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In tro duction

One of the greatest m ysteries of the univ erse that, for the presen t, puzzles

the mind of most astronomers, cosmologi sts and ph ysicists is the question:

�What mak es up our univ erse?�. This is due to ho w a certain substance

named Dark Matter came under sp eculation. It is b eliev ed this enigmati c

substance, of t yp e unkno wn, accoun ts for almo st three-quarters of the cosmos

within the univ erse, could b e the answ er to sev eral questions raised b y the

mo dels of the expanding univ erse astronomers ha v e created, and ev en decide

the fate of the expansion of the univ erse.

A great deal of e�ort has b een made since 1687, when Newton in tro duced

the notion of gra vit y discussing it in terms of forces b et w een �b o dies� (i.e.

visible bary onic ob jects) stating in the in tro duction of his � Philosophiae

Natur alis Mathematic a � that �I ha v e no regard in this place to a medium,

if an y suc h there is, that freely p erv ades the in terstices b et w een the parts

of b o dies�. Since then, the deviations of observ ed motio ns from exp ecte d

tra jectories ha v e pro v ed v ery e�ectiv e in deep ening our understanding of

univ erse. Whenev e r anomal i es w ere observ ed in the motio n of planets in the

Solar system, the question arose: should suc h anomal i es b e regarded as a

refutation of gra vitati o n la ws or as an indicati o n of the existence of unseen

ob jects?

The mo dern problem of dark matter is conceptually v ery simi l a r at the

old one ab out unseen planets: w e observ e in large astroph ysical system at

all length scales, from galacti c to cosmologi cal one, some inconsistencies that

can only b e explained either b y assuming the existence of a large amoun t

of in visibl e, dark , matter, or b y assuming a deviation from the w ell-kno wn

gra vitati o n la ws and the general relativi t y theory .

There is strong observ ational evidence for the dominance of non-bary onic

Dark Matter (DM) o v er bary onic matter in the univ erse. Suc h evidence

comes from man y indep enden t observ ations o v er di�eren t length scales. The

most stringen t constrain t on the abundance of DM comes from the analysis

of the Cosmic Micro w a v e Bac kground (CMB) anisotropies. In particular,

the WMAP (Wilkinson Micro w a v e Anisotrop y Prob e) exp erimen t restricts

1
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the abundance of matter to lie in the range 
 M h

2 = 0:1358+0 :0037
� 0:0036 and the

abundance of bary onic matter to b e in the range 
 bh

2 = 0:02267+0 :00058
� 0:00059 [1 ],

in go o d agreemen t with predictions from Big Bang Nucleosyn thesis 0:018<

 bh

2 < 0:023 [2 ].

It is commonl y b eliev ed that suc h a non-bary onic comp onen t could consist

of new, as y et undisco v ered, particles, usually referred to as WIMPs (W eakly

In teracting Massiv e P articles). Some extensions of the standard mo del (SM)

of particle ph ysics predict the existence of particles that w ould b e excellen t

DM candidates. In particular great atten tion has b een dedicated to candi-

dates arising in sup ersy mmetric theories: the Ligh test Sup ersymmetric P ar-

ticle (LSP). In the most sup ersymmetric scenarios, the so-called neutr alino

seems to b e a natural candidate, b eing stable in theories with conserv ation

of R-parit y and ha ving masses and cross sections of t ypical WIMPs.

One w a y of probing the nature of dark matter particles is to lo ok for their

annihil a t i o ns signal [3 ]. A wide literature exists discussing the prosp ects of

observing annihil a t i o n radiati o n from the galacti c cen tre, high energy neutri-

nos from the Sun, gamma - r a ys and sync hrotron from dark matter clumps in

the galacti c halo, gamma - r a ys from external galaxies, p ositrons and an tipro-

tons and more. Large uncertain ties are asso ciated with predictions of anni-

hilati o n �uxes, due to our p o or kno wledge of the distributio n of dark matter,

esp ecially in the innermost regions of Galaxy . Other promisi ng strategies

include colli der searc hes for dark matter and asso ciated particles and direct

detection exp erimen ts designed to observ e the elastic scattering of dark mat-

ter particles with n uclei.

I w ould lik e to emphasize that the detection of dark matter particles in

an y one of the exp erimen tal c hannels discussed will not alone b e su�cien t

to conclusiv ely iden tify the nature of dark matter. The direct or indirect

detection of the dark matter particles making up our galaxy's halo is highly

unlik ely to pro vide enough informa t i o ns to rev eal the underlying ph ysics (su-

p ersymmetry , etc.) b ehind these particles. In con trast, colli der exp erimen ts

ma y iden tify a long-l i v ed, w eakly in teracting particle, but will not b e able to

test its cosmologi cal stabili t y or abundance. W e should solv e the m ystery of

dark matter particle nature only b y com bining the informa t i o n pro vided b y

man y di�eren t exp erimen tal approac hes.

The EDEL WEIS S collab ora t i o n is a direct dark matter searc h exp erimen t,

aimi ng to detect directly a WIMP in teraction in a target material , high

purit y germanium crystal w orking at cry ogenic temp eratures. It relies in the

measuremen t of n uclear recoils that pro duce measurable e�ects in the crystal

suc h ionizati o n and heat.

This thesis is organized as foll o ws. The �rst c hapter aims to pro vide an

in tro duction to the theoretical framew ork and the scien ti�c motiv ati o n for the
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foll o wi ng w ork. The nature of DM has b een one of the most c hallengi ng topics

in con temp orary ph ysics since the �rst evidences of its existence had b een

found in the 1930s. Cosmologi sts and astroph ysicists on one side, together

with particle theorists on the other ha v e put a lot of e�ort in to this �eld: I

will brie�y accoun t for their ac hiev emen ts and for the exp erimen tal strategies

whic h can b e set in this scenario. Since this thesis w ork w as carried out

within the EDEL WEIS S -I I direct dark matter exp erimen t, I will fo cus the

next c hapter on this topic, describing the main features.

The second c hapter is related to the set-up of the EDEL WEIS S -I I, the

curren t stage of the EDEL WEIS S exp erimen t necess ary after a �rst phase

that ac hiev ed the b est upp er lim i t on the WIMP elastic scattering on n u-

cleon as a function of WIMP mass in 2004 [4 ]. The set-up w as conceiv ed to

reduce radioacti v e bac kground observ ed in the �rst exp erimen t phase. Th us,

describing the starting p oin t for this second stage, I will presen t detectors

in v olv ed in, with a p eculiar regard to the Ge-NTD t yp e, the same impl i ed in

EDEL WEIS S -I, on whic h I ha v e fo cused m y thesis w ork.

In the third c hapter the p erformed Ge-NTD analysis c hain is presen ted.

Starting with the signal pro cessing of the recorded data, I will en ter in the es-

sen tial analysis steps from calibrati o n signals passing through measuremen ts

of thresholds and resolutions in order to predict n uclear and electronic recoil

band and de�nition of �ducial zone to conclude determining a selection for

lik ely WIMP candidate.

These suggestions are applied in the fourth c hapter , whic h presen ts

the analysis and the results of the 8

th
co ol do wn that tak es places from

No v em b er 2007 to Marc h 2008. This co ol do wn allo ws a �rst real lo ok at the

EDEL WEIS S -I I en vironmen t and it represen ts a �rst real test of Ge-NTD

t yp e detectors at large scale. Th us, it foll o ws that t w o goals are en visaged: a

b etter understanding of radiati v e bac kground o v erwhelming the exp erimen t

and an impro v emen t of curren t upp er lim i t on the WIMP scattering cross

section.
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Chapter 1

Dark Matter Challenge

1.1 Theoretica l framew ork

In this section I will brie�y presen t theoretical ingredien ts to mak e up a

cosmologi cal mo del in order to understand wh y w e need a dark matter con-

tribution in univ erse. Included short history of univ erse is dra wn.

1.1.1 Standard Cosmology

F oll o wi ng the progress in tec hnologies of exp erimen ts measuring cosmolo-

gical parameters, a lot of cosmologi cal mo dels ha v e b een prop osed ev en if

most cosmologi sts agree on a fundamen tal picture, the Big-Bang scenario. It

describ es the univ erse as a system ev olving from a highly compressed state

existing ab out 10

10
y ears ago, exp erimen tally w ell motiv ated b y Hubble's la w

disco v ery [5 ]. This mo del explains in a satisfactory w a y most of prop erties of

univ erse, suc h as its thermal history , bac kground radiati o n and abundance

of elemen ts. A cosmologi cal mo del is comp osed b y three fundamen tal ingre-

dien ts:

� Einstein 's e quation , relating the geometry of the univ erse with its mat-

ter and energy con ten t;

� Metrics , describing the symmetries of the problem;

� Equation of state , sp ecifying the ph ysical prop erties of the matter and

energy con ten t

F or the Einstein �eld equation w e need to assume three h yp othesis: �rstly ,

the equation is in v arian t under general co ordinate transformati o ns, the equa-

tion has to tend to Newton's la w in the w eak �eld's lim i t and lastly the

5



6 CHAPTER 1. D ARK MA TTER CHALLENGE

equation is of second di�eren tial order and linear in the second deriv ativ e [6 ].

The resulting equation is generally written:

R�� +
1
2

g�� R = �
8�G N

c4
T�� + � g�� (1.1)

where R and R �� are resp ectiv ely the Ricci scalar and tensor (obtained

b y con traction of the Riemann curv ature tensor), g �� is the metric tensor,

G N the Newton's constan t, T �� is the energy-momen tum tensor and � is

the so-called cosmologi cal constan t. If w e ignore for a littl e while the term

concerning the cosmologi cal constan t, the equation Eq. (1.1) is prett y w ell

understo o d. It relates the geometry of the univ erse, describ ed b y the left-

handed side terms, to its energy con ten t. It c haracterized b y the energy-

momen tum tensor on the righ t-handed side resulting in the w ell kno wn re-

lati o nshi p b et w een matter con ten t and geometry of the univ erse: the k ey

concept of general relativi t y .

The cosmologi cal constan t term, �rstly in tro duced b y Einstein to ha v e

a stationary solution for the univ erse and afterw ard abandoned due to the

univ erse's expansion disco v ery , represen ts a �v acuum energy� more related

to time-space itself rather than its matter con ten t. It is a source of gra vita-

tional �eld ev en in the absence of matter. Usually w e assume an univ erse with

prop erties of homogeneit y and isotrop y as symmetry of the problem, made for

mathemati cal con v enience. Suc h prop erties ha v e b een con�rmed b y man y ob-

serv ations; in particular, observ ations of the Cosmic Micro w a v e Bac kground

(CMB) ha v e sho wn remark able isotrop y , once the con tribution from galacti c

plane and the dip ole comp onen t w ere subtracted. Isotrop y alone if com bined

with Cop ernican principle

1

w ould impl y homogeneit y . Ho w ev er, direct evi-

dence of homogeneit y comes from galaxy surv eys , suggesting a homogeneous

distributio n in exces s at scales of � 100 Mp c; it means that an y > 100 Mp c

diameter sphere cen tered in an y place of the univ erse should con tain the same

amoun t of matter.

The prop erties of isotrop y and homogeneit y and the assumption that

spatial comp onen t of metric can b e time dep enden t impl y a sp eci�c metric.

The line elemen t in reduced-circumference p olar co ordinates can b e express e d

as:

ds2 = � c2dt2 + a(t)2

�
dr2

1 � k r 2
+ r 2d
 2

�
; (1.2)

1

it state the Earth is not in a cen tral, sp ecially fa v ored p osition, afterw ards generalized

to the relativistic concept that h umans are not privileged observ ers of the univ erse
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where d
 2 = d� 2 + sin2 � d� 2
and r , � and � are the (�xed) como ving

co ordinates carried b y the fundamen tal observ ers. In succes s ion, a(t) is the

scale factor and the constan t k , describing the spatial curv ature can v ary

b et w een k= -1, 0, +1. F or the simplest case, k=0, the Eq. (1.2) comes bac k

to the metric of ordinary (�at) Euclidean space. The Einstein equation can

b e solv ed with this metric and its time-com p onen t lead to the F riedmann

equation, ha ving the foll o wi ng form:

�
_a
a

� 2

+
k
a2

=
8�G N

3
� tot ; (1.3)

where � tot is the total a v erage energy densit y of the univ erse: it consists

in the sum of matter, radiati o n and v acuum energy densit y con tribution

� tot = � m + � r + � � . In particle ph ysics units, ~ = c = 1 , the Newton's

constan t GN has the same order of magnitude of an in v erse squared mass,

the Plank mass whose v alue is 1.22 � 10

19
Ge V.

Since only relativ e c hanges ha v e measurable e�ects and th us the whole

scale factor v alue is arbitrary , it is common to in tro duce a parameter H that

dep ends on time according to the foll o wi ng form ula

H (t) =
_a(t)
a(t)

(1.4)

and that manages the lo cal expansion as stated b y the Hubble's la w,

v = Hd , where v is the recession v elo cit y and d the ph ysical distance. Recen t

astroph ysical observ ations [7 ] sets the presen t v alue of the Hubble parameter

to H0 = 73 � 3 km s

� 1
Mp c

� 1
(1 Mp c � 3.1 10

22
m). W e can notice from the

Eq. (1.3), w e ha v e a �at univ erse (k=0) when the energy densit y is equal to

a critical densit y , � c :

� c �
3H 2

8�G N
(1.5)

Usually the abundance of a substance in the univ erse (matter, radiati o n

or v acuum energy) is normali zed to � c , so w e th us de�ne a quan tit y 
 i of a

substance of sp ecies i and densit y � i as


 i �
� i

� c
(1.6)

So for the total amoun t in the univ erse it is normal to de�ne


 =
X

i


 i �
X

i

� i

� c
; (1.7)
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� < � c 
 < 1 k = -1 Op en

� = � c 
 = 1 k = 0 Flat

� > � c 
 > 1 k = 1 Closed

T able 1.1: Classi�cation of cosmologi cal mo dels according to a v eraged densit y

v alue ( � ) in units of the critical densit y ( � c ).

that all o ws a re-st yling of the F riedmann equation, Eq. (1.3), as foll o w


 � 1 =
k

H 2a2
: (1.8)

The sign of k is therefore determined b y the v alue that 
 can assume (see

T ab. 1.1).

1.1.2 History of the univ erse in a n utshell

A ccording to the Big Bang mo del, univ erse origi nat es in an explosion after

whic h ev ery single particle started to quic kly mo v e a w a y from other particles

b eha ving lik e a hot gas of fundamen tal particles in fast expansion. The early

univ erse description is based on the extrap olation of the kno wn ph ysics up

to the Plank era at time t ' 10� 43
s, that means in terms of energy the

gra vitati o na l in teraction b egan strong at the order of Plank mass M P l '
1019

Ge V. Starting at this ep o c h the univ erse ev olution can b e describ ed b y

the foll o wi ng phase transitions:

* T � 10

16
Ge V First phase transition: The Grand Uni�cation (GUT:

Grand Uni�ed Theory) ep o c h ends up. The single uni�ed �eld in whic h

the strong n uclear, the w eak n uclear and the electromagnetic forces

w ere fused breaks do wn in to Standard Mo del groups. The electro w eak

ep o c h b egan: strong and electro w eak forces (w eak n uclear and electro-

magnetic force) are di�eren t; some mo dels predict that suc h ep o c h get

under w a y with an h yp er expansion of the univ erse (in�atio n). Quarks

and leptons are distinct en tities and b osons can deca y in to them leading

an asymmetry b et w een matter and an ti-m a t t er.

