PROCEEDINGS

OF SCIENCE

Search for solar axions with the CAST experiment

Biljana Laki ¢, E. Arik 1%, S. Aune 3, D. Autiero 22, K. Barth 2, A. Belov 11,

B. Beltran 2, S. Borghi 2¢, G. Bourlis 18, F. S. Boydag 1%, H. Brauninger 5,

J. M. Carmona ©, S. Cebrian 6, S. A. Cetin 17, J. I. Collar 7, T. Dafni®, M. Davenport 2,

L. Di Lella 29, O. B. Dogan 1%, C. Eleftheriadis 8, N. Elias?, G. Fanourakis °,

E. Ferrer-Ribas 3, H. Fischer 19, P. Friedrich °, J. Franz'°, J. Galan®, T. Geralis °,

|. Giomataris 3, S. Gninenko 1, H. Gémez®, R. Hartmann °, M. Hasinoff 12,

F. H. Heinsius 1°¢, |. Hikmet 171, D. H. H. Hoffmann 4, I. G. Irastorza 8, J. Jacoby 13,

K. Jakov &i¢l, D. Kang1®f, K. Kénigsmann 19 R. Kotthaus 4, M. Krémar?,

K. Kousouris %9, M. Kuster 45, C. Lasseur 2, A. Liolios 8, A. Ljubi ¢i¢!, G. Lutz 14,

G. Luz6n 8, D. Miller 7, J. Morales 8, T. Niinikoski 2, A. Nordt °, A. Ortiz 8,

T. Papaevangelou 3, M. J. Pivovaroff 18, A. Placci 2, G. Raffelt 14, H. Riege??,

A. Rodriguez 6, J. Ruz®, I. Sawvidis 8, Y. Semertzidis 1°", P. Serpico 4!, R. Soufli 16,

L. Stewart 2, K. van Bibber 16, J. Villar ¢, J. Vogel 19, L. Walckiers 2, K. Zioutas 152

1Rudjer Boskovit Institute, Zagreb, Croatia

Email: Bi | j ana. Laki c@rb. hr

2European Organization for Nuclear Research (CERN), Ger@wiizerland

3CEA, IRFU, Centre de Saclay, Gif-sur-Yvette, France

4Technische Universitat Darmstadt, IKP, Darmstadt, Gergnan

SMax-Planck-Institut fiir extraterrestrische Physik, Gaireg, Germany

8Instituto de Fisica Nuclear y Altas Energias, UniversidadZéragoza, Zaragoza, Spain

"Enrico Fermi Institute and KICP, University of Chicago, €ago, IL, USA

8Aristotle University of Thessaloniki, Thessaloniki, Gree

9National Center for Scientific Research “Demokritos”, AtiseGreece

10AIbert-Ludwigs-Universitat Freiburg, Freiburg, Germany

Hnstitute for Nuclear Research (INR), Russian Academy iehSes, Moscow, Russia

2Department of Physics and Astronomy, University of Bri@stumbia, Vancouver, Canada

13Johann Wolfgang Goethe-Univ., Inst. fir Angewandte Ph¥sénkfurt am Main, Germany

14Max-Planck-Institut fiir Physik, Miinchen, Germany

15physics Department, University of Patras, Patras, Greece

16 awrence Livermore National Laboratory, Livermore, CAAJS

1’Dogus University, Istanbul, Turkey

18 present address: Hellenic Open University, Patras, Greece
The CERN Axion Solar Telescope (CAST) is searching for agiproduced by the Primakoff
process in the solar core. CAST is using a dipole magnet wdvaoms could be converted back
into X-rays. Phase | data analysis resulted in the mosticigé experimental limit on the axion-
photon coupling constant fon, < 0.02 eV. In CAST Phase Il, the sensitivity is extended to higher
axion masses. Results of the analysis of 2005 and 2006 deting the rangen, < 0.4 eV, will
be presented. Currently CAST is searching for axions witlssea up to 1.2 eV.

Identification of dark matter 2008

August 18-22, 2008

Stockholm, Sweden

*Speaker.

