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Chapter 1

IntroductionQuantum hromodynamis, also known as QCD, is the proposed theory ofthe so-alled strong interations that bind quarks and gluons together to formhadrons, the onstituents of nulear matter.In order to explain the asymmetry that exist between matter and antimat-ter in the Universe, CP-symmetry must be violated. Besides the fat that theweak interation slightly violates CP-symmetry, this feature has not been yetobserved in the quantum hromodynamis �eld theory, althought it is an ex-peted onsequene.The so-alled quantum hromodynamis strong CP-problem might be solvedby the introdution of a hiral symmetry that leads to the existene of a newpseudo-salar partile. The Peei-Quinn mehanism to protet the strongfore from CP-violating e�ets, and whih results in the axion, has endured forthirty years and is widely generally regarded as the best and most attrativesolution to the strong CP-problem.For axions, the ratio between mass and photon-oupling is given, up to model-dependent numerial fators, by the orresponding pion properties. This de-�nes the "axion line" in the parameter plane of mass and photon ouplingstrength. Cosmologial arguments point out that axions with eV-range masseswould have thermalized in the early universe by their generi pion interationsand thus ontribute to a hot dark matter omponent of the universe, similar to 1



CHAPTER 1. INTRODUCTIONneutrinos. At the present time, struture 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 projets and proposals in variousstages that have hek the lately �exluded� anomaly of magnetially-induedvauum birefringene and dihroism found by the PVLAS ollaboration inItaly.The CERN Solar Axion Telesope (CAST) is the most sensitive implemen-tation of the �heliosope� onept to look for hypothetial axions (or axion-likepartiles) oming from the Sun. Axions an be produed via the so-alledPrimako� e�et in the presene of strong eletromagneti �elds. The solarore is an ideal environment to produe them due to the strength of the solarplasma eletri �elds. In suh onditions, a photon produed in the solar oremight ouple to the virtual photon of the eletromagneti �elds and result inan axion that ould be able to reah the Earth's surfae. Those axions, ouldbe reonverted into X-ray photons in a magneti �eld.CAST makes use of a deommissioned 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 deteted by the three di�erentX-ray detetors plaed at both ends of the magnet: a Time Projetion Cham-ber, a sunsrise MICROMEGAS and a Charge Coupled Devie, this last onetogether with an X-ray telesope that enhaes the signal-to-bakground ratio,whih improves the sensitivity of the experiment.Due to oherene requirements, during the First Phase (years 2003 and 2004),CAST was sensitive to axion masses under 0.02 eV. The loss of oherene overthe full magnet length of CAST enountered while the magnet bores were un-der vauum is restored for the Seond Phase of the experiment by using a2



CHAPTER 1. INTRODUCTIONbu�er gas suh that the arising photon from the Primako� onversion aquiresan e�etive mass. By varying the gas and its pressure the searh for axionswith higher masses is possible.The Seond 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 reaha sensitivity where the existene of "invisible axions" is tested. All previousexperiments, inluding the CAST vauum phase, were only able to searh forgeneri axion-like partiles with masses muh smaller than the ones that wouldbe expeted 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 existene of large extra dimensions. Thedetetion 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-pati�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 detetor of the CAST experiment inorder to look for solar axions.CAST data taking proedure during its Seond Phase has been hoosen ina way suh that allows to san for axion masses from 0.02 to 1.20 eV in littlesteps. The proedure used for the 4He run during the years 2005 and 2006 wasto daily inrease the 4He gas density in the magnet bore, mehanism that hasallowed CAST to restore the oherene for axion masses up to 0.39 eV.The �rst part of this book introdues the theoretial motivation for the axionsearhes. The axion properties and its prodution mehanisms will be reviewedin the Chapters 2, 3 and 4. The seond part is devoted to the desription ofboth, the CAST experiment and the TPC detetor, whih will set the properframework for the introdution 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 detetor has been able to look for axions with masses below 0.39 eVduring the Seond 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 projetFPA2004-00973 and thanks to the spanish fellowship BES-2005-8542.
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Chapter 2

Axion motivation

Quantum hromodynamis, also known as QCD, is the proposedtheory of the so-alled strong interations, whih bind quarks andgluons together to form hadrons, the onstituents of nulear matter.It desribes the formation of protons and neutrons, the mediationof the fores between hadrons and desribes the nulei formation.

7



CHAPTER 2. AXION MOTIVATION2.1 The quantum hromodynamis LagrangianQuantum hromodynamis is a gauge theory of the non-Abelian1 SU(3)group obtained by taking the olor harge to de�ne a loal symmetry. Inphysis, gauge theories are based on the idea that symmetry transformationsan be performed loally as well as globally.Most powerful physial theories are desribed by Lagrangians whih are in-variant under ertain symmetry transformation groups. In the ase of be-ing invariant under a tranformation identially performed at every spae-timepoint it is said they have a global symmetry. Gauge theory extends this idea byrequiring that the Lagrangians posses loal symmetries under transformationsperformed independently for for every spae-time point.In quantum physis, a symmetry is a transformation between physial statesthat preserves the expetation values of all observables O, in partiular of theHamiltonian. Let S represent a symmetry transformation between the initialstate |ϕ〉 and the �nal physial state |ψ〉, then:
|ϕ〉 → |ψ〉 = S|ϕ〉

|〈ϕ|O|ϕ〉|2 = |〈ψ|O|ψ〉|2.
(2.1)The importane of gauge theories for physis is based in the suess of themathematial formalism in providing a uni�ed framework to desribe quan-tum �eld theories for eletromagnetism, the weak fore and the strong fore.This theory, known as the Standard Model, aurately desribes the experi-mental results regarding three of the four fundamental fores of nature, and isa gauge theory with the gauge group SU(3) × SU(2)× U(1).The strong fore is desribed by the QCD Lagrangian. One 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 matries and λa the generators hosen for the SU(3)group, the Gell-Mann matries. The term labeled Ga
µν represents the equiv-alent to the eletromagneti tensor Fµν found in quantum eletrodynamis2for eah generator of the group SU(3): where Ga

µ is the equivalent to the 4-vetor potential of the eletromagneti tensor for this theory, and fabc are thestruture onstants whih need to be introdued owing to the ommutationrelations between the Gell-Mann matries:
Ga

µν = ∂µG
a
ν − ∂νG

a
µ − gfabcG

b
µG

c
ν . (2.3)Eah �avor of quark belongs to the fundamental representation SU(3) andontains 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 otet of�elds that belong to the adjoint representation (8), and using the Gell-Mannmatries it an be written as Gµ = Ga
µλa.

ψ =




ψ1

ψ2

ψ3


 ψ̄ =




ψ̄∗
1

ψ̄∗
2

ψ̄∗
3


 (2.4)The rest of partiles belong to the trivial representation (1) of olor SU(3).In the simple language introdued previously, the three indies 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 patiular Gell-Mann matrix it isassoiated with. This matrix has indies i and j, the olor labels on the gluon.Therefore, at the interation vertex, one has qi → gij + qj and the olor-linerepresentation traks these indies (see �gure 2.1).2Quantum eletrodynamis is also know by the aronym QED 9



CHAPTER 2. AXION MOTIVATION
qj gij

qi

jcolor jcolor

icolor

icolorFigure 2.1: Diagram of interation 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 invariane.2.2 CP-invariane in quantum hromodynamisThis symmetry, CP, is the produt 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, disovered in the neutral kaon deays3 makes suh a symmetry avibrant area of study.2.2.1 C-symmetryIn physis, C-symmetry is the symmetry of physial laws under harge on-jugation transformation, obeyed by eletromagnetism, gravity and the stronginteration, but violated by the weak interations. Eletromagnetism laws areinvariant under the transformation that sustitute a harge q for a harge −qand the diretions of the eletri and magneti �elds are reversed, preservingin that sense the dynamis behind the eletromagneti laws. In elementarypartile physis, this would mean the following transformations:3The disovery of CP violation was made by James Cronin and Val Fith regarded withthe Nobel Prize in Physis in the year 1980 for suh a disovery.10



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

ψ̄ → −i(γ0γ2ψ)T

Aµ → −Aµ.
(2.5)Suh transformations do not alter the hirality of partiles. in that sense, aleft-handed neutrino under the transformation above desribed will transforminto a left-handed antineutrino, whih does not exist. Therefore, the hargeonjugation is not a symmetry of the weak interations.2.2.2 P-symmetryIn physis, 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, andhene it annot be redued to a rotation.Classial geometrial objets an be lassi�ed under rotations into salars,vetors and tensors of higher rank. A lasi�ation of partiles ould be givenby parity as follows:

• Salars (P=1) and Pseudosalars (P=-1)) whih are rotationally invari-ant.
• Vetors (P=-1) and Axial vetors (P=1) whih both transform as vetorsunder rotation.An example of this kind of lassi�ation an be provided if we fous in lassialmehanis. For example, let us have a look to Newton's equation of motionwhen mass is onserved, ~F = m~a, whih indiates that is a vetor that salewith the mass to the aeleration vetor. If we make a parity transformationto the equation of motion, the aeleration vetor and the fore will inmediatlytransform. However, angular momentum is an axial vetor ~L = ~r × ~p and thenby the parity transformation P (~L) = (−~r)× (−~p) = ~L, invariant under parity 11



CHAPTER 2. AXION MOTIVATIONtransformation.In quantum mehanis, spae time transformations at on the quantum states,being the parity transformation P a unitary operator ating on a state Pψ(~r) =
ψ( ~−r). It an also be notied that in general P 2ψ(~r) = eiϕψ(~r), sine an over-all phase is unobservable.The operator P 2 reverses the parity of a state twie and leaves the spaetimeinvariant. 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 multipartile state is the produt of the parities of eah state;parity is a multipliative quatum number.In quantum mehanis, Hamiltonians are invariant under a parity transfor-mation if P ommutes with the Hamiltonian. This happens for any salarpotential V = V (r) in non-relativisti quatum mehanis, whih means thatno transition between states of opposite parity our.For quantum �eld theory, if we an show that the vauum 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 reation.Although parity is onserved in eletromagnetism, strong interations andgravity, it turns out to be violated in weak interations. The Standard Modelinorporates parity violation by expressing the weak interation as a hiralgauge interation. Only the left-handed omponents of partiles and right-handed omponents of antipartiles partiipate in weak interations in theStandard Model.2.2.3 CP-symmetryStrong interations and eletromagnetism are invariant under the CP trans-formation, but the weak interation slightly violates it. CP-symmetry wasoriginally proposed after the disovery of P-symmetry violation4.4The violation of P-symmetry, was veri�ed in the beta deay of the 60Co nulei. 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 onsequene of CP-symmetry violation5.In the Standard Model, this CP violation is due to a single phase in theCabbibo-Kowayashi-Maskawa6 matrix, whih ontains the quark mixing �a-vor information on the strength of weak deays and spei�es the mismath ofthe quantum states of quarks when they propagate freely and when they takepart in weak interations. This mixing was introdued for two generations ofquarks by Niola 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 whih N2 are �xedreal numbers due to the unitary ondition of the matrix, and 2N − 1 of therest an be absorbed as phases for eah quark �eld, whih 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, whih is a mixing angle betweentwo generations of quarks, but the Standard Model has three generations ofquarks, for whih we have three mixing angles and one CP-violating omplexphase.2.2.4 CPT-symmetrySine violation of CP was disovered in a kaon deay in 1964, a weakerversion of the symmetry was proposed in order to be preserved by physialWu who arried the experimental on�rmation in 1957.5The violation of CP-symmetry has been observed even in weak interations. Kaons andB mesons no longer onserve CP.6Also known as the CKM matrix. 13



CHAPTER 2. AXION MOTIVATIONphenomena. The so-alled CPT-symmetry introdues to CP-symmetry a timereversal transformation that is alled T-symmetry. Invariane under time im-plies that whenever a motion is allowed by the laws of physis, the reversedmotion is also an allowed one.The ombination of C, P and T transformation operators is thought to on-stitute an exat symmetry of all types of fundamental interations. The ex-istene of a CP-symmetry violation implies a violation of the T-symmetry, orthe equivalent non onservation of T-symmetry, provided that CPT theoremis valid.Reently, a new generation of experiments, inluding BaBar Experiment at theStanford Linear Aelerator Center (SLAC) and the Belle Experiment at theHigh Energy Aelerator Researh Organisation (KEK), Japan, have observedCP violations using B mesons, whih on�rms the fat that CP violation isnot a on�ned propierty of the kaon physis. This experiments dispelled anydoubt that the interations of the Standard Model violated CP-symmetry.2.3 An explanation to the strong CP-problemQCD is a desription of the strong interations of quarks and gluons basedin a olor SU(3) gauge theory and CP-symmetry breaking is expeted 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 hromodynamis �eld theory.A possible solution to the invariane of CP in QCD is given by the Peei-Quinnmehanism [1℄.In the standard model, quarks aquire their mass by means of a Yukawa ou-pling to a salar �eld. This �eld, that has a nonzero vauum expetation value,is alled the Higgs. Peei-Quinn proposal to explain CP invariane as a nat-ural onsequene of quantum hromodynamis introdues a new salar �eld(Higgs doblet) to the Standard model.14



CHAPTER 2. AXION MOTIVATION2.3.1 The eletri dipole moment of the neutronThe seletion of the QCD vauum from an in�nity of equivalent hoies [2℄,allows the reinterpretation of θ as an additive term to the usual quantum hro-modynamis Lagrangian:
LQCD = L+ i · Lθ. (2.8)A salar potential dependent on θ must be applied, but there will be parti-ular hoies of phases for whih the various salar vauum expetation 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, aording with equation 2.9, the vauum expetation of θ is zero. However,experimental results on the neutron eletri dipole moment [57,58℄ bound the
θ vauum expetation to be ≃ 10−10, whih 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℄, Peei-Quinn meha-nism interprets the θ-term of the QCD Lagrangian (equation 2.10) as an salar�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�etive Lagrangian with the introdution of a term linear in the axion�eld oupled to the anomaly (whih is proportional to Gµν
a G̃aµν).In terms of the new salar �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,whih allows then the Global quantum hromodynamis Lagrangian to violateCP-symmetry. Feature expeted from the three generations of quarks thatompose it.The salar �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 Peei-Quinn sale. The expeted 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 sine the axion�eld is a phase φ = [(fa + ρ)/

√
2] · eia/fa .An expansion of suh e�etive 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 partile 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-pearane of a new partile. The �axion� [3, 4℄, a very light pseu-dosalar Goldstone boson.

