
Axion search experiments 
Exploring the low-energy fron7er

Figure 11. Schematic view of IAXO. Shown are the cryostat, eight telescopes+detector lines, the
flexible lines guiding services into the magnet, cryogenics and powering services units, inclination
system and the rotating platform for horizontal movement. The dimensions of the system can be
appreciated by a comparison to the human figure positioned by the rotating table [29].

The necessary magnet services for vacuum, helium supply, current and controls are rotating
along with the magnet.

Each of the eight magnet bores is equipped with x-ray telescopes that rely on the high
x-ray reflectivity on multi-layer surfaces at grazing angles. By means of nesting, that is,
placing concentric co-focal x-ray mirrors inside one another, large surface of high-throughput
optics can be built. The IAXO collaboration envisions using optics similar to those used
on NASA’s NuSTAR [? ], an x-ray astrophysics satellite with two focusing telescopes that
operate in the 3 - 79 keV band. The NuSTAR’s optics, shown in Figure 12, consists of
thousands of thermally-formed glass substrates deposited with multilayer coatings to enhance
the reflectivity above 10 keV. For IAXO, the mirror arrangement and coatings are designed
to match the solar axion spectrum. The conceptual design of the IAXO telescopes [180] can
be seen on the right of Figure 12. As proven in [28, 29, 180], this technology can equip the
aperture area of IAXO magnet bores with focalization e�ciency of around 0.6 and focal spot
areas of about 0.2 cm2.

At the focal plane in each of the optics, IAXO will have low-background x-ray detectors.
The baseline technology for these detectors are small gaseous chambers read by pixelated
planes of micro-mesh gas structure (Micromegas) [181]. These detectors have been success-
fully used and developed in CAST and other low background applications [182]. The latest
CAST detectors have achieved background levels below 10�6 counts keV�1 cm�2 s�1 with
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Three biggest questions of particle physics (arguably):

• Why are we here? (Baryon asymmetry of Universe)

• Why are we sub-dominant? (The Dark “World” gravitates, what else?)

• Is our world fine-tuned? 

The (QCD) axion is possibly addressing two of them

2



• (At least) five reasons to like Axions

• Axions and ALPS: What are they?

• Axions and ALPS: How to find them?

Outline

3



Before telling you what the axion actually is, should like it!

4[https://www.particlezoo.net/collections/all]



1. … may solve the strong CP problem

QCD Lagrangian admits CP-violating term(s):
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induces (e.g.) electric dipole moment of neutron: => ≈ 1̅ A 10CDE fm

measurement: => < 0.30 × 10CK5E fm → 1̅ ≼ 10CKN → ppt fine tuning

Five reasons to like Axions and ALPS: Axions… Electric Dipole Moments (EDM)
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Spin ~s

permanent separation of
positive and negative charge
fundamental property of
particles
(like magnetic moment, mass,
charge)
existence of EDM only possible
via violation of time reversal T
and parity P symmetry
has nothing do due with electric
dipole moments observed in
some molecules (e.g. water
molecule)
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Five reasons to like Axions and ALPS : Axions…

2. … may be the Dark Matter
Despite their small mass, axions are viable Dark Matter candidates
Abundance depends on (complicated) details of early universe physics
(which I don´t understand !)

6
[Redondo]



Five reasons to like Axions and ALPS : Axions and/or ALPS…

3. … may explain anomalous star cooling

Emission of Axions strongly constrained from too fast cool down of stars

Some stars appear to cool down faster than expected (stellar cooling anomaly)!

7

Axion Astrophysics

Stellar system Bound 
RGB stars

WDs

HB stars

SN 1987A

NS Similar to SN 1987A

However, current stellar models prefer some axions: stellar cooling anomalies

Observed in: White Dwarfs (WD), Red Giant Branch (RGB) stars, Horizontal Branch (HB) 
stars

If axions exist they would contribute to stellar evolution. Several strong bounds on 
axions are derived by stellar evolution. 

Bounds: Anomalies:

White 
dwarfs

Neutron 
star

CAS A

Red 
Giants



Five reasons to like Axions and ALPS: Axions…

4. … may explain anomalous 

TeV transparency of the sky

[Horns, Meyer; Troitsky; …]
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Five reasons to like Axions and ALPS

Axions...

1. … may solve the strong CP problem

2. … may be the Dark Matter

3. … may explain anomalous star cooling

4. … may explain TeV transparency

5. … are well-motivated by string theory
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• (At least) five reasons to like Axions

• Axions and ALPS: What are they?

• Axions and ALPS: How to find them?

Outline
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The (QCD) Axion
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R. Peccei & H. Quinn (1977)

F. Wilczek (1978)

S. Weinberg (1978)
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a(x): Axion field

fa : “Peccei-Quinn scale”

- a(x) arises as from spontaneously broken U(1) 

at (large) scale fa

- a(x) acquires a mass (potential)

- a(x) is driven to minimum (CP-conserving)

- a(x) has a generic coupling to gluons 



The (QCD) Axion mass

E ~ fa (large)
- spontaneously broken

symmetry
- Axion = Nambu-Goldstone

Boson (massless)

