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Chapter 1

Introduction

The most exciting phrase to hear in science, the one thadtsdte most discoveries,
is not “Eureka!” (I found it!) but “That’s funny...”.

Isaac Asimoy, Scientist and Author

Surprises have always played an important role in sciemé§earch because an indication of where
to look for new physics is generally originating from thosetp of a theory which fail to describe
reality. The Standard Model (SM) of particle physics hasnbggite successful in providing ex-
planations to numerous problems. Nevertheless it is Uglilcebe the final theory, since it falls
short of answering many important questions. The SM indufte instance, only three of the four
fundamental forces, since it does not account for gravitytHermore there are at leastarbitrary
parameters required to fit the available data. Another optiezling questions the SM is unable
to answer is the so-called strong CP-problem in Quantum@bdynamics (QCD), the theory of
strong interactions. This problem is the baffeling questidny the strong force in nature does not
appear to break the combination of charge conjugation anty peansformation as expected from
theory.

A possible solution to the strong CP-problem was formuldte&®oberto Peccei and Helen Quinn
in 1977. Unlike other attempted answers to this open questi@y managed to explain the appar-
ent conservation of CP in strong interactions by introdggirst one additional symmetry, which
is now referred to as the Peccei-Quinn-symmetry (PQ-symynetWhen this new symmetry is
spontaneously broken at a yet unknown breaking sgalé gives rise to a Goldstone boson as
Steven Weinberg and Frank Wilczek pointed out indepengd@émtl978. This new neutral and light
pseudo-scalar particle is the axion. Since these hypotigdarticles tidy up a problem of physics,
Wilczek named them with a whimsical smile after a washingdgnt.

Axions, if they exist, could play an important role in thetbiy of the universe. They may have
been produced shortly after the Big Bang and could still eated today in the core of stars as for
example our Sun. Relic axions produced in the early univeos#d contribute significantly to the
cold dark matter component of the cosmos. Dark matter isa&fdeo account for abo@0% of
the density of the universe.
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The original axion theory as suggested by Peccei and Quinichvassumes the spontaneous break-
ing of the PQ-symmetry around the electroweak scale, caaitdled out rather quickly. The search
for so-calledinvisible axions, however, still continues. These axions of massiesvbeeV would
couple only very feably to fundamental particles and thugtteemely challenging to detect. In
order to constrain the parameter space possible for axiansus bounds have been derived from
astrophysics and cosmology. Thus the remaining window iithivaxions can still exist reaches
from masses ofieV to aboutl eV. Various experiments have been searching for the elpsistecle

in and close to this mass region. Different methods have bpplied in the attempt to detect the
hypothetical particle, with most experiments employing fio-called Primakoff effect. It allows
for conversion of axions into photons and vice versa in thes@mnce of strong electromagnetic
fields.

The Sun as the closest available celestial source of axsaspecially attractive for studies. Ex-
periments attempting to observe Primakoff-produced sotans are generally referred to as he-
lioscopes. The most sensitive existing helioscope is thRIKCEBxion Solar Telescope (CAST),
which utilizes a prototype of a superconducting LHC dipolagmet providing a magnetic field
of up to9 T. CAST is able to follow the Sun twice a day during sunset amttise for a total of
about3 h. At both ends of thé0 m long magnet X-ray detectors have been mounted to search for
photons from Primakoff conversion. Installed on one endhefrhagnet, a conventional Time Pro-
jection Chamber (TPC) searches for the signature of axianagisunset. On the other side of the
solenoid two further detectors are mounted waiting for a@nragignal during sunrise. One of the
ports of the dipole is covered by a hovel MICROMEsh GAseouscire (MICROMEGAS, MM)
detector, while the other is occupied by an X-Ray telescapsisting of X-ray mirror optics with

a Charge Coupled Device (CCD) as a focal plane detector. hedatest runs of CAST the TPC
covering both magnet bores was replaced by two addition&@ROMEGAS detectors to further
improve the sensitivity of the experiment.

In order to investigate different axion mass ranges, the T&&eriment consists of two phases. In
its first stage with an evacuated magnetic field region, nsags¢o0.02 eV were investigated with
very high sensitivity. To extend this range towards highasses, helium has been filled inside the
cold bore, restoring the coherence for axions-to-photmvexsion. Since the magnet is operated
at1.8 K, “He gas can only be used up to a pressurgGof mbar, for which it liquefies, and it has
to be substituted byHe to continue the search.

The most sensitive detector system used at CAST is the Xelagdope. Its two constituents,
i.e. the X-ray mirror optics and the CCD detector, were omdly built for satellite space missions.
Their combined use provides the X-ray telescope with thadggaxion discovery potential of all
CAST detectors during both, Phase | and Il, along with anlexstamaging capability. The imple-
mentation of the X-ray mirror optics suppresses backgrdund factor of155, since the photons
are focused from the magnet aperture aredds cn to a spot of roughlyd.3 mm? on the CCD
chip. Consequently the sensitivity of the CAST experimenfits significantly from the use of the
X-ray telescope.

The first phase of CAST succeeded in 2004 with two years ofylatding an upper limit on the
axion-to-photon coupling af,, < 8.8x10~ GeV~! (95% C.L.) for axion masses, < 0.02 eV.

~



During the first part of Phase Il in 2005 and 2006 the magnetfiag with ‘He gas. CAST mea-
sured a total of 62 different pressure settingg49 of them were covered by the CCD detector. The
measuredHe pressures reached frah08 mbar to13.43 mbar in steps 06.08-0.09 mbar. Thus
axion masses up .4 eV were covered with high sensitivity extending the axioarsk far into
formerly unexplored regions preferred by theoretical nedgince 2007, CAST has been aquiring
data with®He covering more thaf50 pressure settings up to date. In this way the limits will be
pushed further into the model regions.

This thesis is devoted to the analysis of tite data acquired with the CCD detector at the CAST
experiment. As result of this analysis, an upper limit ondkin-to-photon coupling constagt,
will be determined, since no significant signal above bawlkgd was observed.

A general introduction to Quantum Chromodynamics and thgirer of the strong CP-problem,
which led to the postulation of the axion as a possible smtwill be given in Chapter 2. Fol-
lowing this an overview of general axion physics can be foimn@hapter 3, which includes a dis-
cussion of axion properties and the different axion modweds have been suggested. Furthermore
constraints on the axion mass and its coupling to fundarhpattcles obtained from astrophysics,
cosmology and past or present axion experiments will beudgged. In Chapter 4, the focus is then
put on axions originating from the core of the Sun, which dsedopes are attempting to detect.
Here especially the expected solar axion flux and the prétyabi conversion for axions into
photons in the presence of a strong magnetic field will be teré@st. CAST as such a helioscope
experiment will be presented in Chapter 5 including an ohiiction to the experimental setup, the
movement system and its surveillance as well as the vacudngas systems of the experiment.
The CAST detectors utilized for thHe phase will be briefly described. Following this a more
detailed look at the X-ray telescope detector system willaken in Chapter 6. The basis of the
analysis presented in this thesis is the data acquired@@&ST’s Phase Il withiHe gas in the
cold bore and therefore in Chapter 7 an overview on thesewvdlitae given. Following this, the
analysis will be presented in Chapter 8 and it will resultia most stringent experimental upper
limit on g, in a wide axion mass range. Chapter 9 will conclude this warkmarizing the re-
sults. The axion parameter space CAST explores in its Phasespecially interesting, since it
is favored by theoretical axion models and no other experiree far has been able to investigate
this promising mass range with a sensitivity comparabléécone of CAST.



CHAPTER 1. INTRODUCTION




Chapter 2

The Strong CP-Problem in Quantum
Chromodynamics

In order to provide an introduction to axion physics, thisgter will give a brief overview of the
standard model (SM) of particle physics. Secondly its mmgtartant symmetries, namely parity
transformation P), charge conjugation{) and time reversall() will be covered. Following this,
it will be shown how a violation of the combination of the faemtwo symmetries (CP) is naturally
embedded in the electro-weak interactions in the SM. Thesitihation for the strong interactions
will be introduced which will lead to the theoretical probie referred to as Uja-problem and
strong CP-problem. They can be solved by the introductioa éw symmetry which will result
in a new (yet hypothetical) particle, the axion.

2.1 The Standard Model of Particle Physics, Symmetries and &uge
Theories

The standard model of particle physics provides a desonif the elementary particles and three
of the four known interactions between them. It is a redtigiquantum field theory and includes
the electroweak theory as well as quantum chromodynami€D{(@n the frame of the structure
SURB)cx SUR)Lx U(l)y. Here the gauge group SR)¢ forces the existence of the gluon fields
which enable the strong interactions between quarks. Thesmonding charge in this case is
color. The other two symmetry groups, SM( and U(l)y, represent the electroweak interaction
theory with the corresponding weak charge isodpand (weak) hypercharge, respectively. The
elementary particles of the SM are fermions, i.e. quarkslepigns, and vector bosons which are
mediating the fundamental forces: photons for the elecugmatic interactions, W and Z bosons
for the weak interactions and the gluons for the strong a&utgons. The Higgs boson as the re-
mainder of the Higgs field after electroweak symmetry bregitias not (yet) been observed but
will be looked for eagerly at the Large Hadron Collider (LH&)CERN in the near future. The
major drawback of the SM is that it does not include the foumtaraction (gravity) and that its 19

1Conseil Européen pour la Recherche Nulcléaire
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free parametefshave to be determined experimentally since they cannot teededirectly from
the theory.

As already indicated above, symmetries play an importdatind®hysics. They are connected with
conservation laws via Noether’s theorem which states biemetis a correspondance of a conserva-
tion law (i.e. a conserved current and charge) with the iamae of the Lagranian under a continous
symmetry [1]. Instead of deducing conservation laws fromsetries of the Lagrangian, one can
also approach the situation from the opposite directi@nobtain the necessary symmetries of the
Lagrangian using observed conservation laws.

Symmetries can be classified in two major groups, namely koo global symmetries. If a sym-
metry holds at all points in space-time, then it is referi@dg global, while it is local if it is valid
for a certain subset of space-time. The latter symmetressgpecially interesting in physics, since
they provide the basis for gauge theories. In general, fmanstions can be either continuous
or discrete giving rise to continuous and discrete symm®tniespectively. In order to describe
continuous symmetries, Lie groups are applied, while fecrite ones finite groups fulfill the
requirements. Examples for continuous symmetries arslatons in time and space as well as
rotations in space. Invariance under translations in tiga€l$ to energy conservation, translations
in space yield linear momentum conservation and rotationspace conserve the angular mo-
mentum if the theory is invariant under this symmetry. Thgsmips are the Lorentz and more
generally Poincaré groups. The symmetries describingcoeatinuous changes in a system, i.e.
discrete symmetries, can be found in the SM in the form of sgimes of charge conjugation (C-
symmetry), parity transformation (P-symmetry) and timeeision (T-symmetry). Under charge
transformations, particles and antiparticles are exobéghile parity transformations reverse the
space coordinates. Time reversal simply means that thetidineof time is inverted. These sym-
metries will be described in more details in Section 2.2.

Coming back to local symmetries, which are often referreaistgauge symmetries and which form
the basis of the SM, let us consider internal symmetries syenmetries which do not depend on
the space-time coordinates. Such symmetries are for egadh(p), SUR) and SUB). It should

be noted here that invariance under thd )fauge transformation leads to conservation of elec-
tric charge, lepton number and hypercharge, 3tH conservation of isospin and S}){nvariance
conserves baryon number and quark color. Quark flavor ceaisen is only an approximate SB)(
invariance.

2.2 CPT Symmetry and CP-Violation

Partity Transformation: P-Symmetry

The first important example of a discrete symmetry trans&tion is parity. This transformation
refers to the inversion of all spatial coordinates,y, z) — (2,4, 2’), and the corresponding oper-
ator of this transformation is pariti. Thus for a scalar wave functioh the parity transformation

is defined by

PU(7,t) = mU(—F,1). 2.1)

2The 19 free paramters are nine fermion masses, three cguglitstants, four CKM quark-mixing angles, the Higgs
doublet and th@-parameter.
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The possible eigenvalues &f are eitherr = +1 (even parity) orr = —1 (odd parity), since
applying P twice yields the original systenP? = 1). Scalars have a parity af pseudoscalars of
—1, while vectors (i.e. polar vectors) have = —1 and pseudovectors ( i.e. axial vectors) show
P = 1. If one considers the effect of spatial transformationshenelectric and magnetic field
and B one finds that” is odd underP while B is even.

In the SM, P-symmetry is conserved in electromagnetic and strongdntiems provided that one
can assign an intrinsic parity to the particles. The valughef intrinsic parity is opposite for
particles and their antiparticles. In weak interactiore;jtg is not conserved but even maximally
violated for charged current weak interactions. This \tiolacan be seen in the so-calleeb-
puzzle, where two decays for charged strange mesons werd,foamely

6t — ot + 79, (2.2)
st +at 4+, (2.3)

which have different parity in the final state and were exgedd have also different parity in the
initial state, i.e. being two different particles. Howeveturned out thatr andf are the same
particle, now known to be the positive kadfi™, and the explanation for the observation was that
in weak interaction parity is not conserved. Another wayde maximal parity violation is that
only left-handed neutrinos, i.e. spin aligned oppositento direction of flight, and right-handed
antineutrinos, i.e. spin along the direction of flight, &x#.

Charge Conjugation: C-Symmetry

Under the charge conjugation operation the sign of the igoantum numbers of a particle is
changed. Thus this discrete symmetry is a transformatiachatiarns particles into their antipar-
ticles and the other way round but leaves all other coordsahchanged. Both, strong and elec-
tromagnetic forces conserve thisSymmetry, while in weak interactions, invariance undeisC i
not given. This is due to the fact thét-transformations do not change the chirality and thus a
left-handed neutrino would be transformed into a left-lehdntineutrino, which are not included
in the SM. Thus in weak interactions C-symmetry is maximualblated.

Time Reversal: T-Symmetry

The operation of time reversal;, is the replacement afby —t¢ which causes the direction of the
momenta and spins to be reversed. The influence of T on all lesrmpimbers is that they are re-
placed by their complex conjugates under this operatioeldctromagnetic and strong interactions
T-symmetry is conserved.

CPT-Theorem

A combined operation of C, P and T in any order plays a speolalin Physics. As the Pauli-
Liders theorem [3] states, any quantum field theory whiclomstructed from fields of spin 0, 1/2
and 1 by local interactions which are invariant under thegpprd_orentz group is invariant under
CPT transformations. The SM is one example of such a thedawend invariance, CP invariance
follows directly from the CPT theorem.
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| |
K W= | | W K’
| _
77 77 t
d . T s . 5
W+
S — — d
K u, d, t u, d, t K°
_ W~—
d . — . 5

Figure 2.1: Box diagram for neutral kaon oscillations.

CP-Symmetry and the Neutral Kaon System

The combination of charge conjugation and parity transédiom (CP-symmetry) implies basically
that a process in which all particles are exchanged with #wiparticles is equivalent to the mirror
image of the original process. It seems to be conservedongind electromagnetic interactions.
Also for weak interactions it appeared at first sight thanetteugh neither’'- nor P-symmetry
are conserved seperately, the theory was invariant undezaimbination of both. However, CP-
violation was first observed experimentally in the decayeaftral Kaons. As a matter of fact, there
are two different types of violation of this symmetry: inglit and direct violation. The former
indicates that the violation occurs due to the mixing of thatral kaonik® with its antiparticlei®
(AS = 2, see Fig. 2.1) while the latter occurs in the actual decagas® (A S = 1).

The neutral Kaork© and its antiparticle<® are produced as two clearly distinguishable states in
strong interaction processes, erg. + p — K%+ A andn~ 4+ p — K° + A + 2n. They are thus

|K%) = |d5) with strangenes§ = +1, (2.4)

|K%) = |ds) with strangenes§ = —1. (2.5)

The K° cannot be its own antiparticle due to the fact that kaonsycsirangeness, which is con-
served in strong interactions. Thus two different neutedrks must exist. While they decay via
weak interactions into two or three piorA$§ = 1), K° and K simultaneously can mix via the
interaction with W-bosonsAS = 2). If one assumes that CP-symmetry is conserved in weak
interactions, then the physically observable states shioalgiven by the CP-eigenstates. Being
particle and antiparticlds® and KV, i.e the strong eigenstates, cannot be the CP-eigenstates i
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guestion. A linear combination of the neutral kaons howgvevides what is needed
K1 = (K"~ K° /V2, OP = +1, (2.6)

Ko = (K°+ K% /v2, CP = —1. (2.7)

Since CP invariance is assumed these states can only deadyRrconserving way which yields
two different decay moded<; can only decay into a two-pion final state which 488 = 1, while

K5 must decay into three pion§’P = —1). The mass ofK, is just a little larger than the mass
of the three pions, hence this decay process is expectedvierpslow compared to th&; decay
(factor of about 600) [4]. Experimentally one was able tofzamthe existence of two neutral
Kaon versions with very different lifetimes, naméli and K ;2. An implication of CP-symmetry
is that one should be able to identifys = K; and K;, = K,. In this case K, should decay
exclusively into three pions and thus at a certain distam@ydrom the source, one should not be
able to observe any 2-decays.

In 1964, Cronin and Fitch [5] found that a small part oka beam decays into two pions. This
implies that the observel;, and K are not identical with the pure CP-eigenstates but contain a
small fractione of the respective other eigenstate

Kg=-—1_ 2/ (2.8)

Ky — (K2 + EKI)‘
V14 e|?

The value of here has been determined tojge= (2.229+0.010) x 10~2 [5,6]. This phenomenom
is called indirect CP-violation, because it occurs in th&ing but is observed only in the decay
process.
Direct CP-violation, i.e violation directly in the decayasalso been observed, but is smaller by
about a factor of 1000 than the indirect effect. Both arequmesince mixing and decay arise from
the same interaction with tH& boson. The Cabibbo-Kobayashi-Maskawa-Matrix (CKM-Md3tri
actually allows for CP-violation as will be shown in the falling section. Another sector in which
CP-violation is observable is in the decay of B-mesons iregrpents such as BaBar at SLAC [7]
or Belle at KeK [8].

(2.9)

CP-Violation in the Standard Model

In order to understand CP-violation in general, it is neagsso take a closer look at its origin in

the SM.

While in strong and electromagnetic interactions a changpuark flavor is not allowed, in weak

interactions the family symmetry is broken and mixing of dgsabecomes possible. CP-violation
is included in the SM by a complex phase in the CKM matrix. ihiprinciple a direct consequence
of the fact that there are three quark families (or more) witierent masses for each of the up-type
quarks and each of the down-type quarks. The different fasndf particles would not mix and no

33 stands for short-lived while L for long-lived.
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CP-violation would occur if quarks were massless. In the 8, mechanism to break the family
symmetry and obtain mass is supposed to be the Higgs menhahtis generates a violation of
CP-symmetry via charged current interactions as will bevshio the following [9].

For the strong interactions the quark fields are represe®®&d= (u, c,t) andD = (d, s,b). They
form a basis and are mass eigenstates. If one wants to rdfer toass of a quark, it is one of these
states, which are unique. For the weak interactions thare imique set of weak eigenstates (up-
type and down-type). The basis can here be writtei’as (U, Uz, Us) andD’ = (D1, Do, Ds).
Here each of the quark fields is a linear combination of thesre@ggenstates constructed such that
U; is the partner ofD; with i=1,2,3. In the Standard Model the electroweak Lagramgonsists
of terms accounting for the kinetic energies of both the fermand the gauge boson fields as
well as their interactions with themselves and with eacleothit shows an invariance under the
local symmetry group S2§xU(1). Charged-current (CC) interactions are interactionsvben
the left-handed quarks and the charged weak vector bidéénThe Lagrangian is given by [9]

Lec < UpA"WiDy, + H.C., (2.10)

where H.C. refers to the hermitian conjugate of the pregetknm and the subscripfts refers to
the left-handed components of the quark field. Through thplay of the quarks to the scafar
Higgs field, they acquire mass. The mass matrités(i, j) and Mp(i,j) correspond to nine
coupling constants each, which appear due to the Higgs egehbetween any pair of up-type
states and any pair of down-type quarks, respectively. & hesss matrices are symmetric but may
have off-diagonal terms yielding the following mass ternthia Lagrangian

Ly, =UrMyUp, + DrMpDy + H.C. (2.11)

Diagonalization of the mass matrices can be done by applyiigry transformatiorsfor left-
handed fieldsk;, Lp) and right-handed fieldd{;;, Rp) such that

U, = LyUg,
Up = RuyUg,
D} = LpDy,
D;% = RpDg, (2.12)

and thus the mass matrix can be written as

m, 0 0
Ay = RLMyLy = LM Ry = | 0 me 0 |, (2.13)
0 0 my

where it can be seen that the eigenvalues of the mass mdgriarem,,, m., andm;. They are the
real quark masses. In the same way one can obtginm,, andm,, for Mp. Thus, the mass term
in the Lagrangian can be expressed by the quark fields as

L., = myiu + meéc + mytt + mgdd + ms5s + mybb. (2.14)

4Since the Higgs field is a scalar it couples quarks of leftdeainand right-handed helicity.
5This is possible since the matrices are symmetric.
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Applying now Eq. (2.12) to rewrite Eq. (2.10), one obtains
Lee o« UL Liy"WiELp Dy + H.C., (2.15)
which becomes using the definitidn = LLLD
Loo &< Uy'"WiVDyp + H.C. (2.16)

This unitary hermitian matriX/ is physically observable and generally referred to as ttakqu
mixing matrix or Cabibbo-Kobayashi-Maskawa-Matrix (CKMatrix) [10]. Now it can be seen
how CP-violation occurs. Writting Eq. (2.16) as

Loo x VUL’y”W:DL + V*DL"}/MWM_UL, (217)
and transforming it with the CP operation one obtains
CP(Lcc) x VDLW“W;UL + V*ULV“W:DL. (2.18)

So in principle the two terms are just exchanged under CRftremation except for the fact that
the CKM-Matrix is replaced by its complex conjugate. Thu¥ifs real, no CP-Violation occurs,
while if it is complex this will give rise to non-invariancender CP.

In general, a complex x n matrix hasn? entries and thugn? real parameters. If the matrix is
unitary this reduces the number by. By redefining the relative quark phases one can further
decrease the number of parametergy — 1). Thus there arén — 1)? independent parameters
left, of whichn(n — 1)/2 are rotation angles angh — 1)(n — 2)/2 are phases (see Ref. [9] and
references therein). If we had two families of quarks=£ 2) then this yields one rotation angle
only (Cabibbo angle) while in the case of three families one phase and threeigsataingles
are left as independent parameters. Given the fact that #sses of both up-type and down-
type quarks are neither zero nor equal, the phase may beanorard thus the matrix is complex
causing CP-violation. Its values represent the effectmapting between up-type and down-type
quarks for the weak interactions and one generally writes

d/ Vud Vus Vub d
S =1 Vea Ves Va s . (2.19)
v Via Vis Vi b

The CKM matrix can be parametrized following Wolfensteihyéth four parametersX, A, p and
n)

1—)\%/2 A AN (p —in)
V= —A 1-22/2 AN? +0 (M), (2.20)
AN(1—p—in) —AN? 1
and it was determined to be [6]
0.97383 10 5o 0.227279-0010 0.003961 395009
V= 0.2271700010  0.972961 0 0505 0.0422170:00010 | . (2.21)

0.00032 0.00012 0.000034
0.00814 ) 000as 0.041611 00007 0.999100F 0000004
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As shown above, CP-violation in the Standard Modell arisaes fquark-to-Higgs coupling and (at
least) three families are needed. Then the CKM-Matrix is glemand with the fact that no pair of
quarks with the same charge is degenerate in mass, CP-syyrismeblated.

Thus, CP-violation in the electroweak sector of the SM istan@ consequence. In the following
the case of the strong interactions will be studied and Itheilshown that the perturbative approach
to this sector conserves CP, but does not describe the stmtergctions appropriately. This so-
called U(l)a-problem will be solved by introducing an additional termtive Lagrangian at the
price of losing CP-invariance, which is known as the StroRrfoblem and can be solved in
different ways.

2.3 From QED to QCD: The Lagrangian

Quantum Chromodynamics (QCD) is the theory of strong ictézas. In contrast to Quantum
Electrodynamics (QED), QCD is a non-Abelfaireld theory. This is due to the fact that the gauge
bosons of QCD, the gluons, carry color charge themselvesamthus interact with each other in
contrast to photons, the gauge bosons of QED. Thus the gaagp ghows a more complicated
structure for QCD, i.e. S, as in the case of QED, for which the gauge group is)U(

The Lagrangian density in QED is given by

. 1 y
Lqep = (YD, — m)y — ZFWF“ ) (2.22)

with the fieldy representing electrically charged particlesyeing its Dirac ajointy* representing
the dirac matricesD,, = d,, — ieA,, the gauge covariant derivative afhy,, being the electromag-
netic field strength tensor. The coupling constam the electron charge and, the covariant
four-potential of the electromagnetic field. The field tansan be written as

F =0,A,—0,A,. (2.23)
In QCD the perturbative Lagrangian can be derived in the saayeas

I, - 1 a v
Lpert = D Un(Y"iDy = mn)ton — 3G, GE, (2.24)

where nowy,, denotes the quark fields withh being the quark flavor. Furthermore the covariant
derivative is defined here d3, = 0,, — igA,, with couplingg. Also the potential is now different:
A, =T A7, with the matriced™ being the generators of Sg)(@and an additional field or potential
A, known as Feynman'aniversal influencgl1]. The indexa is the gluon color index running
from 1 to 8 (thus eight generators, the Gell-Mann matrickstead off,, we find here the gluon
field tensorG,, as

G = 0,A, — 0,A, + glAu, A (2.25)

The last term vanishes in QED since it is an Abelian gaugeryharnd thus the commutator equals
zero. In QCD this term accounts for the self-coupling of thegs.

5Non-Abelian means that the underlying group it is non-cortative.
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2.4 The U(l)s-Problem and its Solution

2.4.1 The U()a-Problem

Perturbative calculations in QCD, i.e. by expanding thalfielround the ground state (vacuum),
as done in Eq. (2.24) provide only an approximate descnpticthe theory. The reason for this is
that in the chiral limit {z,, — 0), Lpert, IS invariant under global axial and vector transformations
U(1)a and U()v, respectively. While vector transformations treat ledtitied and right-handed
particles in the same way, i.e.

Y, — e, pp — eyp, (2.26)

axial transformations act differently on left and rightadad parts

Y1, — €Pp,hp — e g, (2.27)

An invariance under both symmetries implies both vectoradl currents to be conserved. The
non-violation of U()y leads to baryon number conservation, which is an exact symmile an
invariance under U() 5 should be observable in the hadron spectrum (parity degeyerHowever
this has not been observed experimentally. Consideringeseextreme limit of:, d ands quark
masses being small compared to the scale of QCD, chiral symman be considered as a rea-
sonable approximation. The expected spontaneous symbretting (SSB) would result in eight
massless (fom, = my = ms = 0) Goldstone-Bosons. In case of small masses for the quiks, t
particles forming this pseudoscalar octet are only appnaiely massless and the corresponding
particles have been observed, namelyK andn. If, in addition, a U{)s-Symmetry is present
in the theory, a pseudoscalar flavor singlet is expectedespanding to a ninth conserved axial
current. A candidate for this ninth particlg has to match the quantum numbey$’(= 0~) and
should be a light partner to the pion. Its mass is expectee {3, 13]

m(m) < m(m)V3. (2.28)

The only candidateavailable is they’ which has the right quantum numbers but is too heavy
with a mas8 of 957.78 MeV as compared to the pion mass which is arouss MeV [6]. This
discrepancy is known as themass problem or the W)4-Problem. A detailed description of the
U(1) o-Problem can be found in [13].

2.4.2 The#-Vacuum and the Solution to the U(),-Problem

A solution to the U() »-Problem has been presented by t'Hooft [15]. He introducesremalous
symmetry breaking known as axial or Adler-Bell-Jackiw (ABdhomaly, which means that the

"The light partner needed for the pion has to be a flavor singlete the;-meson corresponds approximately to the
flavor octetys the only candidate is thef sincelry’) ~ [m1) = Z= (lu'a') +[d'd") + [s5")) [12,14].

8Note that in the present thesis in general natural unitskize ¢ = 1, have been used.

°As Weinberg pointed out before already in [13], thel)i( problem could be solved using the ABJ anomaly or it
could be avoided by the introduction of elementary spirefilds which are strongly interacting. This latter apptoac
would however spoil the advantages of models with quarksgéunzhs only.
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symmetry is broken in the quantum theory but not classicillyhe case at hand, this results in an
additional termZy to the Lagrangian
2

3272
whereg is the coupling constant ar@},, the gluon field strength tensor as given in Eq. (2.25). Its
dual G& is given by

Lo — 0

SGo,GhY (2.29)

~ 1
Gl = S Gl (2.30)

In order to understand the origin of this term, one should fake a look at the QCD vacuum
also referred to ag-vacuum. Since QCD is a non-Abelian field theory, the vacueneals a
complicated structure. More precisely, this means thagtioeind state is a superposition of an
infinit number of degenerate vacua characterized by a tgp@bwinding number. These vacua
|n) are not invariant under all possible gauge transformatamd thus they are not the proper
vacuum. The ground state, often referred té-amcuum, can be obtained as a superposition of the
degenerate vacua and is gauge-invariant. It can be exgrasse

6)= > e ™n), (2.31)
with 0 < 6 < 27 [16-18]. By calculating the transition amplitude
9/’6 Ht‘@ ZZ i(n’6’—no) /‘e Ht’n> (2.32)

betweernd-vacua with according Wlndlng numbemsandr’, one obtains an additional expression
to the LagrangiarCy (in Minkowski space) as

Ly = 0q, (2.33)

whereq is the so-called Pontryagin index and is defined as the diffex between the chosen sets
of winding numbers
2

3271'
The parametef is introduced to consider all classical solutions witho < ¢ < +o00. For a more

detailed discussion the reader is referred to [17]. B
Taking into account electroweak interactions, one hashstguted in Eq. (2.29) byd with

0 = 0 + Oyear = 0 + arg(det M), (2.35)

where M denotes the quark mass matrix and thus the additiemalin the Lagrangian becomes

2 ~
Ly =05 Gl Ch, (2.36)

G, G (2.34)

!/
g=n—n =

and the QCD Lagrangian can thus be written as
EQCD = Eport + ﬁg. (2.37)

The additional term is renormalizable and gauge-invaritirsolves the Ul) A -Problem but at the
same time it creates a new challenge since the introducedisenot invariant under CP, which
leads to the strong CP-Problem.
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2.5 The Strong CP-Problem

In order to see why this new term in the QCD Lagrangian vigla@®, it is best to consider a
corresponding term in QED containing the electromagnesid fitrength tensa¥),,,, given by [12]

F,,F" =4E-B. (2.38)
Under P transformation one obtains
P(E) =-E, (2.39)
P(B) =+B, (2.40)
and application of th€'-operator yields
C(E) =-E, (2.41)
C(B) =-B. (2.42)

Thus CP-symmetry is violated, sincgis conserved whilé is violated. In contrast, a term of the
form F,, F'*” asin EqQ. (2.22) or Eq. (2.24) will only yield a term proporta to(B?% — E?), which

is CP conserving.

The CP-violating effects expected from the term in Eq. (R&@ild be large, unlegkis very small.
From first principles, there is no obvious reason why the ®vms formingd in Eq. (2.35) should
both be very small or of opposite sign, such that they cancel.

The #-dependencd of the electric dipole moment of the neutrdp (NEDM) is predicted in the
MIT ! bag model [20] to be

3IMymgmy

d, = 32.7 x 107 3¢ R?0. (2.43)

My Mg + MyyMg + MgMg

Using a bag radius oR ~ (140 MeV)~! as well asmy/m,, = 1.8, ms/mq = 20 andm, ~
300 MeV one obtains

d, =82x10"%gecm (2.44)
Other authors [21] propose
dp, =27-52x10"fgecm (2.45)
while the latest experimental limit on the EDM of the neutisiB, 22]
|d,| <2.9—-6.3x10"2°ecm(90 % C. L.). (2.46)

Comparing Eqg. (2.45) and (2.46) results in the conclusiai Ah< 10~'°. Such a smalb is
perfectly allowed but it needs an explanation, since thisld/onply fine-tuning of the two addends
contributing tod.

The strong CP-Problem, i.e. why there is no CP-violatiortriorg) interactions, can be formulated
in a different way, namely as the question whig such a small quantity. Following t'Hofft, this is
also referred to in the literature as thaturalness problefs.

19A more detailed description of how tifedependence af,, is obtained, can be found in Ref. [19].

Massachusetts Institute of Technology

2according to t'Hofft’s definition [23], naturalness of a iy with a parametery means that withh — 0 the
symmetry of the theory increases.
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2.6 Solution(s) to the Strong CP-Problem

To solve the CP-Problem, mainly three types of solutionshmeen suggested in the literattie
the least likely solution involves zero quark masses, arsgepproach is referred to as soft-CP
solution and set8 = 0, while the third and most elegant way of solving the problenknown
as the axion-solution. In the following, the first two appres will be briefly described and then
the axion solution as suggested by Peccei and Quinn [24beipiresented, since it is the relevant
solution for this thesis and forms the basis for the follayvitnapters.

2.6.1 Zero Mass Quark

Assuming that the mass of one quiris zero, thef) parameter can be eliminated from the La-
grangian. In this case, the freedom to applyl)4( rotations is regained and through the ABJ
anomaly the CP violating term could be absorbed. Calculataf the quark mass ratia,, /mg4 in
Lattice-QCD strongly disfavor the massless up-quark i@&4. [Furthermore, the problem would
just be transfered from inside the SM to beyond the SM: imstéddinding an explanation for the
smallness of), one would have to provide an answer to why the quark masgds 2dthough it
was thought that in some extentions of the SM, a zero massiagc@omes naturally into exis-
tence as discussed in detail in Ref. [26], it was eventualBsible to rule out the massless up-quark
possibility [27].

2.6.2 Soft Weak CP-Violation

A second possibility to address the strong CP-Problem istihs 0 in Eq. (2.35) and thus impose
CP-symmetry on the QCD Lagrangian. The observed CP-wvaoiati weak interactions must then
be the result of spontaneous symmetry breaking, so-catlitedC® [28]. In general this creates
a non-vanishing due to the fact thaf,... # 0. The violation of weak CP by a spontaneous
mechanism must be checked using various weak phenomenaeggmn, weak CP violation data
fit the CP-violation according to Kobayashi and Maskawa,levhiwill be difficult to fit these
data with the spontaneous weak CP-violation since therdiifees are drastic [6]. So far there
still exist some beyond-the-SM-scenarios which solve ttung CP-Problem using soft-CP, which
have not yet been ruled out, but the proposed models will éateeme difficulties satisfying the
upper bounds of obtained from the electric dipole moment of the neutron.

A more detailed overview can be found for example in Ref. [29]

2.6.3 The Peccei-Quinn Solution

The most popular and also most promising solution to expléind is so small has been suggested
by Peccei and Quinn in 1977 [24]. It is especially attractivgiew of the fact that the possibility
of the massless-quark explanation is ruled out and for theC§® solution one-loop suppression
is needed to achieve compatibility with experimental lsnitThe fundamental concept of this
approach is to maké a dynamical variable, i.e a phase, with a minimum value ab restead

13A more detailed description of these types of solution cafobad in Ref. [17].
¥ An obvious choice would be the up-quark.
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of having it as a parameter (or coupling constant) of the rihedn case off as a parameter,
different @’s imply different theories, while in the case of a dynamicatiable different’s will

just distinguish different vacuum states in one given thetirthen has to be shown thét= 0 is

the true vacuum.

In order to obtaind = 0, Peccei and Quinn introduced a new global, chiral symmef)id),
which is known as the Peccei-Quinn-Symmetry (PQ-Symmet¥{))r, is spontaneously broken
at the energy scale of the symmetfy!®, yielding a Goldstone boson which is massless at the
classical level but acquires a small mass through the ax@haly and instanton interactions. This
pseudo-Goldstone boson is the axion [30, 31].

The new field yields an additional terfin o, to the QCD Lagrangiafqcp such that

ﬁQCD = Eport + Eé + £Axion (247)
2 ~
= Lpert + 932 5G%,GH 4+ L axion, (2.48)

where the new term is given by
EAxion = ﬁkin + £int - V:eﬂ"' (249)
The first term represents the kinetic energy givendy, = —% (Oua) (0"a). The second term

takes into account further interactions of the axions. Hirelterm can be written as

a 2

— G GH (2.50)

with C, being a parameter depending on the model. The axion fielgpiesented by, g is the
strong coupling constant anf] is the scale of the spontaneous symmetry breaking (SSB)of th
PQ-SymmetryV.g(a) takes into account interactions of axions with gluons angiy similar in
structure to the CP violating terfi; in Eq. (2.36). The vacuum expectation value of the axion
field (a) can be obtained by calculating the extrema of the potemalhere

2 !
<8Veaf;(a)> __c, 325—2]0 <Ga Guu> =0 (2.51)

Thus the vacuum expectation value of the axion fieldis
(a) = =510, (2.52)

and the CP-violating-term in QCD is compensated for. The true vacuum % &t0 and it can be
shown [17] that the minimum of the effective potential issat 0. Further minima can be found
due to the periodicity of for (a) = 2n~ f,/C,, wheren is an integer.

So in order to explain, why no CP violation is observable iorsj interactions, although initially
expected, there is basically just one thing left to be provikea existence of the (so far still hypo-
thetical) axion.

15Sometimesf. is also referred to ageq.
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Chapter 3

The Axion

After having arrived at the conclusion that the existencarobxion would solve the strong CP-
problem via the Peccei-Quinn mechanism, this chapter Wik @n overview on general axion
physics. Firstly, the properties of the axion and its cougsito fundamental bosons and fermions
will be presented without distinguishing different axiorodels. Then the original axion, also
referred to awisible or Peccei-Quinn-Weinberg-Wilczek (PQWW) axion, will beclissed. After
this heavy axion has been ruled out experimentally, diffeirevisible axion modelsvhich assume
a light axion, were introduced and will be presented heree 3éction following considers the
axion as a dark matter candidate. After this, astrophy$fioahds on the axion and cosmological
limits will be discussed and the chapter will conclude witisgibilities to detecinvisible axions
by reviewing the past and present axion searches as welloaglipig a brief outlook on future
axion experiments.

3.1 Properties and Coupling of Axions

The most important parameter which determines the pr@seofithe axion and its coupling to fun-
damental particles is the symmetry breaking scale of théyneivoduced PQ-Symmetry Ufpq,
denoted byfpq or f,1. A priori, the breaking scale is arbitrary, since it justnegents the curvature
of the axion potential, which has its minimum fér= 0, and thus initially all values are allowed
for the breaking scale. The same is valid for the axion maddtacoupling constants for axions
to various patrticles, since both are inversely proporiliomg,

Gui fi (3.1)
Mg X i (3.2)

Here the index represents the particle the axion couples to. In order tk foo and discover
the axion, it is essential to know about its coupling to ocatjnmatter. The coupling constant

In the literature,f, is sometimes defined ag&q /N or f./N with N being the color anomaly. For a generic
discussion of the axion properties the model-dependeagénfV is not needed and can be absorbed in the definition of
fa as itwill be done here [32, 33].

19
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Figure 3.1: Triangle loop diagram for the axion-to-gluon coupling. Elgr is the strong coupling constant, whije is
the axion-fermion Yukawa coupling.

is sometimes also denoted @g; (instead ofg,; as above) in order to describe the coupling more
accurately. As will be shown, different axion models can iséinjuished by the existence (or non-
existence) of couplings with certain particles. Howeveneric to all models is the axion-gluon
coupling as well as the coupling to photons, which is a comeege of the former.

3.1.1 Couplings of the Axion to Fundamental Particles

Axions can couple to fundamental bosons and fermions. Tiegactions of axions with photons
and fermions contribute to the interaction tegy, in the additional termCyion to the QCD-
Lagrangian introduced due to the PQ-solution (see Eq. JR.¥Mbre explicitly, the interaction part
can be written as

£int = £a'y + £af7 (33)

whereL,, describes the interaction of axions with photons Apd the interaction with fermions.
These two summands can be writteR [83}]

Loy = Gano E- E, (3.4)
. JaN n . Jae -
ﬁaf = 1 2my aﬂa (¢N7M75¢N) t1e 2m, aﬂa (we’YM’YEﬂ/}e) ’ (35)

where the indicesV and e represent nucleon and electron, respectively. In theatlg, the
different couplings will be studied in more detail.

Interactions with Bosons
Coupling to Gluons Axions couple to gluons as shown in Fig. 3.1 via a triangleldae to the
chiral anomaly. This yields a contribution

Qs
87 fa
with the strong fine-structure constam. Due to this interaction of axions with gluons, they

aGM Ge (3.6)

£aG = )

2In the case of only one Goldstone boson present in the corsideynman diagram, it is possible to substitute the
pseudo-vector couplinggax /2mi)dua (Yry" vsthr) by a pseudo-scalar couplinigara (Vrystx) With k = N, e for
nucleon or electron.
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Figure 3.2: Axion mixing with ¢g states and thus with® through coupling to gluons. In this way, axions can acquire a
small mass.

can also mix with pions (see Fig. 3.2) and the initially massly contructed axion acquires a
mass [32, 35]

1/2 7
myo fr z 10" GeV
My = — ~ 0.60 eV——, (3.7)
(( )(1+ Z))

fa 14+ 24w fa

where the pion mass..0 = 135 MeV and its decay constarft. = 93 MeV have been used along
with the quark mass ratiosandw [36]

2= — 0,553 4 0.043, (3.8)
mg
w = % = 0.029 =+ 0.004. (3.9)

There is still some variation in the valuesnfRecent results fot vary from0.350 — 0.600 [6].
The coupling of gluons to axions is present in all axion medaind as a direct consequence from
this interaction, also the coupling of axions to photonseisagic in all axion models.

Coupling to Photons Through the mixing of pions with axions, axions also couplg@hotons
as is shown in the upper part of Fig. 3.3. The contributionhef dxion-photon interaction to the
Lagrangian can be formulated as

Loy = —igayFWﬁ’””a = gavﬁ-ga, (3.10)
whereg,., represents the coupling constant for coupling of axiondtmtgns and the axion field is
denoted by. Furthermore and B represent the electric and magnetic field, respectively.
A further contribution to the coupling between the two paes can appear in models in which
standard fermions carry PQ-charges in addition to the rdeciharges. Then, the interaction can
also take place via a fermionic triangle loop (see lower phFig. 3.3) analog to the case of the
axion-gluon coupling (see Fig. 3.1, whergehas to be replaced by the electric charge of the lepton).
The axion-photon coupling constant is then given by [32]

_a (B 24+z+4w)
b= e (3 st rw) -
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Figure 3.3: Axion-photon coupling. Top: Axion-Photon coupling via ririg of axions with pions. Bottom: Additional
contribution to the coupling of axions to photons via a tgi@nloop through fermions carrying both PQ and electric
charges.

whereq is the fine-structure constant(/4w ~ 1/137) and E/N a model dependent term which
will be discussed in the following. Furthermoreandw are the same quark mass ratios as given
in EqQ. (3.8) and in Eq. (3.9). Thus the coupling constant eaotiained as

o E o
9ov = Tt (N — 192+ 0.08> = 5r7. O (3.12)

The ratioE /N is the quotient of electromagnetic anomalyand color anomalyV [33,37]. They
can be described by

E=2) X;Q}Dy, (3.13)
f

N = ZXf, (3.14)
f

where X ; represents the PQ-charge of the fermjarwhile @)y stands for its electric charge in
unitse. Furthermore,D; = 1 for color singlets (charged leptons) ant = 3 for color triplets
(quarks). The color anomaly¥ is an integer and equals the number of degenerate groumd stat
of the effective potential for the axion field. In Section &.%iill be discussed, which values the
E/N can acquire in different axion models. Consequently, theraghoton coupling can be either
enhanced for larg& /N or suppressed i£//N is small.



3.1. PROPERTIES AND COUPLING OF AXIONS 23

Sae

Figure 3.4: Axion-electron coupling. Left: Contributing Feynman diam for direct axion-electron coupling which is
possible only in models in which fermions carry PQ-chargee (BFSZ model). Right: Radiatively induced coupling
of axions to electrons at a one-loop level. This couplingrisspnt even in models in which fermions do not carry
PQ-charge (see KSVZ model).

Interactions with Fermions

Axions do not only interact with bosons but also with ferngofrrom this interaction one obtains
the following contribution to the Lagrangian

Yaf 7
Laf = - (B 2505) By (315)

with f representing the fermiomy ; being the fermion mass ang; the coupling constant of the
axion-fermion interaction, which can be explicitly writtas

Crm
Gaf = ff f>
a

(3.16)

and plays the role of a Yukawa coupling with an effective F@rgé Cy. Viaagy = ggf/zlw an
axionic fine-structure constaetan be defined [32]. In the following, the coupling to elens@nd
the effective coupling to nucleons will be considered. Téeson for the latter one being that there
are no free quarks below the QCD scalgcp ~ 200 MeV and thus only the effective coupling
to nucleons can be observed. The effective coupling to paslarises from direct axion coupling
with quarks and results in roughly equal parts from mixinghwi® ands).

Coupling to Electrons There are two possible important couplings of axions totedes, which
are shown in Fig. 3.4. Ontree level (see left part of Fig.,3a4direct coupling of axions to electrons
is only possible, if electrons carry PQ-charge and thus# 0. This is the case for some axion

3The effective PQ-charge is defined in order to absorb ther @lomaly N by setting it asCy = X;/N. The
equivalent has also been done wjth It is actually given byf, = fpq/N. If one wants to be more precisé; has
to be replaced byX';, which is the PQ-chargd’; shifted by a certain value, such that the axion does not mix thie
Z° [32].
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N

Figure 3.5: Feynman diagram of direct axion-to-nucleon coupling. Eaions which do not couple to light quarks at
tree-level still have a coupling to nucleons since the axiacleon coupling partly results from axion-pion mixing and
partly from the shown direct coupling of axions to nucleons.

models (DFSZ, see Section 3.3), while in others this coupling is absené [@tter models such as
the KSVZ° model (see as well Section 3.3), are for this reason alsoregféo ashadronic axion
models.

If present, the coupling yields a contribution to the Lagmaras given in Eqg. (3.15) with a coupling

constant [32]
tree __ Ceme

gae - f
a

where the effective PQ-charge, = X}/N depends on the axion model as mentioned above.
Even if C, is zero and thus this direct coupling does not appbadionic models), there is still
a higher order coupling from the Feynman diagram in the rggrt of Fig. 3.4. This so-called
radiatively induced coupling of axions to electrons at the op level arises from the anomalous
two-photon coupling of the axion (see lower part of Fig. 218}l yields a coupling’2! which is
smaller thary'° [37].

ae

=0.85 x 107 m,C, eV, (3.17)

Coupling to Nucleons The coupling of axions to nucleons consists of two diffetauttapprox-
imately equal contributions: the coupling of axions to tiglnarks at tree-level and the mixing of
axions with pions. In this way, even so-calleddronicaxions (KSVZ axions), which do not cou-
ple to light quarks at tree-level, but only to a heavy exotiar species, still show a coupling to
nucleons comparable to the one in non-hadronic models T34$ is important in view of deriving
bounds on the axion mass from the supernova SN 1987A (se@$8d.4), in which mainly the
coupling of axions to nucleons is involved. Here, the defriBeunds are essentially the same for
different axion models. In Fig. 3.5, the Feynman diagranhefdontribution from direct coupling
is shown. The coupling constant is given by [32]

JaN = CmeN =1.56 x 107 m,Cy eV~ (3.18)

“This axion model has been named after its initiators DinggHier, Srednicki and Zhitnitski38, 39].
5This axion model has been introduced before the DFSZ modkliroy Shifman, Vainshtein, and Zakharov [40,41].
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The effective PQ-charges differ for protons and neutrorsaaa given by [33,37,42]
Cp = (Cy—n)Au+ (Cq —nz) Ad+ (Cs — nw) As, (3.19)

and
Cp = (Cy — 1) Ad + (Cq — nz) Au + (Cs — nuw) As, (3.20)

withn = (1 + 2 + w)_1 and the quark mass ratiesandw as given in Eq. (3.8) and in Eqg. (3.9).
The effective PQ-charges of the quarks are representéd, by’; andC;. Agq is the contribution
to the nucleon spin as carried by the quankith ¢ = u, d, s. Aq has been determined in Ref [43]
and recently been updated [44]

Ay~ 4+0.84, Ad~ —0.43, As =~ —0.09, (3.21)

with a rough uncertainty ot£0.02 each.

Further Processes

There are some further processes involving axions, whiehnaportant in the frame of the astro-
physical considerations discussed in Section 3.5.

For axion models with tree-level coupling to electrons,dbeinating axion emission processes in
main sequence stars, white dwarfs and red giants are bramssig and Compton-like processes
as shown in Fig. 3.6.

In the same objects, the dominant emission process for hadamions is the Primakoff effect (see
Fig. 3.7), since here the coupling to electrons is strongppsessed. In the electric field of charged
particles, e.g. in a plasma, a photon can be converted in&xian via this Primakoff effect [45].
This process and its inverse turn out to be very importanthénsearch for the axion, since it can
be used to reconvert axions into photons by providing a gtroagnetic field.

Finally, in neutron stars both models show the same domimigsion process, hamely nucleon-
axion bremsstrahlung according to the Feynman diagramgn33.

These processes will be revisited in Section 3.5 after thensary of different axion models (Sec-
tion 3.3).

