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Chapter 1

IntroductionQuantum 
hromodynami
s, also known as QCD, is the proposed theory ofthe so-
alled strong intera
tions that bind quarks and gluons together to formhadrons, the 
onstituents of nu
lear matter.In order to explain the asymmetry that exist between matter and antimat-ter in the Universe, CP-symmetry must be violated. Besides the fa
t that theweak intera
tion slightly violates CP-symmetry, this feature has not been yetobserved in the quantum 
hromodynami
s �eld theory, althought it is an ex-pe
ted 
onsequen
e.The so-
alled quantum 
hromodynami
s strong CP-problem might be solvedby the introdu
tion of a 
hiral symmetry that leads to the existen
e of a newpseudo-s
alar parti
le. The Pe

ei-Quinn me
hanism to prote
t the strongfor
e from CP-violating e�e
ts, and whi
h results in the axion, has endured forthirty years and is widely generally regarded as the best and most attra
tivesolution to the strong CP-problem.For axions, the ratio between mass and photon-
oupling is given, up to model-dependent numeri
al fa
tors, by the 
orresponding pion properties. This de-�nes the "axion line" in the parameter plane of mass and photon 
ouplingstrength. Cosmologi
al arguments point out that axions with eV-range masseswould have thermalized in the early universe by their generi
 pion intera
tionsand thus 
ontribute to a hot dark matter 
omponent of the universe, similar to 1



CHAPTER 1. INTRODUCTIONneutrinos. At the present time, stru
ture formation of the Universe 
onstraintsthe axion masses to be below 1eV.The axion, appart from being able to solve the strong CP-problem, is oneof the two outstanding 
andidates to 
onstitute the dark matter of the uni-verse, along with the neutralino or WIMP.There is a remarkable interest on axions, the rapidly growing experimentale�ort in axions around the world: CAST at CERN looking for solar axions,ADMX in the U.S. & CARRACK in Japan looking for dark matter axions, andmore than half a dozen photon regeneration proje
ts and proposals in variousstages that have 
he
k the lately �ex
luded� anomaly of magneti
ally-indu
edva
uum birefringen
e and di
hroism found by the PVLAS 
ollaboration inItaly.The CERN Solar Axion Teles
ope (CAST) is the most sensitive implemen-tation of the �helios
ope� 
on
ept to look for hypotheti
al axions (or axion-likeparti
les) 
oming from the Sun. Axions 
an be produ
ed via the so-
alledPrimako� e�e
t in the presen
e of strong ele
tromagneti
 �elds. The solar
ore is an ideal environment to produ
e them due to the strength of the solarplasma ele
tri
 �elds. In su
h 
onditions, a photon produ
ed in the solar 
oremight 
ouple to the virtual photon of the ele
tromagneti
 �elds and result inan axion that 
ould be able to rea
h the Earth's surfa
e. Those axions, 
ouldbe re
onverted into X-ray photons in a magneti
 �eld.CAST makes use of a de
ommissioned LHC prototype magnet with a length of
9.26m that provides a 9Tesla �eld to trigger the Primako� 
onversion of solaraxions into X-ray. Those photons 
an then be dete
ted by the three di�erentX-ray dete
tors pla
ed at both ends of the magnet: a Time Proje
tion Cham-ber, a sunsrise MICROMEGAS and a Charge Coupled Devi
e, this last onetogether with an X-ray teles
ope that enha
es the signal-to-ba
kground ratio,whi
h improves the sensitivity of the experiment.Due to 
oheren
e requirements, during the First Phase (years 2003 and 2004),CAST was sensitive to axion masses under 0.02 eV. The loss of 
oheren
e overthe full magnet length of CAST en
ountered while the magnet bores were un-der va
uum is restored for the Se
ond Phase of the experiment by using a2



CHAPTER 1. INTRODUCTIONbu�er gas su
h that the arising photon from the Primako� 
onversion a
quiresan e�e
tive mass. By varying the gas and its pressure the sear
h for axionswith higher masses is possible.The Se
ond Phase of CAST uses two di�erent gases: the 4He allows to look foraxions with masses up to 0.39 eV, while the use of 3He extends the sensitivityup to masses of about 1.2 eV.Together with Tokio, CAST has been the �rst laboratory experiment to rea
ha sensitivity where the existen
e of "invisible axions" is tested. All previousexperiments, in
luding the CAST va
uum phase, were only able to sear
h forgeneri
 axion-like parti
les with masses mu
h smaller than the ones that wouldbe expe
ted if they are indeed responsible for solving the strong CP-problem.As a tuning experiment planning to explore the axion mass region up to 1.2 eV,CAST would also be sensitive to the existen
e of large extra dimensions. Thedete
tion of X-ray at least in two gas-pressures inside the magneti
 pipes 
anbe the potential new signature of (two) large extra dimensions with the 
om-pa
ti�
ation radius down to around 170 nm.The aim of the present book is to summarize the work that has been developedduring the 4He run using the TPC X-ray dete
tor of the CAST experiment inorder to look for solar axions.CAST data taking pro
edure during its Se
ond Phase has been 
hoosen ina way su
h that allows to s
an for axion masses from 0.02 to 1.20 eV in littlesteps. The pro
edure used for the 4He run during the years 2005 and 2006 wasto daily in
rease the 4He gas density in the magnet bore, me
hanism that hasallowed CAST to restore the 
oheren
e for axion masses up to 0.39 eV.The �rst part of this book introdu
es the theoreti
al motivation for the axionsear
hes. The axion properties and its produ
tion me
hanisms will be reviewedin the Chapters 2, 3 and 4. The se
ond part is devoted to the des
ription ofboth, the CAST experiment and the TPC dete
tor, whi
h will set the properframework for the introdu
tion of the third part of the book where the methodapplied for the analysis of the TPC data is explained and the �nal results arepresented. 3



CHAPTER 1. INTRODUCTIONThe TPC dete
tor has been able to look for axions with masses below 0.39 eVduring the Se
ond Phase of the CAST experiment. As a result, the TPC isable to set a stronger limit to the axion-to-photon 
oupling in the axion massrange from 0.02 to 0.39 eV.This work has been supported by the MEC (former CICyT) under the proje
tFPA2004-00973 and thanks to the spanish fellowship BES-2005-8542.

4
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Chapter 2

Axion motivation

Quantum 
hromodynami
s, also known as QCD, is the proposedtheory of the so-
alled strong intera
tions, whi
h bind quarks andgluons together to form hadrons, the 
onstituents of nu
lear matter.It des
ribes the formation of protons and neutrons, the mediationof the for
es between hadrons and des
ribes the nu
lei formation.

7



CHAPTER 2. AXION MOTIVATION2.1 The quantum 
hromodynami
s LagrangianQuantum 
hromodynami
s is a gauge theory of the non-Abelian1 SU(3)group obtained by taking the 
olor 
harge to de�ne a lo
al symmetry. Inphysi
s, gauge theories are based on the idea that symmetry transformations
an be performed lo
ally as well as globally.Most powerful physi
al theories are des
ribed by Lagrangians whi
h are in-variant under 
ertain symmetry transformation groups. In the 
ase of be-ing invariant under a tranformation identi
ally performed at every spa
e-timepoint it is said they have a global symmetry. Gauge theory extends this idea byrequiring that the Lagrangians posses lo
al symmetries under transformationsperformed independently for for every spa
e-time point.In quantum physi
s, a symmetry is a transformation between physi
al statesthat preserves the expe
tation values of all observables O, in parti
ular of theHamiltonian. Let S represent a symmetry transformation between the initialstate |ϕ〉 and the �nal physi
al state |ψ〉, then:
|ϕ〉 → |ψ〉 = S|ϕ〉

|〈ϕ|O|ϕ〉|2 = |〈ψ|O|ψ〉|2.
(2.1)The importan
e of gauge theories for physi
s is based in the su

ess of themathemati
al formalism in providing a uni�ed framework to des
ribe quan-tum �eld theories for ele
tromagnetism, the weak for
e and the strong for
e.This theory, known as the Standard Model, a

urately des
ribes the experi-mental results regarding three of the four fundamental for
es of nature, and isa gauge theory with the gauge group SU(3) × SU(2)× U(1).The strong for
e is des
ribed by the QCD Lagrangian. On
e the generators of

SU(3) are 
hosen, this gauge invariant Lagrangian 
an be written as
LQCD = ψ̄ (iγµ∂µ −m)ψ − g

(
ψ̄γµλaψ

)
Ga

µ −
1

4
Ga

µνG
µν
a , (2.2)where ψ represents the quark �eld and Ga

µ are the eight gauge �elds. In the1Non-Abelian is a non 
onmutative group.8



CHAPTER 2. AXION MOTIVATIONequation, γµ are the Dira
 matri
es and λa the generators 
hosen for the SU(3)group, the Gell-Mann matri
es. The term labeled Ga
µν represents the equiv-alent to the ele
tromagneti
 tensor Fµν found in quantum ele
trodynami
s2for ea
h generator of the group SU(3): where Ga

µ is the equivalent to the 4-ve
tor potential of the ele
tromagneti
 tensor for this theory, and fabc are thestru
ture 
onstants whi
h need to be introdu
ed owing to the 
ommutationrelations between the Gell-Mann matri
es:
Ga

µν = ∂µG
a
ν − ∂νG

a
µ − gfabcG

b
µG

c
ν . (2.3)Ea
h �avor of quark belongs to the fundamental representation SU(3) and
ontains a triplet of �elds together denoted by ψ, while the antiquark �eld

ψ̄ belongs to the 
omplex 
onjugate representation (3∗) 
ontaining as well atriplet of �elds as shown in equation (2.4). The gluon 
ontains an o
te
t of�elds that belong to the adjoint representation (8), and using the Gell-Mannmatri
es it 
an be written as Gµ = Ga
µλa.

ψ =




ψ1

ψ2

ψ3


 ψ̄ =




ψ̄∗
1

ψ̄∗
2

ψ̄∗
3


 (2.4)The rest of parti
les belong to the trivial representation (1) of 
olor SU(3).In the simple language introdu
ed previously, the three indi
es 1, 2, 3 of thequark triplet of equation (2.4) are usually identi�ed with the three 
olors.The 
olor of a gluon is similary given by the a index in the Lagrangian ofequation (2.2), index that 
orresponds to the pati
ular Gell-Mann matrix it isasso
iated with. This matrix has indi
es i and j, the 
olor labels on the gluon.Therefore, at the intera
tion vertex, one has qi → gij + qj and the 
olor-linerepresentation tra
ks these indi
es (see �gure 2.1).2Quantum ele
trodynami
s is also know by the a
ronym QED 9



CHAPTER 2. AXION MOTIVATION
qj gij

qi

jcolor jcolor

icolor

icolorFigure 2.1: Diagram of intera
tion between quarks with di�erent 
olor 
harge
i and j mediated by a gluon gij . On the right diagram, the 
olor lines 
onser-vation 
oming from the non gauge invarian
e.2.2 CP-invarian
e in quantum 
hromodynami
sThis symmetry, CP, is the produ
t of two symmetries, C for 
harge 
on-jugation an P for parity. CP-symmetry must be violated in order to explainthe asymmetry that exist between matter and antimatter in the Universe. Itsviolation, dis
overed in the neutral kaon de
ays3 makes su
h a symmetry avibrant area of study.2.2.1 C-symmetryIn physi
s, C-symmetry is the symmetry of physi
al laws under 
harge 
on-jugation transformation, obeyed by ele
tromagnetism, gravity and the strongintera
tion, but violated by the weak intera
tions. Ele
tromagnetism laws areinvariant under the transformation that sustitute a 
harge q for a 
harge −qand the dire
tions of the ele
tri
 and magneti
 �elds are reversed, preservingin that sense the dynami
s behind the ele
tromagneti
 laws. In elementaryparti
le physi
s, this would mean the following transformations:3The dis
overy of CP violation was made by James Cronin and Val Fit
h regarded withthe Nobel Prize in Physi
s in the year 1980 for su
h a dis
overy.10



CHAPTER 2. AXION MOTIVATION
ψ → −i(ψ̄γ0γ2)T

ψ̄ → −i(γ0γ2ψ)T

Aµ → −Aµ.
(2.5)Su
h transformations do not alter the 
hirality of parti
les. in that sense, aleft-handed neutrino under the transformation above des
ribed will transforminto a left-handed antineutrino, whi
h does not exist. Therefore, the 
harge
onjugation is not a symmetry of the weak intera
tions.2.2.2 P-symmetryIn phys
is, a parity transformation is the simultaneous �ip in the sign ofall spatial 
oordinates

P :




x
y
z


→



−x
−y
−z


 . (2.6)A 3× 3 matrix representation for P would have determinant equal to −1, andhen
e it 
annot be redu
ed to a rotation.Classi
al geometri
al obje
ts 
an be 
lassi�ed under rotations into s
alars,ve
tors and tensors of higher rank. A 
lasi�
ation of parti
les 
ould be givenby parity as follows:

• S
alars (P=1) and Pseudos
alars (P=-1)) whi
h are rotationally invari-ant.
• Ve
tors (P=-1) and Axial ve
tors (P=1) whi
h both transform as ve
torsunder rotation.An example of this kind of 
lassi�
ation 
an be provided if we fo
us in 
lassi
alme
hani
s. For example, let us have a look to Newton's equation of motionwhen mass is 
onserved, ~F = m~a, whi
h indi
ates that is a ve
tor that s
alewith the mass to the a

eleration ve
tor. If we make a parity transformationto the equation of motion, the a

eleration ve
tor and the for
e will inmediatlytransform. However, angular momentum is an axial ve
tor ~L = ~r × ~p and thenby the parity transformation P (~L) = (−~r)× (−~p) = ~L, invariant under parity 11



CHAPTER 2. AXION MOTIVATIONtransformation.In quantum me
hani
s, spa
e time transformations a
t on the quantum states,being the parity transformation P a unitary operator a
ting on a state Pψ(~r) =
ψ( ~−r). It 
an also be noti
ed that in general P 2ψ(~r) = eiϕψ(~r), sin
e an over-all phase is unobservable.The operator P 2 reverses the parity of a state twi
e and leaves the spa
etimeinvariant. In that sense it is an internal symmetry that rotates the eigenstatesby phases eiϕ. If P 2 is an element eiR of a 
ontinuous U(1) symmetry groupof phase rotations, then e−iR/2 is part of this U(1) and so is also a symmetry.The parity of a multiparti
le state is the produ
t of the parities of ea
h state;parity is a multipli
ative quatum number.In quantum me
hani
s, Hamiltonians are invariant under a parity transfor-mation if P 
ommutes with the Hamiltonian. This happens for any s
alarpotential V = V (r) in non-relativisti
 quatum me
hani
s, whi
h means thatno transition between states of opposite parity o

ur.For quantum �eld theory, if we 
an show that the va
uum state is invari-ant under parity, P |0〉 = |0〉, that the Hamiltonian is parity invariant and thequantization 
onditions do not 
hange under parity, then this means that everystate has a good parity, and this parity is 
onserved in any rea
tion.Although parity is 
onserved in ele
tromagnetism, strong intera
tions andgravity, it turns out to be violated in weak intera
tions. The Standard Modelin
orporates parity violation by expressing the weak intera
tion as a 
hiralgauge intera
tion. Only the left-handed 
omponents of parti
les and right-handed 
omponents of antiparti
les parti
ipate in weak intera
tions in theStandard Model.2.2.3 CP-symmetryStrong intera
tions and ele
tromagnetism are invariant under the CP trans-formation, but the weak intera
tion slightly violates it. CP-symmetry wasoriginally proposed after the dis
overy of P-symmetry violation4.4The violation of P-symmetry, was veri�ed in the beta de
ay of the 60Co nu
lei. Theproposal 
ame from Tsung-Dao Lee and Chen Ning Yang in 1956, but it was Chien-Shrung-12



CHAPTER 2. AXION MOTIVATIONIt was believed that C-symmetry 
ould be 
ombined with the parity inversiontransformation and then CP-symmetry would be the one 
onserved. However,the observed asymmetry between mater and antimater in the Universe, appearas a 
onsequen
e of CP-symmetry violation5.In the Standard Model, this CP violation is due to a single phase in theCabbibo-Kowayashi-Maskawa6 matrix, whi
h 
ontains the quark mixing �a-vor information on the strength of weak de
ays and spe
i�es the mismat
h ofthe quantum states of quarks when they propagate freely and when they takepart in weak intera
tions. This mixing was introdu
ed for two generations ofquarks by Ni
ola Cabbibo and later on was generalized to three generationsby M.Kobayashi and T.Maskawa:



Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb






|d〉
|s〉
|b〉


 =



|d′〉
|s′〉
|b′〉


 . (2.7)Let us assume that there exist N generations of quarks; then, there will be 2N�avors. A matrix N ×N 
ontains 2N2 real numbers, from whi
h N2 are �xedreal numbers due to the unitary 
ondition of the matrix, and 2N − 1 of therest 
an be absorbed as phases for ea
h quark �eld, whi
h leaves (N − 1)2 freevariables. Of these, N(N−1)/2 are rotation angles 
alled quark mixing angles,and the remaining (N−1)(N−2)/2 are 
omplex phases, 
ause of CP violation.For the 
ase N=2, there is only one parameter, whi
h is a mixing angle betweentwo generations of quarks, but the Standard Model has three generations ofquarks, for whi
h we have three mixing angles and one CP-violating 
omplexphase.2.2.4 CPT-symmetrySin
e violation of CP was dis
overed in a kaon de
ay in 1964, a weakerversion of the symmetry was proposed in order to be preserved by physi
alWu who 
arried the experimental 
on�rmation in 1957.5The violation of CP-symmetry has been observed even in weak intera
tions. Kaons andB mesons no longer 
onserve CP.6Also known as the CKM matrix. 13



CHAPTER 2. AXION MOTIVATIONphenomena. The so-
alled CPT-symmetry introdu
es to CP-symmetry a timereversal transformation that is 
alled T-symmetry. Invarian
e under time im-plies that whenever a motion is allowed by the laws of physi
s, the reversedmotion is also an allowed one.The 
ombination of C, P and T transformation operators is thought to 
on-stitute an exa
t symmetry of all types of fundamental intera
tions. The ex-isten
e of a CP-symmetry violation implies a violation of the T-symmetry, orthe equivalent non 
onservation of T-symmetry, provided that CPT theoremis valid.Re
ently, a new generation of experiments, in
luding BaBar Experiment at theStanford Linear A

elerator Center (SLAC) and the Belle Experiment at theHigh Energy A

elerator Resear
h Organisation (KEK), Japan, have observedCP violations using B mesons, whi
h 
on�rms the fa
t that CP violation isnot a 
on�ned propierty of the kaon physi
s. This experiments dispelled anydoubt that the intera
tions of the Standard Model violated CP-symmetry.2.3 An explanation to the strong CP-problemQCD is a des
ription of the strong intera
tions of quarks and gluons basedin a 
olor SU(3) gauge theory and CP-symmetry breaking is expe
ted as itinvolves three generations of quarks that have a CP-violating 
omplex phase θ.The known phenomena 
alled strong CP-problem, is the non observation ofCP-symmetry breaking in the quantum 
hromodynami
s �eld theory.A possible solution to the invarian
e of CP in QCD is given by the Pe

ei-Quinnme
hanism [1℄.In the standard model, quarks a
quire their mass by means of a Yukawa 
ou-pling to a s
alar �eld. This �eld, that has a nonzero va
uum expe
tation value,is 
alled the Higgs. Pe

ei-Quinn proposal to explain CP invarian
e as a nat-ural 
onsequen
e of quantum 
hromodynami
s introdu
es a new s
alar �eld(Higgs doblet) to the Standard model.14



CHAPTER 2. AXION MOTIVATION2.3.1 The ele
tri
 dipole moment of the neutronThe sele
tion of the QCD va
uum from an in�nity of equivalent 
hoi
es [2℄,allows the reinterpretation of θ as an additive term to the usual quantum 
hro-modynami
s Lagrangian:
LQCD = L+ i · Lθ. (2.8)A s
alar potential dependent on θ must be applied, but there will be parti
-ular 
hoi
es of phases for whi
h the various s
alar va
uum expe
tation valuesminimize the potential:
|θ〉 =

n=+∞∑

n=−∞

e−inθ|n〉. (2.9)The θ dependent term of the QCD Lagrangian 
an be written as
Lθ = θ

g2

32π2
Gµν

θ G̃θµν (2.10)and, a

ording with equation 2.9, the va
uum expe
tation of θ is zero. However,experimental results on the neutron ele
tri
 dipole moment [57,58℄ bound the
θ va
uum expe
tation to be ≃ 10−10, whi
h is 
ompatible with zero:

|dn| < 12× 10−26 e · cm

dn ≃ θ · e · mq

M2
N

= θ · 5× 10−16 e · cm.
(2.11)

2.3.2 The U(1)PQ symmetry. An axion interpretationTo explain the strong CP-
onservation of QCD [5,6℄, Pe

ei-Quinn me
ha-nism interprets the θ-term of the QCD Lagrangian (equation 2.10) as an s
alar�eld that later on will be 
alled the �axion� �eld. 15



CHAPTER 2. AXION MOTIVATIONThe 
hiral anomaly of the U(1)PQ symmetry is then implemented at the levelof an e�e
tive Lagrangian with the introdu
tion of a term linear in the axion�eld 
oupled to the anomaly (whi
h is proportional to Gµν
a G̃aµν).In terms of the new s
alar �eld, the Lagrangian term of QCD 
an be written as

Lθ ≡ La =
a

fa
ξ
g2

32π2
Gµν

a G̃aµν . (2.12)This Lagrangian term violates P and T symmetries, but 
onserves C-symmetry,whi
h allows then the Global quantum 
hromodynami
s Lagrangian to violateCP-symmetry. Feature expe
ted from the three generations of quarks that
ompose it.The s
alar �eld of the axion is then a potential with minimum founded to be at
< a >= −fa

ξ
θtotal, (2.13)being the 
onstant fa the so-
alled Pe

ei-Quinn s
ale. The expe
ted value ofthe axion that minimizes the potential is given by equation 2.13 while its �eldis invariant against transformations of the type a→ a+ 2πfa sin
e the axion�eld is a phase φ = [(fa + ρ)/

√
2] · eia/fa .An expansion of su
h e�e
tive potential at minimum gives a mass to the axion:

m2
a =<

∂2Veff

∂a2
>= − ξ

fa

g2

32π2

∂

∂a
< Gµν

a G̃aµν ><a> (2.14)and 
onsiders the �axion� as a parti
le that is 
andidate to explain the strongCP-problem.
16



Chapter 3

The axion dynamics

The spontaneous breakdown of the 
hiral U(1)PQ implies the ap-pearan
e of a new parti
le. The �axion� [3, 4℄, a very light pseu-dos
alar Goldstone boson.

17



CHAPTER 3. THE AXION DYNAMICS3.1 Axion modelsAxions 
an be seen as generi
ally mixing with pions so that their mass andtheir 
ouplings to photons and nu
leons are proportional to those of πo by thefa
tor fπ/fa. However, the spe
i�
 Pe

ei-Quinn me
hanism implementationleads to di�erent axion models.The distinguishing feature between the two major axion model 
lasses is thesize of the Pe

ei-Quinn s
ale fa, whi
h is inversely proportional to the axionmass ma.3.1.1 The �Visible� Axions: large axion massThe standard axion model assumes an axion de
ay 
onstant fa related tothe ele
troweak 
onstant fweak ≡ (
√

2GF )−1/2 ≈ 250GeV. Sin
e by 
onstru
-tion the s
alar �eld Φ added to QCD by the Pe

ei-Quinn symmetry 
an-not be the standard Higgs �eld, we must introdu
e two independent Higgs�elds Φ1 and Φ2 with expe
tation va
uum values f1/
√

2 and f2/
√

2 su
hthat fweak = (f2
1 + f2

2 )1/2 and, therefore, an axion mass of the order of ma ≈
200 keV:

fa = fweak

[
3

(
f1

f2
+

1

f1/f2

)]
. 42GeV. (3.1)This kind of axions, known as visible or PQWW-axions1, have been ruled outby numerous experiments as well as astrophysi
al 
onsiderations [19℄.3.1.2 The �Invisible� Axions: strong de
ay 
onstantSin
e due to 
osmologi
al 
onstraints and experimental results the axionmass 
annot be so large (see Se
tion 3.3.2), we should try to get fa ≫ fweak.Models of this kind introdu
e an ele
troweak singlet Higgs �eld Φ with a va
-uum expe
tation value of fa/

√
2 that is not related to the weak s
ale of inter-a
tions fweak anymore.There are two important models that des
ribe su
h an intera
tion, the KSVZ21The standard axion model was originally proposed by Pe

ei, Quinn, Weinberg andWil
zek2Introdu
ed by Kim, Shifman, Vainshtein and Zakharov.18



CHAPTER 3. THE AXION DYNAMICSand the DFSZ3 model. Their main di�eren
es are based on the 
oupling ofaxions to ele
trons and they both manage to solve the strong CP-problem.The KSVZ model It is the very �rst suggested model [20, 21℄ for invisibleaxions and it 
onsiders a exoti
 heavy quark Q intervining in the intera
tionof axions with matter. The impli
ations of su
h a model is that neither quarksor leptons 
arry the so-
alled Pe

ei-Quinn 
harge, Cu = Cd = Cs = Ce = 0,but a heavy quark Q does.
a aqq

QQ

Figure 3.1: Feynman diagram for axion 
oupling to an ordinary quark in theKSVZ model via the new quark Q and the gluon (
urly lines) loops.Following the model independent equation of the axion 
oupling to nu
leons(N),
gaN =

CNmN

fa
= CN 1.56 × 10−7 meV (3.2)and, sin
e Pe

ei-Quinn 
harge is not 
arried by leptons or quarks, we 
anexpress the 
oupling to nu
leons of axions belonging to this model as:

gKSV Z
ap =

Cpmp

fa
= −6.01× 10−8meV

gKSV Z
an = Cnmn

fa
= −0.69 × 10−8meV .

(3.3)
3Model that was originaly proposed by Dine, Fis
hler, Sredni
ki and Zhitnitski�� 19



CHAPTER 3. THE AXION DYNAMICSOn the other hand, for axion intera
tion with photons, the equation
gaγγ = − α

2πfa

(
E

N
− 2

3

(4 +mu/md +mu/ms)

(1 +mu/md +mu/ms)

) (3.4)remains, though di�erent type of KSVZ models suggest di�erent values of E/Neither suppresing or enhan
ing the 
oupling via the Primako� e�e
t.The DFSZ model It is an hybrid between standard and KSVZ models inwhi
h an ele
troweak singlet s
alar �eld Φ with expe
tation values fa/
√

2 andtwo ele
troweak doublet �elds Φ1 and Φ2 [22, 23℄. In this model, the funda-mental fermions are the ones 
arrying the Pe

ei-Quinn 
harge and, therefore,there is no need for exoti
 quarks like in the KSVZ model.Being f1 and f2 the expe
tation values of Φ1 and Φ2, its bran
hing ratio f1/f2
an allow us to de�ne a mixing angle β su
h that
cos2 β =

(f1/f2)
2

(f1/f2)
2 + 1

. (3.5)Dire
t 
oupling to QCD fermion families is possible in this model. Althoughthe number of fermion families is likely to be 3, we will refer to them as Nf ina �rst stage. In the 
oupling to nu
leons, this model follows equation 3.2 butthe value of the nu
leon 
oe�
ients di�er from the ones of KSVZ, being now
Cd = Cs = (cos2β)/Nf and Cu = (sin2β)/Nf , so that using Nf = 3:

Cn = −0.18 + 0.39 cos2β

Cp = −0.10− 0.45 cos2β.
(3.6)Introdu
ing this new result in the 
al
ulation of the 
oupling with nu
leons forthe DFSZ model, we 
an 
on
lude that the strength of the 
oupling to nu
leonsin this model goes like

gDFSZ
ap =

Cpmp

fa
=

[
−0.10 − 0.45 cos2β

]
× mp

fa

gDFSZ
an = Cnmn

fa
=

[
−0.18 + 0.39 cos2β

]
× mn

fa
.