E ~ ΛQCD
- QCD instanton effects break 

U(1) explicitely
- “tilted mexican hat”
- Axion = Pseudo-Nambu-

Goldstone Boson (massive)
- drives Potential to Θ = 0
- CP symmetry restored 

a"er Raffelt
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1 Introduction

Axions and axion-like particles (ALPs), as well as other more generic categories of particles
(weakly interacting sub-eV particles, WISPs) at the low-mass frontier [1–3] are attiring a
strong interest as a portal for new physics, candidates to the dark Universe, or as solutions
of poorly understood astrophysical phenomena. The detection of these particles in terrestrial
experiments is currently pursued by a number of experimental techniques [4]. In this exper-
imental landscape, The International Axion Observatory (IAXO) stands out as one of the
most ambitious projects under consideration. It is our purpose here to review the theoretical,
cosmological and astrophysical motivation to carry out the primary goal of IAXO, i.e. the
search for solar axions with sensitivity much beyond previous similar searches and well into
unexplored axion and ALP parameter space. We will focus on more recent developments af-
fecting regions of parameter space at reach of IAXO, as well as those highlighting its novelty
and complementarity within the larger set of axion experimental e↵orts.

Axions appear in extensions of the Standard Model (SM) featuring the Peccei-Quinn
(PQ) mechanism [5, 6] to solve the strong-CP problem [7]. This mechanism postulates a
new U(1) global symmetry (the PQ symmetry) that is spontaneously broken at a high scale
fa. The axion is the field a that appears as the pseudo-Nambu-Goldstone boson of the new
symmetry. The PQ mechanism fixes some of the properties of the axion [8, 9], like a small
axion mass ma ' 6meV(109GeV/fa), acquired via mixing with the pseudoscalar mesons.
Model independently, axions interact with hadrons and photons via the same mixing. All
the axion couplings are suppressed by the PQ symmetry scale fa, which is not determined
by theory. More concrete axion properties depend on the specific implementation of the PQ
symmetry and its relation with the SM fields. If the fermions of the SM do not have PQ
charge, axions do not couple with them at tree level. These are called “hadronic axions”,
of which the Kim-Shifman-Vainshtein-Zakharov (KSVZ) [10, 11] model is an often quoted
example. Other models, like the Dine-Fischler-Srednicki-Zhitnitsky (DFSZ) [12, 13], feature
tree-level coupling with SM fermions, e.g., the axion electron coupling gae.

The coupling with photons is the most relevant for experiments:

La� ⌘ �
ga�

4
aF

µ⌫
F̃µ⌫ = ga� E ·B a , (1.1)

where F is the electromagnetic field-strength tensor and F̃ its dual, while E and B are the
electric and magnetic fields, and

ga� =
↵

2⇡fa
C� , (1.2)

being C� a model parameter of order unity, for DFSZ C� ' 0.75, whereas for KSVZ C� '

�1.92, if the new heavy quarks are taken without electric charge.
For those models that feature coupling to electrons at tree level, gae = Caeme/fa where

me is the electron mass and Cae is again a coe�cient of order 1 given by specifics of the
model. For instance in the DSFZ model Cae =

1

3
cos2 � where tan� is the ratio of the v.e.vs

of the two Higgses present in the theory. When Cae is zero at tree-level, a non-zero value is
generated by radiative corrections, but being loop-suppressed is typically irrelevant.

In more general ALP models the couplings and the mass ma (or fa) are regarded as
independent parameters. ALPs can arise in many extensions of the SM featuring global
symmetries that are spontaneously broken at some high energy. In particular, a plenitude
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The QCD-Axion
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Axionlike Particles (ALPS)

14

Axion ma ~ 1/fa

ALPS   ma and fa independent

ALPS may arise “generically” from 
“any” broken U(1) symmetry…

There may be more than one ALP 



QCD Axion mass predic2ons?

• QCD axion mass is essentially unconstrained (due to unknown fa)

• If QCD axion = dark matter, mass constrained by observed DM density

but axion cosmology is complicated and model-dependent

• Stellar cooling anomalies favour ~ few meV axions/ALPs

[Redondo]

DM axions can be anywhere

between ~ 1 µeV and 0.1 eV

Some „standard“ 

models prefer ma ~ o(10 µeV)
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• (At least) five reasons to like Axions

• Axions and ALPS: What are they?

• Axions and ALPS: How to find them?

Outline
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Axion phenomenology
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C! ~ 0.75 (-1.92) for DFSZ (KSVZ)

Most axion experiments exploit the (effective) axion-photon coupling

• QCD axion via its gluon coupling and mixing with π0

• Primakoff(-like) effect

• QCD axion: axion mass ~ axion-photon coupling

(benchmark
models)

• DFSZ model also predicts a significant axion-electron coupling
• ALPs: any combination of mass and photon-coupling

Axions – A Dark Matter Candidate

What are Axions? & Where do they come from?

PQ mechanism is elegant solution for the strong CP problem
Non-observation of CP violation in strong interaction
Smallness of electric dipole moment of neutron
(d < 0.29 × 10−25 e cm)

Pseudo-Goldstone-Boson arising from PQ mechanism

Candidate for all or parts of Cold Dark Matter

Coupling to ordinary matter

Very small coupling constants

Mixing with π0 leads to coupling
to two photons

Production in the Sun’s core via
Primakoff effect

Primakoff effect

Z, e− Z, e−

γ∗

γ

a

4

„#“

„%“Axion-Like Particles (ALPs)

ALPs are an unavoidable 
prediction of several theories 
BSM, in particular those that 
predict extra dimensions. 
ALPs may exist, whether or 
not PQ solves the strong 
CP!

Light ALPs have been invoked 
to explain various 
phenomenological 
anomalies, such as universe 
transparency, dark radiation, 
stellar cooling and inflation.

