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IntrodutionOne of the greatest mysteries of the universe that, for the present, puzzlesthe mind of most astronomers, osmologists and physiists is the question:�What makes up our universe?�. This is due to how a ertain substanenamed Dark Matter ame under speulation. It is believed this enigmatisubstane, of type unknown, aounts for almost three-quarters of the osmoswithin the universe, ould be the answer to several questions raised by themodels of the expanding universe astronomers have reated, and even deidethe fate of the expansion of the universe.A great deal of e�ort has been made sine 1687, when Newton introduedthe notion of gravity disussing it in terms of fores between �bodies� (i.e.visible baryoni objets) stating in the introdution of his � PhilosophiaeNaturalis Mathematia� that �I have no regard in this plae to a medium,if any suh there is, that freely pervades the intersties between the partsof bodies�. Sine then, the deviations of observed motions from expetedtrajetories have proved very e�etive in deepening our understanding ofuniverse. Whenever anomalies were observed in the motion of planets in theSolar system, the question arose: should suh anomalies be regarded as arefutation of gravitation laws or as an indiation of the existene of unseenobjets?The modern problem of dark matter is oneptually very similar at theold one about unseen planets: we observe in large astrophysial system atall length sales, from galati to osmologial one, some inonsistenies thatan only be explained either by assuming the existene of a large amountof invisible, dark, matter, or by assuming a deviation from the well-knowngravitation laws and the general relativity theory.There is strong observational evidene for the dominane of non-baryoniDark Matter (DM) over baryoni matter in the universe. Suh evideneomes from many independent observations over di�erent length sales. Themost stringent onstraint on the abundane of DM omes from the analysisof the Cosmi Mirowave Bakground (CMB) anisotropies. In partiular,the WMAP (Wilkinson Mirowave Anisotropy Probe) experiment restrits1



2 INTRODUCTIONthe abundane of matter to lie in the range ΩMh2 = 0.1358+0.0037
−0.0036 and theabundane of baryoni matter to be in the range Ωbh2 = 0.02267+0.00058

−0.00059 [1℄,in good agreement with preditions from Big Bang Nuleosynthesis 0.018 <
Ωbh2 < 0.023 [2℄.It is ommonly believed that suh a non-baryoni omponent ould onsistof new, as yet undisovered, partiles, usually referred to as WIMPs (WeaklyInterating Massive Partiles). Some extensions of the standard model (SM)of partile physis predit the existene of partiles that would be exellentDM andidates. In partiular great attention has been dediated to andi-dates arising in supersymmetri theories: the Lightest Supersymmetri Par-tile (LSP). In the most supersymmetri senarios, the so-alled neutralinoseems to be a natural andidate, being stable in theories with onservationof R-parity and having masses and ross setions of typial WIMPs.One way of probing the nature of dark matter partiles is to look for theirannihilations signal [3℄. A wide literature exists disussing the prospets ofobserving annihilation radiation from the galati entre, high energy neutri-nos from the Sun, gamma-rays and synhrotron from dark matter lumps inthe galati halo, gamma-rays from external galaxies, positrons and antipro-tons and more. Large unertainties are assoiated with preditions of anni-hilation �uxes, due to our poor knowledge of the distribution of dark matter,espeially in the innermost regions of Galaxy. Other promising strategiesinlude ollider searhes for dark matter and assoiated partiles and diretdetetion experiments designed to observe the elasti sattering of dark mat-ter partiles with nulei.I would like to emphasize that the detetion of dark matter partiles inany one of the experimental hannels disussed will not alone be su�ientto onlusively identify the nature of dark matter. The diret or indiretdetetion of the dark matter partiles making up our galaxy's halo is highlyunlikely to provide enough informations to reveal the underlying physis (su-persymmetry, et.) behind these partiles. In ontrast, ollider experimentsmay identify a long-lived, weakly interating partile, but will not be able totest its osmologial stability or abundane. We should solve the mystery ofdark matter partile nature only by ombining the information provided bymany di�erent experimental approahes.The EDELWEISS ollaboration is a diret dark matter searh experiment,aiming to detet diretly a WIMP interation in a target material, highpurity germanium rystal working at ryogeni temperatures. It relies in themeasurement of nulear reoils that produe measurable e�ets in the rystalsuh ionization and heat.This thesis is organized as follows. The �rst hapter aims to provide anintrodution to the theoretial framework and the sienti� motivation for the



3following work. The nature of DM has been one of the most hallenging topisin ontemporary physis sine the �rst evidenes of its existene had beenfound in the 1930s. Cosmologists and astrophysiists on one side, togetherwith partile theorists on the other have put a lot of e�ort into this �eld: Iwill brie�y aount for their ahievements and for the experimental strategieswhih an be set in this senario. Sine this thesis work was arried outwithin the EDELWEISS-II diret dark matter experiment, I will fous thenext hapter on this topi, desribing the main features.The seond hapter is related to the set-up of the EDELWEISS-II, theurrent stage of the EDELWEISS experiment neessary after a �rst phasethat ahieved the best upper limit on the WIMP elasti sattering on nu-leon as a funtion of WIMP mass in 2004 [4℄. The set-up was oneived toredue radioative bakground observed in the �rst experiment phase. Thus,desribing the starting point for this seond stage, I will present detetorsinvolved in, with a peuliar regard to the Ge-NTD type, the same implied inEDELWEISS-I, on whih I have foused my thesis work.In the third hapter the performed Ge-NTD analysis hain is presented.Starting with the signal proessing of the reorded data, I will enter in the es-sential analysis steps from alibration signals passing through measurementsof thresholds and resolutions in order to predit nulear and eletroni reoilband and de�nition of �duial zone to onlude determining a seletion forlikely WIMP andidate.These suggestions are applied in the fourth hapter, whih presentsthe analysis and the results of the 8th ool down that takes plaes fromNovember 2007 to Marh 2008. This ool down allows a �rst real look at theEDELWEISS-II environment and it represents a �rst real test of Ge-NTDtype detetors at large sale. Thus, it follows that two goals are envisaged: abetter understanding of radiative bakground overwhelming the experimentand an improvement of urrent upper limit on the WIMP sattering rosssetion.



4 INTRODUCTION



Chapter 1Dark Matter Challenge
1.1 Theoretial frameworkIn this setion I will brie�y present theoretial ingredients to make up aosmologial model in order to understand why we need a dark matter on-tribution in universe. Inluded short history of universe is drawn.1.1.1 Standard CosmologyFollowing the progress in tehnologies of experiments measuring osmolo-gial parameters, a lot of osmologial models have been proposed even ifmost osmologists agree on a fundamental piture, the Big-Bang senario. Itdesribes the universe as a system evolving from a highly ompressed stateexisting about 1010 years ago, experimentally well motivated by Hubble's lawdisovery [5℄. This model explains in a satisfatory way most of properties ofuniverse, suh as its thermal history, bakground radiation and abundaneof elements. A osmologial model is omposed by three fundamental ingre-dients:
• Einstein's equation, relating the geometry of the universe with its mat-ter and energy ontent;
• Metris, desribing the symmetries of the problem;
• Equation of state, speifying the physial properties of the matter andenergy ontentFor the Einstein �eld equation we need to assume three hypothesis: �rstly,the equation is invariant under general oordinate transformations, the equa-tion has to tend to Newton's law in the weak �eld's limit and lastly the5



6 CHAPTER 1. DARK MATTER CHALLENGEequation is of seond di�erential order and linear in the seond derivative [6℄.The resulting equation is generally written:
Rµν +

1

2
gµνR = −8πGN

c4
Tµν + Λgµν (1.1)where R and Rµν are respetively the Rii salar and tensor (obtainedby ontration of the Riemann urvature tensor), gµν is the metri tensor,GN the Newton's onstant, T µν is the energy-momentum tensor and Λ isthe so-alled osmologial onstant. If we ignore for a little while the termonerning the osmologial onstant, the equation Eq. (1.1) is pretty wellunderstood. It relates the geometry of the universe, desribed by the left-handed side terms, to its energy ontent. It haraterized by the energy-momentum tensor on the right-handed side resulting in the well known re-lationship between matter ontent and geometry of the universe: the keyonept of general relativity.The osmologial onstant term, �rstly introdued by Einstein to havea stationary solution for the universe and afterward abandoned due to theuniverse's expansion disovery, represents a �vauum energy� more relatedto time-spae itself rather than its matter ontent. It is a soure of gravita-tional �eld even in the absene of matter. Usually we assume an universe withproperties of homogeneity and isotropy as symmetry of the problem, made formathematial onveniene. Suh properties have been on�rmed by many ob-servations; in partiular, observations of the Cosmi Mirowave Bakground(CMB) have shown remarkable isotropy, one the ontribution from galatiplane and the dipole omponent were subtrated. Isotropy alone if ombinedwith Copernian priniple 1 would imply homogeneity. However, diret evi-dene of homogeneity omes from galaxy surveys, suggesting a homogeneousdistribution in exess at sales of ∼100 Mp; it means that any > 100 Mpdiameter sphere entered in any plae of the universe should ontain the sameamount of matter.The properties of isotropy and homogeneity and the assumption thatspatial omponent of metri an be time dependent imply a spei� metri.The line element in redued-irumferene polar oordinates an be expressedas:

ds2 = −c2dt2 + a(t)2

(

dr2

1− k r2
+ r2dΩ2

)

, (1.2)1it state the Earth is not in a entral, speially favored position, afterwards generalizedto the relativisti onept that humans are not privileged observers of the universe



1.1. THEORETICAL FRAMEWORK 7where dΩ2 = dΘ2 + sin2 Θdφ2 and r, Θ and φ are the (�xed) omovingoordinates arried by the fundamental observers. In suession, a(t) is thesale fator and the onstant k, desribing the spatial urvature an varybetween k= -1, 0, +1. For the simplest ase, k=0, the Eq. (1.2) omes bakto the metri of ordinary (�at) Eulidean spae. The Einstein equation anbe solved with this metri and its time-omponent lead to the Friedmannequation, having the following form:
(

ȧ

a

)2

+
k

a2
=

8πGN

3
ρtot, (1.3)where ρtot is the total average energy density of the universe: it onsistsin the sum of matter, radiation and vauum energy density ontribution

ρtot = ρm + ρr + ρΛ. In partile physis units, ~ = c = 1, the Newton'sonstant GN has the same order of magnitude of an inverse squared mass,the Plank mass whose value is 1.22×1019 GeV.Sine only relative hanges have measurable e�ets and thus the wholesale fator value is arbitrary, it is ommon to introdue a parameter H thatdepends on time aording to the following formula
H(t) =

ȧ(t)

a(t)
(1.4)and that manages the loal expansion as stated by the Hubble's law,

v = Hd, where v is the reession veloity and d the physial distane. Reentastrophysial observations [7℄ sets the present value of the Hubble parameterto H0 = 73± 3 km s−1 Mp−1 (1 Mp∼3.1 1022 m). We an notie from theEq. (1.3), we have a �at universe (k=0) when the energy density is equal toa ritial density, ρc:
ρc ≡

3H2

8πGN

(1.5)Usually the abundane of a substane in the universe (matter, radiationor vauum energy) is normalized to ρc, so we thus de�ne a quantity Ωi of asubstane of speies i and density ρi as
Ωi ≡

ρi

ρc

(1.6)So for the total amount in the universe it is normal to de�ne
Ω =

∑

i

Ωi ≡
∑

i

ρi

ρc

, (1.7)



8 CHAPTER 1. DARK MATTER CHALLENGE
ρ < ρc Ω < 1 k = -1 Open
ρ = ρc Ω = 1 k = 0 Flat
ρ > ρc Ω > 1 k = 1 ClosedTable 1.1: Classi�ation of osmologial models aording to averaged densityvalue (ρ) in units of the ritial density (ρc).that allows a re-styling of the Friedmann equation, Eq. (1.3), as follow

Ω− 1 =
k

H2a2
. (1.8)The sign of k is therefore determined by the value that Ω an assume (seeTab. 1.1).1.1.2 History of the universe in a nutshellAording to the Big Bang model, universe originates in an explosion afterwhih every single partile started to quikly move away from other partilesbehaving like a hot gas of fundamental partiles in fast expansion. The earlyuniverse desription is based on the extrapolation of the known physis upto the Plank era at time t ≃ 10−43 s, that means in terms of energy thegravitational interation began strong at the order of Plank mass MPl ≃

1019 GeV. Starting at this epoh the universe evolution an be desribed bythe following phase transitions:* T ∼ 1016 GeV First phase transition: The Grand Uni�ation (GUT:Grand Uni�ed Theory) epoh ends up. The single uni�ed �eld in whihthe strong nulear, the weak nulear and the eletromagneti foreswere fused breaks down into Standard Model groups. The eletroweakepoh began: strong and eletroweak fores (weak nulear and eletro-magneti fore) are di�erent; some models predit that suh epoh getunder way with an hyper expansion of the universe (in�ation). Quarksand leptons are distint entities and bosons an deay into them leadingan asymmetry between matter and anti-matter.* T ∼ 102 GeV Seond phase transition: eletroweak symmetry break-ing, eletromagneti and weak fores are no longer uni�ed. This break-ing ould be the origin of baryogenesis [8℄ and of primordial magneti�eld [9℄.
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Figure 1.1: History of universe (http://home.fnal.gov/ daw-son/themes/bakgrounds/tall/history.universe.jpg).



10 CHAPTER 1. DARK MATTER CHALLENGE* T ∼ 101-103 GeV Quark-antiquark (q-q̄) annihilation ours: weaklyinterating dark matter andidates with GeV-TeV sale masses freeze-out.* T ∼ 0.3 GeV QCD phase transition: on�nement of quarks and gluonsinto hadrons.* T ∼ 1 MeV Neutrinos deoupling, neutrons freeze-out and e+-e− anni-hilations our.* T ∼ 100 keV Nuleosynthesis: protons and neutrons fuse into lightelements (D, 3He, 4He, Li). The Standard Big Bang nuleosynthesisprovides by far one stringent onstraints to the Big Bang theory andpreditions agree with observations, see Fig. 1.7.* T ∼ 1 eV Matter and radiation densities are equal: the struture for-mation begins.* T ∼ 0.4 eV Photon deoupling produes osmi bakground radiation(CMB).* T=2.7 K ∼ 10−4 eV Today.1.2 Motivations and evidenes for Dark MatterThe �rst interest in a matter whih does not emit radiation having no ou-pling with photon (�dark�) and thus an be observed only by its gravitationale�ets dates bak to Öpik's 1915 studies about dynamial matter density inthe Solar viinity [10℄. The urrent onnotation of dark matter appears in1933, in the �rst Zwiky's work on the dynamis of galaxies in the Coma lus-ter [11℄. Sine then astrophysial evidenes of the presene of some �massexess� with respet to the visible fration aumulate throughout the ages,while osmologists and partiles physiists seek to �t observations into a the-oretial struture. The old dark matter senario was then established asa likely osmologial explanation [12℄, while on the partile side the debateis still wide open. Here I outline the main dark matter evidenes from anobservational point of view [13℄.1.2.1 The galati saleThe most diret and intelligible evidene for DM omes from observation ofthe rotation urves of galaxies, i.e. the well-known plot of stars and gas ir-ular veloities versus their distane from galati enter as shown in Fig. 1.2
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Figure 1.2: Rotation urve of NGC6503. Figure from [14℄.(Fig. 1.3 gives a visual explanation of this evidene). A simple Newtonianapproah gives:
v(r) =

√

GM(r)

r
(1.9)where M(r) ≡ 4π

∫

ρ(r)ṙ2dr and ρ(r) is the mass density pro�le thatshould be falling ∝ 1/
√

r beyond the optial dis. If the matter density wasgiven only by the known visible mass, one would expet the veloity to falllike 1/
√

r outside the galati disk. Instead, experimental data show thatthe veloity keeps a onstant trend even far beyond the visible disk, probingthe existene of a dark matter halo with ρ(r) ∝ 1/
√

r2. The density pro�leof the innermost part of the spherial halo is still unknown. However addinga dark matter halo allows a good �t to data.The standard method used to measure masses is to balane the kinetiand potential energies using the virial theorem 2.Limitations of rotations urves arise from the fat that one an only lookout as far as there is light or neutral hydrogen (21 m), namely to distanesof tens of kp. Therefore, we an see the beginnings of DM halos, but annottrae where most of DM is. Lensing experiments go beyond these limitations,2It provides a general equation relating the average over time of the total kineti energyof a stable system, bound by potential fores, with that of the total potential energy. Adesription in Subsetion. 1.2.2
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Figure 1.3: Explanation of the rotation urves of galaxies(http://philia.om/uploads/images/145/Image/image006.jpg).see next setion.1.2.2 Galaxy luster saleAs we have already seen, the �rst DM evidene ame from a muh largersale than that of a single galaxy (out to tens of kp), the Coma galaxyluster. Galati lusters are aggregates of a few hundred to a few thousandgalaxies, gravitationally bound to eah other and otherwise isolated in spae.The relative ontribution of dark matter omponent in a galati lusteris spei�ed by the Mass-to-Light Ratio (M/L), that represents the ratio ofgravitational mass and luminosity for an objet. Studies of the M/L ratio atdi�erent sales on�rmed that these strutures are utterly dominated by nonluminous matter sine the M/L ratio inreases from the luminous parts ofgalaxies to their fainter halos, and inreases further when onsidering loalgroups of galaxies and galaxy lusters [15℄. The method used to determinethe mass-to-light ratios from galaxy lusters inludes measuring the veloi-ties of individual galaxies in the lusters at dynamial equilibrium [16℄ andestimating the total luster mass from the virial theorem. Aording to thistheorem the kineti and potential energies of a system are related by thefollowing equation
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〈T 〉 = −1

2
〈V 〉 (1.10)where 〈T 〉 is the average kineti energy derived from the dispersion inthe veloities and 〈V 〉 is the average potential energy. The latter is used todetermine the mass of the luster.The X-ray emission of hot intra-luster gas, assumed to be at hydrostatiequilibrium, an also be used to estimate the mass of luster [17℄. X-raypro�les of the gas are measured and then �t to temperature and densitydistribution models to determine the mass of the luster.The mass of a luster an also be determined by gravitational lensingmethod [18℄: general relativity in fat states that ompat gravitational bo-dies bend nearby photon paths (namely, make a spae-time geodesi urve)and thus at as lenses for light soures behind them in the line of sight. Thus,when light rays pass through large gravitational masses suh as galaxy lus-ters they are de�eted by the gravitational �eld produed by the luster, ina manner similar to the way an optial lens bends light to form an image.By analyzing the amount of bending of light, we an be able to determinethe luster mass. The estimates show that there is far more mass exertinggravitational e�et than suggested by luminous matter. Figure 1.4 illustratesthe gravitational lens e�et produed by Cluster 0024+1654 as seen throughHubble Spae Telesope.1.2.3 Cosmologial saleThe experimental evidene presented earlier indiates that a substantial partof the universe is made up of a non luminous omponent. By onsidering theonstraints set on the amount of luminous matter in the universe based onastronomial observations of galaxies and galaxy lusters alone, we onludethat Ωlum ∼ 0.005. Measurements of lusters are onsistent with a matterdensity of the universe Ωm = 0.341+0.031

−0.029[19℄. In summary, the evidenesare overwhelming for the existene of an unknown omponent of DM thatomprises 95% of the mass in galaxies and lusters.The osmi abundanes tell a onsistent story in whih the preponderaneof the mass in the universe onsists of an unknown DM omponent. The Cos-mi Mirowave Bakground provides the most powerful measurements of theosmologial parameters. Primordial nuleosynthesis restrits the abundaneof baryoni matter, and Type IA supernovae provide powerful evidene forthe aeleration of the universe, possibly explained by Dark Energy as themajor onstituent of the osmi energy density.
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Figure 1.4: Image of galaxy luster 0024+1654 taken by the Hubble SpaeTelesope demonstrates gravitational lensing by large galaxy luster. Lightfrom distant galaxies passes by the gravitational luster's mass and gets bent,reating a lensing e�et. Figure from [18℄.The Cosmi Mirowave Bakground (CMB) Further evidene fordark matter omes from measurements on osmologial sales of anisotropiesin the CMB. The CMB is the remnant isotropi radiation from the hot earlydays of the universe.By studying this radiation, we are able to examine the onditions inthe universe 400000 years after the Big Bang, known as the �surfae of lastsattering�. Though the virtual isotropy of the CMB is better than one partin 105, there exist tiny ripples in the temperature of mirowave sky whihprovide us information about the seed �utuations that existed at the timeof the deoupling of matter and radiation, muh prior to the formation ofgalaxy strutures. These seed �utuations grew by gravitational attrationinto the stars, galaxies and galaxy lusters we see today. Measurements ofthe anisotropies in the CMB may thus be employed to determine variousosmologial parameters.There have been di�erent studies in reent years of the angular anisotropypower spetrum of the CMB haraterizing the size of the temperature �u-tuations. Peaks in the power spetrum are indiative of the harmonis in thesound waves that �lled the early universe. Until 400000 years after the BigBang, the universe was so hot that matter and radiation were entangled in aprimordial soup in whih sound (pressure) waves ould vibrate. At the time



1.2. MOTIVATIONS AND EVIDENCES FOR DARK MATTER 15

Figure 1.5: Full sky maps of the osmi mirowave bakground anisotropy.Figure from http://map.gsf.nasa.gov/.of the deoupling of matter and radiation, these pressure waves left traesof their existene in the temperature �utuations seen in the CMB radiationtoday, see Fig. 1.5.Cosmologial models predit the existene of aousti peaks in the an-gular power spetrum, see Fig. 1.6. The relative position and height of thepeaks provide estimates on Ω and Ωm. Studies of the peaks in the CMBangular anisotropy power spetrum by experiments suh as DASI [21℄ andMAXIMA [22℄ point to Ωm + ΩΛ ≃ 1, suggesting a �at universe. This hasbeen orroborated by the Wilkinson Mirowave Anisotropy Probe launhedin 2001 to study the mirowave bakground sky with unpreedented au-ray. From WMAP data ombined with the distane measurements of TypeIa Supernovae (SN) and Baryon Aousti Osillations (BAO) in the galaxydistribution, we �nd (at 68% C.L.. unertainties) the following values for theabundane of baryons and matter [1℄:
Ωmh2 = 0.1358+0.0037

−0.0036; Ωbh2 = 0.02267+0.00058
−0.00059 (1.11)that is to say, roughly speaking, that ordinary matter (�baryons�) aountsonly for 1/6 of the total matter density in the universe, the other 5/6 beingattributed to dark matter. WMAP ollaboration derives also the value of

Ωm = 0.27 ± 0.04 and of the vauum energy density ΩΛ = 0.73 ± 0.04ompatible with a �at universe. The value of Ωbh2 thus obtained is onsistentwith preditions from Big Bang Nuleosynthesis [2℄.
0.018 < Ωbh2 < 0.023 (1.12)
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Figure 1.6: The WMAP angular power spetrum. The urve is the onsensusosmology model; the gray band inludes osmi variane. Figure from [20℄.
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Figure 1.7: Evolution of light elements abundanes over time (or tempe-rature). When the universe has ooled su�iently, the light elements arenot dissoiated by the energeti photons. Nuleosynthesis proeeds until thesupply of free neutrons is exhausted. Figure from [25℄.Primordial Nuleosynthesis To determine the nature of most of thisdark matter, we turn to Big Bang Nuleosynthesis. This term refers to thealulations of the abundanes of the light elements suh as 2H, 3H, 4Heand 7Li relative to photons within the framework of the Big Bang modeldesribing the universe [23℄, [24℄. Less than one seond after the Big Bang,the neutron-to-proton ratio is maintained in thermal equilibrium through thefollowing reations:
p + e− ←→ n + ν (1.13)
n + e+ ←→ p + ν (1.14)About 1 seond after the Big Bang these reations beome slower thanthe expansion rate of the universe, and the neutron-to-proton ratio freezesout at about 1:7. The temperature of the universe falls from the pheno-
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Figure 1.8: The predited abundane of the light elements as a funtionof baryon density. The vertial band indiates the narrow range of baryondensities onsistent with the deuterium measurements; the boxes (the arrowsfor 3He) indiate the range in baryon density (horizontal extent of box) thatis onsistent with the measured light-element abundane (vertial extent ofbox). The overlap of the boxes with the deuterium and indiates the generalonsisteny of the observed abundanes of the other light elements with theirpredited abundanes for this baryon density. Figure from [25℄.menally hot 1032 Kelvin to 109 Kelvin, below the nulear binding energies,suppressing the number of photons with energies high enough to disassoiatethese nulei. Light elements begin to form. Figure 1.7 gives the evolutionof the abundanes of light elements over time (and temperature) in the �rstfew minutes after the Big Bang.By the time the temperature of the universe fell to T≈0.003 MeV, the lightelements 4He, 3He, 3H, 7Li and 7Be have established their �nal abundanes.When all neutrons have been used, the intermediate nulei do not formbut the reations, through whih they ombine, ontinue. The amount ofleftover deuterium is very sensitive to the density beause this gets frozenin one the proesses through whih the deuterium and other elements thatform helium stop. Hene, the neutron-to-proton ratio set at the time ofthe freeze out is important in deiding the �nal abundanes of these ele-ments in the early universe. For a neutron-to-proton ratio of 1:7 the timeof the formation of these elements, 25% of the mass of universe ends up inHelium. Measurements of the abundane of light elements in the universe



