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Abstra
tIn this thesis, we investigate the prospe
t of observing a well-motivated 
an-didate for dark matter � the neutralino � in the future I
eCube neutrinoteles
ope. The neutralino is the lightest supersymmetri
 parti
le of the mini-mal supersymmetri
 extension of the Standard Model. It has been suggestedthat high energy neutralinos and neutrinos are produ
ed in the de
ay of su-perheavy dark matter parti
les. High energy neutralinos 
ould intera
t withmatter in a neutrino teles
ope and produ
e observable muons. A 
hallengeis then to di�erentiate between muons originating from neutralinos and fromneutrino-produ
ed muons.To model neutralino intera
tions with matter, we 
onsider the neutralino
ross se
tion in the squark-resonan
e approximation. The results dependheavily on the mass of the squark. We 
onsider two 
ases for the mass ofthe squark, mq̃ = 1 TeV and mq̃ = 250 GeV. For a given �ux, we 
al
ulatethe 
orresponding event rates. Our results show that it is unlikely to dete
ta neutralino signal for either of the 
ases in I
eCube. On the positive side,it is possible to di�er between neutrinos and neutralinos in the 
ase of mq̃ =
1 TeV. In order to dete
t an unmistakable neutralino signal, the volume ofthe dete
tor has to be extended, or new observation te
hniques have to bedeveloped.
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�The most beautiful thing we 
an experien
e isthe mysterious. It is the sour
e of all true artand all s
ien
e. He to whom this emotion is astranger, who 
an no longer pause to wonder andstand rapt in awe, is as good as dead: his eyes are
losed.� Albert Einstein
1Introdu
tionThere is almost a general 
onsensus among astronomers that most of thematter in the Universe is dark. We 
all the matter dark be
ause it doesnot emit or re�e
t enough ele
tromagneti
 radiation to be dete
ted. So far,we have only inferred the presen
e of dark matter from its gravitationale�e
ts on luminous matter, but it may have ele
tromagneti
, weak or strongintera
tions as well. The fa
t that we know so little about it, makes thenature of dark matter one of the most intriguing problems in physi
s.The numerous observational 
osmology experiments that has been 
arriedout in re
ent years have given us a better understanding of the Universe.There seems to be a 
lose 
onne
tion between 
osmology and fundamentalphysi
s. The problem of dark matter is deeply rooted in elementary parti
lephysi
s. In order to solve the dark matter problem, joint e�orts between
osmologists and parti
le physi
ists are ne
essary.The possibility of observing a hypotheti
al non-baryoni
, supersymmetri
dark matter 
andidate � neutralino � is the topi
 of this thesis. In order toobserve su
h a parti
le one has to understand the nature and properties ofthe parti
le in mind. The neutralino 
an 
onstitute the missing dark matterby itself, or it 
an be a stable parti
le resulting from the de
ay of anotherdark matter parti
le � a supermassive parti
le X. It is assumed that su
ha de
ay would produ
e a parti
le 
as
ade, with high energy neutrinos andneutralinos among the end produ
ts. To observe these weakly intera
tingparti
les, we have to look for upward-going muons, produ
ed in 
harged-
urrent intera
tions with the matter below a dete
tor.The ba
kground for this signal 
onsists of showers generated by ultra-highenergy 
osmi
 neutrinos. To establish a 
lear neutralino signal, it is ne
essaryto di�erentiate the neutralinos from neutrinos. The neutralino-nu
leon 
rossse
tion depends on the 
hoi
e of parameters of the neutralino. If this 
ross1



1. INTRODUCTIONse
tion is signi�
antly smaller than the neutrino-nu
leon 
ross se
tion, theywill have very di�erent absorption properties in the Earth. Thus, it shouldbe possible to �lter out the ba
kground neutrinos by using the Earth as a�lter. Given a su�
ient 
osmi
 �ux, these neutralinos may be dete
ted infuture experiments.The outline of this thesis is as follows. We will start in 
hapter 2 withthe role of dark matter in 
osmology. Then we will 
ontinue with presentingsome of the eviden
e for dark matter before we give an overview of some ofthe proposed dark matter 
andidates and how they 
an be produ
ed. Aftera brief outline of the supersymmetri
 theory in 
hapter 3, the properties andpossibilities for neutralino dark matter are shown in se
tion 3.4.1. Chapter 4
on
erns the indire
t dete
tion of neutrinos and neutralinos via deep inelasti
s
attering on nu
leons. The likelihood of su
h pro
esses is linked to the
ross se
tions. The 
ross se
tions of neutrinos and neutralinos are dis
ussedand numeri
al evaluation of these will be presented in se
tion 4.4 and 4.5,respe
tively.We then explain the e�e
t the Earth has on the parti
le �uxes, and 
al-
ulate the mean ranges of muons and the shadowing fa
tors on the �uxes. Inthe end, we 
al
ulate the event rates for dete
ting high energy neutralinosin the high energy neutrino teles
ope I
eCube. The results are dis
ussed in
hapter 5 before the 
losing remarks are given in 
hapter 6. For 
omplete-ness, we present some sele
ted Feynman rules, the Pauli and Dira
 matri
esand some tra
e rules in the appendi
es.

2



�It is not 
lear how these startling results mustultimately be interpreted.� Fritz Zwi
ky
2The nature of dark matter2.1 Dark matter and 
osmology2.1.1 The Standard Model of 
osmologyThe standard model of 
osmology is the hot Big Bang model, in whi
h theUniverse expanded via an explosion � the Big Bang � of an initial sin-gularity of in�nitely high density. After the Big Bang, the Universe hasexpanded and 
ooled to rea
h its present state. Today, we per
eive that theobservable Universe is a homogeneous, isotropi
 and expanding Universe. Ahomogeneous, isotropi
 spa
etime is one for whi
h the geometry is spheri-
ally symmetri
 about any one point in spa
e (isotropi
) and the same pointin spa
e as any other (homogeneous)1. Although the Universe seems inho-mogeneous 
onsidering its lumpy distribution of galaxies and their galaxy
lusters � the large-s
ale stru
ture of the Universe � it is approximatelyhomogeneous on distan
e s
ales above several hundred megaparse
s2.The Universe 
an be des
ribed by the Friedman-Robertson-Walker familyof 
osmologi
al models. The metri
 for a homogeneous, isotropi
 
osmolog-i
al model expressed in 
omoving 
oordinates (t, r, θ, φ) and natural units(c = ~ = kB = 1) is

ds2 = dt2 − a2(t)

[
dr2

1 − kr2
+ r2(dθ2 + sin2θ dφ2)

]

, (2.1)where a(t) is the s
ale fa
tor, whi
h represents the relative expansion of theUniverse, and the 
urvature k = 1, 0,−1 for 
losed (spheri
al geometry), �at1The assumption of a homogeneous and isotropi
 Universe, known as the 
osmologi
alprin
iple, means that no observer o

upies a spe
ial position in the Universe.21pc = 3.086 × 1016 m = 3.262 ly. 3



2. THE NATURE OF DARK MATTER(Eu
lidean geometry) or open (hyperboli
 geometry) universes, respe
tively.The 
omoving 
oordinates of any point in spa
e remain 
onstant in time aslong as the expansion of the Universe is perfe
tly homogeneous and isotropi
.The physi
al distan
e d between two points 
omoving with respe
t to the
osmologi
al expansion in
rease linearly with the s
ale fa
tor
d ∝ a(t). (2.2)The expansion rate is determined by the Hubble parameter

H(t) ≡ ȧ(t)

a(t)
. (2.3)The Hubble parameter is not 
onstant, but is time-dependent. The Hubbletime (or Hubble radius) H−1 sets the s
ale of the expansion.A spatially �at Universe is only rea
hed for a 
ertain density, whi
h we
all the 
riti
al density. This is given as [1℄

ρc ≡
3H2

0

8πG
≈ 1.88 × 10−29h2g/
m3, (2.4)where G is the Newtonian gravitational 
onstant, and

H0 ≡ H(t0) ≡
ȧ(t0)

a(t0)
(2.5)is the Hubble 
onstant whi
h determine the present expansion rate of theUniverse. We will in this 
hapter denote the present values of all quantitieswith a zero. The present day normalized Hubble expansion rate is [1℄

h ≡ H0

100(km/s/Mp
) = 0.73+0.04
−0.03. (2.6)It is 
onvenient to normalize to this density, so that the 
osmologi
aldensity parameter of a spe
ies i is quoted using

Ωi =
ρi

ρc

, (2.7)where ρi is the density of the spe
ies averaged over the Universe, and ρc isthe 
riti
al density. To get the total density parameter Ωtot, we sum up allthe 
ontributions from the di�erent spe
ies. If we 
ould measure the presenttotal density relative to the 
riti
al density,
Ωtot ≡ ρ0

ρc

, (2.8)we 
ould determine the 
urvature of the Universe. If Ωtot = 1 the Universe isEu
lidean, i.e. �at. An Ωtot > 1 implies a 
losed Universe, while an Ωtot < 1implies an open Universe. 4



2.1. DARK MATTER AND COSMOLOGY2.1.2 Problems of standard 
osmologyThe Universe as we observe it today seems �at, and thus the preferred 
osmo-logi
al model is a spatially �at Universe. However, for the Universe to looklike today, very �ne tuned initial 
onditions near the Big Bang are needed,whi
h seems highly unlikely. Several problems arise from this fa
t. Amongthese problems are the horizon problem and the �atness problem.The horizon problemDetermining why the Universe is homogeneous and isotropi
 is known as thehorizon problem. The parti
le horizon demar
ates the boundary between theobservable Universe and the part of the Universe from whi
h light signals havenot rea
hed us. Assuming that the Universe is �at, the maximum distan
elight has traveled sin
e the beginning of the Universe, t = 0, is
dH(t) = a(t)

∫ t

0

dt′

a(t′)
=

t

1 − n
for a ∝ tn. (2.9)The s
ale goes like a ∼ t2/3 for a matter dominated Universe, and a ∼ t1/3for a radiation dominated one. In standard 
osmology, the horizon distan
eand the Hubble radius is essentially equal:

dH ∝ H−1. (2.10)In the present Universe, points in regions separated by vast distan
es arenot in 
ausal 
onta
t with ea
h other, that is, these regions have not yet hadthe time to 
ommuni
ate with ea
h other via light signals. There are at least
∼ 105 separate regions in the Universe that are 
ausally dis
onne
ted [2℄.Sin
e no physi
al intera
tion 
an travel faster than the speed of light, wewould expe
t that the physi
al properties of the regions should be di�erent,yet they are the same. For instan
e, the 
osmi
 mi
rowave ba
kground hasalmost the same temperature everywhere in the sky, measured to be (2.725±
0.001) K [1℄.The �atness problemThe energy density in the Universe today is very 
lose to the 
riti
al density,
Ω0 = 1.003+0.013

−0.017 [1℄. Both the average density of the Universe and the
riti
al density 
hange with time. If the 
urrent value of Ω is extrapolatedba
kwards in time, the energy density be
omes even 
loser to unity. At the
losest theoreti
ally time we 
an get to the Big Bang, at one Plan
k time
tPl =

√
G ≈ 5.39121 × 10−44 se
, the value of Ω is su
h that Ω ≤ 1 ± 10−60.5



2. THE NATURE OF DARK MATTERIf Ω was only slightly larger or smaller than unity in the instant followingthe Big Bang, the Universe would either qui
kly re
ollapse or qui
kly rea
h astate of maximal entropy with a temperature of the Universe 
lose to absolutezero. This remarkable 
loseness of Ω to unity in the early Universe is knownas the �atness problem.2.1.3 The in�ationary UniverseA solution to both of these problems is the hypothesis [3, 4, 5℄ of an in�a-tionary Universe, in whi
h the Universe experien
ed a phase of exponentialexpansion, with a s
ale fa
tor growing like
a(t) ∝ eHt, H = const. (2.11)within a time interval t ǫ [ti, tR], where ti is the initial time at whi
h in�ationbegins and tR is the reheating time at whi
h in�ation ends.In�ation solves the horizon problem by proposing that prior to the in�a-tionary period, the entire observable Universe was 
ausally 
onne
ted. Dur-ing in�ation, the 
ausal regions are stret
hed on s
ales mu
h larger than theHubble radius. Be
ause the spa
etime ba
kground expands exponentiallywith the s
ale fa
tor, whereas the Hubble radius remains approximately 
on-stant, parti
les that initially were in 
ausal 
onta
t with another 
an nolonger 
ommuni
ate. Large s
ale homogeneity is assured sin
e the physi
alproperties were established before in�ation took pla
e, and any small inho-mogeneity would diminish as the Universe rapidly stret
hes. The alreadyhomogeneous region is then stret
hed by in�ation to be
ome large enough toen
ompass the entire observable Universe, as shown in �gure 2.1.After in�ation ends, and the Universe enters the radiation/matter domi-nant era, the parti
le horizon begins to grow faster than the spa
etime. Whenwe look at the sky today, we are still seeing the regions of uniformity thatwere stret
hed outside the parti
le horizon during in�ation [2℄.The �atness problem is solved naturally in in�ationary models, sin
e theradius of 
urvature of the Universe today should be mu
h greater than thepresent Hubble radius. Thus in�ation predi
ts a �at Universe.Even though in�ation guarantees homogeneity (on large s
ales), we donot want the Universe to be 
ompletely homogeneous at the end of in�ation,or else there would be no stru
ture formation. It turns out that in�ation
an also provide density perturbations. During the expansion, it is possiblethat tiny quantum �u
tuations in the in�aton �eld � the s
alar �eld whi
his thought to be responsible for in�ation � lead to the ne
essary densityperturbations. 6



2.1. DARK MATTER AND COSMOLOGY

Figure 2.1: The solution to the horizon problem. The line marked as �Stan-dard Theory� shows the radius of the region that evolves to be
ome thepresently observed Universe, as des
ribed by the traditional Big Bang the-ory. Be
ause of the tremendous growth during in�ation, the in�ationary
urve shows a mu
h smaller Universe than in the standard period before in-�ation. The uniformity of the Universe is established at this early time. Theregion is then stret
hed by in�ation to be
ome large enough to en
ompassthe observed Universe [6℄.
7



2. THE NATURE OF DARK MATTERIn most models, in�ation o

urs at an energy s
ale M ∼ 1014 GeV whenthe Hubble time is only about H−1 ∼ 10−34 se
 [7℄. It is driven by a negative-pressure va
uum energy density that is the dominant energy density of theUniverse on
e the temperature fall below the 
riti
al temperature Tc ≃ M .The initial entropy 
ontained within the in�ating pat
h was far less than inour present Universe. During the expansion, the Hubble volume 
ools like
T ∝ exp(−Ht) with the entropy �xed.At the end of in�ation, the va
uum energy of the in�aton �eld is trans-ferred to ordinary parti
les. As the parti
les thermalize, the Universe isreheated (typi
ally at TRH ≃M), 
ausing a massive entropy produ
tion. Af-ter in�ation ended, the entropy remained 
onstant as long as the expansionwas adiabati
.2.1.4 The Con
ordan
e Model of 
osmologyObservations of the 
osmi
 mi
rowave ba
kground, supernova Ia data and thelarge-s
ale stru
ture of the Universe have established a Con
ordan
e Modelof 
osmology, in whi
h the Universe 
onsists of 76 % dark energy, 20 % darkmatter and 4 % baryoni
 matter [1℄. This model is 
alled ΛCDM, whi
h isan abbreviation for Lambda-Cold Dark Matter.The Λ stands for the 
osmologi
al 
onstant whi
h is a dark energy termthat allows for the 
urrent a

elerating expansion of the Universe. Cold darkmatter (CDM) is the prevailing model of dark matter, in whi
h dark matteris explained as being non-relativisti
 at freeze-out, i.e. 
old. It is a bottom-upmodel, where stru
tures grow hierar
hi
ally, with small obje
ts merging toform more and more massive obje
ts. This is in agreement with observationsof large-s
ale stru
ture. But the theory does not explain the fundamentalphysi
al origin of dark matter. That is yet to be de
ided.2.2 Eviden
e for dark matterThe existen
e of dark matter was �rst proposed in 1933 by the astronomerFritz Zwi
ky [8℄. He applied the virial theorem of 
lassi
al me
hani
s to theComa galaxy 
luster to determine its total mass, and noti
ed that the 
lusterhad to 
ontain more mass than 
ould be a

ounted for by luminous matter.The virial theorem states that the time average of the total gravitationalbinding energy in a bound system should be twi
e the time average of thetotal kineti
 energy,

