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1. Introduction

The recent cosmological precision measurement by Planck [1] supports the existence of non-
baryonic Dark Matter (DM). The Λ-CDMmodel presumes DM to be “cold", i.e., non-relativistic at
freeze-out, to explain the formation of large-scale structures. One of the most promising candidates
for DM are Weakly Interacting Massive Particles (WIMPs), which are widely expected as new fun-
damental particles at GeV - TeV energies in theories beyond the Standard Model of Particle Physics.
Various experiments with colliders, underground facilities, and telescopes have been conducted to
elucidate the identity and properties of particle DM, but no evidence for non-gravitational DM has
been found so far.

Indirect DM searches aim at detecting signatures from particle DM in cosmic messenger
particles and can be pursued with gamma-ray telescopes sensitive at very high energies (VHE).
In this proceeding, we report the search for line-like gamma-ray signals from DM annihilation
in the Galactic Centre (GC) with the Major Atmospheric Gamma Imaging Cherenkov telescopes
(MAGIC). Indirect DM searches with gamma rays seek for high-energetic photons produced when
DM particles with mass at the electroweak scale (GeV - TeV) annihilate with each other. Gamma
rays are not affected by magnetic fields in the Universe. Therefore, they can be directly related to the
production site, allowing to trace the DM abundance and distribution throughout the Universe, with
the expected gamma-ray flux from DM annihilation being proportional to the square density of DM
along the line of sight. Also, the gamma-ray energy spectrum from DM annihilation has unique
spectral features. By reconstructing the energies of these gamma rays, one is potentially able to
identify the DM particle physics properties, as e.g., its mass, annihilation cross-section, branching
channels, or lifetime [2]. Among the many spectral features related to annihilation of cold DM, the
most outstanding one is the emission corresponding to the DM annihilation into two photons, which
makes a sharp peak at the DM mass. Such mono-energetic gamma rays at very-high gamma-ray
energies (VHE, > 100 TeV) are a smoking gun to search for DM since there is no astrophysical
process with similar signature. However, DM annihilation into two photons is highly suppressed
compared to other channels as, e.g., W±,Z bosons, quarks, or leptons. Still, several candidates for
the Lightest SUSY Particle (LSP) in supersymmetric (SUSY) extensions of the Standard Model of
Particle Physics, and being excellent DM candidates, are expected to have an enhanced annihilation
cross-section into gamma rays [3]. Therefore, searches for line-like spectral emission from DM
annihilation in the VHE regime are a promising strategy. Depending on several parameters, the
expected W-ray flux ΦW from DM annihilation can be written as:

3ΦW

3�
=

1
4c
〈fE〉

2<2
�"

×
3#W

3�
× � (ΔΩ) , (1)

where
3#W

3�
= 2X(� − <�" ) for annihilation into WW (2)

and
� (ΔΩ) =

∫
ΔΩ

3Ω′
∫

l.o.s
d2(;,Ω′) 3; . (3)

Here, 〈fE〉 is the thermally averaged DM annihilation cross section for a pure WW channel, <�" is
the WIMP mass, and 3#W/3� is the W-ray yield per annihilating into two photons directly. � (ΔΩ),
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Figure 1: Comparison of the two density models (left) and corresponding �-factors (right) as a function of
the spatial (left) and angular (right) distance from the GC considered in this work.

the so-called �-factor, is the integral of the squared DM density d over a solid angle ΔΩ and along
the observed line of sight (l.o.s). It is expected that out of all possible astrophysical targets for
indirect DM searches, the GC provides the largest �-factor, due to its dense DM content in close
proximity (∼ 8 kpc). From this point of view, the GC is by far the best target for indirect DM
searches. On the other hand, the DM density profile in the central few kpc of the Milky Way is
not well constrained neither form the theoretical, nor from the observational point of view, due to
the difficulties in obtaining kinematic data and a robust prediction about the effect of high baryonic
matter density on the DM distribution in the inner Galaxy. Therefore, we scrutinize two different
DM density models, a cuspy and a core profile as shown in Fig. 1. The cuspy Einasto profile in
Fig. 1 is described by Eq. (4) below [4, 5], which shows a steep density increase towards the inner
halo. Here, A is the distance from the center of the profile, AB is the scale radius for a curvature of
a profile, and dB is the density normalization parameter, and U is the parameter for shape. On the
other hand, the Zhao core profile [6] in Fig. 1 assumes a flat core towards the GC, described by
Eq. (5) with (U, V, W) = (1, 3, 0):

dEinasto(A) = dB exp

{
− 2
U

[(
A

AB

)U
− 1

]}
(4)

dZhao(A) =
2

V−W
U dB(

A

AB

)W [
1 +

(
A

AB

)U] V−W
U

. (5)

2. MAGIC observations of the Galactic Centre

The MAGIC telescopes consist of two 17 m diameter Imaging Atmospheric Cherenkov Tele-
scopes (IACTs) located at the Roque de los Muchachos observatory (28◦N, 18◦W) at an altitude of
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Profile name � (0.5◦) � (1.0◦) � (1.1◦)
Cuspy Einasto 3.14 × 1021 8.01 × 1021 9.03 × 1021

Zhao W=0 core 2.66 × 1019 1.06 × 1020 1.28 × 1020

Table 1: �-factor values integrated for our circular ROI around the direction towards the GC and models
from [5] and [6]. All values are given in units of GeV2 cm−5.

