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Chapter 1

Introduction

The standard model of elementary particle physics is thg@aleory which gives a suc-
cessful description of strong, weak and electromagneteractions. However, it has a
small blemish: we have not explained why the predicted vimtaof charge conjugation
times parity (CP) symmetry in the strong interactions isoluzgerved in experiments. This
unsolved question is known as the strong CP problem. An etegglanation of CP conser-
vation in the strong interaction was proposed by Roberte@&emnd Helen Quinn in 1977
by introducing an additional Peccei-Quinn (PQ) symmetryquantum chromodynamics
(QCD). This symmetry is spontaneously broken at an unkngumsetry breaking scalé,.

A new, light, and neutral pseudoscalar particle could thiseanamely an axion associated
with the spontaneous symmetry breaking. The original awith a mass of about 100 keV
was quickly ruled out by several laboratory experimentsw Nedels were thus considered
with very light axions having very weak couplings with mat@d a long lifetime, so-called
invisible axions. If axions exist, they could be formed ie #arly universe, thereby playing
a significant role in astrophysics and cosmology. Astroaysonsiderations can give a
bound on the properties of axions. In addition, axions winall mass are an excellent
candidate for cold dark matter and could constitute sombeetbsmic dark matter.

Axions would be produced in the core of stars like our sun bgracting with thermal
photons in the Coulomb field of electric charges by Primakoffiversion. In an external
transverse magnetic field, the axions can be reconvertedray Yhotons which have the
energy and momentum of the original axions. The sun is peddor axion searches because
of its closeness compared with other stellar objects.

The CERN Axion Solar Telescope (CAST) experiment searcbesdlar axions with
energies in the keV range. The axions from the sun could cobeek into photons in a 9
Tesla Large Hadron Collider (LHC) prototype supercondwgtnagnet, where the two beam
pipes inside the magnet are straight. The magnet can be naanethatically to follow the
sun. The data are taken every morning and evening for appetgly 1.5 hours by three
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different independent detectors installed at both endseo®t26 m long dipole magnet. They
are sensitive in the energy range up to 10 keV. A Time Pr@adthamber (TPC) covering
both beam bores is looking for photons coming from the magftet axion to photon conver-
sion during sunset, while at the other end of the magnet a MIKIBsh GAseous Structure
(MicroMegas) and a Charge Coupled Device (CCD) are detgthti® photons during sunrise.

An X-ray focusing mirror telescope designed for the Germam satellite mission
ABRIXAS is mounted between the magnet and the CCD. The mialescope focuses the
photons from the magnet bore of 14.5<aperture to a spot size of about 6 fhon the
CCD, therefore the signal to background ratio improves bgcéof of about 200 and hence
it improves the sensitivity of the experiment significantly

The experiment operated successfully for about 6 montins fay to November in 2003
as well as during 2004 with improved conditions in all detest First results of the 2003
data taking were published showing no significant signavablmackground. These results
constrain the upper limit of the axion-photon coupling dans by a factor 5 compared to
previous axion search experiments. Moreover, results tladata taken in 2004 are better
than the astrophysical bound from globular cluster.

This thesis is devoted to the determination of the uppet imthe axion-photon coupling
constant g,. In particular, the data which were taken with the CCD detelticated in the
focal plane of the X-ray mirror telescope will be discussedeh In Chapter 2 an overview
of the general axion physics including the theoretical wation in particle physics, axion
properties, limits on its mass and coupling constant byophiysics is given. In addition,
several experimental methods for axion detection are prreffiewed. In Chapter 3 the
experimental setup is described in detail. The basic piaand performance of the CCD
detector as well as the X-ray telescope are discussed int€@hépThe analysis of the 2003
data and experimental results are discussed in Chapterdpt€h6 gives the results of the
2004 data analysis in detail. Finally, the combined restij0 and future prospects are
presented in Chapter 7.



Chapter 2

Axion Physics

2.1 Theoretical motivation

The axion has been proposed as an explanation of the strompgabRm in quantum chro-
modynamics. It is a hypothetical neutral pseudoscalaigh@rtvhich has no spin and very
feebly interacts with ordinary particles like photons andadgs. In this Section, starting
with the strong CP problem, the theoretical origin of theoaxand its properties are briefly
reviewed.

2.1.1 The U(1) problem

QCD describes the theory of the color symmetry of strongraugons between colored

guarks and vector gluons. Calculations in QCD are typigadisturbative, which means that
particles and interactions are characterized by expartdmfeld around the ground state or
vacuum. The typical perturbative QCD Lagrangiafa,: is described by the standard form

. 1
Lpert = qu (iy'Dy—m¢)qs — ZGﬁng\)v (2.1)

wheref denotes all flavors of quarkgare the quark fields with constituent quark masees
ande}v are the eight vector gluon fields with= 1. ..., 8. The covariant derivativl,, is

Dy = 0y +igTaGh, (2.2)

whereT, are the generators which commute with each other. The gauggant gluon field
strength tenso@f}v with coupling g between quarks and gluons is

G, = 0,G3 — 3y G} — gfancGLGe. (2.3)
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The first term of Eqg. (2.1) is the kinetic energy and mass tefrig @and the second shows
that gluons themselves carry color charge. They arise dtieetaon-Abeliah character of
the gauge group. The derivation of Eq. (2.1) can be found in [Rg

In the chiral limitm; — 0, the QCD Lagrangiah et is invariant under a global axial
vector transformation, i.e. the axial current is conservédit is true, there would be a
symmetry between left- and right-handed quarks, leadingatdy degeneracy of the hadron
spectrum. Thelr andd quark masses are so small compared with the scale of QCDaso th
the chiral symmetry is a reasonable approximation. Howekier symmetry is not observed
experimentally in the spectrum of hadrons, implying that thiral symmetry is broken
spontaneously. As a consequence, there should exist a z® pseudoscalar Goldstone
boson. Its mass would be zero in the limif = 0 but would be expected to be non-zero yet
very small in the realistic case of small quark masses [2].

SinceLpert is invariant under chiral transformations, with three nfess quarks there
should be nine light pseudoscalars. The obvious pseudoggaiticles arat K,n andn’
whose masses would be zeranf = 0. Then is the eighth of a pure SU(3) octet state and
then’(JP¢ = 0~*) is a fairly pure SU(3) singlet st&t¢3]. However, the mass af is heavier
(my = 958 MeV) than predicted since the mass of a flavor singletgisscalar particle should
be

This inconsistency is known as the U{Igroblem [4].

2.1.2 TheB-vacuum

A solution to the U(1) problem was given by 't Hooft [5]. Due to instanton effects; s
called topological vacua, the U@l pxial current has an anomaly that leads to the physical
nonconservation of the ninth axial charge, so that the Ak§inmetry is broken by the Adler-
Bell-Jackiw (ABJ) anomaly [6]. Anomalies occur in field thiess usually when classical
symmetries are broken by quantum effects. Consequenty,atitomaly gives rise to an
additional term, the so-calldtiterm, to the QCD Lagrangian Eq. (2.1)

2 o~
Lg— e%eﬁveg% (2.5)

INon-Abelian means that not all the generators commute vaith ®ther. The commutator of any two is a
linear combination of all generatorBia, Tp] = ifapcle. If the structure constants of the grofi, is not equal
to zero, then the group is non-Abelian.

2In >= %(UU+ dd + <9
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whereg is the strong coupling constamﬁv is the color field strength tensor a6y’ denotes

its dual tensor given by

~ 1
G = —EaW“BGgB. (2.6)

The € tensor that occurs in the definition é‘implies thatLg is not invariant under parity
and thus odd under CP.

One question is then why a CP violatibgterm is allowed in the QCD Lagrangian. Here
the up and down (light) quarks are only treated, so the qualdsfiand the quark mass matrix

are
q= ((‘j‘) Mg = <”8“ n?ﬁ) (2.7)

Let us make a U(lyrotation on the up quark field — é®°y and this rotation is truly chiral
because right and left handed fields transform in differeatsy

Ur — €%R, U — €%, (2.8)

Under a U(1) rotation, the mass term of the up quark is not invariant, hewd m, = 0,
this axial symmetry would be restored. In general, the mésbeoup quark is not zero,
therefore the additiondlg term should be present in the QCD Lagrangian.

Considering the additional term in Eq. (2.5) with the form

Lg = constantx tr (G, G") (2.9)

3

where the corresponding dual of the field strength tensavengn Eqg. (2.6). In electromag-
netism, an analogous term would be formed by

—

tr(FyF") = 4E - B. (2.10)

This term clearly violates the parity (P) but is conservedartharge conjugation (C), since

[7]

= B

~B. (2.11)

p
C

P
C

me Mo
I
|
me me
oL o

Subsequently, the presence of the term Eq. (2.5) in QCD wid gse to a violation of CP
and P invariance, since it is proportionalEoe B.
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The chiral transformations change the vacuum angle [8,8]aichiral U(1j rotation on
the 8-vacuun? shifts the vacuum angle by the value of the phase of the detannof the
quark mass matrix. There is thus an additional contributicthed term as given by

0 =0+ arg(detM,), (2.12)

whereMq is the diagonal quark mass matrix obtained by the symmetgking. Therefore,
the effect of the vacuum may be represented by a new term Q@12 Lagrangian

2

Loco = Lpert+Lg = Lpert +§%Gﬁvé§", (2.13)

where 0 is the effective vacuum angle in the basis where all quarksemsire real and
diagonal.

2.1.3 The strong CP problem

As we have seen in Section 2.1.2, the U(byoblem is solved withg, however another
problem takes its place, i.e. the strong CP problem was Htentae solution of the U(J)
problem by instantond.g violates charge conjugation (C), charge conjugation tipagty
(CP) and time reversal (T) symmetries. P violation is a Walhwn feature in the weak
interaction, but CP and hence T violation has so far beendanty in the neutral kaon
system. Since a CP violation, assuming validity of the CREbtbm, implies a violation of T,
the observed violation of CP provoked both experimentalthedretical studies of electric
dipole moments of neutral particles, in particular thatha heutron.

An investigable consequence of CP violation is an elecipold moment (EDM) of the
neutrond,, which is theoretically estimated to dg= 8.2 x 10168 e.-cm. Baluni calculated
this neutron electric dipole moment within the MIT bag mddatd details can be found in
Ref. [10]. The current experimental upper limit of neutrddME [11, 12] is found to be

dn| <2.9%x10 %®e.cm  (90% C.L.) (2.14)

It indicates thaB cannot be much greater than 8. Little is known of how larged should
be. The parametércan basically possess any value between 0 an¢idwever, why should
the@ parameter be so close to zero. The smallne8soffeferred to as the strong CP problem.

3The superposition of the degenerate vacua is calle@treeuum:| >= 3> e "|n>.
4The bag model describes that quarks are confined within ahanrmeson. It is assumed to be static with
spherically symmetric boundaries and the interaction betwquarks can be ignored.
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2.1.4 The Peccei-Quinn solution

The strong CP problem is a small blemish on the successfotiatd model of particle
physics. Many physicists have suggested to evade thisgroblhe most attractive solution
to the strong CP problem was proposed by Peccei and Quinn7in [I8, 14]. The idea is
based on makin§ a dynamical field. They explained the small valueBdfy introducing

a new global U(1jq symmetry, namely Peccei-Quinn (PQ) symmetry. The PQ mesiman
involves a pseudoscalar boson, called axion, which arigeptntaneous symmetry breaking
(SSB) at an energy scafg.

Due to the chiral anomaly of the PQ symmetry, this new fieleegian additional terrn,
to the QCD Lagrangiahqcp

— 2 ~
Locp = Lpert+ G%Gﬁng" +La, (2.15)
1 2 a 92 a ~Ww
Ly = —é(aua) +Caf_aﬁGWGa , (2.16)

wherea is the axion field,f5 is the scale of the spontaneous PQ symmetry breakin@and
is a model dependent constant which will be discussed latdeiail. The first term of Eq.
(2.16) is the kinetic energy of the axion field and the secenth represents the interaction of
the axion with gluons. This term is similar to the CP violgtierm of Eq. (2.5) and provides
an effective potentiale 1(a) for the axion fielda. The minimum of this potential determines
the vacuum expectation value (VEV) of the axion fieldh >:

oV, Ca & ~
< 0:f> N _f_:3£2]r[2<Gﬁngv><a> =0. (2.17)

It forces the VEV of the axion field to have the value

fa~
a>=——0 2.18
<a>=-& (2.18)
for which theGG term vanishes. To make a dynamical field, the true vacuum is chosen
as® = 0. The minimum of the potential energy is@t 0 because of the periodicity of the
axion potential [15]. Th® parameter has been effectively replaced by the dynamidahax
field and its mass arises because of the non perturb@®/germ.

Thus the dynamical relaxation & solves the strong CP problem. The neutron elec-
tric dipole moment does not depend én For unrestricted values df,, the strong CP
problem is solved. The standard axion correspondg, to 250 GeV, and the invisible ax-
ion corresponds t, > 250 GeV, which is actually restricted by astrophysics arshumogy.
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2.1.5 The standard axion

As given above in Section 2.1.4, introducing an axion witlprapriate properties can
solve the strong CP problem. This Section gives an outlindn@fstandard Peccei-Quinn-
Weinberg-Wilczek (PQWW) axion.

In the original PQWW axion models [13, 16] one needs to iniedtwo Higgs fields, in
this case two Higgs doublets. The global PQ symmetry is duiced in the standard model
by having two Higgs doublets with degenerate vacua. Qu#k$ons and the intermediate
bosons of this theory get a mass because the Higgs doubéetssmnmed to have nonzero
vacuum expectation valig—; ». The symmetry must be spontaneously broken at an energy
scalefy which is equal to the electroweak scale [17]

fa=(A3+A3)Y2 = (V2Gg) Y2 ~ 250 GeV= fyea (2.19)

where G is the Fermi coupling constant. The ratio of the expectati@mnes of the Higgs
fields is denoted by = A1/A,. Thex is a positive number by definition and there is no
special reason to have an arbitrary value. Thus the origixiah was characterized by a SSB
scale of order the weak scale and a mass of order about 100 keV.

Bardeen and Tye [18] estimated the mass of the PQWW axiorg ugsirrent algebra
methods. The PQ current is constructed from the axion, gaadklepton transformations
under the PQ symmetry. The axion gets a mass because the rRQtdwas the color anomaly.
The U(1pq symmetry is associated with the U(1) axial vector curremtstucted from the
axion, quark and lepton transformation under PQ symmetry:

PQ = fa6“a+ Z UyMysu+ — Z dy"ysd + (lepton currents (2.20)

wherea is the axion fieldu is the charge +2/3 quark artis the charge -1/3 quark. The
lepton current can be neglected for the axion mass. Thigcuis conserved except for the
strong interaction anomaly, i.e. it is not stable becaussmanomaly. Thus the anomaly free
chiral current denoted ngQ can be constructed by subtracting a proper fraction tﬂé@ﬁ

Jbo=JIpo— N(x+ 1)(1+Z)(_v“2ysu+dy“y5 ), (2.21)

whereu andd are the usual light quark& = m,/my =~ 0.56 is the ratio of the light quark
masses andl is the number of quark doublets. The current is conservethanlimit of
vanishing quark masses. The anomalous divergence of thisntudepends on the total
number of quark doubletd and is given by

1. my

0udpo=N(x+ =~ )rm+md(uyuy5u+ayuy5d)' (2.22)
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Using standard current algebra methods, the axion massisdéeo the divergence dt

1

mef2 = NZ(X+§)2(1+2)2(_W <uu> —m, < dd>) (2.23)
N YR VI Y
= N(x+x)(l+zynﬁﬁm (2.24)

wheremo = 135 MeV andf;; = 93 MeV are the pion mass and decay constavite obtain
then the axion mass

B 1. VZ fameo 1

with N = 2, X~ 1 andZ =~ 0.56, the axion massy, is at least 100 keV.

However, this axion was quickly ruled out by several labomatexperiments. One of
those experiments as an example will be shortly summarifety, = fyear then the axion
mass is quite light@(100 keV)) and it has a long decay tim@(@0 ! sec)). Therefore, in
the Crystal Ball experiment the direct coupling of the axiath heavy quarks was measured
by determining the branching ratios in a parallel searctbiihJ/@ andY decays toy+ a
[19]. The decay rate of th&/y to a photon plus an axion is given by

B(J/Y — ya) 0 X2, (2.26)

where the free parametaris the ratio of the vacuum expectation values of the two Higgs
fields. The corresponding formula fgrdecay is given by

1
B(Y —»vya) O 2 (2.27)

Due to couplings of the axion to charge +2/3 and -1/3 quasksh eate is proportional e’
and 1/x?, respectively. In order to eliminate the free paramaféq. (2.26) and (2.27) can
be combined by

(Gememy)?
2102
= (1.4+0.3)x10°8 (2.28)

BJ/W—va)-B(Y —vya) = BJ/Y—p ) -BY—pp)

where G is the Fermi coupling constanty, = 1.4 GeV is the mass of the charmed quark,
my = 4.9 GeV is the mass of the bottom quark, anis the fine structure constant. The error

5The pion decay constarfik is the same for charged and neutral pions.
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arises from the experimental uncertainty in ftfe1~ branching ratiosand the quark masses.
The Crystal Ball experiment [20] has obtained an upper lohit

B(J/y — ya)-B(Y — ya) < 5.6 x 1071°, (2.29)
Based on the search just mentioned above, one can carefultyudle that
fa>10°GeV or ma< 6keV. (2.30)

Hence the search proved that the original axion was ruledvithin the standard model.

2.1.6 The invisible axion

In order to keep the PQ solution of the strong CP problem,ritisible axion was invented.
The main problem of the PQWW axion was that the Bglyymmetry breaking scal, is
related to the electroweak symmetry breaking ségalgx. Practically, it is not necessary that
the PQ symmetry breaking scale is the same as the weak scaleethe symmetry scale
is an arbitrary parameter in invisible axion models, impgythat the couplings of axions are
not fixed. The dynamical adjustment of the strong CP paran@ete0 works therefore for
any scale offy. The invisible axion model assumes that the symmetry bngedaale is much
larger than the electroweak symmetry breaking scalé& ¥ fuwear then the axions are very
light, very feebly coupled and very long lived. For thesesmaes, they were originally called
the invisible axion.

In invisible axion models, one introduces a new complexasdadldo which does not take
part in the weak interactions [15]. Due to the assumptiof,0f> fyeak in all these models
the U(1po symmetry should be broken by the vacuum expectation valdleeohew scalar
field, so that the axion field can be simply interpreted as tiese of the singlet complex
scalar field. The complex scalar fiefpossesses a U@g global symmetry described by the
Lagrangian

L = (0u0)*(0%c)— V(o)
= (0,0)"(2"0) +120"0—A(0°0)? (2:31)

with masguand coupling\. This Lagrangian is invariant under a chiral phase tramsédion,
which is usually referred to as the PQ symmetry, of form

o — €Y%, (2.32)

wherea is a constant. The potential ¥ is then chosen to be a Mexican hat with an abso-
lute minimum ato = f4/+/2. The ground state is characterized by a nonvanishing vacuu

6B(J/ — ptp) = 0.069+0.009 and B(Y — ptp-) = 0.033+ 0.005 [20]
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expectation value: 0 >= (f/\/2)€® with an arbitrary phas¢. The minimum breaks spon-
taneously the PQ symmetry because it is not invariant utéairansformation of Eq. (2.32).
Then we may write

1 .
0= —(f,+p)d?/fa 2.33
in terms of new fieldsa and p corresponding to angular and radial excitations around the
ground state. The potential &) provides a large mass fpr so that the massless moaés
linked with the axion [21].

The invisible axion models can be classified into two typeeting to direct coupling
to leptons. One is the Kim-Shifman-Vainshtein-Zakharo%{K) axion, so-called hadronic
axion or heavy quark axion, which has to introduce heavy lu§t5, 22]. Another is
the Dine-Fischler-Srednicki-Zhitnitskii (DFSZ) axionp-salled GUT axion, where one
introduces additional Higgs doublets so that both lightrgsi@and Higgs doublets carry non-
vanishing PQ charges [23]. The main difference between K&MZDFSZ models is that in
the latter model itis possible to have a very small coupliith Veptons and both light quarks.

KSVZ axion

In the hadronic axion model, one introduces a new heavy g@q@2]. The SU(2xU(1)
singlet fieldo interacts withQ which carries U(1yq charge by the Yukawa interaction. The
relevant Yukawa coupling and Higgs potential consisteri wie PQ symmetry are

Lksvz = —fQLoQr— f*QroO™ QL (2.34)
Vih.0] = —p5oTo— 50" 0+Ag(979)%+As(070)2 + ApodTd0"0,  (2.35)

whered is the Higgs doublet in the standard model [15]. The Lagramgg invariant under
the PQ transformation,

QL —€92Q, Qr—e92Qg. (2.36)

The associated PQ current due to the Noether theorem is

1—
Jbo= fad"a— SQPysQ. (2.37)

However, the axial current has an ABJ anomaly and hence, &smweseen in Section 2.1.5,
the appropriate axion current was constructed from therglarece of the current

1 1 _
b= faota— EQV“VSQ + m (Typysu + dypysd). (2.38)
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The axion mass is estimated as

1 —
2— —2 — u — =
n12afa_(1+z) Z(—mg <tu>-my<dd>)=(

VZ
1+7

frmy0)?, (2.39)
whereZ = m,/my ~ 0.56. Therefore, the axion mass of KSVZ model is given by

_ fampe VZ ~ 06 1eVlO7GeV
fa 1+Z ’ fa

(2.40)

wheref, is the symmetry breaking scale. The coupling with ordinaagters is discussed in
detail in Section 2.1.7.

DFSZ axion

Sinceao is a singlet, a direct coupling af to light quarks is not possible. The conventional
way is to coupleo to the Higgs doublets which then couple to the light quarkeer&fore, the
DFSZ axion introduced an additional Higgs doublet. In thizdel, the expected strength of
the coupling of axion to leptons and quarks is straightfedsta compute. This is reviewed
in detail in Ref. [23]. Moreover, using current algebra noeth give the same expression for
the axion mass as the KSVZ model.

2.1.7 Axion properties and couplings

In this Section the properties of the axion and its couplimgls ordinary matter, i.e. photons,
electrons and nucleons are described. An important pothaisthe axion properties depend
on the PQ symmetry breaking scdlg i.e. the axion coupling constant is proportional to the
axion massn,, or equivalently to the inverse of the PQ scafd ;L

couplingoc my o fi (2.41)

a

Axion mass

As discussed above in Section 2.1.4, the axion is a Goldgdtosen associated with the
spontaneously broken chiral Ugk symmetry. Although axions are massless, they obtain
an effective mass by interaction with gluons as given in Bdl&). This induces transitions
to qg states and hence to neutral pions as shown in Fig. 2.1, wheansphysically the
andT® are mixing with each other. Subsequently, the axion acgursmall mass which is
approximately given byn, fa ~ myo f[24]. The mass is estimated following as above current
algebra methods and is given by in Eg. (2.40) which is relédethe unknown symmetry
breaking scald.
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A - Y 0

Figure 2.1: Axion mixing with qq states and thus withP.

The axion-photon coupling

The most important interaction is the effective axion caupko two photons as shown in
Fig. 2.2 which arises because of the axion-pion mixing. Tiba pouples to two photons due
to the electromagnetic anomaly and this results in an agluston coupling. In general, the
effective Lagrangian for the interaction of axions with pdes is written as [21]

1 ~ - =
Lint = _ZgayFquwa: JayE - Ba, (2.42)

whereF is the electromagnetic field strength tengerits dual anda the axion field. The
axion-photon coupling strengthygwith the dimension (energy} is given by

a {E 2(4-|—z-|—w)} (2.43)

% = onf, [N 3(1+z+w)

wherea = 1/137 is the fine structure constant andndw are the mass ratio of theto the
d quark and thel to thes quark, respectively, given by [25]

Il

my/mq = 0.553+0.043

Z
w= my/ms =0.029+0.004 (2.44)

Il

Using Eq. (2.44), the coupling strength can be rewritten by

a E a
= (=-1.954+008] = —Cy, 2.4
Oay ot (N 95+0 08> anacay (2.45)

The ratio of the electromagnetic to the color anomaly of tQesmmetryE /N is defined by

N T AR (2.46)

i=fermions
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a---»--
Oay

Figure 2.2: Diagram for the interaction of an axion with two photons vieanion triangle
loop.

whereQpq is 1 for color singlets (charged lepton) and 3 for color &tpl(quarks), an@®™
is the electric charge of fermions.

In the DFSZ model,

E: [1.(_1)2+3. <§>2+3. (%)1 22, (2.47)

which leads taC,y ~ 0.72 [15]. In the KSVZ models, however, axions couple only ghti

quarks
2 2 2
E_ [3. (2) s (-2) s (-2) ] :2_ (2.48)

The hadronic axion has/N = 2, so that it leads to a smah, ~ 0.05, i.e. the axion-photon
coupling is strongly suppressed and may actually vanish.

Axion-electron interaction

Axions interact with fermions according to a pseudo-scatax derivative axial vector inter-
action. The effective Lagrangian for the interactions abax with electrons is [26]

Ling — i%aua(éy“y5e) (2.49)

with the associated Feynman diagram as shown in Fig. 2.3p3&edo-vector coupling may
be written instead as a pseudo-scalar coupling,ig.ga(eyse), by means of a suitable phase
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Figure 2.3: Direct coupling of axion with electron. This Feynman diagra only for DFSZ
axions.

rotation of the fermion fields. The axion coupling for elects in terms of the axion mass is
given by

gae - Cae— == Can85 x 10~

Me 10 Ma
—. 2.
f v (2.50)

In the KSVZ modelC,¢ = 0 at tree level, even if there are small radiatively inducaaitings
[27]. In the DFSZ model

Cae = COSB/N, (2.51)

where co$p is the ratio of vacuum expectation valuesndN; is the number of families,
which is 3.

Axion-nucleon interaction

When two nucleons collide, one of the axion emission praessa hot dense star, e.g. in a
supernova, is nucleon bremsstrahlung as shown in Fig. hig prfocess is related to the axion
coupling to nucleons. The nucleon interaction in generadrarmodels were investigated by
Kaplan [28]. The axion nucleon coupling [26] is given by

. JaN =
Lint = i—— N N 2.52
int I2mN dpa( YysN) (2.52)
with an axion coupling to nucleons

gan = CanN _ ¢ y1.56x 10°7 e

0 N (2.53)

whereCyy is the effective PQ charge of the nucleon. In the axion nuctmupling the PQ
charge for nucleons is given by roughly 30% of protons and #0#%eutrons in the relevant
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N

Figure 2.4: Coupling of axion with nucleon.

region of a supernova core

Can = 1/0.3C2,+0.7C3, (2.54)
The charges for proton and neutron are [21]

Cap = (Cu—n)Au+(Cy—n2)Ad+ (Cs—nw)As,
Can = (Cu—n)Ad+ (Cg—nz)Au+ (Cs—nw)As, (2.55)

wheren = (1+z+w)~! and the quark fraction of nucleons are
Au=+0.85 Ad=-0.41 As=-0.08 (2.56)

with uncertainties 0f-0.03 each [29]. The axion couples to the axial vector curo¢iihe
fundamental fermions, i.e. to the particle’s spin, so thatihteraction strength with protons
depends on the proton spin.

