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• Run full analysis pipeline on 
realistic sky simulations to 
calculate expected sensitivity

• Statistical scatter is large.

• Update analysis with an 
improved understanding of the 
instrument (reprocessed Pass 7) 

• Leads to a statistical reshuffling of 
gamma-ray-classified events and 
higher limits.

• Both Pass 6 and Pass7 
measurements lie within the 68% 
containment region of a statistical 
sample.
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is ideal to search for with the GLAST experiment [18]. In
Fig. 2, this is illustrated by showing the predicted fluxes
from a !" ! 10"3 sr region around the direction of the
galactic center together with existing observations in the
same sky direction. For simplicity, we assume a standard
Navarro, Frenk, and White (NFW) density profile [19] for
the dark matter halo in our galaxy (J# !"$ 1 for !" !
10"3 sr with the notation of [20]). Processes such as adia-
batic compression could enhance the dark matter density
significantly near the galactic center (see, e.g., [21]), and
we therefore allow our predicted flux to be scaled by a
‘‘boost factor.’’

The Energetic Gamma-Ray Experiment Telescope
(EGRET) data, taken from [20], set an upper limit for the
continuum part of our spectrum. For example, for bench-
mark model II, one finds that an optimistic, but not neces-
sarily unrealistic [21], boost of 104 might be allowed. In
such cases, there would be a truly spectacular !! line
signal waiting for GLAST. However, to enable detection,
boost factors of such magnitudes are not necessary. For H0

masses closer to the W threshold, the !! annihilation rates
become even higher, and in addition Z! production be-
comes important. In fact, these signals would potentially
be visible even without any boost at all (especially if the
background is low, as might be the case if the EGRET
signal is an galactic off-center source as indicated in [22]).
Also shown in Fig. 2 is the data from the currently oper-
ating air Cherenkov telescope HESS [23]. One may notice
that future air Cherenkov telescopes with lower energy
thresholds will cover all of the interesting region for this
dark matter candidate.

Finally, we have made a systematic parameter scan for
mh ! 500 GeV, calculating the cross section into gamma
lines. The previously mentioned constraints allow us to
scan the full parameter space for dark matter masses below
the W threshold of 80 GeV. The dependence on mH% and

"2 is small, and we set these equal to mH0 & 120 GeV (to
fulfill precision tests) and 0.1, respectively. Importantly,
one notes that the right relic density is obtained with a
significant amount of early Universe coannihilations with
the inert A0 particle. The resulting annihilation rates into
!! and Z! are shown in Fig. 3. The lower and upper mH0

mass bounds come from the accelerator constraints and the
effect on the relic density by the opening of the W&W"

annihilation channel, respectively. For comparison, we
show in the same figure the corresponding annihilation
rates for the neutralino (#) within the minimal supersym-
metric standard model. The stronger line signal and smaller
spread in the predicted IDM flux are caused by the allowed
unsuppressed coupling to W pairs that appear in contrib-
uting Feynman loop diagrams.

Summary and conclusions.—In this Letter, we have
investigated the gamma-ray spectrum from the annihilation
of the inert Higgs dark matter candidate H0. In particular,
we have focused on its striking gamma lines which arise at
the one-loop level and produce an exceptionally clear dark
matter signal.

The gamma line signals are particularly strong for this
scalar dark matter model mainly for two reasons: (1) The
dark matter mass is just below the kinematic threshold for
W production in the zero velocity limit. (2) The dark matter
candidate almost decouples from fermions (i.e., couples
only via standard model Higgs exchange), while still hav-
ing ordinary gauge couplings to the gauge bosons. In fact,
these two properties could define a more general class of
models for which the IDM is an attractive archetype.
Despite small H0 annihilation cross sections, coannihila-

FIG. 1 (color online). The total differential photon distribution
from annihilations of an inert Higgs dark matter particle (solid
line). Shown separately are the contributions from H0H0 ! b #b
(dashed line), $&$" (dash-dotted line), and Z! (dotted line). This
is for the benchmark model I in Table I.

FIG. 2 (color online). Predicted gamma-ray spectra from the
inert Higgs benchmark models I and II as seen by GLAST (solid
lines). The predicted gamma flux is from a !" ! 10"3 sr region
around the direction of the galactic center assuming an NFW
halo profile (with boost factors as indicated in the figure) and
convolved with a 7% Gaussian energy resolution. The boxes
show EGRET data (which set an upper limit for the continuum
signal) and the thick line HESS data in the same sky direction.
The GLAST sensitivity (dotted line) is here defined as 10
detected events within an effective exposure of 1 m2 yr within
a relative energy range of %7%.
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FIGURE 2. Simulated GLAST allsky map of neutralino DM annihilation in the Galactic halo, for a fiducial observer located 8 
kpc from the halo center along the intermediate principle axis. We assumed Mx = 46 GeV, {<jv) = 5 x 10~26 cm3 s~1, a pixel size 
of 9 arcmin, and a 2 year exposure time. The flux from the subhalos has been boosted by a factor of 10 (see text for explanation). 
Backgrounds and known astrophysical gamma-ray sources have not been included. 

DM ANNIHILATION ALLSKY MAP 

Using the DM distribution in our Via Lactea simulation, we have constructed allsky maps of the gamma-ray flux from 
DM annihilation in our Galaxy. As an illustrative example we have elected to pick a specific set of DM particle physics 
and realistic GLAST/LAT parameters. This allows us to present maps of expected photon counts. 

The number of detected DM annihilation gamma-ray photons from a solid angle AQ along a given line of sight (9, 
0) over an integration time of Texp is given by 

Nr(e,<t>)=MiTexp^ 
Mi fdN7\ 

eff1 {E)dE 
los 

p{l)2dl, (2) 

where Mx and (cv) are the DM particle mass and velocity-weighted cross section, E& and Aes(E) are the detector 
threshold and energy-dependent effective area, and dNr/dE is the annihilation spectrum. 

We assume that the DM particle is a neutralino and have chosen standard values for the particle mass and annihilation 
cross section: Mx = 46 GeV and (cv) = 5 x 1 0 26 cm3 s : . These values are somewhat favorable, but well within the 
range of theoretically and observationally allowed models. As a caveat we note that the allowed Mx-{av) parameter 
space is enormous (see e.g. [7]), and it is quite possible that the true values lie orders of magnitude away from the 
chosen ones, or indeed that the DM particle is not a neutralino, or not even weakly interacting at all. We include only 
the continuum emission due to the hadronization and decay of the annihilation products (bb and uu only, for our low 
Mx) and use the spectrum dNr/dE given in [8]. 

For the detector parameters we chose an exposure time of Texp = 2 years and a pixel angular size of A0 = 9 arcmin, 
corresponding to the 68% containment GLAST/LAT angular resolution. For the effective area we used the curve 
published on the GLAST/LAT performance website [9] and adopted a threshold energy of£th = 0-45 GeV (chosen to 
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Additionally, the concentration, or average density inside Vmax, succinctly describes

whether the mass in Eq. 3.3 is di�use or all packed in the center. Normalizing by the

critical density (for spherical collapse), makes it z-independent.

cV =
�(rVmax)

�crit
=

2

H2
0

⇤
Vmax

rVmax

⌅2

(3.4)

3.2.2.3 Density Profiles

One of the earliest and yet most ubiquitous results results of N-Body simulation

is the so-called “universal density profile,” discovered by Nevarro, Frenk, and White [?

]. It seems that all halos, big or small, share a self-similar distribution of mass with the

form,

�(r) =
�0

r
RS

�
1 + r

RS

⇥2 , (3.5)

where RS and �0 are the scale radius and density. At low radii, the function diverges

� r�1 (to a point, obviously). Further out, it falls more slowly, like r�3. Similar

functional forms introduced since the NFW boast better fits, but all have the same

basic properties.

What happens at the innermost halo radii remains a point of debate. Never

quite resolved in a discrete simulation, the increasing application of computer power

has failed to converge on a slope. Recent studies argue that the profile will continually

flatten with decreasing radii ([? ]). See Section 3.3.2 for further discussion, including

the possible e�ects of baryons.
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at the 10–20%, adequate for the purposes of our study, in particular
considering the provisional nature of the CTA curves.

3. Differential sensitivity

It is interesting to compare differential sensitivities since this is
the relevant quantity when comparing the quality of spectral mea-
surements, in particular of features such as cutoffs and breaks. For
the differential sensitivities we used a source with spectral index of
dN=dE / E!2, and required a significance of 5r in each energy bin.
In addition we required the source flux to be a factor of 5 above the
background systematics (which we assumed to be 1%). Unless
otherwise noted we calculated the differential sensitivity for 4 bins
per decade in energy. In the energy range under study, both instru-
ments suffer from drawbacks in spectroscopy: the Fermi-LAT is un-
able to exploit its good energy resolution due to a lack of photon
statistics, but CTA is unable to make use of its large collection area
due to limited energy resolution. Given the 30% energy resolution
of CTA, see Fig. 2 (right), only 4 independent bins per energy are
possible, assuming separation of the centers of the bins by the
full-width half max of the energy resolution. This should not pose
severe problems, since extremely sharp features are rather rare
(apart from super-exponential cutoffs or dark matter annihilation
signals).

