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The inner region of the Milky Way halo harbors a large amount of dark matter (DM). Given its
proximity, it is one of the most promising targets to look for DM. We report on a search for the annihilations
of DM particles using y-ray observations towards the inner 300 pc of the Milky Way, with the H.E.S.S.
array of ground-based Cherenkov telescopes. The analysis is based on a 2D maximum likelihood method
using Galactic Center (GC) data accumulated by H.E.S.S. over the last 10 years (2004-2014), and does not
show any significant y-ray signal above background. Assuming Einasto and Navarro-Frenk-White DM
density profiles at the GC, we derive upper limits on the annihilation cross section (ov). These constraints
are the strongest obtained so far in the TeV DM mass range and improve upon previous limits by a factor 5.
For the Einasto profile, the constraints reach (6v) values of 6 x 1072 cm? s~! in the W+ W~ channel for a
DM particle mass of 1.5 TeV, and 2 x 10726 cm? s~! in the 777~ channel for a 1 TeV mass. For the first
time, ground-based y-ray observations have reached sufficient sensitivity to probe (ov) values expected
from the thermal relic density for TeV DM particles.
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Introduction.—About 85% of the mass content of the
Universe is composed of cold nonbaryonic dark matter
(DM) [1]. There are many well-motivated elementary
particle candidates arising in extensions of the standard
model of particle physics. One of the most compelling
classes of models assumes DM to consist of weakly
interacting massive particles (WIMPs) [2—4]: stable par-
ticles with masses and coupling strengths at the electro-
weak scale, and produced in a standard thermal history
of the Universe, have the relic density that corresponds to
that of observed DM. WIMPs would today self-annihilate
in high DM density regions producing standard model
particles, including a potential continuum emission of
very-high-energy (VHE, E, 2 100 GeV) y rays in the final
state that can be detected by the H.E.S.S. (High Energy
Stereoscopic System) array of ground-based Cherenkov
telescopes.

Observational strategies to search for DM annihilation
signals focus on regions in the sky with both expected
high DM density and reduced astrophysical y-ray signals.
VHE y-ray observations of the Galactic Center (GC) region
are amongst the most promising avenues to look for
DM annihilation signals due to the GC proximity and its
expected large DM content. DM annihilation signals from
the GC are expected to be stronger than those from dwarf
galaxies by several orders of magnitudes. However, con-
trary to the case of dwarf galaxies, observations of the GC
region face strong astrophysical backgrounds. Indeed, the
inner 300 pc of the GC harbors VHE emitters, namely, the
central y-ray source HESS J1745-290 [5,6], the supernova
or pulsar wind nebula G0.9 + 0.1 [7], the supernova
remnant HESS J1745-303 [8], and a diffuse emission
extending along the Galactic plane [9]. For DM particles
in the TeV mass range, the strongest constraints on the
velocity-weighted annihilation cross section (cv) to date lie
at3 x 1072 ¢cm®s~! from 112 h of observation towards the
GC region by H.E.S.S. and a parametrization of the y-ray
annihilation spectrum via gg pairs [10].

The differential y-ray flux from the self-annihilation of
DM particles of mass mpy in a solid angle AQ is given by

dd (ov) dN.
d—Ey (E,, 2Q) = 8 m? d—Ey
y DM

(E,) x J(AQ)

with J(AQ) = /AQ /_os dsdQp*(r(s,0)). (1)

The particle physics properties are encapsulated in the
first term where (ov) is the thermally averaged velocity-
weighted annihilation cross section, and dN,/dE,(E,) =
>.sB de'; /dE,(E,) is the total differential y-ray yield per
annihilation, which corresponds to the sum of the differ-
ential y-ray yields over the final states f with branching
ratio By. (Only prompt emission of y rays is considered
here. Secondary emission is expected from the inverse

