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Abstract

The majority of mass in the universe has not been observed optically and is termed
dark matter. The supersymmetric neutralino provides an interesting dark matter
candidate, which may self-annihilate in our galaxy, producing particles visible in the
cosmic ray spectrum. During a ten day space shuttle flight, the AMS-01 detector
recorded over 100 million cosmic ray events. This analysis searches for the products
of neutralino annihilation in the AMS-01 Z=-1 spectrum, and uses the results to
place limits on which supersymmetric and dark matter halo distribution models are
compatible.

Thesis Supervisor: Peter Fisher
Title: Professor





Acknowledgments

I would like to thank a number of people who have made this thesis possible and
my graduate experience more enjoyable: The AMS Collaboration for completing the
AMS-01 experiment long before I joined. My adviser, Prof. Peter Fisher, who is
also my role model as a scientist. Prof. Ulrich Becker for imparting some of his
immeasurable detector wisdom to me. Sa Xiao, who gently pointed out the most
egregious errors in my analysis so that I might correct them. Kathryn Oseen-Senda
for her moral support and editing advice. Igor Moskalenko, who revealed to me
the secrets of GALPROP. Christine Titus and Laurence Barrin for keeping the labs
running smoothly. Finally I'd like to thank to my fellow graduate students, LNS
personnel, friends and family for their support during my graduate career.





Contents

1 Introduction
1.1 Two Questions in Physics ..........
1.2 Previous and Ongoing Dark Matter Searches
1.3 Goals . .....................

2 Dark Matter
2.1 Evidence for Dark Matter ..........
2.2 Constraints on Dark Matter Candidates .
2.3 Distribution of Dark Matter in our Galaxy

3 Supersymmetry
3.1 Supersymmetry and Particle Physics . . .

3.2 Supersymmetry and Dark Matter ......

4 Cosmic Rays

5 The
5.1
5.2
5.3
5.4

AMS-01 Detector
Time of Flight ......
Tracking System .
Additional Components
Flight ..........

6 Data Analysis
6.1 Monte Carlo . . . . . . .
6.2 Event Reconstruction . .
6.3 Event Selection . . . . .

6.3.1 Preselection Cuts
6.3.2 Selection Cuts ..

6.4 Acceptance . . . . . . .

7 SUSY Signals
7.1 Generation . . . . . . . .
7.2 Propagation . . . . . . .
7.3 Solar Modulation . . . .

31
31
31
33
33
34
37

S. . . 41
S. . . 42

. . . . . . . . 43

S. . . . . . . :. .



8 Backgrounds
8.1 Generation of Backgrounds .
8.2 Background Fits ...................

9 Limits
9.1 Fitting .........................
9.2 Limits on Boost Factor . ...............

10 Results and Interpretation
10.1 Results...........................
10.2 Interpretation ........... .. ......
10.3 Comparison with Other Annihilation Experiments
10.4 Comparison with Direct Detection Experiments .
10.5 Comparison with Collider Experiments . . . . . . .

11 Recommendations for Future Work
11.1 Limitations of this Method . . ..... ...................
11.2 Improvements by the AMS-02 Experiment . . . . . . . . . . . . . ..
11.3 Improvements by Other Future Experiments . . . . . . . . . . . . ..

A Fitting

B The Geomagnetic Cutoff

C Propagation

D Additional Plots
D.1 Confidence Intervals ...........................
D.2 Maximum DM Boost Spectra . . . . . . . . . . . . . . . . ..

47
.. . . . 47

57
.... 57
... . 57
. . . . 58
. . . . 61
. . . . 64

65
65
66
67

69

71

75

77
77
81



Chapter 1

Introduction

1.1 Two Questions in Physics

Through a number of different astrophysical observations it has become clear that
a large quantity of gravitating matter in the universe is electromagnetically invisi-
ble [Yao et al.(2006)]. The total quantity of dark matter in our galaxy can be es-
timated through studies of the motions of stars and galaxies, and the amount of
dark matter in the universe can be measured with the cosmic microwave background
[Spergel et al.(2006)]. The composition of dark matter, however, is still very much
an open question. Current theories suggest that it is particulate, massive, and non-
baryonic, but beyond that, little is known.

The results of nearly all present-day particle experiments are correctly predicted by
the Standard Model [Yao et al.(2006)]. At energies slightly higher than are currently
accessible at particle accelerators, however, the equations that govern Standard Model
interactions break down. There are numerous theories that extend the Standard
Model to solve this problem, but at present the correct theory is unknown.

Certain types of supersymmetric (SUSY) theories solve the high energy problems
with the Standard Model and also predict the existence of the neutralino, a heavy,
stable, neutral particle that should still remain from the Big Bang. When the models
are properly tuned, the total mass of these remnants add up to roughly the same
mass that is attributed to dark matter, potentially answering both an astrophysical
question and a particle physics question at the same time [Jungman et al.(1996)].
The neutralino is its own antiparticle, which means that there should be a steady
annihilation of these dark matter neutralinos producing a detectable signal in our
galaxy. Solving two deep problems at once and having a testable prediction makes
the neutralino a tempting experimental quarry.

1.2 Previous and Ongoing Dark Matter Searches

A heavy, stable, neutral particle is not unique to supersymmetry. In general, the
supersymmetric neutralino is categorized as a Weakly-Interacting Massive Particle
(WIMP). There are two primary ways to search for WIMPs: directly and indirectly.



Direct searches hope to observe the rare event of a nucleus recoiling after being
struck by a WIMP. Indirect searches require the assumption that WIMPs are slowly
annihilating in the galaxy and look for remnants of these annihilations.

Recent direct searches, such as CDMS [Akerib et al.(2006a)], have used cooled
semiconductor detectors as the source of nuclei to collide with WIMPs. Future de-
tectors will use larger and even more sensitive semiconductors [Akerib et al.(2006b)],
liquid noble gases [Aprile(2007)], supercritical fluids [Hamel et al.(1997)], and direc-
tion sensitive gas detectors [Alner et al.(2005)]. The goal of all of these methods is
to discriminate the rare low momentum-transfer collisions between WIMPs and nu-
clei from charged particle and neutron backgrounds. The rate in these experiments
is dependent on WIMP-nucleon cross section and mass, as well as the dark matter
density at Earth.

Indirect searches look for a variety of WIMP annihilation products from a variety
of locations: charged particles from annihilations nearby in the galaxy [Barwick et al. (1998)],
gamma rays from the center of the galaxy [de Boer et al.(2005)], and neutrinos from
annihilation of WIMPs trapped inside the sun [Achterberg et al.(2006)]. The signal
in these experiments depends on WIMP self-annihilation cross section, mass, branch-
ing ratio to the particle being observed, and the dark matter distribution throughout
the galaxy. The fact that indirect and direct searches depend on different interaction
cross sections as well as the dark matter density over different length scales makes
them complementary, though it makes comparison between direct and indirect results
difficult and model dependent. This analysis will be an indirect dark matter search.

1.3 Goals

This thesis details an attempt to find or put limits on supersymmetric WIMP annihi-
lation using the Alpha Magnetic Spectrometer 1 (AMS-01) experiment. The analysis
starts with a set of representative models in supersymmetric parameter space and,
along with certain assumptions as to the distribution of dark matter in our galaxy and
the propagation of cosmic rays, predicts the electron and antiproton signals at Earth
from neutralino annihilation from each of these models. It then describes a search for
these signals against the cosmic ray background in the Z=-1 spectrum taken by the
AMS-01 experiment. From these results, limits on the possible distribution of dark
matter in our galaxy are made, the limits are compared with results from other dark
matter experiments, and directions for future experiments are suggested.

The argument is laid out in the following chapters:

Chapter 2: Dark Matter briefly describes evidence for the existence of dark mat-
ter, as well as several theories as to how it is distributed in galaxies.

Chapter 3: Supersymmetry explains the primary reasons supersymmetry is an
attractive theory and how representative models were chosen out of such a
large variation of possible input parameters.

Chapter 4: Cosmic Rays summarizes relevant knowledge about where cosmic rays,



the primary background for this experiment, come from and how it is thought
that they behave while traveling through the galaxy.

Chapter 5: The AMS-01 Detector describes the experiment from which all data
for this analysis is drawn: its mission, its design, and details of its construction
relevant to the analysis.

Chapter 6: Data Analysis covers the steps taken to turn raw detector events into
a spectrum of Z=-1 particles and the simulation done to determine how a par-
ticle flux at Earth looks in the detector.

Chapter 7: SUSY Signals begins the analysis in earnest, describing the methods
used to turn a supersymmetric model into an expected particle flux above Earth.

Chapter 8: Backgrounds discusses the way cosmic ray backgrounds were fitted to
the data, and how the charge misidentified event spectrum was estimated and
subtracted from the Z=-1 spectrum.

Chapter 9: Limits describes the simultaneous fitting of both neutralino annihila-
tion signal and background to the data and how upper bounds on signal strength
were found.

Chapter 10: Results presents the result of the aforementioned fitting in the form
of an upper bound on the boost factor from dark matter distribution, and
compares these results with those from other recent dark matter experiments.
It then explains the implications of these limits and under what conditions they
are expected to hold true.

Chapter 11: Recommendations for Future Work summarizes the lessons learned
in this analysis and makes suggestions for improvements in future experiments
and theory.

The flow of information in the analysis is shown diagrammatically in Fig. 1-1.
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Chapter 2

Dark Matter

Wherever the mass-to-light ratio is measured in the universe, it is found to be greater
than expected from gas and stars alone [Binney & Tremaine(1994)]. This excess
mass is called dark matter. This chapter will briefly go over a few pieces of evidence
supporting the existence of dark matter and some suggested candidates for dark
matter. Finally, models for the amount and distribution of dark matter in our galaxy
will be discussed.

2.1 Evidence for Dark Matter

The earliest hints of dark matter came from F. Zwicky's [Zwicky(1937)] observations
of the Coma cluster. The velocity dispersion of galaxies in the Coma cluster indicated
a far higher mass than was expected from the total light output of the cluster. More
recent studies which fit the amount of X-ray emitting gas to the gravitational potential
of clusters like Coma indicate that around 85% of the mass of these clusters is in the
form of dark matter [Voit(2005)].

Current theories of structure formation in the universe after the Big Bang suggest
that the structure of temperature deviations in the angular distribution of the cosmic
microwave background is highly sensitive to the dark matter content of the universe.
With too little dark matter the balance between radiation pressure and gravitation
on baryonic matter would cause less structure to form than is observed in the cosmic
microwave background. With too much dark matter, its gravitation would overcome
the radiation pressure and cause more structure than is observed. The recent mea-
surement of the cosmic microwave background by the WMAP experiment are well
explained by the ACDM model, which describes a flat universe with both dark energy
and cold dark matter. The WMAP measurement indicates that there is roughly 6
times as much dark matter as baryonic matter in the universe [Spergel et al.(2006)].

If stars were the primary source of mass in galaxies then the enormous density
of stars at the core would make their average rotational velocity fall off with radius
as 1/V2 toward the edges of the galaxy. Rotational velocities in almost all galaxies,
however, are independent of or rise with the radius out to the furthest measurable
points [Kegeman et al.(1991)]. This indicates the mass distribution of the galaxy



is not the same as the light distribution, that is to say, stars are not the primary
source of mass. The simplest mass distribution that produces a flat rotation curve
is an isothermal halo: the distribution an isothermal, collisionless gas takes when
gravitationally bound by its own mass [Binney & Tremaine(1994)]. This distribution
is likely a result of how the halo was formed, rather than an indication that the dark
matter is thermalized [Navarro et al.(1997)].

2.2 Constraints on Dark Matter Candidates

Astrophysical measurements put constraints on the properties of dark matter. The
degree to which structure is found in the universe indicates that the constituents
of dark matter must be non-relativistic or "cold" at the time of galaxy formation.
Relativistic dark matter would have flowed out from baryonic clumps and caused less
structure in the universe than is presently seen [Jungman et al.(1996)]. Additionally,
because dark matter is not visible, it must have no electromagnetic charge. Strongly
interacting dark matter would bind to quarks, creating composite charged particles
that are not seen, so dark matter may not have color charge either. Dark matter may
still interact with other particles through the weak force, however.