When comparing the differential sensitivity in energy bins,
clearly the motivation is to be able to perform spectral measure-
ments. The energy Ecross at which the differential sensitivity curves
of CTA and Fermi-LAT intersect is the energy below which Fermi-
LAT and above which CTA is better suited to perform spectral mea-
surements. However, it should be noted that the underlying moti-
vation is to find the energy at which the Fermi-LAT and CTA
spectral points of a source have similar statistical error bars. For
CTA, being dominated by background systematics in this energy
range, a 5r detection requirement in each bin translates (in the
Gaussian limit that applies here) into a 20% flux error for the point.
For the Fermi-LAT, however, this is not true, since neither the sig-
nal nor the background of a threshold source are in the Gaussian
limit in the energy range under study. Being signal-limited, we
estimate that to get the same flux error, we need N " 25 signal
events in the energy bin, significantly larger than what is usually
applied when comparing differential sensitivity curves. If this
requirement is fulfilled the Fermi-LAT should have a comparable
error on its spectral measurement.

Fig. 4 shows the energy Ecross at which the error on the flux mea-
surement in the energy bin should be equal between H.E.S.S. (left)/
CTA (right) and the Fermi-LAT as a function of the observation
times in both instruments. Given our assumptions about the sys-
tematic error on the background level, there is typically no large
benefit in the overlapping energy range for CTA to spend signifi-
cant amounts of observation time as can be seen from the fact that
Ecross does change very weakly for a given Fermi-LAT observation
time when increasing the CTA observation time. Also, it can be seen
that for an expected 10-year lifetime of the Fermi-LAT mission
Ecross # 40 GeV for the assumed parameters and for a typical
100 h CTA observation. That means at that energy the Fermi-LAT
will be doing measurements (within the 10-year mission) that
are comparable in quality to the measurements that will be done
in a 100 h CTA observation.

Clearly, CTA has a huge discovery potential over the Fermi-LAT
in the overlapping energy range for short-transient phenomena
(provided they occur in the field of view), due to the large collec-
tion area. To demonstrate this, we show in Fig. 5 the differential
sensitivity (or more precisely the integral sensitivity in the energy
bin) for selected energies (25, 40, 75 GeV) as a function of observa-
tion time. Since the Fermi-LAT is signal-limited at these energies,
the sensitivity improves rapidly with increasing observation time.
For short-duration transient objects such as GRBs, it is evident that
CTA has an advantage over the Fermi-LAT by many orders of
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Fig. 2. Left: Angular resolution for Fermi-LAT [29] and CTA [30]. H.E.S.S. [31] and HAWC [32] are shown as examples for a current-generation IACT and for a next-generation
water Cherenkov detector. Also shown is the limiting angular resolution that could be achieved if all Cherenkov photons emitted by the particle shower could be detected
[33]. The CTA curve has not been optimized for angular resolution and enhanced analysis techniques are expected to improve this curve. Right: Energy resolution for Fermi-
LAT and CTA. Shown is the 68% containment radius around the mean of the reconstructed energy. It is evident that the energy resolution of Fermi-LAT in the overlapping
energy range is significantly better than the CTA resolution.
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Continuum Paradigm: Maximize S/N
• Galactic Halo
• Galactic Center
• Known Objects (Dwarf Galaxies, Galaxy Clusters)
• Unknown Objects (Unassociated Subhalos)
• Isotropic (Unresolved: Both Local and Cosmological)

log TV. 

FIGURE 2. Simulated GLAST allsky map of neutralino DM annihilation in the Galactic halo, for a fiducial observer located 8 
kpc from the halo center along the intermediate principle axis. We assumed Mx = 46 GeV, {<jv) = 5 x 10~26 cm3 s~1, a pixel size 
of 9 arcmin, and a 2 year exposure time. The flux from the subhalos has been boosted by a factor of 10 (see text for explanation). 
Backgrounds and known astrophysical gamma-ray sources have not been included. 

DM ANNIHILATION ALLSKY MAP 

Using the DM distribution in our Via Lactea simulation, we have constructed allsky maps of the gamma-ray flux from 
DM annihilation in our Galaxy. As an illustrative example we have elected to pick a specific set of DM particle physics 
and realistic GLAST/LAT parameters. This allows us to present maps of expected photon counts. 

The number of detected DM annihilation gamma-ray photons from a solid angle AQ along a given line of sight (9, 
0) over an integration time of Texp is given by 

Nr(e,<t>)=MiTexp^ 
Mi fdN7\ 

eff1 {E)dE 
los 

p{l)2dl, (2) 

where Mx and (cv) are the DM particle mass and velocity-weighted cross section, E& and Aes(E) are the detector 
threshold and energy-dependent effective area, and dNr/dE is the annihilation spectrum. 

We assume that the DM particle is a neutralino and have chosen standard values for the particle mass and annihilation 
cross section: Mx = 46 GeV and (cv) = 5 x 1 0 26 cm3 s : . These values are somewhat favorable, but well within the 
range of theoretically and observationally allowed models. As a caveat we note that the allowed Mx-{av) parameter 
space is enormous (see e.g. [7]), and it is quite possible that the true values lie orders of magnitude away from the 
chosen ones, or indeed that the DM particle is not a neutralino, or not even weakly interacting at all. We include only 
the continuum emission due to the hadronization and decay of the annihilation products (bb and uu only, for our low 
Mx) and use the spectrum dNr/dE given in [8]. 

For the detector parameters we chose an exposure time of Texp = 2 years and a pixel angular size of A0 = 9 arcmin, 
corresponding to the 68% containment GLAST/LAT angular resolution. For the effective area we used the curve 
published on the GLAST/LAT performance website [9] and adopted a threshold energy of£th = 0-45 GeV (chosen to 
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FIGURE 2. Simulated GLAST allsky map of neutralino DM annihilation in the Galactic halo, for a fiducial observer located 8 
kpc from the halo center along the intermediate principle axis. We assumed Mx = 46 GeV, {<jv) = 5 x 10~26 cm3 s~1, a pixel size 
of 9 arcmin, and a 2 year exposure time. The flux from the subhalos has been boosted by a factor of 10 (see text for explanation). 
Backgrounds and known astrophysical gamma-ray sources have not been included. 

DM ANNIHILATION ALLSKY MAP 

Using the DM distribution in our Via Lactea simulation, we have constructed allsky maps of the gamma-ray flux from 
DM annihilation in our Galaxy. As an illustrative example we have elected to pick a specific set of DM particle physics 
and realistic GLAST/LAT parameters. This allows us to present maps of expected photon counts. 

The number of detected DM annihilation gamma-ray photons from a solid angle AQ along a given line of sight (9, 
0) over an integration time of Texp is given by 

Nr(e,<t>)=MiTexp^ 
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p{l)2dl, (2) 

where Mx and (cv) are the DM particle mass and velocity-weighted cross section, E& and Aes(E) are the detector 
threshold and energy-dependent effective area, and dNr/dE is the annihilation spectrum. 

We assume that the DM particle is a neutralino and have chosen standard values for the particle mass and annihilation 
cross section: Mx = 46 GeV and (cv) = 5 x 1 0 26 cm3 s : . These values are somewhat favorable, but well within the 
range of theoretically and observationally allowed models. As a caveat we note that the allowed Mx-{av) parameter 
space is enormous (see e.g. [7]), and it is quite possible that the true values lie orders of magnitude away from the 
chosen ones, or indeed that the DM particle is not a neutralino, or not even weakly interacting at all. We include only 
the continuum emission due to the hadronization and decay of the annihilation products (bb and uu only, for our low 
Mx) and use the spectrum dNr/dE given in [8]. 

For the detector parameters we chose an exposure time of Texp = 2 years and a pixel angular size of A0 = 9 arcmin, 
corresponding to the 68% containment GLAST/LAT angular resolution. For the effective area we used the curve 
published on the GLAST/LAT performance website [9] and adopted a threshold energy of£th = 0-45 GeV (chosen to 
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FIGURE 2. Simulated GLAST allsky map of neutralino DM annihilation in the Galactic halo, for a fiducial observer located 8 
kpc from the halo center along the intermediate principle axis. We assumed Mx = 46 GeV, {<jv) = 5 x 10~26 cm3 s~1, a pixel size 
of 9 arcmin, and a 2 year exposure time. The flux from the subhalos has been boosted by a factor of 10 (see text for explanation). 
Backgrounds and known astrophysical gamma-ray sources have not been included. 

DM ANNIHILATION ALLSKY MAP 

Using the DM distribution in our Via Lactea simulation, we have constructed allsky maps of the gamma-ray flux from 
DM annihilation in our Galaxy. As an illustrative example we have elected to pick a specific set of DM particle physics 
and realistic GLAST/LAT parameters. This allows us to present maps of expected photon counts. 

The number of detected DM annihilation gamma-ray photons from a solid angle AQ along a given line of sight (9, 
0) over an integration time of Texp is given by 

Nr(e,<t>)=MiTexp^ 
Mi fdN7\ 

eff1 {E)dE 
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p{l)2dl, (2) 

where Mx and (cv) are the DM particle mass and velocity-weighted cross section, E& and Aes(E) are the detector 
threshold and energy-dependent effective area, and dNr/dE is the annihilation spectrum. 

We assume that the DM particle is a neutralino and have chosen standard values for the particle mass and annihilation 
cross section: Mx = 46 GeV and (cv) = 5 x 1 0 26 cm3 s : . These values are somewhat favorable, but well within the 
range of theoretically and observationally allowed models. As a caveat we note that the allowed Mx-{av) parameter 
space is enormous (see e.g. [7]), and it is quite possible that the true values lie orders of magnitude away from the 
chosen ones, or indeed that the DM particle is not a neutralino, or not even weakly interacting at all. We include only 
the continuum emission due to the hadronization and decay of the annihilation products (bb and uu only, for our low 
Mx) and use the spectrum dNr/dE given in [8]. 

