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Una TPC para búsqueda deaxiones en el experimentoCAST del CERNEl objetivo de esta memoria es el análisis de los datos tomados on unode los detetores del experimento CAST, la ámara de proyeión temporal(TPC en sus siglas en inglés), durante los años 2003 y 2004. El experimen-to CAST (CERN Axion Solar Telesope), situado en el CERN, reutiliza unimán de pruebas del LHC omo un heliosopio de axiones. Estas hipotétiaspartíulas fueron iniialmente postuladas por R. Peei y H. Quinn para re-solver un problema que aparee en QCD, y podrían ser uno de los andidatosa la materia osura fría del Universo. Es por esto que la búsqueda de axioneses un ampo muy ativo de la Físia de Astropartíulas, en el ual CAST ysus resultados juegan un papel primordial, ya que estos han permitido dis-minuir la ota superior a la onstante de aoplo axión-fotón, proporionadoel valor más restritivo obtenido hasta la feha en el rango de masas de hasta0.02 eV.IntroduiónPara entender qué son los axiones, uno debe remontarse al llamado strongCP problem del modelo estándar de las partíulas elementales, el ual predieque la fuerza fuerte debería violar una de la simetría fundamentales de lanaturaleza, la llamada CP, al igual que lo hae la fuerza débil. Pero hasta lafeha ningún experimento ha detetado diha violaión, heho que empezó aintrigar a los físios de partíulas a omienzos de los años 70.En 1977 R. Peei y H. Quinn introdujeron en el modelo estándar delas partíulas elementales un nuevo meanismo teório para preservar dihasimetría en la fuerza fuerte, el ual hasta la feha es la soluión más elegantea este problema. Posteriormente, en 1978, F. Wilzek y S. Weimberg sedieron uenta independientemente de que una nueva partíula apareía deforma natural en el maro de esta nueva teoría, y la bautizaron on el nombrede axión. Así, un nuevo bosón pseudoesalar entraba a formar parte del yaiii



Resumende por si extenso zoo de las partíulas elementales, y es su observaión loque permitirá on�rmar el meanismo Peei-Quinn.Los axiones podrían formar parte de la materia no-bariónia del Universo,tanto omo omponentes fósiles provenientes de los primeros momentos delUniverso, o omo partíulas reién readas en el entro de una estrella. Deheho, en el primer aso, la densidad de axiones en el Universo podría sersu�iente omo para que los axiones ompusiesen la omnipresente MateriaOsura.Este bosón interaiona de una forma muy débil on la materia, onvir-tiéndose así en una partíula muy esquiva, imposible de detetar de formadireta. Su observaión supone, por tanto, un reto para los físios, ya quese debe reurrir a métodos so�stiados e inteligentes para su búsqueda. Des-de que los axiones fueron propuestos, diferentes ténias para su búsquedahan sido propuestas, a ada ual más ingeniosa y pintoresa, aunque todasellas tienen el omún denominador de estar basadas en el efeto Primako�,el ual postula que los axiones podrían onvertirse en fotones y vieversa enpresenia de ampos elétrios o magnétios. Por ejemplo, avidades de mi-roondas resonantes ajustables, embebidas en un ampo magnétio, esperandetetar los axiones fósiles que se enontrarían en el halo de nuestra galaxia,mientras que heliosopios son apuntados al Sol esperando así poder detetarlos axiones que esaparían de su entro. También en un laboratorio estoselusivos bosones podrían ser reados y por tanto detetados usando un hazláser que atraviesa el seno de un ampo magnétio.El experimento CASTEl experimento CAST es un heliosopio de axiones de los menionadosen la seión anterior. El prinipio básio de funionamiento de este tipo deexperimentos aparee esquematizado en la �gura 1.
Figura 1: Prinipio esquemátio de funionamiento de un telesopio solar deaxiones. Un axion viajando haia la tierra desde el entro del Sol se transfor-maría en un fotón en el ampo magnétio transversal del imán, inidiendoeste posteriormente en un detetor de rayos X.El prinipal omponente de CAST es un imán de 10 m de largo apaz deiv



Resumengenerar un ampo magnétio transversal de hasta 10 Teslas en su interior,que iniialmente fue diseñado y onstruido para probar la viabilidad de latenología neesaria para los imanes del LHC. Este imán está oloado sobreun plataforma on apaidad de movimiento, de forma que todo el onjuntopuede seguir al Sol durante aproximadamente una hora y media al ama-neer y otro tanto al anoheer. La �gura 2 muestra un esquema de dihoexperimento.

Figura 2: El experimento CAST en el CERN.En CAST tres detetores distintos busan este exeso de rayos X. Pa-ra detetar los fotones produidos uando se apunta al Sol durante hora ymedia al amaneer hay una CCD (Charge Coupled Devie), aoplada a untelesopio que foaliza la señal proveniente del imán en un punto de 3 mmde diámetro, inrementando así de una forma onsiderable el oiente se-ñal/fondo. Junto al mismo se enuentra una ámara proporional que usauna tenología muy novedosa para reoger la señal llamada Miromegas. Unaámara de proyeión temporal, (TPC, Time Proyetion Chamber) situadaen el extremo opuesto del imán reoge los fotones que vendrían uando sesigue al Sol durante la otra hora y media al anoheer.En la �gura 3 se muestra un dibujo esquematizado de la ámara juntoon sus dimensiones.ResultadosDatos tomados durante el año 2003Durante el año 2003 la TPC tomó ∼ 783 horas de datos siendo aproxi-madamente un 9% de ellas tomadas on el imán apuntando al Sol. Los datosv



Resumen

Figura 3: Diseño esquemátio de la TPC de CAST.reogidos durante los periodos de tiempo en que el imán no sigue al Sol sonposteriormente utilizados para estimar qué proporión del espetro de ener-gías onstruido on los datos tomados durante el tiempo de alineamientoson debidos al fondo ambiental. En este año iniialmente ambos espetros,el de alineamiento on el Sol y el de fondo, eran inompatibles y por tanto sellevaron a abo varias hequeos para omprender el origen de diha disre-pania. Finalmente se pudo probar que una fuerte dependenia de los datoson respeto a la posiión de la TPC dentro del área experimental fue laausa de diha disrepania.Un fondo efetivo fue onstruido usando solo aquellos datos que habíansido tomados en la mismas posiiones que los de alineamiento, siendo ademáspesados de manera adeuada on la exposiión relativa de ada una de estasposiiones.Comparando el espetro de alineamiento on el de fondo para los datostomados en la zona de la TPC expuesta a los rayos X provenientes de lasapertura el imán, se vio que eran ompatibles y por tanto no apareió señalde axiones alguna por enima del fondo. Esto heho quedó on�rmado demanera uantitativa on el resultado del test de hipótesis nula,
χ2

nula/d.o.f = 18,2/18. (1)Esta ausenia de señal permite la obtenión de un límite superior para laonstante de aoplo axión-fotón, que fue alulada de una forma onservadoratomando el limite que abara el 95% de la distribuión de probabilidadBayesiana, on una funión previa para g4
aγ onstante y positiva. El límiteasí obtenido on los datos tomados por la TPC durante el 2003 es,

gaγ(95%C.L) < 1,55 × 10−10 GeV−1 para ma . 0,028 eV, (2)que aparee dibujado on la línea azul en la �gura 5.vi



ResumenComo este resultado ha sido alulado usando un fondo efetivo, es deesperar que esté in�ueniado por un ierto error sistemátio. Existe una zonade la TPC en la que no se espera señal alguna ya que no está diretamenteexpuesta a los eventos provenientes de las dos aperturas del imán. Es ob-vio que en este aso los espetros de alineamiento y de fondo deberían serompatibles, ya que en ambos asos solo están ompuestos por radiaión am-biental. Para estimar un límite superior a este error podemos reurrir a losdatos tomados en esta zona. Variando arti�ialmente el espetro de fondohasta que el test de hipótesis nula, χ2
nula, dé un resultado uya probabilidadsegún la distribuión χ2 sea menor de un 5%, se puede alular el orres-pondiente intervalo permitido de variaión de esta ota superior de gaγ dadaen 2, obteniendo en el aso de los datos del 2003 que diho intervalo es deun 15%.Combinado el resultado de la TPC on el obtenido on los otros dosdetetores de CAST se llegó �nalmente la siguiente ota superior para laonstante de aoplo axión-fotón,

gaγ(95%C.L) < 1,16 × 10−10 GeV−1 para ma . 0,028 eV. (3)Datos tomados durante el año 2004Durante el año 2004 la TPC pasó alineada on el Sol ∼ 203 horas, mien-tras que aproximadamente 142 días estuvo tomando datos de fondo. Estosigni�a que los datos de alineamiento tomados en este año fueron un fator
∼ 3 mas abundantes que en el 2003, y en el aso de los de fondo el fatorsube hasta ∼ 5. Estos datos fueron tomados de una forma homogénea en eltiempo.Como en el año 2003 los datos de la TPC estaban in�ueniados por unadependenia on su posiión dentro del área experimental, en el 2004 sesiguió un estrito proedimiento de toma de fondo, de forma que todas lasposiiones de la TPC en el experimento ontribuyesen de la misma maneraal fondo total.Por otro lado un blindaje pasivo diseñado y onstruido por el grupo deastropartíulas de Zaragoza fue instalado este año alrededor de la TPC (ver�gura 4).Diho blindaje está ompuesto, desde fuera haia dentro, por un apa de22 m de polietileno que termaliza los neutrones de altas energías, seguidade una lámina de 1 mm de espesor de admio que absorbe la mayor partede estos neutrones termalizados. Una pared de 2.5 m de espesor de plomoatúa omo moderadora del �ujo de rayos gamma de alta y media energíaque alanza el detetor, seguida �nalmente por una aja de obre de 5 mmde espesor, que atúa omo una aja de Faraday ofreiendo además soportemeánio a toda la estrutura. Todo el blindaje está hermétiamente erradovii



Resumen

Figura 4: Dibujo mostrando las distintas apas que omponen el blindajeinstalado alrededor de la TPC durante el 2004.por una bolsa de PVC que nos permite insu�ar la parte interna on gasnitrógeno para limpiar este espaio de radón.Graias al blindaje el nivel de fondo alanzado en el 2004 se redujo enun fator ∼ 4,3 on respeto al aso de la TPC ompletamente desubierta,siendo en promedio de (4,15±0,01)×10−5 cuentas/keV/s/cm2. También eneste año los datos tomados por al TPC en distintas zonas del experimentopresentaron un nivel de homogeneidad muy alto, demostrando así que elblindaje es apaz de reduir en gran manera las preoupantes variaionesque afetaron a los datos tomados en el 2003.Tal y omo se hizo en el año 2003, antes de proeder al análisis de losdatos tomados en el 2004 es preiso estudiarlos por si hubiese algún otroefeto sistemátio que difereniase el espetro de alineamiento del de fondo ypor tanto no podamos extraer el fondo durante los periodos de alineamientode este últimos. Para esto nuevamente se reurrió a los datos de la zonade la TPC sin señal, y esta vez, tal y omo se esperaba, el espetro dealineamiento era ompatible on el total de fondo dentro del error. Esto fueviii



Resumenasí mismo on�rmado matemátiamente mediante el test de hipótesis nulaal obtener:
χ2

nula/d.o.f = 28,69/29. (4)A la vista de este resultado vemos que para los datos tomados duranteel 2004 no hubo neesidad de onstruir un fondo efetivo ya que el blindajelogró reduir las variaiones del fondo on respeto a la posiión.Restando a los datos de alineamiento los de fondo, se ve que también esteaño lo obtenido es ompatible on la hipótesis de ausenia de señal,
χ2

nula/d.o.f = 18,67/18, (5)de forma que nuevamente podemos dar una ota superior a la onstantede aoplo axión-fotón de,
gaγ(95%C.L) < 1,29 × 10−10 GeV−1 para ma . 0,028 eV. (6)Diho valor aparee representado por la línea roja en la �gura 5.
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IntrodutionThe QCD theory, whih desribes the strong interations, su�ers fromthe so-alled strong CP problem: the CP symmetry ould be violated by theinterations desribed by it, yet Nature has never exhibited this behaviourin any experiment. The most elegant solution to this problem was proposedin 1977 by R. Peei and H. Quinn by introduing a new symmetry in thetheory. Immediately and independently S. Weinberg and F. Wilzek realizedthat, sine this new symmetry should be spontaneously broken, its appear-ane on the theory should be aompanied by a new massless boson, theaxion.Axions ould be a omponent of the non-baryoni matter of our Universe,both as an aged reli oming from the early times of the Universe, or as anew born partile in the ore of a star. Furthermore, in the former ase, thedensity of axions in the Universe ould be enough for them to aount forthe ubiquitous old Dark Matter.Sine axions were proposed, several ingenious and olourful tehniqueshave ome out to join the rae on being the �rst one on deteting theseintriguing partiles, being most of them based on the Primako� e�et, whihstates that axions an turn into photons, and vie versa, in the preseneof eletri or magneti �elds. As an example, tunable mirowave avitiespermeated with a magneti �eld are waiting for the reli axions whih ould�ll our galati halo, while heliosopes trak our Sun expeting to detet theaxions that would have esaped from its ore. In a laboratory, these elusivebosons ould be generated by means of a laser beam travelling along a strongmagneti �eld.The CAST (CERN Axion Solar Telesope) experiment belongs to theaxion heliosopes ategory. This experiment is built upon a refurbished 10 mlong twin aperture magnet, initially designed as a test of the tehnology usedfor the LHC magnets, whih an reah a nominal magneti �eld of 9 T. Amoving platform holds the magnet, allowing it to trak the Sun for ∼1.5 hduring the sunset, and just as muh during the sunrise. The working prinipleof an axion heliosope is illustrated in �gure 6.At both ends of the magnet, three di�erent detetors are plaed to lookfor any X-ray exess when the magnet is pointing to the Sun. Faing sun-rise axions a small gaseous detetor with novel MICROMEGAS (miromeshxi



Introdution

Figure 6: Shemati representation of the axion heliosope working priniple:an axion oming from the Sun ore would be transformed under the e�et ofa trasverse magneti �eld into a photon whih will be further reorded by anX-ray detetor.gaseous struture) readout is plaed behind one of the magnet bores, whilein the other one a X-ray mirror telesope would fous the axion-onverted-photons to a ∼ 6 mm2 spot on a pn-CCD detetor. The enhaned signal-to-bakground ratio ahieved thanks to the use of this fousing devie sub-stantially improves the sensitivity of the experiment. On the other magnet'send, overing both bores, a onventional TPC (Time Projetion Chamber)is looking for the X-rays from the sunset axions. The operation of the CASTexperiment is forseen in two di�erent phases:Phase I (ompleted): During the years 2003 and 2004 the magnet op-erated with vauum inside the magnet bores, being sensitive to axionswith mass up to . 0.02 eV sine the oherene between the axion andthe photon �elds inside the magnet for higher axion masses is lost.Phase II: In order to restore the lost oherene the magnet bores are�lled with a bu�er gas, thus extending the sensitivity of the experimentup to masses of ∼ 0.8 eV.The aim of the present book is to summarise the work that has beendeveloped in the last four years to look for solar axions using the TPC X-raydetetor of the CAST experiment. During this time the detetor has goneunder the ommissioning and fully operation stages, having provided alreadyresults for both the 2003 and 2004 data taking periods.In the �rst part of this work the theoretial motivation for the axion,together with its properties and its prodution mehanisms will be reviewed.The seond part is devoted to the desription of both the CAST experimentand the TPC detetor, in order to set the proper framework for the intro-dution of the last part of the work where the analysis of the olleted datawill be explained, also quoting the results obtained.xii
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Figure 7: CAST logo.
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Chapter 1The axion �eldIn this hapter the origin of the Strong CP problem and the most at-trative solution to it pointed out by R. Peei and H. Quinn in 1977 -fromwhih the axion appears as a �rst onsequene- will be studied. The di�erentaxion models and properties are going to be mentioned, followed by all theosmologial and astrophysial mehanisms involurated in the produtionof this neutral boson. Sine the presene axions in the Universe nowadayswould have detetable onsequenes, the bound on its mass oming formthe lak of any positive osmologial or astrophysial observation of it willbe quoted. Finally, the wide range of original tehniques that have beendeveloped along the years to detet axions will be explained.Very nie reviews on the matter exists already, (see for example [1, 2, 3℄)and therefore here only a brief review on the matter will be given.
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Chapter 1. The axion �eld1.1. The Strong CP problem and its solutions1.1.1. The Strong CP problemQCD is the universally aepted theory for desribing the strong inter-ations, but it has one serious blemish: the so-alled �Strong CP Problem�,whih will be desribed in what follows.Before 1975, QCD was desribed by the Lagrangian:
L = − 1

4g2
TrFµνF

µν + q̄(iγµDµ − Mq)q, (1.1)where q and Mq are the quark �eld and quark mass matries, and:
Fµν = ∂µAν − ∂νAµ − i[Aµ, Aν ],

Aµ =
∑

a

Aa
µ(λa/2),

λa = Gell − Mann matrices.

(1.2)In the 1970s, solutions to the lassial �eld equations in the 4 dimensionalEulidean spae (instantons [4℄) were extensively studied, being found thatQCD has a very rih vauum struture beause of the existene of non-trivial vauum gauge on�gurations. The topologial number n, known asPontryagin index:
n =

1

32π2

∫
d4xF a

µν F̃ a
µν , (1.3)being F̃µν = 1/2ǫµνρσFρσ the dual of the �eld strength, lassi�es all thesedegenerate vauum on�gurations of the theory, whih thus are denoted by:

. . . | − 1〉, |0〉, |1〉, |2〉, . . . |n〉. . . (1.4)Figure 1.1 shows a sheme of the degenerated vauum struture of the theory,where every state is labelled by its Pontryagin index n. Sine a well-de�nedgauge transformation G exists, whih shifts the on�guration |n〉 into |n+1〉for any n, the |n〉 an not be the properly de�ned vauum state of the theory.Instead, the true vauum is a superposition of all these degenerate states |n〉:
|Θ〉 =

∑

n

e(−inΘ)|n〉, (1.5)whih maps into itself under G. In the literature, this state is quoted as the
Θ-vauum. A priori, the angle Θ is an arbitrary parameter of the theory,whih an run from 0 to 2π. States of di�erent Θ are the physially distintvaua for the theory, eah with a distint world of physis built upon it.By appropriate means the e�ets of this Θ-vauum an be reast into asingle, additional non-perturbative term in the QCD Lagrangian:

LQCD = Lpert + Θ̄
g2

32π2
TrFµν F̃µν , Θ̄ = Θ + Arg detM (1.6)4



1.1. The Strong CP problem and its solutions

Figure 1.1: Cartoon of the potential for the QCD theory [5℄.where M is the quark mass matrix. This extra term arises due to twoseparate and independent e�ets: the Θ struture of the pure QCD vauum,and eletroweak e�ets involving the quark masses, being both unrelatedontributions, whih a priori have no reason to anel.Suh a term in the QCD Lagrangian learly violates CP, T and P inthe ase of Θ̄ 6= 0, yet Nature has never exhibited this in any experiment.Moreover, the value of the neutron eletri dipole moment depends on Θ̄,and the present experimental bound [6℄ dN < 6.3 × 10−26 e.cm onstrains Θ̄to be less than (or of the order of) 10−10. The mystery of why the arbitraryparameter Θ̄ must be so small is the strong CP problem.1.1.2. Peei and Quinn solutionVarious theoretial attempts to solve this problem have been postu-lated [1, 7℄, being the most elegant solution the one proposed by R. Peeiand H. Quinn in 1977 [8℄. Their idea was to make Θ̄ a dynamial variablewith a lassial potential that is minimised by Θ̄ = 0. This is aomplishedby introduing an additional global, hiral symmetry, known as PQ (Peei-Quinn) symmetry U(1)PQ, whih is spontaneously broken at a sale fPQ.Tehnially, this new symmetry is not quite an exat one, but it is a pseudo-symmetry, broken only by non-perturbative or instanton e�ets, and this iswhy it works as desired. Immediately and independently, S. Weinberg [9℄ andF. Wilzek [10℄ realized that, beause U(1)PQ is spontaneously broken, thereshould be a pseudo-Goldstone boson, �the axion� (or as Weinberg originallyreferred to it, �the higglet�).Taking this new symmetry into aount, the QCD e�etive Lagrangianwill be:
LQCD =Lpert + Θ̄

g2

32π2
TrFµν F̃µν+

+ Ca
a

fpq

g2

32π2
TrFµν F̃µν − 1

2
∂µa∂µa + k,

(1.7)5



Chapter 1. The axion �eldwhere Ca and k are model dependent quantities and a is the axion �eld. Theseond and third terms on the r.h.s of this Lagrangian amount to an e�etivepotential for the axion �eld, whih is then minimised by:
〈a〉 = −Θ̄fpq

Ca
. (1.8)The physial axion, of ourse, is de�ned as the exitation with its vauumexpetation removed:

aphys = a − 〈a〉. (1.9)Then, in terms of this �eld on has:
LQCD = Lpert −

1

2
∂µaphys∂

µaphys + k + Ca
aphys

fpq

g2

32π2
TrFµν F̃µν . (1.10)We see here thus how the presene of the extra U(1)PQ symmetry1 haseliminated the o�ending P, T, and CP violating Θ̄ parameter from the QCDLagrangian, replaing it by a dynamial �eld: the axion.1.1.3. Axions modelsVisible axion modelsIn the original Peei-Quinn model, whih is a little bit di�erent fromwhat it has been presented here, the sale of the U(1)PQ breaking, fPQ wasof the order of the eletroweak symmetry breaking sale. As it will shown inthe next setion, the oupling of axions to ordinary matter are proportionalto (fPQ)−1, and hene with their assumption of the value of fPQ, they wouldbe of the order of the typial weak-interation strength. This implies thatthe axion should roughly be as visible as a neutrino.Aelerator data soon ruled out this visible axion model (see [1℄ for someexamples). As there is no phenomenologial reason why the Peei-Quinnsale fPQ ould not be muh higher, a new model was born, the invisibleaxion, an extremely light partile with almost undetetable weak ouplings.Invisible axion modelsIf the Peei-Quinn sale fPQ is to be split from the eletroweak breakingone, some omplex salar SU(2)×U(1) singlet �eld σ whih arries PQ hargeand possesses a vauum expetation value fPQ/

√
2 should be introdued, be-ing the axion �eld ontained on its phase. Two di�erent models have beenpostulated regarding the invisible axions between 1979 and 1981 (see [11℄for a nie historial review on their birth), mainly di�ering in the trans-formation properties of ordinary quarks and leptons under the extra hiral1Suh a global symmetry often arises in supersymmetri and superstring-inspired mod-els in any ase.6



1.2. Axion propertiessymmetry. The resulting axions from these models have di�erent ouplingsto the ordinary fermions and photons.The KSVZ axion: This model was �rst presented by Kim [12℄ andby Shifman, Vainshtein and Zakharov [13℄. Here the already knownquarks and leptons do not feel the PQ symmetry, but n new exotiheavy quarks arrying PQ harge Xj , (j = 1...n), may be introdued(in the very original model n=1). The only free parameter of themodel will be then fa = fPQ/N with N =
∑

j Xj (fa = fPQ in thesimple ase of having only an extra heavy quark). Thus, in this modelaxions are entirely deoupled from the ordinary partiles and, at lowenergies, they interat with matter and radiation only by virtue of theirtwo-gluon oupling, whih is generi for the PQ sheme. This modelbelongs to the hadroni axions models ategory, beause the axion hasnot tree level oupling with leptons.The DFSZ axion: Invisible axions of this kind were �rst suggested byZhitnitskĭi [14℄ in a not very di�used paper written in Russian. Later,Dine, Fishler and Sredniki [15℄, whom did not know about this formerpaper, also presented this model. Here ordinary quarks and leptons doarry PQ harge, so one neessitates on the theory two Higgs doublets�elds, Φ1 and Φ2, whih also ontains small omponents of the axion�eld. Sine the fermions in the theory do not ouple diretly to σ,they feel the PQ breaking only trough these Higgs potentials. In thismodel N is the number of standard families (presumably 3) and theremaining free parameters are again the fa = fPQ/N and the new one
x = f1/f2.1.2. Axion propertiesIf axions are found experimentally, the Peei-Quinn mehanism will beproven. In order to searh for them, one must know how they ouple toordinary matter, their properties, and their prodution mehanisms. In whatfollows their main properties will be reviewed.1.2.1. Axion massBeause U(1)PQ su�ers from a hiral anomaly, the axion aquires a smallmass whih is proportional to the urvature of the e�etive potential.

m2
a =

〈
∂2Veff

∂a2

〉
= − Ca

fPQ

g2

32π2

∂

∂a
〈FF̃ 〉

∣∣∣∣
〈a〉=− Θ̄

Ca
fPQ

. (1.11)7



Chapter 1. The axion �eldBy means of urrent algebra methods [16℄ this mass an be found to be2:
ma =

fπmπ

fPQ/N

(
z

(1 + z + w)(1 + z)

)1/2

≃ 0.6 eV
107GeV

fPQ/N
, (1.12)where fπ ∼ 93 MeV and mπ= 135 MeV are the deay onstant and mass ofthe pion respetively, and

z = mu/md = 0.553 ± 0.043,

w = mu/ms = 0.029 ± 0.0043
(1.13)the quark mass ratios [18℄.It is notieable that ma ∝ (fPQ)−1, so the larger the onstant fPQ, thesmaller the axion mass.1.2.2. Axions ouplings to matterThe strength of the axion's oupling to normal matter and radiation aregiven by the e�etive oupling onstants gaγ , gae, gan,... for the oupling ofaxions to photons, eletrons and nuleons. Expressions for suh ouplingsan be found in referenes [16, 19, 17℄. The triangle diagram oupling ofaxions to gluons (�gure 1.2), is the most generi property of axions, andbeause of this, axions neessarily mix also with pions.

Figure 1.2: The triangle loop of the interations of axions to gluons, where gsis the strong oupling onstant, and ga the axion fermion Yukawa oupling.The tree level oupling of axions to harged leptons is, however, optional.In the hadroni models (KSVZ) there are no axion oupling to eletrons,while in the DFSZ they do exist, and are of the same strength as the treelevel oupling to quarks.As in the KSVZ model the hadroni axions do not ouple to the lightquarks at tree level, naively it should be expeted that the axion-nuleon2Following the notation in [17℄.8



1.2. Axion propertiesoupling is suppressed. But this is not the ase, due to axion-pion mix-ing mentioned before. Beause of this, the axion oupling to nuleons isomparable for both models.Muh of the same an be said for the axion oupling to photons, the oneused in CAST to searh for axions. Again two di�erent e�ets ontribute toit: By the generi oupling to gluons, axions ouple to photons aordingto3:
LQCD = −1

4
gaγ F em

µν F̃µν
em a = gaγ E ·B a, (1.14)where here F em is the eletromagneti �eld strength tensor. This in-teration is shown in the diagram refereed as ii in the lower part of�gure 1.3.In DFSZ models, as the quarks and leptons whih arry PQ hargesalso arry eletri harges, there is an extra ontribution from a triangleloop (upper part of �gure 1.3).