* T � 10

2
Ge V Second phase transition: electro w eak symmetry break-

ing, electromagnetic and w eak forces are no longer uni�ed. This break-

ing could b e the origi n of bary ogenesis [8 ] and of primordi a l magnetic

�eld [9 ].
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Figure 1.1: History of univ erse (h ttp://home.fnal.go v/ da w-

son/themes/bac kgrounds/tall/history .univ erse.jpg).
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* T � 10

1
-10

3
Ge V Quark-an tiquark ( q- �q) annihil a t i o n o ccurs: w eakly

in teracting dark matter candidates with Ge V-T e V scale masses freeze-

out.

* T � 0.3 Ge V QCD phase transition: con�nemen t of quarks and gluons

in to hadrons.

* T � 1 Me V Neutrinos decoupling, neutrons freeze-out and e

+
-e

�
anni-

hilati o ns o ccur.

* T � 100 k e V Nucleosyn thesis: protons and neutrons fuse in to ligh t

elemen ts (D,

3
He,

4
He, Li). The Standard Big Bang n ucleosyn thes is

pro vides b y far one stringen t constrain ts to the Big Bang theory and

predictions agree with observ ations, see Fig. 1.7.

* T � 1 e V Matter and radiati o n densities are equal: the structure for-

matio n b egins.

* T � 0.4 e V Photon decoupling pro duces cosmic bac kground radiati o n

(CMB).

* T=2.7 K � 10

� 4
e V T o da y .

1.2 Motiv ati o ns and evidences for Dark Matter

The �rst in terest in a matter whic h do es not emit radiati o n ha ving no cou-

pling with photon (�dark�) and th us can b e observ ed only b y its gra vitati o na l

e�ects dates bac k to Öpik's 1915 studies ab out dynamical matter densit y in

the Solar vicinit y [10 ]. The curren t connotation of dark matter app ears in

1933, in the �rst Zwic ky's w ork on the dynamics of galaxies in the Coma clus-

ter [11 ]. Since then astroph ysical evidences of the presence of some �mass

exces s � with resp ect to the visible fraction accum ulate throughout the ages,

while cosmologi sts and particles ph ysicists seek to �t observ ations in to a the-

oretical structure. The cold dark matter scenario w as then established as

a lik ely cosmologi cal explanation [12 ], while on the particle side the debate

is still wide op en. Here I outline the main dark matter evidences from an

observ ational p oin t of view [13 ].

1.2.1 The galactic scale

The most direct and in tell i g i bl e evidence for DM comes from observ ation of

the rotation curv es of galaxies, i.e. the w ell-kno wn plot of stars and gas cir-

cular v elo cities v ersus their distance from galacti c cen ter as sho wn in Fig. 1.2
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Figure 1.2: Rotation curv e of NGC6503. Figure from [14 ].

(Fig. 1.3 giv es a visual explanation of this evidence). A simple Newtonian

approac h giv es:

v(r ) =

r
GM (r )

r
(1.9)

where M (r ) � 4�
R

� (r ) _r 2dr and � (r ) is the mass densit y pro�le that

should b e fall i ng / 1=
p

r b ey ond the optical disc. If the matter densit y w as

giv en only b y the kno wn visible mass, one w ould exp ect the v elo cit y to fall

lik e 1=
p

r outside the galacti c disk. Instead, exp erimen tal data sho w that

the v elo cit y k eeps a constan t trend ev en far b ey ond the visible disk, probing

the existence of a dark matter halo with � (r ) / 1=
p

r 2
. The densit y pro�le

of the innermost part of the spherical halo is still unkno wn. Ho w ev er adding

a dark matter halo allo ws a go o d �t to data.

The standard metho d used to measure masses is to balance the kinetic

and p oten tial energies using the virial theorem

2

.

Limi t a t i o ns of rotations curv es arise from the fact that one can only lo ok

out as far as there is ligh t or neutral h ydrogen (21 cm), namely to distances

of tens of kp c. Therefore, w e can see the b eginnings of DM halos, but cannot

trace where most of DM is. Lensing exp erimen ts go b ey ond these lim i t a t i o ns,

2

It pro vides a general equation relating the a v erag e o v er time of the total kinetic energy

of a stable system, b ound b y p oten tial forces, with that of the total p oten tial energy . A

description in Subsection. 1.2.2
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Figure 1.3: Explanation of the rotation curv es of galaxies

(h ttp://phili ca.com / upl o a ds/i m a g es/145/ Im a g e/i m a g e00 6 .j pg ) .

see next section.

1.2.2 Galaxy cluster scale

As w e ha v e already seen, the �rst DM evidence came from a m uc h larger

scale than that of a single galaxy (out to tens of kp c), the Coma galaxy

cluster. Galacti c clusters are aggregates of a few h undred to a few thousand

galaxies, gra vitati o na l l y b ound to eac h other and otherwise isolated in space.

The relativ e con tribution of dark matter comp onen t in a galacti c cluster

is sp eci�ed b y the Mass-to-Ligh t Ratio (M/L), that represen ts the ratio of

gra vitati o na l mass and lumi nosi t y for an ob ject. Studies of the M/L ratio at

di�eren t scales con�rmed that these structures are utterly dominated b y non

lumi no us matter since the M/L ratio increases from the lumi nous parts of

galaxies to their fain ter halos, and increases further when considering lo cal

groups of galaxies and galaxy clusters [15 ]. The metho d used to determine

the mass-to-l i g h t ratios from galaxy clusters includes measuring the v elo ci-

ties of individual galaxies in the clusters at dynamical equilibri um [16 ] and

estimati ng the total cluster mass from the virial theorem. A ccording to this

theorem the kinetic and p oten tial energies of a system are related b y the

foll o wi ng equation



1.2. MOTIV A TIONS AND EVIDENC E S F OR D ARK MA TTER 13

hTi = �
1
2

hVi (1.10)

where hTi is the a v erage kinetic energy deriv ed from the disp ersion in

the v elo cities and hVi is the a v erage p oten tial energy . The latter is used to

determine the mass of the cluster.

The X-ra y emission of hot in tra-cl uster gas, assumed to b e at h ydrostatic

equilibri um , can also b e used to estimate the mass of cluster [17 ]. X-ra y

pro�les of the gas are measured and then �t to temp erature and densit y

distributio n mo dels to determine the mass of the cluster.

The mass of a cluster can also b e determined b y gra vitati o nal lensing

metho d [18 ]: general relativi t y in fact states that compact gra vitati o na l b o-

dies b end nearb y photon paths (namely , mak e a space-time geo desic curv e)

and th us act as lenses for lig h t sources b ehind them in the line of sigh t. Th us,

when lig h t ra ys pass through large gra vitati o na l masses suc h as galaxy clus-

ters they are de�ected b y the gra vitati o nal �eld pro duced b y the cluster, in

a manner simi l a r to the w a y an optical lens b ends lig h t to form an imag e.

By analyzing the amoun t of b ending of ligh t, w e can b e able to determine

the cluster mass. The estimates sho w that there is far more mass exerting

gra vitati o nal e�ect than suggested b y lumi no us matter. Figure 1.4 ill ustrates

the gra vitati o nal lens e�ect pro duced b y Cluster 0024+1654 as seen through

Hubble Space T elescop e.

1.2.3 Cosmological scale

The exp erimen tal evidence presen ted earlier indicates that a substan tial part

of the univ erse is made up of a non lumi no us comp onen t. By considering the

constrain ts set on the amoun t of lumi nous matter in the univ erse based on

astronomical observ ations of galaxies and galaxy clusters alone, w e conclude

that 
 lum � 0:005. Measuremen ts of clusters are consisten t with a matter

densit y of the univ erse 
 m = 0:341+0 :031
� 0:029[19 ]. In summary , the evidences

are o v erwhelming for the existence of an unkno wn comp onen t of DM that

comprises 95% of the mass in galaxies and clusters.

The cosmic abundances tell a consisten t story in whic h the prep onderance

of the mass in the univ erse consists of an unkno wn DM comp onen t. The Cos-

mic Micro w a v e Bac kground pro vides the most p o w erful measuremen ts of the

cosmologi cal parameters. Primordi a l n ucleosyn thesis restricts the abundance

of bary onic matter, and T yp e IA sup erno v ae pro vide p o w erful evidence for

the acceleration of the univ erse, p ossibly explained b y Dark Energy as the

ma jor constituen t of the cosmic energy densit y .
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Figure 1.4: Image of galaxy cluster 0024+1654 tak en b y the Hubble Space

T elescop e demonstrates gra vitati o na l lensing b y large galaxy cluster. Ligh t

from distan t galaxies passes b y the gra vitati o na l cluster's mass and gets b en t,

creating a lensing e�ect. Figure from [18 ].

The Cosmic Micro w a v e Bac kground (CMB) F urther evidence for

dark matter comes from measuremen ts on cosmologi cal scales of anisotropies

in the CMB. The CMB is the remnan t isotropic radiati o n from the hot early

da ys of the univ erse.

By studying this radiati o n, w e are able to examine the conditions in

the univ erse 400000 y ears after the Big Bang, kno wn as the �surface of last

scattering�. Though the virtual isotrop y of the CMB is b etter than one part

in 10

5
, there exist tin y ripples in the temp erature of micro w a v e sky whic h

pro vide us informa t i o n ab out the seed �uctuations that existed at the time

of the decoupling of matter and radiati o n, m uc h prior to the formati o n of

galaxy structures. These seed �uctuations grew b y gra vitati o nal attraction

in to the stars, galaxies and galaxy clusters w e see to da y . Measuremen ts of

the anisotropies in the CMB ma y th us b e emplo y ed to determine v arious

cosmologi cal parameters.

There ha v e b een di�eren t studies in recen t y ears of the angular anisotrop y

p o w er sp ectrum of the CMB c haracterizing the size of the temp erature �uc-

tuations. P eaks in the p o w er sp ectrum are indicati v e of the harmonics in the

sound w a v es that �lled the early univ erse. Un til 400000 y ears after the Big

Bang, the univ erse w as so hot that matter and radiati o n w ere en tangled in a

primordi a l soup in whic h sound (pressure) w a v es could vibrate. A t the time
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Figure 1.5: F ull sky maps of the cosmic micro w a v e bac kground anisotrop y .

Figure from h ttp://map.gsfc.nasa.go v/.

of the decoupling of matter and radiati o n, these pressure w a v es left traces

of their existence in the temp erature �uctuations seen in the CMB radiati o n

to da y , see Fig. 1.5.

Cosmologi cal mo dels predict the existence of acoustic p eaks in the an-

gular p o w er sp ectrum, see Fig. 1.6. The relativ e p osition and heigh t of the

p eaks pro vide estimates on 
 and 
 m . Studies of the p eaks in the CMB

angular anisotrop y p o w er sp ectrum b y exp erimen ts suc h as D ASI [21 ] and

MAXIMA [22 ] p oin t to 
 m + 
 � ' 1, suggesting a �at univ erse. This has

b een corrob orated b y the Wilkinson Micro w a v e Anisotrop y Prob e launc hed

in 2001 to study the micro w a v e bac kground sky with unprecede n te d accu-

racy . F rom WMAP data com bined with the distance measuremen ts of T yp e

Ia Sup erno v ae (SN) and Bary on A coustic Oscilla t i o ns (BA O) in the galaxy

distributio n, w e �nd (at 68% C.L.. uncertain ties) the foll o wi ng v alues for the

abundance of bary ons and matter [1 ]:


 m h

2 = 0:1358+0 :0037
� 0:0036; 
 bh

2 = 0:02267+0 :00058
� 0:00059 (1.11)

that is to sa y , roughly sp eaking, that ordinary matter (�bary ons�) accoun ts

only for 1/6 of the total matter densit y in the univ erse, the other 5/6 b eing

attributed to dark matter. WMAP collab ora t i o n deriv es also the v alue of


 m = 0:27 � 0:04 and of the v acuum energy densit y 
 � = 0:73 � 0:04
compatibl e with a �at univ erse. The v alue of 
 bh

2
th us obtained is consisten t

with predictions from Big Bang Nucleosyn thesis [2 ].

0:018< 
 bh

2 < 0:023 (1.12)
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Figure 1.6: The WMAP angular p o w er sp ectrum. The curv e is the consensus

cosmology mo del; the gra y band includes cosmic v ariance. Figure from [20 ].
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Figure 1.7: Ev olution of ligh t elemen ts abundances o v er time (or temp e-

rature). When the univ erse has co oled su�cien tly , the ligh t elemen ts are

not disso ciated b y the energetic photons. Nucleosyn thesis pro ceeds un til the

supply of free neutrons is exhausted. Figure from [25 ].

Prim or di al Nucleosyn thesis T o determine the nature of most of this

dark matter, w e turn to Big Bang Nucleosyn thesis. This term refers to the

calculati o ns of the abundances of the ligh t elemen ts suc h as

2H ,

3H ,

4He
and

7Li relativ e to photons within the framew ork of the Big Bang mo del

describing the univ erse [23 ], [24 ]. Less than one second after the Big Bang,

the neutron-to-proton ratio is main tai ned in thermal equilibri um through the

foll o wi ng reactions:

p + e�  ! n + � (1.13)

n + e+  ! p + � (1.14)

Ab out 1 second after the Big Bang these reactions b ecome slo w er than

the expansion rate of the univ erse, and the neutron-to-proton ratio freezes

out at ab out 1:7. The temp erature of the univ erse fall s from the pheno-
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Figure 1.8: The predicted abundance of the lig h t elemen ts as a function

of bary on densit y . The v ertical band indicates the narro w range of bary on

densities consisten t with the deuterium measuremen ts; the b o xes (the arro ws

for

3He) indicate the range in bary on densit y (horizon tal exten t of b o x) that

is consisten t with the measured ligh t- el em en t abundance (v ertical exten t of

b o x). The o v erlap of the b o xes with the deuterium and indicates the general

consistency of the observ ed abundances of the other ligh t elemen ts with their

predicted abundances for this bary on densit y . Figure from [25 ].

menall y hot 1032
Kelvin to 109

Kelvin, b elo w the n uclear binding energies,

suppress ing the n um b er of photons with energies high enough to disasso ciate

these n uclei. Ligh t elemen ts b egin to form. Figure 1.7 giv es the ev olution

of the abundances of ligh t elemen ts o v er time (and temp erature) in the �rst

few min utes after the Big Bang.

By the time the temp erature of the univ erse fell to T � 0.003 Me V, the ligh t

elemen ts

4He,

3He,

3H ,

7Li and

7Be ha v e established their �nal abundances.

When all neutrons ha v e b een used, the in termediate n uclei do not form

but the reactions, through whic h they com bine, con tin ue. The amoun t of

lefto v er deuterium is v ery sensitiv e to the densit y b ecause this gets frozen

in once the pro cesses through whic h the deuterium and other elemen ts that

form helium stop. Hence, the neutron-to-proton ratio set at the time of

the freeze out is imp orta n t in deciding the �nal abundances of these ele-

men ts in the early univ erse. F or a neutron-to-proton ratio of 1:7 the time

of the formati o n of these elemen ts, 25% of the mass of univ erse ends up in

Helium. Measuremen ts of the abundance of ligh t elemen ts in the univ erse
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can, therefore, place lim i t s on the bary onic densit y . Increased accuracy in

astroph ysical measuremen ts ha v e placed tigh ter constrain ts on the bary onic

matter-densit y . These include studies of quasars [25 ] and the abundance

of

2H in high redshift clouds [26 ]. Curren t measuremen ts corrob orate the

WMAP results constraining the bary onic matter densit y in the range de-

duced b y Eq. (1.12).

Giv en our kno wledge of the matter densit y 
 m ' 0:3, this suggests that

most of the matter in the univ erse is non-bary onic in nature. The densit y of

ordinary bary ons within a narro w range is the predicted pro duction consisten t

with what is actually measured, see Fig. 1.8. BBN theory and bary onic dark

matter densit y measuremen ts, com bined with CMB measuremen ts, suggest

that non-bary onic dark matter is an imp orta n t comp onen t of matter in the

univ erse.

