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Abstract. The Galactic Center is one of the most promising targets for indirect detection
of dark matter with gamma rays. We investigate the sensitivity of the upcoming Cherenkov
Telescope Array (CTA) to dark matter annihilation and decay in the Galactic Center. As the
inner density profile of the Milky Way’s dark matter halo is uncertain, we study the impact of
the slope of the Galactic density profile, inwards of the Sun, on the prospects for detecting a
dark matter signal with CTA. Adopting the Ring Method to define the signal and background
regions in an ON-OFF analysis approach, we find that the sensitivity achieved by CTA to
annihilation signals is strongly dependent on the inner profile slope, whereas the dependence
is more mild in the case of dark matter decay. Surprisingly, we find that the optimal choice
of signal and background regions is virtually independent of the assumed density profile.
For the fiducial case of a Navarro-Frenk-White profile, we find that CTA will be able to
probe annihilation cross sections well below the canonical thermal relic value for dark matter
masses from a few tens of GeV up to ∼ 5 TeV for annihilation to τ+τ−, and will achieve only
a slightly weaker sensitivity for annihilation to bb̄ or µ+µ−. CTA will improve significantly on
current sensitivity to annihilation signals for dark matter masses above ∼ 100 GeV, covering
parameter space that is complementary to that probed by searches with the Fermi Large Area
Telescope. The interpretation of apparent excesses in the measured cosmic-ray electron and
positron spectra as signals of dark matter decay will also be testable with CTA observations
of the Galactic Center. We demonstrate that both for annihilation and for decay, including
spectral information for hard channels (such as µ+µ− and τ+τ−) leads to enhanced sensitivity
for dark matter masses above mDM ∼ 200 GeV.
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1 Introduction

The existence of dark matter (DM) on Galactic and cosmological scales is well established
[1, 2], however its detailed particle properties are still unknown. Many candidate DM parti-
cles can annihilate or decay to Standard Model particles, and thus may be detected indirectly
through searches for the annihilation or decay products. Indirect searches in gamma rays [3]
are well suited to detect weakly interacting massive particles (WIMPs), which have masses in
the GeV to multi-TeV range and produce photon signals of similar energies. If DM consists
entirely of WIMPs produced thermally in the early universe, in the simplest case this implies
that the thermally-averaged product of their pair-annihilation cross section and relative veloc-
ity 〈σv〉 is a few times 10−26 cm3 s−1 [4, 5] (although in some scenarios thermal production is
viable with 〈σv〉 up to two orders of magnitude larger or smaller than this). Indirect searches
in gamma rays by the Fermi Large Area Telescope (LAT) (e.g. [6, 7]) have recently reached
the sensitivity required to test this canonical annihilation cross section for low WIMP masses.

The Galactic Center (GC) has long been identified as a promising target for indirect
DM searches, due to its close proximity and high concentration of DM (e.g. [8]). Searches for
DM signals from the GC in gamma rays have generated some of the strongest constraints to
date on DM models [7, 9], however a major uncertainty in interpreting the results of indirect
searches in the GC is the DM distribution.

DM-only N-body simulations of structure formation have long suggested a universal
density profile for DM halos spanning a large range of masses. For many years the two-
parameter Navarro-Frenk-White (NFW) profile [10] was the canonical choice, however, results
of recent higher-resolution simulations have favored the Einasto density profile [11], which
has been found to provide an improved fit to DM halo profiles at the expense of adding an
additional parameter [12, 13].

Observational constraints on the DM distribution near the GC are weak, as the gravi-
tational potential is dominated by baryons in the Inner Galaxy. Arguing against the steeper
NFW and Einasto profiles, some evidence from the rotation curves of spiral galaxies favors
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cored DM profiles (e.g. [14, 15]). In addition, it has been pointed out that the presence
of baryons may significantly alter the DM distribution through various mechanisms. These
include adiabatic contraction (e.g. [16–18]), which steepens the DM distribution near the
GC, enhancing gamma-ray and other indirect signals from the GC [9, 16, 19–21], and feed-
back [22–25], which tends to make the DM density profile flatter. Modifying DM particle
properties, e.g. via adding self-interactions, can also flatten the DM density profile [26, 27].
Varying the inner slope of the DM density profile has a substantial impact on the predicted
indirect signals.