The most prosaic solution to the problem of dark matter would be large, dark
clumps of normal baryonic matter, called Massive Compact Halo Objects (MACHOs).
Searches for MACHOs, such as the MACHO experiment, look for gravitational lensing
from these massive objects, but have not found nearly enough to account for dark
matter, making MACHOs an unlikely scenario [Yao et al.(2006)].

Neutrinos have very weak interactions with other matter, and were initially thought
a good candidate for dark matter. Unfortunately, the mass of standard model neu-
trinos is so low that they were relativistic at the beginning of galaxy formation,
conflicting with the structure observations. Also, the expected total neutrino mass
from big bang nucleosynthesis is less than 1.4% of the total mass in the universe,
insufficient to account for dark matter [Yao et al.(2006)].

A more exotic candidate for dark matter would be a Weakly-Interacting Mas-
sive Particle (WIMP). There are a number of WIMP candidates motivated by post-
standard model particle physics. One of these is the lightest supersymmetric particle
(LSP), which will be the focus of this analysis. A search for WIMPs can be conducted
either directly, by observing a collision between a WIMP and a nucleus, or indirectly,
by relying on the assumption that WIMPs are their own antiparticles and searching
for the products of WIMP on WIMP annihilation [Jungman et al.(1996)].

This analysis will focus on WIMP dark matter, but there are also non-WIMP
dark matter candidates, such as the axion. Axions provide a way to explain why
the strong force is CP-invariant [Peccei & Quinn(1977)]. Dark matter axions are ex-
pected to have masses of a few peV. The current limit on the density of (DFSZ)
axions near Earth with masses from 1.9 to 3.3 peV is 3 GeV/cm3 from the ADMX
experiment, which searches for the process of an axion decaying to two photons
[Asztalos et al.(2004)]. Better limits, possibly excluding axions as the sole compo-
nent of dark matter, are expected within a few years.



2.3 Distribution of Dark Matter in our Galaxy

The vertical motions of stars with respect to the galactic disk are affected by the
density of matter in the disk. By measuring these motions, the mass to light ra-
tio nearby in our galaxy is found to be 50% higher than one would expect from
only stars, gas, and dust, indicating the presence of dark matter near our solar sys-
tem [Binney & Tremaine(1994)]. An isothermal sphere that accounts for the velocity
dispersion of nearby stars indicates that the local density of dark matter is in the
range Po = 0.2 - 0.4 GeV cm -3 . A flattened halo would only increase this density
[Kamionkowski & Kinkhabwala(1998)].

Though the galactic scale density distribution of dark matter is mostly fixed by
the motion of stars in the galaxy, whether dark matter has structure at smaller scales
is unknown. Initial density fluctuations after the Big Bang are expected to produce
clumps of dark matter at all scales [Bertschinger(2006)]. These clumps may still re-
main in the galaxy, or may have been wiped out by gravitational tides. It is also
possible that the clumps were compressed by tides [Mohayaee & Shandarin(2005)].
These possibilities are shown in Fig. 2-1. As the WIMP annihilation rate is propor-
tional to dark matter density squared, the quality of this substructure that is impor-
tant to indirect detection experiments is the spatially averaged density squared. The
lowest value this quantity can take is achieved from a smooth isothermal distribu-
tion, so it is useful to define the Boost Factor of a dark matter distribution model as
B = (p 2 )model / (p 2 )smooth. Thus if a particular type of WIMP would have an average
annihilation rate of R for a smooth isothermal sphere, it has a rate of B x R for
a clumpy dark matter model with boost factor B. The boost factors from clumps
surviving galaxy formation could be in the hundreds[Diemand et al.(2005)], and even
larger if these clumps have been compressed by gravitational tides.

While an isothermal sphere has infinite density at its center, there are various
ways to modify it to give a realistic, finite density. This analysis will use the cored
isothermal halo distribution [Kamionkowski & Kinkhabwala(1998)]. It is shown in
[Moskalenko & Strong(1999)], that the behavior of the dark matter distribution at
the core does not significantly affect the signals of charged particles from dark matter
annihilation seen at Earth.

This analysis will take the density of dark matter in the region of the solar system
to be 0.3 GeV cm - 3, and treat any increase (or decrease) in this local density as part
of the boost factor. Thus if, for example, the dark matter density is measured more
accurately later and found to be 0.2 GeV cm- 3 , all quoted boost factor upper bounds
should be increased by (9/4).
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Chapter 3

Supersymmetry

The supersymmetric neutralino is one of the most promising candidates for WIMP
dark matter. This chapter presents the supersymmetric theories used in this analysis,
and the requirements dark matter places on supersymmetry.

3.1 Supersymmetry and Particle Physics

The Standard Model of particle physics has two serious flaws: the Higgs mass is di-
vergent because of loop diagrams and there is no explanation for the large variations
in the strengths of the fundamental forces. Supersymmetric theories may fix this by
adding a new symmetry to the Poincarx group that forces each known particle to be
paired to a superpartner particle with 1/2 less spin [Wess & Zumino(1974)]. Super-
partners cancel out the loop divergences in the Higgs mass caused by their standard
model partner, and cause force strengths to unify at high energies [Terning(2006)].

While supersymmetry is a component of many complicated theories, it is useful to
consider the minimal supersymmetric extension to the standard model, the MSSM.
In the MSSM, the number of standard model particles are doubled: squarks are the
superpartners of quarks, sleptons are the superpartners of leptons, photinos are the
partners of photons and so on. Unbroken supersymmetry yields superparticles with
the same masses as their standard model partners. Since no superpartners have been
observed in searches extending to masses over 100GeV, the supersymmetry must
be broken at a high energy, causing superpartners to be considerably more massive
than their standard model partners. All of the additional superpartner masses and
couplings must be specified, along with parameters that describe how the supersym-
metry is broken, to completely describe the MSSM (124 total parameters is a popular
choice) [Yao et al.(2006)]. By assuming little mixing in the supersymmetric sector,
a more practical version of the MSSM can be formed with only 6 free parameters
[Jungman et al.(1996)].

Another supersymmetric model considered here is minimal supergravity (mSUGRA).
mSUGRA is the result of requiring the standard model to have a local supersymme-
try that is compatible with general relativity. It is effectively a further constrained
version of the MSSM, and can be described by four parameters and the choice of sign



on another parameter [Yao et al.(2006)]. Even as few as this still allows for a large
variation in the predictions of supersymmetry.

Supersymmetry manifests itself in particle experiments in a variety of ways. It is
hoped that sleptons, squarks, and other superparticles may be directly observed at
the LHC [Roy(2003)]. Indirectly, the small effects of SUSY particles in loop diagrams
may be observed in precision measurements of processes like b -+ sy and the anoma-
lous magnetic moment of the muon [Djouadi et al.(2006)]. A combination of several
different measurements is needed to determine all supersymmetric parameters, par-
ticularly as current measurements indicate no significant deviation from the standard
model, and exclude very small regions of supersymmetric parameter space.

3.2 Supersymmetry and Dark Matter

In some theories of SUSY, a proton can decay into leptons by way of superparticles.
The present proton lifetime lower bound is 2 x 1029 years even for neutrino decay
modes, so this process is clearly either very rare or nonexistent [Ahmed et al.(2004)].
Thus it has been posited that superparticles can only be produced or destroyed in
pairs, preventing this mechanism of proton decay. This is known as R-parity and
has the interesting side effect that the lightest supersymmetric particle (LSP) cannot
decay. Thus any LSPs produced in the Big Bang would still be present in the uni-
verse. A neutral, massive LSP would then it would make an excellent candidate for
WIMP dark matter. The neutralino, a superposition of gauginos (the superpartners
of bosons), fits this description. The neutralino also has the fortunate quality of be-
ing its own antiparticle, making it capable of self-annihilation [Jungman et al.(1996)].
This analysis will focus on annihilation into standard model particles, as illustrated
in Fig. 3-1.
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Figure 3-1: Tree-level Feynman diagrams for SUSY neutralino annihilation into Ws,
Zs, and fermions, from [Jungman et al.(1996)]
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The expected total mass of SUSY neutralinos remaining from the Big Bang can
be calculated for a given set of supersymmetric parameters. Assuming dark matter
is composed solely of neutralinos, measurements of the total dark matter mass of the
universe can be used to put constraints on valid supersymmetric parameters. The
constraints on the parameters of the mSUGRA model from the WMAP data, from
[Battaglia et al.(2004)], are shown in Fig. 3-2. Despite the reduction in parameter
space, the neutralino mass and interactions still have considerable room to vary. Other
measurements are required to fix the properties of the neutralino.
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Figure 3-2: mSUGRA parameter space. Parameters consistent with the
WMAP 3-year data are shaded, and letters mark representative benchmarks from
[Battaglia et al.(2004)].

The neutralino mass, annihilation cross section, and favored annihilation channels
are all strongly dependent on the values chosen for supersymmetric parameters. This
analysis uses the mSUGRA parameter sets defined in [Battaglia et al.(2001)] and
updated in [Battaglia et al.(2004)], labeled Model A-Model M (The updated points
were referred to as A'-M', but in this work the prime will be dropped for convenience,
see Fig. 3-2). These models are benchmarks, chosen to be representative of possible
neutralino composition and interactions that are consistent with both the WMAP
3-year data and current accelerator limits, though they may not to cover the entire
range of possible supersymmetric parameters. A number of other mSUGRA and
MSSM parameter sets suggested by other experiments will also be examined in the
results chapter.

An amount of calculation is involved to derive the neutralino properties from a
parameter set. These calculations are performed by the software package DarkSUSY
[Gondolo et al.(2004)] and the results for neutralino masses, annihilation cross sec-
tions, and branching fractions shown in Table 3.1.
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Model Mx (GeV) < axxv > (cm 3s- 1) -- W+W- -- ZZ -- bb -- tt --+ 7
A 243 4.7 x 10-29 0.004 0.001 0.105 0.876 0.014
B 95 6.8 x 10- 28 0.034 0 0.767 0 0.199
C 158 1.3 x 10 - 28 0.015 0.003 0.695 0 0.287
D 212 6.9 x 10-29 0.001 0.001 0.254 0.026 0.718
E 112 3.1 x 10- 27 0.865 0.106 0.027 0 0.002
F 419 1.3 x 10- 27 0.034 0.025 0.003 0.938 0
G 148 7.2 x 10 - 28 0.003 0.001 0.720 0 0.276
H 388 2.8 x 10-29 0 0 0.938 0.002 0.059
I 138 3.6 x 10-27 0.001 0 0.945 0 0.054
J 309 3.3 x 10- 28 0 0 0.981 0 0.018
K 554 1.3 x 10- 26 0 0 0.889 0.001 0.110
L 181 8.4 x 10-27 0 0 0.992 0 0.008
M 794 2.7 x 10- 27 0 0 0.890 0 0.110

Table 3.1: Results from DarkSUSY. Branchings are given as a fraction of total cross
section.



Chapter 4

Cosmic Rays

Experiments looking for charged particle signals from space must be able to pick out
their signals against the cosmic ray background. Charged cosmic rays consist primar-
ily of protons (86%) and ionized helium (11%), though they contain almost all stable
charged nuclei, as well as electrons, positrons, and antiprotons [Yao et al.(2006)]. Of
interest to this analysis are the proton, electron, and antiproton spectra in the region
from 1GeV to 1 TeV.

The so-called primary cosmic rays are thought to have been ejected during super-
nova explosions. They gain energy through Fermi acceleration [Fermi(1949)] passing
through the shocks [Blandford & Ostriker(1978)] of the supernova. This gives their
energy spectrum a power law shape as they spread throughout the galaxy. The pro-
ton spectrum above 1 GeV is roughly a power law with spectral index of about -2.7
(Fig. 4-1). The electron spectrum is one percent as intense as the proton spectrum
at 10 GeV and is a power law with a steeper index, close to -3.1 (Fig. 4-2).