In the DFSZ model,

Cu=—— and Cy=GCs= : (2.57)
Using

Cu+Cy = 1/Ny,
Cu—Cy = —cosB/Ng, (2.58)
Cd - CS - Cae;

’When the iron core of the supernova star begins to collapsensists of almost equal numbers of protons

to neutrons /N, ~ 0.4). HoweverN, drops somewhat during the infall phase becausescape before all
neutrinos are trapped.
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we obtain then witiNy = 3

Cap = —0.10—0.45 cogp,
Can = —0.18+0.39 co$p. (2.59)

On the other hand, in the KSVZ modé&};, = C4 = Cs = 0 which gives

Cap — —0397
Can = —0.04 (2.60)

Therefore, the effective nucleon coupling is

Can = \/0.3c§p+ 0.7C2. ~ 0.2 (2.61)

Axion couplings to photons, electrons and nucleons yieldnidg on the axion mass, or
equivalently on the PQ symmetry breaking scale. This isudised in Section 2.2.

The lifetime of the axion

All axion couplings are proportional to/T,, or equivalently tom,. This means that the
smaller the axion mass, or the larger the PQ symmetry brgadale, the more weakly the
axion couples. The coupling of the axion to two photons artkeough the electromagnetic
anomaly of the PQ symmetry and the axion decay into two plsatoallowed with a lifetime
[30, 31]

(mg/eVv) >
E/N_ 1.95)/0.722"

Tayy= 6.8 % 1024sec[ ( (2.62)

The axion lifetime to two photons depends on the 5th powehefixion mass and the ratio
of the electromagnetic to the color anonfalyFor axions with massas, = O(1 eV) the
lifetime Tayy is O(10?* sec). The age of the universe is about®lgec, so that the light axions
are very stable.

8For the DFSZ axiongs /N = 8/3 and(E /N — 1.95) ~ 0.72.
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2.2 Astrophysical bounds

While the properties of axion are well known in terms of the &@metry breaking scale
f4, its quantity has no preferred value. It might lie anywherehie range of 19to 10
GeV, corresponding to axion masses betweentd@V and 100 keV. Bounds on the axion
massm, or PQ scalef; are usually based on limits on the coupling strength withtpihs,
electrons and nucleons. Those limits are constrained feimshysical objects like the sun
or horizontal branch stars where axion production wouldaase the stellar energy loss, the
so-called energy loss argument. Very weakly interactirdysamall mass particles contribute
to the energy loss in stars. This additional energy lossaetelerates the cooling of the stars.
Therefore, the observable cooling speed allows one to @nghe process or to detect new
particles. The most relevant astrophysical objects, warehmainly globular cluster and the
supernova 1987A, are described in this Section.

Stellar evolution

First of all, the stages of stellar evolution are shortlyieexed to understand how stars live
and die. The Hertzsprung-Russell diagram illustrates tékas luminosity on the vertical
axis versus surface temperature on the horizontal axis @srsin Fig. 2.5. Red colours
and cooler surface temperatures are to the right directiod,higher luminosities or lower
magnitudes toward the top.

A hydrogen burning star is located in a single point on a ceaiked the main sequence.
After central hydrogen exhaustion the helium ashes havanagiated at the center in a
dense core surrounded by a hydrogen burning shell. Theswliface becomes larger
i.e. the luminosity increases and the surface temperaegeedses, so that the star moves
eventually over to a red giant branch. As the hydrogen bgroontinues, the helium in
the core supports itself by thermal pressure. Soon it bes@uedense that the electrons
become degenerate. The core of a red giant reaches itsnlgmitass when it becomes so
hot and dense that helium ignites. Since the nucfes which consists of twat parti-
cles is unstable, He burning proceeds directly to carborthgaso-called triplex reaction
(3 —12C). In a red giant, core helium ignites when its mass is agprately Q5M°
with central conditions of density of £@ cm™2 and temperature of $K. Ultimately, the
helium core ignites and the star moves over to horizontahdira The final configuration
with a helium burning core and a hydrogen burning shell isdmas a horizontal branch star.

9Solar mas$/. = 1.988x10°° kg
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Figure 2.5: Hertzsprung-Russell diagram of stellar luminosity (V)sues surface tempera-
ture (B-V). The magnitude observed with a V filtar£ 540 nm) is plotted vertically and the
difference in magnitudes with a B filtek (= 440 nm) and a V filter is plotted horizontally.
Main sequence (MS): core hydrogen burning, Red giant bréRGB): hydrogen burning

in a thin shell with a growing core until the helium ignitesptizontal branch (HB): helium

burning in the core and hydrogen burning in a shell [32].

2.2.1 Axions and horizontal branch

Globular clusters are gravitationally bound concentregiof approximately ten thousands to
one million stars, spread over a volume of several tens tata?@0 light years in diameter.
Stars in the globular cluster were all formed at essenttallysame time and equal chemical
properties. Particularly, two different kinds of stars mteresting for axions, namely the red
giant branch (RGB) and the horizontal branch (HB).

A red giant is a star with a compact energy source at the cantka large gaseous body.
The main characteristic of RGB stars is thus a degeneraitenhelre with shell hydrogen
burning, while the horizontal branch star is characteriagd helium burning core with a
hydrogen burning shell. HB stars are found on the horizquddl of the Hertzsprung-Russell
diagram (Fig. 2.5). In the globular cluster, photons can teverted into axions via the
axion-photon interaction, so-called Primakoff convensj83], in both RGB and HB star
cores. The Primakoff conversion is however much more g¥feah HB stars because of the
different core densities.
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Thus, the most limiting constraint on axion-photon cougloomes from HB stars in
globular clusters. Axion production in these stars occiuadive Primakoff procesgy — a
wherey* corresponds to the electromagnetic field induced by praadselectrons in the star
plasma (Fig. 2.6).

——»>---2

4

. .

Ze Ze

Figure 2.6: Primakoff conversion of axions in the Coulomb fields of cleatgarticles.

Energy loss rate

The axionic energy loss rate of a non-degenerate plasmaebyrimakoff effect was calcu-
lated in Ref. [34] and is given by

_ Sy T’

2
e F(k2), (2.63)

where the Debye-Huickel effé€tis described by the dimensionless function

K2

) X X2
= o2 || [0 KAIn(1+ ) ) (2.64)

F(k?)
where the dimensionless axion energy= w/T. In the standard solar modet? ~ 12
throughout the sun with a variation of less than 15%. In the of an HB star wittp = 10
gem3and T = 16 K, it is k2 ~ 2.5. One findsF = 0.98 and 1.84 fok? ~ 2.5 and 12,
respectively [35].

An argument to constrain the properties of new particlesearirom the observed duration
of helium burning of low mass stars, i.e. from the lifetimetlbé horizontal branch stars.

10The Debye-Hiickel effect is a screening effect, i.e. the Rkinff effect involves the Coulomb fields of the
target particles, and such electric fields will be screemeahi environment of freely moving electric charges
like a stellar plasma (screening effect). Thus the crossoseof the relevant reaction of axion production will
be reduced.
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The measured HB/RGB number ratio in the globular clustelgates that the duration of
helium burning agrees with stellar evolution theory to withbout 10%. It implies that the
nonstandard energy loss of the helium core should not exabedt 10% of its standard
energy production rate via tripkereaction, as given by

whereL sy is the standard helium burning luminosity of a HB star coré lanis the nonstan-
dard energy loss rate integrated over the core. The stamehre ofLz, is about 20, and

the core averaged energy rateds ~ 80 erg g 1s 1. Thus, the nonstandard energy loss rate
is bound by

ex<10erggis ™. (2.66)

With the Primakoff emission rate of Eq. (2.63), a bound gpagn be derived from the
energy loss argument applied to the globular cluster stafsllows that at T~ 10% K the
axionic energy loss rate is below 10 ergtg~1 for a density of about.® x 10* g cm 3 corre-
sponding to a classic plasma and for about® g cm2 corresponding to degeneracy. For
a typical HB star model one finds{Tps ~ 0.3 where = T/10® K andps = p/10* g cm 3.
Hence,

gar 02030 erggist, (2.67)

where go = gay/lof10 GeV L. The axionic energy loss rate should be smaller than the non-
standard energy loss of HB star core, so that we obtain adimihe axion-photon coupling
constant [21]

Jay S0.6x 10 1°GeVv ! or f,/Ca > 4x 10" GeV. (2.68)

This constraint from HB stars, which is often referred to las globular cluster limit, has
an uncertainty in its estimation by a factor of 2. Therefaohe, limit of the globular cluster
Oay S 1.0 x 1010 GeVv!is used in general to compare with experimental results ifnax
searches. Recalling thag,g= (a/21fa)Cqy With Coy = E/N — 1.92, in terms of corresponding
axion mass is

MeCay < 0.3 eV, (2.69)

whereCyy ~ 0.05 for KSVZ model and 0.75 for DFSZ model.

HSolar luminosityL, = 3.85x 1033 erg/s, lerg=107J
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2.2.2 Axions and low-mass red giants

In low-mass red giants, the primary axion emission procease the Compton like process
y+e — a+e and axion bremsstrahluy +Z — e +Z+a. Ared giant core is nearly
two orders of magnitudes denser than the core of an HB stahatdhe main production
is from the Bremsstrahlung process, as given in Fig. 2.7.mBstrahlung is a particularly
important effect under the degeneracy conditions. In tagecone neglects e~ collisions
entirely which are suppressed by degeneracy relative teldatron nucleus process. If the
electrons are strongly degenerated, the energy integaalbe& done analytically.

» »

Z,e Ze"

Figure 2.7: Electron bremsstrahlung emission of axions.

Therefore, the energy loss rate per unit volume is a simpégyral over the initial state
photon phase space weighted with the Bose Einstein ocompatimbers. Details are found
in Ref. [24]. For a single species of nuclei with cha@yand atomic weigh#, the energy
loss rate per unit mass is

N na2g§ez_2 T
60 A mymg’

wherea is fine structure constant and T a temperature. With T 2Klgnd p = 10°g cm 3
in a degenerate helium core of red giants the axionic eneg/riate is

(2.70)

ga~ 05pl.6x 10%%rg g is L. (2.71)

As mentioned above, one requirement is that a nonstandardyeloss must not exceed
10 erg g* s~ for the typical conditions encountered in the core of a hwnial branch star
and in the core of red giant just before helium ignition wHicith have T~ 108 K. The stellar
energy loss argument leads then to a limit on the axion+elecouplings

Jae < 2.5x 10 B2 GeV 1. (2.72)

In terms of the coupling

gae = Ca_eE = C8.6085 X 10_1Oma

, (2.73)
fa
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the resulting bound
fa/Cae> 2% 10° GeV or myCae < 0.003 eV (2.74)

is currently the best limit on the axion-electron couplimdyofor DFSZ axion model, where
Cae = cOSB/N¢ with B an arbitrary angle ands = 3.

2.2.3 Axions and supernova 1987A

The most restrictive astrophysical limit on the axion noal€oupling comes from the neu-
trino signal of the supernova (SN) 1987A. At first the obsgores of neutrino signal are
shortly reviewed and then the interaction of axions withleogs in a nuclear medium, i.e.
supernova core, is discussed.

Supernova 1987A A massive star, which is larger thaiM8,, with several burning shells
surrounding a degenerate iron core inevitably becomeshlesat the end of its life. It
collapses and ejects its outer mantle in a supernova (SNpgErp. When the explosion
of the supergiant Sanduleak in the Large Magellanic Cloudclvis a satellite galaxy of
our Milky Way at a distance of about 50 Kjg¢c was detected on 23 February 1987. It was
possible for the first time to measure the neutrino emissmmn fa primary neutron star known
as SN 1987A. Shortly after the gravitational collapse, teet@l temperature of the early
formed neutron star was about 30 MeV and the central densisyasound % 10 g crm 3,
corresponding to a core size of a few tens of kilometers. i@utfie collapse of the iron core
the gravitational binding energy of abou3L0°® erg was liberated, and thus this energy is
radiated over several seconds in thermal neutrinos [30].

Anomalies in the neutrino observations The neutrino signal from SN 1987A was ob-
served by th&ep — ne’ reaction in several detectors. The events are shown in rie- ti
energy plane in Fig. 2.8. The distribution of the Kamiokaadd IMB events shows a num-
ber of puzzling features. The averaggeenergies inferred from the Kamiokande and IMB
observations are quite different. An outstanding anonm&the large time gap of 7.3 s be-
tween the first 8 and the last 3 Kamiokande events. Ideas wepeged to explain the pulsed
structure of the signal from the occurrence of a phase transn the nuclear medium (pions
or quarks) to a secondary collapse to a black hole. Howelat,gap is partially filled in
by the IMB and Baksan data. The most significant anomaly igé¢hearkable deviation
from isotropy of the events in both detectors, actually inféot with the expected signature
from Vep — ne’. The expected signal agrees only at the 0.8% level with thesored an-
gular distribution. The combined set of IMB and Kamiokandéadfor high energy events is

121 pc = 3x10**m=3.262ly
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Figure 2.8: Left: The measured events of the SN 1987A neutrino at Kanmd&alMB and
Baksan. The energy refers to the detected secondary pwsftam thevep — ne* reaction,
not the primary neutrinos. In the shaded area the triggeieiity is less than 30%. The time
is relative to the first event. The event marked with openleinc Kamiokande is usually
persumed to be background. Right: Angular distribution Nf B387A neutrinos for the
Cherenkov detectors whegeis the angle relative to the opposite direction of the SN, i.e
relative to the direction of the neutrino flux [21].
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Figure 2.9: Neutrino cooling time of a SN core as a function of the axiaiaon coupling
[21]. In the free streaming region, axions are emitted fromentire volume of the core, and
from the axion sphere at about unit optical depth in the tragopegion. The solid line is from
a numerical calculation. The dotted line is an arbitrary ptation of the two curves.
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consistent with isotropy only at the 0.07% level, so thatr#levant events at Kamiokande
are all forward. A forward peaked distribution would be exteel fromvee” — e Ve elastic
scattering, however this process has a much lower crogsséican thevep process. For the
interpretation of these apparent anomalies of the obsemettino events, a very speculative
idea was proposed. The existence of a new neutral boson suttte axion which could
produce photons when interacting with nucleons.

Duration of neutrino emission Figure 2.9 shows the expected duration of SN neutrino
cooling time as a function of the axion-nucleon couplingtiVificreasing gy, corresponding

to an increasing energy loss rate, the signal duration dsbpgly. For a sufficiently large
coupling, however, axions no longer escape freely. Theyramped and thermally emitted
from the axion sphere at unit optical depth.

In the SN core, the dominant process for axion productiorxisraBremsstrahlung in
the nucleon-nucleon processBsy — Na, as shown in Fig. 2.10. Thus, the emission rate is
computed on the basis of a bremsstrahlung amplitude witimtick2ons interacting by pion
exchange, i.e. the energy loss rate depends on the axid@emuidukawa coupling g.
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Figure 2.10: Nucleon nucleon bremsstrahlung emission of axions.

At about 1 sec after core collapse the neutrino luminosigbisut 3x 10°% erg s 1. The
mass of the object is abousM., = 3 x 10°3 g, so that its average energy loss ratie,igM ~
1x 10'° erg g 1s 1. Therefore, one can estimate a limit on the energy loss rataefree
streaming region by the simple criterion that the new chbhsheuld be less effective than
the standard neutrino losses, corresponding to

ex < 100 erg gis 2. (2.75)

It was evaluated with typical core conditions, i.e. at a terafure of about 30 MeV and a
density of around % 10'* g cmi 3.
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For the emission of axions, the total energy loss rate [2@Men by

Ou— 128¢f\ 0% AT
T14002 o2

(2.76)

wherear is the pionic fine structure constaftmy = 938 MeV the nucleon mass angthe
baryon density summed over initial state nucleon numbeistwdre given by the Maxwell-
Boltzmann distribution. Thus, the bremsstrahlung enecyg Irate for the emission of an
axion with a coupling g is

€a=0g2n2 x 10 erg g 1s 1p1sT35, (2.77)

where o= T/30 MeV, p15 = p/10'° g cnm3 ande, = Qq/p is the energy loss rate per unit
mass.

Using Eq. (2.75) and the observed duration of the neutrignadj the constraints on the
coupling constant of axion to nucleons can be obtained.éefbez, the excluded range is

1x1070Gev i< gan <3x1077GeVl, (2.78)

where gn = Canmy/ fa with Coy = \/O.3C§p+ 0.7C2,~ 0.2 assuming a proton fraction of

0.3 inside the SN core. The upper limit in Eq. (2.78) is eqerato axion trapping in the
supernova. In terms of axion mass, ultimately the corredipgrange on the axion mass

0.6x1° GeV< fy <0.6x10°GeV
00levVSs my <10eV (2.79)

is excluded for invisible axions.

Bop= A (f2my/my)? ~ 15 with f ~ 1.0 GeV

= Zn
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2.3 Cosmological constraints

Besides astrophysical considerations cosmology alsoigesvan upper bound ofy, or
equivalently a lower bound for the axion mass. Axions, ifytlexist within the allowed
mass region, may be a fair amount of dark matter of the urevansl will have potentially
detectable relic abundances. ff < 108 GeV axions are produced thermally in the early
universe. Forfy > 10° GeV cosmic axions are produced nonthermally by misaligrimen
mechanisms. In this Section the axion production in cosgyly misalignment mechanism
Is described.

In cosmology, relic axions arise at temperature-T,, where the U(ljg symmetry is
broken. Above a temperature ¥ f,, the axion is in thermal equilibrium. However, when
the universe goes through the PQ symmetry phase transitianteanperature & f;, the
axion field develops a vacuum expectation value. It is nljuexpected that the vacuum
expectation valu® of the axion field is likely on the order of the PQ scale, i.e. imitial
value of 6, denoted byel ~ 6/ fa ~ 1. With the temperature of the universe~TAgcp,
the axion acquires a mass of ordeg ~ /\QCD and the vacuum expectatlon val@ef the
axion field is dynamically forced to zero. Hence KBnangIe will relax to8 — 0, which is
the CP conserving value. It means that the axion field is mgisatl with the minimum of
its potential. Then the vacuum valBewill oscillate aroundd = 0. This oscillating vacuum
corresponds to a coherent motion of axions. The oscillatiotihe axion field contributes
to the energy density of universe in the shape of relic axidrse largerf, is, the weaker
the axion interacts and more early the PQ phase transitiomrsn the universe, so that the
axion densityp, increases withfy. This contribution cannot exceed the closure density of
the universe, thus it gives an upper limit fiy.

The equation of motion of the axion field in an homogeneousisoitiopic universe is
[36]

8+3HO+ M8 =0, (2.80)

where an overdot denotet/dt andH = R/R is the Hubble constant with the expansion
parameteR. At early times, when the axion mass is much less than the ldyi@yvameter,
corresponding to temperatures much greater thgb, the solution of Eq. (2.80) B~ 61 =
const so that the axion field stays constant, i.e. there is nolasom. At a temperature T
~ N\qcp, the axion mass becomes comparable to the expansion rabatsee have

2
Nacp

~H(T) ~
T ( ) IVlPIanck

(2.81)

and the axion density [37] is

1 — =2
Pa= éfaz(mge%e ) ~ Mg f2. (2.82)
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After this moment, the axion field starts to oscillate arofnd 0. At T < Aqcp, the axion
mass is slowly varying and the axion energy density varid® ds

My
Pa= const@. (2.83)
The axion number density is theg = pa/ma. Thus the present axion density is of order
/\3 TS
QCD
~— 2.84
Pa MaMpjanck ( )

where T = 2.7 K is the present temperature of the universerefbre, the contribution of
axions to the present energy density is

106 eV) 118

Qah? ~ 2 x 10794 (2.85)

whereQ is the density normalized to the critical dendftyand h is the Hubble parameter
today in unit of 100 km/s/Mpc. Detail estimations can be fimRef. [30]. If the universe
is flat, thenQ,h? = 1. This requires that the axion energy density should belsnthin the

closure density of the universe. Comparing this with EBR2 gives the lower limit on the
axion mass

mg > (107°—107%) eV. (2.86)

Consequently, the astrophysical and cosmological cdnsti@n invisible axions allow
only a small window for the axion mass, roughly

10 °eV<my <10 3eV. (2.87)

All constraints are summarized in Fig. 2.11. Even thoughah®ved window for axion
masses is very narrow, axions could still exist and alscetlastrophysical and cosmological
bounds are not utterly restricted. Therefore, experimardggoing on searching for axions
even in the excluded regions.

1The critical density is the mass density of the universe tviist stops the expansion of space at infinite

cosmic time. It is the boundary value between open model krstie model and defined Ipg = %.
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Figure 2.11: Exclusion regions with dashed lines from astrophysical@simological con-
straints on the axion mass and correspondingly to the P@.s&alopen end of an exclusion
bar means a rough estimate, i.e. its exact location has ot established or it depends
on detailed model assumptions. The axion photon couplipgiids on the globular cluster
bounds and the axion nucleon coupling depends on the SN 198iit&. The inside the
region marked with dots indicates that axions would be albgadark matter candidate [38].
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2.4 Detection of invisible axions

In this Section several laboratory experiments to detedsiinle axions coupled to two pho-
tons with very tiny coupling constant and their results aseussed. The decay constant of
invisible axions is in the range 3@eV < 4 < 10'? GeV by astrophysical and cosmological
constraints. In 1983 Pierre Sikivie [39] devised laboratexperiments to detect invisible
axions which convert into photons using a strong magnetid &s in the Primakoff effect.
There are three different kinds of searches: axion hales;ogxion helioscopes and laser
experiments. The axion haloscopes, e.g. cavity dete@ogsjesigned to search for galactic
halo axions forf, near 182 GeV, while the axion helioscopes are intended to detectnaxio
from the solar interior forf, down to 18 GeV. The laser experiments are designed to detect
laboratory axions generated by a laser beam.

2.4.1 Microwave cavity experiments

The axion is a well-known cold dark matter (CDM)candidate, so that it constitutes a
significant fraction of the dark matter halo of our galaxy. Acrawave cavity experiment
looks for dark matter axions to measure the full energy of>aara i.e. the sum of its rest
mass plus kinetic energy. As implied in Section 2.3, axiolighfe missing mass of the
universe forf, ~ 10 GeV. If these masses are gathered in the halos of galaxis tife
halo axion density would be expected to be in the ordepygf, = 10724 g/cn?. Galactic
objects have velocities in the order Bf~ 103, in other words, the velocity of axions
relative to earth is expected to be of ordeyc) = B ~ 10°3. Thus the kinetic energy of
the axions is very small and hence the signal is correspgndithe energy of the photon
that equals the converted axion energy [40]. The signal iemme when the frequency =

Ey = Ea = Mg + My B%/2 = my(1 + O(10-5)). The principle of detecting dark matter axions
based on the Primakoff effect [33] as shown by Pierre Siki8# is that galactic axions
convert to photons as a microwave signal in a cavity resondth a high quality factor in a
strong magnetic field. Due to the small velocity spread obagj the converted photons in
the microwave region are monochromatic with a relative agpef order 108. This narrow
spread is an experimental sign of galactic axions. The g#éas to be tunable because the
cavity resonant frequency should correspond to the unkrewion mass. The conversion
power R,y is proportional to the square of couplin@.g

Pioneering experiments with a small sensitivity volumel liter (Rochester-BNL-
Fermilab [41] and University of Florida [42]) were perfortchand limits were set on the
mass range of axions

4.5peV <my <16.3peV.

15CDM is composed of particles moving at non-relativisticogies.



2.4. DETECTION OF INVISIBLE AXIONS 31

Recent experiments [40] with a higher sensitivity (volurheavity ~ 200 liters and magnetic
field ~ 7.5 T) have excluded KSVZ axions in the mass range

2.9peV <my < 3.3peV.

In addition, the Axion Dark Matter eXperiment (ADMX) [43],sing the cavity concept,
has excluded the mass range i/ < my < 2.3 peV. Further developments in SQUID
amplifier and magnet technologies may improve the senyitdfiexperiments to cover the
axion mass range down to the theoretical limit. Other expenis for the dark matter axion
search are CARRACK | and CARRACK Il in Japan using a Rydberg-atom-cavity deiect
[44]. CARRACK | has been carried out to search for axions enrtiass range around eV
and CARRACK Il expects to cover the broad range of

2peV < my <50peV.

2.4.2 Telescope searches

Telescope experiments look for axions of mass 3 - 8 eV domihhy thermal production
in the early universe. Even though their contribution to ¢hiéical density is very small,
Q ~ 0.01 (m/eV), the axions have large relic abundance and lifetipe,y ~ 10%° s
(ma/eV)° which are well matched cosmologically. One might thus cemstthermally
produced axions by searching for a quasi monochromaticopHote from galactic clusters.
An axion decaying into 2 photons will produce an emissioa Aha wavelength; = 2hdmy
~ 24800(A) / my(eV). This line would be at half the axion mass. The line hasxpected
intensity of roughly 4 ~ 10~17 (m4/3 eV) erg cnt? arcsec? A—1 s~1[45].

At the Kitt Peak National Observatory (KPNO) [46] a searchtfermal axions in three
rich Abell clusters was carried out. The line intensity ofcas should decrease from the
center of the cluster outward. The observing strategy i®tond a spectrum from near the
cluster center and subtract the spectrum of the outer pdheofluster. However, no axion
decay line was detected, thus the mass range

3eV<m<8eV

is efficiently excluded. The radio telescope made at Halstdaservatory [47] searches for
axions decaying into photons of mass range of &8 < my < 363peV in dwarf galaxies.
This observation excluded the axion-photon coupling cortst

Jay > 1.0x 107° Gev-1,

18superconducting QUantum Interference Devices
17Cosmic Axion Research using Rydberg Atoms in a resonantZavKyoto
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2.4.3 Search for solar axions

Solar axions could be abundantly produced at the core ofithdg interaction of thermal
photons in the Coulomb field with electric charges by the Bkioff conversion. The ex-
pected solar axion flux at earthds, ~ 10t cm=2 s71 (ga/10710 GeV-1)? and the average
energy is about 4 keV. In a transverse magnetic field, thenaxdan be reconverted to X-ray
photons which have the energy and momentum of the originahax Thus the basic concept
of a search for solar axions is to look for their conversiorXtoays in a strong magnetic
field. The conversion efficiency of an axion to a photon in argjrmagnetic field increases
with (B-L)2 where B and L are the magnetic field strength and the magrgttierespectively.

The first search [48] with this idea was carried out usinggdalipole magnet with helium
gas. A magnet of 1.8 m length, 15 cm bore diameter and 2.2 Tviaklfixed in orientation
to take data when the sun crossed the horizon at sunset fonapgately 15 min every day.
Axions were bounded by

Oay < 3.6x 10 9GeVv !
for my < 0.03 eV and
Jay < 7.7x 1079 Gev1

for 0.03 eV <m, < 0.11 eV. Another helioscope experiment [49] used a rolatsipercon-
ducting magnet with a length of 2.3 m and a magnetic field 08 3.%o track the sun. Limits
were set on the axion coupling to two photons

Jay < 6 x 10719 GeVv-1
for axion masses gk 0.03 eV and
Jay < 6.8 -10.9x 10710 GeV?

for axion masses g 0.3 eV. Currently, the CERN Axion Solar Telescope (CASTpexx
ment using the same principle is searching for solar axirhis thesis, this ongoing search
at CERN is described in detail in Chapter 3.

Another possibility to detect solar axions is to use a chygéimanium detector [50].
Solar axions can be detected through their coherent Prifin@cmnversion into photons in a
lattice of a germanium crystal when the incident angle Basishe Bragg conditioff with a
crystalline plane. Results of SOLar AXion (SOLAX) [51] ine8ia Grande, Argentina, using
a germanium detector give an upper bound of

18Bragg’s lawn\ = 2dsirB states, that crystals reflect X-rays only at certain indideglesd, whered is the
distance between atomic layers in a crystal anglithe wavelength of the incident X-rays.
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Oay <2.7x 10 9GeVv !

for axion masses up togm 1 keV. The COSME [52] experiment with a similar germanium
detector at the Canfranc Underground Laboratory obtainagbaer limit of

Qay < 2.78x 1072 GeVv1

which is practically identical to SOLAX result. The DArk Mggr (DAMA) [53] experiment
at the Gran Sasso also constrains

Oay<1.7x 10 9¥GeV 1(95% C.L.)

for my in the eV range by using Nal crystals.

