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Zusammenfassung

Wir untersuchen die indirekten Signaturen dunkler Materie in der kosmischen Antimaterie,
Gammastrahlung und in Neutrinos in einer Klasse von Modellen, in welchen die dunkler Ma-
terie des Universum instabil ist, aber mit kosmologischen Lebensdauern zerfillt. In Teil 1
stellen wir die zahlreichen Evidenzen fiir die Existenz der dunklen Materie dar und disku-
tieren ihre bekannten Eigenschaften. Wir bringen auflerdem eine kurze Einfiihrung in die
kosmische Strahlung von geladenen Teilchen sowie in die kosmische Gammastrahlung, deren
astrophysikalische Komponenten die ,Hintergriinde“ darstellen, gegen die wir mogliche Sig-
naturen dunkler Materie zu identifizieren versuchen. Die restlichen Kapitel enthalten neue
Ergebnisse und basieren auf in Fachzeitschriften verdffentlichten Artikeln, welche im Rah-
men dieser Doktorarbeit angefertigt wurden wurden [1, 2, 3, 4, 5, 6, 7, 8, 9]. Es wird auch
teilweise Bezug genommen auf einige Ergebnisse, die bereits in der Diplomarbeit des Autors
verffentlicht wurden [10, 11]. In Teil II leiten wir Einschrénkungen an die Stabilitdt der
dunklen Materie in verschiedenen Zerfallskanélen auf eine Weise her, die unabhéngig vom
zugrundeliegenden teilchenphysikalischen Modell der dunklen Materie ist. Wir interpretieren
zunédchst jiingst beobachtete Anomalien in der leptonischen kosmischen Strahlung als Sig-
natur fiir den Zerfall dunkler Materie im galaktischen Halo und identifizieren passende Zer-
fallskanile. Weiterhin untersuchen wir die Aussichten fiir eine Entdeckung von Antideuteronen
in der kosmischen Strahlung, deren Produktion stark mit der von Antiprotonen korreliert ist.
Danach beschiéiftigen wir uns mit Gammastrahlung und analysieren zunéchst die dipolartige
Anisotropie in der Zerfallsstrahlung dunkler Materie, welche durch unsere exzentrische Posi-
tion im galaktischen Halo hervorgerufen wird. Danach untersuchen wir den radiativen Zerfall
von ,leptophiler” dunkler Materie in monochromatische Photonen, welcher durch Quantenef-
fekte induziert wird. Weiterhin leiten wir Abschétzungen fiir die Einschrinkungen her, welche
zukiinftige Neutrinobeobachtungen an Teleskopen von Kubikkilometer-Dimensionen liefern
werden. Im Gegensatz zu diesen modellunabhéingigen Studien untersuchen wir in Teil 111 die
Signaturen in der kosmischen Strahlung zweier spezieller supersymmetrischer Modelle fiir die
dunkle Materie, ndmlich dem Gravitino in Szenarios mit gebrochener R-Paritét, sowie dem
Gaugino einer versteckten Abelschen Eichsymmetrie, welches durch kinetische Mischung mit
der Hyperladungs-Eichgruppe des Standardmodells zerfillt.



Abstract

We discuss the indirect signatures in cosmic-ray antimatter and gamma rays which may
arise in a class of models where the dark matter of the Universe is unstable but decays
with cosmological lifetimes. Part I contains a review of the evidence for the existence of
dark matter as well as its known properties. It also features a brief introduction to the
Galactic propagation of cosmic rays as well as the cosmic gamma radation, the astrophysical
components of which will constitute the “backgrounds” against which we try to identify
possible dark matter signatures. The remaining chapters contain original work and are based
on the author’s peer-reviewed journal publications that were prepared in the context of the
present doctoral dissertation [1, 2, 3, 4, 5, 6, 7, 8, 9]. Some results previously published in the
context of the author’s diploma thesis are also cited [10, 11]. In Part IT we analyze constraints
on dark matter stability in a manner that is independent of the underlying particle-physics
model of the dark matter. We interpret recently observed anomalous results in leptonic cosmic
rays in terms of the decay of dark matter in the Galactic halo and identify appropriate decay
channels. We then analyze the prospects for the detection of antideuterons from dark matter
decay, the production of which is closely correlated with the production of antiprotons. Next,
we turn to gamma rays, analyzing first the dipole-like anisotropy in the gamma-ray signal from
dark matter decay induced by our off-center position in the halo. We then analyze the radiative
decays of “leptophilic” dark matter into monochromatic photons induced at the loop level. We
further discuss projected constraints for upcoming neutrino observations at cubic-kilometer
sized observatories. In contrast, in Part III we analyze two specific supersymmetric models
of decaying dark matter with regards to their cosmic-ray signatures, namely the gravitino
in models with R-parity violation and the gaugino of an Abelian hidden-sector gauge group
which decays via kinetic mixing with the Standard Model hypercharge.



Introduction

The question of the particle nature of the dark matter, which makes up just over 80% of the
matter of the Universe, is one of the most prominent questions in cosmology and particle
physics today. Despite decades of experimental, observational and theoretical efforts, not
much is known to date about the microscopic nature of the dark matter. In this thesis we
examine the indirect signatures of a class of dark matter models where the dark matter is not
perfectly stable, but instead decays with cosmological lifetimes. The instability of the dark
matter then implies that its decay in the Galactic halo and at cosmological distances might
leave visible traces in the cosmic radiation, in the flux of neutrinos as well as in cosmic radio
waves, X-rays or gamma rays. lIdentifying and isolating possible dark matter signatures as
anomalous excesses over astrophysical “backgrounds” and interpreting their implications is
an approach known as indirect dark matter detection.

The field of indirect detection has experienced a surge of activity over the past few years
fueled by a number of interesting and unexpected astrophysical observations that have been
tentatively interpreted as dark matter signatures. In June 2006, the satellite-based cosmic-ray
instrument PAMELA (Payload for Antimatter Matter Exploration and Light-nuclei Astro-
physics) was launched. In late 2008 the collaboration reported a spectacular result regarding
the abundance of positrons in the cosmic radiation relative to that of electrons, which is much
larger than expected at energies above 10 GeV and actually increases with the energy up to
at least 100 GeV. This behavior is in stark contrast with the standard picture of positron pro-
duction by spallation of primary cosmic rays on the interstellar medium. At the same time,
PAMELA observed a flux of antiprotons which is completely in agreement with astrophysical
expectations.

In June 2008 the Fermi Gamma-ray Space Telescope (FGST, formerly named GLAST)
was launched and has since performed full-sky measurements of unprecedented quality of
the Galactic and extragalactic gamma-ray emission with its Large Area Telescope (LAT). It
has also provided measurements of the combined flux of electrons and positrons over a large
range of energies from a few GeV to about one TeV which complement the measurements
of the positron fraction performed by PAMELA. Together, these data sets strongly indicate
the presence of a significant primary component in the flux of positrons and electrons at high
energies. These findings have attracted a lot of attention from both the astrophysical and
the particle physics communities, with many authors attempting to find explanations for this
puzzling discovery, both in terms of conventional astrophysics, such as the production of e*e™
pairs by pulsars, and in terms of new fundamental physics, i.e., the annihilation or decay of
dark matter particles in the halo.



Independent of these recently observed anomalies, however, it is an interesting and impor-
tant problem to constrain the lifetime of the dark matter in a model-independent fashion in
order to determine which are the most stringent constraints on specific particle physics models
and how the various constraints relate to each other. Namely, the different constraints are
not independent and can, by means of their complementarity, help establish a more global,
multi-messenger picture of indirect dark matter signatures that ensures consistency between
different observables. The general understanding of the multifaceted aspects of indirect dark
matter detection has significantly improved over the last few years as a side effect of the
enormous theoretical activity triggered by the observation of the cosmic-ray anomalies.

The present thesis is organized as follows. In Chapter 1 we begin our discussion by re-
viewing the extensive evidence for the existence of dark matter and briefly discussing some of
the leading candidates. We also introduce the idea of indirect dark matter detection, which
is based on identifying anomalous contributions to the fluxes of gamma-rays, neutrinos and
cosmic rays. In Chapter 2 we discuss the basic properties of the cosmic radiation, which
comprises one of the principal channels for indirect dark matter detection. More precisely,
the fluxes of cosmic-ray antimatter, i.e., positrons and antiprotons, are sensitive to exotic
contributions because these particles are only produced as secondary products by the astro-
physical processes of cosmic-ray interactions and thus have low, calculable backgrounds. We
explain how to calculate the fluxes of cosmic rays as they are measured locally, after primary
particles are injected in the halo and propagate in a complicated manner, suffering the effects
of diffusion, energy loss and annihilation. Next, in Chapter 3 we discuss the cosmic gamma
radiation, which constitutes probably the most important channel to look for astrophysical
traces of dark matter. We explain the production of gamma rays from inverse Compton scat-
tering of energetic positrons and electrons on the interstellar radiation field.

After our preliminary discussion we examine in Part II various indirect detection channels
and discuss possible constraints on the nature of the dark matter. We begin in Chapter 4 by a
general examination of the anomalous results in leptonic cosmic rays observed by PAMELA,
Fermi LAT, H.E.S.S., ATIC and PPB-BETS. We interpret the observed rise in the positron
fraction in terms of dark matter decay and identify decay channels that can reproduce the
observational data. We then turn in Chapter 5 to hadronic dark matter decay and analyze
the production rate of cosmic-ray antideuterons. These particles have not been detected in
the cosmic radiation so far, and only upper bounds on their flux exist. The formation of
antideuterons by spallation of cosmic rays in interstellar gas is an exceedingly rare process.
However, if the antiprotons and antineutrons that fuse into antideuterons originate in the
fragmentation of a weak gauge boson or Higgs boson, then this process can be significantly
enhanced over the astrophysical mechanism. We emphasize that even for antiproton fluxes
that are compatible with existing measurements, an antideuteron signal from dark matter
decay may be in the observable range. Next, we examine in Chapter 6 the peculiar angu-
lar dependence of a gamma-ray signal from dark matter decay in the Galactic halo. Due
to our excentric location in the dark matter halo, the prompt radiation from dark matter
decay exhibits a dipole-like anisotropy. We estimate the size of this anisotropy in the overall
gamma-ray flux in different scenarios and find that it can be sizable. The observation of a
signal with the correct dipole-like anisotropy would lend support to the idea of dark matter
decaying in the halo, or otherwise yield constraints on this scenario. The non-observation
of an excess in antiprotons has led many authors to consider “leptophilic” models of dark



matter, which are exlusively or predominantly coupled to charged leptons. Due to this prop-
erty, such models evade constraints on antiproton overproduction, motivating efforts to find
different ways to test them. In Chapter 7 we examine a next-to-leading order effect of such
models, namely the decay into monochromatic photons. To this end, we consider a toy model
of leptophilically decaying dark matter and study the ratio of one-loop decays into photons
to the leading-order decays into leptons and demonstrate that the radiative decays can have
some relevance to indirect dark matter detection despite being loop suppressed. We discuss
how to search for these lines in observations of the halo as well as of extragalactic sources.
In Chapter 8 we then examine a set of different constraints stemming from the analysis of
anomalous neutrino signatures induced by dark matter decay. These neutrino signatures
almost inevitably accompany other indirect signatures and can provide an important cross
check. Due to the presence of large atmospheric neutrino fluxes, dark matter contributions to
the neutrino flux are difficult to disentangle from the background. Furthermore, the low inter-
action cross-sections of neutrinos require very large detectors to be sensitive to the very small
fluxes expected from dark matter decay. Current constraints from SuperKamiokande are not
competitive with those in gamma rays and cosmic-ray antimatter. However, the upcoming
generation of neutrino telescopes of km? dimensions should reach the necessary sensitivity to
confirm or exclude a sizable contribution from dark matter to the cosmic-ray fluxes within a
reasonable timeframe. We estimate projected constraints attainable with this new generation
of neutrino telescopes, in particular with the recently completed IceCube detector.

Finally, in Part III we discuss two specific supersymmetric models of decaying dark mat-
ter. In Chapter 9 we examine the scenario of gravitino dark matter in the presence of R-parity
violation, which is motivated by cosmological considerations. Finally, in Chapter 10 we an-
alyze a scenario where a subdominant component of the dark matter is composed of the
gauginos of an additional Abelian hidden-sector gauge group which decays via kinetic mixing
via the Standard Model hypercharge gauge group. We try to interpret the observed leptonic
cosmic-ray anomalies in these models and discuss constraints. The gravitino does not pos-
sess the required leptophilic coupling to matter to be a viable explanation of both the rise
in the positron fraction and the hard electron spectrum at high energies while remaining in
agreement with antiproton constraints. However, we show that existing constraints on the
antiproton flux leave some room for distinct gamma-ray signatures of this scenario, which may
include a monochromatic line at the end of the spectrum, making the scenario of gravitino
dark matter testable by gamma-ray observations. The scenario where a portion of the dark
matter is composed of hidden gauginos, on the other hand, rather naturally yields leptophilic
and flavor-blind couplings which can reproduce the cosmic-ray anomalies in a scenario where
the hidden gaugino decays into the lightest neutralino or vice versa. In particular, for a
hidden gaugino with a mass around 600 — 1200 GeV and a lightest neutralino in the coanni-
hilation region of minimal supergravity (mSUGRA), it is possible to reproduce the positron
fraction in a cosmologically consistent model while remaining in agreement with antiproton
overproduction constraints. We also discuss how this scenario can be tested by gamma-ray
observations.
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Preliminaries



Chapter 1

The Dark Universe

One of the most surprising findings to emerge from cosmological and astronomical studies
over the last decades is that most of the energy density of the Universe is of an unknown
type — about 70% of the total energy budget is in the form of so-called dark energy, while
26% is comprised of dark matter, which has no significant interactions with light, neither
through emission nor absorption. The ordinary baryonic matter that we and the world of
our immediate experience are made of makes up a mere 4% of the total energy content of the
Universe. It is thus a rather surprising discovery that the matter content of the Universe is
dominated by an unknown form of non-luminous matter which outweighs ordinary baryonic
matter by about a factor of five.

While the nature of the dark energy, which drives the accelerated expansion of the Uni-
verse, remains positively mysterious, the dark matter is most likely comprised of some hitherto
undiscovered type of elementary particle. While the discovery that most of the matter in the
Universe is dark was certainly surprising at first, the existence of dark matter is perfectly
natural since there is no good reason to expect that all matter particles in Nature should
interact electromagnetically (and we have long known about the existence of neutrinos which
have no electromagnetic interactions and make up a small fraction of the dark matter). In
fact, many extensions of the Standard Model of particle physics, intended to address some
of the deficiencies of the Standard Model, also predict the existence of new particles that in
principle have the appropriate properties to constitute the dark matter. Despite decades of
experimental, observational and theoretical efforts, however, not much is known about the
microscopic nature of the dark matter to date. The abundance of dark matter has been ac-
curately determined from cosmological observations, but its identity remains unknown, and
it remains at present unclear whether dark matter has any non-gravitational interactions.

In this chapter we review the extensive evidence for the existence of dark matter and then
outline some of its established properties. We introduce some leading dark matter candidates
and discuss the concept of unstable dark matter, which can give rise to an alternative to
the standard picture of indirect detection by pair-annihilation of WIMPs. For some good
introductory and review articles on the topic of dark matter, see [12, 13, 14, 15, 16].

10



1.1. EVIDENCE FOR THE EXISTENCE OF DARK MATTER 11

1.1 Evidence for the Existence of Dark Matter

A discrepancy between the amounts of visible matter and gravitationally interacting matter
both in the Milky Way and in galaxy clusters was first noticed in the early 1930s. Oort stud-
ied the Doppler shifts of stars near the Galactic plane in 1932, finding stellar velocities that
exceed the escape velocity of the Milky Way, unless there exists some significant amount of
unseen mass in the Galaxy that is sufficient to bind these stars to their orbits [17]. Almost at
the same time, Zwicky inferred in 1933 from Doppler-shift studies of the velocity dispersion
of galaxies in the Coma cluster that the total mass of the cluster must vastly exceed the
luminous mass. He did this by using well-established mass-to-light (M /L) ratios to estimate
the luminous cluster mass and by applying the virial theorem to estimate the gravitationally
interacting mass from the measured velocity dispersion [18].

These findings did not attract much attention until in the 1970s, Rubin and collabora-
tors, as well as Bosma, systematically studied the rotation curves of M31 and other edge-on
spiral galaxies based on the redshift /blueshift of spectral lines, finding a significant deviation
from the behavior expected from Newtonian gravity [19, 20, 21]. Namely, beyond a certain
luminosity radius that contains most of a galaxy’s mass, one would expect the rotation curves
to fall off with the radial distance like < 1/4/r. Instead, the rotation curves are observed to
flatten, i.e., the rotational velocities stay nearly constant or fall off much more slowly than
expected from the stability of the galaxies. From this, one can infer that the majority of
the total mass of these spiral galaxies cannot be concentrated in the central bulge, unlike
the bulk of the luminous mass, since otherwise the outer stars would exceed escape velocity.
If the rotation curves become essentially independent of the radius beyond the luminosity
distance, this implies that a spherically symmetric total mass distribution would have to go
with the radial distance like p(r) &< 7~2 beyond this radius. This means that the distribution
of luminous matter in the form of stars and interstellar gas is dramatically different from
the distribution of the entirety of the gravitationally interacting matter. Flat rotation curves
have since been observed in many other spiral galaxies, including our own [22, 23]. Further
kinematical evidence on galactic scales has also been found from the velocity dispersion of
dwarf galaxies in the Local Group [24].

Another technique to probe mass distributions on cluster scales became available around
the same time as the studies of galactic rotation curves, namely the use of gravitational lens-
ing of light as predicted by general relativity. Strong lensing surveys search for the (partial)
arks and multiple images caused by the bending of light from distant objects caused by the
presence of large amount of matter along the line of sight. Galaxy clusters can serve as
sources for strong lensing and have been found in this way to contain much more matter that
the luminous matter [25]. Strong lensing effects are rare, however. Evidence for dark matter
also exists from weak lensing [26], which makes use in a statistical manner of the effect of
systematic alignment and distortion of light sources around a lensing foreground mass. Weak
lensing can be used in this way to probe the mass distribution along the line of sight and thus
map the spatial distribution of dark matter in three dimensions [27].

Evidence for dark matter further comes from hot intracluster gas in galaxy clusters, in
which the majority of the baryonic cluster mass resides. The ratio of the fraction of gas
to the total mass allows a determination of the dark matter content of the clusters (see,



12 CHAPTER 1. THE DARK UNIVERSE

e.g, [28]). The gas density of the cluster can be determined from its X-ray emission or from
the Sunyaev—Zel’dovich effect [29], while the total cluster mass can be inferred from the pe-
culiar motions of the galaxies within the cluster, from assuming that the intracluster gas is
in hydrostatic equilibrium or from weak gravitational lensing. Furthermore, if one assumes
that the composition of rich clusters on scales of several Mpc is a representative sample of
the overall matter composition on cosmological scales, one can extrapolate the gas-to-total
mass fraction to yield an estimate of the overall baryon-to-mass ratio in the Universe. Such
determinations agree [30] with other determinations from cosmological observations of the
cosmic microwave background (CMB), primordial nucleosynthesis and large-scale structure,
as discussed below.

The above kinematical evidence points to the existence of some form of matter on galactic
and cluster scales that is “dark” in the sense that it does not significantly emit, absorb or
reflect light. However, observations of the gravitational effects of this unseen matter on the
kinematics of stars and galaxy clusters and on the propagation of light do not necessarily
imply that this dark matter necessarily be composed of some kind of new elementary parti-
cle. Indeed, maybe the most straightforward idea to account for the above observations is to
assume that the dark matter is composed of compact baryonic objects with very low mass-
to-light ratios, such as brown dwarfs, neutron stars, unassociated exoplanets or primordial
black holes. Collectively, such astrophysical objects are known by the name of “massive com-
pact halo objects” (MACHOSs). These objects would distort light emission of distant objects
through a change in the apparent brightness of light sources [31] and have thus been searched
for in microlensing studies. The collaborations MACHO [32] and EROS-2 [33] have been able
to significantly constrain the MACHO hypothesis by observing the luminosities of stars in
the Large and Small Magellanic Clouds. They observed very few microlensing candidates,
implying that only a fraction of the Galactic dark matter (less than 8% according to EROS
and less than 40% according to MACHO) can be contained in compact baryonic objects, and
that the dark matter cannot be strongly concentrated. Some fraction of the dark matter may
be contained within diffuse baryonic interstellar and intercluster gas, however.

Modern evidence for dark matter comes primarily from cosmology in the form of obser-
vations of the large-scale structure of the Universe, distant supernovae and the temperature
anisotropies of the CMB, as well as from the synthesis of primordial elements. These cos-
mological observations yield the crucial piece of information that the dark matter cannot be
composed of baryons and, as a corollary, of Standard Model particles. An important source of
information in this respect is Big Bang nucleosynthesis (BBN), the process by which the light
elements were formed in the early Universe [34, 35]. The synthesis of primordial elements
is described in terms of a network of coupled Boltzmann equations for the nuclear reaction
network, where the reaction rates are sensitive to the overall baryon density. BBN thus gives
a prediction for the light element abundances as a function of the baryon-to-photon ratio 7,
and can thus give a value for the baryon content of the Universe at that epoch by comparing
the predictions with the observed light element abundances. This yields a determination of
Qp that is completely independent from the one inferred from CMB observations (described
below), using different physics and processes taking place at very different epochs. From a
combined fit to the abundances of the light elements *He, D, 3He and "Li one finds [35]

0.019 < Qph? <0.024 (95% C.L.), (1.1)
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which agrees well with the determination of Qg from the WMAP observations of the CMB,
see Eq. (1.3) below. As we will see, however, from other cosmological observations one finds
Qp < O\, implying that baryonic matter can only make up a fraction of the total matter.

Evidence for dark matter is also available from large scale structure [36], both from the
observational and the computational side. N-body simulations of structure formation indi-
cate a need for dark matter. Namely, without dark matter the simulations fail to reproduce
the observed large-scale structure of filaments and voids as observed by the Sloan Digital Sky
Survey (SDSS) [37]. More specifically, one also finds that the dark matter should be non-
relativistic, or “cold,” during structure formation [38, 39]. Dark matter which is relativistic,
or “hot,” leads to a washout effect that delays the formation of structure. The reason is that
the collisionless dark matter dampens primordial density fluctuations below the dark matter
free-streaming length as it flows from overdense to underdense regions. The large damping
scales from the free streaming of relativistic dark matter from high-density regions then leads
to a top-down type of structure formation where the largest structures form first, with smaller
structures subsequently fragmenting from larger ones [40], as opposed to the observed bottom-
up hierarchical type of structure formation [41]. For this reason, significant fractions of hot
dark matter are now disfavored. Stringent constraints on hot dark matter can be imposed
especially when also taking data from the Lyman-« forest into account [42, 43]. Cold dark
matter, on the other hand, allows for clumping on small scales, and N-body simulations con-
taining cold dark matter can successfully reproduce the observed large-scale structure [44, 45].
Furthermore, surveys of the three-dimensional distribution of stars, galaxies are quasars can,
by making statistical inferences from the spatial distribution of these objects, yield an obser-
vational determination of the matter power spectrum whose peak is sensitive ()1, while its
shape is affected by 2 through baryon acoustic oscillations. The SDSS collaboration finds
from their data Qy = 0.286 £ 0.018 [46], which is again compatible with the value inferred
from BBN and CMB observations.

The redshift evolution of the Hubble rate is influenced by the total amount of matter and
radiation in the Universe and can be probed by observations of supernovae. More specifically,
type la supernovae are commonly used as standard candles in observational cosmology due
to their highly regular peak luminosities, which can be determined from measurements of the
light curves. The peak luminosities of type Ia supernovae can therefore be used to establish
luminosity distances. Combined with redshift measurements this enables the determination
of luminosity distance-redshift relations which are sensitive to the evolution of the Hubble
rate and hence to the energy composition of the Universe [47, 48, 49, 50]. Constraints on the
QA—Qy parameter space from type la supernova observations are plotted in Fig. 1.1. They
converge with other kinds of measurements including baryon acoustic oscillations (BAO)
and CMB anisotropies, indicating that the Universe is flat and dominated by some form of
negative-pressure dark vacuum energy which accelerates the expansion of the Universe. This
dark energy can be well described by a tiny, but non-vanishing cosmological constant with an
equation of state p = —p.

The most precise determination of the overall dark matter abundance comes from CMB
observations. The CMB is composed of photons that were emitted at the time of recombina-
tion at redshift z ~ 1100 when electrons combined with hydrogen and helium nuclei, with the
consequence of the Universe becoming transparent to photons. These photons from the last
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Figure 1.1: Left: Predictions for light element abundances from BBN as a function of the
baryon-to-photon ratio n (from [35]). Right: Different constraints on the Q,—\ parameter
space in concordance cosmology using CMB observations, supernova data and large-scale
structure (from [50]). The different techniques yield consistent values for the cosmological
parameters.

scattering surface carry information about the acoustic oscillations of the baryon—photon fluid
at the time of their decoupling. Observations by the Cosmic Background Explorer (COBE)
revealed that the CMB is a near-perfect black body at a temperature of 2.73 K, although
the radiation exhibits minute temperature fluctuations [51]. On large angular scales these
fluctuations are due to the Sachs—Wolfe effect, while the small-scale anisotropies are sensitive
to the dynamics of the acoustic oscillations. In this way the temperature fluctuations probe
the baryon density at the time of recombination.

According to concordance cosmology, these temperature fluctuations are due to primordial
quantum fluctuations blown up to cosmological scales by inflation. The primordial tempera-
ture fluctuations observed by COBE are tiny, however — the CMB is uniform to one part in
10°, and therefore the primordial fluctuations are too small to serve as the seeds of structure
formation within the available timeframe [51]. The reason is that the electrostatic repulsion
of baryonic matter, which only becomes electrically neutral at the time of recombination,
prevents efficient clumping into gravitational wells and thus delays structure formation to the
point that there would not have been enough time between recombination and the present
day to evolve the observed structure. Therefore, some form of electrically neutral dark matter
is required that can begin undergoing gravitational collapse well before recombination.
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The primordial temperature fluctuations in the CMB have since been mapped with high
precision by the Wilkinson Microwave Anisotropy Probe (WMAP). The temperature fluc-
tuations can be decomposed into an angular power spectrum, where the relative heights of
the acoustic peaks are sensitive to the baryon density 25 and the matter density . The
position of the first acoustic peak provides a measure of the overall energy density of the
Universe, i.e., the sum Qp = Q5 + Oy (radiation contributes a negligible amount to the to-
tal energy density). From fits of these cosmological parameters to the observed temperature
fluctuations, the WMAP observations prefer a value of Q + Oy ~ 1, corresponding to a flat
universe. When combined with information from supernovae, galaxy clusters and structure
formation, the data strongly favor Qx + Oy = 1 (see Fig. 1.1).

The dark energy density makes up the major part of the total energy budget. In the
ACDM model the WMAP collaboration finds from their seven-year data alone [52]

Qa = 0.72710 0%, (1.2)

where the errors indicate 68% C.L. For the baryon density, on the other hand, the WMAP
collaboration finds
Qph? = 0.0224910 06528, (1.3)

where h = 0.704 + 0.025 [53] is the present-day reduced Hubble rate in units of 100 km
s~! Mpc~!. It is clear that the amount of baryonic matter alone is insufficient to close the
Universe. For the dark matter density one finally obtains

Qpah? = 0.1120 + 0.0056 (1.4)

with Qpan/Qp ~ 5, or more than 80% of the matter in the Universe being non-baryonic dark
matter. The matter density can be derived from the above quantitites with the result

Onih? = 0.134513:99%6 (1.5)

Clearly, the values of Qg and €y differ significantly. The WMAP data can be combined with
other cosmological data from large-scale structure and supernova observations to improve the
accuracy of the determinations of the cosmological parameters, but this introduces additional
systematics. We will use the above values for the ACDM cosmological parameters (or the
numerically similar values from the five-year WMAP data) in the following chapters.

Recently, some spectacular observations of cluster mergers have delivered direct proof of
the existence of dark matter on cluster scales. The so-called Bullet cluster provides direct
evidence of the existence of dark matter on the scale of large clusters [54]. The name refers
a subcluster that collided with the main cluster 1E 0657-56 about 150 million years ago.
The cluster merger led to the compression and shock-heating of the intracluster gas, which
constitutes the bulk of the baryonic mass of the cluster, while the individual galaxies within
the clusters simply passed through each other. The hot gas emitted large amounts of X-rays
which were detected by the Chandra X-ray Observatory and used to map the distribution of
the baryonic cluster mass. The gravitational mass distribution of the cluster, on the other
hand, was determined by weak lensing as observed by the Hubble Space Telescope. It was
found that the total center of mass followed the galactic trajectories and was significantly
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displaced by the merger from the center of the baryonic mass, which is just what one would
expect if the cluster mass is dominated by collisionless dark matter. Another very similar
cluster merger involving a cluster named MACS J0025.4-1222 was discovered in 2008 [55].

In spite of all this impressive evidence, it should be noted that it has been attempted to
avoid the introduction of dark matter by modifying gravity at the Newtonian level. Such
efforts are known by the name of “modified Newtonian dynamics” (MOND) [56]. Theories
of modified gravity can reproduce the rotation curves of spiral galaxies well and automat-
ically deliver the Tully-Fisher relation [57] (which notably fails on cluster scales, however).
Nevertheless, theories with modified dynamics have many problems, such as MOND not work-
ing for dwarf spheroidal galaxies and for galaxy clusters [58]. Furthermore, MOND cannot
account for observations like the Bullet cluster without introducing dark matter on top of
the modified dynamics [58]. Problematically, it is difficult to embed MOND into relativistic
theories and therefore to discuss the cosmology of such theories. However, sucessful efforts,
such as Tensor-Vector-Scalar (TeVeS) gravity [59], have been made to construct relativistic
theories that lead to non-Newtonian dynamics. However, the cosmological implications of
TeVeS gravity have been studied and found to fail to reproduce the CMB power spectrum as
well as the matter power spectrum [60].

To summarize, one has overwhelming evidence from a substantial number of indepen-
dent observations based on entirely different underlying physics which require the existence
of substantial amounts of dark matter over a vast hierarchy of scales ranging from individual
dwarf and satellite galaxies to the largest structures in the Universe, the superclusters and
filaments. Since this dark matter must be non-baryonic, this strongly hints at the existence
of a new type of elementary particle.

The only particles within the Standard Model that could potentially constitute the dark
matter would be massive neutrinos, but it is known that due to their tiny masses, they only
contribute a fraction of the observed dark matter abundance. In fact, for the current limits on
light neutrino masses the upper bound on the contribution of neutrinos to the energy density
is [61]

Q,h? <0.0067 (95% C.L.). (1.6)

Furthermore, neutrinos are relativistic and hence constitute hot dark matter, which is strongly
constrained as mentioned above. Therefore, the observation of large quantities of non-baryonic
dark matter in the Universe and the absence of any known suitable particle candidate is a
very strong empirical case for the existence of physics beyond the Standard Model.

Despite the successes of the CDM paradigm, it should be noted that there remain some
open problems. Namely, N-body simulations typically predict more substructures in CDM
halos than actually observed in the form of satellite galaxies [62, 63]. Furthermore, such
simulations generally find “cuspy” profiles which are divergent at the center of the halos,
contrary to the cored profiles inferred from observations of gas-rich dwarf spiral and low
surface brightness galaxies [64, 65]. Whether these discrepancies are due to observational
problems, technical limitations of the simulations, e.g. the neglect of baryon—dark matter
interactions, or due to genuine deficiencies in the understanding of the underlying physics is
presently unclear.
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1.2 Approaches to Dark Matter Identification

Aside from the large amounts of gravitational evidence for the existence of dark matter we also
have a distinct lack of evidence for any non-gravitational interactions, which allows us to infer
some fundamental properties of the dark matter. We have already mentioned the requirement
that dark matter should not be hot. Furthermore, negative searches for exotic isotopes imply
that the dark matter has to be electrically neutral. Although specific bounds have a degree
of model dependence, electrically charged dark matter is practically ruled out [66]. Likewise,
dark matter with SU(3)¢c charge is essentially ruled out over a wide range of masses. See [66]
for a discussion on constraints on electrially charged (and milli-charged), as well as strongly
interacting dark matter. There also exist indirect constraints on the nature of the dark mat-
ter from the requirement that it should not disturb the successful predictions of primordial
nucleosynthesis [67] or affect stellar evolution (see [66] for a detailed discussion and references).

We can summarize that at the very least, any viable dark matter candidate should have
the properties of being massive, electrically neutral, colorless, non-baryonic, cold (or possi-
bly warm), and stable on cosmological timescales. All of the above properties have been
inferred from the gravitational interactions (and absence of evidence for non-gravitational
interactions) of the dark matter. Due to the universality of gravity, a determination of the
particle nature of the dark matter from its gravitational interactions alone is impossible. Since
from a particle physics point of view it is highly desirable to determine the particle identity of
the dark matter, there is a strong motivation to find non-gravitational dark matter signatures.

There are three main approaches to finding non-gravitational dark matter signatures:

e Collider searches aim to produce dark matter particles directly via particle collisions at
high energies. Assuming that this is possible, they would escape without interacting
with the detectors due to their weak interactions with ordinary matter. Thus, the dark
matter would show up in experiments as missing energy and momentum in a manner
similar to neutrinos. By determining the mass and couplings of the invisible particles
to other particles, one could then calculate the corresponding relic abundance [68] and
compare it with the observational value to determine whether the invisible particles
could constitute the dark matter of the Universe.

e Direct detection of dark matter is based on the idea that WIMPs which are gravita-
tionally bound to our galaxy may interact with a detector by scattering with target
nuclei [69] or electrons, depositing energy in the form of phonons, scintillation light or
ionization. For typical WIMP masses between 10 GeV and 10 TeV, the nuclear recoil
energies deposited by elastic scattering are expected to be of order 1 to 100 keV [61].
To be sensitive to such low energies, detectors must be shielded from cosmic radiation
and natural radioactivity are are therefore located in underground laboratories. Another
possibility of detecting a WIMP signal is the idea of trying to detect a seasonal variation
in the overall signal due to the Earth’s movement relative to the WIMP halo [14].

e Indirect detection is based on the idea of detecting the annihilation or decay products
of dark matter in the cosmic radiation or in photons or neutrinos. It originated in the
realization that the very same self-annihilation processes that can lead to the correct
relic abundance of WIMPs may still occur today at a rate large enough to detect the
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annihilation products as anomalous contributions to the fluxes of cosmic particles reach-
ing us from space. Suitable channels to look for dark matter signatures are those that
have low, ideally well-understood backgrounds. This includes primarily cosmic-ray an-
timatter, photons in the X-ray to gamma-ray energy range, as well as neutrinos. In the
present thesis we focus on this approach. For pioneering work on indirect dark matter
detection see, e.g., [70, 71] on gamma rays from dark matter annihilation and [72] on
antiprotons and positrons, as well as [73] on neutrinos from dark matter annihilation in
the Sun.

1.3 Particle Candidates for Dark Matter

In principle, the easiest way to fulfill the above requirements is to postulate a particle that
has only gravitational interactions. However, this possibility is unappealing from the phe-
nomenological perspective since it lacks predictiveness, testability and is not connected to any
kind of new physics. However, there is no lack of dark matter candidates motivated by short-
comings of the Standard Model of particle physics. Namely, even though the Standard Model
describes the interactions of elementary particles with an accuracy beyond any reasonable
expection, it contains some theoretical flaws, such as the hierarchy problem and the strong
CP problem. Many proposed extensions of the Standard Model that seek to address such
problems also predict the existence of new particles that may play the role of the dark matter.

Strictly speaking, any microscopic theory of dark matter is only viable if there exists some
mechanism to produce the dark matter particles with the observed relic abundance, Eq. (1.4).
This requirement is one of the reasons that the most popular type of dark matter candidate is
a class of models called weakly interacting massive particles (WIMPs). Interestingly enough,
it has been observed that stable particles with weak interactions and weak-scale mass can
rather naturally reproduce the observed relic abundance if they were produced thermally in
the early Universe. More precisely, in the hot early Universe WIMPs are in thermal equi-
librium. When the temperature of the Universe drops below the WIMP mass, the WIMP
particles then decouple chemically, and their abundance becomes Boltzmann-suppressed. The
expansion of the Universe, however, eventually causes the dark matter self-annihilation pro-
cesses to become too inefficient to substantially alter the comoving number density of WIMPs,
which then becomes “frozen” into the thermal relic abundance.

Numerically, the number density n(t) of WIMPs is governed by a Boltzmann equation [12,

14],

dn 9 9
p +3Hn = (ov) (n” — ngy) » (1.7)

where H is the Hubble rate, (ov) is the thermally averaged effective annihilation cross-section
and the equilibrium number density n.q is a function of the temperature. By solving this
equation numerically, one can determine the present relic abundance as a function of the
particle self-annihilation cross-section (ov). In the case that the annihilation cross-section is
determined by the WIMP mass only, one finds for a weak-scale mass ~ 100 GeV, one finds
for the s-wave annihilation cross-section that yields the correct order of magnitude for the

relic abundance
g4

— 2 ~3x10%cm3s7?, 1.8
167T2m%VIMP s (1.8)
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which is of the order of a typical weak-interaction cross-section. This fact is often referred to
as the “WIMP miracle.” This astounding coincidence has convinced many authors that the
dark matter probably is a stable, weakly interacting particle.

Probably the most straightforward realization of a WIMP would be a stable heavy neu-
trino. However, the relic abundance of a pure SU(2);, doublet neutrino would be too low if
the neutrino is heavier than Mz /2, as required by LEP bounds [61]. In extensions such the
Standard Model with low-energy supersymmetry, such as the minimal supersymmetric Stan-
dard Model (MSSM) (see [74] for an introduction), one naturally finds weakly interacting,
electrically neutral candidates for the dark matter, namely the lightest neutralino and the
lightest sneutrino (which is now ruled out as a dark matter candidate [75]). Neutralinos are
mixtures of Binos, Winos and neutral Higgsinos, where the lightest neutralino can be a viable
dark matter candidate if it is also the lightest supersymmetric particle (LSP). However, it
should be noted that a priori there is no reason why a massive, weakly interacting particle
should be stable, and indeed the neutralino decays far too quickly, unless it is stabilized by
introducing a discrete symmetry. In supersymmetric models, R-parity is typically the symme-
try of choice to ensure the stability of both the LSP and of the proton, which would otherwise
decay too fast. We will examine a scenario with two-component dark matter in Chapter 10,
where one of the components is made of neutralinos.

However, it should be noted that it is by no means clear that thermal freezeout is the cor-
rect mechanism to produce the relic dark matter abundance. For baryons, the relic abundance
is clearly not thermal [76] but the result of some baryogenesis process [77]. An analogous pro-
cess might be responsible for the observed dark matter abundance. Indeed, the fact that the
abundances of dark matter and baryonic matter are the same to within an order of magnitude
may suggest that the two share a common origin (see, e.g., [78, 79] for proposals to relate
the baryon density to the dark matter density). Therefore, while the WIMP miracle is cer-
tainly impressive, regarding only WIMPs as potential dark matter candidates appears overly
restrictive. There are other types of well-motivated dark matter candidates, including some
that are even less than weakly interacting, the so-called superWIMPs [80]. The canonical
example of this class of dark matter candidates is the gravitino, the spin-3/2 superpartner
of the graviton. The gravitino, which arises when supersymmetry is promoted to a local
symmetry, is an excellent dark matter candidate since it is non-baryonic, neutral and cold
over most of its possible mass range [81, 82| and can be produced thermally after reheating
with the correct relic abundance if the Universe was very hot [83]. The gravitino constitutes
a supersymmetric dark matter candidate which is viable even without R-parity conservation.
We examine the cosmic-ray signatures in the scenario of gravitino dark matter with broken
R-parity in Chapter 9.

Alternatively, the abundance of superWIMPs could be produced from the decays of heavier
particles. For instance, super WIMPs can inherit the correct relic abundance from a thermally
produced abundance of WIMPs. If every WIMP decays into a super-WIMP, one simply
gets [80, 84]

MsuperWIMP

Qwimp (1.9)
MWIMP

quperWIMP -

where the abundance of superWIMPs is simply rescaled from the WIMP abundance by the
ratio of the particle masses. In the class of super WIMP scenarios, the dark matter particle
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itself is typically inaccessible to collider searches due to its very weak couplings. However, in-
direct inferences can be made from the existence of long-lived particles that eventually decay
into the superWIMP, such as in the case of a gravitino LSP with a charged stau NLSP [85].
Such long-lived particles can be dangerous if they are present in the Universe during or after
nucleosynthesis [67], so appropriate care has to be taken to not upset the successful BBN
predictions.

Other well-motivated dark matter candidates include the axion, which was proposed to
solve the strong CP problem of QCD [86, 87, 88], but which may also play the role of dark
matter [89, 90]. Furthermore, in supersymmetric scenarios the superpartner of the axion, the
axino, is easily the lightest supersymmetric particle and may also be a viable dark matter
candidate [91, 92]. Another frequently discussed example is the lightest Kaluza-Klein particle
in theories with compactified universal extra dimensions [93].

1.4 Unstable Dark Matter

In most studies, it is assumed that the dark matter is perfectly stable. A likely reason for the
popularity of this assumption is that in the most popular class of dark matter candidates, the
weakly interacting massive particles (WIMPs, in particular the lightest neutralino in super-
symmetry), it is difficult to plausibly achieve a sufficiently long lifetime unless dark matter
decay into Standard Model particles in completely forbidden by a symmetry. However, we
emphasize that perfect dark matter stability is an assumption that might not be justified.

As with baryonic matter itself, there are good reasons to consider the case of unstable
dark matter. From the theoretical point of view, we expect at least gravity to violate any
global symmetry. It can also happen that the parity symmetry stabilizing the dark matter
is only approximate from the start or spontaneously broken, as it occurs in some models of
R-parity breaking [94, 95, 96, 97, 98]. Alternatively, the coupling involved in the decay may
be very strongly suppressed as, for example, in the case of a tiny kinetic mixing between
visible sector and hidden sector [99, 100]. In those cases it is natural to expect a very long
lifetime for the dark matter particle.

From the observed Hubble rate one can calculate that the age of the Universe is about
70 ~ 4.3 x 10175 [52]. Therefore, from the requirement that any relic population of dark
matter particles must have survived from its production in the early Universe to the present
day, we can infer the absolute minimum dark matter lifetime

oM = 4 x 101 s, (1.10)

which is a far cry from the (mode-dependent) lower bounds on the proton lifetime, 7, 2
10%0s [61]. If the dark matter is unstable but exclusively decays into the hidden sector, the
constraints are not much stronger and can only be inferred from the impact of dark matter
decay on the expansion history of the Universe [101, 102]. However, if the dark matter decays
into Standard Model particles, in particular photons, neutrinos, positrons, antiprotons and
antideuterons, much more stringent constraints on the dark matter lifetime apply. We will
examine some of these constraints in details in the following chapters.
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Interestingly, the typical order of magnitude for constraints on the dark matter lifetime
is on the order Ty > 10%6s, which exceeds the age of the Universe by a factor of 10°. Dark
matter particles with such long lifetimes can be considered perfectly stable from the cosmo-
logical point of view, with the dark matter instability having no impact on the expansion
history of the Universe or on structure formation, for instance. Nevertheless, due to the enor-
mous amounts of dark matter particles in the Universe, the transparency of the interstellar
and intergalactic medium to the messenger particles and the relatively low backgrounds in
the appropriate channels, dark matter lifetimes of this order can be constrained by present
astrophysical observations of gamma rays [11, 94, 103, 104], neutrinos [2, 9, 105, 106, 107],
positrons [4, 8, 10, 104] and antiprotons [4, 10, 104].

In some well-motivated models the dark matter is unstable and decays with lifetimes that
exceed the age of the Universe by many orders of magnitude. An interesting example of
decaying dark matter is sterile neutrino dark matter (see, e.g., [108]), where one introduces
right-handed neutrinos that have to be singlets under the Standard Model gauge group. The
mass eigenstates of the neutrino mass matrix are then mixtures of left-handed and right-
handed neutrinos, where the dominantly left-handed eigenstates are referred to as active
neutrinos, while the dominantly right-handed neutrinos are called sterile. The lightest sterile
neutrino typically has a mass of order 10 keV and constitutes a possible (warm) dark matter
candidate. The longevity of the sterile neutrino is guaranteed by the smallness of its Yukawa
couplings. It can decay with a cosmological lifetime into a photon and an active neutrino,
vs — v, where X-ray observations yield stringent constraints on this scenario [108]. Another
example of decaying dark matter is the gravitino, the superpartner of the graviton in locally
supersymmetric theories. If R-parity is slightly broken, the gravitino may still be a viable
dark matter candidate [109]. The longevity of the gravitino in this case is due a double sup-
pression of its decay rate by its extremely feeble, Planck-scale suppressed interactions as well
as the smallness of the R-parity violation.

Particles that are stable at the renormalizable level by virtue of a symmetry that forbids
all decay-inducing dimension-four operators can also be made unstable by decays via higher-
dimensional operators. Interestingly, it has been observed (see, e.g., [110, 111]) that the
lifetime of a TeV-scale particle decaying via a dimension-six operator happens to be of the
order of magnitude indicated above, Tpy ~ 1020 s, if the particle has a mass mpys of order TeV
and if the energy scale M, of the non-renormalizable operator is close to the scale of Grand
Unification, Mgyt ~ 2 x 10'® GeV [74]. A simple dimensional analysis gives the estimate for
the two-body decay lifetime

M4 1 TeV)® M. 4
~ 8 * ~92x10% * ) 1.11
TOM 7Tm5DM % > ( MDM > <1016 GeV> ( )

This suggests the exciting possibility that the physics of Grand Unification may be testable by
present cosmic-ray observations if the dark matter is destabilized by such higher-dimensional
interactions. However, since the mass scales enter in the fourth and fifth power, respectively,
the numerical coincidence is rather sensitive to multiplicative factors and thus not very robust.
Furthermore, the lifetime is sensitive to the number of particles in the final state. Therefore,
while this coincidence is certainly suggestive, it remains unclear whether the connection is
meaningful. It was also pointed out in [111] that particle decays by dimension-five operators
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lead to lifetimes O(100s), with possible impact on BBN.

