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Abstract

Indirect detection of gamma rays, neutrinos and charged cosmic rays from dark mat-
ter annihilation sheds light on the identity of dark matter and compliments direct
detection and collider dark matter searches. By testing for the annihilation rate
as well as the elastic scattering cross section of dark matter and nucleons, indirect
detection can probe beyond the standard neutralino dark matter candidate. In par-
ticular, annihilation product phenomenology is a tool for the exploration of the dark
matter connection to the neutrino sector. The well-motivated U(1)p_p, extension of
the Minimal Supersymmetric Model (MSSM) naturally includes the neutrino sector
to explain neutrino masses and mixings. Two new B — L dark matter candidates
arise: the right-handed sneutrino and a new neutralino. These each annihilate pref-
erentially into leptons by virtue of the B — L charges. Chapters 3 and 4 show that
the annihilation cross-section in either case can achieve a Sommerfeld enhancement
that fits data from the PAMELA satellite showing an excess in the positron fraction

but no excess in the antiproton spectrum. Chapter 5 demonstrates that the IceCube

vi



neutrino telescope can distinguish the annihilation of the right-handed sneutrino can-
didate into monochromatic neutrinos. In general, final states provide a distinctive
signature that can discriminate among classes of dark matter models. Chapter 6
considers a model-independent study of monochromatic neutrino signals. Even with
the current energy reconstruction capability, IceCube/DeepCore can detect gauge
boson or tau annihilation even in the presence of monochromatic neutrino annihi-
lation given ten years of data. Finally, tau regeneration is found to be a potential

mechanism for differentiating neutrino flavor final states from one another.
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Introduction to Dark Matter



Chapter 1. Introduction to Dark Matter

1.1 Overview

The nature of dark matter is one of the major outstanding questions in modern
physics. The term dark matter was first coined to name a scientific unknown. The
mass calculated from measuring the luminosity of stars and hot gas does not equal the
observed total mass of galaxies and galaxy clusters. The difference earned the name
dark matter, whatever that non-luminous matter in galaxy clusters and galaxies
might be. Precise measurements of the Cosmic Microwave Background (CMB) now
reveal that about 24% of the energy density of the universe must be non-baryonic,
comprised of some cold, pressureless matter that does not interact with or produce
light the way that familiar matter does [5]. The CMB indicates that this mysterious
matter is five times as prevalent in the universe as baryonic matter, and yet there
is not a satisfactory explanation of what dark matter actually is. In other words,
physics has no explanation for roughly five out of every six units of matter in the

universe.

The search for an explanation of dark matter presents a mesmerizing contrast of
physical length and time scales. The search is informed both by measurements of
galaxy cluster masses (10?2 m across) and the temperature map of quantum fluctua-
tions that imprinted themselves on the universe thirteen billion years ago.! But while
the evidence for dark matter comes from large-scale gravitational measurements, it
ultimately points toward a particle explanation of the excess of non-luminous matter.
The largest scales and oldest times of the universe suggest searches for the heaviest

(1TeV) and smallest (1072* m) particles yet discovered.

While the total mass of non-baryonic dark matter in the universe has been mea-
sured by observing the Comsic Microwave Background, the mass of an individual

dark matter particle is still unknown, and the range of possible candidates extends

LAt the time of the Comsic Microwave Background, the universe was about the size of
an atom.
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from 107% eV (axions) to several solar masses (primordial black holes). Supersymme-
try, a well-motivated particle theory, independently predicts the existence of a stable
particle that interacts weakly with light and could explain the observed abundance
of dark matter. This dissertation focuses on the weak scale mass range (~ 100 GeV

to a TeV), the range at which new physics beyond the Standard Model is expected.

Physicists hope to confirm the existence of particle dark matter in the lab. Recent
experiments have placed tantalizing constraints on dark matter properties in the mass
range indicated by supersymmetry and nearing astrophysically expected annihilation
rates, further motivating this research. This dissertation joins major efforts in the
field of particle phenomenology to predict values for the strength with which dark
matter interacts with standard model matter and to explain experimental indications

of the frequency with which DM self-annihilates or decays.

When two dark matter particles annihilate, the energy of their mass (E = mc?)
goes into the creation of new particles. The indirect detection of dark matter seeks to
detect Standard Model annihilation products and deduce properties of dark matter
from the observed properties of the annihilation products. This dissertation studies
the phenomenology from three types of standard model particles produced in such

annihilations: gamma rays, charged cosmic rays and neutrinos.

Before discussing the phenomenology associated with these annihilations, we shall
seek to establish the persuasive evidence for the existence of dark matter and motivate
why Weakly Interacting Massive Particles (WIMPs) are the leading dark matter

candidates.
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1.2 Why do we know Dark Matter exists?

The evidence for dark matter is well established and comes from measurements with
independent and unrelated uncertainties and from a variety of length scales and times
in the universe. Together this evidence creates a solid argument for the existence of
non-baryonic dark matter, comprising almost a quarter of the energy-density of the

universe.

1.2.1 Galaxy and Galaxy Cluster Rotation Curves

The most direct evidence for dark matter comes in the form of rotation curves tracing
the velocity of stars or gas as a function of radius from the center of a galaxy.
Velocities can be measured by calculating the redshift or blueshift of the emission
lines from either the star or the 21-cm emission line in the case of neutral hydrogen
gas. Simple Keplerian dynamics can then be used to calculate the expectated velocity
by demanding that stars and gas be gravitationally bound to the galaxy, i.e. that

the rotational velocity be generated by the gravitational force from the mass of the

galaxy.
mu? GM (r)m
- = (1.1)
v o= /M (1.2

where M(r) is the mass inside of radius r. A typical rotation curve is shown in
Fig. 1.1, where the expected velocities are calculated by treating the stars and gas
as black-body radiators, and calculating mass from luminosity. The luminous mass
of stars and gas in the disk does not equal the total mass needed to support the high

gas velocities measured.
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2UC||||-|—I||||E||J|

NGC 6503

Vg (km 87"}

1] 10 20 30
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Figure 1.1: A typical spiral galaxy rotation curve for NGC 6503. The dashed line
represents the visible components of a sample galaxy, the dotted line the gas contri-
bution and the dash-dotted line the dark halo mass contribution [6].

That is, while the expectation is that the velocity curve should fall off oc 1/4/r
beyond the optical disk of the galaxy, instead the observations show a flat rotation
curve, which in turn indicates that a dark halo of mass M(r) o r gravitationally
supports fast gas velocities. Typical galaxy mass-to-light ratios range from a few up
to ten or so, while dwarf spheroidal galaxies, gravitational companions to the Milky
Way galaxy, boast ratios of 30 to a few hundred M /Ly and are therefore composed

predominantly of dark matter.

1.2.2 Galaxy Clusters: Gravitational Lensing

Astronomy provides another direct method of measuring the mass of galaxy clusters.
Light that propagates from a distant source to observers on earth will be bent and
distorted by the presence of intervening matter, which warps space in accordance
with Einstein’s general relativity. Strong lenses appear as multiple images of a single
source, whereas weak lensing only distorts a single source shape. The extent and

correlation of the distortion of the shapes of these background sources can be used
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Figure 1.2: Distorted galaxies appear as arcs around galaxy cluster Abell 1689. Weak
lensing reveals dark matter’s contribution to the total mass of the cluster [7].

to calcualte the total intervening, lensing mass between the observer and a source.
A classic example is shown in Fig. 1.2, a large galaxy cluster that lenses galaxies
behind it. Weak lensing analysis reveals that dark matter contributes significantly

to the total mass of the cluster.

1.2.3 Galaxy Cluster: The Bullet Cluster

The discrepancy in rotation curves between the mass deduced from gas and star lumi-
nosity and the total mass that must be present to support rotation was first observed
in galaxy clusters by Fritz Zwicky in 1933 [8]. That a substantial portion of the mass
in galaxies and clusters is non-luminous presents a major puzzle. Considering that
rotation curves for clusters represent the largest scale test of the gravitational theory,
some theories called for a modification of gravitational laws themselves rather than

an introduction of dark matter. These theories were significantly challenged by a
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critical piece of evidence from the Bullet Cluster.

Figure 1.3: In the left panel, an overlay of mass contours from weak lensing on an
optical image of the bullet cluster. In the right panel, the mass contours do not align
with the X-Ray image of hot gas, showing a separation of baryonic hot gas from
collisionless dark matter; from [10].

The Bullet Cluster consists of two galaxy clusters: a smaller one, the “bullet,”
that has shot through and exited a larger cluster. The result is a shock wave of
suddently decelerated, hot gas, the X-rays of which were observed in 2001 [9]. In-
terestingly, weak lensing observations indicate that the mass of the galaxy clusters
remains unaffected by the friction of the gas that underwent the shock but rather
has passed through in a collisionless manner [10]. The separation of the baryonic gas
and the weak lensing is shown in Fig. 1.3. Simulations have shown that the collision
of dark matter and baryonic galaxy clusters would result in this configuration [11].
The Bullet Cluster shows clearly that dark matter must be collisionless and can be
physically separated from baryonic gas. Modified gravitational theories are stretched

to account for these observations.
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1.2.4 Cosmic Microwave Background

While the evidence presented thus far indicates the existence of collisionless, non-
luminous matter in halos around galaxies and in galaxy clusters, the Cosmic Mi-
crowave Background provides an opportunity to calculate the total amout of dark
matter present in the universe and shows that this matter is in fact non-baryonic in

addition to being non-luminous and collisionless.

At early times after the Big Bang, the universe was so hot and dense that pho-
tons could only go short distances before being absorbed or deflected by a charged
particle. As the universe cooled and expanded, eventually photons could free-stream
without scattering on charged particles. This surface of last scattering produced a
Cosmic Microwave Background (CMB) of photons of practically uniform tempera-

ture, Fig. 1.4.

Figure 1.4: All sky seven-year temperature map from the Wilkinson Microwave
Anisotropy Probe (WMAP) [12].

By correlating the angular size of temperature regions on the CMB sky, we can
map the CMB power spectrum Fig. 1.5. These angular regions correspond to the
distances over which photons had the opportunity to expand or contract. In the

early universe, as gravitational structure was being created, baryonic matter that
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Figure 1.5: Power spectrum of the CMB, which maps the frequency of multipole
moments that correspond to angular scales [13].

was attracted into gravitational wells would experience a pressure from photons:
photons were exchanged between the matter in the well and the in-falling matter.
The in-falling baryons could be prevented from creating gravitational structure; thus,
photons act to erase anisotropies in structure and act in competition with the gravi-
tational attraction of baryonic matter. This acoustic oscillation allows us to associate
the first peak of the CMB with the first compression of matter into gravitational wells
and measure the curvature of the universe. The second peak gives a measurement of
the first expansion of matter and therefore the total baryonic matter, and the third
peak can be used to infer the total amount of dark matter. From the CMB we can

deduce that roughly five times as much dark matter exists as baryonic matter.

Furthermore, big bang nucleosynthesis (BBN) buttresses the observations of the
CMB. Predicting the primordial abundance of light elements produced in the first
few moments after the Big Bang depends heavily on the ratio of baryons to photons,
which can be translated to a total number of baryons available for nucleosynthesis,

see Fig. 1.6. The observations of light elements match well with the predictions and
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therefore support the total baryonic density measured by the CMB.

0.005 0.01 0.02 0.03

0.26

0.25
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Figure 1.6: The observed primordial elemental abundances shown in boxes with two
sigma error. Predicted abundances trace through these boxes and align with the
observed value of Qh? from WMAP7 [14].

10



Chapter 1. Introduction to Dark Matter

1.2.5 Large Scale Structure

Thus, dark matter is not just non-luminous; it is also non-baryonic. It cannot ex-
perience pressure via the exchange of photons with the same strength as baryonic
matter. This key lesson from the CMB is emphasized in simulations of large scale
structure (LSS). At early, hot and dense times in the universe, the pressure in-falling
baryons feel from photons would be extreme enough to prevent the formation of
gravitational structures. This would retard the development of large scale structure
by about a factor of ten compared to observations of the density of clusters and
superclusters. Comparatively, non-baryonic dark matter interacts weakly with light
so that dark matter decouples from photons and forms gravitational wells earlier.
Later, when the universe continues to cool, baryons also decouple from photons and
can join the gravitational structure dark matter has already created. A sketch of the
growth of density perturbations due to the early de-coupling of dark matter appears
in Fig. 1.7. The important lesson from large scale structure is that the observed
extreme gravitational densities in the universe, such as superclusters, could not be
explained by structure growth from baryonic gravitational wells. Instead, structure
must be formed earlier, by a gravitational particle that interacts weakly with light,
while baryons are still prevented from gravitationally clumping by the pressure of

photons.
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Figure 1.7: Density perturbation growth as a function of time [15]. Weakly Interact-
ing Massive Particles (dark matter particles) decouple from photons at early times,
creating gravitational structure well before baryons could. Baryons feel pressure from
photons that prevent them from participating in the development of structure until

later times.
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1.3 What could dark matter be?

The search for a non-luminous, non-baryonic dark matter candidate seeks to provide
a satisfactory explanation for all the current evidence. Many suggested candidates
meet some but not all of the evidential demands. The majority of the field has elected
to seek a single explanation for all of these phenomena, and we take this approach.
However, it is possible that, for example, several dark matter candidates contribute
to the total dark matter density indicated by the CMB. In this section, we explore

some rejected as well as some viable dark matter candidates.

1.3.1 Modified Newtonian Dynamics

Since all of the observations of dark matter stem from its gravitational interactions,
one may wonder whether a simple modification of the laws of gravity may explain
the existing evidence. After all, as mentioned in Section 1.2.3, observations of rota-
tion curves of galaxies and clusters are one of the largest-scale tests of gravity and
therefore would be sensitive to even small deviations from Newtonian gravity. It is
conceivable that at small length scales the gravitational force takes a form other than
F o« 1/r?. In fact, the gravitational force has been tested to just under millimeter
length scales, but not lower, allowing for terms in the gravitational potential o< In(r).
This form of the potential can successfully reproduce the flat rotation curves observed

and was first suggested in 1983 [16].

Modified Newtonian Dynamics (MOND) gained some popularity as it avoided
directly introducing new and unobserved particles. However, it is worth noting that
any mathematical expression for force ultimately originates in the interactions of
particles in the manner seen already for electromagnetism, the weak and strong
force in quantum field theory. Thus, MOND does introduce additional degrees of

freedom in postulating a new form for the gravitational potential.
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Figure 1.8: Upper limits placed on the fractional contribution of MACHOs to the
halofrom MACHO, OGLE and EROS [17].

Ultimately, MOND has difficulty reproducing the dynamics observed in the bullet
cluster and similar merging galaxies and cannot aid in explanations of early cosmo-
logical evidence for particulate non-baryonic dark matter, such as the CMB, LSS
and BBN. While some continue to pursue MOND | it cannot provide a satisfactorily

simple explanation for the entirety of the evidence.

1.3.2 Massive Compact Halo Objects

A portion of the dark matter halo density could come from dark matter halo com-
pact objects, or MACHOSs, such as black holes, neutron stars, faint old white dwarfs,
brown dwarfs, planets or other objects that would contribute to gravitational evi-
dence such as rotation curves, lensing and bullet cluster measurements. MACHOs
can be detected by looking for microlensing events where a background star temporar-
ily brightens as a foreground MACHO moves between the source and the observer.
Diffuse dark matter would not produce such lensing events. The Optical Gravita-
tional Lensing Experiment (OGLE), EROS and MACHO [17, 18] searched for such
events in the Large and Small Magelllanic Clouds. Limits to the total contribution

to the dark matter halo are shown in Fig. 1.8.
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Thus, MACHOs cannot wholly explain the dark matter halo mass observed
through galactic rotation curves. Nor can MACHOs be the sort of particulate dark
matter that forms gravitational structure earlier than baryons and adds a purely
gravitational contribution to the photon-baryon coupling seen in the CMB angular
power spectrum. In other words, both the CMB and LSS still call for non-baryonic

dark matter.

1.3.3 Standard Model Neutrinos

A natural candidate dark matter particle might be the Standard Model neutrino.
Besides the virtue of being a known particle, the neutrino also neatly fits the require-
ment for weakly interacting with light.? Furthermore, neutrino oscillations among
electron, muon and tau flavors demonstrate that neutrinos have non-zero mass and

non-zero mixings.

Simplistic upper bounds on the total mass contribution from neutrinos can be
computed by combining the upper-bounds on m,;. < 2eV produced in tritium S-decay

experiments [19] and the CMB bound on the sum of the active neutrino masses:

Q, Xm, xm,
A L iy
Q. 930,,h2 eV leV '’

(1.3)

see [20] for details. Thus, neutrinos only account for approximately half of the total
matter content of the universe, whereas dark matter must provide more than eighty
percent of €2,,. Next generation tritium decay experiment KATRIN will push the
upper limit down an order of magnitude further. A table of even more stringent

bounds from astrophysical evidence is shown in [20].

There is another drawback to Standard Model neutrino serving as dark matter.

2 As a neutral particle, neutrino-photon interactions are suppressed by loop diagrams or
by Brehmstrahlung radiation after charged current interactions.
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Neutrinos can free-stream distances d ~ T, /(m, H), where T and m are the temper-
ature and mass of the neutrino and H is the Hubble rate. Neutrinos cannot clump at
distance scales smaller than the co-moving scale d/a and thus produce a power spec-
trum fall-off at about 40Mpc (m,/30eV) [19, 20]. In other words, neutrinos act to
erase smaller structure and fall into the hot dark matter category [21]. Thus, larger
structures in the universe would have developed early and smaller structures later,
whereas the Milky Way is in fact older than the Local Group [22]. All indications

show that familiar neutrinos cannot be the sole bearer of the dark matter moniker.

1.3.4 Promising candidates: sterile vs, axions, WIMPs

Having established those candidates that cannot wholly explain dark matter, a few
viable, theoretically well-motivated candidates remain including sterile neutrinos,

axions and WIMPs.

Introducing right-handed neutrinos to the Standard Model provides a mechanism
to generate the light neutrino masses. Right-handed neutrinos have no coupling
to the standard model W and Z gauge bosons and would therefore be effectively
sterile other than any mixings with the left-handed neutrinos. Dodelson and Widrow
proposed that sterile neutrinos can act as the dark matter in 1993 [23]. Sterile
neutrinos can decay through their mixings with standard neutrinos and therefore

must evade some cosmological bounds [24].

Another theoretically compelling dark matter candidate is the axion. The Peccei-
Quinn solution to the strong CP problem introduces a new global U(1) symmetry the
dynamical breaking of which produces a pseudo-Nambe-Goldstone boson, the axion.?

Axions are predicted to have a mass between 107¢ and 1 eV. Nevertheless, axions are

3Dynamical symmetry breaking explains the lack of CP-violating terms in the QCD
Lagrangian which are otherwise allowed.
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produced out of equilibrium and thus may remain non-relativistic and constitute cold
dark matter in sufficient quantities; see [25] for a review. The ADMX experiment
has recently placed limits on the axion to photon coupling through an RF cavity

search [26].

This is not a complete list of viable candidates: for a summary of WIMPzillas,
primordial black holes and other exotic models, see e.g. [19]. However, the most
popular solution to the dark matter problem remains the Weakly Interacting Massive

Particle (WIMP), which will be the focus of the remainder of this dissertation.
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1.4 Weakly Interacting Massive Particles

WIMPs experience gravitational interactions and have weak scale masses, between
100 GeV and 10 TeV or so. A number of different theories indendently include
such weak scale particles since this is the mass scale at which new particles may
explain the mass of the top quark. For example, supersymmetry (SUSY) introduces
a supersymmetric partner or sparticle for each Standard Model particle. SUSY
solves the Hierarchy Problem through radiative corrections for masses that include
both particles and sparticles, thus neatly canceling the previously divergent terms
that are proportional to In(A), where A is the scale of new physics?, see Fig. 1.9.
The expected scale of the new supersymmetric particles will naturally fall near the
top mass and motivates the energy range probed by the Tevatron and now the
Large Hadron Collider (LHC). WIMP mass ranges are of natural interest in searches
beyond the Standard Model and are also of natural interest to the dark matter
problem through the mechanism of the the WIMP Miracle.

1.4.1 Relic Density of WIMPs

The so-called WIMP miracle shows how a particle with a weak-scale mass and cou-
pling will naturally produce the relic density of dark matter observed by WMAP.
A particle species in chemical equilibrium will come to freeze out at a particular
relic-density that can be calculated by solving the Boltzmann equation. Initially, the
particle in equilibrium will annihilate and be created at equal rates, maintaining a

constant co-moving density since

ETy\ 22
nx(t) « (—X> e~HT/mx (1.4)
mx

45,2 Api_ d* 2
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Figure 1.9: Corrections to the Higgs Mass involving the top quark and squark ex-
actly cancel divergent contributions, solving the Hierarchy Problem and motivating
supersymimetry.

and the universe at early times expands with a scale factor proportional to 7°/2.
A simple way to think of this is that the universe is hot enough to ensure that
the kinetic energy of annihilations are enough to produce the species with mass
myx << T. However, as the universe cools, eventually the temperature falls below
the relevant mass, and the Boltzmann exponential suppression turns on. Particles
can only annihilate and are no longer likely to be created. Finally, the expansion of
the universe outpaces the exponentially falling annihilation rate.® In other words,
the universe has become so sparse that particles can no longer find one another to
annihilate. The relic density of the particle species has frozen in, to remain the same

through today. This chronology is illustrated in Fig. 1.10.

A back of the envelope calculation shows the expected annihilation rate, recalling
that freeze-out occurs when the annihilation rate for WIMPs approximately equals

the Hubble rate:

°During matter and radiation dominated epochs the Hubble rate H(t) is a power law
in temperature H(t) oc T".
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Fig. 5.1: The freeze out of a massive particle species. The dashed line is the acti
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Figure 1.10: Schematic of comoving density over time for a particle species. Species
begin in equilibrium but are Maxwell-Boltzmann suppressed until freeze out. Higher
annihilation rates result in lower relic densities [15].
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Here we use the numerical solution for the Boltzmann equation freeze-out "13—; ~ %.
Inserting the WMAP value for Q¢pys, we discover that we should expect a WIMP
annihilation rate of 3 x 10726 ¢m?/s, exactly the scale expected for weak interactions,

a WIMP miracle.® Thus, both theoretical particle considerations and cosmological

6A few caveats to the WIMP miracle. Relic density only applies for species in equilib-
rium: it is possible to produce particles non-thermally. So-called WIMPless miracles have
also been proposed [27].
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Figure 1.11: Possible supersymmetric channel for proton decay that is forbidden
when R-parity is imposed.

measurements align and motivate an exploration of the weak scale.

1.4.2 WIMPs as Lightest Supersymmetric Particles

WIMPs must be stable or very long lived to explain both the density of dark matter
at freeze-out measured by the CMB and the density of the Milky Way halo today.
Interestingly, early in the history of supersymmetry it was realized that protons could
decay through a squark s-channel too readily compared to experimental bounds on
the proton lifetime, Fig. 1.11. However, if an R-parity symmetry R = (—1)2s35+L

were imposed, the quantity 2s 4+ 3B + L would be conserved according to Noether’s

theorem. Consequently, such proton decays would be forbidden.

The implication for supersymmetric dark matter is that the form of R requires
that any interaction have an even number of supersymmetric particles enetering
and exiting the interaction or an odd number entering and exiting. Thereofore,
two supersymmetric particles may annihilate and produce Standard Model particles
or one supersymmetric particle may decay into another. Therefore, the lightest
supersymmetric particle (LSP) is kinematically forbidden from decaying. Motivated

by protecting the lifetime of the proton, a natural WIMP candidate emerges in the
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LSP. The method of breaking supersymmetry determines the nature of the LSP,
which may be a sneutrino (spin-0), neutralino (spin 1/2), gravitino (spin 3/2) or
axino (spin 0).

Each of these LSPs have distinct phenomenology determined by the particulars
of a SUSY model, but all provide viable explanations to the dark matter problem.
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1.5 How do we detect WIMPs?

Exciting prospects exist for the detection of many dark matter candidates, including
axions, sterile neutrinos and some LSP WIMPs. Experimentalists hope to confirm
in the laboratory the particle nature of dark matter. To do so will require observing
the interaction of dark matter with standard matter. Experiments fall into three

detection methods: colliders, direct and indirect detection.

1.5.1 Colliders

The Large Hadron Collider collides protons at a center-of-mass energy of 14 TeV.
These collisions may be energetic enough to produce supersymmetric particles. The
sparticles would undergo rapid decay until the LSP was produced. The stable LSP
WIMP candidate would then exit the detector without interacting. Its presence
could then be reconstructed by calculating the missing energy from the products of
the collision. This missing energy corresponds directly to the mass of the WIMP.
Unfortunately, many models produce missing energy in colliders, so other forms of
detection will be needed to confirm the WIMP mass measurement and to confirm
the astrophysical role of any particle that provides a missing energy signal. Channels

of new physics constrained by colliders are model dependent and outlined in [19].