Figure 2: Each dot shows the pointing directions which were used in different observational periods. Each
circle shows the corresponding ROI around the Galactic Center. The red dotted-line shows a 1.1◦ radius ROI
for the data in 2013 and 2014 (red circles) and blue triangles for the data in (2015 and 2016). The green
dashed-dotted line shows a 1.0◦ radius ROI for the data in 2017, 2018 and 2019; and the yellow solid-line
shows a 0.5◦ radius ROI for the data in 2017 and 2018.

2200 m a.s.l. on the Canary island of La Palma, Spain. The MAGIC telescopes are sensitive to
gamma rays from 50 GeV to 50 TeV with observations at low zenith distance [7]. In observations at
larger zenith distance, the collection area for gamma rays is significantly boosted at TeV energies.
At the same time, the Cherenkov light is absorbed more strongly by the atmosphere because the
distance, and correspondingly, the thickness of the atmosphere, of the particle cascades to the
telescopes is increased. This increases the energy threshold and degrades the energy resolution by
a few percent. Since the MAGIC telescopes are located in the northern hemisphere, the GC (i.e.,
SgrA*) is visible at a zenith angle zd > 58◦. The GC is an observational target for multiple science
purposes [8]. The MAGIC telescopes have observed the GC for six years from 2013 to 2019 in
“wobble" observation mode, where the targeted source is observed not in the camera center, but
at some angular offset. MAGIC has performed several pointing directions and wobble offsets as
shown in Fig. 2.
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3. Data Analysis

The data was processed using theMAGICAnalysis and Reconstruction Software (MARS) with
the standard MARS analysis chain [9] and applied quality cuts. Also, we used events inside several
circular regions of interest (ROI) in the sky as shown in Fig. 2, which were defined depending on the
different wobble pointing directions in each observational period. In order to reduce a systematic
uncertainty from the camera response (acceptance) close to the camera border, we required each
ROI to be within 1.5◦ from the camera center. We aim at detecting a sharp spectral line emission
from DM annihilation directly into two photons. The expected signal shows a clear peak at the
corresponding DM mass. In this work, we use the “sliding window technique” to search for such
gamma-ray peaks [10]. We modeled the background with a smooth power-law function inside a
given energy window. With this assumption, we perform an interpolation to the background energy
spectra to obtain a background model, and searched for a deviation. The loss of sensitivity is less
because our background-control region is free of signal events and also we do not need to perform
Off region subtraction as for conventional strategies relying on spatial On/Off regions. We use
204 hours of data to perform the analysis to search for a DM line signal. The analysis has been
performed with the full likelihood approach [11, 12] and using the sliding window technique. The
likelihood formula is:

L8 (68; a8 |D8) = L8 (68; 18 , g8 |{� ′9} 9=1,...,#ON,8
, #ON,8)

=
(68 + g818)#ON,8

#ON,8!
4−(68+g818) × 1

68 + g818

#ON∏
9=1
(68 56 (� ′9) + g818 51 (� ′9))

× T (g8 |gobs,8 , fg,8).

(6)

where the index 8 runs over the number of analysis periods composing our data set on the GC. The
parameter a8 denotes the nuisance parameters, D8 represents the data set, each 68 , 18 , #ON,8 are the
estimated number of signal and background events, and the number of observed events, respectively,
in a given energy energy window and ROI. 56 (� ′9) is the probability density function (PDF) of the
signal and 51 (� ′9) is the one of the background, both as a function of the reconstructed gamma-ray
energy of each event, respectively. 56 (� ′9) is computed as the convolution with the delta-function
and the migration matrix for the energy estimator as following 56 (� ′9) = 2X(� − <�" )� (� ′ |�)
where � and � ′ are the true and reconstructed gamma-ray energy, and� is the the migration matrix
for the energy estimator. 51 (� ′9) is the background model, which is modelled by an interpolation of
spectra inside an energy window. T is the likelihood for g8 (the normalization factor for background
base line), parameterized by a Gaussian function with mean gobs,8 and variance f2

g,8
. The systematic

uncertainty in g8 , which is denoted as fsyst and is determined with background data, is considered
in our likelihood as an additional contribution to the uncertainty of g. It is therefore estimated using
the equation f2

g = f
2
g,stat + g2 · f2

syst, where fg,stat is the statistical error on g. fsyst is introduced
in the likelihood Eq. (6) as the standard deviation of the Gaussian likelihood term, considering the
contribution of a systematic uncertainty of g. The estimated number of signal events 68 depends on
the parameter 〈fE〉 as follows
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68 (〈fE〉) = )obs,i

∫ ∞

0
3�
3Φ(〈fE〉)