(3.7)20



CHAPTER 3. THE AXION DYNAMICSThe dire
t intera
tion of axions to ele
trons is also allowed in this mod-els and therefore, sin
e the ele
trons are able to 
arry Pe

ei-Quinn 
harge
Ce = (cos2β)/Nf , its 
oupling 
an be written as

gDSFZ
aee = 0.85 × 10−10meV

cos2β

Nf
= 0.28× 10−10meV cos2β. (3.8)On the other hand, intera
tion with photons is given by

gDSFZ
aγ ≃ −0.75

α

2πfa
. (3.9)

3.2 Axion 
ouplingsThe intera
tion of axions with fundamental bosons, su
h gluons and pho-tons, as well as with fermion like, ele
tron and nu
leons are des
ribed by theLagrangian term Lint[γ
µa/fa;ψ]. From this term, we know how the axion 
ou-ples with mater. Not only the nature of the 
oupling, but also the strength ofit.3.2.1 Coupling to gluonsThe dimensionless Yukawa 
oupling of the s
alar �eld for the intera
tionsis ga = mf/fa, with mf the mass of the fermion involve in the intera
tion and

fa the Pe

ei-Quinn s
ale.The 
hiral anomaly (see �gure 3.2), allows an axion 
oupling to gluons and itis the me
hanism for the axions to a
quire mass.The 
oupling of axions to gluons is the feature that distinguishes the axionsfrom other pseudos
alar parti
les:
LaG = αs

1

8πfa
aGµν

a G̃aµν =
g2
s

4π

ga

8πmf
aGµν

a G̃aµν . (3.10) 21



CHAPTER 3. THE AXION DYNAMICS
ga

G

G

a

gs

gsFigure 3.2: Feynman diagram of the axion-to-gluon 
oupling, where gs isthe strong 
oupling 
onstant, while ga represents the axion-to-fermion 
opling
onstant.
Moreover, sin
e from the mixing of pions we know that the mass mπ =
135 MeV and its dea
ay 
onstant fπ = 93 MeV , we are in 
onditions togive an approximate value to the axion mass (see equation 3.11) by introdu
-ing the 
orresponding quark mass ratios [7℄:

ma =
mπfπ

fa

(
mu/md

(1 +mu/md +mu/ms)(1 +mu/md)

)1/2

. (3.11)The only attention to take is the fa
t that the value of the 
oe�
ients (mu/md)and (mu/ms) in equation 3.11 variate depending on the spe
i�
 model [8, 9℄:
ma ≈ 0.60 eV

107 GeVfa . (3.12)
3.2.2 Coupling to photonsThe pion 
oupling of axions opens the possibility of axions 
oupling withphotons via the Primako� e�e
t [10, 12℄. An axion 
an 
ouple to two photonsin a triangle loop via the me
hanism shown in the �gure 3.3. The Lagrangian22



CHAPTER 3. THE AXION DYNAMICSterm for su
h an intera
tion 
an be written as
Laγ = −gaγγ

4
Fµν F̃

µν a = gaγγ
~E · ~B a, (3.13)where gaγγ is the 
oupling 
onstant and Fµν the ele
tromagneti
 tensor thatgenerates the ele
tromagneti
 �elds ~E and ~B.

γ

γ

a←→ π0

γ

γ

a

Figure 3.3: Two Feynman diagrams 
ontributing to the axion-to-photon 
ou-pling. On the right the 
oupling of the axion to photons via a triangle loopthrough fermions 
arrying Pe

ei-Quinn and ele
tri
 
harges. On the left, anaxion-to-pion mixing, whi
h produ
es the generi
 
oupling of axions to photons.The 
oupling 
onstant is given as fun
tion of the �ne stru
ture 
onstant αand the axion model dependent ratio between the 
olor anomaly N of the ax-ion 
urrent and the ele
tromagneti
 anomaly E:
gaγγ = − α

2πfa

(
E

N
− 2

3

(4 +mu/md +mu/ms)

(1 +mu/md +mu/ms)

)
. (3.14)The 
oe�
ients E and N are de�ned in terms of the ele
tri
 and Pe

ei-Quinn
harges 
arried by fermions. For fermions 
arrying both types of 
harges (Qjand Xj ) E ≡ 2

∑
j XjQ

2
jDj , where Dj = 3 for quarks and Dj = 1 for leptons,and N ≡ ∑

j Xj , where the sum is over all fermions 
arrying Pe

ei-Quinn
harge Xj .Su
h a 
oupling allows a model independet axion de
ay of the kind a → γγvia Primako� e�e
t in the presen
e of ele
tromagneti
 �elds. 23



CHAPTER 3. THE AXION DYNAMICS3.2.3 Intera
tion of axions with fermionsOne of the pro
esses for stelar emission of weakly intera
ting parti
les fromthe hot dense interior is the Compton pro
ess. Non negligible efe
ts to the ste-lar �ux of su
h parti
les 
an be due to axions. Compton s
attering of axionsare analogous to the usual Compton s
attering of photons with the di�eren
ethat now one of the photons of the intera
tion has be
ame an axion. Theme
hanism that allows su
h ex
hange is shown in �gure 3.4 and 3.5.
Laf =

gaf

2mf
ψ̄fγ

µγ5ψf∂µa (3.15)is the Lagrangian expression for the 
oupling, where ψf denotes the fermion.In that 
ase, being mf the mass of the fermion and Cf the e�e
tive Pe

ei-Quinn 
harge, the 
oupling gaf 
an be written as
gaf =

Cfmf

fa
. (3.16)Like that, if quarks and ele
trons do 
arry Pe

ei-Quinn 
harge, these 
ouplings
an be observed.Coupling to ele
trons If ele
trons do 
arry Pe

ei-Quinn 
harge, as theydo in the DFSZ models (see Se
tion 3.1), there will be a tree-level 
ouplingwith axions in the Lagrangian of equation 3.15.There also exists radiatively indu
ed 
oupling of axion to ele
trons at the one-loop level with a 
oupling grad

aee , whi
h is more 
ompli
ated and smaller thanthe gtree
aee 
oupling. An intera
tion of this kind, leads to a smaller 
ontributionto the Lagrangian if we 
ompare it to the tree level one (see �gures 3.4 and 3.5).The 
oupling gaf for the ele
tron is then written like

gtree
aee =

Ceme

fa
= Ce 0.85 × 10−10 meV , (3.17)where meV is the axion mass given in ele
tronvolts and Ce depends on thee�e
tive Pe

ei-Quinn 
harge of the ele
tron Ce = X ′

e/N .24



CHAPTER 3. THE AXION DYNAMICSOn the other hand, for models like KSVZ (see Se
tion 3.1), X ′
e = 0.

e−

e−

gae

a

Figure 3.4: Dire
t axion-to-ele
tron intera
tion, only possible depending onthe axion model (only possible for DFSZ axions) whi
h 
an then be used todistinguish these axions from the hadroni
 or KSVZ axions.

e−

e−a

Loop correction

Figure 3.5: A higher order 
oupling of axion-to-ele
tron, me
hanism used byhadroni
 axions to intera
t (KSVZ model).
25



CHAPTER 3. THE AXION DYNAMICSCoupling to nu
leons It is known that axion models di�er in their as-signment of Pe

ei-Quinn 
harges to the axion, but not on the value of the
oe�
ient N.Independently of the axion models, an axion-to-nu
leon 
oupling transformsthe 
onstant gaf of equation (3.16) into equation (3.2). Being CN di�erent forproton and neutron.
a

N

N

gaN

Figure 3.6: Feynman diagram of axion-to-nu
leon 
oupling.We 
an �nd then a model independent general expresion for the Pe

ei-Quinn
harges of protons and neutrons:
Cp = (Cu − η)∆u+ (Cd − η mu/md)∆d+ (Cs − η mu/ms)∆s

Cn = (Cu − η)∆d+ (Cd − η mu/md)∆u+ (Cs − η mu/ms)∆s.
(3.18)In the equation above, η = (1 +mu/md +mu/ms)

−1, while ∆qu,d,s is the he-li
ity 
ontribution of the nu
leon 
arried by the quarks [11℄,
∆u = +0.85± 0.03, ∆d = −0.41 ± 0.03, ∆s = −0.08 ± 0.03.(3.19)26



CHAPTER 3. THE AXION DYNAMICSBy introdu
ing the 
orresponding axion masses in the equation 3.18, we 
ouldobtain the Pe

ei-Queen 
harges 
arried by the nu
leons, but we should notforget that the PQ 
harge 
arried by the quarks is model dependent (see Se
tion3.1).3.3 Theoreti
al limits on the axion masses and its
ouplingsAstrophysi
s and 
osmology provides a natural laboratory for elementaryparti
le physi
s. Solutions to phenomena su
h as the strong CP-problem 
anbe 
ross
he
ked in the �outer spa
e�. Axion existen
e in the early universe mayhave a�e
ted the big-bang 
osmology.The impli
ations of axions in the development of the universe depend on thedi�erent s
enarios for whi
h axions would have 
oexisted in the early universe.As a matter of fa
t, axions 
ould have been in thermal equilibrium for thosetemperatures TU ≫ fa. Moreover, on
e the temperature is satisfying fa ≫ TU ,the axion 
ould have de
oupled and behave as a free massless s
alar �eld.The value of fa is then a really important parameter. Unfortunately, thePe

ei-Quinn me
hanism allows any value of fa to solve the strong CP-problemand many s
enarios 
an be 
onsidered.There are di�erent me
hanisms to generate reli
 axions, but it is not deter-mined whi
h one of them dominates, sin
e it depends on both, the axion massand whether or not in�a
tion took pla
e:
• Thermal produ
tion [15℄ : if axions were strongly intera
ting, fa .

108 GeV, they would have thermalized before the QCD phase and there-fore there would be a sea of �invisible� axions.
• Missalingment a�e
ting the early universe [16, 17℄: it 
ould have ex
ited
oherent os
illations of the axion �eld in the early universe. When thetemperature of the universe drops below fa, axions 
ould have a
quiredmass and be
ome a part of the 
old dark matter. 27



CHAPTER 3. THE AXION DYNAMICS3.3.1 Astrophysi
al limitsDespite their small intera
tion with normal matter, axions have a 
onsid-erable in�uen
e on the evolution of stars. Axions 
ould be produ
ed in theinterior of stars by di�erent pro
esses and, hen
e, provide an additional loss ofenergy. As a 
onsequen
e, the star will 
ontra
t and in
rease its luminosity aswell as its 
entral temperature in order to adjust to the new situation. Thiswill lead to a shortening of the star's lifetime due to a faster 
onsumption offuel. It is possible to put limits on the 
oupling of axions to photons, ele
tronsand nu
leons by demanding that time s
ales of stelar evolution must mat
hwith observational limits.The best limits on axion-to-photon 
oupling 
an be obtained from low massstars with a helium burning 
ore. The stars on the Horizontal bran
h (HB)have rea
hed helium burning and therefore they generate energy by fusinghelium to 
arbon and oxygen. A Primako� energy loss rate would a

eleratethe 
onsumption of helium and thus redu
e the Horizontal Bran
h lifetime [47℄.By observing the ratio between the number of HB referred to the low-massred giants in globular 
lusters for whi
h axion emission is suppresed sin
e
γ + Ze→ Ze+ a is not dominant , we 
an obtain the 
oupling 
onstant gaγ .

10−10 GeV−1. This horizontal bran
h limit, whi
h is also referred to as globular
luster limit, might however vary due to the un
ertainties of its determination.Helium ignition 
ould also be delayed due to axion 
ooling and, therefore,the 
ore of these stars would grow more massively before the helium ignites.As a 
onsequen
e, an evolution of RGB4 stars to brighter stars 
ould o
-
ur. Last studies, however, agree that the 
ore mass at helium ignitiumagrees with theoreti
al expe
tations within 5− 10% [10℄. Sin
e the Primako�loss rate is suppressed in the degenerated red-giant 
ores, for bremsstrahlung
e+ Ze→ Ze+ e+ a applied to the red-giant 
ore 
onditions [48℄, it 
an beobtained that gaee . 3× 10−13 GeV−1 .A rather stri
t 
onstrain on the axion-to-nu
leon 
oupling 
an be derived fromobserving he measured neutrino signal from the supernova SN 1987A [10℄.From the duration of this supernova it is possible to pla
e a limit. Neutrinos4Red Giant Bran
h stars.28



CHAPTER 3. THE AXION DYNAMICSare trapped inside the hot and dense 
ore after the 
ollapse and, its es
ape isonly possible by di�usion, while axion emission would 
arry away energy fromthe interior. If axions intera
t too strongly, they are trapped in the SN 
ore.Also, they 
annot be ex
luded by the SN signal if their mass is larger than
ma & 10−2 eV.3.3.2 Cosmologi
al limitsIn most axion models, Pe

ei-Quinn symmetry breaking o

urs when the
omplex s
alar �eld develops the va
uum expe
tation value fa/

√
2. For this tohappen, the Universe temperature TU has to 
ool down to the Pe

ei-Quinns
ale fa. In this stage, the e�e
tive potential develops its expe
tation va
uumvalue, but still has rotational symmetry and thus, the value of Θ̄ is not yet�xed and the axion appears as this massless degree of freedom Θ̄.String S
enario One 
onsequen
e of the U(1)PQ symmetry breaking is theappearan
e of axion strings as topologi
al defe
ts [13,49℄. The 
ontribution tothe density of axions today Ωa 
oming from the string de
ay, depends on whenthe in�a
tion took pla
e.In the 
ase of axions intera
ting strongly enough, let's say fa . 108 GeV, athermal equilibrium state would have been rea
hed in the early universe beforethe quantum 
hromodynami
s phase transition o
urred. At this point, ea
hstring would have be
ome the boundary of a domain wall, whi
h eventuallywould have de
ayed, 
ontributing like that to the axion density.In order to performe the 
al
ulation of the axion density due to string emission,the radiated axion spe
trum has to be estimated. With the help of 
omputersimulations [14℄, it has been found that the dominant sour
e of axion radiationare string loops rather than the long strings, and that the axion radiation isstrongly peaked at wavelegths of the order of the loop size. The loop 
ontri-bution to the 
osmi
 axion density is:

Ωstringsh
2 ≃ 88× 3±1[(1 + α/κ)3/2 − 1]

(1µeV

ma

)1.175
. (3.20)Here, Ωstrings is the ratio of the axion density ρa to the 
riti
al density for 
los-ing the universe ρcrit, h is the Hubble 
onstant in units of 100 km s−1 Mpc−1, 29
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TU > fPQ 1 GeV > TUfPQ > TU > 1 GeV

axion strings axion domain walls

ImΦ

Re Φ

V (T, Φ)

Figure 3.7: Evolution of the e�e
tive axion potential as a fun
tion of thetemperature TU of the universe.and the stated range re�e
ts the re
ognised un
ertainties of the 
osmi
 
on-ditions at the QCD phase transition and of the temperature dependent axionmass. The values α and κ are not known, but most probably, their ratiois within the range 0.10 < α/κ < 1.0, whi
h would make the expression insquared bra
kets to be
ome 0.15 − 1.83, fa
t that allows Sikivie et al. to �ndthat the motion of global strings is strongly damped, whi
h leads to a �ataxion spe
trum:
Ωstringsh

2 ≃ 1.9 × 3±1
(1µeV

ma

)1.175
. (3.21)

Va
uum misalignment Still, the misalignment me
hanism [15�17℄, 
ouldbe able to ex
ite 
oherent os
illations of the axion �eld until the temperatureof the early universe approa
hes the QCD s
ale ΛQCD. At TU > ΛQCD allthe values of Θ̄ were equally probable, but, on
e the axion mass turns on, the30



CHAPTER 3. THE AXION DYNAMICSaxion �eld begins to roll towards its nowadays value Θ̄ = 0. The axion �eldos
illations do not dissipate in other forms of energy and hen
e, 
ontribute tothe energy density today. The density of axions produ
ed by the va
uum re-alignment me
hanism is proportional to the initial realignment angle Θ̄i wherethe axion �eld was sitting for T > ΛQCD

aa

V V

T ≥ 1 GeV T ≤ 1 GeVFigure 3.8: Turn on of the axion e�e
tive potential at TU ≃ 1GeV and theinitial value of Θ̄ at this moment.Again, the 
ontribution to the total axion densty today in the Universe throughthis me
hanism depends on the in�ation o
urring before or after the Pe

ei-Quinn symmetry breaking. In the �rst 
ase, the value of Θ̄i is uniformly dis-tributed. Therefore, in�ation 
ould have also suppressed this axion produ
tionme
hanism. We 
ould express the 
ontribution to the 
osmi
 
riti
al densitydue to va
uum misalignment as
Ωmish

2 ≃ 1.9× 3±1
(1µeV

ma

)1.175
Θ̄2

iF (Θ̄i), (3.22)where the fun
tion F (Θ̄) a

ounts for anharmoni
 
orre
tions to the axionpotential. In order to avoid �ne tunning of the initial misalignment 
onditions
Θ̄2

iF (Θ̄i) ∼ 1, in whi
h 
ase, we have that the 
ontribution to the axion densityis of the same order as the given by the axion strings (equation 3.21) 31



CHAPTER 3. THE AXION DYNAMICSThermal produ
tion Sin
e the axion 
oupling to matter happen to be pro-portional to (fa)
−1, if fa is su�
iently small so that the axion 
an intera
tsu�
iently strongly, they will thermalize in the early universe. We 
ould saythat when the rea
tion rate R for a given pro
ess that 
reates and destroy aparti
le spe
ie o

urs rapidly 
ompared to the expansion rate of the universe

H, this parti
le spe
ie will be in thermal equilibrium. There is a time intervalin the early universe, whi
h depends on the main axion pro
esses 
onsideredfor the 
al
ulation of R, where these 
ondition is ful�lled and axions are ingood thermal 
onta
t with the universal plasma. Then, when the 
onditionR & H is not satis�ed anymore, thermal axion de
ouple while they are stillvery relativisti
, and survive until today as thermal reli
s.Thermal produ
tion of axions [15℄ 
ould happen for fa . 108 GeV 
onsideringthat the main axion 
reation and destru
tion rea
tions would be the Primako�pro
ess γ+ q → a+ q and γ+Q→ a+Q. Re
ent reviews on the matter have
onsidered di�erent thermalizing pro
esses. Independently of the models, at apresent day the axion density of thermal axions is found to be of the order of1 to 100 cm−3, with the 
ara
teristi
 that
Ωthermalh

2 ∝ ma, (3.23)whi
h di�ers with
Ωstring,missh

2 ∝ (ma)
−1. (3.24)By taking into a

ount all the 
onstraints, there is not but a little windowfrom µeV to some meV for whi
h the existen
e of hadroni
 axions is allowed.Nevertheless, experiments also sear
hed the prohibited regions, be
ause nei-ther astrophysi
al nor 
osmologi
al 
onsiderations are absolutely stringent(see�gure 3.9).3.3.3 Axions as a Dark Matter 
andidateSeveral fa
ts, su
h as gala
ti
 rotational 
urves or the 
osmi
 mi
rowaveba
kground anisotropies, hint the fa
t that most of the matter density of theuniverse today is 
omposed of a non-luminous and non-absorbing 
omponent,32
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Figure 3.9: Astrophysi
al and 
osmologi
al ex
lusion regions for the axionmass ma and, equivalently, the Pe

ei-Quinn s
ale fa. Sin
e the globular-
luster limit is derived from axion-to-photon 
oupling, it is a model dependentestimation. GUT or DFSZ models with E/N = 8/3 were used here. The limitfrom the SN 1987A depends on the axion-to-nu
leon 
oupling and thus, whatis shown here is exa
t for KSVZ and approximately for DFSZ axions. Thedotten regions indi
ate where axions 
ould form the 
osmi
 dark matter. Someexperiments sear
hing for gala
ti
 dark matter axions are also in
luded. Figuretaken from [47℄.
33



CHAPTER 3. THE AXION DYNAMICS
alled Dark Matter [18℄. Its determining propierty is that it does not emit anyele
tromagneti
 radiation, and therefore, 
an be only inferred by its gravita-tional e�e
ts. Two possibilities exist for the nature of the Dark Matter: eitherit is like the 
onventional matter, i.e, made of atoms (baryoni
 Dark Matter)or single parti
les. However, its nature has not been yet proven.

100 µeV 10 eV log(ma)

Non− thermal relics Thermal relics

ΩM

CDM HDM

lo
g
(Ω

M
)

Figure 3.10: Lee-Weinberg 
urve for axions, where their density 
ontributionto the Dark Matter is shown as a fun
tion of the axion mass.The non-baryoni
 Dark Matter is usually divided in two groups: hot dark mat-ter (HDM)5 and 
old dark matter (CDM)6. Axions are bosons and therefore
ould be a non-baryoni
 
andidate for dark matter. In prin
iple, an axion
ould a

ount for both, HDM and CDM, depending on their mass. If fa is solarge (small mass), that they never rea
hed the thermal equilibrium, the ther-mal produ
tion is suppressed and then the misalignment me
hanism will takeover. As axions are not relativisti
 from the moment of their �rst appearan
eat 1GeV temperature, they might be an important 
omponent of the CDM.5Relativisti
6Non-relativisti
34



CHAPTER 3. THE AXION DYNAMICSIf, on the other hand, the Pe

ei-Quinn s
ale is small enough for the axionto thermalize in the early universe, a relativisti
 axion density would exist to-day, whi
h 
ould 
ontribute to the HDM 
omponent (see �gure 3.10). In this
ase, the density of axions is proportional to the axion mass, whi
h will be ofthe order of the eV sin
e we are dealing with thermi
 axions.3.4 Axion dete
tionSin
e the stelar evolution ex
ludes a possible s
enario in whi
h �visible�axions 
ould be possible (see 3.3.2), Pierre Sikivie [24℄ proposal to look for�invisible� axions 
oming from stars be
ame of most interest. Axions shouldbe able to leave tra
es in dete
tors as mono-energeti
 photons produ
ed via thePrimako� e�e
t that su
h a parti
le 
ould su�er in the presen
e of a magneti
�eld.Sin
e the axion-to-photon 
oupling is a 
onsequen
e of the Pe

ei-Quinn in-tera
tions between axion and gluons, it 
an be found in all the axion modelsmentioned in Se
tion 3.1. This property 
an be used by the experiments inorder to dete
t the hypotheti
al parti
le. Experiments in whi
h an axion oran axion-like parti
le 
ouples to a photon have be
ome of maximum interest.
• Solar axions: Helios
opes.
• Gala
ti
 axions: Halos
ope and Teles
ope Sear
hes.
• Laboratory axions: Laser experiments.3.4.1 Helios
opesSear
h for axions 
an be performed by looking into the stars. Axion emis-sion by hot and dense plasma of the stars 
ould generate a �ux of su
h parti
lesarriving to the Earth. Helios
opes look into the Sun and, by the use of ele
tro-magneti
 �elds, try to provoke an axion-to-photon 
onversion via the Primako�e�e
t to dete
t them.Sin
e the Primako� e�e
t 
an be produ
ed due to ele
tri
 or magneti
 �elds, 35
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Figure 3.11: Axion to photon 
oupling 
onstant plotted versus the axionmass for the di�erent kind of experiments looking for axions. The astrophysi
allimit for the horizontal bran
h stars (HB) is added as well. This ex
lusion plotis valid for any axion-like parti
le, ex
ept if halos
ope are used, sin
e thesesear
hes assume that the parti
les are gala
ti
 dark matter.we 
an divide the Helios
ope sear
h in two areas: the magnet sear
hes and the
rystal sear
hes.Magnet sear
hes A �rst type of �axion helios
opes� applies a transversemagneti
 �eld to 
onvert the in
oming axions into photons. The �rst exper-iment to use this te
hnique was performed by Lazarus et al. [35℄ obtaininga 
oupling axion-to-photon gaγγ . 3.6× 10−9 GeV−1 for axion masses below36



CHAPTER 3. THE AXION DYNAMICS
0.03 eV and gaγγ . 7.7× 10−9 GeV−1 for axion masses in the region between
0.03 and 0.11 eV.Following this experiment, the Tokyo Axion Helios
ope 
ontinued the sear
husing the same method, but providing better sensitivity, and thus leading to amore restri
tive limit gaγγ . 6.0 × 10−10 GeV−1 for ma . 0.03 eV.At the present time, the CERN Axion Solar Teles
ope7 [45, 68℄, whi
h willbe des
ribed in more detail in Chapter 5, is looking for axions using the samebasi
 prin
iple, but with a 
onsiderably in
reased sensitivity:

gaγγ . 8.8× 10−11 GeV−1 (95% CL) for ma . 0.02 eV. (3.25)Crystal Sear
hes Ele
tri
 �elds 
an be provided by 
rystalline dete
tors.The axion-to-photon 
onversion is 
oherent if the Bragg 
ondition is ful�lled[29,30℄. Three experiments were looking for this 
hara
teristi
 Bragg patterns:
• The SOLAX8 [31℄ experiment used a Germanium Spe
trometer giving abound for axion masses up to 1 keV of gaγγ . 2.7× 10−9 GeV−1

• The COSME9 [32℄ dete
tor at the Canfran
 Underground Laboratorya

omplished to rea
h a mass independent result that depends on thesolar model gaγγ . 2.78 × 10−9 GeV−1.
• The DAMA10 [33℄ experiment on its part used NaI(Tl) 
rystals anda
hieved a limit of gaγγ . 1.7× 10−9 GeV−1 in the eV range.However, the approa
h to dete
t solar axions with the help of an ele
tri
 �eldturned out to be limited [34℄, be
ause neither present nor future 
rystal dete
-tor experiments will be able to a
hive the limit set by globular 
lusters.3.4.2 Halos
ope and Teles
ope sear
hesHalos
opes Mi
rowave 
avity experiments look for gala
ti
 halo axions, a
-tivity from whi
h they inherit their name. Axions whose mass is of the order7CAST8SOlar AXion sear
h in Argentina9Germanium dete
tor10Parti
le DArk MAtter sear
hes with highly radiopure s
intillators at Gran Sasso. 37



CHAPTER 3. THE AXION DYNAMICSof µeV trapped in the gala
ti
 halo may 
onverte into photons in the pres-en
e of a magneti
 �eld. The two �rst experiments of this kind were held inthe Ro
hester-Brookhaven-Fermilab and the University of Florida. Sin
e onlythose axions sensing a transverse magneti
 �eld may transform, the allowedaxion masse range was found to be between 4.5µeV and 16.3µeV.Follow-up experimets are showing higher sensitivity. Similar setups with im-proved te
hnologies allow the Axion Dark Matter eXperiment at the Lawren
eLivermore National Laboratory to restri
t the reli
 axion masse into a boundbetween 1.9µeV and 3.3µeV.A di�erent approa
h, as set up in Kyoto, Japan with CARRACK11 is in-vestigating the mass ranges in
luded in the bound of 2µeV to 50µeV.Teles
opes Thermally produ
ed axions, 
an be sear
hed for with teles
opes.The most likely pla
es to �nd su
h axions are 
luster of galaxies, pla
es inwhi
h the axions would produ
e an emission line on
e they de
ay. The ra-dio teles
ope at the Haysta
k Observatory was able to rule out 
oupling 
on-stants of gaγγ . 1.0× 10−9 GeV−1 for axion masses in the range of 298µeV to
363µeV [26℄.3.4.3 Laser experiments�Shining light through walls� experiments In �Shining Light throughWalls� or beam dump experiments, a strong laser beam is sent through a mag-neti
 �eld in whi
h a part of the photons will be 
onverted into axions.Then, a wall or shield blo
ks the photons, while the feebly intera
ting axions
an pass through to the other side, where they are re
onverted into photonsby another magneti
 �eld, and therefore dete
ted [36, 37℄.This pro
edure is des
ribed by �gure 3.12. Instead of the beam lines, res-onating 
avities 
an be used on either side as well [38℄. Results from su
h anexperiment have yielded an upper boundary for ma . 10−3 eV [39℄:11Cosmi
 Axion Resear
h using Rydberg Atoms in a resonant Cavity in Kyoto38
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A0γ γA0

Bγ∗ γ∗ B

Figure 3.12: Basi
 prin
iple of a �Shining Light through Walls� experiment.An in
oming photon beam is partly 
onverted into axions. A wall keeps theremaining photons from getting to the other side, while the axions pass theshield. Beyond the barrier, the axions 
an be re
onverted into photons by theuse of another magneti
 �eld.
gaγγ . 7.7× 10−7 GeV−1. (3.26)

Polarization experiments This experiments make use of an in
ident laserbeam 
omposed of 
oherent photons going into a region in whi
h a magneti
�eld is applied.An axion-to-photon 
oupling of the beam in the magneti
 region, would intro-du
e linear birrefringen
e (phase fa
tor) and linear di
hroism (rotation) to thein
oming polarization plane of the beam.First results of this kind [25℄ have given an axion-to-photon 
oupling of gaγγ .

