
Knut Dundas Morå for 
the HESS collaboration

Searching for dark matter annihilation lines 
with HESS II



Knut.Mora@fysik.su.se . HESS DM line search . NWSCPP2015    

Outline

2

■ Indirect Dark Matter detection 
▪ Dark Matter signatures 

▪ Dark Matter distributions 

■ Fermi Line Search 

■ The HESS Experiment 

■ HESS 1 Line Search 

■ HESS 2 Line  
▪ Telescope 

▪ Background techniques 

▪ Instrument Response 

▪ Line search 
■ Conclusions



Knut.Mora@fysik.su.se . HESS DM line search . NWSCPP2015    

Indirect Dark Matter 
Signatures
■ The expected flux of gamma rays 

from dark matter annihilation may 
be factorized into an 
astrophysical and particle physics 
factor. 

■ The particle physics factor 
contains the thermally averaged 
cross-section, as well as the 
energy spectrum of dark matter to 
gamma rays 

■ In the case of a direct two-body 
annihilation to one or two 
photons, a distinctive spectral 
peak would appear
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Annihilation of neutralinos to gamma-rays Æ Predicted by SUSY models 
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Dark matter distribution

■ The astrophysical  factor contains 
the line-of-sight integral of the 
squared dark matter density.  

■ Many models of dark matter 
densities are peaked towards the 
center- leading to a large signal 
from the center of a dark matter 
halo.  

■ Typical targets are either high 
signal sources, such as the 
galactic center, or have a large 
fraction of inferred dark matter 
versus ordinary matter- such as 
dwarf galaxies. 
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The Fermi Line

■ An analysis by Weniger of Fermi-
LAT data(arxiv:1204.2797v2) 
showed a line feature in the 
spectrum at 130 GeV from the 
galactic center, with a 3.2σ 
significance.  

■ The feature corresponded to a 
cross section of <σv>=1.27e-27 
cm^3/s (NFW) 

■ Su and Finkbeiner (arxiv:
1206.1616) located the signal at 
1.5° west of the galactic center, 
and found a 5σ detection.  

■ The significance has been seen to 
be decreasing with more data. 
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Figure 4. Upper sub-panels: the measured events with statistical errors are plotted in black. The
horizontal bars show the best-fit models with (red) and without DM (green), the blue dotted line
indicates the corresponding line flux component alone. In the lower sub-panel we show residuals
after subtracting the model with line contribution. Note that we rebinned the data to fewer bins
after performing the fits in order to produce the plots and calculate the p-value and the reduced
χ2
r
≡ χ2/dof. The counts are listed in Tabs. 1, 2 and 3.
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A Tentative Gamma-Ray Line
from Dark Matter Annihilation
at the Fermi Large Area Telescope

Christoph Weniger

Max-Planck-Institut für Physik, Föhringer Ring 6, 80805 München, Germany

E-mail: weniger@mppmu.mpg.de

Abstract. The observation of a gamma-ray line in the cosmic-ray fluxes would be a smoking-
gun signature for dark matter annihilation or decay in the Universe. We present an improved
search for such signatures in the data of the Fermi Large Area Telescope (LAT), concentrating
on energies between 20 and 300 GeV. Besides updating to 43 months of data, we use
a new data-driven technique to select optimized target regions depending on the profile
of the Galactic dark matter halo. In regions close to the Galactic center, we find a 4.6σ
indication for a gamma-ray line at Eγ ≈ 130 GeV. When taking into account the look-
elsewhere effect the significance of the observed excess is 3.2σ. If interpreted in terms of
dark matter particles annihilating into a photon pair, the observations imply a dark matter
mass of mχ = 129.8 ± 2.4+7

−13 GeV and a partial annihilation cross-section of ⟨σv⟩χχ→γγ =
(

1.27± 0.32+0.18
−0.28

)

×10−27 cm3 s−1 when using the Einasto dark matter profile. The evidence
for the signal is based on about 50 photons; it will take a few years of additional data to
clarify its existence.
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Fig. 15.— Profiles for both ℓ and b. Even though the high-incidence-angle photons (θ > 40◦; right) panels have half the exposure (9.7%
vs. 19% for the left panels), they have more than half of the photons, and nearly the same TS due to lower off-line background leaking in.
This demonstrates the statistical power of the high-incidence photons for line detection. See section 5 for a discussion of the significance.