1.3. THE WIMP HYPOTHESIS 19an, therefore, plae limits on the baryoni density. Inreased auray inastrophysial measurements have plaed tighter onstraints on the baryonimatter-density. These inlude studies of quasars [25℄ and the abundaneof 2H in high redshift louds [26℄. Current measurements orroborate theWMAP results onstraining the baryoni matter density in the range de-dued by Eq. (1.12).Given our knowledge of the matter density Ωm ≃ 0.3, this suggests thatmost of the matter in the universe is non-baryoni in nature. The density ofordinary baryons within a narrow range is the predited prodution onsistentwith what is atually measured, see Fig. 1.8. BBN theory and baryoni darkmatter density measurements, ombined with CMB measurements, suggestthat non-baryoni dark matter is an important omponent of matter in theuniverse.Dark Energy Evidene for the 70% dark energy in the universe omes fromobservations of distant supernovae ([27℄ and [28℄). The further supernovaeare dimmer than expeted, as is most easily explained by an aeleratinguniverse. There are two di�erent approahes to the dark energy:
• a vauum energy suh as a osmologial onstant or time dependentvauum may be responsible [29℄;
• it is possible that General Relativity is inomplete and that Einstein'sequations need to be modi�ed ([30℄ and [31℄).Note, however, that this dark energy does not resolve or ontribute to thequestion of dark matter in galaxies.1.3 The WIMP HypothesisIn this thesis, I limit the disussion to dark matter andidates whih areheavy, eletrially neutral and weakly interating. This lass of partiles,known as WIMPs, is partiularly well motivated by their thermal history.At su�iently early times after the Big Bang, when the temperatures aregreater than the mass of the partile, T ≫ mχ, the equilibrium numberdensity of suh partiles is nχ ∝ T 3, but for lower temperatures, T ≪ mχ,the equilibrium abundane is exponentially suppressed, nχ ∝ exp−mχ/T . Ifthe expansion of the universe were slow enough that thermal equilibrium werealways maintained, the number of WIMPs today would be in�nitesimal. Butsine the universe is not stati so we have to take into aount non-equilibriumthermodynamis.
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Figure 1.9: A thermal reli starts in LTE (Loal Thermodynami Equilib-rium) at T � mX . When the rates keeping the reli in hemial equilibriumbeome smaller than the expansion rate, the density of the reli relative tothe entropy density beomes onstant. This is known as freeze out. [33℄
At high temperatures (T ≫ mχ), χ partile is abundant and rapidlyonverting to lighter partiles and vie versa (χχ → ll, where ll are quark-antiquark and lepton-antilepton pairs, and if mχ is greater than the mass ofthe gauge and/or Higgs bosons, ll ould be gauge and/or Higgs boson pairsas well). Shortly after temperature T drops below mχ, the number density of

χ drops exponentially and the rate Γ = 〈σv〉nχ for annihilation of WIMPs,where 〈σv〉 is the thermal average ross setion σ for annihilation of χχ intolighter partiles times relative veloity v, drops below the expansion rate,
Γ ∼ H.Now, the χ's ease to annihilate e�iently, they fall out of equilibrium,and a reli osmologial abundane remains. The equilibrium (solid line)and atual (dashed line) abundanes of WIMPs per omoving volume areshown in Fig. 1.9 as a funtion of the fration x = mχ/T whih inreaseswith inreasing time. As the annihilation ross setion is inreased, theWIMPs stay in equilibrium longer, so we are left with smaller reli abundanewhen they do �nally freeze out. An approximate solution to the Boltzmannequation yields the osmologial WIMP abundane Ωχ (in units of the ritialdensity ρc) [32℄,
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Ωχh2 =

mχnχ

ρc

≃ 0.1(
3× 10−26cm3sec−1

〈σv〉 ) (1.15)The result is to a �rst approximation independent of the WIMP massand is �xed primarily by the annihilation ross setion.The WIMP veloities at freeze-out are typially some appreiable frationof the speed of light. Therefore, from the Eq. (1.15), the WIMP will havea osmologial abundane Ωχh2 ∼ 0.1 today if the annihilation ross setiontimes c is roughly 3×10−26 m3 se−1, or in partile-physis units (obtainedusing ~c = 2 × 10−14 GeV-fm), 10−8 GeV−2. Curiously, this is the order ofmagnitude one would expet from a typial eletroweak ross setion,
σweak ≃ (

α2

m2
weak

) (1.16)where α ≃ O(0.01) is the �ne-struture onstant andmweak ≃ O(100 GeV).The numerial onstant in Eq. (1.15) needed to provide Ωχh2 ∼ 0.1 omesessentially from the expansion rate (whih determines the ritial density).This relation between the expansion rate and the eletroweak sale suggeststhat if a new, as yet undisovered, stable massive partile with eletroweakinterations exists, it should have a reli density suitable to provide a goodandidate for the dark matter.This has been the reason enouraging the massive experimental e�ort todetet WIMPs.1.3.1 Partile CandidateThe undeniable existene of some kind of substane whose e�ets are, as faras we know, only gravitational in nature, brought immediately the questionof its partile omposition. Namely, the dark matter partile andidate mustshow the following observed proprieties [34℄:1. It must have extremely weak or no eletromagneti nor strong intera-tions. As a onsequene, dark matter annot ool by radiating photonsand thus, unlike baryons, does not ollapse to the enter of galaxies.In other words, one ould state that dark matter is very nearly dissi-pationless.2. Assuming it is a thermal omponent of the early universe, it must besu�iently old (non-relativisti) at the epoh of its deoupling fromthe other thermal speies. Simulations show that a hot dark matterhypothesis leads to the formation of large sale strutures before the



22 CHAPTER 1. DARK MATTER CHALLENGEsmall ones (top-down formation), whih ontradit the astrophysialdata.3. It must aount for the measured density Ωm.A wealth of WIMP andidates has been proposed, from Standard Modelneutrinos to the most exoti ones. In fat, while astrophysial and osmolo-gial onstraints are more or less de�nite, the great unertainties about whatdiretion to take in order to go beyond the limits of Standard model of Parti-le make room for fantasy. I will fous my attention on a very limited numberof dark matter andidates, onsious anyhow that every hoie is somewhatarbitrary, and that the great favor enountered today by the neutralino andother supersymmetri partiles, ould vanish suddenly if tomorrow a new bigdisovery points elsewhere.Neutrino. The �rst WIMPs onsidered were massive Dira neutrinos(partile di�erent from its antipartile) or Majorana neutrinos (partile o-inident with its own antipartile) with masses in the range of a few GeV toa few TeV; due to the Yukawa oupling whih gives a neutrino its mass, neu-trino interations beome strong above a few TeV, and the neutrino no longerremains a suitable WIMP andidate [35℄. The LEP (Large Eletron-Positron)ollider exlude neutrino masses below half Z0 mass. Moreover, heavier Diraneutrinos have been ruled out as the primary omponent of the Galati haloby diret detetion experiments [36℄, and heavier Majorana neutrinos havebeen ruled out by indiret detetion experiments, e.g. [37℄ and [38℄, overmuh of their mass range. Therefore, Dira neutrinos annot omprise thehalo dark matter [39℄; Majorana neutrinos an, but only over a small rangeof fairly large masses.Supersymmetri Candidates A muh more promising WIMP andidateomes from eletroweak-sale supersymmetry [40℄ (SUSY). SUSY was hy-pothesized in partile physis to solve Standard Model inonsistenies suhas the naturalness problem with fundamental Higgs bosons at the eletroweaksale. In the GUT theory, the parameter that ontrols the Higgs-boson massmust be extremely small, but it may be loser to unity (that it means in par-tile theory idiom more �natural�) in supersymmetri theories. Uni�ationof the strong and the eletroweak oupling onstant at the GUT sale seemsto need SUSY and SUSY seems to be indispensable in theories that unifygravity with the other three fundamental fores.How SUSY has been reated from the well-known Standard Model? It�just� need to enlarge the SM gauge group to a new symmetry group where



1.3. THE WIMP HYPOTHESIS 23bosons and fermions are oupled in ommon multiplets. Every known partileis then provided a superpartner with the same quantum numbers, exept spinwhih di�ers for 1/2. Sine no bosons with the same harge and mass of theeletron nor any other superpartners have ever been observed, it is lear thatSUSY is broken in the low energy world in whih we are supposed to live,and that supersymmetri partiles must have masses above urrent lowerbounds (∼100 GeV). Anyhow, this senario introdues a severe imperfetionallowing a supersymmetri partile to mediate a qq → l̃q̃ proess, providingthus an e�ient hannel for proton deay. Current experimental limits onproton lifetime are however on the order of 1033 years. Therefore, it hasbeen proposed to add to the SUSY a new disrete symmetry, the R-parity,to distinguish ordinary partiles (R=+1) from their superpartners (R=-1).If R-parity holds with a broken SUSY, supersymmetri partiles an deayonly in an odd number of superpartners, plus ordinary partiles, preventingthus the proton from deaying and guaranteeing the lightest supersymmetripartile (LSP) to be stable.We will onsider the Minimal Supersymmetri extension of the StandardModel (MSSM) that ontains the smallest possible number of �elds to giverise orretly to the Standard Model when the symmetry is broken. Withoutentering into details, here we list the populations in the MSSM
• all ordinary quarks with their spin 0 superpartners (squarks q̃);
• all known leptons and their bosoni ounterparts (sleptons l̃):
• all gauge bosons (gluons, Wi and B) and their fermioni partners (re-spetively gluinos, Winos and Binos) ommonly alled gauginos ;
• the standard Higgs bosons, an additional Higgs doublet with oppositehyperharge and a ouple of spin 1/2 Higgsinos.Considering mass eigenstates, eletroweak gauginos mix into eight di�e-rent states: the harged parts of Winos and Higgsinos appear as two ouplesof harginos (χ±

1 , χ±

2 ), while Bino, the neutral harge Wino and the neutralstates of the Higgsinos form four neutralinos (χ0
1,2,3,4).Sneutrino. The supersymmetri partner of standard neutrino shouldrepresents an interesting dark matter andidate if its mass was in the energyrange from 0.5 to 2.3 TeV. Suh a partile, anyway, has a quite large rosssetion for sattering on nuleons, and hene it should has been alreadyobserved by diret detetion experiments.



24 CHAPTER 1. DARK MATTER CHALLENGEAxino and Gravitino. They are superpartners of partiles introduedin extensions of Standard Model and hene they are not present in the MSSMframe. The spin 1/2 partner of axion, the axino, and the spin 3/2 gravitino,superpartners of the unseen graviton, the gauge boson that mediates gravi-tational interation, show similar phenomenology as WIMP andidates. De-pending on the SUSY model adopted and on the early universe onditions,axino or gravitino an be the LSP, although their lightness ould originaterather a �warm� dark matter.Lightest Neutralino. The lightest of the four neutralinos, χ0
1, usuallyreferred to simply as the neutralino (χ), is at the present day regarded asthe most suitable WIMP andidate. The features of suh a partile, om-pletely developed in a partile physis framework, �t well the astrophysialonstraints for dark matter, without need for any ad ho hypothesis. Its massan range from 150 GeV (eletroweak sale) to several TeV. Being the LSP(Lightest Supersymmetri Partile) of the theory, it is stable, sine R-parityonservation prohibits every deay proess other than self-annihilation. Neu-tralino has a quite low annihilation rate and it is heavy enough to representa good dark matter andidate.1.4 DM DetetionWeakly Interating Massive Partiles (WIMPs) are regarded as the mostnatural dark matter andidate. They not only an form a bakground densityin the universe, but they will also luster gravitationally with ordinary stars inthe galati halos. In partiular they would be present in our own galaxy, theMilky Way, raising the hope of deteting reli WIMPs diretly, by performingexperiments on the Earth through elasti sattering of WIMPs o� targetnulei or indiretly, looking for by-produts of WIMP-WIMP annihilationthat ours either in the Sun or galati halos.1.4.1 Indiret SearhThe indiret detetion tehnique onsists in the observation of radiation pro-dued by WIMP annihilation proess. If the �ux of deay produts detetedis higher than the expeted value oming from onventional soures, this anbe seen as a dark matter annihilation signature. Most of possible annihi-lation produts are already produed by usual soures in large quantitiesmaking every kind of exess di�ult to reveal. The radiation �ux is propor-tional to the deay rate that depends on the dark matter density squared;



1.4. DM DETECTION 25it means that natural interesting zones for searhing signi�ant �uxes areregions haraterized by high dark matter density.High density region of galati halo suh as the galati enter ould begood ampli�ers to detet WIMP annihilation produts suh as antimatterpartiles and photons. Astrophysial objets like Sun and Earth ould be agood dark matter ampli�er to observe neutrinos produed by DM partilessattering o� nulei on Sun and Earth. In this setion I desribe the role ofthese experimental programs in the strategy to reveal identity of dark matter.1.4.1.1 Gamma RaysTraveling essentially unimpeded from their prodution site, the photons ge-nerated in dark matter annihilation have an advantage over the other in-diret detetion hannel. In partiular, gamma rays are not de�eted bymagneti �elds, potentially providing useful angular information, retainingtheir spetral information: the spetrum observed on Earth is the same thatwas generated in the dark matter annihilation. The prospets for identifyingdark matter annihilation radiation from the Galati Center (GC) stronglydepends on the WIMP nature, on the unknown dark matter density in theregion around the GC and on our understanding of the astrophysial bak-grounds.The telesopes, potentially apable of deteting gamma ray radiation fromWIMP annihilation inlude the satellite-based experiment GLAST [41℄, [42℄and lots of ground based Atmospheri Cerenkov Telesopes suh as HESS,MAGIC and VERITAS. GLAST will ontinuously observe a large frationof the sky, but with an e�etive area far smaller than the one possessedby ground-based telesopes. In ontrast, ground based telesopes study theemission from a small angular �eld but with far greater exposure. The gammarays energy range is also di�erent, while GLAST is able to diretly studygamma rays with energies over the range of 100 MeV to 300 GeV, the groundbased telesopes are only sensitive to gamma rays with energy greater than
∼100 GeV. As a result of this di�erent energy ranges aessible by theseexperiments, searhes for WIMPs lighter than a few hundred GeV are mostpromising with GLAST while ground based telesopes are better suited forheavier WIMPs.1.4.1.2 AntimatterWIMP annihilation in the galati halo ould generate harged anti-matterpartiles: positrons, anti-protons and anti-deuterons. Unlike gamma rays,harged partiles move under the in�uene of galati magneti �eld, di�using



26 CHAPTER 1. DARK MATTER CHALLENGEand losing energy resulting in a di�use spetrum on Earth. By studying theosmi anti-matter spetra, satellite-based experiments suh as PAMELA [43℄and AMS-02 [44℄ may be able to identify signatures of dark matter. Asompared to antiprotons and antideuterons, osmi positrons are attrativeprobes of dark matter: the spetrum samples only the loal dark matterdistribution and is thus subjet to onsiderable unertainty than the otheranti-matter speies.Unlike gamma ray measurements of the Galati enter or dwarf galaxies,observations of the osmi positron spetrum (as well as the antiprotons andantideuterons spetra) ould potentially provide a measurement of the darkmatter annihilation rate over large volumes of spae. Therefore, suh a mea-surement ould be used to determine the produt of the WIMPs annihilationross setion and its density squared, averaged over the sampled volume.1.4.1.3 NeutrinosAlthough dark matter annihilations in the galati halo produe too few neu-trinos to be deteted [45℄, annihilations whih our in the enter of the Sunould potentially generate an observable �ux of high energy neutrinos [46℄.Dark matter partiles satter elastially with and beome aptured in theSun. WIMPs an generate neutrinos through a wide range of annihilationhannels. Annihilations to heavy quarks, tau leptons, gauge and Higgs bosonsan generate neutrinos in the subsequent deay. One produed, neutrinosan travel to the Earth where they an be deteted: muon neutrinos produemuons in harged urrent interation with ie or water nulei inside or nearthe detetor volume of high energy neutrino telesope.Experiments like MACRO [37℄, AMANDA [47℄ and Super-Kamiokande [38℄set upper limits on neutrino �uxes oming from the enter of Earth and theSun. Super-K upper limit on neutrino-indued muons above 1 GeV fromWIMP annihilations in the Sun is approximately 1000 to 2000 km2·y forWIMPs heavier than 100 GeV, and approximately 2000 to 5000 km2·y forWIMPs in the 20 to hundred-GeV mass range. The preise value of theselimits depends on the WIMP annihilation mode onsidered. The AMANDA-II [47℄ and MACRO [37℄ experiments have eah plaed limits on the �ux ofneutrino-indued muons from Sun that are only slightly weaker than Super-Kamiokande's. The neutrino telesopes ICE CUBE [48℄ will be more sensitiveto WIMP annihilation in the Sun while ANTARES [49℄, with less than onetenth of ICE CUBE e�etive area, will have the advantage of a lower energythreshold and thus it should be more sensitive to low WIMPs mass.



1.4. DM DETECTION 271.4.2 Diret SearhWhat kind of assumptions we need to sueed in a diret dark matter searh?All that we have to know for diret detetion is that the Galaxy ontains ahalo of WIMPs normally assumed to be of spherial isothermal form with aloal density 0.3 GeV·−2·m−3, an esape veloity of 650 km·s−1, with rmsveloity 279 km·s−1 and relative halo-Earth veloity of 235 km·s−1[50℄.The diret searh priniple repose on the elasti sattering of these neu-tral, non-relativisti partiles (WIMPs), o� target nulei of a suitable dete-tor, suh that the energy transferred as the resulting nulear reoil passesthrough the material an be observed, usually as either ionization, sintilla-tion or heat (phonons). Kinematis and the likely mass range and veloity ofthe partile implies a nulear reoil spetrum with energies below ∼100 keV,with an exponential form rising to low energies and with no spetral fea-tures. This harateristis, together with the expeted low interations rateof about 1-10−6 event kg−1·d−1, impose three essential requirements of WIMPdetetor tehnology: low energy threshold (≤ 10 keV recoil); large detetormass (> 10 kg) and low partile bakground of any kind. The latter isarried out by passive and ative gamma and neutron shielding, by usingmaterials with greatly redues radioative U, Th and K ontent during thedetetor onstrution and preferring deep underground sites to redue os-mi ray muon-indued neutrons that ould otherwise produe nulear reoilsindistinguishable from WIMP.The oupling of these non-relativisti WIMPs has two terms: a salarSpin-Independent (SI) part and an axial Spin-Dependent (SD) part [51℄. Formost SUSY models, SI provides the dominant oupling and thus highestrate. This is beause although neutralino-nuleon ross setion are substan-tially muh smaller for SI ase [52℄, oherene aross the nuleus results inonstrutive interferene whih greatly enhanes the WIMPs-nuleus elastiross setion for high A targets. The opposite is right for SD where the axialoupling to nuleus whih di�ers for spin interferes destrutively: sensitivityto SD interations requires a target isotope with an unpaired nuleon, eitherproton or neutron.Knowing that, for instane, typial ambient environmental gamma �uxesan produe event rate >105 times higher than the expeted WIMP signalrate in an unshielded detetor, many e�orts have been made from the lowbakground point of view fousing the attention on tehnologies that anatively rejet eletron reoil events, while maintaining high sensitivity tonulear reoils. This is possible in priniple beause nulear reoils havetypially a dE/dx (energy loss per unit pathlength) values ten times higherthan the eletron. Few tehnologies an make use of this physis: low tem-



28 CHAPTER 1. DARK MATTER CHALLENGEperature ionization/phonon or sintillation/phonon detetors in whih theratio event-produed ionization or sintillation to phonons is measured in asuitable ryogeni materials suh as Ge or Si (ionization) and CaWO4 (sin-tillation); noble liquid gases, notably Xenon and Argon, in whih ionizationand sintillation are measured simultaneously. A moderate level of disrimi-nation an be also ahieved in spei� sintillators suh as NaI(Tl), Cs(Tl),liquid Ar and liquid Xe.Sine the reoil disrimination and the bakground redution seems to befeasible in suh tehnologies, the main issue that remains to deal with, giventhe lak of spetral features in the reoil spetrum, is how to determine in alear way whether any remaining ounts are due to WIMPs from the galaxyand not either nulear reoils form an unaounted bakground (neutronsand surfae events) or a detetor artifat. As WIMP interats weakly withordinary matter, no multiple interations are expeted, information that anbe used in order to identify neutron, sine these latter reate as well as aWIMP nulear reoil. It is also known that WIMP event rate is modulatedwith a maximum value in June and a minimum in Deember. Some exper-iments use this signature. In fat, at least for a standard halo model, theEarth's motion through Galaxy implies an expeted seasonal modulation inthe reoil spetrum (shape and �ux) [53℄, [54℄. This is beause the om-ponent of the Earth's solar orbital veloity in the diretion of our galatimotion (orbital plane inlined at 60o) either adds to or subtrats from thegalati orbital veloity depending on the season. Unfortunately the annualmodulation e�et is very small, typially a few %, requiring already at leastton-sale detetors to obtain su�ient event statisti for a viable searh [50℄.Besides the annual modulation there is also a diurnal modulation proof ofthe galati origin of the signal: thanks to our galati orbital motion (∼235km·s−1), we would expet the diretion of nulear reoil indued by WIMPsinteration within a target to be dominantly opposite to our diretion ofmotion (in galati oordinates), [55℄, [56℄.1.4.2.1 Detetion TehniquesIn this setion knowing the basis and requirements needed for diret darkmatter searh, I will show how some of the main experiments are being runworldwide. Figure 1.10 provides a summary of results of reent key examples,given here as an exlusion plot of WIMP-nuleon ross setion as a funtionof WIMP mass for the SI ase, assuming the standard halo model as above.Referring to this the following setions outline the urrent status and possiblefuture senario.
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Figure 1.10: Summary of urrent spin-independent WIMP-nuleon ross se-tion limits (full lines) and some experimental preditions (dashed lines) as afuntion of WIMP mass ompared to a few theoretial preditions.



