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The theta angle of the strong interactions

θ
0 π−π

- The value of     controls matter-antimatter differences in QCD
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Measured today |θ| < 10−10 (strong CP problem)
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Axions

0 π−π

- is it a dynamical field? 
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Measured today |θ| < 10−10 (strong CP problem)

θ(t,x)

generated by QCD!

3Friday, 19, June,2015



Axions

0 π−π

time

n

n̄

Energy

Measured today |θ| < 10−10 (strong CP problem)

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

θ(t) = θ0 cos(mat)

4Friday, 19, June,2015



Axions
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~ One parameter theory

axion mass
θ(t, x) = a(t, x)/fa

ma = 6meV
109 GeV
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generated by QCD!
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Axions
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- Axion DM scenarios

Axion dark matter
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Astro  
meets 
cosmo
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Axions in stars
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Axion Couplings and some models
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Tip of the Red Giant branch (M5)
Increase He core until 3alpha ignition (T~8.6 KeV)

Axion emission cools down core, delays ignition 

He
H-burning

Mcore ↑, TH ↑,L ↑
Brighter Helium flash!

Strong constraint, small hint!

COLOR

Br
ig

th
ne

ss

Globular ClusterM5
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- White dwarfs are death stars (sustain no fusion) 
- final phase of intermediate mass stars which cannot fuse C and O (Sun...)
- Cool  by 1) neutrino emission and 2) by photon surface emission

ν, ν̄ γ

C,O

White dwarf luminosity function
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Rate of WD production 
(simpified)

Luminosity decrease in time (~Cooling rate)

Number of WDs per unit luminosity (LUMINOSITY FUNCTION)

dNWD

Vol dt
= k

dL
dt

= f(t, ...)

dNWD

Vol dL =
k

dL/dt

White dwarf luminosity function
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White dwarf luminosity function

dNWD

Vol dL =
k

dL/dt
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White dwarf luminosity function

dNWD

Vol dL =
k

dL/dt+ dLa/dt
with axion-electron 
bremsstrahlung

increase coupling
Strong constraint, 
small hint!
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Iron Core collapse when electron degeneracy pressure 
cannot support its grav. pull

The gravitational energy 
of the core is mainly to be 
radiated away in neutrinos

E = 3× 1053 ergMcore ∼ 1.4M⊙

g = 10−10 GeV−1

Fe

Si

...

n,p

ν, ν̄

Core collapse SN
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n,p

-Neutrinos TRAPPED 
-Emitted from neutrino-sphere T~MeV
- ~10 sec to cool it down

- Axions (more weakly interacting)
- Emitted from the bulk T~tens MeV
- can cool much faster!

Neutrino burst
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g = 10−10 GeV−1

Cool the PNS 
eficiently 

reduce the 
neutrino burst!

axion production 
not significant

axions are 
reabsorbed 

inside the SN

p, n

p, n π

a

first approx. (pi pole too hard...)

Reduction of nu burst N +N → N +N + a
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g = 10−10 GeV−1

axion emission is suppressed due to
high density effects !

p, n

a

Reduction of nu burst N +N → N +N + a
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g = 10−10 GeV−1

SN1987A

- Cooling ~ 10 s
- Exotics, Eloss/mass and time 

- Axion emission . . . 

� � 1019erg/gs

�a ∼ g2ap1.6× 1037erg/gs

�
T

30MeV

�4

- Constraint . . .

gap � 8× 10−9

- Axions saturating the bound take ~50% Ecore

Diffuse Supernova Axion Background
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Cassiopeia A: neutron star cooling

- Cooling measured by Chandra, ~4% in ten years!

- Evidence of          emission in n Cooper pair formation 3P2

- Factor of ~2 extra cooling required, axions?

ν̄ν

ν̄
ν

3P2

n
n

3P2

n
n

a
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Hints, constraints and models ... any preference?

Tip of the Red Giant branch (M5)

White dwarf luminosity function

Cassiopeia A: neutron star cooling
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KSVZ (no RG, no WD, no pref.)
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IAXO: The international axion observatory
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The Sun is a copious emitter of axions! convert into X-rays

Helioscopes 

focus detect

Conversion probability

P (a ↔ γ) =

�
2gaγBTω

m2
a

�2

sin2
�
m2

aL

4ω

�

ma → 0, P →
�
gaγBTL

2

�2

ma → large, P →
�
2gaγBTω

m2
a

�2
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Axions from the Sun

Hadronic axions (KSVZ)

Non hadronic (DFSZ, e-coupling!)

Ceme

fa
iēγ5e a

Cγα

2πfa

Fµν
�Fµν

4
a

gaγ

gae

gae = 10−13

gaγ = 10−12

typical of non-hadronic meV mass axions 
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CAST Helioscope

CAST (LHC dipole 9.3 m, 9T) hadronic axions

non-hadronic axions- 1~2 h tracking/day (sunset,dawn)
- 3 Detectors (2 bores)

CCD, Micromegas
- X-ray optics
- He gas for large masses

P (a ↔ γ) =

�
2gaγBTω

m2
a −m2

γ

�2

sin2
�
(m2

a −m2
γ)L

4ω

�

PhaseI

PhaseII

PhaseI
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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
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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)
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IAXO optics 

Focal length 

- IAXO optics conceptual design
AC Jakobsen et al, Proc. SPIE 8861 (2013)
- NuSTAR optics groups LLNL, Columbia U., 
DTU Denmark all in IAXO
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IAXO detectors

- Small Micromegas-TPC chambers:
Shielding
Radiopure components
Offline discrimination

Goal background level for IAXO:
10-7 – 10-8 c keV-1 cm-2 s-1

Already demonstrated:
~8×10-7 c keV-1 cm-2 s-1 
 (in CAST 2014 result)
10-7 c keV-1 cm-2 s-1 
 (underground  at LSC)

Active program of development. Clear 
roadmap for improvement

- Other detectors, Gridpix/InGrid, MMC,CCDs
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Possibility to unveal the hints!
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IAXO timeline

~ 3.5 y construction

~18 month TDR ~ 2.5 y integration/commisioning
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IAXO costs 
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Physics case + 

Betelgeuse is the next galactic SN
- up to 5 1014 a’s (E~80 MeV) in 10 sec
- Early warning (Si nu’s)
- check visibility
- 50-100 MeV detectors
- needs a boost ~30 
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DM detectors inside IAXO volume
- huge magnetic volume
- low masses than ADMX is straightforward
- high masses, combine cavities
- dish antennas (miniclusters) 
  see Redondo, talk at Patras 2014

ma[eV]
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Conclusions

meV frontier

- Astro hints (RGs,WD,NS)

- Experiment: IAXO 

- Axion DM (hard to test otherwise)
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