1.5.2 Direct Detection & Neutrino Telescopes: Elastic Scat-

tering Cross Section Limits

Direct detection experiments use a target of gas (noble liquid detectors, e.g. ZEPLIN,
XENON, DEAP, ArDM, WARP, LUX) or crystal (cryogenic detectors, e.g. CDMS,
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Figure 1.12: Recent upper bounds on the WIMP-nucleon spin-independent elastic
scattering cross section from [28].

CRESST, EDELWEISS, EURECA) to look for energy deposited when a local 7
WIMP scatters elastically off of a nucleon in the target. Detectable signals can
include ionization, scintillation, phonons or nucleation of bubbles. These experiments
are low or no-background experiments and must operate underground, with shielding
and clean environments to ensure no false signals from cosmic rays and radioactive
impurities in gases. Annual modulation experiments such as DAMA /LIBRA look
for changes in the interaction rates as the earth is moving in the same or opposite
direction as the sun around the galaxy (and thus decreasing or enhancing the WIMP-
nucleon rate). Directional dark matter searches use a Time Projection Chamber to
look for changes during the course of the day as the laboratory aligns with or away
from the direction in which the sun is traveling. The advantage of directional searches

is that they can isolate a signal from an isotropic background.

In all cases, the experiments place limits on the WIMP-nucleon elastic scatter-

"There is approximately one WIMP in a volume the size of a coffee cup. The challenge
is to detect it!
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Figure 1.13: Recent upper bounds on the WIMP-nucleon spin-dependent elastic
scattering cross section from [28].
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Figure 1.14: Recent upper bounds and future sensitivities of neutrino telescopes [29].

ing cross section detection. In general this cross section has both spin-dependent
and spin-independent components. The best spin-independent limits are shown in
Fig. 1.12. The best spin-dependent limits are actually reached by neutrino tele-
scopes such as IceCube and Super-Kamiokande as long as the WIMP population
that becomes gravitationally captured in the sun and earth comes to equilibrium.
See Chapter 5 for an explanation of how these limits beat those of direct detec-

tion searches with high spin targets such as COUPP and Picasso. Recent limits
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on ogpvs.m are shown in Fig. 1.13 and projected IceCube sensitivities in Fig. 1.14.
The phenomenology of discovery and discrimination of dark matter candidates using
neutrino telescopes to limit scattering cross sections is discussed in Chapters 5 and

6 of this work.

1.5.3 Indirect Detection: Annihilation Cross Section Limits

Indirect detection searches look for evidence of the annihilation of dark matter. An-
nihilation products can include charged cosmic rays such as positrons, gamma rays
and neutrinos. Detecting any of these annihilation final states signals is made more
difficult by the challenge of understanding the expected astrophysical background.
Detection and discovery of dark matter through indirect detection relies on the anal-
ysis of the flux of standard model particles through a telescope or detector. Typically

this signal is displayed as a function of energy and is referred to as a spectrum.

Chapter 2 addresses gamma ray indirect detection. While dark matter cannot be
charged and cannot interact directly with light, if it annihilates and produces charged
particles, those particles will emit gamma rays through synchrotron emission and
Brehmmstrahlung radiation. The gamma ray telescope Fermi has been able to place
upper bounds on the gamma rays produced by dark matter annihilation by doing a
composite analysis of dwarf spheroidal galaxies, which have high dark matter content
and relatively low astrophysical gamma ray background [31] (Fig. 2.4). Interestingly,
dark matter can also produce monochromatic light through a loop diagram Fig. 1.15,
and Fermi has also placed the most competetive bounds on these lines in the energy

spectrum [30] (Fig. 2.2).

In 2009, PAMELA reported an excess of positrons and no excess of anti-protons;
this data could be interpreted as annihilating dark matter. PAMELA data moti-
vated the work of Chapters 3 and 4, which focus on the phenomenology of charged
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Figure 1.15: Dark matter annihilation can produce monochromatic gamma rays
through a loop diagram.

cosmic rays, Fig. 1.16. Fermi, built fundamentally as a gamma ray telescope, put
its tracker to creative use and placed meaningful constraints on the flux of positrons

and electrons out to a region of a few kiloparsecs, Fig. 1.17.
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Figure 1.16: Measured flux of positrons and anti-protons compared to predicted
astrophysical background. [32, 33].

Neutrino telescopes such as IceCube and Super-Kamiokande can also place limits
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Figure 1.17: Fermi electron and positron energy spectra [34].

on the annihlation rate of dark matter particles by looking at the galactic center,
rather than the equilibrated populations of WIMPs in the sun and earth. Recent

bounds are shown in Fig. 1.18.
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Figure 1.18: IceCube neutrino telescope upper bounds on the annihilation cross
section looking toward the galactic center [35].
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1.5.4 Detection Complimentarity

Ultimately, all three detection methods will inform our search for WIMPs and the
nature of the WIMP-standard matter interactions in three different directions as
shown in Fig. 1.19. Mass constraints from colliders may be compared to those from
direct and indirect detection experiments. Direct detection experiments may confirm
the existence of a particulate dark matter halo, and any scattering cross section will
have implications for the scale of fine structure in dark matter halos as discussed
in Chapter 2. Indirect detection experiments are already beginning to probe the
annihilation rates predicted by the relic density seen by the CMB. This dissertation
thus stands as a small part of the ongoing effort to predict the phenomenology of
theoretically relevant models and understand the emerging evidence from indirect
detection searches.

thermal freeze-out (early Univ.)

indirect detection (now)
——

DMXS“
DM SM
i
production at colliders

direct detection

Figure 1.19: Collider, direct detection and indirect detection experiments probe dif-
ferent aspects of dark matter interactions with standard matter. Colliders are ex-
pected to measure dark matter mass as missing energy. Direct detection experiments
measure the WIMP-nucleon scattering strength, while indirect searches look for the
products of WIMP annihilation.
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1.6 Signals Beyond the Simplest Supersymmetric
Dark Matter

To successfully detect a signal from dark matter annihilation, the signal must be
statistically significant above the astrophysical background. The annihilation signal
contains a degeneracy: the rate of dark matter annihilation and its density both
increase the detection rate of annihilation products. The assumptions made in this
dissertation concerning dark matter density and some ways that this may be con-

strained in the future are discussed in Chapter 2.

Chapters 3 and 4 consider an augmentation to the mathematically well-motivated
framework of supersymmetry, a leading candidate for describing particle physics be-
yond the Standard Model. Extending the Minimal Supersymmetric Model (MSSM)
by adding the gauged Ug_; symmetry explains the presence of neutrino masses and
mixings. These chapters explore the rammifications of the two new dark matter can-
didates in the model: the right-handed sneutrino and a new neutralino. Unlike other
candidates, if the right-handed sneutrino acts as the lightest supersymmetric particle
(LSP), it has zero spin and carries lepton number. Either of these candidates can
experience Sommerfeld enhancement during annihilation and can correctly match
the rate and kind of annihilation evidenced by PAMELA. In 2008, the PAMELA
experiment observed a rise in the positron energy spectrum in the nearby region a

few kiloparsecs in radius.

Chapter 5 demonstrates the feasibility of a discovery detection of right-handed
sneutrino dark matter using IceCube/DeepCore. This work is extended more gener-
ally to any dark matter model in Chapter 6 in a discussion that moves beyond dark
matter discovery to the challenge of distinguishing among dark matter annihilation
signals that include a monochromatic neutrino signature. IceCube/DeepCore was

completed in late 2011 and will place the leading constraints on the spin-dependent
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dark matter-nucleon scattering cross-section in the next year.

This dissertation explores a parameter region indicated by supersymmetric the-
ory for which experiments are producing ever tighter and astrophysically relevant
constraints. In the context of acknowledged uncertainties surrounding dark mat-
ter density and velocities that may be well constrained soon, we present a possible
dark matter explanation for observed signals in the charged cosmic rays and seek
to explore the limits of what dark matter properties may be observed through the

neutrino annihilation signal.
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Chapter 2. Gamma Ray Annihilation Signature

2.1 Fermi Gamma-ray Telescope

The Fermi satellite, launched in 2008, provides an unprecedented resolution in

gamma rays and a factor of thirty improvement in sensitivity compared to its prede-
cessor EGRET, which recorded the gamma ray sky up to 10 GeV. In contrast, the
Fermi Large Area Telescope (LAT) is sensitive from a few tens of MeV to more than
300 GeV with a greater than 2 steradian field of view. A recent map of the gamma

ray sky in this energy range is shown in Fig. 2.1.

NASA'’s Fermi telescope reveals best-ever view of the gamma-ray sky

Credit: NASA/DOE/Fermi LAT Collaboration

Figure 2.1: Fermi’s view of the gamma ray sky.

Fermi delivers the unique capability of highly constraining dark matter (DM)
annihilation to gamma rays. While dark matter cannot strongly couple to (emit)
photons in order to produce observed rotation curves, the CMB or LSS, DM an-
nihilation may still couple weakly to light and produce a detectable gamma ray
phenomenology. In particular, annihilation can produce high energy charged cosmic
rays. These charged particles will spontaneously emit photons via Bremsstrahlung

radiation, and they will also interact with magnetic fields in the galaxy and produce
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gamma rays through synchrotron emission. As mentioned briefly in the introduction,
DM may even annihilate to monoenergetic gamma rays directly via coupling to other
particles. In this case the gamma rays would be the same energy as the DM mass
and would provide a direct measurement of this mass and a possible confirmation
of any missing energy from collider searches. While this coupling is expected to be
suppressed by many orders of magnitude in a one-loop diagram (see Fig. 1.15), the
unique monochromatic spike in the gamma ray spectrum would provide a smoking
gun signature of DM models. The limits derived for DM annihilation to v from
the current data are shown in Fig. 2.2. Note that similar limits are obtained by the

Fermi collaboration for monocrhomatic annihilation to vZ via a similar loop.
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Figure 2.2: Upper limits on dark matter annihilation to v under the assumption of
three dark matter profiles [30].

The total gamma ray integrated flux expected depends on astrophysical and
quantum properties of the dark matter, including the annihilation rate, dark matter
mass and density. Additionally, energy thresholds and cuts, angular cuts, detector
energy and angular resolution and the astrophysical background all play a pivotal
role in determining the sensitivity of an experiment to dark matter parameters. The

total integrate flux can be schematically caluclated:

% (L) i)
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oM dN, AQ)
X (/E <d__E"YAeff<E)dE)) ETemp . (21)

This depends on the angular acceptance of the detector €2 and exposure time 7.4,
but ignores concerns such as the energy reconstruction error. We address the impact

of reconstruction error in the case of neutrino telescopes in Chapter 6.

Critically, limits on dark matter properties such as annihilation rate (ov), in the
case of traditional indirect detection experiments, and elastic scattering cross section,
in the case of neutrino telescopes, are derived by analyzing the energy spectrum or

integrated flux of annihilation products.

In general, Fermi can place constraints on the DM annihilation rate by observing
gamma ray sources in various parts of the sky including the galactic center, dwarf

spheroidals, extragalactic signals and the galactic halo diffuse flux, see Fig. 2.3.

Some of the tightest constraints come from a composite analysis of all dwarf
galaxy subhalos and currently place a limit on DM annihilation to final states such
as taus, Ws or bottom quarks just above the natural scale of annihilation expected
for thermally produced weak scale particles [30], Fig 2.4. The dwarf spheroidal
analysis benefits from the relatively low gamma ray background in these satellite

subhalos of the Milky Way that have order-of-magnitude mass-to-luminosity ratios

0(100 My /Ls).

Since annihilation is proportional to density squared as in equation 2.1, the galac-
tic center is a natural place to search for a strong signature from dark matter. Anal-
ysis in the galactic center is complicated by the fact that there is some significant
dispute about how cuspy the inner radial profile of the DM halo is. The Navarro
Frenk and White profile is infinite at the center,

plr) = —"— (2.2)

T T 27
&=(1+%)
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Figure 2.3: Searches for dark matter annihilation in the galactic center benefit from
high dark matter density but suffer from background source confusion. Some of the
tightest constraints on annihilation rate currently come from low background dwarf
spheroidals (Milky Way satellites). Fermi has also placed limits on annihilation
rates from the diffuse gamma rays and extragalactic sources such as galaxy clusters.
Picture from Dr. Eduardo do Couto e Silva, Deputy Manager of Fermi’s Large Area
Telescope (LAT) Instrument Science Operations Center.
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Figure 2.4: Dwarf spheroidal derived upper bounds on annihilation cross section
based on annihilation final state [31].
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where R, and py are parameters that can be fit to each halo. The Einasto profile fits

DM N-body simulations well with a flat center instead

p(r) < exp (—Ar?) , (2.3)

where « determines the curvature of the profile. Not knowing this profile leads to

order of magnitude uncertainties in calculating the flux from annihilating DM.

Additionally galactic center DM searches face the challenge of understanding all
the other astrophysical sources of gamma rays near the center, including pion de-
cays produced from charged cosmic ray collisions with gas and the inverse Compton
scattering of electron charged cosmic rays off of photons from, e.g. the CMB. Ad-
ditionally, the Milky Way’s supermassive blackhole may contribute substantially to
the gamma ray spectrum in the energy range of interest for WIMPs. This source
confusion has made analysis of the galactic center difficult and has cast doubt on
recent fits to the galactic center signal that claims a departure from the background
that could be explained by 7—10 GeV DM [36]. This problem with the galactic cen-
ter illustrates precisely why a spectral monochromatic feature would be so fruitful:

such a feature would be difficult to emulate astrophysically.

Fermi has observed a diffuse haze of gamma rays towards the Galactic center ex-
tending roughly fifty degrees [37]. This haze is consistent with a population of gamma
rays upscattered from a population of hard electrons via inverse compton scattering.
Recent analysis shows that the WMAP haze can be explained by the same popula-
tion of electrons from the Fermi haze now producing synchrotron radiation in the
microwave. While a standard spherical halo and isotropic cosmic ray diffusion cannot
create these signals via annihilating dark matter, a prolate halo, anisotropic diffusion
of electrons along magnetic field lines and an enhancement from a modification of
the velocity dependence of the annihilation cross section together can match the sig-

nal [38]. The Fermi haze motivates a more careful look at assumptions surrounding
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the halo profile as well as the velocity dependence of the annihilation cross section.
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Figure 2.5: Left panel: From the diffuse gamma ray sky, upper limits on dark matter
annihilation to bb under the assumption of an NFW dark matter halo profile. Other
annihilation final states are shown in [30]. Right panel: upper limits on dark matter
annihilation to bb for flux in a combined Galactic Cluster analysis [47].

The diffuse search limits are not as competetive as the dwarf spheroidal and
monochromatic limits, Fig. 2.1. Similarly, the extra-Milky Way galactic cluster com-
bined analysis, see Fig. 2.1, suffer a few orders of magnitude due to the extra mod-
elling challenges associated with the intergalactic medium. However, all of these
limits are infringing on the territory of cosmologically relevant annihilation rates,
that is, the value expected if WIMPs annihilate today as they did during thermal
production to create the relic density measured by the CMB, O(10~*cm?®/s). Fermi
thus stands to make significant contributions to the understanding of dark matter
and may definitively eliminate critical regions of theoretically well-motivated para-

mater space.
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2.2 Limitations on Fermi Bounds

However, the annihilation upper bounds from gamma ray observations depend on a
number of degenerate factors all of which can increase or decrease the total count
of gamma rays, including the dark matter final states, the uncertainty of both the
density of the DM at the gamma ray source, the annihilation rate dependence on
velocity as well as the velocity distribution and dispersion. A proper interpretation of
the Fermi results will ultimately include these more subtle considerations. The limits
published thus far make standard assumptions for some of the unknowns that when

relaxed could significantly limit the cosmological implications of the Fermi results.

2.2.1 Velocity Dependence

The annihilation rate that we seek to constrain (ov) is proportional to the velocity of
the annihilating particles. The annihilation cross section itself may have some non-
trivial velocity behavior. Additional lines of inquiry that are called for in light of the
Fermi data investigate these two aspects of velocity dependence. The astrophysical
question is: what is the DM velocity distribution? The particle physics inquiry,
what is the velocity dependence of its annihilation cross section, may be answered

by further astrophysical observations by Fermi.

On average, the Milky Way DM halo has a density of 0.4 GeV /cm?, but this halo
may have significant substructure. Any region in which the dark matter clumps more
densely would produce an enhanced signature. For example, it has been postulated
that in the formation of the baryonic galactic disk, infalling baryons could drag DM
with them through gravitational interactions. This would form a disk of dark matter,
the existence of which has been indicated in N-body simulations [39]. If a dark disk
exists, then the lower velocity dispersion of this disk is lower than the spherical halo

by a factor of six [40].
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The DM annihilation cross section can depend on velocity in a number of ways. In
the typical scenario, annihilation can be expanded in powers of the velocity squared:

a:a+b(3>2+.... (2.4)

Cc

With a concrete Lagrangian in mind, a quantum field theory calculation will reveal
the values of the s-wave component a and the p-wave component b, etc. Virialized
dark matter in the Milky Way will move at approximately one thousandth the speed
of light. Theories with no s-wave component then experience p-wave suppression in
their annihilation. Thus, sources of dark matter density with low velocity disper-
sion, as indicated in the disk would have lower signal for p-wave suppressed models,

providing the possibility of differentiating these models from others using the Fermi

telescope.
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Figure 2.6: Example Sommerfeld enhancement diagram. The exchange of a light
mediator can create an attractive force due to a Yukawa interaction between the DM
and the light scalar.

However, it is also possible for models to experience an enhancement of s-wave
annihilation for low velocities, where annihilation is inversely proportional to velocity.
WIMPs may have a Yukawa interaction allowing the exchange of a light mediator.
This exchange acts as an attractive force creating the Sommerfeld effect [41]. The
Sommerfeld potential is exponential, since it must sum over not just one exchange
of the mediator, but the sum of up to n such exchanges as in Fig. 2.6. The resulting

form of the potential for the Yukawa term £ C Apx'x’ is:

V(r) = —e Mo (2.5)

4qrpr?
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The wave function of the annihilation is a solution to the radial Schrodinger

equation:

L) — V) = —mpar®e(r) (2.6)

Mmpym

with the s-wave function ¥(r) = ¢(r)/r. The Sommerfeld enhancement has a finite
range and saturates at a low velocity so that the enhancement S ~ am,./mg. This

happens when the de Broglie length of the particle exceeds the range of the interaction

(mDM’U)il > (m(ﬁ)*l.

It is important to realize that while Fermi is placing bounds on the value of an-
nihilation that compare favorably to the annihilation rate at freeze out, DM with
velocity dependent annihilation necessitates a lower prediction for the annihilation
rate today. Fig. 2.7 shows that p-wave suppressed annihilation would be approxi-
mately six orders of magnitude less today than at freeze out, owing to the virialized,
low velocity DM today. Meanwhile, s-wave annihilation with Sommerfeld enhance-
ment could be as much as one to four orders of magnitude more than the annihilation
at freeze out. Chapters 3 and 4 address the impact of Sommerfeld enhancement in
U(1)p—r extension to the MSSM. Thus, Fermi’s bounds are already limiting s-wave

Sommerfeld enhanced models but are not as consequential for p-wave models.

There are further measurable consequences to the velocity dependence of DM
annihilation. If the Sommerfeld enhancement to dark matter interactions is strong
enough, then the dark matter velocity dispersion will become isotropic, creating
a spherical DM halo. Thus, measurements of the ellipticity of the DM halo can
provide constraints on the mass of any mediating particle that creates the Sommerfeld
enhancement [43]. In a similar manner, the DM disc may constrain the mediator mass
and coupling. The contributions to DM signals from the disk can be more significant

in Sommerfeld models than for WIMPs without such low-velocity enhancements.

Besides the DM disk, the velocity dependence of models may be extracted by
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Figure 2.7: P-wave suppressed annihilation rates suffer as dark matter virializes in
the halo at lower velocities; Sommerfeld enhanced DM annihilation benefits from an
attractive force felt at low velocities [42].

looking at a variety of DM structures. For example, it has already been shown that
p-wave suppressed models are one order of magnitude different in their angular power
spectrum in the extragalactic signal [44]. However, in the halo it may be possible
to distinguish between large subhalos who support higher DM velocities and would
have an enhanced Sommerfeld effect and smaller subhalos for which high velocity

DM would escape. This angular scale may be distinguished in our DM halo.

Additionally, the tidal streams visible in M31 in the gamma ray signal may be
sufficient to define the expected velocity dependence of the cross-section for Fermi.
In Sommerfeld scenarios, streams in the outer regions of the halo may significantly
contribute to the gamma ray signal [44]. Fermi might be able to statistically resolve

the relative strength of contributions to the velocity dependent cross-section.

2.2.2 Constraints on Substructure

Looking at DM substructures, such as dwarf spheroidals in the Milky Way halo may
produce a visible gamma ray signal with relatively low astrophysical background.

Aquarius and Via Lactea II, state-of-the-art N-body simulations, predict too many
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dwarf galaxies in DM halos. The difference in predicted and observed substruc-
ture may possibly be explained by collisional damping. DM particles can scatter
elastically with other particles even after freeze-out. DM would remain in chemical
equilibrium until kinetic decoupling, after which DM is effectively collisionless [45].
Thus, density fluctuations on scales less than the free-streaming scale are severely
suppressed. Damping erases substructure on some scale, dependent on DM mass
and couplings. Thus, the elastic scattering of the DM is indicative of the scale of

substructure and vice versa.
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Figure 2.8: Energy spectrum flux of diffuse gamma rays from Fermi LAT appears in
black. The blue filled circle is the flux from DM annihilation for a smooth DM halo.
The yellow dot represents the flux from all the subhalos in the Aquarius simulation
(above the lowest resolved mass of the simulation, M,.s). A significant portion of the
expected flux is extrapolated from masses below the resolution limit, green dot. The

grey line indicates flux from annihilation to bottom quarks, normalized to a smooth
halo [46].

Work that has been done to predict the gamma ray signal from substructure has
had to extrapolate the halo mass function below the resolution of the simulations,
from ten million solar masses down to the DM particle damping scale [46]. There can

be significant contributions from substrucutre to the flux, depending on the accuracy
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of such extrapolations, see Fig. 2.8. The current uncertainty in substructure suggests
that boosts to the gamma ray signal may be of order two toward the galactic center
and between tens to hundreds in the halo and in extragalactic signals. Furthermore,
it is theorized that dynamical friction and tidal stripping leads to the depletion of
some substructure near the center of clusters. This results in a boosted signal in
the more dense outskirts of the main halo compared to the stripped center. Boosts

between ten and a thousand are possible in galaxy clusters [47].

Usually, a low-mass cutoff of halo structure of 107% solar masses is used to cal-
culate these boosts, but this presumes a kinetic decoupling temperature about 100
MeV, which is appropriate for a standard WIMP. However, some Fermi bounds cal-
culate an upper limit on annihilation channels without considering substructure or
other possible boosts [30, 48]. DM carrying lepton number, like the sneutrino DM
considered in Chapters 3, 4 and 5, may have significantly constrained annihilation
rates in the unsuppressed monochromatic neutrino channel. A scan of the MSSM
parameter space 1) considering the full range of structure cutoff scales that help
determine substructure scale and 2) incorporating the uncertainty in substructure
when translating the Fermi detection to an annihilation rate is called for but beyond

the scope of this work.

Direct detection experiments DAMA and COGENT provide some evidence for
the existence of a few GeV DM. For light DM masses, the substructure scale would
cutoff below between 107 and 10* solar masses [49]. In the absence of substructure,
mediators less than 200 MeV are forbidden. However, light DM experiencing Somer-
feld enhancement may avoid constraints arising from the substructure free streaming
cutoff since recent evidence has shown that mediators less than 200 MeV can avoid
such constraints [50]. The long term sensitivity of the Fermi satellite to faint subhalos

may further constrain mediator properties.

As a final word, throughout this work we assume the thermal production of
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DM, that is, DM maintains thermal and chemical equilibrium with its surroundings,
following the Maxwell-Boltzmann equation and freezing-out at a relic density deter-
mined by its mass, couplings and annihilation rate. However, non-thermal models
can produce DM with the correct Qcpys as measured by WMAP-7 but without the
consequently tight constraints on the annihilation cross section. Non-thermal DM
sacrifices the WIMP miracle, but is known to exhibit a severely suppressed power
spectrum compared to thermal DM models [51]. Non-thermal production with light
mediators may change the bounds on DM annihilation rate and substructure scale.
Scalars in early times [52] in the universe may produce extremely dense substructures

that could dominate the indirect detection signal.

2.2.3 Annihilation Final States

All of the limits that Fermi derives are for individual dark matter annihilation states.
Each charged state of annihilation has a different characteristic production of gamma
rays, from the very hard bottom quark spectrum to the softer muon spectrum. For
gamma rays the hardest (most energetic) spectra are for the heavier particles, whose
radiation will be proportional to the final state energy and in turn the dark matter
mass. This stands in contrast to the relative hardness of neutrino spectra viewed by
IceCube, where primary neutrino final states are more energetic than annihilation to
W bosons. Thus, depending on the assumption of final state, more stringent bounds
can be placed on the annihilation rate, or in other words, there is a degeneracy

between the final state and annihilation rate.