17



CHAPTER 3. THE AXION DYNAMICS3.1 Axion modelsAxions an be seen as generially mixing with pions so that their mass andtheir ouplings to photons and nuleons are proportional to those of πo by thefator fπ/fa. However, the spei� Peei-Quinn mehanism implementationleads to di�erent axion models.The distinguishing feature between the two major axion model lasses is thesize of the Peei-Quinn sale fa, whih is inversely proportional to the axionmass ma.3.1.1 The �Visible� Axions: large axion massThe standard axion model assumes an axion deay onstant fa related tothe eletroweak onstant fweak ≡ (
√

2GF )−1/2 ≈ 250GeV. Sine by onstru-tion the salar �eld Φ added to QCD by the Peei-Quinn symmetry an-not be the standard Higgs �eld, we must introdue two independent Higgs�elds Φ1 and Φ2 with expetation vauum values f1/
√

2 and f2/
√

2 suhthat 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 astrophysial onsiderations [19℄.3.1.2 The �Invisible� Axions: strong deay onstantSine due to osmologial onstraints and experimental results the axionmass annot be so large (see Setion 3.3.2), we should try to get fa ≫ fweak.Models of this kind introdue an eletroweak singlet Higgs �eld Φ with a va-uum expetation value of fa/

√
2 that is not related to the weak sale of inter-ations fweak anymore.There are two important models that desribe suh an interation, the KSVZ21The standard axion model was originally proposed by Peei, Quinn, Weinberg andWilzek2Introdued by Kim, Shifman, Vainshtein and Zakharov.18



CHAPTER 3. THE AXION DYNAMICSand the DFSZ3 model. Their main di�erenes are based on the oupling ofaxions to eletrons 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 interationof axions with matter. The impliations of suh a model is that neither quarksor leptons arry the so-alled Peei-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 nuleons(N),
gaN =

CNmN

fa
= CN 1.56 × 10−7 meV (3.2)and, sine Peei-Quinn harge is not arried by leptons or quarks, we anexpress the oupling to nuleons 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, Fishler, Sredniki and Zhitnitski�� 19



CHAPTER 3. THE AXION DYNAMICSOn the other hand, for axion interation 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 enhaning the oupling via the Primako� e�et.The DFSZ model It is an hybrid between standard and KSVZ models inwhih an eletroweak singlet salar �eld Φ with expetation values fa/
√

2 andtwo eletroweak doublet �elds Φ1 and Φ2 [22, 23℄. In this model, the funda-mental fermions are the ones arrying the Peei-Quinn harge and, therefore,there is no need for exoti quarks like in the KSVZ model.Being f1 and f2 the expetation values of Φ1 and Φ2, its branhing ratio f1/f2an allow us to de�ne a mixing angle β suh that
cos2 β =

(f1/f2)
2

(f1/f2)
2 + 1

. (3.5)Diret 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 nuleons, this model follows equation 3.2 butthe value of the nuleon 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)Introduing this new result in the alulation of the oupling with nuleons forthe DFSZ model, we an onlude that the strength of the oupling to nuleonsin 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 diret interation of axions to eletrons is also allowed in this mod-els and therefore, sine the eletrons are able to arry Peei-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, interation with photons is given by

gDSFZ
aγ ≃ −0.75

α

2πfa
. (3.9)

3.2 Axion ouplingsThe interation of axions with fundamental bosons, suh gluons and pho-tons, as well as with fermion like, eletron and nuleons are desribed 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 salar �eld for the interationsis ga = mf/fa, with mf the mass of the fermion involve in the interation and

fa the Peei-Quinn sale.The hiral anomaly (see �gure 3.2), allows an axion oupling to gluons and itis the mehanism for the axions to aquire mass.The oupling of axions to gluons is the feature that distinguishes the axionsfrom other pseudosalar partiles:
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 oplingonstant.
Moreover, sine from the mixing of pions we know that the mass mπ =
135 MeV and its deaay 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 fat that the value of the oe�ients (mu/md)and (mu/ms) in equation 3.11 variate depending on the spei� 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�et [10, 12℄. An axion an ouple to two photonsin a triangle loop via the mehanism shown in the �gure 3.3. The Lagrangian22



CHAPTER 3. THE AXION DYNAMICSterm for suh an interation 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 eletromagneti tensor thatgenerates the eletromagneti �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 Peei-Quinn and eletri harges. On the left, anaxion-to-pion mixing, whih produes the generi oupling of axions to photons.The oupling onstant is given as funtion of the �ne struture onstant αand the axion model dependent ratio between the olor anomaly N of the ax-ion urrent and the eletromagneti 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 eletri and Peei-Quinnharges 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 Peei-Quinnharge Xj .Suh a oupling allows a model independet axion deay of the kind a → γγvia Primako� e�et in the presene of eletromagneti �elds. 23



CHAPTER 3. THE AXION DYNAMICS3.2.3 Interation of axions with fermionsOne of the proesses for stelar emission of weakly interating partiles fromthe hot dense interior is the Compton proess. Non negligible efets to the ste-lar �ux of suh partiles an be due to axions. Compton sattering of axionsare analogous to the usual Compton sattering of photons with the di�erenethat now one of the photons of the interation has beame an axion. Themehanism that allows suh exhange 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�etive Peei-Quinn harge, the oupling gaf an be written as
gaf =

Cfmf

fa
. (3.16)Like that, if quarks and eletrons do arry Peei-Quinn harge, these ouplingsan be observed.Coupling to eletrons If eletrons do arry Peei-Quinn harge, as theydo in the DFSZ models (see Setion 3.1), there will be a tree-level ouplingwith axions in the Lagrangian of equation 3.15.There also exists radiatively indued oupling of axion to eletrons at the one-loop level with a oupling grad

aee , whih is more ompliated and smaller thanthe gtree
aee oupling. An interation 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 eletron is then written like

gtree
aee =

Ceme

fa
= Ce 0.85 × 10−10 meV , (3.17)where meV is the axion mass given in eletronvolts and Ce depends on thee�etive Peei-Quinn harge of the eletron Ce = X ′

e/N .24



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

e−

e−

gae

a

Figure 3.4: Diret axion-to-eletron interation, only possible depending onthe axion model (only possible for DFSZ axions) whih 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-eletron, mehanism used byhadroni axions to interat (KSVZ model).
25



CHAPTER 3. THE AXION DYNAMICSCoupling to nuleons It is known that axion models di�er in their as-signment of Peei-Quinn harges to the axion, but not on the value of theoe�ient N.Independently of the axion models, an axion-to-nuleon 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-nuleon oupling.We an �nd then a model independent general expresion for the Peei-Quinnharges 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-liity ontribution of the nuleon 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 introduing the orresponding axion masses in the equation 3.18, we ouldobtain the Peei-Queen harges arried by the nuleons, but we should notforget that the PQ harge arried by the quarks is model dependent (see Setion3.1).3.3 Theoretial limits on the axion masses and itsouplingsAstrophysis and osmology provides a natural laboratory for elementarypartile physis. Solutions to phenomena suh as the strong CP-problem anbe rossheked in the �outer spae�. Axion existene in the early universe mayhave a�eted the big-bang osmology.The impliations of axions in the development of the universe depend on thedi�erent senarios for whih axions would have oexisted in the early universe.As a matter of fat, axions ould have been in thermal equilibrium for thosetemperatures TU ≫ fa. Moreover, one the temperature is satisfying fa ≫ TU ,the axion ould have deoupled and behave as a free massless salar �eld.The value of fa is then a really important parameter. Unfortunately, thePeei-Quinn mehanism allows any value of fa to solve the strong CP-problemand many senarios an be onsidered.There are di�erent mehanisms to generate reli axions, but it is not deter-mined whih one of them dominates, sine it depends on both, the axion massand whether or not in�ation took plae:
• Thermal prodution [15℄ : if axions were strongly interating, fa .

108 GeV, they would have thermalized before the QCD phase and there-fore there would be a sea of �invisible� axions.
• Missalingment a�eting the early universe [16, 17℄: it ould have exitedoherent osillations of the axion �eld in the early universe. When thetemperature of the universe drops below fa, axions ould have aquiredmass and beome a part of the old dark matter. 27



CHAPTER 3. THE AXION DYNAMICS3.3.1 Astrophysial limitsDespite their small interation with normal matter, axions have a onsid-erable in�uene on the evolution of stars. Axions ould be produed in theinterior of stars by di�erent proesses and, hene, provide an additional loss ofenergy. As a onsequene, the star will ontrat and inrease 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, eletronsand nuleons by demanding that time sales of stelar evolution must mathwith 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 branh (HB)have reahed helium burning and therefore they generate energy by fusinghelium to arbon and oxygen. A Primako� energy loss rate would aeleratethe onsumption of helium and thus redue the Horizontal Branh lifetime [47℄.By observing the ratio between the number of HB referred to the low-massred giants in globular lusters for whih axion emission is suppresed sine
γ + Ze→ Ze+ a is not dominant , we an obtain the oupling onstant gaγ .

10−10 GeV−1. This horizontal branh limit, whih is also referred to as globularluster limit, might however vary due to the unertainties 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 onsequene, an evolution of RGB4 stars to brighter stars ould o-ur. Last studies, however, agree that the ore mass at helium ignitiumagrees with theoretial expetations within 5− 10% [10℄. Sine 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 strit onstrain on the axion-to-nuleon 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 plae a limit. Neutrinos4Red Giant Branh stars.28



CHAPTER 3. THE AXION DYNAMICSare trapped inside the hot and dense ore after the ollapse and, its esape isonly possible by di�usion, while axion emission would arry away energy fromthe interior. If axions interat too strongly, they are trapped in the SN ore.Also, they annot be exluded by the SN signal if their mass is larger than
ma & 10−2 eV.3.3.2 Cosmologial limitsIn most axion models, Peei-Quinn symmetry breaking ours when theomplex salar �eld develops the vauum expetation value fa/

√
2. For this tohappen, the Universe temperature TU has to ool down to the Peei-Quinnsale fa. In this stage, the e�etive potential develops its expetation vauumvalue, 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 Senario One onsequene of the U(1)PQ symmetry breaking is theappearane of axion strings as topologial defets [13,49℄. The ontribution tothe density of axions today Ωa oming from the string deay, depends on whenthe in�ation took plae.In the ase of axions interating strongly enough, let's say fa . 108 GeV, athermal equilibrium state would have been reahed in the early universe beforethe quantum hromodynamis phase transition ourred. At this point, eahstring would have beome the boundary of a domain wall, whih eventuallywould have deayed, ontributing like that to the axion density.In order to performe the alulation of the axion density due to string emission,the radiated axion spetrum has to be estimated. With the help of omputersimulations [14℄, it has been found that the dominant soure 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 ritial density for los-ing the universe ρcrit, h is the Hubble onstant in units of 100 km s−1 Mpc−1, 29



CHAPTER 3. THE AXION DYNAMICS

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�etive axion potential as a funtion of thetemperature TU of the universe.and the stated range re�ets the reognised unertainties 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, whih would make the expression insquared brakets to beome 0.15 − 1.83, fat that allows Sikivie et al. to �ndthat the motion of global strings is strongly damped, whih leads to a �ataxion spetrum:
Ωstringsh

2 ≃ 1.9 × 3±1
(1µeV

ma

)1.175
. (3.21)

Vauum misalignment Still, the misalignment mehanism [15�17℄, ouldbe able to exite oherent osillations of the axion �eld until the temperatureof the early universe approahes the QCD sale ΛQCD. At TU > ΛQCD allthe values of Θ̄ were equally probable, but, one the axion mass turns on, the30



CHAPTER 3. THE AXION DYNAMICSaxion �eld begins to roll towards its nowadays value Θ̄ = 0. The axion �eldosillations do not dissipate in other forms of energy and hene, ontribute tothe energy density today. The density of axions produed by the vauum re-alignment mehanism 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�etive 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 mehanism depends on the in�ation ourring before or after the Peei-Quinn symmetry breaking. In the �rst ase, the value of Θ̄i is uniformly dis-tributed. Therefore, in�ation ould have also suppressed this axion produtionmehanism. We ould express the ontribution to the osmi ritial densitydue to vauum misalignment as
Ωmish

2 ≃ 1.9× 3±1
(1µeV

ma

)1.175
Θ̄2

iF (Θ̄i), (3.22)where the funtion F (Θ̄) aounts for anharmoni orretions to the axionpotential. In order to avoid �ne tunning of the initial misalignment onditions
Θ̄2

iF (Θ̄i) ∼ 1, in whih 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 prodution Sine the axion oupling to matter happen to be pro-portional to (fa)
−1, if fa is su�iently small so that the axion an interatsu�iently strongly, they will thermalize in the early universe. We ould saythat when the reation rate R for a given proess that reates and destroy apartile speie ours rapidly ompared to the expansion rate of the universe

H, this partile speie will be in thermal equilibrium. There is a time intervalin the early universe, whih depends on the main axion proesses onsideredfor the alulation of R, where these ondition is ful�lled and axions are ingood thermal ontat with the universal plasma. Then, when the onditionR & H is not satis�ed anymore, thermal axion deouple while they are stillvery relativisti, and survive until today as thermal relis.Thermal prodution of axions [15℄ ould happen for fa . 108 GeV onsideringthat the main axion reation and destrution reations would be the Primako�proess γ+ q → a+ q and γ+Q→ a+Q. Reent reviews on the matter haveonsidered di�erent thermalizing proesses. 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 arateristi that
Ωthermalh

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

2 ∝ (ma)
−1. (3.24)By taking into aount all the onstraints, there is not but a little windowfrom µeV to some meV for whih the existene of hadroni axions is allowed.Nevertheless, experiments also searhed the prohibited regions, beause nei-ther astrophysial nor osmologial onsiderations are absolutely stringent(see�gure 3.9).3.3.3 Axions as a Dark Matter andidateSeveral fats, suh as galati rotational urves or the osmi mirowavebakground anisotropies, hint the fat 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: Astrophysial and osmologial exlusion regions for the axionmass ma and, equivalently, the Peei-Quinn sale fa. Sine 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-nuleon oupling and thus, whatis shown here is exat for KSVZ and approximately for DFSZ axions. Thedotten regions indiate where axions ould form the osmi dark matter. Someexperiments searhing for galati dark matter axions are also inluded. Figuretaken from [47℄.
33



CHAPTER 3. THE AXION DYNAMICSalled Dark Matter [18℄. Its determining propierty is that it does not emit anyeletromagneti radiation, and therefore, an be only inferred by its gravita-tional e�ets. 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 partiles. However, its nature has not been yet proven.
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Figure 3.10: Lee-Weinberg urve for axions, where their density ontributionto the Dark Matter is shown as a funtion 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 thereforeould be a non-baryoni andidate for dark matter. In priniple, an axionould aount for both, HDM and CDM, depending on their mass. If fa is solarge (small mass), that they never reahed the thermal equilibrium, the ther-mal prodution is suppressed and then the misalignment mehanism will takeover. As axions are not relativisti from the moment of their �rst appearaneat 1GeV temperature, they might be an important omponent of the CDM.5Relativisti6Non-relativisti34



CHAPTER 3. THE AXION DYNAMICSIf, on the other hand, the Peei-Quinn sale is small enough for the axionto thermalize in the early universe, a relativisti axion density would exist to-day, whih ould ontribute to the HDM omponent (see �gure 3.10). In thisase, the density of axions is proportional to the axion mass, whih will be ofthe order of the eV sine we are dealing with thermi axions.3.4 Axion detetionSine the stelar evolution exludes a possible senario in whih �visible�axions ould be possible (see 3.3.2), Pierre Sikivie [24℄ proposal to look for�invisible� axions oming from stars beame of most interest. Axions shouldbe able to leave traes in detetors as mono-energeti photons produed via thePrimako� e�et that suh a partile ould su�er in the presene of a magneti�eld.Sine the axion-to-photon oupling is a onsequene of the Peei-Quinn in-terations between axion and gluons, it an be found in all the axion modelsmentioned in Setion 3.1. This property an be used by the experiments inorder to detet the hypothetial partile. Experiments in whih an axion oran axion-like partile ouples to a photon have beome of maximum interest.
• Solar axions: Heliosopes.
• Galati axions: Halosope and Telesope Searhes.
• Laboratory axions: Laser experiments.3.4.1 HeliosopesSearh 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 suh partilesarriving to the Earth. Heliosopes look into the Sun and, by the use of eletro-magneti �elds, try to provoke an axion-to-photon onversion via the Primako�e�et to detet them.Sine the Primako� e�et an be produed due to eletri or magneti �elds, 35
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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 Heliosope ontinued the searhusing the same method, but providing better sensitivity, and thus leading to amore restritive limit gaγγ . 6.0 × 10−10 GeV−1 for ma . 0.03 eV.At the present time, the CERN Axion Solar Telesope7 [45, 68℄, whih willbe desribed in more detail in Chapter 5, is looking for axions using the samebasi priniple, but with a onsiderably inreased sensitivity:

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

• The COSME9 [32℄ detetor at the Canfran Underground Laboratoryaomplished to reah 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 andahieved a limit of gaγγ . 1.7× 10−9 GeV−1 in the eV range.However, the approah to detet solar axions with the help of an eletri �eldturned out to be limited [34℄, beause neither present nor future rystal dete-tor experiments will be able to ahive the limit set by globular lusters.3.4.2 Halosope and Telesope searhesHalosopes Mirowave avity experiments look for galati halo axions, a-tivity from whih they inherit their name. Axions whose mass is of the order7CAST8SOlar AXion searh in Argentina9Germanium detetor10Partile DArk MAtter searhes with highly radiopure sintillators at Gran Sasso. 37



CHAPTER 3. THE AXION DYNAMICSof µeV trapped in the galati halo may onverte into photons in the pres-ene of a magneti �eld. The two �rst experiments of this kind were held inthe Rohester-Brookhaven-Fermilab and the University of Florida. Sine 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 tehnologies allow the Axion Dark Matter eXperiment at the LawreneLivermore National Laboratory to restrit the reli axion masse into a boundbetween 1.9µeV and 3.3µeV.A di�erent approah, as set up in Kyoto, Japan with CARRACK11 is in-vestigating the mass ranges inluded in the bound of 2µeV to 50µeV.Telesopes Thermally produed axions, an be searhed for with telesopes.The most likely plaes to �nd suh axions are luster of galaxies, plaes inwhih the axions would produe an emission line one they deay. The ra-dio telesope at the Haystak 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 whih a part of the photons will be onverted into axions.Then, a wall or shield bloks the photons, while the feebly interating axionsan pass through to the other side, where they are reonverted into photonsby another magneti �eld, and therefore deteted [36, 37℄.This proedure is desribed by �gure 3.12. Instead of the beam lines, res-onating avities an be used on either side as well [38℄. Results from suh anexperiment have yielded an upper boundary for ma . 10−3 eV [39℄:11Cosmi Axion Researh using Rydberg Atoms in a resonant Cavity in Kyoto38
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A0γ γA0