Figure 15).
In the latitude direction, the fit is complicated by the

concentration of conventional continuum emission in the
plane. The cusp is not significantly offset in the b direc-
tion, but sits in the region of highest background, so ad-
dition of the cusp is not demanded as strongly by the fit.
We introduce two new degrees of freedom, the amplitude
and FWHM of a Gaussian centered at b0 = 0. This yields
TS = 28.4 and p = 6.8×10−7, corresponding to 4.8σ (lo-
cal significance). The maximum likelihood parameters of
the Gaussian are Fb = 3.9+1.5

−0.7 and Ab corresponding to
16.1 photons. Both the ℓ and b fits are roughly compati-
ble with FWHM=3◦, but there is a slight preference for
an elongation of the cusp in the b direction. A careful
study of this will require much more data.
In Figure 15 (right panels) we also display the same

plots for the high-incidence sample (θ > 40◦). See Figure
16 for such plots in 30 energy bins. The high-incidence-
angle subsample contains half of the exposure time (9.7%
vs. 19%) but due to better energy resolution (∆E/E ∼
0.06) has less background on the line, and therefore yields
a TS almost as large as the full data. In this sense, most

of the TS results from high θ events. This subsample
would have yielded TS = 32.6(p = 3.9× 10−7, 4.93σ) for
the ℓ profile, and TS = 26.1(p = 2.2×10−6, 4.59σ) for the
b profile. Although these are slightly worse p values than
for the full data, they may actually be more persuasive
due to the lower background.
The fact that the cusp appears to be significantly off

center implies that our spectral fit in the previous section
erred by using a centered cusp template. In Figure 17
we show the measured energy spectrum of a 3◦ FWHM
cusp template, centered at ℓ = −1.5◦ and b = 0◦. The
local significance of this fit is 5.5σ relative to the null
hypothesis of zero intensity. This improvement is heart-
ening; however, because of the extra parameter, the trials
factor is now larger, diluting the significance.

6. VALIDATION TESTS

6.1. Assessment of line profile

In section 4, we investigated the cusp emission by ana-
lyzing maps in various energy bins. This allowed a sepa-
ration of spectral components by morphology, but relied
on an arbitrary choice of binning. The result – that there
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The HESS telescope

■ The High Energy Stereoscopic 
System is an Air Cherenkov 
Telescope located in the Namibian 
Khomas Highlands.  

■ Four 10-meter telescopes collect 
Cherenkov light of showers from 
high energy particles impacting the 
atmosphere 

■ The HESS array detect gamma 
rays from 200GeV to >30TeV for 
energy spectrum analysis.  

6
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The HESS 1 Line search

■ A HESS search for a spectral line 
was published in 2012 

■ For a fixed line mass, a gaussian 
with the width of the energy 
dispersion was fit to the data 
together with a modified power law 
using a binned likelihood: 
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overall γ-ray annihilation spectrum. Here a search for γ-
ray line-like signatures conducted with the H.E.S.S. ex-
periment in the energy range Eγ ∼ 500GeV − 25TeV
is reported, complementing a recent search at energies
between 7GeV and 200GeV with the Fermi-LAT instru-
ment [15] and studies discussing an indication for a line
feature at an energy of about 130GeV [16–18].
The search for a DM-induced spectral signature in the

H.E.S.S. data is performed separately for two sky regions
of interest. The first is the CGH, a promising region due
to its proximity and predicted large DM concentration.
Following [8], the search region is defined as a circle of
1◦ radius centred on the GC, where the Galactic plane is
excluded, by requiring |b| > 0.3◦. The second region is
the extragalactic sky covered by H.E.S.S. observations,
with regions containing known VHE γ-ray sources being
excluded from the analysis. For both data sets, the un-
certainty on the strength of a putative DM annihilation
signal is much reduced in comparison to the observations
of centres of galaxies: for the CGH, the very centre is not
considered, thus avoiding a region where the DM profile
is only poorly constrained [8]. For the extragalactic data
set, differences in DM density between individual sub-
structures are averaged out by observing many different
fields of view [19]. One should note, however, that a
potentially large (but highly uncertain) γ-ray flux from
Galactic DM annihilations may contribute to the extra-
galactic analysis [20].