3.1.2 Lifetime of Axions

A general observation as stated in Eq. (3.1) is that all édogplare inversely proportional to the
PQ-symmetry breaking scafg. Also the axion massy,, is «x 1/ f, and this implies that the larger
fa is the smaller the axion mass, and the weaker the coupling of the axion to ordinary matter
becomes. As discussed, the coupling of axions to two phaidses due to the electromagnetic
anomaly of the PQ-symmetry. Axions can decay into two phetomd the lifetime of the axion is
given by [46]

g (ma/eV) s (3.22)
[(E/N —1.92) /0.72)*
or, following [29], it can be expressed in terms of the axiofrphoton coupling constant as

Tany = 6.8 x 1

2.24 x 101 (%)‘3 g 05 x 1075 (ma)‘?’, (3.23)

Ta—syy = - —a
92, eV 92, eV
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Z,e” Z,e”

Figure 3.6: Upper image: Compton-like process for axion models wittoasélectron coupling at tree-level. Together
with the bremsstrahlungs process shown in the lower patisfigure, Compton scattering is the main axion emission
process in main sequence stars, white dwarfs and red giamiger image: Electron-bremsstrahlung process for axion
models with axion-electron coupling at tree-level.

— - — — = — — — —q

Y

Figure 3.7: The Primakoff effect is the dominant axion emission prodedsadronic models for main sequence stars,
horizontal branch stars, red giants and white dwarfs.
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Figure 3.8: Axion-nucleon bremsstrahlung is the most important aximission process in neutron stars.

where the age of the universg ~ 4.35 x 10'7 s and thus for a coupling of order unity an axion
of mass0.08 eV has roughly the lifetimey;. Light axions are thus very stable, while very heavy
axions (which have been ruled out as will be shown in Secti@htave a rather short lifetime.

3.2 The Peccei-Quinn-Weinberg-Wilczek-Axion

The original axion from the proposed additional symmetryetcei and Quinn [24, 30, 31] was
based on the assumption that the symmetry breaking scaie &@-symmetry was of the order of
the electroweak scalf.ax ~ 250 GeV. This would imply an axion mass of larger thes0 keV,
but this kind of axion was ruled out quickly. It is often refed to as PQWW-axion named af-
ter its initiators Peccei, Quinn, Weinberg and Wilczek. TDieer commonly used name for this
“heavy” axion isvisible axionin opposition to the later definedvisible or very light axions, which
physicists started to look for, after the PQWW-axion wasdubut.

3.2.1 Mass of the Visible Axion

Peccei and Quinn adopted a weak interaction model which ishsnough to include weak CP-
violation [24, 47] and in which the coupling of axions to leps and quarks could be calculated
straightforward. The interaction strength of axions wimfions could be obtained using current
algebra methods. Two Higgs-doublets had to be introduceddier to obtain the necessary overall
chiral U(1)-Symmetry of the Lagrangian. The Higgs doublets are asdumbave non-vanishing
vacuum expectation values (VEX) and .. Their ratio is denoted by and chosen positive with
x > 1. The symmetry breaking scale is then obtained as

~1/2
fa= N2+ A2 = (\/§GF> = frear ~ 250 GeV, (3.24)
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whereG r denotes the Fermi coupling constant. Bardeen and Tye aetdclithe axion mass [35]
using standard current algebra methods to be
1 \/E famg
o=N - . 3.25
" <‘r " x) 1z Ja (3.25)
Here N denotes the number of quark generations, z is given in E8), (e pion mass is1, =

135 MeV and the corresponding decay constgnt= 93 MeV. This formula corresponds in prin-
ciple to Eq. (3.7) withw < z. Thus the axion mass can be calculated to be

Ma = 25N (x + 1) keV. (3.26)
X

SinceN < 3 andf, =~ 250 GeV, one obtainsn, > 150 keV, due to the fact thatr + 1/z) > 2
forz > 1.

3.2.2 Lifetime of the Visible Axion

Bardeen and Tye [35] also provided calculations for thdiitrie of the visible axion based on its
decay into two photons assumiigy N = 8/3 in Eq. (3.22) as

5 5
oy A 22 (m”“> ~ 0.7 x 1077 <1 MeV> s, (3.27)

z Mg Mg

with z being the quark mass ratio given in Eq. (3.8). Thus for anragiol 50 keV one expects a
lifetime of about0.1 s. Furthermore, for an axion heavier thaeV, the lifetime can be much
shorter, since the decay of axions into an electron-posipair will be allowed [47]. This yields a

lifetime of -
S .F (3.28)

Ta—ete— = )

e m2\/m2 — 4m?
with the electron mass:.. Forx ~ 1 and an axion mass of a few MeV’s, the lifetime gets
considerably smaller, namelp—8-107 s.

3.2.3 The Last Curtain for the Visible Axion

The PQWW-axion had been quickly ruled out by a combinatiomasifophysical arguments and
direct experimental searches. The main astrophysical {oréliminate the original axion follows
from axion emission and its effect on stellar evolution af ggants. The most sensitive laboratory
experiments looked for rare decays of Kaons and quarkonidy, as

Kt —a+7", (3.29)
and

J/p — a4+, (3.30)

T —a+-7. (3.31)

Since no such decays could be observed, it was possible ttudenthat the visible axion does not
exist.
One of these experiments, as a representative example hea&rystal Ball experimeft which

8For a description of the Crystal Ball detector see for exanf®f. [48].
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was looking for the direct coupling of axions to heavy qudi¥s, 49]. This was accomplished
by determining the branching ratios fdyy> andY decays as given in Eq. (3.30) and Eq. (3.31).
While the branching ratio foy/« decaying toy + a is given as

2,.2
B(JJ — ~a) = B (Jfp — prp) FED 02 (3.32)
V2ma
the decay rate for the correspondiiigdecay is
GFm2 1
_ +,,— b 4
B(YT —~a)=B (T — ptp”) Toron? x5 (3.33)

Here,z is once more the ratio of the vacuum expectation values ofvtbeHiggs doubletsG'
the Fermi constant and the fine structure constant. The mass of the qyaisrepresented by
mg, i.e. m, = 1.4 GeV andm,;, = 4.9 GeV. In contrast to other experiments, which are limited
in sensitivity to a certain range in, this ratio can be elimintated by the Crystal Ball experiinen
due to the different-dependence in the coupling of axions to quarks of chargé3 and—1/3

by combining the two branching ratios from Eq. (3.32) and Bd33) to obtain a parameter-free
prediction [49]

2
B(J/¢ —~a) -B(Y — ya) = %B (J/b = ptp™) - B (T = ptp) <%>
= (1.440.3) x 1078, (3.34)

In this formula, the error results from experimental unaiattes in they ™~ branching ratios.
Further uncertainties arise from the quark masses, whigligesult in an additional factor @f
The upper limit derived by the Crystal Ball experiment isdtiger with measurements from the
LENA experiment at DORIS and the CUSB collaboration at CE&® fiven by

B(J/ — ~a) - B(Y — ~va) < 5.6 x 1070, (3.35)
and with this one can roughly obtain that

fa = 10% GeV orm, < 6 keV. (3.36)

~

Thus, the standard axion had been ruled out.

3.3 The Invisible Axion

Since the original PQWW-axion had not been observed in éxjerts, a different kind of axion,
the invisible axion [50], was introduced. Due to the fact ttee breaking scalg, is in principal
arbitrary, it could be chosen much larger than the electatveymmetry breaking scale. This leads
to a much weaker coupling and a smaller mass than initialpeeted for the PQWW-axion. For
this reason, a more appropriate name for these axions wewdrly light axions since there exist
experimental possibilities to detect them, such that tlmeynat invisible after all.

The simplest case of such an axion model is the so-called $hirfrman-Vainshtein-Zakharov
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(KSVZ) model. Here, an exotic heavy quatkcarrying PQ-charge is introduced, since it is as-
sumed that the ordinary quarks, leptons and Higgs fields daamy PQ-charge. In a second

model, the Dine-Fischler-Srednicki-ZhitnitsKDFSZ) model, introduced shortly afterwards, no
additional heavy quark is needed. Instead, supplementggsHioublets are introduced, such that
both Higgs doublets and light quarks carry non-zero PQexsar

Several variations of both scenarios, which will be desatilm the following, exist.

3.3.1 The KSVZ-Model

The first of the invisible axion models was suggested by Kif,[$hifman, Vainshtein, and Za-
kharov [41]. This model is simple in the sense that the meshasuggested by Peccei and Quinn
decouples completely from ordinary particles, meaning, #adow energies, interactions between
axions and matter or radiation only occur via the axion-glaoupling generic to the PQ-scheme
via an exotic heavy quark carrying PQ-charge. Ordinary fens1 do not carry PQ-charge in the
KSVZ model, that isC, = C, = C; = C; = 0. For this reason the KSVZ axions are also
referred to as hadronic axions, since they do not coupleetttreins at tree-level as described in
Section 3.1.1. The weaker higher order coupling discugséuki same section exists, however.
The only particle which carries PQ-charge in the KSVZ modédhe new heavy quar®, which
has to be introduced. The exotitcouples to a complex scalar fiedd which does not participate
in weak interactions, i.e. an SR)(x U(1) singlet. This field has a large expectation value, which
is proportional to the breaking scafg. The mass of) is of the order. f,, whereh is the Yukawa
coupling. Although the axion would couple mostly to the nexavy quark, it would still mix with
the light quarks due to the color anomaly [51].

Hadronic axions couple to nucleons as decribed by Eq. (2d@}he effective PQ-charges can be
obtained by evaluation of Eq. (3.19) and Eg. (3.20) as

C, = —0.39, (3.37)
C, = —0.04, (3.38)

and the coupling for both nucleons is then

Com _ N
gVt = % = —6.01 x 10 3m, eV 1, (3.39)
C
gasvE = ’}m" = —0.69 x 10"m, eV, (3.40)
a

The coupling of axions to photons is described by Eq. (3.1K)e paramete /N varies for
different KSVZ models, thus suppressing (V = 2) [33] or enhancing £ /N = 6) [52] the axion

to photon coupling. The case éf/N = 0 is often referred to as the standard KSVZ model. In
general, for KSVZ axiond’ /N can be calculated as

E

_ 2
< = 6Qheany: (3.42)

where Qreavy IS the electric charge of the heavy quagkwhich can take values @ycavy =
2/3,—1/3,1,0 [52] and thus the ratio of the anomalies can be betweand6. Other authors
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Figure 3.9: The two most common invisible axion models KSVZ and DFSZ do¢ted in the region normally dis-
played in experimental exclusion plots on the axion-totph@oupling depending on the axion mass. For KSVZ axions
E/N = 2andE/N = 6 are shown (red), while for the DFSZ modg)/N = 8/3 is used (black solid line). Addition-
ally, the error band is added here in form of dashed blaclslifidne inserted plot shows the same models but in linear
scale to emphasize the effect of suppression in cage/of = 2.

quote slightly higher values [53]. In Fig. 3.9, the most coomty used range of ratiog{/N = 2
and6) and the standard KSVZ moddb(N = 0) are shown.

A possible disadvantage of this model might be that thereisl@ar physical motivation for the
introduction of a heavy quark. Furthermore, it seems ashamg that the light quarks seem to be
insensitive to the PQ-symmetry, although thparameter, which is removed by the introduction
of the PQ-symmetry, has its origin in the low energy theoryor&bver, the KSVZ axion might
be very feably interacting, if the coupling to photons i®Begly suppressed and thus it might be
extremely difficult to detect.

3.3.2 The DFSZ-Model

The DFSZ model has been suggested shortly after the KSVZ Inipd®ine, Fischler, Sred-
nicki [39] and Zhitnitski [38].While the KSVZ model decreased the axion mass by desing

its coupling to ordinary matter and therefore needed toihice both additional scalars and a sup-
plementary quark, which are all neutral with respect toratgons in the electroweak sector, the
DFSZ model follows a different philosophy. Again the axiannvisible, since it is connected to
a SUQ) x U(1) singlet fieldo with a large expectation value. The PQ-symmetry can be sean a
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chiral rotation, which acts on right-handed quarks andolefields [51]

up — e Niyp, (3.42)
dp — e " Xzqp (3.43)
er — e @X2ep (3.44)

whereX; # — X5 has to be assumed to assure a chiral transformation for str&gjurhis symme-
try can be incorporated in the standard model by the intricluof (at least) two Higgs doublets
¥, and®,: one couples only to right-handed quarks of chatgg while the other interacts only
with right-handed quarks of chargel /3 and right-handed charged leptons. Some fine-tuning is
necessary in order to obtain a breaking scale much biggetrttieeelectroweak scale, which could
be seen as a disadvantage of this model. However, no new dwasvy quarks have to be intro-
duced as in the KSVZ model, since the known fermions are asguoncarry PQ-charge. A further
advantage is that the DFSZ model can be easily incorporat&tand Unified Theories (GUTS).
In supersymmetric extensions of the standard model, twgdidpublets rather than one are gen-
erally required. Ergo both, supersymmetry and PQ-symmdagnand Higgs fields of identical
SUR) x U(1) properties, although the physics in the Higgs sector ndgter [51].
In the DFSZ model, axions can couple to electrons at tred, Isvee electrons carry the effective
PQ-charge
cos®
Ny’
whereN; is the number of families anebs? 8 = 2%/(2? + 1) is a parametrization of = A1 /s,
which is the ratio of the vacuum expectation values (VEVshefHiggs doublets The coupling
constant can thus be obtained from Eq. (3.17)

C, = (3.45)

cos?

f

goFSZ = 0.85 x 1070, eV 1 =028 x 107, cos? eV, (3.46)

whereN; = 3 has been used.
For the coupling of DFSZ axions to nucleons the following atpns apply

2
Ci=C.=c, = <5 (3.47)
Ny
sin® 3
c, = N, (3.48)

Using Eq. (3.19) and Eq. (3.20) along wiffi; = 3, one obtains for the effective PQ-charge of
proton and neutron:

C, = —0.10—0.45 cos® 3, (3.49)
C, = —0.1840.39 cos?g. (3.50)

The effective PQ-charges of the fundamental fermions ftin K&VZ and DFSZ models are shown
in Fig. 3.10. Quite a variety of DFSZ models exists differimginly in the choice of the PQ-

"See Ref. [32] for a more extended explanation.
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Figure 3.10: The model-dependent effective Peccei-Quinn charges arerstiepending on the parametrization Gos
of the ratiox = A1 /A2 with the VEV \; (i = 1,2). While for the KSVZ model the effective charges of elect(ah),
proton (C,) and neutron(',) are constant, they vary in the DFSZ scenario depending sifico

charges [52].
For the coupling of axions to photong&;/N in the minimal DFSZ model is given 8/3 for any
GUT since

E 24X, + X4+ 3X.

— 3.51
N 3 X+ X4 ’ ( )

andX. = X,. Thus the coupling is, following Eqg. (3.12),
gPFSZ 74 2 (3.52)

oy 27 f,

In Fig. 3.9, the minimal DFSZ model is illustrated along witie KSVZ model.

3.3.3 Other Models

It might be interesting to know that especially recently maadels involving (still) hypothetical
pseudoscalar particles have been proposed and studieextatided interest. Axion-like particles
(ALPs) are new light spin-zero neutral particles which deup two photons in the same way the
axion does [54]. Further searches for exotic particlesiwithe ALP community include quests
for mini-charged particles from hidden sector physics ivivig paraphotons [55]. Sometimes the
invisible axions are also referred to as WISPs (Weakly &dteng Sub-eV Patrticles [56]).
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3.4 Axions as Dark Matter Candidate and the Origin of Axions

Several observations such as rotation curves of spirakigalagravitational lensing and fluctua-
tions in the cosmic microwave background (CMB) imply theseamce of a new kind of matter
which is not interacting electromagnetically. Therefdris called dark matter (DM). Using preci-
sion cosmology the geometry of the universe has been coreddiréo be flat. Furthermore, it has
been calculated that it consists of ab@@t of dark energ§ and roughly23% of non-baryonic
dark matter, while only about% are provided by ordinary baryonic matter. Dark matter could
be composed of elementary particles which have mass, bubtdoanry electric charge. The in-
teraction of such particles with ordinary matter is expedtebe extremly feable, which makes it
difficult, yet not impossible, to detect them.

Neutrinos are the only standard model particles which cagltbunt for the DM. But since they
would contribute to the so-called hot dark matter (HDM) ytieannot be the only DM component
because this would contradict the observed structure ofitihverse. So far, it is not clear, what
DM is made of, but the two most promising candidates are Wi\#Psl axions.

A famous example of a WIMP is the lightest supersymmetrigiglar(LSP), such as a neutralino,
which is part of the minimal supersymmetric extention of 8. What makes WIMPs so attrac-
tive is that they are thermal relics, i.e. they have once ledrermal equilibrium with baryons and
radiation. Thus, their cosmological history is relativeiynple in the sense that their abundance
only depends on their interaction rate [57]. Possible WIMé&sses range from a few GeV up to
the TeV scale.

For axions, it is more complicated to calculate the relicsitgnsince this quantity depends on the
production mechanism which is not necessarily thermals Wil be shown in the following sec-
tion as well as in Section 3.6, where the cosmological hystdraxions will be described in more
detail.

3.4.1 Axions as Dark Matter Candidates

Different sources and production mechanisms for axionkeretarly universe and nowadays exist.
In the early universe, three distinct processes are beliewebe responsible for the production
of so-called relic axions [34]: thermal production [58]hement production by the misalignment
effect in the early universe [59] and the decay of axion ggjrwhich are primordial topological
defects [60]. Which of these processes dominates is stiléudiscussion, since this depends not
only on the axion mass but also on whether or not inflation fake.

Thermally produced axions, which have a mass in the eV ramngald form a hot dark matter
(HDM) component. Thermal relics were once in equilibriunthwbaryons and radiation. These
relics survived to present days. Their number density cas bie predicted without strong model
dependence.

The misalignment effect or the decay of axion strings on therohand would provide very low-
mass axions, which would contribute to the cold dark mai@DN). These non-thermal relic
axions would have been produced as Bose condensate dugnQQ@ transition phase. Due

8The theoretical concept of dark energy is connected witlstBin's cosmological constant, which is still widely
discussed. Given percentages might vary depending on pliedpnodels.
SWeakly Interacting Massive Particles



3.4. AXIONS AS DARK MATTER CANDIDATE AND THE ORIGIN OF AXIONS 35

log(£2,) Thermal Relics

HDM CDM

10 eV 10 GeV
log(2.) i Non — Thermal Thermal
Relics Relics

CDM HDM

10 peV 10 eV

Figure 3.11: Top: Schematic Lee-Weinberg curve for neutrinos. Sincerimas are thermal relics, they are HDM if
they are light and CDM if they have larger masses. These hezwfyinos have been ruled out by experiments. Bottom:
Schematic Lee-Weinberg curve for axions. For small massésns are non-thermal relics and could provide part or all
of the CDM. Heavier axions could also function as HDM if thegre produced thermally [62].

to their low mass, their interaction strength would be sdledhat they were never in thermal
equilibrium.

The change-over between thermal and non-thermal produidiokely to be around a PQ-scale
of 10® GeV. In Fig. 3.11, the schematic Lee-Weinberg curves [66utrinos (top) and axions

(bottom) are shown. Here, matter density of neutrifigsand axiond?,, is provided as a function

of the particle’s mass. The total matter density, i.e. tgkiio account baryonic and non-baryonic
components, is indicated 1§y,,.

Generally, the classification in HDM and CDM depends on wiiethe dark matter particle was
relativistic or not at the time when the horizon of the undesenclosed sufficient matter for a
galaxy to be formed. Thus the determining parameter folighestto be in thermal equilibrium

with baryons and radiation is the mass of the particle. Simedgrinos are thermal relics, light
neutrinos would contribute to the HDM component while heawieutrinos would be cold. In

principle the same reasoning is true for WIMPs.

For axions, this distinction is more complicated and depandinly on the initial conditions which
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are assumed. The result is that for low masses, axions arthaanal relics and qualify as CDM,
while heavier axions as thermal relics could provide pathefHDM of the universe.

It is worth mentioning, that beside these relic particlesoms could also be produced nowadays.
Primakoff conversion of blackbody photons in strong elmoiagnetic fields produces axions or
axion-like particles in the core of stars, such as for examqlr Sun. In this way it provides
an additional energy loss channel for stars. A detailedrgesm of solar axions will follow in
Chapter 4.

One more way to produce axions today is to create them in adadry by sending a strong laser
beam through a transverse magnetic figldere the Primakoff effect is used as well. More details
will be given in Section 3.7.

3.5 Astrophysical Axion Bounds

Since the strong CP-Problem is solved for any value of the RQKing scalef,,, the axion mass
my IS initially arbitrary. Astrophysical observations alomgth arguments based on cosmology
are able to preclude certain mass ranges, in which axionsatré@able. This proves helpful for
experiments, which can then concentrate on regions, inhwdmi@ons are likely to exist. In order
to understand the astrophysical constraints, a short myeren the evolution of low-mass stars
will be given. They are the main source to constrain the ag@arameter space. Following this
overview the different limits on the interaction strengthasions with various particles will be
discussed. In Fig. 3.12 the astrophysical and cosmologimahds are summarized together with
some experimentally studied regions.

3.5.1 Stellar Evolution of Low-Mass Stars

It is essential to understand the different stages of stellalution, i.e. how stars live and die,
and how these stages can be observed in order to discovernmsgydoss channels. Although
the details of star formation are still not fully understpditds known that stars are mainly born
in the disks of spiral galaxies, where globular clustersictvlwill be dealt with in more detail in
the following section, can be found. These clusters prosigtery good laboratory to study stellar
evolution, since they contain early generations of statsckvare all of the same age and almost
identical regarding their chemical composition. This Embasically only one free parameter in
which the stars differ, namely their initial mass.

In Fig. 3.13, the color-magnitude diagram (Hertzsprunggell diagram) of a typical globular
cluster is shown. Essentially, in the vertical directior tirightnesd/ in the visible band is dis-
played, while haorizontally the difference between blusnBsand brightnesd’ is plotted. The
blueness is a measure of the color or surface temperatuerevbiue (= hot) stars lie towards the
left.

The life of a star begins on the so-called main sequence (MiSre stars burn hydrogen in their
core. Different masses of the stars are reflected by diffdoeations on the MS in the color-
magnitude diagram. More massive stars are shining brigimetave thus a shorter lifetime.

°The external magnetic field has to match the missing quanwumbers for photon and axion to mix. Due to the
fact that the photon is a spinparticle while the axion has spinthe magnetic field has to be transversal [32].
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Figure 3.12: Summary of astrophysical and cosmological exclusion rauagel experimental search regions for axions.
The various limits are discussed in Section 3.5 and Secti@n 3

The blue bars represent the experimental search ranges T @Ad ADMX, telescope and laboratory searches are
included as well. For the theoretical limits, orange badidate a strong model-dependence. The cold dark matter
(CDM) range in the low-mass region includes only the migatignt mechanism [63], which will be discussed in

Section 3.6.
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Figure 3.13: Color-magnitude diagram for a typical globular clustersétially the surface temperature of the stars is
shown on the x-axis, while the y-axis denotes the surfagghbressl’. The difference of bluenesB (blue meaning

hot and lying to the left side) and brightndsss a measure of color and thus surface temperature. The mpsttant
evolutionary stages can be classified as follows. In the s@guence (MS) one finds stars with core hydrogen burning.
The main sequence turnoff (TO) marks the point where the-akimgdrogen supply is exhausted. The red giant branch
(RGB) follows the previous phase. In these stars hydrogemityiin a thin shell is present, while the core grows until
helium ignites. Stars then proceed to the horizontal brgH&) having a helium burning core and a hydrogen burning
shell. Finally the asymptotic giant branch (AGB) is reacliredvhich stars show helium and hydrogen shell burning.
Via the post-asymptotic giant branch (P-AGB) a white dwéatescan be reached. Further regions such blue stragglers
(BS), sub giant branch (SGB) are not needed in the presemtgddion. Picture taken from [63].

Once the central hydrogen supply is exhausted, a degertaiaien core with a hydrogen burning
shell is developed. This then leads to an increase in sudiees and a decrease in surface tem-
perature (red color), turning the star into a red giant. &ithe luminosity is determined by the
gravitational potential at the outer zone of the helium cavbich is growing, the brightness of
these stars increases and they climb up the red giant br&@B)( A high position in the RGB
indicates a very massive and compact helium core.

When the core reachés5M ., it is dense and hot enough to ignite helium. Since®tBe nu-
cleus consisting of twex-particles is unstable, helium burning proceeds via theadled triple«
reaction directly to carbor8¢ —'2C). The brightness of the star decreases, since the energy pro
duction rate goes down in the hydrogen shell as the core dspanther. These stars proceed to
the horizontal branch (HB) in the color-magnitude diagramirhe downwards turn of the HB in
Fig. 3.13 towards blue (left) is an artifact of the filter uséfithe total luminosity as determined
via bolometry is considered, the branch is truly horizantal

Once the helium supply is exhausted, the star develops aeege carbon-oxygen core and climbs
the asymptotic giant branch (AGB). Since these low-mags stnnot ignite the carbon-oxygen
core, they finally become white dwarfs. A more detailed dpson can be found in Ref. [64].

MM ~ 1.988 x 10%° kg is the solar mass.
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3.5.2 Globular Cluster Stars

Globular cluster stars are able to provide a restrictivét kim the coupling constant,., of axions to
photons by considering their helium-burning lifetime. th@rmore, a bound on the axion-electron
coupling can be derived from observation of helium igniti@enerally speaking, a globular clus-
ter is a gravitationally bound system of abd@f stars of low metallicity, which indicates great
age. The stars in a globular cluster were formed at the sames Buch that the most dominant
difference between them lies in their initial mass. Two typé stars in globular clusters are es-
pecially interesting to obtain bounds on axionic paransgteamely horizontal branch (HB) stars
and red giants (RG), which can both be found in the upper ffaneccolor-magnitude diagram of
Fig. 3.13.

Globular Cluster Bounds on the Axion-to-Photon Coupling

The difference between RG and HB stars is that RG have a dederteelium core and a hydro-
gen burning shell, while HB stars are found with a helium nwgrcore and a hydrogen burning
shell. When RG stars reach their limiting mass, their comb®s dense and hot enough to ignite
helium, which makes them proceed to the horizontal branctboth types of stars, photons can
be converted into axions via the Primakoff effétt + v — Ze + a with the virtual photon of
the electromagnetic fields of the electron and proton pla@®aa Fig. 3.7). The axion production
would be more effective in HB stars, where it could serve asva @nergy loss channel, whereas
it is negligible for RGs. As a result, one would expect that HB stars exhaust their nuclear fuel
faster and thus their lifetime decreases. If this is true, glrould be able to observe that the number
of HB stars is reduced in comparison to red gi&htdrom studies of the HB-to-RGB star ratio
observed inl5 globular clusters [65] it can be concluded that the heliwming lifetime agrees
within about10% with expectations. From this, it can be derived [32] thatrthe-standard energy
loss rate integrated over the whole cakg, should stay below(0% of the standard helium-burning
luminosity L, i.e.

L, <0.1 Ly, (3.53)

The standard value faks,, is about20L.*3. From the mass of the core of the HB star (roughly
0.5Mg), it can be calculated that the energy production rate geeraver the corgges,, ), is about

80 erg g~! s~!. From this, one obtains an upper limit on the energy losspataunit mass of the
non-standard channel as

e, <10erggtst, (3.54)

In order to obtain an upper limit on the axion-to-photon dmgpconstant, one needs to consider
the axionic energy loss rate per unit mass of a non-degenptasma via the Primakoff effect,
which is given by [32]
2 7
oo I 1"

o F(k2), (3.55)

S

2While low-mass stars spend abdii'® years on the main sequence, both the RGB and the HB sequevea ha
duration of about0® years.
1814 ~ 3.84 x 103 erg/s denotes the solar luminosity andrg= 10" J.
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where screening effects, also referred to as Debye-Huidlit¥, are taken into account via the
dimensionless function

2 o] 2
F(x2) = ;:2 /O dx {(mz +&2)In (1 + %) — wZ] exx_ T (3.56)

s

Herex = w/T is the (dimensionless) axion energy ands related to the so-called Debye-Hiickel
constants via

= 3.57
ks = o (3.57)
where
4
K2 = % N Zin,. (3.58)
J

In this equation, the temperature in the plasma is denotéd, byis the fine-structure constant and
n; represents the number density of charged particles carthie chargeZ;e. Typical values of
F for the core of a HB staf and the Sutf are F = 0.98 andF' = 1.84, respectively. Thus, for
typical values of density and temperature in HB stars onaibkian axion energy loss rate of [32]

e=g,30ergg st (3.59)

with g10 = g4,/107° GeV~L. Since the axionic energy loss rate should not exceed the non
standard energy loss rate as given in Eq. (3.54), an uppérdmthe axion-to-photon coupling
constant is obtained as

gary S 0.6 x 107 0GeV !, (3.60)
which is equivalent following Eg. (3.12) to
fa/Cy 22 x 107GeV. (3.61)
In terms of axion masses this can be expressed as
mq.Cy S 0.3 eV, (3.62)
whereC,, =~ 0.75 for DFSZ axions and’, ~ 0.08 — 4.08 for KSVZ models.
This limit obtained from HB stars is often also called thetwilar cluster limit. Due to uncertainties
in its determination, it might however vary by a factor2d63]. Thus, if compared to experimental

results, a reasonably conservative limiggf < 1.0 x 107!° GeV~! is often used as the horizontal
branch limit.

¥The Debye-Hiickel effect is a screening effect. The Prinfaddbéct involves only the electrostatic Coulomb fields
of the target particles. In an environment of freely moviter#ic charges such fields are screened. This is for example
the case in a stellar plasma, such that the axion productass section will be reduced [66].

STypical conditions in the core of a HB star dfex 10® K and p ~ 10* g/cn?®, which leads to &2 of 2.5.

Typical conditions in the Sun yield & of 12.
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Globular Cluster Bounds on Axion-to-Electron Coupling

The helium-burning lifetime is a useful argument to contthe axion-photon coupling due to the
fact that the Primakoff conversion of axions to photons gmsassed in the degenerate core of red
giants while enhanced in HB stars. The helium ignition argnhon the other hand is more helpful
in order to derive a limit on the axion-electron coupling al e illustrated in the following.
The degenerate helium core of RGB stars has typically a teatype of7” ~ 10® K and a density
of around10® g cm~3. At a critical combination of and 7', helium ignition takes place. Axion
cooling could thus allow the core to grow more, before helignition starts, i.e. it could postpone
helium ignition, leading to an increase in the brightnesseaf giants. Theoretical expectations
and observations of the core mass at helium ignition matchinvd — 10% [63]. This implies
that an additional energy loss rate (with= 10® K and average density = 2 x 10°> g cnm3)
should be limited byl0 erg g~! s~!.The helium ignition argument is especially helpful whea th
emission rates are larger for stars on the red giant braraih ¢h the HB. This is the case for
electron-bremsstrahlung+ Ze — Ze + e + a (see Fig. 3.6). Given the conditions in a red giant
core, one finds [67]

€brems X g2, - 1.6 x 10% erg gt s71, (3.63)

and this yields the limit

Gae S3x 10712, (3.64)
By using Eq.(3.17) and Eq.(3.45), this corresponds, .
the axion mass of,C. < 3.5 meV in the DFSZ model.

> 2 x 10° GeV and an upper limit on

~

Asymptotic Giant Branch Bounds on Axion-to-Electron Coupiing

An axion-electron coupling of the order given in Eq. (3.64)uld also have a strong effect on the
evolution of AGB stars. However, since comparisons of tle®thtical expectations with observed
data are still missing, no new limits or evidence for sigtfiada axion emission could be obtained.

3.5.3 White Dwarf Cooling

A further bound on the axion-electron interaction can bévedrfrom the cooling of white dwarfs
(WD). These compact objects are the remainder of initiattoass stars (up to several solar masses
My). The ignition of their degenerate carbon-oxygen core ntales place and thus the further
development consists of cooling, first by neutrino losseklater by surface emission of photons.
The axion emission can be constrained by comparing the \wa$erooling speed via the WD
luminosity with calculated expectations. One derives atltomparable to the one obtained by
studying the helium ignition in HB stars

Gae < 3.5 x 10713, (3.65)

It is furthermore possible to study the cooling speed ofIsighite dwarfs in special cases (ZZ
Ceti stars’), yielding the most restrictive limit on the axion-elestrooupling [63]

Gae < 1.3 x 10713 at 9% CL, (3.66)

YWhen white dwarfs appear as ZZ Ceti stars this means thatibatjpn is not stable and the cooling speed can be
determined via the decrease of the period. A well studiedhgka of such a star is G117-B15A.
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which in the DFSZ model translates#,C. < 1.67 meV.

3.5.4 Supernova 1987 A
Physics of a Type Il Supernova

The supernova SN 1987A provided for the first time the politsiltd observe directly the neutrino
emission of a newborn neutron star. In this supernova of tyghe star Sandulek-69202 in the
Large Magellanic Cloutf collapsed. While type | supernovae appear in connectioh witite
dwarfs in a binary system, those of type Il are related to teaps of evolved, massive stars
(M z 8 Mg). These stars are in contrast to white dwarfs able to igritban and oxygen in their
center, which leads to heating. After the ashes of carbonimgl® leave the star with a degenerate
core the ignition of neon burning takes place. This processatinues until the star is left with
a degenerate core of iron and multiple layers of differemhimg shells. Once the Chandrasekhar
limit2° of the iron core is reached, no further nuclear energy carebfee by fusion and the iron
core becomes unstabl& & 0.8 x 1019 K~ 0.7 MeV, p ~ 3 x 10° g cnm3). The following collaps

is disrupted only, when the equations of state stiffen, twhscthe case when nuclear density is
reached § x 10 g cm3) [32] and shock waves form leading to an explosion. The rerisnaf
such a supernova are an expanding nebula and a newbornmstérgproto neutron star), which
is an object of about one solar makk, with temperatures of some MeV and a high density.
Even the very weakly interacting neutrinos are trapped.

Energy-Loss Argument: Free-Streaming and Trapping Scenabo

On a larger time scale, energy emission can be explainedfogige neutrinos transporting energy.
Should particles exist which interact more weakly, they paovide a new and more efficient
energy loss channel yielding a reduction in the durationhefreutrino burst. In principle this
argument can be used to derive limits on many kinds of pagislich as for example right-handed
neutrinos. In the case of axions, the dominant emissiongsoto be considered is axion-nucleon
bremsstrahlungV + N — N + N + a as shown in Fig. 3.8. In the following the coupling to
nucleonsg, y is assumed to be an average of the coupling to neutrons atahgro

In Fig. 3.14, the influence of the axion-to-nucleon couplomgthe burst duration is illustrated.
For very smallg,, the time of the burst is not affected. However, for incregstoupling, the
duration gets shorter and finally reaches a minimum (fremasting regime). Ify,y increases
further, axions are no longer able to escape (trapping @&gand cooling can only take place via
axion diffusion and emission from aaxion sphergd63], similar to the initial neutrino diffusion.
Thus the burst duration increases again and axions areautwshifect the signal duration, once the

8The Large Magellanic Cloud is a satellite galaxy of the Miligy. Its distance is abob kpc.

9The ashes of carbon burning are neon, magnesium, oxyges;|aah.

2The Chandrasekhar limit sets a bound on the mass of objentisting of nuclei in an electron gas (electron-
degenerate matter). It denotes the maximum mass which canpmorted by electron degeneracy pressure without
suffering a gravitational collaps. Beyond this limit, aldeadegenerate system does not exist. The boundary is soughl
given by1.4 Mg [32].

Z1As can be seen in Fig. 3.10, axions hardly couple to neutrotisi KSVZ model, but they do interact with protons,
while for DFSZ axions the couplings dependan? 5. In Ref. [32],C is thus estimated to be approximateliy2.
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Figure 3.14: Relative duration of the neutrino cooling during SN 1978Aeleding on the axion-nucleon couplipg .

In the free streaming regime, the whole core emits axiong#ewhthe case of the trapping regime, axion diffusion cause
the emission from aaxion sphere While the solid line is based on calculations [68], the @akline is a continuation
by eye [32].

axion spheranoves beyond theeutrino sphere
If axions are this strongly interacting, they would haveratted in the water Cherenkov detectors
and thus produced additional events. This yields an exdlgdepling constant range of

1x107% < gon <1 x 1073, (3.67)

This applies roughly to a range in masse20feV to 20 keV [32]. In any case, there are other
reasons (HB limit) by which the trapping regime can be exetuduch that the region of interest is
the free-streaming regime.
To exclude more values of the axion-nucleon coupling caristhe duration of the neutrino burst
can be considered as mentioned above. For the free-strgac@mario, different simulations [63]
constrain the additional energy loss rate at typical coraitions ofp = 3 x 10 g cm2 and
T =30 MeV to

€ <1x10¥erggts. (3.68)

~

The authors showed that this divides the neutrino bursttiduréime?? in halves. In order to apply
Eg. (3.68), Raffelt [32] calculated the non-degenerategyni®ss per unit mass due to the axionic
bremsstrahlung process (see Fig. 3.8) as

€a=g°n 1.35 x 10% erg gt 71 p1s T2, (3.69)

23jince the mass of the SN core is abaui M, the axion luminosity can be calculated using Eq. (3.68)e0 b
L, = e, * Mg ~ 3 x 10°% erg s'. Thus the axion emission would last abadts considering that the gravitational
binding energy for a neutron star is rougBly 10°® erg and axion losses would be able to compete with neutriemgn
losses.
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wherepis = p/10'° g cm™? andTyv = 7'/ MeV. Comparison with Eq. (3.68) at typical core
conditions leads to an excluded range of

3x 10719 < gov <3x 1077, (3.70)

As mentioned above, the effective nucleon coupling is gibgry,y = Cnmy/f,.. Here, an
averaged effective PQ-charge for protons and neutronstl{®DFSZ model) ag’y = 0.2 is
assumed, which is based on the assumption of a proton fnaafti®3 in the core. One should keep
in mind the overall uncertainty involved in the derivatidrtioe excluded range from SN 1987A. A
more detailed description can be found in [68].

3.5.5 Observations of the Sun

Further restrictions on the allowed coupling constant egiog axions can be derived from observa-
tions of the Sun. Even though those might not be the mostatstrbounds, it is still interesting to
study them, since solar observations have an experimestatacy which surpasses that of other
stars by orders of magnitude. In the following chapter, Whécdedicated entirely to solar axions,
the solar age, results from helioseismology as well as thasared solar neutrino flux will be
considered briefly.

3.6 Axion Bounds from Cosmology

3.6.1 Thermal Production (HDM)

Axions can be produced in the early universe by interactwsitis quarks and gluons [58]. Due
to the axions®-mixing, the interactionr + 7 < 7 + a is a model-independent process. It is the
dominant thermalization process’at= 200 MeV, i.e. after the QCD phase-transition and before
the pions annihilate [69]. Analogous to massive neutritiogse cosmic axions would be part of
the hot dark matter (HDM). Restrictive limits on the possifiaction of HDM can be derived from
cosmological precision data (WMAPY} yielding an axion mass range, < 0.4—1.2 eV, the so-
called HDM limit [70]. The different constraints on the arimass result from the use of various
cosmological data. The most restrictive limits are obtaibg using Lyman forest* data which
however suffer from poorly controlled systematic uncetias. The more conservative limit does
not take these data into account.

A further, however weaker, upper axion mass bound can bénetaia the so-called excess ra-
diation criterion. If axions were to have masses larger @taaV, they could decay into photons
more quickly than a cosmic time scale. This would decreaseakion population, but provide
radiation, such that limits on this kind of excess radiattan be derived [6, 71]. Even for a very
smallg,, itis not possible to avoid this limit, since if decays arpmessed, this would lead to an
overdomination of the thermal axions in the mass densithetiniverse.

Both constraints, the HDM limit and the excess radiationrasy are included in Fig. 3.12.

Zwilkinson Microwave Anisotropy Probe

%4The term Lymana forest referes to the total of all absorption lines whiclseiin the spectra of far away quasars or
galaxies due to Lyman-transitions of neutral hydrogen. The absorption lines appehen the light from the distant
object traverses the interstellar gas.
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3.6.2 Misalignment Production

Due to the role axions can play as a cold dark matter (CDM)idate, they are especially interest-
ing from a cosmological point of view. In addition to thertyatreated particles, thmisalignment
mechanisnj59] can produce axions. After the Peccei-Quinn symméftsy (1) is spontaneously
broken at a temperature of the univeie, corresponding to the PQ breaking sc#lethe axion
field relaxes in the Mexican Hat potential (see Fig. 3.15)thid stage the axion is massless and,
due to the rotational symmetry of the potential, the valué &f not yet fixed. The axion can be
seen as this massless degree of freedom.

az

Figure 3.15: After the Peccei-Quinn symmetlypq (1) is spontaneously broken at a temperatlitg., corresponding
to the PQ breaking scalg,, the axion field relaxes in the Mexican Hat potential.

Two scenarios have to be distinguished. In the first casetimfl occurs with a reheat tempera-
ture®® Treneat < Trq, i.e inflation homogenizes the axion field and basically esasxion strings
(Inflation scenario). The second case, on the other handmassthat inflation takes place with
T eheat larger than the temperature of the PQ-transition, which this case equivalent to the sce-
nario that inflation does not occur at all (String Scenario).

Near the QCD phase transitioffi,(iv = Aqcp ~ 200 MeV), Upq(1) is explicitly broken by in-
stanton effects, which is exactly the effect causing theadyinal restauration of the PQ-symmetry
and giving mass to the axion. This corresponds to a tiltinghef Mexican Hat potential (see
Fig. 3.16) such that the axion field moves towards the minimnwhere the CP-symmetry is con-
served. Coherent oscillations of the axion field form at saalitimet; corresponding to a temper-
atureT; ~ 1 GeV [72] and build &£DM condensat§s]. The amplitude of the oscillations depends
on how far away from zero the axion field is, when the particigugres its mass. The contribution
of these oscillations is calladchcuum realignmer2].

At the end of inflation a process called reheating or therratibn occured. Due to the fact that the exact circum-
stances of inflation are unknown, the process of reheatialgdsstill not well understood.
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Figure 3.16: Upq(1) is explicitely broken by instanton effects near the QCD phaansition, which corresponds to a
tilting of the Mexican Hat potential. The axion field movegtho the CP-conserving minimum and oscillates around
it.

3.6.3 Inflation Scenario

If inflation takes place after the PQ-symmetry breaking, iteoccurs with a reheat temperature
Treneat < Tpq, the only contribution to the cosmic critical densityis provided by the misalign-
ment mechanism and is given by [69]

2 fa 7/s 9i 2
Qah NO7 <m> <;> , (371)

where the present-day Hubble expansion paranteteigiven in units ofl00 km s~ Mpc~! and
the initial misalignment angle, relative to the positionasé CP is conserved, ist < 6; < .
Eq. (3.71) shows that this contribution might be accidén&lppressed if the initial misalignment
angle happens to be close o If the reheat temperature during inflation is too low to oest
the PQ-symmetry, then the axion field exists during inflatma underlies quantum mechanical
fluctuations which lead to observable temperature fluanatin the CMB. These anisotropies in
the CMB are severely constrained by precision cosmologiatd [69]. One consequence is that
even for smalb; the axion population cannot be randomly small. The axionsmasuld thus be
expected to be belowm, < 1 meV [73].

~

3.6.4 String Scenario

In the second scenario, inflation takes place Wfilh,eot > Tpq, Which means basically that
inflation occurs before the PQ-symmetry breaking or notlaffdde consequence of this is that, in
addition to vacuum misalignment, axion strifiglecay and axion domain w&fldecay contribute

BCosmic strings are one-dimensional topological defectsiwvform when an cylindrical or axial symmetry is bro-
ken. In case of the PQ-symmetry, these strings are axiaringst

Z’Domain walls are two-dimensional topological defects. yTf@m when a discrete symmetry is spontaneously
broken at a phase transition.
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to the cosmological energy density [69].
Axion strings are present after the PQ-transition and déa@yaxions until the critical time,
when the axion acquires mass and every string becomes tmeldnyuof N domain walls. For
N = 1, the tilting of the Mexican hat potential explains how théoaxgets its mass. The fact that
N > 1 cannot be visualized in this way anymore, since there arehdegenerate CP-conserving
minima present. This case leads to the so-called domainpralem [46]. This problem can be
solved ( [69] and references therein) but shall not be censihere such that = 1 is assumed
in the following. Thus, the contributions to the axion cosogical density result from the initial
misalignment effect, the axionic string decay umntiland the decay of domain walls (bounded by
strings aftett;) into axions. The last contribution can be neglected, yiglé cosmic axion density
of [69]
2 o fa 7/6

Quh* =~ 0.34 <71012 GeV) . (3.72)
Comparing this to the experimentally determined CDM dgnsitQcpyii? &~ 0.13 indicates that
axions ofm, ~ 10 ueV can contribute to the dark matter, while smaller massesuded out [6].
In any case, exact results are a controversial issue and.F2) (s subject to many sources of un-
certainty beside the debate about the contribution of axistning decay to the axion cosmological
density.
One more comment on the string scenario would be thatdeéom mini clustersould form, hold-
ing a significant fraction of the CDM axions. Since the axi@msity variations in space during
QCD transition are large, free-streaming might not be abé&anhcel these fluctuations, which leads
to the above mentioned mini clusters bound by gravitatidmmmatter starts to dominate the uni-
verse.

Summarizing, the window left open for axions by all consaderastrophysical and cosmologi-
cal constraints reaches fropeV to some meV. Nevertheless, experiments do not only cover t

window but also search the “prohibited” regions since regithstrophysical nor cosmological ar-
guments yield absolutely stringent limits. All constrairitom astrophysics and cosmology are
summarized in Fig. 3.12, where especially for the cold dastten region the uncertainty is indi-

cated.

3.7 Detection of Invisible Axions

After the rather quick exclusion of visible axions, Pieri&i8e was the first to accept the chal-

lenge of detecting invisible axions and he suggested dexguariments, which could serve to find

the elusive axions [74]. In his paper, both, haloscopesdk for galactic axions and helioscopes
to search for solar axions were suggested. The basic idea@tert axions into monoenergetic

photons by using a strong magnetic field (Primakoff effeeg €hapter 4). This seems to be the
most promising approach, since the axion-to-photon cogp@b a generic feature of every axion

model as a natural consequence of the axion-gluon interactihus, many experiments are mak-
ing use of the coupling of axions to photons.

In the case of a Coulomb field of a particle carrying charge,ahove mentioned conversion can
be understood as a scattering processZe — Ze + a. A strong magnetic field denotes the other
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extreme, a macroscopic field. The conversion can be besedi@s an axion-photon oscillation
comparable to neutrino-flavor oscillations, since the mmton® transfer is small and coherent in-
teraction over a certain length takes place.

The experiments looking for invisible axions can be catizgor into three groups according to
the origin of the axions: haloscopes and telescope sealubking for galactic axions, laser ex-
periments trying to detect laboratory axions and heliossdp quest of solar axions. Figure 3.17
provides an overview of the covered axion parameter redignthe various experiments which
will be discussed in the following sections.
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Figure 3.17: Excluded ranges in the axion parameter space by differ@ararents. A more detailed description of the
various types of experimental setups can be found in theofekis section.

3.7.1 Galactic Axion Searches
Haloscopes

In case axions exist, they could provide a significant pagvan all of the cosmic CDM, as the
astrophysical and cosmological limits in Fig. 3.12 indécai a certain range of reasonable axion
masses for CDM, galactic halo axions might be detected byowive cavities, so-called halo-
scopes. When passing through a strong static magnetic #dld §xions of masses in theeV
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range could be converted resonantly into nearly monochiiom@dcrowave photons (GHz range).
The microwave cavity needs to be tunable, since the coupfiagions is only possible to transver-
sal magnetic (TM) modes of the cavity and the axion mass isiylehown.

The first experiments were done in the 1980s (RHF5], UF?° [76]) and yielded upper limits on

the axion-photon coupling constant varying from

9ar (95% CL) < 2.4 x 1071 GeV ™ for an axion mass m, = 4.5 x 107% eV, (3.73)
to
9ar(95% CL) < 4.2 x 1071 GeV ™~ for an axion mass m, = 1.6 x 107° eV, (3.74)

Further experiments followed, applying the same principleputting a lot of effort in increasing
the sensitivity. The ADMX? experiment at LLNE! so far excluded the mass range of [77]

1.98 eV < mgy < 2.17 peV. (3.75)

SQUID?*2 amplifiers were used in order to improve the experimentaipsky reducing noise and to
obtain in this way the above result. Atthe present time, ADKeing upgraded by implementing
dilution refrigerators in order to further decrease thegerature of the cavity. This increases the
speed of the frequency scans even further. The next datggtakins are expected to start in 2009.

Another possibility to detect galactic axions is to utilibe selective ionization of Rydberg atoms
and detect the electrons which are produced. This methogplied in the CARRACK? ex-
periment located in Kyoto, Japan. While CARRACK | searchezliad 10 eV, CARRACK I
investigated the region of peV< m, < 50 peV [78]. Since the highly excited atoms need a
very good stability of temperature, the CARRACK experimieas been upgraded from stage | to
phase Il by using a dilution refrigerator. The results aobikso far by haloscopes are included in
Fig. 3.18 along with the prospects of the upgraded ADMX eixpent.

Telescope Searches

While the two-photon decay rate of axions with masses in tbdMCegime is expected to be
extremely slow, it could be observable for thermally praetli¢multi-eV” axions. An almost

monochromatic emission line from galaxies and clustersatdodes [79] should be observable
in experiments. An early search (Kitt Peak National Obgeryg80]) excluded the mass range of

3eV<m, <8eV. (3.76)
while a more recent search of the same kind [81] led to an dedwange of axion masses of

4.5eV<m, <7.7eV, (3.77)

2Rochester-Brookhaven-Fermilab

PyUniversity of Florida

30Axion Dark Matter eXperiment

%1 awrence Livermore National Laboratory

323uperconducting QUantum Interference Devices

33Cosmic Axion Research using Rydberg Atoms in a resonantavKyoto
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Figure 3.18: Exclusion plot for various haloscope experiments. Theoyellegion represents the results of RBF [75],
and the green area refers to the limits derived by UF [76]tHeumore, first results of ADMX [77] are included in blue
along with the prospects for the upgraded experiment (dark ftame). The CARRACK | [78] results are shown in
grey and the axion model region is indicated in red [62].

unless the coupling of axions to photons is highly suppaes3éwus the range marked as “Tele-
scopes” in Fig. 3.12 could be excluded.

