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Sources of CP violation in the SM
• Complex phases in the CKM and PMNS matrices

•  Violation within the QCD sector through:

•  A similar term arises from EW with 

•                            which is potentially

•  Strong CP problem (QCD does not violate CP)
  with                 (measured electric dipole of the neutron)

L
strong,CP

= ✓̄
↵s

2⇡
Tr (EµBµ)

✓weak = arg (DetM)

✓ = ✓̄ + ✓weak O (1)

|✓| . 10�10
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Axion coherent oscillations

PQ “Mexican hat” potential, tilted by QCD effects

h⇢i ⇡ fa

�PQ = ⇢ ei✓

0 ⇡�⇡

time

n

n̄

Energy

~ One parameter theory

axion mass
✓(t, x) = a(t, x)/fa

ma = 6meV
109 GeV

fa

Measured today |✓| < 10�10 (strong CP problem)

- is it a dynamical field? ✓(t,x)
generated by QCD!

✓(t) = ✓0 cos(mat)

Axions and strong CP (bottom up)

ma fa / ⇤2
QCD
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Axion searches

• Effective axion-photon coupling

ga�� / ma
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Figure 3. Expected sensitivity of IAXO compared with current bounds from CAST and ADMX. Future prospects of ADMX (dashed brown region)
and ALPS-II [40] (light blue line) are also shown. Additionally, theoretically favored regions are shown for axions within the yellow model band
(classical axion window in dark orange, mixed axion-WIMP DM in light orange, white dwarf cooling hint within the area surrounded by the dashed
blue line ) and for ALPs at low masses (brown dashed line for transparency hint, red dashed diagonal line for ALP cold DM). For more details on
these well motivated regions of the axion paramter space see Reference [2].

2. Experimental Setup

2.1. Superconducting Magnet for IAXO
The IAXO magnet [3, 45] was designed with the optimization of the IAXO figure of merit (FOM) [1] in mind. For

practical reasons as well as cost and risk reduction the only parameter of the magnet’s FOM (MFOM, fm = L2B2A)
that can be significantly increased is the magnet aperture A, since the most suitable magnet technology is based on
NbTi superconducting magnets yielding magnetic fields of up to B = 6 T. Increasing the length complicates the
movement of the experiment to track the Sun and also reduces the accessible axion mass range due to the coherence
condition [31]. Already early design studies showed a preference for a toroidal configuration similar to the ATLAS
magnet. The envisioned 250 t IAXO magnet will have eight magnet coils of 21 m length and have a diameter of 1 m
leading to overall cryostat dimensions of about 25 m in length and 5.2 m outer diameter. When operated at nominal
currents of 12.3 kA, peak fields of 5.4 T will be reached storing 500 MJ of energy. With this properties the achievable
MFOM is fm = 300 relative to the one obtained for CAST’s 21 T2m4 ( fm(CAST) = 1). Details on the magnet design
and its layout optimization can be found in Reference [3]. A detailed description of the conductor, its peak magnetic
field and forces as well as the analysis of the operation stability can be found in the same reference along with layouts
of the electrical circuit powering the toroid, the cryogenic systems needed for operation and the compatibility of
the complete system with movement requirements. Furthermore the magnet system reliability has been studied and
various fault scenarios have been developed together with basic operational strategies to be followed in case of such
operational failures. A plan for the assembly of the cryostat and its integration into the rest of the experiment has been
mapped out and the construction of a prototype coil is envisioned to validate the design and to reduce risks remaining
even though the current design is based on extensive experience from the ATLAS magnets, since the IAXO peak fields
are high (non-trivial superconductor development and training of the coils).

2.2. Reflective X-Ray Optics for IAXO
The choice for the eight IAXO telescopes that will focus any x-ray signal from axion-to-photon conversion in

the cold bore onto the detectors are reflective x-ray telescopes utilizing segmented, slumped glass optics as the basic
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(classical axion window in dark orange, mixed axion-WIMP DM in light orange, white dwarf cooling hint within the area surrounded by the dashed
blue line ) and for ALPs at low masses (brown dashed line for transparency hint, red dashed diagonal line for ALP cold DM). For more details on
these well motivated regions of the axion paramter space see Reference [2].
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that can be significantly increased is the magnet aperture A, since the most suitable magnet technology is based on
NbTi superconducting magnets yielding magnetic fields of up to B = 6 T. Increasing the length complicates the
movement of the experiment to track the Sun and also reduces the accessible axion mass range due to the coherence
condition [31]. Already early design studies showed a preference for a toroidal configuration similar to the ATLAS
magnet. The envisioned 250 t IAXO magnet will have eight magnet coils of 21 m length and have a diameter of 1 m
leading to overall cryostat dimensions of about 25 m in length and 5.2 m outer diameter. When operated at nominal
currents of 12.3 kA, peak fields of 5.4 T will be reached storing 500 MJ of energy. With this properties the achievable
MFOM is fm = 300 relative to the one obtained for CAST’s 21 T2m4 ( fm(CAST) = 1). Details on the magnet design
and its layout optimization can be found in Reference [3]. A detailed description of the conductor, its peak magnetic
field and forces as well as the analysis of the operation stability can be found in the same reference along with layouts
of the electrical circuit powering the toroid, the cryogenic systems needed for operation and the compatibility of
the complete system with movement requirements. Furthermore the magnet system reliability has been studied and
various fault scenarios have been developed together with basic operational strategies to be followed in case of such
operational failures. A plan for the assembly of the cryostat and its integration into the rest of the experiment has been
mapped out and the construction of a prototype coil is envisioned to validate the design and to reduce risks remaining
even though the current design is based on extensive experience from the ATLAS magnets, since the IAXO peak fields
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Scenario A: PQ breaks after inflation

Courtesy of J. Redondo
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Scenario A: PQ breaks after inflation

Axion strings!