For the detector parameters we chose an exposure time of Texp = 2 years and a pixel angular size of A0 = 9 arcmin, 
corresponding to the 68% containment GLAST/LAT angular resolution. For the effective area we used the curve 
published on the GLAST/LAT performance website [9] and adopted a threshold energy of£th = 0-45 GeV (chosen to 
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FIGURE 2. Simulated GLAST allsky map of neutralino DM annihilation in the Galactic halo, for a fiducial observer located 8 
kpc from the halo center along the intermediate principle axis. We assumed Mx = 46 GeV, {<jv) = 5 x 10~26 cm3 s~1, a pixel size 
of 9 arcmin, and a 2 year exposure time. The flux from the subhalos has been boosted by a factor of 10 (see text for explanation). 
Backgrounds and known astrophysical gamma-ray sources have not been included. 

DM ANNIHILATION ALLSKY MAP 

Using the DM distribution in our Via Lactea simulation, we have constructed allsky maps of the gamma-ray flux from 
DM annihilation in our Galaxy. As an illustrative example we have elected to pick a specific set of DM particle physics 
and realistic GLAST/LAT parameters. This allows us to present maps of expected photon counts. 

The number of detected DM annihilation gamma-ray photons from a solid angle AQ along a given line of sight (9, 
0) over an integration time of Texp is given by 

Nr(e,<t>)=MiTexp^ 
Mi fdN7\ 

eff1 {E)dE 
los 

p{l)2dl, (2) 

where Mx and (cv) are the DM particle mass and velocity-weighted cross section, E& and Aes(E) are the detector 
threshold and energy-dependent effective area, and dNr/dE is the annihilation spectrum. 

We assume that the DM particle is a neutralino and have chosen standard values for the particle mass and annihilation 
cross section: Mx = 46 GeV and (cv) = 5 x 1 0 26 cm3 s : . These values are somewhat favorable, but well within the 
range of theoretically and observationally allowed models. As a caveat we note that the allowed Mx-{av) parameter 
space is enormous (see e.g. [7]), and it is quite possible that the true values lie orders of magnitude away from the 
chosen ones, or indeed that the DM particle is not a neutralino, or not even weakly interacting at all. We include only 
the continuum emission due to the hadronization and decay of the annihilation products (bb and uu only, for our low 
Mx) and use the spectrum dNr/dE given in [8]. 

For the detector parameters we chose an exposure time of Texp = 2 years and a pixel angular size of A0 = 9 arcmin, 
corresponding to the 68% containment GLAST/LAT angular resolution. For the effective area we used the curve 
published on the GLAST/LAT performance website [9] and adopted a threshold energy of£th = 0-45 GeV (chosen to 
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FIGURE 2. Simulated GLAST allsky map of neutralino DM annihilation in the Galactic halo, for a fiducial observer located 8 
kpc from the halo center along the intermediate principle axis. We assumed Mx = 46 GeV, {<jv) = 5 x 10~26 cm3 s~1, a pixel size 
of 9 arcmin, and a 2 year exposure time. The flux from the subhalos has been boosted by a factor of 10 (see text for explanation). 
Backgrounds and known astrophysical gamma-ray sources have not been included. 

DM ANNIHILATION ALLSKY MAP 

Using the DM distribution in our Via Lactea simulation, we have constructed allsky maps of the gamma-ray flux from 
DM annihilation in our Galaxy. As an illustrative example we have elected to pick a specific set of DM particle physics 
and realistic GLAST/LAT parameters. This allows us to present maps of expected photon counts. 

The number of detected DM annihilation gamma-ray photons from a solid angle AQ along a given line of sight (9, 
0) over an integration time of Texp is given by 

Nr(e,<t>)=MiTexp^ 
Mi fdN7\ 

eff1 {E)dE 
los 

p{l)2dl, (2) 

where Mx and (cv) are the DM particle mass and velocity-weighted cross section, E& and Aes(E) are the detector 
threshold and energy-dependent effective area, and dNr/dE is the annihilation spectrum. 

We assume that the DM particle is a neutralino and have chosen standard values for the particle mass and annihilation 
cross section: Mx = 46 GeV and (cv) = 5 x 1 0 26 cm3 s : . These values are somewhat favorable, but well within the 
range of theoretically and observationally allowed models. As a caveat we note that the allowed Mx-{av) parameter 
space is enormous (see e.g. [7]), and it is quite possible that the true values lie orders of magnitude away from the 
chosen ones, or indeed that the DM particle is not a neutralino, or not even weakly interacting at all. We include only 
the continuum emission due to the hadronization and decay of the annihilation products (bb and uu only, for our low 
Mx) and use the spectrum dNr/dE given in [8]. 

For the detector parameters we chose an exposure time of Texp = 2 years and a pixel angular size of A0 = 9 arcmin, 
corresponding to the 68% containment GLAST/LAT angular resolution. For the effective area we used the curve 
published on the GLAST/LAT performance website [9] and adopted a threshold energy of£th = 0-45 GeV (chosen to 
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FIGURE 2. Simulated GLAST allsky map of neutralino DM annihilation in the Galactic halo, for a fiducial observer located 8 
kpc from the halo center along the intermediate principle axis. We assumed Mx = 46 GeV, {<jv) = 5 x 10~26 cm3 s~1, a pixel size 
of 9 arcmin, and a 2 year exposure time. The flux from the subhalos has been boosted by a factor of 10 (see text for explanation). 
Backgrounds and known astrophysical gamma-ray sources have not been included. 

DM ANNIHILATION ALLSKY MAP 

Using the DM distribution in our Via Lactea simulation, we have constructed allsky maps of the gamma-ray flux from 
DM annihilation in our Galaxy. As an illustrative example we have elected to pick a specific set of DM particle physics 
and realistic GLAST/LAT parameters. This allows us to present maps of expected photon counts. 

The number of detected DM annihilation gamma-ray photons from a solid angle AQ along a given line of sight (9, 
0) over an integration time of Texp is given by 

Nr(e,<t>)=MiTexp^ 
Mi fdN7\ 

eff1 {E)dE 
los 

p{l)2dl, (2) 

where Mx and (cv) are the DM particle mass and velocity-weighted cross section, E& and Aes(E) are the detector 
threshold and energy-dependent effective area, and dNr/dE is the annihilation spectrum. 

We assume that the DM particle is a neutralino and have chosen standard values for the particle mass and annihilation 
cross section: Mx = 46 GeV and (cv) = 5 x 1 0 26 cm3 s : . These values are somewhat favorable, but well within the 
range of theoretically and observationally allowed models. As a caveat we note that the allowed Mx-{av) parameter 
space is enormous (see e.g. [7]), and it is quite possible that the true values lie orders of magnitude away from the 
chosen ones, or indeed that the DM particle is not a neutralino, or not even weakly interacting at all. We include only 
the continuum emission due to the hadronization and decay of the annihilation products (bb and uu only, for our low 
Mx) and use the spectrum dNr/dE given in [8]. 

For the detector parameters we chose an exposure time of Texp = 2 years and a pixel angular size of A0 = 9 arcmin, 
corresponding to the 68% containment GLAST/LAT angular resolution. For the effective area we used the curve 
published on the GLAST/LAT performance website [9] and adopted a threshold energy of£th = 0-45 GeV (chosen to 
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is ideal to search for with the GLAST experiment [18]. In
Fig. 2, this is illustrated by showing the predicted fluxes
from a !" ! 10"3 sr region around the direction of the
galactic center together with existing observations in the
same sky direction. For simplicity, we assume a standard
Navarro, Frenk, and White (NFW) density profile [19] for
the dark matter halo in our galaxy (J# !"$ 1 for !" !
10"3 sr with the notation of [20]). Processes such as adia-
batic compression could enhance the dark matter density
significantly near the galactic center (see, e.g., [21]), and
we therefore allow our predicted flux to be scaled by a
‘‘boost factor.’’

The Energetic Gamma-Ray Experiment Telescope
(EGRET) data, taken from [20], set an upper limit for the
continuum part of our spectrum. For example, for bench-
mark model II, one finds that an optimistic, but not neces-
sarily unrealistic [21], boost of 104 might be allowed. In
such cases, there would be a truly spectacular !! line
signal waiting for GLAST. However, to enable detection,
boost factors of such magnitudes are not necessary. For H0

masses closer to the W threshold, the !! annihilation rates
become even higher, and in addition Z! production be-
comes important. In fact, these signals would potentially
be visible even without any boost at all (especially if the
background is low, as might be the case if the EGRET
signal is an galactic off-center source as indicated in [22]).
Also shown in Fig. 2 is the data from the currently oper-
ating air Cherenkov telescope HESS [23]. One may notice
that future air Cherenkov telescopes with lower energy
thresholds will cover all of the interesting region for this
dark matter candidate.

Finally, we have made a systematic parameter scan for
mh ! 500 GeV, calculating the cross section into gamma
lines. The previously mentioned constraints allow us to
scan the full parameter space for dark matter masses below
the W threshold of 80 GeV. The dependence on mH% and

"2 is small, and we set these equal to mH0 & 120 GeV (to
fulfill precision tests) and 0.1, respectively. Importantly,
one notes that the right relic density is obtained with a
significant amount of early Universe coannihilations with
the inert A0 particle. The resulting annihilation rates into
!! and Z! are shown in Fig. 3. The lower and upper mH0

mass bounds come from the accelerator constraints and the
effect on the relic density by the opening of the W&W"

annihilation channel, respectively. For comparison, we
show in the same figure the corresponding annihilation
rates for the neutralino (#) within the minimal supersym-
metric standard model. The stronger line signal and smaller
spread in the predicted IDM flux are caused by the allowed
unsuppressed coupling to W pairs that appear in contrib-
uting Feynman loop diagrams.

