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Abstract

Determining Properties of Neutralino Dark Matter

Using High-Energy Neutrino Events

Stefan H. P. Elieff

June 1998

Observational evidence and theoretical arguments indicate that most of the universe
is made of dark matter. Supersymmetry, an extension of the standard model of par-
ticle interactions, provides a natural candidate for dark matter: a weakly interacting
massive particle (WIMP) called the neutralino. The next generation of high-energy
neutrino telescopes could detect these particles indirectly from the neutrinos created
when they annihilate after being captured in the Sun and Earth. The possibility of
determining neutralino properties based on these neutrino fluxes is investigated for
a range of supersymmetric models. Of particular interest is the ratio of events from
the Sun and Earth. a quantity that may provide information about neutralino mass

and relic density in the universe.



1 Introduction

The hot big bang theory of the evolution of the universe is one of the successes of mod-
ern physics. [t explains the expansion of the universe first observed in the 1920’s. the
large scale isotropy and homogeneity of the universe, and the existence of the cosmic
microwave background radiation (CMBR). Through measurements of the expansion
rate. the theory predicts an age for the universe consistent with other independent de-
terminations {1]. Furthermore. standard big bang nucleosynthesis (SBBN) explains
the observed primordial abundances of elements in the universe [2]. In particular.
light elements such as deuterium and helium-4 are important because there are no
other known astrophysical processes that can produce the observed abundances of
these elements. Deuterium, for example, is so easily destroyed that even the small
amount present in the universe is nearly impossible to explain without primordial
nucleosynthesis.

In reproducing observed light element abundances, SBBN places strong con-
straints on the amount of baryonic matter that is present in the universe. The mass
density of baryons must lie in the range 0.01 < 2,k < 0.015 [2]. Q is the cosmologi-
cal density parameter which is defined as p/p., where p. is the critical density of the
universe. The subscript b indicates the baryonic matter contribution Q, = ps/p.. Un-
certainty in the Hubble constant H, affects the SBBN bound on 2, and is accounted
for through the parameter h. Defining H, = 100 k km sec™' Mpc™', the broadest
range of values for the Hubble constant consistent with current observations and anal-
ysis is A = 0.4-1.0. Including this uncertainty means 0.01 < Q, < 0.1. The total
luminous mass density amounts only to Qum < 0.01 [3]. A wide range of observations
consistently indicates there is more mass than luminous matter alone can explain.

There must therefore be a significant amount of “dark matter” in the universe.

QW]



1.1 Observational Evidence for Dark Matter

Rotation curves of spiral galaxies are some of the most compelling evidence for the
existence of dark matter. When the radial distance r becomes greater than the extent
of the light. the velocity should drop o r—% (Keplerian orbits). Measurements made
on neutral hydrogen clouds in spiral galaxies, using 21 cm emissions, show that the
rotational velocities of the clouds remain constant as far from the galaxy centre as

one can probe. Using Newton's law for circular motion,

GM(r) _v* )

r2 r

the constant rotational velocity means the galactic mass as a function of radius
M(r) x r out to large radii. implying there is mass well beyond the visible extent
of the galaxy. A classic example of this is the rotation curve for NGC 6503 shown
in Figure 1 [4]. The luminous disk of the galaxy extends only 5 kpc from the core.
vet the rotation curve remains flat to at least 20 kpc. The analysis in [4] suggests
this results from a dark halo. Flat. extended rotation curves are typical for spiral
galaxies. including the Milky Way. and they imply the existence of large dark halos
that surround spiral galaxies and contribute invisibly to their mass.

The presence of dark halos means the mass to light ratio M/L increases as you
move further from the galactic centre. Through estimates of /L, the amount of
matter contained in the dark halo of spiral galaxies is inferred to be at least 2—10 times
the upper luminous matter limit, Qium < 0.01 [3]. Another method for determining
the mass of spiral galaxies is measuring the motion of the small gravitationally bound
dwarf galaxies that surround them. This method produces a lower bound of Qgpirals 2
0.087h~!, which is also well above the density of luminous matter [5]. Nearly all
measurements of {) are above the value that can be explained with only luminous
matter. This makes up the primary evidence for dark matter.

Dark matter is not restricted to spiral galaxies; the velocity dispersion within

3




150 — —

10 20 30
Radius (kpc)

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 matter [6]. [n addition to this.
elliptical galaxies can be studied using hot X ray emitting gas to find their mass
distributions. X ray gas often extends well beyond the visible extent of the galaxy.,
implying high mass to light ratios and significant amounts of dark matter. Assuming
hydrostatic equilibrium and using an isothermal model, Fabricant and Gorenstein [7]
found that the mass of the gas was only 5% of the total mass of the elliptical galaxy
MS7 inferring a value of Qepiptical ~ 0.2.

On larger scales. clusters of galaxies can be tested for the existence of dark matter.
Several methods exist. such as X ray gas measurements similar to those described
above. gravitational lensing, and using the velocity dispersion of cluster members to
vield masses. Observations of the Coma cluster imply 2 = 0.2-0.4 if the inner 1.5
Mpc is representative of the entire universe [8].

[t is possible to determine values for 2 on still greater scales, although the uncer-
tainties become larger with the increased model dependence of the methods. Even
for clusters of galaxies. it is difficult to conclude whether the amount of dark matter
detected is characteristic of the universe as a whole or is instead a local phenomenon.
[t is therefore important to measure dark matter at the largest scales. Thisis pos-
sible through measurements of large scale flows. The simplest example of this is the
local group of galaxies’ motion relative to the cosmic microwave background. If this
motion is due to a gravitational excess, then the velocity should point towards an
excess of mass. By using galaxy counts in the direction of motion and relating this
to the excess mass. very conservative estimates of > 0.2 have been made [9]. It
is also possible to estimate (2 from the distribution of peculiar velocities of galaxies.
Comparisons of the peculiar velocity field to the galaxy density in the [RAS galaxy
catalogue indicate that Q > 0.33, and the data and is consistent with Q = 1 [10].

Gravitational lensing can be applied in the search for dark matter on large scales.

in addition to measuring the masses of individual clusters of galaxies. This is ac-




complished by searching for microlensing events involving extremely distant objects,
such as quasars. in much the same way as current searches for MACHOs (Massive
Compact Halo Objects) in our galaxy are carried out. If there is a significant den-
sity (2 ~ 1) of compact bodies in the universe, distant objects will frequently be
gravitationally lensed by these bodies. A long term study by Hawkins [11] measured
light variations in quasars. Based on the number and nature of events in the study.
Hawkins concluded a population of lenses with typical mass around 1073M;, exists.
Estimates of 2 from the observations are weak, with a best fit cosmological density

of Q =0.35.

1.2 Theoretical Motivation for Dark Matter

There are theoretical arguments for the existence of dark matter. The standard theory
of inflationary cosmology prefers Q2 = 1. If the universe has a non-zero vacuum energy
density it can undergo a phase transition that leads to exponential growth, driving
Q 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 that has
a value of Q) # | will have its density rapidly driven away from the critical value as
it evolves. For Q to be as near the critical value as it is today, it must have been
1 £ 107 at the Planck scale [14]. Therefore, @ = | is considered the natural value
even in the non-inflationary case. If Q 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
amount of luminous matter is only of order Qj,; < 0.01, there must be a large amount
of dark matter.

While it is clear that some portion of the universe is made up of dark matter.

what form this dark matter takes is less certain. There is a long and diverse list



of candidates with 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.
All these objects would be classified as MACHOs. Recent searches for MACHOs
using microlensing of distant 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 matter from SBBN is somewhat above
the amount of luminous matter observed (2], so the existence of MACHOs is not
surprising. To remain consistent with SBBN, there must be some amount of baryonic
dark matter.

However. it appears that baryonic dark matter cannot be all of the dark matter.
Constructing models of the galaxy where MACHOs make up the entire dark mat-
ter halo is difficult in light of the observed number of microlensing events [18]. If
primordial element abundances are calculated using €, ~ 1, deuterium is severely
underproduced and helium-4 and lithium-T7 are overproduced {2]. Even if Q < 1. the
upper limit placed by SBBN on the amount of baryonic matter is well below the
dvnamical observations of €2 described above. A non-baryonic form of dark matter is
needed to make up the difference. Similarly, theories of structure formation in which
the mass density of the universe consists of mostly baryonic matter do not produce
the amount of structure observed in the universe without large initial perturbations.
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 that some portion of the mass density must be non-baryonic
(19].

Alternate explanations for the arguments given in favour of dark matter exist.
The 3 K background radiation could be explained by grain-thermalized starlight with

very massive population III stars generating the observed light element abundances




[20]. Difficulties with structure formation based on the smoothness of the CMBR
are avoided. as are the limits on baryonic matter arising from SBBN. Models of
inhomogenous nucleosynthesis might also provide a way of avoiding the baryonic
matter limit [21]. There is observational evidence that some galactic clusters might
have more baryonic matter than is allowed in SBBN [8, 20}, but the interpretation of

the observations remains open to debate.




2 Supersymmetry

Particle physics proposes several non-baryonic dark matter candidates, such as axions.
massive neutrinos. and the lightest supersymmetric partners (LSP). This thesis is
concerned with the neutralino, an LSP which arises out of supersymmetric grand

unified theories that extend beyond the standard model of particle interactions.

2.1 The Standard Model of Particle Physics

The standard model of particle physics is a description of the known particles and
forces (except gravity) in the universe. [t is a gauge theory based on the symmetry
group SU7(3) x SU(2) x U(1). There are three distinct forces within it: the strong.
weak, and electromagnetic forces. The weak and electromagnetic forces are partially
unified in SU(2) x U(l) electroweak theory (22, 23, 24|, while the strong force is
described by SU(3) quantum chromodynamics [25, 26]. Despite being a theory grafted
together from three distinct forces and symmetry groups, it has very successfully
predicted experimental results to high precision.