We will discuss another example of a decaying dark matter candidate in Chapter 10, where
the dark matter is composed of a mixture of neutralinos and the gauginos of an Abelian
hidden-sector gauge group. Depending on the mass spectrum, the heavier of the two particles
can decay via kinetic mixing of the hidden-sector gauge group with the Standard Model
hypercharge gauge group. If this mixing is small enough, the lifetime of the dark matter can
be sufficiently long, while its decays leave detectable signatures.

1.5 The Distribution of Dark Matter

The spatial distribution of dark matter is not very well determined. As far as the halo of our
own galaxy is concerned, observations from kinematic surveys of the SDSS indicate that the
total dark matter mass contained within a sphere of 60 kpc around the center of the Milky
Way halo is Mgy = 4.7 x 1011 Mg, [23]. The exact distribution of the dark matter cannot be
inferred in this way, however. Nevertheless, for the computation of cosmic-ray and gamma-
ray fluxes one needs an explicit expression for the dark matter density in the Galactic halo.
The spatial distribution of the dark matter is therefore usually inferred from computational
N-body simulations [112, 113] of hierachical clustering of cold dark matter based on gravita-
tional interactions and sometimes including baryon—dark matter interactions. The results of
those simulations are generally fitted as spherically symmetric parametrizations of the energy
density, although spherical symmetry is only an approximation to the triaxial halos found in
the simulations. Interestingly, those simulations that do include baryons tend to find profiles
that are steeper at the core than those that only include dark matter (see, e.g., [114, 115]).

Halo model a [ v rslkpd]
Cored isothermal [116] 2 2 0 3.5
Navarro, Frenk & White [117,118] | 1 3 1 20
Moore et al. [119] 1.5 3 15 28
Burkert [120] 2 3 1 11.7

Table 1.1: Parameters used in Eq. (1.13), characterizing some commonly used halo models.
Add:

For the calculation of the cosmic-ray and gamma-ray signatures of decaying dark matter,
we will need to make some assumptions on the distribution of the dark matter in the Milky
Way halo, although our results for the fluxes generally turn out to be rather insensitive to
the particular choice of halo model. Some of the most commonly used dark matter density
profiles can be written parametrically as

R@ 7 /1 + (R@/V"s)a (B=7)/
= — _— 1.12
poM(T) = po ( " > ( 5 (/o) : (1.12)
with Rs = 8.5 kpc being the distance between the Sun and the Galactic center [121]. Alter-
natively, Eq. (1.12) can be written without reference to the solar radial distance as

pom(r) = o
(r/r) [+ (r/re)] B/

(1.13)
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The values of the parameters in this parametrization are given in Table 1.1 for some of the
most commonly used halo profiles. The coefficient pg is normalized in each case to the local
dark matter density pg such that ppv(Re) = pe. The local dark matter density is signif-
icantly larger than the average density in the Universe due to structure formation. Most
studies report values between 0.3 and 0.4 GeV/cm?, which is a factor of 10° larger than the
overall dark matter density. The most recent studies tend to find values around the up-
per end of this range (see, e.g., [122]). The value most commonly used in the literature is
pe = 0.3GeV cm ™3, however.

Another very commonly used profile is the Einasto profile [123, 124], which appears to be
favored by more recent simulations [125],

pBin (1) = pgexp [—% ((%)a - 1” . (1.14)

The Einasto profile does not converge toward a power law toward the Galactic center, and
is even steeper than the NFW profile. Simulations find a value of o = 0.17 for the shape
parameter and ry = 20 kpc for the scale radius.

The different dark matter profiles look very similar at radial distances as far out as the
position of the Sun. They differ mostly near the center of the Galaxy, and the “cuspiness” of
dark matter profiles is an open question. Nevertheless, as long as the particles generated by
dark matter decay or annihilation come mostly from the near the solar neighborhood or from
relatively high latitudes in the case of gamma rays, the choice of halo profile has relatively
little impact on the results.

It is worth noting in this context that the indirect signatures of decaying dark matter
are simply proportional to the dark matter density ppm(r), as opposed to the case of self-
annihilating dark matter where the fluxes depend on the square of the density, pZDM(’I“). This
implies that dark matter substructures can lead to strongly amplified signals in the case
of dark matter annihilation, but it also means that indirect signatures from decaying dark
matter are more homogeneous across the sky and do not experience the strong amplification
of signals in regions of high dark matter density. Such overdense regions are found in deep
gravitational wells such as the center of the Galaxy or the Sun and Earth, where dark matter
particles can get trapped when they get scattered to below the escape velocity. The detection
strategies therefore differ between the two cases, where for example the search for neutrinos
from WIMPs captured in the Sun is not promising in the case of dark matter decay. Because
of the absence of this amplification of signals, decaying dark matter is less constrained than
annihilating dark matter by gamma and radio observation of the Galactic center [104]. We
will discuss the origin of such indirect dark matter signals in more detail in the next two
chapters.



Chapter 2

Cosmic Rays

The Earth’s atmosphere is constantly exposed to a flux of energetic particles from outer
space. The existence of this cosmic radiation was first suspected at the beginning of the 20th
century and eventually discovered observationally by Hess in a series of balloon flights in
1912. Millikan later established the extraterrestrial origin of these particles and introduced
the (somewhat misleading) name “cosmic rays.” Historically, the cosmic radiation has been
central to some important discoveries, as the positron (and thus antimatter) as well as the
muon were first discovered in cosmic rays in 1932 and 1936, respectively. In this chapter
we review some of the general features of cosmic rays and discuss a semi-analytical two-zone
diffusion model to describe the complicated process of the propagation of stable charged
particles in the Galaxy. We also briefly discuss the effect of solar modulation on charged-
particle spectra.

2.1 General Properties

The observed spectrum of cosmic rays extends over some 12 orders of magnitude, with the
highest-energy cosmic rays reaching energies in excess of 10 eV. The low-energy cutoff is
found at a few hundred MeV, due to solar modulation preventing particles with even lower
energies from reaching us (see Section 2.3). Cosmic rays follow a featureless power law with
an index ~ 2.75 up to energies of ~ 3 x 101 eV, where the spectrum steepens at the so-called
“knee.” The spectrum further steepens at the “second knee” before flattening again at the
“ankle” and finally terminating at about 5 x 10'? eV [126], most likely due to the GZK ef-
fect [127, 128] of photo-pion production by ultra-high energy cosmic rays on the CMB. At
least for energies below the knee, cosmic rays are believed to be of Galactic origin, whereas at
energies above ~ 10'8 eV their Larmor radius becomes larger than the radius of the Galaxy,
indicating an extragalactic origin. The composition of cosmic rays is a function of their energy,
but as a rule of thumb at energies 10 — 100 GeV about 90% of cosmic rays are protons, 9%
are helium nuclei, and almost 1% are electrons. Heavier nuclei and antimatter make up less
than 1% of the cosmic radiation. Antimatter is a particularly rare component of cosmic rays,
which makes it a preferred target for indirect dark matter searches. (The ratio of antiprotons
to protons is at the level ~ 2 x 107 at an energy of 10 GeV [129].) Furthermore, cosmic rays,
at least up to energies of about 101 eV, are highly isotropic and therefore provide practically
no directional information on their origin.

24
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The origin and acceleration mechanism of cosmic rays remains speculative, although it is
very plausible that they originate in the shocked shells of supernova remnants, where they are
accelerated by diffusive shock acceleration [130] via first-order Fermi acceleration by stochas-
tic scattering on magnetic turbulence (Fermi’s original proposal [131] leads to second-order
acceleration).

After their creation in the sources, cosmic rays propagate through the interstellar medium,
where they interact with the Galactic magnetic field, the interstellar radiation field and the
interstellar gas. It is generally assumed that the initial acceleration and subsequent prop-
agation of cosmic rays can be treated separately, which is supported by measurements of
secondary /primary ratios that would be sensitive to acceleration in the interstellar medium.
Over the last decades, consensus has emerged that diffusion is the correct effective description
of the microscopic interactions of the charged cosmic-ray particles with the tangled Galactic
magnetic fields. The diffusion picture explains the isotropy of the cosmic radiation as well as
the long storage times of ~ 150 Myr [61] inferred from measurements of radioactive isotopes,
which can serve in this manner as “clocks.”

The chemical abundances of elements in cosmic rays generally agree with Solar System
abundances, with a few important exceptions. Some elements, such as Boron, are rare in
the Solar System, but abundant in cosmic rays. These deviations are interpreted as being
due to secondary production of these elements by the spallation of primary cosmic rays on
the interstellar medium. This picture yields a prediction for the grammage traversed by
primary cosmic rays in order to produce the observed abundance of secondaries. The energy-
dependence of secondary-to-primary flux ratios constitutes an essential test of the validity
of propagation models. The benchmark flux ratio in this respect is usually the Boron-to-
Carbon (B/C) ratio since Boron is a purely secondary component of the cosmic radiation,
and the B/C ratio is rather accurately determined up to energies of about 100 GeV, although
measurements exist for energies up to 1 TeV [132]. Similarly, antiprotons are believed to be
entirely produced by secondary production.

2.2 The Transport Equation

In this section we discuss the general transport equation, which we use to describe the effects
of the propagation of primary particles injected by a process such as dark matter annihilation
or decay from some point in the Milky Way halo to our local position. After their produc-
tion in the Galactic halo, cosmic rays produced by dark matter propagate through the Milky
Way’s magnetic halo, suffering the effects of diffusion, energy losses and gains, convection,
reacceleration and elastic and inelastic scatterings. To describe this complicated problem,
we will treat the propagation of cosmic rays in the Galaxy in a stationary two-zone diffusion
model with free cylindrical boundary conditions (for reviews see, e.g., [133, 134]).

In the diffusion framework with inclusion of convection, the cosmic-ray propagation equa-
tion for any particle species can be written in terms of the number density f(p) as a function
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of momentum, [133, 134]
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The first term on the right-hand side is the source term describing the injection of primary
particles. In the case of indirect detection, this term is determined by the self-annihilation
or decay of dark matter particles. The second term describes the diffusion of cosmic rays
due to resonant pitch-angle scattering on magnetic inhomogeneities, which induces a ran-
dom walk-like particle motion through the interstellar medium. Although on small scales
diffusion is strongly anisotropic since the random turbulent component is much smaller than
the average magnetic field, 0B < B, on scales of order 100 pc the random variations in the
magnetic field become comparable to the average field, resulting in an effectively isotropic
particle density [134]. The third term describes convection by a Galactic wind of cosmic-ray
particles emitted perpendicular to the Galactic disk. There is some evidence of the effects
of a convective wind driven by supernova remnants in other galaxies, so the possibility ex-
ists that convection may also play a role in the propagation of cosmic rays in our Galaxy.
The fourth describes diffusive reacceleration as diffusion in momentum space, which is caused
by stochastic acceleration of cosmic rays by scattering on random magneto-hydrodynamic
waves. The fifth term describes continuous energy losses, which result from ionization and
Coulomb interactions for all cosmic rays, as well as by bremsstrahlung, synchrotron radia-
tion and inverse Compton scattering for electrons and positrons. The sixth term describes
adiabatic energy gains or losses, respectively, which can result from Galactic winds that are
non-uniform, for example for convective velocities that are increasing with the distance from
the disk. Finally, the last two terms describe losses from fragmentation and radioactive decay,
respectively, whose time scales are given by 7t and ;.

We particularize this framework by regarding only stable primary particle species and
neglecting adiabatic energy losses and reacceleration, which only play a role at lower energies.
The number density of particles f(T,#,t) as a function of kinetic energy! T is described by
the following diffusion—loss transport equation, which is valid for both electrons/positrons
and antiprotons/antideuterons:

0 - - = 0 . > o .

a (Tv T, t) =V [K(T7 T)Vf] + a_T[b(T7 V“)f] -V [ C(T)f] B 2h5(z)rannf + Q(Tv T) . (2'2)
By use of the delta function, we confine annihilating scatterings to the disk at z = 0. In the
following we shall assume that the stationary limit holds, 0f /0t = 0, which is valid when the
typical timescale of cosmic-ray propagation [135] is small compared to the timescale on which
Galactic propagation conditions change. The boundary conditions are usually chosen such
that the number density of particles vanishes on the boundary of the diffusion zone, where
particles can escape freely into intergalactic space.

For the radius of the diffusive halo, one usually assumes a value of R = 20kpc, where
the local fluxes are not substantially affected by the choice of the exact value for R. The

In the case of nuclei, T conventionally refers to the kinetic energy per nucleon.
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half-height L of the diffusive halo is usually assumed to lie in the range L = 1 — 15kpc.
This parameter can have a crucial impact on the magnitude of the locally measured fluxes,
in particular when the sources of cosmic rays lie outside the Galactic disk as is the case for
dark matter decay or annihilation.

The diffusion coefficient K (T, 7) is assumed to be spatially constant throughout the dif-
fusion zone and is parametrized by [134]

K(T) = KoB(T)R?, (2.3)

where 5 = v/c is the velocity of the particle in units of ¢ and R is the rigidity of the par-
ticle, defined as the momentum in units of GeV per unit charge, R = p[GeV]/|Z|. The
values of Ky and the spectral index § are related to the magneto-hydrodynamical proper-
ties of the interstellar medium, and are determined by fits to secondard-to-primary flux ratios
(see Fig. 2.1 for constraints on the parameter space of Ky, L and ¢ from fits to the B/C ratio).

Under the assumptions we have stated, the propagation can be described in terms of a
small number of parameters that have to be determined from experiment, namely K, § and
L, as well as V; in the case of nuclei. A determination of the height of the diffusive halo from
fits to secondary /primary ratios is difficult, however, because for stable nuclei the ratios are
only sensitive to the ratio Ky/L. Therefore, there is a degeneracy between the normalization
of the diffusion coefficient and the halo height which can lead to identical secondary/primary
ratios, but vastly different results for the fluxes of primary cosmic rays from dark matter.
Indeed, the fluxes of primary antiprotons can vary by as much as two orders of magnitude
depending on the choice of transport parameters [10]. The reason for this large uncertainty
in the antiproton flux from dark matter as opposed to the astrophysical background is that
the injection of antiprotons from dark matter takes place all over the halo, while antiprotons
from spallation are produced only in the disk. Therefore, variations of L have little impact
on the astrophysical contribution, while they drastically modify the amount of dark matter
contained within the magnetic halo and thus the injection of primary antiprotons.

The half-height L can be constrained by flux ratios that include radioactive isotopes, i.e.,
when one has unstable secondaries. This can help break the degeneracy between Ky and
L because the flux of unstable nuclei depends on the time since creation, not the traversed
grammage. The ratio between stable and unstable isotopes depends on the storage (confine-
ment) time of cosmic rays, which is related to a combination of the height of the diffusive halo
L and the diffusion coefficient Ky. The most precise determination is in the ratio 'Be/?Be,
where the unstable isotope °Be has a half-life of 1.4 x 10® yr, which is smaller than the typical
cosmic-ray storage time. Such measurements, combined with fits to the B/C ratio, seem to
indicate that a halo half-height of L ~ 4kpc is preferred (see, e.g., [136, 137]), although the
data at present do not allow for a truly independent determination of Ky and L.

The source term Q(T,7) describes the production rate of particles from dark matter decay
or annihilation per unit energy and unit volume at a position 7 with respect to the center of
the Milky Way. For any particle species i, in the case of dark matter decay the source term
has the form

1 dN;
(T, 7)) = —— ) — 2.4
QT ) = ————ppu(7) (2.4)
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where dN;/dT is the energy spectrum of particles produced per decay. The spatial distri-
bution of the source term is given by the dark matter energy density ppm(r), for which we
assume one of the spherically symmetric halo profiles discussed in Chapter 1.

Generally, to solve the transport equation one has the choice between a fully numerical
treatment as implemented, e.g., in the GALPROP code [138] or by applying certain simplifica-
tions and attempting to solve the transport equation analytically by making use of appro-
priate symmetries. Namely, under certain simplifying assumptions (mostly neglecting spatial
dependencies of diffusion, convection and energy losses), the transport equation can be solved
semi-analytically by exploiting the cylindrical symmetry of the problem. The solution can
then be expressed as a series in Bessel functions and trigonometric functions which fulfill the
appropriate boundary conditions. The fully numerical treatment has the advantage of not
requiring simplifying assumptions. On the other hand, the analytical treatment allows more
understanding of the impact of varying model parameters and lends itself more to scans of
the parameter space.

Formally, the solution of the transport equation at our position in the Galaxy (r = Rg,
z = 0) can be written as an integral over a Green’s function that encodes the effects of
propagation and the energy spectrum at injection,

1 Tmax AN

fA(T) = m/o 4T’ Gi(T, ) % (2.5)
The Green’s function G;(T,T") encodes all the information about astrophysics (such as the
details of the halo profile and the propagation of cosmic rays in the Galaxy), while the
remaining part depends on the particle-physics model of the dark matter that is adopted.
From the number density, the interstellar flux at the heliospheric boundary is then determined
as T
"D . (26)
where v is the velocity of the particle. The flux has units of particles per unit area, solid angle,
unit time and unit energy. We will give explicit expressions for the Green’s function, both
analytical and numerical, in the following sections for the limiting cases of electrons/positrons
and antiprotons/antideuterons.

(1) =

2.2.1 Propagation of Electrons and Positrons

Positrons and electrons at the energies we are interested in move essentially at the speed of
light, v & ¢, and for the energy range of interest (above ~ 10 GeV) we can neglect diffusive
reacceleration, annihilation in the disk and convection (see, e.g., [139, 140]). The diffusion
equation then takes on the simplified form [141, 142]
- _— 0 . B

0=V KT,V ]+ 5 b(T, 7]+ QT 7). (2.7)
Under the above approximations, the propagation of electrons and positrons can be described
in terms of just three free parameters that have to be determined from observation, namely
0, Ko and L. We list in Table 2.1 three sets of parameters that provide good fits to the B/C
ratio and yield minimal, median and maximal fluxes of electrons and positrons [142].
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Model | 6 Ko [kpc?/Myr] L [kpc]
M2 | 0.55 0.00595 1

MED | 0.70 0.0112 4
M1 0.46 0.0765 15

Table 2.1: Parameters of the propagation model for positrons yielding a minimal, median,
and maximal flux, as given in [142].

The energy loss term is determined, among other factors, primarily by inverse Compton
scattering, synchrotron losses and ionization (see Section 3.3 for more details on the contri-
bution of inverse Compton to the energy loss rate). In the case of electrons and positrons, we
assume for simplicty that the energy loss rate is spatially constant and can be parametrized
as [141, 142]

T2
- Tors

b(T, 7) = b(T) (2.8)

where we have defined Ty = 1 GeV and 7 = 10'6s, which represents the typical energy loss
time scale at our position in the Galaxy. We have assumed that the energy loss is position
independent and goes quadratically with the energy. At high energies the energy loss term
is mostly determined by inverse Compton scattering on the interstellar radiation field and
synchrotron radiation from interactions with the Galactic magnetic field, while ionization is
only relevant at low energies. See Section 3.3 for a more thorough discussion of the physical
origin of the energy loss term and a comparison between the approximate value used here and
a more realistic expression (which precludes an analytical solution of the transport equation,
however).

Under the above approximations, the Green’s function of Eq. (2.5) for the case of electrons
and positrons can be written as [141, 142]

G+ (T,T') = i B (T, T') Jo (gnR—}?> sin <%) , (2.9)

n,m=1

where Jy is the zeroth-order Bessel function of the first kind, whose successive zeros are
denoted by (,. The coefficients of the expansion are defined as

2 2,2 6—1 7\ 0—1
Bum(T,T') = 2200, exp {(C + =7 ) Kore (%) - (%) ]} . (210)
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where Jj is the first-order Bessel function of the first kind.

with

The solution implies that the typical diffusion length for electrons and positrons is given
by the expression [143]

wan-(E () -E))) e




30 CHAPTER 2. COSMIC RAYS

as a function of the initial and final particle energy.

Model a b
M2 —-0.9716 —10.012

MED | —1.0203 —1.4493
M1 —0.9809 —1.1456

Table 2.2: Coefficients of the interpolating function Eq. (2.13) for the positron Green’s func-
tion, assuming an NFW halo profile, and for the different diffusion models in Table 2.1.

For practical applications, it is often convenient to have a numerical approximation to
the above Green’s function that is easier to implement computationally. We find that the
Green’s function for positrons can be numerically well approximated by the following simple
expression [10],

a o 10% ey -3

(T, T =~ ¢ O(T" —T)ecm™’s, (2.13)
where 6 is the Heaviside step function and T and T’ are expressed in units of GeV. We list
values of the coefficients a and b in Table 2.2 for the NE'W profile and the different propagation
models listed in Table 2.1. This approximation works better than 15% — 20% over the whole
range of energies. We find numerically that the Green’s function is not very sensitive to the
choice of halo profile. Therefore, the corresponding coefficients can be well approximated by
Table 2.2. In the following chapters, however, we always use the analytical expressions above
to calculate the cosmic-ray fluxes of electrons and positrons.
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Figure 2.1: Isocontours of the y? values in the (degenerate) determination of the transport
parameters Ky and L from the B/C ratio for different values of ¢ (from [137]).
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2.2.2 Propagation of Light Nuclei

In this subsection we consider the propagation of light (anti)matter nuclei, in particular
antiprotons and antideuterons. Contrary to the case of electrons and positrons, for light
nuclei one can essentially neglect energy losses in the energy range of interest. Namely, due
to their higher mass, antiprotons and antideuterons lose very little energy via synchrotron
radiation and scatterings with photons. The transport equation for light nuclei is therefore
dominated by the effects of diffusion [144] and assumes the form [144, 141],

0=V [K(T,AVf] =V - [Ve(?)f] = 2h0(2)Camn f + Q(T,7). (2.14)

For nuclei, however, convection may be of some importance. Following [137, 145] we assume
that the convective Galactic wind has constant magnitude and axial direction,

Ve(F) = Vesign(2)é. , (2.15)

where € is a unit vector pointing away from the Galactic disk.

Model | § Ko [kpc®/Myr] L [kpe] V. [km/s]
MIN | 0.85 0.0016 1 13.5
MED | 0.70 0.0112 4 12
MAX | 0.46 0.0765 15 5

Table 2.3: Parameters of the propagation model for antiprotons/antideuterons yielding a
minimal, median, and maximal flux, as given in [145].

Regarding the annihilating scatterings of antiprotons and antideuterons, we treat the
gaseous disk of the Milky Way as “infinitely thin” for calculational purposes, while we assume
a value for the disk half-height of h = 100 pc. The annihilation rate can be calculated from
the interstellar gas densities and the nuclear cross sections. Since most of the interstellar gas
is in the form of hydrogen and helium, we can write for the antiproton annihilation rate in
the disk

Cann = (na1 + 4% Pnpge) 0220y (2.16)

In this expression we have assumed that the annhilation cross-section between an antiproton
and a helium nucleus is related to the annihilation cross-section between an antiproton and a
proton by the simple geometrical factor 42/3. For the interstellar gas densities in the Galactic
disk we assume the values ng ~ 1ecm™ for the number density of Hydrogen in the Milky
Way and nye ~ 0.07 ng for the number density of Helium. For the annihilation cross-section
between protons and antiprotons we adopt the parametrization given in [146, 147],

o ) — {661 (14 0.01157-0774 — 0,948 700151) mb, T < 15.5GeV, 217)

bp 36 795 mb, T > 15.5GeV .

Energy losses from non-annihilating scatterings result in so-called tertiary cosmic rays, which
we neglect since they are only relevant at lower energies.



32 CHAPTER 2. COSMIC RAYS

Finally, under the above assumptions the solution for the Green’s function of Eq. (2.5)
for antiprotons and antideuterons can be written as [141]

N Vel yi(T) R ,
Gp_;;@m<_2KGU>AmemMSmemy“<@7?>“T‘7Wv (2.18)
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We list values for the parameters yielding minimal, median and maximal antiproton and an-
tideuteron fluxes [145] in Table 2.4.

In the case of antiprotons, too, we can numerically approximate the Green’s function by
a simple expression [10],

Gp(T,T') ~= 10" ety TH=* T 5P/ _ ) e ~3 5. (2.22)

The coefficients z, y and z for the NFW profile are listed in Table 2.4. In this case the
approximation is accurate to a level of 5 — 10%. Again, the dependence on the particular
choice of halo profile is rather weak. We have also performed a fit to the Green’s function for
the case of antideuterons. The values of the numerical coefficients can be found in Chapter 5.
However, or our calculations of antiproton and antideuteron fluxes in the following chapters,
we will always use the full analytical expressions,.

Model a b
M2 —-0.9716 —10.012

MED | —1.0203 —1.4493
M1 —0.9809 —1.1456

Table 2.4: Coefficients of the interpolating function Eq. (2.13) for the antiproton Green’s
function, assuming an NF'W halo profile, and for the different diffusion models in Table 2.3.

2.3 Solar Modulation

Calculating the fluxes of charged particles at the top of the Earth’s atmosphere is complicated
by the influence of the Sun on charged particles in the heliosphere. This effect, which is
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dependent on the point in time in the eleven-year solar cycle, is known as solar modulation.
The solar wind, a stream of plasma consisting mainly of electrons and protons ejected from
the Sun’s upper atmosphere, sweeps low-energy particles away from the heliosphere, thereby
flattening the spectrum and redistributing particles toward lower energies. To take solar
modulation into account, we use a simple effective description in terms of the spherically
symmetric and charge-independent force field model [148, 149], which treats solar modulation
as an effective electric potential in which particles lose energy as they traverse the potential.
The flux ®1pa at the top of the atmosphere of a particle species 7 carrying electric charge Z
(in units of the elementary charge) is related to the interstellar flux ®1g by [150]
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where Tig = Troa + |Ze|¢r, with Tis and Troa being the antiproton kinetic energies at the
heliospheric boundary and at the top of the Earth’s atmosphere, respectively, and ¢ being
the solar modulation parameter (or Fisk potential), which varies between 500 MV and 1.3
GV [141] over the eleven-year solar cycle. Since most observations during the late 1990s and
the late 2000s were undertaken near solar minimum activity, we will choose ¢r = 500 — 550
MYV for our numerical analyses in order to compare our predicted flux with the collected data.
For this choice of modulation potential, solar modulation becomes negligible for cosmic-ray
energies above ~ 10 GeV.



Chapter 3

The Gamma-Ray Sky

Since in this work we mostly consider dark matter masses of order 100 GeV — 10 TeV, the
corresponding photon emission from dark matter decay is in the gamma-ray energy range.
Gamma rays constitute an ideal probe to search for indirect signatures of dark matter anni-
hilation or decay since they are sensitive to sources over a wide range of distances. They also
have the advantageous properties of essentially propagating freely and not being deflected
or absorbed on Galactic scales, thus preserving spectral as well as directional information
about their origin. In this chapter we briefly discuss the different components of the diffuse
gamma-ray sky and explain how to calculate the dark matter contribution to the gamma-ray
flux from Galactic and extragalactic dark matter, as well as from inverse Compton scattering.

In the 1990s, a full-sky observation of the gamma-ray flux was performed by the En-
ergetic Gamma Ray Experiment Telescope (EGRET). It discovered a number of resolved
sources [151], such as blazars, as well as an unresolved diffuse component [152, 153], which
can be attributed almost entirely to Galactic emission. For the purposes of indirect dark mat-
ter detection, we are interested in the diffuse part of the Galactic gamma-ray emission, which
is composed of contributions from 7° production by cosmic rays scattering on interstellar gas,
as well as a bremsstrahlung (“free—free emission”) component, both of which are dependent
on the HI, Hy and HII gas distributions in the Galaxy. There is also a contribution from
inverse Compton scattering of electrons on the interstellar radiation field. The propagation of
cosmic rays and the diffuse gamma-ray emission are therefore tightly correlated and can pro-
vide complementary information. While the microscopic physics of the processes underlying
the Galactic gamma-ray emission are well understood, the actual intensity of their contri-
butions depends on various astrophysical uncertainties, including the interstellar radiation
field, the interstellar magnetic field and the Galactic gas distributions. Nevertheless, current
models of the Galactic emission can reproduce observations with satisfactory accuracy. Our
reference model of the diffuse Galactic emission will be the conventional model by Strong and
Moskalenko obtained using the GALPROP code [138].

The diffuse gamma-ray flux also contains a faint isotropic component of truly extragalac-
tic origin, which was first observed by SAS-2 at energies in the 40 — 200 MeV range [154],
later by EGRET in the 30 MeV — 100 GeV range [155], and most recently by the Large Area
Telescope (LAT) aboard the Fermi Gamma-Ray Space Telescope [156]. This isotropic ex-
tragalactic component, the extragalactic gamma-ray background (EGBG), is assumed to be

34
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composed of a number of distinct components originating from both truly diffuse processes
as well as unresolved sources including active galactic nuclei, BL Lac objects, star-forming
galaxies, starburst galaxies, structure formation shocks in galaxy clusters and flat-spectrum
radio quasars [157]. The combined emission of these sources is believed to follow a simple
power law. The extragalactic background is of special interest for dark matter searches be-
cause photons from dark matter decay or annihilation, both from the Galactic halo and from
extragalactic distances, may initially show up in analyses as a misidentified part of this emis-
sion due to the fact that it is not part of the models of the Galactic foreground emission. A
dark matter contribution might conceivably manifest itself in the form of a deviation from
the expected power-law behavior of the diffuse extragalactic background. The decay of dark
matter in the Galactic halo would also introduce a degree of anisotropy in this signal, which
might enable an identification of this component as being due to dark matter. We will discuss
the possible identification of a dark matter contribution to the diffuse gamma-ray flux via
this anisotropy in detail in Chapter 6.

Aside from the observation of diffuse fluxes, information can also be gained from obser-
vations of sources with low gamma-ray emissions such as dwarf galaxies and galaxy clusters.
Indeed, strong constraints on decaying dark matter have been derived recently from gamma-
ray observations of galaxy clusters and nearby galaxies [158]. Furthermore, if gamma rays
are emitted by a fundamental particle-physics process, there may exist a unique signature in
the form of monochromatic lines, for which there exists no astrophysical background. Thus,
the observation of a gamma-ray line would constitute a so-called smoking-gun signature of
dark matter annihilation or decay, with potentially far-reaching implications. Such a line
could show up in observations of the Galactic halo as well as observations of extragalactic
targets like galaxies or clusters. We will discuss searches for gamma-ray lines in some detail
in Chapter 7.

3.1 Extragalactic Gamma Rays

Photons emitted at cosmological distances are redshifted by the expansion of the Universe.
Therefore decay of dark matter particles at cosmological distances therefore produces a
gamma-ray flux that is determined by an integral over the redshift z [103],

dJeg o QDMPC /OO 1 dN’y
0

= — (14 2)E,| e "Fr?) 3.1
dE, ~ AmmpmTon *H() dB, (LT AEe ’ (3-1)

where dN.,/dE., is the energy spectrum of photons, p. = 3HZ/(87GN) ~ 5.5x 1075 GeV cm ™
is the critical density of the Universe and

H(z) = Ho/Qp + Qu(1 + 2)3 (3.2)

is the Hubble expansion rate as a function of redshift for a matter and dark energy-dominated
Universe, as the observed extragalactic photons mostly come from very low redshifts. We as-
sume throughout this work a flat-universe ACDM cosmology with Qx = 0.73, Qy = 0.27,
Opwm = 0.23 and h = Hy/(100km s~ Mpc™!) = 0.70 (cf. Chapter 1).

Highly energetic gamma-rays can be absorbed by eTe™ pair production on the interstellar
(intergalactic) medium. This attenuation of high-energy photons in the intergalactic medium
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is taken into account by the function 7 describing the optical depth, or absorption at redshift
z. We plot the isocontours of the optical depth in Fig. 3.1. It is apparent from the plot that
gamma rays fluxes with high energies around 1 TeV are strongly attenuated and come mainly
from redshifts z < 0.05. On the other hand, the flux of gamma rays originating in the decay
of dark matter in the Galactic halo is barely attenuated by pair production on the ISRF at
energies below 10 TeV [159], so we will ignore this effect for gamma rays produced in the
Milky Way halo.
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Figure 3.1: Isocontours of the optical depth 7(F,,2) of gamma-ray photons emitted at red-
shift z and observed at Earth with energy E,. We show results for two different models of
the intergalactic background light [160, 161]. Throughout this work we will adopt the “fast
evolution” model.

3.2 Galactic Gamma Rays

The flux of gamma rays from dark matter, in turn has several components. First, there is
the so-called prompt radiation which includes photons generated directly in the decay or an-
nihilation of dark matter particles. This includes photons produced directly in the decay of
dark matter or in the decay or fragmentation of daughter particles, as well as bremsstrahlung
from the decay or annihilation process itself.

The flux of prompt gamma rays from dark matter decay in the Milky Way halo is given
by [103]
1 dN, [
thalo (l, b) _ vy
ar,

QR TTsw—T ds ppm|r(s,1,b)] . (3.3)
The integration extends over the line of sight and is parametrized by the distance s from
our position. Furthermore, [ and b denote Galactic latitude and longitude, respectively. The
celestial Galactic coordinate system (s, [, b) is defined such that s is the distance from the Sun,
b is the angle between the line of sight and the Galactic plane, while [ is the angle between
the line of sight and the direction of the Galactic center. The radial parameter r of the halo
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density profile is related to the distance parameter s and Galactic latitude and longitude by

r(s,l,b) = \/32 + R2 — 2sRg cosbeosl, (3.4)

where R is the distance of the Sun from the Galactic center. The halo signal of gamma rays
from dark matter decay has an angular dependence and does not appear isotropic from our lo-
cation since we are located about 8.5 kpc away from the center of the halo. We will study this
effect in details in Chapter 6. We generally assume that the dark matter halo is smooth, i.e.,
we ignore the possible effects of substructure on the gamma-ray emission. This is particularly
justified in the case of dark matter decay as opposed to dark matter annihilation, since for de-
caying dark matter the gamma-ray emission only depends linearly on the dark matter density.

Apart from the prompt radiation stemming directly from the decay process of the dark
matter itself or its daughter particles, there is also a secondary contribution produced by in-
verse Compton scattering if the dark matter decays or annihilates into electrons and positrons
(either directly or through the decay /fragmentation of intermediate particles). We will discuss
this contribution in detail in the next section.

3.3 Inverse Compton Scattering

As mentioned above, the process of inverse Compton scattering is one of the main mecha-
nisms of energy loss for electrons and positrons propagating in the interstellar or intergalactic
medium. The process consists in the upscattering to gamma-ray energies of initially low-
energy photons in the interstellar radiation field (ISRF) by electrons and positrons. As such,
inverse Compton scattering can show up in gamma-ray observations as an indirect signature
of the presence of a population of highly energetic charged leptons propagating in the halo,
as well as in intergalactic space. Thus, this effect provides some complementarity between
leptonic cosmic rays and gamma-ray production. For an introduction to the topic, see [162].
In this section we follow our brief review of inverse Compton scattering in [3].

The production rate of gamma rays with energy F., per unit volume and unit time at the
position 7 in the Galaxy due to inverse Compton scattering of electrons or positrons on the
interstellar radiation field is given by

dRIC 00 00 dUIC
0= e [ A (B (B fisnee ). (35)
Y me ol

where f.+(FE,,7) and fisrr(e, ) denote the number densities per unit energy of electrons or
positrons and ISRF photons, respectively. Furthermore, do'®/ dE, denotes the differential
cross-section of inverse Compton scattering of an electron with energy FE., where an ISRF
photon with energy ¢ is upscattered to an energy between E, and E, + dE,. There are three
main components of the interstellar radiation field: the cosmic microwave background, diffuse
starlight and rescattererd thermal dust radiation. For the ISRF we adopt the model presented
in [163], which is implemented in the GALPROP code. From there, we take the tabulated energy
density of the different radiation field components on a three-dimensional lattice. We show a
plot of the different ISRF components in this model in Fig. 3.2.
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Figure 3.2: Spatially averaged number densities per unit energy of the interstellar radiation
field in the microwave, infrared and optical bands. From left to right: cosmic microwave
background, thermal dust radiation, and diffuse starlight. We use the ISRF model presented
in [163], which is included in the GALPROP code.

The inverse Compton scattering cross-section between electrons and photons can be de-
rived from the Klein-Nishina formula and is given by
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where again ¢, E, and E, denote the energy of the initial-state ISRF photon, the upscat-
tered final-state gamma-ray photon and the energy of the scattering electron, respectively.
or = 8mr2/3 ~ 0.67b is the Compton scattering cross-section in the Thomson limit, with 7,
being the classical electron radius. In the above expression, -, is the relativistic Lorentz factor
of the electron, v, = E./m.. Furthermore, we have introduced the abbreviations I" = 4~.e/m.
and ¢ = B, /T(E. — E). Eq. (3.6) holds in the limit where ¢, m. < E,. Kinematics and the
neglect of downscattering require that e < E, < (1/E. +1/(472¢))"! = EX**. For the calcu-
lations we will assume that the photon and electron fields are isotropic; taking into account
the anisotropy of the photons, which are mainly produced in the Galactic disk, would give
O(10% — 20%) corrections to the gamma-ray fluxes from inverse Compton [164].

The gamma-ray flux from inverse Compton scattering in the halo that is received at Earth
reads

dJic 1 00 dRIC
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where the factor 2 takes into account the fact that electrons and positrons from dark matter
decay contribute equally to the total inverse Compton emission.

The number density of electrons and positrons from dark matter decays in principle fol-
lows from solving the appropriate transport equation for electrons and positrons, Eq. (2.7),
which incorporates the effects of diffusion, reacceleration and convection in the Galactic mag-
netic field, and energy losses due to synchrotron emission and inverse Compton scattering
on the ISRF. However, at energies above a few tens of GeV, the transport equation is domi-
nated by the effects of energy loss, and the number density of electrons and positrons can be



3.3. INVERSE COMPTON SCATTERING 39

approximated by
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Substituting this expression back into Eq. (3.5) allows us to calculate the rate of inverse
Compton scattering. Here, the energy loss rate b(E., ) is essentially given by a part that is
due to inverse Compton scattering on the ISRF and a part that is due to synchrotron energy
losses from interactions of electrons with the Galactic magnetic field. We therefore write
b = bic + bsyn, where the inverse Compton part of the energy loss term reads

IC

. 0o Epax do .
bIC(Ee7 7“) = / de’;‘/ dE,y (Eq/ — E)dT(Ee, E)fISRF (8, 7“) . (3.9)
0 € Y

For an electron energy E, = 1 GeV, the inverse Compton energy loss rate byc ranges between
4.1x10717" GeVs~! and 1.9 x 107 GeV s~ !, depending on the position 7. At higher energies
bic approximately scales like ~ E2. This is in general agreement with the simplified form of
the position-independent energy loss rate b(T') which we assume in the transport equation for
electrons and positrons (c¢f. Eq. (2.8)). On the other hand, the synchrotron energy loss part
is given by

4  ,B?

bsyn(Ee,F) = gO-T '767, (310)

where B2/2 is the energy density of the Galactic magnetic field and v, = E./me. In the
following we assume the standard parametrization of the magnetic field [152], where for
definiteness we adopt the values [165]

2| r
B(r,z) = 6 uGexp <—5 o 20 kpc> . (3.11)
For this choice of parameters, the energy loss due to synchrotron radiation from interactions
of electrons with the Galactic magnetic field turns out to be subdominant compared to the
one from inverse Compton scattering on the ISRF everywhere except close to the Galactic
center, and for high electron/positron energies. Nevertheless, we include this contribution for
completeness. At the position of the Sun, we find a synchrotron energy loss rate of

E. \*
byn (Ee) ~ 4.0 x 1017 <@> GeVs™1. (3.12)

Using the above prescription, we can calculate the inverse Compton emission that is generated
by electrons and positrons from dark matter decay in the halo. We also take into account in-

verse Compton scattering at cosmological distances by scattering on the CMB, whose number
density as a function of redshift z is given by

62

m2exp e/ (ksTemp(z + 1)) — 17

fCMB(z,e) = (3.13)

with the Boltzmann constant kg and Teymp = 2.725 K [52], while energy losses are calculated
in the Thomson limit.
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Model-Independent Considerations
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Chapter 4

Charged Leptons from Decaying
Dark Matter

A series of experiments measuring high-energy cosmic rays have recently reported strong in-
dications for the existence of an excess of high-energy electrons and positrons compared to
the background expected from spallation of cosmic rays. An indication of the possible exis-
tence of an anomalous component in the positron fraction was already present in the data
from cosmic-ray observatories HEAT, AMS-01, as well as from even earlier measurements.
However, while a possible excess in the positron fraction and potential explanations were
already discussed more than 20 years ago [166, 167], conclusive evidence of the presence of a
significant primary component has only emergerged recently.

In late 2008, the PAMELA collaboration announced the spectacular observation of a steep
rise in the positron fraction extending up to at least 100 GeV. This behavior is in stark con-
trast with the expectation from the standard picture of cosmic-ray production and propaga-
tion [168]. Furthermore, cosmic-ray observatories Fermi LAT, as well as H.E.S.S., PPB-BETS
and ATIC have measured the combined electron + positron flux and found it to be harder
than expected at energies up to 1 TeV, also possibly hinting at the existence of a source of
primary positrons and electrons. In this chapter, which is based on the publications [4, 8], we
examine the anomalous results in leptonic cosmic-rays reported by the PAMELA and Fermi
LAT collaborations under the hypothesis that they are caused by the injection of primary
electrons and positrons into the Galactic halo from the decay of unstable dark matter particles.

If interpreted in terms of the decay of dark matter particles, the PAMELA measurements
of the positron fraction and the Fermi LAT measurements of the total electron-plus-positron
flux restrict the possible decaying dark matter scenarios to a few cases. Analyzing differ-
ent decay channels in a model-independent manner, and adopting a conventional diffusive
reacceleration model for the background fluxes of electrons and positrons, we identify some
promising scenarios of dark matter decay and calculate the predictions for the diffuse extra-
galactic gamma-ray flux, including the contributions from inverse Compton scattering with
the interstellar radiation field.
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4.1 Introduction

Different experiments measuring high-energy cosmic rays have recently reported a wealth of
new results pointing toward the existence of an exotic source of high-energy electrons and
positrons. The PAMELA collaboration has reported evidence for a sharp rise in the positron
fraction at energies of 7—100 GeV [169], possibly extending to even higher energies, compared
to the expectations from spallation of primary cosmic rays on the interstellar medium [168]
(see Fig. 4.1). This result confirmed previous hints about the existence of a positron excess
from HEAT [170], CAPRICE [171] and AMS-01 [172]. Almost at the same time, the balloon-
borne experiments ATIC [173] and PPB-BETS [174] independently reported the discovery of
a shoulder-like feature in the total electron 4+ positron flux at energies of 600 — 700 GeV,
while the H.E.S.S. collaboration [175] reported a substantial steepening in the high-energy
electron-plus-positron spectrum above 600 GeV compared to lower energies.

These results have raised a great deal of interest in the astrophysics and particle physics
communities, leading to many proposals trying to explain this excess. One of the most pop-
ular astrophysical explanations of the positron excess is in terms of the electron—positron
pairs produced by the interactions of high-energy photons in the strong magnetic field of
pulsars [176, 177, 178]. However, this interpretation requires a rather large fraction of the
spin-down power being injected in the form of electron—positron pairs or a rather large rate
of gamma-ray pulsar formation. A number of alternative astrophysical explanations exist,
which we briefly review in Section 4.3.

An arguably more exciting explanation of the cosmic-ray positron excess is the possibility
that the positrons are produced in the annihilation or the decay of dark matter particles,
where the idea that there may be a contribution from dark matter to the cosmic-ray positron
flux goes back to the late 1980s (see, e.g., [179, 180, 181]). Should this interpretation be
confirmed by complementary studies in the future, then the positron excess would constitute
the first non-gravitational evidence for the existence of dark matter in our Galaxy. The in-
terpretation of the PAMELA excess in terms of dark matter is subject to constraints from
the flux measurements of other cosmic-ray species. A very important constraint arises from
the measurements of the antiproton flux by PAMELA [129], BESS95 [182], BESS95/97 [183],
CAPRICE94 [184], CAPRICE98 [185] and IMAX [186], which are consistent with the ex-
pectations from conventional propagation models, thus excluding the possibility of a large
antiproton flux from dark matter annhilation or decay [187, 188].

The steep rise in the positron fraction observed by PAMELA can be explained by dark
matter annihilation in the center of the Milky Way, provided that the dark matter particle
has a mass larger than ~ 150 GeV and annihilates preferentially into charged leptons [189].
This interpretation of the positron excess, however, typically requires the ad hoc introduc-
tion of large “boost factors” that enhance the annihilation cross section for a thermal relic,
Eq. (1.8), by two to three order of magnitude [190]. Furthermore, it has been argued that if
dark matter annihilations are the origin of the PAMELA anomaly, then the predicted inverse
Compton emission from the center of the Galaxy is in conflict with the H.E.S.S. observations
for typical cuspy halo profiles [191, 192, 193], as well as radio emissions from the Galactic
center [165, 191, 194, 195, 196, 197]. On the other hand, if the positron excess is due to the
decay of dark matter, the dark matter particles must have a mass larger than ~ 300 GeV, a
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lifetime around 10%%s, and must decay with a large branching fraction into hard leptons of
the first or second generation [8]. In this case, no boost factors are required and the gamma
and radio emissions are consistent with present measurements [104]. Some recent work on
the indirect detection of decaying dark matter can be found in [99, 103, 111, 198, 199, 200,
201, 202, 203, 204, 205, 206, 207, 208, 209, 210, 211, 212, 213, 214, 215].

