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The Strong CP Problem

QCD predicts that CP (and T)
symmetry is broken in strong
interactions

This is never observed in experiments !

Symmetry Conservation
C P CP

Electromagn. Yes Yes Yes
Strong Yes Yes Yes
Weak No No No

Example: Violation of CP symmetry =⇒ electric dipole moment of the
neutron
Prediction:

|dn| < Θ̄ · 10−16 e cm

Present experimental limit: |dn| < 10−25 e cm

Difference of a factor of Θ̄ = 10−9 between theory and experiment !

A possible solution:
Exclude all CP violating terms in QCD Lagrangian density by introducing a
new component.
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The Axion

The Peccei & Quinn Solution (1977)

A new massless pseudoscalar field a(x) interacting with the gluon field, later
interpreted as particle by Weinberg, Wilczek 1978.

Pseudoscalar particle similar to π0

=⇒ axions are CP odd by construction

a
CP
−→ −a

Light neutral Goldstone boson that
couples to two photons

Astrophysical and cosmological arguments limit axion mass to:

10−6 < ma < 1.2 eV/c2

Very weak interaction probability with matter =⇒ e.g. lifetime τa→2γ

τa→2γ ≈ 1024(1 eV/ma) =⇒ for ma . 25 eV/c2 τ ≥ tUniverse

Viable dark matter candidate for 10−6 eV/c2 < ma < 1.2 eV/c2
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Solar Axions

The Sun

Basic Properties:

Luminosity L¯ 3.8× 1026 W
Core Temperature 1.5× 107 K
Core Density 1.5× 102 g cm−3

Mass M¯ 2× 1030 kg
Radius R¯ 7× 108 m
Age 4× 109 yr

Primakoff Effect
Conversion of thermal photons
which couple to the Coulomb field of
the plasma in the core of the sun.

Process is most efficient for
R < 0.2 R¯

Expected mean axion energy
Ea ≈ 4.2 keV
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Solar Axion Model

Axion Surface Luminosity
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Mean energy: < E >= 4.2 keV

Axion Luminosity:
La = 1.9× 10−3L¯

Axion flux: Φa = 3.8× 1011 cm−2 s−1

Provided by Serpico & Raffelt
Based on the standard solar model BP2004 (Bahcall et al., 2004)
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CAST Principle

Principle of the Axion Helioscope Sikivie, Phys. Rev. Lett. 51 (1983)

Assumption: Axions are produced via Primakoff effect in the sun
Point a strong magnetic field towards the sun to convert axions back to
X-ray photons
Use background optimized X-ray detectors to observe the X-rays

Advantages
1 Essentially assumption-free and model-independent
2 Covers a broad-band mass range ma ≈ 10−16–0.8 eV/c2
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CAST Principle

Efficiency of the Axion to Photon Conversion (CAST Phase I 2002–2004)

In Vacuum:

Pa→γ = 1.74× 10−17
(

B·L
9.0 T·9.26 m

)2
(

gaγ

10−10 GeV−1

)2
· |M|2

|~q| = | m2
a

2Ea
| |M|2 = 2(1−cos(qL))

(qL)2 qL¿ 1 =⇒ |M|2 = 1

For axion masses ma > 10−2 eV/c2 coherence is lost !
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CAST Principle

Expected Solar Axion Flux/Photon Flux

Expected solar axion flux from the Sun:

Φa = g2
10 3.77× 1011 axions cm−2 sec−1 with g10 = gaγ × 1010 GeV

Expected corresponding photon flux:

Φγ = 0.51 g4
10

(

L
9.26 m

)2 ( B
9 T

)2
photons cm−2 d−1
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CAST at CERN

CERN−Meyrin

Lake

France

LEP Point 8
CERN−Prevesin
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CAST at SR8