Bγ∗ γ∗ B

Figure 3.12: Basi priniple of a �Shining Light through Walls� experiment.An inoming 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 reonverted 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 inident laserbeam omposed of oherent photons going into a region in whih a magneti�eld is applied.An axion-to-photon oupling of the beam in the magneti region, would intro-due linear birrefringene (phase fator) and linear dihroism (rotation) to theinoming 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 reent experiment, PVLAS12 [27℄, observed a strong oupling e�et12Polarizzazione del Vuoto on Laser 39



CHAPTER 3. THE AXION DYNAMICS
rotation ε

Retardation of E‖

E⊥ E⊥

E⊥E⊥

E‖

E‖

E‖

E‖

Bext

Bext Bext

Bext

ellipticity Ψ

gpγγ

m

m

~E ~E

~E ~E

gpγγ

gpγγ

Bext

Bext Bext
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CHAPTER 3. THE AXION DYNAMICSSeveral experiments are already searhing for axion-like partiles. 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 partiles oupling to photons but sofar no evidene has been found. ALPS is also looking for axion-like signaturesin the X-Ray laser faility of DESY [43℄.
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Chapter 4

The Solar axion

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

43



CHAPTER 4. THE SOLAR AXION4.1 The Primako� onversionThe two photon deay mode of the π0 meson involves the expliit breakingof a lassial symmetry due to quantum �utuations of the quark �elds ou-pling to a gauge �eld. This phenomenon, alled anomalous symmetry breakingis of pure quantum mehanial origin, and in this ase involves the oupling ofquarks to photons.Independently to the mehanism of the two-photon deay, its existene im-plies an interation between the π0 wave funtion and the eletromagnetiwave �eld [12℄:
Interaction Energy density = η

(
~

µc

)
1√
~c

ϕ E ·H. (4.1)The fators ~/µc and 1/
√

~c are introdued for dimensional reasons, being µthe rest mass of π0, η a dimensionless onstant determinated by the deaymehanism and ϕ the pseudosalar �eld of the pion.In the ontext of quantum hromodynamis, the oupling of two-photons pro-duing π0 is not but the on�rmation of a deay hannel of pseudosalar par-tiles into two-photons.Sine the Peei-Quinn solution to the strong CP-problem of QCD involvesa new pseudosalar partile, a two-photon deay hannel is expeted 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 eletromag-neti �elds and the fat that in the Earth we are able to provide stati eletrior magneti �elds.4.2 The prodution of axions in the Solar oreBlakbody photons in the solar ore ould be onverted in axions due tothe �utuating eletri �elds of the harged partiles in the hot plasma.Following Sikivie's proposal [24℄, we will �rst desribe the proess of produ-tion of axions in the presene of eletrons and nulei in the dense plasma of44
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Figure 4.1: Feynman diagram for the Primako� prodution of axions by theinteration with a virtual photon. On the left, the diagram for the Primako�e�et that a photon su�ers in the eletri �elds produed by a nuleous or aertain density of eletrons in the solar ore. The right diagram represents theFeynman diagram for the interation of an axion onverting to a photon viavirtual photon in the presene of magneti �elds.the solar ore. Aording 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 whih a photon whith energy ω = kc ould onvert into anaxion. The diferential ross setion of the proess 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 blakbody photons su�er is represented as ~q = ~k − ~pa. The momentum ofthe initial photon is represented by ~k while the momentum of the outomingaxion is ~pa. A fator 1

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

1

e

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



CHAPTER 4. THE SOLAR AXIONable to express the ross setion 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 formfator to beome |F |2 = Z2. However, onsidering the ase of a plane eletro-magneti wave inident on a stationary harge distribution of N point hargeswith magnitude Zie at loations ~ri, the relevant squared form fator for thePrimako� ross setion 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 physial interpretation is straightforward: In a plasma, the partiles mu-tually interat through their Coulomb �elds and their motion is sligthtly orre-lated [50℄. Aording to the theory of Debye and Hükel [51℄, stelar plasmas [52℄may not make use of the Coulomb potential of a harge Ze, sine in a mediumof freely moving eletri harges a Yukawa potential should be used instead:
Ze

4π

1

r
→ Ze

4π

e−κr

r
. (4.7)The main di�erene between both potentials is that the Yukawa one intro-dues on average a harge loud at around a partile. Suh e�et is desribedby an exponential that multiplies the Coulomb potential and it is ruled by κ,the inverse of the Debye-Hükel radius. Cosidering the �ne struture onstant

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

T

N∑

i=1

Z2
i

V
. (4.8)The form fator that arises from the use of the Yukawa potential in a stelarplasma is desribed by the use of the Debye and Hükel radius and assigns to46



CHAPTER 4. THE SOLAR AXIONeah partile of harge Ze on it an e�etive from fator:
|Feff (~q)|2 = Z2 |~q|2

κ2 + |~q|2 . (4.9)
4.2.1 Axion emission from the solar plasmaAxions an e�iently be produed in the Sun via the Primako� e�et. Inthe interior of the Sun, blakbody photons an onvert into axions thanks tothe �utuating eletri �elds of the harged partiles that onstitute the solarplasma. The di�erential ross setion for the Primako� prodution of axions inthe Sun (equation 4.3) allows to obtain [47℄ the transition rate for a blakbodyphoton 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 sattering angles near the for-ward diretion and integration over the sattering angles yields the total rosssetion:

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 nuleosynthesis provides an explanationfor the energy soure of the stars. Two are the main proesses of energy lossin stars: the proton-proton hain and the Carbon-Nitrogen-Oxygen yle.Aording to the standard solar model, proton-proton hain provides more thanninety-eight perent of the energy required to produe the presently observed1Nobel Prize for his paper �Energy Prodution in Stars� (1939). 47



CHAPTER 4. THE SOLAR AXIONsolar luminosity, while the Carbon-Nitrogen-Oxygen yle is the responsiblefor an extra 1.5% [55℄.The ore is the only loation of the Sun that produes an appreiable am-mount of heat via fusion reations2 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-Hükel radius(κ = 9keV) sine the plasma frequeny 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 axionprodution oming from photons of energy ω (equation 4.12) and the blak-body photon distribution of the solar ore. The axion emission from the Sunis diretly related to the temperature of its plasma and, sine there exists agradient of the interior temperature of the Sun, the �ux of axions is related tothe Sun radius onsidered for its alulation.G. Ra�elt [47℄ alulates 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 prodution that arise after using the blakbody radiationspetrum 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 surfae luminosity of axions ψa(Ea, r)2Proton-proton hain.48



CHAPTER 4. THE SOLAR AXIONas a funtion 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 surfae due to Primako�prodution in the solar ore.
4.3 Probability of axion onversionThe proposed detetion mehanism for solar axions arriving to Earth istheir reonvertion to X-ray photons via the Primako� e�et in the preseneof eletromagneti �elds. Existing large superonduting magnets would besuitable for suh purpose.Axion-to-photon onversion in the presene of a nearly homogeneous magneti�eld B is only e�etive 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 surfae luminosity depending on the blakbody 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 partile in a mediathat has a transverse magneti �eld B⊥ along the oordinate z:
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CHAPTER 4. THE SOLAR AXIONWhile g10 rules the strength of the axion-to-photon oupling, the (1, 1)-term ofthe matrix (H11) re�ets the fat that in a given media, the photon aquires ane�etive mass mγ and it observes a refrative index. Moreover, the existeneof media implies an spei� free path for the photon, phenomenon that an bedesribed by introduing Γ, the damping fator 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 sine it generalizes the partile state for a given z-oordinate:
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. (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 inwhih the onversion is expeted to happen, we an onsider mγ and Γ asonstants. In suh 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�etin 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 interation. 51



CHAPTER 4. THE SOLAR AXION4.3.1 Coherene of the interationIn absene of a damping gas For the ase of vauum in the onversionregion, the probability of the axion-to-photon oupling of equation 4.18 an bewritten replaing Γ = 0:
Pa→γ =

[ gaγγ

10−10GeV −1

]2[B⊥L

2

]2
· 2

q2L2
· [1− cos qL]. (4.19)Calling |M|2 the fator that rules the oherene of the interation, 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 oherene term |M|2 (see equation 4.21) as afuntion of qL/π shows that the oherene of the interation 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�ets the range of axions masses forwhih the onversion axion-to-photon ours. The energy equations for theinident axion and the outoming 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 energyonservation, 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 fat that ma ≪ Ea, we an approximate the momentum transfer as
q ≃ m2

a/2Ea and, therefore, the axion mass range for whih the oherene of52
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Figure 4.4: Evolution of the oherene term respet the di�erent values of
qL. Observe that the value of the oherene 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 whih 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 oherene ondition qL/π ≪ 1:
qL =

(
m2

a/1 keV2
)
· (L · 1 keV)

2
(
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) = 2533.865621×
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a/eV
2
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·
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) . (4.25) 53



CHAPTER 4. THE SOLAR AXION
Damping gas in the magnet An extension of the axion mass range forwhih a ertain experiment is oherent while vauum is in the onversion re-gion an be ahieved by �lling the magnet avity with a ertain gas of eletrondensity ne.As result, the arising photon from the onversion aquires an e�etive massthanks to the existene of the damping gas:

mγc
2 =
√

4πr0~c · √ne = a · √ne. (4.26)Helium gas is a nie andidate for �lling the magnet onversion region sinethe free path of X-ray photons in its presene is large. Assuming the use ofHelium gas and knowing that at standard onditions a mol of any gas ou-pies≃ 22.4 l, the number of Helium eletrons in suh 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, sine Helium gas satis�es the equation ofthe ideal gases, for a temperature THe, the pressure of the Helium gas with neeletrons follows

PHe =
( ne

5.373555 × 1019

)
×

(THe[K]

293.15

)
×

( 1

VHe[cm3]

)
atm (4.28)and equation 4.29 desribes the number of eletrons in the gas referred to theonditions of pressure and temperature of the magnet:

√
ne = 1.211522 × 1011 ·

(PHe[atm]

THe[K]

)1/2
cm−3. (4.29)Then, the e�etive 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 aount its e�etivemass in the medium (equation 4.31), whih means an alteration of the oher-ene ondition alulated for the vauum ase:

q =
∣∣∣
m2

a −m2
γ

2Ea

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

[
(m2

a −m2
γ)/eV2

]
·
[
L/m

]

[
Ea/keV

] . (4.32)The above expression learly shows that the oherene ondition for the axion-to-photon oupling is ful�lled in the pressene of a damping gas whenever
ma ≃ mγ .This is equivalent to say that in order to restore the oherene of onver-sion for di�erent axion masses, the pressure of the Helium gas in the magnetiregion must be tunned. This adjustment is really sensitive, sine variations of
∼ 0.1mbar would destroy the oherene of the spei� 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�etive damping
Γ due to the existene of a ertain gas in the magnet onversion region.It has been mentioned in Setion 4.3.1 that the existene of a damping gasallows to extend the oherene of onversion for higher axion masses by tun-ning its pressure aording to equation 4.30. 55



CHAPTER 4. THE SOLAR AXIONHowever, the existene of gas in the magnet a�ets the free path of a pho-ton that has been onverted in the magnet and therefore its detetion aftera length L. Photoeletri e�et, together with the oherent and inoherentsattering of photons are the responsibles of suh phenomenon. In terms ofthe di�erent ross setions of eah proess we an say that the total absorptionross setion in the dumping gas is
σA(Ea) = σPhotoelectric(Ea) + σCoherent(Ea) + σIncoherent(Ea). (4.33)With those proesses 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 desribe the redution of intensity of a ertainenergy beam as it passes through a spei� material:
µ(Ea) =

NAvogadro

A
· σA(Ea). (4.34)Having a gas in the magnet region, the damping fator an be expressed interms of the density of the gas for the spei� pressure and temperature of themagnet. In Setion 4.3.1, Helium was already suggested as a andidate ableto restore the oherene of the axion-to-photon onversion.The probability of onversion (equation 4.18) takes already into aount thepossible loss of intensity from the presene of a ertain media in the onversionregion. Its e�et is desribed by Γ, whose dependene 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 presene 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 funtion of the energy Ea and the pressure

PHe the ratio between the total damping alulated from the data bases3 and3NIST Online Sienti� Databases.56
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Figure 4.5: Rereation of the damping funtion for 1 mbar of Helium at 1.8Kelvin due to the di�erent attenuation proesses in Helium gas. In the low keVenergy range, the most ontributing e�et to the total damping (red squares)is the photoeletri e�et that appears in the graph in grey triangles. However,for energies above 4 keV, the highest ontribution to the damping omes fromthe inoherent sattering of photons (green irles). The oherent sattering(blue rosses) it also ontributes to the total damping. In blak 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 funtion desribes some of the total 57



CHAPTER 4. THE SOLAR AXIONattenuation of photons at di�erent pressures.
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Figure 4.6: Parametrized funtion of the total attenuation that photons su�erfor the pressures of 1 (red) and 13 mbar (blak) 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 Expeted number of photonsOne we have desribed the phenomenology of the axion-to-photon on-version in the presene of a magneti �eld, time has ome to think of how todetet the outoming X-ray photons.The use of X-ray detetors plaed at the exit of the magnet avity will make58



CHAPTER 4. THE SOLAR AXIONpossible the detetion of the outoming photons. But, how many photons dowe expet?The total number of photons Nγ is a dimensionless number that arises from theonsideration of several fators that intervine on the axion-to-photon onver-sion and the detetion of the generated photons. Two are the most importantfators ontributing to the expetation of photons:
• The di�erential axion �ux on Earth: given by equation 4.13.
• The onversion probability: studied deep into detail in setion 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 expeted on Earth for the di�erent energies of the spetrum: the ex-posure time t and the e�etive area S in whih is possible to have a onversion.With all this information, we ould obtain the total number of photons ex-peted from the onversion as

Nγ =

∫ Ef

Eo

dφa

dEa
(Ea) · Pa→γ(Ea) · S · t · dEa. (4.37)However, there are no perfet systems. Losses of photons due to obstales,quantum e�ieny of eah detetor and e�ieny of the analysis used in orderto reonstrut the events observed in the detetors must be also taken into a-ount. Comprehending all this e�ets, we will introdue to the equation 4.37 anew energy dependent fator to whih we will refer as detetor e�ieny ε(Ea).Equation 4.38 takes into aount the in�uene of this extra onsideration tothe total number of X-ray photons Nγ to be observed in a ertain detetor:

Nγ =

∫ Ef

Eo

dφa

dEa
(Ea) · Pa→γ(Ea) · S · t · ε(Ea) · dEa. (4.38)
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Part IIThe CAST experiment

61





Chapter 5

The CAST experiment

The CERN Axion Solar Telesope (CAST), situated at the LHCPoint 8 of CERN (Conseil Européen por la Reherhe Nuléaire) isan axion telesope that aligns a transverse magneti �eld with thesolar ore to allow axion-to-photon onversion via the Primako�e�et.

63



CHAPTER 5. THE CAST EXPERIMENTCAST makes use of a deommisioned LHC superonduting magnet in-stalled on top of a moving platform in order to detet the possible arrival ofaxions to Earth. As already explained in Chapter 4, the axion-to-photon on-version due to the Primako� e�et ould make possible their detetion.

