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F-91191 Gif-sur-Yvette, France
2Kavli Institute for the Physics and Mathematics of the Universe (WPI), University of Tokyo,

Kashiwa, Chiba 277-8583, Japan
3GRAPPA Institute, University of Amsterdam, 1098 XH Amsterdam, Netherlands

4Berkeley Center for Theoretical Physics, University of California, Berkeley, California 94720, USA
5Theoretical Physics Group, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA

6Center for Theoretical Physics, Massachusetts Institute of Technology,
Cambridge, Massachusetts 02139, USA

7School of Natural Sciences Institute for Advanced Study, Princeton, New Jersey 08540, USA

(Received 30 July 2020; accepted 8 December 2020; published 12 January 2021)

TeV-scale particles that couple to the standard model through the weak force represent a compelling class
of dark matter candidates. The search for such weakly interacting massive particles has already spanned
multiple decades, and whilst it has yet to provide any definitive evidence for their existence, viable
parameter space remains. In this paper, we show that the upcoming Cherenkov Telescope Array (CTA)
has significant sensitivity to uncharted parameter space at the TeV mass scale. To do so, we focus on two
prototypical dark matter candidates, the Wino and Higgsino. Sensitivity forecasts for both models are
performed including the irreducible background from misidentified cosmic rays, as well as a range of
estimates for the Galactic emissions at TeV energies. For each candidate, we find substantial expected
improvements over existing bounds from current imaging atmospheric Cherenkov telescopes. In detail, for
the Wino we find a sensitivity improvement of roughly an order of magnitude in hσvi, whereas for the
Higgsino we demonstrate that CTA has the potential to become the first experiment that has sensitivity to
the thermal candidate. Taken together, these enhanced sensitivities demonstrate the discovery potential for
dark matter at CTA in the 1–100 TeV mass range.

DOI: 10.1103/PhysRevD.103.023011

I. INTRODUCTION

While dark matter (DM) is about 85% of the total matter
content of the Universe, its fundamental nature is not
known. An elementary particle with mass and couplings
at the electroweak scale can naturally represent all the
DM in the Universe. Null searches at colliders and in direct
detection have already excluded many realisations of this
paradigm. Nonetheless, the WIMP (weakly interacting
massive particle) miracle remains compelling, and espe-
cially for DM at the TeV mass range there remains
uncharted parameter space. Archetypal TeV DM WIMPs
include the Wino and the Higgsino. Both candidates could
arise as the lightest supersymmetric particles, and can
account for all the DM in significant parts of the super-
symmetric parameter space, assuming a standard thermal
history for the Universe [1]. More generally, Higgsino and
Wino DM can be thought of as viable minimal extensions
to the Standard Model (SM) independent of their high-scale
origin. That compelling DM candidates exist at the TeV
mass scale provides a strong motivation to search for any

hints of these new particles using ground-based imaging
atmospheric Cherenkov telescopes (IACT), which have
strong sensitivity in the TeV energy range.
In this work, we explore the sensitivity of the upcoming

Cherenkov Telescope Array (CTA) [2] to Wino and
Higgsino DM. To do so, we use one of the most advanced
calculations available for the gamma-ray annihilation spec-
tra, where particularly for the case of the Wino, there has
been significant recent theoretical development. Using the
expected performances of the CTA observatory from the
latest Monte Carlo simulations of the instrument response
function (IRFs) for the Southern site [3], we compute
the CTA sensitivity to Wino and Higgsino DM in the
TeV to 10-TeV DM mass range using a three-dimensional
log-likelihood-ratio test statistic analysis. There remains
considerable uncertainty as to the relevant astrophysical
backgrounds for very high-energy (VHE) gamma-ray
searches in the Galactic Center (GC). Accordingly, we will
consider a wide range of possibilities for the background,
and demonstrate that even in the most pessimistic scenarios
the prospects for DM discovery at CTA are significant.
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The paper is organized as follows. Section II describes
the modeling of the expected DM annihilation signals in
gamma rays for the Wino and Higgsino DM. In Sec. III, we
discuss the astrophysical backgrounds in the GC region that
are relevant for TeV DM searches. Section IV presents the
expected CTA performances, the definition of the ROIs, the
expected signal and background rates, and the statistical
analysis method to compute the CTA sensitivity. The
results are discussed in Sec. V and we conclude in Sec. VI.

II. THE DARK MATTER SIGNAL

In this work, we restrict our attention to two compelling
DM benchmark candidates: the Wino and Higgsino.
The motivation for choosing these candidates is twofold.
First, they represent well-motivated DM candidates that
have proved challenging to test using other experimental
techniques. Second, although they can be thought of as
particularly simple extensions to the SM, the physics
involved in determining the photon spectrum resulting
from their annihilation is rich and can be considered
representative of the phenomena relevant for more general
TeV-scale DM. In this section we will briefly expand on
each of these points.
Considering the problem from the top down, there

are compelling theoretical motivations to believe that the
Wino or Higgsino might be the DM of our Universe. Both
candidates often arise generically as the lightest super-
symmetric particle in supersymmetric extensions of the
SM [4–6]. Further, these candidates naturally arise as DM
candidates near the weak scale in specific realizations such
as split [7–14] or spread [15,16] supersymmetry.
Independent of high-scale motivations, the Wino and

Higgsino can also be motivated from the bottom up, as they
both represent simple TeV DM candidates, and can be
taken as a testing ground for the type of theoretical effects
that can be relevant for generic DM searches at CTA.
Indeed the electroweak triplet Wino has been identified as
one of the simplest extensions to the SM to include a viable
DM candidate, when viewed through the minimal DM lens
[17–21], and has been considered for almost three decades
[22]. The Higgsino can also arise in minimal models, as
shown for example in Refs. [23,24]. In passing we mention
another particularly simple extension to the SM that would
fall into this minimal class: the quintuplet. Here the DM is a
Majorana fermion transforming in the quintuplet represen-
tation of SUð2ÞW ; it represents an additional candidate of
interest for CTA given its thermal mass is 14 TeV [25];
although, we will not consider it in the present work.
Both the Wino and Higgsino couple through the SM,

leaving only the masses of the DM and nearly degenerate
states as free parameters in the theory. The scale of the
splitting between the various states, discussed further
below, is significantly smaller than the overall mass scale.
For these reasons, assuming the particles are produced in
the early Universe as thermal relics, the overall mass scale

is fixed by the observed DM density. The required mass has
been calculated as 2.9� 0.1 TeV for the Wino [26–28],
and 1.0� 0.1 TeV for the Higgsino [18,26]. These specific
masses are of particular interest, and as we will show in this
work are potentially within reach of CTA. Nevertheless, it
is worth exploring a larger mass range, which becomes
plausible if we relax the assumption that the DM is a simple
thermal relic produced within the standard cosmology.
Given their significant motivation, there have been a

number of attempts to discover these forms of DM, for
example see [29–31]. At present, LHC searches have ruled
out Wino masses below ∼500 GeV [32,33]. Unfortunately,
the Higgsino is considerably more difficult to search for;
even ∼400 GeV is a highly optimistic goal for the full
LHC dataset [34]. Further, thermal masses are out of reach
for the LHC for both candidates, and potentially difficult
to discover even at future 100 TeV colliders [34–37].
Discovery in direct detection is equally challenging. The
thermal Wino cross section is near the neutrino floor, and
the Higgsino is even harder to probe, sitting below the floor
[38–42]. This leaves indirect detection, where the prospects
for discovery at CTAwill be explored in the present work.
The prospects for minimal supersymmetric DM candidates
at CTA has previously been explored in [43,44], although
we will approach the problem with updated predictions for
the DM spectra and astrophysical background contribu-
tions. Note also that indirect detection with antiprotons is
an alternative search strategy, see for example [45–47],
although the systematics associated with such searches are
considerable. Studies have been carried out in the frame-
work of phenomenological supersymmetric extensions of
the SM to demonstrate the complementarity of the different
experimental techniques devised to detect DM depending
on the composition of the lightest supersymmetric particles.
As shown, for instance, in Refs. [43,44,48,49], the CTA
observations will open a unique discovery space for TeV-
scale WIMPs.
Independent of its theoretical motivations, the physics

involved in determining the Wino indirect detection sig-
nature has proven particularly rich. The cross section to line
photons, which arises at one loop, was first calculated more
than 20 years ago [50–52]. This result is not sufficient to
obtain all relevant Oð1Þ contributions to both the rate for
Wino annihilations and the resulting photon spectrum.
To do so there are four effects that must be included:
(1) The Sommerfeld enhancement, where a significant

correction to the cross section arises from the
potential generated by the exchange of electroweak
particles between the Wino states [18,53–56].

(2) Continuum emission of photons with E ≪ mDM
resulting from the decay of final state W and Z
bosons, the spectrum of which can be determined
using for example PPPC 4 DM ID [57].

(3) Resummation of Sudakov double logarithms of the
form αW ln2ðmDM=mWÞ, which become significant
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when the DM mass is well above the scale of the
electroweak particles which mediate the annihilation
[58–63].

(4) Inclusion of end point photons, which have E ¼
zmDM with 1 − z ≪ 1. At any instrument with finite
energy resolution, such as CTA, these photons can
become indistinguishable from the line associated
with the two body final state where z ¼ 1. Due to the
phase space restriction on photons most likely to be
mixed with the line, their contribution is enhanced
as αW ln2ð1 − zÞ, and again these logs must be
resummed [62,64,65].1

The first calculation involving all of these effects for the
Wino was performed in Ref. [64], and has now been
extended to next-to-leading logarithmic (NLL) accuracy
[65]. In the present work we will make use of the full NLL
spectrum from that reference, and in many ways that aspect
of our analysis will represent an update of the H.E.S.S.
Wino sensitivity estimates performed in [68] for the case of
CTA. We note that the calculation in [65] was performed
under the assumption that mW=ð2mDMÞ is much smaller
than the instrumental energy resolution, ΔE=E. Given that
for CTA ΔE=E ∼ 10%, we estimate that the predicted
spectrum begins to become unreliable for mDM ≲ 1 TeV.
Fixing this would require matching our predictions onto a
calculation valid in this regime, such as the calculation in
Refs. [69,70]. In this work we will show limits down to
mDM ¼ 600 GeV, and given the above caveat we empha-
size that results in this low mass region are subject to larger
theoretical uncertainties.
In the case of the Higgsino, a full calculation involving

all effects relevant for CTA has not yet been performed and
is well beyond the scope of the present analysis. A number
of results do exist, however, including the full Sommerfeld
calculation [54]. In addition, the work in [62] demonstrated
that the resummed end point contribution for the Higgsino
is likely to be crucial and to lead to a largeOð1Þ correction.
Most significantly, a full NLL calculation of the effects in a
framework assuming the energy resolution is of order
mW=mDM or ðmW=mDMÞ2 has recently been performed
in [71], although for CTA this assumption will not hold
across the entire mass range considered here. Given this
state of affairs, in the present work we will use just the tree-
level annihilation rate, supplemented with the Sommerfeld
enhancement, to produce both line photons and continuum
emission (i.e., photons arising from decays of the primary
annihilation products). As we will show, within this
simplified framework the prospects for the Higgsino at
CTA appear encouraging. Nevertheless, we caution that we

are using theoretical predictions that are known to be
missing large Oð1Þ corrections, a caveat that applies to all
Higgsino results shown in this work. That our results
indicate CTA may well be able to probe the thermal
Higgsino only reinforces the need for the full calculation
to be performed.
In the Higgsino case, there are two additional parameters

which must be specified beyond the DM mass, namely the
splittings between the charged and neutral states, δmþ and
δmN . In the Wino case this is not an additional degree of
freedom, as when all the other superpartners are much
heavier, the splitting is dominated by radiative effects,
and has been calculated at two-loops to be mχ� −mχ0 ≃
164.4 MeV [72]. If the splittings were purely radiative in
the Higgsino case, the neutral states would be of equal mass
(δmN ¼ 0) and would both contribute to the DM, allowing
for tree-level scattering between DM and visible particles
via a Z exchange. This scenario is strongly excluded by
constraints from direct detection; evading this limit requires
the heavier neutral state to be kinematically inaccessible in
direct-detection experiments, suggesting δmN ≳ 200 keV
for TeV-scale DM. Such small splittings can be easily
induced in supersymmetric scenarios by a tiny mixing
of the Higgsino with the heavier neutralinos. For the
Higgsino, consequently, there is a wide space of possible
mass splittings. Given that our Higgsino spectrum is
representative and not exact, as mentioned above, we will
not attempt an exhaustive scan of the allowed model space.
Instead, we take two representative values following [62].
Specifically, we consider

Scenario 1: δmN ¼ 200 keV and δmþ ¼ 350 MeV. This
scenario represents the case where the neutral mass
splitting saturates the direct detection bound and the
charged mass splitting is set to its radiative value.

