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Search for y-Ray Line Signals from Dark Matter Annihilations in the Inner Galactic Halo
from 10 Years of Observations with H.E.S.S.
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Spectral lines are among the most powerful signatures for dark matter (DM) annihilation searches in
very-high-energy y rays. The central region of the Milky Way halo is one of the most promising targets
given its large amount of DM and proximity to Earth. We report on a search for a monoenergetic spectral
line from self-annihilations of DM particles in the energy range from 300 GeV to 70 TeV using a two-
dimensional maximum likelihood method taking advantage of both the spectral and spatial features of the
signal versus background. The analysis makes use of Galactic center observations accumulated over ten
years (2004-2014) with the H.E.S.S. array of ground-based Cherenkov telescopes. No significant y-ray
excess above the background is found. We derive upper limits on the annihilation cross section (cv) for
monoenergetic DM lines at the level of 4 x 10728 cm? s~! at 1 TeV, assuming an Einasto DM profile for the
Milky Way halo. For a DM mass of 1 TeV, they improve over the previous ones by a factor of 6. The present
constraints are the strongest obtained so far for DM particles in the mass range 300 GeV-70 TeV. Ground-
based y-ray observations have reached sufficient sensitivity to explore relevant velocity-averaged cross
sections for DM annihilation into two y-ray photons at the level expected from the thermal relic density for
TeV DM particles.

DOI: 10.1103/PhysRevLett.120.201101

Introduction.—Cosmological measurements show that  electroweak scale have a relic density which is consistent
about 85% of the matter in the Universe is nonbaryonic ~ with that of observed DM. In dense DM regions, the
cold dark matter (DM) [1]. A leading class of DM particle  self-annihilation of WIMPs would give rise today to
candidates consists of weakly interacting massive particles  standard model particles, including a possible emission
(WIMPs) [2-5]. Thermally produced in the early Universe, of very-high-energy (VHE, E, 2 100 GeV) y rays in the
stable particles with mass and coupling strength at the  final state.
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DM self-annihilations are expected to produce a con-
tinuum spectrum of y rays up to the DM mass mpy; from
prompt annihilation into quarks, heavy leptons or gauge
bosons (a secondary emission from inverse Compton
scattering and bremsstrahlung of electrons produced in
the decay chain), and y-ray lines. While the continuum
signal is nontrivial to distinguish from other standard
broadband astrophysical emissions, the DM self-annihila-
tion at rest into yX with X =y, h, Z or a non-standard-
model neutral particle would give a prominent and narrow
spectral line at an energy E, = mpy(1 —m%/4mfy,),
limited only by the detector resolution given the low
(~1073¢) relative velocity of the DM particles. When
DM self-annihilates into charged particles, additional y
rays are present from final state radiation and virtual
internal bremsstrahlung. This produces bumpy bremsstrah-
lung features, giving a wider line that peaks at an energy
near mpy [6,7].

Since the DM is strongly constrained to be electrically
neutral, the annihilation into monoenergetic y rays is
typically loop suppressed compared to the continuum
signal, and the velocity-weighted annihilation cross section
into two photons is about 1072 — 10~ of the total velocity-
weighted annihilation cross section (o) (see, for instance,
Refs. [8—11]). For WIMPs produced in a standard thermal
history of the Universe, (o) is about 3 x 1072¢ cm™3s~! in
order to reproduce the observed density of DM in the
Universe [12]. VHE y-ray lines can be detected by ground-
based Cherenkov telescope arrays such as H.E.S.S. (High
Energy Stereoscopic System).

The central region of the Galactic halo observed in
VHE y rays is among the most compelling targets to search
for monoenergetic line signals from DM annihilations due
to its proximity to Earth and predicted large DM concen-
tration. For WIMPs in the TeV mass range, the strongest
constraints so far reach (6v) ~3 x 10727 cm?®s~! at 1 TeV
[13] using four years of observations of the Galactic center
(GC) region with H.E.S.S.