CDM axions 
also from 
defects...
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Scenario B: PQ breaks during inflation

✓i

One initial 
configuration
is singled out
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• We address the “Missing Satellite” problem, i.e. overabundance of 
small satellites in numerical simulations compared to observations.

• Alleviated by cutoff of                at

• An axion with                          leads to the desired cutoff

Ultra-light axions?

m ⇠ 10�22 eV

Moore et al. (1999); Klypin et al. (1999)
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m=10-22eV

f =
H I
ê2p
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m(T ) / T�n

Is the Ultra-light Axion viable?

f ⇠ GUTscale
Hui et al, PRD 95
 043541 (2017)
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Figure 3. Expected sensitivity of IAXO compared with current bounds from CAST and ADMX. Future prospects of ADMX (dashed brown region)
and ALPS-II [40] (light blue line) are also shown. Additionally, theoretically favored regions are shown for axions within the yellow model band
(classical axion window in dark orange, mixed axion-WIMP DM in light orange, white dwarf cooling hint within the area surrounded by the dashed
blue line ) and for ALPs at low masses (brown dashed line for transparency hint, red dashed diagonal line for ALP cold DM). For more details on
these well motivated regions of the axion paramter space see Reference [2].

2. Experimental Setup

2.1. Superconducting Magnet for IAXO
The IAXO magnet [3, 45] was designed with the optimization of the IAXO figure of merit (FOM) [1] in mind. For

practical reasons as well as cost and risk reduction the only parameter of the magnet’s FOM (MFOM, fm = L2B2A)
that can be significantly increased is the magnet aperture A, since the most suitable magnet technology is based on
NbTi superconducting magnets yielding magnetic fields of up to B = 6 T. Increasing the length complicates the
movement of the experiment to track the Sun and also reduces the accessible axion mass range due to the coherence
condition [31]. Already early design studies showed a preference for a toroidal configuration similar to the ATLAS
magnet. The envisioned 250 t IAXO magnet will have eight magnet coils of 21 m length and have a diameter of 1 m
leading to overall cryostat dimensions of about 25 m in length and 5.2 m outer diameter. When operated at nominal
currents of 12.3 kA, peak fields of 5.4 T will be reached storing 500 MJ of energy. With this properties the achievable
MFOM is fm = 300 relative to the one obtained for CAST’s 21 T2m4 ( fm(CAST) = 1). Details on the magnet design
and its layout optimization can be found in Reference [3]. A detailed description of the conductor, its peak magnetic
field and forces as well as the analysis of the operation stability can be found in the same reference along with layouts
of the electrical circuit powering the toroid, the cryogenic systems needed for operation and the compatibility of
the complete system with movement requirements. Furthermore the magnet system reliability has been studied and
various fault scenarios have been developed together with basic operational strategies to be followed in case of such
operational failures. A plan for the assembly of the cryostat and its integration into the rest of the experiment has been
mapped out and the construction of a prototype coil is envisioned to validate the design and to reduce risks remaining
even though the current design is based on extensive experience from the ATLAS magnets, since the IAXO peak fields
are high (non-trivial superconductor development and training of the coils).

2.2. Reflective X-Ray Optics for IAXO
The choice for the eight IAXO telescopes that will focus any x-ray signal from axion-to-photon conversion in

the cold bore onto the detectors are reflective x-ray telescopes utilizing segmented, slumped glass optics as the basic
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Axion miniclusters
           overdensities

mass 

The radius is fixed by

For an axion mass 

One encounter every 

O (1)

M = ⇢a
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H
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⇢MC = 140�3(1 + �)⇢a(zeq)
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Axion Stars
Made of axions that oscillate in 
the lowest energy state coherently

v ⇠ ~
mR

M = N m

U ⇠ �GM2

R
+

M

2
v2 + Uself rU = 0
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Axion Stars
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Axion star radius vs mass
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Axion Stars
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Axion star radius vs mass

U ⇠ �GM2

R
+

M

2
v2 + Uself

R / 1/M
r2U > 0 Stable!
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Axion Stars
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Axion Stars
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Axion star radius vs mass
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⇢ ⇠ M/R3 ⇠ const R / M1/3

⌧ = O (1000/m) Oscillons
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Conclusions
• Axions are well-motivated, viable CDM candidates;

• Details (coupling, temperature-dependence, defects)
   require much further efforts. Work in progress...

• The parameter space is being tackled;

• Miniclusters and axion stars are formed, work is needed!

• Ultra-light axions models are difficult to motivate given 
PLANCK-BICEP2 data
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