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The launch of the gamma-ray telescope Fermi Large Area Telescope (Fermi-LAT) started a pivotal period in
indirect detection of dark matter. By outperforming expectations, for the first time a robust and stringent test
of the paradigm of weakly interacting massive particles (WIMPs) is within reach. In this paper, we discuss
astrophysical targets for WIMP detection and the challenges they present, review the analysis tools which have
been employed to tackle these challenges, and summarize the status of constraints on and the claimed detections
in the WIMP parameter space. Methods and results will be discussed in comparison to Imaging Air Cherenkov
Telescopes. We also provide an outlook on short term and longer term developments.
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1. INTRODUCTION

Throughout the course of the past several decades,
observational evidence and theoretical models have
converged to strongly suggest the presence of a dark
component of the matter content of the Universe, most
likely consisting of one or several new particles of Na-
ture. Identifying the nature of dark matter is a primary
topic of study in modern science.

A variety of experiments around the world are con-
tinually improving their sensitivities, ruling out theo-
retically well-motivated regimes of parameter space for
popular extensions to the standard model of particle
physics that include supersymmetry and universal ex-
tra dimensions [1-3]. As dark matter detection exper-
iments continue to improve in sensitivity, new exper-
imental and theoretical challenges will continue to be
confronted.

Of particular interest are dark matter particles with
weak interactions, i. e., weakly-interacting massive par-
ticles (WIMPs). We will here briefly discuss the reason
for the WIMP’s popularity, more in-depth discussions
can be found for example in [4-7].

At high temperatures (T' > mwiymp, where
mwimp is the WIMP mass), particles could be ther-
mally created and destroyed, implying a T* distribu-
tion (the Boltzmann law) for their state density. As
the temperature decreases, the density is exponentially
suppressed (o< exp(—mwrmp/T)) with temperature.
Chemical equilibrium is left when the temperature is
no longer high-enough to pair-create WIMPs, at which
point their number density decreases. When the WIMP
mean free path is comparable to the Hubble distance,
the particles also cease to annihilate and leave ther-
mal equilibrium, commonly referred to as “freeze-out”.
At this point, the co-moving density remains constant.
Solving for the Boltzmann equation, one finds that the
temperature for which the freeze-out occurs is about
5% of the WIMP’s mass, thus the density becomes
constant (so-called “relic density”) when the particles
are already essentially non-relativistic. Consequently,
considering only s-wave annihilation, the relic density
depends only on the total annihilation cross-section and
the velocity distribution:

3.1-10727
(oalvl)

QW[Mph2 ~ (].)
where the average is taken over velocities and
angles.  The scale for weak interaction strength
(~ a®/m3y, 1 p) implies that (o 4]v|) ~ 10725 em?-s71,
where the WIMP mass is taken to be 100 GeV. The
resulting relic density for such a particle would be

within a factor 3 of the measured relic density of
Qwravrph® = 0.1199 £ 0.0027 provided by the most
recent PLANCK results [8]. This remarkable coinci-
dence is sometimes referred to as the “WIMP miracle.”
A more careful calculation for the cross-section of
thermal WIMPs is presented in [9], but does not alter
the main argument.

There are a variety of WIMP search methods ongo-
ing, and for dark matter particles more generally. They
are broadly classified as follows.

e Indirect searches measure the annihilation and/or
decay products of dark matter from different astronom-
ical environments in the Universe. They specifically
limit the rate at which dark matter particles annihi-
late or decay into standard model particles. Many in-
direct searches are now underway to detect the rem-
nants of dark matter particles that have annihilated
into standard model final states. The most readily ac-
cessible standard model particles are photons, in partic-
ular high-energy gamma rays. Neutrinos, antiprotons,
and positrons may also be detected by modern experi-
ments. The annihilation cross section probed by indi-
rect searches is most closely related to the process that
sets the dark matter abundance in the early universe,
assuming that the dark matter was once in thermal
equilibrium.

e Direct searches measure the scattering of dark
matter off of nuclei in low background underground de-
tectors, where the collision of dark matter is deduced
through energy input into particles in the detector.
Though the WIMP-nucleus scattering cross section is
not, as simply connected to the dark matter relic abun-
dance as is the annihilation cross section, many modern
experiments are now probing well-motivated theoreti-
cal models, as the generic WIMP cross section is de-
termined by its de Broglie wavelength and the weak
interaction scale.

e (Collider searches measure the production of dark
matter through the collision of high energy standard
model particles, such as protons and electrons. New
stable dark matter particles produced are identified ei-
ther by initial state radiation or through the production
of quarks and gluons, which eventually decay down into
the lightest stable particle in the spectrum.

Now that we are in an era in which several dif-
ferent experiments are able to test theoretically well-
motivated particle dark matter models, it is timely to
examine the specific contributions that have been made
by the most important experiments. This review article
will focus exclusively on the recent advances in indirect
dark matter searches, and within this subject concen-
trate exclusively on indirect dark matter searches using

1258



MITP, Tom 148, Bemn. 6 (12), 2015

WIMP searches with gamma rays in the Fermi era ...

gamma rays. Now that we have had an influx of data
over the past few years from these experiments, it is im-
portant to assimilate this information into the broader
context of particle dark matter searches.

Of particular interest are the results that have been
obtained by the Fermi Large Area Telescope (Fermi-
LAT), launched in June 2008 into low Earth orbit. It
was designed as the successor of the successful EGRET
mission, with an order of magnitude better energy
and angular resolution than EGRET. Fermi/gamma-
ray space observatory consists of two experiments, the
Large Area Telescope (LAT), which is the primary in-
strument aboard Fermi satellite, and the gamma-ray
burst monitor. The LAT is sensitive to photons in the
range of approximately 20 MeV-300 GeV. The LAT
is an imaging, wide field-of-view pair conversion tele-
scope that measures electron and positron tracks that
result from the pair conversion of an incident high-
energy gamma-ray in converter foils. The energy res-
olution over the energy range of interest is approxi-
mately 10 %, and the effective area of the LAT is ap-
proximately 10* cm?.

In this article, we review the constraints on parti-
cle dark matter that have been obtained from the first
five years of the Fermi-LAT and compare them with
those obtained by Imaging Air Cherenkov Telescopes
(TACT). This article has two main focuses. First, to
review the experimental methods that are used to an-
alyze Fermi-LAT and TACT. Second, to review the im-
pact that uncertainties in astrophysical dark matter
distributions have on the interpretation of limits on the
dark matter particle mass and cross section. For a re-
cent analysis of particle dark matter models that are
probed by indirect detection experiments, see, e. g., [6].

In our discussion of the experimental methods that
are used to analyze the data, we review in detail the
statistical techniques that have been developed, how
they are applied to different sources in the universe,
and we highlight which of these sources provide the
best detection prospects.

In our discussion of astrophysical systematics, we
review methods to determine dark matter distributions
in all of the various sources that have been studied by
Fermi-LAT. We discuss not only how the mass distribu-
tion of the Milky Way, dwarf galaxies, and galaxy clus-
ters are determined, but also look forward to how future
astronomical surveys and measurements will improve
the understanding of dark matter distributions. We
discuss the connection that will continue to be strength-
ened between astroparticle experiments and larger scale
astronomical surveys.

This review is organized as follows. In Sec. 2, we

discuss the different astrophysical targets that are used
for indirect detection, and the pros and cons of each. In
Sec. 3, we review different types of gamma-ray instru-
ments, and discuss the analysis challenges that they
face. In Sec. 4, we review the current status of indirect
dark matter searches with gamma rays. In Sec. 5, we
discuss what future gamma-ray experiments will bring
to the field of indirect dark matter detection, and in
Sec. 6 we present conclusions.

2. TARGETS: PROMISES AND CHALLENGES

Astrophysical uncertainties have long presented a
systematic uncertainty in searches for new physics. Fo-
cusing on gamma-ray searches for dark matter, there
are two broad types of systematic uncertainties that
must be accounted for: uncertainties in modeling of
dark matter distributions, and uncertainties in gamma-
ray emission from non-dark matter sources. In this
section, we primarily discuss the contribution of the
former type of uncertainty, and defer to discussion of
the latter type of uncertainty when we present the re-
sults of the gamma-ray observations in the following
sections.

Within the context of the A-cold dark matter
(ACDM) paradigm [10], observed galaxies are formed
within dark matter halos. These halos are formed
through a sequence of mergers of lower mass halos and a
process of smooth accretion onto the halo. As a result,
dark matter halos are complex systems that are not to-
tally “smooth”, but rather have features in their phase
space in the form of subhalos, or substructure, and tidal
debris that reflects their interaction within the larger
halo [11,12]. Dark matter halos are not predicted to be
perfectly spherical, but rather retain shapes that reflect
their formation and interaction histories [13].

Though not spherical, it is often convenient to ex-
press the density distribution of dark matter halos in a
spherically averaged form, for example as

Ps

p(’f‘) - (7‘/7‘5)7(1 + (r/,rs)b)(cffy)/b' (2)

Here, ps and rg are scale density and scale radius pa-

rameters, respectively, b represents the turnover from

the asymptotic power-law slope in the inner regime,

v, and the asymptotic power-law slope in the outer

regime, ¢. The set of parameters (v,b,¢) = (1,1,3)

gives the well-known Navarro-Frenk-White profile
(NFW) [14].

Though an NFW profile is now a robust prediction

of dark matter-only simulations of halos, as we discuss

below in this section there is debate as to how well this
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profile describes observations of the dark matter halos
over a wide range of mass scales. In spite of this debate,
Eq. (2) provides a useful starting point for phenomeno-
logical studies of dark matter halos, and will be referred
to throughout the course of this section and review.

With a well-motivated model for dark matter ha-
los in place, we can make predictions for gamma-ray
fluxes, and the corresponding uncertainties, from dif-
ferent astrophysical targets. We in particular focus on
the uncertainties in the dark matter properties of each
of these systems, and thus the observational uncertain-
ties on the quantity,

AQ 0y
J(AQ) = % / sin U d¥ / 2 (O]de, (3)
0 l_

where U represents the angular separation from the
center of the halo, which is typically deduced from the
position of the center of the observed galaxy. Here, D
is the distance to the center of the galaxy, so that

r2=0*>+ D?—-2(Dcos V.

The upper and lower boundaries to the integral are

(1 =DcosV¥ +/r} — D2sin®> ¥,

where r; is the tidal radius of the dark matter halo.
Equation (3) will be referred to here as the “.J-factor”.
This sets the dependence of the annihilation signal on
the dark matter distribution in any astrophysical sys-
tem. As we highlight in this section, the determination
of the density profile from observation is not straight-
forward, and thus the uncertainty in the J-factor trans-
lates into a systematic uncertainty in the gamma-ray
flux determination.

We begin by examining the dark matter distribu-
tion in the Milky Way galaxy, including the Galactic
center. We then move on to discuss determination of
the dark matter distributions in the dwarf spheroidals
of the Milky Way, which are probably the simplest as-
tronomical systems from which the dark matter dis-
tributions can be derived. We then follow up with a
discussion on dark matter substructures, Galaxy clus-
ters, the Galactic and the extragalactic dark matter
distributions.

2.1. Galactic center

Most likely, the largest flux of gamma rays from
dark matter annihilation comes from the Galactic cen-
ter because of its high concentration of dark matter and

close proximity. However, a drawback of the Galactic
center as a target is that there is a substantial popu-
lation of gamma-ray sources and there is diffuse emis-
sion from cosmic rays that must be well-understood in
order to extract the dark matter signal. An additional
drawback of the Galactic center as a target for gamma-
ray and dark matter studies is that it has proven chal-
lenging to extract the dark matter distribution in the
Galactic center. In the central few parsecs, the stel-
lar mass from the bulge dominates the dynamics [15].
Even including a weak disk component, the shape of
the dark matter distribution is unconstrained, so that
it is not possible to tell if the dark matter profile rises
to a central cusp-like structure or has a constant den-
sity within the bulge region [16]. A conservative upper
bound on the contribution of the dark matter may be
set by the upper limit deduced from the bulge contri-
bution to the potential.

From a theoretical perspective, the dark matter dis-
tribution near the black hole at the center of the Milky
Way is modified by the black hole itself [17]. Adi-
abatic growth of the central black hole may steepen
the central cusp of dark matter. Assuming an initial
dark matter profile in the Galactic center of the form
p o< r~ 7 from conservation of mass and angular mo-
mentum, the final mass profile scales as p oc 7~ 4, where
A= (9-2y)/(4—~) [18]. [17] derive a lower bound
of ~ 0.24 GeV-cm™® of dark matter near the Galactic
center. This result relies on assumptions that are not
well understood, for example the adiabatic nature for
the growth of the black hole itself, and scattering of
dark matter off of stars in the central nuclear star clus-
ter [19]. It is also possible for dark matter to interact
with the central nuclear star cluster and form a profile
that is shallower than the NFW profile [20].

Numerical simulations have examined the effect of
baryonic physics on the structure of Milky Way-mass
dark matter halos. Though the inclusion of baryons
leads to many challenges, numerical simulations have
continued to make progress. Simulations of single ha-
los, in combination with analytic models, show that the
central densities of dark matter halos become less steep
than those found in pure N-body simulations because
the baryons induce repeated epochs of feedback due to
star formation activity [21].

The lack of consensus from both the observational
and theoretical side on the nature of the Milky Way
dark matter density profile provides a significant sys-
tematic uncertainty that must be accounted for in
gamma-ray searches for dark matter. In fact, it is likely
that, from a pure astronomical perspective, this lack of
consensus will remain for some time. [22] have recently
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compiled known data to analyze the dark matter con-
tent within the Solar circle, but are insensitive to the
dark matter density profile. Their claim that this esti-
mate constitutes the first evidence for dark matter has
however triggered some debate [23].