2.5 × 10−6 GeV−1 for axion masses below 700µeV.A more re
ent experiment, PVLAS12 [27℄, observed a strong 
oupling e�e
t12Polarizzazione del Vuoto 
on Laser 39
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Figure 3.13: The pri
iple of the formation of Di
hroism, a rotation of thepolarization plane indu
ed by the 
reation of massive parti
le 
oupling to twophotons it is shown in the upper image, while the lower one shows the prin
ipleof development of Ellipti
ity indu
ed by the retardation of an ele
tri
 �eld
ompontent relative to the oder when a massive parti
le is produ
ed.
orresponding to an axion-like parti
le of around 3.6× 10−6 GeV−1. However,the analysis of the systemati
s of the experiment have ruled out the prelimi-nary result.Nevertheless, there have been attempts to �nd a new model of parti
le physi
sin whi
h PVLAS signal would �t. A re
ent paper by E. Massó and J. Re-dondo [28℄ suggests that both results 
ould be a

ommodated in models wereaxion-like parti
les su�er a strong intera
tion that traps them in the stellarplasma, or models where the axion-photon vertex 
ould be suppressed in thesolar 
ore.40



CHAPTER 3. THE AXION DYNAMICSSeveral experiments are already sear
hing for axion-like parti
les. OSQARfor example makes use of a long LHC magnet of 15m and B ≃ 9Tesla and itis presently running at CERN [40,41℄. Other experiments like LIPPS [42℄ arelooking for a possible signal of axion-like parti
les 
oupling to photons but sofar no eviden
e has been found. ALPS is also looking for axion-like signaturesin the X-Ray laser fa
ility of DESY [43℄.

41
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Chapter 4

The Solar axion

The axion arise so weakly intera
ting that was 
alled �invisible�.Fortunately, Pierre Sikivie [24℄ proposed some experimental test toaddress the question of the existen
e of the �invisible� axions.

43



CHAPTER 4. THE SOLAR AXION4.1 The Primako� 
onversionThe two photon de
ay mode of the π0 meson involves the expli
it breakingof a 
lassi
al symmetry due to quantum �u
tuations of the quark �elds 
ou-pling to a gauge �eld. This phenomenon, 
alled anomalous symmetry breakingis of pure quantum me
hani
al origin, and in this 
ase involves the 
oupling ofquarks to photons.Independently to the me
hanism of the two-photon de
ay, its existen
e im-plies an intera
tion between the π0 wave fun
tion and the ele
tromagneti
wave �eld [12℄:
Interaction Energy density = η

(
~

µc

)
1√
~c

ϕ E ·H. (4.1)The fa
tors ~/µc and 1/
√

~c are introdu
ed for dimensional reasons, being µthe rest mass of π0, η a dimensionless 
onstant determinated by the de
ayme
hanism and ϕ the pseudos
alar �eld of the pion.In the 
ontext of quantum 
hromodynami
s, the 
oupling of two-photons pro-du
ing π0 is not but the 
on�rmation of a de
ay 
hannel of pseudos
alar par-ti
les into two-photons.Sin
e the Pe

ei-Quinn solution to the strong CP-problem of QCD involvesa new pseudos
alar parti
le, a two-photon de
ay 
hannel is expe
ted for theaxion, as it happens to π0 (See �gure 4.1).To make the axion �visible�, we will make use of its 
oupling to the ele
tromag-neti
 �elds and the fa
t that in the Earth we are able to provide stati
 ele
tri
or magneti
 �elds.4.2 The produ
tion of axions in the Solar 
oreBla
kbody photons in the solar 
ore 
ould be 
onverted in axions due tothe �u
tuating ele
tri
 �elds of the 
harged parti
les in the hot plasma.Following Sikivie's proposal [24℄, we will �rst des
ribe the pro
ess of produ
-tion of axions in the presen
e of ele
trons and nu
lei in the dense plasma of44
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Ze

γγ

γ∗ γ∗
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Figure 4.1: Feynman diagram for the Primako� produ
tion of axions by theintera
tion with a virtual photon. On the left, the diagram for the Primako�e�e
t that a photon su�ers in the ele
tri
 �elds produ
ed by a nu
leous or a
ertain density of ele
trons in the solar 
ore. The right diagram represents theFeynman diagram for the intera
tion of an axion 
onverting to a photon viavirtual photon in the presen
e of magneti
 �elds.the solar 
ore. A

ording to the left Feynman diagram shown in the �gure 4.1,
γ + (e−, Ze)→ (e−, Ze) + a. (4.2)In the solar 
ore, a 
harge distribution ρ(~r) is able to provide an external ele
-tri
 �eld ~E(~r) in whi
h a photon whith energy ω = kc 
ould 
onvert into anaxion. The diferential 
ross se
tion of the pro
ess is found to be

dσa

dΩ
=

1

2

gaγγ

4π

[
e

me

]2 |~k × ~pa|2
|~q|4 · |F (~q)|2, (4.3)where the momentum transfer to the axion in the Primako� 
onversion thatthe bla
kbody photons su�er is represented as ~q = ~k − ~pa. The momentum ofthe initial photon is represented by ~k while the momentum of the out
omingaxion is ~pa. A fa
tor 1

2 averages over photon polarizations. Also, the 
hargedistribution in the solar plasma is de�ned by the form fa
tor
F (~q) =

1

e

∫
d3~rρ(~r)ei~q·~r. (4.4)If the plasma fre
uen
y and the axion mass are assumed to be small in 
om-parison to the energy of the photon that su�ers the Primako� e�e
t, we are 45



CHAPTER 4. THE SOLAR AXIONable to express the 
ross se
tion as
dσa

dΩ
=

1

2

gaγγ

4π

[
e

me

]2 sin2 θ

[2(1 − cos θ) + (q0/ω)2 cos θ]2
· |F (~q)|2. (4.5)Point like 
harges of magnitude Ze present in the solar plasma make the formfa
tor to be
ome |F |2 = Z2. However, 
onsidering the 
ase of a plane ele
tro-magneti
 wave in
ident on a stationary 
harge distribution of N point 
hargeswith magnitude Zie at lo
ations ~ri, the relevant squared form fa
tor for thePrimako� 
ross se
tion is

|FN (~q)|2 =

N∑

i=1

Z2
i +

N∑

i,j=1

ZiZj cos ~q · ~rij, (4.6)with ~rij = ~ri − ~rj being the relative 
oordinates of the point like 
harges.The physi
al interpretation is straightforward: In a plasma, the parti
les mu-tually intera
t through their Coulomb �elds and their motion is sligthtly 
orre-lated [50℄. A

ording to the theory of Debye and Hü
kel [51℄, stelar plasmas [52℄may not make use of the Coulomb potential of a 
harge Ze, sin
e in a mediumof freely moving ele
tri
 
harges a Yukawa potential should be used instead:
Ze

4π

1

r
→ Ze

4π

e−κr

r
. (4.7)The main di�eren
e between both potentials is that the Yukawa one intro-du
es on average a 
harge 
loud at around a parti
le. Su
h e�e
t is des
ribedby an exponential that multiplies the Coulomb potential and it is ruled by κ,the inverse of the Debye-Hü
kel radius. Cosidering the �ne stru
ture 
onstant

α = e2/4π and a plasma volume V at temperature T , the Debye-Hü
kel radius
an be de�ned as
κ2 ≡ 4πα

T

N∑

i=1

Z2
i

V
. (4.8)The form fa
tor that arises from the use of the Yukawa potential in a stelarplasma is des
ribed by the use of the Debye and Hü
kel radius and assigns to46



CHAPTER 4. THE SOLAR AXIONea
h parti
le of 
harge Ze on it an e�e
tive from fa
tor:
|Feff (~q)|2 = Z2 |~q|2

κ2 + |~q|2 . (4.9)
4.2.1 Axion emission from the solar plasmaAxions 
an e�
iently be produ
ed in the Sun via the Primako� e�e
t. Inthe interior of the Sun, bla
kbody photons 
an 
onvert into axions thanks tothe �u
tuating ele
tri
 �elds of the 
harged parti
les that 
onstitute the solarplasma. The di�erential 
ross se
tion for the Primako� produ
tion of axions inthe Sun (equation 4.3) allows to obtain [47℄ the transition rate for a bla
kbodyphoton whose energy is ω:

dσa

dΩ
=

1

2

gaγγ

4π

[
e

me

]2

· Z2

[
1

4

(
1 + cos θ

1 + 2(κ/2ω)2 − cos θ

)]
. (4.10)The expression of equation 4.10 is obtained for s
attering angles near the for-ward dire
tion and integration over the s
attering angles yields the total 
rossse
tion:

σa(γ → a) =
1

2

gaγγ

4π

[
e

me

]2

· Z2

[
4π

4

((
1 +

κ2

4ω2

)
ln

(
1 +

4ω2

κ2

)
− 1

)]
.(4.11)4.2.2 Di�erential axion �ux on EarthHans Bethe1 modeling of stellar nu
leosynthesis provides an explanationfor the energy sour
e of the stars. Two are the main pro
esses of energy lossin stars: the proton-proton 
hain and the Carbon-Nitrogen-Oxygen 
y
le.A

ording to the standard solar model, proton-proton 
hain provides more thanninety-eight per
ent of the energy required to produ
e the presently observed1Nobel Prize for his paper �Energy Produ
tion in Stars� (1939). 47



CHAPTER 4. THE SOLAR AXIONsolar luminosity, while the Carbon-Nitrogen-Oxygen 
y
le is the responsiblefor an extra 1.5% [55℄.The 
ore is the only lo
ation of the Sun that produ
es an appre
iable am-mount of heat via fusion rea
tions2 Tc ∼ 4.5 × 106 K. Its dimension is about
20% of the solar radius and has a density up to ρc ∼ 1.5× 105 kg/m3. Theknownledge of this quantities allows to determine the Debye-Hü
kel radius(κ = 9keV) sin
e the plasma frequen
y in the solar 
ore is ωp = 0.3 keV [56℄.Rewriting equation 4.11 in terms of the known parameters enables the 
al-
ulation of the photon-to-axion rate generation in the solar 
ore:

σa(γ → a) =
1

2
gaγγ

[
1

me

]2

· κ2T

[
1

4

((
1 +

κ2

4ω2

)
ln

(
1 +

4ω2

κ2

)
− 1

)]
.(4.12)The axion luminosity of the Sun 
an be obtained 
onsidering the rate of axionprodu
tion 
oming from photons of energy ω (equation 4.12) and the bla
k-body photon distribution of the solar 
ore. The axion emission from the Sunis dire
tly related to the temperature of its plasma and, sin
e there exists agradient of the interior temperature of the Sun, the �ux of axions is related tothe Sun radius 
onsidered for its 
al
ulation.G. Ra�elt [47℄ 
al
ulates the total diferential axion �ux 
onvolutioning thestandard model of the Sun and its luminosity L⊙ = 3.85× 1033 erg sec−1 tothe rates of axion produ
tion that arise after using the bla
kbody radiationspe
trum applied to the temperature of the solar 
ore. A parametrization forthe di�erential axion �ux on Earth 
an be given as

dφa

dEa
= 6.020 × 1010 · g2

10 · E2.481
a e−Ea/1.205 cm−2s−1keV−1. (4.13)The di�erential axion �ux on Earth relative to g2

10 = (gaγγ/10
−10 GeV−1) 
anbe plotted as it appears in �gure 4.2.Figure 4.3 is a 
ontour plot of the solar surfa
e luminosity of axions ψa(Ea, r)2Proton-proton 
hain.48



CHAPTER 4. THE SOLAR AXIONas a fun
tion of the axion energy Ea and a dimensionless radial 
oordinate ron the solar dis
.
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Figure 4.2: Di�erential axion �ux at the Earth surfa
e due to Primako�produ
tion in the solar 
ore.
4.3 Probability of axion 
onversionThe proposed dete
tion me
hanism for solar axions arriving to Earth istheir re
onvertion to X-ray photons via the Primako� e�e
t in the presen
eof ele
tromagneti
 �elds. Existing large super
ondu
ting magnets would besuitable for su
h purpose.Axion-to-photon 
onversion in the presen
e of a nearly homogeneous magneti
�eld B is only e�e
tive when the polarization plane of the photon is parallel tothe magneti
 �eld [54℄. The axion �ux on Earth satis�es the di�erential spe
- 49
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Figure 4.3: Solar axion surfa
e luminosity depending on the bla
kbody pho-ton energy for a 
ertain radius r of the solar dis
 (taken from ref. [68℄).trum of equation 4.13 and their propagation through the proposed 
onversionregion must be transverse to the magneti
 �eld.Denoting by A|| the amplitude of the parallel photon 
omponent and by �a�the axion, the wave equation 4.14 de�nes the state of the parti
le in a mediathat has a transverse magneti
 �eld B⊥ along the 
oordinate z:



A||

a




f

= −
∫
i · dz




Ea −
m2

γ

2Ea − iΓ/2 gaγγ · B⊥
2

gaγγ · B⊥
2 Ea − m2

a
2Ea







A||

a




i

.(4.14)50



CHAPTER 4. THE SOLAR AXIONWhile g10 rules the strength of the axion-to-photon 
oupling, the (1, 1)-term ofthe matrix (H11) re�e
ts the fa
t that in a given media, the photon a
quires ane�e
tive mass mγ and it observes a refra
tive index. Moreover, the existen
eof media implies an spe
i�
 free path for the photon, phenomenon that 
an bedes
ribed by introdu
ing Γ, the damping fa
tor for the X-ray in the media.In general, B, Γ and mγ depend on the z-
oordinate. I will 
onsider the waveequation 4.15 sin
e it generalizes the parti
le state for a given z-
oordinate:



A||

a




f

= H(z)




A||

a




i

. (4.15)The probability of having an X-ray photon at a given z-
oordenate due to aPrimako� 
onversion into the magnet is given by the Fermi's golden rule:
Pa→γ =

2π

~
|〈a(z = 0)|H(z)|A||(z)〉|2ρ(Ea). (4.16)Assuming homogeneity for the media immersed on the magneti
 region inwhi
h the 
onversion is expe
ted to happen, we 
an 
onsider mγ and Γ as
onstants. In su
h a 
ase, the transfer of momentum q between an axion anda photon in the media is
q =

∣∣∣
m2

γ −m2
a

2Ea

∣∣∣. (4.17)For the 
ase of a uniform magneti
 �eld B⊥ applied for a length z = L, theprobability of 
onversion of an axion into a photon due to the Primako� e�e
tin the media 
an be written as
Pa→γ =

[ gaγγ

10−10GeV −1

]2[B⊥

2

]2
· 1

q2 + Γ2/4
·[1+e−ΓL−2e−ΓL/2 cos qL], (4.18)with gaγγ ruling the strength of the axion-to-photon intera
tion. 51



CHAPTER 4. THE SOLAR AXION4.3.1 Coheren
e of the intera
tionIn absen
e of a damping gas For the 
ase of va
uum in the 
onversionregion, the probability of the axion-to-photon 
oupling of equation 4.18 
an bewritten repla
ing Γ = 0:
Pa→γ =

[ gaγγ

10−10GeV −1

]2[B⊥L

2

]2
· 2

q2L2
· [1− cos qL]. (4.19)Calling |M|2 the fa
tor that rules the 
oheren
e of the intera
tion, the proba-bility of 
onversion 
an be written as

Pa→γ =
1

4

[ gaγγ

10−10GeV −1

]2
B2

⊥L
2 · |M|2. (4.20)A simple representation of the 
oheren
e term |M|2 (see equation 4.21) as afun
tion of qL/π shows that the 
oheren
e of the intera
tion is maximum when

qL≪ 1 (see �gure 4.4):
|M|2 =

2

q2L2
· [1− cos qL] =

[ 2

qL
· | sin qL

2
|
]2
. (4.21)The 
oherent 
ondition mentioned above a�e
ts the range of axions masses forwhi
h the 
onversion axion-to-photon o

urs. The energy equations for thein
ident axion and the out
oming photon are

E2
a = m2

ac
2 +K2

a

E2
γ = K2

γ .
(4.22)Considering the momentum transfer q of an axion to the photon and energy
onservation, we 
an express from the previous equations that

q = Kγ −Ka = Eγ −
√
E2

a −m2
ac

2 = Ea − Ea

√
1− m2

ac
2

E2
a

. (4.23)From the fa
t that ma ≪ Ea, we 
an approximate the momentum transfer as
q ≃ m2

a/2Ea and, therefore, the axion mass range for whi
h the 
oheren
e of52
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Figure 4.4: Evolution of the 
oheren
e term respe
t the di�erent values of
qL. Observe that the value of the 
oheren
e term is maximum for small valuesof qL and vanishes really fast whenever the 
ondition qL ≪ 1 is not satis�ed.the 
onversion is ful�lled sati�es

m2
a ≪ 2

Ea

L
. (4.24)From this relation, we 
an estimate the band of axion masses for whi
h anexperiment is 
oherent (see equation 4.25). For the 
ase of a magnet lengthof ∼ 10m and ∼ 10 keV energy photons, the axion masses have to satisfy

ma . 0.02 eV in order to ful�ll the 
oheren
e 
ondition qL/π ≪ 1:
qL =

(
m2

a/1 keV2
)
· (L · 1 keV)

2
(
Ea/1 keV

) = 2533.865621×

(
m2

a/eV
2
)
·
(
L/m

)

(
Ea/keV

) . (4.25) 53



CHAPTER 4. THE SOLAR AXION
Damping gas in the magnet An extension of the axion mass range forwhi
h a 
ertain experiment is 
oherent while va
uum is in the 
onversion re-gion 
an be a
hieved by �lling the magnet 
avity with a 
ertain gas of ele
trondensity ne.As result, the arising photon from the 
onversion a
quires an e�e
tive massthanks to the existen
e of the damping gas:

mγc
2 =
√

4πr0~c · √ne = a · √ne. (4.26)Helium gas is a ni
e 
andidate for �lling the magnet 
onversion region sin
ethe free path of X-ray photons in its presen
e is large. Assuming the use ofHelium gas and knowing that at standard 
onditions a mol of any gas o

u-pies≃ 22.4 l, the number of Helium ele
trons in su
h 
onditions will be n∗e(He):
n∗e(He) = 2× 6.02214199 × 1023 mol−1

22.413996 × 103 cm3 mol−1
= 5.373555 × 1019 cm−3. (4.27)Real 
onditions of pressure and temperature in the magnet 
onversion regionmay di�er from standard ones. But, sin
e Helium gas satis�es the equation ofthe ideal gases, for a temperature THe, the pressure of the Helium gas with neele
trons follows

PHe =
( ne

5.373555 × 1019

)
×

(THe[K]

293.15

)
×

( 1

VHe[cm3]

)
atm (4.28)and equation 4.29 des
ribes the number of ele
trons in the gas referred to the
onditions of pressure and temperature of the magnet:

√
ne = 1.211522 × 1011 ·

(PHe[atm]

THe[K]

)1/2
cm−3. (4.29)Then, the e�e
tive mass of the photon in the Helium gas of the magnet 
an be54



CHAPTER 4. THE SOLAR AXIONwritten as
mγ = 4.498716

√
PHe[atm]

THe[K]
eV. (4.30)The momentum transfer to the photon has to take into a

ount its e�e
tivemass in the medium (equation 4.31), whi
h means an alteration of the 
oher-en
e 
ondition 
al
ulated for the va
uum 
ase:

q =
∣∣∣
m2

a −m2
γ

2Ea

∣∣∣. (4.31)For a magnet of length L that has Helium as damping gas, the a
tual 
oheren
e
ondition is
qL = 2533.865621 ×

[
(m2

a −m2
γ)/eV2

]
·
[
L/m

]

[
Ea/keV

] . (4.32)The above expression 
learly shows that the 
oheren
e 
ondition for the axion-to-photon 
oupling is ful�lled in the pressen
e of a damping gas whenever
ma ≃ mγ .This is equivalent to say that in order to restore the 
oheren
e of 
onver-sion for di�erent axion masses, the pressure of the Helium gas in the magneti
region must be tunned. This adjustment is really sensitive, sin
e variations of
∼ 0.1mbar would destroy the 
oheren
e of the spe
i�
 axion mass.4.3.2 Absorption of 
onverted photons due to the damping gasAs it appears in equation 4.18, the probability of having a photon due tothe Primako� 
onversion of an axion with energy Ea in a magnet with length
L depends on the momentum transfer to the photon and the e�e
tive damping
Γ due to the existen
e of a 
ertain gas in the magnet 
onversion region.It has been mentioned in Se
tion 4.3.1 that the existen
e of a damping gasallows to extend the 
oheren
e of 
onversion for higher axion masses by tun-ning its pressure a

ording to equation 4.30. 55



CHAPTER 4. THE SOLAR AXIONHowever, the existen
e of gas in the magnet a�e
ts the free path of a pho-ton that has been 
onverted in the magnet and therefore its dete
tion aftera length L. Photoele
tri
 e�e
t, together with the 
oherent and in
oherents
attering of photons are the responsibles of su
h phenomenon. In terms ofthe di�erent 
ross se
tions of ea
h pro
ess we 
an say that the total absorption
ross se
tion in the dumping gas is
σA(Ea) = σPhotoelectric(Ea) + σCoherent(Ea) + σIncoherent(Ea). (4.33)With those pro
esses playing the rule of the photon absorption in a 
ertaingas whose mass number is A, we will de�ne the mass attenuation 
oe�
ient

µ(Ea), a quantity that is used to des
ribe the redu
tion of intensity of a 
ertainenergy beam as it passes through a spe
i�
 material:
µ(Ea) =

NAvogadro

A
· σA(Ea). (4.34)Having a gas in the magnet region, the damping fa
tor 
an be expressed interms of the density of the gas for the spe
i�
 pressure and temperature of themagnet. In Se
tion 4.3.1, Helium was already suggested as a 
andidate ableto restore the 
oheren
e of the axion-to-photon 
onversion.The probability of 
onversion (equation 4.18) takes already into a

ount thepossible loss of intensity from the presen
e of a 
ertain media in the 
onversionregion. Its e�e
t is des
ribed by Γ, whose dependen
e with the energy of thephoton generated in the 
onversion and the pressure in the magnet 
an bewritten as

Γ(PHe, Ea) = ρSTP

[ g

cm3

]
· µ(Ea)

[m2

gr

]
· TSTP

PSTP
· PHe

THe
× 106 m−1. (4.35)The attenuation of photons in the presen
e of Helium (see equation 4.36) isrelated to the density of gas in the magnet pipe and their energy. Therefore,it is important to parametrize as a fun
tion of the energy Ea and the pressure

PHe the ratio between the total damping 
al
ulated from the data bases3 and3NIST Online S
ienti�
 Databases.56
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Figure 4.5: Re
reation of the damping fun
tion for 1 mbar of Helium at 1.8Kelvin due to the di�erent attenuation pro
esses in Helium gas. In the low keVenergy range, the most 
ontributing e�e
t to the total damping (red squares)is the photoele
tri
 e�e
t that appears in the graph in grey triangles. However,for energies above 4 keV, the highest 
ontribution to the damping 
omes fromthe in
oherent s
attering of photons (green 
ir
les). The 
oherent s
attering(blue 
rosses) it also 
ontributes to the total damping. In bla
k squares thetotal damping that photons su�er when the Helium gas is at 13 mbar in themagnet.the relative 
onditions of Helium in the magnet:
log10 ΓPHe,Ea = −2.0282 · log5

10Ea + 4.7254 · log4
10Ea − 2.3282 · log3

10Ea +

+ 0.4296 · log2
10Ea − 3.1864 · log10Ea − 0.7834 + log10PHe. (4.36)Figure 4.6 shows how the parametrized fun
tion des
ribes some of the total 57



CHAPTER 4. THE SOLAR AXIONattenuation of photons at di�erent pressures.
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Figure 4.6: Parametrized fun
tion of the total attenuation that photons su�erfor the pressures of 1 (red) and 13 mbar (bla
k) when the temperature ofHelium is 1.8 K. The squares represent some of the experimental data points,while the lines are the result from the parametrization.
4.4 Expe
ted number of photonsOn
e we have des
ribed the phenomenology of the axion-to-photon 
on-version in the presen
e of a magneti
 �eld, time has 
ome to think of how todete
t the out
oming X-ray photons.The use of X-ray dete
tors pla
ed at the exit of the magnet 
avity will make58



CHAPTER 4. THE SOLAR AXIONpossible the dete
tion of the out
oming photons. But, how many photons dowe expe
t?The total number of photons Nγ is a dimensionless number that arises from the
onsideration of several fa
tors that intervine on the axion-to-photon 
onver-sion and the dete
tion of the generated photons. Two are the most importantfa
tors 
ontributing to the expe
tation of photons:
• The di�erential axion �ux on Earth: given by equation 4.13.
• The 
onversion probability: studied deep into detail in se
tion 4.3.While the probability of 
onversion is dimensionless, the di�erential axion �uxon Earth needs the input of two quantities in order to provide the number ofaxions expe
ted on Earth for the di�erent energies of the spe
trum: the ex-posure time t and the e�e
tive area S in whi
h is possible to have a 
onversion.With all this information, we 
ould obtain the total number of photons ex-pe
ted from the 
onversion as

Nγ =

∫ Ef

Eo

dφa

dEa
(Ea) · Pa→γ(Ea) · S · t · dEa. (4.37)However, there are no perfe
t systems. Losses of photons due to obsta
les,quantum e�
ien
y of ea
h dete
tor and e�
ien
y of the analysis used in orderto re
onstru
t the events observed in the dete
tors must be also taken into a
-
ount. Comprehending all this e�e
ts, we will introdu
e to the equation 4.37 anew energy dependent fa
tor to whi
h we will refer as dete
tor e�
ien
y ε(Ea).Equation 4.38 takes into a

ount the in�uen
e of this extra 
onsideration tothe total number of X-ray photons Nγ to be observed in a 
ertain dete
tor:

Nγ =

∫ Ef

Eo

dφa

dEa
(Ea) · Pa→γ(Ea) · S · t · ε(Ea) · dEa. (4.38)
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Chapter 5

The CAST experiment

The CERN Axion Solar Teles
ope (CAST), situated at the LHCPoint 8 of CERN (Conseil Européen por la Re
her
he Nu
léaire) isan axion teles
ope that aligns a transverse magneti
 �eld with thesolar 
ore to allow axion-to-photon 
onversion via the Primako�e�e
t.

63



CHAPTER 5. THE CAST EXPERIMENTCAST makes use of a de
ommisioned LHC super
ondu
ting magnet in-stalled on top of a moving platform in order to dete
t the possible arrival ofaxions to Earth. As already explained in Chapter 4, the axion-to-photon 
on-version due to the Primako� e�e
t 
ould make possible their dete
tion.

Figure 5.1: The CAST experiment.CAST, with its moving platform, is able to tra
k the solar 
ore twi
e per day.In the sunrises, as well as in the sunsets, CAST looks for axions 
oming fromthe solar 
ore during one hour and a half.Di�erent X-ray dete
tors are installed at the end of the magnet bores of theCAST experiment so that the 
onversion of axions due to the presen
e of atransverse magneti
 �eld into X-ray 
an be dete
ted.In the following lines we will pro
eed to des
ribe the magnet of CAST andits tra
king system (Se
tions 5.1 and 5.2). The Helium system that allowsthe tunning of the axion masses is also presented in Se
tion 5.3 and the di�er-ent dete
tors used during the 4He data taking period of CAST are shown inSe
tion 5.4.64



CHAPTER 5. THE CAST EXPERIMENT5.1 Magnet 
hara
teristi
sA de
ommissioned LHC super
ondu
ting test magnet forms the basis of theexperiment. The �rst generation of bending magnets have two straight bores.Ea
h bore of the twin aperture magnet has a 
ross-se
tional area A = 14.5 cm2and the provided nominal �eld is 9T over a length of 9.26m.