Dark Energy Evidence for the 70% dark energy in the univ erse comes from

observ ations of distan t sup erno v ae ([27 ] and [28 ]). The further sup erno v ae

are dimm er than exp ecte d , as is most easily explained b y an accelerating

univ erse. There are t w o di�eren t approac hes to the dark energy:

� a v acuum energy suc h as a cosmologi cal constan t or time dep enden t

v acuum ma y b e resp onsible [29 ];

� it is p ossible that General Relativi t y is incomplete and that Einstein's

equations need to b e mo di�ed ([30 ] and [31 ]).

Note, ho w ev er, that this dark energy do es not resolv e or con tribute to the

question of dark matter in galaxies.

1.3 The WIMP Hyp othesis

In this thesis, I lim i t the discussion to dark matter candidates whic h are

hea vy , electricall y neutral and w eakly in teracting. This class of particles,

kno wn as WIMPs, is particularl y w ell motiv ated b y their thermal history .

A t su�cien tly early times after the Big Bang, when the temp eratures are

greater than the mass of the particle, T � m� , the equilibri um n um b er

densit y of suc h particles is n� / T3
, but for lo w er temp eratures, T � m� ,

the equilibri um abundance is exp onen tially suppress e d , n� / exp� m � =T
. If

the expansion of the univ erse w ere slo w enough that thermal equilibri um w ere

alw a ys main tai ned, the n um b er of WIMPs to da y w ould b e in�nitesim a l . But

since the univ erse is not static so w e ha v e to tak e in to accoun t non-equilibri um

thermo dynamics.
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Figure 1.9: A thermal relic starts in L TE (Lo cal Thermo dynamic Equilib-

rium) at T � m X . When the rates k eeping the relic in c hemical equilibri um

b ecome small er than the expansion rate, the densit y of the relic relativ e to

the en trop y densit y b ecomes constan t. This is kno wn as fr e eze out . [33 ]

A t high temp eratures ( T � m� ), � particle is abundan t and rapidly

con v erting to lig h ter particles and vice v ersa ( � � ! l l , where l l are quark-

an tiquark and lepton-an til epton pairs, and if m� is greater than the mass of

the gauge and/or Higgs b osons, l l could b e gauge and/or Higgs b oson pairs

as w ell). Shortly after temp erature T drops b elo w m� , the n um b er densit y of

� drops exp onen tially and the rate � = h�v i n� for annihil a t i o n of WIMPs,

where h�v i is the thermal a v erage cross section � for annihil a t i o n of � � in to

ligh ter particles times relativ e v elo cit y v , drops b elo w the expansion rate,

� � H .

No w, the � 's cease to annihil a t e e�cien tly , they fall out of equilibri um ,

and a relic cosmologi cal abundance remains. The equilibri um (solid line)

and actual (dashed line) abundances of WIMPs p er como ving v olume are

sho wn in Fig. 1.9 as a function of the fraction x = m� =T whic h increases

with increasing time. As the annihil a t i o n cross section is increased, the

WIMPs sta y in equilibri um longer, so w e are left with small er relic abundance

when they do �nally freeze out. An appro ximate solution to the Boltzmann

equation yields the cosmologi cal WIMP abundance 
 � (in units of the critical

densit y � c ) [32 ],
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 � h

2 =
m� n�

� c
' 0:1(

3 � 10� 26cm3sec� 1

h�v i
) (1.15)

The result is to a �rst appro ximati o n indep enden t of the WIMP mass

and is �xed primari l y b y the annihil a t i o n cross section.

The WIMP v elo cities at freeze-out are t ypically some appreciable fraction

of the sp eed of ligh t. Therefore, from the Eq. (1.15), the WIMP will ha v e

a cosmologi cal abundance 
 � h2 � 0:1 to da y if the annihil a t i o n cross section

times c is roughly 3 � 10� 26
cm

3
sec

� 1
, or in particle-ph ysics units (obtained

using ~c = 2 � 10� 14
Ge V-fm), 10� 8

Ge V

� 2
. Curiously , this is the order of

magnitude one w ould exp ect from a t ypical electro w eak cross section,

� weak ' (
� 2

m2
weak

) (1.16)

where � ' O (0.01) is the �ne-structure constan t and mweak ' O (100 Ge V).

The n umerical constan t in Eq. (1.15) needed to pro vide 
 � h2 � 0.1 comes

essen tially from the expansion rate (whic h determines the critical densit y).

This relation b et w een the expansion rate and the electro w eak scale suggests

that if a new, as y et undisco v ered, stable massiv e particle with electro w eak

in teractions exists, it should ha v e a relic densit y suitable to pro vide a go o d

candidate for the dark matter.

This has b een the reason encouraging the massiv e exp erimen tal e�ort to

detect WIMPs.

1.3.1 P article Candidate

The undeniable existence of some kind of substance whose e�ects are, as far

as w e kno w, only gra vitati o na l in nature, brough t imm edi a t el y the question

of its particle comp ositio n. Namely , the dark matter particle candidate m ust

sho w the foll o wi ng observ ed proprieties [34 ]:

1. It m ust ha v e extremely w eak or no electromagnetic nor strong in terac-

tions. As a conseque n c e , dark matter cannot co ol b y radiati ng photons

and th us, unlik e bary ons, do es not collapse to the cen ter of galaxies.

In other w ords, one could state that dark matter is v ery nearly dissi-

pationless.

2. Assuming it is a thermal comp onen t of the early univ erse, it m ust b e

su�cien tly cold (non-relati vi sti c) at the ep o c h of its decoupling from

the other thermal sp ecies. Sim ul a t i o ns sho w that a hot dark matter

h yp othesis leads to the formati o n of large scale structures b efore the
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small ones ( top-down formati o n), whic h con tradict the astroph ysical

data.

3. It m ust accoun t for the measured densit y 
 m .

A w ealth of WIMP candidates has b een prop osed, from Standard Mo del

neutrinos to the most exotic ones. In fact, while astroph ysical and cosmolo-

gical constrain ts are more or less de�nite, the great uncertain ties ab out what

direction to tak e in order to go b ey ond the lim i t s of Standard mo del of P arti-

cle mak e ro om for fan tasy . I will fo cus m y atten tion on a v ery lim i t ed n um b er

of dark matter candidates, conscious an yho w that ev ery c hoice is somewhat

arbitrary , and that the great fa v or encoun tered to da y b y the neutralino and

other sup ersymmetric particles, could v anish suddenly if tomorro w a new big

disco v ery p oin ts elsewhere.

Neutrino. The �rst WIMPs considered w ere massiv e Dirac neutrinos

(particle di�eren t from its an tiparti cl e) or Ma jorana neutrinos (particle co-

inciden t with its o wn an tiparti cl e) with masses in the range of a few Ge V to

a few T e V; due to the Y uk a w a coupling whic h giv es a neutrino its mass, neu-

trino in teractions b ecome strong ab o v e a few T e V, and the neutrino no longer

remains a suitable WIMP candidate [35 ]. The LEP (Large Electron-P ositron)

colli der exclude neutrino masses b elo w half Z

0
mass. Moreo v er, hea vier Dirac

neutrinos ha v e b een ruled out as the primary comp onen t of the Galacti c halo

b y direct detection exp erimen ts [36 ], and hea vier Ma jorana neutrinos ha v e

b een ruled out b y indirect detection exp erimen ts, e.g. [37 ] and [38 ], o v er

m uc h of their mass range. Therefore, Dirac neutrinos cannot comprise the

halo dark matter [39 ]; Ma jorana neutrinos can, but only o v er a small range

of fairl y large masses.

Sup ersymmetric Candidates A m uc h more promisi ng WIMP candidate

comes from electro w eak-scale sup ersy mmetry [40 ] (SUSY). SUSY w as h y-

p othesized in particle ph ysics to solv e Standard Mo del inconsistencies suc h

as the naturalness problem with fundamen tal Higgs b osons at the electro w eak

scale. In the GUT theory , the parameter that con trols the Higgs-b oson mass

m ust b e extremely small , but it ma y b e closer to unit y (that it means in par-

ticle theory idiom more �natural� ) in sup ersymmetric theories. Uni�cation

of the strong and the electro w eak coupling constan t at the GUT scale seems

to need SUSY and SUSY seems to b e indisp ensable in theories that unify

gra vit y with the other three fundamen tal forces.

Ho w SUSY has b een created from the w ell-kno wn Standard Mo del? It

�just� need to enlarge the SM gauge group to a new symmetry group where
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b osons and fermions are coupled in common m ulti pl ets. Ev ery kno wn particle

is then pro vided a sup erp artner with the same quan tum n um b ers, except spin

whic h di�ers for 1/2. Since no b osons with the same c harge and mass of the

electron nor an y other sup erpartners ha v e ev er b een observ ed, it is clear that

SUSY is brok en in the lo w energy w orld in whic h w e are supp osed to liv e,

and that sup ersy mmetric particles m ust ha v e masses ab o v e curren t lo w er

b ounds ( � 100 Ge V). An yho w, this scenario in tro duces a sev ere imp erfection

allo wi ng a sup ersymmetric particle to mediate a qq ! ~l ~q pro cess, pro viding

th us an e�cien t c hannel for proton deca y . Curren t exp erimen tal lim i t s on

proton lif eti m e are ho w ev er on the order of 10

33
y ears. Therefore, it has

b een prop osed to add to the SUSY a new discrete symmetry , the R-p arity ,

to distinguish ordinary particles (R=+1) from their sup erpartners (R=-1).

If R-parit y holds with a brok en SUSY, sup ersymmetric particles can deca y

only in an o dd n um b er of sup erpartners, plus ordinary particles, prev en ting

th us the proton from deca ying and guaran teeing the ligh test sup ersy mmetric

particle (LSP) to b e stable.

W e will consider the Minima l Sup ersymmetric extension of the Standard

Mo del (MSSM) that con tains the small est p ossible n um b er of �elds to giv e

rise correctly to the Standard Mo del when the symmetry is brok en. Without

en tering in to details, here w e list the p opulations in the MSSM

� all ordinary quarks with their spin 0 sup erpartners ( squarks ~q);

� all kno wn leptons and their b osonic coun terparts ( sleptons

~l ):

� all gauge b osons (gluons, W

i
and B) and their fermioni c partners (re-

sp ectiv ely gluinos , Winos and Binos ) commonl y called gauginos ;

� the standard Higgs b osons, an additional Higgs doublet with opp osite

h yp erc harge and a couple of spin 1/2 Higgsinos .

Considering mass eigenstates, electro w eak gauginos mix in to eigh t di�e-

ren t states: the c harged parts of Winos and Higgsinos app ear as t w o couples

of char ginos ( � �
1 , � �

2 ), while Bino, the neutral c harge Wino and the neutral

states of the Higgsinos form four neutr alinos ( � 0
1;2;3;4 ).

Sneutrino. The sup ersy mmetric partner of standard neutrino should

represen ts an in teresting dark matter candidate if its mass w as in the energy

range from 0.5 to 2.3 T e V. Suc h a particle, an yw a y , has a quite large cross

section for scattering on n ucleons, and hence it should has b een already

observ ed b y direct detection exp erimen ts.
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Axino and Gra vitino. They are sup erpartners of particles in tro duced

in extensions of Standard Mo del and hence they are not presen t in the MSSM

frame. The spin 1/2 partner of axion, the axino , and the spin 3/2 gr avitino ,

sup erpartners of the unseen gra viton, the gauge b oson that mediates gra vi-

tational in teraction, sho w simi l a r phenomenology as WIMP candidates. De-

p ending on the SUSY mo del adopted and on the early univ erse conditions,

axino or gra vitino can b e the LSP , although their lig h tness could origi nat e

rather a �w arm� dark matter.

Ligh test Neutrali no. The lig h test of the four neutralinos, � 0
1 , usually

referred to simply as the neutralino ( � ), is at the presen t da y regarded as

the most suitable WIMP candidate. The features of suc h a particle, com-

pletely dev elop ed in a particle ph ysics framew ork, �t w ell the astroph ysical

constrain ts for dark matter, without need for an y ad ho c h yp othesis. Its mass

can range from 150 Ge V (electro w eak scale) to sev eral T e V. Being the LSP

(Ligh test Sup ersymmetric P article) of the theory , it is stable, since R-parit y

conserv ation prohibits ev ery deca y pro cess other than self-annihi l a t i o n. Neu-

trali no has a quite lo w annihil a t i o n rate and it is hea vy enough to represen t

a go o d dark matter candidate.

1.4 DM Detection

W eakly In teracting Massiv e P articles (WIMPs) are regarded as the most

natural dark matter candidate. They not only can form a bac kground densit y

in the univ erse, but they will also cluster gra vitati o nal l y with ordinary stars in

the galacti c halos. In particular they w ould b e presen t in our o wn galaxy , the

Milky W a y , raising the hop e of detecting relic WIMPs directly , b y p erforming

exp erimen ts on the Earth through elastic scattering of WIMPs o� target

n uclei or indirectly , lo oking for b y-pro ducts of WIMP-WIMP annihil a t i o n

that o ccurs either in the Sun or galacti c halos.

1.4.1 Indirect Searc h

The indirect detection tec hnique consists in the observ ation of radiati o n pro-

duced b y WIMP annihil a t i o n pro cess. If the �ux of deca y pro ducts detected

is higher than the exp ecte d v alue coming from con v en tional sources, this can

b e seen as a dark matter annihil a t i o n signature. Most of p ossible annihi-

lati o n pro ducts are already pro duced b y usual sources in large quan tities

making ev ery kind of exces s di�cult to rev eal. The radiati o n �ux is prop or-

tional to the deca y rate that dep ends on the dark matter densit y squared;
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it means that natural in teresting zones for searc hing signi�can t �uxes are

regions c haracterized b y high dark matter densit y .

High densit y region of galacti c halo suc h as the galacti c cen ter could b e

go o d ampli �ers to detect WIMP annihil a t i o n pro ducts suc h as an timat t er

particles and photons. Astroph ysical ob jects lik e Sun and Earth could b e a

go o d dark matter ampli �er to observ e neutrinos pro duced b y DM particles

scattering o� n uclei on Sun and Earth. In this section I describ e the role of

these exp erimen tal programs in the strategy to rev eal iden tit y of dark matter.

1.4.1.1 Gamma Ra ys

T ra v eling essen tially unimp eded from their pro duction site, the photons ge-

nerated in dark matter annihil a t i o n ha v e an adv an tage o v er the other in-

direct detection c hannel. In particular, gamma ra ys are not de�ected b y

magnetic �elds, p oten tiall y pro viding useful angular informa t i o n, retaining

their sp ectral informa t i o n: the sp ectrum observ ed on Earth is the same that

w as generated in the dark matter annihil a t i o n. The prosp ects for iden tifying

dark matter annihil a t i o n radiati o n from the Galacti c Cen ter (GC) strongly

dep ends on the WIMP nature, on the unkno wn dark matter densit y in the

region around the GC and on our understanding of the astroph ysical bac k-

grounds.

The telescop es, p oten tiall y capable of detecting gamma ra y radiati o n from

WIMP annihil a t i o n include the satelli t e- ba sed exp erimen t GLAST [41 ], [42 ]

and lots of ground based A tmospheric Cerenk o v T elescop es suc h as HESS,

MA GIC and VERIT AS. GLAST will con tin uously observ e a large fraction

of the sky , but with an e�ectiv e area far small er than the one p ossess e d

b y ground-based telescop es. In con trast, ground based telescop es study the

emission from a small angular �eld but with far greater exp osure. The gamma

ra ys energy range is also di�eren t, while GLAST is able to directly study

gamma ra ys with energies o v er the range of 100 Me V to 300 Ge V, the ground

based telescop es are only sensitiv e to gamma ra ys with energy greater than

� 100 Ge V. As a result of this di�eren t energy ranges accessible b y these

exp erimen ts, searc hes for WIMPs ligh ter than a few h undred Ge V are most

promisi ng with GLAST while ground based telescop es are b etter suited for

hea vier WIMPs.