Figure 1.3: The two ontributions to the axion-photon oupling: the upperone arrives from the oupling to fermions that arry PQ harge (DFSZ) andthe lower from the generi axion-pion mixing.3Again the notation in [17℄ is followed. 9



Chapter 1. The axion �eldThe total axion-photon oupling is then [16, 19℄:
gaγ =

α

2π(fPQ/N)

(
E

N
− 2(4 + z + w)

3(1 + z + w)

)
=

α

2π(fPQ/N)

(
E

N
− 1.93 ± 0.08

)
,

(1.15)where α is the �ne struture onstant and z and w have been de�ned inequation 1.13. Here E and N are the eletromagneti and olour anomaliesrespetively, suh that in the DFSZ models their quotient is �xed to E/N =
8/3. For the hadroni axions models, however, this quotient ould takedi�erent values, aording to the �ne tuning of eah model. Simple hadroniaxions models an yield E/N = 2 [19℄, in whih ase the axion to photonoupling is strongly suppressed and may atually vanish. Quoting Kaplanin [19℄: �Suh a anellation is immoral, but not unnatural.�The oupling of axions to photons allows for the deay a → 2γ as well asfor the Primako� onversion 4 a ↔ γ in the presene of external eletri ormagneti �elds.The most important feature of all the axion ouplings (gaii) is that theyare proportional to (fPQ)−1 or, equivalently, to ma: the smaller the axionmass, or the larger the sale fPQ, the more weakly the axion ouples.1.3. Axion soures in the Universe1.3.1. Cosmologial axionsIn this setion the axion prodution by osmologial mehanisms [2, 21℄is reviewed.Axion strings deay. In most axion models PQ symmetry breaking o-urs when the omplex salar �eld σ develops the vauum expetation value
fPQ/

√
2 (�rst transition in �gure 1.4). For this to happen, the Universe tem-perature T has to ool down to the Peei-Quinn sale fPQ. In this stagethe e�etive potential develops its expetation vauum value, but still hasrotational symmetry and thus the value of Θ̄ is not �xed yet. Here the axionappears as this massless degree of freedom Θ̄.One intriguing onsequene of the U(1)PQ symmetry breaking is the ap-pearane of axion strings as topologial defets [2℄. The ontribution to thedensity of axions today Ωa oming from the string deay, depends ruiallyon when in�ation took plae. If the reheating temperature is less than fPQ,the axion �eld gets homogenised during the proess, and these axion strings4Named after the analogous reation involving neutral pions whih was originally usedto measure the pion-photon interation strength [20℄.10



1.3. Axion soures in the Universe

Figure 1.4: Evolution of the e�etive axion potential as a funtion of thetemperature T of the Universe.are blown away. If, on the other hand, in�ation ours with reheating tem-perature higher than fPQ, it has no in�uene on the axion prodution andhistory and, therefore, for our purposes it is like in�ation does not our atall. In this ase the axion strings will radiate axions until T approahes theQCD sale ΛQCD, when instanton e�ets start to play a role turning on theaxion e�etive potential, and the axion adquires its mass (whih at T>>it is very temperature dependent [2℄). This new transition is representedin the last transition of �gure 1.4. At this point eah string will beomethe boundary of a domain wall5, whih eventually will deay away as it isunstable, ontributing this way also to the axion density.In order to alulate the number density of axion prodution via axionstrings emission, the axion spetrum radiated by an axion string must beestimated, and here is where the debate heats up. Battye and Shellard [22℄found using omputer simulations that the dominant soure of axion ra-diation are strings loops rather than the long strings, and that the axionradiation is strongly peaked at wavelengths of the order of the loop size. Intheir model the loop ontribution to the osmi axion density is [23℄:
Ωstringsh

2 ≈ 88 × 3±1[(1 + α/κ)3/2 − 1]

(
1µeV

ma

)1.175

. (1.16)5Properly speaking eah axion string an beome the boundary of N domain walls, butif N>1 there is a domain wall problem beause axion domain walls end up dominatingthe energy density, resulting in a Universe very di�erent from the one observed today[21℄.Hene here it is assumed that N=1. 11



Chapter 1. The axion �eldHere 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 Mp−1,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 of α and κ are not known, but probably 0.1 < α/κ < 1.0,taking the expression in squared brakets to 0.15-1.83. On the other hand,Sikivie et al. [24℄ found, using independent omputer simulations, that themotion of global strings is strongly damped, leading to a �at axion spetrum.In this piture more of the string radiation energy goes into axion kinetienergy than in the previous one, so that ultimately there are fewer axions.In their ase the axion density is [23℄:
Ωstringsh

2 ≈ 1.9 × 3±1

(
1µeV

ma

)1.175

. (1.17)Yamaguhi, Kawasaki and Yokoyama [25℄ had done omputer simulationsof a network of strings in an expanding universe, obtaining a result whihlies between the former two. The ontribution from wall deays is probablysubdominant ompared to the string one [26℄.Vauum misalignment. As mentioned in the previous paragraph, whenthe temperature of the Universe approahes the QCD sale ΛQCD, the axion�eld aquires a mass. At time t1 so that ma(t1)t1 = 1, (whose orrespondingtemperature is T ≃ 1 GeV [27℄), the axion �eld starts to osillate in responseto the turn on of its mass (�gure 1.5). While for T> ΛQCD all the values
Figure 1.5: Turn on of the axion e�etive potential at T ≃ 1 GeV and theinitial value of Θ̄ at this moment.of Θ̄ were equally probable, one the axion mass turns on the axion �eldbeings to roll towards its nowadays value Θ̄ = 0 and, of ourse, overshootsit. The axion �eld osillations do not dissipate in other forms of energy andhene ontribute also to the osmologial energy density today. The densityof axions produed by this vauum realignment mehanism is proportionalto the initial realignment angle, i.e., the angle Θ̄1 where the axion �eld wassitting for T> ΛQCD.12



1.3. Axion soures in the UniverseAgain the ontribution to the total axion density today in the universethrough this mehanism depends on in�ation ourring before or after the PQsymmetry breaking. In the �rst ase, the value of Θ̄1 is uniformly distributedin the non ausally onneted volumes of the Universe, while in�ation hasthe power to uniformise its value to the entire Universe, whih ould thenhappen to lie lose to ero (see [2℄ for a long disussion on this). Thereforein�ation ould have also suppressed this axion prodution mehanism.The ontribution to the osmi ritial density by this mehanism is givenby [23℄:
Ωmish

2 ≈ 1.9 × 3±1

(
1µeV

ma

)1.175

Θ̄2
1F (Θ̄1). (1.18)Here the funtion F (Θ̄) aounts for anharmoni orretions to the axion po-tential. In order to avoid �ne-tuning of the initial misalignment onditions itshould be expeted that Θ̄2

1F (Θ̄1) ∼ 1, in whih ase we have that this axiondensity ontribution would be of the same order as the one given by the ax-ion strings deay as alulated by Sikivie et al. in equation 1.17. Battye andShellard alulation, on the other hand, yields a ontribution approximatelyten times larger than the vauum realignment, while Yamaguhi, Kawasakiand Yokoyama's estimation over passes this one by a fator of ∼3.Thermal prodution Sine the axion oupling to matter happen to beproportional to (fPQ)−1, if fPQ is su�iently small so that axion an inter-at su�iently strongly, they will thermalize in the early universe. Roughlyspeaking, it an be said that when the reation rate Γ for a given proessthat reates and destroy a partile speie ours rapidly ompared to theexpansion rate of the Universe H, this partile speie will be in thermalequilibrium. There is a time interval in the early universe, whih dependson the main axion proesses onsidered for the alulation of Γ, where theseondition in ful�lled and axions are in good thermal ontat with the uni-versal plasma. Then, when the ondition Γ & H is not satis�ed anymore (Γis strongly temperature dependent), thermal axion deouple while they arestill very relativisti, and survive until today as thermal relis, muh on theway as light neutrinos do.Thermal prodution of axions was �rst studied by Turner [28℄, whosemain onern was to study the possibility that a thermal axion densitygreater than the one produed by the proesses mentioned before ould ex-ist. Eventually he found this to happen for axions with fPQ . 108 GeV. Inhis �rst paper Turned onsidered the main axion reation and destrutionreations to be the Primako� proess γ + q ⇆ a+ q, where q is a light quark,and photoprodution γ + Q ⇆ a + Q where now Q is a heavy quark. Lateron he also inluded an axion-pion onversion N + π ⇆ N + a, where N is anuleon.More reent reviews on the matter, onsidering di�erent thermalizing13



Chapter 1. The axion �eldproesses, have appeared. Massó, Rota and Zsembinszki [29℄ study proessesoming from the oupling of axion to gluons, whih are model independent,and �nd that the ondition to have thermalized axions in the early Universeis less restritive than Turner's one: fPQ . 1012 GeV. Hannestad, Mirizziand Ra�elt [30℄, fous themselves in hadroni models and study the proess
π + π ⇆ π + a.All models anyhow �nd a present day axion density of thermal axions ofthe order of 1 to 100 m−3, with the harateristi that:

Ωtheh
2 ∝ ma (1.19)ontrary to the other two prodution mehanisms, where we were having:

Ωstring, mish
2 ∝ (ma)

−1 (1.20)If there are non-thermal axions in the thermalizing epoh produed bythe former mehanisms, they will end up thermalized as they will also inter-at with the QCD plasma, and we will end up then with a single thermalpopulation of axions in the present epoh.1.3.2. 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 ofthe Universe today is omposed of a non-luminous and non-absorbing om-ponent, alled Dark Matter (DM) [31℄. Its determining property is that itdoes not emit any eletromagneti radiation, and therefore an be only in-ferred by its gravitational e�ets. Two possibilities exist for the nature of theDM: either it is like the onventional matter, i.e., made of atoms (baryonidark matter) but it has not yet been heat up enough to emit light, or itis not-baryoni. As axions are bosons, we will only worry about this lastomponent.The non-baryoni dark matter is usually divided in two groups: hot (rel-ativisti on the onset of galaxy formation) dark matter (HDM), and old(non-relativisti) dark matter (CDM). Axions ould aount for the two de-pending on their mass, as it is shown in �gure 1.6. If fPQ is so large (∼ smallmass) that they never reahed the thermal equilibrium, the thermal produ-tion is suppressed and then the misalignment mehanism will take over. Asaxions are not relativisti from the moment of their �rst appearane at 1 GeVtemperature, they may be an important omponent of the CDM (dependingon the axion mass they may even be the main omponent). In this ase, asit has been pointed out in the previous setion, the axion density is inverselyproportional to its mass, and this explains the behaviour of the left part ofthe plot in �gure 1.6.If, on the other hand, the Peei-Quinn sale is small enough for theaxion to thermalize in the early Universe, a relativisti axion density would14



1.3. Axion soures in the Universe

Figure 1.6: Lee-Weinberg urve for axions, where their density ontributionto the DM is shown as a funtion of the axion mass.exist today, whih ould ontribute to the HDM omponent. In this asethe density of axions is proportional to the axion mass, whih will be of theorder of eV sine we are dealing with thermi axions. As CAST is sensitiveto axion masses of this order, it is also sensitive to hot dark matter axions.1.3.3. Astrophysial axionsAxions an be also produed in the stelar plasma, although their pro-dution rates and mehanisms are, again, very model dependent [32℄. In theDFSZ model, where we have seen that axions an interat with harged lep-tons, the dominant reation proess in low mass stars (main-sequene stars,red giants, horizontal brah stars and white dwarfs) is the Compton andbremsstrahlung proesses (see �gure 1.7). The Primako� e�et, in whih aphoton transforms into an axion in presene of the �utuating eletri �eldfrom the harged partiles of the hot stelar plasma, is ommon for both mod-els and the only relevant proess for hadroni axions. In neutron star matter,the most important emission proess is nuleon bremsstrahlung, NN → NNaagain for both types of axions.Primako� proessAs CAST looks for axions produed in the ore of the Sun by this nearly-model-independent Primako� proess γ + Ze, e− → Ze, e− + a, lets have adetailed look at it.The Primako� proess ross setion on a partile with harge Ze andin�nite mass is given by [32℄:
dσγ→a

dΩ
=

g2
aγZ2α

8π

|Ka × Kγ |2
|Ka − Kγ |4

, (1.21)15



Chapter 1. The axion �eld

Figure 1.7: Axion emission proesses in stars. The ouplings to nuleons andphotons are allowed in the two axion models: DFSZ and KSVZ, while onlythe former one allows the oupling to eletrons.where Kγ ,Ka are the initial-state photon and �nal-state axion momentumsrespetively, and α is the �ne struture onstant. It must be pointed outthat the vauum Primako� ross-setion diverges logarithmially due to theCoulomb logarithm. For massive axions, the partile mass provides a uto�for this divergene, but for the invisible axions model, with masses muhsmaller than the temperatures in a typial stelar plasma, the sreening ororrelation e�ets (whih take into aount the harged media where theinteration takes plae) are the dominant ones to moderate this Coulombdivergene. Thus, the Primako� ross setion on a target Ze in a plasma
(dσγ→a/dΩ)plasma is given by the one in vauum (dσγ→a/dΩ)vacuum, (equa-tion 1.21), orreted by a struture fator:

(dσγ→a/dΩ)plasma = (dσγ→a/dΩ)vacuum(Ka − Kγ + κ2). (1.22)Here κ2 is the sreening sale for a non relativisti and non degenerateplasma:
κ2 =

4πα

T⊙

∑

j

Z2
j nj, ((κ2)sun ∼ 12) (1.23)16



1.3. Axion soures in the Universewhere T⊙ is the temperature of the Sun (∼1.3 keV in the solar entre) and jruns over the ions and eletrons of the media, being nj their number densityand Zj their harge.The onversion rate an be found by summing the ross setion over allthe targets (averaging over all photon polarisations) and integrating over allthe solid angles:
Γγ→a =

g2
aγT⊙κ2

32π

[(
1 +

κ2

4E2

)
ln

(
1 +

4E2

κ2

)
− 1

]

≈
(

gaγ

10−10GeV−1

)2

10−15 s−1 for few keV energy photons (Sun).

(1.24)The Solar axion luminosity an be alulated folding equation 1.24 withthe blak-body photon distribution on the Sun fB = (eE/T − 1)−1:
La =

4R3
⊙

π

∫ 1

0
drr2

∫ ∞

ωp

dEE2κγfBΓγ→a. (1.25)Here R⊙ represents the radius of the Sun (R⊙ = 6.9598× 1010 m [33℄), and
ωp the plasma frequeny of the photons in the system:

ω2
p =

4παe

me
, (1.26)whose value depends on the radial position within the Sun. κγ is the photonwave number, whih is related to the plasma frequeny by the dispersionrelation:

E2 = κ2
γ + ω2

p, (1.27)and L⊙ is the solar photon luminosity (L⊙ = 3.8418 × 1033 erg s−1 [33℄).Given this luminosity, the total axion number at the Earth, whose averagedistane from the Sun is D⊙ (D⊙ = 1.50 × 1013 m) is given by:
Φa =

R3
⊙

π2D2
⊙

∫ 1

0
drr2

∫ ∞

ωp

dEEκγfBΓγ→a, (1.28)and the di�erential number �ux is therefore given by:
dΦa

dEa
=

R3
⊙

π2D2
⊙

∫ 1

0
drr2EκγfBΓγ→a. (1.29)Old solar model Based on Bahall et. al. old standard solar model from1982 [34℄, van Bibber et. al. [35℄ found a numerial result for the solar axion�ux from whih they gave an analyti approximation:

dΦa

dEa
=

(
gaγ

10−10GeV−1

)2

4.02 × 1010cm−2s−1keV−1 E3
keV

eEkeV /1.08 − 1
, (1.30)17



Chapter 1. The axion �eldwhere EkeV = E/keV is the axion energy. This �ux is represented with redrosses in �gure 1.8, being its average axion energy 〈Ea〉 = 4.2 keV.In order to analyse the data olleted with CAST in 2003 the expetedaxion �ux at the Earth onsidered was slightly di�erent from 1.30, as it wasthe one proposed in [36℄, however with a modi�ed normalisation onstant tomath the total axion �ux predited by a more reent solar model [37℄:
dΦa

dEa
=

(
gaγ

10−10GeV−1

)2

3.821×1010cm−2s−1keV−1 E3
keV

eEkeV /1.103 − 1
. (1.31)Also here the average energy is 〈Ea〉 = 4.2 keV.New solar model Based on the new 2004 solar model given by Bahalland Pinsonneault [33℄ G. Ra�elt and P. Serpio [38℄ have alulated numer-ially again the axion �ux as represented by the blue triangles in �gure 1.8.They �nd that the funtion whih best �ts the data is given by:

Figure 1.8: Numerial axion �ux from the 2004 solar model [33℄ (blue trian-gles) ompared with the one from alulated by van Bibbler et. al., [35℄ (redrosses).
dΦa

dEa
=

(
gaγ

10−10GeV−1

)2

6.020 × 1010cm−2s−1keV−1E2.481
keV e−EkeV /1.205.(1.32)They also have alulated the axion �surfae luminosity� on the solar disk

ϕa(E, r) (with r = R/R⊙ the dimensionless radial oordinate), whih is the18



1.3. Axion soures in the Universeaxion luminosity per unit square on solar disk, whih is shown in �gure 1.9.From here we see that indeed most of the axions are produed in the veryore of the Sun.
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Figure 1.9: Axion surfae luminosity of the solar disk, ϕa, as seem fromthe Earth as a funtion of the axion Energy E and the dimensionless radialoordinate r on the solar disk. The units are cm−2s−1keV −1 per unit surfaeon the solar disk (plot done by M. Kuster).Other proessesThe Primako� proess is not the only way through axion an be produedin the Sun. It has been pointed out in [39℄ that this light partile ould beprodued by nulear M1 reations by means of the favourable reation:
p + d −→3 He + γ (5.5MeV) (1.33)ourring frequently in the main solar reation hain, where the axion ouldsubstitute the photon.Almost monohromati hadroni axions an be also produed in the solarinterior during M1 nulear transitions between the �rst, thermially exitedstate of 14.4 keV and the ground state of 57Fe, as pointed out in [40℄. In [41℄19



Chapter 1. The axion �eldalso the prodution of 478 keV monohromati hadroni axions is extendedto the de-exitation of 7Li, also present in the solar ore.Hadroni axion ould also be produed in the Sun by the eletron-positronannihilation proess:
e+ + e− −→ γ + a (511 keV). (1.34)1.3.4. Cosmologial and astrophysial axions boundsOne the prodution mehanisms has been reviewed we know that ifaxions exist, their presene in the Universe will be very opious. Beauseof this its allowed parametri spae for the onstant fPQ an be stronglyonstrained, sine their presene ould be detetable by several di�erentphenomena. In �gure 1.10 the di�erent onstraint mehanisms are shown,together with the exlusion range for fPQ given by eah of them.

Figure 1.10: Astrophysial and osmologial exlusion regions (hathed) forthe axion mass ma or equivalently the Peei-Quinn sale fPQ. The dotted�inlusion" regions indiate the regions where axions ould plausibly be theold dark matter of the Universe (from [23℄).Lets start talking about the osmologial onstraints. In the situationwhere in�ation takes plae after the PQ phase transition (onsidered the�in�ation senario� in �gure 1.10) the axion strings are blown away andtherefore will no ontribute to the axion density. In this ase only the axions20



1.3. Axion soures in the Universereated by the vauum realignment mehanism are present today, being anexellent andidate for the old dark matter of the universe. The ondition ofthe axion density being the appropriate to aount for the old dark matterof the Universe, is the one that sets an upper limit of ma < 10−3 eV. Thisinlusion area appears as the dotted band on �gure 1.10.If, on the other hand, in�ation took plae before the PQ phase transition,to this initial misalignment population the axions from strings deay have tobe added (�string senario� on �gure 1.10). In this ase anyhow it has beenmentioned that their ontribution for the total density has been debated overthe years being either equal to the misalignment one or up to ten times larger.Now the ondition of these axions to be the dark matter of the universe setsan upper limit on their mass ma < 2.5 × 10−3 eV and the requirement thatthey do not over-lose the Universe (�too muh dark matter� ondition in�gure 1.10) implies the onstraint ma < 6× 10−6 eV in the former model or
ma < 6 × 10−5 eV in the later one [23, 21℄. It is beause of this that thetransition from hathed to dotted in the band is not �xed.Turning into astrophysial onstraints, we have that the strength of axioninteration with photons, eletrons and nuleons (or equivalently its mass ineah ase) an be onstrained from the requirement that stellar evolutiontime sales are not modi�ed beyond the observational limits. The existeneof an axion would mean a novel energy-loss mehanism for stars. A possibleaxion emission would arry energy away from them, produing an inreasein the fuel whih the stars burn to ompensate the energy loss, thus speedingup their evolution and therefore shortening their live time.Both the Red giants and Horizontal branh stars from globular lustersprovide restritive bounds to the ouplings of axions to eletrons when theyare allowed (DFSZ models) and photons. In the former ase, a bremsstrahlungproess like the one shown in �gure 1.7 would delay the helium �ash in theRed giants' ore produing a inrease in its mass. Observations restrittherefore the axion oupling to eletrons:

gDFSZ
ae ≤ 2.5 × 10−13 GeV−1. (1.35)Conerning the axion to photon oupling, globular lusters stars provide itsmost restritive bound shown in �gure 1.10:
gaγ ≤ 0.6 × 10−10 GeV−1 (1.36)whih for the mass of the axion this onstraint is translated into ma ≤ 0.4 eVfor E/N = 8/3 as in the DFSZ model [23℄.The axions produed by nuleon-nuleon-axion bremsstrahlung are boundedby the SN 1987A signal seen by Kamiokande II and Irvine-Mihigan-Brookhaven(IBM) water Cherenkof detetors. Axions would have arried away energyfrom the ore and therefore aelerate its ooling down being the observable21



Chapter 1. The axion �elde�et of this to shorten the neutrino burst. This sets a limit on the axionpseudosalar Yukawa oupling to nuleons:
3 × 10−10 ≤ gaNu ≤ 3 × 10−7. (1.37)The strong oupling side is allowed beause in this ase axions esape onlyby di�usion, quenhing thus their e�ieny as an energy-loss hannel.In order to avoid exess of ounts in the water Cherenkov detetors alsothe range

10−6 ≤ gaNu ≤ 10−3 (1.38)is forbidden.In terms of the Peei-Quinn sale fPQ/N the axion ouplings to nuleonsare gaNu = CNumNu/(fPQ/N) (Nu = n or p). Taking this into aount theSN 1987A limit for the axion mass turns out to be:
ma ≤ 0.0008 eV for KSVZ axions

ma ≤ 0.01 eV for DFSZ axions.
(1.39)It must be pointed out that for the DFSZ axions the value quoted is justan approximation, as the limit an vary between 0.004 and 0.012 dependingon the angle that measures the ratio of the two Higgs vauum expetationvalues [23℄.The weak points of the supernova argument lie on the unertainties inthe alulations of the nuleon-nuleon bremsstrahlung in a hot and densemedium, where many-body e�ets are important, and also in the unertain-ties in modeling of supernovae.All these observations and alulations leave only a small window from

µeV to deades of meV in the mass range for axions to exist, although itmust be stressed that both the astrophysial and osmologial bounds arerather unertain, and have not stopped experiments to look for axions in theexluded regions.1.4. Axion searhesAxions an be searhed for through di�erent experiments, based mostlyon the axion-to-photon onversion. In what follows the di�erent tehniqueswill be reviewed, and the results attained from them will be quoted.1.4.1. Searhes for osmologial axionsIn order to detet osmologial axions two main tehniques have beenused: optial and radio telesope searhes, and the mirowave avity exper-iments.22



1.4. Axion searhesOptial and radio telesope searhesThermally produed axions with mass in the so-alled �multi-eV� range(2-30 eV) aumulated in galaxies and luster of galaxies halos ould spon-taneously deay into two photons: a → 2γ. These ones would be monoener-geti, with a wavelength λ given by the ultimate mass of the axion. Obser-vations of three well studied lusters (Abell 1413, 2218, and 2256) at KittPeak National Observatory [42, 43℄ in the range of 3,100-8,300 Å (whihorresponds to axions masses from 3 to 8 eV) have not found suh a line,exluding an axion-to-photon oupling onstant smaller than:
gaγ < 10−10 GeV−1. (1.40)This limit is represented in the axion-to-photon oupling onstant versusaxion mass exlusion plot shown in �gure 1.11.

Figure 1.11: Axion-to-photon oupling onstant versus axion mass exlu-sion plot, where the exluded areas from the di�erent experiments results areshown.Mirowave avity experimentsIn order to searh for osmologial axions whih are andidates for theold dark matter of the Universe, Sikivie [44℄ proposed a very interestingmehanism using resonant avities. In �gure 1.12 the shemati workingpriniple of suh kind of detetors is shown. The basi idea underneath is23



Chapter 1. The axion �eld

Figure 1.12: Shemati priniple of the mirowave avity experiment to lookfor old dark matter axions [44℄.that �ne-tuning the frequeny of the avity so that it mathes the one of theaxion �eld (related to its mass ma), axions will onvert resonantly into quasi-monohromati photons (see [45℄ for more details). The width of the peakwould represent the virial distribution of thermalized axions is the galatigravitational potential, and also the signal may posses �ner struture due toaxions reently fallen into the galaxy and not yet thermalized [46℄, as shownin �gure 1.13.In the 80s the Rohester-Brookhaven-Fermilab (RBF) [47℄ and the Uni-versity of Florida (UF) [48℄ experiments established the feasibility of the teh-nique using small volumes (∼1 l) for the avity and HFET ampli�ers. Theirresults were able to prelude, in the axion mass range of 4.5 to 16.3 µeV, anaxion to photon oupling onstant bigger than:
gaγ < 10−12 GeV−1, (1.41)but still they were laking by 2 or 3 orders of magnitude the sensitivity tosearh into the theoretially motivated region in the axion parametri spae.Seond generation experiments, where the sensitivity will be enhanedthanks to the use of a novel tehnology for the ampli�ers, are already takingdata or being built. The AMDX experiment [49℄ is urrently taking data witha similar improved tehnology as the preedent experiments, being sensitiveto an axion mass range of 1.9 to 3.3 µeV and having already exluded anaxion to photon oupling onstant bigger than:
gaγ < 10−15 GeV−1, (1.42).24



1.4. Axion searhes

Figure 1.13: Left: Representation of the signal expeted in a miroavityexperiment. Right: Zoom showing the shape of the expeted peak showing the�ne struture details.In order to further improve the sensitivity of these experiment so thatthey will be able to searh into the theoretial motivated region, a newtehnology to produe improved ampli�ers, based on the SuperondutingQuantum Interferene Devies (SQUID) is under R&D now.Also a similar devie has been onstruted in Japan by the CARRACK2ollaboration [50℄. They use a Rydberg atom single-quantum detetor thathas been already working for their prototype CARRACK1, being the datastill under analysis.1.4.2. Searhes for Solar axionsAs it has been mentioned in setion 1.3.3 axion ould be produed inthe ore of the Sun by the Primako� proess, being the expeted spetrumdue to these axions on the Earth shown in �gure 1.8. Two di�erent types of�heliosopes� have been built:As it was pointed out by E. A. Pashos and K. Zioutas [51℄, solar axionsould onvert into photons in the eletri �eld reated by the atomi nu-lei in well de�ned rystals. Due to the Bragg di�ration of the axionsin rystal layers, the expeted signal would have a well de�ned tempo-ral struture that would make it learly distinguishable. Two di�erentollaborations, COSME [52℄ and SOLAX [53℄, whih were using Ger-manium detetors with the main purpose of searhing for Dark MatterWIMPs, analysed also their data searhing for the expeted axion sig-nal. Both of them were able to yield very similar mass-independentbounds to the axion to photon oupling onstant in the absene of any25



Chapter 1. The axion �eldsignal:
gaγ < 2.7 × 10−9 GeV−1 [SOLAX]

gaγ < 2.8 × 10−9 GeV−1 [COSME].
(1.43)The DAMA ollaboration [54℄ also ahieved the limit:

gaγ < 1.7 × 10−9 GeV−1 [DAMA], (1.44)using NaI(Tl) rystals.The seond type of heliosopes, to whih CAST is inluded, providesthe axions oming from the Sun with a magneti �eld, transverse totheir ourse, so that they are onverted in �to-be-deteted� photons.The �rst implementation of suh devie was done by D. M. Lazarus et.al., [55℄ and was able to explore two regions of the axion mass range,setting the following limits:
gaγ < 3.6 × 10−9 GeV−1 for ma < 0.03 eV

gaγ < 7.7 × 10−9 GeV−1 for 0.03 eV < ma < 0.11 eV.
(1.45)A more reent experiment with improved sensitivity was performed inTokyo [56℄, being able to set the following limits:

gaγ < 6 × 10−10 GeV−1 for ma < 0.03 eV

gaγ < 6.8 − 10.9 × 10−10 GeV−1 for ma < 0.3 eV
(1.46)1.4.3. Searhes for laser indued axionsGiven the oupling of axions to photons, it is expeted that axions ouldbe reated when a light beam (usually a laser) travels in a transverse mag-neti �eld. Two di�erent kind of experiments pro�t from this feature.�Shining through the walls� experimentsThis experiment was �rst proposed by van Bibber et. al., [57℄ in 1987.The basi idea is that a laser beam propagates inside a transverse magneti�eld (with E || B), being bloked at some point of its path so that onlythe axions reated before will be able to pass through this �wall�. For lightaxions with m2

al/2ω << 2π, where l is the length of the magneti �eld, theaxion beam produed is olinear and oherent with the photon beam, beingthe onversion probability given by P (a → γ) ≈ (1/4)(gaγBl)2. After, afration of these axions will turn bak into detetable photons, as they arefurther propagated in the magneti �eld, being the overall probability givenby P (a → γ → a) = P 2(a → γ).26



1.4. Axion searhesAn experiment using this tehnique was performed using two magnets oflength l = 4.4 m and B = 3.7 T, exluding ouplings of [58℄
gaγ < 6.7 × 10−7 GeV (1.47)for masses

ma < 10−3 eV (1.48)at 95% C.L.Polarisation experimentsIf axions are produed when a laser is propagated in a transversal mag-neti �eld, this ould a�et the polarisation of the laser in two di�erent andobservable ways, as it an be seen in �gure 1.14.