A summary of the elementary particles in the model is given in Table 1. There are
two main types of particles in the standard model: force-carrying bosons (integer spin
particles) and fermions (spin-% particles), the constituents of matter. The electroweak
force is carried by the photon, Z boson, and W boson; the strong force by gluons. A
scalar boson. the Higgs, arises from the broken symmetry of the electroweak theory.
The Higgs has not yet been observed. Fermions are subdivided into quarks. which
undergo strong interactions, and leptons, which do not. Each of the twelve elementary
fermions has a corresponding antiparticle with the same mass and spin, but with
opposite values for other properties such as charge. Fermions also come in three
generations, each more massive than the previous. All the molecules and atoms that

comprise ‘normal’ matter are made of particles from the first (lightest) generation.




Name Symbol Mass (GeV) Charge Spin
Electron e 5.1 x 1074 -1 3
1t Electron neutrino v, <7x10° 0 3
Generation Up quark u 0.005 +2 3
Down quark d 0.01 —% %
Muon 0.1 -1 %
2nd Muon neutrino A <3 x 10~ 0 :
Generation Charm quark c 1.5 +2 :
Strange quark s 0.2 -1 :
Tau T 1.8 -1 %
3rd Tau neutrino vy < 0.03 0 :
Generation Top quark ¢ 180 +3 L
Bottom quark b 1.7 -3 :
Photon ¥ 0 0 1
W boson w= 30 +1 1
Bosons Z boson A 91 0 l
Gluon g 0 0 L
Higgs boson H < 1000 0 0

Table I: A summary of the elementary particles in the standard model.

For example. the proton (uud) and the neutron (udd) are bound states made from
the first generation quarks.

The standard model contains a number of parameters whose values are not pre-
dicted by the theory. Many of these parameters are determined by experimental
results. Fermion masses, for example, are measured experimentally and inserted by
hand. 18 independent parameters, along with the SU(3) x SU(2) x U(1) framework.

complete the model.
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2.2 Shortcomings of the Standard Model

In spite of the standard model’s many successes, it is widely believed to be incom-
plete — a low-energy approximation of a more fundamental theory. There are many
reasons for this belief, even though there is no unambiguous experimental evidence
to contradict the standard model: there are the large number of free parameters that
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 matter: there
is no unification between quarks and leptons in the standard model. yet the electron
and proton charges are equal to high precision; there are three coupling constants, g.
g'. and g,. corresponding to three separate forces that are not unified in the standard
model: even the unification of the weak and electromagnetic forces in SU(2) x ['(1)
theory is only a partial unification that has two distinct forces, each with its own
symmetry group and coupling constant. All of these are reasons to doubt the com-
pleteness of the standard model.

Another apparent shortcoming of the standard model 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 W* and Z bosons to
generate their masses. and a fourth (yet to be observed) massive Higgs remains.
These masses are related to the scale at which the SU(2) x U(1l) theory is broken:
the weak scale (~ 100 GeV, so mpyjges o 100 GeV).

The standard model is a renormalizable field theory and could be valid at any
energy scale A. At high energies, scalar particles naturally take on masses of order .\
through quadratically divergent quantum corrections (ie. Mfjges = (M)’ + a\?).
In effect, the scalars assume masses of order the highest energy scale Apay for which
the theory is valid. It is widely expected that at some energy scale the standard

model will break down. such as those scales suggested by Grand Unified Theories
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(10'® GeV) or the Planck scale (10'° GeV). Because mf;,,, x AZ,.. Higgs scalars
should acquire masses of the same order through 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 must be fine tuned against a

bare term to at least 28 decimal places [27]. This is the naturalness problem.

2.3 Supersymmetric Particle Spectrum

Many of these shortcomings can be addressed within the framework of a supersym-
metric theory. (For reviews of supersymmetry, see [27, 28] and references therein).
Supersymmetry (SUSY) is a symmetry between bosons. the particles that carry force.
and fermions. the constituents of matter. In a sense it is a unification of matter and
interaction. Supersymmetry is not an exact symmetry of nature. If it were. every
particle would have a supersymmetric partner of identical mass. The symmetry must
be broken and a doubling of the known particles is required in the simplest model
(called the minimal supersymmetric standard model, or MSSM). All bosons are pos-
tulated to have a related supersymmetric fermion partner, and vice versa. The boson
partners of fermions are named by placing an “s-” in front of the particle name. An
electron. for example. has a related boson called the selectron. The supersymmetric
partners of quarks are squarks. Bosons have fermion partners named by adding *-ino™
to the end of the name. Photons have superpartners called photinos. A summary 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 state of the fermion.
although the number of degrees of freedom (2 for the spin-; quark and one for each
spin-0 squark) remains the same. The neutrino, which is (apparently) left-handed

only, has a single partner. There is an additional Higgs doublet required, resulting in



Svmbol  Standard particle Symbol Supersymmetric particle
q quarks q squarks
u up-tvpe quark ur, Ug up-type squark
down-type quark JL , UuUp down-type squark
l leptons I sleptons
e electron €L, €R selectron
v neutrino v sneutrino
g gluons '] gluinos
g charginos
Wt W boson W w-ino
H* charged Higgs H* charged higgsino
-2, X3. X3 neutralinos
¥ photon o7 photino
zZ° Z boson Z z-ino
H? (H°) heavy scalar Higgs B b-ino
HY (R light scalar Higgs Ws w-ino
HY (A°) pseudoscalar Higgs 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 some expla-
nation. The supersymmetric partners of the W bosons and of the charged Higgs are
generally called charginos. The chargino is actually a mixture of states. partially
made from both the state corresponding to the partners of the W boson and of the
charged Higgs. Depending on how a given supersymmetric model is constructed. the
chargino could be made purely of either partner. In these cases the chargino is often
called a w-ino (W*) or a charged higgsino (Hi). The same is true for the photino (5),
the z-ino (Z). and the neutral higgsino (f?) in the case of neutralinos. The photon
and Z boson are themselves made from a mixture of the B field and the W3 field
in the combined SU(2) x U'(1) electroweak theory and neutralinos made purely of
these states are also possible. These are included in the Table 2 as the b-ino (E) and
the w-ino (ﬁ;;;). Finally, since no other particle (normal or supersymmetric) uses the

symbol y the tilde is usually left out.

2.4 Benefits of Supersymmetry

Introducing superpartners for all particles solves the naturalness problem. The quan-
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, eliminating quadratic divergences.! The cancellation is not exact
because the symmetry is broken, but as long as supersymmetric particle masses are
below about I TeV the weak scale is preserved [29].

Another benefit of supersymmetry is its effect on grand unified theories (GUTs).
Coupling *constants’ for the strong, weak, and electromagnetic forces are not constant.

but vary with energy scale. As 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 « A*? or log A, as opposed to convergences with terms oc A™".
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proach one another and might eventually have a common value at the unification scale.
[n some GUTs without supersymmetry, unification occurs at about 5 x 10'* GeV.
Unification at this scale has implications for proton decay: it predicts rates faster
than limits from current experiments. The extra particles in a supersymmetric the-
ory slow the evolution of coupling constants so that unification does not occur until
2 x 10'® GeV. Proton decay is suppressed, allowing GUTs to remain consistent with
current proton decay limits. In other GUTs, coupling constants do not unify at any
scale without supersymmetry [30. 31].

Supersymmetry itself. of course. is not a complete theory of everything: some
problems of the standard model still remain. The number of free parameters in a
SUSY model is greater than in the standard model. While it is thought to help grand
unified theories. there is no unification of forces inherent in the model. and quarks
and leptons remain unrelated. Bearing this in mind, supersymmetry may be only the

next step in developing a more complete picture of particle physics.

2.5 R-parity and the Neutralino

In supersymmetric models a new symmetry, R-parity, can be introduced. R-parity is
defined by R = (—1)3B-L)1*25 for a particle of spin S, baryon number B and lepton
number L.? The formula implies even R-parity (R = 1) for normal particles and
odd R-parity (R = —1) for supersymmetric particles. Most models assume that R
is conserved, a consequence of baryon-lepton invariance. Without R conservation.
baryon and lepton number violating processes, like proton decay, are allowed at sig-
nificant levels. Experimental limits on these processes severely constrain R-parity
violating theories [32]. The introduction of R-parity conservation has an important

consequence for dark matter: the lightest supersymmetric particle must be stable.

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

Similarly, the lepton number is 1 for leptons (eg. e~, v.) and —1 for antileptons (eg. e*, 7.).
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Consider. for example. the search at LEP (the Large Electron-Positron collider at

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

[SV]
~—

efe” = 2° > XiXi- (

R-parity is a multiplicative symmetry, so R = 1 x I = 1 for the left side of the
equation. R = | for the Z boson, and R = —1 x —1 = 1 for the two charginos
produced. Supersymmetric particles are in general very unstable, and a chargino will

immediately decay into lighter particles via processes such as

Xt — et (3)

R-parity is again conserved with R = —1 for the charginoand R =1 x -1 = -1 for
the decay products. It is easy to see that whenever a supersymmetric particle decays.
it must produce one (or an odd number) of supersymmetric particles to conserve R-
parity. Eventually the chain of decays ends in the lightest supersymmetric particle:
there are no lighter supersymmetric particles to decay into, and R-parity is violated
if it decays entirely into normal particles. Usually the lightest superpartner is the
least massive of the four neutralinos, often referred to as simply the neutralino. This
particle is the best candidate for the weakly interacting massive particle (WIMP).
The superpartners of the gauge and Higgs bosons (gauginos and higgsinos) can
mix. As a result. the physical mass eigenstates (charginos and neutralinos) are model-
dependent linear combinations of these states. Diagonalizing the mass matrix for
neutralinos vields the eigenstates of the system — the physically observable particles.