1.4.1.2 An timatt er

WIMP annihil a t i o n in the galacti c halo could generate c harged an ti-m a t t er

particles: p ositrons, an ti-protons and an ti-deuterons. Unlik e gamma ra ys,

c harged particles mo v e under the in�uence of galacti c magnetic �eld, di�using
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and losing energy resulting in a di�use sp ectrum on Earth. By studying the

cosmic an ti-m a t t er sp ectra, satelli t e- based exp erimen ts suc h as P AMELA [43 ]

and AMS-02 [44 ] ma y b e able to iden tify signatures of dark matter. As

compared to an tiprotons and an tideuterons, cosmic p ositrons are attractiv e

prob es of dark matter: the sp ectrum samples only the lo cal dark matter

distributio n and is th us sub ject to considerable uncertain t y than the other

an ti-m a t t er sp ecies.

Unlik e gamma ra y measuremen ts of the Galacti c cen ter or dw arf galaxies,

observ ations of the cosmic p ositron sp ectrum (as w ell as the an tiprotons and

an tideuterons sp ectra) could p oten tiall y pro vide a measuremen t of the dark

matter annihil a t i o n rate o v er large v olumes of space. Therefore, suc h a mea-

suremen t could b e used to determine the pro duct of the WIMPs annihil a t i o n

cross section and its densit y squared, a v eraged o v er the sampled v olume.

1.4.1.3 Neutrinos

Although dark matter annihil a t i o ns in the galacti c halo pro duce to o few neu-

trinos to b e detected [45 ], annihil a t i o ns whic h o ccur in the cen ter of the Sun

could p oten tiall y generate an observ able �ux of high energy neutrinos [46 ].

Dark matter particles scatter elastical l y with and b ecome captured in the

Sun. WIMPs can generate neutrinos through a wide range of annihil a t i o n

c hannels. Annihila t i o ns to hea vy quarks, tau leptons, gauge and Higgs b osons

can generate neutrinos in the subseq u e n t deca y . Once pro duced, neutrinos

can tra v el to the Earth where they can b e detected: m uon neutrinos pro duce

m uons in c harged curren t in teraction with ice or w ater n uclei inside or near

the detector v olume of high energy neutrino telescop e.

Exp erimen ts lik e MA CR O [37 ], AMAND A [47 ] and Sup er-Kamiok ande [38 ]

set upp er lim i t s on neutrino �uxes coming from the cen ter of Earth and the

Sun. Sup er-K upp er lim i t on neutrino-induced m uons ab o v e 1 Ge V from

WIMP annihil a t i o ns in the Sun is appro ximatel y 1000 to 2000 km

2� y for

WIMPs hea vier than 100 Ge V, and appro ximatel y 2000 to 5000 km

2� y for

WIMPs in the 20 to h undred-Ge V mass range. The precise v alue of these

lim i t s dep ends on the WIMP annihil a t i o n mo de considered. The AMAND A-

I I [47 ] and MA CR O [37 ] exp erimen ts ha v e eac h placed lim i t s on the �ux of

neutrino-induced m uons from Sun that are only sligh tl y w eak er than Sup er-

Kamio k ande's. The neutrino telescop es ICE CUBE [48 ] will b e more sensitiv e

to WIMP annihil a t i o n in the Sun while ANT ARES [49 ], with less than one

ten th of ICE CUBE e�ectiv e area, will ha v e the adv an tage of a lo w er energy

threshold and th us it should b e more sensitiv e to lo w WIMPs mass.
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1.4.2 Direct Searc h

What kind of assumptions w e need to succee d in a direct dark matter searc h?

All that w e ha v e to kno w for direct detection is that the Galaxy con tains a

halo of WIMPs normall y assumed to b e of spherical isothermal form with a

lo cal densit y 0.3 Ge V � c

� 2� cm

� 3
, an escap e v elo cit y of 650 km � s

� 1
, with rms

v elo cit y 279 km � s

� 1
and relativ e halo-Earth v elo cit y of 235 km � s

� 1
[50 ].

The direct searc h principle rep ose on the elastic scattering of these neu-

tral, non-relati vi sti c particles (WIMPs), o� target n uclei of a suitable detec-

tor, suc h that the energy transferred as the resulting n uclear recoil passes

through the material can b e observ ed, usually as either ionizati o n, scin till a -

tion or heat (phonons). Kinemati cs and the lik ely mass range and v elo cit y of

the particle impl i es a n uclear recoil sp ectrum with energies b elo w � 100 k e V,

with an exp onen tial form rising to lo w energies and with no sp ectral fea-

tures. This c haracteristics, together with the exp ecte d lo w in teractions rate

of ab out 1-10

� 6
ev en t kg

� 1� d

� 1
, imp ose three essen tial requiremen ts of WIMP

detector tec hnology: lo w energy threshold ( � 10 k e V recoil ); large detector

mass (> 10 kg) and lo w particle bac kground of an y kind. The latter is

carried out b y passiv e and activ e gamma and neutron shielding, b y using

material s with greatly reduces radioacti v e U, Th and K con ten t during the

detector construction and preferring deep underground sites to reduce cos-

mic ra y m uon-induced neutrons that could otherwise pro duce n uclear recoils

indistingui shabl e from WIMP .

The coupling of these non-relati vi sti c WIMPs has t w o terms: a scalar

Spin-Indep enden t (SI) part and an axial Spin-Dep enden t (SD) part [51 ]. F or

most SUSY mo dels, SI pro vides the dominan t coupling and th us highest

rate. This is b ecause although neutralino-n ucl eon cross section are substan-

tial l y m uc h small er for SI case [52 ], coherence across the n ucleus results in

constructiv e in terference whic h greatly enhances the WIMPs-n ucleus elastic

cross section for high A targets. The opp osite is righ t for SD where the axial

coupling to n ucleus whic h di�ers for spin in terferes destructiv ely: sensitivit y

to SD in teractions requires a target isotop e with an unpaired n ucleon, either

proton or neutron.

Kno wing that, for instance, t ypical am bien t en vironmen tal gamma �uxes

can pro duce ev en t rate >10

5
times higher than the exp ecte d WIMP signal

rate in an unshielded detector, man y e�orts ha v e b een made from the lo w

bac kground p oin t of view fo cusing the atten tion on tec hnologies that can

activ ely reject electron recoil ev en ts, while main tai ni ng high sensitivit y to

n uclear recoils. This is p ossible in principle b ecause n uclear recoils ha v e

t ypically a dE/dx (energy loss p er unit pathlength) v alues ten times higher

than the electron. F ew tec hnologies can mak e use of this ph ysics: low tem-
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p er atur e ionizati o n/phonon or scin till a t i o n/phonon detectors in whic h the

ratio ev en t-pro duced ionizati o n or scin till a t i o n to phonons is measured in a

suitable cry ogenic material s suc h as Ge or Si (ionizati o n) and CaW O 4 (scin-

till a t i o n); noble liquid gases , notably Xenon and Argon, in whic h ionizati o n

and scin till a t i o n are measured sim ulta neously . A mo derate lev el of discrimi -

nation can b e also ac hiev ed in sp eci�c scin till a t o r s suc h as NaI(Tl), Cs(Tl),

liquid Ar and liquid Xe.

Since the recoil discrimi nat i o n and the bac kground reduction seems to b e

feasible in suc h tec hnologies, the main issue that remains to deal with, giv en

the lac k of sp ectral features in the recoil sp ectrum, is ho w to determine in a

clear w a y whether an y remaini ng coun ts are due to WIMPs from the galaxy

and not either n uclear recoils form an unaccoun ted bac kground (neutrons

and surface ev en ts) or a detector artifact. As WIMP in teracts w eakly with

ordinary matter, no m ulti pl e in teractions are exp ecte d , informa t i o n that can

b e used in order to iden tify neutron, since these latter create as w ell as a

WIMP n uclear recoil. It is also kno wn that WIMP ev en t rate is mo dulated

with a maxim um v alue in June and a mini m um in Decem b er. Some exp er-

imen ts use this signature. In fact, at least for a standard halo mo del, the

Earth's motio n through Galaxy impl i es an exp ecte d seasonal mo dulati o n in

the recoil sp ectrum (shap e and �ux) [53 ], [54 ]. This is b ecause the com-

p onen t of the Earth's solar orbital v elo cit y in the direction of our galacti c

motio n (orbital plane incli ned at 60

o
) either adds to or subtracts from the

galacti c orbital v elo cit y dep ending on the season. Unfortunately the ann ual

mo dulati o n e�ect is v ery small , t ypically a few %, requiring already at least

ton-scale detectors to obtain su�cien t ev en t statistic for a viable searc h [50 ].

Besides the ann ual mo dulati o n there is also a diurnal mo dulati o n pro of of

the galacti c origi n of the signal: thanks to our galacti c orbital motio n ( � 235

km � s

� 1
), w e w ould exp ect the direction of n uclear recoil induced b y WIMPs

in teraction within a target to b e dominan tl y opp osite to our direction of

motio n (in galacti c co ordinates), [55 ], [56 ].

1.4.2.1 Detection T ec hniques

In this section kno wing the basics and requiremen ts needed for direct dark

matter searc h, I will sho w ho w some of the main exp erimen ts are b eing run

w orldwide. Figure 1.10 pro vides a summary of results of recen t k ey examples,

giv en here as an exclusion plot of WIMP-n ucleon cross section as a function

of WIMP mass for the SI case, assuming the standard halo mo del as ab o v e.

Referring to this the foll o wi ng sections outline the curren t status and p ossible

future scenario.
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Figure 1.10: Summary of curren t spin-indep enden t WIMP-n ucleon cross sec-

tion lim i t s (full lines) and some exp erimen tal predictions (dashed lines) as a

function of WIMP mass compared to a few theoretical predictions.
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Semiconductors Ionization detectors, in the form of lo w bac kground

germanium (HPGe) and sili con dio des used for double b eta deca y searc hes,

pro vided the �rst lim i t s on WIMP in teractions [57 ]. Suc h exp erimen ts w ere

vital to ruling out early candidates for WIMPs but as a tec hnology they

su�er from the incapabil i t y to discrimi nat e gamma bac kground ev en ts from

n uclear recoil ev en ts of in terest.

Scin til l ator s When a particle in teracts with a scin till a t i ng crystal, ligh t

is b eing emitted with photon n um b ers that are prop ortional to the energy

of the incomi ng particle. After, ligh t signal is detected b y photom ulti pl i ers

that ampli f y the ligh t and con v ert it in an electric signal. The D AMA exp er-

imen t, lo cated in the Gran Sasso Underground Lab oratory , using nine lo w

bac kground 9.7 kg NaI(Tl) crystals found evidence for a mo dulati o n, rep ort-

ing the disco v ery of the WIMP in 1997 [58 ]. This signal w as con�rmed b y �nal

D AMA results from a total of 107.73 kg � d [59 ] remaini ng the only claim ed di-

rect observ ation of WIMPs, corresp onding to a WIMP mass of ab out 50 Ge V

and a cross section on proton of 7.2 � 10� 6
pb. Ho w ev er, this result app ears in

con tradiction with sev eral other exp erimen ts, in fact this kind of WIMP mass

and cross section ha v e b een excluded �rstly b y EDEL WEIS S [60 ] and then

CDMS [61 ]. Non standard-WIMP mo dels [62 ], suc h as lig h t neutralinos, ha v e

b een in v estigated in order to reconcile D AMA claim s with the lim i t s from the

searc hes, but WIMPs with masses b elo w curren t lim i t s are excluded b y the

high-resoluti o n germanium exp erimen t CoGeNT [63 ]. In addition, assum-

ing WIMPs with dominan t spin-dep enden t cross section on protons con trast

with the lim i t s from COUPP [64 ] and KIMS [65 ] exp erimen ts.

More recen tly other inorgani c scin till a t o r s lik e CsI(Tl) and CaW O 4 ha v e

b een emplo y ed in the dark matter searc h. The KIMS exp erimen t [66 ], in an

underground lab oratory in the South K orea uses a CsI scin till a t i ng target

instead of a CaW O 4 crystal b ecome an in tegral part of the CRESST b olome-

tric exp erimen t in whic h scin till a t i o n lig h t is measured sim ulta neously with

heat [67 ]. The ev en t b y ev en t discrimi nat i o n is ensured, in this case, b y the

fact that n uclear recoils ha v e m uc h small er lig h t yield than electronic one.

F or these direct dark matter tec hnology the main disadv an tage is repre-

sen ted b y the lac k of a p o w erful recoil discrimi na t i o n.

Directi onal detectors De�nitiv e pro of that a signal origi n is galacti c

and not terrestrial, can only b e ac hiev ed b y correlating in some w a y ev en ts

with our motio n through the Galacti c WIMP halo [55 ]. Ho w ev er, a m uc h

more p o w erful p ossibili t y is to correlate in 3D the ph ysical direction of the

n uclear recoils in a target with our motio n. This is the motiv ati o n b ehind the
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DRIFT [56 ], MIMA C [68 ] and other lo w pressure gas Time Pro ject Cham b er

(TPC) R&D programs [69 ]. As curren tly the only kno wn route to signi�-

can t recoil direction sensitivit y , TPC tec hnology holds exceptional p o w er for

WIMP ph ysics and p ossibly the only route to a de�nitiv e galacti c signal.

Ho w ev er there are sev eral c hallenges to address, suc h as the need of lo w pres-

sure gas impl yi ng large v olume detectors and the desirabili t y of ac hieving

trac k head to tail discrimi na t i o n.

Bolomet ers A t lo w temp eratures the heat capacit y of a dielectric crys-

tal go es as T

3
. Th us at mK temp eratures the small energy dep osition from a

n uclear recoil can yield a measurable prop ortional increase in crystal temp e-

rature [50 ]. This is starting idea for the earliest direct dark matter searc hing

tec hniques, where energy released b y particle in teractions can b e observ ed

as phonons or quan ta of latti ce vibrations. Ho w ev er it w as demonstrated,

�rst in Si [70 ] and the in Ge [71 ] that phonon detection could b e com bined

with sim ulta neous detection of ionizati o n to pro vide also an ev en t b y ev en t

discrimi nat i o n against electron recoils. In fact, b ecause of the dep enden c e of

the prop ortion of energy observ ed in the t w o c hannels on the ev en t dE/dx, a

high dE/dx ev en t, suc h as a recoili ng n ucleus pro duces prop ortional l y more

heat than ionizati o n (the ionizati o n is quenc he d ). F or instance, the ratio of

ionizati o n to recoil energy , called the ionizati o n yield, for Ge recoils in Ge is

� 0.3 of the v alue for electron recoils ab o v e 20 k e V [61 ].

While the simple phonons detection, that means b olometers without col-

lection of ionizati o n ha v e pro v en quite useful for dark matter searc hes, this

h ybrid tec hnique of sim ulta neous ionizati o n and phonon measuremen ts with

its capabili t y for bac kground rejection has b een pushed harder. Most no-

table is CDMS, [72 ],[73 ], (at Soudan mine) and EDEL WEIS S collab ora t i o n

(at F rejus), [4 ], [60 ].

The EDEL WEIS S exp erimen t will b e completely describ ed in Chapter. 2

b eing the ob ject of this thesis w ork.