2.4.4 Photon regeneration

The idea of photon regeneration experiments is, that axtansbe produced by photons
propagating in a transverse magnetic field. Photons fronsex lseam shine to the bore of
a superconducting dipole magnet, where the photon beamaatsewith a virtual photon
from the static magnetic field, in order to produce a pseumlas@xion. The conversion
probability is proportional to (Q,BL)Z, where L is the length of magnetic field. Due to
their very feeble interaction with ordinary matter, theaxpenetrates a wall, which is an
optical barrier interposed between two magnets, and thémeirsecond magnet it interacts
with another virtual photon (see Fig. 2.12). The regendrateoton can be detected in a
photomultiplier tube [54].

An experiment [55] using two magnets of 4.4 m effective |&rmtd 3.7 T magnetic field
has carried out a search of photon regeneration in a madgredtiand limited the coupling
constant

Oay < 6.7x 107 GeVv?

for the massn, < 0.001 eV.

2.4.5 Polarization experiments

Using the same concept as in the previous experiment, tlsempee of axions could affect
the polarization of a photon beam propagating through ast#ense magnetic field. Thus the
axions would change the polarization of the photon beamrbedad after the wall. Only
the component of the electric field of an incident laser beamalfel (§) to the magnetic
field will be attenuated by the production of axions, while thrthogonal component (B
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Figure 2.12: Principle of photon regeneration experiments. Real ptofoom a laser are

incoming into the magnet bore and interact with the virtdadtons from the magnetic field
to produce axions. The axions penetrate the wall and th@mvect to photons in the second
magnet.

is unaffected. Hence the incident light polarized &t #bthe direction of the magnetic field
will show a small rotation of the polarization vector, thealed dichroism effect. The other
effect is the birefringence of the vacuum. When axions gasaiggh the magnetic field, light
which is linearly polarized becomes elliptically polamzand an ellipticity of the passing
beam is measurable.

A search [56] using the above principle has put a limit on thepting constant
Jay <2.5x 1075 Gev?

for my < 7 x 1074 eV. More recently, the PVLAS experiment [57] carried out a search
of rotations and ellipticities induced by a transverse negigrfield onto a linearly polarized
laser beam and observed an unexpected large rotation.e®eet explanation might be the
existence of an oscillation between a photon and a light apia boson, and their interpre-
tation deduced a coupling constant of about®®eV ! and an axion mass of about meV.
However, this limit is far larger than current experimeitaits published in Ref. [58]. This
result therefore will have to be confirmed by a large scalenatory experiment such as a
photon regeneration experiment [59].

polarizzazione del Vuoto con Laser (Vacuum polarizatiotn\ldser)



Chapter 3

Detection of Solar Axions

Even though there are many kinds of axion sources, the sutodtgecloseness to the earth
would be the most intense. Solar axion production proceedthe Primakoff conversion of

photons into axions in the presence of external electroetagfields of the sun’s interior.

Based on solar models, the solar axion flux is estimated teteethble on earth. The CAST

helioscope is used to detect the solar axions which can vedoto photons in a transverse
laboratory magnetic field. In this Chapter, the detectiangpple of axions from the sun,

particularly, the axion flux on earth and the conversion phulity of axions to photons, are
discussed at first. Moreover, the CAST experiment seardoingplar axions is described in
detail.

3.1 Solar axion flux on earth

In the self-luminous core of the sun, which is extremely had dense, thermal blackbody
photons with energies of several keV interact with virtuabfns from the strong electro-
magnetic field of the charged particles in the hot plasma [B3jhe Primakoff reaction both
photons are then converted into an axion as given by theathagr Fig. 3.1:

y+Ze— Ze+a.

The differential cross section for the Primakoff reactioredarget with chargéein a plasma
is found as [34]
doy.a a2’ kyxkal® ¢
dQ  8nm g4 K242’

(3.1)

1CERN Axion Solar Telescope

35
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Figure 3.1: Feynman diagram of Primakoff conversion for solar axiongft:L Primakoff
production of axions by the interaction of a photon with rwd. Right: Axion conversion to
photon in the presence of the transverse magnetic field.

where gy is the axion photon coupling constant amer ky — k5 is the momentum transfer
between photon and axion. In general, the Debye-Hlcket gcatcounts for the screening
effect in a plasma and is given by

4mta
K2 — <?> ZZJ-ZNJ-, (3.2)
J

where T is the temperature of the plasma &hds the number density of charged particle
with chargesZje. Most photons transform to axions in the electric field ofrgea particles
without changing their direction of motion and the momentsitnansferred since the photon
mass and the axion mass are different. The energy of the axase to the energy of the
original photon because the photon energies are small aehpa nuclear masses, i.e. the
photon energy is about equal to the plasma frequency.

The medium is assumed to be non-relativistic, and recodcsf by the targets can be
neglected because photon energies of a few keV are muchesrttain the electron mass.
Integrating over all targets of the medium, the transitiate rof a photon into an axion of the
same energy reads [60]

_ TGy Kyl [ g Ry x kel
ATz w 0?(q?+K?)’

(3.3)
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wherew is the energy of photons. Integrating over the whole phaaeesEqg. (3.3) can be
written as

o TRk [ [(ky+ka)® K2 (ky — ka)® K7
y=a 32 w Ak kK2
e (ka2 H3] (5K Tyt ka)?] (3.4)
(ky — Ka)2 + K2 4kyka|<2 (ky — Ka)?2 '

with the photon momentumk= |ky| and the axion momentum k= ka|. The photon mass in
the medium corresponding to the plasma frequengis small in the sun, typically about 0.3
keV. The typical photon energies, which roughly corresptnithe mean energies of axions,
are around 3T 4 keV [61] because the temperature near the center of thessalmout T
= 15.6 x1(P K = 1.3 keV. Thus, the plasma frequency can be ignored andopkatan be
regarded as massless. In a photon-axion transition thg@ereconserved since we ignore

recoil effects. Therefore, in terms of k- E; and kg = p = \/E§+ m2 the transition rate
becomes

- LS (m§—&<2)2+4E§K2| (Ea+p)2+ K2
yma T 3on 4E,pK?2 n[(Ea—p)2+K2]
m (Ea+p)?
_4EapK2|n[(Ea—p)2} _1>’ (85

where B andm, are the axion energy and mass, respectively.

The solar axion flux on earth can be estimated by comparingxima photon transition
rate Eq. (3.3) with the blackbody photon distribution. Biegrating the standard solar model
[62], the axion flux at the earth can be found [61] to be:

dd, 1 (R, 1 E

A - r———=2—Tly.a, 3.6

dEx 4T[Dé/o mef/T 1 V7% 3.9
whereD., = 1.5 x 10'3 cm is the distance from the sun aRd = 6.96 x 10° m is the solar
radius. The term A(e%/T — 1) represents the Bose-Einstein distribution and T depends on
the position inside the sun. Based on the standard model88,Man Bibberet al. [63]
approximated the differential axion flux as

d®, 0 oy 2 Lpayy 1 Jay > (Ea/keV)3
E_4.02>< 10% cm?s tkeVv TEEd R (3.7)
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Figure 3.2: Solar axion flux on earth as a function of the axion energy dasethe solar
model 1982.

where E is the axion energy. Fig. 3.2 shows the differential solaomtlux at the earth
assuming that axions are only produced by the Primakoffexsmn of photons in the interior
of the sun. The average axion energyi&, > = 4.2 keV. The total axion flux on earth is

2
_ 1 apy-2e-1 ay

As shown above, the solar axion flux is proportional fpig the unit of 101° GeV * which
is the sensitive range of the CAST experiment.

In the interior of the sun, it is possible that an axion canvesnback into a photon due
to the magnetic field of the sun’s core. However, this proéessghly suppressed. The
reason is that axions are produced by incoherent processaiphoton interacting with a
single nucleus. In order to efficiently convert them backhotpns by an external magnetic
field would require that the field should be very strong and waeuum. The sun’s core is
extremely dense, so that in general the dispersion relatidhe photon and axion state is
not at all matched to allow the axion photon mixing. Therefdhis effect has been ignored
so far for the center of the sun [64].
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Modern solar model Since the solar model was updated recently, the solar axaaroft
earth was evaluated with the most recent 2004 solar modeahgdl and Pinsonneault [65].
The determination of the solar axion flux was based on the afatee modern solar model
solaxl.dat This data is tabulated as the flux per unit surface area ofwhedimensional
solar disk as a function of the dimensionless radial coatein between 0 and 1 wherne
Is normalized to the solar radius. The total axion flux can &eutated with the following
formula

1 00
by = 2n/ drr [ dEada(Ea,r), (3.9)
0 Wp

whered, is the axion surface luminosity in units of cts tkeV—! per unit surface area. In
order to calculate the new solar axion flux, Raffelt and S®rp66] found an excellent fit
function which is provided by three parameters:

a
ccijqé: :A(%) g (0+DEa/Eo, (3.10)

where A is a normalization constant and the fit paramegecdfresponds to the average en-
ergy <E> = k. Fitting the three parameters A, and E is done by matching the axion
number flux, the energy flux and the width of the distributiénom the analytical approxi-
mation with the improved fit function, the differential sokxion flux is obtained

dd, Qay > 2 (Ea/keV) 2481

—2-6.02x10"%cm ?s kev?!
dEa 8

with a fit accuracy better than 1% in the range of 1 to 11 keV.sTtme total axion flux on
earth by integrating over the energy range becomes

10-10GeV-1) eEa/1205 keV (3.11)

1 21 Yay ?
®,=3.75x 10" ecm™?s (1&10 GeV‘1> . (3.12)
Fig. 3.3 shows the comparison of the differential axion sij@eaf the 1982 and 2004 solar
models. Using the updated solar model, the amount of theflexehas changed only within
a few percent. Hence one finds that the axion flux depends asothe model quite mildly.
However, in order to get the best and accurate experimeggalty it is necessary to use the
best estimation of the axion flux on earth.

The radial distribution of solar axions is shown in Fig. 3.here the radial coordinate
r is in units of the solar radius R Fig. 3.5 represents the energy dependence of the solar
axion flux with several values of the dimensionless radiardmater on the solar disk. As
shown in Fig. 3.4 most axions come from a region within Q;2RThe integration of the
axion flux up to 0.2R yields 84.3% of the total number of axions emerging from tine, s
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Figure 3.3: Solar axion flux from the modern solar model 2004 (red linehpared with the
flux from the old solar model 1982 (dashed line).
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Figure 3.4: Solar axion flux as a function of axion energy vs the dimers&sradial coor-
dinater on the solar disk. The units are chs tkeV ! per unit surface of the solar disk.
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Figure 3.5: Axion surface luminosity of the solar disk as viewed fromtkas a function of
the axion energy with several values of the dimensionledislraoordinate = R/R;, on the
solar disk. The units are the same as in Fig. 3.4.

and about 46.8% of the axions are expected from the moreateegion within 0.1R. The
corresponding angles of the source regions as viewed frotim & roughly 0.10and 0.05,
respectively. This is important for the experimental setup

3.2 Axion to photon conversion in a magnetic field

The axions with few keV energies from the solar core can bemesrted by the same way
via the Primakoff conversion into photons in the presenca sfrong magnetic field and a
refractive medium in the laboratory as shown in the righghan of Fig. 3.1. In order to
convert axions into photons we need a transverse magnddc file reason is that a free
photon and an axion have spin-1 and spin-0, respectivelyesgonding to the projections
J; = +1 andJ, = 0. A longitudinal field cannot induce a changeJin so that will give no
transitions. In principle, the two linear polarizationts&g of the photon are parallgland
perpendicularl to the external magnetic field. Only the polarization congrdrparallel to
the magnetic field mixes with axions.
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Raffelt and Stodolsky [67] have derived the wave equatiopéoticles propagating along
thez direction with a frequencw in the presence of a transverse magnetic field B

wWw—mS/20—il/2  gaB/2 .
[( ngayB/Z w—\r/Tﬁ/Zw)_'az

whereA anda denote the amplitudes of the parallel photon componenttonagnetic field
and the axion field, respectively. Heres the damping coefficient, i.e. the inverse absorp-
tion length for photons. In general, from a first order saaotof Eq. (3.13) the transition
amplitude [63] can be found

_ Yay [
<A@a> = 2exp< /Odzr/2>

></Ozdz’Bexp<i/Oidz”[(m$—mﬁ)/Zw—iF/Z]). (3.14)

Here the momentum difference between photons in a mediurmexriots withw = E, is
given by

A
I = o, (3.13)

q=|m;— | /2Ea. (3.15)

From Eq. (3.14) we obtain then the probability of convertarg axion to a photon in a
magnetic field strength B at a lengthkr L

Pasy = | <A(2)a0)>|?
%GB 1

- 4 q2+r2/4[1+e7r|_ _2e7rL/ZCOiqL)]

(3.16)

3

where the path length L is much less than a photon absormiggth and B is uniform. In
vacuum, the damping coefficiehtis zero, so that Eq. (3.16) can be written as
Lsit(%)

(%2
It has to be mentioned that the probability of axion to phatonversion is proportional to (B

- L)2in case of coherent conversion. Duentip= 0, the momentum transfer between axions
and photons in vacuum can be also reduced by

q=ng/2E.. (3.18)

To keep a constructive axion to photon interference ovewtin@e magnetic length L, which
means an axion photon oscillation wavelength larger thamnk,needs the coherence condi-
tiongL < 1.

93
I:)aay = TV(B ) L)

(3.17)
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In this limit, the sir"r(%)/(%)2 term in Eq. (3.17) can be approximated by 1, so that the
conversion probability from axion to photon in vacuum beesm
o3
Pasy = —,'(B-L)% (3.19)
assuming that the axion to photon conversion is fully cohmteoser the length of the mag-
netic field. IfgL > 1, the axion photon dispersion relation does not match. &fbeg, the

coherence conditiogL < 1 with L = 10 m in vacuum is satisfied only for axion masses
my < 0.02 eV.

However, coherence can be restored for higher axion mas$gesg, conversion region
inside the magnet bore is filled with a buffer gas with a lowngitonumber Z like Helium.
The use of lower Z gas is just because the ionization enedjiele in the relevant energy
range roughly up to 10 keV are very low, so that the absorpteom be achieved over the
whole energy range. Photons in the presence of a buffer gasra@n effective mass

MG = W5 = 4TereC, (3.20)

wherene is the electron density in the medium ands the classical electron radfusThe
photon mass then becomes equal to the plasma frequency ghthehich is the natural
oscillation frequency of electrons in a plasma. Eq. (3.8t)lies

m,(eV) ~ P(itsm) . (3.21)

Here P is the operating pressure at 300 K. With the momentansfier of Eq. (3.15) the
coherence limit becomes

21, 21,
nﬁ_T’S%S\/n‘%+T’ (3.22)

where the effective photon mass matches the axion mass.ohleeance is restored again for
a narrow mass range. The sensitivity is achieved up to axasses of about 0.3 eV with a
“He gas at 1 atm. The operating temperature of the superctingucagnet is usually 1.8

K, and 1 atm at 300 K corresponds to 6.08 mbar at 1.8 K. An exawifivo measurements
in vacuum and in the presence of gas can be found in Fig. 3.& tHe expected number of
photons N for the effective detector aregis given by

Ny:q)ax Pa_>y><S><t./ (323)

where t is the observation time in days and the detector efiogi is not included.

2ro = €2 /4mE,MeC? = 2.817x 107 m
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Figure 3.6: Comparison of two measurements in vacuum and in 6 mbar witlhffarbgas
[68]. The black line is the measurement in vacuum where @stoeris fulfilled up to a certain
point, and then the transition rate decreases rapidly dtreetimss of coherence. The red line
shows a very narrow mass window where coherence is restatiedhs help of a buffer gas.
The mass depends on the pressure of the gas. The number ohpliats been calculated
using an exposure time of 33 days and a coupling constankdfat 10 Gev-1.

Expected rate estimation According to Eq. (3.19), the conversion probability in vaou
can be approximated by

2 2
Py~ 1.7x10°Y _BL NG (3.24)
Y 9.0T-9.26m 10-10Gev1

foramagnetwithL=9.26 m and B =9.0 T in the CAST experimerging the cross section
area of the magnet A =2 14.5 cn?, the solar axion flux through the magnet in Eq. (3.8)
becomes

2
g
74-1 ay
», =8.9x10'd (1 10Ge 1). (3.25)
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Therefore, the number of expected photons N from the comrecs axions can be estimated

4
N ~ 17x10°Y7x8.9x 10" (%)
10-10GeV~-

~ 15eventgd (3.26)

assuming 100% detection efficiency for the conversion pito

3.3 The CAST experiment

In this Section, the general setup of the CAST experimentxaied. After a short
overview of the CAST experiment, the magnet with its cryagesystem and the solar
tracking system are discussed. After that, three diffexerdy detectors are described.

The CERN Axion Solar Telescope (CAST) experiment at CERBArches for solar ax-
ions with energies in the keV range. In this experiment [§B]ar axions can be converted to
photons in the field of a 9 Tesla LH@rototype superconducting dipole magnet. The magnet
is mounted on a movable platform in order to follow the st8Y in vertical andt-40° in hor-
izontal direction, as shown in Fig. 3.7. At both ends of tH&69n long dipole magnet, three
different X-ray detectors are installed, which are sewsiin the interesting photon energy
range up to 10 keV. The photons from the axion to photon canwerin the magnetic field
can be detected by these X-ray detectors. The reason fay tisi@e different detectors is
that the three detectors with complementary designs erkatesystematic detector effects
can be studied. On the left side of the magnet are a ChargelébDegvice (CCD) and a
MICROMEsh GAseous Structure (Micromegas) mounted on eaafnet bore looking for
axions at sunrise. The CCD is located at the focal plane of-aaymirror telescope, so that
the photons from the magnet bore are focused on the CCD pdeanenillimeter spot by the
telescope. Therefore, the signal to background ratio ings¢the sensitivity by two orders of
magnitude. At the other end, a Time Projection Chamber (Td®&gring both magnet bores
Is installed to look for axions during sunset. All detectars taking data every day for about
1.5 hours, the so-called tracking data, when the magneigisead with the sun either at sun-
rise or at sunset. During the other time, data taking is @dgédcto background measurement.
The exposure time of the background measurement is roughtinies larger than the one
for tracking. The CAST experiment has two phases coveringadrange of axion masses:

3Conseil Europeen pour la Recherche Nucleaire (Europeamiation for nuclear research)
4Large Hadron Collider
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Phase | Phase | is the data taking period in which an axion mass raag®e covered up

to 0.02 eV by axion to photon conversion in vacuum. Phaseatestalata taking in 2003 and
was finished at the end of 2004. The sensitivity of the axigohtoton coupling constant has
been improved significantly as compared to previous exparimand it is now for the first

time comparable to constraints from astrophysical limit.

Phase Il Phase Il extends the mass range up to 0.82 eV by filling the etdge with a
buffer gas using different pressure settings. Starting) f¥te inside the magnet at 1.8 K up
to pressure settings of about 6 mbar with 74 steps of 0.08 e, latePHe will be used
up to 60 mbar with 590 pressure settings in steps of 0.08 - ®@drnThe measurements of
the second phase have started at the end of 2005.

Sunset

Magnet 10m superconducting photon detectors

LHC test magnet

Sunrise
photon detectors

- N
Sunrise axions
Sunset axions

Low-background

shielding Low-background

shielding

Turntable

Figure 3.7: A schematic drawing of the CAST experiment at CERN. The mizvaiagnet
(red) is supported on a green girder. A turntable shown otetlhend of the magnet allows
the horizontal movement and the structure on the right ertiéemagnet move vertically.
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3.3.1 The magnet

The first superconducting LHC dipole prototypes magnet Wifh twin apertures is used as
a converter for axions to photons. The magnet shown in Figc@nsists of superconducting
Niobium-Titanium (NbTi). The nominal magnetic field is 8.4bUt the magnet reaches fields
between 9 and 9.5 T inside of the two parallel beam pipes offantee length L = 9.26 m.
The aperture of the magnet beam pipes is 42.5 mm, thus thectots section area A is
2 x 14.5 c?. Each aperture of the bores fully covers the potentiallp@asémitting solar
core (about 1/10th of the solar radius).

ALIGNMENT TARGET
___— MAIN QUADRIPOLE BUS-BARS
HEAT EXCHANGER PIPE
~ SUPERINSULATION
-~ SUPERCONDUCTING COILS
- BEAM PIPE
VACUUM VESSEL
~ BEAM SCREEN
~ AUXILIARY BUS-BARS
“—— SHRINKING CYLINDER / HE I-VESSEL
e THERMAL SHIELD (55 to 75K)
T NON-MAGNETIC COLLARS
- IRON YOKE (COLD MASS, 1.9K)
T DIPOLE BUS-BARS

SUPPORT POST

Figure 3.8: The standard cross section of LHC dipole magnet with a twertape [71].

To achieve the nominal field of 9 T, the evacuated magnet Isocempletely immersed
in superliquid helium and its temperature is maintained &Kl The magnet requires a tem-
perature lower than the liquefaction temperature of helitn@refore the superfluid helium is
used for a more efficient cooling and permits an operationaariable slope of the magnet.
The corresponding current of the magnetic field strengthi$3000 A.
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The entire cryogenic system to operate the magnet has b&@ted from the cryogenics
of the previous DELPHI experiment at the*e~ collider LEP. To cool down the magnet to
1.8 K a new additional roots pumping group has been inst@llei The Magnet Feed Box
(MFB) providing all the cryogenic and electrical feeds te thagnet are located on top of the
magnet’s end. In total seven transfer lines mounted on thB &E connected with the liquid
helium supply, the gaseous helium pumping group and thedjuecovery system. The lines
are made flexible to allow a movement of the whole magnetqgiatfvithout disturbing the
cryogenic operation. Further details of the cryogenicshmafound in Ref. [73].

Quench protection An important feature of a superconducting magnet is quegchiA
quench in superconducting magnets typically occurs whgmparameters of the magnet, e.g.
temperature, magnetic field or current, changes from thersopductive state to the normal
conductive state. After the sudden change, the cold hekuaxfhausted from the cryogenic
system, thus the magnet is completely discharged. Duringesap the magnet can be
damaged by high temperature and pressure, therefore aopaigpe protection system is
required to protect the magnet and also the detectors. Wlaakresistance change on the
superconductor occurs, a quench signal is detected by #mechuwrotection system and the
magnet is isolated from the MFB liquid helium by closing theegch protection valve. In
general, the helium is safely recovered by an automaticamwoh. Sometimes the protection
system triggers a fake signal due to instabilities of the grosupply. In any case, the data
taking is interrupted by both real and fake quenches. Howéve whole CAST cryogenic
system is operating in quite stable conditions.

3.3.2 The vacuum system

Two interconnected beam bores of the magnet keep the vacuamoumd 10°® mbar during
Phase | of the CAST experiment, while in Phase Il of the expeni they will be filled with
Helium gas at different pressures.

Valves On the both ends of the bores the three different detectensiaunted and four gate
valves separate the magnet vacuum itself from the vacuureothree different detectors:
VT1 and VT2 on the TPC side, VT3 for the Micromegas, and VT4tfe telescope and
CCD as shown in Fig. 3.9. In case of problems like a quench omdaw breakdown of

the detectors, those valves can be closed automaticallgrwaahtrol of an Interlock system,
in order to prevent damages of the detectors as well as theehaghe CAST Interlock

box controls the status of all valves and receives alarmassgitke a vacuum alarm from

SDEtector with Lepton, Photon and Hadron Identification
6Large Electron Positron collider
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the Pfeiffer boxe§ and a quench alarm or compressed air shortage from the crigsge
system. As a result all valves are closed automatically. Mthe valves are closed there is no
connection between each other detector so that also workemetector can be performed
without any effects on the others.

The valves V14 and V13 in Fig. 3.9 connect the X-ray teleseaifethe magnet and with
the CCD detector, respectively. If the gate valve VT4 is etbdue to some problems, then
the V14 is also closed simultaneously with VT4 to put thedetge in safe condition. All
valves should be open during data taking. The V13, V14 and &&4articularly important
in the data analysis of the X-ray telescope and CCD detettw.reason is that data can be
used only when those valves are open in data taking periodsisis one of the essential
cuts for the data selection.

P3| [PMM

MM
TPC
X Teisssons E ccD
Vi4 Vi3
P4

Figure 3.9: Scheme of the vacuum system of the CAST magnet.

Pressures All pressures of the beam pipes can be measured at variates@a can be seen
in Fig 3.9 as well as monitored by the Slow Control programcP%e to the TPC windows
shows the value of the vacuum pressure which is arounfl ibar when the gate valves VT1
and VT2 are open. P3 and PMM represent the pressure valutdsefdicromegas detector.
If the corresponding gate valve VT3 is open, then P3 shoularbend 10® mbar. PMM is
the pressure of an intermediate volume between the magoetiraand a thin window of
the Micromegas chamber and is normally around3tbar. The volume is continuously

"The Pfeiffer boxes locate in different places under the reaginder and monitor continuously the values
of all pressures.
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pumped to keep a low leakage rate of the detector into the etaghhe pressure P4 is
related to the X-ray telescope and must be abouf hobar when the gate valve VT4 opens.
At both ends of the magnet the vacuum can be directly obsdyyd®b on the morning de-

tector side and P7 on the TPC side. Those values should belydaglow 10-° mbar as well.

3.3.3 Solar tracking system

In order to follow the sun with the magnet as well as to movehibavy magnet accurately,
the hardware and the software systems for solar trackingexseimportant. The tracking
system is therefore required to be very precise.

Platform and motors Here we go into details about the magnet movement and erscoder
As shown in Fig. 3.7 the magnet is supported by a platformdégjrwhich consists of two
metallic supports in order to allow a movement of the wholgnet structure horizontally
and vertically. The platform was also made to allow an aligntrof the magnet with the sun.
Thus the time and statistics of data taking are maximized.

One of the supports is used to provide guidance for the phatés well as to move the
magnet on rails from Oclose to the counting room up to almost°8ff a local system in
the horizontal direction, where the corresponding azimsitiiom 47 to 126. The other
support carrying two screws is used to allow a vertical mot the same moment. A
turntable on the opposite side of the magnet carries a gezaiopthe weight of about 40
tons due to the cryogenic box and supports rotations of thgneteplatform horizontally.
The maximum vertical movement of the platform-8° with respect to the horizon. The
moving limits are because of mechanical and cryogenic caings from the internal setup of
the superconducting magnet. Thus the magnet can be aligitledhe sun every day about
1.5 h at sunrise and sunset. After all, it means that the &digshment time of the magnet
with the sun is very roughly 1000 hours over one year.

Two motors can move the platform in vertical and horizonfetction to precalculated
encoder values which come from a software program. Encadless the tracking software
to know the actual position of the magnet. A correspondertsden the encoder values and
azimuth and altitude of the sun in degree [74] is shown in&&bl.

