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Astrophysical and cosmological measurements suggest that non-baryonic dark matter dominates
the matter content of the Universe. However, its underlying nature remains elusive. Among
the most promising candidates are weakly interacting massive particles (WIMPs): particles with
mass and coupling strength at the electroweak scale and thermally produced in the early universe
having a present relic density consistent with that observed today. WIMP self-annihilation could
produce Standard Model particles, including gamma-rays, which have been long-time recognized
as a prime messenger to indirectly detect dark matter signals. Line-like features expected in the
gamma-ray spectra from WIMP self-annihilation provide a key signature for TeV-scale particle
dark matter. The centre of the Milky Way is predicted as the brightest source of DM annihilations.
The H.E.S.S. collaboration is currently performing a survey of the inner region of the Milky
Way, the Inner Galaxy Survey (IGS). We analyzed 2014-2020 observations taken with the five-
telescope array to search for a DM line annihilation signal. With the current dataset of 546
hours, we found no significant excess and therefore derived strong constraints on the velocity-
weighted annihilation cross-section into two gammas. Our limits significantly improve the current
constraints, opening the possibility of constraining canonical thermal Dark Matter models with
prominent line contribution in their annihilation spectra, as expected in the Wino and Higgsino

cases.
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1. Dark Matter signatures in gamma-ray observations

The hypothesis that 85% of the total matter content of the Universe is made of a dark and
non-baryonic component is validated by several astrophysical and cosmological measurements [1].
Many theories beyond the Standard Model have attempted an explanation of this dark matter
(DM), and among the most compelling candidates for stable DM are weakly interacting massive
particles (WIMPs), with mass and coupling strength at the electroweak scale [2—4]. When WIMPS
are considered thermally produced in the early Universe, they can constitute all the DM in the
Universe [5]. The search for WIMPs motivated a plethora of experiments [6, 7], many of which
aiming at the detection of what is produced from WIMPs decay and annihilation [8]. Self-
annihilation of WIMPs could happen in dense astrophysical environments. Very-high-energy
(VHE, E > 100 GeV) y-rays from hadronization, radiation, and decay of standard model particles
could be produced in the final state. If the WIMP mass is large enough, the y-rays obtained
from annihilation could be detected by the H.E.S.S. array of five Imaging Atmospheric Cherenkov
Telescopes (IACTs).

The energy-differential flux of gamma-rays from self-annihilation of Majorana WIMPs can be
expressed as:
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This considers the flux in a solid angle AQ. The velocity-weighted annihilation cross-section
averaged over the velocity distribution is given by (ov). The differential gamma-ray yield is
expressed with dN/ / dE,,, per annihilation in the channel f with branching ratio BR ¢. The J-factor
J(AQ), is computed with the integral of the square of the DM density p over the line of sight (los) s
and the solid angle AQ. For this work, p is assumed spherically symmetric. Therefore, the J-factor
depends only on the radial coordinate » from the center of the DM halo, which can be simplified to

= (2472 1/2
r=(s*+r3-2res cosb)

, Where the distance between the observer and the GC is fixed to r¢ =
8.5 kpc [9], and the angle between the direction of the observation and the Galactic Center (GC) is
6. A common assumption for the DM distribution in the GC is that it follows a cuspy profile, often
described by the NFW [10] and Einasto [11] parametrizations. With these premises, the centre of
the Milky Way is predicted as the brightest source of DM annihilation signal.

A continuum spectrum of y-rays up to the DM mass mpy is expected from prompt self-
annihilation of WIMPs into quarks, heavy leptons, or gauge bosons which eventually hadronize
and/or decay. The DM self-annihilation at rest into yX, being X = vy, H, Z or a non Standard
Model neutral particle, would result in a distinguishable and narrow spectral line at £, = mpp (1 —
mi / 4m2DM). This is limited by the resolution of the detector, given that the relative velocity of
the DM particles is low (~1073c). Moreover, DM self-annihilation into charged particles would
produce additional y rays from final state radiation and virtual internal bremsstrahlung, which
justify bumpy bremsstrahlung features and, therefore, a wider line peaking at an energy close to
mpm. The process of DM prompt annihilation into two photons is loop-suppressed compared to
the continuum one because it cannot take place at tree level. However, it gives the clearest signature
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of DM annihilation. The strongest constraints on the continuum signal were obtained, so far, with
the 546 hours of the H.E.S.S. Inner Galaxy Survey observational program of the GC [12]. The
strongest constraints on the annihilation of DM into two photons were obtained with 254 hours of
H.E.S.S. observations [13] and 223 hours of MAGIC observations [14] of the GC.