Although the Fermi LAT has enabled very sensitive searches for low-mass WIMPs, its
sensitivity is weaker for higher-mass WIMPs. The LAT detects gamma rays from ∼ 20 MeV
to > 300 GeV, becoming statistics-limited at high energy. Complementary to the LAT in
energy, ground-based imaging atmospheric Cherenkov telescopes (IACTs) are sensitive to
gamma rays with energies above ∼ 100 GeV, and feature much larger effective areas than the
LAT. The current generation of IACTs, including H.E.S.S., MAGIC, and VERITAS, have
performed DM searches, but, apart from WIMPs that produce substantial virtual internal
bremsstrahlung [28], have been so far unable to test favored regions of parameter space for
DM annihilation. The Cherenkov Telescope Array (CTA) [29], a future IACT, will provide a
substantial improvement in DM indirect detection capabilities [30–33]. This is in large part
due to its larger effective area and field of view in comparison to current IACTs. CTA will
also be sensitive to gamma rays with energies as low as ∼ 20 GeV, extending the energy
threshold far below that of current IACTs and providing significant overlap with the Fermi
LAT energy range.

With its enhanced sensitivity at high energies, CTA will also have the potential to
test DM interpretations of apparent anomalies in the measured local cosmic-ray fluxes by
searching for associated gamma-ray signals. The recent precise measurement of the local
positron fraction by AMS-02 [34] again confirmed the rise in the positron fraction above a
few GeV which had been previously observed by PAMELA [35] and subsequently by the
Fermi LAT [36]. With the AMS-02 data, the rise in the positron fraction is now observed
to extend to ∼ 300 GeV, and no turnover has been identified. The total cosmic ray electron
(CRE; used here to refer to electron plus positron) spectrum has also been measured by
several experiments (e.g. [37–40]). These measurements indicate that the total CRE spectrum
scales roughly as E−3 above a few tens of GeV, and reveal a slight excess over conventional
expectations at a few hundred GeV, with the spectrum turning over and falling above ∼
1 TeV. Together with the positron fraction measurement, this points to a DM mass of at
least several hundred GeV if DM annihilation or decay is invoked as the origin of the excesses
(e.g. [41]); this mass range is easily accessible to CTA. Constraints on these scenarios have
been obtained from a variety of gamma-ray measurements, including H.E.S.S. observations
of the GC [42] and Fornax [41] and Fermi LAT observations of the isotropic gamma-ray
background (IGRB) [41, 43] and the Milky Way halo [44]. Although scenarios producing
the cosmic-ray excesses by DM annihilation are now largely excluded, some parameter space
remains viable for interpretations in terms of DM decay.

In this work we investigate the sensitivity of CTA to gamma-ray signals from DM an-
nihilation and decay in the GC. Whereas previous studies have examined CTA’s sensitivity
to gamma rays from annihilation for benchmark density profiles, here we consider both an-
nihilation and decay signals, as well as variations in the DM density profile. The impact of
variations in the density profile for GC searches with CTA is somewhat complex, as the sensi-
tivity is not simply tied to the amplitude of the flux from a chosen signal region. This is due
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to the need for IACTs, such as CTA, to use a background control region (“OFF” region) to
directly measure the intensity of the cosmic-ray background. For a GC observation, in prac-
tice there will be some DM signal in the OFF region. For this reason, CTA is sensitive only
to variations in the intensity of the signal between the chosen signal and background regions,
and thus the sensitivity depends on both the slope of the DM density profile and the overall
amplitude of the signal. We evaluate the impact of varying the DM distribution for a wide
range of possible density profiles, and study the issue of optimizing the ON and OFF regions
for different assumed profiles. Prior work focused on CTA has most often considered searches
for DM-induced excesses integrated over broad energy ranges (see [45] for an exception). Here
we also study the impact of spectral analysis, which exploits the different spectral shapes of
the signal and background. Spectral analysis was recently shown to improve sensitivity in a
DM search using MAGIC [46].

This paper is structured as follows. In §2 we present the calculation of the gamma-ray
signals from annihilation and decay, and define the DM density profiles used in this work.
The observational setup assumed for CTA is described in §3, and the likelihood analysis in
§4. Our results are given in §5. We discuss and conclude in §6.

2 Dark matter signals from the Galactic Center

2.1 Gamma-ray intensity

The differential gamma-ray intensity (photons per area per time per solid angle per energy)
from annihilation of two DM particles χ in the GC is given by

dΦann

dΩ dE
=

〈σv〉
8πm2

χ

dNγ

dE

∫

los
ρ2χ(r)dl

︸ ︷︷ ︸

Jann

(2.1)

where 〈σv〉 is the average annihilation cross section times relative velocity, mχ is the mass of
the DM particle, and dNγ/dE is the energy spectrum of photons emitted per annihilation.
The function ρχ(r) is the DM density as a function of the distance r from the GC. The

coordinate l runs along the line-of-sight (los), and r(l, ψ) =
√

r2⊙ + l2 − 2r⊙l cos(ψ) where r⊙
is the distance between the Sun and the GC, and ψ the angle between the line-of-sight and
the direction of the GC. The line-of-sight integral of the DM density squared is often referred
to as the “astrophysical factor” or “J factor” and is denoted Jann, defined here as differential
in solid angle.