There are also secondary cosmic rays. These cosmic rays are formed by collisions
of primary cosmic rays with the interstellar medium. Most cosmic antiprotons are
thought to be secondary in nature [Moskalenko et al.(2002)]. The antiproton spec-
trum is 2 x 10- 4 as intense as the proton spectrum at 10 GeV [Yao et al.(2006)].

Once away from their source, cosmic rays drift through the galaxy under the
influence of galactic magnetic fields, losing energy due to collisions with other particles
as well as through synchrotron radiation. This process is important for those searching
for dark matter annihilation signals as it affects both the signal and the background,
changing their spectral shape.

While traveling through the galaxy, charged cosmic rays follow magnetic field lines,
which are twisted by motions of astrophysical plasmas. This makes the trajectory
of cosmic rays like a random walk, thus the process can be described as diffusion.
During their trip through the galaxy, the cosmic rays lose energy from ionization
and synchrotron radiation and may gain energy energy passing through magnetic
turbulence or shocks [Moskalenko & Strong(1998b)]. This has the effect of steepening
the power law index for the cosmic ray backgrounds. For a monoenergetic cosmic ray
source, this would cause the detected cosmic ray spectrum to be blurred and extend
from somewhat above the produced energy all the way down to the lowest detectable
energy.
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Figure 4-2: Cosmic Ray Electron Spectra as measured from in variety of experiments,
compiled in [Yao et al.(2006)].

Once cosmic ray particles enter our solar system, they interact with particles
and magnetic fields generated by the sun. This process, known as solar modulation,
has a tendency to decrease the intensity of the cosmic ray flux at energies below 1
GeV/nucleon as particles are "blown away" by the solar wind.

The canonical approximation for this effect is known as the Force Field Approx-
imation [Gleeson & Axford(1968)]. This approximates solar wind as magnetic in-
homogeneities streaming from the sun and scattering cosmic rays. This yields the
equation relating the cosmic ray flux at a point inside the solar system to the flux
outside:

E2 - E2

J(r, E) = (E + q) 2 - EJ(r', E + Iq|P) (4.1)

where J is the cosmic ray differential flux, E is the cosmic ray energy, r is the distance
from the sun, E0 being the mass of the cosmic ray particle in question, D is the effective
potential at Earth from the solar wind pushing outwards, and r~, indicates outside
the solar system. This approximation is convenient and fairly accurate for energies
above 1 GeV and will be used for this analysis.

The Force Field Approximation has a number of shortcomings that must be ad-
dressed. Primarily, the parameter 4P is not well known and ranges from 500 MV to
1000 MV during the eleven year solar cycle. Additionally, the Force Field Approx-
imation assumes solar effects are spherically symmetric and independent of charge
sign. More complicated solar models exist to address these issues, but are not yet
completely developed enough to be useful to this analysis [Moskalenko et al.(2002)].
The choice of 4 for this analysis is described in Chapter 7.

Cosmic rays are also affected by the Earth's magnetic field. Low energy particles
will be turned away except at high latitudes [Stormer(1955)]. The cosmic ray spec-
trum accessible to a particle detector will be dependent on its latitude and height
[Longair(1992a)]. Approximating the Earth's field as a displaced dipole, the lowest
momentum accessible to a detector in low Earth orbit is given by:



-- > (59.6[GeV/c])(1 (4.2)
Z (1 + 1 - Q cos 3 A cos EW)

where p/ ZI is the cutoff rigidity, Q is the sign of the particle's charge, A is the
geomagnetic latitude of the detector, and CEw is the east-west component of the
zenith angle of the incident trajectory (¢EW > 0 particles come from the east, OEW <
0 particles come from the west, and OEW = 0 particles come from directly overhead).
Particles detected with a momentum below the cutoff given by this equation are not
likely to be of cosmic origin. The geomagnetic cutoff equation is derived in Appendix
B.

One irregularity in the Earth's magnetic field warrants special attention. The
region above the South Atlantic has a particularly weak magnetic field. This region
is called the South Atlantic Anomaly, and the weak field there leads to an especially
low geomagnetic cutoff. Thus, the flux of low energy particles in the South Atlantic
Anomaly is unusually high. This high flux can overwhelm the trigger of the detector,
so data from this region was removed [Carosi(2006)].



Chapter 5

The AMS-01 Detector

The AMS experiment is designed primarily to search for antimatter in cosmic rays

[Ahlen et al.(1994)]. The AMS-01 experiment was flown on space shuttle flight STS-

91 for 10 days in June of 1998 and recorded over 100 million cosmic rays. AMS-01 on

STS-91 was flown as a precursor mission for the AMS-02 experiment, which is intended

to be mounted on the International Space Station. The AMS-01 experiment is fully

detailed in [Aguilar et al.(2002)], but this chapter will briefly cover the components

that are important for this analysis.

AMS-01 consisted of a time of flight (TOF) system, a permanent magnet contain-

ing a silicon tracker system, anticoincidence counters, a threshold Cerenkov counter,

and a DAQ system. Their arrangement is shown in Fig. 5-1.
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Figure 5-1: The AMS-01 detector sketch and schematic, from [Aguilar et al.(2002)].

5.1 Time of Flight

The Time of Flight system consisted of 4 layers, 2 above the tracker and 2 below.

Each layer consisted of 14 plastic scintillator bars that were 1 cm thick and 11 cm

fi



wide, and ranged from 72 to 136 cm long. The bars were optically coupled to 3
photomultipliers on each end. The hodoscope arrangement was alternated so a 3
dimensional hit position could be constructed if two consecutive layers were hit. A less
accurate hit position could also be constructed from a single layer hit by comparing
time differences of the phototube signals at either end of the bar [Alvisi et al.(1999)].

The amplitude and timing of the signals from the phototubes were recorded and
also used for the trigger. The speed of the particle and whether it was going upwards
or downwards was calculated from the difference in signal times between planes, while
the absolute charge was determined from the signal magnitudes. The time resolution
for each signal was better than 120ps, which gave a velocity uncertainty (63/16) of
6% for particles with rigidity greater than 16GV. The time of flight for a particle was
about 5 ns, which resulted in an expected upward/downward going particle separation
of 1 in 1011 [Baldini et al.(2001)]. This is three orders of magnitude larger than the
number of particles recorded during the flight, so it will be assumed that there were
no upward/downward errors made. More information on the TOF can be found in
[Baldini et al.(2001)] and [Alvisi et al.(1999)].

5.2 Tracking System

The tracking system was composed of a layered silicon detector inside of a permanent
magnet. The magnet bent the trajectory of incident particles so that the tracker
could measure their rigidity. The AMS-01 magnet was a cylinder with a 1.5 kG
internal dipole field, but a very small outside dipole moment [Ahlen et al.(1994)]. It
was composed of 64 sectors of NdFeB permanent magnets to make a structure 800
mm long with an inner diameter of 1115 mm, giving it a maximum bending power of
0.15 T m2 .

The tracker consisted of six microstrip silicon detector layers which spanned one
meter from the first to the last. Each layer consisted of ladders made of seven to
fifteen silicon sensors that ran parallel to the field of the magnet. Sensors were read
out from both sides, and the strips on one side ran perpendicular to the other. The
p-doped side (S-side) measured position in the bending plane with a readout pitch of
110 pm and the n-doped side (K side) measured the position in the nonbending plane
with a pitch of 208 pm. Silicon layers were 300 tm thick, with carbon fiber skins that
were 220 pm thick on layers inside the magnet and 700 pm thick on layers outside the
magnet. On average, a normally incident particle went through 0.65% of a radiation
length worth of material per tracker plane. The 58,368 redout channels of the tracker
were processed by VAhdr1 chips, high-dynamic range amplifier/multiplexer ASICs
with a charge-sensitive amplifier and shaper before being digitized and stored by
tracker data reduction cards.

During operation, charge collected on nearby strips was grouped into a cluster and
the weighted mean of the charge distribution was used to determine the location where
the particle had passed through the tracker plane. This yielded a position resolution

1Integrated Detector & Electronics AS (IDE AS), Veritasveien 9, N-1322 Hovick, Norway, com-
mercialized as VA.hdr/AMS.64



of 10 Am in the bending plane and 30 ,m in the non-bending plan. The position
resolution translated to a momentum resolution of 9% for protons in 1-10 GeV range
[Alcaraz et al.(1999)]. This resolution was worse for particles with lower momenta
due to multiple scattering. At higher momenta, the resolution was proportional to
the momentum giving a resolution of nearly 100% for 100GeV particles.

A measurement of total energy loss in the tracker was used to determine the
absolute charge of the particle passing through the tracker. A combined charge
measurement of the TOF and tracker was estimated to be accurate to 1 in 107 in
distinguishing Z=1 nuclei from Z=2 nuclei [Aguilar et al.(2002)]. During the flight,
the tracker alignment calibration was constantly monitored to an accuracy of 5 Am
with a laser alignment system. More detailed descriptions of the design and per-
formance of the tracker can be found in [Alcaraz et al.(1999)], [Aguilar et al.(2002)],
and [Cristinziani(2002)].

5.3 Additional Components

Just inside the magnet were the 16 anticoincidence counters (ACC), 10 mm thick
plastic scintillator detectors that were placed horizontally to detect particles that did
not pass entirely through the tracker or that were created in interactions between
particles and the magnet material. Events which triggered the ACC were discarded
with the hardware veto as they were likely to have been measured incompletely.

Below the lower TOF layer was an Aerogel Threshold Cerenkov Counter that was
used to separate protons from positrons and antiprotons from electrons at energies
below 3.5 GeV. As this analysis deals only with higher energy particles, information
from the ATC was not used [Barancourt et al.(2001)].

The electronics trigger of AMS-01 consisted of three levels: Fast, Level-1, and
Level-3. The Fast trigger required the signals in the top and bottom TOF planes
to be coincident within 200 As [Carosi(2006)]. The Level-1 trigger required that the
TOF was hit in a place that would indicate a particle path that passed through the
tracker, that these hits were unique on both the top and bottom planes, that there
was at least one additional TOF hit on plane 2 or 3, and that there was no signal in
the ACC. The Level-3 trigger required that at least 3 tracker clusters lay along the
expected particle trajectory [Choutko(1998)]. During the flight, events which passed
all three triggers were recorded to hard disks located on the space shuttle.

5.4 Flight

The flight aboard Space Shuttle Discovery lasted from June 2 to June 12, 1998. The
data from the 10 day flight can be divided into 4 periods [Carosi(2006)]:

1. From the beginning of data taking a few hours after launch on June 3, for 25
hours until the shuttle docked with the space station Mir.

2. The four days during which Discovery was docked with Mir.



3. The nearly five days of upright orientation after separating from Mir.

4. The last 9 hours of flight during which the shuttle was inverted and AMS-01
pointed towards Earth.

The zenith angle (Fig. 5-2) fluctuated quickly during period two when the shuttle
was docked with Mir and many particles may have interacted with the station before
passing through AMS-01 [Henning(2003)]. These particles likely lost energy and
created secondary particles, making data from that period difficult to interpret. With
the shuttle inverted, cosmic rays passed through the bottom of the shuttle's cargo bay
before reaching AMS-01, causing data from this period to suffer from the same issues.
Therefore, this analysis only uses data from the first and third of these periods, during
which AMS-01 covered a range of zenith angles from 0 to 45 degrees (Fig. 5-3). This
led to roughly 94 hours of active data taking time used in this analysis.

Zenith
Angle

Earth
Figure 5-2: Definition of Zenith Angle.
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Figure 5-3: Zenith angle of AMS-01 as a function of time, from [Carosi(2006)].
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Chapter 6

Data Analysis

This chapter describes the procedure used to turn the detector data from periods
one and three into a momentum spectrum of positive unit charge and negative unit
charge particles and how Monte Carlo was used to predict how the cosmic ray flux
would appear in the detector. Over 100 million events were recorded during the 10
day flight of AMS-01. After cuts, there were 6, 563,097 particles identified as Z=+1
and 74, 216 particles identified as Z=-1.

