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Abstract

D eterm ining Properties of N eutralino Dark M atte r 

Using High-Energy Neutrino Events

Stefan H. P. EliefF 

June 1998

O bservational evidence and theoretical argum ents indicate th a t m ost of the  universe 

is m ade of dark m atte r. Supersym m etry, an extension of the s tan d a rd  m odel of par­

ticle interactions, provides a  natural candidate for dark  m atter: a  weakly interacting 

m assive particle (W IM P) called the neutralino. T he next generation  of high-energy 

neutrino  telescopes could detect these particles indirectly from th e  neutrinos created 

when they annihilate after being captured in the Sun and E arth . T h e  possibility of 

determ ining neutralino properties based on these neutrino fluxes is investigated for 

a range of supersym m etric models. Of particu lar interest is the ra tio  of events from 

the Sun and E arth , a q u an tity  tha t may provide inform ation ab o u t neutralino  mass 

and  relic density in the universe.



1 Introduction

T he hot big bang theory of the evolution of the universe is one of th e  successes of mod­

ern  physics. It explains the  expansion of the universe first observed in the  I920’s. the 

large scale isotropy and homogeneity of the universe, and the  existence of the cosmic 

microwave background radiation (CM BR). Through m easurem ents of the  expansion 

rate, the theory  predicts an age for the universe consistent w ith o ther independent de­

term inations [1]. Furtherm ore, standard big bang nucleosynthesis (SBBN) explains 

the  observed prim ordial abundances of elem ents in the universe [2]. In particular, 

light elem ents such as deuterium  and helium-4 are im portant because there are no 

other known astrophysical processes th a t can produce the observed abundances of 

these elem ents. D euterium , for example, is so easily destroyed th a t even the small 

am ount present in the universe is nearly impossible to explain w ithout prim ordial 

nucleosynt hesis.

In reproducing observed light elem ent abundajices, SBBN places strong con­

straints on th e  am ount of baryonic m atter th a t is present in the universe. The mass 

density of baryons must lie in the range 0.01 <  Q.bh^ <  0.015 [2]. D is the  cosmologi­

cal density param eter which is defined as pjpc-: where pc is the critical density of the 

universe. T he subscript b indicates the baryonic m atte r contribution Dt =  Ph!Pc- Un­

certainty in th e  Hubble constant Ho affects the SBBN bound on fit and  is accounted 

for through th e  param eter h. Defining Ho =  100 h km see”  ̂ M pc~‘ , the  broadest 

range of values for the Hubble constant consistent with current observations and anal­

ysis \s h =  0 .4-1.0. Including this uncertainty means 0.01 <  Hs <  0.1. The to tal 

luminous m ass density am ounts only to Hium <  0.01 [3]. A wide range of observations 

consistently indicates there is more mass than  luminous m a tte r alone can explain. 

There m ust therefore be a significant am ount of “dark m atte r” in the  universe.



1.1 O bservational Evidence for Dark M atter

Rotation curves of spiral galaxies are som e of the most compelling evidence for the 

existence of d ark  m atte r. When the radial d istance r  becomes greater than  the extent 

of the light, th e  velocity should drop oc (Keplerian orbits). M easurem ents made 

on neutral hydrogen clouds in spiral galaxies, using 21 cm emissions, show that the 

rotational velocities of the clouds rem ain constant as far from the galaxy centre as 

one can probe. Using N ew tons law for circular motion.

G M ( r )
p2 r ( 1)

the constant ro ta tional velocity m eans th e  galactic mass as a function of radius 

-V/(r) oc r out to large radii, implying th e re  is mass well beyond the  visible extent 

of the galaxy. A  classic example of th is is the  rotation curve for NGC 6503 shown 

in Figure I [4]. The luminous disk of th e  galaxy extends only 5 kpc from the core, 

yet the ro ta tion  curve remains flat to a t least 20 kpc. The analysis in [4] suggests 

this results from a dark halo. F lat, ex tended  rotation curves are typical for spiral 

galaxies, including the Milky Way. and they  im ply the existence of large dark halos 

tha t surround spiral galaxies and con tribu te  invisibly to their mass.

The presence of dark halos means the  m ass to light ratio M I L  increases as you 

move further from  the galactic centre. Through estim ates of M / L ,  the  am ount of 

m atter contained in the  dark halo of spiral galaxies is inferred to be at least 2 —10 times 

the upper lum inous m atter lim it, fZium <  0.01 [3|. Another m ethod for determ ining 

the mass of spiral galaxies is measuring the  m otion of the small gravitationally  bound 

dwarf galaxies th a t surround them . This m ethod  produces a lower bound of flspirais ^  

0.0S7/i~U which is also well above the  density  of luminous m atte r [5]. Nearly all 

m easurem ents of fl are above the value th a t can be explained w ith only luminous 

m atter. This m akes up the prim ary evidence for dark m atter.

Dark m a tte r  is not restricted to spiral galaxies; the velocity dispersion within
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Figure 1: Rotation curve for the spiral galaxy NGC6503. The points are the measured 
circular rotation velocities as a function of distance from the centre of the galaxy. The 
dashed and dotted curves are the contribution to the rotational velocity due to the observed 
disk and gas, respectively, and the dot-dash curve is the inferred contribution from the dark 
halo. (From [4]).



elliptical galaxies also suggests the presence of dark  m a tte r  [6 ]. In addition to this, 

elliptical galaxies can be studied using hot X ray em ittin g  gas to find their mass 

distributions. X ray gas often extends well beyond the  visible ex ten t of the  galaxy, 

im plying high mass to light ratios and significant am ounts of dark  m atter. .Assuming 

hydrostatic equilibrium  and using aji isotherm al m odel. Fabricant aiid Gorenstein [7] 

found th a t the  méiss of th e  gas was only 5% of the to ta l m ass of the  elliptical galaxy 

.VIST inferring a value of ileiiipticai ~  0.2.

On larger scales, clusters of galaxies can be tested  for th e  existence of dark m atter. 

Several m ethods exist, such as X ray gas m easurem ents sim ilar to those described 

above, gravitational lensing, and using the velocity dispersion of cluster m embers to 

yield masses. Observations of the Coma cluster im ply Q =  0.2-0.4 if the inner 1.5 

VIpc is representative of the  entire universe [8].

It is possible to determ ine values for Ct on still g rea ter scales, although the uncer­

tain ties become larger w ith the  increased model dependence of the methods. Even 

for clusters of galaxies, it is difficult to conclude w hether th e  am ount of dark m a tte r  

detected  is characteristic of the  universe as a whole or is instead  a local phenomenon. 

It is therefore im portan t to measure dark m atte r a t the largest scales. This is pos­

sible through m easurem ents of large scale flows. T he sim plest exam ple of this is the 

local group of galaxies’ m otion relative to the cosmic microwave background. If this 

m otion is due to a gravita tional excess, then the velocity should point towards an 

excess of mass. By using galaxy counts in the direction of m otion and relating this 

to the  excess mass, very conservative estim ates of f2 >  0.2 have been made [9]. It 

is also possible to estim ate  f2 from the d istribution  of peculiar velocities of galaxies. 

Com parisons of the peculiar velocity field to the galaxy density  in the IRAS galaxy 

catalogue indicate th a t Q. > 0.33, and the  d a ta  and is consistent w ith f2 =  I [10].

G ravitational lensing can be applied in the  search for dark  m a tte r  on large scales, 

in addition  to m easuring the masses of individual clusters of galaxies. This is ac­
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complished by searching for micrclensing events involving extrem ely distant objects, 

such as quasars, in m uch the sam e way as current searches for MACHOs (M assive 

Com pact Halo O bjects) in our galaxy are carried ou t. If there  is a significant den­

sity (f2 ~  I) of com pact bodies in the universe, d is tan t objects will frequently be 

gravitationally leased by these bodies. .A. long term  s tu d y  by Hawkins [11] m easured 

light variations in quasars. Based on the num ber and n a tu re  of events in the  study. 

Hawkins concluded a population of lenses with typical m ass around 10“  ̂M ,e x is ts .  

Estim ates of (I from th e  observations are weak, with a  best fit cosmological density  

of n  =  0.5.

1.2 T heoretical M otivation for Dark M a tter

There are theoretical argum ents for the existence of dark  m a tte r. The standard  theory 

of inflationary cosmology prefers fl =  1. If the universe has a non-zero vacuum energy 

density it can undergo a  phase transition th a t leads to  exponential growth, driving 

n  to essentially 1 and producing the observed isotropic, homogenous universe [12]. 

Non-inflationary cosmology is unable explain an isotropic universe without invoking 

very special initial conditions [13]. In addition, a non-inflationary universe th a t has 

a value of Q 7  ̂ 1 will have its density rapidly driven away from the critical value as 

it evolves. For fl to be as near the critical value as it is today, it must have been 

1 ±  10~®° at the  Planck scale [14]. Therefore, =  1 is considered the natural value 

even in the non-inflationary case. If fl is not equal to  1, then  it will soon diverge 

rapidly from the critical value and we would be living in a  special epoch. Since the 

am ount of luminous m a tte r  is only of order flimn < 0 .0 1 , there  m ust be a large am ount 

of dark m atter.

While it is clear th a t  some portion of the universe is m ade up of dark m a tte r, 

what form this dark m a tte r  takes is less certain. T h ere  is a long and diverse list



of candidates w ith a wide range of properties. These candidates can be divided 

into two types: baryonic and non-baryonic. Among the baryonic candidates are 

white dwarfs, brown dwarfs, black holes, Jupiter-sized planets, and neutron stars. 

.\11 these objects would be classified as M ACHOs. Recent searches for MACHOs 

using microlensing of d is tan t stars in the  galactic bulge and in satellite galaxies of the  

Milky Way have been successful in detecting some microlensing events [15. 16. 17]. 

In fact, the theoretical lower limit for baryonic m a tte r from SBBN is som ewhat above 

the  amount of lum inous m atter observed [2], so the existence of MACHOs is not 

surprising. To rem ain consistent with SBBN, there  must be some am ount of baryonic 

dark m atter.

However, it appears th a t baryonic dark m a tte r  cannot be all of the  dark  m a tte r. 

Constructing models of th e  galaxy where MACHOs make up the entire  dark m a t­

te r halo is difficult in light of the observed num ber of microlensing events [18]. If 

primordial elem ent abundances are calculated using Hi ~  1, deuterium  is severely 

underproduced and  helium-4 and lith ium -7 are  overproduced [2]. Even if H <  1. the 

upper limit placed by SBBN on the am ount of baryonic m atter is well below the 

dynamical observations of H described above. .A non-baryonic form of dark  m a tte r  is 

needed to make up the difference. Similarly, theories of structure form ation in which 

the mass density of the  universe consists of m ostly baryonic m atter do not produce 

the amount of s tru c tu re  observed in the universe w ithout large initial pertu rbations. 

These perturbations would show up as anisotropies in the cosmic microwave back­

ground. The lack of such anisotropies in the  COBE observations of the  microwave 

background suggests th a t some portion of th e  mass density must be non-baryonic 

[191.

Alternate explanations for the argum ents given in favour of dark  m a tte r exist. 

The 3 K background radiation could be explained by grain-therm alized starlight w ith 

very mmissive population III stars generating the  observed light elem ent abundances



[20]. Difficulties w ith structure form ation based on the sm oothness of the  CMBR 

are avoided, as are the limits on baryonic m a tte r arising from SBBN. Models of 

inhom ogenous nucleosynthesis m ight also provide a way of avoiding the  baryonic 

m atte r lim it [21]. There is observationaJ evidence that some galactic  clusters might 

have m ore baryonic m atter than is allowed in SBBN [8 , 2 0 ], but th e  in terp re ta tion  of 

the observations rem ains open to debate.