More general pseudoscalar fields. Couple to photons and fermions just like 
standard axions. However, there is no predefined mass-coupling relation. 

ma

g a
γ

QCD axio
n modelsALPs

ALP/Axion parameter space

# = 1
( %

1T   ≙ 300 MV/m
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Axion decay? yes, but J

[A. Lindner]
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State-of-the art

[PDG]

a lot to do!
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“Haloscopes”
Axion source: Dark Matter Halo
(if axions are the DM)

“Light shining through wall” 
Axion source: laser + B-field

“Helioscopes” 
Axion source: Sun
(rather unavoidable, if axions exist,
robust prediction)

Other (not covered here)

MAGNET COIL

MAGNET COIL

B field
A

L

Solar 

axion 

flux

γ

X-ray detectors

Shielding

X-ray op!cs

Movable pla"orm

Figure 1. Conceptual arrangement of an enhanced axion helioscope with x-ray focalization. Solar axions
are converted into photons by the transverse magnetic field inside the bore of a powerful magnet. The
resulting quasi-parallel beam of photons of cross sectional area A is concentrated by an appropriate x-ray
optics into a small spot area a in a low background detector. The envisaged implementation in IAXO (see
figure 2, includes eight such magnet bores, with their respective optics and detectors.

x-ray detectors. The magnet will be built into a structure with elevation and azimuth drives that will
allow solar tracking for ⇠12 hours each day. All the enabling technologies for IAXO exist, there
is no need for development. IAXO will also benefit from the invaluable expertise and knowledge
gained from the successful operation of CAST for more than a decade.

We refer to [32] for a description of the first motivation and the figure-of-merit study that
supports the IAXO concept. A detailed study of the physics potential of IAXO will be included
in a paper currently under preparation, although it can also be found in the Letter of Intent re-
cently submitted to CERN [33]. In the following sections we describe the different parts of IAXO,
focusing on the enabling technologies of the experiment. The toroidal superconducting magnet
is described in section 2. The IAXO x-ray focusing optics are described in section 3. The Mi-
cromegas low-background detectors are described in section 4. In section 5.2 the main features of
the experiment’s tracking platform, as well as potential additional equipment are briefly described.
Finally, we conclude with section 6.

2. The IAXO superconducting magnet

The outcome of the figure of merit (FOM) analysis [32] indicates the importance and need for a
new magnet to achieve a significant step forward in the sensitivity to the axion-photon coupling.
The design of the new magnet is performed with the magnet’s FOM (MFOM) in mind already
from the initial design stages. Since practically and cost-wise the currently available detector (i.e.
large scale) magnet technology is limited to using NbTi superconductor technology which allows
peak magnetic field of up to 5-6 T, the magnet’s aperture is the only MFOM parameter that can be
considerably enlarged. Consequently, the design of the magnet has started with the focus on this
parameter. The preliminary optimization study has shown that the toroidal geometry is preferred
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We propose a new strategy to search for dark matter axions in the mass range of 40–400µeV
by introducing dielectric haloscopes, which consist of dielectric disks placed in a magnetic field.
The changing dielectric media cause discontinuities in the axion-induced electric field, leading to
the generation of propagating electromagnetic waves to satisfy the continuity requirements at the
interfaces. Large-area disks with adjustable distances boost the microwave signal (10–100GHz) to
an observable level and allow one to scan over a broad axion mass range. A sensitivity to QCD
axion models is conceivable with 80 disks of 1m2 area contained in a 10Tesla field.

INTRODUCTION

The nature of dark matter (DM) is one of the most en-
during cosmological mysteries. One prime candidate, the
axion, arises from the Peccei–Quinn (PQ) solution to the
strong CP problem, the absence of CP violation in quan-
tum chromodynamics (QCD). The CP violating QCD
phase ✓ is e↵ectively replaced by the axion field whose
potential is minimal at ✓ = 0 [1–3]. Thus ✓ dynamically
relaxes towards zero regardless of its initial conditions,
satisfying the neutron electric dipole moment constraints
✓ . 10�11 [4].

Tiny relic oscillations with a frequency given by the
axion mass ma around ✓ = 0 persist, acting as cold
DM [5–9]. If DM is purely axionic, its local galac-
tic density ⇢a = (fama)2✓20/2 ⇠ 300 MeV/cm3 implies
✓ ⇠ ✓0 cos(mat) at the Earth, with ✓0 ⇠ 4⇥10�19. While
these oscillations could be detected, the main challenge
is to scan over a huge frequency range as ma is unknown.

However, cosmology can guide our search. Causality
implies that at some early time ✓ is uncorrelated between
patches of causal horizon size. We consider two cosmo-
logical scenarios depending on whether cosmic inflation
happens after (A) or before (B) that time.

In Scenario A, one patch is inflated to encompass our
observable universe while smoothing ✓ to a single initial
value ✓I. The cosmic axion abundance depends on both
✓I and ma, so the DM density can be matched for any
ma allowed by astrophysical bounds [10] for a suitable ✓I.

In Scenario B, the axion abundance is given by the
average over random initial conditions and the decay of
accompanying cosmic strings and domain walls. Freed
from the uncertainty in the initial conditions, Scenario B
provides a concrete prediction ma ⇠ 100 µeV [11, 12],
although with some theoretical uncertainty [13].

Searches based on cavity resonators in strong mag-
netic fields (Sikivie’s haloscopes [14]) such as ADMX [15],
ADMX HF [16] or CULTASK [17] are optimal for ma .

