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Abstract. For the SUSY 2007 conference, I was asked to review the topic of indirect searches for
dark matter. As part of that talk, I summarized several observations which have been interpreted as
the product of dark matter annihilations. In my contribution to the proceedings, I have decided to
focus on this aspect of my talk. In particular, I will discuss the cosmic positron spectrum measured
by HEAT, the 511 keV emission from the Galactic Bulge measured by INTEGRAL, the diffuse
galactic and extragalactic gamma ray spectra measured by EGRET, and the microwave excess

from the Galactic Center observed by WMAP.

PACS. 95.35.+d Dark matter

1 Introduction

The quest to uncover dark matter’s particle identity
is a multifaceted one. In addition to collider searches
for stable, weakly interacting particles, a wide range of
astrophysical searches for dark matter are underway.
These astrophysical searches can be classified as direct
detection experiments, which hope to observe the elas-
tic scattering of dark matter particles with nuclei, and
indirect experiments, which search for the annihilation
products of WIMPs, including gamma rays, neutrinos,
positrons, antiprotons, antideuterons and synchrotron
radiation.

Over the past several years, a number of obser-
vations have been interpreted as possible products of
dark matter annihilations. Here, I take the opportunity
to summarize and discuss five of these observations.
After briefly reviewing the basic features of these sig-
nals, I will discuss the particle physics and astrophysics
that is required to generate them through the process
of dark matter annihilations.

2 The HEAT Positron Excess

WIMPs annihilating throughout the halo of the Milky
Way can contribute electrons and positrons to the Galac-
tic cosmic ray spectrum. Once injected into the local
halo, electrons and positrons propagate under the in-
fluence of the Galactic magnetic field, gradually losing
energy through synchrotron emission and through in-
verse Compton scattering with starlight and the cos-
mic microwave background. It has long been hoped
that dark matter could be identified as an excess in the
antimatter-to-matter ratio in the cosmic ray spectrum
relative to that which is expected from astrophysical
mechanisms.

In its balloon flights in 1994, 1995 and 2000, the
HEAT experiment measured the positron and elec-
tron cosmic ray spectra at energies up to ~30 GeV [I].
When the measured position fraction (ie. the positron
flux divided by the flux of electrons plus positions)
is compared to the expectation from secondary pro-
duction in cosmic ray propagation, an excess is seen
at energies above approximately 7 GeV. A recent re-
analysis of AMS-01 data appears to support this ob-
servation [2]. Neglecting uncertainties involved in the
Galactic cosmic ray model, the combined statistical
significance of this excess has been estimated at 4 to
50 [3]. In Fig. [l these measurements are shown and
compared to the expected ratio from cosmic ray prop-
agation alone.

Although the inclusion of a population of positrons
produced through dark matter annihilations can im-
prove the fits of the HEAT and AMS-01 data [5] this
is not particularly easy to accommodate within the
context of the most simple models. For the case of a
typical thermally produced WIMP (ov < 3 x 10726
cm?/s), the injected flux of positrons is too small by
a factor of 50 or more to account for the observed
excess [0]. If terms in the annihilation cross section
proportional to v? or coannihilations play a significant
role in the thermal freeze-out of the WIMP, then the
annihilation rate in the local halo will be correspond-
ing suppressed, further exacerbating this problem.

Fluctuations in the distribution of dark matter can
lead to enhancements in the average annihilation rate,
known as the “boost factor”. If this boost factor is suf-
ficiently large, then a flux compatible with the HEAT
signal could perhaps be generated. Assuming that there
are no very large and unknown concentrations of dark
matter within a few surrounding kiloparsecs (which,
although not impossible, is very unlikely [7]), however,
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Fig. 1. The positron fraction measured by HEAT and
AMS-01, as a function of energy. Above approximately 7
GeV, the measurements exceed the predictions of standard
cosmic ray models [4]. Figure taken from Ref. [2]. “This
analysis” refers to the results of that paper.

it not generally expected that the boost factor would
be large enough to account for the observed positron
excess. That being said, such a scenario cannot be
completely ruled out. Another possibility is that the
dark matter consists of particles that were not pro-
duced thermally in the early universe, and therefore
may have a considerably larger annihilation cross sec-
tion, thus ameliorating the need for a large boost fac-
tor.

In any case, whether or not the positron flux ob-
served by HEAT and AMS-01 is the result of anni-
hilating dark matter will become much more clear in
the near future, as the positron and electron cosmic
ray spectra are measured by the PAMELA satellite [§]
which began its mission last year [9]. This experiment
will study the cosmic positron spectrum with much
greater precision and to much higher energies than ei-
ther HEAT or AMS-01. The dark matter community
eagerly awaits their first results.