Compton scattering of energetic electrons produced in
the DM annihilation on ambient radiation fields. This is
particularly relevant in the lepton channels as shown in
Ref. [11].) The function J(AQ), referred to hereafter as the
J factor, integrates the square of the DM density p along the
line of sight (LOS) in a solid angle AQ. The coordinate r
reads r = (12 + s> = 2rgscos0)'/2, where s is the dis-
tance along the line of sight, € is the angle between the
direction of observation and the Galactic Center, and r, is
the distance of the observer to the GC assumed to be
8.5 kpc. In this analysis, the DM density distribution is
parametrized with cuspy profiles. Cored profiles are not
considered here. They require specific data taking and
analysis methods as shown in Ref. [12]. Cuspy profiles are
commonly described by Einasto [13] or Navarro-Frenk-
White (NFW) [14] parametrizations, given by

o=l ()1

r r

and  pnpw(r) = ps [ <1 + > 2] _1, (2)

N rS

respectively. The Einasto and NFW profile parameters
(ps» ay, rg) and (py, r,) are extracted from Ref. [10] assuming
a local DM density of po, = 0.39 GeV cm™>. The J factors
computed in a circular region of 1° radius excluding a +0.3°
band in Galactic latitudes to avoid the above-mentioned
standard astrophysical emissions give Jp =4.92 x
10! GeV?em™ and Jypyw = 2.67 x 10?! GeV? cm™ for
the Einasto and NFW profiles, respectively. An alternative
parametrization of the FEinasto profile [15] leads to
Jg, = 1.51 x 10! GeVZem™. The J factor values for
the regions of interest (ROI) considered here are reported
in Table I in the Supplemental Material [16].

We reexamine the GC region to search for a DM
annihilation signal in the inner Galactic halo [10] using
the full statistics from 10 years of GC observations with the
initial four telescopes of the H.E.S.S. instrument [17]. We
perform a new search with an improved data analysis
procedure [18] and a two-dimensional (2D) likelihood-
based method using both the spectral and spatial character-
istics of the DM annihilation signal with respect to
background.

Data analysis.—The present data analysis makes use of
254 h (live time) of GC observations during the years
2004-2014 by H.E.S.S. Pointing positions are chosen with
radial offsets from 0.7° to 1.1° from the GC. Standard
quality selection criteria are applied to the data to select
y-ray events [17], additionally requiring observational
zenith angles lower than 50° to minimize systematic
uncertainties in the event reconstruction. The mean zenith
angle of the selected observations is 19°.

The DM signal is analyzed in ROIs defined as annuli of
0.1° width each and centered at the GC, with inner radii
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from 0.3° to 0.9° in radial distance from the GC, hereafter
referred to as the ON regions. In order to minimize
contamination from the above-mentioned astrophysical
emission, a band of +0.3° in Galactic latitude is excluded
along the Galactic plane. (Interestingly, this enables
us to derive constraints that do not strongly depend on
the central DM density distribution, which is poorly known
in the innermost few tens of parsecs of the GC.) The
background events are selected in OFF regions defined for
each observation as annuli symmetric to the ON regions
with respect to the pointing position (see Fig. 1 in the
Supplemental Material [16]). The OFF regions are expected
to contain signal events as well, which decreases any
potential excess in the ON regions. The OFF regions are
always taken sufficiently far from the ON regions to obtain
a significant contrast in the DM annihilation signal between
the ON and OFF regions. [This analysis method is unable
to probe cored profiles (such as isothermal or Burkert
profiles). A dedicated observation strategy is required as
shown in Ref. [12]]. We considered here the above-
mentioned DM profiles for which the OFF regions contain
always fewer DM events than the ON regions. A Galactic
diffuse emission has been detected by the Fermi satellite
[19,20] and H.E.S.S. [21]. Any potential y-ray contribution
from the Galactic diffuse emission is considered as part
of the signal, which makes the analysis conservative as
long as no signal is detected.