The CDMS exp erimen t op erates to w ers of Ge and Si crystals eac h 1cm

thic k and resp ectiv ely of mass 250 g and 100 g. These are moun ted in a

diluti o n fridge and shielded mainl y b y 22.5 cm of external Pb and 50 cm of

p oly eth ylene. A 5 cm la y er of plastic scin till a t o r is used to v eto an y ev en ts co-

incidence with cosmic m uons, necess ary due to the relativ e shallo wness of the

Soudan site at 2080 m.w.e. Charge electro des are used for the ionizati o n col-

lection and athermal phonons, the out-of- equilibri um phonons, are detected

using sup erconduc ting transition edge sensor, applied b y photolit hog r a ph y to

the crystal surfaces. This design all o ws a p oten tial depth p osition sensitivit y

via measuremen ts of the phonon pulse risetime giving the p ossibili t y of re-
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jecting surface electron ev en ts that otherwise con taminate the signal region.

It coun ts 15 Ge detectors (3.75 kg) with an e�ectiv e exp osure of 121.3 kg � d,

a v eraged o v er recoil energies of 10-100 k e V. A blind analysis resulted in zero

observ ed ev en ts, yielding a 90% C.L. spin-indep enden t upp er lim i t s in Ge of

6.6 � 10

� 8
pb (6.6 � 10

� 44
cm

2
) for a WIMP mass of 60 Ge V/c

2
[74 ]. The bac k-

ground due to surface ev en ts with bad c harge collectio n for that exp erimen t

w as estimated to b e 0.6 � 0.3 ev en ts.

As an alternativ e, R OSEBUD [75 ] and CRESST [67 ] ha v e dev elop ed de-

tectors in whic h, instead of ionizati o n signal, scin till a t i o n lig h t is measured

in coincidence with heat, in particular using CaW O 4 crystal [67 ]. Here a

sili con w afer with tungsten thermometer is used to detect the photons and

a sup erconduc ting ev ap orated �lm used as the heat sensor. Although only

1% or less of the energy dep osited is detected as photons this is m uc h higher

than feasible at ro om temp erature and is su�cien t to pro duce energy resolu-

tion comparable to NaI(Tl) crystal. Results so far ha v e b een obtained with

t w o 300 g crystals at the Gran Sasso Underground Lab oratory with a total

exp osure of ab out 20 kg � d rev ealing 16 ev en ts in the energy range 12-40 k e V

consisten t with the exp ecte d neutron bac kground giv en that the exp erimen t

is not screened b y a neutron shield.

All these cry ogenic exp erimen ts are no w progressing to w ard signi�can t

upgrades for instance CDMS is prop osing 25 kg and a p ossible mo v e to the

deep er SNOLAB site and CRESST is upgrading to allo w 33 CaW O 4 detectors

totali ng 10 kg. Ho w ev er, as outlined in foll o wi ng paragraphs, it is lik ely that

ev en greater target mass will b e needed, p ossibly at the ton-scale or larger.

Liquid noble gases Liquid noble gas tec hnology for WIMP searc hes

has had a recen t rapid gro wth. Most notable has b een liquid xenon (LXe), b y

D AMA/Xe [76 ] and [77 ], but also recen tly liquid neon [78 ] and, in particular,

liquid argon.

LXe has go o d in trinsi c proprieties for WIMP detection including: high

mass (Z=54 and A=131) yielding a go o d kinematic matc h to lik ely WIMP

candidates; high scin till a t i o n and ionizati o n e�ciency ( � 46 photons/k e V at

178 nm) and high radiopurit y enhanced further b y the a v ailabi l i t y of liquid

gas puri�cation tec hniques. The recoil discrimi na t i o n imp ortan t stu� is p os-

sible �rstly b y simple Pulse Shap e Analysis (PSA) of the scin till a t i o n lig h t:

this is the basis for the single phase LXe XMASS exp erimen t in Japan [79 ]

and of ZEPLIN I in England [80 ]. As for the b olometer, more p o w erful

discrimi nat i o n is feasible in LXe b y recording also the ionizati o n pro duced

and th us the ionizati o n/ scin ti l l a t i o n ratio. This arises b ecause for n uclear

recoils the ionizati o n signal is quenc he d signi�can tly more than the primary
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scin till a t i o n relativ e to electron recoils of the same energy .

Exciting progress has b een made recen tly with the t w o phase LXe tec h-

nology with b oth ZEPLIN I I I [81 ] (Boulb y , UK) and XENON 10 [82 ] (LNGS,

Italy) announcing new leading lim i t s. ZEPLIN-I I I consists in 12 kg of t w o

phase xenon; an analysis of 847 kg � d of data has excluded a WIMP n u-

cleon elastic scattering spin-indep enden t cross section ab o v e 7.7 � 10

� 8
pb at

55 Ge V/c

2
WIMP mass with a 90% C.L.. The great XENON10 adv an tage is

a v ery lo w energy threshold allo wi ng to discrimi na t e signal from bac kground

do wn to 4.5 k e V n uclear recoil energy . A blind analysis of 58.6 kg � d of data

excludes previously unexplored parameter space, setting a 90% C.L.. upp er

lim i t for the WIMP-n ucleon spind-indep enden t cross section of 8.8 � 10

� 8
pb

for a WIMP mass of 100 Ge V/c

2
and 4.5 � 10

� 8
pb for a WIMP mass of

30 Ge V/c

2
.

T onne-scale idea WIMP exp erimen ts with target masses of kg-scale

are reac hing sensitivities prob e starting to w ell in to SUSY fa v ored parameter

space.

It is prett y certain, that fa v ored spin-indep enden t coupled dark matter

do es not exist with cross sections > � 2 � 10

� 7
pb. Mean while, theoretical pre-

dictions for a neutralino-l i k e WIMP reac h cross section v alue small er than

10

� 11
pb [83 ], [84 ]. Hence, next generation exp erimen ts m ust not only ac hiev e

further bac kground suppress ion but also b e capable of ton/m ulti - t o n masses,

simply to ensure a statistical l y observ able signal rate. Secondly , for suc h large

detectors it can b e argued that though activ e gamma discrimi nat i o n remains

imp orta n t, greater emphasis is needed on material puri�cation, passiv e and

activ e shielding of radioacti v e bac kground and on searc hes for additional

features in the data sho wing that remaini ng ev en ts, in particular, are not

neutrons. In fact, if w e assume that the exp erimen t is situated deep enough

to screen m uon-induced neutrons, gamma and neutrons from U/Th c hains in

the en vironmen t and detector will dominate the bac kground. F or the the rel-

ev an t energy range, less than 200 k e V, suc h con taminati o n pro duces t ypically

10

5
-10

6
more gammas than neutron induced n uclear recoils [50 ]. The lev els

of detector sensitivit y required for ton-scale exp erimen ts impl y that gamma

bac kground m ust b e comparable with or lo w er than the neutron rates. Neu-

tron induced recoils, whic h cannot b e distinguished from WIMP in teractions,

naturall y will b e the dominan t bac kground. Detector p osition sensitivit y

ma y help to discrimi nat e suc h a neutron b y allo wi ng a m ulti scatter ev en ts

rejection kno wing that WIMP can only ha v e a single in teraction w eakly in-

teracting. Ho w ev er, w e need a go o d passiv e neutron shielding and material

puri�cation plus WIMP signal iden ti�cation. In addition, using at least t w o
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targets/tec hnologies with di�eren t A (atomi c mass) and di�eren t systematics

since the di�eren t b eha vior of WIMP and neutron scattering cross section as

a function the atomi c n um b er mass, and/or studying correlation of ev en ts

with Galacti c motio n b y observ ation of ann ual mo dulati o n or a directional

signal allo wi ng a direct iden ti�catio n of ev en ts as of extra-terrestrial origi n,

should allo w a discrimi nat i o n of WIMP from neutron signals.

Scale-up to ton-scale is planned for instance, for cry ogenic tec hnologies,

making b est use of the high discrimi na t i o n p o w er demonstrated notably b y

CDMS, EDEL WEIS S and CRESST. T w o particular e�orts are foreseen: Su-

p erCDMS [85 ] and EURECA (Europ ean Underground Rare Ev en t searc h

with Calorim eter Arra y) [86 ]. The former will use Ge and Si ionizati o n/ heat

tec hnology lik e CDMS in a staged expansion from 27 kg to 145 kg and ev en-

tually to 1100 kg b y 2015 either at the US DUSEL, if built, or SNOLAB in

Canada. EURECA represen ts a fusion of EDEL WEIS S , CRESST collab ora -

tions with further new group to dev elop a 100-1000 kg arra y using v arious

targets, p ossibly b oth ionizati o n/heat and scin till a t i o n/heat discrimi na t i o n

ideas. Both pro jects will need to dev elop impro v ed detectors, in particular to

allo w b etter rejection of surface ev en ts, for instance through ev en t p osition

reconstruction or impro v ed analysis, and to reduce unit costs.

1.4.2.2 Theoretical recoil sp ectrum

Since no WIMP signal is detected in curren t stage of direct dark matter

searc hes (facing the fact of an unkno wn bac kground), this kind of exp erimen t

can establish an upp er lim i t on the scattering cross section of WIMP on

n ucleon as a function of WIMP mass. T o succee d in this w e need to kno w

ho w our detectors resp ond to a h yp othetical WIMP signal. Th us, the �rst

step is to sim ula t e a theoretical recoil sp ectrum of target n uclei in the crystal

used b y the exp erimen t (Germanium for EDEL WEISS ) induced b y elastic

scattering of WIMPs with giv en M W WIMP mass and scattering cross section

on n ucleon � W � nucl . Later, w e will degrade this theoretical sp ectrum with

exp erimen tal threshold and resolution to ensure a quite realisti c sp ectrum.

Here, I w an t only to stress that the elastic scattering cross section de-

p ends on the t yp e of in teraction considered: either spin-indep enden t or spin-

dep enden t coupling b et w een WIMPs and n ucleons. F or spin-indep enden t

in teractions, w e can express the cross section on the target atom ( � W � N ) as

a function of the cross section on protons ( � W � p ) as:

� SI
W � N = (

MW + MP

MW + M target
)� 2 � � SI

W � p � A2
(1.17)

It 's quite clear that dep ending on the square of the atomi c mass of target
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( A2
) the ev en t rate will b e higher in hea vier targets.

F or spin-dep enden t in teractions, the cross section can b e written:

� SD
W � N =

32
�

G2
F m2

r
J + 1

J
(aphSpi + anhSn i )2 � � SD

W � p (1.18)

where J is the total angular momen tum of the n ucleus, hSpi ( hSn i ) is the

exp ectation v alue of the spin con tribution of the proton (neutron) group in

the n ucleus and ap ( an ) the coupling constan ts b et w een WIMPs and protons

(neutrons).

The starting theoretical sp ectrum dep ends on WIMP scattering cross

section o� n uclei ( � W � nucl ), on WIMP mass (M W ) on target crystal mass

(M A ) and on galacti c halo parameters: dark matter lo cal densit y � 0 and

WIMP sp eed distributio n in the halo ( f (v) ) and all o ws us to determine a

theoretical ev en t rate in the detector. All the calculati o ns for the recoil

sp ectrum refer to the Lewin-Smith w ork [50 ]. Eac h ev en t rate of whatev er

incomi ng particle scattering on a target material can b e write as foll o w:

dR =
N0

A
�vdn; (1.19)

where N0 is the A v ogadro n um b er (=6.02 � 10

23
mol

� 1
), A the atomi c mass

of target n uclei, � the particle-ta r g et material scattering cross section and dn
the di�eren tial densit y p er m

3
of incomi ng particle mo ving at v v elo cit y . If

w e consider this particle b eing a WIMP , its di�eren tial densit y assumes the

foll o wi ng form:

dn =
n0

k
f (�! v ; �! vE )d3�! v ; (1.20)

where n0 is the WIMP densit y in the galacti c halo, k is a normali zati o n

constan t (see b elo w),

�! v its v elo cit y in the galaxy rest frame and

�! vE the Earth

v elo cit y relativ e to Galaxy . f (�! v ; �! vE ) is the particle's sp eed distributio n in

the halo supp osed to b e a Maxw ellian one, Eq. (1.21) brok en o� at a v elo cit y

vesc that represen ts the Galaxy's escap e v elo cit y .

f (�! v ; �! vE ) = exp � (�! v + �!vE )2=v2
0 : (1.21)

This vesc, iden tifying the needed sp eed to equal the kinetic energy of

an ob ject to the magnitude of its gra vitati o na l p oten tial energy , corresp onds

th us to the maxima l WIMP's v elo cit y v alue: a particle with a v elo cit y higher

than vesc will escap e from the halo. The k v ariable is a normali zati o n constan t

c hosen in order that n0 =
Rvesc

0 dn.
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Figure 1.11: WIMP elastic scattering o� n uclei sc heme.

Since exp erimen ts measure a WIMP ev en t energy sp ectrum, w e need to

express the di�eren tial ev en t , Eq. (1.19), as a function of recoili ng n uclei

energy pro duced b y WIMP scattering o� as sho wn in Fig. 1.11

The WIMP kinetic energy is describ ed b y E = 1
2MW v2

and the target

n uclei recoil energy will b e:

ER =
1
2

rE (1 � cos� ) = rE cos2 � R ; (1.22)

where � is WIMP scattering angle referring to the cen ter of mass frame,

� R is the recoili ng n ucleus angle, see Fig. 1.11 and r is four times the reduced

mass divided b y the sum of the masses de�ned as

M W M A
(M W + M A )2 . The recoil

energy for the WIMP will b e maxim a l for target n uclei mass ( MA ) equal to

WIMP mass ( MW ). Assuming an isotropic distributio n of scattering angles

in the cen ter of mass frame, that it means that recoils are equally distributed

as a function of recoil energy in a range 0<E R < rE , w e can calculate the

di�eren tial ev en t rate in recoil energy as foll o w:

dR
dER

=
Z Emax

Emin

1
rE

dR(E)

=
1

E0r

Z vmax

vmin

v2
0

v2
dR(v)

(1.23)

where vmax = vesc � vE . Emin b ound is de�ned as the small est WIMP

energy able to giv e a recoil energy ER , referred so to ha v e a � R equal to one

in the Eq. (1.22); E0 is the WIMP kinetic energy relativ e to a v elo cit y v0 (see

Eq. (1.21)) and so vmin b ound represen ts v elo cit y of a WIMP ha ving Emin

as energy .
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Starting from the Eq. (1.23) and �lli ng all the ingredien ts needed w e

obtain

dR(vE ; vesc)
dER

=
R0

E0r
k0

k
1

2�v 2
0

Z vmax

vmin

1
v

f (�! v ; �! vE d3v (1.24)

where R0 ev en t rate express e d in evt/kg/d is here de�ned b y

R0 = 540
AM W

� W � A

1pb
� 0

0:4GeV=c2=cm3
v0

230km=s [50 ]

that all o ws the ev en t rate and scattering cross section normali zati o n (see

b elo w).

This is the WIMP o� n uclei scattering rate as a function of the recoil

energy , whic h is normall y called theoretical recoili ng WIMP sp ectrum. The

most imp orta n t feature to p oin t out is its exp onen tial shap e as sho wn in

Fig. 1.12. But this is not the �nal theoretical sp ectrum to compare with the

exp erimen tal one, in fact w e ha v e to apply three corrections due to Earth mo-

tion e�ect [51 ], n uclei size in tro ducing a form factor ( F 2(ER) ) whic h dep ends

on the scattering cross section t yp e (spin-indep enden t or spin-dep enden t) [87 ]

and a scale factor S that all o ws to express � W � A as a function of � W � nucl

again dep ending on the scattering cross section t yp e (spin-indep enden t or

spin-dep enden t) [88 ].