Scenario 2: δmN ¼ 2 GeV and δmþ ¼ 480 MeV. This
scenario is chosen to contrast with the above, so that
now the ratio of the splittings has been inverted, and
we have δmN ≫ δmþ. A δmN splitting at this level can
be generated in the minimal supersymmetric Standard
Model by gauginos just a factor of few heavier than
the Higgsino; it thus represents the upper end of the
splittings expected from mixing effects.

All results for the Higgsino will be shown for both
scenarios.

A. Dark matter density distribution
in the Galactic Center

In addition to the details of the particle nature of dark
matter, the GC annihilation signal depends critically on
the distribution of DM around the centre of the Milky Way.
Yet, at present, the distribution of the density of DM in
this region of the galaxy is neither firmly predicted from
simulations nor significantly constrained by observations.
N-body simulations containing only DM motivate density
profiles rising steeply toward the GC, and for our fiducial

1For annihilation of neutralinos with no Sommerfeld enhance-
ment, these contributions have previously been calculated at fixed
order in [66,67]; in the presence of Sommerfeld enhancement,
there will be additional end point contributions arising from the
conversion of neutralinos into a virtual chargino pair through the
long-range potential, followed by annihilation of the charginos.
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model we choose one parametrization of these observa-
tions, the Einasto profile [73]

ρEinasto ¼ ρ0 exp

�
−
2

α

��
r
rs

�
α

− 1

��
; ð1Þ

where r is the Galactocentric radius. Our fiducial model
is defined by the following parameter for the Milky Way
Galaxy we take α ¼ 0.17 [74], rs ¼ 20 kpc [75], and ρ0
chosen so that ρDMðr⊙Þ ¼ ρ⊙ ¼ 0.39 GeV=cm3 [76],
where r⊙ ¼ 8.5 kpc is the estimated distance from the
Sun to the GC. These values are motivated by a comparison
to earlier results; however, we note that the exact value for a
number of these parameters are currently being refined.
For example, more recent measurements have found that
r⊙ ¼ 8.127 kpc [77]. Improvement to our understanding of
the local DM density are being pursued on a number
of fronts, see for example [78] for a review. We emphasize
that any change to ρ⊙ can be trivially propagated to our
results by rescaling the predicted signal by a factor of
½ρ⊙=ð0.39 GeV=cm3Þ�2.
One systematic uncertainty associated with the GC

DM density that can have a significant impact on the
present analysis is the possibility that true density is
reduced by to the presence of a core in the inner galaxy.
The incorporation of baryonic matter and its associated
feedback into N-body simulations have demonstrated that
these effects can flatten out the DM density distribution at
small r, producing a constant-density “core.” For Milky
Way–sized galaxies, the core radius can be of order 1 kpc
[79], or even larger; depending on the modeling of baryonic
physics, cores extending to ∼5 kpc can potentially be
obtained [80].
At present, the exact size of such a core is highly uncer-

tain. To account for the uncertainty in the DM distribution
at small Galactocentric radii, and the possibility of kpc-
scale cores in the region of interest (ROI), we study the
gamma-ray signals associated with a cored density profile.
We empirically parametrize constant-density cores by set-
ting the density profile to ρEinastoðrÞ for r > rc, and to
ρDMðrcÞ ¼ ρEinastoðrcÞ for r < rc. We fix the normalization
of the density profile at r ¼ r⊙, i.e., ρDMðr⊙Þ ¼ ρ⊙ in
all cases.

B. Annihilation signal spectrum

The total photon flux observed from DM annihilation, in
a given ROI, is given by

dΦγ

dE
¼ hσviline

8πm2
DM

dNγ

dE
× J; ð2Þ

where the astrophysical factor, or J factor, is given by

J ¼
Z
ROI

dΩ
Z

dsρ2DM: ð3Þ

We emphasize at the outset that the use of hσviline
within Eq. (2) does not imply we are only considering the
annihilation of dark matter to two body final states
producing a photon at almost exactly mDM. There is an
inherent freedom to redefine what is meant in that equa-
tion by hσvi and the cross section per annihilation,
dNγ=dE, as long as the product is left unchanged. We
have exploited this freedom to write the cross section in a
convenient form, as the cross section to produce two
photons,

hσviline ¼ hσviγγþγZ=2: ð4Þ

In detail σline corresponds to the cross section for DMDM →
γγ plus half the cross section for DMDM → γZ, as there
is only a single photon in the latter process. This is a
convenient choice, as this cross section is traditionally
how limits on the Wino and Higgsino are presented.
Using this definition, if the spectrum consisted only of
the exclusive line, then it would simply be given by
2δðE −mDMÞ. Yet, as emphasized, even though we will
use hσviline to parametrize our rate, it is not the only final
state we include. More generally, we have

dNγ

dE
¼ 2δðE −mDMÞ þ

dNep
γ

dE
þ dNct

γ

dE
; ð5Þ

where the normalizations for the end point (ep) and con-
tinuum (ct) spectra are determined relative to the line cross
section. A more detailed discussion of this point, and the
detailed form the end point and continuum spectra appearing
in Eq. (5), can be found in [64].
As discussed above, in the case of the Wino we will use

the full analytic NLL calculation of the end point spectrum
and hσviline provided in [65]. The continuum spectrum
from production of gauge bosons and their subsequent
decay is calculated as described in that work.
For the Higgsino, no end point contribution is included,

and the line and continuum cross sections are estimated
from a tree-level calculation including the nonperturbative
effects of Sommerfeld enhancement. The Sommerfeld-
enhanced cross section for each final state channel X is
determined as

ðσvrelÞχ0χ0→X ¼ 2
X
jj0

s0jðΓXÞjj0s�0j0 ; ð6Þ

where ΓX is a channel-specific “annihilation matrix,” and
the s0j coefficients describe the Sommerfeld vector appro-
priate to the χ0χ0 initial state, derived by solving the
Schrödinger equation, as discussed in Ref. [30] (and
following the notation in that work). The prefactor of 2
accounts for the fact that our initial state consists of two
identical DM particles. The potential matrix VðrÞ for the
Schrödinger equation is given by this [54]:
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2δmþ − α
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αWx2

4c2W

e−mZr

r −
ffiffi
2

p
αWe−mWr
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ffiffi
2

p
αWe−mWr

4r

−
ffiffi
2

p
αWe−mWr

4r 2δmN − αWe−mZr

4c2Wr

−
ffiffi
2

p
αWe−mWr

4r − αWe−mZr

4c2Wr 0

1
CCCCCA:

ð7Þ

The first, second, and third rows/columns correspond,
respectively, to the χþχ− two-particle state, the two-particle
state comprised of the heavier neutral species χ1χ1, and
the two-particle DM-DM state χ0χ0. Here x ¼ 1�2s2W ,
cW ¼ cos θW , and sW ¼ sin θW .
The tree-level annihilation matrices appropriate to the

Higgsino are given by this [54]2:

ΓWþW− ¼ πα2W
64m2

DM

0
B@ 8 4

ffiffiffi
2

p
4

ffiffiffi
2

p

4
ffiffiffi
2

p
4 4

4
ffiffiffi
2

p
4 4

1
CA;

ΓZ0Z0 ¼ πα2W
64c4Wm

2
DM

0
B@ 4x4 2

ffiffiffi
2

p
x2 2

ffiffiffi
2

p
x2

2
ffiffiffi
2

p
x2 2 2

2
ffiffiffi
2

p
x2 2 2

1
CA;

ΓγZ0 ¼ πααW
2c2Wm

2
DM

0
B@ x2 0 0

0 0 0

0 0 0

1
CA;

Γγγ ¼
πα2

m2
DM

0
B@

1 0 0

0 0 0

0 0 0

1
CA; ð8Þ

where α ¼ αEM.
In both cases the continuum spectrum arising from W

and Z decays is determined using [57] (note that masses
above 100 TeV would require manual generation of the
spectra, e.g., using PYTHIA 8.215 [81–83], but we do not
consider such high masses in this work).

III. BACKGROUNDS IN THE GC REGION

A. Cosmic-ray background

The main background for the DM search with IACTs
comes from hadron and electron cosmic rays (CRs) that are
misidentified as gamma rays. The numerous interactions
of CR hadrons (protons and nuclei) in the Earth’s atmos-
phere give rise to hadronic showers which may induce
electromagnetic subcascades due to the decay of neutral
pions produced in inelastic CR interactions. While the
hadronic and electromagnetic showers can be efficiently

discriminated through shape analysis of the shower image
[84,85] and, possibly, the arrival time of the shower front
[86], a fraction of the hadronic cosmic rays cannot be
distinguished from photons due to the finite rejection power
of the instrument, and the electron-induced showers are
very similar to the gamma-ray ones [87]. Misidentified
hadrons and electrons3 produce an irreducible isotropic
background, referred to hereafter as the residual back-
ground. The residual background for CTA is computed
from accurate simulations of the incoming CR fluxes
including protons and heavier nuclei, described by
power-law spectra, as well as electrons and positrons,
described by a log-normal peak on top of a power law.
The publicly available IRFs of CTA used in the present
work are provided in Ref. [3]. The source file CTA-
Performance-prod3b-v1-South-20deg-average-50h.root is
used to extract the energy-dependent effective area, back-
ground rate and energy resolution. The IRFs are taken for
the Southern site of CTA, which is most relevant for
observations of the inner region of the Milky Way, at a 20°
mean zenith angle (which we expect to approximate the
average zenith angle for observations of the GC).

B. Definition of the regions of interest

The survey of the inner Galactic halo is one of the key-
science observation programs of CTA [89]. The central
survey region plans a deep exposure of more than 500 h
expected in the inner 5° of the GC with, in addition, 300 h
of exposure from the extended survey to cover regions
out 10° from the Galactic plane. The ROI for the annihilat-
ing DM search is defined as a square region in Galactic
coordinates of 10° side length, centered at the GC. Defining
several sub-ROIs improves the sensitivity to DM by
exploiting the features of the spatial behavior of the
expected DM signal with respect to backgrounds. The
search region is split into 400 square 0.5° × 0.5° pixels.
No significant impact of the choice of the spatial binning
size is noticed given the expected photon statistics obtained
in each bin from the CTA inner Galactic halo survey.
Varying the bin size (within a range that gives reasonable
photon statistics per bin) has been tested and has a
negligible impact on the results. The solid angle of the
spatial bin jk is given by

ΔΩjk ¼
Z
Δl

Z
Δb

dbkdlj cos bk; ð9Þ

where l and b are the Galactic longitude and latitude,
respectively, given by l ¼ lmin þ jΔl and b ¼ bmin þ kΔb
with bmin ¼ −4.75° and lmin ¼ −4.75°. Δb ¼ 0.5° and

2We have corrected the off-diagonal terms for the annihilation
matrix in Ref. [54], bringing the inclusive annihilation rates into
agreement with Ref. [18].

3Local (≲1 kpc) CR electron/positron sources may leave an
imprint in the arrival directions of VHE electrons. However, no
anisotropy has been detected so far [88].
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Δl ¼ 0.5° are the sizes of the square pixel in longitude and
latitude, respectively.
Following Refs. [90,91], the region of �0.3° around the

Galactic plane is excluded as being dominated by standard
astrophysical sources of VHE gamma rays. In addition a
disk of radius 0.4° is discarded at the position of HESS
J1745-303, one of the brightest extended VHE gamma-ray
sources in the overall ROI. In addition, circular regions of
0.25° radius centered on the selected Fermi-LAT source
nominal positions are excluded.