6.1 Monte Carlo

The AMS-01 detector was simulated using the GEANT 3 Monte Carlo package
[Choutko(1997)]. There were 1.8 x 10S protons and 8.8 x 107 electrons with mo-
menta from 1 GeV/c to 1 TeV/c were generated with this simulation. The spectra
of generated particles can be seen in Fig. 6-1. They are piecewise logarithmically
flat, with more low momentum protons produced to minimize statistical errors on
misidentified charge. The output format of the simulation was exactly the same as
that from real data and both were analyzed with exactly the same software.

6.2 Event Reconstruction

When triggered, each subdetector recorded the properties of the particle that passed
through it. These properties were grouped into events and were stored in HBOOK
ntuples [Capell & Lebedev(1997)] that were later converted into ROOT trees for anal-
ysis. For this analysis, the two most important properties were the particle's charge
and rigidity. Charge magnitude was determined by choosing the most likely integer
charge to have produced the energy deposition observed in the TOF and tracker,
while rigidity and charge sign were determined from a fit to the tracker hits.

Two methods of fitting were used to determine the particle rigidity from the four
to six tracker hits. The first was a simple fit of a circular track to the hits giving a
rough estimate of the rigidity. However, the magnetic field inside the tracker had in-
homogeneities of up to 20%, and 100 GeV electrons have an expected scattering angle
of 1 x 10- 4 radians each time they pass through a tracker plane [Yao et al.(2006)].
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Figure 6-1: The number of Monte Carlo particles generated for each momentum bin.
More protons were generated than electrons to study the effect of protons misidentified
as electrons.

Therefore, the second method used to determine rigidity was a numerical integration
method that accounted for magnetic field inhomogeneities and multiple scattering

(referred to as "FastFit") [Alcaraz et al.(1999)]. The FastFit method was similar to
that described in [Hart & Saxion(1984)]. The tracker fit was combined with the TOF
hit locations to determine the entry angle of the particle in the detector.

The following parameters from event reconstruction were used to classify each
recorded event:

* The time the event was recorded.

* The shuttle's position and orientation above Earth at the time of the event.

* The detector electronics live time at the time of the event.

* Whether anticoincidence counters were triggered during the event.

* The entry angle of the particle in the detector, as determined by a combination
of the tracker and TOF track fits.

* The number of particles and tracks found by the track reconstruction algorithm.

* The number of tracker planes used in the reconstruction of the track.

* The charge determined from energy deposition in the tracker planes.
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* The rigidity of the particle in the tracker as determined by the FastFit algorithm.

* The rigidity of the particle calculated using the first and last 3 trackers hits, as
determined by the FastFit algorithm. These were called the half-rigidities.

* The rigidity of the particle in the tracker as determined by a simple circular fit
to the track.

* The X2 of the FastFit algorithm.

* The number of TOF planes used to determine the , of the particle.

* The most likely charge determined by the energy deposition in the TOF planes.

* The X2 of the determined 3 of the particle from the TOF with respect to spacial
hits.

* The X2 of the determined 3 of the particle from the TOF with respect to the
time the hit was recorded.

* The properties of the hits and clusters recorded in the tracker at the time of
the event.

6.3 Event Selection

6.3.1 Preselection Cuts

During preselection, the events were scoured for indications that they might have
been measured incorrectly, poorly understood, or were simply detector noise.

First, events were removed if they occurred while the shuttle was docked with
MIR, as the particle spectrum could be polluted by spallation of cosmic rays off of
MIR, showering pions and muons into the detector. Events were also removed if they
occurred when the shuttle was passing through the South Atlantic Anomaly, or if
the detector live time was less than 35%, to avoid errors from pileup in the TOF or
tracker electronics.

Events with no reconstructed particle or track were removed, as were events with
more than one reconstructed particle to prevent confusion between tracks. Events
were required to have used at least 4 tracker planes and 3 TOF planes in their recon-
struction to obtain accurate momentum and velocity measurements and uncertainties.

If the particle triggered the anticoincidence counters or was measured to have
come from beneath the detector, the event was cut. This insured that all particles
passed through the entire detector from top to bottom, like the example event shown
in Fig. 5-1. Events reconstructed as having entered the detector at an angle of more
than 400 may have escaped the detector without hitting all of the tracker planes, and
were therefore cut. Events were only accepted while the detector was pointing away
from Earth, within 500 of zenith to avoid particles that may have been produced in
the Earth's atmosphere.



If the charge magnitude measured from the TOF energy deposition was not equal
to the charge magnitude from the tracker energy deposition, or if the upper half
rigidity and lower half rigidity in the tracker had different signs, the event was cut.
Either of these indicated an inconsistency in determining the particle charge.

Finally, events were only kept if they were above the expected geomagnetic cutoff
rigidity at the shuttle's latitude. The cutoff for protons and electrons was calculated
with Formula 4.2 for particles coming from direction with the highest cutoff. Events
were only accepted if they had a momentum at least 30% higher than this value, to
avoid errors from inaccurate shuttle postion, inexact magnetic field approximation,
or overestimated momentum.

6.3.2 Selection Cuts

Selection cuts attempted to keep as many electrons as possible while removing events
that passed preselection but may have been protons misidentified as electrons. Monte
Carlo events were used to choose cuts that would segregate the two. The weights of
Monte Carlo events were adjusted so that they represented a sample from a solar
modulated power law spectrum that mimicked the expected cosmic ray background
flux. Cuts on the parameters were then chosen so as to maximize the number of
detected electrons times the ratio of electrons to misidentified protons (signal squared
over noise) over the fit range (4 GeV-160 GeV).

For some events, the circular rigidity was very different from the FastFit rigidity.
This likely indicated that there was something wrong with the track or the fitting
algorithm for these events. To remove events of this type, the "circular correction"
was defined as the ratio:

r ig i d it y Fas t Fit - rigiditYcircular (6.1)circular correction = I I (6.1)
rigiditYFastfit

A large circular correction indicates that the two track fitting methods disagree on the
measured particle's rigidity. Circular correction for Monte Carlo and data is plotted in
Fig. 6-2, along with the Monte Carlo signal squared over noise for all possible circular
correction cuts. It should be noted that the data has an excess of events with circular
corrections of I which is not predicted by the Monte Carlo. These events occurred
primarily with higher rigidities and could be a result of unexpected scattering or
a failure of the FastFit algorithm at high rigidities. The best cut predicted from
Monte Carlo is to remove events with circular correction greater than 0.26, which
also removes this anomaly.

A large difference between the rigidity of the first three tracker hits and the last
three tracker hits indicates a poorly reconstructed track, a hard scattering event,
or delta ray production. The difference between half-rigidities is plotted in Fig. 6-3.
Misidentified protons are more likely to have high half rigidity difference and removing
events with a half rigidity difference of 4.75 GeV or greater maximizes the number
of electrons squared over the number of misidentified protons in the Monte Carlo

sample.
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Figure 6-2: Determining the cut on circular correction. Left: The distribution of
circular correction for data and Monte Carlo events. Right: The expected signal
squared to noise ratio versus the circular correction cut choice. To maximize the
expected signal squared to noise, events with a circular correction of 0.26 or greater
were cut.
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Figure 6-3: Determining the cut on the difference in fit momentum for the first and
last 3 tracker hits (half rigidities). Left: The distribution of the half rigidity difference
for data and Monte Carlo events. Right: The expected signal squared to noise ratio
versus the half rigidity difference cut choice. To maximize the expected signal squared
to noise, events with a half rigidity difference of 4.75GeV/c or greater were cut.
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After selection, the remaining events are segregated into Z=+1 and Z=-1, weighted
by the inverse live time of the detector at the time of the event, and binned by their
momentum. The average live time for events that passed all cuts was 64%. The pri-
mary effect of selection cuts on the Z=-1 spectrum is to remove high energy events
that are likely charge-misidentified protons. In particular, without the circular correc-
tion and FastFit rigidity difference cuts, there is an excess of high energy events that
cannot be accounted for by the Monte Carlo charge sign identification prediction.

Finally, the number of counts in each momentum bin must be turned into a
detector count rate by dividing by the time the detector was exposed to particles
of that momentum. The exposure time for each bin was different as a result of the
geomagnetic cutoff: high momentum particles were always able to reach the detector
while low momentum cosmic rays could only reach the detector when the shuttle was
near the geomagnetic poles. Exposure time is tracked during the cut process, Fig. 6-4.
The counts in each momentum bin were divided by the exposure time of that bin to
yield the count rate in a detector unhampered by geomagnetic cutoff. The Z=-1
spectrum before and after cuts is shown in Fig. 6-5.
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Figure 6-4: The exposure time for each momentum bin due to the geomagnetic cutoff.

6.4 Acceptance

The relationship between the cosmic ray flux and the count rate in the detector
depends on the gathering power, resolution, and efficiency of the detector. These are



S10 4

102

10

Charge -1 Spectrum Before and After Selection

-------------------- Before Selection Cuts

': ~ After Selection Cuts

-I I t

' ' " "

1 10 100
Momentum (GeV)

Figure 6-5: This shows the effect of the selection cuts on the preselected Z=-1
data. The deviation from power law at high momenta is primarily from misidentified
protons.

estimated with the Monte Carlo, producing an acceptance matrix. When applied to a
cosmic ray flux, the acceptance matrix gives the expected count rate in the detector.

The acceptance of the detector was calculated with the Monte Carlo, in the manner
described in [Sullivan(1971)]. Monte Carlo events were generated over a rectangle
250 cm by 90 cm, 100 cm above the detector in simulation with momenta directions
distributed isotropically over the half-sphere towards the detector. Events that would
have triggered the detector were run through the same analysis chain as real data.
The matrix given by counting how many particles were created with one momentum
and detected at another is both the gathering power and the resolution of the detector.
Monte Carlo protons which are detected as electrons are recorded in another matrix,
so that the misidentified proton rate can be estimated from the proton background.
The layout of the matrices can be seen in Fig. 6-6.

Both statistical and systematic uncertainties were included in the acceptance ma-
trix. Each matrix element was assigned an uncertainty of V if there were
more than 10 counts from Monte Carlo in that element, and a Poisson uncertainty in
accordance with counting statistics if there were less than 10 counts.

By comparing the Monte Carlo detector simulation with prescaled events [Choutko(1999)1,
the simulation was found to be over-efficient by 13 ± 3.5 percent, mostly due to un-
certainties in trigger efficiency and particle interactions [Aguilar et al.(2002)]. Thus
the value of each acceptance matrix element was decreased by 13 percent, and a 3.5
percent systematic uncertainty was added in quadrature to the statistical uncertainty.

Finally, the off diagonal elements of the acceptance matrix were adjusted to ac-
count for exposure time. Low energy events could not be misidentified as high energy
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events during the time that low energy particles could not reach the detector due to
the geomagnetic cutoff. Therefore, acceptance matrix elements that corresponded to
lower momenta particles being mis-measured as having higher momenta were scaled
by the ratio of the lower momentum exposure time over the higher momentum ex-
posure time. This accounted for the times when the detector was exposed to high
momentum particles, but not low momentum particles.



Chapter 7

SUSY Signals

The signals of neutralino annihilation in cosmic ray flux are the charged products
of the annihilation that have made their way through the galaxy to Earth. A series
of programs are used to calculate the annihilation rate and product spectra from
the SUSY parameters and combine these into a cosmic ray flux at the edge of the
Solar System. The flux is then modified to account for the effect of the solar wind as
particles travel to Earth.

7.1 Generation

The expected neutralino annihilation rate at a certain point in the galaxy can be writ-
ten (p2 /m2)(axxv), where p is the dark matter density, m x is the neutralino mass, and
(axxv) is the neutralino annihilation cross section convolved with the velocity distri-
bution of the neutralinos. The program DarkSUSY [Gondolo et al.(2004)], which uses
the ISASUGRA [Paige et al.(2003)] package, calculates m X and (axxv) for various an-
nihilation channels from a set of SUSY parameters. For nonrelativistic neutralinos,
the annihilation cross section is proportional to 1/v, so the value axxv is independent
of velocity. This makes (aoxv) effectively independent of the velocity distribution of
neutralinos [Gondolo(2006)]. The annihilation channels studied were XX -- W+W-,
xx -- ZZ, XX - bb, XX -k tt, and xx - T-T-. In all of the cases studied, the
sum of the cross sections for these processes make up more than 80% of the total
annihilation cross section, and thus account for the majority of the products. These
results from DarkSUSY are shown in Table 3.1.