Kinematic data from the GAIA satellite is expected
to somewhat improve on the systematic uncertainty in
the measurement of the local dark matter density [24],
though it will be more difficult to use this data to deter-
mine the shape of the profile near the Galactic center.

2.2. Milky Way mass profile

The discussion above focused on the central density
profile of the Milky Way, i.e., from the Solar circle to-
wards the Galactic center. Going in the other direction,
the density profile of the Milky Way as measured from
the Solar radius out to the virial radius is important for
determinations of diffuse gamma-ray emission. How-
ever, because of our position within the Milky Way’s
dark matter halo, it is more difficult to determine its
dark matter density profile than it is for many external
galaxies.

The best measurements of the integrated mass of
the Milky Way come from spectroscopy of stars in the
outer region of the dark matter halo. The Sloan Dig-
ital Sky Survey (SDSS) has measured the dark mat-
ter mass profile of the Milky Way using the kinemat-
ics of a large sample of Blue Horizontal Branch (BHB)
stars [25]. BHB stars are important tracers of the Milky
Way mass because they are both intrinsically bright
and have accurate distance measurements. Due to the
average radius of the BHB stars, they provide the best
constraint on the Milky Way mass within a radius of
about 60 kpc, measuring a mass of ~ 4-10* M. This is
consistent with the results of independent analyses [26],
and with estimates at larger radii, which find a mass
of ~ 7 x 101 M, enclosed within 80 kpc [27]. Sev-
eral authors have used samples of bright BHB stars
to extrapolate and determine the total mass of the
Milky Way. They have reported a total mass of the
Milky Way ranging anywhere from 0.5-2.5 - 10*2M,
[25,28,29], with the variation depending on the exact
analysis method and the sample of stars used. These
results can be compared to updated implementation of
the timing argument, which implies a total Milky Way
mass of ~ 2- 102 M, [30].

Distant satellite galaxies can also be used as tracers
of the mass distribution of the Milky Way [31]. For
these measurements, there are two systematic uncer-
tainty that are particularly important. The first is
due to the uncertain density distribution of the satel-

lites in the Milky Way; this is mainly due to the small
number of satellites that are currently known, about a
couple dozen. The second, and perhaps probably the
most important systematic uncertainty, involves under-
standing whether the distant satellite Leo I is bound to
the Galaxy. Because Leo I is moving at a high Galac-
tocentric velocity and is at a Galactocentric radius of
260 kpc, it is not yet clear whether this is an outlier that
is bound to the halo or if it is unbound and is on its first
pass through the Galaxy. Several recent proper mo-
tions do in fact seem to indicate that it may be bound
to the Galaxy [32]. The Milky Way mass measurements
from both the BHB stars and the satellite galaxies are
in good agreement with the recent measurements of the
Milky Way escape velocity using a local sample of high
velocity stars [33] and constraints using the Sagittarius
tidal stream [34].

Similar to the case of the Galactic center, the fac-
tor of a few uncertainty that still lingers in the mea-
surement of the mass of the Milky Way’s dark matter
halo provides a systematic uncertainty in the predicted
gamma-ray emission from dark matter annihilation.

2.3. Dwarf spheroidal galaxies

There are now approximately two dozen satellite
galaxies of the Milky Way that are classified as dwarf
spheroidal (dSphs). The dSphs are conveniently clas-
sified according to the period of discovery. The first
nine dSphs that were discovered before the turn of the
century have come to be classified as “classical” satel-
lites, while those discovered in the era of the SDSS
are largely referred to as “ultra-faint” satellites. The
dSphs range in Galactocentric distance from approxi-
mately 15-250 kpe, and their overall distance distribu-
tion in the Galactic halo is much more extended than
the more centrally-concentrated globular cluster popu-
lation. Nearly all of the dSphs are devoid of gas up to
the present observational limits. For a more thorough
discussion of astrophysical aspects of dSphs see [35-37].

Dwarf spheroidals provide excellent targets for
gamma-ray searches for WIMPs for several reasons.
First, theoretically there is expected to be no gamma-
ray point sources and no intrinsic diffuse emission asso-
ciated with them. Second, their dark matter distribu-
tions are directly derived from the stellar kinematics.
Third, the boost factor from dark matter sub-structure
is predicted to be negligible in these systems, so the in-
terpretation of the limits (or detections) from them is
much more straightforward than it is for other astro-
physical targets (see more detailed discussion below on
boost from halo substructure).
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Focusing specifically on dSphs, it is convenient to
start by assuming that their stellar distributions and
dark matter distributions are spherically-symmetric. It
has become standard to model the measured line-of-
sight velocities of stars in dSphs with the spherical
Jeans equation, and thus extract a measure of the dark
matter content. Though in the Jeans equation the mass
profile is the sum of the contribution from the dark
matter and the stars, in nearly all cases of interest for
gamma-ray studies the stars contribute little to the to-
tal gravitational potential. The measured line-of-sight
velocity of a star in a dSph is a mixture of the radial
and tangential velocity components, and therefore de-
pends on the intrinsic velocity anisotropy of the stars.
The anisotropy is traditionally defined as the following
parameter

o
B =1- O__fga (4)
where o2 is the radial velocity dispersion and o7 is the
tangential velocity dispersion. At a projected position
R, the line-of-sight velocity dispersion is

ﬁ Z {1 - 5(7«)?—;] \/% dr. (5)

Oros(R) =
The three-dimensional radial velocity dispersion o2 is
determined from the Jeans equation, and the projected
stellar density profile, I;(R), is determined from fits to
the stellar number counts as a function of projected ra-
dius. It is manifestly clear from Eq. (5) that there is
a degeneracy between the mass profile and the velocity
anisotropy of the stars.

The half-light radii for the classical dSphs are typ-
ically of the order few hundreds of parsecs, and their
luminosities spread over a range of nearly two orders
of magnitude, approximately 10°-107 L. The photo-
metric profiles as derived from star counts are typically
consistent with a cored model in projection, followed by
a turnover into an exponential fall-off in the outer re-
gion of the galaxy where the stellar density blends into
the background star counts. For the classical dSphs
there are hundreds, and in some cases thousands, of
bright giant stars that have measured velocities to a
precision of a few km/s or less [38].

Constraints on the dark matter distribution of
dSphs have been specifically calculated via the follow-
ing procedure. The kinematic data from a dSph, below
defined as Dy, comprises n stars each with a measured
line-of-sight velocity v, and uncertainty o,,, at a pro-
jected radius R,. Define a as a set of theoretical pa-
rameters that are to be extracted from the data. The

probability for the data, given the model parameters,
is

n

1
Prin(Drla) H x
=1 cr,2n7Z + afos(Rl)
(Uz — 77)2
X exp{ 0.507271’2 " Ufos(Rz) ,  (6)

where ¥ is the mean velocity. The projected line-of-
sight velocity dispersion, 0;,s(R), which is calculated
from the spherical Jeans equation, depends on the pa-
rameters of the dark matter density profile. A standard
assumption for the dark matter density profile is the
generalized double power law model in Eq. (2).

With aforementioned improvements in observa-
tional data and theoretical modeling of dSphs around
the Milky Way, it has become timely to search for the
presence of NFW-like dark matter density profiles pre-
dicted by ACDM. However, in spite of the high-quality
modern data sets, there has been significant debate as
to whether the data are unable to uniquely specify a
model for the dark matter potential. Indeed, the kine-
matic data of several dSphs, when modeled as a single
stellar population with spherical Jeans-based models,
is consistent with both cusped dark matter profiles [39]
and cored profiles [40, 41].

The assumption of the spherical Jeans equation is
of course an approximation to the true dynamical state
of the dSph. Indeed, all of the dSphs are observed
to be elongated, with an approximate 30 % difference
between the length of the major and minor axes [42].
Further, the solutions to the spherical Jeans equations
need not admit fully self-consistent dynamical solutions
with a positive definite stellar distribution function.
Recent work has relaxed the assumption of spherical
symmetry in the Jeans equations, in most cases find-
ing that the central mass distributions are consistent
with the spherical case [43]. There has also been recent
work dedicated to establishing self-consistent distribu-
tion function models of the dSphs. For example, it is
possible to find self-consistent solutions in which the
orbits of the stars are isotropic, and the stars trace the
dark matter profile in the central region [44]. Orbit-
based models of the dSphs are now being developed;
these types of models are ideal in the sense that the dis-
tribution function is obtained in a model-independent
manner [45,46]. All of this modeling indicates that,
when considering the observed stars as a single stel-
lar population, the mass estimates are in good agree-
ment with those obtained through the Jeans equation,
and further it is not possible to conclusively establish
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whether there is a dark matter core or cusp within these
systems.

Some dSphs exhibit evidence for more than a sin-
gle stellar population, i.e., populations of stars that
formed at different epochs.
ples are Sculptor and Fornax, with Sculptor, which
is located at an approximate Galactocentric distance
of 80 kpc, receiving a significant amount of attention.
Phase space modeling of the kinematics of its stars,
when taken as a single stellar population, indicate that
it is possible to find NFW-based dark matter profiles
with isotropic stellar velocity dispersions [44,46]. Due
to high quality information on both the kinematics and
the metallicity of stars in Sculptor, it is possible to
break up the stars into distinct populations. In par-
ticular, [47] (B08) have shown that there are two dis-
tinct stellar populations; a metal rich population that
is centrally-concentrated, and a more extended metal-
poor population. Using Jeans-based modeling, B08
showed that in order for both populations to be em-
bedded into a single dark matter halo, both the metal
rich and metal poor populations must transition from
isotropic in the center to predominantly radially-biased
orbits in the outer regions. Following up on the B08
analysis, [48] apply the projected virial theorem to the
Sculptor data, and find that it is not possible to self-
consistently embed both populations into a halo with
an NFW density profile. Further, [49] study Michie—
King models for the stellar distribution function, and
find that even though NFW models provide an accept-
able y? fit to the data, in general cored models are
preferred.

Two well-known exam-

The analysis of BO8 was then soon followed up
upon with an independent and larger data set by [50]
(WP11). With their data set, WP11 also present ev-
idence for two populations, with seemingly similar ve-
locity dispersion and half-light radii to what was ob-
tained by B08. Though there is no observed evidence
for two stellar populations in the WP11 data, they ex-
tract the dispersion, half-light radii, and metallicity of
their populations using a statistical algorithm. WP11
then apply the mass estimator presented in [51] and [52]
to the two populations, finding that an NFW model is
ruled out at the 99 % CL. While this evidence for a dark
matter core is intriguing, and has garnered a substan-
tial amount of attention in the dark matter community,
it has not been able to stand up to more rigorous mod-
eling of the two populations in Sculptor. In particular,
it is possible to find a self-consistent stellar distribution
function model with an NFW dark matter profile that
is able to statistically-describe the two populations in
Sculptor [53].

The above discussion underscores the difficulty in
determining whether dark matter cores or cusps exist
in dSphs. While the kinematic data is unable to de-
termine the slope of the central density of the dark
matter in dSphs, it is much more effective at deter-
mining the integrated mass within the half-light ra-
dius, approximately a few hundred parsecs [51,52].
This is weakly dependent on whether there is a cen-
tral core or cusp in the dSph, so long as the log-slope
is —d(logp)/d(logr) < 1.5. This implies that the con-
straints on the mass profile directly translate into con-
straints on the J-factor in Eq. (3) within the same re-
gion [39, 54]. For a dSph at a distance of ~ 50-100 kpc,
the half-light radius corresponds to less than approx-
imately one degree, which is about the angular reso-
lution of the Fermi-LAT over a large energy range of
interest. This is the region within which the integrated
density and the integrated density-squared are the best
constrained from the kinematic data sets. This implies
that the assumption of a core or a cusp for the density
profile does not significantly affect the gamma-ray flux
predictions for the Fermi-LAT.

Several authors have now published an analysis of
the dark matter distributions in dSphs using the spher-
ical Jeans method and examined their implications
for gamma-ray experiments [39,54-59]. A typical ap-
proach is to assume a model for the dark matter profile,
such as a generalized double power law model, com-
bined with the likelihood function in Eq. (6). Within
a Bayesian framework, the model parameters ps, rs,
a, b, and ¢ are then marginalized over assuming priors
on these parameters. In the literature there have been
several approaches to handle these priors. Strigari et
al. utilized priors from CDM simulations [39, 54|, which
effectively weighted Eq. (6) with a function describing
the relation between pg,7s derived from CDM simu-
lations. Several authors have considered “uninforma-
tive” priors, equivalent to flat priors on logrs and log ps
[55-57]. Martinez introduced a hierarchical modeling
method that uses a relationship between that mass at
the half-light radius and the luminosity of a dSph [58].
As shown in Fig. 1, for dSphs with well-measured kine-
matics, the J-factors that are derived for each prior are
typically consistent with one another, though there is
a larger spread for dSphs with smaller samples of stars.
As noted above, these results are weakly dependent on
whether a cored or cusped central density profile is as-
sumed for the dark matter.