C. TeV diffuse emission in the Galactic Center

The GC is a very crowded region where significant VHE
gamma-ray emission arises from various astrophysical
objects and production processes. In addition to pointlike
sources such as HESS J1745-290 [92,93] spatially coinci-
dent with the supermassive black hole Sagittarius A* lying
at the gravitational center of the Milky Way, diffuse
emission will also contribute to the total gamma-ray flux.
Deep observations of the GC region carried out by H.E.S.S.
reveal the detection of VHE emission correlated with
massive clouds of the central molecular zone [94], and
more recently extended emission in the inner 50 pc of the
GC [95], from PeV protons interacting in the interstellar
medium.
At lower energies, the Galactic diffuse emission (GDE)

constitutes about 80% of all the photons detected by Fermi-
LAT in the energy range of a few MeV to ∼1 TeV [96].
The GDE results from the interactions of energetic CR
particles with interstellar material and ambient photons,
possibly including individual diffuse sources.4 The main
processes giving rise to the GDE are π0 decay,
Bremsstrahlung, and inverse Compton scattering (ICS).
In the Fermi-LAT energy band, current efforts to detect DM
in this sky region are limited by uncertainties in the models
for these three components; this is not the case for current
H.E.S.S. VHE gamma-ray searches, but the greater sensi-
tivity of CTA will likely render the GDE contribution
important even in the VHE regime. Thus unraveling a
potential DM signal from the GC observations by CTA, or
setting robust constraints, will require the construction of
GDE models that are as realistic as possible.
The Fermi-LAT collaboration has developed a GDE

model which is publicly available and is the standard in
most Fermi analyses [97]. This model was constructed
with a data-driven approach in which the π0 decay and
Bremsstrahlung gamma rays were modeled as a linear
combination of spatial templates describing the distribution
of interstellar gas in the Galaxy. For the IC emission this
work used the CR propagation code GALPROP [98]. In order
to account for some extended positive gamma-ray residuals

that have been detected in various regions of the sky, the
Fermi-LAT collaboration also included several empirical
maps in their GDE model. Among them, and relevant
to this work, are the Fermi bubbles [99,100] (see Sec. III E
for details).
However, a limitation of the Fermi GDE model is that it

only allows for its overall normalization to be varied in the
fits to the gamma-ray data. This is a very good approxi-
mation for analyses of compact astrophysical objects
(also called gamma-ray point sources) but can have an
impact in studies of extended objects like that of a putative
DM source.
The systematic uncertainties in the GDE model can also

be explored using GALPROP. Ackermann et al. (2012) [96]
performed fits to the gamma-ray data using a grid of
alternative GDE models created with different propaga-
tion parameter setups, CR halo sizes, and 2D CR source
distributions. One of the advantages of this approach is that
each component of the GDE can be included in the
maximum likelihood fits with independent normalizations.
Interestingly, the most recent release of GALPROP (v56)

[101] contains more realistic 3D models for the interstellar
radiation field and interstellar gas distributions. Compared
to older versions of the code, the new models abandon the
common assumption of 2D Galactocentric cylindrical
symmetry in the propagation of CRs, which is expected
to have important effects for analyses of the GC region.
In the present study, we make use of GALPROP v56 to

reproduce a single representative model for the GDE taken
from Ref. [101], and include it in our gamma-ray pipeline.
For the chosen model, the cosmic rays that source the
observed diffuse emission follow a distribution that is half
2D disc and half 3D spiral arms. The spiral arms template is
based on [102]. For the specific details of this model we
refer to [101], and see also [103,104] where the model used
is referred to as “F98-SA50.” Going forward, we refer to
this specific GDE model as “GDE scenario 1.” The maps of
this GDE model in Galactic coordinates are given in the top
panels of Fig. 2 in terms of integrated flux in the energy bin
centered at 1 TeVand a spatial pixel of size 0.5° × 0.5°. We
use a data-driven prescription for the energy spectrum of
this GDE model. For energies below 50 GeV, we first fit the
spatial maps produced by GALPROP in each energy bin to
the Fermi-LAT data in a 15° × 15° region centered on the
GC, separately floating the gas-correlated and ICS com-
ponents [106]. The resulting fluxes associated with each
component are shown in the left panel of Fig. 1 (filled pink
and cyan triangles). We then use these data points to find
simple parametric descriptions of the spectra for the two
components; it is these parametric forms that are used in the
remainder of the analysis.
Specifically, we fit a power law to the derived data points

for the spectrum of the gas-correlated emission (filled pink
triangles in Fig. 1), and a power law with exponential cutoff
to the derived data points for the spectrum of the ICS (filled

4In what follows, the GDE model restricts to the CR-induced
interstellar emission model since the main diffuse sources
relevant for the analysis here are masked in the region of interest.
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cyan triangles in Fig. 1). The resulting best-fit values for the
spectral index Γ, normalization ϕ0, and energy of cutoff
Ecut are given in Table I. The spatial maps produced by
GALPROP, at each energy, are then renormalized so that their
total fluxes in the region of interest are described by these
spectra. Since our purpose is to estimate the likely

contribution of the GDE at higher energies, we prefer this
approach to simply fitting the maps in each energy bin to
the Fermi-LAT data, because at high energies these data
become noisy (due to low photon statistics) and the error
bars on the GDE components can be very large.
We employ also an alternative approach to estimating the

diffuse emission relevant for this analysis, referred to as
“GDE scenario 2.” For the second scenario we derive the
spatial shape of π0 emission using the measured distribu-
tion of interstellar dust throughout the Milky Way [107].
This dust is expected to approximately follow the distri-
bution of gas throughout the galaxy, which forms the
targets for cosmic-ray protons to scatter off and form
pions. To the extent this is true, and that further cosmic-
ray protons are uniformly distributed, we can use this map
as a proxy for the π0 emission. For the ICS, following
Ref. [108], we adopt a simple analytic shape as a function
of Galactic longitude, l, and latitude, b, given by

ICSðb; lÞ ∝ exp

�
−

l2

2ð30°Þ2
�

× ðcsc ½max ð2°; jbjÞ� − 1Þ: ð10Þ

TABLE I. Spectral parameters of the two models of the Galactic
diffuse emission. The gas-correlated component is parametrized
as a power law and the ICS component as power law with
exponential cutoff.

Scenario 1

Component ϕ0 [TeV−1 cm−2 s−1 sr−1] Γ Ecut [TeV]

π0 7 × 10−10 2.48 …
ICS 3 × 10−10 2.46 70

Scenario 2

Component ϕ0 [TeV−1cm−2s−1sr−1] Γ Ecut [TeV]

π0 8 × 10−10 2.48 …
ICS 5 × 10−10 2.40 100
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FIG. 1. Left panel: VHE astrophysical emissions in the GC region. The energy differential fluxes are plotted for the π0 (pink open
triangles) and ICS (cyan open triangles) components of the galactic diffuse emission measured by Fermi-LAT extracted from Ref. [105],
and for the π0 (pink filled triangles) and ICS (cyan filled triangles) components derived from an alternative analysis [106] performed in the
inner 15° × 15° of the GC. The filled and open triangles are used for fitting a power law or a power law with exponential cutoff, and then we
use the fitted curves to normalize the maps in the CTA energy range. The H.E.S.S. Pevatron spectrum (red dots) and the low-latitude
spectrum of the Fermi bubbles (blue filled squares) [95] are also shown. Conservative (dashed blue line) and optimistic (log-dashed blue
line) parametrizations of the Fermi bubbles component are plotted. Note that the region corresponding to the Galactic ridge emission is
excluded from the region of interest (see Sec. IV B). Right panel: expected differential count rate as a function of energy for the expected
signal and backgrounds in the ROI (5,11), a 0.5° × 0.5° squared pixel centered at l ¼ 2.75°, b ¼ −0.25° (see Sec. IV B for more details on
the ROI definition). The expected DM rates are plotted for a 3 TeVWino with an annihilation cross section of 2.3 × 10−26 cm3 s−1 (orange
solid line), and for a 1 TeV Higgsino with an annihilation cross section of 1.1 × 10−28 cm3 s−1 (9.2 × 10−29 cm3 s−1) (green solid lines)
assuming δmN ¼ 200 keV (δmN ¼ 2 GeV) and δmþ ¼ 480 MeV (δmþ ¼ 350 MeV). For the background we show the residual
background, the backgrounds for GDE scenarios 1 and 2, and the maximum Fermi bubbles contribution. The DM signal curves correspond
to the full spectra, including the line component, and have been convolved with the CTA energy resolution.
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In the second line, the argument of the csc is not allowed to
decrease for jbj < 2° in order to regulate the divergence
at b → 0. To characterize the spectrum of the GDE
components in this “GDE scenario 2,” we perform a fit
to the spectra given in the right panel of Fig. 1 in Ref. [105]
(and plotted as empty triangles in the left panel of Fig. 1,
after translation to the ROI in question). We thus obtain a
power-law spectrum for the gas-correlated emission and a
power-law spectrum with an exponential cutoff for the ICS
emission. We normalize the spatial maps in each energy bin
so that their total fluxes within the ROI follow these spectra.
Reference [105] presented a detailed analysis of the

emission near the Galactic center as observed by the Fermi
satellite, and therefore can be used to estimate the diffuse

emission relevant for CTA. The data was fit to spatial
templates in 27 logarithmically spaced energy bins between
100 MeVand 1 TeV. The spatial templates included models
for the diffuse emission (broken into π0þ Bremsstrahlung
as well as ICS), isotropic emission, point sources, the
Galactic center excess observed to peak around a few GeV,
and a combined template for Loop I, Sun, Moon, and
several other extended sources. We use the fits performed
in the smaller ROI considered in that work, which was
R < 10° with R the distance from the GC, as this is closer to
our own ROI. Finally, as the Fermi energy range does not
extend as high as the expected CTA reach, we have
extrapolated the relevant spectral dependences into the
CTA energy range using the parameters given in Table I.
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FIG. 2. Galactic diffuse emission maps in Galactic coordinates. The maps are expressed in terms of the flux Φ integrated in the
energy bin centered at 1 TeV with width Δ log10ðE=1 TeVÞ ¼ 0.2, and in a pixel of size 0.5° × 0.5°. The maps are given for the GDE
scenario 1 (top panels) and scenario 2 (bottom panels). The separate π0 þ Brem (left panels) and ICS (right panels) components are
shown.
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The model is an extrapolation of the data points shown in
the left panel of Fig. 1 (empty pink triangles). The bottom
panels of Fig. 2 show the spatial modeling of the GDE for
this alternative scenario in terms of integrated flux in the
energy bin centered at 1 TeV and in each 0.5°-side-length
square pixel.

D. Fermi-LAT high-energy sources

The inner few degrees of the GC are populated by
numerous high-energy gamma-ray sources that shine over
the GDE [109]. Given that the highest energies are our
focus, we select the pointlike sources from the third
Fermi-LAT high-energy source list [110] in Galactic
longitude and latitude between �5°, and for which the
best-fit energy spectrum is a simple power law shape, i.e.,
with no indication of energy cutoff or break.
A disk of radius 0.25° centered at the nominal position of

each selected source is used as a mask in order to avoid any
modeling of the extrapolated spectral behavior of these
sources in the TeV energy range that could be detected
given the CTA sensitivity. Above 10 GeV, the Fermi-LAT
PSF is about 0.1°, therefore no significant leakage is
expected outside the masked regions. The CTA PSF is

even smaller. Masking all the selected 3FHL sources in the
overall ROI degrades the overall solid angle of the search
region by less than 1%. The dominant source of leakage is
expected to be the uncertainty on the localization of the
peak emission of faint and extended sources.

E. Fermi bubbles at low Galactic latitudes

The Fermi bubbles are large bipolar lobe structures,
extending up to about 50° in Galactic latitudes above
and below the Galactic plane, discovered in Fermi-LAT
data [108]. At latitudes higher than 10°, the Fermi bubbles
emission follows a dN=dE ∝ E−2 power-law spectrum,
with a significant spectral softening above 100 GeV. Recent
analyses [97,105,111,112] indicate a brighter emission
towards the Galactic plane (jbj < 10°) consistent with an
E−2 power-law spectrum that remains hard up to 1 TeV,
i.e., no hints for an energy cutoff or break up to 1 TeV are
detected.
In particular, Ref. [105] obtained a new spatial map for

the low-latitude emission of the Fermi bubbles by using
an image reconstruction technique. This map was further
improved in Ref. [103] with the use of an inpainting
method to correct for artifacts resulting from the point
source mask applied in the analysis of [105]. A series of
statistical tests were performed in Ref. [103] to validate the
improved low-latitude Fermi bubbles map. In what follows
we will assume the spatial template provided in Ref. [103]
as our template for the Fermi bubbles.
The spectrum of the low-latitude component of the Fermi

bubbles is extracted from Ref. [105]. It is then extrapolated
at energies above 1 TeVas an exponential cutoff power-law
spectrum. Two models, “FB min” and “FB max,” are con-
sidered with a spectral index Γ ¼ −1.9 [105], respectively,

TABLE II. Spectral parameters for the two parametrizations of
the low-latitude component of the Fermi bubbles emission,
modeled as a power laws with an exponential cutoff in energy.
The parameters are given for the optimistic “FB max” and the
conservative “FB min” models, respectively.