2〈Ekin〉 + 〈Epot〉 = 0. (2.12)8



2.2. EVIDENCE FOR DARK MATTERThe angle bra
kets denote time averaged quantities. The gravitational poten-tial energy of a system with N galaxies, ea
h of whi
h 
an be approximatedas a point mass, with a mass mi (i = 1, 2, ..., N), a position ~xi and a velo
ity
~vi, is

Epot = −G
2

∑

i,j
j 6=i

mimj

|~xj − ~xi|
. (2.13)The kineti
 energy is

Ekin =
1

2

∑

i

mi|~vi|2 =
1

2
M
lusterv̄2, (2.14)where the mean square velo
ity of all the galaxies in the 
luster is

v̄2 ≡ 1

M
luster ∑i

mi|~vi|2. (2.15)The total mass of the 
luster is then given in terms of the average square ofthe velo
ities of the individual galaxies whi
h 
onstitute the 
luster. Fromthis appli
ation based on the motions of galaxies near the edge of the 
luster,Zwi
ky derived [9℄ a lower limit ofMComa > 4.5×1013M⊙. The Coma 
luster
ontains about one thousand galaxies, so the average mass of one of thesegalaxies is M̄gal > 4.5 × 1010M⊙. This result was quite unexpe
ted sin
e theluminosity of an average galaxy is about 8.5 × 107M⊙. Hen
e, the Comagalaxy 
luster seemed to 
ontain about 400 times more mass than expe
ted.This dis
repan
y between the mass and the observed luminosity is quanti�edby the mass-to-luminosity, M/L, ratio, whi
h is often expressed in terms ofsolar mass and luminosity.It was not until the late 1960s � nearly 40 years after Zwi
ky's initial ob-servations � that the suggestion of dark matter was taken seriously. At thattime, the astronomers Vera Rubin and Kent Ford observed further eviden
efor the existen
e of dark matter � the observation of �at rotation 
urvesin spiral galaxies [10℄. Spiral galaxies are stru
tures 
ontaining billions ofstars rotating around a 
entral �bulge�. A rotation 
urve is the velo
ity ofthe luminous matter as a fun
tion of the radial distan
e from the 
enter.Assuming that the stars have a 
ir
ular orbit around the gala
ti
 
enter, therotation velo
ities of single stars 
an be 
al
ulated from the equality of thegravitational and 
entrifugal for
es, a

ording to
GmM(r)

r2
=
mv2

r
, (2.16)9



2. THE NATURE OF DARK MATTERwhere M(r) is the mass within the orbit of radius r. From this we wouldexpe
t stars in spiral galaxies to move more slowly further away from thegala
ti
 
enter a

ording to
v(r) =

√

GM(r)

r
. (2.17)If we assume that the bulge is spheri
ally symmetri
 with 
onstant density

ρ, then
M = ρV = ρ

4

3
πr3. (2.18)Inside the bulge we would then have a rotation 
urve of

v(r) ∝ r. (2.19)From a point outside of the galaxy, M 
orresponds to the total mass of thegalaxy, and we would expe
t that
v(r) ∝ r−1/2 (2.20)beyond the opti
al dis
. But when the rotation 
urves are measured using theDoppler shift of spe
tral lines, it turns out that most stars orbit at roughly thesame speed. This results in a 
hara
teristi
 �at behavior at large distan
es,even far beyond the visible dis
s [10, 11℄. The fa
t that v(r) is approximately
onstant implies the existen
e of a dark matter halo with M(r) ∝ r. As anexample, the �at rotation 
urve of the spiral galaxy NGC 6503 
omparedwith a best �t model is shown in �gure 2.2.After numerous observations in re
ent years, it is now 
lear that all galax-ies and galaxy 
lusters possess a dark matter 
omponent. Spiral galaxies havea mass-to-luminosity ratio of typi
allyM/L ∼ (5−10)M⊙/L⊙, while 
lustersof galaxies usually have M/L ∼ 300M⊙/L⊙.In 2006, dire
t eviden
e for the existen
e of dark matter was 
laimed [13℄,based on X-ray and weak gravitational lensing3 observations of a merging
luster system named the Bullet 
luster. Only 10 % of the visible baryonsin a galaxy 
luster are in the 
luster galaxies. The remaining 90 % are hotplasma 
louds, whi
h �ll the 
luster volume. The hot plasma will slow downduring a 
ollision of two galaxy 
lusters, emitting X-rays. But the galaxies� and presumably the dark matter � will sail straight through, physi
allyseparating dark matter from most of the visible matter. The map of mattersurfa
e density obtained by the analysis of the weak lensing data, shows that3The bending of light due to the gravitational potential of a massive obje
t betweenthe sour
e and the observer. 10



2.2. EVIDENCE FOR DARK MATTER

Figure 2.2: The rotation 
urve for the spiral galaxy NGC 6503 (points) 
om-pared with a best �t model (
ontinuous line) as sum of the halo 
ontribution(dashed-dotted line), the stellar disk (short dashed line) and the gas 
ontri-bution (dotted line) [12℄.
the gravitational potentials are not 
entered around the plasma, implyingthat most of the matter is unseen. Radio and X-ray images together withthe map of surfa
e matter density of the Bullet 
luster are shown in �gure2.3.Although all 
lues point toward the existen
e of dark matter, other expla-nations not involving (mu
h) dark matter has been proposed. Theories likeModi�ed Newtonian dynami
s (MOND) [15, 16℄ introdu
ed in 1983, whi
hadjust Newton's 2nd law for small a

elerations, and the more re
ent rela-tivisti
 Tensor-Ve
tor-S
alar (TeVeS) gravity [17℄ that is equivalent to MONDin the non-relativisti
 limit, has been introdu
ed to explain the �at rotation
urves. In 
ontrast to MOND, TeVeS 
an also explain stru
ture formation(without CDM) and the Bullet 
luster if ∼ 2 eV massive neutrinos are in-voked [18, 19℄. But the TeVeS theory meets other 
hallenges, like explainingthe 
osmi
 mi
rowave ba
kground anisotropies and stru
ture formation atthe same time [20℄. We will dismiss it for now and fo
us our attention ondark matter as the real thing. 11
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Figure 2.3: Images of the Bullet 
luster seen in radio (left) and in X-ray(right). The 
ontours superimposed on the images is the matter density mapretrieved from weak gravitational lensing [14℄.2.3 Candidates for dark matterSeveral 
andidates have been suggested to 
onstitute the dark matter. Tomake life somewhat easier, we 
an divide them in two main 
lasses; thermaland non-thermal dark matter.2.3.1 Thermal dark matterBaryoni
 dark matterSome of the dark matter must be 
omposed of ordinary atoms and mole
uleswhi
h are to dim to be observed. Su
h 
ontributions are termed baryoni
dark matter (BDM). The main baryoni
 
andidates are massive 
ompa
thalo obje
ts (MACHOS). This 
ategory in
ludes brown dwarfs, jupiter-likeobje
ts, bla
k holes, white dwarfs and neutron stars [21℄. These are bodiesthat either never managed to begin nu
lear fusion of hydrogen to be
omestars (M < 0.8M⊙, su
h as planets or brown dwarfs), or are the remnants ofa star, su
h as white dwarfs or bla
k holes. Another 
ontribution to baryoni
dark matter 
ould be low surfa
e brightness galaxies or 
old hydrogen 
loudswhi
h es
ape observation [22℄.If we 
ombine the non-luminous matter together with the luminous weget the total baryoni
 matter density Ωb ≡ Ωlum + Ωbdm. The amount ofbaryons in the Universe is predi
ted from our understanding of the big-bangtheory and the formation of light elements (Big Bang nu
leosynthesis) asshown in �gure 2.4. To agree with the measured abundan
es of helium,deuterium and lithium, the baryoni
 
ontent in the Universe must be Ωbh2 =
0.0223+0.007

−0.009 or equivalently Ωb = 0.042+0.003
−0.005 [1℄. This leaves a dark matterdensity 
omponent of the Universe of Ωdm = 0.20+0.02

−0.04, whi
h has not yet12



2.3. CANDIDATES FOR DARK MATTERbeen a

ounted for.Non-baryoni
 dark matterIn addition to the dark matter in the form of baryons, there is non-baryoni
dark matter. Most of the non-baryoni
 
andidates proposed are hypotheti
alexoti
 parti
les. A new stable parti
le, 
alled X, 
ould have a signi�
ant
osmologi
al abundan
e today. To explain how we have to go ba
k to theearly Universe, when the temperature of the Universe ex
eeded the mass mXof the parti
le. Su
h a parti
le would exist in thermal equilibrium with theradiation, maintained by annihilations of the parti
le with its anti-parti
le X̄into lighter parti
les and vi
e versa [21℄. As the Universe 
ools and the tem-perature drops below the parti
le's mass, the parti
le experien
e freeze-out.Freeze-out o

urs when the annihilations 
annot keep the parti
le in equilib-rium with the rest of the 
osmi
 plasma. The evolution of the abundan
e ofa spe
ies is des
ribed by the Boltzmann equationdnXdt = −3HnX − 〈σa|v|〉[n2
X − (neqX )2], (2.21)where nX is the parti
le's a
tual number density, neqX is the number density of

X's in equilibrium and v is the relative velo
ity of the annihilating parti
lesand 〈σa|v|〉 is the thermal average of the total annihilation 
ross se
tion.We 
an further 
lassify dark matter into two 
ategories; hot and 
old,a

ording to the velo
ity of the parti
les at de
oupling. Hot dark matter(HDM) are low mass parti
les moving at relativisti
 speeds at freeze-out.We already know one 
omponent of this 
ategory, the light neutrinos. Butneutrinos alone as the dark matter 
annot explain todays large s
ale stru
-ture. Be
ause of the high velo
ities of hot dark matter, stru
tures on smalls
ales are wiped out. Perturbations in a nearly 
ollisionless 
omponent (e.g.neutrinos et
.) are subje
t to free streaming. Su
h a spe
ies 
an travel in freefall in the expanding Universe after de
oupling from the plasma. Collision-less parti
les 
an smooth out inhomogeneities by streaming out of overdenseregions into underdense regions.In a radiation dominated era (like in the early Universe), the free stream-ing s
ale is
λfs =

tnr
anr(2 + lnteq

tnr), (2.22)where anr is the s
ale fa
tor and tnr is the time the parti
le be
omes non-relativisti
 and t = teq ≃ 4.4 × 1010(Ω0h
2)−2sec [7℄ is the time of matter-radiation equality. A parti
le X be
omes non-relativisti
 when TX ≃ mX/3.Considering this and the fa
t that for a weakly intera
ting parti
le, TX is13
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Figure 2.4: Predi
ted abundan
e ratios of the light elements relative to hy-drogen from standard Big Bang nu
leosynthesis as a fun
tion of the baryon-to-photon ratio, η, and the baryon density, Ωbh
2, of the Universe. The widthsof the 
urves represents 95 % 
on�den
e level. The verti
al band spe
i�es95 % 
on�den
e level in η, based on the 
ombined result of observations ofabundan
es of D, 4He and 7Li [23, 24℄.

14



2.3. CANDIDATES FOR DARK MATTER

Figure 2.5: Overview of some well motivated WIMP dark matter 
andidatesfor whi
h one 
an have Ω ∼ 1. The intera
ting 
ross se
tion σint representsa typi
al order of magnitude of intera
tion strength with ordinary matter.The box marked �WIMP� stands for several possible 
andidates [25℄.likely to be less than the photon temperature, it is possible to 
al
ulate tnrand anr [7℄. For a neutrino the free streaming s
ale is about [7℄
λfs ≃ 20Mp
( mν

30eV)−1

. (2.23)Neutrino 
lustering is strongly suppressed below this s
ale. On s
ales mu
hlarger than the free-streaming s
ale, however, the neutrinos will 
luster as
old dark matter.The e�e
t of free-streaming 
onstrains the amount of hot dark matterin the Universe. For the hot dark matter to be the main 
omponent of thedark matter, the galaxies must have been formed by fragmentation of largerstru
tures (super
lusters), and the number of galaxies must have been a lotless than the number of galaxies observed.The exoti
 parti
les that 
ould 
onstitute the 
old dark matter may beWeakly Intera
ting Massive Parti
les (WIMPs), with intera
tion strength
omparable to those of neutrinos. Su
h WIMPs would be long lived reli
sor stable parti
les left over from the Big Bang [26℄. An overview of some ofthe WIMP 
andidates, both thermal and non-thermal, is shown in �gure 2.5.The most promising WIMP 
andidate is the neutralino, a postulated super-symmetri
 parti
le, whi
h we will review in se
tion 3.4.1.15



2. THE NATURE OF DARK MATTERThe reli
 density of a non-baryoni
 
old dark matter spe
ies is inverselyproportional to the annihilation 
ross se
tion and the mass of the parti
le,
nX ∝ 1

m〈σa|v|〉
. (2.24)From this we 
an see that the smaller the annihilation 
ross se
tion, thegreater the reli
 abundan
e, i.e. the more weakly intera
ting parti
les willde
ouple earlier. The abundan
e of a parti
le that stays in thermal equilib-rium inde�nitely will be suppressed by the Boltzmann fa
tor e−m/T . Therewould be no su
h parti
les in the observable Universe [7, 27℄.If a dark matter parti
le is a thermal reli
 of the early Universe, themaximum possible annihilation 
ross se
tion σav 
ompatible with unitaritytogether with the 
onstraint of the reli
 density, set an upper limit for themass of [11℄

mdm . 34TeV. (2.25)The evolution of a typi
al WIMP number density in the early Universe isshown in �gure 2.6.2.3.2 Non-thermal dark matterAxionsAxions are hypotheti
al pseudo-s
alar parti
les arising from a possible solu-tion of the strong CP problem of quantum 
hromodynami
s (QCD) [29, 30℄.CP violation has been observed in the weak, but not in the strong intera
-tions. Be
ause of the existen
e of non-trivial, va
uum gauge 
on�gurations,non-Abelian gauge theories � like QCD� have a 
omplex va
uum stru
ture.QCD has an in�nite number of va
uum states |n〉, 
lassi�ed by a topologi
alwinding number n, whi
h 
hara
terizes the di�erent va
uum gauge 
on�g-urations that 
annot be 
ontinuously rotated into ea
h other. The va
uumstate of the theory is a superposition of all the degenerate states |n〉, 
alledthe Θ-va
uum,
|Θ〉 =

∑

n

exp(−inΘ)|n〉, (2.26)where Θ is an arbitrary parameter, and n the topologi
al winding num-ber. The e�e
ts of the Θ-va
uum 
an be des
ribed via an additional non-perturbative term in the Lagrange density of QCD,
LQCD = Lpert + Θ̄

g2

32π2
GaµνG̃aµν , (2.27)

Θ̄ = Θ + Arg detM, (2.28)16
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Figure 2.6: Evolution of a typi
al WIMP 
omoving number density in theearly Universe. The dashed line is the a
tual abundan
e, and the solid lineis the equilibrium abundan
e [28℄.
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2. THE NATURE OF DARK MATTERwhere G is the gluon �eld strength tensor, G̃ is the 
orresponding dual tensorandM is the quark mass matrix. The se
ond term in equation (2.27) violatesCP, T and P. This leads to a 
ontribution to the ele
tri
 dipole moment ofthe neutron of
dn ≃ 5 × 10−16Θ̄ e 
m (2.29)in 
ontrast to experimental results, whi
h gives an upper limit of
dn < 1.2 × 10−25 e 
m. (2.30)This implies a Θ̄ ≤ 10−10, whi
h 
ould even be exa
tly zero. Why the Θ̄-parameter in QCD is so small is known as the strong CP problem.The most favored solution to this problem is the one proposed by Pe
-
ei and Quinn in 1977 [31℄. By introdu
ing a new global (
hiral) symme-try (known as PQ symmetry), the Θ̄-parameter 
an be made a dynami
alvariable, whose minimum energy value lies at zero. PQ symmetry is spon-taneously broken at an energy s
ale fa, whi
h gives rise to a new parti
le,a Nambu-Goldstone boson 
alled the axion (a), as pointed out by Weinberg[29℄ and Wil
zek [30℄ in 1978. The introdu
tion of an additional �eld, theaxion �eld a, leads to a further term in the Lagrange density:

L = . . .+ Ca
a

fa

g2

32π2
Gµν

a G̃a
µν , (2.31)where Ca is a model dependent 
onstant. Sin
e equations (2.27) and (2.31)both 
ontribute to the axion �eld, it 
an be minimized or set to zero by

〈a〉 = −Θ̄fa

Ca
, (2.32)
ompensating the troublesome term in equation (2.27).Axions are pseudos
alar parti
les, similar to neutral pions. They 
anmix with the neutral pions through axion-gluon intera
tions that allows fortransitions to qq̄ states. As a result of this mixing, the axion pi
ks up a smallmass of [32℄

ma =
fπmπ

fa

(
z

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

)1/2

= 0.60eV
107 GeV

fa

, (2.33)where mπ = 135 MeV is the neutral pion mass and fπ = 93 MeV is the pionde
ay 
onstant. The quark mass ratios are
z ≡ mu/md = 0.568 ± 0.042, (2.34)18