Tracking software The tracking software system controls the magnet movemedt a
records all information about data taking to log files which meeded for data analysis later.
Fig. 3.10 shows the working principle of the tracking softevprogram [75]. For taking data
the software program, which is written in the Laboratorytvél Instrumentation Engineering
Workbench (LabView) environment, calls an executable filsdal on the Noval Observatory
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| Ver. encoder] Altitude || Hor. encoder] Azimuth | Local system

51734 7.6° 184 47.19 1°
45098 5.6’ 3639 56.19 10
38463 3.6° 1477 66.19 20°
31827 1.6 11316 76.19 30°
26492 0° 15155 86.19 40°
21211 -1.6° 18994 96.19 507
14575 -3.6° 22833 106.19 60°
7939 -5.6° 26672 116.19 70°
1303 -1.6° 30511 126.19 80’

33199 133.19 87

Table 3.1: Correspondence between the encoder values and azimutltitundea

Vector Astrometry Subroutines (NOVAS) which contains tlesigon of the sun and its cor-
responding time [76]. It reads out the time and date of theprder and calculates exactly
the azimuth (AZ) and zenith distance (ZD) of the sun for therdnate§ of the CAST tele-
scope every minute. Then the program takes the corresppnrédloes of the encoders with
the given values by looking in tables§AZ,ZD) and \,(AZ,ZD) and gives a signal to the
motor in order to move the magnet to that point. These tabéepr@pared with the maximum
possible accuracy.

The tracking system of both hardware and software has beamately checked by
geometric surveys with the help of the Engineering SuppadtBechnology (EST) division
at CERN and the magnet positions were calculated by a detadscription of the encoder
values with an accuracy of 0.001Discrete data points from measurements were constructed
by using the spline interpolation. The precision of poigtto the sun is always better than
0.02, typically about 0.002[77].

One more important thing is time synchronization. The systbecks continuously the
time with two CERN time server Network Time Protocol (NTP)ietnis synchronizing the
clocks of the computer systems in the order of 1 ms. The DalyBaving Time (DST)
changes are taken into account. The overall possible sbtocerrors [78] in solar tracking
are summarized in Table 3.2.

As given in Table 3.2 the total estimated precision of the TA&cking system is better
than 0.02. In addition, the tracking system can be cross-checkedenigently twice a year

846° 15’ North and 6 5’ East 330 m above sea level
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asks for Labview |V Vy talks to
AZ,7zD [ Platform control Platform motors

of the sun

[ CERN coordinates

Figure 3.10: A scheme of the principle of the tracking program. NOVAS o#tes the
solar azimuthal angle (AZ) and the zenith distance (ZD) fritve universal time and the
experimental coordinates. The LabView platform contrahslates AZ and ZD to encoder
values and then gives a signal to platform motors.

| Error source | Typical value| Maximum value]|
Astronomical predictions 0.002 0.006
Uncertainty of CERN coordinates ~ 0.00Tr
Grid measurements (0.02 mm precision) 0.00r
Interpolation of grid measurements 0.002 <0.0r
Horizontal encoder precision ~ 0.0014
Vertical encoder precision ~ 0.0003
Perfect linearity of motor speeds <0.002
Clock time ~ 0°
Total <0.0r

Table 3.2: All possible error sources for the solar tracking precision
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by filming the sun which will be described in the next Sectidturthermore, the tracking
software records information about the temperatures iredperimental area, the pressure
and the values of the magnetic field inside the magnet on leg. fin order to record more
information during data taking, a Slow Control data acdigsisystem was used.

Slow Control The slow control was used since late July 2003 in order to topthe data
taking system and record more information which are veryul$er the data analysis. It is
also written in LabView like the tracking software. The sloantrol contains the following
specific implementations: pressures and temperatureseiribe cryogenic system and in
front of detectors, status (open or close) of the valves éetvthe magnet and detectors, load
on each of the two lifting screws, magnet position in motaragter values and in angles from
an independent position system, and permissions to opeas/dloreover, an alarm system
was established to keep important informations for the atp@r of the experiment, like the
vacuum level in front of the detectors, a check of the congaesir supply, a flammable gas
supply, a quench signal, and a power failure.

3.3.4 Filming of the sun

Field of view The Field of View (FoV) represents the opening angle thatlmawviewed
at a time through an optical device such as a telescope. thgnet bore is regarded as an
limited optical device, its FoV is quite useful to take a @o®ok at the detectors, particularly
the CCD detector. It simply can be calculated by using thentda

o =2 arctand

where the opening angterepresents the field of view, is the diameter of the magnet bore
(d =42.5 mm) and L is the effective length of the magnet (L = 9.26 # fully effective
FoV is thus about 0.53which corresponds to the entire sun. However, none of thecttats

is directly mounted with its sensitive area to the magnetke Xkray telescope separates the
end of the magnet bore from the effective area of the CCD t@tewhile the Micromegas
uses an extension pipe longer than 1 m. The TPC has a shatesen but it is not directly
installed at the magnet as well. The vignetfireffect appears because of these facts and
the FoV of the detectors is not fully illuminated. If therene telescope, then the FoV of
the CCD detector is approximately 0°3dnd it could cover about 64% of the whole sun.
However, the telescope brings the converted photons framtagnet into focus with a
diameter of 19 pixels (1 pixet 20 arcsec) on the CCD, corresponding to about 20% of the
solar radius. As mentioned in Section 3.1 most axions aré&sfrom a region within 20%

of the sun. To be able to look for these axions emitted fromirttexior of the sun, therefore

Vignetting means that the image brightness in the edges faglay gradually compared to the image center.
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a very high precision of the tracking system is requiredattsuracy should be at least 0202

The aim of the solar filming is to cross-check the precisiorthef tracking software
independently by directly observing of the sun. It has besnfopmed regularly twice a year
in March and September. It was done a total of six times up ta Is2ptember 2002, March
and September 2003, September 2004 and March and Septed@aer 2

The first filming of the sun was done with a webcam combined \aitsmall optical
telescope as well in 2003 as in 2004. A small PC controlledetarwas installed on top of
the magnet and aligned parallel to the sun. A window facinthéoeast on the wall of the
experimental area was opened to view the sun through it fewariinutes just after sunrise
during several days. The tracking for the filming is a littledfferent from the tracking of
the axion search due to the refraction of light in the atmesphthus a correction should be
performed during filming. For axions it is not necessary toect it because they do not
interact significantly with the atmosphere.

The first filming presented quite an acceptable precision@30In 2004 the solar film-
ing was done with a webcam combined with a small optical telps as well. In Spring
2005 the system was improved by using a CCD camera and a bpttes with focal length
of 200 mm. Fig. 3.11 shows an image taken on the 16th of Marthtive CCD camera. The
new system verified the tracking precision with a remarkddadfter accuracy compared to
old one. The precision of the magnet pointing to the solateres of the order of 0.03 This
accuracy is limited by the optical alignment of the camesddlted on the magnet. However,
it confirmed that the magnet alignment is sufficiently preeisthin statistical and systematic
errors for the desired tracking accuracy for CAST. Ref. [@i9¢s further details of the film-
ing of the sun.

3.3.5 The Time Projection Chamber

The Time Projection Chamber (TPC) at CAST constructed wigiiglass is a conventional
type of a three dimensional detector. The detection pria@pa TPC is based on ideas from
both Multi-Wire Proportional Chambers (MWPC) and drift ahigers. Its center is a large
gas filled volume, where incoming particles pass throughgemevolume and produce free
electrons. These free electrons drift toward a plane ofsaared an avalanche process occurs
near the anode due to the strong electric field. Thus sigaal®e amplified and detected by
the anode wires.

Structure The conversion volume of the TPC is %015 x 30 cn? with two thin entrance
windows of diameter 6 cm. It covers both magnet beam borem@aach a diameter of
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Figure 3.11: Picture taken on the 16th of March with the CCD camera withojbitec being
focused to 30 m [80]. The reference point is the center of teemycircle with cross wires
which were used to align the camera. The outer blue circlesisolar disk and the inner blue
circle represents 10% region of the solar radius. The reteds the acceptance region of the
magnet bore which contains 1/2 of the axion emission region.

42.5 mm with the centers of the two bores separated by 18 cmdifift region of 10 cm is
parallel to the magnet axis and the area oI cnt is oriented to this axis. The volume
is filled with a mixture of 95% Argon (Ar) and 5% Methane (@Hat atmospheric pressure
and allows a total conversion (> 99%) of photons up to 6 keV @iifafield of 700 V/cm.
The conversion efficiency decreases by about 50% at 11.5A®¥an be seen in Fig. 3.12
basically the TPC consists of a drift electrode made of amadum layer which is located
on the inside of the chamber close to the magnet and threeglahich are arranged on the
backside of the chamber: The anode plane at +1.8 kV betwesgriounded cathode planes
contains 48 wires with 2Qm diameter and two cathode planes at ground with 96 wires of
100pm diameter. The 48 anode wires and 96 cathode wires are pi@cpdndicular to each
other at 3 mm wire spacing. The distance between the anodéandner cathode plane
closest to the drift region is 3 mm while the distance betwiberanode and the outer cathode
plane is 6 mm. Each wire is read-out by a 10 MHz flash Analog witBli Converter (ADC)
so that a very good position resolution can be obtained. Tieispatially localized X-ray
events can be easily distinguished from the long tracks sinto rays. The whole chamber
is constructed from plexiglass, due to the low level of radtority, except for the wires, the
PCB' holding the wires and the screws keeping the chamber togéfhe thickness of the
plexiglass is about 2 cm. A thin mylar foil is placed betwelea gas and the atmosphere to
allow for a calibration with a low energy X-ray source.

10printed Circuit Board
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Anode plane Cathode planes
of wires of wires

| '-__-__- I
Windows Field shaping
for X-Rays nngs

Figure 3.12: Layout of the time projection chamber. The two circular vang for X-ray
photons coming from the magnet are connected with the twaetdgpres. One anode plane
at +1.8 kV between two grounded cathode planes is shown.

Windows The TPC is mounted on the two magnet bores by very thin alw®ih8 or 5um
Mylar windows on a metallic strongback, in order to standdffeerence of 1 atm pressure
between the vacuum inside of the magnet and the gas volurhe idetector. An additional
continuous pumping system was accomplished in 2004 to deereffectively the gas leaks
through the windows of the detector towards the magnet awdtalminimize the damage of
the windows due to unexpected pressure changes or vacuakudioren.

Shielding In order to reduce the background level, a passive shieldisgbeen designed
and installed around the TPC detector. It consists of anrmast copper cage of 5 mm
thickness, surrounded by a lead layer of 2.5 cm, cadmium ofr, end a 20 cm wall of
polyethylene. The full setting is closed by a plastic covarch is pressurized in the interior
by pure nitrogen (K) gas. It reduces the radon contamination from the air in plaees close
to the detector. Moreover, an active shielding is instatledop of the TPC to clearly identify
and reject muons producing background. The full detectelding on the TPC has reduced
the average background level and the background counttagsabout 44 x 10~° counts
cm2 sec’! keV~1in the energy range between 1 and 10 keV.
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Performance and data taking The TPC has an automatic calibration run four times per
day with a low energy X-ray sourc®Fe. It gives an energy resolution of 12% (sigma) at
5.9 keV and the noise threshold is about 300 eV. The TPC wasigaesmoothly during the
whole of 2003 and 2004 data taking periods and the total expdsane in 2003 (2004) was
62.7 h (203 h) for solar tracking data and 719.9 h (3408 h) &wkiground data. The total
amount of data in 2004 is roughly five times more compared @320etails of the analysis
of the TPC data are given in Ref. [81].

3.3.6 The MicroMegas

The MICROMEsh GAseous Structure (MicroMegas) detectorn®eel gaseous X-ray de-
tector based on a parallel plate electrode structure anbstigs for readout. It consists of
a 25 mm conversion gap filled with gas and a narrow amplificagi@p separated by a con-
ducting micromesh. Electrons created by an ionizing partitcthe conversion region drift
to the amplification region where they are multiplied by tkialanche process. Then charges
are collected on the anode plane and can be detected.

Structure Figure 3.13 shows the schematic structure and the opergptioniple of the
detector. The detector is made of plexiglass which is of laehaactivity material. It consists
of a two-stage parallel-plate avalanche chamber of an &ogilon gap combined with a
conversion gap. The conversion drift space is separated fhe amplification gap by a
micromesh. The space between two windows is filled with Hhelgas to allow low energy
X-ray conversions. The conversion region of 25 mm thicknedsetween an aluminized
polypropylene window and the micromesh plane. The ampliboagap of 50um is formed
between the micromesh plane and the charge collection plEme anode plane for charge
collection consists of 192 X and 192 Y strips with a|#@ pitch located on the same plane.

Operating principle The incoming particles passing through the drift electrpdeduce
ion-electron pairs in the conversion gap and the ionizagiectrons released by an ionizing
particle drift towards the multiplication region. They aransmitted by the cathode mi-
cromesh and multiplied up to 4@chieved by applying a very high uniform electric field of
about 40 kV/cm in the amplification gap, while the drift regioas a quite low electric field
about 1 kV/cm. Therefore, the electron cloud is collectethgyanode microstrips, while the
ion cloud drifts to the opposite direction and is quicklyleoted on the micromesh plane.
The collected charges on the anode plane can be read-ouawitb dimensional X and Y
strips structure by an ACD data acquisition system. The omesh signal is used to trigger
the acquisition of an event. A detailed description of theed®r principle can be found in
Ref. [82].
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Figure 3.13: Schematic diagram of the Micromegas detector at the CASErexent. A

micromesh separates the conversion region from the angiditregion.E; andE; are the

electric fields in the conversion and amplification regiohshe order of 1 kV/cm and 40
kV/cm, respectively.

Windows The MicroMegas detector [83] is operated with a standardhgature of 95%
Argon and 5% Isobutan at atmospheric pressure and is inegtfevith the magnet by two
thin windows as can be seen in Fig. 3.13. Two thin windows \wylas a buffer for pressure
changes are made ofp#n thick aluminized polypropylene foils. The first window achted
between the magnet and the buffer vacuum, and the seconawiwith a stainless-steel
strongback lies between the buffer vacuum and the detédtervolume between the magnet
and the detector is continuously pumped. Using 2 windows different vacuum level is to
minimize the leak of the detector gas into the magnet, asagdlb optimize the transmission
of X-ray photons.

Performance and data taking The detector is sensitive to X-rays in the energy range 600
eV up to 10 keV. It has an excellent stability, a linear reg@rand a spatial resolution of
better than 10Qum. The efficiency of the detector was measured to be about 30¥%ea
PANTER X-ray facility at MPI Munich. Moreover, it has a goodexgy resolution of 14%
FWHM at 5.9 keV obtained from the calibration witlP2Fe source. The background rate is
about 5<107° counts cm! sec’! kev—1. The MicroMegas has been operated stably since
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October 2002 during the data taking periods in 2003 and 2004 .solar tracking data were
taken at sunrise every morning, while the background data vezorded during the rest of
the day. The calibration and pedestalns of the detector were done semiautomatically by
shifters every morning. The total exposure time for both®80d 2004 is 273 h for tracking
data and 2193 h for background data. Further details aberialysis of MicroMegas data
can be found in Ref. [84].

3.3.7 The X-ray telescope and the CCD detector

The X-ray mirror telescope and the Charge Coupled Device))Qi&tector are described in
the next Chapter.

HcCharges are measured by the strips without real triggers
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Chapter 4
The X-ray Telescope and CCD Detector

The most sensitive detector of CAST is an X-ray mirror tedgecand a Charge-Coupled
Device (CCD) detector as a focal plane detector. The tefesassembled in front of one
of the magnet bores on the end of the magnet. It is able to peodn axion image of the sun
by focusing the photons emerging from the magnet bore of ddaperture to a spot size
of about 6 mm on the CCD. Thus an improvement by more than two orders of iadm
in the signal to background ratio is estimated. In this Chigphe performance of the X-ray
telescope and the CCD detector are discussed in detalil.

4.1 The X-ray telescope

The X-ray mirror telescope of CAST is a prototype Wolter | éypelescope developed
for the satellite mission ABRIXAS[85]. The telescope consists of 27 gold-coated mirror
shells with a focal length of 1600 mm. The mirror surfaces @okshed with a resulting
surface roughness of less than 5 A. Coaxially incident Xphgtons are fully reflected on
the smooth mirror surfaces twice if their incident anglersafier than e.g. “Lfor about 5
keV energy, i.e. reflection is achieved only with a shalloglanFig. 4.1 shows the principle
of the telescope and the light path of the incoming X-rayshatelescope. X-rays are first
reflected on the parabolic shaped mirror surface and thermemyperbolic surface, and
subsequently focused onto the focal point.

The aperture of the telescope has been subdivided into stersewith a supporting
spoke structure as shown in Fig. 4.2. The outermost mirrelt Bas the diameter of 163 mm
while the diameter of the innermost is 76 mm. Since the ogeofrthe CAST magnet bore

1In most descriptions a paraboloid-hyperboloid combirmatidith two internal reflections is called Wolter |
type and with one internal and one external reflection issdallolter Il type.
2A BRoad-band Imaging X-ray All-sky Survey
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Paraboloid
r—— Hyperboloid

FOCAL
SURFACE

Figure 4.1: A schematic view of the X-ray mirror telescope. X-ray phaare reflected
twice by a combination of parabolic and hyperbolic mirr@8]|

Figure 4.2: Front view of the X-ray mirror telescope for the CAST expegimh A spoke
structure subdivided into six sectors supports the 27 mshells. One of these sectors is
used to focus the X-rays into the focal plane detector (apprate size and location indicated
by black circle) [87].
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with a diameter of 43 mm is much smaller than the apertureefalescope, only one part of
the six sectors of the telescope is used. Hence the mirreemayis mounted asymmetrically
to the CAST magnet so that only one part of the full mirror &eris illuminated by almost
parallel X-ray beams and acceptance losses are minimizegltelescope is operated under
vacuum condition with a pressure below P0mbar to avoid contamination and absorption
on the reflective mirror surfaces which would reduce theiefficy of the telescope.

4.1.1 Point spread function and effective area

The performance of an X-ray telescope can usually be spegdifiea Point Spread Function
(PSF) which gives a spatial (or angular) resolution and fecefe ared. Generally, the
point spread function is an optical parameter and definesshoeint source would be imaged
with this instrument. A point source should ideally prodacsharp signal in one pixel on
the image but this is not the case due to optical effects. BtetRen determines the spatial
resolution of the instrument by the measured Full Width df Naximum (FWHM) of the
point source.

In order to determine the PSF as well as the effective aretn@CAST mirror system,
calibration measurements of all six sectors of the X-ragsebpe have been performed at the
PANTER facility in Munich using monoenergetic X-rays with varioesergies. The result
is that the on-axis angular resolution of the telescope iar8dec and 43 arcsee (0.01°)
Half Energy Width at 1.5 keV and 8.0 keV, respectively, whismearly a factor 10 better
than the expected axion spot size of the su®(1°) as shown in Fig. 4.3.

Another important performance parameter of the mirrorsade is the effective area,
which means the quality of the mirrors to collect radiatiordidferent photon energies. In
general, the effective area is a function of the off-axislenthe micro roughness of the
mirror surfaces and the photon energy. It is reduced by a&tagrface roughness, larger
photon incident angles, i.e. lower reflectivity, and geametignetting effects. The effective
area of the telescope depends on the photon energy and m@desureach sector of the
telescope, the results are summarized in Table 4.1 [88].s€htor 4 of the telescope with
the best effective area was selected to be used for CAST.

3An effective area of a telescope is defined as the producteofelescope mirror geometric area and the
mirror reflectivity.

4The test facility PANTER operates for calibrations of X-tajescopes and detectors. An X-ray source is
installed at one end of the vacuum system and at the other &ast ehamber is mounted. The test chamber
has a diameter of 3.5 m and a length of 12 m. The distance of 1B6tween X-ray source and telescope was
chosen to approximate an infinite source distance of an X6bggct.
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Figure 4.3: Intensity image of the point spread function of one mirrartsemeasured with
a Position Sensitive Proportional Counter (PSPC) detecttire PANTER facility. The red
circle indicates an expected spot size of a axion signalceSihe X-ray source is at a finite
distance (d~ 130 m), photons reflected by only one of the parabolic or Hyplér shaped
mirror surface are apparent in the image [88].

Sector effective | area (cm)
0.93 keV| 1.49keV| 4.5keV | 8.04 keV
1 135 134 8.2 3.9
2 135 134 8.2 3.8
3 8.9 13.6 8.3 3.9
4 13.9 13.9 8.4 4.0
5 12.6 12.8 7.9 3.4
6 13.1 134 8.5 4.0

Table 4.1: Effective area of each mirror sector measured using X-ragsdifferent energies
at PANTER.
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The on-axis effective area of this sector shown in Fig. 4.4 maasured at PANTER for
a telescope aperture of 48 mm diameter, while the apertaraeter of the CAST magnet
bore is 43 mm. Therefore, ray tracing simulations were donddth apertures, in order to
translate the results from the PANTER aperture to the CASArtape. These simulations
included the mirror system with the mirror support struet@nd the magnet geometry
assuming an almost straight beam bore. As a consequencdytaia an energy dependent
on-axis effective area and the vignetting function depegdin the energy and the off-axis
angle. The simulated on-axis effective area is shown asltiegline for a telescope aperture
of 48 mm diameter. The effective area for the CAST apertuosvehas red triangles is the
result of the PANTER measurements scaled with the ratioesitmulated effective area for
48 mm and 43 mm diameter. The effective area for the 2003 dasaswnulated for a point
source located at an infinite distance. However, to be maaetefor the data taking period
in 2004, the on-axis effective area for the magnet bore apewas newly simulated for a
realistic axion energy and intensity distribution for theemded solar source. The results are
shown in Fig. 4.5.

The point spread function (PSF) of the telescopes dependiseosource size and thus
on the off-axis angle could be as well. When increasing tli@xis angle, fewer photons
entering the telescope reach the focal plane. This effemlied vignetting. The vignetting
effect depends on the energy and radial off-axis angle. fitheences of the off-axis angle
of the telescope on the effective area can be seen in FigThbasymmetrical experimental
setup with only one part of the six sectors, which breaks #agat symmetry of the mirror
system, leads to a difference between the radial and themdiagoff-axis angle. A slightly
asymmetric point spread function and an asymmetry of theetighg appear due to the
magnet bore and the telescope structure. However, the asygnai the PSF can be ignored
for CAST because the expected spot size of the axion sigralger than the image of
the PSF. The effects of the magnet bore and telescope ggoamethe efficiency losses of
the telescope are shown in Fig. 4.7. It can be clearly sedrfdgha slight misalignment,
the telescope efficiency reduces, e.g. for an off-axis aofébove 2 acrmin the efficiency
decreases by about 10%.

4.1.2 Efficiency

By combining the effective area, which was measured foedsfiit energies, with the results
of the simulation, the on-axis effective area of the besiogdor the interesting energy range
of CAST was calculated by interpolation for the data coltattperiod of 2003 and 2004.
The overall X-ray detection efficiency used for data analyater on is given by the mirror
reflectivity of the telescope and the quantum efficiency ef @CD detector. The quantum
efficiency of the CCD will be explained in more detail in Secti4.2.5. The reflectivity
depends on the mounting of the telescope and the alignmeiné @élescope with respect to
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Figure 4.4: On-axis effective area of the X-ray mirror telescope. Theeliliangles are the

measured effective area at PANTER with an aperture of 48 namelier, the blue line shows
the simulated effective area with the same aperture. Thérigthles present the expected
effective area for an aperture with 43 mm diameter for CASTicWis used for the 2003 data

analysis [89].
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Figure 4.5: Simulated effective area for a point source and an extenu@ds. The blue line
shows the effective area of the telescope for the data tadengd of 2003 for a point source
located at infinite distance, whereas the red line is the®fiearea for the data taking period
of 2004 for an extended source of the size of the axion enmsgsigion from the sun.
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Figure 4.7: Efficiency loss due to vignetting effects at photon ener@ykeV. Closed circles
are the vignetting effect due to the magnet pipe geometiy antassumption of an extended
axion source, blue squares are vignettings due to the tglesgeometry, and the total vi-
gnetting effect are given by red triangles.
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Figure 4.8: Efficiency of the X-ray telescope given by mirror reflectiomdathe quantum
efficiency of the CCD detector. The drop close to 2.2 keV is ttuéhe gold absorption
effects at the M edge of the gold coating of the mirror surface

the axes of the magnet bore.

The efficiency curve in Fig. 4.8 shows the result of ray trgagimulations which were
compared with transmission measurements at the PANTERydmefore the installation of
the telescope at CAST. The efficiency for the 2004 data dudle@eriod is reduced by about
10% compared to 2003 because the optical axis of the X-ragdepe is slightly tilted to the
optical axis of the magnet bore. This small adjustment ofe¢lesscope axis was necessary for
a better centering of the solar axion spot on the CCD sepsatiga. The integrated detection
efficiency of the X-ray mirror system is about 30 to 35% foréimergy range from 1 to 7 keV.
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4.2 The CCD detector

The focal plane detector of the CAST telescope is a Charggsléd Device (CCD) of the
type used in XMM-Newtof [90] with high detection efficiency, low noise level, and dn u
trafast read-out time. The X-ray photons emerging from ttzgymet bore can be focused
by the optical telescope onto the pn-junction CCD with a gsesthickness of 28Qum, a
sensitive area of 13 cn? and a pixel size of 150150 pm?. The CCD detector is concep-
tually a derivative of the silicon drift detector proposadl©o83 by E. Gatti and P. Rehak. It
has been developed at the Max Plank Institute Semiconduatmratory in Munich. In this
Section, the basic concept, working principle, and peréoroes of the CCD detector will be
explained in detalil.

4.2.1 Basic principle of semiconductors

In an intrinsic semiconductor crystal, the number of hatesgual to the number of electrons
in the conduction band. Its balance can be altered by addsmadl fraction of impurity
atoms having one more or one less valence electron in théér atiomic shell. Silicon
has four valence electrons so that four covalent bonds cdarbeed. In a silicon crystal,
the atom can be replaced by either pentavalent atoms ofetnivatoms. This procedure is
called doping. Depending on the type of doping material, cane classify n- and p-type
semiconductors, respectively.

If the impurity atom is pentavalent with one more valencettn, there will be enough
electrons to fill up the valence band and remains free for eatmoh. At room temperature,
the extra electrons are excited into the conduction bandraiseé the conductivity of the
semiconductor. Thus the electrons become the majoritygehaarriers, while the holes are
the minority carriers. Such semiconductors with donor at@nd an excess of electrons
in the conduction band are referred to as n-type semicoasiciTypical donor atoms are
phosphorus, arsenic and antimony.

If the dopant is trivalent with only three valence electroose electron bounds in a
covalent bond and a hole is created in the energy gap. Thentindd is free for conduction
can be filled by an electron from an adjacent atom which isvedgmt to moving a hole.
Electrons in the valence band are then easily excited ird@xra level leaving extra holes
behind. The excess of holes reduces the free electrons sthth&oles are the majority
charge carriers and the electrons are the minority carf@ped semiconductors with holes
in the valence band are called p-type semiconductors. Teermdkpe semiconductors, the
acceptor elements are usually boron, gallium and indium.

5The X-ray Multi-mirror Mission
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For heavily doped semiconductors, impurity concentrationthese materials are very
high so that they are highly conductive. To make a distimchetween these materials and
normally doped semiconductors, a + sign is put on after theemadtype. Thus a heavily
doped n-type semiconductor is written asand a heavily doped p-types as.p

The pn-junction and depletion zone

The most important of the basic principle for the pn-CCD deteis the pn-junction which
is formed by joining a p-type material with a n-type semicoctdr. When the two volumes
are put into contact, electrons diffuse into the p-regiod apnles into the n-region, and
remainders will be created negative electric charge on thielgp and positive charge on the
n-side. This creates an electric field gradient across thetipn which halts the diffusion
process. Due to this electric field, there is a potentiakd#hce across the junction which
is known as a contact potential. The charge density and tiresmonding electric field are
shown in Fig. 4.9. In the energy band structure diagramm&ign4.9, the contact potential
Vo, Which is known as a diffusion voltage, is obtained from thetfthat the Fermi levels
have to line up in thermal equilibrium and are about the oaddreV [91].