Model ϕ0 [TeV−1 cm−2 s−1 sr−1] Γ Ecut [TeV]

FB max 1 × 10−8 1.9 20
FB min 0.5 × 10−8 1.9 1

FIG. 3. Fermi bubbles emission maps in Galactic coordinates for the conservative (left panel) and the optimistic (right panel) models.
The maps are expressed in terms of flux integrated in a pixel of size 0.5° × 0.5° and in the energy bin centered at 1 TeV with bin width
Δ log10ðE=1 TeVÞ ¼ 0.2.
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and a normalization such that all the Fermi points fall
between the two models. The flux normalization and the
energy cutoff of the optimistic and conservative models are
given in Table II. The normalization of “FBmax” (blue lines)
is set in order to avoid overshooting the H.E.S.S. diffuse
emission (red dots) as shown in the left panel of Fig. 1, which
shows the spectral behavior of the Fermi bubbles as a
function of the energy, together with the spectra of the
GDE. Figure 3 shows the spatial behavior of the Fermi
bubbles low-latitude emission for the “FB min” (left panel)
and “FBmax” (right panel) models. The flux is integrated in
the 1 TeV energy bin and in each 0.5°-side-length pixel.

IV. SENSITIVITY

A. Instrument response functions

The southern site of the CTA observatory is best suited to
observe the GC region under the most favorable observa-
tion conditions. The IRFs of CTA used in this work are
obtained from publicly available Monte Carlo simulations
with an array composed of 4 large-sized, 24 medium-sized,
and 70 small-sized telescopes, optimized for 50 hour
observation time [3]. The energy-dependent acceptance
and residual background rate, together with the angular and
energy resolution, are computed in the energy range from
10 GeV–100 TeV, for an observation zenith angle of 20°.
We note that an energy resolution as low as 5% can be
achieved at TeV energies.
The version prod3b-v1 of the IRFs are chosen for on-axis

observations, i.e., for a source localized close to the center
of the field of view. As shown in Ref. [3], the sensitivity
deteriorates by less than a factor of 2 for sources up to 2.5°
from the center of the field of view, for energies higher than
1 TeV. In what follows we assume a homogeneous sky
exposure of 500 hours in the overall search region, which
can be obtained provided that an ambitious observation
program of the inner Galactic halo is carried out with an
optimized observation strategy [113].

B. Expected signal and background events

In order to obtain an estimate of the expected signal sγ;ijk
in the ith energy, jth Galactic longitude, and kth Galactic
latitude bins, the differential gamma-ray flux dΦS

γ;jk=dEγ in
the bin ijk, integrated over the dimensions of the ROI, is
convolved with the CTA gamma-ray acceptance Aγ

eff and
energy resolution at energy E0

γ:

dΓS
γ;jk

dEγ
ðEγÞ ¼

Z þ∞

−∞
dE0

γ

dΦS
γ;jk

dEγ
ðE0

γÞAγ
effðE0

γÞGðEγ; E0
γÞ:

ð11Þ
The energy resolution is modeled as a Gaussian GðEγ; E0

γÞ
with width (68% containment radius) of 20% at 50 GeV,
down to better than 5% in the TeV energy range [3]. The
signal count number sγ;ijk in the bin ijk is obtained from the

gamma-ray differential rate dΓS
γ;jk=dEγ integrated over the

energy bin ΔE and multiplied by the observation time Tobs.
Explicitly,

sγ;ijk ¼ Tobs

Z
ΔEi

dEγ

dΓS
γ;jk

dEγ
: ð12Þ

The modeled background bγ;ijk in the bin ijk is obtained:

bγ;ijk ¼ Tobs

Z
ΔEi

dEγ

dΓB
γ;jk

dEγ
: ð13Þ

The CR background flux dΦCR
γ;jk=dEγdΩ is multiplied by

the CR acceptance of CTA, ACR
eff , while the standard

background flux due to astrophysical gamma-ray sources
dΦStd

γ;jk=dEγdΩ is multiplied by Aγ
eff :

dΓB
γ;jk

dEγ
ðEγÞ ¼

Z þ∞

−∞
dE0

γ

Z
ΔΩjk

dΩ
�
dΦCR

γ;jk

dEγdΩ
ðE0

γÞACR
eff ðE0

γÞ

þ dΦStd
γ;jk

dEγdΩ
ðE0

γ;ΔΩÞAγ
effðE0

γÞ
�
GðEγ; E0

γÞ:

ð14Þ
The gamma-ray backgrounds due to the pointlike sources
dΦPL

γ;jk=dEγdΩ, the GDE dΦGDE
γ;jk =dEγdΩ, and the FB

dΦFB
γ;jk=dEγdΩ are included in bγ;ijk:

dΦStd
γ;jk

dEγdΩ
ðE0

γ;ΔΩÞ ¼
dΦPL

γ;jk

dEγdΩ
ðE0

γ;ΔΩÞ þ
dΦGDE

γ;jk

dEγdΩ
ðE0

γ;ΔΩÞ

þ dΦFB
γ;jk

dEγdΩ
ðE0

γ;ΔΩÞ: ð15Þ

In actual observations with IACTs, typically a fit
including both signal and background components is
performed in a signal region (known as the ON region),
and simultaneously the background is constrained by
observations of a corresponding control region (OFF
region) where no signal is expected. This approach has
the advantage of factoring out systematic effects associated
with the instrument, which should affect the background in
the OFF and ON regions similarly. However, it depends on
being able to select an appropriate OFF region with similar
background to the ON region, which may be challenging if
there is a significant detection of the spatially nonuniform
GDE in CTA observations. In this work, we do not aim to
address the question of the optimal observation strategy, the
choice of telescope pointing positions, and the definition of
the OFF regions; instead we use a simplified approach
where we simply model the expected background in the
ON region. This is equivalent to positing an OFF region
that perfectly constrains the background model. In a real
analysis, the noise in the measurement of the background
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from the OFF region would be expected to degrade the
signal sensitivity somewhat, compared to our simplified
analysis; alternatively, using our background-modeling
approach with real data would require the consideration
of possible systematic errors from mismodeling of either
the instrument response or the GDE itself [114]. In this
sense, our results represent a best-case scenario for sensi-
tivity to a Wino or Higgsino signal.
Figure 1 shows the expected count rate as a function

of the energy in a central ROI for the residual background,
the two GDE models, the “FB max” model, and expected
signals from Wino and Higgsino DM, assuming the
corresponding thermal mass and predicted annihilation
cross section.

C. Sensitivity computation

A 3D likelihood-ratio test statistic technique is used to
compute the CTA sensitivity to hσviline in the Higgsino and
Wino DM models. A standard likelihood function for a
counting experiment is used. The likelihood in the bin i, j, k
is given by the Poisson distribution5:

Lijkðsγ;ijkþbγ;ijk;mγ;ijkÞ ¼ Poisðsγ;ijkþbγ;ijk;mγ;ijkÞ; ð16Þ

where Poisðλ; pÞ ¼ e−λλp=p!, sγ;ijk and bγ;ijk describe the
expected photon number from the signal and background
models, respectively, and mγ;ijk represents the observed
photon number in the relevant bin (or an appropriate proxy;
see the discussion of the Asimov method we employ below).
For the sensitivity studies in the present work, we keep bγ;ijk
fixed in the form of the model derived from Eqs. (14) and
(15), so that our background model contains no free
parameters. As such, once the DM mass and model (e.g.,
whether it is a Wino or Higgsino) is specified, the only free
parameter in the signal model and likelihood is an overall
signal normalization factor controlled by hσviline.
The likelihood function is binned in energy (indexed

by i), Galactic longitude (indexed by j), and Galactic
latitude (indexed by k). The total likelihood is the product
of Lijk over the 20 energy bins and 400 spatial bins. In our
case the background bγ;ijk is modeled rather than being
measured in an OFF region, as explained in Sec. IV B, and
as mentioned above the background model contains no
free parameters (we do not allow its normalization, for
example, to vary).6 The sensitivity is expressed here as

the expected limit obtained under the assumption
that mγ;ijk contains no DM signal. Values of hσviline are
tested through the likelihood ratio test statistic profile
defined as

Λijk ¼
Lijkðsγ;ijk þ bγ;ijk; mγ;ijkÞ
Lijkðŝγ;ijk þ bγ;ijk; mγ;ijkÞ

: ð17Þ

In the ratio, only the amplitude of sγ;ijk is a free parameter,
and therefore this quantity is solely a function of the cross
section hσviline. In the denominator we fix the signal flux
normalization to the value which maximizes the likelihood,
denoted by ŝγ;ijk. Using Eq. (17), we can then define a test
statistic for setting upper limits as

qðhσviÞ ¼
8<
:

−
P
ijk
2 lnΛijk hσvi ≥ dhσvi;

0 hσvi < dhσvi; ð18Þ

where the cross section is again hσviline, and here dhσvi
corresponds to the value of the cross section where the
best fit signal is achieved, in detail the value that
determined ŝγ;ijk as in the denominator of Eq. (17). As
the cross section is increased, eventually the signal
strength will become incompatible with the data and q
will begin to increase. The value of hσviline excluded at
95% confidence level corresponds to q ≈ 2.71, when
computing one-sided upper limits, assuming that the test
statistic behaves as χ2 distribution, as expected in the high
statistic limit, with one degree of freedom. Note that this
prescription uses Wilks’s theorem, and as such requires
that we allow hσviline to float negative, as if the back-
ground fluctuates below its mean, the best-fit signal point
can be negative. This choice implies that for a significant
enough downward background fluctuation, we could
potentially set a negative limit on hσviline, thereby exclud-
ing all positive values. In order to avoid this possibility, we
implement power-constrained limits as described in
Ref. [115], where the actual limit is not allowed to go
below the lower 1σ expected limit. Accordingly, in Figs. 4
and 6, we only show the lower 1σ expected limit, as the
actual limit, by construction, cannot go below this. We
also compute the 5σ mean expected upper limit on
hσviline, which corresponds to q ≈ 23.7.
The above prescription outlines how to determine

the limit for a given dataset mγ;ijk, which could be either
obtained from real observations or via Monte Carlo
simulations.
Before CTA’s first light, we can estimate the expected

sensitivity by generating a large number of Monte Carlo
datasets and determining the mean expected limit and
associated containment bands. An alternative to this
approach, which we will use in this work, is to instead
determine all of these quantities using the Asimov

5If an ON-OFF approach is used, then a second Poisson factor
for the OFF region is added, multiplying that for the signal ON
region.

6The future telescope pointing strategy of CTA that will be
implemented to survey the GC region will define optimized
pointing positions of the telescopes to most efficiently survey the
GC region, together with the OFF regions where the background
will be measured for each observation. This discussion is beyond
the scope of this work.
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formalism of Ref. [116]. Under the Asimov approach,
instead of taking many realizations of the model, calculat-
ing the limit each time, and then determining the mean of
those values, we instead take the mean dataset, which is
exactly given by the model. The model, when used as the
dataset, is then referred to as the Asimov dataset. Of course,
as the model is not strictly an integer, this requires
analytically continuing the Poisson distribution to non-
integer values, which can be accomplished using the Γ
function. The Asimov approach can also be used to
determine the confidence intervals. In detail, to determine
the N-sigma containment band, instead of evaluating
q ¼ 2.71, we calculate

q ¼ ðΦ−1ð0.95Þ � NÞ2: ð19Þ

Here Φ is the cumulative distribution function for the
standard normal, which has μ ¼ 0 and σ ¼ 1. Accordingly
Φ−1ð0.95Þ ≈ 1.64, so that the above result contains the
mean limit as a special case at N ¼ 0.
In the idealized scenario we consider here of data drawn

from a background model known exactly, the above
procedure for calculating limits is sufficient. We empha-
size, however, that, when considering the actual CTA data,
our models will be inevitably imperfect. One consequence
of this is that the coverage of our limits, and the validity of
discovery thresholds can deviate from the simple asymp-
totic estimates used above, and may need to be validated
and potentially tuned using datasets that contain an injected
signal.