2 Supersym m etry

Particle physics proposes several non-baryonic dark m a tte r  cand idates, such as axions, 

massive neutrinos, and the lightest supersym m etric pa rtn e rs  (LSP). This thesis is 

concerned with the neutralino, an LSP which arises out of supersym m etric grand 

unified theories th a t extend beyond the standard  m odel of partic le  interactions.

2.1 The Standard M od el o f  Particle P h ysics

The standard model of particle  physics is a description of th e  known particles and 

forces (except gravity) in the  universe. It is a gauge theory  based on the sym m etry 

group 5 t '(3 )  X SU(2)  x  U{i ) .  There are  three d istinc t forces w ithin it: the strong, 

weak, and electrom agnetic forces. The weak and electrom agnetic  forces are partially 

unified in SU{2)  x U{1) electrow eak theory [22, 23, 24], while the  strong force is 

described by Si'{'3) quantum  chrom odynam ics [25, 26]. D espite being a theory grafted 

together from three distinct forces and sym m etry groups, it has very successfully 

predicted experim ental results to  high precision.

A  sum m ary of the e lem entary  particles in the m odel is given in Table I. There are 

two main types of particles in th e  s tandard  model: force-carrying bosons (integer spin 

particles) and fermions (spin-1 particles), the constituents of m a tte r. The electroweak 

force is carried by the photon, Z  boson, and W  boson; the  s trong  force by gluons. .A. 

scalar boson, the Higgs, arises from the  broken sym m etry  of th e  electroweak theory. 

The Higgs has not yet been observed. Fermions are subdiv ided  into quarks, which 

undergo strong interactions, and  leptons, which do not. Each of the  twelve elem entary 

fermions has a corresponding an tipartic le  with th e  sam e m ass and spin, but with 

opposite values for o ther p roperties such as charge. Ferm ions also come in three 

generations, each more massive than  th e  previous. All the  m olecules and atoms tha t 

comprise ‘norm al’ m atte r are  m ade of particles from the  first (lightest) generation.



Name Symbol Mass (GeV) Charge Spin

p t

Generation

Electron

Electron neutrino 

Up quark 

Down quark

e

t'e
u

d

5.1 X 10-'» 

<  7 X IQ-9 

0.005 

0.01

- 1

0

+  3
I
3

1
2
1
2
1
2
1
2

)nd

Generation

Muon

Muon neu trino  

Charm  quark  

Strange quark

c

s

0.1 

< 3 X 10-» 

1.5 

0 .2

- 1

0

+  3
I
3

1
2
1
2
1
2 
[ 
2

Tau r 1.8 - 1 1
2

3rd Tau neutrino f/r <  0.03 0 1
2

Generation Top quark t 180 +  3
1
2

Bottom  quark b 4.7 I
3

t
2

Photon 7 0 0 1

W  boson 80 ± 1 1

Bosons Z  boson z ° 91 0 I

Gluon 9 0 0 1

Higgs boson H <  1000 0 0

T a b l e  1: A  s u m m a r y  o f  t h e  e l e m e n ta r y  p a r t i c le s  in  t h e  s t a n d a r d  m o d e l.

For exam ple, the proton {uud)  and the neutron {udd) are  bound states m ade from  

the first generation quarks.

The standard model contains a num ber of param eters whose values are not pre­

dicted by the theory. Many of these param eters are determ ined  by experim ental 

results. Fermion masses, for exam ple, are measured experim entally  and inserted by 

hand. IS independent param eters, along with the 51/(3) x SU{2)  x U{ 1 ) fram ework, 

com plete the model.
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2.2 Shortcom ings o f  th e  Standard M odel

In spite of the s tan d ard  m odel’s many successes, it is widely believed to be incom ­

plete — a low-energy approxim ation of a more fundam ental theory. There are m any 

reasons for this belief, even though there is no unam biguous experim ental evidence 

to contradict the s tan d ard  model: there are the large num ber of free param eters th a t  

go into the model whose values are neither predicted nor constrained by the  theory  

itself: there is no explanation  for the existence of three generations of m atter: there  

is no unification betw een quarks and leptons in the s tan d ard  model, yet the  electron 

and proton charges are  equal to high precision; there are th ree coupling constants, g.  

g' . and Çs, corresponding to three separate forces th a t are  not unified in the  s tan d ard  

model: even the unification of the  weak and electrom agnetic forces in SU{2)  x U{i )  

theory is only a p a rtia l unification tha t has two d istinc t forces, each w ith its own 

sym m etry group and coupling constant. All of these are  reasons to doubt the  com ­

pleteness of the s tan d ard  model.

.Another apparent shortcom ing of the standard m odel appears in the naturalness 

(or hierarchy) problem . In the  standard  model there are  four scalar (spin-0) Higgs 

particles postulated. Three Higgs particles are eaten by the  and Z  bosons to 

generate their m asses, and a fourth (yet to be observed) massive Higgs rem ains. 

These masses are re la ted  to the  scale at which the SU{2)  x U{1) theory is broken: 

the weak scale (~  100 GeV, so mHiggs 100 GeV).

The standard m odel is a renormalizable field theory and could be valid a t any 

energy scale A. At high energies, scalar particles natu rally  take on masses of order A 

through quadratically  divergent quantum  corrections (ie. =  (mnjggs)^ + aA^).

In effect, the scalars assum e masses of order the highest energy scale Ama,x for which 

the theory is valid. It is widely expected tha t a t som e energy scale the  s tan d ard  

model will break down, such as those scales suggested by G rand Unified Theories

11



(10^® GeV) or the Planck scale (10^® GeV). Because oc A^^x' Higgs scalars

should acquire masses of the sam e order th rough  the  quadratic  corrections, masses 

far above the weak scale and contradictory to  masses in the  known particle spectrum . 

To preserve the weak scale the quadratic  divergences m ust be fine tuned against a 

bare term  to a t least 28 decim al places [27]. This is the  naturalness problem.

2.3 Supersym m etric Particle Spectrum

M any of these shortcomings can be addressed w ithin th e  framework of a  supersym ­

m etric  theory. (For reviews of supersym m etry, see [27, 28] and references therein). 

Supersym m etry (SUSY) is a  sym m etry  between bosons, the  particles th a t carry force, 

and fermions, the constituents of m atter. In a  sense it is a unification of m a tte r and 

interaction. Supersym m etry is not an exact sym m etry  of nature. If it were, every 

particle  would have a supersym m etric partner of identical mziss. The sym m etry  m ust 

be broken and a doubling of the  known particles is required in the sim plest model 

(called the minimal supersym m etric standard  model, or MSSM). All bosons are pos­

tu la ted  to have a related supersym m etric ferm ion partner, and vice versa. The boson 

partners of fermions are nam ed by placing an '‘s-” in front of the particle nam e. .An 

electron, for exam ple, has a  related boson called the  selectron. The supersym m etric 

partners of quarks are squarks. Bosons have ferm ion partners nam ed by adding ~- ino" 

to the  end of the name. Photons have superpartners called photinos. A sum m ary of 

particles in the  MSSM is given in Table 2.

In the MSSM there are actually  two squarks and two sleptons for each quark and 

lepton. one for the left-handed and one for the  right-handed sta te  of the ferm ion. 

although the num ber of degrees of freedom (2  for the  sp in - | quark and one for each 

spin-0 squark) remains the same. The neutrino , which is (apparently) left-handed 

only, hcis a single partner. T here is an additional Higgs doublet required, resulting in
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Symbol S tandard  partic le Symbol Supersym m etric partic le

q quarks

u up-type quark  

d  dow n-type quark

q squarks

UR up-type squark 

d-L , down-type squark

I leptons 

e electron 

u neutrino

/ sleptons 

êx, cr selectron 

V sneutrino

g gluons g gluinos

W  boson 
charged Higgs

x t  charginos 
w-ino

charged higgsino

"7 photon 

Z  boson 

(H°)  heavy scalar Higgs 

H 2 (h°) light scalar Higgs 

(A°)  pseudoscalar Higgs

xS neutralinos 

7  photino 

Z  z-ino 

B  b-ino 

W 3  w-ino 

H  neutral higgsino

Table 2: Standard particles and their supersymmetric partners. Alternate designations for 
the Higgs particles are given in brackets. The indented particles listed under the charginos 
and neutralinos are examples of names sometimes used when a particular chargino or neu­
tralino (which is a mixture of states) is composed almost entirely of one state.
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a total of five Higgs particles, instead of four in the  standard  model.

The names given for charginos and neutralinos in the  table require som e expla­

nation. The supersym m etric  partners of the W  bosons and of the charged Higgs are 

generally called charginos. The chargino is actually  a  m ixture of s ta tes , partially  

made from both th e  s ta te  corresponding to th e  partners of the W  boson and of the 

charged Higgs. D epending on how a given supersym m etric model is constructed , the 

chargino could be m ade purely of either partner. In these cases the chargino is often 

called a w-ino ( )  or a  charged higgsino ( / /* ) .  T he sam e is true for the photino  (7 ), 

the z-ino (Z ). and  the  neutral higgsino (H)  in the case of neutralinos. T he  photon 

and Z  boson are them selves made from a m ix ture  of the B  field and th e  H '3 field 

in the combined SU{'2) x i ' { \ )  electroweak theory and neutralinos m ade purely of 

these states are also possible. These are included in the Table 2 as the  b-ino {B)  and 

the w-ino (H 3 ). Finally, since no other particle (norm al or supersym m etric) uses the 

symbol \  the  tilde is usually left out.

2.4 B enefits o f  Supersym m etry

Introducing superpartners for all particles solves the  naturalness problem . T he c^uan- 

tum  corrections arising from fermions have the  opposite sign to those from  bosons. 

The contributions from a particle's superpartner cancel out the contributions from 

the particle itself, elim inating quadratic divergences.^ The cancellation is not exact 

because the sym m etry  is broken, but as long as supersym m etric partic le  masses are 

below about 1 TeV  the  weak scale is preserved [29].

.A. not her benefit of supersym m etry is its effect on grand unified theories (G U Ts). 

Coupling ‘constan ts ' for the strong, weak, and electrom agnetic forces are no t constant, 

but vary with energy scale. .\s the energy scale probed increases the  couplings ap-

 ̂When integrating over momenta up to the ‘cut-ofF’ A, divergences occur when the result contains 

terms oc A+" or log A, as opposed to convergences with terms oc A”".
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proach one ano ther and might eventually have a  common value a t the  unification scale. 

In some G U Ts w ithout supersym m etry, unification occurs at about 5 x  10̂ ** GeV. 

Unification a t this scale has implications for proton decay: it predicts rates faster 

than lim its from current experiments. T he  ex tra  particles in a  supersym m etric  the­

ory slow the evolution of coupling constants so th a t unification does not occur until 

2 X I0‘® GeV. Proton decay is suppressed, allowing GUTs to rem ain consistent with 

current proton decay limits. In other G U Ts, coupling constants do not unify a t any 

scale w ithout supersym m etry [30. 31].

Supersym m etry  itself, of course, is no t a  com plete theory of everything: some 

problems of th e  standard  model still rem ain. The number of free param eters  in a 

SUSY model is greater than in the s tandard  model. While it is thought to  help grand 

unified theories, there is no unification o f forces inherent in the m odel, and quarks 

and leptons rem ain unrelated. Bearing th is in m ind, supersym m etry m ay be only the 

next step in developing a more com plete p ic tu re  of particle physics.

2.5 parity and the N eutralino

In supersym m etric models a new sym m etry, A-parity, can be in troduced. Æ-parity is 

defined by R  =  ( — for a particle of spin S,  baryon num ber B  and lepton 

num ber L.^ T he formula implies even Æ-parity  {R  =  I) for norm al particles and 

odd A-parity {R  =  —I) for supersym m etric particles. Most models assum e th a t R 

is conserved, a  consequence of baryon-lepton invariance. W ithout R  conservation, 

baryon and lepton num ber violating processes, like proton decay, are allowed at sig­

nificant levels. Experim ental lim its on these processes severely constrain  Æ-parity- 

violating theories [32]. The introduction of A -parity conservation has an  im portant 

consequence for dark m atter: the lightest supersym m etric particle  m ust be stable.