T aking in to accoun t these corrections w e result in the �nal theoretical

WIMP recoil sp ectrum whic h giv es a relation b et w een the WIMP scattering

o� an A atomi c mass n ucleus with a giv en non zero transferred momen tum

(A, q2
) and the in teraction of a WIMP with a n ucleon with a zero transferred

momen tum:

dR(vE ; vesc)
dER

j(A;q2 )=
dR(vE ; vesc)

dER
j(n;0) � F 2(ER) � S (1.25)

Th us, w e are able to dra w this WIMP recoil sp ectrum for a Germanium

n ucleus, target n uclei used b y EDEL WEIS S . First w e ha v e to set the v alue of

some parameters. Some simpli f yi ng assumptions on the dark matter pro�le

are essen tial: in particular an isothermal pro�le is often assumed, a lo cal

densit y of � 0 =0.3 Ge V/c

2
/cm

3
and a Maxw ell-Boltzm a nn v elo cit y distribu-

tion with a c haracteristic v elo cit y of v0 =270 km/s. The further constan ts

are �xed at the usual v alue of vsun =235 km/s and vesc=650 km/s. Regarding

to the corrections to apply , the form factor is the same in [87 ] and w e just

a v erage the ann ual mo dulati o n, resulting in vE = vsun . The Fig. 1.12 sho ws

the ev olution of this p eculiar exp onen tial shap e for three di�eren t WIMP

mass for a reference scattering cross section v alue of 7 � 10

� 6
pb.
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Figure 1.12: Theoretical WIMP sp ectrum: spin indep enden t cross section

on Ge target n uclei for three di�eren t WIMP mass to ev aluate the ev olution

and for a reference v alue of cross section of ab out � W � p =7 � 10

� 6
pb.

1.4.2.3 Exclusion plot

So far, direct dark matter exp erimen ts are rep orting upp er lim i t s on n ucleon-

WIMP cross sections since the signal they try to detect is nonexisten t or

b elo w their sensitivit y . The problems are that the bac kgrounds are p o orly

understo o d and the WIMP cross section is not kno wn. Ho w ev er, there are

less uncertain ties concerning the predicted shap e of the distributio n in E recoil

for a giv en WIMP mass. The simplest w a y to dealing with suc h a situation

is to select an in terv al in E recoil and tak e as the upp er lim i t the largest

cross section, � exp , that w ould ha v e a signi�can t probabili t y , for instance

10%, of giving as few ev en ts as w ere observ ed, assuming that they are all

WIMP candidate signal. This approac h is v ery sensitiv e to the c hoice of the

energy range. It is imp orta n t that the c hosen recoil energy in terv al is selected

indep enden tly from the observ ed data.

The lim i t � exp for a giv en WIMP mass is calculated the foll o wi ng w a y .

W e in tegrate the theoretical sp ectrum calculated to obtain the WIMP

ev en t n um b er exp ecte d ( � � ) for a giv en WIMP mass and scattering cross

section � . The lim i t on � exp is giv en b y:

� exp >
� � � exp

� �
(1.26)
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where � exp is the upp er lim i t on the n um b er of ev en ts that the exp erimen t

should observ e if the cross-section is � exp . A ccording to P oisson distributio n,

if w e observ e no ev en ts in the exp erimen t, w e obtain � exp = 2.3 at a 90%C.L.

and � exp =3 at a 95%C.L. [89 ].

The p o orly kno wn bac kground is a particular concern as it cannot b e

subtracted reliabl y . W e ha v e t w o p ossibili t i es. The �rst is to use P oisson di-

stribution, considering all ev en ts observ ed as WIMP candidates. The other

is to use the metho ds, named �maxim um gap� and �optim um in terv al", de-

v elop ed b y S.Y ellin within the CDMS collab ora t i o n [90 ].

As w ell as P oisson, all observ ed ev en ts are regarded as WIMP candidates.

But, these metho ds giv e prescriptions on ho w to optimi ze the c hoice of recoil

energy in terv al to obtain the most strict lim i t . This c hoice is based on com-

parison b et w een WIMP theoretical recoil sp ectra and observ ed data. The

predicted � exp tak es in to accoun t the bias induced b y using data to select

energy in terv al. More details can b e found in [90 ] and in [91 ].

The lim i t s � exp (M W ) can b e compared to some predictions whic h ha v e

b een made on this t w o parameters (cross section and mass) dep ending on

the dark matter candidate predicted b y what kind of theoretical mo del has

b een c hosen (for instance w e consider as the most attractiv e candidate the

Neutralino of sup ersy mmetric mo dels suc h as the mini m a l sup ersy mmetric

extension of Standard Mo del (MSSM)).

The WIMP mass is curren tly constrained b et w een a lo w er lim i t giv en b y

the LEP accelerator results of ab out 40 Ge V [92 ] and an upp er one of � T e V

pro vided b y SUSY predictions [33 ]. The cross section, m ust b e of the same

order of magnitude of w eak in teractions so w e can put an upp er lim i t of ab out

10

� 5
pb [93 ], already o v ertak en b y curren t direct dark matter searc hes.
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Chapter 2

The EDEL WEISS Exp erimen t

In this c hapter I will start describing the p ossible bac kground sources o v er-

whelming the EDEL WEIS S exp erimen t and the conseque n t exp erimen tal ap-

paratus needed in order to screen detectors. Afterw ards I will fo cus on the

Ge-NTD t yp e detectors, and on its measuremen t c hannels (ionizati o n and

heat signals).

The EDEL WEIS S exp erimen t (Expérience p our Détecter les WIMPs en

Site Souterrain), situated in the Mo dane Underground Lab oratory (LSM) in

the F réjus high w a y tunnel, is dedicated to the direct detection of WIMPs.

As already said, the direct detection principle consists in the measuremen t of

the energy released b y n uclear recoils pro duced in an ordinary matter target

b y the elastic colli si o n of a WIMP from the Galacti c halo.

The main c hallenge is the exp ecte d extremely lo w ev en t rate (<1 evt/kg/y ear)

due to the v ery small in teraction cross section of WIMP with ordinary mat-

ter. An other constrain t is the relativ ely small dep osited energy (<100 k e V).

In order to measure lo w energy recoils, EDEL WEIS S emplo ys cry ogenic

detectors (high purit y Ge crystal) w orking at temp erature of ab out 20 mK,

with sim ulta neous measuremen ts of phonon and ionizati o n signal. The ion-

ization signal, corresp onding to the collectio n on electro des of electron-hole

pairs created b y the energy loss pro cess, dep ends on the particle t yp e whereas

the heat signal re�ects the total energy dep osit.

This sim ulta neous measuremen ts of t w o signals all o ws an ev en t b y ev en t

discrimi nat i o n b et w een the electronic recoils, tracers of bac kground (induced

b y photons and electrons) and the n uclear one origi nat ed b y neutrons and

WIMPs.

41
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2.1 Exp ected Bac kground

In lo w bac kground exp erimen ts of rare ev en ts, suc h as the EDEL WEIS S ex-

p erimen t, sev eral factors in the exp erimen tal bac kgrounds can obscure the

signal coun ts of in terest. These exp erimen t bac kgrounds are en vironmen-

tal radioacti vi t y , in trinsi c con taminati o n of detectors and shielding material ,

airb orne radioacti vi t y (Radon) and cosmic ra ys induced particles.

EDEL WEIS S aims to reac h a sensitivit y in the WIMP-n ucleus in terac-

tion detection b etter than 0.003 coun ts/kg � d for recoil energy ab o v e 10 k e V.

T o reac h this goal, bac kground rejection and discrimi nat i o n are necess ary .

EDEL WEIS S bac kground includes gamma s, b etas and neutrons from cosmic

ra ys and natural radioacti vi t i es. Thanks to sim ulta neous measuremen ts of

ionizati o n and heat signals EDEL WEIS S detectors can discrimi nat e gammas

from WIMPs at high e�ciency , b ecause WIMPs in teract with n uclei; gammas

with electrons.

2.1.1 In teractions inside detectors

It has b een said that w e ha v e to distinguish electronic recoils, tracers of bac k-

ground induced b y photons and electrons from the n uclear recoil induced b y

WIMPs and neutrons. Afterw ards, succee d ing in the discrimi na t i o n b et w een

a WIMP and a neutron signals will complete the device. Let's �rst describ e

where these particle could come from and ho w they in teract with detectors.

Photons Gamm a ra ys result from natural radioacti vi t y , radioacti v e con-

taminan ts in the detector and shielding material and those arise from the

cosmic ra y m uon �ux observ ed at the exp erimen tal site. Radioacti v e n u-

clides from the

238
U and

232
Th c hains and the presence of

40
K in the ro c k

and the surrounding material s giv e rise to photons. Radioacti v e n uclides are

also pro duced from the in teractions of cosmic-ra y m uons with material s of

the detectors and shielding, when they w ere outside the underground lab o-

ratory . Photons can also arise as a conseque n c e of con taminan ts in detectors

and shield.

Photons can in teract with ordinary matter through these four pro cesses :

The photo electri c in teraction, where a gamma ra y is absorb ed b y an

electron b ound to an atom. The electron is stripp ed from the atom,

carrying with it the momen tum of the gamma ra y , and the energy

of the gamma ra y min us the electron's binding energy . This pro cess

has of b et w een 0.6 cm and 5 cm on atten uation lengths in germanium
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(dep ending on the photon energy , see Fig. 2.1). It is the dominan t

pro cess for energy b elo w 150 k e V .

The Compton in teraction, where a gamma ra y scatters from an elec-

tron. The gamma ra y transfers a fraction of its origi nal energy and

momen tum to the electron (recoil electron). The scattered gamma ra y

has a lo w er energy and a di�eren t direction from the origi nal gamma

ra y , in what is called Compton scattering . It represen ts the domi-

nan t pro cess in a Germanium target (see Fig. 2.1) for energies b et w een

150 k e V and 8 Me V. Ev en these photons ha v e b et w een 0.6 and 5 cm

atten uation lengths.

The pair pro duction in teraction, where a gamma ra y's energy is con-

v erted in to the creation of an electron-p ositron pair. A small frac-

tion of the gamma ra y momen tum m ust b e transferred to an atom

to initi a t e the in teraction. The remainder of the momen tum is car-

ried a w a y b y the electron-p ositron pair. The pair-pro ductio n pro cess

requires a mini m um gamma ra y energy of 1.022 Me V b efore it can

o ccur. The p ositron will ev en tually annihil a t e with another electron

(10-100 ps time scale b elo w 10 Me V), creating a pair of opp ositely di-

rected 0.511 Me V gamma ra ys. Giv en the energy range at whic h this

pro cess is signi�can t (E>3 Me V for germanium , see Fig. 2.1) it can b e

neglected when assuming  -ra ys from bac kground radioacti vi t y ending

at 2.3 Me V.

Coheren t scattering , where a gamma ra y scatters from an electron

b ound to an atom imparti ng no signi�can t energy . The gamma ra y

c hanges direction, lea ving no detectable energy loss at the in teraction

site. Coheren t scattering is generally signi�can t at lo w er energies (b e-

lo w ab out 100 k e V). It is most easily observ ed lo w er-Z material s suc h

as sili con, where the comp eting photo-electric pro cess has a lo w er cross

section.

Moreo v er, the energy transp ort pro cess is not o v er un til the recoil elec-

trons and/or atoms with electron v acancies lo ose their energy and return

to the ground state. Recoil electrons ma y in teract with matter pro ducing

bremsstrahlung radiati o n (more gamma ra ys), and atoms with atomi c v a-

cancies ma y emit an Auger electron or �uorescenc e X-ra y .

Alphas and b etas Alphas and b etas arise from radio-con tam i nan ts on the

surface of detectors, presence of radioacti v e n uclides, suc h as radon, in detec-
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Figure 2.1: Gamm a - r a y cross-sections for in teractions in germanium crystal.

tors and shielding material s b efore en tering in the underground lab oratory

clean ro om.

In teractions of electrons and fast lig h t ions suc h as an alpha particles,

o ccur with electrons of atom's outer shells.

Since alpha particles are hea vier than electrons, the alpha energy loss is

v ery small and its path in the n ucleus is nearb y straigh t. By w a y of example

in a germanium crystal an alpha particle with 5 Me V mass will b e stopp ed

after a length of ab out 20 � m. F or an electron the atten uation length v aries

as a function of energy .

Of sp ecial in terest is the electrons that scatter near the detectors surface,

since the small atten uation length: the so called surface ev en ts.

Neutrons In the previous c hapter it has b een sho wn that neutrons are the

most dangerous source of bac kground b ecause they can mim i c a WIMP sig-

nal. The EDEL WEIS S S exp erimen t is protected b y a p oly eth ylene shielding

in order to stop lo w energy neutrons ha ving energies b et w een 1 and 10 Me V.

A ctually a neutron ha ving 0.5 Me V energy and a WIMP of 100 Ge V mass

and an energy of 30 k e V giv e recoil energies of the same order of magnitude

(ab out 30 k e V) [94 ].

Therefore w e m ust to close atten tion to high energy neutrons (sev eral

Ge V) that can cross the p oly eth ylene shielding and pro duce lo w er energy

neutrons in the lead shielding and other material s. In suc h a deep under-
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ground lab oratory the neutron bac kground is induced b y [95 ]:

natural radioactivi t y due to sp on taneous �ssion of uranium and tho-

rium. The isotop e

238
U is the main source of �ssion in the ro c k pro-

ducing neutrons ha ving an a v erage energy of ab out 2 Me V;

an equally imp orta n t source of neutron are reactions of t yp e ( � , n) due

to the alpha particles emitted b y uranium, thorium and their daugh ters

in teracting with the ro c ks. This kind of neutrons ha v e an a v eraged

energy of ab out 3.5 Me V;

the m uons in teracting with material s around the exp erimen t. By w eak

in teractions a m uon can couple to a proton in a n ucleus foll o wi ng this

pro cess � � + p ! n + � � . The resulting neutron has an energy b et w een

6 Me V and few dozens of Me V. Muons can also pro duce higher energy

neutrons b y inelasti c scattering: � � + ( Z; A) ! �
0
+ ( Z:A

0
) + xn + :::.

These fast neutrons pro duced with an energy m uc h higher than 10 Me V

cross large amoun t of shielding material and in teract with detectors.

2.1.2 Starting p oin t: EDEL WEISS-I

The results from this w ork will b e compared extensiv ely with those of the

�rst phase of EDEL WEIS S exp erimen t, stopp ed in Marc h 2004. It consisted

of 1 kg total mass of Germanium in three detectors op erating at 17 mK.

After a �ducial exp osure of 62 kg � d with a threshold energy of 15 k e V, 40

ev en ts ha v e b een recorded in the n uclear recoil band. Most of these w ere at

lo w energy and only three ha v e b een observ ed ab o v e 30 k e V. The shap e of

sim ula t ed sp ectra of WIMPs ha ving masses b et w een 20 and 100 Ge V cannot

explain the shap e of recorded sp ectra in the n uclear recoil band b y a single

WIMP mass, suggesting therefore the presence of a bac kground. It pro vided

sensitivit y of 1.5 � 10

� 6
pb for the scattering cross section of a WIMP with

a mass of 80 Ge V [4 ].

A more careful in v estigatio n of ev en ts outside the WIMPs searc h selection

rev ealed the presence of bac kgrounds due to neutrons and surface ev en ts [96 ].

Surface ev en ts: In a Ge detector, when the in teraction of a particle tak es

place near the electro de, the c harge collectio n can b e incomplete, resulting

in ionizati o n signals small er than the exp ecte d ones [97 ]. The conseque n t

ev en t app earing in the n uclear recoil band can mim i c a WIMP ev en t. In

the detectors co v ered b y this w ork, this problem w as partial l y con trolled b y

dep ositing a 60 nm Ge or Si amorphous la y er on the crystal surface whic h

dimi ni shes the n um b er of ev en ts with de�cien t c harge collectio n.
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Figure 2.2: Muon in tensit y in m

� 2� y

� 1
as a function of depth (meters equiv-

alen t equiv alen t).