METHODOLOGY AND RESULTS

The CGH data set is composed of 112 h (live time) of
GC observations recorded with the H.E.S.S. VHE γ-ray
instrument (see [21] and references therein) during the
years 2004–20082. The mean distance between the tele-
scope pointing positions and the GC is 0.7◦, with a max-
imum of 1.5◦ [8]. The extragalactic data set comprises
1153 h of H.E.S.S. observations taken during 2004–2007,
targeted at various extragalactic objects. Regions in the
field-of-view (FoV) containing known VHE γ-ray sources
are excluded by masking out a circular region (of radius
0.2◦ for point sources) around the source position.
Observations with zenith angles larger than 30◦ are

excluded from the analysis to lower the energy thresh-
old, resulting in a mean zenith angle of 14◦ (19◦) for the
CGH (extragalactic) observations. Only γ-ray-like events
are accepted for which the distance between the recon-
structed γ-ray direction and the observation direction of
the H.E.S.S. array is smaller than 2◦, avoiding showers

2 Data from later periods were excluded, since the gradual degra-
dation in time of the optical efficiency of the instrument would
result in an increased energy threshold.
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FIG. 1. Reconstructed flux spectrum of the CGH region, us-
ing 25 equidistant bins per unit of log10(Eγ). Flux points have
been multiplied by E2.7

γ . The data consist mostly of hadronic
cosmic ray background events, reconstructed using a γ-ray hy-
pothesis. The spectrum is well described by the parametriza-
tion introduced in Eq. 1, depicted by the black solid line. The
corresponding χ2-test probability is p = 0.34. The two contri-
butions P (x) and G(x) are shown by the dashed-dotted and
the dashed curve, respectively. Note that the shape of the
Gaussian function G(x) is much broader than the expected
monochromatic line feature from DM annihilations. As an
example, the red curve shows the expected signal of a line at
Eγ = 2TeV that would be detected with a statistical signifi-
cance of 5 standard deviations above the background.

being reconstructed too close to the edges of the ∼ 5◦ di-
ameter FoV of the H.E.S.S. cameras [21]. Furthermore,
events are considered only if they pass H.E.S.S. standard
γ-ray selection criteria defined in [21] and triggered all
four telescopes. Only 15% of the total event sample is
kept by the latter selection. However, compared to the
H.E.S.S. standard analysis, such selection leads to a bet-
ter signal to background ratio and an improved energy
resolution of Gaussian width σE (17% at 500GeV and
11% at 10TeV), and therefore increases the sensitivity
of the analysis to spectral features by up to 50%. The
energy threshold is 310GeV (500GeV) for the CGH (the
extragalactic) data set.

Differential flux spectra are calculated from the re-
constructed event energies separately for the CGH and
extragalactic data sets using zenith angle-, energy- and
offset-dependent effective collection areas from γ-ray sim-
ulations. Since sky regions containing known VHE γ-ray
sources were excluded from the analysis, the spectra con-
sist mostly of γ-ray-like cosmic-ray background events
(and a fraction of ∼ 10% of electrons). These spectra are
well described by the empirical parametrization

dN

dEγ
= a0

(

Eγ

1TeV

)−2.7

[P (x) + βG(x)] , (1)
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Both CGH and Extragalactic background spectra can be modeled  by : 

Gaussian(μx,σx) 

Step 1 : Add a line at a fixed energy to the above parametrization (convoluted with I.R.F.s) 
 

Step 2 : Fit all the above parameters (a0…a3,β,μx,σx) + amplitude of the line together  
                 on real data using a  
                 binned Likelihood approach : 

Number of reconstructed counts in bin i 

Expected number of counts in bin i 

bins 

+ repeating the procedure for lines at different   
   energies between [500 Gev ; 25 TeV] 
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HESS 1 results

■ The HESS collaboration published a limit based on 112 hours of data.  