For the case of DM decay, the differential gamma-ray intensity is given by

dΦdec

dΩ dE
=

1

4πτmχ

dNγ

dE

∫

los
ρχ(r)dl

︸ ︷︷ ︸

Jdec

(2.2)

where τ is the lifetime of the DM particles, and here dNγ/dE is the energy spectrum of
photons emitted per decay. The “astrophysical factor” for decay Jdec is given by the line-of-
sight integral over the DM density.

The energy spectrum of the photons produced by DM annihilation or decay can be
written as a sum over all possible final states

dNγ

dE
=

∑

f

Bf

dNf

dE
(2.3)

– 3 –



where Bf is the branching fraction of final state f , and dNf/dE is the photon spectrum from
annihilation or decay to the final state f . We calculate the photon spectrum for each final
state using DarkSUSY [47].

2.2 Density profiles

In light of the uncertainty in the DM distribution in the Inner Galaxy and the dependence
of the signal on it, we consider a range of density profiles. As benchmarks, we consider the
widely-used NFW profile [10], as well as the Einasto profile [11]. The NFW profile is given
by

ρNFW(r) ∝ 1
(

r
rs

) [

1 +
(

r
rs

)]2 , (2.4)

where r is the distance from the GC and rs is a scale radius, which indicates the transition
radius between where the density scales as r−1 and r−3. We fix rs = 20 kpc [13]. The Einasto
profile is described by

ρEin(r) ∝ e
−( 2

a
)
[(

r

rs

)a

−1
]

, (2.5)

where rs is a scale radius and a controls how rapidly the profile slope changes. We take
rs = 20 kpc and a = 0.17 [13].

To consider flatter and steeper profiles, we generalize the NFW profile as follows

ργ(r) ∝
1

(
r
rs

)γ [

1 +
(

r
rs

)]3−γ
(2.6)

and vary the inner slope γ from 0.5 to 1.5, fixing rs = 20 kpc as for the NFW and Einasto
profiles. The NFW profile corresponds to γ = 1. For all density profiles, we normalize the
density at the solar circle to ρ⊙ = 0.43 GeV/cm3 [48].

The density profiles considered here are compared in Fig. 1. Fig. 2 shows the corre-
sponding J factors for annihilation and decay as a function of angle from the GC. Near the
GC the variation between J factors for different profiles for annihilation spans many more
orders of magnitude than the variation in the case of decay.

3 Observational setup

3.1 Observational capabilities of CTA

The CTA collaboration has explored the observational capabilities of several different possible
array configurations [49]. In this work, we adopt the simulated results for Array I, which
consists of 3 large size telescopes, 18 medium size telescopes and 56 small size telescopes.
We use the effective area and energy resolution obtained by the Paris-MVA analysis method
assuming Array I [49]. Several other array configurations have been adopted in other analyses,
in particular Arrays E and B were considered in the GC sensitivity analysis of [31]. Arrays I
and E are both balanced in terms of having a range of telescope sizes and good sensitivity over
a broad energy range. Array B is an example of a compact array, which is more optimized
for low energies and for DM studies tends to yield better sensitivity (as in [31]). In this work
we adopt Array I due to the fact that detailed information about its expected capabilities
that is necessary for this study (i.e., effective area and energy resolution) is readily available.
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Figure 1. Variation of the DM density with the distance from the GC for different density profiles.
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Figure 2. Variation of the J factor as a function of the angle between the line-of-sight and the GC
for annihilation (left) and decay (right).

We thus expect that our analysis will yield conservative results with respect to studies that
adopt Array B.

CREs represent an irreducible background for gamma-ray observations with IACTs such
as CTA, as CRE-induced atmospheric showers cannot be distinguished from gamma-induced
showers. For this study, we consider CREs as an isotropic background. The CRE spectrum
has been measured by the Fermi LAT from ∼ 20 GeV up to ∼ 1 TeV [38], and is well approx-
imated by a power law ∝ E−3, which we use to describe the CRE background at all energies
considered. Specifically we take E3 dNCRE/dE dAdt dΩ = 1.5× 10−2 GeV2 cm−2 s−1 sr−1.

In general IACTs can reject hadronic showers with high efficiency, thus we treat this
possible source of background as negligible. This is a somewhat optimistic treatment, as
simulations find that the hadronic background for CTA is typically comparable to the CRE
background at most energies and may dominate at low energies (. 200 GeV) and very high
energies (& several TeV) [49]. However, a straightforward estimate of its magnitude for an

– 5 –



analysis such as the one considered in this study is not currently available. This issue warrants
further dedicated study, but is expected to degrade limits by less than a factor of a few at all
masses considered here.