At the Haystack Observatory, a radio telescope was appiethserve nearby dwarf galaxies and
derived an upper bound on the coupling constant of [82]

9av(96% CL) < 1.0 x 10~ GeV ™! for axion masses 298 eV < m, < 363 peV.  (3.78)

3.7.2 Laboratory Axion Searches
Shining-Light-Through-Walls: Regeneration Experiments

In pure laboratory experiments, no astrophysical or cosgichl sources of axions are needed,
since the axions are directly produced in the laboratorysTthese experiments are independent
of models for axion fluxes or densities, which might have taibed in other circumstances.

The basic principle of “Shining-Light-through-Walls” oelm dump experiments is that a strong
laser beam is shone through a transverse magnetic field,tsatlka fraction of the photons is
converted into axions. Then a wall or shield is set up to bltek photons, while the feably
interacting axions are able to pass the barrier. On the aiderof the wall, a second transverse
magnetic field allows for reconversion of the axions intotphs, which can then be detected [83,
84]. Fig. 3.19 illustrates the working principle. It is alpossible to use resonanting cavities on
both sides [85].

Such an experiment done in the early 1990s [86] resulted mpger limit on the axion-photon
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v

Figure 3.19: Working principle of “Shining-Light-through-Walls” expinents. An incoming photon beam is partly
converted into axions in the presence of a transverse madisdd. A wall keeps the photons from passing to the other
side, while the axions are able to pass it unimpededly. Be:yoa barrier, a second magnetic field is used to convert the
axions back into photons, which can then be detected.

coupling constant of
9o (95% CL) < 6.7 x 1077 GeV~! for axion masses m, < 1072 eV. (3.79)

More recently, several experiments of this kind have beennsissioned in view of an apparent
signal claimed by the PVLA% collaboration [87] (for more details see the following $@cton
polarization experiments) in order to confirm it or rule it.ou

One of these experiments, the LIPS8xperiment at Jefferson Lab, excluded coupling constants
larger thanl0—% GeV~! for masses arountimeV [88], thus ruling out the claimed signal.
Another result comes from the BM¥ collaboration, which also did not see any signal [89].

The same has also been confirmed by the Gamihexperiment at FNAB® giving a3¢ constraint
0N gay < 3.2 x 1077 in the limit of a massless particle [90].

Also at DESY and CERN experiments have been taking first dat?s3® will need additional
upgrades, which are under preparation [56], in order to eepith experiments like GammeV
while OSQAR published first results, such that one more experiment dgslthe PVLAS sig-
nal [91]. In Fig. 3.17, the search region of these experiménthe axion phase space is indicated
by the turquoise line labeled “resonant regeneration”.

Polarization Experiments

As an alternative to regenerating photons, which have bevected into axions, it is also possible
to detect the axion-to-photon conversion induced by a ntagfield directly in the beam itself.

34polarizzazione del Vuoto con LASer (Vacuum Polarizatiothviaser)

5 Ight Pseudoscalar or Scalar Search

%éBjrefringence Magnetic du Vide (Magnetic Vacuum Birefrémge)

$’Gamma to milli-eV particle search

%8Fermi National Accelerator Laboratory

%%Axion-Like Particle Search/ Any Light Particle Search

400ptical Search for QED vacuum magnetic birefringence, Axdod photon Regeneration
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Figure 3.20: Upper image: Basic principle of the development of dichro{&Rotation of the polarization plane), which
is induced by the creation of a massive particle couplingvmpphotons. Lower image: Basic principle of formation of
ellipticity, which is induced by the retardation of an el&cfield component relative to another, when virtual massiv
particles mix (2-photon coupling).

If polarized light passes through a transverse magnetid, fiebxperiences both, dichroism and
birefringence. Dichroism means that a small rotation oftblarization vector of linearly polarized
light is observable. This is due to the fact that the eledtelti componentt, which is parallel

to the magnetic field3, is diminished by axion production, while the perpendicylart £/, stays
unaffected (see upper part of Fig. 3.20). Birefringencehendther hand is observable in the fact
that initially linearly polarized light becomes elliptiba polarized (see lower part of Fig. 3.20).
This happens due to the mixing of virtual axions in febut not in theE, state.

Such an experiment has been performed by Semertzidis 824 yjelding

Jay < 2.5 X 1079 GeV! for axion masses m, < 7 x 1074 eV, (3.80)

as a result for the observed optical rotation.

In 2006, PVLAS, a more recent polarization experiment, reguba signature, which might have
been interpreted tentatively as evidence for a light psexaddar particle with a mass of about
1 — 1.5 meV and a coupling to photons of arousick 10~ GeV~! [87]. The imminent difficulty
was to reconcile such a signal with the more stringent limitshe axion-photon coupling constant
as obtained from the Sun for example by CAST. Theoreticaletsotb explain this discrepancy
were developed and several experiments were launched iat@lydo test the PVLAS signal (see
previous section). More recently, the PVLAS collaboratmublished a report, withdrawing the
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former results. They concluded that the observed effecte imstrumental artifacts rather than an
indication of new physics [93]. Despite the fact that theitexaent turned out to be for no specific
reason, the axion community profited from the renewed istegiad increased research activity,
which had been triggered by the apparent signal.

3.7.3 Solar Axion Searches
Helioscopes

Helioscopes are used to look for axions coming from the Swam.tls purpose either an electric
or a magnetic field can provide the prerequisites to conwddna into photons via the inverse
Primakoff effect.
Crystalline detectors can provide an electric field in otderonvert axions coherently into photons,
which is the case when the angle of incident of the axion fslftie Bragg condition with the
plane of the crystal [94]. The three important experimemntgstigating these Bragg patterns are
SOLAX*L, COSME*2 and the DAMA® experiment.
SOLAX studied the mass range, < 1 keV. It obtained a limit on the axion to photon coupling
of [95]

9a~(95% CL) < 2.7 x 107 GeV! for axion masses mq < 1 keV, (3.81)
using a Germanium spectrometer.

COSME provided a similar result with a Germanium detectowa. It is independent of the
axion mass and yields [96]

9ar (95% CL) < 2.78 x 107Y GeV . (3.82)
DAMA gave a limit of [97]
9ar(90% CL) < 1.7 x 107° GeV 1, (3.83)

with a Nal(Tl) crystal independent of the axion mass. Unfodtely, studies revealed that the ca-
pability to detect solar axions using an electric field istéd due to the low conversion probability
in available detector materials and thus neither presarfuture crystal detectors are able to com-
pete with the globular cluster limit (see Section 3.5.2)ess extremely long exposure times are
accepted with very high background suppression [98].

Instead of an electric field, the second type of axion hetipss uses a transverse magnetic field
for the axion-to-photon conversion [74,99]. The first expent of this kind by Lazarus and col-
laborators published their results in 1992 [100]. Theywtia limit of

9ar(99% CL) < 3.6 x 107 GeV~! for axion masses m, < 0.03 eV, (3.84)
and the examination of an extended mass range yieldetbthpper limit of

Gar (99% CL) < 7.7 x 1072 GeV~! for axion masses 0.03 eV < m, < 0.11 eV, (3.85)

4150Lar AXion search in Argentina
42Germanium detector located in the Canfranc Undergroundizdbry
“3particle DArk MAtter searches with highly radiopure sdiators at Gran Sasso
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The Tokyo Axion Helioscope applied the same method with &dvigensitivity and could thus
improve the limit to [101]

9o (95% CL) < 6.0 x 1079 GeV™! for axion masses m, < 0.03 V. (3.86)

Only recently the experiment published the results of itslthhase [102], in which the magnet has
been filled with a buffer gas to restore coherence, furth@rawing its previously obtained limits
to

9ar (95% CL) < 5.6 — 13.4 x 10712 GeV! for axion masses 0.84 eV < m, < 1.0 eV. (3.87)

The CERN Axion Solar Telescope (CAST), which is the topic dfa@ter 5, where a detailed
description can be found, is applying the same principlenasta much higher sensitivity than the
Tokyo Axion Helioscope, due to its larger product of magnéld and length. It achieved in its
first phase an upper limit on the axion-to-photon couplingstant of [53, 103]

9ar(95% CL) < 8.8 x 107! GeV ™ for axion masses m, < 0.02 eV. (3.88)

The exclusion plot of CAST’s Phase | with vacuum inside thegned can be seen in Fig. 3.21.
The first results of the Tokyo helioscope are included as alelhg with other experimental and
theoretical bounds. The results of CAST’s second phase 4#thin the magnet bores are the
subject of this thesis and will be described in more detédrlan.

Big Scale Helioscope

As a closing remark, a possible future experiment to findrsolions is based on the idea to observe
the Sun from an X-ray satellite, when the Earth is in betwéerstar and the satellite. Thus, Earth’s
magnetic field on the side away from the Sun could be used teecosolar axions into photons
and these can then be detected by the satellite [104]. Ordyi sixion massesn, < 1074 eV

~

could be covered, but the sensitivity could be able to compath astrophysical limits.
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Figure 3.21: CAST exclusion plot of the axion-to-photon coupling constat 95% CL for all data obtained in
Phase | [53]. The achieved limit of CAST is compared with otheerimental constraints (Lazarus [100], SOLAX [95],
COSME [96], DAMA [97], Tokyo helioscope [101]). The prospedor CAST’s Phase Il are shown in greéidg) and

red He). Furthermore, the Horizontal Branch (HB) star limit ahd hot dark matter (HDM) limit are included. The
yellow band represents the typical theoretical axion m®edat the green solid line corresponds to the case of the KSVZ
model withE/N = 0.
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Chapter 4

The Solar Axion

CAST is one of the experiments which use the Sun as the closkesttial source of axions in order
to proof or rule out the existence of the still hypotheticafticle. This chapter is therefore meant
to discuss the relevant parameters of solar axion produetim detection. First the production
of solar axions via the Primakoff effect will be studied ahd expected solar axion flux at Earth
in the frame of a standard solar model will be discussed. detection of axions in magnetic
fields, the main factor next to the expected flux is the prditghif conversion for axions into
photons. Closely connected with this probability is thear@nce condition, which determines in
which axion mass range efficient conversion can be achiezpdraling on the given experimental
conditions. Having studied the expected axion flux and tmwesion probability, it is possible to
determine the expected number of photons arising from atxigzhoton conversion. This consid-
erations will be done closing this chapter.

4.1 Production of Axions in the Sun

4.1.1 Solar Axion Production and the Solar Model

As already discussed in Section 3.4, axions can be productha icore of stars, such as our Sun,
which is the closest, brightest and best-known celestialesource and thus qualifies perfectly for
scientific observations. In the extremely hot and denseafdiee Sun, the two photon coupling of
pseudoscalars allows for the conversion of blackbody pisotath energies in the keV-range into
axions. The virtual photon is hereby provided by the strdegteomagnetic field, originating from
the charged patrticles in the plasma. The Feynman diagrahiso$a-called Primakoff effect [45]
is shown in Fig. 4.1 and can be written as

v+ Ze — Ze+ a. (4.2)

In non-relativistic conditions, the Primakoff effect tgrout to be relevant. In this case, electrons
and nuclei can be considered heavy in comparison to the iesenf the surrounding photons.
Therefore, the differential cross section in this case (@kihg into account recoil effects) is given
by [32]

doya _ Gan 270t |y X fal® 4.2)
aQ 8« qr '

57
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e, Ze e, Ze B

Figure 4.1: Left: Feynman diagram of the Primakoff effect in the Sun. Aofaim is converted into an axion in the
electric field, which originates from the charged partictethe plasma. Right: In a laboratory magnetic field, the axio
can couple to a virtual photon provided by the transverseneiggfield resulting in a real photon. This is the so-called
inverse Primakoff effect.

where the axion and photon energies are taken to be equahamidmentum transfer is given by
¢ = Py — Pa- The cut-off of the long-range Coulomb potential in vacuwnrhassive axions is
given by the minimum required momentum transfer

2

m
min — S ; 4.3
q oL, (4.3)
for m, < F,, yielding a total cross section of
1 2F, 1
Oymsa = 2292, [iln ( - ) — ﬂ . (4.4)

The cut-off of the long-range coulomb potential in a plasmdtie to screening effects resulting in
an additional factor of the differential cross section sttt

dQ 8 74 K24+ q2 '
Here, the screening effects are described by the DebyedH&chle given by [105]
4
g2 = 12 Z Z2n;, (4.6)
J

whereT;, denotes the temperature in the plasma (solar car@,the fine-structure constant and
n; represents the number density of charged particles carthie chargeZ ;e. Near the center of
the Sun, the Debye-Huckel scateis roughly9 keV and the ratiox/T) ~ 7 is approximately
constant throughout the Sun. Raffelt [66, 105] calculatexitbtal scattering cross section taking
into account this modification. Assuming a non-relatigisiedium and neglecting recoil effects,
he derived an expression for the transition rte., by summing over all target species of the

medium
T@FL g, p X p
ny—>a: a'Y| 7| /dQ(j2 q a

. 4.7
3272 72+ K2) (“.7)
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Performing the angular integration yields in terms of thetph energyF,, and the absolute value
of its momentuny., = |p,| as well as using, = |p,| as the absolute axion momentum [66],

2 2
Tor?ed, p, [ |03 +90)° +52) [0 —p)* + 2]
32r  E, 4pypak?
2
(p3 —12)

— In
4pypak?

(py +pa)® + K
(py — pa)2 + K2

- 1} . (4.8)

For the Sun, the effective mass of the photon in the mediwen, the plasma frequenty,, is
small. Typically, it is around).3 keV, while the solar core temperaturelis = 15.6 x 105 K =

1.3 keV, leading to typical photon energies of ab8(t, ~ 4 keV. In the following, the plasma
frequency will be neglected for this reason and photons béllireated as completely massless.
Recoil effects can be ignored, such tifat = F, in the photon-to-axion conversion and one can
assume, = E, = E, andp, = \/E2 — m2. This turns Eq. (4.8) into

Iy—a x In

(py +pa)2
(pv _pa)2

(Eq + pa)2 + k2
(B, — pa)2 + K2
(B + pa)?

(Ea—pa)®] 1} ' (“9)

For axion masses small against the axion energypi,es E,, the next to last term tends to zero
and the above equation transforms to

Tok*g2, e 4E?
F»y—m— 3277_‘_ |:<1+E> In <1+?> —1:| . (410)

In

I, =

T@ngfw (mg — /12)2 + 4E2K?
32 AE pok?

m4

a
— 1
ABopar?

The differential axion flux expected at Earth can be obtalmed convolution of the transition rate
and the distribution of blackbody photons of the Sun folldvisy an integration using a standard

solar model as " )
dd, (E 1 © 1 D)
a ( a) = 7] dg'f_"—ia ny—m,,
dE, 4rd? Jo n2 eFa/T — 1

where the average distance to the Suiis= 1.50 x 10> cm. Van Bibberet al. derived a well-
approximated formula [99], using the standard solar modgEkbped by Bahcakt al. [106] in
1982

dd,(E,)
dE,

(4.11)

cm_zs_lkeV_l] . (4.12)

Gary )2 (Ea/keV)”
(
(S

o 10
=4.02 x 10 <10—10GeV_1 Eq/1.08keV) _ | [

The average axion energy (&,) = 4.2 keV and its maximurfiis around3 keV. From this, the

1See Appendix A.

2This is the case for KSVZ axions (hadronic axions), for whialy the Primakoff production mechanism is relevant.
For DFSZ model axions, for which bremsstrahlung processeda@ninant, the peak position would be shifted to lower
energies.
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total axion flux can be calculated as

2
11 Ja -2 —1
(I)a =3.54 x 10 <1[)—w—(;,y(3\/_1> cm S . (413)

Thus, the axion flux is proportional tg,, which corresponds to the square of the coupling constant
a in Units of 10710 GeV—1, i.e.

_ Jary
90 = 0710 Gev T @19

The axion luminosity using this standard solar model is

2
-3 Ya
La =1.7x10 <10—10—(;,Ye\/v_1> L@, (415)

whereL is the solar photon luminosiy
In 2004, Bahcall and Pinsonneault [107] published an updatdéar model, such that the axion
parameters could be re-evaluated [108] as

2
&, = 375 x10%(—I ) em2sY
10-10 GeV~!
2
_ Ya
Lo = 18x1073(—22 ) L,
(10—10 GeV_1> ©
(E,) = 4.20keV, (4.16)

with the average axion enerdy, ). Figure 4.2 shows a comparison of the differential solaow@xi
flux for the solar model from 1982 (dotted black line) and the érom 2004 (solid red line). It can
be seen that the influence of the changes in the solar modastlis $mall. The same can be said
for the total axion flux prediction. Since the flux calculatis only accurate within a few percent,
the changes have been expected to be not severe.

An analytic approximation for the differential axion flux tife 2004 model can be obtained by

fitting the function
d®,(Ey,) EN\® _
N (a+1D)Ea/Bo, 4.17

dE, <E0> ¢ (4.17)
with the three parameter$, £, anda to solar data. Whiled is a normalization factorE, corre-
sponds to the average energy,) and« is related to higher moments of energy. The best fit can
be obtained for the function

d®,(E,) 10 Gary 2 (E,/keV)*48! o 1y <
g, — 0020 X 100 1o E T ) ke iy (0 s eV (4.18)

The provided fit accuracy is at tH&; level for energies from to 11 keV.
If an imaging device is used for detecting photons from at@photon conversion, as it is the

3Lo = 3.84 x 10%° erg/ls
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Figure 4.2: Comparison of the differential axion flux from the Sun at B&dr two different solar models. The dot-
ted black line shows the flux for an early solar model from 18B%6], while the solid red line uses a modern solar
model [107].

case for the CAST experiment with its X-ray telescope (seap@r 5 and 6), it is of advantage
to consider the differential axion flux as an apparent serfaminosity ¢, (E,,r) of the solar
disk [108]. This means that the flux is calculated per unitesgr area of the apparent 2-dimensional
solar disk and it is a function of the dimensionless radiardmate0 < r < 1, which represents
the radius normalized to the radfusf the SunR.. The apparent surface luminosity, (E,,7)
can be determined by

R} ! s
Pa (Ea, ’f’) = ﬁ /7: dS\/ﬁEa k fBFa—V\/a (419)

and is given in units of cm? s™! keV~! per unit surface area, which is dimensionless, due to
the fact that the radial coordinatedoes not have a dimension. Hetk, is the average distance
of the Earth from the Sun as in Eq. (4.1%)represents the radial position in the Sun, which
determines the physical quantities to be considered, dg.teamperature and density. Finally,

fp = (efa/To — 1)_1 is the Bose-Einstein distribution. In Fig. 4.3, the axionface luminosity

as seen from Earth is shown as a function of axion enéigwnd radial coordinate. The color
scale is given in units of axions/ (@ms- keV) per unit surface area on the solar disk. It can be
seen that most axions are expected to originate from the 26€ of the solar radius. Furthermore,
the axion flux is expected to be largest at energies ar@uweV. Figure 4.4 illustrates the energy
dependence of the axion surface luminosity for severabtadiordinates. It has been derived by
integrating up to different values of

*Rsun = Ro = 6.9598 x 10'° cm
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Figure 4.3: Contour plot of the axion surface luminosity of the Sun asrecfion of energy and dimensionless radial
coordinater. The units, in which the flux is given, are axions/ fcrs- keV) per unit surface area on the solar disk.
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Figure 4.4: Solar axion surface luminosity depending on energy forotaxivalues of the radial coordinate It has
been derived by integrating up to different values oHere the same units as in Fig. 4.3 have been used.
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The total axion flux at Earth can be obtained from the appawerfiace luminosityp,, (E,,r) by

1 e )
o, = 277/ dr 7“/ dE ¢, (Eq,71), (4.20)
0 wp
wherew, is the plasma frequency.

4.1.2 Constraints on the Solar Axion Flux

As already mentioned in Chapter 3, the knowledge about potgrerties can be used to constrain
the solar axion flux.

Since axion losses would increase the consumption of nuitlehand the standard Sun has lived
through half of its helium burning phase, its solar axion ilupsity should not exceed the solar
photon luminosity. From this, one can conclude, for exampilat a PVLAS-type “signal” as
discussed in Section 3.7.2 would require an axion lumipaxit

Lo > 10° x L, (4.21)
©

such that the Sun would only live aboli00 years [63].

Furthermore, precision helioseismology can be used tcstigate the interior of the Sun. The
seismic model and all modern variations of the standard sotalel are well compatible within
seismic uncertainties, thus strongly disfavoring axiattar models withy,, > 1 x 107° GeV~L.
This implies that the axion luminosity, should not exceed0 — 20% of the solar luminosity
L [109].

Another constraining factor makes use of the measured selarino flux. The enhanced burn-
ing of nuclear fuel due to axion emission would lead to a niséemperature and an increase of
neutrino fluxes. Thus, only a coupling constapt < 5 x 1071% GeV~!, which corresponds to
L, < 0.04L), yields self-consistent solar models with axion lossesatible with the observed
neutrino fluxes from the Sun. However, one should keep in riiiatithe uncertainties of the neu-
trino flux predictions from solar models are quite large.

Concerning the consistency of the results of the CAST erpart and standard solar models, it can
be said that the solar axion flux, which corresponds to the TIkSits, is too small to significantly
affect the above mentioned observations. Axion losseshuantie seen as minor perturbations of
solar models, such that CAST limits and these models are lebefyp consistent.

4.1.3 Do Axions Escape from the Sun?

Solar axions can only be detected, if they are actually abkstape from the Sun. If their mean
free path (MFP)\, is less than the solar radius, they cannot leave the Sun. timahaunits, the
photon-axion conversion rate given in Eq. (4.10) and therse MFP of a photon of energy,
considering the Primakoff effect are identical. Thus theRmVifan be obtained from Eq. (4.10) in
the static limit (no recoil, screening included). With a fraturel’ ~ 1.3 keV andx ~ 9 keV at
the solar center, one calculates the M For 4 keV axions as

-2
/\a ~ 6 X 1024 <#> cm =~ 8 x 101391_02R®, (422)
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wheregio = g4,/1071°GeV 1. Thus, the coupling constant., would have to be larger than the
observed CAST limit by a factor dfo” in order to have re-absorption of axions in the Sun.

In the extreme case of such a strong coupling, axions wodldeince the solar structure. They
would be responsible for the bulk of the energy transporhiwithe Sun which is otherwise car-
ried by the photons. In order to be trapped in the Sun, axiomgldvhave to interact strongly
enough to have a MFP smaller than that of photons, which israf® mm in the solar core. The
solar structure will only remain unaffected, if the MFP ofans would not be much larger than
this. Otherwise, the energy transfer rate in the Sun wouldxbeemely accelerated and the solar
structure would be dramatically altered. This conditiorsasstringent that re-absorption is not a
possibility worth considering for particles like axions3]6

4.2 Probability of Axion-To-Photon-Conversion

In a laboratory magnetic field, solar axions can be converiedreal photons via the inverse Pri-
makoff effect (see right part of Fig. 4.1). The virtual phots hereby provided by the magnetic
field. The conversion process can be treated in a similar waneatrino oscillations [32].
Although the photon has spihand the axion is a spin-zero patrticle, they can mix provided t
the mixing agent, which can be an external magnetic or étefotid, matches the missing quan-
tum numbers. The conversion from a free photon into a spin-agion requires a change in the
azimuthal quantum number of angular momentufy).( For the photon/, = +1, while for the
axion J, = 0 holds. A longitudinal field, i.e. a field providing an azimatrsymmetry, cannot
allow for these transitions since it cannot chadge A transverse field however allows for mixing
of a photon with an axion.

The determining wave equation for particles propagating@the z-axis in a transverse magnetic
field B has been derived by Raffelt and Stodolsky [110] as

2
_my _ ;L B
W—35, =15  YGay3 , | —io. ) = 0, (4.23)
gav% w = g:f @

where A denotes the amplitude of the photon field component patalkble magnetic fields, the
amplitude of the axion field i8 andw represents the frequency. Furthermore, damping is incor-
porated by the inverse absorption lendtlof photons. A first-order solution using a perturbative
approach can be found up to a global phase as

(A)(2)a0) = Zguy exp <_ [ o g)

/ 2 2
4 4 _ a 1—‘
« / d2'B exp (z / 2" [u —z—D . (4.24)
0 0 2w 2



4.2. PROBABILITY OF AXION-TO-PHOTON-CONVERSION 65

The conversion probabilifyPa_w of axions into photons at a length= L of the magnetic field
is then

By, 2 1 _ _
Py = [(A)(2)]a(0))” = ( 5 ”) FTT [1+e TL _ 96~ TL/2 o5 (qL)|,  (4.25)

wheregq is the absolute momentum transfer between the real photthreimedium and the axion
and is given by
q= (4.26)

7”’277
°F,

Here,m, is the effective photon mass in the gas, whilg and £/, are mass and energy of the
axion, respectively. It is possible to obtain the momentuamgferq by considering the axion
energy, which is

E? =m? 4+ p2. (4.27)

Thus, the momentum of the axion can be derived as

[, ma
Pa = Ea 1-— E—g, (428)

where the development fon, < E, yields

Pa ~ By — QEC;. (4.29)
Analogous, one obtains
m2
Py R By — ﬁ (4.30)
and with this the momentum transfgfollows as
2
q=|pa—pyl = ;g—;% ; (4.31)

which is Eq. (4.26) itE, = E,.

It is possible to differentiate between two cases for théaldity of conversion, which will yield
slightly different results. First an evacuated conversiegion will be studied, followed by an
investigation of the influence of a buffer gas used to fill thewersion volume.

4.2.1 Coherence Condition and Conversion Probability in Vauum

The probability for converting an axion into a photon in a metic field in vacuum can be obtained
from Eq. (4.25) by considering the limit, — 0. Under the assumption that the absorption is then

SFor the expression given in Eq. (4.25), Heaviside-Loremitsthave been used. A short explanation can be found
in Appendix B.
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negligible [ = 0), this yields

2

. L

BLg, \ 2 [ sin v
P,M:< 97) (2) . (4.32)

2 L
(%)
Here, B is the magnetic field and the momentum trangfgiven in Eq. (4.26) between axion and

real photon reduces to
2

m
=1 4.33
T (4.33)

sincem, = 0. This yields a condition under which coherence is assuredphoton and axion
wave are in phase, and it is possible to obtain a conversiaimapility significantly different from
zero. This coherence condition is provided by

q

L
% <, (4.34)
which is illustrated in Fig. 4.5. Here, thgin (z)/x)? term of Eq. (4.32) with: = ¢L/2 is plotted
as a function ofr and it can be seen that the largest contributions are foundaloesx < 7.
Expressing this in terms of axion masses, one obtains

AnE,

(4.35)
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Figure 4.5: Dependence of the coherence term on different values aofgtswentg L/2. The major contributions to the
probability function result from values qfL /2 which are smaller than.
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such that the coherence condition is fulfilled for axion neassmaller thaf.02 eV, if a magnetic
length of aboufl0 m and an axion energy df,, ~ 4.2 keV are assumed. In the limit — 0, the
sin? (x)/2? term tends td and Eq. (4.32) can be reduced to

BLga \?
Pa—w = ( 29 7) ’ (436)

which is then the simplified probability of conversion in vam.

4.2.2 Coherence Condition and Conversion Probability in a Bffer Gas

In order to access higher axion masses than those obsewitibien evacuated conversion volume
in a given experiment, the magnetic field region can be filléd ewbuffer gas. The requirement for
this gas is to have a Idhatomic numbetZ, such that basically only helium and hydrogen qualify.
In this case however, the full formula for the conversionladaility given in Eq. (4.25) has to be
considered using the momentum transfer provided by Eg6)4a&

'mg — m2

q= , (4.37)

2F,

with effective photon masses different from zero.

The Effective Photon Mass In order to calculate the momentum transjethe effective mass
of photons in a gas has to be known. While in vacuum photonsmassless and travel with
the speed of light, they acquire an effective mass when passing through apaeerst medium,
which they traverse at a speed smaller tlharin the classical wave picture, this slowing down
can be understood as a delaying of the photon wave due tdeir@ece of the original light with
photons coming from matter polarized by the initial photolrsthe context of a particle picture,
one might consider it as an effect of mixing between theahiphoton and quantum excitations
of the traversed matter, which results in a particle witkeeffre mass which thus cannot travel at
speedc. The photon energy is given by? = m?2 = h*w?, wherew, is the plasma frequency. It
can be derived following Ref. [111] as

2
w? = 47Tnee— = 4mnero, (4.38)

p m
with n. being the electron density, amgl = ¢ /m the classical electron radius.
Using thatn, = N./V, whereN, is the number of electrons in volumé, the plasma frequency
can be expressed as

Ne
wl = 47777“0. (4.39)

50One reason to use loW gases is that the absorption of photons in a gas increasksthwitatomic numbef.
Furthermore in an experiment like CAST, which is operatetl.&at, only low Z gases like helium and hydrogen are
still gaseous at the pressures which are required.



68 CHAPTER 4. THE SOLAR AXION

The effective photon mass follows then as

m,zy = 477%7‘0. (4.40)

In the case of helium, the number of electrons correspontsite the number of atom&/,, i.e.
N, = 2N,. And thus, applying the ideal gas law

pV =nRT, (4.42)

with pressurep, volumeV, gas constank, temperaturd” and the amount of gas given in mol,

it follows that
N, _ 2pNa
V ~ RT
It has been used that = N,/N4 and N4 is Avogadro’s constant. Inserting Eq. (4.42) into
EqQ. (4.40) leads then to

(4.42)

N K
mg/ = BWTORA% =5.130 x 1011%m (443)
Taking into account natural unitéd = 0.197 GeV fm), yields straightforward
B p/mbar
My = \/0.01997 T/K eV, (4.44)

which is the effective photon mass in helium.

The Momentum Transfer Having determined the effective photon mass, it is now [bbsgd
calculate the momentum transfer between the axion and #igph®ton as given in Eq. (4.37).
In Fig. 4.6,q is visualized depending on the axion energy and mass for em@ary pressure of
4He, which is in this casé.49 mbar at a temperature af8 K and corresponds to an effective
photon mass of.25 eV. The color scale represents the size @i units of eV. It can be seen that
the momentum transfer becomes minimal for axion masseg ttothe corresponding effective
photon mass of the considered helium pressure. Since theentam transfer has to be small in
order to fulfill the coherence condition of Eq. (4.34), onlparrow range of axion masses can be
studied at a specific helium gas pressure.

To demonstrate the influence of the pressure on the momen&unsfer, Fig. 4.7 diplaysg versus
the axion mass for all energies fromto 7 keV at various pressures 6He at1.8 K. For each
pressure setting, the momentum transfer is close to zerofonla narrow mass range. With
increasing pressure of the gas, the minimal valug shifts to higher axion masses. For the
smallest plotted pressure 06f08 mbar, ¢ is small enough to fulfill the coherence condition for
masses up t0.03 eV.

In Fig. 4.8, the energy dependence of the momentum transfeisuialized for different axion
masses at a helium pressurebcf9 mbar (atl.8 K). It can be seen that is smallest for an axion
mass 0f0.25 eV, which corresponds to the effective photon mass at theidered pressure. For
axion masses higher or lower than this photon mass, the ntometnansfer increases, i.e. the
coherence condition cannot be fulfilled. From Eq. (4.373 iblbvious that the momentum transfer
decreases with increasing energy, as can be also seen h&ig.
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Figure 4.6: Momentum transfer depending on axion energy and mass foreangary pressure ¢f.49 mbar atl.8 K,
which corresponds to an effective photon mass of ab@it eV. The colorbar represents the sizeydf units of eV.
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Figure 4.8: Momentum transfer depending on axion energy for differairamasses at a pressure’ 49 mbar at
1.8 K, which corresponds to an effective photon mass of abdlit eV.

The Absorption of Photons in a Buffer Gas Another important factor influencing the conver-
sion probability is the absorption of the photons origingtfrom axions via the Primakoff effect

in a gas. In general, the absorptibnof these photons in a gas is defined as the inverse of the
absorption length:

= = pp(Eq), (4.45)

wherep is the density of the gas and E,) represents the energy-dependent mass absorption
coefficient, which is given by

W(Ee) = %UA(Ea)a (4.46)

with Avogadro’s constanlv 4 and mass numbet. The scattering cross sectioen

UA(Ea) = UPE(ECL) + Ocoherent (Ea) ~+ Cincoherent (Ea) (447)

takes into account photoelectric, coherent and incoheamtibutiond. At standard temperature
and pressufe(STP), the ideal gas equation yields for helium gas

TSTPPHe

AsTP = A
pstpTHe’

(4.48)

"The coherent scattering cross section corresponds to igaydeattering, while the incoherent contribution is due
to Compton effect.
8Tgrp = 273.15 K andpgrp = 1013.25 mbar
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Figure 4.9: AbsorptionI" for different physical effects as calculated using the Ntiafabase with helium at a pressure
of 1 mbar (" = 1.8 K).

and thus Eq. (4.45) turns into

[(E,) = N(Ea)PSTPM7 (4.49)
pstp1He

for helium. The density under standard conditipsp for “‘He is0.1786 g/L.

The NIST database [112] provides the mass absorption deeffidepending on energy, such that

for a given temperaturéy, and pressurer,. the absorption can be calculated. Hereby, different

effects can be included as it is illustrated in Fig. 4.9. Theaaption including all effects is shown

in Fig. 4.10 for different pressures of helium at a tempegatil.8 K.

Mass Range of Coherence Re-establishing coherence by filling the magnet field regidh a
buffer gas makes small axion mass ranges around the e#qutivton mass accessible as can be
seen from Eq. (4.26) together with the coherence conditidtgo(4.34), namely

At E, dr B,
\/m2 — FL <mg < y/m2 + WL . (4.50)

Since the effective photon mass depends on the pressureianraass range of up to about
0.43 eV can be scanned witlHe at1.8 K with an experiment like CASY. For higher masses (up
to aboutl eV) 3He has to be used, since at the magnet operating temperétufelo*He reaches

®The CAST experiment will be introduced in Chapter 5.
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Figure 4.10: AbsorptionI" in helium including all effects for various pressure setimt]” = 1.8 K. Calculations have
been done using the NIST database [112].

its saturation vapor pressurel#t405 mbar (aboud.43 eV in axion mass). Depending on the used
gas, the length of the magnetic field region and the operédimgerature, other experiments might
be able to access slightly different mass ranges.

4.3 Expected Number of Photons

The expected number of photons, from axion-to-photon conversion in a magnetic field can be
calculated depending on the axion mass and the pressure béiffer gas by

N, = / d®(Ey) Py n(Ey) €(Eq) At A dE,, (4.51)
E dEa

whereA ande(E,,) are the detector area and efficiency, respectively,/anhib the exposure time.

An example for the number of expected photons from conwversfcaxions in vacuum and at an

exemplary pressurg of the helium atl.8 K in the magnetic field region is shown in Fig. 4.11 for

the experimental conditions of the CAST experiment to givedaa of the general principle. Here,

an exposure time @f0 min has been considered not taking into account any detefftciency ¢ =

1). The sensitive area has been assumed to be of the size oABE @agnet borel(.522 cn?).

A more detailed study of the expected number of photons icdise of the CAST experiment can

be found in Chapter 8.
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Chapter 5

The CAST Experiment

In this chapter, the CERN Axion Solar Telescope (CAST) expent shown in Fig. 5.1 will be
presented. It is located above ground at Point 8 of the Ladréh Collider (LHC) at CERN in
Geneva, Switzerland. Being a helioscope, it uses a strommetia field in order to reconvert ax-
ions produced in the solar core into X-ray photons. Sincarmstrerse magnetic field with respect
to the direction of the incoming axions is required, CAST baen built to follow the Sun very
accurately, in order to maximize the time during which magoés and Sun are aligned.

In the first section, the division of the experiment into bally two phases will be explained. Fol-
lowing this, the experimental setup will be introduced titgrwith the key piece of the experiment,
which is a9.26 m long LHC prototype magnet able to provide a field of u@tdesla. Since the

Figure 5.1: Experimental setup of the CERN Axion Solar Telescope. Thgmat(blue) is installed on a platform
(green), which is supported on the right hand side by a tblat@live green) allowing horizontal movement. On the
other end (left in image), it is carried by two lifting screasa girder (yellow) for enabling vertical movement. The
yellow girder also allows for the horizontal movement alahg rails visible on the floor of the experimental hall. Part
of the cryogenics plant to cool the superconducting magnesible on the right side.
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accuracy of the solar tracking is crucial for a successfohing of the CAST experiment, both,
hardware and software to follow the Sun will be considerethore detail in the third section of
this chapter. To assure the accuracy of CAST in tracking the Svice a year an optical cross-
check is performed, the solar filming, which will be subjetthe fourth section. After this, both
vacuum and gas systems file and®He will be introduced being the biggest and most important
upgrade from Phase | to Phase Il. The changes of the systeenngeessary to extend the axion
mass range which can be studied. As during Phase |, the thrag detectors used for CAST’s
Phase Il were a conventional Time Projection Chamber (TBQpvel MICROMEsh GAseous
Structure (MICROMEGAS, MM) and an X-ray mirror optics in cbmation with a Charge Cou-
pled Device (CCD) as a focal plane detector, which both had logiginally developed for satellite
space missions. Closing the chapter, the results of Phatieblevghortly summarized.

5.1 CAST Physics Program: Phase | and Il

For the time being, CAST is the most sensitive helioscopééwtorld. In order to investigate a
wide range of masses, the experiment has been designeddistooitwo phases: Phase | with
vacuum in the magnet bores and Phase I, during which the etiagifeld region is filled with
helium.

During Phase |, the magnetic field region was kept under vacallowing to search for axions
in the mass range up @02 eV with very high sensitivity. For higher masses, the coheee
condition is not fulfilled anymore in evacuated magnet ba@med thus, the sensitivity decreases
rapidly. In order to restore the coherence between the aximmhthe photon wave, a buffer gas
can be filled inside the magnet as it was explained in Sect@nBYy systematically changing the
density of the gas at a constant temperature and thus itsypesmside the magnet, different axion
masses can be studied, since each density setting re$terashierence in a narrow mass range (see
Fig. 4.11). The stepsize in density inside the cold bore leas lthosen in a way that consecutive
settings overlap and thus an excellent coverage of the sibteesnass range is provided. This basic
concept has been implemented in CAST’s Phase Il by usingrhedis a buffer gas. The second
phase of the CAST experiment can be subdivided in two stajeéHe and the’He part.

During the years 2005 and 2006, the cold bore has been filldd'te. This enables to scan axion
masses with high sensitivity up to abdut2 eV, since the saturation pressure’sfe at1.8 K is
16.41 mbar. In order to stay within safety limits of the setup, CASBT not go up to this highest
pressure. To reach higher massée can be used, which has been done at CAST startingoig,
Here, the saturation pressurela K is 135.58 mbar, which extends the mass range to search
for axions up to about.2 eV. Since the natural abundancy3fe is rather small and purification
processes are quite demanding, the gas system of CAST usédddad to be upgraded when
changing to’He as buffer gas.

5.2 Magnet and Cryogenics

The main component of the CAST experiment is a decommisgi@netotype magnet built for
LHC [113]. The superconducting dipole is one of the first gatien bending magnets designed to
be used in the accelerator (see Fig. 5.2). It has two stragrn pipes 09.26 m length each. Both
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Figure 5.2: Cross section of a twin aperture LHC dipole prototype magtist two straight bores have a length of
9.26 m each. The superconducting magnet is operated at a temEecdt .8 K [114].

bores have a diameter ¢ mm, resulting in a total cross-sectional aréaf about2 x 14.52 cn?.
The twin aperture magnet is able to provide a field of up fesla over its full length, while its
nominal field required for the LHC running &4 T. In Fig. 5.3, the orientation of the magnetic
field and its strength depending on the position inside thgne#c cross section are shown. The

Figure 5.3: Left: Orientation of the magnetic field over the length of thagnet for both magnet pipes. Right: Contour
plot of the magnetic field in the magnet cross section. Farthot, the maximal magnetic field wass T [114].
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Table 5.1: Correspondence between current and magnetic field for tH&TGAagnet [115]

Current [A] Magnetic field [T]

0 0
4988 3.40
8981 6.12

10977 7.46
12000 8.13
12808 8.66
13330 9.00

correspondence between current and magnetic field is giv&ah. 5.1.

The magnet is made of superconducting Niobium-TitaniumT{iNdnd operated at.8 K to obtain
the maximum field oB T, which corresponds t©3330 A. During routine operation at the CAST
experiment in Phase Il, a field 8f8 T corresponding td3000 A has been used to ensure a stable
performance of the setup.

A cryogenic system to cool and operate the magnet with sugkfelium has been installed [116]
using no longer needed cryogenics of the former Large EledRositron collider (LEP) and its
experiment DELPHI. The Magnet Feed Box (MFB, see Fig. 5.4) supplying the magtitétall
needed cryogenic and electrical feeds is mounted on topeofriignet towards its western end
while the other side of the dipole is closed by the Magnet RelBox (MRB, see Fig. 5.4). It has
been a major engineering challenge to setup the systemiagjder sufficient movement of the
magnet to follow the Sun. Transfer lines for the liquid heliugaseous helium pumping and the
guench recovery system as well as the current supply for #gget operation had to be constructed
very flexible.

An important part of the cryogenic system is the quench regogystem. In case of a sudden
change of the magnet from its superconducting to normathective state, in which an electric
resistance occurs, the magnet temperature increasedyqueulting in a rapid increase of the
pressure inside the dipole (quench, see also Fig. 5.5).derdo protect the cryogenic plant and
the magnet, a fast discharge of the current is triggeredgaldth the closing of the liquid helium
supply valve. Generally, the helium is recovered, but if pinessure reaches the preset safety
limits, the helium is released to prevent damage of the mamgmd the cryogenic plant. Besides
real quenches also fake quenches might occur, triggerealby Warning signals of monitored
guantities to detect real quenches. The overall performanthe cryogenic system at the CAST
experiment has been extremely stable over all data takingdgseso far.

!DEtector with Lepton, Photon and Hadron Identification
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Figure 5.4: Left: The Magnet Feed Box (MFB) of CAST supplies the magnehwil the necessary cryogenic and
electrical feeds. In Fig. 5.1, its location is towards thghtiside of the magnet. Right: The Magnet Return Box (MRB)
closes the other end of the magnet. In Fig. 5.1, it can be fattite left end of the magnet.

Figure 5.5: Quench of the CAST magnet. In case of a sudden change of theetnigm its superconducting to
normal-conductive state, the cooling helium is releasqatdtect the system.
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5.3 Tracking System

In order to track the solar core with an accuracy of betten th@1°, an extremely precise system
is absolutely essential to move the whole CAST setup witlvéght of over40 tons. A reliable
software to guide the movement is needed. Hardware and axeftof the tracking system have
been carefully designed and upgraded where necessaryou¥achecks, such as the so-called
GRID measuremertdy the CERN surveyors and optical filming of the Sun, have pegformed
frequently. Thus, the tracking accuracy has been showntighsthe determined needs of CAST.

5.3.1 Hardware

The supporting structure to move the magnet is composed®fitgjor parts: a girder with two
lifting screws to enable vertical movement 68° and a turntable to allow horizontal motion in
a range of+40°. The combination of these two components optimizes the,toneng which
the magnet can be aligned with the Sun during sunrise an@swgh that the maximal possible
statistics in axion sensitive conditions can be obtained.

In Fig. 5.1, the girder (yellow) with its two black lifting sews can be seen at the left side. On
one hand, it guides the magnet movement along the horizbwyttdllowing the installed rails on
the floor, on the other hand it moves the whole magnet up and éteng the big screws. Most of
the weight is located on the opposite side of the magnete dmthe MFB, where the turntable is
situated. It is the pivot of the whole setup and enables thizdrtal movement. The design of the
CAST movement system is shown in Fig. 5.6.

The limitation of the magnet movement to a range of al®9dtis due to the surrounding infras-
tructure such as control room and cryo plant. The consgainthe vertical range af8° is on one
hand due to mechanical constraints and on the other duettictiess resulting from cryogenics.
The mechanical constraints are the weight of the magnettasdipport, which does not allow for
higher values thar-8°, and the position of the floor, which prevents from reachwdr magnet
positions, while the cryogenic restrictions are due to tet that cooling is no longer efficient at
larger vertical angles, thus increasing the risk of quescitamatically.

As a consequence, the magnet can be aligned with the soafaraapproximatelyl.5 hours dur-
ing sunrise and the same period of time during sunset. In ésé ¢ase, this adds up to a total
possible alignment time during a full year of abdétdays.

5.3.2 Encoders

The connection between the hardware parts, which are thersdtiving the magnet movement
horizontally and vertically, and the guidance softwarethesencoders, which are shown in Fig. 5.7.
Both hardware and software stops are implemented to préwentagnet from jumping off the rails
or tilting too much. A precise calibration of the encoderfuisdamental for an accurate tracking
of the solar core. It has been established at the very begjrofi the experiment and regularily
checked ever since by surveyors.

2GRID measurements consist of independent checks of theehpgaition in a set of reference coordinates, which
had been previously defined and cover the complete range wément of the CAST magnet. A potential drift in the
pointing ability of the setup with respect to the initial ibahtion in2002 can thus be efficiently detected.



5.3. TRACKING SYSTEM 81

Figure 5.6: Design of the CAST movement system.

Figure 5.7: Left: The motor encoders convert input values for the matdsangular coordinates and vice versa. Right:
Via the motor control box, hardware and software of the tireglsystem are connected and the magent can be moved
from here.
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5.3.3 Software

The guidance of the magnet movement is provided by the mgckoftware. It also logs relevant
physical quantities, such as for example tracking pregjsio be used later in the data analysis.
The general operation scheme of the magnet movement withledant components is pictured in
Fig. 5.8. The LabView control software is based on NOVAShich is a package of subroutines

CAST coordinates Asks for
\ AZ, ZD of
Sun Encoders/
NOVAS
—— Motors

UT Time

Uses look-up table
for V,(AZ,ZD) and V (AZ,ZD)

Figure 5.8: Schematic view of the tracking software based on NOVAS. Y#ie coordinates of the experiments along
with Universal Time (UT), NOVAS provides the azimuth (AZ)dathe zenith (ZD) angle of the Sun. These values are
then converted by the Labview Control program into horiaband vertical encoder values used to guide the motors.
To accomplish this, tables are applied which were obtaini¢i tive help of the EST division of CERN.

provided by the U.S. Naval Observatory [117] and can be ugsezhlculate various astrometric
quantities. Given the Universal Time (UT) and the coordisaif the CAST experimehtNOVAS
provides the azimuth (AZ) and the zenith (ZD) angle of the S8m@ minute into the future. These
can then be converted into motor encoder values by makingfusek-up tables for the encoder
numbersV,.(AZ, ZD) andV,(AZ,ZD). Following this, the magnet is steered to the calculated po-
sition. The expected and actual tracking position are eorist monitored and controlled, yielding
the above mentioned tracking precision, such that in caaayfliscrepancy the magnet movement
can be corrected and its speed adjusted accordingly.

The two crucial inputs are the time (UT) and the tables usexbtrelate AZ and ZD with encoder
values for the motors. The time of the tracking PC is contirslyp synchroniced with two CERN
time servers. The second critical input, the tables, has besated with the help of CERN’s EST
division. For this, the surveyors measured ninety magnsitipans and correlated them with the
corresponding encoder values. The accuracy of the6&Z,ZD)-V, (AZ, ZD)-tables is very high
(O(0.001°)). Gaps between neighboring values were filled by using aepfiterpolation method.
Thus, the overall accuracy is always better thdr°, however typically around.002° [118]. In
Tab. 5.2, an overview of all possible errors is shown, dermatisg the very high overall pointing
accuracy of CAST. Regularly repeated GRID measurementsricothe stable and accurate op-
eration of the movement system. In addition to this, twiceygar an optical crosscheck can be
performed (solar filming), which will be described in theléoling section.

3Naval Observatory Vector Astrometry Subroutines
446°15' N, 6°5’ E, 330 m above sea level.
SEngineering Support and Technology
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Table 5.2: Summary of possible error sources of the solar trackingigicet[118].

Source of Error Typical Error  Maximal Error
Astronomical Calculations 0.0020° 0.006°
Uncertainty of Coordinates (CAST) 0.0010°

Clock Time 0.0000°

GRID Measurement€(02 mm precision) 0.0010°

Interpolation of GRID Measurements 0.0020° < 0.01°
Horizontal Encoder Precision 0.0014°

Vertical Encoder Precision 0.0003°

Deviation of Motor Speeds from Linearity < 0.0020°

TOTAL < 0.01° < 0.01°

5.4 Solar Filming

Through a window in the experimental hall, it is possible irectly observe the Sun for about two

weeks in spring and fall each year. The experiment takesndaya of this, using it as an optical

crosscheck of the magnet movement when following the Sun.

5.4.1 Importance of the Magnet Alignment

The field of view (FOV) provided by the magnet bore as limitogical element can be expressed
as an opening angte. It is illustrated in Fig. 5.9 and given by

d
= 2 arctan —. 5.1
Q arctan - (5.1)

L signifies here the length of the magnét-£ 9.26 m) andd stands for its diametetl(= 43 mm),
such thaity can be obtained &553°. Since none of the sensitive regions of any detector isttijrec

Tl Telescope
S or
=+ Extension

Detector

¢hod

d=43 mm

Magnet Tube

'S AT

L =9260 mm

Figure 5.9: Field of view o of the magnet. While the fully illuminated field of view is nrgsented by FOV1, for the
detectors a partly vignetted field of view, FOV2, is obtaidee to the distances between the bore and the sensitive part.
« can be calculated and is about the size of the BUif ().
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and without extension connected to the bore, vignettingc&dfwill occur. Thus, not the full FOV

is visible for the detectors. For the CCD chip the FOV wouldabeut0.34° x 1.06° such that
more or les$4% of the entire Sun((.53°) would be covered. Using the telescope, the potential
signal from the magnet aperture is focused to a sp@3gdixel diameter, i.e. it covers a disk of
about20% of the Sun from whicks2.6% of the axions are expected to come. Thus, a very high
pointing accuracy of the experimental setup is crucialnié ¢s aiming to detect axions from the
solar core 10%-20% of the solar radius).