Figure 1.14: Up: Linear Dihroism or rotation of the polarisation vetor byand angle ǫ. Down: Linear Birefringene or indution of an elliptiity Ψ inan initially linear polarised beam.Dihroism If a linearly polarised laser beam propagates in the magneti�eld, the omponent of the eletri �eld (E||) parallel to the magneti �eld(and only this omponent) will be depleted by the appearane of real axions,resulting in a measurable rotation of the polarisation vetor by and angle ǫ.27



Chapter 1. The axion �eldVauum Birefringene In this ase, if some of the axions reated inthe previous step are onverted bak into photons, a delay will appear inthe parallel omponent of the laser beam to the magneti �eld, being thisre�eted in an indued elliptiity Ψ on the original linearly polarised beam.Higher-order QED e�ets an also indue vauum birefringene in a laserbeam, having anyhow negligible e�ets on the dihroism.A searh for both e�ets was arried out with the same magnets used inthe shining through the walls experiment quoted before [58℄, setting a boundon the axion to photon oupling onstant of
gaγ < 3.6 × 10−7 GeV (1.49)for masses

ma < 5 × 10−4 eV (1.50)at 95% C.L.Very reently the Italian PVLAS experiment (see [59℄ and referenestherein) has been taking data to test the vauum birefringene in the preseneof a magneti �eld with a 1 m long dipole magnet operated at a maximum�eld of 5.5 T, therefore improving the sensitivity of the previous experimen-tal setups. For the �rst time they have measured a positive value for theamplitude of the rotation ǫ of the polarisation plane in vauum with B ≈ 5 T(quoted with a 3σ unertainty interval) [59℄:
ǫ = (3.9 ± 0.5) × 10−12rad/pass. (1.51)This signal would be translated on an allowed region for the mass mb andthe inverse of the oupling onstant to two photons Mb of a neutral lightpseudosalar boson:
2 × 105 GeV . Mb . 6 × 105 GeV

1 meV . mb . 1.5 1.5meV
(1.52)As it has been seen, both astrophysial and experimental bounds onthe axion-to-photon oupling go far from this estimate. Anyhow, a reentpaper by E. Massó and J. Redondo [60℄ suggests that both results ould beaommodated in models were axion-like partiles su�er a strong interationthat traps them in the stellar plasma, or models where the axion-photonvertex ould be suppressed in the solar ore.Several experiments are already under onstrution in order to rosshektheir result like the one proposed by P. Pugnat el.al., [61℄ using a long LHC15 m and B ≈ 9 T dipole, or the one proposed by A. Ringwald el.al., [62℄.
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Part IIThe CAST experiment atCERN
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Chapter 2CAST, The CERN Axion SolarTelesope experimentThe CAST experiment uses a 10 m long twin aperture magnet as an axionto photon onversor to detet the axions that ould ome from the Sun ore.For this, the magneti �eld should be aligned with its entre as muh timeas possible, thus requiring the whole experiment to be a moving struture.The international CAST ollaboration is omposed by ∼70 sientist from 11di�erent ountries all around the world.In this hapter �rst the priniple of detetion will be point out. Then, theCAST experiment together with its X-ray detetors will be reviewed. Finallythe experimental site and radioative bakground will be desribed. Anoverall desription of the experiment an be found in [63℄ while ompanionpapers are devoted to eah of the detetors.
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Chapter 2. CAST, The CERN Axion Solar Telesope experiment2.1. Priniple of detetionAs it has been mentioned in hapter 1, the Sun would be a strong axionsoure, and a strong laboratory magneti �eld ould be used to onvert theaxions bak into X-rays. The expeted number of these photons that reahthe X-ray detetor is:
Nγ =

∫
dΦa

dEa
Pa→γ S t dEa, (2.1)where dΦa/dEa is the axion �ux at the Earth quoted in setion 1.3.3, S isthe magnet bore area, t is the measurement time and Pa→γ is the onversionprobability of an axion into a photon. If we take some realisti numbersfor one year of data taking in CAST (gaγ = 10−10 GeV−1, t = 100 h and

S = 15 cm2) this number of photons would be nearly 30 events.The onversion probability in vauum is given by:
Pa→γ =

(
Bgaγ

2

)2

2L2 1 − cos(qL)

(qL)2
, (2.2)where B and L are the magneti �eld and its length (both given in naturalunits), and

q = m2
a/2E (2.3)is the longitudinal momentum di�erene (or momentum transfer) betweenthe axion and an X-ray of energy E. The onversion proess is oherentwhen the axion and the photon �elds remain in phase over the length of themagneti �eld region. The oherene ondition states that [55, 65℄

qL ≤ π (2.4)so that a oherene length of 10 m in vauum requires ma ≤ 0.02 eV for aphoton energy 4.2 keV. The ondition given in equation 2.4 an be obtainedhaving a look at equation 2.2, where qL is the produt of terms appearingin the fration of the r.h.s, and involves both magnet harateristi in L andproperties of the axion �ux expeted through q:
1 − cos(qL)

(qL)2
. (2.5)When qL > π this fration tends to zero, thus turning the onversion prob-ability inside the magnet negligible. In �gure 2.1 we an see the numberof photons expeted in the detetor versus the mass of the axion. Whenthere is vauum inside the magnet we see that indeed for masses higherthat ∼ 0.01eV this number drops down rapidly.Coherene an be restored by �lling the magneti onversion region witha bu�er gas [35℄ so that the photons inside the magnet pipe aquire an32



2.1. Priniple of detetion

Figure 2.1: Number of photons that would reah a X-ray detetor plaed atthe end of the magnet vs the mass of the inoming axion. The upper linestands for the ase where there is vauum inside the magnet, while for thelower one there would be helium at 6.08 mbar.e�etive mass mγ whose wavelength an math that of the axion. For anappropriate gas pressure, oherene will be preserved for a narrow axionmass window. as we an see in the lower line in �gure 2.1. Thus, with theproper pressure settings it is possible to san for higher axion masses. Whenthe magnet pipes are �lled up with a bu�er gas, the transition rate Pa→γhas to be reast into the more general equation:
Pa→γ =

(
Bgaγ

2

)2 1

q2 + Γ2/4
[1 + e−ΓL − 2e−ΓL/2cos(ql)]. (2.6)Here Γ is the inverse photo absorption length for the X-rays in the medium.In this ase the momentum transfer beomes:

q =

∣∣∣∣∣
m2

γ − m2
a

2Ea

∣∣∣∣∣ (2.7)for mγ the photon e�etive mass (given the plasma frequeny) in the bu�ergas
mγ ≃

√
4παne

me
= 28.9

√
Z

A
ρ (2.8)33



Chapter 2. CAST, The CERN Axion Solar Telesope experimentwhere ne is the number density of eletrons in the medium, me the massof this eletrons. The seond expression in 2.8 aounts for the dependeneof mγ on harateristis of di�erent mediums: Z is the atomi number ofthe bu�er gas, A its mass and ρ its density in g cm−3. Sine the gas whihwill used is helium the ideal-gas equation an be used to obtain the moreonvenient expression:
mγ(eV ) ≃

√
0.02

P (mbar)

T (k)
(2.9)as the experimental measured parameters will be the pressure P and tem-perature T of the helium inside the pipes.Now the oherene is restored for a narrow axion mass window, for whihthe e�etive mass of the photon mathes that of the axion suh that

qL < π =⇒
√

m2
γ − 2πEa

L
< ma <

√
m2

γ +
2πEa

L
(2.10)whih brings the sensitivity of CAST with a helium bu�er gas up to an axionmass of 0.82 eV for T = 1.8K and P = 60mbar.The agenda of the CAST experiment foresees two phases in order to overthe wider range of potential axion masses:First phase of CAST During the years 2003 and 2004 the CASTexperiment has gone through the so-alled �rst phase, where the datahas been taken with vauum inside the magneti �eld area, so that wewere sensitive to axion masses up to ma ≤ 0.02 eV.Seond phase of CAST In order to extend the range of axion massesto whih we are sensitive, the magnet pipes are �lled with Helium gasin phase II. This gas at a given pressure provides a refrative photonmass so that the oherene of the photon and axion �elds is restored fora ertain range of axion masses. The seond phase of the experimentis very hallenging beause, for the �rst time, a laboratory experimentwill searh for axions in the theoretially motivated range of axionparameters, as shown in �gure 2.2, where the CAST prospets areshown.Data taking for this seond phase started at the end of 2005, withlow pressure 4He gas inside the pipes at 1.8 K, the magnet's operatingtemperature. There is a limit in the pressure that we an reah with

4He before it lique�es, so in order to be able to extend the mass axionsearhes up to ∼ 0.82 eV we will have to swith to 3He, whih hasa higher vapour pressure. These steps are sheduled to our during2006 and 2007.34



2.2. Tehnial desription
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Figure 2.2: Exlusion plot in the axion parametri spae, where the CASTprospets are shown in red. For the seond phase, the searh of axions with
ma between 0.02 eV and 0.8 eV will go in the theoretially motivated band.For omparison other experiments previous results are shown.2.2. Tehnial desription2.2.1. The experimentFigure 2.3 shows a shemati drawing of the CAST setup. The mainomponents are the LHC magnet, the ryogenis station and the platformwhih holds the magnet and guides its movement traking the Sun using twomotors for the horizontal and vertial movements respetively. A omplexsoftware alulates the position of the Sun in galati oordinates and guidesthe magnet struture to follow it. The environmental parameters of theexperimental area and the magnet status are reorded every minute withthe help of a software program named Slow Control. In what follows allthese omponents are reviewed with some detail. 35
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Figure 2.3: Shemati representation of the CAST experiment.A little bit of history...In order to hek whether the high magneti �elds needed for the LargeHadron Collider (LHC) would be able to be reahed with reliable tehnology,a set of test magnets were designed and built as a ollaboration betweenCERN and the INFN (Italian institute for Nulear Physis). Two 10 mlong twin aperture dipoles inluding NbTi superonduting ables and 1.8 Kryostats were order to an Italian industry. The �rst of them, alled A1was delivered to CERN in January 1994 and the seond one A2 in May ofthe same year. These two prototypes sueeded all the stability tests, andtheir harateristi parameters were within the auray required for an LHCmagnet [64℄. One the tehnology in these magnets was tested, they werenot needed anymore and thus they were deommissioned.The possibility of using one of them as a host for the axion to photononversion was pointed out in [65℄. Eventually in April 2000 the CASTexperiment to look for solar axions using one of these LHC magnets (A2)was approved by CERN and by November 2002 it was advaned enough inits onstrution to be able to trak the Sun for the �st time. In �gure 2.4we see a piture of the �nal setup.The magnetThe magnet is a straight twin aperture 10 m long dipole. It uses NbTisuperonduting ables to reate the magneti �eld, whih have to the ooleddown to 1.8 K in order to reah the superonduting state. Figure 2.5 shows a36



2.2. Tehnial desription

Figure 2.4: Piture of the �nal setup.alulation of the magneti �eld lines reated by suh assembly. Two parallel

Figure 2.5: Drawing showing how the superonduting ables loop around thebeampipes and the diretion of the �eld lines.9.26 m long pipes sustain the magneti �eld inside. Together they present aross-setional area of A = 2×14.5 m2, being the aperture of eah of themwide enough to over the potentially axion-emitting solar ore (∼ 1/10th ofthe solar radius). A ross-setional view of one LHC magnet is shown in�gure 2.6. The maximum �eld value safely reahed is 9 T, orrespondingto a urrent �ow of 13,330 A through the superonduting ables. A wholeryogeni plant [66℄ needed to support and maintain the operation of themagnet was set up by reovering and adapting parts from the dismounted37
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Figure 2.6: Cross setional view of an LHC dipole.LEP ollider and the DELPHI experiment. Conneted to the right end of themagnet in �gure 2.4 the Magnet Feed Box (MFB) is plaed, through whih allthe ryogeni and eletrial feed is done to the magnet via 7 �exible transferlines that onnet to the liquid helium supply, gaseous helium pumping groupand the quenh reovery system.The wire that makes up the magnet an be subjet to some in�uenes,say for example magneti or mehanial, whih an ause loal di�erenesin its eletrial ondutivity. This will be translated into a hange in thevoltage of the magnet further deteted by its power system. This one willtrigger the disharge of large apaitors into the magnet, designed to raiseits temperature evenly in order to avoid loal hot spots whih ould burnout the magnet. This overall heating then auses the helium to rise above2.17 K where is not super�uid anymore, ausing all the able to be normal-onduting and unable to support the large amount of urrent for very long.A quenh of the magnet refers to this proess of the ables beoming normal-onduting. A quenh signal is triggered when the resistive transition of themagnet is deteted, and produes the immediate ramp down of the urrent.A big amount of heat is released on the proess, whih warms up the oldmass up to temperatures ∼40 K, making some part of the helium inside thevessel to turn into gas. The gas pressure inreases and some part of it hasto be released to the atmosphere when it overpasses the seure limits. Onethe equilibrium is reovered, the helium is again ooled down to its nominalvalues of 1.8 K in a proess that an take from 6 to 8 hours.A system of gate valves protet and are able to isolate the magnet bores38



2.2. Tehnial desriptionfrom the detetors. In normal data taking they are open so that the hypo-theti photon oming from the axion onversion inside the pipe an reaheventually the X-ray detetors. But in the ase of a quenh or a detetormalfuntion for example, this valves immediately lose, isolating the magnetbores from the detetors and therefore proteting both of them.Platform and motorsThe magnet is implemented on a moving platform (�gure 2.3) whihallows us to align it with the Sun. The horizontal movement is arriedover the two rails shown in �gure 2.3, with a overing range of 80◦, whihenompasses nearly the full azimuthal movement of the Sun throughout theyear. The allowed vertial range of movement is only ±8◦ from the horizontaldue to mehanial onstraints in the magnet. Beause of this the maximumtime of alignment is approximately 3 hours per day (∼1.5 during sunrise,and the same time during sunset).Two motors, eah of them dediated to one diretion, move the platformholding the magnet. An enoder system keeps trak of the position of theplatform in eah moment. Independently a system of angle enoders areinstalled on the horizontal and vertial pivots of the magnet, giving also analternative measurement of its position.This magnet moving system reeives instrutions from a software pro-gram named traking software, responsible for direting the magnet to theSun or for any other movement in general.The traking softwareThis program, written in LabVIEW programming language, performsthe following tasks:Guiding the magnet when it is in the Sun traking mode.Providing to the user an interfae to move the magnet to some inputposition, whih an be both in enoder or galati oordinates.Reording of some parameters of the experimental area, suh as thetemperature in the experimental hall or the value of magneti �eld onthe magnet.Produing daily �les where all the information onerning the positionand movement of the magnet, together with the status of the parame-ters reorded, are written with one minute frequeny.When it is in the Sun traking mode, every minute it alls to an exe-utable �le based on NOVAS (Naval Observatory Vetor Astrometry Sub-39
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Figure 2.7: Sreen shot showing the user interfae of the Traking program.routines) [67℄ whih, taking as an input the loal time and date from the PC 1,together with the CERN oordinates (46◦15'N, 6◦5'E, 330 m above the sealevel) alulates the solar azimuthal angle and zenith distanes (AZ,ZD) forthe inoming minute. Then it performs a hange of oordinates to trans-late these values into the loal enoder grid (Vx, Vy), whih are the onesthe motors understand, by looking up on an already pre-reorded tableVx(AZ,ZD),Vy(AZ,ZD). Reading the atual values of the enoders it al-ulates the speed that the motors have to take in order to arrive to theposition required in the following minute.Given its importane, the table Vx(AZ,ZD),Vy(AZ,ZD) was onstrutedwith the help of the surveyors from the EST division at CERN, who measuredthe (AZ, ZD) oordinates for every point of a preise grid of magnet enoderpositions (90) with an auray of 0.001◦.The overall CAST pointing auray is better than 0.01◦, as it an be in-ferred from the study of the di�erent possible error soures listed in table 2.1.Twie a year, in mid-Marh and mid-September, the opportunity to verifythe pointing auray of the traking system omes out by diret optialobservation of the Sun, as it passes by a window in the experimental hall. Ifthe weather permits it, a speial software developed for the purpose, whih1The inauray due to the lok of the PC is negligible, as the system is hekingthe time with two CERN servers, and a NTP daemon whih produes a ontinuous timesynhronisation to the order of 1 ns is always running.40



2.2. Tehnial desriptionError soure Typial value Maximum valueAstronomial alulations 0.002◦ 0.006◦Grid measurements 0.001◦Unertainty of CERN oordinates ∼0.001◦Interpolation of the grid measurements 0.002◦ <0.01◦Horizontal enoder preision ∼0.0014◦Vertial enoder position ∼0.0003◦Perfet linearity of motor speeds <0.002◦TOTAL <0.01◦Table 2.1: Possible error soures of inauray when pointing to the Sun.takes into aount that the Sun is seen in an apparent position di�erentthan the real one due to the refration of light in the atmosphere, points themagnet to it. A webam equipped with ross-wires in ombination with anoptial telesope whih is aligned with the optial axis of the magnet, �lmsduring the movement allowing us to hek the preision of the traking byhaving a lose examination of the images reorded. In �gure 2.8 examplesof some pitures taken are shown2.

Figure 2.8: Left: One frame taken while traking the Sun. Right: Superpo-sition of many frames (taken with �lters). The ross indiates the entre ofthe Sun as it is followed, whih is in good agreement with the image.Slow Control programThe parameters being reorded by the traking software proved to be in-su�ient to have a ontrol over all the e�ets whih ould in�uene the dataolleted, and therefore the need of an extended reording beame apparent.2A movie of one �lming session is shown in the following URL:http://ast.web.ern.h/CAST/edited_traking.mov 41
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Figure 2.9: Sreen shot showing the user interfae of the Slow Control pro-gram.In late July 2003 a new program, written also in LabVIEW language, startedto run in a di�erent PC from the traking one, with the only aim of ontrol-ling these extra parameters. In the same way as the traking program, itreates daily �les where all the information reorded every minute is written.The experimental parameters ontrolled are:The temperature and pressure inside the ryostat and in front of eahdetetor.The total load arried by eah of the two lifting sreens whih allowthe magnet to move vertially.The position of the magnet in motor enoders and in the independentangle enoders positioning system.The ondition of the magnet valves (open or not), together with thepermission (or lak of it) to open then.Indiation of di�erent alarms, suh as the quenh one, regarding thesystem.42



2.2. Tehnial desriptionThis program has the apability of sending warnings and alarms to ade�ned set of phone numbers as SMS messages when one or several of theseparameters drifts out of they nominal value range.2.2.2. The detetorsAt both ends of the magnet four di�erent detetors are plaed to searhfor the exess of X-rays from axion onversion in the magnet when it ispointing to the Sun. Faing �sunrise� axions, a gaseous hamber with novelMICROMEGAS readout is plaed behind one of the magnet bores, while inthe other one a fousing X-ray mirror telesope is working with a ChargeCoupled Devie (CCD) as the foal plane detetor. Covering both boresof the other magnet end, a onventional Time Projetion Chamber (TPC)is looking for �sunset� axions. A fourth rystal sintillator detetor wasinstalled during 2004 behind the MICROMEGAS to searh for high-energyaxions. In what follows these devies will be reviewed.MICROMEGASThe MICROMEGAS [68℄ (for MICROMEsh GAseous Struture) gaseousdetetor is sitting on the west side of the magnet (see �gure 2.17), looking for�sunrise� axions as shown in the right piture of �gure 2.10. The detetor is

Figure 2.10: Left: The MICROMEGAS detetor sitting in the laboratorybenh, equipped with four eletroni ards and the gas pipes. Right: TheCAST magnet with the MICROMEGAS attahed to it.fastened to one of the magnet bores in this end with the help of an aluminiumtube of ∼1m long and a �ange. In order to ouple the detetor to themagnet bore with a maximum transpareny to X-rays with the minimumargon-isobutane (95:5) gas leak towards the magnet bore the solution of twowindows with a di�erential pumping system between them was adopted.Both windows are made of a 4 µm aluminised polypropylene foil, holding43



Chapter 2. CAST, The CERN Axion Solar Telesope experimentthe one loser to the detetor a higher pressure di�erene that makes it tobe glued to a stainless steel strongbak in order to make the system stronger.The gas of the hamber leaks to the spae between the two windows, wherea lean pump removes it, being therefore the e�etive leak to the magnetreally low (∼10−9 mbar l s−1). The detetor is enlosed in a opper Faradayage to help eliminating any indued harges into the ondutive elementsof the detetor.A ∼25 mm thik onversion gap (�gure 2.11) lays between the windowdesribed before (biased to -1200 V) and a metalli grid with ats as theathode, namedmiromesh, and biased to -390 V. This miromesh is the very

Figure 2.11: Shemati view of the MICROMEGAS struture, where theonversion and ampli�ation gaps are shown.harateristi element of a MICROMEGAS detetor and plays an essentialrole more than just being the boundary between the onversion and theampli�ation regions (see [69℄ for further details on this).The ampli�ation region is only 50 µm thik from this miromesh to theread out struture. The innovation of the CAST prototype is the introdu-tion of a x-y struture in this read out pad: the harge is olleted on 192X and Y strips of ∼350 µm pith, plaed all of them in the same plane. Akapton substrate is doubly lad so the onnetions for the X and Y strips arein di�erent sides, passing through vias on the Y pads as �gure 2.12 shows.As a result of this the spae resolution of the detetor is very good, ∼100 µm.With the given number and width of the strips, the ative area is ∼45 m2.The detetor threshold have been proven to be below 0.6 keV by experi-mental alibration in the Panter X-ray faility in Munih.A Dotoral thesis [70℄ have been written about the MICROMEGAS de-tetor installed on CAST and the results obtained with it from analysing the44
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Figure 2.12: The two dimensional reading of the strips.data olleted during 2003 and 2004.The X-ray fousing systemOn the same end as the MICROMEGAS, but on the east side of themagnet, the system of the fousing X-rays mirror telesope oupled with aCCD is plaed. This X-ray mirror telesope would produe an �axion image�of the Sun by fousing the photons from axion onversion onto the X-rayCCD (�gure 2.13). The photons oming from an area of ∼15 m2 are fousedon a spot of 7 mm2, being therefore ompressed a fator ∼200. Beause ofthis the signal to noise ratio is inreased by two orders of magnitude. Alsothe data olleted on the rest of the CCD during the Sun alignment periodsan be used a bakground, reduing the systemati e�ets. The fousingtelesope e�ieny is ∼35%.The Wolter I type X-ray mirror telesope of CAST is a prototype of theGerman X-ray satellite mission ABRIXAS [71℄. It onsists of a ombinationof 27 nested, gold oated paraboli and hyperboli mirror shells with a fo-al length of 160 m. The maximum diameter of the outer mirror shell is163 mm while the smallest one is 73 mm. A spider like struture supportsthe individual mirror shells on the front side, and divides the aperture ofthe telesope in six setors. Given that the diameter of the CAST magnetbore is 43 mm, only a fration of the full aperture of the telesope is usedand therefore only one of the six mirror setors is illuminated by the nearlyparallel X-ray beam oming from the magnet, as the telesope is mountednon-entrally. As any ontamination and absorption on the mirror re�etivesurfae would result in a degradation of the e�ieny, the whole system hasto be operated under vauum onditions (< 105 mbar). 45
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Figure 2.13: Left: The priniple of the Wolter I type telesopes. Right: TheX-ray telesope of CAST (X-ray fousing devie-pnCCD) as installed in theCAST experiment.The pnCCD detetor, on whih the X-rays are foused, is a prototypedeveloped for the European XMM-Newton X-ray observatory, and its opera-tion priniple, along with its performane are desribed in detail in [72℄ andthe referenes therein. A thin (20 nm) uniform radiation entrane windowenables the detetor to reah an e�ieny of almost 100% over the range ofinterest, sine it an work in vauum diretly onneted to the magnet vessel,without the need of any additional window. The hip has a set of 200×64pixels, eah of a size of 150×150 µm2, being its sensitive area 1×3 m2.To redue the bakground level a shielding was installed both inside andoutside the detetor's vessel (�gure 2.14). The shield onsists of a 2 m thiklayer of low ativity opper and a 2.2 m thik layer of low ativity, anientlead enapsulated in opper. An additional 2.5 m lead shield is installed46
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Figure 2.14: Left: Front view of the pn-CCD detetor vessel, showing thehip (entre) and vauum omponents (right side of the image) Right: thedetetor with the inner shielding omponents.outside the detetor's vauum housing.The Time projetion hamberThe subjet of this work is the analysis of the data olleted with the TPCdetetor in 2003 and 2004, and this requires a omprehensive desription ofthe detetor, a whole hapter (hapter 4) is devoted to it.The CalorimeterAs it has been mentioned in setion 1.3.3 the Sun ould be also a soureof axions with energies higher than the 1-10 keV standard range. In orderto searh for these high-energy axions or axion-like partiles a alorimeterwas installed in 2004, sensitive to axion-indued gammas in the range of
∼100 keV to ∼150 MeV. It should be pointed out that for axions of theseenergies the oherene ondition given in equation 2.3 is preserved for highervalues of the axion mass ma as Ea takes bigger values.The detetor (�gure 2.15) is a large ylinder (45×50 m2, 0.64 g) ofinorgani sintillator rystal (CdWO4). It implements low bakground teh-niques in its design (anient lead for the shielding, photomultiplier with low
40K ontent in the glass, radon displaement by �ushing N2) and uses a pow-erful pulse shape disrimination tehnique for the data treatment, being ableto distinguish internal α deays, spurious PMT pulses and osmi neutronsevents from γ-indued events.The detetor was installed on February 2004 behind the MICROMEGASone (�gure 2.16) as the later is transparent to photons with energies higherthan a few tens of keV. It has been taking data till November, when it wasde�nitively dismounted. It should be mentioned here that it has been the�rst time that suh a high energy sensitive devie was plaed behind an axionheliosope. 47
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Figure 2.15: A sheme of the design of the CAST high energy alorimeter.2.2.3. Experimental site and radioative bakgroundThe CAST experiment is loated at one of the buildings in the SR8experimental area at CERN, plaed at ground level. The lower part of thewalls around is made of onrete, while the materials for the upper part are,however, very di�erent: plasti in the north one, and onrete for the eastand south walls (�gure 2.4). The inhomogeneity of the building materialsis evident, and it a�ets the data, as we will see later on the TPC dataanalysis hapters. Sine this is an experiment at sea level, the environmentalbakground is abundant and very rih due to the osmi rays and the siteradiation. Simple requirements in the data olleted allow to eliminate viao�ine uts the bakground ontribution due to harged partiles from theosmi rays, α and β radiation. Therefore the main soure of bakgroundfor the detetors of the CAST experiment are the γ rays, to whih the X-raydetetors would be in priniple blind, but that an generate X-rays via theCompton e�et with the materials surrounding the detetor, and neutrons,whose signal in the detetors an mimi those from the X-rays.By far, the most important ontribution to the bakground is the gammaradiation oming from the radioative hains (uranium and thorium series)and potassium-40 deay in laboratory soil, building and experimental ma-terials. In 2004, a set of measurements to quantify the level of radiation48
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Figure 2.16: The alorimeter installed behind the MICROMEGAS detetor.(from 50 keV till 3 MeV) in the di�erent zones were taken with a high pu-rity germanium (HPGe) gamma spetrometer system [73℄. In �gure 2.17 thedi�erent positions in the experimental hall where these measurements weretaken are shown.These measurements on�rmed the three main omponents mentionedbefore as the soures of the γ bakground, and also showed that the di�erentmaterials on the walls were making very di�erent ontributions to the overalllevel, as it an be seen in �gure 2.18.Radon is also present anywhere due to its gaseous nature, and its on-entration an vary widely depending on auses suh as walls or soil proxim-ity, ventilation, and atmospheri temperature, pressure and humidity [74℄.Radon isotopes have a rather sort deay time (∼3 days the longer one), andthey have their origin on the radioative hains. The disintegration hainof this material involves α and β emission and γ partiles due to the de-exitation of its daughter nuleus. During 2005 the radon onentration inthe CAST experimental site was ontinuously measured in a point lose tothe south wall, �rst along an eight weeks period in summer (from July 28thtill September 26th) and later during four weeks more in winter (November16th till Deember 11th). Examples of the result from these measurementsare shown in �gure 2.19. From these plots it an be seen that in summerthe average radon onentration was around 15 Bqm−3, although a leardaily variation patten of even up to a 100% is observed. This behaviourmay be due to a poor air reyling during the night, together with the in-rease of humidity and derease of temperature during the sunrise, whih anmake the radon onentration to inrease. On the other hand, the wintermeasurements yield an similar average onentration with nearly no daily49
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Figure 2.17: Positions in the experimental hall where the di�erent γ raysmeasurements were taken [73℄.variations.The neutron omponent of the bakground is below the level of the typ-ial gamma bakground. Quantitative measurements of the neutron bak-ground were performed also in the experimental site with a BF3 detetor,showing a nearly homogeneous �ux of 3× 10−2cm−2s−1. This value, and itshomogeneity, points out to a osmi soure.A more detailed explanation on the bakground seen by the TPC an befound in [75℄.
50
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Figure 2.18: Radioative level in di�erent areas of the experimental hall [73℄.