By assuming muon or tau final states in Chapters 3 and 4, we are better able
to fit the charged cosmic ray observations from PAMELA and ATIC. In Chapter
5, we evaluate the monochromatic neutrino annihilation as a tool to identify sneu-

trino dark matter. While annihilation to Ws or neutrinos alone could produce the
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same total signal count, strategic energy and angle cuts can highlight the distinctive
monochromatic neutrino signal. This energy and angular spectral analysis comes to
the forefront again in Chapter 6 where we discover that final state discrimination
between branching fractions to W bosons or 7s in the presence of monochromatic

neutrinos is possible.

This case study investigation of the limits of the Fermi bounds provides an indi-
cation of the types of assumptions that feed into calculating bounds on dark matter
properties. For the rest of this work, we assume a NFW halo profile and investigate

the properties of various dark matter annihilation final states.
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Major Results

PAMELA data indicate an increase in the positron fraction compared to the expected
astrophysical background but indicate no such increase for the anti-proton spectrum.
This chapter, co-authored with Drs. Rouzbeh Allahverdi, Bhaskar Dutta and Yudi
Santoso, first appeared in Physical Review D [1] and considers whether a U(1)p_p,
model extension to the MSSM could provide annihilating dark matter that matches
the signal. Such a model has been proposed historically because of its ability to

explain the light left-handed neutrino masses through a see-saw mechanism.

The gauged U(1)p_1 extension results in both right-handed neutrinos and their
right-handed supersymmetric partners in order to avoid creating any anomalies in
the field theory. Furthermore, the U(1) symmetry is mediated by a new Z’ boson
in analogy with the Standard Model hypercharge U(1). However, the Z’ candidate
cannot be massless but must acquire a mass through symmetry breaking. The Stan-
dard Model Higgs cannot give the Z' mass, since it is not charged under B — L
and therefore cannot break the symmetry. Thus we introduce a Higgs with B — L
charge. The 7" and Higgsino-prime mix to create a ' that can act as the Lightest

Supersymmetric Particle.

This paper shows that such a x’ LSP will annihilate leptophilically, thanks to
the B — L charges, and may experience a Sommerfeld enhancement to its s-wave
annihilation. These features of the model make it capable of explaining the PAMELA
data. In fact, correct relic densities and matches to PAMELA and ATIC data are
possible for DM annihilation to us and 7s with a mass of 1.5 TeV and an enhancement

of 103.
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Published Abstract

We propose a simple model of supersymmetric dark matter that can explain recent
results from PAMELA and ATIC experiments. It is based on a U(1)p_r, extension
of the minimal supersymmetric standard model. The dark matter particle is a linear
combination of the U(1)p_ gaugino and Higgsino partners of Higgs fields that break
the B — L around one TeV. The dominant mode of dark matter annihilation is to the
lightest of the new Higgs fields, which has a mass in the GeV range, and its subsequent
decay mainly produces taus or muons by the virtue of B— L charges. This light Higgs
also results in Sommerfeld enhancement of the dark matter annihilation cross section,
which can be > 103. For a dark matter mass in the 1 — 2 TeV range, the model
provides a good fit to the PAMELA data and a reasonable fit to the ATIC data. We

also briefly discuss the prospects of this model for direct detection experiments and

the LHC.

Published Paper

One of the major problems at the interface of particle physics and cosmology is dark
matter and its identity. There are various lines of evidence supporting the existence
of dark matter in the universe, and it is well established that particle physics can
explain dark matter in the form of weakly interacting massive particles [19]. The
standard scenario is thermal dark matter in which the dark matter relic abundance,
as precisely measured by cosmic microwave background (CMB) experiments [53], is
determined from the freeze out of the dark matter annihilation in the early universe.
Supersymmetry is a front runner candidate for physics beyond the standard model
(SM). It addresses the hierarchy problem of the SM and has a natural dark matter
candidate in the form of the lightest supersymmetric particle (LSP). It has been
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known that in supersymmetric models, a neutralino LSP can have the thermal relic

abundance required for dark matter [54].

There are major experimental efforts for direct and indirect detection of dark
matter particle beside the gravitational effect that it has on the universe. Indirect
detection investigates final states (photons, anti-particles, neutrinos) from the anni-
hilation of dark matter through astrophysical observations, while the direct detection
probes the scattering of the dark matter particle off nuclei in the dark matter detec-
tors. The PAMELA satellite is an indirect experiment that has recently published
results on cosmic ray flux measurements. The data show an excess of positrons at
energies above 10 GeV [32], while no excess of anti-proton flux is observed [33]. The
publication shows results up to 100 GeV and the experiment is expected to get data
up to ~ 270 GeV. There is also new data from the ATIC (a balloon experiment)
where one observes excess in et 4 e~ spectrum with a peak around 600 GeV [55].
The backgrounds are nominal for both of these effects. Another balloon experiment,
the PPB-BETS [56], also reports excess in the et + e~ energy spectrum between
500-800 GeV. However, the excess is based on a few data-points that are not quite
consistent with ATIC data. While there could be astrophysical explanations for these
anomalies [57], it is natural to ask whether they can be attributed to the effect of

dark matter annihilation in the halo.

Model-independent analysis shows that the annihilation cross section required
to explain the positron excess exceeds the canonical value required by relic den-
sity ~ 3 x 10725 cm?3/s by at least an order of magnitude [58]. In the usual minimal
Supergravity (mSUGRA) model, the situation is further complicated since dark mat-
ter annihilation to fermions in that model is P-wave suppressed, implying a much
smaller annihilation cross section today as compared to that at the freeze out time.
Even in the best case scenarios an astrophysical boost factor of 103 — 10* is then

needed to explain the positron excess [59], which might be difficult to obtain based
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on the recent analysis on substructures(see e.g. [60]). Moreover, in order to explain
both the positron and anti-proton data, dark matter annihilation must dominantly
produce leptons as direct products [42, 61]. There have been proposals [42, 62] (also
see [63, 64]) for new dark matter models in which the dark matter candidate belongs
to a hidden sector. Acceptable thermal relic density is obtained via new gauge inter-
actions, dark matter annihilation today is enhanced via Sommerfeld effect [41] due
to existence of light bosons, and the annihilation mainly produces lepton final states.
This set up can explain PAMELA data for dark matter mass of a few hundred GeV

without needing a large boost factor, and ATIC data for larger masses [65].

In this paper we provide a concrete model to explain the recently measured
anomalies in the cosmic ray. Our model is a simple extension of the minimal super-
symmetric standard model (MSSM) that includes a gauged U(1)p_y, [66]. The B—L
extension is very well motivated since it automatically implies the existence of three
right-handed (RH) neutrinos through which one can explain the neutrino masses and
mixings. It has also been shown that this model can explain inflation [67, 68]. The
model contains a new gauge boson Z', two new Higgs fields H] and H), and their

supersymmetric partners.

The B — L charge assignments are shown in Table 1. The superpotential is
W = Wussm + Wy + ' H{ H, (3.1)

where Wy is the superpotential containing RH neutrinos, and p’ is the new Higgs
mixing parameter. The new Higgs fields do not have renormalizable coupling to
lepton and quark fermions as a result of their B— L charges. The U(1)p_, symmetry
is broken by the VEV of the new Higgs bosons, v = (H;) and vy = (H}). This gives
a mass mz to Z', where m%, = (27/4)g%_; (v + v?), with gp_r being the B — L
gauge coupling. We have three physical Higgs states, the lightest of which ¢ has a

mass mg which is related to myz/ through m? < m%, cos®24’, where tan 8’ = vj/v].
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Fields | @ [ @° | L | L°| N | N° | H| | H]
Qp_ || 1/6 || -1/6 | -1/2 [1/2 [ -1/2 [1/2 | 3/2 | -3/2

Table 3.1: The B — L charges of the fields. Here ), L and N represent quarks,
leptons, and RH neutrinos respectively; while H] and H/) are the two new Higgs
fields. The MSSM Higgs fields have zero B — L charges and are not shown in the
table.

For tan 8’ ~ 1 we have my < my. The other two Higgs states, ® and A, are heavy
and have masses comparable to m . Note that unlike the MSSM case, radiative
corrections to the Higgs quartic coupling do not lift my4 because H{ and H/ are not
coupled to fermions. Note that although the particle content in our model is similar
to the one in [69], our set up is different. Assuming that supersymmetric particles
in the MSSM sector are heavier than those in the U(1)p_, sector, the dark matter
in this model arises from the new sector. The dark matter particle, denoted by x?,
is the lightest of the three new neutralinos x? (not to be confused with the MSSM
neutralinos which we do not discuss in this paper). It is a linear combination of the
U(1)p_r1, gaugino 7' and the two Higgsinos f[{, f]ﬁ The dark matter thermal relic
abundance is dictated by the annihilation of the lightest neutralino x? into a pair of
¢ via s-channel exchange of ¢ and ®, and t-channel exchange of x?. (There is also
subdominant annihilation processes to ff via s-channel Z’ exchange, and ¢-channel
sfermion exchange.) The annihilation to ¢¢ is not P-wave suppressed since the final
state particles are bosons. Hence the (perturbative) annihilation cross-section does

not change between the time of freeze-out and the present time.

The ¢ subsequently decays into fermion-antifermion pairs via a one-loop diagram

containing two Z’ bosons. The decay rate is given by:

(3.2)

Mo 1) - Cr ShorQiQEmym3 (1 B 2&) |

6.5 6 2
207 my, 2 my

where (04 and )¢ are the B — L charges of ¢ and the final state fermion respectively,
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my is the fermion mass, and C; denotes color factor. (The Higgs can also decay into
four fermion final states via two virtual Z’, but this decay mode is suppressed by two
orders of magnitude compared to the two fermion final states.) Decays to neutrinos
are much suppressed because of the negligible neutrino masses. Since B — L charge
of leptons is three times larger than that of quarks, the leptonic branching ratio is
about 27 times larger than that for quarks of comparable mass. We note that mg
can be controlled by the VEVs of the new Higgs fields and for comparable VEVs,
i.e. for tan 8’ &~ 1, it can be very small without any tuning on the soft masses in the
Higgs sector. We can choose this mass to be between O(1) GeV and 10 GeV. For
2m, < mg < 2m, the dominant decay mode is to 7~ 77 final state. If my is slightly
less than 2m., ¢ can decay either to ¢¢ or u~ut with comparable branching ratios.
It is possible to reduce the ¢ mass further to be below 2m,, and make p~p™ final

state the dominant decay mode.

The annihilation cross section at the present time has Sommerfeld enhancement
as a result of the attractive force between dark matter particles due to the light Higgs
boson exchange. The Higgs coupling to dark matter, h¢x9x?, leads to an attractive
potential V(r) = —a(e™™¢"/r) in the non-relativistic limit, where o = h?/7. Note
that « is larger than the usual definition of fine structure constant because of the
Majorana nature of x!. Since the neutralinos are traveling with non-relativistic speed
v ~ 1073¢ today, the Sommerfeld effect is much more important now than at the
time of freeze out. The Sommerfeld enhancement in our model can be > 103. We

~

can therefore explain the PAMELA data without requiring any boost factor.

To show that our model can explain the PAMELA data, we pick random pa-
rameters and generate point models. We then calculate the relic density and the
Sommerfeld enhancement factor for each of these models. We use reasonable values
for the parameters, i.e. tan ' ~ 1, my > 1.5 TeV, i/ = 0.5—1.5 TeV, soft masses for
the Higgs fields mp;, = 200—600 GeV, and soft gaugino mass Mz, = 200—600 GeV.
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Figure 3.1: We show the relic density and the neutralino mass for model points
generated by varying the parameters mentioned in the text.

We use gg_1, ~ 0.45, which is in concordance with unification of the gauge couplings
(we need to use a normalization factor 1/3/2 for unification). The Z’ mass used
in the calculation obeys the LEP and the Tevatron bounds [70, 71] for our charge

assignments.

In Figure 3.1, we show the relic density and the dark matter mass for different
points. The horizontal band shows the acceptable range for relic density according
to the latest CMB data [53]. In Figure 3.2 we show the possible enhancement that
can be obtained for these points in term of e5 = my/aM,o. Note that for points
that satisfy the relic density constraint thereare many that have enhancement factor
> 10%, corresponding to €5 = 0.153 to 0.157, within the whole range of Mo shown
in Figure 3.1. In addition, we note that the lifetime of ¢ for these points is found
to be 745 ~ 107* — 1073 seconds from Eq. (2). This is short enough to escape the
tightest bounds from big bang nucleosynthesis (BBN) [72].

We select models that satisfy the dark matter relic density. We then use DarkSUSY
-5.0.2 [73] to calculate the positron flux from dark matter annihilation. Note that
each pair annihilation in our model produces 2 ¢’s that yield four fermions upon

their decay. For this reason, we generally need a heavier neutralino compared to
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Figure 3.2: We show relic density as a function of €5. We show different ranges for
the Sommerfeld enhancement factor R by shades.

models in which the pair annihilation directly produces two fermions. We normalize
the positron fraction by a factor k, = 1.11 [74]. There are theoretical uncertainties
in the positron cosmic ray flux calculation due to the assumptions about the dark
matter halo profile and the cosmic ray propagation model. Here we assume a NFW

profile [75] and MED parameters for the propagation as defined in [76].

In Figure 3.3, we show our fit to the PAMELA data for M,o = 1,1.5 and 2 TeV,
for 7777 final state case. We see that the fit is very good for a neutralino mass around
1.5 TeV. We have chosen a point where the enhancement factor is 10%. In general,
for larger enhancement factors we can fit the data with a larger neutralino mass.
For an enhancement factor of 10*, we can obtain a good fit for a dark matter mass
around 5 TeV. On the other hand, smaller masses require a smaller enhancement
factor. However, for this tau case the fit with a smaller mass is not good because the
spectrum is too soft. The antiproton data is still satisfied with this large enhancement
factor since the leptonic branching ratio is much larger (~ 27) compared to the quark

branching ratios.

In Figure 3.4 we show the plot with g~ p* final states. In order for the Higgs to
mainly decay to muons, we need to make my smaller than twice the charm mass.

However, the lifetime of the Higgs becomes larger than a second in this case, which
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Figure 3.3: We show a fit to the PAMELA data when the ¢ decays mostly to taus for
neutralino masses to be 1, 1.5, and 2 TeV (from top to bottom), with enhancement
factor 10°.
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Figure 3.4: Same as Fig. 3.3 but for the case of final state muons.

will be problematic for BBN [72]. The Higgs lifetime can be reduced if we increase
the B — L charges by a factor of two. On the other hand, the positron spectrum in
the muon case is harder than that in the tau case, and we can also fit the PAMELA

data with a 500 GeV neutralino mass, and an enhancement factor of around 100.

In Figure 3.5 we show the fit to the ATIC data by using muon and tau final
states. We normalize the background to fit with the data at smaller energies. We
again use enhancement factor of 103. We see that the muon final states give a better
fit than the tau final states. However, we can see that the simultaneous fit to both
ATIC and PAMELA is not satisfactory. In particular, it is more difficult to fit the
ATIC data with our model. If we use a large enhancement factor, the spectrum at

smaller energies will also be lifted up. From the ATIC data plot [55], there seems
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Figure 3.5: We show a fit to the ATIC data when ¢ decays to muons mostly (solid
line) and taus mostly(dashed line) for the lightest neutralino masses to be 1, 1.5 and

2 TeV

to be some missing signals at some energies which results in the jagged curve. This
can also indicate more than one source for the excess. In any case, we need to wait
for verification from future experiments. It is interesting to point out that there is
a proposal for an upgraded version of ATIC, called ECAL [77], which should have
much improved background rejection power and higher resolution. We will be able

identify the model parameter space by combining results from all these experiments.

We would also like to comment on other phenomenological aspects of the model.
The leading order interaction of dark matter particle xJ with quarks is via squark ex-
change in the t-channel. The new Higgs fields couple to the quarks at one-loop level,
and hence interactions via Higgs exchange are suppressed (even after Sommerfled en-
hancement is taken into account). As a result, the cross section for spin-independent
interactions is also very small, well below 1071 pb, and hence beyond the reach of
direct detection experiments. We note that since left and right quarks have the same
B — L charge, and Y is a Majorana particle, there will be strictly no spin-dependent
interactions between dark matter and ordinary matter in this model. The model
however has a great potential to be observed with the Fermi Satellite experiment.
The Sommerfeld enhancement would still be responsible for giving rise to a higher

rate of photons in the cosmic gamma ray background.
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At the LHC, the Z’ can be produced. However, the new light Higgs ¢ will decay
outside of the detector, hence will be missed, because of its long life time (~ 1074
sec). Thus we have another source of missing energy signal in this model. We also
note that there are 7 neutralinos in this model, compared to four in the MSSM, while
the number of charginos is still two. Therefore, using the end point analysis [78], one

can find many neutral states.
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Major Results

This chapter, representing work with co-authors Drs. Rouzbeh Allahverdi, Bhaskar
Dutta and Yudi Santoso, was originally published in Physics Letters B [2] and ex-
plores further the U(1) p_1, model extension to the MSSM first presented in Chapter 3.
The gauged U(1)p_1, extension has a second viable LSP candidate, the right-handed
sneutrino. The N also can experience Sommerfeld enhancement to its leptophilic
s-wave annihilation which occurs thanks to its scalar nature. Correct relic densities
and Sommerfeld enhancements create a positron spectrum that also reproduces the
PAMELA results for annihiation to 7s or us for a DM mass of 1.5 TeV and an en-
hancement of 103. This particular configuration is of interest since the inflaton may
take the form of one of the flat directions in the theory. Thus, this model extension
has the attractive property of containing a DM and inflaton candidate at the same

time as it provides a potential explanation for the light left-handed neutrino masses.

Abstract

We revisit sneutrino dark matter in light of the recent results from the PAMELA
and ATIC experiments. In the U(1)p_. extension of the minimal supersymmetric
standard model the right-handed sneutrino is a natural candidate for thermal dark
matter. Sneutrino annihilation at the present time can be considerably enhanced
due to the exchange of the lightest field in the Higgs sector that breaks U(1)p_y.
The annihilation mainly produces taus (or muons) by the virtue of B — L charges. A
sneutrino mass in the 1—2 TeV range provides a good fit to the PAMELA data and a
reasonable fit to the ATIC data. Within this mass range the sneutrino-nucleon elastic
scattering cross section is 107'* — 10~ pb, which might be probed by upcoming and

future direct detection experiments. In addition, if (at least) one of the neutrinos
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is dominantly a Dirac fermion, the sneutrino can provide a unified picture of dark

matter and inflation.

4.1 Introduction

Even though the existence of dark matter has been supported by various lines of
evidence, the identity of dark matter itself is not yet known. One proposed solution
for this dark matter problem comes from particle physics beyond the standard model
in the form of weakly interacting massive particles (WIMPs) [79]. In particular,
for weak scale masses and interactions, thermal freeze out of WIMP annihilation
in the early universe can result in an acceptable relic abundance for dark matter,
as precisely measured by cosmic microwave background (CMB) experiments [53].
Supersymmetry, as one candidate for physics beyond the standard model, has a
natural dark matter candidate in the lightest supersymmetric particle (LSP). It is
known that in supersymmetric models a neutralino LSP is a suitable candidate for

dark matter [54].

There are currently major experimental efforts for both direct and indirect de-
tection of the dark matter particle. Direct detection probes the scattering of the
dark matter particle off nuclei in underground dark matter detectors, while indirect
detection investigates astrophysical effects of dark matter annihilation in the galaxy,
including signatures in the cosmic rays. PAMELA is a satellite-borne experiment
that measures cosmic ray fluxes. The recently published results show an excess of
positron flux at energies above 10 GeV [32], while no excess of anti-proton flux is
observed [33]. The publication shows results up to ~ 100 GeV and the experiment is
expected to get data up to ~ 190 GeV for anti-protons and ~ 270 GeV for positrons.
Another cosmic ray experiment called ATIC (a balloon experiment) has also recently

published data where one observes an excess in the e™ + e~ spectrum with a peak
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around 600 GeV [55]. There is a third experiment, the PPB-BETS [56] (also a balloon
experiment), which reports an excess in the e™ + e~ energy spectrum between 500
and 800 GeV. However, the excess is based on a few data-points that are not quite
consistent with the ATIC data. While there could be astrophysical explanations for
these anomalies (e.g. from nearby pulsars [57, 80]), it is reasonable to ask whether

they can be attributed to the effect of dark matter annihilation in the galaxy.

Model-independent analysis shows that the annihilation cross section required to
explain the positron excess exceeds the canonical value required by relic density, i.e.
~ 3 x 1072 ¢cm?/s, by at least an order of magnitude [58]. In the usual neutralino
dark matter scenario in the minimal Supergravity (mSUGRA) model, the situation is
further complicated because the dark matter annihilation (to fermions) in that model
is P-wave suppressed, implying a much smaller annihilation cross section today as
compared to that at the freeze out time. An astrophysical boost factor of 10* — 10*
is then needed to explain the observed positron excess [59]. However, this might
be difficult to obtain based on recent analyses of halo substructures (see e.g. [60]).
Moreover, in order to explain both the positron and anti-proton data, dark matter
annihilation must be dominated by leptonic final state modes [42, 61]. (There could
also be some effects from anisotropic propagation on the positron and anti-proton
fluxes that still need to be investigated [81].) There have been proposals [42, 62] (also
see [63]) for new dark matter models in which the dark matter candidate belongs to
a hidden sector, and an acceptable thermal relic density is obtained via new gauge
interactions. The key ideas of these models are that the dark matter annihilation
today is enhanced by a Sommerfeld effect [41] due to the existence of light bosons
and that annihilation mainly produces lepton final states via symmetry of the hidden
sector. This arrangement explains PAMELA data for a dark matter mass of a few
hundred GeV, without needing a large astrophysical boost factor, and ATIC data for
larger values of dark matter mass [65]. Another type of explanation that has been

proposed for the data is decaying dark matter with a tuned lifetime [64].
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We recently proposed an explicit model that can explain the measured anomalies
in the cosmic rays [1]. It is based on a simple extension of the minimal supersym-
metric standard model (MSSM) that includes a gauged U(1) - and where the dark
matter is the lightest neutralino in the new sector. Even though this model has a
large dark matter annihilation cross section today due to Sommerfeld enhancement,
the cross section for scattering of dark matter off quarks is too low to be accessible
to direct detection experiments. In fact, this is a generic situation for hidden sector

dark matter models that can explain PAMELA data along the line discussed above.

In this paper we again consider a B — L extension of the MSSM, but with the
right-handed (RH) sneutrino as the dark matter. As we will argue, this is a minimal
model of thermal dark matter that can explain the observed anomalies in the cosmic
rays and can also be probed by direct detection experiments. The main channel of
sneutrino annihilation is to light Higgs fields, which carry a non-zero B — L quantum
number. These Higgs particles in turn decay dominantly to leptons by virtue of the
B — L charges for fermions. The same Higgs field also results in a large Sommerfeld
enhancement factor for the annihilation cross section. For a sneutrino mass of 1-2
TeV, this model can explain PAMELA and ATIC data. In addition, due to the
scalar nature of dark matter, the sneutrino-proton elastic scattering cross section is
in the 10~ — 107 pb range, which is an interesting range from a direct detection
perspective. Moreover, the sneutrino can be part of the field that drives primordial
inflation, thus explaining the small temperature anisotropy in the cosmic microwave
background (CMB) via tiny neutrino masses [67, 68]. We will also discuss various

possibilities for radiative breaking of the B — L symmetry and some related issues.
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4.2 The model

The B— L extension of the MSSM [66] is well motivated since it automatically implies
the existence of three RH neutrinos through which one can explain the neutrino
masses and mixings. The minimal model contains a new gauge boson Z’, two new
Higgs fields H] and Hj, the RH neutrinos N, and their supersymmetric partners.
The superpotential is (the boldface characters denote superfields)

W = Wussm + Wa_r + ypIN‘H, L, (4.1)

where H,, and L are the superfields containing the Higgs field that gives mass to up-
type quarks and the left-handed (LH) leptons respectively. For simplicity, we have
omitted the family indices. The Wp_p term contains H}, H, and N¢. Its detailed
form depends on the charge assignments of the new Higgs fields (explicit examples
will be presented later). The last term on the RH side of Eq. (4.1) is the neutrino

Yukawa coupling term.