Figure 5.1: The CAST experiment.CAST, with its moving platform, is able to trak the solar ore twie 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 detetors are installed at the end of the magnet bores of theCAST experiment so that the onversion of axions due to the presene of atransverse magneti �eld into X-ray an be deteted.In the following lines we will proeed to desribe the magnet of CAST andits traking system (Setions 5.1 and 5.2). The Helium system that allowsthe tunning of the axion masses is also presented in Setion 5.3 and the di�er-ent detetors used during the 4He data taking period of CAST are shown inSetion 5.4.64



CHAPTER 5. THE CAST EXPERIMENT5.1 Magnet harateristisA deommissioned LHC superonduting test magnet forms the basis of theexperiment. The �rst generation of bending magnets have two straight bores.Eah bore of the twin aperture magnet has a ross-setional 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 setion.
The CAST dipole magnet is built with materials that beome superondutingfor 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 superonduting.In CAST, as with the rest of the LHC magnets, the use of super�uid He-lium is a tehnique 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 reah superondutivity for temperatures of
∼ 4.5K. However, for tehnial issues, the LHC magnets make use of the fatthat Helium reahes 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, fatthat CAST uses in order to trak 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 quenh reoveringsystem allow movement of the whole struture. The �Potene�, a movable gib-bet, ful�lls the same purpose for the power supply lines.66
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Figure 5.4: Potene gibbet for the power supply lines of the CAST magnet.
A quenh is an interesting phenomenom onneted with superonduting mag-nets. The sudden hange from the superondutive to the normal-ondutivestate of the material due to the presene of impurities generates an eletriresistivity that provokes a violent warming of an spei� magnet region due tothe Joule e�et.The heat, generated by the Joule e�et, is dissipated thanks to the preseneof old Helium in the magnet ryostat. In a quenh, 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



CHAPTER 5. THE CAST EXPERIMENT

Figure 5.5: Image of a QUENCH in the CAST experiment.5.2 Traking systemCAST, as an axion heliosope, has to be able to follow the Sun. Thetraking system allows to move the whole experiment over 40 tons within apreission of 0.01o. In order to trak the Sun, a reliable software determineswhere to put the magnet and atually diret it to go to the required positions.In order to performe a traking, 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 inludes a software that alulatesposition of elestial bodies, suh as stars, planets, omets or satellites for vir-68



CHAPTER 5. THE CAST EXPERIMENTtually any desired time.In order to alulate the Sun's elipti1 several ommerial and non-omerialsoftware routines are available. The most widely used and generally aepted isNOVAS2 provided by the U.S. Naval Observatory [79℄. NASA o�ers an onlineEphemeris Computation Servie, known as JPL's3 HORIZONS System [80℄.To atually alulate the ephemerides is a problem that needs to solve a multi-body system: Other planets in�uene the Earth's path around the Sun, andtherefore its orbit is not exatly elliptial [81℄. The usage of di�erent oordi-nate and time systems allow the alulations.
• Horizontal Cordinate SystemOfently used for the alulation of the sunrises and sunsets, but hardlyever to determine ephemerides.
• Equatorial Cordinate System
• Elipti Cordinate System
• Galati Cordinate SystemThis system uses the so-alled galati plane as the referene plane, i.e.the planar region, where most of the visible mass an be found. The di-retions perpendiular to the plane point towards the galati poles, andthus reate a spherial oordinate system. Its oordinates are galatilatitude and galati longitude.
• Supergalati Cordinate SystemTransformations between the given oordinate systems exist, but the formulasfor this an be rather ompliated. Sine not only spae, but also time mat-ters in ephemeris alulation, there exist several time systems used in elestial1The geometri plane whih ontains the orbit of the Earth is alled elipti. Most planet'sorbits in the Solar System are lose to this plane.2Naval Observatory Vetor Astrometry Subroutines3Jet Propulsion Laboratory 69



CHAPTER 5. THE CAST EXPERIMENTalulations:
• Julian Date
• International Atomi Time (TAI)
• Ephemeris Time (ET)
• Universal Time (UT)Is a timesale based on the rotation of Earth, an be seen as a ontinua-tion of Greenwih Mean Time (GMT), whih is the mean solar time onthe meridian of Greenwih, England.
• Coordinated Universal Time (UTC)
• Sideral TimeEphemeris alulations 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 longdistanes are e�ets to be onsidered.For this reasons, traking the Sun preisely is a hallenging task. The CERNAxion Solar Telesope traking system is based on NOVAS. The galati o-ordinate system as well as the horizontal oordinate system are used.5.2.2 HardwareMehanial setup The magnet, desribed in Setion 5.1, is mounted in aplatform omposed of two strong metalli supports (see �gure 5.6).In order to be able to trak any objet of the sky with the CAST magnet,the whole struture must be able to move in horizontal as well as vertial di-retions. The knowdlege of the magnet axis in the galati oordinates allows70



CHAPTER 5. THE CAST EXPERIMENTthe alignment of CAST with sky objets 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 irular rails on the �oor for an angle of about 80o inazimuthal diretion. This triangle-like struture on the left side of the �gure5.6 has two alibrated srews attahed to its support, suh that it allows thevertial movement of the magnet platform.On the enter of mass of the CAST magnet, a turntable forms the seondsupport of the magnet platform allowing it to rotate horizontally and verti-ally . The mehanial setup of the CAST experiment, allows a total rangeof movement of ±40o in horizontal and ±8o in vertial diretion. We mustremember that the magnet ryogenis onstrains its vertial movement to ±8oand that the feeding lines of ryogenis and eletriity have to be deoupledfrom 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 enoders The magnet platform is moved by two eletri mo-tors. One for horizontal and the other for vertial movement. Eah motor isonneted to an enoder so that the di�erent positions of the magnet alongthe experimental area of CAST are di�ereniated within the proper auray.

Figure 5.7: Image of the Vertial movement system of the CAST magnet(left) and its enoder (right).The movement system has also several emergeny stops for all the diretionsof movement in order to prevent the experimental setup from damage. Theseemergeny stops are hardware swithes as well as software limits, both meanto protet the magnet from tilting too muh or derailing while moving.5.2.3 SoftwareTraking software and logging of data The traking 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 enoder readers for both, vertial 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 alulate the azimuthal angles (AZ) and the zenith distanes (ZD)of the Sun for the minute to ome.After alulating the azimuth and zenith values of the Sun, the software trans-forms these values to the orresponding enoder 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 ahieve an aurate traking, the UT time is obtained by thetime synroniation of the host PC's lok with two CERN time servers everymiliseond. Also, the help from the EST5 division at CERN was ruial to446o N15

′′

E, 330 m above sea level5Engineering Support and Tehnology 73
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Figure 5.9: Image of the traking PC of the CAST experiment.apply the orret oordinate translation at any point of the experiment (seeTable 5.1 for a summary of possible errors).Soure of Error Typial Value Maximal ValueAstronomial Calulations 0.002o 0.006oUnertainty of Coordinates (CERN) ∼ 0.001oClok Time ∼ 0oGrid Measurements (0.02 mm preision) 0.001oInterpolation os Grid Measurements 0.002o < 0.01oHorizontal Enoder preision ∼ 0.0014oVertial Enoder preision ∼ 0.0003oLinearity of Motor Speeds < 0.002oTOTAL < 0.01oTable 5.1: Summary of possible error soures of the solar traking preision.74



CHAPTER 5. THE CAST EXPERIMENTThe slow ontrol Is an independent LabView program that monitorizes andreord most of the experimental parameters that are neessary for ontrollingthe stability of the CAST experiment and also for the proper analysis of thedata, sine it is a useful tool to avoid any soure of systemati errors in thedata. Information, suh as the status of the valves, the load on eah of thesrews and the position of the magnet in enoder values, are reorded. Also, analarm system is established in order to keep the experiment under survellaineand, if neessary 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 rosshek of the traking auray of the CAST exper-iment. A CCD amera aligned with the axis of the magnet is able to diretly�lm the Sun while traking. 75



CHAPTER 5. THE CAST EXPERIMENTThe Sun �lming an be done twie a year, during the months of Marh 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.Refration of light in the atmosphere is the most important e�et to be on-sidered while the Sun �lming is performed.Atmospheri refration Earth atmosphere is able to hange the diretionof the inoming light rays. This phenomenon is alled atmospheri refrationand may fake the apparent oordinates of a given point on the elestial sphere.
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Figure 5.11: Atmospheri refration. β
′ represents the apparent altitude,while β stands for the true height above the horizont. θ

′ and θ are the apparentand true zenit distane respetively.Being θ the true zenit distane, 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′ respetively in order to determine the refration:76



CHAPTER 5. THE CAST EXPERIMENT
R ≡ β − β′

. (5.2)Sine θ′

= 90o − β′ and θ = 90o − β, equations 5.1 and 5.2 are equivalent.Earth's atmosphere density dereases with altitude, whih makes an inomingray to be bent towards the surfae (see �gure 5.11).The �lming software The version of the traking software for the �lmingmode of the CAST experiment an be aessed via the normal user interfaeof the traking PC. The refration in the atmosphere is taken into aount inreal-time [84, 85℄.The �lming setup At present, a CCD amera borrowed from the MPE6with appropiate optis and polarized �lters suits the purposes of CAST's Sun�lmings [86℄.

Figure 5.12: Piture of the CCD ST-7 amera used for the Sun �lming.6Max Plank Institute for Extraterrestrial Physis in Munih 77



CHAPTER 5. THE CAST EXPERIMENTThe amera is installed in a platform able to simplify the alignment of theamera's optial 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 rossingopper wires in its enter that is plaed in the optial axis at 5.02m fromthe amera.- Pointer: Diaphragm with two aluminum pointers plaed in the optialaxis at 7.59m from the amera.- Laser: Beam parallel to the theoretial magnet axis at the level of theamera ST − 7.

Figure 5.13: Image of the Crosswires (left) and pointer used for the Sun�lming (right).The laser spot provides the theoretial enter of the Sun and allows to obtainthe o�set of CAST while the Sun traking is taking plae.
5.3 The Helium SystemDuring the seond phase of the CAST experiment the Helium gas has beenthe one hosen to ful�ll the oherene 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 theoretial magnet axis and the green ross the enterof the best �t funtion (�gure taken from [59℄).ity (see Setion 4.3).In the �rst setup of the seond phase, the 4He has been used to restore the o-herene for axion masses up to 0.39 eV. The vapour pressure of 4He, 16.4mbarat the temperature of operation of the CAST magnet, restrits the axion massrange for whih CAST is sensitive. One the 4He reahes its vapour pressure,it starts liquifying, fat that onstraints the ahievable 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-logial results from the osmologial mirowave bakground 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 aomplish the above requirements, the windows were onstruted with anstainless steel strongbak 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 vauumside of the magnet and the detetors.

Figure 5.16: View of the vauum and Helium system sheme of the CASTexperiment. The ryostat of CAST o�ers four ports (VT1, VT2, VT3 andVT4) for the installation of the X-ray detetors. The old windows are plaedsuh 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 whihthe detetors are onneted there is vauum (yellow).The axion-to-photon onversion takes plae inside the magnet bore, where X-ray an be produed. 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 ahange to the oherene ondition. For that pourpose, several vauum ylingtest 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 resistane of the windows to the sudden hange of pressure had to beensured, sine a possible quenh of the magnet would produe a fast inreaseof the pressure for the Helium present in the old bore. For that pourpose, the 81



CHAPTER 5. THE CAST EXPERIMENTold window prototype was yled up to 3.5 bar without loosing its propier-ties of tightness and robustness. Neither the rest of the windows showed anyweakness while yling them up to 1 bar.5.3.2 Gas injetionThe injetion of Helium gas into CAST's magnet bores needs of a metro-logial pressure measurement with the following apabilities:- Auray- Reproduibility- StabilityThe whole system is foused to the reproduibility 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 aontroled 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 oherene ondition of the axion-to-photon probability su�ers aontroled transit to the magnet bores.Prior to injetion 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 whih keeps the gas in stable onditions. The use of suhtehnique allows the auray of the gas injetion 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 dynamis 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 surfae of the magnet bore.

Figure 5.18: Simulation for the temperature pro�le of the Helium gas of theoldbore (�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 dynamis 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 whih the magneti �eld is present (see �gure 5.18).5.3.3 Gas reovery and puri�ationIn the ase of a magnet quenh, the temperature of the CAST magnet willsuddenly inrease and, therefore, the pressure of the Helium gas inside theold bore will rise up to ∼ 2.7 bar. This e�et fores the CAST experiment todesign a reovery system for the Helium gas suh that the inrease of pressurein the magnet pipes does not damage the oating of the old windows.

Figure 5.19: On the left the reovery system of the CAST experiment. Theright piture orresponds to a detailed piture of the trap used for the gaspuri�ation.The reovery of the Helium gas is done by onneting the old bore to anexpansion volume that redues the pressure of the Helium gas. For the hypo-thetial vauum leaks, a puri�ation stage onsisting of a old trap has beenalso implemented. This whole mehanism allows CAST to keep the purity ofthe Helium gas that is used in order to restore the oherene of the axion-to-photon probability.84



CHAPTER 5. THE CAST EXPERIMENT
5.3.4 ReliabilityThe CAST Helium gas system has proven to be reliable and its daily op-ertation is a establish proedure for the CAST shifters.Regarding the Helium gas system, the stability of the pressure in the oldbore is the main worry, sine espontaneous aousti osillations of gas olumnsould be generated in a tube with step temperature gradients.The study of possible thermoaousti osillations 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 bloked the �ow ofgas to warmer regions and stoped the osillations.

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 oherene, the dampers are no longer e�etive bloking the ther-moaousti osillations. Cryogenis needle valves are needed in order to blokthe �ow of Helium gas towards warmer regions of the magnet.The absene of thermoaousti osillations gives to CAST a ompletely ho-mogenous gas density within the magneti region and establish CAST as themost sensitive heliosope for axion masses up to 1.2 eV.

Figure 5.21: Plot for the region of thermoaousti osillation in CAST (bluelines forming a triangle) and the di�erent pressure settings that are used inCAST (dots). The vertial 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 whih the thermoaousti osillations our.86



CHAPTER 5. THE CAST EXPERIMENT5.4 DetetorsIn order to detet the X-ray photons originated from the axion-to-photononversion in the magneti �eld, several low-bakground detetors are used.Their sensitivity range, between 1 and 15 keV over perfetly the di�erentialaxion �ux spetra that an be seen in (�gure 4.2). A TPC (Time ProjetionChamber) was loated 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-tetors mounted on this side. One bore is overed by a MICROMEGAS (MI-CROMEsh GAseous Struture) detetor, while at the other a CCD (ChargeCoupled Devie) detetor is looking for photons from axions. A speial featureof the latter devie is an X-ray mirror telesope added in between the magnetand the detetor to fous the inoming photons on the sensitive hip.All detetors 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, bakground measurements are performed and thus,the bakground for the individual detetors is measured with an exposure timethat is approximately 10 times higher than the one for data taking.5.4.1 The Time Projetion ChamberThe TPC used at CAST, whih took data during the sunset runs of theFirst and the 4He Phase, is a onventional type of this kind of three-dimensionaltraking detetors, often also referred to as eletroni bubble hamber. TheTPC priniple of detetion mehanism ombines ideas from both MultiwireProportional Chambers (MWPC) and drift hambers. The entral part isa gas-�lled volume, where inoming partiles interat and thus produe freeeletrons. These drift towards a net of anode wires and produe an avalanhedue to the strong �eld that inreases the density of eletrons and, therefore,the strength of the signal. The �rst oordinate is obtained from the �ringanode wire, the seond from the signal indued on the athode wires, while thethird is derived from the drift time. Chapter 6 explains more into detail theharateristis of the TPC detetor. 87



CHAPTER 5. THE CAST EXPERIMENT

Figure 5.22: Shematis of the CAST experiment. The Sunset and Sunrisesides of the CAST experiment determines the period of the day for whih eahside is able to look for axions oming from the Sun.
Tehnial 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. Totalonversion (& 99%) of X-ray photons7 up to 6 keV is allowed (see Chapter 6).In more detail, the basi setup of the detetor is desribed in �gure 5.24 andonsists of a drift eletrode 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 20µmeah)
• The grounded athode planes with 48 wires (having a diameter of 100µmeah)7For higher photon energies, the onversion e�ieny dereases reahing 50 % for 11.5 keV88



CHAPTER 5. THE CAST EXPERIMENT

Figure 5.23: TPC detetor of the CAST experiment.The distane between two adjaent wires of the same plane is 3mm, the gapbetween the athode and the anode plane is 3mm, while the distane betweenthe athode planes is 6mm.The predominant material used for the hamber is plexiglass (low natural ra-dioativity), some metalli parts and pies of other materials, suh as the wiresthat are holded by the PCB8.Windows and di�erential pumping The TPC was onneted to eahmagnet bore through a thin window (3µm of aluminized mylar on a metallistrongbak). This is neessary, sine there exist 1 atm pressure di�erene be-tween the gas in the detetor volume and the vauum inside the magnet (Forfurther details see 6.2.2).Passive shielding A passive shielding was added to the experimental setupin order to redue the bakground of the detetor. From inside to outside,8Printed Ciruit Board 89
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N2 gas (for further details see Setion 6.5).Calibration and data taking Four times a day, the TPC detetor wasautomatially alibrated using an 55Fe soure. Performane stability due to itsrobust onventional design as well as its low bakground due to the shieldingimplementation were the main advantages of the TPC used at CAST.90



CHAPTER 5. THE CAST EXPERIMENT5.4.2 The MICROMEGAS detetorThe other gaseous hamber used at CAST is smaller than the TPC andhas a MICROMEGAS readout [64℄. It is attahed to one of the two magnetbores that faes the sunrise and, unlike the TPC, the MICROMEGAS doesnot make use of wire planes but a miromesh to separate the drift from theavalanhe region. The priniple of operation that suh a detetor uses is shownin �gure 5.25.
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100 µm) by a miromesh. For the signal readout X-Y strips are used (bottom)After passing the drift eletrode, an inident partile will produe ion-eletron 91



CHAPTER 5. THE CAST EXPERIMENTpairs within the onversion region. A drift voltage of ∼ 1100V is able todisplae the generated eletrons to the ampli�ation gap that is separated fromthe drift region by a grid: the miromesh. In order to reah a high eletrontransmission to the ampli�ation region, a voltage of up to ∼ 400V is applied.An avalanhe proess will our after the eletrons go through the mesh andthe grid will keep the ions produed in the avalanhe from re-entering theonversion region. The mesh ollets the ions and is able to provide a triggerwith the help of a Flash ADC. While ions are aptured by the mesh, theeletrons ontinue their way to the anode, where they are readout on a X-Ystrips struture.