Figure 2.19: Radon onentration variation during two di�erent weeks, the�rst is summer (up) and the seond in winter (down) in the CAST experi-mental area (plots done by E. Ferrer). 51
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Chapter 3The Time Projetion Chamberworking prinipleA review on the basi proesses that take plae in this kind of gaseousdetetors will be helpful to understand the basi CAST Time ProjetionChamber (TPC) features and design, and therefore will be desribed withsome detail in what follows.In short, a harged partile or a photon in a TPC will ionise the gasliberating eletrons (usually alled δ-eletrons in the literature), whih willprodue more eletrons with lower energy while drifting towards the ampli-�ation area. Here, the avalanhe proess will take plae, due to the higheletri �eld gradient in the area lose to the anode wires. Eletri signals,that ontain information about the original loation and harge deposit ofthe initial interation, will be generated in the wires due to the proximityof these harges and proessed and reorded by the aquisition eletron-is. A good text on gas-�lled detetors is the one given by G. Rolandi andW. Blum [76℄In what follows these proesses will be reviewed with some detail, fousingin the detetion of photons.
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Chapter 3. The Time Projetion Chamber working priniple3.1. Ionisation proessesIn general, it is the eletromagneti interation of the photons with themedia in their �ight path the main proess that allows for these partiles tobe deteted [77, 78℄. The interation, unlike what generally happens withan harged partile, will be usually a single loalised event. The total ross-setion σ may be broken down into partial omponents as follows (negletingRayleigh proesses):
σ = σPE + σC + σPP . (3.1)The individual ross-setions are related to the Photoeletri e�et, the Comp-ton e�et and pair prodution respetively. The fator Z embodies the as-sumption that all the atomi eletrons ontribute individually (and inoher-ently) to Compton sattering. This will be true only when the photon energyis muh greater than the K-shell ionisation energy of the atom. Here elasti(Rayleigh) sattering has been negleted, sine it does not remove photonsfrom a beam unless ollimation is very �ne. In �gure 3.1 we have the totalross setion for photons in argon as a funtion of the photon energy, to-gether with the individual ontributions of the di�erent proesses desribed.As an be seen, at low energies, up to several keV, the dominant proessis photoeletri onversion; them Compton sattering takes over, up to en-ergies of a few hundreds keV, and at even higher energies eletron-positronpair prodution is the most probable proess. As in CAST we are interestedin the detetion of photons with energies varying from 1 to 10 keV, the pho-toeletri e�et is the one that onerns us, and therefore the one that wewill review in detail.Photoeletri e�etPhotoeletri absorption is a quantum proess involving one or moretransitions in the eletron shells of a moleule. If we denote by Ej the energyof a given shell j, photoeletri absorption in the shell an take only plaefor photons at energies Eγ ≥ Ej , being the inner most shells the ones to bemore likely involved in the proess. The absorption is maximum at the edge,and then very rapidly dereases with energy. The absorption of a photon ofenergy Eγ in a shell of energy Ej results in the emission of a photoeletronof energy Ee = Eγ −Ej ; the exited atom returns to its ground state mainlythrough two mehanisms:Fluoresene: the transition of an eletron from an energy shell

Ei < Ej into the j-shell, with the emission of a photon of energy
Ej − Ei.Auger e�et: internal rearrangement involving several eletrons fromthe lower energy shells, with the emission of an eletron of energy verylose to Ej .54



3.1. Ionisation proesses

Figure 3.1: Total photon ross-setion in argon versus its energy, and thedi�erent ontributionsThe fration of de-exitations produing the emission of a photon is alled�uoresene yield. For the K-shell, the �uoresene yield inreases with theatomi number. In argon, about 15% of the photoeletri absorptions arefollowed by the emission of a photon [77℄. The seondary photon, emittedat an energy just below the K-edge, has a very long mean free path forabsorption and an, therefore, esape from the volume of detetion. Thisprodues the harateristi esape peak of argon, at energy Eγ − EK.
δ-eletrons ionisationOne the photoeletri proess has taken plae, and the primary photo-eletron and, if so, Auger eletron have been emitted, they both will startto ionise themselves the gas in their enounters with the atoms in the mediaas long as they have enough energy to do so.These harged partile an interat in many ways in a gaseous or on-densed medium, but from all the possible interations (strong, weak, et...)only the eletromagneti one (Coulomb interations, bremsstrahlung, tran-55



Chapter 3. The Time Projetion Chamber working priniplesition radiation, Čerenkov) is the relevant one, as it is many orders of mag-nitude more probable than the others.As these eletrons propagate, their eletromagneti �eld will interat withthe one in the atoms (A) in the medium, resulting in either ionisation:
e−A → e−A+e−or exited states A∗, being this the metastable state of a noble gas in mostommon drift hambers. It is a ommon proedure to have a mix of anoble gas with a moleular additive alled �quenher� (see setion 3.3) and,providing the exitation energy of A∗ is above the potential ionisation of thequenher (B) we an have the following proess (Penning e�et):

A∗ → AB+e−The relative individual ontribution from all these ases to the �nalamount of harge is still in most ases unknown.Statistis of ionisationThe average number of �nal eletron-ion pairs that an be produed persingle photon of energy E interation an be onveniently expressed by:
nT =

E

W
(3.2)where W is the average energy to produe one single pair, whih dependson the energy and nature of the inident partile as well as on the gas om-position and density. As mentioned before, the energy W depends on theionisation and exitation mehanis, and it has to be determined by exper-iment. For pure noble gases, W varies between 46 eV for He and 22 eVfor Xe; for pure organi vapours the range between 23 and 30 eV is typial.Ionisation potentials of the atoms are smaller than W by fators that aretypially between 1.5 and 3, whih give us a hint of the energy that goes toexitation.There is a �utuation assoiated with the number of eletron-ion pairsreated in every interation of a single photon. A priori, suh parameterwould be expeted to be Poisson distributed, as it is the ommon assumptionto do for any variable that an only have disrete values. But experimentallythis was disovered not to be the ase. To quantify how far the variane ofthe �nal distribution is from the naive Poissonian one, the Fano fator F wasintrodued. In a Poissonian distribution we know that the variane is equalto the mean, whih in our ase would be nT . Then the real variane of thedistribution will be given by

σ = FnT . (3.3)In �gure 3.2 we an see two examples of the number of eletrons distri-bution obtained for 3 and 8 keV photon interation on argon respetively,simulated with Gar�eld program [79℄, whih uses Heed routines to alulatethe interation of the partiles with the gas [80℄. We see that indeed these56



3.2. Drift of eletrons and ions in gases

Figure 3.2: Spread in the number of eletrons produed by the interation of3 keV (left) and 8 keV (right) photons in argon simulated with Gar�eld [79℄program. On the right plot we see also the ontribution from the esape peak.distributions look like narrow large mean Poissonians.In drift hambers the energy deposition will be related to the amountof harge whih is reorded in the sense wires. Then, as it an be guess,the energy resolution of a drift hamber is ultimately determined by thisfator F, as for the same deposited energy not always the amount of hargegathered will be the same. F tells about the magnitude of this spread. Ithas been seen that it an depend on the nature and energy of the inidentpartile, as well as on the gas mixture and onditions [81℄.3.2. Drift of eletrons and ions in gasesOne the photon interation has taken plae and the seondary hargeshave been reated, we must now study their drift due to the eletri �eld Eapplied. The behaviour of a drift hamber will depend on this proess, andtherefore we will study it with some detail.The phenomenon that we want to desribe is the motion of eletron andion swarms through neutral gases when an eletri �eld is applied. To ad-dress this problem the kineti lassial theory based on the linear Boltzmanntransport equation is used. This an be done when the de Broglie wavelengthof the swarming eletrons is muh smaller that the spaing between atoms,whih will be the ase until the gas reahes pressures of ∼ 100 atm. A nieintrodutory review on the matter is given by Kumar [82℄.As in the CAST TPC there is not magneti �eld applied, only the aseB=0 will be developed, for further information the reader is again diretedto the referene quoted before. 57



Chapter 3. The Time Projetion Chamber working prinipleDrift and di�usion of eletronsIf there were no eletri �eld in the gas hamber, the harges produedin the interation of the photon would quikly lose their energy in multipleollisions with the gas moleules and assume the average thermal energydistribution of the gas. Simple kineti theory of gases provides the averagevalue of the thermal energy, ǫT = (3/2)kT ≈ 0.04 eV at normal onditions,being the Maxwellian distribution of the energies given by:
f(ǫ) = C

√
ǫ e−(ǫ/kT ). (3.4)If a eletri �eld is applied, the free eletrons will ontinue to have anondiretional veloity v (and a di�erent energy ǫ) but they will also exhibita drift along the �eld diretion, with a muh lower mean drift veloity w.As the eletrons are sattered on the gas moleules, this drift veloity willderivate from the average, owing to the random nature of the ollisions, andthe swarm will show as a net di�usion that inreases with time. Wagneret al.[83℄ disovered that the value of eletron di�usion along the eletri�eld an be quite di�erent from that in the perpendiular diretion. Thedetermination of these parameters, drift veloity w and transversal and lon-gitudinal di�usion oe�ients DT ,DL, together with their relation with themirosopi parameters of the swarm, is of ruial interest on gas hamberdesign and development. In this way, the spatial resolution of a hamber willdepend diretly on the value of DT , and its temporal resolution on DL. Inwhat follows how these swarm theories ope with the determination of theseparameters will be brie�y explained.The probability of �nding any eletron at loation r with a veloity v isthe quantity of interest as a starting point. As this quantity may well hangeover time, we must also onsider its dependene upon time t, f(r,v, t). TheBoltzmann transport equation states that:

(
∂

∂t
+ v∇r +

e

m
(E + v × B)∇v + Jf(r,v, t)

)
= 0, (3.5)where J denotes the ollision operator. In swarms the phenomena are on-trolled by ollisions between the harged partiles and the bakground gas.Therefore interations between the partiles themselves play no role, as it hasbeen proven experimentally varying the harged partile densities by severalorders of magnitude and showing that the transport harateristis are nota�eted by this. Beause of this, the Boltzmann ollision operator an betaken to be linear.We an de�ne the density n(r, t) of harged partiles in the gas, andit is straightforward to see that this parameter an be alulated from thedistribution funtion f by:

n(r, t) =

∫
f(r,v, t)dv. (3.6)58



3.2. Drift of eletrons and ions in gasesThe equation of ontinuity for n(r, t) provides the link between theoryand experiment. In its usual notation it is given by (providing that theeletri �eld is in the z diretion):
∂tn = −αn − w∂zn + DT (∂2

x + ∂2
y)n + DL∂2

zn. (3.7)Here α is the attahment oe�ient and represents, as it will explained laterwith more detail, the rate of eletrons being lost beause of reombination.This equation is just a representation of the evolution in spae and time ofthe swarm of eletrons as it drifts towards the eletrodes.Solving this set of di�erential equations (3.5, 3.6, 3.7) would give usthe relation of the transport oe�ients with the mirosopi piture of thesystem.But this is not an easy task to do, and some approximations are required.First of all it is of extended use to develop the distribution funtion f inspherial harmonis:
f(r,v, t) =

∞∑

l=0

l∑

m=−l

f l
m(r,v, t)Y l

m(v̂). (3.8)The lassial theory of eletron transport properties, that was widelyaepted until the late 1970s, was assuming that the eletrons were under-going only elasti ollisions with the neutral moleules. In this ase, whenan eletron of mass m and a neutral moleule of mass M exhange a fra-tion (∼ 2m/M ≪ 1) of their energy, even if the swarm is driven though thegas by a strong eletri �eld, energy and momentum gained from the �eldwould be distributed in all diretions, whih has the e�et of randomisingdiretions of eletron veloity vetors v without signi�antly altering theirmagnitude. When the distribution funtion is isotropi in phase spae thisseries of spherial harmonis should be rapidly onvergent and the �two-term�approximation (lmax = 1) an be taken. Palladino and Saudolet [84℄ werethe �rst ones to apply this formalisms to drift hambers. Just for illustrationpurposes, the two-term derivation will be quoted here, giving the results thatan be attained.Based on the onditions of the typial experiment setup, these two-termtheories are usually developed in the hydrodynami regime, where swarmevolution is una�eted by boundary onditions and has no memory of itsinitial on�guration. This allows us to neglet the spatial and temporaldependenies of f , regarding it as a funtion of veloity alone f = f(v).The regime of elasti sattering, as well as good part of the regime inelastisattering an be desribed by two funtions: an e�etive ross setion 1
σ(v) and the frational eletron energy loss per ollision λ(v). In the normalworking onditions of a drift hamber the energy of the eletrons due to the1This parameter is often alled the momentum transfer ross-setion 59



Chapter 3. The Time Projetion Chamber working priniple�eld is muh more higher than the thermi one and, as an approximationalso here we neglet their thermal motion. With all these assumptions thedistribution of the random veloities an be given by:
f(v) ∝ exp

(
− 3

e2

(
N

E

)2 ∫ ǫ

0
λσ2ǫdǫ

)
, (3.9)where the total energy of the eletron is related to its instantaneous veloityby ǫ = 1/2mv2. Figure 3.3 shows the energy distribution of these eletrons

f(ǫ) for di�erent eletri �eld values.
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Figure 3.3: Energy distribution of eletrons moving in a gas where a eletri�eld E is applied (Calulated with Gar�eld).With suh distribution the drift veloity is given by:
w = −4π

3

e

m

E

N

∫ ∞

0

v2

σ

df(v)

dv
dv, (3.10)where N is the number of atoms of the gas per unit volume.As we have assumed an isotropi approximation the di�usion oe�ientis going to be also isotropi:

D =
4π

3N

∫ ∞

0

v3

σ
f(v)dv. (3.11)60



3.2. Drift of eletrons and ions in gasesIf we were alulating the eletri anisotropy of di�usion we should retain inthe distribution f(v) its dependene on position.As it has been said before, we must notie that this expressions de-pend on the momentum transfer ross-setion σ(v) and on the frationalenergy transfer λ(v), and therefore we should expet to determine then ex-perimentally. But indeed it is simpler to determine from experiments thedrift veloity and the di�usion oe�ients of a given gas, than to measureits ross-setion. It is using the equations 3.10 and 3.11 that the ross setionfor given gases an be dedued. It has been found that this parameter variesfor some gases very strongly with the eletri �eld, going through maximaand minima (Ramsauer e�et). This is a onsequene of the fat that theeletron wavelength approahes those of the eletron shells of the moleule,and omplex quantum-mehanial proesses take plae there. In �gure 3.4we an see the argon ross-setion as a funtion of the energy for the di�erentproesses that an take plae.

Figure 3.4: Argon ross setion as a funtion of the energy for the di�erentproesses that an take plae, as used by the Magboltz simulation toolkitSoon it was realized that these approximations made this expression of-ten hopelessly inadequate for many typial situations enountered in gasdetetors. Indeed, when two or more gases are mixed together, it has beenobserved that the alulated eletron drift and di�usion properties di�erfrom the measured ones although the gases separately an be auratelydesribed by a Boltzmann transport equation. Therefore nowadays it iswidely stabilised, that if high aurate (around 0.1%) theoretial values of61



Chapter 3. The Time Projetion Chamber working prinipleeletron transport oe�ients are required, �multiterm� solutions of Boltz-mann's equation are needed [85℄.Also now a omputer toolkit alled Malgbotz [86℄ for simulation of par-tiles swarms is gases is available. The Monte Carlo tehnique that thissoftware uses allows the solution of the transport equations to be indepen-dent of the series expansions in Legendre Polynomials or Spherial Harmonisrequired by analyti solutions of the Boltzmann equations. All eletron sat-tering, exitation, ionisation and attahment are treated, and the auraythat an be attained is better than 1 % for the drift veloity and 2 % on thedi�usion oe�ients, depending on how well the ross setion are known.For example, the ross setion of argon used by this software is shown in�gure 3.4.In �gure 3.5 we an see the simulated (Gar�eld [79℄) interation of X-rays in argon (Heed [80℄) and the onsequent drift of the eletron swarm(Malgbotz [86℄)

Figure 3.5: Left: Interation and drift of a 4.5 keV photon in argon:CH4(95:5) simulated with Gar�eld in interation with Heed (ionisation) and Mal-gbotz (drift). Right: the same for a 3 keV photon.Drift of ionsThe drift of ions an also be desribed within the framework of the Boltz-mann equation explained in the previous setion. But there is a ruialdi�erene now, given by the fat that the mass of the ions this time is ofthe same order as the mass of the surrounding atoms. Also the hemialreations involved in their interation with suh atoms are di�erent.Ions in similar �eld aquire, on one mean-free path, an amount of energythat is similar to that aquired by eletrons. But a good fration of this62



3.2. Drift of eletrons and ions in gasesenergy is lost in the next ollision, and the ion moment is not randomisedas muh. Therefore far less energy is stored in the motion, and the energyof ion will be mostly thermal. Also the di�usion will be several orders ofmagnitude smaller than that of the eletrons in similar �elds.The drift veloity is found experimentally to be proportional to the re-dued �eld E/p (eletri �eld/pressure of the gas) up to high �elds. It istherefore onvenient to de�ne a quantity alled mobility µ as:
µ =

wi

E
, (3.12)where wi is the average drift veloity of the ions. A onstant mobility is theonsequene of the fat that, up to very high �elds, the average energy ofions is almost unmodi�ed, whih of ourse is not the ase for eletrons, as ithas been explained.In order to �nd a expression that would relate the mobility µ with themirosopi parameters of the hamber a very simple model of ollision ofrigid spheres an be used. Applying the most basi kinematis to it [76℄ thefollowing expressions an be dedued:Low �eld: When the �eld applied to the hamber is lower than theone in whih the ion, over a mean free path, would pik up an amountof energy equal to the thermal one, the following expression is obtained:

µ =

(
1

m
+

1

M

)1/2( 1

3kT

)1/2 e

Nσ
, (3.13)where m and M are the masses of the ion and the gas moleule respe-tively. We see that for low �elds it is harateristi of the mobility tobe independent of the �eld strength E.Large �eld: In this ase this expression turns out to be:

µ =
( e

m∗NσE

)1/2
(

λm

2m∗

)1/4

, (3.14)where the redued mass m∗ is given by 1/m∗ = 1/m + 1/M . In thisase we see that mobility does depend on E as 1/
√

E.Also this lassial argument leads to the following relation between the dif-fusion oe�ient of the ions D and their mobility µ:
D

µ
=

kT

e
(3.15)known as the Nernst-Townsend or the Einstein formula.In �gure 3.6 we an see the mobility of several speies of ions in argon forE/N 10 Td (low �eld). The solid line represents the expeted value assumingthe model where both the ions and the gas atoms are rigid spheres. 63



Chapter 3. The Time Projetion Chamber working priniple

Figure 3.6: Mobility of ions in argon at E/N 10 Td [87℄Eletron attahmentDuring their drift, eletrons may be absorbed in the gas by the forma-tion of negative ions. Whereas for noble gases ollisions energies of severaleletronvolts (whih are bigger than the energies reahed during the driftis gas hambers) are required to form stable negative ions, there are somemoleules, often present in the gas as impurities, that are apable of attah-ing eletrons at muh lower ollision energies. Among all the elements, thelargest eletron a�nities are found with the halogenides (3.1-3.7 eV) andwith oxygen (∼ 0.5 eV). Therefore we have in mind ontaminations due toair, water, and halogen-ontaining hemials.The rate of attahment is a very omplex quantity that will depend onthe mean energy of the eletrons (ǭ) and on the nature and onentration ofthe moleular omponents of the gas. For example, the three-body O2 at-tahment oe�ient involving the methane moleule is large enough to auseeletron losses in hambers where methane is a quenhing gas. With 20%
CH4 at 8.5 bar, an oxygen ontamination of 1 ppm will ause an absorptionof a 3%/m of drift at a veloity of 6 m/µs.In general, for the operation of drift hambers the absorption of eletronsis a nuisane beause the signal is being attenuated. Therefore this e�et isalways avoided as muh as possible using lean gases.64



3.3. Ampli�ation of ionisation3.3. Ampli�ation of ionisationPhenomenologyUp to now we have a loud of eletrons drifting due to the onstanteletri �eld in the hamber. But to really �detet� the inident photonwe need to onvert them into an eletri signal, whih is not an easy taskto do, given the feeble nature of the eletron swarm. Beause of this anampli�ation stage is required where the number of eletrons is multipliedby a fator that an osillate from 103 till 108 depending on the detetor. Toarhive this, these drifting eletrons are driven through an inreasing eletri�eld where they will aquire enough energy to start ionisation avalanhes.The simplest and most used example of �ampli�er� is the proportional wire,whih I will explain here in detail, as it is the one used in the CAST TPC.It owns its name to the fat that the signal is proportional to the number ofeletrons olleted.As an eletron drifts towards the wire it travels in an eletri �eld whihis not onstant anymore, but has a radial dependene given by:
E(r) =

λ

2πǫ0

1

r
, (3.16)being λ the linear harge density and r the radial distane from the wire.It is very lose to the wire when the �eld starts to be radial and there-fore the avalanhe develops in the very near viinity of the anode, being itslongitudinal extent typially of the order of 50 to 100 µm.When the eletri �eld that the eletrons feel is higher than a few kV/mthe energy that these ones an pik up between ollisions is enough to produeinelasti phenomena, exitation of various kinds and ionisation, muh thesame as disussed in setion 3.1. In general the physial proess inside theavalanhe are quite ompliated and not well known yet.A very interesting role is played by the photons from de-exitations,whih are as abundant as eletrons beause the relevant ross-setions areof the same order of magnitude. Some of these photons will be energetienough to ionise the gas and that involves a very dangerous phenomena forthe proportionality of the avalanhe. If it happens that these ionising photonstravel further, on the average, than the original size of the avalanhe, thenthe eletrons that they produe will eah give rise to another full avalanheand the ounter may break down. To absorb these far-travelling photons anorgani quenh gas is mixed with the noble gas. The moleules of this gas,an be exited in rotational and vibrational modes, whih are radiationless,opposite to what happens to a noble gas, where the only exitation modesgo through radiation absorption and emission. Therefore most of this energywill be dissipated thanks to the addition of this organi vapour to the noblegas, and therefore the proportionality of the avalanhe will be ensured. 65



Chapter 3. The Time Projetion Chamber working prinipleAmpli�ation fatorNow we are interested in quantifying the magnitude of the multipliation.As desribed in the previous setion, the physis proesses involved in theavalanhe are not well known yet and therefore there is not a mirosopiexpression that ould give us the number of eletrons that we will have atthe end per initial one. To alulate this a pure experimental parameterwas introdued alled the �rst Townsend oe�ient (α). This oe�ientrepresents the number of ion pairs that are being produed per eletron andper unit of length. This being known, the inrease of the number of eletrons
dN per path ds will be given by:

dN = Nαds. (3.17)The ampli�ation fator on a wire will be given by integrating this expressionbetween the point smin where the �eld is just su�ient to start the avalanheand the wire radius a:
N

N0
= exp

∫ a

smin

α(s)ds, (3.18)where N and N0 are the �nal and initial number of eletrons, and the ratio
N/N0 is alled gain (G). Expression 3.18 an be reast in a more onvenientway if the dependene on the eletron path s is tranformed on a dependeneon the eletri �eld E. In this ase smin will orrespond with Emin, whih isthe minimal �eld to start multipliation, and orresponds with the energyrequired to ionise the moleules divided by the mean free path betweenollisions. Therefore Emin will be proportional to the gas density. In thisway we will have:

G = exp

∫ E(a)

Emin

α(E)

dE/ds
dE. (3.19)In the ase of the proportional wire we know that the eletri �eld is givenby equation 3.16, and substituting this in equation 3.19 we have:

G = exp

∫ E(a)

Emin

λα(E)

2πǫ0E2
dE. (3.20)Therefore, if the dependene of the �rst Townsend oe�ient with the eletri�eld were known for a ertain detetor on�guration and gas mixture, itwould be possible to get an analyti expression for the gain. But in general,as it has been explained before, no fundamental expression exists for α andit must be measured for every gas mixture. In �gure 3.7 we an see themeasured dependene of this oe�ient on the eletri �eld divided by thepressure of the gas. As it an be seen they are proportional, as the ionisationross setion goes up when the energy ǫ of the eletrons inreases.66



3.3. Ampli�ation of ionisation

Figure 3.7: First Townsend oe�ient as a funtion of the redued eletri�eld for di�erent noble gases [77℄The Magboltz simulation toolkit mentioned in setion 3.2 an also al-ulate the �rst Townsend oe�ient given the gas on�guration and theeletri �eld, although still the results obtained are not very aurate due tothe lak of understanding of the di�erent avalanhe e�ets, mainly photo-and Penning ionisation [88℄.Statistial Flutuation of the gainOne the ampli�ation of the harge has been studied introduing the�gain� of a gaseous detetor, some little attention will have to be paid to thestatistial �utuation of this parameter, as this also will limit the ultimateenergy resolution apability of the detetor. If the approximation of everyeletron generating its own avalanhe independently of the presene of theothers near by is taken, then the distribution of the total number of ele-trons at the end of the avalanhe an be given by adding up the probabilitydistributions P(n) of having n eletrons at the end of the individual littleavalanhes. There are several di�erent models to determine P(n), and herethe most ommon ones will be quoted.Yule-Furry Proess In this model we will assume that an eletron atevery moment an split in two, being the probability for the birth of anothereletron in any interval ∆t proportional to the number of eletrons n and a67



Chapter 3. The Time Projetion Chamber working prinipleonstant parameter λ:
nλ∆t. (3.21)In this ase the probability distribution for the number of eletrons is givenby:

P (n) =
1

n̄

(
1 − 1

n̄

)n−1

, (3.22)where n̄ is its mean. The limit of n̄ → ∞, whih is quite appropriate foravalanhes, yields the following distribution:
P(n) =

1

n̄
e−n/n̄ (3.23)with variane σ2 = n̄2. So we see that the Yule-Furry proess has an expo-nential distribution, being the small signals the most probable ones and ther.m.s width is equal to the mean.This exponential distribution is observed in small eletri �elds (seeRolandi and Blum book for an example of experimental measurements) but,for high values of E, the main assumption of this theory is not ful�lled be-ause in this ase the instantaneous probability of ionisation does depend onthe previous history of the eletron, in partiular, on the distane r whih theeletron has overed towards the anode after the last ionisation. To explainthe experimental results a new model was introdued by Byrne in 1962 [89℄Byrne Proess To ope with the dependene on the distane to the wireByrne introdues a funtion θ(r) in the expression 3.21 of the probability forthe birth of a new eletron whih now will be given by:

nλθ(r)

(
b +

1 − b

n

)
∆r. (3.24)The dependene on n in this ansatz represents the idea that a �utuation tolarge n in the �rst part of the avalanhe redues the rate of development inthe seond part. Also a unde�ned parameter b is introdued beause we willbe lead to a lass of distributions that inlude the Yule-Furry distributionfor b=1, and the strongly peaked around the media Poisson distribution forb lose to 0.If a reasonable assumption for the funtion θ(r) in given, the expressionof P(n) derived from 3.24 is:

P (n) =
1

bn̄

1

k!

( n

bn̄

)k
e−n/bn̄, (3.25)where n̄ is the media, σ2 = bn̄2 the variane, and k=1/b-1. Di�erent ex-pressions for θ(r) will be re�eted in a di�erent value for the media of thedistribution. Here the asymptoti assumption n̄ → ∞ have been used also.68



3.3. Ampli�ation of ionisationThis distribution is alled Polya or negative binomial, and as it has beenmentioned before, when b=1 it yields the expression 3.23, shifting to thePoissonian distribution when b moves to zero.The ratio that deides the distribution funtion of the �nal number ofeletrons produed in the avalanhe is:
χ =

E

α(E)Uion
, (3.26)where E is the eletri �eld, α the �rst Townsend oe�ient and Uion theionisation potential of the gas. The average distane that eletrons an travelbetween two suessive ionising ollisions is equal to 1/α by de�nition of the�rst Townsend oe�ient. Then E/α is the energy that these eletronsan pik up in this distane. When this quantity is muh bigger than theionisation energy Uion of the gas we an say that the probability for thereation of a new eletron does not depend on the previous history of theeletrons whih are already in the media, whih is the ansatz for the Yule-Furry proess. Due to the dependene of α with E (see �gure 3.7) the ratio χusually dereases with inreasing E, and knowing this it an be understoodwhy the probability distribution orresponding to the Yule-Furry proess isvalid only for low �elds strengths.When the geometry of the avalanhe is driven by a wire we have a fullrange of �eld strengths. In this ase it an be expeted that the shape ofthe distribution is determined mainly by the weaker �elds at the beginningof the avalanhe beause it is more in�uened by the statistis of the smallnumbers than by the intensity variations in the fully developed avalanhe.Up to now we have been talking about single eletron distributions, but ingeneral we have N eletrons generated in the primary radiation interation.The probability distribution of these N ions, F(N) is usually given by theentral-limit theorem of statistis, provided this number N is large enough.N will be given by the sum:

N = n1 + n2 + n3 + ... + nk (3.27)where eah of the independent variables ni has the distribution funtion P(n)alulated before with mean n̄ and variane σ2. Then the theorem states thatthe distribution F(N) will be given by:
F(N) =

1

S
√

2π
exp

[
(N − N̄)2

2S2

] (3.28)with mean N̄ = kn̄ and variane S2 = kσ2.If the energy resolution were a ruial point on the design of a gaseousdetetor, variable eletri �eld in the ampli�ation zone should be avoidedand the eletri �eld should be big enough to ensure the Poisson-like Polya69



Chapter 3. The Time Projetion Chamber working prinipledistribution regime (b lose to zero), where the smallest varianes in rela-tion with the mean an be ahieved. Indeed proportional ounters energyresolution depends upon may fators inluding anode wire non-uniformity(deposits on old wires), eletron attahment to gaseous impurities, ampli�ernoise and others. Of all these fators only statistial �utuations ourring inthe number of primary ion pairs produed by the ionisation radiation (drivenby the Fano fator, see setion 3.1)and the number of seondary eletronsprodued in the avalanhe initiated by eah primary eletron fundamentallylimits the resolution, and an not be eliminated in priniple.3.4. Creation of the signalThe moving harges between eletrodes of a hamber are the soure ofthe eletri signal piked up by ampli�ers onneted to these eletrodes.Therefore, the pulse signal is formed by indution, rather than the atualolletion of the harges itself. Before the avalanhe, the total amount ofharge is negligible, and therefore is only when the avalanhe starts takingplae that the signal indued in the eletrodes is above the eletri noise.In general the read out area of a gaseous detetor is formed by severaleletrodes whih may be wires -as it is the ase of the traditional MWPC(Multy Wire Proportional Chamber)- or, as it is the usual tendeny now,stripes or pixels. Determining the signal that one moving harge induesin this read out is a ompliated eletrostati problem whih is ommonlyaddressed by means of the Ramo's theorem [90℄. It desribes the situationwhere a harge Q is moving in the spae between several eletrodes, ausingharges to �ow into and out of the eletrodes, eah of whih is onneted atsome potential to an in�nite reservoir of harge. This theorem states thatthe urrent i(t) indued by this moving harge Q in the partiular eletrodei an be alulated by:
I(t)i = Q · EWi

· v(t), (3.29)where EWi
is the �weighted �eld� de�ned as the eletri �eld alulatedwith the eletrode i biased to 1 Volt and having the rest of the eletrodesgrounded. Its unity is [EW ℄= 1/m. Here v(t) is the drift veloity of theharge moving in this eletri on�guration. The prof of this theorem isquite simple, and an be found for example in referene [76℄. It makes sensethat this expression is proportional to the harge as we know that in theproportional mode the intensity(voltage) must be proportional to it. We seealso that the drift veloity of the harge plays a role in this expression, as thefaster the harge moves, the more pronouned the hange in the intensitywill be.If now we take the situation where a pair eletron-ion is reated duringthe avalanhe in the viinity on an eletrode, we see that the ontribution70