Mirror Dielectric  Disks Receiver 

Be 

FIG. 1. A dielectric haloscope consisting of a mirror and
several dielectric disks placed in an external magnetic field
Be and a receiver in the field-free region. A parabolic mirror
(not shown) could be used to concentrate the emitted power
into the receiver. Internal reflections are not shown.

10µeV. Much lower values of ma can be explored by nu-
clear magnetic resonance techniques like CASPER [18]
or with LC circuits [19, 20].
The mass range favoured in Scenario B is untouched

by current experiments, and for cavity haloscopes will
remain so for the foreseeable future. While fifth-force ex-
periments [21] could search this region, they would not
directly reveal the nature of DM. We present here a new
concept to cover this important gap, capable of discov-
ering ⇠ 100µeV mass axions. It consists of a series of
parallel dielectric disks with a mirror on one side, all
within a magnetic field parallel to the surfaces as shown
in Fig. 1—a dielectric haloscope.
For large ma the greatest hindrance for conventional

haloscopes is that the signal is proportional to the cavity
volume V . With dimensions on the order of the axion
Compton wavelength1 �a = 2⇡/ma, V / �3

a which de-

1
We use natural units with ~ = c = 1 and the Lorentz-Heaviside

convention ↵ = e2/4⇡.
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Haloscope experiments (search for ambient DM axions)
1. Cavity haloscope:

• exploit mixing of axion field with photon field
in strong B field

• addiBonal source term in Maxwell´s equaBons

• if mac = hν à conversion of axion field
to photon field in resonant microwave cavity

• needs scanning of resonance frequency of cavity
(axion mass unknown)

• tradeoff between quality factor and sensiBvity

• limited to small masses (caviBy size)
f[GHz] = 0.66 ma [µeV]

Experiments: ADMX (US), CAST/CAPP, RADES (CERN), CAPP (Korea), ...
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Haloscope experiments (search for ambient DM axions)

2. Dielectric haloscope:

• exploit mixing of axion field with photon field in
strong B field

• at surfaces with transition of ε à
(microwave) photon emission

• build layered structure with many transitions

• broadband enhancement of signal through interference
• needs scanning of resonance frequency of cavity

(axion mass unknown)

• enter o(10 µeV) mass region

MADMAX experiment (MPP Munich, DESY, ...)



(MAgnetized Disc and Mirror Axion eXperiment)

Page 26 

MADMAX main components 
Status of dipole magnet 

Figures of merit: 

• (field-strength)2 � aperture | 100 T2m2  

• Length | 5 m 
 

Status: 

• Conceptual design successfully developed. 

• Triggered by PRC evaluation: 
revisiting strategy to possibly  
include a magnet prototype. 

• First bending/soldering tests with conductor prototypes.  

• Complex management structure  
for the magnet production agreed upon (MADMAX, CEA Saclay, Bilfinger Noell). 

 
Axion Experiments | 89th PRC open session, 8 April 2020 | Axel Lindner 

Parameter Results 

JE 50 A/mm² 

By (0,0,0) -8.82 T 

Bpeak (x,y,0) 9.85 T 

Bpeak  9.87 T 

Overfield (Bpeak/B0) 11.8 % 

FoM 94.4 T²m² 

H+ / H- (Z = 0.0 m)  -0.9 %   /   5.0 % 

Energy 482 MJ 

Volume 4.435 m3 

Length  5.0 m 

Page 27 

MADMAX summary 
Well on track, no show stoppers 

• Proof-of-principle booster test and detector test ongoing. 

• Management structures put into operation: 

• Technical coordinator: Pierre Karst (CPPM Marseille) 

• Magnet project leader: Jörn Schaffran (DESY) 

• Phase I (feasibility study) successfully concluded. 

• Phase II (prototype): 

• Successful start, collaboration is expanding. 

• Revised time schedule / steps and milestones under discussion. 

• Not fully funded yet (prototype cryostat, prototype magnet). 

• Phase III (full MADMAX) 

• Site preparation at DESY started (cryo platform HERA North). 

• Physics case (even more) convincing. 

Axion Experiments | 89th PRC open session, 8 April 2020 | Axel Lindner 

• large volume + large field magnet needed
(FOM ~ B2 * A)

• dielectric discs (1.2 m2 LaAlO3 or Saphire)
• µm precise alignment of discs at 4K
• scan by movement of discs

Page 24 

MAgnetized Disc and Mirror Axion eXperiment MADMAX  
Who, what, where 

Axion Experiments | 89th PRC open session, 8 April 2020 | Axel Lindner 

Spokesperson 
B. Majorovits,  
MPI Munich 

To be located in the HERA hall North in the former H1 iron yoke. 

MADMAX site: HERA Halle Nord, using H1 yoke

Proof-of-principle booster
23
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Haloscope experiments: prospects

Ca
vi

tie
s

M
AD

M
AX

QCD Axio
ns



25

Light-Shining-Through-Wall Experiments

• exploit mixing of axion field with photon field
in strong B-field

• enhance conversion through op>cal resonator

• FOM ~ B2 * L2

• full „theore>cal control“ (no dependence on astrophysics/cosmology for axion produc>on)

• small rate ~ gaγ
4 à not sensi>ve to QCD-Axion (but interes>ng ALP parameter space)

• „broadband“ sensi>vity independent of ma (as long as o(ma) < o(1/L)) 

Leading experiment: ALPS (Any Light Par>cle Search) at DESY

(           ) (           )
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ALPS IIc experiment
• Using 2 strings of 12 HERA SC dipoles each

• Aperture > 46 mm: straightening required

Status (April)

• All magnets including two spares successfully 
modified, 
tested and painted. 