Figure 1 clearly indicates which dSphs are the most
interesting targets for indirect dark matter detection
experiments. The two dSphs with the largest J-factors,
Segue 1 and Ursa Major II, are ultra-faint satellites
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Fig.1. .J-factors within 0.5° for dSphs, for three different assumptions for theoretical priors on the dark matter halo param-

eters. Grey (blue) points utilize uniform priors in log rs and log ps [162], light grey (red) points uses as priors the relation

between ps, rs that is determined in CDM simulations [117], and black points uses the hierarchical modeling method that

is introduced in Ref. [58]. Though these calculations assume an NFW profile, for .J-factors determined within an angular

region of 0.5°, the results are weakly-dependent on the assumption for the dark matter density profile. (Color online see
arXiv:1503.06348v3[astro-ph.CO])

with sparse samples of stars associated to them (about
60 and 20 stars, respectively). Though these dSphs
have the largest mean flux, they also have the great-
est uncertainty due to the small stellar samples. After
Segue 1 and Ursa Major II, the dSphs with the next
largest J-factors are Ursa Minor and Draco, at 66 and
80 kpc, respectively. These J-factors are determined
from samples of hundreds of stars so their correspond-
ing uncertainties are much lower than the uncertainties
on the .J-factors for Segue 1 and Ursa Major II.

In sum, because of the substantial theoretical and
observational work that has gone into understanding
the kinematics of dSphs and their underlying dark mat-
ter distributions, they are a unique target in gamma-
ray searches for dark matter. Any possible detection
of a signal in other sources must be corroborated by a
detection in dSphs. As discussed in the sections below,
dSphs are targets for several gamma-ray experiments

which hope to probe the WIMP mass range from a
few GeV up to tens of TeV over the next decade.

2.4. Substructures

N-body simulations of Galactic halos predict that
approximately 10-50 % of the dark matter mass of the
Milky Way is bound up in the form of substructure, or
subhalos. According to the ACDM model, some frac-
tion of these subhalos should host the observed dSphs
that were discussed above. However, there is not a
consensus understanding as to what the mass and ra-
dial distribution is for the subhalos that “light up” with
stars — this issue is strongly intertwined with the clas-
sical missing satellites problem [60-62] and the more
recent too-big-to-fail issue of ACDM [63]. Given that
subhalos without any associated stars have yet to be
conclusively detected around the Milky Way, a gamma-
ray signal from these objects, while intriguing, is still
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subject to a substantial amount of theoretical assump-
tions. Nonetheless, it is informative to examine what
the modern theory predicts for this population of sub-
halos around the Milky Way, and beyond.

The numerical simulations of Milky Way-mass
galaxies are now complete in their measurement of sub-
halos down to a mass of approximately 10 M), corre-
sponding to approximately 107% times the total mass
of the host halo [11,64]. The mass function of subha-
los may in fact extend down to Earth masses or even
below, which the simulations are not sensitive to at
present [65-68]. For subhalos with mass greater than
~ 1080, the mass function of subhalos is a power law
that scales as dN/dM o M~%, with a = 1.9. Because
1 < a < 2, subhalos at the low mass end of the mass
function dominate the distribution by number, while
the subhalos at the high mass end of the mass function
dominate the total mass in substructure.

The internal density profiles of the dark subhalos
are important, and have been a subject of theoretical
debate. More recent simulations find that dark matter
halos and subhalos are better described by an appro-
priate shallower Einasto density profile [69]. There are
suggestions from numerical simulations that the density
profiles of the smallest, ~ 10~¢M, halos, are steeper
than the NFW form [70,71]. The gamma-ray signal
from WIMP annihilation from small dark matter halos
is also sensitive to the concentration of low mass halos,
where the concentration is defined as the ratio of the
scale radius of the halo to its virial radius. There is a
substantial amount of uncertainty on the extrapolation
of the concentration versus halo mass relation down
to low halo mass scales; numerical simulations are at
present only able to measure this relationship down to
halo mass of about 10% M, [69, 72]. There is at least an
order of magnitude uncertainty in the gamma-ray sig-
nal from dark matter annihilation in small halos due to
the unknown extrapolation of the concentration versus
mass relation to the smallest halos [68, 73].

Dark matter substructures are very much “high risk,
high reward” targets for gamma-ray searches. While
a confirmed detection of an object that shines only
in gamma rays would be a spectacular confirmation
of both the ACDM and the WIMP paradigm, for a
canonical thermal relic scale WIMP cross section pre-
dictions for signal detectability vary by several orders
of magnitude [69, 74, 75]. Realistic a priori predictions
for a signal from dark matter substructure will only
likely be available once simulations are able to resolve
substructure near the Earth mass scale, or it becomes
observationally feasible to detect substructure at this
mass scale via gravitational lensing. Since there are
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substantial hurdles in reaching these scales in both the
simulations and observations, probably the best these
types of searches can hope for at the stage is to find
a signal in gamma rays from a substructure candidate
that can be followed up on and found not to be ob-
served at other wavelengths.

2.5. Galaxy clusters

The study of dark matter in galaxy clusters has a
long history, dating back to the original discovery of
Zwicky. The systematic uncertainty in the determina-
tion of dark matter mass profiles and .J-factors in clus-
ters is similar in many ways to the case of dSphs dis-
cussed above. The dominant uncertainty in the .J-fac-
tors from clusters arises from two orthogonal aspects
of astrophysics. First, there is an uncertainty in the
empirically-measured cluster mass profiles, which are
derived from a combination of x-ray temperature pro-
files and gas kinematics. Second, there is significant un-
certainty in the predicted gamma-ray luminosity that
arises from the contribution of dark matter substruc-
ture in the clusters.

Cluster masses and density profiles are measured
through x-ray emission, galaxy dynamics, or gravita-
tional lensing [76]. For nearby clusters, masses are
generally derived under the assumption of hydrostatic
equilibrium,

_kT(r)r [dlnp(r)
dlnr

dInT(r)

M(r) = e B

umypG

where T'(r) is the temperature profile, and p is the
mean mass per particle in units of the proton mass.
The assumption of hydrostatic equilibrium is subject
to systematic uncertainty depending on the physical
state of the cluster. For instance, [77] used numerical
simulations to show that systematic uncertainties due
to non-thermal pressure introduce a ~ 10 % systematic
uncertainty in the mass determination.

Furthermore, there are only of order tens of clus-
ters that have measured temperature and density pro-
files allowing the use of Eq. (7), and only a handful
of nearby clusters have dark matter mass profiles con-
strained by redundant estimates. For the majority of
known clusters, we are instead left with indirect ob-
servational proxies that are calibrated by low-redshift
clusters. Such standard observational proxies are the
average temperature, the mass of the hot gas, and the
product of these two, the total thermal energy [78]. Re-
cent studies have combined all of the aforementioned
mass measurement techniques to obtain an estimate of
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the slope of the dark matter density profile in clus-
ters [79]. In these studies, the measured mean slope is
(v) &~ 0.50, which is less shallow than the central slope
of the standard NFW profile.

Of particular importance for gamma-ray analyses
are the clusters that are the appropriate combination
of the most nearby and the most massive. From their
measured mass distributions and known distances, sev-
eral recent studies have come to the agreement that
the Fornax, Coma, and Virgo clusters are the bright-
est source of gamma rays from dark matter annihila-
tion [80-82].

Dark matter-only simulations of clusters of galaxies
are only able to resolve dark matter substructure with
mass 107° times the mass of the host cluster; this is
perhaps 10 orders of magnitude larger than the min-
imum mass dark matter subhalo that is predicted in
ACDM theory. This uncertainty due to the dark mat-
ter substructure, along with the fact that only a rel-
atively small number of clusters has been simulated,
introduces a significant uncertainty in the contribution
of cluster substructure to the gamma-ray luminosity
that arises from dark matter annihilation.

Nevertheless, a significant increase in the gamma-
ray signal from clusters is expected from the presence of
such dark matter substructure. Numerical simulations
provide the most reliable method for determining the
gamma-ray emission from subhalos in clusters. From a
sample of nine cluster-mass dark matter halos, which
have individual particle masses of ~ 105M/; and iden-
tify subhalos down to a mass scale of ~ 107Mg), [72]
directly determine the overall boost factor and the sur-
face density profile of the substructure component for
clusters as a function of the cluster mass. Though it
relies on an extrapolation, the substructure likely im-
plies a substantial increase in the gamma-ray luminos-
ity over the smooth component in clusters, perhaps up
to several orders of magnitude.

In sum, clusters represent a unique target for dark
matter searches. Like the dSphs, they can be localized
in space, and their dark matter distributions can be
robustly measured from astronomical data sets. How-
ever, they are different from dSph targets because there
is expected to be a large contribution from dark mat-
ter substructure within them. While this is expected
to increase the gamma-ray signal, in the case of a null
detection it does provide a substantial systematic un-
certainty when attempting to set upper limits on the
annihilation cross section.

Clusters are also distinct from dSphs because there
is expected to be a significant flux of gamma rays due to
cosmic ray processes. The gamma-ray luminosity due

to cosmic rays in clusters is expected to trace the gas
density, so it is more centrally-concentrated than an ex-
pected dark matter annihilation signal, since the dark
matter signal is more extended because of the emission
from subhalos. As we discuss in the sections below,
though very plausible theoretical predictions show that
gamma rays from both cosmic rays and dark matter
could have been detected by gamma-ray observatories,
there has been no conclusive signal reported to date.

2.6. Cosmological mass function of dark
matter halos

The discussion above has focused on measurements
of the dark matter distribution within the Milky Way,
and nearby identified dwarf galaxies and galaxy clus-
ters. Gamma-ray searches for dark matter are also
sensitive to the accumulated emission from dark mat-
ter annihilation in all the dark matter halos that have
formed in the Universe. Though this emission is “un-
resolved”, it is possible to model given a mass function
of dark matter halos. It may be possible to deduce this
mass function from the observed luminosity function of
galaxies, though this method is hindered by uncertain-
ties in the mapping of galaxy luminosity to dark matter
halo mass [83-86].

A more robust estimate of the dark matter halo
mass function comes from large scale cosmological sim-
ulations. The two largest volume cosmological simu-
lations to date provide a statistically-complete sample
of dark matter halos down to a maximum circular ve-
locity of about 50 km/s, or a mass of approximately
10° M, [87-89]. These studies find that the “halo mul-
tiplicity function”, which is derived from the halo mass
function, appears to have a near-universal form at all
redshift. This implies that it is possible to compute
the halo multiplicity function at any redshift from well-
measured cosmological parameters.

Ag discussed above in the context of galaxy clus-
ters, dark matter annihilation signals are sensitive to
substructure within dark matter halos. This implies
that it is important to determine not only the mass
function of dark matter halos, but also the mass func-
tion of dark matter substructure. Both the shape and
the scatter in the subhalo mass function in simula-
tions is well-characterized down to subhalo masses at
least three orders of magnitude less than his halo mass.
Semi-analytical models are now able to reproduce the
trends observed in the simulations [90].

Given the uncertainties associated with the distri-
bution of dark matter substructure in halos, in partic-
ular in the extrapolation of substructure down to the
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smallest, mass scales below the resolution limit of sim-
ulations, theoretical predictions for the diffuse gamma-
ray background from dark matter halos is difficult to
precisely pinpoint [91,92]. Searches for diffuse gamma
rays from dark matter annihilation must of course also
be differentiated from gamma rays that are produced
from cosmic rays and other astrophysical sources such
as active galactic nuclei (AGN) and supernova rem-
nants. Both the uncertainties in the intrinsic emission
and the uncertainties in the astrophysical gamma-ray
backgrounds provide a substantial challenge for signal
detection.

3. FERMI-LAT AND IACT ANALYSES

Over the course of the past decade, the field of
indirect dark matter searches with gamma rays has
matured substantially. This is in large part due to
the performance of the present-generation space and
ground instruments, notably the Fermi gamma-ray
space observatory and several TACT telescopes, such
as HE.S.S., VERITAS, and MAGIC. The results from
these experiments are important both when viewed in-
dependently and as results complementary to those
from collider and direct dark matter searches. In this
section, after a brief presentation of these instruments,
we discuss the analysis challenges that they face.

3.1. Current gamma-ray instruments

As the atmosphere is opaque to gamma rays, space
borne telescopes are a priori necessary to observe the
sky at high photon energy. Above a few tens of MeV,
their interactions are completely dominated by pair
production, so that all recent gamma-ray space instru-
ments rely on a pair converter associated to a tracker
to detect the trajectory of the produced electron and
positron pair. The tracker is supplemented with an
electromagnetic calorimeter to contain the shower and
allow for total energy estimate, and an instrumented
shield to veto the much more frequent incident charged
cosmic rays. The most important of such instruments
currently active is LAT [93] onboard the Fermi space
satellite, which also includes a gamma-ray burst de-
tector (GBM). Since June 2008, the LAT surveys the
whole sky every 90 minutes, in the energy range be-
tween 20 MeV to greater than 300 GeV. The upper end
of this range is here determined only by sparse statistics
for conventional (power-law) astrophysical sources and
the availability of reliable instrument response func-
tions, i.e., can be much higher.

The LAT is likely planned for operation until at
least 2018.