V. RESULTS AND PROSPECTS

A. Sensitivity to Wino DM and impact
of the end point contribution

The CTA sensitivity forecast for Wino DM, expressed as
the mean expected upper limit at 95% C.L. on hσviline as a
function of the Wino mass, is shown in the left panel of
Fig. 4, together with the expected containment bands
obtained from the Asimov dataset. This forecast assumes
500 h of homogeneous exposure within the overall 10°-side
ROI centered on the GC, and an Einasto DM density
profile. The Wino spectrum includes the line and the
continuum component together with the end point con-
tribution. The mean expected limits (red solid line) reach
cross sections of about 4 × 10−29 cm3 s−1 at 1 TeV. The
containment bands at 1σ and 2σ are drawn in green and
yellow, respectively, together with the theoretical cross
section (gray solid line). All masses where the CTA limits
lie below the theoretical cross section are forecast to be
excluded. The mass mDM ¼ 2.9 TeV predicted for a Wino
thermally produced in the early Universe can be excluded
by CTA; this is not surprising, as it has already been shown
that this mass and cross section can be strongly constrained
by H.E.S.S.-like observations [68]. For these assumptions,
the Wino cross section can be probed up to masses of
∼40 TeV outside resonances.
Less stringent constraints are obtained if a cored DM

distribution is assumed in the GC, as shown in the right
panel of Fig. 4. The sensitivity to hσviline is computed for
DM density cores of radius rc ¼ 0.3, 0.5, 1, 2, and 5 kpc.
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FIG. 4. Expected upper limits at 95% C.L. on the Wino annihilation cross section as a function of its mass for 500 h of CTA
observations towards the GC. The predicted NLL cross section is shown (solid gray line) and the thermal Wino DM mass is marked
(cyan solid line and bands). The only background considered here is the residual background. The full Wino spectrum is included in the
expected signal. Left panel: mean expected upper limits at 2σ (red solid line) for an Einasto profile are shown together with the 1σ (green
band) and 2σ (yellow band) containment bands. Mean expected upper limits at 5σ (red dashed line) are also shown. The H.E.S.S.-like 2σ
sensitivity extracted from Ref. [68] is shown as a blue solid line. Right panel: the expected limits are shown for cored DM profiles of size
from 300 pc to 5 kpc.
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The degradation of the limits is only a factor 20% for a
300 pc (≃2.0°) core, but increases up to a factor of about 50
in the extreme case of a core with rc ¼ 5 kpc (≃30.5°).
The Wino thermal mass is expected to be excluded even for
the largest cores. Masses below 4, 9, and 20 TeV at the
positions of Sommerfeld resonances are excluded for cores
as large as 5 kpc. Only masses above a few ten TeVare out
of reach for kpc-sized cores outside resonances. The 5σ
sensitivity is plotted in the left panel of Fig. 4.
Alternatively, if we assume our fiducial Einasto profile,

we can interpret the results of Fig. 4 as constraining the
fraction of DM that can consist of 2.9 TeVWinos. CTAwill
exclude the thermal prediction by a factor of∼620, so a null
detection would allow the Wino to amount to no more than
4% of DM (recall that for annihilation the signal flux scales
quadratically with the DM fraction). For masses below the
thermal value of 2.9 TeV, the Wino is naturally only a
subset of the full DM density. CTA would be able to test
even these scenarios: a 1 TeV Wino would contribute
∼17% of DM [18], whereas the cross section limit in Fig. 4
requires such DM to constitute a fraction no larger than 7%.
Figure 5 shows the improved sensitivity obtained by

using the full Wino annihilation spectrum, including the
continuum and end point contributions, in addition to the
monoenergetic gamma line. The end point component
improves the constraints by a factor of 1.5 at 1 TeV, 3
at 10 TeV, and 7 at 50 TeV. Inclusion of the continuum
improves the limits by 1%–5% over the whole DM mass

range. The improvement due to the continuum is less
pronounced than expected for H.E.S.S. observations [68],
whereas the end point contribution is more significant. This
difference is due to the improved energy resolution of CTA
compared to H.E.S.S., which is up to a factor of 2 better.
The line and end point contributions to the overall spectrum
strongly dominate the expected limits.

B. Sensitivity to the Higgsino

The CTA sensitivity forecast for Higgsino DM,
expressed as the expected 95% C.L. upper limit on
hσviline as a function of the Higgsino mass, is shown in
Fig. 6, together with the expected containment bands
obtained from the Asimov dataset. The theoretical cross
section is overlaid in gray. Two cases are considered for
different splittings: “splitting 1” (left panel) refers to
δmN ¼ 200 keV and δmþ ¼ 350 MeV and “splitting 2”
(right panel) to δmN ¼ 2 GeV and δmþ ¼ 480 MeV. The
sensitivity improves substantially when considering the full
spectrum, compared to the line-only case, for masses below
∼2 TeV, where the continuum contribution dominates over
the line at the end of the spectrum. Sensitivity to this
continuum is only possible due to the improved CTA
effective area down to a few tens of GeV. The improvement
is up to a factor 4 for the smallest mass considered in this
work. For splitting 1, the Higgsino is within the reach of
CTA for the thermal mass of 1 TeV and the first two
Sommerfeld-induced resonances. In the case of splitting 2,
the thermal mass is within reach thanks to the continuum
contribution. The first resonance can be probed: the second
one only barely. An accurate calculation of the end point
contribution, for example using the methods described in
[69,70], could additionally improve the sensitivity. The 5σ
sensitivity is plotted in the upper panels of Fig. 6.
We note that despite of the importance of the conti-

nuum contribution to CTA’s sensitivity, this scenario is
not excluded by existing lower energy constraints from
Fermi. Fermi observations of Milky Way satellite galaxies
constrain the cross section for annihilation of 1 TeV DM to
aWþW− final state to be smaller than ∼2.7 × 10−25 cm3=s.
This is more than an order of magnitude larger than the
predicted WþW− cross section of the thermal Higgsino,
which is ∼8.7ð7.7Þ × 10−27 for mass splitting 1 (2) consid-
ered above. In fact, even for the thermal Wino the Fermi
constraint is still a factor of ∼2 from the theoretical
prediction, a scenario CTA can probe by several orders
of magnitude.
The impact of a cored DM density in the inner Galactic

halo is computed for Higgsino DM. Figure 6 shows the
expected 95% C.L. upper limits on hσviline for the Einasto
profile (red solid line) and cored profiles with core radii
from 300 pc up to 5 kpc. The expected limits are computed
for the two choices of splittings. The degradation of the
sensitivity with the increasing size of the DM core follows
the same behavior as for the Wino case, since the same
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DM spatial distribution is assumed for the Wino and
Higgsino cases.
As for the Wino, we can also interpret our fiducial limits

in the context of a limit on the fraction of DM made up of
Higgsinos. At the thermal 1 TeV value, that fraction is 52%
and 58% for splitting 1 and 2, respectively. If we reduced
the mass to 0.6 TeV, then a thermally produced Higgsino
would only amount to ∼36% of DM [18]. Reinterpreting

our limits at this mass as a constraint on the DM fraction,
we have 36% and 38% for splitting 1 and 2, so that the
scenario would only marginally be probed.

C. Impact of the astrophysical backgrounds

Figure 7 shows the impact of each background
component on the CTA sensitivity including the full
(lineþ end pointþ continuum) spectrum, for both Wino
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FIG. 6. 95% C.L. expected upper limits on the line Higgsino annihilation cross section as a function of its mass for the Einasto
profile (red solid line) and cores of size from 300 pc to 5 kpc. The theoretical cross section is printed in gray. Top left panel: limits
computed assuming mass splittings δmN ¼ 200 keV and δmþ ¼ 350 MeV. The mean expected limits are shown at 2σ (red solid line)
and 5σ (red dashed line), respectively. Top right panel: limits computed assuming mass splittings δmN ¼ 2 GeV and δmþ ¼ 480 MeV.
Bottom panels: 95% C.L. expected mean upper limits for CTA on the Higgsino annihilation cross section as a function of its mass, for an
Einasto DM profile and 500 hour homogeneous exposure in a 10°-side squared region centered at the GC region. The expected limits
(red solid line) are shown together with the 1σ (green band) and 2σ (yellow band) containment band obtained from the Asimov dataset.
Only the residual background is considered here. The predicted leading order cross section is shown (solid gray line) and the thermal
Higgsino DM mass is marked (cyan solid line and bands). The sensitivity is computed for the mass splittings δmN ¼ 200 keV and
δmþ ¼ 350 MeV (bottom left panel) and δmN ¼ 2 GeV and δmþ ¼ 480 MeV (bottom right panel). The line-only constraints are
shown as red dotted lines.
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and Higgsino DM. We first show the mean expected
95% C.L. upper limits assuming a background model that
includes all the components previously described, i.e., the
residual and all the standard astrophysical components.
Then, we exclude the pointlike high-energy Fermi-LAT
sources, the GDE, and eventually the Fermi bubbles,
keeping only the residual background in the last step.
This procedure quantifies the impact of each background
component on the CTA sensitivity to DM signals.
The limit shown as a black line is computed assuming all

the background components given in Eq. (15). Masking the
Fermi-LAT sources in the overall ROI has a negligible
impact on the sensitivity (cyan curve) since the overall solid
angle of the masks is negligible with respect to the signal
region. The blue curve shows the impact of the GDE
scenario 1 on the CTA sensitivity. The GDE has an impact
up to between 5% and 20% for scenario 1, and up to 25%
for scenario 2, for which more emission is expected in the
TeV energy range.
The strongest impact amongst the standard astrophysi-

cal backgrounds is due to the Fermi bubbles assuming
the “FB max” model. For the Wino, compared to the
residual-background-only limits, the “FB max” model
emission has an impact of up to 30% on the constraints,
while for the “FB min” model the impact is negligible.
The effect of including all standard astrophysical back-
grounds, with respect to the residual-background-
only case, is up to about 50% and is largest for masses
around 10 TeV.
The impact of the astrophysical background components

on the sensitivity to Higgsino DM is shown in the right
panel of Fig. 7, with similar results. A similar degradation is

expected for the Wino and Higgsino cases when adding
the GDE and Fermi bubble emissions to the residual
background. The observed impact of the astrophysical
background on the sensitivity to DM is the same for the
Wino and Higgsino candidates.
An additional study was performed in order to evaluate

the interplay between the spatial morphology of the back-
ground components and the size of the DM core. Changes
in the DM core size are expected to modify which spatial
regions have the greatest sensitivity to the DM signal.
Consequently, the degree to which the limits vary with core
size could change depending on the spatial morphology
of the background. Equivalently, the degree to which the
astrophysical backgrounds weaken the limits may depend
on the assumed core size. For example, background
features occurring a few degrees from the GC might have
a negligible effect for peaked density profiles with small
cores, but a larger impact for few-kpc cores. Figure 8 shows
the CTA expected mean 95% C.L. upper limit on hσviline
for Wino DM, at the thermal mass, as a function of the DM
core radius rc. The limits are obtained under the assumption
of residual background only, residual background and GDE,
and all astrophysical backgrounds. In case of the GDE, the
two above-mentioned scenarios are considered. Note we are
considering the case of residual background and GDE, in
order to avoid being dominated by the optimistic extrapo-
lation of the Fermi bubbles in the TeV energy range. We
observe no obvious interplay between the core size and the
effects of including astrophysical backgrounds; the degra-
dation of the limits in the presence of astrophysical back-
grounds is similar for all core sizes tested.
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The sensitivities computed in this work can be sig-
nificantly degraded when systematic uncertainties are
considered in the analysis. DM searches in the complex
environment of the GC region will need to contend with
experimental systematic uncertainties arising, for instance,
from instrumental and observational conditions. Syste-
matic uncertainties will likely dominate the statistical
uncertainties, given the large amount of data expected
in the GC region. For estimates of the impact of the
systematic uncertainties on the sensitivity, see, for instance,
Refs. [113,114,117].

VI. CONCLUSIONS

We have computed the CTA sensitivity in the framework
of specific heavy DM candidates in the mass range between
600 GeV and 100 TeV, assuming an Einasto DM density
profile peaked at the GC and using the most-up-to-date
EFT computation of the annihilation spectrum of the
Wino and a Sommerfeld-enhanced tree-level computation
of the Higgsino spectrum. In this case, CTA has the
sensitivity to access to the Wino parameter region in the
few tens of TeVmass range, much beyond the thermal mass
region, extending further the already strong constraints by
H.E.S.S., and to probe the thermal mass and cross section
for the Higgsino. Accordingly, CTA will open unique
discovery space for these DM scenarios.
For the Higgsino, we find that the continuum contribu-

tion can dominate the line contribution for determining the
forecast limits at lower masses (below 2–3 TeV); for the

Wino, the inclusion of the end point spectrum significantly
improves the constraints relative to the case with only the
gamma-ray line (as was shown to be the case for H.E.S.S.
in Ref. [68]), but adding the continuum contribution does
not modify the constraints significantly (see Fig. 5).
Given the impressive reach of CTA, the need to calculate
this contribution in the case of the Higgsino is clearly
emphasized.
As expected, the choice of the DM profile plays an

important role in the estimation of the sensitivity in the
GC. While for Wino DM, a broad range of masses are
within reach even for DM profiles with kpc-size cores, this
is not the case for the Higgsino outside the resonances in
the predicted annihilation cross section.
Studying the impact of several standard astrophysical

backgrounds on the sensitivity of CTA to DM underlines
the importance of performing dedicated studies to both
spatially and spectrally model this emission; we estimate
that these backgrounds can cause the constraints on the
DM annihilation cross section to deteriorate by up to
50%. In addition, this study showed that the effect of
including spatially inhomogeneous astrophysical back-
grounds appears to be largely independent of the assumed
core scale in the DM density profile.
CTAwill be a unique probe for heavy DM candidates in

the TeVmass range, improving significantly over the present
limits set by the current imaging atmospheric Cherenkov
telescopes, although its full impact will depend on the DM
candidate and the distribution of the DM around the GC.

