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The Quest for Axions and Axion-Like Particles  

| Status and Prospects of Axion Experiments at DESY | Andreas Ringwald, Quarks Online Workshop on Dark Matter,  22-24 June 2021

• Axions, or more generally Axion-Like Particles (ALPs)  

• arise as pseudo-scalar pseudo-Nambu-Goldstone 
bosons from approximate Abelian gobal symmetries 
beyond the SM which are broken at a scale fa much 
greater than the electroweak scale
• Peccei-Quinn symmetry: Axion

• Lepton symmetry: Majoron

• Family symmetry: Familon

Motivations from Particle Physics and Cosmology

[Peccei,Quinn `77; Weinberg `78; Wilczek `78]

[Chikashige,Mohapatra,Peccei `81, Gelmini,Roncadelli `81]

[Wilczek `82; Berezhiani,Khlopov `90]
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The Quest for Axions and Axion-Like Particles  
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• Axions, or more generally Axion-Like Particles (ALPs)  

• arise as pseudo-scalar pseudo-Nambu-Goldstone 
bosons from approximate Abelian gobal symmetries 
beyond the SM which are broken at a scale fa much 
greater than the electroweak scale
• Peccei-Quinn symmetry: Axion

• Lepton symmetry: Majoron

• Family symmetry: Familon

• are well-motivated dark matter candidates     

• generated via vacuum re-alignment mechanism (and 
variants) and, in the case of post-inflationary symmetry 
breaking, by decay of topological defects

Motivations from Particle Physics and Cosmology

[Peccei,Quinn `77; Weinberg `78; Wilczek `78]

[Chikashige,Mohapatra,Peccei `81, Gelmini,Roncadelli `81]

[Wilczek `82; Berezhiani,Khlopov `90]

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

[Wantz,Shellard `09]   
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Axion and ALPs  

| Status and Prospects of Axion Experiments at DESY | Andreas Ringwald, Quarks Online Workshop on Dark Matter,  22-24 June 2021

• Very weakly interacting: 
• Couplings to SM suppressed by powers of symmetry breaking scale                                     :  

• Slim:
• Massless if global symmetry exact

• Small mass from explicit breaking of global symmetry
• Axion:    
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[Weinberg  ´78] [Kaplan 85;Srednicki `85]

WISPs: very Weakly Interacting Slim Particles
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Current Constraints on Photon Coupling

| Status and Prospects of Axion Experiments at DESY | Andreas Ringwald, Quarks Online Workshop on Dark Matter,  22-24 June 2021

[AR,Rosenberg,Rybka in: Review of Particle Physics, PTEP 2020 (2020) 8, 083C01] [Axel Lindner]
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Laser shining through a wall (LSW) 

Sun shining through a wall (Helioscope) 

DM shining through a wall (Haloscope) 
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Axion and Axion-Like Particles (ALPs) 
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• Very weakly interacting: 
• Couplings to SM suppressed by powers of symmetry breaking scale                                     :  

• Slim:
• Massless if global symmetry exact

• Small mass from explicit breaking of global symmetry
• Axion:    
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[Weinberg  ´78; Grilli di Cortona et al. `16; Borsanyi et al. `16] [Kaplan 85;Srednicki `85; Grilli di Cortona et al. `16]

Natural WISPs  

|  Particle Physics Onsite Program  |  Aaron Spector  |  91st PRC Meeting |  DESY, Hamburg  |  May 4, 2021

Upcoming Axion Searches at DESY
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Page 3

WISP experiments at DESY 2021 and beyond
Dedicated infrastructure

ALPS II

MADMAX

IAXO

Introduction | Beyond ALPS II | 8 Feb. 2021

BabyIAXO
Status Report to DESY PRC

Version: 1.0
Date: October 23, 2020
Page 4 of 18

Figure 2: Critical current at 10 µV/m and 4.2 K, measured on 3 samples of MELC conductor taken from
spools 4, 18, 24 (picture courtesy Univ. of Twente).

visual inspection of the entire production. In addition, from all conductor units 1-m samples will be cut
from start and end in order to check the conductor performance on all units before coil winding.

2.2 Coil winding pack and Cold Mass

The two 10 m-long racetrack coils are placed at 800 mm distance allowing to insert two bore tubes of
700 mm diameter with a pole gap of 1000 mm. The main parameters of the winding pack optimized for
achieving the specified 3D-MFOM of 200 T2m4 given the measured performance of the MELC conductor
(20% less than expected) are presented in Figure 3. The total thickness of the 4 double-pancakes is 76 mm,
including the insulation around conductor of 0.25 mm thickness. In total 130 turns are used in the radial
direction resulting in a winding width of 585 mm. Applying the temperature margin of 2 K for the 4.2 K
operating temperature, the nominal operating current of the winding is 2.4 kA at a peak magnetic field of
3.9 T. The self-inductance of the common coils layout is 15 H, corresponding to a stored magnet energy
of 41 MJ. In total, 43 km of conductor is needed for this magnet.