• First magnets installed in the tunnel.

• Critical milestone: close experimental vacuum in 
2020.
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LSW experiments: prospects

QCD Axio
ns

ALPS II
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CAST



Axions from the sun: Helioscope experimentsAn improved limit on the axion-photon coupling from the CAST experiment 9
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Figure 2. Left: Solar axion surface luminosity depending on energy and the radius r
on the solar disk. The flux is given in units of axions cm−2 s−1 keV−1 per unit surface
area on the solar disk. Also shown is the radial distribution of the axion energy loss
rate of the Sun (dLa/dR) as well as the energy distribution of the solar axion flux
(dΦa/dE). Right: Differential solar axion spectrum, derived by integrating the model
shown on the left up to different values of r in units of the solar radius R". The peak
of the spectrum moves towards lower energies if integration radius moves towards the
outer rim of the solar disk.

in the recoil-free approximation where the energy of the photon and axion are identical,
equation (5) also gives us the inverse mfp for the reverse process of an axion with energy

E to be converted to a photon, i.e., of axion absorption. As an example we consider an

axion with energy 4 keV, near the average of the expected spectrum, and note that the

temperature at the solar center is T ≈ 1.3 keV whereas the screening scale is κs ≈ 9 keV.

The axion mfp is then found to be λa ≈ g−2
10 6 × 1024 cm ≈ g−2

10 8 × 1013 R", or about

10−3 of the radius of the visible universe.
Therefore, in the absence of other interactions, the axion-photon coupling would

have to be more than 107 times larger than the CAST limit for axions to be re-absorbed

within the Sun. However, even in this extreme case axions are not harmless for the solar

structure because they would then carry the bulk of the energy flux within the Sun that

otherwise is carried by photons. Low-mass particles that are trapped in the Sun should

interact so strongly that their mfp is smaller than that of photons [62]. Note that the
photon mfp for the conditions near the solar center is less than 1 mm. Only particles

with a mfp not much larger than this will leave the solar structure unaffected. They

will cause a gross acceleration of the rate of energy transfer in the Sun and other stars if

their mfp is much larger than this. These requirements are so extreme that for anything

like axions the possibility of re-absorption is not a serious possibility.

2.4. Is the CAST limit consistent with standard solar models?

Our final limit, equation (21), on the axion-photon coupling implies that the solar

axion flux is bounded by La ∼< 1.3 × 10−3 L". Self-consistent solar models including

axion losses were constructed in [63]. In particular, it was found that helioseismological

[CAST coll., JCAP 0704:010,2007]
28

• Solar axions produced (mainly) in the core of the sun
• Energy <E> ~ 4.2 keV
• rather robust predicEon   



Helioscopes – Axions from the sun – axion-electron-coupling

[Redondo, JCAP 1312 (2013) 008]

Axions with masses in the multi-meV mass range can play a noticeable role in stellar
evolution, in particular in the cooling of compact objects such as red-giant cores [27, 28],
white dwarfs [29–32], supernova cores [34–37] and neutron stars [38, 39]. In fact, the most
restrictive limits on the axion couplings to nucleons, photons and electrons come from the
reasonable agreement of astronomical observations with standard stellar-cooling mechanisms:
photon surface cooling and neutrino emission from dense cores. Axion emission can speed
up enormously stellar cooling and spoil badly this agreement — hence the strong and robust
bounds — but it can also be used to reduce slight discrepancies between observations and
predictions. Such are the cases for white dwarfs [32, 40, 41] and red-giant stars in the
globular cluster M5 [28], where small discrepancies can be mitigated by introducing axions
with a Yukawa coupling to electrons gae ∼ 10−13, a natural value for meV-mass axions. Let
us recall that in all mentioned cases, the preference for anomalous cooling is statistically not
very significant and might be due to unaccounted systematics or neglected standard effects.
Clearly, the situation will benefit from direct experimental verification and here, the Sun and
IAXO might be our best allies.

A prime theoretical input for helioscopes is the solar axion flux. The solar interior
is a well-understood weakly coupled plasma which permits relatively precise calculations
of axion production reactions. The most important parameters that determine the axion
flux are the axion-two-photon coupling and the axion-electron coupling. The first drives
the Primakoff production of axions in photon collisions with charged particles of the solar
plasma, γ + q → a + q, and has been thoroughly studied [71–73]. The Primakoff flux is
dominant in hadronic axion models such as the KSVZ [6, 7] where the axion-electron coupling
is absent at tree level. In generic models, the axion-electron coupling can appear at tree level,
and in grand unified theories (GUTs) is unavoidable. The axion-electron coupling drives a
number of reactions of comparable importance that completely overshadow the Primakoff
flux in non-hadronic axion models. The most important are the ABC reactions: Atomic
axio-recombination [74–76] and Atomic axio-deexcitation, axio-Bremsstrahlung in electron-
Ion [72, 77, 78] or electron-electron collisions [72], Compton scattering [79–81], see figure 1
for a sample of Feynman diagrams.

Compton

γ

e

axio− deexcitation

I∗
I

a

axiorecombination

e

I I−

a

Primakoff

γ

e, I

a

e

I
e− I bremsstrahlung

e

e− e bremsstrahlung

a

e

a a

Figure 1. ABC reactions responsible for the solar axion flux in non-hadronic axion models.