Figure 5.26: Piture of the CAST miromegas.
Tehnial details The frame of the detetor is made of plexiglass and hasa onversion region of 25mm thikness with an ampli�ation gap of 100µm.The mesh onsist of 5µm opper with irular holes of 25µm diameter and aseparation distane of 50µm. For the readout, there are 192 X-strips and the92



CHAPTER 5. THE CAST EXPERIMENTsame ammount for the Y-diretion. The pith is 350µm and the gas used is amixture of Argon with 5% of isobutan.Windows and di�erential pumping Being a gaseous detetor, in order toful�ll the vauum requirements of the CAST experiment, the MICROMEGASmakes use of a di�erential pumpping. The drift window of the MICROMEGASis made of aluminized polypropylene whose thikness 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 detetor and its wonderful energy and spatial resolutionallowed the MICROMEGAS group to ahieve nie levels of bakground eventhough during the First and 4He Phase the MICROMEGAS did not have adediated shielding.

Figure 5.27: Front view of the alibrator for the CAST miromegas (left) andrear view after its installation on plae (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 telesope and the pn-CCD detetorConsists of a fousing X-ray mirror telesope and a Charge Coupled Devie(CCD). Its setup an be seen in �gure 5.28.

Figure 5.28: pn-CCD detetor and X-ray telesope 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 telesope, allows CAST's setup to fous the inoming photonsfrom axion onversion to a spot of approximately 9mm2 on the CCD hip.Interation of the X-ray with the silion atoms of the pn-CCD generate ele-trons and holes. The eletrons are aptured in small potential ells below thesurfae and tranferred to the readout hip by being shifted from one ell tothe next, onserving the harge distribution pattern ahieved in the ionizationproess [63℄.94



CHAPTER 5. THE CAST EXPERIMENT

Figure 5.29: Detailed view of the pn-CCD detetor (left) and the X-raytelesope (right) used in the CAST experiment.The X-ray telesope The fousing devie used at CAST is a Wolter I typeX-ray mirror telesope, whih 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 nikel. The diameter of theshells varies from 76mm to 163mm from the innermost to the outmost shell,respetively. A obweb-like struture supports the shells see �gure 5.29. Onlyone of the six setions is used at CAST, sine the magnet bore has a diameterof 43mm. The foal length of the telesope is 160 cm and it is operated undervauum onditions at a pressures around 10−6 mbar to prevent the mirror shellsfrom ontamination.The pn-CCD The pn-CCD detetor, loated in the foal plane of the X-ray telesope, is a prototype developed for the XMM-Newton11 mission ofESA12 [78℄. The performane of the detetor was optimized to ful�ll the de-mands of low bakground appliation by adding a passive shielding made ofopper and lead. The software bakground rejetion 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 Spae Ageny 95
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CHAPTER 5. THE CAST EXPERIMENT5.5 The CAST Physis ProgramAt the moment, CAST is the most powerful heliosope. CAST's goal is tosan for axions in all the reahable axion masses for whih the oherene ofthe axion-to-photon onversion is full�led.The �rst phase of CAST took plae during 2003 and 2004 and the magnetremained under vauum operation, whih 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 spae [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�erene the best result ever ahieved in the diret solar axionsearhes by a heliosope.In order to extend the oherene 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 onversionaquires an e�etive mass. This two mehanism ome from the fat that theoherene of the axion-to-photon onversion goes as qL ≪ 1 as it has beenexplained in Setion 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 san for axions whose masses are below

0.39 eV. At present, with the help of 3He, CAST is searhing for axions whose
ma . 1.20 eV.5.5.1 Desription of the 4He data takingEvery day CAST measured during the sunset and sunrise with an spei�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.Eah pressure setting restores the oherene 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 disoverypotential along the axion masses for whih CAST is sensitive.98
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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 Telesope experiment may be deteted in aTime Projetion Chamber detetor, as point-like X-ray signals.The TPC, with a multi-wire proportional ounter as a readoutstruture has been designed to provide high sensitivity to the de-tetion of the low intensity X-ray signal expeted 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�ienyfor the detetion of photons oming from onversion of solar axionsis 62%. Shielding has been installed around the detetor, loweringthe bakground 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 detetor is attahed 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 traking.The detetor follows the well-known TPC onept, i.e., a large gaseous volumewhere primary interations take plae, produing ionization eletrons whihdrift towards a plane of wires. Here, as in a Multi Wire Proportional Cham-ber, the avalanhe proess that ampli�es the signal is developed, allowing aposition sensitive readout of the original event.
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CHAPTER 6. THE TPC DETECTOR OF THE CAST EXPERIMENTAn optimum performane for the CAST TPC detetor would inlude: lowthreshold, a relatively high gain, position sensitivity, good e�ieny for theenergies of interest, low bakground at low energies, and last but not least,robust and stable operation over the long data taking periods needed to au-mulate enough statistis.6.1 Chamber DesriptionThe CAST TPC, as it appears in �gure 6.1, has a onversion volume of
10×15×30 cm3. The 10 cm drift diretion is parallel to the magnet beam pipes,and the setion of 15 × 30 cm2 is perpendiular to that diretion. The on-version volume above mentioned, uses Ar(95%)-CH4(5%) gas at atmospheripressure in order to produe onversion of photons rossing the hamber.Covering both magnet bores, the drift eletrode, distant 10 cm from the sensewires, is a ontinuous aluminum layer loated on the inner side of the hamberwall loser to the magnet. Exept for the eletrodes, the srews, the PrintedCiruit Board (PCB) and the windows, the entire hamber is made of 17mmthik low radioativity plexiglass.

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



CHAPTER 6. THE TPC DETECTOR OF THE CAST EXPERIMENTFaing the magnet, the TPC has two 6 cm radius irular 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�erene of 1 atmbetween the hamber and the magnet pipes that are under vauum. Thesewindows are thin mylar-Aluminum foils of 3 or 5µm strethed, then glued to ametalli grid alled strongbak on the vauum side of the foil. This tehniqueallows the thin foil to withstand the large pressure di�erene.
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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, suh as N2 or O2.6.2 Experimental Setup6.2.1 Data Aquisition 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, loated on the same printed iruit board on whih 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



CHAPTER 6. THE TPC DETECTOR OF THE CAST EXPERIMENT

Figure 6.5: Front End Eletronis Sheme for the TPC detetor 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 eletroni noise, and orresponds to energy de-positions of about 800 eV in the gas onversion region. The time window forthe sampling is about 7µs, whih is long enough to enompass the maximumdrift time of the hamber. The �ash-ADCs are on�gured, ontrolled and readthrough a VME bus ontrolled by a dual proessor PC running under Linux,whih 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 detetor ofthe CAST experiment.The time spent by the system after the trigger arrival in hardware-proessingthe data, transferring them to the PC and writing them to the disk is, on aver-age, about 1.5ms, during whih it is �blind� to new triggers. This means thatfor the typial hamber trigger rate of 10 to 25Hz �depending of data takingonditions� 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 whih is set by the trigger andreset to zero by the PC one the event proessing is �nished. The BUSY logiis handled by a CORBO VME module. The dead time is therefore alulatedon-line by using a saler to ount lok pulses both with and without a vetofrom the BUSY signal provided by the CORBO module.The aquisition software is a low level C-ode whih on�gures, initializes and 107



CHAPTER 6. THE TPC DETECTOR OF THE CAST EXPERIMENTontrols the eletronis modules through the VME bus. One a trigger isdeteted, its task is basially 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-tetor performane is running ontinuously in the seond proessor, withoutinterfering with the aquisition (and therefore without adding notieable 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 aquired.The aquisition of the data follows a fully automati protool, and data be-longing to Sun-traking measurements or to bakground measurements areidenti�ed and separated during the o�-line analysis.

Figure 6.7: Image of the TPC detetor mounted on the CAST magnet.The gain of the TPC is measured by using a 55Fe soure (see �gure 6.9) andthe pedestal levels and the variation of the �ash-ADCs hannels are measuredusing arti�ial trigger signals in the absene of real events.As a primary aquisition protool, the aquisition is automatially stopped108



CHAPTER 6. THE TPC DETECTOR OF THE CAST EXPERIMENTevery 5 hours to take a pedestal run and two alibration runs, one througheah bak window.The movement of the alibration soure from the �shielded� parking positionto the orresponding window is performed by a stepping motor, whih is fullyontrollable via ECL or TTL signals. These signals are provided by an in-put/output register VME module ontrolled by the aquisition software, sothe whole aquisition sequene is fully automated.

Figure 6.8: Calibrator of the TPC detetor.
Gain variations of the gas in the hamber are haraterized by alibration runswith the 55Fe soure every 5 hours as it appears in �gure 6.10. Therefore,measurements of the gas gain for eah window were performed and used toalibrate the �ash-ADCs. Figure 6.11 shows the evolution of the measuredgain during the 4He data taking period.A di�erene of the gain values for the two windows was observed and this hasbeen taken into aount for the data analysis. This di�erene results from geo-metrial imperfetions in the wire arrangement that produe a gain drift alongthe anodes. Slight wire-to-wire variations due to mehanial imperfetions oradjustments of the preampli�ers were also observed and further orreted by 109
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CHAPTER 6. THE TPC DETECTOR OF THE CAST EXPERIMENT6.2.2 The di�erential pumpingTo minimize the e�et of the hamber gas leaks towards the magnet, andtherefore to ope with the stringent requirements of the magnet vauum sys-tem, a di�erential pumping system was installed. This system reates an in-termediate volume between the TPC and the magnet whih 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 detetor. The brass pipe is usedto onnet a vauum pump to the region between the TPC windows and thedi�erential ones. On the right, the vauum pump used by the TPC detetorin order to generate the di�erential vauum.This volume is kept at a relatively poor vauum ∼ 10−5 mbar, ompared with
∼ 10−7 mbar in the magnet. A seond 4µm thin polypropylene window sepa-rates this intermediate volume from the magnet vauum.Due to the small pressure di�erene, the e�etive 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. Whih translates in a fator 690 and 700 respetively 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
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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 detetor andthe magnet. One of the di�erential holder ontaining a di�erential window of
4 µm an be seen in the middle of the piture. The brass pipe is the one usedfor the onnetion to the vauum pump.
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Figure 6.15: Shematis for the TPC di�erential pumping system.
114
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Figure 6.16: Di�erent views of the TPC detetor installed on the CASTmagnet. The onnetions to the pump of the vauum 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 Charaterization of the TPCProperties suh e�ieny, linearity gain and resolution of the TPC, weremeasured at the PANTER faility of the Max-Plank-Institut für extrater-restrishe Physik (MPE) in Munih in 2002 [75℄.The data obtained in this faility have been used to determine the detetor re-sponse over the whole energy range of interest. The position of the main peakversus energy for eah measured PANTER energy point is plotted in �gure6.17 (left), whih veri�es the linearity of the detetor gain. The TPC energyresolution an be also extrated 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�ieny loss in theo�-line analysis of the data, in partiular the energy dependene of the o�-lineuts whih are applied to redue the bakground.The illustrated e�ieny urve of the detetor in �gure 6.18 has been ob- 115
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an overall detetion e�ieny of 62% for photons oming from onversion ofsolar axions, while if we do the same for the seond phase of the CAST exper-iment, the overall e�ieny beomes a 48%. 117
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Figure 6.19: Axion �ux on Earth (red line) and its onvolution with thee�ieny of the TPC during the Seond Phase of the CAST experiment (bluedots) .6.4 O�-line analysisThe �rst level data treatment of the CAST TPC is foused on the identi�-ation of the almost point-like energy depositions produed by the low energyX-ray in the onversion volume of the hamber. The very harateristi pro�leof a X-ray event provides the framework for a seletive analysis.A �rst haraterization 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 produe a single-luster1 event �ring between 1 and 3anode wires and between 2 and 8 athode wires with a time di�erene 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 singlephysial 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 eah wire asreorded by the �ash-ADCs. Top (bottom) plots orrespond to what is ol-leted in the anode (athode) wires. On the left a bakground 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 distane and higher energy desposits give largerinitial ionization louds. The CAST TPC drift is set to an e�etive voltageof 0.7 kV cm−1, voltage that is applied between the drift eletrode that holdthe TPC windows towards the magnet and the anode plane that is grounded.The avalanhe region is fored to happen between the athode wires that is lo-ated at 3mm distane from the anode plane and the e�etive voltage appliedis 6.1 kV cm−1. The larger spread that the athode wires sense is due to thedevelopment of the avalanhe proess along the anode wires. 119
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• Multipliity of every luster, i.e., number of hits omprising the luster.120
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• Total luster harge alulated by adding up the harge of every hitomprising the luster.
• Cluster position alulated by the harge-weighted mean of the position(wire number) of every hit omprising the luster.
• Cluster time (related to the trigger) alulated by the harge-weightedmean of the times of every hit omposing the luster.Next, a set of software uts are applied to rejet events that are learly notprodued by X-ray interations. 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 math 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 multipliity number of anode hitsbetween 1 and 3 (both inlusive)athode multipliity number of athode hitsbetween 2 and 8 (both inlusive)anode�athode time di�erene time between anode and athode lusterin the range −0.15 to 0.02 µsno saturation no hit reahing the upper partof the �ash-ADC dynamial rangeanode�athode harge ratio around 1.85, but slightly energy dependent�duial ut only events whose 2-D oordinates are insidethe windows faing 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 produed by an X-ray of 3 keV in the TPCdetetor. The dashed blue dots are the samples for the 23rd anode, while inred and green the samples for the athodes 18th and 19th respetively. Allthe signals together allow the positioning of the event in the XY plane of thedetetor and the energy of the event is proportional to the height of the pulses.
This set of uts is a minimal hoie designed to rejet a large portion of bak-ground events while minimally reduing the e�ieny of the detetor. Typi-ally its appliation redues the bakground by approximately two orders ofmagnitude with respet to the raw trigger rate. The loss of e�ieny gen-erated by the software uts has been arefully measured using the PANTERdata as desribed above, in partiular regarding the loss of X-rays events withsplit energy deposition (2 or more luster events) due to the argon esape 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 Bakground souresThe X-ray signal produed by the axions inside the magnet has a max-imum expetation value at 4 keV and vanishes at around 10 keV. However,these signals ould be masked by the inhomogeneous bakground of materialsin the experimental site.The main soure of bakground is expeted to be gamma rays produed pre-dominantly in the radioative hains of 238U, 232Th and in the 40K isotopedeays. Their interations with the materials near the detetor an generatelow energy photons via the Compton e�et and also X-ray. Neutrons produedby �ssion and (α,n) proesses as well as those indued by muons and osmirays are also soures of bakground for the TPC detetor [61, 65℄.6.5.1 Experimental site and bakgroundThe CAST experiment is loated 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 onrete, while thematerials for the upper part of the walls an be quite di�erent. Thin metalplates in the upper North wall and onrete for East and South walls with
11 cm thik metal pillars distributed every approximately 2.5m all around thearea form the building 2875 in whih CAST is loated (see �gure 6.23).The inhomogeneity of the building materials led us to undertake a arefulstudy of the radioative bakground and a detailed analysis of the measuredTPC bakground data.Gamma bakground The experimental site ontributes to an important,and non-uniform, gamma bakground owing to radioative ontamination.Gamma spetrometry measurements performed with an hyper pure germa-nium gamma spetrometer in a range from 50 keV to 3MeV on�rmed theradioative hains and potassium as the main soures for bakground (see Ta-ble 6.2). 123
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Figure 6.23: Shemati of the TPC detetor environment and its path faingthe North and East walls while traking.
The bakground disparity between the di�erent walls of the CAST experi-ment leads to di�erenes 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, plastis and metals (i.e. Fe, C, H, Cu, ...) used for theonstrution of the CAST telesope may be also onsidered within this ate-gory. Its presene in the magnet girder and surroundings may ontribute tothe gamma ontamination deteted by the TPC.Neutrons and protons oming from osmi rays an also indue radioisotopesin the detetor gas and materials. From them, mainly the isotopes 14C and 3H,whose ontribution an be negleted owing to their low prodution rate ∼ 0.003nulei of 14C and ∼ 0.001 nulei of 3H per litre and day in the Ar-CH4 gas124
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238U hainWall desription 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 prodution in the CAST site [Bq/kg]. For theradioative hains, equilibrium ativities are quoted. In the ase of radonemanation from the 238U hain, equilibrium is broken and ativities for thenulides before and after 222Rn are given separately.
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Figure 6.24: Environmental sea level bakground spetrum of osmineutrons [66℄.
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CHAPTER 6. THE TPC DETECTOR OF THE CAST EXPERIMENTused by the TPC detetor [65℄. Another gamma ontribution orresponds tothe osmi ray photon �ux, being only a small fration (≤ 1%) of the total [69℄.Most of the gamma radiation desribed above would traverse the ative volumeof the detetor without interating at all. However, the presene of energetigammas in the surrounding of the detetor may reate seondary photons ableto ontribute signi�antly to the bakground signal of the TPC.Neutron bakground Quantitative measurements of neutron bakgroundhave been performed in the experimental site with a BF3 detetor. 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 soure. Cosmi ray gen-erated neutrons have energies below a few GeV and the spetrum shows adependene 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 soures of neutron bakground are neutrons indued by osmi muonsin the surrounding materials, (α, n) reations on light elements and the spon-taneous �ssion from nulides like 238U, 235U and 232Th.Cosmi Muon indued Fission (α, n)
∼ 10−2 ∼ 10−3 ∼ 10−5 ∼ 10−5Table 6.3: Comparison of the estimated order of magnitude for neutronsoming from di�erent soures. Values are given in neutrons per m2 and seond.