An activ e rejection of surface ev en ts can b e ac hiev ed b y iden ti�cation of

these ev en ts using in terdigi t i zed electro des. It is essen tially a v ariatio n of the

coplanar grid tec hnique [98 ] in whic h in terlea v ed strips are substituted for

the classical disk-shap ed collectio n electro des. The depth of an ev en t relativ e

to the surfaces can b e inferred from a comparison of the ionizati o n signals

on the di�eren t strips [99 ].

Neutrons: In data recorded during the �rst stage of EDEL WEIS S , a co-

incidence b et w een t w o n uclear recoils in t w o separate detectors w as observ ed.

It w as in terpreted as a sign that the 30 cm para�n shield of EDEL WEIS S -I

exp erimen t w as not su�cien t to suppress the en tire neutron �ux. Mon te

Carlo sim ula t i o ns, including the imp erfections of the shield, tended to con-

�rm this in terpretation.

2.2 The EDEL WE S S- I I setup

The �rst protection against bac kground is pro vided b y the c hoice of the

lo catio n (LSM), with an o v erburden of ab out 1700 m of ro c k, equiv alen t to

4800 m of w ater, reducing the cosmic m uon �ux do wn to 4.5 � /m

2
/da y , that

is ab out 10

6
times less than at the surface, see Fig. 2.2.

T o reduce en vironmen tal bac kground, all material s used in the vicinit y of

the detectors ha v e b een tested for their radiopurit y with a dedicated HPGe
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detectors. The material w ere selected for giving an estimated coun ting rate of

less than 0.001 coun ts/kg � d in the detectors. A class 10

4
clean ro om surrounds

the upp er lev el of the setup sho wn in Fig. 2.3. A class 100 lami nar �o w with

deradonised air ( � 0.1Bq/m

3
) is used when moun ting the detectors in the

cry ostat in order to reduce the dep osition of con taminati o n on the surfaces.

The gamma bac kground is screene d b y a 20 cm thic k lead shielding

around the cry ostat.

In the exp erimen tal v olume of the cry ostat the neutron bac kground is

atten uated b y three orders of magnitude thanks to a 50 cm thic k p oly eth ylene

shielding. In addition, an activ e m uon v eto with a co v erage of more that 98%

tags the m uons in teracting in the lead shield and pro ducing neutrons (m uon

induced in ternal neutrons) [94 ].

The residual neutron bac kground comes from high energy neutrons pro-

duced b y m uons that are not tagged b y the v eto system and b y neutrons from

238
U �ssion in the lead shielding. This m uon-induced high energy neutrons

will ev en tually set a lim i t for the EDEL WEIS S exp erimen t. But this can

b e lo w ered signi�can tly with signature of neutron, suc h as m ulti pl e n uclear

recoil ev en t rate (WIMPs only scatter o� n uclei in one detector, but neutrons

can scatter o� n uclei in sev eral detectors) as w ell as the energy sp ectrum of

neutrons from Mon te Carlo sim ula t i o ns.

By Mon te Carlo sim ula t i o ns the n uclear recoil rate ab o v e 10 k e V in

the detectors is estimated to b e < 10

� 3
evt/kg/d [100 ]. That corresp onds

to a WIMP-n ucleon cross-section sensitivit y of 10

� 8
pb for a WIMP mass

of � 100 Ge V/c

2
, impro vi ng the sensitivit y of a factor 100 compared to

EDEL WEIS S -I, and comp etitiv e with CDMS-I I [74 ].

The diluti o n cry ostat is of a rev ersed design, with the exp erimen tal c ham-

b er on the top of the structure. Its large v olume (50 l) can host up to 40 kg

of Ge detectors arranged in an hexagonal compact w a y , that will allo w in-

creasing the probabili t y of neutron coincidences.

2.3 Detectors

In teracting with matter, a particle loses all or only a part of its energy in

the target. The goal is to measure this energy dep osit and, sim ulta neously ,

an ionizati o n signal if the electrons are emitted b y the atomi c system or a

scin till a t i o n signal corresp onding to electrons de-excitation in lig h t, dep end-

ing on detector material . It m ust b e p oin ted out that only a fraction of the

energy dep osit is con v erted in suc h kind of signals. In crystal most of the

energy dep osit will turn in to heat b y phonons, propagating from the in terac-

tion p oin t of incomi ng particle in the target where they are generated. The
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Figure 2.3: General sc heme of the EDEL WEISS -I I exp erimen t. F rom Out-

side to inside: The outer shell is the m uon v eto system, foll o w ed b y the

p oly eth ylene shield and the inner lead shielding. The upp er part can b e

op en to ha v e access to the cry ostat whic h houses the b olometers.
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ionizati o n energy is also con v erted to heat when c harges recom bine or are

collected.

The EDEL WEIS S detectors rely on the detection of ionizati o n and heat.

This sim ulta neous measuremen ts enable the rejection of radioacti vi t y bac k-

ground from gammas particles. The detectors are the so called �double detec-

tion b olometers�. They com bine b olometer tec hnology for heat measuremen t

and the semiconductor tec hnique for ionizati o n c hannel.

Heat Bolometers b ene�t from go o d baseline resolutions and v ery lo w energy

thresholds. In addition it allo ws the full detection of lo w-energy ionizi ng par-

ticles as it is fully e�cien t ev en for surface in teractions. On the other hand

the slo w time constan ts of heat signals and the cry ogenic temp eratures are

constrain ts. These extreme temp eratures are needed in order to maximi ze the

temp erature increase induced b y the scattering particle, as the sp eci�c heat

capacit y of a crystal is prop ortional to the third p o w er of the temp erature.

A b olometer is made up of t w o elemen ts: the absorb er where the in ter-

action tak es place and a thermal sensor measuring the temp erature increase.

The role of absorb er is to thermali ze the energy dep osit due to scattering of

incomi ng particle on target material as so on as p ossible. As said b efore, its

sp eci�c heat capacit y m ust b e k ept to the mini m um using cry ogenic temp era-

tures of order of mK. In addition the absorb er is b etter to b e a pure dielectric

and diamagneti c crystal so that only the latti ce crystal (atomi c vibrations)

con tributes to the sp eci�c heat capacit y . F or instance metals are not go o d

b olometer absorb ers b ecause in addition to the phonons con tribution the

nearly-free electron gas, c haracterizing conductors, supplies a not negligi bl e

share to the sp eci�c heat capacit y at cry ogenic temp erature. Here, since w e

w an t to measure sim ulta neously heat and ionizati o n signals the absorb er is

a semi-conductor (germanium ) .

The thermal sensor has to con v ert the absorb er temp erature increase in a

measurable electric signal. The thermal measuremen t used b y EDEL WEIS S

is based on the v ariatio n of a resistance R of a small � mm

3
germanium crys-

tal with a high lev el of impuri t i es resulting b y an exp osition to a con trolled

thermal neutron �ux (Neutron T ransm utation Dop ed germanium ; NTD) as

a function of temp erature.

F or lo w temp erature, relation b et w een R and T for these sensors can b e

written [101 ] as R(T) = R0 exp
q

T0
T where T0 is sensor c haracteristic temp e-

rature. T0 and R0 v alues dep end on thermometer t yp e, t ypically few ohms

for the resistance and few Kelvin for temp erature. Here NTD are selcted to

ha v e resistance of the order of magnitude of 1M 
 at a w orking temp erature

of T =20 mK. A constan t electric curren t i is circulated in the sensor. The
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resistance v ariatio n as a function of temp erature R(T) induces a p oten tial

v ariatio n foll o wi ng � V (T) = i � � R(T) , prop ortional to the incomi ng particle

energy dep osit. T ypical v alues of of i are a few nA.

In order to b e sensitiv e to the fully thermali zed phonons the risetime of

the sensor is slo w ( � 1 to 10 ms). This ensure a v ery precise energy measure-

men ts indep enden t of the lo catio n of the in teraction. There is ho w ev er no

sensitivit y to a thermal comp onen ts, that used in the CDMS [72 ] and NbSi

detectors [102 ].

Ionizati on The semiconductor princip e is the same of an ionizati o n c ham-

b er: the measuremen t of ionizi ng radiati o n corresp onding to the collectio n

on electro des of electron-hole pairs created b y the energy loss pro cess. In

a semiconductor energy lev els are formi ng t w o bands separated b y a gap.

The lo w er, almo st fully o ccupied band in an insulator or semiconductor, is

called the v alence band b y analogy with the v alence electrons of individual

atoms. The upp er, almo st uno ccupied band is called the conduction band

b ecause only when electrons are excited to the conduction band can �o w cur-

ren t in these material s. Bet w een the t w o bands the band gap is of the order

of 1 e V (0.7 e V in germanium ) . A t high temp erature the thermal energy

excites electrons in v alence band to the conduction band lea ving b ehind elec-

tron holes that can �o w as curren t exactly lik e a ph ysical p ositiv e c harged

particles. T w o pro cess are in v olv ed: carrier generation describ es mec hanism

b y whic h electrons gain energy and mo v e from the v alence band to the con-

duction band, pro ducing t w o mobil e carriers; while recom binati o n describ es

pro cesses b y whic h a conduction band electron loses energy and re-o ccupies

the energy state of an electron hole in the v alence band.

A t v ery lo w temp erature, the conduction band is essen tially empt y , un-

less carriers are generated b y the in teraction of high-energy electrons. these

carriers recom bine lo call y , unless they are separated b y an external electric

�eld.

The ionizati o n signal is obtained b y the collectio n of these electron-holes

pairs on electro des on the surface of the detector, p olari zed to pro vide the

electric �eld.

The c harge collectio n is incomplete when their migra t i o n is in terrupted.

Three causes ha v e b een p oin ted out:

Crystal impuri t y : c harges �o wing to the electro des could b e trapp ed

b y crystal impuri t y resulting in the formati o n of space c harges (con tin-

uum of c harge distributed o v er a region of space). In order to reduce

this e�ect, data acquisition is stopp ed ev ery da y for ab out one hour
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to p erform detectors regeneration [103 ]. Electro des are short-circuited

and only the space-c harge induced �eld surviv es.T w o strong

60Co  -ra ys

sources are used to generate a large �ux of c harge, whic h will neutral-

ize the previously induced space-c harge. During the data taking the

applied di�erence of p oten tial on electro des V is c hosen large enough

so that losses due to trapping are to o small to b e observ able.

Surface ev en ts : since electrons and alphas particles, for energy of

ab out few tens k e V, ha v e an a v eraged atten uation length of some � m

in germanium crystal, their in teractions o ccur in the vicinit y of de-

tector surface. By di�usion the c harges created in these in teraction

can b e collected on the wrong electro des pro ducing an ionizati o n sig-

nal ab out half small er than the real dep osited one. As men tioned in

subsection 2.1.2, the detector are co v ered b y a germanium or sili ci um

amorphous la y er dep osited b et w een electro de and crystal, in order to

pro vide an energy barrier that prev en ts the random di�usion of c harge

in to electro de.

F ree germanium surfaces : there are some gaps b et w een the elec-

tro des and some electric �eld lines end on this area. The c harges col-

lected on these lines accum ulate on the surface of the detector. The

top electro de for the c harge collectio n is divided in to a cen tral part and

a guard ring; in addition b ev eled edges pro vide a more homogeneous

electric �eld in the v olume b eneath cen tral part of top electro de. The

sensitiv e areas are b et w een the guard and cen tral electro des and the

guard and the reference electro des, see Fig. 2.5. All ev en ts asso ciated

with c harge dep osited on the nak ed germanium surface will tend to

dep osit also some c harge on the guard electro des. Therefore, ev en ts

with a c harge signal on the guard electro de are systematically rejected.

2.3.1 Ge-NTD

The detectors used within the EDEL WEIS S exp erimen t are made of germa-

nium absorb er (target for the inciden t particles) equipp ed with a thermal sen-

sor and with metall i c electro des for c harge collectio n [97 ] and [104 ]. Sc heme

and picture are sho wn in Fig. 2.4. The absorb er is a � 320 g high purit y Ge

cylindrical crystal ( � 70 mm diameter and 20 mm thic kness). Their edges

ha v e b een b ev eled at an angle of 45

�
in order to increase the v olume where

electric �eld lines end up on the cen tral electro de.

The electro des or ionizati o n measuremen t are made of 100 nm Al la y ers

sputtered on the surfaces after etc hing. The top electro des is divided in a
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Figure 2.4: L eft side : b olometer sc heme. R ight side : b olometer picture

cen tral part and a guard ring electricall y decoupled for radial lo cali zati o n

of c harge dep osition; the b ottom electro de is the common reference. The

applied collectio n v oltage V bias is -7V. A ccording to whether the 60 nm h y-

drogenated amorphous la y er is made of germanium or sili con the detector is

named GGA or GSA resp ectiv ely .

The thermal NTD sensor is directly glued on a sputtered gold pad near

the edge of the b ottom Al electro de (Fig. 2.4).

2.3.1.1 Ionizati on measuremen t

The ampli t ude of ionizati o n signal A I is prop ortional to the n um b er of

electrons-holes pairs collected, N . F or electron recoils

A I; / N  =
ER

� 
(2.1)

where ER is electron recoil energy and �  is the a v erage energy needed to

create an electron-hole pair. A t cry ogenic w orking temp erature �  is ab out

3.0 � 0.1 e V in agreemen t with the measuremen t of [105 ]. It is the v alue

used b y the EDEL WEIS S and CDMS exp erimen ts. The ampli t ude A I is

calibrated using

133
Ba gamma - r a y sources to pro vide E I in energy in units

of k e V ee (electron-equiv alen t), using the photo electric p eaks at 356 k e V and

383.9 k e V. This pro cedure p ermits to obtain the normali zed ionizati o n energy

E I for ev ery incomi ng particle that it is written as E I � �  � N I : the energy

necess ary to pro duce N I electron-hole pairs.
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Figure 2.5: Cry ostat pictures sho wing ho w b olometers are housed in to w er.

F or n uclear recoils � n is appro ximatel y 12 e V and v aries as a function of

energy . It means that for a giv en energy dep osit a n uclear recoil generates 4

times less electron-hole pairs than an electron recoil do es. This di�erence is

iden ti�ed b y the so called quenc hing factor for the ionizati o n signal of n uclear

recoils de�ned as Qn = �  =�n

A I;n / Nn =
ER

� n
= Qn

ER

� 
(2.2)

By con v en tion for electronic recoils w e ask that the recoil energy is equal

to ionizati o n energy ER = E I that it means that N I = ER=�  . Th us, rewrit-

ing Eq. (2.1) and Eq. (2.2) w e are able to �nd out the ionizati o n energy for

electronic and n uclear recoil suc h as:

E I; = Q � ER ; (2.3)

E I;n = Qn � ER (2.4)

with Q =1, b y construction.
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2.3.1.2 Heat measuremen t

Due to the bias v oltage needed for the ionizati o n measuremen t w e ha v e to

tak e in to accoun t the Joule heating due to the drift of the c harge carriers

(Negano v-Luk e e�ect [106 ]). The energy generated b y Negano v-Luk e e�ect

is prop ortional to the c harges times the applied v oltage

EN � L = N I V = ER
� e V ,

where e is the c harge of proton and V is the absolute v alue of the applied

p oten tial (a lo w bias v oltage is required to lim i t the Nega v o v-Luk e e�ect). In

analogy with the ionizati o n c hannel, the heat energy , EH for ev ery incomi ng

particle is normali zed in units of k e V ee;

EH �
E

1 + V
� 

(2.5)

with E the total measured energy: E = E  + EN � L .