The program PYTHIA [Sjdstrand et al.(2001)] was used to generate the electron
and antiproton energy spectra from the decay of the annihilation products listed
above. PYTHIA reproduces the LEP results in the 100-200GeV range, so it can be
expected to be reliable for neutralino annihilation events occurring with these ener-
gies. PYTHIA simulates the decay of the annihilation products into stable particles,
giving a Monte Carlo spectra of the results of neutralino annihilation. These spectra
were weighted by the cross section for that annihilation pathway and summed to give
the total neutralino annihilation spectrum. Some example electron and antiproton
spectra from neutralino annihilation, broken down by component process, are shown



in Fig. 7-1.
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Figure 7-1: Neutralino annihilation spectra, broken down by branching process.

7.2 Propagation

As products from neutralino annihilation diffuse through the galaxy, their energy

spectrum changes. The program GALPROP [Moskalenko & Strong(1998a)] inte-

grated over the annihilation rate throughout the galaxy, weighted by dark matter

density squared, and accounted for the spectral shape change from energy loss. The

diffusive energy loss equations are dependent on a host of propagation parameters.

The set of parameters used in GALPROP for this analysis were from the publicly

available model1 "galdef_50p_599278" obtained by a global fit to cosmic ray measure-

ments, both charged and gamma rays [Moskalenko et al.(2002)].

GALPROP was used to generate propagation Green's functions to improve calcu-

lation speed, and these Green's functions were used to determine the cosmic ray flux

from the SUSY models. For each momentum bin used in this analysis, GALPROP

was run with a monoenergetic injection spectrum, weighted by a squared isothermal

halo density distribution, and the results were sampled the Solar System's position

in the galaxy producing a matrix of (input energy, output spectrum). The spectrum

1Available from HTTP://GALPROP.STANFORD.EDU/ as of April 2007.



at Earth from monoenergetic sources are illustrated in Fig. 7-2. This propagation
matrix was multiplied by the annihilation spectra of the SUSY models, calculated
by PYTHIA, to yield the cosmic ray flux at the Solar System due to neutralino
annihilation.
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Figure 7-2: Electron propagation Green's functions calculated by GALPROP; the
cosmic ray spectra that would be seen at the solar system from monoenergetic sources
distributed in an isothermal halo. The highlighted bins are the initial energies.

Energy loss limits the distance that neutralino annihilation products can travel
before becoming so low in energy as to be undetectable. This analysis is sensitive
to electrons from neutralino annihilations to a range of roughly two kiloparsecs from
Earth, as discussed in Appendix C.

7.3 Solar Modulation

Finally, the cosmic ray fluxes at the solar system must be adjusted to account for
the solar modulation of low energy particles before they reach Earth. As described
in Chapter 5, the force-field approximation was used to modulate the dark matter
annihilation signals. An uncertainty on D was introduced because of the limitations of
the force field approximation and the different measurements of D that were reported
at the time of the experiment.

Measurements. of 4 from a number of experiments around the time AMS-01 flew
are shown in Fig. 7-3. In 1998, different fits of the BESS experiment proton data
yielded different 4 values [Maeno et al.(2001)], [Asaoka et al.(2002)], [Moskalenko et al.(2002)].
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A value of 580 MV, the mean of the two measurements for 1998, with a Gaussian
uncertainty of 30 MV was used in this analysis. This uncertainty in 4 translates into
a theoretical uncertainty in both the background and signal spectra at low energies.
A few annihilation spectra and resulting cosmic ray fluxes at Earth are shown in
Fig. 7-4.
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Figure 7-3: Solar Modulation from the BESS experiment [Maeno
[Asaoka et al.(2002)] and other experiments [Moskalenko et al.(2002)].
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Figure 7-4: A comparison of electron and antiproton spectra at the point of annihi-
lation and above Earth, after propagation and solar modulation. It can be seen that
electrons are more strongly affected by the diffusive energy loss than antiprotons.





Chapter 8

Backgrounds

The majority of events recorded by AMS-01 were, for this study, background cosmic
rays, and these needed to be distinguished from neutralino annihilation signals. The
proton background, generated by GALPROP, was fit to the Z=+1 data and used
to calculate the misidentified proton spectrum. These misidentified protons were
subtracted from the Z=-1 data to yield the data from only electrons and antiprotons.
This was fit with the electron background to understand the background in the case
of no dark matter signal.

8.1 Generation of Backgrounds

The program GALPROP predicts the cosmic ray backgrounds given the propaga-
tion parameters and the particle injection spectrum. In GALPROP, the electron and
proton injection spectra are taken to be a power law in energy: NE -", with nor-
malization N and spectral index y. While the injected particles are thought to come
from supernova, neither N nor y are theoretically well predicted so they must be
determined from data.

The most recent values for the background injection spectral indices found in
GALPROP model "galdeL50p_599278" for the energy range used in this analysis
are 2.36 for protons and 2.50 for electrons. These are normalized to a flux of 4.9 x
10-9(cm 2 sr s MeV)-' at 100 GeV for protons and 4.0 x 10-10 (cm 2 sr s MeV) - 1 at
34.5 GeV for electrons. These four parameters were determined in [Moskalenko et al.(2002)]
using the results of several cosmic ray experiments. However, not only was agreement
between experiments poor, but additionally the parameters are dependent on solar
modulation [Moskalenko(2007)]. Therefore, both the indices and normalizations of
the backgrounds were refit to the AMS-01 data for this analysis. The effects of the
injection index on the backgrounds are shown for protons in Fig. 8-1 and for electrons
in Fig. 8-2.

A library of backgrounds with injection indices ranging from 2 to 3 with a spacing
of 0.005 was generated to speed the fitting of the backgrounds to AMS-Ol data. To
generate a background with a specific injection index, a linear interpolation between
the two closest library backgrounds was used instead of a computationally costly
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Figure 8-1: The effect of the injection index on the proton background.
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re-calculation of GALPROP's diffusive equations. The library index spacing was
well below the uncertainty in the fit parameters, so this method added negligible
uncertainty to the background. No library was needed to vary the normalization; the
background was simply rescaled.

8.2 Background Fits

The backgrounds generated by GALPROP were modulated to account for solar effects
and multiplied by the acceptance matrix to obtain the expected background spectra
in the detector. The proton background fit to the AMS-01 Z=+1 spectrum yielded
a normalization of 0.67 ± 0.02, as a fraction of the initial GALPROP normalization,
and an injection index of 2.43 ± 0.01 (Fig. 8-3) with a x 2 /N of 7.98 for N = 13. The
fit method is described in detail in Appendix A.
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Figure 8-3: The fit to the proton
small to be seen.

background. The statical errors on the data are too

The resultant proton background was then used with the acceptance matrix to pre-
dict the rate of charge misidentified protons in the AMS-01 Z=-1 spectrum. Fig. 8-4
shows the combination of the fit of the electron background and the misidentified
protons, yielding a normalization and spectral index for the electron background of
0.70 ± 0.04 and 2.70 ± 0.04 with a x 2 /N of 2.04 with N = 13. These .are the best fit
values for the electron background assuming no dark matter signal. For clarity, the
same fit is shown in Fig. 8-5 with the misidentified protons subtracted from the data



and the rate of each momentum bin multiplied by the momentum cubed to remove
the power law slope of the background.
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Figure 8-4: Components of electron fit.

The residuals from the proton and electron background fits are shown in Fig. 8-6.
The proton spectrum shows some structure that is not captured by the fit. This could
be the result of imprecision in the GALPROP background model, oversimplification
of the solar modulation model, or imperfect simulation of detector systematics in
the Monte Carlo. The proton systematic only entered the dark matter fit at second
order, through the misidentified proton subtraction. The electron spectrum also sug-
gests extra structure at the la level, and while this could be a result of neutralino
annihilation signal, the similar behavior of the proton residuals makes this doubtful.
The same systematic that affects the protons likely affects the electrons, but is less
significant because of lower statistics.
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Electron Background Fit with Misidentified Protons Subtracted
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Figure 8-5: Electron fit after misidentified protons have been subtracted.
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Figure 8-6: Residuals to proton and electron background fit.
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Chapter 9

Limits

Neutralino annihilation signals for Models A-M (Table 9.1) and the electron back-
ground simultaneously were fit to the AMS-01 Z=-1 data. All models were consistent
with no dark matter signal, so limits were found on the maximum boost factor for
each SUSY model that would still be consistent with the data.

9.1 Fitting

The signal from each SUSY model plus the electron background was fit to the AMS-
01 Z=-1 data using the methods detailed in Appendix A, allowing the background
normalization, background index, and signal boost factor to vary. The results of this
fit are shown in Table 9.1. All of the fits were consistent with no dark matter signal
(a boost factor of zero). In the cases where the fit boost was less than zero, the best
fit was taken to be the fit with no dark matter, as a negative signal is unphysical.

A number of sources contributed significantly to uncertainties on the fits and sub-
sequent limits on dark matter signals: Both the signal and background were subject
to uncertainties from the solar modulation approximation (Chapter 7), as well as
the systematic errors of how well the Monte Carlo simulated the detector (Chapter
6). The misidentified proton subtracted data, aside from the statistical uncertainties
(Chapter 6), suffered at high energies from the uncertainties in the proton background
fit that yielded the misidentified proton rate (Chapter 8). The momentum range over
which certain sources of uncertainty dominate is discussed in Chapter 11.

9.2 Limits on Boost Factor

A three dimensional confidence region was then found for the background normal-
ization, injection index, and signal boost, as described in Appendix A. An example
of these confidence regions are shown in Fig. 9-1 and all regions can be found in
Appendix C. This yielded a 90% confidence limit on the maximum boost factor that
would be compatible with each SUSY model studied, listed in Table 9.2. This can
also be interpreted as the upper limit on the density squared of dark matter in our



Central Fit Values

Model Boost Background Background X2/N
Normalization Index (y) (N=13)

A -2.4 x 104  0.804 2.646 1.95

B -6.6 x 103  1.466 2.427 0.86

C -4.4 x 103 0.762 2.670 2.00

D -1.7 x 103  0.709 2.701 2.04

E 980 1.333 2.432 1.43

F 300 0.686 2.716 2.05

G -1.8 x 103  0.836 2.630 1.91

H 6.0 x 104 0.635 2.752 2.01

I 340 0.860 2.619 1.87

J 3.4 x 103  0.646 2.743 2.03

K 310 0.619 2.763 1.98

L 14 0.715 2.697 2.04

M 40 0.618 2.765 1.97

Table 9.1: Best fits of signal to Z=-1 data

region of the galaxy. The spectral shape
in Fig. 9-2 and in Appendix C.

expected for these upper limits can be seen
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Figure 9-1: 3-d confidence region for Model G, as projected onto 2-d axes.



Boost 90% (p2 ) 90%

confidence level confidence level

Model Upper Limit Upper Limit (GeV cm-3) 2

A 7.2 x 104  6.5 x 103

B 2.7 x 103 240
C 2.4 x 10 4  2.1 x 103

D 1.0 x 105 9.2 x 103

E 510 46

F 5.2 x 103  460

G 3.9 x 103 360

H 2.8 x 105 2.5 x 104

I 630 57
J 1.9 x 104  1.7 x 103

K 1.2 x 103 110

L 370 33
M 150 13

Table 9.2: Limits on boost factor for SUSY Models

IU I UU
Momentum (GeV)

Figure 9-2: Spectrum for Model G at 90% maximum boost limit.
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Chapter 10

Results and Interpretation

The bound set on the dark matter boost factor for a given SUSY model is a limit on
how clumpy dark matter can be if that model accurately describes particle physics.
This means that measurements of supersymmetry can be used to make statements
about models of dark matter distribution, and vice versa. The results of this analysis
were interpreted and compared to other experiments.