More recently, the Fermi LAT collaboration has published measurements of the electron
+ positron flux from 20 GeV to 1 TeV of unprecedented accuracy [216], revealing an energy
spectrum that roughly follows a power law oc E~39 without any prominant spectral features.
Simultaneously, the H.E.S.S. collaboration reported a measurement of the cosmic-ray electron
+ positron spectrum at energies larger than 340 GeV, confirming the Fermi LAT result of
a power-law spectrum with a spectral index of 3.0 + 0.1 (stat.) & 0.3 (syst.), which further-
more softens to a spectral index ~ 4 at energies above 1 TeV [217]. The measured electron
energy spectrum is harder than expected from conventional diffusive models, although it can
be accommodated by an appropriate change of the injection spectrum of primary electrons.
However, when taken together with the steep rise in the positron fraction as seen by PAMELA
up to energies of 100 GeV, the Fermi LAT data suggest the existence of additional sources
of high-energy positrons and electrons with energies up to a few TeV. Furthermore, it should
be borne in mind that the determination of the correct Galactic cosmic-ray scenario is still
an open problem, and while an electron injection spectrum harder than the conventional one
could reproduce the Fermi data, it fails to account for the AMS-01 and HEAT data below 20
GeV and the H.E.S.S. data above 1 TeV [218].

In this chapter we analyze the constraints that the results of the PAMELA and Fermi
LAT collaborations impose on the scenario of decaying dark matter, assuming a conven-
tional GALPROP model as our Galactic cosmic-ray scenario. To this end, we pursue a model-
independent approach, calculating the results for the positron fraction and the total electron
+ positron flux for various decay channels of both a fermionic and a scalar dark matter par-
ticle. We identify the most promising decay channels in the of the PAMELA and Fermi data,
and we calculate for those scenarios the predictions for the antiproton flux and the diffuse
extragalactic gamma-ray flux. Some related work has recently appeared [5, 219, 97, 98, 220].

This chapter is organized as follows. In Section 4.2 we review the observational situation
regarding the positron fraction and the total electron + positron flux. Next, in Section 4.3
we examine some of the astrophysical explanations that have been proposed for the lep-
tonic cosmic-ray anomalies. In Section 4.4 we present our model-independent analysis of the
cosmic-ray anomalies in terms of decaying dark matter before presenting our conclusions in
Section 4.5.

4.2 The Positron Excess

Instead of reporting the absolute positron flux, measurements of cosmic positrons are often
reported in the form of the positron fraction, which is defined as the ratio between the flux
of positrons and the combined flux of positrons and electrons,

(I)e+ (E)

Ber(B) =5 18) + 0, (B)

(4.1)
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Figure 4.1: Left: The positron fraction as measured in various observations: Miiller &
Tang [221], TS93 [222], HEAT (1994+1995) [170], HEAT (2000) [223], AMS-01 [172] and
PAMELA [169]. Right: The positron fraction observed by PAMELA compared to the con-
ventional model by Moskalenko and Strong [168]. The discrepancy below 10 GeV is believed
to be due to solar modulation [224]. Figures from [169].
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Figure 4.2: The cosmic-ray flux of electrons + positrons as measured by PAMELA [225],
HEAT [226], AMS-01 [227], CAPRICE94 [171], MASS91 [228], ATIC [173], Kobayashi et
al. [229], BETS [230], Fermi LAT [231], and H.E.S.S. [175]. Figure from [225]. ATIC and

PPB-BETS [174] report the observation of a sharp shoulder-like spectral feature in the flux,
but this claim is contradicted by Fermi LAT and H.E.S.S. measurements.

The advantage of using the positron fraction is that certain systematic uncertainties such as
detector acceptance and trigger efficiency cancel. Some instruments can only measure the
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combined flux of electrons and positrons (often simply referred to as the “electron flux”),
since they lack the ability to distinguish the two based on their charge due to the lack of a
magnetic field. In Fig. 4.1 we show determinations of the positron fraction obtained using
various balloon and satellite-based instruments over the past decades. In Fig. 4.2, on the
other hand, we show measurements of the combined electron + positron flux.

The high-energy behavior of the positron fraction is completely opposite to astrophysical
expectations when the positrons are of secondary origin, which was generally believed to be
the case before significant evidence of the rise in the positron fraction emerged. While there
is a discrepancy between the measurement and the astrophysical model at energies below
10 GeV, as evident from Fig. 4.1, this difference is believed to be caused by solar modula-
tion [224] and not to be an indication of any kind of new physics. Specifically, the positron
fraction was expected to be lower than in previous measurements because of the reversal of
the solar magnetic field polarity in 2001 [61].

What is puzzling about the behavior of the positron fraction is not only the large quan-
titative discrepancy with respect to the standard theoretical expectation, but especially the
observed increase toward higher energies, which is completely opposite to the behavior that is
qualitatively expected if the positrons are of secondary origin. Namely, within the leaky-box
framework [232] it is relatively straightforward to demonstrate that a ratio of secondaries
to primaries, as tentatively the case for the positron fraction, should decrease monotonically
with the energy approximately like R +(E) o E79 at energies above a few GeV if the pri-
mary spectral indices of electrons and positrons at injection are similar [233]. The only way to
produce a rise in the positron fraction would be to postulate greatly different source spectral
indices for electrons and protons, which seems highly implausible from astrophysical consid-
erations. The standard picture of diffusive shock acceleration of cosmic rays predicts that the
source spectral indices of electrons and protons should be similar [130, 234].

In a more involved model of cosmic-ray propagation this is somewhat more complicated to
demonstrate, but it appears to be a rather robust prediction that the secondary flux should
be softer than the primary flux [139], and that the positron fraction should therefore de-
crease with energy [233, 235]. Therefore, the fact that the positron fraction increases with
the energy is completely at odds with the assumption that the high-energy positrons are pro-
duced as secondaries, and thus a strong indication of the presence of a primary component
in the positron flux. What is more, Eq. (2.12), which describes the typical diffusion length
Ap(T,T") of electrons and positrons, implies that at the energies of interest the propagation
length is on the order of kpc and decreasing with the positron energy, implying that the source
of the primary high-energy positrons must be a local and located within a few kpc around
the Solar neighborhood, where the highest-energy positrons come from the shortest distances.

It should be noted that unlike the positron fraction, the hardness of the observed ete™
spectrum does not necessarily imply the existence of an additional source of positrons and
electrons. With a sufficiently hard primary injection spectrum, the observed flux oc E=30 can
be reproduced [218] at the cost of a worse agreement with the low-energy data. The Fermi
LAT electron data exhibit a slight break in the spectrum, however, which might be interpreted
as the onset of a dominant primary component of electrons and positrons above ~ 100 GeV,
which is compatible with a smooth continuation of the PAMELA excess of positrons to even
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higher energies, as we show in the following.

4.3 Astrophysical Interpretations of the Positron Excess

A number of astrophysical explanations of the cosmic-ray excesses have been put forward
that do not require any kind of new fundamental physics. The most common astrophysical
explanation of the electron/positron excesses is the electron-positron pair production by the
interactions of high-energy photons in the strong magnetic field of nearby mature pulsars
such as Geminga or Monogem [177, 178, 236, 237, 238]. Pulsars, which are rapidly spinning,
highly magnetized neutron stars, may serve in this manner as a significant source of high-
energy positrons and electrons. They have already been discussed as a source of primary
electrons and positrons since the late 1980s [176, 239, 240, 241]. Pulsars are a popular ex-
planation of the positron excess since they undisputedly produce positrons and electrons at
some level, while they do not produce antiprotons, making them naturally compatible with
the absence of an excess in the antiproton flux.

Pulsars convert some of their rotational energy into a magnetized wind by so-called spin-
down. In the pulsar magnetosphere electrons can be accelerated to very high energies and ra-
diate hard gamma rays from bremsstrahlung on the pulsar’s intense magnetic fields. This can
induce electromagnetic cascades involving photons above the eTe™ pair production threshold.
These eTe™ pairs produced on the pulsar’s magnetic fields can then escape from the mag-
netosphere, provided that the pulsar is sufficiently mature. Pulsars younger than ~ 10° yr
likely confine electrons and positrons within their pulsar wind nebulae [177], delaying their
escape into the interstellar medium.

However, if a single pulsar is responsible for the observed high-energy fluxes, this requires a
very large portion of the total spin-down power being injected in the form of electron-positron
pairs, namely about 40%, and a large cutoff of the electron/positron energy spectrum at about
1 TeV [218]. For this reason, a single pulsar as the source of the PAMELA and Fermi LAT data
appears disfavored [236]. Alternatively, the electron/positron excesses could be explained by
the combined emission of both nearby and distant pulsars [177, 218], this solution requiring a
converted percentage of the spin-down power in the range of 10% — 30% and, again, a large
cutoff in the energy spectrum around 800 — 1400 GeV [218]. Pulsars may therefore consitute
an important component of primary positrons. However, it should be noted that the pulsar
spectrum depends on unknown environmental parameters, preventing a genuine prediction
of their contribution to the electron—positron fluxes. If the pulsar emission is dominated by
one or a few nearby sources, this may induce a detectable anisotropy in the respective fluxes,
which might allow a distinction of this explanation from dark matter explanations [177, 236].

An alternative proposal to explain the cosmic-ray excesses is that they were caused by a
nearby gamma-ray burst (or a gamma-ray burst-like event) that occured ~ 10° years ago [242],
which could produce a primary spectrum harder than the secondary spectrum from cosmic
rays accelerated by supernova remnants. Depending on the injection spectral index, the
electron—positron flux from a gamma-ray burst may reproduce the Fermi LAT spectrum or
even the spectral feature observed by ATIC and PPB-BETS. This interpretation also implies
that there should exist a clear anisotropy in the fluxes of electrons and positrons that should
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be detectable by Fermi LAT or AMS-02.

The positron excess may also be a consequence of an inhomogeneous distribution of su-
pernova remnants in the Galactic disk [243]. Another explanation is the acceleration of
additional secondary positrons produced by hadronic interactions within the sources of cos-
mic rays [235, 244], which would predict a rise in the antiproton-to-proton ratio and other
secondary-to-primary ratios at higher energies [245]. Moreover, it has been proposed that
one or several recent supernova explosions close to Earth may have produced hard positrons
and electrons within the dense gas clouds surrounding old supernova remnants [246]. Finally,
nested leaky-box models can also reproduce the rise in the positron fraction [247, 248|.

Whatever the correct explanation of the observed cosmic-ray anomalies may be, the exis-
tence of various potential astrophysical sources makes it clear that one has to take appropriate
caution in interpreting the anomalous results in terms of dark matter.

4.4 Positrons and Electrons from Decaying Dark Matter

We present in this section the calculations for the positron fraction and the total electron +
positron flux when including a contribution from dark matter decay in order to account for the
anomalies observed by PAMELA and Fermi LAT. To keep the analysis as model-independent
as possible, we analyze several different scenarios of dark matter decay, computing the pre-
dictions for the positron fraction and the electron + positron flux for bosonic and fermionic
dark matter particles that decay into various channels with a branching ratio of 100%. For
a concrete dark matter model with realistic branching ratios, our results can then easily be
rescaled. We determined for each of these decay channels the energy spectrum of electrons
and positrons using the event generator PYTHIA 6.4 [249]." Thus, from the particle physics
point of view, the only free parameters are the dark matter mass and lifetime. From the as-
trophysics point of view there are a number of uncertainties, such as the choice of propagation
parameters as discussed in Chapter 2 and the choice of the background fluxes of electrons
and positrons.

For the propagation of the antiparticle spectra, we implement the stationary two-zone
model outlined in Chapter 2, using the full semi-analytical solutions given there. For definite-
ness, we assume for the dark matter halo profile the Navarro-Frenk-White profile as defined in
Eq. (1.13) with a dark matter density pg = 0.26 GeV cm™3 and the values of the parameters
given in Table 1.1, although our results are almost independent of the choice of halo profile.?
For the propagation parameters of the model we adopt the MED propagation model defined
in [137, 145] (see Table 2.1), which provides the best fit to the Boron-to-Carbon (B/C) ratio.
The results for the charged leptons turn out to be not very sensitive to the particular choice
of propagation parameters. This is due to the fact that at energies above a few tens of GeV
energy losses dominate over the effects of diffusion, rendering the exact propagation model

See [250] for a discussion of the differences between PYTHIA and the HERWIG Monte Carlo for the generation
of particle spectra in the context of indirect dark matter detection.

2Due to the effective energy loss of electrons, the high-energy component of the spectrum mostly originates
from sources within the Galactic neighborhood of a few kpc for the Solar System, where the different halo
profiles are very similar. We have checked that choosing different halo profiles has a neglibible effect on our
results (see also [8]).
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parameters less relevant. We illustrate the dependence of the results on the adopted model
parameters for a particular example below. The fluxes of antiprotons, however, are drastically
affected by the choice of transport parameters, as discussed in Chapter 2. Therefore, we will
show results for antiprotons corresponding to all three sets of transport parameters listed in
Table 2.3 to illustrate the range over which the results can vary.

On the other hand, to compare the predictions with observations, it is necessary to make
assumptions on the astrophysical backgrounds of secondary positrons and electrons. As ex-
plained above, these background fluxes are produced by the scattering of primary cosmic rays
with the interstellar gas. For the interstellar background fluxes of electrons and positrons, we
will adopt in this chapter the spectra corresponding to the “model 0” proposed by the Fermi
LAT collaboration [218], which agree well with low-energy measurements, but are softer than
the electron + positron spectrum observed by Fermi LAT at high energies. We perform a
fit to the electron and positron spectra given by the collaboration, obtaining the following
parametrization of the “model 0” background:

aPke 82.0e” %% GeV-1m2g g1
E(E) = 150291295 eV im ‘s sr o, (4.2)
bkg 38.4e 478 —3.41 12 11

q)e+ (E) = W —|— 2406 GeV m S ST 5 (43)

where e = E/(1GeV). In the energy regime between 2 GeV and 1 TeV these parametrizations
agree with the model given by the Fermi collaboration to an accuracy better than 5%. Note
that these are parametrizations of the interstellar fluxes, so that solar modulation has to be
taken into account to relate the fluxes at the heliospheric boundary to the top-of-atmosphere
fluxes (see Section 2.3). We adopt in this analysis a value of ¢p = 550 MV for the modulation
potential.

We will allow for a shift in the normalization of the background flux of electrons, which
is dominated by primaries, due to our ignorance of the amount of electrons injected in the
interstellar medium. In other words, we explicitly decompose the positron fraction, Eq. (4.1),
as follows, .

O (E) + 05 (B)
PB4+ OC(E) + k OP(E) + 0%(E) |
We will generally assume throughout this thesis that the decay of dark matter produces mat-
ter and antimatter in equal quantities, or that CP is (at least approximately) conserved.
Under the assumption of charge symmetry, the positron fraction can in principle increase up
to a value of 1/2 at energies above 100 GeV if it becomes completely dominated by the dark
matter contribution.

Re+ (E) =

(4.4)

We will also calculate the gamma-ray fluxes from dark matter, both from prompt radiation
and from inverse Compton scattering of the energetic electrons and positrons injected into the
interstellar medium by dark matter decay. To calculate the contributions from prompt radia-
tion and inverse Compton radiatio, we follow the procedure outlined in Chapter 3. We com-
pare our results to the two extractions of the extragalactic gamma-ray background performed
by Sreekumar et al. [155] and the later reanalysis by Strong, Moskalenko and Reimer [251].
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In our analysis of we will sample several dark matter masses and treat the dark matter
lifetime and the normalization of the background flux of electrons as free parameters which
will be determined so as to provide a qualitatively good fit to the PAMELA and Fermi
measurements. Note that below energies of 10 GeV, the data is best fitted for normalizations
k ~ 1. In all of the plots in the remainder of this chapter, normalization factors 0.8 > k > 1 are
used. In view of the astrophysical uncertainties including the determination of the background
fluxes, the local dark matter density and the transport properties of the interstellar medium,
we do not quantify the quality of the fits in terms of x? values unlike some other authors [104].
Let us now discuss the cases of fermionic and scalar dark matter separately.

4.4.1 Fermionic Dark Matter

In the case where the dark matter particle is a fermion ¥py, we consider the following decay
channels:?

Ypm — 20,
Ypn — WET (4.5)
Ypm — (T,

where v stands for any massless (or very light) neutral fermion, in particular a neutrino. The
three-body decay into charged leptons and a neutrino is assumed to be mediated by the ex-
change of a virtual scalar particle, motivated by the interesting scenario of a hidden gaugino
as the dark matter particle [7, 100, 211]. See Chapter 10 for a detailed analysis of this scenario.

The predicted positron fraction in the case where the dark matter particle decays via
Ypm — Z°v is shown in the left panel of Fig. 4.3, compared to the PAMELA, HEAT,
CAPRICE and AMS-01 data, for the sample dark matter masses mpy = 5 TeV and mpy =
100 TeV. In the right panel we show the corresponding total electron + positron flux com-
pared to the results from Fermi LAT, H.E.S.S., PPB-BETS, BETS, ATIC, HEAT, CAPRICE,
and AMS-01. The dark matter lifetimes and the normalization factors k of the primary elec-
tron flux have been chosen in each case to provide a reasonable fit to the PAMELA and
Fermi data points. In this decay channel, the dominant source of electrons and positrons is
the fragmentation of the Z° boson (with a rather small branching ratio of Z° decays into a
pair of charged leptons), which produces a spectrum of relatively soft particles. As a result,
even though this decay mode can produce a visible excess in the positron fraction, the energy
spectrum is in general too flat to explain the steep rise observed by PAMELA. An exception
occurs when the dark matter mass is very large, mpy 2 50 TeV. In this case, the electrons
and positrons from dark matter decay are boosted to high enough energies to produce a suffi-
ciently steep rise in the positron fraction. However, these large dark matter masses seem to be
in conflict with the H.E.S.S. observations, which require a steepening in the total electron +
positron spectrum above ~ 1TeV. Furthermore, decay channels involving weak gauge bosons
are subject to stringent constraints from antiproton overproduction.

In Fig. 4.4 we show the predictions for the cosmic-ray electron and positron fluxes when a
fermionic dark matter particle decays as ¥py — WELT for different dark matter masses and

3We do not include quarks or Higgs bosons in the list since they yield similar signatures to gauge boson
fragmentation. Furthermore, we only consider decay channels with two or three final-state particles.
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Figure 4.3: Positron fraction (left panel) and total electron + positron flux (right panel) for
the decay channel ¥py — Z% with mpy = 100 TeV (solid) and 5 TeV (dotted). The dashed
line shows the background fluxes as discussed in the text. Solar modulation is taken into
account using the force field approximation with ¢p = 550 MV. The shaded areas in the
right-hand plot indicate the systematic errors of the H.E.S.S. measurement.

lepton flavors. This case is particularly interesting because of the presence of hard charged
leptons in the two-body decay of the dark matter, which can give rise to highly energetic
electrons and positrons. The electrons and positrons created in the fragmentation of the W+
gauge bosons produce a rather flat contribution to the positron fraction, similar to the case of
ZY fragmentation. However, the hard electrons and positrons resulting from the decay of the
pt or 7% leptons or directly from the dark matter two-body decay into e* produce a signifi-
cant rise in the total energy spectrum and in the positron fraction. The flavor of the charged
leptons is of importance here. Namely, the decay mode vpy — W*eT, which can produce
a steep rise in the positron fraction and is thus compatible with the PAMELA observations,
also produces a prominent spectral feature in the electron + positron flux, namely a step-like
rise and falloff. This feature is not observed by Fermi, however. Thus, the possibility that the
dark matter particles decay preferentially in this decay mode, which is well compatible with
the PAMELA observations, is clearly disfavored by the Fermi results on the total electron +
positron flux. The decay ¥py — WETT does not produce any problematic spectral features,
but results in spectra that are softer than observed.

The decay mode ¥py — WEuF, however, can nicely accommodate the PAMELA and
Fermi observations when the dark matter mass is mpy ~ 3 TeV and the lifetime is oy =~
2.1 x 10%6s. In this decay mode, the fragmentation of the W* gauge bosons also produces
fluxes of primary antiprotons and gamma rays, which are severely constrained by present ex-
periments. Once the dark matter mass and lifetime are fixed by the fit to the electron/positron
data, one can calculate the predicted fluxes of diffuse gamma rays and antiprotons. The pre-
dictions for the gamma-ray and antiproton fluxes for this particular decay mode are shown in
Figs. 4.5 and 4.6, respectively; the former figure shows the gamma-ray fluxes from final-state
radiation and W* fragmentation (green), and from Galactic (blue) and extragalactic (red)
inverse Compton scattering of electrons and positrons originating from dark matter decay.
We also show the total flux compared to the extraction of the extragalactic diffuse gamma-ray
flux by Sreekumar et al. [155] and by Strong, Moskalenko and Reimer [251], averaging our
anisotropic signal over the whole sky, excluding the region of the Galactic plane with latitudes
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Figure 4.4: Same as Fig. 4.3, but for the decay channels ¥py — WEET. Upper panels:
Ypm — WEeT with mpy = 2000 GeV (solid) and 300 GeV (dotted). Middle panels: 1py —
W*uT with mpy = 3000 GeV (solid) and 600 GeV (dotted). Lower panels: ¢¥py — WErF
with mpym = 8000 GeV (solid) and 1000 GeV (dotted).

|b| < 10° and assuming a power law for the the genuinely extragalactic component. On the
other hand, the latter figure shows the prediction for the antiproton flux and the antiproton-
to-proton ratio with an uncertainty band corresponding to the MIN, MED and MAX models,
whose parameters are listed in Table 2.3. While the absolute flux is compatible with existing
measurements, it is apparent from the figure that the antiproton-to-proton ratio is in some
tension with the results at the highest energies explored by PAMELA. The fragmentation also
produces a sizable contribution to the total gamma-ray flux at high energies, which could be
visible by the Fermi LAT as a bump over the background, which is assumed to follow a power
law, especially if it has a large index as in the extraction of the extragalactic flux from the
EGRET data by Strong, Moskalenko and Reimer. Lastly, the decay mode tpy — WETT pre-
dicts, for a wide range of dark matter masses, a positron fraction and an electron + positron
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flux that are too flat to explain the anomalies observed by PAMELA and Fermi.
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Figure 4.5: Extragalactic diffuse gamma-ray flux for ¥py — Wi/fF with mpy = 3000 GeV
and Tpm = 2.1 x 10%6s. The gamma-ray flux is averaged over the whole sky, excluding
the Galactic plane, [b] < 10°. We included gamma rays produced directly in the final-
state radiation of the muons and the fragmentation of the W+ (green line), gamma rays
from inverse Compton scattering of electrons and positrons from dark matter decay on the
interstellar radiation field (solid blue line; the dotted blue lines show, from left to right, the
fluxes that come from scattering on the CMB, on the thermal radiation from dust, and on
starlight) as well as gamma rays from inverse Compton scattering outside of our Galaxy
(red). The solid black line shows the overall flux. The dark red and dark blue lines show
the total flux (dash-dotted) after adding an isotropic extragalactic background (dashed) with
a power-law spectrum. Normalization and index are chosen to fit one of the two data sets
shown [155, 251].
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Figure 4.6: Antiproton flux (left panel) and the corresponding antiproton-to-proton ratio
(right panel) for 1py — WEpT with mpy = 3000GeV and mpy = 2.1 x 10%6s. For the
antiproton flux we adopt the background from [252], while the antiproton-to-proton ratio is
plotted using the background from [253]. The yellow band indicates the uncertainties from
the propagation model. The solid black line corresponds to the MED model of Table 2.3.

In some typical decaying dark matter scenarios, the dark matter particles decay into a
mixture of different charged lepton flavors and not exclusively in one the channels discussed
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above. For instance, in the scenario with hidden gauginos as discussed in Chapter 10 the de-
cays proceed equally into all three flavors. As an illustration of the predictions of this class of
scenarios, we show in Fig. 4.7 the positron fraction and the total electron + positron flux for
a dark matter particle that decays democratically into the three flavors, for mpy = 2000 GeV
(solid) and 300 GeV (dotted). Although these scenarios could explain the PAMELA excess,
the predicted spectral shape of the total flux is not consistent with the Fermi data: either
the energy spectrum falls off at too low energies or it presents a sharp peak at high energies
due to the large branching ratio into hard electrons and positrons. Scenarios with a smaller
branching ratio into electron flavor and larger branching ratio into muon flavor could, how-
ever, explain both anomalies simultaneously.
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Figure 4.7: Same as Fig. 4.3, but for the flavor-democratic decay ¥py — WET with equal
branching ratios into the three charged lepton flavors, for mpy = 2000 GeV (solid) and
300 GeV (dotted).

The dark matter particles could also decay into three fermions, namely into a lepton—
antilepton pair and a neutrino, ¥pm — £T¢~v. In this case many possibilities could arise
depending on the specific particle-physics scenario. We will just concentrate here on the case
where the lepton and antilepton carry the same flavor and the decay is mediated by a heavy
scalar. The results for the positron fraction and the electron + positron flux are shown in
Fig. 4.8. The spectrum produced in the decay into electron-positron pairs, ¥'py — eTe v,
is flatter in this case than in the two-body decay v¥pm — WEeT, although it still produces
a rather prominent bump in the electron spectrum at high energies, which is not observed
by Fermi. More promising is the decay channel ¥py — p*p~ v, which can reproduce quite
nicely the Fermi electron + positron data and the rise in the positron fraction when the dark
matter mass is mpy ~ 3500 GeV and the lifetime is oy =~ 1.1 x 10%6s. Lastly, decays into
tau flavor can also qualitatively reproduce the steep rise in the positron fraction for dark
matter masses above ~ 2.5 TeV, although as one can see from Fig. 4.8, lower right panel, the
resulting electron + positron spectrum has an energy dependence much steeper than ~ E~3:0
at high energies, in tension with the Fermi measurements. In this case an additional source
of high-energy positrons coming, for example, from pulsars, must be invoked in order to re-
produce the electron spectrum observed by Fermi LAT.

4Our results are not very sensitive to the mass splitting between dark matter particle and virtual scalar.
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Figure 4.8: Same as Fig. 4.3, but for the decay channels Ypy — (E¢Tv. Upper panels:
YpMm — eTe v with mpy = 2000 GeV (solid) and 400 GeV (dotted). Middle panels: ¥pym —
pt v with mpy = 3500 GeV (solid) and 1000 GeV (dotted). Lower panels: ¥py — 7777 v
with mpym = 5000 GeV (solid) and 2500 GeV (dotted).

As for the two-body decays ¥py — WTLT, the dark matter particle could also decay
into charged fermions with different flavor. We illustrate such a situation showing in Fig. 4.9
the predictions for the positron fraction and the total electron 4+ positron flux when the
dark matter particles decay democratically into all three flavors, for dark matter masses
mpMm = 600GeV (dotted) and 2500 GeV (solid). In particular, this is the case in scenarios
where neutralino dark matter decays into light hidden gauginos via kinetic mixing, or vice
versa [7, 100, 211]. See Chapter 10 for a detailed analysis. It is interesting that these scenarios
can simultaneously explain the PAMELA and Fermi anomalies when the dark matter mass
is mpym ~ 2500 GeV. For the two cases of three-body decay into muon flavor, 1py — ptp~v
and the flavor-democratic decay ¥py — 70~ v we show the predictions for the extragalactic
diffuse gamma-ray fluxes in Fig. 4.10. In both cases they are consistent with the present data
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and show a deviation from the putative power-law behavior of the astrophysical background,
which could be observed by the Fermi LAT, depending on the precise spectrum of the gen-
uinely extragalactic contribution to the flux.
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Figure 4.9: Same as Fig. 4.3, but for the flavor-democratic decay 1py — 4T v with equal
branching ratios into the three charged lepton flavors, for mpy = 2500 GeV (solid) and
600 GeV (dotted).
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Figure 4.10: Same as Fig. 4.5, but for ypy — putu~v (left panel, with mpy = 3500 GeV),
and for the democratic decay ¥py — €10~ v (right panel, with mpy = 2500 GeV).

The impact of choosing other sets of propagation parameters is illustrated in Fig. 4.11
for the sample decay mode ¥py — ptp~v. The MED and MAX propagation model yield
virtually identical fluxes, while the MIN model, which possesses a thin diffusive halo with
L = 1kpc, predicts a somewhat harder flux and a slightly steeper positron fraction. The
reason for the similarity between the results for the MED and MAX models is that the height
of the diffusion zone becomes irrelevant above a few kpc for high-energy electrons from local
sources since the typical propagation length becomes smaller than the height of the diffusive
halo. We have also examined the effects of choosing different dark matter halo profiles, with
the differences being entirely negligible.

We summarize our results for the promising fermionic dark matter channels, together with
the corresponding dark matter masses and lifetimes that yield the best fit, in Table 4.1.
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Figure 4.11: Illustration of the dependence on the choice of transport parameters. Same as
Fig. 4.8, middle panels, but only for a dark matter mass mpy = 3500 GeV. The solid, dashed
and dotted lines correspond to the MED, MAX, and MIN model parameters, respectively.
The results for the MED and MAX model are very similar because the height of the diffusion
zone becomes irrelevant above a few kpc for high-energy electrons from local sources.

4.4.2 Scalar Dark Matter

For scalar dark matter particles, we examine the following decay channels:”

¢pm — 2°2°,
¢pm — WHIW ™, (4.6)
¢DM — T

We show in Figs. 4.12, 4.13 the positron fraction and the total electron + positron flux for
a scalar dark matter particle that decays exclusively into weak gauge bosons, ¢py — Z°Z°
and ¢py — WTW ™, for dark matter masses mpy = 2TeV and 10TeV. As generically
expected from decays into weak gauge bosons after the discussion in the previous subsection,
the electrons and positrons produced are relatively soft, resulting in a positron fraction which
is too flat to explain the steep rise in the positron fraction (for an exception with very large
dark matter masses see Fig. 4.3.) Additionally, such decays produce a rather large flux of
antiprotons, further disfavoring them as an explanation of the data.

Decays into harder electrons and positrons can arise in scenarios where the scalar dark
matter particle decays into a lepton—antilepton pair. We show in Fig. 4.14 the predictions
for the positron fraction and the total electron-plus-positron flux when the scalar dark mat-
ter particle decays into fermions of the same generation, for dark matter masses between
mpm = 300GeV and 5TeV. The decay ¢py — eTe” can explain the rise in the positron
fraction as observed by PAMELA. However, it is apparent from Fig. 4.14 that the dark mat-
ter decay into this channel is not compatible with the high-energy eTe~ data from Fermi.
The situation is similar when one considers democratic decay into all three flavors, which
still produces a distinct spectral feature as illustrated in Fig. 4.15. Decays into softer elec-
trons and positrons, as in the case where the dark matter particles decay exclusively via
¢pM — pT T, are more promising. In particular, a scalar dark matter particle with a mass

5Again, we do not include quarks or Higgs bosons in the list. Three-body decay modes like ¢py — £1£7
are expected to yield results similar to the case of fermionic dark matter.
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Figure 4.12: Same as Fig. 4.3, but for the decay channel ¢ppy — Z°Z° with mpy = 10 TeV
(solid) and 2 TeV (dotted).
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Figure 4.13: Same as Fig. 4.3, but for the decay channel ¢py — WHTW ™~ with mpy = 10 TeV
(solid) and 2 TeV (dotted).

mpum ~ 2500GeV and a lifetime 7oy ~ 1.8 x 10%%s, which decays exclusively into putu~
pairs, can reproduce both the steep rise in the spectrum observed by PAMELA and the total
electron + positron spectrum measured by Fermi. The same holds true for decays into tau
flavor, with mpy ~ 5000 GeV and mpy ~ 0.9 x 1026 s. For these two decay channels, we also
show the predictions for the gamma-ray fluxes in Fig. 4.16, which are again compatible with
the present data and exhibit a spectral shape which could be visibly different from a power
law, depending on the index of the genuinely extragalactic component.

A summary of our results can be found in Table 4.1, where we list the decay modes that
yield the best agreement with the data together with the corresponding masses and lifetimes.

4.5 Conclusions

In some well-motivated dark matter scenarios, the dark matter particles are unstable and
decay with a lifetime much longer than the age of the Universe. In this chapter we have
investigated whether the anomalies in the positron fraction and the total electron + positron
flux reported by the PAMELA and Fermi LAT collaborations, respectively, could be inter-
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Figure 4.14: Same as Fig. 4.3, but for the decay channels ¢py — £7¢~. Upper panels: ¢py —
ete™ with mpy = 2000 GeV (solid) and 300 GeV (dotted). Middle panels: ¢py — ptp~
with mpy = 2500 GeV (solid) and 600 GeV (dotted). Lower panels: ¢pm — 717~ with
mpm = 5000 GeV (solid) and 2000 GeV (dotted).

preted as a signature of the decay of dark matter particles. We have shown that some decaying
dark matter scenarios can indeed reproduce the energy spectra of the positron fraction and the
total flux reasonably well, while being at the same time consistent with present measurements
of the antiproton flux and the diffuse extragalactic gamma-ray flux. The most promising de-
cay channels for fermionic and scalar dark matter particles are listed in Table 4.1, where we
also show the approximate mass and lifetime which provide the best fit to the data. From the
table it is apparent that direct decays of the dark matter into charged leptons are favored, as
the eTe™ spectra from the fragmentation of gauge bosons are generally too soft to match the
steepness of the rising positron fraction. Furthermore, such decays necessarily produce an-
tiprotons and are disfavored since the antiproton flux is consistent with secondary production
by spallation. The total eletron + positron spectrum also yields some important information
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Figure 4.15: Same as Fig. 4.3, but for the flavor-democratic decay ¢py — ¢4~ with equal
branching ratios into the three charged lepton flavors, for mpy = 2000 GeV (solid) and
300 GeV (dotted).
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Figure 4.16: Same as Fig. 4.5, but for ¢py — p™ ™ (left panel, with mpy = 2500 GeV), and
for ¢py — 777 (right panel, with mpy = 5000 GeV).

about the preferred flavor of the leptonic decays. Namely, decays into electron flavor typically
produce shoulder-like spectral features with a cutoff at the dark matter mass. While ATIC
and PPB-BETS claim the observation of just such a feature, this claim is contradicted by
Fermi LAT and H.E.S.S. Therefore, we tentatively conclude that decays into purely electron
favor are disfavored, while decays into muons or democratic decays into all three flavors re-
produce the observations well. Decays into pure tau flavor, on the other hand, typically yield
too soft a spectrum.

Note that one of the largest uncertainties that enter in the determination of the dark mat-
ter lifetimes comes from the calculation of the local dark matter density (see [122] for a recent
analysis) since this quantity is inversely proportional to the corresponding flux of cosmic rays.
It should also be borne in mind that the astrophysical uncertainties in the propagation of cos-
mic rays and in the determination of the background fluxes of electrons and positrons are still
large. At high energies, the propagation of electrons and positrons is dominated by energy
losses, for which we have assumed the simplified form of Eq. (2.8), with some impact on the
best-fit dark matter lifetime and mass. Besides, the existence of a potentially large primary
component of electrons and positrons from astrophysical sources such as pulsars cannot be
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precluded. Therefore, the precise values of the dark matter parameters are subject to these
uncertainties. For this reason, we have not attempted to provide precise quantitative state-
ments regarding the qualities of the fits. The present results can nevertheless be used as a
guidance for building models with decaying dark matter as an explanation of the PAMELA
and Fermi anomalies.

Decay channel | mpy [GeV] 1oy [10%0 ]
VoM — v 3500 1.1
Ypr — £ 2500 1.5
don — pt 2500 1.8
épm — THTT 5000 0.9
Ypm — WEpT 3000 2.1

Table 4.1: Decay channels for fermionic and scalar dark matter, denoted ¥pym and ¢pw,
respectively, which best fit the Fermi LAT e* + e~ and the PAMELA et /(e™ + e7) data for
the MED propagation model and the NF'W halo profile. As discussed above, the dependence
on the halo profile is negligible, while the dependence in the adopted propagation parameters
is illustrated in Fig. 4.11 for the decay ¢¥py — p " v. The decay mode Ypy — WHEuT is
in some tension with the PAMELA results on the antiproton-to-proton ratio as mentioned in
the text.

Future measurements of the extragalactic diffuse gamma-ray flux by the Fermi LAT will
provide important information about the decaying dark matter scenario. First, since the
Earth is located far from the center of the Milky Way’s dark matter halo, a dipole-like
anisotropy in the diffuse extragalactic gamma-ray flux is expected, which could be observed
by Fermi LAT. For a detailed analysis of this topic, see Chapter 6. Moreover, all scenarios
in Table 4.1 predict a departure from a simple power law in the energy spectrum of the
diffuse extragalactic gamma-ray background, the deviation depending on the spectrum of the
genuinely extragalactic contribution originating presumably from AGN. The observation of
such a deviation would provide support to the decaying dark matter scenario and may help
discriminate between the different possibilities listed in Table 4.1.



Chapter 5

Antideuterons from Dark Matter
Decay

The recent observations of a large excess of cosmic-ray positrons, as discussed in Chapter 4,
have raised a lot of interest in leptonic decay modes of dark matter particles. Nevertheless,
dark matter particles in the Milky Way halo could also decay hadronically, producing not only
a flux of antiprotons, but also a flux of antideuterons. Searches for antideuteron are of partic-
ular interest for dark matter detection because the rate of secondary antideuteron production
from cosmic-ray spallation is expected to lie significantly below observational sensitivities for
the foreseeable future. Therefore, the detection of even a single cosmic antideuteron would
be a compelling hint at a primary origin of such a particle.

In this chapter, which is based on the publication [6], we show that for certain choices
of parameters the antideuteron flux from dark matter decay can be much larger than the
purely seconday flux from spallation of cosmic rays on the interstellar medium, while the
total antiproton flux remains consistent with present observations. We show that if the dark
matter particle is sufficiently light, the antideuteron flux from dark matter decay could even
be within the reach of planned experiments such as AMS-02 or GAPS. Furthermore, we
discuss the prospects to observe the antideuteron flux in the near future if the steep rise in
the positron fraction reported by the PAMELA collaboration is interpreted in terms of the
decay of dark matter particles.

5.1 Introduction

As explained in Chapter 4, there is recent evidence for the existence of a primary compo-
nent in the high energy electron and positron fluxes [169] which could be naturally accounted
for by the decay of dark matter particles with a mass mpy 2 300 GeV, which decay pref-
erentially into charged leptons with a lifetime 7py ~ 10%6s [4, 8]. The properties of the
dark matter particles are further constrained from observations of the diffuse gamma-ray flux
by EGRET [155], as well as from observations of the antiproton flux by PAMELA [129],
BESS95 [182], BESS95/97 [183], CAPRICE94 [184], CAPRICE98 [185] and IMAX [186].
More concretely, the good agreement of the theoretical predictions for a purely secondary
antiproton flux with the measurements indicates that the contribution to the total antiproton
flux from dark matter matter can only be subdominant.

61
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In this chapter we estimate the antideuteron flux from dark matter decay as a complemen-
tary way to search for indirect dark matter signatures that is essentially independent from
the leptonic cosmic-ray anomalies. The importance of antideuteron searches for dark matter
stems from the fact, as pointed out in [254, 255], that for energies smaller than ~ 3 GeV
the expectations for a purely secondary antideuteron flux due to spallation of cosmic rays on
the interstellar medium lie well below the present BESS limit on the antideuteron flux [256],
as well as the projected limits for AMS-02 [257, 258] and GAPS [259, 260]. Therefore, no
detection of antideuterons should be expected by these instruments if the antideuteron flux
is indeed of purely secondary origin. However, if the antideuterons are formed by the fusion
of antiprotons and antineutrons originating from the same fragmentation process of a weak
gauge boson or Higgs boson, as would be the case in many models of dark matter annihilation
or decay, then the production rate can be significantly higher. Unlike the case of cosmic-ray
antiprotons, the flux of antideuterons can therefore be of dominantly primary origin. Due to
the low astrophysical background, a discovery of cosmic antideuterons in the upcoming gen-
eration of cosmic-ray instruments would therefore have to be interpreted as evidence for the
existence of primary antideuterons, likely originating from the hadronic decay or annihilation
of dark matter particles.

This chapter is organized as follows. In Section 5.2 we review the production of an-
tideuterons from dark matter decay using the coalescence model, a simple phenomenological
model to describe the fusion of antiprotons and antineutrons into antideuterons. Next, in Sec-
tion 5.3 we briefly review the propagation of antideuterons from their production in the dark
matter halo to the heliosphere. In Section 5.4 we will show our results for the antideuteron
fluxes, and in Section 5.5 we will finally present our conclusions.

5.2 The Coalescence Model

One important complication in the determination of the source term for antideuteron pro-
duction is that the energy spectrum of antideuterons is difficult to determine by Monte Carlo
methods. Even when using a simple description of antideuteron formation in terms of a
coalescence momentum, as explained below, the simultaneous production of an antiproton—
antineutron pair with almost identical momenta is extremely rare, leading in practice to unfea-
sible running times on regular computers. Therefore, we derive the spectrum of antideuterons
under the simplifying assumption that the production of antiprotons and antineutrons can be
factorized, as well as by employing a simple model of antideuteron formation from antiprotons

and antineutrons.!

We describe the formation of antideuterons in the fragmentation process of weak gauge
bosons or Higgs bosons by using the so-called coalescence model. This is a purely phenomeno-
logical model that essentially posits that antideuteron is formed by fusion of an antiproton and
an antineutron whenever they are found together within a sphere of radius pg in momentum
space, the coalescence momentum. The model assumes that the probability of producing an
antideuteron is simply proportional to the product of the probabilities of producing a single

'The production of antideuterons was discussed recently in [261].
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antiproton and a single antineutron:

[’chcl;]]:ﬂ = /d?’k: Py C(kp,k: > [ Cj;];r <Ep)] [,ync(l;fg: <*n)]53 (EﬁJr];ﬁ_EJ) 7
(5.1)

where 7 is the relativistic Lorentz factor and C (Ep, K 7) is the coalescence function, which can

only depend on the relative momentum between antiproton and antineutron, A = k— — ka.

Using that kd = k: + Kz, one obtains
3 3N . oA 3n. [ TN
de _/dBAc(‘AD d kﬁ:kd+A ’Yﬁd]_\)fn kﬁ: d+A
d3k: d3k: 2 d3kz 2
(5.2)

The coalescence function is strongly peaked at ‘&‘ ~ () since the binding energy of the an-
tideuteron, B ~ 2.2 MeV, is much smaller than its rest mass, mj ~ 1.88 GeV [61]. Therefore,
the previous equation can be approximated as

e T A

It is useful to define the coalescence momentum pg as
- - 4
/d?’AC<{A{> = ?ﬂpg, (5.4)

which can be interpreted as the maximum relative momentum between the antiproton and
the antineutron for which an antideuteron will form by fusion of the two nucleons. The coales-
cence momentum can be determined experimentally from proton—nucleus collisions, yielding
po =~ T9MeV 2 or from ete~ collisions at the Z° resonance, yielding pg ~ 71 +£3.6 MeV [262].
Since the decay of weak gauge bosons is precisely the source of antideuterons in the decaying
dark matter scenario, we will adopt the latter value pg ~ 71 4+ 3.6 MeV in the remainder
of the chapter. Note that the measured coalescence momentum is not far from the estimate
obtained by using the antideuteron binding energy, namely \/mzB ~ 46 MeV, supporting the
above physical interpretation of the coalescence momentum.

The dark matter decay produces antideuterons, antiprotons and antineutrons with an
isotropic distribution,® and consequently

AN _ 1N .
" BE dr mk dE - '

Therefore, Eq. (5.3) can be cast as

- 3 _ N\ 12
dNg vy _mg ANy (- Eg) | (5.6)

2The uncertainty in the measurement of the hadronic production cross sections translates into a range for
the coalescence momentum that was estimated to be po = 79725 MeV [255].

3Some authors have recently pointed out that the assumption of spherical symmetry is not entirely realistic
and that including the full jet structure of the fragmentation can lead to an enhanced production rate of
antideuterons [263]. This can lead to a more pronounced signal at higher antideuteron energies.
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where on the basis of isospin invariance we have assumed that the probability of producing
an antiproton with momentum k; in the fragmentation is the same as the probability of
producing an antineutron.

5.3 Antideuteron Propagation

We will assume that the Milky Way dark matter halo is populated by dark matter particles
with mass mpy, with their distribution following a density profile ppy (7). We assume in
this chapter a Navarro-Frenk-White profile as defined in Eq. (1.13), with a local dark matter
density po = 0.3GeV cm™3. We treat the propagation of antideuterons in the Galaxy in the
stationary two-zone diffusion model outlined in Chapter 2. The source term for antideuterons
from dark matter decay in the transport equation, Eq. (2.14), is then given by

Qa(EqT) = — L

) 5.7
MDMTDM dE; (5.7)

where dN;/dE; is the energy spectrum of antideuterons produced per decay, which we de-
termine as described in the previous section. We treat the propagation of antideuterons as
outlined in Chapter 2, where we also take into account a term describing the annihilation of
antideuterons in the gaseous disk of the Milky Way.

