efOzis6ShRDKssEpFq+FSj4BKrhhuBjVghDX2BdX9wPcnr96g0j+SdGcbYDmlP8oAzaqx124p5J5d3C+5UZBm8OeSvPsaV74eTcbmT+2x1I5aEKA0TVOum58amnVJlOBM4yrYSjTFlA9rDpkVJQ9TtdDrqiJxZp0uCSNknDZm6vztSGmo9DH1bGVLT14vZxPwvayYmKLZTLuPEoGSzj4JEEBORyd6kyxUyI4YWKFPczkpYnyrKjL1O1h7BW1x5GWoXBc8teBU3XyrCTBk4hlM4Bw8uoQQ3UIYqMOjBIzzDiyOcJ+fVeZuVrjjzniP4I+f9BxQDkgs=</latexit><latexit sha1_base64="AjlcWKHB1+A2NAT06C/eQfG2BjI=">AAAB6nicbVA9SwNBEJ3zM8avqKXNYhCswp6NKQM2lhHNByRH2NvsJUv29o7dOSEc+Qk2ForY+ovs/Ddukis08cHA470ZZuaFqZIWKf32Nja3tnd2S3vl/YPDo+PKyWnbJpnhosUTlZhuyKxQUosWSlSimxrB4lCJTji5nfudJ2GsTPQjTlMRxGykZSQ5Qyc99FM5qFRpjS5A1olfkCoUaA4qX/1hwrNYaOSKWdvzaYpBzgxKrsSs3M+sSBmfsJHoOapZLGyQL06dkUunDEmUGFcayUL9PZGz2NppHLrOmOHYrnpz8T+vl2FUD3Kp0wyF5stFUaYIJmT+NxlKIziqqSOMG+luJXzMDOPo0im7EPzVl9dJ+7rm05p/T6uNehFHCc7hAq7AhxtowB00oQUcRvAMr/DmKe/Fe/c+lq0bXjFzBn/gff4AS3uNvw==</latexit>