2.3. CANDIDATES FOR DARK MATTER
w ≡ mu/ms = 0.0290 ± 0.0043. (2.35)The axion has only one free parameter, the mass ma. The mass and all inter-a
tions s
ale with the inverse of the energy s
ale of PQ breaking, f−1

a . Thisallows the axions to be arbitrarily light and arbitrarily weakly intera
ting(�invisible� axions) [32℄.At high temperatures, T > ΛQCD, where ΛQCD = (100 − 250) MeV 
har-a
terizes the 
hiral QCD phase transition, the axions 
an not obtain mass bypion mixture be
ause pions do not exist. But below T ≃ fa the PQ-symmetryis broken and a massless axion is produ
ed be
ause of QCD instanton e�e
ts[32℄. The temperature dependen
e of the axion mass is given by [7℄
ma(T ) ≃ 0.1ma(T = 0)(ΛQCD/T )3.7, (2.36)valid for πT/ΛQCD ≫ 1.Axions 
an be produ
ed by both non-thermal and thermal me
hanisms.A non-thermal axion is the most important dark matter 
andidate. If thermalaxions existed in numbers su�
ient to make up the dark matter, they wouldhave lifetimes too short to still be around in su�
ient quantity. There aretwo produ
tion pro
esses for non-thermal axions; through 
oherent produ
-tion due to an initial misalignment of the axion �eld at early times [33, 34, 35℄,and through the de
ay of axioni
 strings [36, 37℄. If the Universe underwentin�ation, non-thermal axions are produ
ed in the misalignment pro
ess. Butif the Universe did not in�ate, axioni
 string de
ay is the produ
tion me
h-anism.In the misalignment produ
tion the initial value of Θ̄ is di�erent fromzero, sin
e no spe
ial value of Θ̄ is dynami
ally preferred. Be
ause the axionis massless before the quark-hadron phase transition, all values of Θ̄ areequally a

eptable. At early times, the axion �eld is misaligned with theminimum of its potential, Θ̄ = 0. When the axion a
quires a mass arounda temperature of T ∼ ΛQCD, (and be
omes 
omparable to the expansionrate of the Universe), the axion �eld will start to roll toward Θ̄, and endup os
illating around the minimum. These 
osmi
 os
illations produ
e azero-momentum 
ondensate of axions, whi
h 
ould 
onstitute the 
old darkmatter. The axion 
ontribution to the density due to this pro
ess is estimatedto be [7℄

Ωh2 = 0.85 × 10±0.4

(
ΛQCD

200 MeV

)−0.7(
ma

10−5 eV

)−1.18

. (2.37)The produ
tion of axions through the de
ay of axioni
 strings is more
omplex. One-dimensional defe
ts � strings � arise when a U(1) gauge19



2. THE NATURE OF DARK MATTERsymmetry is spontaneously broken. They also arise when a global U(1)symmetry is broken, U(1)PQ in this 
ase. The axioni
 strings dissipates itsenergy by radiation of axions. The 
ontribution to the density from thispro
ess is [7℄
Ωh2 ≃

(
ma

10−3 eV

)−1.18

. (2.38)These two non-thermal pro
esses leads to a lower mass limit of about
10−3 or 10−5 eV in order to rea
h a signi�
ant density in the Universe. Alight axion is a possible CDM 
andidate if ma . 2 eV [32℄.Superheavy dark matterOther 
andidates in the dark matter parti
le zoo are supermassive X parti-
les. Su
h parti
les go under the name of superheavy dark matter (SHDM).If su
h a parti
le is weakly intera
ting it 
an be 
alled wimpzilla, or simpzillaif it intera
ts strongly. The stability of X parti
les 
an be ensured by dis-
rete gauge symmetries, whi
h must be somehow weakly broken if we wantlong-lived parti
les with lifetime τX & t0, where t0 is the age of the Universe.A superheavy parti
le must be a non-thermal reli
 in order to ful�ll Ω0 ∼
1. The abundan
e of a thermal reli
 depends on the inverse of its annihilation
ross se
tion, whi
h again is inversely proportional to the mass squared.Superheavy thermal reli
s will then de
ouple early in the Universe, and theirpresent abundan
e will be far too large, 
f. �gure 2.6.Being non-thermal reli
s, X parti
les have never been in 
hemi
al equi-librium with radiation. It is likely that they were produ
ed at the end ofin�ation, when it is enough to transfer only a small fra
tion from the energyof radiation to SHDM parti
les. In order to have the observed density ofdark matter, Ωdm = 0.20, a fra
tion of energy less than 10−18 is needed [38℄.This tiny fra
tion of energy 
an be transferred to X parti
les in many ways,su
h as produ
tion by topologi
al defe
ts, thermal produ
tion at reheating,preheating and by gravitational produ
tion [38, 39℄.The most elegant produ
tion me
hanism for SHDM is its gravitationalprodu
tion [40, 41℄. In this me
hanism, superheavy parti
les are produ
edgravitationally at the end of in�ation in the early Universe, naturally a
hiev-ing the desired abundan
e of SHDM. What makes this me
hanism so elegantis that it is quite model independent. It 
an generate parti
les with mass ofthe order of the in�aton mass even when the SHDM only intera
ts extremelyweakly with other parti
les, in
luding the in�aton. This me
hanism is sim-ilar to the generation of gravitational perturbations during in�ation, whi
h
auses the formation of large s
ale stru
tures. The X parti
les are 
reatedas a result of time-variable gravitational �elds a
ting on va
uum �u
tuations20



2.3. CANDIDATES FOR DARK MATTERduring the transition from the in�ationary phase to a matter or radiationdominated phase. Assuming that the Universe is �at, a s
alar �eld (parti
le)
X of mass mX in the expanding Universe 
an be expanded in spatial Fouriermodes as [39℄

X(~x, η) =

∫ dk
(2π)3/2a(η)

[akφk(η)e
i~k·~x + a†kφ

∗
k(η)e

−i~k·~x], (2.39)where η is the 
onformal time4 and a(η) the time dependen
e of the expansions
ale fa
tor. Here ak and a†k are 
reation and annihilation operators, and
φk(η) are mode fun
tions. The Klein-Gordon equation for the �eld modes φkof a s
alar �eld in a Friedman-Robertson-Walker Universe 
an be written as

φ̈k(η) +m2e�(η)φk(η) = 0, (2.40)where the e�e
tive mass is
m2e�(η) = k2 +M2

Xa
2 + (6ξ − 1)

ä

a
. (2.41)The parameter ξ is ξ = 0 for a minimally-
oupled �eld and ξ = 1

6
for a
onformally-
oupled �eld. Sin
e me� is time dependent, va
uum �u
tuationswill be transformed into real parti
les. Thus, the expansion of the Universeleads to parti
le produ
tion [40℄.The predi
ted density of X parti
les in in�ationary 
osmology is

ΩXh
2 =

(
MX

1011 GeV)2
TRH

109 GeV , (2.42)where MX is the mass of the X parti
le and TRH is the temperature atreheating. This result is independent on details of parti
le physi
s, and isvalid for any MX . HI , where HI ∼ mφ ∼ 1013 GeV is the Hubble 
onstantat the end of in�ation and mφ is the mass of the in�aton.The existen
e of superheavy dark matter was �rst suggested [42, 43℄ toexplain the puzzle of ultrahigh energy 
osmi
 rays. High energy 
osmi
 raysare parti
les, most likely protons, from extragala
ti
 sour
es. Very energeti
protons should gradually lose energy from 
olliding with photons and 
reatingpions, when propagating in the 
osmi
 mi
rowave ba
kground. This pro
esshas an e�e
tive threshold energy of 5× 1019 eV, 
alled the Greisen-Zatsepin-Kuzmin (GZK) 
uto� [44, 45℄. Above this 
uto�, the proton energy loss4In general, the 
onformal distan
e η is the distan
e away that is not 
ausally 
onne
tedto the observer. The 
onformal distan
e η in a FRW Universe at a 
osmi
 time t is givenby η =
∫

t dt
′

a(t′) , whi
h 
an also be thought of as a time variable [27℄.21
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Figure 2.7: Energy spe
trum of 
osmi
 rays observed with AGASA. Thedashed 
urve displays the theoreti
al GZK 
uto�. (The numbers atta
hedto the data points show the number of events observed in ea
h energy bin.)[47℄length is near 10 Mp
. Thus, parti
les with energies above this 
uto� shouldbe produ
ed within our lo
al neighborhood. Observations made by the Fly'sEye Cosmi
 Ray Dete
tor [46℄ and later by the Akeno Giant Air ShowerArray (AGASA) [47℄ have determined that the spe
trum of the highest energy
osmi
 rays extends beyond 1020 eV, as shown in �gure 2.7. The troublewith these observations is that no astrophysi
al sour
es has been found inthe dire
tion of the observed events. Thus the origin of these ultrahighenergy 
osmi
 rays remains a puzzle. A possible explanation is the de
ay orannihilations of supermassive parti
les, 
reating the highest energy 
osmi
rays.If the gravitational produ
tion is the sole me
hanism for produ
ing Xparti
les that has a density of today of the order of the 
riti
al density,then 0.04 . MX/HI . 2 [39℄. This agrees with the mass of X parti
les,
MX & 1013 GeV, in order to produ
e 
osmi
 rays of energies E & 1011 GeV[42℄. If the X parti
les are to play the role of 
old dark matter and be thesour
e of UHE 
osmi
 rays, the lifetime must be of the order τX ∼ 1022 years[41℄. 22



�For every 
omplex natural phenomenon there isa simple, elegant, 
ompelling, but wrong expla-nation.� Thomas Gold
3The Minimal Supersymmetri
Standard ModelThe Standard Model of parti
le physi
s is the SU(3)C⊗SU(2)L⊗U(1)Y gaugetheory of the strong, weak and ele
tromagneti
 intera
tions. The SU(3)Cpart des
ribes the strong (
olor) intera
tion and is known as quantum 
hro-modynami
s (QCD), while the SU(2)L ⊗ U(1)Y des
ribes ele
troweak inter-a
tion. Here C refers to 
olor, L to left and Y to weak hyper
harge.As already mentioned, all dark matter 
andidates, apart from the neu-trinos, 
annot be explained by the Standard Model of parti
le physi
s (SM).This is one of the reasons why many physi
ists now turn to the possibilitiesfor physi
s beyond the Standard Model, where our Standard Model is thelow-energy limit of a more fundamental theory [11℄. One extension of theStandard Model is the idea of supersymmetry. Supersymmetry is an extrasymmetry between fermions and bosons: every spin-1

2
fermion has a super-symmetri
 spin-0 partner while every spin-1 boson has a spin-1

2
partner. Thesupersymmetri
 partner of the graviton (spin-2) is the gravitino (spin-3

2
).This theory was not intended to solve the dark matter problem, but it turnsout that it 
an provide ex
ellent parti
le 
andidates nevertheless, dependingon whi
h supersymmetri
 theory one has in mind.One of these theories is the Minimal Supersymmetri
 Standard Model(MSSM), whi
h is the simplest possible supersymmetri
 extension of theStandard Model. It was �rst introdu
ed in 1981 by Howard Georgi and SavasDimopoulos to solve the hierar
hy problem. By introdu
ing supersymmetryin the Standard Model, we get a doubling of all the known parti
les. Thenomen
lature for new parti
les is quite simple. The names for the s
alarsuperpartners of the fermions is obtained by adding a pre�x �s�, e.g. thespin-0 partners of the quarks and leptons are 
alled squarks and sleptons.23



3. THE MINIMAL SUPERSYMMETRIC STANDARD MODELThe supersymmetri
 partners of the ve
tor bosons re
eive the ending �-ino� tothe name of the Standard Model parti
le. To distinguish the supersymmetri
parti
les from the Standard Model parti
les, we add a tilde to the symbol.3.1 Motivational reasons for SupersymmetryThere are several motivations for introdu
ing supersymmetry. One is the
oupling 
onstant uni�
ation. The 
oupling 
onstants of the strong, weakand ele
tromagneti
 intera
tions 
hange as the momentum transfer of theintera
tion in
reases. They meet only approximately in the Standard Model,but they meet almost together in one point around 1016 GeV in the MSSM,allowing a �Grand Uni�
ation� of the strong, weak and ele
tromagneti
 in-tera
tions, as shown in �gure 3.1 [48℄.
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oupling 
onstants in the StandardModel and in the MSSM [48℄.Another reason for introdu
ing supersymmetry is its role in understand-ing the hierar
hy problem, whi
h is linked to the enormous di�eren
e betweenthe ele
troweak and Plan
k energy s
ales. This problem arises in the radia-tive 
orre
tions to the mass of the Higgs boson [11℄. All the Standard Modelparti
les, ex
ept for the Higgs boson, a
quire their masses via spontaneoussymmetry breaking of the ele
troweak gauge symmetry. The mass of theHiggs boson is a free parameter. Estimates from data gathered so far favorthe mass to be around 100 GeV, with an upper limit of 200 GeV. Theoreti-
ally though, the mass should be 
loser to the Plan
k s
ale. Due to quantume�e
ts, the Higgs boson will re
eive enormous 
orre
tions to its mass fromthe virtual e�e
ts of every parti
le that 
ouples to the Higgs �eld. This hugedis
repan
y in the mass is known as the hierar
hy problem. Supersymmetryprovide an elegant remedy for this problem. The small Higgs mass is guaran-teed by 
an
ellations of the radiative 
orre
tions; for every loop of parti
les24



3.2. R-PARITYproviding a 
orre
tion to the Higgs mass, there is a loop of virtual super-parti
les that 
an
els it. This ensures that the hierar
hy of energy s
ales ismaintained.3.2 R-parityBaryon and lepton numbers are approximately 
onserved quantities in theStandard Model1, but they are no longer 
onserved by all of the renormal-izable 
ouplings in the supersymmetri
 extension. This has for instan
e amost undesirable e�e
t on the limit of the de
ay time of the proton, whi
his known experimentally to be in ex
ess of 1032 years. Without baryon andlepton number being 
onserved, a de
ay pro
ess like p+ → e+π0, mediatedby a strange squark, would be possible. With the 
ouplings to the squarkpresent and unsuppressed, the proton would de
ay in a fra
tion of a se
ond.In order to prevent su
h a rapid proton de
ay, we impose a new, dis
retesymmetry in the MSSM, whi
h sets all of the renormalizable baryon andlepton number violating 
ouplings to zero. This symmetry is known as R-parity [49℄. The R-parity is an additional multipli
ative quantum numberde�ned for ea
h parti
le as
Rp = (−1)3B+L+2s, (3.1)where B is the baryon number, L is the lepton number and s is the spin. TheStandard Model parti
les and Higgs bosons have even R-parity (Rp = +1),while all their superpartners have odd R-parity (Rp = −1). Conservation of

R-parity implies that1. supersymmetri
 parti
les 
an only be 
reated or annihilated in evennumbers. This means that a single supersymmetri
 parti
le 
annotdisappear by de
aying into ordinary parti
les only,2. heavy supersymmetri
 parti
les de
ay into lighter supersymmetri
 par-ti
les,3. the lightest parti
le with odd R-parity, i.e. the lightest supersymmetri
parti
le (LSP) must be absolutely stable sin
e it has no allowed stateto de
ay into without violating R-parity. The LSP turns out to be anex
ellent 
andidate for 
old dark matter.1Non-perturbative e�e
ts, like 
hiral anomalies, violate 
onservations of baryon andlepton numbers. 25



3. THE MINIMAL SUPERSYMMETRIC STANDARD MODEL
R-parity leads to important 
onsequen
es for 
ollider phenomenology and
osmology. Pairwise superparti
les produ
ed in 
ollider experiments de
ayeventually into the LSP, whi
h es
apes dete
tion. Typi
al signature of super-symmetry at 
ollider experiments is the missing energy or momentum [48℄.3.3 Supersymmetry algebraThe mathemati
al formalism des
ribing the relation between bosons andfermions is in the supersymmetry algebra. A supersymmetry transformationturns a bosoni
 state into a fermioni
 state, and vi
e versa [50℄. Symmetryin physi
s refer to a group of transformations that leaves the Lagrangianinvariant. A global supersymmmetry extends the normal Poin
aré algebrafor the des
ription of spa
etime with an extra generator. The generator Qof su
h transformations must be an anti
ommuting spinor, with

Q|Boson〉 = |Fermion〉, Q|Fermion〉 = |Boson〉. (3.2)The generator Qα is fermioni
, i.e. it has spin 1
2
. It 
hanges spin by 1