3 The INTEGRAL 511 keV Line

Four years ago, the SPI spectrometer on board the
INTEGRAL satellite confirmed the very bright emis-
sion of 511 keV photons from the region of the Galac-
tic Bulge, corresponding to an injection rate of ap-
proximately 3 x 10*? positrons per second in the in-
ner Galaxy [I0]. This is orders of magnitude larger
than the expected rate from pair creation via cosmic
ray interactions with the interstellar medium. The sig-
nal appears to be approximately spherically symmet-
ric (with a full-width-half-maximum of approximately
6°), with little of the emission tracing the Galactic
Disk. Any stellar origin of this signal, such as type Ia

supernovae, hypernovae or gamma ray bursts, would
therefore also require a mechanism (such as substantial
coherent magnetic fields) by which the positrons can
be transported from the disk to throughout the volume
of the Bulge [11]. Furthermore, type Ia supernovae do
not inject enough positrons to generate the observed
intensity of this signal [12]. It is possible, however, that
hypernovae [I3] or gamma ray bursts [I3l[14] might
be capable of injecting positrons at a sufficient rate.
Overall, it is difficult to explain the intensity and mor-
phology of the 511 keV emission with astrophysical
mechanisms.

In light of the challenges involved in explaining the
511 keV emission from the Bulge, Celine Boehm and
collaborators (including myself) suggested that this
signal could potentially be the product of dark matter
annihilations [I5]. In order for dark matter particles to
generate the observed spectral line width of this sig-
nal, however, their annihilations must inject positrons
with energies below a few MeV [16]. This, in turn, im-
plies that the dark matter’s mass be near the 1-3 MeV
range — much lighter than annihilating dark matter
particles in most models.

Although weakly interacting particles with masses
smaller than a few GeV (but larger than ~1 MeV)
tend to be overproduced in the early universe relative
to the measured dark matter abundance [17], this can
be avoided if a new light mediator is introduced which
makes dark matter annihilations more efficient [I§].
For example, although neutralinos within the MSSM
are required by relic abundance considerations to be
heavier than ~20 GeV [19], they can be much lighter in
extended supersymmetric models in which light Higgs
bosons can mediate neutralino annihilations [20].

For dark matter particles with MeV-scale masses to
generate the measured dark matter abundance, they
must annihilate during the freeze-out epoch with a
cross section of ov ~ 3 x 10726 cm?3/s. To inject the
flux of positrons needed to generate the signal observed
by SPI/INTEGRAL, however, an annihilation cross
section four to five orders of magnitude smaller is re-
quired. Together, these requirements force us to con-
sider dark matter particles with s-wave suppressed an-
nihilations (dominated by p-wave contributions, ocv o
v?). Such behavior can be found, for example, in the
case of fermionic or scalar dark matter particles an-
nihilating through a vector mediator. For such a dark
matter particle to not be overabundant today, the me-
diating boson also must be quite light [21].

As an alternative explanation for the 511 keV line,
it has recently been proposed that ~ 500 GeV dark
matter particles could be collisionally excited to a 1-
2 MeV heavier state, followed by the de-excitation to
the ground state plus an electron-positron pair, thus
generating the positrons needed to account for the ob-
served 511 keV signal [22].

4 EGRET’s Diffuse Galactic Spectrum

The satellite-based gamma ray detector, EGRET, has
measured the diffuse spectrum of gamma rays over the
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Fig. 2. Fits to the diffuse gamma ray spectrum as measured by EGRET. The six frames represent six different regions
of the sky. The inclusion of gamma rays from the annihilations of a 60 GeV WIMP (red) improve the fit considerably

in each of the regions. From Ref. [23]

entire sky. When compared to conventional Galactic
models, these measurements appear to contain an ex-
cess at energies above approximately 1 GeV. This has
been interpreted as evidence for dark matter annihila-
tions in the halo of the Milky Way [23].

Among the most intriguing features of the observed
EGRET excess is its similar spectral shape over all
regions of the sky. Furthermore, this shape is consis-
tent with that predicted from annihilations of a 50-100
GeV WIMP. In Fig. 2] the background and dark mat-
ter annihilation spectra are shown and compared to
the EGRET measurements over various regions of the
sky.

There are, however, some substantial challenges in-
volved with interpreting the EGRET excess as a prod-
uct of dark matter annihilations. In particular, the nor-
malization of the dark matter annihilation rate in each
of the six frame of Fig. 2 was selected independently.
To accommodate the required normalization through-
out the Galaxy, the distribution of dark matter has
to depart substantially from the predictions of stan-
dard dark matter halo profiles. In particular, Ref. [23]
adopts a distribution which includes two very mas-
sive (~ 100 M) toroidal rings of dark matter near
or within the Galactic Plane, at distances of approxi-
mately 4 and 14 kiloparsecs from the Galactic Center.
The authors motivate the presence of these rings by

observed features in the Galactic rotation curve, and
suggest that they may be remnants of very massive
dwarf galaxies which have been tidally disrupted.