30 CHAPTER 1. DARK MATTER CHALLENGESemiondutors Ionization detetors, in the form of low bakgroundgermanium (HPGe) and silion diodes used for double beta deay searhes,provided the �rst limits on WIMP interations [57℄. Suh experiments werevital to ruling out early andidates for WIMPs but as a tehnology theysu�er from the inapability to disriminate gamma bakground events fromnulear reoil events of interest.Sintillators When a partile interats with a sintillating rystal, lightis being emitted with photon numbers that are proportional to the energyof the inoming partile. After, light signal is deteted by photomultipliersthat amplify the light and onvert it in an eletri signal. The DAMA exper-iment, loated in the Gran Sasso Underground Laboratory, using nine lowbakground 9.7 kg NaI(Tl) rystals found evidene for a modulation, report-ing the disovery of the WIMP in 1997 [58℄. This signal was on�rmed by �nalDAMA results from a total of 107.73 kg·d [59℄ remaining the only laimed di-ret observation of WIMPs, orresponding to a WIMP mass of about 50 GeVand a ross setion on proton of 7.2×10−6 pb. However, this result appears inontradition with several other experiments, in fat this kind of WIMP massand ross setion have been exluded �rstly by EDELWEISS [60℄ and thenCDMS [61℄. Non standard-WIMP models [62℄, suh as light neutralinos, havebeen investigated in order to reonile DAMA laims with the limits from thesearhes, but WIMPs with masses below urrent limits are exluded by thehigh-resolution germanium experiment CoGeNT [63℄. In addition, assum-ing WIMPs with dominant spin-dependent ross setion on protons ontrastwith the limits from COUPP [64℄ and KIMS [65℄ experiments.More reently other inorgani sintillators like CsI(Tl) and CaWO4 havebeen employed in the dark matter searh. The KIMS experiment [66℄, in anunderground laboratory in the South Korea uses a CsI sintillating targetinstead of a CaWO4 rystal beome an integral part of the CRESST bolome-tri experiment in whih sintillation light is measured simultaneously withheat [67℄. The event by event disrimination is ensured, in this ase, by thefat that nulear reoils have muh smaller light yield than eletroni one.For these diret dark matter tehnology the main disadvantage is repre-sented by the lak of a powerful reoil disrimination.Diretional detetors De�nitive proof that a signal origin is galatiand not terrestrial, an only be ahieved by orrelating in some way eventswith our motion through the Galati WIMP halo [55℄. However, a muhmore powerful possibility is to orrelate in 3D the physial diretion of thenulear reoils in a target with our motion. This is the motivation behind the



1.4. DM DETECTION 31DRIFT [56℄, MIMAC [68℄ and other low pressure gas Time Projet Chamber(TPC) R&D programs [69℄. As urrently the only known route to signi�-ant reoil diretion sensitivity, TPC tehnology holds exeptional power forWIMP physis and possibly the only route to a de�nitive galati signal.However there are several hallenges to address, suh as the need of low pres-sure gas implying large volume detetors and the desirability of ahievingtrak head to tail disrimination.Bolometers At low temperatures the heat apaity of a dieletri rys-tal goes as T3. Thus at mK temperatures the small energy deposition from anulear reoil an yield a measurable proportional inrease in rystal tempe-rature [50℄. This is starting idea for the earliest diret dark matter searhingtehniques, where energy released by partile interations an be observedas phonons or quanta of lattie vibrations. However it was demonstrated,�rst in Si [70℄ and the in Ge [71℄ that phonon detetion ould be ombinedwith simultaneous detetion of ionization to provide also an event by eventdisrimination against eletron reoils. In fat, beause of the dependene ofthe proportion of energy observed in the two hannels on the event dE/dx, ahigh dE/dx event, suh as a reoiling nuleus produes proportionally moreheat than ionization (the ionization is quenhed). For instane, the ratio ofionization to reoil energy, alled the ionization yield, for Ge reoils in Ge is
∼0.3 of the value for eletron reoils above 20 keV [61℄.While the simple phonons detetion, that means bolometers without ol-letion of ionization have proven quite useful for dark matter searhes, thishybrid tehnique of simultaneous ionization and phonon measurements withits apability for bakground rejetion has been pushed harder. Most no-table is CDMS, [72℄,[73℄, (at Soudan mine) and EDELWEISS ollaboration(at Frejus), [4℄, [60℄.The EDELWEISS experiment will be ompletely desribed in Chapter. 2being the objet of this thesis work.The CDMS experiment operates towers of Ge and Si rystals eah 1mthik and respetively of mass 250 g and 100 g. These are mounted in adilution fridge and shielded mainly by 22.5 m of external Pb and 50 m ofpolyethylene. A 5 m layer of plasti sintillator is used to veto any events o-inidene with osmi muons, neessary due to the relative shallowness of theSoudan site at 2080 m.w.e. Charge eletrodes are used for the ionization ol-letion and athermal phonons, the out-of- equilibrium phonons, are detetedusing superonduting transition edge sensor, applied by photolithography tothe rystal surfaes. This design allows a potential depth position sensitivityvia measurements of the phonon pulse risetime giving the possibility of re-



32 CHAPTER 1. DARK MATTER CHALLENGEjeting surfae eletron events that otherwise ontaminate the signal region.It ounts 15 Ge detetors (3.75 kg) with an e�etive exposure of 121.3 kg·d,averaged over reoil energies of 10-100 keV. A blind analysis resulted in zeroobserved events, yielding a 90% C.L. spin-independent upper limits in Ge of6.6×10−8 pb (6.6×10−44 m2) for a WIMP mass of 60 GeV/2 [74℄. The bak-ground due to surfae events with bad harge olletion for that experimentwas estimated to be 0.6±0.3 events.As an alternative, ROSEBUD [75℄ and CRESST [67℄ have developed de-tetors in whih, instead of ionization signal, sintillation light is measuredin oinidene with heat, in partiular using CaWO4 rystal [67℄. Here asilion wafer with tungsten thermometer is used to detet the photons anda superonduting evaporated �lm used as the heat sensor. Although only1% or less of the energy deposited is deteted as photons this is muh higherthan feasible at room temperature and is su�ient to produe energy resolu-tion omparable to NaI(Tl) rystal. Results so far have been obtained withtwo 300 g rystals at the Gran Sasso Underground Laboratory with a totalexposure of about 20 kg·d revealing 16 events in the energy range 12-40 keVonsistent with the expeted neutron bakground given that the experimentis not sreened by a neutron shield.All these ryogeni experiments are now progressing toward signi�antupgrades for instane CDMS is proposing 25 kg and a possible move to thedeeper SNOLAB site and CRESST is upgrading to allow 33 CaWO4 detetorstotaling 10 kg. However, as outlined in following paragraphs, it is likely thateven greater target mass will be needed, possibly at the ton-sale or larger.Liquid noble gases Liquid noble gas tehnology for WIMP searheshas had a reent rapid growth. Most notable has been liquid xenon (LXe), byDAMA/Xe [76℄ and [77℄, but also reently liquid neon [78℄ and, in partiular,liquid argon.LXe has good intrinsi proprieties for WIMP detetion inluding: highmass (Z=54 and A=131) yielding a good kinemati math to likely WIMPandidates; high sintillation and ionization e�ieny (∼46 photons/keV at178 nm) and high radiopurity enhaned further by the availability of liquidgas puri�ation tehniques. The reoil disrimination important stu� is pos-sible �rstly by simple Pulse Shape Analysis (PSA) of the sintillation light:this is the basis for the single phase LXe XMASS experiment in Japan [79℄and of ZEPLIN I in England [80℄. As for the bolometer, more powerfuldisrimination is feasible in LXe by reording also the ionization produedand thus the ionization/sintillation ratio. This arises beause for nulearreoils the ionization signal is quenhed signi�antly more than the primary



1.4. DM DETECTION 33sintillation relative to eletron reoils of the same energy.Exiting progress has been made reently with the two phase LXe teh-nology with both ZEPLIN III [81℄ (Boulby, UK) and XENON 10 [82℄ (LNGS,Italy) announing new leading limits. ZEPLIN-III onsists in 12 kg of twophase xenon; an analysis of 847 kg·d of data has exluded a WIMP nu-leon elasti sattering spin-independent ross setion above 7.7×10−8 pb at55 GeV/2 WIMP mass with a 90% C.L.. The great XENON10 advantage isa very low energy threshold allowing to disriminate signal from bakgrounddown to 4.5 keV nulear reoil energy. A blind analysis of 58.6 kg·d of dataexludes previously unexplored parameter spae, setting a 90% C.L.. upperlimit for the WIMP-nuleon spind-independent ross setion of 8.8×10−8 pbfor a WIMP mass of 100 GeV/2 and 4.5×10−8 pb for a WIMP mass of30 GeV/2.Tonne-sale idea WIMP experiments with target masses of kg-saleare reahing sensitivities probe starting to well into SUSY favored parameterspae.It is pretty ertain, that favored spin-independent oupled dark matterdoes not exist with ross setions >∼2×10−7 pb. Meanwhile, theoretial pre-ditions for a neutralino-like WIMP reah ross setion value smaller than10−11 pb [83℄, [84℄. Hene, next generation experiments must not only ahievefurther bakground suppression but also be apable of ton/multi-ton masses,simply to ensure a statistially observable signal rate. Seondly, for suh largedetetors it an be argued that though ative gamma disrimination remainsimportant, greater emphasis is needed on material puri�ation, passive andative shielding of radioative bakground and on searhes for additionalfeatures in the data showing that remaining events, in partiular, are notneutrons. In fat, if we assume that the experiment is situated deep enoughto sreen muon-indued neutrons, gamma and neutrons from U/Th hains inthe environment and detetor will dominate the bakground. For the the rel-evant energy range, less than 200 keV, suh ontamination produes typially105-106 more gammas than neutron indued nulear reoils [50℄. The levelsof detetor sensitivity required for ton-sale experiments imply that gammabakground must be omparable with or lower than the neutron rates. Neu-tron indued reoils, whih annot be distinguished fromWIMP interations,naturally will be the dominant bakground. Detetor position sensitivitymay help to disriminate suh a neutron by allowing a multi satter eventsrejetion knowing that WIMP an only have a single interation weakly in-terating. However, we need a good passive neutron shielding and materialpuri�ation plus WIMP signal identi�ation. In addition, using at least two



34 CHAPTER 1. DARK MATTER CHALLENGEtargets/tehnologies with di�erent A (atomi mass) and di�erent systematissine the di�erent behavior of WIMP and neutron sattering ross setion asa funtion the atomi number mass, and/or studying orrelation of eventswith Galati motion by observation of annual modulation or a diretionalsignal allowing a diret identi�ation of events as of extra-terrestrial origin,should allow a disrimination of WIMP from neutron signals.Sale-up to ton-sale is planned for instane, for ryogeni tehnologies,making best use of the high disrimination power demonstrated notably byCDMS, EDELWEISS and CRESST. Two partiular e�orts are foreseen: Su-perCDMS [85℄ and EURECA (European Underground Rare Event searhwith Calorimeter Array) [86℄. The former will use Ge and Si ionization/heattehnology like CDMS in a staged expansion from 27 kg to 145 kg and even-tually to 1100 kg by 2015 either at the US DUSEL, if built, or SNOLAB inCanada. EURECA represents a fusion of EDELWEISS, CRESST ollabora-tions with further new group to develop a 100-1000 kg array using varioustargets, possibly both ionization/heat and sintillation/heat disriminationideas. Both projets will need to develop improved detetors, in partiular toallow better rejetion of surfae events, for instane through event positionreonstrution or improved analysis, and to redue unit osts.1.4.2.2 Theoretial reoil spetrumSine no WIMP signal is deteted in urrent stage of diret dark mattersearhes (faing the fat of an unknown bakground), this kind of experimentan establish an upper limit on the sattering ross setion of WIMP onnuleon as a funtion of WIMP mass. To sueed in this we need to knowhow our detetors respond to a hypothetial WIMP signal. Thus, the �rststep is to simulate a theoretial reoil spetrum of target nulei in the rystalused by the experiment (Germanium for EDELWEISS) indued by elastisattering of WIMPs with given MW WIMP mass and sattering ross setionon nuleon σW−nucl. Later, we will degrade this theoretial spetrum withexperimental threshold and resolution to ensure a quite realisti spetrum.Here, I want only to stress that the elasti sattering ross setion de-pends on the type of interation onsidered: either spin-independent or spin-dependent oupling between WIMPs and nuleons. For spin-independentinterations, we an express the ross setion on the target atom (σW−N) asa funtion of the ross setion on protons (σW−p) as:
σSI

W−N = (
MW + MP

MW + Mtarget

)−2 · σSI
W−p · A2 (1.17)It 's quite lear that depending on the square of the atomi mass of target



1.4. DM DETECTION 35(A2) the event rate will be higher in heavier targets.For spin-dependent interations, the ross setion an be written:
σSD

W−N =
32

π
G2

F m2
r

J + 1

J
(ap〈Sp〉+ an〈Sn〉)2 · σSD

W−p (1.18)where J is the total angular momentum of the nuleus, 〈Sp〉 (〈Sn〉) is theexpetation value of the spin ontribution of the proton (neutron) group inthe nuleus and ap (an) the oupling onstants between WIMPs and protons(neutrons).The starting theoretial spetrum depends on WIMP sattering rosssetion o� nulei (σW−nucl), on WIMP mass (MW ) on target rystal mass(MA) and on galati halo parameters: dark matter loal density ρ0 andWIMP speed distribution in the halo (f(v)) and allows us to determine atheoretial event rate in the detetor. All the alulations for the reoilspetrum refer to the Lewin-Smith work [50℄. Eah event rate of whateverinoming partile sattering on a target material an be write as follow:
dR =

N0

A
σvdn, (1.19)where N0 is the Avogadro number (=6.02×1023 mol−1), A the atomi massof target nulei, σ the partile-target material sattering ross setion and dnthe di�erential density per m3 of inoming partile moving at v veloity. Ifwe onsider this partile being a WIMP, its di�erential density assumes thefollowing form:

dn =
n0

k
f(−→v ,−→vE)d3−→v , (1.20)where n0 is the WIMP density in the galati halo, k is a normalizationonstant (see below), −→v its veloity in the galaxy rest frame and −→vE the Earthveloity relative to Galaxy. f(−→v ,−→vE) is the partile's speed distribution inthe halo supposed to be a Maxwellian one, Eq. (1.21) broken o� at a veloity

vesc that represents the Galaxy's esape veloity.
f(−→v ,−→vE) = exp−(−→v +−→vE)2/v2

0 . (1.21)This vesc, identifying the needed speed to equal the kineti energy ofan objet to the magnitude of its gravitational potential energy, orrespondsthus to the maximal WIMP's veloity value: a partile with a veloity higherthan vesc will esape from the halo. The k variable is a normalization onstanthosen in order that n0 =
∫ vesc

0
dn.
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Figure 1.11: WIMP elasti sattering o� nulei sheme.Sine experiments measure a WIMP event energy spetrum, we need toexpress the di�erential event , Eq. (1.19), as a funtion of reoiling nuleienergy produed by WIMP sattering o� as shown in Fig. 1.11The WIMP kineti energy is desribed by E = 1
2
MW v2 and the targetnulei reoil energy will be:

ER =
1

2
rE(1− cos θ) = rE cos2 θR; (1.22)where θ is WIMP sattering angle referring to the enter of mass frame,

θR is the reoiling nuleus angle, see Fig. 1.11 and r is four times the reduedmass divided by the sum of the masses de�ned as MW MA

(MW +MA)2
. The reoilenergy for the WIMP will be maximal for target nulei mass (MA) equal toWIMP mass (MW ). Assuming an isotropi distribution of sattering anglesin the enter of mass frame, that it means that reoils are equally distributedas a funtion of reoil energy in a range 0<ER<rE, we an alulate thedi�erential event rate in reoil energy as follow:
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=
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(1.23)where vmax=vesc ± vE. Emin bound is de�ned as the smallest WIMPenergy able to give a reoil energy ER, referred so to have a θR equal to onein the Eq. (1.22); E0 is the WIMP kineti energy relative to a veloity v0 (seeEq. (1.21)) and so vmin bound represents veloity of a WIMP having Eminas energy.



1.4. DM DETECTION 37Starting from the Eq. (1.23) and �lling all the ingredients needed weobtain
dR(vE, vesc)
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f(−→v ,−→vEd3v (1.24)where R0 event rate expressed in evt/kg/d is here de�ned by

R0 = 540
AMW

σW−A
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0.4GeV/c2/cm3
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230km/s
[50℄that allows the event rate and sattering ross setion normalization (seebelow).This is the WIMP o� nulei sattering rate as a funtion of the reoilenergy, whih is normally alled theoretial reoiling WIMP spetrum. Themost important feature to point out is its exponential shape as shown inFig. 1.12. But this is not the �nal theoretial spetrum to ompare with theexperimental one, in fat we have to apply three orretions due to Earth mo-tion e�et [51℄, nulei size introduing a form fator (F 2(ER)) whih dependson the sattering ross setion type (spin-independent or spin-dependent) [87℄and a sale fator S that allows to express σW−A as a funtion of σW−nuclagain depending on the sattering ross setion type (spin-independent orspin-dependent) [88℄.Taking into aount these orretions we result in the �nal theoretialWIMP reoil spetrum whih gives a relation between the WIMP satteringo� an A atomi mass nuleus with a given non zero transferred momentum(A, q2) and the interation of a WIMP with a nuleon with a zero transferredmomentum:

dR(vE, vesc)

dER

|(A,q2)=
dR(vE, vesc)

dER

|(n,0) ×F 2(ER)× S (1.25)Thus, we are able to draw this WIMP reoil spetrum for a Germaniumnuleus, target nulei used by EDELWEISS. First we have to set the value ofsome parameters. Some simplifying assumptions on the dark matter pro�leare essential: in partiular an isothermal pro�le is often assumed, a loaldensity of ρ0=0.3 GeV/2/m3 and a Maxwell-Boltzmann veloity distribu-tion with a harateristi veloity of v0=270 km/s. The further onstantsare �xed at the usual value of vsun=235 km/s and vesc=650 km/s. Regardingto the orretions to apply, the form fator is the same in [87℄ and we justaverage the annual modulation, resulting in vE= vsun. The Fig. 1.12 showsthe evolution of this peuliar exponential shape for three di�erent WIMPmass for a referene sattering ross setion value of 7×10−6 pb.
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Figure 1.12: Theoretial WIMP spetrum: spin independent ross setionon Ge target nulei for three di�erent WIMP mass to evaluate the evolutionand for a referene value of ross setion of about σW−p=7×10−6 pb.1.4.2.3 Exlusion plotSo far, diret dark matter experiments are reporting upper limits on nuleon-WIMP ross setions sine the signal they try to detet is nonexistent orbelow their sensitivity. The problems are that the bakgrounds are poorlyunderstood and the WIMP ross setion is not known. However, there areless unertainties onerning the predited shape of the distribution in Erecoilfor a given WIMP mass. The simplest way to dealing with suh a situationis to selet an interval in Erecoil and take as the upper limit the largestross setion, σexp, that would have a signi�ant probability, for instane10%, of giving as few events as were observed, assuming that they are allWIMP andidate signal. This approah is very sensitive to the hoie of theenergy range. It is important that the hosen reoil energy interval is seletedindependently from the observed data.The limit σexp for a given WIMP mass is alulated the following way.We integrate the theoretial spetrum alulated to obtain the WIMPevent number expeted (µσ) for a given WIMP mass and sattering rosssetion σ. The limit on σexp is given by:
σexp >

σ × µexp

µσ

(1.26)



1.4. DM DETECTION 39where µexp is the upper limit on the number of events that the experimentshould observe if the ross-setion is σexp. Aording to Poisson distribution,if we observe no events in the experiment, we obtain µexp= 2.3 at a 90%C.L.and µexp=3 at a 95%C.L. [89℄.The poorly known bakground is a partiular onern as it annot besubtrated reliably. We have two possibilities. The �rst is to use Poisson di-stribution, onsidering all events observed as WIMP andidates. The otheris to use the methods, named �maximum gap� and �optimum interval", de-veloped by S.Yellin within the CDMS ollaboration [90℄.As well as Poisson, all observed events are regarded as WIMP andidates.But, these methods give presriptions on how to optimize the hoie of reoilenergy interval to obtain the most strit limit. This hoie is based on om-parison between WIMP theoretial reoil spetra and observed data. Thepredited µexp takes into aount the bias indued by using data to seletenergy interval. More details an be found in [90℄ and in [91℄.The limits σexp(MW ) an be ompared to some preditions whih havebeen made on this two parameters (ross setion and mass) depending onthe dark matter andidate predited by what kind of theoretial model hasbeen hosen (for instane we onsider as the most attrative andidate theNeutralino of supersymmetri models suh as the minimal supersymmetriextension of Standard Model (MSSM)).The WIMP mass is urrently onstrained between a lower limit given bythe LEP aelerator results of about 40 GeV [92℄ and an upper one of ∼ TeVprovided by SUSY preditions [33℄. The ross setion, must be of the sameorder of magnitude of weak interations so we an put an upper limit of about10−5 pb [93℄, already overtaken by urrent diret dark matter searhes.
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Chapter 2The EDELWEISS Experiment
In this hapter I will start desribing the possible bakground soures over-whelming the EDELWEISS experiment and the onsequent experimental ap-paratus needed in order to sreen detetors. Afterwards I will fous on theGe-NTD type detetors, and on its measurement hannels (ionization andheat signals).The EDELWEISS experiment (Expériene pour Déteter les WIMPs enSite Souterrain), situated in the Modane Underground Laboratory (LSM) inthe Fréjus highway tunnel, is dediated to the diret detetion of WIMPs.As already said, the diret detetion priniple onsists in the measurement ofthe energy released by nulear reoils produed in an ordinary matter targetby the elasti ollision of a WIMP from the Galati halo.The main hallenge is the expeted extremely low event rate (<1 evt/kg/year)due to the very small interation ross setion of WIMP with ordinary mat-ter. An other onstraint is the relatively small deposited energy (<100 keV).In order to measure low energy reoils, EDELWEISS employs ryogenidetetors (high purity Ge rystal) working at temperature of about 20 mK,with simultaneous measurements of phonon and ionization signal. The ion-ization signal, orresponding to the olletion on eletrodes of eletron-holepairs reated by the energy loss proess, depends on the partile type whereasthe heat signal re�ets the total energy deposit.This simultaneous measurements of two signals allows an event by eventdisrimination between the eletroni reoils, traers of bakground (induedby photons and eletrons) and the nulear one originated by neutrons andWIMPs. 41



42 CHAPTER 2. THE EDELWEISS EXPERIMENT2.1 Expeted BakgroundIn low bakground experiments of rare events, suh as the EDELWEISS ex-periment, several fators in the experimental bakgrounds an obsure thesignal ounts of interest. These experiment bakgrounds are environmen-tal radioativity, intrinsi ontamination of detetors and shielding material,airborne radioativity (Radon) and osmi rays indued partiles.EDELWEISS aims to reah a sensitivity in the WIMP-nuleus intera-tion detetion better than 0.003 ounts/kg·d for reoil energy above 10 keV.To reah this goal, bakground rejetion and disrimination are neessary.EDELWEISS bakground inludes gammas, betas and neutrons from osmirays and natural radioativities. Thanks to simultaneous measurements ofionization and heat signals EDELWEISS detetors an disriminate gammasfromWIMPs at high e�ieny, beause WIMPs interat with nulei; gammaswith eletrons.2.1.1 Interations inside detetorsIt has been said that we have to distinguish eletroni reoils, traers of bak-ground indued by photons and eletrons from the nulear reoil indued byWIMPs and neutrons. Afterwards, sueeding in the disrimination betweena WIMP and a neutron signals will omplete the devie. Let's �rst desribewhere these partile ould ome from and how they interat with detetors.Photons Gamma rays result from natural radioativity, radioative on-taminants in the detetor and shielding material and those arise from theosmi ray muon �ux observed at the experimental site. Radioative nu-lides from the 238U and 232Th hains and the presene of 40K in the rokand the surrounding materials give rise to photons. Radioative nulides arealso produed from the interations of osmi-ray muons with materials ofthe detetors and shielding, when they were outside the underground labo-ratory. Photons an also arise as a onsequene of ontaminants in detetorsand shield.Photons an interat with ordinary matter through these four proesses:The photoeletri interation, where a gamma ray is absorbed by aneletron bound to an atom. The eletron is stripped from the atom,arrying with it the momentum of the gamma ray, and the energyof the gamma ray minus the eletron's binding energy. This proesshas of between 0.6 m and 5 m on attenuation lengths in germanium



