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Dwarf spheroidal galaxy satellites of the Milky Way are prime targets for indirect detection of dark
matter with gamma rays due to their proximity, high dark matter content, and absence of nonthermal
emission processes. Recently, the Dark Energy Survey (DES) revealed the existence of new ultrafaint dwarf
spheroidal galaxies in the southern-hemisphere sky, therefore ideally located for ground-based observations
with the imaging atmospheric Cherenkov telescope array H.E.S.S. We present a search for very-high-
energy (E≳ 100 GeV) gamma-ray emission using H.E.S.S. observations carried out recently towards
Reticulum II, Tucana II, Tucana III, Tucana IV, and Grus II satellites. No significant very-high-energy
gamma-ray excess is found from the observations on any individual object nor in the combined analysis of
all the datasets. Using the most recent modeling of the dark matter distribution in the dwarf galaxy halo, we
compute for the first time on DES satellites individual and combined constraints from Cherenkov telescope
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observations on the annihilation cross section of dark matter particles in the form of Weakly Interacting
Massive Particles. The combined 95% C.L. observed upper limits reach hσvi ≃ 1 × 10−23 cm3 s−1 in the
WþW− channel and 4 × 10−26 cm3 s−1 in the γγ channels for a dark matter mass of 1.5 TeV. The H.E.S.S.
constraints well complement the results from Fermi-LAT, HAWC, MAGIC, and VERITAS and are
currently the most stringent in the γγ channels in the multi-GeV/multi-TeV mass range.

DOI: 10.1103/PhysRevD.102.062001

I. INTRODUCTION

Precise cosmological measurements [1] support the
theory that most of the matter in the Universe is composed
of nonbaryonic cold dark matter (DM). The search for
nongravitational interactions of DM is one of the major
efforts in contemporary fundamental astrophysics. Despite
the worldwide multifaceted efforts that have been deployed
over the last decades to detect DM, its nature is presently
unknown. Many theoretical models [2] have been devised
to propose DM particle candidates. Among them is a
Weakly Interacting Massive Particle (WIMP) with mass
and coupling at the electroweak scale that provides the cold
DM density measured in the Universe today [3], which is
popularly acknowledged as the WIMP miracle. Among the
experimental strategies devised to detect DM, the indirect
searches look for the Standard Model particles produced
during the DM annihilation or decay. WIMPs could still
annihilate today in dense regions of the Universe producing
very-high-energy (VHE, E≳ 100 GeV) gamma rays in the
final states that can be eventually detected by ground-based
imaging atmospheric Cherenkov telescopes (IACT) such as
the High Energy Stereoscopic System (H.E.S.S.).
Among the most favorable environments to look for DM

annihilation in VHE gamma rays are dwarf spheroidal
galaxies (dSphs) satellites of the Milky Way, with many of
them nearby and at high Galactic latitudes. The measured
stellar kinematics in dSphs make them the most DM-
dominated objects in the Universe. They are composed of
old stellar populations and contain little gas which could act
as target materials for VHE cosmic rays. No hint is found
for nonthermal processes that could give rise to emission
from non-DM scenarios which would serve as background
for a DM search in VHE gamma rays [4,5]. Despite the
lower DM signals expected for dSphs compared to the
central region of the Milky Way, they have the advantage of
negligible background emission to hide a DM signal.
Numerous dSphs have been discovered via the Sloan

Digital Sky Survey [6] covering the Northern celestial
hemisphere. More recently ultrafaint dSphs are being
unveiled by the ongoing surveys like PanSTARRS [7],
and the DES [8], with the prospect of more discoveries
with the Large Synoptic Survey Telescope [9]. DES is a
southern-hemisphere optical survey providing photometric
measurements to detect stellar overdensities with unprec-
edented sensitivity in the southern sky. The ultrafaint

Milky Way satellites newly discovered by DES are con-
sistent with being dSphs while a fraction of them are
referred to as dSph candidates in absence of confirmation
from spectroscopic measurements. They represent new
promising targets for VHE gamma-ray searches for DM
annihilations.
We present here the observations carried out by H.E.S.S.

on a selection of DES satellites to search for DM annihi-
lation signals. The targeted systems are Reticulum II
(Ret II), Tucana II (Tuc II), Tucana III (Tuc III), and
Grus II (Gru II), with Tucana IV (Tuc IV) in the field of
view (FoV) of Tuc III observations. The results of the
search for DM annihilation signals are presented for
individual and combined searches towards these targets.
The paper is organized as follows. Section II presents the
DM signals expected from the targets. In Secs. III and IV,
we present the observational datasets, and the data analysis,
respectively. Section V is devoted to the results. We
conclude in Sec. VI.