1: The axion field (A) is the dynamical 
version of the theta angle of QCD 

We observe ✓ ' 0
<latexit sha1_base64="3MfmsEgjGDE1mkMnfbyoGEp9nqU=">AAAB9XicdVC7SkNBEJ3r2/iKWtosBsEq7I2PaGXAxlLFqJBE2buZmMW9D3fnKiHkP2wsFLG1tfIj7Pwb9yYKKnpg4HDODDNzgkQrS5y/e0PDI6Nj4xOTuanpmdm5/PzCsY1TI7EqYx2b00BY1CrCKinSeJoYFGGg8SS43M38k2s0VsXREXUSbITiIlItJQU56axObSRRtyrEK8bP8wVe3C7zjZLPMlLa9MsZ4aW19U3mF3kfhZ3Xl0Nw2D/Pv9WbsUxDjEhqYW3N5wk1usKQkhp7uXpqMRHyUlxgzdFIhGgb3f7VPbbilCZrxcZVRKyvfp/oitDaThi4zlBQ2/72MvEvr5ZSa6vRVVGSEkZysKiVakYxyyJgTWVQku44IqRR7lYm28IISS6onAvh61P2PzkuFX1e9A94obIFA0zAEizDKvhQhgrswT5UQYKBW7iHB+/Gu/MevadB65D3ObMIP+A9fwBUlpSM</latexit><latexit sha1_base64="kl0xPHihGSAdB5/T8DIMn0g/Oac=">AAAB9XicdVDLSgNBEJz1GeMr6lGQwSB4CrPxET0Z8OIxglEhiWF20psMzj6c6VVC8Og/ePGgiFevOfkR3vwGf8LZREFFCxqKqm66u7xYSYOMvTkjo2PjE5OZqez0zOzcfG5h8dhEiRZQFZGK9KnHDSgZQhUlKjiNNfDAU3Dine+n/sklaCOj8Ai7MTQC3g6lLwVHK53VsQPI60YGcEFZM5dnhd0S2yq6NCXFbbeUElbc2NymboENkN976R++36z0K83ca70ViSSAEIXixtRcFmOjxzVKoeA6W08MxFyc8zbULA15AKbRG1x9Tdes0qJ+pG2FSAfq94keD4zpBp7tDDh2zG8vFf/yagn6O42eDOMEIRTDRX6iKEY0jYC2pAaBqmsJF1raW6nocM0F2qCyNoSvT+n/5LhYcFnBPWT58g4ZIkOWySpZJy4pkTI5IBVSJYJockvuyYNz5dw5j87TsHXE+ZxZIj/gPH8AXpGW0Q==</latexit><latexit sha1_base64="kl0xPHihGSAdB5/T8DIMn0g/Oac=">AAAB9XicdVDLSgNBEJz1GeMr6lGQwSB4CrPxET0Z8OIxglEhiWF20psMzj6c6VVC8Og/ePGgiFevOfkR3vwGf8LZREFFCxqKqm66u7xYSYOMvTkjo2PjE5OZqez0zOzcfG5h8dhEiRZQFZGK9KnHDSgZQhUlKjiNNfDAU3Dine+n/sklaCOj8Ai7MTQC3g6lLwVHK53VsQPI60YGcEFZM5dnhd0S2yq6NCXFbbeUElbc2NymboENkN976R++36z0K83ca70ViSSAEIXixtRcFmOjxzVKoeA6W08MxFyc8zbULA15AKbRG1x9Tdes0qJ+pG2FSAfq94keD4zpBp7tDDh2zG8vFf/yagn6O42eDOMEIRTDRX6iKEY0jYC2pAaBqmsJF1raW6nocM0F2qCyNoSvT+n/5LhYcFnBPWT58g4ZIkOWySpZJy4pkTI5IBVSJYJockvuyYNz5dw5j87TsHXE+ZxZIj/gPH8AXpGW0Q==</latexit><latexit sha1_base64="pVaH16nhnBwNHv4ALlLZsTc2MOU=">AAAB9XicdVBNS0JBFJ1nX2ZfVss2QxK0knlWajuhTUuD/AA1mTdedXDeRzP3FSL+jzYtimjbf2nXv2meGlTUgQuHc+7l3nu8SEmDjH04qaXlldW19HpmY3Nreye7u1c3YawF1ESoQt30uAElA6ihRAXNSAP3PQUNb3SR+I070EaGwTWOI+j4fBDIvhQcrXTTxiEgbxvpwy1l3WyO5c9L7Kzg0oQUim4pIaxwclqkbp7NkCMLVLvZ93YvFLEPAQrFjWm5LMLOhGuUQsE0044NRFyM+ABalgbcB9OZzK6e0iOr9Gg/1LYCpDP1+8SE+8aMfc92+hyH5reXiH95rRj75c5EBlGMEIj5on6sKIY0iYD2pAaBamwJF1raW6kYcs0F2qAyNoSvT+n/pF7IuyzvXrFcpbyII00OyCE5Ji4pkQq5JFVSI4Jo8kCeyLNz7zw6L87rvDXlLGb2yQ84b5+WCZKF</latexit>