The scalar potential consists of F-terms from the superpotential, and D-terms

from the gauge symmetries. The D-term contribution from U(1)p_ is given by

1
Vb D §D’297L’ (4.2)
where
D . 1 /12 112 1, ~ 2
B-L = 595-1 Qi(|H|” — [Hy|") + §|N| +o (4.3)

Here g5_, is the gauge coupling of U(1)p_r, and +Qq, —Q1, 1/2 are the B — L
charges of H!, H}, N respectively (N is the sneutrino field). The U (1)p_r, is broken
by the vacuum expectation value (VEV) of H; and H), which we denote by v and

vh respectively. This results in a mass my = gp_,Q1/v2 + v for the Z' gauge
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boson. We have three physical Higgs fields ¢, ® (scalars) and A (a pseudo scalar).
The scalar Higgses are related to the real parts of H], H) through the mixing angle

. /
v]+cosd® —sina’¢p  Hiyg

V2 V2

/ : /(I) / Hl
", = vy + sin o +cosa¢+ 2,17 (4.4)

V2 V2

where H ;, Hj ; represent the imaginary parts. Eqs. (4.2,4.3,4.4) lead to the following
terms in the scalar potential
1

V D —595-1Mz sin(o + /') ¢ |]§7|2

1 ~ 92
_5g123—LQ1 cos(2a’) ¢* | N|

1 <2
+59s-mz cos(a’ + ") @ |N]|

+o (4.5)

where tan 8’ = vy/v]. The masses of the Higgs fields follow m3 < cos*(24') m%, and

Mg, MaA ~ Mz

A natural dark matter candidate in this model is the sneutrino N !. We note
that the N has fewer gauge interactions than other fields, hence its mass receives the
smallest contribution from the gaugino loops. The main processes for annihilation
of dark matter quanta are then governed by interactions in Eq. (4.5). The dominant
channel is N*N — ¢¢ via the s-channel exchange of the ¢, ®, the ¢, u-channel
exchange of the N, and the contact term |N|2¢2. The s-channel Z' exchange is
subdominant because of the large Z’ mass (as required by the experimental bound

on my/). There are also N*N — ¢®, ¢ A, ®®, AA annihilation processes, but

! Another candidate is the lightest neutralino in the new sector, which is a linear com-
bination of the U(1)p_1, gaugino Z’ and the two Higgsinos Hy, H} [1, 69].
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they are kinematically suppressed and/or forbidden for the parameter space we are
considering. The sneutrinos can also annihilate to RH neutrinos via ¢-channel neu-
tralino exchange. Again for the parameter space that we consider the annihilation
into v final states is at least an order of magnitude below the ¢¢ final states. Other
fermion final states, through s-channel Z’ exchange, have even smaller branching
ratios. Moreover, note that the annihilations to fermion-antifermion final states are

P-wave suppressed.

The ¢ subsequently decays into fermion-antifermion pairs via a one-loop diagram

containing two Z’ bosons. The decay rate is given by:

6 42, 5, 2 2\ 3/2
F(¢—>ff) _ Cf 9s_1 qubmquf (1_%) ’ (4.6)

Tab 6 2
20w my, mg

where Q)¢ and ()4 are the B — L charges of the final state fermion and the ¢ respec-
tively, m is the fermion mass, and Cy denotes color factor. Since the B — L charge
of leptons is three times larger than that of quarks, the leptonic branching ratio is
naturally larger than that for quarks. We note that m, can be controlled by the
VEVs of the new Higgs fields and for comparable VEVs, i.e. for tan 5’ & 1, it can be
very small compared to mz.. For mg > 2m; the dominant decay mode is ¢ — 7777

final state, while the branching ratio for the ¢ — bb mode is ~ 7 times smaller.

The annihilation cross section at the present time has Sommerfeld enhancement
as a result of the attractive force between sneutrinos due to the ¢ exchange. The
Higgs coupling to dark matter is given by the first term on the RH side of Eq. (4.5)
and leads to an attractive potential V(r) = —a(e™™¢"/r) in the non-relativistic

limit [41], where

_ gp_mzsin(a’ + ')
4mN

a , (4.7)

and my is the sneutrino mass.

66



Chapter 4. Sneutrino DM and the Observed Anomalies in Cosmic Rays

Fields | @ | Q° L | L° | H | H]
Qs. || 1/6]-1/6]-1/2]1/23/2]-3/2
Table 4.1: The B — L charges of the fields for the minimal model. Here () and L

represent quarks and leptons respectively, while H] and H) are the two new Higgs
fields. The MSSM Higgs fields have zero B — L charges.

4.3 Sneutrino dark matter and PAMELA

We are now going to show that the sneutrino dark matter can explain the PAMELA
data. We first identify the allowed regions of the model parameter space that result in
an acceptable dark matter relic density and then find the Sommerfeld enhancement
factor for these regions. For an explicit example, which we call the minimal model,
we choose the B — L charge for H{ (i.e. 1) to be 3/2. The B— L charges of the fields
involved are shown in Table 4.1. We use reasonable values for the model parameters,
e, tanf ~ 1, my > 1.5 TeV, p/ = 0.5 — 1.5 TeV (i being the Higgs mixing
parameter in the B— L sector), soft masses for the Higgs fields myy,, = 200—600 GeV,
and soft gaugino mass Mz > 1 TeV. We use gz_, ~ 0.40, which is in concordance
with unification of the gauge couplings (we need to use a normalization factor 1/3/2
for unification). We show the unification of all the gauge couplings using the two loop
renormalization group equations (RGEs) in Figure 4.1. We find that for mz ~ 2.5
TeV the couplings unify at ~ 106 GeV. This figure is drawn for the B— L assignments
shown in Table 4.1. The Z’ mass used in the calculation obeys the LEP and Tevatron
bounds [70, 71] for our charge assignments. The sneutrino mass is chosen to be

between 800 GeV and 2 TeV in order to explain the PAMELA (and ATIC) data.

In Figure 4.2, we show the relic density and the sneutrino mass for different model
points. The horizontal band shows the acceptable range for relic density according
to the latest WMAP data [53]. In Figure 4.3 we show the possible Sommerfeld en-

hancement factor R that can be obtained for these points in term of €5 = my/amy.
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Figure 4.1: We show the unification of gauge couplings for the B — L charge assign-
ments in Table 1 using two loop RGEs.

Note that many of the points that satisfy the relic density constraint have enhance-
ment factor R > 10, corresponding to €5 = 0.55 to 0.65. This is true for the whole
range of myg shown in Figure 4.2. The lifetime of ¢ for these points is found to be
7y ~ 107 — 10 seconds from Eq. (4.6). Thus ¢’s produced in the early universe
decay rapidly enough in order not to affect big bang nucleosynthesis (BBN) [72]2.
We select points that satisfy the dark matter relic density and then use DarkSUSY-
5.0.2 [73] to calculate the positron flux from dark matter annihilation. Each pair
annihilation in our model produces 2 ¢’s that yield four fermions upon their decay.
For this reason, we generally need a heavier sneutrino compared to models in which
the pair annihilation directly produces fermions. We normalize the positron fraction
by a factor k, = 1.11 [74]. There are theoretical uncertainties in the positron cosmic
ray flux calculation due to the assumptions about the dark matter halo profile and
the cosmic ray propagation model. Here we assume NFW profile [75] for the dark
matter halo and MED parameters for the propagation as defined in [76].

2Since dark matter particles are non-relativistic at the time of BBN, their annihilation
enhanced by Sommerfeld effect can result in significant electromagnetic and/or hadronic
showers that dissociate light elements from BBN. For muon final states, the large enhance-
ment factor required to explain PAMELA is compatible with BBN bounds, while for tau
final states a small astrophysical boost factor seems to be needed in order not to affect
BBN [82].
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Figure 4.2: We show the relic density and the sneutrino mass for model points
generated by varying the parameters mentioned in the text.
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Figure 4.3: We show relic density as a function of €5. We show different ranges for
the Sommerfeld enhancement factor R by shaded contours.

In Figure 4.4, we show our fit to the PAMELA data for mg = 1.5 TeV for 77~
and 't~ final state cases. We found that with an enhancement factor of 10% the chi-
square values (including only points with energy greater than 10 GeV) for a sneutrino
mass of 1.5 TeV are small, i.e. 2.9 and 5.5 for 777~ and p*pu~ respectively. When
mg is (chosen to be) below 2m, but above 2m,, we do not have any anti-proton
excess. In fact we can raise my up to ~ 15 GeV and still have acceptable anti-proton
flux. We can also have a reasonable fit to the ATIC data, although simultaneous fit
for both ATIC and PAMELA are not satisfactory [1].

We note that this model also has a great potential to be observed with the Fermi
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Satellite experiment. Due to electromagnetically charged final states of ¢ decays, the
Sommerfeld enhancement would also lead to a higher rate of photons in the gamma

ray background [83]. There could also be contribution to the neutrino flux [84].

1 B B

L1

Positron Fraction

Energy (GeV)

Figure 4.4: We show a fit to the PAMELA data when the ¢ decays mostly to taus
(dark blue) or muons (light green) for a sneutrino mass of 1.5 TeV and an enhance-
ment factor of 103. The dashed line is the expected background cosmic rays.

4.4 Direct Detection

The current upper bound on the spin-independent dark matter particle-proton scat-
tering cross section is about 4.6 x 10~® pb for a dark matter mass around 60 GeV,
and increasing to ~ 2 x 1077 pb for a mass around 1.2 TeV [85]. In our model the
elastic scattering of the sneutrino occurs via the Z’ exchange with the nucleus in the
t-channel. This leads to only a spin-independent contribution since the B — L charges
of the left and right quarks are the same. In Figure 4.5, we show the N -p scattering
cross section for the model points in Figure 1 that satisfy the relic density constraint
0.096 < Qpyh? < 0.124. We see that the cross section can be in the 107!t — 107°
pb range, which is close to the reach of the upcoming dark matter direct detection

experiments [86].

It is also seen that the cross section decreases as the sneutrino mass increases.

This is because for larger values of myg we also need a larger annihilation cross
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section to satisfy the relic density constraint. As discussed earlier the annihilation
cross section depends on the sneutrino couplings to ¢ and @, see Eq. (4.5), which are

X Mygr.

_ 0001 "":;ﬁ'
2 0.0005 c
1 T,
C *{',.v‘,
< 0.0001 T
= 0.00005 .,
Ry
e,
0.00001
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Figure 4.5: We show the direct detection cross section as a function of sneutrino
mass.

It is interesting to note that within this mass range the Z’ can be produced at
the LHC. The Z’ decay will produce the new light Higgs ¢ (among other fields).
However, ¢ will decay outside of the detector because of its relatively long life time
(~ 107° sec). Thus, in addition to the sneutrino LSP, we have another source of

missing energy signal in this model 3.

4.5 Radiative breaking of B — L symmetry

In order to have spontaneous breaking of U(1)p_; we need a negative eigenvalue in
the H;, H)} square-mass matrix. This can arise dynamically as a result of radiative

corrections to the Higgs soft masses. Here we discuss two generic possibilities.

3We also note that there are 7 neutralinos in this model, compared to four in the MSSM,
while the number of charginos is still two. Therefore, using the end point analysis [78], one
can find many neutral states.
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4.5.1 Higgs coupling to right-handed neutrinos

If Q; = 1, then H} can have a superpotential coupling to the RH neutrinos . In this

case we have:
Wp_ = ngNCNC + M/H/IH/2, (48)

where p/ is analogous to the MSSM p parameter. Note that in the minimal model,
with @1 = 3/2, the H) can only couple to H; in the superpotential. Taking the soft

mass parameters into account, the Higgs potential is
(m} + W) Hi|* + (m3 + 1) |Hy|” + (By/ HiHy + huc) . (4.9)

(Here the parameters mq, mq, B are not to be confused with the MSSM Higgs pa-
rameters.) The Yukawa coupling between Hj and IN¢ can drive m3 to a sufficiently
negative value such that m3 + p/> < 0 around the TeV energy scale °. This re-
quires that f not be very small. On the other hand, f should not be very large.
Otherwise there would be a one-loop correction that lifts the ¢ mass above its tree-
level limit m3 < MZ,cos*(2(") (similar to the correction from the top Yukawa in the

MSSM [87)):

Am? ~ f*min {m—?\]} (4.10)
¢ N . .

2 M-
167 My, Mg,

Here my = v/2fv) is the Majorana mass of N and

1/2
my, = [m?v+mN(A+ul)]/

my, = [k —ma(A+)]", (4.11)

4Similarly, H { can couple to the RH neutrinos if @1 = —1.
°Since H/ has no Yukawa couplings, m? increases towards smaller scales because of the
U(1)p—r gaugino loop.
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are the total masses of the real and imaginary parts of the N respectively. The mass
splitting is due to the contribution of the A and z/ terms to the N potential given
by

f(AH, + (/H*) NN +h.c. (4.12)

For simplicity we have assumed that f, A and u’ are real, and we have used the
requirement that v ~ v5. This mass splitting can lift m, above its tree-level limit
similar to the effect from stop mixing in the MSSM [87]. In order for this not to be
significant, it will be sufficient to have |A 4+ 1//| < my at the TeV scale .

In our case the sneutrino and the neutrino masses can be close and therefore the
corrections to the Higgs mass can be very small < 10 GeV (which we have checked
numerically). In fact, this allows us to keep the Higgs mass below 15 GeV such that
we do not have any problems with anti-proton data. We also have found that f ~ 0.2
is large enough to lead to radiative breaking of U(1)_r. Assuming grand unification,
one should use the SUGRA boundary conditions to achieve radiative breaking due to
the smallness of f (as compared with the top Yukawa in the MSSM). The appropriate
boundary conditions are such that mi = mj3 < 0, but m? , + p” > 0, while all other

soft (mass)? are positive at the grand unification scale.

The potential term in Eq. (4.12), no matter how small, inevitably splits the
masses of the real and imaginary parts of the sneutrino. In this case dark matter
will be the lighter of Ny and N;, which we choose to be N without loss of generality.
Then the heavier component N; decays to dark matter and fermions via an off-shell
Z' in the early universe. In this case the dark matter coupling to the light Higgs
¢, the first term on the RH side of Eq. (4.5), will be twice as small as the term

wherein the dark matter is a complex field. However the attractive potential, due to

6This also ensures that the contribution of Eq. (4.12) to the coupling of dark matter to
¢, ® is negligible compared with that from the D-term (4.5).
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¢ exchange, will be the same in the two cases. This is because a real field annihilates
and creates the same quanta, thus giving rise to a factor of two that compensates the
1/2 that appears in the coupling. The same also holds for dark matter annihilation.
Therefore, as far as relic density calculations and the Sommerfeld enhancement factor
are concerned, our results will not depend on whether dark matter is the complex N

field or its real (or imaginary) component.

We also note that the fH5N°N¢ term opens a new channel for the decay of
the light Higgs ¢. Since mgy < my, the decay to on-shell RH neutrinos is not
possible. The decay can happen via off-shell N through their couplings to the MSSM
fields (4.1), at higher orders of perturbation theory. Then, if the neutrino Dirac
Yukawa coupling yp is sufficiently small, this decay mode will be totally negligible.
Indeed this is the case since the see-saw mechanism at the TeV scale requires yp <

107% to generate the observed neutrino masses.

4.5.2 Higgs coupling to other fields

If @ # £1, then neither H| nor H) can have a superpotential coupling to N. This
happens, for example, if Q1 = 1/2 [68] or Q1 = 3/2 (as chosen above for the minimal
model and also in [1]). Radiative breaking of U(1)p_, then requires a moderate

Yukawa coupling of one of the B — L Higgses to the new fields.

A simple model of this type includes two new superfields ®;, ®5 and has the

following superpotential

Wp_r = pfH{H, + fH|®® + LH,2,P,
+ ﬂ/,¢1¢2 + /\‘I)INCNC s
(4.13)

where ()1 = 2 and the B — L charges of ®;, ®5 are —1, + 1 respectively. All we
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need for radiative breaking of U(1)p_y, is fi ~ 0.2, or fo ~ 0.2 (one of the couplings
can be very small) and SUGRA boundary conditions. This ensures sufficiently large
loop corrections that drive the (mass)? of the corresponding Higgs field to negative
values around a TeV. In this case, since the Higgs fields are not coupled to N¢, there
are no Majorana masses for the RH neutrinos, and hence neutrinos are of a Dirac
nature. Also, there will be no splitting between the masses of the real and imaginary

parts of the N, and thus the dark matter is a complex scalar field.

Interactions in the first line of Eq. (4.13) result in a 2 X 2 mass matrix for ®;, ®s.
For large enough p” (i.e. p” ~ v}, v5) the mass eigenvalues will be larger than the
sneutrino mass. Hence the corresponding mass eigenstates would quickly decay to
the RH neutrino and sneutrino through the A®;N°N¢ superpotential term in the
early universe. The fiH]®;®; and A®;N°N® terms also open a new decay channel
for the light Higgs: ¢ — 4N via off-shell fermionic components of ®; 7. However,
A can be chosen to be sufficiently small such that ¢ — 7771 remains the dominant

decay mode of ¢.

If @ = 3/2, as chosen in Table 1, one can introduce four new superfields
b, ®,, &3, &, (with respective B — L charges —1, + 1, —1/2, +1/2) and

the following superpotential

Wp-p = pH{Hy + fiH]®1P5 + fH, 22,4
+ ILL/,¢1¢2 + //”<I>3<I>4 -+ A@lNCNC .
(4.14)

Again the mass eigenvalues of the 4 x 4 mass matrix for ®;, ®5, ®3, P4 can be
made large enough such that the corresponding eigenstates rapidly decay to lighter

fields via the A®;IN°N° superpotential terms.

"Note that there can be no N in the final state since me <K M.
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It is interesting to note that although we have used @); = 3/2 to obtain the
results in the previous sections, they are largely independent from the exact charge
assignments of H{, H). This is because the major contributions to relic density
calculations involve Z’ mass in the coupling and (), is already absorbed in the mass
definition, see Eq. (4.5). The direct detection cross section also remains unchanged
for the same reason. The gauge coupling unification still occurs but requires a larger
value of gp_r for |Q1] < 3/2. Therefore Eqs. (4.8,4.13,4.14) can all yield thermal
sneutrino dark matter with a large Sommerfeld enhancement factor and radiative

breaking of U(1)p_r.

4.6 Right-handed sneutrino and inflation

In addition to being the dark matter candidate, the RH sneutrino can also drive
inflation in the context of the U(1)p_, model [67, 68]. The gauge-invariant combi-
nation N°H, L forms a D-flat direction under the whole gauge symmetry SU(3)¢ X
SU(2)r x U(1l)y x U(1)p_r. The flat direction field ¢ is defined as

_ N+H,+L

p = Ve (4.15)

The potential along the flat direction, after the minimization along the angular di-

rection, is found to be [67],

2 2
V(lel) = Zflel” + 1ol - —6\/5190\“‘, (4.16)

where yp is the neutrino Dirac Yukawa (4.1) and A is the corresponding A-term
coupling. The flat direction mass m,, is given in terms of the N, H,, L masses:
2 2 2
_omy +my, +m3

m?; = 3 : (4.17)
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For A ~ 4m,, there exists an inflection point ¢y for which V”(¢y) = 0. Due to
the extreme flatness of the potential around the inflection point, inflation can take
place near y. The amplitude of density perturbations generated during inflation

follows [67]

H)\> [ Mp
6 ~35x107% (W—“) (—) Néope » (4.18)
0.05 eV o) T OPE

where (H,) ~ 174 GeV and Ngopg ~ 50 is the number of e-foldings between the
time that relevant perturbations were produced and the end of inflation. It is seen
from Eq. (4.18) that perturbations of the correct size i = 1.91 x 107° are obtained
if yp ~ 107'2. Interestingly this is the typical neutrino Dirac Yukawa coupling
that gives rise to the mass scale m, ~ 0.05 eV required to explain the atmospheric
neutrino oscillations detected by the Super-Kamiokande experiment [88] if neutrinos

are dominantly Dirac in nature.

Dirac neutrinos can be achieved in both cases considered above (4.8,4.13). If
the Higgs fields that break U(1)p_j are not coupled to N¢ (4.13), the neutrinos
are naturally Dirac since there will be no Majorana masses for the RH neutrinos
in this case, regardless of how big the couplings f;, fo are. On the other hand, a
superpotential coupling between the Higgs that breaks U(1)p_ 1 and IN¢, see Eq. (4.8),
inevitably induces a Majorana mass my = 2f(H}) to the RH neutrinos upon the
B — L breaking. Nevertheless, the main contribution to the mass of light neutrinos
comes from the Dirac Yukawa coupling yp. Hence all that we need in this case is one
of the Majorana masses (out of the three generations) to be very small in order to
have an almost Dirac neutrino with yp ~ 1072, The other Majorana masses (and

respectively the coupling f) can be large.

We therefore conclude that it is possible to have a unified U(1)g_1, model of infla-
tion and dark matter, where the RH sneutrino is the dark matter and a component

of the inflaton field [68].
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4.7 Conclusion

Motivated by the recently reported cosmic ray anomalies, we have reconsidered a
minimal extension of the MSSM that includes a gauged U(1)p_r. This additional
symmetry is broken around a TeV by two new Higgs fields that carry non-zero B — L
charges. The RH sneutrino can naturally be the dark matter candidate in this model
since it has the smallest gauge interactions among all the fields. Sneutrino interac-
tions of gauge strength yield an acceptable thermal relic density in large regions
of the parameter space. If the lightest Higgs in the B — L sector is much lighter
than a TeV, the dark matter dominantly annihilates into final states including this
Higgs. The annihilation is governed by D-term couplings between the sneutrino and
the Higgs and takes place in the S-wave. The light Higgs subsequently decays to
fermions and the B — L symmetry guarantees that the branching ratio for producing
leptons is several times larger than that for quarks, which agrees with the observa-
tion of positron and anti-proton fluxes by PAMELA. For a 1 — 2 TeV sneutrino, a
Higgs mass < 15 GeV will result in a large Sommerfeld enhancement factor O(10%)

in the annihilation cross section at the present time. This provides a good fit to the

PAMELA data and a reasonable fit to the ATIC data.

The sneutrino interacts with quarks via ¢-channel exchange of the U(1)p_;, gauge
boson Z’. The interaction only has a spin-independent part since B — L is a vector
symmetry. The resulting sneutrino-nucleon elastic scattering cross section is found
to be 1071t — 10~ pb, which might be within the reach of future direct detection

experiments.

We have also discussed radiative breaking of U(1)g_r. This requires that (one of)
the B— L Higgs fields have a relatively large Yukawa coupling to the RH sneutrino or
some other field. A Yukawa coupling ~ 0.2 is sufficient to induce radiative breaking

while keeping the mass of the light Higgs low enough to give rise to considerable
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Sommerfeld enhancement of dark matter annihilation.

Finally, if (at least) one of the neutrinos is dominantly a Dirac fermion, the
sneutrino can be part of the inflaton field in addition to being the dark matter.
This is a very appealing scenario since direct and indirect detection experiments not
only probe dark matter in this case, but they can also reveal the interactions of the

inflaton, which is supposed to be the most elusive particle in the universe.
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Major Results

Having established in the previous chapter the viability of a right-handed sneutrino as
the LSP, this chapter investigates whether or not such an LSP could be distinguished
from the traditional Majorana fermion neutralinos produced by mSUGRA hyperbolic
branch /focus point models. The work of this chapter was conducted in collaboration
with co-authors Drs. Rouzbeh Allahverdi, Sascha Bornhauser and Bhaskar Dutta
and was published in Physical Review D [3].

First we find that for dark matter to come to an equilibrium in the sun so that
two particles are captured for every annihilation, a cross section of 10~% pb is nec-
essary for a freeze-out annihilation rate of 3 x 1072%cm?/s. Equilibrium is necessary
for the IceCube neutrino telescopes to detect a DM signal. For Sommerfeld en-
hanced models, the requirement on the WIMP-nucleon cross section may be relaxed
inverse to the enhancement. The derived values put the B — L model smartly in the
territory of contemporary direct detection experiments. The monochromatic neutri-
nos produced in right-handed sneutrino annihilation produce a characteristic linear
spectrum of muon tracks in the IceCube neutrino telescope. Integrating the energy

spectrum demonstrates that this model is within the sensitivity range of IceCube.

Additionally, if a dark matter disc is present enhancing the local density of DM
through which the earth sweeps, the earth may accumulate sufficient dark matter
to reach equilibrium and produce a viable signal from DM accumulated in the earth
without spoiling limits on the signal from the sun. At a 400 GeV mass, counts
of muon track events are roughly equivalent between mSUGRA models and the
sneutrino case. This occurs even though predicted capture rates differ by orders of
magnitude because the focus point models annihlate to the relatively soft quark final

state compared to the more energetic, leptophilic annihilation of sneutrinos.
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Abstract

We investigate the prospects for indirect detection of right-handed sneutrino dark
matter at the IceCube neutrino telescope in a U(1)p_j, extension of the MSSM. The
capture and annihilation of sneutrinos inside the Sun reach equilibrium, and the flux
of produced neutrinos is governed by the sneutrino-proton elastic scattering cross
section, which has an upper bound of 8 x 107 pb from the Z’ mass limits in the
B—L model. Despite the absence of any spin-dependent contribution, the muon event
rates predicted by this model can be detected at IceCube since sneutrinos mainly
annihilate into leptonic final states by virtue of the fermion B — L charges. These
subsequently decay to neutrinos with 100% efficiency. The Earth muon event rates
are too small to be detected for the standard halo model irrespective of an enhanced
sneutrino annihilation cross section that can explain the recent PAMELA data. For
modified velocity distributions, the Earth muon events increase substantially and can
be greater than the IceCube detection threshold of 12 events km™2 yr—'. However,
this only leads to a mild increase of about 30% for the Sun muon events. The number
of muon events from the Sun can be as large as roughly 100 events km ™2 yr—! for

this model.