II. DARK MATTER SIGNALS

A. Dark matter distribution and gamma-ray flux

The energy-differential gamma-ray flux expected from
the self-annihilation of DM particles of mass mDM in the
region of solid angle ΔΩ can be written as [2]:

dΦγ

dEγ
ðEγ;ΔΩÞ ¼

hσvi
8πm2

DM

X
f

BRf
dNf

dEγ
JðΔΩÞ; with

JðΔΩÞ ¼
Z
ΔΩ

Z
LoS

ρ2ðsðr; θÞÞds dΩ: ð1Þ

The first term groups the total velocity-weighted anni-
hilation cross section hσvi and the sum of the annihilation
spectra dNf=dEγ in the final states f with associated
branching ratios BRf. The second term, often referred to
as the J-factor, corresponds to the square of the DM mass
density ρ integrated over the line-of-sight (LoS) s and ΔΩ.
The distance from the observer to the annihilation location
s is given by r ¼ ðs2 þ s20 − 2 s0 s cos θÞ1=2, where s0 is the
distance from the target to the Earth and θ the angle
between the direction of observation and the dSph center.
The DMmass density is inferred from the measurements of
the position and LoS velocity of the stars gravitationally
bound in the dwarf galaxy potential well through the Jeans
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equation [10]. The finite number of kinematic measure-
ments of the member stars leads to an uncertainty on the
J-factor; see, e.g., Ref. [11].
The expected DM flux is composed of a continuum

spectrum extending up to the DM mass, and a line
emission feature. The former contribution arises from
the hadronization and/or decay of quarks, heavy leptons,
and gauge bosons involved in the annihilation process.
The latter comes from the prompt annihilation into
γX with X ¼ γ, h, Z, or a nonstandard model neutral
particle, providing a spectral line at an energy Eγ ¼
mDM½1 − ðmX=2mDMÞ2�. Additional gamma rays are pro-
duced when the DM particles self-annihilate into charged
particles via processes involving virtual internal brems-
strahlung and final state radiation. Such processes provide
a wider linelike feature that peaks at an energy close
to mDM.

B. Target selection

Five targets were selected among the 16 newly discov-
ered DES dSphs [12,13]. The selection is based mainly on
the DM content and visibility from the H.E.S.S. site.
Targets with measured or predicted J-factor close to
log10ðJ<0.5°=GeV2 cm−2Þ ∼ 19 are chosen, with visibility
at zenith angles lower than 60° spread all over the year. The
priority has been given to targets that are confirmed as
dwarf galaxies, followed by the galaxy candidates with the
largest J-factor. The chosen targets are outlined in Table I.
The low-luminosity Milky Way satellite Ret II has been
discovered using photometric data from the DES [12,14].
Located at a distance of 32 kpc from the Sun, it is one of
the nearest dSphs after Segue 1 (23 kpc) [15] and
Sagittarius (24 kpc) [16]. Ret II is about three times more
luminous than Segue 1, which suggests that its DM halo
may be more massive than that of Segue 1. This makes it a
privileged dSph target for DM searches. Assuming
dynamical equilibrium and spherical symmetry, a Jeans
analysis of the available kinematic data suggest that the
J-factor of Ret II is among the highest of the known dSphs.
Its J-factor integrated within a radius of 0.5° reaches
log10ðJ=GeV2 cm−5Þ ¼ 19.6 [17] based on a kinematic
sample of 38 member stars. Alternative studies derived
mean log10ðJ=GeV2 cm−5Þ values as large as 20.5 [18] and
as low as 18.2 [19] within a 0.5° radius. A systematic study
presented in Refs. [17,20] shows that its J-factor deter-
mination is stable against assumptions in the Jeans
analysis. No hints of tidal disruption [21] or a significant
binary star population [22] in Ret II have been detected so
far. Based on the velocities and metallicities of its stars,
Ret II is confirmed as an ultrafaint dwarf galaxy [23].
Present photometric and spectroscopic data cannot con-
strain the fraction of binary stars in the kinematic stellar
sample. In the observed absence of tidal disruption and
binary stars that would artificially inflate the velocity
dispersion, Ret II is a prime DM target for H.E.S.S. TA
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Tuc II is an ultrafaint dSph galaxy Milky Way satellite
discovered from DES photometric data [12] located at
57 kpc from the Sun. Spectroscopic measurements of
member stars [24] reveal a low internal velocity dispersion.
Assuming dynamical equilibrium, spherical symmetry,
and a negligible contamination of binary stars in the stellar
sample, the J-factor of Tuc II is calculated as
log10ðJ=GeV2 cm−5Þ ¼ 18.7 within 0.5° [24], which makes
it an interesting DM target among known dSphs.
Spectroscopic observations of member stars of Tuc II
classify it as a dwarf galaxy [24]. No tidal disruption or
significant binary star population have been measured so far
in this system. In Ref. [27] the J-factor of Tuc II is predicted
to be log10ðJ=GeV2 cm−5Þ ¼ 19.0 within a 0.5° radius [27].
The conservative estimate is used in what follows.
Among the dSph candidates discovered by DES [12],