10.1 Results

The 90% confidence upper limit on the boost factor for each of the mSUGRA models
proposed in [Battaglia et al.(2004)] is shown in Fig. 10-1, along with the neutralino
mass for each model. Most boost factor limits lie between 102 and 105. The mo-
mentum bins most influential to these limits are in the range 10-30 GeV/c, where a
balance is struck between the larger backgrounds at low momenta and the low statis-
tics at high momenta. While at first it might seem that the signal strength should
decrease with increasing neutralino mass, making limits worse at higher masses, no
such trend is seen. This is likely because the decreasing number density of neutralinos
is offset by a greater annihilation product multiplicity and energy.

10.2 Interpretation

These limits can be used to see if a supersymmetric model is compatible with a dark
matter distribution. From an astrophysics point of view, the limits could be used to
turn the knowledge of what supersymmetry model governs our universe into an upper
bound on how clumpy nearby dark matter can be. For example, if SUSY Model E
were found to be an accurate description of physics, then the distribution of dark
matter in our galaxy must have a boost factor of less than 500.

From a particle physics point of view, a measurement of the local dark matter
distribution would exclude certain supersymmetric models from being responsible for
all dark matter. If dark matter was found to be particularly clumpy with a boost
factor of 1000 or more then benchmark models E, I, L, and M could not be responsible
for all of the dark matter in our galaxy. This would mean that either those models
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Figure 10-1: Upper limits on boost factor obtained from this analysis at each bench-
mark model in Supersymmetric space. Only best fits with positive boost factors are
shown.

were not correct, or that there was an additional component to dark matter besides
neutralinos. As no measurement or reliable prediction of boost factor exists, further
astrophysical work is required to use these limits.

10.3 Comparison with Other Annihilation Exper-
iments

The HEAT experiment was a balloon based spectrometer that was flown in 1994, 1995,
and 1998. Its design was similar to that of AMS, with a magnet, tracker, and TOF
to determine particle charge and momentum, and additionally included a transition
radiation detector to allow for separation between electrons and positrons. The cosmic
ray electron and positron fluxes were measured from 5-50 GeV [Barwick et al.(1998)].

In [Baltz & Edsj6(1998)], the positron to electron ratio measured in the HEAT
experiment was analyzed for signs of neutralino annihilation. The ratio was in excess
of expectations from background, especially at higher energies. A number of MSSM
models and boost factors were presented as possible explanations of the excess, the
best four of which are shown in Fig. 10-2. These models, labeled HEAT1-HEAT4
here, are parametrized along with the best fit boost factor from HEAT in Table 10.1.

The HEAT best fit boosts and the upper limits from this AMS-01 analysis are
shown in Fig. 10-3 and Table 10.2. Models HEAT1-HEAT3 are consistent with the
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Figure 10-2: Best fit MSSM models for the HEAT data, from [Baltz & Edsjo(1998)]

Model A_ M2 tan f mA mo Ab/mo At/mo Heat Boost Fit
HEAT1 -852.3 -670.1 13.1 664.0 1940.6 -1.56 -1.60 11.7
HEAT2 2319.9 4969.9 40.6 575.1 2806.6 2.00 0.27 1.1 x 104
HEAT3 -1644.3 -202.2 54.1 181.7 2830.9 2.57 2.50 19.0
HEAT4 -221.8 -324.5 1.01 792.2 2998.7 1.71 0.67 54.6

Table 10.1: MSSM Parameters for HEAT models

Positron energy (GeV)



limits from this analysis, but the HEAT best fit boost factor for model HEAT4 lies
on the edge of the 90% confidence upper limit from AMS-01 data, disfavoring this
model. While in general the positron to electron ratio of the HEAT experiment was
more sensitive than the AMS-01 data, the HEAT excess began at 10 GeV, where AMS
still had good sensitivity. Model HEAT4 had an excess at this energy, which conflicts
with the AMS measurement. It can be noted that for the model HEAT1, the best fit
boost factor from HEAT and the present analysis are quite similar (Table 10.3).

Boost Factor Allowed By AMS-01 Data (90% limit)
105

104

103

102

10

1 I I I I I II Im

T2

102 Neutralino Mass (GeV)0 3

Figure 10-3: The AMS-01 boost factor upper limits on models suggested in
[Baltz & Edsjo(1998)] and [de Boer et al.(2006)], as compared to the best fit values
from HEAT and EGRET.

Table 10.2:
models.

Boost 90% (p2) 90%
confidence level confidence level

Model Upper Limit Upper Limit (GeV cm-3) 2

HEAT1 68 6.1
HEAT2 5.5 x 104 4.9 x 103
HEAT3 44 4.0
HEAT4 54 4.9
EGRET 210 19

AMS-01 boost factor upper bounds on HEAT and EGRET suggested

The EGRET experiment was a gamma ray telescope that ran from 1991 to 2000
and observed the distribution of cosmic gamma rays in the range 0.03-10 GeV. It

HEAX HEAT+EGRET best fit values
AMS-01 Best Fits
90% Upper Limits

EGRET

,HEAT1IHEAT4
NAT3

I I I I I I I I [
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Table 10.3: AMS-01 best fit boost factors from HEAT and EGRET suggested models.

found an excess of gamma rays in all sky directions, possibly the result of WIMP
annihilation. The excess was greater towards the center of the galaxy than would be
expected from a isothermal halo distribution, possibly suggesting a more complicated
distribution of dark matter [de Boer et al.(2005)].

An analysis of what mSUGRA parameters would lead to dark matter annihila-
tion signals consistent with EGRET was done in [de Boer et al.(2006)]. A favored
mSUGRA model with a (mo, mi, tan /, sgn(p)) of (1400 GeV, 175 GeV, 51, +1) is
shown in Fig. 10-4. The EGRET'data suggested a boost factor on this model ranging
from 100 to 103 [de Boer et al.(2005)]. The boost factor limit from this analysis for
this model is roughly 200 (Fig. 10-3). This limit is compatible with the EGRET re-
sult, however, EGRET was sensitive to dark matter in the center of the galaxy where
the boost factor is expected to be lower due to the destruction of dark matter clumps
by tidal forces, while AMS-01 was only sensitive to dark matter in the nearby volume
of the galaxy. Additionally, AMS-01 is not sensitive to the ringlike halo substruc-
tures proposed in [de Boer et al.(2005)], so a better understanding of halo structure
is needed to properly compare boost factors from the two experiments.

10.4 Comparison with Direct Detection Experi-
ments

Direct dark matter detection experiments rely on nuclear recoil from collisions with
dark matter particles. Therefore, the rate seen in these detectors is proportional
to the dark matter-nucleus cross section and the density of dark matter at Earth.
The current and projected limits on the mass and nuclear recoil cross section of
dark matter from two recent experiments, CDMS [Akerib et al.(2006a)] and XENON
[Aprile(2007)], are shown in Fig. 10-5. Also shown are the masses and cross sections
predicted by the SUSY benchmark models used in this analysis. While these models
cannot currently be probed, it appears that direct experiments in the near future
will have the sensitivity required to test some of these models. However, in the case
of clumpy dark matter, whether or not a direct signal is seen depends strongly on
whether the Earth lies in an overdensity or underdensity of dark matter. If dark
matter is in small dense clumps, it is likely that the Earth is in an underdensity,
making a smaller than expected signal in direct detection experiments.

Central Fit Values
Model Boost Background Background X2 /N

Normalization Index (y) (N=13)
HEAT1 13 0.644 2.745 2.03
HEAT2 1.8 x 104 0.604 2.777 1.87
HEAT3 110 1.506 2.412 0.92
HEAT4 24 0.832 2.629 1.92
EGRET 180 0.959 2.606 1.53
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Figure 10-6: Number of observable particles at the LHC for the sample mSUGRA
points assuming unlimited luminosity, from [Battaglia et al.(2004)]

10.5 Comparison with Collider Experiments
The supersymmetric benchmark models used in this analysis may be visible in future
collider experiments, as is discussed extensively in [Battaglia et al.(2004)]. Of par-
ticular interest are the upcoming measurements at the LHC, which may detect new
particles from these SUSY models as seen in Fig. 10-6. For most models, a number
of supersymmetric particles would be visible at the LHC allowing detailed parameter
measurement, but for models M and K, only a Higgs particle would be seen. These
models would be indistinguishable at the LHC, meaning that the supersymmetric
parameters would not be measurable. This analysis was able to limit the boost factor
of models M and K to under around 1000, so future indirect dark matter searches
that are three orders of magnitude better would be able to distinguish these models
while the LHC could not. The next chapter discusses ways that indirect dark matter
searches could be improved.



Chapter 11

Recommendations for Future Work

The primary limitations of this analysis are discussed here, along with how limits
could be improved by additional experimental and theoretical work.

11.1 Limitations of this Method

In order to improve the limits obtained in this analysis, it is necessary to examine the
origin of the uncertainties in the background, data, and signal. These uncertainties
can overwhelm dark matter annihilation signals and make boost factor upper limits
worse. Fig. 11-1 shows the uncertainty fraction (uncertainty divided by value) for
the backgrounds and data during several steps of this analysis. This plot shows that
this analysis was limited by low data statistics and resolution at high energies, and
astrophysical uncertainties at lower energies.

In this plot, the dotted line shows the statistical uncertainty from the limited
number of counts. The much greater uncertainty at higher energies (when compared
to lower energies) comes from the power law nature of the background, and the only
way to improve these limits is to have an experiment that either runs longer or has a
larger detector area. The uncertainty will decrease as the square root of the run time
or area. The solid line above this is the uncertainty after the misidentified protons
have been subtracted. The way to improve or eliminate this uncertainty is to design
a detector that can distinguish protons from electrons at high energies. The dashed
line shows the uncertainty caused by the uncertainty in the D parameter in the force
field approximation to solar modulation. This will hopefully improve as models for
the effect of solar fluctuations are refined. Near constant monitoring of cosmic ray
fluxes would undoubtedly be useful to accurately determine how solar modulation
changes over time. The dash-dotted line indicates uncertainty in the background
after the acceptance matrix is applied. Uncertainty increases at high momenta here
mostly as a result of momentum resolution and misidentified proton issues, and these
could be reduced with more Monte Carlo simulation. It is clear, however, that the
statistical uncertainties dominate at higher energies. The sources of uncertainties in
the annihilation signal are the same as in the background.

One major source of uncertainty not shown results from the galactic propagation
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Figure 11-1: Relative uncertainties from theoretical background and data

model. This is difficult to quantify and not included in the limits in this paper, but
recent work [Xiao(2007)] suggests that uncertainty in the propagation parameters
would only make the limits set here larger by a few percent.

11.2 Improvements by the AMS-02 Experiment

Data from the AMS-02 experiment, for which AMS-01 was a test run, would result in
a considerable improvement in this analysis. It would improve uncertainties on three
fronts:

1) The active lifetime of AMS-02 would be at least 3 years, being mounted to the
International Space Station. This would give a statistical improvement of more than
an order of magnitude over the AMS-01 experiment.

2) The AMS-02 experiment's superconducting magnet would have a bending power
over 5 times that of the AMS-01 experiment's permanent magnet and the silicon
tracker would be eight layers compared to AMS-01's six, improving resolution at high
energies [Blau et al.(2004)].

3) AMS-02 would include a transition radiation detector which would allow separa-
tion of protons from electrons at energies well above 200 GeV [Kirn & Siedenburg(2004)].
This would decrease the amount of misidentified protons that must be subtracted from
the electron data.

AMS-02 would additionally be able to look at more particle spectra. With a
much longer running time and good particle mass separation from the transition



radiation detector, the positron and antiproton spectra could be measured separately
from the proton and electron spectra. These antiparticle spectra have the same signal
strength as the electron spectrum but with much less background, making them more
attractive spectra to search for dark matter annihilation remnants. AMS-02 would
also feature an electromagnetic calorimeter that would be sensitive to photons, and
could search for photons from neutralino annihilation in a manner similar to the
EGRET experiment.