Above a few hundred GeV, the fast decreasing flux
of typical astrophysical sources and the necessarily lim-
ited effective area of a space instrument combine to
significantly degrade the sensitivity. Despite the atmo-
spheric opacity, ground instruments have proven to be
able to “take over” in this very-high energy range. A
similar argument holds for a hypothetical WIMP sig-
nal, as the flux from WIMP annihilation is inversely
proportional to the WIMP mass squared. To de-
tect photons at such high energies, IACTs detect the
Cherenkov radiation produced by the charged parti-
cle cascade that a high-energy gamma ray initiates in
the upper layers of the atmosphere. The Cherenkov
light is reflected by large (~ 10 m diameter) mirrors
onto cameras consisting of arrays of photomultipliers.
As the interaction takes place high in the atmosphere
(~ 10 km) and the shower needs to reach a certain size
to be detectable, the analysis threshold is usually close
to 100 GeV, though larger telescope mirror size (and the
corresponding possibility to detect fainter Cherenkov
light) can push the threshold down to about 30 GeV.
The Cherenkov telescopes currently in operations are
H.E.S.S [94] (5 telescopes, including the recently added
28-meter telescope), VERITAS [95] (4 telescopes) and
MAGIC [96] (2 telescopes). At slightly higher threshold
energy, a different detection technique consists in build-
ing an array of water tanks instrumented with photo-
multipliers and in recording the passage of the shower
particles themselves, throught the Cherenkov light that
they emit while traversing the water. This technique
is exemplified by MILAGRO [97], and more recently
HAWC (see Sec. 5).

The LAT and TACTs have very distinctive opera-
tion modes and face quite different challenges. While
the LAT surveys the whole sky continually without any
need to point in a specific direction (but for the case of
transients), TACTs operate in a pointed mode and with
a limited duty-cycle (though this is not true for water
Cherenkov instruments) and have to rely on the larger
effective area (by a factor of 10* to 10°) as compared to
the LAT. As a result of the field of view, the LAT can
a priori provide observations on any of the targets dis-
cussed in Sec. 2, while in the case of TACTS, these tar-
gets are in competition with other astrophysical sources
of interest to the community. Furthermore, the LAT
has an excellent cosmic-ray rejection power, so that its
background in conventional analyses is dominated by
gamma-ray events from various sources in the field of
view. The complexity of the LAT analysis is due to the
multi-dimensional response functions and the need to
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properly model the sky in the region of interest. Less
efficient background rejection implies that TACTs are
dominated by an isotropically-distributed charged cos-
mic ray background. In addition, the fact that the
atmosphere is used as a detector volume implies that
varying atmospheric conditions as well as the choice
of atmospheric conditions and night-sky background
induce important and difficult to handle systematics
in acceptance corrections, which eventually (together
with the very hard to distinguish component of cos-
mic ray electrons) provide the fundamental limitation
to detecting dark matter.

3.2. Astrophysical challenges

The astrophysical challenges outlined in Sec. 2 call
for advanced analysis methods that allow robust infer-
ence about the particle physics properties of dark mat-
ter. Fermi-LAT analyses are largely based on a max-
imum likelihood method, where spatial and spectral
models of both signal and background components are
fit to data after convolution with a parameterized in-
strument response. For a dedicated review of statistical
aspects of these analyses, see [98]. Modeling the back-
ground can in certain cases introduce significant sys-
tematics, with likely the most problematic case being
modeling the diffuse gamma-ray background towards
the Galactic center. Until recently, TACT searches for
WIMP dark matter focused on comparing integral flux
predictions with the data, instead of using the full spec-
tral information predicted by a single or combination of
annihilation or decay channels. Modeling of the back-
ground has not been commonly performed but rather
the background expectation was obtained from an off-
source region of interest. The significance of an excess is
then commonly inferred from the maximum likelihood
ratio test statistic [99] applied to the case of OFF esti-
mation of the background, and confidence intervals us-
ing either a counting experiment profile likelihood [100]
or using a Neyman construction [101]. In the remain-
der of this section, we will discuss in detail the different
analysis approaches for the different astrophysical tar-
gets.

3.3. Galactic center

As discussed in Sec. 2 the Galactic center (GC)
is probably the strongest source of gamma-ray radia-
tion due to dark matter annihilation. However, the
GC is crowded with conventional gamma-ray sources:
H.E.S.S. and Fermi-LAT sources at the GC are consis-
tent with each other and known sources [102-104]. For

this reason, the GC is typically not directly studied in
search for dark matter annihilation. Modeling the dif-
fuse emission in the inner Galaxy, defined here as the
region interior to the Solar circle, also poses a signifi-
cant theoretical challenge — for this reason the Fermi-
LAT has not published dark matter constraints from
either the GC or inner Galaxy, leaving aside searches
for spectral features (see below).

At TACT energies the systematics of the diffuse
emission is less significant. The analysis presented in
[105] applies an ON-OFF technique, where the back-
ground is determined by OFF-source observations, and
in this specific case the OFF-source region is defined
within the field of view. The disadvantage of defining
the OFF-source region within the field of view (i. e., rel-
atively close to the GC) is that a potential signal will be
subtracted as part of the background. This means that
the sensitivity might be reduced for relatively cored
dark matter profiles. An alternative is therefore to de-
fine the OFF region from separate pointings, i. e., point-
ings that are truly OFF-source. The likelihood for this
approach is

L(non,norr|s,b,a) =
= Pois(non|s + b)Pois(norr|ab), (8)

where nony and nopr denote the number of counts
in ON and OFF regions, respectively, « is the ratio
between the total ON region acceptance and OFF re-
gion acceptance and b as usual denotes the background
expectation. There are two assumptions going into
this approach: the background expectation is the same
in the ON-source and OFF-source region, and the ra-
tio between the ON-source and OFF-source acceptance
is known. The latter is a systematic which will be-
come important for future TACTs, such as Cherenkov
Telescope Array (CTA), where the statistical uncer-
tainties are sub-dominant as compared to systematic.
For a potential way of handling these uncertainties
see [106, 107].

To circumvent the aforementioned disadvantage for
the GC that in standard observation mode the OFF re-
gions are within the few-degree field of view of the cam-
era, a technique which obtains OFF data from a truly
separate pointing has to be implemented. However,
this introduces new systematic uncertainties that have
to be carefully addressed; using this technique compet-
itive limits have nonetheless been presented in [108].

3.4. Galactic diffuse emission

The Galactic diffuse emission provides a poten-
tially powerful target for dark matter searches, e.g.,
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[109, 110]. For these searches, the gamma ray spectrum
and spatial distribution can both be used as discrimi-
nants. However, astrophysical-induced diffuse emission
from the Galaxy is very difficult to model. Parameters
to be considered are halo height, diffusion coefficients
and indices, Alfven velocity, power-law indices of the
injection spectrum of cosmic rays and spatial distri-
bution of cosmic-ray sources as well as maps of the
interstellar radiation field and gas distributions. The
most detailed model of Galactic diffuse emission and
cosmic-ray propagation is provided by the GALPROP
code [111]Y). The more than 20 parameters entering
this modeling (and in principle also versions of the in-
put gas maps and interstellar radiation fields) consti-
tute a set of nuisance parameters that must be han-
dled in order to extract a potential dark matter con-
tribution. The most advanced attempt in dealing with
these parameters is presented in [112], which uses a
profile likelihood. A subset of the full parameter space
was considered in this work. For the linear parameters
a fit to the data provides a profile estimate, while for
the non-linear parameters a grid of likelihood points
was considered to map the complete likelihood func-
tion. However, the performance of this mapping is still
difficult to assess. The complexity of the problem sug-
gests that scanning algorithms designed for Bayesian
inference could be more suitable for the problem. This
has been applied to cosmic-ray data to provide con-
straints on diffusion parameters [113].

3.5. Dwarf spheroidals

For reasons highlighted in Sec. 2, dSphs are valu-
able targets for dark matter searches. There is now a
substantial body of literature devoted to understand-
ing how to extract a gamma-ray signal from dSphs.
For this reason, we will give here detailed account of
the methods that are used in these searches.

3.5.1. Formalism and illustration

Here we describe in detail the full likelihood analy-
sis method used in dSph searches with the Fermi-LAT
and more recently also with H.E.S.S. [114], and MAGIC
[115]?). In order to illustrate the advantages of the full
likelihood analysis, we start by fixing our notation. We
consider a dataset D; selected in a region of observa-
tion “1”, and a statistical model which contains a set
of parameters of interest p’ and a set of nuisance pa-

D http://galprop.stanford.edu.
2) For an alternative statistical approach see [116].

rameters p?. We further write the logarithm of the
likelihood function £ (D1|p?, p}). While the maximum
likelihood inference based on the observation D; results
from minimizing £; with respect to the parameters, it
can be generalized in a straightforward manner to the
case where different, disjoint, observations D; and D>
are modeled using the same parameters of interest.

The combined log-likelihood function to be used for
inference now simply reads

Ecomb(Dla D2|pi7p7117p3) =
:El(Dl|plap?) +£2(D2|p27p3) (9)

Such a property of “additivity” is an extremely ap-
pealing feature of the likelihood inference process, that
we now illustrate with the case of a WIMP gamma
ray annihilation analysis in the direction of two dwarf
spheroidal galaxies, each in either region “1” or “2”. The
parameters of interest are (crv}, mwimp, and we single
out, for the sake of the discussion, the .J-factors .J; and
Jo from the rest of the nuisance parameters®). Taking
note of the fact that the likelihood model in such an
analysis actually includes only the product of (ov) and
Ji,2, the combined log-likelihood now reads

Leomp(D1, Da|(ov) X Ji, (ov) X Ja, J1, J2, PT, Psy) =
= L1(D:|(ov) x J1,J1,pT) +
+ Ly(Da|(ov) x J3, J2,py). (10)

In order to infer a best-fit value for {ov) it is thus
necessary to fix Ji» to some values; this bars any
propagation of the corresponding uncertainties into the
analysis. This can actually be circumvented by consid-
ering that any value of a J-factor comes from a set of
stellar observations d and an inference process based
on a posterior distribution or a likelihood function, so
that we generically write Py(d|.J,T). Here, I stands for
any other information needed to construct this func-
tion, for instance the choice of a parameterized model
for the dark matter profile. The combined likelihood
analysis can be extended to read:

Leomp(D1, D2, dy, da|(ov) x Ji,
(ov) x Ja, J1, Jo, pT, P5) =
= L1(D1[(ov) x Ji, J1,PY)
+ Lo(Ds|{ov) X Ja, Jo, ps

_I_
)+
+ Py(di|J1,I) + Ps(da2|J>, I). (11)

3) In practice, the WIMP mass is kept fixed during the like-
lihood inference process, so that we omit it in the rest of this
discussion.
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As a result, the degeneracy between the J-factor and
(ow) is removed, and there is an automatic propaga-
tion of the statistical uncertainty in the stellar anal-
ysis down to the inference about (ov). Given the
shape of the Bayesian posterior probability densities
commonly obtained in J-factor derivations from stellar
analyses [54, 68, 117] actually use a Log-Parabola func-
tion as an ansatz for the P; function.

We can now illustrate the power of this combined
analysis. For this purpose we consider the two dSphs,
Carina and Ursa Major II. For those two dSphs, the
central and sigma values for the Log-Parabola function
are (6.3-10'7,10%!) and (5.8-10'7,10°%), respectively.
Thus, Carina has a much lower J-factor than Ursa Ma-
jor II, but its distribution is much narrower, so the
uncertainty incurred in choosing the central value as
fiducial J-factor is much lower. Figure 2 presents the
likelihood curves for the single-dSph and the combined
analyses, profiled over the nuisance parameters, includ-
ing the .J-factors.

The mass and channel used for this illustration are
100 GeV and bb, respectively. The intersection between
the horizontal dotted curve and a likelihood curve lo-
calizes in the z-axis the 95% C.M. value for (ov), so
that the lower its value, the stronger the upper limit.
Thus, as expected when no account is taken of the
J-factor uncertainties, Ursa Major II (black (green)
dashed curve) outperforms Carina (grey (blue) dashed
curve) by and large. On the other hand, the combined
analysis (light grey (red) dashed curve) performs barely
better than Ursa Major IT alone, due to the modest sta-
tistical power of Carina. When .J-factor uncertainties
are taken into account (see plain curves, with identical
color coding), one immediately notices that Carina’s
limit does not degrade by much, while limits from Ursa
Major IT are significantly weaker than before. And fur-
thermore, the combined likelihood result is now sig-
nificantly improved compared to Ursa Major II: when
J-factor uncertainties are taken into account, the sta-
tistical power of Carina is no longer negligible. Com-
parison of the dashed and plain light grey (red) curves
shows the effect of the .J-factor uncertainty on the com-
bined upper limit.

3.5.2. Dwarf spheroidals and the global fit

The likelihood method described above can be ex-
tended to attempt statistical inference on a specific su-
persymmetric model, including taking into account col-
lider experiments [118]. The result of this type of anal-
ysis is a likelihood or posterior maps in the parameter
space of constrained supersymmetry. However, because

of the sparsity of the data, inference on the physical
model is difficult. Nonetheless, this result serves as a
proof of concept for future attempts to combine results
of different dark matter probes in a consistent likeli-
hood or Bayesian inference.

3.6. Dark satellites

Dark satellites are intriguing objects for dark mat-
ter searches. In an ideal scenario, they would constitute
a gamma ray source without counterpart in any other
wavelength. For a preliminary estimate, the list of
unassociated Fermi-LAT sources provides a catalogue
of potential dark matter satellites.

In order to be classified as a dark satellite candidate,
first and foremost the energy spectrum should be con-
sistent with a dark matter induced spectrum and dis-
tinguishable from more common astrophysical-induced
spectra, such as a power-law, or a more difficult to deal
with pulsar spectrum (see, e.g., [119]). Additionally,
the source may be extended, which would be in par-
ticular true if the source was very near to the solar
system. From a statistical perspective, a likelihood ra-
tio test statistic provides a mean to address this ques-
tion of whether the energy spectrum of the source is
consistent with dark matter. The problem though is
that the hypotheses, in particular the question whether
the source exhibits a power-law as compared to a dark
matter spectrum, constitute a non-nested model com-
parison for which the usual asymptotic theorems (such
as [120]) do not hold. This implies that the significance
of a potential detection (rejection of the null hypothe-
sis) cannot be robustly calculated. Techniques that are
proposed to address this problem are known in litera-
ture [121], but it is unclear if they perform in a satis-
factory manner (see, e.g., [98] and references therein).
Thus, the null distribution of the test statistic is de-
rived from Monte Carlo simulations of the experiment
or from random region of interests in the sky [122]. For
TACTs, the list of unassociated sources provides po-
tential targets for deep follow-up observations, and the
same criteria for claiming a detection would apply.