VQCD(✓)
<latexit sha1_base64="lpkKWzp+rJRzWtP67b7NTM7R3dM=">AAAB/HicbVDJTgJBEK3BDXFDOXLpSEzwQma8yJGIB4+QyJLAZNLTNNChZ0l3jQmZ4K948aAxXv0Qb/6GX2CzHBR8SSUv71Wlqp4fS6HRtr+szNb2zu5edj93cHh0fJI/PWvrKFGMt1gkI9X1qeZShLyFAiXvxorTwJe840/qc7/zwJUWUXiP05i7AR2FYigYRSN5+ULbS/sqIM367azcxzFHeunlS3bFXoBsEmdFSrXi9w0YNLz8Z38QsSTgITJJte45doxuShUKJvks1080jymb0BHvGRrSgGs3XRw/IxdGGZBhpEyFSBbq74mUBlpPA990BhTHet2bi/95vQSHVTcVYZwgD9ly0TCRBCMyT4IMhOIM5dQQypQwtxI2pooyNHnlTAjO+subpH1VceyK0zRpVGGJLBThHMrgwDXU4A4a0AIGU3iCF3i1Hq1n6816X7ZmrNVMAf7A+vgBpcOVjQ==</latexit><latexit sha1_base64="h+gsu+K79mtdKTb8WNB7obhFLKk=">AAAB/HicbVC7TgJBFJ3FBwg+UEqaicQEG7JrIyURC0tI5JGwm83sMAsTZh+ZuWtCNvgF/oONhcbY+iF2/oa1hcOjUPAkNzk5597ce48XC67AND+NzNb2zm42t5cv7B8cHhWPT7oqSiRlHRqJSPY9opjgIesAB8H6sWQk8ATreZPm3O/dMal4FN7CNGZOQEYh9zkloCW3WOq6qS0D3G5ez6o2jBmQc7dYMWvmAniTWCtSaZS/rrKFh++WW/ywhxFNAhYCFUSpgWXG4KREAqeCzfJ2olhM6ISM2EDTkARMOeni+Bk+08oQ+5HUFQJeqL8nUhIoNQ083RkQGKt1by7+5w0S8OtOysM4ARbS5SI/ERgiPE8CD7lkFMRUE0Il17diOiaSUNB55XUI1vrLm6R7UbPMmtXWadTREjlURqeoiix0iRroBrVQB1E0RY/oGb0Y98aT8Wq8LVszxmqmhP7AeP8ByLqXJw==</latexit><latexit sha1_base64="h+gsu+K79mtdKTb8WNB7obhFLKk=">AAAB/HicbVC7TgJBFJ3FBwg+UEqaicQEG7JrIyURC0tI5JGwm83sMAsTZh+ZuWtCNvgF/oONhcbY+iF2/oa1hcOjUPAkNzk5597ce48XC67AND+NzNb2zm42t5cv7B8cHhWPT7oqSiRlHRqJSPY9opjgIesAB8H6sWQk8ATreZPm3O/dMal4FN7CNGZOQEYh9zkloCW3WOq6qS0D3G5ez6o2jBmQc7dYMWvmAniTWCtSaZS/rrKFh++WW/ywhxFNAhYCFUSpgWXG4KREAqeCzfJ2olhM6ISM2EDTkARMOeni+Bk+08oQ+5HUFQJeqL8nUhIoNQ083RkQGKt1by7+5w0S8OtOysM4ARbS5SI/ERgiPE8CD7lkFMRUE0Il17diOiaSUNB55XUI1vrLm6R7UbPMmtXWadTREjlURqeoiix0iRroBrVQB1E0RY/oGb0Y98aT8Wq8LVszxmqmhP7AeP8ByLqXJw==</latexit><latexit sha1_base64="yJUPLR4X9fswPDAuK5/5+awNhY0=">AAAB/HicbVBNS8NAEN34WetXtEcvi0Wol5J4scdCPXhswX5AE8Jmu22XbjZhdyKEUP+KFw+KePWHePPfuG1z0NYHA4/3ZpiZFyaCa3Ccb2tre2d3b790UD48Oj45tc/OezpOFWVdGotYDUKimeCSdYGDYINEMRKFgvXDWWvh9x+Z0jyWD5AlzI/IRPIxpwSMFNiVXpB7KsKd1t285sGUAbkO7KpTd5bAm8QtSBUVaAf2lzeKaRoxCVQQrYeuk4CfEwWcCjYve6lmCaEzMmFDQyWJmPbz5fFzfGWUER7HypQEvFR/T+Qk0jqLQtMZEZjqdW8h/ucNUxg3/JzLJAUm6WrROBUYYrxIAo+4YhREZgihiptbMZ0SRSiYvMomBHf95U3Su6m7Tt3tONVmo4ijhC7QJaohF92iJrpHbdRFFGXoGb2iN+vJerHerY9V65ZVzFTQH1ifP4oGk/4=</latexit>

  2: The QCD vacuum energy depends on   
      it has a minimum at                 !!!!✓ = 0