Figure 5.2: View of the CAST dipole 
ross se
tion.
The CAST dipole magnet is built with materials that be
ome super
ondu
tingfor temperatures below 4.5K allowing it to stand 
urrents above 13 kA. Thus, 65



CHAPTER 5. THE CAST EXPERIMENTa 
omplete 
ryogeni
 setup is needed in order to 
ool down the dipole magnetand keep it super
ondu
ting.In CAST, as with the rest of the LHC magnets, the use of super�uid He-lium is a te
hnique that allows not only to 
ool down the magnet but also tostabilish its temperature at 1.8K.

Figure 5.3: Image of the CAST's Magnet Feed Box (left) and of the CAST'sMagnet Return Box (right).The LHC magnets are able to rea
h super
ondu
tivity for temperatures of
∼ 4.5K. However, for te
hni
al issues, the LHC magnets make use of the fa
tthat Helium rea
hes super�uidity at 2.17K. Super�uid Helium is able to 
ooldown the LHC magnets and it also allows to tilt the LHC magnets ±8o, fa
tthat CAST uses in order to tra
k the Sun.The Magnet Feed Box (MFB [82℄) is �xed on top of the magnet towards itssunset end (see �gure 5.3), while the other end is 
losed by the Magnet ReturnBox (MRB). Flexible transfer lines for the Helium and the quen
h re
overingsystem allow movement of the whole stru
ture. The �Poten
e�, a movable gib-bet, ful�lls the same purpose for the power supply lines.66
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Figure 5.4: Poten
e gibbet for the power supply lines of the CAST magnet.
A quen
h is an interesting phenomenom 
onne
ted with super
ondu
ting mag-nets. The sudden 
hange from the super
ondu
tive to the normal-
ondu
tivestate of the material due to the presen
e of impurities generates an ele
tri
resistivity that provokes a violent warming of an spe
i�
 magnet region due tothe Joule e�e
t.The heat, generated by the Joule e�e
t, is dissipated thanks to the presen
eof 
old Helium in the magnet 
ryostat. In a quen
h, Helium gasi�es and gen-erates an overpressure of gas in the 
ryostat that must be released in order topreserve the integrity of the system (see �gure 5.5). 67
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Figure 5.5: Image of a QUENCH in the CAST experiment.5.2 Tra
king systemCAST, as an axion helios
ope, has to be able to follow the Sun. Thetra
king system allows to move the whole experiment over 40 tons within apre
ission of 0.01o. In order to tra
k the Sun, a reliable software determineswhere to put the magnet and a
tually dire
t it to go to the required positions.In order to performe a tra
king, CAST makes use of the ephemeris of the Sun.5.2.1 Ephemeris of the SunAn ephemeris is a look-up table that provides the positions of the Sun orplanets at a given time. Modern ephemeris in
ludes a software that 
al
ulatesposition of 
elestial bodies, su
h as stars, planets, 
omets or satellites for vir-68



CHAPTER 5. THE CAST EXPERIMENTtually any desired time.In order to 
al
ulate the Sun's e
lipti
1 several 
ommer
ial and non-
omer
ialsoftware routines are available. The most widely used and generally a

epted isNOVAS2 provided by the U.S. Naval Observatory [79℄. NASA o�ers an onlineEphemeris Computation Servi
e, known as JPL's3 HORIZONS System [80℄.To a
tually 
al
ulate the ephemerides is a problem that needs to solve a multi-body system: Other planets in�uen
e the Earth's path around the Sun, andtherefore its orbit is not exa
tly ellipti
al [81℄. The usage of di�erent 
oordi-nate and time systems allow the 
al
ulations.
• Horizontal Cordinate SystemOfently used for the 
al
ulation of the sunrises and sunsets, but hardlyever to determine ephemerides.
• Equatorial Cordinate System
• E
lipti
 Cordinate System
• Gala
ti
 Cordinate SystemThis system uses the so-
alled gala
ti
 plane as the referen
e plane, i.e.the planar region, where most of the visible mass 
an be found. The di-re
tions perpendi
ular to the plane point towards the gala
ti
 poles, andthus 
reate a spheri
al 
oordinate system. Its 
oordinates are gala
ti
latitude and gala
ti
 longitude.
• Supergala
ti
 Cordinate SystemTransformations between the given 
oordinate systems exist, but the formulasfor this 
an be rather 
ompli
ated. Sin
e not only spa
e, but also time mat-ters in ephemeris 
al
ulation, there exist several time systems used in 
elestial1The geometri
 plane whi
h 
ontains the orbit of the Earth is 
alled e
lipti
. Most planet'sorbits in the Solar System are 
lose to this plane.2Naval Observatory Ve
tor Astrometry Subroutines3Jet Propulsion Laboratory 69
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al
ulations:
• Julian Date
• International Atomi
 Time (TAI)
• Ephemeris Time (ET)
• Universal Time (UT)Is a times
ale based on the rotation of Earth, 
an be seen as a 
ontinua-tion of Greenwi
h Mean Time (GMT), whi
h is the mean solar time onthe meridian of Greenwi
h, England.
• Coordinated Universal Time (UTC)
• Sideral TimeEphemeris 
al
ulations are quite 
omplex. Phenomena like the analemma,provoked by the Earth's tilt on its axis and its ellipti
 orbit arround the Sunis one of the examples. Also, the aberration 
aused for the situation of theobserver in a moving planet, or 
hanges through runtime of the light for longdistan
es are e�e
ts to be 
onsidered.For this reasons, tra
king the Sun pre
isely is a 
hallenging task. The CERNAxion Solar Teles
ope tra
king system is based on NOVAS. The gala
ti
 
o-ordinate system as well as the horizontal 
oordinate system are used.5.2.2 HardwareMe
hani
al setup The magnet, des
ribed in Se
tion 5.1, is mounted in aplatform 
omposed of two strong metalli
 supports (see �gure 5.6).In order to be able to tra
k any obje
t of the sky with the CAST magnet,the whole stru
ture must be able to move in horizontal as well as verti
al di-re
tions. The knowdlege of the magnet axis in the gala
ti
 
oordinates allows70



CHAPTER 5. THE CAST EXPERIMENTthe alignment of CAST with sky obje
ts like the Sun.

Figure 5.6: Design of the CAST moving system.On the �gure 5.6, the �rst part of the support for the magnet platform movesthe magnet along the 
ir
ular rails on the �oor for an angle of about 80o inazimuthal dire
tion. This triangle-like stru
ture on the left side of the �gure5.6 has two 
alibrated s
rews atta
hed to its support, su
h that it allows theverti
al movement of the magnet platform.On the 
enter of mass of the CAST magnet, a turntable forms the se
ondsupport of the magnet platform allowing it to rotate horizontally and verti-
ally . The me
hani
al setup of the CAST experiment, allows a total rangeof movement of ±40o in horizontal and ±8o in verti
al dire
tion. We mustremember that the magnet 
ryogeni
s 
onstrains its verti
al movement to ±8oand that the feeding lines of 
ryogeni
s and ele
tri
ity have to be de
oupledfrom the magnet movement. 71



CHAPTER 5. THE CAST EXPERIMENTConsequently, the magnet 
an be aligned with the solar 
ore for aproximatelyan hour and a half during sunrise and for the same period of time during sun-set every day. In the 
ourse of a year, this results in a total alignment time ofmore or less 50 days, if the horizontal range of movement is 
onsidered as well.Motors and en
oders The magnet platform is moved by two ele
tri
 mo-tors. One for horizontal and the other for verti
al movement. Ea
h motor is
onne
ted to an en
oder so that the di�erent positions of the magnet alongthe experimental area of CAST are di�eren
iated within the proper a

ura
y.

Figure 5.7: Image of the Verti
al movement system of the CAST magnet(left) and its en
oder (right).The movement system has also several emergen
y stops for all the dire
tionsof movement in order to prevent the experimental setup from damage. Theseemergen
y stops are hardware swit
hes as well as software limits, both meanto prote
t the magnet from tilting too mu
h or derailing while moving.5.2.3 SoftwareTra
king software and logging of data The tra
king software guides themagnet's movement and, it writes relevant information to log�les that are used72
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Figure 5.8: Image of the Horizontal movement system of the CAST mag-net (left) and the en
oder readers for both, verti
al and horizontal movement(right).for data analysis later on.The software is written in Labview and based on NOVAS. These subroutines,read in the UT Time as well as the 
oordinates of the experiment4 at CERNin order to 
al
ulate the azimuthal angles (AZ) and the zenith distan
es (ZD)of the Sun for the minute to 
ome.After 
al
ulating the azimuth and zenith values of the Sun, the software trans-forms these values to the 
orresponding en
oder numbers Vx(AZ,ZD) and
Vy(AZ,ZD). It also transfers the 
oordinates to the motors, that are thenguided to move the magnet to this position.In order to a
hieve an a

urate tra
king, the UT time is obtained by thetime syn
roni
ation of the host PC's 
lo
k with two CERN time servers everymilise
ond. Also, the help from the EST5 division at CERN was 
ru
ial to446o N15

′′

E, 330 m above sea level5Engineering Support and Te
hnology 73
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Figure 5.9: Image of the tra
king PC of the CAST experiment.apply the 
orre
t 
oordinate translation at any point of the experiment (seeTable 5.1 for a summary of possible errors).Sour
e of Error Typi
al Value Maximal ValueAstronomi
al Cal
ulations 0.002o 0.006oUn
ertainty of Coordinates (CERN) ∼ 0.001oClo
k Time ∼ 0oGrid Measurements (0.02 mm pre
ision) 0.001oInterpolation os Grid Measurements 0.002o < 0.01oHorizontal En
oder pre
ision ∼ 0.0014oVerti
al En
oder pre
ision ∼ 0.0003oLinearity of Motor Speeds < 0.002oTOTAL < 0.01oTable 5.1: Summary of possible error sour
es of the solar tra
king pre
ision.74



CHAPTER 5. THE CAST EXPERIMENTThe slow 
ontrol Is an independent LabView program that monitorizes andre
ord most of the experimental parameters that are ne
essary for 
ontrollingthe stability of the CAST experiment and also for the proper analysis of thedata, sin
e it is a useful tool to avoid any sour
e of systemati
 errors in thedata. Information, su
h as the status of the valves, the load on ea
h of thes
rews and the position of the magnet in en
oder values, are re
orded. Also, analarm system is established in order to keep the experiment under survellain
eand, if ne
essary alert people in 
harge.

Figure 5.10: Image of the Slow Control PC of the CAST experiment.
5.2.4 Filming of the SunIt is an independent 
ross
he
k of the tra
king a

ura
y of the CAST exper-iment. A CCD 
amera aligned with the axis of the magnet is able to dire
tly�lm the Sun while tra
king. 75



CHAPTER 5. THE CAST EXPERIMENTThe Sun �lming 
an be done twi
e a year, during the months of Mar
h andSeptember, and it is able to provide enough information as to 
ompare it withthe GRIDS that the EST division at CERN used to 
alibrate the movementof the CAST magnet.Refra
tion of light in the atmosphere is the most important e�e
t to be 
on-sidered while the Sun �lming is performed.Atmospheri
 refra
tion Earth atmosphere is able to 
hange the dire
tionof the in
oming light rays. This phenomenon is 
alled atmospheri
 refra
tionand may fake the apparent 
oordinates of a given point on the 
elestial sphere.
Atmosphere

Horizon

Apparent Position

Actual Position
R

Observer

θ
′

θ

β

β
′

Zenith

Figure 5.11: Atmospheri
 refra
tion. β
′ represents the apparent altitude,while β stands for the true height above the horizont. θ

′ and θ are the apparentand true zenit distan
e respe
tively.Being θ the true zenit distan
e, and θ′ the apparent one, we 
an de�ne refra
-tion R as
R ≡ θ − θ′

. (5.1)Equivalently, we 
ould also 
onsider the true and the apparent altitude abovethe horizont, β and β′ respe
tively in order to determine the refra
tion:76
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R ≡ β − β′

. (5.2)Sin
e θ′

= 90o − β′ and θ = 90o − β, equations 5.1 and 5.2 are equivalent.Earth's atmosphere density de
reases with altitude, whi
h makes an in
omingray to be bent towards the surfa
e (see �gure 5.11).The �lming software The version of the tra
king software for the �lmingmode of the CAST experiment 
an be a

essed via the normal user interfa
eof the tra
king PC. The refra
tion in the atmosphere is taken into a

ount inreal-time [84, 85℄.The �lming setup At present, a CCD 
amera borrowed from the MPE6with appropiate opti
s and polarized �lters suits the purposes of CAST's Sun�lmings [86℄.

Figure 5.12: Pi
ture of the CCD ST-7 
amera used for the Sun �lming.6Max Plan
k Institute for Extraterrestrial Physi
s in Muni
h 77



CHAPTER 5. THE CAST EXPERIMENTThe 
amera is installed in a platform able to simplify the alignment of the
amera's opti
al axis with the magnet axis that points to the solar 
ore. Twotargets and a laser allow to setup the magnet axis:- Cross-wire: Taylor-Hobson sphere with two 3mm diameter 
rossing
opper wires in its 
enter that is pla
ed in the opti
al axis at 5.02m fromthe 
amera.- Pointer: Diaphragm with two aluminum pointers pla
ed in the opti
alaxis at 7.59m from the 
amera.- Laser: Beam parallel to the theoreti
al magnet axis at the level of the
amera ST − 7.

Figure 5.13: Image of the Crosswires (left) and pointer used for the Sun�lming (right).The laser spot provides the theoreti
al 
enter of the Sun and allows to obtainthe o�set of CAST while the Sun tra
king is taking pla
e.
5.3 The Helium SystemDuring the se
ond phase of the CAST experiment the Helium gas has beenthe one 
hosen to ful�ll the 
oheren
e requirement of the 
onversion probabil-78
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Figure 5.14: Best �t to a three dimensional gaussian for the image of the Sunin the CCD 
hip of the ST − 7 
amera. In green the 
ontour plot of the best�t. The red star is the theoreti
al magnet axis and the green 
ross the 
enterof the best �t fun
tion (�gure taken from [59℄).ity (see Se
tion 4.3).In the �rst setup of the se
ond phase, the 4He has been used to restore the 
o-heren
e for axion masses up to 0.39 eV. The vapour pressure of 4He, 16.4mbarat the temperature of operation of the CAST magnet, restri
ts the axion massrange for whi
h CAST is sensitive. On
e the 4He rea
hes its vapour pressure,it starts liquifying, fa
t that 
onstraints the a
hievable pressure with 4He inthe magnet bores.CAST will make use as well of 3He gas in order to extend the sensitivityto axion masses up to 1.2 eV. As in the 
ase of 4He, the vapour pressure of
3He (135.6mbar) will limit the range of operation. Moreover, latest 
osmo-logi
al results from the 
osmologi
al mi
rowave ba
kground suggest an upper 79



CHAPTER 5. THE CAST EXPERIMENTlimit for the axion mass at around 1 eV.5.3.1 Gas 
on�nement. The X-ray windowsTo 
on�ne the gas in the magnet, four 
old windows were developed at theCERN 
ryolab. The requirements for the gas 
on�nement system were thefollowing:- High X-ray transmission- Robustness- Tightness- Pressure ProofTo a

omplish the above requirements, the windows were 
onstru
ted with anstainless steel strongba
k that gives robustness to the system and, on top ofit, a foil of 15µm polypropylene is deposited.

Figure 5.15: View of one of the four 
old windows before its installation insidethe CAST 
ryostat.80



CHAPTER 5. THE CAST EXPERIMENTThese windows are able to keep the Helium gas separated from the va
uumside of the magnet and the dete
tors.

Figure 5.16: View of the va
uum and Helium system s
heme of the CASTexperiment. The 
ryostat of CAST o�ers four ports (VT1, VT2, VT3 andVT4) for the installation of the X-ray dete
tors. The 
old windows are pla
edsu
h that are able to keep the Helium gas (red) within the magnet region ofthe 
ryostat (orange). Note that between the windows and the ports to whi
hthe dete
tors are 
onne
ted there is va
uum (yellow).The axion-to-photon 
onversion takes pla
e inside the magnet bore, where X-ray 
an be produ
ed. The use of the 15µm polypropylene allows the X-raytransmission, being around 95% at 4.2 keV.The leak tightness of the system is fundamental. Any loss of gas would imply a
hange to the 
oheren
e 
ondition. For that pourpose, several va
uum 
y
lingtest were performed to the 
old windows and the overall leak was found to beless than 1× 10−7 mbar l s−1 of Helium.Also, the resistan
e of the windows to the sudden 
hange of pressure had to beensured, sin
e a possible quen
h of the magnet would produ
e a fast in
reaseof the pressure for the Helium present in the 
old bore. For that pourpose, the 81



CHAPTER 5. THE CAST EXPERIMENT
old window prototype was 
y
led up to 3.5 bar without loosing its propier-ties of tightness and robustness. Neither the rest of the windows showed anyweakness while 
y
ling them up to 1 bar.5.3.2 Gas inje
tionThe inje
tion of Helium gas into CAST's magnet bores needs of a metro-logi
al pressure measurement with the following 
apabilities:- A

ura
y- Reprodu
ibility- StabilityThe whole system is fo
used to the reprodu
ibility of a given pressure settingwithin an error of 0.01mbar. This feature allows CAST to visit at any timepreviously measured settings.

Figure 5.17: Gas metering system. The metering volume is inmersed in a
ontroled thermal bath of water.82



CHAPTER 5. THE CAST EXPERIMENTTo keep the absolute 
ontrol of the system, all the volumes have to be prop-erly 
alibrated and thermally monitorized so that the gas to be used in orderto restore the 
oheren
e 
ondition of the axion-to-photon probability su�ers a
ontroled transit to the magnet bores.Prior to inje
tion of the Helium gas to the magnet bores, CAST makes useof a metering stage 
omposed of a 
alibrated volume of 2 l inmersed in a ther-mal bath of water whi
h keeps the gas in stable 
onditions. The use of su
hte
hnique allows the a

ura
y of the gas inje
tion to be better than 60 ppm.Its implementation for the CAST experiment 
an be seen in �gure 5.17.The transfer of the Helium gas from the metering volume to the CAST magnetbores is done by means of a �owmeter valve that is able to establish a 
onstat�ow so that the gas dynami
s is fully 
ontrolled during the operation. For the
4He phase of the CAST experiment, the �lling of the magnet bores was donewhen the magnet was not taking data, so that the Helium gas had enough timeto thermalize with the stainless steel surfa
e of the magnet bore.

Figure 5.18: Simulation for the temperature pro�le of the Helium gas of the
oldbore (�gure taken from [60℄).The behaviour of the Helium gas of the 
old bores was also simulated by means 83



CHAPTER 5. THE CAST EXPERIMENTof 
omputational �uid dynami
s modeling. The experimental measurementsperformed in the CAST experiment agree with the simulations and are theproof of having an homogenous temperature for the Helium gas of the 
old-bore in the regions for whi
h the magneti
 �eld is present (see �gure 5.18).5.3.3 Gas re
overy and puri�
ationIn the 
ase of a magnet quen
h, the temperature of the CAST magnet willsuddenly in
rease and, therefore, the pressure of the Helium gas inside the
old bore will rise up to ∼ 2.7 bar. This e�e
t for
es the CAST experiment todesign a re
overy system for the Helium gas su
h that the in
rease of pressurein the magnet pipes does not damage the 
oating of the 
old windows.

Figure 5.19: On the left the re
overy system of the CAST experiment. Theright pi
ture 
orresponds to a detailed pi
ture of the trap used for the gaspuri�
ation.The re
overy of the Helium gas is done by 
onne
ting the 
old bore to anexpansion volume that redu
es the pressure of the Helium gas. For the hypo-theti
al va
uum leaks, a puri�
ation stage 
onsisting of a 
old trap has beenalso implemented. This whole me
hanism allows CAST to keep the purity ofthe Helium gas that is used in order to restore the 
oheren
e of the axion-to-photon probability.84
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5.3.4 ReliabilityThe CAST Helium gas system has proven to be reliable and its daily op-ertation is a establish pro

edure for the CAST shifters.Regarding the Helium gas system, the stability of the pressure in the 
oldbore is the main worry, sin
e espontaneous a
ousti
 os
illations of gas 
olumns
ould be generated in a tube with step temperature gradients.The study of possible thermoa
ousti
 os
illations in the 
old bore of CASThas shown agreement with literature.During 4He Phase of the CAST experiment, the use of pressure transdu
-ers inside the 
old bore together with home made dampers blo
ked the �ow ofgas to warmer regions and stoped the os
illations.

Figure 5.20: Image of the 
ryogeni
 needle valve used in CAST (left) and itsimplementation in the 
old bore of the magnet (right).However, during the 3He Phase, due to the high pressures that are needed to 85



CHAPTER 5. THE CAST EXPERIMENTrestore the 
oheren
e, the dampers are no longer e�e
tive blo
king the ther-moa
ousti
 os
illations. Cryogeni
s needle valves are needed in order to blo
kthe �ow of Helium gas towards warmer regions of the magnet.The absen
e of thermoa
ousti
 os
illations gives to CAST a 
ompletely ho-mogenous gas density within the magneti
 region and establish CAST as themost sensitive helios
ope for axion masses up to 1.2 eV.

Figure 5.21: Plot for the region of thermoa
ousti
 os
illation in CAST (bluelines forming a triangle) and the di�erent pressure settings that are used inCAST (dots). The verti
al axis represents the temperature ratio between themagnet bore and the temperature of the metering volume, while the horizontalaxis is the ratio between the diameter of the tubes (�gure taken from [60℄).Figure 5.21 shows how the pressure settings at the temperature of the CASTmagnet avoid the region for whi
h the thermoa
ousti
 os
illations o

ur.86



CHAPTER 5. THE CAST EXPERIMENT5.4 Dete
torsIn order to dete
t the X-ray photons originated from the axion-to-photon
onversion in the magneti
 �eld, several low-ba
kground dete
tors are used.Their sensitivity range, between 1 and 15 keV 
over perfe
tly the di�erentialaxion �ux spe
tra that 
an be seen in (�gure 4.2). A TPC (Time Proje
tionChamber) was lo
ated at one end of the magnet and 
overed both magnetbores looking for sunset axions.The other side of the magnet looks for sunrise axions. CAST has two de-te
tors mounted on this side. One bore is 
overed by a MICROMEGAS (MI-CROMEsh GAseous Stru
ture) dete
tor, while at the other a CCD (ChargeCoupled Devi
e) dete
tor is looking for photons from axions. A spe
ial featureof the latter devi
e is an X-ray mirror teles
ope added in between the magnetand the dete
tor to fo
us the in
oming photons on the sensitive 
hip.All dete
tors take data during about one hour and a half per day, either in themorning or in the evening, depending on the side they are mounted on. Dur-ing the remaining time, ba
kground measurements are performed and thus,the ba
kground for the individual dete
tors is measured with an exposure timethat is approximately 10 times higher than the one for data taking.5.4.1 The Time Proje
tion ChamberThe TPC used at CAST, whi
h took data during the sunset runs of theFirst and the 4He Phase, is a 
onventional type of this kind of three-dimensionaltra
king dete
tors, often also referred to as ele
troni
 bubble 
hamber. TheTPC prin
iple of dete
tion me
hanism 
ombines ideas from both MultiwireProportional Chambers (MWPC) and drift 
hambers. The 
entral part isa gas-�lled volume, where in
oming parti
les intera
t and thus produ
e freeele
trons. These drift towards a net of anode wires and produ
e an avalan
hedue to the strong �eld that in
reases the density of ele
trons and, therefore,the strength of the signal. The �rst 
oordinate is obtained from the �ringanode wire, the se
ond from the signal indu
ed on the 
athode wires, while thethird is derived from the drift time. Chapter 6 explains more into detail the
hara
teristi
s of the TPC dete
tor. 87
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Figure 5.22: S
hemati
s of the CAST experiment. The Sunset and Sunrisesides of the CAST experiment determines the period of the day for whi
h ea
hside is able to look for axions 
oming from the Sun.
Te
hni
al details TPC's 
onversion region has a volume of 10×15×30 cm3.The drift region of 10 cm parallel to the magnet axis is �lled with a mixtureof 95% Argon (Ar) and 5% Methan (CH4) at atmospheri
 pressure. Total
onversion (& 99%) of X-ray photons7 up to 6 keV is allowed (see Chapter 6).In more detail, the basi
 setup of the dete
tor is des
ribed in �gure 5.24 and
onsists of a drift ele
trode made of aluminum 
lose to the magnet as well asan arrangement of 3 planes:
• The anode plane at +1.85 kV with 48 wires (having a diameter of 20µmea
h)
• The grounded 
athode planes with 48 wires (having a diameter of 100µmea
h)7For higher photon energies, the 
onversion e�
ien
y de
reases rea
hing 50 % for 11.5 keV88
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Figure 5.23: TPC dete
tor of the CAST experiment.The distan
e between two adja
ent wires of the same plane is 3mm, the gapbetween the 
athode and the anode plane is 3mm, while the distan
e betweenthe 
athode planes is 6mm.The predominant material used for the 
hamber is plexiglass (low natural ra-dioa
tivity), some metalli
 parts and pi
es of other materials, su
h as the wiresthat are holded by the PCB8.Windows and di�erential pumping The TPC was 
onne
ted to ea
hmagnet bore through a thin window (3µm of aluminized mylar on a metalli
strongba
k). This is ne
essary, sin
e there exist 1 atm pressure di�eren
e be-tween the gas in the dete
tor volume and the va
uum inside the magnet (Forfurther details see 6.2.2).Passive shielding A passive shielding was added to the experimental setupin order to redu
e the ba
kground of the dete
tor. From inside to outside,8Printed Cir
uit Board 89
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Figure 5.24: S
hemati
s of an X-ray event for the TPC. Anode and 
athodeplanes of the TPC dete
tor.it 
onsisted of several layers: 
opper (5mm), lead (2.5 cm), 
admium (1mm),polyethylene (22.5 cm) and a plasti
 
overing to �ush the interior with pure
N2 gas (for further details see Se
tion 6.5).Calibration and data taking Four times a day, the TPC dete
tor wasautomati
ally 
alibrated using an 55Fe sour
e. Performan
e stability due to itsrobust 
onventional design as well as its low ba
kground due to the shieldingimplementation were the main advantages of the TPC used at CAST.90



CHAPTER 5. THE CAST EXPERIMENT5.4.2 The MICROMEGAS dete
torThe other gaseous 
hamber used at CAST is smaller than the TPC andhas a MICROMEGAS readout [64℄. It is atta
hed to one of the two magnetbores that fa
es the sunrise and, unlike the TPC, the MICROMEGAS doesnot make use of wire planes but a mi
romesh to separate the drift from theavalan
he region. The prin
iple of operation that su
h a dete
tor uses is shownin �gure 5.25.
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Figure 5.25: S
hemati
 view of the MICROMEGAS dete
tor used at CAST.The 
onversion gap of 25 mm is divided from the ampli�
ation region (about
100 µm) by a mi
romesh. For the signal readout X-Y strips are used (bottom)After passing the drift ele
trode, an in
ident parti
le will produ
e ion-ele
tron 91



CHAPTER 5. THE CAST EXPERIMENTpairs within the 
onversion region. A drift voltage of ∼ 1100V is able todispla
e the generated ele
trons to the ampli�
ation gap that is separated fromthe drift region by a grid: the mi
romesh. In order to rea
h a high ele
trontransmission to the ampli�
ation region, a voltage of up to ∼ 400V is applied.An avalan
he pro
ess will o

ur after the ele
trons go through the mesh andthe grid will keep the ions produ
ed in the avalan
he from re-entering the
onversion region. The mesh 
olle
ts the ions and is able to provide a triggerwith the help of a Flash ADC. While ions are 
aptured by the mesh, theele
trons 
ontinue their way to the anode, where they are readout on a X-Ystrips stru
ture.

