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Abstract. The CERN Axion Solar Telescope (CAST) experiment uses a decommissioned LHC 
test magnet in conjunction with three different technology X-ray photon detectors and tracks the 
sun to look for the elusive axion. Axions or axion-like particles with a two-photon interaction 
can be produced in the Sun by the Primakoff process, according to the theory. In a laboratory 
magnetic field they can be transformed into X-rays with energies of a few keV. CAST has been 
running for about 6 months during 2003 and most of 2004. The first results from the analysis of 
the 2003 data are presented here. No signal above background was observed, implying an upper 
limit to the axion to photon coupling gαγγ < 1.16 × 10-10 GeV-1 at 95% CL for mα ≤ 0.02 eV. This 
limit is comparable to the limit from stellar energy loss arguments and considerably more 
restrictive than any previous experiment in this axion mass range.  

Keywords: axions, dark matter, X-ray detection, Micromegas. 
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INTRODUCTION 

The Lagrangian of Quantum Chromodynamics (QCD), the gauge theory of the 
strong interactions of quarks and gluons, is constructed with the requirement that it is 
Lorentz as well as local gauge invariant. Denoting the fermion matter fields (quarks) 
by ψn, N the number of quark flavors, the gauge fields (gluons) by Aα, g the strong 
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coupling constant and by tα the generators of the SU(3)c color algebra of the rotations 
of the quark fields in the color space, ψn→ exp{iαa(x) ta}ψn with α(x) an x-dependent 
parameter, which satisfy the relation: [ta,tb] = ifab

c tc, with a, b, c = 1,…,8, and fαbc the 
structure constants of this algebra, the Lagrangian can be written as: 
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With aGμν  the kinetic term of the gluons, cb

abc
aaa AAgfAAG νμμννμμν −∂−∂=  (2) 

 
The inherent local gauge symmetry of QCD is not spontaneously broken so that the 

gluons remain massless at all scales. The non Abelian character of this theory 
introduces non linear phenomena which result in a non trivial topological structure of 
the vacuum. In fact the true vacuum is actually a linear combination of an infinite 
number of degenerate vacua, denoted by |n>, the so-called θ vacuum: 
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The parameter θ is an observable and as a consequence it must be included in the 

QCD Lagrangian in an additional effective term which is CP violating: 
 

 μν
μνθ π

θ aa GGgL ~
32 2
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The QCD Lagrangian, in the limit of zero up and down quark masses, has a large 

global symmetry described by the group U(2)VXU(2)A. For small masses this is 
approximately true. Indeed experimentally we know that U(2)V=SU(2)VXUV(1) which 
is the IsospinXBaryon symmetry is true and results in the (p,n) and (π+-,π0) multiplets 
in the hadron spectrum. However, the axial symmetry U(2)A is spontaneously broken 
and one would expect four light mesons. Only three pions are observed though and 
this is known as the U(1)A problem. The resolution of this problem comes again from 
the complexity of the QCD vacuum which makes U(1)A not a quantum symmetry of 
QCD even though it is a classical symmetry in the limit of zero quark masses.  

Finally in the process of spontaneously symmetry breaking of the local gauge 
symmetry in the strong and electroweak interactions, the quarks acquire in general 
complex masses and in order to obtain real values one has to diagonalize the quark 
mass matrix M, a fact which inserts another CP violating term in the QCD Lagrangian: 
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The total θ parameter is then: )(det MArg+= θθ  
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If based on this information we calculate the neutron electron dipole moment, we 
get dn ≈ 10-16⎯θ e·cm. Comparing with the experimental limit dn<0.63x10-25 e·cm, we 
deduce that θ has the very small value of: ⎯θ ≈ 10-9[1]. Thus the strong CP problem 
appears as the question of why this parameter coming from the strong and weak sector 
is so small. 

The most elegant solution of the strong CP problem comes from the work of Peccei 
and Quinn [2] who introduced an additional axial global U(1)PQ symmetry, which is 
spontaneously broken and it replaces ⎯θ  = θ + Arg(detM) with a(x)/fa, where a(x) is a 
new Nambu-Goldstone (NG) field and fa is the symmetry breaking scale. This axion 
field has non zero vacuum expectation value <a> and the Lagrangian written in terms 
of the physical axion aph(x)=a(x)-<a> has no longer the θ-term. 