3.4. Creation of the signalfrom the eletron to the intensity in this wire will be a very fast pulse asit drifts very fast ompared to the one the ion. As the harge is the samein the two ases, the area overed by eah ontribution to the pulse mustbe also the same, but the ion one will be a very slow replia of the eletronsignal. Hene, as a general harateristi of gas hambers, the signal urrenthas a fast and large in V omponent due to the eletrons, superimposed tothe ion urrent with is muh smaller in V but orders of magnitude longer intime. Sine the eletron omponent may be less than 1ns in duration, veryfast eletronis is needed to see it.In the general ase we have a lot of ion pairs reated during the evolutionof an avalanhe generated by one single primary eletron, and depending onthe geometry of the drift situation, these ionisation eletrons may arrive tothe wire staggered in time. The resulting pulse will be a superposition ofmany pulses displaed in time.The alulation of the urrent Intensity evolution in a wire due to a mov-ing harge by means of the Ramo's theorem is implemented in Gar�eld [79℄toolkit, and therefore it an be used for eletri simulations.
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Chapter 3. The Time Projetion Chamber working priniple
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Chapter 4The CAST Time ProjetionChamberThe signal expeted in any of the CAST detetors is a low intensity pho-ton �ux at the keV level oming from the magnet bores. The TPC wasdesigned to have its maximum detetion e�eny for these kind of events,making neessary some original approahes in its onstrution. In this hap-ter �rst both the hardware (detetor and eletronis setup) and the software(data aquisition and analysis) of the hamber will be desribed in detail.Then, the haraterisation of the hamber will be presented, determinedfrom a set of extensive X-ray alibrations that over most of the CAST sig-nal energy range. Finally a shielding built to redue and homogenise thebakground level reorded by the TPC will be desribed.
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Chapter 4. The CAST Time Projetion Chamber4.1. TPC hardware4.1.1. Desription of the hamberAs it has been said, the properties of the signal expeted in the CASTexperiment are very spei� and well de�ned. This led to a very harateristiproperties of the detetor, whih will be reviewed in what follows.Due to the very low intensity of the hypotheti axion signal (a few tensof events per year) it is mandatory in CAST to aumulate statistis for thelongest possible period of time. Therefore the CAST detetors are requiredto have a robust and stable operation in time, together with good bakgrounddisrimination apabilities. As the energy spetrum of the signal goes from1 to 10 keV, peaking at ∼ 4 keV, the detetors must also have a good de-tetion e�ieny in this range, whih involves a low detetion threshold ataround 0.5-0.7 keV. Last but not least, the axion signal would be traduedin a photon �ux oming parallel to the magnet bore, and therefore a CASTdetetor must have enough position resolution to rejet the events omingfrom other diretions di�erent than this one.In �gure 4.1 we have a drawing of the TPC where its main omponentsan be seen. The material hosen to build the detetor was plexiglass due to

Figure 4.1: Left: General view of the di�erent omponents of the TPC. Right:Both side views of the TPC to illustrate the di�erent dimensions.its low level of radioativity. This material was previously measured at theCanfran Underground Laboratory faility [91℄, �nding it to have an ativitylevel of <100 mBq/kg of 238U, <10 mBq/Kg of 235U, <5 mBq/kg of 232Thand <30 mBq/kg of 40K. With the exeption of the eletrodes themselves,plus the srews and the Printed Ciruit Board (PCB), all the hamber ismade from this material. The thikness of the plexiglass wall delimiting thegas region is 17 mm. As the low energy X-ray photons would be stopped bythis material, the TPC side faing the magnet has two 6 m diameter holesto allow the hypotheti signal to go into the hamber, overed with two thin74



4.1. TPC hardwarealuminised mylar windows isolating the detetor from the magnet bores. Thematerial was hosen beause of its strength and high transpareny to X-rays.Anyhow, to hold the ∼ 1 atm pressure di�erene between the hamber gasand the magnet bore vauum, the foil is strethed on a metalli strongbakmaking the system more robust (�gure 4.5). For alibration purposes threeround holes exists on the plexiglass wall, two of them faing these windowson the bak of the hamber, while the third one is on a lateral side, beingall of them also proteted with thin mylar foils.The gas inside the TPC has a onversion volume of 10×15×30 cm3, beingthe 10 m drift diretion parallel to the magnet beam axis, and therefore thesetion of 15 × 30 cm2 perpendiular to it. These dimensions are by farenough to over the two magnet bores, whih have a diameter of 42 mmeah and their entres are separated 18 mm. This way a big amount of thebakground radiation is deteted on the edges of the hamber and easilyrejeted o�ine by a �duial ut.The gas hosen to �ll the onversion volume in the TPC is argon mixedwith methane as a quenher in a 95:5 proportion. A ontinuous �ow of newgas to the hamber with a 2 l/h rate ensures the gas purity, important forthe proper working onditions of the hamber, as explained in the previoushapter. This mixture was hosen by its good detetion e�ieny for photonsin our range of interest. In �gure 4.2 the mean free path of photons in severalgases at normal onditions, argon being among them, is represented as afuntion of the energy of the inident photon. As it an be seen, there is amaximum in this parameter when this energy is around 3 keV, whih is thebinding energy of the K-shell of the argon atom, and then dereases veryrapidly as the inident energy inreases. The hamber was designed withsuh a long drift longitude to have distane enough for most of these ∼3 keVphotons to interat and therefore not lose e�ieny in this energy range,whih is lose to the peak of the axion signal spetrum.The eletrostatis is driven by a drift eletrode loated on the inner sideof the hamber wall losest to the magnet, and by two athode and one anodeplanes of wires plaed on the other end of the hamber, as it an be seen in�gure 4.1. The drift eletrode is an aluminium layer overing the plexiglassand the mylar windows, biased at -7 kV. On the bak side of the TPC theanode plane is also biased at +1.8 kV and plaed between the two groundedathode planes. The �rst athode plane is loated at 9 m from the drifteletrode and at 3 mm from the anode plane, whih itself is 6 mm far fromthe last athode plane. This asymmetry in the distane between the anodeand athode planes was designed on purpose to enhane the indued signalfrom the movement of the ions produed in the avalanhe in the �rst athodeplane, whih is the one being read out by the eletronis, together with theanode wires plane.Eah athode plane ontains 96 wires of 100 µm diameter eah (goldplated tungsten) that run parallel to the narrower side of the hamber. On75



Chapter 4. The CAST Time Projetion Chamber

Figure 4.2: Photon mean free path in several gases at normal onditionsversus the photon energy Eγ .the other hand the anode plane has 48 wires of 20 µm eah running perpen-diular to the athode wires, and thus providing two dimensional informationfor eah event. The distane between wires is in all ases 3 mm. Sine anX-ray deposit in a gaseous detetor is a very loalised event, it will �re onlyup to ∼3 wires in the anode plane, ontrary to what happens in generalwith a harged partile bakground. Figures 4.3, 4.4 show examples of suhdepositions for a bakground event (left) and for an X-ray (right). The plotson �gure 4.3 display the time evolution of the harge pulse generated in eahwire for the row of anodes, while in �gure 4.4 the same is shown for the rowof athode wires. The very harateristi pro�le of an X-ray event providesthe framework for a seletive analysis.The linear eletri �eld from the drift eletrode to the �rst athode planeis lose to 800 V/m and, in order to keep its linear shape even lose tothe edges of the hamber, several retangular (15 m × 30 m) rings atintermediate voltages stepping from 0 to -7 kV are used, as it an be seen in�gure 4.5. From the �rst athode plane to the anode one the eletri �eld ismuh higher and starts having a radial pro�le at a few radius distane fromthe anode wires, where the avalanhe starts taking plae.Figure 4.6 shows, on the left, a view of the omplementary piee of the76



4.1. TPC hardware
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Chapter 4. The CAST Time Projetion Chamber

C
at

ho
de

 n
um

be
r

10
20

30
40

50
60

70
80

90
Ti

m
e 

fr
om

 th
e 

tr
ig

ge
r 

(1
00

 n
s)5

10
15

20
25

30
35

ADC counts

02040608010
0

C
at

ho
de

 n
um

be
r

10
20

30
40

50
60

70
80

90
Ti

m
e 

fr
om

 th
e 

tr
ig

ge
r 

(1
00

 n
s)5

10
15

20
25

30
35

ADC counts

05010
0

15
0

20
0

25
0

30
0

35
0

40
0Figure 4.4: Time evolution of the harge pulse generated in eah wire of theathodes plane as reorded by the �ash-ADCs. On the left a bakground eventis plotted, while on the right a X-ray like deposition is shown.78



4.1. TPC hardwarehamber to the one on the right in �gure 4.5, where also the plexiglass walls,together with the Printed Ciruit Board an be seen. On the right, a loserdetail of the inner part of this age is shown, where the rossed wires planesand the alibration holes an be observed.The TPC is attahed to the magnet by means of two himneys thatouple it to the magnet bores. They are painted with blak paint so thatthere is no external light going into the TPC. On the left �gure of 4.7 wean see an upper-view of the hamber oupled to these two himneys, andon the right there is a view of the hamber attahed to the CAST magnet.

Figure 4.5: Left: piture of one of the windows that isolates the hamberfor the magnet bore. Here the metalli strongbak an be appreiated. Right:detail of the plexiglass hamber age. In the front the �eld-shaping rings anbe seen, together with the holes that fae the magnet bore and where the mylarwindows are plaed.

Figure 4.6: Left: TPC omplementary piee to the one shown on the left inthe previous �gure. Right: detail of the wires and the alibration hole. 79



Chapter 4. The CAST Time Projetion Chamber

Figure 4.7: Left: Upper view of the hamber where the two himneys thatonnet it with the magnet an be appreiated. Right: TPC attahed to themagnet.4.1.2. Front-end eletronisThe front end eletronis for the CAST TPC onsists on 144 independenthannels. Eah of them takes the data through three basi units, as shownin �gure 4.8: a harge sensitive ampli�er/shaper, an FlashADC (Analog to

Figure 4.8: Shemati diagram of TPC signal proessing [92℄.Digital onverter) hip, and a digital iruit whih an perform the pedestalsubtration and zero suppression on the digitalised data. These two lastfeatures are arranged in the same hip, alled ALTRO (ALICE TPC Read-Out) and developed at CERN for the ALICE experiment [92℄. The samemodules have been used in the HARP and CERES (NA45) experiments atCERN. A ard alled FEC (Front End CARD) ontrols 48 ALTRO hipsand therefore the CAST TPC makes use of three of them in order to proess80



4.1. TPC hardwarethe 144 di�erent hannels.Preampli�ersThe proessing of the raw signal indued on the wires starts in a set of4-hannel ALCATEL SMB302 preampli�ers/shapers ( PASA, Pre-Ampli�erShaping Ampli�er) positioned on the same printed iruit board that sup-ports the wires. They are based on a Charge-Sensitive Ampli�er (CSA)whih integrates the pulse oming from the wire, being the voltage outputproportional to the harge with a onversion gain of 6 mV/fC. This outputgoes then through a semi-Gaussian pulse shaper. This model was speiallydesigned for the analog read out of a TPC and for this it an provide fastpreampli�ation, shaping for tail anellation (to remove the long ontri-bution of the ions drift to the signal that an introdue dead time in thedetetor), exellent base line restoration and of ourse stability under repet-itive onditions.A oaxial able using kapton as a insulator to shield the signal fromexternal interferenes drives the preampli�ers output signal to the next stepon the signal proess.4.1.3. Eletronis general shemeFigure 4.9 shows a logi sheme of the TPC aquisition system, whihuses standard NIM and VME eletronis. The signal ables oming fromthe athode plane are diretly fastened to the FEC, while the ones arryingthe anodes signal stop before doing so in the trigger ard. Here these signalsare ompared with a given threshold value set by software. The total triggeris built for the OR of all these signals and therefore always that the analogivoltage pulse oming from an anode is bigger than this value, this ardwill send a trigger signal. The threshold during normal CAST data-takingoperation is safely set to a value that would orrespond to energy depositionsof about 800 eV in the gas onversion region. By doing this the eletroninoise oming from the experiment an be prevented.This raw trigger signal goes �rst through a module whih ats as a dis-riminator and onverts it to NIM standard. To build the e�etive triggerthis signal is driven to a oinidene module, shown in the entre of thesheme, where it an be vetoed by two di�erent one-valued �ags.One of them omes from the VME busy ard (red signal in the sheme)whih holds the �ag to one when the system is busy proessing an event.The other one omes from the VME Input/Output register (blue line),whih ommuniates with the daq aquisition, allowing thus the userto veto the trigger signal when neessary. 81



Chapter 4. The CAST Time Projetion Chamber

Figure 4.9: Data aquisition eletronis for the CAST TPC.
82



4.1. TPC hardwareIf the signal is not stooped in this oinidene module, it is direted to theVME Clok/Trigger module, as it an been in the sheme (blak line). Assoon as it gets this �ag, it sends a signal to the busy ard so that it startsvetoing the new triggers while the event is being proessed by the DAQ,and another one to the FEC for them to start proessing the data. It isthe DAQ omputer the one that, one the event is proessed and saved, willsend a signal to the busy ard to stop it from vetoing the new inomingtrigger signals. As it an be seen also on the piture, all there signals (rawtrigger, busy or e�etive trigger) are being ounted in a VME saler so thatthe e�etive trigger rate or the dead time (given by the length of the busy�ag) an be known.Data proessing with the FECs ardsOne the FECs reeive the trigger signal from the Clok/trigger module,they start proessing the pulse oming from the preampli�ers. As it has beenmentioned before, every single pulse goes through two hips, being the �rstone used to digitalise this analogi signal. The sampling frequeny is 10 MHz,and the available range for the output in ADC units is a 10 bit-word, whihorresponds to values from 0 to 1023. The time window for the samplingis about 7 µs, whih is long enough to enompass the maximum drift timeof the hamber. The posterior digital treatment of these samples is doneby the ALTRO hip. The version of this hip used in the CAST TPC on-tains 4 proessing hannels, eah of them performing pedestal subtration,zero-suppression, formating, and data storage on a multi-event memory. Fig-ure 4.10 represents a blok diagram sheme where this proesses are shown.

Figure 4.10: ALTRO blok diagram.Pedestal subtration In the Pedestal Subtration Unit (PSU) any pos-sible systemati instability on the baseline of the pulse is orreted by sub-trating to the input data some values, alled pedestals, whih are stored83



Chapter 4. The CAST Time Projetion Chamberon a look-up table (LUT). The hip allows this subtrated values to the ei-ther �xed or time dependent. In the CAST TPC, these values are onstantand are stored in a register. In normal data-taking periods every six hours apedestal run is taken, where these �xed values are realulated and overwrit-ten. In these pedestal runs the trigger signal is generated by a random pulsegenerator with a mean frequeny of 10 Hz. Meanwhile the I/O register sendsa veto signal to the oinidene module where the real trigger is stopped.Beause of this the samples taken by the ADC will not, in most of the ases,ontain any event information but just the noise level line. The pedestalvalue of every hannel is de�ned then as these olleted samples mean, beingits 1σ error also stored. A pedestal run lasts around ∼ 20 se, whih is thetime needed to proess 1000 random trigger signals, so that their mean isproperly alulated.Zero suppression In the zero-suppression unit (ZSU) the samples whosevalue is lose to a �xed threshold are onsidered as noise and therefore dis-arded, mainly for storage reasons. Moreover, a glith �lter heks for aonseutive number of samples above this threshold to further prevent thenoise. In normal CAST data taking this threshold value is safely set to thepedestal plus 10×σ, being σ the pedestal error as de�ned in the paragraphabove. In order to keep enough information for further feature extration,the omplete pulse shape must be reorded and a sequene of pre-samples(samples before the signal overomes the threshold) and post-samples (sam-ples when the signal returns below the threshold) are also reorded, as shownin �gure 4.11. The ALTRO hip allows the storage of a number of samplesolleted previous to the trigger signal.

Figure 4.11: Sheme showing the samples being reorded.Event bu�er The data format unit (DFU) is illustrated in �gure 4.12. Due84



4.1. TPC hardware

Figure 4.12: Data formating by the ALTRO hip used in the CAST TPC.
to the removal of a variable number of samples between aepted lustersof samples, the timing information an be lost during the zero-suppressionproess thus making mandatory to inlude time information to eah aeptedset of samples. This is aomplished by adding to the data string a 10-bitsword time stamp whih de�nes the time distane of the last sample from thetrigger signal (e.g. �T06� in �gure 4.12). Sine both the samples and thetime stamp are enoded in a 10-bit word and therefore are indistinguishable,an extra 10-bits word is added at the end of the luster, ontaining theinformation of the number of words in the luster inluding itself and the timestamp (e.g. �07� in �gure 4.12). If these data are later on read bakwards itwill be straight forward to identify and separate every single luster.One the total number of samples for the event has been proessed, the10 bit-words are enoded into 30 bits-word, and two extra 32-bit words areadded at the end of the pakage, as it an be seen on the right part of�gure 4.12. The �st one is fundamental to deode the data paket, as itprovides the position of the last 10-bit word in the data paket. The seondtrailer word ontains in the �rst 16 bits a software identi�er, while a hardwareone ontaining the information of the hannel and hip addresses �lls theother 16 bits. Finally these data are stored in a multiple-event bu�er, a 512words 32 bits wide RAM that an hold up to eight events. 85



Chapter 4. The CAST Time Projetion Chamber4.2. TPC software4.2.1. Data aquisitionThe aquisition software is TPCDAQ, a C-oded software running in adual proessor PC, whih uses a SBS BIt-3 1003 adapter on a �ber-optilink to the eletroni modules desribed before. Through it, TPCDAQ om-muniates with the VME to on�gure, initialise and ontrol these eletronimodules. One a trigger is deteted, its task is basially to dump the on-tents of the FECs onto disk, without further data treatment, so as not toadd any dead time. This way, per single run of the TPC, it produes two�les: One of them, alled runxxxx (being xxxx the number de�ning the run),whih ontains the raw data read from the FECs.The other, named runxxxx.out, ontains the data read by the VMEsaler.TPCDAQ_auto, a sript written in Bash Shell language (for Linux opera-tive systems), allows for a fully automati data taking protool, as the datataking proedure an be ompletely de�ned there. As a rule, the aquisitionruns ontinuously without distinguishing data belonging to Sun-traking orbakground measurements in order to avoid possible systemati errors. Dur-ing 2003 and 2004 data taking, the aquisition runs were being stopped everysix hours to take a pedestal run in the ase of 2003, or a pedestal plus a twoalibration runs (one per alibration hole in the TPC) in 2004, and thenbeing resumed immediately after.This program, TPCDAQ, maintains also a log �le alled �tpdaq.log�with information of every run, suh as the number of ounts taken, the timeof start and stop, or a user de�ned omment about the run. Figure 4.13shows an extrat of it. Also this �le will be used later on as a starting point
Figure 4.13: Extrat of the �le tpdaq.log maintained by TPCDAQ in orderto keep information of every run taken by the TPC.for the analysis program, as it provides information about the new runs beingreorded sine the last time the analysis was run.86



4.2. TPC software4.2.2. MonitoringAs it has been mentioned before, the DAQ omputer has two proessors,TPCDAQ using one of them, while in the other a monitoring C-ode softwarenamed TPCQOD (TPC Quality Of Data) is running ontinously withoutinterfering with the aquisition (and therefore without adding dead time).This program was developed with two main goals:To perform on-line monitoring of the inoming data parameters tohek its quality and detet possible problems in the aquisition.To keep a history reording of some important DAQ parameters, suhas TPC trigger rate or dead time perentage, so their evolution withtime an be followed.For the �rst task a set of histograms appearing in the omputer sreenis ontinuously being updated with the inoming data from the detetor.Figure 4.14 shows a sreen-shot piture as an example of this program output.Features suh as the trigger rate, event distribution on the hamber, hits

Figure 4.14: Sreen shot showing the appearane of TPCQOD.distribution on the anodes and athodes wires, energy distribution of theinoming data, et... an help to ontrol the proper working of the hamber.At the end of every TPC run a �le is reated where all these plots are keepso they an be ross-heked later on if neessary. 87



Chapter 4. The CAST Time Projetion Chamber4.2.3. Data analysisIn this setion the di�erent steps that the basi data analysis software,TPCANA, takes in order to extrat the signi�ant information from the veryraw data olleted in the detetor will be explained. This is a ode writtenin C language, whih uses the libraries developed at CERN within the Roottoolkit framework. Root [93℄ is an objet-oriented data analysis frameworkdeveloped by René Brun and Fons Rademakers. Its aim is to provide thesienti� ommunity with a large sale data analysis and simulation toolkitthat would pro�t from the progress made in omputer siene over the past15 to 20 years, espeially in the area of Objet-Oriented design and devel-opment. TPCANA uses Root features in order to store the TPC proesseddata sine they are designed to optimise the spae used, and to plot thevariables that an be of interest in the �nal analysis. A shemati overviewof the steps this software goes through is shown in �gure 4.15.

Setxx.rootFourth step Perform high level analysis on the datafrom the whole set
?

Setxx.rootThird step Create Set Root �le where to store auxiliary data
?

RawDataXX-XX.rootSeond step Merge data aording to subsets
?

runxxxx.rootFirst step Build hits and lusters in the eventApply low level uts
?

Raw data (runxxx)

Figure 4.15: Shemati view of the TPCANA data analysis softwareFirst stepIn the �rst step TPCANA searhes for the new data that has been ol-leted sine the last time it was exeuted. All these new runs, exept thepedestals and alibration ones, go then through the very �rst stage of theanalysis. Here, for every event, some entities named hits that will help in88



4.2. TPC softwareextrating the meaningful information from the deposit left in eah wire arebuilt. As it has been explained in the previous setion, these harge pulsesare shaped by a preampli�er and sampled by the FlashADCs. To assigna unique harge and time to these deposits a parabola that �ts the threehighest points of those samples is alulated, as shown in �gure 4.16. The

Figure 4.16: ADC samples from an anode pulse (dots), and the parabolaalulated from the three highest points (line).values (Time, ADC ounts) from the vertex of the parabola will orrespondrespetively to the time and harge of the hit. Furthermore, to alulateits position a grid is onstruted using the fat that the distane betweenanodes and athodes is the same. Thanks to this a oordinate system anbe build being this distane its length unit, and eah wire a basi integerposition. In �gure 4.25 an example of this grid an be seen. Therefore theposition of the hit in this grid will be given by the number of the wire thathas been �red.One the harge, time and position of all the hits in one event are known,we proeed to build a more sophistiated entity alled luster. Sine thesignal expeted in the CAST experiment is X-ray like, most of the analysisis foused on the reognition of this kind of events over the rest, whih wewill all generially bakground in what follows. These lusters will help inthe disrimination of these kind of events over the bakground. A luster isa group of hits with the following harateristis:It will be formed gathering all the ontiguous hits whose time di�ereneis less than 0.05 µs.Its harge (in ADC ounts) is then de�ned as the sum of the harges89



Chapter 4. The CAST Time Projetion Chamber(also in ADC units) from all these hits.Its position is given by the harge-weighted mean of the hits position,and therefore it an be a deimal number.Its time, related to the trigger one, is alulated from the harge-weighted mean of the times of every hit.Of ourse the onstrution of this entities is performed independently on thesignal oming from the anodes and the athodes.One important fator on the onstrution of the lusters is the assumptionof having a similar gain in every wire, whih most of the times is not the asefor a TPC, mainly due to small geometrial and mehanial imperfetionsin the onstrution of the hamber. This is tradued in a di�erent ACDounts to energy orresponding fator for di�erent wires or, even, in di�erentpositions of the same one. This e�et an a�et the energy resolution of thehamber, making it worse by a ∼ 2-3%.To orret it, the gain of every wire is measured independently by meansof a speial set of 55Fe alibrations, long enough to obtain a energy spetrumper wire as seen in �gure 4.17. This is done usually one per data takingperiod, as the ondition of the hamber an hange when it is dismountedfrom the magnet, whih is the ase during the shutdown periods. The peak

Figure 4.17: 55Fe alibration spetrum in one of the wires of the TPC.orresponding to the 5.9 keV depositions of this radiation soure is �tted witha Gaussian funtion, being its mean µ in ACD hannel units the oe�ientassigned to this energy.90



4.2. TPC softwareAs mentioned in setion 4.1.1 there are two alibration windows in thebak of the hamber, eah of them faing the windows on the other side of theTPC to the magnet bores. This on�guration allows us only to haraterisethe wires that goes through this windows as are the only ones being �redby the alibration photons. For eah one of these wires the oe�ient µiis determined, going the di�erenes observed in this values up to a ∼ 15%of this value. If we bear in mind the TPC hamber design, we know thatevery window is faing just a group of athodes and the mean µmean of the
µs measured from eah of these two groups of wires is alulated. Theseparameters µi and µmean are stored in a �le alled �hannel_alibration�.Then, during normal data taking, the harge of every hit in a wire i is saledby the fator µi/µmean. For the ones outside the windows, this fator is justredued to the unity. For the anodes, as one same wire pass trough the twodi�erent windows, the e�et of the variation of the gain (∼ 3% ) with thepositions in a wire an be learly observed. Therefore, �rst the mean of thetwo oe�ients obtained for the same wire is alulated (µi)mean, and thenthe mean µmean from all these independent wire values. One this is done,to apply this fator to the measured data we proeed in a similar way asdone with the athodes: the harge reorded in every hit is multiplied by thefator µi/µmean.Sine already some proessed information per event exist, as a �rst dis-rimination proess, a set of low level uts is applied to the events. Theseuts are:Only the events that have a solely luster in the anodes and in theathodes are kept.The multipliity (number of wires �red by the event) has to be inbetween one and three wires in the anodes.In the athodes, on the other hand, the multipliity will have to lie inbetween two and eight wires.The parameters of these uts have been determined experimentally from thealibrations taken in the Panter faility (see setion 4.3). They are veryonservative in the sense that the e�ieny loss in signal detetion is verysmall.For the events that have passed the uts, the ruial information aboutthe luster (position, harge and time in both anodes and athodes), togetherwith some extra data, is stored in a Root struture alled tree whose basiomponents are leaves. The purpose of this struture is to save data in avery e�ient way, so that it does not use a lot of spae. One this �rst stageof the analysis is performed a Root �le per every single run (see �gure 4.18)will have been reated. 91
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Figure 4.18: Basi Root �le ontaining the information of a single run.Seond stepFor the TPC of CAST sets are reated to put together data taken underthe same experimental onditions, while these sets are later split in subsetsjust for pratial reasons. In order to have the data from all the runs storedtogether, the next step of TPCANA simply merges all this �les runxxx.rootin a single one orresponding to every subset, alled RawDataXX-SS.root,where XX de�nes the set number, and SS the subset one. Apart from thefat that the number of events stored in this �le is bigger that the one in the�les runxxxx.root, there is no further di�erene between these �les.Third stepTo analyse the data, apart from the raw runs olleted in the hamber,some extra information in needed. For example, we must know when themagnet is traking the Sun in order to distinguish the axion sensitive datafrom the bakground or, in order to ontrol possible systematis, some vari-ables related to the experimental hall must be arefully ross heked withthe data. Therefore the third step in the analysis is to read this extra infor-mation reorded in the experimental site, plotting the temporal evolution ofthe relevant variables for the TPC. All these graphs are stored in a folderalled Slow-Control-Data, whih will be kept in a �le reated also in thisstep alled SetXX.root. Later in the analysis, this �le will be �lled also withthe output folders from the high level analysis. In �gure 4.19 we an see anexample of several of the graphs produed by TPCANA with the data fromthe Slow Control of the experiment, while in �gure 4.20 we have a sreen-shot92



4.2. TPC softwarefrom the Slow-Control folder, where it an be seem all the graphs reated.

Figure 4.19: Several examples of the extra information taken from the SlowControl program: a) Solar �ag, that tells us when we are traking the Sun(SF=1), b) Value of the magneti �eld inside the magnet, ) Position of theTPC in Galati Coordinates, d) Temperature/pressure of the gas inside theTPC.Fourth stepOne the raw data taken with the TPC have been preproessed, and theextra information from the experiment site needed for the analysis has beenread, we are ready to go for the last step of TPCANA, where the high levelanalysis is performed. Here the events from the RawDataSS-XX.root �le willbe read and proessed one by one.High level uts First of all these events pass a new set of high level uts ina sequential order. An index alled iut is assigned to eah event aordingto whih of these uts it has gone through; that is, iut will equal 0 if theevent an not pass the �rst ut, iut=1 if it is stopped by the seond one,et... These uts, given in the order to whih they are applied, are:Cathode-anode lusters time di�erene: The time di�erene be-tween the athode and anode lusters must be in the range -0.15 to0.02 µs. 93
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Figure 4.20: Sreen-shot of the Slow-Control folder where all the experimentalparameters plotted by TPCANA are shown.No saturation: We do not allow for a single hit in the athodes toreah the upper part of the �ash-ADCs dynamial range. If this werehappening we ould not then ensure that the energy assigned to theevent is the real one, beause the harge deposit on the wire has beenhigher than the one the FlashADC an handle. The ut is applied onlyto the hits in the athodes beause the gain for these ones is lower thanthe anodes one so, even if the signal of the anodes is saturated, still theone in the athodes an be used to alulate the energy of the event.It is only when the athodes are saturated that the energy informationof the event fully loosed.Anode-athode lusters harge ratio: The ratio of harge de-posited in the anode luster to the athode one must be less than 1.6.The number in these uts have been settled by studying the energy depen-dent alibrations taken in the Panter faility desribed in the next setion.The upper plot of �gure 4.21 shows, for example, the result of plotting theathode-anode time di�erene versus the energy for every event.As expeted, this number does not depend on the energy of the inidentpartile, sine it is related to the drift time of the eletrons and ions, after theavalanhe has taken plae, towards the anode and athode wires respetively.This plot presents a double horizontal line pattern, although only the zero-entred is the physial one. The fat that the line below is entred in 0.1 µse,whih is the sampling time of the �ash-ADCs, tells us about its arti�ialorigin. This one is due to a small mismath in the origin of the sampling94