3.7. Galaxy clusters

The search for dark matter in Galaxy clusters uti-
lizes analysis methods similar to those used for dSphs.
The main difference is that galaxy clusters are in all
likelihood extended sources of gamma-ray emission.
Indeed, if substructures and their corresponding flux
dominates the dark matter contribution, it is the outer
parts of clusters that dominate. As a specific example,
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Fig.2. Relative likelihood function versus velocity averaged annihilation cross section. The effect of a combined likelihood

analysis with inclusion of the .J-factor uncertainty, in the case of two dSphs, Carina and Ursa Major I, is illustrated. (Color
online see arXiv:1503.06348v3[astro-ph.CO])

the Virgo cluster may have an extension of approxi-
mately 6 degrees. The search for gamma-ray emission
from clusters therefore has to use extension as source

model. The major drawback of this is that the re-
sults are in general sensitive to the modeling of the
diffuse emission, and uncertainties in this diffuse emis-
sion must be accounted for. A full mapping of the
likelihood space of this component is very difficult (see
also next subsection). As a result, in the analysis pre-
sented in [123] the systematic effects due to modeling
of the diffuse emission are accounted for by considering
a set of fiducial diffuse models and recalculating limits
separately for each of these fiducial models.

3.8. Searches for dark matter line signal

Searching for spectral features is in principle a sim-
pler task than searching for a continuum signal. In this
case, the main question is whether there is a local (in
energy space) deviation from a background, which can
be inferred from the data itself. This means that no
physics modeling of the background is necessary. The

line signal is described by a delta function convoluted

with the energy dispersion introduced by the instru-

ment.
The analysis of line signals typically proceeds by

applying a sliding window technique, i.e., the window
is centered on the particle mass to be tested, and the
background is determined either from the whole win-
dow or excluding some signal region. The size of the
window is chosen such that the background is described
by a simple empirical fit (in best case a power-law).
Statistical inference is often performed using an ex-
tended likelihood fit, with application of Wilks theo-
rem [120] or Chernoff theorem [124] to obtain signifi-
cance and the profile likelihood to infer confidence in-
tervals. At this stage, most analyses do not attempt
to model the spatial distribution of the gamma rays,
but instead optimize the region of interest using a sig-
nal and background prediction and then treating the
problem only with the spectral likelihood. The above
approaches have been applied in [125-128]. [128] also
takes into account the quality of the event reconstruc-
tion by considering not only the likelihood of the pa-
rameter of interest but by also considering the distri-
bution of photons in a quality parameter. The analysis
in [129] uses both spectral and spatial distributions.
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While peak finding of this sort is as old as particle
physics, challenges remain. Potential challenges come
from choosing the side band window large enough to
allow a good determination of the background, while
still being small enough that a simple empirical func-
tion will describe it. Another important aspect is that
very good knowledge of the energy dispersion is nec-
essary as inference is done on a steep spectrum where
small biases in our knowledge of the energy dispersion
can have large effects. Finally, in searches for dark
matter, mass is a parameter that is not defined under
the null hypothesis and will thus introduce a trial cor-
rection, which in practical applications is not simply
calculated by applying the binomial distribution, but
correlations have to be taken into account. In these
more complicated cases there are two approaches to fol-
low: employing Monte Carlo simulations or resampling
from OFF-source data distributions. The main chal-
lenge here is to be able to simulate the null distribution
to sufficient accuracy for the high significance needed
(usually 50), i.e., the need for a large (~ 10%) num-
ber of independent experiments. Solutions to this have
emerged, the simplest being to fit an empirical function
to the obtained test statistic distributions (e.g., done
in [127]). Another one proposed by [130] extrapolates
to higher significance from a lower number of simula-
tions (see also [98], for a more detailed discussion). It
should be noted that the latter is only strictly appli-
cable in the case of continuous trials, i.e., the whole
spectrum is fit with the mass as a free parameter. Fi-
nally, in case of not very conclusive data, it might be
difficult again to distinguish a line feature from any
other feature (e.g., a broken power-law). Again, non-
nested hypothesis testing would have to be performed
for rigorous results.

4. STATUS OF DARK MATTER SEARCHES
WITH GAMMA RAYS

In this section we review the current status of indi-
rect dark matter searches with gamma rays. We assim-
ilate the information on astrophysical targets (Sec. 2)
with the information on instrumental sensitivities and
statistical methodology (Sec. 3). For the two main
types of gamma-ray experiments, the all-sky Fermi-
LAT and the TACTs, our goal is to review the statistical
analysis method that is most appropriate for each tar-
get, and review the results that have been obtained.

As was reviewed in Sec. 3, the nominal all-sky sur-
vey mode of the Fermi-LAT is ideally suited to explore
essentially all potential targets in the gamma-ray sky.

From an astrophysical and experimental perspective,
though, these targets incur significantly different sys-
tematic uncertainties.

As we detail in this section, in the past few years the
Fermi-LAT collaboration has extended the statistical
framework of the official ScienceTools to include a joint
likelihood formalism that allows for the combination of
several source regions of interest into a single analysis.
Such a combined analysis was introduced in [117], and
was reviewed in Sec. 3.5 above. Though this frame-
work is not yet able to completely solve the complexity
of combining LAT analyses of all possible targets, it has
for the first time produced sensitivities to the nominal
thermal relic value of (ov) ~ 310726 cm?.s~1.

At higher energies, ITACTs have gained ground. The
constraints obtained from observations of the Milky
Way halo in the vicinity of the Galactic center consti-
tute a large step forward for constraining WIMP masses
above about a TeV.

In the following sections, we provide a summary
of the most relevant gamma-ray analyses and results
from Fermi-LAT and IACTs, including observations of
the Galactic center and diffuse Galactic halo, dSphs,
dark satellites, galaxy clusters, and the diffuse isotropic
background.

The spectrum of gamma rays depends on the an-
nihilation channel. Unless otherwise noted we will fol-
low the convention to present results for annihilation
into b-quark pairs, which can be seen as representa-
tive for quark annihilation in general. Annihilation to
7-leptons generically results in a harder spectrum. Ma-
jorana WIMPs in general do not preferably annihilate
to light leptons (electrons or muons) as the annihila-
tion is helicity suppressed, except if for example vir-
tual internal bremsstrahlung or final state radiation is
considered for supersymmetric particles, e. g., [131].

4.1. Galactic center

As a prime target for indirect dark matter searches,
the Galactic center has been the subject of intense
scrutiny for well over a decade. [132] proposed a
dark matter interpretation to the gamma-ray source de-
tected with EGRET [133]. Near the same time TACTs
also detected a TeV source [134,135], which seriously
challenged a dark matter interpretation of the EGRET
source [136]. Independent of dark matter, these obser-
vations were important because they showed that near
the Galactic center, in addition to the diffuse back-
ground, there exist strong gamma-ray emitters. More
recent analyses of the Fermi-LAT data (e. g., [137-142])
have reported the detection of an extended excess, com-
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patible in shape and spectrum with a < 30 GeV WIMP
annihilating to bb.

Several groups have followed up and confirmed the
existence of this inner Galaxy excess in the Fermi-
LAT data. [140] pointed out the critical dependence
on foreground modeling, as well as the possibility that
the excess arises from unresolved millisecond pulsars.
[143, 144] show that this excess can be explained by lo-
cal population of cosmic-ray protons, potentially due to
a burst-like injection several thousand years ago. There
is also the yet unsettled characterization of the Fermi
bubbles at low latitude (see [141] for a discussion of this
point). At the time of writing, there is no clear reso-
lution to this excess emission, and it is quite possible
that there won’t be a resolution for some time. It is cer-
tainly true that a confirmation of this excess in one of
the other targets, for example clusters or dwarf galax-
ies, would be needed to further strengthen the case for
dark matter. Taking a best guess nominal .J-factor of
the GC, the most recent Fermi-LAT combined dSph
search could have confirmed the excess, but only re-
ported constraints [145] (see below). Probably the most
conservative stance at this point assumes that all of the
excess photons are not due to dark matter annihilation;
this assumption implies stringent constraints on a con-
tracted NFW scenario at the Galactic center [146].

4.2. Galactic halo

The diffuse Galactic halo has long been advo-
cated as an interesting target for dark matter searches.
[147,148] first discussed the idea of searching in an an-
nulus around the center of the Galaxy. This would by-
pass aforementioned systematic uncertainties that hin-
der such a Galactic center analysis. The HESS collab-
oration put such a strategy in practice in [149], where
an annular region from 0.3° to 1° radius was analyzed,
excluding the Galactic plane (|| < 0.3°). Using 112
hours of livetime observations and a generic continuum
spectrum from [150], they derived, for NFW or Einasto
density profiles, the most stringent limits to date in the
1 TeV WIMP mass range. For instance (ov) in excess
of 3-107%% em?-s7! is excluded assuming an Einasto
density profile.

As discussed in Sec. 3, defining the background re-
gion within the field of view is not efficient, especially
if the dark matter distribution in the central galaxy
is cored. A proof of concept for treating this situa-
tion is published in [108] providing competitive limits
with only 9 hours of data. The main conceptual nov-
elty is that the OFF region is constructed from sep-
arate pointings of the telescope array. To make sure

that atmospheric conditions are preserved as much as
possible an offset in right ascension is chosen to define
the OFF-source pointings. However even in this case
a novel treatment of the acceptance correction for the
background estimate had to be introduced. In this par-
ticular case the center of the OFF regions is about 6
degrees away from the center of the signal region, and
the J-factor is reduced by at least a factor of 3.

More recently, Fermi-LAT has analyzed data on a
larger scale within a region of |I| < 15° and 5 < |b] <
< 80° [112]. This analysis used Pass 7 and masked
1FGL point sources. The analysis proceeds with the
CLEAN class and thus the PTCLEAN V6 instrument
response functions (irfs) to infer stringent limits on
(ov), while discussing in great details the dependence
of the analysis on the Galactic foreground modeling,
which is the main issue with such a halo analysis when
comparing to the dwarf spheroidal constraints.

To summarize the previous discussion and the cur-
rent observational situation, we gather in Fig. 3 the
most relevant current limits obtained for analyses of
regions within the Milky Way.

This figure clearly illustrates the power that a deep
observation with a Cherenkov instrument has to set
competitive upper limits for energies about 1 TeV. It
also emphasizes the advantage of a halo analysis with
the LAT, with respect to satellite or GC blind searches,
though we stress again that background systematics af-
fect the limits much worse in this case. In addition, the
halo upper limits are proportional to the squared nor-
malization of the dark matter density distribution of
the Galaxy, usually estimated at the position of the
Sun. As discussed in Sec. 2, there is still a substantial
uncertainty in the estimation of the local dark mat-
ter density, 0.2 to 0.9 GeV-cm™2, so that the resulting
uncertainty on a dark matter annihilation flux is in
fact larger than the uncertainty just contributed by the
modeling of the Galactic diffuse emission (see [122], for
further details).

4.3. Dwarf spheroidals

As discussed in Sec. 2, with their lack of high-energy
emission processes and large dark to luminous mass ra-
tio, dwarf spheroidal galaxies are a prime target for
gamma-ray instruments. As the expected flux scales
with the inverse square of the distance, only the satel-
lites of the Milky Way have been investigated so far,
which amounts to about 25 targets. While Fermi-LAT
is surveying the whole sky continuously, TACTs need
to allocate observation time to point in the direction
of any dSph. As of this work, a total of 9 dSphs have
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Fig.3. Upper limits (UL) on velocity averaged annihilation cross-section versus WIMP mass from indirect searches in gamma
rays, for analyses focusing on the Milky Way. In dashed red (HESS halo), the 95 % CL UL in the Galactic center halo analysis
from [149]; in blue (LAT halo no bkg), the LAT halo analysis [265] corresponding to 30 CL upper limits, when no diffuse
background modeling is performed; in green (LAT halo), same but in the case where proper modeling of the diffuse gamma
ray background is performed; in cyan (LAT GC), the LAT diffuse-model-free 30 ULs at the Galactic center [146]; in dashed
cyan (LAT GC rescaled), same but rescaled to the same local DM density as the LAT halo analysis; in yellow (LAT GC
NFWoc), same but in the case of a contracted NFW profile; in magenta (LAT HVC), the 95 % CL limits obtained with the
Smith cloud [172]. The dot marker with the label “Satellites” corresponds to the 95% CL upper limit for a 100 GeV WIMP
mass obtained in the unidentified LAT source analysis [122]. (Color online see arXiv:1503.06348v3[astro-ph.CO])

been observed by ACTs. The HESS collaboration ini-
tially presented constraints from ~ 11 hours of observa-
tion toward Sagittarius dwarf [151,152], which have re-
cently been largely revised with 90 hours accumulated
on target and with a major modification to the density
profile of this tidally stripped nearby galaxy [153]. The
HESS collaboration also published results from Canis
Major (~ 10 hours) [154], Sculptor (~ 12 hours), and
Carina (~ 15 hours) [155]. As mentioned previously,
HESS also has presented an analysis combining previ-
ous observations of dSphs with a new long exposure of
the Sagittarius dwarf, employing a combined likelihood
technique inspired by the Fermi-LAT analysis [114].
The MAGIC collaboration presented results from 10 to
20 hours of observations towards Willman I [156] and
Draco [157], but devoted most of the allocated time to
the observation of Segue 1, initially with 43 hours on
one telescope [158], and recently updated with a 160-
hour analysis [159], that also makes use of a full likeli-
hood technique, akin to what the Fermi-LAT collabo-
ration is routinely doing. Finally, the Veritas collabora-
tion presented results for Bootes I, Draco, Ursa Minor,
and Willman T [160], and for Segue 1 (50 hours) [161].