Figure 5.26: Pi
ture of the CAST mi
romegas.
Te
hni
al details The frame of the dete
tor is made of plexiglass and hasa 
onversion region of 25mm thi
kness with an ampli�
ation gap of 100µm.The mesh 
onsist of 5µm 
opper with 
ir
ular holes of 25µm diameter and aseparation distan
e of 50µm. For the readout, there are 192 X-strips and the92



CHAPTER 5. THE CAST EXPERIMENTsame ammount for the Y-dire
tion. The pit
h is 350µm and the gas used is amixture of Argon with 5% of isobutan.Windows and di�erential pumping Being a gaseous dete
tor, in order toful�ll the va
uum requirements of the CAST experiment, the MICROMEGASmakes use of a di�erential pumpping. The drift window of the MICROMEGASis made of aluminized polypropylene whose thi
kness is 4µm. For the di�er-ential window a 4µm polypropylene is used.Calibration and data taking In addition to the daily data taking, 
ali-bration and pedestal9 runs were performed by shifters on morning shift. Thehigh stability of the dete
tor and its wonderful energy and spatial resolutionallowed the MICROMEGAS group to a
hieve ni
e levels of ba
kground eventhough during the First and 4He Phase the MICROMEGAS did not have adedi
ated shielding.

Figure 5.27: Front view of the 
alibrator for the CAST mi
romegas (left) andrear view after its installation on pla
e (right).
9Pedestal runs are equivalent to the mean value of the 
harge measured by the stripswithout real triggers given. 93



CHAPTER 5. THE CAST EXPERIMENT5.4.3 The X-ray teles
ope and the pn-CCD dete
torConsists of a fo
using X-ray mirror teles
ope and a Charge Coupled Devi
e(CCD). Its setup 
an be seen in �gure 5.28.

Figure 5.28: pn-CCD dete
tor and X-ray teles
ope setup in the CASTexperiment.It is installed at the remainig fourth end of the two magnet bores. Originally,both parts were designed as prototypes for X-ray astronomy [76, 77℄. The useof an X-ray teles
ope, allows CAST's setup to fo
us the in
oming photonsfrom axion 
onversion to a spot of approximately 9mm2 on the CCD 
hip.Intera
tion of the X-ray with the sili
on atoms of the pn-CCD generate ele
-trons and holes. The ele
trons are 
aptured in small potential 
ells below thesurfa
e and tranferred to the readout 
hip by being shifted from one 
ell tothe next, 
onserving the 
harge distribution pattern a
hieved in the ionizationpro
ess [63℄.94



CHAPTER 5. THE CAST EXPERIMENT

Figure 5.29: Detailed view of the pn-CCD dete
tor (left) and the X-rayteles
ope (right) used in the CAST experiment.The X-ray teles
ope The fo
using devi
e used at CAST is a Wolter I typeX-ray mirror teles
ope, whi
h was a prototype of the German X-ray satellitemission ABRIXAS10. It 
onsists of an arrangement of 27 nested paraboli
 andhypereboli
 mirror shells made of gold 
oated ni
kel. The diameter of theshells varies from 76mm to 163mm from the innermost to the outmost shell,respe
tively. A 
obweb-like stru
ture supports the shells see �gure 5.29. Onlyone of the six se
tions is used at CAST, sin
e the magnet bore has a diameterof 43mm. The fo
al length of the teles
ope is 160 cm and it is operated underva
uum 
onditions at a pressures around 10−6 mbar to prevent the mirror shellsfrom 
ontamination.The pn-CCD The pn-CCD dete
tor, lo
ated in the fo
al plane of the X-ray teles
ope, is a prototype developed for the XMM-Newton11 mission ofESA12 [78℄. The performan
e of the dete
tor was optimized to ful�ll the de-mands of low ba
kground appli
ation by adding a passive shielding made of
opper and lead. The software ba
kground reje
tion has also been optimized10A BRoad band Imaging X-ray All-sky Survey11This name derives from the X-ray Multi-Mirror design used and is meant to honor SirIsaa
 Newton.12European Spa
e Agen
y 95
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Figure 5.30: S
hemati
s for the 
harge 
olle
tion of the pn-CCD dete
tor.with the help of a pattern re
ognition algorithm.The 
hip, with a sensitive area of 2.88 cm2 is larger than the expe
ted im-age of the solar 
ore that the X-ray teles
ope generates. Sun's 
ore, ∼ 0.2R⊙,
orresponds to approximately 19 pixels diameter. The fo
alization of the mag-net bore area to the CCD 
hip allows to measure simultaneously the potentialsignal from axion to photon 
onversion and the ba
kground of the dete
tor.Calibration and data taking Every morning, before the solar tra
king, a
alibration with a 55Fe sour
e is performed. The most important 
hara
teristi
of the X-ray teles
ope is the improvement of the signal to ba
kground ratio bya fa
tor of about 200 due to fo
using with an X-ray teles
ope. Also, the verygood spatial and energy resolution.96



CHAPTER 5. THE CAST EXPERIMENT5.5 The CAST Physi
s ProgramAt the moment, CAST is the most powerful helios
ope. CAST's goal is tos
an for axions in all the rea
hable axion masses for whi
h the 
oheren
e ofthe axion-to-photon 
onversion is full�led.The �rst phase of CAST took pla
e during 2003 and 2004 and the magnetremained under va
uum operation, whi
h gave CAST the possibility to lookfor axion masses up to 0.02 eV. The result of the �rst phase of CAST did notshow any 
andidate, but allowed to restri
 the 
oupling of axions to photonsin the parameter spa
e [68℄.
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CHAPTER 5. THE CAST EXPERIMENTThe 
ombined result of CAST during its �rst phase is
gaγγ . 8.8 × 10−11 GeV−1 (95% C.L) for ma . 0.02 eV, (5.3)that is with di�eren
e the best result ever a
hieved in the dire
t solar axionsear
hes by a helios
ope.In order to extend the 
oheren
e of the axion-to-photon 
onversion, an ex-periment like CAST 
ould either play with the length of the magnet or inserta gas into the magneti
 region so that the photon arising from the 
onversiona
quires an e�e
tive mass. This two me
hanism 
ome from the fa
t that the
oheren
e of the axion-to-photon 
onversion goes as qL ≪ 1 as it has beenexplained in Se
tion 4.3.1.CAST strategy 
onsits of using a damping gas in the magneti
 �eld:

• 4He run: Completed during 2005 and 2006
• 3He run: Started in 2007The use of 4He has allowed CAST to s
an for axions whose masses are below

0.39 eV. At present, with the help of 3He, CAST is sear
hing for axions whose
ma . 1.20 eV.5.5.1 Des
ription of the 4He data takingEvery day CAST measured during the sunset and sunrise with an spe
i�
pressure in the 
old bore.The pressure of the 
old bore was 
hanged daily so that in little steps of
0.085mbar CAST tunned 160 pressure settings that went from 0 to 13.4mbar.Ea
h pressure setting restores the 
oheren
e for a 
ertain axion mass and thestep of pressure between pressure settings was 
hosen to overlap neighbouringsteps. This overlaping strategy allows to have an almost 
onstant dis
overypotential along the axion masses for whi
h CAST is sensitive.98
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Figure 5.32: Comparison between the expe
ted photons from the axion-to-photon 
onversion due to Primako� e�e
t during the First phase of the CASTexperiment (bla
k) and the expe
tation for two di�erent pressure settings dur-ing the 4He Phase (red and blue). It 
an be appre
iated how for axion massesabove 0.02 eV the loss of 
oheren
e is restored in CAST by the use of 4Heas a damping gas. We 
an observe as well how the long exposure time ofCAST First Phase makes the expe
tation of photons higher than for the singlepressure settings of the Se
ond Phase.
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Figure 5.33: Example of the expe
ted photons from the axion-to-photon
onversion for three 
onsequtive pressure settings (blue, red and green) of theCAST experiment. In bla
k the expe
ted photons of a pressure setting twelvesteps distant from the 
onsequtive ones.
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Chapter 6

The TPC detector of the CAST
experiment

Sunset solar axions traversing the intense magneti
 �eld of theCERN Axion Solar Teles
ope experiment may be dete
ted in aTime Proje
tion Chamber dete
tor, as point-like X-ray signals.The TPC, with a multi-wire proportional 
ounter as a readoutstru
ture has been designed to provide high sensitivity to the de-te
tion of the low intensity X-ray signal expe
ted in the CASTexperiment. A low hardware threshold of 0.8 keV is set to a safelevel during normal data taking periods, and the overall e�
ien
yfor the dete
tion of photons 
oming from 
onversion of solar axionsis 62%. Shielding has been installed around the dete
tor, loweringthe ba
kground level to 4.10× 10−5 counts keV−1cm−2s−1 between
1 and 10 keV.

101



CHAPTER 6. THE TPC DETECTOR OF THE CAST EXPERIMENTThe TPC dete
tor is atta
hed to the eastern end of the CAST magnet,
overing both magnet bores and being therefore exposed to the 
onverted pho-tons from �sunset� axions during evening solar tra
king.The dete
tor follows the well-known TPC 
on
ept, i.e., a large gaseous volumewhere primary intera
tions take pla
e, produ
ing ionization ele
trons whi
hdrift towards a plane of wires. Here, as in a Multi Wire Proportional Cham-ber, the avalan
he pro
ess that ampli�es the signal is developed, allowing aposition sensitive readout of the original event.
1
5
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1
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1

9
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Field shaping rings

Windows for X-Rays

Cathode planes of wires

Anode plane of wires

Figure (a) Figure (b)

Figure 6.1: Left: Exploded view of the TPC. The pie
es holding the anodeand 
athode wire planes and the �eld shaping 
ondu
tive frames are 
learlyseen. The holes to hold the 
ir
ular windows for the X-rays 
oming out fromthe magnet bores are present in the front pie
e. Right: Both side views of theTPC showing the general dimensions in millimeters.102



CHAPTER 6. THE TPC DETECTOR OF THE CAST EXPERIMENTAn optimum performan
e for the CAST TPC dete
tor would in
lude: lowthreshold, a relatively high gain, position sensitivity, good e�
ien
y for theenergies of interest, low ba
kground at low energies, and last but not least,robust and stable operation over the long data taking periods needed to a

u-mulate enough statisti
s.6.1 Chamber Des
riptionThe CAST TPC, as it appears in �gure 6.1, has a 
onversion volume of
10×15×30 cm3. The 10 cm drift dire
tion is parallel to the magnet beam pipes,and the se
tion of 15 × 30 cm2 is perpendi
ular to that dire
tion. The 
on-version volume above mentioned, uses Ar(95%)-CH4(5%) gas at atmospheri
pressure in order to produ
e 
onversion of photons 
rossing the 
hamber.Covering both magnet bores, the drift ele
trode, distant 10 cm from the sensewires, is a 
ontinuous aluminum layer lo
ated on the inner side of the 
hamberwall 
loser to the magnet. Ex
ept for the ele
trodes, the s
rews, the PrintedCir
uit Board (PCB) and the windows, the entire 
hamber is made of 17mmthi
k low radioa
tivity plexiglass.

Figure 6.2: Aluminized mylar window used by the TPC. 103



CHAPTER 6. THE TPC DETECTOR OF THE CAST EXPERIMENTFa
ing the magnet, the TPC has two 6 cm radius 
ir
ular holes for the thin win-dows that must be as transparent as possible to the X-ray 
oming through themagnet bores, while being able to hold the large pressure di�eren
e of 1 atmbetween the 
hamber and the magnet pipes that are under va
uum. Thesewindows are thin mylar-Aluminum foils of 3 or 5µm stret
hed, then glued to ametalli
 grid 
alled strongba
k on the va
uum side of the foil. This te
hniqueallows the thin foil to withstand the large pressure di�eren
e.
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Figure 6.3: E�
ien
y for the TPC dete
tor. The red solid line representsthe per
entage of photons that after going through the windows enter the driftregion. The grey dashed line apply the absorption of photons in the Argon-CH4 gas to 
al
ulate the per
entage of photons that are deposited in the driftregion. The 
onversion e�
ien
y de
reases for higher energies, be
oming 50%for photons of 11.5 keV.The geometri
al opa
ity of the strongba
k is about 8% while the mylar foil ispra
ti
ally transparent for X-rays down to the keV energies [72℄. The innerside of the mylar foil is aluminized (40 nm) sin
e it serves as part of the driftele
trode.104



CHAPTER 6. THE TPC DETECTOR OF THE CAST EXPERIMENTOn the other hand, the Argon-CH4 gas of the TPC is being 
ontinuouslyrenewed at a �ow rate of 2 l h−1, in order to prevent any 
ontamination fromatmospheri
 impurities, su
h as N2 or O2.6.2 Experimental Setup6.2.1 Data A
quisition Hardware and SoftwareThe �rst stage of wire signal ampli�
ation and shaping is performed by36 (12 for the anodes and 24 for the 
athodes) ALCATEL SMB302 4-
hannelpreampli�er 
hips, lo
ated on the same printed 
ir
uit board on whi
h thewires are supported.

Figure 6.4: Array of 24 ALCATEL SMB302 4-
hannel preampli�er 
hips usedfor the 
athode signals of the TPC.The output from these preampli�ers is sampled by three 48-
hannel 10-bitVME �ash-ADCs operating at a sampling rate of 10MHz. These modules arebased on the ALTRO (ALICE TPC Read-Out) 
hip, developed at CERN forthe ALICE experiment [73℄. The same modules have been used in the HARPand CERES (NA45) experiments at CERN.The trigger is built from the OR of all the anode signals. The hardware trig- 105
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Figure 6.5: Front End Ele
troni
s S
heme for the TPC dete
tor of the CASTexperiment.
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CHAPTER 6. THE TPC DETECTOR OF THE CAST EXPERIMENTger threshold during normal CAST data-taking operation is set to a safe levelthat avoids being triggered by ele
troni
 noise, and 
orresponds to energy de-positions of about 800 eV in the gas 
onversion region. The time window forthe sampling is about 7µs, whi
h is long enough to en
ompass the maximumdrift time of the 
hamber. The �ash-ADCs are 
on�gured, 
ontrolled and readthrough a VME bus 
ontrolled by a dual pro
essor PC running under Linux,whi
h uses a SBS Bit-3 1003 adapter on a �ber-opti
 link.

Figure 6.6: Image of one of the ALTRO 
ards used by the TPC dete
tor ofthe CAST experiment.The time spent by the system after the trigger arrival in hardware-pro
essingthe data, transferring them to the PC and writing them to the disk is, on aver-age, about 1.5ms, during whi
h it is �blind� to new triggers. This means thatfor the typi
al 
hamber trigger rate of 10 to 25Hz �depending of data taking
onditions� the average dead time 
an vary from 1.75% to 2.5%. The deadtime is 
ontinuously monitored by measuring the time the system spends in the�BUSY� state, de�ned by a hardware register whi
h is set by the trigger andreset to zero by the PC on
e the event pro
essing is �nished. The BUSY logi
is handled by a CORBO VME module. The dead time is therefore 
al
ulatedon-line by using a s
aler to 
ount 
lo
k pulses both with and without a vetofrom the BUSY signal provided by the CORBO module.The a
quisition software is a low level C-
ode whi
h 
on�gures, initializes and 107



CHAPTER 6. THE TPC DETECTOR OF THE CAST EXPERIMENT
ontrols the ele
troni
s modules through the VME bus. On
e a trigger isdete
ted, its task is basi
ally to dump the 
ontents of the �ash-ADC memo-ries onto the disk, without any further data treatment, so as not to add anydead time. A di�erent, high level C-
ode for passive monitoring of the de-te
tor performan
e is running 
ontinuously in the se
ond pro
essor, withoutinterfering with the a
quisition (and therefore without adding noti
eable deadtime). This software, based on the ROOT toolkit developed for data analysisat CERN [74℄, monitors online multiple experimental parameters, and there-fore allows fast diagnosis of problems and helps in assessing the quality of thedata as they are being a
quired.The a
quisition of the data follows a fully automati
 proto
ol, and data be-longing to Sun-tra
king measurements or to ba
kground measurements areidenti�ed and separated during the o�-line analysis.

Figure 6.7: Image of the TPC dete
tor mounted on the CAST magnet.The gain of the TPC is measured by using a 55Fe sour
e (see �gure 6.9) andthe pedestal levels and the variation of the �ash-ADCs 
hannels are measuredusing arti�
ial trigger signals in the absen
e of real events.As a primary a
quisition proto
ol, the a
quisition is automati
ally stopped108



CHAPTER 6. THE TPC DETECTOR OF THE CAST EXPERIMENTevery 5 hours to take a pedestal run and two 
alibration runs, one throughea
h ba
k window.The movement of the 
alibration sour
e from the �shielded� parking positionto the 
orresponding window is performed by a stepping motor, whi
h is fully
ontrollable via ECL or TTL signals. These signals are provided by an in-put/output register VME module 
ontrolled by the a
quisition software, sothe whole a
quisition sequen
e is fully automated.

Figure 6.8: Calibrator of the TPC dete
tor.
Gain variations of the gas in the 
hamber are 
hara
terized by 
alibration runswith the 55Fe sour
e every 5 hours as it appears in �gure 6.10. Therefore,measurements of the gas gain for ea
h window were performed and used to
alibrate the �ash-ADCs. Figure 6.11 shows the evolution of the measuredgain during the 4He data taking period.A di�eren
e of the gain values for the two windows was observed and this hasbeen taken into a

ount for the data analysis. This di�eren
e results from geo-metri
al imperfe
tions in the wire arrangement that produ
e a gain drift alongthe anodes. Slight wire-to-wire variations due to me
hani
al imperfe
tions oradjustments of the preampli�ers were also observed and further 
orre
ted by 109
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Figure 6.9: On the left, spe
tra in ADC units for the 
olle
tion of 
harge bythe anodes (up) and 
athodes (down) on the left window of the TPC dete
torduring the 55Fe 
alibration run number 11225. On the right, ADC spe
tra forthe anodes (up) and 
athods (down) 
olle
tion of 
harge on the right windowwhile the 
alibration run number 11226 with 55Fe is taking pla
e.maping the gain of every wire independently. The energy spe
trum of theevents that have passed all 
uts is then 
omputed for two distin
t 
lasses: the�rst for all X-ray events 
olle
ted during the axion-sensitive periods (whenthe magnet is pointing towards the Sun) and the se
ond for the ba
kgroundspe
trum.
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Figure 6.10: Charge 
olle
tion and XY positioning for the 
onsequtive 
ali-bration runs 11225 and 11226 with a 55Fe sour
e. The 
alibrations take pla
ein the area of the TPC that is exposed to the magnet bores of the CAST exper-iment. The 
enter of the 
ir
le 
oin
ides with the 25th anode and for 
athodes
20th and 80th respe
tively.
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Figure 6.11: Gain evolution in ADC units for the position of the Mn-Kα lineof an 55Fe 
alibration sour
e pla
ed in the mi
romega (blue) and CCD (red)windows of the TPC dete
tor.
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CHAPTER 6. THE TPC DETECTOR OF THE CAST EXPERIMENT6.2.2 The di�erential pumpingTo minimize the e�e
t of the 
hamber gas leaks towards the magnet, andtherefore to 
ope with the stringent requirements of the magnet va
uum sys-tem, a di�erential pumping system was installed. This system 
reates an in-termediate volume between the TPC and the magnet whi
h is 
ontinuouslybeing pumped with a 
lean pump.

Figure 6.12: On the left, one holder of the polypropylene window used bythe di�erential pumping system of the TPC dete
tor. The brass pipe is usedto 
onne
t a va
uum pump to the region between the TPC windows and thedi�erential ones. On the right, the va
uum pump used by the TPC dete
torin order to generate the di�erential va
uum.This volume is kept at a relatively poor va
uum ∼ 10−5 mbar, 
ompared with
∼ 10−7 mbar in the magnet. A se
ond 4µm thin polypropylene window sepa-rates this intermediate volume from the magnet va
uum.Due to the small pressure di�eren
e, the e�e
tive leak through this windowis extremely small 2.9× 10−8 mbar l s−1 of Argon and 1.3 × 10−9 mbar l s−1 ofCH4. Whi
h translates in a fa
tor 690 and 700 respe
tively to the leaks of theTPC windows 2.0×10−5 mbar l s−1 of Argon and 9.1×10−7 mbar l s−1 of CH4.112



CHAPTER 6. THE TPC DETECTOR OF THE CAST EXPERIMENT

Figure 6.13: View of the 4µm polypropylene di�erential windows installedon top of TPC 
himneys.

Figure 6.14: Detailed view of the 
oupling between the TPC dete
tor andthe magnet. One of the di�erential holder 
ontaining a di�erential window of
4 µm 
an be seen in the middle of the pi
ture. The brass pipe is the one usedfor the 
onne
tion to the va
uum pump.
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CHAPTER 6. THE TPC DETECTOR OF THE CAST EXPERIMENT

Figure 6.15: S
hemati
s for the TPC di�erential pumping system.
114



CHAPTER 6. THE TPC DETECTOR OF THE CAST EXPERIMENT

Figure 6.16: Di�erent views of the TPC dete
tor installed on the CASTmagnet. The 
onne
tions to the pump of the va
uum bellows 
oming from thedi�erential windows holders 
an also be seen.This strategy allows us to be reasonably tolerant of small leaks on the TPCwindows, improving the robustness of the whole system.6.3 Chara
terization of the TPCProperties su
h e�
ien
y, linearity gain and resolution of the TPC, weremeasured at the PANTER fa
ility of the Max-Plan
k-Institut für extrater-restris
he Physik (MPE) in Muni
h in 2002 [75℄.The data obtained in this fa
ility have been used to determine the dete
tor re-sponse over the whole energy range of interest. The position of the main peakversus energy for ea
h measured PANTER energy point is plotted in �gure6.17 (left), whi
h veri�es the linearity of the dete
tor gain. The TPC energyresolution 
an be also extra
ted from these data. Figure 6.17 (right) shows theresolution in terms of Full Width at Half Maximum (FWHM) versus energy.These 
alibration data have been used to determine the e�
ien
y loss in theo�-line analysis of the data, in parti
ular the energy dependen
e of the o�-line
uts whi
h are applied to redu
e the ba
kground.The illustrated e�
ien
y 
urve of the dete
tor in �gure 6.18 has been ob- 115
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Figure 6.17: Left: Peak position in arbitrary ADC units versus in
identphoton energy. The bla
k points and the grey points were taken from twodi�erent data sets, showing the variation of the dete
tor gain due to di�erentatmospheri
 
onditions. Right: Measurements of the energy resolution of theTPC dete
tor in terms of full width at half maximum (FWHM) of the photo-peak.tained by 
omparing the 
ounts dete
ted in ea
h 
orresponding run with theexpe
ted rate dedu
ed from the 
alibrated PANTER dete
tor [62℄.The bla
k points of �gure 6.18 
orrespond to the �nal o�-line analysis, thatprodu
es an additional loss of e�
ien
y of about 5 to 10% depending on theenergy of the event.The green dashed-dotted line is an analyti
al fun
tion used to interpolate themeasured e�
ien
ies together with the 
onditions of data taking that tookpla
e during the �rst phase of the CAST experiment. However, di�erent 
on-ditions for data taking during the se
ond phase of the CAST experiment, su
hthe existen
e of 
old windows in the magnet, arise into a loss of e�
ien
y thatis represented by the solid blue line in �gure 6.18.The main impli
ation of e�
ien
y losses is the non observation of axions ar-riving the Earth. By multiplying the obtained e�
ien
y of the CAST TPCdete
tor during phase one with the expe
ted solaraxion spe
trum, we obtain116
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Figure 6.18: Experimental measurements of the TPC e�
ien
y, before (greysquares) and after (bla
k points) the o�-line analysis 
uts are applied to thedata. The upper red line represents the theoreti
al 
omputation of the TPCwindow transmission, while the dark grey dashed line in
ludes also the opa
ityof the gas in the 
hamber. The green dashed-dotted line is the analyti
alfun
tion used to interpolate the experimental points in the �nal analysis of thephase one of the CAST experiment, while the solid blue line is used for theanalysis of the se
ond phase of CAST. The yellow dashed line is the e�e
t thatthe strongba
k of the 
old windows has on the e�
ien
y used during the �rstphase.
an overall dete
tion e�
ien
y of 62% for photons 
oming from 
onversion ofsolar axions, while if we do the same for the se
ond phase of the CAST exper-iment, the overall e�
ien
y be
omes a 48%. 117
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Figure 6.19: Axion �ux on Earth (red line) and its 
onvolution with thee�
ien
y of the TPC during the Se
ond Phase of the CAST experiment (bluedots) .6.4 O�-line analysisThe �rst level data treatment of the CAST TPC is fo
used on the identi�-
ation of the almost point-like energy depositions produ
ed by the low energyX-ray in the 
onversion volume of the 
hamber. The very 
hara
teristi
 pro�leof a X-ray event provides the framework for a sele
tive analysis.A �rst 
hara
terization of these raw data generated by the �ash-ADCs is per-formed depending on the spread of the signal. X-ray of the energies of interestin our 
hamber normally produ
e a single-
luster1 event �ring between 1 and 3anode wires and between 2 and 8 
athode wires with a time di�eren
e between1A �
luster� is a set of 
harge pulses or hits gathered on several 
ontiguous anode wiresas well as on several 
ontiguous 
athode wires. For analysis purposes we distinguish 
lustersof anode hits and 
lusters of 
athode hits separately. Obviously, events 
ontaining one singlephysi
al 
luster must 
ontain one anode 
luster and one 
athode 
luster.118
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Figure 6.20: Time evolution of the 
harge pulse generated in ea
h wire asre
orded by the �ash-ADCs. Top (bottom) plots 
orrespond to what is 
ol-le
ted in the anode (
athode) wires. On the left a ba
kground event is plotted,while on the right a X-ray like event is shown.

ontiguous hits less than 50 ns (see �gure 6.20).The spread of the anode signal is mainly due to the di�usion of the ele
-tron 
loud along the drift distan
e and higher energy desposits give largerinitial ionization 
louds. The CAST TPC drift is set to an e�e
tive voltageof 0.7 kV cm−1, voltage that is applied between the drift ele
trode that holdthe TPC windows towards the magnet and the anode plane that is grounded.The avalan
he region is for
ed to happen between the 
athode wires that is lo-
ated at 3mm distan
e from the anode plane and the e�e
tive voltage appliedis 6.1 kV cm−1. The larger spread that the 
athode wires sense is due to thedevelopment of the avalan
he pro
ess along the anode wires. 119
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17th16th 18th 19th 20th 21st 22nd 23rdFigure 6.21: Representation of a 
luster event for the anode 23rd and 
athodes
18th and 19th. The energy deposit in the anodes is the 
harge 
olle
ted by anode
23rd, while for the 
athodes, the enregy will be the adition of 
harges 
olle
tedby the 
athodes 18th and 19th. The position of the event is determinated inthe plane XY ≡ Anode − Cathode by weighting the 
harge 
olle
ted in ea
hof one of the wires (hits) with the total 
harge of the 
luster.In addition, to be 
onsidered as a 
luster, the total 
harge must ex
eed aminimum 
harge threshold. This is done to avoid the improbable e�e
t of 
or-related noise in 
ontiguous wires produ
ing spurious 
lusters that would a�e
tthe e�
ien
y. Therefore, the entire information for one raw data event 
annow be redu
ed to a small set of numeri
al parameters, in
luding:
• Number of 
lusters in the event and whether they are in the anode or
athode wire plane. This number provides information on the signalspread.
• Multipli
ity of every 
luster, i.e., number of hits 
omprising the 
luster.120
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• Total 
luster 
harge 
al
ulated by adding up the 
harge of every hit
omprising the 
luster.
• Cluster position 
al
ulated by the 
harge-weighted mean of the position(wire number) of every hit 
omprising the 
luster.
• Cluster time (related to the trigger) 
al
ulated by the 
harge-weightedmean of the times of every hit 
omposing the 
luster.Next, a set of software 
uts are applied to reje
t events that are 
learly notprodu
ed by X-ray intera
tions. The �rst and most important one is the re-quirement that there is one single anode 
luster and one single 
athode 
luster.It is then straightforward to mat
h both of them to get the 2-dimensional po-sition of the point-like event.A detailed list of further 
onditions required on the 
luster properties is givenin table 6.1. 
ut 
onditionanode multipli
ity number of anode hitsbetween 1 and 3 (both in
lusive)
athode multipli
ity number of 
athode hitsbetween 2 and 8 (both in
lusive)anode�
athode time di�eren
e time between anode and 
athode 
lusterin the range −0.15 to 0.02 µsno saturation no hit rea
hing the upper partof the �ash-ADC dynami
al rangeanode�
athode 
harge ratio around 1.85, but slightly energy dependent�du
ial 
ut only events whose 2-D 
oordinates are insidethe windows fa
ing the magnet boresTable 6.1: List of software 
uts applied to the CAST TPC data. 121
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Figure 6.22: Example of a 
luster produ
ed by an X-ray of 3 keV in the TPCdete
tor. The dashed blue dots are the samples for the 23rd anode, while inred and green the samples for the 
athodes 18th and 19th respe
tively. Allthe signals together allow the positioning of the event in the XY plane of thedete
tor and the energy of the event is proportional to the height of the pulses.
This set of 
uts is a minimal 
hoi
e designed to reje
t a large portion of ba
k-ground events while minimally redu
ing the e�
ien
y of the dete
tor. Typi-
ally its appli
ation redu
es the ba
kground by approximately two orders ofmagnitude with respe
t to the raw trigger rate. The loss of e�
ien
y gen-erated by the software 
uts has been 
arefully measured using the PANTERdata as des
ribed above, in parti
ular regarding the loss of X-rays events withsplit energy deposition (2 or more 
luster events) due to the argon es
ape peak.The 
luster energy is obtained by adding up the 
alibrated �ash-ADC out-put for every 
onstituent hit (see �gure 6.22).122