No experimental data are available for the dp collisions, although measurements exist for
the total cross-section of the charge-conjugated process dp — X. Since strong interactions
preserve charge conjugation, it is reasonable to assume that O'Ei;t = Ug%t. However, it is not
the total cross section that is required to compute the depletion of antideuterons during their
propagation, but the annihilation cross section. Unfortunately, there is no experimental in-
formation about the annihilation cross-section, neither for dp nor for dp collisions. However,
it was noted in [255] that the total cross section for dp — X can be well approximated, within
~ 10%, by 20;)%‘3 and hence o4, ~ 20;)%'3. Then, assuming that the same rule applies for the
ann

annihilation cross-section, one obtains o FA 20}%. For our numerical analysis, we assume

the proton—antiproton annihilation cross-section as given in Eq. (2.17).

For the antideuteron Green’s function we perform a similar fit as in the case of antiprotons,
see Chapter 2. We find that the Green’s function can be numerically well approximated by
the following interpolating function:

G4(T,T") ~ 10" ertyInTHz® Tsp! _ ) ey —3g, (5.8)

The values for the parameters x, y and z can be found in Table 5.1 for the different sets of
propagation parameters in Table 2.3. The dependence of the Green’s function on the halo
model is fairly weak. In this case the approximation is better than about 5% for 77 between
1 and 100 GeV/n and better than about 20% for T; between 0.1 and 1 GeV /n. For the calcu-
lation of our numerical results, however, we used the analytical expressions given in Chapter 2.

Lastly, we take the effects of solar modulation on antiproton and antideuteron fluxes into
account by using the spherically symmetric force-field approximation by using the prescription
described in Section 2.3, where we choose a modulation potential ¢ = 500 MV.
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Model x Y z
MIN | —0.3889 0.7532 —0.1788
MED | 1.6023 0.4382  —0.1270
MAX | 3.1992 —0.1098 —0.0374

Table 5.1: Coefficients of the interpolating function, Eq. (5.8), for the antideuteron Green’s
function for the NF'W profile.

5.4 Antideuteron Flux from Dark Matter Decay

Using the injection spectrum of antideuterons from dark matter decay calculated in Sec-
tion 5.2 and the propagation formalism described in Chapter 2, it is straightforward to
calculate the antideuteron flux at Earth from dark matter decay. We will pursue here a
model-independent approach, calculating the expected antideuteron flux at Earth for various
hadronic decay channels and different dark matter masses. To better compare the predictions
for the different possibilities, we will first fix the dark matter lifetime to be Ty = 10%6 s,
which is the order of magnitude which could explain the HEAT and PAMELA anomalies
in the positron fraction [4, 8, 10, 198, 199, 99, 202, 266] and which saturates the EGRET
constraints on the diffuse gamma-ray flux [11, 103, 198, 94]. Later on, we will discuss in more
detail the predictions for the antideuteron flux in the light of the PAMELA anomaly.

In the case that the dark matter particle is a fermion 1py, the following hadronic decay
channels are possible:

Ypm — 20,
Yom — hov, (5.9)
YoM — WEET.

The fragmentation of the weak gauge bosons and the Standard Model Higgs boson pro-
duces a flux of antideuterons which we calculated using the coalescence model to simulate the
nuclear fusion of an antiproton and an antineutron (cf. Section 5.2). To simulate the produc-
tion of individual antiprotons and antineutrons we used the event generator PYTHIA 6.4 [249].

Clearly, an exotic contribution to the antideuteron flux is closely correlated with an exotic
contribution to the antiproton flux, which is severely constrained by a number of experi-
ments. Namely, the measurements of the antiproton flux by PAMELA [129], BESS95 [182],
BESS95/97 [183], CAPRICE94 [184], CAPRICE98 [185] and IMAX [186] do not show any
significant deviation from the predictions by conventional astrophysical models of spallation
of cosmic rays on the Milky Way disk. Therefore, in order to evaluate the prospects of observ-
ing the antideuteron flux in future experiments, one has to ensure that the prediction for the
total antiproton flux does not exceed the observed flux. The antiproton flux from dark matter
decay has been calculated following the analysis in [10], for the same propagation models as

4For calculations of the antideuteron flux from the annihilation of dark matter particles, see [254, 255, 264,
263, 265]
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for the antideuteron flux.
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Figure 5.1: Fluxes of antiprotons (upper curves) and antideuterons (lower curves) from the
decay of fermionic dark matter particles, assuming that the dark matter particle decays
exclusively as ¥pm — Z% with a fixed lifetime oy = 10%6s. The dark matter mass is
200 GeV (top left panel), 400 GeV (top right), 600 GeV (bottom left) and 800 GeV (bottom
right). The dashed lines indicate the primary fluxes from dark matter decay for the MIN
propagation model, the dotted lines for the MED propagation model, and the dash-dotted
lines for the MAX propagation model (cf. Table 2.3). The solid lines indicate the secondary
fluxes from cosmic-ray spallation.

We show in Figs. 5.1, 5.2, and 5.3 the antiproton and antideuteron fluxes from dark matter
decay as a function of the kinetic energy per nucleon, assuming that the dark matter par-
ticle is a fermion ¢py, which decays exclusively into Z%, W*¢T or hOv, respectively. The
lifetime has been fixed to Ty = 10%6s, while the dark matter mass has been chosen to be
mpm = 200, 400, 600, 800 GeV. The predictions for the antiproton and antideuteron fluxes
for a general model with a different dark matter lifetime and with arbitrary branching ratios
can be straightforwardly derived from these figures. In each plot, we show the prediction for
the antiproton and antideuteron fluxes at the top of the atmosphere for the MIN, MED and
MAX propagation models (see Table 2.3), as well as the expected flux from spallation, taken
from [188] in the case of the antiprotons and from [255] in the case of the antideuterons.® For
the halo model, we adopt the Navarro-Frenk-White (NFW) profile; the results for other halo

5In these plots we only show the prediction for the secondary antiproton and antideuteron fluxes for the
MED propagation model. Whereas the uncertainty on the propagation model is typically not very important
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profiles are very similar to the ones presented here. We also show the present upper limit on
the antideuteron flux from BESS [256], as well as the projected limits for AMS-02 for three
years of data taking [257, 258], as well as for GAPS [259, 260] for a long duration balloon
(LDB) flight (60 days total over three flights) and for an ultra-long duration balloon (ULDB)
flight (300 days total).
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Figure 5.2: Same as Fig. 5.1, but for the decay mode tpy — WEET.

For this particular choice of the lifetime, Tpy = 10%¢s, we find wide ranges of diffusion
parameters yielding a total antiproton flux consistent with the observations. Besides, the
total antideuteron flux always lies well below the present BESS bound. We also find that
for dark matter masses below ~ 1TeV, the antideuteron flux from dark matter decay can
be, at energies below 3 GeV, significantly larger than the secondary antideuteron flux from
spallation. Furthermore, the primary antideuteron flux from dark matter decay could be large
enough to be observable at the projected experiments AMS-02 and GAPS. Therefore, since
the purely secondary antideuteron flux is expected to be below the sensitivity of projected
experiments, the observation of an antideuteron flux in the near future could be interpreted
as a signature of dark matter particles which decay hadronically.

When the decaying dark matter particle is a scalar, the following hadronic decay modes

for the prediction of the secondary fluxes, there exists a more important source of uncertainty stemming from
the nuclear and hadronic cross sections, which can be as large as 25% for antiprotons [188] and 100% for
antideuterons [255].
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Figure 5.3: Same as Fig. 5.1, but for the decay mode py — hOv.

are possible:

¢pm — 2°2°,
¢DM — Wtw~— , (5.10)
épm — hORY.

In these cases, the produced antideuteron flux is approximately twice as large as in the
fermionic channels, Y¥py — Z%, Ypm — W, Ypy — hOv, respectively, and will not be
discussed further.

Let us now discuss the prospects for the detection of an antideuteron flux in projected
experiments, assuming that dark matter decay is the explanation of the positron excess re-
ported by the PAMELA and HEAT collaborations. As discussed in [8], the steep rise of the
positron fraction measured by PAMELA can be explained by the decay of a dark matter
particle into hard electrons and positrons. Namely, in the case that the dark matter particle
is a fermion, the decay modes ¢py — ete™v and Ypy — WheT (and the analogous decay
modes into muon flavor) are favored by the data. On the other hand, when the dark matter
particle is a scalar, the decay modes ¢py — eTe™, T~ are favored. Purely leptonic decay
modes, such as ¥py — €70~ v or ¢pm — £~ do not produce antideuterons. However, as
discussed above, the decay of a fermionic dark matter particle into W+ bosons and charged
leptons could produce an observable antideuteron flux.
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Figure 5.4: Total antiproton and antideuteron fluxes including a primary contribution to the
flux from the decay of a fermionic dark matter particle in the channel ¢¥py — W*eT. The
lifetime has been chosen, for each dark matter mass, to reproduce the steep rise in the positron
fraction observed by the PAMELA collaboration. When the dark matter mass is 300 GeV
(top left panel), 600 GeV (top right panel) and 1000 GeV (bottom panel), the corresponding
lifetimes are Ty = 4.0, 2.3, 1.6 x 10?5 sec, respectively. The dashed lines indicate the total
fluxes for the MIN propagation model, the dotted lines for the MED propagation model, and
the dash-dotted lines for the MAX propagation model (¢f. Table 2.3). We also show the
purely secondary fluxes as solid lines.

We show in Fig. 4 the total antiproton and antideuteron fluxes from the decay of a
fermionic dark matter particle in the channel ¢¥py — WheT, fixing for each dark matter
mass the lifetime in order to account for the steep rise in the positron fraction observed by
PAMELA. For a dark matter mass mpy = 300, 600, 1000 GeV, the corresponding lifetimes
are Tpm = 4.0, 2.3, 1.6 x 10?6 s, respectively. For these particularly interesting decaying dark
matter scenarios, we find that the antideuteron flux could be within the reach of the planned
experiments AMS-02 and GAPS, provided the dark matter particle is not too heavy. The
discovery of antideuterons would thus favor the decay mode ¥py — WEeT as a possible origin
of the PAMELA positron excess over the purely leptonic decay modes such as 1py — ete 1.5
It is important to emphasize that this conclusion holds for ranges of propagation parameters
which not only reproduce the positron excess observed by PAMELA, but also yield a total
antiproton flux consistent with present measurements.

5The decay mode ¥py — WEeT may also yield signatures in the diffuse gamma-ray background.
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5.5 Conclusions

We have calculated the antideuteron fluxes at Earth from the decay of dark matter particles
in the Milky Way halo and discussed the prospects of observing cosmic antideuterons in the
projected experiments AMS-02 and GAPS. We have adopted a model-independent approach,
analyzing possible hadronic decay modes for the dark matter particles. The nuclear fusion
of an antiproton and an antineutron to form an antideuteron was simulated employing the
coalescence model, while the propagation of antideuterons in the Galaxy was described by
a stationary two-zone diffusion model with cylindrical boundary conditions. The hadronic
showers also produce a flux of antiprotons, which is severely constrained by observations.
Therefore, we have simultaneously calculated the predicted antiproton flux to verify whether
the chosen parameters and decay modes are consistent with present observations.

We have shown that there are choices of parameters where the antideuteron flux from
dark matter decay can be much larger than the purely secondary component from spallation
of cosmic rays on the interstellar medium, while at the same time the total antiproton flux
remains consistent with observations. We have also shown that if the dark matter particle
is sufficiently light, the antideuteron flux from dark matter decay could be within the reach
of the planned experiments AMS-02 or GAPS, while the secondary component is expected
to lie below the projected sensitivities. Therefore, the observation of cosmic antideuterons
in the near future could be interpreted as an indication of hadronic decays of dark matter
particles. In particular, this conclusion holds for a fermionic dark matter particle which
decays preferentially via ¥py — WEeT, which has been proposed as an explanation for the
steep rise in the positron fraction observed by the PAMELA collaboration.



Chapter 6

Large-Scale Gamma-Ray
Anisotropies

As discussed in Chapter 3, decaying dark matter particles could be indirectly detected as an
excess over a simple power law in the energy spectrum of the diffuse extragalactic gamma-ray
background. Furthermore, since the Earth is not located at the center of the Galactic dark
matter halo, the exotic contribution from dark matter decay to the diffuse gamma-ray flux
is expected to be anisotropic, offering a complementary method for the indirect search for
decaying dark matter particles. In this chapter, which is based on the publication [3], we dis-
cuss in detail the expected dipole-like anisotropies in the dark matter signal, also taking into
account the radiation from inverse Compton scattering of electrons and positrons from dark
matter decay. As an application, we calculate the expected anisotropies for the decaying dark
matter scenarios that can reproduce the electron/positron excesses reported by PAMELA
and the Fermi LAT, and we estimate the prospects for detecting the predicted gamma-ray
anisotropy in the near future.

6.1 Introduction

The full-sky observations of gamma rays undertaken in the 1990s by the Energetic Gamma
Ray Experiment Telescope (EGRET) revealed a map which is highly anisotropic, containing
resolved sources as well as diffuse emission, mostly produced by cosmic-ray interactions in
the Galaxy. As mentioned in Chapter 3, the diffuse part of the emission is well understood
in terms of microscopic processes, although the intensity of the individual contributions de-
pends on various astrophysical uncertainties. Interestingly, once the Galactic disk (at low
latitudes in the range —10° < b < 10°) is masked, the remaining diffuse emission is remark-
ably isotropic, typically of order 10% or less.

On the other hand, over the last years a picture of cosmic-ray propagation has emerged
which can account for the observed abundances of almost all secondary cosmic-ray species.
Remarkably, this same propagation model can reproduce, using the interstellar gas and radi-
ation field distributions and a Galactic magnetic field inferred from observations, the full-sky
gamma-ray map with rather good accuracy. However, this requires the introduction of an ad-
ditional, a priori undetermined, diffuse component which is postulated to be of extragalactic
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origin and thus isotropic. Its energy spectrum is determined by observations at high Galactic
latitudes.

As discussed at length in Chapter 4, it has recently become apparent that the state-of-the-
art propagation models fail to reproduce the measurements of the positron fraction at energies
larger than 10 GeV, which has been tentatively interpreted as a dark matter signature. A great
deal of effort has been made to study the prospects and predictions of cosmic-ray signatures
from annihilating dark matter, see, for example [267, 268, 136]. However, as we have stressed,
the decay of dark matter is a viable alternative scenario for indirect dark matter detection.
Among the different probes for such indirect signatures, the gamma-ray channel is probably
the most important to study, due to its sensitivity to far-distant sources and its potential
to discriminate between signals from annihilating or decaying dark matter and astrophysical
sources (recently some efforts have been made to distinguish dark matter annihilation from
dark matter decay by the morphology of the associated gamma-ray emission [269, 270]).

In this chapter we will present a detailed study of the peculiar predictions for gamma rays
from decaying dark matter. We will concentrate on their angular anisotropies on large and
small scales. These can be used to discriminate this component from other contributions to
the extragalactic diffuse emission. It turns out that the predictions for decaying dark matter
are much more robust than the ones for annihilation, which makes this scenario very predic-
tive and easier to confirm or falsify [103]. Second, we will discuss the prospects to see such
signals in the upcoming Fermi LAT gamma-ray data, and we will apply our results to the
decaying dark matter explanation of the electron/positron excess.

This chapter is organized as follows. In Section 6.2 we will review the basic concepts
about production, propagation and absorption of gamma rays from dark matter decay. In
Section 6.3 we will calculate the gamma-ray anisotropy expected from the decay of dark mat-
ter particles on large angular scales. We will show in particular the expected anisotropy in
scenarios which can explain the electron/positron excesses observed by PAMELA and the
Fermi LAT, and we will argue that this anisotropy should be seen by the Fermi LAT. Lastly,
in Section 6.5, we will present our conclusions. We also present two sections in which we dis-
cuss statistical properties of the large-scale anisotropy and the general observational strategy
for gamma rays from dark matter decay.

6.2 Gamma Rays from Dark Matter Decay

To calculate the gamma-ray flux dark matter decay both in the Galactic halo and and ex-
tragalactic distances we follow the procedure outlined in Chapter 3. Aside from the prompt
radiation produced in dark matter decay, the electrons and positrons that may also arise as
decay products, and which may be the origin of the PAMELA and Fermi LAT anomalies, also
generate a contribution to the gamma-ray flux through their inverse Compton scattering on
the interstellar radiation field, which includes the CMB, thermal dust radiation, and starlight.
Recently, inverse Compton scattering was discussed in connection with the PAMELA excess
in [192, 193, 196, 197, 271, 272]. Furthermore, the interactions of energetic electrons and
positrons with the Galactic magnetic field produces synchrotron radiation in the radio band
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with frequencies O(0.1 GHz — 100 GHz), which may also be observable (see, e.g. [165, 195]).

Throughout this chapter we will assume the Einasto dark matter halo profile as defined
in Eq. (1.14), with @« = 0.17 and rs = 20kpc, unless stated otherwise. For the local dark
matter density we use the value p = 0.39 GeV cm 3, as determined in [122], to normalize
the profiles at the position of the Sun. Related uncertainties and their impact on our results
will be discussed below. For the size of the diffusive halo in which the electrons and positrons
propagate, we assume a cylinder of radius R = 20 kpc and half-height L = 3kpc.! The impact
of a variation of the height of the diffusive halo on our results will be discussed below.

6.3 Large-Scale Anisotropies from Dark Matter Decay

As discussed in Chapter 3, the decay of dark matter particles in the Galactic halo can pro-
duce gamma rays that could be detected as an exotic contribution to the diffuse extragalactic
gamma-ray background (EGBG). The diffuse extragalactic background at high energies is
believed to be dominated by the emission from unresolved active galactic nuclei (AGN) and
is expected to follow a power law, with an intensity and an index that have to be deter-
mined by fitting to the data [155, 157, 251]. Thus, if the dark matter particles decay at
a sufficiently high rate, one generically expects to observe a deviation from a simple power
law in the gamma-ray energy spectrum, which could show up in observatories like Fermi LAT.

A complementary signature of dark matter decay is the observation of anisotropies in the
EGBG. It is well known that the offset between the Sun and the Galactic center causes a
peculiar angular dependence in the gamma-ray signal from dark matter decaying [103] or an-
nihilating [273, 274] in the Milky Way halo, even when the halo profile itself is isotropic. From
our vantage point, the halo signal is largest in the direction of the Galactic center and small-
est in the direction of the Galactic anticenter due to the differing amounts of dark matter in
the respective hemispheres. On the other hand, some anisotropy would be expected between
the North (b > 0) and South (b < 0) hemispheres. The observation of an anisotropy that
is aligned in this way would be a strong signal for a contribution from dark matter and, on
the other hand, its non-observation would provide constraints on this scenario. Gamma rays
from the decay of dark matter particles at cosmological distances are isotropic and therefore
tend to reduce the anisotropy of the overall flux. This attenuation effect is small, however,
due to the relative weakness of the extragalactic contribution.

To compare the sizes of the halo and the extragalactic component of gamma rays from
decaying dark matter (neglecting ICS radiation for simplicity), we show in Fig. 6.1 the total
flux of photons, integrated over all energies, as a function of the angular distance from the
Galactic center, for a dark matter particle which decays producing a monoenergetic photon
with an energy in the range E! ~ 10GeV — 1TeV. As apparent from the figure, the cosmo-
logical contributions decrease with the energy due to the attenuation described above, while
the radiation profile from decaying particles in the halo is independent of energy. The halo

!For some sample decay channels we have cross-checked with GALPROP V50P, using appropriately modified
versions of the model 50p__599278 (which adopts a diffusive halo height L = 4kpc) and of the annihilation
package, that our approximations give correct ICS gamma-ray sky maps at the 30% level everywhere in the
sky for gamma-ray energies above 1 GeV.
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contribution typically dominates the total flux independently of the halo profile, except at
low energies E! < 10 GeV in the direction of the Galactic anticenter. The differences in the
two dark matter profiles become only relevant near the Galactic center when ¢ < 10° and at
the Galactic center the flux predicted for the Einasto profile is almost one order of magnitude
larger than the corresponding flux from the isothermal profile.
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Figure 6.1: Angular profile of the gamma-ray signal from dark matter decay as a function
of the angle 1 to the center of the galaxy. The solid (dashed) line shows the contribution
from decay in the Milky Way halo, assuming the Einasto (isothermal) profile. Extragalac-
tic contributions are shown in dotted lines for the case that dark matter decay produces a
monoenergetic line with energies between Eﬁ/ = 10 and 1000 GeV. The fluxes are integrated
over energy and normalized to the size of the extragalactic component when absorption is
neglected.

To analyze the prospects of detecting a gamma-ray anisotropy from dark matter decay at
the Fermi LAT, it is convenient to define the quantity

Jac — Jaac
bobr Jac + Jaac (6.1)

where Jgoc and Jgoac in general denote the total diffuse gamma-ray flux (the sum of con-
ventional astrophysical emission and the putative dark matter signal), integrated over the
photon energy E. in some energy range and appropriately average over the hemisphere in the
direction of the Galactic center (GC) and anticenter (GAC), respectively. Regions of the sky
at low (|b] < bp) or high (|b] > b1) Galactic latitudes are excluded from the average.

As an example, we calculate the anisotropy parameter A in different regions of the sky for
the decay ¢Ypm — v of a fermionic dark matter particle ¥py, after subtracting astrophysical
sources (the Galactic foreground and the extragalactic gamma-ray background), in order to
compare the anisotropy expected purely from dark matter decay to the anisotropy expected
from the Galactic models (in the rest of the chapter, however, we will consider both sources
of gamma rays simultaneously, calculating the anisotropy of the total flux). In this case, the
energy spectrum of gamma rays has two components: a monoenergetic line from the decay of
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dark matter particles in the halo and a redshifted line from decays at cosmological distances
(note that in this decay channel there is no contribution from ICS). We show in Table 6.1
the values of A for dark matter particles with masses between 20 GeV and 2 TeV, producing
monoenergetic photons with energies 10 GeV and 1 TeV, respectively. It is interesting that
the anisotropy parameter can be as large as 0.5 for large energies and relatively low latitudes.
In the region defined by by = 10° and b = 90° (on which we will concentrate below), the
anisotropy of the “pure” dark matter signal ranges between 0.20 and 0.36, with only little
dependence on the profile of the dark matter halo. These values have to be compared with
the anisotropies of the Galactic foreground as predicted by GALPROP (see below), which are
considerably smaller, and typically A < 0.10 in all the regions that are shown in Table 6.1, up
to energies above 300 GeV. Furthermore, the anisotropies measured by EGRET for energies
below 10 GeV are consistent with the predictions for the Galactic foreground [153].

Sky Patch Anisotropy Ap,:b,
by : by Einasto Isothermal
10°:90° | 0.21 —0.36 | 0.20 — 0.33
10°:20° | 0.32 —0.50 | 0.29 — 0.45
20° : 60° | 0.21 —0.35 | 0.20 — 0.33
60° : 90° | 0.07 —0.13 | 0.07 — 0.13

Table 6.1: Anisotropy of the gamma-ray signal from the decay ¥pnm — v of a fermionic dark
matter particle ¥pyr, after subtracting astrophysical contributions. The ranges correspond
to the anisotropies from gamma-ray lines with energies between 10 GeV and 1000 GeV in
different regions of the sky, see Eq. (6.1)

From the theoretical point of view, the search for anisotropies in the gamma-ray flux is
a cleaner method for the indirect detection of dark matter than the search for an excess in
the spectrum of the EGBG. As mentioned above, the genuinely extragalactic flux from active
galactic nuclei and other extragalactic sources is poorly understood. Thus, it is difficult to
make firm predictions for the total gamma-ray flux in scenarios with decaying dark matter,
even when the particle physics model is specified (namely, the dark matter mass, lifetime and
decay modes). Moreover, there are other potentially important isotropic contributions to the
total flux with an intensity that cannot be predicted theoretically. For instance, interactions
of high-energy cosmic rays with debris in the hypothetical Oort cloud could produce a sizable
gamma-ray flux, provided that the column density is larger than 1072 g em ™2 [275]. Since all
these contributions to the total flux are perfectly isotropic, they cancel out when calculating
the difference of fluxes between the Galactic center and Galactic anticenter regions.

To illustrate the large-scale anisotropy A that could be produced by dark matter decay, we
will show predictions for different dark matter decay channels and masses, including Galactic
foreground radiation and the astrophysical extragalactic background. As Galactic foreground,
we assume the predictions of the conventional GALPROP model [276] (model 44_.500180). For
the extragalactic background we will use the following parametrization, which agrees with
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preliminary results from Fermi LAT [277],

E —2.45

dd—El; = 5.8 x 1077 (GeV cmssr)~? (ﬁ) . (6.2)
For illustration, we show in the left panels of Fig. 6.2 the predicted anisotropy of the total
gamma-ray flux that would be measurable in the different regions in the sky if the dark matter
particles decay exclusively into 777~ pairs. The anisotropy is calculated taking into account
the Galactic foreground emission and the extragalactic background as discussed above. We
choose a dark matter mass mpy = 600 GeV and set the lifetime to oy = 3.5 x 1027 s. The
energy spectra dN. ./dE, . of photons, electrons and positrons generated in the 7% decays
are generated using PYTHIA 6.4 [249]. The lifetime is chosen such that the gamma-ray fluxes
are below and compatible with the EGBG, as demonstrated in the right panels of Fig. 6.2,
where we also show preliminary results from Fermi LAT for comparison.?

Furthermore, we note that the contribution to the total electron and positron fluxes from
dark matter decay is negligible in this scenario (¢f. Chapter 4). Interestingly, for the adopted
choice of parameters, an anisotropy is predicted that is significantly different from the one
expected from the diffuse Galactic emission in the conventional GALPROP model. Statistically,
such an anisotropy should be within the reach of Fermi LAT, as illustrated by the boxes in
the figure, which correspond to our estimates of the one-year and five-year statistical errors
of Fermi LAT, assuming exposures of ¢ = 3 x 109 cm?s [277] and ¢ = 2 x 10! cm? s [278],
respectively. For a discussion of our calculation of the statistical error, see below and Ap-
pendix A. As expected, the size of the anisotropy is largest at low latitudes b < 20°, and
decreases slowly when observing higher latitudes. On the other hand, the statistical error
is smallest in the patch of the sky shown in the upper panels of Fig. 6.2, where the whole
sky with |b| > 10° is included. The effects of inverse Compton radiation are negligible in
the present case of decays into 777~ pairs since the electrons and positrons produced in the
subsequent decays of the tau leptons have only relatively small energies.

To illustrate the impact of inverse Compton radiation, on the anisotropy parameter A, we
show in Fig. 6.3 the anisotropy of the gamma-ray flux assuming that the dark matter decays
exclusively into ete™ pairs, where we choose mpy = 1000GeV and 7oy = 2 x 10%7s. In
this case the dominant source of gamma rays is inverse Compton scattering (Note that we
assumed that the dark matter particle has spin 1; for scalar dark matter particles, helicity-
suppression leads to an enhanced rate of production of final-state radiation [279], suppressing
the relative contribution of inverse Compton). For comparison, we also show the anisotropy
that would be present if inverse Compton radiation were absent (dashed lines in the left panels
of Fig. 6.3). Note that in this scenario electrons and positrons produced in dark matter decay
yield a significant contribution to the local cosmic-ray fluxes, without being in conflict with
the PAMELA and Fermi LAT data. Again, we find that a sizable anisotropy is expected in
several patches of the sky. In this case, however, the gamma rays relevant for our predictions
are mainly produced close to the Galactic center, above and below the Galactic disk. Hence,
the anisotropies are relatively small at higher latitudes, |b| = 20°. A more detailed discussion

2Fitting the preliminary Fermi LAT results with a Galactic foreground model is well beyond the scope
of this work. Hence, there is a mismatch between the total fluxes and the data, which does not affect our
conclusions, however.
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Figure 6.2: Left panels: Anisotropy of the gamma-ray flux from dark matter decay into
7r7~ pairs as a function of energy. The dotted line shows the background anisotropy as
expected from the Galactic foreground, while the solid line shows the anisotropy of signal +
background. We also show the signal + background anisotropy neglecting gamma rays from
inverse Compton scattering (dashed, overlapping with solid line). Right panels: Gamma-ray
fluxes averaged over all Galactic longitudes as a function of energy. The thin solid line shows
the gamma rays from dark matter decay. The two dash-dotted lines show the astrophysical
EGBG and the Galactic foreground separately. The thick solid line shows the sum of all
contributions, whereas the dotted line shows the sum without contributions from dark matter.
From top to bottom the different panels show predictions for different patches of the sky.
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of the morphological differences between prompt and inverse Compton radiation from dark
matter decay can be found in Section 6.4.

If dark matter decay is the origin of the excess in the positron fraction observed by
PAMELA and in the total electron + positron flux observed by Fermi LAT, the predicted
anisotropies can be rather large. This is to be expected, since any explanation of these anoma-
lies requires the injection of hard electrons and positrons. In Fig. 6.4 we show our results for
the anistropy parameter A, which is expected if the dark matter particles decay via one of the
decay modes that we identified in Chapter 4 to fit the electron and positron data well.? To
minimize the statistical errors, we concentrate on the region defined by by = 10° and b; = 90°
(see Section 6.4). As is apparent from the plots, the predictions for some of the decay channels,
the predictions for some decay channels (in particular the decay ¢¥py — W*EuT) are already
in conflict with the preliminary results of the Fermi LAT collaboration for the EGBG, whereas
other decay channels are marginally consistent (e.g., the decay into u*p~ pairs). However,
even for those channels which are compatible with the data, sizable anisotropies, around
A ~ 0.2 — 0.3, are predicted at energies F, ~ 100 GeV. This is significantly different from
the anisotropy expected for the astrophysical foreground. As indicated by our estimates of
the statistical error bars for one year of Fermi LAT data taking, this deviation should be
clearly visible in the upcoming results for the diffuse gamma-ray sky. On the other hand, its
non-observation would impose strong constraints on the decaying dark matter interpretation
of the positron excess observed by PAMELA /Fermi LAT.

Uncertainties in the determination of the above large-scale anisotropy come from different
sources. When neglecting ICS radiation, the prediction of an anisotropy between 0.2 and
0.3 in the dark matter signal at latitudes |b| > 10° is relatively robust. The main sources
of uncertainty are the profile of the Milky Way dark matter halo and its normalization. As
discussed above, the dependence on the profile is rather weak (c¢f. Table 6.1). Only in case
of a much lower value for the local dark matter density, say ps = 0.2GeV cem™3, and only
for gamma rays with energies Ei/ < 10 GeV the anisotropy can become as small as A ~ 0.15.
On the other hand, the size and anisotropy of the ICS radiation from electrons and positrons
originating from dark matter decay is plagued by many uncertainties like the exact height of
the diffusion zone, the distribution of the ISRF and the size of the Galactic magnetic field.
In general the ICS radiation, and hence the overall anisotropy of the observed flux, becomes
stronger if the height of the diffusive halo is increased, but a detailed study of these uncer-
tainties is beyond the scope of this work. Note, however, that the large scale anisotropies
predicted for the decay channels shown in Fig. 6.4 are sizable even if ICS radiation is neglected
(dashed lines in the left panels).

Finally, we will discuss in a more quantitative way the main prospects for the Fermi
LAT to detect gamma rays from dark matter decay through the observations of large-scale
anisotropies. To this end we will neglect inverse Compton radiation for the electrons and
positrons produced in the decay of the dark matter particles, and we will assume perfect sub-
traction of the Galactic foreground. The remaining flux is then expected to be constituted
by the isotropic EGBG, which is possibly contaminated by anisotropic radiation from dark

3We use slightly larger lifetimes here than in Chapter 4 to compensate for the slightly larger local dark
matter density used here.
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Figure 6.3: Same as Fig. 6.2, but for the decay into eTe™ pairs. Here, in the left panels
the difference in the predictions for the anisotropy when including inverse Compton radiation
(solid line) and neglecting inverse Compton radiation (dashed line) is clearly visible.
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Figure 6.4: Predictions for the five dark matter decay channels that were found to fit the
positron excess as observed by PAMELA /Fermi LAT. The left panels show predictions for
the total measurable anisotropy at latitudes |b| > 10° (solid line) and estimates of the corre-
sponding 1-year and 5-year statistical error bars of the Fermi LAT measurements. The dotted
line is the anisotropy predicted by the conventional GALPROP model. In the right panels we
show predictions for the averaged fluxes in the same sky region. Line coding is the same as
in Fig. 6.2.
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matter decay. For definiteness, we will assume that the remaining flux follows the power law
in Eq. (6.2).

Provided that a fraction fg of the considered gamma-ray photons in a given energy range
is due to decaying dark matter, the measured anisotropy A is given by

A= fsigAsig + (1 - fsig)Abkg . (63)

Here, Agz and Ay denote, respectively, the anisotropy of the dark matter signal, which
can be read off from Table 6.1, and the anistropy of the astrophysical background, which is
Apkg = 0 as per our assumptions. A possible detection at the 30 level requires that
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fsig > A (6.4)

sig — Abkg ’
where o 4 denotes the standard deviation of the anistropy A. It depends on the total number of
measured photons /N, and can be approximated by o4 ~ N —1/2_ The adopted approximation
for o4 is better than 10% as long as |A| < 0.3 and 04 < 0.2. See Appendix A for a short
discussion. The photon number density is given by

dJ

in (6.5)

Eq
N’Y =£&- sty/ dE,Y
Eo
where € denotes the observationally given exposure (see above) and () is the solid angle
of the sky under observation, which is given by (g, ~ 4m - 0.83 if the Galactic disk with
b] < 10° is excluded. Following Eq. (6.2), the Fermi LAT will detect N, ~ 3.0 x 10%
(N, ~ 1.1 x 10%) photons with energies E, > 10GeV (E, > 100GeV) after five years
of data taking. Taking for definiteness Agz = 0.3, this allows in principle a 30 detection
of a dark matter contamination down to fss =~ 6% (fsg =~ 30%). Note, however, that
additional statistical noise and systematic uncertainties from point source subtraction and
the determination of the Galactic foreground are neglected in this estimation and can reduce
the sensitivity to fs by factors of order one.

6.4 Morphology of Prompt and Inverse Compton Radiation

In this section we will briefly discuss the differences between observing ICS radiation from
positrons and electrons from dark matter decay and observing the gamma rays that come
directly from the decay itself (prompt radiation like “internal bremsstrahlung”) by means of
signal-to-noise and signal-to-background ratios.

Signal-to-noise ratios quantify the significance of a signal against random statistical noise.
The signal-to-noise ratio S/N of a dark matter signal with respect to the background is given
by

Nsig
S B (6.6)

/Nsig + N’l;)kg

where Nf,ig and NJYDkg denote the number of detected signal and background photons, respec-
tively, that are observed in a given sky region Af2 and energy band Fjy ... E;. Signal photons

=l»
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signal-to-noise ratio of prompt radiation
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Figure 6.5: Upper panel: Sky map of the relative signal-to-noise ratio of the gamma-ray signal
from dark matter decay as a function of Galactic longitude ! and latitude b, normalized to
unity at the Galactic center. Lower panel: Sky map of the relative signal-to-background ratio
for the same process. Extragalactic and ICS radiation is neglected, and for the background
we assume the predictions of the conventional GALPROP model at 100 GeV.

are all photons from dark matter decay; background photons are in principle all other ob-
served photons, including the astrophysical part of the EGBG and the Galactic foreground.

Since the number of detected photons scales like
B dJ

N! o / aQ [ dE
AQ Ey Y

= AQJ;, (6.7)

the signal-to-noise ratio in the limit A{) — 0 has the proportionality

Tsig
s J (6.8)

N x v/ Jsig + Jbke ’
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where J%& and JP*8 denote the appropriately averaged and integrated signal and background
gamma-ray fluxes, respectively. In the upper panel of Fig. 6.5 we plot the relative signal-to-
noise ratio (with arbitrary normalization), assuming that the background completely domi-
nates the signal, J%¢ < JP%8 and neglecting ICS and extragalactic radiation. As background
we take the predictions of the conventional GALPROP model at £, = 100 GeV (from [276], see
above), but the results do not change qualitatively for other energies. The anisotropy of the
dark matter signal as a function of [ is clearly recognizable in the plot. Furthermore, it is
apparent that, from the perspective of statistical noise, the sky regions that are most sensitive
to decaying dark matter signals lie closely above and below the Galactic center, with || < 25°
and 5° < |b] < 35°.

To determine the best observational strategy in light of the systematics that are related
to the determination of the Galactic foreground, it is more convenient to consider the signal-
to-background ratio J8/.JPk& (we assume that systematic uncertainties scale roughly like
~ JPk8), We show the signal-to-background ratio as a function of the Galactic coordinates in
the lower panel of Fig. 6.5. Again, the large-scale anisotropy of the dark matter flux is clearly
visible in the plot. Furthermore, it is apparent that concerning systematics, the best strategy
is to avoid regions near the Galactic plane and to observe fluxes only at higher latitudes,
|b| = 20°. However, as a compromise between statistical and systematic uncertainties we
choose to consider the whole region 10° < |b| < 90° in most of the present analysis.

signal-to-background ratio of ICS radiation

0.008 0.04 0.20 1

b [degree]

1 [degree]

Figure 6.6: Sky map of the relative signal-to-background ratio of pure ICS radiation from
dark matter decay at the energy £, = 10 GeV. We assume that mpy = 1TeV and that the
dark matter is decaying into eTe™ pairs. For the background we assume the fluxes from the
conventional GALPROP model.

In contrast to gamma rays that come directly from decay of dark matter, the gamma rays
that originate in inverse Compton scattering of positrons or electrons from dark matter on the
ISRF are mostly coming from the region near the Galactic center. This can be seen in Fig. 6.6,
where we plot the signal-to-background ratio of the pure ICS signal caused by dark matter
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decaying into ete™ pairs (with mpy = 1 TeV) as a function of the Galactic coordinates. The
gamma-ray energy is F, = 10GeV in this plot. As background we again use the predictions
from the conventional GALPROP model. From the figure it is apparent that the relative size of
the signal peaks at regions very closely above and below the Galactic center, with [I| < 20°
and 5° < |b] < 30°. This suggests that concentrating the observation on these regions is most
promising for the search for ICS radiation from dark mattter decay. However, in light of the
large underlying uncertainties related to the predictions of ICS radiation we will neglect these
subtleties, and we consider ICS radiation only in so far as it affects the anisotropies and fluxes
in the sky regions that are most promising for the search for gamma rays coming from dark
matter decay itself.

6.5 Conclusions

Dark matter particles could decay into gamma rays at a rate which is sufficiently large as to
allow the indirect detection of the dark matter through an excess over the expected power law
in the energy spectrum of the diffuse extragalactic gamma-ray background. In this chapter
we have discussed a complementary way of indirectly detecting unstable dark matter par-
ticles by exploiting the fact that the Earth is not located at the center of the dark matter
halo, leading to a dipole-like asymmetry in the gamma radiation from dark matter. We have
discussed the relative size of the extragalactic and the halo component of the gamma rays
from dark matter decay, incorporating the attenuation effects from pair production on the
intergalactic background light, and we have calculated the dipole-like anisotropy between the
high-latitude gamma-ray flux coming from the Galactic center and anticenter regions for dif-
ferent dark matter decay channels. We have furthermore demonstrated the strong impact of
gamma rays from inverse Compton scattering of electrons and positrons from dark matter
decay on the anisotropy signal. We have found that if dark matter decay is the correct expla-
nation of the excesses in the positron fraction and the electron + positron flux reported by the
PAMELA and Fermi LAT collaborations, based on the statistical errors we have estimated
such an anisotropy in the gamma-ray flux should be observable by Fermi LAT (see Fig. 6.4).



Chapter 7

Gamma-Ray Lines from Radiative
Dark Matter Decay

The decay of dark matter particles which are coupled predominantly to charged leptons has
been proposed as a possible origin of excess high-energy positrons and electrons observed by
cosmic-ray telescopes PAMELA and Fermi LAT. Even though the dark matter itself is elec-
trically neutral, the tree-level decay of dark matter into charged lepton pairs will generically
induce radiative two-body decays of dark matter at the quantum level. In this chapter, which
is based on the publication [1], we calculate the rates of radiative two-body decays for scalar
and fermionic dark matter particles using an effective theory of leptophilic dark matter decay.
Due to the absence of astrophysical sources of monochromatic gamma rays, the observation
of a line in the diffuse gamma-ray spectrum would constitute a strong indication of a particle
physics origin of these photons. We estimate the intensity of the gamma-ray line that may
be present in the energy range of a few TeV if the dark matter decay interpretation of the
leptonic cosmic-ray anomalies is correct and comment on observational prospects of present
and future Imaging Cherenkov Telescopes, in particular the CTA.

7.1 Introduction

There exists the possibility that the excess of positrons and electrons is due to the annihi-
lation or decay of dark matter particles. However, measurements of cosmic-ray antiprotons,
in particular measurements of the antiproton-to-proton ratio by PAMELA [129, 280], yield
stringent constraints on the fraction of dark matter decays or annihilations into hadronic
final states. This has lead some authors to consider “leptophilic” models of dark mat-
ter [7, 281, 282, 283, 284, 285, 286, 287, 288, 289], where the dark matter is coupled pre-
dominantly or exclusively to charged leptons. In the following, we consider the possibility
that the dark matter particles decay leptonically with extremely long lifetimes. More pre-
cisely, the interpretation of the leptonic cosmic-ray anomalies observed by PAMELA and
Fermi LAT in terms of dark matter decay suggests a lifetime of the dark matter on the order
of 10%% seconds (see Chapter 4).

In this chapter, we examine some of the effects of leptophilic models of decaying dark

matter which arise at next-to-leading order in perturbation theory and show that they can
have relevance to indirect dark matter searches. We will not speculate on the precise nature
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of the particle physics that could give rise to leptophilic dark matter decay. Instead, our ap-
proach will be to examine simple models where we assume effective interactions that describe
the desired leptophilic coupling of dark matter particles to charged leptons. The salient point
for us here is that even if one assumes an exclusive coupling of the dark matter to charged
leptons at tree level, this behavior is only valid at leading order, while at next-to-leading
order other particles, including photons and weak gauge bosons, will be produced. Indeed,
these higher-order corrections have been analyzed in the past for the case of annihilating dark
matter [290, 291, 292, 293, 294, 295]. It is well known that the higher-order corrections in the
form of internal bremsstrahlung or from final-state radiation of weak gauge bosons can even
dominate under certain conditions [291, 294].

The decay modes induced by higher-order corrections are usually suppressed by powers of
the couplings and possibly loop factors, as opposed to the leading-order decay modes. This
means that the resulting decay products will be difficult to detect unless they possess some
distinct features. Weak gauge bosons can be produced, for instance, via final-state radia-
tion off the charged leptons [296]. By their subsequent hadronization, the massive gauge
bosons will then generate hadronic particles, including antiprotons [295]. Therefore, every
leptophilic dark matter model that aims to explain the leptonic cosmic-ray anomalies also
serves as a source of antiprotons. In this chapter, however, we will focus on complementary
constraints arising from a different decay channel induced by higher-order effects. Namely,
we will study radiative two-body decays involving photons. These are particularly interest-
ing, since they give rise to monochromatic lines in the diffuse gamma-ray spectrum or in
extragalactic sources. Such lines are of utmost importance because astrophysical processes
generally generate continuous gamma-ray spectra. Thus, the observation of a gamma-ray line
would be a compelling signature of an underlying particle physics process. In some cases, a
gamma-ray line can be produced already in tree level decays [11]. In the present work, we
demonstrate that for leptophilic models of dark matter, the ratio between leading-order and
next-to-leading-order decay modes can be large enough to produce a potentially observable
gamma-ray line signal.

This chapter is organized as follows. In Section 7.2, we discuss the production of monochro-
matic photons from radiative two-body decays induced at the one-loop level for fermionic
dark matter particles in a simple leptophilic toy model. In Section 7.3, we examine the
corresponding case for a scalar dark matter particle. Next, in Section 7.4, we discuss observa-
tional constraints on gamma-ray lines in the GeV to TeV region and compare existing bounds
with the expected signal from dark matter decay. We also comment on future observational
prospects, in particular for the proposed Cherenkov Telescope Array. Finally, we present our
conclusions in Section 7.5.

7.2 Radiative Decay of Fermionic Dark Matter

We first regard the case that the particles comprising the dark matter are fermions which
we denote by ¥py. We require that the dark matter decays with a large branching fraction
into pairs of charged leptons in order to explain the excess of such leptons in high-energy
cosmic rays, and we assume that this is the only channel in which the dark matter decays at
leading order. If the dark matter carries spin 1/2, Lorentz invariance requires the decay to
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N(ky) N (ki)

YoM (P) (Y (]9)

Figure 7.1: Tree-level diagrams contributing to the three-body decay ypm — (T4~ N of
fermionic dark matter, mediated by a heavy charged scalar . Instead of the intermediate
scalar 3, the decay can also be mediated by a vector V.

N (k)

Figure 7.2: Diagrams contributing at one loop to the radiative two-body decay ¥py — YV,
induced by a charged scalar ¥ (top row) and a vector particle V' (bottom row), respectively.

There are two additional diagrams in each case which differ only by the direction of the charge
flow.

be (at least) a three-body decay involving a third, electrically neutral fermion N for angular
momentum conservation. Thus, the decay ¥pm — ¢~ N is the simplest one allowed by
gauge and Lorentz invariance. Here, N could be a neutrino, a neutralino or a gravitino, for
instance. The decays may be mediated by a virtual charged scalar particle ¥ or by a charged
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vector boson V', with masses my, and my, respectively, which are assumed to be larger than
the mass of the dark matter particle. We regard the two cases separately.