Tuc III is the nearest low-luminosity Milky Way satellite
located at a heliocentric distance of 25 kpc [25].
Spectroscopic measurements show a very low velocity
dispersion in the member stars, and only upper limits can
be safely derived. Despite its larger size and lower surface
brightness compared to any known globular cluster, Tuc
III cannot be confirmed as a DM-dominated system, and,
therefore, cannot be definitely classified as a dSph. If Tuc
III has a DM halo similar to the one of other satellites with
similar stellar mass, the J-factor of Tuc III can be as high
as log10ðJ=GeV2 cm−5Þ ¼ 19.4 within 0.5° [25] making it
a very promising DM target that can be conveniently
observed by H.E.S.S. However, the derivation of the
J-factor from the modeling of the velocity distribution
suffers from systematic uncertainties and J-factors as low
as log10ðJ=GeV2 cm−5Þ ≃ 17.8 are possible [25]. The
predicted values from Ref. [26] and Ref. [27] are
log10ðJ=GeV2 cm−5Þ ¼ 19.0 and 17.7, respectively,
within 0.5°.
No accurate spectroscopic measurements are available

for Gru II and Tuc IV. In absence of measurements of the
velocity dispersion of member stars, they are classified as
likely dSphs [26]. No J-factor can be measured and the
empirical law from Ref. [26] is used to provide an estimate
of the J-factor of Gru II and Tuc IV.
The determination of the DM density distribution in

dSphs is subject to uncertainties that can significantly affect
the J-factor estimation. Due to the finite sample of stellar
tracers in dSphs, the statistical uncertainty on the J-factor is
higher for ultrafaint candidates than that of the classical
dSphs such as Sculptor or Draco. The Jeans equation
framework assumes dynamical equilibrium of stellar trac-
ers (e.g., no tidal disruption), spherical symmetry of the
system, light profile parametrization, and radial depend-
ence of the velocity anisotropy. This set of hypotheses may
not be valid in the physical systems, which would lead to
systematic uncertainties in the J-factor determination. In
what follows, the statistical uncertainties for the computa-
tion of the limits are considered when the spectroscopic

measurements are available. Sources of systematic uncer-
tainties in the J-factor determination in dSphs are dis-
cussed, for instance, in Refs. [28,29].
The ultrafaint systems Tuc III, Tuc IV, and Gru II lack

spectroscopic measurements of their member stars and their
J-factor can only be predicted. Assuming these objects to
be embedded in spherical cuspy DM halo following the
relationship between their enclosed mass, velocity
dispersion, and half-light radius, an analytic formula to
calculate the J-factors can be derived [19]. An alternative
method based on a distance scaling relationship provides a
compatible estimate of the J-factor assuming that the stellar
systems lie in DM halos similar to those of known dSphs as
shown in Ref. [26]. For Tuc III, the J-factor value within
0.5° can be as large as log10 J ¼ 19.4 using the lower limit
on its mass from the tidal stripping argument [25].
However, the derived value from an upper limit on the
LoS velocity dispersion is about two orders of magnitude
below. Recent photometric observations classify Tuc III as
an ultrafaint dwarf galaxy [23] while spectroscopic mea-
surements failed so far to unambiguously confirm its
dynamical status [25]. In absence of lower limits on the
velocity dispersion for Tuc IV and Gru II, the J-factor
values in the region of interest (ROI) are derived following
the methodology of Ref. [26] assuming an inner slope of
one for a cuspy DM profile [19]. In the case of Tuc III,
Tuc IV, and Gru II, no statistical uncertainty can be derived
for their J-factors. σJON ¼ 0.7 is assumed to have an
estimate of the degradation of the H.E.S.S. limits towards
these objects when considering the J-factor uncertainty.
Such a value is coherent given the measured uncertainty
derived for Ret II and Tuc II.

III. OBSERVATIONS AND DATASET

H.E.S.S. is an array of five IACTs situated in the Khomas
Highland in Namibia, at 1800 m above the sea level. The
observatory consists of four 12 m diameter telescopes
(CT1-4) at the corner of a square of side length 120 m
and a fifth 28 m diameter telescope (CT5) at the middle of
the array since 2012. Given its location in the Southern
Hemisphere, H.E.S.S. is best located to observe recently
detected DES dSphs compared to other IACTs.
The observations presented here were performed with

the full five-telescope array (H.E.S.S. Phase 2) towards a
selection of recently discovered dSphs. Dedicated obser-
vations were carried out towards Ret II, Tuc II, Tuc III in
2017 and 2018, and Gru II in 2018. Previous observations
targeted at another source covered the position of Gru II
providing a useful exposure at its nominal position. Given
the H.E.S.S. FoV, observations taken towards Tuc III also
include Tuc IV. The dedicated observations were taken in
the wobble mode where the telescope pointing direction is
offset from the nominal target position by an angle between
0.5 and 0.7°. The observations selected for the data analysis
meet the standard run selection criteria [30]. Table II
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summarizes the main observational characteristics of the
selected dSphs.
After the calibration of raw shower images, the