CHAPTER 6. THE TPC DETECTOR OF THE CAST EXPERIMENT6.5 Ba
kground sour
esThe X-ray signal produ
ed by the axions inside the magnet has a max-imum expe
tation value at 4 keV and vanishes at around 10 keV. However,these signals 
ould be masked by the inhomogeneous ba
kground of materialsin the experimental site.The main sour
e of ba
kground is expe
ted to be gamma rays produ
ed pre-dominantly in the radioa
tive 
hains of 238U, 232Th and in the 40K isotopede
ays. Their intera
tions with the materials near the dete
tor 
an generatelow energy photons via the Compton e�e
t and also X-ray. Neutrons produ
edby �ssion and (α,n) pro
esses as well as those indu
ed by muons and 
osmi
rays are also sour
es of ba
kground for the TPC dete
tor [61, 65℄.6.5.1 Experimental site and ba
kgroundThe CAST experiment is lo
ated at one of the buildings of the SR8 exper-imental area at CERN.The �oor and lower part of the walls around are made of 
on
rete, while thematerials for the upper part of the walls 
an be quite di�erent. Thin metalplates in the upper North wall and 
on
rete for East and South walls with
11 cm thi
k metal pillars distributed every approximately 2.5m all around thearea form the building 2875 in whi
h CAST is lo
ated (see �gure 6.23).The inhomogeneity of the building materials led us to undertake a 
arefulstudy of the radioa
tive ba
kground and a detailed analysis of the measuredTPC ba
kground data.Gamma ba
kground The experimental site 
ontributes to an important,and non-uniform, gamma ba
kground owing to radioa
tive 
ontamination.Gamma spe
trometry measurements performed with an hyper pure germa-nium gamma spe
trometer in a range from 50 keV to 3MeV 
on�rmed theradioa
tive 
hains and potassium as the main sour
es for ba
kground (see Ta-ble 6.2). 123
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Figure 6.23: S
hemati
 of the TPC dete
tor environment and its path fa
ingthe North and East walls while tra
king.
The ba
kground disparity between the di�erent walls of the CAST experi-ment leads to di�eren
es in the emanation rates that 
an go from 10 to 100
counts cm−2 s−1 depending on the wall (see Table 6.2).These data pointed also to a radon emanation for the east and south walls.Materials like steel, plasti
s and metals (i.e. Fe, C, H, Cu, ...) used for the
onstru
tion of the CAST teles
ope may be also 
onsidered within this 
ate-gory. Its presen
e in the magnet girder and surroundings may 
ontribute tothe gamma 
ontamination dete
ted by the TPC.Neutrons and protons 
oming from 
osmi
 rays 
an also indu
e radioisotopesin the dete
tor gas and materials. From them, mainly the isotopes 14C and 3H,whose 
ontribution 
an be negle
ted owing to their low produ
tion rate ∼ 0.003nu
lei of 14C and ∼ 0.001 nu
lei of 3H per litre and day in the Ar-CH4 gas124
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238U 
hainWall des
ription 238U→226Ra 218Po→210Po 235U 
hain 232Th 
hain 40KNorth and lower East 25 ± 2 1.1 ± 0.7 10 ± 2 113 ± 10South and upper East 923±274 32±5 40±12 34 ± 6 388 ± 45Table 6.2: Mean gamma produ
tion in the CAST site [Bq/kg]. For theradioa
tive 
hains, equilibrium a
tivities are quoted. In the 
ase of radonemanation from the 238U 
hain, equilibrium is broken and a
tivities for thenu
lides before and after 222Rn are given separately.
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Figure 6.24: Environmental sea level ba
kground spe
trum of 
osmi
neutrons [66℄.
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tor [65℄. Another gamma 
ontribution 
orresponds tothe 
osmi
 ray photon �ux, being only a small fra
tion (≤ 1%) of the total [69℄.Most of the gamma radiation des
ribed above would traverse the a
tive volumeof the dete
tor without intera
ting at all. However, the presen
e of energeti
gammas in the surrounding of the dete
tor may 
reate se
ondary photons ableto 
ontribute signi�
antly to the ba
kground signal of the TPC.Neutron ba
kground Quantitative measurements of neutron ba
kgroundhave been performed in the experimental site with a BF3 dete
tor. The homo-geneous measured �ux of neutrons in the CAST site is around 3×10−2 n cm−2 s−1.This value, and its homogeneity, points to a 
osmi
 sour
e. Cosmi
 ray gen-erated neutrons have energies below a few GeV and the spe
trum shows adependen
e as 1/E0.88 up to 50MeV and as 1/E above this energy [70℄. Thisis the most important neutron 
ontribution, not only for its intensity but alsofor its high energy.Other sour
es of neutron ba
kground are neutrons indu
ed by 
osmi
 muonsin the surrounding materials, (α, n) rea
tions on light elements and the spon-taneous �ssion from nu
lides like 238U, 235U and 232Th.Cosmi
 Muon indu
ed Fission (α, n)
∼ 10−2 ∼ 10−3 ∼ 10−5 ∼ 10−5Table 6.3: Comparison of the estimated order of magnitude for neutrons
oming from di�erent sour
es. Values are given in neutrons per 
m2 and se
ond.

6.6 The shielding of the CAST TPC dete
torThe TPC has been designed to redu
e the ba
kground in a 
omplementaryway to the e�e
t of the o�-line software 
uts [62℄ as we have mentioned inSe
tion 6.5.126
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Figure 6.25: Spe
trum of neutrons 
oming from �ssion [67℄.The main goal of the shielding is to redu
e the ba
kground levels 
oming fromexternal sour
es and de
rease the ba
kground spatial inhomogeneity observedin the experimental site. Its �nal 
on�guration is a 
ompromise among theshielding e�e
t and the CAST te
hni
al limitations su
h as weight and sizerestri
tions imposed by the experimental moving stru
ture.From the outside to the TPC dete
tor, the CAST TPC shielding (see �g-ure 6.26) is 
omposed of:i) A PVC bag whi
h 
overs the whole shielding assembly. This tightly
loses the entire set-up allowing to �ush the inner part with pure N2 gas
oming from liquid nitrogen evaporation in order to purge this spa
e ofradon.ii) Polyethylene pie
es, 22.5 cm thi
k, used to slow the medium energy envi- 127
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Figure 6.26: S
hememati
 of the TPC shielding in order to show the 3Darrangement of the whole stru
ture.ronmental neutrons down to thermal energies. It also redu
es the gamma
ontamination and helps the me
hani
al stability of the whole stru
ture.iii) A 
admium layer, 1mm thi
k, to absorb the thermal neutrons sloweddown by the outer polyethylene wall.iv) Lead bri
ks, 2.5 cm thi
k, whi
h redu
es the low and medium energyenvironmental gamma radiation.v) A 
opper box, 5mm thi
k. This Faraday 
age redu
es the ele
troni
 noiseand stops low energy X-rays produ
ed in the outer part of the shielding byenvironmental gamma radiation. It is also used for me
hani
al supportpurposes.vi) Plexiglass, 17mm thi
k: not really part of the shielding but the wallof the TPC vessel itself. X-ray �uores
en
e from the 
opper would bestopped by this layer.128



CHAPTER 6. THE TPC DETECTOR OF THE CAST EXPERIMENTThe des
ribed s
heme is the out
ome of several simulations and experimentaltests.

Figure 6.27: TPC installation on the CAST experiment. In white thepolyethylene pie
es of the TPC shielding surrounding not only the dete
tor,but also the 
admium, lead and 
opper of shielding.
6.6.1 Monte Carlo simulationsIn order to estimate the external ba
kground 
ontribution to the TPCdete
tor, Monte Carlo simulations with the GEANT4 toolkit [71℄ have repro-du
ed the TPC dete
tor and its shielding.To dis
riminate the expe
ted X-ray signal, the 
luster 
riteria has been alsoimplemented. Its appli
ation to the GEANT4 simulated data implies a re-du
tion of the registered events by two orders of magnitude, whi
h is in goodagreement with the experimental data.We will fo
us on gamma simulations sin
e this is the main 
ontribution tothe TPC ba
kground. Three di�erent shielding 
on�gurations have been 
om- 129
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Figure 6.28: Re
reation of the front side of the TPC dete
tor with theGEANT4 toolkit on the left. On the right an image of the ba
kside of theTPC dete
tor with the anode-
athode wire planes. In blue, the plexiglass usedfor the 
onstru
tion of the dete
tor. The Ar − CH4 gas in whi
h X-ray photonsmay deposit energy and be dete
ted appears in red. It 
an also be seen the twomylar-aluminum windows with strongba
k that fa
e the magnet bores throughwhi
h the signals from axions may appear. On the right, the ba
kside of theTPC dete
tor with the anode-
athode wire planes. The re
onstru
tion of theTPC dete
tor with the GEANT4 toolkit in
lude as well the �eld shaper ringsin grey.pared: a 5mm-thi
k 
opper box, the 
opperbox plus 2.5 
m of lead, and a
omplete shielding 
onsisting of 5mm-thi
k 
opper box plus 2.5 
m of leadplus 22.5 
m of polyethylene.Simulations for external gamma Primary events, 
orresponding to theradioa
tive 
hains and potassium, have been generated uniformly and isotrop-i
ally on a sphere surrounding the external surfa
e of di�erent shielding 
on-�gurations.The shielding made of 5mm of 
opper plus 2.5 cm of lead plus 22.5 cm ofpolyethylene redu
es the external gamma ba
kground by more than one orderof magnitude, (92±3)% in the 3-7 keV range.Sin
e the thi
k layer of polyethylene helps in the gamma attenuation, thesame shielding without polyethylene is about a 15% less e�e
tive, 
ausing anestimated redu
tion of (77±4)%.Compton intera
tions in the polyethylene result in lower energy photons whi
h130
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Figure 6.29: Simulation with GEANT4 of a 
alibration done with a 55Fesour
e situated inside the TPC dete
tor. The green lines represent the freepath of the X-ray photons from the sour
e in the Ar − CH4 gas.are easily absorbed in the lead. Though a thi
ker layer of lead 
ould stop alarger fra
tion of the external gammas, it 
an be a sour
e of se
ondary neu-trons and it would add too mu
h weight to one of the ends of the magnet.Due to the spatial inhomogeneity of the gamma ba
kground 
oming from walls,simulations allow us to make just a rough estimate of the TPC re
orded 
ounts.These external photons 
ause between 30 and 55 
ounts per hour in the vol-ume of the dete
tor fa
ing the two windows for the 3− 7 keV energy region inthe 
ase of the 
opper shielding (2003 data taking 
on�guration). In the 
aseof a 
omplete shielding, 2004 and se
ond phase 
on�guration, the GEANT4simulations give between 2 and 5 
ounts per hour.The GEANT4 pa
kage has also been used to simulate the e�e
t of the radontrapped inside the 
opper box [65℄.
Neutron simulations Though neutrons intera
ting in materials 
an pro-du
e γ parti
les, more neutrons, α parti
les and �ssion fragments dependingon materials and energies, the most e�
ient rea
tion is the elasti
 s
attering,energy transferred to nu
lear re
oils (ER). This energy is determined by theenergy of the in
ident neutron (En) and the s
attering angle θ: 131



CHAPTER 6. THE TPC DETECTOR OF THE CAST EXPERIMENT

Energy [keV]

0 2 4 6 8 10 12 14 16 18 20

Si
m

ul
at

ed
 E

ve
nt

s

0

10

20

30

40

50

610×

Figure 6.30: GEANT4 simulated spe
tra of the TPC for an isotropi
allydistributed sphere of 40K arround the di�erent shielding setups for the TPC.In bla
k the spe
tra resulting from using a 
opper box of 5mm as shieldingfor the TPC dete
tor. The red spe
tra shows the e�e
t of adding 2.5 cm leadto the 
opper shielding (84 % of redu
tion), while in green 
an be observedthe e�e
t of a 
omplete shielding 
omposed of 5mm 
opper, 2.5 cm lead, 1mm
admium and 22.5 cm polyethylene (96 % of redu
tion).
ER =

4A

(1 +A)2
(cos2 θ) ·En. (6.1)In the 
ase of argon, A = 40, assuming a quen
hing fa
tor of 0.28, the maxi-mum visible energy and the neutron energy are related as follows:

ER,max = 0.0266 · En. (6.2)Therefore, the neutrons able to deposit a visible energy in the analysed rangeof 3�7 keV are mostly those with an energy between 0.11 and 0.27 MeV.132



CHAPTER 6. THE TPC DETECTOR OF THE CAST EXPERIMENT

Energy [keV]

0 2 4 6 8 10 12 14 16 18 20

Si
m

ul
at

ed
 E

ve
nt

s

0

100

200

300

400

500

600

610×

Figure 6.31: Spe
tra obtained from the GEANT4 simulation of an isotrop-i
ally distributed sphere of 238U arround a 
opper box of 5mm 
overing theTPC dete
tor (bla
k). The red spe
tra shows the improvement of adding 2.5 cmlead re�ered to the 
opper shielding (87 % of redu
tion). In green the e�e
tof a 
omplete shielding 
omposed of 5mm 
opper, 2.5 cm lead, 1mm 
admiumand 22.5 cm polyethylene for the TPC dete
tor (96% of redu
tion).
Using a real 
osmi
 spe
trum as input and the G4NDL3.5 neutron data library,a GEANT4 simulation has allowed us to roughly estimate about 2 
ounts perhour 
aused by 
osmi
 neutrons inside the two windows of the TPC in the
(3− 7) keV visible energy region in the 
ase of the 
opper shielding.To understand the e�e
ts of the di�erent layers of shielding FLUKA 
ode [65℄shows the e�e
ts of every layer of shielding material on 
osmi
 neutrons: whilepolyethylene de
reases the number of ba
kground neutrons per 
osmi
 neu-tron, the 2.5 
m of lead in
reases this number due to (n, 2n) pro
esses (see�gure 6.33). Cadmium absorbs thermal and epithermal neutrons with ener-gies below 1keV. 133
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Figure 6.32: Spe
tra for a 232Th sour
e isotropi
ally distributed around thedi�erent shielding 
on�gurations. In bla
k the spe
tra resulting from using a
opper box of 5mm. The red spe
tra shows the e�e
t of adding 2.5 cm leadto the 
opper shielding (88 % of redu
tion), while in green 
an be observedthe e�e
t of a 
omplete shielding 
omposed of 5mm 
opper, 2.5 cm lead, 1mm
admium and 22.5 cm polyethylene (97 % of redu
tion).
The shielding without polyethylene has been also 
ompared to the 
omplete
on�guration. The number of 
osmi
 neutrons able to produ
e nu
lear re
oilsand a deposit of visible energy in the TPC in the 3 − 7 keV range de
reasesby only 20% after the 
omplete shielding due to the produ
tion of neutronsin lead. The number of neutrons 
ould even in
rease by 10% if the 22.5 
m ofpolyethylene are taken o�.The neutron produ
tion in the shielding due to muons has also been inves-tigated. Most of these neutrons are produ
ed in lead, but its 
ontribution isthree orders of magnitude smaller than the measured ba
kground rates [65℄.134
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Figure 6.33: Cosmi
 neutrons in the 10 keV-20 MeV range after traversingevery layer of shielding: in
oming 
osmi
 neutrons (bla
k solid 
ir
les), neu-trons after traversing 22.5 
m of polyethylene (open red 
ir
les) plus 1mm of
admium (green stars) plus 2.5 
m of lead (open grey squares) plus 5mm of
opper (solid blue triangles). Spe
tra are normalised to one 
osmi
 neutron.6.6.2 TPC ba
kground dataFirst tests of the full shielding showed a redu
tion fa
tor of ∼ 8 below theba
kground level of the 
hamber. Howewer, this test were made not in theCAST experimental area but in the laboratory and with a lead shielding of
5 cm.On
e the dete
tor was mounted in the magnet, this fa
tor be
ame smaller.Di�erent shielding setups based on the studies and simulations showed in Se
-tion 6.6.1 were investigated at the CAST experimental site to observe thee�e
ts of every 
omponent of the shielding. The measurements were 
arriedout with and without nitrogen �ush at the same spatial position and one rightafter the other to avoid time variations. 135
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Figure 6.34: Ba
kground data obtained in the shielding test at the exper-imental site for di�erent shielding 
on�gurations: full shielding set-up (redbottom line), the 
opper box plus 2.5 cm of lead (solid blue line in the middle),the 
opper box plus a double layer of lead (dotted green line in the middle)and just the 
opper box (bla
k line).A full shielding 
omposed of 
opper, lead, 
admium and polyethylene redu
esba
kground levels by a fa
tor of ∼ 3 in the 3− 7 keV energy interval.
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CHAPTER 6. THE TPC DETECTOR OF THE CAST EXPERIMENTFinally, we 
an also 
ompare the experimental ba
kground data during theinstallation of the TPC for the se
ond phase of the CAST experiment.
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Figure 6.35: Ba
kground data obtained during the installation of the TPCdete
tor for the se
ond phase of the CAST experiment. The blue squares rep-resent the raw ba
kground of the TPC dete
tor (no shielding). The greentriangles are the ba
kgroun spe
trum of the TPC on
e the 5mm 
opper box isinstalled and the nitrogen �ux is operative . The red dots is the �nal a
hieve-ment of the TPC dete
tor ba
kground on
e the full shielding is installed.During the di�erent data taking periods, the TPC dete
tor has re
orded ba
k-ground data at any other position. The best 
ontrol of the ba
kground is thestudy of its inhomogeneity. The �gure 6.36 shows measured ba
kground levelsfor nine positions: the three �rst measurement points are fa
ing the Northwall; the three next points fa
e the NE 
orner and the last one fa
es the Eastwall near one of the metal pillars.Prior to the installation of the full shielding for the TPC, during the year2003, the TPC was 
overed by a 5mm thi
k 
opper box and a nitrogen �ush 137



CHAPTER 6. THE TPC DETECTOR OF THE CAST EXPERIMENTinside. The ba
kground measurements showed a high degree of inhomogeneityas it 
an be observed in �gure 6.36. The implementation of the full shieldingfor the TPC dete
tor have a
hieved both, a fairly homogeneous ba
kgroundamong the di�erent positions of the TPC in the CAST experiment and a fa
tor
∼ 4 of redu
tion in the 1 to 10 keV energy range.
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Figure 6.36: July-August ba
kground data obtained during 2003 with theTPC 
overed by a 
opper box �ushed with Nitrogen (squares). The 
ir
les
orrespond to the data obtained during the Se
ond Phase of CAST on
e theTPC had the full shielding installed. Measurements 
orresponds to 3 verti-
al positions and 3 horizontal positions of the TPC dete
tor. The 9 magnetpositions run �rst verti
ally and then horizontally.
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Part IIIThe analysis of the TPC data
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Chapter 7

Solar axions for the TPC detector

The des
ription of the CAST experiment and the TPC dete
torin the previous 
hapters allow us to implement the axion theoryto the data taken by the TPC during the 4He Phase of the CASTexperiment. This 
hapter explains how the axion theory is appliedto the TPC of CAST.
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CHAPTER 7. SOLAR AXIONS FOR THE TPC DETECTOR7.1 Pressure settingsDuring the Se
ond Phase of CAST, the di�erent pressure settings of 4Hehave been able to restore the 
oheren
e of the axion-to-photon Primako� 
on-version for axions whose masses were up to 0.39 eV. Se
tion 4.3.1 dire
tlyrelates the 4He pressure of CAST's 
old bore with the e�e
tive mass of thephoton arising from the 
onversion via Primako� e�e
t.A

ording to the spe
i�
 
onditions of pressure and temperature of the 4He,the axion mass for whi
h the 
oheren
e a
quires its maximum 
orresponds to
ma ≃

√
0.02

PHe[mbar]

THe[K]
eV. (7.1)In order to s
an for axions with masses up to 0.39 eV, CAST has made a totalof 160 pressure settings that were distant ∼ 0.085mbar from ea
h other. Fromnow on we will refer to an spe
i�
 j -setting where j is an integer index thatgoes from 1 to 160. This will simplify the notation of the formulas of this
hapter.7.2 Expe
ted axion �ux in the TPC dete
torOn
e the pressure and temperature of the 4He inmersed in the 
old boreare stable, the axion-to-photon probability of 
onversion is the same for allCAST dete
tors. However, the spe
i�
 experimental setup of ea
h one of themmay in�uen
e the expe
ted out
oming photons.The TPC dete
tor, as well as the rest of dete
tors has taken into a

ount theexperimental 
onditions at CAST. The existen
e of the 
old windows that holdthe 4He gas of the 
old bore (see se
tion 5.3.1) translates to a loss of e�
ien
yfor the TPC. The reason is that the 
old windows are not fully transparent:the strongba
k of the 
old windows has an opti
al free path of a 87.4% whilethe 15µm of polypropylene redu
es the transmission of the Primako� photonsto the TPC.

142



CHAPTER 7. SOLAR AXIONS FOR THE TPC DETECTORThe overall e�
ien
y of the TPC dete
tor during the 4He run of the Se
-ond Phase of CAST is a 48% and has been obtained by multiplying the TPCe�
ien
y during the 4He run (see �gure 7.1) by the di�erential axion �ux onEarth given in se
tion 4.2.2.
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Figure 7.1: The green dashed-dotted line is the analyti
al fun
tion used tointerpolate the experimental points measured at the PANTER fa
ility withthe TPC dete
tor (bla
k dots). The yellow dashed line is the e�e
t of the
12.6 % transparen
y of the 
old window strongba
k. The solid blue line in
ludesnot only the e�e
t of the strongba
k but also the transmission of the 15 µmpolypropylene layer deposited on the 
old window. phase.Taking into a

ount the overall e�
ien
y of the TPC and the exposure timesof ea
h pressure setting, we 
an pro
eed to 
al
ulate the Primako� phontonsthat the TPC will be able to observe in a 
ertain j -setting: 143



CHAPTER 7. SOLAR AXIONS FOR THE TPC DETECTOR
Nγ,j =

(Nγ(Pj ,ma) )j

(gaγγ · 1010 GeV)4
=

∫ L

0

(dφa/dEa )

(gaγγ · 1010 GeV)2
· (Pa→γ(Pj ,ma, Ea) )j

(gaγγ · 1010 GeV)2
· STPC · tj · ε(Ea) · dEa,(7.2)where ε(Ea) is the e�
ien
y of the TPC dete
tor (see �gure 7.2), STPC is thesensitive area of the TPC dete
tor (29.54 cm2) and tj the exposure time of thej -setting.
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Figure 7.2: In blue dots the di�erential axion spe
trum, while the red linerepresents the overall e�
ien
y spe
trum of the TPC. A 48 % of the signal isexpe
ted to arrive to the dete
tor.144



CHAPTER 7. SOLAR AXIONS FOR THE TPC DETECTOREquation 7.2 shows how the number of Primako� photons expe
ted by theTPC depends on the pressure of the j -setting and the mass of the axion that
onverts.7.3 Axion-to-photon 
onversion probabilityThe 
oheren
e of the 
onversion due to the Primako� e�e
t tunes di�erentaxion masses for ea
h one of the settings. Equation 7.2 makes referen
e to theprobabilty of 
onverison (Pa→γ(Pj ,ma, Ea))j to express su
h dependen
e. Fora spe
i�
 j -setting, the axion-to-photon probability is:
Pj = (Pa→γ(Pj ,ma, Ea) )j =

[ gaγγ

10−10 GeV−1

]2[B⊥

2

]2
· 1

q2j + Γ2
j/4
· [1 + e−ΓjL − 2e−ΓjL/2 cos qjL],

(7.3)where qj is the momentum transferred by the axion to the arising photon and
Γj is the absorption that the photon su�ers due to the fa
t that CAST uses
4He as damping gas in the Primako� 
onversion region.Momentum transfer The transfer of momentum to the photons that areprodu
ed via the Primako� e�e
t in the CAST magnet depends not only onthe energy of the axion, but also on its mass. Se
tion 4.3.1 shows into detailhow the momentum transfer sets the axion masses for whi
h the 
oheren
e ofthe Primako� 
onversion is restored.For a spe
i�
 j -setting, the transfer of momentum qj 
an be written as itappears in the following equation

qj =
∣∣∣
m2

γ −m2
a

2Ea

∣∣∣. (7.4)Its dependen
y with ma, allows not only to restore the 
oheren
e for a singleaxion mass, but for neibourghing axion masses too.The momentum transfer 
an be unserstood as the a
quiran
e of an e�e
tivemass by the arising photon and the maximum of the axion-to-photon proba-bilty of 
onversion is a
hieved when the e�e
tive mass is the one of the in
oming 145



CHAPTER 7. SOLAR AXIONS FOR THE TPC DETECTORaxion:
mγ ≡ ma ≃

√
0.02

PHe[mbar]

THe[K]
eV. (7.5)From the above equation we 
an observe that the mass a
quired by the out-
oming photon is proportional to the square root of the 4He pressure inside themagnet bore. Therefore, an in
rease of the 4He density inside the 
old bore ofCAST restores the 
oheren
e of the 
onversion for axions with higher masses.
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Figure 7.3: Parametrization of the momentum transfer as a fun
tion of thein
oming axion mass and the outgoing photon energy. Graph 
orrespondingto the 10-setting.Figures 7.3 and 7.4 
learly show how for di�erent pressure settings, the 
oher-ent axion mass range is varying.146
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Figure 7.4: Momentum transfer parametrization as a funtion of the in
omingaxion mass and the outgoing photon energy for the 100-setting.
The absorption fun
tion Following the detailed explanation of Se
tion4.3.2, the presen
e of 4He gas in the 
old bore of CAST would diminish theexpe
ted number of photons to be dete
ted by the TPC.Absorption of Primako� photons due to photoele
tri
 e�e
t, 
oherent and in-
oherent s
attering in the 4He depends on the gas density and on the energyof the photon arising from the 
onversion (see �gure 7.5).
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Figure 7.5: Absorption of photons after the 9.26 m of CAST's magnet bore forthe energy range of the TPC dete
tor. In blue, the absorption as a fun
tion ofenergy in the 1-setting of CAST while the red line 
orresponds to the absorptionin the 160-setting.7.4 TPC axion signalOn
e the main 
ontributions to the probabilty have been implemented tothe TPC 
ase, we 
an 
al
ulate the probabilities of an axion-to-photon 
onver-sion for all the j -settings measured at CAST. Sin
e the momentum transfer tothe photon depends on the mass of the axion arriving to CAST, the probabilityof 
onversion is also a fun
tion of ma. A parametrization of the probabilitiesrespe
t the energy of the outgoing photons and the in
oming axion masses isa ni
e exer
ise from whi
h we will know what is the energy range more likelyto have a signal.148
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Figure 7.6: Probability of 
onversion of the 2-setting.Figure 7.6 shows how the 
onversion probability a
hieves its maximum for theaxion mass range nearby the e�e
tive mass of the arising photon. Also, foraxions whose masses are o�-
oheren
e, the probability of dete
tion is enha
edto spe
i�
 energy regions of the spe
tra.Axion �ux, sensitive area and statisti
s After 
al
ulating the probabil-ity of 
onversion for all the j -settings measured at CAST, the next step is toin
lude the di�erential axion �ux on Earth. The sensitive area of the TPCdete
tor (29.54 cm2), together with the measuring times for ea
h j -tra
kinghave to be taken into a

ount in order to make a pre
isse 
al
ulation of thedi�erential photon �ux that the TPC expe
ts from the axion-to-photon Pri- 149