In the case of an intermediate scalar, the effective Lagrangian that we use is given as the
sum of a term coupling the dark matter, which we take to be a metastable Majorana fermion,
to a charged lepton and a ¥ particle, as well as a term coupling the neutral fermion to the
> and a lepton field. We decompose the couplings into left- and right-handed components to
allow for chiral couplings. Then the Lagrangian has the form

L3 = —¥pm [Ny P + My Pr] 3T — N ANy P+ My Pr] €57 + hec., (7.1)

where P, = (1—+°)/2 and Pg = (14+°)/2 are the left- and right-handed chirality projectors,
respectively. The A-couplings can in general be complex. To obtain the required cosmological
lifetime for the dark matter, the couplings have to be super-weak or the mass my of the
mediator has to be super-heavy. The operators of the effective Lagrangian induce three-body
decays of the dark matter into a pair of charged leptons and a neutral fermion at tree level,
Ypm — €707 N. The corresponding diagram is shown in Fig. 7.1.

In the case of a vector interaction, on the other hand, we assume an effective Lagrangian
of the form

LY = —omy" [Ny Pr + A Pr] €V, — Ny [Ny Pr + Ay Pr] £V, + hee.. (7.2)

The case of mediation by a vector boson is more involved than the previous case of mediation
by a scalar. In choosing a Lagrangian of this form, we assume that the essence of the gauge
interaction giving rise to this Lagrangian is captured by the effective charged-vector interac-
tion. In general, one expects neutral currents in association with the charged currents, which
introduces a high degree of model dependence. For simplicity, we assume here that the decay
is dominated by the charged-current interaction.

7.2.1 Decay Widths

In the following we examine decay modes of the dark matter at the tree- and one-loop level
and summarize the relevant decay widths.!

Tree-level decay: {py — (TN

The leading-order decay induced by the effective Lagrangian is the three-body decay ¢Ypy —
(¢~ N. If the dark matter decays in this way, it constitutes a possible explanation for
the observed cosmic-ray anomalies under certain conditions [4]. We present the relevant
expressions for the decay widths in the following.

Mediation by a Scalar. In the plausible limit m, < my,,;, < my, the partial decay width
for the decay ypy — ¢4~ N is given by (see Appendix B.1 and [299])

5

_ 1 m
['(¢Ypm — e N) = m 6;2]34M {CIEFl(m?V/mfbDM) + CEFQ(m?V/m%/JDM)} : (7.3)
2

'We have cross-checked the matrix elements for the three-body decays and the decay rates in the following
sections by comparing them to the results from FeynArts [297] and FormCalc [298].
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The constants C;°, C3 are determined by the couplings as
OF = (M * + IMGI2) (N P+ IR 1) — nRe (AZ AR AR (7.4)

CF = mRe | (VEGR) + (VAR (7.5)

Here, n = nyp,nn = £1 depending on the CP eigenvalues of ¢py and N. The kinematical
functions, on the other hand, are given by

Fi(z) = (1 —2*)(1 + 2 — 8z) — 122 In(z) , (7.6)
Fy(z) = Va[(1 — 2)(1 4 10z 4 %) + 62(1 + 2) In(z)] .

In the hierarchical limit mpy/my,,, — 0, the kinematical functions satisfy
Fi(x)~1, Fx)~yz for -0, (7.8)

whereas in the degenerate limit my/my,,, — 1, one gets

Fiiz)~=(1-2) F@)~—1-2)° for z—1. (7.9)

1
10

(S0 )

In the limit my < myy,, the decay rate (7.3) corresponds to a lifetime

0.1 1 TeV)® my 4
e ~ 6% 10%s (== ( ) . 7.10
TYon—LHEN % > (Cf) (meM> 1015 GeV (7.10)

In the case where my,,,, and my are quasi-degenerate, the decay rate scales approximately
like (Myppy — ma)°.

Mediation by a vector. For the vector-mediated decay we find for the three-body decay
rate in the limit m, < my,,, < my

5

1 my, v ) ) ; o
64(27‘(‘)3 6m€M {Cl Fl(mN/m¢DM) + C2 FQ(mN/m¢DM)} s (7.11)

T(oa — £+ N) =

where the functions F; and F» are the same as in Egs. (7.6), (7.7) and
CY = (M2 + IMEJ) (Nl? + INBP?) + 2nRe VB ARARAG) . (7.12)

cY =23 Re [(AZLM,%;Q)Q + (A,{,}Afﬁﬂ = Cr. (7.13)

For my < my,,, and an analogous choice of parameters, the lifetime is smaller by a factor
of four compared to Eq. (7.10),

0.1\ /1 TeV\® m 4
Typm—lte—N = 1.5 x 107 s <—CY> ( > (1015 Go ) . (714)

Mypm




90 CHAPTER 7. GAMMA-RAY LINES FROM RADIATIVE DARK MATTER DECAY

One-loop decay: Yvpm — 7N

By combining the external charged lepton lines from the tree-level diagrams into a loop, we
obtain diagrams contributing to the two-body decay ¥py — vV (see Fig. 7.2). This decay
mode will be suppressed with respect to the tree-level three-body decay by a loop factor and
an additional power of the electromagnetic coupling. This is partially compensated by phase-
space factors, however. More importantly, the two-body decay gives rise to monochromatic

photons at an energy
2
E, = % (1 -~ DN ) , (7.15)

Mpm

which can result in a distinct observational signature at gamma-ray telescopes, as will be
discussed in some detail in Section 7.4. Interestingly, the experimental constraints on the
parameters of decaying dark matter stemming from the non-observation of energetic gamma-
ray lines could, despite the loop-suppression, be more stringent than the ones stemming from
measurements of cosmic-ray electrons and positrons.

Based on gauge invariance, and irrespective of whether the decay is mediated by a scalar
or a vector particle, the matrix element for the sum of all diagrams contributing to the radia-
tive two-body decay can be written in the following form, introducing an effective coupling

gN’Y¢ [300] )

’L
M = I gy ) (P — NNNMpa PL) o™ ko u(p)
Maypm
gnN _ %
= — I Gk ) (Pr — 5o Pr)ad “u(D) (7.16)
Mappm

where o = i[y*,4"]/2 and 1y, nnv are the CP eigenvalues of ¢¥py and N, respectively.
The partial decay width for ¢py — N can then be easily calculated to be

2 2 3
) m
F(T;Z)DM — ’)/N) = Nyd meM <1 — 2N ) . (717)

8 my o

The effective coupling gy~ encodes all the information about the interaction between dark
matter and the decay products. We give explicit expressions for this coupling in the following.

Mediation by a scalar. We first examine the case of mediation by a charged scalar particle
Y (top row of Fig. 7.2). Assuming that CP is conserved in the interactions of ¥py and N,
i.e., when the A-couplings are assumed to be real, the explicit form of the effective coupling
g]%,yw can be expressed as follows,

_enNm
gzwi - 167 IQpDM Z ch@{ F(Mpu )‘ZLN)\Z) - WNAfN)‘ZLw)I

+wmwwwmwmwmwm—m—wmmm (7.18)

where the loop integrals I, I? and K are defined in Appendix B.1.2 The sum runs over all
lepton flavors ¢ € {e, u, 7}, for which @, = C;, = 1. If multiple mediator particles (like left-

2Note that the superscript ‘2’ in the integral I2 is an index, not a square.
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and right-handed sleptons, ¥ = ‘, L,Z Rr) are present, one also has to sum over their contribu-
tions. In principle, there can also be contributions from quarks in the loop. Then, the sum
runs over quarks and leptons with electric charge @), and color charge C; = 3. However,
tree-level decays into quarks can potentially lead to an overproduction of antiprotons if the
relative size of the effective coupling to quarks compared to the coupling to leptons is too
large. The requirement of avoiding antiproton overproduction then leads to the assumption
of a leptophilic structure. For this reason, we assume throughout this work that the dark
matter decays only into leptons at tree level.

If the mass of the intermediate particle 3 is much larger than the other masses, the loop
integrals take on a very simple form. The effective coupling is then given approximately by

b €N o < nmN> QiCy
INye = Gz ™o (17 N ALy = nAINA (7.19)
Ny = g2 YoM Mo ZZE: mz {( NNy — T AN &p)}

For the concrete case where there is only one mediator ¥, which couples exclusively to
leptons, the decay rate reads

e2 mz m2 ’ nmy 2
I'(¢pm — YN) = M o[ N <1 - )
Wor =M = ot \| ot

VDM

2
0

For my < myy,,, this decay width corresponds to a partial lifetime

0.1 1 TeV® 4
TyparoN = 7 X 10% s ° ) ( di> ) : (7.21)

it ot (o) (G

Mediation by a vector. In the case of mediation by a charged vector boson (bottom row
of Fig. 7.2) we obtain the following expression for the effective coupling [300],

ennm
91‘\/% = TwDM Z {(U¢DMUNA£NA£w - )‘fN)‘Zb) [nwDmeDM(IQ - J - K)
l
(T = K)] + 2me (o M AL, = v AT} (7.22)

where we encounter an additional loop integral J, which is defined in Appendix B.1. Again,
it is possible to include quarks by the replacement ), — > f QCy. However, as discussed
above, this would not correspond to a leptophilic model. In the limit m, — 0, myy,, < my,
the above expression simplifies to

2
3en My _nmn I R \R
gNw 3272 m%/ My Zg: )‘ZN)‘w - 77)‘£N)\z¢) . (7.23)
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Thus, in the limit m, < my and my,, < my we obtain for the decay width

9¢? m?b m?v ’ nmy 2
F(¢¥pm — YN) = s— o (1——%— <1— >
8 (327w2)° my, Mypn Mypm

2
l

For my < myp,,, this yields a partial lifetime

0.1 1 TeV\® m 4
TN 2 2 x 1028 g — <mw > (1015 éeV) . (1.25)
[Zz (77 )‘zN)‘w - )‘zN)‘w)] oM

7.2.2 Intermediate Scalar: Intensity of the Gamma-ray Line

The detectability of a loop-induced gamma-ray line will depend crucially on the ratio between
the three-body decays at tree level and the two-body decays at the loop level. We examine
the general expressions first and then evaluate them for some specific examples.

General Expressions

In the intermediate scalar case, the ratio between two- and three-body decay widths reads,
neglecting the charged lepton masses,

2
Dloa = N) o | e (M =AM )| (1= (1 vy
Y Do — C0N) ~ =, CTFi(x) + CY Fy() |

(7.26)

where © = m3 /mfbDM and the kinematical functions F; and F, were defined in Eqgs. (7.6),
(7.7). This general expression can be used to study the intensity of the one-loop induced
gamma-ray line in different scenarios. The numerical value of the prefactor is 3y, /(87) ~
1/1148.

In general, the fraction depends on the chiral and flavor structure of the couplings, the
mass ratio my /my,,, of the decay product and the dark matter particle, and the relative CP
parities n = £1 of N and v¥py. For many practical purposes, it turns out that the dependence
on the couplings A¢y/y and on kinematics, i.e. on z = m%v / m?pDM, can be factored according
to

F(T;Z)DM - 'YN) ~ 3Cem
Zé L(yYpm — ¢H¢—N) 8w

X R?O‘%N? )‘éLdn )‘va )‘ﬁb) X SU(mN/meM) : (7'27)

In this parametrization R? captures the model-dependence, whereas S, is determined entirely
by kinematics.

It is interesting to consider the two limiting cases of hierachical masses, my/mqyy,,, — 0,
and degenerate masses, my /myp,,, — 1. In the hierarchical limit, and assuming for simplicity
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real couplings, one explicitly obtains S};ier =1 and

[Ze <)‘£N)‘£¢ -1 )‘ENA@)] i

R’?,hier()\év’ )\ﬁw’ )\fN’ )\gp) - L2 R2\ (L2 R2 L \L YR \R |
>0 {(Azw AR (MR AR — )‘w)‘m)‘w)‘m]

(7.28)

For generic couplings, RE shier i roughly of order one, unless for some special cases where can-
cellations or chirality suppressions occur. It follows that in the hierarchical limit the two-body
decays into YN are typically suppressed roughly by a factor 1072 compared to the tree-level
decays into #7¢~N. In the next subsection we will examine the model-dependent factor R?
for some specific cases.

On the other hand, in the degenerate limit my/my,,, — 1, and again assuming real
couplings, one finds

R}#deg()‘%N’)‘l%w’ AfNa )‘ﬁﬂ) = (729)
2
[Ze <)‘5N)‘£L¢ - )\fN)‘ﬁz;ﬂ

2
S |2 08 + NP O + M) + 7 (Ml — M) |

)

which is also roughly of order one for generic couplings, R? deg O(1), and

de 5/12 for n=+1
S” g(mN/meM) = { 20/(1 — m?\,/mQDM)2 for n=-1. (7.30)
Thus, for the case n = +1, i.e. when ¥py and N have the same CP parities, we again find a
typical suppression factor of the order of 1072 for the two-body relative to the tree-level decay
rate, as in the hierarchical case. Interestingly, however, when ¢py and N have opposite CP
parities, n = —1, the two-body rate can be enhanced significantly even for a relatively mild
degeneracy, as is shown in Fig. 7.3. This enhancement is due to the fact that the decay rate
I'(¢pm — YIV) is proportional to (my —myyp,, )3, whereas the decay into leptons is suppressed
like (my — myp,,)° [300]. Most interestingly, due to this enhancement the decay rate into
vN can be rather large in some cases, yielding potentially very intense gamma-ray lines. As
a side remark, we note that in addition to the decay channel ¥py; — vIN into photons, there
can exist a decay mode ¢py — Z°N into Z-bosons, which can naively be expected to be of
similar size. Thus, for situations where the gamma-ray line signal is strongly enhanced, an
equally enhanced decay into Z-bosons can yield additional constraints from the antiproton
flux produced by the subsequent fragmentation of the Z-bosons. We leave a more detailed
discussion for the future [301].

For concreteness, we consider the case of purely chiral, say left-handed, couplings, and
that only one mediator species is present. Then the fraction of decay rates is given by

Iy ) 5 1 for my — 0, n==+1
DM — 7Y Qem hir 5 f — 1

— >~ R¢ 12 Or MN — Mypy, 1=+1 (7.31)
Zé I'(¢ypm — €T~ N) 8w + for my — myp,, 1= -1
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In this case the model-dependent factor for the hierarchical and degenerate regimes coincides,
R¥hbier — p¥deg = Rebir 51 is furthermore independent of 7. Explicitly, one has

DReVAK

Rehir _ .
S (ML)

(7.32)

The result for purely right-handed couplings is analogous. For a generic choice of couplings,
one expects R ~ O(1). Note that RM* < N, where Ny is the number of flavors partici-
pating in the decay.

For example, consider two particular cases for the flavor composition of the lepton pairs
produced in the decay:

(A) Decay into a single lepton flavor: p*pu~,
(B) Flavor-democratic decay into ete™, utu=, 7777.

Then one has R"" = 1 in case (A) and RM" = 3 in case (B). The dependence of the ratio of
decay rates on the mass ratio my/myy,, is shown in Fig. 7.3 for the two cases (A) and (B),
and for n = £1. This dependence is in fact a rather generic feature, which is independent of
the details of the couplings. We emphasize again that, in the case when Ypy and N have
opposite CP parities, n = —1, even a rather mild degeneracy between my and my,,, can lead
to a considerable enhancement of the gamma-ray line signal relative to the electron/positron

flux.
1 L S |
Tomony /Tomoni-1+ scalar — mediation
. 01f n=-1 .
r eet+uyput+r 7t
P4
T
L 0.01 =1
\}\ A E /1_#+ 3
4
T
= -~
2 S e _________
0.0017\\\__ o
1074 | | . | |
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Figure 7.3: Ratio of the decay rates I'(¢ypm — YN)/ >, T'(¢¥pm — €17 N) when the decay is
mediated by a scalar. The four cases correspond to single-flavor decay (red) and democratic
decay into all flavors (blue), as well as ¥py/N having the same CP parity (dashed, n = +1)
or opposite CP parity (solid, n = —1). See Eq. (7.31).
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Examples

Next, we will discuss the branching ratio into monochromatic photons for several specific
scenarios. Namely, we consider the case where N corresponds to left-handed neutrinos vy,
as well as the scenario of kinetically mixed hidden U(1) gauginos, where N corresponds to a
neutralino.

Decay into left-handed neutrinos.

As a basic example for the scalar-mediated decay described in the previous subsection,
we consider the case where the neutral fermion is a left-handed neutrino, N = vy. Then one
can set )\fy =0 and m, = 0.

From Eq. (7.26) it directly follows, that in the limit m, < my,,, < myx the ratio reads

2
F(¢DM - ’77/) ~ 3em [Z[ )\ﬁ)\gﬁ]
T (Ye-v) 8 2 2 )
2 H (o = V) " > (‘Alﬁp‘ + ‘Agp ) ‘)\ﬁ ’

(7.33)

As long as only one virtual scalar particle is relevant for the three-body decay, the last factor
in this expression is bounded from above by the number of lepton flavors Ny that contribute
to the decay. For N, = 3, this corresponds to a branching ratio into monochromatic photons
smaller than 3 x 1073,

Hidden-gaugino dark matter.

In this section, we consider a scenario where a portion of the dark matter is made of
the gauginos of an unbroken hidden-sector U(1)x which interact with the visible sector only
through a tiny kinetic mixing. See Chapter 10 for a detailed discussion of the cosmic-ray
signatures of this scenario.

In supersymmetric scenarios with an extra unbroken U(1)x gauge group in the hidden
sector, which kinetically mixes with the Standard Model U(1)y, the particles ¢py and N
could be associated with the hidden gaugino and the lightest MSSM neutralino, respectively.
If the kinetic mixing parameter 6 is extremely small, the hidden gaugino could constitute
decaying dark matter [100]. For a bino-like lightest neutralino and ¥ = ¢; being a left-
handed slepton, the couplings are approximately given by

/
Ao~ I yig 7.34
0p NG ‘ ( )
g/
= ﬁYzLa (7.35)

where § ~ 10724 is the mixing angle of hidden gaugino and bino, fixed by the requirement of
a lifetime of the order of 10%¢ s, and YZL =+1.

For a hidden gaugino that decays into a bino-like neutralino, the decay rates are given in
appendix A of [100]. One can also obtain these rates using the expressions derived above. In
particular, we have to sum over two “mediators” ¥ for each flavor:
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o U=l My, =LY, My =LY ML ~0, A~

P
= 0 Al = G =0 M

In addition, there are corresponding contributions from (s)quarks. We assume m 7> Myps

Zw_\f
o X =lp: A =2YRo AR —

and neglect the mixing of J?L, gr for simplicity. Note that there are additional contributions
from chargino loops [300] that are suppressed by the fourth power of the inverse chargino
mass. We assume that the squarks are much heavier than the sleptons, and we furthermore
assume that all slepton masses are degenerate. Finally, if we take the limit my, — 0, we get

2 ’462 me m2 3 m 2
I'(Ypm — yN) =~ vou (1 N <1—77 o >
8 (3272)% 16m; m Mppy
x [3 (1 —4n)]*. (7.36)

If the bino and the hidden gaugino have the same CP eigenvalue, one has n = +1, otherwise
n=—1.

The three-body decay rate can be obtained from Eq. (7.3), which can be easily general-
ized to also account for neutrinos and quarks in the final state. Note that in general, one has
to add the matrix elements for the decays mediated by ¥ = Ip and ¥ =1 Rr, and compute
the decay rate from the square of the summed matrix elements. However, it turns out that
all “interference” terms are suppressed by the bino-higgsino mixing,® which we neglect here.
Thus, it is possible to add the decay rates directly. Note that there is an additional contribu-
tion from a Z° on the intermediate line [299], which is subdominant for the parameter range
considered in [100]. Therefore, we also neglect it here for simplicity. We assume, as above,
degenerate sleptons. The decay rate summed over three generations of charged leptons and
neutrinos is thus (assuming mz ~ m;)

4
162

M x 3 x 18 x (Fy + 2nF) . (7.37)

2_ (Yo — LEN) 64(2m)° 24m?

v

In the hierarchical limit my < My, the kinematical factor approaches unity, Fy+2nF; — 1.
In the degenerate limit my — myy,,, one finds Fy + 2nFy — (2 +n)(1 — mN/meM) /5.

The ratio of decays into vV to the decays into charged leptons is thus given by

I'(vpm — YN) ~ 30em [3(1 — 477)]2 (1- 5'3)3 (1- 77\/5)2 (7.38)
> T(pm — £H4—N) — 8« 51 Fi(z) + 2nFy(x) '
=Ry, =5y

with © = m?\,/miDM. For the hidden gaugino, the decays vpy — Z°N and vpy — h°N can
also be important since they occur at tree level. Their rates are given in Egs. (A.1) and (A.3)

of [100].

3The reason is the following: If we consider a pure bino-slepton-lepton interaction, the slepton IL couples
only to left-handed leptons and the slepton [z only to right-handed ones. Thus both channels are “orthogonal”
in the limit where neutralino and slepton mixing are neglected.
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According to Eq. (7.38), the model-dependent factor R, is here given by Ry = 1.6 for
n = +1 and R_ = 4.4 for n = —1, respectively, and hence of order one. The kinematical
factor S, is precisely of the form that was discussed in section 7.2.2, where we found that the
two-body decay rate may gain significantly in importance relative to the three-body decay
rate if the masses of the hidden gaugino ¥py and the neutralino N are near-degenerate and
the two particles have opposite CP parities.

7.2.3 Intermediate Vector: Intensity of the Gamma-Ray Line

In the case of mediation by a vector, the ratio between two- and three-body decay rates is

2
D(Ypm — Nv) 270 |0 (AR = mABAR )| (1= 2% = /)
> P(Wpm — £H4-N) 8 >(CY Fi(x) + CY Fy(x)) ’

(7.39)

where z = m%;/ miDM. As before, it is useful to consider the hierarchical limit my /My, — 0,
and the degenerate limit my /my,,, — 1, for which it is possible to capture the dependence
on the couplings in a factor R:?/ and on kinematics in a model-independent factor S,

P(Ypm — Nvy) 2T Qem
Yo (Ypm — £H-N) 8«

X Rr‘z/(AglN? )‘é/n AfN? )‘gp) X SU(mN/m¢Dm1) : (7'40)

The kinematical factors .S, are identical to the case of scalar mediation, see Eq. (7.30). For
the model-dependent factors, one finds

[Zé <)‘fN)‘£w -1 )‘fN)‘gpﬂ i

Ry (Nfis Moy Mivs M) = (7.41)
] IN > My MN» M)
o [+ M) (R + MB) + 20 XN AE ]
in the hierarchical case, and
RX’deg()\éLNa )\zﬁzn )\fNa )‘ﬁb) = (7.42)

[Ze <)‘£N)‘£L¢ -n AEN)‘ZH i

L2\L2 | \R2\R2 2 (\L2\R2 . \R2\L2 40 \L \R \L \R
>0 [ AN + A AN + 2 (AN + A A + s A A v Al

in the degenerate case. For purely chiral, e.g. left-handed, couplings one finds that R,‘{ hier
RT‘; %8 — Rehir coincides with the expression (7.32) for the scalar case, as does the kinematical

factor. For a generic set of couplings, R,‘Z/ is roughly of order one.

Note that the prefactor of the ratio of decay rates, Eq. (7.40), for mediation by a vector
is larger by a factor of nine compared to mediation by a scalar, Eq. (7.27). Thus, in the
hierarchical case my/myy,, — 0 as well as in the degenerate case with 7 = 41 one finds a
ratio between two-body and tree-level decay of the order of 1072, one order of magnitude larger
than for the scalar case. In addition, when n = —1 the gamma-ray line is further enhanced for
my /My, — 1 by the kinematic effect discussed in Section 7.2.2. The ratio for some specific
examples is shown in Fig. 7.4. Therefore, there are scenarios with dark matter decay mediated
by heavy vectors where a gamma-ray line can be fairly intense, despite being loop-suppressed,
while at the same time being in agreement with the electron/positron measurements.
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Figure 7.4: Ratio of the decay rates I'(¢py — YN)/ >, T'(¢pm — €70 N) for decay mediated
by a heavy vector. Otherwise, the four cases are identical to the ones shown in Fig. 7.3.

7.3 Radiative Decay of Scalar Dark Matter

Figure 7.5: Tree-level decay of scalar dark matter.

We now consider the case that the dark matter particle is a (pseudo-)scalar which we
denote by ¢py. In this case, the symmetries allow for the decay into a pair of charged leptons
at tree level, ¢ppy — £7¢~. We describe this by an effective Lagrangian that describes a direct
interaction between dark matter and charged leptons,

Leg = —C [Ny Pr + A5 Pr] € gpu + hec.. (7.43)

If the dark matter particle is a parity eigenstate, one has )\éLd) = )\ﬁZs for a scalar and )\éZs = —)\ﬁZs
for a pseudo-scalar.
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v(k1)

Figure 7.6: Diagrams contributing to the two-body decay of scalar dark matter into two
photons at the one-loop level.

7.3.1 The Decay ¢pym — (10

The effective Lagrangian (7.43) will give rise to the tree-level decay shown in Fig. 7.5. The
corresponding decay width is

I (dpy — 070) = — M2, [1-

167 Mo

2
dm 7
2 b
¢DM

(7.44)

where mg,,, and my, are the mass of the dark matter and the charged leptons, respectively,
and the amplitude is given by

MP =, (Pl + PEIT) — 22 [ + A (7.45)

Thus, in the case of equal left- and right-handed couplings, )‘tﬁp = )\gZb = Mgy, one gets

g2 am2 \**
r (¢DM - £+£*) = ;—:.m¢DM (1 ) £ ) : (7'46)

¢DM

For my < mg,, this corresponds to a lifetime

10726\? /1T
T¢DM_,£+Z— ~ 2 X 10268 < 0 > < ev) . (747)
|)‘f¢| Mepy

7.3.2 The Decay ¢pm — 7Y

By combining the external lepton lines into a loop, decays into two monochromatic photons
radiated off the charged lepton loop are induced at the quantum level (see Fig. 7.6).

For equal left- and right-handed couplings, )\ng) = )\é‘; = Mg, and in the limit m, < mgyp,,
(see Appendix B.2 and [302, 303)),

2

3 2
r _ Mépum 6_2 7 48
(DM — 1Y) = Tor \ 162 : (7.48)

)\&;5
—A
; e £(7e)
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where for the relevant limit 7 > 1 one has

Af(r) ~ % {2 - % (In(4r) — m)} . (7.49)

Thus, when taking only one lepton species into account, we obtain for the ratio between the
decay into photons and charged leptons

U(opv —=7Y)  _ Qaw M

['(¢py — €707) — 272 m?

¢DM

_ my 2 /1 TeV)?
~ 1077 : 7.50
<106 MeV) <m¢DM > (7.50)

We see that for scalar dark matter, the decay into two photons is highly suppressed by the
factor m? /miDM compared to the decay into a pair of charged leptons. In addition to this

2 % (In(4r,) — i)’

helicity-suppression factor, there appears a factor a2, /72 as opposed to Qem /7 for fermionic
dark matter, since the loop contains two photon vertices, and both the tree-level and one-
loop decays are two-body decays. The same suppression factors occur for pseudo-scalar dark
matter and for the decay into massive gauge bosons. Thus, there appears to be no hope of
detecting a gamma-ray line in this case. For more general expressions for the decay rates, see
Appendix B.2.

7.4 Observational Constraints

The observation of a cosmic gamma-ray line at TeV energies would be a strong hint for the
dark matter interpretation of the PAMELA /Fermi LAT e* anomalies. On the other hand,
the non-observation of gamma-ray lines can be used to constrain the above leptophilic models,
which induce these lines at one loop, as discussed above. The gamma-ray lines that originate
from dark matter decay inside the Milky Way halo could be observed in the isotropic diffuse
gamma-ray flux. Furthermore, lines may be observable in the flux from nearby galaxies and
galaxy clusters.

At intermediate energies, satellite instruments such as Fermi LAT are a very sensitive
probe for gamma-ray lines in the Galactic flux. At higher energies, Imaging Air Cherenkov
Telescopes (IACTs) provide important information. For the future, the proposed Cherenkov
Telescope Array (CTA) is expected to improve the flux sensitivity of current IACTs (MAGIC,
H.E.S.S., VERITAS) by an order of magnitude. We put some emphasis on IACTSs, since
these instruments are capable of probing the high energy ranges relevant to the dark matter
interpretation of PAMELA /Fermi LAT.

7.4.1 Fermi LAT Line Searches

The flux of monochromatic gamma rays from the decay of dark matter in the Milky Way halo
is given by a line-of-sight integral over the dark matter distribution [103]. This component of
the gamma-ray flux is explicitly given by

halo N N . .
U oo = ) 5,y [l AN, (751)

dE ATy

l.o.s.
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where I'(¢ypy — V) denotes the partial decay width of dark matter particles for two-body
decays involving a photon and a neutral particle N. When the neutral particle is massless,
we will write v instead of N in the following. Furthermore, my,, is the mass of the dark
matter particle, F, is the energy of the produced gamma-ray line as given by Eq. (7.15), while
pll\)/ﬂ\\ﬁlv is the Milky Way’s dark matter halo density profile. We adopt the Navarro-Frenk-White
(NFW) profile here (see Eq. (1.13) and Table 1.1), with a local dark matter density of 0.4
GeV/cm? [122]. The gamma-ray flux from dark matter decay inside the Galactic halo has only
a mild angular dependence and can be considered as isotropic for our purposes (for details
on anisotropies in the Galactic gamma-ray flux from dark matter decay, see [103, 3]). The
extragalactic contribution stemming from the decay of dark matter at cosmological distances
is generally fainter than the Galactic flux, and we will neglect this component here.

The Fermi LAT collaboration has conducted a negative search for Galactic gamma-ray
lines in the diffuse flux in the energy range from 30 to 200 GeV [304]. For the NFW halo
profile we plot the resulting 20 limits on the partial decay width corresponding to ¥py — v
in Fig. 7.7. Most interestingly, the Fermi LAT observations can constrain the dark matter
decay into photons at the one-loop level if the total dark matter lifetime is of the order 1026
seconds. Thus, the Fermi LAT bounds on gamma-ray lines can be relevant for dark matter
scenarios with my,,, ~ 300 — 400 GeV, which can provide a possible explanation for the rise
in the positron fraction observed by PAMELA (see, e.g. [8]).

7.4.2 Imaging Air Cherenkov Telescopes

ITACTs are important tools to constrain scenarios with dark matter masses in the multi-TeV
range. One property of these instruments is that the atmospheric showers induced by cosmic-
ray electrons or gamma rays cannot be distinguished easily, since both particle species initiate
similar electro-magnetic cascades in the atmosphere. The large cosmic-ray electron flux hence
comprises an irreducible background for high energy gamma-ray observations. Since the
electron background, in contrast to the gamma rays, is expected to be very isotropic, it can
be removed by calculating differences between fluxes that are observed in different neighboring
regions of the sky. As a result, TACTSs are best suited to observe localized sources, whereas
diffuse signals such as those resulting from dark matter decay are more difficult to discern from
the background unless they exhibit sharp spectral features. Constraints on the gamma-rays
from decaying dark matter can be derived in two different ways. First, one can observe point-
like sources like M31. Second, by using the observed electron + gamma-ray flux (potentially
also contaminated by unrejected protons), one can derive upper limits on the Galactic halo
signal from dark matter decay. If the statistics are good enough, one could even hope to
see spectral features in the electron+gamma-ray flux, or translate their non-observation into
bounds on the corresponding dark matter decay width. This will be described in the context
of the CTA below.

The HEGRA collaboration has published constraints on the gamma-ray line flux from
M31 [305]. These bounds can be converted into 99% C.L. limits on the decay width of
dark matter into gamma-ray lines. HEGRA observed a region with an opening-angle of
Oobs = 0.105°, corresponding to the inner 1.4 kpc region of M31. The expected flux of gamma
rays from dark matter decay from M31 can be derived as follows. We define 8 to be the angle
between the line of sight and the ray that passes through our position and the center of M31.
Each angle 6 then corresponds to an “impact parameter” R. If D is the distance to the target
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(D = 770 kpc in case of M31), we have R ~ D6. The gamma-ray flux from dark matter
decay in M31 within the opening angle 6,1 is then

d M31 P N Gobs 0
Jon _ (¥ = 9N) 5(E, — E) 27?/ de sinH/ ds pN3t (/52 + R?), (7.52)
dE 4mmpm 0 —o0

where the first integral is over the solid angle, whereas the second integral is over the line
of sight. For the dark matter density profile of M31 we adopt the NF'W profile with values
given in [306], p. = 2.0GeV/cm?® and r. = 8.31 kpc. The other profiles listed in [306] lead
to similar constraints. The signal from decaying dark matter has a relatively large angular
extent due to the linear dependence on the halo profile, and can leak into the off-region which
is used to estimate the background fluxes of the IACT. The details of this effect depend on
the details of the adopted off-region and are different for each observation. Here and below,
we incorporate this effect simply by subtracting from Eq. (7.52) a flux corresponding to the
dark matter-induced flux emitted at 6 = 26,,s. This should lead to correct bounds within a
factor of two. Our results are shown in Fig. 7.7.

Upper limits on the gamma-ray flux from the Perseus galaxy cluster were presented by the
MAGIC collaboration in [307]. For the density profile of the Perseus cluster we take the NFW
profile with r. = 384 kpc and p. = 0.04 GeV cm 3. The observational angle is 6,5 = 0.15°,
and the distance to the Perseus cluster is 78 Mpc [308]. The resulting 95% C.L. bounds are
shown in Fig. 7.7.4 Since the energy threshold of the MAGIC telescope is very low, we can
constrain gamma-ray lines with energies down to 100 GeV.

# Channel 17 mpu [GeV] E, [GeV] my [GeV] szg, ~ 18] % [s TeV]
1 eefN -1 1000 170 8124 2.5 x10% 247 x 10%
2 e efN  +1 500 170 282.8 5 x 1026 6.51 x 10%
3 eefN -1 400 170 1549 6.3 x10%  4.83 x 10%
4 w pfN =1 100000 5000 94868 4.5 x 10**  2.87 x 102°
5 upufN o 41 15000 5000 8660 3 x10% 1.18 x 10%°
6 u piN -1 15000 5000 8660 3 x10% 3.06 x 10?8
7 uppurN  +1 15000 5000 8660 3 x 10% 3.42 x 103

Table 7.1: Benchmark scenarios. In the first three cases, the three-body decay produces only
electrons. In the last four cases, the three-body decay produces muons. The gamma-ray line
intensity of these scenarios is illustrated in Fig. 7.12.

The H.E.S.S. collaboration has published measurements of the electron flux at TeV ener-
gies [175, 217]. The measured electron flux may be contaminated with diffuse gamma rays by
no more than ~ 50% [175]. This fact alllows the translation of the electron flux into upper
bounds on gamma-ray lines from dark matter decay in the Galactic halo. For energies above
1 TeV, we derived 2 o-bounds from the fluxes shown in Fig. 3 of [175]. For energies below 1
TeV, where the H.E.S.S. results overlap with the Fermi LAT measurements of the electron
flux, lo-upper limits on the amount of diffuse gamma rays were derived by comparing the
H.E.S.S. and the Fermi LAT electron fluxes in [309]. These upper limits can also be used as
bounds on gamma-ray lines. Our results are shown in Fig. 7.7.

“We take the limits corresponding to I' = —2.5 from Table 4 in [307].
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Figure 7.7: Lower bounds on the inverse decay width of dark matter decaying into gamma-
ray lines via ¢ypp — v are shown as black lines. The bounds on this decay channel come
from line searches in M31 by HEGRA, from line searches in the diffuse flux by Fermi LAT
and from observations of the Perseus cluster by MAGIC. Further bounds can be derived
from the (y+)e~ observations of H.E.S.S. Our estimates of the reach of the future CTA in
measurements of the flux from M31 or spectral variations in the diffuse v+ e~ flux are shown
as red lines.

Prospects for the CTA. We will now briefly discuss observational prospects for the future
Cherenkov Telescope Array (CTA, see [310] for a recent discussion). The expected 2 o-limit
from M31 that the CTA could produce can be roughly estimated by

< max(2v/Non, 3.1)

JM31 0 < ,
< DM >0 TAeﬁ'

(7.53)

where Ny, denotes the number of measured events in the on-region, T' is the measurement
time, A denotes the effective area of the instrument (we take Aeg ~ 2km? at 5 TeV, and
let it scale with the energy as in [311], Fig. 17a), and (J33),, is the gamma-ray flux from
M31 averaged over the on-region. As on-region, we take a circle with 1.0° radius around the
center of M31, and for the off-region we assume that the solid-angle of the off-region is much
larger than the on-region, Qqg > Qo,. If we assume that only the background is observed,

and no signal is coming from M31, N,, can be estimated by
Non = QonTAeff(Je* + 6r!]p) . (754)

Here, J.- and J, denote the cosmic-ray electron and proton fluxes, respectively, and ¢, is the
rejection factor of protons. Fluxes have to be integrated over an energy range that corresponds
to the energy resolution of the detector (around 10%, taken from [310], Fig. 23, scenario E).
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Figure 7.8: Same as Fig. 7.7. In addition, the orange and gray shaded regions show the parts of
the parameter space that are relevant for the dark matter explanation of the PAMELA /Fermi
e anomalies with the flavor-democratic decay channel py — £T¢~v. The intermediate
particle is assumed to be a scalar, in which case the branching ratio into monochromatic

photons can be as large as BR(¢)pm — Yv) ~ 3 X 3aem/(87), which we assume here.

For the cosmic-ray electron and proton fluxes at high energies we take

dJ. B -3.9
;;7 =117 x 1071 (T—V> cm s sr GeV ! (7.55)
(§
from [175], and
d E —2.7
d_*g —8.73x107° (ﬁ) em 25 sr ! GeV ! (7.56)

from [311], respectively, in agreement with the cosmic-ray measurements. Furthermore, at
energies below 1 TeV, the electron flux becomes somewhat harder with a spectral index of
~ —3.1, and we replace Eq. (7.55) with a flux fitting the results of [216] in this energy regime.
Taking into account also other cosmic-ray species beside the protons would only have minor
impact on our results. The proton rejection factor is set to &, ~ 1072 [310, 311], and we
use as observational time of M31 the value T' = 20h. Our estimates for the limits that the
CTA could produce from M31 observations in the future are shown in Fig. 7.7 by the lower
dashed line. They are almost two orders of magnitude better than the limits derived from the
HEGRA observation. This is mainly due to the increased effective area of CTA, but also due
to the larger on-region that we adopted in our estimates. For decaying dark matter it is not
optimal to search for point-source signals, as was done in the HEGRA analysis, for example.
Using a larger on-region typically leads to better results.
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Figure 7.9: Same as Fig. 7.8, but assuming that the intermediate particle is a vector, in which

case the branching ratio into monochromatic photons can be as large as BR(¢¥py — yv) ~

3 X 27tem /(87), which we assume here.
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Figure 7.10: Same as Fig. 7.8, but for decay into 1ypy — p+p~v. The intermediate particle is
assumed to be a scalar, leading to a maximal branching ratio of BR(¢Ypm — Yv) =~ 3aem/(87),

which we assume here.
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Figure 7.11: Same as Fig. 7.8, but for decay into ¥py — pp~v. The intermediate particle
is assumed to be a vector, leading to a maximal branching ratio of BR(¢Ypy — v) =~
270em /(87), which we assume here.

Instead of using the spatial variations of the observed cosmic-ray flux to derive constraints
on dark matter decay in extragalactic sources, one can also derive constraints from the non-
observation of spectral line features in the diffuse flux, which could come from dark matter
decaying into gamma-ray lines in the Galactic halo. In this case it is best to consider data
from large fractions of the sky, to maximize the statistics. The expected “halo”-bound that
the CTA will presumably reach then follows from

alo 2V N
B )sky < 7o ok (7.57)

where (J]g?\}[°>sky denotes the gamma-ray flux coming from dark matter decaying in our Galac-

tic halo, averaged over all angles. We assume that the data will be good enough to estimate the
background by fitting a power-law to the observed flux at energies close to the line, similar to
the analysis in [304], and we neglect the statistical uncertainties in the background estimate.’
In Eq. (7.57), N is the total number of observed events, including electrons, gamma-rays and
protons that pass the cuts. The region €2 is taken to be as large as possible to maximize the
statistics (we assume = 7(3°)?), and as observational time we take 7= 1000 h. As above,
we integrate over energy bands which correspond to the anticipated energy resolution of CTA.
Our resulting estimates for the bounds that CTA could obtain observing the diffuse flux are
shown in Fig. 7.7 by the upper dashed line. As can be seen from this figure, the bounds on
gamma-ray lines from dark matter decay that can be put by looking at spectral variations in

5Note that this is different from our treatment of the H.E.S.S. electron flux, where we only required that the
predicted line signal is below the observed fluxes, without any attempt to subtract a power-law background.
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Figure 7.12: Same as Fig. 7.7, but with different scaling of the axes to allow for non-vanishing
my. The black squares and red dots show the predictions for the different benchmark sce-
narios summarized in Table 7.1. Black squares correspond to scenarios with n = +1, while
red dots correspond to n = —1. The last benchmark point in Table 7.1 lies outside of the
shown parameter region.

the observed diffuse fluxes can be even stronger than the ones that can be derived from flux
limits on point-like sources like M31.

7.4.3 Discussion

The case my — 0. We first discuss the case where dark matter decays into a photon and a
massless particle. In Fig. 7.7 we present a collection of the lower bounds on the inverse decay
width for two-body decays into a monochromatic photon and a massless particle as deter-
mined by the methods described in the previous subsection. For dark matter masses between
100 and 400 GeV, the line searches in the diffuse Galactic flux by the Fermi LAT constitute
the strongest constraints. At higher energies, Cherenkov telescopes provide important infor-
mation. As far as constraints from particular sources are concerned, we show the constraints
from HEGRA observations of M31 and MAGIC observations of the Perseus cluster. We also
plot the constraints from the diffuse electron flux observed by H.E.S.S. Lastly, we show our
estimates for the reach of the future CTA which could improve current limits by almost two
orders of magnitude at energies above a few hundred GeV.

In Fig. 7.8 we show the same constraints together with shaded regions indicating the part
of the parameter space relevant to PAMELA and Fermi for the gamma-ray lines induced by
the decay v¥py — €74~ v. The orange regions correspond to the fit to the positron fraction as
measured by PAMELA, whereas the dark gray regions correspond to the fit to the total e*
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flux as measured by Fermi LAT. In both cases, the lighter shades indicate the 50 confidence
level around the best-fit point, while the darker shades indicates the 30 confidence level.
We only regard the data points above 10 GeV, which are not significantly affected by solar
modulation. For the background fluxes of secondary electrons and positrons, we assume the
“model 0”7 backgrounds [218] as parametrized in Chapter 4. In the energy range of interest,
we assume that the primary electron flux is given by a simple power law. At each point
in the (mpwm,oMm)-plane, we then allow the power-law index of the primary electron flux
to vary between —3.0 and —3.3, whereas the normalization is fitted to the data. We find
that the relevant parameter space is not constrained by current instruments, but could be
constrained by CTA in the future. The same plot is shown in Fig. 7.9, but assuming that
the decay is mediated by an intermediate vector particle, in which case the branching ratio
can be as large as 3 X 27en/(87), which we assume in the figure. This is about an order
of magnitude larger than in the case of mediation by a scalar, and one can see that in this
case the CTA can indeed constrain a significant part of the parameter space relevant to the
dark matter interpretations of PAMELA and Fermi. Analogously, in Figs. 7.10, 7.11 we show
the corresponding plots for the lines induced by the decay ¢¥py — pt v, in the cases of an
intermediate scalar and an intermediate vector particle, respectively. In these scenarios the
expected line signal is somewhat weaker.

The case my ~ myy,,- Let us now turn to the case where the mass my of the neutral
fermion produced in the tree-level decay vpy — £7¢~ N is comparable in size to the dark
matter mass itself. This possibility can occur, for example, within the leptophilic model dis-
cussed in Section 7.2.2, where 1py is the hidden gaugino of an unbroken U(1)-symmetry,
and N is a neutralino [100]. As we showed in Section 7.2.2, the decay channel ¥py; — YN is
kinematically enhanced compared to the three-body decay when my ~ my,,,, provided that
Ypm and N have opposite CP parities (n = —1). Thus, such scenarios can be tested partic-
ularly well via the loop-induced gamma-ray line signal. In order to infer the observational
constraints, it is convenient to consider the ratio my,,, /I'(¥y/pm — 7N ), which determines the
magnitude of the observable flux. For the case of scalar-mediated decay, and purely chiral
couplings, it is given by (see Eq. (7.31))

T +p—\—1
I'(¢Ypm HWN)flmeM ~ ! < (pym — £707) meM> X

Rebir 10265 x 2.5 TeV
3 x 102 s TeV for my — 0, n==+1
w4 Tx10%sTeV ) for my — mypy, n =41 (7.58)
2F
1.4 x 1028 s TeV (m) for my — Mappys 1= -1

where RM* = 1 for three-body decays into a single lepton flavor, and RM" = 3 for flavor-
democratic three-body decays. In the case of an intermediate vector, the right-hand side is
smaller by a factor of nine, implying a nine times larger gamma-ray flux. From the last line,
it is apparent that in the case of opposite CP parities, the monochromatic gamma-ray flux
is enhanced for large values of my,,,, when keeping the photon energy FE., fixed. Note that
a similar enhancement of the decay channel vpy — Z°N, which may also be induced at the
loop-level, could lead to complementary constraints from the antiproton flux produced by the
fragmentation of the Z-boson, which we do not discuss here. In order to illustrate this result,
we consider a number of benchmark scenarios for which m,,, and my are of comparable size,
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with parameters chosen as shown in Table 7.1. All the benchmark scenarios reproduce the
PAMELA positron data, and all except scenarios 1, 2 and 3 additionally reproduce the elec-
tron spectrum measured by Fermi. Note that the maximum lepton energy in the three-body
decay Ypym — 707N coincides with the energy of the monochromatic photons, Eyax = E,.