<latexit sha1_base64="cpRqxfdamH4fCgTLHlAwC823tpg=">AAAB8HicdZDLSgMxFIbPeK31VnXpJlgEV0NmvFQXouDGpYq1lbZIJs3Y0MyF5IxQSp/CjQtF3PoErnwId76NmVZBRX8IfPz/OeScE6RKGqT03Rkbn5icmi7MFGfn5hcWS0vLFybJNBdVnqhE1wNmhJKxqKJEJeqpFiwKlKgF3aM8r90IbWQSn2MvFa2IXccylJyhtS6b2BHI9gm9KpWpu1eh275HcvB3vEoO1N/c2iGeS4cqH7y+nIHVyVXprdlOeBaJGLlixjQ8mmKrzzRKrsSg2MyMSBnvsmvRsBizSJhWfzjwgKxbp03CRNsXIxm63zv6LDKmFwW2MmLYMb+z3Pwra2QY7rb6Mk4zFDEffRRmimBC8u1JW2rBUfUsMK6lnZXwDtOMo71R0R7ha1PyP1z4rkdd75SWD3dhpAKswhpsgAcVOIRjOIEqcIjgFu7hwdHOnfPoPI1Kx5zPnhX4Ief5Ax7Ckhw=</latexit><latexit sha1_base64="DrlTr5brNL80yl7wJMjj6oUWtVo=">AAAB8HicdZDLSgMxFIYz9VbrrepSkGARXJVM1bYuxIIbly3Yi7SlZNK0Dc1cSM4IZejSJ3DjQhG3PkFXPoQ7n8GXMNMqqOgPgY//P4ecc5xACg2EvFmJufmFxaXkcmpldW19I725VdN+qBivMl/6quFQzaXweBUESN4IFKeuI3ndGZ7Hef2aKy187xJGAW+7tO+JnmAUjHXVggEHeopJJ50h2ZMCOc7ZOIZc3i7EQHKHR3lsZ8lUmbOXSeX9ZndS7qRfW12fhS73gEmqddMmAbQjqkAwycepVqh5QNmQ9nnToEddrtvRdOAx3jdOF/d8ZZ4HeOp+74ioq/XIdUylS2Ggf2ex+VfWDKFXbEfCC0LgHpt91AslBh/H2+OuUJyBHBmgTAkzK2YDqigDc6OUOcLXpvh/qOWyNsnaFZIpFdFMSbSD9tABslEBldAFKqMqYshFt+gePVjKurMeradZacL67NlGP2Q9fwAovZRh</latexit><latexit sha1_base64="DrlTr5brNL80yl7wJMjj6oUWtVo=">AAAB8HicdZDLSgMxFIYz9VbrrepSkGARXJVM1bYuxIIbly3Yi7SlZNK0Dc1cSM4IZejSJ3DjQhG3PkFXPoQ7n8GXMNMqqOgPgY//P4ecc5xACg2EvFmJufmFxaXkcmpldW19I725VdN+qBivMl/6quFQzaXweBUESN4IFKeuI3ndGZ7Hef2aKy187xJGAW+7tO+JnmAUjHXVggEHeopJJ50h2ZMCOc7ZOIZc3i7EQHKHR3lsZ8lUmbOXSeX9ZndS7qRfW12fhS73gEmqddMmAbQjqkAwycepVqh5QNmQ9nnToEddrtvRdOAx3jdOF/d8ZZ4HeOp+74ioq/XIdUylS2Ggf2ex+VfWDKFXbEfCC0LgHpt91AslBh/H2+OuUJyBHBmgTAkzK2YDqigDc6OUOcLXpvh/qOWyNsnaFZIpFdFMSbSD9tABslEBldAFKqMqYshFt+gePVjKurMeradZacL67NlGP2Q9fwAovZRh</latexit><latexit sha1_base64="PpQ1qjvmuj422l54NfIvsCeiqxQ=">AAAB8HicdVDLSgNBEJz1GeMr6tHLYBA8LbOrJvEgBLx4jGAekixhdjKbDJl9MNMrhCVf4cWDIl79HG/+jbNJBBUtaCiquunu8hMpNBDyYS0tr6yurRc2iptb2zu7pb39lo5TxXiTxTJWHZ9qLkXEmyBA8k6iOA19ydv++Cr32/dcaRFHtzBJuBfSYSQCwSgY6a4HIw70EpN+qUzsiyo5dx2cE7fiVHNC3NOzCnZsMkMZLdDol957g5ilIY+ASap11yEJeBlVIJjk02Iv1TyhbEyHvGtoREOuvWx28BQfG2WAg1iZigDP1O8TGQ21noS+6QwpjPRvLxf/8ropBDUvE1GSAo/YfFGQSgwxzr/HA6E4AzkxhDIlzK2YjaiiDExGRRPC16f4f9JybYfYzg0p12uLOAroEB2hE+SgKqqja9RATcRQiB7QE3q2lPVovViv89YlazFzgH7AevsEYDWQFQ==</latexit>