2
.The simplest 
ase of supersymmetry involves only one fermioni
 (2-
omponent Weyl spinor) generator Qα and its 
onjugate Q̄β̇. Theories thathave more than one distin
t 
opies of Qα, Q̄β̇ are 
alled extended supersym-metries. Su
h models have no phenomenologi
al prospe
t in four-dimensional�eld theories, sin
e they 
annot allow for 
hiral fermions or parity violationas observed in the Standard Model [50℄. The phenomenologi
al viable the-ory is the non-extended type of supersymmetri
 model. This model is 
alled

N = 1 supersymmetry, with N referring to the number of supersymmetries(the number of distin
t 
opies of Qα and its 
onjugate Q̄β̇).The generators Qα and Q̄β̇ must satisfy an algebra of 
ommutation andanti
ommutation relations with the form
[Pµ, Qα] = [Pµ, Q̄β̇] = 0, (3.3)

{Qα, Qβ} = {Q̄α̇, Q̄β̇} = 0, (3.4)
{Qα, Q̄β̇} = 2(σµ)αα̇Pµ, (3.5)where P µ is the four-momentum generator (operator) of spa
etime transla-tions, and σµ = (1, σi) with σi being the Pauli matri
es. The indi
es α, β of Qand α̇, β̇ of Q̄ take values 1 or 2. Spinors with undotted indi
es (the �rst two
omponents of a Dira
 spinor) transform a

ording to (1

2
, 0)-representationof the Lorentz group, while spinors with dotted indi
es (the last two 
ompo-nents of a Dira
 spinor) transform a

ording to (0, 1

2
)-representation.26



3.4. THE PARTICLE CONTENT OF THE MSSM3.4 The parti
le 
ontent of the MSSMAll parti
les in supersymmetri
 theories fall into irredu
ible representationsof the supersymmetry algebra, 
alled supermultiplets. These supermultipletshave both bosoni
 and fermioni
 
omponents (states), whi
h are known assuperpartners of ea
h other.For ea
h fermioni
 state there is a bosoni
 state with the same mass. This
an be seen if we 
onsider a fermioni
 state |f〉 with mass m. The bosoni
state is |b〉 = Qα|f〉. Then
P 2|f〉 = m2|f〉 (3.6)

⇒ P 2|b〉 = P 2Qα|f〉 = QαP
2|f〉 = Qαm

2|f〉 = m2|b〉. (3.7)The squared mass operator P 2 
ommutes with the operators Qα, Q̄β̇ , andwith all spa
etime rotation and translation operators, whi
h means that par-ti
les inhabiting the same irredu
ible supermultiplet must have equal eigen-values of P 2, and therefore equal masses.Parti
les in the same supermultiplet must also be in the same representa-tion of the gauge group sin
e the generators Qα, Q̄β̇ also 
ommute with thegenerators of gauge transformations. The parti
les must then have the sameele
tri
al 
harges, weak isospin and 
olor degrees of freedom [50℄.Another property of supermultiplets is that they 
ontain equal numberof fermion and boson degrees of freedom,
nB = nF . (3.8)There are two types of supermultiplets whi
h appear in renormalizable�eld theories; 
hiral and ve
tor supermultiplets. The simplest possibility fora supermultiplet 
onsistent with equation (3.8) has a single Weyl fermionand two real s
alars. The Weyl fermion has two spin heli
ity states, so that

nF = 2, while the two real s
alars have nB = 1 ea
h. The two real s
alardegrees of freedom is usually assembled into a 
omplex s
alar �eld. The
ombination of a two-
omponent Weyl fermion and a 
omplex s
alar �eld is
alled a 
hiral or matter or s
alar supermultiplet. The 
hiral multiplets inthe MSSM are shown in table 3.1.Only 
hiral supermultiplets 
an 
ontain fermions whose left-handed 
om-ponents transform di�erently under SU(2) × U(1)Y than their right-handed
omponents [50℄. The Standard Model fermions are 
hiral, so they must bemembers of 
hiral supermultiplets. For ea
h fermion there are two sfermions,
orresponding to the superpartners of the right-handed and left-handed 
om-ponents of the fermion. The sfermions get either a subs
ript R or L, whi
h27



3. THE MINIMAL SUPERSYMMETRIC STANDARD MODELParti
les spin 0 spin 1
2

SU(3)C × SU(2)L × U(1)Ysquarks, quarks (ũL, d̃L) (uL, dL) (3, 2, 1
6
)(× 3 families) ũ⋆

R u†R (3̄, 1,−2
3
)

d̃⋆
R d†R (3̄, 1, 1

3
)sleptons, leptons (ν̃, ẽL) (ν, eL) (1, 2,−1
2
)(× 3 families) ẽ⋆

R e†R (1, 1, 1)Higgs, higgsinos (H+
u H

0
u) (H̃+

u H̃0
u) (1, 2,+1

2
)

(H0
d H

−
d ) (H̃0

d H̃−
d ) (1, 2,−1

2
)Table 3.1: Chiral supermultiplets in the Minimal Supersymmetri
 StandardModel. Parti
les spin 1

2
spin 1 SU(3)C × SU(2)L × U(1)Ygluino, gluon g̃ g (8, 1, 0)winos, W bosons W̃± W̃ 0 W±W 0 (1, 3, 0)bino, B boson B̃0 B0 (1, 1, 0)Table 3.2: Gauge supermultiplets in the Minimal Supersymmetri
 StandardModel.refers to the right or left handedness, respe
tively, of the Standard Modelfermions. The neutrinos are always left-handed if we negle
t their smallmasses, so this nomen
lature does not apply to sneutrinos. The gauge inter-a
tions of squark and sleptons �elds are the same as for the 
orrespondingStandard Model fermions [50℄.A slightly more 
ompli
ated possibility for a supermultiplet 
ontains aspin-1 ve
tor boson. This must be a massless gauge boson if the theory is tobe renormalizable. Su
h a gauge boson has two heli
ity states, i.e. nB = 2.Its 
orresponding superpartner is therefore a massless spin-1

2
Weyl fermionwith two heli
ity states, i.e. nF = 2. A massless spin-3

2
superpartner is notpossible, sin
e the theory would not be renormalizable.The fermioni
 partners of the gauge bosons are 
alled gauginos. Liketheir Standard Model partners, they transform as the adjoint representationof the gauge group. The right- and left-handed 
omponents follow the samegauge transformation properties, sin
e the adjoint representation of a gaugegroup is always its 
onjugate [50℄. A 
ombination of spin-1

2
gauginos andspin-1 gauge bosons is 
alled a gauge or ve
tor supermultiplet. The gaugemultiplet in the MSSM is shown in table 3.2.28



3.4. THE PARTICLE CONTENT OF THE MSSMThe most important te
hni
al di�eren
e from the Standard Model is inthe Higgs se
tor. As opposed to the one doublet required in the StandardModel, the Higgs se
tor is required to 
ontain two 
omplex Higgs doublets,leaving eight degrees of freedom before the symmetry breaking. Three ofthese states disappear as the longitudinal 
omponents of the weak gaugebosons (W+,W− and Z) after the usual Higgs me
hanism. The �ve physi
alstates left are the two neutral s
alar (CP -even) Higgs parti
les H0 and h0(where h0 is the lighter state by 
onvention), one neutral pseudos
alar (CP -odd) state A0, and two 
harged s
alars H±.The superpartners of the 
harged W bosons (W+,W−) and 
hargedHiggs bosons, the 
harged winos and the 
harged higgsino, 
arry the same
SU(3)C × U(1)EM quantum numbers. They will in general mix afterele
troweak-symmetry breaking, the breaking of SU(2) × U(1)Y . This re-sults in two mass eigenstates that are linear 
ombinations 
alled 
harginos.The spin-1

2
superpartners of the spin-1 gauge bosons W 0 and B0 are thewino W̃ 0 and the bino B̃0. After ele
troweak symmetry breaking, theW 0, B0gauge eigenstates mix to give mass eigenstates Z0 and γ. The 
orrespond-ing gaugino mixtures of W̃ 0 and B̃0 are 
alled zino (Z̃0) and photino (γ̃).Together with neutral Higgs bosons, these states mix into four Majoranafermioni
 mass eigenstates 
alled neutralinos. The neutralinos are labeled

χ̃0
1, χ̃

0
2, χ̃

0
3, χ̃

0
4, ordered with in
reasing mass. An overview of the StandardModel parti
les and �elds and their supersymmetri
 partners is presented in�gure 3.3.Supersymmetry is obviously a broken symmetry. An exa
t supersymme-try requires parti
les and sparti
les to have the same mass. No supersym-metri
 parti
les with masses like that of their Standard Model partner hasbeen seen. The s
ale of supersymmetry breaking is expe
ted to be of orderthe weak s
ale. This assumption is ne
essary to stabilize the weak s
ale. Themass di�eren
e between parti
les and their superpartners should be less thanabout 103 GeV:

|m2parti
le −m2superpartner| < (103GeV)2. (3.9)There is no �rm experimental eviden
e for supersymmetri
 parti
les. Thismeans that their rest energies, if they exist, lie beyond the range 
urrentlyprobed by a

elerators, or that they are very weakly 
oupled.
29



3.THEMIN
IMALSUPE

RSYMMET
RICSTAND

ARDMODE
L Normal parti
les/�elds Supersymmetri
 partnersIntera
tion eigenstates Mass eigenstatesSymbol Name Spin Symbol Name Symbol Name Spin

q = d, c, b, u, s, t quark 1
2

q̃L, q̃R squark q̃1, q̃2 squark 0

l = e, µ, τ lepton 1
2

l̃L, l̃R slepton l̃1, l̃2 slepton 0

ν = νe, νµ, ντ neutrino 1
2

ν̃ sneutrino ν̃ sneutrino 0

g gluon 1 g̃ gluino g̃ gluino 1
2

W± W -boson 1 W̃± wino

1
2H− Higgs boson 0 H̃−

1 higgsino 




χ̃±

1,2 
hargino

H+ Higgs boson 0 H̃+
2 higgsino

B B-�eld 1 B̃ bino
1
2

W 0 W 0-�eld 1 W̃ 0 wino
h0 Higgs boson 0

h̃0 higgsino 





χ̃0
1,2,3,4 neutralino

H0 Higgs boson 0
H̃0 higgsino

A0 Higgs boson 0
G graviton 2 G̃ gravitino G̃ gravitino 3

2Table 3.3: Parti
les and their superpartners in the MSSM. Adapted from [51℄.
30



3.4. THE PARTICLE CONTENT OF THE MSSM3.4.1 NeutralinosThe mixtures of the neutral gaugino states form four distin
t Majoranafermions, 
alled neutralinos. In 
ontrast to the usual Dira
 fermion, a Ma-jorana fermion is a parti
le whi
h is its own antiparti
le. Thus, neutralinos
an annihilate with themselves.The neutralinos are eigenstates of a symmetri
 mass matrix. The neu-tralino mass matrix in the gauge-eigenstate basis ψ0 = (B̃, W̃ 0, h̃0, H̃0) isgiven by [52℄
MN =









M1 0 −mZ cβsW mZ sβ sW

0 M2 mZ cβ cW −mZ sβ cW

−mZ cβ sW mZ cβ cW 0 −µ
mZ sβ sW −mZ sβ cW −µ 0









, (3.10)where M1,M2 and µ are the bino, wino and higgsino mass parameters, re-spe
tively, mZ is the mass of the Z-boson, θW is the Weinberg angle and
tanβ is the ratio of the va
uum expe
tation values of the Higgs bosons. Here
cβ = cosβ, sβ = sin β, cW = cos θW and sW = sin θW . The mass matrixis symmetri
 be
ause of the Majorana nature of the neutralinos, for whi
hwe have the following identity for anti
ommuting four-
omponent Majoranaspinors [52℄:

¯̃χ0
j (1 ± γ5)χ̃

0
k = ¯̃χ0

k(1 ± γ5)χ̃
0
j . (3.11)In order to obtain mass eigenstates the symmetri
 matrix MN 
an bediagonalized by a unitary mixing matrix, Nij where the indi
es i and j aremass and gauge eigenstate labels respe
tively. Only one diagonalizing matrixis required sin
eMN is symmetri
. The four-
omponent mass-eigenstates arede�ned as

χ̃0
i = Nijψ

0
j , i, j = 1, ..., 4, (3.12)or









χ̃0
1

χ̃0
2

χ̃0
3

χ̃0
4









= N









B̃

W̃ 0

h̃0

H̃0









, (3.13)where N satis�es:
N∗MNN

−1 = ND. (3.14)31



3. THE MINIMAL SUPERSYMMETRIC STANDARD MODELHere ND is the diagonal neutralino mass matrix. The result of the diagonal-ization of M must has real positive entries on the diagonal:
ND =









mχ̃0

1
0 0 0

0 mχ̃0

2
0 0

0 0 mχ̃0

3
0

0 0 0 mχ̃0

4









, (3.15)The mχ̃0

i
, i = 1, ..., 4, are the (non-negative) masses of the physi
al neutralinostates withmχ̃0

1
< ... < mχ̃0

4
. The lightest neutralino � the lowest-lying masseigenstate of the two gauginos and the two higgsinos � is then de
omposedas

χ̃0
1 = N11B̃ +N12W̃

0 +N13h̃
0 +N14H̃

0. (3.16)The 
oe�
ients Nij are the entries of the neutralino mixing matrix. Theyare normalized su
h that
4∑

j=1

|Nij|2 = 1, i = 1, 2, 3, 4. (3.17)The lightest neutralino is the most likely LSP in the MSSM [21℄, whi
h iswhy they are among the most widely studied dark matter 
andidates. Wewill from now on 
all the lightest neutralino for just the neutralino.The minimal supersymmetri
 model has 63 free parameters with real massmatri
es and 
ouplings. To make the MSSM more easy to handle, we assumea 
ommon value for the masses of s
alar fermions and the trilinear 
ouplings(MSUSY = mf̃ = Af) [53℄.The most relevant of the remaining free parameters are the SU(2) gauginomass (M2), the Higgs mixing parameter (µ), the ratio of va
uum expe
tationvalues (VEVs) of Higgs �elds (tanβ ≡ v2/v1) and the CP-odd Higgs-bosonmass (mA).The dimensionality in parameter spa
e 
an be further redu
ed. Sin
e thegauge 
ouplings in the MSSM apparently uni�es at Q = MGUT = 2 × 1016GeV, it is assumed that the gaugino masses also unify near that s
ale. Thisvalue is 
alled m1/2. It then follows that
M1

g2
1

=
M2

g2
2

=
M3

g2
3

=
M1/2

g2
GUT

(3.18)valid up to small two-loop e�e
ts and possible mu
h larger threshold e�e
tsnearMGUT [50℄. Here gGUT is the uni�ed gauge 
oupling at Q = MGUT . Thisleads to the GUT-relation
M1 ≈

5

3
tan2 θWM2 ≈ 0.5M2 (3.19)32



3.4. THE PARTICLE CONTENT OF THE MSSMat the ele
troweak s
ale. Taking this assumption into a

ount, the neutralinomasses and mixing angles depend on only three unknown parameters.The values of the four parameters M1,M2, µ and tanβ determine themasses and mixing angles of the neutralinos. If |µ| ≫ M2 ≫ MZ , the twolightest neutralino states will be dominated by the gaugino 
omponents, with
χ̃0

1 being mostly B̃ and χ̃0
2 being mostly W̃ 0. Su
h neutralinos will annihilatemostly into heavy quarks [53℄. For |µ| ≪ |M1|, the two lightest neutralino isdominated by the higgsino 
omponents, χ̃0

1, χ̃
0
2 ∼ (H̃0

u ± H̃0
d )/

√
2 with masses
lose to |µ|. Su
h neutralinos will annihilate mostly into gauge bosons. If

|µ| ≃ |M2|, some of the states will be strongly mixed. The size of the mixingalso depends to some extent on tanβ.The bino (fB) and wino (fW ) fra
tion is de�ned as
fB = |N11|2, fW = |N12|2, (3.20)or 
ombined, as the gaugino fra
tion (fg)
fg = |N11|2 + |N12|2. (3.21)The higgsino (fH) fra
tion is de�ned as
fH = |N13|2 + |N14|2. (3.22)Despite the many free parameters present in SUSY theories, the statethat seems to most naturally give Ωχh