4.2. TPC software

Figure 4.21: Cathode-anode luster time di�erene for the alibrations takenin Panter, where the dashed lines represent the uts lines (up), and for 2004bakground data (down).
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Chapter 4. The CAST Time Projetion Chambertime for some of the events, given by the fat that the signal in the anodesstarts being reorded one FlashADC-step before the athodes one. But stillthese events are signal for us, and this is why the gap for allowed timedi�erene is asymmetri and does not over only the values around zero, aswe would have naively imagined attending only physial reasons. At lowenergies (below 3 keV) the physial band is wider beause of the e�ienyof the TPC being lower at these energies and, therefore, the bremsstrahlungontamination of the Panter beam, together with the bakground of thehamber appears more evident.In the lower plot of �gure 4.21 we an see the same variable, now plottedfor the bakground data. For energies above 4 keV the data follows the samepattern as the alibration one (we should not forget that these data has gonethrough the luster ut already, being left only the X-ray like events) andit is only below these energies where this ut plays an important role. Theorigin of most of those low energy rejeted events lies learly in the eletroninoise, whih produes random time di�erenes and is more likely to our atlower energies.The ut to prevent the saturated events is not very strong beause thegain in the athodes is very low, and therefore only a very small fration ofthe events will reah this saturation level in the athodes.The anode-athode harge ratio requires also a little bit more detailedstudy. In �gure 4.22 we have this parameter plotted for the Panter alibra-tions (up) and for bakground data (down). As it an be seen, for thealibration data this rate is always higher than 1.6, being thus this value thelower bound established to rejet non X-ray-like events. But, having a lookat this parameter for the bakground data, again for low energies a band ofevents for whih this quantity an have arbitrary values is seen, being thisone more the e�et of the eletroni noise.Indeed, if as a ross hek, the two variables (time di�erene and hargeratio) are plotted, eah of them after the other one ut (�gure 4.23), wesee that mostly both variables are rejeting the same events, whih do notfollow any physial pattern. A real event1 in the TPC would have to keepthis time and harge proportions, whih are determined solely by geometryof the hamber.Coming bak to �gure 4.22, we should also observe that in the bakgrounddata, as the energy inreases, this ratio trends to derease. This is tellingus that the proportion anode ADC ounts to athode ADC ounts is beingloosed due to the saturation e�et of the FlashADCs for the anode data,whih are the one with higher gain.Similar to what happened with the low level uts, these ones are veryonservative beause the e�ieny has lear preferene over the bakground1We must bear in mind that most of the bakground events in the TPC are environ-mental X-rays and neutrons, whose signal mimi the former ones.96



4.2. TPC software

Figure 4.22: Anode-athode luster ADC ounts rate for the alibrationstaken in Panter (lup) and for 2004 bakground data (down).
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Figure 4.23: Cathode-anode lusters time di�erene, after the harge rationut (up) and anode-athode lusters ADC ounts rate after the time di�ereneut (down).
98



4.2. TPC softwarelevel redution. In this sense CAST is a speial experiment due to the fatthat the signal is obtained subtrating the bakground energy spetrum fromthe Sun traking one. Beause of this, the level of the bakground itself isnot really signi�ant as it disappears, and therefore we only have to areabout its statisti �utuation. Sine this �utuation sales with the squareroot of the number of ounts, indeed the quantity that should be maximisedin deiding how restritive the uts should be is:
efficiency√
background

(4.1)In �gure 4.24 we an see the e�ieny in deteting X-rays of these high leveluts versus the energy of the X-rays alulated upon the Panter alibrations.Bakground and traking data seletion The distintion between whatis Sun traking or bakground data was being done o�ine. A new �ag alleditype is assigned to every event, aording to whether it has been taken dur-ing Sun traking (itype=1) or not (itype=0). The logi ondition for theformer ase is:The �Solar traking� �ag given by the magnet-ontrol software must beone valued, whih means that the Sun is in a position on the sky wherean be reahed by the CAST magnet, say ± 8◦ around the horizon.But we must also ensure that the magnet is indeed traking the Sunby asking two parameters, the horizontal and vertial preision, tobe < 0.1◦.Of ourse, sine the TPC traks the Sun during the sunset, while theMiromegas and CCD do it during the sunrise, we must make sure thatfor us the traking data are only the one olleted in the evening.Chamber regions To make the data analysis simpler, the 2-dimensionalanodes-athodes plane in the hamber is logially divided into several regions,and a new index named ireg is assigned to eah event, aording to the zoneit has hit. In �gure 4.25 we an see a view of the anode-athode planeof the TPC where these regions are drawn. The data orresponds to thebakground events taken during 2003 after the uts.The two irles over the area where the axion signal would be expeted,beause it is the region faing the two magnet bores. This area is alled two-windows zone. Surrounding it, there is a square-shaped region alled outzone, where the events distribution is quite homogeneous. Finally, we havethe region that overs the edges of the hamber, where the rate of events ismuh higher than in the other two.This last zone ats as a natural shielding, for a big part of the environ-mental bakground will not travel to the two-windows area, but will interat99
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Figure 4.24: E�ieny of the high level uts of TPCANAalready there. For example, the mean free path in argon of low energy (lessthan 3 keV) X-rays is less than one entimetre, and therefore all of them willjust interat as soon as they reah the ative region of the hamber.Energy alibration The way of determining the energy of an event fromthe ADC ounts was di�erent in 2003 and 2004, and therefore both methodswill be explained in more detail in their respetive hapters. In short, in2003 ontinuous measurements of the pressure and the temperature of the gasinside the hamber were used to alulate its gain, while in 2004 experimentalalibrations were being taken every six hours.Final output of the high level analysis Now that all the informationneeded to lassify the events whih are left after all the uts is already stored,di�erent dependenes an be studied:Rate evolution: To visualise the rate of events in the hamber versustime an provide very useful information related to the proper funtionof the hamber. In this sense this rate is represented for several timebins, energy ranges, di�erent level of uts, or di�erent regions of thehamber.TPC two dimensional plots: This type of representation, of whih�gure 4.25 is an example, shows the event distribution on the ham-ber, whih is also a di�erent rosshek of the proper funtion of thehamber together with a interesting soure of information for the �nal100



4.3. Chamber haraterisation

Figure 4.25: Di�erent hamber regionsaxion analysis, sine in the ase of a positive signal, it should be learlyseen only in the two windows region.Energy spetrum distribution plots: For the �nal axion analysisthis representation is the most important one, as it is the one usedto look for a solar axion signal. Again this is represented for a widerange of di�erent irumstanes, as it an be solar traking or bak-ground data, di�erent uts or energy bins... et. As a subrange ofthese spetral distribution the solar traking minus the bakgrounddata spetrum is alulated as a funtion of the energy. In the ase ofa positive signal, the solar axion energy spetrum should be left here.What has been explained here is the basi ore of the analysis TPC datasoftware, TPCANA, whih was mostly developed for the time the �rst datastarted to arrive in 2003. As time was passing by, several features were addedto its basi output, although this will be explained in the following hapters,where it orresponds.4.3. Chamber haraterisationIn summer 2002 the TPC was transported and mounted at the PANTERfaility of the Max Plank Institute for Extraterrestrial Physis (MPE) inMunih [94℄. This faility, designed for the alibration and haraterisationof X-ray telesopes, provides a parallel X-ray beam with a very auratelyalibrated energy and intensity. Sine the signal expeted in CAST wouldome as a X-ray �ux, a set of alibrations of the TPC with this beam an yield101
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Figure 4.26: X-Ray beam of Panter, as seen by the TPC.a very important information about the harateristis of suh a signal in theTPC. Also some important features of the hamber, suh as the e�ienyin X-ray detetion, the energy resolution and the linearity of the detetorresponse in the whole range of energies of interest were investigated. Asmentioned in the previous setion, with the help of this data also the e�enyloss in the o�-line analysis of the data was alulated (�gure 4.24). As aparallel issue, the transpareny to X-rays of the mylar windows was testedto rosshek the urve provided by the fabriant. In �gure 4.26 we ansee a �piture� of the X-ray beam in the TPC hamber. The x and y axisorrespond to the grid onformed by the athodes and anodes wires, whilethe olours just represent the number of photons deteted. The shape of theTPC windows and their strongbak are learly seen in the distribution ofdeteted events.The e�ieny urve of the detetor has been determined by ompar-ing the ounts deteted in eah orresponding run with the expeted ratededued from the alibrated PANTER detetor. The energies provided byPANTER were: 0.3, 0.9, 1.5, 2.3, 3.0, 4.5, 6.4 and 8.0 keV. Due to the fatthat the beam omes ontaminated with a bremsstrahlung ontinuum forthe low energy ases (from 0.3 up to 3 keV), and the fat that the hamberspetra shows the presene of a small amount of bakground and, in thease of high energies (from 4.5 up to 8 keV), a seond peak due to esapein the argon, the preise ounts orresponding to the main peak have beenextrated by means of full �ttings of the spetra. Examples of suh �ts aregiven in �gure 4.27.The result of this analysis is given in �gure 4.28. Here the dots representthe experimental values and the lines are theoretial omputations. Thethik grey line is a naive alulation of the e�ieny of the hamber where102
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Figure 4.27: TPC spetrum for the 3 keV (left) and 8 keV (right) X-rayenergy of the PANTER tests. In both �gures the line shows the ombined �tof the peaks plus bakground.only the two main physial e�ets, i. e., the gas opaity to the inident X-rays(remember �gure 4.2) and the window transmission are taken into aount.As mentioned in setion 4.1.1 the windows that isolate the TPC from themagnet have a metalli strongbak to make them stronger. The geometrialopaity of this strongbak is about 8% while the mylar foil is pratiallytransparent for X-rays down to the keV energies (∼ 30% transpareny for1 keV, ∼ 85% for 2keV and ∼ 95% for 3keV). The window transmissionontribution is singled out by the thin blak line [95℄, so one an easily seethe ontribution of both e�ets separately. Also this transmission fator wasmeasured in Panter as it an be seen in �gure 4.29, agreeing very well withthis theoretial alulation.The measurements (blak dots) for eah tested PANTER energy loselyfollow the values expeted by the window transmission omputation for en-ergies below 3 keV, lying below the grey line for energies above 3 keV duein part to the inreasing probability of emission of a �uoresene photonwith energy, that would produe partial or split energy depositions in thehamber, whih are rejeted in our o�-line analysis. This loss of e�ienyis aeptable beause of the high bakground redution obtained by this103
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Figure 4.28: The dots represent experimental measurements of the e�ienyof the TPC, before (blak) and after (white) the o�-line analysis uts areapplied to the data. The upper thin blak line represents the theoretial om-putation of the window transmission, while the grey line inludes also theopaity of the gas in the hamber. The thik blak line is an analytial fun-tion used to interpolate the experimental points in the �nal analysis.approah.The �nal o�-line analysis (white dots) implies an additional loss of ef-�ieny of about 5�10% depending on the energy (�gure 4.24). The thikblak line is an analytial funtion used to interpolate the de�nite measurede�ieny points. By onvoluting this funtion with the expeted solar axionspetrum, we obtain an overall e�ieny for solar axions of 62%.The PANTER data show also the linearity of the TPC response. Theposition of the main peak versus energy for eah measured PANTER energypoint is plotted in the right plot of �gure 4.30, and this veri�es the linearityof the detetor gain. The points of eah set (two di�erent days and thereforedi�erent gas P and T onditions) losely follow a straight line, so the linearityof the hamber response has been demonstrated down to the lowest testedx-ray energies.The run with the lowest available PANTER energy, 0.3 keV, proved thatthe TPC was sensitive to these energies, although with a very low e�ieny(for this run a speial lower trigger threshold was set in the aquisitioneletronis). The linearity of the detetor response is also preserved down tothese low energies. Although the sensitivity threshold of the TPC itself is104
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Figure 4.29: Theoretial urve of the transpareny of the windows to X-rays,onfronted with the experimental measurements.about 0.3 keV, the e�etive threshold during CAST data taking is somewhathigher due to the presene of eletroni noise in the experimental area.Finally, the energy resolution of the detetor an be extrated from thisbody of data. The left plot of �gure 4.30 shows the resolution in terms ofFull Width at Half Maximum (FWHM) versus energy.4.4. ShieldingAs desribed in hapter 2, the site bakground is mainly omposed ofCompton X-rays and neutrons. To redue the amount of deteted partilesby the TPC from these two omponents, a shielding was designed by thePartile Physis group of the Zaragoza University at the beginning of 2002.Its design is the result of some simulations arried out to study the responseof the TPC embedded in the CAST hall to di�erent shielding on�gurations.From inside to outside the shielding (see �gure 4.31) was deided to beomposed of:Copper box, 5 mm thik: it redues the eletroni noise, as aFaraday age, and stops low energy X-rays produed in the outer partof the shielding by environmental gamma radiation. It is also used formehanial support purposes.Lead wall, 5 m thik: To redue the low and medium energy envi-ronmental gamma radiation. Later, in the data taking time, the widthof the lead wall was redued to 2.5 m due to mehanial onstraints.Cadmium layer, 1 mm thik: to absorb the thermal neutronsslowed down by the outer polyethylene wall. 105
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Figure 4.30: Left: Peak position in arbitrary ADC units versus energy. Theblak points and the white points were taken on two di�erent days, showing adi�erent gain due to di�erent atmospheri onditions. Right: Measurementsof the energy resolution of the TPC detetor in terms of the FWHM of thepeak for the energies of interest.Polyethylene wall, 22.5 m thik: to slow the medium energyneutrons down to thermal energies.PVC bag: to over the whole shielding assembly. This tightly losesthe entire set-up allowing us to �ush the inner part with pure N2 gasoming from liquid nitrogen evaporation in order to purge this spaeof radon.The mixed omposition, using both lead and polyethylene, was the bestoption sine only one layer of lead would redue properly the gamma �ux,but would produe an inrease in the number of interating neutrons. Thise�et an be seen in �gure 4.32, where the number of deteted neutrons inthe region from 0.2 to 10 keV per simulated neutron2 is represented versustheir initial energy. When there is no shielding surrounding the hamberonly the neutrons up to 6 MeV ontribute to the deteted rate form 0.2 to10 keV, while for faster ones the hamber is transparent. A 5 m layer of leadalone has the e�et of inreasing the number of deteted neutrons for all theenergies sine it slowns down the higer energy ones, proving therefore that ashielding should be designed arefully, as ertain on�gurations an worsenthe bakground deteted in the hamber. On the other hand, a ompoundshield made of polyethylene and lead allows to redue the fration of neutron2During all the simulations an energy-averaged argon quenhing fator of 0.28 was usedfor nulear reoils, whih was alulated using the Lindhard theory.106
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Figure 4.31: TPC hamber inside the open shielding showing all the layers:opper box, lead, admium and polyethylene.events deteted in the region of interest for almost all the neutron energies,as the polyethylene slows down the neutrons to thermi energies. In the�nal setup built surrounding the TPC a 1 mm thik admium layer, whihpresents a high absorption ross setion to thermal neutrons, was plaedbetween the polyethylene and the lead to absorb these thermalized partiles.Regarding the e�et of the shielding for a simulated gamma bakground,�gure 4.33 shows a omparison between the photons deteted in the regionof interest for the naked hamber and the ones olleted using the shield-ing. Below 1 MeV the ontribution of the gamma bakground in the shieldhamber virtually disappears, while for higher energies it is ∼ 2 orders ofmagnitude smaller. It should be pointed out that in the ase of the nakedhamber, the fat that a fration of photons with energies > 50-100 keV dointerat is due to the thikness of the plexiglass box. The gas by itself shouldbe transparent for this energy range partiles, but the plexiglass slows themdown to the energy range where still there is some probability for them to107
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Figure 4.32: Simulation of the number of neutrons that interat in the ham-ber between 0.2 and 10 keV per neutron versus their initial energy. Thedi�erent urves orrespond to di�erent shielding onditions.give a signal.One the �nal on�guration was deided, the shielding was built andtested mounted around the TPC in summer 2002. At this time the TPCwas not yet in the magnet but being tested in one laboratory at CERN.The integrated bakground level from 1 to 10 keV was measured to be of
2.00 × 10−4 ounts/keV/s /m2 with the naked hamber, being the e�etof the shielding to lower this value down to 2.37 × 10−5 ounts/keV/s/m2,whih leads to a redution fator of ∼ 8. Therefore this test proved theapaity of the designed shielding to redue the bakground level.
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Figure 4.33: Simulated gammas deteted with energies up to 10 keV per eventversus the energy of the inident gammas. The upper urve orrespond tothe naked hamber, while for the lower one a shielding made of 0.5 m Cu+5 m Pb+ 20 m Polyethylene has been implemented in the ode.
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Chapter 5First TPC results: 2002 and2003 data takingAfter a ommissioning data taking period in 2002, the CAST experimentstarted operating in May 2003, and kept doing so for nearly six months alongthe year. During most of this time the TPC detetor was also operative,attahed to the magnet bores. In this hapter, �rstly, the di�erent sets ofdata gathered will be desribed, paying speial attention to any systematie�ets whih ould a�et the data behaviour. After, the result on the axionto photon oupling onstant derived from data identi�ed as of good qualitywill be presented [96℄.
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Chapter 5. First TPC results: 2002 and 2003 data taking5.1. 2002 data: ommissioning periodIn table 5.1 a summary of the �rst two sets of data olleted mostly atthe end of 2002 is given.Set number Date Comments#1 08/10/02-27/11/02 Inhomogeneities in the dataounting rate.
55Fe alibrations taken regularly.#2 28/11/02-14/01/03 Detetor standing in a table.Homogeneous ounting rate.Gas pressure and temperaturereorded.Table 5.1: Summary of the sets aumulated during the 2003 TPC datatakingDuring the time the set #1 was olleted, the TPC was attahed to itsposition in the magnet bores, moving solidly with it. The exposure time was

∼ 30 e�etive days, being a total of∼ 25 hours of them taken with the magnetaligned with the Sun. As the axion signal would be ontained only in the dataolleted in this ondition, in what follows the energy spetrum omposedwith these data will be alled �Sun traking spetrum�. The rest of the datawill be represented in an independent spetrum alled just �bakground�.The temporal evolution of the ounting rate an be seen in the upper plot of�gure 5.1, for those events belonging to a �xed ADC range whih orrespondsroughly to the 3-7 keV energy interval. The rate of ounts aumulated inthis set exhibits big variations of up to 100 % in its level and, therefore, allthe possible dependenies with parameters related with the detetor and theexperimental area were studied to �nd whih ones ould have in�uened thisdata behavior. It has been learnt in hapter 3 that hanges in the pressureand temperature of the gas indue variations in the gas gain and, therefore, inits e�ieny. In order to take this e�et into aount, 55Fe alibrations weretaken every two or three days, being the data gain orreted aordingly.However the variation remained, and thus it was thought that maybe amore systemati gain haraterisation be needed for future inoming data.For this, a thermoouple and a pressure gauge were installed on the hamberat the end of this set, in order to have a ontinuous monitoring of the gaspressure and temperature and dedue the gain value from them.On the lower plot of �gure 5.1 again, the ounting rate evolution is shown,this time for the data olleted during set #2. During this seond partthe TPC was not attahed to the magnet anymore, but just standing ina table under it. It was expeted that this data would shed some light114



5.1. 2002 data: ommissioning period

Figure 5.1: Counting rate evolution for 5 days in set #1 and for the wholeperiod of set #2. Giving the di�erent width of the two periods, the binningin the plots does not math.
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Chapter 5. First TPC results: 2002 and 2003 data takingon the problem of the instabilities of the ounting rate sine this time thetemperature and pressure of gas were arefully reorded. But in this set, inspite of the fat that these parameters presented a similar behaviour thanto the previous one, the bakground showed this time a great stability inrate. This e�et hinted the possibility of the dependene being aused byintrinsi inhomogeneities in the bakground of the experiment site, insteadof being due to gain hanges. Sine CAST is a moving experiment while ittraks the Sun, the TPC overs along this movement a very wide area of theexperimental site, being suseptible to the inhomogeneous bakground level.But at that time it was impossible to prove none of this two options due tothe lak of external parameters reording.5.2. Set of hourly alibrationsIn order to haraterise the gain of the TPC versus the pressure andtemperature of the gas inside the hamber, a set of hourly alibrations wheretaken during 5 days in January 2003, together with a systemati reordingof these two parameters of the gas. In �gure 5.2 we an see the evolutionof the 55Fe peak in ADC hannel units (up) together with the variation ofthe T/P parameter (given in Kelvin/hPasals units) during these �ve days(down).From these plots it is lear that there is a very strong orrelation betweenthese two variables, as it is widely known to happen in drift hambers. In-deed, this dependene should be proportional to [76℄:
Gain ∝ exp (kT/P). (5.1)To extrat the value of the proportionality onstants in equation 5.1 for thepartiular ase of the CAST TPC, the 55Fe peak evolution in ADC hannelunits was represented versus the variation of the T/P parameter, being theresult �tted with the funtion 5.1. The best �t values obtained were:

5.9 KeV channel = exp(1.12 + 18(
T

P
)). (5.2)For the 2003 data analysis this dependene was used to determine thegain of the hamber, and for every event, the energy was being obtained fromthe value of its harge in ADC units, orrelated with the value of P and Tof the gas in the moment when the event was taken by equation 5.2.On January 14th 2003, the TPC was ompletely disonneted from hemagnet and taken to the workshop in order to be heked and kept in alean environment till the data taking would be resumed.116



5.3. TPC 2003: Continuous data taking

Figure 5.2: Up: T/P quotient evolution. Down: Evolution of the 55Fe mainpeak in ADC units during the same period 117



Chapter 5. First TPC results: 2002 and 2003 data taking5.3. TPC 2003: Continuous data taking5.3.1. 2003 data takingExperiment performaneIn mid-April 2003 the whole CAST set up was �nally ready to begin asystemati data taking. The TPC was fully operational again on the magnetsine the last week of April, and its �rst solar traking run of the year wastaken on May 1st. Having learnt from the experiene in 2002, a ontinuousreording of several parameters related to the experiment and the detetorswere performed, sine the Slow Control software (see setion 2.2.1) startedrunning in the experiment.During May all three detetors were taking data, but at the end of themonth a problem of gripping in the magnet lift mehanism beame apparentand magnet movement was �nally stopped on May 31st. Engineers at CERNwere onsulted about the problem beause unfortunately the personnel re-sponsible for the design and assembly of this mehanism had left CERN in2002. The expert advie reeived was that the mehanial movement systemof the magnet was over-onstrained, being these onstraints translated intolateral fores on the lifting mehanism. In order to resume data taking ina short time, the engineers proposed to add some mehanial play into thelifting system mehanism, to make a fatory inspetion of the lifting jaksand to improve the lubriation system. Beause of all these modi�ationson the magnet system, some preision was lost in the pointing auray ofthe magnet system, being nevertheless still within the limits required by theX-ray telesope, whih is the most sensitive devie in the experiment to thisparameter. Eventually data taking restarted after a stoppage of 6 weeks.Sun traking runs then ontinued without inident related to the magnetuntil data taking ended in mid-November.TPC performaneIn 2003 a systemati data taking started to take plae. The automatiproedure during this year onsisted on 6 hours of data taking, stopped justto take a run of pedestals. Due to the long working period, some problems inthe TPC started to beome apparent. The two main ones were the eletroninoise, whose origin was not ompletely understood and fored us to rejetsome data; and the gas leak rate from the thin windows faing the magnetbores. In table 5.2 a summary of the di�erent sets that were olleted duringthe 2003 data taking period is shown.As it an be seen, some data were taken before the magnet movementwas stopped beause of the failure in the lifting system. In setion 4.4 it hasbeen mentioned that a shielding was designed and built to work togetherwith the TPC during the data taking periods. But the omplete struture of118



5.3. TPC 2003: Continuous data takingSet number Date Comments#3 01/05-18/06 First 2003 data without shielding.Problem with the lifting system of themagnet.#4 18/06-23/06 Test with all the shielding installed onthe TPC.No magnet movement.#5 23/06-15/07 Intermittent eletri noise.Di�erent shielding onditions.#6 15/07-23/08 High quality data.Problem with the leak rate of the windows.#7 20/09-17/11 Bad quality data.Table 5.2: Summary of the sets aumulated during the 2003 TPC datataking.the shielding is 1.2-ton heavy, and therefore its permanent installation in themagnet moving struture was ommissioned by an engineers group at CERNto preisely determine its impat from the safety point of view. While thisstudy was going on, the TPC was �rst naked during the set #3.Due to the fat that during the short stop the magnet was safely andstill standing over some onrete bloks, it was possible to install the wholeshielding in order to test its result in-situ for ∼ one week. Figure 5.3 showsa omparison between the energy spetra olleted with di�erent shieldingonditions.The average normalised ounts between 1 and 10 keV is 1.85 × 10−4ounts/keV/m2/s for the ase of the TPC ompletely exposed as gatheredin the previous set # 3, while the e�et of the shielding by itself lowersthis number down to 6.83 × 10−5 ounts/keV/m2/s. If the N2 �ux is alsoonneted, and therefore the radon purged from the detetor loser environ-ment, the total average downs to 4.38× 10−5 ounts/keV/m2/s, a fator ∼4 less from the ompletely exposed ase.The redution fator ahieved in this ase is only half of the one obtainedwhen the shielding was tested in the laboratory, as mentioned in setion 4.4.One of the reasons of this disrepany lies on the fat that the lead layerthikness on the CAST experimental site is half of the one used in the lab-oratory due to mehanial onstraints. Also in this ase the TPC is diretlyattahed to the magnet pipes, and thus partially not shielded from it be-ing therefore still sensitive to a gamma bakground ontribution from theexperimental materials.One the problem in the lifting system of the magnet was solved, the datataking was resumed. The shielding was dismounted, leaving in site only the119



Chapter 5. First TPC results: 2002 and 2003 data taking
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Figure 5.3: Energy spetra of the TPC for di�erent shielding onditions. Theupper line represent the no-shielding one, while the lower ones represent thewhole shielding (thin line) and the shielding + N2 �ux.opper box around the TPC and the N2 �ux onneted in order to purge it.In the �rst days the intermittent appearane of eletri noise made the datataken not valuable, but after a while the problem was solved by improvingthe eletroni shielding and grounding. From July 15th till August 23rd theTPC performane was good, as it was very stable, and �nally this dataset # 6 was the one used to perform the axion parameters analysis.Unfortunately, one the eletri noise problem was solved, the deteriora-tion of the thin windows started to beome a serious nuisane. In the upperplot of �gure 5.4 we an observe the evolution of the leak of hamber gas to-wards the magnet during this period. By the end of August this rate beamedangerous for the stability of the magnet and the TPC was �nally removedthe 25th in order to substitute the windows. The removed ones showed underthe mirosope holes in regions where the aluminium layer had ame o�, asit an be seen in the lower plot of �gure 5.4.Therefore it was obvious that the 38 nm thik aluminium oating usedin these windows was not enough to provide the required leak thikness andstrength to the system. New widows were developed with an extra 50 nmthik Al oating over the original.The hamber was reinstalled bak on the magnet on September 13th andtook data again until the middle of November, when the general shutdownstopped the whole CAST experiment. With the extra Al oating the windows120



5.3. TPC 2003: Continuous data taking

Figure 5.4: Up: TPC gas leak rate to the magnet evolution during summer2003. Down: A hole in one of the thin windows used in the TPC. The orderof magnitude is of some µm.worked properly during this period, keeping a stable safe leak rate towardsthe magnet bores of 2-3 ×10−5 mb l/s.5.3.2. 2003 data behaviourAs a summary, although the data taking period of 2003 lasted for about6 months, muh of this time orresponds to ommissioning operation, pe-riods when data taking was temporarily stopped due to spei� tehnialinterventions in the experiment or in the TPC itself (replaement of leakywindows, for example) or periods when data were taken but they did notpass the quality requirements regarding homogeneity of operation, due tothe relatively frequent interruptions in the experiment, mainly due to mag-net quenhes, and to a lesser extent to episodes of eletroni noise pik-up121



Chapter 5. First TPC results: 2002 and 2003 data takingin the detetor (set #7).As a result, the e�etive amount of data quali�ed for analysis obtainedby the TPC in 2003 was ∼783 hours, all of them onentrated in the monthsof July and August (set# 6). Out of these data, ∼63 hours (9%) were takenwhen the magnet was traking the Sun. The stability and ontinuity ofoperation of the detetor during this time an be appreiated in �gure 5.5,where the exposure in days for the bakground data and in hours for thetraking ones are shown.
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Figure 5.5: Up: Exposure in days for the bakground data. Down: Exposurein hours for the Sun traking data.122



