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Despite mounting evidence that dark matter (DM) exists in the Universe, its fundamental nature
remains unknown. We present sensitivity estimates to detect DM particles with a future very-high-
energy (2 TeV) wide field-of-view gamma-ray observatory in the Southern Hemisphere, currently
in its research and development phase under the name Southern Wide field-of-view Gamma-ray
Observatory (SWGO). This observatory would search for gamma rays from the annihilation or
decay of DM particles in many key targets in the Southern sky, such as the Galactic halo, several
dwarf galaxies, including the promising Reticulum II, and the Large Magellanic Cloud. With a
wide field of view and long exposures, such observatory will have unprecedented sensitivity to DM
in the mass range of ~100 GeV to a few PeV from observations of a large fraction of the Galactic
halo around the Galactic Center and from Galactic subhalos targets. These results, combined with
those from other present and future gamma-ray observatories, will likely probe the thermal relic
annihilation cross section of Weakly Interacting Massive Particles for all masses from ~80 TeV
down to the GeV range in most annihilation channels.
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1. Introduction

In the past decades a variety of observations solidified our knowledge concerning the pres-
ence of dark matter in the universe. These include the temperature anisotropies of the Cosmic
Microwave Background Radiations, gravitational lensing, Baryonic Acoustic oscillations, galaxy
rotation curves and the compelling fact that dark matter describes the structures and evolution of
the universe at all scales (see ref. [1] and references therein). However, these observations rely
entirely on the gravitational effects of dark matter and not its fundamental nature. The most attrac-
tive candidate to explain DM particles are called Weakly Interacting Massive Particles (WIMPs).
These are non-baryonic particles with masses in the GeV-TeV range that are thermally produced
in the early universe, thus their relic abundance is set by the annihilation cross section. They are
stable, electrically neutral, and the right amount of dark matter is produced if their annihilation
cross section is at the weak scale.

Dark matter particles populate our universe distributed in dark halos surrounding structures as
small as globular clusters to as large as clusters of galaxies. Inside these halos the density may be
sufficiently large that pairs of dark matter particles may self-annihilate and produce visible signals
of cosmic rays, neutrinos, and gamma rays. The flux originated from dark matter annihilation is
proportional to the number density squared, the annihilation cross section, the element of volume
in the sky observed, and the energy spectrum. A similar logic applies to decay, which is instead
linearly proportional to dark matter density but inversely proportional to the dark matter lifetime
[2]. If WIMPs have masses well above the TeV scale, the only near-future discovery possibilities
are astrophysical. This is because the current generation of colliders do not reach sufficiently high
energies to produce >TeV DM, and the naturally-produced flux of DM above the TeV mass scale
is not likely to be reachable with the current target masses and technology of the direct-detection
experiments. Several experiments are currently utilised to search for such signatures[3-9] and
several more are planned [10, 11]. Although unambiguous evidence of particle DM is still absent,
the allowed parameter space is increasingly constrained by such searches.

Gamma-ray observatories are particularly promising for the DM search at masses beyond 1
TeV, with high sensitivity and sufficient angular resolution obtainable. The main advantages of this
powerful indirect detection technique are that gamma rays do not suffer deviation of their trajecto-
ries from propagation effects and that characteristic features such as bumps, steps or cut-offs may
be present in the energy spectrum, given by the fact that no more energy than DM particle mass
per particle can be released in the annihilation of two non-relativistic DM particles. On the other
hand gamma rays are also abundantly produced by astrophysical sources in electromagnetic and
hadronic processes, thus the unambiguous identification of a DM emission above such astrophys-
ical background is sometimes difficult. However, above the TeV scale, astrophysical gamma-ray
backgrounds are expected to be much smaller than at lower energies and allow for detection of very
faint DM signals.

Given its large DM content and relative proximity, the Galactic Center (GC) region is expected
to be the brightest source of gamma rays from DM annihilation or decay in the sky by several orders
of magnitude. Even considering possible signal contamination from other astrophysical sources,
it is one of the most promising targets to detect the presence of new massive DM particles. Other
attractive targets are dwarf spheroidal galaxies (dSphs). They are some of the most dark-matter-
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dominated objects known, and dozens are known to exist nearby in the Milky Way dark-matter halo.
Given their proximity and low astrophysical backgrounds, Milky Way dSphs are excellent targets
for searching for gamma-ray emission from dark-matter annihilation or decay.