3.2 Signal and background regions

To search for a DM signal we define a signal region (denoted ON) and background region
(denoted OFF) within the field of view (FOV) of CTA using the Ring Method [31]. This
method is used to search for an excess over an isotropic background such as CRE-induced
showers or hadronic showers. The ON and OFF regions are illustrated in Fig. 3, and are
chosen to lie within a ring centered on the FOV of CTA. This geometry is chosen to reduce
systematics associated with variation of the effective area across the FOV. For our default
analysis we adopt the optimized parameters for the Array B reported in [31] for an NFW
profile: the inner and outer radii of the ring r1 = 0.44◦ and r2 = 2.50◦, the offset of the center
of the ON region from the GC b = 1.4◦, and the radius of the ON region rcut = 1.29◦; we
explore the dependence of the sensitivity on the ON and OFF region parameters for variations
in the inner slope of the DM density profile in §5. We adopt the same ON and OFF regions
for all DM masses. This choice of ON and OFF regions requires a FOV of only 5◦, however we
note that the FOV of CTA increases at high energies to up to ∼ 10◦, and thus this analysis
could in principle be optimized for large DM masses to take advantage of the increased FOV.

The Galactic plane is excluded within |b1| < 0.3◦ to avoid non-DM astrophysical gamma-
ray emission; observations by current IACTs have shown that there is negligible diffuse as-
trophysical signal outside of |b| < 0.3 degrees [31], although at the lowest energies considered
here this may be a slightly optimistic treatment. Point sources identified in the ON or OFF
regions are assumed to be masked. Note that a DM signal is present in both the ON and
OFF regions [50], but will be larger (per unit solid angle) in the ON region.

For the parameters adopted here, the angular size of the ON region is ∆ΩON = 9.9 ×
10−4 sr, while the angular size of the OFF region is ∆ΩOFF = 4.0 × 10−3 sr. We define the
geometrical parameter α = ∆ΩON/∆ΩOFF, which is the ratio of the solid angles of the ON
and OFF regions.

The number of photons observed from a specified region of the sky from DM annihilation
is

Nann = tobs
〈σv〉
8πm2

χ

Nγ,obs

∫

∆Ω
Jann(ψ)dΩ, (3.1)

while for the case of DM decay, the number of observed photons is

Ndec = tobs
1

4πτmχ
Nγ,obs

∫

∆Ω
Jdec(ψ)dΩ, (3.2)

where tobs is the observation time, and

Nγ,obs =

∫

∆E

∫ +∞

−∞

dNγ(Ē)

dE
Aeff(Ē)

e−
(E−Ē)2

2σ2

√
2πσ2

dĒdE, (3.3)

where Aeff(E) is the energy-dependent effective area. The quantity Nγ,obs is the energy
spectrum per annihilation or decay multiplied by the effective area of CTA and convolved
with its energy resolution, integrated over the energy range considered (∆E). Here we have
modeled the energy resolution of CTA by convolving the source energy spectra with a Gaussian
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Figure 3. Illustration of the choice of ON and OFF regions. The ON and OFF regions are chosen
within a ring centered on the FOV with inner radius r1 and outer radius r2. For the GC observation
considered here, the center of the FOV is offset by b degrees in latitude from the GC. The ON region
is shown in red, defined by the intersection of a circle of radius rcut centered on the GC and the ring
with inner radius r1 and outer radius r2. The OFF region, shown in blue, is defined by the remainder
of the ring outside of the ON region. The Galactic plane is excluded by a latitude cut of b1 degrees
(shown by the gray rectangle) from both the ON and OFF regions.

with energy-dependent width σ(E), again assuming the capabilities obtained by the Paris-
MVA method [49]. Because the angular resolution of CTA will be small compared to the size
of the ON and OFF regions and the scale on which the DM density profile varies near the
region boundaries, the effect of the PSF is negligible for this study. We note that the effective
area adopted in this work was calculated for on-axis sources, and we neglect that the effective
area of CTA will vary across the FOV, decreasing towards the edges; however, the regions we
adopt in this analysis are close to the center of the FOV (within 2.5◦) where we expect the
effective area to be fairly constant.

We assume the background to be isotropic. The number of background events observed
from a specified region of the sky over an energy window ∆E is then

Nbg = tobs∆Ω

∫

∆E

∫ +∞

−∞

dNCRE(Ē)

dE dAdt dΩ
Aeff(Ē)

e−
(E−Ē)2

2σ2

√
2πσ2

dĒ dE, (3.4)

where ∆Ω is the solid angle of the region and dNCRE/dE dAdt dΩ is the differential intensity
spectrum of the CRE events, and again we have convolved the source spectrum with the
energy resolution of CTA. For each DM mass, we consider energies of 30 GeV up to the DM
mass in the case of annihilation, or up to half the DM mass in the case of decay, in bins of
width ∆ log10(E) = 0.15.