2.1. EXPECTED BACKGROUND 43(depending on the photon energy, see Fig. 2.1). It is the dominantproess for energy below 150 keV .The Compton interation, where a gamma ray satters from an ele-tron. The gamma ray transfers a fration of its original energy andmomentum to the eletron (reoil eletron). The sattered gamma rayhas a lower energy and a di�erent diretion from the original gammaray, in what is alled Compton sattering . It represents the domi-nant proess in a Germanium target (see Fig. 2.1) for energies between150 keV and 8 MeV. Even these photons have between 0.6 and 5 mattenuation lengths.The pair prodution interation, where a gamma ray's energy is on-verted into the reation of an eletron-positron pair. A small fra-tion of the gamma ray momentum must be transferred to an atomto initiate the interation. The remainder of the momentum is ar-ried away by the eletron-positron pair. The pair-prodution proessrequires a minimum gamma ray energy of 1.022 MeV before it anour. The positron will eventually annihilate with another eletron(10-100 ps time sale below 10 MeV), reating a pair of oppositely di-reted 0.511 MeV gamma rays. Given the energy range at whih thisproess is signi�ant (E>3 MeV for germanium, see Fig. 2.1) it an benegleted when assuming γ-rays from bakground radioativity endingat 2.3 MeV.Coherent sattering, where a gamma ray satters from an eletronbound to an atom imparting no signi�ant energy. The gamma rayhanges diretion, leaving no detetable energy loss at the interationsite. Coherent sattering is generally signi�ant at lower energies (be-low about 100 keV). It is most easily observed lower-Z materials suhas silion, where the ompeting photo-eletri proess has a lower rosssetion.Moreover, the energy transport proess is not over until the reoil ele-trons and/or atoms with eletron vaanies loose their energy and returnto the ground state. Reoil eletrons may interat with matter produingbremsstrahlung radiation (more gamma rays), and atoms with atomi va-anies may emit an Auger eletron or �uoresene X-ray.Alphas and betas Alphas and betas arise from radio-ontaminants on thesurfae of detetors, presene of radioative nulides, suh as radon, in dete-
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Figure 2.1: Gamma-ray ross-setions for interations in germanium rystal.tors and shielding materials before entering in the underground laboratorylean room.Interations of eletrons and fast light ions suh as an alpha partiles,our with eletrons of atom's outer shells.Sine alpha partiles are heavier than eletrons, the alpha energy loss isvery small and its path in the nuleus is nearby straight. By way of examplein a germanium rystal an alpha partile with 5 MeV mass will be stoppedafter a length of about 20 µm. For an eletron the attenuation length variesas a funtion of energy.Of speial interest is the eletrons that satter near the detetors surfae,sine the small attenuation length: the so alled surfae events.Neutrons In the previous hapter it has been shown that neutrons are themost dangerous soure of bakground beause they an mimi a WIMP sig-nal. The EDELWEISSS experiment is proteted by a polyethylene shieldingin order to stop low energy neutrons having energies between 1 and 10 MeV.Atually a neutron having 0.5 MeV energy and a WIMP of 100 GeV massand an energy of 30 keV give reoil energies of the same order of magnitude(about 30 keV) [94℄.Therefore we must to lose attention to high energy neutrons (severalGeV) that an ross the polyethylene shielding and produe lower energyneutrons in the lead shielding and other materials. In suh a deep under-



2.1. EXPECTED BACKGROUND 45ground laboratory the neutron bakground is indued by [95℄:natural radioativity due to spontaneous �ssion of uranium and tho-rium. The isotope 238U is the main soure of �ssion in the rok pro-duing neutrons having an average energy of about 2 MeV;an equally important soure of neutron are reations of type (α, n) dueto the alpha partiles emitted by uranium, thorium and their daughtersinterating with the roks. This kind of neutrons have an averagedenergy of about 3.5 MeV;themuons interating with materials around the experiment. By weakinterations a muon an ouple to a proton in a nuleus following thisproess µ− +p→ n+νµ. The resulting neutron has an energy between6 MeV and few dozens of MeV. Muons an also produe higher energyneutrons by inelasti sattering: µ− + (Z,A)→ µ
′

+ (Z.A
′

) + xn + ....These fast neutrons produed with an energy muh higher than 10 MeVross large amount of shielding material and interat with detetors.2.1.2 Starting point: EDELWEISS-IThe results from this work will be ompared extensively with those of the�rst phase of EDELWEISS experiment, stopped in Marh 2004. It onsistedof 1 kg total mass of Germanium in three detetors operating at 17 mK.After a �duial exposure of 62 kg·d with a threshold energy of 15 keV, 40events have been reorded in the nulear reoil band. Most of these were atlow energy and only three have been observed above 30 keV. The shape ofsimulated spetra of WIMPs having masses between 20 and 100 GeV annotexplain the shape of reorded spetra in the nulear reoil band by a singleWIMP mass, suggesting therefore the presene of a bakground. It providedsensitivity of 1.5× 10−6 pb for the sattering ross setion of a WIMP witha mass of 80 GeV [4℄.A more areful investigation of events outside the WIMPs searh seletionrevealed the presene of bakgrounds due to neutrons and surfae events [96℄.Surfae events: In a Ge detetor, when the interation of a partile takesplae near the eletrode, the harge olletion an be inomplete, resultingin ionization signals smaller than the expeted ones [97℄. The onsequentevent appearing in the nulear reoil band an mimi a WIMP event. Inthe detetors overed by this work, this problem was partially ontrolled bydepositing a 60 nm Ge or Si amorphous layer on the rystal surfae whihdiminishes the number of events with de�ient harge olletion.
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Figure 2.2: Muon intensity in m−2·y−1 as a funtion of depth (meters equiv-alent equivalent).An ative rejetion of surfae events an be ahieved by identi�ation ofthese events using interdigitized eletrodes. It is essentially a variation of theoplanar grid tehnique [98℄ in whih interleaved strips are substituted forthe lassial disk-shaped olletion eletrodes. The depth of an event relativeto the surfaes an be inferred from a omparison of the ionization signalson the di�erent strips [99℄.Neutrons: In data reorded during the �rst stage of EDELWEISS, a o-inidene between two nulear reoils in two separate detetors was observed.It was interpreted as a sign that the 30 m para�n shield of EDELWEISS-Iexperiment was not su�ient to suppress the entire neutron �ux. MonteCarlo simulations, inluding the imperfetions of the shield, tended to on-�rm this interpretation.2.2 The EDELWESS-II setupThe �rst protetion against bakground is provided by the hoie of theloation (LSM), with an overburden of about 1700 m of rok, equivalent to4800 m of water, reduing the osmi muon �ux down to 4.5 µ/m2/day, thatis about 106 times less than at the surfae, see Fig. 2.2.To redue environmental bakground, all materials used in the viinity ofthe detetors have been tested for their radiopurity with a dediated HPGe



2.3. DETECTORS 47detetors. The material were seleted for giving an estimated ounting rate ofless than 0.001 ounts/kg·d in the detetors. A lass 104 lean room surroundsthe upper level of the setup shown in Fig. 2.3. A lass 100 laminar �ow withderadonised air (≤ 0.1Bq/m3) is used when mounting the detetors in theryostat in order to redue the deposition of ontamination on the surfaes.The gamma bakground is sreened by a 20 m thik lead shieldingaround the ryostat.In the experimental volume of the ryostat the neutron bakground isattenuated by three orders of magnitude thanks to a 50 m thik polyethyleneshielding. In addition, an ative muon veto with a overage of more that 98%tags the muons interating in the lead shield and produing neutrons (muonindued internal neutrons) [94℄.The residual neutron bakground omes from high energy neutrons pro-dued by muons that are not tagged by the veto system and by neutrons from
238U �ssion in the lead shielding. This muon-indued high energy neutronswill eventually set a limit for the EDELWEISS experiment. But this anbe lowered signi�antly with signature of neutron, suh as multiple nulearreoil event rate (WIMPs only satter o� nulei in one detetor, but neutronsan satter o� nulei in several detetors) as well as the energy spetrum ofneutrons from Monte Carlo simulations.By Monte Carlo simulations the nulear reoil rate above 10 keV inthe detetors is estimated to be <10−3 evt/kg/d [100℄. That orrespondsto a WIMP-nuleon ross-setion sensitivity of 10−8 pb for a WIMP massof ∼100 GeV/2, improving the sensitivity of a fator 100 ompared toEDELWEISS-I, and ompetitive with CDMS-II [74℄.The dilution ryostat is of a reversed design, with the experimental ham-ber on the top of the struture. Its large volume (50 l) an host up to 40 kgof Ge detetors arranged in an hexagonal ompat way, that will allow in-reasing the probability of neutron oinidenes.2.3 DetetorsInterating with matter, a partile loses all or only a part of its energy inthe target. The goal is to measure this energy deposit and, simultaneously,an ionization signal if the eletrons are emitted by the atomi system or asintillation signal orresponding to eletrons de-exitation in light, depend-ing on detetor material . It must be pointed out that only a fration of theenergy deposit is onverted in suh kind of signals. In rystal most of theenergy deposit will turn into heat by phonons, propagating from the intera-tion point of inoming partile in the target where they are generated. The
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Figure 2.3: General sheme of the EDELWEISS-II experiment. From Out-side to inside: The outer shell is the muon veto system, followed by thepolyethylene shield and the inner lead shielding. The upper part an beopen to have aess to the ryostat whih houses the bolometers.



2.3. DETECTORS 49ionization energy is also onverted to heat when harges reombine or areolleted.The EDELWEISS detetors rely on the detetion of ionization and heat.This simultaneous measurements enable the rejetion of radioativity bak-ground from gammas partiles. The detetors are the so alled �double dete-tion bolometers�. They ombine bolometer tehnology for heat measurementand the semiondutor tehnique for ionization hannel.Heat Bolometers bene�t from good baseline resolutions and very low energythresholds. In addition it allows the full detetion of low-energy ionizing par-tiles as it is fully e�ient even for surfae interations. On the other handthe slow time onstants of heat signals and the ryogeni temperatures areonstraints. These extreme temperatures are needed in order to maximize thetemperature inrease indued by the sattering partile, as the spei� heatapaity of a rystal is proportional to the third power of the temperature.A bolometer is made up of two elements: the absorber where the inter-ation takes plae and a thermal sensor measuring the temperature inrease.The role of absorber is to thermalize the energy deposit due to sattering ofinoming partile on target material as soon as possible. As said before, itsspei� heat apaity must be kept to the minimum using ryogeni tempera-tures of order of mK. In addition the absorber is better to be a pure dieletriand diamagneti rystal so that only the lattie rystal (atomi vibrations)ontributes to the spei� heat apaity. For instane metals are not goodbolometer absorbers beause in addition to the phonons ontribution thenearly-free eletron gas, haraterizing ondutors, supplies a not negligibleshare to the spei� heat apaity at ryogeni temperature. Here, sine wewant to measure simultaneously heat and ionization signals the absorber isa semi-ondutor (germanium).The thermal sensor has to onvert the absorber temperature inrease in ameasurable eletri signal. The thermal measurement used by EDELWEISSis based on the variation of a resistane R of a small ∼ mm3 germanium rys-tal with a high level of impurities resulting by an exposition to a ontrolledthermal neutron �ux (Neutron Transmutation Doped germanium; NTD) asa funtion of temperature.For low temperature, relation between R and T for these sensors an bewritten [101℄ as R(T ) = R0 exp
√

T0

T
where T0 is sensor harateristi tempe-rature. T0 and R0 values depend on thermometer type, typially few ohmsfor the resistane and few Kelvin for temperature. Here NTD are selted tohave resistane of the order of magnitude of 1MΩ at a working temperatureof T=20 mK. A onstant eletri urrent i is irulated in the sensor. The



50 CHAPTER 2. THE EDELWEISS EXPERIMENTresistane variation as a funtion of temperature R(T ) indues a potentialvariation following ∆V (T ) = i ·∆R(T ), proportional to the inoming partileenergy deposit. Typial values of of i are a few nA.In order to be sensitive to the fully thermalized phonons the risetime ofthe sensor is slow (∼ 1 to 10 ms). This ensure a very preise energy measure-ments independent of the loation of the interation. There is however nosensitivity to a thermal omponents, that used in the CDMS [72℄ and NbSidetetors [102℄.Ionization The semiondutor prinipe is the same of an ionization ham-ber: the measurement of ionizing radiation orresponding to the olletionon eletrodes of eletron-hole pairs reated by the energy loss proess. Ina semiondutor energy levels are forming two bands separated by a gap.The lower, almost fully oupied band in an insulator or semiondutor, isalled the valene band by analogy with the valene eletrons of individualatoms. The upper, almost unoupied band is alled the ondution bandbeause only when eletrons are exited to the ondution band an �ow ur-rent in these materials. Between the two bands the band gap is of the orderof 1 eV (0.7 eV in germanium). At high temperature the thermal energyexites eletrons in valene band to the ondution band leaving behind ele-tron holes that an �ow as urrent exatly like a physial positive hargedpartiles. Two proess are involved: arrier generation desribes mehanismby whih eletrons gain energy and move from the valene band to the on-dution band, produing two mobile arriers; while reombination desribesproesses by whih a ondution band eletron loses energy and re-oupiesthe energy state of an eletron hole in the valene band.At very low temperature, the ondution band is essentially empty, un-less arriers are generated by the interation of high-energy eletrons. thesearriers reombine loally, unless they are separated by an external eletri�eld.The ionization signal is obtained by the olletion of these eletron-holespairs on eletrodes on the surfae of the detetor, polarized to provide theeletri �eld.The harge olletion is inomplete when their migration is interrupted.Three auses have been pointed out:Crystal impurity: harges �owing to the eletrodes ould be trappedby rystal impurity resulting in the formation of spae harges (ontin-uum of harge distributed over a region of spae). In order to reduethis e�et, data aquisition is stopped every day for about one hour



2.3. DETECTORS 51to perform detetors regeneration [103℄. Eletrodes are short-iruitedand only the spae-harge indued �eld survives.Two strong 60Co γ-rayssoures are used to generate a large �ux of harge, whih will neutral-ize the previously indued spae-harge. During the data taking theapplied di�erene of potential on eletrodes V is hosen large enoughso that losses due to trapping are too small to be observable.Surfae events: sine eletrons and alphas partiles, for energy ofabout few tens keV, have an averaged attenuation length of some µmin germanium rystal, their interations our in the viinity of de-tetor surfae. By di�usion the harges reated in these interationan be olleted on the wrong eletrodes produing an ionization sig-nal about half smaller than the real deposited one. As mentioned insubsetion 2.1.2, the detetor are overed by a germanium or siliiumamorphous layer deposited between eletrode and rystal, in order toprovide an energy barrier that prevents the random di�usion of hargeinto eletrode.Free germanium surfaes: there are some gaps between the ele-trodes and some eletri �eld lines end on this area. The harges ol-leted on these lines aumulate on the surfae of the detetor. Thetop eletrode for the harge olletion is divided into a entral part anda guard ring; in addition beveled edges provide a more homogeneouseletri �eld in the volume beneath entral part of top eletrode. Thesensitive areas are between the guard and entral eletrodes and theguard and the referene eletrodes, see Fig. 2.5. All events assoiatedwith harge deposited on the naked germanium surfae will tend todeposit also some harge on the guard eletrodes. Therefore, eventswith a harge signal on the guard eletrode are systematially rejeted.2.3.1 Ge-NTDThe detetors used within the EDELWEISS experiment are made of germa-nium absorber (target for the inident partiles) equipped with a thermal sen-sor and with metalli eletrodes for harge olletion [97℄ and [104℄. Shemeand piture are shown in Fig. 2.4. The absorber is a ∼320 g high purity Geylindrial rystal (∼70 mm diameter and 20 mm thikness). Their edgeshave been beveled at an angle of 45◦ in order to inrease the volume whereeletri �eld lines end up on the entral eletrode.The eletrodes or ionization measurement are made of 100 nm Al layerssputtered on the surfaes after ething. The top eletrodes is divided in a
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Figure 2.4: Left side: bolometer sheme. Right side: bolometer pitureentral part and a guard ring eletrially deoupled for radial loalizationof harge deposition; the bottom eletrode is the ommon referene. Theapplied olletion voltage Vbias is -7V. Aording to whether the 60 nm hy-drogenated amorphous layer is made of germanium or silion the detetor isnamed GGA or GSA respetively.The thermal NTD sensor is diretly glued on a sputtered gold pad nearthe edge of the bottom Al eletrode (Fig. 2.4).2.3.1.1 Ionization measurementThe amplitude of ionization signal AI is proportional to the number ofeletrons-holes pairs olleted, N . For eletron reoils
AI,γ ∝ Nγ =

ER

ǫγ

(2.1)where ER is eletron reoil energy and ǫγ is the average energy needed toreate an eletron-hole pair. At ryogeni working temperature ǫγ is about3.0±0.1 eV in agreement with the measurement of [105℄. It is the valueused by the EDELWEISS and CDMS experiments. The amplitude AI isalibrated using 133Ba gamma-ray soures to provide EI in energy in unitsof keVee (eletron-equivalent), using the photoeletri peaks at 356 keV and383.9 keV. This proedure permits to obtain the normalized ionization energy
EI for every inoming partile that it is written as EI ≡ ǫγ ·NI : the energyneessary to produe NI eletron-hole pairs.
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Figure 2.5: Cryostat pitures showing how bolometers are housed in tower.For nulear reoils ǫn is approximately 12 eV and varies as a funtion ofenergy. It means that for a given energy deposit a nulear reoil generates 4times less eletron-hole pairs than an eletron reoil does. This di�erene isidenti�ed by the so alled quenhing fator for the ionization signal of nulearreoils de�ned as Qn = ǫγ/ǫn

AI,n ∝ Nn =
ER

ǫn

= Qn
ER

ǫγ

(2.2)By onvention for eletroni reoils we ask that the reoil energy is equalto ionization energy ER = EI that it means that NI = ER/ǫγ . Thus, rewrit-ing Eq. (2.1) and Eq. (2.2) we are able to �nd out the ionization energy foreletroni and nulear reoil suh as:
EI,γ = Qγ · ER; (2.3)
EI,n = Qn · ER (2.4)with Qγ=1, by onstrution.



54 CHAPTER 2. THE EDELWEISS EXPERIMENT2.3.1.2 Heat measurementDue to the bias voltage needed for the ionization measurement we have totake into aount the Joule heating due to the drift of the harge arriers(Neganov-Luke e�et [106℄). The energy generated by Neganov-Luke e�etis proportional to the harges times the applied voltage
EN−L = NIV = ER

ǫ
e V ,where e is the harge of proton and V is the absolute value of the appliedpotential (a low bias voltage is required to limit the Negavov-Luke e�et). Inanalogy with the ionization hannel, the heat energy, EH for every inomingpartile is normalized in units of keVee;

EH ≡
E

1 + V
ǫγ

(2.5)with E the total measured energy: E = Eγ + EN−L.The total measured energy for the heat hannel has thus two ontribu-tions: the reoil energy ER (eventually lowered by a heat quenhing fator
Q′

n) and the Neganov-Luke e�et EN−L resulting in the following formulae:
Eγ = ER +

ER

ǫγ

V = ER(1 +
V

ǫγ

) (2.6)for eletroni reoils and:
En = Q′

nER +
ER

ǫn

V = ER(Q′

n +
QnV

ǫγ

) (2.7)for nulear reoils. In onlusion, putting all these inputs together weobtain the heat energy for eletron (EH,γ) and nulear (EH,n) reoils as follow:
EH,γ = ER (as assumption); (2.8)

EH,n = ER

Q′

n + QnV
ǫγ

1 + V
ǫγ

. (2.9)Physis need: (Q, Er) planeTo sum up what we have done till now, here it is normalized ionizationand heat energy
EI = Q · ER (2.10)

EH = ER

Q′ + QV
ǫγ

1 + V
ǫγ

(2.11)



2.4. ELECTRONICS AND DATA ACQUISITION 55where (Q,Q′) are equal to (Qn, Q
′

n) and to (1,1) for nulear and eletronireoils, respetively.It is not possible to determine the three quantities ER, Q and Q′ fromthese two equations. Careful investigation reveals that Q′ is lose to one forgermanium rystal [107℄, and we adopt the value Q′=1 as CDMS. With Q′�xed at one, the variable Q and ER an be expressed as a funtion of (EI ,
EH):

ER = (1 +
V

ǫγ

)EH −
V

ǫγ

EI (2.12)
Q =

EI

ER

. (2.13)With regard to the ionization quenhing fator, notiing that it is a fun-tion of reoil energy and of target material, within the EDELWEISS ollab-oration a survey based on alibration of germanium nulear reoils has beenarried out [108℄ resulting in Qn = 0.16 ·E0.18
R . Nulear events are thus iden-ti�ed by this experimental value of Q equal to Qn and di�erent from one,within unertainties.A problem arises for those events where the harge olletion is inompletesuh as surfae events. If only half the harges are olleted the experimental

Q is 1/2. By onstrution ER will still equal to the deposited energy but theheat signal will be a�eted beause of the redued ontribution to Negavov-Luke e�et. It means that these events leak from the eletron reoils banddown to the nulear reoils band, as the fration of olleted harge dereases.2.4 Eletronis and data aquisitionThe three physial quantities measured for eah detetor are: two ionizationsignal (center oming from harge olletion on entral top eletrode and
guard from harge olletion on the guard ring) and heat signal (from theNTD thermal sensor).The main signal spei�ations are related to their risetimes and deaytimes. For the heat signal the risetime is of the order of 1-10 ms and thedeay time in the 50-500 ms range. The ionization is intrinsially faster:risetime and deay time are ∼100 ns.The eletronis have to be designed making a ompromise between puttingradioative omponents as far as possible (in addition, some omponents donot work at ryogenis temperatures) and putting eletronis omponents aslose as possible to redue noise due to stray apaitanes and mirophonis.



56 CHAPTER 2. THE EDELWEISS EXPERIMENTThe main goal is to obtain a ∼keV FWHM baseline resolutions both for heatand ionization signals.The aquisition system has to manage the data, digitizing them in aontinuous �ow for onstant baseline monitoring. Synhronization and timeinformation between hannels are performed using a ommon lok and aommon ontrol of sampling frequeny, in order to easily identify and sub-trat ommon noise patterns due to eletronis.The signals are ampli�ed and digitized at a rate of 100 kHz as soon asthey exit the ryostat in low radioative eletroni modules plugged diretlyto the ryostat.The trigger is de�ned numerially by requesting that the absolute value ofany hannel exeeds a given threshold. The trigger an be based on ionizationor heat hannels, after applying numerial �lters. For the 8th ool down ofEDELWEISS-II, the trigger is based on heat hannel resulting in a bettersensitivity at low energy in omparison to ionization trigger [109℄. In fat,for low values of applied voltage, the ionization signal for eletroni andnulear reoils di�ers by about a fator three while the heat amplitude restsonstant for the two reoils.Phonon trigger on�guration requires that one of heat hannel exeeds aprede�ned level. When a trigger is found the relevant ionization informationlies in the past sine its rise-time about 1000 times faster than ionization one.For this reason, the data stored on disk for eah trigger are the heathannels in a ±256 ms window around the trigger time, and a (-30.72 ms,+10.24 ms) window for the ionization hannel.Some features have to be taken into aount: the presene of a dead timeof 250 ms whih represents the time after eah event during whih the systemis not able to reord another event, and a signal saturation (about 2.5 MeVfor ionization signal and 3 MeV for heat hannel) that is must be taken intoaount in a high energy analysis.



Chapter 3Data AnalysisIn this hapter the di�erent steps in the data analysis hain are detailed. Iwill start desribing the o�ine re-proessing of the data stored during the a-quisition, stressing out the method to obtain stable (as referene to baselineresolution) and good (low energy threshold) data. The goals of this analysisare a better understanding of radioative bakground permeating the EDEL-WEISS experiment and to obtain nulear reoil events assoiable to WIMPandidates.The energy range for these reoils is onstrained by the results obtainedduring EDELWEISS-I and the ommissioning runs onlusions in agreementwith a remnant 210Pb ontamination. This produes a β ontamination of thenulear reoil band at low reoil energies (ER <30 keV) due to a surfae eventsas was reorded in the previous stage of EDELWEISS (see Subsetion 2.1.2).For this reason, the lower reoil energy bound has been set at 30 keV.Thus, the �WIMP-limit analysis� range starts at 30 keV reoil energyrequesting also the e�ieny at this energy to be lose to 90% and exludingthe region where the γ-ray rejetion is worse than 99.9%. For this latter, wean take into aount for analysis only detetors having the intersetion oftheir γ band at 99.9% rejetion and their neutron band at 90% e�ieny,alled magi point, lower than 30 keV.The analysis steps are the following. The �rst step is to determine theamplitude of the di�erent measured hannels, ontinuing with their energyalibration. Afterwards, resolutions measurements are an essential task: weremove noisy periods by monitoring the baseline resolutions. In addition,this values are required to determine the gamma band (eletroni reoilszone for 99.9% e�ieny) and the neutron-WIMP band (nulear reoils zonefor 90% e�ieny). Energy threshold alulations omplete the de�nitionof the reoil zones. With these presriptions on hand, we an desribe theWIMP andidate seletion. 57



58 CHAPTER 3. DATA ANALYSIS3.1 Signal ProessingReorded events are re-proessed o�ine. In the o�ine analysis the data are�ltered with digital �lters and then adjusted with templates of ionization andheat signals taking into aount the simultaneity of enter, guard and heatsignals.There is one template for eah measurement hannel and for eah de-tetor. Templates are built with a sample of seleted 356 keV events fromalibration runs with the 133Ba soure. It has been veri�ed that templatesare not time dependent. Figure 3.1 shows examples of �ltered ionization andheat pulses (full lines) with referene template �ts (dashed lines). The good-ness of �t is de�ned by the value of a pseudo-χ2 whih does not depend onpulse amplitude. This is de�ned as χ2 =
∑N

i=1(datai− fiti)
2, where N is thenumber of �tted samples. This pseudo-χ2 is in units of (ADU)2 1 and is notnormalized to the errors on the data, sine the noise is not random. This χ2is useful to ompare the data from events to events. A larger χ2 indiates apoor model �t.The piled-up pulses, pratially negligible in low-bakground runs aremore dangerous in alibration runs beause of a higher event rate due to thesoure ativity. The χ2 values are used to rejet pile-up events in alibrationruns only.In the phonon trigger data, some events are due to internal radioativityof the NTD sensor. For these events the deposited energy in the sensor isaompanied by no ionization signal. These events are haraterized by afaster heat pulse. They are identi�ed by proessing twie eah heat sample:at the beginning with the normal referene and then with the NTD-eventpulse template. The disriminating variables is the χ2 between the two �ts.The latter template is built using a small sample of suh events with a largeamplitude deteted by absene of ionization signal and a large χ2 value forthe �t with referene template. In Fig. 3.2 an example of suh NTD pulse isgiven.3.2 Energy CalibrationThe signals reorded (both ionization and heat) are �rst alibrated using

133Ba gamma-ray soures, produing energeti eletron reoils (up to 383.9 keV).This energy sale is alled keV-equivalent-eletron (keVee) sine the energy1Analog-to-digital unit. A number representing an ADC output (Analog-to-DigitalConverter). The relationship between the ADUs and the voltage output of the ampli�erdepends on the ADC range and its number of bits.
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Figure 3.1: Exemple of �ltered heat and ionization (enter and guard) pulses.
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Figure 3.2: Exemple of �ltered heat NTD pulses, in blak, adjusted with thenormal shape referene in red (top pannel) and with the NTD shape referene(bottom pannel).