reconstruction of the direction and energy of gamma rays
is performed using a template-fitting technique [31] in
which the recorded images are compared to precalculated
showers computed from a semianalytical model. This
technique achieves an energy resolution of 10% and an
angular resolution of 0.06° at 68% containment radius for
gamma-ray energies above 200 GeV. The results presented
here have been cross-checked with a different calibration
and analysis chain yielding compatible results [32].
A combined analysis is used to account for the hybrid

nature of the observations. Given the configuration of
H.E.S.S. Phase II array, a gamma ray can trigger CT5
alone (monoscopic event), or any combination of two of the
five telescopes (stereo event). The event reconstruction can
be performed in different modes according to the event
class. In order to fully benefit from the flexibility of the
H.E.S.S. Phase II array, a combined mode exploits both the
monoscopic and stereoscopic reconstructions [33]. The
best reconstruction among the mono (CT5 only), stereo
(CT1-5), or H.E.S.S. Phase I-like (CT1-4) reconstruction of
each gamma-ray-like event is selected from a χ2 test.
Figure 1 shows each selected dSph the gamma-ray excess
sky map for which the residual background computation is
determined using the RingBackground technique [30].
Table III summarizes the available gamma-ray statistics
in the source and background regions, the relative size of
the background region to the signal region, as well as the
significance in the source region. No significant gamma-ray
excess is found at the position of the dSph or anywhere in
the FoV as shown in Fig. 1.

IV. DATA ANALYSIS

A. Region of interest and background measurement

For each selected system, the ON source signal is
computed by integrating all the gamma-ray-like events
in a disk of angular radius given in the second column of
Table III. For Ret II and Tuc II, a ON region of 0.2° radius is
used, divided into two concentric subregions of interest

(ROIs) of 0.1° width each. The size of the ON source region
is chosen according to the expected DM signal spatial
profile versus background as a function of the distance from
the object nominal position in order to maximize the
sensitivity. In absence of spectroscopic measurements,
Tuc III, Tuc IV, and Gru II are considered as pointlike
sources for H.E.S.S. and therefore only one ROI with a
0.125° radius is considered.
The residual background is measured in the OFF-source

regions defined according to the multiple-OFF method
[34]: for each telescope pointing position of the observa-
tions, several regions with same solid angle and shape as for
the ROIs are defined at the same distance from the pointing
position as the ON region. By construction, the centers of
the OFF regions lie on a circle of radius equal to the
distance between the target position and the pointing
position, which leads to identical acceptance in the ON
and OFF regions. This method yields smaller systematic
errors in the analysis than background determination
techniques based on OFF measurements in separated
dedicated observations of empty fields of view. A disk
around the center of the ON region is excluded for the OFF
measurements, with a radius equal to twice the size of the
ON region radius, so that the expected DM signal in the
OFF regions is negligible. No additional excluded region is
used since no VHE gamma-ray sources are detected in the
considered FoV. Given the expected source extension of
Tuc III and Tuc IV no contamination is expected from one
source in the considered signal region of the other. The total
number of background events is the sum of all the events
that fall in the OFF regions. The parameter α is defined as
the ratio between the solid angle size of the OFF and ON
regions by α ¼ ΔΩOFF=ΔΩON. The excess sky map is
obtained by subtracting the total OFF event count weighted
by 1=α from the ON event count, and the significance is
computed following the statistical approach of Ref. [35].
Figure 1 shows the excess significance sky map for all
selected systems. No significant gamma-ray excess is
found in the ON source region as well as anywhere else
in the sky map. Table III provides the size of the ON source
region, the number of ON and OFF events, the α values as
well as the excess significance for the full ROIs.

TABLE II. Table of Milky Way satellites discovered by DES and consistent with dwarf galaxies observed by
H.E.S.S. The second to fifth columns give the distance and the galactic coordinates of each object, respectively. The
last two columns provide the live time on target acquired by H.E.S.S. in the 2017 and 2018 observation campaigns
and the mean zenith angle of observations. Uncertainties on the distance of the systems are of about 10%.

Source name RA [hours]
Dec

[degrees]
Longitude
[degrees]

Latitude
[degrees]

Live time
[hours]

Mean zenith
angle [degrees]

Reticulum II 03:35:40.8 −54∶03∶00 266.30 −49.74 18.3 42.4
Tucana II 22:52:14.4 −58∶34∶12 328.04 −52.35 16.4 36.1
Tucana III 23:56:36.0 −59∶36∶00 315.38 −56.18 23.6 39.0
Tucana IV 00:02:55.2 −60∶51∶00 313.29 −55.29 12.4 39.2
Grus II 22:04:4.8 −46∶26∶24 351.14 −51.94 11.3 29.0
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B. Statistical analysis and upper limit computation

A two-dimensional (2D)-binned Poisson maximum like-
lihood analysis is used in order to explore the spatial and
spectral characteristics of the expected DM signal with
respect to the background. The energy range is divided into

68 logarithmically spaced energy bins i between 150 GeV
and 63 TeV, and the spatial bin j corresponds to the number
of ROIs defined for each target. For a given DM mass and
annihilation channel, the Poisson likelihood function in the
bin ði; jÞ can be written as

TABLE III. Data analysis results for each selected target. The second column gives the size of the ROI. Count
numbers measured in the ON and OFF regions are provided in the third and fourth column, respectively. The fifth
and sixth column give the ratio of the solid angle size between the OFF and ON regions averaged over all
observations, and the measured excess significance between the ON and OFF counts. For the systems marked with
the symbol *, the ROI size is chosen as for pointlike emission searches.