-The baryon number is 1 for baryons and —1 for antibaryons, or j  and — j  for individual quarks. 

Similarly, the lepton number is 1 for leptons (eg. e~, u^) and —1 for antileptons (eg. e"*-, t>e).
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Consider, for exam ple, the search a t LEP (the Large E lectron-Positron collider at 

CERN. Geneva) for charginos via pair production and decays in the  process [33]

e+e"

/?-parity is a m ultip licative sym m etry, so ft =  I x 1 =  I for the  left side of the 

equation, ft =  I for the Z  boson, and f t = —L x —1 =  1 for the  two charginos 

produced. Supersym m etric particles are in general very unstab le , and a  chargino will 

im m ediately decay into lighter particles via processes such as

\ î  -> e+ r,. (3)

ft-parity is again conserved w ith  ft =  — I for the chargino and  ft =  I x — I =  — I for 

the decay products. It is easy to  see th a t whenever a supersym m etric  particle decays, 

it must produce one (or an odd num ber) of supersym m etric  particles to conserve ft- 

parity. Eventually  the  chain of decays ends in the  lightest supersym m etric  particle: 

there are no ligh ter supersym m etric particles to decay into, and  ft-parity  is violated 

if it decays en tire ly  into norm al particles. Usually the  ligh test superpartner is the 

least massive o f the  four neutralinos, often referred to  as sim ply  the neutralino. This 

particle is the  best candidate for the  weakly in teracting m assive particle  (W IM P).

The superpartners  of the gauge and Higgs bosons (gauginos and higgsinos) can 

mix. .-\s a resu lt, th e  physical m ass eigenstates (charginos and  neutralinos) are model- 

dependent linear com binations of these states. D iagonalizing the  mass m atrix for 

neutralinos yields the  eigenstates of the  system — the physically observable particles. 

The mass m atrix  for neutralinos is

Ml 0 —m z cos/3 sin ûvy m ^ sin /^ s in ^ w

0 M2 m z cos 0 cos Ow —mz^inj3cos6\v

—m z cos sinOw m z cos j3cos6w 0 ~n

m zsin  iisinOw —m z sin jScosOw —y- 0
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where M i  and M 2 are gaugino mass param eters, fi is the higgsino mass param eter, 

tan  J  =  1'2 / v i  is the ratio of vacuum  expectation values of th e  Higgs fields, m z  is the 

Z  boson m ass, and 9\y is the W einberg angle. From this m ass m atrix , the lightest 

neutralino  can be w ritten as

X =  N i B  +  iVjWa +  (5)

with Ni representing the coefficients arising from diagonalizing the m atrix . This equa­

tion shows th a t the  neutralino can be expressed as a m ixture of sta tes corresponding 

to the  superpartners  of the  B  and VVj gauge fields (gauginos) and the H°  and 

neutral Higgs bosons (higgsinos). T he  neutralino can be alm ost entirely  gaugino or 

higgsino, or a m ixture of both. This is quantified by the  gaugino fraction [34]

f ,  = \Ni\^ + \N2\\  (6 )

The neu tralino  is prim arily gaugino when fg > 0.5 and prim arily  higgsino when 

f g  <  0.5.

P roperties like the gaugino fraction vary with changes in th e  inpu t param eters used 

to construct the  supersym m etric m odel. Considerable effort has gone into detecting 

evidence for supersym m etry  and reducing the  allowed p aram eter space. It is here tha t 

astronom y plays an im portan t role. A relic abundance of W IM Ps in the  universe could 

influence astrophysical processes, such as structure form ation and stellar evolution, 

or it m ight allow for W IM P detection  in high-energy neutrino  telescopes. Since a 

supersym m etric  particle is the p rim ary  candidate for the W IM P, detection of (or a 

failure to  de tec t) W IM Ps invariably leads to  constraints on supersym m etry  through 

the neutralino.

2.6 R elic A bundance

The high tem peratures in the  early  universe would have allowed neutralinos to be 

created  therm ally . Lighter particles had sufficient kinetic energy to  collide and cre­
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ate  heavier particles such as \ \  (neutralino-antineutraiino) pairs. At the sam e tim e 

heavier particles could decay if they were unstable, o r like \ X  pairs they could ann ih i­

late. .As long as the  tem peratu re  of the universe was grea ter than  the neutralino m ass 

the constant annihilation of particle pairs was balanced by their creation. N eutra li­

nos were in therm al equilibrium  at this tim e. As th e  universe expanded and cooled 

the tem perature  fell below the  neutralino mass. It becam e m ore difficult to create  

\ \  pairs: they could only be created on the high energy ta il of the d istribution  of 

particles. .Annihilations continued while neutralinos rem ained in therm al equilibrium  

causing their num ber density to  drop off exponentially  oc exp( — [35]. If neu­

tralinos had remained in equilibrium  until the  present their num ber density would 

have been suppressed to  the point where they would not contribute significantly to  

the density of the universe. However, as the universe continued its expansion and an ­

nihilations continued to reduce the num ber of neutralinos, a  point was reached where 

the probability of \ \  pairs m eeting became so sm all th a t annihilations effectively 

stopped. They fell out of equilibrium  and a relic cosmological abundance rem ained.

T he  size of the relic abundance is determ ined by the  therm ally averaged cross 

section for neutralino annihilations (<7.4u). .A larger cross section reduces the num ber 

of rem aining neutralinos since annihilations are able to  proceed for a longer period of 

tim e before the probability of \ \  pairs m eeting becom es too sm all. This is shown in 

Figure 2. along with the strong suppression of neutralinos th a t would result if they  

rem ained in therm al equilibrium . The relic density  of neutralinos is given approxi­

m ately  by [36]
^  10“ ®̂ cm^ sec“ ^

(o'Au)

T he relic density can be altered by com plicating factors. If there is a  particle  A', 

slightly heavier than the neutralino with a  larger annih ila tion  cross section, then the  

neutralino might convert to this particle and the  neutralino  abundance will actually  

be controlled by X  in a process called coannihilation [37]. Chajiges in the  en tropy
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Figure 2: Comoving number density of neutralinos in the early Universe. The dashed 
curves are the actual abundance, and the solid curve is the equilibrium abundance. From 
[! ]•

of the universe, perhaps resulting from a phase transition , can also a lter the  relic 

abundance [1]. These special cases aside, equation (7) is a valid approxim ation. 

Using the annihilation cross section^ for weak scale interactions

(<7.4 u) ~  0 ^ (1 0 0  GeV) - 2 10-25 (.^3 (S)

rem arkably leads to a value for ~  1. The neutralino, by its weakly in teracting  

nature, is a natural cand idate  for dark m atter. T he fact th a t a  particle postu lated  to 

exist as a solution to problem s w ithin the standard model has the  very characteristics 

needed to (potentially) solve the  dark m atter problem is viewed as a com pelling 

argum ent in favour of neutralinos.

^Natural units, where factors of A and c convert quantities to common units, are often used 

for convenience. The annihilation cross section can be expressed in cm^ sec“ ‘ or in GeV-^ by 

multiplying by hrc^. Particle masses are commonly given in GeV/c*, or simply GeV using the 

convention A =  c =  1.
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There is a  key difference between the process described above and the  one th a t  left 

baryonic m a tte r  in the  universe. Neutralinos are w hat are known eis M ajorana p a r ti­

cles: they are th e ir own anti-particles. For Dirac particles w ith a particle-anti partic le  

asym m etry, the  relic abundance is usually determ ined  by th a t asym m etry, not by 

freeze out from therm al equilibrium  [38], T he discussion above would also change 

dram atically  for a  particle  with a different in teraction  strength , such as a  g ra v itino 

or axino th a t arises from models extending beyond the MSSM.

W ith a therm al relic population of neutralinos left in the universe, m odelling s tru c ­

ture  form ation becom es easier. The m ost successful models of s truc tu re  form ation  

assum e the  universe contains cold dark m a tte r, like the  neutralino. Models w ith only 

baryonic m a tte r a re  unable to produce s tru c tu re  in the  universe without large fluctu­

ations in the  C M B R  -  fluctuations th a t con trad ict the  observed CM BR sm oothness

[3 9 ]. It is possible th a t a model with only baryons m ight eventually be found th a t  is 

able to produce s tru c tu re  w ithout these fluctuations, but at present none exists.
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3 Indirect D etection  of N eutralinos

If neutralinos are indeed present in the universe, it may be possible to  detect them  

indirectly using high-energy neutrino detectors /telescopes. A lthough it is weakly 

interacting, a neu tra lino  may still scatter and  becom e trapped in th e  g ravitational 

well of an astronom ical body like the Sun or E arth . As it settles in to  the centre of 

the  body through fu rther scattering, the probability  increases th a t it will collide with 

another neutralino and  annihilate. The by-products of such an annih ila tion  include 

high-energy neutrinos.

Indirect detectors typically work by observing Cerenkov light from m uons. W hen a 

high-energ}' neutrino in teracts with the m aterial surrounding the detec to r, a  m uon can 

be produced. As the  m uon travels through th e  m edium  of the detecto r, usually water, 

it em its Cerenkov light th a t is observed by photom ultip lier tubes. T im ing when the 

light reaches each photom ultiplier allows the  p a th  of the muon to be reconstructed. 

T he detectors do not a tte m p t to measure high-energy neutrinos directly  because there 

would be too few in teractions within the relatively small confines of the  detection 

medium  and the photom ultip lier tubes. By using muons, all the rock surrounding a 

detector becomes th e  targe t for neutrino in teractions and more events are possible.

Reducing the  background from cosmic ray muons is achieved by placing detectors 

below the surface of th e  Earth . Even with detectors placed far underground, there is 

still a large flu.x of cosmic ray muons travelling down through the  rock. This back­

ground can be dealt w ith by counting only upward-going muon events. Observations 

of the Sun, therefore, are only possible when it is below the horizon. One detector 

th a t has operated  for a num ber of years is th e  Kam iokande detecto r, located in the 

Kamioka m ine in Ja p a n  under an equivalent of 2700 m of w ater [40]. This experi­

m ent, along w ith th e  Irvine-M ichigan-Brookhaven (IM B) detector which is no longer 

operational, has a lready  placed an upper lim it of 2.1  x 10“  ̂ m~^yr“ ‘ events from the
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Sun [41. 42. 43]. A. sim ilar lim it from Kamiokande of 1.3 x 10“  ̂ m “^yr~‘ applies to 

the  E arth .

A new generation of detectors is com ing on line or being planned. Among these are 

DUMAND (Deep Underwater Muon A nd Neutrino D etector), which will use strings of 

photom ultiplier tubes anchored to the deep ocean floor off of Hawaii, and .\M.ANDA 

(A ntarctic  Muon .\n d  Neutrino D etector), which will use arrays of photom ultipliers 

placed deep in the clear A ntarctic ice sheet. The next generation of detectors will be 

sensitive down to event rates of roughly 10““* m “ ^yr“  ̂ [44]. If an unambiguous signal 

of high-energy neutrinos is eventually detected , an im portan t goal will be determ ining 

the  properties of the neutralino. Doing th a t goes to the heart of revealing the nature 

of the  underlying supersym m etry.

To investigate the  possibility of determ ining neutralino p roperties from the high- 

energy neutrinos produced by neutralino annihilation, a  sim ulation  of event rates for 

a range of MSSM input param eters was carried out. A detailed  description of the 

entire  process will be given below, bu t the  general procedure is this: a supersym ­

m etric model is constructed, determ ining the  properties of th e  neutralino: im portant 

quantities, such as the relic abundance, are  also calculated using model information 

and inputs from physics and astrophysics; the capture ra te  for the  Sun and Earth 

can then  be determ ined using these quantities along with th e  neutralino s proper­

ties; the rate  of annihilation is calculated, and by modelling th e  subsequent decay of 

annihilation products the flux of high-energy neutrinos is determ ined; the effects of 

neutrino interaction with the solar m edium  are included because of the Sun's mass 

and density; finally, the flux of neutrinos is converted into a  m uon event rate  for a 

detector.