5.1 Introduction

There are various lines of evidence supporting the existence of dark matter in the
universe, but its identity remains a major problem the solution to which likely rests
at the interface of particle physics and cosmology. It is well established that particle
physics can explain dark matter in the form of weakly interacting massive particles
(WIMPs) [79]. In the standard scenario the dark matter relic abundance, as precisely

measured by cosmic microwave background (CMB) experiments [53] is determined
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from the thermal freeze out of dark matter annihilation in the early universe. There
are currently major experimental efforts for direct and indirect detection of dark mat-
ter particles. Indirect detection investigates annihilation of dark matter to various
final states (photons, anti-particles, neutrinos) through astrophysical observations,
while direct detection probes the scattering of the dark matter particle off nuclei

inside dark matter detectors.

Supersymmetry is a front-runner candidate to address the hierarchy problem of
the standard model (SM). The minimal supersymmetric standard model (MSSM)
has become the focus of major theoretical and experimental activities for the past
two decades. It has a natural dark matter candidate, namely the lightest supersym-
metric particle (LSP), which can have the correct thermal relic abundance [54]. It is
also believed that there are gauge symmetries beyond those of the SM. A minimal ex-
tension of the SM gauge group, motivated by the nonzero neutrino masses, includes
a gauged U(1)p_; gauge symmetry [66] (B and L are baryon and lepton number
respectively). Anomaly cancellation then implies the existence of three right-handed
(RH) neutrinos and allows us to write the Dirac and Majorana mass terms for the

neutrinos to explain the light neutrino masses and mixings.

The B— L extended MSSM also provides new dark matter candidates: the lightest
neutralino in the B — L sector [69, 1] and the lightest RH sneutrino [68]. In this work
we will focus on the sneutrino as the dark matter candidate!. The candidate is made
stable by invoking a discrete R-parity, but in the context of a B — L symmetry, a
discrete matter parity can arise once the U(1)p_y, is spontaneously broken [89]. The
B — L gauge interactions can yield the correct relic abundance of sneutrinos if the

U(1)p—r is broken around the TeV scale.

Tt is also possible to have successful inflation in the context of the U(1)p_;, model [67].
In this case the dark matter candidate (the RH sneutrino) can become a part of the inflaton
field and thereby gives rise to a unified picture of dark matter, inflation and the origin of
neutrino masses [68].
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Recently, it has been shown that it is possible to explain the positron excess
observed in the PAMELA data [32, 33] in the context of a low scale B — L extension
of the MSSM [1, 2, 90]. Due to a factor of 3 difference between the B — L charges
of the quarks and leptons, the anti-proton flux is naturally suppressed in this model
in agreement with the PAMELA anti-proton data. Furthermore, the U(1)p_, gauge
coupling unifies with those of the SM symmetries, and the B — L symmetry can be
broken radiatively. The B — L breaking around a TeV results in a Z’ gauge boson
with around a TeV mass that can be probed at the LHC along with the other new

states of this model.

The RH sneutrino of this B — L extended model can be detected when it elas-
tically scatters off a nucleus. The sneutrino-proton scattering cross section is large
enough to be probed in the ongoing and upcoming dark matter direct detection ex-
periments [68]. In addition, annihilation of sneutrinos at the present time produces
LH neutrinos. It is interesting to investigate the possibility of indirect detection of
sneutrino dark matter by using final state neutrinos in the IceCube neutrino tele-
scope. This ongoing experiment plans to probe the neutrino flux arising from the
annihilation of gravitationally trapped dark matter particles in the Sun and the
Earth. We will examine the status of the U(1)p_, model in two cases. In case
1, the sneutrinos annihilate mostly into RH neutrinos that subsequently decay into
LH neutrinos and the MSSM Higgs. In case 2, the sneutrinos annihilate mostly
into the lightest Higgs boson in the B — L sector that decays into 777~ and b"b~
quarks, which subsequently produce LH neutrinos via three-body decays. The recent
PAMELA data [32, 33] can be explained in case 2, where the final state taus give
rise to the positron excess in the cosmic ray flux without producing a significant
number of antiprotons [1, 2, 90]. The large cross section required to explain the
data arises from Sommerfeld enhancement [41] or from the non-thermal production

of dark matter [90].
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Since the source of neutrinos are different in the two cases, two-body versus
three-body decay, the energy spectrum of the neutrinos can be used to distinguish
the cases. We will estimate the muon neutrino flux as well as the muon flux in both
scenarios as a function of sneutrino mass. Since the Large Hadron Collider (LHC) is
on the verge of producing physics results, it will enable us to measure the mass of the
dark matter candidate. Therefore, using the LHC measurements and the IceCube
results in tandem, we hope to discern the B — L model. We will present predictions
of this model using the standard dark matter halo model as well as the modified

velocity distributions obtained in recent galaxy simulations.

This paper is organized as follows. In section I, we discuss the low scale U(1)p_,
model. In section III, we give a general discussion of the indirect detection of sneu-
trino dark matter via neutrino final states. In section IV, we present our results
and discuss the prospect of detection of sneutrino dark matter at IceCube in case
1 and case 2. In section V, we show the results obtained for the modified velocity
distributions. In section VI, we compare predictions for the sneutrino dark matter
in the U(1)p_; model with those for the neutralino dark matter in the minimal

supergravity model. Finally, we close by concluding in section VII.

5.2 The U(1)p_; Model

Since this B — L is a local gauge symmetry, we have a new gauge boson Z’ (and its
supersymmetric partner). In the minimal model, we also have two new Higgs fields
H{ and HY (that are SM singlets) and their supersymmetric partners. The vacuum
expectation values (VEVs) of these Higgs fields break the B — L symmetry. We

can write the superpotential of the model as follows (the boldface characters denote
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superfields)
W = Wwumssm + W + ypNH,L | (5.1)

where H,, and L are the superfields containing the Higgs field that gives mass to
up-type quarks and the LH leptons respectively. For simplicity, we have omitted
the family indices. The Wg_p term contains H}, H5 and N [2]. Its detailed form
depends on the charge assignments of the new Higgs fields.

The U(1)p_r, is broken by the VEV of H{ and H, which we denote by v] and
vy respectively. This results in a mass my for the Z’ gauge boson. We have three
physical Higgs fields ¢, ® (scalars) and A (a pseudo scalar). The masses of the Higgs

fields follow m3 < cos®(26")m%, (where tanf’ = (Hj)/(H})) and me, ma ~ my:.

Various B — L charge assignments are allowed by anomaly cancelation. We choose
the charge assignment shown in Table 1. In this case H) couples to the RH neutrinos
and gives rise to a Majorana mass upon spontaneous breakdown of the U(1)p_p.
Choosing these Majorana masses in the 100 GeV — 1 TeV range, we have three
(dominantly RH) heavy neutrinos and three (dominantly LH) light neutrinos. The

masses of the light neutrinos are obtained via the see-saw mechanism.

Fields | @ | Q° L | L° | Hy | H}
Qs || 1/6]-1/6]-1/2[1/2] 1 | -1

Table 5.1: The B — L charges of the fields for the minimal model. Here ) and L
represent quarks and leptons respectively, while H] and H) are the two new Higgs
fields. The MSSM Higgs fields have zero B — L charges.

A natural dark matter candidate in this model is the lightest sneutrino N. We
note that it has fewer gauge interactions than other supersymmetric particles, and
its mass receives the smallest contribution from the gaugino loops. Based on the
dominant channel for sneutrino annihilation we therefore consider the following two

cases:
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e Case 1: A generic case where a solution to the positron excess observed by
PAMELA is not sought. In this case the dominant annihilation channels are
the S-wave processes NN — NN and N*N* — N*N* via t-channel exchange
of Z'. There are also NN* — NN * ff annihilation modes via s-channel
exchange of a Z’ or B — L Higgs fields, but these are P-wave suppressed and
can be completely neglected (particularly at the present time). In this case the
annihilation cross-section has the nominal value ~ 3 x 10726 cm? /sec (dictated
by thermal freeze out) at all times. The RH neutrinos produced from dark

matter annihilation quickly decay to LH neutrinos and the MSSM Higgs.

e Case 2: In this case the PAMELA puzzle is addressed via Sommerfeld en-
hancement of sneutrino annihilation at the present time [2]. In this part of
the model parameter space the lightest B — L Higgs ¢ is much lighter than
the Z'. The dominant annihilation channel is N*N — ¢¢ via the s-channel
exchange of the ¢ or ®, the ¢t or u-channel exchange of a N , and the con-
tact term \N |2¢2. The interactions for these processes arise from the D-term
part of the potential, and their strength is proportional to mz. There are
other S-wave processes with Higgs final states N*N — ¢®, ¢ A, ®®, AA, but
they are kinematically suppressed and/or forbidden. The annihilation modes
NN — NN and N*N* — N*N* are also subdominant in this case. As in
the previous case, annihilations to ff final states are P-wave suppressed and
hence totally negligible. The cross section for annihilation to the ¢¢ final state
at the present time is required to be 3 x 10723 ¢cm?/sec in order to explain the
PAMELA data. Sufficient Sommerfeld enhancement is obtained as a result of
the attractive force between sneutrinos due to the ¢ exchange provided that

the mass of ¢ is small (< 20 GeV)?2. The ¢ subsequently decays into fermion-

2It is possible to invoke a non-thermal scenario where the sneutrinos are created from
the decay of heavy moduli or gravitinos [90]. In this case we do not need Sommerfeld
enhancement to satisfy the PAMELA data, and the annihilation cross section will be large,
3 x 1072 cm?/sec, at all times.

87



Chapter 5. Prospects for indirect detection of sneutrino DM with I1C

antifermion pairs very quickly via a one-loop diagram, and it mostly produces

7777~ final states by virtue of the fermion B — L charges [2].

The sneutrino-proton scattering cross section for this model can be in the 107! —
10~8 pb range for a reasonable choice of parameters that satisfy the relic density
constraint, cf. [68, 2]. This opens up the prospect for direct detection with the help
of the next generation of experiments [86]. The current upper bound for the spin-
independent cross section is 4.6 x 107 — 2 x 1077 pb for a dark matter mass of

60 — 1200 GeV; this is just above the highest possible values for our model?.

5.3 Prospects for Indirect Detection at IceCube

5.3.1 The Neutrino Signal

The B — L model also shows great promise for indirect detection, and we focus in
particular on the potential neutrino signal at the IceCube experiment. In case 1, the
sneutrinos annihilate to produce RH neutrinos that subsequently decay into a LH
neutrino and a neutral Higgs boson*. We assume for most of this paper that the total
LH neutrino flux branches into every neutrino flavor equally (see subsection 5.4.1 for a
discussion). Assuming that the mass difference between the RH sneutrinos and RH
neutrinos is small®, the RH neutrinos are produced non-relativistically, and hence

each LH neutrino and Higgs receives an energy equal to half of the sneutrino mass.

3Since B — L symmetry is vectorial, the spin-dependent cross section is zero in this
model.

4RH neutrino decay to a charged lepton and a charged Higgs is typically forbidden.

>This is the case when the soft supersymmetry breaking mass of the sneutrino is similar
to or smaller than supersymmetry conserving Majorana mass of the (s)neutrino. A rather
small soft mass term is motivated if the B — L symmetry is to break radiatively and is
needed to keep the lightest B — L Higgs ¢ light as in case 2 [2].
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In case 2, RH neutrinos constitute about 10% of the annihilation final states.
Two of the lightest B — L Higgses ¢ compose the remaining 90% of the branching
fraction. This branching fraction is necessary to provide a high enough leptonic
particle rate to fit the PAMELA data. As mentioned in the previous section we need
my < 20 GeV. For 4GeV < m, < 20 GeV, the final states are mostly taus (74%)
and b quarks (16%), where the dominance of tau final states is a result of the fermion
B — L charges. The LH neutrinos in this case arise from the three-body decay of
taus and bottom quarks. For m, < 4 GeV, we would have mostly muons and charm

quarks.

Both the case 1 and case 2 scenarios of our model display a crucial signature
difference when compared to the standard neutralino LSP in the MSSM. The energy
distribution of the produced LH neutrinos from the RH neutrino decay is a delta
function occurring at half of the sneutrino mass. Other annihilation channels in this
model, as well as those available in the MSSM, produce additional neutrino signal
via three-body decays such as 7= — e~ v, 1. This difference opens up a significant
possibility to differentiate between the B — L model and the MSSM with the help of
the differential energy spectrum of the detector event rates. This is discussed further

in section 5.4.

5.3.2 Neutrino Flux

Sneutrino annihilation in the Sun and the Earth produces an expected neutrino flux
through IceCube. This flux is modeled by calculating the number of gravitationally
captured sneutrinos and then considering the propagation and detection of the pro-
duced neutrinos. The number of captured dark matter particles as a function of time

is governed by a differential equation the solution to which is

N(t) = \E tanh VO At |, (5.2)
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where C' is the total capture rate and depends on both the total scattering cross
sections off nucleons and A is related to the annihilation cross section; see Ref. [91]

for details. The total rate of annihilation is given by

Ly = gtanh2 (i> : (5.3)

2 Teq

The number of captured sneutrinos will saturate as long as the length of time for the

process has exceeded the equilibration time, 7., = (VCA)™'.

In equilibrated systems, the rate of annihilation is entirely dominated by the
capture rate C, I'y ~ (/2. We can explain equilibration in the B — L model by
considering some example cross sections. Since the age of the solar system is 4.5
Gyr, for a 1 TeV sneutrino with an annihilation cross section of 3 x 10723 ¢cm?/sec
(3% 10726 ¢cm?3/s), a spin-independent cross section ogy of at least 107! pb (107 pb)
is needed to reach equilibration in the Sun. This assumes no spin-dependence as the
B — L model has none. The scattering cross section needed to achieve equilibration

in the Earth is already excluded by direct detection bounds.

Alternatively we can fix the scattering cross section and place a limit on the
annihilation cross section. In the B — L model, the cross section for sneutrino-proton

elastic scattering follows

4
o8] X (M> m? (5.4)

mz: P’

where gp_; and @ are the U(1)p_; gauge coupling and B — L charge of leptons,
respectively, and m,, is the proton mass. The limits on the Z’ mass from LEP and
Tevatron are given by [70, 71],

mz

2 S 6TeV. 5.5
9-1.QL (55)
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This results in an upper limit on og; of 8 x 107 pb. Assuming this bound is realized,
an annihilation cross section > 4 x 10726cm3 /s (1 x 107'8cm3 /s) needs to be achieved
to reach equilibrium in the Sun (Earth). Note that we can always choose the B — L
gauge coupling and scale B — L charges in accordance with anomaly cancelation
such that ogy is saturated while obtaining the correct relic density for sneutrino dark
matter. This is possible since a different combination of gg_; and Qp_ appears in
the relic density calculation . This is in contrast to the MSSM case where the SM

gauge couplings and charges are fixed.

Since equilibrium is easily achieved in the Sun, the neutrino signal will depend
solely on C', or equivalently ogy, so the increased annihilation rate in case 2 of our
model confers no advantage compared to typical MSSM cases for annihilation in the
Sun. On the other hand, choosing reasonable values for either of the relevant cross
sections demonstrates that equilibrium is nearly impossible to reach for the Earth
without significant deviation from the assumptions made in [91]. Consequently, the
neutrino signal from the Earth will depend on both C' and A. Therefore one expects
a much larger signal for case 2 as compared to either case 1 or the neutralino dark

matter models [92].

The annihilation of sneutrinos in the Sun and Earth yields neutrinos that can
be detected by the IceCube experiment. IceCube can distinguish between neutrino
signals from the Earth and Sun with the help of an angle cut. This cut restricts the
detection to an angle range of 90° < © < 113° in the case of the Sun, where © is the
Earth zenith angle. One has to measure below the horizon to be able to distinguish
the background of atmospheric neutrinos from the signal, and the Sun cannot be
more than 23.5° below the horizon at the South Pole [93, 94]. In the case of a search
for a potential Earth signal one looks at a zenith angle of about 180°, i.e., directly

to the core of the Earth [93].
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Muon neutrinos create muons via charged current interactions in the detector.
The qualitative behavior of the muon flux depends on the corresponding neutrino

muon flux, and the differential neutrino spectrum is given by

dN, r AN/
v _ a f 1
dE,  4nD? ; By dE, ’ (56)

see for example Ref. [73]. Appendix 5.8 contains a detailed discussion about the

mass dependence of this equation.

The IceCube detector records the Cerenkov light from relativistic charged parti-
cles in its volume. Cosmic ray showers create a muon background signal that can
be controlled by selecting for upward-going and contained muon events. The atmo-
spheric neutrino background is well understood and may be subtracted away from

the signal.

In addition to the muon flux through IceCube, electromagnetic and hadronic
cascades inside the detector might also allow sneutrino dark matter detection. Elec-
tromagnetic cascades occur via charged current interactions. By depositing some of
the incoming neutrino energy in taus and electrons, Bremsstrahlung radiation pro-
duces a localized cascade of energy that the digital optical modules of IceCube can
record. In the results of Appendix 5.9 we have ignored any contribution from the
charged current electromagnetic cascades of the muons, since their contribution has
already been considered in the form of Cerenkov radiation from the muon tracks.
Hadronic cascades occur for both neutral current and charged current interactions.
As the neutrino scatters off of a nucleus in the detector, the nucleus breaks up
and produces products such as pions that in turn decay into detectable photons.
Note that for neutral current interactions the energy of the outgoing neutrino is lost
and is not recorded in any cascade. The energy from localized electromagnetic and
hadronic cascades is much harder to reconstruct compared to muon tracks but still

might produce an interesting signal in the detector, see Appendix 5.9.

92



Chapter 5. Prospects for indirect detection of sneutrino DM with I1C

5.4 Model Results

The annihilation of sneutrinos in the Sun and Earth results in a flux of particle events
through the IceCube detector that are calculated using DarkSUSY, which uses results
from WimpSim [73, 95]. The calculations account for neutrinos produced via decays,
as well as neutrino oscillation, loss via charged current interactions and scattering via
neutral current interactions. DarkSUSY default parameters are used, which include
a Gaussian dark matter velocity distribution and an NFW halo profile. Realistic
Sun and Earth density profiles are integrated over numerically according to [96]. For
both case 1 and case 2, the maximum spin-independent cross section allowed by the
Z' limits is used. Similarly, the annihilation cross section is fixed at 3 x 10726cm? /s
(3x107%3cm?/s) for case 1 (case 2). Finally, the results presented in the subsections
below use the convention of a detector energy threshold of 1 GeV. IceCube effective
areas have not been calculated for our model, but we anticipate that they would
be slightly larger than those used for the MSSM scenarios since we have a slightly

harder spectrum. This is especially true in case 1.

5.4.1 Sensitivity to Neutrino Flavor

For the results that follow we have considered equal branching to the three flavors of
LH neutrinos, but in principle this need not be the case. The exact flavor composition
of LH neutrinos produced from sneutrino annihilation in the Sun depends on the
detailed structure of Majorana and Dirac couplings in the neutrino sector. In Fig. 5.1,
the resulting muon neutrino flux for a 100% branching ratio to a single flavor is
compared to equal flavor ratios in both case 1 and case 2 (upper and lower panels

respectively).

It is seen from the upper panel that in case 1 for sneutrino masses below 300

GeV (LH neutrino energy below 150 GeV) flavor composition of produced neutrinos

93



Chapter 5. Prospects for indirect detection of sneutrino DM with I1C

10" F

109 i \\
10°% 1

107,

_
<

Events km™> yr!

0 500 1000 1500 2000
My (GeV)

(a) Sun Muon Neutrino Flux, Case 1
1x 10" [ ‘ ‘ ‘ ‘

%
5%10'0F %,

",

ax100f %
1x100}
5% 10°}

2x10°t
1x10°F

Events km™> yr!

0 500 1000 1500 2000
My (GeV)

(b) Sun Muon Neutrino Flux, Case 2

Figure 5.1: Total muon neutrino rates received at the Earth for the U(1)p_; model
as a function of the sneutrino mass in the case of sneutrino dark matter capture and
annihilation in the Sun. The results are for one year of detection with IceCube. The
B — L model is robust to changes in the neutrino branching ratios. 100% branching
to ve, v, and v, is shown in orange (bottom line in case 1), green (second line from
the bottom in case 1) and blue (top line in case 1) respectively. Results of equal
branching to neutrino flavors are in red (second line from the top in case 1).

does not matter since oscillations are very efficient at low energies and easily mix the
neutrino flavors. Therefore 100% v, v, or v, each leads to the same v, signal at
the detector. However at high energies oscillation length Ly oc E,/Am? elongates,
and oscillations become less efficient. Here Am? is the difference between (mass)? of
neutrino mass eigenstates. This effect is most important for v.’s since they oscillate
to v,’s via the small mass splitting responsible for solar neutrino oscillations Am2,;.
This is why the v, flux at the detector falls quickly for 100% v, branching ratio at
high energies. The effect is less pronounced for 100% v, and v, branching ratios

because the relevant mass splitting is the one responsible for atmospheric neutrino
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oscillations Am?

2tm> Which is much larger. However, it is seen that the v, flux for

100% v,, branching ratio is less than that for 100% v, branching ratio at high energies.
This is because of charged current interactions inside the Sun whose cross section is
proportional to the neutrino energy. These interactions convert muon neutrinos to
muons that are quickly stopped in the Sun due to electromagnetic interactions that
result in attenuation of the neutrino flux. Charged current interactions also convert
tau neutrinos to taus. However, due to their much shorter lifetime, they decay back
to v, before any significant energy loss. Nevertheless, for sneutrino masses up to 1.5
TeV, the result for equal branching ratios to three flavors is within a factor of a few
compared with the 100% branching ratio to a single neutrino flavor. Moreover, for a
typical model, it is unlikely that sneutrino annihilation produces only one flavor of
RH neutrinos. Therefore equal branching to the three flavors is a good approximation

in case 1.

In case 2, the lower panel®, there is virtually no difference between various flavor
compositions. This is because sneutrino annihilation mainly produces taus in this
case (the branching ratio for production of RH neutrinos is only 10%). Hence equal

branching to the three flavors is a nearly perfect approximation in this case.

We conclude that our results do not depend critically on the choice of neutrino

flavor branching ratios in either case.

6The effect of the 1 GeV conventional energy threshold in the spectrum can be seen
at low masses as more of the neutrino signal is lost under the threshold; this causes the
maximum event rate to move to the right from the edge of the graph. This effect is not
evident in case 1 since the majority of the neutrino flux arrives at higher energies and is
unaffected by the small threshold.
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5.4.2 Contributions to Muon Flux

It is worth emphasizing that case 1 and case 2 yield different neutrino signals. In
case 1, LH neutrinos are produced from two-body decay of (almost non-relativistic)
RH neutrinos. This produces a delta function in the energy of the LH neutrinos at
one-half the mass of the sneutrino dark matter”. On the other hand, in case 2, the
sneutrino dominantly annihilates to ¢¢ final states, and each ¢ decays to a fermion-
antifermion pair via a one-loop diagram. The partial decay rate of ¢ is proportional
to the squares of the mass of the resulting fermion and the fourth power of its B — L
charge [1, 2]. As a result, the largest contribution to the annihilation is from taus
(~ 74%) and bottom quarks (=~ 16%), where the quark signal is suppressed due to
the B — L charge. Both of these final states produce neutrinos via three-body decay

that results in a spread in energy signal.

Fig. 5.2a shows the muon neutrino flux energy spectrum through a kilometer
squared of IceCube in one year for a 300 GeV sneutrino for case 1. The delta
function at half the mass of the sneutrino can be seen clearly. A small portion of
muon neutrinos from this initial annihilation state are scattered via neutral current
interactions inside the Sun to lower energies. This produces the slight bump in the
spectrum at low energies. Fig. 5.2b plots the resulting muon flux from the charged
current interactions inside the IceCube detector. As expected for a monochromatic

incident neutrino, the spectrum of muons has a linear dependence on energy.

For case 2, the delta function from the neutrino channel at the detector is sub-
dominant to the other annihilation channels, see Fig. 5.3a. First, consider that the

sneutrino annihilation mainly produces taus and bottom quarks that subsequently

"There is one additional potential source for neutrinos: the Higgs produced from the
decay of the RH neutrinos can itself decay to a bb pair. We checked that this contribution
gives only a few percent change in the signal. We therefore neglect it in our numerical
calculation for the sake of simplicity.
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Figure 5.2: In the upper (lower) panel, muon neutrino (muon) flux through IceCube
from annihilation of 300 GeV sneutrinos in the Sun for case 1.

produce LH neutrinos via three-body decays. Second, due to the larger sneutrino
mass of 1 TeV (in order to explain the PAMELA data), the LH neutrinos produced
from two-body decays have a higher energy than in the 300 GeV case. Therefore
they lose energy via neutral current interactions and get absorbed via charged cur-
rent interactions inside the Sun more efficiently. As a result of both of these facts,
there are more neutrinos with low energies at the detector from each channel in this
case than in case 1. This also is reflected in the spectrum of muon flux, shown in
Fig. 5.3b, which does not show a linear dependence on energy due to the presence of

three-body decays. This is in contrast to Fig. 5.2b.