2 ∼ 1 is the nearly pure bino. Thehiggsino disfavored out be
ause of the e�
ient annihilation to WW,ZZ, t̄tand 
oannihilation, whi
h typi
ally gives Ωχh
2 ≪ 1.
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�All men by nature desire to know. An indi
ationof this is the delight we take in our senses; foreven apart from their usefulness they are lovedfor themselves; and above all others the sense ofsight. For not only with a view to a
tion, but evenwhen we are not going to do anything, we prefersight to almost everything else. The reason is thatthis, most of all the senses, makes us know andbrings to light many di�eren
es between things.�Aristotle 4Indire
t dete
tionIndire
t dete
tion of dark matter is the te
hnique of observing the produ
tsprodu
ed in dark matter parti
le-antiparti
le annihilation or dark matter de-
ays. There are several proposed methods of dete
ting these produ
ts. Oneof the most dis
ussed method is looking for signals from neutralino annihila-tion at the gala
ti
 
enter or from the 
ore of the Sun or the Earth. We willhowever, investigate the probability of dete
ting high energy neutrinos andneutralinos from de
ays of superheavy dark matter.4.1 De
ay of superheavy dark matterIt is possible that de
ays of superheavy X parti
les produ
e supersymmetri
parti
les that ultimately de
ay to the lightest supersymmetri
 parti
le [54,55℄. The primary de
ay of a superheavy X parti
le is into two or moreparti
les of the MSSM that are generally o�-shell. Instead of being on-shell,they have large (time-like) virtualities Q of order MX . Thus ea
h parti
leprodu
ed in the primary de
ay will generate a parton shower. The showerdevelopment is driven by the splitting of a virtual parti
le into two otherparti
les with smaller virtualities. All MSSM parti
les parti
ipate in thisshower as long as the virtuality is larger than the typi
al sparti
le mass s
ale
MSUSY. The energy and the virtuality Q of the 
as
ade parti
les diminishprogressively in the pro
ess of the 
as
ade development.The breaking of both supersymmetry and SU(2)×U(1)Y gauge invarian
ebe
omes important at virtuality MSUSY ∼ 1TeV. All the massive superpar-ti
les that have been produ
ed so far 
an now be 
onsidered on-shell. Thesuperparti
les will now de
ay into Standard Model parti
les and the onlypossible stable sparti
le, the LSP [54, 55℄. This also applies to the heavySM parti
les, i.e. the top quarks and the massive bosons, while the lighter35



4. INDIRECT DETECTIONquarks and gluons will 
ontinue a perturbative parton shower until they haverea
hed either their on-shell mass s
ale or the typi
al s
ale of hadronization
Qhad ∼ 1GeV. At the hadronization s
ale, strong intera
tions be
ome non-perturbative, for
ing partons to hadronize into mesons or baryons. In theend, the unstable hadrons and leptons will also de
ay, leaving only the stableparti
les behind [54, 55℄. A s
hemati
 representation of the whole pro
ess isdepi
ted in �gure 4.1.4.1.1 Neutralino and neutrino �uxesThe �uxes of the parti
les produ
ed in de
ay of supermassive X-parti
lesare of 
ourse not known, but some predi
tions 
an be made. The fragmen-tation spe
tra of the neutrino and neutralino �uxes 
an be 
al
ulated fromMonte Carlo simulations for jet fragmentation in SUSY QCD. The predi
tedfragmentation spe
tra used in this thesis are from ref. [56℄.A fragmentation fun
tion is the average number of parti
les i released perde
ay, per unit interval of x at the value x,dNidx . (4.1)Here we assume that a superheavy X-parti
le with massMX de
ays into twojets with energy fra
tion

x =
E

Ejet =
2E

mX

, x ǫ [0, 1]. (4.2)Furthermore, it is assumed that the primary partons produ
ed have the max-imum virtuality Q2 = M2
X/4, and for simpli
ity that the X-parti
le has equalbran
hing ratios to all partons. It is assumed that the SUSY mass s
ale is

MSUSY = 200 GeV. For MSUSY = 1 TeV, the predi
ted neutralino spe
traare about half of the spe
tra for MSUSY = 200 GeV.In general, the parti
le �ux isdΦidE = A
dNidE , (4.3)where A is the �ux normalization with dimension cm−2sr−1s−1.No non-atmospheri
 
omponent of the neutrino spe
trum has yet beenobserved be
ause of the high atmospheri
 neutrino �ux that dominates atlower energies Eν < 50 GeV. The atmospheri
 �ux de
reases roughly with

E−3.7
ν in 
ontrast to the extraterrestrial 
ontribution, whi
h is expe
ted to de-
rease with E−2

ν [57℄. Consequently, the extraterrestrial 
ontribution shoulddominate at higher energies. 36



4.1. DECAY OF SUPERHEAVY DARK MATTER
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Figure 4.1: S
hemati
 MSSM 
as
ade for an initial squark with a virtuality
Q ≃ MX . The initial squark de
ays into partons, whose virtuality de
reasein the fragmentation pro
ess. The full 
ir
les indi
ate de
ays of massiveparti
les. The evolution of the 
as
ade is separated into two epo
hs, whi
his shown with the two verti
al dashed lines. At the �rst epo
h with vir-tuality Q > MSUSY, all MSSM parti
les 
an be produ
ed in fragmentationpro
esses. Parti
les with mass of orderMSUSY de
ay at the �rst verti
al line.For MSUSY > Q > Qhad light QCD degrees of freedom still 
ontribute tothe perturbative evolution of the 
as
ade. At the se
ond verti
al line, allpartons hadronize, and unstable hadrons and leptons de
ay. [55℄. The �nalshower 
onsists mostly of fotons, neutrinos and to a lesser extent protons andneutralinos.
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4. INDIRECT DETECTIONThe normalization of the neutrino �ux is determined by the sour
e prop-erties. Sin
e we do not know the properties of superheavy dark matter par-ti
les, we normalize the �ux so that it is just below the dedu
ed upper limitof the muon-neutrino �ux from the neutrino teles
ope AMANDA-II. Thesensitivity obtained for a di�use neutrino �ux is about [58℄
E2

ν

dNν

dEν
≤ 7.4 × 10−8 GeV cm−2 s−1 sr−1, (4.4)valid in the energy range (16 − 2500) TeV. The predi
ted �uxes from de
ayof a supermassive parti
le with mass MX = 1012 GeV, weighted with E2and with normalization 
onstant A = 1.0× 10−20 cm−2 s−1 sr−1, are shown in�gure 4.2, together with the AMANDA-II limit.Both neutrinos and neutralinos 
an intera
t with matter, resulting inse
ondaries that 
an be observed. The neutrino 
an be 
onverted into its
orresponding 
harged lepton through 
harged-
urrent s
attering, while neu-tralinos 
an s
atter on matter and also produ
e 
harged leptons via �avor-
hanging weak de
ays of quarks.Be
ause of the similarities between neutrino and neutralino intera
tions,it should in prin
iple be possible to observe neutralinos with high energyneutrino teles
opes. The 
hallenge will then be to distinguish them fromneutrinos. If the 
ross se
tion of neutralino-nu
leon s
attering is smaller thanthe neutrino-nu
leon s
attering, ultra-high energy 
osmi
 neutralinos maytravel a longer distan
e through the Earth than neutrinos before intera
ting,hen
e produ
ing events at mu
h higher energies than neutrinos.
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Figure 4.2: The predi
ted neutrino and neutralino �uxes for MSUSY =
200 GeV, s
aled to be just below the AMANDA-II upper limit (whi
h is validin the energy range (16 − 2500) TeV). For MSUSY = 1 TeV, the neutralino�ux is approximately half of the value for the �ux of for MSUSY = 250 GeV.

39



4. INDIRECT DETECTION4.2 Neutrino teles
opesNeutrinos are very elusive parti
les and s
ientists need to think big to 
apturethem. Even though they are some of the most pervasive forms of matter inthe Universe, they intera
t so feebly with matter that they are so to speakinvisible to us. There is only a slight 
han
e that o

asionally one of the337 reli
 neutrinos and antineutrinos per cm3 that �lls the Universe, willhit an atom and 
ause an observable e�e
t. To in
rease the probability toobserve su
h an e�e
t, a neutrino dete
tor has to 
ontain enough matter forthe neutrinos to intera
t with.Neutrino teles
opes operate by looking for neutrino-indu
ed muons, whi
happroximately 
onserves the dire
tion of the in
oming neutrino. A muon 
anbe produ
ed if an energeti
 muon-neutrino undergoes a 
harged-
urrent in-tera
tion. Muons are also produ
ed 
opiously in the atmosphere. Any down-ward �ux of neutrinos would be 
ompletely overshadowed by atmospheri
muons from pion de
ay in the atmosphere overhead. To distinguish betweenthe muons 
reated from 
osmi
 ray showers in the atmosphere and the ones
reated from 
osmi
 neutrinos, dete
tors look for upward-going muons withthe Earth a
ting as a �lter. Any upward-going muon 
an only have been 
re-ated when neutrinos from sour
es on the opposite side of the Earth intera
tedin the medium beneath the dete
tor.Muons are penetrating parti
les, but they 
annot traverse the Earth.They 
an travel a reasonable range in matter before de
aying, in 
ontrastto ele
trons and τ -leptons. Ele
trons have a very short range be
ause oftheir mu
h smaller mass, while the mu
h heavier τ -leptons have a very shortlifetime1, making them di�
ult to dete
t.When traveling through a medium, 
harged parti
les 
an 
ause Čerenkovradiation, whi
h 
an be pi
ked up by an array of phototubes. Čerenkovradiation is ele
tromagneti
 radiation emitted when a 
harged parti
le, e.ga muon, passes through an insulator at a speed greater than the speed oflight in the medium. As the 
harged parti
le travels, it disrupts the lo
alele
tromagneti
 �eld in its medium, 
ausing the ele
trons in the atoms ofthe insulator to be displa
ed and polarized. When the insulator's ele
tronsrestore themselves to equilibrium after the disruption has passed, photonsare emitted. Most of the radiation is in the UV spe
trum, but some of it 
anbe observed as blue light.1The lifetime is tτ ∼ 3 · 10−13 se
. Although, if PeV τ -neutrinos exist, a τ -lepton willtravel around 100 m, thanks to time dilation [26℄.40
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Figure 4.3: Six opti
al sensors, whi
h re
ord the arrival times of Čerenkovradiation, is needed to determine the dire
tion of the muon tra
k [59℄.4.2.1 I
eCubeI
eCube is a 1 km3 high energy opti
al neutrino dete
tor under 
onstru
tionat the South Pole, whi
h purpose is to dete
t high energy 
osmi
 neutrinos,spanning from energies of 1011 eV to about 1021 eV. I
eCube su

eeds the �rsthigh energy neutrino teles
ope set in i
e, AMANDA - the Antar
ti
 Muonand Neutrino Dete
tor Array2.The Antar
ti
 i
e that lies a kilometer below the surfa
e 
ondensed fromsnow that fell over ten thousand years ago, right after the last i
e age. At thisdepth the pressure is so high that all the air bubbles is squeezed out, leavingthe i
e remarkably pure. The Antar
ti
 polar i
e is also free of radioa
tivity,whi
h makes it an ideal medium for observing neutrinos.Čerenkov radiation 
an travel undimmed for more than a hundred meters.Along its way in the i
e, the light will pass sensitive photomultipliers whi
h
onvert the faint light to an ele
tri
al signal whi
h the surfa
e equipmentre
ords. The dire
tion of the neutrino 
an be dedu
ed from the muon tra
k,whi
h 
an be re
onstru
ted from the di�eren
e in arrival time of the Čerenkovwave front at the photomultipliers, shown s
hemati
ally in �gure 4.3.By the time it is �nished, I
eCube will 
onsist of 4200 spheri
al opti
alsensors (photomultiplier tubes) set in the Antar
ti
 i
e at depths between1,450 and 2,450 meters, en
ompassing a 
ubi
 kilometer of i
e in total. Asurfa
e air shower dete
tor, I
eTop, set to dete
t muons of atmospheri
 origin,will also be 
onstru
ted. The design of I
eCube is shown in �gures 4.4 and4.5. If everything pro
eed as planned, 
onstru
tion will �nish in 2011 [62℄.2The �rst high energy neutrino teles
ope was the Baikal Neutrino Teles
ope deployedin Lake Baikal in Siberia � the deepest fresh-water lake in the world.41
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AMANDA−II
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R
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w
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GridFigure 4.4: Overview of the arrangements of strings in the I
eCube dete
torat the South Pole station. Also shown is the existing AMANDA dete
torand the SPASE air shower array [60℄.

Figure 4.5: Con
eptual design of the I
eCube dete
tor at the South Polestation. The existing AMANDA dete
tor and an air shower array I
eTopwill be embedded in the new dete
tor. Adapted from [61℄.42



4.3. DEEP INELASTIC SCATTERING IN THE PARTON MODEL4.3 Deep inelasti
 s
attering in the partonmodel4.3.1 The naive parton modelSin
e we are dealing with high energy neutrinos and neutralinos, it is ne
-essary to take quarks into a

ount when 
onsidering the intera
tion of theseparti
les with matter. Highly energeti
 leptons and neutralinos (E ≫ GeV)have a very small wavelength, λ ≈ 1
E
< 0.2 fm. In 
ontrast to nu
leons, theydo not possess a resolvable internal stru
ture and behave as point parti
les.Thus, the 
ross se
tions of these rea
tions depend merely on the internalstru
ture of the nu
leon.In the parton model, whi
h was �rst introdu
ed by Ri
hard Feynman andJames Bjorken in the late 60s [63, 64℄, we assume that hadrons are made upof point-like parti
les 
alled partons. We now re
ognize the partons to bequarks and their mediators, the gluons.Beside the three quarks (
alled valen
e quarks) from whi
h the quantumnumbers of the nu
leon are 
onstru
ted, it is possible for gluons to split intovirtual quark-antiquark pairs (
alled sea quarks) or more gluons. The quark-antiquark pairs 
an emerge brie�y from the va
uum by borrowing energya

ording to Heisenberg's un
ertainty prin
iple. This notion is supported byexperiments, whi
h show that only about half of the proton's momentumis 
arried by the valen
e quarks [65℄. If the valen
e quarks were the only
onstituents of the proton, the sum of their momenta should be equal to themomentum of the proton. This implies that there must be something elsebesides the valen
e quarks 
ontributing to the momentum of the proton.The quantum numbers of the nu
leon are still determined by the valen
equarks. The sea quarks will have no net e�e
t sin
e they emerge in quark-antiquark pairs [66℄.Following this, the s
attering o� the nu
leon is due to the s
atteringo� its individual 
onstituents. At high energies, the in
oming parti
le wills
atter inelasti
ally o� a nu
leon, 
olliding with one of the partons withinthe nu
leon. We need to know how the partons are distributed inside thenu
leon through the so 
alled parton distribution fun
tions [67℄

fi(x,Q
2). (4.5)The parton distribution fun
tions are, at lowest order in perturbation theory,identi
al to the probability density for �nding a parti
le with a 
ertain fra
-tion x of the hadron momentum when probed by the momentum transfer Q2.Experimental values of the distributions are obtained from global quantum
hromodynami
s (QCD) analysis of hard s
attering pro
esses [68℄.43



4. INDIRECT DETECTIONThe total momentum pµ of the hadron is shared between the partons. Anyrelevant parton entering the hard s
attering from an initial state hadron hasmomentum xpµ, with 0 ≤ x ≤ 1. (Within the hard s
attering we make theapproximation p2 = 0 [67℄.) The total momentum of the hadron is 
onstant
∫

dx
∑

i

xfi(, Q
2) = 1. (4.6)4.3.2 Deep inelasti
 s
atteringThe deep inelasti
 regime is the regime where Q2 & 1GeV2, where Q2 ≡ −q2is the four-momentum transfer to the target. At su
h high Q2, the strong
oupling 
onstant αs(Q

2) be
omes small enough to allow 
al
ulations in aperturbative approximation. These very large momentum transfers allowsus to resolve smaller stru
tures that might exist only for shorter times.A deep inelasti
 probe s
atters in
oherently o� the free, individual partonsfrom whi
h the hadron is made of. The stru
k parton has enough energy toes
ape the hadron, but is required by 
on�nement to produ
e additionalpartons, su
h that they bind together into 
olorless hadrons.A deeply inelasti
 s
attering (DIS) pro
ess is generi
ally of the form
l(k) + h(p) → l′(k′) +X, (4.7)where l(k) represents a lepton with momentum kµ, h(p) a hadron of momen-tum pµ, and X an arbitrary hadroni
 state. The pro
ess is mediated by theex
hange of a ve
tor boson. In the 
ase of 
harged-
urrent neutrino-nu
leons
attering, the ve
tor boson is a W -boson. The DIS pro
ess is totally in-
lusive in the hadroni
 �nal state, i.e. we are not interested in the hadroni
�left-overs�. Be
ause of this it is only relevant to observe the outgoing leptonof momentum k′µ. The term inelasti
 refers to the fa
t that the �nal hadroni
state X has an invariant mass mu
h larger than that of the nu
leon.In DIS, the momentum transfer between lepton and hadron, q, is spa
e-like,

qµ = kµ − k′µ,

−q2 = Q2. (4.8)The kinemati
s in a deeply inelasti
 s
attering pro
ess, 
an be 
ompletelydes
ribed by the negative of the four-momentum transfer squared, Q2, anda s
aling fa
tor x,
x =