✓
<latexit sha1_base64="2fAHG//vQ0iAJhJrj+eYBWvZcXI=">AAAB7XicdZBNS0JBFIbPtS+zL6tlmyEJWslcK7VVQpuWFqmBiswdR52c+8HMuYGI/6FNiyLa9hda9SPa9W+aqwUV9cLAw/uew5xzvEhJg5S+O6m5+YXFpfRyZmV1bX0ju7lVN2GsuajxUIX6ymNGKBmIGkpU4irSgvmeEg1veJrkjRuhjQyDSxxFou2zfiB7kjO0Vr2FA4Gsk83R/HGJHhVckkCh6JYSoIWDwyJx83Sq3MnrywVYVTvZt1Y35LEvAuSKGdN0aYTtMdMouRKTTCs2ImJ8yPqiaTFgvjDt8XTaCdmzTpf0Qm1fgGTqfu8YM9+Yke/ZSp/hwPzOEvOvrBljr9weyyCKUQR89lEvVgRDkqxOulILjmpkgXEt7ayED5hmHO2BMvYIX5uS/6FeyLs0757TXKUMM6VhB3ZhH1woQQXOoAo14HANt3APD07o3DmPztOsNOV89mzDDznPH9IwkXE=</latexit><latexit sha1_base64="ah4gNnk8b+PXRWnqVKC4g2JgfIs=">AAAB7XicdZDLSgMxFIYzXmu9VV0KEiyCqyFTta0rC25ctmAv0JaSSTNtbOZCckYopUv3blwo4tZX6MqHcOcz+BJmWgUV/SHw8f/nkHOOG0mhgZA3a25+YXFpObWSXl1b39jMbG3XdBgrxqsslKFquFRzKQJeBQGSNyLFqe9KXncH50lev+ZKizC4hGHE2z7tBcITjIKxai3oc6CdTJbYpwVyknNwArm8U0iA5I6O89ixyVTZs5dJ5f1mb1LuZF5b3ZDFPg+ASap10yERtEdUgWCSj9OtWPOIsgHt8abBgPpct0fTacf4wDhd7IXKvADw1P3eMaK+1kPfNZU+hb7+nSXmX1kzBq/YHokgioEHbPaRF0sMIU5Wx12hOAM5NECZEmZWzPpUUQbmQGlzhK9N8f9Qy9kOsZ0KyZaKaKYU2kX76BA5qIBK6AKVURUxdIVu0T16sELrznq0nmalc9Znzw76Iev5A9wrk7Y=</latexit><latexit sha1_base64="ah4gNnk8b+PXRWnqVKC4g2JgfIs=">AAAB7XicdZDLSgMxFIYzXmu9VV0KEiyCqyFTta0rC25ctmAv0JaSSTNtbOZCckYopUv3blwo4tZX6MqHcOcz+BJmWgUV/SHw8f/nkHOOG0mhgZA3a25+YXFpObWSXl1b39jMbG3XdBgrxqsslKFquFRzKQJeBQGSNyLFqe9KXncH50lev+ZKizC4hGHE2z7tBcITjIKxai3oc6CdTJbYpwVyknNwArm8U0iA5I6O89ixyVTZs5dJ5f1mb1LuZF5b3ZDFPg+ASap10yERtEdUgWCSj9OtWPOIsgHt8abBgPpct0fTacf4wDhd7IXKvADw1P3eMaK+1kPfNZU+hb7+nSXmX1kzBq/YHokgioEHbPaRF0sMIU5Wx12hOAM5NECZEmZWzPpUUQbmQGlzhK9N8f9Qy9kOsZ0KyZaKaKYU2kX76BA5qIBK6AKVURUxdIVu0T16sELrznq0nmalc9Znzw76Iev5A9wrk7Y=</latexit><latexit sha1_base64="Pew/AvRA78O5D0Qbe1/3tcifSL0=">AAAB7XicdVDLSgNBEJyNrxhfUY9eBoPgaZldNYm3gBePEcwDkiXMTmaTMbMPZnqFsOQfvHhQxKv/482/cTaJoKIFDUVVN91dfiKFBkI+rMLK6tr6RnGztLW9s7tX3j9o6zhVjLdYLGPV9anmUkS8BQIk7yaK09CXvONPrnK/c8+VFnF0C9OEeyEdRSIQjIKR2n0Yc6CDcoXYlzVy4To4J27VqeWEuGfnVezYZI4KWqI5KL/3hzFLQx4Bk1TrnkMS8DKqQDDJZ6V+qnlC2YSOeM/QiIZce9n82hk+McoQB7EyFQGeq98nMhpqPQ190xlSGOvfXi7+5fVSCOpeJqIkBR6xxaIglRhinL+Oh0JxBnJqCGVKmFsxG1NFGZiASiaEr0/x/6Tt2g6xnRtSadSXcRTRETpGp8hBNdRA16iJWoihO/SAntCzFVuP1ov1umgtWMuZQ/QD1tsnE7KPag==</latexit>