CHAPTER 7. SOLAR AXIONS FOR THE TPC DETECTORmako� 
onversion happening in the CAST magnet.
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Figure 7.7: Di�erential �ux of photons on the TPC dete
tor on
e the statisti
of ea
h j-tra
king and the sensitive area of the dete
tor are taken into a

ount.Overall TPC e�
ien
y A further step to be done is the implementationof the e�
ien
y of the TPC dete
tor during the 4He run of CAST's Se
ondPhase. As pointed out in Se
tion 7.2, the overall e�
ien
y of the TPC dete
toris a 48% of the di�erential axion �ux (see �gure 7.8).
150



CHAPTER 7. SOLAR AXIONS FOR THE TPC DETECTOR

 [keV]
aE

0
2

4
6

8
10

12
14

 [eV]
a

m

-310

-210

-110

4 )
10

)/
(g

γ
Nδ(

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

Figure 7.8: Di�erential axion �ux of the TPC dete
tor on
e it has been
onvolutioned with the TPC overall e�
ien
y.Expe
ted number of photons of the j -setting The TPC energy res-olution is 0.5 keV and, therefore, the expe
ted number of photons must be
ompared to the TPC signal with an energy interval a

ording to the one ofthe dete
tor. Integrating the expe
ted photons over the energy range of ea
hi-bin of the TPC spe
tra we will obtain
(Nγ)i,j =

∫ Ef

Eo

dφa

dEa
(Ea) · Pa→γ(Ea) · S · t · dEa, (7.6)that 
an be dire
tly 
ompared to the tra
king 
ounts observed by the dete
-tor in a j -setting. This number, obtained for the [Eo, Ef ] energy range whose

∆E = Ef −Eo = 0.5 keV, is proportional to the fourth power of the axion-to- 151



CHAPTER 7. SOLAR AXIONS FOR THE TPC DETECTORphoton 
oupling (g4
10) and it is the one needed in order to dis
riminate wetherthe tra
king and ba
kground spe
tra of the j -setting are 
ompatible with theabsen
e of axion signal in the TPC dete
tor.
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Figure 7.9: Expe
ted number of photons for ea
h TPC bin spe
tra in the2-setting.The total number of photons expe
ted by the TPC in a j -setting is obtainedby integrating �gure 7.9 over the whole energy range of the dete
tor.
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Figure 7.10: Comparison between the expe
ted photons in the TPC dete
torduring the First phase of the CAST experiment (bla
k) and the expe
tationfor two di�erent pressure settings during the 4He Phase (red and blue). CASTFirst Phase loss 
oheren
e for photons with masses above 0.02 eV, but thete
hnique of the pressure settings used at CAST restores it for the narrowregions that 
orrespond to the e�e
tive mass of the photon. The bla
k line,whi
h 
orresponds to the va
uum phase is below the 
orresponding red or bluelines that represent two di�erent pressure settings for whi
h the 
oheren
e isrestored.
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Chapter 8

TPC analysis

The present 
hapter is a detailed explanation of the analysis thathave been done to the data obtained with the TPC dete
tor inthe 4He phase of the CAST experiment. The following lines tryto explain the pro
ess that allows the obtention of a limit to theaxion-to-photon 
oupling via the Primako� e�e
t.
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CHAPTER 8. TPC ANALYSIS8.1 Analysis methodologyThe analysis of the data gathered by the TPC dete
tor during the 4He runof CAST's Se
ond Phase has two di�erent stages. The �rst test 
onsists onsear
hing for axion-to-photon Primako� signals in the TPC data obtained forthe di�erent j -settings. This is a

omplished by 
omparing tra
king and ba
k-ground spe
tra in order to 
he
k for 
ompatibility of the data within statisti
al�u
tuations. Unfortunately, no tra
es of an axion signal have been identi�edafter 
ross
he
king the tra
king and ba
kground spe
tra data 
olle
ted by theTPC at all the j -settings.Under the absen
e of signal assumption, the analysis of the TPC dete
torextra
ts the limit to the axion-to-photon 
oupling via the Primako� e�e
t.The dete
tion pro
ess of a physi
al event due to the ba
kground is Poisso-nian and, therefore, the expe
ted 
ounts in the dete
tor for a spe
i�
 j -tra
kingin the i energy bin of the spe
trum goes as a Poissonian distribution with mean
λij = bij +Nγ,ij(ma)× g4

10. (8.1)In the above expression, bij is the number of 
ounts in the i-bin of the j -tra
kingba
kground spe
trum. The perfe
t knowledge of the expe
ted photons 
omingfrom the axion-to-photon 
onversion that take pla
e in the CAST magnet al-lows to 
al
ulate the term Nγ,ij(ma)×g4
10, the expe
tation from the theoreti
al
al
ulation for the i-bin of the j -setting (see �gure 8.1).As a matter of fa
t, the 
ompatibility of tra
king and ba
kground spe
tra 
anbe done by using the likelihood method, that with the mean above mentionedis built as

Lj =

n∏

i

tij!

e−tij t
tij
ij

n∏

i

e−λijλ
tij
ij

tij!
=

1

L0j

n∏

i

e−λijλ
tij
ij

tij !
, (8.2)where we 
ompare the tra
king 
ounts of the i-bin in the j -tra
king tij withthe expe
ted mean for the same bin and tra
king λij .On
e the individual likelihoods of all the j -settings are built, we 
an 
on-156



CHAPTER 8. TPC ANALYSIS
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Figure 8.1: Dependen
e of the Nγ,ij expe
ted in the di�erent energy binsof the TPC spe
tra relative to the e�e
tive 4He gas pressure P ∗

i of the 
orre-sponding axion mass ma for the 
ase of setting number 2, whi
h 
orrespondsto P ∗

i = 0.16162 mbar inside the magnet bore of the CAST experiment.stru
t the global likelihood, produ
t of all the j -setting likelihoods. The globallikelihood is the instrument that we will use in order to obtain the axion massdependen
e of Nγ,ij with the strength of the 
oupling g10:
LGlobal =

∏

j

Lj . (8.3)Sin
e by 
onstru
tion we have made the likelihoods 
ompatible within the χ2method, we 
an also 
al
ulate the χ2 of the spe
i�
 j -settings as well as theglobal one: 157



CHAPTER 8. TPC ANALYSIS
χ2

Global =
∑

j

χ2
j =

∑

j

[−2 log (Lj)]. (8.4)The advantage of using the χ2, besides the 
omputational a

ura
y due to thesimple addition of the logarithms for all the settings, is the goodness of �t test.The term L0j that was introdu
ed in the j -likelihoods is a normalizing 
on-stant that makes [−2 logLj ] to behave as a χ2 distribution in the asintoti
limit. Therefore, it allows the goodness of �t test for the j -settings measuredby the TPC:
χ2

null,j = χ2
j(g4

10 = 0). (8.5)The χ2
null,j distribution 
an be 
ompared with the theoreti
al χ2

d.o.f (see equa-tion 8.6) 
urve that 
an be reprodu
ed for the degrees of freedom that arebeing used for the analysis, the N-1 bins of the tra
king and ba
kground spe
-tra. In su
h histogram, we 
an represent the di�erent values of the χ2
null,j inthe x-axis, while the y-axis represents the multipli
ity of ea
h value:

χ2
Th[d .o.f = N − 1 ] =

1

2[d.o.f ]/2Γ([d.o.f ]/2)
x([d.o.f ]/2)−1 e−x/2. (8.6)The whole likelihood method applied to the TPC data in order to obtain alimit to the axion-to-photon 
oupling 
onstant relies on the a

umulation ofenough statisti
s for the ba
kground, sin
e it assumes the absen
e of statisti
alerrors in the ba
kground data to 
al
ulate the mean λij of equation 8.1.8.2 TPC dataThe TPC dete
tor has taken a total of 4422 hours, 33 minutes and 50 se
-onds of data, whi
h 
orresponds to

• Tra
king data: 296 hours, 16 minutes and 56 se
onds.
• Ba
kground data: 4126 hours, 16 minutes and 54 se
onds.158



CHAPTER 8. TPC ANALYSISThe tra
king data taken by the TPC during this period implies a 92.5 per
ente�
ien
y. However, the TPC was not able to take tra
king data for 12 settingsand a total of 148 over 160 pressure settings measured by CAST have beentaken into a

ount to make the 
orresponding likelihoods for the �nal TPCanalysis.8.2.1 Tra
king dataThe de�nition of the �tra
king spe
tra� for a j -setting 
onsider all the dataof the j -setting while tra
king time that was taken in normal operation by theTPC and that 
orresponds to the required a

ura
y of Sun tra
king in CAST.Moreover, the 
ondition of B �eld presen
e in the magnet (8.80 T) as well asthe opening of VT1 and VT2 valves is for
ed in order to in
lude the data intothe analysis.8.2.2 Ba
kground dataFor the ba
kground spe
tra of ea
h one of the j -settings, the de�nition hasbeen done in several independent ways:
• Daily ba
kground: de�ned as the data taken by the TPC while themagnet was not in evening tra
king during the days in whi
h the j -tra
kings were taken.
• Nearby ba
kground: de�ned as the data taken by the TPC while themagnet was not in evening tra
king and nearby the 
orresponding dayof the setting.
• O�-
oheren
e tra
king: TPC tra
king data in o�-
oheren
e settings.
• Combined ba
kground: The addition of the O�-
oheren
e and theNearby ba
kgrounds above mentioned.From the �rst phase of the CAST experiment it is known that the ba
kgroundof the TPC dete
tor is dependent on its position along the CAST experimen-tal hall. A shielding of polyethylene, lead, 
admium and 
opper managed to 159
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Figure 8.2: Exposure hours of the TPC dete
tor to the solar 
ore during the
4He run of the Se
ond Phase of CAST. It 
an be seen how the positioning ofthe TPC dete
tor 
orresponds to the e
lipti
 that the Sun des
ribes in gala
ti

oordinates.diminish the e�e
ts of the position during the �rst phase of CAST and so itdid during the se
ond phase.The possibility of a Radon 
ontamination due to its presen
e in the air ofthe experimental setup is eliminated thanks to a �ux of Nitrogen gas su
h thatit generates an overpressure inside the shielding layers avoiding the air fromthe experiment to go into deep layers of the shielding and 
ontaminate it. Thete
hnique was already used during the �rst phase of CAST sin
e the Radongas 
ontamination is, in fa
t, the most dangerous TPC systemati
 on
e theshielding is installed.It happened that for the settings 1 to 27 of CAST se
ond phase, there existed160



CHAPTER 8. TPC ANALYSISan air leak towards the TPC dete
tor, whi
h allowed Radon to go through thedi�erent layers of shielding and in
rease the level of 
ounts per hour (see �gure8.4). This leak was solved afterwards and the 
ontribution of Radon to theTPC ba
kground remained stable and under 
ontrol till the end of the datataking.In the following lines I will explain more into detail the 
riterium of ba
k-ground sele
tion that has been used.
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Figure 8.3: Hours of ba
kground exposure (no Sun tra
king) of the TPCdete
tor in gala
ti
 
oordinates.
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Figure 8.4: Daily variation of the ba
kground (red) and tra
king 
ounts (blue)in 
ounts per hour that the TPC dete
tor has in the two windows for ea
h j-setting. The energy range that has been taken into a

ount goes from 2 to12 keVNearby ba
kground In the situation of no evening tra
king, the TPC de-te
tor was pla
ed all around the CAST hall experiment along the year. Di�er-ent parking positions of the magnet as well as the need of data taking for themorning dete
tors makes ne

essary a sele
tion 
riteria for the data taken bythe TPC in su
h 
onditions.As for the tra
kings, the very �rst requirement to the ba
kground data isto have the CAST magnet with 
urrent and to have the valves VT1 and VT2open.The sele
tion 
riterium for the Nearby ba
kground has been to group theba
kgrounds of the ten nearest days to the tra
king that 
orresponds to the162



CHAPTER 8. TPC ANALYSISj -setting:
Bij(b) =

k=j+5∑

k=j−5

bik , ∀j. (8.7)Taking into a

ount that most of the settings have a tra
king of the order of1 hour and 45 minutes, the 
orresponding statisti
s 
oming from the groupingabove mentioned makes the error bar of the out
oming Nearby ba
kground ofthe j -setting to redu
e a fa
tor ≃ 10 relative to the tra
king error bars (�gure8.5).
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Figure 8.5: Rate of events for the Nearby ba
kground de�nition (red) versusthe tra
king rates (blue) for all the j-settings. Rates 
al
ulated for the energyrange of 2 to 12 keV.
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CHAPTER 8. TPC ANALYSISO�-
oheren
e tra
king Another possible de�niton of ba
kground for thedete
tors of the CAST experiment is given by the fa
t of the 
oheren
e e�e
tin the axion-to-photon 
onversion.Those tra
kings o�-
oheren
e referred to a j -tra
king 
an be used as ba
k-ground of the j -setting. In other words, tra
kings far from the j -setting do not
ontribute to the expe
ted photons from axion-to-photon Primako� 
ouplingof the j -tra
king and, therefore, they 
an be used as ba
kgrounds.As it has been seen in �gure 8.4 the e�e
t of statisti
al and systemati
 �u
-tuations of the daily ba
kground and tra
king spe
tra for
es a sele
tion of thetra
kings that are to be 
onsider as ba
kground for an spe
i�
 j -setting.The 
riteria 
hosen to build the O�-
oheren
e tra
king 
onstru
ts a ba
kgroundspe
tra for ea
h j -setting that 
orresponds to the addition of the 
losest pos-sible o�-
oheren
e tra
kings.We will de�ne the O�-
oheren
e tra
king as
Bij(t) =

k=j−10∑

k=j−3

tik +

k=j+10∑

k=j+3

tik. (8.8)The a

umulated statisti
s are not as large as for the Nearby ba
kgroundde�nition, but even like that, the error bar of the ba
kgrounds are still inaverage a fa
tor ≃ 4 times smaller than the ones from the tra
kings as it 
anbe seen in �gure 8.6.Combined ba
kground Combinedly, after the previous studies we 
ouldpro

eed to build what we will 
all Combined ba
kground of the j -setting:
Bij = Bij(t) + Bij(b) =

k=j−10∑

k=j−3

tik +

k=j+10∑

k=j+3

tik +

k=j+5∑

k=j−5

bik. (8.9)The Combined ba
kground is the simple addition of the statisti
s generatedby the previous 
ases whi
h has an inherent biasing of ≃ 28 hours from theO�-
oheren
e tra
king and ≃ 200 hours from the Nearby ba
kground.164
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Figure 8.6: Counts per hour of the O�-
oheren
e tra
kings (red) for all thej-settings versus their tra
king 
ounts per hour (blue) in the 2 to 12 keV energyrange.This be
omes a total of ≃ 228 hours of ba
kground. Statisti
ally, the errorbars of the Combined ba
kground spe
tra are ≃ 15 times smaller than theones from the tra
king of the spe
i�
 setting. The redu
tion fa
tor dependson the a

umulated statisti
s for the Combined ba
kground of the setting thatwe 
onsider.8.3 Analysis of the TPC dataOn
e we have 
learly de�ned the spe
tra of tra
king and ba
kground thatare to be used in the likelihood method of the analysis we should pro

eed �rstof all to build the individual j -setting likelihood. 165
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Figure 8.7: Counts per hour of the Combined ba
kgrounds for all the j-settings versus their tra
king 
ounts per hour. Energy range from 2 to 12 keV.8.3.1 Constru
tion of the individual likelihoodsWith the knowledge of the expe
ted number of photons from axion-to-photon 
onversion due to Primako� e�e
t in the CAST magnet as a fun
tionof the axion mass and the value of the 
oupling 
onstant g10 we 
an pro

eedto the appli
ation of the likelihood method that has been introdu
ed in Se
tion8.1.The 
riterium of the analysis is to s
an the di�erent axion masses for whi
hthe values of g4
10 minimize the χ2. The most probable value for the axion-to-photon 
oupling 
onstant validating our data of tra
king and ba
kground.Sin
e the s
an of ma has to be 
omparable within the rest of the dete
tors,the range of axion masses under study has been set to those 
orresponding166



CHAPTER 8. TPC ANALYSISto a 4He pressure between 0 and 15mbar inside the 
oldbore of the CASTexperiment assuming its temperature 
onstant at 1.8K. The interval of thes
an is 0.01mbar whi
h implies the generation of 1500 χ2 for ea
h one of thej -settings of the TPC dete
tor.The evaluation of the χ2
j is done by giving a value of g4

10 and plotting it forea
h ma. In the 
ase of the TPC, the range of values that has been sele
tedfor g4
10 is between −85 and 40000 units and two di�erent step sizes are used.
• g4

10 ∈ [−85, 256]: Step size of 0.125 units. Allows a �ne re
onstru
tionof the χ2
j up to gaγγ = 4 × 10−10 GeV−1. Almost 100 per
ent of thej -settings have the χ2

j ± 3σ within this range for the axion mass that
orresponds to the 
oherent one.
• g4

10 ∈ [257, 40000]: Step size of 100 units. Allows the 
omputation of
gaγγ up to almost 1.42 × 10−9 GeV−1. A useful range for those axionmasses in whi
h the lost of 
oheren
e starts to appear.By using the equation 8.4 we are able to evaluate the χ2 of the j -settings. Theterm λij is the mean of the Poissonian distribution of the i-bin for the j -setting(equation 8.1) and introdu
ing it into the 
al
ulation of the individual χ2 al-lows to express

χ2
j = −2× log [Lj] = −2×

n∑

i=1

[(tij − λij) + tij × (log λij − log tij)]. (8.10)Sin
e the χ2
null, also known as null hypothesis test, is valid for the de�ni-tion of the likelihood that we are using, we 
an make a representation of themultipli
ity of the χ2

null,j values and their 
orresponden
e with the theoreti
al
χ2

Th[d .o.f ]. Figure 8.8 in
ludes the representation of the theoreti
al 
urve andthe χ2
null,j obtained with the daily TPC data. The range of the analysis is donefrom 2 to 12 keV and the energy bins have a size of 0.5 keV. Therefore, the 
or-responding theoreti
al χ2

Th[d .o.f ] is being 
al
ulated for 19 degrees of freedom:
χ2

null,j = −2×
n∑

i=1

[(tij − bij) + tij × (log bij − log tij)]. (8.11)This method, allows the visualization of the agreement between the ba
kground 167



CHAPTER 8. TPC ANALYSISand tra
king data of the TPC. We just have to noti
e the fa
t that by doing
g4
10 = 0 all the terms that are involved in the χ2

null,j 
al
ulation are just the
ounts of tra
king and ba
kground of the j -setting in the i-bin of the spe
tra.

 valuesnull
2Χ

0 10 20 30 40 50 60 70

M
ul

ti
pl

ic
it

y

0

5

10

15

20

25

Figure 8.8: Representation for the multipli
ity of the χ2
null,j values of thej-settings (bla
k histogram) versus the theoreti
al 
urve for the 19 degrees offreedom of the TPC analysis (thi
k blue line). Daily ba
kground has beenused.The respe
tive values of the χ2

null,j in the settings 
al
ulated for the spe
i�
axion mass of the 
oheren
e 
an be used to plot an histogram to observe theevolution along the settings (see �gure 8.8), with
ma[eV] ⋍

√
0.02

P∗
j [mbar]

T∗
j [K]

. (8.12)This provides us an idea of how 
ompatible the induvidual likelihoods of the168
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j-settings are with the hypothesis of absen
e of signal. This 
an be seen bythe fa
t that χ2

min,j should be around g4
10 = 0 sin
e in absen
e of signal, themost probable value of the 
oupling 
onstant is zero.8.3.2 Constru
tion of the global likelihoodOn
e we have been able to 
al
ulate ea
h one of the likelihoods for thej -settings, we 
an pro
eed to build what we 
alled in Se
tion 8.1 the globallikelihood (equation 8.3). As in the previous se
tion, instead of multiplyingthe probabilities of ea
h one of the j -settings for ea
h axion mass, we will justadd the values of the χ2

j .
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Figure 8.9: Example of a χ2
ma


urve obtained for the global likelhood analysis.It 
orresponds to ma = 0.149 eV and its value is depending on the axion-to-photon 
oupling g4
10.Following the expression from equation 8.4, we 
an write 169
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χ2

Global =

sets∑

j=1

χ2
j = −2×

sets∑

j=1

n∑

i=1

[(tij − λij) + tij × (log λij − log tij)], (8.13)and with this de�nition, we 
an easily 
al
ulate all the 1500 χ2
ma

of the analysisif we just plot the dependen
e of g4
10 versus the χ2 value on
e we have �xed

ma (�gure 8.9).
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Figure 8.10: Example of a probability fun
tion 
hoosen for one of the axionmasses of the analysis: ma = 0.149 eV.From the χ2 
urves of the spe
i�
 axion masses, we 
an build the probabilityfun
tions of ea
h mass:
Pma = exp

−χ2

2
. (8.14)170



CHAPTER 8. TPC ANALYSISTherefore, we will know the most probable value of g4
10 that �ts our data (see�gure 8.10) .Ea
h one of the χ2

ma
has been �tted to an eighth polynomial in order to sim-plify the portability of the data.
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Figure 8.11: Example of a �t to the χ2
ma


urve obtained for the global likel-hood analysis at ma = 0.149 eV .A important 
ross
he
k that 
an be done before the 
ombination of the datais the so-
alled ∆χ2
ma

.Having into a

ount that in the whole global likelihood there is only one freeparameter, the statisti
al �u
tuation theory tells us that the value of the dif-feren
e between χ2
min,ma

and χ2
null,ma

should follow a Gaussian distribution 171
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entered in 0 and with FWHM of 1σ. Hen
e, it 
an be a ni
e quality 
he
k forour analysis (see �gure 8.12):
∆χ2

ma
= |χ2

min,ma
− χ2

null,ma
| ≤ 1. (8.15)The result of this 
ross
he
k tell us that the data of the TPC that are outof the 1σ boundary are a 27.17%, result 
ompatible with the per
entage ofarea below a sigma in a Gaussian distribution 31.8%. The data out of the 2σboundary are a 4.89% while for a Gaussian distribution is a 4.6%.
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Figure 8.12: Representation of the evolution of the di�eren
e in sigmas be-tween χ2
null,j and χ2

min,j for the equivalent axion mass ma 
oherent to thepressure P ∗

j with whi
h the 
old bore of the CAST magnet was �lled duringj-setting for the TPC dete
tor.172



CHAPTER 8. TPC ANALYSISStatisti
al errors The estimation of the standar deviation errors of theanalysis 
arried out for the TPC data follows the formula
[χ2(g4

10)]ma = [χ2
min(g4

10)]ma + σ2 (8.16)and, it has also 
onsidered that the χ2 distributions of the TPC are not sym-metri
 (see Table 8.1). Statisti
al error [g4
10]

g4
10(min)

+11.921

−4.726Table 8.1: Statisti
al errors in g4
10 units for the g4

10(min) result of the TPC.
8.4 Study of the systemati
 errors for the TPC de-te
torPrevious presentation of the �nal result for the TPC dete
tor of CAST, wemust evaluate the possible systemati
 errors that might a�e
t the analysis of itsdata. This se
tion introdu
es and evaluates the e�e
t of the most importantexperimental un
ertainties of the CAST experiment as well as the e�e
t ofdi�erent ba
kground de�nitions for the TPC.8.4.1 Experimental un
ertaintiesA �rst attempt to study the systemati
s of the TPC analysis in
ludes themost 
riti
al un
ertainties of CAST. The errors of the magneti
 �eld intensity,its length and the un
ertainties of the TPC e�
ien
y dete
tor are of vitalimportan
e for the study of the systemati
s. 173



CHAPTER 8. TPC ANALYSISStrength of the magneti
 �eld The LHC dipole magnets, and CASTamong them, use ele
tri
 
urrent in order to be able to generate a 
ertainmagneti
 �eld in the 
old bores. The intensity of the �eld that an LHC dipolemagnet like CAST 
an provide has a linear dependen
e with the ele
tri
 in-tensity applied to it.Intensity Magneti
 �eld StepI [A℄ B [T℄ B/I [T · kA−1℄0 0 0.6824988 3.4 0.6828981 6.12 0.681110977 7.46 0.679612000 8.13 0.67812808 8.66 0.67613330 9.00 0.675Table 8.2: List of values for the magneti
 �eld of the CAST magnet a

ordingwith the 
urrent applied to it.The data shown in the table 8.2 was obtained at the test ben
h of the CERNdipole magnets and allow to generate the linear dependen
e of the magneti
�eld with the intensity applied:
B[T] = (6.758× 10−4± 2.3× 10−6)× I[A] + (1.9× 10−2± 2.3× 10−2). (8.17)During the 4He run of the Se
ond Phase of CAST, the intensity applied tothe magnet was 13 kA, whi
h 
orresponds to a magneti
 �eld intensity of

8.805 ± 0.037Tesla.174



CHAPTER 8. TPC ANALYSISTo in
lude the systemati
 errors of the magneti
 �eld intensity in the TPCanalysis, we have evaluate the displa
ement of the (g4
10)min in the χ2

ma

urvesand its e�e
t to the axion-to-photon 
oupling.Magneti
 �eld [B] χ2 systemati
 error [g4

10]

8.8 ± 0.037 Tesla g4
10(min)

+0.097

−0.098Table 8.3: Systemati
 errors in g4
10 units from the un
ertainties of the mag-neti
 �eld intensity.

Length of the magneti
 �eld Another possible sour
e of systemati
 er-rors at the CAST experiment is the a

ura
y of the magneti
 �eld length. Themagnet that is being used in the CAST experiment was fully 
hara
terized inthe test ben
h at CERN. The intensity of magneti
 �eld is 
on�ned to a lengthof 9.26m. However, this value is not exent of a 
ertain error ±0.05m.An study for the e�e
t of su
h di�eren
es has been also applied to the 
ase ofthe TPC data Magnet length [L] χ2 Systemati
 error [g4
10]

9.26 ± 0.05 meter g4
10(min)

+0.006

−0.005Table 8.4: Systemati
 errors in g4
10 units from the un
ertainties of themagnet length. 175



CHAPTER 8. TPC ANALYSISE�
ien
y of the TPC dete
tor As for tthe rest of the dete
tors of CAST,the overall e�
ien
y of the TP
 depends on the quantum e�
ien
y as wellas transmission of the Primako� photons generated in the magnet of CASTthrough the di�erent 
omponents of the experiment su
h as the 
old windowsand the TPC windows.As a reminder we will mention that the overall e�
ien
y of the TPC 
on-sidered for the analysis of the 4He data is 48.23%. However, as for the twoquantities mentioned in the previous lines, the determination of the e�
ien
yis not exent of systemati
s.Lu
kily, the measurements 
arried on in Panter with the TPC dete
tor 
har-a
terized the behaviour of the TPC data. For the e�e
t of the e�
ien
y un-
ertainties to the axion-to-photon limit extra
tion we have 
onsider then theerrors arising from the Panter 
hara
terization together with the ones arisingfrom the transmissionn 
oe�
ients used for the 
old windows and the TPCwindos.The in
lusion of su
h errors slightly shift the e�
ien
y to be used for theanalysis of the data. A way of quantifvying the e�e
t in the e�
ien
y of theTPC is 
al
ulating the overall e�
ien
y arising for ea
h one of the 
ases andgiving an upper and a lower limit for the e�
ien
y systemati
s of the TPC asit appears in the following table:TPC overall e�
ien
y [ε] χ2 Systemati
 error [g4
10]

48.23+1.56
−1.05 % g4

10(min)
+0.105

−0.223Table 8.5: Systemati
 errors in g4
10 units from the un
ertainties of the TPCe�
ien
y.CAST systemati
s In order to give an upper and a lower limit to thesystemati
s of the CAST experiment a�e
ting the �nal result of the TPC (see176



CHAPTER 8. TPC ANALYSIStable 8.6) we 
an 
ombine all the previously mentioned systemati
s and expressits e�e
t in terms of g4
10 units or of a per
entage to the limit obtained by theTPC.