He Cryogenics

He Pipes

Tracking System

CAST Magnet

Prototype LHC magnet
B = 9.0 T l = 9.26 m
T = 1.8 K m ≈ 30 t

Tracking system
H = −8 ◦ . . . 8 ◦ Az = 40 ◦ . . . 140 ◦

=⇒ 1.5 h observation time during sun rise and sun set (≈ 46 days/year)
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The X-ray Detectors

East−side (setting Sun) West−side (rising Sun)

Telescope

Micromegas

pn−CCD

Calorimeter

TPC+Shielding
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The X-ray Telescope of CAST

3 mmSpot

43 mm
Hyperbolic

ShellsShellsMagnet Bore

Focus

CCD−Detector

Parabolic

Opt. Axis of the Telescope

1.6 m

Wolter I type grazing incident optics (prototype for ABRIXAS mission):

27 nested gold coated nickel shells, on-axis resolution ≈ 43 arcsec
Telescope aperture 16 cm, used for CAST 43 mm
Only one sector of the full aperture is used for CAST

∅43 mm (LHC Magnet aperture) =⇒ ∅3 mm (spot of the sun)
Significantly improves the signal to background ratio !
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Sun Filming

In March & September we can
observe the Sun with an optical
telescope.
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Status of the Experiment

Two data taking periods in 2003 and 2004 successfully finished
(sensitive to axion masses ma < 0.02 eV/c2).
No significant signal over background
=⇒ improved upper limit on gaγ by a factor of 5

Total amount of acquired data in 2003:
Axion sensitive conditions 121.3 h
Background data 1233.5 h

Total amount of acquired data in 2004:
Axion sensitive conditions 179.4 h
Background data 1723.5 h

At present CAST is transformed into a new configuration that allows to
extend the sensitivity of the experiment to higher axion masses
(0.02 eV/c2 ≤ ma ≤ 0.8 eV/c2).

Data taking with extended sensitivity is planned for the end of 2005 and
2006/2007.
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CAST First Results – Data of 2003
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Combined upper limit:

gaγ(95%) = 1.16× 10−10 GeV−1

Zioutas et al., Phys. Rev. Lett. 94 (2005) 121301
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PVLAS - Observed Optical Rotation in Vacuum

Zavattini et al., hep-ex/0507107

Use a polarized laser
beam in vacuum

Add a transverse
magnetic field B ≈ 5.5 T

Measure change in the
state of polarization of the
laser

Change of polarization
angle and ellipticity
observed.

Signal was observed at 2
different wavelengths.

Interpretation as neutral, light boson 0.7 meV . mb . 2 meV
1.6× 10−6 GeV−1 . gbγ . 1× 10−5 GeV−1
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BNL E840 - Optical Rotation Data

Y. Semertzidis (priv. comm.)
and Y. Semertzidis, 1990, PhD Thesis, Uni. Rochester

Experiment based on the same physical principle, but different
experimental setup.
Similar signal was observed in the E840 experiment.
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CAST Phase II

Fill magnet bore with buffer gas
4He or 3He

(pvap = 16/140 mbar@1.8 K)

=⇒ photon acquires an effective mass

mγ,eff ≈
√

0.02 P[mbar]
T[K] [eV/c2]

Systematically change pressure =⇒ scan mass range ma > 0.02 eV/c2

4He: ≈ 74 pressure steps 0 ≤ p ≤ 6 mbar, ma ≤ 0.26 eV/c2

3He: ≈ 590 pressure steps 6 < p ≤ 60 mbar, ma ≤ 0.8 eV/c2

=⇒ Allows to scan axion masses 0.02 eV/c2 ≤ ma ≤ 0.8 eV/c2
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CAST – Transforming to Phase II

VT 2

Cold Window

TPC

X−ray Finger

Cold Mass

Cold Window

MFB
VT 4 V 14

CCD−Detector

Telescope

Cold Windows/He-Gas System
System to control the density and temperature of the gas in the bore

Gas system to store the 4He/3He gas

Cold windows to separate gas volume to vacuum of the detectors
minimizing thermal coupling between the cold bore→ outside of the
magnet

