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- Invitation

- Axion (and WISPy) dark matter

- Parameter space

- Detecting WISPy DM with photons

- Dish antenna

- Cavities

- Prospects
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Low mass bosons (technically natural)

- Pseudo-Goldstone bosons
  Very generic BSM
  Axions motivated by the strong CP problem
  Majorons, familons, etc...

- Axion-like particles in string theories
  Non-perturbative masses
  
  O(100) ALPs in compactifications ... an Axiverse!
 
- Gauge U(1) vector bosons 
  Stuckelberg mass  
  Hidden sectors of string theory?



- The value of     controls matter-antimatter differences in QCD✓

Axions and strong CP (bottom up)
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Measured today |✓| < 10�10 (strong CP problem)

Axions and strong CP (bottom up)
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- is it a dynamical field? 
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generated by QCD!

Axions and strong CP (bottom up)
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~ One parameter theory

axion mass
✓(t, x) = a(t, x)/fa
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Measured today |✓| < 10�10 (strong CP problem)

- is it a dynamical field? ✓(t,x)
generated by QCD!
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Axions and strong CP (bottom up)
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Axion Mass/couplings

Quarks, Photons

Leptons

- Generic interactions for Pseudo-Goldstone bosons
- Stringy ALPs, f scale ~ string scale, mass unrelated



New gauge forces : light hidden photons

- Extra hidden U(1)’s (Stückelberg mass)

- Kinetic mixing with photon

- Building blocks in type IIb string theory
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- Axions decay 
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only low mass axions 
can be DM!

- NON-THERMAL

- THERMAL PRODUCTION p
today

⇠ T
today

⇠ meV

ma > meV???

p ⇠ H n T

- initial conditions
- decay of  cosmic strings, domain walls 

Axion cold dark matter



- Initial amplitude, physics at very high energies
- WISPy DM opens a window to HEP

recall

Relic abundance of  WISPy Dark matter (realignment)
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a1Same        everywhere

but which?

Random conditions
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QCD axion cold dark matter (two scenarios)
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(realignment+cosmic strings, DWs..)
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EBL

EBL

xion

Optical

X!Rays

CAST"Sumico HB

Τ

!5 !2 1 4

!15

!12

!9

Log10 mΦ !eV"

Lo
g 1
0
g
!GeV

!
1 "

- Mass and coupling unrelated
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- Scenario 1

General Axion-like particles (ALPs)



- Mass and coupling unrelated
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- Scenario 2

General Axion-like particles (ALPs)
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(realignment mechanism)

- Isocurvature constraints!!



hidden photon parameter space

- initial condition not 
related with mixing

- broader parameter space

- constraints from 
  DM oscillations into photons



Predictions ...
Goodsell 2011
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Cicoli 2011

Anisotropic predictions ...
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Hidden photons : isocurvature dark matter Graham 2015

- Misalignment sourced by Inflation itself 

- Longitudinal mode ~ scalar
- Except for extra suppression low modes
- Compatible with CMB isocurvature constraints
- Not possible for axions & ALPs
 

small scale 
extra suppression

h|Al|i ⇠
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2⇡



Hidden photons : isocurvature dark matter Graham 2015

HI ⇠ 1014GeV

- Prediction?, connection of DM abundance with H-Inflation (measurable from B-modes)

HI < 1014GeV

Excluded for HP dark matter (too interacting)



DM Direct detection of axions and the like



Cavities Mirrors LC-circuit

Spin precession Atomic transitions Optical



v . 300 km/s ⇠ 10�3c

velocities in the galaxy

phase space density
occupation number is HUGE!

behaves classically 
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- In a magnetic field one photon polarization Q-mixes with the axion

Not axions, nor photons are propagation eigenstates!