The distribution of the magnetic field B(y, z) in the magnet mid plane is shown in Figure 4. As
shown in the figure, the nominal operating current of 2.4 kA is about 40% of the conductor critical
current at 3.2 T. Hence, there is a significant potential to eventually operate at a higher current, although
the maximum current of the system can only be found during magnet testing as it strongly depends
on the quality of coil manufacturing and cooling conditions. An ultimate current for this design was
set at 3 kA. Achieving ultimate current would significantly increase the MFOM by a factor 1.5, but
also the electromagnetic forces will augment by some 40%. In order to enable the ultimate current in
a mechanically safe way, the support structure of the coils is designed for this value. The cold mass
structure is made mostly of flat plates and blocks of Al6061-T561 to arrive at a cost e�cient solution with
minimum amount of machining, fully representative for the IAXO coils. The design of the structure is
detailed elsewhere [4].

Given the measured performance of the conductor, the magnet figure of merit MFOM can eventually
be enhanced, see Table 1, by adding one or two layers of conductor to the winding pack, however, at the

�

Report to DESY PRC, October 2020

Figure 11: Area around the MORPURGO magnet, in red, as of today (left) and as planned
for the tests of the prototype in 2023� 25 (right). The total area covers about ⇠ 130 m2.

5 Concluding remarks

Important progress has been achieved since the last PRC meeting towards establishing the
necessary boundary conditions for enabling the realization of the first axion dark matter
experiment with the necessary sensitivity to detect post-inflationary dark matter axions in
the mass range around 100µeV.

The project strategy has been refined, especially with respect to magnet development
and procurement. Some important technological progress has been achieved in terms of
development of the prototype booster. Given the necessary support from DESY and the
other Madmax institutes, we believe a dark matter axion search experiment with starting
date late 2025 is feasible.

An important milestone in the timely realization of the project is the completion and
operation of the prototype. We hereby ask the PRC to acknowledge the necessity and
urgency of the fast implementation of the Madmax prototype.

The Madmax collaboration very much appreciates the letter from the DESY Direc-
torate expressing the interest of DESY to host and provide infrastructure and technical
support for the iMadmax and Madmax experiments in addition to the current engage-
ment of the group FH-ALPS. We ask the PRC to back this support and encourage DESY
to explore options to further exploit DESYs’ expertise for Madmax:

• Cryogenic engineering: the magnet infrastructural and control- and safety installa-
tions and boundary conditions have to be understood by Madmax. This will require
extended stays of DESY/Madmax personnel (engineers, technicians) at CEA-Saclay
starting from 2021 in order to gain experience with installing, commissioning, oper-
ating and maintaining the magnet control and safety systems and the cryogenic
infrastructure;

• Furthermore, the Madmax Collaboration would greatly benefit from further involve-

17
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Light Shining through a Wall  

| Status and Prospects of Axion Experiments at DESY | Andreas Ringwald, Quarks Online Workshop on Dark Matter,  22-24 June 2021

• Axion experiences mixing with photon in an external electromagnetic field

• Light-shining-through a wall: 

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

• For very light axion:

[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 

| Status and Prospects of Axion Experiments at DESY | Andreas Ringwald, Quarks Online Workshop on Dark Matter,  22-24 June 2021

• Proposal to recycle HERA dipoles for a light shining through a wall experiment: [AR 03]
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Light Shining through a Wall 

| Status and Prospects of Axion Experiments at DESY | Andreas Ringwald, Quarks Online Workshop on Dark Matter,  22-24 June 2021

• Letter of Intent for ALPS experiment: [Ehret et al.. 07]
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Light Shining through a Wall 
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• ALPS I @ DESY (in collaboration with AEI Hannover and U Hamburg)
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Light Shining through a Wall 

| Status and Prospects of Axion Experiments at DESY | Andreas Ringwald, Quarks Online Workshop on Dark Matter,  22-24 June 2021

• 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:

[Ballou et al. 15]

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

| Status and Prospects of Axion Experiments at DESY | Andreas Ringwald, Quarks Online Workshop on Dark Matter,  22-24 June 2021

• 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 

| Status and Prospects of Axion Experiments at DESY | Andreas Ringwald, Quarks Online Workshop on Dark Matter,  22-24 June 2021

• 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 now installed and aligned

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

• Alignment laser through the beam tube accomplished
• Cryogenic test operation of magnets July 2021

• First science run scheduled for Fall 2021
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Light Shining through a Wall 

| Status and Prospects of Axion Experiments at DESY | Andreas Ringwald, Quarks Online Workshop on Dark Matter,  22-24 June 2021

• ALPS II will probe previously uncharted territory, in particular part of parameter space relevant for astro hints:

[Spector `21]
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Light Shining through a Wall 

| Status and Prospects of Axion Experiments at DESY | Andreas Ringwald, Quarks Online Workshop on Dark Matter,  22-24 June 2021

Astrophysical hints for axions

• There are hints from astrophysics which may ex-
plained by axions:

• Excessive energy losses of stars in various stages of
their evolution

[Copyright Addison Wesley]

[Giannotti, Irastorza, Redondo, AR 15]
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Light Shining through a Wall 
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Astrophysical hints for axions

• There are hints from astrophysics which may ex-
plained by axions:

• Excessive energy losses of stars in various stages of
their evolution: may be explained by axion production
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Light Shining through a Wall 

| Status and Prospects of Axion Experiments at DESY | Andreas Ringwald, Quarks Online Workshop on Dark Matter,  22-24 June 2021

• There are hints from astrophysics which may ex-
plained by axions:

• Excessive energy losses of stars in various stages of
their evolution

• Excessive transparency of the universe for TeV gamma
rays

[Horns,Meyer 12]

Astrophysical hints for axions

[Horns,Meyer 12; Rubtsov,Troitsky 14,...,Troitsky 21]
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Light Shining through a Wall 

| Status and Prospects of Axion Experiments at DESY | Andreas Ringwald, Quarks Online Workshop on Dark Matter,  22-24 June 2021

• There are hints from astrophysics which may ex-
plained by axions:

• Excessive energy losses of stars in various stages of
their evolution

• Excessive transparency of the universe for TeV gamma
rays: may be explained by photon axion conversion

[Meyer,Horns,Raue 13]

<latexit sha1_base64="(null)">(null)</latexit>

[Manuel Meyer 12]   

Astrophysical hints for axions

[Simet et al. 08; Sanchez-Conde et al. 09; De Angelis et al. 11]   
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Sun Shining through a Wall 

| Status and Prospects of Axion Experiments at DESY | Andreas Ringwald, Quarks Online Workshop on Dark Matter,  22-24 June 2021

• 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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Sun Shining through a Wall 

| Status and Prospects of Axion Experiments at DESY | Andreas Ringwald, Quarks Online Workshop on Dark Matter,  22-24 June 2021

• 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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[adapted from Irastorza `16]
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Sun Shining through a Wall 

| Status and Prospects of Axion Experiments at DESY | Andreas Ringwald, Quarks Online Workshop on Dark Matter,  22-24 June 2021

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

[adapted from Irastorza `16]
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Sun Shining through a Wall 

| Status and Prospects of Axion Experiments at DESY | Andreas Ringwald, Quarks Online Workshop on Dark Matter,  22-24 June 2021

• 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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Sun Shining through a Wall 

| Status and Prospects of Axion Experiments at DESY | Andreas Ringwald, Quarks Online Workshop on Dark Matter,  22-24 June 2021

• 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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Sun Shining through a Wall 

| Status and Prospects of Axion Experiments at DESY | Andreas Ringwald, Quarks Online Workshop on Dark Matter,  22-24 June 2021

• 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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Sun Shining through a Wall 

| Status and Prospects of Axion Experiments at DESY | Andreas Ringwald, Quarks Online Workshop on Dark Matter,  22-24 June 2021

• 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 2025

Irastorza: ERC-AvG 2017 IAXO+
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Sun Shining through a Wall 

| Status and Prospects of Axion Experiments at DESY | Andreas Ringwald, Quarks Online Workshop on Dark Matter,  22-24 June 2021

• BabyIAXO: at low masses sensitivity similar to ALPS II, but probes also meV mass QCD axion:  

[Spector `21]
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Sun Shining through a Wall 

| Status and Prospects of Axion Experiments at DESY | Andreas Ringwald, Quarks Online Workshop on Dark Matter,  22-24 June 2021

• BabyIAXO also sensitive to electron coupling hinted at by stellar energy losses: 

[Armengaud et al. 19]
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ALP or Axion? 

| Status and Prospects of Axion Experiments at DESY | Andreas Ringwald, Quarks Online Workshop on Dark Matter,  22-24 June 2021

• (Most of) Parameter range accessible by ALPS II & BabyIAXO seems far away from expectation for axion:

adapted from [Sokolov,AR `21]



Page 29

ALP or Axion? 

| Status and Prospects of Axion Experiments at DESY | Andreas Ringwald, Quarks Online Workshop on Dark Matter,  22-24 June 2021

• Anton Sokolov will talk about a variant of the KSVZ axion model which is testable at ALPS II & BabyIAXO: 

[Sokolov,AR `21]
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Dark Matter Shining through a Wall 

| Status and Prospects of Axion Experiments at DESY | Andreas Ringwald, Quarks Online Workshop on Dark Matter,  22-24 June 2021

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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Dark Matter Shining through a Wall 

| Status and Prospects of Axion Experiments at DESY | Andreas Ringwald, Quarks Online Workshop on Dark Matter,  22-24 June 2021

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

• 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

• Dish antenna for photon signal
concentration

• Broadband acquisition (16 GHz 
bandwidth, 107 channels)        
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Dish Antennas

• Prototype BRASS-6 in construction, data taking starting 2022  

[Le Hoang Nguyen, Patras Workshop 2019]
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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: Proposed MADMAX experiment [Caldwell et al.  `16; Bruns et al. 19]   
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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

• MADMAX projected to probe deep into axion band in the mass range prefered by the post-inflationary PQ 
symmetry breaking scenario:  

[Spector `21]
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Dish Antennas

• MADMAX prototype can probe ZN axion mediating between N mirror copies of the SM:

[Di Luzio,Gavela,Quilez,AR `21]
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Stay Tuned!  

• DESY has a robust on-site axion experimental programme that will produce results as early as next year: 

[Spector `21]