The left panel of Fig. 1 shows the expected gamma-ray yield per annihilation in various
annihilation channels for DM masses of 1 and 10 TeV, respectively. The spectrum resulting from
DM prompt annihilation into two photons is convolved by a Gaussian function of width o/ E = 10%,
representing the energy resolution of the H.E.S.S. instrument. The J-factor map computed for a
DM distribution following the Einasto density profile parametrization, extracted from Ref. [12], is
shown on the right panel of Fig. 1.

In this work, we show new constraints on the cross section for DM self-annihilation into two
gammas. Moreover, we compare our derived limits to theoretical line cross section predictions for
canonical TeV DM models for which prominent line contribution in the annihilation spectra, like
the Wino and Higgsino [15], are expected. The latter models produce the correct DM abundance,
when enclosed in a thermal relic cosmology, if their masses are fixed t0 2.9 £ 0.1 TeV and 1.0+ 0.1
TeV, respectively [16—18].
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Figure 1: Left: Gamma-ray annihilation spectrum versus energy in the WW~, t*1~, bb, u*u~, ete™, ZZ,
tt, HH, and yy annihilation channels for DM masses of 1 and 10 TeV, respectively. The spectrum for the
vy annihilation channel is convolved by a Gaussian function of width oo/E = 10%. Right: J-factor map
in Galactic coordinates for the DM distribution in the Milky Way following an Einasto profile [12]. The
grey-shaded area shows the conservative set of masks adopted in the analysis [12].

2. Observations and data analysis

The data used here consist of 546 hours of high-quality observations taken during the Inner
Galaxy Survey carried out by H.E.S.S. from 2014 to 2020. The data analysis is performed in
regions of interest (ROI) defined by concentric annuli of 0.1° width centered on the GC, with inner
radii from 0.5° up to 2.9°. The known astrophysical sources in the whole field of view of the IGS
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observations are masked in order to avoid gamma-ray contamination in the ROI and the challenging
modelling of these emissions. We use the same conservative set of masks as in Ref. [12]. These
masks are shown in the right panel of Fig. 1. The residual gamma-ray background measurement is
performed for each observational run in an OFF region taken symmetrically to the ON region from
the pointing position of the run. The masked regions are removed alike in the ON and OFF regions
such that these regions have the same acceptance and field of view.
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Figure 2: Background-subtracted energy-differential flux multiplied by E? versus energy for the combinations
of ROIs 16, 17 and 18 (left panel) and ROIs 23, 24, 25 (right panel). 1o error bars are shown.

The data analysis is performed with a 2-dimensional log-likelihood ratio test statistics (TS)
using the spectral and spatial features of the search DM line signal in 67 logarithmically spaced
energy bins and 25 spatial bins, the latter corresponding to the above-mentioned 25 ROIs. The
likelihood function writes as:
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Ni? and Ni]S., are the number of expected signal count in the (i, j) bin of the ON and OFF regions,
respectively. They are obtained by folding the expected DM flux given in Eq. (1) with the energy-
dependent acceptance and energy resolution. The J-factor values are computed for each ROI. Ni?
is the expected number of background events in the (i, j) for the ON and OFF regions. Nox;jj and
Norr,jj are the number of measured event in the ON and OFF regions, respectively. The systematic
uncertainty can be introduced in the likelihood function as a Gaussian nuisance parameter where
Bij is a normalization factor and gy is the width of the Gaussian function (see, for instance,
Refs. [12, 19-21]). Maximizing the likelihood function such that dL;;/dp;; = 0 allows us to derive
Bij, using o = 1% [12].
No significant excess compatible with the searched DM line signal is found in any of the ON
regions with respect to the OFF regions. Therefore, constraints on (o v)ji, are obtained from the
log-likelihood ratio TS described in Ref. [22] assuming a positive signal (o v)jine > 0. We used the

L;j(N%, N®|Non, Nopr) =

Non,jj! NoFk,jj!
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high statistics limit in which the TS follows a y? distribution with one degree of freedom. (o )jine
values for which TS is higher than 2.71 are excluded at the 95% confidence level (C.L.). The
expected limits are computed via the Asimov procedure [22] which provides a good agreement with
the Monte Carlo approach generating many realizations of the expected background [21].