Jungm an, Kamionkowski, and Griest [45, 27] have developed com puter code called 

N e u td r iv e r  to perform many of these calculations. T he program  takes a set of input 

param eters and builds a supersym m etric model, producing detailed  information about
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the  resulting neutralino. T he  program also ou tp u ts  information needed to  find the 

ra te  of muon events in a neutrino detector, including an approxim ate calcu lation  

of event rates created using a  Monte Carlo sim ulation for the Kam iokande de tec to r

[40]. Instead of using Neutdriver s approxim ation for the  event rate. Mathematica 

code was developed to calcu late  event rates based on the  model inform ation supplied  

by Neutdriver and analytic expressions for the  neutrino spectrum  produced by \  \  

annihilation.

3.1 Supersym m etric M odels

The properties of a neutralino depend on the supersym m etric model. A  wide range 

of input physics and free param eters go in to  a  model and ultim ately determ ine  the 

masses, cross sections, decay channels, and o th er physical properties of the  neu tralino  

and the rest of the  supersym m etric particles. The most general form of the super- 

sym m etric model has over 60 input param eters. Much of this param eter space is 

physically uninteresting or produces results th a t are excluded by o ther constra in ts, 

so a subset of the param eter space is explored [27].

Table 3 is a sum m ary of the param eter space exam ined using Neutdriver's 

Practical model. Five inpu t param eters are used: M 2 is one of three gaugino mass 

param eters: t a n =  V2 /V 1 is the ratio of Higgs vacuum  expectation values: is

the mass of the  pseudoscalar Higgs and it. together with tan 8 , determ ines th e  Higgs 

boson spectrum ; ^ is the  Higgsino mass scale; and A/? determ ines the mass scale for 

squarks and sleptons. O ther mass-squared param eters are given the sam e value as 

.V/?. The param eter space is reduced by m aking common GUT assum ptions. For 

example, the gaugino m ass param eter Mi  is related  to M 2 by [46]

Ml = - ta r8& w ^l2 -  (9)

O ther param eters, such as soft supersym m etry breaking param eters Ar,  ^ 6, an d  At.
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are assumed to be zero to  simplify calculations. M any param eters are only relevant 

in the  context of supergravity  models and are not needed in an exam ination  of the  

MSSM. In all m odels, 180 GeV is used for the top  quark  mass.

P aram eter Lower Value U pper Value

\ Ï 2 15 GeV 3000 GeV

niffo 170 GeV 470 GeV

-1000 GeV 1000 GeV

tan 2 22

£ 1
4 X 10“* GeV^ 10® GeV^

Table 3: Range of MSSM param eters explored.

The ranges selected for these five param eters are chosen so th a t the m odels pro­

duce good dark m a tte r  candidate w ithout v iolating o ther experim ental constra in ts. 

Nonetheless, m any m odels will still end up being elim inated  for failing to  m eet those 

criteria. Even after choosing what is hoped is a  reasonable model param eter space to 

explore, it is still necessary to check each m odel individually to ensure no constra in ts  

have been violated. .All of the constraints used are  listed in the following section and 

sum m arized in Table 4.

3.2 C onstraints

T he relic abundance of neutralinos can be used as a  sim ple constrain t on supersym ­

m etric models. T he  exact value of the to ta l m ass density Çlh^ for the  universe is 

uncertain, bu t it can  not be greater than 1. If it were, the  current ra te  of expansion 

would mean the  universe is younger than  10 billion years old for h > 0.4, younger 

than  the age of the  oldest clusters [47]. Obviously, if Qh^ < I, the  relic abundance  of 

neutralinos <  1 .
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C o n s t r a in t S o u rce

< I Expansion rate  /  age of universe

ruffo > 39 GeV 

m[fO > 4 4  GeV

Higgs boson searches

m^± >  62 GeV e"^e“  — chargi no searches

rriŷ  > 15 GeV Z  boson invisible w idth

 ̂ \o \o  <  10 ^
^  <  2 X 10-^

Branching ratios for rare processes

T.r, <  2 .1  X lQ -‘ m " 2y r - ‘ 

Ta <  1.3 X 10“  ̂ m “^yr~^

Ruled out by current experim ents

r,T, or T.g >  10“ ® m “^yr“ ^ U ndetectable in upcom ing experim ents

Vacuum expectation  values of scalar 

fields (except Higgs) vanish

Color /  charge conservation

LSP is neutralino —

Table 4: Constraints used to eliminate SUSY models. (References in text).

.A. lower lim it on the relic density arises from the assum ption th a t  neutralinos 

m ake up the en tire  dark halo of our galaxy. T he ra te  of neutralino c ap tu re  is directly 

proportional to  the ir local halo density. Assum ing the local halo density  /Shaio ~  

0.3 GeV cm “  ̂ is m ade entirely of neutralino dark m atte r = Phaio). th e  range of 

allowed values for their relic universal density  is 0.025 <  <  1. M odels w ith relic

densities below this range do not contain enough neutralinos to m ake up the  entire 

halo. It is possible th a t a neutralino w ith a  sm all, cosmologically u n im p o rtan t relic 

abundance could produce a detectable flu.x of high-energy neutrinos. W hile this is not 

a very satisfying situation , since it might leave the dark m atte r question unanswered, 

the  models are not excluded. Scenarios where MACHOs are the  dom inan t component 

of the  local dark  m a tte r  halo, although unlikely, are still viable [18]. B ecause of this, 

even models w ith < 0.025 are kept. Relic densities below th is  value, where

the  halo is partly  or mostly som ething besides neutralinos, require scaling the  local
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neutralino density accordingly to keep cap tu re  rates from being inflated. T he relation

^ x - ^ a i o o o 2 5  (10)

is used for the scaling [44].

.■\ccelerator searches for evidence of supersym m etry have not detected  any parti­

cles beyond those in the  standard m odel, but they have provided lim its on particle 

masses and o ther properties. Searches for Higgs bosons have placed lower lim its on 

Higgs masses of m^o >  39 GeV and ruffo > 4 4  GeV [46]. A theoretical upper limit 

oi TUfja < m z  arises from the MSSM: fu rther analysis that included rad iative (quan­

tum ) corrections raised this to m^ja < 130 GeV [27]. Chargino masses have also been 

constrained through searches for e"*'e" — The  lower lim it is >  62 GeV 

[46].

further requirem ent of any model is th a t the  lightest supersym m etric particle be 

the neutralino. Having a stable relic th a t is charged or tha t is not weakly interacting 

makes for a very bad W IM P.

Mass lim its for the  neutralino are calculated by examining the Z  boson’s invisi­

ble width in accelerator experim ents. This is the  contribution to the  Z  boson cross 

section from processes th a t can not be m easured directly in the accelerator. These 

processes are inferred by comparing experim ental results to predictions from  the stan­

dard model. These lim its are extrem ely model dependent; a  conservative lower bound 

of > 15 GeV was adopted [46]. B ranching ratios'* for rare processes involving Z  

bosons and all four neutralinos are also used to  elim inate models. T h e  upper limits 

on branching ratios for Z “ \o%o and Z°  -+ x.Xj are 10~® and 2 x 10“  ̂ respectively

[481.

Electro weak sym m etry  breaking is caused by Higgs fields acquiring vacuum ex­

pectation values Ü1 and Ug, the values th a t define tan jS. A requirem ent of each

'*The branching ratio represents the fraction of all decays that go through a particular path.
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supersym m etric  model is tha t the  vacuum expectation values of all o ther scalar fields 

vanish, avoiding vacuum  states th a t would break color or electric charge conservation 

[37].

A relic abundance of supersym m etric particles could have an  effect on processes 

w ithin a s tar. A neutralino might effectively reduce opacity and increase energy trans­

port as it moves w ith relative ease between the  core and outer regions of the  stellar 

interior. T his scenario was considered as a possible solution to  the solar neutrino prob­

lem and as a  way to  resolve differences between observed and theoretical values for the 

normalized frequency separations of low-degree solar p-modes [49, 50, 51, 52, 53, 54]. 

Increased energy transpo rt lowers the  core tem peratu re  where nuclear reactions occur 

and thus reduces the  num ber of solar neutrinos produced, a t the  sam e tim e as alter­

ing the  frequency separation between low-degree p-modes th a t p en e tra te  to  the core. 

However, as solar models improved, the differences between observed and theoretical 

values for the  frequency separation disappeared, and the addition of W IM Ps worsened 

the agreem ent [-55, 56, 57]. The W IM Ps considered had masses around  5 GeV. lighter 

than  the m asses used here. Heavier W IM Ps are unable to  tran sp o rt energy from the 

core efficiently and do not alter the solar interior significantly. T he effect of W IMPs 

on later stages of stellar evolution has also been exam ined. In horizontal-branch stars, 

light (<  S G eV) W IM Ps are ineffective in energy transport, while heavier W IM Ps are 

too centrally  concentrated to alter stellar evolution [58].

Finally, d irec t and indirect detector experim ents can constrain  partic le  dark m at­

ter by elim inating  models tha t would have been detected experim entally . Direct 

detectors try  to  m easure the occasional interactions th a t occur when W IM Ps pass 

through m a tte r. For example, a germ anium  crystal detector can  m easure the slight 

tem peratu re  change caused by a neutralino colliding with an a to m  and depositing 

energy. D etectors like this have already placed strong lim its on some forms of dark 

m atte r, such as Dirac neutrinos, and a new generation of detecto rs will, if they fail
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to find evidence of neutralinos, further constrain  neutralino p aram ete r space [59]. 

Indirect de tec to rs , as mentioned earlier, have been running for several years w ithout 

detecting neutralinos. Any model th a t produces an event ra te  g reat enough tha t 

it would have been detected by past o r present detectors is rem oved. Since there 

are large uncerta in ties in the event ra te , the  upper limit is increased by an order of 

m agnitude to  T.j, <  2.1 x 10"' m ~^yr~' solar events (F^ <  1.3 x 10“ ' m “ ^yr“ ' for 

the E arth ) to  ensure models near the th resho ld  of present day de tec tab ility  are kept. 

.\ fu rther reduction  is m ade by rem oving m odels where the event ra te  for both the 

Sun and  E a rth  is significantly below th e  threshold  of the next generation  of detec­

tors. 10“ "' m "^y r“ '.  Again, to keep the  cu ts conservative, event ra tes  an order of 

m agnitude below this value, down to 10“ ® m “ ^yr“ ',  are kept.

The m odel p aram eter space explored represents nearly 100000 indiv idual super- 

sym m etric m odels. Removing models th a t  have color- and charge-breaking vacua, 

a particle  o th e r  th an  the neutralino as th e  lightest superpartner, o r w ith  Qh^ > 1. 

leaves 34787 m odels. .Applying the  rem ain ing  constraints further reduces the  num ber 

of models to  21768. Figure 3 shows th e  Mg versus jj. plane of p a ram ete r space after 

all cuts were m ade.

3.3 C ap tu re in the Sun and E arth

The basic concept of neutralino cap tu re  is relatively simple. If a  neu tra lino  moving 

with som e velocity  v scatters off an astronom ical object to a velocity less than  I’escape. 

it is cap tu red  [60]. T he neutralino se ttles  in to  the  centre of the o b jec t where it can 

annihilate w ith  o th er captured neutralinos. G ould [61, 62, 63, 64, 65] hcis carried out 

detailed analysis of neutralino cap ture  in the  Sun and E arth . G iven the  factor of 

two un certa in ty  in the  local halo mass density, the  large uncerta in ty  in the  velocity 

dispersion of d a rk  m atte r particles, and  th e  m odel uncertainty in th e  fundam ental
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Figure 3: M 2  versus n plane of parameter space after models th a t violate constraints are 
removed.

neutraiino-nucieus elastic sca ttering  cross section, approxim ations for the capture rate 

described in [27] can be used.