3.2. ENERGY CALIBRATION 61

Figure 3.3: Center, guard and total ionization energy spetra. The gains arefound by adjusting the peaks at 356 keV and 383.9 keV.value orresponds to the atual energy deposit only for eletron interations.In 133Ba γ-ray alibration run the 356 keV and 383.9 keV peaks are learlyvisible on the spetra, allowing a preise alibration of ionization signal, asshown in Fig. 3.3. Beause of parasite apaitane between the entre andthe guard eletrodes, a harge fully olleted on an eletrode also induesa signal on the other. This ross-talk of a few perents is purely linear andremains onstant in time for a given detetor if no problems our. As shownin Fig. 3.4 it an be easily orreted o�ine.The ionization ross-talk η and gains δ are determined from the knownenergies EI of the peaks from the Equation:.
EIc,Ig = δIc,Ig(AIc,Ig + ηIc,Ig × AIg,Ic) (3.1)where AIc and AIg are respetively enter ionization amplitude and guardionization amplitude in ADU. The total ionization signal is de�ned as thesum of entral eletrode and guard ring signal amplitude after orretion ofthe ross-talk and alibration of the two hannels.The heat signal amplitude AH is periodially alibrated using the same

133Ba gamma-ray soures, Fig. 3.5. In ontrast with ionization, heat appearsto be sensitive to long term drifts of the NTD temperature: for instane



62 CHAPTER 3. DATA ANALYSIS

Figure 3.4: Center versus guard ionization signal for 133Ba γ-ray alibra-tion data aquisition of about 20 hours. Left side: without any rosstalkorretions. Right side: with ross talk orretion.it may vary of few perent several hours after ryogeni Helium transfers.Thus, between two γ-ray alibration runs we have to monitor the heat ali-bration using data from low-bakground runs themselves by setting averagequenhing fator value to 1 for eletron reoils.The heat hannel has a non-linearity that is well reprodued by the fol-lowing parametrization:
EH−L = AH × α (3.2)

EH = EH−L × (1 + β log(EH−L/356)) (3.3)where AH is the amplitude (in ADU), EH−L is the heat energy in keValibrated using only the linear term α, and EH is the heat hannel in keVwith the full alibration.The parameters α and β are determined from the ratio of the amplitude
AH to the alibrated ionization energy. When possible, only pure enterevents are used. Typial values for β are of the order of ±0.05.For guard events, it has been observed that the heat pulse shape is not thesame as for pure enter events beause of ross-talk e�ets between ionizationand heat. For these events, the EH−L value is alulated as:

EH−L = AH × α/r
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Figure 3.5: Top pannel : heat over ionization signals spetrum in the pureenter volume. Notiing that for γ-ray the ionization signal has to be equalto the heat signal, the distribution has to be set at one. Middle: ionizationsignal as a funtion of heat signal. As above, γ-ray events will take plaealong the diagonal. This two �rst plot allow the linear alibration of heathannel (α oe�ient). Bottom pannel : heat over ionization signals as afuntion of ionization signal for the enter seletion. This lose-up allows amore preise determination of the β parameter.



64 CHAPTER 3. DATA ANALYSISwhere r is a ratio lose to 1. For intermediate events (signi�ant signal onboth enter and guard), the alibration is:
EH−L = 2× AH × α/(1 + r)3.3 Resolution of heat and ionization hannelsSignal resolutions are needed in order to determine eletroni and nulearreoil zones but espeially to determine if a detetor an be used for WIMPsearhes. For eah detetor, the baseline resolutions of the heat and the twoionization hannels are regularly ontrolled by inspeting the distribution of�tted amplitudes in events where the trigger ourred in another detetor.In these �ts, the pulse is �xed to the position given by the trigger detetor.These data show that the noises of the three hannels are not orrelated.The ionization baseline resolution σ0

I an therefore be written as a funtionof the values for enter and guard as:
(σ0

I )
2 = (σ0

center)
2 + (σ0

guard)
2 (3.4)Average values obtained during the studied gamma and low bakgroundruns are given in Tab. A.1.The 133Ba alibrations give a measurement of the resolutions for the ion-ization and heat signals at 356 keV. Typial values obtained for detetorsstudied are given in Tab. A.2.Heat and ionization signal resolutions have been parametrized as a fun-tion of the eletron-equivalent energy as follow:

σI,H(E) =
√

(σ0
I,H)2 + (aI,HE)2, (3.5)where fators aI and aH are dedued from the resolutions at 0 and356 keV.

aI,H =

√

σ2
I,H(356)− σ2

I,H(0)

356
. (3.6)3.4 Eletron and nulear reoil zones standarddeviationsNow we an determine eletron and nulear reoil zones using the measuredresolutions σ. Figure 3.6 shows a (Q, Er) data distribution obtained with an
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Neutron Calibration
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Figure 3.6: Projetion in the (Q, Er) plane of the events reorded duringan Am-Be alibration. The thik lines represent the 90% nulear (in red)and eletroni (in blue) reoil zones (±1.645σ around 〈Qn〉 and 〈Qγ〉 re-spetively). Instead, blue dashed lines represent the 99.9% of eletron reoilpopulations (±3.29σ around 〈Qγ〉). Dotted green line represents ionizationenergy threshold (3.5 or 4 keV) and the pink one heat energy threshold.



66 CHAPTER 3. DATA ANALYSISAm-Be neutron soure. Figure 3.7 shows that the measured Q values followa gaussian distribution at the ∼ 2σ level for both nulear and eletronireoils populations. In the ase of a γ-ray alibrations, no events are seenfor Q<0.6. This shows the exellent quality of the harge olletion for thedetetor taken into aount. This test is performed for every detetor beforea low-bakground physis run is started, to identify good detetors.We therefore an parametrize the region of 90% aeptane for nulearand eletroni reoils by the following ut:
|Q− 〈Qγ,n〉| ≤ 1.645σγ,n (3.7)where 〈Qγ,n〉 and σγ,n are the average value and the standard deviation ofQ distribution for nulear (n) and eletroni reoils (γ). Both variables aredetermined for eah detetor. In addition, for eletroni reoil populationswe de�ne a region of 99.9% aeptane (|Q − 〈Qγ〉| ≤ 3.29σγ). This regionis used to rejet eletroni reoils, even if the Qγ distribution is not gaussianup to 3.29σγ.By onstrution, the ratio of the ionization energy to the reoil energy,Q, is equal to 1 for energy deposits oming from γ-rays. For neutrons, Q isa funtion of ER; the average value of Q(ER) is well desribed by
〈Qn〉(ER) = a(ER)bwith ER in keV, where a and b parameters result from the �t of reordedneutron alibration data for eah detetor. The data is onsistent with thevalues a=0.16 and b=0.18 quoted in [108℄, and we will use this value in thiswork.From the dispersion of these data is dedued the nulear reoil band,de�ned as the region in the (Er, Q) plane where 90% of nulear reoils areexpeted. The widths of eletroni and nulear reoil bands are given in unitsof standard deviations of eletroni and nulear distribution. They an bealulated with Eq. (2.12) and Eq. (2.13) by propagation of the experimentaldispersions σI and σH :

σQγ
(ER) =

(1 + V/3)

ER

√

σ2
I (ER) + σ2

H(ER) (3.8)
σQn

(ER) =
1

ER

√

[(

1 +
V

3
〈Qn〉

)

· σI(ER)
]2

+
[(

1 +
V

3

)

〈Qn〉 · σH(ER)
]2(3.9)A previous investigation [110℄ has measured a broader nulear reoil Qdistribution than the one expeted from Eq. (3.9) at high energy for neutron
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68 CHAPTER 3. DATA ANALYSISalibration data (252Cf soure). So the width σQn
of Eq. (3.9) has to besmeared by an additional spread C, as follows:

σ′

Qn
(ER) =

√

σQ2
n
(ER) + C2 (3.10)The onstant C represents the e�et of multiple neutron sattering andenergy straggling in the stopping of Ge reoils. Experimental σQn

in neutronalibration runs are well reprodued with C=0.035.3.5 ThresholdsThe issue of thresholds is greatly simpli�ed by the a priori hoie of usingthe reoil energy range above 30 keV in the WIMP searh analysis. Insteadof preisely measuring the experimental thresholds, one just need to verifythat their upper limits are ompatible with a full e�ieny in the nulearreoil band above 30 keV.The threshold energy values are de�ned as the energy of the hannel understudy (in keVee) for whih the trigger e�ieny reahes 50%. It is the mostimportant parameter governing the dependane of the e�ieny on the reoilenergy. Indeed, from Eq. (2.13), we an dedue that in the (Er, Q) planeionization threshold will ut as an hyperbole
Q =

EI
th

ER

(3.11)Using relations in Eq. (2.13) and Eq. (2.12), in the (Er, Q) plane the heatthreshold ut assumes the shape
Q =

1 + ǫγ

V
· EH

th

ER

− ǫγ

V
(3.12)where ǫγ is de�ned in Se. 2.3.1.1. Having a look at their shapes inFig. 3.6, the heat energy threshold appears less dangerous than the ionizationone. The e�ieny for nulear reoils is 90% as long as the lower limit ofthe nulear reoil band is above these two threshold uts at 30 keV. For lowquenhing fators below the nulear reoil band, the ionization ut is morestrit than the heat threshold ut. There is enough statistis in γ and neutronalibration runs to measure the values of EH

th and EI
th.The γ-ray alibration runs allow a measure of the highest of the twoenergy thresholds (ionization or heat). The measurements method is thefollowing. A γ-ray spetrum is reorded using a 133Ba soure produing animportant Compton plateau. It an be assumed that the plateau shape for



3.6. FIDUCIAL VOLUME 69energies above 10 keV orresponds to a maximum e�ieny. Fitting theenergy spetrum by an integral of a gaussian, it yields to the experimentalvalue of Eγ
th, whih is de�ned as half of its rise to its onstant value (Comptonplateau). Sine EI=EH for γ-rays, it is not possible here to determine whihof the two hannel is imposing the observed ut. This method is limited bythe large data sample needed to obtain a signi�ant number of events in thethreshold region.In ontrast, the neutron alibration �lls both the eletron and reoil bandsand permits a separate investigation of these two zones. In partiular, fornulear reoils, the threshold measured on the heat and ionization signal arenot the same. Beause of the quenhing e�et, EI,n

th <EH,n
th .In the ase of an online heat trigger, it is expeted that EH,n

th =Eγ
th, aslong as the o�ine analysis an �nd the assoiated signal down to a thresholdEI,n

th <EH,n
th . This set the upper bound on the ionization threshold, as theobserved EI,n

th may be due to the onstraint on EH,n
th and not to e�ieny ofthe o�ine ionization reonstrution.It is then left to verify that both the online EH
th threshold value and theupperbound on EI

th due to the o�ine algorithm to �nd the ionization signalassoiated to the heat pulses, are ompatible with a reoil threshold below30 keV.In the other ase where EI,n
th =Eγ

th, we would have obtained an upper limiton EH
th instead.In pratie, in the ase of an online heat trigger, it is useful to set an analy-sis ut on ionization in order to remove heat-only signals from the plots. Thisut an be set at the values obtained in the neutron alibration. However,noise onditions may vary as a funtion of time in the long physis run. Wethen use a value just above the noise peak, determined on a monthly basis,taking are that this ut does not a�et the nulear reoil band.3.6 Fiduial volumeThe role of the guard eletrode is to tag interations ourring in the outerperimeter of detetors. This zone is more exposed to external soures ofradioativity suh as the NTD thermal sensor and the Cu support springs.It is also sensitive to harge olletion problems; interations in this regionan also su�er from eletri �eld inhomogeneities thus simulating ionizationde�it expeted for nulear reoils. For these reasons, a �duial volume ut isneeded. In ref. [60℄ more than 75% of the total harge must be olleted on theenter eletrode. Here, beause of a bad resolutions on many guard ionizationhannels, we have foused adopted a �pure enter� seletion instead. This



70 CHAPTER 3. DATA ANALYSISut rede�nes the �duial volume seletion requiring the absolute value of theguard energy to be lower than two times of the guard baseline resolution σg.This striter de�nition should redue the �duial volume fration by a fewperent from the value obtained in [110℄ with the 75% ut. However, thisredution is ompensated by a redution of the volume under the bevelledpart relative to the old EDELWEISS detetors, ompensating for this loss.We thus kept a �duial volume value of 180 g.3.7 Analysis strategy and quality utsWe have de�ned a bolometer as a valid one for WIMP searh if it respondsto two tests: the γ-ray alibration test and the magi point test.The �rst test onerns the study of the distribution of the quenhingfator Q reorded with a γ-ray soure, revealing any problems with the hargeolletion.Seond one is the magi point test. This point being the intersetion ofthe γ band at 99.9% and the neutron band at 90%, it depends on baselineresolutions and 356 keV peak resolutions. Thus only bolometers with reso-lutions good enough to ahieve a 30 keV magi point are taken into aountin our analysis. Moreover, supposing that the ionization baseline resolutionsand resolutions at 356 keV are stable during a run we are able to alulate amaximum heat baseline resolution that permits to obtain our a-priori hosenmagi point at 30 keV. This alulation has been made by inverting Eq. (3.8)and Eq. (3.9).The following table (Tab. 3.1) lists, as a funtion of ionization baseline reso-lution (IBR), the maximum aeptable heat baseline resolution (Max HBR)for obtaining a magi point of 30 keV.For detetors whose average heat and ionization baseline resolutions passthe magi point test, we selet hour by hour the time periods where thedetetor was operating in stable onditions. This proedure is alled thegood hour seletion. It is arried out in three steps:* Firstly, we perform a test to �nd out the real length of the run. Forexample, we do not onsider time intervals that orrespond to a nullpolarization voltage or a known eletroni problems, et.. But thisinterval may orrespond to a non integer number of hours. We splitthe hours in 15 minute partitions due to the low event rate expetedin physis runs. It is required that there should be at least one ountwith a positive heat signal in eah 15 minute bin. The length of therun is the number of suh bins.



3.7. ANALYSIS STRATEGY AND QUALITY CUTS 71IBR Max HBR IBR Max HBR1.0 3.446 1.1 3.4081.2 3.375 1.3 3.3391.4 3.296 1.5 3.2501.6 3.196 1.7 3.1451.8 3.085 1.9 3.0232.0 2.958 2.1 2.8852.2 2.802 2.3 2.7212.4 2.634 2.5 2.5372.6 2.417 2.7 2.3162.8 2.182 2.9 2.0383.0 1.884 3.1 1.7073.2 1.474 3.3 1.1703.4 0.720 3.5 0.336Table 3.1: Maximum heat baseline resolution as a funtion of ionizationbaseline resolution.* The seond and third steps are to perform a hour seletion by an ioniza-tion and heat baseline resolution ut. The idea is to rejet hours witha baseline resolution higher than a hosen maximum aeptable value.These uts remove e�etively periods where noise hanges rapidly andthe baseline resolution (and therefore the width of nulear and ele-troni bands) annot be evaluate reliably. To have a reliable monitor-ing of the ionization baseline resolution hour by hour, despite the lowstatistis, we use a three-hour averaging window. To sueed in this,we measure the FWHM (keV) of the baseline distribution only for thegood run hours found at the previous step whih have at least 5 ountsin these hours.We perform these baseline uts over eah aquisition month for allbolometers in order to selet stable periods (i.e. to ut noisy periodourring soon after detetor regeneration).The ionization ut aepts an hour as a good one only if its FWHM(keV) value is below a �xed threshold, hosen as a perentage ([%℄ )of the average value 〈FWHM〉 over whole aquisition month. It meansthat the FWHMmax is equal to 〈FWHM〉 + [%℄ 〈FWHM〉.The hoie of the perentage for this ut will be disussed in hapter 4.The same test is also performed on the heat FWHM. There is how-ever the additional onstraint that the FWHM value also be ompat-



72 CHAPTER 3. DATA ANALYSISible with a magi point below 30 keV. As the heat FWHM �utuatesmore than the ionization values, this ut is made striter by requir-ing that the baseline FWHM should be lower than 〈FWHM〉 + [%℄
〈FWHM〉+σFWHM , where σFWHM is the measurement error on thehourly FWHM baseline.Fig. 3.8 shows, as an example, the baseline resolution of the detetorGGA13 during deember 2007 as a funtion of time in hours.The upper pannel shows the ionization keV FWHM value as a funtionof time in hours for the �rst seletion that we have made. The blue regionrepresents hours not onsidered for physis (for example, it an be due toa problem, a regeneration or to a alibration run). The light green dottedline is the average of ionization baseline resolution and the pink one is themaximum aeptable ionization baseline orresponding to its average valueplus 30%. The pink line is equal to one if we aept the hour and zerootherwise.The bottom pannel presents the heat keV FWHM value as a funtionof time in hours, after ionization FWHM seletion. The red dotted line isthe maximum aeptable heat baseline resolution to have a 30 keV magipoint for this detetor. The light green line is the average of heat baselineresolution and the light green dotted one is the average value plus 30%. Asbefore, the pink line is equal to one if we aept the hours and zero if werejet it: we aept one hour as a good one only if the heat baseline valuefor this hour plus its statistial error bar is below the smallest value betweenthe heat baseline value that permits to ahieve a 30 keV magi point and the1.3 times the mean heat baseline value. Making this hard ut, points havinglarge error bars are rejeted. This re�ets the fat that heat variations aremore random than those of ionization, and any variation is a priori suspeted.Finally, we ount how many hours are seleted for eah bolometer. Theexposure, expressed in kg·days, is then alulated by multiplying these a-epted hours by the �duial detetor mass, weighted by the number of 5-minute bins with at least one ount within eah hours.The orretion for the dead time is made by multiplying eah hour by aweight fator equal to (1-τdead×R), where R is the hourly event rate in Hzand τdead is the 0.25 s dead time.3.8 WIMP andidate seletionTo summarize, the seletion riteria that allow us to onsider an event as aWIMP andidate are the followings:
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74 CHAPTER 3. DATA ANALYSIS- The event has to take plae in the �duial detetor part: it means thatthe guard energy must be smaller than 2 σguard. A orresponding 5%ine�ieny is taken into aount in the limit alulation.- Ionization and heat signals have to be above their respetive de�nedhourly threshold (this automatially rejet events in the 99.9% ele-troni reoil region).- The event, de�ned as a point in the (Q, ER) plane has to be in thede�ned 90% nulear-reoil region, and be above ER=30 keV.- It has to be a simple event (only one detetor triggered).- The χ2 of the heat �t has to be lower than the χ2 for the �t with theNTD event template.Nulear and eletroni reoils band are de�ned for eah bolometer and foreah aquisition month by Eq. (3.10) and Eq. (3.8).



Chapter 4Physis Run: 8th ool downThe low bakground physis data I have studied has been olleted duringthe 8th ool down of EDELWEISS-II (�run 8�). It onsists of all physis runsreorded over a period from November 2007 to Marh 2008. The previousool-downs were devoted to ommissioning runs. A 133Ba γ-ray alibrationrun preedes the physis data taking to guarantee a reliable ionization andheat hannel alibration. In addition to a onstant monitoring of the data,the homogeneity of the running onditions was heked with quite regularweekly γ alibration and neutron alibration periods.Nineteen detetors have been involved in this run. Among them we havethe �rst ID detetor [111℄ and one IAS detetor [112℄ (heat and sintillationdetetor). The present analysis is foused on the remaining 17 standard Ge-NTD detetors similar to those employed in EDELWEISS-I [108℄. Detetorswere loated in three-bolometer towers in the ryostat. Fig. 4.1 shows theryostat geometry and Ge-NTD detetor position and features.Figures and tables of major importane are presented in this hapter, theothers an be found in Appendix A.4.1 Detetor performane and seletionAs mentioned in the previous hapter the goals of Ge-NTD detetor analysisare a better understanding of the radioative bakground of the experimentand an improvement of urrent EDELWEISS upper limits on the WIMPsattering ross setion in ase of an unsuessful WIMP detetion. In thefollowing setions I will present results and disussions about these two issues.The �rst step in the physis data study is the alibration of all detetors (seeSe. 3.2) in order to �nd out the essential features suh as baseline resolutions,356 keV peak resolutions and energy thresholds, as explained in Se. 3.2 and75



76 CHAPTER 4. PHYSICS RUN: 8TH COOL DOWN

Figure 4.1: Bolometers position in ryostat during 8th low bakground physisrun, together with an atual piture of the setup (for the 10th ool down).
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2Figure 4.2: GGA11 and GSA1 heat gain jumps observed during alibration.Se. 3.5.Bolometers in tower 10 annot be used for WIMP limits: GGA1 haveto be studied apart beause it is equipped with a dediated 210Pb soure(Setion 4.3.2.1) and GSA3 has a large alpha bakground (Tab. A.16). Thus,�fteen Ge-NTD bolometer type are left for the WIMP searh.The alibration proedure already shown some problems with GGA11and GSA1: the heat over ionization alibration gain exhibits unexpetedjumps, as shown in Fig. 4.2. The ionization alibration is stable, resulting ina onstant gain during all the data taking. The problem is most likely dueto unexplained heat gain variations. These two bolometers have not beenretained for the WIMP searh. The searh is thus performed with the 13remaining detetors.Tab. A.1 and Tab. A.2 present average baseline and 356 keV resolutionsfor heat, enter and guard ionization hannels during 133Ba γ-ray alibra-tion and low bakground physis run. These values allow a �rst bolometerseletion based on the magi point as explained in Se. 3.7. We are ableto alulate the intersetion between 99.9% gamma band and 90% neutronband depending on baseline and 356 keV peak resolutions: the results foreah detetor are listed in Tab. 4.1. The detetor GGA8 does not pass thisseletion, and we are left with twelve detetors.The next issue is the energy thresholds as evaluated by the γ-ray and neu-tron alibration runs, outlined in Se. 3.5. Values are tabulated in Tab. 4.2and in Tab. 4.3. For the γ-ray alibration runs we notie that for bolometersGSA11 and GSA7 the values found for heat and ionization are not ompati-ble. The di�erene ∆E between ionization and heat values will be taken as asystemati error (∆E(keV ): GSA11 (2.5±0.1) and GSA7 (1.60±0.05)). Thisould be related to harge olletion problems on GSA11 and to noisy period
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Ma No Pos. Name MP (keV) status1 4 1 GGA14 19.5 11 5 d1 GGA13 15.5 11 6 b2 GSA11 17.5 11 7 2 GGA10 18.5 11 8 d2 GGA7 25.5 11 9 b3 GSA10 20.5 11 10 d3 GGA3 20.5 12 11 4 GGA5 17.5 12 14 5 GGA8 45.5 02 15 d5 GSA8 29.5 12 17 6 GGA4 16.0 12 18 d6 GGA9 15.5 13 19 b7 GSA7 25.5 13 22 b10 GGA1 27.0 13 23 10 GSA3 49.0 0Table 4.1: Magi point values (MP) for eah bolometer taking into aountthe experimental resolutions. The "status" is 1 for a good bolometer (our apriori hoie: MP <30 keV), 0 otherwise.