5.4.2 Filming of the Sun

Atmospheric Refraction Unlike axions, photons are changing their direction, whasspg
through the atmosphere of the Earth, due to refraction.fiéfiaction R can be defined as

R=2-7, (5.2)

with z andz’ being the true and the apparent zenith distance, respgotdee Fig. 5.10).

Zer‘1ith Apparent Position

Actual Position

Horizon

Observer

Figure 5.10: Schematic of refractio® in the atmosphere. The variablesand z denote the true altitude above the
horizon and the zenith distance, respectively, whiland 2z’ represent the apparent height and zenith distance. The
incoming ray is bent towards the surface in the atmosphekadh.

One may also define the refraction via the true and appartnidal above the horizom, andh’ as
R=h-H, (5.3)

which is equivalent due to the fact that) = 90° — h("). Since the density of the atmosphere is
decreasing with altitude, an incoming ray is bent towardssilirface of the Earth. The refraction
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is large (about0.6°) for objects close to the horizor: (= 90°) and decreases to zero for the
zenith position £ = 0°), since it depends on the distance travelled in the atmeosphBeside
that, various other factors influence the refracti®nsuch as geographic latitude and altitude or
atmospheric conditions. Sindedepends on the refraction indexit also varies with temperature
and atmospheric pressure. For exact predictions, raynfyesimulations are used, but there also
exist some very accurate approximative formulae, such®g [1

R = 60LT 3.4303 [’ — arcsin (0.9986 sin (0.99682"))] — 0.01122" , (5.4)
which only needs the temperatufeand the pressurg, both at the place of observation, as input
along with the apparent zenith distance in units of degree.

Software At CAST, the normal tracking software as described in Sachi@ has an additional
extention, the filming mode. Here, the local pressure anghézature can be entered and since the
zenith distance is provided by the tracking program based on NOVAS, the c#ifsa of photons
can be taken into account in real time, when guiding the madims, the experiment follows the
apparent position of the Sun, rather than its real locatgduging axion tracking. The error of the
refractive correction given the input of pressure and teatpee is less thaf.00025°, even at low
altitudes, i.e. positions close to the horizon, where timaifiy at CAST takes place. The change in
refraction for a variation of:5 K in temperature an@% in pressure is less théi.

System to Film the Sun The first solar filming has been performed in Fall 2002, aftetradow
had been installed in the experimental hall, such that thec®uld be observed twice a year in
March and late September forto 2 weeks each. Since then, the filming has been performhed
times altogether, in Fall 2002-2008 and in Spring 2003/6&8, although in a few filming runs
both, weather conditions and disturbing trees, did notaftor quality pictures.

The first setup consisted of a standard webcamera connecéditte telescope and indicated that
the CAST magnet was pointing to the solar center. Howevacgdbetter resolution and accuracy
were wanted, a new setup consisting of a SBIG ST-7 CCD camignaoptics of 200 mm focal
length was used together with two targets for the alignménhe system (see Fig. 5.11). The
targets were a disk with pointers and crosshairs mountedeirs Taylor-Hobson sphere as used
by the surveyors. They were used to align the setup with the dfethe surveyors as shown in
the upper part of Fig. 5.12. The principle of the alignmentresponds to the aiming with a rifle
via rear and front sight. To simplify and improve the alignthprocedure the targets have been
replaced from sprin@008 onwards by the use of a laser mounted together with a theedske
lower part of Fig. 5.12). By adjusting the laser parallel he magnet axis and shining it to the
camera, the expected solar center could be marked and ¢jestéiecame obsolete. Furthermore,
in the same year, a second filming system was used in pa@ilid first time, cross-checking and
confirming previous results. A detailed description of tifeecent systems can be found in [120].

Results Summarizing, it has been shown that the CAST magnet is pgirtb the solar core
within the desired accuracy @02°. There is a slight tendency of the magnet being ahead in
tracking, but the observed deviation is completely wittineptance limits taking into account the
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Figure 5.11: Left: Camera used for the solar filming. Right: Two targets ased to align the system. A sphere with
crosshairs is situated abdum away from the camera. A disk with two pointers forms the sddarget at a distance of
7.6 m from the camera.

Poipter Cro§shairs

MPE T3 Camera
with laser ‘
on support

Optical

Figure 5.12: Top: Setup of the filming system using two targets to aligne Tamera is aligned with the magnet axis
by using crosswires at a distancebofn and a pointer at.6 m. Bottom: Setup of the filming system using a laser. The
camera is located at the same position as during former fijsnifNo targets such as previously used crosshairs or the
disk with two pointers were needed, since the T3-theodulite its laser was used for the alignment of the system.



5.5. THE VACUUM AND GAS SYSTEM FOR'HE AND 3HE 87

100 -

S —

S50 —~—0o0T

400—

510

fe————  x-position 765 ° 20 x-coordinate o

Figure 5.13: Left: Example of an image obtained during solar filming. RigFit of a Gaussian to the combined data
of a complete filming run. The red cross indicates where thgnmiis pointing, while the black lines are the contour of
the data. The fitis displayed in green. As can be seen, theehagams to be slightly ahead of the Sun in tracking.

errors of the measurements. In Tab. 5.3, an overview of tlae Slming data acquired since 2005
is given and Fig. 5.13 shows an exemplary result of the filminiylarch 2008. Detailed reports
are available for the filming from 2005 onwards and the irgiere reader is referred to Ref. [120].

5.5 The Vacuum and Gas System fotHe and *He

During CAST's Phase | in 2003 and 2004, both beam pipes of tmgnet were kept under vacuum
of the order ofl0~" mbar. The system of pumps and valves was then extended, IsaictHe

at various pressures could be inserted into the cold boreltoge the axion mass range under
investigation during Phase II. The saturated vapor preskur'He at1.8 K is 16.41 mbar, such
that for higher pressurediie has to be used. Therefore, the gas system had to be fupiipeded,
after reachingl3.4 mbar with*He in 2006. The improvement of the gas system was especially
necessary to garantee the pureness of He avoiding any contamination and at the same time
preventing the loss of the precious gas.

Year Deviation horizontal/vertical ~ Statistical Error Systematic Error
Spring 2005 0.018°/0.020° 0.002°/0.001° 0.026°/0.028°
Fall 2005 0.023°/0.019° 0.001°/0.001° 0.054°/0.025°
Spring 2006 0.023°/0.011° 0.003°/0.007° 0.015°/0.015°
Fall 2007 0.047°/0.004° e e 0.021°/0.020°
Spring 2008 0.014° /0.008° 0.007°/0.011° 0.020°/0.020°

Table 5.3: Summary of solar filming results since 2005 [120].
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Since the initial vacuum system forms the basis for the gatesys implemented for Phase I, it
will shortly be described here, followed by an introductiorthe gas systems.

5.5.1 The Vacuum System

To evacuate the cold bore of CAST, an assembly of pumps arnds/ébrms the vacuum system.
As sketched in Fig. 5.14, four gate valves permit to sepdhbegecold bore volume of the magnet
from the detectors, which are attached to the four ends dbdines. The detectors will be treated
in Section 5.6. The gate valves are labeled VT1 and VT2 foiMR€, VT3 for the MM detector
and VT4 for the X-ray telescope. In case of occuring problémey can be closed automatically
by an interlock system, which controls the status of all @alvVarious pressure probes and the
corresponding gauges are installed in the experiment andlde to send alarms to the interlock
system in case of any irregularity observed in pressure en evpossible vacuum breakdown.
In such a case, the interlock system can react appropriatielging valves and thus protecting
the whole setup. Further alarms are sent by the cryogengtemysuch as a quench alarm for
example. Besides protecting the magnet and the vacuumms¥sien damage, the gate valves can
also be used to manually decouple one or more detectors frersystem, such that interventions
on parts of the equipment can be accomplished without uméng the data taking process of other
detectors.

To protect the most sensitive detector system of CAST, thayXtelescope (see Chapter 6), two
more valves are installed, namely V14 and V13. While V14 sspa the magnet from the mirror
optics, V13 is situated between the X-ray optics and the C&Balor. A more detailed description
of the vacuum system for the X-ray telescope can be founddtid®e6.2.2.

In order to observe X-ray photons from axion conversion im tlagnet, it is essential that the
gate valves of the measuring detectors are open, since ph@pns from axion conversion would
otherwise be absorbed in the material of the valve. In caskeoK-ray telescope, V13 and V14
have to be open in addition to the gate valve VT4, when aayptracking data.

‘

Telescope [ X {[[[ [T

ccb A

TPC

Figure 5.14: The vacuum system of the CAST experiment as used during Phag®ovides the framework for the
gas systems fofHe and®*He. The gate valves separating the cold bore from the deteate shown in blue and labeled
VT1 to VT4. The vacuum system of the X-ray telescope has tvditiathal valves (V13/V14) to protect the optics and
the focal plane detector. The connecting bellow betweenellescope and the magnet is shown between V14 and VT4.
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5.5.2 The'He Gas System

During the shutdown of the experiment after Phase | in 20@fgsasystem was designed and in-
stalled in order to insert a precise amountdg gas into the magnet and thus control the pressure
or equivalently the density inside the cold bore. The phipbg/ of the system was to change the
buffer gas density by increasing the density in steps. Theses corresponded 08 mbar at
1.8 Kin the cold bore. Like this, an overlap of the axion-to-girotonversion probability distribu-
tion at FWHM for two neighboring steps can be achieved. Teidethe required overlap, the sys-
tem has to determine accurately the quantity of gas to betgtsato the cold bore of the magnet.
The achieved accuracy and reproducibility (at a tempesatiit .8 K) was better tha).01 mbar
and0.1 mbar, respectively [121]. An efficient thermal coupling bétsuperfluid helium used to
cool the magnet garanteed the density homogeneity alongptébores. A schematic drawing of
the implementation of the gas system in the former vacuurtesyss shown in Fig. 5.15, while
Fig. 5.16 shows a more technical drawing of thée system as it was used in the first part of
Phase Il with*He.

G

Cold window

VT3,VT4 Magnet Vacuum - - VT1,VT2

Figure 5.15: Integration of the gas system for Phase Il into the existiaguum system of Phase |. The magnet is

shown in orange placed inside the cryostat (blue). The vacsystem (yellow) and the additional gas system (red) are
separated by a cold window at each end of the magnet bore.thiitthe schematic is not to scale, i.e. the grey vertical
cut in the middle of the magnet signifies that the size of tHé bore has been shortened here.

Cold Windows An essential part for the integration of the gas system imoexisting vacuum
system at CAST are the so-called cold windows specificallyeldged for the CAST experiment
[122]. The four X-ray windows are designed to confine theumlio the cold bore and to with-
stand a high pressure difference between the inside of tigaetéore and the outer volumes, i.e.
the detector systems. During a quench, the pressure ifsdeold bore can rapidly rise up to
2.7 bar and the windows must be strong enough to withstand thatires forces. On the other
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Figure 5.16: Schematic drawing of th&He system of the CAST experiment.

hand, the windows have to allow X-rays in the keV range to pesshey cannot be chosen to be
arbitrarily thick. Further requirements were low permégbio helium and transparency in the
range of visible wavelengths in order to allow for laser afigent of the X-ray telescope and visual

crosschecks of the cold windows.

Top cover —\

Knife Edges Foil

Araldite 2018

Figure 5.17: Left: Schematic drawing of the cold windows designed for@#ST experiment to confine the helium to
the cold bore. Right: Image of one of the cold windows used/BT The supporting strongback is clearly visible.
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In order to fulfill all the requirements, a foil df5 um polypropylene has been mounted on a stain-
less steel strongback for support (see Fig. 5.17). Thegitamrk support structure cover.6%

of the geometric area. Taking the components of the windogsther, this results in a transmis-
sion of ~ 87% in the energy range df to 7 keV. In tests, it could be proven that the leak rate is
below1 x 10~7 mbar liter/sec. In addition, the windows have been presmsted to assure their
reliability in case of a quench.

Density Profile along the Magnet The density profile along the magnet axis has been simulated
taking into account convectional effects at the ends of thgmat (see Fig. 5.18) and the compu-
tational fluid dynamics modeling agreed with experimengat ineasurements done at the CAST
experiment. This shows that the temperature of the heliutindrcold bore is homogeneous within
the magnetic field regions indicated by the blue color in Bi@8 [123].

Temperature
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Figure 5.18: Simulation of the temperature profile of the helium in thedbaoire. Displayed is one end of the cold
bore, where connections to warmer parts create a tempemtadient. Only a small part of the cold bore (with stable
temperature, blue) of aboli6 cm is shown as indicated by the scale below the image. Pictungesy of [123].

Furthermore, the influence of gravity on the pressure albagrtagnet bore has been studied. When
the magnet is at its extreme position-b8°, gravitational effects causing a density gradient have
been found to be negligible for pressures used Wik, i.e. up tol3.6 mbar atl.8 K [124]. For
higher pressures wittHe, however, these effects might have to be taken into ceration [125].

Thermoacoustic Oscillations Initial tests revealed potential problems due to spontas¢er-
moacoustic oscillatiofgTAOs) [126] which were observed for pressure settings abBaubar. As

®Thermoacoustic Oscillations appear in cryogenic systemshie case that a long tube (open at its cold end) is
extended to a closed end at a warm boundary. TAOs need to ékilbastudied since they are often connected with a
non-negligible conduction of heat along the tube.
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a consequence, the gas density in specific locations of ldebooe can vary strongly with time.
Initially observed TAOs had an amplitude of ab6fit of the total pressure measured at room tem-
perature. Extensive studies showed that the oscillationklde eliminated by installing damping
devices in the gas line, which hence were included in theraxpatal setup.

Routine Operation During the first part of Phase I, the pressure was changed pac day
by trained personnel in steps 6f08 mbar covering a pressure range fromd8 mbar to about
13.4 mbar. Altogether]160 density settings were done. Two intermediate pressurnageitorre-
sponding to steps @f.04 mbar were taken leading to a total §2 covered settings. In this way,
axion masses up @39 eV could be scanned.

Some pressure settings have been repeated, since theodetitistthe highest discovery potential
(X-ray telescope) had missed a few tracking runs. Furthitinge were checked again in order
to rule out possible candidates for an axion signal. In thesm of the first part of Phase Il, a
protocol has been developed in order to determine if a gestiould be considered as a possible
candidate and thus had to be repeated. This protocol haddmted and was partly applied during
the measurements withHe and was fully operational for the beginning of thée phase allowing
for an average fraction of repetitions of density settimgsl9% of the total available time.

5.5.3 The’He Gas System

In order to uséHe inside the conversion region of the CAST magnet to acdgbghaxion masses

once the saturation pressure‘dfe is reached, the existirfgle gas system had to be significantly
upgraded. This was necessary in order to fulfill the follayvirequirements, which were partly
based on experience collected with the first gas system:

e Prevention against loss éHe, which is more expensive thd#ile due to its small natural
abundance and demanding purification processes

Accurate metering of the helium in the conversion volume @mald reproducibility

Suppression of thermoacoustic oscillations

Protection of the thin X-ray cold windows
¢ Safety release procedure for thée gas to garantee operational safety

A schematic drawing of the final system can be found in Figd 5A very detailed description of
this system, which has been used at CAST since late 2007 ecknubd in Ref. [123].

Routine Operation During the second part of Phase I, the pressure is changes par track-

ing, i.e. twice per day, by trained personnel. By filling tr@ldcbore with the additional gas,
corresponding to one extra setting, in the middle of eaatking, all detectors can measure ev-
ery setting. Thus, the possibility to overlook a potentigiba signal is minimized. Only about

3 min are needed to change the pressure in the cold bore amd itdlstabilization. It has also
been implemented in the gas system*de that the pressure can be changed several times during
one single tracking. It is even possible to ramp the pressoménously over maximal0 settings,
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Figure 5.19: Schematic drawing of théHe gas system. It is much more sophisticated than the pralyiosed system
for *He due to the stricter performance requirements [123].

while following the Sun. In Fig. 5.20, the pressure changesfle and*He are visualized. The
light blue area indicates the time of the shift, the red aneasblar tracking and the dashed line rep-
resents the middle of tracking. Note that the time scaletismndue proportion. In blue, the change
of pressure during the measurements Wkt is shown with one step per day, while in green the
3He procedure with one change per tracking is displayed hEurtore, the yellow curve represents
one of the possible ramping modesvhich might be applied in the course of the remaining time
in Phase II.

Status and Schedule During the second part of Phase Il, the pressure is changezlpmar track-
ing, i.e. twice per day by trained personnel in step8.086-0.114 mbar covering a pressure range
from 13.25 mbar to currently38.91 mbar. Altogetherd12 density settings have been covered in
CAST'’s Phase 11157 with *He only, 252 with 3He only, and3 settings have been measured with
both isotopes). So far axion masses up to alfdif eV have been scanned. The goal is to reach
a pressure of20 mbar at1.8 K corresponding to an axion mass bfi5 eV. Depending on the
available time and resources, the step size might be irefaaher to reach the designated goal.

"There are several possibilities of using the ramping mode @ight ramp down during every tracking instead of
up or change between two trackings, e.g. ramping up in ow&itrg and down in the next or vice versa. More details
on the different modes can be found in [123].
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Figure 5.20: The three different modes of changing the pressure settitiggicold bore of the CAST magnet. Note that
the time scale is not in due proportion. Top: Pressure chdngeg the’He phase. Once a day between morning and
evening tracking the pressure was increased to the nex¢hsgtting (blue line). Middle: Pressure change during the
3He phase. The pressure is increased in the middle of eadtingace. twice per day, by one step (green line). Bottom:
Possible ramping mode to change the pressure during orléngacontinously over up ta0 density settings (yellow
line). This mode has been tested but not yet used in trackimg r

5.6 Detectors of CAST’s'He Phase

During the*He phase of the CAST experiment, three different types @fadets have been mounted
on both ends of the magnet to search for photons from axiovecsion via the Primakoff effect.
These detectors had already been used during the vacuura ph&AST. Some additional up-
grades have however been done. Installed on the easterrf émel magnet, ready to search for
axions during sunset, a conventional Time Projection ClaarfiliPC) has been used covering both
bores. A second gaseous detector, a MICROMEsh GAseoustBtutevice (MICROMEGAS,
MM), has been mounted on the other side of the magnet to bet@bletect photons originating
from axions during sunrise. Next to it, covering the secamatrise bore, an X-ray telescope with
a Charge Coupled Device (CCD) as a focal plane detector dy tedook for axions. This detec-
tor system provides the most sensitive setup of the CASTrawpat with the highest discovery
potential.
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5.6.1 The Time Projection Chamber

The detector mounted on the eastern end of the magnet cgumath of its bores is a conventional
Time Projection Chamber, which is exposed to convertedgotsofrom axions arriving during the
tracking of sunset. The design of this gas detector follomsel-known concept and combines
elements of both Multiwire Proportional Chambers (MWPCHl ahift chambers. The primary
interaction of the photons takes place in the central pidche detector which is a large gas
volume. There, free electrons can be produced via an iooizgtocess. The electrons can then
drift towards a plane of anode wires. Due to the strong eefigld, an avalance process takes
place, resulting in an amplification of the signal. While fhiet coordinate can be obtained from
the anode wire giving the signal, cathode pads provide tbersecoordinate. From the drift time
it is eventually possible to determine the third coordinathich gives the detector its name. A
schematic of the TPC working principle can be seen in Figl.5.2

Window of X-Ray
3pum Vacuum

Aluminized ~_ HV1
Mylar (-7kV)

Ar+ 5% Methane (CH,) 4

- 10cm Drift Region
e Cloud
Cathode Wires {|| GND
Anode Wires e” Avalanche 3mm
HV2 . L Avalanche
(+1.85kV) Region
Dead Cathod {Il GND

Figure 5.21: Working principle of a time projection chamber. Incomingopdns can produce free electrons via ioniza-
tion, which then drift towards the anode wires. In the strefegtric field, an avalance process takes place.

Detector Setup

In total, the conversion volume of the TPC detector couérsc 15 x 30 c?. The drift region

of 10 cm is parallel to the axes of the magnet tubes, while the geston of15 x 30 cm? is
perpendicular to it and covers both magnet bores, which haliemeter o#l3 mm each and are
separated by8 cm. The gas mixture in the volume consist955% of argon and% of methane
(CH,) at atmospheric pressure. For photons up keV traversing the chamber parallel to the
magnet axes, this allows basically for total conversighfq). At higher energiesi(l.5 keV) the
conversion rate drops to abob®%. In order to avoid contaminations, the gas is permanently
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renewed.

The basic setup of the detector is displayed in Fig. 5.22.s foimed by a drift electrode of
aluminum, which is located close to the magnet, and a cortibmaf 3 planes. While the anode
plane has 48 wires (each with = 20 um) and is set to+1.85 kV, the two cathode planes at
ground have a total df6 wires (each withz = 100 um). In one plane, the distance between two
neighboring wires i$ mm. The gap between the anode and the first catho8erim, while the
distance i®s mm between the anode and the second cathode plane (deadesathd-ig. 5.21),
which is further away from the drift electrode than the firsthode plane.

Most pieces of the detector are made of plexiglass, whicli &leantage, due to the low natural
radioactivity of this material, while only few metallic mies (e.g. wires/screws) have been used.

athode lanes of wires

Anode plane of wires

Windows for X-Rays Field shaping rings

Figure 5.22: Blow-up view of the TPC. The openings to be connected to thgneabore via windows can be seen
along with the field shaping rings. They are followed by thactres holding the wires for the first cathode, the anode
plane and finally the second cathode plane.

Concept of Windows and Differential Pumping

The connection of the gaseous detectot atm to the vacuum of the magnet is achieved by the
use of thin windows. The first one separates the vacuum in #gnet § x 10~ mbar) from a
vacuum buffer region, while the second window cuts off thiffdr from the gas-filled detector
volume. The windows consist & or 5 um mylar foil glued to a metallic strongback on the
vacuum side of the foil. The geometrical opacity of the sfifmack is abou8%, whereas the foil

is practically transparent for X-rays in the desired range3(% at 1 keV, ~ 85% at 2 keV, and

~ 95% at 3 keV [127]). In order to serve as drift electrode, the innelesof the mylar foil is
aluminized €0 nm). The differential pumping system has been in use sin6d.2ld protects the
windows efficiently and avoids gas leaks towards the magnet.
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Shielding

The shielding of the TPC can be divided into an active and aiyapart. Background inducing
muons can be rejected by an installed active veto shieldihg. passive shielding consists of dif-
ferent layers able to stop various passing particles. Therinost layer, the plexiglass vessel of
the TPC (7 mm) itself, is able to block X-ray fluorescence of the copgemfn), which is used
as a Faraday cage to reduce electronic noise and to absodmkngy X-rays produced by envi-
ronmentaky-rays in the outer part of the shielding. The next layer cstesof lead bricks2.5 cm)
and is able to reduce-radiation from the experimental environment in the low ameldium en-
ergy range. Surrounding the lead, Cadmiunm({m) is used to stop thermal neutrons, which have
been reduced in speed, when passing the circumjacent lapetyethylene £2.5 cm) and origi-
nate from medium energy neutrons in the environmental sadimg. Furthermore, a PVC bag is
used to cover the entire shielding mentioned above. It ltigclosed and constantly flushed with
radiopure N-gas reducing radon in the volume. A factor4f for the reduction in background
betweenl keV and10 keV as compared to no shielding could be achieved. A scherdediving

of the shielding setup is shown in Fig. 5.23. It has been liestgince 2004.
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Figure 5.23: Left: Scheme showing the different layers of the TPC shigjdiThese layers are (from inside to outside):
copper { mm), lead 2.5 cm), cadmium { mm) and polyethylene2@.5 cm). The PVC bag used to enable flushing the
complete volume with Blis not included in the picture. Right: Photo of the differtayters of the TPC shielding.

Requirements and Advantages

The requirements for the TPC detector of the CAST experiraemguite stringent. It needed to
have a low threshold (keV-level), high gain and it should lbsifion sensitive, in order to rec-
ognize which events originate from the magnet bore. Liks,thackground rejection via pattern
recognition becomes effective. Furthermore, it was dbkarto have a high efficiency in the keV
energy range along with low background at the energies efést. Another issue is that the oper-
ation should be stable and robust over the full data takimgpgeThe CAST TPC allowed a very
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stable performance due to its robust and well-known cotweak design along with an optimized
shielding to suppress background.

Calibration and Data Taking

During the*He phase in 2005 and 2006, calibrations of the TPC detectoe tag&en four times
a day using a low-energy X-ray source. The TPC covered 154060 pressure settings and
acquired304.1 hours of tracking and346.6 hours of background data corresponding @6a8%
data taking efficiency with an average detector efficienciggf and a dead time af%. Through-
out the whole data taking period, the TPC showed a stablenmeaince.

The analysis of the complete set'die data is finished [128]. It considers the energy range from
to 12 keV for pressures up t03.4 mbar which corresponds to an axion mas8.8f eV. No excess
of signal over background could be observed and therefotgper limit on the coupling constant
ga~ Was obtained applying the same technique as for the othectdes (see Section 8.2).

Upgrades for Phase I

The TPC detector used for Phase Il is the same as during Pivitiesbme minor upgrades in order
to reduce electronic noise. A detailed description of thedeH configuration and performance can
be found in [129]. For théHe Phase, which started in March 2008, the TPC has been eepitgc
two novel Micromegas detectors (bulk and microbulk detgcto

5.6.2 The Micromegas Detector

One of the magnet bores on the western end (sunrise end) ahak@et is covered by a MI-
CROMEsh GAseous Structure detector in order to look formeeded photons from axions during
sunrise data taking. This second gas detector in the CAS@riexent has been developed rather
recently [130] and has a more compact design than the TPteahef wires like in the TPC, the
MM detector uses a micromesh to separate the conversioonrégim the amplification region.
The operation principle of a MM detector is shown in Fig. 5.24fter crossing a buffer space
of vacuum between two windows, a photon entering the detdgimn the magnet aperture can
produce a photoelectron via the photoelectric effect indieversion-drift region. This volume
is filled with a gas mixture of argor$%) and isobutane5(s). The generated photoelectron can
then drift for a short distance creating further ion-electpairs. When the electrons reach the
micromesh, they can enter the amplification region, wher@vatance process is started due to the
strong field. The grid will stop ions produced in the avalapoecess from reentering the conver-
sion region. It collects the charges of the ions and thusigesvone of the readout signals. The
electrons travel further till they reach the anode planeenhheir signal is then collected by a
structure of x-y-strips.

Detector Setup

The material used to built the detector frame is plexiglassserves to support the electrodes and
two windows of4 um polypropylene foil. The second window is aluminized andsed as the
drift cathode. The gas volume is separated by a copper-mamenresh 4 um) into a conversion
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Figure 5.24: Working principle of a Micromegas detector. Photoelecrean be produced in the conversion drift region
and cause an avalanche process in the strong electric federdue to the micromesh.

region of 30 mm and an amplification gap d00 um. In order to separate the mesh from the
readout plane, pillars spacédmm apart with a diameter afo0 um each are attached to either
the micromesh (initial setup) or the readout (upgradedimenwith reduced crosstalk). There are
192 X-and 192 Y-strips with a pitch o850 um providing the detector with an active area of about
45 cm?. A schematic drawing of the MM detector is shown in Fig. 5.25.

Concept of Windows and Differential Pumping

The same principle of using two windows$ (im each) and differential pumping as for the TPC
detector is applied for the MM. The first window is used to safgthe vacuum of the magnet bore
(5 x 10~7 mbar) from a vacuum buffe5(x 10~* mbar). No strongback is needed to support this
window. In a distance 020 mm from the first foil, a second window is installed to separthie
vacuum buffer region from the gas-filled conversion regibmdr). The strongback this window
is glued on in order to withstand the pressure differenceahimansparency df4.6%. As for the
TPC, the aim is to obtain maximal transparency for X-raysowf €nergies and minimize the leak
rate toward the vacuum in the magnet as much as possible.

Requirements and Advantages

Similar requirements as for the TPC had to be fulfilled. Aneréfiore, the MM detector design
has been continuously developed and several improvedwsreave been installed at CAST since
2003. The major advantages of a Micromegas detector argghsshability and efficiency, along
with its good resolution in both position and energy. Fumiere this kind of detector has a fast
response and a dead time of onlyms.
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Figure 5.25: Blow-up view of the Micromegas detector. The connectiorhtornagnet bore, which would be to the left
side of the displayed components, is accomplished via @amsiin by an aluminum tube of roughlym, such that both,
the X-ray telescope with the CCD and the MM detector, fit onabelable platform.

Calibration and Data Taking

Calibrations and pedestal runs have been taken throughewttiole*He data taking phase on a
daily basis using a8>Fe source. The MM detector has been operated continousiygdBhase I
covering 159 out of 160 density settings witHe. A total of 336.6 hours of tracking data and
3115.0 hours of background data have been acquired during this filme integrated detector effi-
ciency including all relevant effects amountstty; in the range fron2 to 7 keV. The performance

of the detector has been stable throughout the completdalitay period.

The analysis of the complete set‘die data for the MM is finished. It considers the energy range
from 2 to 7 keV. No excess of signal over background could be observégampper limit on the
coupling constany,, has been extracted from the data by applying the same teghagjfor the
other detectors (see Section 8.2).

Upgrades for Phase Il

The MM detector used for Phase | had to be replaced by a newumntodin installation incident.
This new detector was working reliably and it was possibladbieve a lower background than
before, since the Cu-fluorescence line originating fromdiector materials could be reduced by
gold coating the amplification mesh. Beside this featurelémented for improved background
conditions, the design of the MM detector used during’tde data taking phase is identical with
the one which was working in Phase I. A detailed descriptibthe Phase | configuration and
performance can be found in [131].
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5.6.3 The X-Ray Mirror Optics and the CCD Detector

The X-ray telescope [132] consisting of a combination ofag-mirror optics with a Charge Cou-
pled Device (CCD) as a focal plane detector (see Fig. 5.26widiscussed in detail in the next
chapter.

pn-CCD Detector

Figure 5.26: The X-ray Telescope of the CAST experiment. The vacuum sefttipe detector is shown together with
the X-ray optics and the focal plane detector, which is a @BC

5.7 Results of CAST Phase |

During its first phase with evacuated magnet bores, CAST &es hble to provide the best exper-
imental upper limit on the coupling constant in a wide axioasmrange. In the mass region up
t0 0.02 eV it supersedes the theoretical horizontal branch star (HB limit). The obtained limit
for g,, < 8.8 x 10711 Gev~! at95% C.L. has been published in Ref. [53]. Details concerning
the analysis of the Phase | data can be found in Refs. [133, 184Fig. 5.27, the upper limit
on the coupling constant as achieved using all data acqginr&hase | is shown along with the
expectations fotHe and*He.
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Figure 5.27: CAST exclusion plot of the axion-to-photon coupling constat95% CL for all data obtained in Phase |
with expectations for Phase 1l [53]. The achieved limit of £Rs first phase is compared to other experimental con-
straints (Lazarus [100], SOLAX [95], COSME [96], DAMA [97Tokyo helioscope [101]). Furthermore, the Horizontal
Branch (HB) star limit and the hot dark matter (HDM) limit dreluded. The yellow band represents the typical theo-
retical axion models and the green solid line correspondise@ase of the KSVZ model with /N = 0.



Chapter 6

The X-Ray Telescope of CAST

The most sensitive detector system used at CAST is the Xelagdope. It is a combination of
X-ray mirror optics and a Charge Coupled Device (CCD), whlocated in the focal plane of
the mirror optics. Both instruments were originally buit fsatellite space missions and provide
CAST with an X-ray telescope able to exhibit a very high axiistovery potential along with an
excellent imaging capability. In this chapter, first the tmajor components of the CAST X-ray
telescope, i.e. the mirror optics and the CCD detector wvéliriroduced. For both, the general
working principle and their implementation in the CAST espeent will be discussed. Following
this, the alignment of the X-ray telescope with the help o&eaflel laser beam and an X-ray source
will be treated, since it is a crucial issue for the imagingide. The chapter will be closed by the
consideration of the experimental background of the X-edgsicope and performed simulations to
better understand its behavior.

6.1 The X-Ray Mirror System

The mirror system used to focus the potential signal fromntlagnet bore of 43 mm diameter to
a spot of about 1.7 mm radius is a Wolter type | telescope. dtpsototype for the ABRIXAS
mission [135] launched in April 1999, which was meant to miag $ky in the X-ray range for
energies between 0.5 keV and 15 keV. It's purpose was thusrplete the ROSAT mission
towards higher energies.

6.1.1 Working Principle

The basic physical concept used to focus X-rays is the plimaf total reflection for an incident
angled, larger than a critical anglé.. Total reflection occurs, when a beam of light traveling
through an optically dense material (large refractive idgincident on a medium with a smaller
index of refraction, i.e. on a medium which is optically leksnse. Snell’s law for such a beam

1A BRoad Imaging X-ray All-sky Survey
2The missions name originates from the abbreviation of then@e word for X-ray satellite (Réntgensatellit)

103
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going from a medium with refractive index to one ofny, wheren, > ns yields

sin 91 n9g

(6.1)

sin 92 nl’

wheref; is the incident angle ané, the angle of refraction. Sina® cannot be larger tha90°,
one obtains the critical angle of incidence as

0. = arcsin <@> . (6.2)

ni
If one is far from any absorption edges
62 o AN, (6.3)

holds [136], with\ being the wavelength of the incident light, the classical electron radius and
N, the electron density. Thus, the critical angle depends eretfergy of the beani, and the
atomic numbetZ of the mirror material, since

. o VNerVZ. (6.4)

Therefore it can be concluded that materials with a highemat numberZ are better reflectors,
since low grazing anglésire desirable, when constructing X-ray optics. The mostilaopnaterial
used is gold.

Wolter Type Optics

If an optical system is supposed to produce a sharp imageotbr bn-axis and off-axis objects,
the Abbe sine condition [137] has to be (at least approxirabij fulfilled. This implies that

h

F= sin(0)’ (6.5)

must hold for a constant focal lengfhon the side of the image withbeing the distance of the ray
from the optical axis and representing the angle between the final path of the ray andgtical
axis as shown in Fig. 6.1. A first approach by Giacconi and Rb38] of using a simple parabolic
mirror did not succeed in satisfying the Abbe sine conditml off-axis objects were strongly
blurred in this case. In 1952, Wolter [139] proved that by bormg two mirror elements, namely
a parabolic and a hyperbolic mirror, which are placed casifaad coaxial, the required condition
can be approximately fulfilled. He proposed three diffetgpes of mirror configurations, which
are nowadays known as Wolter type I, 1l and Ill optics. Allgartypes are depicted in Fig. 6.2.
In telescopes of type | (see upper panel of Fig. 6.2), whiavige the mechanically simplest
solution, the X-rays are reflected first on the inside surt#ce parabolic mirror surface and then

3The grazing angle is defined as the angle between the indiaand the surface of the material, i.e.988 — 6;.
Grazing angles are often used, when large angles of incidterttiscussed. They are generally measured in milliradians
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Figure 6.1: Schematic view of the Abbe sine condition, which has to bélied in order to produce sharp images of
on-axis as well as off-axis situated objects.

on the inside of a hyperbolic one. Furthermore, severalanghells can be nested into one another,
which presents a big advantage, since it increases thetiedl@rea and thus the light collecting
efficiency rises. This is especially useful, since mostaastimic X-ray sources tend to be rather
weak.

For type Il (see middle panel of Fig. 6.2), the first reflecti®analog to type | on the inner surface
of a paraboloid, while the second reflection is on the outsida hyperboloid. This results in a
higher focal plane magnification, since longer focal lergtte allowed in this case. A disadvantage
in comparison to type | is, however, that off-axis imagesmoge blurred for type Il, which limits
its applications mainly to narrow field imaging.

In the third type of Wolter optics (see lower panel of Fig.)digally, the first reflection is taking
place on the outer surface of a parabolic mirror and the skoorihe inner side of an elliptic shell.
This type is not suitable for X-ray astronomy.

The most popular and widely used Wolter optics are thoseps ty This is also the case for the
ABRIXAS telescope used at the CAST experiment.

6.1.2 The ABRIXAS Mirror System at CAST

The CAST X-ray telescope [132, 141] consists of 27 nestetlsshEhe parabolic and hyperbolic
nickel shells of the Wolter type | telescope are coated wiild dor optimized reflectivity. The
mirror shells are arranged coaxial and confocally with aafdength of 1600 mm. While the
innermost mirror shell has a radius3§ mm, the maximum shell radius &3.5 mm. A spider-cob
like structure supports the nested shells and divides timorGiidentical sectors (see left part of
Fig. 6.3). At the CAST experiment, only one of the mirror sestis used, since the diameter of
the magnet aperture &8 mm. It is indicated in the left part of Fig. 6.3 by the whiteat&. Due to
this off-axis mounting, no shadowing effects from the supptructure are observed at CAST.
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Figure 6.2: Schematic working principles of the Wolter-type I, Il anéldptics. Type | and Il both use parabolic and
hyperbolic mirrors, while for type Il parabolic and elliptreflector shells are employed. A more detailed descriptio
of the various types can be found in the text. Image courtesy[R40].

Overall Performance The determining parameters for a mirror system like the on€AST at

a given focal length are the effective area and the pointasphenction (PSF). While the effective
area of a telescope can be defined as the unrestricted calecea after considering all obstruc-
tions in the optical path, the PSF provides the spatial utisol.

For a specific coating, the effective area depends mainlhemff-axis angle, the photon energy
and the micro-roughness of the mirror surfaces. Here, aiggomicro-roughness results in a re-
duced effective area. The effective area also decreasbdangter incident angles of the photon,
because this corresponds to a reduction in reflectivitytheamore, the efficiency can be dimin-
ished by geometrical effects such as vignetting

“Vignetting is the decrease of brightness or saturation dfrege in its outer region.
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Figure 6.3: Left: Mirror system in front view. The mirror shells can beesealong with the support structure dividing
the telescope into six sectors. At CAST, one sector is usddtanapproximate size of the magnet aperture is marked
by the white circle [132]. Right: Intensity image of the pospread function in logarithmic intensity scale obtaingd b
illuminating one sector with an almost parallel X-ray bedni .6 keV at the PANTER X-ray test facility in Munich. The
red circle indicates the expected solar axion image. Sirgjlections on the shells are observable as circular streictu
towards the upper right edge due to the finite source distance

In case of ideal imaging optics, a point source should be #dag a point-like signal. But since the
used optics are not perfect, the image will be spread overtaigearea. This spatial resolution is
taken into account for the PSF by considering the measulteditith at half maximum (FWHM)

of a point source image.

The six sectors of the ABRIXAS telescope used at CAST have lbaébrated at the PANTER
test facility of the MPE in Munich [142]. For this purpose, monoenergetic X-raysaxious en-
ergies were used. The result of these measurements showedaais resolution 084.5 arcsec
(HEW®) at 1.5 keV and44.9 arcsec a8.0 keV. Thus, the resolution is much better than the size of
the expected axion image of the Sun (.1°). An exemplary image of the intensity distribution
of one mirror sector illuminated with a point-like sourceasiout130 m distance is shown in the
right part of Fig. 6.3. Since the mirror system has not bdamihated symmetrically, an apparent
asymmetry is observable in the picture. It should be notatttite PSF depends on the size of the
source as well as on the off-axis angle.

Determination of Effective Area and Point Spread Function The energy dependence of the
effective area has been measured for all six sectors of lbectgpe at PANTER. The results for
each sector, when fully illuminated, are summarized in Bab. At CAST, the sector with the best

SMax-Planck-Institut fiir extraterrestrische Physik/ Mdark Institute for Extraterrestrial Physics
®Half Energy Width
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Sector Effective area [cnd]
0.93keV 1.49keV 4.50keV 8.04 keV
1 13.5 13.4 8.2 3.9
2 13.5 13.4 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 13.4 8.5 4.0

Table 6.1: Results of the measurements of the effective area for theidlghl mirror sectors of the CAST telescope at
the PANTER test facility.

effective area is used, which turned out to be sector 4. InG:iy the measured on-axis effective
area of sector 4 is shown (black crosses). It was obtainddatélescope aperture 4§ mm, which
formed the setup of the PANTER calibration measurementarder to use these results for the
43 mm opening of the CAST magnet, a ray-tracing algorithm dsyedl for the ABRIXAS mirror
system to predict the effective area has been applied tolaiena48 mm and43 mm aperture
(black and red line, respectively). The mirror system alafity its support structure as well as the
magnet geometry are included in the simulations. A perfestthight beam pipe has been assumed.

12 T T T T T T T T T T T T T T

T T
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Effective Area [cr]

O L 1 L L L 1 L L L 1 L L L 1

2 4 6 8 10
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Figure 6.4: On-axis effective area of the X-ray telescope. The PANTERSusments with 48 mm aperture are
marked by the black crosses. Furthermore, the simulategstior48 mm and43 mm apertures are shown (black solid
line and red dotted curve, respectively). The expectedegafar CAST (red stars) have been obtained by scaling the
PANTER results with the ratio of the simulations for the twifetent aperture sizes. For the simulation, point-like
sources have been assumed [132].



6.1. THE X-RAY MIRROR SYSTEM 109

Effective Area [crf]

Energy [keV]

Figure 6.5: Comparison of the simulations for the CAST magnet aperter(m) using a point source (black) and a
realistic extended axion source as the Sun (red) [132].

The expected effective area for CAST (red stars) is thenimddeby scaling the PANTER results
with the ratio of the simulations for the two different apges. Shown in Fig. 6.4 are the results
for simulations assuming point-like sources. The diffeeein the on-axis effective area between
point-like sources at infinity and a realistic extended mxgource as the Sun is shown in Fig. 6.5.
The upper line (black) is the CAST effective area for a pomirse, while the red curve has been
obtained for an extended source as the Sun.

The influence of off-axis angles on the effective area isldiggg in Fig 6.6. Both, the behavior
of radial and of tangential off-axis angles relative to theeface of the mirror shells is shown.
The telescope is situated on-axis, i.e. not tilted with eespio the line of observatidn There

is a difference in the two directions due to the asymmetriasein which only one sector is
illuminated. This yields an asymmetry in the PSF and alsténdfficiency loss due to geometric
effects (vignetting). The non-symmetry of the PSF can ba ssavell in the right part of Fig. 6.3,
but it is of no importance for CAST, since the expected sizthefaxion signal spot is much larger
as marked by the red circle.

To point out the influence of geometric effects on the efiectirea of the telescope, Fig. 6.7 shows
transmission losses in percent as separate contributionsthe magnet geometry (straight tube
of diameterd3 mm) and the telescope structure as well as the combinedtdédice should note
that in this case, the telescope has been filtdtican be seen that for a slight misalignment of
the telescope, the off-axis effective area of the mirrotesysand the additional effects caused by
vignetting from the magnet bores result in a non-neglegibtieiction of the detector sensitivity. In

"This was the situation for the CAST telescope during the tiimg period in 2003.
8This has been the situation for the CAST telescope duringaltetaking period in 2004 and during thde part of
Phase II.



110 CHAPTER 6. THE X-RAY TELESCOPE OF CAST

‘ T
8- JARN -
L AOEO i
r & 5A<> b
L : o |
© | 5 |
[T oA : A O 1
< . ]
o A 5 %
.;47 o . A o 7]
o A : b
L 0 < : < |
Q A . A
h r < &
L
2*<> A A S
A 5 A
,A . A -
L : A
Ol v o o v
-10 -5 0 5 10

Off-Axis Angle [arcmin]
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due to the asymmetric setup with only one illuminated seatdhe CAST experiment [132].
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the effective area [132].
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numbers, for a misalignment of abduarcmin, losses of approximately)% in efficiency have to
be expected.

In all simulations for PSF and effective area, which havenbéene, energy and off-axis angle
dependent, a micro-roughness®$ nm was assumed. This value is typical for the ABRIXAS
mirrors. It turned out that the scattering effects due tontiero-roughness can be neglegted.

Relative Efficiency for Phase | and Phase Il The effective area of the telescope not including
the quantum efficiency of the CCD detector, which will be teglain more detail in Section 6.2,
differs for the two data taking periods of Phase I, i.e. 2008 2004, since the telescope has been
permanently tilted by arcmin during 2004. The motivation for this tilt and the riésig reduction

in efficiency by~ 10% was to center the axion signal spot on the CCD chip. The dkiagtavith
4He has been performed with the same setup as used in 2004jthea slightly tilted telescope.
The relative efficiency for the telescope not taking intocact the CCD detector or the cold win-
dows for Phase Il is shown in Fig. 6.8.
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Figure 6.8: Relative efficiency of the mirror system only. Two cases aspldyed: for the 2003 data taking run (blue)
and for the tilted optics in 2004 and tAele part of Phase Il (green).

6.2 The pn-CCD

The detector used at the CAST experiment in the focal platieecX-ray mirror optics is a Charge
Coupled Device (CCD). Itis constructed in the same way asettused onboard the E8aatellite
mission XMM-Newtort® [143]. X-rays arising from axion-to-photon conversion &weused on

European Space Agency
10X-ray Multi-mirror Mission named Newton in honor of Sir Idallewton.
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the fully depleted pn-CCD, which is 280 um thick device. The backside illumination through
an extremely thin entrance window 26 nm on the back of the chip is especially advantageous.
Together with the thick depletion region, it provides anedbent quantum efficiency of 95% in

the energy range af-7 keV, which is particularly interesting for axion searches.

This kind of detector is an advancement of silicon drift detes suggested initially by Gatti and
Rehak [144] and has a size of ab@ut 1 cm?. It consists 0f200 x 64 pixels with a size of
150 x 150 um? each. In the following, the basic working principle of suctd@vice will be
introduced and the pn-CCD used at the CAST experiment witHagacterized in more detail.

6.2.1 Working Principle
The Physics of Semiconductors

Basic Semiconductor Properties Materials can be classified as conductors, insulators and se
conductors depending on their electrical conductivity.télle are conductors with free electrons
available to transport the charge, while nonmetals anddoatbons are representants of insulators.
The most commonly used semiconductors are single crysitiisdimamond or zinc blende lattice
type as illustrated in Fig. 6.9. The former structure candasél with elemental semiconductors

Figure 6.9: Left: Diamond lattice structure. In case of pure silicon errganium, every blue sphere represents one
silicon or germanium atom, respectively. Right: Zinc blertaktice structure. For the example of gallium arsenideyeve
blue sphere represents a gallium ion, while the green orathararsenic ions.

such as silicon (Si) and germanium (Ge), while the lattee typhich is also referred to as spha-
lerite structure, is common with compound semiconductoch s gallium arsenide (GaAr). Both
structures are face centered cubic (fcc).

In so-called intrinsic or pure semiconductors, no impestare present and thus the number of
holes and free electrons is equal. Extrinsic semicondsictor the other hand, can be obtained via
doping processes, in which the material properties aratioteally altered by introducing specific
impurities.

In general, semiconductors can be understood by study@igehergy band structure as illustrated
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Figure 6.10: Energy band model for insulators, semiconductors and amotkl In insulators, the energy gap between
valence band and conduction band is too wide to allow elestto cross it and so the conduction band is empty. In case
of a conducting material, both bands overlap, such thatreles are able to move quasi-free. In semiconductors, the
forbidden energy region is small and electrons can be raidmsty excited into the conduction band.

in Fig. 6.10. A forbidden energy gap separates the valened With positive holes from the con-
duction band containing free electrons. Thus, transpoetaiftric charge can be due to movement
of electrons or holes in the respective band. For comparialso the energy band structures of
conductors (no forbidden gap) and insulators (large faldaidgap) are shown in Fig. 6.10.

Doped Semiconductors Being an element of the fourth main group, silicon has fouewee
electrons, such that it is able to form four covalent bondse onductive properties of the semi-
conductor can be improved by replacing a few silicon atonthénsilicon crystal by either pen-
tavalent atoms or trivalent atoms. This process is gewyeralerred to as doping. The emerging
semiconductors can be categorized as n-type, if atoms 6iftthenain group are added, and p-type
for extra atoms of the third main group.

In case the dopant is an element of the fifth main group, ametérctron is provided, which can
be easily excited at room temperature into the conduction bin addition, these extra electrons
might fill up existing holes in the semiconductor and thusrelase the standard hole concentra-
tion. In this so-called n-type semiconductors, the curiemhainly flowing due to movement of
electrons, while holes are minority carriers. Typical doatements used for this kind of doping
are phosphorus, arsenic and antimony.

If on the other hand the introduced impurity is trivalent tiectrons will not be numerous enough
to fill up the valence band resulting in an excess of holes. ifitiel number of free electrons
can be decreased by the increased number of holes, sincevilhbg filled up. This leads to the
fact that the holes will be the majority carriers of chargdijlevthe electrons only contribute as
minority transporters. Such a material is referred to agoe-semiconductor. The most commonly
used acceptor impurities are gallium, boron and indium.
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A typical introduced impurity concentration is of the ordéf3 atoms'cm?, which leads to a dop-
ing concentration of a few parts in a billion(?), taking into account the densities of germanium
and silicon, which are abou?? atomg'cm?.

Electrical contacts of semiconductors are often obtairyagsing very high impurity concentrations
(up t010?° atomg'cm?) leading to heavily doped semiconductors, which are higblyductive. In
order to distinguish these materials from normally dopedisenductors, a plus sign is added after
the material type. Heavily doped n-type and p-type semiaotmis are thus referred to as and
pT, respectively.

The conductivityo and the resistivity of an n-type material can be obtained as [145]

1
o=~~~ eNplie, (6.6)
P

where Np is the donor concentration ang the mobility of the electrons. An analogous result
follows for p-type semiconductors.