The energy differential y-ray flux produced by the
annihilation of self-conjugate DM particles of mass mpy
in a solid angle AQ can be written as

C%D(Ey,mz) - 8<“”2> aN
r mmpy dE,

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

The first term includes the DM particle physics properties.
dN/dE,(E,) = 26(mpy — E,) is the differential y-ray
yield per annihilation into two photons. J(AQ) denotes
the integral of the square of the DM density p along the line
of sight (LOS) in a solid angle AQ. It is commonly referred
to as the J factor [14]. The coordinate r is defined by
r=(ry +s*—2rgscosd)'/2, where s is the distance
along the line of sight and 6 is the angle between the

(E,) x J(AQ),

direction of observation and the GC. r is the distance of
the observer with respect to the GC, taken equal to 8.5 kpc
[15]. In this work, we consider DM density distributions
parametrized by cuspy profiles, for which archetypes are
the Einasto [16] and Navarro-Frenk-White (NFW) [17]
profiles (see also Ref. [18]). Cored profiles are not studied
here, since they need specific data-taking and analysis
procedures to be probed as shown in Ref. [19].

From ten years of observations of the GC region with the
initial four telescopes of H.E.S.S., we present here a new
search for DM annihilations into monoenergetic narrow
y-ray lines in the inner Galactic halo [13]. (We consider as a
monoenergetic narrow line each structure that is narrow on
the scale of the 10% energy resolution of H.E.S.S.)
Exploiting the increased photon statistics, we perform
the search in the mass range 300 GeV-70 TeV with an
improved technique for y-ray selection and reconstruction
and a two-dimensional (2D) likelihood-based analysis
method using the spectral and spatial features of the DM
annihilation signal with respect to the background.

Data analysis.—The data set was obtained from GC
observations with H.E.S.S. phase I during the years 2004—
2014 as in Ref. [20] with telescope-pointing positions
between 0.5° and 1.5° from the GC. Standard criteria for
data quality selection are applied to the data to select y-ray
events [21]. In addition, observational zenith angles higher
than 50° are excluded to minimize systematic uncertainties
in the event reconstruction. The data set amounts to 254 h
(live time) with a mean zenith angle of the selected
observations of 19°. The py-ray event selection and
reconstruction make use of an advanced semianalytical
shower model technique [22] in order to determine the
direction and the energy of each event. With this technique,
the energy resolution defined as the distribution of
AE/E = (Ereco — Eiue)/Eie has a rms of 10% above
300 GeV. This technique is also very well suited to mitigate
the effects expected from the variations of the night sky
background (NSB) in the field of view [22]. In the GC
region, broad NSB variations may induce systematic effects
in the event acceptance and, therefore, in the normalization
of the signal and background region exposure [19,23]. A
discussion on the systematic effects from NSB variations in
the present analysis is given in Ref. [24].

The search for a DM signal is performed in regions
of interest (ROIs) defined as annuli with inner radii of
0.3°-0.9° in radial distance from the GC, and a width of
0.1°, hereafter referred to as the on region. Following
Ref. [20], a band of 40.3°along the Galactic plane is
excluded to avoid astrophysical background contamination
from the VHE sources such as HESS J1745-290 coincident
in position with the supermassive black hole Sagittarius A*
[25,26], the supernova or pulsar wind nebula G0.9+0.1
[27], and a diffuse emission extending along the Galactic
plane [28-30]. A disk with a 0.4° radius masks the
supernova remnant HESS J1745-303 [31].
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The background events are selected for each observation
in an off region chosen symmetrically to the on region with
respect to the observational pointing position. The on and
off regions are thus taken with the same acceptance and
observation conditions and have the same shape and solid
angle size as shown in Fig. | in Supplemental Material [24].
Such a measurement technique enables an accurate back-
ground determination which does not require further
acceptance correction. The off regions are always suffi-
ciently far away from the on region to obtain a significant
DM gradient between the on and off regions for cuspy DM
profiles. For such profiles, we consider off regions which
are expected to contain always fewer DM events than the
on regions. Figure 1 shows an example of J-factor values in
the on and off regions for ROI 2 and two specific telescope-
pointing positions. For the pointing position P(0.89,0.12),
a gradient of about 3.5 is obtained between the on and off
regions. See Supplemental Material [24] for more details,
which includes Ref. [32].