  3: Axions field rolls down potential at  

     and becomes dark matter (like inflaton)
tosc ⇠ 1/mA

<latexit sha1_base64="8n3rSISmm/y7lAByKRw9gQGCdhQ=">AAAB/nicdVBNS8NAEJ3Ur1q/qiIIXhaL4KkmUdt6q3jxWMHWQlvCZrttl+4mYXcj1FDwr3jxoIhXf4c3wR/jplVQ0QcDj/dmmJnnR5wpbdtvVmZmdm5+IbuYW1peWV3Lr280VBhLQusk5KFs+lhRzgJa10xz2owkxcLn9MofnqX+1TWVioXBpR5FtCNwP2A9RrA2kpff0l7SlgKFiozbignkHAjv1MsX7OJJ2T52HZQSt+SUU2K7h0cl5BTtCQrV7Zt3MKh5+dd2NySxoIEmHCvVcuxIdxIsNSOcjnPtWNEIkyHu05ahARZUdZLJ+WO0Z5Qu6oXSVKDRRP0+kWCh1Ej4plNgPVC/vVT8y2vFulfpJCyIYk0DMl3UiznSIUqzQF0mKdF8ZAgmkplbERlgiYk2ieVMCF+fov9Jwy06dtG5MGlUYIos7MAu7IMDZajCOdSgDgQSuIMHeLRurXvryXqetmasz5lN+AHr5QMdYZcK</latexit><latexit sha1_base64="moSbbpHFYIzknY6yGfr8mP9JAT8=">AAAB/nicdVBNS8NAEN3Ur7Z+RUUQvCwWwVNNorb1VvXisYKthaaEzXbbLt1Nwu5GqKHQv+LFgyKCJ3+HN8Ef46ZVUNEHA4/3ZpiZ50eMSmVZb0ZmZnZufiGbyy8uLa+smmvrDRnGApM6Dlkomj6ShNGA1BVVjDQjQRD3GbnyB2epf3VNhKRhcKmGEWlz1Atol2KktOSZm8pLXMFhKPHIlZRDe597J55ZsIrHZevIsWFKnJJdTonlHByWoF20JihUt27ec+Pn05pnvrqdEMecBAozJGXLtiLVTpBQFDMyyruxJBHCA9QjLU0DxIlsJ5PzR3BXKx3YDYWuQMGJ+n0iQVzKIfd1J0eqL397qfiX14pVt9JOaBDFigR4uqgbM6hCmGYBO1QQrNhQE4QF1bdC3EcCYaUTy+sQvj6F/5OGU7Ston2h06iAKbJgG+yAPWCDMqiCc1ADdYBBAm7BPXgwxsad8Wg8TVszxufMBvgB4+UDGs2Yhw==</latexit><latexit sha1_base64="moSbbpHFYIzknY6yGfr8mP9JAT8=">AAAB/nicdVBNS8NAEN3Ur7Z+RUUQvCwWwVNNorb1VvXisYKthaaEzXbbLt1Nwu5GqKHQv+LFgyKCJ3+HN8Ef46ZVUNEHA4/3ZpiZ50eMSmVZb0ZmZnZufiGbyy8uLa+smmvrDRnGApM6Dlkomj6ShNGA1BVVjDQjQRD3GbnyB2epf3VNhKRhcKmGEWlz1Atol2KktOSZm8pLXMFhKPHIlZRDe597J55ZsIrHZevIsWFKnJJdTonlHByWoF20JihUt27ec+Pn05pnvrqdEMecBAozJGXLtiLVTpBQFDMyyruxJBHCA9QjLU0DxIlsJ5PzR3BXKx3YDYWuQMGJ+n0iQVzKIfd1J0eqL397qfiX14pVt9JOaBDFigR4uqgbM6hCmGYBO1QQrNhQE4QF1bdC3EcCYaUTy+sQvj6F/5OGU7Ston2h06iAKbJgG+yAPWCDMqiCc1ADdYBBAm7BPXgwxsad8Wg8TVszxufMBvgB4+UDGs2Yhw==</latexit><latexit sha1_base64="QzL2ZHncyv6w2oRnRVFS9m1Ckzc=">AAAB/nicdVDLSgMxFM34rPVVFVdugkVwNSZV27qruHFZwT6gLUMmzbShycyQZIQyFPwVNy4Ucet3uPNvzLQVVPTAhcM593LvPX4suDYIfTgLi0vLK6u5tfz6xubWdmFnt6mjRFHWoJGIVNsnmgkesobhRrB2rBiRvmAtf3SV+a07pjSPwlszjllPkkHIA06JsZJX2Dde2lUSRppOuppLiE+kd+kVisi9qKDzEoYZKZVxJSOodHpWhthFUxTBHHWv8N7tRzSRLDRUEK07GMWmlxJlOBVsku8mmsWEjsiAdSwNiWS6l07Pn8Ajq/RhEClboYFT9ftESqTWY+nbTknMUP/2MvEvr5OYoNpLeRgnhoV0tihIBDQRzLKAfa4YNWJsCaGK21shHRJFqLGJ5W0IX5/C/0mz5GLk4htUrFXnceTAATgExwCDCqiBa1AHDUBBCh7AE3h27p1H58V5nbUuOPOZPfADztsn2EyVXA==</latexit>