Q2

2MNν
(4.9)44



4.3. DEEP INELASTIC SCATTERING IN THE PARTON MODEL
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Figure 4.6: Kinemati
s in a deep inelasti
 s
attering.
alled Bjorken x. In the naive parton model, the dependen
e of the inelasti
s
attering fun
tions on Q2 fades away, and they be
ome fun
tions of thedimensionless s
aling variable x alone. The phenomenon of s
aling was �rstpredi
ted by James Bjorken [64℄, hen
e the name Bjorken x.The physi
al interpretation of x is as follows. Imagine a lepton 
ollidingwith a single massless quark, and that the quark s
atters elasti
ally. Then
x is the fra
tion of the hadron's momentum the stru
k quark was 
arrying,evaluated in the in�nite momentum frame (or Breit frame). In the in�nitemomentum frame, the hadron's momentum is assumed to be in�nitely large,
|~p| → ∞. It is the frame where the hadron is initially approa
hing the leptonat very high energy. Be
ause of time dilation in the in�nite momentum frame,the proper motion of the parton 
onstituents of the hadron is slowed down.This e�e
tively freezes the partons during the s
attering pro
ess so that thepartons do not intera
t with ea
h other. The lepton intera
ts only with oneof the partons.Let p and p′ be the four-momenta of the partons before and after theintera
tions. Sin
e x is the momentum fra
tion of the partons in the hadron,e.g. a nu
leon, p = xpN , the 
onservation of four-momentum gives

p′ − p = q (4.10)
q + p = p′

q + xpN = p′

⇒ (q + xpN )2 = (p′)2 = m2
p ≈ 0

⇒ q2 + (xpN)2

︸ ︷︷ ︸

m2
p≈0

+2qxpN ≈ 0In the end we get
2qxpN = −q2 = Q2, (4.11)45



4. INDIRECT DETECTIONso that
x =

Q2

2qpN
(4.12)des
ribes the momentum fra
tion of the partons on the nu
leon.As we will see in the next se
tion, however, Bjorken s
aling is not exa
t.QCD e�e
ts break the s
ale invarian
e by indu
ing a dependen
e of thestru
ture fun
tions of order ∼ ln(Q2).4.3.3 The QCD improved parton modelQCD pro
esses be
ome more important for in
reasing momentum transfers,and it is therefore ne
essary to 
al
ulate QCD 
orre
tions to the parton modelof deep inelasti
 s
attering. Su
h 
orre
tions extend the naive quark partonmodel by allowing intera
tions between the partons via gluons. On average,more quarks, antiquarks, and gluons o

ur with in
reasingQ2, between whi
hthe total momentum of the nu
leon is distributed. Be
ause more quark-antiquark pairs 
an be ex
ited, the number of partons in a nu
leon in
reaseswith higherQ2. Hen
e, the total momentum of the nu
leon is distributed overmore partons, so that the distribution fun
tion fi(x,Q

2) has to de
rease. Forsmall values of x, va
uum ex
itations in form of quark-antiquark pairs willdominate. The biggerQ2, the more partons with de
reasing x is resolved [69℄.
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Figure 4.7: The CTEQ6-DIS parton distribution fun
tions xfi(x,Q
2) in aproton for i = u, d, s, b as fun
tion of x for Q2 = 4 GeV2 (left) and Q2 =

1002 GeV2 (right). The divergen
e of the fun
tions for x → 0 indi
ates thatthe intera
tion is large for small momentum transfers.The Q2-dependen
e of the distribution fun
tions that enter the partonmodel of deep inelasti
 s
attering pro
esses, is su

essfully des
ribed in per-turbative QCD by the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP)46



4.3. DEEP INELASTIC SCATTERING IN THE PARTON MODELequations [69℄
dqi(x,Q

2)

d(lnQ2)
=
αs(Q

2)

2π

∫ 1

x

dy

y

[

qi(y,Q
2)Pqq

(
x

y

)

+ g(y,Q2)Pqg

(
x

y

)]

, (4.13)
dgi(x,Q

2)

d(lnQ2)
=
αs(Q

2)

2π

∫ 1

x

dy

y

[ Nf∑

j=1

[qj(y,Q
2) + q̄j(y,Q

2)]Pgq

(
x

y

)

+

g(y,Q2)Pgg

(
x

y

)]

, (4.14)where qi(y,Q2) and g(y,Q2) refers to the parton distribution fun
tions forquarks and gluons, respe
tively. The splitting fun
tions Pij

(
x
y

), with i, j =
q, g give the probability that parton j with momentum y radiates a quark orgluon and be
omes a parton of type i with fra
tion (x

y

) of the momentum ofparton j. The �rst equation des
ribes the 
hange of the quark densities with
Q2 be
ause of gluon radiation and gluon splitting, while the se
ond equationdes
ribes the 
hange of the gluon density with Q2 be
ause of gluon radiationo� quarks and gluons. The distribution in x at an initial value Q2

0, however,depends on non-perturbative QCD dynami
s of the bound state hadron andmust therefore be obtained by �tting parameterizations to data.
Pqq

(

x
y

)

Pgq

(

x
y

)

Pgg

(

x
y

)

Pqg

(

x
y

)

x

y

x − yFigure 4.8: The lowest order QCD splitting fun
tions Pij

(
x
y

), with i, j = q, g.Ea
h splitting fun
tions gives the probability that a parton of type p 
onvertsinto a parton of type p′, 
arrying a fra
tion y
x
of the momentum of parton p.The CTEQ3 parton distribution fun
tions that we have used, has beenobtained by �tting DGLAP-evolved ansätze with experimental data fromstru
ture measurements in deep inelasti
 lepton-nu
leon s
attering [68℄. Theparton distribution fun
tions are universal, that is, they 
an be extra
tedfrom some dedi
ated experiments and then used to predi
t 
ross se
tions forother pro
esses involving initial state hadrons.3CTEQ is an abbreviation for the Coordinated Theoreti
al/Experimental Proje
t onQCD Phenomenology and Tests of the Standard Model.47



4. INDIRECT DETECTIONThe DGLAP equations are an approximation valid for large Q2 and suf-�
iently large x. In CTEQ6, the values of Q and x are
10−6 < x < 1, 1.3 GeV < Q < 104 GeV. (4.15)4.4 Neutrino intera
tions with matterA neutrino 
an produ
e a muon in the inelasti
 
harged-
urrent s
atteringpro
ess νµ + N → µ− + hadrons (X), whi
h is 
alled an in
lusive pro
esssin
e it is independently of the �nal hadron 
on�guration.The kinemati
s in the pro
ess 
an be des
ribed by the four-momenta

k, k′, q = k − k′, pN , pX of the in
oming neutrino, outgoing muon, the ex-
hanged W -boson, the in
oming nu
leon N and the outgoing �nal hadronstate X given in the laboratory frame as
k = (Eν , kν) k′ = (Eµ, kµ) q = (ν, q) (4.16)
pN = (MN , 0) pX = (EX , pX), (4.17)with Eν is the neutrino energy, EX is the energy of the �nal hadron stateand MN is the nu
leon mass.The energy di�eren
e ν in the nu
leon rest frame is

ν =
pN · q
MN

= Eν − Eµ. (4.18)while the negative four-momentum transfer is
Q2 = −q2 = −(k − k′)2 = −(Eν −Eµ)2 + (k − k′)2

= 4EνEµsin2 θ

2
,

(4.19)where θ is the s
attering angle of the outgoing muon.It is useful to express the 
ross se
tion in terms of the Bjorken s
alingvariable x and the inelasti
ity parameter y. The s
aling variable x is givenby
x =

−q2

2qpN
=

Q2

2MNν
with 0 < x ≤ 1. (4.20)The fra
tion of the lepton energy transferred to the proton in its rest frameis

y =
pN · q
pN · k =

ν

Eν
= 1 − Eµ

Eν
=
Q2

sx
, with 0 ≤ y < 1, (4.21)where s is the square of the total 
enter-of-mass (
.m.) energy of the lepton-nu
leon 
ollision

s = (k + pN)2 = 2MNE +M2
N ∼ 2MNE. (4.22)48
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µ−νµ

q X

WFigure 4.9: Feynman diagram for deep inelasti
 in
lusive 
harged-
urrentneutrino-nu
leon s
attering.4.4.1 Quark distribution fun
tionsThe parton model predi
ts deep inelasti
 s
attering as an in
oherent sum of
lq or lq̄ s
attering on partons. The double di�erential 
ross se
tion 
an bewritten as [70℄

dσ

dxdy
(lp→ l′X) =

∑

q,q′

q(x,Q2)
dσ

dy
(lq → l′q′) +

∑

q̄,q̄′

q̄(x,Q2)
dσ

dy
(lq̄ → l′q̄′),(4.23)where q(x,Q2) and q̄(x,Q2) is the quark and anti-quark distribution fun
-tions. The quark-parton distribution fun
tions 
an be split into a valen
e-and a sea-quark 
ontribution

u(x,Q2) = uv(x,Q
2)+us(x,Q

2) d(x,Q2) = dv(x,Q
2)+ds(x,Q

2). (4.24)Be
ause of the symmetry of the qq̄ sea, it is required that
us(x,Q

2) = ū(x,Q2) s(x,Q2) = s̄(x,Q2) (4.25)
ds(x,Q

2) = d̄(x,Q2) c(x,Q2) = c̄(x,Q2). (4.26)The valen
e quark distributions of the proton satisfy the quark numbersum rules
Nu =

∫ 1

0

dx(u(x) − ū(x)) = 2, Nd =

∫ 1

0

dx(d(x) − d̄(x)) = 1. (4.27)In terms of the quark distribution fun
tions q(x,Q2) the di�erential 
rossse
tions of neutrinos on quarks and antiquarks with mass mq are [70℄
dσ

dydx
(νq) =

G2
F2mqEν

π
q(x,Q2)

dσ

dydx
(νq̄) =

G2
F2mqEν

π
q̄(x,Q2)(1 − y)2. (4.28)49



4. INDIRECT DETECTIONThe fa
tor (1 − y)2 des
ribes the suppression of the s
attering 
ross se
tionin the weak intera
tion between two states of opposite heli
ity.In 
harged-
urrent intera
tions, neutrinos s
atter only o� quarks withnegative 
harge (d, ū, s).
νµ + d

(

− 1

3
e

)

→ µ− + u

(
2

3
e

)

νµ + ū

(

− 2

3
e

)

→ µ− + d̄

(
1

3
e

) (4.29)The 
orresponding neutrino-proton 
ross se
tion 
an be written as
dσ

dxdy
(νp) =

G2
FMpE

π
×2x

[

[d(x,Q2)+s(x,Q2)]+[ū(x,Q2)+c̄(x,Q2)](1−y)2

]

.(4.30)Sin
e the proton and neutron are in an isospin doublet we have that
up(x) → dn(x)

dp(x) → un(x). (4.31)This leads to the neutrino-neutron 
ross se
tion
dσ

dxdy
(νn) =

G2
FMnE

π
×2x

[

[u(x,Q2)+s(x,Q2)]+[d̄(x,Q2)+c̄(x,Q2)](1−y)2

]

.(4.32)In the previous 
al
ulations we have negle
ted the W -propagator term. Thiswe 
an not do for very high energies, and in equations (4.30) and (4.32) therepla
ement
G2

F → G2
F

/(

1 +
Q2

M2
W

)2 (4.33)has to be made.The 
ross se
tion for neutrino s
attering on an isos
alar target N ≡ n+p
2is obtained by averaging the neutrino-proton and neutrino-neutron 
ross se
-tions

dσ

dxdy
(νN) =

1

2

(
dσ

dxdy
(νp) +

dσ

dxdy
(νn)

)

=
2G2

FMEν

π

(
M2

W

Q2 +M2
W

)2 [

xq(x,Q2) + xq̄(x,Q2)(1 − y)2

]

,(4.34)50
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urrent 
ross se
tion of neutrino s
attering o� nu-
leons as a fun
tion of the neutrino energy.with the quark and anti-quark distribution fun
tions
q(x,Q2) =

uv(x,Q
2) + dv(x,Q

2)

2
+
us(x,Q

2) + ds(x,Q
2)

2
+

ss(x,Q
2) + bs(x,Q

2)
(4.35)

q̄(x,Q2) =
us(x,Q

2) + ds(x,Q
2)

2
+ cs(x,Q

2) + ts(x,Q
2). (4.36)Thus, in perturbative QCD (pQCD), the neutrino-nu
leon 
ross se
tion
an be written as

σνN =

∫ 1

0

dx

∫ 1

0

dy
d2σνN

dxdy
. (4.37)Be
ause of the great mass of the 
harm (c), bottom (b) and top (t)quarks, we have negle
ted 
ontributions from cc̄, ss̄, tt̄ pairs in our 
al
ula-tions. Lighter quarks � the up (u), down (d) and strange (s) quarks � arethe main 
omponents of the nu
leon over the Q2-range relevant to neutrino-nu
leon s
attering. The resulting 
ross se
tion for neutrinos o� nu
leons isshown in �gure 4.10. 51
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q̃i

}X

qi

χ̃0
1

Figure 4.11: The Feynman diagram for s-
hannel χ̃0
1qi s
attering into allallowed �nal states X, where q̃i is a virtual squark.4.5 Neutralino intera
tions with matterUltra-relativisti
 neutralinos 
an intera
t with quarks by ex
hange of squarksin the s-
hannel4. Su
h an intera
tion 
an either dire
tly yield a lightest su-persymmetri
 parti
le � a neutralino, or a heavier superparti
le that qui
klyde
ays to the lightest neutralino by virtue of R-parity. Hen
e, neutralinoswill generate less energeti
 neutralinos in ea
h intera
tions, and the numberof neutralinos will not be depleted.4.5.1 Kinemati
s and 
ross se
tionThe 
ross se
tion of s-
hannel neutralino-quark s
attering through a reso-nan
e parti
le, χ̃0

1qi → q̃i → X, is
σ(s) =

∑

q

∫

dxq(x,Q2)σ̂(ŝ), (4.38)where x is the fra
tion of the proton's momentum 
arried by the quark,
q(x) is the quark stru
ture fun
tion and σ̂ is the partoni
 
ross se
tion for
χ̃0

1qi → q̃i. Figure 4.11 shows the Feynman diagram for the pro
ess.To 
al
ulate the partoni
 
ross se
tion, σ̂, we need the (relativisti
) Breit-Wigner formula [71℄
σtot(i→ X) = 4π

m2

p2

2J + 1

(2s1 + 1)(2s2 + 1)

ΓiΓX

(s−m2)2 +m2Γ2
tot

(s ≈ m2)(4.39)for the 
ontribution of an unstable parti
le (or resonan
e) of spin J , mass mand total de
ay width Γtot to the total 
enter-of-mass (
.m.) 
ross se
tionof a rea
tion i → X near the resonan
e energy √
s = m. Γi and ΓX are the4The term s-
hannel represents Feynman diagrams where the intera
tion involves theex
hange of an intermediate parti
le whose squared momentum equals the Mandelstamvariable s. 52



4.5. NEUTRALINO INTERACTIONS WITH MATTERpartial widths of this resonan
e for de
ay to the in
ident 
hannel (i) and theexit 
hannel (X) respe
tively. The spins for the 
olliding parti
les are s1 and
s2. For the 
ase of the total partoni
 
ross-se
tion of neutralino-quark s
at-tering we get

σ̂(ŝ) = π
1

|~P ∗
1 |2

ŝ

(ŝ−m2
q̃i
)2 +m2

q̃i
Γ2

q̃i

Γ(q̃i → qi + χ̃0
1)Γq̃i

, (4.40)where ŝ is the square of the partoni
 
.m. energy, |~P ∗
1 | = (ŝ −m2

χ̃0

1

)/2
√
ŝ isthe 
.m. 3-momentum of the in
oming parti
les, Γq̃i

is the total de
ay widthof the squark and Γ(q̃i → qi + χ̃0
1) is the partial q̃i → qi + χ̃0

1 de
ay width.We have put s1 = s2 = 1
2
for the spins of the in
oming parti
les and the spinof our unstable parti
le, the squark q̃i, is J = 0.Sin
e Γ ≪ m we 
an use the narrow width approximation