The muon event signal from annihilation in the Earth for case 1 and case 2 is
too small to detect since the dark matter population has not reached equilibrium;

therefore, the production of neutrinos depends on both the scattering cross section
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Figure 5.3: The same as Fig. 5.2, but with a 1 TeV sneutrino in case 2. Individual
annihilation channels are shown: neutrino (red, dotted), tau (green, dashed), bottom
quark (purple, dot-dashed) and all channels (blue, solid).

and the annihilation cross section, which is small in this scenario.

5.4.3 Mass Dependence of Muon Flux

Fig. 5.4 shows our results for the total muon rate integrated over energy as a function
of the sneutrino mass my for annihilation in the Sun®. The figure shows both the
case 1 and case 2 rates in events km ™2 yr~!. The plots have two characteristics:
an increase at lower masses culminating in a peak followed by a general decrease in

event rates at higher masses.

8The apparent discrete nature of these plots occurs because only a few values of sneu-
trino mass are recorded in the WimpSim tables used by DarkSUSY; the program interpo-
lates between these points. The effect is numerical and not physical.
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Figure 5.4: Total muon rates detected at the Earth from annihilation of sneutrino
dark matter in the Sun as a function of the sneutrino mass. The results are for one
year of detection with IceCube. Case 1 (case 2) is the highest (lowest) peaked line.
The dotted line denotes the mass range where one cannot explain the PAMELA data
using case 2 anymore.

The decrease of the event rates for higher m is reflective of the decrease of the
neutrino flux due to the kinematic suppression of sneutrino capture (the factor scales
approximately like 1/m for large masses”). The linear increase at low my is ex-
plained by the linear dependence of the cross section for charged current interactions
on the energy of neutrinos at the detector (which is proportional to the sneutrino
mass). The case 1 signal is larger than the case 2 signal for lower values of sneutrino
mass. LH neutrinos are produced in two-body decays in case 1 versus three-body
decays in case 2, and hence have a higher energy. As a result, the cross section for
conversion of neutrinos to muons at the detector is larger in case 1. However, for
large sneutrino masses case 1 has a smaller signal than case 2. The produced LH
neutrinos, 100% of case 1 products, get absorbed via charged current interactions
or lose energy via neutral current interactions inside the Sun more efficiently because

of their larger energy, thus a smaller number of neutrinos arrive at the detector.

9See Appendix 5.8 for a more detailed definition of “large”.
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Refs. [97, 98] display sensitivity plots for the detection of a muon signal in the case
of standard neutralino dark matter annihilation in the Sun and Earth respectively.
In the case of the Earth, more than 12 events are needed for a DM mass between
70 GeV and 4 TeV. In the case of the Sun the number of events needed drops
linearly as a function of mass starting from 300 events at 70 GeV down to 70 events
at 300 GeV. Beyond 300 GeV up to 4 TeV, the number of events needed remains
fixed at 70. This provides a hint that one could detect the event rates caused by
sneutrinos despite some differences between the sneutrino and neutralino dark matter
spectra. These differences are due to unequal numbers and weighting of neutrino
production channels, but the somewhat harder spectrum of the sneutrino model
will make IceCube slightly more sensitive to the model. Hence, we can expect that
it might be possible to detect muon neutrinos produced by sneutrino annihilation
for sneutrino masses around 300 GeV for the Sun, cf. Fig. 5.4. Note that a large
range of masses would be accessible with only an order of magnitude improvement

in sensitivity.

In summary, if the dark matter mass is determined from measurements at the
LHC, then we can read the maximum number expected for the Sun muon rate in
the B — L model from Fig. 5.4'°. Thus, for a known sneutrino mass, observation of
a muon signal exceeding the number given in Fig. 5.4 will rule out the B — L model.
The largest number of muon events from the Sun in the entire depicted mass range
is 58 km ™2 yr~! (36 km ™2 yr~!) for case 1 (case 2). Therefore detection of a muon

signal larger than this will rule out the B — L model regardless of the sneutrino mass.

In the case of the Earth, as mentioned in the previous subsection, there is no
prospect for a potential detection at IceCube for the standard halo model. The
number of muon events is 6 orders of magnitude below the minimum measurable

Earth rate of 12 km™2 yr~! in this case.

10Since we have used the upper bound on the sneutrino-proton scattering cross section in
our calculations, the number of muon events cannot be larger than that given in Fig. 5.4.

100



Chapter 5. Prospects for indirect detection of sneutrino DM with I1C

5.5 Dark Matter Disc in the Milky Way

In our analysis, so far we have assumed a Gaussian like velocity distribution for dark
matter particles with a typical value for the three dimensional velocity dispersion of
o, = 270 km sec™! and |vg,,| = 220 km sec™! for the velocity of the solar system
with respect to the halo. However, there are recent speculations about the existence
of a dark matter thick disc in the Milky Way in addition to the baryonic one, see
e. g. [99, 100]. This dark matter disc is caused by the accretion of Milky Way
satellite galaxies and their corresponding baryonic and dark matter. As dynamical
friction causes the satellite galaxies to accrete onto the disc, tidal forces disrupt the
satellites [100]. Galaxy formation simulations find the density of the dark matter
disc pgark to be in the range ~ 0.25 — 1.5 times the local halo dark matter density
Pralo [100].Possible ranges for the solar system velocity and velocity dispersion of the

dark matter disc are|vg,,| ~ 0 — 150 km sec™! and o, ~ 87 — 156 km sec™!.

Fig. 5.5 shows the Earth muon rate when we scan about the relevant parameter
space for the allowed values of |vg,,| and o, in case 1 and case 2. We used the fixed
ratio paark/pPnale = 1. Case 2 has a sufficient total event rate (> 12 km 2 yr—1) for
nearly the whole allowed parameter space. The constraint of the parameter space
is more pronounced for case 1. The allowed combinations are roughly given by a
triangle with maximal values of |vgy,,| = 47km/s and o, = 100km/s. The differences
in the allowed parameter space for the two cases reflects the fact that the Earth is not
in equilibrium yet. Thus the muon neutrino signal and the corresponding muon flux
still depends on the annihilation cross section, which is three orders of magnitude
larger for case 2. However, we see that in both cases the Earth rates have increased
to detectable rates, several orders of magnitude higher than the standard halo model

that has higher |vg,,| and o, used in the previous section!!.

UThe usage of a free space Gaussian velocity distribution means that our calculated
event rates are an upper bound. There are many proposed parameterizations for the dark
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Figure 5.5: Total Earth-annihilation muon event rates inside the detector per kilome-
ter squared per year for a 300 GeV (in case 1) and 1000 GeV (in case 2) sneutrino.

A change in the velocities and dispersions also modifies the corresponding total
Sun event rates. This is comparatively modest for neutralino dark matter where it is

at most one order of magnitude, see [39]. Fig. 5.6 shows a band of allowed total Sun

muon rates for the sneutrino dark matter. These rates are given again as a function

of the sneutrino mass and under the requirement that we have a measurable Earth

matter velocity distribution, and a Gaussian distribution belongs to the scenarios with the
highest resulting event rates, see [39].
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rate of at least 12 events km 2 yr~'. Any variation of the event numbers for a fixed
mass arises as a result of the use of velocities |vg,,| and dispersions o, within the
required parameter ranges of Fig. 5.5a and 5.5b. A comparison between Fig. 5.4
and 5.6 shows an increase of =~ 30% in the Sun muon rates for the sneutrino dark

matter.

Events km™>

0 500 1000 1500 2000
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Figure 5.6: Total Sun-annihilation muon rates inside the detector for the sneutrino
dark matter with modified velocity distributions that yield Earth-annihilation rates
of at least 12 events per year per km?. Upper (lower) curve shows the case 1 (case
2). The dotted lines denote the mass range where one cannot explain the PAMELA
data using case 2 anymore.

The band of total muon rates for case 1 is noticeably thinner than for case 2. It
is seen from Figs. 5.5a and 5.5b that case 1 has a smaller allowed parameter range
with more than 12 events km 2 yr~!. Thus the corresponding ratio between the
minimal and maximal value within the allowed range is much smaller than that in
case 2, and the possible change in the total Sun rates is comparatively small. Even

for case 2 the differences between the highest and lowest rates for a fixed mass is

about 40% or less.

To summarize, a modified velocity distribution can substantially enhance the
Earth muon rate for the sneutrino dark matter beyond the detection threshold of 12
km ™2 yr~!. It also raises the maximum Sun muon rate to 78 events km 2 yr—! (48

km™? yr~!) in case 1 (case 2). Observation of the Sun muon rates larger than these
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will rule out the B — L model regardless of the sneutrino mass or Earth rates.

5.6 Comparison with mSUGRA

Minimal supergravity (mSUGRA) is a constrained version of the MSSM that depends
only on four parameters and one sign. These are mq (the universal soft breaking mass
at the grand unification scale), my /o (the universal gaugino soft breaking mass at the
grand unification scale), A (the universal trilinear soft breaking mass at the grand
unification scale), tan § (the ratio of MSSM Higgs VEVs at the electroweak scale)
and the sign of 1 (the MSSM Higgs mixing parameter). The mSUGRA dark matter

candidate is the lightest neutralino.

The parameter space of the mSUGRA model has three distinct regions allowed
by the dark matter constraints [101]: (i) the co-annihilation region where both my
and m, o can be small, (ii) the hyperbolic branch/focus point region where the dark
matter has a large Higgsino component and myg is very large but m,/; is small,
and (iii) the funnel region where both mg and m;,, are large and the dark matter
annihilation occurs through heavy Higgs bosons in the s-channel. We note that
a bulk region (where none of the above properties hold) is now almost ruled out
due to other experimental constraints. Among these three regions, the neutralino
has a large capture rate in the hyperbolic branch/focus point region due to a large
Higgsino component that results in a large spin-dependent scattering cross section
via Z exchange. In this section we compare mSUGRA hyperbolic branch/focus point

scenarios with the B — L model.

Fig. 5.7 shows the total Sun muon rate as a function of the neutralino mass for
mSUGRA hyperbolic branch/focus points. A comparison with Fig. 5.4 shows that
these scenarios always have a higher total muon rate in the plotted mass range than

the B — L model. The hyperbolic branch/focus point models yield larger muon
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Figure 5.7: Total Sun-annihilation muon rates inside the detector for mSUGRA
hyperbolic branch/focus point scenarios as a function of the neutralino mass. The
results are for one year of detection with IceCube.

rates by between more than one order of magnitude and a factor of 1.5 for dark
matter masses in the 100 — 800 GeV range. Even for masses up to 400 GeV the
hyperbolic branch/focus point scenarios provide rates higher than 100 events km >
yr~!. These higher rates are explained by the bigger spin-dependent scattering cross
sections, which are a few orders of magnitude larger than the upper bound on the
spin-independent cross section for the sneutrino dark matter. The spin-dependent
scattering cross section for the B — L model is zero because U(1)p_ is a vectorial
symmetry. Since the Sun mainly consists of hydrogen, the spin-dependent piece

contributes dominantly for the mSUGRA case.

However, it is interesting that despite having a much smaller scattering cross
section, the B — L model can yield muon rates that are roughly comparable to the
mSUGRA scenarios. Sneutrino annihilation dominantly produces leptons, i.e., RH
neutrinos in case 1 and taus in case 2, which subsequently decay to LH neutrinos
100%. On the other hand, neutralino annihilation in the hyperbolic branch/focus
point scenarios dominantly produces quark final states that have a small branching

ratio for decay to neutrinos.
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Furthermore, despite lower event rates, sneutrino dark matter still produces a
distinctive linear spectrum in the muon flux. As illustrated in subsection 5.4.2, this
feature is caused by the delta function in energy for the neutrino spectrum and can
be used to distinguish between the B — L model and the hyperbolic branch/focus
point scenarios as long as energy binning of the differential muon rate with respect

to the energy is precise enough at IceCube.
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Figure 5.8: Total muon rates detected inside the Earth for mSUGRA Focus point
scenarios as a function of the neutralino mass in the case of neutralino DM capture
and annihilation in the Sun. Rates for a range of velocities and dispersions for which
the corresponding Earth rates are at least 12 events per year per km? are shown in
the shaded region. The results are for one year of detection with IceCube.

Fig. 5.8 shows the counterpart of Fig. 5.6 for mSUGRA hyperbolic branch/focus
point scenarios. The range of velocities and dispersions for which the corresponding
Earth rates are at least 12 events km ™2 yr—! yields a band for the total Sun muon
rates. We see that the range between the highest and lowest rates for a fixed mass

does not exceed a factor of two even for masses below 200 GeV.

A scan about the whole parameter space of the modified velocity distribution
yields a maximum of 13 events km 2 yr~! from the Sun for a 1000 GeV neutralino

in the hyperbolic branch/focus point sneutrino. The B — L model with sneutrino
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masses of 1000 GeV and 1500 GeV gives rise to maximum values of 18 and 6 (25 and
14) events km™* yr~! for case 1 (case 2). In contrast, for a dark matter mass of
300 GeV, the maximum events km ™2 yr~! are 158 (hyperbolic branch/focus point),
79 (case 1) and 48 (case 2). Thus the hyperbolic branch/focus point rates are
larger than the B — L rates for low masses, but both are in the detectable range
at IceCube. At high masses it becomes more difficult to distinguish between the
hyperbolic branch/focus point and the B — L models using maximal Sun rates; we

would have to depend instead on the spectral features mentioned in Section 5.4.2.

In the stau co-annihilation and Higgs resonance regions the lightest neutralino has
a high gaugino fraction and therefore a much smaller spin-dependent cross section
that leads to much lower event rates than the B — L model. For example, even if
we assume a modified velocity distribution without any minimal Earth event rate
condition the maximum total Sun rate is less than 1 event km™2 yr~! for a 300 GeV
neutralino (compared with the maximum Sun rate of 158 events km™> yr~! for a
hyperbolic branch/focus point scenario with the same mass). This is far below any

detection threshold.

It is also important to note that the hyperbolic branch/focus point in the m-
SUGRA model is incompatible with the g — 2 data, where there exists a 30 deviation
from the SM value if the eTe™ data is used to calculate the leading order hadronic
contribution [102]. In the context of the B — L model, case 2, which can address the
PAMELA puzzle, also becomes incompatible with ¢ — 2 data, however the generic

B — L model, i.e. case 1, is still compatible.

5.7 Conclusion

We have considered prospects of indirect detection of the RH sneutrino dark matter in

a U(1)p_p extension of the MSSM at the IceCube neutrino telescope. The sneutrinos
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captured in the Sun and Earth dominantly annihilate through S-wave processes at
the present time. In a generic situation (called case 1) the sneutrinos annihilate to
RH neutrinos (annihilation cross section of 3 x 10726 cm?/sec) that quickly decay to
a LH neutrino and the MSSM Higgs. If one seeks an explanation for the recently
observed positron excess from the PAMELA data (called case 2), the sneutrinos
with a mass > 1 TeV dominantly annihilate to the lightest Higgs in the B — L sector
(with an enhanced annihilation cross section of 3 x 1072% cm?/sec) that rapidly decay
to fermion-antifermion pairs (74% taus, 16% bottom quarks, and 10% RH neutrinos).
LH neutrinos are produced mainly from the three-body decay of taus. The muon
neutrinos from sneutrino annihilation are converted to muons via charged current

interactions at IceCube.

In both of the cases, sneutrino capture and annihilation inside the Sun reaches
equilibrium. Consequently, the flux of neutrinos from the Sun is governed by the
cross section for sneutrino-proton elastic scattering, which has an upper bound of
8 x 1072 pb from the LEP and Tevatron limits on the Z’ mass (due to the vectorial
nature of the B — L symmetry, there is no spin-dependent piece). In Fig. 5.4 we have
shown the number of Sun muon events at IceCube as a function of the sneutrino mass
for case 1 and case 2 (using the upper bound on the sneutrino-proton scattering
cross section). In both cases, the number of events are potentially detectable by
IceCube due to a harder neutrino spectrum. Thus once the dark matter mass is
found from measurements at the LHC, observation of muon events larger than that

given in Fig. 5.4 will rule out the B — L model.

For the standard halo model the capture and annihilation of sneutrinos inside
the Earth does not reach equilibrium for either case 1 or case 2, resulting in an
event rate that is too small to be detected at IceCube. However, modified velocity
distributions within the range allowed by recent simulations of the galaxy can lead to

a substantially larger rate that exceeds the IceCube detection threshold of 12 km™2
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yr~! for events from annihilation in the Earth. Nevertheless, the Sun-annihilation
muon rate can at most increase by 30% for a modified velocity distribution, as shown
in Fig. 5.6. This implies that observation of a muon event rate larger than roughly
100 km ™2 yr~! from the Sun will all but rule out the B — L model regardless of the

dark matter mass.

We compared predictions of the sneutrino dark matter in the B — L model
with that of the neutralino dark matter in the mSUGRA model. Only hyperbolic
branch /focus point scenarios in mSUGRA, which have a Higgsino type dark matter
candidate and thus large spin-dependent contributions to the neutralino-proton elas-
tic scattering cross section, give rise to Sun muon event rates that can be detected
at IceCube. Even though scattering cross sections can be two to three orders of
magnitude larger than the B — L case, the muon rates do not scale directly with the
cross section. This is because sneutrinos mainly annihilate into lepton final states
(by virtue of the B — L symmetry) that decay to neutrinos with 100% efficiency,
while neutralino annihilation dominantly produces quark final states that have a
small branching ratio for decay to neutrinos. Moreover, the linear dependence of the
muon spectrum on the energy in the case of the sneutrino dark matter (particularly
case 1) , a common feature for neutrinos produced from the two-body decays, can
be used to distinguish between the B — L model and the hyperbolic branch/focus
point scenarios. This will be feasible by a sufficiently precise energy binning of the

differential muon rate at IceCube.

5.8 Chapter Appendix: Mass Dependence of ['4

We analyze in detail here the contribution from Eq. (5.3) to the mass behavior of
Fig. 5.4. Any mass dependence from dN; /dE, is ultimately washed out of the muon

signal by the linear dependence of oo n¢ on the neutrino energy, which dominates at
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low energy. The distance D between the detector and the source and the branching
fraction B]f\? into the final state f are independent of mg. Thus, the annihilation rate
at high energies is governed by the dependence of I'4 on the kinematic suppression
factor. Eq. (5.3) shows that this annihilation rate is proportional to the capture rate

C'. Ref. [91] provides a parameterization of C' as a function of the energy:
Cl(mg) o< Y Fi(mg)S(mg/my,)oi(myg) , (5.7)

where the sum runs over all species ¢ of nuclei in the Sun or Earth, F; are the
corresponding form factors, S is the kinematic suppression factor for capture of
a sneutrino and the o; are the individual scalar cross sections for scattering from
nucleus 7. The effect of the F; dependence on mass is negligible because most of
these form factors vary little from unity. Furthermore, o; is not dependent on the
sneutrino mass in the B — L model since we have chosen a constant sneutrino-proton
scattering cross section of 8 x 1072 pb (the upper bound implied by the Z’ mass
limits). Thus the overall shape of the curves in Fig. 5.4 can be understood by

looking at S(my).

S can be parameterized by

S(x) = [%]3/2, (5.8)
Aw) = 1.5<xf1)2(<“jj;>2), (5.9)

Lis the velocity dispersion of the dark matter particles and

where v = 270 km sec™
< Vese > is the escape velocity of 1156 km sec™! and 13.2 km sec™! for the Sun and
Earth respectively. S(z) is bounded between zero and one. Moreover, it scales like
1.5(< Vese >2 /0%)/z for x — 00, and it peaks at one for x = 1. Therefore, the exact
location of the peak for each scattering element ¢ is determined by its corresponding

nucleus mass my,. As mentioned in subsection 5.4.3, S scales approximately like
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1/mg for large masses. The meaning of large in this context depends on the value

of the (< vese > /0)? ratio in comparison to z. For example, a value of mg with

my/my, > (<vese> /¥)? is considered large.

5.9 Chapter Appendix: Cascade Signal
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Figure 5.9: Total electromagnetic and hadronic cascades inside the detector volume
from sneutrino annihilation in the Sun.

Fig. 5.9 plots the total energy spectrum from all cascades, both hadronic and elec-

tromagnetic (excluding the electromagnetic muon signal'?), per kilometer squared of

12The electromagnetic cascade from a muon signal is excluded from the graph since it is
accompanied by a more discernable muon track, the subject of the body of this paper.
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detector per year for case 1 and case 2. The general downward trend of the plot oc-
curs because the hadronic signal dominates as it is produced by both charged current
and neutral current interactions, while the upward-trending electromagnetic signal
only receives contributions from the charged current interactions and excludes the
muon signal altogether. The cross sections for hadronic processes decrease as the
transferred energy to the nucleus goes up, hence creating the decreasing trend (high
energy in the hadronic cascades corresponds to low energies in the electromagnetic
cascades). We note that in the lower panel of the figure (case 2) the cascade signal
is depleted at high energies. This is because the produced neutrinos have higher
energies (as a result of the higher sneutrino mass in this case), and therefore absorp-
tion and scattering effects inside the Sun are more important. This explains why the

signal in case 2 is more steeply curved than the case 1 signal.

It is important to remember that it is not clear at this time whether IceCube
will be able to distinguish between electromagnetic and hadronic cascades. As a
result, while a single charged current interaction will result in both a hadronic and
electromagnetic cascade, these may be recorded as a single event with the total energy
of the incoming neutrino. Meanwhile, the hadronic cascade of neutral current events
would be recorded correctly as a single event with only part of the energy of the
incoming neutrino. While we have assumed in the above that individual cascade

signals are separable this may not reflect experimental reality.
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Major Results

Diverting from the previous work, this chapter takes a model-independent approach
and seeks to discriminate between different DM final states, which may be generated
by any model. The work of this chapter was completed in collaboration with Dr.
Rouzbeh Allahverdi and was accepted for publication in Physical Review D [4]. Since
muons in the ice travel approximately 5 GeV for every meter, track length may be
used to reconstruct energy as long as £, < 1 TeV. The energy reconstruction thus
has a Gaussian error in energy approximately equal to a spread of 40 GeV with
one sigma likelihood. However, even when these reconstruction errors are taken into
account, IceCube/DeepCore is capable of detecting monochromatic neutrinos in the

presence of less energetic Ws or 7s after ten years of data.

Furthermore, neutrino flavors may also be distinguished using the signal from
tau neutrino regeneration, wherein tau neutrinos experience charged-current inter-
actions, produce a tau, which in turn decays quickly to a low energy tau neutrino.
Neither electron nor muon neutrinos experience regeneration since us and electrons
are quickly stopped due to electromagnetic interactions. The oscilltion length is
propotional to energy, but the absorption length of charged current interaction is in-
versely propotional to energy. Thus, as energies increase starting at about 500 GeV,
the absorption length becomes shorter than the oscillation length. Muon neutrinos
are absorbed in charged current interactions before they have the opportunity to
oscillate to tau neutrinos and experience regeneration. The distinguishing signal of
regenerated 7s may shed light on the nature of the lepton-numbered DM annihilating

to neutrinos.
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Abstract

We investigate the prospects for distinguishing dark matter annihilation channels us-
ing the neutrino flux from gravitationally captured dark matter particles annihilating
inside the sun. We show that, even with experimental error in energy reconstruction
taken into account, the spectrum of contained muon tracks may be used to discrim-
inate neutrino final states from the gauge boson/charged lepton final states and to
determine their corresponding branching ratios. We also discuss the effect of v, re-
generation inside the sun as a novel method to distinguish the flavor of final state
neutrinos. This effect as evidenced in the muon spectrum becomes important for
dark matter masses above 300 GeV. Distinguishing primary neutrinos and their fla-
vor may be achieved using multi-year data from a detector with the same capability

and effective volume as the IceCube/DeepCore array.

6.1 Introduction

Many lines of evidence support the existence of dark matter (DM) in the universe,
but its identity remains a major problem at the interface of particle physics and
cosmology. The weakly interacting massive particles (WIMPs) are promising DM
candidates [79]. They can explain the DM relic abundance, as precisely measured
by cosmic microwave background (CMB) experiments [5], via thermal freeze-out of
annihilation in the early universe. Major experimental efforts seek to detect DM
particles via direct, indirect and collider searches. These experiments provide com-
plementary information on the properties of DM such as its mass, elastic scattering

cross section with nucleons, annihilation cross section, and annihilation channels.

Indirect searches investigate annihilation of DM to various final states (neutrinos,

photons, charged particles) through astrophysical observations. Neutrinos provide
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an especially interesting probe because they are least affected on their way from
the production point to the detection point. As a result, neutrino telescopes like
IceCube (IC) can trace a neutrino signal directly back to the source. DM particles
gravitationally captured inside the sun annihilate and produce such a signal. When
equilibrium between DM capture by the sun and DM annihilation inside the sun is
established, the flux of produced neutrinos depends on the DM mass, scattering cross
section off nucleons and the annihilation spectrum. The DM mass and scattering
cross section can be independently determined from other experiments. In particular,
the Large Hadron Collider (LHC) is on the verge of discovering new physics, which
will enable us to measure the mass of the DM particle. Therefore, using the LHC
measurements and the IC results in tandem, we hope to identify the annihilation

channels and their corresponding branching ratios.