The mass matrix for neutralinos is

i M, 0 —mzcos3sinfw  mzsin g sinfw W
0 M, mzcos Bcosby —mzsin P cos by @)
—~mzcos3sinfw mzcos 3 cosfw 0 —p
mzsin 3sinfw  —mzsin 3 cos Gy —u 0
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where M, and M, are gaugino mass parameters, p is the higgsino mass parameter.
tan J = vy/vy is the ratio of vacuum expectation values of the Higgs fields, mz is the
Z boson mass. and Oy is the Weinberg angle. From this mass matrix, the lightest

neutralino can be written as
x = M B + N,Ws + N3H® + N, H?, (5)

with .V; representing the coefficients arising from diagonalizing the matrix. This equa-
tion shows that the neutralino can be expressed as a mixture of states corresponding
to the superpartners of the B and W3 gauge fields (gauginos) and the HY and HY
neutral Higgs bosons (higgsinos). The neutralino can be almost entirely gaugino or

higgsino, or a mixture of both. This is quantified by the gaugino fraction [34]
fo = IN[* + | No|*. (6)

The neutralino is primarily gaugino when f; > 0.5 and primarily higgsino when
fe < 0.5.

Properties like the gaugino fraction vary with changes in the input parameters used
to construct the supersymmetric model. Considerable effort has gone into detecting
evidence for supersymmetry and reducing the allowed parameter space. It is here that
astronomy plays an important role. A relic abundance of WIMPs in the universe could
influence astrophysical processes, such as structure formation and stellar evolution.
or it might allow for WIMP detection in high-energy neutrino telescopes. Since a
supersymmetric particle is the primary candidate for the WIMP, detection of (or a
failure to detect) WIMPs invariably leads to constraints on supersymmetry through

the neutralino.

2.6 Relic Abundance

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

created thermally. Lighter particles had sufficient kinetic energy to collide and cre-
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ate heavier particles such as yy (neutralino-antineutralino) pairs. At the same time
heavier particles could decay if they were unstable, or like x x pairs they could annihi-
late. As long as the temperature of the universe was greater than the neutralino mass
the constant annihilation of particle pairs was balanced by their creation. Neutrali-
nos were in thermal equilibrium at this time. As the universe expanded and cooled
the temperature fell below the neutralino mass. [t became more difficult to create
\ \ pairs: they could only be created on the high energy tail of the distribution of
particles. Annihilations continued while neutralinos remained in thermal equilibrium
causing their number density to drop off exponentially & exp(—m./T) [35]. If neu-
tralinos had remained in equilibrium until the present their number 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 number of neutralinos, a point was reached where
the probability of \Y{ pairs meeting became so small that annihilations effectively
stopped. They fell out of equilibrium and a relic cosmological abundance remained.

The size of the relic abundance is determined by the thermally averaged cross
section for neutralino annihilations (g 4v). A larger cross section reduces the number
of remaining neutralinos since annihilations are able to proceed for a longer period of
time before the probability of yY pairs meeting becomes too small. This is shown in
Figure 2. along with the strong suppression of neutralinos that would result if they
remained in thermal equilibrium. The relic density of neutralinos is given approxi-

mately by [36]
10726 cm?® sec™!
(gav)

The relic density can be altered by complicating factors. If there is a particle X.

Qy ~ (7)

slightly heavier than the neutralino with a larger annihilation 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]. Changes in the entropy
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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

1.

of the universe. perhaps resulting from a phase transition, can also alter the relic
abundance [1]. These special cases aside, equation (7) is a valid approximation.

Using the annihilation cross section® for weak scale interactions
(04v) ~ a*(100 GeV)™2 ~ 1072 cm® sec™! (3)

remarkably leads to a value for Q, ~ 1. The neutralino, by its weakly interacting
nature. is a natural candidate for dark matter. The fact that a particle postulated to
exist as a solution to problems within the standard model has the very characteristics
needed to (potentially) solve the dark matter problem is viewed as a compelling

argument in favour of neutralinos.

3Natural units, where factors of A and ¢ convert quantities to common units, are often used
for convenience. The annihilation cross section can be expressed in cm® sec™! or in GeV ™2 by
multiplying by #2¢®. 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 that left
baryonic matter in the universe. Neutralinos are what are known as Majorana parti-
cles: they are their own anti-particles. For Dirac particles with a particle-antiparticle
asymmetry, the relic abundance is usually determined by that asymmetry, not by
freeze out from thermal equilibrium [38]. The discussion above would also change
dramatically for a particle with a different interaction strength, such as a gravitino
or axino that arises from models extending beyond the MSSM.

With a thermal relic population of neutralinos left in the universe. modelling struc-
ture formation becomes easier. The most successful models of structure formation
assume the universe contains cold dark matter, like the neutralino. Models with only
baryonic matter are unable to produce structure in the universe without large fluctu-
ations in the CMBR - fluctuations that contradict the observed CMBR smoothness
[39]. It is possible that a model with only baryons might eventually be found that is

able to produce structure without these fluctuations, but at present none exists.




3 Indirect Detection of Neutralinos

If neutralinos are indeed present in the universe, it may be possible to detect them
indirectly using high-energy neutrino detectors/telescopes. Although it is weakly
interacting, a neutralino may still scatter and become trapped in the gravitational
well of an astronomical body like the Sun or Earth. As it settles into the centre of
the body through further scattering, the probability increases that it will collide with
another neutralino and annihilate. The by-products of such an annihilation include
high-energy neutrinos.

Indirect detectors typically work by observing Cerenkov light from muons. When a
high-energy neutrino interacts with the material surrounding the detector, a muon can
be produced. As the muon travels through the medium of the detector, usually water.
it emits Cerenkov light that is observed by photomultiplier tubes. Timing when the
light reaches each photomultiplier allows the path of the muon to be reconstructed.
The detectors do not attempt to measure high-energy neutrinos directly because there
would be too few interactions within the relatively small confines of the detection
medium and the photomultiplier tubes. By using muons, all the rock surrounding a
detector becomes the target for neutrino interactions and more events are possible.

Reducing the background from cosmic ray muons is achieved by placing detectors
below the surface of the Earth. Even with detectors placed far underground. there is
still a large flux of cosmic ray muons travelling down through the rock. This back-
ground can be dealt with by counting only upward-going muon events. Observations
of the Sun. therefore, are only possible when it is below the horizon. One detector
that has operated for a number of years is the Kamiokande detector, located in the
Kamioka mine in Japan under an equivalent of 2700 m of water [40]. This experi-
ment. along with the [rvine-Michigan-Brookhaven (IMB) detector which is no longer

1

operational, has already placed an upper limit of 2.1 x 1072 m~2yr~! events from the
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Sun [41. 42. 43]. A similar limit from Kamiokande of 1.3 x 10~2 m~2yr~! applies to
the Earth.

A new generation of detectors is coming on line or being planned. Among these are
DUMAND (Deep Underwater Muon And Neutrino Detector), which will use strings of
photomultiplier tubes anchored to the deep ocean floor off of Hawaii, and AMANDA
(Antarctic Muon And Neutrino Detector), which will use arrays of photomultipliers
placed deep in the clear Antarctic ice sheet. The next generation of detectors will be
sensitive down to event rates of roughly 10™* m~2yr~! [44]. If an unambiguous signal
of high-energy neutrinos is eventually detected, an important goal will be determining
the properties of the neutralino. Doing that goes to the heart of revealing the nature
of the underlying supersymmetry.

To investigate the possibility of determining neutralino properties from the high-
energy neutrinos produced by neutralino annihilation, a simulation of event rates for
a range of MSSM input parameters was carried out. A detailed description of the
entire process will be given below. but the general procedure is this: a supersym-
metric model is constructed. determining the properties of the neutralino; important
quantities, such as the relic abundance, are also calculated using model information
and inputs from physics and astrophysics; the capture rate for the Sun and Earth
can then be determined using these quantities along with the neutralino’s proper-
ties; the rate of annihilation is calculated, and by modelling the subsequent decay of
annihilation products the flux of high-energy neutrinos is determined; the effects of
neutrino interaction with the solar medium are included because of the Sun’s mass
and density; finally, the flux of neutrinos is converted into a muon event rate for a
detector.

Jungman, Kamionkowski, and Griest [45, 27] have developed computer code called
Neutdriver to perform many of these calculations. The program takes a set of input

parameters and builds a supersymmetric model, producing detailed information about

S
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the resulting neutralino. The program also outputs information needed to find the
rate of muon events in a neutrino detector, including an approximate calculation
of event rates created using a Monte Carlo simulation for the Kamiokande detector
[40]. Instead of using Neutdriver’s approximation for the event rate, Mathematica
code was developed to calculate event rates based on the model information supplied
by Neutdriver and analytic expressions for the neutrino spectrum produced by Yy

annihilation.

3.1 Supersymmetric Models

The properties of a neutralino depend on the supersymmetric model. A wide range
of input physics and free parameters go into a model and ultimately determine the
masses. cross sections. decay channels, and other physical properties of the neutralino
and the rest of the supersymmetric particles. The most general form of the super-
symmetric model has over 60 input parameters. Much of this parameter space is
physically uninteresting or produces results that are excluded by other constraints.
so a subset of the parameter space is explored [27].

Table 3 is a summary of the parameter space examined using Neutdriver's
Practical model. Five input parameters are used: M is one of three gaugino mass
parameters; tan 3 = v,/v; is the ratio of Higgs vacuum expectation values: My is
the mass of the pseudoscalar Higgs and it, together with tan 3, determines the Higgs
boson spectrum; u is the Higgsino mass scale; and “’% determines the mass scale for
squarks and sleptons. Other mass-squared parameters are given the same value as
.-\/[5. The parameter space is reduced by making common GUT assumptions. For

example, the gaugino mass parameter M, is related to M, by [46]
5. 2
./‘/[1 = gtan 9WA/[2. (9)

Other parameters, such as soft supersymmetry breaking parameters A, A;. and A..
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are assumed to be zero to simplify calculations. Many parameters are only relevant
in the context of supergravity models and are not needed in an examination of the

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

Parameter Lower Value  Upper Value

M, 15 GeV 3000 GeV
Mo 170 GeV 170 GeV

i —1000 GeV 1000 GeV
tan 3 2 22

M3 1 x 10* GeV? 108 GeV?

Table 3: Range of MSSM parameters explored.