The total measured energy for the heat c hannel has th us t w o con tribu-

tions: the recoil energy ER (ev en tually lo w ered b y a heat quenc hing factor

Q0
n ) and the Negano v-Luk e e�ect EN � L resulting in the foll o wi ng form ula e:

E  = ER +
ER

� 
V = ER(1 +

V
� 

) (2.6)

for electronic recoils and:

En = Q0
nER +

ER

� n
V = ER(Q0

n +
QnV

� 
) (2.7)

for n uclear recoils. In conclusion, putting all these inputs together w e

obtain the heat energy for electron ( EH; ) and n uclear ( EH;n ) recoils as foll o w:

EH; = ER (as assumption); (2.8)

EH;n = ER

Q0
n + Qn V

� 

1 + V
� 

: (2.9)

Ph ysics need: (Q, E r ) plane

T o sum up what w e ha v e done till no w, here it is normali zed ionizati o n

and heat energy

E I = Q � ER (2.10)

EH = ER

Q0+ QV
� 

1 + V
� 

(2.11)
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where ( Q; Q0
) are equal to ( Qn ; Q0

n ) and to (1,1) for n uclear and electronic

recoils, resp ectiv ely .

It is not p ossible to determine the three quan tities ER , Q and Q0
from

these t w o equations. Careful in v estigatio n rev eals that Q0
is close to one for

germanium crystal [107 ], and w e adopt the v alue Q0
=1 as CDMS. With Q0

�xed at one, the v ariable Q and ER can b e express e d as a function of ( E I ,

EH ):

ER = (1 +
V
� 

)EH �
V
� 

E I (2.12)

Q =
E I

ER
: (2.13)

With regard to the ionizati o n quenc hing factor, noticing that it is a func-

tion of recoil energy and of target material , within the EDEL WEIS S collab-

oration a surv ey based on calibrati o n of germanium n uclear recoils has b een

carried out [108 ] resulting in Qn = 0:16� E 0:18
R . Nuclear ev en ts are th us iden-

ti�ed b y this exp erimen tal v alue of Q equal to Qn and di�eren t from one,

within uncertain ties.

A problem arises for those ev en ts where the c harge collectio n is incomplete

suc h as surface ev en ts. If only half the c harges are collected the exp erimen tal

Q is 1/2. By construction ER will still equal to the dep osited energy but the

heat signal will b e a�ected b ecause of the reduced con tribution to Nega v o v-

Luk e e�ect. It means that these ev en ts leak from the electron recoils band

do wn to the n uclear recoils band, as the fraction of collected c harge decreases .

2.4 Electroni cs and data acquisit i o n

The three ph ysical quan tities measured for eac h detector are: t w o ionizati o n

signal ( center coming from c harge collectio n on cen tral top electro de and

guard from c harge collectio n on the guard ring) and heat signal (from the

NTD thermal sensor).

The main signal sp eci�cations are related to their risetimes and deca y

times. F or the heat signal the risetime is of the order of 1-10 ms and the

deca y time in the 50-500 ms range. The ionizati o n is in trinsi cal l y faster:

risetime and deca y time are � 100 ns.

The electronics ha v e to b e designed making a compromi se b et w een putting

radioacti v e comp onen ts as far as p ossible (in addition, some comp onen ts do

not w ork at cry ogenics temp eratures) and putting electronics comp onen ts as

close as p ossible to reduce noise due to stra y capacitances and microphoni cs.
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The main goal is to obtain a � k e V FWHM baseline resolutions b oth for heat

and ionizati o n signals.

The acquisition system has to manage the data, digiti zi ng them in a

con tin uous �o w for constan t baseline monitor i ng. Sync hronization and time

informa t i o n b et w een c hannels are p erformed using a common clo c k and a

common con trol of sampli ng frequency , in order to easily iden tify and sub-

tract common noise patterns due to electronics.

The signals are ampli �ed and digiti zed at a rate of 100 kHz as so on as

they exit the cry ostat in lo w radioacti v e electronic mo dules plugged directly

to the cry ostat.

The trigger is de�ned n umericall y b y requesting that the absolute v alue of

an y c hannel exceed s a giv en threshold. The trigger can b e based on ionizati o n

or heat c hannels, after applying n umerical �lters. F or the 8

th
co ol do wn of

EDEL WEIS S -I I, the trigger is based on heat c hannel resulting in a b etter

sensitivit y at lo w energy in comparison to ionizati o n trigger [109 ]. In fact,

for lo w v alues of applied v oltage, the ionizati o n signal for electronic and

n uclear recoils di�ers b y ab out a factor three while the heat ampli t ude rests

constan t for the t w o recoils.

Phonon trigger con�guration requires that one of heat c hannel exceed s a

prede�ned lev el. When a trigger is found the relev an t ionizati o n informa t i o n

lies in the past since its rise-tim e ab out 1000 times faster than ionizati o n one.

F or this reason, the data stored on disk for eac h trigger are the heat

c hannels in a � 256 ms windo w around the trigger time, and a (-30.72 ms,

+10.24 ms) windo w for the ionizati o n c hannel.

Some features ha v e to b e tak en in to accoun t: the presence of a dead time

of 250 ms whic h represen ts the time after eac h ev en t during whic h the system

is not able to record another ev en t, and a signal saturation (ab out 2.5 Me V

for ionizati o n signal and 3 Me V for heat c hannel) that is m ust b e tak en in to

accoun t in a high energy analysis.
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Data Analysis

In this c hapter the di�eren t steps in the data analysis c hain are detailed. I

will start describing the o�ine re-pro cessing of the data stored during the ac-

quisition, stressing out the metho d to obtain stable (as reference to baseline

resolution) and go o d (lo w energy threshold) data. The goals of this analysis

are a b etter understanding of radioacti v e bac kground p ermeating the EDEL-

WEISS exp erimen t and to obtain n uclear recoil ev en ts asso ciable to WIMP

candidates.

The energy range for these recoils is constrained b y the results obtained

during EDEL WEIS S -I and the commi ssio ni ng runs conclusions in agreemen t

with a remnan t

210
Pb con taminati o n. This pro duces a � con taminati o n of the

n uclear recoil band at lo w recoil energies ( ER < 30 k e V) due to a surface ev en ts

as w as recorded in the previous stage of EDEL WEIS S (see Subsection 2.1.2).

F or this reason, the lo w er recoil energy b ound has b een set at 30 k e V.

Th us, the �WIMP-lim i t analysis� range starts at 30 k e V recoil energy

requesting also the e�ciency at this energy to b e close to 90% and excluding

the region where the  -ra y rejection is w orse than 99.9%. F or this latter, w e

can tak e in to accoun t for analysis only detectors ha ving the in tersection of

their  band at 99.9 % rejection and their neutron band at 90 % e�ciency ,

called magic p oint , lo w er than 30 k e V.

The analysis steps are the foll o wi ng. The �rst step is to determine the

ampli t ude of the di�eren t measured c hannels, con tin uing with their energy

calibrati o n. Afterw ards, resolutions measuremen ts are an essen tial task: w e

remo v e noisy p erio ds b y monitor i ng the baseline resolutions. In addition,

this v alues are required to determine the gamma band (electronic recoils

zone for 99.9% e�ciency) and the neutron-WIMP band (n uclear recoils zone

for 90% e�ciency). Energy threshold calculati o ns complete the de�nition

of the recoil zones. With these prescriptions on hand, w e can describ e the

WIMP candidate selection.

57
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3.1 Signal Pro cessing

Recorded ev en ts are re-pro cessed o�ine. In the o�ine analysis the data are

�ltered with digita l �lters and then adjusted with templates of ionizati o n and

heat signals taking in to accoun t the sim ulta nei t y of cen ter, guard and heat

signals.

There is one template for eac h measuremen t c hannel and for eac h de-

tector. T emplates are built with a sample of selected 356 k e V ev en ts from

calibrati o n runs with the

133
Ba source. It has b een v eri�ed that templates

are not time dep enden t. Figure 3.1 sho ws examples of �ltered ionizati o n and

heat pulses (full lines) with reference template �ts (dashed lines). The go o d-

ness of �t is de�ned b y the v alue of a pseudo- � 2
whic h do es not dep end on

pulse ampli t ude. This is de�ned as � 2 =
P N

i =1 (datai � f it i )2
, where N is the

n um b er of �tted samples. This pseudo- � 2
is in units of (ADU)

2 1

and is not

normali zed to the errors on the data, since the noise is not random. This � 2

is useful to compare the data from ev en ts to ev en ts. A larger � 2
indicates a

p o or mo del �t.

The piled-up pulses, practicall y negligi bl e in lo w-bac kground runs are

more dangerous in calibrati o n runs b ecause of a higher ev en t rate due to the

source activit y . The � 2
v alues are used to reject pile-up ev en ts in calibrati o n

runs only .

In the phonon trigger data, some ev en ts are due to in ternal radioacti vi t y

of the NTD sensor. F or these ev en ts the dep osited energy in the sensor is

accompanied b y no ionizati o n signal. These ev en ts are c haracterized b y a

faster heat pulse. They are iden ti�ed b y pro cessing t wice eac h heat sample:

at the b eginning with the normal reference and then with the NTD-ev en t

pulse template. The discrimi nat i ng v ariables is the � 2
b et w een the t w o �ts.

The latter template is built using a small sample of suc h ev en ts with a large

ampli t ude detected b y absence of ionizati o n signal and a large � 2
v alue for

the �t with reference template. In Fig. 3.2 an example of suc h NTD pulse is

giv en.

3.2 Energy Cali br a t i o n

The signals recorded (b oth ionizati o n and heat) are �rst calibrated using

133
Ba gamma- r a y sources, pro ducing energetic electron recoils (up to 383.9 k e V).

This energy scale is called k e V-equiv alen t-electron (k e V ee) since the energy

1

Analog-to-dig ita l unit. A n um b er represen ting an ADC output (Analog-to-Digita l

Con v erter). The relationship b et w een the ADUs and the v oltage output of the ampli�er

dep ends on the ADC range and its n um b er of bits.
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Figure 3.1: Exemple of �ltered heat and ionizati o n (cen ter and guard) pulses.
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Figure 3.2: Exemple of �ltered heat NTD pulses, in blac k, adjusted with the

normal shap e reference in red (top pannel) and with the NTD shap e reference

(b ottom pannel).
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Figure 3.3: Cen ter, guard and total ionizati o n energy sp ectra. The gains are

found b y adjusting the p eaks at 356 k e V and 383.9 k e V.

v alue corresp onds to the actual energy dep osit only for electron in teractions.

In

133
Ba  -ra y calibrati o n run the 356 k e V and 383.9 k e V p eaks are clearly

visible on the sp ectra, all o wi ng a precise calibrati o n of ionizati o n signal, as

sho wn in Fig. 3.3. Because of parasite capacitance b et w een the cen tre and

the guard electro des, a c harge fully collected on an electro de also induces

a signal on the other. This cross-talk of a few p ercen ts is purely linear and

remains constan t in time for a giv en detector if no problems o ccur. As sho wn

in Fig. 3.4 it can b e easily corrected o�ine.

The ionizati o n cross-talk � and gains � are determined from the kno wn

energies E I of the p eaks from the Equation:.

E Ic;Ig = � Ic;Ig (A Ic;Ig + � Ic;Ig � A Ig;Ic ) (3.1)

where A Ic and A Ig are resp ectiv ely cen ter ionizati o n ampli t ude and guard

ionizati o n ampli t ude in ADU. The total ionizati o n signal is de�ned as the

sum of cen tral electro de and guard ring signal ampli t ude after correction of

the cross-talk and calibrati o n of the t w o c hannels.

The heat signal ampli t ude A H is p erio dical l y calibrated using the same

133
Ba gamma- r a y sources, Fig. 3.5. In con trast with ionizati o n, heat app ears

to b e sensitiv e to long term drifts of the NTD temp erature: for instance
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Figure 3.4: Cen ter v ersus guard ionizati o n signal for

133
Ba  -ra y calibra-

tion data acquisition of ab out 20 hours. L eft side : without an y crosstalk

corrections. R ight side : with cross talk correction.

it ma y v ary of few p ercen t sev eral hours after cry ogenic Helium transfers.

Th us, b et w een t w o  -ra y calibrati o n runs w e ha v e to monitor the heat cali-

bration using data from lo w-bac kground runs themselv es b y setting a v erage

quenc hing factor v alue to 1 for electron recoils.

The heat c hannel has a non-li neari t y that is w ell repro duced b y the fol-

lo wing parametrizati o n:

EH � L = AH � � (3.2)

EH = EH � L � (1 + � log(EH � L =356)) (3.3)

where AH is the ampli t ude (in ADU), EH � L is the heat energy in k e V

calibrated using only the linear term � , and EH is the heat c hannel in k e V

with the full calibrati o n.

The parameters � and � are determined from the ratio of the ampli t ude

AH to the calibrated ionizati o n energy . When p ossible, only pure cen ter

ev en ts are used. T ypical v alues for � are of the order of � 0.05.

F or guard ev en ts, it has b een observ ed that the heat pulse shap e is not the

same as for pure cen ter ev en ts b ecause of cross-talk e�ects b et w een ionizati o n

and heat. F or these ev en ts, the EH � L v alue is calculated as:

EH � L = AH � �=r
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Figure 3.5: T op p annel : heat o v er ionizati o n signals sp ectrum in the pure

cen ter v olume. Noticing that for  -ra y the ionizati o n signal has to b e equal

to the heat signal, the distributio n has to b e set at one. Midd le : ionizati o n

signal as a function of heat signal. As ab o v e,  -ra y ev en ts will tak e place

along the diagonal . This t w o �rst plot allo w the linear calibrati o n of heat

c hannel ( � co e�cien t). Bottom p annel : heat o v er ionizati o n signals as a

function of ionizati o n signal for the cen ter selection. This close-up all o ws a

more precise determinatio n of the � parameter.
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where r is a ratio close to 1. F or in termediate ev en ts (signi�can t signal on

b oth cen ter and guard), the calibrati o n is:

EH � L = 2 � AH � �= (1 + r )

3.3 Resoluti o n of heat and ioni za t i o n c hannels

Signal resolutions are needed in order to determine electronic and n uclear

recoil zones but esp ecially to determine if a detector can b e used for WIMP

searc hes. F or eac h detector, the baseline resolutions of the heat and the t w o

ionizati o n c hannels are regularly con trolled b y insp ecting the distributio n of

�tted ampli t udes in ev en ts where the trigger o ccurred in another detector.

In these �ts, the pulse is �xed to the p osition giv en b y the trigger detector.

These data sho w that the noises of the three c hannels are not correlated.

The ionizati o n baseline resolution � 0
I can therefore b e written as a function

of the v alues for cen ter and guard as:

(� 0
I )2 = ( � 0

center )2 + ( � 0
guard )2

(3.4)

A v erage v alues obtained during the studied gamma and lo w bac kground

runs are giv en in T ab. A.1.

The

133
Ba calibrati o ns giv e a measuremen t of the resolutions for the ion-

ization and heat signals at 356 k e V. T ypical v alues obtained for detectors

studied are giv en in T ab. A.2.

Heat and ionizati o n signal resolutions ha v e b een parametrized as a func-

tion of the electron-equiv alen t energy as foll o w:

� I;H (E) =
q

(� 0
I;H )2 + ( aI;H E)2; (3.5)

where factors aI and aH are deduced from the resolutions at 0 and

356 k e V.

aI;H =

q
� 2

I;H (356) � � 2
I;H (0)

356
: (3.6)

3.4 Electron and n uclear recoil zones standard

deviati o ns

No w w e can determine electron and n uclear recoil zones using the measured

resolutions � . Figure 3.6 sho ws a (Q, E r ) data distributio n obtained with an
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