In this paper, we study the prospects for determining DM annihilation final states
with IC. This model-independent study has two goals: 1) distinguishing scenarios in
which DM annihilates into neutrinos from scenarios where DM annihilates into gauge
bosons and charged leptons, and 2) extracting information about flavor composition

of neutrino final states in the former case.

Gauge boson and charged fermion final states are the dominant annihilation chan-
nels for the popular and extensively studied neutralino DM in the minimal super-
symmetric standard model (MSSM). On the other hand, annihilation to neutrinos
can arise as the dominant channel in extensions of the standard model (SM) in which
DM is related to the neutrino sector. Discriminating neutrino final states from gauge
boson and tau final states will therefore allow us to discern between the two large
classes of DM models. In the case that DM mainly annihilates into neutrinos, it
will be important to also know the flavor composition of the final state neutrinos.
This will shed further light on the specific aspects of the model that connect DM to

neutrinos.
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We show that the contained muon tracks at neutrino telescopes like IC may be
used for both purposes. The spectrum of contained muons can be used to determine
the branching ratios of neutrino final states versus gauge boson and tau final states.
We demonstrate this for several points in the parameter space within the reach of
the one-year sensitivity limits of the IceCube/DeepCore (IC/DC) array, with the
background from atmospheric neutrinos and the experimental error in energy recon-
struction of the muons taken into account. In addition, the v, regeneration due to
charged current interactions inside the sun may be used to extract information about
the flavor of final state neutrinos for DM masses above 300 GeV. In particular, we
see that the v, final state can be discriminated from the v, and v, final states at a
significant level for DM masses as heavy as 800 GeV. Distinguishing the neutrino fi-

nal states and discriminating the flavor of neutrinos may be achieved with multi-year

data from IC/DC.

This paper is organized as follows. The DM signal in neutrino telescopes is
explained in section II. In section III, we discuss the motivation for models where
DM annihilates mainly into neutrinos. Section IV includes the analysis distinguishing
the neutrino final state from the gauge boson and tau final states. We investigate
discriminating the neutrino flavor in the former case in section V. Finally, we conclude

the paper in Section VI.
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6.2 Neutrino Telescopes as Dark Matter Detec-

tors

6.2.1 The Sun as a Source of Dark Matter Neutrinos

DM annihilation in the sun produces a neutrino flux that can be probed by neu-
trino telescopes like IC. This neutrino flux is modeled by calculating the number of
gravitationally captured DM particles in the sun and then considering the propaga-
tion and detection of the neutrinos produced in DM annihilation. The number of
captured DM particles as a function of time is governed by a differential equation
that balances the capture of particles from elastic scattering on nucleons with the
annihilation rate; see [91] for details. The total rate of annihilation in the sun is
given by [103]

I'y= %taunh2 <i> : (6.1)

Teq

where C' is the capture rate of DM particles. The number of particles captured will

saturate at I'y &~ C/2 as long as the length of time for the process has exceeded the

equilibration time, 7., = (VCA)™L.

With a nominal freeze-out annihilation rate of 3 x 1072% cm?®/s, DM readily
achieves equilibrium within the lifetime of the solar system, 4.5 Gyr, for spin-
independent elastic scattering cross sections compatible with the limits set by the
XENON100 experiment: gy = few x (1072 —1078) pb for the mass range 100 GeV —1
TeV [104]. The spin-dependent cross section needed to reach equilibrium is larger
by a factor of about 300 [91], which is well below the current experimental limit of

osp < 2.5 x (107% = 1073) pb for the 100 GeV — 1 TeV mass range [29)].

The difference between the equilibrium constraints on og; and ogp comes from

the fact that ogy oc M* while ogp oc J(J + 1); M and J are the mass and spin of
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target nuclei inside the sun respectively. Heavy elements such as iron account for
only a thousandth of the sun’s mass and suffer a two order of magnitude form-factor
suppression in capturing WIMP-scale DM masses [91]. On the other hand, hydro-
gen dominates the sun’s composition and does not suffer a form factor suppression.
Thus, the ratio of the spin-independent contribution from iron to the spin-dependent
contribution from hydrogen is on the order of (56)*/105 ~ (O(100). Since equilib-
rium is easily achieved in the sun, the neutrino signal will depend solely on C, or

equivalently ogr and/or ogp.!

Once neutrinos are produced from DM annihilation in the sun, their spectra
undergo a number of changes before detection. Scattering via neutral current inter-
actions results in neutrino energy loss, while charged current interactions result in
absorption of neutrinos. These effects are proportional to the energy of the neutrino
and will therefore have the greatest effect on the high energy part of the spectrum.
Neutrinos are also affected by oscillations on the way to the earth. Since the oscilla-
tion length is proportional to energy, Los. o< E,, the effect is more important for the

low energy part of the spectrum.

6.2.2 Neutrino Background, Energy Reconstruction

and Thresholds

Neutrino telescopes access the neutrino signal from DM annihilation by recording
Cerenkov light from relativistic charged particles in their volume. Muon neutrinos
produce muons via charged current interactions in the detector. Cosmic ray show-
ers create a muon background that can be controlled by selecting for upward-going
events since muons are stopped in the earth. This limits observation of a DM sig-

nal from the sun to half the year, when the sun is below the horizon. However, a

!The neutrino signal from DM annihilation in the earth is negligible assuming a standard
DM velocity distribution in the halo.
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portion of the detector may be used as a veto to observe contained muon events
with a conversion vertex of v, to p inside the instrumented volume. The veto pro-
cedure virtually eliminates the contribution to the background from through-going
atmospheric muons by selecting for contained vertices. This increases the potential
observation time to the full year when the sun is both above and below the hori-
zon. With through-going muons eliminated as a background, the most significant
contribution to the remaining background comes from atmospheric neutrinos. The
spectrum of the atmospheric neutrino background from cosmic rays is understood
theoretically to within 20% [105] and is measured above 100 GeV to within 10% [106],
but individual atmospheric neutrino events cannot be distinguished from neutrinos

from DM annihilation.

The DM neutrino signal can be further enhanced over the background by allowing
for an angular cut in the direction of the sun. The cut will be made on the muon
track, and not the incoming neutrino. A smaller angle between the track and incident
neutrino occurs for muons with an energy closer to that of the neutrino.? That is,
the muon events that deflect little from the incoming neutrino path are the highest
energy events. While the smallest possible angular cut is desirable to eliminate
background, more accommodating cuts on the angle between the track and the sun

provide information about lower energy events.

Energy reconstruction of events can be approximated in two regimes. Above
1 TeV, the light generated by an event is proportional to the muon energy since
Bremsstrahlung radiation, nuclear interactions and pair production create charged
particles each of which contribute to the Cerenkov radiation. Energy reconstruction
in this regime will be logarithmic in energy with an error of log,qor ~ 0.3 [107].
Meanwhile, below ~ 300 GeV the length of the track is proportional to the energy

of the incident particle since the majority of energy loss in this range is governed

2For an elastic collision, the dependence of the angle 6,,, on the muon energy E,, angle
is approximately given by 6,,, < 5.7° (100 GeV/EM)l/Z.
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by ionization. In this case reconstruction will likely be more accurate for contained
tracks, and reconstruction algorithms are currently in development [108]. Events

between these regimes call for a more complicated reconstruction algorithm.

Whereas the IC design is focused on event energies above a TeV, IC/DC achieves
an energy threshold as low as 10 GeV. IC/DC consists of eight more densely in-
strumented strings with high quantum-efficiency digital optical modules (DOMs).
Surrounding IC strings veto through-going muons so IC/DC records muon-neutrino
vertex events inside its volume. IC/DC increases the IC effective volume at energies
below 65 GeV and accounts for the majority of events recorded below 100 GeV. Fur-
ther infills of the IC array, such as PINGU, could extend the energy threshold to a
few GeV and further increase the effective volume by a factor of two at 10 GeV [109].

6.3 Primary Neutrinos from Dark Matter Anni-

hilation: Theoretical Motivation

DM particles can in principle annihilate into any of the SM particles. The annihila-
tion rate to a final state is given by a0 = a+bv?, where v is the relative velocity of
annihilating particles. The two terms in this expression represent the S-wave and P-
wave contributions respectively. For DM annihilation inside the sun the thermalized
velocity is very low (v ~ 107 for a 100 GeV DM particle). Therefore channels that

proceed through the S-wave dominate annihilation (unless a is extremely small).

For the popular and extensively studied neutralino DM in the MSSM, annihila-
tion is mainly into gauge boson and charged fermion final states. For example, in
the stau-neutralino coannihilation region of minimal supergravity (mSUGRA) mod-
els [110], where DM is mostly Bino, annihilation in the S-wave of DM particles is

typically dominated by the tau final states. Taus produce relatively soft neutrinos
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via three-body decay. In the focus point region of mSUGRA models [111], where DM
particles have a large Higgsino fraction, S-wave annihilation is predominantly into W
bosons (and t-quarks if kinematically allowed). W’s produce neutrinos with a harder
spectrum via two-body decay. As a result, annihilation of neutralino DM typically
yields secondary neutrinos from W and tau final states. The neutrino signal that is
produced inside the sun in this way has been studied in various cases [112]. Because
of the existence of charged particles in the final state, annihilation of neutralino DM
also results in a gamma-ray signal. This implies that one can also obtain constraints

by using data from the Fermi gamma-ray space telescope [31].

Neutralino annihilation to primary neutrinos happens via gauge interactions
where neutrinos are produced through the Zvv vertex. It therefore produces a left-
handed (LH) neutrino and a right-handed (RH) antineutrino. Considering that the
neutralino is a Majorana fermion, the S-wave contribution to such a final state is
extremely small due to the tiny masses of neutrinos. We note that the P-wave contri-
bution to neutrino final states is also very small because of velocity suppression. In
consequence, production of primary neutrinos with a hard spectrum from neutralino

annihilation is highly suppressed.

However, it is possible to enhance DM annihilation into primary neutrinos by
going beyond neutralino DM. If DM annihilation produces a vv pair, instead of a
vv pair, it can proceed in the S-wave without any mass suppression. A detailed
analysis of settings in which DM annihilation into neutrinos is enhanced has been
given in [113]. This can happen when DM is related to the neutrino sector (for some

specific models, see [114]).

One particular model that can produce hard monochromatic neutrinos is the
B — L extension of the MSSM (B and L are baryon and lepton number respectively).
A minimal extension of the SM gauge group, motivated by the nonzero neutrino

masses, includes a gauged U(1)p_, gauge symmetry [66]. Anomaly cancellation
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then implies the existence of three RH neutrinos (N), the lightest superpartner of
which (]V ) makes a viable DM candidate [2]. Thermal freeze-out of the sneutrinos
can yield the correct dark matter abundance if the B — L symmetry is broken around
the TeV scale [68]. The sneutrinos can annihilate in the S-wave to RH neutrinos,
which in turn decay to LH neutrinos and the SM Higgs. The energy of the resulting
neutrinos will be close to monochromatic as long as the difference between the masses
of the RH sneutrino and RH neutrino is much less than the RH sneutrino mass. The

prospects for DM detection for this model using IC is considered in [3].3

The neutrino signal is the main channel of indirect searches for models with
DM annihilation to primary neutrinos. These models result in a highly suppressed
gamma-ray signal, which escapes the bounds set by Fermi [31]. It is worth pointing
out that neutrinos from DM annihilation in the galactic center provide complemen-
tary information to those from annihilation inside the sun: the former constrains
the DM annihilation cross section [115], while the latter bounds the DM scattering
cross section off nucleons [29]. The signature of DM annihilation to neutrinos at the

galactic center should be distinctive with a hard cutoff (for example, see [117]).

3This model has other interesting cosmological and phenomenological implications. The
Tevatron [70] and LEP [71] limits on the Z’ mass bound the RH sneutrino-nucleon scatter-
ing cross section to be o < 7 x 107 pb, which is just below the bound from the XENON
experiment [104]. Significant DM annihilation to taus is also possible [2] (also see [1]),
which could provide an explanation for the positron excess in the cosmic rays reported
by PAMELA [32]. In addition, this model can accommodate inflation [67], provide a uni-
fied picture of inflation and dark matter [68], and give rise to interesting predictions for
neutrinoless double beta decay experiments [116].
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6.4 Distinguishing Neutrino Final State from W
and Tau Final States

MSSM neutralino annihilation predominantly produces gauge bosons and charged
fermions, each of which in turn produce secondary neutrinos via two-body or three-
body decays. In this work, we adopt a model-independent approach and consider

interesting neutrino spectra from DM annihilation to prompt v’s, W’s, and 7’s.

For charged fermions, we investigate only annihilation to 7’s for the following
reasons. e’s and p’s are stopped immediately in the sun, so p decay will occur at low
energy and result in a very soft spectrum. When DM annihilation produces quarks,
all quarks except the t-quark hadronize before their subsequent decay. The t-quark
decays to a W boson and a b-quark before hadronization, and the subsequent W
decay produces a neutrino spectrum comparable to that from the W final state. For
the remaining hadronizing quarks, the lighter the quark the longer it will take to
decay, and hence the lower its energy will be. The b-quark produces neutrinos via
three-body decay, which has a softer spectrum than that from 7. All other quarks
decay effectively at rest and have unmeasurable spectra at low energies that cannot

compete with the atmospheric background [91].

With regard to gauge boson final states, W and Z spectra are relatively similar;
we consider only W final states in our analysis. Finally, the Higgs boson final states
also result in a soft neutrino spectrum that is negligible compared to that from W
and 7 final states. The Higgs mainly decays to b-quarks, thus yielding a neutrino

spectrum similar to that from the b-quark final state.

In the following, we therefore focus on secondary neutrinos from DM annihila-
tion to W and 7 final states vs primary neutrinos and their corresponding spectra.

Previous investigations have shown that measuring the spectrum can allow the re-
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construction of the DM mass and its annihilation branching ratios [118]. We perform
an analysis for reconstructing the DM elastic scattering cross section and its annihi-
lation channels, including experimental error in energy reconstruction and assuming

that its mass can be determined from other experiments (notably by the LHC).

6.4.1 Neutrino & Contained Muon Spectra

In this analysis, we consider the spectrum of contained muon tracks so that the
vertex at which v, is converted to a p is within the detector volume. Hadronic
and electromagnetic cascade events in the ice also carry useful information about
low energy neutrinos and may show tau neutrino appearance from oscillations [119].
IC/DC is uniquely suited to measure these low energy events and recently confirmed
the observation of neutrino-induced cascades [109]. For our purposes, since cascades
are localized in the ice and thus suffer from an angular resolution of about 60 degrees
at 100 GeV, too much background is admitted to perform a meaningful DM search
with cascades [120].

We use DarkSUSY to calculate the spectrum for any given final state [73]. To
the extent that the energy of the event may be well reconstructed in this range, we
also assume that the muon track itself is fully contained, ending inside the detector.
We do not account for any loss of events or poor energy reconstruction at the edges

of the fiducial volume.

As an example, Fig. 6.1 depicts the theoretical prediction for neutrino and muon
spectra that result from the annihilation of 100 GeV DM particles in the sun to
prompt v,’s, W’s and 7’s. The flux is given in events per km? effective volume of
the detector at earth per year. Only a half-year of data is taken for each calendar
year, since we assume the neutrino telescope requires the sun to be below the horizon

to observe the DM neutrino signal above the atmospheric muon background. For a
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Figure 6.1: Energy spectra of contained muon events (solid) and incident neutrinos
(dashed) at the earth from a 100 GeV DM particle for various annihilation chan-
nels. Relative to the sun 1°, 5° angular cuts have been placed on the signal and
atmospheric background muons (thin black lines). The top plot for annihilation to
neutrinos is for ogp = 107*' cm?, while the other plots are for ogp = 1074 cm?,
all of which are below the current experimental bounds. Normal mass hierarchy

and 0,3 = 10° have been chosen here, but the spectra are largely insensitive to the
oscillation parameters.
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DM mass of 100 GeV the muons will be fully contained and accessible in 1C. The
qualitative features of the neutrino and muon spectra (such as peaks and kinematic

cutoffs) are the same for higher DM masses.

The prompt neutrinos, Fig. 6.1a, result in a monochromatic peak at the DM
mass in the neutrino spectrum. The contained muon spectrum is plotted along with
the neutrino spectrum to emphasize the effect of the charged current conversion of
neutrinos to muons. The conversion demonstrates the weak scale reduction in events
relative to the incident neutrinos and is proportional to energy, so the peak from the
neutrino annihilation channel is well preserved. The spectra are largely insensitive to
the choice of neutrino oscillation parameters and annihilating neutrino flavor. Here
we depict 613 = 10°, normal mass hierarchy and annihilation to v,, but scenarios
with inverted mass hierarchy, 0 < ;3 < 10° and other neutrino flavors in the final

state only slightly change the height of the peak.*

The W bosons produce neutrinos via two-body decay, which are softer than the
previous case. For a highly boosted W (whose energy is equal to the DM mass),
the energy of secondary neutrinos is between M‘%V J/AMpyr and Mpyy/ v/2. This is the
reason for the relatively sharp kinematic edges in the neutrino spectrum in Fig. 6.1b.
We note that W’s also decay to b-quarks, which in turn produce tertiary neutrinos.
This results in additional contributions to the neutrino spectrum lower than the
kinematic cutoff mentioned above. The muon spectrum has a peak at energies well
below the DM mass resulting from charged current interactions whose cross section

is proportional to the neutrino energy.

The 7’s produce neutrinos via three-body decays, which results in a much softer
neutrino spectrum that rises toward lower energies as seen in Fig. 6.1c. Thus the peak

of the resulting muon spectrum is located at a lower energy than that in Fig. 6.1b.

4Recent results from T2K [121] and MINOS [122] experiments suggest nonzero 613 at
2.50 and 89% confidence respectively. The results are consistent with 613 = 10°.
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However, there is no kinematic cutoff in the neutrino spectrum in this case, and

hence the muon spectrum extends smoothly to the DM mass.

The important point is that there is a distinct separation in energy between the
contained muon peak of prompt neutrinos at the DM mass and the W and 7 peaks
at lower energies. This indicates that scenarios with DM annihilation to primary
neutrinos can be distinguished from those with DM annihilating to W bosons or 7’s.
Moreover, were a model to contain both a neutrino final state and a W or 7 final
state, the neutrino signal may be used to determine the corresponding branching

ratios.

6.4.2 Reconstruction of Annihilation Channels

The theoretical predictions shown in the previous subsection are subject to experi-
mental error. Individual muon events from a particular annihilation channel cannot
be tagged as such, nor can individual signal and background events be distinguished.
A more realistic picture is shown in Fig. 6.2 for a 100 GeV DM particle, where two
channels along with background events have been added together and subjected to
a 5° angular cut. The branching ratios are 90% to W bosons and 10% to neutrinos
with ogp = 107*°cm?. This is a factor of a few below the current bounds from IC [29]
and just at the current bounds of Super Kamiokande (SuperK) for annihilation to

W’s [123].5

Angular cuts on the muon tracks relative to the position of the sun lower the rel-
evant atmospheric contained muon background relative to the signal. Lower energy

events are preferentially scattered at higher angles relative to the incoming neutrino;

°For a purely spin-independent cross section, the same result is obtained for ogr ~
3 x 107*3 ¢cm?. However, such a large value of ogr is already ruled out by direct detection
experiments [104]. For this reason we focus on the spin-dependent cross sections in this
analysis.
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therefore, angular cuts disproportionately remove low energy events. A 1° cut leaves
the majority of the high energy muons from primary neutrinos, which are clearly
separated from a reduced background. Meanwhile, a 5° cut admits more lower en-
ergy muons that are indicative of the pronounced peaks from W and 7 final states.
Different angular cuts will optimize the signal to background ratio for different an-
nihilation channels. We have found a 5° cut to be optimal, where the background
does not overwhelm the signal in the regime above 40 GeV and a significant portion
of the W peak remains. The contribution from neutrinos is still easily distinguished

in the peak cutoff.
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Figure 6.2: Total contained muon spectrum from a 100 GeV DM particle with
osp = 1071 ¢cm? annihilating to W’s (90%) and v’s (10%) with the atmospheric
background added. A 5° cut has been placed on the events. Smeared spectra for
energy reconstruction errors of 10 GeV (dashed) and 40 GeV (dotted) are also shown.

The realistic energy reconstruction for a contained muon spectrum at IC for
these energies is not certain. Energy reconstruction for through-going TeV muons is

approximately 15, g = 0.3 [107]. Energy loss of the muon is described by

dFE
— = bE 6.2
dx at ’ (6.2)

where a quantifies muon loss via ionization, and b quantifies loss from pair produc-
tions, Brehmsstrahlung radiation and nuclear interactions. For ice at energies above

1 TeV, enough Brehmsstrahlung and pair production occurs to ensure that the light
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deposited in the detector is proportional to the muon energy. However, for contained
muon events less than one kilometer in extent, the track length is proportional to
the muon energy. Reconstruction in this regime will be better than in the regime

above 1 TeV but will depend on the geometry of the detector.

The energy resolution error of the IC detector for contained muon events below
100 GeV should be linear with energy, in that the track length is proportional to
the energy of the incoming muon. In Fig. 6.2, we recreate a Gaussian energy re-
construction with an error, or width, equal to 10 or 40 GeV. This is equivalent to
claiming that the track length can be known to within 50 — 200 m, a resolution that
seems feasible for IC/DC to IC-like telescopes since IC/DC DOMs are spaced at 7 m
vertically and strings are 72 m apart while IC DOMs are spaced at 17 m vertically

and strings are 125 m apart.
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Figure 6.3: Contours of 20 confidence for reconstructing spin-dependent cross sec-
tion osp and branching ratio to prompt neutrinos BR,, for a 100 GeV DM particle
annihilating to v’s and W’s. One year of data is used with energy reconstruction
errors of 10 or 40 GeV (thick or thin contours). The region of interest is between the
current SuperK upper bound (dashed) [123] and the future IC86 sensitivity bound
(dotted) [115].

It is seen that the smoothing of the spectrum considerably suppresses the distinct
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channel features, especially for a 40 GeV error in energy reconstruction. Nevertheless,
it is still possible to reconstruct the total spin-dependent scattering cross section ogp

and the branching ratio for annihilation to primary neutrinos BR,,.

In Fig. 6.3 we show the 20 confidence contours for a 100 GeV DM particle an-
nihilating to v and W final states, using one year of data and applying energy
reconstruction errors of 10 GeV and 40 GeV. These contours account for Poisson
errors, the addition of background and a 40 GeV energy cut; we have used the y?

analysis in [124] to obtain these results.

The plot in Fig. 6.3 also shows the current SuperK bound [123] and the future
IC sensitivity bound [115] on ogp (dashed and dotted curves respectively). For 100%
DM annihilation to W’s, the experiments have derived bounds on osp by applying
appropriate energy and angular cuts on the muon spectrum. No limit has been placed
yet for DM annihilation to primary neutrinos by either experiment. In the absence of
a thorough analysis, we have used a simple criterion to find an approximate bound on
osp for the neutrino final states. We compared the total number of contained muon
events with a 40 GeV energy threshold and 5° angular cut for the two final states.
In the case of primary neutrinos, the flux of u’s is about eight times larger than the
flux from W’s, as expected from the harder neutrino spectrum. We assumed the
limit on ogp in this case is also tighter by the same factor. A dedicated analysis for
the neutrino final state, with optimized angular and energy cuts, would result in a
more precise bound. Indeed, theoretical motivation for models with DM annihilation
to primary neutrinos warrants such a study by experimental collaborations. In the

presence of both v and W final states, the limits are approximately given by

osp (1+ 7 BR,) < 0pmax - (6.3)

The current bound from SuperK [123] and the future IC sensitivity bound [115]

correspond t0 Omax ~ 2.5 x 10740 and 4 x 10~*! cm? respectively.
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It is seen from the shape of the contours that higher ogp and smaller BR, are
difficult to distinguish from lower ogp and larger BR,,. The number of muon events
at the DM mass mainly comes from the peak of primary neutrinos, which is deter-
mined by BR,. This holds after smoothing of the spectrum because of the kinematic
cutoff that appears well below the DM mass for annihilation to W’s, see Fig. 6.1b.
This implies that after smearing the main contribution to the total spectrum at
energies around and above the DM mass still comes from primary neutrinos. On
the other hand, the main contribution to lower energy muons comes from secondary
neutrinos produced by W decay. For small values of ogp or large values of BR,,, this
contribution is small and overwhelmed by the Poisson error from the atmospheric
background. Therefore, one can compensate for a change in ogp by a corresponding
change in BR,, and obtain spectra that are statistically indistinguishable. For larger
values of ogp or smaller values of BR,,, the contribution of secondary neutrinos be-
comes significant, which limits simultaneous variations in osp and BR,, that keep the
peak height unchanged. As a result, the 20 contours are tighter for reconstruction
points toward the right and bottom of the plot in Fig. 6.3. As expected, an energy
reconstruction error of 40 GeV does a poorer job because it further suppresses the

features discussed above.