The region of changing potential which is referred to as #y@etion zone around the pn-
junction boundary is almost free of all movable charge eastiso that all entering electrons
or holes into this region will pass by the electric field. Doethis special property of the
depletion zone, ionizing radiation entering this zone welease electron-hole pairs which
are swept away by the electric field. If electric contacts @eeed on either end of the
junction device, a current signal proportional to the iamian will be detected.

Interaction of radiation with semiconductors

The interaction of radiation with semiconductor mater@isates electron-hole pairs which
can be detected as electric signals. Photons have to int@tha target electron (photoelec-
tric or Compton effect) or with the semiconductor nuclews(production). The occurrence
of these effects and their ratios are strongly energy degr@nd part of the absorbed energy
in the materials will be converted into ionization (i.e. @tien of electron-hole pairs) and the
rest into phonons (i.e. lattice vibrations) which meansavally into thermal energy. For a
deposited energy, the signal will fluctuate around the medreWN given by

N="— (4.1)

with E is the absorbed energy in the detector aiglthe average energy spent for creating an
electron-hole pair. The variance of the number of signaited@s or holes is given by

E
<AN2>:F-N:F-E, (4.2)
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Figure 4.9: (a) A scheme of an pn-junction (closed circles are electropen circles are
holes, - signs are negative ions from filled holes from p-igppeurity, and + signs are positive
ions from removed electrons from n-type impurity), (b) dem of electron energy levels with
a contact potential ¥, (c) charge density, and (d) electric field intensity.

where F is known as the Fano factor [92]. The factor F is a fonaif all various fundamen-
tal processes which can lead to an energy transfer in thetdeté& his includes all reactions
which do not lead to ionization as well, e.g. phonon exatati Thus it is an intrinsic
constant of the detecting medium. The Fano factor for bditosi and germanium is still
not accurately determined. However, it is clear that théofaE is small and on the order
of 0.12. Therefore, the intrinsic energy resolution of daies is dependent on the Fano factor.

Absorption coefficient

An important aspect in semiconductor materials is the patieh depth of charged particles
and the absorption length of photons. A very small absong&agth will lead to a very high
probability of producing the signal close to the surface angery high absorption length
means that the radiation may leave the detector withoutaoten. X-rays of monoenergetic
photons with an incident intensity penetrating a material with mass thickngssd density
p(g/cm3) emerges with intensity | given by the exponential attermuralaw

1(x) = loe MY, (4.3)
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wherep(cn?/g) is the mass absorption coefficient which is the inverse ofitaan free path

of photons. The mass thicknesss defined as the mass per unit area and can be obtained by
multiplying the thicknessl by the densityp, i.e. x= pd. The absorption length of photons

in silicon (Si) and silicon oxide (Sig) is plotted in Fig. 4.10 for the photon energy range
of 1 eV to 20 keV. At this low energy range, the absorption ttoeht is dominated by the
photo effect. The range of photons in silicon varies fromwa fiem in the near infrared to
several tens of A for UV light and then increases again foh&igenergies to 1 mm for
roughly 20 keV. The absorption is most efficient at the silidd-, L- and K-absorption edges
corresponding at roughly 20, 100-150 and 1830 eV, respadgtiv
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Figure 4.10: Energy dependence of the photon absorption length in Si #Dgl[86].

4.2.2 Structure and working principles

The basic concept and working principles of a fully deplgt@elCCD detector can be seen
in Fig. 4.11 [93, 94]. A double-sided polished n-type silicoafer with high resistivity
has both surfaces covered with & poron implant. One edge of the device structure has a
small (an essential condition for good noise performancéepmosphorus implant for read-
out which keeps an ohmic connection to the non-depletecbsilbulk. The silicon bulk is
homogeneously doped with phosphorus with a concentrafi®'d per cn?. A reverse bias

is applied to both p junctions, i.e. a negative voltage is applied with respetihé n" anode.
The depletion in the high ohmic substrate with a resistigitpbout 4 kQcm develops from
both surfaces, until the depletion regions touch in the teidd the wafer. The potential
minimum of electrons is then located in the middle of the waf&n additional negative
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voltage on the p back contact shifts the potential minimum for electronsrfrthe center
towards the surface having the pixel structure, i.e. a Ipo&ntial minimum for electrons is
created in a distance approximately Ifd from the surface. Three'pstrips with the three
potentials @1, @, and@z) belong to one pixel. The depletion voltages on the backarde
typically between -150 V and -200 V in the 2@ thick fully depleted device.

pulses for signal transfer

on-chip
amplifier

i

n*anode detector

4+ depth

p* CH CH p* CH p* e
g n epitaxial layer (40 Qcm) ,fe
ol !/
T P - VO N ,’/9

_______ rOoe oy ____ieooev_ ________--" . n
> potential minimum
transfer direction
£
3
§ fully depleted detector volume (n Si 2-5k Qcm)
electron potentialv
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Figure 4.11: A schematic diagram of a fully depleted pn-CCD.

A periodic change of the applied voltages at tHetfansfer registers,, ¢, andgs allows
a discrete transfers of the signal charges in the local pateninimum for electrons toward
the read-out anode. The side having tHetmansfer registers has an additional phosphorus
doped epitaxial layer of a 1j2m thickness with a concentration of approximately“@onor
atoms per crh The interface of the epitaxial layer and the high resistibulk silicon acts
as a potential barrier for electrons to a distance of rou@Blym below the top surface.

Figure 4.12 shows one pn-CCD unit consisted 0k880 picture cells (pixels) with a
total area I 3 cn?. The 64 individual transfer channels have its own read-oderdesigned
for high speed read-out, so that parallel read-out is ptesthilat requires only 70 ms for the
complete device. The pixel size of 150150 um? is matched to the spatial resolution of
the detector. A deep n-implantation below the fpansfer registers and below the Si®3
introduced to form a guiding channel for signal charges.
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Figure 4.13: Inside of the pn-CCD. The photons enter the detector fronbtteom. The
charges are collected in the potential minima close to thase having a pixel structure and
shifted to the on-chip amplifier after integration.
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Figure 4.14: Signal transfer by three shift registers. Electrons ct#iédn the potential
minima can shifted toward the read-out anode by periodiogbaf the potentials.

A different view of the pn-CCD can be seen in Fig. 4.13. TheaX-photons hit the
device from the backside illuminated window. The entran@edaw is made very thin in
order to get a good response for short range radiation. Thitiyy charged holes move
to the negatively biased back side, electrons to their Ipotgntial minimum in the transfer
channel, located about 10n below the surface having the pixel structure. Each CCDifine
Fig. 4.13 is terminated by a read-out amplifier.

4.2.3 Read-Out concept

Electrons produced in the space-charge region by ionizd@tions will drift to the electron
potential minima. The charge can be now shifted toward tad-mut electronic by a periodic
change of the voltage. The scheme of the charge transferamisch in a depth of roughly 10
pm below the shift registers can be seen in Fig. 4.14. Firssitneal charge is stored under
the registerps only. If ¢ is now lowered to the same level @s the signal charge will spread
betweeng, and@s. Thenq; is increased, the signal charge will transfer below thetedde
@s. If this sequence of suitably changing potentials is regobathe signal will finally arrive
at the read-out anode.

As shown in Fig. 4.15, the CCD chip has 200 pixels in the si¢naaisfer direction and 64
pixels in the perpendicular direction. The entire sensitivea of the chip isx3 cn?. The
serial multiplexing CCD register is replaced by a total ofpédallel output anodes which are
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Figure 4.15: General layout of the CCD detector consisting ok@90 pixels with a sensitive
area &3 cn?.

on-chip connected with 64 on-chip preamplifiers each ctingi®f one input Junction Field
Effect Transistor (JFET) for low noise read-out. Those taeth 64 CCD output channels
are bonded to a 64 channel CM®&nplifier chip (CAMEX64). Thus the 64 signals of each
row are fed in parallel to the CAMEX64. CAMEX stands for CMOSulchannel Analog
MultiplEXer for the read-out of silicon strip detectors. it a 64 channel amplifier chip
developed at the Max Plank Institute Munich for amplificatishaping and multiplexing.
The chip provides mainly signal amplification, noise filbgyj parallel storage, and serial
read-out of the analog signals. The output of the CAMEX cBigannected to the ADC,
so that read-out and digitalization can take place in parallThe digitalization of the 64
amplified output signals is very fast due to a 10 MHz 12 bit flagIC. If the entire sensitive
area is used, the complete read-out time needed is about .70rhes Time MultiplEXer
(TIMEX) is the digital control unit of the CAMEX. Further dats can be found in Refs.
[95, 96].

4.2.4 Properties of CCD signals

In order to better understand the images recorded with tHe, @€ need to know the intrinsic
properties of the CCD detector. Here the characterizatidriee CCD in terms of noise,
offset, partial events, split events, out of time events) gaharge transfer efficiency, common
mode, and pile up are described.

6Complementary Metal-Oxide-Semiconductor
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Electric and system noise

When a CCD image is taken, noise will appear as well as the @@iD image. Noise is
an unwanted signal. There exist mainly two different sosimenoise in the CCD detector:
detector intrinsic noise and electronic noise. The basisoas for the detector intrinsic noise
are mainly metal contamination in the silicon or imperfens in the silicon lattice. This
detector intrinsic noise can be generally described by #&moRactor:

< Oano>=F . (4.4)
where F is about 0.12 for Si and the mean energy for electobefpair creations is = 3.65
eV. With typical absorbed energy for Mngkof 5.9 keV the intrinsic Fano noise is about 14
eV. The electronics of the CCD will also create noise signélse main electric noise com-
ponents are thermal noise, leakage current noise of theawwagnode, and low frequency
noise. Thermal noise occurs by thermal fluctuations of mdestwithout any application of
external power. The leakage current noise is caused byraéraig flowing to the electronics
input. The largest noise contribution arises from the readehip CAMEX. The low fre-
guency noise arises mostly by electrical devices e.g. dienglior ADCs. Most of the noise
is essentially random, so that it cannot be completely readdrom the image. However, the
noise could be reduced by cooling the detector. By the suromaft the Fano noise and the
electronic noise, the total detector noise can be apprderuna

Onoise = \/ Ofano+ O&amEx T+ TApc ~ 24€V. (4.5)
A detailed noise calculation is given in Refs. [97, 98].
Dark current

Another important effect is an offset. Even when the detetaot illuminated, a small
current is generated thermally in the CCD itself and will wdoute to the measured signal.
This current is called the dark current which is stronglyeeféd by the temperature of the
chip. All CCDs have a dark current which can cause each poxl tvith electrons in only a
few seconds at room temperature even in the absence of bieNgin contributions to dark
current are thermally generated electrons within the bilikos1 and in the deep depletion
region. By cooling the CCD to about -120, the dark current signals as well as all potential
sources of noise are usually minimized to negligible lej@#3.

Partial events

Partial events are events caused by photons detected ifChelose to the surface, whereby
part of the charge is lost. X-ray photons with low energigsvieen 100 eV and 500 eV have
a low penetration depth, so that these photons will be alksloclose to the entrance region
and thus lose part of their charges in the surface layer. Hngapevents have an energy
dependent effect but play a role at the few percent level. éffeet is known and predicted
and can be recombined and signalized.
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Figure 4.16: An example of single, double, triple, and quadruple everite. dark blue pixels
represent the pixel with the most charge content.
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Split events

During the electron signals generated by an X-ray photdhtdrthe potential minimum, the
charge carriers spread out due to diffusion or mutual répuld hus the electron signals are
collected in a single pixel or spread over up to four pixels.shown in Fig. 4.16 the different
signal patterns are single, double, triple, and quadrupgats which are dependent on the
position of the X-ray photon relative to the pixel border. eT$maller the pixel size of the
CCD the higher the probability for event splitting. Tabl@ 4hows the probability of split
events; single events are the most frequent type as comfmasetit events.

Single events 70%
Double events 28%
Triple events 1.6%
Quadruple events 0.4%

Table 4.2: Probability of split events for a pixel size (15n)?.
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Pile-up events

Pile-up events occur on the CCD when two or more photons deet@el in one pixel during
one accumulation period. In that case they are counted asmh¢he apparent energy is
approximately the sum of their energies. One method whichavaid pile-up effects is by
reducing the CCD exposure time. By shortening the exposues the probability of pile-up
events reduces. In addition, the fraction of pile-up eveatsbe estimated with sophisticated
pile-up models to reach a better precision of the spectrum.

Out-of-Time events

Photons are detected not only during the actual integratioe but also during the read-out
time of the CCD. These Out-of-Time (OoT) events are recomd#l an incorrect row in
the CCD. Since charges shift along a column towards the oea@dnode, these events are
distributed along each read-out channel. The fraction ¢fobtime events is given by the
ratio of the read-out and integration time. The signal temnand read-out takes 6.06 ms for
the entire CCD with 200 rows. The CCD is exposed to the X-raysnd the whole cycle
time which is 71.7705 ms in the standard full frame mode. léghe fraction of out-of-time
events becomes to 6.06 ms/ 65.7105 ms = 9.2 %.

Charge transfer efficiency

The charge transfer efficiency (CTE) is an extremely impurgarameter of the CCD, be-
cause the charge has to be transfered to many pixels befie@at the read-out node. The
transfer of charges along the channels to the anodes cawssgsah charge loss due to the
capture of single electrons in traps within the siliconitztt The CTE less than 1 describes
the fraction of electrons which are successfully transféfrom one pixel to the next pixel
during read-out and is given by
Qi1

CTE o (4.6)
whereQ;;1 andQ; are the charges of the-{ 1)th andith pixels, respectively. The charge
transfer of the CCD is good with the order of a few % signal livem the last to the first
pixel over a distance of 3 cm charge transfer [99].

Bad pixel

Some of the pixels may be faulty and return signals which aosgly inaccurate. Those
pixels that having a higher than average dark current aem offferred to as hot or bad pixels.
Since such pixels arise from the CCD manufacturing processh hot pixel location will
remain fixed and can therefore be excluded.
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4.2.5 Quantum efficiency

The quantum efficiency (QE) of the CCD detector is defined agptrcentage of the gen-
erated electric charges by the incoming photons. This effay is usually determined by
material properties, production, and its design structimeorder to determine the quantum
efficiency of the CCD, measurements were performed at thehsgtron radiation facilities
in Berlin.

Figure 4.17 shows the measured quantum efficiency of the GCiDea spectral range
between 150 eV and 15 keV. At 538 eV a 5% drop can be seen frorabtherption at the
oxygene edge in Siplayers. The same happens at the silicon K absorption edgateV
(seeinset of Fig. 4.17). For all energies the quantum efffagiés well represented by a model
using the photon absorption coefficients from the atomie tiles. A detailed description
of the quantum efficiency measurements can be found in R@8@][Dver the entire energy
range between 300 eV and 10 keV, the quantum efficiency iehitjan 90%, showing small
drops at the oxygen and silicon K edges caused by the covatiogn dioxide layer.
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Figure 4.17: Quantum efficiency of the CCD detector. The drops at 538 eVi&4d eV are
due to absorption losses from oxygen and silicon K edgesi3thnm SiQ layer. The solid
line represents a 3Q@n thick sensitive volume and the dotted line 500 [100].
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4.3 Commissioning of the detector

4.3.1 Gain

Before the CCD detector was mounted to the CAST magnet, ttectde was calibrated
with an X-ray fluorescence generator at the X-ray test fgdtiuUMA in Munich in order to
optimize the performance of the detector. Continuous > faym the X-ray generator shine
the target in the chamber. The targets are on a platform #émalbe rotated to select the target.
The measurements mainly concentrated on the gain cabbrathich represents the scale
factor of the conversion from electrons (edetected to Analog Digital Unit (ADU) assigned
in the read-out image. A large gain allows for a high rangenafdr detectability on the chip,
but causes higher digitization noise.

As shown in Fig. 4.18 the gain was determined as 4.6 eV/ADW wistraight line fit to
the measured data and the detector gain of the CCD is almdstiy linear over the full
energy range of 0.2 - 10 keV.
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Figure 4.18: Gain calibration of the CCD detector. The solid circles esgnt the data points
from each X-ray source.
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4.3.2 Energy resolution

The achievable energy resolution [86] of a silicon detector be as good as

/ FE
AERwHM = 2.355n ENC? + W (4.7)

F is the Fano factor, E the total X-ray energy, w the pair coea¢nergy, ENC (Equivalent
Noise Charge) the rms fluctuation of the read-out noise, aB852the conversion factor
between the standard deviationrms) of a Gaussian and the FWHM. With F = 0.12, w =
3.65 eV, for E = 5.9 keV and a read-out noise of 10 electrors bist achievable energy
resolution is about 150 eV FWHM.

In general, th&>Fe X-ray source is a standard in measuring characteristiacké CCD.
An 2°Fe atom is inherently unstable and decays into a manganasgafdm by electron
capture with a half-life of 2.7 years. An X-ray is generateldew an electron drops from
either the L- or M-shell to fill the empty K-shell. This actiomturn produces either aK
or Kg lines (X-ray), respectively. The measured energy spectritima °°Fe X-ray source
is shown in Fig. 4.19. Two well separated peaks corresporidadn-K, (5.9 keV) and
Mn-Kg (6.5 keV) in the electron capture decay of tR€e source. The spectrum gives an
energy resolution of about 160 eV FWHM for theg Kne.
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Figure 4.19: Energy spectrum for 2?Fe source measured with the CCD detector. The energy
resolution is about 160 eV (FWHM) at -130.
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4.3.3 First background measurements

In autumn 2002 the CCD was installed on the telescope at CHERNithas been aligned.

First operation tests and background measurements [10H dane to verify the perfor-

mance of the detector. As shown in the left of Fig. 4.21 thega dhow a low energy back-
ground component which originates from fluorescent emissiduced by electrons emitted
by a pressure gauge and photons originating fron?tRe calibration source. Both compo-
nents could be eliminated by improving the shielding offffee source and by adding a filter
mesh in front of the pressure gauge.

Detector shielding

In order to reduce the detector background, a copper shiatteraf 1 cm thick low activity
Cu was put inside the vacuum chamber of the CCD detector aridsas the CCD chip (see
right Fig. 4.20). Towards the telescope an aperture holgdithe field of view of the CCD

to the field of view of the X-ray telescope. The copper shield improved the background
level to 2<10~* counts cn? sec ! keV—1 (see bottom Fig. 4.21). The background is almost
flat in the energy range up to 10 keV. The only significant Cikpease to 8 keV is due to
the copper shielding and cooling mask enclosing the CCD bBlekground has been reduced
further with an additional shielding (Section 6.2.1).

Figure 4.20: Left: Front view of the CCD detector. The black region in tlenter is the
active area of the CCD chip. The CCD chip is surrounded by d gtalted copper cooling
mask. At the bottom the flexible electronic connections ®® dhitside are visible. Right:
Inside view of the CCD with the copper shielding. The holeha tenter is the aperture to
the telescope.
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Figure 4.21: Background spectra of the CCD detector. Top: First backgitaspectrum

taken in the CAST experiment in autumn 2002. The fluorescénes (Al and Si) appear
to come from within the detector itself. The Au and Cu pealesfeom a gold plated copper
cooling mask. Bottom: Background spectrum in spring 20@8rahstalling a Cu shield, a
new shielding of th@Fe calibration source, and a filter for the pressure gauge.



Chapter 5
Analysis of the 2003 Data

All CAST detectors operated stably for about 6 months in 20@3this Chapter the anal-
ysis of the data acquired with the CCD detector will be présgin detail. The 2003 data
taking and how the data was processed are given in the firsb8etn order to identify the
background, studies of background are discussed in Sestrrhe main goal of the data
analysis is to determine an upper limit on the coupling camisdf axions to photonsag In
Section 5.3 and 5.4 the upper limit og,qvill be determined with various statistical methods.

5.1 Data collection

Data collection of the CCD started on May 1st in 2003. In thgifn@ing of the data taking
periods a mechanical problem in the magnet lifting systepeaped and the magnet move-
ment was fully stopped on May 31st. In order to resume the @&iag some mechanical
play was added into the lifting system as well as the lubiocesystem was improved. Due
to these modifications on the magnet moving system datagakas restarted after 6 weeks
and ended on November 13th in 2003.

During the data taking periods of CAST, the CCD detector waerated continuously
for 24 hours. Each morning before tracking a calibration sneament had to be done. The
calibration measurement consists of a dark'r(@00 frames of about 30 seconds) and a
calibration run (2000 frames of about 2.5 minutes) for thekdan with the>>Fe source.
After the calibration is finished a continuous data taking (L2570 frames of 15 minutes)
will start automatically and be running untill the next miomgn

Data taken when the magnet is pointing to the sun during seinsi defined as solar
tracking data which is equivalent to signal plus backgrouAdl other measurements are
considered as background data.

1A dark run is a part of the calibration run withou®%re source.

85
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5.1.1 Data processing

Raw data files are generally supplied in compact unformdtiealry files for speedy access
and efficient storage. In order to port the data into softypaiekages that manipulate images
and data structures, the Flexible Image Transport SysténSjFormat, which allows easy
export of data, is used. The FITS is a standardized data fommah was originally created
by NASA? and is widely used in astronomy. FITS files can be used to £8(@!| or binary
tabulated data, in addition to spectra and images. Detaifedmation can be obtained in
Ref. [102]. A FITS file consists of one or more Header and Datad{HDUSs). A header is
composed of ASCII images that is usually read into a stringyavariable in the Interactive
Data Language (IDL) software. The header describes theenbat the associated data unit,
which might be a spectrum, an image, or tabular data in ASQbircary format.

An important feature of the data processing is a patterngraton. In order to separate
real events from the cosmic ray events, pattern recognisamsed to identify tracks of
cosmic rays. This is done by separating allowed pattern g&wes from not allowed pattern
geometries which means patterns that can not result frone pleston interaction with the
detector. As mentioned in Section 4.2.4, when a charge degenerated by interaction
of a photon with the detector close to one pixel edge, thdtiregwcharge can be split over
several pixels. Generally four kinds of valid patterns aosgible: single, double, triple,
and quadruple patterns. Moreover the valid patterns carassified into different pattern
geometries (see Fig. 4.16). Note that charge splitting t¢iverdiagonal of pixels is not
possible. All other pattern are classified as invalid dudiagg processing and are removed
during the analysis. The resulting patterns depend on tdaitm of the charge cloud in the
pixel. In addition the charge cloud depends on the energlyedirtitial photon.

5.1.2 Data selection

For the CCD data analysis, the first step is that the procedstdhas to be selected with
respect to the data quality. Therefore, the Good Time lat€@TI) was used. Itis acommon
filtering method involved with selecting rows which have radivalue. The time intervals
are defined in a separate FITS table extension which conthenstart and stop times of
each good interval. These time intervals indicate the perwf the observation times and
are further taken into account during the analysis. In otdeextract solar tracking and
background data, the parameters from the Slow Control data been taken into account
and the following data selection criteria (Table 5.1) aredi®r the analysis of the 2003 data:

2National Aeronautics and Space Administration
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MAGB The magnetic field strength as read by the Slow Control (S&vace. The
value of the magnetic field is 9.0 Tesla which correspondS8D0 A.

HMOTV Supply voltage of the horizontal motor. Together with (RRACK this
information can be used to identify solar tracking period®r background data it
equals zero.

VT40PEN Status of the gate valve between the magnet and the X-rasctgde. 1
indicates that the valve is open and O indicates that theevalglosed.

TRACK This means that the solar tracking switch in the trackingvete is turned
on. For real tracking it can be used in combination idtdiOTV . The cutTRACK =
0is applied for background data.

QUENCH It indicates the time of a quench of the magnet.

TIME In order to separate the morning tracking run from the ewgnim, the time
information in the SC data is used.

LIGHT It summarizes all information of anomalies found in the d&gapendix A.1).
The following cases are possible:

0 Itis the default value for good data that can be used for ria¢yais.

1 While a TPC shield was not installed, optical light illuratmg the magnet bore
on the TPC end illuminated the aperture of the X-ray telescm are focused
onto the CCD. This can modify the background and the perfooaaf the CCD.

2 Change of the detector noise over long time periods likes detyweeks. So far
there was not influence on the data.

3 It summarizes all kinds of unknown problems that are noeoced by the others.
Most are sudden increases of detector noise of one file.

4 One or more columns show a sudden increase in noise.

5 One or more lines show a sudden increase in noise.

Finally, the selected data from FITS files was transformé&a ASCI| files and the transfered
data was then analyzed with a software program based on ROOTa .
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Tracking | Background
MAGB >89T >89T
HMOTV >10V =0V
VT40PEN 1 1
TRACK 1 0
QUENCH 0 0

Table 5.1: Cuts for tracking and background data sets used for the sinalf/the 2003 data.

5.1.3 Summary of the 2003 data

As mentioned above, to extract the tracking and backgrouta the Good Time Interval

(GTI) cuts have been applied to all data taken in 2003. Inl titea CCD detector has

accumulated 121.3 hours for good tracking data and 1233usshior background data

in 2003. Table 5.2 summarizes the resulting exposure tindecannts rates for tracking

and background data taking into account all valid pattermes, single, double, triple, and

quadruple patterns. Here the background used all data tak#er the same conditions as
the tracking data. Detailed systematic studies of the backgl will be discussed in the

next Section. An important feature of the data is that th&@aoind is measured with about
10 times longer exposure time during the nonaligned perisalshat the time ratio between
tracking and background data is 10.08.

Tracking Background
Exposure time 121.3 h 1233.5h
Counts 848 8441
Count rate (10% counts s1) | 19.42+ 0.67 | 19.01+ 0.21

Table 5.2: Summary of the 2003 data for the energy range between 1 and 7 ke

Fig. 5.1 represents the CCD images consisting of 64 columds280 lines for solar
tracking and background data. The events are homogenedissiiputed over the whole
CCD area. The corresponding energy spectra are given irbFAgBoth tracking and back-
ground spectra are normalized to the area of the magnet bé®¢nt), each exposure time,
and the energy. The spectra are binned with a bin size of Q/3videich is approximately
twice the energy resolution of the detector. Systematiarerare not taken into account so
far. The most noticeable peaks are the emission lines of £arl Cu-kg at 8.0 keV and at
8.9 keV, respectively, due to the copper shielding insigedbtector. The peak at 9.7 keV is
Au-L4 because the cooling mask of the CCD is made from gold. Thepegweak of copper
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around 6 keV can be seen as well. The shape of both distrimiigcalmost the same, so that
the tracking data seems to be consistent with backgroune. t®the copper lines, the flat

energy range between 1 and 7 keV was used for further analgsithe determination of the

coupling constant.

5.2 Background studies

The goal of the background studies is to characterize akdracinds in order to develop an
analysis method to subtract the background from the datechwtill allow us to extract an
upper limit on the axion coupling constant from the data.

5.2.1 Sources of background

Most contributions to the background come from cosmic rayiereover, electronic noise
and dark current could also be a source of the backgroundthBytdo not contribute to the
energy spectrum in the sensitive energy range of axionseg $ire electric noise is below the
energy threshold (E < 0.5 keV) and the dark current is sutatdaturing data processing.

The background can contain the natural radioactive com@tion of the materials, e.g.
of CCD itself, the shielding with copper and lead, and of tleeteonics. All the materials
close to the CCD and the CCD itself were measured to have bawkd. The natural ra-
dioactivity of the CCD made of silicon is negligible. Thesesome measurable contribution
coming from the CCD socket and the CCD ceramics. Electrongiezinby the pressure
gauge can influence the low energy background (E < 3 keV) andrmuce fluorescent
X-rays depending on the material close to the gauge.

In addition, X-rays produced in the magnet or telescopesnaliich could have a natural
radioactive contamination cannot be distinguished fromays produced by axions. How-
ever, this source is negligible as the solid angle is rathallsfor an X-ray to be emitted
exactly parallel to the telescope and walls of the magnet. [R@3] gives further details of
the detector background.