These observations are to be compared to the

1000-hour equivalent of 11 months of LAT survey,
which resulted in flux limits set in the direction of 20
dSphs, and dark matter constraints derived for a sub-
set of 8 of these, based on robust J-factor values [162].
Focusing specifically on the constrained minimal super-
symmetric model, [118] added the analysis of Segue 1
with approximately the same amount of data. Thus,
quite generically given the plausible allocation time
on dSphs by TACTs, LAT constraints are expected
to dominate below WIMP masses of order 1 TeV,
at which point the fast degradation of LAT sensitiv-
ity quickly limits its performance. As a consequence,
while programs are ongoing to increase the total du-
ration of TACT observations in the direction of dSphs
(e.g., [163]), it is also crucial to maximize the statistical
power of the analyses by using the full-likelihood tech-
nique, as considered for instance in [115,159] and [114].

Along these lines, [117] introduced a joint-likelihood
formalism that combines the statistical power provided
by several dSphs into a single inference (see Sec. 3.5,
and also [164] for an alternative combined methodol-
ogy). Using 24 months of Pass 6 “diffuse” data and
the corresponding P6V3 irfs, the Fermi-LAT collabo-
ration derived a single 95 % CL exclusion curve using
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10 dwarfs, that for the first time reached the “standard”
thermal-relic value of (ov) = 3-10726 cm=2.s7! for an-
nihilation into quarks. Furthermore, the Fermi-LAT
collaboration introduced for the first time a scheme to
directly account for the .J-factor uncertainty into the
upper limits on {(ov) stemming from the statistical na-
ture of the dark matter profile derived from stellar data.
The analysis presented in [117] was later updated to 4
years of Pass 7 reprocessed data [165], in which a much
more thorough analysis of the data in the direction of
25 dSphs was done. A subsample of 15 dSphs with ro-
bust J-factors were retained to derive upper limits on
the annihilation cross sections in different channels. In
the latter analysis, it was found that the test statistic
distribution, naturally defined as the likelihood ratio
between the null hypothesis (background-only) best fit
and the dark matter (DM)+background fit did not fol-
low a x? distribution, implying a correction reducing
the apparent significance of an excess. The most likely
cause of this deviation is a population of unresolved
point sources, confirmed by the most recent incarna-
tion of the Fermi-LAT analysis [145].

For the case of dSph searches it is worth noting
that the advantage of the full likelihood formalism de-
veloped lies in the fact that it opens up the possibil-
ity to eventually share the likelihood functions across
collaborations to add as many dSphs as possible, or
even combine targets. As a first step in this direc-
tion, the Fermi-L AT collaboration has released the like-
lihood functions used in [165]. Finally, to our knowl-
edge the possibility to add J-factor uncertainties to a
full-likelihood formalism, as proposed by the LAT col-
laboration [115,165], has only been considered in the
most recent search for dSph emission performed by the
HESS collaboration [114].

On the topic of satellite galaxies of the Milky Way, it
also should be noted that the Large Magellanic Cloud
(LMC) and Small Magellanic Cloud (SMC) also pro-
vide targets for dark matter searches. Extraction of
gamma rays from dark matter must however compete
with the detected gamma-ray emission that arises from
cosmic rays [166, 167]. [168] have recently performed an
analysis of the LMC searching for a dark matter signal
with Fermi-LAT data, and report a null detection.

4.4. Dark satellites

The Fermi-LAT has performed a search for a gam-
ma-ray signal from the predicted population of dark
satellites of the Milky Way [169]. In this analysis the
231 high-latitude (]b] > 20°) unidentified 1FGL sources
were augmented with 154 candidate detections using

a dedicated search for potentially extended sources at
high latitude, and one year of Pass 6 DIFFUSE-class
LAT data (in the energy range 200 MeV to 300 GeV).
A spectral and spatial selection was applied to check
compatibility with a dark matter signal, resulting in no
remaining candidate and, after comparison with simu-
lations, a constraint on {ov) is derived which is about
1.95-1072* em?®-s7! for a 100 GeV WIMP annihilating
into bb. Starting from the 1FGL point source catalog,
[170] also undertake a search for dark matter subhalos,
and similarly report no conclusive detection.

Some theories suggest that high-velocity clouds
(HVC) may be embedded within dark matter subhalos
[171], and if so, they provide a target for gamma-ray
searches. [172] focused on the Smith Cloud, a mas-
sive low-metallicity HVC located at a distance of about
12 kpc from the Sun (this is one of the few HVCs with
a known distance). Five years of Pass 7 reprocessed
CLEAN-class data in the energy range 500 MeV to
300 GeV yielded no detection, resulting in constraints
on (ov) which are comparable to the dSph combined
analysis [165] for an assumed NFW profile. Of course,
it should be emphasized that the dark matter content
of HVCs is very controversial [173], and the constraints
from the Smith Cloud strongly depend on the dark
matter profile. Indeed, the limits degrade by a fac-
tor 40 when using a Burkert profile [174] rather than a
NFW or Einasto profile [172].

4.5. M31

In much the same way as the Milky Way, the An-
dromeda or M31 galaxy, our closest spiral galaxy neigh-
bor, is expected to shine in gamma rays. The primarily
emission is due to its gas and cosmic-ray content; these
components provide a background from which a poten-
tial dark matter signal must be disentangled. In 2010
the Fermi-LAT collaboration announced the detection
of M31 using about two years of Pass 6 DIFFUSE-class
(P6DIFFUSE_ V3 irfs) data in a 10° x 10° squared
region centered on M31 [175]. Using a spatial tem-
plate derived from the IRIS 100 um far infrared map
[176], the spectrum derived from a fit to the LAT data
is consistent with a rescaled spectrum obtained by a
GALPROP run to model the Milky Way gamma ray
emissivity [177]. Thus the LAT detection of M31 is
compatible with star formation rates and gas content,
and a conservative 95 % CL upper limit on (ov) for a
100 GeV WIMP in the bb channel is derived at about
5-1072°% em?-s7!, assuming a smooth Einasto density
profile derived from [178].

The M31 analysis has since been updated with a
4.5 year Pass 7 dataset [179]. These authors add a
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dark matter profile to the model that already includes
a template for the emission from M31 due to its gas
content. This makes the resulting upper limit less con-
servative but the analysis more sensitive. Under the
assumption of a smooth halo, the cross-section upper
limit is very similar, ~ 5-1072% cm?®-s~!. More recently
there has also been the claim of an extendend excess
attributed to a cosmic-ray halo [180].

Finally, in the TeV energy range, early searches have
been performed with CELESTE [181], and HEGRA
[182], without detection and with uncompetitive upper
limits derived.

Figure 4 summarizes the status of the dark matter
searches with gamma rays in the Local Group. Similar
to the constraints obtained from the Milky Way, this
figure clearly indicates the complementarity between
Fermi-LAT and TACT constraints.

4.6. Galaxy clusters and isotropic emission
4.6.1. Galaxy clusters

Asg discussed in Sec. 2.5, galaxy clusters are antici-
pated to be gamma-ray sources. Using EGRET data,
no detection was reported in [183] for 58 clusters se-
lected from an x-ray-bright sample, resulting in an av-
erage 95 % CL flux upper limit of ~ 6-107° cm~2.5~!
above 100 MeV. Null detections were also reported
above 400 GeV in the direction of the Perseus and Abell
2029 clusters with the Whipple telescope, using ~ 14
and ~ 6 hours on source, respectively [184]. More re-
cent null results in searches with ACTs include [185-
189]. With an 18-month generic gamma-ray analysis
toward 33 clusters [190] that improved upon previous
analyses [183], the LAT collaboration presented early
constraints on a dark matter induced gamma-ray signal
in a subset of six clusters and for bb and 1~ channels
[191]. In the latter case, the cluster analysis confirmed
the tension between the LAT e*e™ spectrum and a
generic leptophilic dark matter scenario that would aim
to explain the Pamela positron excess [192]. The bb
limits also showed promise, especially when account-
ing for expected but unknown cluster substructures.
Fornax, the best target among the six clusters studied
in [191], was also observed by HESS with 14.5 hours and
a threshold at 100 GeV [193,194]. The Veritas collabo-
ration also presented dark matter constraints in [188],
based on 18.6 hours of observations of the Coma clus-
ter, also studied in [191].

As updated gamma-ray constraints have been re-
cently derived by the LAT collaboration in [123], using
a combined analysis akin to [165], it can be expected

that a combined dark matter analysis of all or a sub-
set of the clusters considered in this paper will soon be
presented. For now, we can only rely on the prelim-
inary combined results obtained with 2 years of Pass
6_V11 DIFFUSE data that were presented in [195]. In
addition to Coma and Fornax, this analysis used M49,
Centaurus, and AWM 7. These recent results are illus-
trated on Fig. 5. Finally, recent claims of an extended
emission toward the Virgo cluster [196] have not been
confirmed [197], emphasizing the importance of cor-
rectly deriving the background model before drawing
conclusions based on the Fermi-LAT data.

4.6.2. Isotropic signal

Beneath the conspicuous Galactic diffuse emission
and the constellation of resolved gamma-ray sources,
which are mostly AGN, the gamma-ray sky harbors an
isotropic signal, the isotropic gamma-ray background
(IGRB) [198]. This was first detected already by
EGRET [199], and recently determined with very good
precision by the Fermi-LAT collaboration from approx-
imately 100 MeV—-800 GeV [200]. The IGRB certainly
includes unresolved contributions from standard astro-
physical sources, notably AGN. This emission may also
contain the so-called “cosmological” dark matter signal
coming from the summation of the dark-matter anni-
hilation contributions of all dark matter halos across
the history of the universe. Approaches to find this
signal are based on the spectrum of isotropic com-
ponent (see [91]) or on a spatial signature exploiting
the fact that dark matter-induced anisotropies in the
emission should follow the square of the mass density,
whereas conventional astrophysical sources should fol-
low the dark matter density linearly, which would re-
veal itself in differences in the angular power spectrum
(see, e.g., [201]). Following the first measurement of
the EGBY spectrum with Fermi-LAT data [202], the
LAT collaboration has presented the limits obtained
from the spectral shape alone [203]. These constraints
are very model dependent in two ways. First, the halo
and subhalo abundance has to be modeled as function
of redshift, and second, the contribution of conventional
sources has to be modeled. In a situation with a poorly
modeled background a conservative way to place model
constraints is to assume that the entire detected emis-
sion is from the putative signal. With this approach,
constraints are about two orders of magnitude above
the thermal limits even under moderately optimistic as-

4) Extragalactic gamma-ray background: the sum of the IGRB
and resolved LAT extragalactic sources.
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Fig.4. Comparison of constraints on the velocity averaged
rived from the LAT combined analysis of 15 dwarf galaxies (

annihilation cross section (bb channel) versus WIMP mass de-
assuming an NFW profile), 160-hour observations of Segue 1 by

MAGIC [159], 48-hour observations of Segue 1 by VERITAS (assuming an Einasto profile) [161], and 112-hour observations
of the Galactic center by HESS, assuming an Einasto profile [149]. In the interest of a direct comparison, we also show the
LAT constraints derived for Segue 1 alone assuming an Einasto dark matter profile consistent with that used by VERITAS

[161]. For this rescaling, the J-factor of Segue 1 is calculat
rescaled value of 1.7-10*° GeV?-cm™5- sr (uncertainties on

ed over the LAT solid angle of AQ ~ 2.4-10* sr and yields a
the J-factor are neglected for comparison with VERITAS). The

Pass 8 limits (in magenta, z) and related expected-sensitivity bands are from [145]. The green dashed curve (2) is from the

5-dwarf combined analysis of HESS data by [114].

sumptions on substructure properties [203]. A proper
background modeling would improve the constraints by
maybe one to two orders of magnitude (see, e. g., [204]).
Thus, the publication of an updated IGRB spectrum by
the LAT collaboration [205] comes in par with an up-
coming reassessment of the contribution of astrophysi-
cal sources, notably blazars [206], to the EGB budget.
Together with an improved modeling of the dark mat-
ter expected signal [207], this effort leads to potentially
competitive limits, as shown on Fig. 5.

Finally, anisotropies in the gamma-ray sky have
been investigated in [208] and [209]. Combining the
spatial signal and spectral signals may enhance the
dark matter sensitivity of these searches [210] and
combining isotropic emission measurements with other
sources can help to break the degeneracy between sub-
structure boost and annihilation cross section [211].

Though employing anisotropy studies in ITACTs
have potential for very competitive constraints [212],
so far these analyses techniques have not been applied
to our knowledge. Systematics from the combination
of several fields of view might hamper the usefulness of
this approach.