The pn-Junction and Depletion Region Semiconductor junctions provide the basic principle of
all semiconductor detectors. This can be illustrated bysictming the working principle of a pn-
junction, which is obtained by joining a p-type with an n€ygemiconductor material. Between the
two semiconductors, a so-called space-charge regiondtectas illustrated in Fig. 6.11. Thereis a
diffusion of holes and electrons towards the n-type andpg-tyaterial, respectively, due to initial
differences in the electron and hole concentrations inweerhaterials. Like this, holes on the
p-side are filled up by diffusing electrons whereas elestmmthe n-side are captured by diffusing
holes. The recombination processes near the junction bpila charge on either initially neutral
side of the junction. At some point, this creates an eleéiid gradient, which is large enough to
stop the diffusion. The charge density profile and the atefigld distribution are displayed in the
middle part of Fig. 6.11. The contact potential/ is the potential difference across the junction
and can be seen in the lower part of the same figure. It leadd@foamation of the band structure
and is of the ordet V.

Summarizing, the space charge region or depletion zone igthon of changing potential. Almost
no free electrons or holes are present and the electric fisigres that any mobile charge carriers in
this region are guided out of the depletion zone. This facttEaused to detect ionization radiation
which will create electron-hole pairs, when it enters thacgpcharge region. The created charge
will be swept out and by employing electrical contacts orhtmitles of the pn-junction, a signal
can be detected and will be proportional to the occuringzitin.

On one hand, the depletion depth is dependent on temperhtutiecan also be varied by applying
an external voltage. The initial depletion depthwhich is the sum of the space charge region on
the n-sidex,, and the p-side,, can be obtained as [145]

2%AU (N4 + N
d:xn—l—xp:\/ ee (]f:‘[;NDD), (6.7)

wheree is the dielectric constant, whil®& 4 and Np represent the acceptor and the donor concen-
tration.
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Figure 6.11: Working principle of a pn-junction. The space-charge reggshown in the upper part of the illustration.
Initial diffusion takes place here until the emerging fietddjent becomes large enough to prevent further movement of
charge. The behavior of charge, electric field and voltageoatlined in the region of the pn-junction in the lower part
of the schematic.

Detector Characteristics of Semiconductors

There are two important points to consider, when choosirgnaconductor material: the interac-
tion of radiation with the chosen semiconductor and thegtabsorption length in the considered
material.

The interaction of radiation with a semiconductor is criaace this is the process that leads to
the creation of electron-hole pairs yielding a detectaldetdcal signal. As far as charged parti-
cles are concerned, low-recoil collisions with electroleng the flight path can result in ionization.
Photons on the other hand have to interact first via e.g. thtopdr the Compton effect with a tar-
get electron. A part of the energy will always go into ioniaat while the rest can excite lattice
vibrations. Which fraction of energy can be converted intZation depends mostly on the detec-
tor material, while the energy and the type of radiation @ayinor role, except at low energies.
The mean number of signal countsof the entering radiation at a given energy is [146]

N== (6.8)
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whereFE is the energy absorbed in the semiconductor devicefritle average energy needed to
create an electron-hole pair. The statistical variancé@fsignal counts is proportional #6/F’
and thus given by

E

(AN = F,

(6.9)
with the Fano factoi’, which is a material specific constant. This factor is diftita determine
exactly for silicon and germanium. It depends on the enefglyeoabsorbed radiation as well as on
the detector temperature. In any cdsshould be small, i.e. of the ordérl2 at room temperature
for these materials. The Fano factor depends on all fundehenergy transfer processes in the
semiconductor, including those which do not lead to iomizatSince it requires exact knowledge
of all occuring processes in a detector, the accurate ditation of F' is challenging. Since the
energy resolution is proportional {6 F E’, semiconductors profit of the smallness of bdthand
E’, which is the small energy needed to create free chargeecsurri

A second important aspect in choosing detector materialseigphoton absorption length. An
absorption length, which is too short, will result in theatren of a signal charge close to the sur-
face, such that it may be completely or partially lost dugpecHfic surface treatment or insensitive
covering material. If otherwise the absorption length Gslarge, the photon may pass the detector
without any interaction at all and the signal will be lost. Rig. 6.12, the absorption length in
silicon and silicon dioxide is shown depending on the en@fgyhe incoming photon. Especially
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Figure 6.12: Photon absorption length in Si and Si{143] depending on the initial photon energy.
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around the M-, L- and K-edges (ab, 100 — 115 and1830 eV), the absorption is very efficiet
for silicon.

Fully Depleted Backside Illluminated pn-CCDs

The physics of pn-CCDs and silicon drift detectors (SDD) @asely related, but while in an
SDD the charge is drifted out continuously, the CCD movesptiekets of charge to the readout
in discrete time intervals, such that a CCD could be refetoeds a “discrete SDD” [143]. The
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Figure 6.13: Principle of sidewards depletion. The shaded area repetiem undepleted n-silicon, while white areas
show the depleted n-silicon region. In the uppermost sketolreverse voltage is applied, such that only the intrinsic
depletion zones are present. The middle image shows fulktlep, which starts from both rectifying junctions on the
top and bottom surface of the wafer. The lowermost depidiitally shows the state of “overdepletion” for complete-
ness. On the right side, the potentiais shown for the different situations depending on the pmsif in the wafer (see
also Ref. [143]).

1The energy range considered with the CAST experiment rescbim 1-7 keV.
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basic principle used is sideward depletion, which meansahmval of mobile charge carriers as
described in the following.

An n-type silicon wafer can be depleted via a smailtahmic contact, which is positively biased
relative to the p-implants located on both sides of the wafer. As shown in ij3, an expansion
of the depletion region from both rectifying junctions aetkame time can be observed, given
that the ohmic connection from the"sreadout anode to the whole (non-depleted) bulk is not
interrupted. The two separated depletion zones get inttacbat a specific voltage causing the
previously existent electron channel in the middle of thbsttate between thetpimplants to
disappear. This completes the depletion at a voltage wisicibout a forth of the one needed
to fully deplete a diode of the same thickness. As can alsoebe & Fig. 6.13, the electron
potential has a parabolic shape in a plane perpendiculdretavafer, and the minimum of the
potential can be found in the middle of the wafer. Shifting tminimum towards either surface
can be accomplished by simply applying different voltagethe p"-contacts on different sides.
The advantages of this scheme, namely the possibility terahitie the position of the potential
minimum externally and the capability for low noise perfamae given by a small capacitance of
the n*-contact, are used to operate fully depleted pn-CCDs.

A basic scheme of such a detector is shown in Fig. 6.14, wheeetal a negatively biased™p
contact on the backside in reference to the top electrodefis $he minimum of the electron
potential towards the upper surface.
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3 -ﬁ arnp!iﬁZl
2
M= - .
detector
depth
E A
3
=
| = e
| potential minimum
signal charge
E
=l
ﬁ L fully depleted detector volume (n-Si, 2 - 5 k cm) iR
/

entrance window (p* back diode) electron potential

T depletion voltage

Figure 6.14: Schematic view of the cross section through a pn-CCD. Thésalbng the transfer channel. The device
is illuminated from the bottom (backside) and fully deptetaver abouB00 pm [143].

By choosing the voltages of the"gransfer register®, ®, and ®; adequately, local potential
minima for electrons in a distance of abduwx xm from the surface can be formed, such that the
just mentioned three shift registers cover together onelpiBy changing the applied voltages
with time, charges in the potential minimum can be shiftedlaimls the ri-readout anode. This
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operation is demonstrated in Fig. 6.15. The size of a pixeti®150 x 150 xm? and the p-back
contact is not shown.
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Figure 6.15: Working principle of the charge transport in the shift régis®,, ®> and®s. At t = 0, the charge is stored
in &3 (top). For a short time, the signal charge is then ke@drand®; together by adjusting, accordingly (middle).
Finally, the transfer t@, is completed (bottom). As can be seen from the x-axis, thegehlaas been transported over
50 pm. This corresponds to a third of a pixel [143].
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Figure 6.16: Pn-CCD subunit ofi4 pixels width (aboutl cm) and200 pixels length (roughl\3 cm). On the chipf4
preamplifiers are included as indicated in the schematig][1#he channel stops, which are narrow gaps between the
single strips can be seen along with the shift registers tesgrdnsport the collected charge towards the readout.

To obtain the pixel structure, the doping is increased instimface zone with channel guides, i.e.

strips being perpendicular to the gate direction. Narropsdaetween the strips are referred to as
channel stops (see Fig. 6.16). The doped zones produce clpagge regions acting as potential

barriers for the electrons, and thus, the charges are eamsdrin all directions.

Integrated Electronics and Readout

In Fig. 6.16, the basic readout principle of the pn-CCD isvgingchematically. The chip consists
of 200 pixels in the direction of the signal transfer (lines) @ddixels perpendicular to the transfer
direction (columns). The usual serial multiplexing CCDistgr has been substituted &y parallel
output anodes. Each anode signal is preamplified directti@chip via a JFE¥ source follower.
The 64 identical JFET-preamplified CCD channels are bonded@-ehannel CMO$® amplifier
chip, the CAMEX4%4, which amplifies, shapes, samples and multiplexes in @ralll 64 ana-
logue input signals. The electronics of one of these chararel shown in Fig. 6.17. They consist
of two charge sensitive amplifiers, which are both succedxnjed source follower each, and a
fourfold capacitive coupling between the amplifiers. Themsteps displayed are

1. Input: JFET on CCD chip biased with JFET current source AMEX 64
2. Voltage amplification: Amplification as ratio of couplimgpacitor to feed-back capacitor.

3. Shaping: Capacitor limits high frequency bandwidth

12 Junction Field Effect Transitor
B3Complementary Metal Oxide Semiconductor
14CcMOS Amplifier and MultiplEXer chip, formerly: CMOS Analog iltiplEXing readout chip
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Figure 6.17: Readout schematics of the pn-CCD and the CAMEX64. The semsitea of the CCD and its on-chip
electronics are shown in the upper left part of the schematior the CAMEX64, one of thé4 identical readout
channels is depicted in detail.

4. Sampling: Four capacitors and switches take samplescoafal after signal passed in order
to suppress noise

5. Sample-and-Hold/ Multiplexing: Former data are mudtigd to output while new data are
read in parallel.

The signals are then given by the multiplexer to an Anale@itital Converter (ADC) and like
this, readout and digitalization can be done in paralletfie64 channels.

Using the full sensitive area, a total readout timexoff0 ms is needed. The time control of the
CAMEX switches is done by a digital control unit, the TIMESchip. Further details can be found
in Refs. [143,146, 147].

Properties of the CCD Signal

The properties of the pn-CCD detector signal play a cruckd in understanding the data taken
with this device. For this reason, the most important charatics of the CCD will be shortly
discussed covering offset and noise as well as partial;uplesplit and out-of-time events. Fur-
thermore, other aspects are important to be considereld,amubad pixels and the charge transfer
efficiency (CTE).

Offset The physical offset of the CCD detector is the so-called darkent. Even if the chip is
not illuminated, there is still a small signal observabléjah is the dark current. It is extremely

15TIme MultiplEXer
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affected by the chip temperature. At room temperature dmtlugrmally generated electrons can
be produced in both the extended depletion region and ticersibulk to fill up the pixels. Further
contributions to the offset can result from the on-chip etaics, the CAMEX chip and the rest of
the readout electronics. By cooling the chipto-130°C, the dark current is minimized.

Common Mode Due to the fact that the supply voltage of the First-FETsighdlly varying with
time, the value of every pixel in a line is shifted by a constaalue when leaving the CAMEX.
Since always all pixels of a complete line are treated samalbusly by the First-FETSs, the effect
is the same for each whole line. It is referred to as CommonévVi@M) and contributes to the
overall energy resolution.

Noise The noise of a CCD detector has mainly two different origind aan thus be separated
into detector intrinsic noise and electronic noise.

The noise contribution of the single CCD pixels, which makpsor the intrinsic noise, results
from impurities of the detector material or leaks. A quatiite description is provided by the
Fano factort’, as discussed in Eq. 6.9, limiting the energy resolutlafi due to intrinsic noise to

E/
ABrano = 235\ F- —., (6.10)

where the factor2.35 relates the standard deviation of a Gaussian to its FWHM. siimon

F ~ 0.12 and the mean energy to create an electron-hole pdit’ is= 3.65 eV. Thus the in-
trinsic Fano noise for a typical absorbed energy of Mp{K.9 keV) limits the energy resolution
to about2% or 120 eV at this energy.

The main components of the electronic noise are thermaéno@se originating from the leakage
current of the readout anode and low frequency noise. Thectrgribution results from thermal
fluctuations of electrons, even with no external power agbliThe leakage current noise originates
from currents flowing to the electronics. The largest shathe electronic noise is produced by the
CAMEX readout chip. Amplifiers and ADCs contribute to the lfrequency noise. By cooling the
detector, the noise can be reduced, however not completeigved, since it is basically random.

Energy Resolution An estimation of the overall energy resolution can be dérly considering
all noise contributions, i.e. intrinsic and the electronmise, as well as the share of offset and
common mode. Therefore, the total energy resolution carstimated as

AETotal = \/AEI%IOiSG + A‘Eg)ffsct + AE%M

= \/ AEfno + AEEavpx T ABRpe + ABR g, + AEZy . (6.11)

which corresponds t@70-180 eV at typical energies in the keV range and is within accdptab
limits. A more detailed discussion of the noise and its eatiom can be found in Refs. [148, 149].
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Table 6.2: Percentages of split events for a pixel sizd 86 x 150 pm?.

Event Type Percentage
Single Events ~ 80%
Double Events ~ 19%

Triple and Quadruple Events ~ 1%

Partial Events If an incident photon interacts with the detector matematihie dead zone close
to the surface, part of the generated charge is able to rénertefore the pixel layer is reached.
Such an event is referred to as a partial event and it is nkesy lio appear for low photon energies
betweenl 00 eV to 500 eV. The amount of partial events is strongly dependent orggn&hey can
be described by the so-called charge collection efficie@yK), which is the ratio of deposited
electronsNV as a function of absorption depthand the number of generated electravisby the
incident photon
N(z)
Ny -

CCE(x) = (6.12)
Partial events are an effect on the percent level, and sime@tocess is known, it can on average
be modelled and taken into account.

Pile-Up Events If more than one photon hit the same pixel during a singlegnatéon cycle, they
are registered as one count with an energy correspondirfgetsum of the two photon energies.
Such events are called pile-ups and can be reduced by simgrtse accumulation period. Fur-
thermore, models to describe pile-up events can be usedirtaés the percentage of this type of
events.

Split Events Split events appear due to the fact that the charge cloud esedpof photon-
generated electrons spreads when propagating througtritheedion towards the pixel plane.
The dispersion of charge happens as a result of diffusiooupmb repulsion. As a result, the ex-
tended charge cloud can hit one or more pixels. The diffgzessible signal patterns are illustrated
in Fig. 6.18. If only one pixel is hit, a single event is detttwhile if the charges are within the
reach of two pixels’ potential minima and they are split betw both pixels, it is referred to as a
double event. Analogously three and four hit pixels formlé&iand quadruple events, respectively.
The fraction of different split events depends only on thepsize and the radius of the charge
distribution. Thus, for a given size of the charge cloud,chtdepends on the energy of the initial
photon, the probability for single and other events can l@agmatively determined from the
ratio of the areas sensitive for split events to the overah@af one pixel. In general, the splitting
ratio is energy dependent and strongly related to the gegroéthe drift field within a pixel. A
typical distribution for a pixel size 0f50 x 150 xm? can however be determined as shown in
Tab. 6.2, demonstrating that single events are the most contype.
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Figure 6.18: Left: Possible signal patterns of split events in the pn-CODe to the extended charge cloud, up to
4 pixels can be hit resulting in single, double, triple anddjuale events. Darker color indicates more deposited eharg
in a pixel. Right: Schematic of one pixel of the CCD chip ithading the different possible pattern types.

Out-of-Time Events Since the CCD detector has no physical dead time and stagigemlso
during readout, it might happen that a photon hits the deteeathile the charges are shifted out.
This means that the incident photon is detected, but it véltdgged with a wrong line number.
Such events are called Out-of-Time events (OOT-events)e Duhe shift of charges along a
column, these events are spread over each readout chahedkattion of OOT-event$ooT can
be calculated as the ratio of the readout timg; and the integration timegy,;

t t
fOOT _ read _ read 7 (613)
Lint tcyclo — tread

where the time of a full cycle (integration and readout).igi. = 71.77 ms andt;c,q = 6.06 ms
for all 200 lines. Thus, for an ideal point source, a fraction of OOTres®f9.2% is found. For a
potential axion signal area @f.5 pixel radius, this fractiorfoor is obtained a8.1%.

Bad Pixels Pixel defects can cause faulty signals. In general, oneifiles bad pixels in dead
pixels, hot pixels, and stuck pixels. While a dead pixel isagls off, defects which are hot or
stuck are pixels with higher noise than average. Hot pixets appear if the exposure time is
long enough, stuck pixels are present in all images. Anylpieéect might originate from the
manufacturing process, but temperature effects can wangesituation. However, the position of
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bad pixels is fixed, such that they can be eliminated fromadkedata and pose no further problem
for the analysis.

Charge Transfer Efficiency When the electrons are transferred from line to line, chauggmn
be lost for various reasons. The charge transfer efficieBGY¥E(] describes this behaviour. For the
transfer of the charge from line j + 1 to line j, the CTE can be defined as

CTE = J+1 (6.14)
495
such that the charge that reaches the readout apgdehen a charge; was generated in ling

and shifted over the chip is
qa = q; - CTE/. (6.15)

Reasons for a CTE smaller tharfgenerally aroun®.9996) are for example impurity atoms in the
semiconductor, which act as trapping center.

6.2.2 The XMM-Newton pn-CCD at CAST
Detector Design and Characteristics

The focal-plane detector used at CAST together with theyXeatics is a fully depleted EP€
pn-CCD of the type which has been sucessfully operated andidbe ESA’ X-ray satellite XMM-
Newton [143] for more thal® years up to now. The key benefits of this detector are its drin
depletion region o280 um and its extremely thin and homogeneous entrance windd9 afmn,
located on the backside of the chip. The thin window makeessible to achieve a quantum effi-
ciency of > 95% in the photon energy range bfto 7 keV, which is the interesting region for the
axion search with the CAST experiment.

The full chip provides a sensitive area 28BS cn?. This area is divided int@00 x 64 pixels.
Each pixel covers an area @60 x 150 um?, which corresponds to an angular resolution of
19.3 x 19.3 arcseé/pixel, if the focal length of the X-ray opticsl§00 mm) is taken into ac-
count. Therefore, the sensitve area of the CCD chip is lalger the solar corex 0.2 R), from
which most axions are expected to cdfhe

In order to obtain an optimal performance, the pn-CCD chiBAST is operated at a temperature
of —130°C. A Stirling cooler system is used to guarantee stable tiondi Flexible copper leads
thermally couple the cold finger of the Stirling cooler to ti@d-plated cooling mask of the chip
(see Fig. 6.19). The detector is installed in a vacuum vesade of aluminum and it has a passive
shielding of copper and lead to reduce extemahy background. In Fig. 6.20, the detector in its
housing without (left image) and with (right image) copphirefd is shown. In order to protect
both, CCD chip and X-ray mirror optics from possible contaation, the whole system is oper-
ated in vacuum. It is possible to pump the vessel contairiegQCD chip and the X-ray optics
independently. Furthermore, the different parts of theéesys such as for example pumps, can be

18European Photon Imaging Camera

"European Space Agency

18A spot on the chip oB3 pixels diameter corresponds to the solar core and congiiis of the total expected
solar axion flux.
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Figure 6.19: CCD chip with gold-plated cooling mask. The mask is thergnafiupled to the cold finger of a Stirling
cooler via flexible copper leads [141].

Figure 6.20: Left: Front-view of the pn-CCD detector installed at the JA&periment in its aluminum vacuum vessel
with vacuum components connected on the right hand sidéntRIdhie CAST pn-CCD with inner shielding consisting
of 2 cm low-activity, oxygen-free copper a2 cm ancient lead. The additionl5 cm lead outside the vacuum vessel
are not present in the picture [141].

separated from the rest of the setup for repair works. Inra@@rotect the X-ray telescope in
case of a quench, additional valves exist that can closehefsystem from the cold bore of the
CAST magnet. A schematic of the telescope vacuum systenoversim Fig. 6.21 and displays all
important components.
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Figure 6.21: Schematic representation of the vacuum system for the Xelagcope. The roughing pump is labeled
1, while the turbo pumps are numberéd9 and17. Green color signifies a running pump or an open valve. Yellow
indicates for a pump that it is stopped and for a valve thatdtésed. The valves labeled as either air or nitrogen can be
used to vent the detector.

Quantum Efficiency

The quantum efficiency (QE) of a photo-sensitive device, 8ICCD, is the percentage of incoming
photons that actually produce an electron-hole pair in émsisive region and can thus be detected.
It is therefore a measure for the sensitivity of the detettigghotons. Determining factors for the
QE are characteristic features of the used material as w/&llegproduction process to manufacture
the detector. For the EPIC pn-CCD used in the XMM-Newton iaigghe QE has been measured
at synchrotron radiation facilities in Berlin and Orsay éfarence to a calibrated solid state detec-
tor.

In Fig. 6.22, the QE as measured for the fully depleted pn-©€be EPIC camera is shown [143].
At an energy 00.525 keV, the QE drops due to absorption losses at the oxygen edpe SiGQ
layers on the detector surface, which are meant to passhatmaterial (see also Fig. 6.12). The
inserted picture in Fig. 6.22 shows the typical X-ray ab8orpfine structure (XAFS) in the region
of the Si-K edge at.84 keV. The solid line represents a detector model fit obtainedsing photo
absorption coefficients given by atomic data tables. It aasden that the QE is higher thad%

in the whole energy range betweess keV and about 0 keV. More details concering the QE can
be found in Ref. [150].
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Figure 6.22: Quantum efficiency of the pn-CCD as determined for the EPI@era onboard XMM-Newton as a
function of incident photon energy. Dips in the QE arounddkggen edge(.525 keV) of SiO, and the silicon K-edge
(1.84 keV) are apparent. The line represents a detector modeldensitive volume 0800 pm thickness, which has
been fit to the data [143].

Combined Efficiency of X-Ray Mirror Optics and CCD Detector

Knowing the quantum efficiency of the CCD detector, it is flulesto obtain the total efficiency
for the different stages of the CAST experiment, by comlgrtime efficiency of the X-ray mirror
optics, which has been treated in detail in Section 6.1.th thie QE of the semiconductor device.
Considering the total efficiency of the X-ray telescope tbhgewith the CCD detector all three
data taking periods differ. While the efficiencies for 200®i 2004 only differ due to the tilt of
the telescope, in Phase Il the transmission of the cold wisdtas to be considered in addition to
the tilt during the 2004 run. The cold windows were introdiite constrain théHe within the
magnetic field region. They are madel&fum polypropylene (PP) mounted on a strongback. This
support structure causes a losd 2f6% in addition to the PP foil as determined at PANTER [151].
In Fig. 6.23, the different efficiencies are shown includihg one used for the analysis of thee
data of Phase Il (black line), which varies between al204t and30% in the displayed energy
range of1-7 keV.

Calibration and Energy Resolution

Before the detector was installed at CAST, the gain was ahittexd at the X-ray facility PUMA in

Munich using an X-ray fluorescence generator. Hereby, X-cay be directed on different materi-
als in order to determine the factor connecting the detecti@dges from obtained electrons in the
CCD detector and the analog-digital unit (ADU) as given ie teadout. In Fig. 6.24, the results
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Figure 6.23: Total relative efficiency as used for the analysis of the BPhasd Il data taking into account the efficiency
of the telescope as well as the quantum efficiency of the CGBctle. The total efficiency for 2004 (green) differs
from the one for 2003 (blue) due to the tilt of the telescoper Fhase Il (black), the telescope position remained
unchanged, but additional windows were installed to keephllium inside the magnet pipes, lowering the efficiency
to values betwee0 to 30%.
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Figure 6.24: Gain calibration of the CCD detector at the PUMA test fagilit Munich. The points represent the
measurements and the line is a linear fit to the data [133].
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Figure 6.25: Response matrix of the pn-CCD used at CAST displayed in ithgmaic grey scale. The contributions of
the photon peak and the silicon escape peak can be seen. Taefiargy resolution is reflected in the width of the
distribution. Second order effects have been neglectez] [13

of these measurements are displayed. The gain was deterasde eV/ADU and it can be seen
that it is linear over the full considered energy rang®.@fto 10 keV.

In order to determine the energy calibration and the deteegponse on-site at the CAST exper-
iment, a multi-target X-ray tube has been used. The incidamted differential photon spectrum
is observed as a (binned) pulse height spectrum given by se fhdight analyser (PHA). As a
consequence, the observed spectrum is a convolution afitideint spectrum and a function char-
acterizing the detector features. The detector redistobumatrix R;; provides the probability
that an incident photon of enerdy; is detected as a photon of enerfy. This together with the
effective area of the detector leads to the function in doest

In Fig. 6.25, the modeled detector response matrix is shametuded in the redistribution func-
tion are the photo peak and the silicon escape Yeak well as the finite energy resolution of the
detector. Other effects, such as partial events have natth&en into account, since they are not
important for the given situation at CAST.

In addition to this, there is the possibility to test the letlegm stability of the energy calibration by
using ar*®Fe source (see Fig. 6.26) together with several X-ray fleemdines in the background
spectrum, which can be used to extend the calibration rangedrgies larger tharo keV, i.e. en-
ergies which were out of range for the X-ray tube. Thus, a emign of incident photon energy
to detector channel can be derived for the energy range 6o 10 keV by fitting a polynomial

to the data [132, 152].

In Fig. 6.27, the energy resolution of the pn-CCD is dispthy®&lot only does it depend on the

19If a photon is absorbed in the silicon of the detector, it gates an electron-hole pair. The hole in the inner shell
can be filled by an electron from an outer shell resulting ineamitted photon. If this photon escapes the detector,
then its energy is missing and a signal (silicon escape pieatégistered at the diminished energy Bfizscape =
Evin-x, — Fsi—k, ~ 4.15 keV, i.e.1.74 keV below the photo peak.
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Figure 6.26: Typical calibration spectrum of &ttFe source for the CCD detector at CAST with an energy reswiuti
of ~ 170 eV at5.9 keV. Both, the Mn-K, and the Mn-K; peaks are apparent.
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Figure 6.27: Energy resolution of the pn-CCD detector depending on amtigphoton energy. The lowest curve corre-
sponds to the energy resolution for single events in the FEIAKCCD, while the middle line represents double events of
the same detector. The uppermost line is the CAST in-sitaggnesolution for the combination of single and double
events [132].
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energy of the incident photon, but also on the type of tha spknt. These split event patterns
have been discussed in Section 6.2.1. For the incident phertergy dependence, the detector
response model of the EPIC pn-CCD on-board XMM-Newton has laelopted [153]. Not only
is the energy resolution for single and double events of tRECEpn-CCD shown but also the re-
sulting CAST resolution for combining single and doublerdge Due to the relatively high noise
in the experimental area, the CAST detector resolutionightty worse than the one obtained for
XMM-Newton.

Combining all performed calibration procedures providesbsolute energy calibration of better
than1%.

6.3 The Alignment of the X-ray Telescope

The alignment of the X-ray mirror optics and the pn-CCD deteare critical factors in order to
optimize the telescope performance. Therefore, two diffemethods are used to assure that the
telescope is aligned parallel to the magnet axis with anracgwof better thar0 arcsec. Further-
more, it is possible to monitor the long term stability ofstlilignment. For the first purpose, a
laser system providing a parallel beam is installed on thgnaieend opposite to the CCD detector,
i.e. instead of the normally installed TPC. The laser isreditjby the surveyors with the theoretical
magnet axis and the light can thus be shone through the entuip. The focal image of the parallel
laser beam can be observed on the CCD detector and it can dhéoudetermine the center of the
expected axion signal spot. The second method to aligriy\aard furthermore constantly monitor
the telescope alignment is the use of a pyroelectric X-raycgoinstalled between the TPC detector
and the magnet. The experimental setup which is used dunimdignment is shown in Fig. 6.28,
where the mentioned X-ray source is labeled X-ray fingereLaad X-ray finger alignments have
been repeatedly performed before, during and after CAST ta&ing periods. Since the thesis at
hand is concerned with the analysis of tiiée data obtained during CAST’s Phase II, the focus
will be put on the telescope alignment for this second phase.

Parallel Laser Surveyor‘s Reference

T4 V14 Telescope CCD

_ |
[ - ———,-@-—-@-—-—I—
e |/
Filter+
Polarizer+ X-ray finger Cold Windows Windows Surveyor‘s Reference

Analyser

Figure 6.28: Schematic of the experimental setup for laser and X-ray fiatignment of the X-ray telescope. In order
to use the laser, the TPC detector has to be dismounted, XAndg finger measurements can be also performed during
normal data taking periods.
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6.3.1 Laser Alignment

The laser alignment for CAST'’s second phase was performieddthe data taking period, namely
in November 2005, and verified in Augui07 after the completion of CAST’$He phase. An
exemplary image of the parallel laser beam on the CCD chipdsg/s in the left part of Fig. 6.29.
The size of the expected axion signal region containing riege of the inne20% of the solar
radius is indicated by the a white circle.

The procedure to align the laser with the magnet axis for €asas been the same as during
Phase | of the experiment [154]. The final result of the aligntis visualized in Fig. 6.30 together
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Figure 6.29: Left: Focal plane intensity image of the parallel laser. sTiniage can be used to define the center of the
circular region in which the axion image from the solar core<(0.2 R) is expected. Right: Intensity distribution of
the 70 MBq X-ray source. Here, the white circle corresponds to tluggetion of the magnet bore on the focal plane of
the telescope. The center of laser and X-ray spot have tcideifil 32].
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Figure 6.30: Results of the laser alignment in 2004 and 2005. The referpasition of 2004 is shown in black. It has
been taken with an incorrect alignment. The influence of #lautn in the cold bore is reflected in the position of the
red symbol, while the effect of an additional window is shdwnthe black symbols in the upper right part of the plot.
The blue symbols show that by tilting the correctly alignagdr in 2005, one can reproduce the 2004 position [154].
The red line is meant to indicate the difference in x-dimttetween the measurements in 2004 and 2005.

with the results of a previous alignment and the outcome érsd performed tests, which will be
discussed in the following. These checks were meant edlyeitiastudy the influence ofHe gas
inside the magnet and the effect of the newly added cold wisdin the position of the laser spot
on the CCD chip. Moreover, different laser intensities wested.

For the first investigation iR005, laser images witliHe in the cold bore were acquired. Since
some effects, which are still under investigaffncould be observed when gas was filled inside
the magnet bore, all laser alignment measurements havebenperformed without gas inside
the cold bore. The spot position with gas in the cold bore aswhin red in Fig. 6.30.

Furthermore, the effect of the cold windows on the laser beawne been studied by introducing a
third cold window in the optical path. The position of thedaspot remained basically unchanged
with and without the additional window in place. Furthermothe spot position turned out to be
independent of a rotation and tilt of the extra window, sutht tho problems for the alignment
have to be expected due to the changes in the CAST setup gacitsid phase (see black points in
Fig. 6.30).

An additional test showed that the laser spot is situatetiensame region on the CCD chip for
different intensities of the laser light as long as the fulignet bore is illuminated.

It is worth remarking that the linear behavior of the X-rayiop was already checked in the align-
ment of 2004, demonstrating that there is a linear relateméen the observed laser spot on the

20A change in position of the laser spot could be observed uretéain circumstances, which might be due to either
refraction in the helium gas, thermo-acoustic oscillatiof the gas or a lens effect of wrinkles on the cold windows.
Further details can be found in Ref. [154, 155].



6.3. THE ALIGNMENT OF THE X-RAY TELESCOPE 135

CCD chip and the off-axis angle of the laser in vertical andzomtal direction [154].

The biggest achievement of the 2005 alignment was the disgaliat former alignments had been
performed using an incorrect theoretical magnet axis. &hié X-ray spot could be found in the
same position for both 2004 and 2005 measurements, thedpseusing the proper alignment
in 2005 shifted as compared to former results. Tilting tleeifdby160 arcsec made it possible to
reproduce the laser position of 2004 as indicated in Fid) By3the blue points. As a result of the
corrected alignment, the agreement between laser and datay which will be discussed in Sec-
tion 6.3.3, improved in comparison to earlier alignmentsage | data thus had to be re-analyzed
using the new spot center obtained in 2005.

6.3.2 X-ray Finger Measurements

The 70 MBq pyroelectric X-ray finger, emitting mostly photons ®keV, is particularly suitable
to monitor the stability of the alignment during data takimgriods, since it does not require the
removal of a detector, due to its permanent installation.cdntrast to a radioactive source, it
has the advantage that it is not disturbing any backgrourasorements in neither the TPC nor
the CCD detector, since it can be turned off and parked in demdoosition, when idle. For
alignment checks, it can be automatically and accurategjtipoed in the field of view of the
telescope. The precision and functionality of this mardpad has been also veryfied, whenever the
surveyors aligned the laser. Except for one single occasidune 2006, when a software problem
was encountered, the positioning of the X-ray finger workedgletely reliably. The right part of
Fig. 6.29 shows a typical image of the X-ray finger on the CCIp ghth the white circle indicating
the projected size of the magnet bore. The image is largerttteaone of the parallel laser beam,
since the X-ray finger is located at a finite distance of thea)X-optics. This results in the fact
that the photons of keV are focused to a point abod® cm behind the CCD chip, and thus one
observes a larger image. Furthermore, it is apparent frenmtiensity image in Fig. 6.29 that the
distribution is not uniform. This reflects the charactérsbf the X-ray emission of the sourée
The center of the X-rays can be determined by a Gaussian fttbeeacenter of a circular envelope
of the intensity distribution, which is more accurate eggfcfor determination of the x-coordinate
of the center. The long term stability is demonstrated in Big§1, where the barycenter of the X-
ray measurements is shown for 2005, 2006 and 2007. As carebetbe measurements confirm
the stability of the spot position of better than abRtiarcsec corresponding topixel throughout
the Phase Il data taking period. The overall pointing pregisf the CAST magnet is better than
1 arcmin & 0.017°), which is sufficient taking into account that the magnetebafows a field of
view of aboutl16 arcmin & 0.27°).

To obtain the center of the expected axion signal regionigbelts of the X-ray measurements can
be correlated with the findings from the laser alignment.

6.3.3 Correlation between X-ray and Laser Spot

In order to correlate the X-ray and laser spot results, threnabized laser intensity distribution
projected on the x- and y-axis were overlaid with those fer Xaray spot. Assuming a circular
shape of the X-ray spot, its center must coincide with the @inthe laser spot. In Fig. 6.32,

21The emission strength depends on the angle of the X-ray savith respect to the optical axis.
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this is shown for the 2005 alignment data. The X-ray fingeadat displayed as red and black
crosses depending on the magnitude of the intensity, wihdegteen symbols represent the laser
data. Additionally here, the outermost blue lines mark tiheutar envelope for the projections of
the X-rays, i.e. the coordinate for which the intensity driyelow7% of the maximum, while the
center blue line indicates the determined center of thenasiignal region. As a result from this, a
spot center of: = 40 pixels andy = 108 pixels was determined and is used in the analysis of the
CCD data for*He in Phase II.

6.4 Background Simulations and Measurements

Since CAST is looking for rare events without having the aulage of being located in a low-
background underground laboratory, reduction and defaifelerstanding of the background are
a crucial issue in order to optimize the sensitivity of th@eriment and its detectors. Generally
speaking, there are different approaches to lower the lbagkd originating from cosmic rays and
gamma rays as well as radioactive(-radiopurg¢ components inside the detector or the magnet.
The first aspect is to choose radiopure materials to buildsaneund the detector. Furthermore,
active and passive shielding can be implemented in the sétlgp a minimization of the active
detector volume by using a focusing device is a method toaeethackground. In addition to that,
pattern recognition algorithms can be applied, thus furdthweering the background.

While the materials close to the detector had not been chgsecifically based on high radio-
purity, the shielding was optimized during the first phas€aiST. Pattern recognition methods
are used to identify minimum ionizing particles (MIPs) vafficiently. Using the X-ray mirror
optics suppresses the background by a factor of ab@ytwhich is due to the fact that the magnet
aperture area df4.5 cn? is focused to a spot of roughiy3 mm? on the CCD chip.

6.4.1 Shielding

The implemented shielding of the pn-CCD at CAST consistsinéi and outer components. Di-
rectly surounding the detector, a copper shield of oxygea-topper with low activity is installed
(10-40 mm). The copper box has an opening above the chip towardsithar wptics. Also inside
the vacuum vessel, a layer 2f mm ancient lead (almost free 8’ Pb) covered with & mm layer
of copper is included. Like this, the environmentatay background is reduced.

In order to also lower the naturatradiation from the walls of the experimental hall, an exédr
shield consisting of additional lead surrounding the deteand especially its backside, which
is situated close to the adjacent wall, has been installdtlus,Tduring magnet movement with
different distances between detector and wall, the backgrdevel is not changing [132,133].

6.4.2 Detector Components and Simulations

The materials situated in the adjacencies of the chip werexmdicitly chosen to be highly radiop-
ure, but they were tested at the Canfranc Underground Ladygraf the University of Zaragoza.
Furthermore, detailed Monte Carlo studies have been peedrusing GEANT4. As a result it
could be concluded that less thas’% of the total background level originates from contamina-
tions of the detector material$*tU, 23°U, 4°K), while about half of the observed background is
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induced byy-rays from the surroundings of the CCE?Rn is not a real problem at the moment
since the detector is operated in vacuum. A detailed rep@iven in Ref. [156].

6.4.3 Typical Background Spectrum

The typical background spectrum for data taken witke in the cold bore during Phase Il is
shown in Fig. 6.33. Considering the energy range for therasearch ofl-7 keV, one ob-
tains a mean normalized count rate integrated over the wdenigitive area of the detector of
(2.39 £ 0.02) x 10~* counts s'keV~!. In other terms, this corresponds to a mean differential flux
of (8.66 £ 0.06) x 10~° counts cnT?s~'keV~!. In the expected axion signal regios 0.34 mm?)
this means a background count raté@df75 counts per hour in the energy range frafi keV. The
most characteristic background contributions in the digpll energy range of Fig. 6.33 are fluo-
rescence emission lines from materials in the surroundinigeoCCD chip.

The copper K and Kz photo peaks (a8.0 keV and8.9 keV, respectively) as well as the escape
peak of copper in silicon6(3 keV) originate from the cooling mask near the chip. Since thi
mask is gold-plated, also gold lines are observable: Au{M 2.1 keV), Au-L, (= 9.7 keV),
and Au-Lg (= 11.5 keV). Furthermore, lead peaks from soldering can be seeerfergies above
10 keV, namely Pb-|, at10.5 keV and the Pb-k at12.6 keV. Below7 keV, a quasi-flat Compton
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Figure 6.33: In the background spectrum for the data obtained with the @&ector during Phase Il of CAST, char-
acteristic photon lines originating from the materialsha# tletector and its close surroundings can be observed.
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continuum of mainly backscattered photons [153] is obd#evaThis is the region chosen for the
analysis of the CAST data acquired with the CCD detector.

Having characterized the X-ray mirror optics and the CCDecker, the following chapter will
deal with the data obtained with the X-ray telescope dutiregHe part of CAST’s Phase |I.
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Chapter 7

The CCD Data with He Gas in the
CAST Magnet

During the years 2005 and 2006, the CAST experiment acqdaewith*He gas inside the mag-
netic field region. During times, when the CAST magnet wasijieg towards the Sun, tracking
data, i.e. data under axion-sensitive conditions, wererntakn case axions exist, these data corre-
spond then to an expected axion signal plus the experimieatiiground. During all other times,
i.e. when the magnet is not aligned with the Sun, backgroata can be acquired.

In this chapter, the data acquisition with the X-ray tel@scwill be presented. First, an overview
of the data taking is given, followed by data processingilietand quality checks of the data on
both, a daily and longterm basis. Performed backgroundeswdll be discussed before the actual
analysis will be presented in Chapter 8.

7.1 Data Taking with “‘He Gas in the CAST Magnet

7.1.1 CAST Data Taking Overview

Data acquisition witiHe gas in the cold bore of the CAST magnet started on Novenihrig
2005 and lasted until December 8th 2006. From beginning bffifeey 2006 until the end of April
2006, a shutdown of the whole CAST experiment had been stdekti open the cryostat. The
cold windows were checked and different maintenance wogkg wone. Data taking was resumed
during the last days of April 2006.

During the full data taking period, the detectors of the CASperiment coveretlo0 density steps,
each corresponding to a pressure differenc®.0%83-0.087 mbar. Furthermore, two additional
steps of half size around a potential candidate setting vewe performed. The maximum pressure
reached wititHe wasl13.425 mbar, which corresponds to an effective photon mags3sfeV.

7.1.2 CCD Data Taking Overview

The pn-CCD detector of CAST accomplished to take datal@days, during which 87 tracking
runs and207 background runs were recorded. TI& solar runs covered49 different density
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steps, i.e.147 out of 160 full steps and the two additionally performed intermedistieps. The
density settings not covered by the CCD detector have beestigated by at least one of the other
CAST detectors. They were missed by the X-ray telescopemsydue to different problems. In
January and in April 2006, a broken turbo pump in the CCD vatgystem made data taking
impossible until the replacement of the pumps. Furtherars$or missed settings were software
problems due to an extremely long power cut at CERN and diffesuwith the vacuum system
of the detector, due to a malfunctioning pressure gaugedef#cts could be fixed rather quickly,
such that no more thalB settings in total were missed. Summarizing, the total tifnacguired
tracking data i294.8 hours, while under background conditio2ig58.1 hours of data have been
taken.

7.1.3 CCD Data Taking Procedure

The CCD detector has been operated continuously durindHleepart of Phase I, except for
the mentioned minor interruptions due to technical prolslerEvery morning before the solar
tracking, the shifters started the automatic Data AcqaisiBystem (DAQ). First, the DAQ takes
a dark run of200 frameg, lasting aboutl4 s. Following this, a calibration run with th&Fe
source is performed. It generally consists60600 frames and thus requires abdutin. When
the calibration finishes, a continous data taking rus®files with 12550 frames each is started,
lasting more tha22 hours and thus running till the next morning.

It was ensured that the DAQ was started aroiidnin before the tracking of the Sun began, such
that the first6 files would contain the full solar run (abofi® min) and could thus be used for a
Quicklook-Analysis (QL). This preliminary analysis prdes a first preview of the daily results
and will be described in Section 7.2.3.

7.2 Data Treatment and Data Quality Checks

The processing of the CCD data is performed in several stEps first treatment of the acquired
raw data is done directly with the DAQ-PC in the CAST controbm. In order to reduce the
raw data, empty frames are discarded and only readout aisewith data are kept. The original
frame number containing the counts is saved, such that woni@tion, e.g. about the time of
the registered event, is lost. After this preprocessingestéhe data are sent to TU Darmstadt
for further processing, which is then available online imocof the Quicklook-Analysis. After
additional information such as slow control (SC) and tragkielevant information are taken into
account, the final data file to be used for further analysishigsined. For all processed data, a
backup file is then produced at the MPE/\WHh Munich and at the University of Freiburg.

7.2.1 Data Processing

While the raw data and the results of the preprocessing alNCERgiven in compact binary format
for fast access and storage, the next step converts thertlatdoé so-called FITS formitwhich

A frame corresponds to one CCD read-out cycl&bf’7 ms.
2\Werner Heisenberg Institute
3Flexible Image Transport System
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is an easy-to-handle, standard astronomical data formiginally introduced by NASA [157].
Not only has it been designed as an image format, but alsoote stientific data arranged in
arrays of muliple dimensions. Data stored in FITS files canthe further analyzed using the
IDL® software, which is preferably used in astronomy by ingtiusuch as NASA or the German
Aerospace Center DLR

Once the FITS file containing all the CCD data is producedersdsteps follow:

e Conversion of CAST tracking information from ASCII to FIT8rfat,
e Conversion of CAST slow control information from ASCII toTF format,
e Production of event FITS files from the basic CCD data file fiffecent valid pattern types.

The tracking information provides all necessary pararsatéthe experiment connected with the
magnet movement, such as for example, whether or not theeghamgfollowing the Sun and with
which precision. A detailed list of all provided parameteas be found in Ref. [158]. The tracking
information is initially provided in the form of ASCII filesral transformed into FITS files for the
CCD data processing.

Similarly to the tracking PC, the slow control of the CAST erment logs all parameters relevant
to the experiment, such as different pressures in the va@anshgas systems, conditions of valves,
the status of the magnetic field and temperatures (for a caimepsive list see Ref. [159]). Also
this information is given in ASCII format and converted iaté-ITS file.

An important step in the processing of the CCD data is thetioreaf so-called event files for all
valid pattern types from the basic CCD data file. The maintdwéne is the application of a pattern
recognition algorithm to sort out events caused by cosnyis.rAs illustrated in Chapter 6, when
discussing the properties of the CCD signal, only certares$yof split events qualify as photons
from axion-conversion, such as single, double, triple ambguple events showing a specific pixel
geometry (see also Fig. 6.18). A double with hits in two dizjqixels, for example, does not
provide a valid pattern. Selected event files are obtainea the basic CCD data file, sorted into
different valid pattern types.

Additionally, information from the telescope vacuum systean be included. Thus, it can be
ensured that the valve connecting the X-ray mirror optidh wWie magnet (¥4) and the one be-
tween the telescope and the pn-CCD detectdBj\are both open, allowing photons from possible
axion-conversion to reach the detector.

7.2.2 Data Extraction

Having created FITS files containing all necessary inforomaprovided by SC and tracking PC
as well as the CCD event files of valid patterns, the next sdp combine all these sources of
information. This can be accomplished by the use of so-¢@aBeod-Time-Interval (GTI) files,

which provide the times at which certain conditions are lfelfi. A useful software package to
handle and work with FITS files is FTOOLS [160]. It can be emyplb to extract such good time

“National Aeronautics and Space Administration
SInteractive Data Language
®Deutsches Zentrum fiir Luft- und Raumfahrt
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intervals. At CAST for example, this might be all times, daigriwhich the magnetic field has been
turned on and the magnet has been tracking the Sun (tracktag. drhus, for all files containing
information relevant to the analysis, GTls can be seledtddhg into account all important factors
to determine, if tracking or background data have been eedjauring the time under considera-
tion. Finally, the different good time intervals for SC anadking can be merged together with the
valid pattern event files of the CCD. In this way, all data ¢fyig for tracking or background can
be obtained.

The conditions taken into account for the selectiorildé tracking and background data from the
tracking logdfiles are:

e MAGB : Magnetic field strength as read by the tracking PC. The spoiedence between
magnetic fieldB and current was given in Tab. 5.1.

e HMOTYV : Supply voltage of the horizontal motors. Tracking dataeh@vfulfill HMOTV >
10 V. For background measurements HMOFV) V is required.

e HPRECIS: Precision of the horizontal movement, i.e. calculated goaition minus mea-
sured position. During tracking, this precision has to b#elbe¢han0.01° at any time.

e VPRECIS: Same as HPRECIS, but for the vertical movement. Also thisi@cy has to be
better thar0.01° for the data to be taken into account as tracking.

e TIME : Time of the measurement. This criterium can be used tondistsh between the
morning and the evening tracking.

e TRACK:: If the solar tracking switch in the tracking software isrted on, this flag is set
to 1. Otherwise, it i90. In order to take only the morning tracking into account, ThielE
criterion is used. Furthermore, by considering HMOTV andRHEEIS, real tracking times
can be determined.

From the SC information the following criteria are used:

e VT40OPEN: Status of the gate valve VT4 connecting the X-ray telesd¢ogbe magnet. If
VT40PEN= 1, the valve is open. For VT40OPENO, it is closed.

e QUENCH: Flag to mark the start time and duration of a quench. For,bodtking and
background, this flag needs to be zero, i.e. no quench.

In Fig. 7.1, the important selection critera and their ctods during Phase Il are shown. The
upper plot shows the selection of GTls for tracking, the loplet the same for background runs.
After all the GTls are produced and merged, the FITS filesainimg the final data for the analysis
can be extracted in different energy ranges for all typesens. It is then also possible to separate
the file containing all data of Phase Il into single data tgldays. These can then be recombined
to obtain files, including the data of each single densityirsgt
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Figure 7.1: Top: Screening of the CCD data to determine the GTls for treckata. Different selection criteria are
shown in the plot. Proceeding from top to bottom the follagyparameters are shown: CCD count rate, magnetic field,
horizontal encoder value (a change of it indicating moveineertical encoder value, tracking flag, GTI, flag used for
X-ray finger measurements (CM CAL), status of the gate valWEB, VT3 and VT4 as well as the Quench flag. Light
and Anomaly mark periods during which problems occured.*Bli¢ data are shown. Time is given in Julian Day (JD)
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7.2.3 Daily Data Quality Check of the*He Data: The Quicklook-Analysis

In order to provide a quick check of the detector performautthe events of the morning track-
ing, a first analysis is made accessible orfliaetomatically around two hours after the end of the
tracking run. For every day, a file covering approximateby tifacking run ¢ first files of a day, i.e.
first 90 min of a run) and one for the full day are available at the abueationed webpage. All
important detector parameters can be checked, startingtfie raw spectra over noise and offset
maps to the point of calibration. In this way, it can be conéichthat the detector is performing as
expected. It is important to note that no slow control datiamking information is included in the
QL-Analysis. Therefore, the QL results do not representa fiesult but are meant to provide an
indication of the daily made observation.

One important file in the QL-Analysis is the so-called trubbcevent image. It shows all the events
which occured during tracking on the full chip. Therefotean be used to determine roughly, how
many counts have been registered during tracking in thenasigmal spot region. This information
together with the knowledge that the detector has been ng@iixioperly can be used to determine
if the pressure in the cold bore should be changed to the r#iig or if a specific setting is worth
repeating, since it provides a potential axion candidater. nkore information on the quicklook
analysis, the interested reader is referred to Ref. [161].

During the*He phase a protocol has been developed, on how to handletipbtamdidate steps,
i.e. pressure settings, during which more counts than éggecere registered. In 2005 and 2006,
only the CCD detector was used to determine, whether a tigmesihould be done, while the fully
evolved protocol, now used for thi#de run, can take all four detectors of the CAST experiment
into account. The idea behind the protocol is to follow a éxtest and homogeneous policy dur-
ing the whole data taking period and spend aliygtextra time of the total CAST running time
to investigate possibly anomalous events. A detailed gegar of the CAST protocol, which is
using Monte Carlo simulations to eliminate candidates,lmafound in Ref. [162].