6.6 The shielding of the CAST TPC detetorThe TPC has been designed to redue the bakground in a omplementaryway to the e�et of the o�-line software uts [62℄ as we have mentioned inSetion 6.5.126
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Figure 6.25: Spetrum of neutrons oming from �ssion [67℄.The main goal of the shielding is to redue the bakground levels oming fromexternal soures and derease the bakground spatial inhomogeneity observedin the experimental site. Its �nal on�guration is a ompromise among theshielding e�et and the CAST tehnial limitations suh as weight and sizerestritions imposed by the experimental moving struture.From the outside to the TPC detetor, the CAST TPC shielding (see �g-ure 6.26) is omposed of:i) A PVC bag whih overs the whole shielding assembly. This tightlyloses the entire set-up allowing to �ush the inner part with pure N2 gasoming from liquid nitrogen evaporation in order to purge this spae ofradon.ii) Polyethylene piees, 22.5 cm thik, used to slow the medium energy envi- 127
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CHAPTER 6. THE TPC DETECTOR OF THE CAST EXPERIMENTThe desribed sheme is the outome of several simulations and experimentaltests.

Figure 6.27: TPC installation on the CAST experiment. In white thepolyethylene piees of the TPC shielding surrounding not only the detetor,but also the admium, lead and opper of shielding.
6.6.1 Monte Carlo simulationsIn order to estimate the external bakground ontribution to the TPCdetetor, Monte Carlo simulations with the GEANT4 toolkit [71℄ have repro-dued the TPC detetor and its shielding.To disriminate the expeted X-ray signal, the luster riteria has been alsoimplemented. Its appliation to the GEANT4 simulated data implies a re-dution of the registered events by two orders of magnitude, whih is in goodagreement with the experimental data.We will fous on gamma simulations sine this is the main ontribution tothe TPC bakground. Three di�erent shielding on�gurations have been om- 129
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Figure 6.28: Rereation of the front side of the TPC detetor with theGEANT4 toolkit on the left. On the right an image of the bakside of theTPC detetor with the anode-athode wire planes. In blue, the plexiglass usedfor the onstrution of the detetor. The Ar − CH4 gas in whih X-ray photonsmay deposit energy and be deteted appears in red. It an also be seen the twomylar-aluminum windows with strongbak that fae the magnet bores throughwhih the signals from axions may appear. On the right, the bakside of theTPC detetor with the anode-athode wire planes. The reonstrution of theTPC detetor with the GEANT4 toolkit inlude as well the �eld shaper ringsin grey.pared: a 5mm-thik opper box, the opperbox plus 2.5 m of lead, and aomplete shielding onsisting of 5mm-thik opper box plus 2.5 m of leadplus 22.5 m of polyethylene.Simulations for external gamma Primary events, orresponding to theradioative hains and potassium, have been generated uniformly and isotrop-ially on a sphere surrounding the external surfae of di�erent shielding on-�gurations.The shielding made of 5mm of opper plus 2.5 cm of lead plus 22.5 cm ofpolyethylene redues the external gamma bakground by more than one orderof magnitude, (92±3)% in the 3-7 keV range.Sine the thik layer of polyethylene helps in the gamma attenuation, thesame shielding without polyethylene is about a 15% less e�etive, ausing anestimated redution of (77±4)%.Compton interations in the polyethylene result in lower energy photons whih130



CHAPTER 6. THE TPC DETECTOR OF THE CAST EXPERIMENT

Figure 6.29: Simulation with GEANT4 of a alibration done with a 55Fesoure situated inside the TPC detetor. The green lines represent the freepath of the X-ray photons from the soure in the Ar − CH4 gas.are easily absorbed in the lead. Though a thiker layer of lead ould stop alarger fration of the external gammas, it an be a soure of seondary neu-trons and it would add too muh weight to one of the ends of the magnet.Due to the spatial inhomogeneity of the gamma bakground oming from walls,simulations allow us to make just a rough estimate of the TPC reorded ounts.These external photons ause between 30 and 55 ounts per hour in the vol-ume of the detetor faing 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 seond phase on�guration, the GEANT4simulations give between 2 and 5 ounts per hour.The GEANT4 pakage has also been used to simulate the e�et of the radontrapped inside the opper box [65℄.
Neutron simulations Though neutrons interating in materials an pro-due γ partiles, more neutrons, α partiles and �ssion fragments dependingon materials and energies, the most e�ient reation is the elasti sattering,energy transferred to nulear reoils (ER). This energy is determined by theenergy of the inident neutron (En) and the sattering angle θ: 131
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Figure 6.30: GEANT4 simulated spetra of the TPC for an isotropiallydistributed sphere of 40K arround the di�erent shielding setups for the TPC.In blak the spetra resulting from using a opper box of 5mm as shieldingfor the TPC detetor. The red spetra shows the e�et of adding 2.5 cm leadto the opper shielding (84 % of redution), while in green an be observedthe e�et of a omplete shielding omposed of 5mm opper, 2.5 cm lead, 1mmadmium and 22.5 cm polyethylene (96 % of redution).
ER =

4A

(1 +A)2
(cos2 θ) ·En. (6.1)In the ase of argon, A = 40, assuming a quenhing fator 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
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Figure 6.31: Spetra obtained from the GEANT4 simulation of an isotrop-ially distributed sphere of 238U arround a opper box of 5mm overing theTPC detetor (blak). The red spetra shows the improvement of adding 2.5 cmlead re�ered to the opper shielding (87 % of redution). In green the e�etof a omplete shielding omposed of 5mm opper, 2.5 cm lead, 1mm admiumand 22.5 cm polyethylene for the TPC detetor (96% of redution).
Using a real osmi spetrum 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�ets of the di�erent layers of shielding FLUKA ode [65℄shows the e�ets of every layer of shielding material on osmi neutrons: whilepolyethylene dereases the number of bakground neutrons per osmi neu-tron, the 2.5 m of lead inreases this number due to (n, 2n) proesses (see�gure 6.33). Cadmium absorbs thermal and epithermal neutrons with ener-gies below 1keV. 133



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

700

800

610×

Figure 6.32: Spetra for a 232Th soure isotropially distributed around thedi�erent shielding on�gurations. In blak the spetra resulting from using aopper box of 5mm. The red spetra shows the e�et of adding 2.5 cm leadto the opper shielding (88 % of redution), while in green an be observedthe e�et of a omplete shielding omposed of 5mm opper, 2.5 cm lead, 1mmadmium and 22.5 cm polyethylene (97 % of redution).
The shielding without polyethylene has been also ompared to the ompleteon�guration. The number of osmi neutrons able to produe nulear reoilsand a deposit of visible energy in the TPC in the 3 − 7 keV range dereasesby only 20% after the omplete shielding due to the prodution of neutronsin lead. The number of neutrons ould even inrease by 10% if the 22.5 m ofpolyethylene are taken o�.The neutron prodution in the shielding due to muons has also been inves-tigated. Most of these neutrons are produed in lead, but its ontribution isthree orders of magnitude smaller than the measured bakground rates [65℄.134
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5 cm.One the detetor was mounted in the magnet, this fator beame 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�ets 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: Bakground 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 (blak line).A full shielding omposed of opper, lead, admium and polyethylene reduesbakground levels by a fator 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 bakground data during theinstallation of the TPC for the seond phase of the CAST experiment.
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Figure 6.35: Bakground data obtained during the installation of the TPCdetetor for the seond phase of the CAST experiment. The blue squares rep-resent the raw bakground of the TPC detetor (no shielding). The greentriangles are the bakgroun spetrum of the TPC one the 5mm opper box isinstalled and the nitrogen �ux is operative . The red dots is the �nal ahieve-ment of the TPC detetor bakground one the full shielding is installed.During the di�erent data taking periods, the TPC detetor has reorded bak-ground data at any other position. The best ontrol of the bakground is thestudy of its inhomogeneity. The �gure 6.36 shows measured bakground levelsfor nine positions: the three �rst measurement points are faing the Northwall; the three next points fae the NE orner and the last one faes 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 thik opper box and a nitrogen �ush 137



CHAPTER 6. THE TPC DETECTOR OF THE CAST EXPERIMENTinside. The bakground measurements showed a high degree of inhomogeneityas it an be observed in �gure 6.36. The implementation of the full shieldingfor the TPC detetor have ahieved both, a fairly homogeneous bakgroundamong the di�erent positions of the TPC in the CAST experiment and a fator
∼ 4 of redution in the 1 to 10 keV energy range.
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Figure 6.36: July-August bakground data obtained during 2003 with theTPC overed by a opper box �ushed with Nitrogen (squares). The irlesorrespond to the data obtained during the Seond Phase of CAST one theTPC had the full shielding installed. Measurements orresponds to 3 verti-al positions and 3 horizontal positions of the TPC detetor. The 9 magnetpositions run �rst vertially 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 desription of the CAST experiment and the TPC detetorin 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 Seond Phase of CAST, the di�erent pressure settings of 4Hehave been able to restore the oherene of the axion-to-photon Primako� on-version for axions whose masses were up to 0.39 eV. Setion 4.3.1 diretlyrelates the 4He pressure of CAST's old bore with the e�etive mass of thephoton arising from the onversion via Primako� e�et.Aording to the spei� onditions of pressure and temperature of the 4He,the axion mass for whih the oherene aquires its maximum orresponds to
ma ≃

√
0.02

PHe[mbar]

THe[K]
eV. (7.1)In order to san for axions with masses up to 0.39 eV, CAST has made a totalof 160 pressure settings that were distant ∼ 0.085mbar from eah other. Fromnow on we will refer to an spei� j -setting where j is an integer index thatgoes from 1 to 160. This will simplify the notation of the formulas of thishapter.7.2 Expeted axion �ux in the TPC detetorOne 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 detetors. However, the spei� experimental setup of eah one of themmay in�uene the expeted outoming photons.The TPC detetor, as well as the rest of detetors has taken into aount theexperimental onditions at CAST. The existene of the old windows that holdthe 4He gas of the old bore (see setion 5.3.1) translates to a loss of e�ienyfor the TPC. The reason is that the old windows are not fully transparent:the strongbak of the old windows has an optial free path of a 87.4% whilethe 15µm of polypropylene redues the transmission of the Primako� photonsto the TPC.
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CHAPTER 7. SOLAR AXIONS FOR THE TPC DETECTORThe overall e�ieny of the TPC detetor during the 4He run of the Se-ond Phase of CAST is a 48% and has been obtained by multiplying the TPCe�ieny during the 4He run (see �gure 7.1) by the di�erential axion �ux onEarth given in setion 4.2.2.
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Figure 7.1: The green dashed-dotted line is the analytial funtion used tointerpolate the experimental points measured at the PANTER faility withthe TPC detetor (blak dots). The yellow dashed line is the e�et of the
12.6 % transpareny of the old window strongbak. The solid blue line inludesnot only the e�et of the strongbak but also the transmission of the 15 µmpolypropylene layer deposited on the old window. phase.Taking into aount the overall e�ieny of the TPC and the exposure timesof eah pressure setting, we an proeed to alulate 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�ieny of the TPC detetor (see �gure 7.2), STPC is thesensitive area of the TPC detetor (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 spetrum, while the red linerepresents the overall e�ieny spetrum of the TPC. A 48 % of the signal isexpeted to arrive to the detetor.144



CHAPTER 7. SOLAR AXIONS FOR THE TPC DETECTOREquation 7.2 shows how the number of Primako� photons expeted by theTPC depends on the pressure of the j -setting and the mass of the axion thatonverts.7.3 Axion-to-photon onversion probabilityThe oherene of the onversion due to the Primako� e�et tunes di�erentaxion masses for eah one of the settings. Equation 7.2 makes referene to theprobabilty of onverison (Pa→γ(Pj ,ma, Ea))j to express suh dependene. Fora spei� 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 fat that CAST uses
4He as damping gas in the Primako� onversion region.Momentum transfer The transfer of momentum to the photons that areprodued via the Primako� e�et in the CAST magnet depends not only onthe energy of the axion, but also on its mass. Setion 4.3.1 shows into detailhow the momentum transfer sets the axion masses for whih the oherene ofthe Primako� onversion is restored.For a spei� 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 dependeny with ma, allows not only to restore the oherene for a singleaxion mass, but for neibourghing axion masses too.The momentum transfer an be unserstood as the aquirane of an e�etivemass by the arising photon and the maximum of the axion-to-photon proba-bilty of onversion is ahieved when the e�etive mass is the one of the inoming 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 aquired by the out-oming photon is proportional to the square root of the 4He pressure inside themagnet bore. Therefore, an inrease of the 4He density inside the old bore ofCAST restores the oherene of the onversion for axions with higher masses.
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Figure 7.3: Parametrization of the momentum transfer as a funtion of theinoming 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 inomingaxion mass and the outgoing photon energy for the 100-setting.
The absorption funtion Following the detailed explanation of Setion4.3.2, the presene of 4He gas in the old bore of CAST would diminish theexpeted number of photons to be deteted by the TPC.Absorption of Primako� photons due to photoeletri e�et, oherent and in-oherent sattering 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 7.6: Probability of onversion of the 2-setting.Figure 7.6 shows how the onversion probability ahieves its maximum for theaxion mass range nearby the e�etive mass of the arising photon. Also, foraxions whose masses are o�-oherene, the probability of detetion is enhaedto spei� energy regions of the spetra.Axion �ux, sensitive area and statistis After alulating the probabil-ity of onversion for all the j -settings measured at CAST, the next step is toinlude the di�erential axion �ux on Earth. The sensitive area of the TPCdetetor (29.54 cm2), together with the measuring times for eah j -trakinghave to be taken into aount in order to make a preisse alulation of thedi�erential photon �ux that the TPC expets 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 detetor one the statistiof eah j-traking and the sensitive area of the detetor are taken into aount.Overall TPC e�ieny A further step to be done is the implementationof the e�ieny of the TPC detetor during the 4He run of CAST's SeondPhase. As pointed out in Setion 7.2, the overall e�ieny of the TPC detetoris 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 detetor one it has beenonvolutioned with the TPC overall e�ieny.Expeted number of photons of the j -setting The TPC energy res-olution is 0.5 keV and, therefore, the expeted number of photons must beompared to the TPC signal with an energy interval aording to the one ofthe detetor. Integrating the expeted photons over the energy range of eahi-bin of the TPC spetra we will obtain
(Nγ)i,j =