5.2.2 Time variation

First of all, the temporal variation of the 2003 data can kense Fig. 5.3. All events are

in the energy range from 1 to 7 keV of the full CCD area. Thekirag data seems to be
more or less stable over all data taking periods as well abalkground does not depend
significantly on time.
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Figure 5.3: Time variation of tracking (top) and background (bottom)aafsinction of the
exposure time for the whole data taking periods in 2003. Tiheibg of the time is one day.

5.2.3 Line and column distributions

The background can be characterized by using the data takemagion of the CCD with
distributions of 200 lines and 64 columns. In the line disition of the background data of
Fig. 5.4, itis observed that slightly more charge is coltectt the bottom of the CCD. Fig. 5.4
shows also that the count rate is lower for the upper linescahdanns in case of background
data, but this effect is not so obvious for tracking data. Aeak the significance of this effect
a linear fit was done. The result of the fit shows, that thisce¢ffenot statistically significant,
so it might be just a matter of statistics. Both distribusaftracking and background spectra
are consistent with each other.

5.2.4 Operating condition

One of the background characterizations is to check thegraokd dependence on the ex-
perimental conditions. Basically, the background dateefed by the data taken under the
same experimental conditions as the solar tracking dat@ dlta was collected when the
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Figure 5.4: Distribution of events as a function of lines and columns loa €CD with a
linear fit for both tracking (upper) and background (lowea}al Error bars are the square
root of the bin contents.

magnetic fieldB inside the magnet should be on and the valve VT4 between #uymet and
the X-ray telescope should be opened. Here the backgrousgtwdied with four combina-
tions of two important operating parameters. Fig. 5.5 shin@snormalized background to
the exposure time for the following four cases:

e Bonand VT4 open
The upper left plot in Fig. 5.5 is the case of the magnetic faglchnd the valve open.
This is the standard condition for the background in ordedetermine the coupling
constant of axion to photon.

e Bonand VT4 close
The upper right plot is the background when the magnetic field on but the valve
was closed. Due to the small statistics the data have large lears. However, the
shape of the background distribution seems to be compatibiethe standard case.

e Boffand VT4 open
The background when there was no magnetic field in the magmwetdnd the valve
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was opened, is shown in the lower left plot. In particular,uamisual peak around 6
keV was observed, but the origin of the peak is not underssoddr.

e B off and VT4 close

The lower right plot is the background when the magnetic fiedd off as well as the
valve was closed. In this case the background shape agrigesvegll with (a).
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Figure 5.5: Background dependence on the experimental conditionsnéahetic field on
and VT4 opened, (b) magnetic field on and VT4 closed, (c) miagfield off and VT4
opened, and (d) magnetic field off and VT4 closed.

The mean count rates of the background for all cases are supahan Table 5.3. They
are consistent with each other within thes Error bar and prove that there is no significant
influence of the different experimental conditions on thelkgaound.
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B on B off
VT4 open | (1.008+ 0.009)x 10 * cts/s| (0.858+ 0.018)x 10 * cts/s
VT4 close| (1.001+ 0.044)x 10 “ cts/s| (0.973=+ 0.022)x 10 “ cts/s

Table 5.3: Summary of the mean background rate for four different apegaonditions.

5.2.5 Angular dependence

An important systematic study of the background is to chéekdependence of the back-
ground on the magnet position. Most of the solar trackin@ @ae collected in a certain
area of the experimental hall, while the background dataadken in all locations. Thus itis

possible that there might be an angular dependence. In fighdicant dependence of the
TPC background on the magnet position has been observeddén i check the position

dependence, the background was divided by a binning of Zdegertically and 10 degrees
azimuthally. Fig. 5.6 shows the background rate and the xgatime in each position of

the magnet. In the top left and right plots in Fig. 5.6 seveigwificant regions with higher

count rates compared to other regions are just because d¢brier exposure time. The
bottom plots show, however, that the count rates of the lrackgl are randomly distributed
around an average value for all angles. Thus, the backgrsymmven to be independent of
the position of the magnet and compatible with statisticatttiations.

From the above background studies no significant dependehite background data
on the different magnet position or experimental condgiaas found. Therefore, all back-
ground data which were taken at the same condition as satzkimg data was used in order
to extract a signal.

5.3 Determination of the upper limit on gay

5.3.1 Background selection methods

In order to extract the coupling constant of the axion to phdtom the observed data, the
analysis is classified in two categories, namely the aralgsihe full CCD area and the

restricted area. The analysis of the limited area is basdwonlifferent kinds of methods,

which depend on the background definition. Actually, there several possibilities to

define regions on the CCD that are considered as backgrduthe, background is equally

distributed over the all CCD area. If this is not the case,lthekground has to be chosen
more carefully.
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Figure 5.6: Angular dependence of the background: the counts of thegoachkd collected
within the energy between 1 and 7 keV (top left), the exposuore (top right), the normalized
background rate to the exposure time (bottom left), andatsesponding statistical errors
(bottom right). The range of solar tracking is roughly fro6Y 40 100 for the CCD detector.
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During the data taking period of 2003 a continuous monigpohthe pointing stability
of the X-ray telescope was not possible, so that the andggigo allow for a larger signal
area than the size of the spot. Since it is not known wheretlgxhe spot is located inside
the CCD area and whether the spot position was stable ovelatiaecollection periods, the
analysis is restricted to a small area on the CCD where thenasignal is expected after
the focusing of the X-ray telescope. Taking into accounualtertainties of the telescope
alignment, the size of the area containing the signal wasexoatively estimated to be 34
71 pixels (54.32 mr) with the following pixel coordinates: 38 column< 63 and 70<
line < 140, as shown in the top plots of Fig. 5.7.

Method |

Both tracking and background data were used for method I.sidneal is taken from the
potential signal area of the tracking data and the backgt@idefined by the data taken from
the same area during the non tracking periods. The seleatadccan be seen in the top plots
of Fig. 5.7. The total number of events in the signal areaas ttb5 counts from the tracking
data, while the background is 1524 counts from the backgtalata. The total exposure
time for tracking and background are 121.3 and 1233.5 hoespgectively. The bottom plot
of Fig. 5.7 shows its corresponding energy spectrum for bigghal and background.

Method Il

Alternatively, the background in the signal area was algerdgned by determining the
background measured during the tracking periods in thogs pathe CCD not containing
the sun spot. Therefore, only the solar tracking data wasntako account for method Il. As
shown in the upper right plot of Fig. 5.8, events in the aredusgling the potential signal area
were defined as background. The background area is thus®88t6 and the area ratio of
the background to the signal is 4.3. In total 155 trackingtssame as the first method) and
693 background counts in the non signal area during samesaxg@tme have been measured.

Shape of the background spectrum

In a first step, straight line fits were applied to check whethe background spectra for dif-
ferent selected areas are consistent with a flat distribufitiis was done for three different
cases of the background: the full CCD area from the backgralata, the potential signal
area (54.32 mrA) from the background data for method I, and the backgroumm the non
signal area (233.69 mthfrom the tracking data for method II. Linear fits to the backgd
energy spectra are shown in Fig. 5.9. As a fit result the shamgl ¢three background
selections agrees with each other.
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Figure 5.9: Background spectra with a linear fit: all background datangkhe full CCD
chip into account (top), background data from the potesiigthal area (center), and back-
ground from the non signal area from tracking data (bottom).

5.3.2 Thex? minimization

As the background turned out to be flat, the normalized backygt can be directly subtracted
from the tracking data normalized by the area of the magned, libe exposure time, and
the energy. With the subtracted data the coupling constatiteoaxion to the photong
was determined by minimizing with the¢ method. The estimation of the upper limit o5/ 9

consists of three parts: (1) a null hypothesis test, (2) afiteand (3) an extraction of the
upper limit on gy.

In practice, if no signals are observed, the subtractedspashould be compatible with
zero within statistical fluctuations. Hence a null hypotbegst was firstly performed with
the subtracted data. From the null hypothesis test it tumgdhat no positive signal over
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the background was detected. Thex?dit is performed on the subtracted data. After that an
upper limit of the coupling constant was derived by the etiom of the confidence interval.

X2 method

Thex? distribution function is defined as

0 _
21 f( E' (5.1)
with
f(E)= % X Pasyy x €(E), (5.2)

wherei = 1,...,20 is the number of spectral bins, &e the experimentally observed data
points, i.e. the background subtracted data from the tngoitata, and; are their statistical
errors. The fit functionf (E;) corresponds to the theoretically expected spectrum ofnaxio
induced photons. The expected spectrum has been calcalatethultiplied by the axion
flux on earth, the conversion probability of the axion to th@ton inside the magnet, and
the complete efficiency of the CCD detector and the X-raystapee(E;) at each energy
bin. The quantum efficiency of the CCD is over 95% in the samsitange of the axion
energies between 1 keV and 7 keV which is used for fitting. Oked fficiency of the X-ray
telescope is 36% in the same energy range as shown in Section 4

Axion fit function

Based on Eqg. (3.7) the differential flux of the solar axion artle[63] is given by

dP, 0 1 1, ay 2 (E/1keV)®
SE = 402x 10*%m?s tkeV~ o TooeyT ) X Eioeev T (5.3)
with g,y the axion to photon coupling constant. The conversion fiibaof axion to photon
in the magnetic field can be calculated by Eq. (3.19) and isrgby

L 12 [10 9Gev-172 (5.4)
9.26m Jay '

for a magnetic field strength B = 9.0 Tesla and an effectivgtlenf the magnetic field L =
9.26 m. The differential axion flux is proportional t(ﬁygand the conversion probability is
also proportional to ﬁ, I.e. the fit function is proportional to thé\g Therefore theg was
taken as a fit parameter instead @f.gFor the subtracted data, the fitting is performed by
standardk® minimization.

B 1°
_ 17 )
Pay = 1.736x 10717 x ({ 5 OT}
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Confidence level and upper limit

After it turns out that the data are compatible with the absesf any signals from the null
hypothesis, the extraction of an upper limit og & performed. In general, when a param-
eter is experimentally determined, the result is usuallgressed by quoting some sort of
confidence interval or upper limit for its value which refethe statistical precision of the
measurement. In the simplest case, this can be given by tinga¢sd value of the parameter
plus or minus an estimate of the standard deviation of tharpater. However, if there are
physical boundaries on the possible values of the pararaetethe probability distribution
function of the estimator is not Gaussian, then the Bayesgomoach can usually be used.
The more sensible method would seem to be set a 95% conficareeipper limit on é, at

a value such that

Ags06/Atotal = 0.95, (5.5)

where Ayso, IS the area of the probability distribution up to 95% confideestimate within
the physical region forg and Aotal IS the corresponding area within the whole physical
region. Such a procedure would also be relevant evemggwmm being zero or slightly
positive [104]. To find the upper limit onsgfor 95% confidence level, an integration method
of a Bayesian probability was used. The Bayesian probglsligiven by

9% 2,
P /0 e X/2ddf,, (5.6)

The exponential term represents the Likelihood distrdutiith respect to the variableﬁp
where thex? distribution is a function of §. Applying thex? distribution to Eq. (5.6) the
Bayesian probability can be obtained for the data. The mininvalue of thex? can be
located in the negative region, which is the unphysicalaegso that only the physically
allowed part (i.e. positive signals) were taken into actouventually the upper limit of
ggy for 95% confidence level was calculated at the value given dpy(&5) for iy > 0.
Generally, a confidence level describes the uncertaintyiastimated result and there is a
lot of choice about the confidence level. In practice 90 artd 9&r 20) limits are commonly
used and thus the upper limit ofgwill here be estimated as a 95% confidence level.

5.3.3 Results from thex? analysis
Full CCD area

At first, all data from the full CCD area, which is 2.88 ¢mvas analyzed. The normalized
background was directly subtracted from the tracking datably bin. The residual rate
over the full CCD data is (1.48 7.95) x 10~7 cm™2 s~! keV~1 in the energy range of
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1 -7 keV. All errors are only statistic errors and the systienerrors were not taken into
account for the fit. From thg? fitting an upper limit on the coupling constant of axions to
photons we obtain byg < 1.46x 10710 GeVv-1 atx?/ ndf = 23.3/ 19 with 95% confidence
level, respectively. Fig. 5.10 shows the energy spectruthefull CCD analysis after the
background is subtracted from the solar tracking data wtiexeged line is the theoretical
axion curve with g, at 95% CL.
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Figure 5.10: The background subtracted spectrum from the tracking ddia.red curve is
the theoretically expected axion curve witly @t 95% CL from the full CCD analysis.

Method |

The tracking and background data only from the potentizd £6&.32 mm) were used for

method I. The ratio of the full CCD area to the potential ase8.B and it will give a better
upper limit on the coupling constant by factor of the 4th r066.3, i.e. 1.5. The same
analysis procedure was applied to determine the upperdintite axion coupling. The mean
rate of the subtraction data is (-7.873.04)x 10 ' cm 2s 1keV 1in Fig. 5.11. The upper
limit from method | analysis is g < 0.96 x 10710 GeV-1 atx? / ndf = 42.5/ 19 with 95%

confidence level.
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Method Il

In method Il only the solar tracking data was considered. tfaeking data surrounding the
signal area was regarded as the background. The backgroemis 233.69 m#) so the ratio
of the background and signal area is 4.3. After the backgtsuibtraction from tracking the
mean rate is (-8.12 3.36)x 10~/ cm~2 s~1 keV~!in Fig. 5.12. The result from methode
Il analysis is gy < 0.96x 10 19GeV ! atx?/ndf = 36.5/ 19 with 95% confidence level.

Conclusion of thex? analysis

From thex? methods the excluded values of the coupling constgnfiog a 95% confidence
level are summarized in Table 5.4. Both results of methodlilraathod Il for the upper limit
of the axion coupling agree with each other and improve tealt®btained by considering
the full CCD area by exactly the expected factor of'56'3 However, thex? value is large

due to a few low statistics bins as we can see in the subtrapbdédh Figs. 5.11 and 5.12.
Actually, thex? method can be applied to the directly measured data poixisdimore than

approximately 5 counts per bin before normalization. Tfegee a maximum Likelihood fit

is performed.

Jay (95%C.L.) (10 1%GeVv 1) | x2/ ndf
full CCD 1.458 23.3/19
method | 0.956 42.5/19
method I 0.963 36.5/19

Table 5.4: Results of three different methods from tkleminimization.

5.3.4 Maximum Log Likelihood Fit

The x? method is not applicable to fit very low numbers of events fibie small area on
the CCD plane where the signal is expected by focusing effettie telescope. Therefore,
the low counting statistics of the restricted area in the G€fuires the use of a Likelihood
function in the minimization procedure, rather thag?aanalysis [105].

Likelihood method

The maximum Likelihood function based on a PoissonianiBistion is defined as

20 L uini 20 - nini
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Figure 5.11: The background subtracted spectrum from the tracking aatenéthod | to-
gether with the theoretically expected axion curve wighaj 95% CL.
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Figure 5.12: The background subtracted spectrum from the tracking dataéthod Il with
the theoretically expected axion curve at 95% CL.



5.3. DETERMINATION OF THE UPPER LIMIT ON Gy 105

with the fit function
Hi :bi/a+a(Ei)7 (58)

wheren; is the tracking data over 20 bins which have a 0.3 keV bin setevéen 1 and 7
keV energy rangqy is the fit function b; is the measured background datdas the ratio of
background over tracking time 10.2 for method I, and theratibackground over tracking
area for method Il. The theoretically expected axion sp@ct(E;), which is proportional to
Jay: IS given by
dd,
a(E) = 4E X Pa_sy x 43671687sx 14.522cnf x 0.3keV x £(E;), (5.9)

where the exposure time is 436716.87 s, the magnet boresatda522 crf, the bin size is

0.3 keV, anck is the total efficiency of the CCD detector and X-ray telegcapeach energy
bin. Thus it becomes

(Ei/keV)3
gEi/1.103keV _ 1

a(Ei) = 1.2353x gay* x x &(Ej). (5.10)

The differential flux of the solar axion on earth is

ddy O 2 1yl Oay 2 (E/1keV)3
dE_3.821><101 cm?s tkeV 1 x o ToceyT) X EiiEeV T (5.11)

This axion flux is calculated newly by considering a new satadel [66]. The conversion
probability is

B 12 L 7% [10 0Gev-172
P, ., = 1.7018x 101/ — | . : 5.12
vy= 17018310 7 ({8 oo [P ] ) 612

using the conversion factor of B/T = 0.990 GeV/m from the raltto the Sl unit [106].

In order to estimate the upper limit of the coupling consthetsame procedure as in the
x? analysis was used. The fit function is proportional to tgvagp that Qy was taken as a fit
parameter instead ofg After the Likelihood fit the upper limit ongy for a 95% confidence
level was determined by integrating the Bayesian proligibilamely that g? distributed
magnitude can be defined from the Likelihood:

—2InL = ¥, (5.13)

where only the physically allowed region oﬁyg/vas taken into account.



106 CHAPTER 5. ANALYSIS OF THE 2003 DATA

Method |

In method | the restricted area, which is the potential dignea (54.32 mrf) shown in Fig.
5.7, is used both for tracking and background data. The yplbthesis yielded

X2,/ ndf = 28.6/20.

It can be seen clearly that the data is compatible with therades of a signal. From the
Likelihood fitting the best fit value of@ with its 1 o error is

(0.352+0.990) x 10~ 40GeV 4.

As shown in Fig. 5.13 the & statistical error was determined from the condition tfas a
function of a g, increases fromxZ,, to x2,, + 1 [107]:

X%c = Xﬁﬂn +1.

In the top plot of Fig. 5.13 thg? distribution seems to be almost parabolic and the minimum
gives the best fit value ofgg The width of the parabola determines the statistical error
assuming to be symmetric. Thus upper limit on the axion-g@lmobupling constant is

Qay < 1.228x 10 1%GeVv !
with 95% confidence level and its correspondjg,, value is
X2,n/ndf = 28.5/19.

The top plot of Fig. 5.14 shows both the tracking (solid @s}l and normalized back-
ground (dashed line) spectrum with an expected axion gpactsolid line), which is the
normalized background plus the 95% signal wighat 95% C.L. for the analysis of method I.

Method Il

In the method Il only the solar tracking data were used. Tha oethe restricted area was
regarded as the tracking data and the data surrounding teetf@b signal area was taken as
the background (233.69 nfinshown in Fig. 5.8. The null hypothesis yields

X2,1/ndf = 28.1/20.

The best fit value ofg from the Likelihood fit is slightly negative:

(—0.785+0.994) x 10 4%GeV “.
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Its 1 0 error was determined from the width of parabo{fcdistribution as can be seen in the
bottom plot of Fig. 5.13. The result of the analysis of metHasl

Oay < 1.129x 10 9GeVv!
with a 95% confidence level and the correspongifg, value is
X2,n/ndf = 27.5/19.

The bottom plot of Fig. 5.14 represents also both the tracksolid circles with statistical
error bars) and the normalized background (dashed linetrsme with the expected axion
spectrum (solid line), which is the normalized backgrouhgsghe 95% signal from the
analysis of method II.

5.4 Firstresult on gy

Due to small statistics in the CCD a Likelihood analysis waguired. Both methods of
background selection led to the same final upper limit in thepiing constant g with a
reasonable(? value. The analysis of the restricted area improves thdtrebtained by
considering the full CCD area by the expected factor ot/8.35ince the best fit value ofg
from the method Il analysis is negative which is physicalhy allowed, the result of method
| was taken as the final result [58]:

Oay < 1.23x 10 19GeVv 1 (95% C.L.).

Systematic effects Method Il is a good check for systematic uncertainties arrthéu

checks have been performed in order to exclude any possibiersatic effects. They were
based on rebinning the data, varying the fitting window, agrifying the null hypothesis test
in energy windows of the detector where no signal is expeckedyeneral, the systematic
uncertainties are estimated to have an effect of less thaut 40 % on the final upper limits.

5.4.1 Combined result of CAST 2003

All three detectors, which were operated independentligiobd compatible results. In fact,
the CCD result is the most restrictive of all results, beeati® analysis was restricted to
within the small area of the X-ray telescope. The 95% C.Lit8ran g, for each of the data
sets of the three detectors were statistically combinedudyiptying the Bayesian probability
distributions and repeating the fit over the physically\afid region, in order to obtain the
combined result for the 2003 CAST data:
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Oay < 1.16x 10 1°GeV 1(95% C.L.).

This result is limited to the axion mass rangg t0.02 eV where the expected signal is
independent of the mass, since the axion to photon osoitid¢éingth far exceeds the length
of the magnet. For higher masses, the number of expectedl| sigants decreases rapidly
and the shape of the spectral curve differs. This analysisguiure was repeated for different
values of axion masses to derive the whole exclusion [in8%ét C.L. as shown in Fig. 5.15.
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Figure 5.15: Exclusion limits at 95% C.L. from the CCD 2003 data (blue Jia@d from
the combined result of the CAST 2003 data (red line) compatifdconstraints from other
experiments. The shaded region represents theoreticalsod

No signal above background was observed in the CCD 2003 datalbas the full CAST
2003 data. However, this exclusion limit improves the besvipus constraints on,gby a
factor 5 in the axion mass rangegyr 0.02 eV, where the coherence region is. Moreover it is
comparable to astrophysical constraints discussed int€hap Finally, a higher sensitivity
Is expected from the 2004 data with the spot of the X-ray telps on the CCD better known.



Chapter 6
Analysis of the 2004 Data

In 2004 the CCD detector was operated with an extra shieldartbe detector chamber and
it was working almost throughout all data collection pegod very important point is that
it was possible to monitor the location of the focus of theay-telescope with alignment
measurements. In this Chapter the analysis of the 2004 CG® atal their results are
explained. First of all the alignment measurements arevwed in Section 6.1. The detector
improvement in 2004 and the background studies are disgdusgée next Section. After
that an upper limit on the axion-photon coupling constagtvgll be determined in Section
6.3. In Section 6.4 the systematic studies are discusseélhasithe systematic error ofg
is evaluated. Finally, the combined result of the 2003 an@420CD data is presented in
Section 6.5.

6.1 Telescope alignment

Using a parallel laser beam which is focused by the X-rayansystem on the CCD detector,
the position of the expected axion signal on the CCD can berahed. In addition an

external X-ray source is used to verify the stability of thigrament of the telescope and
correspondingly to monitor the solar spot on the CCD duiteg2004 data collection periods.

6.1.1 Laser measurement

To define the location of the spot of the expected axion signahe CCD a parallel laser
beam was used. A theodofitand an attached laser system is installed on a support fixed to
the concrete wall on one corner of the experimental area. ttien leveled vertically at the
same height as the center of the magnet. The laser systestaied to the theodolite, after
the internal alignment of the laser to the optical axis oftttemdolite has been checked. Here

1A theodolite is an instrument for measuring both horizoatal vertical angles with high precision.

111
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the optical axis is defined by the line going through the aeotéhe bore on each end of
the magnet tube. This line is horizontal with an accuracy-@.2 mm and is the theoretical
axis used as a reference line during the alignment. The igpngaént of the laser relative to
the optical axis of the theodolite was better than 0.2 mm / 15 he laser beam is focused
on the target of the telescope aperture and the locatioredbser spot is visually estimated
by aid of a cross hair on the telescope target. The laser lisnedéd with a prism in order

to provide a parallel beam. The collimated laser beam is ditchusing polarization filters in

order to reduce the intensity so that the focal spot can bereéed with the CCD detector.

After collimating the parallel laser beam, the laser spabhserved on the CCD and the
position of the spot on the CCD is determined.

Figure 6.1 shows the intensity distribution of the laser soe@ment. The position of
the laser spot on the CCD was calculated by fitting a Gaussidhet observed intensity
distributions. The barycenter of the laser spot was detexthtox = 30.8 pixels (column)
andy = 109.6 pixels (line).

6.1.2 X-ray finger measurement

The monitoring of the location of the focus by the X-ray telgse as well as a check of the
stability of the alignment were possible with a newly inlgdlparallel X-ray beam through
the magnet bore. Measurements with the X-ray source weferpexd regularly during the
2004 data taking periods. The X-ray source is mounted on dpmulator at the TPC end
of the CAST magnet 12 m away from the telescope focal planes surce illuminates
the telescope aperture with an X-ray beam. Since the sosregténded and the distance
between the telescope and the source is finite, the imagesof#fay source on the CCD
will be not in the center of the CCD chip as it was the case ferparallel laser beam. The
beam is produced by a commercial miniature X-ray generéMRTEK COOL-X) based
on a pyroelectric crystal producing a peak activity of 100 dBhen thermally cycled. A
computer controlled manipulator is used to move the sourimedr out of the field of view
of the X-ray telescope with an accuracy of the order of a few During the alignment
measurement the X-ray source was on the optical axis of tigmet@nd the X-ray telescope.

The intensity image of the X-ray measurement can be seergirbRt. Since the source
is not at an infinite distance to the mirror system, the ols@es/X-ray image is larger than
the focal spot of the X-ray beam. The emission strength déipgron the angle of the X-
ray beam is non-uniform and thus the observed intensityiloigion in the focal spot is not
uniform. The center of the X-ray spot from the X-ray measuepts was calculated to=
43.3 pixels and/ = 107.3 pixels from all measurements depending on the mampsgtion.
These measurements demonstrate that the position of tleetexibaxion image of the sun
has been stable within one pixel diameter of the CGD20 arcsec = 0.006 degrees) at
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Figure 6.1: Left: One of the intensity images from the laser measurmienfspril 2004.
Right: Corresponding projection plots ont¢top) andy (bottom) axis.
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different magnet positions. Compared to the intensity ienaigthe X-ray measurement (Fig.
6.2), the laser spot is offset to the left relative to the eenf the region given by the X-ray

distribution. Therefore, from both results of the laser Xachy measurement the center of
the spot is determined in the following Section.
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Figure 6.2: Left: One of the intensity images from the X-ray measurmeDtee to the finite
distance between the telescope and the extended sourcertyeiddage is not in the center
of the CCD and also larger focal spot compared with the Igset. Right: Corresponding
projection plots ontx (top) andy (bottom) axis.
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6.1.3 Determination of the spot position

Figure 6.3 shows the laser and X-ray intensity distributignoverlapping the normalized
projectedx andy intensity distribution of the laser and X-ray spot. If ons@®es that the
X-ray intensity distribution is limited to a circular regiqFig. 6.2), then the center of this
circle should coincide with the center of the laser spot. @tednine the coordinates of the
center of the circle, the projected distribution itandy direction was used. The diameter
of the circle was defined as the position on the CCD where tiemsity dropps to 7% of the
maximum intensity in the X-ray spot. These points are maliethe two outermost vertical
lines in Fig. 6.3 and the central line represents the certdreocircle. From the regularly
performed laser and X-ray measurements the center of thevgisodetermined to be at=
40 pixels andy = 108 pixels with a radius of 19 pixels and it was shown to bblstaithin
one pixel (15Qum)? diameter of the CCD.
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Figure 6.3: Projected intensity distribution in column (top) and lirfe{tom) direction of
the laser and the X-ray spot for 2004 alignment measuremé&hts red and blue histogram
correspond to the laser and X-ray measurements, resdgclivee two outermost lines mark
the position where the X-ray intensity dropps to 7% of the imaxn intensity.
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6.2 The 2004 data collection

6.2.1 Detector improvement in 2004

In 2004 the CCD detector was operated with an extra shieldlisigle the detector. The
detector shield was enlarged by adding a 17 to 25 mm thick lafylew activity ancient lead
on the outside of the copper shielding used during the 2008 ta&ing period. The lead
shield inside the CCD chamber is encapsulated in sealedsboade of high purity copper.
The additional shielding has reduced the background lgrelfactor of 1.5 compared to the
previous setup. The differential mean background ratedsiaBb5 x 10 ° counts cm? s 1
keV~1 with a flat distribution over the 1 to 7 keV energy range.