The axion flux from ABC processes has received less attention than the Primakoff. After
its identification by Krauss, Moody and Wilczek [78] it became clear that electron-Ion (mostly

– 2 –
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If direct axion-electron coupling exists, 
additional flux with characteristic features



Helioscopes
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Figure 1. Conceptual arrangement of an enhanced axion helioscope with x-ray focalization. Solar axions
are converted into photons by the transverse magnetic field inside the bore of a powerful magnet. The
resulting quasi-parallel beam of photons of cross sectional area A is concentrated by an appropriate x-ray
optics into a small spot area a in a low background detector. The envisaged implementation in IAXO (see
figure 2, includes eight such magnet bores, with their respective optics and detectors.

x-ray detectors. The magnet will be built into a structure with elevation and azimuth drives that will
allow solar tracking for ⇠12 hours each day. All the enabling technologies for IAXO exist, there
is no need for development. IAXO will also benefit from the invaluable expertise and knowledge
gained from the successful operation of CAST for more than a decade.

We refer to [32] for a description of the first motivation and the figure-of-merit study that
supports the IAXO concept. A detailed study of the physics potential of IAXO will be included
in a paper currently under preparation, although it can also be found in the Letter of Intent re-
cently submitted to CERN [33]. In the following sections we describe the different parts of IAXO,
focusing on the enabling technologies of the experiment. The toroidal superconducting magnet
is described in section 2. The IAXO x-ray focusing optics are described in section 3. The Mi-
cromegas low-background detectors are described in section 4. In section 5.2 the main features of
the experiment’s tracking platform, as well as potential additional equipment are briefly described.
Finally, we conclude with section 6.

2. The IAXO superconducting magnet

The outcome of the figure of merit (FOM) analysis [32] indicates the importance and need for a
new magnet to achieve a significant step forward in the sensitivity to the axion-photon coupling.
The design of the new magnet is performed with the magnet’s FOM (MFOM) in mind already
from the initial design stages. Since practically and cost-wise the currently available detector (i.e.
large scale) magnet technology is limited to using NbTi superconductor technology which allows
peak magnetic field of up to 5-6 T, the magnet’s aperture is the only MFOM parameter that can be
considerably enlarged. Consequently, the design of the magnet has started with the focus on this
parameter. The preliminary optimization study has shown that the toroidal geometry is preferred

– 4 –

[Sikivie]
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Helioscopes: sensi,vity
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Figure 1. Conceptual arrangement of an enhanced axion helioscope with x-ray focalization. Solar axions
are converted into photons by the transverse magnetic field inside the bore of a powerful magnet. The
resulting quasi-parallel beam of photons of cross sectional area A is concentrated by an appropriate x-ray
optics into a small spot area a in a low background detector. The envisaged implementation in IAXO (see
figure 2, includes eight such magnet bores, with their respective optics and detectors.

x-ray detectors. The magnet will be built into a structure with elevation and azimuth drives that will
allow solar tracking for ⇠12 hours each day. All the enabling technologies for IAXO exist, there
is no need for development. IAXO will also benefit from the invaluable expertise and knowledge
gained from the successful operation of CAST for more than a decade.

We refer to [32] for a description of the first motivation and the figure-of-merit study that
supports the IAXO concept. A detailed study of the physics potential of IAXO will be included
in a paper currently under preparation, although it can also be found in the Letter of Intent re-
cently submitted to CERN [33]. In the following sections we describe the different parts of IAXO,
focusing on the enabling technologies of the experiment. The toroidal superconducting magnet
is described in section 2. The IAXO x-ray focusing optics are described in section 3. The Mi-
cromegas low-background detectors are described in section 4. In section 5.2 the main features of
the experiment’s tracking platform, as well as potential additional equipment are briefly described.
Finally, we conclude with section 6.

2. The IAXO superconducting magnet

The outcome of the figure of merit (FOM) analysis [32] indicates the importance and need for a
new magnet to achieve a significant step forward in the sensitivity to the axion-photon coupling.
The design of the new magnet is performed with the magnet’s FOM (MFOM) in mind already
from the initial design stages. Since practically and cost-wise the currently available detector (i.e.
large scale) magnet technology is limited to using NbTi superconductor technology which allows
peak magnetic field of up to 5-6 T, the magnet’s aperture is the only MFOM parameter that can be
considerably enlarged. Consequently, the design of the magnet has started with the focus on this
parameter. The preliminary optimization study has shown that the toroidal geometry is preferred

– 4 –

~ ga!2 ~ ga!2   B2 L2  Abore ~ εop/cs ~ εdetector

~ Aspot ~ B / A 31

Signal:

Bkg:
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CAST@CERN



The IAXO project
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IAXO parameters

34

Parameter CAST IAXO
B [T] 9 2,5
L [m] 9,3 20
Abore [m2] 0.003 2.3
f*

Magnet ~ B2L2A 1 300
b [keV-1 cm-2 s-1 ] 10-6 1-5 x 10-8

εdetector 0,7 0,7
εoptics 0,3 0,5
Abore /Aspot 200 14500
εsolar tracking 0,12 0,5



IAXO magnet (CDR design)

Magnet op7miza7on figure of merit:

B: superconduc7ng NbTi at 4.5K à Bpeak 6 T , Buser = 2.5 T

L: as long as reasonably possible (rotatable): L = 22 m

A: driven by op7cs, D=60/70 cm per bore, n=8

Baseline design inspired by ATLAS toroid, large “user volume” at 
reasonable cost