∫ Ef

Eo

dφa

dEa
(Ea) · Pa→γ(Ea) · S · t · dEa, (7.6)that an be diretly ompared to the traking 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 disriminate wetherthe traking and bakground spetra of the j -setting are ompatible with theabsene of axion signal in the TPC detetor.
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Figure 7.9: Expeted number of photons for eah TPC bin spetra in the2-setting.The total number of photons expeted by the TPC in a j -setting is obtainedby integrating �gure 7.9 over the whole energy range of the detetor.
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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 detetor inthe 4He phase of the CAST experiment. The following lines tryto explain the proess that allows the obtention of a limit to theaxion-to-photon oupling via the Primako� e�et.
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CHAPTER 8. TPC ANALYSIS8.1 Analysis methodologyThe analysis of the data gathered by the TPC detetor during the 4He runof CAST's Seond Phase has two di�erent stages. The �rst test onsists onsearhing for axion-to-photon Primako� signals in the TPC data obtained forthe di�erent j -settings. This is aomplished by omparing traking and bak-ground spetra in order to hek for ompatibility of the data within statistial�utuations. Unfortunately, no traes of an axion signal have been identi�edafter rossheking the traking and bakground spetra data olleted by theTPC at all the j -settings.Under the absene of signal assumption, the analysis of the TPC detetorextrats the limit to the axion-to-photon oupling via the Primako� e�et.The detetion proess of a physial event due to the bakground is Poisso-nian and, therefore, the expeted ounts in the detetor for a spei� j -trakingin the i energy bin of the spetrum 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 -trakingbakground spetrum. The perfet knowledge of the expeted photons omingfrom the axion-to-photon onversion that take plae in the CAST magnet al-lows to alulate the term Nγ,ij(ma)×g4
10, the expetation from the theoretialalulation for the i-bin of the j -setting (see �gure 8.1).As a matter of fat, the ompatibility of traking and bakground spetra 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 traking ounts of the i-bin in the j -traking tij withthe expeted mean for the same bin and traking λij .One the individual likelihoods of all the j -settings are built, we an on-156
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Figure 8.1: Dependene of the Nγ,ij expeted in the di�erent energy binsof the TPC spetra relative to the e�etive 4He gas pressure P ∗

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

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

∏

j

Lj . (8.3)Sine by onstrution we have made the likelihoods ompatible within the χ2method, we an also alulate the χ2 of the spei� 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 auray due to thesimple addition of the logarithms for all the settings, is the goodness of �t test.The term L0j that was introdued in the j -likelihoods is a normalizing on-stant that makes [−2 logLj ] to behave as a χ2 distribution in the asintotilimit. 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 theoretial χ2

d.o.f (see equa-tion 8.6) urve that an be reprodued for the degrees of freedom that arebeing used for the analysis, the N-1 bins of the traking and bakground spe-tra. In suh histogram, we an represent the di�erent values of the χ2
null,j inthe x-axis, while the y-axis represents the multipliity of eah 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 aumulation ofenough statistis for the bakground, sine it assumes the absene of statistialerrors in the bakground data to alulate the mean λij of equation 8.1.8.2 TPC dataThe TPC detetor has taken a total of 4422 hours, 33 minutes and 50 se-onds of data, whih orresponds to

• Traking data: 296 hours, 16 minutes and 56 seonds.
• Bakground data: 4126 hours, 16 minutes and 54 seonds.158



CHAPTER 8. TPC ANALYSISThe traking data taken by the TPC during this period implies a 92.5 perente�ieny. However, the TPC was not able to take traking data for 12 settingsand a total of 148 over 160 pressure settings measured by CAST have beentaken into aount to make the orresponding likelihoods for the �nal TPCanalysis.8.2.1 Traking dataThe de�nition of the �traking spetra� for a j -setting onsider all the dataof the j -setting while traking time that was taken in normal operation by theTPC and that orresponds to the required auray of Sun traking in CAST.Moreover, the ondition of B �eld presene in the magnet (8.80 T) as well asthe opening of VT1 and VT2 valves is fored in order to inlude the data intothe analysis.8.2.2 Bakground dataFor the bakground spetra of eah one of the j -settings, the de�nition hasbeen done in several independent ways:
• Daily bakground: de�ned as the data taken by the TPC while themagnet was not in evening traking during the days in whih the j -trakings were taken.
• Nearby bakground: de�ned as the data taken by the TPC while themagnet was not in evening traking and nearby the orresponding dayof the setting.
• O�-oherene traking: TPC traking data in o�-oherene settings.
• Combined bakground: The addition of the O�-oherene and theNearby bakgrounds above mentioned.From the �rst phase of the CAST experiment it is known that the bakgroundof the TPC detetor 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 detetor to the solar ore during the
4He run of the Seond Phase of CAST. It an be seen how the positioning ofthe TPC detetor orresponds to the elipti that the Sun desribes in galatioordinates.diminish the e�ets of the position during the �rst phase of CAST and so itdid during the seond phase.The possibility of a Radon ontamination due to its presene in the air ofthe experimental setup is eliminated thanks to a �ux of Nitrogen gas suh thatit generates an overpressure inside the shielding layers avoiding the air fromthe experiment to go into deep layers of the shielding and ontaminate it. Thetehnique was already used during the �rst phase of CAST sine the Radongas ontamination is, in fat, the most dangerous TPC systemati one theshielding is installed.It happened that for the settings 1 to 27 of CAST seond phase, there existed160



CHAPTER 8. TPC ANALYSISan air leak towards the TPC detetor, whih allowed Radon to go through thedi�erent layers of shielding and inrease the level of ounts per hour (see �gure8.4). This leak was solved afterwards and the ontribution of Radon to theTPC bakground remained stable and under ontrol till the end of the datataking.In the following lines I will explain more into detail the riterium of bak-ground seletion that has been used.
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Figure 8.3: Hours of bakground exposure (no Sun traking) of the TPCdetetor in galati oordinates.
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Figure 8.4: Daily variation of the bakground (red) and traking ounts (blue)in ounts per hour that the TPC detetor has in the two windows for eah j-setting. The energy range that has been taken into aount goes from 2 to12 keVNearby bakground In the situation of no evening traking, the TPC de-tetor was plaed 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 detetors makes neessary a seletion riteria for the data taken bythe TPC in suh onditions.As for the trakings, the very �rst requirement to the bakground data isto have the CAST magnet with urrent and to have the valves VT1 and VT2open.The seletion riterium for the Nearby bakground has been to group thebakgrounds of the ten nearest days to the traking that orresponds to the162



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

k=j+5∑

k=j−5

bik , ∀j. (8.7)Taking into aount that most of the settings have a traking of the order of1 hour and 45 minutes, the orresponding statistis oming from the groupingabove mentioned makes the error bar of the outoming Nearby bakground ofthe j -setting to redue a fator ≃ 10 relative to the traking error bars (�gure8.5).
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Figure 8.5: Rate of events for the Nearby bakground de�nition (red) versusthe traking rates (blue) for all the j-settings. Rates alulated for the energyrange of 2 to 12 keV.
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CHAPTER 8. TPC ANALYSISO�-oherene traking Another possible de�niton of bakground for thedetetors of the CAST experiment is given by the fat of the oherene e�etin the axion-to-photon onversion.Those trakings o�-oherene referred to a j -traking an be used as bak-ground of the j -setting. In other words, trakings far from the j -setting do notontribute to the expeted photons from axion-to-photon Primako� ouplingof the j -traking and, therefore, they an be used as bakgrounds.As it has been seen in �gure 8.4 the e�et of statistial and systemati �u-tuations of the daily bakground and traking spetra fores a seletion of thetrakings that are to be onsider as bakground for an spei� j -setting.The riteria hosen to build the O�-oherene traking onstruts a bakgroundspetra for eah j -setting that orresponds to the addition of the losest pos-sible o�-oherene trakings.We will de�ne the O�-oherene traking as
Bij(t) =

k=j−10∑

k=j−3

tik +

k=j+10∑

k=j+3

tik. (8.8)The aumulated statistis are not as large as for the Nearby bakgroundde�nition, but even like that, the error bar of the bakgrounds are still inaverage a fator ≃ 4 times smaller than the ones from the trakings as it anbe seen in �gure 8.6.Combined bakground Combinedly, after the previous studies we ouldproeed to build what we will all Combined bakground 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 bakground is the simple addition of the statistis generatedby the previous ases whih has an inherent biasing of ≃ 28 hours from theO�-oherene traking and ≃ 200 hours from the Nearby bakground.164
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Figure 8.6: Counts per hour of the O�-oherene trakings (red) for all thej-settings versus their traking ounts per hour (blue) in the 2 to 12 keV energyrange.This beomes a total of ≃ 228 hours of bakground. Statistially, the errorbars of the Combined bakground spetra are ≃ 15 times smaller than theones from the traking of the spei� setting. The redution fator dependson the aumulated statistis for the Combined bakground of the setting thatwe onsider.8.3 Analysis of the TPC dataOne we have learly de�ned the spetra of traking and bakground thatare to be used in the likelihood method of the analysis we should proeed �rstof all to build the individual j -setting likelihood. 165
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Figure 8.7: Counts per hour of the Combined bakgrounds for all the j-settings versus their traking ounts per hour. Energy range from 2 to 12 keV.8.3.1 Constrution of the individual likelihoodsWith the knowledge of the expeted number of photons from axion-to-photon onversion due to Primako� e�et in the CAST magnet as a funtionof the axion mass and the value of the oupling onstant g10 we an proeedto the appliation of the likelihood method that has been introdued in Setion8.1.The riterium of the analysis is to san the di�erent axion masses for whihthe values of g4
10 minimize the χ2. The most probable value for the axion-to-photon oupling onstant validating our data of traking and bakground.Sine the san of ma has to be omparable within the rest of the detetors,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 thesan is 0.01mbar whih implies the generation of 1500 χ2 for eah one of thej -settings of the TPC detetor.The evaluation of the χ2
j is done by giving a value of g4

10 and plotting it foreah ma. In the ase of the TPC, the range of values that has been seletedfor 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 reonstrutionof the χ2
j up to gaγγ = 4 × 10−10 GeV−1. Almost 100 perent of thej -settings have the χ2

j ± 3σ within this range for the axion mass thatorresponds 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 whih the lost of oherene 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 introduing it into the alulation 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)Sine 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 themultipliity of the χ2

null,j values and their orrespondene with the theoretial
χ2

Th[d .o.f ]. Figure 8.8 inludes the representation of the theoretial 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 theoretial χ2

Th[d .o.f ] is being alulated 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 bakground 167



CHAPTER 8. TPC ANALYSISand traking data of the TPC. We just have to notie the fat that by doing
g4
10 = 0 all the terms that are involved in the χ2

null,j alulation are just theounts of traking and bakground of the j -setting in the i-bin of the spetra.
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Figure 8.8: Representation for the multipliity of the χ2
null,j values of thej-settings (blak histogram) versus the theoretial urve for the 19 degrees offreedom of the TPC analysis (thik blue line). Daily bakground has beenused.The respetive values of the χ2

null,j in the settings alulated for the spei�axion mass of the oherene 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



CHAPTER 8. TPC ANALYSIS
j-settings are with the hypothesis of absene of signal. This an be seen bythe fat that χ2

min,j should be around g4
10 = 0 sine in absene of signal, themost probable value of the oupling onstant is zero.8.3.2 Constrution of the global likelihoodOne we have been able to alulate eah one of the likelihoods for thej -settings, we an proeed to build what we alled in Setion 8.1 the globallikelihood (equation 8.3). As in the previous setion, instead of multiplyingthe probabilities of eah one of the j -settings for eah axion mass, we will justadd the values of the χ2

j .
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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



CHAPTER 8. TPC ANALYSIS
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 alulate all the 1500 χ2
ma

of the analysisif we just plot the dependene of g4
10 versus the χ2 value one we have �xed

ma (�gure 8.9).
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Figure 8.10: Example of a probability funtion hoosen for one of the axionmasses of the analysis: ma = 0.149 eV.From the χ2 urves of the spei� axion masses, we an build the probabilityfuntions of eah 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) .Eah 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 rosshek that an be done before the ombination of the datais the so-alled ∆χ2
ma

.Having into aount that in the whole global likelihood there is only one freeparameter, the statistial �utuation theory tells us that the value of the dif-ferene between χ2
min,ma

and χ2
null,ma

should follow a Gaussian distribution 171



CHAPTER 8. TPC ANALYSISentered in 0 and with FWHM of 1σ. Hene, it an be a nie quality hek forour analysis (see �gure 8.12):
∆χ2

ma
= |χ2

min,ma
− χ2

null,ma
| ≤ 1. (8.15)The result of this rosshek tell us that the data of the TPC that are outof the 1σ boundary are a 27.17%, result ompatible with the perentage 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�erene in sigmas be-tween χ2
null,j and χ2

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

j with whih the old bore of the CAST magnet was �lled duringj-setting for the TPC detetor.172



CHAPTER 8. TPC ANALYSISStatistial 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). Statistial error [g4
10]

g4
10(min)

+11.921

−4.726Table 8.1: Statistial 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-tetorPrevious presentation of the �nal result for the TPC detetor of CAST, wemust evaluate the possible systemati errors that might a�et the analysis of itsdata. This setion introdues and evaluates the e�et of the most importantexperimental unertainties of the CAST experiment as well as the e�et ofdi�erent bakground de�nitions for the TPC.8.4.1 Experimental unertaintiesA �rst attempt to study the systematis of the TPC analysis inludes themost ritial unertainties of CAST. The errors of the magneti �eld intensity,its length and the unertainties of the TPC e�ieny detetor are of vitalimportane for the study of the systematis. 173



CHAPTER 8. TPC ANALYSISStrength of the magneti �eld The LHC dipole magnets, and CASTamong them, use eletri 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 dependene with the eletri 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 aordingwith the urrent applied to it.The data shown in the table 8.2 was obtained at the test benh of the CERNdipole magnets and allow to generate the linear dependene 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 Seond Phase of CAST, the intensity applied tothe magnet was 13 kA, whih orresponds to a magneti �eld intensity of

8.805 ± 0.037Tesla.174



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

ma
urvesand its e�et 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 unertainties of the mag-neti �eld intensity.

Length of the magneti �eld Another possible soure of systemati er-rors at the CAST experiment is the auray of the magneti �eld length. Themagnet that is being used in the CAST experiment was fully haraterized inthe test benh 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�et of suh di�erenes 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 unertainties of themagnet length. 175



CHAPTER 8. TPC ANALYSISE�ieny of the TPC detetor As for tthe rest of the detetors of CAST,the overall e�ieny of the TP depends on the quantum e�ieny as wellas transmission of the Primako� photons generated in the magnet of CASTthrough the di�erent omponents of the experiment suh as the old windowsand the TPC windows.As a reminder we will mention that the overall e�ieny 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�ienyis not exent of systematis.Lukily, the measurements arried on in Panter with the TPC detetor har-aterized the behaviour of the TPC data. For the e�et of the e�ieny un-ertainties to the axion-to-photon limit extration we have onsider then theerrors arising from the Panter haraterization together with the ones arisingfrom the transmissionn oe�ients used for the old windows and the TPCwindos.The inlusion of suh errors slightly shift the e�ieny to be used for theanalysis of the data. A way of quantifvying the e�et in the e�ieny of theTPC is alulating the overall e�ieny arising for eah one of the ases andgiving an upper and a lower limit for the e�ieny systematis of the TPC asit appears in the following table:TPC overall e�ieny [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 unertainties of the TPCe�ieny.CAST systematis In order to give an upper and a lower limit to thesystematis of the CAST experiment a�eting the �nal result of the TPC (see176



CHAPTER 8. TPC ANALYSIStable 8.6) we an ombine all the previously mentioned systematis and expressits e�et in terms of g4
10 units or of a perentage 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 unertainties of the CASTexperiment.8.4.2 Bakground dataThe analysis of the TPC data is highly biased by the bakground seletionriteria and onditions the �nal result. The bakground that has been usedfor the �nal analysis of the TPC detetor orresponds to the Daily de�nitionof setion 8.2.2. However, the quality of it and the rosshek of any otherpossible bakground applied to the TPC data has been evaluated.Traking Bakground

[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 traking and bakground for the TPCdetetor during the 4He run of the seond phase of CAST.The aumulated statistis of the TPC detetor during the 4He run of CASTallow us to stablish the level of bakground and traking ounts for the 2 to 177



CHAPTER 8. TPC ANALYSIS
12 keV energy range as it appears in the Table 8.7.
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Figure 8.13: Total statistis for the traking and bakground of the TPCdetetor during the 4He run of the CAST experiment.Sine the TPC of the CAST experiment has another three independent bak-ground de�nitions:
• Nearby bakground
• O�-oherene traking
• Combined bakgroundIt is natural to attempt the systemati e�ets studies with the help of all thebakground de�nitions and ompare eah of them in order to see its indepen-dent result. In order to hek for the quality of the bakground used, the ∆χ2

ma178



CHAPTER 8. TPC ANALYSISmethod has been. The result of this quality hek naturally selets the bestbakground andidate to be used for the TPC analysis.Nearby analysis As it has been shown in setion 8.2.2, due to slightly vari-ation of the bakground levels between days, the seletion of the bakgroundfor the j -setting has been suh that it inludes the statistis of the ten nearestdays to the traking of the spei� setting.This de�nition provides us with bakground spetra 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: Multipliity of the χ2
null,j values of the j-settings (blak) versusthe theoretial urve (blue) of the Nearby bakground de�nition.The appliation of suh bakgrounds will provide us with the same graphs that 179