We perform a 2D binned Poisson maximum likelihood
analysis in order to exploit the spatial and spectral
characteristics of the DM signal with respect to the back-
ground. The energy range is divided into 60 logarithmically
spaced bins between 300 GeV and 70 TeV. Seven spatial
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FIG. 1. Schematic of the background measurement technique

for ROI 2 and two different telescope-pointing positions, in
Galactic coordinates. The off region is taken symmetrically to the
on region from a given observational pointing position (black
cross). Two off regions are shown, each one corresponding to a
specific pointing position. On and off regions have the same
angular size and shape. The positions of Sgr A* (red star), G0.9 +
0.1 (red dot), and HESS J1745-303 (red dot) are shown. The
gray-filled box with Galactic latitudes from —0.3° to +0.3° and
the gray-filled disk are excluded for signal and background
measurements. The color scale gives the J-factor value per spatial
bin of 0.02° x 0.02° for the Einasto DM profile.

bins corresponding to ROIs defined as the above-men-
tioned annuli of 0.1° width are chosen following Ref. [20].
For a given DM mass, the total likelihood function is
obtained from the product of the individual Poisson like-
lihoods L;; over the spatial bins i and the energy bins j:

L;;(Non, Noge, a|Ng, N, Ng)
(Nsij+ Npj)Nonis o

— (Ngij+Npj)
Non.ij!
N...+a:Nxg:: Nott.ij
X ( S.ij ta B’lj> e_(N,/Y,ij+aiNR.i/')‘ (2)
Noff,ij!

For each bin (i, j), Ny, and Nz are the measured
number of events in the on and off regions, respectively.
a = AQ/AQ,, corresponds to the ratio of the solid angle
sizes of the off and on regions. Here, @; = 1 by definition of
the on and off regions. The expected number of background
events Ny in the on region is extracted from residual
background measurements in the data set. Ny and N stand
for the number of signal events expected in the on and off
regions, respectively. They are obtained by folding the
theoretical number of DM events with the energy-depen-
dent acceptance and energy resolution of H.E.S.S. for this
data set. The y-ray line signal is represented by a Gaussian
function at the line energy E, = mpy with a width of 6/E,.
The vectors N, Nys¢, Ng, Ng', N, and a represent the lists
of the corresponding quantities for all bins.

In the absence of statistically significant y-ray excess in
the on region with respect to the off region, constraints on the
DM line flux and velocity-weighted annihilation cross
section can be obtained from the likelihood ratio test statistic
given by TS = =2 In[L(mpy, (60))/ Lnax(Mpms (60))]. In
the high statistics limit, TS follows a y? distribution with one
degree of freedom [33]. Values of ® and (6v) for which the
TS value is higher than 2.71 provide one-sided 95%
confidence level (C.L.) upper limits on the flux and
velocity-weighted annihilation cross section, respectively.
Uncertainties in the energy reconstruction scale and the
energy resolution affect these limits by less than 25%. The
systematic uncertainty arising from NSB variations in
the field of view modifies the limits up to 60%. See
Ref. [24] for more details.