The original model of Peccei and Quinn as supplemented by Weinberg [3] and 
Wilczek [4] introduced the standard axion, an axion tied with the electroweak 
symmetry breaking scale. This axion, with near MeV mass and appreciable couplings 
to matter and radiation, would be easily detectable. However, the PQWW axion was 
subsequently ruled out by experiment. Later models such as the DFSZ model [5] and 
the KSVZ model [6] introduced the invisible axions, thus called because they are very 
weakly interacting since fa>>few. The detection of this type of axion is based on its 
coupling to two photons and many experiments have been and are being conducted to 
search for its existence. Two detailed reviews on the evolution of the theory and the 
axion searches are written by Kim [7] and Cheng [8]. 

AXION PROPERTIES AND ASTROPHYSICAL ISSUES 

The axion, as every NG boson, couples derivatively to matter: 
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The parameters ci are model dependent parameters, and i stand for the fermion 

matter fields. The axion is special because it couples to two gluons with a non-
derivative term: 

 

 aGGg
f

L aa

a
agg μν

μν

π
~

8
1

=  (7) 

 
At low energies this term generates the axion mass: 
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All effective coupling constants of axions with matter and radiation depend on the 

inverse of the symmetry breaking scale fa, and are therefore linear in the axion mass. 
The axion also couples to photons: 
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For the DFSZ axion we have cγ=0.36 and for the KSVZ cγ=-0.97. This coupling is 

very important for the detection of the axions. 
One of the main axion production mechanisms, stemming from the two photon 

interaction thus common to all axion models, is the Primakoff process: 
 

 )()()()()()( 21 aa kapekpeorkaZkZ +→++→+ γγ  (10) 
 
Here Z is the nucleus, e=electron, γ=photon, a=axion and the symbols in 

parentheses represent the initial and final momenta of these particles.  
Any light and weakly interacting scalar or pseudoscalar can be produced in hot 

plasmas and has the potential to cause energy loss in the stellar evolution [9]. Axion 
emission from stellar objects (red giants, stars in globular clusters, supernova 1987A, 
etc…) must be weak enough not to change their known evolutionary process. This 
puts a limit on the scale which, although model dependent, is roughly fa > 6*109GeV, 
corresponding to a mass limit of ma<0.01eV. On the other hand masses less than about 
10 μeV cannot be allowed because so light axions would have abundantly produced in 
the early universe so that to overcome the closure density. Assuming that the main 
source of axion radiation is string loops rather than long strings the axions produced 
abundantly in the Big Bang would be the main candidate for cold dark matter if its 
mass is roughly in the range of 1μeV - 1 meV [10].  Axions with mass in the sub-eV 
to eV region could on the other hand be good candidates for the hot dark matter [11]. 

EXPERIMENTAL TECHNIQUES 

Experimental efforts to discover the axion particle have been active since the 
proposal of the standard axion and continued all along the subsequent theoretical 
models [12,13]. The new generation axion search includes experiments looking for 
halo axions of very low masses and experiments looking for solar axions of masses in 
the allowed region: 

The US Large Scale Dark Matter Axion Search experiment (ADMX), employing a 
large scale microwave cavity at LLNL to search for relic axions in our galactic halo 
[14]. In the presence of a magnetic field, an axion can decay into a single photon of 
the same energy, and the conversion probability is resonantly enhanced in a high-Q 
microwave cavity [15,16]. The technique involves a tunable helium-cooled high-Q 
cavity placed in the bore of a superconducting solenoid, and the resonant frequency of 
its lowest TM mode is slowly swept while the cavity output is monitored for excess 
power from resonant axion conversions. The expected signal is very weak, even with 
their expected local density of axions, 1014 cm-3 for a 10 μeV axion, the expected 
conversion power is extremely weak, ~10-23 W, so the physical temperature of the 
cavity and the intrinsic noise of the electronics must be reduced to minimal values. For 
the detection of the signal, Heterostructure Field Effect Transistor (HFET) microwave 
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amplifiers are being used achieving total system noise temperatures of ~3 K and 

representing the world's quietest spectral radio receivers. The experiment is looking 
for axions with masses between 1.3 μeV and 13 μeV and has already reported null 
results in the range of 2.1 - 3.3 μeV [13]. An upgrade to ADMX experiment is being 
pursued in order to improve the signal to noise using SQUID amplifiers. 