(Color online see arXiv:1503.06348v3[astro-ph.CO])

4.7. Searches for spectral features

Dark matter lines were suggested as a smoking gun
signal almost thirty years ago [213]. Experimentally
(as pointed on in Sec. 3), line detection can be estab-
lished relatively independently from background mod-
eling, and source confusion is unlikely. Therefore, in
contrast to continuum searches, the most promising
target is the Galactic center or its vicinity. Constraints
on line emission have been presented using EGRET
data [214,215], Fermi-LAT data [125,126,216,217],
and H.E.S.S. data [218]. A summary of the most rele-
vant present upper limits on line emission is shown in
Fig. 6.

[127] and [129] claimed detection of a line emission
in Fermi-LAT data. Using an analysis technique sim-
ilar to [125], as described in Sec. 3, but with a dou-
bling of the amount of data as well as an optimiza-
tion of the region of interest for signal over square-
root. of background, [127] found a (trial corrected)
3.20 significant excess corresponding to a dark mat-
ter mass of ~ 130 GeV. If interpreted as a signal,
this would amount to a cross section of about (ov) ~
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Fig.5. Constraints on the velocity averaged annihilation
cross section versus WIMP mass from analyses in the di-
rections of galaxy clusters, for an NFW profile and bb
channel. The light grey (red) and grey (blue) curves show
the 95 % CL upper limits obtained with Fornax and Coma
clusters, respectively, and with Fermi-LAT (solid [191])
and IACTs (dashed, [188,194]) instruments. The black
(cyan) dashed curve shows the 95 % CL upper limits ob-
tained with a combined analysis of 5 clusters [195]. The
black (cyan) solid line shows the upper limits derived
in [206] using the recent LAT EGB observations [205].
The grey band shows the corresponding uncertainties
rising from modeling the expected dark matter signal.
(Color online see arXiv:1503.06348v3[astro-ph.CO])

~ 10727 em®s~!'. However, this analysis was based
on a mis-calibrated data set, and the inferred posi-
tion of the line feature changes to ~ 133 GeV with
a correctly-calibrated sample. The claimed signal is
concentrated on the Galactic center with a spatial dis-
tribution consistent with an Einasto profile [219]. This
was marginally compatible with the upper limit pre-
sented in [126].

In [128], about 3.7 years of Fermi-LAT data were
analyzed, including a careful study of systematic un-
certainties and a discussion of the alleged line fea-
ture. Apart from using correct calibration, this anal-
ysis also employed event-by-event reconstruction qual-
ity to improve the energy dispersion description. In
terms of the line feature this analysis also finds an
excess at 133 GeV, but the global significance is es-
timated to be only 1.50 when including information on
the event-by-event energy reconstruction.

Since the first report of a line-like feature, the main
challenge to the claim that a line feature originates
from dark matter annihilation was the fact that an ex-
cess at the same position also appears in gamma rays

(cv),cm?-s7!
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Fig.6. Upper limits on the velocity averaged annihila-
tion cross section into gamma-ray pairs versus WIMP
mass, derived by several instruments in searches for line
features. Blue (1) and yellow (2) lines show the limits
obtained with the Fermi-LAT in a first standard analy-
sis [128] and in a dedicated low-energy follow-up [216],
respectively. The red line (3) shows the limits obtained
by the HESS collaboration [218]. For reference, the
EGRET limits are also shown [214]. (Color online see
arXiv:1503.06348v3[astro-ph.CO])

observed from the Earth’s limb. The signal there ap-
pears after an appropriate zenith cut is applied that
accounts for the fact that the Fermi-LAT is usually not
“head-on” exposed to the Earth limb. Gamma rays in
the Earth limb are caused by cosmic-ray interaction in
the Earth atmosphere and their spectrum is feature-
less, thus providing a useful control sample for spectral
feature searches. While originally the limb signal was
observed at similar significance as the feature in the
Galactic center, the latest analysis of the Fermi-LAT
yields somewhat lower significance. As the limb data
can be observed for different event selection criteria, it
can be used to calibrate the Monte Carlo-based esti-
mate of the effective area. A feature might appear if
the effective area is underestimated (or overestimated)
in limited energy ranges, and indeed indications are re-
ported that the efficiency is overestimated around the
position of the line [128]. However, the effect seems too
small to explain the presence of the feature in the limb
data.

As of the writing of this review, the origin of the
line feature is not explained. However, its significance
at the Galactic center is decreasing, as pointed out
by [220]. Should an instrumental origin of the signal
be ruled out (or results be inconclusive) independent
confirmation will be necessary. The currently opera-
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tional TACT HESS II may be sensitive enough to soon
provide such confirmation [221]. The Fermi-LAT col-
laboration has also presented a dedicated search for line
features at energies between 100 MeV and 10 GeV [216].
The analysis is particularly instructive as the number
of expected events in that energy range is large and
systematic uncertainties start to dominate.

5. PERSPECTIVES

5.1. Future instrumentation

While many gamma ray features identified by Fermi
are intriguing, and in addition the recent measurements
of the electron and positron spectra by Pamela, ATIC,
Fermi and AMS-02 are sufficiently intriguing to gener-
ate a wealth of speculations, they also emphasize the
need for improved energy resolution, position resolu-
tion, and background rejection up to the TeV range
and even beyond. In this section, we discuss what fu-
ture gamma-ray experiments will bring to the field of
indirect dark matter detection, and the improvement
that we can expect in our understanding of this field
over the course of the next decade, and longer.

5.1.1. Space telescopes

Over the next several years, the CALET and
DAMPE experiments are expected to begin taking
data. The CALorimetric Electron Telescope®, a
Japan-led project that involves ITtalian and American
institutes, is planned for launch in 2015 and will be in-
stalled on the Japanese Experiment Module on board
the International Space Station. DAMPE (DArk Mat-
ter Particle Explorer, formerly known as TANSUQ)®
is one of the five satellite missions selected by Chinese
SPRPSS/CAS program, and is scheduled for launch
slightly later than CALET, in 2015-2016. Italy and
Switzerland take part in the DAMPE collaboration.
Both projects feature a deep calorimeter to reach a
total of 30 to 33 radiation lengths, in order to pro-
vide excellent energy resolution (better than 3% above
100 GeV) and electron/proton separation (~ 10° rejec-
tion power) in the energy range of interest (1 GeV to
10 TeV). Both instruments will have roughly compa-
rable performance, with a slightly larger electron geo-
metrical factor for DAMPE (0.3 m?-sr) than CALET
(0.12 m?.sr). Further information on the status of

5) http://calet.phys.lsu.edu/index.php.
6) http://dpnc.unige.ch/dampe/index.html.

each project can be found in recent conference proceed-
ings [222-224].

On alonger time scale (2018 and beyond), two other
experiments will probe the high-energy electromagnetic
sky: GAMMA-400 and HERD. GAMMA-4007) is a
Russian-led satellite observatory, planned for launch
in 2018-2019. Building upon the successes of Fermi
and AGILE, it features a gamma-ray telescope rem-
iniscent of the LAT, supplemented with a Konus-FG
gamma-ray burst monitor. The baseline design covers
the range from 100 MeV to 10 TeV and is optimized for
best performance around 100 GeV, where a very deep
electromagnetic calorimeter (25 radiation lengths com-
pared to ~ 8.5 for the LAT), associated with a silicon
strip tracker, will provide excellent energy and angular
resolutions at such energies (a factor ten better angular
resolution at 100 GeV than either DAMPE or CALET,
and comparable energy resolution). Among the various
gamma ray and cosmic ray science topics, dark matter
searches, and especially the hunt for gamma ray lines,
are a prime focus of the science case [225,226]. Further
information on the GAMMA-400 design and science
case can be found in [226, 227].

The High Energy cosmic Radiation Detection
(HERD) is an observatory planned for deployment
on board the future China space station®. Design
studies are still at an early stage of development,
though the two primary science goals are already
defined as the search for a dark matter signal and
the origin of Galactic cosmic rays. At this time, this
mission is not in competition with any other Chinese
project. A recent development moved the baseline
concept closer to the GAMMA-400 design, with a mas-
sive 3-dimensional calorimeter covered on five sides by
tracker silicon planes (more details can be found on the
second HERD international collaboration meeting, see
http://indico.ihep.ac.cn/conferenceDisplay.py?confld=
3808).

Another experiment worth mentioning is PANGU
[228]. PANGU (the PAir-productioN Gamma-ray
Unit) is a small mission optimized for spectro-imaging,
timing and polarization studies in gamma rays in the
still poorly explored energy band from 10 MeV to a
few GeV. The present design is a pair conversion tele-
scope with detector resolution of about factor 2 better
than previous instruments and a pointing resolution of
a factor 3 to 5 better than Fermi-LAT.

While all the future space experiments mentioned
above involve the high-energy regime, one should not

) http://gammad00.lebedev.ru/indexeng.html.
8) http://english.ihep.cas.cn/rs/fs/sm/SM/SM _aboutherd,.
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forget that the phase space is still open for a dark
matter candidate in the MeV domain (often coined
sterile neutrino or LDM for Light Dark Matter, see,
e.g., [229]). This notoriously difficult energy regime is
the focus of current intense research and development
efforts geared toward the launch of a general-purpose
astrophysical MeV space observatory by 2025 (see for
instance the AstroMeV site http://astromev.in2p3.fr/).

5.1.2. Ground telescopes

Two future instruments are expected to dominate
the landscape of ground instruments: CTA? and
HAWC!'?). CTA (Cherenkov Telescope Array) is the
next-generation TACT (see, e.g., [230,231]). The en-
ergy range of this array is envisaged to be from a few
tens of GeV to hundreds of TeV and the sensitivity is
expected to be improved by one order of magnitude
relative to current TACTs. The angular and energy res-
olution are expected to lie between 0.1 (0.05) deg and
25 (10) % at low (high) energies, respectively. Techno-
logically this energy range and sensitivity are achieved
by combining a large number of single IACTs of differ-
ent size. Currently, one of the baseline designs foresees
four H.E.S.S. 1T size telescopes (~ 23 meter diameter),
about 30 medium size telescopes (~ 12 meter diame-
ter) and 30 to 70 small size telescopes (~ 7 meter). The
US part of the consortium envisages to later extend the
array with a large (~ 60) number of medium size tele-
scopes, with particular view on high mass WIMPs (see,
e.g., [232]).

HAWC (High Altitude Water Cherenkov, [233]) is a
second generation cosmic ray and gamma ray observa-
tory that builds upon the successful water Cherenkov
technique pioneered by Milagro [97]. HAWC is de-
signed to continuously (~ “24/7” duty-cycle) survey
during 10 years the 100 GeV to 100 TeV sky with a
1.8 sr instantaneous field-of-view telescope consisting
of 300 water tanks, each instrumented with 4 photo-
multiplier tubes. HAWC is a joint Mexico-USA project
located at 4100 meters on the flanks of the Sierra Negra
volcano near Puebla, Mexico. It started science oper-
ation in August 2013 with about 100 tanks, and the
full array has very recently been completed. While the
HAWC astrophysical science case is very strong thanks
to its synoptic surveying nature, it may also prove com-
petitive for indirect dark matter searches for WIMP
masses larger than about 1 TeV.

9 https://portal.cta-observatory.org/Pages/Home.aspx.
10) http://www.hawc-observatory.org/.

5.2. Until 2018

Indirect detection of dark matter with gamma rays
is entering a pivotal period. Upcoming instruments
will reach sensitivities starting to probe into the most
relevant parameter space at least for the most generic
WIMP models. The Fermi-LAT will collect data un-
til potentially beyond 2018 and with an updated event
selection, known as “Pass 8” [234, 235]. The most antic-
ipated results from the updated combined dSph anal-
ysis have been recently published [145], and confirm
that the dSph constraints are in mild tension with a
dark matter interpretation of the GeV excess. Figure 7
shows a simplistic forecast of the LAT combined dSph
constraints with 10 years of Pass 8 data and 3 more
dSphs than currently known. Such an increase in the
number of dSphs is motivated by the anticipation of
new ultra-faint discoveries in the southern hemisphere
with, for instance, surveys such as DES'") and LSST'?).
Indeed the DES collaboration has completed its first
year of observations, and has — at the same time as
other groups — recently announced the discovery of
8 potential new dSphs [236,237]'3), supporting an op-
timistic view of the final number of dSphs that will
eventually be available to a gamma-ray analysis. As a
matter of fact, the Fermi-LAT and DES collaborations
released upper limits on these new candidates [239],
showing the promise for gamma-ray indirect searches
of future optical surveys in the southern hemisphere.
Despite no significant excess detected by the Fermi-
LAT analysis with Pass 8 data selection, [240] claim
evidence (based on a 2-30 excess) using the less sen-
sitive Pass 7 event selection. To our knowledge, the
various future experiments reviewed in Sec. 5.1.1 have
not, shown sensitivity curves that could be overlaid on
Fig. 7.