Source name ON region size [degrees] NON [counts] NOFF [counts] ᾱ Significance [σ]

Reticulum II 0.200 949 7926 8.0 −0.9
Tucana II 0.200 1170 9704 8.0 −1.0
Tucana III� 0.125 689 9816 15.0 0.9
Tucana IV� 0.125 285 6550 24.1 0.6
Grus II� 0.125 263 4491 16.0 −0.8
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FIG. 1. Excess significance maps in the FoV of Ret II, Tuc II, Tuc III, and Gru II, respectively, in Galactic coordinates. Tuc IV is
observed in the FoV of Tuc III. The nominal position of the systems is marked with a white-filled triangle. The color scale gives the
significance of the excess in numbers of standard deviations. No significant excess is observed in any of the FoV.
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LijðNS; NBjNON; NOFF; αÞ

¼ ðNS
ij þ NB

ij ÞNON;ij

NON;ij!
e−ðN

S
ijþNB

ij Þ

×
ðNS0

ij þ αjNB
ij ÞNOFF;ij

NOFF;ij!
e−ðN

S0
ij þαjNB

ij Þ: ð2Þ

NON;ij and NOFF;ij stand for the number of measured
events in the ON and OFF regions, respectively. NB

ij is the
expected number of background events in the ON region. αj
is defined as the ratio of the solid angle of the OFF and ON
regions for the bin j. NS

ij and N
S0
ij correspond to the number

of DM signal events expected in the ON and OFF regions,
respectively. They are computed by folding the theoretical
DM flux with the energy-dependent acceptance and energy
resolution of H.E.S.S. for the considered data set. The
continuum signal spectra are extracted from Ref. [36],
while the monoenergetic gamma-line signal is a Dirac delta
function. The energy resolution of H.E.S.S. is represented
by a Gaussian function with a width of σE=E ¼ 10%. The
dependence of the energy resolution on the observational
parameters (mean zenith angle, optical efficiency, off-axis
angle) and the analysis selection cuts have a negligible
impact on the results. The same likelihood analysis
technique is applied to look both for the continuum and
gamma-line signals.
As discussed in Sec. IVA, NS0

ij can be safely taken to

NS0
ij ≡ 0. The total likelihood L is defined as the product of

the Lij over the ij bins. Since no significant excess between
the ON and OFF regions is found in any of the considered
systems, upper limits can be computed for any DM mass
from a likelihood ratio test statistic (TS) [37] given by:

TS¼

8>>>>>>>><
>>>>>>>>:

−2 ln LðNSðhσviÞ;
bbNBðhσviÞÞ

Lð0;
bbNBð0ÞÞ

NSðdhσviÞ< 0

−2 ln LðNSðhσviÞ;
bbNBðhσviÞÞ

LðNSðchσviÞ; bNBÞ
0≤NSðdhσviÞ≤NSðhσviÞ

0 NSðdhσviÞ>NSðhσviÞ

:

ð3Þ

ccNB
ij is obtained through a conditional maximization by

solving dL=dNB
ij ¼ 0, while NS

ijðdhσviÞ and cNB
ij are com-

puted using an unconditional numerical maximization. The
procedure described in Ref. [37] has been followed in order
to compute upper limits for positive signals. The value of
the velocity-weighted annihilation cross section hσvi for
which ΔTS ¼ 2.71 from the minimum provides one-sided
95% confidence level (C.L.) upper limits on hσvi.

Due to the finite number of stellar tracers of the DM-
induced gravitational potential in a given DES system k, the
J-factor can be treated as a statistical variable. Its uncer-
tainty is modeled as a nuisance parameter which follows a
log-normal distribution:

LJ
kðJjJ̄; σJÞ ¼

1ffiffiffiffiffiffi
2π

p
σJ logð10Þ × J

× exp

�
−
ðlog10J − log10JÞ2

2σ2J

�
; ð4Þ

with mean J̄ and width σJ taken from literature (see
Table I). The J-factor, Ĵ, that maximizes Eq. (4) is derived
and then included in the likelihood test as NS → NSĴ=J̄.