Results.—We find no statistically significant y-ray excess
in any of the ROIs with respect to the background. A cross-
check analysis using independent event calibration and
reconstruction [34] confirms the absence of any significant
excess. We derive upper limits on @ and (ov) at 95% C.L.
for DM masses from 300 GeV to 70 TeV. The left panel in
Fig. 2 shows the observed upper limits at 95% C.L. on the
flux from prompt DM self-annihilations into two photons
for the Einasto profile. (Assuming a kiloparsec-sized cored
DM density distribution such as the Burkert profile would
weaken the limits by about 2-3 orders of magnitude.) In
order to check that the observed limits are in agreement
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FIG. 2. Constraints on the flux ® (left panel) and on the velocity-weighted annihilation cross section (o) (right panel) for the prompt
annihilation into two photons derived from H.E.S.S. observations taken over ten years (254 h of live time) of the inner 300 pc of the GC
region. The constraints are expressed in terms of 95% C.L. upper limits as a function of the DM mass mpy; for the Einasto profile. The
observed limits are shown as red dots. Expected limits are computed from 1000 Poisson realizations of the expected background derived
from blank-field observations at high Galactic latitudes. The mean expected limit (black solid line) together with the 68% (green band)
and 95% (yellow band) C.L. containment bands are shown. The bands include the statistical and the systematic uncertainties. The
observed limits derived in the analysis of four years (112 h of live time) of GC observations by H.E.S.S. [13] are shown as blue squares,
together with the mean expected limit (blue solid line) and the 68% containment band (blue shaded area) in the left panel. The natural
scale for monochromatic y-ray line signal is highlighted as a gray-shaded area in the right panel.

with random fluctuations of the expected background, we
computed expected limits using the likelihood ratio TS
from 1000 Poisson realizations of the expected background
derived from observations of blank fields at high latitudes
where no signal is expected (see Supplemental Material
[24]). For each DM mass, the mean expected upper limit
and the 68% and 95% containment bands are extracted
from the obtained ® and (cv) distributions and are plotted
in the left panel in Fig. 2. In addition to the statistical
uncertainty, the containment bands include the systematic
uncertainties coming from the energy scale, the energy
resolution, and NSB variations in the field of view [24].
We obtain the largest improvement in the observed flux
limits compared to the previous results published in
Ref. [13] for a DM particle mass of 1 TeV, where the
limits are stronger by a factor of 6. The improved photon
statistics, the likelihood analysis method using both on and
off Poisson terms, and the 2D likelihood analysis method
yield an increase of sensitivity by a factor of about 1.4, 1.8,
and 1.3, respectively. The remaining improvement factor
comes from the improved y-ray event selection and
reconstruction technique used in the present analysis
[22]. The 95% C.L. observed flux limit reaches
~1.6 x 10719 cm™2 s~ sr~! at 1 TeV. The right panel in
Fig. 2 shows the 95% C.L. upper limits on (cv) for the
Einasto profile, together with the natural scale for gamma-
ray line signals. (The upper bound is expected for y-ray
lines from thermal Higgsinos annihilating into two photons
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FIG. 3. Comparison of constraints for prompt annihilation into

two photons obtained by H.E.S.S. for the Einasto (red dots) and
NFW (cyan dots) profiles, respectively, with the limits from the
observations of the Milky Way halo by Fermi-LAT [35] (black
triangles) as well as the limits from 157 h of MAGIC observations
of the dwarf galaxy Segue 1 [36] (green triangles). The gray-
shaded area shows the natural scale for a monochromatic y-ray
line signal.
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[8] and from final state radiation and internal bremsstrah-
lung [7].) The observed and the expected limits together
with their 68% and 95% C.L. containment bands are
plotted. For a DM particle of mass 1 TeV, the observed
limit is (ov) ~4 x 1072 cm®s~!.

In Fig. 3, we show a comparison of our results with the
current constraints on the prompt DM self-annihilation into
two photons obtained from 5.8 years of observations of the
Milky Way halo (the observed limits for Fermi-LAT are
extracted for the DM density profile labeled as Einasto R16
in Ref. [35]) by the Fermi-LAT satellite [35] and the limits
from 157 h of observations of the dwarf galaxy Segue 1 (the
J factor of Segue 1 used in Ref. [36] could be overestimated
by a factor of 100 as shown in Ref. [37]) by the MAGIC
ground-based Cherenkov telescope instrument [36]. The
previous limits obtained by H.E.S.S. from 112 h of
observations of the GC [13] are also plotted.