In addition, during the winter shutdown 2003/2004 an initengest was done to reduce
the irregular electronic noise of the CCD detector. The s®tor the high electronic noise
or a correlation to electronic equipment could unfortulyateot be found in the CAST
experimental area, nor in the laboratory in Munich. Due ise thason the energy range of
the CCD is restricted to energies above 0.75 keV, whereas Wigedetector is operated in
Munich, the noise level is about 250 eV.

6.2.2 Data taking and selection

The CCD detector has taken data quite stably with improveditions from 20th of May to
14th of November in 2004. During the whole 2004 data coltecpieriod the X-ray telescope
was aligned parallel to the magnet. The procedures for dateepsing and data selection are
almost the same as before in 2003 analysis. As usual the C@btdeacquired data during
1.5 hours per day when the magnet was pointing to the sun. gBagkd measurements
where taken during non alignments periods and have aboutfald@xposure time. All
background data were selected with the same conditionseasotar tracking data, i.e. the
magnetic field was on, and the valve VT4 between the magnethenttlescope was open.
For the analysis the data from 11th to 28th of June were ndided since the integration
time of the CCD was set incorrectly during this period. Itlmat 9% of the total exposure
time. In addition all bad runs that contain a few columns oed with higher noise than
others were skipped after the detector noise check. A lidtaaf runs can be found in
Appendix A.2. But itis less than 1% of all data.

After applying the same cuts as in 2003 (Table 5.1) the togabsure time is 179.4 hours
for the tracking data and 1723.1 hours for the background.dahe 2004 measurement
yielded a roughly 50% longer exposure time compared to ti¥8 20easurements. The re-
sulting exposure time and count rates are summarized ire Babl
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Tracking Background
Exposure time 179.4 h 1723.1h
Counts 861 8178
Count rate (10% counts s!) | 13.33+ 0.45| 13.18+ 0.15

Table 6.1: Exposure time and counts rate of the 2004 data for the enargyerbetween 1
keV and 7 keV.

6.2.3 Stability

The stability of the 2004 data taking can be seen in Fig. 6\nE are in the energy range
between 1 and 7 keV for both tracking and background data.intbeval between 11th and
28th of June is skipped because of the wrong integration. tithe background seems to be
quite stable over all data taking periods as can be seen both@m plot of Fig. 6.4. However
in the solar tracking data there is a slight slope betwegnahd September.
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Figure 6.4: Time variation for the tracking data (top) and for the backgrd data (bottom).
Counts are from the full CCD area in the energy range 1 - 7 kedd Rstogram represents
only the counts from the area of the expected solar spot.
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6.2.4 FullCCD

Figure 6.5 represents the CCD images consisting of 64 caduand 200 lines for tracking
and background data. It appears that the events are distlilbuniformly over the whole
CCD plane. The corresponding energy spectra are given in6keg It shows the tracking
data and the background data normalized by the time ratioeotfracking to the background
data (9.5). The peaks at 8.0 keV and at 8.9 keV are the garl Cu-kg lines due to the Cu
shielding inside of the CCD detector chamber. Because afdbkng mask of the CCD made
by Au, the Au-Lg line at 9.7 keV appears. The peak near 6.3 keV is the Cu eseabe phe
tracking data seems to be consistent with background. &wumibre, the interesting energy
range between 1 and 7 keV is quite flat.
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Figure 6.5: 2D plots of CCD images for the tracking (left) and backgroyngdht) data.
Counts (z axis) are in the energy range 1 to 10 keV.

The residual plot (see Fig. 6.7) shows the difference betvike signal and the back-
ground, i.e. the normalized background was directly setechfrom the tracking data bin by
bin. Generally from the residual plot it can be seen whetheraverage of the residuals is
zero or whether the residuals have a trend. To check thataiglst line fit was done to the
subtracted data. It turned out from the fitting that the regian line for the residual plot co-
incides with zero and the subtracted data is apparently atbip with zero. In other words,
no signal above background was observed.
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6.3 Background studies

In order to characterize the background, studies of thedrackd were carried out in the
same way as before in the analysis of 2003 data. Thus the tmaokd) was studied un-
der different experimental conditions and different azinaland horizontal positions of the
magnet.

6.3.1 Column and line distributions

A test of a straight line fit for the line and column distritmrtishows whether the events
are distributed equally over the CCD plane. Figure 6.8 shtwslistribution of events as a
function of lines and columns on the CCD plane. Counts aex aftergy cut (1 - 7 keV) in
all histograms. The counts in the first and last columns are$livere not taken into account
because those events are not allowed by the pattern reimygeitring data processing. From
the fit results it turns out that the events are distributeitequniformly over all the CCD.
Moreover both tracking and background distributions amesient with each other within
statistical fluctuations if one takes into account the déffee exposure times.
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Figure 6.8: Distributions of 64 columns and 200 lines of the CCD with &énfit (red line).
The upper plots are the tracking data and the bottom plothareackground data. Statistical
error bars are given as well.
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6.3.2 Experimental conditions

The dependence of the background on different experimentaditions was examined. In
fact the background taken under the same conditions as taetsacking data was used
for the determination of the coupling constag§.gFigure 6.9 shows the normalized back-
ground by the exposure time with respect to four combinat@intwo important operating
parameters, i.e. the magnetic fiddand the valve VT4 between the magnet and the X-ray
telescope. The case of tBefield on and the VT4 open (upper left in Fig. 6.9) is the stadda
condition for the background. In the upper right plot, theyéaerror bars are because of the
small statistics for the configuration with VT4 closed andtfien. When the magnetic field
was off and VT4 was closed, more counts were observed in tirerlenergy range below 2
keV. However, as shown in Table 6.2, the mean count rateseabdickground for all cases
are compatible with each other within theolerror. As a result, significant effects on the
background by changing the experimental conditions coatde found.
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Figure 6.9: Background under the different operation conditioBsfield on and VT4 open
(top left), B field on and VT4 close (top rightB field off and VT4 open (bottom left), ard
field off and VT4 close (bottom right).
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B on B off
VT4 open | (7.173+ 0.067)x 10 ° cts/s| (7.247+ 0.160)x 10 ° cts/s
VT4 close| (7.142+ 0.241)x 10 ° cts/s| (7.059+ 0.113)x 10 ° cts/s

Table 6.2: Mean count rates of 2004 background under different opeyaionditions.

6.3.3 Position dependence

The background dependence on the various azimuthal arzbintal positions of the magnet
was also investigated. As mentioned in Section 5.2.5 th&draond data were taken in
all areas of the experimental hall, on the other hand the $@eking data were collected
in a certain location. This means that there could be a jpositependence of the background.

The background counts distributed with a binning of &@imuthally and 2 vertically
are shown in Fig. 6.10. The count rates normalized by the fxgotime can be seen in
the left plot. The background seems to be almost equallyiliiged over all areas. The
projection of the vertical and azimuthal distributions istfed in Fig. 6.11. The mean count
rate of the background is about (1.330.02) x 102 counts s in both cases. A significant
tendency of the background distribution on the verticalamgs not observed as well as the
distribution on the azimuthal angle is fairly stable witsiatistical errors. The solar tracking
data were gathered roughly in the range from #®0100 azimuthally.

In summary, the background study was carefully performeith &il possible factors.
It turned out that no remarkable dependence under changperienental conditions or in
different positions of the magnet have been found. Theee&dr background data taken
under the same conditions as the tracking data was usedrtbefianalysis.

6.4 Determination of the upper limit on g,

As mentioned already in Section 6.1 a very important poitihédetermination of g is that
the size and the position of the CCD image are determined)asiaser beam. The observed
focus is well within the solar image of 6.4 nfm The spot stability of the telescope was
observed continuously by an X-ray source during data takmg. Therefore the analysis
of a smaller area was possible for 2004 data than in 2003. tByrdae the upper limit on
the coupling constant of the axion to photon, a Likelihoodhnd was used due to the low
counting statistics on the spot of the CCD.
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Spot extraction

It is known from the alignment measurements that the cerfitévecspot with 19 pixels diam-
eter is located in the 40th line and 108th column of CCD planeam be seen in the top plot
of Fig. 6.12. The data in the spot area is selected by usinfptlosving circle cut

Vix—a2+(y-b2 <,

where the spot radiusis 9.5 pixels and the numbers of the spot center on thediaad
columnb are 40.5 and 108.5, respectively. The effective area of plo¢ with 19 pixels
diameter is 6.38 mfor both signal and background data. Here signals are cdonts
the spot area from tracking data, and background are defméldeadata in the same area
from background data. After the position cut only 18 courgsignal and 194 counts for
background were obtained for 179.4 hours tracking time at&81 hours background time,
where the time ratio between tracking and background d&#is

The analysis procedures of 2004 data are mostly done in the say as in 2003. A few
differences between the 2003 and the 2004 analyses are siradiaelow:

e The telescope was slightly tilted to the axis of the magne¢ loluiring the data taking

period in 2004. Because of this small misalignment betwbenxtray telescope and
the magnet, the total efficiency of the CCD and the telescagedecreased by about
10% compared to 2003. The efficiency curve given by the mieflectivity of the
telescope multiplied by the quantum efficiency of the CCDleen already mentioned
in Section 4.1.2 (see Fig. 4.8). The total detection efficyga about 32% in the energy
range of 1 - 7 keV.

Out-of-Time events were corrected for in the 2004 analydsswas discussed in Sec-
tion 4.2.4 the CCD detector is at all times exposed to incgmadiation. Trying to pre-
vent pile-up events, the CCD is read out frequently. Durgadout, photons can still
be received, i.e. they hit pixels while their charges aradiansferred to the readout
nodes. Those events hitting them during readout are Otitroé (O0T) events. One
cannot correct for this effect in individual cases but ordg@unt for them statistically.
This effect scales with the ratio of readout time and integraime so that the fraction
of the OoT events was multiplied with the fit function.

The magnetic field was not set to the same value during theendifolhe 2004 data
taking period. From August 16th to September 15th in 2004aghy@ied current in

the magnet was 13330 Amperes corresponding to 9.0 Teslandhd other periods as
13000 Amperes which corresponds to 8.79 Tesla, i.e. 19.86%tal exposure time

was with 9.0 Tesla and 80.14% with 8.79 Tesla. Therefore thighted mean of the
magnetic field is 8.832 Tesla, which is used in the data aigalys
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e The effective length of the magnet is 9.26 m and the effe@rea of the magnet bore
is 14.52 mm with a 43 mm diameter of the magnet bore.

¢ In the energy spectrum, there is a detector noise peak bel®aV hnd a Cu peak at 8
keV due to the Cu shielding. Thus the comparative flat rangae€nergy between 1
and 7 keV with a bin size of 0.3 keV was used for fitting as befor2003 analysis.

Maximum Likelihood fit

The maximum Likelihood function is defined by the same EqQ)(bvith the fit function
K = bi/a+a(E;), whereb; is the measured background data over 20 bingan®.61 is the
time ratio of the tracking to the background data. The thiecaky expected axion spectrum
a(E) is given by

do,

a(g) = 3E X Pay X 64578421sx 14.522¢cnt x 0.3keVx g(E) x (1— foo1)  (6.1)
with the tracking exposure time of 645784.21 s, the magnet acea of 14.522 cfnthe bin
size of 0.3 keV, the total efficien®(E;) of the telescope and the CCD, and the fraction of the
OoT events (1fpot) Of 0.917. The spectrum, which is proportional lg?,,gs directly used
as the fit function. A newly estimated flux of the solar axiosdzhon the most recent 2004
solar model was used for the 2004 analysis. The differefdiai of the solar axion flux can
be found in Eq. (3.11). The conversion probability from axio photon in the magnetic field
is given by

B 12 L 1% [10 19Gev-112
P, ., — 1.6388x 10~1/ — | . : . 6.2
a-y X % ([8.834 [9.26m} [ Oay } ) (6.2)

It was slightly reduced in comparison to 2003 due to the sotehges of the magnetic field
strength.

As can be seen in the residual plot (see Fig. 6.7) the 2004 idatansistent with the
absence of a signal so that a 95% confidence limit has beeactedr After the Likelihood
fit, the upper limit of the coupling constanggvas determined by integrating the Bayesian
probability distribution only over the physically allowedgion, i.e. positive signals, using
Eq. (5.7) as described in Section 5.3.2.

Results

To check whether the data is compatible with the absencesdfigmal, a null hypothesis test
was done at first and yielded

X2,1/ndf=12.0/20.
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After that, the Likelihood fit yields a best fit value df.g,  of
Obest firt 10 error= (—0.104140.2848 x 10 “°GeV 4,

which is slightly negative. Its & statistical error is obtained from the Widthxﬁ(ggy) when
thex? value increases by one unit. TRédistribution as a function of@ can be seenin the
top plot of Fig. 6.13. For the 2004 data an upper limit on theptimg constant of the axion
to photon is constrained by

Qay < 0.875x 10 P Gev?!
with 95% confidence level and the correspon@'(ﬁg] value is
X3in/ndf=11.9/19.

This upper limit is more restrictive by a factor of 1.4 thae thne obtained from the 2003
data. This can be explained by several reasons: In 2004 Wesenore statistics collected
than in 2003 by a factor of 1.5 and the background level wasaedl as well as by a factor
of 1.5. The most important reason is that for the 2004 datanlad¢ysis could be restricted to
a smaller spot on the CCD since the stability of the X-raysebpe was regularly monitored.
Fig. 6.13 shows the tracking data (solid circles) with statal error bars and the normalized
background (dashed line), together with the expected asp@ctrum, that is the normalized
background plus the expected signal with thgag 95% C.L. from the analysis.

6.5 Systematic studies

In order to check how big the systematic uncertainty of thal fiesult might actually be, sev-

eral systematic studies were carried out. The systemaiiltest were performed by varying

many possible sources of errors. In fact, it was already knibwat there was not a significant
tendency in the background behavior from the systemataiestiof the background, like e.g.

the position dependence and the different experimentalitons. Therefore the remaining

possible systematic effects are carefully studied. Aftat the systematic uncertainties on
the final result are estimated in this Section. These sysiestadies have been performed
with the 2004 data only.

6.5.1 Variation of the background

The largest systematic effect op,gomes from the definition of the background. In a first
step the background was defined in many different ways, ubmgracking data. Moreover
the influence of the spot size on the result was investigated.
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Figure 6.13: Top: X2 distribution as a function of@. The best fit value corresponds to
the minimum of Qy (dashed line). Bottom: The tracking and background spewittathe
expected theoretical axion spectrum. The solid circlegracking data with statistical error
bars, the dashed line is the background spectrum normadizéidle time ratio of the signal
to background and the solid line is the normalized backgiqulas the expected signal with
Jay at 95% confidence level.
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Method Il

In the standard way to determine the coupling constapttge background was defined as
the same area as the signal but from the background datadakieig the non tracking time.
Thus the idea for method Il is to use only the tracking datebfth signal and background.
So the data from the area surrounding the spot (59.4)rfrom the tracking data is regarded
as background, and the signal (6.38 A)is the same as in the standard method. Images after
the geometric cut are illustrated in the two-dimensionat pf Fig. 6.14. The outer circle of
the background is bound by the circle of maximum area in tg@reof 64 columns. A total
18 counts and 192 counts were obtained for signal and bagkdroespectively. In this case
the background was normalized by the area ratio of 9.31 dinte signal and background
use the same tracking data, where the area ratio is defindteame¢a of the background
divided by the area of the signal.

Method Il

In method Il the data of all surrounding area except for ghet $rom the tracking data was
defined as background, while the signal is the same as in énelatd method. Shown in
Fig. 6.15 is the area of the background 276.19%4ys0 that the ratio of the signal area to the
background area is 42.29, which is used for the normaliraifche background. The total
number of events from the background region is 843 counts.

Method IV

Since there could be a signal in the region between the sggealand the background area,
the data in this region from the tracking data were excludedife background definition of
method IV, as demonstrated in Fig. 6.16. The backgroundlyialtotal of 785 counts in an
area of 249.31 mfand is normalized by the area ratio of 39.08 between theitrg@nd the
background data.

Method V

In principle the size of the solar spot on the CCD has a dianut®9 pixels with an uncer-
tainty of one pixel diameter. Thus the effects of changireggpot size were checked. At first,
the spot size with one pixel bigger radius, i.e. 21 pixelsraiter, was used for method V.
Like the standard method the signal and background are dedisméhe counts from tracking
and background data, respectively. As can be seen in Fig.tbelarea for both signal and
background is 7.79 mfn In this area the signal has one more count than the usualrzhe a
the background has total 232 counts. Due to the same aregf@l sind background, the
time ratio of the tracking to the background data was useth®background normalization.
In fact when the spot size varies slightly the efficiency & ¥iray telescope should be cor-
rected for the determination ofg However, as described in Section 4.1.1, the efficiency for
the spot with the diameter of 19 pixels is valid for a spot siz21 pixels diameter. Thus the
same efficiency was taken.
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Method VI

A reduced spot size of 17 pixels diameter was also checkeglsppot images with an area of
5.11 mnt are demonstrated in Fig. 6.18. Due to this small area of tbe sply 14 counts
for signal and 154 counts for background were gathered. ifhe ftatio was used as the
normalization factor for background, as well as the sameieffcy as method V was used
here.

To determine the upper limit on the axion-photon couplingstant g, the same pro-
cedures as the standard method were applied for all caseste$hults from the Likelihood
fit are summarized in Table 6.3. Values &g, andAgay are calculated by comparing
the standard result of method | with each result. The bestfitesof @y varies from 5%
to 14% depending on the different definition of the backgbaa shown in Fig. 6.19. The
largest change on the result for both g, as well as g, comes from the method V with the
spot size of 21 pixels diameter. However all values hf.g, are stable within 1o standard
deviation. Furthermore as can be seen in the last columnldé a3 all final results of g
lie apparently within 1 - 2% deviation. It seems that all \esware in good agreement with
each other. In summary, this study demonstrates that themgsic effect of the different
background definition does not much affect the final resule Value for the maximum
deviation on ¢, from the method V was taken into account for the determinasiothe
systematic error onjg

method| gf oo s 1 0 error | Agfeqisi | Xoun / NAf | X2,/ ndf | gay (95% C.L.) | Agay
(10740 Gev—4) (10710 Gev1)
I - 0.1044 0.285 0 12.0/20 | 11.9/19 0.875 0
I 0.019+ 0.273| +0.123| 14.0/20 | 14.0/19 0.892 +0.017
Il -0.042+0.284| +0.062| 12.9/20 | 12.9/19 0.886 +0.011
v -0.053+£0.284| +0.051| 13.1/20 | 13.1/19 0.884 +0.009
\% -0.243+0.288| -0.139| 13.5/20 | 12.8/19 0.854 -0.021
Vi -0.040+ 0.259| +0.065| 17.3/20 | 17.3/19 0.868 - 0.007

Table 6.3: Summary of the results for different background definitions

6.5.2 Extended energy range

The next step is to check the effect of the energy range ontthegfof the final result. The
normal fit is performed in the energy range between 1 and 7 Ke\éxplained in Section
5.1.3, the reason is that there is a detector noise peak iendgy range below 1 keV and
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Figure 6.14: Top: Images of the signal (left) and background (right) frmacking data for
method II. Units of the z axis are counts per pixel. Bottome Tracking and background
spectra with the expected theoretical axion spectrum. dhe aircles are tracking data with
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Figure 6.15: Top: Images of the signal (left) and background (right) frmacking data for
method Ill. Bottom: The tracking and background spectrawit expected theoretical axion
spectrum. Tracking data (solid circles) with statisticabe bars, the background (dashed
line) normalized with the area ratio of = 42.29, and the normalized background plus the
95% expected signal witheg(solid line) are represented for method I11.
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Figure 6.16: Top: Two-dimensional plots of the signal (left) and backgrd (right) from
tracking data for method IV. Bottom: The tracking and backmyd spectra with the expected

theoretical axion spectrum

for method IV.
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Figure 6.17: Top: Images of the signal (left) from tracking data and backgd (right) from
background data with the spot size of 21 pixels diameter fthad V. Bottom: The tracking
and background spectra, together with the expected thealrakion spectrum for method V.
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ground (right) from background data with the spot size of ikélg diameter for method VI.
Bottom: The tracking and background spectra, together thighexpected theoretical axion
spectrum for method VI.
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Figure 6.19: The best fit value ofg as a function of methods. Error bars are the statistical
errors of Qy. The dashed line represents the standard value of method I.

a copper peak above 7 keV due to the Cu shielding inside the €l@@nber, so that the
flat distribution range of 1 - 7 keV was decided to be used ferfifting. Due to too small
counting rates it is impossible to reduce the fit range and the fit range was extended up
to 10 keV, including the copper lines around 8 keV. This isriaximal range of the energy
for the determination of g since efficiency data of the X-ray telescope exit only up t&&\a

By applying the standard method, a total 39 counts for theadignd 390 counts for the
background are obtained in the range of 1 - 10 keV, where grekand background come
from the tracking and background data, respectively. Thiezsponding energy spectrum is
demonstrated in Fig. 6.20 and the results from the Likelihittcare shown in Table 6.4.

energy range gp.cic= 1 0 error | X3,/ ndf | x4,/ ndf | day (95% C.L.)
(1040 GeV%) (10710 GeVv1)
1-10keV -0.076+ 0.291 | 20.8/30| 20.7/29 0.884

Table 6.4: Fit results for the extension of the energy range.

The best fit value ofg is still slightly negative and its difference is 2.8 % in thasjiive
direction compared to the result with an energy range of up k&V. But only 1% was
changed in the final result obgwith a reasonablg? value. Thus the result indicates that
the value of gy is fairly stable under variation of the energy range. Moegpas can be
seen clearly in Fig. 6.20, the expected axion spectrumd$ioke) is almost the same as the
background spectrum in the energy range above 7 keV.
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Figure 6.20: Tracking (solid circles) and normalized background (dddlimee) spectra to-
gether with the expected axion signal (solid line) wit at 95% confidence level.

6.5.3 Fit parameters

Lastly the effects of varying the fit parameters has beenkatecThe fit function is propor-
tional to the square of the magnetic fields times the maglegtgth so that the mostimportant
input parameters are the magnetic length and its field stieiipe effective magnetic length
of the CAST magnet is 9.26 m since the magnetic field strengtiotmes zero at 150 to 200
mm from the end of the magnet bore. By changing the magnetgthewith an uncertainty
of = 0.05 m the coupling constanggwas estimated while the magnetic field stays at fixed
8.83 T. Analogous to the case of the magnetic lengfpjgyalso calculated by varying the
magnetic field with an uncertainty df 0.1 T where the length is fixed. Because of the pro-
portionality of the magnetic fields and length to the fit fuont the results would be expected
to be only proportional to varying those parameters. Theefitlts for all cases are summa-
rized in Table 6.5. No influence of the fit parameters on thd fiesult has been observed.
As expected, all results change proportionally with lessth%.

6.5.4 Estimation of systematic error on Qestﬁt

The systematic studies were divided into several categiand carried out, as shown before.
Using the maximum variation of each category from thoseesyatic studies, the systematic
error of ¢, value is determined at first. The following Table 6.6 sumsesithe results
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Opestiit= 1 O error | Agp i | Xaun / ndf | X5,/ Ndf | ay (95% C.L.) | Aday
(1040 GeV %) (100 Gev
L=9.31m| -0.103+0.282 | +0.001| 12.0/20 | 11.9/19 0.872 - 0.003
L=9.21m| -0.105+0.288 | -0.001| 12.0/20 | 11.9/19 0.877 +0.002
B=8.93T | -0.102+ 0.278 | +0.002| 12.0/20 | 11.9/19 0.870 - 0.005
B=8.73T | -0.107+0.291 | -0.002 | 12.0/20 | 11.9/19 0.880 +0.005

Table 6.5: Results for the varying of the fit parameter.

of the previous Sections 6.5.1 - 6.5.3. The largest cortichuo the systematic error for
the best fit value of@, arises from the different definitions of the background. €her
contributions from other categories are small enough todggected.

category AQpestsit (10 %0 GeV %)
background definitior] -0.139
energy range +0.028
magnetic length +0.001
magnetic field +0.002

Table 6.6: Summary for the maximum variation of,g, ,from the systematic studies.

To estimate the total systematic error on the best fit vaIL@\pfhe largest differences

shown in Table 6.6 betweerf g, of each study andiy.s, used for the g, extraction are
added quadratically:

Afesiic = V/0.13%+0.026+0.0012 4 0.002
= 0.142x 10 *%GeV 4

Consequently, the result for the best fit valuegg,f(qptained in Section 6.4 and the systematic
error estimated in the last Section lead to the followingiltefer the best fit value ofg:

Obestit = (—0.10440.285stat) +0.142(syst)) x 10-4%Gev .

6.5.5 Upper limit on g,y with systematic errors

In Section 6.4 the upper limit on the coupling constant of &xen to photon has been
determined. However the result did not take the systemaiic eto consideration yet and
hence the upper limit on the coupling constant with systeneators will be evaluated here.
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In principle, if the experimentally obtained Likelihoodsthibution is Gaussian, the mean
value and the standard deviation of the Gaussian distabutill correspond to the minimum
value of @y and its statistical error, respectively. The result givgimibegrating this Gaussian
distribution over the physically allowed region up to 95%ulbtherefore give the upper
limit on gay. Using this idea, the upper limit orﬁg which includes the systematic error, can
be estimated by replacing the statistical error with thaltfte. statistical plus systematic)
error in the Gaussian distribution.

Strictly speaking, the Likelihood distribution illusteat as red curve in Fig. 6.21 is not
perfectly Gaussian, as well as the log Likelihood is not apala (see Fig. 6.13). But never-
theless the above method can be applied, assuming thatkékhioiod distribution is almost
Gaussian, especially in the physically allowed region. 3tled curve in Fig. 6.21 represents
a probability distribution:

e (X— U)z/ 20gtat

with the mearp = - 0.104 (§..s) and standard deviatios;: = 0.285 (statistical error of
gﬁestﬁt). By integrating up to 95% of the physically allowed part loé tprobability distribu-
tion, the upper limit of g, with only 1 o statistical error is found:

0ay(95%CL.) < 0.838x 107 1%GeVv 1.

To consider the systematic error in this result, the stesiserror would be then replaced with
the total error:

e_(x_ U)Z/Zotzotal .

Here the total error can be calculated by quadraticallyragldach statistical and systematic

error:

With regards to the total error, the width of the probabiliigtribution becomes broader,
demonstrated as the dashed curve in Fig. 6.21. Now the saegration method can be
applied to the calculation of the upper limit og,@nd it gives then

0ay(95%CL.) < 0.865x 10-1%GeVv,

including statistical and systematic errors. This resu3.2% worse than the one obtained
with the statistical error only, i.e. the difference betwdlee result with only statistical error
and the result with the total error is 0.027.
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As a result, the upper limit at 95% C.L. ofygwhich is obtained experimentally (see
Section 6.4) can be expected to change by the difference gyktematic error is taken into
account. Therefore including the statistic and systeneatars leads to the final result for the
upper limit on the coupling constang

Gay < 0.902x 107Gev?

with 95% confidence level for the 2004 CCD data.
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Figure 6.21: Distribution of the normalized Likelihood function (redree) obtained exper-
imentally. The solid and dashed curves are probabilityiistions with standard deviation
Ostat = 0.285 andira = 0.318, respectively. Both distributions are approplyatermalized.
The two vertical lines represent 95% upper limits.