11.3 Improvements by Other Future Experiments

Other experiments may also be able to improve dark matter limits. While space
is the ideal location to observe cosmic rays, high altitude balloon experiments can
also take good measurements of cosmic ray spectra. In particular, it has been
shown that antiproton spectra can be measured with the balloon experiments BESS
[Orito et al. (2000)]. Antiprotons have a very small cosmogenic background [Aguilar et al.(2002)],
and as seen in Fig. 7-4, while they are produced less copiously than electrons or
positrons in dark matter annihilation, they are also less affected by galactic propaga-
tion. Thus they have a similar signal strength to electrons or positrons. While BESS
had run times too brief and maximum measurable momenta that were too low to
be optimal for detecting dark matter annihilation signals, larger balloon experiments
that could be run for longer periods of time may have a good chance of detecting
dark matter signals.

Beyond antiprotons, antideuterons are expected to have an even smaller back-
ground. For certain SUSY models, the expected antideuteron flux from annihilation
is twenty times that of the expected background from secondary production. The
general antiparticle spectrometer (GAPs) experiment, still in the prototype stage,
is designed to detect the absorption of low energy antideuterons from cosmic rays
in a gas cell. Thus it could be very sensitive to neutralino annihilation, depending
strongly on the particular SUSY model [Hailey et al.(2006)].

Future gamma ray telescopes have the ability to probe dark matter substructure
more finely. Because of the directional nature of gamma rays, the density distribution
of a dark matter clump can be measured from it's luminosity. The Gamma-ray Large
Area Telescope (GLAST) may be sensitive to clumps with boost factors as low as five
under the right conditions [Kuhlen et al.(2007)].

In conclusion, the future is bright for dark matter experiments. This analysis has
shown that the boost factor of many SUSY models must be less than 104. Indirect
experiments planned for the next few years, between longer running times, better
understanding of backgrounds, and antiparticle identification will likely be 104 times
more sensitive, allowing the discovery or exclusion of those models. If dark matter is
produced by one of the SUSY models that was permitted to have a boost factor of
greater 104, however, then we may have to wait for the following generation of dark
matter experiments, or look for another way of detecting dark matter.





Appendix A

Fitting

Fits and confidence intervals in this analysis are done using the log likelihood method
assuming Gaussian errors. The figure of merit for a parameter set with this method
is the logarithm of the likelihood of the data given the parameters, which is:

f = (• _ - 2 In ao) (A.1)
iEbins i

for bins i with data values di and predicted values xi, with combined data and pre-
diction errors ai. This figure is equal to the X2 of the fit plus an additional term that
favors good fits with small uncertainties over poor fits with large uncertainties.

Finding the best fit parameters involves finding the parameters that minimize the
log likelihood f. The program MINUIT [James(1998)] uses a gradient descent method
that efficiently finds the parameters at the function minimum. Uncertainties in the
fit parameters are taken to be ua = (d2f/da2)- 1 for parameter a, which assumes a
Gaussian form for the errors.

The difference between the log likelihood for a point and the minimum log likeli-
hood, Af, is related to how much less likely a parameter set is than the most likely
parameter set. This allows contours of confidence intervals to be mapped out. For
Gaussian uncertainties with 3 parameters, a Af of 3.67 indicates the contour of a
70% confidence ellipsoid, and a Af of 6.25 indicates the contour of a 90% confidence
ellipsoid [James(1998)].





Appendix B

The Geomagnetic Cutoff

Here the formula for the geomagnetic cutoff is derived more briefly than in [Stormer(1955)],
but with the same result. The goal is to find at what momentum particles are trapped
in the Earth's field, and at what momentum are they free.

Beginning with the Lagrangian for a charged particle in an electromagnetic field:

£= -mc•'1-• - q + qsp. - (B.1)

The Earth's magnetic field can be approximated as a dipole. For a magnetic dipole
with moment M, the potentials are:

4D=O A= (B.2)

So the Lagrangian becomes:

£ = -mc 2 V 1- 2 + qpo (1 × -) (B.3)

Expressing this in polar coordinates with the the magnetic dipole pointing towards
€ = 0 with magnitude M, this can be written:

= -mc 2 /1 2 + oM sin2 9 (B.4)
4ircr

The angular momentum L, of this system is conserved.

dL 2  qoM
-= -Qmc2r2  2 sin2 r = L, (B.5)

de 47rcr

Notice that qymc2r sin 0 = po, the momentum in the ¢ direction. Define a new angle,
the East-West angle OEW, that is the angle that p makes with the zenith in the ¢
direction, so that po = p cos CEW. The angular momentum can thus be rewritten:

L= = -pr sin 0 cos OEW + sin2 0 (B.6)
4ircr



Replace q by QIZI where Q is +1 or -1 according to the sign of the particle's charge,
and Z is the magnitude of the charge. Then rescale r and Lz by (IZloM)1/2 to make
them unitless. This factor will return later.

Lz = -r sin 0 cos EW + sin2 0
r

(B.7)

cos OEW can range from -1 for particles coming directly from the East to +1
particles coming from the West, and cos0 can range from -1 to +1. Thus,
maximum and minimum Lz for a particle at radius r are given by (Fig. B-1):

1
-r - - < Lz < r

r

.J -2

Allowed

for
the

(B.8)

Figure B-1: Allowed region of Lz and r.

Particle trajectories in this figure are lines of constant Lz. It can be seen that
particles with Lz less than -2 lie in one of two areas, those with r < 1 correspond
to particles trapped within the Earth's field and those with r > 1 are particles that
come from space that are turned away by the field. Particles with Lz > -2 are not
trapped. Therefore, the minimum radius particles from space can penetrate into the
Earth's field can be found by solving:

-2 < -r sin 0 cos qEW + - sin 2 0
r

(B.9)

if this is put in terms of 1/r, it becomes

2 sin2 0 + 2r - r sin 0 cos kEW > 0r
2 si (B.10)



choosing the appropriate region for r,

1 1+ 1 - Q sin' 0 cos (EW
-< (B.11)
r Q sin2 0

unscaling r, this becomes

1 IZIoM 1 + 1 - Qsin 3 0 cosEw (B.12)

r 47rcp Q sin2 0

and so the bound on momenta of free particles at a given radius is

IZbaoM sin4 0p > 2 (B.13)4ircr2 (1 + V1 - Qsin3 0cos E W )2 (B.13)

The quantity (IZIoM)/(4rcr2 ) for a particle near the Earth's surface is about
jZj x 59.6GeV/c, and it is customary to speak of (geomagnetic) latitude A instead of
0, where A = 0 + r, so the geomagnetic cutoff is given by:

> (59.6[GeV/c]) A (B.14)
Z ec (1 + /1 - Qcos3 Acos¢Ew) 2





Appendix C

Propagation

This appendix outlines the approximations used to estimate the volume of the galaxy
probed by indirect dark matter experiments using electrons and antiprotons.

The primary mechanisms of energy loss for electron cosmic rays are synchrotron
radiation, inverse Compton scattering, ionization, and bremsstrahlung. The energy
loss from each process is (from [Longair(1992b)]):

Synchrotron and
dE

Inverse Compton Scattering = -9.4 x 10-8 E2 GeV- 2eV s-
dt

Ionization = -2.5 x 10- 7 eV s- 1

dt
dE

Bremsstrahlung = -3.7 x 10-E GeV-leV s- 1

For high energy electrons, the dominant form of energy loss is synchrotron and inverse
Compton scattering. From this process alone, an electron with an energy typical of
an annihilation product, 100 GeV, would be reduced to an energy below the range of
this analysis, 1 GeV, after about ten million years of travel (3 x 1014 s).

As they travel through the galaxy, cosmic rays will be scattered by sudden mag-
netic field changes due to stars or other galactic objects. In our neighborhood of the
galaxy, there is roughly one star every cubic parsec, so it can be supposed that cosmic
rays will have a mean free path of roughly one parsec (A = 3 x 1018 cm). The velocity
of cosmic rays is nearly c, but they will travel in helices along the predominant mag-
netic field lines. Assuming equipartition of velocity between the circular and liner
part of the helix, the cosmic rays will move along the field lines with a velocity of
c/V3. This yields a diffusion constant of:

D = vA = 5 x 1028Cm2s (C.1)

The diffusion constant used in GALPROP, which is calculated more carefully, is
1029Cm2s.



The distance traveled after a certain time t in a diffusive process is D•t. There-
fore, the range over which annihilation electrons can be detected can be estimated
by v1029cm 2S- 1 3 x 1014s r 2 kiloparsecs. Antiprotons are not nearly as affected
by synchrotron radiation and Compton scattering, and may travel much greater dis-
tances before losing their energy. However, the galactic disk is only a few kiloparsecs
thick and when a particle leaves the galactic disk it is no longer subject to scattering
by magnetic fields around stars and may leave the galaxy entirely. Therefore, despite
having less energy loss than electrons, antiprotons from sources further than a few
kiloparsecs will be greatly attenuated.

The solar system is about 8.5 kiloparsecs from the center of the galaxy, so an
indirect search using electrons and antiprotons with a range of a few kiloparsecs probes
only a relatively local region of the galaxy. This region is large enough, however, to
guarantee that there is dark matter within range, as the stars used in determining
the local dark matter density are within this region.



Appendix D

Additional Plots

D.1 Confidence Intervals
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Figure D-1: Confidence regions for Model A and B.
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Figure D-2: Confidence regions for Models C to F.

C I

N

E

0z

m
0

0

0.4-
0

2or
OU.

.0
0

Z
0

0

0
L
0

" r

N

E

z
03
0
(

0.41

U I

0
N

E

z•0
m

I

I

0 II

m

m r%.%f%

m

· r

Confidence for Model C

I

(]



Confidence for Model G
- I

0.4 I 0 I 3 I
0 1000 2000 3000 4000

DM Boost Factor

x

02

2

2

, I , 1 . 1 . 1

1000 2000 3000 4000
DM Boost Factor

Confidence for Model H

0

z

0

0

.0'0 100000 200000 3001
DM Boost Factor

Confidence for Model I
- 1

0

0

0.AL .. j .1
200 400 600

DM Boost Factor

Confidence for Model J
o o0 ,^^0

Ev
00

z
0m
0

0

0
I I I I.

x 3
Confidence for Model H

C
0
in.

2.6-
0 100000 200000 300'

DM Boost Factor

Confidence for Model I
F

C(2.
m

2.

2.6"
0

m2
x ar-

2.6F
0

200 400 600
DM Boost Factor

Confidence for Model J

, I I I
5000 10000 15000 20000

DM Boost Factor

Figure D-3: Confidence regions for Models G to J.
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D.2 Maximum DM Boost Spectra
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Figure D-5: Spectra for Models A and D at 90% maximum boost limit.
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Figure D-6: Spectra for Models E to J at 90% maximum boost limit.

82

>
U)

C,00

U

a)

(U

0

a)

Qa)

0
0

CL
0
a)

(U

a)
a)

0

0

c
a)

C,0

a(U
0

U:
a)

)

Momentum (GeV)

I 

UltJ

Ivu ·-

w w

Iww



DM Upper Bound for SUSY Model K

Momentum (GeV) (GeV)

Momentum (GeV)

Figure D-7: Spectra for Models K to M at 90% maximum boost limit.

83





Bibliography

[Achterberg et al.(2006)] ACHTERBERG, A. et al. (2006). First year performance of
the IceCube neutrino telescope. Astropart.Phys. 26(3), 155-173.

[Aguilar et al.(2002)] AGUILAR, M. et al. (2002). The alpha magnetic spectrometer
(AMS) on the international space station: Part i - results from the test flight on
the space shuttle. Physics Reports 36(6), 331-405.

[Ahlen et al.(1994)] AHLEN, S. et al. (1994). An antimatter spectrometer in space.
NIM A 350, 351-367.