4.1. DETECTOR PERFORMANCE AND SELECTION 79Eγ
th measurement (keV)No Name by ionization by heat4 GGA14 6.2±0.4 6.3±0.45 GGA13 10.3±0.5 10.6±0.76 GSA11 7.2±0.6 9.7±0.57 GGA10 4.5±0.9 4.5±1.08 GGA7 17.8±1.2 17.2±0.49 GSA10 14.1±1.4 13.8±0.810 GGA3 6.4±0.3 6.1±0.211 GGA5 5.3±0.3 5.8±0.215 GSA8 10.7±0.4 11.8±0.217 GGA4 4.0±0.4 4.6±0.118 GGA9 4.3±0.3 4.9±0.219 GSA7 11.9±0.5 10.3±0.3Table 4.2: Eγ

th thresholds (keV) from 133Ba alibration runs measured byionization and by heat. They should have the same values due to the fatthat for gamma ionization energy is equal to heat energy. It is almost thease exept for GSA11 and GSA7. Indiated statistial errors.during the whole run (no baseline resolution quality ut has been performedfor threshold studies during γ-ray alibration run).Heat energy threshold values from the neutron alibration run are onsis-tent with those found with the γ-ray alibration investigation, an expetedoutome in the ase of an online heat trigger ombined with an e�ient of-�ine algorithm to �nd the assoiate ionization signal. The upper limits on theionization threshold are between 3 and 4 keV, exept for GGA7 at 5.4 keV.All these threshold values are ompatible with the a priori hoie of a 30 keVreoil energy lower bound.For physis runs, Tab. 4.4 indiates the upper limits of the ionizationnoise peak for eah aquisition month. Overall, these are onsistent with theionization energy threshold limit derived from the neutron alibration run.In the few exeptions where the noise �utuates above the upperbound fromthe neutron measurements, this value does not exeed 6.0 keV, and thereforedoes not a�et the nulear reoil band above 30 keV.For the twelve detetors having a magi point lower than 30 keV (Tab. 4.1)and with a reliable γ-ray alibration, we are able to predit the γ rejetionpower. Making a omparison between the number of events in neutron band(NB) or for a quenhing fator lower than 0.5 (Q < 0.5) and the total events



80 CHAPTER 4. PHYSICS RUN: 8TH COOL DOWNThreshold (keV)No Name EI,n
th EH,n

th Reoil4 GGA14 3.3±0.1 6.5±0.1 13.3±0.25 GGA13 3.5±0.1 8.9±0.3 19.0±0.36 GSA11 3.6±0.1 7.7±0.2 16.8±0.47 GGA10 3.3±0.1 6.3±0.1 12.8±0.18 GGA7 5.4±0.2 11.1±0.3 23.8±0.49 GSA10 3.7±0.3 8.6±0.2 17.2±0.210 GGA3 4.0±0.4 6.6±0.1 13.9±0.111 GGA5 3.0±0.7 5.6±0.1 12.0±0.215 GSA8 3.9±0.3 10.5±0.2 21.6±0.217 GGA4 3.0±0.3 5.5±0.1 10.7±0.218 GGA9 3.4±0.1 6.1±0.1 12.2±0.119 GSA7 4.0±0.1 11.1±0.3 21.8±0.3Table 4.3: Ionization and heat energy thresholds (keV) from neutron alibra-tion runs and relative reoil energy thresholds. Indiated statistial errors.
Ionization noise ut (keV)No Name Nov07 De07 Jan08 Feb08 Mar084 GGA14 3.5 3.5 3.7 3.7 4.05 GGA13 4.0 4.0 3.0 3.7 3.06 GSA11 3.0 4.0 3.0 3.7 3.07 GGA10 3.4 4.0 3.7 3.7 3.58 GGA7 3.0 4.0 3.0 3.5 3.59 GSA10 3.0 6.0 4.0 3.5 4.010 GGA3 3.7 4.0 4.0 3.5 3.011 GGA5 3.0 3.0 4.0 3.0 3.015 GSA8 5.5 3.5 2.5 4.0 5.017 GGA4 3.5 3.5 3.0 3.5 3.218 GGA9 3.0 4.0 4.0 4.0 4.019 GSA7 3.0 5.0 5.0 6.0 5.0Table 4.4: Ionization threshold (keV) from low bakground physis runs.



4.2. WIMP SEARCH 81No Name Number of events RejetionALL NB Q < 0.5 NB Q < 0.54 GGA14 4630 0 0 5.0E-04 5.0E-045 GGA13 23769 0 2 9.7E-05 2.2E-046 GSA11 3281 125 332 0.04 0.17 GGA10 8135 0 0 2.8E-04 2.8E-048 GGA7 671 0 0 3.4E-03 3.4E-039 GSA10 4008 0 0 5.7E-04 5.7E-0410 GGA3 18362 0 0 1.3E-04 1.3E-0411 GGA5 11667 1 1 3.3E-04 3.3E-0415 GSA8 525 0 0 4.4E-03 4.4E-0317 GGA4 2785 0 0 8.3E-04 8.3E-0418 GGA9 9344 0 0 2.5E-04 2.5E-0419 GSA7 3211 0 0 7.2E-04 7.2E-04Table 4.5: γ rejetion power obtained with analysis on 133Ba gamma alibra-tion runs. It is shown for two seleted zones; neutron band (NB) and for aquenhing fator less than 0.5 (Q < 0.5).(ALL) reorded during γ alibration run we obtain the γ rejetion values fora 90% C.L. given in Tab. 4.5.The GSA11 detetor exhibits an unexpeted behavior. A large number ofevents were reorded in the neutron band and everywhere below the gammaband region (Fig. 4.3). This problem persist in all γ-ray alibrations. Weonlude that GSA11 has a harge olletion problem for a yet unknownreason and must be exluded from the WIMP searh.4.2 WIMP searhIn this setion data seletion for the WIMP searh and relative upper limiton the WIMP-nulon elasti sattering ross setion as a funtion of WIMPmass will be detailed.4.2.1 Data seletionFor the searh of events as rare as WIMP interations, we want our data tobe as reliable as possible. To sueed in this we follow the data seletionmethod desribed in Se. 3.7 for the eleven seleted detetors with magipoint above 30 keV.
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Figure 4.3: Data reorded during 133Ba alibration runs in January 2008 forGSA11 detetor.The proedure to selet the hours when the data quality of eah detetoris adequate for this searh is desribed in Se. 3.7. An important point isthe hoie of the perentage of the average baseline resolution that givesthe maximum aeptable baseline resolution value. Just to reall, we havede�ned our maximum baseline resolution as
BLI,max = 〈BLI〉(1 + [%]) for ionization
BLH,max = min(〈BLH〉(1 + [%]), BLH(30 keV MP )) for heatwhere 〈BL〉 is the average baseline resolution value, BLH(30 keV MP )is the heat baseline resolution alulated in order to ahieve a 30 keV magipoint (see Tab. 4.1) and the �[%]� is the hosen perentage.Two di�erent values of this perentage have been tested: 30 and 50%.For the 30% we obtain a �duial exposure of 93.5 kg·d and 99.9 kg·d �duialfor the 50% ut (see Tab. 4.6). The di�erene between these two possiblehoies in terms of events reorded is shown in Fig. 4.4. The top pannelrepresents the 30% quality ut seletion and the bottom one what would beadded if the perentage was inreased to 50%. The latter hoie does notinrease signi�antly the �duial exposure, and even in terms of events thereis not a very notieable di�erene. I have hosen to be the most onservativeas possible, seleting the 30% quality ut. This strit hoie helps ensurethe uniformity of the di�erent resolutions that enter the alulation of the
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Figure 4.4: Top: all data reorded during low bakground physis run after30% quality ut (�duial exposure 93.5 kg·d). Bottom: data to add if weinrease the quality ut perentage to 50%. Data added are within the 99.9%
γ band. No events are observed in the 90% neutron band for reoil energyhigher than the 30 keV low bound.



84 CHAPTER 4. PHYSICS RUN: 8TH COOL DOWNMa No Name All Stat kg·d (Fiduial)30% ut 50% ut1 4 GGA14 10.00 11.195 GGA13 9.77 10.757 GGA10 11.13 11.678 GGA7 4.80 4.999 GSA10 9.93 10.3410 GGA3 11.29 11.632 11 GGA5 11.15 11.8015 GSA8 0.77 0.7717 GGA4 9.27 10.4918 GGA9 9.91 10.763 19 GSA7 5.51 5.52Tot 93.53 99.91Table 4.6: Number of kg·d exposure or �duial volume after all quality utsfor the whole statistis.
eletroni and nulear reoil bands. The drawn bands should orrespondrather losely to an e�ieny of 90%. However, we see that relaxing thisriterion does not add any WIMP andidates above 30 keV.We an notie that the �duial exposures obtained after the quality utsare similar for all bolometers exept for GGA7 and GSA8. An explanationis related to their magi point whih is lose to 30 keV (linked to largeresolutions values).The �nal Q-plot for the eleven detetors orresponding to a �duial ex-posure of 93.5 kg·d are shown in Fig. 4.5 and in Fig. 4.6, where a zoom ofthe nulear reoil band up to 100 keV reoil energy is presented. Takinginto aount the 30 keV threshold, 3 events are observed in the nulear-reoilband, up to 200 keV.As shown in Fig. 4.6 two events are very next to our imposed reoilthreshold (respetively at 30.2 keV and 30.4 keV, see Tab. A) and the thirdone takes plae at 41.8 keV. Simulated spetra of WIMPs having a satteringross setion on nuleons of 10−5 pb and masses of 20, 40, 100 and 500 GeV/2are superimposed to the observed energy spetrum of these three events.They orrespond to a rate in the reoil energy region between 30 and 200 keVof 0.03±0.02 evts/kg·d.
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Figure 4.5: Distribution of the quenhing fator (ratio of the ionization signalto the reoil energy) as a funtion of the reoil energy for the data olletedin the (enter) �duial volume. The exposure of �duial volume orrespondsto 93.5 kg·d. Also plotted are the averaged ±1.645σ band (90% e�ieny)for photon reoils as blue full lines and for nulear reoils as red dashed lines.The 99.9% e�ieny region for photons is also shown (blue dotted line).Hyperboli dashed urves orrespond to ionization energy threshold for eahdetetor and for eah aquisition month.
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Figure 4.6: Left side: zoom at low energy and at low quenhing fator of thequenhing fator distribution as a funtion of reoil energy for 93.5 kg·d total�duial exposure. Right side: reoil energy spetrum of events in nulearreoil band (ER>30 keV) observed for a total �duial exposure of 93 kg·d,ompared with simulatedWIMP spetra using a WIMP-nuleon ross setion
σχ−n=10−5 pb for 20, 40, 100 and 500 GeV/2 WIMP mass.4.2.2 Limits on the ross setion for spin-independentWIMP-nuleon interationsThe three observed events an be used to obtain an upper limit on the sat-tering ross setion of a WIMP on a nuleon as a funtion of WIMP massfor spin-independent interations.To evaluate an upper limit on the WIMP rate with these three eventsusing the Yellin method (Se. 1.4.2.3) we simulated the response of the de-tetors given the known resolutions, thresholds and fration of the total93.5 kg·d �duial exposure. Simulations for WIMP masses of 20, 40, 100and 500 GeV/2 are shown in the right side of Fig. 4.6.As this method determines the energy interval that onstrains the mostthe signal, this information provides some assistane in the interpretation ofthe observed spetrum. Lower and upper bounds of seleted energy intervalsare shown in Fig. 4.7 together with the number of events in orrespondinginterval.Sine the two �rst events our with energy very lose to the 30 keVreoil energy ut (30.2 and 30.4 keV) the Yellin interval for WIMP mass



4.2. WIMP SEARCH 87below 30 GeV/2 will start from 30.4 keV and extend up to the last reordedevent in nulear reoil band at 41.8 keV, with no events observed. For WIMPmass above 30 GeV/2, the hosen energy interval is from 30.4 to 200 keV.The event at 41.8 keV populates this interval. Thus, for WIMP mass higherthan 30 GeV/2 the best limit is obtained from 1 event in the energy rangefrom 30.4 to 200 keV. The orresponding limit is shown in Fig. 4.8. Thislimit orresponds to a sensitivity of 5×10−7 pb at 80 GeV/2 WIMP mass,whih is an improvement of a fator three with respet to EDELWEISS-I(1.5×10−6 pb at 80 GeV/2) [4℄.To verify the Yellin limit, we ompare it to di�erent Poisson analysis.In Fig. 4.8, we observe that the Yellin limit above 30 GeV/2, based on the41.8 keV event, is very similar to the Poisson limit based on 1 event andan analysis threshold of 31 keV. The Yellin limit is slightly worse beauseit takes into aount the bias indued by having hosen a 31 keV thresholdon the basis of the observed events at 30.2 and 30.4 keV. If we perform aPoisson analysis with the unbiased 30 keV threshold, all three events mustbe onsidered. This worsen the 90% C.L. limit at 80 GeV/2 from 5×10−7to 8×10−7 pb, whih is still below the EDELWEISS-I Yellin limit.If we investigate in the nulear reoil band the events lying below the30 keV threshold, we notie that seems to be there muh less events thanobserved in EDELWEISS-I in 62 kg·d. This brings the question of whatwould have happened if the threshold would have been hosen at 20 keVinstead of 30 keV. It would be of ourse too late to make suh a hoie, sineit is biased by our observations on the present data. In addition, performinga onsistent 20 keV analysis would require a more areful evaluation of thedetetor thresholds. Furthermore, the entire seletion must be redone withthe onstraint of this new magi point value. Only 8 of the 11 detetors havea magi point below 20 keV. Keeping this in mind, we an perform a roughanalysis to test the onsisteny of the EDELWEISS-I and II results.Aordingly, we aept the detetors GSA8 and GSA7 whose magi pointsare slightly above 20 keV, knowing that the ionization and heat quality utswill make them lose a onsiderable amounts of kg·d.Performing a 20 keV analysis with the hosen 10 detetors we obtain a�duial exposure of 61 kg·d (Tab. A.11).Fig. 4.9 shows how the e�ieny urve as a funtion of reoil energy,alulated using the experimental resolutions and quality uts for a WIMPmass of 100 GeV, hanges between the 20 keV and 30 keV analysis. In bothases, we see that the e�ieny plateau is reahed at the desired reoil energy.In addition, Fig. 4.9 shows that the analysis ould be extended down to areoil energy of 17 keV (12 keV) for the 30 keV (20 keV) magi point seletion,but this would require a more thorough investigation of the thresholds, and
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Figure 4.9: Simulated detetion e�ieny for run 8 for a 30 keV (93.5 kg·d)and a 20 keV (60.6 kg·d) magi point seletion.
would probably not yield any improvements on the limits, beause events areobserved at energies as high as 31 keV.Eight events are observed in the nulear reoil band in the reoil energyrange from 20 to 200 keV, meaning an event rate of 0.13±0.05 evts/kg·d, asshown in Fig. 4.10. The upper limits of this analysis are shown on the rightside of Fig. 4.10.This tighter seletion uts remove the andidates at 30.2 and 41.8 keV.However, the limit at high mass is not improved beause of the redution inexposure. This on�rms that the 30 keV threshold was a reasonable hoie.The 20 keV analysis does not improve the 30 keV analysis limit for allWIMP masses above 20 GeV/2. It however improves on the EDELWEISS-Ilimit in the entire mass range, even at low masses where the result dependsstrongly on the population of events between 20 and 30 keV. This suggeststhat the bakgrounds observed in EDELWEISS-I in this low energy range isredued in EDELWEISS-II by a fator of the order of two.
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Figure 4.10: Left Side: Reoil energy spetrum of events in nulear reoilband (ER>20 keV) observed for a total �duial exposure of 61 kg·d, om-pared with simulated WIMP spetra using a WIMP-nuleon ross setion
σχ−n=10−5 pb for 20, 40, 100 and 500 GeV/2 WIMP mass. Right Side:Comparison between 90% C.L. spin-independent exlusion limits obtainedfor run 8 for a �duial exposure of 93.5 kg·d with a 30 keV magi pointseletion (red solid urve) and for a �duial exposure of 60.6 kg·d with a20 keV magi point seletion (red dashed urve). EDELWEISS-I data arealso plotted (blak solid urve) with CDMS urrent best sensitivity.4.3 Bakground interpretationIn this setion I will present our interpretation and understanding of di�erentbakgrounds in the EDELWEISS-II data set. These bakgrounds are relatedto di�erent origins: gamma rays radiation, alpha partile and other surfaeevents. While the energy range of interest for WIMP searh is limited below200 keV, high energy gamma and alpha lines are very useful to understandbakground in the range relevant to WIMP interations.4.3.1 Gamma raysMore than 99.5% of the interation rate in detetors is due to gamma events.The 20 m thik lead shielding stops most of the gammas from outside theexperimental setup, thus we expet that must of the observed gamma bak-ground should ome from inside. First, the spetrum of high energy gamma



92 CHAPTER 4. PHYSICS RUN: 8TH COOL DOWNNo Name-Pos. kg·d ounts total γ rate4 GGA14-1 22.09 3790 171.6 ± 2.85 GGA13-d1 22.39 5293 236.4 ± 3.26 GSA11-b2 22.38 4035 180.3 ± 2.87 GGA10-2 22.08 4279 193.8 ± 3.08 GGA7-d2 22.09 5113 231.5 ± 3.29 GSA10-b3 21.38 3976 186.0 ± 2.910 GGA3-d3 22.39 5670 253.2 ± 3.411 GGA5-4 22.53 4105 182.2 ± 2.812 GGA11-d4 22.23 4643 208.9 ± 3.114 GGA8-5 21.93 3652 166.5 ± 2.815 GSA8-d5 22.55 4387 194.5 ± 2.917 GGA4-6 21.63 3632 167.9 ± 2.818 GGA9-d6 22.24 4679 210.4 ± 3.119 GSA7-b7 21.76 4742 217.9 ± 3.2Table 4.7: Gamma bakground rates (total volume) in ounts/kg·d.rays with energy above 100 keV is studied in order to determine a globalbakground. Afterwards, the low energy gamma spetrum is explored togive estimations of the expeted event rate in the energy range of interest forWIMP detetion.4.3.1.1 High energy gamma raysThe total ionization spetrum for low bakground physis runs is shown inthe left side of Fig. 4.11. We restrit our analysis to the ionization hannelbeause of the non-linearity of the heat hannel (β parameter in Eq. (3.3)),whih is poorly alibrated above 500 keV. It will be shown later that theionization hannel is linear up to ∼2.6 MeV.We observe a rate redution of about a fator three relative to EDELWEISS-I [96℄. Gamma bakground rates per detetor for ionization energies above100 keV without any quality baseline ut ourring in total volume are listedin Tab. 4.7. The baseline quality uts are relaxed here beause they are notrelevant for γ-rays at energy higher than 100 keV. The right side of Fig. 4.11shows the rates per detetor as a funtion of the level oupied in the towerin the ryostat. We observe a little higher event rate for detetors plaed inthe top level of the towers, but the overall variations do not exeed ±20%.We have veri�ed that performing the 30 keV magi point and quality utseletions does not alter signi�antly these rates (Tab. A.14 to Tab. A.13).



4.3. BACKGROUND INTERPRETATION 93These tables also show that the γ rates are onstant in time.The gamma bakground redution relative to EDELWEISS-I appearsglobal and uniform. The average integrated gamma ount rate (100 keV- 3 MeV) is 200±3 ounts/kg·d, for the detetors listed in Tab. 4.7 for atotal exposure of about 310 kg·d (total volume, no quality uts). The er-ror is alulated from the maximum statistial error for eah detetor rate(∆ǫ=1.7%)Notieable features in the gamma bakground spetrum are the Comp-ton baksattering bump around 200 keV, the 2614 keV line from 208Tl deay,originating from Th series, and the peaks oming from 40K (1461 keV) and
60Co (1173 keV and 1332 keV). Tab. 4.8 shows that the measured peak posi-tions orrespond to expetations, showing that non-linearity and saturatione�ets are small. We remind that this hannel is alibrated using the 356 keVline only.These well shaped high energy peaks allow us a veri�ation of our as-sumed energy dependane of the resolutions. The σ resolution value foundby �tting them is ompatible with what we should obtain with the formula,see Eq. (3.5). The latter, onsidering average resolutions value, beome:
σ2

I = (1.21) + 5.04
3562 ·E2 and, for instane it gives for the 40K line a preditionof about 9.2 keV ompared to a measured value of 8.2±1.3 keV. Fitted valuesare shown in Fig. 4.12 with also a �t of σ2 as a funtion of E2

I .Monte Carlo simulations with GEANT4 [113℄ have been arried out inorder to better understand experimental gamma bakground spetrum. Sev-eral soures of gamma bakground were suessively studied and omparedwith the observed spetrum. The most massive materials in the viinity ofdetetors are detetor holders, ryostat struture and thermal shields. This�nearby opper� amount tof about 500 kg of opper. The upper limit on theirU/Th ontent has been estimated to an ativity of 1.2 mBq/kg 1. Copperholders have been brought in the underground site only few months beforeexperiment starting. It means that the osmogeni ativity of 60Co at thesurfae has to be onsidered. The experimental limit on 60Co is ompatiblewith a onentration < 1 mBq/kg. U/Th and 60Co ontributions for eahopper struture used as soure of gamma bakground and assuming ativ-ities equal to their upper limit, are ompared to the observed spetrum inFig. 4.13.Sine we have used upper limits, it is expeted that the simulated ioniza-tion spetrum, due to the sum of 60Co and U/Th ontaminations, should behigher than the observed one.1Measurements arried out within the EDELWEISS ollaboration with the GENTIANElow bakground HPGe γ spetrometer in the underground laboratory site (LSM)
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Figure 4.11: Left side: gamma bakground energy spetrum (total ionizationhannel). Right side: gamma bakground rate per detetor as a funtion ofposition oupied in the tower in the ryostat. �10� means bottom level, �20�middle level and �30� top level.In order to give a more reliable estimation of the 60Co ativity, we use theounting rate measured in the 60Co peaks as predited by the present simula-tion of the nearby opper. Normalizing simulated 60Co peaks to the numberof ounts experimentally found we derive the ativity of 0.2 mBq/kg for thenearby opper (ounting rates in Tab. 4.8 in agreement with a normalizationfator of about 0.23) with a systemati error of the order of 10%. Thus, allthe ontributions of the simulated 60Co ontamination on Fig. 4.13 shouldderease of a fator 0.23, showing that most of the gamma bakground islikely to ome from U/Th hain, as shown in Fig. 4.14.Fousing, this time, on the red spetrum of Fig. 4.14 due to U/Th pol-lution, we have to notie two unexpeted features: a �rst one linked to sim-ulated peaks higher than the observed one, see for instane 208Tl(2615 keV)peak, and the seond one a bigger Compton baksattering than the expetedone. Assuming, in �rst approximation, that U and Th hains have the sameativities (same measured upper limits), we an try to perform the sameounting rate normalization arried out for 60Co peaks. Hene, studying Tlpeak at 2615 keV for experimental data and simulation gives a normalizationfator leading to a dereasing of about a fator 3 (ounting rates reported inTab. 4.8) , that means U/Th ontamination of about 0.4 mBq/kg (alwaysonsidering that U and Th ontaminations are equal.)
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Figure 4.12: Experimental values of σ2 (got studying the �outs/3keV� spe-trum) as a funtion of E2 for 40K and 60Co peaks respetively orrespondingto the oordinates (E,σ): (1461.3±1.4, 8.2±1.3), (1171.31±1.1, 9.8±1.6),(1331.2±1.3, 10.6±1.1). The �tting funtion is a �rst oder polynomial one:
y = a+ bx. The a parameter has been set equal to the squared σ experimen-tal baseline value. It is ompatible with our extrapolation using a 356 keValibration (dashed line).Therefore, the �nal omparison between data and Monte Carlo simulationis shown in Fig. 4.15. We explain the observed peaks due to 60Co ativationand U/Th ontamination with ativities of about 0.2 mBq/kg for 60Co andabout 0.4 mBq/kg related to U/Th deay hain in the nearby opper mass.Thus, we an hypothesize that the spetrum we have to add to obtain a goodagreement between data (dark line in Fig. 4.15) and simulation (pink line inFig. 4.15) is due to ontaminant in of other materials. The absene of peakssuggest that it originates from material far from the detetors. Indeed, themissing spetrum seems to have the same shape of the U/Th hain pollution.We an also estimate the ontribution of 40K. The experimental rate ofthe 40K peak at 1460 keV is 1.8±0.2 ounts/3keV/kg·d, omparable to the
60Co peaks. The ontribution of the Compton plateau assoiated to the 40Kpeak should have a shape similar to the 60Co one. In partiular, its Comptonedge at ∼1.2 MeV should �ll the di�erene in shape observed in Fig. 4.15between the experimental data and summed simulations.An investigation has been arried out about the experimental 40K peak,heking if this ontamination omes from a peuliar plae. We have di-vided detetors into three ategories aording to where they are loated inthe tower into the ryostat. The 40K peak ount rates for detetors on the
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0 500 1000 1500 2000 2500 3000Figure 4.14: Gamma bakground energy spetrum (total ionization hannel)without any quality ut orresponding to a total exposure of about 310 kg·dompared to Monte Carlo simulations of possible U/Th and 60Co ontamina-tions. Blue line represents 60Co ontribution to gamma bakground normal-ized on experimental peaks ounting rate: it means onsidering a 0.2 mBq/kg
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4.3. BACKGROUND INTERPRETATION 99Etheo (keV) Eexp (keV) ounts/3keV (310kg·d)data simulation
60Co 1173 1171.7±1.1 612±69 2979±151332 1331.2±1.3 720±86 2896±11
298Tl 2615 2627.9±10.8 331±60 1135±11Table 4.8: Theoretial and experimental peak positions for the 60Co and

208Tl. Peak ounting rate from low bakground physis data and simula-tion for the 60Co and 208Tl for an ativity of 1 mBq/kg and 1.2 mBq/kgrespetively. The total exposure is of about 310 kg·d.bottom, middle and top plates are equal to 1.4± 0.3, 2.0± 0.3 and 1.7±0.2 ounts/3keV/kg·d respetively. Thus, no spei� origin seems to be pre-ferred. In the measurements performed while sreening all the material en-tering the nearest elements in the ryostat, the highest 40K ativity wasmeasured in the onneting ables in the detetor, but sine the involvedmass is very low the simulated rate does not explain the experimental 40Krate.Simulations are under study to help loate the main soure of this on-taminant. Up to now, the �rst results are that the observed peak intensityorrespond to a total ativity of 5.7 Bq outside the thermal shields of theryostat, or 0.3 Bq for a ontamination lying loser to the detetors (10 mKshield).4.3.1.2 Low energy gamma raysIn the energy range of interest for WIMP searh, (typially the energy rangefrom 15 to 65 keV), we want to estimate how many events reorded in thegamma band ould leak into the nulear reoil band. Thus, we have to fouson �duial volume, sine an event is seen as a WIMP andidate if it takesplae in the �duial volume.Cosmogenis The present resolutions of the detetors do not allow toseparate the ontribution of the lines of osmogeni isotopes 68Ge and 65Zn.As shown in Fig. 4.16, we observe a peak entered at about 10 keV. This peakis due to the ontributions of 68Ge (10.4 keV) and 65Zn (9.0 keV) isotopesresulting from bombardment of the Ge detetor by osmi rays when it wasabove ground. These isotopes have an half-life deay of 244 d and 271 drespetively.