A TeV gamma-ray observatory with a very wide field of view (FOV) is a promising possibility
in the search for extended low-surface brightness emission associated with the DM halos of our
own galaxy and its dwarf satellite galaxies. Several observatories of this kind are operational in
the Northern Hemisphere (in particular LHAASO [12] and HAWC [3])) using arrays of particle
detectors located at high-elevation sites. A similar facility located in the Southern Hemisphere
would be highly sensitive to DM gamma-ray signals from the GC region, in particular because
the GC would transit close to zenith in relation to such a detector. An observatory of this type
has been proposed for construction in South America and recently a collaboration was formed to
start the research and development phase under the name Southern Wide field-of-view Gamma-ray
Observatory (SWGO1')[13]. Sensitivity at the highest energies (> 10 TeV) is only achievable with a
large detection area (> 50000 m?) and a long exposure. This can be achieved for the entire observable
sky by a passive, wide FOV detector of gamma rays, complementing searches with pointed systems
such as Imaging Atmospheric Cherenkov Telescopes (IACTs). This next generation observatory
will have unprecedented sensitivity in the multi-TeV energy scale, large FOV (45°), daily exposure
of the GC, and sufficient angular resolution (< 0.5°). The large FOV allows for the continuous
observation of several dwarf galaxies in the southern hemisphere, as well as a large fraction of the
Galactic DM halo, which reduces the dependence of the search on the DM radial profile. It would,
therefore, be sensitive to several different DM profile models (e.g. cuspy or cored).

We investigate in detail the potential of an experiment such as SWGO to measure a DM signal.
Based on a “straw man" detector design of SWGO, we derive sensitivity limits to the annihilation and
decay of DM particles in the Galactic halo and in Galactic subhalos targets. We show that, together
with other contemporaneous gamma-ray observatories, SWGO observations of the GC halo would
allow the detection of DM particles with a thermal relic annihilation cross-section (~ 3 x 10726 cm?
s~!) for masses up to 100 TeV. The results included in Section 2 and shown in this presentation were
published in [14]. The details about this analysis can be found in the aforementioned reference. In
this proceedings we present just the main results.

2. Searching for Dark Matter in the Galactic Halo with SWGO

The sensitivity of SWGO to DM annihilation/decay can be found by comparing the number
of observable gamma rays with the expected background. This residual background is essentially
composed of protons that are misidentified as gamma rays (see ref. [13] for more details). The
statistical tool used to derive limits is a 2D (energy and space) joint-likelihood method, where the
comparisons between DM and background fluxes are performed in different energy and spatial
intervals (or bins) [14].

2.1 Sensitivity to Dark Matter Annihilation

Figure 1 shows the expected 95% C.L. upper limits on {ov) versus Mpy; for DM particles
annihilating into W*W~, bb and t*7~ [2] assuming an Einasto profile for the GC halo. The
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sensitivities are shown for 10 years of observations with SWGO. They are compared to the current
best limits in the TeV mass range by H.E.S.S. [5] and to the future sensitivity of CTA-South [10],
with 254 and 500 hours of observation of the inner 1° and 5° of the Galaxy, respectively, and
assuming an Einasto profile in both cases. The current most-stringent Fermi-LAT limits using 15
dwarf spheroidal galaxies (dSphs) are also plotted, as well as the projected sensitivities assuming a
total 15 years of observations and a projected sample of 60 dSphs 2 [9].
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Figure 1: Expected 95% C.L. upper limit on the velocity-weighted cross section for DM self-annihilation
into 7*7~ (top-left), bb (top-right) and W*W~ (bottom) as a function of Mpy;, for SWGO and CTA [10]
observations of the GC halo. Current Galactic Center H.E.S.S. limits [5] towards the GC halo, and Fermi-
LAT limits towards dwarf galaxies (solid blue line) as well as projected sensitivities (dashed blue line) are
also plotted [9]. The nominal value of the thermal-relic cross-section is plotted as well (long-dashed black
line). Figure extracted from [14].

A sensitivity to values of {o-v) smaller than the nominal thermal-relic cross-section is reachable
for SWGO in the mass range of ~500 GeV to ~80 TeV for the W*W~ and "t~ channels, and in

2Here we assumed that the Fermi-LAT W*W~ projected sensitivity scales similar to the bb sensitivity.
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the range of ~700 GeV to ~20 TeV for the bb channel. SWGO will improve the sensitivity to DM
annihilation in the TeV mass range by more than an order of magnitude with respect to the current
observatories, such as H.E.S.S. [5]. It will also be more sensitive than CTA for all DM particles
masses above 700 GeV in the 777~ channel, and above ~2.5 TeV in the bb channel. In the W*W~,
SWGO will have a similar sensitivity to CTA in the mass range of ~500 GeV to ~20 TeV, and better
above 10 TeV. Most importantly, the combined sensitivity of SWGO with Fermi-LAT and CTA will
be able to probe a thermal-relic cross-section for all WIMP masses between a few GeV and ~ 80
TeV in most annihilation channels (< 20 TeV for bb).

The fact that CTA and SWGO are both sensitive to DM particles in the TeV mass range with
a thermal-relic cross-section means that they could potentially detect DM simultaneously. In the
case of a detection, the combination of deep observations of the GC region by SWGO and CTA,
would increase confidence in the characterization of the signal if it were found in both [14].