We perform a 2D binned Poisson maximum likelihood
analysis, which takes full advantage of the spatial and
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FIG. 1.

spectral characteristics of the DM signal with respect to the
background. We use 70 logarithmically spaced energy bins
from 160 GeV to 70 TeV, and seven spatial bins corre-
sponding to ROIs defined as the above-mentioned annuli of
0.1° width. For a given DM mass mpy; and annihilation
channel, the joint likelihood is obtained by the product of
the individual Poisson likelihoods over the spatial bins i
and the energy bins j. It reads

L(mpy, (ov)) = Hﬁiﬁ

with  £;;(Ng, Nz|Non. Nopr, @)
Noxi;
_ (Nsj+ Np;)Voni e~ WsitNei) — (3)
Non,ij!

Ng;j+ Np;; is the expected total number of events in
the spatial bin i and spectral bin j of the ON regions.
The expected number of signal events N ;; is obtained
by folding the theoretical number of DM events by the
instrument response function of H.E.S.S. for this data set.
Np;; is the number of background events expected in
the spatial bin i and spectral bin j. Non;; and Nogg;j
are the number of observed events in the ON and OFF
regions, respectively. N ;; is extracted from the OFF regions
and given by Ng;; = a;Nogp;;. The parameter a; =
AQ;/AQqgr refers to the ratio between the angular size
of the ON region i and the OFF region. In our case, this ratio

102
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Einasto profile
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Constraints on the velocity-weighted annihilation cross section (ov) for the W W~ (left panel) and "7~ (right panel) channels

derived from observations taken over 10 years of the inner 300 pc of the GC region with H.E.S.S. The constraints for the bb, f7, and
T~ channels are given in Fig. 4 in Supplemental Material [16]. The constraints are expressed as 95% C.L. upper limits as a function of
the DM mass mpy;. The observed limit is shown as a black solid line. The expectations are obtained from 1000 Poisson realizations of
the background measured in blank-field observations at high Galactic latitudes. The mean expected limit (black dotted line) together
with the 68% (green band) and 95% (yellow band) C.L. containment bands are shown. The blue solid line corresponds to the limits
derived in a previous analysis of 4 years (112 h of live time) of GC observations by H.E.S.S. [10]. The horizontal black long-dashed line
corresponds to the thermal relic velocity-weighted annihilation cross section (natural scale).

111301-4



PRL 117, 111301 (2016)

PHYSICAL REVIEW LETTERS

week ending
9 SEPTEMBER 2016

isequal to 1 since each OFF region is taken symmetrically to
the ON region from the pointing position (including cor-
rections for the camera acceptance). Consequently, they
have the same angular size and exposure. Ng, Np, Non,
Norr, and a are the vectors corresponding to the quantities
previously defined. Constraints on (cv) are obtained
from the likelihood ratio test statistic given by TS =
=21n[L(mpp, (60))/ Lnax (Mpm, (o0))], which, in the high
statistics limit, follows a y? distribution with 1 degree of
freedom [22]. Values of (o) for which TS is higher than
2.71 are excluded at the 95% confidence level (C.L.).
Results.—We find no significant y-ray excess in any of
the ON regions (ROIs) with respect to the OFF regions
[16]. We derive upper limits on (ov) at a 95% C.L. for
WIMPs with masses from 160 GeV to 70 TeV, annihilating
into quark (bb, t7), gauge boson (WHW~), and lepton
(utu~, vt77) channels. The y-ray spectrum from DM
annihilation in the channel f is computed by using the
tools available from Ref. [15]. The left panel of Fig. 1
shows the observed 95% C.L. upper limits for the W W~
channel and the FEinasto profile. The expected limits
are obtained from 1000 Poisson realizations of the
background obtained through observations of blank fields
at high latitudes where no signal is expected (see the
Supplemental Material [16]). The mean expected upper
limit together with the 68% and 95% containment bands
are plotted. The limits reach 6 x 1072 cm®s~! for a DM
particle of mass 1.5 TeV. We obtain a factor of 5 improve-
ment compared with the results of Ref. [10]. The larger data
set and the improved data analysis method contribute to the

10%

254h, DM DM — W'W

Thermal relic density
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.......... Einasto 2
— = NFW