The gamma-ray line signal induced by the one-loop decay ypy — vV is shown in Fig. 7.12
for the various benchmark scenarios. Clearly, the scenarios 1 and 4 are in conflict with the
gamma-ray line searches performed by Fermi and HEGRA, respectively. Thus, despite the
fact that the dark matter couples only to leptons at tree-level, the gamma-ray line signal
induced by one-loop corrections has an intensity that is detectable by present gamma-ray
telescopes. In other words, scenarios 1 and 4 can be ruled out as possible explanations of the
high-energy positron excess, because the loop-induced radiative decay produces a gamma-ray
line that should have been already detected. This shows that the higher-order corrections are
indeed relevant and have to be taken into account. In contrast, the other benchmarks are in
agreement with present bounds on gamma-ray lines. For example, in scenario 3 the partial
lifetime for the radiative decay is larger compared to scenario 1, and lies slightly above the
current Fermi bounds. Scenario 6 can be tested in the future by the CTA. Since there is no
kinematic enhancement of the decay ¥py — IV in the case n = +1, the intensity of the
gamma-ray line is comparably weak in scenarios 2 and 5. For example, scenario 5 differs from
6 just by the sign of 1, but is much more difficult to probe by the CTA. Finally, for benchmark
point 7, we assume that the couplings of the leptons to ¥py and to N have opposite chirality,
in which case the loop is strongly suppressed and there is no hope of detecting a gamma-ray
line signal.

7.5 Conclusions

We have analyzed the radiative decay of dark matter particles in view of the leptonic cosmic-
ray anomalies reported by PAMELA and Fermi LAT. Assuming an effective description of
leptophilic dark matter decay, we have pointed out that the lines induced at the quantum
level may be observable and can be used to constrain models of decaying dark matter. In the
case of scalar dark matter, two-body decays into photons are strongly helicity-suppressed and
thus unobservable. In the case that the dark matter particles carry spin 1/2, however, the
radiative decay rate is typically suppressed compared to the tree-level decays by some two to
three orders of magnitude. Interestingly, the corresponding partial lifetimes for decays into
monochromatic photons can then be in the observable range, in particular for dark matter
masses of a few hundred GeV, where stringent constraints from Fermi LAT apply. Thus,
in some cases the loop-induced gamma-ray line yields constraints that can be competitive
with the constraints on charged cosmic rays. At higher energies, constraints from Cherenkov
telescopes exist. At present, these constraints are only relevant for certain scenarios for which
the radiative two-body decay is kinematically enhanced compared to the three-body decay
channel. However, we have pointed out that the proposed CTA should be able to improve on
the existing bounds significantly and probe a relevant part of the parameter space which is
presently unconstrained.



Chapter 8

Neutrino Signals from Decaying
Dark Matter

In this chapter, which is based on the publication [2], we investigate different neutrino signals
from the decay of dark matter particles to determine the prospects for their detection, and
more specifically if any spectral signatures can be disentangled from the background in present
and future neutrino observatories. If detected, such a signal could bring an independent
confirmation of the dark matter interpretation of the dramatic rise in the positron fraction
above 10 GeV recently observed by the PAMELA satellite experiment and offer the possibility
of distinguishing between astrophysical sources and dark matter decay or annihilation. In
combination with other signals, it may also be possible to distinguish among different dark
matter decay channels.

8.1 Introduction

As explained in Chapter 4 the decay of dark matter particles in the Galactic halo is a viable
explanation of the observed electron anomalies, and it is worthwhile trying to confirm or
exclude this possibility by a complementary examination of other indirect detection channels,
including neutrinos [9, 105, 106, 107, 209, 281, 312]. Neutrinos in this context have two clear
advantages. First, they are unaffected by magnetic fields and thus, like photons, allow to re-
construct the direction of their origin; therefore they would offer a way to distinguish between
the cases of annihilating and decaying dark matter, as well as pulsar interpretations of the
signal (even assuming that the pulsars produce also neutrinos in the energy range considered).
Second, they are typically produced along with or from the decay of the charged leptons in
many “leptophilic” decaying dark matter models [7, 202, 210, 283, 313, 314]. In such cases,
therefore, the flux of neutrinos is correlated with the other cosmic-ray signals, and their spec-
trum may give direct information on the dark matter decay channel. In particular, choosing
the mass and lifetime of the dark matter particle such as to yield a good agreement with the
PAMELA positron excess, one can directly predict the rates for the corresponding neutrino
signal and look for it in present and future experiments. These are the two advantages we
will try to exploit in this chapter.

Nevertheless, neutrinos also suffer from some clear disadvantages with respect to other
indirect detection channels: The large atmospheric neutrino background makes it difficult

110



8.2. NEUTRINO FLUXES 111

to disentangle any signal up to TeV energies for the lifetimes indicated by the cosmic-ray
anomalies mentioned above. A further disadvantage is the necessity of very large detectors to
measure the comparably small neutrino fluxes expected from dark matter decay. Fortunately,
new large neutrino detectors, namely IceCube and possibly KM3NeT, will become fully op-
erational in the near future and may allow to detect even the small signals we discuss here.

This chapter is organized as follows. In Section 8.2 we will discuss the neutrino flux
expected from decaying dark matter in our Galaxy and compare it with the one from dark
matter annihilation in order to discuss the best strategy for the detection of the signal in these
two cases. In Section 8.3, we will present the spectral signatures for a number of different
dark matter decay modes. In Section 8.4 we will give the present bounds from neutrino
experiments and the expected rates for present and future neutrino detectors. We will also
discuss the prospects for distinguishing between different neutrino spectra in case a signal is
detected. We will finally present our conclusions in Section 8.5.

8.2 Neutrino Fluxes

We concentrate in this section on the neutrino flux expected from the dark matter in the
Milky Way halo, since on one hand it is the dominant source, and on the other hand it has
a nontrivial directionality that may be exploited, as in the case of gamma rays [103, 3], to
disentangle the different hypotheses of dark matter decay versus annihilation. In addition, an
isotropic extragalactic component is expected from unresolved cosmological sources, which in
the case of decaying dark matter is of the same order of magnitude as the halo contribution, so
that it may increase the overall signal by a factor of two or so. This extragalactic component
is expected to be negligible in the case of dark matter annihilation.

The differential flux of neutrinos from decaying dark matter is given by the following
integral along the line of sight:

d 1 dN, L
Jhato _ pom(l) dl, (8.1)

dE  4dxpyampum dE fios

where oy and mpy are the lifetime and the mass of the decaying particle, dN, /dE is the
neutrino energy spectrum from the decay and ppy is the dark matter density in the halo.
Adopting for ppy the NFW density profile, as defined in Eq. (1.13) and Table 1.1, we obtain
for the averaged full-sky flux

dJnalo s, 9 1 (10%s\ (1TeV\ dN,
=1. 1 5 2
< 15 > 3 x107° (cm”ssr) p— o) dE (8.2)

assuming a local halo density p, = 0.3GeVem™ and a solar distance from the Galactic
center Rg = 8.5kpc. The numerical result is only weakly dependent on the halo parameters
and the profile. The flux is inversely proportional to the product of the dark matter particle
mass and lifetime. Thus, for a fixed lifetime the flux is inversely proportional to the dark
matter mass mpyr due to the lower number density of dark matter particles for higher masses.

After the neutrinos are produced in the decay or annihilation of dark matter particles,
they travel in straight lines through the Galaxy, essentially without any interactions. The only
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modifications to the fluxes during this time are due to flavor oscillations [315]. In fact, using
the experimental best-fit values for the neutrino mixing angles, sin? 615 = 0.304, sin? 63 = 0.5
and sin? #13 = 0.01 [316], and neglecting possible CP-violating effects, the neutrino oscillation
probabilities in vacuum are given by

P(ve < ve) = 0.56,

P(ve = vy) = P(ve < vr) =022, (8.3)
P(v, < v,) =Py, < v;) =Py, < v)=039.

Thus, a primary neutrino flux in a specific flavor is redistributed almost equally into all
neutrino flavors during propagation and any flavor information is lost. On the other hand,
this means that nearly the same signal is present in any flavor and may allow to choose the
best channel for discovery according to the background and efficiency of the detector.

8.2.1 Background Fluxes

Let us now discuss the background for our neutrino signal. The main background for the
observation of neutrinos in the GeV to TeV range are neutrinos produced in cosmic-ray inter-
actions with the Earth’s atmosphere. Here we use the atmospheric neutrino fluxes calculated
by Honda et al. [317]. The theoretical uncertainty of these fluxes is estimated to be better
than 25 % in the GeV to TeV range, while the uncertainty in the ratio of the different flavors
is significantly smaller. We extend the atmospheric neutrino fluxes to energies above 10 TeV
using the slopes given by Volkova et al. [318].

Conventional electron and muon neutrinos are directly produced from pion and kaon
decays. While electron neutrinos are practically unaffected by neutrino oscillations due to
the large oscillation length, muon neutrinos, particularly at low energies, can be converted into
tau neutrinos and provide the dominant tau neutrino background at energies below 1 TeV.
The conversion probability of muon neutrinos into tau neutrinos is given by

P(v, — vy) =~ sin? (3.05 x 1073 %) . (8.4)

In this expression, F, is the neutrino energy and L is their propagation length after being
produced in the atmosphere, which is given by

L(0) = \/(Rg cos 0)% + 2Rgh + h2 — Rg cos ), (8.5)

with Rg ~ 6.4 x 103 km being the Earth’s radius and h ~ 15 km the mean altitude at which
atmospheric neutrinos are produced.

In addition to the conventional atmospheric neutrino flux from pion and kaon decays
there is a prompt neutrino flux from the decay of charmed particles that are also produced
in cosmic-ray collisions with the atmosphere. The prompt neutrinos have a harder spectrum
than the conventional ones and therefore dominate at higher energies (roughly above 10 TeV
for electron neutrinos and above 100 TeV for muon neutrinos). Since these contributions are
not well understood and in any case subdominant in the energy range that is of interest here,
we neglect them in the present study. On the other hand, the prompt tau neutrinos start
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to dominate around 1TeV (and at even smaller energies for downgoing neutrinos). Thus we
include this contribution using the parametrization [319]

dJ, 2
[ (S avmecope s

where = = log;, (F (GeV)), A = 6.69, B = 1.05, C = 0.150 and D = —0.00820. This
parametrization is valid in the energy range of 100 GeV up to 1PeV. However, we point out
that compared to the conventional atmospheric neutrino flux, the prompt flux suffers from
larger uncertainties.

Other neutrino backgrounds in the considered energy range are neutrinos produced in
cosmic-ray interactions with the solar corona [320] and those produced in cosmic-ray interac-
tions with the interstellar medium in the Milky Way [321]. While the former is subdominant
in diffuse searches for all flavors [9] and can be excluded from the analysis by excluding neutri-
nos from the direction of the Sun, the latter represents an irreducible, ill-understood neutrino
background for searches in the Galactic disc direction. In fact, the flux of Galactic neutrinos
is expected to become comparable to the atmospheric electron neutrino background for the
Galactic disc direction and energies in the TeV range.

8.2.2 General Detection Strategy and Use of Directionality

In view of the subdominant neutrino signals from dark matter decays it is important to devise
strategies that reduce the background. In [9] it was proposed to use directionality in order to
reduce the background in the tau neutrino channel. This is possible since the tau neutrino
background at low energies comes mainly from the muon neutrino oscillation and is there-
fore strongly suppressed in the zenith direction. Some of the authors of [105, 106, 209, 107]
propose instead to search for an enhanced muon neutrino signal only in the direction of the
Galactic center. However, taking into account the typically low neutrino event rates, it is
not always the best strategy to optimize the signal-to-background ratio. Instead, the sta-
tistical significance o = S/ VB (number of signal events divided by the square root of the
number of background events) is a better measure for comparing different detection strategies.

In Fig. 8.1 we show the significance of the signal as a function of the cone half angle around
the Galactic center normalized to the significance of the full-sky observation. Here we assume
a background that (practically) does not depend on Galactic coordinates like atmospheric
neutrinos and neglect the contribution of Galactic neutrinos, which is subdominant in the
case of muon neutrinos. We see clearly that for annihilating dark matter the best way to
detect the signal is indeed looking towards the Galactic center: The cone half angle offering
the best signal-to-square root of background ratio varies depending on the cuspiness of the
profile, but it is always between ~ 0° (NFW) and 30° (isothermal). Note that in any case the
gain of looking at the Galactic center is not very large for a cored profile like the isothermal
one.

For the case of decaying dark matter on the other hand, the best strategy is to measure
the full-sky signal and not concentrate on the region around the Galactic center. In fact the
gain coming from the enhanced dark matter density is counteracted by the smallness of the
collecting area and so the significance of the signal goes quickly to zero as a function of the



114 CHAPTER 8. NEUTRINO SIGNALS FROM DECAYING DARK MATTER

4.5

" ONFW decéy
NFW annihilation
ar Einasto decay -- - - ]
Einasto annihilation
2 35t Isothermal decay -—-— |
[ : Isothermal annihilation —-—--
2 3k 1
e
=}
o 25| B
<
£
5 2 ¢ ]
o
o T T~
=z 15} e S~ 1
n / Tt
1] / ———
CHEE e =
05/ 7 E
1/
o0&

0 30 60 90 120 150 180
cone half angle towards galactic center (°)

Figure 8.1: Significance of the signal as a function of the cone half angle towards the Galactic
center normalized to the significance of the full-sky signal for annihilating/decaying dark
matter depending on the different density profiles.

angle for any profile, even for cuspy profiles like the NFW profile. The observation of only a
fraction of the sky around the Galactic center direction leads to an increase in the signal-to-
background ratio, but not of the significance. We therefore conclude that for decaying dark
matter there is no advantage in looking only at the Galactic center. The full-sky signal offers
not only better statistics, but also a higher significance. Considering the directionality of the
atmospheric background instead of the signal, another good strategy might be to exploit the
fact that the flux from the zenith direction is (dependent on the energy) a few times smaller
than from the horizontal direction. Assuming a signal that does not depend on the zenith
angle, the observation of only a fraction of the sky around the zenith direction is again clearly
leading to an increase in the signal-to-background ratio. Also in this case though, it turns
out that the best value for the significance is achieved for a full-sky observation.

We can therefore conclude that exploiting the directionality of the signal or background,
apart from the case of specific flavors like the tau neutrino discussed in [9], is not promising
for the first detection of decaying dark matter. The largest rate and significance is achieved
for a full-sky search, and this is the option we will discuss in the following. On the other hand,
directionality offers a clear way to disentangle decaying dark matter from either annihilating
dark matter, where looking into the Galactic center should give an increase in significance,
or from point sources like dwarf galaxies, pulsars and supernova remnants.

8.3 Neutrino and Muon Spectra

The neutrino spectra depend on the decay channel of the dark matter particle. The simplest
possibility is a direct decay into two neutrinos for a scalar particle or into Z° for a fermion.
Then the resulting spectrum is just a monochromatic line for the Galactic signal and an
integral of the redshifted line from the extragalactic signal (and a continuum contribution
from the fragmentation of the Z° boson in the case of decay into Z°v). So for this case we



8.3. NEUTRINO AND MUON SPECTRA 115

have the simple spectra

dN,
dE

(DM — Xv) oca(E— mDM)

2

an /2B N\ P/ 2\ m (8.7)
+ Cl.o.s. 1 + — < > < > @ (E - ﬂ) ’
Qv \mpum MDM 2

(4 continuum) ,

where X = ZY ~,v and we have assumed here that the mass of X is negligible. C) .. is the
ratio of the extragalactic and the Galactic signal, which is a number of order one given by

Qb pe .
Cros. = —2tb2 ( / pDM(l)dl> (8.8)
Hy QM lLo.s.

Another characteristic spectrum is that obtained from a three-body decay into three lep-
tons ¢4~ v, which has the familiar triangular shape when plotted on a logarithmic axis.! In
this case the expression for the extragalactic signal is more involved, but it still appears as
a softer triangular shape which dominates at low energies, as can be seen from the change
in slope for the three-body spectra in Figs. 8.2 and 8.3. We show here as an example the
spectrum of the decay of a fermionic dark matter particle mediated by a heavy scalar particle,
corresponding to a scalar-type 4-fermion interaction. Finally, a continuous neutrino spectrum
is generated by any heavy particle that decays into neutrinos, like the muon, or fragments into
charged pions, like the electroweak gauge bosons or the tau lepton. We use here as examples
of continuum neutrino spectra, the spectra arising from the decay of a scalar particle into
longitudinal gauge bosons similar to the Higgs decay and from the decay of a fermionic chiral
lepton into W*¢F, Z% . We use PYTHIA 6.4 [249] to simulate the gauge boson fragmentation
and the heavy leptonic decays.

The corresponding neutrino fluxes for these different types of spectra are shown in Figs. 8.2
and 8.3 for a scalar and a fermionic dark matter candidate, respectively, together with
the expected atmospheric background and the data measured by the Fréjus [322], Super-
Kamiokande [323], AMANDA-II [324, 325] and IceCube [326] experiments. We see that for
a lifetime of the order of 10?6 s, which is the order of magnitude suggested by the PAMELA
excess, as explained in Chapter 4, the signal always lies below the measured background of
muon neutrinos. The best signal-to-background ratio is achieved for the high-energy end of
the spectrum, which gives information about the mass scale of the decaying particle. The
neutrino spectra shown in Figs. 8.2 and 8.3 look rather distinctive, and an interesting ques-
tion is whether they can be disentangled in a neutrino detector. We have to consider that
neutrino detectors do not measure neutrinos directly, but the corresponding charged leptons
or showers produced in the interactions of neutrinos with the intervening matter.

8.3.1 Neutrino Interactions

Since we are interested in neutrino energies much larger than nucleon masses, we only take
into account deep inelastic neutrino—nucleon scattering. Neutrino—electron elastic scattering
is subdominant in this energy range and will be neglected.

!This holds for the most common scenarios, where the decay is mediated by a heavy scalar or a heavy vector
boson. In both cases the Michel parameter p is equal to 3/4, yielding the same neutrino energy spectrum.
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Figure 8.2: Neutrino spectra for different decay channels of a scalar dark matter candidate
compared to the expected background of atmospheric neutrinos from Honda et al. [317] and
the data of Fréjus [322], Super-Kamiokande [323], Amanda-II [324, 325] and IceCube [326].
The flux is computed for a dark matter mass of 1 TeV (top) or 10 TeV (bottom) and a lifetime
of 10%6s. The line from the two-body decay into v and the extragalactic contribution to
this decay spectrum is easy to distinguish. The spectra from the decays of a dark matter
candidate into putp~, 7777, Z°Z9% or WEWT are softer at the endpoint. The low-energy tail
of these decay channels is due to the muon/tau decay and Z°/W¥ fragmentation. Due to the
steeply falling atmospheric background the signal-to-background ratio at the endpoint of the
decay spectra increases significantly for larger dark matter masses.

The cross-sections for deep inelastic scattering of (anti)neutrinos off nucleons at rest are
given by

dgég’/NC(EV7y) QmPnG% E vp,n bz/p7 1— 2
dy - v <“00/Nc ccne (1=9) )

2
- —3g cm ; 2
~3.2x 107 = < By ( atéyne + becyne (1= 9) )

(8.9)
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Figure 8.3: Neutrino spectra for different decay channels of a fermionic dark matter candidate
compared to the expected background of atmospheric neutrinos from Honda et al. [317] and
the data of Fréjus [322], Super-Kamiokande [323], Amanda-II [324, 325] and IceCube [326].
The flux is computed for a dark matter mass of 1 TeV (top) or 10 TeV (bottom) and a lifetime
of 10%6s. The pure line and three-body decays are easy to distinguish and correspond to
the line contained in Z% and the decay into ete”v. Note that the low-energy tail of Z%
and of the other leptonic three-body decays is due to the Z° fragmentation and muon/tau
decay. Also shown are the cases of a pure continuum spectrum coming from the decay into
WELF. Due to the steeply falling atmospheric background the signal-to-background ratio at
the endpoint of the decay spectra increases significantly for larger dark matter masses.

with alg" = 0.15, 0 25 bep™ = 0.04, 0.06 and ally" = bie?, b = age? for charged-current

1nteract10ns and a = 0 058, 0.064, bypn = 0 022 0.019 and a”pn = b;(fén, bypn = aﬁ%’n
for neutral-current mteractlons [315, 327]. The inelasticity y is given by
E E
y—l—E—z or y:%, (8.10)

where Ej is the energy of the generated lepton and Ejy,q is the energy of the generated hadronic
shower. Eq. (8.9) holds only for neutrino energies up to the TeV region when the effect of
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the massive gauge boson propagators cannot be neglected anymore. For higher energies the
cross-sections are overestimated.

For the total neutrino—nucleon cross-sections one obtains

v b 2mp7nG% v b 1 v b
Jclé;LNc(Ev) = - 10 aclé;lNc + 3 bc%7Nc : (8.11)

As one can see, the total cross-section is proportional to the energy of the incoming neutrino
in the considered energy range.

8.3.2 Muon Neutrinos

The charged-current deep inelastic scattering of a muon neutrino off a nucleus produces a
hadronic shower and a muon. These track-like events can be clearly identified in Cherenkov
detectors via the Cherenkov light cone of the relativistic muon.

Through-going Muons

Since muons are rather long-lived (c7, = 658.650 m), their range is only limited by energy loss
during their passage through matter and not by their lifetime. Therefore Cherenkov detectors
can also observe muons that are generated in the surrounding material of the detector. This
effect enhances the effective detector area for high-energy muon neutrinos.

The average rate of muon energy loss can be written as

dE
—d—; = Q(Eu) + ﬁ(Eu) E,, (8.12)

where a(E,,) describes the ionization energy loss and 3(E,) takes into account the energy loss
due to radiative processes: ete™ pair production, bremsstrahlung and photonuclear contri-
butions. Both «(F,) and 3(E,) are slowly varying functions of the muon energy. As long as
we can approximate « and (§ as energy-independent, the average range after which the muon
energy drops below a threshold energy Ezh is given by

1 a+ BE
R,E, E?) = — In|— £ 8.13
B B = o5t [SEER ] (5.13)

where p is the density of the medium. The relevant parameters for standard rock, water and
ice are given in Table 8.1. The values of the density and the average proton-number-to-mass-
number ratio are taken from [328]. The muon energy loss parameters given in the table are
best-fit values from the fit of Eq. (8.13) to the tabulated data in [328]. From Eq. (8.13) we
can determine the initial muon energy as a function of the final muon energy and the muon
range:

EY(E,) = B + % (eﬁf"‘ - 1) . (8.14)

In fact, Eq. (8.12) does not account for the stochastic nature of radiative muon energy losses
which start to dominate at TeV energies (E > «/f3), and therefore Eq. (8.13) overestimates
the muon range for large energies.
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material density (g/cm3) (Z/A) « (GeVem?/g) B (cm?/g)
standard rock 2.650 0.5 2.3x 1073 4.4 x 1076
water 1.000 0.55509 2.7 x 1073 3.3x 1076
ice 0.918 0.55509 2.7x 1073 3.3x 1076

Table 8.1: Density, proton-number-to-mass-number ratio and approximate muon energy loss
parameters for the materials of interest in Cherenkov detectors.

The rate of muon neutrino induced through-going muon events is given by

dJ,, ( EV,G ?) o
= [ dQ / dE,, — = A}, (E,,0,9)

VN

dJy (Ey,,0,9) [dole(Ey,, Ey) (8.15)
ds2 dE, “ L = '
/ /Eth n / Euu dE, np + (p —n)
R (EH’ Eth) AGH(EH’ 9 ¢) (EV“)nN L(G) + (V - 77) ’

where the number density of protons is given by n, = pN4 (Z/A) and the density of neu-
trons by n, = pNa(1 — (Z/A)). Na = 6.022 x 10> mol~! is the Avogadro constant, p is the
density of the material and (Z/A) is the average ratio of the proton number and the mass
number of the material as given in Table 8.1. Due to the small neutrino—nucleon cross-section
the attenuation term that accounts for the absorption of part of the signal and background
neutrino fluxes during the passage of the Earth is negligible in the considered energy range.
However, since the neutrino—nucleon cross-section rises with increasing neutrino energy, this
effect becomes non-negligible at neutrino energies above 10 TeV.

The neutrino effective area A?}E is defined as the ratio of the rate of reconstructed events
and the incident neutrino flux. It is calculated using Monte Carlo methods and incorporates
the attenuation of the neutrino flux during the passage of the Earth, the neutrinonucleon
cross-section, the range of the generated muon and the reconstruction and selection efficien-
cies. This effective area is usually provided by the experimental collaborations. The energy
dependence of the neutrino effective area comes mainly from the energy dependence of the
cross-section (roughly o E,) and the increase of the muon range. Note that the muon effec-
tive area Azﬂ, on the other hand, is defined as the ratio of the rate of reconstructed events
and the incident muon flux. This area incorporates only the geometry of the detector and
the detection efficiency. It is roughly equal to the geometrical area but might have a slight
energy dependence.

For the calculation of the spectrum of muon neutrino induced muons at the detector
position we have to take into account the shift to lower energies due to the energy loss during
muon propagation through matter [329]:

Ru(Bw ) qJ(E, .6,

d¢“ /dQ/ dEV,L/H e por I (B 0. 9)
5, dE,,

[do—é% (Ev,, E)

e+ - n>] =), (5.16)

ER=E)(Ey)
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where we neglected the attenuation term. In this expression the initial muon energy enters
as an explicit function of the final muon energy as given by Eq. (8.14).
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Figure 8.4: Muon fluxes for the different decay channels of a dark matter candidate compared
to the atmospheric background for upward through-going muons in standard rock. The flux
is computed for a dark matter mass of 1 TeV (left) or 10 TeV (right) and a lifetime of 102 s,
for the neutrino spectra in Figs. 8.2 and 8.3. In this case the muons lose energy on their way
to the detector, smoothing out the spectral edges.

Using Eq. (8.16) we calculate the flux of through-going muons induced by neutrinos from
various dark matter decay channels and show the results in Fig. 8.4 for the case of a detector
surrounded by standard rock. However, the result is also applicable for the case of detectors
surrounded by water or ice since the dependence on the density cancels in Eq. (8.16) and the
muon energy loss parameters are roughly similar for the different materials (¢f. Table 8.1).
Since there is no possibility to veto for the overwhelming background of atmospheric muons,
only upgoing events and therefore a solid angle of 27 can be used for the analysis. We see that
the deep inelastic scattering transforms the monochromatic neutrino lines into a continuous
muon spectrum. In addition, the energy loss in the muon propagation smooths out all the
spectra making the edge corresponding to half the dark matter particle mass less clear. Still
the spectrum for a line signal remains steeper than the others at the endpoint.

Contained Muons

These events are similar to through-going muons but in this case the neutrino—nucleon inter-
action takes place inside the instrumented volume. If the muon track ends inside the detector
the events are called contained. If the muon track leaves the detector one speaks of a partially
contained event. The rate of muon neutrino induced (partially) contained track-like events
per unit detector volume is given by

i :/dQ/OOdE dJy, (Ev,.9,9) [doco(Ev,, Ey)
dE,, dVdt 5, dE dE,,

Vu

np+(p—n)|+ -7,
(8.17)
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where we also neglected the attenuation term. In this case also the hadronic cascade is
contained in the detector volume and therefore, by measuring the energy of the muon as well
as of the hadronic cascade, it is in principle possible to reconstruct the total energy of the
incident muon neutrino. In this case, however, one has to rely on the detection also of the

hadronic cascade which, as we will discuss later, seems to be challenging.
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Figure 8.5: Spectra of contained muons for the different decay channels of a dark matter
candidate compared to the atmospheric background. The event rate per km? of detector
volume (filled with ice) is computed for a dark matter mass of 1 TeV (left) or 10 TeV (right)
and a lifetime of 10%6 s, for the neutrino spectra in Figs. 8.2 and 8.3. The line signal is changed
into a muon continuum due to deep inelastic scattering, but it retains a hard edge at half
the decaying particle mass. Also the other spectra are softer than the original neutrino ones,
with the continuum neutrino spectra producing a rise at low energy, unfortunately well below
the background.

The effective volume of the detector for contained events corresponds roughly to the ge-
ometrical volume (apart from boundary effects and reconstruction efficiency) and it is not
enhanced by the muon range, which as we have seen, grows as F,. Therefore, the statistics
for contained events is much lower than for through-going events at large energies. For in-
stance in the case of Super-Kamiokande the event rate above roughly 10 GeV is dominated
by through-going muons. On the other hand, in the energy range of interest for dark matter
searches the muon range is of the order of one kilometer and therefore the expected rate
of contained muons is comparable to the rate of through-going muons in detectors of cubic
kilometer size. Thus, these contained events might be equally important for dark matter
searches at the new generation of neutrino telescopes. In addition, for downgoing contained
muon events there is the interesting possibility to reduce the background of atmospheric muon
neutrinos by the detection of a coincident muon that was produced in the same parent meson
decay [330]. This strategy could be used to increase the signal-to-background ratio for this
channel, especially at large energies. However, we will not discuss this strategy quantitatively
in this work.

In Fig. 8.5 we show the muon spectra for contained events calculated using Eq. (8.17)
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for the case of a detector volume filled with ice. The result for a volume of water can easily
be obtained rescaling the rate with the slightly different density. In this case there is no
smoothing due to muon energy loss as in the case of through-going muons and the edges of
the spectra are clearer, in particular for the case of a two-body decay. We only discussed the
case where solely the muon is measured since this is what can be done by the experiments
at the moment. If the hadronic shower is also measured, the combined reconstructed spectra
would be as in Figs. 8.2 and 8.3. This is similar to the case of electron and tau neutrinos
that is discussed in the next section. However, as will be discussed there, that channel offers
a better signal-to-background ratio and a better energy resolution and will therefore be of
more interest once the showers can be measured and used for analyses.

8.3.3 Electron and Tau Neutrinos

The charged-current deep inelastic scattering of an electron neutrino off a nucleus produces
a hadronic shower and an electron that immediately causes an electromagnetic shower. The
charged-current deep inelastic scattering of a tau neutrino off a nucleus produces a hadronic
shower and a tau lepton. Due to the short lifetime of the tau lepton (c7, = 87.11 um), at
these energies it decays almost instantly and produces another shower at the interaction point.
Thus, at energies below many TeV, detectors like IceCube cannot distinguish electron neu-
trino from tau neutrino events since both types produce similar showers in the detector [331].
In these cases, however, the whole neutrino energy is deposited in the detector, and therefore
it may be possible in principle to reconstruct better the initial neutrino spectrum. On the
other hand, the analysis for cascade-like events is much more difficult than the analysis for
muon tracks. No cascade events from atmospheric neutrinos have been identified yet and
there are only first studies on this topic e.g. by the IceCube collaboration [332]. For this
reason there is no effective area for this type of events available yet and therefore it is difficult
to estimate realistically the sensitivity in shower events.

Shower-like events are also characteristic of the neutrino—nucleon neutral-current interac-
tion and for this reason probably only a combined analysis of neutral-current interactions for
all neutrino flavors and charged-current interactions for tau and electron neutrinos will be
feasible. In this case the total rate of neutrino-induced shower-like events is given by

AN Ay, (Ey,,0,0) 1 vp
dEShower dth B / dQ { Z < dEy[ [UCC (El/[) np + (p — n)]

ZZG,T EVZ:Eshower

*° dJ,,(E,,,0 dod(E,,, E. r
+ Z dEl/z W( - ?¢) UNC( S ) np + (p - ’I’L):|
= Eshower dEW dEshower
=Cu,T
+(v—1). (8.18)

We give in Fig. 8.6 the signal and atmospheric background spectra calculated from
Eq. (8.18) for the case of a detector volume filled with ice. Note that in this case the muon
neutrinos contribute only via neutral-current interactions which are weaker by a factor of
about three compared to charged-current interactions (c¢f. Eq. (8.11)). Still, since the at-
mospheric muon neutrino flux is a factor of 20 larger than the electron neutrino flux at TeV
energies, the atmospheric muon neutrinos provide the dominant background. At the same
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Figure 8.6: Spectra of cascade-like events for the different decay channels of a dark matter
candidate compared to the atmospheric background. The event rate per km? of detector
volume (filled with ice) is computed for a dark matter mass of 1 TeV (left) or 10 TeV (right)
and a lifetime of 10?0 s, for the neutrino spectra in Figs. 8.2 and 8.3.

time the signal is increased by roughly a factor of three. This is because due to neutrino
oscillations, the signal is roughly equal in all neutrino flavors and, therefore, the signal rate
from the charged-current interactions of electron and tau neutrinos is the same as for the
muon neutrinos. In addition, the combined neutral-current signal of all flavors contributes at
the same level as the charged-current signal of one flavor. In summary, cascade-like events will
offer a signal-to-background ratio that is roughly one order of magnitude larger than in the
muon case and, therefore, they appear to be a very promising channel, if they are measured.
We see also that in this case, assuming that the total shower energy can be reconstructed,
the line-feature is preserved and clearly visible.

8.4 Rates and Bounds

8.4.1 Super-Kamiokande

Super-Kamiokande is a 50kt water Cherenkov detector with a fiducial mass of 22.5kt and a
muon effective area of 1200m? (with a slight zenith angle dependence due to the cylindrical
shape of the detector). The muon effective area is identical to the geometrical area since
the reconstruction and selection efficiencies are virtually 100%. Super-Kamiokande has been
looking for a neutrino signal, mostly from dark matter annihilation in the center of the Sun,
the center of the Earth and in the Galactic center. No excess has been found so far, and
this fact can be used to put a constraint on the decaying dark matter case. We compare the
flux of upward through-going muons from dark matter decay (integrated over energies above
the threshold at 1.6 GeV) with the 90% C.L. flux limit of excess neutrino-induced upward
through-going muons provided by the Super-Kamiokande collaboration for the Galactic cen-
ter (the limits from the Sun and Earth flux are weaker) [333]. As discussed in Section 8.2.2,
the strongest bounds are obtained for the largest field of view. The exclusion region in the de-
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caying dark matter parameter space derived from the limit in the 30° half-angle cone around
the Galactic center is given in Fig. 8.7.
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Figure 8.7: 90% C.L. exclusion region in the lifetime vs. mass plane for a decaying dark
matter candidate from the non-observation of an excess in the Super-K data. The bound is
stronger for a line signal, since the spectrum there is harder, resulting in a larger muon flux
due to the increasing neutrino—nucleon cross-section and muon range. For the channels that
contain Z° or W¥ bosons in the final state the exclusion range is cut at the threshold for
their production.

The bounds obtained here become stronger for larger masses although the neutrino flux is
proportional to 1/mpy for constant lifetime. This is due to the increasing neutrino—nucleon
cross-section and the increasing muon range. The bounds are stronger for the two-body decay
signal compared to the other cases since there the signal is concentrated at the end of the
spectrum and benefits from the larger neutrino—nucleon cross-section and muon range. Note
that these present bounds do not have sensitivity to the parameter region preferred by the
PAMELA excess yet, which corresponds to a lifetime of the order of 10%® s and masses larger
than 200 GeV.

8.4.2 Rates and Bounds for Present and Future Experiments

Assuming decaying dark matter with a lifetime of 1026 s, we can now compute the expected
signal rates for present and future experiments. These results can be easily generalized to
arbitrary lifetimes sice the flux is simply proportional to 1/my. We give the rates for some
typical detectors of different sizes, i.e., Super-Kamiokande, ANTARES/AMANDA and Ice-
Cube. The results for Super-K can be easily scaled up to the Hyper-Kamiokande/UNO size
by multiplying by a factor 10 or 20 (for a Hyper-K mass of 500 kt and Hyper-K/UNO mass of
1 Mt, respectively). The result for KM3NeT will be very similar to that expected for IceCube.
We would like to stress here that Super-K is still taking data, and that the full ANTARES
detector was completed in summer 2008 and is also operational. The AMANDA detector
was decommissioned in summer 2009, but has since been substituted by the IceCube detec-
tor, which already had 59 strings deployed in the ice in early 2009. The other experiments
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are still in the planning phase: KM3NeT is a proposed cubic-kilometer sized underwater
neutrino telescope in the Mediterranean Sea, which will probably have an effective volume
comparable to IceCube, but will be able to look at the Galactic center, while the proposed
Hyper-Kamiokande and Underwater Neutrino Observatory (UNO) are water Cherenkov de-
tectors similar to Super-Kamiokande but of megaton scale.

For the case of IceCube we also take into account the DeepCore subdetector, which was
completed in 2010. It is designed to lower the energy threshold of the experiment to roughly
30 GeV and to increase the sensitivity at low energies. This detector consists of six additional
strings with less spacing between the digital optical modules compared to IceCube. The first
of these strings was deployed in December 2008, while the other five were deployed a year
later. The six strings were later complemented by two infill strings, while the entire IceCube
detector was finally completed in December 2010. The combination of IceCube and DeepCore
can use the outer layers of IceCube as a veto to atmospheric muons and therefore has a 4w
sensitivity for fully and partially contained events, but a considerably smaller effective volume.

For the calculation of rates of upward through-going muon events we use the neutrino
effective areas for AMANDA, ANTARES and the IceCube 80 strings configuration from [334]
and integrate over the muon spectrum. For the combined IceCube + DeepCore detector
we amend the effective area in the low-energy range using the neutrino effective area given
in [335]. In the case of Super-Kamiokande we calculate the rate using Eq. (8.15) with standard
rock as surrounding material, a muon effective area of 1200 m? and a threshold muon energy
of 1.6 GeV.

decay channel Super-K  AMANDA ANTARES IceCube IC+DeepCore
atmospheric v, 4.3 x 10> 15x10° 18x10° 3.0x10°  3.5x10°

DM — v 1.4 x10° 5.0 x 109 6.4x 100 1.4 x103 1.6 x 10°
DM — ptp~ 41x107' 63 x1071  1.0x10° 2.7 x 10? 3.5 x 102
DM — 77~ 41x1071 6.0x1071 9.6 x 1071 2.6 x 102 3.5 x 102

DM — 7979 24x1071 36x107! 54x107! 1.4 x10° 1.8 x 102
DM — WHW~— 18x107' 3.0x107! 45x107! 1.2x10? 1.5 x 102
DM — Z% 71 %1071 2.1 x10° 2.8 x10° 6.4 x 102 7.3 x 102
DM —ete v 48x1071  14x10° 1.9x10° 4.4 x 102 5.0 x 102
DM — ptp~v  6.7x1071  1.6x10° 22x10° 5.4 x10? 6.4 x 102
DM — 7 v 6.8x1071 1.6x10° 22x10° 5.3 x 102 6.4 x 102
DM — W*eF  1.0x1071 20x10"! 28x10°' 7.1x10! 8.9 x 10!
DM — W*u¥T  31x107" 52x107" 80x107t 2.1 x 102 2.7 x 102
DM — W*rF  29x107! 44x107' 7.0x107' 1.9 x 102 2.4 x 10?

Table 8.2: Number of upward through-going muon events per year from the atmospheric neu-
trino background and different dark matter decay channels at several neutrino experiments.
The signals are given for a dark matter lifetime of 10?0 s and a dark matter mass of 300 GeV.

We see from Tables 8.2 and 8.3 that a sizable number of events is expected for a lifetime of
10%6 s, especially for experiments of cubic kilometer scale, such as to become significant above
the atmospheric background even for a dark matter particle mass of 300 GeV. Of course for
larger masses the significance becomes greater due to the increasing signal rate. Note that
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decay channel Super-K  AMANDA ANTARES IceCube IC+DeepCore
atmospheric v, 4.3 x10*> 1.5 x 10° 1.8 x 10 3.0 x 10° 3.5 x 10°

DM — v 4.1 x 109 24 x 10! 28 x 101 4.6 x 103 4.6 x 103
DM — ptp~ 1.3x10°  6.0x10° 7.2x10° 1.4x10° 1.4 x 103
DM — 7t~ 1.3x10° 58 x 10° 7.0x 100 1.3 x103 1.4 x 103

DM — 7°2° 73x1071 29x10°  35x10° 6.6 x 102 6.8 x 102
DM — WtW~ 57x107t 25 x10° 3.1x10° 5.8 x 102 6.0 x 102
DM — Z% 24 %100 1.3 x10! 1.6 x 101 2.6 x 103 2.6 x 103
DM — ete v 14x10°  7.8x10° 93x10° 1.6x10° 1.6 x 103
DM — ptp~v 20x10° 1.0 x 10! 1.2 x 10" 2.2x103 2.2 x 103
DM — 77 v 2.0x10° 1.0 x 10! 1.2 x 108 2.2 x 10° 2.2 x 103
DM — W*eF  31x1071 1.4 x10° 1.7 x10° 3.2 x 102 3.3 x 10?
DM — W*u¥T  9.6x107"  45x10° 54x10° 1.0 x 10 1.0 x 103
DM — W*rF  91x1071  40x10° 49x10° 9.3 x 102 9.8 x 103

DM — v 1.8 x 10! 1.7 x 102 1.7 x 102 1.3 x10* 1.3 x 10%
DM — ptp~ 6.8x10° 55x10'  6.0x 10" 5.5 x 103 5.5 x 103
DM — 7t~ 72x 100 5.7 x 10! 6.2 x 101 6.0 x 103 6.0 x 103

DM — 7°2° 3.8x10° 27x10'  3.0x10' 29x103 2.9 x 103
DM — WtW~ 32x10° 2.5 x 10 2.7 x 100 2.6 x 10° 2.7 x 103
DM — Z% 1.1 x 108 9.8 x 10! 1.0 x 10> 8.1 x 103 8.1 x 103
DM — ete v 6.5 x10° 5.8 x 10! 6.0 x 100 4.8 x 10° 4.8 x 103
DM — ptp~v  99x10° 84 x10'  89x10' 7.7 x10° 7.7 x 103
DM — T v 1.0 x 10' 8.6 x 10! 9.2 x 10! 8.1 x 10° 8.1 x 103
DM — WeF 1.7x10° 1.3 x 10! 1.5x 100 1.4 x103 1.4 x 103
DM — W*u¥  52x10°  4.1x10"  45x10' 42x10° 4.2 x 103
DM — W*rF 5.1x10% 4.0 x 10! 43 x 100 4.2x103 4.2 x 103

Table 8.3: Number of upward through-going muon events per year from the atmospheric neu-
trino background and different dark matter decay channels at several neutrino experiments.
The signals are given for a dark matter lifetime of 10%°s and dark matter masses of 1TeV
(top) and 10 TeV (bottom,).

here we did not make use of any spectral information. In that case larger dark matter masses
would also benefit from the falling background.

Requiring the combined number of signal and background events not to exceed the back-
ground above the 90 % C.L. (in the Gaussian approximation this corresponds to o = S/v/B <
1.28), similar to the case of Super-K in Fig. 8.7, we can then give in Fig. 8.8 a forecast of the
exclusion region which may be obtained from kilometer-cubed experiments using one year of
data. The larger statistics of the future experiments will improve the Super-K bounds by
more than an order of magnitude and explore the region of lifetimes above 10%° s, for masses
larger than 200 GeV. Note that for ten years of data, the lifetime limit will become stronger
approximately by a factor of three. For lower masses the bounds will remain weaker, but in
that parameter region a very important role will be played by DeepCore, which will consid-
erably improve the IceCube performance for masses between 30 and 100 GeV, as can be seen
in the right panel of Fig. 8.8, and also by the megaton water detectors which are expected to
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strengthen the Super-K bounds by an order of magnitude down to masses of a few GeV. This
low-mass region does not provide an explanation of the PAMELA excess and is plagued by
a stronger atmospheric background. Nevertheless, it is remarkable that even there lifetimes
larger than 104 s will be probed in future experiments.
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Figure 8.8: 90 % C.L. exclusion prospects in the lifetime vs. mass plane for a decaying dark
matter candidate from the non-observation of a significant excess in the total rate of neutrino
induced upward through-going muons observed at IceCube (left) or IceCube + DeepCore
(right) in one year. Clearly visible is the enhanced sensitivity of the DeepCore extension in
the low-mass region.

8.4.3 Energy Resolution and Reconstructed Spectra

Once a signal has been detected, the question arises if it will also be possible to reconstruct the
neutrino spectra and extract some information on the dark matter decay channel. For this pur-
pose one important factor is the energy resolution of the neutrino detectors. We will take here
for reference the IceCube detector, for which the energy resolution is log¢(Emax/Emin) = 0.3—
0.4 for track-like events and log;o(Fmax/Emin) = 0.18 for cascade-like events [336].