χ2 Systemati
 error [g4
10℄

g4
10(min)

+0.143

−0.244Table 8.6: Systemati
 errors in g4
10 units from the un
ertainties of the CASTexperiment.8.4.2 Ba
kground dataThe analysis of the TPC data is highly biased by the ba
kground sele
tion
riteria and 
onditions the �nal result. The ba
kground that has been usedfor the �nal analysis of the TPC dete
tor 
orresponds to the Daily de�nitionof se
tion 8.2.2. However, the quality of it and the 
ross
he
k of any otherpossible ba
kground applied to the TPC data has been evaluated.Tra
king Ba
kground

[counts · keV−1 · cm−2 · s−1] [counts · keV−1 · cm−2 · s−1]

4.51959 × 10−5 ± 2.79348 × 10−7 4.46895 × 10−5 ± 7.44341 × 10−8Table 8.7: Level of 
ounts during tra
king and ba
kground for the TPCdete
tor during the 4He run of the se
ond phase of CAST.The a

umulated statisti
s of the TPC dete
tor during the 4He run of CASTallow us to stablish the level of ba
kground and tra
king 
ounts for the 2 to 177
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12 keV energy range as it appears in the Table 8.7.
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Figure 8.13: Total statisti
s for the tra
king and ba
kground of the TPCdete
tor during the 4He run of the CAST experiment.Sin
e the TPC of the CAST experiment has another three independent ba
k-ground de�nitions:
• Nearby ba
kground
• O�-
oheren
e tra
king
• Combined ba
kgroundIt is natural to attempt the systemati
 e�e
ts studies with the help of all theba
kground de�nitions and 
ompare ea
h of them in order to see its indepen-dent result. In order to 
he
k for the quality of the ba
kground used, the ∆χ2

ma178



CHAPTER 8. TPC ANALYSISmethod has been. The result of this quality 
he
k naturally sele
ts the bestba
kground 
andidate to be used for the TPC analysis.Nearby analysis As it has been shown in se
tion 8.2.2, due to slightly vari-ation of the ba
kground levels between days, the sele
tion of the ba
kgroundfor the j -setting has been su
h that it in
ludes the statisti
s of the ten nearestdays to the tra
king of the spe
i�
 setting.This de�nition provides us with ba
kground spe
tra that 
an be used as aninput for the analysis independently of the �nal 
riteria that has been 
hoosenin order to analyze the TPC data.
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Figure 8.14: Multipli
ity of the χ2
null,j values of the j-settings (bla
k) versusthe theoreti
al 
urve (blue) of the Nearby ba
kground de�nition.The appli
ation of su
h ba
kgrounds will provide us with the same graphs that 179



CHAPTER 8. TPC ANALYSIS
an be seen in se
tions 8.3.1 and 8.3.2 and the 
orresponding 
ross
he
ks forthe χ2
null,j of ea
h individual j -likelihood 
an be generated by using now theNearby ba
kground (see �gure 8.14).Also the global likelihood 
an be evaluated with the use of the Nearby ba
k-ground, giving us the 
han
e to use the ∆χ2

ma

ross
he
k method of equation8.15 whose result 
an be seen in �gure 8.15.We 
an observe that a 39.13% of the data are out of 1σ and a 8.69% outof the 2σ boundary when we use the Nearby ba
kground for the �nal analysisof the TPC data.

iP

20 40 60 80 100 120 140 160

σ

-5

-4

-3

-2

-1

0

1

2

3

4

5

Figure 8.15: Di�eren
e between the χ2
min,ma

and the χ2
null,ma

after the 
om-bining of all settings to generate the global likelihood using the Nearby ba
k-ground.180



CHAPTER 8. TPC ANALYSISO�-
oheren
e analysis With its de�nition detailed in the se
tion 8.2.2and, sin
e the pro
edure of the analysis does not di�er from the rest of the
ases above mentioned, we 
an dire
tly pro
eed to the evaluation of the 
ross-
he
k plots for the O�-
oheren
e tra
king de�nition. The multipli
ity of χ2
null,j(see �gure 8.16) and, as in the previous 
ases, the 
ompatibility of the ∆χ2

mamethod (see �gure 8.17).
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Figure 8.16: Multipli
ity of the χ2
null,j values for the O�-
oheren
e tra
kingas ba
kground (bla
k histogram) versus χ2

Th[d.o.f ].The result from the quality 
he
k applied to the O�-
oheren
e de�nition ofba
kground does not follow the expe
ted Gaussian distribution sin
e it has a
54.35% of the data out of 1σ, and a 20.11% out of 2σ. we must rememberthat only a 4.6% of the data is expe
ted to be out of the 2σ boundary in aGaussian distribution. 181



CHAPTER 8. TPC ANALYSISWith this result, the O�-
oheren
e tra
king de�nition is the less 
ompatiblewith the tra
king data as it has shown the ∆χ2
ma

quality 
he
k.The reason for it is that in an e�ort of a

umulating statisti
s, the o�-
oheren
erange of tra
kings that 
ontribute to the ba
kground are far from the j -tra
kingof the j -setting is wide, whi
h makes this ba
kground to be more sensitive tothe daily environmental 
onditions.
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Figure 8.17: Di�eren
e between the χ2
min,ma

and the χ2
null,ma

after the 
om-bining of all settings to generate the global likelihood using the O�-
oheren
etra
king as ba
kground for the analysis.
Combined ba
kground analysis Furthermore, it is possible to apply thesame method to the 
ombination of the two previous ba
kgrounds. This ba
k-ground has been 
alled Combined ba
kground in Se
tion 8.2.2 and gather the182



CHAPTER 8. TPC ANALYSISstatisti
s of the Nearby ba
kground and the O�-Coheren
e tra
kings togetherfor an spe
i�
 j -setting.This ba
kground has ≃ 228 hours of a

umulated statisti
s and therefore isthe one with the smallest error bars ≃ 15 times smaller than the tra
king ones.Figure 8.18 
orresponds to the multipli
ity distribution of χ2
null,j, while the

∆χ2
ma

plot 
an be seen in (�gure 8.19)

 valuesnull
2Χ

0 10 20 30 40 50 60 70

M
ul

ti
pl

ic
it

y

0

5

10

15

20

25

Figure 8.18: Comparison of the theoreti
al and obtained χ2
null,j distributionfor the Combined ba
kground de�nition of ba
kground analysis.
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Figure 8.19: Di�eren
e between the χ2
min,ma

and the χ2
null,ma

after the 
om-bining of all settings to generate the global likelihood using the Combinedba
kground.Statisti
al deviation from the one free parameter statisti
al distri-bution A way of showing the results obtained from the di�erent de�nitionsof ba
kground 
an be the representation of the multipli
ity of ∆χ2
ma for ea
hone of the 
riterias versus the expe
ted statisti
al probability density fun
tion.Su
h plot (see �gure 8.20) shows how the di�erent ba
kground 
riterias usedfor the study of the sytemati
s generate spe
i�
 probability density fun
tionsthat are in agreement or not with the statisti
al expe
ted deviation.As it has been previously mentioned, the Daily ba
kground is the one thatagrees better with the expe
ted deviation, something that 
an be easily un-derstood sin
e it is the one that better follows di�erent daily experimental184



CHAPTER 8. TPC ANALYSIS
onditions. On the other hand, the O�-
oheren
e tra
king is the ba
kgroundde�nition that follows worst the statisti
al deviation. As a matter of a
t, theO�-
oheren
e tra
king is the less sensitive to the spe
i�
 experimental 
ondi-tions of the di�erent j -tra
kings.
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Figure 8.20: Representation of the di�erent probability density fun
tionsthat re
reate ea
h one of the ba
kground 
riteria 
hosen for the study of thesystemati
s. In gold and 
ontinuous line it 
an be seen the theoreti
al statisti
aldeviation, a Gaussian 
entered at zero and whose FWHM is 1σ. The bla
k line
orresponds to the use of the Daily ba
kground. The blue line 
orrespondsto the Nearby ba
kground de�nition and the green line to the O�-Coheren
eba
kground. Also, in red, the 
umulative ba
kground of the TPC.We 
an 
on
lude then that the Daily ba
kground is the one to be use for theTPC dete
tor analysis, sin
e it is the one that better 
orresponds with thetheoreti
al expe
tations. 185



CHAPTER 8. TPC ANALYSISIndu
ed systemati
s from the ba
kground de�nitions Beside the fa
tthat the ∆χ2
ma method has allowed us to 
hoose the Daly ba
kground de�-nition among the others, the systemati
 e�e
t of using di�erent ba
kgroundde�nitions for the TPC analysis 
an be quantify. Indeed, for ea
h one of thedi�erent ba
kground de�nitions we observe an e�e
tive shift for the χ2

min,ma
.Referring the mean shift of the di�erent ba
kground de�nitions relative thethe values obtained with the Daily ba
kground is an exer
ise that quanti�esthe systemati
 errors arising from the ba
kground sele
tion.Nearby [g4

10] O�-
oheren
e [g4
10] Combined [g4

10]

χ2 Deviation g4
10(min) + 2.937 g4

10(min) + 3.508 g4
10(min) − 1.243Table 8.8: Mean deviation from the Daily ba
kground χ2

min in g4
10 units fromthe un
ertainties of the TPC ba
kground.With the help of table 8.8 we 
an now obtain an upper and lower limit for theba
kground indu
ed systemati
 errors of the TPC analysis. The systemati
erros from the ba
kground un
ertainties are 
al
ulated as the mean above andbelow the minimums obtained for the Daily ba
kground with the other de�ni-tions of ba
kground that have been 
onsidered in 8.4.2.

χ2 Systemati
 error [g4
10]

g4
10(min)

+3.222

−1.243Table 8.9: Overall systemati
 errors in g4
10 units from the un
ertainties of theTPC indu
ed by the ba
kground de�nitions.
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CHAPTER 8. TPC ANALYSIS8.5 Ex
lusion plot of the TPCAn upper limit to the strength of the axion-to-photon Primako� 
ouplinghas been extra
ted as result of the TPC dete
tor measurements during the 4Herun of the CAST experiment.
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Figure 8.21: Ex
lusion plot result for the axion-to-photon 
oupling measuredby the TPC dete
tor during the 4He run of CAST's Se
ond Phase 
omparedwith other 
onstraints (Tokyo helios
ope [87, 88℄ and HB stars [10, 47℄). Theverti
al line (HDM) is the hot dark matter limit for hadroni
 axions ma <
1.05 eV [89℄ inferred from observations of the 
osmologi
al large-s
ale stru
ture.The yellow band represents the typi
al theoreti
al models with |E/N − 1.95|in the range 0.07 − 7 while the green solid line 
orresponds to the 
ase when
E/N = 0 is assumed. 187



CHAPTER 8. TPC ANALYSISThis upper boundary has been 
al
ulated by integrating the Bayesian proba-bility from zero up to 95% of its area.
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Chapter 9

Conclusions

After the data taking of CAST during its 4He run, the TPC de-te
tor, a multiwire proportional 
hamber, is able to present limitsto the axion-to-photon 
oupling via Primako� e�e
t in the axionmass spa
e parameter.
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CHAPTER 9. CONCLUSIONSAfter 
ross
he
king the tra
king and ba
kground spe
tra 
olle
ted by theTPC during the 4He run of CAST Se
ond Phase, no axion signal has beenidenti�ed. However, the a


umulated statisti
s allows to obtain an upperlimit for the Primako� 
oupling of axions.Due to 
oheren
e restri
tions of the axion-to-photon 
onversion, the axionmass range suitable to study goes from 0.02 to 0.39 eV. This range has alsobeen used by the other two dete
tors of CAST, whi
h allows to provide the
ombined ex
lusion plot of CAST Se
ond Phase.The 
ompatibility of tra
king and ba
kground spe
tra 
an be done by usingthe likelihood method. The global likelihood, produ
t of the individual likeli-hoods of the di�erent pressure settings measured in CAST, is the instrumentthat has been used in order to obtain the axion mass dependen
e with gaγγ ,the strength of the 
oupling.The TPC analysis s
ans for di�erent axion masses and obtains the most prob-able value of gaγγ that validates the tra
king and ba
kground data. A total of1500 χ2
ma

have been generated from the data gathered by the TPC. The esti-mation of the standar deviation errors of the analysis 
arried out for the TPCdata has 
onsidered that the χ2 distributions are not symmetri
. Also, theknowledge of experimental un
ertainties and the study of the di�erent ba
k-ground de�nitions has allowed to determine an upper and lower boundary forthe systemati
 errors of the performed analysis. A summary of both, statisti
aland systemati
 errors analysis 
an be seen in the following table:Statisti
al error [g4
10] Systemati
 error [g4

10]TPC g4
10(min)

+11.921

−4.726 g4
10(min)

+3.225

−1.267Table 9.1: Statisti
al and systemati
 errors in g4
10 units for the g4

10(min) resultof the TPC.
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CHAPTER 9. CONCLUSIONSAn upper limit to the strength of the axion-to-photon Primako� 
oupling hasbeen extra
ted as result of the TPC dete
tor measurements during the 4Herun of the CAST experiment. This upper boundary has been 
al
ulated byintegrating the Bayesian probability from zero up to 95% of its area and it isdependent with the axion mass, as 
an be observed in the �gure below:
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Figure 9.1: Ex
lusion plot result for the axion-to-photon 
oupling measuredby the TPC dete
tor during the 4He run of CAST's Se
ond Phase 
omparedwith other 
onstraints (Tokyo helios
ope [87, 88℄ and HB stars [10, 47℄). Theverti
al line (HDM) is the hot dark matter limit for hadroni
 axions ma <
1.05 eV [89℄ inferred from observations of the 
osmologi
al large-s
ale stru
ture.The yellow band represents the typi
al theoreti
al models with |E/N − 1.95|in the range 0.07 − 7 while the green solid line 
orresponds to the 
ase when
E/N = 0 is assumed. 191



CHAPTER 9. CONCLUSIONSThe mean of the axion-to-photon 
oupling litmit overall axion masses between0.02 and 0.39 eV obtained by the TPC during the 4He run of CAST Se
ondPhase is:
gaγγ(95% C.L) . 2.57 × 10−10 GeV−1

0.02 eV . ma . 0.39 eV.
(9.1)
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Figure 9.2: Combined ex
lusion plot for the TPC dete
tor of the CASTexperiment. First and Se
ond Phase of CAST have been in
luded.
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CHAPTER 9. CONCLUSIONSSystemati
 un
ertainties may in�uen
e on the best �t value of gaγγ and onthe upper limit. Studies 
on
erning the ba
kground de�nitions and rates asa fun
tion of time, or the 4He pressure inside the magnet bore, have been
arried out for the TPC dete
tor. In fa
t, the ba
kground de�nition usedto 
al
ulate the �nal result has been 
hosen su
h that minimizes systemati
se�e
ts. Moreover, the overall e�e
t of the systemati
 errors on the result ob-tained by the TPC dete
tor has been quanti�ed and it is smaller than a 9.83%.The TPC dete
tor, that during the First Phase of CAST had already 
on-tributed to provide the most restri
tive laboratory limit on the two-photon
oupling of axions and axion-like parti
les for ma . 0.02 eV, has extended thesear
h for axions up to ma . 0.39 eV. The absen
e of signal above ba
kgroundex
ludes a new range in the gaγγ −ma plane not previously explored in lab-oratory experiments. As result, the TPC is able to set the strongest limit tothe axion-to-photon 
oupling.
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Chapter 10

ResumenCAST (CERN Axion Solar Teles
ope) es un experimento emplazado en elCERN, un gran laboratorio de partí
ulas situado en Ginebra, Suiza.

Figure 10.1: Anillo del LHC en el CERN. 195



CHAPTER 10. RESUMEN
El teles
opio de axiones solares del CERN. Experi-mento CAST, fase IIEl Modelo Estándar de las Partí
ulas Elementales predi
e que la fuerzafuerte debería violar una de la simetrías fundamentales de la naturaleza, CP(
arga-paridad), al igual que lo ha
e la fuerza débil (lo que se denomina �strongCP problem�, o problema CP fuerte en el argot usual), pero hasta la fe
ha,ningún experimento ha dete
tado di
ha viola
ión, he
ho que empezó a intrigara los físi
os de partí
ulas a 
omienzos de los años 70.En 1977, R. Pe

ei y H. Quinn introdujeron en di
ho modelo un nuevo me
an-ismo teóri
o para preservar di
ha simetría en la fuerza fuerte [1℄ que, hasta lafe
ha, es la solu
ión más �elegante� al problema. Posteriormente, en 1978 F.Wil
ze
k [4℄ y S. Weimberg [3℄ se dieron 
uenta, independientemente, de que,en el mar
o de esta nueva teoría, esto impli
aba la existen
ia de una nuevapartí
ula, un bosón al que bautizaron 
on el nombre de axión. Así, un nuevobosón pseudoes
alar entraba a formar parte del ya de por si extenso zoo delas partí
ulas elementales. Su observa
ión experimental permitiría 
on�rmarel me
anismo introdu
ido por Pe

ei y Quinn.En prin
ipio, esta partí
ula podría tener 
ualquier masa, pero 
onsidera
ionesastrofísi
as (velo
idad de enfriamiento de las estrellas y explosiones de super-novas) y 
osmológi
as (nu
leosíntesis primordial) han permitido a
otar enorme-mente su valor, de forma que hoy, todos lo experimentos que bus
an axioneslo ha
en en un rango de masas menor que el ele
tronvoltio.Este bosón intera

ionaría de una forma muy débil 
on la materia, 
onvir-tiéndose así en una partí
ula muy esquiva. Su observa
ión supone, por tanto,un reto para los físi
os, ya que hemos de re
urrir a métodos más so�sti
adospara su búsqueda que los habituales.Una de las propiedades presentes en todos los modelos de axiones es su 
on-versión en fotones en el seno de un 
ampo magnéti
o. Esto, en 1983, inspiró aP. Sikivie la idea de usar un imán 
omo �teles
opio� para poder dete
tar estaspartí
ulas [24℄. Como el modelo estándar del Sol predi
e que esta estrella sería196



CHAPTER 10. RESUMENuna fuente muy intensa de axiones, bastaría seguir su movimiento en la esfera
eleste 
on un imán lo más potente posible para poder dete
tarlos.El experimento CASTEn la a
tualidad, hay dos experimentos que tratan de dete
tar axionessiguiendo al Sol 
on un imán: CAST y un dispositivo similar, pero de menore�
ien
ia, instalado en la universidad de Tokio, en Japón.

Figure 10.2: Imagen del teles
opio de axiones del CERN (CAST).En la �gura 10.3, podemos ver una representa
ión esquemáti
a del fun
ionamientodel teles
opio: Los axiones pro
edentes del Sol pueden 
onvertirse, mediante elefe
to Primako�, en fotones de unos po
os keV al atravesar el intenso 
ampomagnéti
o transversal del imán. Estos rayos X se dete
tan en el otro lado delimán.CAST ha
e uso de un imán super
ondu
tor de 9.26metros de largo 
apazde generar un 
ampo magnéti
o de 9 Tesla, diseñado ini
ialmente 
omo imánde pruebas para el futuro gran 
olisionador de hadrones, LHC (�Large HadronCollider�), que se está 
onstruyendo en el CERN, Ginebra. 197



CHAPTER 10. RESUMEN
Figure 10.3: Ilustra
ión del vuelo de un axión generado en el nú
leo delSol viajando hasta la Tierra. En la Tierra, CAST y su 
ampo magnéti
oson 
apa
es de 
onvertir éste axión en fotones de rayos X. Con la ayuda dedete
tores, CAST es 
apaz de distinguir 
uántos axiones llegan a la Tierra.La distribu
ión energéti
a diferen
ial de axiones en la super�
ie terrestresigue la �gura 10.4 .
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Figure 10.4: Distribu
ión difere
ial de axiones en la super�
ie terrestre.198



CHAPTER 10. RESUMENEl efe
to Primako� se produ
e en el interior del imán, pero la 
oheren
ia dela 
onversión limita la observa
ión de los rayos X produ
idos en el seno del
ampo magnéti
o. Este fenómeno no es sino la probabilidad de que un axiónque sufre el efe
to Primako� salga 
on el ángulo y velo
idad de propaga
iónapropiados para llegar a los dete
tores de rayos X ubi
ados en los extremosdel imán. El fenómeno está dire
tamente rela
ionado 
on la masa del axiónin
idente.
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Figure 10.5: Ejemplo de dos presiones diferentes de 4He para las que se re-estable
e la 
oheren
ia de la 
onversión Primako� en CAST (líneas roja y azul)en 
ompara
ión 
on el rango de masas del axión en el que CAST era 
oherentedurante la primera fase del experimento (línea negra).La primera fase del experimento CAST tuvo lugar durante los años 2003 y2004. La 
ondi
ión de 
oheren
ia de CAST fase I, es válida para masas delaxion de hasta 0.02 eV. Por tanto, la probabilidad de dete
tar un fotón en losdete
tores de rayos X disminuye drásti
amente 
uando se 
onsideran masas deaxiones superiores a 0.02 eV. La �gura 10.5 muestra 
ómo la sensibilidad dela TPC, uno de los dete
tores de CAST disminuye 
onforme la masa de los 199



CHAPTER 10. RESUMENaxiones supera los 0.02 eV.
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Figure 10.6: Grá�
a de ex
lusión 
ombinada de la 
onstante de a
oplo axión-fotón obtenida durante la primera fase de CAST.En la primera fase de CAST, la ausen
ia de señal de axiones sobre el fondoexperimental permitió la obten
ión del límite para la 
onstante del a
oploaxión-fotón. El límite, gaγγ . 8.8 × 10−11 GeV−1, se 
al
uló al 95% de 
on�-anza para axiones 
on ma . 0.02 eV [68℄.La fase II de CAST trata de solu
ionar la pérdida de sensibilidad para axionesmás pesados. Dado que la 
oheren
ia es dependiente de la masa del fotóngenerado en la 
onversión Primako�, CAST fase II ha 
reado un sistema 
apaz200



CHAPTER 10. RESUMENde albergar gases tales 
omo 4He ó 3He. En el seno del 
ampo magnéti
o de
9Tesla de CAST un posible fotón generado en la 
onversión Primako� adquiereuna masa efe
tiva 
apaz de restaurar la 
oheren
ia de la misma. El uso de 4Hepermite a CAST adentrarse en la región teóri
a de masas para las 
uales el ax-ión solu
ionaría el problema de viola
ión fuerte CP. Debido a las limita
ionesté
ni
as del experimento, la 
oheren
ia de la 
onversión 
on 4He está limitadaa axiones de masas inferiores a 0.39 eV y es ne
esario re
urrir a un gas másligero, el 3He, para extender la 
oheren
ia de CAST hasta masas de 1.20 eV.CAST fase II es 
apaz de 
ontener el Helio en el seno de un 
ampo magnéti
ode 9Teslas mediante la utiliza
ión de ventanas de 15µm de polipropileno sobreun soporte de a
ero inoxidable permite 
ontener los gases anteriormente men-
ionados 
on fugas de Helio del orden de 10−9 mbar/l sec. Es de reseñar quevalores de fuga de órdenes superiores harían que el experimento fuera inviable,debido al alto 
osto del gas 3He.El diseño, fabri
a
ión, e instala
ión de las ventanas en el experimento ha sidotodo un éxito y la ele

ión del disẽno de�nitivo de las ventanas 
orresponde
on el diseño más permeable posible al �ujo de los rayos X produ
idos en elinterior del imán ( transmisión del 85%) y a su vez el más restri
tivo para ladifusión de Helio a través de las ventanas.

Figure 10.7: Imagen de una de las ventanas instaladas en CAST para la
onten
ión del Helio gas en el 
ampo magnéti
o de CAST.
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CHAPTER 10. RESUMENEl dete
tor TPCEl grupo de Físi
a Nu
lear de Zaragoza ha sido el en
argado del manten-imiento y análisis de los datos de uno de los tres dete
tores que han medidoen CAST 
on 4He: una 
ámara de multi-hilos de proye

ión temporal.

Figure 10.8: Imagen del montaje experimental de la TPC en el experimentoCAST.La TPC bus
ó la posible señal de axiones provenientes del Sol al atarde
erdurante la toma de datos 
on 4He del experimento CAST realizada los años2005 y 2006.Uno de los objetivos de ésta tésis ha sido la 
ompleta 
ara
teriza
ión ele
tróni
adel sistema de adquisi
ión de la TPC, así 
omo la optimiza
ión del mismo paraser 
ompetitivo durante la toma de datos 
on 4He. Dada la existen
ia de gasen el seno del 
ampo magnéti
o de CAST y la estadísti
a de Poisson de latoma de datos, los programas de análisis usados durante la primera fase hansido modi�
ados 
onse
uentemente. Las 
ondi
iones de 
oheren
ia para 
adauno de los gases men
ionados 
on anterioridad varía en fun
ión de la presióny temperatura, parámetros que han sido in
luidos en el análisis de los datos.202



CHAPTER 10. RESUMENPara la 
orre
ta 
omprensión de la TPC así 
omo para la optimiza
ión delblindaje se han realizado simula
iones 
on GEANT4 [61, 65℄.ResultadosTras la toma de datos y posterior análisis, la TPC de CAST no ha des
u-bierto ninguna señal de axiones 
on masas inferiores a 0.39 eV. La ausen
iade señal, sin embargo, permite la obten
ión de un límite para la 
onstante dela
oplo axión-fotón por medio del efe
to Primako�.
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Figure 10.9: Grá�
a de ex
lusión para la 
onstante de a
oplo axión-fotónobtenida durante la primera y segunda fase de CAST 
on la TPC. 203



CHAPTER 10. RESUMENEl uso de 4He en la fase II de CAST es 
ompatible 
on la ausen
ia de señal deaxiones provenientes del nú
leo solar. Por ese motivo, CAST ha preparadoal igual que en la primera fase del experimento, el 
orrespondiente límitepara 
ada una de las masas de axiones en las que CAST ha sido 
apaz dere-estable
er la 
oheren
ia de la 
onversión axión-fotón.
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Figure 10.10: Grá�
a de ex
lusión 
ombinada de la 
onstante de a
oploaxión-fotón obtenida durante la primera y segunda fase de CAST.Durante esta tésis, se ha formado la base de una 
olabora
ión entre el CERN,Sa
lay y el grupo de la Universidad de Zaragoza que han 
onstruido nuevosdete
tores que han sustituido a la TPC en CAST. Estos dete
tores (MI-CROMEGAS) al
anzan un poten
ial de des
ubrimento del axión mu
ho mayorque el de la TPC, he
ho que permitirá a CAST mejorar su rendimiento durantela toma de datos 
on 3He en la segunda fase.204
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Appendix A

Heaviside-Lorentz unitsThe proper study of the probability for an axion-to-photon 
onversion (seeEquation 4.18), requires the uni�
ation of units between the magneti
 �eld,the natural me
hani
al units and the Gaussian ele
tromagneti
 units. As amatter of a
t, we are interested in a unit system for whi
h (GeV ·m · 1/T) isdimensionless.Considering the SI, the 
harge of an ele
tron is e = 1.60217646 × 10−19 · C,that I will represent as e = |e|·C. Also, the speed of light is c = 299792458m/s,but for our 
onsiderations I will use c = |c|m/s.
1 · GeV

c
=

109eV

c
=

109 · |e| · J
|c| ·m/s =

109 · |e| · C · J/C
|c| ·m/s =

e× 109

|c|
J · s

C ·m2
·m(A.1)The SI de�nes the magneti
 �eld intesity as a Tesla:

1 · T = 1 · N · s
m · C = 1 · J · s

m2 · C (A.2)Equation A.1 
an be written then in terms of the magneti
 intensity unit as itappears in equation A.2. The ratio between GeV and Tesla depends then onthe 
hosen unit system. 207



APPENDIX A. HEAVISIDE-LORENTZ UNITS
1 · GeV

c
=
e× 109

|c| · T ·m = e× 3.335640952 · T ·m (A.3)In the natural me
hani
al units, c is 
onsider as 1. The Gaussian ele
tromag-neti
 units have ~ = c = 1 with the propierty of making the ele
tri
 
hargedimensionless. In these units the elementary 
harge is e =
√
α = 0.08542453.The ele
tri
 
harge is also dimensionless in the �natural Heaviside-Lorentz�units, e =

√
4πα = 0.3028221.Gaussian and Heaviside-Lorentz units are di�erent by fa
tors of √4π. For his-tori
al reasons, from now on I will make use of the �natural Heaviside-Lorentz�units that stablishes:

1 ·GeV = 1.010105865 · T ·m (A.4)
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