CHAPTER 8. TPC ANALYSISan be seen in setions 8.3.1 and 8.3.2 and the orresponding rossheks forthe χ2
null,j of eah individual j -likelihood an be generated by using now theNearby bakground (see �gure 8.14).Also the global likelihood an be evaluated with the use of the Nearby bak-ground, giving us the hane to use the ∆χ2

ma
rosshek 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 bakground for the �nal analysisof the TPC data.
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Figure 8.15: Di�erene 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 bak-ground.180



CHAPTER 8. TPC ANALYSISO�-oherene analysis With its de�nition detailed in the setion 8.2.2and, sine the proedure of the analysis does not di�er from the rest of theases above mentioned, we an diretly proeed to the evaluation of the ross-hek plots for the O�-oherene traking de�nition. The multipliity 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: Multipliity of the χ2
null,j values for the O�-oherene trakingas bakground (blak histogram) versus χ2

Th[d.o.f ].The result from the quality hek applied to the O�-oherene de�nition ofbakground does not follow the expeted Gaussian distribution sine 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 expeted to be out of the 2σ boundary in aGaussian distribution. 181



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

quality hek.The reason for it is that in an e�ort of aumulating statistis, the o�-oherenerange of trakings that ontribute to the bakground are far from the j -trakingof the j -setting is wide, whih makes this bakground to be more sensitive tothe daily environmental onditions.
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Figure 8.17: Di�erene 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�-oherenetraking as bakground for the analysis.
Combined bakground analysis Furthermore, it is possible to apply thesame method to the ombination of the two previous bakgrounds. This bak-ground has been alled Combined bakground in Setion 8.2.2 and gather the182



CHAPTER 8. TPC ANALYSISstatistis of the Nearby bakground and the O�-Coherene trakings togetherfor an spei� j -setting.This bakground has ≃ 228 hours of aumulated statistis and therefore isthe one with the smallest error bars ≃ 15 times smaller than the traking ones.Figure 8.18 orresponds to the multipliity distribution of χ2
null,j, while the

∆χ2
ma

plot an be seen in (�gure 8.19)
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Figure 8.18: Comparison of the theoretial and obtained χ2
null,j distributionfor the Combined bakground de�nition of bakground analysis.
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CHAPTER 8. TPC ANALYSIS
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Figure 8.19: Di�erene between the χ2
min,ma

and the χ2
null,ma

after the om-bining of all settings to generate the global likelihood using the Combinedbakground.Statistial deviation from the one free parameter statistial distri-bution A way of showing the results obtained from the di�erent de�nitionsof bakground an be the representation of the multipliity of ∆χ2
ma for eahone of the riterias versus the expeted statistial probability density funtion.Suh plot (see �gure 8.20) shows how the di�erent bakground riterias usedfor the study of the sytematis generate spei� probability density funtionsthat are in agreement or not with the statistial expeted deviation.As it has been previously mentioned, the Daily bakground is the one thatagrees better with the expeted deviation, something that an be easily un-derstood sine it is the one that better follows di�erent daily experimental184



CHAPTER 8. TPC ANALYSISonditions. On the other hand, the O�-oherene traking is the bakgroundde�nition that follows worst the statistial deviation. As a matter of at, theO�-oherene traking is the less sensitive to the spei� experimental ondi-tions of the di�erent j -trakings.
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CHAPTER 8. TPC ANALYSISIndued systematis from the bakground de�nitions Beside the fatthat the ∆χ2
ma method has allowed us to hoose the Daly bakground de�-nition among the others, the systemati e�et of using di�erent bakgroundde�nitions for the TPC analysis an be quantify. Indeed, for eah one of thedi�erent bakground de�nitions we observe an e�etive shift for the χ2

min,ma
.Referring the mean shift of the di�erent bakground de�nitions relative thethe values obtained with the Daily bakground is an exerise that quanti�esthe systemati errors arising from the bakground seletion.Nearby [g4

10] O�-oherene [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 bakground χ2

min in g4
10 units fromthe unertainties of the TPC bakground.With the help of table 8.8 we an now obtain an upper and lower limit for thebakground indued systemati errors of the TPC analysis. The systematierros from the bakground unertainties are alulated as the mean above andbelow the minimums obtained for the Daily bakground with the other de�ni-tions of bakground 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 unertainties of theTPC indued by the bakground de�nitions.
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CHAPTER 8. TPC ANALYSIS8.5 Exlusion plot of the TPCAn upper limit to the strength of the axion-to-photon Primako� ouplinghas been extrated as result of the TPC detetor measurements during the 4Herun of the CAST experiment.
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Figure 8.21: Exlusion plot result for the axion-to-photon oupling measuredby the TPC detetor during the 4He run of CAST's Seond Phase omparedwith other onstraints (Tokyo heliosope [87, 88℄ and HB stars [10, 47℄). Thevertial line (HDM) is the hot dark matter limit for hadroni axions ma <
1.05 eV [89℄ inferred from observations of the osmologial large-sale struture.The yellow band represents the typial theoretial 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 alulated 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-tetor, a multiwire proportional hamber, is able to present limitsto the axion-to-photon oupling via Primako� e�et in the axionmass spae parameter.
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CHAPTER 9. CONCLUSIONSAfter rossheking the traking and bakground spetra olleted by theTPC during the 4He run of CAST Seond Phase, no axion signal has beenidenti�ed. However, the aumulated statistis allows to obtain an upperlimit for the Primako� oupling of axions.Due to oherene restritions 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 detetors of CAST, whih allows to provide theombined exlusion plot of CAST Seond Phase.The ompatibility of traking and bakground spetra an be done by usingthe likelihood method. The global likelihood, produt 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 dependene with gaγγ ,the strength of the oupling.The TPC analysis sans for di�erent axion masses and obtains the most prob-able value of gaγγ that validates the traking and bakground 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 unertainties and the study of the di�erent bak-ground de�nitions has allowed to determine an upper and lower boundary forthe systemati errors of the performed analysis. A summary of both, statistialand systemati errors analysis an be seen in the following table:Statistial error [g4
10] Systemati error [g4

10]TPC g4
10(min)

+11.921

−4.726 g4
10(min)

+3.225

−1.267Table 9.1: Statistial 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 extrated as result of the TPC detetor measurements during the 4Herun of the CAST experiment. This upper boundary has been alulated 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: Exlusion plot result for the axion-to-photon oupling measuredby the TPC detetor during the 4He run of CAST's Seond Phase omparedwith other onstraints (Tokyo heliosope [87, 88℄ and HB stars [10, 47℄). Thevertial line (HDM) is the hot dark matter limit for hadroni axions ma <
1.05 eV [89℄ inferred from observations of the osmologial large-sale struture.The yellow band represents the typial theoretial 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 SeondPhase 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 exlusion plot for the TPC detetor of the CASTexperiment. First and Seond Phase of CAST have been inluded.
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CHAPTER 9. CONCLUSIONSSystemati unertainties may in�uene on the best �t value of gaγγ and onthe upper limit. Studies onerning the bakground de�nitions and rates asa funtion of time, or the 4He pressure inside the magnet bore, have beenarried out for the TPC detetor. In fat, the bakground de�nition usedto alulate the �nal result has been hosen suh that minimizes systematise�ets. Moreover, the overall e�et of the systemati errors on the result ob-tained by the TPC detetor has been quanti�ed and it is smaller than a 9.83%.The TPC detetor, that during the First Phase of CAST had already on-tributed to provide the most restritive laboratory limit on the two-photonoupling of axions and axion-like partiles for ma . 0.02 eV, has extended thesearh for axions up to ma . 0.39 eV. The absene of signal above bakgroundexludes 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 Telesope) es un experimento emplazado en elCERN, un gran laboratorio de partíulas situado en Ginebra, Suiza.

Figure 10.1: Anillo del LHC en el CERN. 195



CHAPTER 10. RESUMEN
El telesopio de axiones solares del CERN. Experi-mento CAST, fase IIEl Modelo Estándar de las Partíulas Elementales predie que la fuerzafuerte debería violar una de la simetrías fundamentales de la naturaleza, CP(arga-paridad), al igual que lo hae la fuerza débil (lo que se denomina �strongCP problem�, o problema CP fuerte en el argot usual), pero hasta la feha,ningún experimento ha detetado diha violaión, heho que empezó a intrigara los físios de partíulas a omienzos de los años 70.En 1977, R. Peei y H. Quinn introdujeron en diho modelo un nuevo mean-ismo teório para preservar diha simetría en la fuerza fuerte [1℄ que, hasta lafeha, es la soluión más �elegante� al problema. Posteriormente, en 1978 F.Wilzek [4℄ y S. Weimberg [3℄ se dieron uenta, independientemente, de que,en el maro de esta nueva teoría, esto impliaba la existenia de una nuevapartíula, un bosón al que bautizaron on el nombre de axión. Así, un nuevobosón pseudoesalar entraba a formar parte del ya de por si extenso zoo delas partíulas elementales. Su observaión experimental permitiría on�rmarel meanismo introduido por Peei y Quinn.En prinipio, esta partíula podría tener ualquier masa, pero onsideraionesastrofísias (veloidad de enfriamiento de las estrellas y explosiones de super-novas) y osmológias (nuleosíntesis primordial) han permitido aotar enorme-mente su valor, de forma que hoy, todos lo experimentos que busan axioneslo haen en un rango de masas menor que el eletronvoltio.Este bosón interaionaría de una forma muy débil on la materia, onvir-tiéndose así en una partíula muy esquiva. Su observaión supone, por tanto,un reto para los físios, ya que hemos de reurrir a métodos más so�stiadospara 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 magnétio. Esto, en 1983, inspiró aP. Sikivie la idea de usar un imán omo �telesopio� para poder detetar estaspartíulas [24℄. Como el modelo estándar del Sol predie que esta estrella sería196



CHAPTER 10. RESUMENuna fuente muy intensa de axiones, bastaría seguir su movimiento en la esferaeleste on un imán lo más potente posible para poder detetarlos.El experimento CASTEn la atualidad, hay dos experimentos que tratan de detetar axionessiguiendo al Sol on un imán: CAST y un dispositivo similar, pero de menore�ienia, instalado en la universidad de Tokio, en Japón.

Figure 10.2: Imagen del telesopio de axiones del CERN (CAST).En la �gura 10.3, podemos ver una representaión esquemátia del funionamientodel telesopio: Los axiones proedentes del Sol pueden onvertirse, mediante elefeto Primako�, en fotones de unos poos keV al atravesar el intenso ampomagnétio transversal del imán. Estos rayos X se detetan en el otro lado delimán.CAST hae uso de un imán superondutor de 9.26metros de largo apazde generar un ampo magnétio de 9 Tesla, diseñado iniialmente 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: Ilustraión del vuelo de un axión generado en el núleo delSol viajando hasta la Tierra. En la Tierra, CAST y su ampo magnétioson apaes de onvertir éste axión en fotones de rayos X. Con la ayuda dedetetores, CAST es apaz de distinguir uántos axiones llegan a la Tierra.La distribuión energétia diferenial de axiones en la super�ie terrestresigue la �gura 10.4 .
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Figure 10.4: Distribuión difereial de axiones en la super�ie terrestre.198



CHAPTER 10. RESUMENEl efeto Primako� se produe en el interior del imán, pero la oherenia dela onversión limita la observaión de los rayos X produidos en el seno delampo magnétio. Este fenómeno no es sino la probabilidad de que un axiónque sufre el efeto Primako� salga on el ángulo y veloidad de propagaiónapropiados para llegar a los detetores de rayos X ubiados en los extremosdel imán. El fenómeno está diretamente relaionado on la masa del axióninidente.
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CHAPTER 10. RESUMENaxiones supera los 0.02 eV.
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Figure 10.6: Grá�a de exlusión ombinada de la onstante de aoplo axión-fotón obtenida durante la primera fase de CAST.En la primera fase de CAST, la ausenia de señal de axiones sobre el fondoexperimental permitió la obtenión del límite para la onstante del aoploaxión-fotón. El límite, gaγγ . 8.8 × 10−11 GeV−1, se aluló al 95% de on�-anza para axiones on ma . 0.02 eV [68℄.La fase II de CAST trata de soluionar la pérdida de sensibilidad para axionesmás pesados. Dado que la oherenia 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 magnétio de
9Tesla de CAST un posible fotón generado en la onversión Primako� adquiereuna masa efetiva apaz de restaurar la oherenia de la misma. El uso de 4Hepermite a CAST adentrarse en la región teória de masas para las uales el ax-ión soluionaría el problema de violaión fuerte CP. Debido a las limitaionesténias del experimento, la oherenia de la onversión on 4He está limitadaa axiones de masas inferiores a 0.39 eV y es neesario reurrir a un gas másligero, el 3He, para extender la oherenia de CAST hasta masas de 1.20 eV.CAST fase II es apaz de ontener el Helio en el seno de un ampo magnétiode 9Teslas mediante la utilizaión de ventanas de 15µm de polipropileno sobreun soporte de aero 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, fabriaión, e instalaión de las ventanas en el experimento ha sidotodo un éxito y la eleión del disẽno de�nitivo de las ventanas orrespondeon el diseño más permeable posible al �ujo de los rayos X produidos en elinterior del imán ( transmisión del 85%) y a su vez el más restritivo para ladifusión de Helio a través de las ventanas.

Figure 10.7: Imagen de una de las ventanas instaladas en CAST para laontenión del Helio gas en el ampo magnétio de CAST.
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CHAPTER 10. RESUMENEl detetor TPCEl grupo de Físia Nulear de Zaragoza ha sido el enargado del manten-imiento y análisis de los datos de uno de los tres detetores que han medidoen CAST on 4He: una ámara de multi-hilos de proyeión temporal.

Figure 10.8: Imagen del montaje experimental de la TPC en el experimentoCAST.La TPC busó la posible señal de axiones provenientes del Sol al atardeerdurante 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 araterizaión eletróniadel sistema de adquisiión de la TPC, así omo la optimizaión del mismo paraser ompetitivo durante la toma de datos on 4He. Dada la existenia de gasen el seno del ampo magnétio de CAST y la estadístia de Poisson de latoma de datos, los programas de análisis usados durante la primera fase hansido modi�ados onseuentemente. Las ondiiones de oherenia para adauno de los gases menionados on anterioridad varía en funión de la presióny temperatura, parámetros que han sido inluidos en el análisis de los datos.202



CHAPTER 10. RESUMENPara la orreta omprensión de la TPC así omo para la optimizaión delblindaje se han realizado simulaiones on GEANT4 [61, 65℄.ResultadosTras la toma de datos y posterior análisis, la TPC de CAST no ha desu-bierto ninguna señal de axiones on masas inferiores a 0.39 eV. La auseniade señal, sin embargo, permite la obtenión de un límite para la onstante delaoplo axión-fotón por medio del efeto Primako�.
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Figure 10.9: Grá�a de exlusión para la onstante de aoplo 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 ausenia de señal deaxiones provenientes del núleo 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-estableer la oherenia de la onversión axión-fotón.
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Figure 10.10: Grá�a de exlusión ombinada de la onstante de aoploaxión-fotón obtenida durante la primera y segunda fase de CAST.Durante esta tésis, se ha formado la base de una olaboraión entre el CERN,Salay y el grupo de la Universidad de Zaragoza que han onstruido nuevosdetetores que han sustituido a la TPC en CAST. Estos detetores (MI-CROMEGAS) alanzan un potenial de desubrimento del axión muho mayorque el de la TPC, heho 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 mehanial units and the Gaussian eletromagneti units. As amatter of at, we are interested in a unit system for whih (GeV ·m · 1/T) isdimensionless.Considering the SI, the harge of an eletron 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 mehanial units, c is onsider as 1. The Gaussian eletromag-neti units have ~ = c = 1 with the propierty of making the eletri hargedimensionless. In these units the elementary harge is e =
√
α = 0.08542453.The eletri harge is also dimensionless in the �natural Heaviside-Lorentz�units, e =

√
4πα = 0.3028221.Gaussian and Heaviside-Lorentz units are di�erent by fators of √4π. For his-torial 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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