100 CHAPTER 4. PHYSICS RUN: 8TH COOL DOWNrate (ounts/kg·d)No Name �t 1 �t 24 GGA14 4.11±0.86 4.97±0.875 GGA13 3.37±0.73 3.27±0.677 GGA10 5.44±0.84 5.48±0.849 GSA10 4.38±1.14 4.54±0.8610 GGA13 10.70±1.21 11.23±1.0011 GGA5 3.78±0.92 8.2±1.7417 GGA4 2.91±0.77 7.20±1.1418 GGA9 3.22±0.73 3.44±0.74Table 4.9: Counting rate values obtained for the osmogeni 10 keV peak.Two �ts are performed: ��t 1� it means Emax=20 keV with number of hannelequal to 80 and ��t 2� is related to a Emax=50 keV with 100 hannel.The energy spetrum in Fig. 4.16 is a ombination of ionization and heatenergy weighted on their baseline resolutions. Fiduial volume has been se-leted and baseline quality uts performed. Detetors showing problems suhas harge olletion (GSA11) and unexplainable heat gain jumps (GGA11and GSA1) are not retained for this analysis. In addition GSA8, loosingmost of its exposure by quality uts, shows a too poor statistis for the10 keV peak. Sine statistis are low, two �ts have been arried out in or-der to estimate the peak intensity. They di�er in terms of upper energybound and number of hannels. Values obtained are listed in Tab. 4.9. Twodetetors, GGA5 and GGA4, have inonsistent �t values and are thereforeexluded. In addition, GGA3 shows a signi�antly larger 10 keV ountingrate. A likely explanation is that it has been remained outside the under-ground laboratory, at the sea level, longer than the others. The full history ofall detetors is being investigated. For the other detetors we obtain an aver-age ounting rate of 3.6±0.4 ounts/kg·d for the �duial volume performingquality uts and 3.4±0.3 ounts/kg·d adding oinidene uts (single eventsrequired). These two results are onsistent. Measurements arried out in2003 (detetors in underground laboratory LSM for two years) show a rateof 14±3 ounts/kg·d. Compared to urrent results a redution of about afator 4±1 is obtained. As expeted, the long-term storage of detetors inunderground sites redues the 10 keV peak due to osmogenis.Leakage of gammas in nulear reoil band In energy range between 15and 65 keV the �duial integrated ount rate is about 0.376±0.008 ounts/keV/kg·dwith quality uts performed, and if we add oinidene ut (onsidering only
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0 5 10 15 20 25 30Figure 4.16: Energy spetrum for four of the detetors (GGA14, GGA13,GGA10 and GSA10) used in the 10 keV analysis.single events) the result is 0.328±0.008 ounts/keV/kg·d. This rate is a fatorthree less than the EDELWEISS-I rate of 0.98±0.03 ounts/keV/kg·d [4℄.We an estimate the probability that these low energy γ, normally ol-leted with a quenhing fator of one, fall in the nulear reoil band. Weused a simple model assuming gaussian distribution of events in the ele-troni reoil band to alulate the rate inside the 90% aeptane nulearreoil band at a given reoil energy E, for 5 keV reoil energy intervals, from10 to 30 keV. The reoil energy intervals are onsidered as perpendiularstrips in the (ER, Q) plane. Thus, tabulating for eah E value at how manysigmas the eletroni reoil band overlaps the nulear one, it is possible toknow the perentage of leakage to onsider, always assuming gaussian datadistribution. Only downward leakage will be taken into aount to �nd howmany ounts per keV and per kg·d are expeted in the nulear reoil band.For reoil energy from 10 keV up to 30 keV we expet to observe inthe nulear reoil band about 0.2 ounts/kg·d oming from a low energyontinuum gamma bakground plus about 0.3 ounts/kg·d due to osmogen-is. For a reoil energy in the 20-30 keV range the expeted rate is about0.008/0.01 ounts/kg·d, that means less than 1 event in the nulear reoilband for an exposure of 100 kg·d. Thus, with the lower reoil energy boundat 30 keV used here, no γ for eletroni reoil band is expeted to settlenulear reoil band.Thus our WIMP searh results based on 93.5 kg·d with a 30 keV analysis



102 CHAPTER 4. PHYSICS RUN: 8TH COOL DOWNthreshold should not be a�eted by the leakage of photons into the nulearreoil band. In the future, with the goal of using analysis threshold below20 keV, it will be neessary to redue this leakage e�et. This should beahieved with an improvement of the energy resoultions relative to the presentvalues ahieved here (on average FWHM, 1.7 keV for ionization and 1.8 keVfor heat). CONTINUUMER Nσ downward leakage (%) ounts/kg·d(assuming gaussian) (×10−2)all ut10 1.45 8 15.0 13.115 2.4 0.8 1.5 1.320 3.29 0.5 0.9 0.825 4.1 2.05·10−3 3.9·10−3 3.4·10−330 4.9 3.7·10−5 7.0·10−5 6.1·10−5Tot 17.5 15.310 keV peakER Nσ downward leakage (%) ounts/kg·d(assuming gaussian) all ut10 1.45 8 0.29 0.27Table 4.10: Gamma leakage in energy strip with entral value ER and disper-sion ±5 keV, for a ontinuum low gamma bakground and for the osmogeni10 keV peak.4.3.2 Alpha and beta bakgroundsIn EDELWEISS-I we identi�ed beta and alpha from 210Pb surfae ontamina-tion as a soure of bakground [96℄. It is due to an exposition of germaniumrystals to air with 222Rn and to implantation of its long-lived (22 years)
210Pb daughter on the Cu and Ge surfaes, despite the are taken in thestorage of detetors and using a �ux of deradonized air at their installationin the ryostat.This isotope deay to 210Bi, emitting X-rays onversion eletrons withenergies below 60 keV falling preisely within the energy range of interestfor WIMP searhes. 210Bi deays to 210Po with emission of a beta with anend-point at ∼1.1 MeV. Finally, 210Po deays to 210Pb via a 5.3 MeV alpha



4.3. BACKGROUND INTERPRETATION 103with a range of 20 µm, aompanied bak-to-bak by the reoil of the 210Pbnuleus (∼40 nm) with a kineti energy of 103 keV. The penetration lengthof suh a heavy partile at suh low energy is very small (∼40 nm). All theionization signal is lost: harges are absorbed either in the Al eletrode or inthe amorphous sub-layer if the lead nuleus hits a surfae not overed by aneletrode. Of all the deays in the omplete hain, the alpha observation isthe learest tag.When the equilibrium of the 210Pb deay hain is reahed, the rates foralphas, 206Pb nulear reoil, high energy betas and low energy eletrons areexpeted to be equal.4.3.2.1 Response of EDELWEISS detetor to a 210Po soureIn EDELWEISS-II , we wanted to study the response of our detetors to thisbakground by equipping the detetor GGA1 with a 210Pb soure.The soure was made by our CEA ollaborators, with the main onernthat it should not ontaminate the rest of the experiment. It was doneby exposing a Cu plate to 222Rn gas oming out of a 238U sample. Thethree alpha deays between 222Rn and 210Pb make the nulear reoils to beimplanted deeper and deeper in the opper surfae. After exposition, theplate is heated to get rid of the remaining 222Rn and shallowly implantedions, and leaned thoroughly to make sure than radioative atoms that ouldeasily get out of the Cu are removed. The implanted Cu plate is a 5 m disk,glued on the enter of the Cu over in front of the referene-eletrode side ofGGA1. Most of the alpha �ux should be deteted in the entre region.The present study orresponds to the analysis of data reorded at ±7 V.We use data olleted in the �duial volume after quality ut on baselineresolutions. The reorded spetra for the +7V data is shown in Fig. 4.17: weobserve the alpha peak at 5.3 MeV and Q=0.4. It unambiguously on�rmsthe interpretation [96℄ that the observed quenhed peak at high reoil energyin EDELWEISS-I omes from a surfae alpha ontamination.However, it was observed that the quenhing value of alphas is not on-stant: it depends on the polarity of the detetor and it evolves with time. Fig-ure 4.18 shows the average quenhing fator of the alpha population (Qalpha)as a funtion of time. The top panel is the data reorded at -7 V and thebottom panel is at +7 V bias voltage. These variations was not seen inEDELWEISS-I. In ref. [103℄, it is shown that Qalpha depends on the amountof trapped harge aumulated on the surfae of Ge. Here the evolution ofQalpha at -7V ould be due to the large �ux of alpha (ompared to the �ux inlow-bakground runs in EDELWEISS-I). The fat that it does not evolve indata taken with +7V polarization is an indiation that eletrons and holes do
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Figure 4.17: Distribution of the quenhing fator as a funtion of the reoilenergy up to 8 MeV from the data olleted in the �duial volume at +7 Vin GGA1 detetor.not have the same trapping probability by the defets reated by the intensealpha soure.To measure the alpha rate, we ount what is in a wide box de�ned bya quenhing fator in the range 0.01-0.6 and a reoil energy lying from 3to 7 MeV. This box is wide to make sure we do not depend on the hargestate of the detetors. In addition, the �duial volume seletion is a loose ut(75% of the total harge must be olleted on the enter eletrode) beauseross-talks and energy resolutions are not alibrated very preisely for thesevery high energies.The alpha rate in GGA1 in the �duial volume is 9085±27 ounts/kg·dfor the whole statistis.Voltage ondition ounts
α β βnuclearband-7V 15471 3507 442+7V 5005 835 89Table 4.11: Number of alphas, betas and betas restrited to the nulear reoilband, for data reorded at ± 7 V in GGA1 detetor after baseline qualityut.
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Figure 4.18: Alpha quenhing fator as a funtion of time for data reordedin GGA1 detetor. Top: data reorded at -7 V. Bottom: data reorded at+7 V.Finally, in Fig. 4.19 we see the betas at lower energy. We notie thatfor the high-energy betas oming from 210Bi (above 60 keV), the ionizationquenhing fator is a�eted by the hange of polarity. The harge olletionis the poorest for the -7V data, as for the alphas. Instead, the low-energybetas, for energies below 60 keV, leak into the nulear reoil band for both
±7V data. Therefore, it represents a very important feature for WIMPsearhes.In order to evaluate low energy beta population we de�ne a β seletionbox: 30 keV<ER <80 keV and 0.2<Q<0.7. This box does not ontain allbeta's, but it has been hosen to have as little gamma ontamination aspossible. Afterwards, we de�ne also a βnuclearband box (β box restrited tonulear reoil band) to evaluate the beta fration that leaks in the nulearreoil band.Table 4.11 shows beta ounts reorded in β and βnuclearband boxes. An
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Figure 4.19: Distribution of the quenhing fator as a funtion of the reoilenergy for the data olleted in the enter �duial volume. Data olleted at-7 V (top) and data olleted at +7 V (bottom).interesting ratio is represented by β/α and βnuclearband/α. It should be or-reted for the fat that the alpha emitter 210Po is not yet in equilibrium with
210Pb. For a 210Pb soure in equilibrium, these ratios should be dereased bya fator ∼30%. Table 4.12 shows these ratios (number of betas reorded inthe two β boxes normalized to number of alphas) for the entire data set.For the whole beta box, ratios of 0.167±0.007 and 0.227±0.005 are ob-tained respetively for +7 V and -7 V. In the β box restrited to nulear



4.3. BACKGROUND INTERPRETATION 107Voltage <Qα>Ratio -7V +7V (0.35 - 0.45)
β/α 0.227±0.005 0.167±0.007 0.20± 0.05

βnuclearband/α 0.029±0.002 0.018±0.002 0.024± 0.009Table 4.12: Normalization fator of the beta population to the alpha one forGGA1 detetor.
reoil band we get smaller ratios (0.029±0.002 and 0.018±0.002 for +7 Vand -7 V). The values at +7 and -7V are not onsistent, beause of the e�etof the aumulated harge on the surfae of the detetors.We need to estimate how the β/α and βnuclearband/α ratios are a�etedby the aumulated harge on the surfae, beause the 210Pb ontaminationin real experiments is very small, and not deposit as muh harge as in thealibration data.The idea is to investigate these two ratios as a funtion of measured alphaquenhing fator (Qalpha). Results are shown in Fig. 4.20. The number ofbetas in the box normalized to the number of alphas inreases as Qalpha isredued due to aumulated harges. Beta over alpha ratios for -7V data atlarge Qalpha (it means small aumulated harge) are onsistent with ratios+7V.At large Qalpha, the number of beta normalized to the number of alpha inthe β box tends toward 0.15. We have less statistis for the number of betanormalized to the number of alpha in the β box restrited to the nulear reoilband (βnuclearband), but we observe a onsistent trend. The last olumn ofTab. 4.11 shows the ratio β/α, for the whole β box and for the one restritedto the nulear reoil band, oming from extrapolation of plot in Fig. 4.20at the alpha Q value observed in low bakground physis run (0.40±0.05).This number and its unertainty is in agreement with both the measurementsarried out at ±7V.These frations ould allow to predit the number of low energy betas, asa funtion of the observed rate of the alpha from 210Po deay, in detetorsused for WIMP searh. This predition strongly depends on the knowledgeof the quality of harge olletion for surfae events. Sine it is di�ult toassess, we will use the ratios obtained for the measured average Qalpha valuein low bakground physis.
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 Dec07, +7V Figure 4.20: Left side: ratio of the number of betas reorded in the β se-letion box (30 keV<ER <80 keV) to the number of alpha reorded in theseletion α box (3 MeV<ER<7 MeV) as a funtion of alpha quenhing fa-tor. Right side: ratio of the number of betas reorded in the β seletion box(30 keV<ER <80 keV) restrited to nulear reoil band to the number ofalpha reorded in the seletion α box (3 MeV<ER<7 MeV) as a funtion ofalpha quenhing fator. Data reorded at ±7 V for GGA1 detetor.4.3.2.2 Measured alpha bakgroundFig. 4.21 show the data reorded by 10 detetors and about 114 kg·d withthe same �duial ut as for GGA1 without any quality uts. We observe thealpha population set at around 5 MeV. Their average quenhing fator valueis 0.40+-0.05. The absene of one sharp peak in quenhing fator and andreoil energy distributions is due to unertainties in high-energy alibrationand saturation e�ets.The same wide alpha box de�ned for GGA1 should work here for inte-grating the alpha rate (3 MeV<ER <7 MeV and 0.01<Q<0.6). In AppendixTab. A.17 lists the alpha rates ounted in the �duial volume without anyquality uts. The average rate is 2.0±0.1 alpha/kg·d, observed in �duialvolume. This is a redution of a fator 2 with regard to EDELWEISS-I [96℄.We an also study the dependene of this rate on the type of surfaessurrounding the detetor. Four possibilities are available: 2 Cu overs, 2 Siovers, no over (the Ge surfae is exposed to the Ge surfae of the neigh-bouring detetor) or one Cu over, the other Ge surfae being exposed to



4.3. BACKGROUND INTERPRETATION 109

Figure 4.21: Distribution of the quenhing fator as a funtion of the reoilenergy up to 8 MeV from the data olleted in the �duial volume duringlow bakground physis runs.the neighbouring detetor. Fig. 4.22 shows the alpha rate as a funtion ofover type: no dependene within statistial auray is observed. Thus, thissuggests that all type of surfaes have a omparable radon ontamination.In order to evaluate the ontamination of the Ge surfae themselves, welook at 206Pb nulear reoil in oinidene with an alpha event between twoneighboring detetors without overs (GGA11 and GGA5).We take all alpha events reorded in GGA11 and GGA5 detetors (toppanel in Fig. 4.23). Then, for eah detetor we look for a 103 keV ionization-less 206Pb nulear reoil reorded in oinidene in the other detetor (bottompanel in Fig. 4.23).We observe 5 ionization-less events with reoil energy of about 103 keV,orresponding to a rate of 0.19+-0.09 oin/kg·d. This is small (6%) om-pared to the total alpha rate of 3.2+-0.4 alpha/kg·d reorded in the sumof the �duial area of the two detetors. This suggest that most of the al-pha rate is due to Cu surfaes, but that is not onsistent with the previousobservation that the rate does not depend on the material of the surfaes(Cu/Si/Ge). An other explanation is related to the implantation depth of
210Po emitters. If most of them are deeply implanted in Ge, they annotesape. But this is not onsistent with the observation of no reoils withenergies below 65 keV as the energy of the 206Pb reoils should degrade withimplantation depth. Random �utuations of the pollution levels from one
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 Ge Figure 4.22: Average rate of alphas based on over ategories for low bak-ground runs (�duial volume). |Si|: two siliium overs; |Cu|: two opperovers; Cu|: one opper over and one free germanium surfae; Ge: two freegermanium surfaes.surfae to the other ould explain these inonsistenies. However, the obser-vation of these oinidenes an only be explained if there is some level of
210Pb ontamination on the Ge detetor surfaes themselves.4.3.2.3 Predition of beta leakage in the nulear reoil bandThe GGA1 data an be used to predit a rate of beta leakage in the nulearreoil band assoiated with the observed alpha rate in detetors used for theWIMP searh, if we assume that the bakground soures are in equilibrium.To hek the validity of the predition for beta reorded in the β boxrestrited to the nulear reoil band, we will also ompare the preditionsand the data in the larger β box.We use the measured alpha rate (2.0±0.1 alpha/kg·d) and the observedquenhing value (0.40±0.05) in the low bakground physis runs. Then, weuse the number of betas normalized to the number of alphas in the β and
βnuclearband boxes measured for a quenhing fator in the range of 0.40±0.05(from Tab. 4.12 in the last olumn we get 0.20±0.05 and 0.024±0.09 for βand βnuclearband boxes, respetively).As shown in Tab. 4.13 we predit 0.048±0.018 beta/kg·d in the nulearreoil band. Considering our experimental exposure of 93.5kg·d, it orre-
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Figure 4.23: Top pannel : Distribution of the quenhing fator (ratio of theionization signal to the reoil energy) as a funtion of the reoil energy fromthe data olleted in the �duial volume during low bakground physis run,for data reorded in GGA5 and GGA11 detetors. These detetors are theonly ones without any over, allowing a oinidene study. Bottom pannel :Reorded 210Pb reoils in oinidenes with an alpha partile, in GGA5 andGGA11 detetors.
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β 0.60±0.08 0.4±0.1

βnuclearband 0.03±0.02 0.048±0.018Table 4.13: Predited (at ± 7 V) and observed ounting rate in two di�erentontrol zones: β box and β box restrited to nulear reoil band for GGA1.sponds to an expeted bakground of 5±2 events in the nulear reoil bandbetween 30 and 80 keV. We observed 3 events in the same region.In order to hek reliability of this alulation we widen the investiga-tion zone to the whole β box. We obtain the number of betas preditedequal to 0.40±0.10 beta/kg·d to be ompared to the measured value of0.60±0.08 beta/kg·d. It shows an agreement at 1.5 sigma level.A orretion needs to be taken into aount: the distribution of quenhingfator for a given reoil energy might not be gaussian as far away from Q=1.To test this assumption, we measure the data ounting rate in a box aboveQ=1, symmetrial to the β box: 1.3<Q<1.8 and 30 keV<ER<80 keV.In this region we �nd out 0.23±0.05 events/kg·d. This represents the1.4% of total gamma rate in 30-80 keV reoil energy range. It is larger thanthat we expeted, sine this region is outside the 99.9% eletron reoil band.We an onlude that non-gaussian tails are important, and must be takeninto aount.If we subtrat this evaluation of the ontribution of the non-gaussian tailsfrom the observed number of betas (assuming thus that the non-gaussian on-tributions are are symmetrial around Q=1), we obtain 0.37±0.08 beta/kg·d.This rate is then ompared with the predited values of 0.4±0.1 beta/kg·d.The fat that a perfet agreement is found indiates that the events inthe nulear reoil band between 30 and 80 keV an be explained by thebeta bakground assoiated with the observed alpha rate. But this analysisrevealed that the fators entering this predition have large unertainties:* the harge state of the detetor;* the di�erene between hole and eletron trapping;* the non-gaussian distribution of the quenhing fator.Thus, in order to obtain an exlusion plot on the sattering ross setion ofWIMP on nuleon as a funtion of WIMP mass, we prefer to perform nosubtration and use the Yellin method. Furthermore, the number of eventsreorded in the nulear reoil band in the present experiment is so small that
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ConlusionsI have studied the low bakground physis data olleted during the 8th ooldown of EDELWEISS-II (�run 8�). This ool down allows a �rst real look atthe EDELWEISS-II environment and it represents a �rst real test of Ge-NTDtype detetors at large sale. Two goals are envisaged: a better understandingof radiative bakground of the experiment and an improvement of urrentupper limit on the WIMP sattering ross setion.The reoil energy range is onstrained by a beta population at low reoilenergies linked to a 210Pb ontamination observed in EDELWEISS-I. Thelower bound in the reoil energy range has been set at 30 keV for the WIMPsearh.After quality uts we obtain a total �duial exposure of 93.5 kg·dThree events have been observed in the nulear reoil band. Under stan-dard assumption of an isothermal dark matter distribution with a density0.3 GeV/2 m−3 and typial values for Earth and harateristi veloities,the alulated WIMP exlusion limit for spin-independent WIMP-nuleusinteration orrespond to a best sensitivity of 5×10−7pb for a 80GeV/2WIMP mass. It represents an improvement of about a fator 3 relative toEDELWEISS-I [4℄, but not yet ompetitive with urrent limits provided byCDMS [74℄ and XENON [82℄.The limitation for Ge-NTD type detetors arises from the inapability ofan ative surfae events rejetion. The present work also showed that thethree events reorded in the nulear reoil band are ompatible with a 210Pbpollution. With this type of bakground, the standard Ge-NTD detetorsare not ompetitive for WIMP searhes. As a onsequene of this work, inthe urrent runs of EDELWEISS they have been replaed by ID detetors:Ge-NTD detetors with a speial interdigitized eletrode sheme allowing anative surfae event disrimination.In low bakground experiments of rare events, suh as the EDELWEISSexperiment, several fators in the experimental bakgrounds an obsure thesignal ounts of interest. These experiment bakgrounds are environmen-tal radioativity, intrinsi ontamination of detetors and shielding material,115