3. Results

The left panel of Fig. 3 shows the constraints obtained with the 2014-2020 H.E.S.S. IGS
observations. The constraints are given in terms of 95% C.L. upper limits on the velocity-weighted
annihilation line cross-section {0 v)jine as a function of the DM mass mpy. They reach 2.4%x10728
and 2.9x10727 cm?®s~! for DM masses of 1 and 10 TeV, respectively. The mean expected limits are
given together with the 68% and 95% C.L. statistical containment bands. They are also shown when
the systematic uncertainty is included in the likelihood function as explained above. The sensitivity
reached in this work allows us to be able to probe (ov)iine values expected for thermal-relic WIMPs.
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Figure 3: Left: 95% C. L. upper limits on the velocity-weighted annihilation line cross section (o v)iine
as function of the DM mass mpy using the H.E.S.S. IGS observations from 2014 to 2020. The observed
limits are shown as black dots. The mean expected limits (black solid line) together with the 68% (green
band) and 95% (yellow band) C.L. statistical containment bands are also shown. The mean expected
upper limit with systematic uncertainty is also shown (black dashed line). Right: Current constraints on
the velocity-weighted annihilation line cross section (o v)je as function of the DM mass mpy including
previous H.E.S.S. limits from 254 h of observations of the GC [13] (red line), the limits from 223 h of GC
observations with MAGIC [14] (blue line), and the limits from 5.8 y of observations of the GC with the
Fermi satellite [23] (purple line). The limits from the dwarf spheroidal galaxy observations with HAWC [24]
(grey line), H.E.S.S. [25] (green line), MAGIC [26] (yellow line) and VERITAS [27] (pink line) are also
shown. The natural scale for monochromatic gamma-ray line signal from DM annihilations is shown as a
gray-shaded area.

The right panel of Fig. 3 shows a comparison of the limits obtained in this work with the 2018
H.E.S.S. constraints from 254 hours of observation of the GC [13], the current constraints from 223
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hours of GC observations by MAGIC [14], and the Fermi-LAT [23] constraints from 5.8 years of
observations of the GC. In addition, the limits obtained by HAWC [24], H.E.S.S. [25], MAGIC [26]
and VERITAS [27] from dwarf spheroidal galaxy observations are shown. The limits obtained in
this work are the strongest so far for DM masses above 300 GeV. They well complement the limits
obtained by Fermi-LAT in the 20 GeV - 300 GeV mass range.
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Figure 4: 95% C. L. upper limits on the velocity-weighted annihilation line cross section (o v)iine (black
dashed line) as function of the DM mass mpy. Left: The limits are compared to the theoretical prediction
for the Wino cross-section [16] obtained with next-to-leading logarithmic computation (grey line). The blue
line shows the value of the Wino mass to obtain the correct relic abundance when considering a thermal
cosmology. Right: The same comparison is shown for the theoretical prediction for the Higgsino cross section
[17, 30] given for both the leading-order (grey solid line) and next-to-leading logarithmic (grey dashed line)
computations, respectively. The blue line shows the value of the Higgsino mass to obtain the correct relic
abundance when considering a thermal cosmology.

Figure 4 shows the comparison between the limits obtained in this work and the theoretical
predictions for the annihilation cross sections for the canonical TeV DM models of the Wino [28, 29]
and Higgsino [17, 30].

4. Summary

The data set obtained with the IGS observational program performed by H.E.S.S. has been
analyzed to look for DM-line signatures. No significant excess compatible with the searched DM
signal is observed in the region of interest covering the inner 3° of the Milky Way. The limits
have been derived on the thermally-averaged velocity-weighted annihilation cross section of DM
particles annihilating into two photons. The mean expected upper limits improve over the previous
H.E.S.S. limits by a factor of around 2.2 for a DM mass of 1 TeV. The limits reached in this work
are the strongest so far in the 300 GeV - 50 TeV mass range.

The limits obtained in this work are confronted to predictions in the framework of canonical TeV
DM models, such as the Wino and the Higgsino, where a prominent line contribution is predicted
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in the final-state gamma-ray spectrum. The limits obtained in this work exclude the thermal Wino
model. The current limits challenge the thermal Higgsino model for the theoretical assumptions
adopted in this work. H.E.S.S. is still collecting data towards the GC region. Therefore, a larger
dataset would push the constraints even further.
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