The ranges selected for these five parameters are chosen so that the models pro-
duce good dark matter candidate without violating other experimental constraints.
Nonetheless. many models will still end up being eliminated for failing to meet those
criteria. Even after choosing what is hoped is a reasonable model parameter space to
explore. it is still necessary to check each model individually to ensure no constraints
have been violated. All of the constraints used are listed in the following section and

summarized in Table 4.

3.2 Constraints

The relic abundance of neutralinos can be used as a simple constraint on supersym-
metric models. The exact value of the total mass density QA% for the universe is
uncertain, but it can not be greater than 1. If it were, the current rate of expansion
would mean the universe is younger than 10 billion years old for A > 0.4, younger
than the age of the oldest clusters [47]. Obviously, if Q4% < I, the relic abundance of

neutralinos QA% < 1.




Constraint Source

Qh* <1 Expansion rate / age of universe
myo > 39 GeV Higgs boson searches

mpye > 44 GeV

mgs > 62 GeV ete™ — YY"~ chargino searches
my > 15 GeV Z boson invisible width

7% — \oxo < 1073 Branching ratios for rare processes

7% — iy < 2 x 1073

F; <21 x 107! m™2yr! Ruled out by current experiments
[z < 1.3 x 107! m~2yr!
s orCa > 107° m™2yr! Undetectable in upcoming experiments

Vacuum expectation values of scalar | Color / charge conservation

fields (except Higgs) vanish

LSP is neutralino —

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

A lower limit on the relic density arises from the assumption that neutralinos
make up the entire dark halo of our galaxy. The rate of neutralino capture is directly
proportional to their local halo density. Assuming the local halo density phao =~
0.3 GeV cm™ is made entirely of neutralino dark matter (p, = phalo). the range of
allowed values for their relic universal density is 0.025 < QA% < 1. Models with relic
densities below this range do not contain enough neutralinos to make up the entire
halo. It is possible that a neutralino with a small, cosmologically unimportant relic
abundance could produce a detectable flux of high-energy neutrinos. While this is not
a very satisfying situation, since it might leave the dark matter question unanswered.
the models are not excluded. Scenarios where MACHOs are the dominant component
of the local dark matter halo, although unlikely, are still viable [18]. Because of this.
even models with Q,h% < 0.025 are kept. Relic densities below this value. where

the halo is partly or mostly something besides neutralinos, require scaling the local
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neutralino density accordingly to keep capture rates from being inflated. The relation

Q. h?
Px = Phalo o (10)

is used for the scaling [44].

Accelerator searches for evidence of supersymmetry have not detected any parti-
cles bevond those in the standard model. but they have provided limits on particle
masses and other properties. Searches for Higgs bosons have placed lower limits on
Higgs masses of myo > 39 GeV and mpyg > 44 GeV [46]. A theoretical upper limit
of My < mz arises from the MSSM; further analysis that included radiative (quan-
tum) corrections raised this to mye < 130 GeV [27]. Chargino masses have also been
constrained through searches for e*e™ — Y*Y~. The lower limit is mgs > 62 GeV
[46].

A further requirement of any model is that the lightest supersymmetric particle be
the neutralino. Having a stable relic that is charged or that is not weakly interacting
makes for a very bad WIMP.

Mass limits for the neutralino are calculated by examining the Z boson’s invisi-
ble width in accelerator experiments. This is the contribution to the Z boson cross
section from processes that can not be measured directly in the accelerator. These
processes are inferred by comparing experimental results to predictions from the stan-
dard model. These limits are extremely model dependent; a conservative lower bound
of m\ > 15 GeV was adopted [46]. Branching ratios* for rare processes involving Z
bosons and all four neutralinos are also used to eliminate models. The upper limits
on branching ratios for Z° — yoxo and Z® — x;x; are 107° and 2 x 10~ respectively
[48].

Electroweak symmetry breaking is caused by Higgs fields acquiring vacuum ex-

pectation values v; and v, the values that define tan 3. A requirement of each

*The branching ratio represents the fraction of all decays that go through a particular path.
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supersymmetric model is that the vacuum expectation values of all other scalar fields
vanish. avoiding vacuum states that would break color or electric charge conservation
(37].

A relic abundance of supersymmetric particles could have an effect on processes
within a star. A neutralino might effectively reduce opacity and increase energy trans-
port as it moves with relative ease between the core and outer regions of the stellar
interior. This 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. 34].
[ncreased energy transport lowers the core temperature where nuclear reactions occur
and thus reduces the number of solar neutrinos produced, at the same time as alter-
ing the frequency separation between low-degree p-modes that penetrate to the core.
However. as solar models improved, the differences between observed and theoretical
values for the frequency separation disappeared, and the addition of WIMPs worsened
the agreement [33, 36. 57]. The WIMPs considered had masses around 5 GeV. lighter
than the masses used here. Heavier WIMPs are unable to transport energy from the
core efficiently and do not alter the solar interior significantly. The effect of WIMPs
on later stages of stellar evolution has also been examined. In horizontal-branch stars.
light (< 8 GeV) WIMPs are ineffective in energy transport, while heavier WIMPs are
too centrally concentrated to alter stellar evolution [58].

Finally, direct and indirect detector experiments can constrain particle dark mat-
ter by eliminating models that would have been detected experimentally. Direct
detectors try to measure the occasional interactions that occur when WIMPs pass
through matter. For example, a germanium crystal detector can measure the slight
temperature change caused by a neutralino colliding with an atom and depositing
energy. Detectors like this have already placed strong limits on some forms of dark

matter, such as Dirac neutrinos, and a new generation of detectors will, if they fail
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to find evidence of neutralinos, further constrain neutralino parameter space [39].
Indirect detectors, as mentioned earlier, have been running for several years without
detecting neutralinos. Any model that produces an event rate great enough that
it would have been detected by past or present detectors is removed. Since there
are large uncertainties in the event rate. the upper limit is increased by an order of
magnitude to [z < 2.1 x 107! m~2yr~! solar events (['y < 1.3 x 107! m~2yr~! for
the Earth) to ensure models near the threshold of present day detectability are kept.
A further reduction is made by removing models where the event rate for both the
Sun and Earth is significantly below the threshold of the next generation of detec-
tors. 107 m~2yr~!. Again. to keep the cuts conservative, event rates an order of

L, are kept.

magnitude below this value, down to 107° m~2yr~

The model parameter space explored represents nearly 100000 individual super-
svmmetric models. Removing models that have color- and charge-breaking vacua.
a particle other than the neutralino as the lightest superpartner, or with QA? > 1.
leaves 34787 models. Applying the remaining constraints further reduces the number

of models to 21768. Figure 3 shows the M, versus p plane of parameter space after

all cuts were made.

3.3 Capture in the Sun and Earth

The basic concept of neutralino capture is relatively simple. If a neutralino moving
with some velocity v scatters off an astronomical object to a velocity less than vescape-
it is captured [60]. The neutralino settles into the centre of the object where it can
annihilate with other captured neutralinos. Gould [61, 62, 63, 64, 65] has carried out
detailed analysis of neutralino capture in the Sun and Earth. Given the factor of
two uncertainty in the local halo mass density, the large uncertainty in the velocity

dispersion of dark matter particles, and the model uncertainty in the fundamental
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Figure 3: M, versus p plane of parameter space after models that violate constraints are
removed.

neutralino-nucleus elastic scattering cross section, approximations for the capture rate
described in [27] can be used.

Calculations of neutralino capture in the Earth are not changed by the fact that the
Earth is orbiting in the Sun’s gravitational well. Free space is a valid approximation
in this case [64]. Neutralino evaporation — where a neutralino scatters and is given a
velocity boost that ejects it from the Sun or Earth — is insignificant for neutralinos

with masses more than about 10 GeV [62].

3.4 YV Annihilation and Determining Event Rates

Once the capture rate is known, the rate of neutralino annihilation can be found. The

equation for the evolution of the number of neutralinos in the Sun or Earth is

N
%lt_zc-c,uv‘-’-c,gzv (11)




where C is the capture rate and Cg is the rate of evaporation, which can be set to
zero. The middle term is twice the annihilation rate, [y = C4N?%/2. (4 depends
on the distribution of neutralinos and the annihilation cross section. Solving the

equation for .V(t). the annihilation rate is then given by

t

-~

T represents the time 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-
tribute to the flux of neutrinos and each is discussed in more detail below. Typically.
high-energy neutrinos come from unstable particles that decay almost immediately
after they are created. Longer lived particles interact with the surrounding medium
and lose energy before they decay. This means 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 measures events caused when neutrinos
interact with the rock surrounding a detector, producing muons. The number of

neutrino-induced muons passing through the detector is

. 2r m, \?2
— (1 9~ -29 -2 -1 <t 4 X b ~2y . :
[detece = (1.27 x 107 m™yr )sec“ (GeV) E a;b; Ep Br(N:z%)p; (13)

13

for neutrinos produced in the Sun [66]. The expression does not take into account
the fact that observations of the Sun can only occur while it is below the horizon.
Multiplving the expression by the square of the ratio of the Earth-Sun distance to the
Earth’s radius, 5.6 x 108, gives the rate for the Earth. The first sum is over neutrinos of
type ¢ (neutrino or anti-neutrino). Differences between the interactions of a neutrino
and an anti-neutrino require separate treatment for each type. The coefficients a;
and b; model the production and propagation of muons in the rock surrounding the
detector. The muon scattering coefficients are a, = 6.8 and a; = 3.1. The muon

range coefficients are 6, = 0.51 and b; = 0.67 [67].

30




When neutralinos annihilate, they can produce wide range of possible final states
F. The second sum is over all the decay channels and Bp is the branching fraction for
each channel. The branching fractions vary with the properties of the neutralino and
must be calculated for each model. The relevant decay channels for ¢y annihilation
are into quarks (bb. cé. and tf), 77, WEWF, ZZ. and channels with Higgs bosons
(ZHY, ZH). W*HF, HYHY. and HJHY).