Summary and conclusions.—In this Letter, we have
investigated the gamma-ray spectrum from the annihilation
of the inert Higgs dark matter candidate H0. In particular,
we have focused on its striking gamma lines which arise at
the one-loop level and produce an exceptionally clear dark
matter signal.

The gamma line signals are particularly strong for this
scalar dark matter model mainly for two reasons: (1) The
dark matter mass is just below the kinematic threshold for
W production in the zero velocity limit. (2) The dark matter
candidate almost decouples from fermions (i.e., couples
only via standard model Higgs exchange), while still hav-
ing ordinary gauge couplings to the gauge bosons. In fact,
these two properties could define a more general class of
models for which the IDM is an attractive archetype.
Despite small H0 annihilation cross sections, coannihila-

FIG. 1 (color online). The total differential photon distribution
from annihilations of an inert Higgs dark matter particle (solid
line). Shown separately are the contributions from H0H0 ! b #b
(dashed line), $&$" (dash-dotted line), and Z! (dotted line). This
is for the benchmark model I in Table I.

FIG. 2 (color online). Predicted gamma-ray spectra from the
inert Higgs benchmark models I and II as seen by GLAST (solid
lines). The predicted gamma flux is from a !" ! 10"3 sr region
around the direction of the galactic center assuming an NFW
halo profile (with boost factors as indicated in the figure) and
convolved with a 7% Gaussian energy resolution. The boxes
show EGRET data (which set an upper limit for the continuum
signal) and the thick line HESS data in the same sky direction.
The GLAST sensitivity (dotted line) is here defined as 10
detected events within an effective exposure of 1 m2 yr within
a relative energy range of %7%.

PRL 99, 041301 (2007) P H Y S I C A L R E V I E W L E T T E R S week ending
27 JULY 2007

041301-3

G
u
s
t
a
f
s
s
o
n
 
2
0
0
7

B
r
i
n
g
m
a
n
n
 
e
t
 
a
l
.
 
2
0
1
2

Weniger 2012

Feature Paradigm: Maximize Signal Photons
• Use highest signal regions, despite complex background.
• Select control regions to check instrumental effects:

• Off-Source
• Galactic Plane
• Earth Limb 



log TV. 

FIGURE 2. Simulated GLAST allsky map of neutralino DM annihilation in the Galactic halo, for a fiducial observer located 8 
kpc from the halo center along the intermediate principle axis. We assumed Mx = 46 GeV, {<jv) = 5 x 10~26 cm3 s~1, a pixel size 
of 9 arcmin, and a 2 year exposure time. The flux from the subhalos has been boosted by a factor of 10 (see text for explanation). 
Backgrounds and known astrophysical gamma-ray sources have not been included. 

DM ANNIHILATION ALLSKY MAP 

Using the DM distribution in our Via Lactea simulation, we have constructed allsky maps of the gamma-ray flux from 
DM annihilation in our Galaxy. As an illustrative example we have elected to pick a specific set of DM particle physics 
and realistic GLAST/LAT parameters. This allows us to present maps of expected photon counts. 

The number of detected DM annihilation gamma-ray photons from a solid angle AQ along a given line of sight (9, 
0) over an integration time of Texp is given by 

Nr(e,<t>)=MiTexp^ 
Mi fdN7\ 

eff1 {E)dE 
los 

p{l)2dl, (2) 

where Mx and (cv) are the DM particle mass and velocity-weighted cross section, E& and Aes(E) are the detector 
threshold and energy-dependent effective area, and dNr/dE is the annihilation spectrum. 

We assume that the DM particle is a neutralino and have chosen standard values for the particle mass and annihilation 
cross section: Mx = 46 GeV and (cv) = 5 x 1 0 26 cm3 s : . These values are somewhat favorable, but well within the 
range of theoretically and observationally allowed models. As a caveat we note that the allowed Mx-{av) parameter 
space is enormous (see e.g. [7]), and it is quite possible that the true values lie orders of magnitude away from the 
chosen ones, or indeed that the DM particle is not a neutralino, or not even weakly interacting at all. We include only 
the continuum emission due to the hadronization and decay of the annihilation products (bb and uu only, for our low 
Mx) and use the spectrum dNr/dE given in [8]. 

For the detector parameters we chose an exposure time of Texp = 2 years and a pixel angular size of A0 = 9 arcmin, 
corresponding to the 68% containment GLAST/LAT angular resolution. For the effective area we used the curve 
published on the GLAST/LAT performance website [9] and adopted a threshold energy of£th = 0-45 GeV (chosen to 
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is ideal to search for with the GLAST experiment [18]. In
Fig. 2, this is illustrated by showing the predicted fluxes
from a !" ! 10"3 sr region around the direction of the
galactic center together with existing observations in the
same sky direction. For simplicity, we assume a standard
Navarro, Frenk, and White (NFW) density profile [19] for
the dark matter halo in our galaxy (J# !"$ 1 for !" !
10"3 sr with the notation of [20]). Processes such as adia-
batic compression could enhance the dark matter density
significantly near the galactic center (see, e.g., [21]), and
we therefore allow our predicted flux to be scaled by a
‘‘boost factor.’’

The Energetic Gamma-Ray Experiment Telescope
(EGRET) data, taken from [20], set an upper limit for the
continuum part of our spectrum. For example, for bench-
mark model II, one finds that an optimistic, but not neces-
sarily unrealistic [21], boost of 104 might be allowed. In
such cases, there would be a truly spectacular !! line
signal waiting for GLAST. However, to enable detection,
boost factors of such magnitudes are not necessary. For H0

masses closer to the W threshold, the !! annihilation rates
become even higher, and in addition Z! production be-
comes important. In fact, these signals would potentially
be visible even without any boost at all (especially if the
background is low, as might be the case if the EGRET
signal is an galactic off-center source as indicated in [22]).
Also shown in Fig. 2 is the data from the currently oper-
ating air Cherenkov telescope HESS [23]. One may notice
that future air Cherenkov telescopes with lower energy
thresholds will cover all of the interesting region for this
dark matter candidate.

Finally, we have made a systematic parameter scan for
mh ! 500 GeV, calculating the cross section into gamma
lines. The previously mentioned constraints allow us to
scan the full parameter space for dark matter masses below
the W threshold of 80 GeV. The dependence on mH% and

"2 is small, and we set these equal to mH0 & 120 GeV (to
fulfill precision tests) and 0.1, respectively. Importantly,
one notes that the right relic density is obtained with a
significant amount of early Universe coannihilations with
the inert A0 particle. The resulting annihilation rates into
!! and Z! are shown in Fig. 3. The lower and upper mH0

mass bounds come from the accelerator constraints and the
effect on the relic density by the opening of the W&W"

annihilation channel, respectively. For comparison, we
show in the same figure the corresponding annihilation
rates for the neutralino (#) within the minimal supersym-
metric standard model. The stronger line signal and smaller
spread in the predicted IDM flux are caused by the allowed
unsuppressed coupling to W pairs that appear in contrib-
uting Feynman loop diagrams.

Summary and conclusions.—In this Letter, we have
investigated the gamma-ray spectrum from the annihilation
of the inert Higgs dark matter candidate H0. In particular,
we have focused on its striking gamma lines which arise at
the one-loop level and produce an exceptionally clear dark
matter signal.

The gamma line signals are particularly strong for this
scalar dark matter model mainly for two reasons: (1) The
dark matter mass is just below the kinematic threshold for
W production in the zero velocity limit. (2) The dark matter
candidate almost decouples from fermions (i.e., couples
only via standard model Higgs exchange), while still hav-
ing ordinary gauge couplings to the gauge bosons. In fact,
these two properties could define a more general class of
models for which the IDM is an attractive archetype.
Despite small H0 annihilation cross sections, coannihila-

FIG. 1 (color online). The total differential photon distribution
from annihilations of an inert Higgs dark matter particle (solid
line). Shown separately are the contributions from H0H0 ! b #b
(dashed line), $&$" (dash-dotted line), and Z! (dotted line). This
is for the benchmark model I in Table I.

FIG. 2 (color online). Predicted gamma-ray spectra from the
inert Higgs benchmark models I and II as seen by GLAST (solid
lines). The predicted gamma flux is from a !" ! 10"3 sr region
around the direction of the galactic center assuming an NFW
halo profile (with boost factors as indicated in the figure) and
convolved with a 7% Gaussian energy resolution. The boxes
show EGRET data (which set an upper limit for the continuum
signal) and the thick line HESS data in the same sky direction.
The GLAST sensitivity (dotted line) is here defined as 10
detected events within an effective exposure of 1 m2 yr within
a relative energy range of %7%.
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FIGURE 2. Simulated GLAST allsky map of neutralino DM annihilation in the Galactic halo, for a fiducial observer located 8 
kpc from the halo center along the intermediate principle axis. We assumed Mx = 46 GeV, {<jv) = 5 x 10~26 cm3 s~1, a pixel size 
of 9 arcmin, and a 2 year exposure time. The flux from the subhalos has been boosted by a factor of 10 (see text for explanation). 
Backgrounds and known astrophysical gamma-ray sources have not been included. 