For reference, assuming 200 h of observation, an NFW profile, mχ = 1 TeV, and anni-
hilation to bb̄ with 〈σv〉 = 3 × 10−26 cm3 s−1, the number of signal events in the ON region
integrated from 30 GeV to 1 TeV is Nann,ON ∼ 2000, while the number of signal events in
the OFF region after rescaling is αNann,OFF ∼ 620. The number of background events is
Nbg,ON = αNbg,OFF ∼ 1.5× 106.

The observed count spectra of some example annihilation signals (dNann/dE with Nann

given in Eq. 3.1) and the CRE background (dNbg/dE with Nbg given in Eq. 3.4) are shown in
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Fig. 4. The effective area of CTA increases rapidly with energy over the entire range considered
here, enhancing sensitivity to high-mass DM signals. The photon spectrum for annihilation
(or decay) to bb̄ is fairly soft and not easily distinguished from the CRE background at most
energies. In contrast, the harder spectra associated with annihilation (or decay) to µ+µ− or
τ+τ− are distinct from the CRE background spectrum. In all cases, the spectral cut off at
the DM mass (or half the DM mass in the case of decay) provides a distinguishing feature.

10
−1

10
0

10
−3

10
−2

10
−1

10
0

10
1

10
2

10
3

10
4

10
5

10
6

10
7

10
8

❊❬❚❡❱❪

d
N
❛
♥
♥

d
E

,
d
N
❜
❣

d
E

❬❚
❡❱

−
1
❪

τ+τ− ✭mχ❂✶❚❡❱✮ τ+τ− ✭mχ❂✺❚❡❱✮
bb̄ ✭mχ❂✶❚❡❱✮ bb̄ ✭mχ❂✺❚❡❱✮
µ+µ− ✭mχ❂✶❚❡❱✮ µ+µ− ✭mχ❂✺❚❡❱✮
❈❘❊ ❜❛❝❦❣r♦✉♥❞

Figure 4. The observed count spectrum for annihilation to τ+τ−, bb̄, and µ+µ−, for mχ = 1 TeV or
5 TeV with 〈σv〉 = 3× 10−26 cm3 s−1, for an NFW profile, compared with the CRE background. The
spectra shown are for the ON region, assume 200 h of observation, and have been convolved with the
energy resolution of CTA.

4 Likelihood analysis

Analyses using the Ring Method search for an excess of counts in the ON region compared
to the OFF region. After rescaling the observed counts in the OFF region by the factor
α, the excess of counts between the ON and the rescaled OFF regions is defined as θdiff =
θON−αθOFF, where θON and θOFF are the total numbers of events (the sum of signal photons
and background events) in the ON and OFF regions, respectively.

Following [33], we assume that the likelihood of observing θ counts in a given region is
Poisson-distributed with mean value N , so the likelihood of observing the difference θdiff is
described by the Skellam distribution [51]:

L(θdiff) = e−(NON+αNOFF)

(
NON

αNOFF

) θdiff
2

I|θdiff |(2
√

αNONNOFF). (4.1)

Here I|θdiff | is the |θdiff |th Bessel function of the first kind. Note that here for simplicity we
assumed a Poisson likelihood for αNOFF, whereas formally NOFF is the Poisson-distributed
quantity. The error induced by this approximation is small because α is not very different
from 1; the approximation yields more conservative limits because it slightly over-estimates
Poisson fluctuations in the OFF region. We determine the expected limit in the case that
θdiff = 0, i.e. assuming no signal and perfectly isotropic background. The likelihood is

L(mχ, π) = e−(NON+αNOFF)I0(2
√

αNONNOFF) (4.2)
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Figure 5. Projected sensitivity of CTA to annihilation (left) or decay (right) to τ+τ− for different
density profiles. Sensitivity curves are shown at 95% CL, assuming no signal is detected (see text for
details). Curves indicate upper limit on 〈σv〉 (left) or lower limit on lifetime τ (right). The gray dashed
line indicates the canonical value of the cross section expected if WIMPs are produced thermally with
the correct relic density (although full thermal production is still viable in some scenarios with values
a few orders of magnitude in either direction).

where π denotes 〈σv〉 for annihilation and τ for decay.
We take advantage of the spectral information (c.f. Fig. 4) by calculating the likelihood

over small energy bins, and define the total likelihood as the product of the likelihoods over
each energy bin:

L(mχ, π) =
∏

j

Lj(mχ, π), (4.3)

where j indexes the energy bins. We choose energy bins with log spacing of ∆ log10(E) = 0.15.
We calculate the likelihood ratio −2 ln (L(mχ, π)/max[L(mχ, π)]), which is χ2-distributed

with one degree of freedom and can be well approximated by a Gaussian distribution by the
central limit theorem. In the θdiff = 0 case assumed here, the likelihood ratio is maximized for
〈σv〉 = 0 or τ = ∞ (i.e., no signal events), so we compare this ratio to a Gaussian distribution
and find the value of π, for a certain mχ, which constrains our model at a certain confidence
level (CL). We determine upper limits on 〈σv〉 and lower limits on τ as a function of mχ at
95.4% CL.