(NV=?) is the second moment of the neutrino spectrum. The first variable V is
simply the total vield 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 parent
particle. or = = E,/E;;. The second moment of the neutrino energy spectrum is
calculated because the cross section for muon production in rock and the range of
the muon are both proportional to neutrino energy, so the probability of producing a
muon event that passes through the detector is proportional to the energy squared.

The Sun’s density is great enough that neutrinos and antineutrinos produced in
the core of the Sun will interact with the solar medium. Energy is lost through neutral
current interactions. and neutrinos are absorbed through charged current interactions.
A neutrino of type ¢ injected into the Sun can be modelled to escape with energy

Ein

"1+ Ean (1)

Ef

and probability .

o= (remm) ()
The parameters 7, = 1.01 x 1073 GeV and 7, = 3.8 x 10~* GeV account for neutral
current energy losses; a, = 5.1 and a; = 9.0 are used when finding the escape proba-
bility of the neutrino [67]. These parameters appear in the second moment equations
given below. Since the parameters are different for neutrinos and antineutrinos, the
second moments from each type of neutrino will be different for the Sun. The Earth

is not dense enough to affect neutrino propagation. Finally, in all cases where neu-
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tralinos annihilate into particle-antiparticle pairs, the injection energy Ej, is simply
the neutralino mass m,.

The following subsections describe the analytic expressions for the neutrino second
moments needed in the event rate equation. All of the relevant decay channels (bb.
cé. tt. r7, WEWF, ZZ. ZH?, ZHY, WHF, HYHY, and HIHY) are listed. The
expressions are accurate to about +10%, a level of uncertainty that is small compared
to sources of error like the local halo density. The analytic treatments for the neutrino
second moments in the following subsections were derived by Jungman and kamion-

kowski [68].

3.4.1 Charm and bottom quark decay

A bottom or charm quark injected into the Earth by neutralino annihilation undergoes
hadronization. an evolution into baryons and mesons. During this process. kinetic
energy from a quark is converted into quark-antiquark pairs. The result is clusters of
quarks and gluons with no net color that form hadrons moving in the same direction as
the quark. Every time a quark-antiquark pair is produced, the energy of the original
quark is reduced. A quark injected with energy Ej, will have its energy reduced to
E; = z;E;, through hadronization. where z; = 0.58 for c quarks and 0.73 for b quarks.

The expression for the ¢ quark second moment from the Earth is

2220 ux ok
N ) o 2 Lemmex (B
( )CC( ln) 15 ( 3 b) (16)

where [._,,x ~ 0.13 is the branching ratio for inclusive semileptonic decay of the ¢
quark into muons. The velocity of the quark when it decays is 3 = (1 ~m2,../ E7)'/.

The expression for the b quark is similar,

JI‘ 52
N=2(E )= b X il -
( i (Ein) T 1+ 7 ) (17)

with F(,_“,,X ~ 0.103.




A bottom or charm quark injected into the Sun also undergoes hadronization. As
in the Earth. the energy of the quark is reduced to Eq = z¢F;,. The greater density
at the core of the Sun means an injected hadron interacts with the solar medium and
loses energy before it decays and produces neutrinos. The final energy a hadron has

when it decays. Ejy. is picked from a decay distribution. The average value of £, is

(E4)(Eo) = E.exp (%) x L (%i) dy (18)

and the rms value is

V(E2) = VEdEo — (Ed)). (19)

As the energy of the injected hadron is increased, it becomes more likely that it will be
stopped before it decays. Above energy E. = 250 GeV for c quarks and £ = 470 GeV
for b quarks. the parent hadron is unlikely to decay before being stopped.

Using these equations. the second moment for ¢ and b quarks channels is expressed

E 2
(Niz)?,,—(Ein):( 2 hf.i( (Ef)fi) (20)
where hy;(y) for c quarks is

1 32+ 25y + 5y?
180 (L +y)s

hcwu(.‘/) =

1 1344 + 3186y + 3834y> + 2786y> + 1242y* + 315y° + 35y°

hesy) = 22
and for b quarks is
1 44y
= — s
hb.l/u(y) 30(1 +y)4 ("3)
1 168 + 354y + 348y? + 190y + 56y* + Ty° )
Rz, (y) = = 3 . (24)
1260 (1+y)

3.4.2 1 lepton decay

The second moments for r lepton decay are simpler than those for ¢ and b quarks

because there is no hadronization. For 7 leptons injected into the Earth with velocity
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3 = (1 — m?/E2)"2. the second moment is

. | - 3?2
.’\/:2 @— Ein = e — ., 2!
( %+ (Ein) T (1 - 3) , (25)

where [',_.,,, >~ 0.18.

For neutrinos from 7 lepton decay in the Sun,
<4V:2)?i'i(Ein) = Fr—-uuuhr,i(EinTi) (26)

where the h.;(y) function is the same as the one used for b quarks.

3.4.3 Top quark decay

Top quarks injected into the Sun and Earth decay almost exclusively into W bosons
and b quarks. The second moment for the Earth is

- 3?2 Fw—u E? l 222
(V2)E(Ein) = (1 + _-) (—W——’K [1 + 50 (2 —fL)] + rb_wx—f—") . (27)

3 4m? 15m?
The energy of the W boson in the frame of the decaying top is Ew = (m; +
m},)/(2m,): for the b quark it is Ey = (m? — m}¥,)/(2m,). The W boson velocity
is 3w = Ey/Ew. The fraction of W bosons from top quark decay produced in the
longitudinal helicity state is given by fr = (1 +2m¥,/m?)~'. (Reference [27] has myy
and m, reversed in this expression. The correct form is found in [68]).

Determining (.Vz?) for top quarks in the Sun is somewhat complicated. involving
the integration of the b quark and W boson second moments 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 Jungman and Kamionkowski [68] to approximate {:Vz2)3

replaced the integration. The analytic fit

(K]
o
~—

log,g [(sz 3‘;] = Ai(logyo Ein)2 — Bi(logg Ein) + Ci (:
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is accurate to within 10% over the energy range m, < E;; < 3000 GeV. The coeffi-
cients are A, = —0.825, 4; = -0.889. B, = -3.31, B; = -2.94, C, = —5.39. and
Cs = —6.40. Note that top quarks decay immediately, so that unlike the case for ¢
and b quarks. the dense solar medium does not reduce the energy of top quarks before

they decay.

3.4.4 W 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 important
for the calculation of muon events. The second moment for neutrinos from W * i~

pairs in the Earth is

. 1 2
(‘/\/ zz)a"P‘V-(Ein) = FW—-MVI (1 + 5/32) (29)

where 'y —,, = 0.105 is the branching ratio for ¥ decay into muon neutrinos and
J = (1 — m},/E?)? is the velocity of the injected W boson. The equation for Z
bosons is
F2\D 1 2 2
(N2, (En) = 2[‘2_.”“,;,1 1+ §/3 (30)
with the branching ratio for Z bosons into muon neutrinos I'z_,,;, = 0.067 and
velocity 3 = (1 — m%/EZ%)Y2.
For the Sun, the effects of energy loss and stopping of neutrinos are once again

taken into account . The second moment for W bosons is

[‘“;_.“u?,-*-zET,(l +ax) +E2T'20‘(1 +a;) E:Em(l—d)/g
3 Eiriai(a? ~ 1)(1+ En)>¥t g isye

in'¢

(N2 wew-i(En) = (31)

The equation for Z bosons is obtained by replacing ['w_,, with 2I'z_, ;,. (Note
that the upper and lower limits of evaluation in this equation are given correctly in

[66]. but are reversed in [68] and [27]).
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3.4.5 Higgs and Higgs-gauge boson decay

There are five channels important for muon event rate calculations that involve the
decay of Higgs bosons: ZH?, ZHJ, W*H¥ HYHY, and HJHY [44]. Often. only the
contributions from Z and W 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, all of the Higgs decays are
included here for completeness. The Higgs and gauge bosons produced in neutralino
annihilation have different masses, so it is no longer valid to use the simple relation

Ein, = m,. The energy given to each particle created when a neutralino annihilates is

2 2 2

_Amy + my —my
1= 2
im, idm,

2 2 2

(32)

The second moment for annihilation channels involving Higgs-gauge boson final
states in the Earth is

1

1
(V)8 = FZ—'"“D“I (l + §3§) + Higgs decay contribution. (33)

The first part of the equation is the contribution from the gauge boson. This applies
to ZH? and ZHY. as well as W* H¥ by replacing ['z_—.,,5, with T'w_,, and velocity
3z = (1 — m%/E%)"? with 3w. Ez and Ew are found by using equation (32).

The equation for the Sun is

(N=%)7 : ibuti
—== + Higgs decay contribution. (34)

(-’V32>%H =

The second moment for Z bosons given here is simply the one used earlier for Z boson
decay. divided by two since there is now only one Z boson. The second moment for
W*H7F is similar, except the second moment for W bosons is used instead. The
energy of the injected gauge boson, £z or Ew, is given by equation (32).

The Higgs decay contribution in equations (33) and (34) is the contribution from

the decay of Higgs bosons into ¢ quarks, b quarks, T leptons, and top quarks, which
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subsequently decay and produce neutrinos. Higgs bosons can decay into other parti-
cles. such as light quarks. but these particles are of little consequence for high-energy
neutrino fluxes. Neutrinos 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 turn decay producing neutrinos. In general. secondary channels
do not produce a significant number of high-energy neutrinos because each step in a
chain of decays reduces the available energy. but in some regions of parameter space
it is possible that they could become important. Usually the Z and W bosons in
Higgs-gauge boson channels dominate.

In both the Earth and Sun, the Higgs decay contribution is found by taking the
second moment for each decay channel. integrating over a range of energies. and
summing over all possible channels. This is written as

) 1 Z B 1 +u Ef(1+8uB8y) EZ< v 2)
N2V (En) = = o,———/ NHE)dE.  (353)
V=) EL S T 2EBsBH JayE(1-3na;) !

where the sum D is over all possible Higgs decay channels, Bp is the branching
ratio for channel D. vy is the Lorentz factor for the Higgs. E is the decay particle
energy in the rest frame of the Higgs. and Jy and By 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 moment for Higgs-Higgs channels.