C alculations of neutralino cap ture  in the Earth  are not changed by the  fact that the 

Earth is orb iting  in the Sun 's gravitational well. Free space is a valid approxim ation 

in this case [64]. Neutralino evaporation — where a  neutralino scatters and is given a 

velocity boost th a t ejects it from the Sun or Earth  —  is insignificant for neutralinos 

with masses more than abou t 10 GeV [62].

3.4 \ \  A nnih ilation  and D eterm ining E vent R ates

Once the cap tu re  rate is known, the ra te  of neutralino ann ih ila tion  can be found. The 

equation for the evolution o f the  num ber of neutralinos in th e  Sun or E arth  is

d N
dt

=  C -  C a N^ -  C e N ( 1 1 )
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where C is the capture ra te  and  Cg is the ra te  of evaporation, which can be set to 

zero. The m iddle term  is twice the annihilation rate, =  C.4 iV^/2 . C'a depends 

on the distribution of neutralinos and the annihilation cross section. Solving the 

equation for iV(f). the annihilation rate is then  given by

F.4 =  — tanh^

T represents the tim e required for capture and annihilation to reach equilibrium .

Neutralino annihilations do not directly produce energetic neutrinos; they  come 

from the subsequent decay of the  annihilation products. Several decay channels con­

tribu te  to the flux of neutrinos and each is discussed in more detail below. Typically, 

high-energy neutrinos come from unstable particles th a t decay alm ost im m ediately 

after they are created. Longer lived particles in teract with the surrounding m edium  

and lose energy before they decay. This m eans electrons, muons, and light hadrons 

(up. down and strange quarks) do not contribute to the  flux of high-energy neutrinos.

A. high-energy neutrino detector actually m easures events caused when neutrinos 

interact with the rock surrounding a detector, producing muons. The num ber of 

neutrino-induced muons passing through the detector is

F d e te c t  =  (1.27 X 10-"= Z  Z  (13)

for neutrinos produced in the  Sun [66]. The expression does not take into account 

the  fact th a t observations of the  Sun can only occur while it is below the  horizon. 

M ultiplying the expression by the  square of th e  ratio of the Earth-Sun distance to the 

E arth 's radius, 5.6 x 10®, gives the  rate  for the  Earth . The first sum is over neutrinos of 

type i (neutrino or anti-neutrino). Differences between the interactions of a  neutrino 

and an anti-neutrino require separate trea tm en t for each type. T he coefficients a, 

and 6, model the  production and propagation of muons in the rock surrounding  the 

detector. The muon scattering  coefficients are =  6.8  and ap =  3.1. T h e  muon 

range coefficients are = 0.51 and =  0.67 [67].
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W’hea neutralinos annihilate, they can produce wide range of possible final s ta tes  

F. The second sum  is over all the decay channels and B p  is the  branching fraction for 

each channel. T he branching fractions vary w ith the properties of the neutra lino  and  

must be calculated  for each model. The relevant decay channels for x \  ann ih ila tion  

are into quarks (66 . cc. and tt), r f ,  W ^VV^ .  Z Z .  and  channels with Higgs bosons 

{ZH°.  Z H l  and

(.Vc^) is the  second m om ent of the neutrino spec trum . T he first variable N  is 

simply the  to ta l yield  of neutrinos. The second variable is the  scaled energy, which is 

the energy of the  neutrino  divided by the injection energy given to it by the  paren t 

particle, or r  =  E^/Ein-  T he second m om ent of th e  neu trino  energy sp ec tru m  is 

calculated because th e  cross section for muon production  in rock and the  range of 

the muon are bo th  proportional to neutrino energy, so th e  probability of producing a 

muon event th a t passes through the detector is proportional to  the energy squared.

The Sun's density  is great enough th a t neutrinos an d  antineutrinos produced in 

the core of the Sun will in teract with the solar m edium . Energy is lost th rough n eu tra l 

current in teractions, and neutrinos are absorbed through charged current in teractions. 

.A. neutrino of ty p e  i injected into the Sun can be m odelled to  escape w ith energy

and probability

The param eters =  1.01 x 10“  ̂ GeV and =  3.8 x 10"“* GeV account for n eu tra l 

current energy losses; =  5.1 and Op =  9.0 are used w hen finding the escape p roba­

bility of the  neu trino  [67]. These param eters appear in th e  second m om ent equations 

given below. Since the  param eters are different for neu trinos and an tineutrinos, the 

second m om ents from  each type of neutrino will be different for the Sun. T he E arth  

is not dense enough to affect neutrino propagation. Finally, in all cases where neu-
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tralinos ann ih ila te  into partic le-an tipartic le  pairs, the  injection energy E\n is simply 

the neutralino m ass m^.

The following subsections describe the  analy tic  expressions for the  neu trino  second 

moments needed in the  event ra te  equation. All of the relevant decay channels (66. 

cc. tt, r f .  Z Z ,  Z H ^ ,  Z H ° ,  and H °H ^)  are listed. The

expressions are accu ra te  to about ± 10%, a  level of uncertainty th a t is sm all com pared 

to sources of e rro r like the  local halo density. T he  analytic trea tm en ts  for the  neutrino 

second m om ents in the following subsections were derived by .Jungman and  Kam ion­

kowski [6 8 ].

3.4.1 Charm and bottom  quark decay

.A bottom  or charm  quark  injected into the  E a rth  by neutralino ann ih ilation  undergoes 

hadronization. an  evolution into baryons and mesons. During this process, kinetic 

energy from a q u ark  is converted into quark -an tiquark  pairs. The result is clusters of 

quarks and gluons w ith no net color th a t form  hadrons moving in the sam e direction as 

the quark. Every tim e a quark-antiquark  pair is produced, the energy of the  original 

quark is reduced. A quark injected w ith energy Eia will have its energy reduced to 

Ed =  -/E in  th ro u g h  hadronization. where z j  =  0.58 for c quarks and 0.73 for 6 quarks. 

The expression for the c quark second m om ent from the E arth  is

=  +  (16)

where — 0.13 is the  branching ra tio  for inclusive sem ileptonic decay of the c

quark into m uons. The velocity of the quark  when it decays is /? =  {I 

The expression for the 6 quark is sim ilar,

( i + 0 . (IT)

with cz 0.103.

32



A bo tto m  or charm  quark injected in to  the  Sun also undergoes hadronization. As 

in the  E arth , the  energy of the quark is reduced to Eq =  zjEin- The g rea ter density 

at the  core of th e  Sun means an injected hadron  interacts with the solar m edium  and 

loses energ}' before it decays and produces neutrinos. The final energy a  hadron has 

when it decays. is picked from a decay distribution. The average value of E.i is

(£-j)(£„) =  E^exp  X dy (IS)
E q

and the  rm s value is

^ -  (E,)) .  (19)

.\s the  energy of the  injected hadron is increased, it becomes more likely th a t it will be 

stopped before it decays, .\bove energy Ec =  250 GeV for c quarks and Ec =  -170 GeV 

for b quarks, the  parent hadron is unlikely to  decay before being stopped.

Using these equations, the second m om ent for c and 6 quarks channels is expressed

as

( v A i j ) '- . )  (2 0 )

where hj_,{y) for c quarks is

, y , 1 32 +  25t/ +  5y^
=  T8Ô '“ ( i T 7 )^' ■

, , , 1 1344 +  31861/ +  38341/" +  2786i/^ +  1242%/" +  315%/= +  35%/= ,
E . , . { y )  = ---------------------------------------------u T w » ------------------------------------ ' - I

and for b quarks is

 ̂ , 1 168 +  354y +  348y" +  I90y3 +  561/" +  7i/=
= --------------- (TT7 ?--------------- • ' ’

3 .4 .2  r  l e p to n  d e c a y

The second m om ents for r  lepton decay are sim pler than those for c and 6 quarks 

because th e re  is no hadronization. For r  leptons injected into the E a rth  w ith velocity
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J  =  (I — m l f the second m om ent is

( :W ) * ( £ i„ )  =  î ^ ( ^ l  +  ^ ) .  (25)

where Tr—fiuu ~  0.18.

For neutrinos from r  lepton decay in the Sun,

{Nz^)%i{Ein)  =  r  r-.^i,uhrAE\nTi) (26)

where th e  hr.,{y) function is th e  sam e as the one used for 6 quarks.

3.4.3 Top quark decay

Top quarks injected into the  Sun and E arth  decay alm ost exclusively into W  bosons 

and b quarks. The second m om ent for the Earth is

T w —(11/
9 _2£ 2 '

+  (27)
4mj

The energy of the  W  boson in the frame of the decaying top is E\v =  (m* +  

m\y)I['ImtY.  for the  6 quark it is Eb =  [m\  — m f^)/(2m t). T he W  boson velocity 

is dyy =  Eb/E\y .  T he fraction of W  bosons from top quark decay produced in the 

longitudinal helicity s ta te  is given by /f, =  (1 + 2 m ^ /m ^ ) “ h  (Reference [27] has m w  

and rut reversed in this expression. The correct form is found in [6 8 ]).

Determ ining (iV~") for top quarks in the Sun is som ew hat com plicated, involving 

the integration of the  b quark and  W  boson second m om ents for the Sun over the 

injection energy of the  b quark and  W  boson from top decay. At first, this integration 

was used in the  Mathematica code developed. To make the  code more efficient, 

an analytic fit created  by Jungmaxi and Kamionkowski [6 8 ] to  approxim ate 

replaced the  integration. T he analytic fit

log 10 =  A.(logio£in)^ -  5.(logiQ.£in) +  C  (28)
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is accu ra te  to w ithin 10% over the energy range m, <  E\n ^  3000 GeV. The coeffi­

cients a re  =  —0.825. Ao =  —0.889, =  —3.31, Bp =  —2.94, =  —5.39. and

Cp =  —6.40. Note th a t top quarks decay im m ediately, so th a t unlike the case for c 

and b quarks, the  dense solar m edium  does not reduce the energy of top  quarks before 

they decay.

3.4.4 VV and Z boson decay

W  and Z  bosons decay directly into neutrinos. They also decay into quarks which 

then produce neutrinos, but these neutrinos have lower energies and are  not im portan t 

for the  calculation of muon events. The second moment for neutrinos from W'^VV' 

pairs in th e  E arth  is

("l +  p A  (29)

where Yw~p.u =  0.105 is the branching ra tio  for W  decay into m uon neutrinos and  

i  =  (I — m ly / is the velocity of th e  injected W  boson. T he  equation for Z  

bosons is

V l  +  (30)

with th e  branching ratio for Z  bosons into muon neutrinos V =  0.067 and  

velocity ,j  =  ( 1 — m ^ j

For th e  Sun, the  effects of energy loss and  stopping of neutrinos are once again 

taken in to  account . The second m om ent for W  bosons is

2 4- 2E r i{ l  -b a .)  -f -t- o .) E = E i a ( l - 3 ) / 2

■ (31)
E = E i a { l + 3 ) / 2

The equation  for Z bosons is obtained by replacing T w —nu w ith 2 V (N ote 

th a t th e  upper and lower limits of evaluation in this equation are given correctly in 

[66]. b u t are reversed in [68 ] and [27]).