1

(ŝ−m2)2 +m2Γ2

Γ→0−−→ π

mΓ
δ(ŝ−m2) (4.41)to simply the expression for the partoni
 
ross-se
tion to

σ̂(ŝ) = π2 1

|~P ∗
1 |2

ŝ

mq̃i

δ(ŝ−m2)Γ(q̃i → qi + χ̃0
1). (4.42)The partial q̃i → qi + χ̃0

1 di�erential rate for the de
ay is
dΓ(q̃i → qi + χ̃0

1) =
1

32π2
|M|2 |~p1|

m2
q̃i

dΩ, (4.43)where |M|2 is the amplitude squared of the de
ay pro
ess summed and aver-aged over various degrees of freedoms not observed, like spin and 
olor. Here
mq̃i

is the mass of the de
aying squark and dΩ = dφ1d(cos θ1) is the solidangle of parti
le 1. The 3-momentum of either of the de
aying parti
les |~p1|is
|~p1| = |~p2| =

[(m2
q̃i
− (m1 +m2)

2)(m2
q̃i
− (m1 −m2)

2)]1/2

2mq̃i

. (4.44)In all simpli
ity, we assume equal masses mq̃ for the L and R squarksof a given �avor, so that the left- and right-handed 
ouplings 
ontributesymmetri
ally. In general, the left- and right-handed 
ouplings 
ontributeonly to L and R squark ex
hange, respe
tively. This approximation 
an bejusti�ed by the fa
t that most SUSY models predi
t small mass splittingsbetween squarks (at least for the �rst two generations) [72℄. Furthermore,53



4. INDIRECT DETECTIONany squark produ
ed in this intera
tion is too short-lived to lose energy priorto its de
ay [73℄. If we also ignore the small Higgsino 
omponents N13 and N14of the neutralino mass matrix, and apply the Feynman rules in the MSSMgiven in Appendix B, we get the matrix element
M = ū(1)i

[

aqR

(
1 − γ5

2

)

+ aqL

(
1 + γ5

2

)]

u(2), (4.45)where aqL
and aqR

are
aqL

=
√

2g2

(

T3,qN12 +
tanθW

6
N11

) for q = u, d, s, c;

aqR
=

√
2g2 tanθWQqN11 for q = u, d, s, c; (4.46)Here g2 = 0.65 is the weak SU(2) 
oupling 
onstant, sinθW = 0.23120 is theweak-mixing parameter, T3,u = −T3,d = 1/2 is the weak isospin, Qq is theele
tri
 
harge of quark q in units of the proton 
harge and Nij are the entriesof the neutralino mixing matrix in the notation of Ref. [52℄.The square of the amplitude is

|M|2 = MM∗ = ū(1)i

{

aqR

(
1 − γ5

2

)

+ aqL

(
1 + γ5

2

)}

u(2)×
[

ū(1)i

{[

aqR

(
1 − γ5

2

)

+ aqL

(
1 + γ5

2

)]

u(2)

}]∗

= ū(1)i

{

aqR

(
1 − γ5

2

)

+ aqL

(
1 + γ5

2

)}

u(2)×

− iu(2)†
{

a∗qL

(
1 + γ5

2

)

+ a∗qR

(
1 − γ5

2

)}

γ0u(1)

= ū(1)

{

aqR

(
1 − γ5

2

)

+ aqL

(
1 + γ5

2

)}

u(2)×

ū(2)

{

a∗qL

(
1 − γ5

2

)

+ a∗qR

(
1 + γ5

2

)}

u(1). (4.47)Here we have used the fa
t that the 
omplex 
onjugate is the same as theHermitian 
onjugate for the quantity in the bra
ket, that ū(1) = u(1)†γ0 andthat γ5 is Hermitian (γ5† = γ5) and anti
ommutes with γµ (γµγ5 = −γ5γµ).Sin
e there is only one parti
le with only one allowed spin orientation inthe initial state we get 1 when we average over the initial spins. If we then54



4.5. NEUTRALINO INTERACTIONS WITH MATTERsum over the �nal spins we get
|M|2 =

∑

spins

|M|2 = Tr{[aqR

(
1 − γ5

2

)

+ aqL

(
1 + γ5

2

)]

p/q̃i
×

[

a∗qL

(
1 − γ5

2

)

+ a∗qR

(
1 + γ5

2

)]

(p/χ̃0 +mχ)

}

= Tr{[|aqR
|2
(

1 − γ5

2

)

+ |aqL
|2
(

1 + γ5

2

)]

×

p/q̃i
(p/χ̃0 +mχ)

}

. (4.48)Here we have used that
(1 − γ5)(1 + γ5) = 1 − (γ5)2 = 0 (4.49)so that the 
ross terms 
an
el and that
(

1 ± γ5

2

)2

=

(
1 ± γ5

2

)

. (4.50)Applying the tra
e theorems given in Appendix A, this simpli�es greatlyto
|M|2 =

[
1

2
(|aqR

|2 + |aqL
|2)Tr{p/q̃i

p/χ̃0}
]

= 2(|aqR
|2 + |aqL

|2)pq̃i
pχ̃0 . (4.51)The produ
t of the four-momentum of in
oming parti
les is pure kine-mati
s:

pqi
= pq̃i

+ pχ̃0

pq̃i
pχ̃0 =

1

2
(m2

q̃i
−m2

χ̃0
). (4.52)Sin
e in our 
ase |M|2 does not depend on any angle we 
an integrateover the solid angle to get

Γ =
1

8π
|M|2 |~pχ̃0|

mq̃i

, (4.53)with
|~pχ̃0| =

1

2m2
q̃i

(m2
q̃i
−m2

χ̃0).Here we have uses the standard formula for two-body de
ays, equation (4.43),with |~p1| = |~pχ̃0| and m1 = mχ̃0 ≫ m2 = mqi
. If we negle
t the mass of55



4. INDIRECT DETECTIONthe quark 
ompared to the neutralino, the in
oming parti
les have the 
.m.energy
E1CM =

ŝ+m2
χ̃0

2
√
ŝ

, (4.54)and the 
.m. 3-momentum
~P ∗

1 =
√

E1CM −m2
χ̃0 =

√

(ŝ+m2
χ̃0)2

4ŝ
−m2

χ̃0

=
ŝ−m2

χ̃0

2
√
ŝ

. (4.55)
ŝ is the partoni
 
enter of mass energy for the intera
tion

ŝ = m2
q̃i

= (pχ̃0 + pq̃i
)2 = p2

χ̃0 + p2
q̃i

+ 2pχ̃0pq̃i

= m2
χ̃0 + 2pχ̃0pq̃i

. (4.56)Sin
e 2pχ̃0pq̃i
= 2xPNpχ̃0 = 2xMNEχ̃0 we have

ŝ = m2
χ̃0 + 2xMNEχ̃0 . (4.57)If we then put the results of equations (4.51) and (4.52) into equa-tion (4.53) we get

Γ =
1

8π
|M|2 |~pχ̃0|

mq̃i

=
1

16π

1

m3
q̃i

(m2
q̃i
−m2

χ̃0
)2(|aqR

|2 + |aqL
|2). (4.58)The Breit-Wigner peak is not visible in 
ross se
tions for resonant squarkprodu
tion. Be
ause the quark momentum distribution inside a nu
leon

N is 
ontinuous, any value of the in
ident neutralino energy larger thanthe threshold (Eχ0 >
m2

q̃i
−m

χ̃0

2MN
) 
an produ
e a squark at resonan
e. In this
ase, the 
ross se
tion involves a 
onvolution of the partoni
 
ross se
tionin equation (4.42) with a parton distribution fun
tion q(x,Q2). The 
rossse
tion 
an then be obtained by inserting equation (4.58) into equation (4.42)56



4.5. NEUTRALINO INTERACTIONS WITH MATTERand 
onvoluting with the parton distribution fun
tions:
σ(s) =

∑

q

∫

dx q(x,Q2) π2 1

|~P ∗
1 |2

ŝ

mq̃i

δ(ŝ−m2)Γ(q̃i → qi + χ̃0
1)

=
π

16

∑

q

1

m4
q̃i

(m2
q̃i
−m2

χ̃0
)2(|aqR

|2 + |aqL
|2)×

∫

dx
4ŝ2

ŝ−m2
χ̃0

q(x,Q2) δ(ŝ−m2)

=
π

4

∑

q

1

m4
q̃i

(m2
q̃i
−m2

χ̃0
)2(|aqR

|2 + |aqL
|2)×

∫

dx
(sx)2

sx−m2
χ̃0

q(x,Q2) δ(m2
χ̃0 + 2xMNEχ̃0 −m2

q̃i
)

=
π

4

∑

q

1

m4
q̃i

(m2
q̃i
−m2

χ̃0
)2(|aqR

|2 + |aqL
|2)×

∫

dx
(sx)2

sx−m2
χ̃0

q(x,Q2)
1

2MNEχ̃0

δ

(

x−
(
m2

q̃i
−m2

χ̃0

2MNEχ̃0

))

=
π

4

∑

q

(|aqR
|2 + |aqL

|2) 1

m2
q̃i

xq(x,Q2), (4.59)with
x =

m2
q̃i
−m2

χ̃0

2MNEχ̃0

. (4.60)The numeri
al 
al
ulations of the 
ross se
tions have been 
arried outwith the use of the CTEQ6-DIS parton distributions sets. In one of the 
al-
ulations, we have been optimisti
 and have set the mass of the squark to thelower experimental limit mq̃i
= 250 GeV and used the lowest experimentallimit for the lightest neutralino mass mχ̃0 = 46 GeV. We have also investi-gated the 
ross se
tion for the highest value of the squark mass 
ompatiblewith �ne tuning, mq̃ = 1 TeV. The momentum s
ale in the quark distri-bution fun
tions is set as Q2 = m2

q̃ . The resulting 
ross se
tions for bino-and wino-like neutralinos as fun
tion of the neutralino energy are given in�gure 4.12 for mq̃ = 250 GeV and in �gure 4.13 for mq̃ = 1 TeV.Squark de
ays are isotropi
 in the squark rest frame, implying
dσs

d(cos θ∗)
=
σtots

2
, (4.61)where θ∗ is the angle between the ingoing and outgoing χ̃0

1 in this frame. Inboosting from the 
.m. system into the nu
leon rest frame, we obtain the57



4. INDIRECT DETECTIONexpression for the y distribution. The 
ross se
tion di�erential in the s
alingvariable y ≡ Eout/Ein, where Ein and Eout is the in
oming and outgoing χ̃0
1energy in the nu
leon rest frame, 
an then be written as

dσs

dy
=
σtots

ymax

, (4.62)where
ymax = 1 −

m2
χ1

0

m2
q̃

;

ymin = 0. (4.63)In order to obtain the maximum value of y, we have used ŝ = m2
q̃ for on-shell squark produ
tion. The lower limit of y is always zero, be
ause forwards
attering in the squark rest frame leads to Eout = Ein. The value y = 1is only rea
hed for m2

χ̃0

1

→ 0, i.e. for Eout = 0. The maximal value is quite
lose to unity for our values of mχ̃0

1
and mq̃. Assuming that the squarks arelighter than gluinos, a bino-like neutralino undergoing s-
hannel s
atteringon a nu
leon, will lose on average about half its energy [72℄.

58
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4. INDIRECT DETECTION4.6 In�uen
e of the Earth4.6.1 The Preliminary Earth ModelOn their journey through the Earth, the parti
les traverse di�erent densi-ties, depending on their arrival dire
tions. For simpli
ity, the Earth 
an beregarded as a spheri
ally symmetri
 ball with a simple internal stru
ture,whi
h is divided into layers. The inner stru
ture of the Earth 
onsists of adense inner (solid) and outer (liquid) 
ore and a lower mantle (highly vis
ous)of medium density, 
overed by a transition zone, lid, 
rust and o
eans. Arepresentation of the density pro�le of the Earth is given by the PreliminaryEarth Model [74℄
ρ(r) =







13.0885 − 8.8381x2, r < 1221.5

12.5815 − 1.2638x− 3.6426x2 − 5.5281x3, 1221.5 < r < 3480

7.9565 − 6.4761x+ 5.5283x2 − 3.0807x3, 3480 < r < 5701

5.3197 − 1.4836x, 5701 < r < 5771

11.2494 − 8.0298x, 5771 < r < 5971

7.1089 − 3.8045x, 5971 < r < 6151

2.691 + 0.6924x, 6151 < r < 6346.6

2.9, 6346.6 < r < 6356

2.6, 6356 < r < 6368

1.02, r ≤ R⊕,where the density is measured in g/cm3, the distan
e r from the 
enter of theEarth is measured in kilometers and x ≡ r/R⊕ is the s
aled radial variablewith the Earth's radius R⊕ = 6371 km. A graphi
 representation of thedensity pro�le is given in �gure 4.14.We 
onsider only upward-going muons, that is, neutrinos or neutralinoswith arrival dire
tions θ su
h that 0 < θ < π/2, where θ = 0 denotes arrivalsfrom the nadir. The amount of matter the parti
le passes on its way 
an beexpressed as a 
olumn depth. In order to 
al
ulate the 
olumn depth, z(θ),one needs the angle
ρ = tan−1

(
R⊕ − x

(R⊕ + x)tan θ
2

)

+
π

2
− θ

2
(4.64)whi
h we obtain from geometri
al 
onsiderations. Using the sine law, we 
anthen �nd an expression for the distan
e r from the 
enter of the Earth,

r = R⊕

sin θsin ρ, (4.65)60
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ording to the Preliminary EarthModel.measured in kilometers and the s
aled variable x ≡ r/R⊕. The amount ofmatter the upward-going parti
le en
ounters when traversing the Earth, isshown in �gure 4.15 as a fun
tion of the parti
le dire
tion. The 
ore obviouslyhas a big in�uen
e at angles below about 0.2π. A neutrino arriving from thenadir will in its passage through the Earth traverse a 
olumn whose depth is11 kilotonnes/
m2, or 1.1 × 1010 
mwe (
entimeter water equivalent).4.6.2 Intera
tion lengthDuring its journey the parti
le 
an intera
t with the matter along its path.The length it 
an travel before intera
ting, is given by a (water-equivalent)intera
tion length [74℄
λint =

1

σ(E)NA

, (4.66)where NA = 6.022 × 1023 mol−1 = 6.022 × 1023 cm3 (water equivalent) isAvogadro's number, and σ is the parti
le's 
ross se
tion with matter. The
harged-
urrent intera
tion lengths of neutrinos with energies greater than
40 TeV is less than the Earth's diameter. Thus, neutrinos arriving from thenorth-pole, with energies above this value, are e�e
tively extinguished. Theintera
tion length as a fun
tion of energy is shown in �gure 4.16 for neutrinos.61
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kness of the Earth as a fun
tion of the angleof in
iden
e of the in
oming parti
les.For neutralinos, we 
onsider the intera
tion lengths for the two squark masses
mq̃ = 250 GeV and mq̃ = 1 TeV for pure binos in �gure 4.17 and for purewinos in �gure 4.18.4.6.3 Shadow fa
torAs the parti
les travel through the Earth, the �ux will be weakened. Theattenuation is strongly dependent on the intera
tion length of the parti
les(or equivalently the 
ross se
tion) and the 
olumn depth. If we negle
t anyregeneration e�e
ts and assume that the �ux is isotropi
, this attenuation
an be represented by a shadow fa
tor. The shadow fa
tor is equivalent tothe e�e
tive solid angle for upward-going muons divided by 2π [74℄

S(E) =
1

2π

0∫

−1

d cos θ

∫

dφ exp [−z(θ)/Lint(E)]. (4.67)The shadowing fa
tor for the neutrino �ux is given in �gure 4.19, whilethe shadowing fa
tors for neutralino �uxes in 
ase of mq̃ = 250 GeV and
mq̃ = 1 TeV are shown in �gures 4.20 and 4.21, respe
tively.If the neutralino-nu
leon 
ross se
tion is signi�
antly smaller than theneutrino-nu
leon 
ross se
tion, it should be possible to distinguish between62
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lesof mass MX = 12 GeV (solid line), MX = 10 GeV (dashed line) and MX = 8GeV (dotted line). The mass of the squark is mq̃ ∼ 1 TeV. The dottedline should be extended up to the value of 1 and the other two lines shouldde
rease to zero.the signals of neutrinos and neutralinos, sin
e their shadowing fa
tors and�uxes di�er from ea
h other. We 
an divide the Earth into two regions; onewhere it is likely that the signal is from neutralinos, and one where one 
annotdistinguish between neutrinos and neutralinos. The division between the tworegions is set by an e�e
tive angle that varies with energy. It is then possibleto determine an e�e
tive solid angle. Our 
al
ulations show that for squarkmasses of about mq̃ ∼ 250 GeV it is not possible to di�erentiate neutralinosfrom neutrinos. In the 
ase of mq̃ ∼ 1 TeV, the bino-like neutralino-matter
ross se
tion is of order 10−2, making it possible to distinguish the signals.4.6.4 Average range of muonsIn addition to the dependen
e on the attenuation of the parti
le �ux, theupward muon event rate also depends on the probability that the parti
le
reates a muon that is energeti
 enough to arrive at the dete
tor with anenergy Eµ larger than the dete
tor's threshold energy Emin
µ � the minimummuon energy triggering the dete
tor. On average, a muon produ
ed with66