The branching ratio for HS decay into up-type fermions is

A 2 2\ 72
o - N.g 9 4mi \ ° cos® a .
— = —— 1 - :
[(H; uu) 167rm%VmHgm“ ( m%;o) il 3 (36)
2

where V, = | for leptons and 3 for quarks, due to color, and g = 8m%,Gr/v?2. The

mixing angle « satisfies

m2 + m2
tan(2a) = tan(24) <—Z°——%3) : (37)




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

3

. N.g* 4m?\ 7 sin?a
LC(HY — dd) = 16m€ym;,gm§ (1 ~ m,_;;:)
2

The branching ratio for H3 decay is

N

cos? 3’

N.g? 4m? \ * cos? 3
C(H? - du) = —=—mpyom? | | — —
3 16rm?, 3

for up-type fermions and

- ‘/Vc 2 4 2 ;. a2
[(H? — dd) = ‘—Lz‘mngmﬁ (1 _ md) sin? 3

167mg,

(38)

(39)

(40)

for down-type fermions. The branching ratios for HY decay are obtained by switching

cos @ and sin a in the equations for HY decay.

All of the preceding second moments were encoded into Mathematica. As a check

on the coding, the curves for the second moments given in [68] were reproduced. The

required Neutdriver information was then read in one model at a time and the event

rate from the Sun and Earth for each model determined.

38




4 Determining Neutralino Properties

4.1 Direct Relationships

Since we are ultimately interested in finding out the nature of the supersymmetric
theory that produces a neutralino. an obvious starting point is to study whether there
are straightforward relationships between an event rate and the model parameters.
Considering the long sequence of steps involved in going from one to the other. it is
not surprising that determining model parameters exclusively from an event rate is
impossible. For a given value of M3, for example, it is possible to construct models
-2

with solar event rates ranging from the upper experimental limit (1072 m~2yr~!)

down to the detection threshold of the next generation of detectors (10~ m=2yr™!).
Models with event rates well outside this range can be constructed. but are either
constrained by experimental results or have event rates too low for detection. Figure 1
shows the relationship between event rates from the Sun and Earth for the values of
M, explored. The range of event rates for the Earth is greater than for the Sun.
extending well below the lower limit of detection, because there are many models
that produce a detectable event rate from the Sun when the Earth is unobservable.
Since the Sun almost always produces more events than the Earth, there are very few
cases where the opposite is true, and the solar events are generally restricted to the
1072 m~2yr~! to 10~ m~2yr~! range.

The situation is similar for event rates as a function of neutralino properties.
Figure 5 shows the event rate from the Sun and Earth versus neutralino mass. Asin
the case for M,. the limits on solar events are a result of the constraints applied. and
the terrestrial event rate reaches well below the threshold of detectability because of
the models where only the Sun is observed. There is a general trend of decreasing

event rate from the Sun, and also to a lesser extent from the Earth, as neutralino

mass increases.
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Trends of this kind must be treated with caution. They can result from the
way parameter space was sampled and from the indirect influence of the constraints
imposed (see section 3.2). A clear example of this is the periodic variation in the
density of points in Figure 5, resembling evenly spaced vertical clumps. Each clump
approximately represents one value of M, in the scan of parameter space. This is
obviously not a real effect and it has no physical significance. By choosing different
values of M, the clumps can easily be shifted back and forth. The slight trend of
decreasing event rate with increasing mass, for the values shown in the figure, is not
a real effect either. It is possible to produce event rates up to the experimental limit
for the Sun and Earth over the entire mass range shown by choosing different input
parameters [44]. The scans of parameter space presented here are not exhaustive.
but are large enough to illustrate the prospects for determining neutralino properties
from indirect event rates.

Similarly, no great meaning should be attached to the density of points in the
figures. A greater density of points does not mean models in that region of parameter
space are more likely than models in other regions.

Figure 6 shows the event rate as a function of Q, A2, the relic universal density of
neutralinos. The event rate has a downward trend for both lowest and highest values
of Q. A%. The decrease for QA% < 0.025 is from rescaling the local neutralino density.
py- These small values of the universal density are no longer consistent with neutrali-
nos making up the entire dark halo of our galaxy. By scaling p, downward to reflect
this. the event rate is reduced. For values of 2, h? approaching the upper limit of 1.
the decrease in event rates is related to the annihilation cross section. As depicted in
Figure 2, particles with smaller annihilation cross sections freeze out earlier, resulting
in a larger relic abundance. The annihilation and elastic scattering cross sections are
related, so a smaller annihilation cross section usually indicates smaller elastic cross

section, resulting in less neutralino capture and therefore a somewhat lower event
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rate.

The gaugino fraction is a useful quantity for describing a neutralino. Equation (6)
defines f, = | for a neutralino that is purely gaugino, f, = 0 when purely higgsino,
and intermediate values represent a mixed state. In general, mixed states have larger
scalar (spin-independent) cross sections, while axial-vector (spin-dependent) cross
sections are more important in pure states [27]. The Earth captures neutralinos
entirely through scalar interactions, but the Sun can also capture 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 indicated by the Earth event
rate 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 rate. This can be illustrated by choosing a rate
and finding the range of parameters that are allowed, within the limits of uncertainty.
The three main sources of uncertainty in the calculation are the local halo density, the
velocity dispersion of dark matter particles in the halo, and the neutralino scattering
cross sections. The largest uncertainty is in the local halo density, with measurements
ranging from half to twice the value used, p, = 0.3 GeV cm™ [18]. Estimates of the
velocity dispersion of dark matter particles are more certain, typically ranging from
240 to 330 km s™' [69]. Both these quantities enter into the rate calculation linearly.

The uncertainty in the axial-vector and scalar components of the elastic scattering
cross section is harder to quantify. For some direct detection experiments based on
axial-vector interactions, the largest source of uncertainty is the in the axial-vector
cross section, specifically in determining the spin structure of the nucleon. However.
this is not as much of a concern for indirect detection of high-energy neutrinos from
the Sun [70]. The scalar cross section is perhaps most affected by uncertainties in the
pion-nucleon scattering sigma term [27]. Since the uncertainty in the halo density

is so large. only it will be used to define the range of uncertainty in the event rate.
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This will not alter the conclusions drawn when examining the allowed parameters for
a given event rate, but will simplify the discussion. The result is an underestimate of
the total uncertainty and a reduction in the number of models that are compatible
with an event rate.

In spite of this. Figure 8 reveals that for the three solar event rates chosen. the
entire range of input parameters and neutralino properties is, in most cases. possible.
The three event rates are in this respect virtually indistinguishable. There are some
differences in the neutralino mass, where the upper limit increases as the event rate
decreases. This is the same effect discussed earlier in the figure of m, versus event
rate (Figure 5), which can be attributed to how parameter space was sampled. It
is evident that deriving neutralino properties or supersymmetric model parameters

entirely from an event rate is unlikely.

4.2 Sun-Earth Event Ratio

A way of potentially getting more information from event rates is examining the Sun-
Earth event ratio '3 /Iy and relating differences in the ratio back to the neutralino
properties that cause the deviation [63, 66]. The two main reasons for variations in
the event ratio are differences in how the Sun and Earth capture neutralinos. and
whether or not the Earth has had enough time for capture and annihilation to reach

equilibrium.

4.2.1 Neutralino Capture

The scattering of neutralinos takes place in the extreme non-relativistic limit. As
mentioned previously, only two kinds of interactions are important in this situation:
axial-vector (spin-dependent) and scalar (spin-independent). In the first case, the

neutralino couples to the spin of a nucleus; in the second it couples to the mass. At
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first it was thought that only the Sun would have a capture rate large enough to
produce a detectable neutrino flux. Neutralino energies follow a Maxwell-Boltzman
distribution with a velocity dispersion of & = 270 km s™' [27]. The escape velocity
at the surface of the Sun is 618 km s~!, but merely 11.2 km s™! at the surface of the
Earth [61]. Only the few neutralinos on the low energy tail of the distribution have
a chance of being captured by the Earth.

As Gould later pointed out. there can be a resonance enhancement of neutralino
capture in the Earth [61]. If the neutralino undergoes scalar interactions and the
mass of the neutralino matches the mass of the nucleus it scatters from, there is
a greater chance it will be captured. The explanation for this is analogous to the
classical case of an elastic collision between two bodies. If they are equal in mass, the
incoming body transfers most its energy to the target in a head-on collision, coming
to rest and becoming captured. If the target is massive, the incoming body recoils
with essentially the same speed; if the target is relatively small, it has little effect on
the incoming body and it maintains the same velocity. In both these cases. there is
little chance for a reduction in speed to less than vescape- For neutralino masses near
those of 160, Mg, 28Si, 325, H0Ca, 56Fe, or *®Ni the capture rate is greatly enhanced.
Virtually the entire neutralino mass range from 10 to 90 GeV is near one of these
resonances. There is no such enhancement in the Sun: the escape velocity is so large
compared to the Earth’s that neutralinos with a wide range of masses are already
captured relatively easily.

There are cases where the momentum transfer is large and the neutralino does not
“see” the entire nucleus, reducing the scalar cross section. This is analogous to the
effect seen in electromagnetic elastic scattering of electrons from atoms and nuclei. In
the Earth, form factor suppression is greatest in the same mass range where resonance
is greatest, the 10 to 80 GeV range. However, the overall effect on Earth capture rates

is small 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 momentum transfer
when scattering, the effect is more important. There is a small to moderate effect
on light elements. but capture from iron nuclei can be reduced by several orders of
magnitude. Overall solar capture rates can be reduced by as much as 30% for an
80 GeV neutralino [27].