5.3. TPC 2003: Continuous data takingPosition dependeneAll the systematis e�ets hinted in setion 5.1 onerning the inhomo-geneity of the bakground beame apparent in the new data. In �gure 5.6we an see the total Sun traking spetrum (thik line) superimposed withthe bakground data (thin line). Obviously they are ompletely inompat-
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Figure 5.6: Sun traking spetrum (thik line) superimposed to the bakgroundone (thin line) for the data taken in the 2W area of the TPC during the set# 6.ible, and thus the main task at that time was to study the origin of thisdisrepany and solve it as far as it an be done.Given the measured inhomogeneity in the gamma ray bakground atthe experimental site (see hapter 2), and the fat that most of the Suntraking data were taken in a ertain area di�erent from the one where thebakground was being olleted, soon a position dependene was thought tobe the reason.In order to prove and quantify this dependene, as well as to have a tool toorret it, new features were introdued in the analysis program, TPCANA.Given that the position of the TPC within the experimental hall is reordedevery minute, it is possible to see the rate of ounts and the energy spetrumof the data aumulated in di�erent areas of the experimental site. For thistwo 2D grids -named oarse with 3×3 ells, and �ne with 7×7- were de�nedto distribute the spae in the experiment. A new extra index, alled imag,123
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5.3. TPC 2003: Continuous data takingwas added to the set of the previously desribed ones (see setion 4.2.3) toevery event reorded in the hamber. In this index the information about theell where the TPC was positioned when the event was olleted is stored.With this information it was easy to introdue a new set of 3D histogramsrepresenting the rate of ounts in every ell, and a new set of plots Si withthe energy spetrum in eah one of these ells (labelled by the index i).In order to normalise this histograms properly, a routine to alulate theexposure reahed in every ell of the grid was also developed. In �gure 5.7we an see the exposure in hours for every ell both for the bakground andSun traking data in the �ne grid. The oordinates used here to determinethe position are the loal system used in the CAST area, where the azimuthangle spei�es the position of the magnet on the rail, and an vary from 40◦(in the very north-west position) 140◦ (south-east), while the angle tell usabout the vertial position, whih goes from -8◦, where the TPC is very nearto the soil, to +8◦, where the TPC is in its highest position. It an be seenin the upper plot that, during 2003, the positions to take bakground werenot uniformly distributed, sine most of the times after traking the Sun themagnet used to be �parked� in a entri position. Therefore in this �gure theobvious di�erene in the position of the TPC where the Sun traking datawere olleted (high azimuth values) to the usual bakground data olletionposition (medium-low azimuth values) an be appreiated.The rate (ounts/hour) of events olleted with energy between 3 and7 keV in the 2W area of the TPC is shown in �gure 5.8. Before pointingup any onlusion we must be aware of the fat that not all the ells havegathered data for the same amount of time, and therefore this plot must bestudied in onjuntion with the lower plot in �gure 5.7. Both the ells withthe higher number of ounts (and marked in red) orresponding to vertialpositions of +8◦ are statistis artefats due to the very sort time that theTPC olleted data in these ells, and should not be taken into aount.Apart from them, what we an see from here is a tendeny of having highernumber of ounts when the magnet is pointing to the upper part of thesouth-east wall, where the onrete experimental wall is thiker.In �gure 5.9 the three most position-di�erent spetra are shown, the bigdi�erene between them being obvious.Introdution of the weighted bakgroundIt is lear that this position dependene is strong enough to be the mainreason for the disrepany between the Sun traking and the bakgroundspetra in �gure 5.6. In order to be able to do any axion analysis the wayto ompensate this position dependene should be found. What is obviousis that only the bakground taken in the same ells as the Sun traking datashould be used if we are to reprodue its spetrum. Moreover, this seletedbakground should be weighted aording to the fration of the time the TPC125
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Figure 5.8: Counts/hour rate taken in the di�erent ells of the experiment.Here only the data from 3 to 7 keV taken in the 2W area of the TPC areshown.has spent in eah one of these ells during the signal taking runs. Only inthis way we will ensure that they will ontribute the same for the bakgroundspetrum as they did for the Sun traking one.Taking this into aount, a weighted bakground spetrum Sw was builtaording to:
Sw =

Nt∑

i

Si

(
ti∑Nt
i ti

)
=

∑Nt
i Siti∑Nt
i ti

, (5.3)being Nt the total number of ells where the Sun traking spetrum havebeen olleted, Si the bakground spetrum gathered in these ells and tithe total time that the TPC has spent in the ell i olleting Sun trakingdata. In �gure 5.10 we an see the omparison between the Sun traking(thik line) and the weighted bakground spetra. In the upper one theweighted bakground has been built with the spetra from the ells of theoarse grid, and therefore the error bars are smaller. The lower one showsthe bakground spetrum omposed by adding the ones of the �ne grid. It islear that both Sun traking and bakground spetra agree now muh morethat what was shown in �gure 5.6. Anyhow, this should be onsidered just126



5.3. TPC 2003: Continuous data taking
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Figure 5.9: Bakground spetra for di�erent ell positions in the oarse grid.an indiative sign of the fat that the position dependene is indeed the mainreason of the previous disagreement. Still the Sun traking spetrum ouldontain a signal over the bakground ontribution, so it ould happen thatthey do not agree for this reason.To really rosshek how good this weighting method is, the data takenin the out area of the TPC an be used, as the Sun traking spetrumolleted there does not ontain any signal, and therefore should be similarto the bakground one. In �gure 5.11 this omparison is shown, provingthat the degree of agreement is as good as in �gure 5.10. The χ2
null testperformed over the spetrum obtained by subtrating them yields a valueof χ2

null/d.o.f = 26.68/18. It is known that for a given variable distributedaording to a χ2 p.d.f., the probability of obtaining a value S suh that
S/d.o.f > 1.44, whih is our ase, is of a 10%. This value tells us that itmust not be forgotten we are handling an arti�ially manipulated bakgroundwhih allows us to extrat from the data the axion parameters that we arelooking for, solving to some extent the position dependene problem. Inwhat follows we will fous on the axion parameters extration from thesedata, and in a later setion (5.3.3) the auray of the weighting method willbe reviewed.As both the oarse and �ne bin weighted bakground spetra seems tosu�er only slightly from the position dependene, in what follows the oarsebin weighted bakground will be used to perform the axion analysis, sinethe smaller the error bar, the better the result. 127
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Figure 5.10: Comparison between the Sun-traking (thik line) and the oarse(up) or �ne (down) weighted bakground.
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5.3. TPC 2003: Continuous data taking
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Figure 5.11: Sun traking (thik line) and weighted bakground spetra fromthe out area of the TPC.5.3.3. Axion analysis on the dataThe next step in the analysis goes through searhing for any hint of solaraxions. They would appear as an exess of ounts over the bakground in theSun traking spetrum. Thus, if we subtrat both energy spetra, we wouldbe left with the spetrum of the axion-onverted photons whih is diretlyproportional to g4
aγ , the only free parameter in our theory. Therefore ouranalysis is foused on alulating the value of g4

aγ that best �ts our data.If, on the other hand, this subtrated spetrum is ompatible with zerowithin statistial �utuations (null-hypothesis test), we must say that, up tothe sensitivity of the detetor, the data show no positive signal over bak-ground. Then an upper limit on the oupling onstant axion to photon gaγan be derived as, if still axions happen to exits, it an be asserted thattheir oupling onstant to photons gaγ must be smaller than the value given,otherwise a signal would has been observed in CAST.Null hypothesis testLets alulate the null hypothesis test over the subtrated spetrum. Forthis we must determine the weighted sum of squared deviations:
S =

n∑

i=1

(
xexp

i − xtheo

σexp
x

)2 (5.4)129



Chapter 5. First TPC results: 2002 and 2003 data takingwhere we are summing over the n experimental points of the subtratedspetrum. Here xtheo orresponds in this ase to the non signal (gaγ = 0)points and therefore xtheo = 0. When the experimental points xexp
i are inde-pendent and Gaussian distributed, S behaves as a χ2 distributed quantity.This means that, if xtheo are representative of the true hypothesis that the

xexp
i should resemble, repeating the experiment many times and omputingS eah time, the distribution of this quantity will be given by the distri-bution of the χ2 for the given degrees of freedom (number of data pointsminus the number of free parameters in the model, d.o.f) on the experiment[97℄. The mean of a χ2 distributed variable is given by the d.o.f of the ex-periment. Thus one should expet, being the hypothesis orret, that thequotient (S/d.o.f) would yield a value lose to unity, and therefore an beused as a test on how good this hypothesis �ts the data.Therefore our �rst onern is whether our xexp

i are independent and Gaus-sian distributed. In CAST xexp
i are built from a subtration xexp

i = sexp
i −bexp

iso the question translates to whether both sexp
i and bexp

i are themselves Gaus-sian distributed. Sine they are diretly measured ounts, its distribution isin priniple Poissonian, but when the number of ounts per energy bin ol-leted is big enough, whih for the TPC data is the ase sine the ountsaumulated per bin are of the order of 103 for the bakground data and 102for the Sun traking ones, the entral limit theorem applies and it an beassured that the Gaussian distributed ondition is ful�lled. Furthermore, itis lear that the xexp
i are independent, as the ounts gathered in one energybin are independent from the other ones.In �gure 5.12 we an see the zero line superposed over the subtratedspetrum of set # 6 of data. Even though the range of the energy spetrumseen by the TPC has a lower limit of ∼ 0.7 keV due to the eletronisthreshold, and an upper one of ∼15-16 keV due to the lose of the e�ienydetetion of the argon, the energy range used for all the axion analysis isde�ned from 1 to 10 keV. The reason for this lies on the expeted axionsignal, whih is di�erent from zero only in this range. The two vertialdotted lines on �gure 5.12 mark these limits.The value of the null hypothesis test on this set yields the value

χ2
null/d.o.f = 18.2/18 (5.5)whih is indeed lose to one, on�rming this way the hypothesis, and there-fore the ompatibility of data with the absene of any signal.Best �t and errorsKnowing that the data are ompatible with the absene of signal, if wetest now the axion signal hypothesis, we would expet to obtain as a best �ta value of gaγ ompatible with zero (no signal) within errors.130



5.3. TPC 2003: Continuous data taking

Energy (keV)
0 2 4 6 8 10 12 14

/s2
C

o
u

n
ts

/k
eV

/c
m

-0.15

-0.1

-0.05

-0

0.05

0.1

-4x10

Figure 5.12: Null hypothesis test on the subtrated data of set # 6.In order to alulate this, the theoretial funtion dNγ/dE giving the en-ergy spetrum of photons normalised per unit of time and area as a funtionof g4
aγ , must be determined, and ompared with our data by means of equa-tion 5.4. The value of g4

aγ whih orresponds to the funtion dNγ/dE loserto the data (i.e., whih minimizes S) will be alled the best �t (g4
aγ)best fitvalue.This theoretial dNγ/dE funtion is the di�erential version of equa-tion 2.1, whih was telling us about the number of photons oming fromaxion onversion that would reah any detetor for a given time interval andarea. The number of these photons that would be atually deteted by theTPC is obviously lower, and an be alulated by folding this funtion withthe e�ieny to X-rays of the detetor and its live time (≡ 1 − dead time).In this way we have the expression:

dNγ

dE
=

dΦa

dEa
× Pa→γ × dεeff

dE
× (1 − DT ), (5.6)where dΦa/dEa is the axion �ux on the earth as given by equation 1.31,

Pa→γ is the probability of onversion of an axion into a photon given byequation 2.2 (proportional to (B/L)2 with B and L the magneti �eld andlength respetively), εeff represents the e�ieny of the detetor and DTits dead time. Therefore the ingredients to determine the funtion dNγ/dEare: E�ieny: From the alibration data olleted in the Panter faility131



Chapter 5. First TPC results: 2002 and 2003 data taking(see setion 4.3) the urve of the e�ieny of the TPC for X-rays isknown as shown in �gure 4.28.Live Time: Sine the dead time of the detetor for the 2003 data was,in average, of a 2.5%, the multiplying fator in equation 5.6 is 0.975.Magneti �eld B: During the 2003 data taking, one third of the time themagneti �eld was set to its maximum value, Bmax=9.0 T (13330 A),while the rest of the time was siting in the safer one B=8.79 T (13000 A).Sine this parameter enters squared in the Pa→γ formula, an aver-age value is then alulated using√1/3 × (Bmax)2 + 2/3 × (B)2, whihyields a value of the �eld = 8.86 T.Magneti length: The e�etive length that sustains the magneti �eldgiven before for an LHC magnet is 9.26 m.Axion �ux on earth: For this the expression given by equation 1.31 isused.One these ingredients are known, the points xtheo of equation 5.4 anbe alulated and so the value of S for di�erent values of gaγ . Figure 5.13shows the dependene of S on gaγ for the set # 6 data, whih is paraboli,as it should be when we deal with a linear model with Gaussian errors (seethe notes on statistis from [23℄). The minimum orresponds to the best �tvalue of g4
aγ :
(g4

aγ)min = −1.1 × 10−40 GeV−4 (χ2
min/d.o.f = 18.1/17) (5.7)To determine statistial error of this parameter within one standard de-viation (1σ) we an take into aount that the ontour in g4

aγ spae de�nedby
S(g4

aγ) = Smin + 1 (5.8)has tangent planes loated at plus or minus one standard deviation from theestimated value of (g4
aγ)min (see again [23℄). In our ase, if we alulate howfar the best �t is from the ±(gaγ)1σ value, we �nd an error of ±3.3 in bothsides. Therefore we an onlude that the g4

aγ best �t value with its errorsfor the set #6 data is:
(g4

aγ)min = (−1.1 ± 3.3 (stats)) × 10−40 GeV−4 (5.9)whih is learly ompatible with g4
aγ = 0 within the error, as expeted.Con�dene Interval extrationOne we know the data are ompatible with the absene of signal hypoth-esis, we would like to quote the region of the gaγ spae where the true value132



5.3. TPC 2003: Continuous data taking
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Figure 5.13: Dependene of S (equation 5.4 on g4
aγ).of gaγ , given the existene of axions, would lie, with a ertain probability oron�dene level (C.L.). In other words, we want to determine an upper limitvalue of gaγ , whih will tell us that the true value of gaγ must be below it.Of ourse this value is alulated with a ertain on�dene level, so that the�more sure� we are about this, the more onservative it will beome.In the Frequentist approah, a on�dene level region/interval is givenby the set of theoretial parameters θ whih ful�ll the ondition:

χ2(θ) < χ2(θmin) + δ (5.10)one the χ2 distribution in known for these theoretial parameters (θ ≈ g4
aγin our ase). δ depends on the required C.L. (1-α) and the number of �ttedparameters r. This presription omes from the assumption that the best �tvalues θmin are Gaussian distributed around the true value θ, whih meansthat if the experiment were to be repeated a large number of times, the best�t values obtained eah time would be Gaussian distributed around the truevalue. The on�dene interval quoted eah time would vary, but in a fration1-α of the experiments it would over the true value of the parameter. Forthe CAST data, sine we are dealing with a linear model of the theoretialparameter g4

aγ , it an be assured that the probability distribution funtion(p.d.f.) of the best �t values ertainly is Gaussian. 133



Chapter 5. First TPC results: 2002 and 2003 data takingIf we were applying this reipe straightforward to the CAST data, wewould end up with a interval that overs negative values of g4
aγ , whih weknow does not have any physial meaning. That would be an unpleasantresult to quote, and other methods to estimate a on�dene interval mustbe found. Several of them exists, and there is not a orret or preferredone. Therefore the quotation of a on�dene level or an upper limit omesunavoidably with some degree of subjetivity from the experimentalist.The most straightforward method is still to use expression 5.10, justignoring the unphysial region. The problem is that it will give unpleasantlower upper limits for the luky experiments where the minimum (best �t)lies in the unphysial region, as it happens in our partiular ase.To overome this nuisane, the method of the integration of the Bayesianprobability [23℄ was hosen for the CAST on�dene interval extration,whih always over-overs, but an ompensate the luky experiment e�et,being this the main reason why it was hosen.In Bayesian statistis the starting point is always the expression:

P (hyp|x) =
P (x|hyp)P (hyp)

P (x)
, (5.11)where x represents the set of data (points of the subtrated spetrum inCAST) and hyp the hypothesis that has to be tested, whih an be repre-sented by a parameter θ whose value is to be found (g4

aγ in our ase). Thep.d.f P (x|hyp) represents just the joint probability of obtaining the set ofdata given a ertain hypothesis, and it is given by the likelihood funtion
L(θ), evaluated on the data and regarded as a funtion of the parameter θ.
P (hyp), the prior p.d.f, tells about our prior knowledge of the hypothesiswhih is going to be tested. P (hyp|x), the posterior p.d.f, gives the degree ofbelief for hypothesis (θ) to take values in a ertain region given the data x.Sine it is a p.d.f it must be normalised: ∫θ P (hyp|x) = 1, whih determines
P (x), onsidered from now on a normalisation onstant. All our knowledgeabout θ is summarised on this posterior p.d.f, and therefore it is the one thatwill allows us to perform the interval estimation that we are looking for.Sine

Posterior p.d.f(θ) ∝ L(x) × Prior p.d.f(θ), (5.12)we have to determine these two p.d.fs. Its is known [23℄ that when themeasurements xi are Gaussian distributed and independent, whih is thease for the CAST data, the likelihood funtion ontains the sum of squares
χ2:

χ2(θ) = −2lnL(θ) + k. (5.13)And therefore from here we an learn that:
L(θ) ∝ e−

χ2(θ)
2 . (5.14)134



5.3. TPC 2003: Continuous data takingAs the funtion χ2(g4
aγ) has been determined from the set of data taken inCAST (see �gure 5.13), the funtion L(g4

aγ) is also known. Bayesian statistissupplies no fundamental rule for determining the prior probability P (θ) asit re�ets the experimenters subjetive degree of belief about the parameterwhih is going to be measured before the measurement was arried out.For CAST in priniple we do not have any prior belief on the value of thisparameter, we only know that it an not take negative values. Therefore theprior p.d.f that we will take is just the funtion:
P (gaγ) =

{
const. if g4

aγ ≥ 0

0 if g4
aγ < 0.

(5.15)The posterior p.d.f for the TPC data will be given by:
p(g4

aγ |x) =
e−

χ2(g4
aγ )

2

∫∞
0 e−

χ2

2 d(g4
aγ)

for g4
aγ ≥ 0. (5.16)In �gure 5.14 we an see a representation of this p.d.f as a funtion of g4

aγ .
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Figure 5.14: Representation of the normalised joint posterior p.d.f as a fun-tion of g4
aγ .Now we want to determine an interval ontaining all the values of g4

aγfor whih the integrated posterior probability is bigger than a ertain value
1 − α. The lower limit of ourse is 0, and the upper one will be given by a135



Chapter 5. First TPC results: 2002 and 2003 data taking
(g4

aγ)upper suh that:
1 − α =

∫ (g4
aγ)upper

0
P (g4

aγ |x)d(g4
aγ). (5.17)If the on�dene level for CAST is onservatively set on the value 1-α=95%then we obtain (g4

aγ)upper = 5.7 × 10−40 GeV−4. The upper limit for theoupling onstant set by the 2003 data taken in the TPC is therefore
gaγ(95%C.L) < 1.55 × 10−10 GeV−1. (5.18)In �gure 5.15 the TPC 2003 subtrated spetrum together with the fun-tion orresponding to the number of photons Nγ that we would have detetedfor the best �t (lower) and the upper limit (upper) values of g4

aγ are shown.

Figure 5.15: TPC 2003 subtrated spetrum. The funtion orresponding tothe number of photons Nγ that we would have deteted for the best �t (lower)and the upper limit (upper) values of g4
aγ are also shown.It must be remarked that this upper limit is only valid for axion massesma < 0.028 eV as for higher values the oherene axion-photon is lost insidethe magnet (see hapter 2). In �gure 5.16 we see the exlusion plot of theaxion to photon oupling onstant gaγ versus the mass of the axion ma ineV, where the blue line orresponds to the upper limit quoted before.Systemati e�etsThe study of all the systemati e�ets that an a�et the result quotedby an experiment is always troublesome. The data must be arefully ross-heked in order to detet any tendeny di�erent from the one ditated bystatistis, whih ould hint the ation of unexpeted or unonsidered depen-denes of the data. Although a general method on how to detet and handle136
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Chapter 5. First TPC results: 2002 and 2003 data takingknown one, their magnitude in any ase will be overpassed by it, otherwisethey would have beome apparent before. It is beause of this that we willbe only interested on quantifying the in�uene of the position dependene onthe �nal upper limit quoted for the CAST TPC and will neglet any othere�et, assuming that the result obtained will be the dominant one.What is left, thus, is to fae the problem of determining what is thepossible error on the �nal result due to the position dependene. Estimatingthe unertainty of the bakground level ould be done by determining themaximum perentage of variation seen, for example in �gure 5.9, and furtherpropagating this to determine our unertainty in the upper limit quoted. Butthe result obtained in this way would be overestimated, sine the orretiondone by means of the weighting method, whih makes the real position erroron the data muh smaller, is not taken into aount.It would be desirable, thus, to estimate the error still left one the weight-ing method is applied to onstrut the bakground spetrum. But a straight-forward method to do this just from the data, like the one desribed in theprevious paragraph for only the position dependene unertainty, is not avail-able in this ase. Beause of this, it was deided to proeed doing just theopposite: instead of trying to �nd any deviation on the level of the bak-ground data from the Sun traking one, we will arti�ially indue them, tosee what is their e�et on the �nal result. In this way we will be able tosee by how muh this level an hange giving still a reasonable result (laterit will be de�ned what is this). From this an interval inluding the possibleperentage of bakground level variation will be de�ned, whih will ontainthe range whih still yields a reasonable result. Therefore, this way we andetermine not an estimation of the unertainty interval but just an upperlimit to it.Sine no signal is expeted in the data olleted in the out region of theTPC, and therefore the Sun traking and the bakground spetra shouldmath, the study of the systemati unertainties an pro�t from this fatusing these data. We an arti�ially vary the level of the bakground data bysome perentage and alulate the values of the χ2
null in eah ase. Obviouslythe bigger the fator we vary the bakground, the farther this parameterwill be from its mean, with orresponds to the d.o.f of the distribution. Areasonable result an be given by a good outome of the null hypothesistest over these data. Therefore we an onservatively de�ne the allowedvariation interval for the bakground level the one ontaining the variationfators whih will yield values of χ2

null with a probability of ourring biggerthan the 5%. By looking up the χ2 distribution tables we �nd that thisondition is satis�ed for these values of χ2 suh that χ2/d.o.f < 1.604. Sinefor us the d.o.f for the null hypothesis test are 18, we should onsider thevariation fators orresponding to values of χ2 < 28.9.Figure 5.17 shows the distribution of the χ2
null versus the variation of thebakground level. The horizontal line orresponds to χ2

null = 28.9, whih138
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Figure 5.17: Distribution of the χ2
null parameter versus variations of thebakground level.is the upper limit of the 95% interval. The interval of the variation fatorsdedued from here is (-0.3%, 3.3%). As it has been pointed before, it must beunderlined that this interval is only an upper limit of the allowed variationfor the bakground level, alulated using a statistial tool. As there is nota simple way of estimating what the weighting method ompensation giveus quantitatively, we must satisfy ourselves with this upper limit for it. InFator % gaγ(95% C.L)upper limit

(10−10GeV−1)-0.3 1.58+3.3 1.32Table 5.3: gaγ(95%C.L)upper limit value orresponding to the quoted variationfators of the bakground data.table 5.3 we see the value of the upper limit of gaγ at 95% C.L that wouldorrespond to the subtrated spetrum obtained from the 2W area data byvarying the bakground inside the allowed range de�ned (-0.3%, 3.3%). Our�nal upper limit on the unertainty of the bakground level leads to an upperlimit in the unertainty on the value of gaγ(95%C.L)upper limit of a 15%.Summarising, in setion 5.3.2 a hypothesis test that heks out the bak-ground onstruted with the weighting method using the data from the outzone of the TPC has been performed. The result of this test has been pos-139



Chapter 5. First TPC results: 2002 and 2003 data takingitive, as the χnull obtained for our bakground was lower than 28.9. In thepresent setion, the allowed interval of bakground variation whih leads tovalues of χnull < 28.9 has been also de�ned and estimated. This interval hasbeen de�ned as an upper limit to our bakground de�nition unertainty. Itmust be pointed out that the allowed interval for bakground variations de-pends on the statistis gathered by the data from the out area, as the shapeof the parabola in �gure 5.17 is determined by them. Therefore the intervalfor allowed variations and the unertainty perentage quoted above dependon the harateristis of this area. Beause of this we are aware that thishypothesis test gives only an orientative range where the bakground levelshould be for it to be ompatible with the Sun traking one, as it should bein the data from the out region.5.3.4. CAST 2003 ombined resultIn table 5.4 we an see the data sets of the other two CAST detetors,the Miromegas (MM) and the CCD, together with their individual results.They also exhibit a positive null hypothesis test and a best �t value forData S-B (g4
aγ)bestfit χ

2
null/d.o.f χ

2
min/d.o.f gaγ(95%)set exposure(h) (10−40 GeV−4) (10−10 GeV−1)MM set A 43.8-431.4 −1.4 ± 4.5 12.5/14 12.4/13 1.67MM set B 11.5-121.0 2.5 ± 8.8 6.2/14 6.1/13 2.09MM set C 21.8-251.0 −9.4 ± 6.5 12.8/14 10.7/13 1.67CCD 121.3-1233.5 0.4 ± 1.0 28.6/20 28.5/19 1.23Table 5.4: Data sets inluded in the result.

g4
aγ ompatible with zero within errors. The fat that three independentdetetors, based on di�erent tehnis, yield ompatible results is the bestprove of the proper behaviour of eah one of them.To obtain the ombined result from the three detetors, the individualposterior Bayesian p.d.f. of eah one were multiplied, obtaining this way theposterior p.d.f of the CAST experiment for the 2003 data. From it the gaγupper limit at 95% C.L. an be alulated as desribed in setion 5.3.3. Theresult is [96℄:

gaγ < 1.16 × 10−10GeV−1 for ma < 0.028 eV (5.19)The improvement of this result from the CAST experiment with respet toprevious ones is onsiderable, as it an be seen in �gure 5.18. From herewe see that the sensitivity of the experiment is omparable with the limitimposed by astrophysial onsiderations explained in hapter 1.
140
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Figure 5.18: Exlusion plot for the CAST ombined upper limit on gaγ (95%C.L.).
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Chapter 5. First TPC results: 2002 and 2003 data taking
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Chapter 62004 data taking resultsThe phase I of the CAST experiment was ompleted with its suessfullong term operation during 2004. In this hapter the upgrades and perfor-mane of both the experiment and the TPC detetor will be brie�y reviewed.Later the 2004 data behaviour will be exhaustively studied, in order to de-tet all the systemati e�ets whih an in�uene the �nal result. Finallywe will proeed with the axion analysis, obtaining a new upper limit on theaxion to photon oupling onstant gaγ sine the data of this year was againompatible with the absene of a signal.
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Chapter 6. 2004 data taking results6.1. 2004 TPC data taking6.1.1. Experiment upgrades and performaneDuring the 2003-2004 winter shutdown some upgrades were arried outin the experimental area to reinfore the weakest points found during 2003.Thanks to these upgrades the CAST experiment gained in safety and stabil-ity, allowing for a smooth and long data taking period in 2004.The organi rystal sintillator detetor, (see hapter 2) was installedbehind the Miromegas to searh for high energy Primako� axions, makingthis the �rst time that a searh of this kind was performed with the axionheliosope oneption.CAST started systemati data taking again in early June 2004, and on-tinued so until mid-November.6.1.2. TPC detetion system upgradesDuring 2003 data taking period some weak points in the TPC detetorwere found, namely the thin windows system with its gas leak towards theold bores of the magnet, and the bakground rate position dependene,whih prevented us from using all the bakground data gathered. Two majoromponents were added to the TPC detetor system at the beginning of 2004:a di�erential pumping system, and the shielding desribed in hapter 2.Di�erential PumpingThe purpose of the di�erential pumping system is to derease the e�et ofgas leaks towards the magnet due to argon di�usion or due to the formationof pinholes in the aluminium layer of the thin TPC windows. This systemreates an intermediate volume between the TPC and the magnet whih isontinuously pumped with a lean pump. This volume is kept at a relativelypoor vauum (∼ 10−5 mbar, ompared with ∼ 10−7 mbar in the magnet). Aseond thin polypropylene window separates this intermediate volume fromthe magnet vauum. Due to the small pressure di�erene, the e�etive leakthrough this window is extremely small (1.46 × 10−7 mbar l/s of Argon).This strategy allows us to be reasonably tolerant to small leaks on the TPCwindows, improving the robustness of the whole system and thus no externalintervention during the data taking period was needed, ontrary to whathappened in 2003.ShieldingThe shielding desribed in hapter 2 was �nally aepted after a om-missioning period in 2003, and installed around the TPC in 2004. For thisa ounterweight was plaed on the other end of the magnet to ompensate144



6.1. 2004 TPC data takingfor the extra weight added, and in some zones the experimental site wallsthikness was redued to allow the TPC plus shielding system to move withno onstraint. The improvements obtained thanks to this shielding will beexplained later on in this hapter.Automati alibration systemIn 2003 the TPC gain was being alibrated by means of pressure and tem-perature measurements of the gas, whih were related to it by equation 5.2.In 2004 a stepping motor was installed to move automatially the 55Fe soure.This motor is fully ontrollable via TTL signals whih are provided by aninput/output register VME module ontrolled by the aquisition software.During normal data taking the radioative soure is parked between the twobak alibration windows in a position shielded from the hamber. In 2004,every six hours the aquisition software was sending a signal to stop thedata taking and to move the radioative soure in order to take two runs ofalibrations, one per window of the TPC.Figure 6.1 shows the time evolution of the gas gain during the 2004 datataking period. A di�erene on the gain values for the two windows was
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Low cathode number windowFigure 6.1: Gain evolution during 2004.observed and taken into aount in the data analysis. This di�erene resultsfrom geometrial imperfetions in the wire arrangement that produe a gaindrift along the anodes. Beause of this, the gain fator applied to every eventwas alulated taking into aount the position of the hamber where it hadbeen reorded. In this way, given the position of the event in the wires grid,145



Chapter 6. 2004 data taking resultsthe orresponding graph of �gure 6.1 was sanned to �nd the gain fatorwhih mathes the time given by its timestamp. Between two onseutiveexperimental gain measurements a straight line was taken to �nd the losestvalue for every given timestamp.6.1.3. TPC detetor performaneThe TPC was already installed with the shielding around it when CASTstarted to be operational in 2004. In table 6.1 a summary of the sets gatheredin this period is shown. During June still some small adjustments were doneSet number Date Comments#8 02/05-27/05 First data of the year.Still some adjustments were done on thehamber.Data not used for the axion analysis.#9 28/05-13/11 Long term set.Good quality data.Table 6.1: Summary of the sets aumulated during the 2004 TPC datataking.to the hamber, whih made the data taken in this period inhomogeneous,and therefore it was not used for the �nal analysis.The set# 9 is a very long term one (∼4.5 months) where the data ol-leted were of good quality. Figure 6.2 shows the aumulated time exposureof bakground and Sun traking data are shown. As it an be seen ∼203hours of Sun traking were olleted, a fator of ∼3 more than in 2003. Thenumber of e�etive days of bakground gathered is 142.2, a fator ∼5 morethan in 2003. Furthermore, we see that both bakground and Sun trakingdata were taken homogeneously in time, with nearly no interruption.Sine in 2003 a dependene of the bakground rate with the position ofthe TPC in the experimental site was found, in 2004 the bakground datataking was done following a strit proedure. In both the morning and theevening, after having traked the Sun, the magnet was parked in a positionlose to where it had gone through during the traking.The hamber performane during this time was very good, showing thestability required. In �gure 6.3 we an see the monitored value of the rawtrigger rate (rate of ounts diretly deteted on the hamber, without any�ltering) from July till November. Apart from ertain deviations from themean due either to eletroni noise pik up (�rst and last months), or speialset of alibrations (mid Otober) this rate was fairly stable through the wholeperiod of data taking. All these ases where the trigger rate was being well146



6.1. 2004 TPC data taking
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Figure 6.2: Exposure plots of the Sun traking and bakground data in timefor the 2004 data.
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Chapter 6. 2004 data taking resultsfar from the mean value were properly identi�ed, being these data exludedfrom the analysis.Complementary to this is the time evolution of the dead time, shownin �gure 6.4. We see that these two parameters are tightly related, as aninrease in the trigger rate also produes an inrease on the dead time per-entage due to the fat that the system spends more time per seond pro-essing information. On the other hand, in mid Otober there was a problemwith the aquisition omputer, and the time to proess an event inreasedvery rapidly, ausing the dead time to inrease also and the trigger rate toderease, sine the time the eletronis was blind to new events was higher.In general the dead time was fairly stable trough the whole period as well,with an average value of 1.75 %.