(© Copyright owned by the author(s) under the terms of the Gre&ommons Attribution-NonCommercial-ShareAlike Licen http://pos.sissa.it/



Search for solar axions with the CAST experiment Biljana Lakic

1. Introduction

Axions are hypothetical particles arising in models whichynexplain the CP problem of
strong interactions. The underlying Peccei-Quinn (PQ)masm [1] introduces a new global
U (1) chiral symmetry that is spontaneously broken at some langegg scalef,. The consequence
of the PQ mechanism is axion, the Nambu-Goldstone bosbi{ Dipg. Axion is practically stable
neutral pseudoscalar and a candidate for the dark mattéreafitiiverse. The phenomenology is
determined by the scallg. The axion mass can be expressed in the foys- 6 eV(lO6 GeV/f,).
Most of the axion experimental searches are based on the emeraction with two photons:

1 ~

whereF is the electromagnetic field-strength tendoits dual,a the axion field E the electric and
B the magnetic field. The axion-photon coupling constaptcan be written in the form

_a (E 2(4+z+w)\ a (E
Yay = ont, (N 3(1+z+w)>_2nfa (N 1'92i0'08>’ (1.2)

wherez = m,/mq andw = m,/ms are quark-mass ratios af/N is the model-dependent param-
eter. As a consequence of this interaction, axions coulastoam into photons and vice versa
in external electric and magnetic fields. The CAST experinieiased on the axion helioscope
technique [2] where a dipole magnet is oriented towards thre 8xions could be produced in the
solar plasma by converting thermal photons in the Coulonbdief nuclei and electrons - the Pri-
makoff process, and back-converted into photons in a latigranagnetic field. The expected solar
axion flux at the Earth isb, = 3.75 x 101Y(g,,/(1079GeV1))2 cm~2 s71 with an approximate
spectrum

d®, 0 Qay 2(Ea/ kev)248t ., | —1
iE. = 6.02x 10 <1O_10 cevT) R imEwey CM S keV (1.3)

and the average enerd¥,) = 4.2 keV. The expected number of photons (X-rays) reaching a
detector ifNy = [(d®P,/dE;) P, StdE whereP,_., is the axion-photon conversion probabiligy,

the effective area ankthe measurement time. The axion-photon conversion prtityaini vacuum

can be written aB, ., = (gayB/q)?sir?(qL) whereL is the magnet lengtiB the magnetic field and

q = mZ/2E, the axion-photon momentum difference. For axions and pi®oto be in phase along
the magnet length, the coherence conditihn< 77 has to be satisfied. Therefore, the experimental
sensitivity is restricted to a range of axion masses (fomgla, m; < 0.02 eV forL = 10 m and

Ea. = 4.2 keV). In order to extend the sensitivity to higher axion sess the conversion region
has to be filled with a buffer gas which provides an effectib®tpn massn,. In that case, the
conversion probability takes the form [3]

_ (BGy 2 1 —rL rL/2
PH_< > ) T (1+e ™ —2e2c0gqL) ) (1.4)

whereq = |m2 — mf,]/(ZEa) andr is the inverse absorption length for photons in a gas. Asutres
the coherence is restored for a narrow mass window arowynd my (figure 1).
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Figure 1. Axion-photon conversion probability versus axion masse Black line corresponds to the case
when vacuum is inside the conversion region and the reddirene particular helium pressure setting. The
coupling constant of ¥ 10 1°GeV 1! is assumed.

The first implementation of the axion helioscope principlasvperformed in Brookhaven [4]
and later a more sensitive search in Tokyo [5, 6, 7]. The masitve heliscope experiment CAST
[8, 9] has been taking data since 2003, both with vacuum asdfgst*He and latePHe) inside
the conversion region.

2. Experimental setup

The external magnetic field in the CAST experiment is proditg a Large Hadron Collider
(LHC) prototype dipole magnet [10] with the magnetic fi@e: 9.0 T. Inside the magnet there are
two paralell, straight pipes with the length= 9.26 m and cross-sectional arSa= 2 x 14.5 cn?.
The operating temperature is 1.8 K which is provided by aduolbgenic station. The magnet is
mounted on the rotating platform with40Q° horizontal and+8° vertical movement. As a result,
the Sun can be observed for 1.5 hours at both sunrise andtsiursgg the whole year. At both
ends of the magnet, different detectors are searching fotops coming from axion conversion
inside the magnet when it is pointing to the Sun. The time the iS not reachable is used for
background measurements. Periodical so-called GRID memsmts show that CAST points to
the Sun within the required precision. As an additional &h#we Sun can be filmed twice per year
using a camera placed on the magnet. The overall trackirgsioa is~ 0.01°.