DM ANNIHILATION ALLSKY MAP 

Using the DM distribution in our Via Lactea simulation, we have constructed allsky maps of the gamma-ray flux from 
DM annihilation in our Galaxy. As an illustrative example we have elected to pick a specific set of DM particle physics 
and realistic GLAST/LAT parameters. This allows us to present maps of expected photon counts. 

The number of detected DM annihilation gamma-ray photons from a solid angle AQ along a given line of sight (9, 
0) over an integration time of Texp is given by 

Nr(e,<t>)=MiTexp^ 
Mi fdN7\ 

eff1 {E)dE 
los 

p{l)2dl, (2) 

where Mx and (cv) are the DM particle mass and velocity-weighted cross section, E& and Aes(E) are the detector 
threshold and energy-dependent effective area, and dNr/dE is the annihilation spectrum. 

We assume that the DM particle is a neutralino and have chosen standard values for the particle mass and annihilation 
cross section: Mx = 46 GeV and (cv) = 5 x 1 0 26 cm3 s : . These values are somewhat favorable, but well within the 
range of theoretically and observationally allowed models. As a caveat we note that the allowed Mx-{av) parameter 
space is enormous (see e.g. [7]), and it is quite possible that the true values lie orders of magnitude away from the 
chosen ones, or indeed that the DM particle is not a neutralino, or not even weakly interacting at all. We include only 
the continuum emission due to the hadronization and decay of the annihilation products (bb and uu only, for our low 
Mx) and use the spectrum dNr/dE given in [8]. 

For the detector parameters we chose an exposure time of Texp = 2 years and a pixel angular size of A0 = 9 arcmin, 
corresponding to the 68% containment GLAST/LAT angular resolution. For the effective area we used the curve 
published on the GLAST/LAT performance website [9] and adopted a threshold energy of£th = 0-45 GeV (chosen to 
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is ideal to search for with the GLAST experiment [18]. In
Fig. 2, this is illustrated by showing the predicted fluxes
from a !" ! 10"3 sr region around the direction of the
galactic center together with existing observations in the
same sky direction. For simplicity, we assume a standard
Navarro, Frenk, and White (NFW) density profile [19] for
the dark matter halo in our galaxy (J# !"$ 1 for !" !
10"3 sr with the notation of [20]). Processes such as adia-
batic compression could enhance the dark matter density
significantly near the galactic center (see, e.g., [21]), and
we therefore allow our predicted flux to be scaled by a
‘‘boost factor.’’

The Energetic Gamma-Ray Experiment Telescope
(EGRET) data, taken from [20], set an upper limit for the
continuum part of our spectrum. For example, for bench-
mark model II, one finds that an optimistic, but not neces-
sarily unrealistic [21], boost of 104 might be allowed. In
such cases, there would be a truly spectacular !! line
signal waiting for GLAST. However, to enable detection,
boost factors of such magnitudes are not necessary. For H0

masses closer to the W threshold, the !! annihilation rates
become even higher, and in addition Z! production be-
comes important. In fact, these signals would potentially
be visible even without any boost at all (especially if the
background is low, as might be the case if the EGRET
signal is an galactic off-center source as indicated in [22]).
Also shown in Fig. 2 is the data from the currently oper-
ating air Cherenkov telescope HESS [23]. One may notice
that future air Cherenkov telescopes with lower energy
thresholds will cover all of the interesting region for this
dark matter candidate.

Finally, we have made a systematic parameter scan for
mh ! 500 GeV, calculating the cross section into gamma
lines. The previously mentioned constraints allow us to
scan the full parameter space for dark matter masses below
the W threshold of 80 GeV. The dependence on mH% and

"2 is small, and we set these equal to mH0 & 120 GeV (to
fulfill precision tests) and 0.1, respectively. Importantly,
one notes that the right relic density is obtained with a
significant amount of early Universe coannihilations with
the inert A0 particle. The resulting annihilation rates into
!! and Z! are shown in Fig. 3. The lower and upper mH0

mass bounds come from the accelerator constraints and the
effect on the relic density by the opening of the W&W"

annihilation channel, respectively. For comparison, we
show in the same figure the corresponding annihilation
rates for the neutralino (#) within the minimal supersym-
metric standard model. The stronger line signal and smaller
spread in the predicted IDM flux are caused by the allowed
unsuppressed coupling to W pairs that appear in contrib-
uting Feynman loop diagrams.

Summary and conclusions.—In this Letter, we have
investigated the gamma-ray spectrum from the annihilation
of the inert Higgs dark matter candidate H0. In particular,
we have focused on its striking gamma lines which arise at
the one-loop level and produce an exceptionally clear dark
matter signal.

The gamma line signals are particularly strong for this
scalar dark matter model mainly for two reasons: (1) The
dark matter mass is just below the kinematic threshold for
W production in the zero velocity limit. (2) The dark matter
candidate almost decouples from fermions (i.e., couples
only via standard model Higgs exchange), while still hav-
ing ordinary gauge couplings to the gauge bosons. In fact,
these two properties could define a more general class of
models for which the IDM is an attractive archetype.
Despite small H0 annihilation cross sections, coannihila-

FIG. 1 (color online). The total differential photon distribution
from annihilations of an inert Higgs dark matter particle (solid
line). Shown separately are the contributions from H0H0 ! b #b
(dashed line), $&$" (dash-dotted line), and Z! (dotted line). This
is for the benchmark model I in Table I.

FIG. 2 (color online). Predicted gamma-ray spectra from the
inert Higgs benchmark models I and II as seen by GLAST (solid
lines). The predicted gamma flux is from a !" ! 10"3 sr region
around the direction of the galactic center assuming an NFW
halo profile (with boost factors as indicated in the figure) and
convolved with a 7% Gaussian energy resolution. The boxes
show EGRET data (which set an upper limit for the continuum
signal) and the thick line HESS data in the same sky direction.
The GLAST sensitivity (dotted line) is here defined as 10
detected events within an effective exposure of 1 m2 yr within
a relative energy range of %7%.
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FIGURE 2. Simulated GLAST allsky map of neutralino DM annihilation in the Galactic halo, for a fiducial observer located 8 
kpc from the halo center along the intermediate principle axis. We assumed Mx = 46 GeV, {<jv) = 5 x 10~26 cm3 s~1, a pixel size 
of 9 arcmin, and a 2 year exposure time. The flux from the subhalos has been boosted by a factor of 10 (see text for explanation). 
Backgrounds and known astrophysical gamma-ray sources have not been included. 

DM ANNIHILATION ALLSKY MAP 

Using the DM distribution in our Via Lactea simulation, we have constructed allsky maps of the gamma-ray flux from 
DM annihilation in our Galaxy. As an illustrative example we have elected to pick a specific set of DM particle physics 
and realistic GLAST/LAT parameters. This allows us to present maps of expected photon counts. 

The number of detected DM annihilation gamma-ray photons from a solid angle AQ along a given line of sight (9, 
0) over an integration time of Texp is given by 

Nr(e,<t>)=MiTexp^ 
Mi fdN7\ 

eff1 {E)dE 
los 

p{l)2dl, (2) 

where Mx and (cv) are the DM particle mass and velocity-weighted cross section, E& and Aes(E) are the detector 
threshold and energy-dependent effective area, and dNr/dE is the annihilation spectrum. 

We assume that the DM particle is a neutralino and have chosen standard values for the particle mass and annihilation 
cross section: Mx = 46 GeV and (cv) = 5 x 1 0 26 cm3 s : . These values are somewhat favorable, but well within the 
range of theoretically and observationally allowed models. As a caveat we note that the allowed Mx-{av) parameter 
space is enormous (see e.g. [7]), and it is quite possible that the true values lie orders of magnitude away from the 
chosen ones, or indeed that the DM particle is not a neutralino, or not even weakly interacting at all. We include only 
the continuum emission due to the hadronization and decay of the annihilation products (bb and uu only, for our low 
Mx) and use the spectrum dNr/dE given in [8]. 

For the detector parameters we chose an exposure time of Texp = 2 years and a pixel angular size of A0 = 9 arcmin, 
corresponding to the 68% containment GLAST/LAT angular resolution. For the effective area we used the curve 
published on the GLAST/LAT performance website [9] and adopted a threshold energy of£th = 0-45 GeV (chosen to 
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is ideal to search for with the GLAST experiment [18]. In
Fig. 2, this is illustrated by showing the predicted fluxes
from a !" ! 10"3 sr region around the direction of the
galactic center together with existing observations in the
same sky direction. For simplicity, we assume a standard
Navarro, Frenk, and White (NFW) density profile [19] for
the dark matter halo in our galaxy (J# !"$ 1 for !" !
10"3 sr with the notation of [20]). Processes such as adia-
batic compression could enhance the dark matter density
significantly near the galactic center (see, e.g., [21]), and
we therefore allow our predicted flux to be scaled by a
‘‘boost factor.’’

The Energetic Gamma-Ray Experiment Telescope
(EGRET) data, taken from [20], set an upper limit for the
continuum part of our spectrum. For example, for bench-
mark model II, one finds that an optimistic, but not neces-
sarily unrealistic [21], boost of 104 might be allowed. In
such cases, there would be a truly spectacular !! line
signal waiting for GLAST. However, to enable detection,
boost factors of such magnitudes are not necessary. For H0

masses closer to the W threshold, the !! annihilation rates
become even higher, and in addition Z! production be-
comes important. In fact, these signals would potentially
be visible even without any boost at all (especially if the
background is low, as might be the case if the EGRET
signal is an galactic off-center source as indicated in [22]).
Also shown in Fig. 2 is the data from the currently oper-
ating air Cherenkov telescope HESS [23]. One may notice
that future air Cherenkov telescopes with lower energy
thresholds will cover all of the interesting region for this
dark matter candidate.