■ Below, the computed limit from HESS (red points) and Fermi-LAT are 
shown. 
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FIG. 2. Upper limits on γ-ray flux from monochromatic line
signatures, derived from the CGH region (red arrows with
full data points) and from extragalactic observations (black
arrows with open data points). For both data sets, the solid
black lines show the mean expected limits derived from a large
number of statistically randomized simulations of fake back-
ground spectra, and the gray bands denote the corresponding
68% CL regions for these limits. Black crosses denote the flux
levels needed for a statistically significant line detection in the
CGH dataset.
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the emission of a hard photon in the DM annihilation pro-
cess. Limits are exemplary shown for features of comparable
shape to those arising in the models BM2 and BM4 given in
[14]. The monochromatic line limits, assuming mχ = Eγ , are
shown for comparison.

20%, depending on the energy and the statistics in the
individual spectrum bins. The maximum shift is ob-
served in the extragalactic limit curve and amounts to
40%. In total, the systematic error on the flux upper
limits is estimated to be about 50%. All flux upper
limits were cross-checked using an alternative analysis
framework [24], with an independent calibration of cam-
era pixel amplitudes, and a different event reconstruction
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FIG. 4. Limits on the velocity-weighted cross section for DM
annihilation into two photons calculated from the CGH flux
limits (red arrows with full data points). The Einasto density
profile with parameters described in [20] was used. Limits ob-
tained by Fermi-LAT, assuming the Einasto profile as well, are
shown for comparison (black arrows with open data points)
[15].

and event selection method, leading to results well con-
sistent within the quoted systematic error.
For the Einasto parametrization of the DM density

distribution in the Galactic halo [20], limits on the
velocity-weighted DM annihilation cross section into γ
rays, ⟨σv⟩χχ→γγ , are calculated from the CGH flux limits
using the astrophysical factors given in [8]. The result is
shown in Fig. 4 and compared to recent results obtained
at GeV energies with the Fermi-LAT instrument.

SUMMARY AND CONCLUSIONS

For the first time, a search for spectral γ-ray signatures
at very-high energies was performed based on H.E.S.S.
observations of the central Milky Way halo region and ex-
tragalactic sky. Both regions of interest exhibit a reduced
dependency of the putative DM annihilation flux on the
actual DM density profile. Upper limits on monochro-
matic γ-ray line signatures were determined for the first
time for energies between ∼ 500GeV and ∼ 25TeV, cov-
ering an important region of the mass range of particle
DM. Additionally, limits were obtained on spectral sig-
natures arising from internal bremsstrahlung processes,
as predicted by the models BM2 and BM4 of [14]. It
should be stressed that the latter results are valid for
all spectral signatures of comparable shape. Besides, all
limits also apply for potential signatures in the spectrum
of cosmic-ray electrons and positrons.
Flux limits on monochromatic line emission from the

central Milky Way halo were used to calculate upper lim-
its on ⟨σv⟩χχ→γγ . Limits are obtained in a neutralino
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The HESS 2 telescope

■ The HESS 2 telescope is an 
additional, larger (28m) telescope 
located in the center of the HESS 
array 

■ The larger telescope (6X the area) 
collects more light from fainter air 
showers, allowing HESS 2 to reach 
lower energies- below 100 GeV for 
a spectrum analysis.  

■ The camera features 2000 
photomultipliers, which may be 
read out at 3600 images/second- 
ten times the speed of HESS1 

■ This allows HESS 2 to complement 
the Fermi line search. 