We show in Figs. 8.9-8.14 the histograms for the signal and the atmospheric background
using an energy resolution of 0.3 in log;y £ and three bins per decade for upward through-
going and contained muons, and an energy resolution of 0.18 in log;; £ and five bins per
decade for shower events. These figures can be compared to Figs. 8.4-8.6 which show the
spectra unbinned and without finite energy resolution. Also shown is the significance of the
signal over the background in different bins for a lifetime of 10%6
using one year of data with an effective area of 1km? for upward through-going muons and
an effective volume of 1km? for contained muons and cascades. All plots are available for
both scalar and fermionic dark matter candidates.

s for the different channels

We see that for nearly any of the spectra, the signal will appear with large statistical
significance in more than one single bin, and it will be clear that the neutrino signal is not
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Figure 8.9: Top: Muon fluxes for the different decay channels of a scalar dark matter candidate
compared to the atmospheric background for upward through-going muons. The flux is
computed for a dark matter mass of 1TeV (left) or 10 TeV (right) and a lifetime of 10%6 s
using an energy resolution of 0.3 in log,;oy £ and three bins per decade. Bottom: Statistical
significance of the signal of through-going muons shown above calculated for every single
energy bin using one year of data with an effective area of 1km?.

following a power law, unlike the atmospheric flux. Thus, it is clear that by using spectral
information it will be possible to set much stricter limits on the decaying dark matter pa-
rameter space than shown in Fig. 8.8. In order to give an idea of the sensitivities that can
be obtained using spectral information, we show in Table 8.4 the values of the dark matter
lifetime for several decay channels that correspond to a 5o signal in the most significant
energy bin after one year of observation for an idealized detector with an effective muon area
of 1km? and an effective volume of 1km? for contained muons and shower events. We see
there that the limits from through-going and contained muons are better but not far from
those shown in Fig. 8.8, while the shower events in principle allow to reach even one order of
magnitude larger lifetimes. Using not only the dominant energy bin from Figs. 8.9-8.14 but
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Figure 8.10: Top: Muon rates per km? of detector volume for the different decay channels of a
scalar dark matter candidate compared to the atmospheric background for contained muons.
The flux is computed for a dark matter mass of 1 TeV (left) or 10 TeV (right) and a lifetime
of 10%®s using an energy resolution of 0.3 in log;, F and three bins per decade. Bottom:
Statistical significance of the contained muon signal shown above calculated for every single
energy bin using one year of data with an effective volume of 1km?3.

a combination of several energy bins optimized for each individual decay channel it will be
possible to set even stronger constraints on the dark matter lifetime. Therefore, a signal in
the region preferred by PAMELA should be in the detectable range.

On the other hand, discriminating between the spectra for the different channels will
not be so straightforward, especially if the mass of the decaying particle is unknown. After
convolution with the energy resolution, the two-body, three-body or continuum spectra appear
quite similar, especially within their statistical error, but their significance peaks at slightly
different values for the same dark matter mass. Note, though, that the signal from a neutrino
line remains steeper than the other ones at the edge and it may be possible to distinguish it
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Figure 8.11: Top: Shower rates per km? of detector volume for the different decay channels of
a scalar dark matter candidate compared to the atmospheric background for electromagnetic
and hadronic showers. The flux is computed for a dark matter mass of 1 TeV (left) or 10 TeV
(right) and a lifetime of 10%° s using an energy resolution of 0.18 in log;, F and five bins per
decade. Bottom: Statistical significance of the shower signal shown above calculated for every
single energy bin using one year of data with an effective volume of 1km?.

with sufficient statistics. In this respect the more promising strategy is probably exploiting
the better energy resolution of the shower events, if they can be detected. In general a
comparison between the different types of events, through-going, contained and cascade-like,
will make disentangling the shape of the spectra easier. Moreover, if the dark matter mass is
measured via another channel, like gamma-rays, it may be possible to exploit this information
in the neutrino fit and compare the position of the neutrino signal “peak” in the data with
the expectation. This should help in disentangling at least a continuum spectrum from the
two- and perhaps also three-body decay cases. For this specific strategy probably one of
the most promising dark matter candidates would be a fermion, which may decay into a
leptonic three-body final state and subdominantly into v, as e.g. gravitino dark matter
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Figure 8.12: Top: Muon fluxes for the different decay channels of a fermionic dark matter
candidate compared to the atmospheric background for upward through-going muons. The
flux is computed for a dark matter mass of 1TeV (left) or 10TeV (right) and a lifetime
of 10%®s using an energy resolution of 0.3 in log;, F and three bins per decade. Bottom:
Statistical significance of the signal of through-going muons shown above calculated for every
single energy bin using one year of data with an effective area of 1km?.

with trilinear R-parity breaking [337]. Then, if the v-channel is suppressed by 2 to 3 orders of
magnitude compared to a leptonic three-body decay, the gamma-ray and neutrino experiments
will actually be exploring the same range of lifetimes. In this case an observation of a gamma
line by Fermi will provide the dark matter mass measurement and the neutrino signal with a
much shorter lifetime will point at a three-body or Z° dominant decay. In case both signals
in gamma-rays and neutrinos are measured, it may be possible to disentangle also between a
scalar and a fermionic dark matter candidate, which seems to be very difficult from neutrino
measurements alone, since the two types of particles produce very similar spectra within the
energy resolution of the detectors, as can be seen comparing Figs. 8.9, 8.10 and 8.11 with
Figs. 8.12, 8.13 and 8.14.
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Figure 8.13: Top: Muon rates per km? of detector volume for the different decay channels
of a fermionic dark matter candidate compared to the atmospheric background for contained
muons. The flux is computed for a dark matter mass of 1 TeV (left) or 10 TeV (right) and
a lifetime of 10%¢s using an energy resolution of 0.3 in log;, £ and three bins per decade.
Bottom: Statistical significance of the contained muon signal shown above calculated for
every single energy bin using one year of data with an effective volume of 1km?3.

8.5 Conclusions

We have studied in this chapter the possible neutrino signals from decaying dark matter,
considering different decay channels and spectra, both for a scalar and a fermionic candi-
date. We have concentrated here on the region of parameter space that is preferred in order
to explain the PAMELA positron excess and shown that in this case a signal may soon be
visible at neutrino observatories. The non-observation of such a signal will put rather strong
constraints on the leptophilic decaying dark matter explanation of the excess, except for the
decay into eTe™ where no signal in neutrinos is expected. In this sense neutrino observations
are complementary to other astrophysical constraints coming from radio frequencies and in-
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Figure 8.14: Top: Shower rates per km? of detector volume for the different decay channels of a
fermionic dark matter candidate compared to the atmospheric background for electromagnetic
and hadronic showers. The flux is computed for a dark matter mass of 1 TeV (left) or 10 TeV
(right) and a lifetime of 10%° s using an energy resolution of 0.18 in log;, F and five bins per
decade. Bottom: Statistical significance of the shower signal shown above calculated for every
single energy bin using one year of data with an effective volume of 1km?.

verse Compton emission, which are more sensitive to the electron channel. A neutrino signal
will allow to disentangle between decaying and annihilating dark matter, by comparing the
signal towards and away from the Galactic center [3, 103], and also between dark matter and
astrophysical sources.

More difficult is the identification of the dark matter decay channels, since all neutrino
spectra finally result in a broad peak in the muon spectrum. However, the analysis of cascade-
like events, which contain in principle all the neutrino energy and have the advantage of a
better energy resolution, may improve the situation and allow with sufficient statistics to dis-
entangle at least a line-like feature. Furthermore, the neutrino signal alone cannot be used to
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decay channel through-going muons contained muons shower events

DM — v 8.9 x 10%°s 1.4 x 10% s 1.0 x 10%7s
DM — ptp~ 2.4 x 10%s 4.7 x 10%s 3.2x10%s
DM — 7920 1.1 x 10%°s 2.1 x10%s 1.3 x 10%6s
DM — Z% 4.9 x 10%s 7.9 x 10%s 5.9 x 10%6 5
DM — ete v 2.9 x 10%s 4.8 x 10%s 3.7 x 10% s
DM — W*eF 5.4 x 10%*s 9.9 x 10**s 6.2 x 10%° s
DM — W+ 1.7 x 10%°s 3.4 x 10%s 2.2 x10% s
DM — vi 6.6 x 10%0s 6.0 x 10%0 s 5.1 x 10*7s
DM — ptpu~ 1.9 x 10%¢s 1.8 x 10%¢s 1.6 x 10%*7s
DM — 7°20 9.1 x 10%s 8.3 x 10%s 6.5 x 10%0 s
DM — Z% 3.8 x 10%s 3.4 x 10%0s 2.9 x 10*" s
DM — ete v 2.2 x 10% 5 2.1 x 10%6 1.9 x 10%7s
DM — W*eF 4.4 x 10%s 3.9 x 10%s 3.1 x 10%s
DM — W#yu¥ 1.4 x 10% s 1.3 x 10%%s 1.1 x 10%"s

Table 8.4: Dark matter lifetimes corresponding to a 5o significance in the most significant
energy bin after one year of observation in an idealized detector with an effective muon area
of 1km? and an effective volume for contained muons and showers of 1km?. The numbers are
given for dark matter masses of 1 TeV (top) and 10 TeV (bottom). Note that the sensitivity
obtained with through-going and contained muons is similar. At larger masses the bound from
through-going muons is stronger since the statistics increase due to the longer muon range
at higher energies. However, neglecting reconstruction efficiencies the strongest constraint is
obtained from shower events since that channel offers the best signal-to-background ratio (see
discussion in Section 8.3.3).

distinguish between scalar and fermionic dark matter candidates since the resulting spectra
are very similar in the two cases.

On the other hand, for some of the decay channels discussed here, like the ones with a
Z°/W# gauge boson in the final state, corresponding signals are also expected in gamma
rays and antiprotons and may provide additional information on the model parameters and
a cross-check of the decay channel. Even for the pure leptophilic channels, gamma rays from
final state radiation or from subdominant decays may play an important role in discriminating
between models due to the better sensitivity in the gamma-ray channel. In general, neutrino
observations offer complementary information and can be used to also test models where the
gamma-ray signal is strongly suppressed compared to the leptonic one. The next generation
of neutrino experiments can therefore be expected to yield some very interesting results.
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Chapter 9

Gravitino Dark Matter

In this chapter, which is based on the publication [5], we discuss a particulary interesting
example of a decaying dark matter scenario, namely gravitino dark matter in models with
broken R-parity. We analyze the cosmic-ray signatures of decaying gravitino dark matter in a
model-independent way based on an operator analysis. We do this regarding a rather narrow
window of gravitino masses with a view of the leptonic cosmic rays anomalies observed by
PAMELA and Fermi LAT on the one side and an upper bound on the gravitino mass from
the requirement of thermal leptogenesis and universal boundary conditions at the Grand
Unification scale on the other. From an analysis of the maximally allowed contribution of
gravitino dark matter to the antiproton flux, we estimate the possible gamma-ray signatures of
gravitino decay, which include a line at the end of the spectrum at an energy below 300 GeV.
Future measurements of the gamma-ray flux will provide important constraints on possible
signatures of decaying gravitino dark matter at the LHC.

9.1 Introduction

An unequivocal prediction of locally supersymmetric extensions of the Standard Model is the
existence of the gravitino, the gauge fermion of supergravity [338, 339]. Depending on the
mechanism of supersymmetry breaking, it can be the lightest superparticle, which makes it a
natural dark matter candidate [340]. In connection with thermal leptogenesis [341], gravitino
dark matter has been discussed as an alternative [342] to the standard WIMP scenario [343].

In a class of models with small R-parity and lepton number breaking the gravitino is
no longer stable, but its decays into Standard Model particles are doubly suppressed by the
Planck mass and the small R-parity breaking parameter. Hence, its lifetime can exceed the
lifetime of the Universe by many orders of magnitude, and the gravitino remains a viable
dark matter candidate [109]. Recently, it has been shown that such models yield a consistent
cosmology incorporating nucleosynthesis, leptogenesis and supersymmetric dark matter [94].
Small R-parity breaking can arise from spontaneous B — L breaking [94] or from left-right
symmetry breaking [95]. Alternatively, explicity R-parity violating couplings of heavy Ma-
jorana neutrinos can lead to suppressed R-parity breaking interactions in the low-energy
effective theory via the seesaw mechanism [344]. In the simplest supergravity models with
universal gaugino masses at the Grand Unification (GUT) scale, thermal leptogenesis implies
an upper bound of 600 GeV on the gravitino mass [345]. By relaxing the boundary conditions
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at the GUT scale, gravitino masses up to 1.4 TeV are possible [346].

Gravitino decays may lead to characteristic signatures in high-energy cosmic rays. The
produced flux of gamma rays [11, 94, 198, 109, 347, 103] and positrons [10, 198] has been found
to potentially account for the extragalactic component of the excess in the EGRET [251, 276]
and HEAT [170] data, respectively. Furthermore, a neutrino flux from gravitino decays is
predicted [9] as well as a possibly observable antideuteron flux [6]. As discussed in detail in
Chapter 4, a steep rise in the cosmic-ray positron fraction above 10 GeV has recently been
discovered by the PAMELA collaboration [169] whereas the observed antiproton-to-proton ra-
tio [129] is consistent with previous measurements of the antiproton flux by BESS [182, 183],
IMAX [186] and WiZard/CAPRICE [184, 185]. A possible explanation of this exotic positron
source is annihilating or decaying dark matter (see [348] for a recent review and references),
including decaying gravitinos [10, 199, 349]. Equally important are the recent measurements
of the total electron + positron flux by ATIC [173], H.E.S.S. [175] and Fermi LAT [216].

In this chapter we analyze the cosmic-ray signatures of decaying gravitino dark matter
in a model-independent way based on an operator analysis. Consistency with the observed
antiproton flux yields a lower bound on the gravitino lifetime. As we shall see, this deter-
mines an upper bound on the continuous gamma-ray spectrum. Following a previous analysis
of supergravity models and leptogensis, we only consider gravitino masses below 600 GeV.
Hence, gravitino decays cannot be the cause of the anomaly observed by the ATIC and Fermi
LAT collaborations. An interpretation of the PAMELA positron anomaly as the result of
gravitino dark matter decay, on the other hand, requires gravitino masses above 200 GeV.

This chapter is organized as follows. In Section 9.2 we present a general operator analysis
of gravitino decays and study the implications for the different branching ratios. In particular
we discuss the strength of the predicted monochromatic line in the gamma-ray spectrum.
Section 9.3 deals with the electron, positron and antiproton flux from gravitino decays and
the implications for the gravitino lifetime. The results for the gamma-ray spectrum are
discussed in Section 9.4, followed by our conclusions in Section 9.5.

9.2 Operator Analysis

R-parity violating gravitino decays are conveniently described in terms of effective operators.
The spinor 9, of a gravitino with mass ms/, (cf. [350, 351]) satisfies the Dirac equation

(19" 0y — may2) ¥y =0, (9.1)
together with the constraints
Yp, =0, 0", =0. (9.2)

Using the above two equations, one can verify that the dimension-five and dimension-six
operators for R-parity violating couplings of the gravitino to the Standard Model are given
by

E . IR
o V2Mp

_ i
{MWme + 500" (€1 9'Y By + &2 9W) a“”qzm} +he, o (93)
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where we have suppressed flavor indices for simplicity. Typically &2 = O(1/m3/;). The
covariant derivative involves the U(1)y and SU(2)r, gauge fields B, and W,,, respectively,

1 1
D, =0, +igYB, +igW,, Y[¢]= —5r Wu= 501W;, (9.4)
with the corresponding gauge field strengths
B, =0,B, —0,B,, Wy, =0,W,—-0,W,—i[W, W,]. (9.5)

In the unitary gauge, the Higgs and lepton doublets read

6= <” +o%h> - (’;) : (9.6)

where h, v and e denote Higgs boson, neutrino and charged lepton fields, respectively. From
Eq. (9.3) one then obtains the couplings of leptons and gravitinos to Higgs bosons and gauge
bosons which are responsible for the two-body gravitino decays,

1K
L3 D ————2 (O,h 4+ iMyZ,) o7y b, + iV 2 My W ey’ ~v* b,
3 \/iMpl{(“ 2Z) vy wW, ey’
+ iMZ(gZa,uZu + gfya,uAl/)’j'YAo-lwlb)\

n i\/iMW§W8MW;é’y>‘J“”wA} the., (9.7)

with the following relations in terms of the Weinberg angle 6y,

&z = Sin2 9W§1 + COS2 ngz R (9.8)
§w = &2, (9.9)
&y = sinfw cos Ow (& — &), (9.10)
. 9
SlnHW = m . (911)
Note that the gauge boson couplings satisfy the relation
&7 + tan Hw&/ =&w. (9.12)

For £ = & one has &, = 0 and {7 = &w.

The interaction Lagrangian, Eq. (9.7), coincides with the one from bilinear R-parity break-
ing if parameters are properly matched.!

'The relations are k; = (Vi) [v, Uz = —Mz&z, Upw = —Mwéw, Uﬁz = —Mz&,, Uﬁuzsinﬂ—f—

Ug, 7 cos B+ mpz [(mp2 —mi) = 1.
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Using the results of [9, 352] we then obtain the following partial gravitino decay widths:

3/2

r — hy : 9.13
(¢3/2 vi) = 3847 Mﬁlﬁh ( )
Kil&yil Mzmg/2
r ) = : 9.14
(¢3/2 — ;) 647TMP2,1 ( )
T(ths /g — Zv5) = — i o — 2 32 (H +167M%Re(§z")c: + 6M3|¢5i*F (9.15)
3/2 i 380 Mp2>1 AR mays Z z1&zil"Fz | .
M2 Re(fw)
r WEeF iy Hy + 16 W3 oo 602, 16w 2 R 9.16
(P30 — WTFef) = 19%m MP2’1 —— = 8% | Hw + — w + 6My [ Ewi“Fw ), (9.16)

where the subscript ¢ denotes the generation index. The functions ,, H,, G, and F, (where
a = h,Z,W) are given by

M2
B.=1-— ) (9.17)
3/2
M2 M}
H,=1+10 +—, (9.18)
3/2 M3 /9
1 M?
Ga =1 + o ) (919)
2 m3/2
2 M2 1 M}
F,=1+- S (9.20)
3 m3/2 3 m3/2
As expected, one has for m.&, ~ ma/mg/g < 1,
1
11(7/13/2 — hy;) ~ 11(¢3/2 — Zv;) ~ §F(¢3/2 - Wieiq[)- (9.21)

The decay width I'(¢»3/9 — 7v) is of particular interest since it determines the strength of
the gamma-ray line at the end of the continous spectrum. As discussed above, this decay
width is model-dependent. Contrary to the continuous part it can vanish, which is the case
for &1 — & = 0. Generically, without such a cancellation, one obtains for the branching ratio
using Egs. (9.8) — (9.11) and Egs. (9.13) — (9.16):

My \* 2 ?
R(¢3/9 — yv) ~ 0.3 sin? Oy < Z > ~ 0.02 <LG€V> (9.22)
msg/2 msg/2

This estimate will be used in Section 9.4 where the gamma-ray spectrum is discussed.

Another phenomenologically important issue is the flavor structure of gravitino decays,
i.e., the dependence of the parameters &,;, {7; and {; on the generation index. In models of
bilinear R-parity breaking, for instance, this information is encoded in the mixing parameters
i,
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where H, and L; are the Higgs and lepton doublet superfields, respectively. In models of
flavor the ratios of the parameters p; are related to the structure of the Majorana neutrino
mass matrix,

M, = ¢;j(lid)(l;0) . (9.24)
An interesting example, which can account for the large mixing angles in the neutrino sector,
is “anarchy” [353] where ¢;; = O(1). In this case on also has

B _ o) (9.25)
Hj
For the purpose of illustration we shall use in the following sections the “democratic” case
p1 = po = p3, where the parameters &y;, {z; and &w; have no flavor dependence. Alterna-
tively, one may consider “semi-anarchy” (cf. [94]). Other examples can be found in [354].

In the following we shall consider gravitino masses between 100 GeV and 600 GeV, for
which the assumed hierarchy m%M < m% 2 < mgoft can only be a rough approximation.
A more detailed treatment would have to incorporate mixings with heavy particles of the
supersymmetric Standard Model. However, we find the operator analysis useful to illustrate
the main qualitative features of gravitino decays.

9.3 Antimatter from Gravitino Decays

The scenario of decaying gravitino dark matter provides, for a wide range of gravitino masses
and liftimes, a consistent thermal history of the Universe, incorporating successful primor-
dial nucleosynthesis and successful baryogenesis through leptogenesis. Furthermore, if dark
matter gravitinos decay at a sufficiently large rate, the decay products could be observed
through an anomalous contribution to the high-energy cosmic-ray fluxes. In this section we
shall discuss the constraints on the gravitino parameters which follow from the observations
of the positron fraction by HEAT and PAMELA and of the antiproton flux by BESS, IMAX
and WiZard/CAPRICE.

The rate of antimatter production per unit energy and unit volume at the positition 7
with respect to the center of the Milky Way is given by

pou(r) dN
m3/27'3/2 dFE

Q(E,T) = (9.26)
where dN/dE is the energy spectrum of antiparticles produced in the decay, which we deter-
mine using the event generator PYTHIA 6.4 [249]. On the other hand, ppp(7) is the dark mat-
ter halo profile, for which we assume a Navarro-Frenk-White profile, as defined in Eq. (1.13)
with the parameters listed in Table 1.1, although our conclusions are not very sensitive to the
choice of halo profile. For the local dark matter density we assume ps = 0.3GeV/cm3. As in
previous chapters, we model the propagation of antimatter in the Galaxy using the station-
ary two-zone diffusion model described in Chapter 2. We use the semi-analytical solutions of
the Green’s functions given there to compute the local fluxes of positrons and antiprotons.
We take solar modulation into account using the prescription of Eq. (2.23) and a value of
¢r = 500 MV for the modulation potential.
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The calculation of the high-energy cosmic-ray fluxes from gravitino decay is hindered by a
large number of uncertainties stemming both from astrophysics, encoded in the Green’s func-
tions, and from particle physics. However, as we shall show below, present observations of the
positron fraction and the antiproton flux constrain the parameters of the model well enough to
make definite predictions for the diffuse gamma-ray flux. These predictions will be tested by
the Fermi LAT, thus providing a crucial test of the scenario of decaying gravitino dark matter.

From the particle-physics point of view, the solution to the transport equation depends
on the following uncertainties: the energy spectrum of positrons or antiprotons produced in
the decay, the gravitino mass, and the gravitino lifetime. The energy spectrum of positrons
and antiprotons depends crucially on the R-parity breaking interactions of the gravitino. For
definiteness, we assume throughout this chapter a Standard Model-like Higgs boson with a
mass of mp = 115 GeV. It was shown in Section 9.2 that when the gravitino mass is relatively
large, the branching ratios for the dominant decay channels are predicted to be

> BR(Ysgs — hOv) ~1/4, (9.27)
> BR(Y3 — 2%) ~ 1/4, (9.28)
> BR(t32 — WEef) ~1/2, (9.29)

while the model-dependent branching ratio BR(1)3 /2 — vv) is generally predicted to be much
smaller. Therefore, in this limit the injection spectrum of antiprotons from gravitino decay is
fairly model-independent, being a function of only the gravitino mass. This is not the case,
however, for the energy spectrum of positrons, since the flavor composition of the final state
depends on the flavor structure of the R-parity breaking couplings, which cannot be predicted
without choosing a particular flavor model.

The observation by PAMELA of an excess in the positron fraction at energies extending
up to at least 100 GeV implies a lower bound on the gravitino mass of ~ 200 GeV if the
positron excess is interpreted in terms of gravitino decay. Besides, as shown in [345], there
exists a theoretical upper bound on the gravitino mass of ~ 600 GeV in supergravity models
with universal gaugino masses at the GUT scale, stemming from the requirement of successful
thermal leptogenesis. This leaves a relatively narrow range for the gravitino mass in this setup,
m3/o =~ 200 — 600 GeV. If the positron excess observed by PAMELA is unrelated to gravitino
decay, the gravitino mass can be as low as ~ 5GeV without resulting in overclosure of the
Universe [94].

9.3.1 Constraints from the Antiproton Flux

As discussed in Chapter 2, the calculation of the antiproton flux from dark matter decay
suffers from uncertainties in the determination of the physical parameters in the propagation
of charged cosmic rays in the diffusive halo, leading to uncertainties in the magnitude of
fluxes as large as two orders of magnitude at energies relevant for present antiproton exper-
iments. The requirement that the antiproton flux from gravitino decay be consistent with
existing measurements yields a lower bound on the gravitino mass which strongly depends on
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the choice of the propagation model. In the following we shall adopt the MED propagation
model parameters (see Table 2.3), which provides the best fit to the B/C ratio and measure-
ments of the flux ratios of radioactive cosmic-ray species [137]. It is worth noting, however,
that there is a degeneracy in the determination of the diffusion coefficient and the height of
the diffusive halo, which can be used to reduce the antiproton flux relative to the flux from
spallation when different transport parameters are assumed [144].

In order to determine the maximally allowed exotic contribution to the total antiproton
flux, a precise knowledge of the secondary flux of antiprotons from spallation of high-energy
cosmic rays on the Hydrogen and Helium nuclei in the interstellar medium is necessary. Un-
fortunately, the determination of this secondary flux is also subject to uncertainties. First,
the choice of the propagation model parameters can change the prediction of the secondary
flux by 10 — 20%. More importantly, the uncertainty in the nuclear cross-sections for p—p,
p—He, He—p and He-He collisions can change the prediction of the secondary flux by 22 —25%
above or below the central value [188].

A conservative upper bound on the antiproton flux from gravitinos is obtained by de-
manding that the total flux not be larger than the theoretical uncertainty band of the MED
propagation model. This means that a “minimal” dark matter lifetime for the MED model
can be defined by a scenario where the secondary antiproton flux from spallation is 25%
smaller than the central value, due to a putative overestimation of the nuclear cross-sections,
and where the total antiproton flux saturates the upper limit of the uncertainty band which
stems from the astrophysical uncertainties discussed above. This amounts to the requirement
that the antiproton flux should not exceed ~ 50% of the central value of secondary flux from
spallation.

We find the following minimum gravitino lifetimes that are compatible with antiproton
constraints using the above prescription,

T35 (200) = 7 x 10%%s,  705(400) = 3 x 10°%s,  7305(600) ~ 1.5 x 10° s, (9.30)

where the numbers in parentheses correspond to the gravitino masses mg/;, = 200, 400
and 600 GeV, respectively. The corresponding antiproton fluxes from gravitino decay are
shown in Fig. 9.1 together with the experimental measurements by BESS, IMAX and WiZ-
ARD/CAPRICE, and the uncertainty band from the nuclear cross-sections in the MED prop-
agation model. The minimal lifetimes listed in Eq. (9.30) can be compared with the gravitino
lifetimes needed to explain the PAMELA positron excess, which will be discussed in the next
section.

9.3.2 Comparison with the Electron/Positron Fluxes

Using the procedure outlined in the previous subsection, it is straightforward to calculate the
positron flux from gravitino dark matter decay at the position of the Earth. We will adopt
for definiteness the MED propagation model (see Table 2.1), characterized by the parameters
§ = 0.70, Ko = 0.0112kpc?/Myr, L = 4kpc and V. = 12km/s. Note that the sensitivity of
the positron fraction to the choice of propagation parameters is fairly mild at the energies
where the excess is observed since the high-energy positrons are produced within a few kilo-
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Figure 9.1: Antiproton fluxes for mg,, = 200, 400, 600 GeV in the MED set of propagation
parameters that saturate the antiproton overproduction bound (see text). Dotted lines: an-
tiproton flux from gravitino decays, dashed lines: secondary antiproton flux from spallation
in the case of minimal nuclear cross-sections, solid lines: total antiproton flux. The gravitino
lifetimes are 73/ = 7 X 10%6 s, 3 x 10%6 s and 1.5 x 10?0 s, respectively.

parsecs from our position in the Milky Way and barely suffer the effects of diffusion.

To compare the predictions to the PAMELA results, we shall calculate the positron frac-
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Figure 9.2: Contribution from dark matter decay to the positron fraction and the total
electrom + positron flux, compared with data from PAMELA and HEAT, and ATIC, Fermi
LAT and H.E.S.S., respectively; m3/, = 200 GeV, 73,5 = 3.2 X 10%6 s; for W*IF decays pure
electron flavor is assumed. The “model 0” background is used, and for comparison with Fermi
LAT data a 25% energy resolution is taken into account.

tion, as defined in Eq. 4.1. For the background fluxes of primary and secondary electrons,
as well as secondary positrons, we adopt the fluxes corresponding to “model 0,” as presented
by the Fermi LAT collaboration [218], which fits well the low-energy data points of the total
electron + positron flux and the positron fraction, and is similar to the MED model for en-
ergies above a few GeV [139]. See Chapter 4 for an explicit parametrization of these fluxes.
We also allow for a variable normalization of the primary electron flux, as discussed there.
The positron fraction then assumes the form given in Eq. (4.4).

We now discuss the hypothesis that the PAMELA positron excess is due to gravitino dark
matter decay. For this to be the case, the gravitino mass must be at least ~ 200 GeV. As
discussed above, the branching ratios for decays into Standard Model particles will be essen-
tially fixed for gravitino masses of a few hundred GeV. The decay 13/ — Wl then has a
branching ratio of ~ 50%, and the hard leptons that are directly produced in these two-body
decays may account for the rise in the positron fraction if a significant fraction of these decays
has electron or muon flavor, as discussed in Chapter 4.
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Consider first the extreme case that the decays proceed purely into electron flavor. For
mgz/; = 200GeV, the PAMELA excess can then be explained for the gravitino lifetime
T§/2(200) ~ 3.2 x 10%s, as illustrated in Fig. 9.2. Note that this lifetime is a factor 2
smaller than the minimum lifetime given in Eq. (9.30), which we obtained from the antipro-
ton overproduction constraint. In other words, an interpretation of the PAMELA excess in
terms of gravitino decay is incompatible with the MED set of propagation parameters when
antiprotons are taken into account. Nevertheless, the MIN model and other sets of propa-
gation parameters that yield intermediate values for the antiproton flux can be compatible
with both the positron fraction and the antiproton-to-proton ratio observed by PAMELA.
The situation is very similar for mg/,, =400 and 600 GeV.

Fig. 9.2 also shows the predicted total electron + positron flux together with the results
from Fermi and ATIC. Obviously, the “model 0” presented by the Fermi collaboration cannot
account for the present data, and the contribution from gravitino decays makes the discrep-
ancy even worse. In particular, the data show no spectral feature as would be expected for
decaying dark matter. On the other hand, gravitino decays may very well be consistent with
the measured total electron + positron flux once the background is appropriately adjusted.
This is evident from Fig. 9.3, where the contribution from gravitino decays is shown in the
theoretically well motivated case of flavor-democratic decays. The figure also illustrates that,
depending on the gravitino mass, the dark matter contribution to the PAMELA excess can
still be significant.

An obvious possibility is that both the total electron + positron flux and the positron
fraction are dominated by astrophysical sources. For instance, for the gravitino mass m3/; =
100 GeV we obtain from the antiproton overproduction constraint a minimum lifetime

735 (100) =~ 1.0 x 10%7s. (9.31)

As Fig. 9.4 demonstrates, the contribution from gravitino decays to the total electron -+
positron flux and the positron fraction is indeed negligible for lifetimes above this bound.
Nonetheless, as we shall see in the following section, the dark matter contribution to the
gamma-ray flux can be sizable.

9.4 Predictions for the Diffuse Gamma-Ray Flux

Once the gravitino mass and lifetime, as well as the flavor structure of the decays are fixed,
one can make the corresponding predictions for the contribution to the diffuse gamma-ray
flux from gravitino decay. This flux is composed of two components; the first one stems from
the decay of gravitinos in the Milky Way halo, whereas the second one is due to the decay of
gravitinos at cosmological distances. For explicit expressions for these fluxes, see Chapter 3.
For the extragalactic fluxes, we assume a standard flat ACDM cosmology with parameters
as given in Chapter 1. The cosmological contribution is fainter than the halo contribution.
Moreover, the flux of gamma rays of extragalactic origin is attenuated by electron—positron
pair production on the extragalactic background light emitted by galaxies in the ultraviolet,
optical and infrared frequencies [355, 356]. However, the flux of gamma rays originating from
the decay of dark matter particles in the halo is barely attenuated by pair production on the
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Figure 9.3: Contribution from dark matter decay to the positron fraction and the total
electron + positron flux, compared with data from PAMELA and HEAT, and ATIC, Fermi
LAT and H.E.S.S., respectively; m3/,, = 200 GeV, 400 , 600 GeV with the minimal lifetimes;
for W*IF decays democratic flavor dependence is assumed. The “model 0” background is
used, and for comparison with Fermi LAT data a 25% energy resolution is taken into account.

Galactic interstellar radiation field at energies below 10 TeV [159]. Thus, the total flux is
dominated by the halo component, yielding a slightly anisotropic gamma-ray flux [103] which
is compatible with the EGRET observations [11]. For a detailed study of the prospects of
detecting this anisotropy with the Fermi LAT, see Chapter 6.

The decay of gravitinos produces a continous spectrum of gamma rays which is determined
by the fragmentation of the Higgs boson and the weak gauge bosons. Furthermore, there exists



9.4. PREDICTIONS FOR THE DIFFUSE GAMMA-RAY FLUX 147

1 T T 1000 T T
PAMELA 08 —— ATIC 08

HEAT 94/95/00 Fermi LAT 09 ———

HESS 08 —+—

Positron fraction e*/(e*+ e7)
£ dN/dE [GeV? m2 s
.

o
o
T
L

0.01 D . 10 . !
1 10 100 1000 10 100 1000 10000
E [GeV] E [GeV]

Figure 9.4: Contribution of gravitino decays to positron fraction and total electron + positron
flux for m3z/, =100 GeV and 73,5 =1 X 10%7 s.

a distinct spectral feature in the form of a gamma-ray line at the endpoint of the spectrum
at E, = mg/y/2 with an intensity that is model-dependent.? For our numerical analysis we
shall use the typical branching ratio in this channel derived in Section 9.2,

9 2
OOGeV> , (9.32)

msz/2
for gravitino masses in the range m3/; = 100 — 600 GeV. In Fig. 9.5 we show the predicted
diffuse gamma-ray flux for m3/, = 200, 400, 600 GeV and the respective lower bounds on the
gravitino lifetime, as in Eq. (9.30). Therefore, the spectra shown correspond to upper bounds
on the signal in gamma rays that can be expected from gravitino dark matter decay when
taking the antiproton constraints into account.

For comparison, we show two sets of data points obtained from the EGRET measurements
of the diffuse extragalactic gamma-ray background using different models of the Galactic
foreground emission. An analysis by Strong, Moskalenko and Reimer using a model optimized
to better simulate the the Galactic diffuse emission revealed a power law below 1 GeV, with
an intriguing deviation from the power law above 1 GeV, which is precisely the kind of
signature one might expect from a dark matter contribution (see, for example, [11] for an
interpretation of the EGRET GeV excess in terms of gravitino decay). This deviation has
not been confirmed by Fermi LAT, however, and was most likely of instrumental nature [357].

For our present analysis we will show both sets of data as extracted by Sreekumar et
al. [155] and by Strong, Moskalenko and Reimer [251], as the status of the extragalactic
background is presently unclear. For comparison with the data points, we have averaged the
slightly anisotropic halo signal [103] over the whole sky, excluding a band of £10° around the

2We neglect in our analysis the contribution to the gamma-ray flux from inverse Compton scattering of
high-energy electrons and positrons on the interstellar radiation field. We estimate that this contribution is
peaked at energies smaller than 0.1 GeV and has an intensity E?dJ/dE < O(1077) GeV (cm? srs)™! [197],
thus giving a negligible contribution to the total flux, which is constrained by EGRET to be E*dJ/dE ~
1075 GeV (cm? srs)™! at E, = 0.1 GeV. However, the inverse Compton contribution can be sizable for larger
dark matter masses [3, 197]. See Chapters 3 and 6 for a detailed discussion.
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Galactic disk.> We have conservatively used an energy resolution o(E)/E = 15% as quoted
by the Fermi LAT collaboration [358].

It is noteworthy that for both choices of the extragalactic background, the antiproton
constraint allows for a sizable deviation from a power-law background if the gravitino mass
is above 200 GeV. Therefore, if such a deviation with the proper angular dependence were
observed by Fermi LAT, the scenario of gravitino dark matter would gain support. Further-
more, the existence of a gamma-ray line at the endpoint of the spectrum is predicted, with an
intensity that depends on the model of R-parity breaking, as discussed in Section 9.2. The ob-
servation of such a line would be a smoking-gun signature for the presence of a particle-physics
process. This line could also be observed by Fermi LAT in the diffuse gamma-ray background,
but also by the ground-based Cherenkov telescopes MAGIC, H.E.S.S., or VERITAS in galax-
ies such as M31 [1, 103] (see Chapter 7 for a detailed discussion). For smaller gravitino masses
the gamma-ray line becomes more prominent, whereas the contribution to the continuous part
of the spectrum decreases. This is illustrated in Fig. 9.6 for mgz/, = 100 GeV.

The observation of the discussed features in the diffuse gamma-ray spectrum might, if
interpreted as the result of gravitino decay, open the exciting possibility of constraining the
reheating temperature of the Universe. Namely, the thermal relic abundance of gravitinos is
given by [83, 345, 359]

T 100 GeV mg \2
Qi p? ~ 0. R 9", :
32l =05 <1010 GeV ms o (1 TeV ) (9:33)

Therefore, imposing that the thermal abundance of gravitinos should not be larger than
the total dark matter abundance, the measurement of the gravitino mass by Fermi LAT and
the measurement of the gluino mass at the LHC would imply the following upper bound on
the reheating temperature of the Universe:

Qs35h%\ /100GeV L/ mz -2
Tr < 2 x 10° / g 34
R < 2x 10 Gev< - >< o > (7%) (9.34)

which is saturated when all the dark matter gravitinos are of thermal origin. This bound
has important implications for the scenario of thermal leptogenesis, which requires T =
10% GeV [360, 361], as well as for many inflationary scenarios.

9.5 Conclusions

In supersymmetric theories with small R-parity breaking thermally produced gravitinos can
account for the observed dark matter, consistent with leptogenesis and nucleosynthesis. Grav-
itino decays then contribute to the antimatter component of cosmic rays as well as to the
gamma-ray flux. We consider gravitino masses below 600 GeV, which are consistent with

3The halo signal would have a larger degree of anisotropy if the dark matter halo is not completely uniform
but present substructures, as suggested by N-body simulations of Milky Way-size galaxies. In the present
calculation we are interested in the average flux in the whole sky excluding the Galactic disk, which depends
on the total amount of dark matter in this region and not on the way in which it is distributed. Therefore, for
our purposes it is a good approximation to neglect substructures and to assume a smooth dark matter halo
profile.
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Figure 9.5: Predicted gamma-ray flux for mg,, = 200, 400, 600 GeV for the minimal lifetimes
compatible with antiproton constraints, Eq. (9.30). We assume decays purely into electron
flavor here. We show both the extragalactic gamma-ray background obtained by Sreekumar

et al. as well as the background obtained by Strong, Moskalenko and Reimer.

universal boundary conditions at the GUT scale.

Gravitino decays into Standard Model particles can be studied in a model-independent
way by means of an operator analysis. For sufficiently large gravitino masses the dimension-
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Figure 9.6: Predicted gamma-ray flux for mgz,, = 100 GeV and 73/, = 1 X 10%"s. We show
both the extragalactic gamma-ray background obtained by Sreekumar et al. as well as the
background obtained by Strong, Moskalenko and Reimer.

five operator dominates. This means that the branching ratios into h%v, Z% and W*IT are
fixed, except for the dependence on lepton flavor. As a consequence, the gamma-ray flux is
essentially determined once the antiproton flux is known. The positron flux, on the other
hand, is model-dependent. The intensity of the gamma-ray line from the decay 3,5 — v is
controlled by the dimension-six operator. Hence, it is suppressed compared to the continous
gamma-ray spectrum. Its intensity is model-dependent and decreases with increasing grav-
itino mass. Therefore, the presence of this spectral feature is not a generic prediction of this
scenario.

Electron and positron fluxes from gravitino decays, together with the standard GALPROP
background, cannot account for both the PAMELA positron fraction and the electron +
positron flux measured by Fermi LAT due to the upper bound we have imposed on the grav-
itino mass, which restricts the contribution to energies below 300 GeV. For gravitino dark
matter, the hard high-energy eTe~ flux therefore requires additional astrophysical sources.
However, depending on the gravitino mass and the background, the dark matter contribution
to the electron and positron fluxes can be non-negligible.

Present data on charged cosmic rays allow for a sizable contribution of gravitino dark
matter to the gamma-ray spectrum, in particular a line at an energy below 300 GeV. The
non-observation of such a line would place an upper bound on the gravitino lifetime, and
therefore on the strength of R-parity breaking, restricting possible signatures at the LHC.



Chapter 10

Hidden-Gaugino Dark Matter

If interpreted in terms of decaying dark matter, the steep rise in the positron fraction of
cosmic rays above 10 GeV, as observed by the PAMELA experiment, suggests an underlying
production mechanism that favors leptophilic channels. In this chapter, which is based on
the publication [7], we consider a scenario where a portion of the dark matter is made of the
gauginos of an unbroken hidden-sector U(1)x, which interact with the visible sector only via
a tiny kinetic mixing. The second component of the dark matter is made of neutralinos, and
depending on the mass spectrum, either the lighest neutralino or the hidden gaugino becomes
unstable and subject to decay. We analyze the cosmic rays, namely the contributions to the
positron, the extragalactic gamma-ray and the antiproton flux, which potentially result from
these decays and demonstrate that the production of antiprotons can be naturally suppressed.
Therefore, this model is a realization of a leptophilic decaying dark matter scenario favored
by the model-independent analysis in Chapter 4. We also briefly discuss in this chapter
the apparent double-peak structure in the ATIC data in light of cascade-decaying hidden
gauginos, even though the existence of this feature has not been confirmed by later Fermi
LAT measurements.

10.1 Introduction

We will speculate in this scenario that a tiny kinetic mixing O(1072%) induces the decay of
the dark matter particles into lighter supersymmetric particles and positrons, thus providing
a potential explanation to the excess observed by PAMELA. Assuming exact R-parity con-
servation, two possibilities may arise. First, we will study the case that the hidden gaugino
mass is smaller than the lightest neutralino mass. We will show that the neutralino mostly
decays into two charged leptons and the hidden gaugino. The hard positrons produced in
the decay can then potentially explain the steep rise in the positron fraction observed by
PAMELA and the absence of an excess in the antiproton flux. Second, we will study the case
that the lightest neutralino mass is smaller than the hidden gaugino mass. If this is the case,
it is the hidden gaugino which decays into the lightest neutralino, either directly or in a cas-
cade decay, when there are supersymmetric particles with masses between the hidden gaugino
mass and the lightest neutralino mass. Either particle could be the dominant component of
dark matter. However, we will focus in this work on the possibility that the dominant com-
ponent of dark matter is the lightest neutralino, which may allow direct dark matter detection.
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This chapter is organized as follows. In Section 10.2 we will briefly review the main
features and possible origins of scenarios with a hidden Abelian gauge group and kinetic
mixing. In Section 10.3 we will present our results for the decaying neutralino case and the
decaying hidden gaugino case. Lastly, in Section 10.4 we will present our conclusions.

10.2 The Model

Many extensions of the Minimal Supersymmetric Standard Model (MSSM) contemplate the
possibility of a hidden sector, consisting of superfields which are singlets under the Standard
Model gauge group. Hidden-sector superfields usually couple very weakly to our observable
sector, thus constituting a very natural arena for finding dark matter candidates. We consider
an extension of the MSSM by a hidden Abelian gauge group U(1)x (for details about the
model and a discussion of its phenomenology and cosmological constraints see [100]). This
gauge group is assumed to remain unbroken at low energies and couples to the MSSM only
through a tiny kinetic mixing x with the hypercharge U(1)y,

G = SU(?))C X SU(Q)L X U(l)y X U(l)X . (10.1)

kinetic mixing ~ x

For simplicity, we assume that all states that are charged under the hidden-sector gauge group
are heavy and therefore decouple from the observable sector. However, as shown in [100], a
non-zero mass mixing of the order M ~ O(x - Mx) between hidden gaugino and Bino
generally remains. More precisely, in the basis where the kinetic terms are canonical, the
extended (5 x 5) neutralino mass matrix reads, to lowest order in y,

Mx oM 0 0 0
oM M1 0 —MzcﬁSW Mzsgsw
My = 0 0 My Mgzcgew  —Mzsgew (10.2)
0 —MchSW MzclgCW 0 — U
0 Mzsgsw  —Mzsgew —u 0

where Mz is the Z boson mass, u is the MSSM p-parameter, syw = sin fw, cw = cos Oy are
the sine and cosine of the Weinberg angle, and sg = sin 3, cg = cos 3 are the sine and cosine
of B = arctan({v,) / (vq)). Mx denotes the mass of the U(1)x gaugino, whereas M; and M,
are the U(1)y and SU(2)1, gaugino masses.

Below we will concentrate on the case where the lightest supersymmetric particle in the
visible sector is a bino-like neutralino x{. Then, depending on the masses of the hidden
gaugino and the neutralino, one of the particles becomes unstable with a lifetime that is
roughly given by

My o \ 7! 0 —2
-2 1 26 XXy

where we made use of the mixing angle 6 ~ §M/[M,0 — Mx| ~ O(x). The exact prefactor
depends on the dominant decay modes and on the mass spectrum of the supersymmetric par-
ticles. However, it is apparent that a lifetime around 10%6 s, as required to fit the PAMELA
excess with decaying dark matter particles, implies an extremely small mixing on the order of
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x ~ 10724, Note that the mixing must be somewhat larger when the decaying particle is only
a subdominant component of the dark matter, but an upper bound of roughly ~ 10~2° holds
from the requirement that the relic abundance has not already decayed before the present day.