35



3.4.5 Higgs and H iggs-gauge boson decay

T here are five channels im p o rtan t for muon event ra te  calculations that involve the 

decay of Higgs bosons: ZHy ,  an d  [44]. Often, only the

contributions from Z  and fT bosons are considered in Higgs-gauge boson channels, 

and Higgs-Higgs channels are ignored. Since Higgs decay can sometimes make sig­

nificant contributions to the  high-energy neutrino flux, ail of the Higgs decays are 

included here for com pleteness. T he Higgs and gauge bosons produced in neutralino 

annihilation have different m asses, so it is no longer valid to use the  simple relation 

Eia = ^ \ -  T he energy given to  each particle created when a neutralino annihilates is

■imi +  m f - m l  ^ -f-m| -  m?
Cj\ — ; t-<2 — , • I'J-;Arrij; in ix

T he second m om ent for annih ila tion  channels involving Higgs-gauge boson final

sta tes  in the E arth  is

+  Higgs decay contribution. (33)

The first part of the  equation is the  contribution from the  gauge boson. This applies 

to  ZHy  and Z H ° .  as well as by replacing V w ith F and velocity

3 z  = [I -  with 3w- E z  and Eyy are found by using equation (32).

The equation for the  Sun is

/ ,Y_2\Q
+  Higgs decay contribution . (34)

T he second m om ent for Z  bosons given here is sim ply th e  one used earlier for Z  boson 

decay, divided by two since th e re  is now only one Z  boson. The second m om ent for 

is sim ilar, except th e  second moment for W  bosons is used instead. The 

energy of the  injected gauge boson, E z  or Ew ,  is given by equation (32).

T he Higgs decay contribu tion  in equations (33) and  (34) is the  contribution from 

the decay of Higgs bosons in to  c quarks, b quarks, r  leptons, and top quarks, which
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subsequently decay and produce neutrinos. Higgs bosons can decay into o ther p a rti­

cles. such as light quarks, bu t these particles are of little  consequence for high-energy 

neutrino duxes. N eutrinos from Higgs decay are known as neutrinos from secondary 

channels since there  are two steps in the decay process: a Higgs decays into lighter 

particles, which in tu rn  decay producing neutrinos. In general, secondary channels 

do not produce a significant num ber of high-energy neutrinos because each step in a 

chain of decays reduces th e  available energy, but in some regions of param eter space 

it is possible th a t they  could become im portant. Usually the  Z  and W  bosons in 

Higgs-gauge boson channels dom inate.

In both the  E arth  and  Sun, the Higgs decay contribution is found by taking the 

second moment for each decay channel, integrating over a range of energies, and 

sum m ing over all possible channels. This is w ritten  as

' i n  Q J ~ f f j E f ( i —0 n 0 f )

where the sum  D  is over all possible Higgs decay channels, B d is the branching 

ratio  for channel D. 7 ;/ is the  Lorentz factor for the  Higgs. E j  is the decay particle 

energy in the rest fram e of the  Higgs, and d /  and  are the velocities of the decay 

particle and the Higgs particle . Equation (35) is used to find the Higgs contribution 

in Higgs-gauge boson channels, and the second m om ent for Higgs-Higgs channels.

The branching ra tio  for decay into up-type fermions is

]   I r~<HEf(\+0H0i)
= r  /  EHN:-‘) , {E )  dE.  (35)

^ \ n  n  ^ I h E / P / P H  J y „ E , ( l - 0 H 0 r )

where Nc = 1 for leptons and  3 for quarks, due to  color, and =  S m l y G r l The 

m ixing angle q  satisfies

/  mlfo +  m io  \
tan (2 û ) =  Un{20) —^ ^  . (37)

V J

37



For H 2 decay into down-type fermions the branching ratio is

3

The branching ra tio  for decay is

for up-type fermions and

K o J cos^ l3

i  ̂ cos^ 3
} sin^ 3

1  ̂ sin^ /3
1 cos^ fS

(40)

for dow n-type ferm ions. The branching ratios for decay are obtained by switching 

cos a  and sin a  in the  equations for H 2 decay.

.-\ll of the preceding second moments were encoded into Mathematica. .A.s a check 

on the coding, th e  curves for the second m om ents given in [6 8 ] were reproduced. The 

required Neutdriver information was then read in one model at a tim e an d  the  event 

rate from the Sun and Earth  for each m odel determ ined.
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4 D eterm in ing  N eutralino Properties

4.1 D irect R elationships

Since vve are u ltim ate ly  interested in finding ou t the  nature of the  supersym m etric 

theory th a t produces a neutralino. an obvious s ta rtin g  point is to study  w hether there 

are straightforw ard relationships between an event ra te  and the m odel param eters. 

Considering th e  long sequence of steps involved in going from one to  the  o ther, it is 

not surprising th a t determ ining model param eters exclusively from an event rate  is 

impossible. For a given value of M 2, for exam ple, it is possible to construct models 

with solar event rates ranging from the upper experim ental lim it ( 10“  ̂ m “ ^yr"‘) 

down to the detec tion  threshold of the next generation of detectors ( 10~ ‘ m “ ^yr~^). 

Models w ith event rates well outside this range can be constructed , but are either 

constrained by experim ental results or have event rates too low for detection . Figure 4 

shows the relationship  between event rates from the Sun and E arth  for the  values of 

M 2 explored. T he  range of event rates for th e  E arth  is greater th an  for the  Sun. 

extending well below the  lower lim it of detection , because there are  m any models 

tha t produce a de tec tab le  event rate  from the  Sun when the E arth  is unobservable. 

Since the Sun alm ost always produces m ore events than  the E arth , there  are very few 

cases where th e  opposite is true, and the  solar events are generally restric ted  to the 

10“  ̂ m "^ y r"‘ to  10"* m “^yr~^ range.

The s itua tion  is sim ilar for event rates as a function of neutra lino  properties. 

Figure 5 shows th e  event rate from the Sun and  E arth  versus neutralino mass. .\s  in 

the case for M 2 , the  lim its on solar events are a result of the constrain ts applied, and 

the terrestria l event ra te  reaches well below the  threshold of de tec tab ility  because of 

the models w here only the Sun is observed. T here  is a general tren d  of decreasing 

event ra te  from  the  Sun, and also to a lesser ex ten t from the E arth , as neutralino 

mass increases.
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Figure 4: Sun and Earth event rate F versus input param eter A/2 .
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Trends of th is kind must be trea ted  w ith caution. They can  result from the 

way param eter space was sam pled an d  from the indirect influence o f the  constraints 

imposed (see section 3.2). A clear exam ple of this is the periodic variation in the 

density of points in Figure 5. resem bling evenly spaced vertical clum ps. Each clump 

approxim ately represents one value of Mg in the scan of p a ram ete r space. This is 

obviously not a real effect and it has no physical significance. By choosing different 

values of Mg the  clumps can easily be shifted back and forth. T h e  slight trend of 

decreasing event ra te  with increasing mass, for the values shown in the  figure, is not 

a real effect e ither. It is possible to produce event rates up to  th e  experim ental limit 

for the Sun and E arth  over the en tire  mass range shown by choosing different input 

param eters [44]. The scans of param eter space presented here a re  not e.xhaustive. 

but are large enough to illustra te  th e  prospects for determ ining neu tra lino  properties 

from indirect event rates.

Sim ilarly, no great meaning should be attached to the density  of points in the 

figures. .A g rea ter density of points does not mean models in th a t region of param eter 

space are m ore likely than models in o ther regions.

Figure 6 shows the event ra te  as a  function of the relic universal density of

neutralinos. T he event rate has a  downward trend for both lowest an d  highest values 

of T he decrease for < 0.025 is from rescaling the local neu tra lino  density,

/7^. These sm all values of the universal density are no longer consistent w ith neutrali­

nos m aking up the  entire dark halo of our galaxy. By scaling downward to reflect 

this, the  event ra te  is reduced. For values of approaching th e  upper lim it of I, 

the decrease in event rates is re la ted  to the  annihilation cross section. As depicted in 

Figure 2, particles with smaller annih ilation  cross sections freeze o u t earlier, resulting 

in a larger relic abundance. T he annih ila tion  amd elastic sca ttering  cross sections are 

related, so a  sm aller annihilation cross section usually indicates sm aller elastic cross 

section, resu lting  in less neutralino  cap ture  and therefore a  som ew hat lower event
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rate.

T he  gaugino fraction is a  useful quan tity  for describing a  neutralino. Equation (6 ) 

defines fg =  I for a neutralino th a t is purely gaugino, f g = 0  when purely higgsino, 

and in term ed ia te  values represent a m ixed sta te . In general, m ixed states have larger 

scalar (spin-independent) cross sections, while a.xial-vector (spin-dependent) cross 

sections are m ore im portan t in pure states [27]. T he  E arth  captures neutralinos 

entirely  through scalar interactions, bu t the Sun can also cap tu re  neutralinos via 

axial-vector interactions because of the  presence of hydrogen. In Figure 7. a plot of 

the  event rate  as a function of gaugino fraction, this is ind icated  by the E arth  event 

ra te  reaching its lowest values for pure states.

.Although there are some trends in these figures, it is hard to draw any firm 

conclusions based purely on an event ra te . This can be illu stra ted  by choosing a ra te  

and finding the range of param eters th a t are allowed, w ith in  the  limits of uncertainty. 

The th ree  m ain sources of uncertain ty  in the calculation are  the  local halo density, the 

velocity dispersion of dark m a tte r particles in the  halo, and  the  neutralino sca ttering  

cross sections. The largest uncertain ty  is in the local haio density, with m easurem ents 

ranging from half to twice the value used, =  0.3 GeV cm “  ̂ [18]. Estim ates of the 

velocity dispersion of dark m atte r particles are m ore certa in , typically ranging from 

240 to  330 km s~^ [69]. Both these quantities en ter in to  th e  ra te  calculation linearly.

T he uncertain ty  in the axial-vector and scalar com ponents of the elastic sca ttering  

cross section is harder to quantify. For some direct de tec tion  experim ents based on 

axial-vector interactions, the  largest source of uncerta in ty  is the in the axial-vector 

cross section, specifically in determ ining the spin s tru c tu re  of the  nucleon. However, 

this is not as much of a  concern for indirect detection o f high-energy neutrinos from 

the Sun [70]. T he scalar cross section is perhaps m ost affected by uncertainties in the 

pion-nucleon scattering sigma te rm  [27]. Since the  uncerta in ty  in the halo density  

is so large, only it will be used to define the range of uncerta in ty  in the event rate .
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This will not a lte r  the  conclusions drawn when exam ining the  allowed param eters for 

a given event ra te , bu t will simplify the discussion. The result is an underestim ate of 

the total uncerta in ty  and  a  reduction in the num ber of models tha t are  com patible 

with an event ra te .

In spite of th is . Figure 8 reveals th a t for th e  th ree  solar event rates chosen, the 

entire range of inpu t param eters and neutralino properties is, in most cases, possible. 

The three event rates are in this respect v irtually  indistinguishable. T here  are some 

differences in th e  neutralino  mass, where the up p er lim it increases as th e  event rate 

decreases. This is the  sam e effect discussed earlier in the  figure of versus event 

rate (Figure 5), which can be a ttribu ted  to how param eter space was sam pled. It 

is evident th a t deriving neutralino properties o r supersym m etric model param eters 

entirely from an  event ra te  is unlikely.

4.2 Sun-B arth Event Ratio

A way of po tentia lly  ge tting  more inform ation from  event rates is exam ining the Sun- 

Earth event ra tio  T ^ /T #  and relating differences in the  ratio  back to th e  neutralino 

properties th a t cause the  deviation [63, 66]. T he  two m ain reasons for variations in 

the event ra tio  are differences in how the Sun and  E arth  capture neutralinos, and 

whether or not th e  E arth  has had enough tim e for cap ture  and annihilation to reach 

equilibrium.

4.2.1 N eutralino Capture

The scattering  of neutralinos takes place in the  ex trem e non-relativistic lim it. .\s  

mentioned previously, only two kinds of in teractions are im portant in th is situation: 

axial-vector (spin-dependent) and scalar (spin-independent). In the first case, the 

neutralino couples to th e  spin of a nucleus; in th e  second it couples to the  mass. At
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first it was thought that only the Sun would have a capture ra te  large enough to 

produce a de tec tab le  neutrino flux. N eutralino energies follow a M axwell-Boltzman 

d istrib u tio n  w ith a  velocity dispersion of ü =  270 km s“  ̂ [27]. T he escape velocity 

a t th e  surface of the  Sun is 618 km bu t merely 11.2 km  s“  ̂ a t th e  surface of the 

E a rth  [61]. O nly the  few neutralinos on the  low energy ta il of th e  distribution have 

a chance of being captured by the  E arth .