In Fig. 6.4 we show the 20 confidence contours from a similar analysis for an-
nihilation to v’s and 7’s. The contours are wider in this case, which implies the
reconstruction is significantly more difficult. This is due to the different shapes for
the W and 7 final state spectra, see Figs. 6.1b and 6.1c. In the case of the 7 final
state, the spectrum resulting from secondary neutrinos is softer and extends all the
way to the DM mass. Therefore secondary neutrinos can make a significant contri-
bution to the total spectrum at energies around and above the DM mass after energy
reconstruction and are also affected more by the background at lower energies. Both

of these effects imply a poorer reconstruction of the branching ratios in this case.
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Figure 6.4: The same as Fig. 6.3, but for annihilation to v and 7 final states.

Some comments are in order. In producing these figures, a scan of angular cuts
in 1° increments within the 1° — 10° range was made. While visually a 1° cut may be
optimal in distinguishing the presence of the neutrino channel, a 5° cut was optimal
in reconstructing the branching ratios in the presence of the broad, low energy W or

T spectrum.

We also note that the muon event rates for both the signal and background
must be convolved with the effective volume of the detector for contained muon
events, which is a function of energy. IC/DC maintains significant volume above
10 GeV [109]. While the geometric volume for IC/DC is about 3% of the volume
of IC, the more dense spacing of DOMs in IC/DC make it more efficient at event
detections for energies below 100 GeV [109]. The effective volume in this range
increases with energy as longer muon tracks are more likely to produce detectable
light. This can make the effect of the peak at the DM mass from primary neutrinos
even more distinctive above the smeared W or 7 spectrum. The reconstruction can
therefore be better than shown here after accounting for the energy dependence of

the effective volume.
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Finally, one year results for a km? effective volume, with the sun below the hori-
zon, translate to roughly ten years of a 0.05 km® detector capable of operating for a
full year. Thus, in the region of IC and IC/DC sensitivity that would yield a discov-
ery of prompt neutrinos after one year, 10 years of data could allow reconstruction
of the branching ratios for the IC/DC effective volume. A larger detector with the

same capabilities can significantly improve these prospects.

6.5 Distinguishing Neutrino Flavors

Once the presence of direct DM annihilation to neutrinos is confirmed, it is desir-
able to also learn the flavor of the final state neutrinos. This will provide specific
information about models that connect DM to the neutrino sector. For example, in
the U(1)p_y, extension of MSSM where the lightest RH sneutrino is the DM candi-
date [2], flavor composition of final state neutrinos is related to the neutrino Yukawa
couplings. Therefore, knowledge of the neutrino flavors will yield useful information

pertaining to the underlying neutrino mass model and leptogenesis.

Here we show how regeneration of v, inside the sun and its effect on the muon
spectrum may be used as a novel method to distinguish the flavor of primary neu-

trinos in the final state.%

6.5.1 The v, Regeneration Effect

DM annihilation produces neutrinos in flavor eigenstates in the sun. Neutrinos then
undergo charged current interactions with matter as they propagate through the

sun. These interactions convert v, v,, v; to e, u, 7 respectively. e’s and p’s are

6Tt has been proposed that seasonal variation of the neutrino signal may also be used
to extract information about the flavor of primary neutrinos [125].
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stopped immediately due to electromagnetic interactions. On the other hand, the
7 decays quickly before losing too much energy because of its very short lifetime
of 3 x 1071 s [126]. This decay produces a v,, which has a lower energy than
the original one. Charged current interactions therefore suppress the peak of the

" However, in the case of the

neutrino spectrum at the DM mass for all flavors.
v,, the regeneration of neutrinos via three-body decay populates the spectrum at

energies well below the DM mass.

The cross section for charged current interactions is proportional to the energy
of primary neutrinos produced at the center of the sun, which is essentially equal to
the DM mass. Neutrino absorption becomes significant when the absorption length
of neutrinos L,y is roughly equivalent to the core size of the sun Ro ~ 70,000 km.
Using the charged current neutrino-nucleon cross section [127] and a core density of
150 g/cm3, we find that L,,s ~ 70,000 km at energies E, ~ 300 GeV. Oscillations
among different flavors should be taken into account as neutrinos travel through the
sun. We note that for v, the flavor and mass eigenstates are the same deep inside
the sun. This implies that upon production at the center of the sun v,.’s propagate
through the core without changing their flavor. Thus absorption via charged current
interactions start to suppress the flux of v, for DM masses above 300 GeV as discussed

above.

On the other hand, v, and v; are not mass eigenstates inside the sun, and hence
undergo oscillations. Since matter effects are the same for these two flavors, the
v, — v, oscillation length inside the sun is set by the atmospheric mass splitting
Lose = E, JArAm2, . As long as Laps 2 Losc/4, oscillations mix v, and v, efficiently

before the absorption becomes important. As a result, v, final states also feel the

"Neutrinos also have neutral current interactions with matter inside the sun. Scatterings
via neutral current interactions result in energy loss of the neutrinos and further suppress
the peak at the DM mass. However, the cross section for neutral current interactions
is a factor of 3 smaller than that for charged current interactions, which makes them
subdominant. More importantly, neutral current scatterings affect all flavors equally.
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Figure 6.5: Contained muon spectra for DM annihilation to v, (dotted), v, (solid)
and v, (dashed) for 400 (Fig. 6.5a) and 600 GeV (Fig. 6.5b) DM masses and opy =
10~ cm?. Normal mass hierarchy and 6,3 = 10° are chosen here, but substantive
features of the spectra do not depend on the neutrino oscillation scenario. A 5° cut
has been placed on the events. Corresponding neutrino spectra are shown in thin
lines. The regeneration effect is evident for the v, final state and results in a peak in
the muon spectrum at low energies. For a 400 GeV DM particle, regeneration also
affects the v, final state due to efficiency of v, — v oscillations inside the sun.

regeneration effect. Since L.ps o< B! and Ly o< E,, at sufficiently high energies
Lps drops below Lg. /4. This happens for a DM mass of about 500 GeV. Starting at
this point, v, — v, oscillations cease to be effective. Hence v, gets absorbed through
charged current interactions similar to v.. In consequence, only the v, final state

retains a significant regeneration signature for DM masses above 500 GeV.

In Fig. 6.5 we show the muon and neutrino spectra for different flavors of primary

136



Chapter 6. Distinguishing among DM annihilation channels with v telescopes

neutrinos. As we see in Fig. 6.5a, the v, channel shows some regeneration effect for a
400 GeV particle, which makes it distinguishable from the v, channel. For a 600 GeV
DM particle, see Fig. 6.5b, the v, — v, oscillations are inefficient. Therefore, only the
v, channel shows significant regeneration, which makes it distinguishable from the
v, and v, channels. The regeneration effect results in a peak in the muon spectrum
at low energies, which becomes more pronounced as the DM mass increases. These
figures are for the normal hierarchy of neutrinos and 6,5 = 10°, but variations in the

neutrino oscillation scheme do not change the substantive features of the spectra.

6.5.2 Signals of Neutrino Flavor

As we saw, the v, regeneration effect becomes significant at DM masses above 300
GeV. The background from atmospheric neutrinos is relatively small at such energies
due to the power law decrease in cosmic ray background. However, the neutrino
signal from DM annihilation is also kinematically suppressed for heavier DM masses.
This leaves few events to detect in the interesting range of the spectrum where a
regeneration peak is evident. Additionally, energy reconstruction for the contained
muon spectrum above 300 GeV begins to suffer from logarithmic error in energy since
the reconstruction also depends on the amount of light produced in Brehmsstrahlung
radiation and pair production. Events cannot be fully contained at these energies,

so reconstruction efforts based on track length are imprecise.®

To mitigate these experimental challenges, we integrate the contained muon
events above a threshold to consider if the cumulative effect of the regeneration
is visible. In Fig. 6.6 we show the integrated events above 60 GeV with a 5° angular
cut, which readily retains the low energy regeneration effect. One can see the sepa-

ration between the v, channel and the v, v; channels above 300 GeV, and between

8If the energy of the corresponding cascades accompanying the muon event can also be
captured, energy reconstruction would be improved.
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Figure 6.6: Integrated muon spectra from 60 GeV to the DM mass with a 5° angular
cut as a function of DM mass for ogp = 1074 cm?. The dotted, solid and dashed
lines denote the v, v, and v, final states respectively. The bands of lines for each
flavor depict different oscillation scenarios (normal and inverted mass hierarchy as
well as 0 < 613 < 10°). The separation between the v, and v, exceeds the Poisson
error of the signal and background (black line) for DM masses above 300 GeV, and
the v, becomes distinguishable from v, above 600 GeV as well.

the v, channel and the v., v, channels above 500 GeV (as discussed above). Sep-
aration between signals from different channels is typically larger than the Poisson
error of the background and signal together. The background and signal are shown
separately since the background may be subtracted from the signal by observing
away from the sun, off-source, as is done in galactic center DM searches [115]. We
also note that the oscillation scenario does not significantly affect these results. The
bands of lines depicting the normal and inverted hierarchies as well as 6,3 ranging
from 0 to 10° for each flavor do not overlap at DM masses above 300 GeV. These
results assume ogp = 107*°cm?, which is compatible with the current bounds from

IC for heavier DM, and is within the reach of IC/DC sensitivity limits [115].

If the elastic scattering cross section of the DM is known, then a simple integration
as in Fig. 6.6 will be sufficient to distinguish the flavor of primary neutrinos by using
the regeneration effect. However, a confirmation of annihilation to primary neutrinos
would likely come from the presence of a monochromatic peak alone, the height of

which depends on the scattering cross section. In the absence of information about
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Figure 6.7: The same as in Fig. 6.6 after normalization to account for unknown
value of the DM elastic scattering cross section. The normalized spectra give the
same number of events (when integrated from 200 GeV to the DM mass for a 1°
angular cut) as the v, final state for normal mass hierarchy and 613 = 10°. The
separation between the v, and other flavors still exceeds the Poisson error of the
signal and background (black line).

the cross section, we then need to normalize the signal to extract information about
the neutrino flavor. The height of the peak in the muon spectrum is closely related to
the height of the neutrino peak. However, for DM masses above 300 GeV, for which
the regeneration effect becomes important, muon events at the peak are not fully
contained. It will be most difficult to reconstruct the energy of these events without
track-length information. Instead, we integrate muon events above 200 GeV, which
are essentially the through-going muons, using a 1° angular cut on the muon spectrum
in order to best capture the monochromatic peak. We then use this to normalize the
integrated muon flux above 60 GeV with a 5° cut to retain the maximum effect of

regeneration at low energies.

The normalization accounts for the lack of knowledge in the value of the DM
elastic scattering cross section, and to a lesser extent the oscillation parameters.
After normalization, see Fig. 6.7, the separation between the v, channel and the
Ve, U, channels remains and is still larger than the statistical error of the background
and signal together. Using the regeneration effect, the IC/DC effective volume could

reasonably yield a determination of the neutrino flavor after 10 full years of operation.
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6.6 Conclusion

We have investigated prospects of determining DM annihilation final states with
neutrino telescopes by using the spectrum of contained muon tracks from conversion
of neutrinos that are produced in the annihilation of DM particles trapped inside the
sun. Our focus was on distinguishing neutrino final states from gauge boson and tau
final states and on discriminating the flavor of final state neutrinos. Gauge boson and
tau final states are typically the dominant annihilation channels in supersymmetric
models with neutralino DM, while direct annihilation into neutrinos can occur in
models that connect DM to the neutrino sector. The theoretical motivation for the
latter could provide the grounds for a dedicated analysis by the IceCube Collabora-
tion to put stringent bounds on annihilation to primary neutrinos, similar to what

has been done for annihilation to gauge bosons [29].

Primary neutrinos from DM annihilation result in a distinct peak in the muon
spectrum at the DM mass. For DM masses below 300 GeV we can expect that the
peak will be accessible to a detector the size of IC. The spectrum is smeared as
a result of the experimental error in energy reconstruction, but primary neutrinos
may be distinguished from gauge boson and tau final states after this effect is taken
into account. We showed that for an energy resolution of 10 GeV (as in 1C/DC)
and by making an optimal angular cut on the muons (which we found to be 5°),
the branching ratios may be determined in the parameter space within the reach
of the one-year sensitivity limits of IC/DC with a km?/yr of data. This is roughly
equivalent to 10 years of data for a detector with the same capabilities and effective

volume as IC/DC.

The regeneration of v, inside the sun may be used to distinguish the flavor of
final state primary neutrinos. This effect becomes important for DM masses above

300 GeV and populates the spectrum with muons whose energy is well below the
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energy of primary neutrinos. For DM masses up to about 500 GeV, oscillations
mix v, and v, effectively, which implies that regeneration affects final states with v,
and v, similarly. Final states with v, are therefore distinguishable within this mass
range. For heavier DM particles, the v, — v, oscillation becomes inefficient. As a
result, v, final states are picked out by the regeneration effect for DM masses above
500 GeV. We showed that final states with v, stand out at a statistically significant
level for DM masses as heavy as 800 GeV, even after normalizing the muon spectrum
to the total event count (to account for the unknown DM-nucleon elastic scattering

cross section). Again, such a distinction may be achieved with 10 years of data from

IC/DC.

In summary, using the the IC results in tandem with independent measurements
of the DM mass (for example, from the LHC), will allow us to identify the annihilation
channels of DM with multi-year data. Improved energy resolution and increased

effective volume of the detector will greatly help in achieving this goal.
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7.1 Summary of Major Results

In Chapters 3 and 4 we have fit the PAMELA and ATIC positron excesses with
an s-wave Sommerfeld enhanced leptophilic WIMP. While many models can achieve
this fit with the same characteriscs, a U(1)p_ 1, extension of the MSSM, theoretically
motivated by the need to explain neutrino masses and mixings, produces two novel
dark matter candidates: the new neutralino, a mixture of the new Higgsino charged
under B — L and the new zino, and the right handed sneutrino. Both of these
candidates can produce the correct relic density in a thermal history and can generate
a positron excess and no anti-proton excess thanks to the leptophilic bias of the B—L
charges. The Sommerfeld effect from exchange of a light B — L Higgs enhances the
signal between three and four orders of magnitude, creating the enhanced positron

flux needed to match the data.

As the work of Chapters 3 and 4 was completed three years ago, a few updating
remarks are in order. First, new upper bounds from Fermi in the diffuse signal show
that DM annihilation to taus would produce too many photons and is excluded by
the diffuse flux measurements [30]. Annihilation to muons may soon be excluded
as well. The FERMI-LAT collaboration has demonstrated that this is a robust
prediction for Einasto, Isothermal and NFW profiles alike. Additionally, bounds
from a joint analysis of a few close galactic clusters are rapidly approaching the
region of interest for the Fermi and PAMELA data. These results cast doubt on a DM
annihilation interpretation of the PAMELA and ATIC positron excesses [47]. The
concerns expressed in Chapter 2 regarding the velocity dependence and uncertainties

in the velocity dispersion may relax these bounds slightly.

Pulsars are also expected to expend some spin-down energy in the emission of
positrons and electrons and may adequately describe the signal [128]. In fact, ten

Fermi pulsars contribute signficantly to the positron flux and may explain the Fermi
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measurements with older and closer pulsars contributing as much as one percent or

more to the measured et + e~ flux at 100 GeV [129].

Finally, limits on Sommerfeld enhancement indicate that including resonant en-
hancement both at the time of freeze-out as well as today means that S cannot
exceed 100 [43], whereas three or four orders of magnitude are needed to explain the
PAMELA data for a thermally produced WIMP. Furthermore, Sommerfeld enhance-
ment would also distort light elemental abundances, and bounds from Lithium in
particular begin to encroach on a total annihilation rate of O(107* cm?/s) depend-
ing on the annihilation final states [82]. Additionally, limits from the ellipticity of
the halo of galaxy cluster NGC 720 exclude mediators less than 30 GeV. However,
as mentioned in Chapter 2, modifications in substructure assumptions may relax
some of these constraints. Regardless of whether the positron excess is ultimately
interpreted as a signature of annihilating dark matter, the work of Chapters 3 and
4 demonstrate how data encourage an examination of physical assumptions and the

exploration of models beyond the simplest supersymmetric dark matter.

In Chapter 5, we demonstrated that annihilation of sneutrino DM in this model
results in a signal detectable above background by neutrino telescopes and distin-
guishable from mSUGRA hyperbolic branhc/focus point models. Furthermore, if a
DM disc exists, the density of dark matter accumulated in the earth is great enough
to achieve equilbrium, and annihilation is enhanced so that an earth signal is de-
tectable over a wide range of possible DM velocity dispersion parameters, all while

not exceeding current bounds from annihilation in the sun.

In Chapter 6, we took a model independent approach and showed that even
with realistic energy reconstruction it is possible to detect DM annihilaton to vs
even in the presence of Ws/7s assuming that IC makes a DM discovery in the spin-
dependent scattering cross section. Additionally, we found that the tau regeneration

effect presents the possibility of distinguishing between DM annihilation to the three
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different neutrino flavors for masses above about 400 GeV.

7.2 Upcoming experiments & Projected Sensitiv-

ities

A host of upcoming experiments and results indicate that the cosmologically relevant

region of DM parameter space will continue to be pressured.

The AMS-02 (Alpha Magnetic Spectrometer) detector aboard the International
Space Station is set to place unprecedented limits on a host of charged cosmic rays,
including protons, antiprotons and other nuclei. AMS-02 will be able to produce an
order of magnitude improvement after just one year in the measurement of the an-
nihilation rate. AMS-02 will be able to confirm or reject models of heavy DM in the
region of 1 — 4 TeV as considered in Chapters 3 and 4 [130]. The HESS Cerenokov
telescope has indicated that the positron fraction increase seen by PAMELA and
Fermi in fact downturns near a TeV [131]. AMS-02 presents the promising opportu-
nity to confirm these results with greater sensitivity; see Fig. 7.1 for a comparison of

current measurements of the positron spectrum.

Future lines of inquiry for dark matter indirect detection include observations in
the X-ray and radio wavelengths. The Absolute Radiometer for Cosmology, Astro-
physics and Diffuse Emission-2 (ARCADE-2) detected diffuse and isotropic emission
of radio waves in excess of expectations from galactic sources and even unresolved
galactic radio sources. The emission is consistent with leptonically annihilating dark
matter [133]. The hard X-ray band encompasses the peak of Inverse Compton scat-
tering from electrons and positrons from a wide-array of annihilating dark matter
models. While NuSTAR will achieve Fermi-type sensitivity after long observations,

Athena WFT could exceed Fermi sensitivity for low mass models if it were placed in
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Figure 7.1: Left panel: Fermi and PAMELA measurements of the positron fraction
are in statistical agreement [132]. Right panel: HESS positron fraction as compared
to the Fermi measurements indicates a broken power-law fit to the spectrum [131].

a low background orbit [134].

Annihilation rates aside, the Planck satellite has ten times the sensitivity of
WMAP and will be able to probe the power spectrum of the CMB to smaller scales.
It will deliver measurements of the polarization of the CMB that have implications
for inflation. Planck will discover new galaxy clusters by measuring the Sunyaev-
Zel’dovich effect that lowers CMB photon temperatures after hot electrons from the
intercluster medium inverse Compton scatter [135]. The discovery of new, high
redshift clusters will provide concrete observations of the growth of structure and

inform N-body simulations.

Future lensing surveys such as the Large Scale Synoptic Telescope promise to
discover more spheroidal satellites than those found by SDSS and to better constrain
the growth of structure as they probe mass structure through lensing beyond z=1.
This will have profound implications for limits on dark matter self-interaction, will

provide confirmation of dark matter density measured by WMAP and Planck and
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Figure 7.2: Effective volume comparison of DeepCore and the proposed PINGU
extension to IceCube [109].

will ultimately measure the dark energy equation of state parameter and its time

derivative to within a few and ten to twenty percent respectively.

With regard to the spin-dependent WIMP-nucleon cross section, the IceCube
Collaboration is considering a Phased IceCube Next Generation Upgrade, or PINGU,
an extension to its DeepCore instrumentation in which about twenty new strings
with high quantum efficiency detectors as used in DeepCore would be added to the
array. PINGU would extend the IC/DC sensitivity by a factor of a few, see Fig. 7.2,
and could detect neutrinos of a few GeV [109]. A European collaboration is also
working on Km3net, a deployment of PMTs in the Mediterranean, that could place
constraints for galactic substructure. If such a project also involved a DeepCore
like component, it is expected to exceed IceCube sensitivities by a factor of ten for

measurements of cascades [136].

Additionaly, constraints on the spin-independent elastic scattering cross section
are projected to improve as the next generation of detectors is completed Fig. 7.3.

The one ton version of Xenon will provide two orders of magnitude improvement
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Figure 7.3: og; current sensitivity of CDMS II and projected sensitivity of Super-
CDMS (left) [137] and current sensitivity of Xenon100 (right) [138]. The orange line
in the left panel indications the upper mass limit of the LHC search.

on the Xenonl00 upgrade [139], while CDMS predicts two orders of magnitude im-
provement in the construction of SuperCDMS compared to projected final CDMS II

results [137], see Fig. 7.4 for a comparison of projected sensitivities.

Recent LHC 7 TeV searches for the Standard Model Higgs have yielded exclu-
sions above 128 GeV in CMS [143] and 129 GeV in the case of the ATLAS collabora-
tion [144]. An excess of events is seen by both collaborations in the 125 and 126 GeV
regions; whether these events are statistical pile ups or represent the discovery of the
Standard Model Higgs should be resolved by the end of 2012 at which time the sta-
tistical signficance could approach a five sigma discovery confirmation. At the same
time, ongoing searches for supersymmetry have failed to yield positive discoveries
from CMS and ATLAS [145, 146] and in particular have not observed multi-jet or
multi-lepton plus missing energy signals. The implication is that squarks and gluinos
are excluded up to 1.4 TeV if their masses are equal, or squarks are excluded up to 0.8

TeV in the case of squarks heavier than gluinos. See [147] and references therein for
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a treatment of the implications for supersymmetric theories. Theories with Lightest

Supersymmetric Partners as candidate WIMPs will have to evade these new limits.

7.3 Low mass dark matter

Direct detection experiments DAMA /Libra and COGENT have reported 8 o and
greater annular modulation signals at relatively low dark matter masses of a few
GeV. These results are actually excluded by low/no background experiments like
CDMS and Xenon. Annual modulation experiments expect background in their
measurements but depend on the annual sinusoidal change in the WIMP-nucleon
scattering to distinguish the signal as the earth goes in a direction parallel or anti-
parallel to the sun through the DM halo. Unfortunately, there may be sources of
background that change seasonally with the signal. There have been proposals to
lower a Nal 250 kg detector into the IceCube array where seasonal changes in the

background would be out of phase with the Northern hemisphere [148] and could
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confirm or deny the DAMA /Libra results.

However, there remains significant theoretical interest in non-traditional dark
matter models that may explain this region of dark matter masses. In separate
work, we have produced the expected neutrino fluxes for low mass dark matter par-
ticles [149]. While IceCube would not be sensitive to these fluxes, Kamland would
be able to measure the electron neutrino fluxes from such light dark matter particles.
Additionally, this work relaxed one of the assumptions implicit in Chapters 5 and 6:
that the WIMP-nucleon cross section may be approximated as an elastic scattering
cross section. The paper explores the effects of inelastic contact interactions (relevant
to composite dark matter scenarios) and elastic interactions collisions mediated by
a particle with a mass smaller than the momentum transfer in the elastic collision.
The paper is in submission to PRD. We find that the Long-Baseline Neutrino Exper-
iment (LBNE) could easily exceed the sensitivity of CDMS to models with inelastic

collisions.

7.4 Final Remarks

The search for dark matter hopes to do nothing less than discover the nature of five
out of every six units of matter in our universe. Indirect detection experiments in
the past few years have begun exploring the viability of DM models with an annihi-
lation rate today equal to that predicted for thermal production of dark matter at
freeze-out. Meanwhile, direct detection experiments and neutrino telescopes such as
IceCube/DeepCore are setting the world’s best spin-independent and spin-dependent
WIMP-nucleon scattering cross section limits. This work has pursued a DM anni-
hilation explanation of the exciting prospect of the positron excess observed by the
PAMELA satellite (Chapters 3 and 4). We have also engaged in the phenomenolog-

ical preparation for a discovery of dark matter and what will eventually become a
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rush to discriminate among dark matter final states, which in turn may reveal the
underlying dark matter model (Chapters 5 and 6). In this era of increased experimen-
tal sensitivity, formulating a model that obeys all the current bounds demands ever
more creativity, and these bounds drive phenomenologists to more carefully scruti-
nize the assumptions surrounding substructure and the DM velocity dependence of
indirect and direct detection signals (Chapter 2). With the promised improvements
of future experiments, phenomenological work will continue requiring new model fits
to incoming data and discovering predictive and discriminating signals in upcoming

experiments.
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