The other difficulty involved with the interpreta-
tion of the EGRET excess as dark matter annihila-
tion radiation is the large flux of antiprotons which is
expected to be generated in such a scenario [24]. In
particular, the flux of cosmic antiprotons produced is
expected to exceed the measured flux by more than
an order of magnitude (see Fig. Bl). To avoid this con-
clusion, one is forced to consider significant departures
from standard galactic diffusion models. In particular,
an anisotropic diffusion model featuring strong convec-
tion away from the Galactic Disk and a large degree of
inhomogeneities in the local environment could reduce
the cosmic antiproton flux to acceptable levels [25].

The dark matter interpretation of EGRET’s mea-
surment of the galactic diffuse spectrum has also been
challenged on the grounds that the data could plau-
sibly be explained without the addition of an exotic
component, from dark matter or otherwise. In partic-
ular, uncertainties in the cosmic ray propagation and
diffusion model lead to considerable variations in the
predicted diffuse gamma ray backgrounds [26]. More
recently, it has also been suggested that the observed
excess could also be the result of systematic errors in
EGRET’s calibration [27].
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Fig. 3. If the diffuse Galactic gamma ray excess observed
by EGRET is produced through dark matter annihilations,
then a large flux of cosmic antiprotons is also expected.
The spectrum of cosmic antiprotons predicted in such a
scenario, assuming standard cosmic ray diffuse models, is
shown as the yellow band. This range of predictions is
clearly in disagreement with the observed antiproton spec-
trum. In contrast, the predictions of standard cosmic ray
models (without dark matter), which is shown as the green
band, match the data quite well. From Ref. [24].

5 EGRET'’s Diffuse Extragalactic Spectrum

In this section, I will discuss another aspect of the
EGRET data which has been interpreted as a possible
product of dark matter annihilations. In particular,
is has been proposed that dark matter annihilation
radiation may constitute a significant fraction of the
extragalactic (isotropic) diffuse gamma ray flux [28].

In Fig.[ the diffuse extragalactic gamma ray back-
ground, as measured by EGRET, is shown and com-
pared to the predictions of various models. Although
all or most of the observed spectrum could be the prod-
uct of astrophysical source such as blazars, much of
the flux observed in the 1-20 GeV range could also be
the result of dark matter annihilations taking place
throughout the universe [29]. In particular, the ob-
served spectrum fits reasonably well the predictions
for a WIMP with a mass of roughly 500 GeV.

The dark matter annihilation rate needed to nor-
malize to the diffuse flux measured by EGRET is,
however, quite high and requires either a very large
dark matter annihilation cross section or dark mat-
ter halos which are very cuspy. In particular, if an
Navarro-Frenk-White profile [30] is adopted for all ha-
los throughout the universe, then an annihilation cross
section 102 to 10° times larger than is predicted for
a thermal relic is required to generate the observed
gamma ray flux. If the dark matter distribution in the
Milky Way is similar to that found in halos through-
out the universe, however, then the gamma ray flux
from the center of our galaxy would far exceed that

Observed Gamma Ray Energy / GeV

Fig. 4. The isotropic, extragalactic gamma ray back-
ground as observed by EGRET compared to the predic-
tions of various models. A contribution from a roughly 500
GeV WIMP fits the data reasonably well. From Ref. |28§].

which is observed [3I]. To generate the isotropic dif-
fuse flux observed by EGRET without conflicting with
observations of the Galactic Center, therefore, requires
extremely cusped halo profiles in most or at least many
of the galaxies throughout the universe, and a far less
dense cusp in our own Milky Way.

6 The WMAP Haze

In addition to its measurements of the cosmic mi-
crowave background, data from the Wilkinson Microwave
Anisotropy Probe (WMAP) has been used to provide
the best measurements to date of the standard inter-
stellar medium emission mechanisms, including ther-
mal dust, spinning dust, ionized gas, and synchrotron.
In addition to these expected foregrounds, the obser-
vations have revealed an excess of microwave emission
in the inner 20° around the center of the Milky Way,
distributed with approximate radial symmetry. This
excess is known as the “WMAP Haze” [32].

