
Physics of the Dark Universe 35 (2022) 100912

G
S
G

h
2

Contents lists available at ScienceDirect

Physics of the Dark Universe

journal homepage: www.elsevier.com/locate/dark

Combined searches for darkmatter in dwarf spheroidal galaxies
observedwith theMAGIC telescopes, including new data from Coma
Berenices and Draco
The MAGIC Collaboration: V.A. Acciari 1, S. Ansoldi 2,a, L.A. Antonelli 3, A. Arbet Engels 4,
M. Artero 5, K. Asano 6, D. Baack 7, A. Babić 8, A. Baquero 9, U. Barres de Almeida 10,
J.A. Barrio 9, I. Batković 11, J. Becerra González 1, W. Bednarek 12, L. Bellizzi 13,
E. Bernardini 14, M. Bernardos 11, A. Berti 15, J. Besenrieder 15, W. Bhattacharyya 14,
C. Bigongiari 3, A. Biland 4, O. Blanch 5, H. Bökenkamp 7, G. Bonnoli 13, Ž. Bošnjak 8,
. Busetto 11, R. Carosi 16, G. Ceribella 15, M. Cerruti 17, Y. Chai 15, A. Chilingarian 18,
. Cikota 8, S.M. Colak 5, E. Colombo 1, J.L. Contreras 9, J. Cortina 19, S. Covino 3,
. D’Amico 15,b, V. D’Elia 3, P. Da Vela 16,c, F. Dazzi 3, A. De Angelis 11, B. De Lotto 2,

M. Delfino 5,d, J. Delgado 5,d, C. Delgado Mendez 19, D. Depaoli 20, F. Di Pierro 20, L. Di
Venere 21, E. Do Souto Espiñeira 5, D. Dominis Prester 22, A. Donini 2, D. Dorner 23,
M. Doro 11, D. Elsaesser 7, V. Fallah Ramazani 24,e, A. Fattorini 7, M.V. Fonseca 9, L. Font 25,
C. Fruck 15, S. Fukami 6, R.J. García López 1, M. Garczarczyk 14, S. Gasparyan 26, M. Gaug 25,
N. Giglietto 21, F. Giordano 21, P. Gliwny 12, N. Godinović 27, J.G. Green 3, D. Green 15,
D. Hadasch 6, A. Hahn 15, L. Heckmann 15, J. Herrera 1, J. Hoang 9,f, D. Hrupec 28,
M. Hütten 15, T. Inada 6, K. Ishio 15, Y. Iwamura 6, I. Jiménez 19, J. Jormanainen 24, L. Jouvin 5,
M. Karjalainen 1, D. Kerszberg 5,∗, Y. Kobayashi 6, H. Kubo 29, J. Kushida 30, A. Lamastra 3,
D. Lelas 27, F. Leone 3, E. Lindfors 24, L. Linhoff 7, S. Lombardi 3, F. Longo 2,g, R. López-Coto 11,
M. López-Moya 9, A. López-Oramas 1, S. Loporchio 21, B. Machado de Oliveira Fraga 10,
C. Maggio 25,∗, P. Majumdar 31, M. Makariev 32, M. Mallamaci 11, G. Maneva 32,
M. Manganaro 22, K. Mannheim 23, L. Maraschi 3, M. Mariotti 11, M. Martínez 5,
D. Mazin 6,15, S. Menchiari 13, S. Mender 7, S. Mićanović 22, D. Miceli 2,h, T. Miener 9,
J.M. Miranda 13, R. Mirzoyan 15, E. Molina 17, A. Moralejo 5, D. Morcuende 9, V. Moreno 25,
E. Moretti 5, V. Neustroev 33, C. Nigro 5, K. Nilsson 24, D. Ninci 5,∗, K. Nishijima 30, K. Noda 6,
S. Nozaki 29, Y. Ohtani 6, T. Oka 29, J. Otero-Santos 1, S. Paiano 3, M. Palatiello 2,
D. Paneque 15, R. Paoletti 13, J.M. Paredes 17, L. Pavletić 22, P. Peñil 9, M. Persic 2,i, M. Pihet 15,
P.G. Prada Moroni 16, E. Prandini 11, C. Priyadarshi 5, I. Puljak 27, W. Rhode 7, M. Ribó 17,
J. Rico 5, C. Righi 3, A. Rugliancich 16, L. Saha 9, N. Sahakyan 26, T. Saito 6, S. Sakurai 6,
K. Satalecka 14, F.G. Saturni 3, B. Schleicher 23, K. Schmidt 7, T. Schweizer 15, J. Sitarek 12,

∗ Corresponding authors.
E-mail address: contact.magic@mpp.mpg.de (C. Maggio, D. Kerszberg, D. Ninci, V. Vitale).