5 Results

We now present the expected sensitivity of CTA to annihilation and decay signals from various
DM models. As benchmarks, we consider branching fractions of 100% to τ+τ−, bb̄, or µ+µ−.
Unless otherwise specified, an observation time of 200 h is assumed, and the likelihood analysis
is performed using multiple energy bins from 30 GeV to mχ for annihilation (or to mχ/2 for
decay) as described in §4.

The dependence of the sensitivity on the DM density profile is explored in Fig. 5, for
annihilation or decay to τ+τ−. The limits shown are at 95% CL, assuming no difference is
detected between the number of counts in the ON and rescaled OFF regions. Varying the
inner slope of the DM density profile has a substantial impact on the detectability of the signal
in the case of annihilation, and a smaller but still important impact in the case of decay. For
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the τ+τ− channel, CTA will be sensitive to annihilation cross sections below thermal over the
full range of masses probed (40 GeV to 5 TeV) for profiles with γ ≥ 1 as well as the Einasto
profile. For very steep profiles γ & 1.25, CTA will probe cross sections more than an order of
magnitude below thermal. We do not consider explicitly the case of a cored profile (γ = 0)
because in this case there is essentially no variation in the signal intensity per solid angle
between the ON and OFF regions, so we expect to have no sensitivity with the Ring Method
analysis. As shown in Fig. 5, with a profile as shallow as γ = 0.5 the sensitivity is already
quite poor.

The sensitivities we obtain for the two benchmark profiles, the NFW and Einasto profiles,
are similar, with the Einasto profile providing slightly stronger sensitivity. This is due to the
overall amplitude of the signal from the Einasto profile being larger than for the NFW profile,
even though the fractional difference between the ON and OFF regions is similar for both
profiles. In particular, for annihilation the J factor of the Einasto profile integrated over
the ON region is ∼ 7.7 × 1021 GeV2 cm−5, whereas α times the integrated J factor in the
OFF region is ∼ 2.6 × 1021 GeV2 cm−5; for the NFW profile the integrated ON region
J factor is ∼ 4.0 × 1021 GeV2 cm−5 and α times the integrated OFF region J factor is
∼ 1.3× 1021 GeV2 cm−5.

Changing the inner slope of the DM density profile affects the integrated J factors in
the ON and OFF regions, so we examine whether it is possible to improve sensitivity for
different density profiles by varying the geometrical parameters that define the ON and OFF
regions (c.f. Fig. 3). The results of varying the parameters r1 (which sets the inner radius
of the ring) and rcut (which sets the radial extent of the ON region, which is centered on
the GC) are shown in Fig. 6. Surprisingly, the optimal regions do not vary significantly for
different density profiles. A small improvement in sensitivity can be achieved for very steep
profiles (γ = 1.5) by reducing rcut. The sensitivity weakens somewhat when increasing rcut
for a shallow density profile (γ = 0.5). Given the small degree of variation in achieved limits
for relatively large changes in rcut and r1, we do not attempt to more carefully optimize the
choice of ON and OFF regions, and for simplicity adopt the default parameters noted in
§3.2 for all cases shown. Of course, once the final array configuration for CTA is known and
characterized, optimization of the ON and OFF regions should be performed for each density
profile under consideration prior to performing a DM search in the data.

The projected sensitivity of CTA to benchmark annihilation and decay channels is shown
in Fig. 7, for the NFW and Einasto density profiles. The sensitivity for the bb̄ final state is
weaker at low DM masses due to the softness of the spectrum resulting in fewer signal events
above the energy threshold of 30 GeV. Note that for a given annihilation or decay channel,
the relative sensitivity for other density profiles scales in the same way as in Fig. 5.

We show the impact of performing a spectral analysis in Fig. 8. Here we show the
sensitivity for an NFW profile, either integrating the observed events over one energy bin, or
utilizing multiple energy bins as we describe in §4. The effect is strongest for the µ+µ− and
τ+τ− channels at moderate to high DM masses, and improves the expected sensitivity for
annihilation or decay by up to a factor of ∼ 3.

