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Abstract

The CERN Axion Solar Telescope (CAST) is searching for solar axions using the 9.0 T strong and 9.26 m long transverse magnetic
field of a twin aperture LHC test magnet, where axions could be converted into X-rays via reverse Primakoff process. Here we explore
the potential of CAST to search for 14.4keV axions that could be emitted from the Sun in M1 nuclear transition between the first,
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thermally excited state, and the ground state of >’Fe nuclide. Calculations of the expected signals, with respect to the axion—photon
coupling, axion—nucleon coupling and axion mass, are presented in comparison with the experimental sensitivity.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Axions are hypothetical neutral pseudoscalar particles
that arise in the context of the Peccei—Quinn solution [1,2]
to the strong CP problem associated with the @-vacuum
structure of QCD. Due to their potential abundance in the
early Universe, axions are also viable dark matter
candidates. As axions couple to photons and nucleons,
the Sun would be a strong axion emitter. Axions of a broad
energy spectrum with an average energy of 4.2keV could
be produced abundantly in the core of the Sun by the
Primakoff conversion of thermal photons in the fluctuating
electromagnetic fields of nuclei and electrons in the solar
plasma. Furthermore, axion emission from the magnetic
nuclear transitions in some nuclides that are present in the
Sun would provide an additional component to solar
axions. Axions produced by the latter mechanism would be
monoenergetic since their energy corresponds to the energy
of the particular nuclear transition. Some nuclear processes
have been proposed as sources of solar monoenergetic
axions [3,4] and experiments based on the detection of the
axions with suppressed eclectromagnetic couplings were
reported by several authors [5-8]. Here we focus on the
case when the (solar) hadronic axions couple to nucleons
and to two photons.

2. CAST experiment

One method of detecting solar axions on the Earth is to
make the Primakoff effect work in reverse, using a strong
transverse magnetic field in a laboratory to coherently
convert the solar axions into X-ray photons. Inside the
magnetic field, the axion couples to a virtual photon
producing a real photon: a+yy;.wua— Y. The energy of this
photon is equal to the total energy of the axion. The CERN
Axion Solar Telescope (CAST) [9] is primarily designed to
search for solar axions generated via the Primakoff process
using the above-mentioned method. The magnetic field in
the CAST experiment is provided by a decommissioned
Large Hadron Collider (LHC) prototype dipole magnet,
which produces a magnetic field of 9.0T in the interior
of two parallel, straight, 9.26 m long pipes with a cross-
sectional area 4 = 2 x 14.5cm?. The magnet is mounted
on a moving platform with +8° vertical and +40°
horizontal movement, allowing observation of the Sun
for 1.5h at both sunrise and sunset during the whole year.
The time when the Sun is not reachable is devoted to
background measurements. At both ends of the magnet,

low background X-ray detectors are installed to search for
photons coming from axion conversion in the magnet when
it is pointing to the Sun. The analysis of the first CAST
data has established an upper limit to the axion—photon
coupling of g,,,<1.16 x 10"°GeV " at 95% C.L. for axion
mass m,<0.02eV [10]. This limit improves the best
previous laboratory constraints on g,,, by a factor 5 and
is comparable to the limit derived from stellar energy-loss
arguments.

3. Estimation of the CAST sensitivity to 14.4keV solar
axions

Here we explore the potential of CAST to search for
14.4keV axions that could be emitted from the Sun, in M1
nuclear transition between the first, thermally excited state,
and the ground state of >’Fe nuclide [4]. >"Fe can be a
suitable axion emitter due to its exceptional abundance
among the heavy elements in the Sun (solar abundance by
mass fraction 2.7 x 10, and its first excitation energy of
14.4keV is low enough to be excited thermally in the hot
solar interior. Following the calculations in Refs. [11,12],
the expected axion flux at the Earth due to the °’Fe
de-excitations in the Sun is

@, = 4.405 x 103(=1.19gy + g3)* cm 257!, (1)

where gy, and g3 are the isoscalar and isovector axion—
nucleon coupling constants and they are model dependent
parameters. For example, go and g3 for KSVZ (Kim-
Shifman—Vainshtein—Zakharov) or hadronic axions [13,14]
are defined as

mn 1 1+4+2z—-2w
=——=12 F—-D)——— 2
Jo fPQ6 S+ )1+z+w )
and
mN 1 1—z
=—— - D+F)—
g3 fPQz( O ®

where my is the nucleon mass, fpg denotes the Peccei-
Quinn symmetry scale, while z = my/mq ~ 0.56 and w =
ny /ms ~ 0.029 are the quark mass ratios. The constants
F=0.46 and D = 0.8 are the invariant matrix elements for
the SU(3) octet axial vector currents and S=0.58
characterizes the flavor singlet coupling.

The expected number of X-rays produced by the
conversion of 14.4 keV solar axions in the CAST magnet is

N, = @, Py, At (4)
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Fig. 1. Upper limits imposed on g,,, by the estimation of the CAST
sensitivity to 14.4keV solar axions are given as a function of mi,. The 3¢
limits are shown for three axion nuclear coupling values indicated in the
text. The shaded band represents typical theoretical models.

where ¢ is the measurement time and P,_,, is the
axion—photon conversion probability. This probability in
vacuum is

B\ ? L
Poy = (g“ > sin’ (q) (5)
q 2

where B is the magnetic field strength, L is its length, while
q = m2/(2E,) is the axion—photon momentum difference.
Using these relations, in case that axion signal is not
detected, one can estimate the upper limit to the
axion—photon coupling as a function of axion mass and
axion—nucleon coupling:

ga"{"/ < q
1071°Gev™! = (=1.19¢ + g5)B

5 1 3J/Ng
sin(¢L/2) \| 4.405 x 10° Ate’

Here Np is the number of background events in the
detector and ¢ is the detection efficiency.

(6)

4. Results and discussion

For our calculations, we assumed 2-year experiment run
(~33 days of integrated exposure to the Sun). The
corresponding estimated background is Ng = 2145 counts,

while the detection efficiency for the converted X-rays is
assumed to be 100% [9]. In Fig. 1 we present our
estimation of the 3¢ level upper limit to g,,, as a function
of m, for three different axion—nucleon couplings. In the
middle contour we have taken (=1.19¢gy+g3) = 1.55 x 107,
the KSVZ axion model value for the Peccei—Quinn
symmetry breaking scale fpo = 10°GeV. The other two
contours correspond to fixing (—1.19g+ g3) at 1/10 and 10
times this value. One can thus easily scale the excluded
region for any choice of gy and g3. Therefore, our result can
also be generally applied (i.e. valid for general models
incorporating axion-like particles) to impose the con-
straints for any light pseudoscalars that couple to the
nucleon and to two photons.
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