ACKNOWLEDGMENTS

This research has made use of the CTA instrument
response functions provided by the CTA Consortium and
Observatory (version prod3b-v1), see cta-observatory.org/
science/cta-performance/ for more details. We are grateful
to Matt Baumgart and Varun Vaidya for useful conversa-
tions, particularly related to their earlier Higgsino calcu-
lation, and we further thank Matt for providing us with
the Sommerfeld enhancement for the higher masses con-
sidered in this work. N. L. R. is supported by the Miller
Institute for Basic Research in Science at the University
of California, Berkeley. O. M. acknowledges support by
World Premier International Research Center Initiative
(WPI Initiative), MEXT, Japan and by JSPS KAKENHI
Grants No. JP17H04836, No. JP18H04340, and
No. JP18H04578. T. R. S. is partially supported by a
John N. Bahcall Fellowship, and by the Office of High
Energy Physics of the U.S. Department of Energy under
Grants No. DE-SC00012567 and No. DE-SC0013999.
This work made use of resources provided by the
National Energy Research Scientific Computing Center,
a U.S. Department of Energy Office of Science User
Facility supported by Contract No. DE-AC02-05CH11231.

 (kpc)cr
0 1 2 3 4 5

]
-1 s3

 [c
m

lin
e

〉
 vσ〈

28−10

27−10

Res. bkg + FB max + GDE sc. 1 + PL

Res. bkg + FB max + GDE sc. 2 + PL

Res. bkg + GDE sc. 1

Res. bkg + GDE sc. 2

Res. bkg

Wino

 = 3 TeVDMm

FIG. 8. 95% C.L. expected mean upper limits on the Wino
annihilation line cross section as a function of the DM core radius
for a 3 TeV Wino. The limits are shown for the case of residual
background only (red dots), for the case of additional astro-
physical background from the GDE emission (green dots) in
scenarios 1 (green filled dots) and 2 (green empty dots), and for
all backgrounds (black dots).

RINCHIUSO, MACIAS, MOULIN, RODD, and SLATYER PHYS. REV. D 103, 023011 (2021)

023011-16



[1] G. Jungman, M. Kamionkowski, and K. Griest, Super-
symmetric dark matter, Phys. Rep. 267, 195 (1996).

[2] M. Actis et al. (CTA Consortium), Design concepts for the
Cherenkov Telescope Array CTA: An advanced facility for
ground-based high-energy gamma-ray astronomy, Exp.
Astron. 32, 193 (2011).

[3] https://www.cta-observatory.org/science/cta-performance
(2020).

[4] G. F. Giudice, M. A. Luty, H. Murayama, and R. Rattazzi,
Gaugino mass without singlets, J. High Energy Phys. 12
(1998) 027.

[5] L. Randall and R. Sundrum, Out of this world supersym-
metry breaking, Nucl. Phys. B557, 79 (1999).

[6] N. Arkani-Hamed, A. Delgado, and G. F. Giudice,
The well-tempered neutralino, Nucl. Phys. B741, 108
(2006).

[7] N. Arkani-Hamed and S. Dimopoulos, Supersymmetric
unification without low energy supersymmetry and sig-
natures for fine-tuning at the LHC, J. High Energy Phys.
06 (2005) 073.

[8] G. F. Giudice and A. Romanino, Split supersymmetry,
Nucl. Phys. B699, 65 (2004); , Erratum, Nucl. Phys. B706,
487 (2005).

[9] N. Arkani-Hamed, S. Dimopoulos, G. F. Giudice, and A.
Romanino, Aspects of split supersymmetry, Nucl. Phys.
B709, 3 (2005).

[10] J. D. Wells, PeV-scale supersymmetry, Phys. Rev. D 71,
015013 (2005).

[11] A. Pierce, Dark matter in the finely tuned minimal super-
symmetric standard model, Phys. Rev. D 70, 075006
(2004).

[12] A. Arvanitaki, N. Craig, S. Dimopoulos, and G. Villadoro,
Mini-split, J. High Energy Phys. 02 (2013) 126.

[13] N. Arkani-Hamed, A. Gupta, D. E. Kaplan, N. Weiner,
and T. Zorawski, Simply unnatural supersymmetry, arXiv:
1212.6971.

[14] P. J. Fox, G. D. Kribs, and A. Martin, Split Dirac super-
symmetry: An ultraviolet completion of Higgsino dark
matter, Phys. Rev. D 90, 075006 (2014).

[15] L. J. Hall and Y. Nomura, Spread supersymmetry, J. High
Energy Phys. 01 (2012) 082.

[16] L. J. Hall, Y. Nomura, and S. Shirai, Spread supersym-
metry with Wino LSP: Gluino and dark matter signals,
J. High Energy Phys. 01 (2013) 036.

[17] M. Cirelli, N. Fornengo, and A. Strumia, Minimal dark
matter, Nucl. Phys. B753, 178 (2006).

[18] M. Cirelli, A. Strumia, and M. Tamburini, Cosmology and
astrophysics of minimal dark matter, Nucl. Phys. B787,
152 (2007).

[19] M. Cirelli, R. Franceschini, and A. Strumia, Minimal dark
matter predictions for galactic positrons, anti-protons,
photons, Nucl. Phys. B800, 204 (2008).

[20] M. Cirelli and A. Strumia, Minimal dark matter: Model
and results, New J. Phys. 11, 105005 (2009).

[21] M. Cirelli, T. Hambye, P. Panci, F. Sala, and M. Taoso,
Gamma ray tests of minimal dark matter, J. Cosmol.
Astropart. Phys. 10 (2015) 026.

[22] P. Chardonnet, P. Salati, and P. Fayet, Heavy triplet
neutrinos as a new dark matter option, Nucl. Phys.
B394, 35 (1993).

[23] R. Mahbubani and L. Senatore, The minimal model for
dark matter and unification, Phys. Rev. D 73, 043510
(2006).

[24] J. Kearney, N. Orlofsky, and A. Pierce, Z boson mediated
dark matter beyond the effective theory, Phys. Rev. D 95,
035020 (2017).

[25] A. Mitridate, M. Redi, J. Smirnov, and A. Strumia,
Cosmological implications of dark matter bound states,
J. Cosmol. Astropart. Phys. 05 (2017) 006.

[26] J. Hisano, S. Matsumoto, M. Nagai, O. Saito, and M.
Senami, Non-perturbative effect on thermal relic abun-
dance of dark matter, Phys. Lett. B 646, 34 (2007).

[27] A. Hryczuk, R. Iengo, and P. Ullio, Relic densities
including Sommerfeld enhancements in the MSSM,
J. High Energy Phys. 03 (2011) 069.

[28] M. Beneke, A. Bharucha, F. Dighera, C. Hellmann, A.
Hryczuk, S. Recksiegel, and P. Ruiz-Femenia, Relic
density of Wino-like dark matter in the MSSM, J. High
Energy Phys. 03 (2016) 119.

[29] J. Fan and M. Reece, In Wino veritas? Indirect searches
shed light on neutralino dark matter, J. High Energy Phys.
10 (2013) 124.

[30] T. Cohen, M. Lisanti, A. Pierce, and T. R. Slatyer, Wino
dark matter under siege, J. Cosmol. Astropart. Phys. 10
(2013) 061.

[31] R. Krall and M. Reece, Last Electroweak WIMP standing:
Pseudo-Dirac Higgsino status and compact stars as future
probes, Chin. Phys. C 42, 043105 (2018).

[32] M. Aaboud et al. (ATLAS Collaboration), Search for long-
lived charginos based on a disappearing-track signature in
pp collisions at

ffiffiffi
s

p ¼ 13 TeV with the ATLAS detector,
J. High Energy Phys. 06 (2018) 022.

[33] A. M Sirunyan et al. (CMS Collaboration), Search for
disappearing tracks as a signature of new long-lived
particles in proton-proton collisions at

ffiffiffi
s

p ¼ 13 TeV,
J. High Energy Phys. 08 (2018) 016.

[34] M. Low and L.-T. Wang, Neutralino dark matter at 14 TeV
and 100 TeV, J. High Energy Phys. 08 (2014) 161.

[35] M. Cirelli, F. Sala, and M. Taoso, Wino-like minimal dark
matter and future colliders, J. High Energy Phys. 10 (2014)
033; Erratum, J. High Energy Phys.01 (2015) 41.

[36] S. Gori, S. Jung, L.-T. Wang, and J. D. Wells, Prospects for
electroweakino discovery at a 100 TeV hadron collider,
J. High Energy Phys. 12 (2014) 108.

[37] A. Berlin, T. Lin, M. Low, and L.-T. Wang, Neutralinos in
vector boson fusion at high energy colliders, Phys. Rev. D
91, 115002 (2015).

[38] R. J. Hill and M. P. Solon, Universal behavior in the
scattering of heavy, weakly interacting dark matter on
nuclear targets, Phys. Lett. B 707, 539 (2012).

[39] R. J. Hill and M. P. Solon, WIMP-Nucleon Scattering with
Heavy WIMP Effective Theory, Phys. Rev. Lett. 112,
211602 (2014).

[40] R. J. Hill and M. P. Solon, Standard model anatomy of
WIMP dark matter direct detection I: Weak-scale match-
ing, Phys. Rev. D 91, 043504 (2015).

[41] R. J. Hill and M. P. Solon, Standard model anatomy of
WIMP dark matter direct detection II: QCD analysis and
hadronic matrix elements, Phys. Rev. D 91, 043505
(2015).

PROSPECTS FOR DETECTING HEAVY WIMP DARK MATTER … PHYS. REV. D 103, 023011 (2021)

023011-17

https://doi.org/10.1016/0370-1573(95)00058-5
https://doi.org/10.1007/s10686-011-9247-0
https://doi.org/10.1007/s10686-011-9247-0
https://www.cta-observatory.org/science/cta-performance
https://www.cta-observatory.org/science/cta-performance
https://www.cta-observatory.org/science/cta-performance
https://doi.org/10.1088/1126-6708/1998/12/027
https://doi.org/10.1088/1126-6708/1998/12/027
https://doi.org/10.1016/S0550-3213(99)00359-4
https://doi.org/10.1016/j.nuclphysb.2006.02.010
https://doi.org/10.1016/j.nuclphysb.2006.02.010
https://doi.org/10.1088/1126-6708/2005/06/073
https://doi.org/10.1088/1126-6708/2005/06/073
https://doi.org/10.1016/j.nuclphysb.2004.08.001
https://doi.org/10.1016/j.nuclphysb.2004.11.048
https://doi.org/10.1016/j.nuclphysb.2004.11.048
https://doi.org/10.1016/j.nuclphysb.2004.12.026
https://doi.org/10.1016/j.nuclphysb.2004.12.026
https://doi.org/10.1103/PhysRevD.71.015013
https://doi.org/10.1103/PhysRevD.71.015013
https://doi.org/10.1103/PhysRevD.70.075006
https://doi.org/10.1103/PhysRevD.70.075006
https://doi.org/10.1007/JHEP02(2013)126
https://arXiv.org/abs/1212.6971
https://arXiv.org/abs/1212.6971
https://doi.org/10.1103/PhysRevD.90.075006
https://doi.org/10.1007/JHEP01(2012)082
https://doi.org/10.1007/JHEP01(2012)082
https://doi.org/10.1007/JHEP01(2013)036
https://doi.org/10.1016/j.nuclphysb.2006.07.012
https://doi.org/10.1016/j.nuclphysb.2007.07.023
https://doi.org/10.1016/j.nuclphysb.2007.07.023
https://doi.org/10.1016/j.nuclphysb.2008.03.013
https://doi.org/10.1088/1367-2630/11/10/105005
https://doi.org/10.1088/1475-7516/2015/10/026
https://doi.org/10.1088/1475-7516/2015/10/026
https://doi.org/10.1016/0550-3213(93)90101-T
https://doi.org/10.1016/0550-3213(93)90101-T
https://doi.org/10.1103/PhysRevD.73.043510
https://doi.org/10.1103/PhysRevD.73.043510
https://doi.org/10.1103/PhysRevD.95.035020
https://doi.org/10.1103/PhysRevD.95.035020
https://doi.org/10.1088/1475-7516/2017/05/006
https://doi.org/10.1016/j.physletb.2007.01.012
https://doi.org/10.1007/JHEP03(2011)069
https://doi.org/10.1007/JHEP03(2016)119
https://doi.org/10.1007/JHEP03(2016)119
https://doi.org/10.1007/JHEP10(2013)124
https://doi.org/10.1007/JHEP10(2013)124
https://doi.org/10.1088/1475-7516/2013/10/061
https://doi.org/10.1088/1475-7516/2013/10/061
https://doi.org/10.1088/1674-1137/42/4/043105
https://doi.org/10.1007/JHEP06(2018)022
https://doi.org/10.1007/JHEP08(2018)016
https://doi.org/10.1007/JHEP08(2014)161
https://doi.org/10.1007/JHEP10(2014)033
https://doi.org/10.1007/JHEP10(2014)033
https://doi.org/10.1007/JHEP01(2015)041
https://doi.org/10.1007/JHEP12(2014)108
https://doi.org/10.1103/PhysRevD.91.115002
https://doi.org/10.1103/PhysRevD.91.115002
https://doi.org/10.1016/j.physletb.2012.01.013
https://doi.org/10.1103/PhysRevLett.112.211602
https://doi.org/10.1103/PhysRevLett.112.211602
https://doi.org/10.1103/PhysRevD.91.043504
https://doi.org/10.1103/PhysRevD.91.043505
https://doi.org/10.1103/PhysRevD.91.043505


[42] J. Hisano, K. Ishiwata, and N. Nagata, QCD effects on
direct detection of Wino dark matter, J. High Energy Phys.
06 (2015) 097.