9
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Cherenkov telescope 
background estimation
■ The largest background in Cherenkov 

telescopes is cosmic rays that are 
misidentified as gamma rays 

■ As the atmosphere, as well as the 
background from e.g. star and 
moonlight changes, it is necessary to 
have background (OFF) regions.  

■ One may either define separate OFF 
pointings, or point the telescope at an 
offset, and define on and off regions in 
the camera field of view 

■ The first method allows for larger signal 
regions, up to the size of the FOV, at 
the expense of using 2/3 of the time off 
the signal region

10
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Computing Sensitivities

• A simplified sensitivity procedure 
has been made to a full likelihood 
method.  

• The method uses sidebands both 
spatially, as well as in energy to 
compute an estimate of the 
background. 
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Computing Sensitivities

• In the energy sidebands, the 
program fits a power-law 
(convolved with the instrument 
response) to any broad-spectrum 
excess.  

• Together with the OFF-counts in 
the energy search region, an 
estimate of the expected number 
of events in the signal region is 
computed: 
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The Model (Mono) 
Reconstruction
■ Reconstructing shower events from 

a single telescope image is a 
challenge 

■ HESS-2 results have so far been 
produced with Model Mono 

■ The Model reconstruction uses a 
semi-analytical shower model, that 
is then fitted to the image

13
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IRF

■ The efficiency of HESS is 
expressed as the effective area it 
presents to gamma-rays 

■ HESS-2 is expected to give a 
marked improvement in the energy 
threshold from ~300GeV, down to 
~80 GeV.  

■ In addition to Mono and HESS-1 
effective area curves, a hybrid 
reconstruction, with CT5 plus one 
or more of the smaller telescopes 
for a stereoscopic reconstruction. 
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IRF

■ In addition to the acceptance, the 
bias (right) and dispersion in 
energy need to be taken into 
account.  

■ Spatial resolution (lower right).  

■ Radial acceptance- the reduction in 
effective area with increasing 
distance to the center of the 
telescope 

■ Lastly, all instrument response 
functions are a function of pointing, 
zenith angle and night-sky 
background

15
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The HESS 2 Line search

■ A new line search using the HESS 
2 telescope is underway 

■ Since 2013, data from the galactic 
center has been collected. A total 
of ~670 hours are available for 
observation at zenith angles below 
35° 

■ Two main sources of background: 
▪ hadrons that may be estimated from 

off-regions 

▪ Diffuse sources of gamma-rays, as 
well as contamination from known 
sources

16
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  • Line rate to reconstruct: η = S/(S+B) ∽ 10% 

R.O.I. : Fermi Line region (l = -1.5°), θROI = 0.25° 
Observation time : 50 h 

• Number of line events derived from Fermi 130GeV line flux  
 

Æ According to H.E.S.S. 2 Mono reconstruction (preliminary) 

MC events : 

η 

Procedure repeated 1000 times 

Reconstruction works well 
(few % errors, <TS> ∽ 40) 
 

Line reconstruction  
possible for rates > 2% 
on [80 GeV ; 100 GeV] 
 

Detection (5σ) for rates > 7% 
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 (C. Weniger, <σannv>=2.3*10-27 cm3.s-1) 

: Identify a line-like signal from H.E.S.S.2 data in the presence of  
                2 different types of background  
 

                                                                                        • Hadrons (profile known from control sample or MC) 
                • Diffuse gamma ray emission in the galactic plane (profile from MC) 

Expected signal 

• Gaussian line (smeared by response functions), 130GeV expected 
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Conclusions

■ The HESS 2 line paper will extend the HESS limits to lower energies.  

■ Based on Monte Carlo and OFF data, the choices of ROI are made to 
minimize the expected upper limit.  

■ The HESS data comprises galactic center data, as well as data on the 
Fermi Hotspot. There are around 600 hours of possible dark-time for the 
Galactic Center every summer, which is attenuated by both the instrument 
uptime and weather. In addition, this is the most requested observation 
period 

■ The analysis has an expected significance of over 5 sigma for a 
benchmark signal with the mass and flux as reported by Weniger. 
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