V. RESULTS

A. Upper limits on individual systems

Since no significant excess is found in the selected DES
dSphs in any ROI, upper limits at 95% C.L. on hσvi versus
the DM mass are derived for each target following Eq. (3).
The upper limits as a function of the DMmass are shown in
Fig. 2 for the WþW− annihilation channel. The observed
limits are plotted together with the mean expected limits
and the 1σ and 2σ containment bands. Mean expected
limits and statistical uncertainty bands are obtained from
100 Poisson realizations of the background in the ON and
OFF regions, respectively. The mean expected limits are
given by the mean of the distribution of log10ðhσviÞ
obtained in the realizations and the containment bands
by its standard deviation.
The best observed limits are obtained for Ret II. They

reach hσvi ≃ 1 × 10−23 cm3 s−1 for a 1.5 TeV DM mass in
theWþW− annihilation channel. In the case of Tuc III, they
reach hσvi ≃ 3 × 10−23 cm3 s−1 for a 1.5 TeV DM mass.
Assuming the lower value of the J-factor for Tuc III, the
limits degrade by a factor of about 40. The limits on Tuc IV
and Gru II are less constraining due to smaller J-factors and
datasets.
In addition, a search for monoenergetic gamma-ray

lines has been performed on the five targets. The
95% C.L. observed and mean expected limits together
with the containment bands are shown in Fig. 3 for the
five targets. For Ret II, the observed limit reaches
hσvi ≃ 8 × 10−26 cm3 s−1 for a 1.5 TeV DM mass.
The search for a DM signal has also been performed in

the annihilation channels ZZ, bb̄, tt̄, eþe−, μþμ−, and τþτ−.
The 95% C.L. upper limits on hσvi as a function of mDM
are shown in Fig. 4 for the most promising target, Ret II.
The impact of the uncertainty on the J-factor is com-

puted for Ret II and Tuc II, as shown in Fig. 5 for the
WþW− channel. The limits degrade by a factor of about six
and 12 for Ret II and Tuc II, respectively.
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FIG. 2. 95% C.L. upper limits on the annihilation cross section hσvi for Ret II, Tuc II, Tuc III, Tuc IV, and Gru II, in the WþW−

annihilation channel without the uncertainty on the J-factor. Observed limits (solid lines) together with mean expected limits (dashed
line) and the 1σ (green area) and 2σ (yellow area) containment bands are shown.
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FIG. 4. 95% C.L. upper limits on the annihilation cross section hσvi for Ret II in the bb̄, tt̄, ZZ, eþe−, μþμ−, τþτ− annihilation
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B. Combined upper limits

The hypothesis that all targets are in fact gamma-ray
emitters, but too faint to be seen with the given exposure,
was tested and no overall significant excess was found. The
combination was performed at the likelihood level, where
the total likelihood function writes

Ljoint ¼
YNtargets

k¼1

Lk; ð5Þ

where Lk is the likelihood of each target k. A strict joint-
likelihood maximization was not performed, but the

likelihoods were maximized beforehand. The combined
observed limits at 95% C.L. on theWþW− and γγ channels
are shown in the left and right panels of Fig. 6, respectively.
For a 1.5 TeV DMmass, they reach hσvi≃1×10−23 cm3 s−1

and 4 × 10−26 cm3 s−1 in the WþW− and γγ annihilation
channels, respectively. These results degrade of about a
factor seven when the uncertainty on the J-factor is
included.
The combination of the two confirmed dwarf galaxies,

Ret II and Tuc II, is shown as well as the combination of all
the five objects. In the former case the limits are driven by
Ret II limits, while in the latter the impact of Tuc III is also
significant. The combined 95% C.L. observed limits of the
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FIG. 5. 95% C.L. upper limits on the annihilation cross section hσvi for Ret II (left panel) and Tuc II (right panel) in the WþW−

annihilation channel including the uncertainties on the J-factor. Observed limits (solid lines) together with mean expected limits (dashed
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five objects are plotted together in Fig. 7 for various
annihilation channels.
Constraints on hσvi from various experiments are

compared in Fig. 8 for the WþW− (left) and γγ (right)
annihilation channels, respectively. The results obtained by
H.E.S.S. in this work combining the five selected DES
dSphs, with and without including the uncertainty on the
J-factor are shown together with previous H.E.S.S. results
obtained on a selection of classical dSphs [38] including the
uncertainty on the J-factor.1 The results from MAGIC on
Segue 12 with (dashed) and without (solid) the uncertainty
on the J-factor are extracted from Ref. [40] and Ref. [41],
respectively. Results obtained by VERITAS from a combi-
nation of five dSphs including Segue 1 [42], with and
without uncertainty on the J-factor are plotted together with
the stacked limits on 15 dSphs obtained by Fermi-LATwith
the uncertainty on the J-factor [43]. The results obtained
from the HAWC experiment on 15 targets [44] without the
uncertainty on the J-factor as well as results that do not
include Triangulum II3 with and without uncertainty on the
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FIG. 7. Combined 95% C.L. observed upper limits on the
annihilation cross section hσvi versus the DM mass mDM for the
combined analysis in the bb̄, tt̄, WþW−, ZZ, eþe−, μþμ−, τþτ−,
and γγ annihilation channels, respectively, without the uncer-
tainty on the J-factor.
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FIG. 8. Comparison of the observed limits versus the DM mass
mDM in the WþW− (left panel) and γγ (right panel) annihilation
channels, respectively. Constraints are shown for HAWC (507 days
of data taking, combination of 15 galaxies) with and without
Triangulum II [44], for Fermi-LAT (6 years of data taking,
combination of 15 galaxies for WþW− [43] and 5.8 years of data
taken in the Galactic Center region [47]), for H.E.S.S. (140 h,
combination of five classical galaxies) with andwithout 90 hours of
observations on Sagittarius dSph [38,46], for MAGIC (160 h on
Segue I) [40,41], and for VERITAS (128 h, combination of five
galaxies) [42]. The results marked with � include the uncertainty on
the J-factor. See text for more details.