The University of Kioto experiment (CARRACK), seeks to exploit the extremely 
low-noise photon counting capability of Rydberg atoms in a Sikivie-type microwave 
cavity experiment [17]. Rydberg atoms are atomic systems that have been excited to 
near the ionization limit and in which an electron has been promoted to a level with 
large principal quantum number n (n~100). Rydberg atoms are quite sensitive as 
microwave photon detectors because the energy difference between adjacent levels is 
in the microwave region, they are highly efficient in absorbing these photons and the 
lifetime of the excited states is appropriate (1ms). This detector would scan the region 
of 2 to 30 μeV axion masses and results are reported for the 10 μeV [18]. 

The SOLAX [19] in Sierra Grande, COSME [20] in the Canfrac laboratory and 
DAMA in Gran Sasso [21], were designed as solar axion experiments which exploit 
the coherent conversion of axions on the crystalline planes in germanium detectors 
[22]. Indeed, solar axions could transform efficiently in electric crystal fields when the 
Bragg condition is satisfied. The obtained limits are not as restrictive as the solar axion 
experiments based on strong magnets described below.  

The recent CERN Axion Solar Telescope (CAST) [23] and the earlier Japanese 
experiment in Tokyo [24] represent a more sensitive technique to detect solar axions 
with mass up to ~1 eV. The axion production in the sun’s core is obtained by 
transforming thermal photons in the plasma to axions through the Primakoff process 
(figure 1a). The expected solar axion flux can be described by the following analytical 
fit [25,26,27]: 
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This expression resembles a Maxwell-Boltzmann with a mean value of ~ 4.2 keV, 

peaking at about 3.2 keV. 
 

FIGURE 1.  a) The axion production through the Primakoff process. b) The axion detection in a 
magnetic field through the inverse Primakoff process. 
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If the axions are allowed to enter a transverse magnetic field region, they can 

convert back to X-ray photons, which retain the original direction of axions, via the 
inverse Primakoff process (figure 1b) with a probability of: 
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With B the magnetic field strength, L the path length and q the axion-photon 

momentum difference which in the vacuum is: q = mα
2/2E. For qL<<1 this becomes 

Pα γ = (gαγBL/2)2, so the X-ray flux does not explicitly depend on the axion mass: 
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If, however, qL≥1 the axion-photon oscillation length is less than L the rate is reduced 
because of the axion-photon momentum mismatch. In this case one can use a low-Z 
gas in order to provide a refractive photon mass mγ so that q=|mγ

2-mα
2|/2E. If mγ ≈ mα 

(as accomplished by adjusting the gas pressure), then the X-ray flux is restored to the 
above rate. 

THE CAST EXPERIMENT 

Experimental Details 

The CAST experiment was designed to dramatically improve the sensitivity to the 
axion detection [23]. A 9.26m long decommissioned superconducting test LHC 
magnet was made operational again providing a 9 Tesla field and cross sectional area 
of 2x14.5 cm2. The magnet is mounted on a rotating platform and is able to track the 
sun for about 1.5 hours during sunrise and 1.5 hours during sunset with an accuracy of 
better than 0.01o. In order to control the systematics, the experiment uses three 
different technology detectors to search for the X-rays expected by the axion 
conversions inside the two magnet bores. A conventional Time Projection Chamber 
(TPC) is mounted on one side of the magnet covering both bore openings and looks 
for sunset axions. At the other end two more X-ray detectors are looking for the 
sunrise axions. One novel Micromegas (Micromesh Gaseous) detector with X-Y 
readout strip structure [28,29] covers one bore and a Charge Coupled Device (CCD) 
detector [30], used in conjunction with an X-ray mirror telescope [31], covers the 
second bore. The X-ray telescope can produce an ‘axion’ image of ~ 6 mm2 on the 
CCD, greatly reducing the effective background of the device. All detectors are made 
of low background materials and external shielding is used, when required, to keep the 
overall background rate to a minimum. 
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All three CAST detectors are recording ‘axion’ data during their corresponding 
tracking time while the rest of the time they are devoted to background (mostly) and 
calibration data taking. Figure 2 shows the CAST experiment in action. 

 

FIGURE 2.  View of the CAST experiment. The TPC, mounted at the left end of the magnet, searches 
for sunset axions whereas the Micromegas and CCD detectors, at the right end, look for sunrise axions. 