6.6 Further studies: Scanning

In practice, the position of the solar spot on the CCD has ble¢germined by the alignment
measurements of the X-ray telescope in Section 6.1 and itused for the estimation of



6.7. COMBINATION OF 2003 AND 2004 RESULTS 141

the coupling constant,gin Section 6.4. Nevertheless it was further checked how thell
spot position is known and this can be investigated by fudlistematic studies. Therefore a
scanning over the whole CCD area is performed, i.e. the auyipbnstant g, is calculated
by varying the spot position on the CCD plane in this Section.

For the scanning the full CCD is divided into three parts diiomns (x) where each col-
umn is divided into ten parts of lines (y) as shown in the tvirmehsional plots of Fig. 6.22.
The x-coordinates of the spot center are at x = 13, 32 and 51hangicoordinates are aty =
16, 35, 54, 73, 92, 111, 130, 149, 168 and 187 for each colurha.cbérresponding energy
spectra for all cases can be found in the Appendix B.1. Torate the upper limit of the
coupling constant g the standard method | was applied, i.e. signal and backgdratede-
fined as the counts in the same area from the tracking and tkgtmund data, respectively.
Table 6.7 shows the fit results from the Likelihood fit for &lése cases. In case of centers
at (13,54), (13,73), (32,92), (51,73), (51,139) and (571)1he values of the signal minus
the background normalized by the time ratio of 9.61 are megia@hough the best fit values
of those cases are positive. But this can happen in the figiingedure. On the contrary,
there is no case when positive values of the signal minusdhmalized background lead to
a negative result fordy.q Overall, it seems to be quite correct statistically. Thatréhution
of 30 values for ;1S compatible with zero: 4 cases of minus 1-2 sigma, 7 casesrafs
0-1 sigma, 12 cases of 0-1 sigma, 5 cases of 1-2 sigma and 2 @a®e sigma. In addition
the scanning around the spot can be found in Appendix B.2.

Eventually, all results from the scanning over the CCD arestmngly dependent on
different positions of the spot. In other words, the studyglwinging spot positions proved
that a variation of the spot position does not affect sigaiftty the final result. To sum up,
from all above systematic studies it was shown that the fieslilt of the upper limit on
Jay Obtained in Section 6.4 will remain almost unchanged, ellengh some experimental
conditions and fit parameters as well as the size and posifitire spot were slightly varied.

6.7 Combination of 2003 and 2004 results

The 95% confidence level limits onygfor the 2003 and 2004 CCD data were obtained in
Section 5.4 and 6.4, respectively. Both results can besstatily combined by multiplying
the Bayesian probability functions:

95%
P(95%CL.) — /

i e X2 x e X/ 2ddf, (6.3)
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Figure 6.22: Two-dimensional plot of signal (left) and background (tigfor 30 different
spot positions. Signal and background are defined as the aaraalata from tracking and
background date, respectively. The center of x-coordgate 13, 32, and 51st column and
of y-coordinates are 16, 35, 54, 73, 92, 111, 130, 149, 168 8fith line for each column.
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spotcentef S | B | Qfegrsirt 1O error | X3,/ ndf [ X2,/ ndf | gay (95%)
(10 “°Gev ¥ (10 °Gev )
(13,16) 23| 220 0.189+ 0.327| 18.4/19 | 18.9/20 0.962
(13,35) 26 | 223 0.154+ 0.340| 22.6/19 | 22.9/20 0.962
(13,54) 21| 206 0.070+ 0.312| 20.5/19 | 20.6/20 0.928
(13,73) 17| 188 0.1174+ 0.286| 27.0/19 | 27.2/20 0.922
(13,92) 22 | 201 0.167+ 0.319| 19.9/19 | 20.3/20 0.953
(13,111) |33 193 0.897+ 0.399| 15.3/19 | 24.4/20 1.131
(13,139) | 24| 197 0.400+ 0.342| 17.1/19 | 19.0/20 1.014
(13,147) | 27| 196 0.534+ 0.364| 13.2/19 | 16.5/20 1.051
(13,168) |16 169 -0.032+ 0.278| 33.6/19 | 33.6/20 0.886
(13,187) |16 229 -0.338+ 0.280| 27.3/19 | 28.7/20 0.837
(32,16) 23| 196 0.475+ 0.329| 40.7/19 | 44.1/20 1.025
(32,35) 20| 181 0.215+ 0.317| 16.1/19 | 16.8/20 0.961
(32,54) 20| 216 -0.067+ 0.292| 21.6/19 | 21.7/20 0.892
(32,73) 24 | 166 0.437+ 0.332| 23.4/19 | 26.2/20 1.019
(32,92) 22| 213 0.039+ 0.323| 20.3/19 | 20.3/20 0.928
(32,111) | 15| 196 -0.262+ 0.248| 19.2/19 | 20.3/20 0.828
(32,139) | 17| 184 -0.112+ 0.275| 21.9/19 | 22.1/20 0.871
(32,147) | 15| 200 -0.198+ 0.277| 23.8/19 | 24.4/20 0.855
(32,168) | 19| 205 -0.102+ 0.299| 20.7/19 | 20.8/20 0.887
(32,187) |22 185 0.360+ 0.327| 24.6/19 | 26.4/20 0.999
(51,16) 18 | 197 -0.104+ 0.284| 14.4/19 | 14.5/20 0.877
(51,35) 20| 188 0.118+ 0.312| 16.4/19 | 16.5/20 0.938
(51,54) 13| 185 -0.425+ 0.249| 22.3/19 | 24.9/20 0.805
(51,73) 22 | 217 0.2224+ 0.323| 22.3/19 | 22.9/20 0.966
(51,92) 211192 0.040+ 0.306| 23.1/19 | 23.1/20 0.920
(51,111) | 20| 193 -0.260+ 0.319| 21.6/19 | 22.3/20 0.874
(51,139) |16 172 0.116+ 0.268| 26.3/19 | 26.6/20 0.913
(51,147) |18 173 0.266+ 0.293| 27.1/19 | 28.4/20 0.962
(51,168) | 30| 197 0.851+ 0.387| 22.5/19 | 30.7/20 1.119
(51,187) | 16| 205 -0.431+ 0.245| 25.7/19 | 28.4/20 0.809

Table 6.7: Results from the Likelihood fit for the first (upper), secomaiddle) and third
(lower) column scanning. S and B denote signal and backgkoun



144 CHAPTER 6. ANALYSIS OF THE 2004 DATA

The previous integration process has been repeated to Brabthbined result at 95% confi-
dence level, yielding finally,

Jay < 0.872x 10 1%GeVv-1(95%CL.)

for axion masses gn< 0.02 eV. In this case systematic errors have been negledibid
analysis procedure was repeated for different values odutien masses to derive the whole
exclusion line for 95% confidence level as shown in Fig. 6.28ctv shows the coupling
constant g, as a function of the axion massm
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Figure 6.23: Exclusion limits (95% C.L.) from the 2003 (blue) and 2004e@n) CCD data

compared with other constraints. The red curve reprseetsdmbined result of both 2003
and 2004 results. The blue shaded band shows typical tieadneiodels. The future CAST
sensitivity for Phase Il is shown as well.

In the sensitivity plot of Fig. 6.23, the 2004 result (greemve) is more restrictive than
the one from the 2003 data (blue curve) roughly by a factor.5fmainly due to a smaller
spot on the CCD. This final result improves previous constsagiven by other previous
experiments by a factor of 7. It is the first time that an expental limit is stronger than the
astrophysical limit from globular clusters shown as thehe@adine. In fact the astrophysical
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limit from horizontal branch stars in globular cluster i$ & 10 10 GeV ! and its uncer-
tainty is estimated as a factor of 2. Thus a constraint of>1.00 1% GeV1! is generally
mentioned as the globular cluster limit where this limit iasa independent up to the axion
mass of 10 keV. The combined CCD result for the first phaseeégperiment is also shown
as the red curve. The combined preliminary result includhmy results of the other two
detectors for the 2004 CAST data can also be found in Ref][108

All results are limited to an axion mass rangg ¥10.02 eV and thus the exclusion curves
are flat below the axion mass of 0.02 eV. This means that theotstg signal is independent
from the axion mass up to this range since the oscillatiogtlenf axion-photon is larger
than the length of the magnet, as mentioned once in Chapkarfhigher m, the number of
expected signal counts decreases due to the loss of cokdretween axions and photons,
so that the shape of the spectral curve looks differently Albe area represents the region of
theoretical axion models discussed in Chapter 2. The apdmten coupling constantgis
theoretically proportional to the axion masg,mhich both are inversely proportional to an
unknown spontaeous symmetry breaking scale. Hence thiogronality between g and
My is limited by this symmetry breaking scale which is biggearthhe scale of electroweak
symmetry and smaller than the Planck scale.

Finally, in order to restore the coherence for axion masbese0.02 eV, data taking
started at the end of 2005 by introducing a buffer gas withousr pressures in the mag-
net pipes. The extended sensitivity to higher masses vidalo enter into the region of
theoretical axion models, shown in Fig. 6.23.
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Chapter 7

Summary and Outlook

The CERN Axion Search Telescope (CAST) experiment at CERNckeng for elusive
axions with energies in the keV range has been detailed snthigsis. In particular, axion
theories have been introduced in the first part of this théditer that, a general description
of the CAST experiment has been given. An X-ray mirror tedgscwith a Charge Coupled
Device (CCD) as a focal plane detector, which is the mostitemsletector system of the
CAST experiment, was discussed. This thesis is devotedetaétermination of an upper
limit on the axion-photon coupling constang,g The analysis is based on the data taken by
the CCD detector in the CAST experiment during the years 20032004.

In 2003 the CCD detector has accumulated tracking data weitial guality during 121.3
hours when the magnet was pointing to the sun. Backgroundumeents taken during non-
alignment periods have an exposure time of 1233.5 hourgn®tire 2003 data taking period,
a monitoring of the focusing stability of the X-ray teleseopas not continuously possible,
and hence a signal area larger than the expected size of nhgpstihad to be considered.
Taking into account all uncertainties of the telescopamuignt, the size of the area containing
the signal was estimated to be 8471 pixels (54.3 mrf). The background was defined by the
data taken from the same area during the nontracking peftwdm the background studies a
significant dependence of the background data on diffepgrdrenental conditions was not
observed. The null hypothesis test showed that the datamgpatble with the absence of a
signal and therefore an upper limit on the coupling consgaphas been extracted from the
observed data. Due to low counting statistics in the CCD #®eaf a likelihood function in
the minimization procedure was required. The 95% confidéndefor the 2003 CCD data
was determined by integrating the Bayesian probabilitgfiom over the physically allowed
region, i.e. positive signals:

Qay < 1.23x 107 1°GeV~! (95% CL.).

To check systematic uncertainties, the background in theasarea was also determined by
extrapolating the background measured during trackingp@erin that part of the CCD not
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containing the sun spot. Both methods of background selet#d to the same final upper
limit on the coupling constantag In order to find the combined result for the 2003 CAST
data, the CCD result was statistically combined with thelltef the other two detectors of
the experiment:

ay < 1.16x 107 1°GeV~! (95% CL.).

Both results are limited to an axion mass range<®.02 eV where the expected signal is
independent of mass because the axion photon oscillatgtHdy far exceeds the length of
the magnet. This limitimproves the best previous laboyatonstraints on g by a factor of

5 in the coherence regiongw 0.02 eV.

In 2004 the CCD detector was operated with an extra shielderitee detector chamber.
This additional shielding has reduced the background leyel factor of 1.5 as compared to
2003. Very important for the CCD setup is the monitoring & position of the solar spot on
the CCD. From the regularly performed alignment measurésneith a parallel laser beam
and an X-ray source, the center of the expected solar spoedd@D was determined to be at
x =40 pixels and y = 108 pixels with a radius of 19 pixels andaswhown to be stable within
one pixel diameter of the CCD. Therefore, for the CCD datéectdd in 2004 the analysis
could be restricted to a smaller spot on the CCD since thedefe stability was continuously
monitored. For the 2004 data taking period CCD data werectatl during 179.4 hours for
solar tracking and 1723.1 hours for background. The datlysisgrocedures were mostly
conducted in the same way as the one in 2003. The 95% exclisibrior the 2004 CCD
data yielded

Qay < 0.88x 10719GeVv1 (95% CL.).

Here systematic uncertainties were not taken into acco@yt.multiplying the Bayesian
probability distributions, the combined result of the 2@0®1 2004 data for the upper limit
on the axion-photon coupling constany, ¢

Qay < 0.87x 107 1°GeV! (95% CL.)

for axion masses g< 0.02 eV. Including the systematic error cﬁygthe 95% confidence
limit on the couplings g, has been determined to

Qay < 0.90x 10 1°GeV ! (95% CL.).

The CCD detector at CAST experiment has been operated sfgitgsince May 2003
and during 2004 it was taking data in upgraded versions wghdr sensitivity. Unfortu-
nately, no signal above background was observed in any afdteetaken so far. The result of
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the 2004 data improved the previous constraints from otkger@ments by a factor of 7. For
the first time, the experimental result is below the astreptaf limit from globular clusters.
So far the CAST experiment has been operated with an evatmatgnet bore and thus was
restricted to axion masses below 0.02 eV. During 2005 a nmguification to the magnet
pipe system was undertaken. At the end of 2005 CAST startddmeasurements for its
second phase. The magnet pipes were filled with a low Z buéfei(starting wittfHe and in
the future®He) of various pressures in order to restore coherence dgbiehiaxion massesgn
> 0.02 eV. The extended sensitivity will allow CAST to reachsses up to 0.8 eV and thus
reach into the region of the theoretical axion models.
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Appendix A

Detector noise check

A.1 Problematic files of the 2003 CCD data

| Data files | StartTime (UT) | EndTime (UT) [ Comment

C09_07_10_030714 02042 - 020504.07.2003 12:59:00 14.07.2003 15:14:0(

C09 07_10 030718 02014 18.07.2003 06:06:00 18.07.2003 06:21:0(

C09 _07_10_030718_02030 18.07.2003 10:07:00 18.07.2003 10:22:0(

C09 07_10 030718 02046 18.07.2003 14:07:00 18.07.2003 14:22:00 bad column
C09_07_10_030721_04003 - 040021.07.2003 03:51:00 21.07.2003 04:36:0(

C09 07_10 030724 02018 24.07.2003 07:38:00 24.07.2003 07:53:00 bad line
C09 _07_10_030724_02023 24.07.2003 08:54:00 24.07.2003 09:09:0(

C09 07_10 _030727_02013 27.07.2003 06:34:23 27.07.2003 06:43:00 bad column
C09_07_10_030727_03004 27.07.2003 10:29:00 27.07.2003 10:44:0(

C09 07_10 030729 02031 29.07.2003 10:43:00 29.07.2003 10:58:0(

C09 _07_10_030729_02065 29.07.2003 19:14:00 29.07.2003 19:29:00 bad column
C09 _07_10_030731_02058 31.07.2003 17:44:00 31.07.2003 17:59:00 bad column
C09 07_10_030731_02065 31.07.2003 19:30:00 31.07.2003 19:45:00 bad column
C09 _07_10_030804_02067 04.08.2003 20:07:00 04.08.2003 20:22:00 bad column
C09 _07_10_030806_02009 06.08.2003 05:50:00 06.08.2003 06:05:0(

C09 07_10_030808 02006 - 020018.08.2003 04:49:00 08.08.2003 05:19:0(

C09 _07_10_030810_02007 10.08.2003 05:12:00 10.08.2003 05:27:0(

C09 07_10 030814 02014 14.08.2003 06:42:00 14.08.2003 06:57:00 bad line
C09 _07_10_030815_ 02005 15.08.2003 04:31:00 15.08.2003 04:46:0(

C09 07_10 030815 02046 15.08.2003 14:47:00 15.08.2003 15:02:0(
C09_07_10_030817_02053 - 02054.7.08.2003 16:42:00 17.08.2003 17:04:0(

C09 07_10 030819 02049 19.08.2003 15:46:00 19.08.2003 16:01:00 bad line
C09 _07_10_030821_02059 21.08.2003 18:05:00 21.08.2003 18:20:00 bad line
C09 07_10_030825 02021 - 020225.08.2003 07:24:00 25.08.2003 08:29:0(
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C09_07_10_030828_09008
C09_07_10_030828_09025
C09_07_10_030829_05020
C09_07_10_030830_02008
C09_07_10_030830_02022

- 090

- 050

1(28.08.2003 20:55:53
29.08.2003 01:12:53
?19.08.2003 11:33:0(
30.08.2003 06:14:0(
30.08.2003 09:45:0(

3 28.08.2003 21:41:0(
3 29.08.2003 01:28:0(
29.08.2003 12:03:0(
30.08.2003 06:29:0(
30.08.2003 10:00:0(

bad column
bad line

C09_07_10_030908_02006
C09_07_10_030910_02006
C09_07_10_030911_02030
C09_07_10_030911_02061
C09_07_10_030912_02008
C09_07_10_030912_02053
C09_07_10_030912_02057
C09_07_10_030913_02003
C09_07_10_030914 02012
C09_07_10_030915_02015
C09_07_10_030915_02023
C09_07_10_030915_02033
C09_07_10_030915_05016
C09_07_10_030915_05047
C09_07_10_030917_03042
C09_07_10_030926_02033
C09_07_10_030926_02059
C09_07_10_030927_02082

- 020

- 020
- 020

- 020
- 020
- 020

- 020

08.09.2003 20:33:0(
10.09.2003 05:47:0(
3111.09.2003 11:53:0(
11.09.2003 19:41:0(
D9.2.09.2003 06:22:0(
53.2.09.2003 17:40:0(
12.09.2003 18:40:0(
D9.3.09.2003 05:09:0(
194.09.2003 07:19:0(
115.09.2003 08:27:0(
15.09.2003 10:27:0(
395.09.2003 12:58:0(
15.09.2003 20:15:5(
16.09.2003 04:01:27
17.09.2003 04:27:4]
26.09.2003 12:38:0(
26.09.2003 19:09:0(
28.09.2003 00:45:0(

08.09.2003 20:48:0(
10.09.2003 06:02:0(
11.09.2003 12:24:0(
11.09.2003 19:56:0(
12.09.2003 06:52:0(
12.09.2003 18:20:0(
12.09.2003 18:55:0(
13.09.2003 06:54:0(
14.09.2003 08:19:0(
15.09.2003 10:12:0(
15.09.2003 10:42:0(
15.09.2003 13:43:0(
15.09.2003 20:16:0(
» 16.09.2003 04:05:0(
(17.09.2003 04:28:0(
26.09.2003 12:53:0(
26.09.2003 19:24:0(
28.09.2003 01:00:0(

bad column

bad column
bad line

end file
end file
bad column
bad column
bad column

C09_07_10_031001_02010
C09_07_10_031010_02100
C09_07_10_031010_02133
C09_07_10_031010_02166
C09_07_10_031020_03040
C09_07_10_031024_02030
C09_07_10_031025_03046
C09_07_10_031026_02004
C09_07_10_031026_02062
C09_07_10_031027_02013
C09_07_10_031027_02054

- 0304
- 020

01.10.2003 18:35:0(
11.10.2003 11:11:56
11.10.2003 19:29:0(
12.10.2003 03:45:0(
171.10.2003 04:46:0(
324.10.2003 17:42:0(
25.10.2003 19:32:0(
26.10.2003 05:50:0(
26.10.2003 20:22:0(
27.10.2003 08:25:0(
27.10.2003 18:41:0(

01.10.2003 18:50:0(
5 11.10.2003 11:20:0(
11.10.2003 19:44:0(
12.10.2003 04:00:0(
21.10.2003 05:01:0(
24.10.2003 19:43:0(
25.10.2003 19:47:0(
26.10.2003 06:05:0(
26.10.2003 20:37:0(
27.10.2003 08:40:0(
27.10.2003 18:56:0(

bad column
bad column
bad line

bad column
bad column

bad line
bad column
bad line
bad column
bad column

C09_07_10_031104_02031
C09_07_10_031106_02000
C09_07_10_031106_02081
C09_07_10_031112_02000
C09_07_10 031114 02004
C09_07_10 031114 02013
C09_07_10_031117_02009
C09_07_10 031117 02074

- 0204
- 020

- 020

- 020

104.11.2003 13:08:0(
196.11.2003 13:02:0(
07.11.2003 09:20:0(
D42.11.2003 15:34:2¢
14.11.2003 12:31:0(
14.11.2003 14:46:0(
177.11.2003 16:01:0(

- 020

04.11.2003 17:24:0(
06.11.2003 15:02:0(
07.11.2003 09:35:0(
b 12.11.2003 16:55:0(
14.11.2003 12:46:0(
14.11.2003 15:01:0(
17.11.2003 18:16:0(

r4.8.11.2003 08:19:0(

18.11.2003 08:49:0(

bad column
bad line

Table A.1: Problematic files of the 2003 CCD data after the detectorenchigck. If there is
no comment, this indicates that the noise level was unusgh] br otherwise corrupted due
to unknown reasons.
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A.2 Problematic files of the 2004 CCD data

| Data files | StartTime (UT) | EndTime (UT) [ Comment |
C09_07_10_040331_20046 2004.04.01 06:38:20 2004.04.01 06:53:0(
C09_07_10_040505_09002 2004.05.05 14:03:21 2004.05.05 14:18:23
C09 07 _10 040511 02000 - 02003 no time info no data
C09_07_10_040523 02004 2004.05.23 04:02:27 2004.05.23 04:17:29 bad column
C09_07_10_040604_05063 2004.06.05 01:33:10 2004.06.05 01:34:09 end file
C09_07_10_040610_02045 - 0208%2004.06.10 14:04:36 2004.06.11 00:22:58 fuse burned
C09_07_10 040613 02000 - 02088 no time info fuse burned
C09_07_10_040617_05044 2004.06.18 02:23:17 2004.06.18 02:23:3% end file
C09_07_10_040622_02053 2004.06.22 16:15:20 2004.06.22 16:30:22 bad column
C09_07_10_040623_02048 2004.06.23 19:57:49 2004.06.23 20:12:51 bad column
C09_07_10_040714_02061 2004.07.14 18:11:57 2004.07.14 18:26:59 bad column
C09_07_10_040716_02039 2004.07.16 12:29:46 2004.07.16 12:44:48 bad column
C09 _07_10_040717_02021 2004.07.17 08:11:56 2004.07.17 08:26:58 bad column
C09_07_10_040718_02005 2004.07.18 04:10:42 2004.07.18 04:25:44 bad column
C09_07_10_040721_05070 2004.07.22 02:38:38 2004.07.22 02:38:38 end file
C09_07_10_040819_02058 2004.08.19 18:15:46 2004.08.19 18:30:48 bad column
C09_07_10_040829 02045 2004.08.29 14:47:13 2004.08.29 15:02:1% bad column
C09_07_10_040830_02039 2004.08.30 13:35:05% 2004.08.30 13:50:07 bad column
C09_07_10_040910_02008 2004.09.10 10:49:28 2004.09.10 11:04:30 bad column
C09_07_10_040910_02074 2004.09.11 03:22:08 2004.09.11 03:22:09 end file
C09_07_10_ 040914 02025 2004.09.15 00:14:56 2004.09.15 00:29:58 bad column
C09_07_10_040925_ 02008 2004.09.25 12:48:54 2004.09.25 13:03:56 bad column
C09_07_10_040930_02027 2004.09.30 11:55:43 2004.09.30 12:10:44 bad column
C09 _07_10_041011 02044 2004.10.11 15:27:23 2004.10.11 15:42:2% bad column
C09_07_10_041014_02031 2004.10.14 12:33:33 2004.10.14 12:48:3% bad line
C09 _07_10 041019 02010 2004.10.19 07:09:23 2004.10.19 07:24:2% bad column

Table A.2: Problematic files of the 2004 CCD data after the detectorencheck.
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Figure A.1: The mean noise of the detector as a function of time from Mdyptb of August
in 2004 for all data.
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Figure A.2: The mean noise of the detector as a function of time from 16#ugust to
November in 2004 for all data.
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Appendix B

Scanning

B.1 Energy spectra for the scanning of the CCD
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Figure B.1: Energy spectra of the first column (x=13) scanning. S and Biesignal and
background, respectively.
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Figure B.2: Energy spectra of the second column (x=32) scanning.
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Figure B.3: Energy spectra of the third column (x=52) scanning.
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B.2 Scanning around the spot

In addition to the Section 6.6 the coupling constagtig calculated by moving the spot
position vertically and/or horizontally around the spotiwiwo pixels. The results from the
likelihood fit is summarized in Table B.1 and the correspagdinergy spectra can be found

in Figs. B.4 - B.8. The maximum difference from the final réssi4.5%.

spotcentefl S | B | Qhegsict 10 €rror | x4,/ ndf | X2, / ndf ay (95%)
(10740 GeV%) (10710 Gev-1)
(38,106) | 16 | 206 -0.2944+ 0.268 9.5/19 10.7/20 0.832
(39,106) | 17 | 197 -0.1764+ 0.278 9.2/19 9.6/20 0.858
(40,106) | 19| 195 -0.0684 0.294 9.5/19 9.5/20 0.887
(41,106) | 16 | 196 -0.2124 0.268 12.0/19 12.6/20 0.844
(42,106) | 16 | 202 -0.2254 0.269 14.2/19 14.9/20 0.843
(38,107) | 17 | 201 -0.1764 0.277 11.6/19 12.0/20 0.856
(39,107) | 18 | 202 -0.1704 0.284 11.2/19 11.6/20 0.863
(40,107) | 18 | 197 -0.143+ 0.284 11.0/19 11.3/20 0.867
(41,107) | 18 | 198 -0.041+ 0.288 11.4/19 13.4/20 0.888
(42,107) | 16 | 203 -0.3024 0.265 9.6/19 10.9/20 0.830
(38,108) | 17 | 199 -0.159+ 0.275 15.2/19 15.5/20 0.858
(39,108) | 18 | 194 -0.1204 0.285 11.4/19 11.6/20 0.872
(40,108) | 18 | 194 -0.1044 0.285 11.9/19 12.0/20 0.875
(41,108) | 17 | 193 -0.1244 0.280 13.6/19 13.8/20 0.867
(42,108) | 16 | 195 -0.2184+ 0.265 12.6/19 13.3/20 0.842
(38,109) | 17 | 199 -0.150+ 0.274 15.0/19 15.3/20 0.859
(39,109) | 17| 195 -0.1294+ 0.275 15.1/19 15.4/20 0.863
(40,109) | 17| 193 -0.1184+ 0.275 15.0/19 15.2/20 0.865
(41,109) | 18 | 192 -0.0484+ 0.284 12.4/19 12.5/20 0.885
(42,109) | 16 | 187 -0.0804 0.265 14.1/19 14.2/20 0.866
(38,110) | 17 | 195 -0.0774£ 0.270 15.7/19 15.8/20 0.870
(39,110) | 17| 191 -0.0674+ 0.271 15.6/19 15.7/20 0.873
(40,110) | 17| 192 -0.0414 0.269 16.1/19 16.2/20 0.877
(41,110) | 17| 190 -0.0254+ 0.273 16.0/19 16.0/20 0.882
(42,110) | 15| 183 -0.071+ 0.259 19.7/19 19.7/20 0.862

Table B.1: Results from the likelihood fit for the scanning around thetsp
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Figure B.4: Top: Two-dimensional plots for the signal and backgrounaitt®&n: Corre-
sponding energy spectra. S and B denote signal and bacldynaspectively.
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Figure B.5: Top: Two-dimensional plots for the signal and backgrounait@n: Corre-
sponding energy spectra.
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Figure B.6: Top: Two-dimensional plots for the signal and backgroundaitt@n: Corre-
sponding energy spectra.
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Figure B.7: Top: Two-dimensional plots for the signal and backgroundait@n: Corre-
sponding energy spectra.
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Figure B.8: Top: Two-dimensional plots for the signal and backgroundaitt@n: Corre-
sponding energy spectra.
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