For the data taking witliHe, a gas system was designed to operate in rang&6% mbar
at 18 K. The system provided a homogenous and stable densitg alenmagnet bores, with
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adequate accuracy and reproducibility of density settirgsthe ends of the bores, four X-ray
windows were installed. The windows were designed to meetiaprequirements: high X-ray
transmission (polypropylene 1%m), resistance to sudden rise of pressure (strongback raesh)
minimum helium leakage.

Before 2007, CAST utilized the following X-ray detectors:canventional Time Projection
Chamber (TPC)[11], an unshielded Micromegas detector @] an X-ray mirror telescope in
combination with a Charged Coupled Device (CCD) [13]. Thea)}-focusing system and Mi-
cromegas were looking for sunrise axions, while the TPC weasijgying both bores on the other
end of the magnet looking for sunset axions. The X-ray telesccan focus the photons to a
~ 9 mn? spot on the CCD, thus significantly improving the experiraéaensitivity.

3. Operation, results and prospects
The operation of the CAST experiment has been forseen teptbin several phases:

e Phase |: during 2003 and 2004 the experiment operated with vacuisidénthe magnet
bores, thus exploring the axion mass range up to 0.02 eV. &atlysis showed the absence
of excess photons when the magnet was pointing to the Surtharefore set an upper limit
on the axion-photon coupling @k, < 8.8x 1071 GeV! at 95% C.L. [9]. This result is the
best experimental limit for the range of axion masses up @@ @V, also superseeding the
astrophysical limit derived from energy-loss argumentfionzontal branch stars (figure 2).

e Phase Il with “He: during 2005 and 2006 the magnet pipes were filled Wiile. The gas
pressure was increased from 0 to 14 mbar in appropriate siemwver equally the accessible
mass range. With 160 different pressure settings, the rahg&ion masses up to.89 eV
was scanned. The resulting upper limit on the axion-photupling constant [14] is shown
in figure 2. The measurement time at each pressure settingnias few hours, resulting
in small event numbers and therefore large statisticaldltains of the line contour. For the
first time in the helioscope type of experiments, the limit eaetred the QCD axion model
band in the electronvolt range.

e Phasell with ®He: In 2008, CAST started taking data withle inside the magnet pipes. The
data taking will continue until the end of 2010. The range xiba masses up te- 1.2 eV
will be scanned. Prospects for tPide phase are shown in figure 2.

Apart from the main line of research, CAST could also be gmesio axions from M1 nuclear
transition [15], Kaluza-Klein [16] and low energy axions.
4. Upgrades for the 3He phase

During 2007, the CAST experiment made several upgradesderdo prepare for the more
demanding’He part of phase Il data taking. The most important upgradeav@esign and instal-
lation of a sophisticated and compléde gas system [17]. The system includes high accuracy in
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Figure 2: Exclusion limit on the axion-photon coupling constant wsraxion mass. Combined result from
the CAST phase | antHe part of phase Il (blue line) is compared with results fréwa Tokyo experiment
and horizontal branch starts limit. The HDM line refers te tiot dark matter limit [18]. The yellow band
represents typical theoretical models while the red dahedhows CAST prospects for tiiele run.

measuring the gas quantity, flexible operation modes (8tgpgnd ramping), absence of thermo-
acoustic oscillations and protection of cold, thin X-rayndows during a quench. It is a hermetic
system in order to avoid the loss tle.

During this period, CAST detectors were upgraded as welkva shielded bulk Micromegas
replaced the unshielded one, while the TPC detector waaageglby two shielded Micromegas
detectors (bulk and Microbulk). Upgraded detectors havers ow background level, therefore
improving the experimental sensitivity in the ongoittde part of phase .
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5. Conclusions

The result from the CAST phase | data is the best laboratory @in the axion-photon coupling
constant fom, < 0.02 eV. In the*He part of CAST phase I, the search has entered the QCD axion
model band and set a mean upper limit df2x 10-1° GeV ! in the range M2 < m, < 0.26 eV.
The3He part of phase 1l will explore the range up+01.2 eV. CAST phase Il explores the mass
range where QCD axions would provide a hot dark matter cormposimilar to neutrinos.
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