The differences between scalar capture in the Sun and Earth are apparent in
Figure 9. a plot of the event ratio as a function of neutralino mass. The Sun-Earth
ratio [z /s reaches its smallest value for neutralino masses of 50-60 GeV. about
the same mass as iron (52 GeV). Resonance with iron in the Earth increases the
Earth capture rate relative to the Sun, increasing the number of muon events from
the Earth and lowering the event ratio. At the same time, form factor suppression in
the Sun lowers the solar capture and event rate, pushing the event ratio even lower.
The models generated indicate that if solar events are 0.1 to 0.01 that of terrestrial
events. the neutralino mass will be near that of iron. As the ratio approaches one.
the range of possible masses widens quickly to the point where no conclusions can be
drawn.

The other type of interaction is axial-vector (spin-dependent). where the neu-
tralino couples to the spin of the atom. Of all the abundant elements in the Sun and
Earth. only hvdrogen 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. At first this was thought to be the case, but Griest [71] discovered that
neutralinos that are mixed states can also have scalar couplings, making capture by
the Earth possible.

The existence of axial-vector capture in the Sun but not in the Earth alters the
event ratio by increasing the solar event rate in models where neutralinos have axial-
vector couplings, so the ratio ['5/['g increases. Pure states, indicated by a gaugino

fraction f, of 0 or 1, are more likely to have stronger axial-vector couplings. This

49




C e ?._,1»\%

* smea, (2
sa prd b

~ anay
s e N opy

' 1 v 1 ' T T i T | Toamasnbs sqgoqrana s | o
- 00 46 Yy 6 § 000 .
000004 MAbngup ¢ s0000
L S SARAANIAY 0 +o50 J
.g
- St oy voe |
AN ¢ soee0
e
.
- et st AT g PR L L
.o -t e a o A Ve
(LTI
L . o st l\o\ f—‘?»)!.-t.’\p J
P DT
. ~ o-
.« e e oo s g ohD [
| . e 2 -\..!V ls-ﬂ-‘. lgo‘- |

., *

l“ ‘4‘. .

o Ao o

. . %
. * ow\‘.?o-»..-r

. w.e

.

e g A —Jo
oo-- -. -o <

.
.o\ .

/lll oy
Y "'
-

‘l\‘.o G-. JM.. .

v. PRGN vy
%

1e+14

- t..l {.' ' .. . hadid L]
1 . e ls‘l&..!bftﬁﬁlﬁhdﬂfﬂ. as"’ 1
o o
. e -t bt . bl
1 | 1 | " | A 1 L ] 1 ! 1
o = © Q 8 8 -
% = S Q 8 e
$ $ ¢ : e
L - s 1 1

ojiey jueA3 yuez-oj-ung

0.01

1000

100

m, (GeV)

Event ratio ['g /T versus neutralino mass m,. Note the existence of events with

a ratio less than 1 between my ~ 30 — 100 GeV.

Figure 9

50



is visible in Figure 10, where the largest event ratio occurs for these values of f,.

Because the top quark is heavy, even pure states may have scalar interactions [27].

This is the case in the models generated, since there are no models where the Earth

event rate is zero.
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4.2.2 Equilibrium Time Scale

The other reason there may be a large variation in the Sun-Earth event ratio is because

v 4.5 Gvr

o

of the equilibrium time scale. After the Sun and Earth formed approximatel
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ago it took time for neutralinos to accumulate. The capture rate remains constant.
but until enough neutralinos have accumulated, the annihilation rate is less than its
maximum value of 'y = C/2. There are not enough neutralinos interacting with
each other for annihilation to occur as quickly as capture. The number of neutralinos
eventually builds up to a point where capture and annihilation balance and the body
is at “full signal.” The amount of time this takes is called the equilibrium time scale.
The Sun is more massive and captures neutralinos relatively quickly, so it always
reaches full signal before the Earth [61]. In virtually every case where the Sun is
observable, it is at full signal. The Earth, however, can often be below full signal.

Gould [63] suggested this difference between the Earth and Sun could be used to
constrain or estimate the relic universal density of neutralinos, Q% This is done
by relating how far the Earth is from full signal to the neutralino’s annihilation cross
section. A smaller cross section means more neutralinos must accumulate before
capture and annihilation balance. If the cross section is larger, fewer neutralinos
are needed and the equilibrium time scale is shorter. Since the annihilation cross
section also determines the relic abundance of neutralinos, an estimate of the cross
section leads to an estimate of the relic abundance. Using the supersymmetric models
generated. it is possible to check the usefulness of this approach for a wide range of
possible neutralinos.

The relationship between the thermally averaged neutralino annihilation cross

section and the relic density is (1]

2
(41)

QB2 ~ 3% 10727 cm?® st (2{)_1/2 myc
X (0’_.;0} 38 25ka
where g, is the number of relativistic degrees of freedom at freezeout and Ty is the
freezeout temperature. Using typical weak scale numbers, the freezeout temperature

is approximately Ty ~ m, /20 and g;/88 ~ 1 [27]. Putting these values into equation




(41). the relic density is
2% 107% cm® 5!

(oav)

QA% ~ (42)

To estimate the relic density, an estimate of the annihilation cross section is

needed. Recall that the annihilation rate is related to the capture rate by equation

Fy= gtanhz (—t-> .
2 T

The ratio ¢/7 determines whether the Sun or Earth is at full signal. When the

(12)

equilibrium time scale, 7, is much smaller than ¢, the age of the solar system. the
formula reduces to the full signal case of I'y = C/2. For the Earth. using t = 1.5

Gyr. t/1 is [27]

¢ C. 12 (gav)o 12 m 3/4
ogg gt (Ca ) (dgarde N _my y 3
T3 0> 10 < sec“) ( cm? sec“‘) (10 Ge\/) (43)

The annihilation cross section given here, (o 4v)g, is the zero velocity cross section
because neutralino annihilation in the Sun and Earth occurs at essentially the zero
velocity limit. The annihilation cross section at freezeout, (g4v), when temperatures

and velocities are higher, may be larger. The factor

= (Tav)a
(@a0) (44)

relates the cross section for neutralino annihilation in the Sun and Earth back to the
cross section that determines the relic abundance at freezeout.

Following the procedure used by Gould [63], there are three cases to consider. In
the first, the Sun and Earth have muon event rates that are similar. Assuming this is
because the Earth is at full signal, then from equation (12) we know t/75 2 1 . Using

this relationship and equation (43), solving for the annihilation cross section gives

C -1 m -3/2
> -26 .3 __ -1 @ X 15
(cav)o 2 4.3 x 1077 cm” sec™" v (1024 sec-l) (100 GeV) (43)
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where v is the ratio of capture rates in the Sun and Earth. The squares of their

'

respective distances are scaled out so

Ca/(l a.u.)? 6Co
Solllad) _ g9 il
CarR g

7

Combining equation (45) and equation (42), and using « to relate the freezeout cross

section to the zero velocity cross section, an upper limit of [63]

3/2
Qh?<0.05 71 ( C > ( Tx ) (46)

1024 sec™! / \ 100 GeV
is placed on the relic density of neutralinos. (Note that in [63], the constant at the
front of the relic density estimate equations (4.4) (4.5) and (4.6) is incorrect).

As noted in [63], the difficulty with this estimate is that it requires knowing the
neutralino’s mass. the relationship between the zero velocity annihilation cross section
and the cross section at freezeout, the ratio of capture rates in the Sun and Earth.
and the capture rate in the Sun. Setting aside these difficulties for the moment.
the relic density estimate can be demonstrated using model information provided
by Neutdriver. Most of the information required is available, but the ratio x of
annihilation cross sections needs to be estimated. The annihilation cross section can
be written in the form

(cav) =a+ v+ ... (47)
The a and b terms are available in output from the supersymmetric models. In the
extreme non-relativistic limit for annihilations in the Sun and Earth, the cross section
(o4v)o is simply the a term. For the velocity at freezeout, the freezeout temperature
is used to determine particle velocities. Using the approximation Ty >~ m, /20, the

mean velocity of particles in a Maxwell-Boltzman distribution is

2
Um = 2kT =/ 22— ~ 0.3¢ (48)
V My 10

at freezeout. Using this velocity and the b term in equation (47) gives the freezeout

annihilation cross section (o 4v) and k.
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With this information the relic density limit can be tested. In the density esti-
mates. the Earth is considered to be at full signal when t/75 > 1, so that 2" 45/Cs >
0.58. Figure 11 shows the estimated upper limit on the relic density is always nearly
equal to or greater than the relic density calculated for each model by Neutdriver.
Of course. the estimate is somewhat artificial since the information needed (capture
rates. neutralino mass. cross sections) is provided by Neutdriver, but it does indicate

the potential of this approach.

1 — —7 r —
- ]
0.1 -l —
1]
L J
0.01 - -
i
~N
= - . ;
-t Se F)
g s AP
2 : PRSIl :
Tedlenen Bl T T .
0.001 S R R SRR -
L e T . i
(¥4 Y v L.
0.0001 |- . o . _—
1e-05 . aat : — L 2 s o4 . 2 o | 2 a
0.0001 0.001 0.01 2 0.1 1 10
Esimated Q,h" Upper Limit

Figure 11: Q. h? generated in the supersymmetric model versus the estimated upper limit
on Q,h%. The solid line marks when the two are equal.
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In the second scenario cousidered, the Sun and Earth are both detected but the
signal from the Earth is small compared to the Sun. Assuming this is because the
Earth has not yet reached full signal, an estimate of the relic density can be made.
When the Earth is below full signal, the equilibrium time scale is longer than the age

of the solar system and 2I'44/Cg < 1. Using equation (12),

9 2
2Lae = tanh? (i) ~ (i) . (149)
Co Ty T

Following the same procedure as above when the Sun and Earth rates werecomparable

gives an estimate of the relic density [63]

. C C m 3/2
2 R | ) ® X -
Ak 0.05 % 7 2l 49 (102“ sec“) 100 GeV) ) (50)

The results are shown in Figure 12. Once again, there is good agreement between the
estimate and the model calculation.