[Ahmed et al.(2004)] AHMED, S. et al. (2004). Constraints on nucleon decay via
invisible modes from the sudbury neutrino observatory. Physical Review Letters
92(10), 102004.

[Akerib et al.(2006a)] AKERIB, D. et al. (2006a). Limits on spin-independent wimp-
nucleon interactions from the two-tower run of the cryogenic dark matter search.
Phys. Rev. Lett. 96, 011302.

[Akerib et al.(2006b)] AKERIB, D. et al. (2006b). The supercdms proposal for dark
matter detection. NIM A 559(2), 411-413.

[Alcaraz et al.(1999)] ALCARAZ, J. et al. (1999). A silicon microstrip tracker in
space: Experience with the AMS silcon tracker on sts-91. Il Nouvo Cimento
112A(11), 1325-1344.

[Alner et al.(2005)] ALNER, G. et al. (2005). The drift-ii dark matter detector: De-
sign and commissioning. NIM A 555, 173-183.

[Alvisi et al.(1999)] ALVISI, D. et al. (1999). A high resolution, low power time of
flight system for the space experiment AMS. NIM A 437, 212-221.

[Aprile(2007)] APRILE, E. (2007). First results from the xenonl0 dark matter exper-
iment the gran sasso underground lab. Presented at 2007 APS April Meeting.

[Asaoka et al.(2002)] ASAOKA, Y. et al. (2002). Measurements of cosmic-ray low-
energy antiproton and proton spectra in a transient period of the solar field
reversal. Physical Review Letters 88, 051101. [arXiv:astro-ph/0109007].



[Asztalos et al.(2004)] ASZTALOS, S. et al. (2004). Improved rf cavity search for halo
axions. Phys. Rev. D 69.

[Baldini et al.(2001)] BALDINI, L. et al. (2001). The AMS-01 time of flight system.
Presented at the 7th Int. Conf. on Advanced Technology and Particle Physics.

[Baltz & Edsj6(1998)] BALTZ, E. A. & EDSJi, J. (1998). Positron propagation and
fluxes from neutralino annihilation in the halo. Phys. Rev. D 59(2), 023511.

[Barancourt et al.(2001)] BARANCOURT, D. et al. (2001). The AMS-01 aerogel
threshold cherenkov counter. NIM A 465, 306-317.

[Barwick et al.(1998)] BARWICK, S. et al. (1998). The energy spectra and relative
abundances of electrons and positrons in the galactic cosmic radiation. ApJ 498,
779-789.

[Battaglia et al.(2001)] BATTAGLIA, M. et al. (2001). Proposed post-lep bench-
marks for supersymmetry. European Physical Journal C 22, 535. [arXiv:hep-
ph/0106204].

[Battaglia et al.(2004)] BATTAGLIA, M. et al. (2004). Updated post-wmap bench-
marks for supersymmetry. European Physical Journal C 33, 273. [arXiv:hep-
ph/0306219].

[Bertschinger(2006)] BERTSCHINGER, E. (2006). Effects of cold dark matter decou-
pling and pair annihilation on cosmological perturbations. Phys. Rev. D 74,
063509. [arXiv:astro-ph/0607319].

[Binney & Tremaine(1994)] BINNEY, J. & TREMAINE, S. (1994). Galactic Dynam-
ics. Princeton, NJ: Princeton University Press.

[Blandford & Ostriker(1978)] BLANDFORD, R. & OSTRIKER, J. (1978). Particle
acceleration by astrophysical shocks. ApJ 221, L29-L32.

[Blau et al.(2004)] BLAU, B. et al. (2004). The superconducting magnet system of
the alpha magnetic spectrometer AMS-02. NIM A 518(1-2), 139-142.

[Capell & Lebedev(1997)] CAPELL, M. & LEBEDEV, A. (1997). AMS data formats.
AMS Internal Report .

[Carosi(2006)] CAROSI, G. (2006). A Search for Signatures of Dark Matter in the
AMS-01 Electron and Antiproton Spectrum. Ph.D. thesis, MIT, Physics Depart-
ment.

[Choutko(1997)] CHOUTKO, V. (1997). AMS simulation software overview. AMS
Internal Presentation.

[Choutko(1998)] CHOUTKO, V. (1998). AMS trigger during shuttle flight. AMS
Internal Presentation .



[Choutko(1999)] CHOUTKO, V. (1999). AMS proton trigger acceptance study. AMS
Internal Presentation .

[Cristinziani(2002)] CRISTINZIANI, M. (2002). Search for Heavy Antimatter and En-
ergetic Photons in Cosmic Rays with the AMS-01 Detector in Space. Ph.D.
thesis, University of Geneva, Department of Physics.

[de Boer et al.(2005)] DE BOER, W. et al. (2005). Egret excess of diffuse galactic
gamma rays as tracer of dark matter. Astron. Astrophys. 44.

[de Boer et al.(2006)] DE BOER, W. et al. (2006). The supersymmetric interpreta-
tion of the egret excess of diffuse galactic gamma rays. Phys.Lett. B636, 13-19.
[arxiv:hep-ph/0511154].

[Diemand et al.(2005)] DIEMAND, J. et al. (2005). Earth-mass dark-matter haloes
as the first structures in the early universe. Nature 433, 389-391.

[Djouadi et al.(2006)] DJOUADI, A. et al. (2006). Updated constraints on the mini-
mal supergravity model. JHEP 0603, 033.

[Fermi(1949)] FERMI, E. (1949). On the origin of the cosmic radiation. Phys. Rev.
75(8), 1169-1174.

[Gaitskell et al.(2007)] GAITSKELL, R. et al. (2007). Direct detection of wimp dark
matter, sensitivity plots. URL http://dmtools. berkeley. edu/limitplots/.

[Gleeson & Axford(1968)] GLEESON, L. & AXFORD, W. (1968). Solar modulation
of galactic cosmic rays. ApJ 154, 1011-1026.

[Gondolo(2006)] GONDOLO, P. (2006). private communication.

[Gondolo et al.(2004)] GONDOLO, P. et al. (2004). Darksusy: Computing super-
symmetric dark matter properties numerically. JCAP 0407, 008. [arXiv:astro-
ph/0406204].

[Hailey et al.(2006)] HAILEY, C. J. et al. (2006). Accelerator testing of the general
antiparticle spectrometer, a novel approach to indirect dark matter detection.
JCAP 0601, 007.

[Hamel et al.(1997)] HAMEL, L. et al. (1997). A superheated droplet detector for
dark matter search. NIM A 388(1-2), 91-99.

[Hart & Saxion(1984)] HART, J. & SAXION, D. (1984). Track and vertex fitting in
an inhomogeneous magnetic field. NIM 220, 309-326.

[Henning(2003)] HENNING, R. (2003). Search for Antideuterons and Strangelets in
Cosmic Rays with AMS-01. Ph.D. thesis, MIT, Physics Department.



[James(1998)] JAMES, F. (1998). MINUIT: Function Minimization and Error Anal-
ysis. Geneva, Switzerland: CERN Computing and Networks Division, version
94.1 ed.

[Jungman et al.(1996)] JUNGMAN, G. et al. (1996). Supersymmetric dark matter.
Physics Reports 267, 195-373.

[Kamionkowski & Kinkhabwala(1998)] KAMIONKOWSKI, M. & KINKHABWALA, A.
(1998). Galactic halo models and particle dark-matter detection. Phys. Rev. D.
57(6), 3256-3263.

[Kegeman et al.(1991)] KEGEMAN, K. et al. (1991). Extended rotation curves of
spiral galaxies: dark haloes and modified dynamics. Mon. Not. R. Astr. Soc
249, 523-537.

[Kirn & Siedenburg(2004)] KIRN, T. & SIEDENBURG, T. (2004). The AMS-02 tran-
sition radiation detector. NIM A 535(1-2), 165-170.

[Kuhlen et al.(2007)] KUHLEN, M. et al. (2007). GLAST and dark matter substruc-
ture in the milky way. In: The Proceedings of the First International GLAST
Symposium (RITZ, S., MICHELSON, P. & MEEGAN, C., eds.). Feb 5-8, Stan-
ford, AIP.

[Longair(1992a)j LONGAIR, M. (1992a). High Energy Astrophysics. Vol. 1: Particles,
photons, and their detection. Cambridge: Cambridge University Press.

[Longair(1992b)] LONGAIR, M. (1992b). High Energy Astrophysics. Vol. 2: Stars, the
Galaxy and the interstellar medium. Cambridge: Cambridge University Press.

[Maeno et al.(2001)] MAENO, T. et al. (2001). Successive measurements of cosmic-
ray antiproton spectrum in a positive phase of the solar cycle. Astroparticle
Physics 16, 121. [arXiv:astro-ph/0010381].

[Mohayaee & Shandarin(2005)] MOHAYAEE, R. & SHANDARIN, S. (2005). Gravita-
tional cooling and density profile near caustics in collisionless dark matter haloes.
[arXiv:astro-ph/0503163].

[Moskalenko(2007)] MOSKALENKO, I. (2007). private communication.

[Moskalenko & Strong(1998a)] MOSKALENKO, I. & STRONG, A. (1998a). Produc-
tion and propagation of cosmic-ray positrons and electrons. ApJ 493, 694-707.

[Moskalenko & Strong(1998b)] MOSKALENKO, I. & STRONG, A. (1998b). Propaga-
tion of cosmic ray nucleons in the galaxy. ApJ 509, 212-228.

[Moskalenko & Strong(1999)] MOSKALENKO, I. & STRONG, A. (1999). Positrons
from particle dark-matter annihilation in the galactic halo: Propagation greens
functions. Phys. Rev. D 60.



[Moskalenko et al.(2002)] MOSKALENKO, I. et al. (2002). Secondary antiprotons and
propagation of cosmic rays in the galaxy and heliosphere. ApJ 565, 280-296.

[Navarro et al.(1997)] NAVARRO, J. et al. (1997). A universal density profile from
hierarchical clustering. ApJ 490, 493.

[Orito et al.(2000)] ORITO, S. et al. (2000). Precision measurement of cosmic-ray
antiproton spectrum. Phys. Rev. Let. 84, 1078.

[Paige et al.(2003)] PAIGE, F. et al. (2003). Isajet 7.69: A monte carlo event gener-
ator for pp, fpp, and e+e - reactions. [arXiv:hep-ph/0312045].

[Peccei & Quinn(1977)] PECCEI, R. D. & QUINN, H. R. (1977). CP conservation
in the presence of pseudoparticles. Phys. Rev. Lett. 38(25), 1440-1443.

[Roy(2003)] Roy, D. (2003). Higgs and SUSY searches at LHC: An overview. Acta
Phys.Polon. B34, 3417-3440. [arXiv:hep-ph/0303106].

[Sj6strand et al.(2001)] SJ6STRAND, T. et al. (2001). High-energy-physics event gen-
eration with pythia 6.1. Computer Physics Communications 135, 238-259.

[Spergel et al.(2006)] SPERGEL, D. et al. (2006). Wilkinson microwave anisotropy
probe (wmap) three year results: Implications for cosmology. ApJ .

[Stormer(1955)] STORMER, C. (1955). The Polar Aurora. Oxford: Clarendon Press.

[Sullivan(1971)] SULLIVAN, J. (1971). Geometrical factor and directional response
of single and multi-element particle telescopes. NIM 95, 5-11.

[Terning(2006)] TERNING, J. (2006). Modern Supersymmetry. Oxford: Oxford Uni-
versity Press.

[Voit(2005)] VOIT, M. (2005). Tracing cosmic evolution with clusters of galaxies.
Rev. Mod. Phys. 77, 208-252.

[Wess & Zumino(1974)] WESS, J. & ZUMINO, B. (1974). Supergauge transforma-
tions in four dimensions. Nuclear Physics B 70, 39-50.

[Xiao(2007)] XIAO, S. (2007). private communication.

[Yao et al.(2006)] YAO, W. et al. (2006). Review of particle physics. Journal of
Physics G 33(1).

[Zwicky(1937)] ZWICKY, F. (1937). On the masses of nebula and of clusters of
nebula. ApJ 86, 217-246.