Conceptual design
Parameters and lay-out optimization

B2 [magnetic field]
� more than saturation field of iron at 1.7 T
� cost efficient superconducting magnet technology 
� > NbTi at 4.5 K using normal He cooling, Bpeak < 6 T 
� > 2.5 T user field with 5.4 T peak field 

L2 [length of the magnet]
� as long as possible but 
� reasonable system length that can be rotated?
� > some 20 to 25 m: 22 m

A (or n x ʌ/4 D2) [area filled with magnetic field] 
� one large area i.e. using a dipole magnet
� or n times a bore in between toroid coils
� i.e. 8 coils, or 10, 12, 14, 16 max, cost issue!
� smallest reasonable number taken: > 8 units
� limit system diameter and go for maximum          

practical size for optics: > 600 mm bore 

3

Conceptual design
Parameters and lay-out optimization

B2 [magnetic field]
� more than saturation field of iron at 1.7 T
� cost efficient superconducting magnet technology 
� > NbTi at 4.5 K using normal He cooling, Bpeak < 6 T 
� > 2.5 T user field with 5.4 T peak field 

L2 [length of the magnet]
� as long as possible but 
� reasonable system length that can be rotated?
� > some 20 to 25 m: 22 m

A (or n x ʌ/4 D2) [area filled with magnetic field] 
� one large area i.e. using a dipole magnet
� or n times a bore in between toroid coils
� i.e. 8 coils, or 10, 12, 14, 16 max, cost issue!
� smallest reasonable number taken: > 8 units
� limit system diameter and go for maximum          

practical size for optics: > 600 mm bore 

3
35

Conceptual design 
Structural analysis of bore tubes

� ANSYS FEM analysis 
of the bore tubes in the 
case of a fast dump.

17



IAXO op(cs

36

Overall FOM ~ S/√B
B scales with sensitive area à focus sensitive area to smallest achievable size à small focal length
S scales with efficiency of optics à high efficiency at small angles à large focal length

Focal length

nested parabolic/hyperbolic shells
grazing incidence reflection

Figure 12. DAF versus photon energy E for a single telescope, and for the different focal lengths considered,
from f = 4 m (lowest curve) up to f = 10 m (highest curve). The significant structure now present is due to
absorption edges in detector and coating materials and the shape of the solar axion spectrum.

Figure 13. Value of the focal spot size
p

a (red squares and dashed line, right axis) and the figure of merit fO

(blue circles and solid line, left axis) versus focal length f . The optimal figure of merit is found for f = 5 m.

the figure of merit fDO as defined in [32]):

fO ⌘
Z 10 keV

E=1 keV

✓
DAF(E)p

a

◆
dE. (3.5)

The only quantity left to compute is the spot-size, a. The point-spread-function (PSF) of any
x-ray telescope has a complex shape, and the spot-size is computed by first taking the integral of
the PSF to compute the encircled energy function (EEF), a measure of how much focused x-ray

– 23 –

optimum at ~ 5m

Demagnifica(on ~ 14400
Efficiency ~ 0.7  
à improves sensi(vity by factor 84 w.r.t. no op(cs



IAXO detectors
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Name of the game: 

• high efficiency for single soft X-ray photons 

• at lowest possible background

In addition: 

• low threshold (< 1 keV)

• good energy resolution

Multitude of technologies

• gaseous (Micromegas, InGrid)

• semiconductors (SDD, …)

• cryogenic (MMC, TES, ...)

Several technologies already studied in CAST



IAXO detectors
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Background goal: o(1) background events/keV during 5 years of operation

sensitive signal area o(1 cm2), solar observation time o(108) seconds

à ultimate background level goal: 10-8 keV-1cm-2s-1

Market leader: Microbulk Micromegas

• design for radiopurity
• passive shielding
• offline discrimination

Active shielding will get us to 10-7 keV-1cm-2s-1

Further R&D towards 10-8 ongoing (materials, gas) 

Underground

Shielding upgrades

IAXO 
goal

01/2015

Background improvements

• Radiopurity
Non-radiopure components replaced

• Readout patterned with high granularity
Identify signals & reject background
Offline rejection algorithms

• Shielding
Active shielding: muon vetos

Æ scintillators covering the maximum
solid angle

Passive shielding: external gamma coverage
Æ detector chamber and tubes made
out of electroformed copper
Æ pure lead shielding around the detector

10

Background evolution at CAST

Background achieved in CAST

(0.83 ±0.03) x 10-6 counts keV-1 cm-2 s-1

Background in LSC (underground)

~ 10-7 counts keV-1 cm-2 s-1

IAXO goal

10-7-10-8 counts keV-1 cm-2 s-1

7th General IAXO Collaboration Meeting – Elisa Ruiz Chóliz – IAXO-MM group – Universidad de Zaragoza – 4/07/2017

[E.Ruiz-Chóliz]



IAXO detector baseline: small Micromegas detector

39

[Irastorza et al, Zaragoza
Ferrer-Ribas et al, Saclay]

IAXO Pathfinder
operated in CAST

World best limit to date.