Finallv. in cases where the Sun is detected but the Earth is not, a lower bound
can be placed on the relic density. If the Earth is undetectable, its annihilation
rate must be below the minimum required for producing a detectable signal above
['5 ~ 107° m~2yr~! events. Figure 13 demonstrates that the event rate ['; x [45m?.
The cut-off for Earth detection occurs around [ 4gm? ~ 2 x 10'®. Adopting this value

in equation (50) gives a lower limit on the relic density of

C m? Ce m 3/2
2 = .-l 28 X @ X =
WA 2005877 5 (2 X 1016) (1024 sec“) (100 GeV> - B

These models are shown in Figure 14. Most of the models generated fall into this

category. The estimated lower limit can extend down to extremely small values of

Q. h%. to the point of being a somewhat useless constraint.

4.3 Practical Application of the Neutralino Density Estimate

The previous section demonstrates that it is possible in principle to estimate the

relic density of neutralinos in the universe based on the Sun-to-Earth event ratio.
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[n practice. there are some difficulties that must be overcome. Actually making an
estimate of 2\ A2 requires several pieces of information either in addition to or derived
from the event rates. The neutralino mass, the relationship between the zero velocity
annihilation cross section and the cross section at freezeout, and the capture rates for

the Sun and Earth are required in the density estimate.

4.3.1 Neutralino Mass and Annihilation Cross Section Ratio

The neutralino mass may be found using other methods. Extracting information
about the neutralino mass from the angular distribution of high-energy neutrinos is
one possibility. Detectors that use Cerenkov light can track the path of muon events
and measure the 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 distribution. Lighter
neutralinos will be more diffuse, resulting in a wider angular distribution. Both the
Sun and Earth could yield a rough mass estimate for neutralinos below 300 GeV
with an uncertainty of a factor of 1.5. Detector resolution limits result in heavier
neutralinos appearing as a point source [72].

[nformation about k. as well as neutralino mass, could eventually come from
accelerator searches. The size of the uncertainty introduced by not knowing x can be
quite large. In the models created, £ can range downward several orders of magnitude
from its maximum value of 1 when neutralino masses are below about 100 GeV.
Above 100 GeV, values tend to stay in the 0.1 to I range (Figure 15). An order of
magnitude uncertainty in « results in an order of magnitude uncertainty in the relic

density estimate.

4.3.2 Relating Event, Capture, and Annihilation Rates

The density estimate requires deriving the solar and terrestrial capture rates from

their event rates. This is accomplished in two steps. First, the neutralino annihilation
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rate within the Sun is estimated using the event rate from the Sun. Since the Sun
is always at full signal. the capture rate is simply the twice the annihilation rate.
Then. the Earth’s capture rate is calculated based on the Sun’s. The analysis in [63]
finds the Sun-to-Earth capture ratio v will range from roughly 1 to 6.5 for neutraiinos
with masses of 80 GeV to 1000 GeV, assuming they are captured predominately by
scalar interactions. Comparing the annihilation rate within the Earth (found using
its measured event rate in an indirect detector) to its calculated capture rate reveals
whether or not the Earth is at full signal, allowing a density estimate.

The primary difficuity is that there is no simple relationship between the event rate
from the Sun and the annihilation rate within the Sun. Figure 13 showed that in the
Earth. where a lower density means neutralino annihilation byproducts and escaping
neutrinos undergo few interactions, the relationship between the annihilation and
event rate is relatively well behaved. But in the Sun, the dense solar medium makes
relating the annihilation and event rate to any degree of accuracy nearly impossible
(Figure 16). The various particles involved in decay chains that produce neutrinos are
affected to different extents by interactions with the solar medium, as are the neutrinos
thev produce. This introduces a much greater model dependence. Variations in decay
channels. annihilation channels, branching fractions, and other parameters that make
a detailed event rate calculation necessary end up blurring the relationship between
annihilation and event rate.

Re-calculating the relic density limits, this time using an estimate of neutralino
capture that is based on indirect detector event rates (instead of using the capture
rates provided by Neutdriver), the error introduced by this model dependence be-
comes apparent. The upper limit is too low as often as not (Figure 17), and the
estimate of Q, h? is typically spread over two orders of magnitude (Figure 18). The
lower limit is only violated in a small number of models, but the constraint it applies

to O h? is usually weak (Figure 19).
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Figure 19: Re-calculation of the estimated lower limit on Q. A? using information derived

from event rates. The solid line marks when the two are equal. Only models with m, >
80 GeV are used.
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For the re-calculation. a simple relationship of [g = 107%°T 4gm? is assumed for
the Sun and Ts = 107*'T 43m? for the Earth. These relations are about what one
would expect based on equation (13), considering the losses from interactions and
decay channels that do not produce high-energy neutrinos. The Earth’s capture rate
is derived from the Sun’s capture rate using the Sun-to-Earth capture ratio given in
Figure | of [63]. The curve is approximately v = log,o(m3) — 6.35. This is consistent
with the capture ratios calculated in the supersymmetric models (Figure 20). The
relic density re-calculation is performed only on models with m, > 80 GeV. Capture
resonances in the Earth make the capture ratio very sensitive to m, below this range.

and this is where ~ has its largest variations. These uncertainties would most likely

make a determination of Q, A% in this range impossible.
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4.3.3 Scalar versus Axial-Vector Interactions

Finally. it is important to keep in mind that the relic density estimate is valid only
if neutralinos are captured predominately through scalar (spin-independent) inter-
actions. The presence of axial-vector (spin-dependent) interactions increases solar
capture relative to the Earth. making it appear as if the Earth is either away from
full signal when it is not. or further away from full signal than it actually is. For this
reason. the density estimate is limited 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 dominate.

A comparison of direct and indirect event rates may provide some insight. The
various kinds of direct detection experiments have different sensitivities to axial and
scalar interactions. Typically, direct detectors are more sensitive to neutralinos with
scalar couplings. while indirect detectors perform better for neutralinos with axial
couplings. A comparison of event rates could yield information about neutralino
couplings. as well as neutralino mass [27]. In general, it is clear that other sources of
information about neutralinos would almost certainly be necessary to estimate their

relic density in the universe.
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5 Discussion and Conclusion

This work examines the muon event rate over a range of supersymmetric parameters
that includes higher neutralino mass regimes (up to ~ TeV) not previously examined
in a comprehensive way. These heavier masses become more important as areas of
parameter space that produce mainly lighter neutralinos are gradually ruled out by
experimental searches or other constraints. With large neutralino masses. decay chan-
nels not normally considered can become a factor in the event rate and are therefore
included. An examination of the neutralinos arising from supersymmetric models
provides an opportunity for investigating the ability to move from an event rate to
gaining knowledge of neutralino properties should a detection occur. The calculation
of muon event rates in a neutrino telescope has two main components: exploring the
supersvmmetric parameter space that creates good dark matter candidates. and mod-
elling the production and propagation of high energy neutrinos from the annihilation
of these candidate WIMPs in the Sun and Earth.

There are a few issues associated with the calculation of event rates that should
be addressed. The first. alluded to earlier, is the question of assuming neutralinos
make up the entire dark halo. This assumption is used throughout these calculations.
except where the relic density is thought to be too small (2 A? < 0.025) to remain
compatible with the local dark halo density. There is no strict theoretical or exper-
imental basis for this assumption; it is simply the scenario chosen for examination
here. Experimentally. MACHO searches have placed limits on certain mass ranges
and distributions. but scenarios where MACHOs are the dominant component of lo-
cal dark matter remain viable {18]. It is also somewhat disconcerting that such a
wide range of relic densities (0.025 < Q,h? < 1) is capable of producing the entire
dark halo in models of galaxy formation. Nevertheless, the apparent lack of baryonic

matter in the universe to account for dynamical observations, and the theoretical
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arguments supporting a supersymmetric cold dark matter candidate such as the neu-
tralino. make the halo density assumption a reasonable one. An indirect detection of
high-energy neutrino events from neutralino annihilation would not constitute proof
that neutralinos are the dark matter (galactic or universal), but it would be very
strong circumstantial evidence.

(Coannihilation. where a particle with a mass near that of the neutralino controls
its annihilation in the early universe, is not included in the models. The process could
suppress or increase the relic density, weakening the dependence on the neutralino
annihilation cross section. This is a potential problem when doing a relic density
estimate using the procedure outlined above, but it may not necessarily change event
rates significantly. They depend more on the elastic scattering cross section and the
local dark matter density than on the relic universal density. In certain regions of
parameter space. the effects of coannihilation can be large and should be included
[44. 37].

There are. of course. more exotic possibilities that might change the results pre-
sented here. Unusual early universe scenarios. such as a non-standard freezeout or
expansion. could suppress or enhance the relic abundance of dark matter [66]. If
the solar neutrino problem and anomalies in atmospheric neutrinos are caused by
neutrino oscillations, the same process could alter the muon event rate in indirect
detectors [40]. It is difficult to do more than note these possibilities here until further
knowledge is gained about the neutralino or these scenarios.

The prospects for detecting supersymmetric dark matter in the near future are
promising as new, more sensitive detectors come on-line. If an indirect detector
does find evidence of neutralino annihilation in the Sun and Earth, the information
contained in the event rates might provide information about the neutralino and the
supersymmetric theory that underlies it. In particular, the ratio of events from the

Sun and Earth is a useful quantity to consider. An event ratio that is much smaller
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than one suggests the neutralino probably has a mass in the 50 —60 GeV range. near
the iron capture resonance.

The event ratio. in conjunction with knowledge about the neutralino’s mass and
annihilation characteristics. can also lead to limits on or an estimate of the relic
density of neutralinos Q, h%. However, uncertainties involved with relating capture
rates to event rates makes an accurate determination very difficult. In the future.
as detector characteristics improve. information about the energy spectrum of high-
energy neutrinos from neutralino annihilation may be available, allowing a reduction
in the model dependent uncertainties [73]. Combining information collected from
various detection schemes (accelerator, direct and indirect searches) to improve an
estimate would be necessary. Uncertainties in modelling the galaxy and dark matter
halos also need to be addressed. A 10% error in the local circular speed results in a
10% error in the local dark matter density [74]. Even if it is not possible to derive
further information from an indirect detection beyond establishing the existence of
supersymmetric particles. this in itself would be an important achievement with wide-

ranging implications.
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