Raffelt, PRD’88Axion - photon mixing in a magnetic field



Raffelt, PRD’88Axion - photon mixing in a magnetic field

- Equations of  motion for a plane wave
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Raffelt, PRD’88Axion - photon mixing in a magnetic field

- Equations of  motion for a plane wave
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Raffelt, PRD’88Axion - photon mixing in a magnetic field

- Equations of  motion for a plane wave
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~Ea = !�a0

~Ba =
~k ⇥ ~Ea
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DM axions in a magnetic field



hidden photons in a magnetic field

! ⇠ ma � |~k|

� �0
kinetic mixing

!,~k, ~A0

~Ea = !� ~A0

L 2 1

2
�Fµ⌫F 0

µ⌫

~Ba =
~k ⇥ ~Ea

!
⇠ O(k�A0)

~E0 = ! ~A0



DM axions in a magnetic field
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DM axions in a magnetic field
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DM axions in a magnetic field
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DM axions entering a magnetic field
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sharp boundary



DM axions changing medium
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whose frequency is !� = !a = ma(1 + v2/2)

E� + Ea|z=z
mirror

= 0

Horns at al JCAP04(2013)016

magnetic field

Radiated photon wave

!,~k, a0

Ea = �!aa0 cos(!a(t+ vz)).

E� = ��!aa0 cos(!�(t� z)).

Radiation from a magnetised mirror



3D situation

!,~k, a0

~Ea = !�a0

k||2

k||1

k?



3D situation

!,~k, a0

k||2

k||1

~E� ' � ~Ea

kµ� = (!, k||1, k||2,
q

!2 � k2|| ⇠ !)

- emitted wave perpendicular to the surface
 
- up to O(k/w) corrections ~ 0.001

- polarized ~ along the magnetic field

kµ� ⇠ (!, 0, 0,!)



spherical reflecting dish

light rays are focused 
in the dish center ...
 up to an angle of  order  

O(k||/!)

Horns at al JCAP04(2013)016Radiation from a magnetised mirror
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-need more area?
-more B?
-less noise?
-more time? 
-up-fluctuation in the DM density?

- A=10 m2
- B=5 T
- Tnoise=5K
- Detectors every 1/8 in frequency

Signal to noise



Horns at al JCAP04(2013)016Sensitivity for HPs

different background levels



Limitations: Diffraction
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Limitations: momentum distribution
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Limitations: momentum distribution
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Limitations: momentum distribution and Earth’s motion with respect to DM

R

~k

center of  the distribution biased 

an amount

--------- > Daily modulation

R~v||,Earth�DM



Detecting the velocity distribution of  DM!

~k

At fist order rays from different parts of  the 
surface end up in the same spot in a CCD 

~d ' R
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Measuring Intensity 
we measure velocity distribution of  DM !!!
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, d
x

)

Disclaimer:
- 1 - Integrated over 
- 2 - aberrations of  order
        so make r/R small

v?
�d = O(rv?)



Recent revisit 
http://arxiv.org/pdf/1509.00371.pdf

- Large aspect ratio requires higher orders in r/R
- Plane-parabolic geometry 



Dish antenna for Hidden Photons
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Many dielectrics : MADMAX at MPP Munich

Emitted EM-waves from each interface

+ internal reflections ......

- Emission has large spatial coherence; adjusting plate separation -> coherence

boost factor

- Work in progress at Max Planck Institute fur Physik (Conceptual design)
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MADMAX

























IAXO: The international axion observatory



The Sun is a copious emitter of axions! convert into X-rays

Helioscopes 

focus detect



Next generation (proposed) IAXO

Boost parameters to the maximum

-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) 

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



IAXO magnet (under development)

IAXO magnet concept presented in:
IEEE Trans. Appl. Supercond. 23 (ASC 2012)
Adv. Cryo. Eng. (CEC/ICMC 2013)
IEEE Trans. Appl. Supercond. (MT 23)

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



- Axion DM - well motivated 
- underrepresented (getting better)
- testable 
- key targets not covered
- experiments are sensitive to ALPs and HPs

- New experiment: dish antenna
- a little short for axions (ALPs,WISPs!)
- directional detection
- dielectric mirrors
- IAXO magnet?

- More experiments needed!, some on the go!
- ADMX-II, HF, CAPP, MADMAX?
- New efforts in EU, stay in tune!

Conclusions