1These results are quoted with and without Sagittarius dSph
given that the determination of its dark matter profile is
challenging for this tidally disrupted system. See, for instance,
Ref. [4].

2The large J-factor value used for Segue 1 in the above
mentioned results can be overestimated by a factor up to 100 [39].

3An accurate determination of the J-factor of Triangulum II is
difficult due to the reduced number of detected member stars (13)
and possible tidal stripping [45]. The total J-factor of Triangulum
II used in Ref. [44] is log10ðJ=GeV2 cm−5Þ ¼ 20.44. Such a large
value is quite speculative and may have been artificially obtained
by the presence of a binary star with variable radial velocity [45].
The reduced number of member stars makes also the J-factor
determination more prone to systematic uncertainties.
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J-factor are also shown. In the γγ annihilation channel, the
previous H.E.S.S. results on a selection of classical dSphs
are extracted from Ref. [46]. The results on Segue 1 from
MAGIC [40] as well as those by VERITAS on five dSphs
including Segue 1 [42], without uncertainty on the J-factor,
are plotted. The Fermi-LAT limits on the Galactic Center
[47] are also displayed. The constraints obtained in the γγ
annihilation channel from H.E.S.S. are particularly relevant
to constraint DM models with enhanced linelike signals in
the TeV mass range.

VI. SUMMARY AND DISCUSSIONS

H.E.S.S. is the first IACT to observe a selection of
ultrafaint dwarf satellites of the Milky Way recently
discovered by DES to search for a DM annihilation signal
with the highest sensitivity among IACTs towards these
objects given its position in the Southern hemisphere. The
exposure towards the five selected targets, Ret II, Tuc II,
Tuc III, Tuc IV, and Gru II, amounts to about 80 hours of
live time. In absence of a significant excess in any of the
object FoV, 95% C.L. upper limits have been derived on
the DM annihilation cross section as a function of the DM
mass in various annihilation channels. The strongest
limits from an individual object are obtained for Ret II.
Assuming no uncertainty in the J-factor, they reach hσvi ≃
1 × 10−23 cm3 s−1 and 8 × 10−26 cm3 s−1 in the WþW−

and γγ annihilation channels, respectively, for a 1.5 TeV
DM mass. Assuming an uncertainty on the J-factor, the
limits degrade by about a factor seven. Using a lower mean
value for Ret II J-factor would degrade the limits accord-
ingly. The limits from the combined analysis of the five
targets are dominated by Ret II limits assuming the
conservative J-factor value for Tuc II. ln the WþW−

annihilation channel they reach about the same values
within the statistical fluctuations. They go slightly down to
hσvi ≃ 9 × 10−24 cm3 s−1 for a 1.5 TeV DM mass when
considering only Ret II and Tuc II. The combined limits on
the five targets in γγ reach hσvi ≃ 4 × 10−26 cm3 s−1 for a
1.5 TeV DM. Including the J-factor uncertainty possibly
degrades the combined limits up to a factor of about seven.
The uncertainty on the J-factor for ultrafaint systems is

challenging to measure or predict. The limits derived in this
work and similar studies are strongly dependent on the
choice of the J-factor mean value and its uncertainty for a
given system. Most often only the statistical uncertainty on
the J-factor coming from the finite number of stellar tracers
is considered. Only a few studies investigate the impact
of the assumptions made to derive the J-factor value (see,
for instance, Refs. [28,48]). Among the possible sources of
systematic uncertainty in the J-factor determination [29]

are the assumptions of a single stellar population or
spherical symmetry, a constant velocity anisotropy, and
the absence of tidal stripping. The selection of member
stars for ultrafaint systems is also complex due to the
difficulty to distinguish member stars from interlopers in
the foreground. Another caveat when comparing limits
including the uncertainty on the J-factors from one experi-
ment to another is the treatment of the J-factor uncertainty
in the derivation of the limits. Here a log-normal distribu-
tion is taken for the J-factor likelihood function while some
studies use a modified log-normal distribution [26,41]. In
addition, the procedure to derive the maximized J-factor
may differ from one study to another.
The new results obtained by H.E.S.S. are among the most