[43] L. Roszkowski, E. M. Sessolo, and A. J. Williams, Pros-
pects for dark matter searches in the pMSSM, J. High
Energy Phys. 02 (2015) 014.

[44] A. Hryczuk, K. Jodlowski, E. Moulin, L. Rinchiuso, L.
Roszkowski, E. M. Sessolo, and S. Trojanowski, Testing
dark matter with Cherenkov light—prospects of H.E.S.S.
and CTA for exploring minimal supersymmetry, J. High
Energy Phys. 10 (2019) 043.

[45] P. Ciafaloni, D. Comelli, A. De Simone, A. Riotto, and
A. Urbano, Electroweak bremsstrahlung for Wino-like
dark matter annihilations, J. Cosmol. Astropart. Phys.
06 (2012) 016.

[46] A. Hryczuk, I. Cholis, R. Iengo, M. Tavakoli, and P. Ullio,
Indirect detection analysis: Wino dark matter case study,
J. Cosmol. Astropart. Phys. 07 (2014) 031.

[47] A. Cuoco, J. Heisig, M. Korsmeier, and M. Krämer,
Constraining heavy dark matter with cosmic-ray antipro-
tons, J. Cosmol. Astropart. Phys. 04 (2018) 004.

[48] L. Bergstrom, T. Bringmann, and J. Edsjo, Complemen-
tarity of direct dark matter detection and indirect detection
through gamma-rays, Phys. Rev. D 83, 045024 (2011).

[49] M. Cahill-Rowley, R. Cotta, A. Drlica-Wagner, S. Funk,
J. L. Hewett, A. Ismail, T. G. Rizzo, and M. Wood,
Complementarity of dark matter searches in the phenom-
enological MSSM, Phys. Rev. D 91, 055011 (2015).

[50] L. Bergstrom and P. Ullio, Full one loop calculation of
neutralino annihilation into two photons, Nucl. Phys.
B504, 27 (1997).

[51] Z. Bern, P. Gondolo, and M. Perelstein, Neutralino
annihilation into two photons, Phys. Lett. B 411, 86
(1997).

[52] P. Ullio and L. Bergstrom, Neutralino annihilation into a
photon and a Z boson, Phys. Rev. D 57, 1962 (1998).

[53] J. Hisano, S. Matsumoto, and M.M. Nojiri, Explosive
Dark Matter Annihilation, Phys. Rev. Lett. 92, 031303
(2004).

[54] J. Hisano, S. Matsumoto, M. M. Nojiri, and O. Saito, Non-
perturbative effect on dark matter annihilation and gamma
ray signature from galactic center, Phys. Rev. D 71,
063528 (2005).

[55] N. Arkani-Hamed, D. P. Finkbeiner, T. R. Slatyer, and N.
Weiner, A theory of dark matter, Phys. Rev. D 79, 015014
(2009).

[56] K. Blum, R. Sato, and T. R. Slatyer, Self-consistent
calculation of the Sommerfeld enhancement, J. Cosmol.
Astropart. Phys. 06 (2016) 021.

[57] M. Cirelli, G. Corcella, A. Hektor, G. Hütsi, M. Kadastik,
P. Panci, M. Raidal, F. Sala, and A. Strumia, PPPC 4 DM
ID: A poor particle physicist cookbook for dark matter
indirect detection, J. Cosmol. Astropart. Phys. 03 (2011)
051.

[58] A. Hryczuk and R. Iengo, The one-loop and Sommerfeld
electroweak corrections to the Wino dark matter annihi-
lation, J. High Energy Phys. 01 (2012) 163; 06 (2012) 137.

[59] M. Bauer, T. Cohen, R. J. Hill, and M. P. Solon, Soft
collinear effective theory for heavy WIMP annihilation,
J. High Energy Phys. 01 (2015) 099.

[60] G. Ovanesyan, T. R. Slatyer, and I. W. Stewart, Heavy
Dark Matter Annihilation from Effective Field Theory,
Phys. Rev. Lett. 114, 211302 (2015).

[61] M. Baumgart, I. Z. Rothstein, and V. Vaidya, Constraints
on Galactic Wino densities from gamma ray lines, J. High
Energy Phys. 04 (2015) 106.

[62] M. Baumgart and V. Vaidya, Semi-inclusive wino and
higgsino annihilation to LL0, J. High Energy Phys. 03
(2016) 213.

[63] G. Ovanesyan, N. L. Rodd, T. R. Slatyer, and I. W. Stewart,
One-loop correction to heavy dark matter annihilation,
Phys. Rev. D 95, 055001 (2017).

[64] M. Baumgart, T. Cohen, I. Moult, N. L. Rodd, T. R.
Slatyer, M. P. Solon, I. W. Stewart, and V. Vaidya, Re-
summed photon spectra for WIMP annihilation, J. High
Energy Phys. 03 (2018) 117.

[65] M. Baumgart, T. Cohen, E. Moulin, I. Moult, L. Rinchiuso,
N. L. Rodd, T. R. Slatyer, I. W. Stewart, and V. Vaidya,
Precision photon spectra for Wino annihilation, J. High
Energy Phys. 01 (2019) 036.

[66] L. Bergstrom, T. Bringmann, M. Eriksson, and M.
Gustafsson, Gamma Rays from Heavy Neutralino Dark
Matter, Phys. Rev. Lett. 95, 241301 (2005).

[67] T. Bringmann, L. Bergstrom, and J. Edsjo, New gamma-
ray contributions to supersymmetric dark matter annihila-
tion, J. High Energy Phys. 01 (2008) 049.

[68] L. Rinchiuso, N. L. Rodd, I. Moult, E. Moulin, M.
Baumgart, T. Cohen, T. R. Slatyer, I. W. Stewart, and V.
Vaidya, Hunting for heavy Winos in the Galactic Center,
Phys. Rev. D 98, 123014 (2018).

[69] M. Beneke, A. Broggio, C. Hasner, and M. Vollmann,
Energetic γ-rays from TeV scale dark matter annihilation
resummed, Phys. Lett. B 786, 347 (2018).

[70] M. Beneke, A. Broggio, C. Hasner, K. Urban, and M.
Vollmann, Resummed photon spectrum from dark matter
annihilation for intermediate and narrow energy resolution,
J. High Energy Phys. 08 (2019) 103.

[71] M. Beneke, C. Hasner, K. Urban, and M. Vollmann,
Precise yield of high-energy photons from Higgsino dark
matter annihilation, J. High Energy Phys. 03 (2020) 030.

[72] M. Ibe, S. Matsumoto, and R. Sato, Mass splitting between
charged and neutral Winos at two-loop level, Phys. Lett. B
721, 252 (2013).

[73] J. Einasto, On the construction of a composite model for
the galaxy and on the determination of the system of
galactic parameters, Tr. Astrofiz. Inst. Alma-Ata 5, 87
(1965).

[74] A. Abramowski et al. (H.E.S.S. Collaboration), Search for
a Dark Matter annihilation signal from the Galactic Center
halo with H.E.S.S, Phys. Rev. Lett. 106, 161301 (2011).

[75] L. Pieri, J. Lavalle, G. Bertone, and E. Branchini, Im-
plications of high-resolution simulations on indirect dark
matter searches, Phys. Rev. D 83, 023518 (2011).

[76] R. Catena and P. Ullio, A novel determination of the local
dark matter density, J. Cosmol. Astropart. Phys. 08 (2010)
004.

[77] R. Abuter et al. (GRAVITY Collaboration), Detection of
the gravitational redshift in the orbit of the star S2 near the
Galactic centre massive black hole, Astron. Astrophys.
615, L15 (2018).

RINCHIUSO, MACIAS, MOULIN, RODD, and SLATYER PHYS. REV. D 103, 023011 (2021)

023011-18

https://doi.org/10.1007/JHEP06(2015)097
https://doi.org/10.1007/JHEP06(2015)097
https://doi.org/10.1007/JHEP02(2015)014
https://doi.org/10.1007/JHEP02(2015)014
https://doi.org/10.1007/JHEP10(2019)043
https://doi.org/10.1007/JHEP10(2019)043
https://doi.org/10.1088/1475-7516/2012/06/016
https://doi.org/10.1088/1475-7516/2012/06/016
https://doi.org/10.1088/1475-7516/2014/07/031
https://doi.org/10.1088/1475-7516/2018/04/004
https://doi.org/10.1103/PhysRevD.83.045024
https://doi.org/10.1103/PhysRevD.91.055011
https://doi.org/10.1016/S0550-3213(97)00530-0
https://doi.org/10.1016/S0550-3213(97)00530-0
https://doi.org/10.1016/S0370-2693(97)00990-8
https://doi.org/10.1016/S0370-2693(97)00990-8
https://doi.org/10.1103/PhysRevD.57.1962
https://doi.org/10.1103/PhysRevLett.92.031303
https://doi.org/10.1103/PhysRevLett.92.031303
https://doi.org/10.1103/PhysRevD.71.063528
https://doi.org/10.1103/PhysRevD.71.063528
https://doi.org/10.1103/PhysRevD.79.015014
https://doi.org/10.1103/PhysRevD.79.015014
https://doi.org/10.1088/1475-7516/2016/06/021
https://doi.org/10.1088/1475-7516/2016/06/021
https://doi.org/10.1088/1475-7516/2011/03/051
https://doi.org/10.1088/1475-7516/2011/03/051
https://doi.org/10.1007/JHEP01(2012)163
https://doi.org/10.1007/JHEP06(2012)137
https://doi.org/10.1007/JHEP01(2015)099
https://doi.org/10.1103/PhysRevLett.114.211302
https://doi.org/10.1007/JHEP04(2015)106
https://doi.org/10.1007/JHEP04(2015)106
https://doi.org/10.1007/JHEP03(2016)213
https://doi.org/10.1007/JHEP03(2016)213
https://doi.org/10.1103/PhysRevD.95.055001
https://doi.org/10.1007/JHEP03(2018)117
https://doi.org/10.1007/JHEP03(2018)117
https://doi.org/10.1007/JHEP01(2019)036
https://doi.org/10.1007/JHEP01(2019)036
https://doi.org/10.1103/PhysRevLett.95.241301
https://doi.org/10.1088/1126-6708/2008/01/049
https://doi.org/10.1103/PhysRevD.98.123014
https://doi.org/10.1016/j.physletb.2018.10.008
https://doi.org/10.1007/JHEP08(2019)103
https://doi.org/10.1007/JHEP03(2020)030
https://doi.org/10.1016/j.physletb.2013.03.015
https://doi.org/10.1016/j.physletb.2013.03.015
https://doi.org/10.1103/PhysRevLett.106.161301
https://doi.org/10.1103/PhysRevD.83.023518
https://doi.org/10.1088/1475-7516/2010/08/004
https://doi.org/10.1088/1475-7516/2010/08/004
https://doi.org/10.1051/0004-6361/201833718
https://doi.org/10.1051/0004-6361/201833718


[78] J. I. Read, The local dark matter density, J. Phys. G 41,
063101 (2014).

[79] T. K. Chan, D. Kereš, J. Oñorbe, P. F. Hopkins, A. L.
Muratov, C. A. Faucher-Giguère, and E. Quataert, The
impact of baryonic physics on the structure of dark matter
haloes: the view from the FIRE cosmological simulations,
Mon. Not. R. Astron. Soc. 454, 2981 (2015).