4.6. INFLUENCE OF THE EARTH
Eµ = 10 TeV will travel a few kilometers until its energy is degraded to 1TeV. The probability that a muon 
an be re
orded in a dete
tor depends onthe average range 〈R〉 of a muon in ro
k [74℄,

〈R(Eν ;E
min
µ )〉 =

1

σCC(Eν)

1−Emin
µ /Eν∫

0

dyR(Eµ, E
min
µ )

dσCC(Eν , y)

dy
, (4.68)where the muon energy is

Eµ = Eν(1 − y), (4.69)for muons produ
ed in a 
harged-
urrent intera
tion of neutrinos with matter.After a high energy muon is produ
ed, it undergoes 
ontinuous energy loss asit propagates. The range R of an energeti
 muon follows from the energy-lossrelation [1℄
− dEµ/dX = α(Eµ) + β(Eµ)Eµ, (4.70)where X is the thi
kness of matter traversed by the muon in g/cm2. The�rst term represents ionization losses, while the se
ond term represents 
atas-trophi
 pro
esses of bremsstrahlung, e+e− pair produ
tion and nu
lear in-tera
tions. If the 
oe�
ients α and β are independent of energy, we 
anapproximate their values to be α = 2.0× 10−3 GeV
mwe−1 (cmwe = g/cm3)and β = 3.9× 10−6 
mwe−1. Integrating equation (4.70), the muon range is

R(Eµ, E
min
µ ) ≡ X(Emin

µ ) −X(Eµ) =
1

b
ln

a+ bEµ

a+ bEmin
µ

. (4.71)The average range of muons from 
harged-
urrent neutrino intera
tions isshown in �gure 4.23 for threshold energies 1 TeV and 10 TeV.The average range is somewhat di�erent in the 
ase of muons produ
ed in
s-
hannel neutralino intera
tions with matter. The quarks produ
ed in thede
ay of squarks 
an undergo �avor-
hanging weak de
ays, like d→ u+W−,as well as 
ross-generational de
ays like s→ u+W−. The W-boson 
an thende
ay into a muon-neutrino and a muon, W− → µ− + νµ. The muon energywill then be approximately 1/3 of the squark energy [75℄

Eµ =
1

3
Eχ(1 − y). (4.72)The average range of a muon originating from neutralino intera
tions is thengiven by

〈R(Eχ0 ;Emin
µ )〉 =

1

σs(Eν)

1−m
χ0/mq̃∫

0

dyR

(
1

3
Eχ0(1 − y), Emin

µ

)
dσs(Eχ0 , y)

dy
,(4.73)67
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µ = 1 TeV and 10 TeV.4.6.5 Probability for 
reating muonsThe probability that a parti
le of energy E produ
es an observable muon isthen [74℄

Pµ(E,E
min
µ ) = NA σ(E)〈R(E;Emin

µ 〉. (4.74)The probability for 
reating observable muons from neutrino intera
tionsis shown in �gure 4.26. Probabilities for 
reating observable muons fromneutralino intera
tions are shown in �gure 4.27 and �gure 4.28 for mq̃ =
250 GeV and mq̃ = 1 TeV, respe
tively.
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4. INDIRECT DETECTION4.6.6 Event ratesThe event rate of upward-going muons is proportional to the area of thedete
tor. If we re
ord intera
tions that o

ur in the ro
k or i
e surroundingthe dete
tor, the e�e
tive volume 
an be enhan
ed over the instrumentedvolume. The event rate for a parti
le with energy E in a dete
tor withe�e
tive area A is [74℄Rate = A

∫

dEPµ(E;Emin
µ )S(E)

dN

dE
. (4.75)The total event rate for dete
ting neutralinos in the energy range 107 −

1012 GeV in a dete
tor with area A = 1 km2, like I
eCube, is shown in table4.1 for binos. The 
orresponding total event rate for neutrinos is shown intable 4.2.
Eµ

min Bino event rate, mq̃ = 250 GeV Bino event rate, mq̃ = 1 TeV

1 TeV 1.2713 × 10−4 year−1 sr−1 2.8623 × 10−5 year−1 sr−1

10 TeV 1.0393 × 10−4 year−1 sr−1 2.3703 × 10−5 year−1 sr−1Table 4.1: The total bino-produ
ed µ− event rates per steradian per year
orresponding to the neutralino �uxes given in �gure 4.2 for two di�erentmuon energy thresholds. The e�e
tive area is A = 1 km2.
Eµ

min Rate of ν
1 TeV 0.77415 year−1 sr−1

10 TeV 0.62058 year−1 sr−1Table 4.2: The total µ− event rates per steradian per year 
orresponding tothe neutrino �ux given in �gure 4.2 for two di�erent muon energy thresholds.The e�e
tive area is A = 1 km2.The expe
ted total event rates for wino-like neutralinos have been omittedon the grounds that they were suspi
iously large (of the order of 107 eventsper year per steradian).
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�That is all as it should be, for in a question likethis truth is only to be had by laying togethermany varieties of error.�Virginia Woolf � A Room of Ones Own
5Dis
ussionsThere are several assumptions behind the estimates that have been presentedin the previous 
hapter. Whether these assumptions are valid or not is di�-
ult to say for sure. Many are very model dependent, and sin
e we are to alarge extent ignorant of the true nature of intera
tions at ultra-high energies,several un
ertainties arise.5.1 Theoreti
al and experimental un
ertaintyEstimates of the un
ertainties on the parton distributions 
an have an im-pa
t on the predi
ted 
ross se
tions. Sin
e measurements of deep-inelasti
s
attering by photon ex
hange is most sensitive to the u-quark, the u-quarkdistribution is the most a

urately known. The d-quark distribution is af-fe
ted by the various data sets that are sensitive to u-d di�eren
es. The mostun
ertain distribution is the gluon distribution, for whi
h the un
ertainty isof order ∼ 15% for x values up to ∼ 0.3. This un
ertainty in
reases rapidlyfor larger values of x [68℄.The 
as
ade de
ay to 
osmi
 ray parti
les relies on the ratio of the volumedensity of the X-parti
le, nX = ρcΩX/mX , to its de
ay time, τX [76℄. Neitherthe 
osmi
 average mass density ΩX , nor τX is of 
ourse known, so thevalues of these are very model dependent. To further 
ompli
ate matters,the me
hanisms of the de
ay rely on the exa
t nature of the parti
les. Alas,no �rm predi
tion on the expe
ted �ux of neutralinos 
an be made.For light squarks, the 
ross se
tion for bino-like neutralinos is 
omparableto the neutrino-nu
leon 
ross se
tion at high energies, as shown in �gure 5.1.For wino-like neutralinos it is even 
onsiderably larger than the neutrino-nu
leon 
ross se
tion. The assumptions we have made about the neutralino-nu
leon 
ross se
tion in 
hapter 4.5 
ould be responsible for the large expe
ted73
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urrent neutrino-nu
leon s
atter-ing (dotted line) and for s-
hannel bino-like neutralino-nu
leon s
attering asfun
tion of the energy for mq̃ = 250 GeV (dashed line), mq̃ = 1 TeV (
ontin-uous line).event rates for winos, or it 
ould simply be a 
onsequen
e of mis
al
ulations.The s-
hannel neutralino-nu
leon 
ross se
tion depends heavily on thesquark mass. If the masses of the squarks are not mu
h larger than theexperimental lower value of mq̃ ∼ 250 GeV, there is no 
han
e of distinguish-ing between events from bino-like neutralinos from events from neutrinos inneutrino teles
opes like I
eCube. For mq̃ = 1 TeV, the 
ross se
tion is oforder ∼ 10−2 smaller than the neutrino-nu
leon 
ross se
tion, and hen
e theevent rate for a given �ux is redu
ed. This is 
ompensated by a smallerattenuation of the �ux. Consequently, it is possible to dis
ern neutralinosfrom neutrinos. However, the event rate is too small for opti
al neutrinoteles
opes 
overing 1 km3, even if they are expanded tremendously, to give a�rm signal of neutralinos.The numbers presented in
lude only neutralino intera
tions with matterin the s-
hannel. Neutralinos 
ould also intera
t in the t-
hannel, whi
hshould be taken into a

ount when 
al
ulating these intera
tions.A

ording to ref. [77℄, it is not even enough with a Teraton target todete
t a reliable event rate for bino-like LSPs. This seems to hold even forthe lightest squark we have used in our predi
tion of the 
ross se
tion.74



5.2. NUMERICAL LIMITATIONS5.2 Numeri
al limitationsIn our numeri
al evaluation of the the 
ross se
tions, we have 
hosen 
ertainvalues for the energies and used polynomial interpolation routines to evaluatethe 
ross se
tions at intermediate energy values. Similar inter- and extrap-olation routines have been used in the 
omputation of the parti
le spe
tra.The argument values in these routines must be in either stri
tly in
reasingor stri
tly de
reasing order. The loss in a

ura
y is naturally greatest withextrapolation.The integrals in the neutrino 
ross se
tion have been performed withthe subroutine �trapzd� together with the fun
tion �qtrap� from Numeri
alRe
ipes in Fortran 90 [78℄. The 
harged-
urrent neutrino 
ross se
tion withmatter is slightly larger than the one given in ref. [74℄, whi
h was evaluatedwith the CTEQ3-DIS parton distribution. This dis
repan
y 
ould at leastpartially be explained by improved values for the parton distributions.In the evaluation of the e�e
tive solid angle it was di�
ult to pinpoint theexa
t energy values needed for the surviving di�erential �uxes (dS(E, θ)) tobe equal, i.e. distinguishing the e�e
tive angle. Be
ause of this, the lines arenot 
omplete and the values are only approximately equal to the �
orre
t�values.
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�It is the mark of an instru
ted mind to rest satis-�ed with the degree of pre
ision whi
h the natureof the subje
t admits and not to seek exa
tnesswhen only an approximation of the truth is pos-sible.� Aristotle
6Closing remarksTo summarize, the possibility of dete
ting high energy neutralinos in neutrinoteles
opes depends strongly on the parameters of SUSY that the 
ross se
tionrelies on, the e�e
tive dete
tor volume and the unknown neutralino and neu-trino �uxes from de
ay of superheavy dark matter parti
les. The prospe
t ofdete
ting bino-like neutralinos in I
eCube is therefore not promising. Newmethods must be investigated if su
h neutralinos are to be dete
ted in thefuture. Already alternative methods have been proposed � like dete
ting ra-dio Čerenkov radiation instead of opti
al Čerenkov radiation. One 
ould alsodete
t light from �uores
en
e emitted by very energeti
 parti
le showers inthe atmosphere. Some of the planned 
osmi
 ray experiments are the spa
e-based Extreme Universe Spa
e Observatory (EUSO) [79℄, whi
h 
an monitorthe entire Earth, and the OverWhelmingly Large Teles
ope (OWL) [80℄, adete
tor with even bigger target volume than I
eCube.The suggestion that the dark matter distributed in the Universe 
onsiststo some extent on superheavy X-parti
les will remain open for still sometime.
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APauli and Dira
 matri
esPauli matri
esThe Pauli matri
es are three Hermitian, unitary, tra
eless 2 × 2 matri
es:
σ1 ≡

(

0 1

1 0

)

, σ2 ≡
(

0 −i
i 0

)

, σ3 ≡
(

1 0

0 −1

)

. (A.1)The produ
t rule is as follows:
σiσj = δij + iǫijkσk (A.2)In parti
ular, we have:
σ2

1 = σ2
2 = σ2

3 = 1 (A.3)
σ1σ2 = iσ3, σ2σ3 = iσ1, σ3σ1 = iσ2 (A.4)Dira
 matri
esThe Dira
 matri
es are four unitary tra
eless 4 × 4 matri
es:
γ0 ≡

(

1 0

0 1

)

, γi ≡
(

0 σi

−σi 0

)

, (A.5)where 1 is the 2 × 2 unit matrix, 0 is the 2 × 2 matrix of zeros and σi arethe Pauli matri
es. If we lower the index, the sign 
hanges for the �spatial�
omponents: γ0 = γ0, γi = −γi.The γ5 matrix is de�ned by
γ5 = iγ0γ1γ2γ3 =

(

0 1

1 0

)

, (A.6)81



A. PAULI AND DIRAC MATRICESand has the properties
(γ5)2 = 1, γ5† = γ5, γ5 = γ5. (A.7)For any 4-ve
tor aµ, we de�ne the 4 × 4 matrix a/ as follows:

a/ ≡ aµγ
µ. (A.8)In terms of the metri


gµν ≡









1 0 0 0

0 −1 0 0

0 0 −1 0

0 0 0 −1









, (A.9)the produ
t rules are as follows:
γµγν + γνγµ = 2gµν , a/b/+ b/a/ = 2a · b (A.10)

γµγ
µ = 4 (A.11)

γµγ
νγµ = −2γν , γµa/γµ = −2a/ (A.12)

γµγ
νγλγµ = 4gνλ, γµa/b/γµ = 4a · b (A.13)The tra
e theorems are as follows:

Tr(1) = 4 (A.14)
Tr(γµγν) = 4gµν, Tr(a/b/) = 4a · b (A.15)

Tr(γµγνγλγσ) = 4(gµνgλσ − gµλgνσ + gµσgνλ) (A.16)In addition, the tra
e of a produ
t of an odd number of γ-matri
es is zero.Sin
e γ5 is the produ
t of an even number of γ-matri
es, it follows that
Tr(γ5γµ) = 0 and Tr(γ5γµγνγλ) = 0. If γ5 is multiplied by an even numberof γ's, we �nd

Tr(γ5) = 0 (A.17)
Tr(γ5γµγν) = 0 (A.18)

Tr(γ5γµγνγλγσ) = 4iǫµνλσ, (A.19)where
ǫµνλσ =







−1 if µνλσ is an even permutation of 0123
1 if µνλσ is an odd permutation of 0123
0 if any two indi
es are the same .
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BSele
ted Feynman rules in the MSSM
q̃R,L

χ̃0
j

q q = u, d, s, c and j = 1, 2, 3, 4

Vertex fa
tors
The following vertex fa
tors are in the notation of Ref. [52℄. For verti
es with
q̃L = ũL and q = u we have
−i√

2

{
gmu

2mW sinβ
N∗

j4(1−γ5)+

[

e euN
′
j1+

g

cos θW

(1/2−eusin
2θW )N ′

j2](1+γ5)

]}

.(B.1)For verti
es with q̃R = ũR and q = u we have
−i√

2

{
gmu

2mW sinβ
Nj4(1 + γ5)−

[

e euN
′∗
j1 +−g eusin

2θW

cos θW
N ′∗

j2

]

(1− γ5)

]}

. (B.2)For verti
es with q̃L = d̃L and q = d we have
−i√

2

{
gmd

2mW cosβ
N∗

j3(1−γ5)+

[

e edN
′
j1−

g

cos θW
(1/2+edsin

2θW )N ′
j2](1+γ5)

]}

.(B.3)For verti
es with q̃R = d̃R and q = d we have
−i√

2

{
gmd

2mW cosβ
Nj3(1 + γ5) −

[

e edN
′∗
j1 −

g edsin
2θW

cos θW

N ′∗
j2

]

(1 − γ5)

]}

. (B.4)83



B. SELECTED FEYNMAN RULES IN THE MSSMSimilar fa
tors hold for the 
harm and strange squarks.Here g is the weak SU(2) gauge 
oupling 
onstant, θW is the weak mixingangle, e = g sin θW is the U(1)EM 
harge. The quark 
harges are given by
eu = 2

3
and ed = −1

3
. The matrix elements N ′

ij appearing in the vertex fa
torsare
Nj1′ = Nj1cos θW +Nj2sin θW ,

Nj2′ = −Nj1sin θW +Nj2cos θW ,

Nj3′ = Nj3,

Nj4′ = Nj4, (B.5)where Nji (i = 1, 2, 3, 4) are the entries in the neutralino mixing matrix.
External linesSpin 0: (nothing)Spin 1

2
: 





In
oming parti
le: uIn
oming antiparti
le: v̄Outgoing parti
le: ūOutgoing antiparti
le: vSpin 1: { In
oming: ǫµOutgoing: ǫµ∗
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