constraining in the γγ annihilation channel above 500 GeV.
They are comparable to VERITAS and HAWC limits in the
WþW− annihilation channel in the multi-GeV and multi-
TeV DMmass ranges, respectively. The constraints obtained
in the γγ annihilation channel are particularly relevant in the
context of DMmodels with enhanced line signals in the TeV
DM mass ranges. Among them are models with gamma-ray
boxes [49], scalar [50], and Dirac [51] DM models, as well
as the canonical Majorana DM triplet fermion known as the
Wino [52,53], and the DM doublet fermion known as the
Higgsino [54–56].
The constraints obtained in this work are competitive

with other experiments. While the likelihood function
definition, the test statistics and the background determi-
nation technique may vary from one experiment to another,
the results complement each other showing the importance
of having instruments with different characteristics that
observe a different selection of targets. The IACTs are
powerful instruments to investigate the multi-TeV DM not
accessible to Fermi-LAT. This is particularly true when it
comes to search for TeV DM-induced spectral features
close to the DMmass. In the γγ channel where the expected
signal is very sharp the Fermi-LAT sensitivity range cannot
extend beyond a few hundred GeV where its detected
photon statistics are very low. The excellent energy
resolution of H.E.S.S. is crucial to search for monoener-
getic signals expected in the γγ annihilation channel. In
addition, the H.E.S.S. instrument performance enable to
cover the broadest DM mass range among the IACTs for
linelike signal searches.
Future studies would greatly benefit from high-quality

stellar kinematic datasets towards the most promising
ultrafaint dSph satellites discovered by DES, such as
Tuc III, Tuc IV, and Gru II in order to improve the
knowledge of the DM density distribution in these
objects.
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APPENDIX: CONSTRAINTS FOR ADDITIONAL ANNIHILATION CHANNELS
TOWARDS TUC II, TUC III, TUC IV AND GRU II

 (TeV)DMm
0.2 1 2 3 4 5 6 10 20 30

)
-1 s

3
 (

cm
 v

)
-1 s

3
 (

cm
 v

)
-1 s

3
 (

cm
 v

)
-1 s

3
 (

cm
 v

)
-1 s

3
 (

cm
 v

)
-1 s

3
 (

cm
 v

24−10

23−10

22−10

21−10

20−10

Tucana II
 channelbb

Mean expected  band1

Observed  band2

 (TeV)DMm
0.2 1 2 3 4 5 6 10 20 30

24−10

23−10

22−10

21−10

20−10

Tucana II
 channeltt

Mean expected  band1

Observed  band2

 (TeV)DMm
0.2 1 2 3 4 5 6 10 20 30

24−10

23−10

22−10

21−10

20−10

Tucana II
ZZ channel

Mean expected  band1

Observed  band2

 (TeV)DMm
0.2 1 2 3 4 5 6 10 20 30

24−10

23−10

22−10

21−10

20−10

Tucana II
 channel-e+e

Mean expected  band1

Observed  band2

 (TeV)DMm
0.2 1 2 3 4 5 6 10 20 30

24−10

23−10

22−10

21−10

20−10

Tucana II
 channel-+

Mean expected  band1

Observed  band2

 (TeV)DMm
0.2 1 2 3 4 5 6 10 20 30

24−10

23−10

22−10

21−10

20−10

Tucana II
 channel-+

Mean expected  band1

Observed  band2

FIG. 9. 95% C.L. upper limits on the annihilation cross section hσvi for Tuc II in the bb̄, tt̄, ZZ, eþe−, μþμ−, τþτ− annihilation
channels, respectively, without the uncertainty on the J-factor. Observed limits (solid lines) together with mean expected limits (dashed
line) and the 1σ (green area) and 2σ (yellow area) containment bands are shown, respectively.
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FIG. 10. 95% C.L. upper limits on the annihilation cross section hσvi for Tuc III in the bb̄, tt̄, ZZ, eþe−, μþμ−, τþτ− annihilation
channels, respectively, without the uncertainty on the J-factor. Observed limits (solid lines) together with mean expected limits (dashed
line) and the 1σ (green area) and 2σ (yellow area) containment bands are shown, respectively.
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FIG. 11. 95% C.L. upper limits on the annihilation cross section hσvi for Tuc IV in the bb̄, tt̄, ZZ, eþe−, μþμ−, τþτ− annihilation
channels, respectively, without the uncertainty on the J-factor. Observed limits (solid lines) together with mean expected limits (dashed
line) and the 1σ (green area) and 2σ (yellow area) containment bands are shown, respectively.
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FIG. 12. 95% C.L. upper limits on the annihilation cross section hσvi for Gru II in the bb̄, tt̄, ZZ, eþe−, μþμ−, τþτ− annihilation
channels, respectively, without the uncertainty on the J-factor. Observed limits (solid lines) together with mean expected limits (dashed
line) and the 1σ (green area) and 2σ (yellow area) containment bands are shown, respectively.
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