Summary and discussion.—We presented a new search
for monoenergetic VHE y-ray lines from ten years of
observation of the GC (254 h of live time) by phase I of
H.E.S.S. with a novel statistical analysis technique using a
2D maximum likelihood method. No significant y-ray
excess is found, and we exclude a velocity-weighted
annihilation cross section into two photons of 4 x
102 ¢cm? s~! for DM particles with a mass of 1 TeV for
an Einasto profile. We obtain the strongest limits so far for
DM masses above 300 GeV.

The limits obtained in this work significantly improve
over the strongest constraints so far from 112 h of H.E.S.S.
observations towards the GC region in the TeV mass range
[13]. The new constraints cover a DM mass range from
300 GeV up to 70 TeV. They provide a significant mass
range overlap with the Fermi-LAT constraints. They
surpass the Fermi-LAT limits by a factor of about 4 for
a DM mass of 300 GeV [35].

Despite the gain in sensitivity, our upper limits are still
larger than the typical cross sections for thermal WIMPs at
(ov) ~107% cm?®s~! expected for supersymmetric neutra-
linos [8]. However, there are several WIMP models which
predict larger cross sections. While being not thermally
produced, they still produce the right relic DM density.
Among the wide class of heavy WIMP models, those with
enhanced y-ray lines (see, for instance, Ref. [38]) are, in
general, strongly constrained by the results presented here.
The present results can be applied to models with wider
lines, while dedicated analyses taking into account the
intrinsic line shapes are required. They include models with
y-ray boxes [39] and scalar [40] and Dirac [41] DM models,
as well as the canonical Majorana DM triplet fermion
known as the wino in supersymmetry [42].

The limits obtained by H.E.S.S. in this work are
complementary to the ones obtained from direct detection
and collider production (i.e., LHC) searches. While the
latter ones are powerful techniques to look for DM of
masses of up to about 100 GeV, the indirect detection with y

rays carried out with the Fermi-LAT satellite and ground-
based Cherenkov telescopes is the most powerful approach
to probe DM in the higher mass regime, as shown from
several studies developed in the framework of the effective
field theory [43] and, more recently, using the simplified-
model approaches (see, for instance, Ref. [44]).
Observations with ground-based Cherenkov telescopes
such as H.E.S.S. are unique to probe multi-TeV DM
through the detection of y-ray lines.

The upcoming searches with H.E.S.S. towards the inner
Galactic halo will exploit additional observations including
the fifth telescope at the center of the array. Since 2014, a
survey of the inner Galaxy has been carried out with the
H.E.S.S. instrument focusing in the inner 5° of the GC. This
survey will allow us to probe a larger source region of DM
annihilations and alleviate the impact of the uncertainty of
the DM distribution in the inner kiloparsec of the
Milky Way on the sensitivity to DM annihilations. A
limited data set (~15 h) of this survey using 2014 obser-
vations with the fifth telescope only was used to constrain
the presence of a 130 GeV DM line in the vicinity of the
GC [45]. Observations including the fifth telescope will
allow us to probe DM lines down to 100 GeV. In addition, a
higher fraction of stereo events in the energy range from
100 to several hundred GeV is expected from the increased
number of stereo triggers between the fifth telescope and
one of the recently upgraded smaller telescopes. Beyond
the sensitivity improvement expected from increased pho-
ton statistics, the inner Galaxy survey will provide a larger
fraction of photons in regions devoid of known standard
astrophysical emissions and, therefore, of prime interest for
DM searches. Within the next few years, DM searches with
H.E.S.S. will enable an even more in-depth exploration
of the WIMP paradigm for DM particles in the 100 GeV—
10 TeV mass range.
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