[80] P. Mollitor, E. Nezri, and R. Teyssier, Baryonic and
dark matter distribution in cosmological simulations of
spiral galaxies, Mon. Not. R. Astron. Soc. 447, 1353
(2015).

[81] T. Sjostrand, S. Mrenna, and P. Z. Skands, PYTHIA 6.4
physics and manual, J. High Energy Phys. 05 (2006) 026.

[82] T. Sjostrand, S. Mrenna, and P. Z. Skands, A brief
introduction to PYTHIA 8.1, Comput. Phys. Commun.
178, 852 (2008).

[83] T. Sjostrand, S. Ask, J. R. Christiansen, R. Corke, N.
Desai, P. Ilten, S. Mrenna, S. Prestel, C. O. Rasmussen, and
P. Z. Skands, An introduction to PYTHIA 8.2, Comput.
Phys. Commun. 191, 159 (2015).

[84] M. de Naurois and L. Rolland, A high performance
likelihood reconstruction of γ-rays for imaging atmos-
pheric Cherenkov telescopes, Astropart. Phys. 32, 231
(2009).

[85] R. D. Parsons and J. A. Hinton, A Monte Carlo template
based analysis for air-Cherenkov arrays, Astropart. Phys.
56, 26 (2014).

[86] F. Aharonian, J. Buckley, T. Kifune, and G. Sinnis, High
energy astrophysics with ground-based gamma ray detec-
tors, Rep. Prog. Phys. 71, 096901 (2008).

[87] F. Aharonian et al. (H.E.S.S. Collaboration), The Energy
Spectrum of Cosmic-Ray Electrons at TeV Energies, Phys.
Rev. Lett. 101, 261104 (2008).

[88] S. Abdollahi et al. (Fermi-LAT Collaboration), Search for
Cosmic-Ray Electron and Positron Anisotropies with
Seven Years of Fermi Large Area Telescope Data, Phys.
Rev. Lett. 118, 091103 (2017).

[89] B. S. Acharya et al. (CTA Consortium Collaboration),
Science with the Cherenkov Telescope Array (World
Scientific, Singapore, 2019).

[90] H. Abdallah et al. (HESS Collaboration), Search for γ-Ray
Line Signals from Dark Matter Annihilations in the Inner
Galactic Halo from 10 Years of Observations with
H.E.S.S., Phys. Rev. Lett. 120, 201101 (2018).

[91] H. Abdallah et al. (H.E.S.S. Collaboration), Search for
Dark Matter Annihilations Towards the Inner Galactic
Halo from 10 Years of Observations with H.E.S.S., Phys.
Rev. Lett. 117, 111301 (2016).

[92] F. Aharonian et al. (H.E.S.S. Collaboration), Very high-
energy gamma rays from the direction of Sagittarius A*,
Astron. Astrophys. 425, L13 (2004).

[93] F. Aharonian et al. (H.E.S.S. Collaboration), Spectrum and
variability of the Galactic Center VHE gamma-ray source
HESS J1745-290, Astron. Astrophys. 503, 817 (2009).

[94] F. Aharonian et al. (H.E.S.S. Collaboration), Discovery of
very-high-energy gamma-rays from the galactic centre
ridge, Nature (London) 439, 695 (2006).

[95] A. Abramowski et al. (H.E.S.S. Collaboration), Acceler-
ation of petaelectronvolt protons in the Galactic Centre,
Nature (London) 531, 476 (2016).

[96] M. Ackermann et al., Fermi-lat observations of the diffuse
gamma-ray emission: Implications for cosmic rays and the
interstellar medium, Astrophys. J. 750, 3 (2012).

[97] F. Acero et al. (Fermi-LAT Collaboration), Development
of the model of galactic interstellar emission for standard
point-source analysis of Fermi Large Area Telescope data,
Astrophys. J. Suppl. Ser. 223, 26 (2016).

[98] Galprop, http://galprop.stanford.edu.
[99] M. Su, T. R. Slatyer, and D. P. Finkbeiner, Giant gamma-

ray bubbles from Fermi-LAT: Active galactic nucleus
activity or bipolar galactic wind?, Astrophys. J. 724,
1044 (2010).

[100] M. Ackermann, A. Albert, W. B. Atwood, L. Baldini, J.
Ballet, G. Barbiellini, D. Bastieri, R. Bellazzini, E.
Bissaldi, R. D. Blandford, E. D. Bloom, E. Bottacini
et al., Brandt, The spectrum and morphology of the Fermi
bubbles, Astrophys. J. 793, 64 (2014).

[101] T. A. Porter, G. Johannesson, and I. V. Moskalenko,
High-energy gamma rays from the Milky Way: Three-
dimensional spatial models for the cosmic-ray and radia-
tion field densities in the interstellar medium, Astrophys. J.
846, 67 (2017).

[102] H. T. Freudenreich, Cobe’s galactic bar and disk, As-
trophys. J. 492, 495 (1998).

[103] O. Macias, S. Horiuchi, M. Kaplinghat, C. Gordon, R. M.
Crocker, and D. M. Nataf, Strong evidence that the galactic
bulge is shining in gamma rays, J. Cosmol. Astropart.
Phys. 09 (2019) 042.

[104] K. N. Abazajian, S. Horiuchi, M. Kaplinghat, R. E. Keeley,
and O. Macias, Strong constraints on thermal relic dark
matter from Fermi-LAT observations of the Galactic
Center, Phys. Rev. D 102, 043012 (2020).

[105] M. Ackermann et al. (Fermi-LAT Collaboration), The
Fermi Galactic center GeV excess and implications for
dark matter, Astrophys. J. 840, 43 (2017).

[106] O. Macias, C. Gordon, R. M. Crocker, B. Coleman, D.
Paterson, S. Horiuchi, and M. Pohl, Galactic bulge
preferred over dark matter for the Galactic Centre
gamma-ray excess, Nat. Astron. 2, 387 (2018).

[107] D. J. Schlegel, D. P. Finkbeiner, and M. Davis, Maps of
dust IR emission for use in estimation of reddening and
CMBR foregrounds, Astrophys. J. 500, 525 (1998).

[108] M. Su, T. R. Slatyer, and D. P. Finkbeiner, Giant gamma-
ray bubbles from Fermi-LAT: AGN activity or bipolar
galactic wind?, Astrophys. J. 724, 1044 (2010).

[109] S. Abdollahi et al., Fermi large area telescope fourth source
catalog, Astrophys. J. Suppl. Ser. 247, 33 (2020).

[110] M. Ajello et al. (Fermi-LAT Collaboration), 3FHL: The
third catalog of hard Fermi-LAT sources, Astrophys. J.
Suppl. Ser. 232, 18 (2017).

[111] E. Storm, C. Weniger, and F. Calore, SkyFACT: High-
dimensional modeling of gamma-ray emission with adap-
tive templates and penalized likelihoods, J. Cosmol.
Astropart. Phys. 08 (2017) 022.

[112] L. Herold and D. Malyshev, Hard and bright gamma-ray
emission at the base of the Fermi bubbles, Astron. As-
trophys. 625, A110 (2019).

[113] E. Moulin, J. Carr, J. Gaskins, M. Doro, C. Farnier, M.
Wood, and H. Zechlin, Dark matter programme, in Science
with the Cherenkov Telescope Array (World Scientific

PROSPECTS FOR DETECTING HEAVY WIMP DARK MATTER … PHYS. REV. D 103, 023011 (2021)

023011-19

https://doi.org/10.1088/0954-3899/41/6/063101
https://doi.org/10.1088/0954-3899/41/6/063101
https://doi.org/10.1093/mnras/stv2165
https://doi.org/10.1093/mnras/stu2466
https://doi.org/10.1093/mnras/stu2466
https://doi.org/10.1088/1126-6708/2006/05/026
https://doi.org/10.1016/j.cpc.2008.01.036
https://doi.org/10.1016/j.cpc.2008.01.036
https://doi.org/10.1016/j.cpc.2015.01.024
https://doi.org/10.1016/j.cpc.2015.01.024
https://doi.org/10.1016/j.astropartphys.2009.09.001
https://doi.org/10.1016/j.astropartphys.2009.09.001
https://doi.org/10.1016/j.astropartphys.2014.03.002
https://doi.org/10.1016/j.astropartphys.2014.03.002
https://doi.org/10.1088/0034-4885/71/9/096901
https://doi.org/10.1103/PhysRevLett.101.261104
https://doi.org/10.1103/PhysRevLett.101.261104
https://doi.org/10.1103/PhysRevLett.118.091103
https://doi.org/10.1103/PhysRevLett.118.091103
https://doi.org/10.1103/PhysRevLett.120.201101
https://doi.org/10.1103/PhysRevLett.117.111301
https://doi.org/10.1103/PhysRevLett.117.111301
https://doi.org/10.1051/0004-6361:200400055
https://doi.org/10.1051/0004-6361/200811569
https://doi.org/10.1038/nature04467
https://doi.org/10.1038/nature17147
https://doi.org/10.1088/0004-637X/750/1/3
https://doi.org/10.3847/0067-0049/223/2/26
http://galprop.stanford.edu
http://galprop.stanford.edu
http://galprop.stanford.edu
https://doi.org/10.1088/0004-637X/724/2/1044
https://doi.org/10.1088/0004-637X/724/2/1044
https://doi.org/10.1088/0004-637X/793/1/64
https://doi.org/10.3847/1538-4357/aa844d
https://doi.org/10.3847/1538-4357/aa844d
https://doi.org/10.1086/305065
https://doi.org/10.1086/305065
https://doi.org/10.1088/1475-7516/2019/09/042
https://doi.org/10.1088/1475-7516/2019/09/042
https://doi.org/10.1103/PhysRevD.102.043012
https://doi.org/10.3847/1538-4357/aa6cab
https://doi.org/10.1038/s41550-018-0414-3
https://doi.org/10.1086/305772
https://doi.org/10.1088/0004-637X/724/2/1044
https://doi.org/10.3847/1538-4365/ab6bcb
https://doi.org/10.3847/1538-4365/aa8221
https://doi.org/10.3847/1538-4365/aa8221
https://doi.org/10.1088/1475-7516/2017/08/022
https://doi.org/10.1088/1475-7516/2017/08/022
https://doi.org/10.1051/0004-6361/201834670
https://doi.org/10.1051/0004-6361/201834670


Publishing Co. Pte. Ltd., 2019), pp. 45–81, https://ui
.adsabs.harvard.edu/abs/2019scta.book.....C/abstract.

[114] H. Silverwood, C. Weniger, P. Scott, and G. Bertone, A
realistic assessment of the CTA sensitivity to dark matter
annihilation, J. Cosmol. Astropart. Phys. 03 (2015) 055.

[115] G. Cowan, K. Cranmer, E. Gross, and O. Vitells, Power-
constrained limits, arXiv:1105.3166.

[116] G. Cowan, K. C. E. Gross, and O. Vitells, Asymptotic
formulae for likelihood-based tests of new physics, Eur.
Phys. J. C 71, 1554 (2011).

[117] V. Lefranc, E. Moulin, P. Panci, and J. Silk, Prospects for
annihilating dark matter in the inner Galactic halo by the
Cherenkov Telescope Array, Phys. Rev. D 91, 122003
(2015).

RINCHIUSO, MACIAS, MOULIN, RODD, and SLATYER PHYS. REV. D 103, 023011 (2021)

023011-20

https://ui.adsabs.harvard.edu/abs/2019scta.book.....C/abstract
https://ui.adsabs.harvard.edu/abs/2019scta.book.....C/abstract
https://ui.adsabs.harvard.edu/abs/2019scta.book.....C/abstract
https://ui.adsabs.harvard.edu/abs/2019scta.book.....C/abstract
https://ui.adsabs.harvard.edu/abs/2019scta.book.....C/abstract
https://ui.adsabs.harvard.edu/abs/2019scta.book.....C/abstract
https://ui.adsabs.harvard.edu/abs/2019scta.book.....C/abstract
https://ui.adsabs.harvard.edu/abs/2019scta.book.....C/abstract
https://ui.adsabs.harvard.edu/abs/2019scta.book.....C/abstract
https://ui.adsabs.harvard.edu/abs/2019scta.book.....C/abstract
https://doi.org/10.1088/1475-7516/2015/03/055
https://arXiv.org/abs/1105.3166
https://doi.org/10.1140/epjc/s10052-011-1554-0
https://doi.org/10.1140/epjc/s10052-011-1554-0
https://doi.org/10.1103/PhysRevD.91.122003
https://doi.org/10.1103/PhysRevD.91.122003