Finally, we have made a systematic parameter scan for
mh ! 500 GeV, calculating the cross section into gamma
lines. The previously mentioned constraints allow us to
scan the full parameter space for dark matter masses below
the W threshold of 80 GeV. The dependence on mH% and

"2 is small, and we set these equal to mH0 & 120 GeV (to
fulfill precision tests) and 0.1, respectively. Importantly,
one notes that the right relic density is obtained with a
significant amount of early Universe coannihilations with
the inert A0 particle. The resulting annihilation rates into
!! and Z! are shown in Fig. 3. The lower and upper mH0

mass bounds come from the accelerator constraints and the
effect on the relic density by the opening of the W&W"

annihilation channel, respectively. For comparison, we
show in the same figure the corresponding annihilation
rates for the neutralino (#) within the minimal supersym-
metric standard model. The stronger line signal and smaller
spread in the predicted IDM flux are caused by the allowed
unsuppressed coupling to W pairs that appear in contrib-
uting Feynman loop diagrams.

Summary and conclusions.—In this Letter, we have
investigated the gamma-ray spectrum from the annihilation
of the inert Higgs dark matter candidate H0. In particular,
we have focused on its striking gamma lines which arise at
the one-loop level and produce an exceptionally clear dark
matter signal.

The gamma line signals are particularly strong for this
scalar dark matter model mainly for two reasons: (1) The
dark matter mass is just below the kinematic threshold for
W production in the zero velocity limit. (2) The dark matter
candidate almost decouples from fermions (i.e., couples
only via standard model Higgs exchange), while still hav-
ing ordinary gauge couplings to the gauge bosons. In fact,
these two properties could define a more general class of
models for which the IDM is an attractive archetype.
Despite small H0 annihilation cross sections, coannihila-

FIG. 1 (color online). The total differential photon distribution
from annihilations of an inert Higgs dark matter particle (solid
line). Shown separately are the contributions from H0H0 ! b #b
(dashed line), $&$" (dash-dotted line), and Z! (dotted line). This
is for the benchmark model I in Table I.

FIG. 2 (color online). Predicted gamma-ray spectra from the
inert Higgs benchmark models I and II as seen by GLAST (solid
lines). The predicted gamma flux is from a !" ! 10"3 sr region
around the direction of the galactic center assuming an NFW
halo profile (with boost factors as indicated in the figure) and
convolved with a 7% Gaussian energy resolution. The boxes
show EGRET data (which set an upper limit for the continuum
signal) and the thick line HESS data in the same sky direction.
The GLAST sensitivity (dotted line) is here defined as 10
detected events within an effective exposure of 1 m2 yr within
a relative energy range of %7%.
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FIGURE 2. Simulated GLAST allsky map of neutralino DM annihilation in the Galactic halo, for a fiducial observer located 8 
kpc from the halo center along the intermediate principle axis. We assumed Mx = 46 GeV, {<jv) = 5 x 10~26 cm3 s~1, a pixel size 
of 9 arcmin, and a 2 year exposure time. The flux from the subhalos has been boosted by a factor of 10 (see text for explanation). 
Backgrounds and known astrophysical gamma-ray sources have not been included. 

DM ANNIHILATION ALLSKY MAP 

Using the DM distribution in our Via Lactea simulation, we have constructed allsky maps of the gamma-ray flux from 
DM annihilation in our Galaxy. As an illustrative example we have elected to pick a specific set of DM particle physics 
and realistic GLAST/LAT parameters. This allows us to present maps of expected photon counts. 

The number of detected DM annihilation gamma-ray photons from a solid angle AQ along a given line of sight (9, 
0) over an integration time of Texp is given by 

Nr(e,<t>)=MiTexp^ 
Mi fdN7\ 

eff1 {E)dE 
los 

p{l)2dl, (2) 

where Mx and (cv) are the DM particle mass and velocity-weighted cross section, E& and Aes(E) are the detector 
threshold and energy-dependent effective area, and dNr/dE is the annihilation spectrum. 

We assume that the DM particle is a neutralino and have chosen standard values for the particle mass and annihilation 
cross section: Mx = 46 GeV and (cv) = 5 x 1 0 26 cm3 s : . These values are somewhat favorable, but well within the 
range of theoretically and observationally allowed models. As a caveat we note that the allowed Mx-{av) parameter 
space is enormous (see e.g. [7]), and it is quite possible that the true values lie orders of magnitude away from the 
chosen ones, or indeed that the DM particle is not a neutralino, or not even weakly interacting at all. We include only 
the continuum emission due to the hadronization and decay of the annihilation products (bb and uu only, for our low 
Mx) and use the spectrum dNr/dE given in [8]. 

For the detector parameters we chose an exposure time of Texp = 2 years and a pixel angular size of A0 = 9 arcmin, 
corresponding to the 68% containment GLAST/LAT angular resolution. For the effective area we used the curve 
published on the GLAST/LAT performance website [9] and adopted a threshold energy of£th = 0-45 GeV (chosen to 
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FIGURE 1. Summary of current (most relevant) constraints on WIMP annihilation into gamma-rays.
Points represent models of phenomenological Minimal Supersymmetry. Blue model points assume non-
thermal dark matter production, red points are consistent with WMAP measurements. For details on these
models see[17].

induced Galactic diffuse emission obtaining competitive constraints has been presented
in [35].

At IACT energies the systematics of the diffuse emission become less important. The
analysis presented in [19] applies an on-off technique, where (as usual in IACTs) the
background is determined by off-source observations. In this particular case, the off
source region is defined within the field of view, at distances greater ! 0.1 kpc from
the Galatctic Center. The signal region excludes the very center, i.e. distances smaller
than ! 0.05 kpc. This excludes not only the strong Galactic Centre sources, but also
makes the constrain relatively insensitive (within a factor 2) to the assumptions on DM
profile. The background estimate (except for instrumental systematics) is sensitive to
gradients in Galactic Diffuse emission predictions only, which should be negligible at
these energies. As the GC is observed for almost 100 hours, and the expected signal is
expected to be comparably large, the obtained constraints obtained are up to one order
of magnitude better than for dwarfs, and the observation of the GC halo seems to be the
most promising venue for IACT for the moment.

Dark Matter with the Cherenkov Telescope Array

The Cherenkov Telescope Array (CTA) will be the next generation Imaging Air
Cherenkov Telescope [36]. CTA will cover over 3 decades in energy, from a few tens
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analysis presented in [19] applies an on-off technique, where (as usual in IACTs) the
background is determined by off-source observations. In this particular case, the off
source region is defined within the field of view, at distances greater ! 0.1 kpc from
the Galatctic Center. The signal region excludes the very center, i.e. distances smaller
than ! 0.05 kpc. This excludes not only the strong Galactic Centre sources, but also
makes the constrain relatively insensitive (within a factor 2) to the assumptions on DM
profile. The background estimate (except for instrumental systematics) is sensitive to
gradients in Galactic Diffuse emission predictions only, which should be negligible at
these energies. As the GC is observed for almost 100 hours, and the expected signal is
expected to be comparably large, the obtained constraints obtained are up to one order
of magnitude better than for dwarfs, and the observation of the GC halo seems to be the
most promising venue for IACT for the moment.
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The Cherenkov Telescope Array (CTA) will be the next generation Imaging Air
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induced Galactic diffuse emission obtaining competitive constraints has been presented
in [35].

At IACT energies the systematics of the diffuse emission become less important. The
analysis presented in [19] applies an on-off technique, where (as usual in IACTs) the
background is determined by off-source observations. In this particular case, the off
source region is defined within the field of view, at distances greater ! 0.1 kpc from
the Galatctic Center. The signal region excludes the very center, i.e. distances smaller
than ! 0.05 kpc. This excludes not only the strong Galactic Centre sources, but also
makes the constrain relatively insensitive (within a factor 2) to the assumptions on DM
profile. The background estimate (except for instrumental systematics) is sensitive to
gradients in Galactic Diffuse emission predictions only, which should be negligible at
these energies. As the GC is observed for almost 100 hours, and the expected signal is
expected to be comparably large, the obtained constraints obtained are up to one order
of magnitude better than for dwarfs, and the observation of the GC halo seems to be the
most promising venue for IACT for the moment.

Dark Matter with the Cherenkov Telescope Array

The Cherenkov Telescope Array (CTA) will be the next generation Imaging Air
Cherenkov Telescope [36]. CTA will cover over 3 decades in energy, from a few tens
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Spectral Lines
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• The Galactic center seems like an 
obvious place to search
– Deep gravitational potential
– Relatively nearby

• Extremely complicated region
– Diffuse emission from cosmic-ray 

interactions with Galactic gas and dust
– Densely populated by astrophysical 

sources (e.g., pulsars, SNR)
• Degeneracy may be broken by a sharp 

spectral feature (i.e., a line) 

JCAP08(2012)007

Figure 4. Upper sub-panels: the measured events with statistical errors are plotted in black. The
horizontal bars show the best-fit models with (red) and without DM (green), the blue dotted line
indicates the corresponding line flux component alone. In the lower sub-panel we show residuals
after subtracting the model with line contribution. Note that we rebinned the data to fewer bins
after performing the fits in order to produce the plots and calculate the p-value and the reduced
!2
r ! !2/dof. The counts are listed in tables 1, 2 and 3.

– 10 –

Talks by E. Charles & 
D. Whiteson on Thurs.