5: Scenario B : Initial conditions after inflation 

   dark matter inhomogeneous at scales below ~ pc
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  4: Axion dark matter abundance depends: 
      - Axion mass 
      - Initial angle  
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6: Scenario A : Inflation AFTER initial conditions 

   dark matter homogeneous
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Non-zero velocity in galaxy -> finite width
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Atomic transitions

Mirrors+ Cavities

LC-circuit

Spin precession

e-spin precession



CASPER at Mainz
~Bext

~E⇤

Oscillating EDM, effects add up,  
transverse magnetisation grows  
if ma = ! = µ| ~Bext|

- EDM + Large E-fields in PbTiO3 
- Mainz (D. Budker’s group) & Berkeley 
- B-field, coherence time, sensitivity to m < neV 
- Mass range limited by B-field strength 

Graham 2012



CASPER reach Graham 2012



- In a static magnetic field, the oscillating axion field generates EM-fields

B-field

- Electric fields 
    
- Oscillating at a frequency 

- B-fields  

- All experiments are sensitive to light dark photon dark matter! (kin. mix)

Axion DM in a B-field
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spherical reflecting dish

Dish antenna experiment?
The Ea-field excites surface electrons coherently
EM radiation from a reflecting surface
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Horns 2012



BRASS, FUNK Horns/Lobanov

Magnetised surface (Hamburg U.)

FUNK (KIT Karlsruhe) (1711.02961)



(on resonance)

- Haloscope (Sikivie 83) 

P ⇠ Q|Ea|2(V ma)G

- comparison with Dish antenna  (                             )  

Scanning over frequencies

Cavity resonators (Haloscopes)

P ⇠ |Ea|2Adish

extra factor of Q~10^5 
on a m_a/Q band

V ⇠ 1/m3
a



Cavity experiments
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- Physical dimensions L ⇠ 1/ma
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Emitted EM-waves from each interface
+ internal reflections ...

P ⇠ |Ea|
2Area⇥O(N2)

Si
m

ul
at

ed

Caldwell 2017

ef
fe

cti
ve

 N

MADMAX: MAgnetised Disk and Mirror Axion eXperiment
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Summary plot
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Low mass Dark Photons



Conclusions

- Beyond the SM with extremely low energies 

- Detect an ALP, new energy scale!  

- Generic interactions 

- hints: Strong CP problem,  DM,  Stellar evolution,  Transparency of Gamma’s 

- Good Experimental ideas 

- Still a lot of parameter space to explore!