2.2 Sensitivity to Dark Matter Decay

Figure 2 shows the expected 95% C.L. upper limits on the decay lifetime 7 versus Mpy for DM
particles decaying intobb and 7+7~ assuming both an Einasto and a Burkert profile for the GC halo.
Sensitivities are shown for 10 years of observations with SWGO. CTA sensitivity curves are also
shown for 200 hours of observation of an Einasto profile, and decays into bb and 777~ [15]. The
current most-stringent Fermi-LAT limits based on the observation and modeling of the isotropic
gamma-ray background (IGRB) [16] are also plotted. Current limits to DM decay in the GC halo
have been provided by HAWC [4], and these are added to Fig. 2 for comparison.
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Figure 2: Expected 95% C.L. lower-limits on the DM decay lifetime into 77~ (left) and bb (right) as a
function of Mpy;, for SWGO observations of the GC halo, assuming both an Einasto (solid gray line) and
a Burkert (dahsed gray line) profile. CTA sensitivity [15] and HAWC lower-limits [4] are also plotted for
observations of an Einasto profile of the GC halo. Fermi-LAT [16] lower-limits from observations of the
isotropic gamma-ray background are shown as well. Figure extracted from [14].

SWGO will reach an unprecedented sensitivity in the TeV mass range, being more sensitive than
CTA and Fermi-LAT for all DM particle masses above ~600 GeV. With respect to the current limits
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Figure 3: (Left) Expected 95% confidence level dark-matter-annihilation cross-section upper limits in dSphs
with a 200,000 m? water Cherenkov detector (WCD) (10 times the HAWC area, similar to SWGO). Also
shown are the observed dSph limits from VERITAS [8], H.E.S.S. [6], Fermi-LAT [18], MAGIC [7], and
the expected limits from CTA [19]. (Right) Expected 95% confidence level dark-matter decay lifetime
lower limits for dark-matter decay in dSphs. Also shown are the observed dSph limits from VERITAS [8],
Fermi-LAT [20], and IceCube [21].

from HAWC [4], an improvement of more than two orders of magnitude is expected. A sensitivity
to decaying lifetimes larger than 10?7 seconds will be attained for all channels and masses above 1
TeV.

3. Searching Dark Matter in Galactic Substructure with SWGO

Dwarf spheroidal galaxies (dSphs) are some of the most dark-matter-dominated objects known.
Dozens are known to exist nearby in the Milky Way dark-matter halo. Given their proximity and
low astrophysical backgrounds, Milky Way dSphs are excellent targets for searching for gamma-ray
emission from dark-matter annihilation or decay. For example, HAWC has derived competitive
limits on dark-matter annihilation and decay using 14 dSphs with known dark-matter content [3].

Recent deep observations with wide-field optical imaging surveys have discovered 33 new
ultra-faint Milky Way satellites ([17] and references therein), mostly in the Southern Hemisphere.
These objects are potentially dark-matter-dominated dSphs, but this needs to be confirmed with
spectroscopic follow-up observations. Fifteen of the new satellites have already been spectroscop-
ically confirmed as dSphs. These add to the existing 18 well-characterized dSphs known before
these surveys [18].

Figure 3 shows the expected improvement in the dark-matter annihilation and decay limits
relative to the current HAWC limits for a HAWC-like array with 10X better sensitivity in the
Southern Hemisphere and an increased number of dSphs. We assume the dark-matter amount and
distribution in the new dSphs matches that of the previously known dSphs. With the next generation
of observations, we expect to be able to improve the present limits by nearly an order of magnitude.
We also expect such an array’s dSph searches to be more sensitive than dSph searches from current
and future IACTs like H.E.S.S. and CTA.
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Additionally, with a survey instrument examining the sky every day, additional dSphs that
haven’t been discovered yet will have already been observed with the instrument’s full sensitivity.
The Rubin Observatory [22] will survey the Southern Hemisphere sky with unprecedented sensi-
tivity and is expected to find hundreds of new dSphs. Legacy data from SWGO at these locations
could easily and immediately be analysed when new dSphs are found.

Two other promising Southern Hemisphere dark-matter targets are the Large (LMC) and Small
(SMC) Magellanic Clouds. The LMC is the largest Milky Way satellite and rich in dark matter.
It also is likely on its first in-fall, meaning it has not been tidally stripped by the galaxy and still
contains most of the its initial dark-matter density. The SMC is in a complicated orbit around the
LMC, but also likely on its first in-fall and therefore not tidally stripped. Though its dynamics are
more complicated than the LMC, the SMC'’s rotations curves show that it is dark-matter dominated.
Since it is extended by ~ 10°, a wide-field-of-view observatory would uniquely observe the entire
LMC dark-matter subhalo at TeV energies.

4. Conclusion

The Southern Hemisphere is home to many key dark matter targets to search for gamma-ray
signals from DM annihilation or decay, such as the inner Galactic halo and several dwarf galaxies.
A survey-style instrument with a wide FOV in the Southern Hemisphere, such as SWGO, will be
an important tool in searching for such emissions from multi-TeV DM mass. Here we propose a
design of SWGO that would be sensitive enough to probe thermal DM for a large range of multi-
TeV DM masses and interaction channels when observing the Galactic halo. In addition, we show
that such an observatory would produce competitive, if not the best, limits for dark matter from
Galactic substructure targets with masses from 100 GeV to several hundreds of TeV. With all of
these advantages available, a Southern wide FOV gamma-ray observatory promises to shed new
light on the still unknown nature of DM. It will be a critical tool towards a better understanding of
this diverse topic in the coming decade.
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