a Also at International Center for Relativistic Astrophysics (ICRA), Rome, Italy.
b Now at Department for Physics and Technology, University of Bergen, NO-5020, Norway.
c Now at University of Innsbruck.
d Also at Port d’Informació Científica (PIC) E-08193 Bellaterra (Barcelona) Spain.
e Now at Ruhr-Universität Bochum, Fakultät für Physik und Astronomie, Astronomisches Institut (AIRUB), 44801 Bochum, Germany.
f Now at Department of Astronomy, University of California Berkeley, Berkeley CA 94720.
g Also at Dipartimento di Fisica, Università di Trieste, I-34127 Trieste, Italy.
h Now at Laboratoire d’Annecy de Physique des Particules (LAPP), CNRS-IN2P3, 9 Chemin de Bellevue - BP 110, 74941 Annecy Cedex, France.
i Also at INAF Trieste and Dept. of Physics and Astronomy, University of Bologna.
ttps://doi.org/10.1016/j.dark.2021.100912
212-6864/© 2021 Elsevier B.V. All rights reserved.

https://doi.org/10.1016/j.dark.2021.100912
http://www.elsevier.com/locate/dark
http://www.elsevier.com/locate/dark
http://crossmark.crossref.org/dialog/?doi=10.1016/j.dark.2021.100912&domain=pdf
mailto:contact.magic@mpp.mpg.de
https://doi.org/10.1016/j.dark.2021.100912


T.M. Collaboration, V.A. Acciari, S. Ansoldi et al. Physics of the Dark Universe 35 (2022) 100912

I
M
P
J
C
1

2

3

4

5

6

7

8

9

1

1

1

1

1

1

1

1

1

1

2

2

2

2

2

2

2

2

(
2

2

3

3

3

3

3

3

3

3

t
c
s
m

. Šnidarić 34, D. Sobczynska 12, A. Spolon 11, A. Stamerra 3, J. Strišković 28, D. Strom 15,
. Strzys 6, Y. Suda 35, T. Surić 34, M. Takahashi 6, R. Takeishi 6, F. Tavecchio 3,
. Temnikov 32, T. Terzić 22, M. Teshima 15,6, L. Tosti 36, S. Truzzi 13, A. Tutone 3, S. Ubach 25,
. van Scherpenberg 15, G. Vanzo 1, M. Vazquez Acosta 1, S. Ventura 13, V. Verguilov 32,
.F. Vigorito 20, V. Vitale 37,∗, I. Vovk 6, M. Will 15, C. Wunderlich 13, D. Zarić 27

Instituto de Astrofísica de Canarias and Dpto. de Astrofísica, Universidad de La Laguna, E-38200, La Laguna, Tenerife, Spain
Università di Udine and INFN Trieste, I-33100 Udine, Italy
National Institute for Astrophysics (INAF), I-00136 Rome, Italy
ETH Zürich, CH-8093, Zürich, Switzerland
Institut de Física d’Altes Energies (IFAE), The Barcelona Institute of Science and Technology (BIST), E-08193 Bellaterra (Barcelona), Spain
Japanese MAGIC Group: Institute for Cosmic Ray Research (ICRR), The University of Tokyo, Kashiwa, 277-8582 Chiba, Japan
Technische Universität Dortmund, D-44221 Dortmund, Germany
Croatian MAGIC Group: University of Zagreb, Faculty of Electrical Engineering and Computing (FER), 10000 Zagreb, Croatia
IPARCOS Institute and EMFTEL Department, Universidad Complutense de Madrid, E-28040 Madrid, Spain
0 Centro Brasileiro de Pesquisas Físicas (CBPF), 22290-180 URCA, Rio de Janeiro (RJ), Brazil
1 Università di Padova and INFN, I-35131 Padova, Italy
2 University of Lodz, Faculty of Physics and Applied Informatics, Department of Astrophysics, 90-236 Lodz, Poland
3 Università di Siena and INFN Pisa, I-53100 Siena, Italy
4 Deutsches Elektronen-Synchrotron (DESY), D-15738 Zeuthen, Germany
5 Max–Planck-Institut für Physik, D-80805 München, Germany
6 Università di Pisa and INFN Pisa, I-56126 Pisa, Italy
7 Universitat de Barcelona, ICCUB, IEEC-UB, E-08028 Barcelona, Spain
8 Armenian MAGIC Group: A. Alikhanyan National Science Laboratory, 0036 Yerevan, Armenia
9 Centro de Investigaciones Energéticas, Medioambientales y Tecnológicas, E-28040 Madrid, Spain
0 INFN MAGIC Group: INFN Sezione di Torino and Università degli Studi di Torino, I-10125 Torino, Italy
1 INFN MAGIC Group: INFN Sezione di Bari and Dipartimento Interateneo di Fisica dell’Università e del Politecnico di Bari, I-70125 Bari, Italy
2 Croatian MAGIC Group: University of Rijeka, Department of Physics, 51000 Rijeka, Croatia
3 Universität Würzburg, D-97074 Würzburg, Germany
4 Finnish MAGIC Group: Finnish Centre for Astronomy with ESO, University of Turku, FI-20014, Turku, Finland
5 Departament de Física, and CERES-IEEC, Universitat Autònoma de Barcelona, E-08193 Bellaterra, Spain
6 Armenian MAGIC Group: ICRANet-Armenia at NAS RA, 0019 Yerevan, Armenia
7 Croatian MAGIC Group: University of Split, Faculty of Electrical Engineering, Mechanical Engineering and Naval Architecture
FESB), 21000 Split, Croatia
8 Croatian MAGIC Group: Josip Juraj Strossmayer University of Osijek, Department of Physics, 31000 Osijek, Croatia
9 Japanese MAGIC Group: Department of Physics, Kyoto University, 606-8502 Kyoto, Japan
0 Japanese MAGIC Group: Department of Physics, Tokai University, Hiratsuka, 259-1292 Kanagawa, Japan
1 Saha Institute of Nuclear Physics, HBNI, 1/AF Bidhannagar, Salt Lake, Sector-1, Kolkata 700064, India
2 Inst. for Nucl. Research and Nucl. Energy, Bulgarian Academy of Sciences, BG-1784, Sofia, Bulgaria
3 Finnish MAGIC Group: Astronomy Research Unit, University of Oulu, FI-90014 Oulu, Finland
4 Croatian MAGIC Group: Ruđer Bošković Institute, 10000 Zagreb, Croatia
5 Japanese MAGIC Group: Physics Program, Graduate School of Advanced Science and Engineering, Hiroshima University, 739-8526 Hiroshima, Japan
6 INFN MAGIC Group: INFN Sezione di Perugia, I-06123 Perugia, Italy
7 INFN MAGIC Group: INFN Roma Tor Vergata, I-00133 Roma, Italy