For TACTs, 2012 showed the first light for
H.E.S.S. II, and early results have been published
recently. The addition of the fifth telescope will push
the threshold down to about 50 GeV, with corre-
sponding impact on derived dark matter constraints.
World-leading limits on WIMP annihilation can be
expected from the Galactic center search for masses
above about 800 GeV. Such a limit has been estimated
by [241], and is reported in Fig. 7 as well. HE.S.S. 1T
will also likely provide new insight into the issue of the
possible line emission discussed in Sec. 4.7. Following
another path, VERITAS aims to accumulate a total
of 1000 hours on Segue 1 [242] until 2018, a program

) http://www.darkenergysurvey.org,/.
12) http:/ /www.lsst.org/lsst/.
13) See also the recent discovery by PanSTARRS [238].
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Fig.7. Selection of sensitivities to velocity averaged annihilation cross section versus WIMP mass reachable with current or
future experiments. The blue curve (1) is from a Galactic center analysis with CTA, from [246]. The green (2) and black
(3) curves come from similar analyses, but attempting to account for the degradation of the limits due to uncertainties
in the Galactic diffuse emission [248,266]. The red curve (4) corresponds to one-year of observation of Segue 1 with the
full HAWC instrument [243]. The cyan curve (5) shows the Fermi-LAT Pass 8 limits by 2018, accounting for more dwarf
spheroidals, based on a preliminary analysis of 5 years of data. The magenta curve (6) shows the VERITAS expectations
from 1000 hours on Segue 1 [242], and the yellow curve (7) is an estimate by [241] of the limits H.E.S.S. Il could reach on
the Galactic center. (Color online see arXiv:1503.06348v3[astro-ph.CO])

that may rival the H.E.S.S. IT constraints, as can also
be seen in Fig. 7. Finally, the HAWC collaboration
presented early results for such a search in the direction
of Segue 1 with only 30 water tanks and 82.8 days of
observation (HAWC-30), and projection with the full
array (HAWC-300) and one year of observation [243].
Using a J-factor of 7.7 - 10 GeV~2 - cm ™5 - sr they
obtain limits, shown on Fig. 7, that could become
competitive above 1 TeV, when taking into account
that HAWC does not need to allocate dedicated time
“on source”, contrary to imaging Cherenkov telescopes
(the latter do have a much better angular and energy
resolution, though). [244] recently investigated more
thoroughly HAWC sensitivity to a dark matter signal,
based on simulations.

5.3. Beyond 2018: future satellites and CTA

Future satellite missions have been discussed in
Sec. 5.1.1. GAMMA-400/DAMPE will be mostly con-
tributing to searches for spectral features due to their
superior energy resolution. HERD will provide a sig-
nificant step forward with respect to Fermi-LAT also
in terms of acceptance. For a dSph combined analysis,

15 ZK3T®, Bom. 6 (12)

assuming the number of dSphs to be constant (which
is a very conservative assumption), it seems that an
exclusion of the thermal WIMP cross section should
be possible up to WIMP masses of about 1 TeV by
2025. Detailed studies of the potential reach are how-
ever not known to us. This is not the case with CTA,
for which the sensitivity reach has been studied in sev-
eral publications, mostly focusing on the Galactic cen-
ter [232,245-249]. dSphs and other approaches have
been studied in [245]. Figure 7 presents the limits an-
ticipated at the Galactic center from [246]. The one
important caveat in interpreting the constraints is of
course the systematics of the diffuse emission. As CTA
lowers the threshold to about 10 GeV, constraints ob-
tained from CTA will be prone to the same systematics
as the Fermi-LAT Galactic center analysis. [248] pro-
pose a quantitative discussion of this issue, and derive
an upper limit curve that attempts to include such un-
certainties, which is reproduced in Fig. 7.

5.4. Progress on nuisance parameters

As emphasized throughout this article, determina-
tion of particle dark matter limits and extraction of a
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signal in the future requires an understanding of astro-
physical systematics. These systematics include mea-
surements of dark matter distributions in the differ-
ent targets and measurements of the diffuse gamma-ray
backgrounds. In this subsection, we review the progress
that is expected to be made with these systematics over
the next several years.

5.4.1. dSph mass distributions

Much of this article has emphasized the methods of
setting limits on the dark matter annihilation cross sec-
tion using dSphs. These limits are constrained by the
systematic uncertainties in the measurements of the .J-
factors, or the dark matter mass distributions in the
dSphs. In this analysis above, we highlighted how this
systematic uncertainty is treated as a statistical uncer-
tainty in the gamma-ray analysis.

In the future, it is optimistic to expect that this
systematic uncertainty in the J-factor will be reduced.
For the brightest, classical dSphs, several thousands of
line-of-sight velocities have now been measured. Order-
of-magnitude improvements on these results will re-
quire 30-meter class telescopes'®), which are expected
to come online within the next decade. These larger
samples of resolved stars with kinematic information
will continue to improve the measurements of their dark
matter distributions. A larger sample of line-of-sight
velocities will be important to further test the initial
results that have been obtained from multiple popula-
tions of stars in a small number of dSphs.

A larger sample of line-of-sight velocities is impor-
tant because forthcoming larger scale IACTs with angu-
lar resolution < 0.1° will be very sensitive to the dark
matter distribution in the center of the dSphs. This
is the regime in which the shape of the central dark
matter profile begins to significantly affect the deter-
minations of J-factors [37,57]. In addition to the im-
provement in the kinematics, it will also be important
to improve the photometric data in the center of the
dSphs. This is because there is a significant degener-
acy between the central density of the stellar profile
and the central density of the dark matter profile [44].

In addition to the increase in the sample of line-
of-sight, velocities from known dSphs, new ultra-faint
satellites that will be discovered in future surveys will
require kinematic follow up. It is intriguing to note
that a forthcoming survey, such as the DES or LSST,
may detect an object that is as massive and nearby

14) http:/ /www.gmto.org/, http: //www.tmt.org/, http://www.
eelt.org.uk/.

as Segue 1. Beyond measurements of line-of-sight ve-
locities, it will also be possible in the future to obtain
transverse velocities of bright stars in several dSphs.
This will go a long way towards breaking the degener-
acy between the velocity anisotropy and the dark mat-
ter mass profiles. Adaptive optics systems on 30-meter
class telescopes may be suited for these measurements.

5.4.2. Local dark matter density distribution

Gaia, an astrometric mission launched in 2013, will
have an astrometric accuracy of approximately 1 mas
and a photometric accuracy of 60 mmag for stars
brighter than 20th magnitude [250]. Because of the
improvement in the measurements of the phase space
distribution of local stars, Gaia will by extension im-
prove upon current measurements of the dark matter
distribution in the Milky Way [251], and especially the
local dark matter density [252]. Measurements along
these lines will be especially important for interpreta-
tion of the annihilation cross section limits from diffuse
gamma-ray measurements, in addition to its obvious
importance for local dark matter searches.

5.4.3. Backgrounds

As alluded to in Sec. 3.1, TACTs and space borne
instruments suffer from quite distinctive background.
Until recently, the former could rely on a small field of
view and steeply decreasing gamma-ray diffuse spectra
to model the background below any source analysis as
arising dominantly from an isotropic charged cosmic-
ray component. With the detection of the Galactic
diffuse emission by H.E.S.S. IT [253], in the near future
this may be no longer true, at least for analyses at low
Galactic latitude.

On the contrary, cosmic-ray charged background is
effectively rejected by an instrument like the LAT, and
plays a potential role only at very high latitude, where
the isotropic component of a standard LAT sky model
may dominate!®, or for analyses related to the extra-
galactic gamma-ray background, especially at low en-
ergy (see Sec. 4.6.2). On the other hand, the gamma-
ray sky as seen by the LAT is extremely complex, and
its imperfect angular resolution often demands a model
over a much larger fraction of the sky than the imme-
diate vicinity of a source of interest.

15)  This isotropic component is thus derived by the
LAT collaboration for major event classes, and distributed
at the FSSC: http://fermi.gsfc.nasa.gov/ssc/data/access/lat/
BackgroundModels.html.
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While unmodeled sources above threshold can seri-
ously alter the results of a dark matter search [82] and
unresolved sources can bias its significance, the most
difficult component to account for remains the Galac-
tic diffuse background. The uncertainties that enter
its derivation are mentioned in Sec. 3.4 and detailed in
the review on indirect searches by [254]. The effect on
LAT all-sky residuals of variations in some of the com-
ponents that define the model has been studied in [112],
while a Bayesian investigation of the posterior proba-
bility distribution of cosmic-ray-related parameters is
the subject of [113]. Whether predicted with ab initio
propagation codes like GALPROP or estimated with
template fitting procedures as for the standard diffuse
model of the LAT collaboration, Galactic diffuse mod-
els always leave residuals that need dedicated treat-
ment. Nevertheless, these residuals are sufficiently low
on average to guarantee that a nominal diffuse model is
useful for the large majority of LAT analyses. What re-
mains very difficult to achieve is proper propagation of
uncertainties, which often result from an ad hoc study,
as in the EGB determination [205], the construction of
a catalog of supernova remnants [255], or the extrac-
tion of upper limits on a dark matter signal from the
EGB [206,207,256]. In the future, new insight may
come from next-generation propagation codes, like PI-
CARD [257], or new cosmic-ray data, notably from
AMS-0219) . Also improved constraints are expected on
the interstellar radiation field, a critical ingredient to
the determination of the large-scale inverse Compton
emission of the Galaxy, coupled to further investiga-
tions on statistical ways to properly account for these
uncertainties.

5.5. Beyond 2024

Beyond the next generation satellite experiments
(DAMPE, HERD, GAMMA-400, PANGU, etc.) and
CTA, we are not aware of concrete proposals for next
to next generation gamma-ray telescopes for dark mat-
ter detection. Indeed, the question can be asked if a
“Super-CTA” or “Dark Matter Array,” is possible. This
was for example proposed in [258], where CTA’s sen-
sitivity was improved by a factor 10 as a “Gedanken-
experiment.” In many ways, CTA will be the ultimate
indirect detection experiment. Progress significantly
below the thermal cross section is hampered by the ir-
reducible electron background and the systematic un-
certainties in the knowledge of the acceptance.

16) http://www.ams02.org/.

6. CONCLUSIONS

In this article we have reviewed the methods that
are utilized to search for gamma rays from dark mat-
ter annihilation, discussed the challenges in extracting
the signal, and reviewed the results that have been ob-
tained by different experiments. We have in particular
focused on the great deal of progress over the past few
years that has resulted from the analyses of Fermi-LAT
data. Without question, during the course of its over 6
year mission lifetime, the Fermi-LAT has been a phe-
nomenal success, breaking new ground in indirect dark
matter searches and far exceeding the prelaunch pro-
jections for its reach [259]. Analysis of several systems,
most notably dwarf spheroidals, are now providing ro-
bust upper limits on WIMPs in the mass range ~ 10—
100 GeV, ruling out velocity independent annihilation
cross sections near the cosmologically-motivated ther-
mal relic cross section scale of (ov) &~ 3-1072¢ cm3-s~ 1.

Analysis of Fermi-LAT data has not, however, been
without controversy. After over 6 and a half years
of science operations, probably the biggest debate re-
volves around the analysis of data from the inner
Galaxy, in particular the nature of the possible ex-
tended emission observed at a few GeV. When inter-
preting this emission as due to dark matter, at present
it is possible to fit this extended excess to a wide range
of WIMP masses, cross sections, and annihilation chan-
nels [260]. Given this wide range of models that seem-
ingly work to fit this emission, as well as the uncertain-
ties in Milky Way dark matter distribution and astro-
physical sources of gamma rays in the Galactic center,
it is clear that establishing this result as due to dark
matter will require a confirmation from other sources.
The dwarf spheroidals will provide an especially impor-
tant confirmation, and indeed the current limits from
dwarf spheroidals are able to rule out regions of param-
eter space that explain the extended emission.

Even after over six years of tremendously success-
ful data taking, there is still much to be gained from
future Fermi-LAT data. WIMPs with mass in the
range 10-100 GeV with velocity-independent, annihila-
tion cross sections are now strongly ruled out by dwarf
spheroidal analysis. WIMPs with mass greater than
about 100 GeV have been more difficult to constrain
because of the photon counting statistics above about a
few GeV. In this regime the improvement in sensitivity
will scale linearly with time. Forthcoming Fermi-LAT
data will thus prove vital in extending WIMP limits
to this higher mass regime. TACTs main target is the
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Galactic center and analyses here might be systematics
limited at masses below 1 TeV, and thus LAT data with
a 10 year exposure will be competitive up to a WIMP
mass of about 1 TeV.

Over the entire detected energy regime, we have
repeatedly seen that potential dark matter signals in
the Fermi-LAT data have been compromised by unre-
solved point sources that are near the threshold limit
for point source detection. Because of the foreground
model, there is a flux threshold below which it will not
be possible to identify individual point sources, as point
sources below this threshold contribute to the diffuse
foreground. Future Fermi-LAT data will be important
for better identifying faint point sources, and thereby
understanding their contribution to the diffuse Galactic
model.

Turning to TACTs, as already mentioned the mass
range above a few TeV will be covered robustly and
with unrivaled sensitivity by CTA. This will be espe-
cially important if the LHC searches do not find hints of
new physics, thereby pushing potential WIMP masses
to above 500 GeV to 1 TeV.

Taking an even bigger step back, in order to verify
any signal that is obtained from indirect detection ex-
periments, it will be crucial to examine the signal in
the context of other dark matter searches, in particular
those from direct detection and colliders. While the de-
tailed discussion of results of direct searches [261] and
accelerator searches [262] — as well as other indirect
probes — is beyond the scope of this article, it is im-
portant to ultimately emphasize the complementarity
of the different methods.

Though a comparison between the sensitivities of
the different methods is inherently model dependent,
we can highlight it in two different theoretical set-ups.
For example in minimal supersymmetry, there is lit-
tle correlation between scattering cross section and an-
nihilation cross section [6]. Direct detection searches
are seen to constrain the model space approximately
orthogonal to indirect detection by gamma rays. Ex-
tending beyond direct and indirect searches, collider
detection and subsequent measurements of the sparti-
cle mass spectrum and splittings of a supersymmetric
model providing dark matter might be used to calculate
annihilation cross sections and relic density [263]. In
the framework of phenomenological minimal supersym-
metry, however, it is quite conceivable that only after
a combination with indirect detection experiments the
solution providing dark matter can be identified [264].
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