Approach: Start with a simplified 4He system→ go to 3He system
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Cold Windows R&D – Saclay – CERN – Freiburg

Prototype Cold Window 2005

Detector

Technical Requirements
High transmissivity at 1–7 keV

Minimizing He leak rate
q4He < 10−8 mbar l/s at 1.8 K

Transparent in the optical =⇒
alignment of the telescope

Withstand pressure differences
during a “Quench” (≈ 1 bar)

Robust under normal operating
conditions

Technical requirements constrain the
design of the window and the selection
of the material.
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LLNL Telescope and Saclay Micromegas

Micromegas with X-ray Optics

Detector Concept
Integrated shielding based on
TPC experience

Better conversion probability
(88% compared to 73% 2004)

Integrated calibration and
alignment sources

X-ray Optics
Concentrator with a focal length of 1.3 m and diameter ≈ 47 mm

14 nested 125 mm long Iridium coated Polycarbonate shells

2 mm spot diameter and throughput ≈ 36%
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CAST 2005 and Beyond

Schedule 2005–2007

2005 2. Half Test of the 4He system (running)
Open cryostat, install cold windows for 2005
Commissioning
Short data taking run

2006 1. Half Final cryostat modifications, install 3He system
Installation of the final cold windows
Installation of the new MM telescope/detector + alignment
Grid measurements

2006 2. Half Test data taking run + commissioning
Full data taking

2007 1. Half Short shutdown for maintenance
Full data taking

2007 2. Half Full data taking
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Conclusions

The CAST collaboration has published its first results and derived a new
upper limit on gaγ .

No significant signal over background could be observed in 2003 and
2004 (analysis is in progress)

All detectors showed optimal performance during the 2004 data taking
run =⇒ 6 months of data.

CAST 2004 data allows to exploit the full potential of the telescope.

The CAST magnet is in preparation for the 2005 4He runs.

LLNL joined the collaboration and will provide the 3He for Phase II of
CAST.

An additional LLNL telescope system and Micromegas detector is under
development for Phase II (2006).

A promising signal was reported by the PVLAS collaboration =⇒ needs
to be confirmed.
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And ...

Joint ILIAS–CAST–CERN Axion Training 2005

30. November – 02. December 2005
CERN, Geneva

+
Workshop on Low Energy Axions

Speakers: Karl van Bibber, Eduard Masso, Roberto Peccei, Georg
Raffelt, Yannis Semertzidis, Pierre Sikivie ...

Registration + Program:
http://cast.mppmu.mpg.de/axion-training-2005/axion-training.php

Deadline: 21. October 2005
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PVLAS – Dichroism/Ellipticity

1 Real production of a particle
Component parallel to ~B will be
reduced =⇒ rotation of the
polarization plane

2 Production and decay of a virtual
particle
Retardation between E‖ and E⊥

=⇒ change in ellipticity Ψ

Experimental Principle

Use a polarized laser beam in
vacuum

Add a transverse magnetic field
B ≈ 5.5 T

Measure change in polarization
state of the laser beam

Results
Measured ellipticity:

Ψ ≈ 10−7

QED predicted ellipticity:
Ψ ≈ 10−11

U. Gastaldi, la Thuile, 2004
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PVLAS – Experimental Setup

PVLAS Resonant Optical Cavity

B

LaserMirror

Polarizer

M1

Turntable

cryostat)
(inside LHe

Rotating dipol
magnet

M2

PEM

Analyzer

Photodiode 1 m long, superconducting dipole
magnet
rotating with f = 0.33 Hz
Magnetic field B = 5.5 T

Fabry-Perot resonator with two
mirrors M1, M2
(optical path ≈ 60 km)

Nd:YAG IR laser λ = 1064 nm

PEM: Photo Elastic Modulator to
measure very small ellipticities

For details see:
F. Brandi et al., NIM A, 2001, 461
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CAST First Results – Data of 2003

Physics Today, Physics Web +
Press Releases
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