.A.s G ould la te r pointed out. th e re  can be a  resonance enhancem ent of neutralino 

cap tu re  in the  E arth  [61]. If the neu tralino  undergoes scalar interactions and the 

m ass of the  neutralino matches th e  m ass of the nucleus it sca tte rs  from, there is 

a  g rea te r chance it will be captured. T he explanation for this is analogous to  the  

classical case of an elastic collision betw een two bodies. If they are  equal in mass, the  

incom ing body transfers most its energy to  the  target in a head-on collision, coming 

to  rest and  becom ing captured. If th e  targe t is massive, the incom ing body recoils 

w ith  essentially  the  same speed; if th e  targe t is relatively sm all, it has little  effect on 

th e  incom ing body and it m aintains the  sam e velocity. In both these cases, there is 

little  chance for a reduction in speed to  less than  Uescape- For neu tra lino  masses near 

those of ‘̂‘Mg, ^*Si, ‘‘“Ca, ^®Fe, or ®®Ni the capture ra te  is g reatly  enhanced.

V irtua lly  th e  en tire  neutralino m ass range from 10 to  90 GeV is near one of these 

resonances. T here  is no such enhancem ent in the Sun: the escape velocity is so large 

com pared to the  E arth 's tha t neutralinos w ith a wide range of masses are already 

cap tu red  relatively easily.

T here  are cases where the m om entum  transfer is large and th e  neutralino does not 

"see'’ the  en tire  nucleus, reducing th e  scalar cross section. This is analogous to the  

effect seen in electrom agnetic elastic sca ttering  of electrons from atom s and nuclei. In 

th e  E arth , form factor suppression is g rea test in the same mass range where resonance 

is g rea tes t, the  10 to 80 GeV range. However, the overall effect on E a rth  capture rates 

is sm all for light neutralinos and negligible for heavier neutralinos. In the  Sun. where
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the gravitational well is deeper and neutralinos undergo higher m om entum  transfer 

when scattering , the  effect is m ore im portant. There is a  sm all to  m oderate effect 

on light elem ents, but capture from  iron nuclei can be reduced by several orders of 

m agnitude. Overall solar cap ture  rates can be reduced by as m uch as 30% for an 

SO GeV neutralino  [27].

The differences between scalar capture in the Sun and  E arth  are apparent in 

Figure 9. a plot of the  event ra tio  as a function of neutralino  mass. The Sun-Earth 

ratio r , j / r ,5 reaches its sm allest value for neutralino m asses of 50-60 GeV. about 

the sam e m ass as iron (52 GeV). Resonance with iron in the  E arth  increases the 

Earth cap ture  ra te  relative to th e  Sun, increasing the num ber of muon events from 

the E arth  and  lowering the event ratio. .\t  the sam e tim e, form  factor suppression in 

the Sun lowers the  solar capture and event rate, pushing th e  event ratio even lower. 

The models generated  indicate th a t if solar events are 0.1 to  0.01 tha t of terrestrial 

events, the neutralino  mass will be near tha t of iron. As the  ra tio  approaches one. 

the range of possible masses widens quickly to the point w here no conclusions can be 

drawn.

The o ther type of interaction is axial-vector (spin-dependent), where the neu­

tralino couples to the  spin of the  atom . Of all the abundan t elem ents in the Sun and 

Earth, only hydrogen in the Sun couples to neutralinos through  axial-vector interac­

tions. If neutralinos undergo only this type of interaction, there  will be no capture in 

the Earth . A t first this was thought to be the case, bu t G ries t [71] discovered tha t 

neutralinos th a t are mixed sta tes  can also have scalar couplings, m aking capture by 

the E arth  possible.

The existence of axial-vector capture in the Sun bu t not in the  Earth alters the 

event ratio  by increasing the solar event rate in models w here neutralinos have axial- 

vector couplings, so the ratio F g /F g  increases. Pure s ta tes , indicated by a gaugino 

fraction of 0 or 1, are more likely to have stronger axial-vector couplings. This
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is visible in Figure 10, where the largest event ratio  occurs for these values of /^ . 

Because the top quark is heavy, even pure s ta tes  m ay have scalar in teractions [27]. 

This is the case in the  m odels generated, since there are no models where th e  E arth  

event ra te  is zero, 
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Figure 10: Event ratio [ g /F a  versus gaugino fraction fg.

4.2.2 Equilibrium  T im e Scale

The o ther reason there  m ay be a large variation in the  Sun-Earth event ratio  is because 

of the equilibrium  tim e scale. After the Sun and E arth  formed approxim ately  4.5 G yr
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ago it took tim e for neutralinos to accum ulate. T he  capture ra te  rem ains constant, 

but until enough neutralinos have accum ulated, the  annihilation ra te  is less than  its 

maxim um  value of r .4 =  C /2 . There are not enough neutralinos in te racting  with 

each other for annih ila tion  to  occur as quickly as capture. The num ber of neutralinos 

eventually builds up to  a point where cap ture  and  annihilation balance an d  the body 

is at Tull signal.'’ T he am ount of tim e this takes is called the equilibrium  tim e scale. 

The Sun is m ore m assive and captures neutralinos relatively quickly, so it always 

reaches full signal before the Earth [61]. In v irtually  every case where th e  Sun is 

observable, it is a t  full signal. The E arth , however, can often be below full signal.

Gould [63] suggested th is difference between th e  E arth  and Sun could be used to 

constrain or e stim ate  the  relic universal density  of neutralinos, T h is is done

by relating how far th e  E arth  is from full signal to  the  neutralino’s annih ila tion  cross 

section. .A. sm aller cross section meajis m ore neutralinos m ust accum ulate  before 

capture and annih ila tion  balance. If the cross section is larger, fewer neutralinos 

are needed and th e  equilibrium  tim e scale is shorter. Since the  annih ila tion  cross 

section also determ ines th e  relic abundance of neutralinos, an estim ate  of the cross 

section leads to an  e s tim ate  of the relic abundance. Using the supersym m etric  models 

generated, it is possible to check the usefulness of this approach for a wide range of 

possible neutralinos.

The relationship between the therm ally averaged neutralino ann ih ila tion  cross 

section and the relic density  is [I]

where g j  is the num ber of relativistic degrees of freedom at freezeout an d  T/ is the 

freezeout tem p era tu re . Using typical weak scale num bers, the freezeout tem pera tu re  

is approxim ately T j  ~  m ^/20  and gy/ 8 8  ~  1 [27]. P u tting  these values in to  equation

52



(41). the relic density  is
^  2 X 1 0 -'?  y  S -

To estim ate  the  relic density, an e stim ate  of the  annihilation cross section is 

needed. Recall th a t the annihilation ra te  is related  to the  capture ra te  by equation 

( 12)

r .4 =  ~  tanh^ ^  .

The ratio t / r  determ ines whether the Sun or E arth  is at full signal. W hen the 

equilibrium  tim e  scale, r ,  is much sm aller th an  t, the  age of the solar system , the 

formula reduces to the  full signal case of =  C /2 . For the E arth , using t — 4.5 

Gyr. < /t is [27]

The annihilation cross section given here, (o’.4 i;)o, is the  zero velocity cross section 

because neutralino  annihilation in the Sun and E arth  occurs at essentially th e  zero 

velocity lim it. T he  annihilation cross section a t freezeout, when tem peratu res

and velocities are  higher, may be larger. T he  factor

.  e  ^  (44)
{(^a v )

relates the cross section for neutralino annih ilation  in the Sun and E arth  back to  the 

cross section th a t  determ ines the relic abundance a t freezeout.

Following th e  procedure used by Gould [63], there are three czises to consider. In 

the first, the  Sun and E arth  have muon event rates th a t are similar. A ssum ing this is 

because the  E a rth  is a t full signal, then from  equation  (12) we know t / r ^  > I . Using 

this relationship and equation (43), solving for the  annihilation cross section gives

> 4.3 X 1 0 -*  cm ' s e c -  7  ~ ^ _ t )  ( m ^ )  '

53



where 7  is th e  ra tio  of capture rates in the Sun and E arth . The squares of their 

respective distances are scaled out so

T = ^ ^ # 7 ^ = 1 - 8 2 x 10-= P ^.

Combining equation  (45) and equation (42), and using k to re la te  the freezeout cross 

section to th e  zero velocity cross section, an upper lim it of [63]

<  0.05 « ( l ô f & v ) ' ' '  (^6 )

is placed on the relic density of neutralinos. (Note tha t in [63], the  constant at the 

front of the  relic density estim ate equations (4.4) (4.5) and (4.6) is incorrect).

As noted in [63], the difficulty w ith this estim ate is th a t it requires knowing the 

neutralino s m ass, the relationship between the zero velocity annih ila tion  cross section 

and the cross section at freezeout, the  ratio  of capture rates in th e  Sun and Earth, 

and the cap tu re  ra te  in the Sun. Setting  aside these difficulties for the  moment, 

the relic density  estim ate can be dem onstrated using model inform ation provided 

by N e u td r iv e r .  Most of the inform ation required is available, but the  ratio tc of 

annihilation cross sections needs to be estim ated. The annih ilation  cross section can 

be w ritten in th e  form

{cT\v) = a + bv^ +  . . .  (47)

The a and b te rm s are available in o u tp u t from the supersym m etric models. In the 

extrem e non-relativistic limit for annihilations in the Sun and E arth , the cross section 

(ct4u)o is sim ply the  a term . For the  velocity at freezeout, the  freezeout tem perature 

is used to  determ ine  particle velocities. Using the approxim ation T/ ~  m,^/20. the 

mean velocity of particles in a Maxwell-Boltzman d istribution is

OlcT

at freezeout. Using this velocity and the  b term  in equation (47) gives the  freezeout 

annihilation cross section (cr^u) and k .
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W ith  this information the relic density  lim it can be tested . In the  density esti­

m ates. the  E arth  is considered to  be a t full signal when </r^ >  I, so th a t 2 T I C < i ,  > 

0.58. F igure 11 shows the estim ated  upper lim it on the relic density  is always nearly 

equal to  or greater than  the relic density  calculated for each m odel by Neutdriver. 

O f course, the  estim ate is som ew hat artificial since the inform ation needed (capture 

rates, neutralino mass, cross sections) is provided by Neutdriver, but it does indicate 

th e  po ten tia l of this approach.
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Figure 11: generated in the supersymmetric model versus the estim ated upper limit
on The solid line marks when the two are equal.
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In the second scenario considered, the Sun and Eaxth are both  detected bu t the 

signal from the E arth  is sm all com pared to the  Sun. A ssum ing this is because the 

E a rth  has not yet reached full signal, an estim ate  of th e  relic density can be made. 

W hen the Earth is below full signal, the equilibrium  tim e  scale is longer than the  age 

of th e  solar system  and 2 r .4e /C ®  <  1. Using equation (12),

(é) ■

Following the sam e procedure as above when the Sun and  E arth  rates were com parable 

gives an estim ate of the relic density [63]

~  ( m f e )
T he results are shown in Figure 12. Once again, there  is good agreem ent between the 

estim ate  and the model calculation.

Finally, in cases where th e  Sun is detected but th e  E arth  is not, a lower bound 

can be placed on the relic density. If the E arth  is undetec tab le , its annihilation 

ra te  m ust be below the  m inim um  required for producing a detectable signal above 

r® ~  10"’ m "^y r"‘ events. Figure 13 dem onstrates th a t  the  event ra te  F® oc F,^®mi^. 