Figure 9 demonstrates the dependence of the sensitivity on observation time assuming
an NFW profile. The sensitivity at all masses for both annihilation and decay to bb̄, τ+τ−,
and µ+µ− improves roughly as the square root of the observation time, indicating that the
expected limit is background-dominated. However, for annihilation to τ+τ−, even 40 h of
observation will be sufficient to probe the canonical thermal cross section for mχ from ∼
80 GeV to ∼ 2 TeV for an NFW profile.
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Figure 6. Projected sensitivity of CTA to annihilation to τ+τ− with varied choices of r1 and rcut
(parameters defining the ON and OFF regions, see text for details). The cases of γ = 0.5 (top left),
γ = 1.0 (top right), and γ = 1.5 (bottom) are shown. Upper limits on 〈σv〉 are shown at 95% CL
assuming no signal is detected. The only moderately significant change in the projected sensitivity
occurs when increasing the size of the ON region via rcut for a shallow density profile (γ = 0.5).

We now compare in Fig. 10 our projected sensitivity with the sensitivity determined by
the CTA Consortium [31]. In this figure the curves correspond to 100 h of observation, and
we have adopted the NFW profile. The results of [31] are stronger by at most a factor of a
few, with the largest improvements for mχ of ∼ 200 GeV for τ+τ− and µ+µ−, and for mχ of
∼ 700 GeV for bb̄. For higher DM masses (∼ few TeV), our derived sensitivity is stronger by
a factor of ∼ 10 for τ+τ− and µ+µ−.

Several differences in the assumptions and analysis methods employed in our work and
that of [31] are responsible for these discrepancies. We assumed Array I, whereas the results
shown in Fig. 10 from [31] assume Array E. Array E includes more large telescopes, so has
better sensitivity at low energies, leading to the stronger projected DM sensitivity of [31] at
low DM masses for all channels. Indeed, differences in the energy-dependence of the effective
areas of the two arrays leads to general differences between the two results, over the whole
range of DM masses. We also performed spectral analysis, which improves our estimated
sensitivity at high DM masses relative to the results of [31]. Comparing with Fig. 8, we see
that the improvement in our analysis relative to theirs at high masses is partially attributable
to the spectral analysis, and partially due to the different energy-dependences of the Array I
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Figure 7. Projected sensitivity of CTA to annihilation or decay to τ+τ−, bb̄, and µ+µ−, for the
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no signal is detected. The gray dashed line is the canonical thermal cross section, but full thermal
production can still be viable with cross-sections a few orders of magnitude higher or lower. Right:
Lower limits on lifetime τ at 95% CL if no signal is detected, for the case of decay.
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Figure 8. Impact of spectral analysis on sensitivity. Sensitivity curves at 95% CL are shown for
annihilation (left) or decay (right) to bb̄ (green), τ+τ− (blue), or µ+µ− (red) for an NFW profile,
with (solid) or without (dashed) performing the likelihood analysis over multiple energy bins. See
text for details. The gray dashed line is the canonical thermal annihilation cross section, but full
thermal production can still be viable with cross-sections a few orders of magnitude higher or lower.

and E effective areas. We also neglected hadronic backgrounds, which may have led to slightly
optimistic results in our analysis for very low and very high DM masses.

In Fig. 11, we show our results for annihilation to τ+τ− and bb̄, along with current
constraints on these channels from the Fermi LAT combined analysis of dwarf spheroidal
galaxies [6]. For annihilation to bb̄ we also show the upper limit obtained from H.E.S.S. obser-
vations of the GC, assuming an NFW profile [52]. To facilitate comparison, the H.E.S.S. curve
has been rescaled to correspond to a density profile with the local DM density assumed in
this work of ρ⊙ = .43 GeV/cm3; the original H.E.S.S. result assumed a local DM density
of ρ⊙ = .39 GeV/cm3. It is clear that a GC search with CTA will explore complementary
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Figure 9. Dependence of sensitivity on observation time. Sensitivity curves at 95% CL are shown
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a few orders of magnitude higher or lower.
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Figure 10. Comparison of projected sensitivity of CTA from this work (solid curves), which uses
Array I, to the CTA Consortium estimate from [31] for Array E (dashed curves), assuming an NFW
profile and 100 h of observation. Projected sensitivities are calculated for 3 different annihilation
channels: τ+τ− (blue), bb̄ (green), and µ+µ− (red). Differences in projected sensitivity arise due to
different assumptions regarding the array configuration and differences in the analysis method; see
text for details.

parameter space to that probed by the Fermi LAT, and will improve on the existing IACT
bound from H.E.S.S. substantially by improving sensitivity by more than an order of mag-
nitude in annihilation cross section and by extending the search to much lower DM masses
than accessible with the H.E.S.S. observations.