H.E.S.S. 112h (2011), Einasto

il Lol Lol T R R A
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20 30

increase of the sensitivity of the analysis presented here.
In the right panel of Fig. 1, the observed 95% C.L. upper
limit is shown for the 77z~ channel together with the
expected limits. The limits reach (ov) values expected for
dark matter annihilating at the thermal-relic cross section.
The observed upper limits together with the expectations
are given for the bb, ff, and u*u~ channels, respectively,
in Fig. 4 in the Supplemental Material [16]. The limits
obtained in the leptonic channels (u"u~, z777) are
comparatively strong with respect to those in the quark
channels (bb, t7). This mainly comes from the relatively
soft measured y-ray spectra compared to the hard ones
stemming from the leptonic annihilation channels. In the
left panel of Fig. 2, the impact of the DM distribution
hypothesis on the observed upper limit is shown for the
NFW profile and an alternative parametrization of the
Einasto profile extracted from Ref. [15].

The right panel of Fig. 2 shows a comparison with the
current constraints obtained from the observations of the
Major Atmospheric Gamma Imaging Cherenkov (MAGIC)
ground-based Cherenkov telescope instrument towards the
Segue 1 dwarf galaxy [24] (the J factor of Segue 1 used in
Ref. [24] could be overestimated by a factor of 100 as
shown in Ref. [26]), the combined analysis of four dwarf
galaxies observed by H.E.S.S. [25], and the observations
of 15 dwarf galaxy satellites of the Milky Way by the
Fermi satellite [23].

Summary.—We present a new analysis of the inner halo
of the Milky Way using 10 years of observation of the GC
(254 h of live time) by phase 1 of H.E.S.S. and a novel

10%
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~102%
o
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° 107 E
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107 E — H.ES.S. dSph stacking
F = This work
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FIG. 2. Left: impact of the DM density distribution on the constraints on the velocity-weighted annihilation cross section (6v). The
constraints expressed in terms of 95% C.L. upper limits are shown as a function of the DM mass mpy; in the W W~ channels for the
Einasto profile (solid black line), another parametrization of the Einasto profile (dotted black line), and the NFW profile (long dashed-
dotted black line), respectively. Right: comparison of the constraints on the W W~ channels with the previous published H.E.S.S. limits
from 112 h of observations of the GC [10] (blue line), the limits from the observations of 15 dwarf galaxy satellites of the Milky Way by
the Fermi satellite [23] (green line), the limits from 157 h of observations of the dwarf galaxy Segue 1 [24] (red line), and the combined
analysis of observations of 4 dwarf galaxies by H.E.S.S. [25] (brown line).
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statistical analysis technique using a 2D maximum like-
lihood method. We find no evidence of a gamma-ray excess
and thus exclude a velocity-weighted annihilation cross
section of 6 x 1072 cm? s~! for DM particles with a mass
of 1.5 TeV annihilating in the W*™W~ channel for
an Einasto profile. These are the most constraining limits
obtained so far in the TeV mass range. Our constraints
surpass the Fermi limits for particle masses above 400 GeV
in the W W~ channel. The strongest limits are obtained in
the 777~ channel at 2 x 1072 cm?®s~! for a DM particle
mass of 1 TeV. For the first time, observations with a
ground-based array of imaging atmospheric Cherenkov
telescopes are able to probe the thermal relic annihilation
cross section in the TeV DM mass range.

The upcoming searches with H.E.S.S. towards the inner
Galactic halo will benefit from additional observations of
phase 2 of H.E.S.S., which aims for an energy threshold
lowered down to several tens of GeV and improved sensitivity
in the TeV energy range. Higher Galactic latitude observa-
tions will allow increasing the source region size and in turn
reduce the impact of the uncertainty of the DM distribution in
the inner kiloparsec of the GC. Within the next few years,
searches with H.E.S.S. observations are expected to explore
in-depth the WIMP paradigm for TeV DM particles.
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