7.2.4 Longterm Data Quality Check of the*He Data

Overview of Considered Data Set To monitor the longterm stability and the quality of the data
the full “He tracking and background data set has been used. Aftemthessitraction using the
above discussed GTIs, thele data consist of87 tracking runs afi49 different density settings
with 207 background runs. The total tracking time has b&@#l282.7 s~ 294.8 h, while under
background condition8929245.0 s~ 2758.1 hours have been acquired.

The full chip has a total area of ~ 2.761 cn and the expected axion signal area is a circular area
with its center atr = 40 andy = 108 as determined by the laser and X-ray finger alignment. The
radius of the spot has been determined by calculating thealstg-noise ratio depending on the
spot radius for differeng,,. The optimization is then accomplished by determining thkeie of

the radius for which the common maximum for different conglconstants is found. This yields
an optimal spot radius df1.5 pixels corresponding t82.6% encircled axion flux. The area of the
potential signal spot i8.348 mn?.

There have beeh508 counts registered on the full chip during tracking dd@23 counts, while
taking background data. In the spd§ counts were found, when following the Sun and in total

"http://astropp.physik.tu-darmstadt.de/projects/dasa/QL/qgl-hefour_ en.php.
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Table 7.1: Summary of théHe data acquired during 2005 and 2006 in the energy rarigkeV for background and
tracking conditions.

Tracking Background

Time [hours] 294.8 2758.1
Detected Photons [cts] 1508 14223
Count Rate k10~ cts/s] 14.21 £0.37 14.35 £ 0.12
Flux [x10~* cts/cni/s] 5.154+0.13  5.20 +0.04

Mean differential Flux k1075 cts/cni/s/keV]  8.58 +0.17  8.66 & 0.07

430 counts were recorded in background data. This includesafdl @vents, i.e mainly single and
double events.

The detector performance as well as the mean differentiahfiire been stable during background
measurements at a level @664 0.07) x 10~° cts cnm 2 s~! keV~! for the full chip in the energy
range of1-7 keV. This translates t8.13 4+ 0.07 counts in an average tracking ©75.3 s in the
energy range of-7 keV for the full chip, considering the total available bagikgnd. In the spot,
this corresponds t6.275 + 0.002 counts under the same conditions. The corresponding values
obtained from tracking data are compatible with these numbé& summary of the important
parameters for théHe data is given in Tab 7.1. A detailed list summarizing datesvhich the
CCD took data, the corresponding pressures, tracking timdeaserage background counts can be
found in the Appendix C.

Stability of the Detector Performance During the complete data taking phase in 2005 and 2006,
the pn-CCD detector and the X-ray telescope revealed atlexclngterm stability, taking into
account various operating parameters. This results indteisition of a homogeneous and consis-
tent data set over an extended period of time. Constant ororgtof the performance quality and
the detector stability is accomplished by performing dediibrations of the pn-CCD detector with
the help of ar’®Fe source. Fig. 7.2 provides an overview of the most impbgarameters moni-
tored throughout the 2005 and 2006 data taking period viegtipglarly repeated calibrations. One
of these parameters is the detector gain. It provides theecsion of analog-digital units (ADU)
to eV and has been found to be very stable. Furthermore, drgelransfer inefficiency (CTI) has
been monitored. The mean noise level and the mean offsebtrereraged over all pixels on the
full chip. In addition, the intensity of the Mn-Kline, its energy resolution (FWHM) and the peak
position are recorded. A correlation can be observed betwagations in the energy resolution
and the mean signal noise, indicating periods with incéagise in the experimental area. These
variables do not reflect the achievable perfomance in adabiy; since the noise level in the CAST
experimental hall has been found to be quite high and vagaturing specific periods. This is due
to the fact that the experimental site has never been dekigngrovide a low-noise environment.
At no time, however, did these variations affect the seaochakions and the total sensitivity to
detect the hypothetical particle. All other parameterselgtvown high stability during the whole
‘He phase, as it has already been the case during Phase | oA8iE&periment.
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Figure 7.2: Stability of the detector performance of the CAST pn-CCDimtyithe*He data taking period in 2005 and
2006. The daily calibrations of the pn-CCD detector witf3fe source are used to monitor the performance. The gaps
indicate shutdown times of the experiment, during which atadave been acquired. From top to bottom are shown:
the gain, the charge transfer inefficiency (CTI), the medesenand offset, which are both averaged over the whole chip.
Furthermore,the peak position of the Mn:Kne, its FWHM and the intensity are displayed. Time is giwestandard
notation (Universal time, UT) as well as in Modified JulianyD@1JD), which is defined via the Julian Day (JD) by
MJD = JD -2400000.5.



7.2. DATA TREATMENT AND DATA QUALITY CHECKS 149

Full Chip Intensity Distribution and Spectrum The spatial distribution of all events on the
CCD chip during theé'He data taking phase is shown in Fig. 7.3. The intensity isrgim counts
per pixel. The left plot shows all tracking data registemethie64 columns an@00 lines in a total

of =~ 294.8 h. The white circle indicates the size of the expected axigmasd region, i.e. the image
of the Sun’s core containing2.6% of the total solar axion flux. The plot on the right side is the
intensity image for thex 2758.1 h of background data withHe in the cold bore. It can be seen
that the distribution of events is homogeneous over thechilh. The corresponding spectra are
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Figure 7.3: Left: Spatial event distribution of afiHe tracking data in the energy rangelet keV. All pressure settings
are considered together. The white circle represents fiectad axion signal spot with raditi$.5 pixels and its center
atz = 40 andy = 108. It contains the image of the solar core, where most axioag®pected to be produced. The
intensity is given in counts/pixel. Right: Intensity imagfall *He data acquired under background conditions inithe
to 7 keV range.

shown in Fig. 7.4 for the energy range 6 keV used as the axion-sensitive range for the CAST
experiment (left image) and for the total rangelef4 keV (right image). The upper part of each
plot shows the tracking and background energy spectra gklaad red, respectively. They have
been normalized with respect to exposure time and corresioaiiie whole chip area. In the lower
part of the plots, the difference between the two spectrasdal/ed. In the range up fokeV only

the Au-M, (2.1 keV) and the escape peak of copper in silicen.3 keV) are slightly apparent.
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Figure 7.4: Left: Energy spectrum of tracking (black) and backgrounthdeed) for the full chip in the energy range
of 1-7 keV. All *He data have been included. The lower part of the graph shHumvdifference between tracking and
background. Right: Equivalent plot for the energy rangé-aft keV.

For higher energies various peaks of copper, lead and gelol@ervable with the CuKpeak

at 8.0 keV being the most dominant one. The origin and exact positidche peaks have already
been discussed in Section 6.4. Both spectra, tracking ackjbmund, reveal the same structure,
such that both data sets are compatible. For further asalysly the range betwednand7 keV
has been used, since this is the axion-sensitive energeg mahigh has the lowest background level
and is furthermore free of fluorescent emission lines. Hapigthe Cu-K, peak has no disturbing
influence.

7.3 Stability of the CCD Background

The stability of the background observed with the CCD detelsas been studied. Its behavior is
well understood and the background has been shown to beeindept of various experimental
conditions.

In Section 6.4 the different source of background and a &gackground spectrum have been
discussed along with performed Monte Carlo simulationsaAsminder, the largest contribution
to the background comes from cosmic rays and non-radiopaterials close to the detector, such
as copper, lead and gold [156]. Furthermore, electronisen@ present but mainly below the
energy threshold di.5 keV. X-rays produced in the magnet or the walls of the X-ragronioptics
due to natural radioactive contamination could mimic phetbrom axion conversion. However,
this is negligible, due to the extremely small probabilitatthe X-rays will be emitted parallel to
the optical axis of the magnet and the telescope.

7.3.1 Time Variation

In Fig 7.5, the variation of the background with time is shdienall data acquired in 2005 and
2006 with*He in the magnet. All counts on the full chip in the energy &g 1-7 keV have
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Figure 7.5: Left: Normalized count rate during tracking measurementthé energy range af-7 keV depending on
time, which is given as Universal Time (UT) and Modified Jalay (MJD). All counts on the full chip have been taken
into account. Right: Normalized count rate during backgbmeasurements in the same energy range as a function of
time. Also here the full chip has been taken into account.

been considered here. Both, tracking data (see left paigof7F5) and background data (see right
part of Fig. 7.5) reveal no significant dependence on timeusTthe count rate for tracking and
background can be considered stable over the whole dategtpkriod.

7.3.2 Line and Column Distribution

Another possible dependence of the background is a variafidthe count rate connected to the
line and column number on the chip. Therefore, in Fig. 7.6,rfean intensity per pixel in each
of the 200 lines (top plots) as well as in each of thé columns (bottom plots) is shown. The
line and column distribution is shown for both, trackingft(lglots) and background (right plots).

The displayed count rates are stable, such that no sigrtiftsgrendence on the line and column
distribution can be observed. Note that the error bars ®itrdcking count rate are larger due to
lower available statistics.

7.3.3 Position Dependence

Generally, background and tracking data have not been raghin exactly the same positions,
such that it is necessary to assure that the backgroundapemdient of the magnet position in the
experimental hall. This might not be the case, for exampéetdulifferent distances of the detector
from the wall resulting in varying strength of natusatadiation. While the angular range covered
by the CCD detector during tracking reaches from rough8f to +8° in the vertical direction
(Height H), the horizontal extention (Azimuth AZ) can varyeo a range from about0° to 140°
over the course of the year.

During Phase I, the TPC background was strongly sensititlegt@osition of the magnet and thus
the detector location in the experiment. This position deleace had therefore also been studied
for the CCD detector. However, no position dependence ob#uiground for the CCD detector
was observed and after upgrading the TPC shielding, it weklel@ that a coverage of the full
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Figure 7.6: The upper two plots show the mean intensity of counts pei fixeeach of the200 lines during tracking
(upper left) and background times (upper right) in thée phase of CAST. The averaged column distribution per pixel
taking into account ali4 columns of the chip can be found in the lower plots for allkiag (lower left) and background
(lower right) data.

angular range during background measurements in CASTomdguhase was not necessary. Thus,
background data were usually acquired in one fixed positidrich was slightly varied from time
to time, such that the central angular range as passed thohuring tracking was covered.

To verify former results, théHe data in the energy range bto 7 keV have been checked for a
possible position dependence in the available angulaerahfjackground and tracking. This has
been done by binning the background data in interval® ah height andl0° in azimuthal angle.
The results are displayed in Fig. 7.7. The upper two plotecetracking data, while the lower
plots correspond to data taken under background conditionthe images on the left, the actual
count rate is indicated by the color of each field. Black fiétdcate that no data were available in
the respective angular region or that the exposure timessetfields was very small. To determine
the count rate, the full chip has been considered. The imageke righthand side of the same
figure show the position dependent exposure time durindkitrgqupper right) and background
(lower right) measurements.
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The result of this study confirms that the count rates in dffie locations of the experimental hall
during background and tracking measurements are stableihto 7 keV range within the ex-
pected statistical fluctuations, such that the observatidiPhase | are confirmed also for CAST's
second phase. Thus, no dependence of background on thetrpagiten in the experimental area
has to be taken into account for the analysis.
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Figure 7.7: Angular position dependence Ofle data. Upper left: Angular position dependence of thekinacdata
taken in 2005 and 2006 in the energy range o 7 keV. To determine the count rate, the full chip has been dened.
Black fields indicate that no data were acquired in this aagpbsition or that the exposure time in these fields was
very small. Upper right: Position-dependent exposure tinméng tracking measurements. Lower left: Angular positio
dependence of the background data taken in 2005 and 200@ enlrgy range of to 7 keV. This plot includes all
the background on the full chip with magnetic field on and gatee VT4 between detector system and magnet open.
Lower right: Position-dependent exposure time during bemknd measurements.

7.3.4 Dependence on Experimental Conditions

While during tracking the magnetic field is always on and theeyalve VT4 connecting the X-ray
telescope to the magnet bore is kept open at all times, thistiseccessarily the case during all
background measurements. In Fig. 7.8, the CCD count ratéumton of energy is shown. Four



154 CHAPTER 7. THE CCD DATA WITH'HE GAS IN THE CAST MAGNET

different combinations of the conditions for the magnetddfiand the valve are displayed, taking
into account the full chip in thé-7 keV energy range:

e Magnetic field on and gate valve VT4 openStandard definition of background, since these
conditions are equivalent to those present during trackiitge normalized count rate of the
background defined in this way is shown in the upper left pldtig. 7.8. It has the largest
exposure time of the four different definitions consideredeh2758.1 hours) and thus the
smallest statistical uncertainties.

e Magnetic field on and gate valve VT4 closedSometimes the gate valve has been closed
to decouple the detector systems from the magnet and ptmiéttsides. The background
taken under this condition and the magnetic field turned srshown in the upper right
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Figure 7.8: Dependence of théHe data on different experimental conditions. Upper leficByround count rate with
magnetic field on and VI open. Upper right: Background count rate with magnetic feglcand VH closed. Lower
left: Background count rate with magnetic field off and4/@pen. Lower right: Background count rate with magnetic
field off and VT4 closed.
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plot of Fig. 7.8. This configuration yields the shortest esyre time of all four possibilities
(96.1 hours).

e Magnetic field off and gate valve VT4 open If the magnetic field is turned off, e.g. for
works in the experimental area, it is normally not necessamglose the gate valves, since
the vacuum generally stays sufficiently good. A totall 8.8 hours background data have
been acquired in this condition (lower left plot in Fig 7.8).

e Magnetic field off and gate valve VT4 closed If the magnetic current is ramped down,
e.g. due to a quench or an intervention, generally the gdtesare closed to prevent the
detectors from any risk of possible damage. Altogetsigt,4 hours have been spent taking
background in these conditions, which is displayed in thesloright plot of Fig 7.8.

As a result, no significant variation under the studied arpemtal conditions of the status of the
magnetic field and the gate valve VT4 are apparent. Most dfttiefor background measurements
has, however, been spent in the standard background angjiiie. magnetic field on and MT
open as during tracking.

7.3.5 “He Gas Pressure Dependence

A further potential background dependence, which is newPoase Il as compared to Phase |,
is a possible relation between the pressure of the heliurhancold bore and the background.
In order to exclude any significant influence of the heliung tata have been divided into four
subsets of increasing pressures. The first set containgeligbound runs for pressure settings
between).08 mbar and3.41 mbar, the second one those fré&3¥0 mbar t06.66 mbar. The third
and fourth take into account settings frén74 mbar t010.08 mbar andl0.17 mbar to13.43 mbatr,
respectively. The count rates obtained from the differebssts in the energy range bfo 7 keV
taking into account the full chip are shown in Fig. 7.9. Th#edéent background spectra are
compatible with each other. No distinctive features intlingaa dependence of the background on
the pressure in the magnet bore are observed within expiattdations.

7.3.6 Results of Background Studies

Summarizing all performed background studies, it can beloded that no dependence of the
background on the above mentioned parameters and corsditard be observed. Preferably, for
background measurements all conditions except followlregSun should be identical to tracking
data, to avoid any dependencies even if of insignificant sBiace background under conditions
not corresponding to those during tracking contribute andynall part of additional exposure time,
background statistics are not considerably improved bingakhe additional data into account.
Based on this background set, several definitions of backgrare possible and will be presented
in the following section.
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Figure 7.9: Dependence of thtHe data on the pressure of the gas inside the magnet. UppeB#akground count rate
with *He gas pressure from08 mbar to3.41 mbar atl.8 K. Upper right: Background count rate witke gas pressure
from 3.50 mbar t06.66 mbar at1.8 K. Lower left: Background count rate withtHe gas pressure frofi74 mbar to
10.08 mbar atl1.8 K. Lower right: Background count rate wittHe gas pressure fro.17 mbar to13.43 mbar at

1.8 K.

7.4 Tracking and Background Definition for the CCD Data

7.4.1 Tracking Data

The tracking data used for the CCD analysis of'tHe phase have been selected to be data acquired
during morning trackings of the Sun with magnetic field on &1t open. The data coverd9
pressure settings taken 187 tracking runs and correspond to a total6f..8 h. Only the counts

in the spot region with radius = 11.5 pixel and centefz,y) = (40, 108) have been taken into
account from the total af508 hits on the full chip in tracking time.

To determine, that a hit was inside the spot, the condition

r = /(40 — 2)2 + (108 — y)2 < 11.50 pixels, (7.1)
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has to be fulfilled. Heregz andy represent the coordinates of the event, which are detedmine
taking into account the center of the deposited energy.r €%ample a double event hits the pixels
(39,119) and $9,120) and the energy weighted hit coordinates are- 39.00 andy = 119.46,
then the event is accepted, while if the weighted center4s39.00 andy = 119.47, the event is
discarded. In this way, a total @b counts in the spot region were found in the tracking data. A
detailed list can be found in Appendix D.

7.4.2 Background Definition

Several possibilities of defining the background have baafied using the full background set for
4He as basis. Hereby, the same conditions as during trackéng required (magnetic field on, VT4
open, etc.), without following the Sun. The different defoms have been labeled Backgrounhd
2, 3 and4 and are chosen as follows.

Background 1 (Spot during background times) Since the potential signal spot is located in a
region of the chip with low background, it is a good choice atkground to consider the same
area during non-tracking times as background. These datatbde normalized to the time spend
in each pressure setting, in order to obtain the backgrourdg, in the energy bink;. Sufficient
statistics are available for this definition of background.

Background 2 (Full chip during background times) During background times, the full chip
can be considered as background, since no signal is expdutied) these periods. The advantage
of this choice is clearly its high statistics as comparedacking runs, due to its long exposure
time. The background obtained in this way has to be nornthlia¢he time spent at each pressure
setting as well as to the signal spot area.

Background 3 (Full chip without spot during background times) For comparison, one might
also consider the full chip during background times exalgdhe spot region. As before, normal-
ization to tracking time and signal area are necessary. Witlisiowever exclude the most quiet
region of the chip (spot region), thus leading to a slighttyhler overall background level.

Background 4 (Full chip without spot during tracking times) A special advantage of the X-
ray telescope is that background and tracking can be mehsimailtaneously. This is possible,
since the magnet bore is focused to a small spot on the chigs, Tinprinciple the rest of the chip
is available for background measurements. In order to mageofithis fact, the full chip without
the signal spot during tracking times can be considered @gbaund. Normalization to the signal
area and the time spent in each pressure setiing neccessary. A possible disadvantage of this
definition is however, that part of a possible signal wouldbented as background, since only the
solar core is projected to the spot, while other parts of theaée still imaged to the rest of the chip.

The different definitions of background are illustrated ig.F7.10. Here, the intensity plots of
the CCD chip are displayed for definitidn 2, 3 and4 from left to right. The color indicates the
counts per pixel.
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Figure 7.10: Intensity images of different definitions of background.ofrleft to right images of the CCD chip4
columns,200 lines) for the following definitions are shown: backgroungsfiot during background times), background
2 (full chip during background times), background 3 (fullkvithout spot during background times) and background
4 (full chip without spot during tracking times). The intéies are given in counts/pixel.

In Fig. 7.11, the spectra of the four different definitiondatkground are shown. Additionally, the
total tracking counts have been included in the spectrg.(aich definition yields a background
compatible with the others within statistical fluctuatioR®r Background 2 and 3 the error in each
energy bin is typically of the ordeY.1 counts, while for the definitions with lower statistics (Bac
ground 1 and 4) typical errors are around and0.3 counts, respectively. Some further definitions
of background as used for the other detectors of CAST have teesidere?i They could not be
used for the CCD detector, due to extremely low statistidh@se cases.

A detailed table for the different background definitions ¢ found in Appendix E. Here also
the statistical errors for each energy bin are provided.

Standard Background As standard background, Background 1 (Spot during backgrtimes)
has been chosen. It provides both, reasonable statistichamdvantage of using the same region
of the chip, in which also a potential signal would be expecfEhe influence of different defini-
tions of background on the best fit valueggfy and on the upper limit will be studied in Section 8.5,

8Daily background would be data acquired during non-tragkimes of the days with a certain density setting, such
that only the background taken under the sdide pressure conditions is taken into account for each tackiearby
background would be non-tracking data, which are closenie tio the considered tracking. Off-coherence background
uses trackings at pressure settings, which are far awaytfrerronsidered pressure, such that no significant consibut
is expected [128].
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Figure 7.11: Background spectra for different definitions of backgrauntich are compatible with each other within
errors. The background spectra have been normalized totddditme of tracking. All counts in the spot during tracking
are shown as well.

in which systematic effects will be discussed.

After having confirmed both, data quality and stability, dral/ing defined the data sets to be

used as tracking and background, the next step can be tdleeanalysis of the CCD data acquired
with “He gas in the cold bore of the CAST magnet.
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Chapter 8

The Analysis of the CCD Data with*He
Gas

The second phase of the CAST experiment Withe gas inside the magnetic field region has
been a challenging and exciting extension of the solar ag@arch into the axion phase-space
regions favored by theoretical models. This chapter wélsent the analysis of the CASHe data
acquired with the X-ray telescope. To start with, the exgigahs for a signature of solar axions in
the CCD detector will be outlined. The following analysis¢ee divided into two stages. First, the
data are checked for a potential axion signal, and then se na signal is observed, an upper limit
on the axion-to-photon coupling constant is derived. Afteonsideration of possible sources of
systematic errors, the final results for thée phase of the CAST experiment for the CCD detector
will be presented.

8.1 Expectations for Solar Axions with the CCD Detector

In order to have a clear idea of what kind of signature is etqaefrom solar axions in the CCD
detector, a few basic parameters will be considered. A ahiémg factor is the total efficiency of
the X-ray telescope along with the expected solar axion fldke potential signal spot on the CCD
chip. Applying this knowledge, the conversion probabilityd the expected number of photons in
the CCD from axion-conversion can be obtained.

8.1.1 Basic Parameters of the CCD Analysis

Pressure Settings As discussed in Section 7.1, the CCD detector acquired data fotal of
149 out of 160 pressure settings. Each density setting is related to aoti®# photon mass via
Eqg. 4.44, which implies that maximal coherence for axiogpiioton conversion is obtained at a
specific temperature and pressure for a narrow axion mage eound

| nop/mbar
me =~ 4/0.02 T/K eV. (8.1)

161
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To simplify the notation in the following formulae, the segs, at which the CCD took data, have
been renumbered according to the table given in Appendixi€h that every CCD setting can be
referred to by an index numbérwith £ = 0,...,148. Pressure values given as settings always
refer to the pressure at8 K and will be denoted byy.

Magnetic Field Length and Strength The nominal length of the magnetic field region to be
used in the analysis i& = (9.26 + 0.05) m [115]. The strength of the magnetic field has been
obtained by fitting a linear function to the values providadTab. 5.1. The applied current of
13000 A during the*He phase results in a magnetic field with= (8.805 + 0.037) T.

Energy Range The energy range which has been considered for the CCD #alfythe *He
data is1-7 keV. The energy binning i8.3 keV. This binning corresponds to approximately twice
the energy resolution of the detector.

8.1.2 Total Efficiency and the Expected Solar Axion Flux for he CCD Detector

The Overall Efficiency for the X-Ray Telescope in the*He Phase As discussed in Chapter 6,
the total efficiency for the X-ray telescope includes thecifficy of the mirror optics and the quan-
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Figure 8.1: The efficiencies of the X-ray mirror optics and the CCD deatetaking different conditions into account
are shown. The black line represents the efficiency of theomoptics, while the blue line takes additionally into
account the quantum efficiency of the CCD detector. Thisesponds to the data taking efficiency during Phase |
in 2003. Including the tilt of the telescope yields the greernve. The consideration of the correction for the GRID
offset increases the efficiency slightly and one obtainffieiency for the 2004 data taking period (yellow). The final
efficiency for Phase Il witttHe is displayed in red, taking into account the cold windowsn@asured at PANTER. The
dashed lines mark the considered energy range for the aalys
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tum efficiency of the CCD detector. Furthermore, the tiltref telescope relative to the magnet axis
which has been introduced in 2004 to center the expectea aigmal spot on the CCD chip, has
been taken into account. Beside that, the correction fooavkroffset of the GRID measurements
for the CAST magnet position has been considered in theledilons. Finally, the total efficiency
also takes into account the cold windband its strongback as measured at PANTER.

In Fig. 8.1, the influence of all different effects is shownheTfinal efficiency as it is taken into
account for the analysis of the CClBle data is represented by the lowest red line.

A comparison between the efficiencies using the measuredrEAR\data for the window and the
CXRC? database to obtain the transmission, can be found in Fig. 8.2
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Figure 8.2: The overall efficiency of the X-ray telescope as used for'the data is shown in red. It has been obtained
using the PANTER results for the windows. The two black carsieow the efficiency applying the CXRO database to
determine the effect of the window (upper curve: withoubsgback, lower curve: including strongback). In blue, the
estimated error range resulting from the CXRO data is addibd. dashed lines mark the considered energy range for
the analysis.

Here, the overall efficiency for thtHe phase is shown. The upper black curve has been obtained
using the CXRO database for the windows not taking into actthe geometric effect of the
strongback. The lower black curve takes also this effeotéonsideration. For the database, an er-
ror of 5% has been assumed (blue lines) due to the fact that the sewaftthe polypropylene used

for the windows is not known. The overall efficiency as cated using the PANTER measure-
ments of the windows is shown in red. Taking into account tiners, the results are compatible.
For the analysis, the red curve has been used.

1In case of the CCD this is the cold window F8 [151].
2Center for X-Ray Optics at Lawrence Berkley National Lalona



164 CHAPTER 8. THE ANALYSIS OF THE CCD DATA WITHHE GAS

Axion Flux The expected differential axion flux at Earth originatingrir the full Sun has been

derived in Section 4.1.1 (Eq. (4.18)). Due to the use of mioptics as an X-ray focusing device,
the solar core is imaged to a circular regior28fpixel diameter on the CCD chip. Thus, not the
total solar axion flux has to be taken into account for theaiglof the CCD data. It has to be
adjusted to the imaged region. In Fig. 8.3, both the totaketgul solar axion flux (black line) and
the reduced flux as expected in the spot regiohlds pixel radius (solid red line) are shown.

Axion Flux / ¢, [x 10° cm?s* keV]
NN
TTT1T I TTTT I TTTT I TTTT I TTTT I TTrorT I TTTT I TTrorT

o 1 2 3 4 5 6 7 8 9
Energy [keV]

=
o

Figure 8.3: Expected solar axion flux at the Earth. The uppermost cumid(black) shows the differential axion
flux as calculated by Raffelt (see Eq. (4.18)) using the stehdolar model of Bahcall et al. [107]. The solid red line
represents the expected axion flux in the signal spot on th2 €p of radiusl1.5 pixel. The dashed red line takes
into account the expectexd12% Out-Of-Time events (see Section 6.2.1) considering this. sp

The reduced flux has been obtained by considering the enepgndent solar axion surface lumi-
nosity (see Eq. (4.19)) for the radial coordinaterhich corresponds to the size of the signal spot.
Furthermore, the influence of the Out-of-Time (OOT) evemtghe flux is shown as well in the
same figure indicated by the dotted red line. This yields #peeted axion flux as used for thele
analysis of the CCD data. The percentage of OOT events fatimized spot size of1.5 pixels
radius is8.12%.

Combined Axion Flux and Detector Efficiency The final expected solar axion flux in the signal
spot of the CCD, which takes into account OOT events, can bwaced with the expected axion
flux for the whole Sun. This is illustrated in Fig. 8.4. Hereg black line shows the axion flux as
calculated by Raffelt (Eq. (4.18)), while the red curve emants the axion flux as expected for the
signal region on the CCD chip including the total detectdiceincy as well as OOT events.
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Axion Flux / ¢, [x 10 cm?s™* keV]
D
T T 1T I TT 1T I TT 1T I TT 1T I TT 1T I TT 1T I L I T T 1T

o 1 2 3 4 5 6 7 8 9
Energy [keV]

=
o

Figure 8.4: Differential axion flux on Earth as expected for the CCD detecWhile the black line represents the
calculated differential axion flux expected at Earth from émtire Sun, the red line shows the expectations for the CCD
detector system. All relevant factors are included: redutiex in signal region, total efficiency of the X-ray teleseop
and Out-Of-Time events.

8.1.3 Conversion Probability

The general function describing the axion-to-photon cosiva probablility for the Primakoff ef-
fect has been derived in Section 4.2 (Eqg. (4.25)). It takésaccount a buffer gas present in the
magnetic field region. For each pressure settipgthe probability of conversion depends on the
axion massn, and the axion energy,, if the magnetic field3 and its lengthZ are given. Fur-
thermore, it is proportional to the square of the axion-phatoupling constang,,. For thek-th
density settingy, the probability is given by

1+ e Tl — 26 TE/2 cos (L) |

(8.2)
whereq, = qi(Eq,ma) = q(pk, Eq, my) represents the momentum transfer between the axion
and the real X-ray photon arfld, = I'y(E,) = I'(pk, E,) is the absorption of converted photons
in *He gas.

By 2 1
Pa—w,k = Pa—»'y(meaamaagg—y) = < 2a'y> qg T P2/4 |:
k k

Momentum transfer The momentum transfer has been discussed in detail in 8etto For a
specific pressure setting, it is given by

m,)/’k: - ma

, (8.3)

2 2
qk = q(Pk, Ea,mq) = ‘

2F,
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where the effective photon mass, , = m. (py) is provided by

pi/mbar

= ,/0.02072 "=
My = 400202

eV, (8.4)

as can be seen from Eq. (4.44).

The producy L /2 must be small to fulfill the coherence condition. Since timgth of the magnetic
field L is fixed at the CAST experiment, the momentum trangf@etermines the axion mass range
which can be studied with high sensitivity. Due to the faeit th higher gas pressure at a constant
temperature leads to a larger effective photon mass, higkien masses become accessible, if
more and more helium gas is put inside the cold bore of the C&®Eriment.

Absorption The second important physical quantity contributing to ¢baversion probability

function in presence of a buffer gas is the absorplignof photons in*He gas. It depends on
the axion energy and the pressure of the gas in the magnetiatratgmperature. The detailed
derivation of the formula for the absorption of photons'ie gas can be found in Section 4.2.2.
Using the NIST database [112], a fit formula describing thsogition at different energies has

been determined. For each pressure sefingt includes all relevant effects such as the photo-
electric effect, coherent and incoherent scattering.
The fit formula is provided by

log1o(D(pk, Ea)) = 0.0141og8) E, + 0.166 log}, E, + 0.4641log}, E,
+0.473log}y B — 0.266log3) E, — 3.241log, E,

Absorption [m™]

10°% - .

10_5 L 1 L L L 1 L L L 1 L L n 1

Energy [keV]

Figure 8.5: Absorption functionI' in *He for the lowestk = 0, po = 0.08 mbar) and the highest(= 148,
p1as = 13.43 mbar) pressure setting as taken with the CCD detector.
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In Fig. 8.5, the absorption function for the loweét & 0, po = 0.08 mbar) and the highest
(k = 148, p1ag = 13.43 mbar) pressure setting of tHele data taking run are shown. The pressure
is given at a temperature 6f8 K.

Probability of Conversion Taking into consideration the just discussed facts, theversion
probability can be determined for each pressure seiktiag a function of axion mass, energy and
the square of the axion-photon coupling consiant Figure 8.6 illustrates this dependence for a
specific pressure setting, namély= 60, which corresponds to a pressurepgf = 5.49 mbar or an
effective photon mass @247 eV. The conversion probability is maximal around the cqroesl-

ing axion mass and drops fast for masses far away from the@ote Some minor contributions
to the probability originate from masses close to the cpoeding effective photon mass of the
considered pressure setting. Furthermore it can be seethéharobability increases with energy.
To illustrate the dependence of the conversion probalolityhe axion mass for specific energies,
Fig. 8.7 can be used. It shows the conversion probabilityfdar different axion energies at the
same pressure settings( = 5.49 mbar). As can be seen from Eq. (8.2) and Eq. (8.3), the FWHM
of the probability distribution increases for larger enesdgz,. Furthermore, since the absoptibn

is inversely proportional to the axion energ@y, the probability is larger for higher energies, due
to decreasing absorption.

2 Z-OXWO_”?
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Figure 8.6: Conversion probability as function of axion mass and enefge plot is for pressure stép= 60 of the
CCD, which corressponds &0 = 5.49 mbar in pressure dr.247 eV in effective photon mass.
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Figure 8.7: Conversion probability as function of axion mass for axioengiesE, of 1, 3, 5 and7 keV. The curves are
given for pressure step= 60 of the CCD, which corresspondsigo = 5.49 mbar in pressure dt8 K or 0.247 eV in
effective photon mass, respectively.

The energy dependence of the conversion probability féemint axion masses, on the other hand,
is displayed in Fig. 8.8. The pressureilat= 1.8 K is kept fixed aggy = 5.49 mbar. It can be
seen that the main contributions to the conversion proipabiliginate from axion masses close to
the effective photon mass corresponding #9 mbar. Thus, only masses aroumd, = 0.247 eV
contribute significantly to the overall conversion proligpi

8.1.4 Expected Number of Photons in the CCD Detector

At a given pressure, the expected number of phofeng in the CCD from axion-to-photon con-
version in the helium-filled magnet bore of CAST can be derwsing Eq. (4.51), which has been
discussed in Section 4.3. At theth pressure setting,., one obtains

d®'(E,, g2.)
Ny = Ny(pk,ma,gfiy) =/ —"

5 dE Pa—»’y,k(Eaa Ma, 927) 6(EJa) Atk A dEaa (86)

which depends on the forth power of the coupling constant The differential solar axion flux
expected in the CCD detectaf®’(E,, gfw) /dE,, takes into account that only the solar core is
imaged to the signal spot and considers Out-of-Time everhe total efficiency of the detector
¢(E,) has to be taken into account. Furthermore, the area of theehagreA = 14.522 cn? is
included as well as the exposure tiAe;, at the considered pressure setting

The expected number of photons depending on the axion ma$sr specific energies is depicted
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Figure 8.8: Conversion probability as function of axion energy for éiffnt axion masses. The curves are given for
pressure step = 60 of the CCD, which corresspondstgo = 5.49 mbar in pressure dt8 K or 0.247 eV in effective
photon mass.

in Fig. 8.9 for the 60th pressure setting{ = 5.49 mbar). Here, the exposure time at this setting
for the CCD detector ofAtgy = 5641.0 s has been used. While in the upper part of Fig. 8.9
the detector efficiency is not taken into account1), the expected photon number for the CCD
detector system is displayed in the lower part of the samedidn order to assure that the expected
number of photons is calculated with sufficient accuracgrgynsteps 00.01 keV have been used
in the determination oiV,,. For the analysis, it is necessary to rebin this expectedtsdo obtain
reasonable energy intervals for the detector. Forittieenergy bink;, the expected number of
photons at thé-th setting can be obtained as
Ein d(I)/(Ea,gg.y) 2
Nikz = /E Tpa—w,k(Eaa Mg, gay) E(Ea) Atk A dEm (87)

whereAE, = E;1 — E; = 0.3 keV. The expectedV,, for a pressure opsy = 5.49 mbar can be
found in Fig. 8.10.

The total N, integrated over all energies froito 7 keV is shown in Fig. 8.11 for several pressure
settings as acquired during thde data taking run. The efficiency of the CCD detector systas h
been taken into account and for each of the displayed peesstiings the average tracking during
the*He phase, i.€5675.3 s, has been used as exposure time. The influence of the dbsosjith
increasing pressure can be observed in the plot, since thienma number of expected photons
from conversion drops with increasing density of heliumha thagnet.
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Figure 8.9: Top: Expected number of photons at pressure sepigag= 5.49 mbar with efficiencye = 1 at1.8 Kas a
function of axion energy and mass. Bottom: Equivalent @kirtg into account the efficiency of the X-ray mirror optics
and the CCD detector. In both plots, the exposure time as#tiing for the CCD detector 6641.0 s has been used.
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Figure 8.10: Expected number of photons at pressure sekirg60. The plot takes into account the appropriate energy
binning and the total efficiency of the X-ray mirror opticsdethe CCD detector at tHe pressure opso = 5.49 mbar
at1.8 K. The exposure time at this setting for the CCD detectahtfy = 5641.0 s has been used.

8.2 Analysis Procedure for the CCD Data

8.2.1 Basic Concept of the Analysis

The analysis of the CAST CCD data can be divided into two diffié stages. In a first step, the
data are checked for a signal from axion-to-photon conwergia Primakoff effect. In case there
is no signal observable, when comparing background anditigcata, the second stage of the
analysis is to extract an upper limit on the axion-to-phatonpling constang,, dependent on the
axion massn,.

Since the tracking data of Phase Il are divided into densépss the statistics for each step are
very small, such that a likelihood method needs to be appli&is has already been done for the
CCD data during CAST's first phase [133]. In Phase II, it isassary for all detectors of CAST.
The extended maximum likelihood method, which will be usethis analysis and which will be
discussed in the following section, does not incorporatessipility to include the uncertainties of
the background. However, it has been checked that in theafabke CCD, this does not pose a
problem.

Even though the analysis is done in a way, such that it is blestd look at every single density
setting separately, in the end the information of all pressettings must be combined to obtain a
single final result for Phase Il. Each pressure setting esabl study a certain narrow axion mass
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Figure 8.11: Expected number of photordg, including the CCD efficiency at several different pressttirsgs in the
1-7 keV range. The considered time corresponds to that of amgedracking, i.e5675.3 s.

range with high sensitivity (see Fig. 8.11). Neighboringslty steps, however, will provide addi-
tional information about the same masses. To combine alspre settings, likelihood functions
are used.

8.2.2 The Maximum Likelihood Method

The expected number of photons from axion-conversignat a specific density setting. in the
energy binE; can be obtained as Eq. 8.7. The total expectation of cqupt® thei-th energy bin
E; at thek-th pressure setting,. is given by

Mk = bix, + Nig. (8.8)

Here,b;; is the expected background in ti#h energy bin at density stép It has to be appropri-
ately normalized.

Due to low statistics, one has to deal with Poissonian staiand the extended Maximum Like-
lihood (ML) Method can be applied [6]. By applying this methfor a single pressure setting,
the ML ratio £;, rather than the standard likelihood functidiy4 is maximized. Generally, the
standard likelihood function for poissonian statisticgiisen by

Nik

e M
La = [[ e, (8.9)

wheren; is the number of counts during tracking in tivh energy bin and thé-th pressure
setting for CAST and the index for the energy binsins from1 to 20 in case of the CCD. For the
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ML ratio of the k-th density setting one obtains then

Lsta H etk (M:Lk?k /nlk')
std 4

Lo [Jem (ni* /n!)’
7

Ly = (8.10)

where L, represents the normalization term. The advantage of dgfihie ML function in this
normalized form is that it yields information about the goesds-of-fit. The expression2lnL;
behaves asymptotically asy@-function, such that from Eqg. (8.10) follows

X% = 2InL; = Z [2,uik — n;pln (,ulzk) — 2n; + njkln (nfk)} . (8.11)

(2

Therefore, maximizing the likelihood function (or its laghm) is equivalent to minimizing the
x2-function.

In absence of a signal, the minimal valyg,,, is expected to be close #&, ;. i-e. the value of?

for which gﬁ7 =0.1In casegg*7 = (0, tracking and background data can be directly comparedesin
no photons from conversion are expected. The differenceeesty?; andy% , can be used to
confirm the absence of signal.

When all pressure settings have been considered sepaaattihe individual ML functions per
density setting are calculated, the global likelihood fiorc £ can be obtained by multiplying the
individual likelihoods

L=1Jzs (8.12)
k

with k£ = 0, ..., 148. Before deriving an upper limit, which takes into accour ithformation of all
pressure settings, the global ML function has to be maxich@esquivalently, its¢?-function

x? = —2InL, (8.13)

must be minimized to determine the best fit value for the agpilooton coupling consta@j,‘%V at
each axion massy,,.
The confidence interval for tHeth axion mass can be estimated using

(0L(92,)], = (W Lmax(92,)], = 5 (8.14)

with [InL,n4z(g5,)], being the maximal value at tHeth mass. The statistical error of the best fit
value forg, ,i.e. g, .., can therefore be obtained as

(X*(9ar)], = [Xoin(gay)], + 07 (8.15)

Here, [x7,(9a,)], represents the minima}® at thei-th axion mass. Since the’-distribution is
not symmetric in case of the CCD, the statistical error wibebe asymmetric.

3Equivalently, one can add up all individual log-likelihofhctions to obtain the global log-likelihood.
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The upper limit at95% confidence level can be derived by the integration of the Biayeproba-
bility, which is equivalent to the likelihood function, avihe physical regichof gg7 up t095% of
the total (physical) area, i.e.

oo
/0 P(gar)dga, = 0.95, (8.16)
where the probability’(g;. ) is given by
Plga,) =% = L{gs,). (8.17)

Repeating this step for all considered axion masses, orangban exclusion plot for the axion
phase space

In order to combine all three detectors one can proceed &eutly, i.e. multiplying the global
likelihoods of each detector

LEAST 4He Phase = L£TPC - Ly - Lcep, (8.18)

to obtain a global CAST likelihood function and derive anlason plot for Phase Il wititHe in
the magnet bores. This result can then also be combined atadhievements of Phase I.

8.3 Absence of a Signal

The first step of the analysis is to check for a possible signtie tracking data. Unfortunately,
no evidence of a signal could be found in thée data acquired with the CCD detector as will be
shown in this section.

8.3.1 Comparison of Observed Events with the TheoreticallfExpected Distribution

Since the axion search at CAST is a rare event search, P@asstatistics should apply. This is
especially expected for the CCD detector, since its backgtdevel is very low. During a total
of 187 tracking runs with an average duration time56f75.3 s, zero events in the expected axion
signal region have been registered #8 of all runs. One event was observed3inof the tracking
days. Moreover, in two runs a double hit was found, and theeratare case df hits in the spot
occurred twice. More thad photons have not been registered inside the circular sagealduring
any single tracking run.

Comparing this observation with the expected distribuissuming Poissonian statistics, it turns
out that observation and expectation are compatible witatistical fluctuations. The mean back-
ground level of two different background definitions hasrbased for this comparison. Taking
into account events in the spot region during backgroun@dgifBackground)), an average of
0.246 £ 0.012 counts per average tracking is expected in the energy rdng& keV. Using Back-
ground2 (full chip during background times) normalized to the spgion,0.275 4+ 0.002 counts

“The physical region refers to positive valuesyff.

SNote that in principle, it is also possible to calculate tipper limit for each single pressure setting in this way, but
since neighboring pressure settings contribute to the saasses, one loses information in comparison to the combined
limit.
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Figure 8.12: Comparison of observed counts per tracking and poissomjggceation. The black and blue line represent
the theoretical occurences@®fl, 2, 3 and4 events during an average tracking for two different but catiiyte definitions

of background. In red, the observation in CAST Phase Il Witle is shown. The indicated errors result from statistical
uncertainties.

per average tracking should be registered in the considareryy range. This is also visualized
in Fig 8.12, where the theoretical expectation has beenleads for the two different compatible
background definitions. The black line represents the poias distribution for Background
normalized to the time of an average tracking. The blue methe other hand, takes into account
Background2, which has to be normalized with respect to time of the tmragkind the signal area.
The actual observation in the CAST experiment is plotteceth \While two events in one track-
ing have been observed slightly less often than expectedhifee events it is the opposite case,
however, still within the expected statistical fluctuason

8.3.2 Hypothesis Testing and Goodness-of-Fit

In order to confirm the compatibility between background aadking, a goodness-of-fit test has
been performed. All tracking runs have been consideredratghg i.e. without taking into ac-
count the different density settings. Then, the valug®f;, has been determined. In a “good”
experiment, the mean of&-distribution should correspond to the number of degredseetiom

N. However, the probability distribution function of the texdy?, i.e. x? over N, depends on
the number of degrees of freedash such that in order to provide a meaningful statement, ose ha
to provide N along with the reduceg?.

The goodness-of-fit can be characterized using the sodcBHealues as defined in Ref. [6]. Gen-
erally, theP-value represents the probability of obtaining a resultolvhs at least as extreme as
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the one that was actually observed under the assumptiorthdatiull hypothesis is true. I
is a function of the data, showing in some way the degree ofistancy between the data and
the hypothesidiy,, then theP-value can be obtained by integrating the probability dhation
function g(x| Hxuy ) from the value of the statistic obtained in the real expeninge,,s) to infinity

P =

[e.9]

g(x|Hyxun)de,

Zobs

(8.19)

if  is defined in such a way that large values correspond to peeeagent with the hypothesis.

In Fig. 8.13, the reduceg,; is plotted over the number of degrees of freeddmThe solid lines
represent th@-values corresponding to the percentages given. The datts ffor thel87 tracking
runs are added color-coded, black representing zero-ewrs} red one-event-runs and green and
blue indicating runs witl2 and3 events, respectively. The percentages given here comdgpo
the fraction of thel87 tracking runs, in which the specific events have been obderva. 8.13
can be understood as follows: assuming the Null hypothes@shthe probability of obtaining a
result, which is at least as extreme as the observed onegaatni&ined from the lines representing
the p-values. For the cases of zero events (black symbasshtbans for example that, in case
tracking and background are compatible, the probabilitityobtain these events at least to the
observed degree is larger tha®%. When one event was observed in a tracking (red symbols),
which happened in abou®% of all cases, thé>-value is larger thaf5% assuming compatibility
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Figure 8.13: ReducedyZ.;; versus degrees of freedom for all tracking runs taken irf He phase of CAST with the
CCD detector. The curves represent fhealues, while the points indicate the observations.
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of tracking and background. For the cases of two and threet®tleeP-values decrease further,
yielding probabilities of obtaining a scenario as extreraghg observed one or more extreme of
larger than68% and25% for two and three events, respectively. Summarizing, itlmasaid that
assuming the compatibility of tracking and background ([Rypothesis), no significant deviations
from the Null hypothesis could be observed on 25&; level.

8.3.3 Scan of the Chip

Since the signal spot provides only a fraction of the chifesa, it is advisable to study the com-
patibility of background and tracking in different locat® on the chip. This will, on one hand,
show that the expected signal region is located in a low backgl surrounding, which justifies
the choice of the standard background (Backgrolindpot during background times). On the
other hand, it will become obvious, which regions on the ahight be considered as areas of
higher background level, thus increasing the overall bemkgd. Moreover, it can be studied, if
the background is Poissonian distributed for all possibtsutar regions on the chip.

The procedure to extract this kind of information is thedaling: a spot of the size of the expected
axion signal region is shifted over the whole chip. As a gasstenter, a pixel on the full chip
qualifies, if it is at least 12 pixels away from any border. Histway, a complete spot with a radius
of 11.5 pixels can always be considered. For every one of these fadteanter points, all87
tracking runs are then taken into account. It is studied, bften0, 1, 2, 3 etc. events would be
registered, if this spot was the real signal region.

In Fig. 8.14 the results have been visualized. Each plot isnage of all possible spot centers.
The color indicates for each pixel the frequency, with whictertain event((counts in tracking,

1 count in tracking etc.) appeared in a spot with this specé#itter during all tracking runs. For
the real signal spot, for example the color of the pixely) = (40/108) will yield 148 times zero
events (from left image in Fig. 8.1435 times one count (from second image in Fig. 8.14), twice
two and three events (from third and fourth image in Fig. 8ridpectively). For comparison, the
expected occurances of the different events assumingdPiassstatistics and a mean background
per average tracking df.246 + 0.012 counts (Background) and0.275 4+ 0.002 counts (Back-
ground2) are given in Tab. 8.1. The expected axion spot region isivelg quiet in comparison to
the rest of the chip. In Tab. 8.2, the mean observed multiplaf zero, one, two and three events
of all possible spots is provided. It has been derived froenrtsults of Fig. 8.14. Furthermore,
this table also includes the actually observed multigligitthe real signal region, such that it can
be seen that it is more quiet than average, besides beingatitiepwith Poissonian expectations.
It should be noted that no single tracking hiadr more events in the real signal spot. Considering
all possible spots, not more thdrevents have been registered during a single tracking ircalair
region. It might appear, that the observed frequencyefents in the real signal spot is rather high
as compared to expectations and mean observation of albf@spots. These "suspicious" events
will be considered in the following.

8.3.4 Potential Candidate Pressure Settings

For two different density settings, three counts have bdmemed in the spot during a single
tracking.These pressures wekg = 3.75 mbar andp;o = 6.33 mbar. At the39th setting, a total



Y-Coordinate [Pixel]

178 CHAPTER 8. THE ANALYSIS OF THE CCD DATA WITHHE GAS

200 160 200] 200 200
12
o Yol 50
180 ] 180 ] 180 180
. 4
160 160 > 160 10  160f
150 S U | 40
140 140¢ 1 140 140¢
o/
— —_ 8 _ 3
120+ g 120 1 g 1201 $ 1201
a, . 30 % a,
Q Q Q
100+ § 100¢ f 1 § 100+ § 100¢
- "9 i 6 T
g & 4.2 g g
o » 4 o o 2
80 S+ 80t : 1 S+ 80t S+ 80f
v : 20
I 4
60 | 1 60 1 60 60
130
L L | L L 1
40 40 B 10 40 40
| 2
20 20 .' 1 20 20
-
I, | | | | I, | I, | | | | 0 I, | | | | I, O | I, | | | | 0
10 20 30 40 50 60 10 20 30 40 50 60 10 20 30 40 50 60 10 20 30 40 50 60
X-Coordinate [Pixel] X-Coordinate [Pixel] X-Coordinate [Pixel] X-Coordinate [Pixel]

Figure 8.14: Results of scanning the chip. All possible centers for autancregion of the same size as the expected
axion signal spot. The color scale indicates, how often satenumber of events has been observed during &l
tracking runs in a circle ofl1.5 pixel radius, if the considered pixel is taken as a centehisf tircle. In the first
plot from left the frequency of zero events in 4Hle tracking runs is shown. The second plot from left represtre

multiplicity of one event durind 87 tracking runs. The third and fourth plot are the correspogdines for two and
three events, respectively.
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Background 1: 0.246 cts/average tracking Probability %] Multiplicity in 187 trackings

0 events 78.21 146.25
1 event 19.22 35.95
2 events 2.36 4.42
3 events 0.19 0.36
4 events 0.01 0.02

Background 2: 0.275 cts/average tracking Probability %] Multiplicity in 187 trackings

0 events 75.94 142.01
1 event 20.90 39.08
2 events 2.88 5.38
3 events 0.26 0.49
4 events 0.02 0.03

Table 8.1: Expected Poissonian probability and expected occurandéfefent number of events it®7 tracking runs
for two different background definitions (Backgrouh@nd?2).