We examine the projected sensitivity of CTA to DM decay in the context of apparent
anomalies observed in cosmic-ray spectra. Figure 12 shows the expected sensitivity of CTA to
decay to µ+µ−, compared with the regions consistent with a DM explanation of the excesses in
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Figure 11. Comparison of projected sensitivity of CTA from this work for the NFW profile (solid
black curve) to current bounds on annihilation to τ+τ− (left) and bb̄ (right). The upper limit on
the annihilation cross section from the Fermi LAT combined analysis of dwarf galaxies [6] (dotted red
curve) is shown for comparison. For the bb̄ channel the upper limit from the H.E.S.S. GC analysis
assuming an NFW profile [52] is also shown. The gray dashed line is the canonical thermal cross
section, but full thermal production can still be viable with cross-sections a few orders of magnitude
higher or lower.
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Figure 12. Predicted sensitivity of CTA to DM decay to µ+µ− as derived in this work, assuming
an NFW or Einasto profile. Curves indicate current lower limit or projected limit in the case of
no detection on DM lifetime at 95% CL. Current constraints from the Fermi LAT measurement of
the IGRB [53] as derived in [41] are shown for comparison. Regions consistent with the positron
fraction measurements by PAMELA and Fermi and the PAMELA measurement of the antiproton
flux, at 95.45% C.L. and 99.999% C.L. (green and yellow regions, respectively), are marked. Regions
consistent when the e+ + e− fluxes measured by Fermi, H.E.S.S., and MAGIC are included in the fit
are also shown at 95.45% C.L. and 99.999% C.L. (red and orange regions, respectively) [41].

the positron fraction and total CRE spectrum measured by various experiments and consistent
with the measured antiproton spectrum, as determined in [41]. The lower bound on the DM
lifetime from the Fermi LAT measurement of the IGRB from Fig. 2 of [41] is also shown.
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The IGRB curve corresponds to constraints from the 2010 data only, excluding the later
preliminary IGRB data points. The “signal” regions consistent with DM interpretations of
the cosmic-ray anomalies have been rescaled so that they correspond to a Milky Way halo
with the local DM density adopted throughout this work. Constraints in [41] were derived
for an NFW density profile, however the impact on the local cosmic-ray fluxes of varying
the density profile is small. While currently some parameter space consistent with all of the
charged cosmic-ray data remains viable for the µ+µ− channel, we find that CTA will be able
to test these signal regions for either an NFW or Einasto density profile. We note that CTA
is projected to achieve similar sensitivity to a DM decay signal from Fornax [41].

Finally, we point out that our analyses here (and all those performed to date), have
assumed isotropic backgrounds and no systematic errors, so should still be considered some-
what optimistic. In reality the CRE and cosmic-ray proton backgrounds may not be perfectly
isotropic, which can introduce a theoretical error in the calculation of θdiff . A far larger system-
atic probably comes from the Monte Carlo determination of the effective area itself. Another
source of systematic error is the modeling of the background spectra: although the slope and
normalization is rather well determined for CREs, some freedom exists in the choice of CR
proton parameters. Determining the impacts of these systematics is beyond the scope of the
current paper, but they should be investigated in detail if robust results are to be gleaned
from CTA.

6 Conclusions

In this work we examined the sensitivity of searches for gamma rays from DM annihilation or
decay from the GC with CTA. We showed that the sensitivity of a search is strongly affected
by the assumed DM density profile. This is due both to the variation in the overall amplitude
of the DM flux and to the ON-OFF analysis method adopted to determine the level of the
cosmic-ray background. If DM searches with CTA find no detection, the strong dependence of
the inferred limit on the assumed density profile indicates that independent constraints on the
DM density profile will be extremely important to enable meaningful comparisons between
the results of this search and complementary searches, e.g., direct and collider searches.

For annihilation to τ+τ−, 200 h of observation of the GC with CTA will be able to
probe annihilation cross sections below the canonical thermal relic value for DM masses from
∼ 40 GeV up to several TeV; for annihilation to bb̄ these observations could test close to the
thermal relic cross section for masses above a few hundred GeV. The projected sensitivities
for both of these channels represent a substantial improvement over existing bounds, and will
allow favored models to be tested in this mass range for the first time. CTA will also be able to
confirm or exclude currently-allowed interpretations of measured cosmic-ray excesses in terms
of DM decay. Taking advantage of the differences in the spectra of the signal and background
can improve sensitivity by a factor of ∼ 3 at high DM masses for both annihilation and decay
for the τ+τ− and µ+µ− channels.

CTA will provide the high-energy astrophysics community with a leap in observational
capabilities, and has the potential to make great strides in exploring new DM parameter space
through searches for annihilation and decay signals. Upcoming cosmic-ray measurements and
multi-wavelength analysis can also serve as valuable tests of DM signals, and are comple-
mentary to gamma-ray studies. In conjunction with these other indirect searches, CTA is a
promising tool to detect and constrain the particle properties of DM.
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