Weniger, arXiv:1209.4562
Ackermann et al., arXiv:1205.2739
Su et al. arXiv:1206.1616

Weniger 2012
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FIG. 2. Upper limits on !-ray flux from monochromatic line
signatures, derived from the CGH region (red arrows with
full data points) and from extragalactic observations (black
arrows with open data points). For both data sets, the solid
black lines show the mean expected limits derived from a large
number of statistically randomized simulations of fake back-
ground spectra, and the gray bands denote the corresponding
68% CL regions for these limits. Black crosses denote the flux
levels needed for a statistically significant line detection in the
CGH dataset.
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20%, depending on the energy and the statistics in the
individual spectrum bins. The maximum shift is ob-
served in the extragalactic limit curve and amounts to
40%. In total, the systematic error on the flux upper
limits is estimated to be about 50%. All flux upper
limits were cross-checked using an alternative analysis
framework [24], with an independent calibration of cam-
era pixel amplitudes, and a di!erent event reconstruction
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FIG. 4. Limits on the velocity-weighted cross section for DM
annihilation into two photons calculated from the CGH flux
limits (red arrows with full data points). The Einasto density
profile with parameters described in [20] was used. Limits ob-
tained by Fermi-LAT, assuming the Einasto profile as well, are
shown for comparison (black arrows with open data points)
[15].

and event selection method, leading to results well con-
sistent within the quoted systematic error.
For the Einasto parametrization of the DM density

distribution in the Galactic halo [20], limits on the
velocity-weighted DM annihilation cross section into !
rays, !"v"!!!"" , are calculated from the CGH flux limits
using the astrophysical factors given in [8]. The result is
shown in Fig. 4 and compared to recent results obtained
at GeV energies with the Fermi-LAT instrument.

SUMMARY AND CONCLUSIONS

For the first time, a search for spectral !-ray signatures
at very-high energies was performed based on H.E.S.S.
observations of the central Milky Way halo region and ex-
tragalactic sky. Both regions of interest exhibit a reduced
dependency of the putative DM annihilation flux on the
actual DM density profile. Upper limits on monochro-
matic !-ray line signatures were determined for the first
time for energies between # 500GeV and # 25TeV, cov-
ering an important region of the mass range of particle
DM. Additionally, limits were obtained on spectral sig-
natures arising from internal bremsstrahlung processes,
as predicted by the models BM2 and BM4 of [14]. It
should be stressed that the latter results are valid for
all spectral signatures of comparable shape. Besides, all
limits also apply for potential signatures in the spectrum
of cosmic-ray electrons and positrons.
Flux limits on monochromatic line emission from the

central Milky Way halo were used to calculate upper lim-
its on !"v"!!!"" . Limits are obtained in a neutralino
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FIG. 2. Counts map for the line search dataset binned in 1� ⇥ 1� spatial bins in the R180 ROI. This is plotted in Galactic
coordinates using the Hammer-Aito↵ projection. The energy range is 2.6–541 GeV and the most-significant 2FGL sources have
been removed using an energy-dependent mask (see text). Also shown are the outlines of the other ROIs (R3, R16, R41, and
R90) used in this search.

best energy estimate on an event-by-event basis. The corresponding estimate is the energy assigned. We note that
above a few GeV the SP method is typically more accurate than the PC method (the former being selected by the
CT analysis for ⇠ 80% of the events above 10 GeV).
The energy assignment algorithm also performs a CT analysis to estimate the probability that the energy esti-

mate is within the nominal 68% containment band for events of that energy and incidence angle (PE, available as
CTBBestEnergyProb in the extended event files available at the Fermi Science Support Center3).
To model the signal from a �-ray line, we used a parametrization of the e↵ective energy dispersion of the instrument,

i.e., the probability density De↵(E0;E,~s) to measure an energy E0 for a � ray of (true) energy E and other event
parameters, ~s. The fraction of the electromagnetic shower contained in the CAL can vary significantly event to
event. In general, the energy dispersion depends on ✓ and the �-ray conversion point in the instrument, among
other quantities. Furthermore, the ✓-distribution of the observing time varies across the sky, causing corresponding
changes in the e↵ective energy dispersion. These considerations are discussed in more detail in App. C, in particular
in Sec. C 5.
When fitting essentially monochromatic lines (i.e., the intrinsic spectrum is much narrower that the instrumental

resolution), for a given line energy, E� , we expect the distribution of observed energies for a line signal, Csig(E0), to
follow the e↵ective energy dispersion, De↵ ; so that

Csig(E
0|E� ,~s) = nsig

Z
De↵(E

0;E,~s)�(E� � E)dE = nsigDe↵(E
0;E� ,~s), (6)

where nsig is the number of observed signal events, which we treat as a free parameter in the fitting (see Sec. V)4.
Following the approach used in previous line searches published by the LAT Collaboration, we use a sum of Gaussians

to parametrize the energy dispersion at any given energy, averaging over the LAT FOV and combining front- and
back-converting events [14]. One notable improvement relative to our previous studies is that the parametrization
De↵(E0;E,PE) used in this work includes the energy reconstruction quality estimator, PE. Specifically, we modeled
the energy dispersion in 10 PE bins of 0.2 from 0.1 to 0.5, bins of 0.1 from 0.5 to 0.7, and bins of 0.05 from 0.7 to 1.
The P7REP CLEAN event class only includes events with PE > 0.1.
The energy dispersion in each PE bin was modeled with a triple Gaussian function

3Available at http://fermi.gsfc.nasa.gov/ssc/data/access/, and described at http://fermi.gsfc.nasa.gov/

ssc/data/analysis/documentation/Cicerone/Cicerone_Data/LAT_Data_Columns.html#ExtendedFile
4This assumption breaks down when the intrinsic width of the �-ray emission becomes a sizable fraction of the LAT
energy resolution. In practical terms, this applies for final states with unstable particles such as Z�, in particular for
�-ray energies at the low end of our search range. We discuss the implications of this in Sec. D 3.
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FIG. 7. Local fit significance vs. line energy in all 5 ROIs. Note that nsig was required to be non-negative. The dashed line at
the top of the plot indicates the local significance corresponding to the 2� global significance derived with the method described
in Sec. VB.
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related to the lifetime (⌧�⌫) lower limits via Eq. (B6) with dN�

dE (E�) = �(E� � E0) and m� = 2E� , which are shown
in Fig. 10.

We present the flux upper limits in all 5 ROIs and the relevant DM annihilation or decay limits explicitly in App. E.
Recall that we limited our search to energies greater than 30 GeV in R3 (see Sec. III).

The limits presented do not include systematic errors. As stated in Sec. VIB the uncertainties of the exposure
( |�E/E| < 0.16 ) and the energy dispersion modeling ( �nsig/nsig = +0.06

�0.12 ) contribute negligibly to the limits when
considered in quadrature with the statistical uncertainties. On the other hand, the inferred uncertainties of �f from
Tab. IV can become significantly larger than the statistical uncertainties at lower energies and for the larger ROIs.
In fact, the uncertainty of �f from Tab. IV equals the expected statistical uncertainty at 10 GeV (for R16 and R41),
30 GeV (for R90) and 70 GeV (for R180). Empirically, the limits presented in Figs. 9 and 10 generally lie within
the expected statistical variations, indicating that the systematic uncertainties are not dominating the statistical
uncertainties.
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FIG. 11. Fits for a line near 130 GeV in R3: (a) at 130 GeV in the P7CLEAN data using the 1D energy dispersion model
(see Sec. IV); (b) at 133 GeV in the P7REP CLEAN data again using the 1D model; (c) same as (b), but using the 2D energy
dispersion model (see Sec. IV). Note that these fits were unbinned; the binning here is for visualization purposes, and also that
the x-axis binning in (a) is o↵set by 3 GeV relative to (b) and (c).

1. The Earth Limb

Figure 15 shows the fit using our 2D energy dispersion model (see Sec. IV) at 133 GeV to the Limb data, which
indicates a 2.0� excess. We calculated the fractional size of the signal using Eq. (13) to be f(133 GeV)Limb =
0.14 ± 0.07. The gamma-ray spectrum of the Limb is expected to be featureless. Therefore, the appearance of a
line-like feature in the Limb at the same energy as the feature seen in the GC suggests that some of the 133 GeV GC
feature may be due to a systematic e↵ect. We do note that the fractional size of the feature in the Limb is smaller
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FIG. 15. Fit at 133 GeV line to the Limb data (P7REP CLEAN) using the 2D energy dispersion model.
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FIG. 16. Measurement of the P7REP TRANSIENT-to-P7REP CLEAN e�ciency using the Limb control sample: (a) the distribution
of ✓z for all events in the P7REP TRANSIENT and P7REP CLEAN Limb samples for 2.6 GeV < E0 < 541 GeV. including signal and
background regions; (b) the P7REP TRANSIENT-to-P7REP CLEAN e�ciency for Limb data and MC. MC has been weighted to have
the same livetime distribution with ✓ as the Limb data.

2. The Inverse ROI

We define the inverse ROI A to be events with |b| < 10�, excluding a 20� ⇥ 20� square in the GC in the Celestial
dataset. In addition to A, we also examined inverse ROIs B and C, which are subsets of inverse ROI A with |b| > 1�

and |b| < 1� respectively. Figure 17 shows the results of fits for lines at 133 GeV in the three inverse ROI regions.
Regions A, B, and C show no indication of a line-like feature at 133 GeV with slocal > 1.1�. We also scanned using
20� ⇥ 20� ROIs along the Galactic plane resulting in 17 independent fits. Figure 17 (d) shows the results from the
fit at 133 GeV with the greatest statistical significance, where slocal = 2.0�. Thus we find no clear indication for a
133 GeV line feature in these inverse ROI control datasets.