Number of Events Mean Multiplicity Multiplicity in Axion sp ot

0 143.43 148
1 37.57 35
2 5.34 2
3 0.60 2
4 0.07 0

Table 8.2: Mean observed occurence of different number of eventsihtracking runs averaged over all possible
circular regions on the chip and actually observed mutipliin the real signal region.

of 14 tracking runs were done, to determine the significance obb®erved effect. For thgth
pressure, the tracking has not been repeated with the C@btdetbut the other detectors did not
show any increase in counts. A detailed list of the dateskiing times and energies of the events
can be found in Tab. 8.3.

While the three counts in the spot would correspon?l 3.0 sigma depending on the background
definition for May 30 8.0-3.1 sigma on August 21), the potential signal washes out J2a
2.4 sigma after14 trackings. Thus, it can be seen as an expected fluctuatidrinvstatistical
uncertainties. The development of the significance withgasing number of trackings at the same
density step is shown in Fig. 8.15 for two different backgrwlefinitions, namely the normalized
background from the spot region during non-tracking tim&asckgroundl, black triangles) and
the normalized background obtained from the full chip dgifickground times (Backgrourq
red squares).
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Pressure Date Tracking Time No. of counts Energy
[mbar] [dd/mm/yy] [s] [keV]

3.75 30/05/06 6180.5 3 4.40,5.66, 6.88
3.75 01/06/06 6179.5 1 5.16
3.75 02/06/06 6120.5 0 —

3.75 03/06,/06 6120.5 0 —

3.75 04/06/06 6001.0 1 3.93

3.75 05/06,/06 6000.5 1 4.07

3.75 27/06/06 5580.5 1 4.06

3.75 28/06/06 5640.5 0 —

3.75 29/06/06 5701.5 0 —

3.75 30/06,/06 5701.5 0 —

3.75 01/07/06 5761.5 0 —

3.75 02/07/06 5760.5 1 1.01

3.75 06/07/06 5865.5 0 —

3.75 07/07/06 5941.5 0 —

6.33 21/08/06 5460.5 3 3.58,1.32,1.52

Table 8.3: Summary of potential candidate settings and their repatti

8.4 The Determination of the Upper Limit on g,

8.4.1 Upper Limit for Individual Pressure Settings

Since there is no signal present in thée data of the CCD detector, it is now possible to build
the likelihood anobf-functions for each individual pressure setting. 'Eﬁedistributions can then
be minimized, and the best fit value fg)j',y, or equivalently for the dimensionless axion-to-photon

coupling constany, = (;;=rogsy=r)", can be obtained.

Axion Parameter Space

The axion massz, and the coupling constapt,, provide the axion parameter space. The highest
sensitivity is reached for axion masses close to the effieghoton mass of a specific pressure
setting, due to the coherence condition. Thus, the bestr dippies on the coupling constant for a
specific pressure setting can be derived for the mass regivesponding to the covered density
settings.

The covered range of pressure settings reaches ftd&mbar t013.43 mbar at1.8 K and thus
axion masses corresponding to pressures franh.5 mbar have been considered for the analysis.
In terms of effective photon mass, this includes the regiomfabout0.0-0.4 eV. In total, 1500
steps in mass, each corresponding to a pressure steplombar, have been taken into account.
This means that for each density stéf)0 y2-curves were calculated.
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Figure 8.15: Development of observed significance with number of tragkinns at the same density settipg.

The significance in sigmas is given for two different (coniipa) background definitions: the normalized background
obtained from the full chip during background times (redasgs) and the normalized background from the spot region
during non-tracking times (black triangles).

The steps of the other axion phase space parameteyyj,énave been chosen differently in various
ranges. This makes it possible to determine the upper limihe axion-to-photon coupling con-
stant accurately in the sensitive mass r&n@ the other hand, the upper bound can be computed
also for higher masses, where coherence is lost and theifiongases rapidly. Thus, it is assured
that more thanc2, + 30 are covered.

x2-Functions for the Individual Density Settings

Since all pressure settings can be treated in the same wagxpiectations for thg2-curves of one
specific density setting;, will be considered in the following. The?-function can be obtained for
a given mass using the likelihood functidly given in Eq. (8.10) as

Xi = —2InLy, = Z 2036 — marln (p3,) — 2na, + ngdn (n3,)] (8.20)

i

wherei = 1...20 refers to the energy bins in thdo 7 keV range ;. is the sum of background and
expected signal at thie-th setting and in the-th energy bin (see Eq. (8.8)),; are the observed

events in the-th energy bin and pressure stgpduring tracking, i.e in axion-sensitive conditions.
One should keep in mind that for one density settirig)0 y-curves will be obtained, one for each

®Sensitive mass range refers to axion masses around théiveffpboton mass, which corresponds to a covered
pressure setting and its surroundings.
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considered axion mass in the later obtained exclusion plot.

There are two cases to be considered in order to explain tievioe of thex?-curves. They depend
on the number of events; in the total considered energy range, which have been aidetthe
k-th density step The two cases anme, = 0 andn;, > 0:

x2-curve for nip=0: If zero counts have been registered during tracking at aicedensity
setting, EqQ. (8.20) simplifies to

Xk = ik, (8.21)

sinceLy, turns into
Ly, =[Je (8.22)

Due to the fact that;, is linear ing{, since Ny is proportional tay{,, thex?-curves for all masses
will be straight lines. The value of% ,, will be the same for all masses at one pressure setting
pr. The slope of the straight line, however, will change, sitiee expected number of photons
N, depends on the axion mass, i.e. it is only of significant sireafnarrow axion mass range
around the effective photon mass corresponding to the ymeesgtting. Thus, for masses close to
the coherent mass, whehg;, is rather large, the slope will be bigger than for masses/farydrom

it, where the slope approaches a value of zero. There is adlyimo minimum and the most likely
physical value ofyi, will be zero g1 i, = 1o nun)- AN xample of a*-curve in such a case is
shown in the left part of Fig. 8.16. While the solid line is th&-curve for an axion mass close to
the effective photon mass corresponding to the pregsyrie dotted line corresponds to an axion
mass far away from the coherence.
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Figure 8.16: Left: x2-curve for thel6th pressure setting{s = 1.42 mbar), for which zero events have been registered
during tracking. The solid line corresponds to an axion mass= 0.125 eV, which is close to the effective photon mass
m~ at this pressure, while the dotted line is for a mass far away fn. Right: Corresponding probability function
P = exp (—x*/2) for ma = 0.125 eV.

"One density setting may comprise one or more tracking runs.
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x2-curve for ni>0: If there have been one or more events observed during taekith a
specific pressure setting, the situation changes slightly. For masses close to tikeetefé photon
mass of the considered density setting;2acurve as shown in the left part of Fig. 8.17 (solid line)
will be observable. This can be calculated from Eq. (8.2@). &xample, in the case of one event
at the pressure setting. (n, = 1), w.l.0o.g.nq; = 1, it can be written as

20

Xt = D02 (b + Nielgho)) = In (bus + Niw(gly))” — 2.
=1

(8.23)

which can be minimized with respect #g,, sinceN;;, o g{,. The minimum ofy? will indicate
the most likely value foys,. If tracking and background data are compatible, this mimmshould
be located close tg{, = 0.

For masses far away from the ones corresponding to the peesstiing, the expected number of
photonsN;; will be very close td). Thus, the terms containinyy;;. in Eq. (8.23) can be neglected,
yielding a constant-function, which only depends on the background

20
Xb =Y 2bg — In (by)? — 2. (8.24)
=1

The value of this constant functiong; ,; and an example is indicated in the left part of Fig. 8.17
by the dotted line.

For masses between the effective photon mass and thosedgrftam it, they2-curves will have a
wider apex angle and become more flat with increasing distanm the mass corresponding to the
pressure setting. The same reasoning can be used in caseeofhan one event registered during
a single density setting. The left part of figure 8.18 is iitang this. The solid lines show (from
bottom to top) they?-curves at the effective photon mass for a pressure settitigzero events
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Figure 8.17: Left: x*-curve for the26th pressure settingfs = 2.33 mbar), for which one event has been observed
during tracking. The solid line corresponds to an axion mags= 0.160 eV, which is close to the effective photon mass
m., at this pressure, while the dotted line is for a mass far away fn.,. Right: Corresponding probability function
P =exp (—x2/2) formg, = 0.16 eV.
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(yellow, p1g = 1.42 mbar atm, = 0.13 eV), one event (redys = 2.33 mbar atm, = 0.16 eV),
two events (bluep1gs = 9.83 mbar atm, = 0.33 eV), three events (greepyy = 6.33 mbar at
mg = 0.27 eV) and eight events (blackgy = 3.75 mbar atm, = 0.20 eV). The dotted lines
of the same color correspond to the equivalent setting l®utaken at a mass far away from the
coherence. The shape of tyé-curve depends on the available statistics, e.g. two tngckins
have been spent afys = 9.83 mbar (bluetip¢ = 10681 s) and14 in total atpsg = 3.75 mbar
(black, t39 = 82555.5 s) resulting in a narrower curve than the ones for only oneking run
(yellow: t15 = 5401 s, red:tog = 5821.5 S, greenit;y = 5460.5 S).

Upper Limits for the Individual Density Settings

In both casesp;, = 0 andn; > 0, one can proceed with the limit calculation for each single
pressure setting in exactly the same way: the probabilitgtion P(ggy) = ¢~ X*/2 from Eq. (8.17)
can be integrated over the physical regiong@f up to 95% of the physical area as indicated in
Eq. (8.16) for every mass.

Typical probability curves for zero events and one eventsavn in the right part of Fig. 8.16
and Fig. 8.17, respectively. For a better overview, the g@hdlly curves corresponding to the-
curves given in the left part of Fig. 8.18 are shown in thetrigdrt of the same figure. Note that
the values larger than one for the probability function isecaf zero events are an artefact and do
not represent a real probability. The resulting exclusitmispfor the same specific pressures are
shown in Fig. 8.19.
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Figure 8.18: Left: x2-curves for different numbers of observed events. The sinlis are for an axion mass close to
m., the dotted lines are for a mass far away from the coheremgereThe plotted curves correspond to zero events
(yellow, p1g = 1.42 mbar atm, = 0.13 eV, t16 = 5401 S), one event (redy2¢ = 2.33 mbar atm, = 0.16 eV,

tae = 5821.5 s), two events (bluepios = 9.83 mbar atm, = 0.33 eV, t10s = 10681 s), three events (green,
pro = 6.33 mbar atm, = 0.27 eV, t;o = 5460.5 s) and eight events (blacksy = 3.75 mbar atm, = 0.20 eV,

tsg = 82555.5 s). Right: Corresponding probability functions for the saoases of different numbers of observed
events. Note that the y-scale is logarithmic.
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Figure 8.19: Exclusion plots for different numbers of observed eventse §urves correspond to zero events (yellow,
p1s = 1.42 mbar atm, = 0.13 eV, t16 = 5401 s), one event (rechzs = 2.33 mbar atm, = 0.16 eV, to = 5821.5 S),
two events (bluepios = 9.83 mbar atm, = 0.33 eV, t1p¢ = 10681 S), three events (greepyo = 6.33 mbar at
me = 0.27 eV, t7o = 5460.5 s) and eight events (blackze = 3.75 mbar atm, = 0.20 eV, tzg = 82555.5 S).

8.4.2 Upper Limit for the Combination of all Pressure Settirgs

Having calculated the likelihood function, and they2-curves for each individual pressure set-
ting x2, the global likelihood can be calculated by multiplying&jl (k = 0...148) or, equivalently,
adding up th@gi for all density settings as explained before (see Eq. (8.12)

After this, one can proceed in exactly the same way as it has Hene for the single pressure
settings: for each of th&500 axion masses chosen for the analysis, one obtainéscarve. The
difference is that now the influence of all pressure settongsach single axion mass is taken into
account.

The Construction of the Global y?-Functions

Following Eq. (8.13), the globa}?-distributions can be calculated. Some typical exampleesir
are shown in Fig. 8.20. Since neighboring pressure settiags an influence on the same masses,
it is no longer possible to exactly distinguish differensesa according to the number of observed
events. This was only possible for the single settings. Tgpeuplots of Fig. 8.20 show the most
commonly observed types gf-curves: either the2-curve reveals a minimum (upper left) or only
a straight line can be observed (upper right). A minimum isepbable if the mass is close to the
effective photon mass of a pressure setting in which one oeraeents have been registered. In
the case of Fig. 8.20 (upper lefty;, = 0.249 eV corresponds t61-st pressure settingpf; =
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5.58 mbar), during which one event has been registered, whileaat three neighboring settings
yielded zero events. The straight line as observable inppenright part of Fig. 8.20 corresponds
to an axion mass of,, = 0.105 eV, which matches the effective photon mass oflth¢h pressure
setting 11 = 0.10 mbar). At this setting as well as during at least three neaghly settings to
lower and higher pressures zero events have been obserhedlower plots of the same figure
illustrate the behavior of thg2-function for masses around pressure settings with long®xe
(lower left) and close to masses corresponding to missessipre settings (lower right). All curves
have been shifted to obtajf,;, = 0, such that the shapes can be easily compared. It can be seen
that a long exposure results in smaller opening angles ailikerved curves, while missed density
settings yield wider, flatter curves.

It should be noted that the exact shape of tiecurve for a specific mass depends on various
parameters, such as for example which measured presstirgs&ontribute dominantly to the
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Figure 8.20: Typical globaly?-curves. All curves have been shifted to obtgih;,, = 0 such that the shapes can be
easily compared. The upper left plot shows the first typiealkecof ay?-curve, here for a mass, = 0.249 eV. The
second typical case is diplayed in the upper right plot forassm, = 0.105 eV. Furthermore, the extreme case of an
axion mass around a pressure setting with a long exposuee(ting = 0.204 eV) can be seen in the lower left plot. A
x2-curve for an axion mass around missed pressure settings=(0.301 eV) is shown in the lower right image.
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considered mass, the number of events in neighboring getiimwell as the energy of the registered
photon.

A typical sequence of>-curves for consecutive axion masses is shown in the lefiop&ig. 8.21.
This typical behavior yields the characteristic waveshapgch is observable in the extraction
of the final exclusion plot displayed in the right image of .F8g21. Due to a periodic decrease
and increase of the value fof, . . also the95% upper limit valuegq, (95% C.L.) shows this
variation as typical pattern. ’
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Figure 8.21: Left: Global2-curves for neighboring masses. The displayed lines qoores(from bottom to top) to the
axion masses, = 0.049, 0.050, 0.051, 0.052, 0.053 eV. Right: Corresponding exclusion plot for the axion-miot
coupling constant &85%CL. The black triangles represent masses preceding anéexdiog the sequence of masses
considered in the left plot.

Consideration of the Global A y?

At this point, a useful crosscheck to look for apparent systic effects can be performed, due
to the fact that background and tracking are compatibleceStihere is only one free fit parameter
for the global likelihood functions, the statistical fluations for the difference\ y? betweeny%,
andy?2;, should correspond to a Gaussian with méamdo = 1. Thus

AX® = Xl — Xl = 0% < 1 (8.25)

should hold for68.3% of all masses. Withir2o, there should be founfl5.4% of all points and
within 30 99.7%. In Fig. 8.22, the square root dfy? for the global likelihood at each considered
axion mass is displayed. Here the standard definition ofdracikd (Background, spot during
background time) has been used. It can be seen that for tiserctlstandard backgroungt.14%

of all minima are withinlo of the null hypothesis]3.06% are betweeno and2o and only0.80%
are betweer2s and3s. No points are found outside tf8er region. Note that in case that no
minimum is observed, the value gf,;, equals the one of%;, such thatAx? is obtained as zero.
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Figure 8.22: Square root ofAx? for all considered axion masses,. All obtained values forAx?, which is the
absolute difference betweerk,.;; andx?2,;,, are within three sigmas.

The Upper Limit for the Combination of all Density Settings

In order to enable an easier handling of the datéth order polynomial is fitted to eacf?-curve.
Using these functions for each mass with the standard bawkdgrdefinition implemented, the
probability functionP(gf;V) can be calculated for each mass.

In Fig. 8.23, the probability is shown for different axion ssas. These masses correspond to those
used in Fig 8.20 to illustrate the behavior of the glop&ifunctions. The first typical case, i.e. an
axion mass for which a minimum is observable in fftecurve, yields a probability distribution
with its maximum value in the positive region ¢f, around zero (red curve). If the?-function

is only a straight line without minimum for a specific axion sagsecond typical case), then the
maximum of the probability distribution is shifted towardsgative values of7,, favoring the
physical valuegi, = 0 (green curve). Note that the values larger than one for tbbatility
function in this case are an artefact and do not represerdlgrabability. For a long exposure
time, the probability function becomes very narrow (bluevey, while the distribution widens for
masses corresponding to missed density settings.

From all these different probability curves, the global eppmit on the axion-photon coupling
constant can then be obtained as described in Eq. (8.16}dmyration of the physical region up to
95% of the area.

8.4.3 Determination of the Statistical Error

The standard deviation errors of the best fit valuefhy, i.e. g1, ,;,, can be estimated using
Eq. (8.15).
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Figure 8.23: Typical global probability curves corresponding to thefunctions at the same masses as in Fig. 8.20.
The red and green curve represent the typical cases, whilbltie line and the black line refer to long exposure and
missed settings, respectively. Note that the y-axis isrgimdogarithmic scale and that the probability values lathan

1 are an artefact.

As indicated in the histogram in the left part of Fig 8.24pglther998 masses in the range, <
0.387 eV vyield a straight line without minimum, providing{, = 0 as the best fit value. The
remaining values can be described by a Gaussian distnbutith a mean forgfto,min of 9.17 and
o = 5.36 as shown in the right part of Fig. 8.24. A few masses yield amably higher values
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Figure 8.24: Left: Multiplicity representation for thgilo,min at the considered masses of the analysis. Right: Gaussian
fit to the multiplicity of gilO,min values obtained for those masses uP.B87 eV which did yield a real minimum and
no straight line.
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for the best fit value, but their statistical errors are alstoedingly larger. These high values of
930 i FESUIt from the fact that some pressure settings were misBeerefore, masses close to
these regions are not as well covered as the rest.

Taking into account just the mass range of largest sengitimi, < 0.387 eV), one obtains as a
median forgfto,min with asymmetric statistical errors

g1o(min, median) = 9.391’51)%51)9. (8.26)
This values take only masses into account, which do not giesdght lines for they?-curves.
If one consideres just the masses corresponding to the neelgstessure settings, i.e. the best case
scenario, this results in a median of

g1 (min, median) = 7.5271410. (8.27)
For this case, the values @fo,min with their corresponding asymmetric errors are shown in

Fig. 8.25. Onlyy2-curves, which do not yield a straight line, but reveal a raaimum, have
been taken into account to determine the statistical error.
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Figure 8.25: Best fit value forg;, for masses corresponding to the measured pressure seffingsisymmetric statis-
tical errors are shown.

A detailed list containing the value @ﬁ)’min for each mass considered in the analysis for which
glomm 7# O together with the asymmetric errors can be found in Tab. FAppendix F. The
res’pective values for the masses corresponding to the neelagensity settings only are given in
Tab. F.2 of Appendix F.
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8.5 Studies of Systematic Uncertainties

So far, only the statistical errors have been considereddrerdetail. Before deriving the final
result, a study of the systematics will be done. Hereby, iifiaénce of experimental conditions
such as magnetic field strength and its length on the uppérlirauld be considered. Furthermore,
uncertainties in the absorption of photons'ite gas and the measured window transmission have
to be taken into account. Moreover, a variation of the exgeespot position can also modify the
result and must be considered before turning to the definitfiddackground as source of systematic
errors. Additionally, the influence of the CAST overall piiig accuracy in following the Sun
on the result are to be studied. This aspect is especialigairior the X-ray telescope and its
efficiency, since one has to deal here with an imaging devicpossible further consideration is
the potential consequences of a slight misalignment of W8 Tmagnet in following the Sun as
indicated by the filming. The size of this effect will be estirad.

For each of the just mentioned sources of systematic umettéhe absolute error on the best fit
value ofgi, is determined by taking into account thig ,,;, of all for the analysis considered axion
masses up t0.387 eV. The possibly asymmetric errors to the left and right sitiae minimalgy,

are then calculated as the mean values of the errors fromaa.m

8.5.1 Influence of Magnetic Field and Length

The magnetic field and its uncertainties have been calcutatde(8.805 £+ 0.037) T, while the
length of the magnetic field i©.26 + 0.05) m (see Section 8.1.1).

In order to determine the systematic error resulting froisy the mean displacement for the minima
of the x2-curves in comparison to the standard values has been gtu@iely the most sensitive
axion mass ranger, < 0.387 eV) has been used to obtain a mean systematic err@ffogrgin,
yielding for the magnet field strength variations

B = (8.805+0.037) T :  glomin 0033 (8.28)
and for the uncertainties in the length of the magnetic field

L=(9.26+£0.05)m: giymint00m0: (8.29)

8.5.2 Influence of Error in Absorption and Window Transmission

For the absorption fit function obtained using data of theTNdi&tabase, a conservativ& uncer-
tainty has been assumed. The mean displacement of the ninforihe y2-curves in comparison
to standard conditions is rather small with

Absorption I' +£5% : gy min 0008, (8.30)

and can thus be considered negligible.
A further possible source of systematic errors is the meastransmission of the cold windows.
It has been determined at the PANTER test facility [151] dreresults of the measurements are
provided in Tab. 8.4 together with statistical errors. Treamdisplacement of the best fit value for
gio is

Transmission + statistical errors : g7, mm+8 o2, (8.31)
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Table 8.4: Transmission Measurements of the cold windows at the PANfESRacility with statistical errors at differ-
ent energies.

Energy Transmission Statistical Error

[keV] [%] +-

0.27 6.94 0.06184
0.93 5.83 0.07020
1.49 38.51 0.50004
1.74 53.83 0.49778
2.29 68.24 0.57435
2.98 79.68 0.66660
4.51 84.41 0.71854
5.41 85.44 0.72700
6.40 87.52 0.74278
6.93 90.35 0.76838
8.04 88.46 0.76215

8.5.3 Influence of the Axion Signal Spot Position

In order to take into account possible uncertainties froendbtermination of the expected axion
signal spot position, the influence of a shift of the spot eebly +1 pixel in  andy direction
has been investigated. The data in the new spot during bakdrtimes can then be used as
standard background. The mean systematic error on the ikelgtValue forgi, can be given for
the variation of the spot center as

Spot Center =+ 1 pixel : g%,minfg:égg, (8.32)

which is the most conservative mean systematic error farambidered positions of the spot cen-
ter. Since the background definition is the most importante® of systematic errors as will be
seen later on, the change of the spot center position, whiels glong with a slightly different
background, already exhibits more significant errors tHeotlaer aspects considered before.

8.5.4 Influence of the Overall CAST Pointing Accuracy

The requirements for the precision of the tracking systeenfairly strict in order to guarantee a
high efficiency of the X-ray telescope. The overall pointaruracy in following the Sun must
always be better tham01°. Typically it is around).002°. Assuming the two extreme scenarios of
a deviation of+0.01°, one can calculate that this results in a 10s9.68% and gain 0f4.30% in
the overall efficiency, respectively. This loss or gain ttalsé considered in addition to effects like
the tilt of the telescope, the correction for a known GRIBseffand the cold windows as they have
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been discussed in Chapter 8.1.2. An increase in efficientsyechby a slight off-pointing from the
solar core is possible, since the telescope is not in itsr@btposition due to its tilt relative to the
magnet axis (see Fig. 6.7 in Section 6.1.2). The trackingracy plays an important role:

Perfect pointing +0.01° : g, mm+é i, (8.33)

and it becomes obvious, how crucial the precise pointing@ftagnet to the Sun is for CAST and
especially the X-ray telescope.

8.5.5 Influence of Background Definition

A further large source of systematic errors is the definitbtbackground due to low statistics.
The different definitions have been introduced in SectidnZ/and are referred to as Background 1
(standard background definition, events in spot during dpaeknd time), Background 2 (full chip
during background times), Background 3 (full chip withopbsregion during background time),
and Background 4 (full chip without spot region during triacktime).

Since no signal is present in the data, the differefg@ betweeny?, andx%,, can be used as an
indication for possible systematic errors of the differdefinitions of background. As introduced
in Eq. (8.25),Ax? can be expressed in Gaussian sigmas. The absolute valugé/Xf?) are
displayed for the three alternative definitions to the séaddackground in Fig. 8.26. It can be
seen that for Backgroun®, 91.21% of all minima are withinlo of the null hypothesis8.66%
are betweerio and20 and only0.13% are betweerzo and3o. No points are found outside the
30 region. For Background the corresponding values a9&.07% (0Oc-10), 8.79% (1o-20) and
0.14% (20-30). Backgrounds yields89.87%, 9.53% and0.60% for the three regions and thus in
principle all alternative definitions of background coul/a been used for the analysis as standard
background.

The mean systematic errors of the best fit value obtained finencomparison of the best fit value
for the standard conditions with the minima of the other Ilgackind definitions are then

Background 2 : 910 mm% %Sa
Background 3 : 910 mm% ggg,
Background 4 : 910 m1n+(1) Z?g (8.34)

To give a conservative estimate, the largest uncertaihes been used as the error estimate for
the background definition

Background : 910 min 53T, (8.35)

thus providing along with the error due to the pointing aecyrthe dominant systematic uncer-
tainty.

8.5.6 Consideration of the Solar Filming Results

So far the solar filming has always confirmed that the CAST raagnpointing to the solar core
with the required precision. However, the filming also iradé that the magnet is slightly ahead
in tracking. This has also been confirmed by a second indemeriitming system which has been
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Figure 8.26: Square root ofAy? for all considered axion masses, using different definitions of background. All
obtained values faAx?, which is the absolute difference betwegh,,,; andx2,,,, are within three sigmas. The upper
plot is for Background (full chip during background times), the middle plot for Bgcound3 (full chip without spot
during background times) and the lower plot was obtainedguBiackgroundt (full chip without spot during tracking
times).
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set up for the first time in parallel to the existing one in MaR008. In the worst case scenario, the
filming results would indicate an additional loss of effiggrfor the X-ray telescope of roughly
20% yielding a systematic error for the best fit valueggf of

Filming Deviation : g%o7minfg:%§§. (8.36)

In contrast to the other considered sources of systematicsethe influence of the filming results
should be considered as a rough indication, since the assdawation from the pointing to the
solar center is not only an extreme case, but also within treertainties of the filming setup.
Furthermore, one should keep in mind that the software useaxion tracking and solar filming
differ, since an additional program corrects the magnetemmnt for refraction of light in the
atmosphere. For these reasons, this uncertainty will notddaded in the overall systematic error.

8.5.7 Overall Systematic Error and Influence on the Upper Limt on g,

All considered contributions to the systematic error aramarized in Tab. 8.5 and the total mean
systematic error taking into consideration axion masse® 0387 eV can be calculated &s

Total mean systematic error : gfo’minfézgg. (8.37)

Therefore, the systematic effects are smaller than thertaicies due to statistical fluctuations.
The influence on the upper limit for the coupling constanei@ch source of systematic uncertainty
is given in Tab. 8.6. For each condition, the average denafiom the upper limit determined
under standard conditions is given for axion masses W®B®RY eV. One should keep in mind that
for a few single masses, higher percental deviations migtwm but they never exceedd% and
—10% in these exceptional cases. Generally, they can be obsareedd masses corresponding
to lost pressure settings.

Summarizing, the variations in the final upper limit on theqgling constany,, due to systematic
uncertainties are expected to be less thafi.

8f the filming results are taken into account this would creatige overall systematic errors §@, min 5 53, which,
however, still yields a systematic uncertainty smallenttiee statistical error.
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Table 8.5: Summary of considered systematic uncertainties of thefbesiue of g3.

Origin of Uncertainty Mean Systematic Error on gj*o min
Magnetic field strengtti 910 m1n+8 833
Magnetic field length, 910 m1n+8 838
. +0.006
AbsorptionI’ 910 min—0.007
Transmission of cold windows Itomin 009
4 +0.162
Spot Center 910,min—0.599
Overall pointing accuracy gilo mm+(1) }ﬁg
Definition of Background 94110 mm+§ g?g
Total s i ' o
ystematic uncertainty 910 ,min—2.96

Table 8.6: Summary of considered systematic uncertainties of therdjpp# on gq- .

Origin of Uncertainty Mean Systematic Error on g4, (95%C.L.) [%]
Magnetic field strengttB 9ar (95% C.L.) 051

Magnetic field length. 9a7(95% C.L.) 7013
AbsorptionI’ 9ar(95% C.L.)F011
Transmission of cold windows 9ay(95% C.L.) 031

Spot Center 9ay(95% C.L.) 065

Overall pointing accuracy 9ar(95% C.L.) 361

Definition of Background 9ay(95% C.L.)T 02

Total systematic uncertainty 9ay(95% C.L.)F332
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8.6 Results

8.6.1 Final Exclusion Plot of the CCD Detector for Phase Il wth “He Gas

Since no significant signal over background was observedeérQCD data acquired withHe in
the cold bore of CAST, an exclusion plot for the axion-to4gimocoupling constang,, has been
obtained as a result of the analysi¥he upper limit ab5% confidence level has been calculated
by integrating the Bayesian probability over the physiegion up t095% of the total physical
area and is shown in Fig. 8.27. A typical value for the uppmeitlon the axion-to-photon coupling
constant can be set as

gy 2.5 x 1071 GeV! (95% C.L.) (8.38)

for 0.02 eV< m, < 0.4 eV. However, the exact upper limit at each axion mass sligtiffers
from this value depending on the pressure setting.
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Figure 8.27: Final CCD exclusion plot of the axion-to-photon couplingistant a95% CL for all data obtained in the
“He part of CAST’s Phase Il. The achieved limit of the CCD deteis compared with the latest results of the Tokyo
helioscope [102]. Furthermore, the Horizontal Branch (IS8 limit [32] and the Hot dark matter (HDM) limit [70]
are included. The yellow band represents the typical thigateaxion models and the green solid line corresponds to
the case of the KSVZ model with/N = 0.

®The upper limit for each considered axion mass can be fouAgpendix F (Tab. F.1 and Tab. F.2)
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Figure 8.28: Close-up of the final CCD exclusion plot of the axion-to-gitotoupling constant &5% CL for all data
obtained in thé He part of CAST’s Phase |l plotted in linear scale. The yeltegion represents the typical theoretical
axion models.

As can be seen in Fig. 8.27, with the measurements of the C@ftdeit is possible to enter the
region of the parameter space which is favored by theoteticgan models (yellow region).

In Fig. 8.28, an expanded view of thEle exclusion plot for the CCD detector is shown with linear
axion mass scale in order to reveal detailed features.

The structure of the CCD exclusion plot can be explainedhtakito account the conditions of data
taking with the CCD detector of CAST. There are four small mexand two larger ones observ-
able in the plot. They result from the influence of missed gues settings with the CCD detector.
While the smaller peaks at, = 0.135 eV, m, = 0.192 eV, m, = 0.235 eV andm, = 0.275 eV
show the effect of not taking data for one intermediate rsgttihe two larger maximan(, ~ 0.16-
0.17 eV andm, = 0.29-0.30 eV) are due to four and five missed consecutive settingsectisply.
Furthermore, several dips are observable correspondiexjeéaded exposure time in the respective
regions. There are cases in which a longer exposure timewiaor more trackings spend at the
same pressure setting, did not yield a significant dip in th&l £xclusion plot. This can be ex-
plained by the observation of several events in close-bgspire settings in these cases. Especially
apparent is the minimum at, ~ 0.205 eV. Here, the exposure time was much longer for several
settings in order to rule out a potential candidate. Not evdye settings repeated for this purpose,
but also data at additional intermediate pressure steps taken.

Both, Fig. 8.27 and Fig. 8.28, show that the most sensitimédiare obtained for axion masses up to
0.387 eV, which corresponds to the last measured pressure seftingHe of p;4s = 13.42 mbar.
After this, coherence is lost and the limits increase rgpildi order to restore coherence for higher
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masses, the pressure has to be further increased, whichésusing®He in the cold bore, since
“He reaches its vapor pressurel @y mbar.

8.6.2 Combined Result of the CCD Detector for Phase | and |l

It is also possible to combine the results of the CCD detdatoPhase | with those obtained for
Phase Il with*He in the work at hand. This can be accomplished in exactlysémee way as the
combination of the different pressure settings, i.e. bytiplying the maximum likelihood function

for vacuum (Phase 1) with those for the pressure settingsitalith*He in the cold bore (Phase ).
Then the exclusion plot can be obtained by integrating theatrility in the physical region up to
95% of the area. The combined result of the CCD detector for Phaise the*He part of Phase Il

is presented in Fig. 8.29. Here, the influence of the diffegeim exposure time for Phase | and

Il can be observed. During Phase | the CCD detector took dataeasingle “pressure setting”,
namely ap = 0.0 mbar (vacuum), foB18.3 h, while the average time spent at a pressure setting in
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Figure 8.29: Final CCD exclusion plot of the axion-to-photon couplingistant at95% CL for all data obtained in
Phase | and Phase Il wiftHe gas at CAST with the CCD detector. The achieved limit of@&D detector is compared
with the same experimental results and theoretical canstras in Fig. 8.27. The yellow band represents the typical
theoretical axion models and the green solid line corredpomthe case of the KSVZ model with/ N = 0.
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Phase Iligl.6 h (5675.3 s). This results in a difference between the general levehfotwo phases
of about a factoR, which is due to the dependence of the limit on & root of the exposure
time.

CAST investigated a large part of the interesting axion mrasge below the hot dark matter
limit [70] in the theoretical axion model region (yellow ldjn No other axion experiment has ever
searched the axion mass region up 9 eV with a sensitivity as high as the one provided by the
CAST detectors.

The CCD provided herefore the highest discovery potentidl this analysis contributed to the
final CAST upper limit [121]. These CAST limits surpass fomsearches in a wide potential
axion mass range.



Chapter 9

Summary

The CERN Axion Solar Telescope (CAST) is looking for solaioas in the eV-mass range mak-
ing use of the Primakoff effect. The magnetic field to conaatibns from the Sun into photons
is provided by a superconducting magnet. On the ends of taa]idifferent X-ray detectors
are mounted to look for the photons from axion conversion.tdJihe year 2006, these detectors
were a Time Projection Chamber (TPC), a MICROMEGAS (MM) dideand an X-ray telescope
consisting of mirror optics and a Charge Coupled Device (C&ocal plane detector.

In order to study axion masses in a range as wide as posdigesxperiment consists of two
phases. During Phase | (2003-2004), the magnetic field megas evacuated, while in Phase I
(2005-2010) the cold bore is filled with helium gas. In vacyaxion masses up ta, < 0.02 eV
were investigated and no significant signal above backgrewas found [53]. As a result, an upper
limit on the axion-to-photon coupling constant @f, < 8.8 x 10~ GeV~! (95% C.L.) could

be set for such masses. CAST'’s second phase can be subdividedo stages. During the first
part of Phase Il in 2005 and 2008;le has been used at various pressures in order to restore co-
herence for the axion-to-photon conversion and accessemagsto0.39 eV, thus entering so far
unexplored regions favored by theoretical axion models. the second part of Phase Il, which
started in 2007, the CAST magnet is filled witHe, since*He is no longer gaseous for pressures
abovel6.4 mbar at a temperature of8 K.

This thesis is devoted to the analysis of tie data acquired with the CCD detector at the CAST
experiment and therefore based on the data taken duringetive gf 2005 and 2006.

CAST coveredl 62 different pressure settings reaching from8 mbar to13.4 mbar in the data
taking period from November 2005 to December 2006. Due tem@@ite restrictions for the axion-
to-photon conversion this allows for a study of axion mageas 0.02 to 0.39 eV with high sen-
sitivity. The CCD detector acquired data fot9 different pressure settings yieldira94.8 h of
high quality data under axion-sensitive conditions (stdacking). During periods in which the
magnet was not aligned with the Sun, background data weea takhese data amounted to a total
of 2758.1 h. Before, during and after tHéle part of Phase Il, the alignment of the X-ray telescope
has been continuously monitored with a parallel laser beahraa X-ray source. The center of the
expected axion signal region was determined to be:ag) = (40, 108) on the CCD chip, which
consists 064 x 200 pixels. The radius of the signal region has been optimizdeetdl .5 pixels.

201
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Applying this definition of the potential axion signal sptracking data were defined as events in
the signal region, when following the Sun. The standard dyamind for the analysis of thtHe
data was defined as all data acquired in the same circulanreghen not following the Sun under
otherwise identical conditions as solar tracking. Studiethe background stability showed no
significant dependence of the background data on variousriexental conditions.

In the *He data taken by the CCD detector, no significant axion sighave background was
observed. In order to extract an upper limit, a maximum iile@dd method had to be applied due
to low counting statistics in the CCD detector. For everyspuge setting measured at CAST, a
likelihood function was determined. In order to obtain abgloupper limit for all density settings
together, a global likelihood function was calculated facle considered axion mass as the product
of all likelihoods for single pressure settings. T#i€/% confidence level was then determined by
integrating the Bayesian probability over the physicallpwaed region. The resulting final exclu-
sion plot for the CCD detector withHe data was presented in this thesis (see Fig. 8.27). A typica
upper limit on the axion-to-photon coupling constant wasase

gy S 2.5 x 10719 GeV! (95% C.L.) (9.1)

for 0.02 eV< m, < 0.39 eV.

Furthermore, the data acquired with the CCD detector at C&81hg Phase | and Phase Il with
4He have been used to obtain a composite result. The exclpkibof this combined result for the
CCD detector was shown in Fig. 8.29.

The above results have been considered by the collaboratidarive the final CAST exclusion
plot for the axion-to-photon coupling constant [121]. To@mbined upper limit includes the re-
sults of all three CAST detectors during both, Phase | andé®havith*He and is displayed in the
upper part of Fig. 9.1. The lower figure shows an expanded wfeWve limit for *He, obtained by
combining the results of all CAST detectors. Through the loioittion of the results it is possible
to smooth out peaks which are apparent in the single detegtbusion plots due to missed pres-
sure settings. This can be accomplished, since it has bearedsthat every pressure setting has
been measured by at least one of the CAST detectors.

The results obtained from tHéHe data allow CAST to enter as the first experiment into so far
unexplored regions of the axion parameter space favoretidnratical models. CAST is thus to
date the most sensitive experiment looking for axions in@devand interesting mass range. With
3He in the magnet bores, CAST will extend its axion search éveher into theterra incognita

of the favored axion models continuing the hunt for the skigiarticle.

The goals of present and future axion searches remain obailg Find the hypothetical particle
or rule out its existence by closing the allowed mass windoeeaand for all. CAST will certainly

be able to help shedding light on this particular dark matéerdidate. And, following the Sun at
sunrise, it might as well be the first experiment able to sde @arly bird catches the axion.
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Figure 9.1: Top: Final CAST exclusion plot of the axion-to-photon canglconstant a95% CL for all data obtained

in Phase | and Phase Il wittHe gas at CAST with the three X-ray detectors of CAST (CCD, Mhd &PC). The
achieved limit of CAST is compared with the latest resultshef Tokyo helioscope [102]. Furthermore, the Horizontal
Branch (HB) star limit [32] and the hot dark matter (HDM) linfv 0] are included. The yellow band represents the
typical theoretical axion models and the green solid lineesponds to the case of the KSVZ model witHN = 0.
The prospects for data taking witile have been included in red [121]. Bottom: Expanded vievhef‘He limit for

all detectors combined. The upper bound is shown betweem awmasses .02 eV and0.39 eV, which corresponds
to pressures fror.08-13.4 mbar.
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Appendix A

Plasma Frequency

A.1 Dispersion Relation

Generally speaking, a dispersion relation describes ta¢ior between the energy of a system
and its momentum. In case of an optical system, i.e for elewgnetic waves, the energyand
momenturp are proportional to frequency and wave numbek, respectively [111]

E = hw, (A1)

and

p= % = hk, (A.2)

where\ represents the wavelength. In vacuum the dispersionaalatisuch a case is then:
w = ck. (A.3)

A neutral plasma is a gas of neutral molecules with some of theing ionized, such that electrons
are set free. When an electromagnetic wave traverses suehti@lnplasma, then the dispersion
relation is given by

w?(k) = w? + k2, (A.4)

wherew, represents the frequency of the plasma oscillations anigdes ¢y

2 e?
w, = 4mne—, (A.5)
m

with n. being the electron density, and m representing the charge and mass of the electron,
respectively. One can see in Eq. (A.4) that the lowest plesBisquency in this case can be obtained
for £ = 0, i.e. X tends to infinity (see Eq. (A.2)). This is comparable to theecaf coupled
pendulums, when all the pendulums oscillate with the sanasghnd amplitude. The dispersion
relation in this case would be

Wi(k) = % + —sin’ <7> , (A.6)
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whereg is the acceleration due to gravifythe length of each individual pendulu, is the spring
constant,M the mass of each pendulum amthe separation of the pendulum beads. In this way,
the case ok = 0 for plasma oscillations equals the coupled pendulums &vitho, i.e. the familiar
relation

W (k) = %. (A7)

In order to derive Eg. (A.5), which will be done in the follavg, it is easiest to consider the case
of k =0.

A.2 Plasma Oscillation Frequencyuw,

On average the plasma is neutral, such that it does not gradelectrostatic field. But even
in a neutral plasma, some ionized molecules and free eteciaoe present besides the neutral
molecules. Thus, in case one just considers a specific regisrmpossible to observe an excess of
charge of one sign, while there is a lack of it in some neiginigoarea, i.e. a local electric field in
the generally neutral plasma can be seen.

The effect of such an electric field is that the ions can belarated in one direction, while the
electrons will experience a force driving them towards thpasite way. In this manner, excesses
and deficits of charge cancel out and the electric field vasisisince the electrons and ions are
accelerated, they have a certain speed, when the field @aeppsuch that they pass the point
of equillibrium. Thus a new electric field is created havingposite sign in comparison to the
originally accelerating field. Repetition of this processults in oscillations of the plasma.

We will now just consider the movement of the electrons, esiwe can neglect the motion of the
ions, which have a significantly higher mass, while havirgggame absolute charge as an electron.
Let us consider now a confined region of the plasma as showigirAEL. On one wall confining
the plasma, an excess of cha@ewill be observable, while there is a deficit of it () on the
other through the motion of the free electronsAlfs the area of the wall, one obtains an electric
field E, in the plasma in one direction (here: X) as [163]

Q
E, = —4r—. A.8
T (A8)
Applying Newton’s law leads to
d’x F eE, Q
i = 4re—2_ A.9
dt2  m m =y (A.9)

wheree is the charge of the electron. If the density of electronscp@ris N, and each electron is
off its equillibrium position by a distance, then the excess chargeon one wall is given by

Q = neeAx. (A.10)
If now Eq. (A.10) is differentiated twice with respect to 8irthis yields

d?Q  d? d’x
i W(neeAaj) = neeAW, (A.12)
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Figure A.1: Confined plasma between two walls. Caused by the motion adldwrons on one wall, there is an excess
of charge Q) while on the other a deficit{Q) is found.

and by inserting Eq. (A.9), it follows

d>Q 47TTL862
- Q

= A.12
dt? m ( )
The solution of this differential equation is given by
Q = Qocos(wt + @), (A.13)
with ,
Amne
w2 = e wg, (A.14)
m

wherew, is then the so-called plasma oscillation frequency.
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Appendix B

Heaviside-Lorentz Units

In the formula for the conversion probability of axions iqleotons in the presence of a transverse
magnetic field as given in Chap. 4, Eqg. (4.25), the so-calkdral Heaviside-Lorentz units have
been used. In this system, the dimensions GeV dhdx() are equivalent, due to the fact that
charge is dimensionless and natural units are used1).

The speed of light is given by

¢ = 299 792 458 % = {c}[d], (B.1)

wherec = 299 792 458 is the numerical value efand|c] represents the unit, i.e. m/s. Equivalently
one obtains for the electric charge

e = 1.602176487 x 1071 C = {e}[e]. (B.2)

Due to the fact that

1GeV B 109 eV
c a c

109 x {e} J
{c}

109 x {e} C &

{c}it
109 x {e} C &

{c}g
109 Js
gemm
= %}geTm, (B.3)
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and thus
GeV

1 = 3.335640952 e T m. (B.4)

Using natural units, i.ec = 1, Eq. (B.4) turns into
1 GeV = 3.335640952 e T m, (B.5)

such that the relation between GeV andni depends on the definition of the electric units. In
Gaussian units, the electric charge is chosen to be

e = a ~ 0.085424542, (B.6)
while Heaviside units differ from the Gaussian units by adaof v/47 and yield
e = Vima ~ 0.30282212. (B.7)

In both systems, the charge is dimensionless. Using now isldav_orentz units in Eq. (B.5)
yields
1 GeV = 1.010105865 T m, (B.8)

and the probability of conversion (Chap. 4, Eq. (4.25)) Inees dimensionless.