3�
× �eff (�), (7)

where Tobs is the observation time in each sample 8. Aeff is the effective collection area. Although
Aeff is computed with gamma-ray MC data, we took into account a spatial distribution of each dark
matter profile model for the effective collection area computation, which is called “Donut MC"
[13]. Then, we defined a test statistic with the profile likelihood ratio _% in Eq. (8) as

TS = −2ln_% (〈fE〉|D) = −2ln

(
L(〈fE〉; ˆ̂a |D)
L(〈f̂E〉; â |D)

)
, (8)

where 〈fE〉 is the parameter of interest, and a denotes the nuisance parameters. In the numerator, ˆ̂a
are the nuisance parameter values when the likelihood function ! is maximized for a given 〈fE〉. In
the denominator, 〈f̂E〉 and â are the values maximizing the likelihood function !. In absence of any
hint for a signal, we set upper limits on 〈fE〉 at the 1-sided 95 % confidence level (CL) by solving
the equation TS = 2.71. Significant contributions by a systematical offset of the background can
bias the estimation of a line-like excess. We estimated possible contaminations of the background
determination using data on Non-DM aimed sources. This corresponds to check the uncertainty
in the background normalization denoted with T in Eq. (6) [14]. If the background is perfectly
determined, g8 is equal to 1. However, the background is not perfectly determined in practice. We
applied the same quality cuts and likelihood analysis to the background data (null hypothesis), and
evaluated the quantity ':j = Nk

ex,j/Nk
ON,j, including the statistical fluctuation and potential systematic

offsets. Here, the index 9 = 1, . . . , 120 runs over the number of background samples and the index
: = 1, 2, 3 parametrizes a check of some energy dependence: namely, we divided the test samples
in three energy categories, low (� < 3 TeV), middle (3 TeV ≤ � < 10 TeV) and high (� = 10 TeV)
energies. Nex,j is the number of excess events judged as the line component by the likelihood, and
NON,j is the number of events in an energy window according to Eq. (6). If ' is zero, it means that
the likelihood equation can perfectly distinguish between signal and background events. In fact, '
is distributed with a variance of f2

'
= f2

stat + f2
syst where fstat is the standard deviation of the 'stat,

which is the distribution of the statistical uncertainty propagated from each ':
9
. Finally, fsyst is

estimated as less than 1 %. In order to represent a bias in a background determination, gobs,i = 1 -
'mean (the mean of the distribution of ':

9
) is used.

4. Results and discussion

The analysis shows no evidence of a significant line-like gamma-ray excess in the region of
∼ 1◦ around the GC and results in competitive upper limits on 〈fE〉 at the 95 % C.L. for 15 DM
masses from 912 GeV to 43 TeV with each of the Einasto and a core profile of the inner Galactic
DM density, respectively. The left panel of Fig. 3 shows the consistency of the data with the null
hypothesis using 300 simulations based on the expected background: we computed the median, the
68 %, and the 95 % confidence intervals of the expected upper limits on 〈fE〉 for each DM mass.
In the right panel of Fig. 3, we show a comparison of our constraints with limits obtained by other
searches for gamma-ray line-like excesses. In case an On/Off region subtraction were performed
to obtain the DM component as the residual, sensitivity would be lost for the core profile, due to

6
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the shallow gradient of the signal between the ON and OFF regions. Thanks to the sliding window
technique, our analysis for a core profile suffers from less sensitivity degradation. Even with a
conservative core profile [6], our limits are competitive with one of the most stringent limits derived
from observations of dwarf spheroidal galaxies [11]. Assuming a cuspy Einasto profile, as also used
in [5], our preliminary analysis on 204 hours of observation time provides limits on line-like DM
annihilation in the DM mass range between 10 TeV and 43 TeV compatible with previous results
based on 254 hours of observation time by H.E.S.S.[5].

Figure 3: (Left) : 95% C.L. upper limits on the annihilation cross section 〈fE〉 assuming the Einasto profile.
Observed limits (red dots with arrows) and the median of expected limits (black line) with the 68% and 95%
containment bands with the null hypothesis are plotted together. (Right) : Comparison with results from
other experiments. Observed limits on the annihilation cross section 〈fE〉 (red solid line.) Also, limits by
MAGIC for dwarf galaxy (orange dashed line, [11]), Fermi-LAT (green dashed line, [15]), H.E.S.S in 2018
(blue dashed line, [5]), and HAWC in 2019 (purple dashed line, [16]) are shown.

5. Summary

In this contribution, we have reported the upper limits on the DM annihilation cross section
〈fE〉 obtained with 204 hours of data taken with the MAGIC telescopes observing the Galactic
Centre. In particular, we have shown the potential for searches for a line-like gamma-ray signal
with large zenith angle observations, which boost the sensitivity at high energies beyond several
TeV. Also, thanks to the sliding window technique, we could perform simultaneously the analysis
with cuspy and core profiles with a competitive sensitivity. This clearly shows that large zenith
angle observations will moreover provide an essential tool for the search of heavy DM signatures
with the future Cherenkov Telescope Array.

7
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