T he cut-off for E arth  detection  occurs around ~  2 x 10 ®̂. .\dopting this value

in equation (-50) gives a lower lim it on the relic density  of

> 0.05 K 7 -  ^  ( j ^ )  ( l ô î f e )  ( l ô S & v ) " ' -

These models are shown in Figure 14. Most of the m odels generated fall into this 

category. The estim ated  lower lim it can extend down to  extrem ely small values of 

to the point of being a somewhat useless constrain t.

4.3  Practical A p p lication  o f the N eu tra lin o  D en sity  E stim ate

T he previous section dem onstrates tha t it is possible in principle to estim ate the  

relic density of neutralinos in the  universe based on th e  Sun-to-E arth  event ratio.
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In practice, th e re  are some difficulties th a t m ust be overcome. A ctually  making an 

estim ate of requires several pieces of inform ation e ither in addition  to or derived 

from the event rates. The neutralino mass, the  relationship betw een the zero velocity 

annihilation cross section and the cross section at freezeout, and  the  cap ture  rates for 

the Sun and E arth  are required in the  density  estim ate.

4.3.1 N eutralino Mass and A nnihilation Cross Section  R atio

The neutralino  mziss may be found using o ther m ethods. E x trac ting  information 

about the neu tra lino  mass from the angular distribution of high-energy neutrinos is 

one possibility. Detectors that use Cerenkov light can track th e  p a th  of muon events 

and m easure th e  size of the source. If neutralinos are heavy, they  will reside nearer 

to the centre of the Sun or Earth, resulting in a smaller angular d istribution . Lighter 

neutralinos will be more diffuse, resulting in a wider angular d istribu tion . Both the 

Sun and E a rth  could yield a rough mass estim ate  for neutralinos below 300 GeV 

with an un certa in ty  of a factor of 1.5. D etector resolution lim its result in heavier 

neutralinos appearing  as a point source [72].

Inform ation about k . as well as neutralino mass, could eventually  come from 

accelerator searches. The size of the  uncertain ty  introduced by not knowing k can be 

quite large. In the  models created, k can range downward several orders of m agnitude 

from its m axim um  value of 1 when neutralino masses are below about 100 GeV. 

.\bove 100 G eV . values tend to stay  in th e  0.1 to  1 range (F igure 15). An order of 

m agnitude u n certa in ty  in k results in an order of m agnitude uncerta in ty  in the relic 

density estim ate .

4.3.2 R elatin g  Event, Capture, and Annihilation R ates

The density estim ate  requires deriving th e  solar and te rrestria l cap tu re  rates from 

their event ra tes. This is accomplished in two steps. F irst, th e  neutralino  annihilation
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rate within the Sun is estim ated  using the event ra te  from the Sun. Since the Sun 

is always at full signal, th e  capture rate is simply th e  tw ice the  annihilation rate. 

Then, the E arth 's cap tu re  ra te  is calculated bcised on th e  Sun's. The analysis in [63] 

finds the Sun-to-Earth cap tu re  ratio  7  will range from roughly I to 6.5 for neutralinos 

with masses of SO GeV to  1000 GeV, assuming they are  cap tu red  predom inately by 

scalar interactions. C om paring the annihilation ra te  w ithin  the  Earth (found using 

its measured event ra te  in an indirect detector) to its calcu lated  capture ra te  reveals 

whether or not the E arth  is a t full signal, «dlowing a density  estim ate.

The prim ary difficulty is th a t there is no sim ple relationship  between the event ra te  

from the Sun and the ann ih ila tion  ra te  within the  Sun. Figure 13 showed th a t in the 

Earth, where a lower density  m eans neutralino annih ila tion  byproducts and escaping 

neutrinos undergo few interactions, the relationship between the annihilation and 

event rate  is relatively well behaved. But in the Sun, th e  dense solar m edium  makes 

relating the annihilation and event rate to any degree of accuracy nearly impossible 

(Figure 16). The various particles involved in decay chains th a t produce neutrinos are 

affected to different ex ten ts by interactions with the solar m edium , as are the neutrinos 

they produce. This introduces a much greater model dependence. Variations in decay 

channels, annihilation channels, branching fractions, and  o ther param eters th a t m ake 

a detailed event rate  calculation necessary end up b lurring  the  relationship between 

annihilation and event rate .

Re-calculating the relic density limits, this tim e using an estim ate of neutralino 

capture tha t is based on indirect detector event ra tes (instead  of using the capture 

rates provided by N e u td r iv e r ) ,  the  error introduced by this model dependence be­

comes apparent. The upper lim it is too low as often  as not (Figure 17), and the 

estim ate of is typically  spread over two orders of m agnitude (Figure 18). The

lower limit is only violated in a sm all number of m odels, b u t the  constraint it applies 

to is usually weak (Figure 19).
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For the re calculation, a  sim ple relationship of Fg =  is assum ed for

the Sun and Fg =  lO~^'F.4gm ^ for the  Earth. These relations are  abou t what one 

would expect based on equation  (13), considering the losses from  interactions and 

decay channels th a t do not produce high-energy neutrinos. T h e  E a rth 's  capture ra te  

is derived from the  Sun's cap tu re  ra te  using the Sun-to-E arth  cap tu re  ratio  given in 

Figure 1 of [63]. The curve is approxim ately  7  =  logio(m!^) —6.35. This is consistent 

with the cap ture  ratios calcu lated  in the supersym m etric m odels (F igure 20). T he 

relic density re-calculation is perform ed only on models w ith > 80 GeV. C apture 

resonances in the  Earth m ake th e  cap tu re  ratio very sensitive to  below this range,

and this is where k has its largest variations. These uncertain ties would most likely 

make a determ ination  of in th is range impossible.
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Figure 20: Sun-to-Earth capture ratio 7  for a range of m^. The solid line is 7 =  log^gl m'^) — 
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orders of magnitude off the top of the figure for other models.
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4.3 .3  Scalar versus Axial-Vector Interactions

Finally, it is im portan t to keep in m ind th a t the relic density  estim ate  is valid only 

if neutralinos are captured predom inately through scalar (spin-independent) in te r­

actions. T he presence of a.xial-vector (spin-dependent) in teractions increases solar 

cap tu re  relative to the Earth, m aking it appear as if the  E a rth  is either away from 

full signal when it is not, or further away from full signal th a n  it actually is. For th is 

reason, the  density estim ate is lim ited to scalar neutralinos only. The difficulty lies 

in knowing if the  Earth 's event rate  is reduced because it is away from full signal, or 

because axial interactions dom inate.

.A. com parison of direct and indirect event rates may provide some insight. T he  

various kinds of direct detection experim ents have different sensitivities to axial and  

scalar interactions. Typically, direct detectors are more sensitive to neutralinos w ith  

scalar couplings, while indirect detectors perform b e tte r for neutralinos w ith axial 

couplings. comparison of event ra tes could yield inform ation about neutra lino  

couplings, as well as neutralino mass [27]. In general, it is clear th a t other sources of 

inform ation about neutralinos would alm ost certainly be necessary to estim ate  the ir 

relic density  in the universe.

68



5 D iscussion and Conclusion

This work exam ines the  muon event rate over a range of supersym m etric  param eters 

th a t includes higher neu tralino  mass regimes (up to ~  TeV) not previously exam ined 

in a  comprehensive way. These heavier masses become m ore im portant as areas of 

param eter space th a t produce m ainly lighter neutralinos are  gradually ruled out by 

experim ental searches o r o ther constraints. W ith large neu tra lino  masses, decay chan­

nels not norm ally considered can become a factor in the  event ra te  and are therefore 

included. .\n  exam ination  of the neutralinos arising from  supersym m etric models 

provides an opportun ity  for investigating the ability to m ove from an event ra te  to 

gaining knowledge of neu tralino  properties should a de tec tion  occur. The calculation 

of muon event rates in a  neutrino telescope has two m ain com ponents: exploring the 

supersym m etric param eter space th a t creates good dark  m a tte r  candidates, and m od­

elling the production an d  propagation of high energy neutrinos from the annihilation 

of these candidate W IM Ps in the Sun and Earth.

There are a few issues associated with the calculation of event rates tha t should 

be addressed. The first, alluded to  earlier, is the question of assuming neutralinos 

make up the entire dark  halo. This assumption is used th roughou t these calculations, 

except where the  relic density  is thought to be too sm all < 0.025) to rem ain

com patible with the local dark halo density. There is no s tric t theoretical or exper­

im ental basis for this assum ption; it is simply the scenario chosen for exam ination 

here. Experim entally. M.A.CHO searches have placed lim its on certain  mass ranges 

and distributions, but scenarios where MACHOs are the dom inan t component of lo­

cal dark m atte r rem ain viable [18]. It is also som ewhat disconcerting th a t such a 

wide range of relic densities (0.025 <  < 1) is capable of producing the entire

dark halo in models of galaxy formation. Nevertheless, th e  apparen t lack of baryonic 

m atte r in the universe to  account for dyneunical observations, and  the theoretical
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argum ents supporting a supersym m etric cold dark m a tte r  candidate such as the  neu­

tralino. make the halo density  assum ption a reasonable one. An indirect detection of 

high-energy neutrino events from neutralino annihilation would not constitu te  proof 

th a t neutralinos are the dark m atte r (galactic or universal), but it would be very 

strong circum stantial evidence.

Coannihilation, where a particle with a  mass near th a t of the neutralino controls 

its annihilation in the early  universe, is not included in the  models. The process could 

suppress or increase th e  relic density, weakening the  dependence on the neutralino  

annihilation cross section. This is a potential problem  when doing a relic density  

estim ate using the procedure outlined above, but it m ay not necessarily change event 

rates significantly. T hey depend more on the  elastic sca ttering  cross section and the  

local dark m atte r density  than on the relic universal density. In certain  regions of 

param eter space, the effects of coannihilation can be large and should be included 

[44. 37].

There are. of course, more exotic possibilities th a t m ight change the results p re­

sented here. Unusual early  universe scenarios, such as a  non-standard freezeout or 

expansion, could suppress or enhance the relic abundance of dark m atte r [6 6 ]. If 

the  solar neutrino problem  and anomalies in atm ospheric neutrinos are caused by 

neutrino oscillations, the  same process could a lte r  the m uon event ra te  in indirect 

detectors [40]. It is difficult to do more than note these possibilities here until fu rther 

knowledge is gained about the neutralino or these scenarios.

The prospects for detecting  supersym m etric dark  m atte r in the near fu ture are 

promising as new, m ore sensitive detectors come on-line. If an indirect de tec to r 

does find evidence of neutralino annihilation in th e  Sun and Earth, the inform ation 

contained in the event rates m ight provide inform ation about the neutralino and the  

supersym m etric theory  th a t underlies it. In particu lar, the ratio of events from the 

Sun and E arth  is a useful quantity  to consider. An event ratio  tha t is much sm aller
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than  one suggests th e  neutralino probably has a  m ass in the  50 — 60 GeV range, near 

the iron capture resonance.

The event ratio , in conjunction with knowledge abou t the  neutralino’s m ass and 

annihilation characteristics, can also lead to lim its on or an estim ate  of th e  relic 

density of neutralinos However, uncertain ties involved with relating cap tu re

rates to event rates m akes an accurate de term ination  very difficult. In the  fu ture, 

as detector characteristics improve, inform ation about the  energy spectrum  of high- 

energy neutrinos from  neutralino annihilation m ay be available, allowing a  reduction  

in the model dependent uncertainties [73]. C om bining inform ation collected from 

various detection schem es (accelerator, direct and  indirect searches) to  im prove an 

estim ate would be necessary. Uncertainties in m odelling the  galaxy and dark  m a tte r  

halos also need to be addressed. A 10% error in th e  local circular speed resu lts in a 

40% error in the  local dark  m atte r density [74]. Even if it is not possible to  derive 

further inform ation from  an indirect detection beyond establishing the existence of 

supersym m etric partic les, this in itself would be an im p o rtan t achievem ent w ith  wide- 

ranging im plications.
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