116 CONCLUSIONairborne radioativity (Radon) and osmi rays indued partiles.Two investigations have been arried out in order to ahieve a betterbakground understanding. One study is related to γ-ray bakground over-whelming the detetors and a seond one is linked to the on�rmation ofthe 210Pb ontamination interpretation as resulting in the �rst stage of theexperiment [96℄.Gamma bakground has been investigated both at high (>100 keV) andlow energy (<100 keV), this latter being the energy range of interest in theWIMP searh.We observe a global and uniform redution of γ bakground of about afator 2 ompared to EDELWEISS-I for energy higher than hundred keV.Monte Carlo simulations have been developed in order to better under-stand the observations. With a simulation of the losest material to the dete-tor (Cu), we evaluate their radioative ontamination to about 0.2 mBq/kgof 60Co and 0.4 mBq/kg from the U/Th deay hain. These measurementsare lower than the available upper limits on ativity of the opper.At low energy (<100 keV) the γ bakground has been studied in orderto give an estimation of how dangerous a likely γ-leakage in the nulearreoil band ould be. With a �xed 30 keV low energy limit for the WIMPsearh analysis, this leakage appears not to be a problem. Extrapolating theobtained results for the future, both for EDELWEISS and next-generationtonne-sale diret dark matter detetion experiment, we have to pay attentionto the energy range around 10 keV. In fat, in addition to a γ ontinuumontribution we have the 10 keV osmogeni peak to take into aount: theleakage in this region is mainly due to this peak.The alpha population at about 5 MeV reoil energy, related to the 210Pbhas been redued by about a fator two ompared to EDELWEISS-I. Further-more, with a alibration using a 210Pb soure and the urrent data we havesueeded in the on�rmation of the 210Pb hain as a soure of bakgroundevents in the WIMP searh.Even if predited number of low energy betas is onsistent with the ob-served rates, this is not enough to deserve a bakground subtration. In fat,large unertainties linked to harge olletion pro�le, Pb implantation pro�lethreaten these preditions.
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133Ba low bakgroundNo Name enter guard heat enter guard heat4 GGA14 1.4 1.6 1.9 1.5 1.7 2.25 GGA13 1.6 1.6 1.2 1.7 1.7 1.56 GSA11 1.3 2.4 2.5 1.5 2.5 1.97 GGA10 1.6 1.7 1.6 1.7 1.8 1.88 GGA7 1.7 1.5 3.6 1.8 1.6 3.39 GSA10 1.9 1.7 1.7 2.1 1.8 1.410 GGA3 1.4 1.5 2.4 1.5 1.6 2.411 GGA5 1.4 1.5 1.9 1.4 1.6 1.914 GGA8 3.8 2.1 2.8 4.2 2.4 2.715 GSA8 2.0 1.5 3.1 2.0 1.5 3.217 GGA4 1.8 2.1 1.2 1.7 2.1 1.318 GGA9 1.7 1.7 1.3 1.7 1.7 1.419 GSA7 2.2 3.1 2.9 2.3 3.2 3.022 GGA1 2.0 8.6 3.5 2.2 8.9 3.423 GSA3 3.6 4.0 5.5 3.5 3.9 7.4Table A.1: Mean values of baseline resolutions over the data taking period(for 133Ba alibration run in January 2008 and for low bakground physisrun from November 2007 to Marh 2008)
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133Ba-7VNo Name enter guard heat4 GGA14 4.2±0.3 5.4±0.5 10.3±0.85 GGA13 4.3±0.1 4.1±0.2 7.0±0.26 GSA11 4.0±0.2 7.8±0.7 7.4±0.47 GGA10 5.2±0.2 4.4±0.1 9.1±0.58 GGA7 5.1±0.1 4.7±0.2 12.7±0.69 GSA10 5.1±0.5 3.8±0.5 5.2±0.610 GGA3 4.4±0.2 4.4±0.2 7.3±0.411 GGA5 3.9±0.1 5.0±0.3 5.1±0.112 GGA11 5.9±0.2 4.3±0.2 6.6±0.315 GSA8 5.6±0.1 5.1±0.1 17.4±0.417 GGA4 4.3±0.4 5.1±0.5 10.7±1.018 GGA9 4.3±0.1 5.3±0.3 6.4±0.319 GSA7 4.9±0.4 � 4.8±1.122 GGA1 4.8±0.4 11.6±0.7 10.9±0.5Table A.2: FWHM resolution in keV at 356 keV (mean value for all 133Barun in January 2008).
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low-bkgMa No Name Nov07 De07kg·d B kg·d A kg·d B kg·d A1 4 GGA14 0.830 0.84 4.289 4.155 GGA13 0.830 0.84 4.289 4.156 GSA11 0.830 0.84 4.289 4.157 GGA10 0.830 0.84 4.289 4.158 GGA7 0.830 0.84 4.289 4.159 GSA10 0.830 0.43 4.289 4.1510 GGA3 0.830 0.84 4.289 4.152 11 GGA5 0.809 0.80 4.346 4.1512 GGA11 0.809 0.80 4.346 4.1514 GGA8 0.809 0.80 4.346 4.1515 GSA8 0.809 0.80 4.346 4.1617 GGA4 0.809 0.80 4.346 4.1518 GGA9 0.809 0.80 4.346 4.153 19 GSA7 0.778 0.79 4.009 3.9421 GSA1 0.778 0.79 4.009 3.8822 GGA1 0.778 0.79 4.009 3.8823 GSA3 0.778 0.79 4.009 3.94Tot 13.78 13.43 72.14 69.6Table A.3: Number of kg·d exposure before binning uts (kg·d B) and numberof kg·d exposure alulated with a 15 minute bin for low bakground physisrun (kg·d A) and for �duial volume.



121low-bkgMa No Name Jan08 Fev08 Mar08kg·d B kg·d A kg·d B kg·d A kg·d B kg·d A1 4 GGA14 3.484 3.22 2.472 2.44 1.888 1.945 GGA13 3.484 3.39 2.472 2.44 1.888 1.946 GSA11 3.484 3.39 2.472 2.44 1.888 1.947 GGA10 3.484 3.22 2.472 2.44 1.888 1.948 GGA7 3.484 3.22 2.472 2.44 1.888 1.949 GSA10 3.484 3.22 2.472 2.44 1.888 1.9410 GGA3 3.484 3.39 2.472 2.44 1.888 1.942 11 GGA5 3.575 3.41 2.481 2.5 1.913 1.9712 GGA11 3.575 3.24 2.481 2.5 1.913 1.9714 GGA8 3.575 3.06 2.481 2.5 1.913 1.9815 GSA8 3.575 3.41 2.481 2.5 1.913 1.9817 GGA4 3.575 2.89 2.481 2.5 1.913 1.9818 GGA9 3.575 3.24 2.481 2.5 1.913 1.983 19 GSA7 3.657 3.39 2.477 2.4 1.875 1.8821 GSA1 3.657 3.50 2.477 2.4 1.875 1.8822 GGA1 3.657 3.21 2.477 2.4 1.875 1.8823 GSA3 3.657 3.21 2.477 1.81 � �Tot 60.47 59.02 42.10 41.09 30.32 31.08Table A.4: Number of kg·d exposure before all uts (kg·d B) and number ofkg·d alulated with a 15 minute bin for low bakground physis run (kg·dA) and for �duial volume.Month kg·d %kg·d B kg·d A [1-(A/B)℄Nov07 13.78 13.43 2.5De07 72.14 69.6 3.5Jan08 60.47 59.02 2.4Fev08 42.10 41.09 2.4Mar08 30.32 31.08 2.5Tot 218.81 214.22 2.1Table A.5: Number of kg·d exposure before binning uts (kg·d B) and numberof kg·d alulated with a 15 minute bin for low bakground physis run (kg·dA) and for �duial volume as a funtion of aquisition month and the relativeerror (%) made reovering hours bins.
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Nov07 De07 Jan08 Feb08 Mar08No Name I Heatmax I Heatmax I Heatmax I Heatmax I Heatmax4 GGA14 1.5 3.250 1.5 3.250 1.5 3.250 1.4 3.296 1.4 3.2965 GGA13 1.7 3.145 1.6 3.196 1.6 3.196 1.6 3.196 1.5 3.2506 GSA11 1.6 3.196 1.4 3.296 1.5 3.250 1.4 3.296 1.2 3.3757 GGA10 1.7 3.145 1.7 3.145 1.7 3.145 1.6 3.196 1.6 3.1968 GGA7 1.7 3.145 1.7 3.145 1.7 3.145 1.7 3.145 1.7 3.1459 GSA10 2.3 2.721 2.3 2.721 2.2 2.802 1.9 3.023 1.8 3.08510 GGA3 1.6 3.196 1.5 3.250 1.5 3.250 1.5 3.250 1.4 3.29611 GGA5 1.4 3.296 1.4 3.296 1.5 3.250 1.4 3.296 1.3 3.33912 GGA11 2.0 2.958 2.2 2.802 2.2 2.802 2.0 2.958 1.8 3.08514 GGA8 4.5 � 4.4 � 4.2 � 3.8 � 3.7 �15 GSA8 2.0 2.958 2.0 2.958 2.1 2.885 2.0 2.958 1.9 3.02317 GGA4 1.7 3.145 1.7 3.145 1.7 3.145 1.6 3.196 1.5 3.25018 GGA9 1.6 3.196 1.6 3.196 1.6 3.196 1.7 3.145 1.6 3.19619 GSA7 2.3 2.721 2.2 2.802 2.1 2.885 2.2 2.802 2.1 2.88521 GSA1 1.7 3.145 1.6 3.196 1.7 3.145 1.5 3.250 1.4 3.29622 GGA1 2.4 2.634 2.1 2.885 2.2 2.802 2.0 2.958 2.0 2.95823 GSA3 3.6 � 3.5 0.336 3.7 � 3.0 1.884 0.0 �Table A.6: Heat maximum baseline resolution for eah aquisition month, asa funtion of ionization baseline resolution, imposing the 30 keV magi point,using Tab. 3.1.
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low-bkgMa No Name Nov07 De07Total Fiduial Total Fiduial1 4 GGA14 1.09 0.62 5.59 3.185 GGA13 1.01 0.57 5.99 3.426 GSA11 1.04 0.6 6.34 3.617 GGA10 1.03 0.59 6.49 3.78 GGA7 0.43 0.24 2.77 1.589 GSA10 0.63 0.36 5.89 3.3610 GGA3 1.14 0.65 6.13 3.52 11 GGA5 1.32 0.75 5.97 3.412 GGA11 0.45 0.26 5.1 2.9115 GSA8 0.2 0.11 0.17 0.117 GGA4 1.12 0.64 5.73 3.2618 GGA9 0.89 0.5 5.74 3.273 19 GSA7 0.09 0.05 3.15 1.7922 GGA1 0.04 0.02 1.88 1.07Tot 10.48 5.96 66.94 38.15Table A.7: Number of kg·d exposure for total and �duial volume after allquality uts.



124 APPENDIX A.low-bkgMa No Name Jan08 Fev08 Mar08Total Fiduial Total Fiduial Total Fiduial1 4 GGA14 4.63 2.64 3.53 2.01 2.72 1.555 GGA13 4.67 2.66 2.87 1.63 2.61 1.496 GSA11 4.82 2.75 2.72 1.55 2.89 1.647 GGA10 5.2 2.97 3.82 2.18 2.96 1.698 GGA7 0.82 0.47 1.42 0.81 2.98 1.79 GSA10 4.73 2.69 3.28 1.87 2.9 1.6510 GGA3 5.3 3.02 3.98 2.27 3.25 1.852 11 GGA5 5.09 2.9 3.94 2.25 3.25 1.8512 GGA11 4.05 2.31 2.75 1.56 2.73 1.5615 GSA8 0.03 0.02 0.12 0.07 0.83 0.4717 GGA4 4.11 2.34 2.78 1.59 2.53 1.4418 GGA9 4.66 2.65 3.18 1.81 2.95 1.683 19 GSA7 3.17 1.81 1.64 0.93 1.64 0.9322 GGA1 0.27 0.15 0.91 0.52 2.1 1.2Tot 51.55 29.38 36.94 21.05 36.34 20.7Table A.8: Number of kg·d exposure for total and �duial volume after allquality uts.
Month Fid kg·d Q<0.5 NB up NB down NBNov07 5.08 2 0 0 2De07 30.56 5 0 3 2Jan08 24.17 8 2 2 4Fev08 17.42 5 1 1 3Mar08 16.30 8 1 2 5Tot 93.53 28 4 8 16Table A.9: Number of events reorded in the Q<0.5 zone, in the neu-tron band (NB), in the region between Qc <0.5 and the neutron band:NB<Qc <0.5 (up NB) and in the region between neutron band and ionizationthreshold : NB< Qc <Ion-Thr (down NB) after all uts for 30<Erc <500 keV.
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Run Evt No. Er (keV) Bolo121905 1899 41.8 4-GGA14321802 8138 30.2 19-GSA7131303 788 30.4 7-GGA10141201 7553 335.5 4-GGA14Table A.10: Tagging of events reorded in the neutron band (NB) after alluts for 30<Erc <500 keV.

kg·dNo Name Total Fiduial4 GGA14 13.27 7.575 GGA13 16.81 9.597 GGA10 16.57 9.459 GSA10 4.52 2.5710 GGA3 4.77 2.7211 GGA5 16.72 9.5417 GGA4 16.27 9.2718 GGA9 17.33 9.86Total stat 106.26 60.57Table A.11: Number of kg·d exposure for total and �duial volume for bolo-meters having a 20 keV magi point seletion after quality uts.



126 APPENDIX A.No Name-Pos. Month kg·d ounts total γ rate4 GGA14-1 Nov 1.47 277 188.4 ± 11.3De 7.28 1271 174.6 ± 4.9Jan 5.65 972 172.0 ± 5.5Feb 4.28 701 163.8 ± 6.2Mar 3.41 568 166.6 ± 7.05 GGA13-d1 Nov 1.47 443 301.4 ± 14.3De 7.29 1711 234.7 ± 5.7Jan 5.94 1377 231.8 ± 6.2Feb 4.28 1228 286.9 ± 8.2Mar 3.41 877 257.2 ± 8.76 GSA11-b2 Nov 1.47 244 166.0 ± 10.6De 7.28 1369 188.0 ± 5.1Jan 5.94 1087 183.0 ± 5.6Feb 4.28 970 226.6 ± 7.3Mar 3.41 645 189.2 ± 7.47 GGA10-2 Nov 1.47 295 200.7 ± 11.7De 7.28 1431 196.6 ± 5.2Jan 5.65 1150 203.5 ± 6.0Feb 4.28 1012 236.4 ± 7.4Mar 3.41 696 204.1 ± 7.78 GGA7-d2 Nov 1.47 375 255.1 ± 13.2De 7.28 1695 232.8 ± 5.7Jan 5.65 1366 241.8 ± 6.5Feb 4.28 1211 282.9 ± 8.1Mar 3.41 825 241.9 ± 8.49 GSA10-b3 Nov 0.76 149 196.1 ± 16.1De 7.28 1400 192.3 ± 5.1Jan 5.65 1105 195.6 ± 5.9Feb 4.28 989 231.1 ± 7.3Mar 3.41 672 197.1 ± 7.610 GGA3-d3 Nov 1.47 446 303.4 ± 14.4De 7.28 1898 260.7 ± 6.0Jan 5.95 1531 257.3 ± 6.6Feb 4.28 1362 318.2 ± 8.6Mar 3.41 906 265.7 ± 8.811 GGA5-4 Nov 1.41 276 195.7 ± 11.8De 7.29 1332 182.7 ± 5.0Jan 5.98 1103 184.4 ± 5.6Feb 4.39 792 180.4 ± 6.4Mar 3.46 673 194.5 ± 7.5Table A.12: Gamma bakground rates (total volume) in ounts/kg·d.
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No Name-Pos. Month kg·d ounts total γ rate12 GGA11-d4 Nov 1.41 331 234.8 ± 12.9De 7.29 1542 211.5 ± 5.4Jan 5.68 1245 219.2 ± 6.2Feb 4.39 853 194.3 ± 6.7Mar 3.46 720 208.1 ± 7.815 GSA8-d5 Nov 1.41 295 209.2 ± 12.2De 7.29 1459 200.1 ± 5.2Jan 5.99 1183 197.5 ± 5.7Feb 4.39 788 179.5 ± 6.4Mar 3.47 662 190.8 ± 7.417 GGA4-6 Nov 1.41 251 178.0 ± 11.2De 7.29 1235 169.4 ± 4.8Jan 5.07 850 167.7 ± 5.8Feb 4.39 715 162.9 ± 6.1Mar 3.47 581 167.4 ± 6.918 GGA9-d6 Nov 1.41 326 231.2 ± 12.8De 7.29 1534 210.4 ± 5.4Jan 5.68 1206 212.3 ± 6.1Feb 4.39 917 208.9 ± 6.9Mar 3.47 696 200.6 ± 7.619 GSA7-b7 Nov 1.41 288 204.3 ± 12.0De 6.91 1568 226.9 ± 5.7Jan 5.94 1328 223.6 ± 6.1Feb 4.21 829 196.9 ± 6.8Mar 3.31 729 220.2 ± 8.2Table A.13: Gamma bakground rates (total volume in ounts/kg·d.)



128 APPENDIX A.No Name-Pos. Month kg·d ounts total γ rate4 GGA14-1 Nov07 1.09 208 190.8 ± 13.2De07 5.59 964 172.5 ± 5.6Jan08 4.63 787 170.0 ± 6.1Feb08 3.53 591 167.4 ± 6.9Mar08 2.72 466 171.3 ± 7.95 GGA13-d1 Nov07 1.01 302 299.0 ± 17.2De07 5.99 1416 236.4 ± 6.3Jan08 4.67 1111 237.9 ± 7.1Feb08 2.87 627 218.5 ± 8.7Mar08 2.61 607 232.6 ± 9.46 GSA11-b2 Nov07 1.04 170 163.5 ± 12.5De07 6.24 1184 189.7 ± 5.5Jan08 4.82 840 174.3 ± 6.0Feb08 2.72 483 177.6 ± 8.1Mar08 2.89 536 185.5 ± 8.07 GGA10-2 Nov07 1.03 199 193.2 ± 13.7De07 6.49 1278 196.9 ± 5.5Jan08 5.2 981 188.7 ± 6.0Feb08 3.82 768 201.0 ± 7.3Mar08 2.96 554 187.2 ± 8.08 GGA7-d2 Nov07 0.43 104 241.9 ± 23.7De07 2.77 667 240.8 ± 9.3Jan08 0.82 192 234.1 ± 16.9Feb08 1.42 307 216.2 ± 12.3Mar08 2.98 690 231.5 ± 8.89 GSA10-b3 Nov07 0.63 122 193.7 ± 17.5De07 5.89 1112 188.8 ± 5.7Jan08 4.73 941 198.9 ± 6.5Feb08 3.28 566 172.6 ± 7.3Mar08 2.9 498 171.7 ± 7.710 GGA3-d3 Nov07 1.14 348 305.3 ± 16.4De07 6.13 1634 266.6 ± 6.6Jan08 5.3 1408 265.7 ± 7.1Feb08 3.98 930 233.7 ± 7.7Mar08 3.25 740 227.7 ± 8.411 GGA5-4 Nov07 1.32 260 197.0 ± 12.2De07 5.97 1106 185.3 ± 5.6Jan08 5.09 910 178.8 ± 5.9Feb08 3.94 720 182.7 ± 6.8Mar08 3.25 591 181.8 ± 7.5Table A.14: Gamma bakground rates (total volume quality ut) inounts/kg·d.



129No Name-Pos. Month kg·d ounts total γ rate12 GGA11-d4 Nov07 0.45 103 228.9 ± 22.6De07 5.1 1088 213.3 ± 6.5Jan08 4.05 798 197.0 ± 7.0Feb08 2.75 545 198.2 ± 8.5Mar08 2.73 593 217.2 ± 8.915 GSA8-d5 Nov07 0.2 29 145.0 ± 26.9De07 0.17 32 188.2 ± 33.3Jan08 0.03 5 166.7 ± 74.5Feb08 0.12 15 125.0 ± 32.3Mar08 0.83 157 189.2 ± 15.117 GGA4-6 Nov07 1.12 199 177.7 ± 12.6De07 5.73 973 169.8 ± 5.4Jan08 4.11 705 171.5 ± 6.5Feb08 2.78 451 162.2 ± 7.6Mar08 2.53 435 171.9 ± 8.218 GGA9-d6 Nov07 0.89 218 244.9 ± 16.6De07 5.74 1191 207.5 ± 6.0Jan08 4.66 988 212.0 ± 6.7Feb08 3.18 666 209.4 ± 8.1Mar08 2.95 616 208.8 ± 8.419 GSA7-b7 Nov07 0.09 19 211.1 ± 48.4De07 3.15 705 223.8 ± 8.4Jan08 3.17 760 239.7 ± 8.7Feb08 1.64 323 197.0 ± 11.0Mar08 1.64 368 224.4 ± 11.7Table A.15: Gamma bakground rates (total volume quality ut) inounts/kg·d.
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No Name Pos low bkkg·d ounts α rate4 GGA14 1 12.590 20 1.6 ± 0.45 GGA13 d1 12.760 21 1.6 ± 0.46 GSA11 b2 12.760 13 1.0 ± 0.37 GGA10 2 12.590 51 4.1 ± 0.68 GGA7 d2 12.590 31 2.5 ± 0.49 GSA10 b3 12.180 24 2.0 ± 0.410 GGA3 d3 12.760 22 1.7 ± 0.411 GGA5 4 12.830 48 3.7 ± 0.512 GGA11 d4 12.660 33 2.6 ± 0.514 GGA8 5 12.490 22 1.8 ± 0.415 GSA8 d5 12.850 19 1.5 ± 0.317 GGA4 6 12.320 12 1.0 ± 0.318 GGA9 d6 12.670 16 1.3 ± 0.319 GSA7 b7 12.400 19 1.5 ± 0.421 GSA1 d7 12.450 46 3.7 ± 0.522 GGA1 b10 12.160 110475 9085.1 ± 27.323 GSA3 10 9.750 107 11.0 ± 1.1Table A.16: Alpha rates for low bakground physis run (�duial volumewithout quality uts.



132 APPENDIX A.No Name Pos low bkkg·d ounts α rate4 GGA14 1 22.090 80 3.6 ± 0.45 GGA13 d1 22.390 115 5.1 ± 0.56 GSA11 b2 22.380 52 2.3 ± 0.37 GGA10 2 22.080 105 4.8 ± 0.58 GGA7 d2 22.090 77 3.5 ± 0.49 GSA10 b3 21.380 82 3.8 ± 0.410 GGA3 d3 22.390 121 5.4 ± 0.511 GGA5 4 22.530 94 4.2 ± 0.412 GGA11 d4 22.230 74 3.3 ± 0.414 GGA8 5 21.930 78 3.6 ± 0.415 GSA8 d5 22.550 54 2.4 ± 0.317 GGA4 6 21.630 51 2.4 ± 0.318 GGA9 d6 22.240 57 2.6 ± 0.319 GSA7 b7 21.760 105 4.8 ± 0.521 GSA1 d7 21.850 140 6.4 ± 0.522 GGA1 b10 21.350 11833 554.2 ± 5.123 GSA3 10 17.120 143 8.4 ± 0.7Table A.17: Alpha rates for low bakground physis run (total volume) with-out quality uts.
bk -7VType No α rate α rateTotal Volume Fiduial VolumeCu-Cu 8 3.77±0.15 1.92±0.14Cu- Ge 1 4.8±0.50 2.60±0.50Ge - Ge 3 4.49±0.26 2.00±0.23Si-Si 3 3.91±0.24 2.50±0.26Table A.18: Alpha average rate based on over ategories for rate omingout from alpha seletion (0.01<Q<0.6 and 3000<Er<7000 keV).
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