Appendix C

Data Overview for 4He

In this part of the appendix a detailed list summarizing slate which the CCD took data, the
corresponding pressures, tracking time and average baakgiicounts can be found. The dates on
which the CCD took data are provided in the form yy/mm/dd. M/tie pressure index labeled
CASTnumerates all full steps fromto 160 and includes half-sized steps as intermediate numbers,
e.g. index44.5 for a pressure 08.705 mbar, the indexCCD represents a renumeration for the
settings taken by the CCD detector. This index start® atd ends at48, thus labeling alll49
different settings covered by the CCD detector. Furtheenthre following tables also include the
tracking time for each pressure setting and the total nurmbleackground counts expected in the
energy range from to 7 keV during this time.
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Table C.1: Tracking dates, Pressure settings, Tracking times pespresetting and Background counts

Date CCD Pressure  Pressure Pressure Tracking time t Total nmber of
Tracking [mbar] Index CCD Index CAST [sec] bgrd counts in t
051124 0.0799 0 1 3281.0 0.142
051125 0.1616 1 2 12361.0 0.535
051127 0.2445 2 3 6181.5 0.268
051128 0.3314 3 4 6241.5 0.270
051129 0.4152 4 5 6241.5 0.270
051130 0.4970 5 6 6180.0 0.268
051201 0.5799 6 7 6121.0 0.265
051202 0.6627 7 8 6060.5 0.262
051203 0.7455 8 9 6060.0 0.262
051204 0.8284 9 10 4681.0 0.203
051205 0.9118 10 11 11700.0 0.507
051207 0.9963 11 12 5760.0 0.249
051208 1.0809 12 13 5401.0 0.234
051209 1.1656 13 14 5640.0 0.244
051210 1.2488 14 15 5640.0 0.244
051211 1.3321 15 16 10442.0 0.452
051213 1.4153 16 17 5401.0 0.234
051214 1.4986 17 18 5461.0 0.236
051215 1.5819 18 19 5401.5 0.234
060124 1.7484 19 21 6001.0 0.260
060125 1.8316 20 22 5941.5 0.257
060126 1.9152 21 23 5940.5 0.257
060127 1.9981 22 24 5880.5 0.255
060128 2.0814 23 25 5941.5 0.257
060129 2.1647 24 26 5880.5 0.255
060130 2.2479 25 27 5821.5 0.252
060131 2.3312 26 28 5821.5 0.252
060505 2.7556 27 33 5641.5 0.244
060506 2.8354 28 34 5701.5 0.247
060507 2.9177 29 35 5701.5 0.247
060508 3.0001 30 36 5761.5 0.250
060509 3.0824 31 37 5759.0 0.249
060510 3.1648 32 38 5761.5 0.250
060511 3.2477 33 39 5821.5 0.252
060614 3.4140 34 41 10321.0 0.447
060616 3.4970 35 42 5580.5 0.242
060528 3.5799 36 43 11761.5 0.509
060529 3.6631 37 44 28504.5 1.234
060606 3.7051 38 445 6000.5 0.260

060530 3.7463 45 82555.5 3.575

W
©
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Date CCD Pressure  Pressure Pressure Tracking time t Total nmber of
Tracking [mbar] Index CCD Index CAST [sec] bgrd counts in t
060607 3.7883 40 455 5880.5 0.255
060531 3.8292 41 46 35674.5 1.545
060609 3.9148 42 47 11952.0 0.518
060611 3.9979 43 48 11544.5 0.500
060612 4.0810 44 49 11821.0 0.512
060613 4.1641 45 50 11820.0 0.512
060716 4.2449 46 51 6120.5 0.265
060717 4.3280 47 52 6120.5 0.265
060720 44112 48 53 6060.5 0.262
060721 4.4943 49 54 6060.5 0.262
060722 45775 50 55 6060.5 0.262
060723 4.6607 51 56 6000.5 0.260
060724 4.7438 52 57 5941.5 0.257
060727 4.8270 53 58 10982.0 0.476
060729 4.9101 54 59 5640.5 0.244
060805 5.0764 55 61 5761.5 0.250
060806 5.1595 56 62 5760.5 0.249
060807 5.2426 57 63 5700.5 0.247
060808 5.3257 58 64 11402.0 0.494
060810 5.4088 59 65 5640.5 0.244
060811 5.4920 60 66 5641.0 0.244
060812 5.5753 61 67 5641.5 0.244
060813 5.6586 62 68 5641.5 0.244
060814 5.7419 63 69 5581.5 0.242
060815 5.8253 64 70 5580.5 0.242
060816 5.9086 65 71 5580.5 0.242
060817 5.9919 66 72 5520.5 0.239
060818 6.0752 67 73 5520.5 0.239
060819 6.1585 68 74 5521.5 0.239
060820 6.2418 69 75 5461.5 0.237
060821 6.3253 70 76 5460.5 0.236
060822 6.4087 71 77 5460.5 0.236
060825 6.4920 72 78 5401.0 0.234
060826 6.5753 73 79 5400.5 0.234
060827 6.6586 74 80 5340.5 0.231
060828 6.7418 75 81 5340.5 0.231
060830 6.9084 76 83 5341.0 0.231
060831 6.9917 77 84 5341.0 0.231
060901 7.0750 78 85 5341.5 0.231

060902 7.1583 79 86 5341.5 0.231
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Date CCD Pressure  Pressure Pressure Tracking time t Total nmber of
Tracking [mbar] Index CCD Index CAST [sec] bgrd counts in t
060903 7.2416 80 87 5281.5 0.229
060904 7.3249 81 88 5281.5 0.229
060905 7.4081 82 89 5281.0 0.229
060906 7.4914 83 90 5281.5 0.229
060907 7.5747 84 91 5221.5 0.226
060908 7.6579 85 92 10441.5 0.452
060913 7.7412 86 93 5221.5 0.226
060920 8.2409 87 99 5220.5 0.226
060921 8.3361 88 100 5161.5 0.224
060922 8.4092 89 101 5221.0 0.226
060923 8.4923 90 102 5221.5 0.226
060924 8.5758 91 103 5220.5 0.226
060925 8.6590 92 104 5220.5 0.226
060926 8.7421 93 105 5220.5 0.226
060930 8.8255 94 106 5221.5 0.226
061001 8.9088 95 107 5280.5 0.229
061002 8.9920 96 108 5220.5 0.226
061003 9.0753 97 109 5220.5 0.226
061005 9.1586 98 110 5280.5 0.229
061006 9.2418 99 111 5281.0 0.229
061007 9.3251 100 112 5220.5 0.226
061008 9.4084 101 113 5281.5 0.229
061009 9.4917 102 114 5280.5 0.229
061011 9.5760 103 115 5341.5 0.231
061012 9.6605 104 116 5281.0 0.228
061013 9.7450 105 117 5340.5 0.231
061014 9.8295 106 118 10681.0 0.463
061016 9.9141 107 119 5340.5 0.231
061017 9.9988 108 120 5340.5 0.231
061018 10.0835 109 121 5400.5 0.234
061019 10.1683 110 122 16262.5 0.704
061022 10.2531 111 123 11042.0 0.478
061029 10.3379 112 124 5520.5 0.239
061030 10.4228 113 125 5581.5 0.242
061031 10.5078 114 126 5580.5 0.242
061101 10.5928 115 127 5400.5 0.234
061102 10.6778 116 128 5641.0 0.244
061103 10.7631 117 129 5640.5 0.244
061104 10.8483 118 130 5700.5 0.247

061105 10.9335 119 131 5701.0 0.247
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Date CCD Pressure  Pressure Pressure Tracking time t Total nmber of
Tracking [mbar] Index CCD Index CAST [sec] bgrd counts in t
061106 11.0188 120 132 5701.5 0.247
061107 11.1041 121 133 5761.0 0.249
061108 11.1895 122 134 5761.5 0.250
061109 11.2749 123 135 5821.5 0.252
061110 11.3604 124 136 5820.5 0.252
061111 11.4459 125 137 5820.5 0.252
061112 11.5314 126 138 5821.0 0.252
061113 11.6170 127 139 5580.5 0.242
061114 11.7027 128 140 5940.5 0.257
061115 11.7884 129 141 5941.0 0.257
061116 11.8741 130 142 5941.5 0.257
061117 11.9599 131 143 5940.5 0.257
061119 12.0458 132 144 6000.5 0.260
061120 12.1317 133 145 6060.5 0.262
061121 12.2176 134 146 6000.5 0.260
061122 12.3036 135 147 6061.5 0.263
061124 12.3897 136 148 6121.0 0.265
061125 12.4757 137 149 6121.5 0.265
061126 12.5619 138 150 6181.5 0.268
061127 12.6480 139 151 6181.5 0.268
061128 12.7342 140 152 6241.5 0.270
061129 12.8205 141 153 6241.5 0.270
061130 12.9068 142 154 6240.0 0.270
061201 12.9931 143 155 6120.0 0.265
061202 13.0795 144 156 6061.0 0.262
061203 13.1659 145 157 6060.0 0.262
061205 13.2524 146 158 5881.0 0.255
061206 13.3390 147 159 5820.0 0.252
061208 13.4256 148 160 5700.0 0.247
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Appendix D

Tracking Data Overview for *He

All events registered in the signal spot of the CCD detectwing the*He run in tracking times are
summarized in the following table. A total db counts were observed in the energy range from
1 to 7 keV. In the table, the pressure index of the CCD is given felid by the actual pressure
in mbar. The date is provided in the form yy/mm/dd. Both tleeking times at the specific day
and the total tracking time at the considered pressurengedtie listed. Furthermore, the number
of registered events and their energies are given. At presaitings other than the provided ones
0 events were registered.
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Table D.1: Summary of events for the CCD detector. The number of thespressetting, the pressure and date of
observation and the tracking time on that day are given. ttiad, the total tracking time at the pressure setting is
shown together with the number of events and their energies.

CCD Pressure Date Tracking Total Tracking No. of Energy
Setting  Setting Time Time Counts

0-148 [mbar] [yy/mm/dd] [sec] [sec] [keV]

1 0.162 051125 6180.5 12361.0 1 3.80

1 0.162 051126 6180.5 12361.0 1 5.44

3 0.331 051128 6241.5 6241.5 1 2.92
4 0.415 051129 6241.5 6241.5 1 2.01
15 1.332 051212 5581.0 10442 1 6.40
20 1.832 060125 5941.5 5941.5 1 2.99
22 1.998 060127 5880.5 5880.5 1 1.43
26 2.331 060131 9821.5 5821.5 1 2.03
36 3.580 060620 5581.0 11761.5 1 1.76
37 3.663 060529 6180.5 28504.5 1 1.25
37 3.663 060623 5580.5 28504.5 2 6.47,3.28
39 3.746 060530 6180.5 82555.5 3 4.40,5.66, 6.88
39 3.746 060601 6179.5 82555.5 1 5.16
39 3.746 060604 6001.0 82555.5 1 3.93
39 3.746 060605 6000.5 82555.5 1 4.07
39 3.746 060627 5580.5 82555.5 1 4.06
39 3.746 060702 5760.5 82555.5 1 1.01
42 3.915 060712 6181.5 11952.0 1 1.31
42 3.915 060609 5770.5 11952.0 1 3.47
46 4.245 060716 6120.5 6120.5 1 5.83
48 4.411 060720 6060.5 6060.5 1 3.61
61 5.575 060812 5641.5 5641.5 1 5.79
65 5.909 060816 5580.5 5580.5 1 5.41
70 6.325 060821 5460.5 5460.5 3 3.58,1.32,1.52
88 8.336 060921 5161.5 5161.5 1 3.16
91 8.576 060924 5220.5 5220.5 1 4.97
100 9.325 061007 5220.5 5220.5 1 4.10
103 9.576 061011 5341.5 5341.5 1 1.04
106 9.830 061014 5340.5 10681.0 2 3.47,5.36
107 9.914 061016 5340.5 5340.5 1 1.31
110 10.168 061019 5401.0 16262.5 1 2.88
114 10.508 061031 5580.5 5580.5 1 2.48
117 10.763 061103 5640.5 5640.5 1 4.09
130 11.874 061116 5941.5 5941.5 1 5.09
132 12.046 061119 6000.5 6000.5 1 4.10
140 12.734 061128 6241.5 6241.5 1 3.795
143 12.993 061201 6120.0 6120.0 1 2.37
145 13.166 061203 6060.0 6060.0 1 6.99
147 13.339 061206 5820.0 5820.0 1 3.57



Appendix E

Background Data Overview for *He

Several possibilities of defining the background have baafied using the full background set for
4He as basis. Hereby, the same conditions as during trackeng required (magnetic field on, VT4
open, etc.), without following the Sun. The different defons have been labeled Backgrounhd
2, 3 and4 and are chosen as follows:

e Background 1: Spot during background times

e Background 2: Full chip during background times

e Background 3: Full chip without spot during background tme
e Background 4: Full chip without spot during tracking times

The following table summarizes the CCD background courgsrébr the 4 different definitions.
The background is given for every energy birddf keV in thel to 7 keV range.
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Table E.1: Background per energy bin of 0.3 keV in the rangelof 7 keV if background condition is Background
1 (spot region during background times), Background 2 ¢fhip during background times), Background 3 (Full chip
without spot region during background times) or Backgrodr{gull chip without spot region during tracking times).

Index of Background 1 Background 2 Background 3 Background 4
Energy bini Total countsini Total countsini Total countsini Total countsini
[1076x cts/sec] [0 %x cts/sec] [0~ %x cts/sec] [0~6x cts/sec]

0 2.92+ 0.54 3.12 0.10 3.130.11 3.24 0.33
1 2.52+ 0.50 3.02£ 0.10 3.04t 0.10 2.44+ 0.28
2 1.6 0.40 2.59 0.09 2.63 0.10 2.7% 0.30
3 3.42+ 0.59 2.9% 0.10 2.95% 0.10 3.46 0.34
4 2.72£ 0.52 2.78 0.10 2.78: 0.10 2.8# 0.31
5 1.7 0.42 2.45 0.09 2.48t 0.09 2.640.23
6 2.72£ 0.52 2.35: 0.09 2.34E 0.09 2.38: 0.28
7 2.52+ 0.50 2.35: 0.09 2.34t 0.09 2.2% 0.27
8 2.22+ 0.47 2.3% 0.09 2.3% 0.09 2.31%0.28
9 214 0.46 2.2 0.09 2.28 0.09 2.5 0.29
10 1.0H 0.32 2.2% 0.09 2.25 0.09 1.72-0.24
11 2.42+ 0.49 2.2 0.09 2.2 0.09 1.88 0.25
12 2.1H 0.46 1.95-0.08 1.95-0.08 2.71% 0.30
13 1.3H0.36 2.15: 0.09 2.18t 0.09 1.42-0.22
14 2.0 0.45 2.06: 0.08 2.06t 0.09 1.750.24
15 1.5H 0.39 2.0@: 0.08 2.02t 0.08 2.6% 0.32
16 1.1H0.33 2.18 0.09 2.22£ 0.09 1.58 0.23
17 2.32+ 0.48 2.42 0.09 2.42t 0.09 2.71%# 0.30
18 2.52+ 0.50 29% 0.10 292 0.10 3.04t 0.32
19 2.52+ 0.50 2.16: 0.08 2.08t 0.09 1.98 0.26



Appendix F

g1, (min) and its Statistical Error

A detailed list containing the value @'fo,min for each mass considered in the analysis for which
gilo,min = 0 together with the asymmetric errors is provided in the feilg table F.1. The re-
spective values for the masses corresponding to the meladarsity settings only are given in
Tab. F.2. Furthermore both tables contain the calculat@emuimit on g, , at95% C.L. obtained

in the analysis for each of the listed axion masses.
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Table F.1: Axion mass index, Axion massyi,(min) and its errors

Mass step Axion mass gj,(min) Stat. error Stat. error  ge~(95%C.L.)

[eV] (left) (right) [GeV —1]
0 0.0000 119.840 119.314 183.365 4.8880e-10
1 0.0106 79.660 93.114 142.163 4.5694e-10
2 0.0149 32.138 63.905 97.356 4.1543e-10
3 0.0183 3.352 44.399 65.158 3.7243e-10
8 0.0299 4.260 15.534 23.005 2.8763e-10
9 0.0317 12.961 14.754 22.574 2.9066e-10
10 0.0334 16.442 13.141 20.857 2.8863e-10
11 0.0350 16.116 11.168 18.395 2.8168e-10
12 0.0366 14.098 9.197 15.611 2.7116e-10
13 0.0381 11.726 7.495 12.922 2.5901e-10
14 0.0395 9.613 6.161 10.755 2.4713e-10
15 0.0409 8.174 5.305 9.308 2.3807e-10
16 0.0423 7.565 4.958 8.697 2.3404e-10
17 0.0436 7.788 5.110 8.929 2.3570e-10
18 0.0448 8.748 5.726 9.924 2.4204e-10
19 0.0461 10.223 6.736 11.528 2.5116e-10
20 0.0473 11.834 8.039 13.455 2.6063e-10
21 0.0484 12.709 9.356 15.184 2.6699e-10
22 0.0496 11.475 10.298 15.977 2.6747e-10
23 0.0507 6.598 10.603 15.762 2.6176e-10
29 0.0569 8.086 13.001 19.690 2.7922e-10
30 0.0579 10.553 11.245 17.863 2.7736e-10
31 0.0588 9.870 9.452 15.365 2.6999e-10
32 0.0598 8.996 8.300 13.602 2.6326e-10
33 0.0607 8.965 8.079 13.303 2.6199e-10
34 0.0616 9.544 8.587 14.177 2.6530e-10
35 0.0625 9.849 9.557 15.527 2.7002e-10
36 0.0634 8.424 10.565 16.522 2.7178e-10
37 0.0643 5.572 12.760 19.198 2.7607e-10
38 0.0651 4.141 15.532 22.017 2.7905e-10
39 0.0660 5.349 10.881 16.506 2.6726e-10
40 0.0668 5.985 8.318 12.890 2.5586e-10
41 0.0677 6.516 7.724 12.150 2.5385e-10
42 0.0685 6.860 8.129 12.810 2.5649e-10
43 0.0693 6.202 9.361 14.422 2.6078e-10
44 0.0701 0.622 11.504 16.791 2.6382e-10
127 0.1191 -0.867 9.351 13.537 2.5003e-10
128 0.1196 0.244 8.807 12.846 2.4777e-10
129 0.1200 0.305 7.915 11.570 2.4151e-10

130 0.1205 -0.194 6.948 10.127 2.3318e-10



223

Mass step  Axion mass gj,(min) Stat. error Stat. error  go~(95%C.L.)

[eV] (left) (right) [GeV 1]
131 0.1209 -0.745 6.184 8.974 2.2565e-10
132 0.1214 -1.047 5.801 8.396 2.2154e-10
133 0.1219 -0.990 5.867 8.496 2.2225e-10
134 0.1223 -0.580 6.376 9.266 2.2764e-10
135 0.1228 0.040 7.249 10.583 2.3599e-10
136 0.1232 0.521 8.280 12.115 2.4455e-10
137 0.1237 0.320 9.157 13.363 2.5022e-10
138 0.1241 -1.039 9.658 13.972 2.5182e-10
178 0.1410 2.415 11.298 16.679 2.6657e-10
179 0.1414 6.795 9.914 15.241 2.6655e-10
180 0.1418 7.725 8.668 13.666 2.6272e-10
181 0.1422 7.693 7.856 12.510 2.5833e-10
182 0.1426 7.622 7.572 12.109 2.5665e-10
183 0.1430 7.775 7.892 12.581 2.5871e-10
184 0.1433 7.901 8.755 13.814 2.6348e-10
185 0.1437 7.096 10.041 15.473 2.6799e-10
186 0.1441 2.901 11.481 16.987 2.6844e-10
229 0.1599 -0.689 11.874 17.212 2.6564e-10
230 0.1603 5.651 9.938 15.120 2.6487e-10
231 0.1606 7.142 9.047 14.087 2.6309e-10
232 0.1610 7.669 9.189 14.372 2.6487e-10
233 0.1613 7.826 10.564 16.320 2.7211e-10
234 0.1616 5.967 13.653 20.494 2.8372e-10
354 0.1988 4.641 7.996 11.994 2.4259e-10
355 0.1991 6.594 6.985 11.045 2.4059e-10
356 0.1994 7.345 6.865 10.812 2.3900e-10
357 0.1997 8.035 7.563 11.198 2.4027e-10
358 0.1999 7.747 8.567 11.636 2.4034e-10
359 0.2002 4.575 7.654 10.466 2.3094e-10
360 0.2005 2.669 5.588 8.000 2.1762e-10
361 0.2008 2.007 4.205 6.209 2.0597e-10
362 0.2011 1.681 3.328 4,997 1.9572e-10
363 0.2013 1.977 3.055 4.644 1.9204e-10
364 0.2016 3.398 3.443 5.112 1.9624e-10
365 0.2019 5.956 4.077 5.406 2.0327e-10
366 0.2022 7.683 4.077 5.177 2.0634e-10
367 0.2024 7.973 3.778 4,773 2.0474e-10
368 0.2027 7.225 3.327 4.221 1.9914e-10
369 0.2030 5.966 2.799 3.594 1.9077e-10

370 0.2033 4.756 2.309 3.007 1.8169e-10



224 APPENDIX F.G$,(MIN) AND ITS STATISTICAL ERROR

Mass step Axion mass gi,(min) Stat. error Stat. error  go~(95%C.L.)

[eV] (left) (right) [GeV 1]
371 0.2035 3.956 1.978 2.598 1.7455e-10
372 0.2038 3.606 1.834 2.418 1.7110e-10
373 0.2041 3.641 1.855 2.450 1.7166e-10
374 0.2044 3.999 2.025 2.672 1.7550e-10
375 0.2046 4,570 2.309 3.042 1.8137e-10
376 0.2049 5.095 2.641 3.479 1.8705e-10
377 0.2052 5.145 2.920 3.854 1.9019e-10
378 0.2055 4.238 3.047 4.058 1.8875e-10
379 0.2057 1.880 3.065 4.065 1.8175e-10
385 0.2073 0.554 4.452 6.563 2.0653e-10
386 0.2076 3.866 5.011 7.851 2.2061e-10
387 0.2079 6.157 5.599 9.292 2.3148e-10
388 0.2082 7.500 5.980 10.255 2.3706e-10
389 0.2084 7.541 5.928 10.304 2.3824e-10
390 0.2087 6.678 5.691 9.765 2.3677e-10
391 0.2090 5.366 5.483 9.032 2.3407e-10
392 0.2092 4.104 5.558 8.763 2.3113e-10
393 0.2095 2.701 6.124 9.316 2.3151e-10
394 0.2098 -0.673 6.905 10.057 2.3070e-10
414 0.2150 -1.157 5.470 7.907 2.1847e-10
415 0.2153 1.428 5.572 8.323 2.2449e-10
416 0.2155 3.764 6.043 9.333 2.3509e-10
417 0.2158 5.914 6.686 10.643 2.4589e-10
418 0.2160 7.488 7.172 11.652 2.5364e-10
419 0.2163 8.086 7.220 11.833 2.5641e-10
420 0.2166 7.920 6.934 11.347 2.5449e-10
421 0.2168 7.626 6.652 10.867 2.5225e-10
422 0.2171 7.791 6.727 10.998 2.5305e-10
423 0.2173 8.716 7.329 12.056 2.5927e-10
424 0.2176 10.394 8.407 14.043 2.6889e-10
425 0.2178 12.347 9.704 16.384 2.7800e-10
426 0.2181 13.351 10.580 17.858 2.8247e-10
427 0.2184 12.407 10.625 17.612 2.8017e-10
428 0.2186 9.627 9.960 15.977 2.7207e-10
429 0.2189 6.090 9.186 14.153 2.6101e-10
430 0.2191 2.819 9.115 13.577 2.5419e-10
431 0.2194 0.272 10.571 15.432 2.5862e-10
432 0.2196 1.442 13.213 18.742 2.6792e-10
433 0.2199 6.693 12.819 19.071 2.7499e-10

434 0.2201 9.276 11.332 17.748 2.7705e-10



225

Mass step Axion mass gj,(min) Stat. error Stat. error  go~(95%C.L.)

[eV] (left) (right) [GeV 1]
435 0.2204 9.816 9.873 15.757 2.7313e-10
436 0.2207 9.635 8.707 14.099 2.6805e-10
437 0.2209 9.428 8.007 13.142 2.6474e-10
438 0.2212 9.510 7.809 12.932 2.6392e-10
439 0.2214 9.984 8.070 13.489 2.6626e-10
440 0.2217 10.884 8.850 14.780 2.7100e-10
441 0.2219 11.780 9.955 16.470 2.7649¢-10
442 0.2222 11.765 11.090 17.930 2.7984e-10
443 0.2224 9.385 11.996 18.599 2.7837e-10
444 0.2227 1.869 12.777 18.632 2.7063e-10
546 0.2469 1.074 10.243 15.023 2.5905e-10
547 0.2471 4.789 9.871 14.915 2.6273e-10
548 0.2474 7.494 9.926 15.370 2.6843e-10
549 0.2476 9.461 10.064 15.896 2.7326e-10
550 0.2478 10.546 9.990 16.003 2.7584e-10
551 0.2480 10.719 9.588 15.492 2.7478e-10
552 0.2483 10.317 9.010 14.631 2.7133e-10
553 0.2485 9.859 8.538 13.908 2.6805e-10
554 0.2487 9.727 8.376 13.700 2.6709e-10
555 0.2489 10.104 8.658 14.162 2.6933e-10
556 0.2492 10.838 9.283 15.161 2.7371e-10
557 0.2494 11.474 9.987 16.255 2.7819e-10
558 0.2496 11.380 10.433 16.835 2.7961e-10
559 0.2498 10.168 10.445 16.573 2.7659e-10
560 0.2501 7.961 10.152 15.764 2.7028e-10
561 0.2503 5.079 9.952 15.062 2.6364e-10
562 0.2505 1.353 10.236 15.037 2.5900e-10
580 0.2545 1.980 10.714 15.796 2.6310e-10
581 0.2547 5.920 10.673 16.191 2.6910e-10
582 0.2549 8.728 10.852 16.866 2.7505e-10
583 0.2552 10.416 10.848 17.180 2.7895e-10
584 0.2554 10.920 10.454 16.748 2.7848e-10
585 0.2556 10.575 9.777 15.781 2.7487e-10
586 0.2558 10.035 9.180 14.869 2.7088e-10
587 0.2560 9.798 8.938 14.491 2.6932e-10
588 0.2562 10.050 9.139 14.827 2.7072e-10
589 0.2565 10.692 9.741 15.779 2.7496e-10
590 0.2567 11.275 10.493 16.914 2.7953e-10

591 0.2569 11.102 11.014 17.576 2.8117e-10



226 APPENDIX F.G$,(MIN) AND ITS STATISTICAL ERROR

Mass step  Axion mass gi,(min) Stat. error Stat. error  go~(95%C.L.)

[eV] (left) (right) [GeV 1]
592 0.2571 9.680 11.080 17.375 2.7812e-10
593 0.2573 7.031 10.835 16.583 2.7184e-10
594 0.2575 3.294 10.688 15.884 2.6471e-10
623 0.2638 1.571 13.112 19.221 2.7511e-10
624 0.2640 8.885 12.248 18.907 2.8178e-10
625 0.2642 11.236 11.249 17.914 2.8235e-10
626 0.2644 13.533 11.191 18.575 2.8684e-10
627 0.2646 17.077 11.975 21.129 2.9286e-10
628 0.2648 19.390 12.444 22.495 2.9468e-10
629 0.2650 19.689 12.551 22.723 2.9523e-10
630 0.2652 17.917 12.293 21.896 2.9472e-10
631 0.2654 14.466 11.556 19.443 2.8986e-10
632 0.2657 11.947 11.461 18.390 2.8455e-10
633 0.2659 9.714 12.355 19.210 2.8354e-10
634 0.2661 3.039 13.082 19.339 2.7676e-10
799 0.2987 15.199 316.939 461.219 5.9631e-10
800 0.2989 71.660 322.590 465.893 5.9905e-10
801 0.2991 54,563 310.222 452.155 5.9490e-10
807 0.3002 11.077 259.852 371.223 5.6285e-10
808 0.3004 118.243 215.332 319.610 5.5316e-10
809 0.3006 106.683 178.261 265.162 5.2912e-10
810 0.3007 39.747 145.947 210.755 4,9333e-10
823 0.3032 1.801 19.531 28.424 3.0085e-10
824 0.3033 12.563 17.047 26.308 3.0449e-10
825 0.3035 14.369 14.560 23.131 2.9974e-10
826 0.3037 13.370 12.207 19.670 2.9060e-10
827 0.3039 11.982 10.506 17.007 2.8155e-10
828 0.3041 11.074 9.609 15.578 2.7577e-10
829 0.3043 10.830 9.496 15.393 2.7473e-10
830 0.3044 11.106 10.087 16.302 2.7737e-10
831 0.3046 11.376 11.162 17.900 2.8135e-10
832 0.3048 10.551 12.422 19.478 2.8325e-10
833 0.3050 6.593 13.800 20.596 2.8089e-10
844 0.3070 1.312 11.858 17.368 2.6832e-10
845 0.3072 6.970 11.256 17.169 2.7376e-10
846 0.3074 10.663 11.284 17.861 2.8119e-10
847 0.3075 13.147 11.415 18.624 2.8743e-10
848 0.3077 14.303 11.255 18.665 2.9003e-10
849 0.3079 14.096 10.580 17.678 2.8788e-10
850 0.3081 13.198 9.726 16.207 2.8284e-10

851 0.3083 12.282 8.976 14.977 2.7780e-10



227

Mass step  Axion mass gj,(min) Stat. error Stat. error  go~(95%C.L.)

[eV] (left) (right) [GeV 1]
852 0.3084 11.902 8.669 14.479 2.7561e-10
853 0.3086 12.178 8.870 14.808 2.7718e-10
854 0.3088 12.935 9.475 15.800 2.8130e-10
855 0.3090 13.703 10.221 17.018 2.8570e-10
856 0.3092 13.859 10.788 17.848 2.8768e-10
857 0.3094 12.971 11.008 17.919 2.8575e-10
858 0.3095 11.011 10.947 17.418 2.8076e-10
859 0.3097 8.149 10.995 16.969 2.7487e-10
860 0.3099 3.837 11.517 17.136 2.6977e-10
920 0.3205 7.852 11.542 17.717 2.7679e-10
921 0.3207 11.859 11.001 17.688 2.8286e-10
922 0.3209 13.694 10.574 17.478 2.8663e-10
923 0.3210 14.140 9.930 16.658 2.8664e-10
924 0.3212 13.683 9.182 15.490 2.8335e-10
925 0.3214 12.975 8.640 14.559 2.7909e-10
926 0.3216 12.476 8.286 13.979 2.7627e-10
927 0.3217 12.507 8.284 13.979 2.7633e-10
928 0.3219 13.083 8.631 14.579 2.7950e-10
929 0.3221 13.972 9.310 15.743 2.8442e-10
930 0.3223 14.646 9.989 16.901 2.8854e-10
931 0.3224 14.484 10.682 17.846 2.8942e-10
932 0.3226 12.932 11.049 17.996 2.8582e-10
933 0.3228 9.551 11.363 17.748 2.7914e-10
934 0.3229 2.159 12.155 17.890 2.7109e-10
969 0.3289 -0.595 11.844 17.198 2.6571e-10
970 0.3291 7.612 12.394 18.779 2.7573e-10
971 0.3293 13.710 12.392 19.407 2.8179e-10
972 0.3295 15.713 11.391 18.548 2.8134e-10
973 0.3296 15.034 9.937 16.756 2.7562e-10
974 0.3298 13.391 8.514 14.661 2.6723e-10
975 0.3300 11.875 7.434 12.953 2.5942e-10
976 0.3301 10.951 6.819 11.993 2.5450e-10
977 0.3303 10.784 6.702 11.817 2.5354e-10
978 0.3305 11.392 7.086 12.438 2.5688e-10
979 0.3306 12.715 7.962 13.857 2.6367e-10
980 0.3308 14.401 9.227 15.853 2.7216e-10
981 0.3310 15.678 10.661 17.740 2.7917e-10
982 0.3311 15.464 12.002 19.241 2.8297e-10
983 0.3313 12.891 13.152 20.404 2.8386e-10

984 0.3315 7.303 13.456 20.258 2.7961e-10



228 APPENDIX F.G$,(MIN) AND ITS STATISTICAL ERROR

Mass step Axion mass gi,(min) Stat. error Stat. error  go~(95%C.L.)

[eV] (left) (right) [GeV 1]
985 0.3316 0.749 13.786 19.849 2.7295e-10
1008 0.3355 0.659 5.608 8.281 2.2349e-10
1009 0.3357 1.280 4,739 7.093 2.1638e-10
1010 0.3358 1.384 4.313 6.489 2.1206e-10
1011 0.3360 1.273 4.268 6.410 2.1139e-10
1012 0.3362 0.881 4576 6.808 2.1372e-10
1013 0.3363 -0.266 5.220 7.619 2.1720e-10
1042 0.3411 3.942 12.871 19.131 2.7672e-10
1043 0.3413 7.516 11.859 18.171 2.7658e-10
1044 0.3414 8.680 11.527 17.884 2.7662e-10
1045 0.3416 8.724 11.903 18.410 2.7778e-10
1046 0.3418 7.138 13.027 19.733 2.8028e-10
1047 0.3419 0.535 14.852 21.612 2.8071e-10
1062 0.3444 -1.372 12.067 17.438 2.6602e-10
1063 0.3445 7.789 11.117 17.090 2.7475e-10
1064 0.3447 11.566 10.664 17.141 2.8096e-10
1065 0.3449 13.218 10.216 16.861 2.8410e-10
1066 0.3450 13.527 9.531 15.979 2.8358e-10
1067 0.3452 13.087 8.819 14.876 2.8040e-10
1068 0.3453 12.476 8.351 14.075 2.7658e-10
1069 0.3455 12.044 7.956 13.437 2.7395e-10
1070 0.3457 12.026 7.940 13.409 2.7385e-10
1071 0.3458 12.422 8.297 13.997 2.7622e-10
1072 0.3460 13.041 8.753 14.775 2.8012e-10
1073 0.3461 13.490 9.446 15.850 2.8333e-10
1074 0.3463 13.160 10.073 16.668 2.8367e-10
1075 0.3465 11.573 10.498 16.900 2.8038e-10
1076 0.3466 8.045 10.909 16.834 2.7423e-10
1077 0.3468 -0.203 11.806 17.157 2.6574e-10
1172 0.3618 4.271 12.178 18.133 2.7192e-10
1173 0.3619 9.031 11.655 18.122 2.7751e-10
1174 0.3621 11.624 11.392 18.304 2.8259e-10
1175 0.3622 12.771 11.003 17.993 2.8476e-10
1176 0.3624 12.749 10.288 16.908 2.8289e-10
1177 0.3625 12.199 9.464 15.615 2.7876e-10
1178 0.3627 11.906 8.954 14.886 2.7632e-10
1179 0.3628 12.168 8.858 14.982 2.7668e-10
1180 0.3630 13.000 9.144 15.801 2.7908e-10
1181 0.3632 14.352 9.794 17.153 2.8309e-10

1182 0.3633 15.928 10.673 18.806 2.8830e-10



229

Mass step  Axion mass gj,(min) Stat. error Stat. error  go~(95%C.L.)

[eV] (left) (right) [GeV 1]
1183 0.3635 17.176 11.575 20.304 2.9286e-10
1184 0.3636 17.191 12.140 20.937 2.9434e-10
1185 0.3638 15.098 12.010 20.095 2.9055e-10
1186 0.3639 10.972 11.216 17.881 2.8076e-10
1187 0.3641 6.461 10.618 16.191 2.6974e-10
1188 0.3642 2.987 11.990 17.747 2.7034e-10
1189 0.3644 3.392 14.412 20.536 2.7566e-10
1190 0.3645 7.785 12.676 19.230 2.7817e-10
1191 0.3647 10.233 10.894 17.247 2.7851e-10
1192 0.3648 11.830 9.993 16.272 2.7928e-10
1193 0.3650 13.321 9.780 16.340 2.8332e-10
1194 0.3651 14.195 9.525 16.401 2.8555e-10
1195 0.3653 14.375 9.402 16.410 2.8423e-10
1196 0.3654 14.137 9.084 16.030 2.8199e-10
1197 0.3656 14.068 9.041 15.959 2.8102e-10
1198 0.3658 14.238 9.114 16.132 2.8219e-10
1199 0.3659 14.667 9.504 16.712 2.8492e-10
1200 0.3661 14.799 9.764 17.078 2.8736e-10
1201 0.3662 14.318 10.241 17.411 2.8707e-10
1202 0.3664 12.628 10.391 17.069 2.8275e-10
1203 0.3665 9.597 10.478 16.500 2.7527e-10
1204 0.3667 4.043 10.954 16.366 2.6713e-10
1260 0.3751 5.301 11.977 17.984 2.7448e-10
1261 0.3752 9.503 11.343 17.701 2.7886e-10
1262 0.3754 10.933 10.529 16.840 2.7879e-10
1263 0.3755 10.993 9.626 15.610 2.7559e-10
1264 0.3757 10.603 8.877 14.505 2.7183e-10
1265 0.3758 10.313 8.476 13.907 2.6941e-10
1266 0.3760 10.359 8.520 13.978 2.6972e-10
1267 0.3761 10.725 9.007 14.705 2.7254e-10
1268 0.3763 11.128 9.816 15.893 2.7666e-10
1269 0.3764 10.998 10.764 17.169 2.7990e-10
1270 0.3766 9.368 11.599 18.053 2.7987e-10
1271 0.3767 4.651 12.292 18.359 2.7513e-10
1289 0.3794 2.867 13.093 19.344 2.7594e-10
1290 0.3795 5.315 11.411 17.194 2.7145e-10
1291 0.3797 5.573 10.593 16.045 2.6808e-10
1292 0.3798 4.871 10.674 16.063 2.6714e-10
1293 0.3800 2.689 11.749 17.349 2.6972e-10

1302 0.3813 -1.622 13.083 18.886 2.7086e-10



230 APPENDIX F.G$,(MIN) AND ITS STATISTICAL ERROR

Mass step Axion mass gi,(min) Stat. error Stat. error  go~(95%C.L.)

[eV] (left) (right) [GeV 1]
1303 0.3814 2.242 13.612 20.024 2.7826e-10
1304 0.3816 5.173 14.037 20.981 2.8348e-10
1305 0.3817 6.301 13.765 20.738 2.8374e-10
1306 0.3819 5.754 12.825 19.297 2.7901e-10
1307 0.3820 4.646 11.758 17.608 2.7208e-10
1308 0.3822 3.917 11.127 16.595 2.6778e-10
1309 0.3823 3.949 11.193 16.691 2.6821e-10
1310 0.3825 4.836 11.997 17.972 2.7352e-10
1311 0.3826 6.421 13.299 20.064 2.8133e-10
1312 0.3828 7.886 14.542 21.992 2.8754e-10
1313 0.3829 7.861 15.229 22.843 2.8893e-10
1314 0.3831 5.379 15.165 22.424 2.8544e-10
1315 0.3832 0.282 14.551 21.106 2.7858e-10
1320 0.3839 4.844 15.239 22.571 2.8618e-10
1321 0.3841 10.496 13.636 21.195 2.8938e-10
1322 0.3842 12.110 12.186 19.425 2.8780e-10
1323 0.3844 12.099 10.872 17.553 2.8313e-10
1324 0.3845 11.654 9.900 16.103 2.7855e-10
1325 0.3847 11.376 9.419 15.385 2.7602e-10
1326 0.3848 11.502 9.488 15.504 2.7652e-10
1327 0.3849 12.004 10.086 16.436 2.8015e-10
1328 0.3851 12.583 11.112 17.994 2.8497e-10
1329 0.3852 12.527 12.362 19.747 2.8915e-10
1330 0.3854 10.510 13.640 21.159 2.8993e-10
1331 0.3855 3.755 14.887 22.043 2.8552e-10
1345 0.3875 99.050 240.321 367.018 5.7322e-10
1346 0.3877 236.519 274.189 442.199 6.0807e-10
1347 0.3878 304.598 307.566 503.711 6.2908e-10
1348 0.3880 316.616 342.392 545.277 6.3981e-10
1349 0.3881 243.691 386.958 581.648 6.4284e-10
1350 0.3883 0.478 423.248 612.492 6.3735e-10
1353 0.3887 178.689 512.647 751.597 6.7574e-10
1354 0.3888 304.173 481.616 756.299 6.8766e-10
1355 0.3890 312.120 466.467 755.311 6.9281e-10
1356 0.3891 253.931 475.100 758.056 6.9415e-10
1357 0.3893 94.429 521.049 796.530 6.9470e-10
1361 0.3898 2.357 939.838 1327.734 7.6497e-10
1362 0.3900 695.339 913.114 1385.499 7.9580e-10
1363 0.3901 1003.878 944.115 1490.744 8.1676e-10

1364 0.3903 1153.215 995.435 1580.936 8.3016e-10



231

Mass step  Axion mass gj,(min) Stat. error Stat. error  go~(95%C.L.)

[eV] (left) (right) [GeV 1]
1365 0.3904 1174.076 1050.919 1634.220 8.3677e-10
1366 0.3906 1029.180 1112.430 1670.464 8.3687e-10
1367 0.3907 648.447 1154.760 1703.301 8.3040e-10
1368 0.3908 264.886 1176.265 1723.712 8.2484e-10
1369 0.3910 307.510 1312.072 1857.000 8.3609e-10
1370 0.3911 636.342 1318.273 1904.664 8.4992e-10
1371 0.3913 787.020 1222.620 1887.263 8.5660e-10
1372 0.3914 766.377 1157.511 1851.095 8.5742e-10
1373 0.3916 650.785 1159.710 1835.674 8.5550e-10
1374 0.3917 410.341 1261.756 1917.041 8.5640e-10
1378 0.3923 812.075 1876.472 2610.852 9.1363e-10
1379 0.3924 1541.464 1808.661 2641.304 9.3308e-10
1380 0.3926 1916.831 1808.903 2718.989 9.4661e-10
1381 0.3927 2117.917 1861.824 2813.180 9.5679e-10
1382 0.3928 2194.558 1952.939 2907.856 9.6437e-10
1383 0.3930 2097.296 2062.987 2999.261 9.6804e-10
1384 0.3931 1765.471 2161.585 3081.405 9.6645e-10
1385 0.3933 1362.638 2254971 3154.154 9.6330e-10
1386 0.3934 1202.350 2376.472 3247.428 9.6551e-10
1387 0.3936 1228.796 2349.929 3277.352 9.6945e-10
1388 0.3937 1186.557 2174.520 3211.042 9.6938e-10
1389 0.3938 1041.312 2030.749 3099.922 9.6501e-10
1390 0.3940 850.633 2017.566 3068.527 9.6173e-10
1391 0.3941 631.372 2185.533 3231.369 9.6700e-10
1392 0.3943 449.941 2546.454 3585.467 9.8060e-10
1393 0.3944 666.189 2920.960 3911.043 9.9731e-10
1394 0.3945 1468.175 3012.796 4024.614 1.0154e-09
1395 0.3947 2337.691 2972.098 4061.493 1.0325e-09
1396 0.3948 2902.972 2923.455 4093.922 1.0444e-09
1397 0.3950 3162.418 2896.339 4136.092 1.0514e-09
1398 0.3951 3231.290 2909.486 4199.521 1.0560e-09
1399 0.3952 3175.829 2973.737 4286.868 1.0596e-09
1400 0.3954 2993.246 3085.909 4392.762 1.0617e-09
1401 0.3955 2682.648 3234.153 4512.289 1.0621e-09
1402 0.3957 2344.010 3408.443 4641.573 1.0623e-09
1403 0.3958 2118.140 3548.488 4760.019 1.0640e-09
1404 0.3960 1983.395 3529.198 4803.515 1.0653e-09
1405 0.3961 1808.870 3366.377 4731.795 1.0628e-09
1406 0.3962 1573.715 3215.239 4616.109 1.0573e-09

1407 0.3964 1351.348  3205.109 4612.216 1.0555e-09
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Mass step Axion mass gi,(min) Stat. error Stat. error  go~(95%C.L.)

[eV] (left) (right) [GeV 1]
1408 0.3965 1243.351 3381.778 4804.674 1.0623e-09
1409 0.3967 1424.841 3707.783 5114.188 1.0754e-09
1410 0.3968 2041.044 3989.025 5359.014 1.0915e-09
1411 0.3969 2917.804 4093.959 5494.903 1.1082e-09
1412 0.3971 3738.072 4122.765 5591.849 1.1233e-09
1413 0.3972 4313.911 4138.863 5671.315 1.1343e-09
1414 0.3974 4592.475 4148.084 5732.179 1.1407e-09
1415 0.3975 4603.842 4156.271 5782.143 1.1433e-09
1416 0.3976 4409.841 4183.312 5831.741 1.1431e-09
1417 0.3978 4076.855 4257.061 5901.288 1.1418e-09
1418 0.3979 3668.566 4398.841 6014.194 1.1406e-09
1419 0.3981 3236.448 4587.429 6167.395 1.1403e-09
1420 0.3982 2827.997 4730.788 6308.707 1.1404e-09
1421 0.3983 2500.260 4741.168 6364.177 1.1396e-09
1422 0.3985 2303.962 4670.126 6332.780 1.1379e-09
1423 0.3986 2256.757 4637.326 6326.035 1.1382e-09
1424 0.3988 2357.769 4700.648 6433.984 1.1437e-09
1425 0.3989 2607.224 4841.015 6613.591 1.1525e-09
1426 0.3990 2996.747 4990.350 6764.642 1.1614e-09
1427 0.3992 3499.773 5090.284 6866.349 1.1703e-09
1428 0.3993 4083.423 5151.533 6964.362 1.1802e-09
1429 0.3995 4709.652 5221.187 7091.251 1.1914e-09
1430 0.3996 5323.139 5324.786 5324.757 1.2028e-09
1431 0.3997 5839.819 5449.790 7390.191 1.2128e-09
1432 0.3999 6163.555 5568.997 7511.520 1.2199e-09
1433 0.4000 6213.201 5660.359 7600.777 1.2232e-09
1434 0.4002 5957.883 5728.128 7671.024 1.2228e-09
1435 0.4003 5406.326 5792.273 7743.459 1.2193e-09
1436 0.4004 4565.519 5856.352 7825.893 1.2134e-09
1437 0.4006 3471.430 5892.263 7884.490 1.2049e-09
1438 0.4007 2346.753 5879.510 7876.547 1.1950e-09
1439 0.4009 1646.397 5875.868 7862.609 1.1890e-09
1440 0.4010 1750.289 5975.956 7976.988 1.1937e-09
1441 0.4011 2680.236 6187.181 8232.822 1.2092e-09
1442 0.4013 4049.371 6402.893 8478.017 1.2283e-09
1443 0.4014 5295.180 6510.332 8613.210 1.2439e-09
1444 0.4016 6138.666 6531.508 8675.048 1.2544e-09
1445 0.4017 6644.821 6548.021 8738.498 1.2615e-09
1446 0.4018 6953.435 6610.475 8845.543 1.2676e-09

1447 0.4020 7108.396  6704.949 8979.303 1.2726e-09
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Mass step  Axion mass gj,(min) Stat. error Stat. error  go~(95%C.L.)
[eV] (left) (right) [GeVv 1]

1448 0.4021 7109.038  6799.018  9099.690 1.2757e-09
1449 0.4022 6989.507 6888.817  9194.251 1.2770e-09
1450 0.4024 6771.370  6982.287  9273.616 1.2771e-09
1451 0.4025 6411.958 7071.396  9359.032 1.2761e-09
1452 0.4027 5842.163  7140.447  9457.161 1.2736e-09
1453 0.4028 5029.860  7169.419  9538.457 1.2690e-09
1454 0.4029 4085.503  7173.547  9571.047 1.2627e-09
1455 0.4031 3316.119 7213.855 9591.507 1.2575e-09
1456 0.4032 3125.257  7327.979  9688.513 1.2586e-09
1457 0.4034 3769.879  7525.676  9898.456 1.2690e-09
1458 0.4035 5090.764 7758.932  10147.473 1.2855e-09
1459 0.4036 6520.973  7916.762  10323.236 1.3016e-09
1460 0.4038 7537.320  7963.959  10416.028 1.3127e-09
1461 0.4039 7998.695  7952.287  10471.590 1.3185e-09
1462 0.4041 8019.846  7934.089  10526.452 1.3206e-09
1463 0.4042 7789.421  7942.237  10599.765 1.3207e-09
1464 0.4043 7520.726  7996.615  10699.227 1.3210e-09
1465 0.4045 7437.149  8116.862  10824.653 1.3232e-09
1466 0.4046 7657.822  8301.618  10965.368 1.3279e-09
1467 0.4047 8044.073  8490.283  11101.679 1.3338e-09
1468 0.4049 8266.695  8615.084 11219.804 1.3382e-09
1469 0.4050 8046.567  8661.676  11317.096 1.3388e-09
1470 0.4052 7291.416  8651.577  11379.800 1.3348e-09
1471 0.4053 6125.043 8650.155 11417.612 1.3274e-09
1472 0.4054 4857.093  8746.676  11505.600 1.3203e-09
1473 0.4056 3957.176  8960.893  11698.649 1.3179e-09
1474 0.4057 3987.479  9199.412  11926.776 1.3227e-09
1475 0.4058 5138.776  9339.824  12072.509 1.3340e-09
1476 0.4060 6884.057  9356.268  12135.747 1.3486e-09
1477 0.4061 8539.709  9352.244  12200.690 1.3629e-09
1478 0.4063 9754.413  9395.468  12301.301 1.3746e-09
1479 0.4064 10413.060 9471.667 12414.671 1.3821e-09
1480 0.4065 10521.159 9550.339  12522.329 1.3851e-09
1481 0.4067 10217.498 9628.498  12624.717 1.3850e-09
1482 0.4068 9775.451 9742.481 9742.135 1.3841e-09
1483 0.4069 9441.312  9927.845  12913.917 1.3848e-09
1484 0.4071 9189.744 10132.788 13090.595 1.3862e-09
1485 0.4072 8768.072  10242.078 13215.118 1.3856e-09
1486 0.4074 8021.522 10206.942 13258.282 1.3818e-09
1487 0.4075 7067.855 10106.369 13243.654 1.3759e-09
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Mass step Axion mass gi,(min) Stat. error Stat. error  go~(95%C.L.)
[eV] (left) (right) [GeV 1]

1488 0.4076 6176.668 10085.831 13259.937 1.3710e-09
1489 0.4078 5624.244  10225.527 13394.360 1.3701e-09
1490 0.4079 5678.834 10462.935 13629.350 1.3746e-09
1491 0.4080 6516.397 10709.934  13846.544 1.3839e-09
1492 0.4082 7996.798 10862.217 13984.095 1.3964e-09
1493 0.4083 9696.292  10934.303 14080.032 1.4100e-09
1494 0.4084 11183.848 10996.006 14189.451 1.4227e-09
1495 0.4086 12172.850 11071.186 14308.973 1.4320e-09
1496 0.4087 12534.262 11142.468 14416.799 1.4366e-09
1497 0.4089 12285.942 11197.694 14508.547 1.4367e-09
1498 0.4090 11576.545 11247.752 14593.630 1.4335e-09
1499 0.4091 10665.536 11327.596 14696.457 1.4293e-09
1500 0.4093 9818.045 11469.158 14839.006 1.4262e-09
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Table F.2: Axion mass index, Axion massg:,(min) and its errors for masses corresponding to measuessire
settings.

Mass step Axion mass gj,(min) Stat. error Stat. error  go~(95%C.L.)

[eV] (left) (right) [GeV 1]
0 0.0298 3.631 15.573 23.008 2.8763e-10
1 0.0423 7.556 4,954 8.686 2.3393e-10
3 0.0606 8.940 8.067 13.279 2.6202e-10
4 0.0679 6.635 7.746 12.213 2.5408e-10
15 0.1216 -1.069 5772 8.352 2.2118e-10
20 0.1426 7.623 7.572 12.109 2.5666e-10
22 0.1489 -1.465 9.979 14.407 2.5295e-10
26 0.1608 7.518 9.001 14.098 2.6374e-10
36 0.1993 7.172 6.817 10.812 2.3919e-10
37 0.2016 3.413 3.448 5.117 1.9625e-10
38 0.2028 7.016 3.235 4,109 1.9775e-10
39 0.2039 3.580 1.824 2.407 1.7089e-10
40 0.2050 5.206 2.781 3.664 1.8891e-10
42 0.2084 7.530 5.923 10.297 2.3820e-10
46 0.2170 7.710 6.676 10.912 2.5271e-10
47 0.2191 2.570 9.170 13.627 2.5417e-10
48 0.2212 9.627 7.847 13.037 2.6449e-10
60 0.2469 -0.141 10.436 15.181 2.5776e-10
61 0.2487 9.730 8.377 13.703 2.6708e-10
62 0.2506 -0.109 10.457 15.218 2.5825e-10
65 0.2561 9.804 8.940 14.495 2.6921e-10
70 0.2649 19.777 12.525 22.724 2.9503e-10
88 0.3041 10.902 9.472 15.365 2.7488e-10
90 0.3070 0.525 11.972 17.463 2.6755e-10
91 0.3085 11.905 8.668 14.479 2.7561e-10
92 0.3100 0.766 12.006 17.533 2.6835e-10
100 0.3217 12.434 8.235 13.895 2.7592e-10
106 0.3303 10.756 6.686 11.786 2.5346e-10
107 0.3317 -0.635 14.033 20.047 2.7258e-10
110 0.3359 1.358 4.248 6.392 2.1138e-10
114 0.3415 8.762 11.537 17.915 2.7662e-10
117 0.3456 11.974 7.895 13.341 2.7356e-10
129 0.3617 -0.340 12.742 18.456 2.6890e-10
130 0.3630 12.958 9.128 15.754 2.7885e-10
131 0.3643 2.267 13.433 19.472 2.7270e-10
132 0.3656 14.068 9.042 15.960 2.8102e-10
140 0.3759 10.283 8.433 13.850 2.6931e-10
143 0.3797 5.523 10.543 15.968 2.6773e-10
145 0.3822 3.840 11.054 16.488 2.6728e-10

147 0.3847 11.385 9.383 15.341 2.7590e-10
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