Data Analysis And Results 

CAST operated for a total of about 6 months in 2003 and the data taken are already 
analyzed and published [32]. The data from the experiment running in 2004 are at the 
final analysis stages. An important feature of the CAST data treatment, for the TPC 
and Micromegas data, is that the detector backgrounds are measured with about ten 
times longer exposure during the non tracking periods. The use of these data to 
estimate and subtract the true experimental background during sun tracking data is the 
most sensitive step in the CAST analysis. A more sensitive analysis is obtained with 
the CCD. The CCD measures the background and potential signal at the same time, 
since the signal is expected at the focusing area of the telescope, so an axion signal 
will be seen as excess of events in this area.  It is worth mentioning the low 
background levels which can be reached by the CAST detectors after the filtering of 
the events. As an example the Micromegas detector, during 2003, reached a level of 
2.0x10-5 events/keV/cm2/s with better than 85% software efficiency [29]. 

The three detectors are analyzing their data independently, so in order for an 
observed excess of events over the background to be considered as a credible signal of 
axions it must be seen by all detectors. Each detector after filtering the tracking and 
the background data performs a comparison of the two sets. In the no-excess, no-
signal case each analysis comes up with an individual result on the axion-photon 
coupling by either chi-square minimization (TPC and Micromegas) or the use of 
Likelihood method (CCD). Input for this analysis is the knowledge of the axion 
induced photon spectrum for fixed mα, multiplied with the detector efficiency curves.  
The final answer is produced by combining the individual results.  

As no axion signal was observed, the conclusion from the 2003 data analysis was a 
greatly improved limit for the axion-photon coupling gαγ. In the mass range of mα ≤ 
0.02eV and with a confidence level of 95%, the CAST experiment obtained [32]: 
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 1101016.1 −−×< GeVgaγγ  (14) 

 
Figure 3 shows the obtained limit in comparison with the limits obtained from other 

experiments in the same axion mass range and also shows the limits imposed by 
astrophysical considerations. The results from the 2004 data analysis are expected to 
reach the planned sensitivity of the experiment. 

 

Vacuum - Phase I

Phase II

4He 3He
Vacuum - Phase I

Phase II

4He 3He

 

FIGURE 3.  Exclusion limit (95% CL) from the CAST 2003 data compared with other constraints 
discussed in the text. The shaded band is the best motivated by typical theoretical models [33] to search 
for axions. Also shown is the future CAST sensitivity as foreseen in the experiment proposal. 

 

Future Prospects 

CAST, as seen in figure 3, has not reached the axion model band as yet. It is 
expected to enter this region in the already approved second phase of the experiment, 
in which search for higher mass axions is to be conducted. This phase is scheduled to 
start in October 2005 and involves filling the magnet bores with helium gas so that to 
obtain zero momentum difference between axion and photon. The vapor pressure of 
He4 at 1.8o K, is such that a maximum axion mass of 0.26 eV can be reached. The 

823

Downloaded 13 Sep 2006 to 128.32.147.57. Redistribution subject to AIP license or copyright, see http://proceedings.aip.org/proceedings/cpcr.jsp



pressure settings will be incremented in steps to achieve maximum sensitivity for 
different mass values. Using He3 that has a higher vapor pressure, one can reach a 
higher axion mass of up to 0.8 eV. For even higher masses an isolating gas cell in the 
bore will be required where He3 at 5.4o K would allow reaching a mass of 1.4 eV. 

An important upgrade of the Micromegas detector is planned, for phase II. The 
contribution of the Livermore group, a member of the CAST collaboration, involves 
the design and construction of an X-ray focusing telescope for use with a scaled down 
version of the Micromegas detector. This development combined with the addition of 
shielding around the Micromegas detector is expected to improve the background 
level of this detector by two orders of magnitude. Figure 4 shows the layout of the new 
Micromegas line. 

 

 

FIGURE 4.  The schematic of the new Micromegas detector line for phase II of the CAST experiment 
is shown. The CCD line (next to Micromegas) is not shown for clarity. 

 

CONCLUSIONS 

A new generation of experiments is active and its detector arsenal continuously 
improving with the purpose to become more efficient for the search of the elusive 
axions. Axions constitute the most elegant solution to the strong CP problem and the 
theory will greatly benefit in predictive power and self consistency when this kind of 
particle is discovered. 

The CAST experiment has been looking for axions of mass under 0.02eV during 
the 2003 and 2004 data taking periods. The result is an enormous improvement of the 
previous axion-photon coupling limit. During the second phase of the CAST 
experiment the axion mass region of at least up to 0.8 eV will be explored, by filling 
with appropriate helium gas the magnet bores. This way CAST enters the axion model 
region of figure 3, a region which is favored by theoretical modes. 
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