The thermal production of hidden gauginos by oscillations between Bino and hidden gaug-
ino, which generally takes place in the primeval MSSM plasma, is irrelevant for the mixing
parameters that we are looking at here [100]. However, the hidden gaugino may be produced
non-thermally, e.g. in the decay of a heavy gravitino, or it may be a thermal relic of the
hidden sector [362]. In the latter case one requires additional particles that are charged under
the hidden U(1)x with masses around My, however. For simplicity, we will assume through-
out this chapter that the lightest neutralino in the visible sector has the right relic energy
density to make up the dominant part of the observed dark matter abundance, whereas the
abundance of the hidden gaugino is subdominant, px < Py ™ PDM-

The actual mass scale of the hidden gaugino depends on how the breaking of supersymme-
try is mediated to the visible sector and the hidden U(1)x. If the soft masses ~ mgog in the
visible sector arise from gauge mediation, whereas the U(1)x couples to the supersymmetry-
breaking sector only gravitationally, the predicted mass hierarchy is mgog > mgz/n ~ Mx,
where mg/, denotes the mass of the gravitino. In this scenario the lightest neutralino cannot
be the dark matter because it would decay into the gravitino in the early Universe. How-
ever, if we assume gravity mediation to the visible sector and anomaly mediation [363] to the
U(1)x, one expects mgofy, ~ M3 /2 > Mx. If the soft masses of both the visible sector and the
U(1)x arise from gravity mediation, one in general expects that all masses are of the same
order, msoft ~ M3/ ~ Mx. Below we will assume that the gravitino is heavy enough to have
no impact on the decay modes, m3/5 > max(Mx, MX?).

Neutralino/hidden gaugino decay modes

MX(I) > Mx Mx(l) < Mx
- . FIy) = FAX
flhn — FIX /L '
0 0 X?ho
Xi — § Xh X — 070
X2° iz
X;WF

Table 10.1: Dominant decay modes of the neutralino and the hidden gaugino, respectively.
Depending on the masses Mx of the hidden gaugino and MX? of the lightest neutralino, one
of the two particles becomes unstable with a lifetime roughly given by Eq. (10.3). Since
the three-body decay into fermion pair ff is mainly mediated by virtual sfermions, f*, we
show this explicitly. Furthermore, when a sfermion is lighter than the decaying particle, the
corresponding three-body decay crosses over to a cascade decay. The subsequent decay and
fragmentation of the Higgs and gauge bosons, charginos and neutralinos is not indicated.
Note that the symbol f represents any lepton or quark.
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Additional U(1) gauge factors are a generic feature of string compactifications. For ex-
ample, in the “mini-landscape” of orbifold compactifications of the heterotic string [364] one
encounters, at the compactification scale, a breaking of the gauge symmetry to a theory in-
volving many hidden U(1)s, e.g. Egx Es — Gsm x U(1)* x [SO(8) x SU(2) x U(1)?] and the
like. Similarly, type-IT compactifications generically invoke hidden-sector U(1)s, often also for
global consistency requirements. Some of these hidden U(1)s may remain unbroken down to
very small scales [365].

Kinetic mixing is generated by the exchange of heavy messengers that couple both to
the hypercharge U(1)y and the hidden U(1)x. Correspondingly, it is loop suppressed,
X = gvgxC/(167%), where gy and gy are the Abelian gauge couplings and C is a dimension-
less constant. In field-theoretic setups, the latter is naturally of order one [366] and thus way
too large for our purposes. However, it can be much smaller if there are additional gauge or
global symmetries (cf. [100, 266]). Moreover, in models arising from string compactifications
rather small mixings seem to be generic [365, 367, 368, 369]. In the context of compactifica~
tions of the heterotic string, the mixing can be quite small, but is generally still too large for
our purposes. However, a sufficiently strong suppression of the coupling could be achieved
in models with multiple U(1)s [100]. The required small mixing may also be obtained in
scenarios with significant warping, such as KKLT [370], where the standard model stack of
branes, notably the brane featuring the hypercharge U(1), is placed at a special position —
at the tip of a warped throat — while the hidden brane is separated from it by a distance
d along the throat. In this case the kinetic mixing may be exponentially suppressed [369].
If a sufficiently strong suppression of the kinetic mixing can be achieved, the NLSP can be
sufficiently stable to constitute the dark matter.

As mentioned above, depending on the mass spectrum of the supersymmetric particles,
either the lightest neutralino x{ or the hidden gaugino X then becomes unstable. The rel-
evant decay modes are shown in Table 10.1. These decays may be detectable as anomalous
contributions to the cosmic-ray fluxes observed at Earth. We will discuss this in some detail
in the next section.

10.3 Cosmic Rays from Leptophilic Dark Matter Decay

Below we will present our results for the cosmic-ray signatures of decaying neutralinos and
decaying hidden gauginos.! In both cases we will start with an analysis of the predictions
that follow when assuming that the visible sector is described by an exemplary point in the
coannihilation region of the mSUGRA parameter space. This ensures a consistent cosmology
in the visible sector and that all free parameters of the MSSM are fixed. After that we will go
beyond this mSUGRA scenario and discuss how the comsic-ray signatures can change in more
generic cases. This will include a discussion about cascade decays in light of the apparent
double-peak structure in the ATIC data.

'For a short discussion of our model in light of the new Fermi LAT electron data [216] see the below.
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10.3.1 Decaying Neutralinos

The potentially relevant decay modes for the case Mx < Mx?’ where the lightest neutralino
can decay into the hidden gaugino, are summarized in Table 10.1. Beside the three-body
decays, which produce fermion-antifermion pairs, we also have to take into account the decay
into Higgs and Z° bosons. Throughout the analysis we will assume that the lightest neutralino
X} makes up the dominant part of the dark matter, P9 ™ PDM.

mSUGRA point. As stated above, our exemplary mSUGRA model lies in the coannihi-
lation region. The defining parameters of the model are mg = 150 GeV, m; /5 = 720GeV,
Ap =0, tan3 = 10 and sign 4 = +1. In this model the lightest neutralino has a mass of
301 GeV and the correct relic density to be the dark matter, Qh? = 0.104, where we calcu-
lated the mass spectrum and relic abundance with the aid of DarkSUSY 5.0.4 [371]. As is
typical for models in the coannihilation region, the three right-handed sleptons have masses
around 304 — 307 GeV, which is similar to the mass of the lightest neutralino. The left-handed
sleptons have masses around 500 GeV. Furthermore, this particular mSUGRA point, which
features a spin-independent cross-section per proton of 2 x 10746 cm?, can be probed with
the next-to-next generation direct dark matter detection experiments like XENONIT and
LUX/ZEP.

We calculated the dominant branching ratios for the decay of the lightest neutralino using
FeynArts 3.4 [297] and FormCalc 5.4 [298]. They are summarized in Table 10.2 for differ-
ent masses of the hidden gaugino between 1 and 200 GeV. Most interestingly, the fraction
of decays into charged leptonic final states is never below ~ 65%. Beside the small masses
of the right-handed sleptons, the underlying reason is the large u-term, p = 865 GeV, which
suppresses the mixing between the Bino-like lightest neutralino x9, the hidden gaugino and
the Higgsinos like O(Mz/u). Furthermore, for large enough masses of the hidden gaugino, the
decay into h°X becomes kinematically forbidden. Note that although we present a concrete
mSUGRA model for definiteness, the branching ratios shown here are typical for mSUGRA
models in the coannihilation region, provided that the p-term is large enough. If the latter is
the case, three-body decays into charged leptons dominate over two-body decays into Higgs
and gauge bosons.

To obtain the energy spectra of gamma rays, positrons and antiprotons that are pro-
duced in the neutralino decay we used the event generator PYTHIA 6.4 [249]. From these
spectra, the contribution to the cosmic-ray fluxes that are observed locally can be derived
as described in Chapter 2. Throughout this Chapter we assume for the dark matter density
the Navarro-Frenk-White halo profile as defined in Eq. (1.13) and Table 1.1 with a local dark
matter density po = 0.3GeV ecm™3. Solar modulation is taken into account using the force
field model described in Chapter 2.3 with a potential ¢p = 500 MV. The lifetime of the neu-
tralino is always fixed by requiring a qualitatively good agreement with the positron fraction
as measured by PAMELA. Note that due to the relatively light mass of the neutralino at our
mSUGRA point it is not possible to reproduce the hard electron spectrum as measured by
Fermi LAT and H.E.S.S. which extends up to 1 TeV. We will discuss the case of heavier dark
matter particles below. As a complementary signature we also compute the corresponding
gamma-ray fluxes from dark matter decay as explained in Chapter 3, where we neglect here
the contribution from inverse Compton scattering of electrons and positrons.
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Figure 10.1: Positron fraction, total electron + positron flux, extragalactic gamma-ray flux
and antiproton flux of a decaying neutralino x! as predicted for our exemplary mSUGRA
scenario. The branching ratios used are shown in Table 10.2. The mass of the decaying
neutralino is 301 GeV, the hidden gaugino mass varies between 1 GeV (solid), 50 GeV (dotted),
100 GeV (dashed) and 150 GeV (dot-dashed). We use the MED propagation model. In the
lower left plot, the grey lines indicate the flux without the extragalactic background, where
we have averaged the signal over the whole sky, excluding the Galactic disk. In the lower
right plot, we only show the primary antiproton flux without the background.

Our results are shown in Fig. 10.1. We find that in principle, the model can account for
the observed excess in the positron fraction around 10 — 100 GeV if the hidden gaugino is
light, with a mass Mx < 50GeV, although the predicted peak seems to rise too slowly to
fully match the PAMELA data. This slow rise is due to the two-body decay into Higgs bosons
whose subsequent fragmentation produces relatively soft positrons. From the lower plots of
Fig. 10.1 it is apparent that the model is compatible with the EGRET measurements of the
extragalactic gamma-ray background. Gamma rays with energies below ~ 10 GeV stem from
the fragmentation of the Higgs boson whereas gamma rays at higher energies mainly come
from 7F decay. The contribution to the antiproton flux generally compatible with existing
measurements, but can become problematic for hidden gaugino masses above ~ 100 GeV.
Note that the uncertainty in the antiproton flux at Earth from dark matter decay can be
as large as one order of magnitude in both directions [10, 145] due to our ignorance of the
propagation parameters (cf. Chapter 2 and Fig. 4.6). Of course, the peak in the ATIC data
around 300 — 800 GeV cannot be reproduced in this setup.?

2In Fig. 10.1 we aimed to fit the PAMELA data. Since we restricted ourselves to using the background
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Idealized three-body decay of a heavy neutralino. For different parameters of the
underlying MSSM model, the above plots can mainly change in two ways. First, a larger
value of the p-parameter would reduce the branching ratio into Higgs and Z° bosons.? As a
result, the rise in the positron fraction would be steeper and the contribution to the antipro-
ton flux smaller. Second, a higher mass of the decaying neutralino would shift the peak to
higher energies, as suggested by the ATIC data.

Mx |ete X ptp X rt7~X AOX 20X T\ [10%0 5]
1 0.28 0.28 0.32 0.088 0.026 1.8

50 0.27 0.27 0.30 0.13 0.024 1.7

100 0.24 0.24 0.28 0.21 0.024 1.5

150 0.21 0.21 0.24 0.32 0.026 1.3

200 0.30 0.30 0.36 — 0.037

Table 10.2: Branching ratios for the decay of a neutralino x{ into a lighter hidden gaugino X
for different hidden gaugino masses Mx. In the visible sector, masses and mixing parameters
are fixed by an mSUGRA scenario in the coannihilation region, as described in the text. The
lightest neutralino has a mass of 301 GeV. Branching ratios of three-body decays into neutri-
nos, x§ — v X, and into quarks, x) — ¢¢X, are smaller than 0.3% and 0.02%, respectively.
The two-body decay into photons, X(1] — ~X, is one-loop suppressed and neglected here. We
also indicate the lifetime of the neutralino which gives the best fit to the data.

In Fig. 10.2 we show our results for the cosmic-ray fluxes in the idealized case where a
Bino-like neutralino decays only via right-handed sleptons. This resembles scenarios with a
large p-term and large masses for the left-handed sleptons. The masses of the hidden gaugino
and the neutralino x! are 150 GeV and 500 GeV (solid lines) or 300 GeV and 1850 GeV (dot-
ted lines), respectively. Note that the thick lines correspond to the standard case where the
neutralino decays democratically into all three flavors. As expected, the rise in the positron
fraction is now steeper and can easily accommodate the PAMELA data. Furthermore, a very
heavy neutralino around 1.8 TeV allows to also account for the ATIC excess. In any case we
find a clear excess in the extragalactic gamma-ray flux at energies above 10 GeV.

The gamma rays come mainly from 7& decays and bremsstrahlung, but the latter is a
subdominant effect as long as the three-body decay into charged leptons is democratic. How-
ever, the decay into taus can be suppressed in cases where the stau mixing angle is large, since
the correspondingly larger left-handed component of the lighter stau weakens the coupling to
the Bino-like neutralino and the hidden gaugino. For example, if the lighter stau is equally

fluxes from [372], as described above, this results in an electron + positron flux that lies above the ATIC
data points at energies below 100 GeV. A lower normalization of the background flux of primary electrons
would increase the agreement with ATIC, while at the same time flattening the positron fraction somewhat.
Note that this behavior is common to all simultaneous fits to ATIC and PAMELA when using the above
backgrounds. The same reasoning holds for Figs. 10.2, 10.3 and 10.4.

3A concrete lower bound on the p-parameter is extremely model-dependent. However, in the concrete
scenario with a Bino-like lightest neutralino where we take tan 8 = 10, a, = —0.1 and assume that the right-
handed sleptons have a mass around 1.02 x Mx‘f7 the lower bound p 2 (9(2MX(1)) turns out to be sufficient to
suppress the branching ratio into Higgs bosons below 20%.
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left- and right-handed, the three-body decay into taus would be suppressed by a factor of
~ 0.5. To obtain a lower bound on the predicted gamma-ray signal, we also show the case
where the neutralino decays into the first two generations only (see thin lines in Fig. 10.2).
The gamma-ray flux is much smaller in this case and comes mainly from bremsstrahlung of
the electrons produced in the three-body decay x? — eTe”X. Note that in any case, we
obtain a tight correlation between the contributions to the positron flux and the extragalactic
gamma-ray flux where the latter comes mostly from 7% decays in most cases.

Heavy Bino-like neutralinos with masses above a few hundred GeV are problematic for
cosmology since they are typically overproduced, even when coannihilation with sleptons is
taken into account. At the same time, Wino- and Higgsino-like lightest neutralinos do not
exhibit the desired leptophilic decay.? However, these problems are absent if one considers
scenarios where the hidden gaugino is heavier than the lightest neutralino, Mx > MX?. First,
due to the mixing with the Bino, the interactions of the hidden gaugino are automatically
“Bino-like.” Second, for the small mixings that we consider bounds from overproduction
arguments are irrelevant [7]. Note that the results from this paragraph can also hold in that
case, provided one exchanges the roles of the hidden gaugino and the lightest neutralino.
However, this requires that all sparticles, apart from the lightest neutralino, are heavier than
the hidden gaugino. Generically, this will not be the case and the hidden gaugino will cascade-
decay though the different sparticles down into the lightest neutralino. We will consider this
in detail in the next subsection.

Mx [GeV] | v 1 qq  hOY  Z9\0 WEF  1x[10B4]
600 0.018 0.982 — 0.001  0.000 — 1.1
700 0.056 0.929 — 0.006 0.000  0.009
800 0.056 0.846 — 0.035 0.002 0.061 1.0
850 0.007 0.498 — 0.173 0.012 0.310
900 0.153 0.537 — 0.107 0.009 0.194 0.8
1000 0.141 0.811 — 0.014 0.010 0.024
1200 0.133 0.768 — 0.027 0.025 0.047 0.7
1400 0.132 0.741 0.016 0.029 0.028 0.054
1600 0.125 0.685 0.084 0.027 0.027 0.052

Table 10.3: Branching ratios of the dominant decay modes of a hidden gaugino that cascade-
decays into MSSM particles. The underlying scenario is our chosen mSUGRA reference
point as described in the text. The decay into neutrinos and charged leptons is essentially
democratic in all three flavors. We also indicate the lifetime of the hidden gaugino that gives
the best fit to the PAMELA data, assuming an energy density of px = 1073 pp.

10.3.2 Decaying Hidden Gauginos

A hidden gaugino that is heavier than the lightest neutralino, Mx > MX?’ turns out to be
more appealing from the phenomenological point of view. In this case, the mass of the lightest

4Winos only couple to left-handed sleptons, which are typically heavier than the right-handed ones, whereas
Higgsinos can easily decay to the Higgs boson.
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Figure 10.2: Positron fraction, total electron + positron flux and extragalactic gamma-ray flux
for an idealized, three-body decaying Bino-like neutralino. We neglect effects from h° and Z°
bosons and assume pure flavor-democratic three-body decays including charged lepton pairs.
The masses of the neutralino and the hidden gaugino are 500 GeV and 150 GeV (thick solid
lines) or 1850 GeV and 300 GeV (thick dotted lines), respectively. The thin lines show the
predictions when the decay into the tau channel is neglected. The mass of the right-handed
sleptons is assumed to be a factor 1.1 larger than the neutralino mass.

neutralino can be small, of the order of a few hundred GeV, and the hidden gaugino automat-
ically possesses the “Bino-like” interactions which are desirable for the leptophilic decay. We
will again assume that the lightest neutralino makes up most of the dark matter, whereas the
hidden gaugino contributes only a subdominant part px < Pyo O the overall matter density
of the Universe. Note that in this case the lifetime of the hidden gaugino can be as small
as Tx ~ 10'8s, around the current age of the Universe, provided that its relic abundance
is small enough. Secondly, we will consider the multi-peak structure of a cascade-decaying
hidden gaugino in light of the ATIC data.

mSUGRA point. The considerations in this paragraph are again based on the mSUGRA
scenario described above. Depending on the mass of the hidden gaugino, its decay can pro-
duce fermions, neutralinos, charginos, Higgs and gauge bosons as described by Table 10.1.
The corresponding branching ratios are summarized in Table 10.3, where we do not show the
subsequent decays of the neutralinos X(2)73,4 and charginos sz for simplicity.?

®These subsequent decays are taken into account in our calculations. We singled out the dominant decay
modes in our reference mSUGRA model and used them in the PYTHIA code: X — h%x%, X — 7%, X —
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Figure 10.3: Positron fraction, extragalactic gamma-ray flux, antiproton flux and total elec-
tron + positron flux from the decay of a hidden gaugino as predicted by our mSUGRA sce-
nario. The branching ratios are shown in Table 10.3. The mass of the hidden gaugino varies

between 600 GeV (solid), 800 GeV (dotted), 1000 GeV (dashed), and 1200 GeV (dash-dotted).

As is apparent from Table 10.3, the decay into charged lepton/slepton pairs is dominant
in the whole mass range Mx ~ 600 — 1000 GeV that we consider. The decay into quarks is
suppressed by the large squark masses, mg 2 1.1 TeV, whereas the decay into KO, Z0 and W+
bosons is suppressed by the small mixing between Higgsinos and the hidden gaugino. However,
this mixing can become enhanced when the masses of the Higgsinos become comparable to
the mass of the hidden gaugino, which happens around Mx ~ 870GeV. Our results for
the cosmic-ray fluxes are shown in Fig. 10.3 for hidden gaugino masses between 600 GeV
and 1200 GeV, where we adjusted the lifetime of the hidden gaugino to fit the PAMELA
data. For all masses of the hidden gaugino that we consider, the predictions for the positron
fraction are in qualitatively good agreement with the PAMELA data. At the same time, the
contribution to the antiproton flux lies well below the measurements and hence is safe in all
cases. Furthermore, we obtain contributions to the extragalactic gamma-ray flux which are
mainly due to 7% decays. They are compatible with the EGRET measurements, but could
show up in future observations as an excess above the background. The total electron +
positron flux is also compatible with the different measurements and we predict a sharp step
at high energies.

WEXT, X3 — x32° X% — X300 and x§ — xF2° (28%), xTh® (27%), X3W = (36%). The decay of x5 and xi
only produces leptons and is neglected.
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Figure 10.4: Positron fraction and total electron + positron flux for an idealized cascade-
decaying hidden gaugino. As in Fig. 10.5, only leptonic decay modes are taken into account.
We assume democratic decay into the three right-handed sleptons (thick lines), or into only
the selectron and smuon (thin lines). The mass of the lightest neutralino varies between
150 GeV (solid) and 1TeV (dotted). We show the plots for the propagation models MED
(upper plots) and M2 (lower plots) of [142] (see Table 2.1).

Multi-peak structures from cascade decays. As already evident in Fig. 10.3, the en-
ergy distribution of particles produced in cascade decays in general features several peaks.
Their exact position carries information about the masses of the different intermediate parti-
cles. It is intriguing to speculate that the apparent double-peak structure of the ATIC data
originates from cascade-decaying particles [111].

In the case of the decaying hidden gaugino, the energy spectrum of positrons in general
possesses two pronounced peaks. These peaks stem from decays with intermediate selectrons.
To simplify the discussion we will neglect decay modes that produce h?, Z° and W# bosons
or left-handed sleptons, and we will assume democratic decay into all three flavors. If we
furthermore assume approximate mass degeneracy for the three right-handed sleptons, we
are left with only three free parameters: the mass of the hidden gaugino My, the mass of the
lightest neutralino MX(I), and the mass scale of the right-handed sleptons M[R.

In Fig. 10.5 we show the corresponding energy spectrum of positrons for two different

5Note, however, that the electron data from Fermi LAT [216, 231] does not confirm the double-peak structure
seen by ATIC. For a discussion about the implications of the Fermi LAT data see below. Other explanations
for the double-peak structures can be found in [207].
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Figure 10.5: Energy spectrum of positrons from an idealized cascade-decaying hidden gaug-
ino. Only two-body decay into right-handed slepton/lepton pairs is taken into account. The
slepton subsequently decays into the lightest neutralino. The spectrum exhibits two pro-
nounced peaks which we denote by Ej and E;. We show plots for a lightest neutralino with
mass 150 GeV (solid) and 1 TeV (dashed). The position of the peaks is fixed to Ej, = 700 GeV
and E; = 200 GeV, as suggested by the ATIC data. The masses of the right-handed sleptons
then follow from Eq. (10.4). We also indicate the part of the positrons that comes solely from
the tau/stau decay channel (blue area).

sets of particle masses. The two pronounced peaks are denoted by Ej and E;. Fixing the
neutralino mass and the position of the peaks determines the slepton and hidden-gaugino
masses according to

E 2 /Mo\? E
M2 =M2, +2E? —h 1) _Zh g 10.4

Mx =Ej, + /E? + Ml?R : (10.5)

As a simple attempt to fit the ATIC data with an idealized cascade-decaying hidden gaug-
ino, we take the values E; = 700GeV and E; = 200GeV. After this, a neutralino mass
of M,o = 150GeV (1000 GeV) implies a slepton mass of M; = 177GeV (1117 GeV) and a
hidden-gaugino mass of Mx = 1422 GeV (2018 GeV).

The resulting cosmic-ray fluxes for the two neutralino masses are shown in Fig. 10.4 (upper
plots, thick lines), where we used the MED propagation model. Interestingly, the predicted
fluxes are practically the same for the two cases, although the bump structure is slightly en-
hanced in the case of the heavier neutralino. The lower plots are based on the M2 propagation
model as an example of a model with a thin diffusion zone, L = 1kpc (as opposed to L = 4kpc
in the case of the MED model). Since in these scenarios electrons and positrons are more
likely to escape the diffusion zone before having lost much of their energy, the observable spec-
trum becomes steeper. This effect can improve the agreement with the sharp features of the
ATIC data. However, note that propagation models with thin diffusion zones have problems
with the correct prediction of the flux of unstable isotopes like, for example, °Be or 14C [134].7

"Furthermore, the change of the propagation model in principle also changes the predictions for the back-
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Up to now we have assumed a vanishing stau mixing angle and democratic decay into all
three flavors. However, if the stau mixing angle is large, the decay mode into tau/stau pairs
would be suppressed, as discussed above. In Fig. 10.5 we indicated the part of the positrons
that comes from the stau/tau channel in the case of democratic decay (blue region). A
suppression of this channel can lead to a relative enhancement of the two-peak structure of
the cascade decay. This effect is shown by the thin lines in Fig. 10.4, where we only took
into account the decay modes into muon/smuon and electron/selectron pairs. As expected,
the peaks at high energy become more pronounced, and the spectrum becomes harder at low
energies, although the effect is not dramatic.
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Figure 10.6: Positron fraction and total electron + positron flux for an idealized, three-body
decaying Bino-like neutralino with mass 2500 GeV, decaying into a light hidden gaugino. We
include the recent data by Fermi LAT [216] and H.E.S.S. [217] on the total electron flux.

The more recently released measurement of the cosmic-ray electron + positron spectrum
from Fermi LAT [216] does not confirm the distinct feature seen by the ATIC experiment.
Instead, Fermi LAT observes a smooth, hard spectrum which follows a power law ~ E~30
for energies up to about 1 TeV. As indicated by H.E.S.S. observations [217], this power law
steepens at energies above 1 TeV. There is currently some disagreement between the ATIC
and Fermi LAT collaborations about the existence of the spectral feature, the reason for which
is presently not well understood. We now examine the case that the true electron—positron
spectrum is smooth.

In Fig. 10.6 we show the results for a three-body decaying Bino-like neutralino,® as dis-
cussed in Section 10.3.1. The mass of the neutralino is 2500 GeV, whereas the hidden gaugino
has a small mass ~ O(100 GeV). In the plots we assume that the decay is only mediated by
right-handed sleptons with a mass close to the neutralino mass. All other supersymmetric
particles must be heavy enough to make their effects on the branching ratios negligible. How-
ever, although this scenario is phenomenologically appealing, it requires some non-standard
cosmology in order to avoid the thermal overproduction of the heavy Bino-like neutralino.
A second way to explain the data measured by Fermi would be a cascade-decaying hidden
gaugino, see Section 10.3.2. The sharp step in the electron + positron spectrum, as shown

ground of secondary positrons, which were calculated for the above M1, M2 and MED model in [139]. However,
in Fig. 10.4 we used the background from [168] since the backgrounds in [139] are meant to be extreme cases.
8For further details about the plot, see Chapter 4.
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in Fig. 10.6 disappears if the first generation sleptons are heavy enough to suppress the pro-
duction of electrons or positrons in two-body decays. This, however, requires non-universal
slepton masses. Note that in both of the above cases, the production and decay of taus will
lead to a visible bump in the extragalactic gamma-ray flux, which should be measurable by
Fermi LAT.

10.4 Conclusions

In this chapter we have shown that a simple extension of the MSSM by an additional hidden
Abelian gauge group U(1)x, which kinetically mixes with the hypercharge U(1)y, can account
for the observed PAMELA excess if the kinetic mixing parameter is in the range of x ~
1072024 We also briefly discussed possible origins of such a tiny mixing in scenarios with
warped extra dimensions. Depending on the masses, either the visible sector neutralino or
the hidden gaugino becomes unstable and subject to decay. We have demonstrated that this
decay is dominated by leptophilic modes in certain parameter regions of the MSSM where
the sleptons are light (see Table 10.2 and Table 10.3). We found that a decaying hidden
gaugino with a mass around 600 — 1200 GeV can naturally explain the observed excess in
the positron fraction without overproducing antiprotons (see Fig. 10.3). Our considerations
suggest a preference for supersymmetric models with relatively light sleptons as, for example,
realized in mSUGRA models which lie in the coannihilation region. In any case, we predict a
contribution to the extragalactic gamma-ray flux, which mainly stems from tau decays, and
which should be observable in observations by the Fermi Gamma-Ray Space Telescope. We
also demonstrated that it is difficult to accommodate the sharp double-peak structure in the
ATIC data within our dark matter model and with standard propagation models.



Conclusions and Outlook

Despite a wealth of very interesting experimental results over the past years, the nature of the
dark matter remains as mysterious as ever. While from cosmological observations we have
gained some invaluable information about the overall abundance and impact of dark matter
on the large-scale evolution of the cosmos, we do not know much more about the microscopic
nature of the dark matter particles than at the time the existence of dark matter was first
discovered almost 80 years ago. In this thesis we examined the indirect astrophysical signa-
tures of a class of models where the dark matter is unstable, but decays with cosmological
lifetimes. This kind of scenario has not been studied as thoroughly in the literature as the
paradigmatic WIMP scenario, although it presents a viable alternative scenario for indirect
dark matter detection apart from the usual picture of WIMP self-annihilation. In the ab-
sence of an exactly conserved stabilizing symmetry, decaying dark matter particles such as
the gravitino, which we discussed in Chapter 9, must be extremely weakly coupled to the
Standard Model in order to ensure sufficient stability on cosmological timescales. Since this
typically implies inaccessibility to direct dark matter detection and immediate collider tests
of its properties, indirect detection provides an essential handle to constrain the properties of
super-weakly interacting dark matter candidates. Note, however, that we also discussed an
exception to this picture in Chapter 10, where the dark matter is composed of two distinct
components. In this case the dominant component can be weakly interacting and accessible
to direct detection and collider searches, while it decays into a very weakly coupled subdom-
inant dark matter component or vice versa.

Over the last years, the observation of an anomalous abundance of positrons and electrons
in the cosmic radiation by PAMELA and Fermi LAT has attracted a great deal of attention
since the annihilation or decay of weak-scale dark matter is expected to contribute to these
fluxes in the observed energy range. In Chapter 4 we analyzed these anomalies and inter-
preted them as a signature of decaying dark matter in the halo. This interpretation requires
a dark matter mass around a few TeV and a lifetime of the order of 10%°s, where the dark
matter particles have to decay with a large branching fraction directly into charged leptons,
which are then observed at Earth after their propagation through the halo. The viability of
this interpretation as well as alternative astrophysical interpretations will be tested by future
cosmic-ray and gamma-ray measurements. The space-based cosmic-ray instrument AMS-02
(Alpha Magnetic Spectrometer) was finally launched on May 16, 2011 after several years of
delays, and was shortly thereafter installed on the International Space Station. AMS-02 is
expected to significantly improve upon existing measurements of cosmic-ray leptons and nu-
clei up to iron. Its measurements will provide invaluable information on cosmic-ray fluxes at
higher energies than currently explored and thus improve our understanding of the produc-
tion and propagation of cosmic rays. As the cosmic radiation and the Galactic gamma-ray

165



emission are closely related, it should also help us better understand the Galactic gamma-ray
emission. All these developments will hopefully lead to an improved background rejection,
making it easier to identify any potential dark matter signals. Of special interest to dark
matter studies will be an independent and improved determination of the positron fraction
toward even higher energies and the measurement of a potential asymmetry in the arrival
directions of electrons and positrons, which might allow the determination of a nearby source
like a pulsar. Furthermore, one of the goals of AMS-02 is to search for cosmic antideuterons,
which is a promising channel for indirect dark matter searches, especially for a low to inter-
mediate dark matter mass. As we discussed in Chapter 5, a discovery of antideuterons by
the upcoming generation of cosmic-ray telescopes, including the GAPS balloon instrument,
would constitute a likely dark matter signature.

Meanwhile, the Fermi Gamma-ray Space Telescope is continuing to take data. In Chap-
ter 6 we analyzed the peculiar angular dependence of the gamma-ray emission from dark
matter decay in the halo. We computed the anisotropies in gamma-ray flux from the de-
cay of dark matter in the Galactic halo and found that these anisotropies can be sizable,
in particular for the case of the decay modes we found to reproduce the cosmic-ray anoma-
lies observed by PAMELA and Fermi. The Fermi LAT collaboration has since released an
analysis of the extragalactic gamma-ray emission, which in principle provides constraints on
the gamma-ray emission from dark matter decay. However, this analysis was done in a way
that allows for an independent normalization of the various contributions to the Galactic
foreground gamma-ray emission in each energy bin, making it difficult to identify a deviation
from the expected power-law behavior of the extragalactic background. This analysis also
presents plots of the gamma-ray fluxes averaged over four different hemispheres, but no study
of a possible presence of anisotropies in the data was performed so far. A dedicated analysis
of possible anisotropies in the gamma-ray flux by the Fermi LAT collaboration, taking into
account the full spectrum of systematic uncertainties, would hopefully shed some light on the
presence or absence of such anisotropies.

In Chapter 7 we studied a subdominant effect of the decay of leptophilic dark matter,
namely the radiative two-body decays into photons induced by quantum fluctuations. De-
spite being loop suppressed, we demonstrated that this decay may be of relevance due to its
unusually clear, background-free signature. Indeed, there are some scenarios where constraints
from the radiative decay can dominate over constraints from charged lepton production at
leading order. At energies below 200 GeV, such lines can be searched for by Fermi LAT,
while higher energies are only accessible to Cherenkov telescopes. The proposed Cherenkov
Telescope Array (CTA) is expected to shed some light on this matter. However, it is still in
the preparatory phase and is years away from commencing operations. When it becomes op-
erational, the CTA should allow us to probe the gamma-ray emission from sources at energies
and sensitivities unattainable with the current generation of Cherenkov telescopes. This will
hopefully enable searches for gamma-ray lines in hitherto unexplored regions of the parameter
space, which constitute a smoking-gun signature of dark matter as we have outlined. In prin-
ciple, the techniques we used could also be used in a different energy range to constrain dark
matter interpretations of the 511 keV line observed in the Galactic center by INTEGRAL/SPI.

An important complementary method of testing the decay of dark matter comes from
neutrino observations. We analyzed such constraints in a model-independent manner in
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Chapter 8. While current constraints from Super-Kamiokande are too weak to constrain
dark matter stability at the level relevant for the leptonic cosmic-ray anomalies, this can be
expected to change with the upcoming generation of neutrino telescopes that have recently
begun operations or will do so in the near future. We demonstrated that the sensitivity of
IceCube and other km? scale detectors in principle should be sufficient to constrain leptonic
and hadronic dark matter decay at a level competitive with current constraints from other
indirect detection channels within a few years of data taking and thus put decisive constraints
on the dark matter interpretations of the cosmic-ray anomalies observed by PAMELA and
Fermi LAT. With the completion of the full IceCube detector together with its DeepCore
subdetector near the end of 2010, we can expect interesting results from the new generation
of neutrino telescopes within the next few years.

While a dark matter interpretation of the leptonic cosmic-ray anomalies is becoming in-
creasingly constrained from antiproton constraints, gamma-ray and radio tests of Galactic
emission as well as gamma-ray emission from galaxy clusters, the scenario of dark matter
decay as the origin of these anomalies has thus far resisted efforts of ruling it out. However,
claims of the detection of a non-gravitational dark matter signature have to be taken with
caution due to the presence of astrophysical backgrounds that are difficult to quantify, as we
explained in Chapter 4. Hence, without supplemental evidence it is difficult to make a con-
vincing case that these signatures are due to dark matter decay or annihilation. Nevertheless,
no matter whether the correct explanation of the cosmic-ray anomalies eventually turns out
to be astrophysical or more fundamental in nature, they have presented a genuine and very
interesting puzzle for which multiple viable solutions exist, and which has helped improve our
understanding of indirect dark matter detection.

The challenge of dark matter identification remains uniquely interesting, not least because
of its interdisciplinary nature. It is highly unlikely that any single observation of a signal
in one channel would allow the unique identification of the correct theory of dark matter.
Therefore, a satisfactory solution of the dark matter puzzle will most probably necessitate a
multidisciplinary approach involving direct and indirect detection as well as collider searches
for new physics, which together should yield a consistent picture. Interestingly, in addition
to the observed anomalies in the cosmic radiation, there currently exist tentative hints from
several direct detection experiments which hint at the possible existence of a rather light
WIMP with a mass around 10 GeV. As with the cosmic-ray anomalies, these observations are
incompatible with the standard dark matter paradigm where the dark matter is a thermal
relic population of lightest neutralinos in the MSSM. Both in the case of indirect and di-
rect detection, such findings have motivated many studies of non-standard and non-minimal
models of dark matter over the last years, involving, for instance, extended versions of the
MSSM, new “dark forces,” where the dark matter is charged under a new dark-sector gauge
symmetry (possibly related to Sommerfeld enhancement of annihilation rates), or construc-
tions such as isospin-violating dark matter or inelastic dark matter, where the dark matter
possesses a near-degenerate excited state. Independent of whether one finds such attempts to
construct more baroque models of dark matter convincing, they highlight how little we still
know about its true nature. The physics of the dark sector may turn out to be more complex
and thus more interesting than initially assumed. In any case, one lesson we can learn from
this is that we should keep an open mind regarding the particle physics of the dark matter,
as Nature may have some surprises in store for us.
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Appendix A

Statistical Errors of the Large-Scale
Anisotropy

We briefly discuss here the statistical errors of the large-scale anisotropy as defined in Eq. (6.1),
which are due to shot noise. Statistical errors of small-scale anisotropies are discussed, e.g.,
in [373]. The measured anisotropy A and the total number N of measured photons are
related to the number of photons N7 measured in the direction of the Galactic center and the
number N in the direction of the anticenter by A = (N1 — Na)/(N1 + N3) and N = Nj + No.
The N; follow a Poisson distribution with mean (V;) and standard deviation o; = /(N;).
Considering the propagation of the error, it is straightforward to derive that the statistical
error of the anisotropy is given by

2
oA %, (A1)

which is expected to hold for small enough (A) ~ A and large enough (N) ~ N. On
the other hand, one can derive the exact probability distribution function of the anisotropy
A by starting with the above Poisson distributions for the N;, performing an appropriate
redefinition of the parameters and integrating out the total number of measured photons.
The result is a function of the mean values (A) and (N) and can be written in the compact

form
N 1+ A\ 11— 4\ W2
) = s (5 ) (2) (8.2

From this equation one can check, for example, that a normal distribution with mean (A)
and standard deviation as in Eq. (A.1) gives errors that are accurate at the 5% level as long
as (A) < 0.6 and o4 < 0.2. For small enough anisotropies A, however, the standard deviation
is just given by 04 = vV N—1 with good accuracy, and we use this approximation throughout
the analysis.
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Appendix B

Decay Widths for the Leptophilic
Toy Model

In this appendix we present the detailed general expressions for the decay widths for fermionic
and scalar dark matter for the leptophilic toy model discussed in Chapter 7.

B.1 Decay Widths for Fermionic Dark Matter

B.1.1 The Decay Ypy — (TN

The differential decay rate for this process is given by

1 1
dl(Ypy — L7 N) = ———— | M+ M, * dtds. (B.1)
(2m)3 64my,

Note that there is a relative minus sign between the ¢- and u-channel amplitudes due to the
exchange of two anticommuting fermions that is not present by a naive application of the
Feynman rules for the two diagrams. Neglecting the lepton mass, one obtains for the squared
amplitude

My + Mo? = (M5 17 + INGLIP) (M1 + AR P)

(t=m})(mi,, —t)  (u—md)(mi  —u)
(t—m3)? (u—m3)?

. 9 N 2 m LTINS
—|—277{Re [OEM)" + (AR’ (t_ngl(ufm%)

— Re [N A Al %

y (t —my)(mi 1)+ (w—mi)(my  —u) = st +u) (B.2)
(t— m%)(u — m%)
where
s=(n—p)° t=(qn—p2)’ u=(q—p3)’=mi+my+2m;—s—t. (B.3)
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Again, 7 = 1y, v = £1 depending on the CP eigenvalues of ¢py and N. The integration
limits for the Mandelstam variables are given by

0<s< (meM - mN)2 (B'4)
and
1
tio = 3 (m?pDM + m?\, —sF \/)\(mprM,m?\,, S)) , (B.5)
where
Ma,b,c) = a® 4+ b* + ¢ — 2ab — 2ac — 2bc. (B.6)

We can perform the kinematical integrations in the limit my > ¢,u, in which case the
Mandelstam variables in the denominator can be neglected. We then get

5

_ 1 m
(ot — £+ N) = S d [l + ) (Dl + )

64(2m)3 6m,

— 1 Re (VA MY) | (2)
+ 2 Re | (M) + (M) Fz(m)} , (B.7)

where x = m%\,/miDM and Fi(x), Fy(x) are defined in Egs. (7.6), (7.7).
In the case of mediation by a vector, the matrix element for vanishing lepton mass reads
2 2
M+ M, = 4 (P\Zﬁ‘%}\/{ + | ML >

[(U —mi)(my, —w)  (E—m})(mi - t)]
(t —m%/)2 (u—m%/)2

2 2 1 1
Fa (W + D) e+ | s + )

Myppy MN S

(t— m%,)(u — m%/)

+ 81 {Re (AR + O]

2

L \Lx \R \Rx s(t +u)

In the limit my,,, < my we get for the decay rate

3 1 4m)H
L(ypm — LT N) = 61(27)° 6724DM { [ (NG 12+ INLIP) (I + AR )
v

+2nRe (M AR AL AR ]Fl(x)

+2nRe | (M) + (AR FQ(:E)} . (B.9)
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B.1.2 The Decay yYpym — YN

There are four scalar-mediated diagrams at the one-loop level contributing to the decay
Ypm — IV, which are shown in Fig. 7.2. Due to gauge invariance, in the case of CP-
conserving interactions, the matrix element corresponding to the sum of the four diagrams
can be written in the form

l
M = (1) (Pr = vy PL) o ayelu(p)
My

= = 0%y (P — v P leaf “u(p) (B-10)

My

where o = i[y*,4"]/2 and 1y, nnv are the CP eigenvalues of ¢¥py and N, respectively.
This is manifestly gauge invariant in the sense that it satisfies the Ward identity: the matrix
element vanishes when replacing €;, — kg, since the photon is on-shell.

The effective coupling g]%vaM for an intermediate scalar can be given in terms of loop
integrals as follows,

) ETNTILy, L \R R \L
INvom = — 167T2DM Z chf{mf(n¢DM AEN)‘Kw - 77N)‘€N>‘Zw)[
)

)

+ ()‘l%N)‘ép - nmequAfN)‘ﬁb)[niﬂDmeDM (12 - K) - nNmNK]} ) (B'll)

where the sum runs over all fermions f and all mediators X that contribute in the loop. The
loop integrals are written in terms of Feynman parameters as

1 [t odx

I=— log X B.12
A/O 1—ﬂj Og ? ( )
1 1

12:—/ drlog X , (B.13)
A Jo
1 [ B

K=—— [ de |14+ —————=logX B.14
s (0w (1

where

AEmfbDM—m?\;, (B.15)

B=mlz +mi(l —2) — m?pDMaﬂ(l — ), (B.16)
m2z+m2(1—xz)—m2_  z(1-=x

X =t 5 @) Zmyp, ol — 7). (B.17)

miz +m&(1 —z) — miz(l — z)
In the limit my,,, mn < my, the loop integrals take on the simplified form [300]

1

I= m—%f(m?/m%), (B.18)
2= —ﬁfxm%/m%), (B.19)
K= %P, (B.20)
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where the functions f, fo are defined as

Flz) = — [1+1ixln(az)], (B.21)

Cl-z

2z

fo(x) =

ﬁ [1—1—90—1—

The expression for the effective coupling then assumes the form

ln(m)} . (B.22)
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Mypy

where in the last line we have taken my, — 0.
In the case of an intermediate vector, the same integrals I, I?, K (with the replacement
my, — my in the constants B, X) appear, together with the additional integral

1 [ldx
J=— —log X B.24
A A T Og ) ( )
which simplifies in the limit my,,, my < mx to
1 In(z) 1 v, 9, o
J:mg/l—m_lz_m%/f (mf/mV)7 (B'25)
where in this case the kinematical functions are defined as
1 T
Vi
f(x) = - [1 + T2 ln(:ﬂ)} , (B.26)
1 Sz 2x(1—2x)
\%4
=— |1 - — 4+ ——=1 . B.2
H ) = o [1- 5+ g ) (B.27)
Furthermore, one finds
P-J-K=K-J= 32fv(a:). (B.28)
dms,

The effective coupling in terms of loop integrals is given by

enNm
g]‘\/;w - 8712wDM Z {(77>\£N>\£¢ o A?N)‘Zb) [nwDmeDM(IZ -J-K)
12

+ 77NWLN(J - K)] + me(nwDM A%N)‘ﬁb - nN)‘fN)‘lﬁb)J} ) (B.29)
For my,,, < my this expression then simplifies to
\%4 2
v € NN My L \R R L S (me/miy)
INyp = — TDM {ng (INANAL — Moo AN ATy TV
¢ \%

— 3 (NN s )‘ZLN)‘ZZ) - )\fN)\gp)

2
~ 3en My <1_ nmN>
32w mi, My

Mo 1M — INTMN
donTo 13 (m3 /i) |
\%4

D (vl = nAAL) (B.30)
l
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where in the last line we have taken my, — 0.
The decay rate in both cases is finally given by

() L)
N~y m
YoM

For the scalar in the case of one mediator coupled to leptons we get in the limit m, < my
and my,,, < my,

o2 mo m2 3 nmy 2
o= e (1 28 am)

8 (6471’2)2 my, VDM Mypy

2
x [Z (M A — UAfN)\gp)] ; (B.32)
L

whereas for the vector we have, in the limit m, < my and my,,, < my,

1 9¢2 m3 m> ’ m 2
T(¢pm — YN) = — YDM <1— N ) <1— 1 N>

- 87 (871'2)2 16my, mg o My

2
X [Z (Mn Ay — nAfN)\gp)] : (B.33)
J4

B.2 Decay Widths for Scalar Dark Matter

In this section we present the expressions for the decay width of the radiative decay of scalar

dark matter into two photons, ¢py — V7.
For )\ng) = )‘Zs = A\¢p the decay rate reads [302, 303]

mi 62 2 )‘M ?
r =DM —A B.34
(oo =) = 2 (55 ) [0 st (B34
where 7y = méDM/(élm?) and
Ap(r) =2[r+ (r = 1) f(n)] /7*, (B.35)
arcsin? /7, T<1
) = — - 2 . B.36
f(7) _%[IHH 1-1/ _m} s (B.36)
1—y/1-1/7
In the case of interest here, 7, > 1. Then we can approximate
1 1
Ap(T) ~ = {2 - 5(1n(47') - iw)Q} . (B.37)
T

In this limit, and taking only one lepton species into account, the decay rate is given by

2 2

Ao e? 4m
Ploon =17 = Jg o | 1507 )
¢DM

1o, ’ 2112
X [2 + 5 51n (47'@)} + 7 1In"(47y) . (B.38)
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