IAXO detectors: InGrid/GridPix
Micromegas on a pixel readout chip (Timepix/Timepix3)
Low energy threshold (~200 eV)
Topological (charged) background rejection
Robust energy measurement (counting)
Already being used in CAST

40

Applications I –
GridPix at CAST since 2014

02.11.2016 GridPix Detectors - Developments and Applications 6

Requirements for an X-ray detector at CAST:
• High detection efficiency Æ Ar:iC4H10 mixture @ 1 bar
• Background rate as low as possible
Æ Radiopure materials, lead shielding, focusing by X-ray telescope
Æ Event shape based background discrimation

• Entrance window transparent for low energy X-rays (< 1 keV) Æ thin window
• Vacuum tightness  (in the detector: 1 bar; in the beam pipe: 10-6 mbar) Æ tight window
Æ Compromise: 2 µm Mylar with 40 nm Al (300 nm SiN windows under development)

• Sensitivity for X-ray photons < 1 keV shown at an 
variable X-ray generator
Highly ionizing track X-ray photon (5.9 keV)

277 eV
1.5 keV

3 keV
4.5 keV

5.9 keV
8 keV
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Requirements for an X-ray detector at CAST:
• High detection efficiency Æ Ar:iC4H10 mixture @ 1 bar
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Æ Event shape based background discrimation

• Entrance window transparent for low energy X-rays (< 1 keV) Æ thin window
• Vacuum tightness  (in the detector: 1 bar; in the beam pipe: 10-6 mbar) Æ tight window
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• Sensitivity for X-ray photons < 1 keV shown at an 
variable X-ray generator
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IAXO detectors: X-ray windows
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J. Kaminski

7th IAXO Meeting, 2017
11

Si
3
N

4
 Windows

Window at 1.5 bar overpressure

Window at 0 bar overpressure● Material budget of window as low as 
possible to increase to detection efficiency of 
low energetic X-rays
● Withstand 1.05 bar pressure difference
● Low leakage rate to sustain a vacuum of      
   <10-5 mbar on other side

=>  collaboration with NORCADA:
300 nm thin Si

3
N

4
 windows with strongback

300 nm Silicon-Nitride window
at 1.5 bar overpressure

J. Kaminski
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BabyIAXO: paving the way for IAXO 
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BabyIAXO Activities at DESY

IAXO Collaboration Mtg
Zaragoza

23.10.2019

Uwe Schneekloth, DESY

Original plan: build realistic TDR prototypes for main subsystems (magnet, optics, detectors)

Developed into a full-fledged experiment with sensitivity ~100xCAST and ~0.01xIAXO
with its own physics potential.



BabyIAXO@DESY

Telescope mount: CTA MST prototype at Adlershof is well suited to hold 
the BabyIAXO magnet (instead of CTA mirrors)

43

Uwe Schneekloth | BabyIAXO Drive & Support System, Oct.  2019|  Page 4

Support & Drive System – BabyIAXO CTA MST

MST Prototype Berlin-Adlershof

Has already been shipped to Hamburg

[First parts of BabyIAXO telecope mount in HERA hall south]
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Helioscope experiments: prospects

QCD Axio
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IAXO+
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Altogether now
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a deep bite
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QCD Axion band...
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Timelines

Axion Experiments | 89th PRC open session, 8 April 2020 | Axel Lindner

ALPS II, BabyIAXO, IAXO, MADMAX

Some optimistic view (funding), assuming no surprises (axion discovery, Corona).

2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

construction        operation

R&D    construction                                                          operation

construction                                                          operation

R&D                          construction                                                                    operation

ALPS II

BabyIAXO

IAXO

MADMAX

not 
(fully) 
funded 

funded

nearly funded

DESY: also a center for experimental axion physics in this decade?

Program well aligned with other international axion searches.

[A. Lindner, DESY PRC 04/20]



Finally... Hot: A new kid on the (helioscope) block: Xenon1t

47
[XENON collaboration, 2006.09721 [hep-ex]]

~keV axions from sun can kick off 
electrons from (Xe) atoms



Summary and Conclusions

• Axions (and ALPS) are a well mo8vated extension of the Standard Model
• Could solve more than one of the most burning problems
• Experimental explora8on needs several complementary experiments
• DESY as a European centre for axions in this decade? 

48

https://www.symmetrymagazine.org/article/the-other-dark-
matter-candidate



Axions and WISPs
Bad Honnef Physics School
August 2-7, 2020 August 19-24 2021
Physikzentrum Bad Honnef, Germany
Organizers: Igor Irastorza (Zaragoza), Joerg Jaeckel (Heidelberg), Klaus Desch (Bonn)

5-day school for students (Master´s, PhD students, early career postdocs) 

working on or interested in Axions/ALPs/WISPs in experiment or theory

Fee: 200 € full board and lodging (for DPG members 100 € )

Web: hNps://www.dpg-physik.de/veranstaltungen/2020/axions-and-wisps?set_language=en

RegistraUon (open): RegistraUon (not yet…)

Confirmed lecturers/topics:
Gaia Lanfranchi (INFN, Frascati): Axions and light particles at accelerators

Axel Lindner (DESY): Axion experiments

David J. E. (Doddy) Marsh (Göttingen): Axion cosmology

Javier Redondo (Zaragoza): Axion astrophysics

Andreas Ringwald (DESY): Axion theory

Special lecture: Pierre Sikivie, Laureate of the Sakurai Prize 2020
Excursion to Effelsberg 100m Radiotelescope
Poster session, Exercises

https://www.dpg-physik.de/veranstaltungen/2020/axions-and-wisps?set_language=en
https://www.dpg-physik.de/ueber-uns/physikzentrum-bad-honnef/tagungsprogramm/anmeldungen/bad-honnef-physics-school-august-2-7-2020