Figure 6.3: Raw trigger rate evolution from July till November 2004.

Figure 6.4: Dead time evolution from July till November 2004.148



6.2. 2004 TPC data6.2. 2004 TPC data6.2.1. Data improvement due to the shieldingWith the shielding installed around the hamber, the TPC bakgroundlevel between 1 and 10 keV was (4.15±0.01) ×10−5 ounts/keV/s/m2, afator of ∼ 4.3 below the level reahed by the TPC without any shielding.This redution inreases with energy (redution fator of ∼ 6.4 in the 6-10 keV range). The observed bakground energy spetra for the with andwithout shielding ases are shown in �gure 6.5, as well as for an intermediateon�guration of only opper box and N2 �ux. In 2004 the data proved to
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Figure 6.5: Bakground spetra for the TPC detetor in di�erent shieldingonditions.have a level of spatial homogenisation higher than in 2003 as it an be seen in�gure 6.6. Here the omparison between 2003 data olleted in the di�erentpositions of the oarse grid (upper row) with the data taken in 2004 forthe same positions is shown. Being both the redution and homogenisationobvious.6.2.2. 2004 data behaviourA step previous to the axion analysis with these data requires to under-stand their behaviour properly, determining all the fators to whih they anbe sensitive to. The shielding proved to redue the level of the bakground149
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6.2. 2004 TPC datadisappeared to a big extent. To hek this, the �rst thing to do is to omparethe Sun traking and the bakground energy spetra from the data takenin the out area of the TPC, as no signal is expeted, and therefore bothspetra should be ompatible. In �gure 6.7 suh omparison is shown. The
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Chapter 6. 2004 data taking resultswe an think that other e�ets whih have not been taken into aount yetare playing an important role here.Time dependene During 2004 data taking period, a variation of thelevel of the bakground with time was observed. The upper plot in �gure 6.8shows the evolution of the event rate from 3-7 keV, after all the �lteringproess. Here a lear variation above the statistial �utuation from themean value is visible. It would be desirable to understand up to someextent whih fator (or fators) we are sensitive to, despite the shielding, toprodue suh a variation. In priniple the soure (or soures) ould have twodi�erent origins:Parameters to whih the e�ieny of the hamber is sensitive to.Parameters to whih the environmental bakground level itself is sen-sitive to.Regarding the �rst ase, as it has been explained in hapter 3, there is onlyone known main parameter to whih nearly all the gaseous detetor's relevantharateristis, suh as drift veloity, di�usion oe�ients or gain are relatedto, the gas density, the latter one being most sensitive to its variations. It isin order to orret the e�ets of these natural variations in the gas densitythat, during all the data taking period, experimental alibrations were beingtaken every 6 hours. This allowed us to haraterise the gain variations ofthe hamber with very good preision (�gure 6.1) and to orret the eventsgathered aordingly. Therefore, there is no reason to believe the �rst optionis the one that should be taken under onsideration. Moreover, the other twoCAST detetors observed also variations on their bakground level deteted,and these two hints ertainly lead us to onsider the seond option as themost feasible one.Trying to orrelate this variation with any parameter reorded in theexperimental area, it was found that, to some extent, it ould be related withthe temperature measured inside the shielding, shown in the lower graph of�gure 6.8. The CAST experimental area is being ontinously ventilated tokeep the temperature as onstant as possible. The big variations seen inMay and June are due to the fat that the ventilation system was not yetonneted, the sudden drops appearing when the TPC aquisition eletroniswas swithed o�. From mid-June and on the temperature value remainedfairly onstant, having a long term dereasing tendeny.To hek this apparent relation we an have a loser look to some shorterperiods of data: in �gures 6.9, 6.10 the rate evolution is shown from mid-May to mid-June and from mid-Otober to mid-November in the upper plotsrespetively, while the lower ones shown the temperature reorded for eahone of these two periods.152
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Figure 6.8: Up: Time evolution of the ounts rate per day during 2004 datataking. Down: Temperature time evolution measured inside the shielding.
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Figure 6.9: Up: Time evolution of the rate of ounts per hour from mid-May to mid-June. Down: Temperature time evolution measured inside theshielding for the same period.154



6.2. 2004 TPC data
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Chapter 6. 2004 data taking resultsWhile in the �rst set of plots a lose dependene between these twoparameters beomes evident, in the seond one we see that the rate varies butthe temperature remains onstant. None of the other reorded parametersin the experimental site have been found to be related with this variationseen in the last months of data taking. Therefore it is lear that its origin isomplex and omprises several di�erent auses.Up to now we have proven a �utuation of the bakground level withtime and now it arrives the question of by how muh this time-dependeneby itself ould in�uene our result.In priniple we ould think that, if these variations are long term ones,as it seems to be the ase from �gure 6.8, they will a�et both Sun trakingand bakground data in the same way, leading then to a natural orretion.This would not be ompletely true if during long periods of time bakgrounddata were being taken, but not Sun traking ones, due maybe to tehnialstops in the experiment, suh as quenh reoveries. In this ase this naturalompensation would be broken and an o�set between Sun traking data andbakground ones ould appear. But if we reall �gures 6.2, where the amountof Sun-traking and bakground data gathered over time are represented, wesee that this happens not to be the ase.
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Chapter 6. 2004 data taking resultsevening- would be inompatible with the bakground ones -taken during therest of the day-, and then we should be more areful in our analysis. Toensure that this is not the ase, the daily variation of the data was plotted,representing all the data taken in the 2W area of the TPC in set #9 withenergies between 1 and 10 keV (�gure 6.11). The horizontal line representsthe mean of these data points. The χ2 parameter of these points around themedia an be alulated, in order to see if it yields a value where χ2/d.o.f ∼
1. In table 6.2 results of this alulation are shown. Although the value of
χ2/d.o.f for the horizontal line hypothesis is good, in this �gure a hint of atiny sinusoidal variation an be seen. To rosshek this pattern, the datagathered in eah window have been also plotted independently, as it an beseen in �gure 6.12. The means and the χ2/d.o.f quotients for the data ofeah of the windows are also shown in table 6.2. From the values shown inthe table we an onlude that there is no pattern followed by these data,apart from the statistial deviation from the mean, and therefore there isno daily-varying fator, suh as the time-dependene or any other unknownone, to whih the TPC is sensitive to.TPC region Mean χ2/d.o.f2W 1.334 ± 0.004 12.79/23Window 1 1.169 ± 0.004 26.61/23Window 2 1.498 ± 0.004 21.71/23Table 6.2: χ2 distribution value around the mean for di�erent hamber re-gions.Position dependene From the omparison between Sun traking andbakground data olleted in the out area of the TPC, where no signal isexpeted (�gure 6.7), we have seen that there is no dependene on the dataleading to a disrepany as seen in the 2003 data. But still we do not knowwhether there is any remaining position dependene despite the shielding. Inorder to study this, we an try to searh for any position variane on di�erentsubsets of data where the time variation an be onsidered fairly homoge-neous, ensuring this way that both e�ets will not mix up. Furthermore,the minimum amount of data used for these subsets should be at least onemonth, so that the statistis gathered in the di�erent positions of the TPC isenough to observe any positional variation. Two intervals have been de�nedwith these harateristis, listed in table 6.3 and shown in �gure 6.13.In �gure 6.14 we an see for these two periods of time the dependeneof the bakground level with the position of the detetor in the experiment.Here the blak line orresponds to the data taken in the out area of thehamber, while the red one mathes the 2W area data. The value representedis the mean of the normalised ounts measured between 2 and 10 keV. The158
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Figure 6.13: Rate evolution in the two time intervals hosen.
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Chapter 6. 2004 data taking resultsnine di�erent loations of the TPC in the experiment shown in the x-axisorrespond to the nine ells drawn in the oarse grid of the experimentalarea.These �gures tell us that the tendeny followed by the data both in the2W and out areas is similar. It seems also that the points satter more fromthe mean than what would be expeted taking only statistis into aount.One way to �nd quantitatively any variation out of the statistial errors isto alulate the χ2 distribution of these points around the mean, as it hasbeen done also to searh for a daily pattern. If there were a systematideviation due to a position dependene, it would be re�eted in a value of
χ2/d.o.f > 1, being 8 in this ase the degrees of freedom (9 points minus themean). The fat that the error bars are di�erent in every point ould lead
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Figure 6.14: Bakground level for 9 di�erent experiment zones and di�erentperiods of time. The blak line represents the data taken in the out area ofthe TPC, while the red one mathes the 2W area data.us to a fake value of the mean if we were alulating it in the onventionalway. In this ase a weighted mean is the most appropriate parameter, wherethe points with a big error bar ontribute less to it. From [23℄ we have thede�nition of this mean and its average error:
x̄ ± δx̄ =

∑
i ωixi∑
i ωi

±
(
∑

i

ωi

)−1/2

where ωi = 1/(δxi)
2 (6.1)160



6.2. 2004 TPC dataHere i runs over the points that we want to alulate the mean from, in ourase i = 1...9. One this value is known, the χ2 is alulated in the standardway:
χ2 =

∑

i

ωi(x̄ − xi)
2 (6.2)In table 6.3 these values are summarised both for the 2W and for the outzones data. The di�erene in the means for the two periods is indeed a hintof the time-dependene on the data explained before. The numbers obtained# Start-End Mean (×10−5/kev/m2/s) χ2/d.o.f2W out 2W out1 12/06-07/07 3.75 ± 0.03 4.56±0.01 10.27/8 31.36/83 11/08-19/09 3.94 ± 0.02 4.85±0.01 54.17/8 149.89/8Table 6.3: χ2 distribution value around the mean for the two time intervalsde�ned.for the data in the out area, where we have more statistis, tell us that indeedthere is a deviation from the mean beyond statistis . We see also that inboth plots of �gure 6.14 the tendeny of deviation from the mean is by farvery di�erent in both of them. If this deviation were fully due to a positiondependene we would expet that it should be oherent in both plots, sinewe would be seeing the same e�et. But this is not the ase, and we are leadto think that, at least, part of what we are seeing here is the ubiquitous timevariation. Even though the hosen intervals look fairly stable, the data aretelling us that indeed this is not the ase.Even if smaller time intervals are used, the time e�et still plays a rolehere, and no hint of a position dependene is found. Therefore we anonlude that, even if a position dependene is present in these plots, itslevel is really small in omparison with the time dependene e�et, whih in2004 data is the dominant one.Experimental onditionsThe basi priniple to ensure the ompatibility between Sun traking andbakground data is that both of them are taken under the same experimentalonditions. Although this idea might look obvious, from the tehnial pointof view some very basi heks are required, as this ondition is not alwayssatis�ed. The data gathered when following the Sun were taken when themagneti �eld inside the magnet was on (there is a urrent �ow of at least13,000 A), the valves between the detetor and the magnet bores were open,and of ourse the whole struture omposed by the magnet and the girderthat holds it was moving. On the ontrary, when the bakground data weretaken, the magnet most of the time was steady, and during some (small) part161



Chapter 6. 2004 data taking resultsof this time the valves were losed and the magnet was o�. Therefore weshould study the in�uene of these fators on the data to onsider if furtherre�nements are required.Magnet movement To test the possible in�uene of the motors in hargeof moving the 50 ton struture holding the magnet on the data taken, wean use again the data from the out area of the TPC. The Sun trakingspetrum ontains only data olleted when the motors were on, while thebakground one is mostly omposed from data gathered with the magnetstanding still. In priniple both spetra should be ompatible and therefore,if eletri noise were indued by the motors on the data, it would be re�etedon a di�erene, mostly at low energies, between them.The χ2 parameter of the Sun traking minus bakground energy spetrawith the zero line hypothesis will tell us about the auray of the no-noisehypothesis. Figure 6.15 shows this subtrated spetrum, together with thezero line. The �t yields:
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Figure 6.15: Subtrated spetrum from the data taken in the out area of theTPC.
χ2/d.o.f = 28.69/29 (6.3)whih learly hints no systemati e�et on the data.162



6.2. 2004 TPC dataIndeed, this an be onsidered as a test of the non existene of any otherunknown or unonsidered e�et apart from the magnet movement, whihould in�uene the data.Magnet status As the data from the out area are ompletely isolated fromthe magnet bores, it annot be in�uened by their status. Therefore we stillhave to onsider a possible dependene of the 2W area data on the valvesand magnet status. In �gure 6.16 a graphi omparison between the totalbakground (thik blak line) and the one built only with the bakgrounddata olleted when the magneti �eld was on and the valves in the TPCside were open (thik red line) is shown. For omparison purposes, the Suntraking spetrum is also plotted as a ontinuous thin blak line. From here
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Figure 6.16: Comparison between the traking spetrum (ontinuous line) thetotal bakground (thik blak line) one and the bakground taken only whenthe magneti �eld is on and the valves are open (thik red line).we see that indeed the Open-On bakground is systematially lower than thetotal one, although the di�erene is very small in omparison with the Suntraking spetrum, to whih both of them are ompatible. In table 6.4 wehave the time in hours that the magnet system has spent in every situation.In order to understand why the Open-On bakground is systematially lowerthan the total bakground one, in �gure 6.17 we see a omparison betweenthe total bakground energy spetrum (thin blak line again) and di�erentmagnet onditions (thik blak and red lines). In the upper one the valves arein both ases losed, and the only di�erene lies in the magnet being energisedor not. In the lower plot we have same situation with the di�erene that in163



Chapter 6. 2004 data taking results Valves status (hours)Open ClosedMagnet status (hours) OnO� 2617378.52 34.25358.13Table 6.4: Time that the magnet system has spent in the di�erent onditions.
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Figure 6.17: Comparison between di�erent magnet system onditions.164



6.3. Data analysisthis ase the valves are open. In these two plots we see that when the valvesare losed it seems that the magnet being energised makes a di�erene, whilewhen the valves are open this is not the ase. This in priniple does not makeany sense, and the real explanation to what is seen in these plots omes isin the previous setions. These spetra are omposed from data olleted indi�erent magnet onditions, but also in di�erent times and positions, and itis therefore natural that they show di�erent average levels.During 2004 the Sun was daily being traked for the TPC, exept inthe ase of a magnet quenh (see hapter 3), the movement was stoppedfor one or two days. During this time no data were olleted traking theSun, but the bakground data taking were remaining. Somehow this mayintrodue small gaps in the time dependene Sun traking-bakground dataompensation mentioned in setion 6.2.2. Sine during the time of a magnetquenh reovery the valves are losed and the magnet is o�, it seems naturalto assume that the overall Open-On bakground spetrum is the one weshould use then to ompare with the total Sun traking one, as both willsu�er from the same temporal gaps. Therefore, for the axion data analysiswhen referring to the bakground spetrum, we will mean the Open-On one.6.3. Data analysisUp to now all the possible dependenes of the data on the most in�uentialenvironmental fators have been arefully studied. No signi�ative deviationof the bakground from the Sun traking data has been found, and the longterm variations have been identi�ed and found not to be relevant for theaxion analysis. Therefore we an safely proeed subtrating the Open-Onbakground data to the Sun traking data in order to obtain the subtratedspetrum, whih is the starting point for the axion analysis, as it has beenalready done for the 2003 data in hapter 5.6.3.1. Null hypothesis testFigure 6.18 shows this �nal subtrated spetrum, together with the nullhypothesis line. A quik look states that both are ompatible within statis-tial errors. This is mathematially on�rmed by the χ2 parameter obtainedfrom the �t:
χ2

null/d.o.f = 18.67/18 (6.4)As in the analysis of the 2003 data, the vertial dotted lines delimit the 1 to10 keV energy range where all the axion analysis is performed, ignoring thepoints outside it sine the expeted solar axion energy spetrum ranges alsofrom 1 to 10 keV approximately. 165



Chapter 6. 2004 data taking results
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Figure 6.18: Subtrated spetrum and the null hypothesis line.6.3.2. Best �t and errorsTo alulate the best �t value of g4
aγ we will proeed in a similar wayas it was done with the 2003 data. First the theoretial normalised energyspetrum of photons oming from the onversion of axions in the magneti�eld that would have been deteted by the TPC is alulated, as a funtionof g4

aγ . The subtrated spetrum is �tted with this theoretial one, and thenthe value of g4
aγ whih minimises S(g4

aγ) is found, whih will give us thetheoretial photon spetrum urve that best �ts the 2004 obtained data. Itis expeted that this �nal urve will be very lose to the zero line, whihrepresents the no axion hypothesis, if we are to be onsistent with the nullhypothesis test.In �gure 6.19 we an see the subtrated spetrum with the best �t urveon it. The best �t value obtained is:
(g4

aγ)min = (1.04 ± 1.0(stats)) × 10−40 GeV−1 with χ2
min/d.o.f = 17.06/17(6.5)In this ase the value obtained is positive within 1σ error. It is knownthat the de�nition of one standard deviation tell us that, just due statistial�utuations, only 64% of the data olleted should fall into the range overedby it. It an easily happen that the 2004 best �t result obtained belongs tothe other 36% data group whih are further from the true value more onestandard deviation. The fat that none of the other two CAST detetors hasa similar result hints that this explanation is the preferred one over the fatthat maybe we ould be seeing a trae of an axion signal.166
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Figure 6.19: Subtrated spetrum together with the best �t urve.6.3.3. Con�dene interval extrationAgain, proeeding in a similar way as we did with the 2003 data in orderto extrat an upper limit value of gaγ with a 95% on�dene level (C. L.),we are lead to the result:
gaγ(95%) ≤ 1.29 × 10−10 GeV−1 for ma < 0.028 eV (6.6)This value is a 20% lower than the one obtained in 2003, as shown in �g-ure 6.20.6.3.4. Systemati e�ets and their in�uene on the dataIn the 2003 data any possible systemati e�et was masked by the highdependene of the bakground level with the position, and therefore wasimpossible to detet within statistis. With the 2004 data we �nd ourselves ina similar situation. Not only the data may su�er from a position dependene,whih we have not been able to disard �nally, but also they depend on thetime of the year where they were taken. Indeed it has been pointed out insetion 6.2.2 that the in�uene of this time dependene on the data is higherthan the position one. It has been also pointed out that the time variationof the data takes plae in time intervals larger than one day, thus a�etingin a similar way the Sun traking and bakground spetra. Beause of this,it has been onluded that for the axion analysis of 2004 data there is noneed to build any time or position weighted bakgrounds. As the bakground167



Chapter 6. 2004 data taking results

(eV)axionm
-510 -410 -310 -210 -110 1 10

)
-1

(G
eV

γag

-1210

-1110

-1010

-910

-810

-710

Axi
on

 m
od

el
s

DAMA

SOLAX, COSME

CAST prospectsCAST prospects

Tokyo helioscope

Lazarus et al.

globular clusters

TPC 2003

TPC 2004
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6.3. Data analysisin our ase orresponds to the bakground level of the Sun traking spetrum.This interval must be alulated taking into aount two antagonisti fators.The time and position dependene indue a variation on the bakgroundaverage level, thus making this interval wide. For example, in �gure 6.8 wesee that the maximum variation of the rate is approximately a 33% fromthe higher value (∼ 750 ounts/day) to the lower one (∼ 500 ounts/day).But we must not forget that this variation a�ets in a similar way the Suntraking and the bakground spetra, leading to the ompensation mentionedbefore, whih will make this interval narrower that a 33%. But, how are weto estimate the e�et of this ompensation?To get an exat value of the e�et of the ompensation between the twospetra is a not so simple task. We have quanti�ed the maximum value ofthe data variation as to be a 33%. But the interval that we are searhing foris ertainly narrower due to the ompensation, and we would like to knowby how muh. In what follows a method similar to what was done with the2003 data is shown. Following it we will determine an upper limit for thisinterval, not the interval itself.In the data from the out area we an vary arti�ially the level of thebakground data by some perentage and alulate the values of the χ2
nullin eah ase. Obviously the bigger the fator we vary the bakground, thefarther this parameter will be from its mean, whih orresponds to the d.o.fof the distribution. Then we an de�ne the allowed variation interval forthe bakground level as the one ontaining the variation fators whih willyield values of χ2

null with a probability of ourring bigger than the 5%. Bylooking the χ2 distribution tables we �nd that this ondition is satis�ed forthese values of χ2 suh that χ2/d.o.f < 1.604. Sine for us the d.o.f for thenull hypothesis test are 18 (number of points), we should only onsider thevariation fators orresponding to values of χ2 < 28.9.In �gure 6.21 the di�erent values of χ2 obtained for the orrespondingvariation fators are shown. The interval of the variation fators deduedfrom here is (-0.9%, 1.5%). It must be underlined that this interval is anupper limit of the allowed variation for the bakground level using a statisti-al tool. As there is not a simple way of estimating what the ompensationgives us quantitatively, we must satisfy ourselves with this upper limit for it.In table 6.5 we see the value of the upper limit of gaγ at 95% C.L that wouldFator % gaγ(95%C.L)upper limit

(10−10GeV −1)-1 1.38+1.5 1.15Table 6.5: gaγ(95%C.L)upper limit value orresponding to the quoted variationfators of the bakground data. 169
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Outlook and onlusionsIn the �rst part of this work a quik introdution to axion theory andphenomenology has been presented, underlying its osmologial relevane asone of the leading andidates, together with the WIMP, for the ubiquitousold dark matter of the Universe. Furthermore, opposite to the WIMP, theaxion appears within the framework of a rather natural Standard Modelextension, introdued in 1977 by R. Peei and H. Quinn to solve the strongCP problem of the QCD. Even in supersymmetri and superstring-inspiredmodels this partile often arises also in a natural way.Therefore axions searhes are justi�ed and arried over around the world,with the most olourful and inspired tehniques. The CAST experimentpriniple is based on the axion heliosope oneption, put over by P. Sikiviein 1983. Using a 10 m long, 9 T magneti �eld LHC magnet, CAST is themost ompetitive axion heliosope built nowadays.In the seond part of this work both the CAST experiment and one of itsdetetors, the Time Projetion Chamber (TPC), have been presented withdetail, together with their ommissioning and operation periods during 2003and 2004, i.e., during the �rst phase of CAST.The third part of the thesis has been devoted to the TPC data analysisand results obtained in these two years independently. In 2003 the TPCgathered ∼783 hours of good quality data, i.e. data that ful�ls the stabilityand homogeneity detetor operation required, being ∼9% of them taken withthe magnet following the Sun. The data olleted in the TPC during thenon-alignment periods is used later on to estimate the true experimentalbakground ontribution to the Sun traking spetrum. Initially a leardisrepany in the level of both energy spetra was observed. Several testswere arried in order to �nd the origin of this disrepany, being �nallyproven that it lied on a dependene of the data on the TPC position withinthe experimental area, aused by its relatively large spatial movements at thefar end of the magnet, whih resulted in appreiably di�erent environmentalradioativity levels.An e�etive weighted bakground was onstruted only from the bak-ground data taken in magnet positions where Sun traking was performed,being properly weighted aordingly with the relative exposure of the Suntraking data. 171



Chapter 6. Outlook and onlusionsApplying this weighting method to the bakground data olleted in theaxion-sensitive area of the TPC, no signal above bakground was observed,being this on�rmed by the null hypothesis test (χ2
null/d.o.f = 18.2/18).This absene of signal allowed the extration of an upper limit for the ou-pling of axions to photons, whih was onservatively alulated by takingthe limit enompassing 95% of the Bayesian probability distribution with aprior funtion assuming g4

aγ �at and positive. The limit obtained from theTPC data, plotted as a blue line in �gure 6.22, was:
gaγ(95%C.L) < 1.55 × 10−10 GeV−1 for ma . 0.028 eV. (6.7)Sine the e�etive bakground data used to obtain this result was arti�iallyonstruted, it is expeted that the result quoted above su�ers from a sys-temati error. In the CAST TPC there is an area whih is blinded to thesignal as it does not fae the magnet bores, thus the data olleted on it anbe used to test all these possible systematis e�ets as here the Sun trak-ing and bakground spetra in priniple should resemble. The data omingfrom this area an be used to estimate an upper limit to this unertaintyperentage. By arti�ially varying the level of the bakground spetrum tillthe χ2

null test on the data yields a result with a probability smaller than a5%, this upper limit interval is found to be approximately a 15% of the valuegiven in 6.7.The ombination of the TPC result with the ones from the other twodetetors of the experiment has given the exlusion limit for CAST 2003:
gaγ(95%C.L) < 1.16 × 10−10 GeV−1 for ma . 0.028 eV. (6.8)This limit is �ve times more restritive than previous experiments results.In 2004 the TPC was aligned with the Sun for ∼ 203 hours, while thetotal time dediated for bakground data taking was of ∼ 142 days. Thismeans that, during this year, the axion sensitive data are a fator 3 moreabundant than in 2003 and, in the ase of the bakground data, this fatorgoes up to 5.Sine in 2003 a dependene of the TPC bakground on the magnet po-sition was found, during 2004 it was followed a strit proedure to over ho-mogeneously all the TPC positions during the bakground data taking. Thisway it was ensured that the ontributions from the di�erent environmentalradioativity areas to the total bakground data would be homogeneouslydistributed.On the other hand a passive shielding, designed an built by the Parti-le Physis group of the Zaragoza University, was installed surrounding theTPC. It is onstituted, from outside to inside, by a 22 m layer of polyethy-lene whih thermalizes the high energy neutrons, followed by a 1 mm thikadmium layer whih presents a high absorption ross setion to these al-ready thermalized partiles. A 2.5 m thik lead wall redues the amount172



of low and medium energy environmental gamma radiation that eventuallyreahes the detetor, and �nally a 5 mm thik opper box ats as Faradayage, providing mehanial support for all the struture. The whole shield-ing assembly is tightly losed by a PVC bag allowing thus to �ush the innerpart with pure N2 to purge this spae of radon.Thanks to the shielding a redution fator of ∼ 4.3 on the bakgroundlevel was reahed, being thus the data averaged rate between 1 and 10 keV
(4.15 ± 0.01) × 10−5 counts/keV/s/cm2. Furthermore, the data olletedin the di�erent experimental hall zones presented a high homogeneity level,proving that the shielding was able to redue to a big extent the worrisomedisrepanies whih a�eted 2003 data.Regarding the CAST data analysis, it is mandatory to identify any sys-temati e�et whih ould produe a disrepany between the Sun trakingand the bakground spetra. For this, again the data in the TPC regionblind to any signal is used, sine the null hypothesis test for these two spe-tra ould hint the presene of suh e�ets. For 2004 data this test result is:
χ2/d.o.f = 28.69/29, proving that, ontrary to what happened in 2003, inthis year the data are free from any systemati e�et big enough to preventthe alulation of the axion parameters diretly from the data.In spite of this, still long term temporal variations related with environ-mental fators whih an a�et the TPC bakground omposition and naturewere observed. Sine they were a�eting both Sun traking and bakgrounddata in the same way, there was no need to take them into aount for the�nal axion analysis, being this the reason why they were not re�eted in thenull hypothesis test explained in the previous paragraph.The data olleted on the area of the TPC faing the magnet bores ouldbe in�uened by fators suh as the magnet being energised or not, and thusthe de�ned bakground is the one olleted when the magnet bores status isthe same as in the Sun traking situation. This bakground is the one �nallysubtrated to the Sun traking spetrum and, for 2004 data, this subtratedspetrum was ompatible again within errors with the absene of any signal,as it is on�rmed by the null hypothesis:

χ2
null/d.o.f = 18.67/18. (6.9)The axion to photon oupling's upper limit has been alulated againwith a 95% C.L. following the Bayesian logi, being the result obtained:

gaγ(95%) ≤ 1.29 × 10−10 GeV−1 for ma < 0.028 eV. (6.10)This result is inluded in the axion exlusion plot shown in �gure 6.22 as thered line. Unertanties in several theoretial parameters suh as the magneti�eld or the detetor e�ieny urve has been studied, being their e�etestimated to be less than a 2% of this value. Furthermore, again and upperlimit to the systemati error interval has been alulated, �nding it to be173
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Figure 6.22: Exlusion plot (95% C.L) for the 2003 (blue line) and 2004 (redline) TPC data. For omparison the result from other experiments is shown.within a ∼ 10% of the value quoted in 6.10. The in�uene of other e�etssuh as the temporal variation mentioned before are known to be boundedinside this range.Combining this result with the ones attained by the other two CASTdetetors, the following preliminary value for the upper limit is obtained:
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