Although the WMAP Haze was initially thought
likely to be thermal bremsstrahlung (free-free emis-
sion) from hot gas (10*K > T > 10°K), this inter-
pretation has since been ruled out by the absence of
an Ha recombination line and X-ray emission. Other
possible origins for this signal, such as thermal dust,
spinning dust, and Galactic synchrotron as traced by
low-frequency surveys, also seem unlikely. More re-
cently, it has been suggested that the WMAP Haze,
could be generated as a product of dark matter anni-
hilations [33]. In particular, annihilating dark matter
particles produce relativistic electrons and positrons
which travel under the influence of the Galactic mag-
netic field. As they do, they will emit synchrotron pho-
tons, which naturally fall within the frequency range
measured by WMAP.
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Fig. 5. The WIMP annihilation cross section required to
produce the observed intensity of the WMAP Haze, as a
function of the WIMP mass. Each contour denotes a differ-
ent dominant annihilation mode. From top-to-bottom (on
the left): bb, ZZ, WTW ™, 7t77, uTu~, ete”. Note that
cross sections near the value predicted of a typical ther-
mal relic (3 x 1072%cm?®/s) are found. No boost factors or
other enhancements to the annihilation rate are required
to generate the observed signal.

The angular distribution of the Haze can be used
to constrain the shape of the required dark matter halo
profile. In Ref. [34], it was shown that the Haze is con-
sistent with dark matter distributed as p(r) oc r~1-2
within the inner several kiloparsecs of our galaxy. This
slope falls between those predicted by the Navarro-
Frenk-White, p(r) o 7=1, and Moore et al., p(r)
r~15, halo profiles. Once the dark matter’s halo pro-
file has been fixed by the angular distribution of the
Haze, the intensity of the signal can be used to deter-
mine the required annihilation cross section. In Fig. Bl
the WIMP annihilation cross section required to pro-
duced the observed intensity of the WMAP Haze is
shown for several possible annihilation modes, as a
function of the WIMP mass. Intriguingly, a 50-1000
GeV WIMP annihilating to heavy fermions or gauge
bosons generates synchrotron emission with an inten-
sity within a factor of two or three of that which is
observed in the WMAP Haze. No boost factors or ex-
otic astrophysical parameters are required to generate
this signal through dark matter annihilations.

It is also interesting to note that the dark matter
halo profile and annihilation cross section required to
generate the WMAP Haze through dark matter an-
nihilations imply a flux of prompt gamma rays from
the Galactic Center region that is within the reach
of the upcoming GLAST experiment [35]. Addition-
ally, the upcoming Planck satellite will provide sub-
stantially improved measurements of the spectrum of
the Haze.

7 Comparisons, Discussion and Summary

I have summarized here five different astrophysical sig-
nals which have been interpreted as possible products
of dark matter annihilations. Each of these has their

own strengths and weaknesses. Attempting to remain
as objective as possible, I would like offer my own as-
sessment of these various observations.

In Table Il T have summarized the nature of the
particle physics and astrophysics which must be intro-
duced to generate the observed signals in each of the
five scenarios I have discussed. Based on these require-
ments, I would like to make the following points:

— In the case of the positron excess and each of the
two EGRET excesses, there is a significant degree
of difficulty involved in generating an annihilation
rate sufficiently large to produce the observed sig-
nal. As a result, some combination of large anni-
hilation cross sections or cusped profiles (or boost
factors) are required. That being said, such rates
might be possible, even though they are higher
than our naive expectations suggest.

— The two EGRET signals each require somewhat
more complicated astrophysical setups if they are
to be interpreted as products of dark matter an-
nihilation. In the case of the Galactic excess, the
diffusion model has to be modified to avoid the
overproduction of antiprotons. Also, a rather exotic
(although not impossible) dark matter distribution
also has to be adopted. Regarding the extragalac-
tic signal, the annihilation rate has to be very large
in most galaxies, but not in the Milky Way. While
not impossible, it requires us to find ourselves liv-
ing somewhere marginally exceptional.

— The INTEGRAL signal stands out among these
five in that it requires a very different dark matter
particle than is generally considered. The conven-
tional wisdom is that it is not easy to construct a
viable particle physics model containing an MeV
dark matter candidate. I leave it to you to judge
the merits of this argument.

— The WMAP Haze stands alone among these five
signals in that it requires neither unexpected parti-
cle physics or astrophysics in order to be generated
through dark matter annihilations. The observed
angular distribution, intensity and spectrum are
consistent with a vanilla electroweak-scale particle
which was produced thermally in the early universe
and is distributed with a cusped halo profile in our
Galaxy.

— It is worth noting that none of the signals I have
discussed here are particularly distinctive — there
is not yet a “smoking gun”. Further observations
will be required to draw any conclusive statements.
Fortunately, new data from PAMELA, GLAST,
Planck and even the LHC are not too far off. In
a few years time, most (if not all) of these signals
will have either gone away or become much more
interesting.
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