D. Examination of the events contributing the 133 GeV feature

We have examined many aspects of the events contributing to the 133 GeV feature, and compared them to events
at nearby energies as well as with MC simulations. Within the limited statistics available, the events contributing to
the 133 GeV feature exhibit few particularly striking characteristics. The two most notable features are:

1. The consistency between the reconstructed direction as estimated by the tracker (TKR) and the primary axis
of the energy deposition in the CAL is somewhat worse in the flight data than in the MC simulations (Fig. 18).
The disagreement was even greater before reprocessing the data with updated CAL calibration constants. This

Highest significance 
w/ 2D PSF.

Fermi Collaboration 2013
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FIG. 2. Counts map for the line search dataset binned in 1� ⇥ 1� spatial bins in the R180 ROI. This is plotted in Galactic
coordinates using the Hammer-Aito↵ projection. The energy range is 2.6–541 GeV and the most-significant 2FGL sources have
been removed using an energy-dependent mask (see text). Also shown are the outlines of the other ROIs (R3, R16, R41, and
R90) used in this search.

best energy estimate on an event-by-event basis. The corresponding estimate is the energy assigned. We note that
above a few GeV the SP method is typically more accurate than the PC method (the former being selected by the
CT analysis for ⇠ 80% of the events above 10 GeV).
The energy assignment algorithm also performs a CT analysis to estimate the probability that the energy esti-

mate is within the nominal 68% containment band for events of that energy and incidence angle (PE, available as
CTBBestEnergyProb in the extended event files available at the Fermi Science Support Center3).
To model the signal from a �-ray line, we used a parametrization of the e↵ective energy dispersion of the instrument,

i.e., the probability density De↵(E0;E,~s) to measure an energy E0 for a � ray of (true) energy E and other event
parameters, ~s. The fraction of the electromagnetic shower contained in the CAL can vary significantly event to
event. In general, the energy dispersion depends on ✓ and the �-ray conversion point in the instrument, among
other quantities. Furthermore, the ✓-distribution of the observing time varies across the sky, causing corresponding
changes in the e↵ective energy dispersion. These considerations are discussed in more detail in App. C, in particular
in Sec. C 5.
When fitting essentially monochromatic lines (i.e., the intrinsic spectrum is much narrower that the instrumental

resolution), for a given line energy, E� , we expect the distribution of observed energies for a line signal, Csig(E0), to
follow the e↵ective energy dispersion, De↵ ; so that

Csig(E
0|E� ,~s) = nsig

Z
De↵(E

0;E,~s)�(E� � E)dE = nsigDe↵(E
0;E� ,~s), (6)

where nsig is the number of observed signal events, which we treat as a free parameter in the fitting (see Sec. V)4.
Following the approach used in previous line searches published by the LAT Collaboration, we use a sum of Gaussians

to parametrize the energy dispersion at any given energy, averaging over the LAT FOV and combining front- and
back-converting events [14]. One notable improvement relative to our previous studies is that the parametrization
De↵(E0;E,PE) used in this work includes the energy reconstruction quality estimator, PE. Specifically, we modeled
the energy dispersion in 10 PE bins of 0.2 from 0.1 to 0.5, bins of 0.1 from 0.5 to 0.7, and bins of 0.05 from 0.7 to 1.
The P7REP CLEAN event class only includes events with PE > 0.1.
The energy dispersion in each PE bin was modeled with a triple Gaussian function

3Available at http://fermi.gsfc.nasa.gov/ssc/data/access/, and described at http://fermi.gsfc.nasa.gov/

ssc/data/analysis/documentation/Cicerone/Cicerone_Data/LAT_Data_Columns.html#ExtendedFile
4This assumption breaks down when the intrinsic width of the �-ray emission becomes a sizable fraction of the LAT
energy resolution. In practical terms, this applies for final states with unstable particles such as Z�, in particular for
�-ray energies at the low end of our search range. We discuss the implications of this in Sec. D 3.
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FIG. 7. Local fit significance vs. line energy in all 5 ROIs. Note that nsig was required to be non-negative. The dashed line at
the top of the plot indicates the local significance corresponding to the 2� global significance derived with the method described
in Sec. VB.
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related to the lifetime (⌧�⌫) lower limits via Eq. (B6) with dN�

dE (E�) = �(E� � E0) and m� = 2E� , which are shown
in Fig. 10.

We present the flux upper limits in all 5 ROIs and the relevant DM annihilation or decay limits explicitly in App. E.
Recall that we limited our search to energies greater than 30 GeV in R3 (see Sec. III).

The limits presented do not include systematic errors. As stated in Sec. VIB the uncertainties of the exposure
( |�E/E| < 0.16 ) and the energy dispersion modeling ( �nsig/nsig = +0.06

�0.12 ) contribute negligibly to the limits when
considered in quadrature with the statistical uncertainties. On the other hand, the inferred uncertainties of �f from
Tab. IV can become significantly larger than the statistical uncertainties at lower energies and for the larger ROIs.
In fact, the uncertainty of �f from Tab. IV equals the expected statistical uncertainty at 10 GeV (for R16 and R41),
30 GeV (for R90) and 70 GeV (for R180). Empirically, the limits presented in Figs. 9 and 10 generally lie within
the expected statistical variations, indicating that the systematic uncertainties are not dominating the statistical
uncertainties.
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FIG. 11. Fits for a line near 130 GeV in R3: (a) at 130 GeV in the P7CLEAN data using the 1D energy dispersion model
(see Sec. IV); (b) at 133 GeV in the P7REP CLEAN data again using the 1D model; (c) same as (b), but using the 2D energy
dispersion model (see Sec. IV). Note that these fits were unbinned; the binning here is for visualization purposes, and also that
the x-axis binning in (a) is o↵set by 3 GeV relative to (b) and (c).

1. The Earth Limb

Figure 15 shows the fit using our 2D energy dispersion model (see Sec. IV) at 133 GeV to the Limb data, which
indicates a 2.0� excess. We calculated the fractional size of the signal using Eq. (13) to be f(133 GeV)Limb =
0.14 ± 0.07. The gamma-ray spectrum of the Limb is expected to be featureless. Therefore, the appearance of a
line-like feature in the Limb at the same energy as the feature seen in the GC suggests that some of the 133 GeV GC
feature may be due to a systematic e↵ect. We do note that the fractional size of the feature in the Limb is smaller

20

Energy (GeV)

Ev
en

ts
 / 

5.
0 

G
eV

10

210

310

410
 = 133.0 GeVγE
 = 28.9 evtssign

σ = 2.0 locals
 = 3510.1 evtsbkgn
 = 2.70bkgΓ

Energy (GeV)
60 80 100 120 140 160 180 200 220

)
σ

R
es

id
. (

-4
-2
0
2
4

FIG. 15. Fit at 133 GeV line to the Limb data (P7REP CLEAN) using the 2D energy dispersion model.
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FIG. 16. Measurement of the P7REP TRANSIENT-to-P7REP CLEAN e�ciency using the Limb control sample: (a) the distribution
of ✓z for all events in the P7REP TRANSIENT and P7REP CLEAN Limb samples for 2.6 GeV < E0 < 541 GeV. including signal and
background regions; (b) the P7REP TRANSIENT-to-P7REP CLEAN e�ciency for Limb data and MC. MC has been weighted to have
the same livetime distribution with ✓ as the Limb data.

2. The Inverse ROI

We define the inverse ROI A to be events with |b| < 10�, excluding a 20� ⇥ 20� square in the GC in the Celestial
dataset. In addition to A, we also examined inverse ROIs B and C, which are subsets of inverse ROI A with |b| > 1�

and |b| < 1� respectively. Figure 17 shows the results of fits for lines at 133 GeV in the three inverse ROI regions.
Regions A, B, and C show no indication of a line-like feature at 133 GeV with slocal > 1.1�. We also scanned using
20� ⇥ 20� ROIs along the Galactic plane resulting in 17 independent fits. Figure 17 (d) shows the results from the
fit at 133 GeV with the greatest statistical significance, where slocal = 2.0�. Thus we find no clear indication for a
133 GeV line feature in these inverse ROI control datasets.

D. Examination of the events contributing the 133 GeV feature

We have examined many aspects of the events contributing to the 133 GeV feature, and compared them to events
at nearby energies as well as with MC simulations. Within the limited statistics available, the events contributing to
the 133 GeV feature exhibit few particularly striking characteristics. The two most notable features are:

1. The consistency between the reconstructed direction as estimated by the tracker (TKR) and the primary axis
of the energy deposition in the CAL is somewhat worse in the flight data than in the MC simulations (Fig. 18).
The disagreement was even greater before reprocessing the data with updated CAL calibration constants. This

and not completely 
absent in limb data.
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than PSF,
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Instrument Changes

“To help guide future observation plans, the Fermi Project is soliciting "white papers" from the scientific 
community. These should detail specific alternative observing strategies and discuss, in a quantitative 
way, the scientific benefits. We emphasize that this solicitation differs from a call for proposals, in 
that it is not a competitive peer review. Multiple ideas, or combinations thereof may ultimately be 
implemented. Continuing dialogs between any groups involved and the Fermi Project are also encouraged.”
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New Additions

DArk Matter Particle Explorer

FERMI-LAT GAMMA-400 DAMPE VERITAS MAGIC HESS II CTA
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