a r t i c l e i n f o

Article history:
Received 25 July 2021
Received in revised form 20November 2021
Accepted 22 November 2021

Keywords:
Dark Matter
Indirect searches
Gamma Rays
Dwarf spheroidal galaxies
Imaging Atmospheric Cherenkov
Telescopes

a b s t r a c t

Milky Way dwarf spheroidal galaxies (dSphs) are among the best candidates to search for signals of
dark matter annihilation with Imaging Atmospheric Cherenkov Telescopes, given their high mass-to-
light ratios and the fact that they are free of astrophysical gamma-ray emitting sources. Since 2011,
MAGIC has performed a multi-year observation program in search for Weakly Interacting Massive
Particles (WIMPs) in dSphs. Results on the observations of Segue 1 and Ursa Major II dSphs have
already been published and include some of the most stringent upper limits (ULs) on the velocity-
averaged cross-section ⟨σannv⟩ of WIMP annihilation from observations of dSphs. In this work, we
report on the analyses of 52.1 h of data of Draco dSph and 49.5 h of Coma Berenices dSph observed
with the MAGIC telescopes in 2018 and in 2019 respectively. No hint of a signal has been detected from
either of these targets and new constraints on the ⟨σannv⟩ of WIMP candidates have been derived. In
order to improve the sensitivity of the search and reduce the effect of the systematic uncertainties due
to the J-factor estimates, we have combined the data of all dSphs observed with the MAGIC telescopes.
Using 354.3 h of dSphs good quality data, 95% CL ULs on ⟨σannv⟩ have been obtained for 9 annihilation
channels. For most of the channels, these results reach values of the order of 10−24 cm3/s at ∼1TeV
and are the most stringent limits obtained with the MAGIC telescopes so far.

© 2021 Elsevier B.V. All rights reserved.
o
M

1. Introduction

The concept of dark matter (DM) started to gain ground thanks
o the work of F. Zwicky on the galaxies in the Coma galaxy
luster [1]. After this initial evidence of the existence of DM,
everal other probes followed, successfully identifying a new,
assive, non-luminous, and gravitationally interacting category
 o

2

of matter on galactic, extra-galactic, and cosmological scales [2].
Among the large number of theories and models that have been
proposed along the years to describe its nature [3], particle DM
within a Λ-Cold Dark Matter (ΛCDM) Universe [4] has been one
f the most investigated scenarios. A generic Weakly Interacting
assive Particle (WIMP) is found in super-symmetric extensions
f the Standard Model (SM) or extra dimension theories, for
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nstance, and can successfully explain many observational prop-
rties of DM on various scales. It is expected to have a mass in
he range from a few GeV [5] to a few hundred TeV [6], and an
nteraction cross-section to SM particles typical of the weak scale.
ecause of their properties and the fact that they are expected to
olve the unrelated hierarchy problem, WIMPs have acquired a
reat popularity in the particular case of indirect DM searches.
Depending on the different sensitivities to relevant DM mass

ranges, current space-borne gamma-ray telescopes, i.e. Fermi-
LAT [7], ground-based Imaging Atmospheric Cherenkov Tele-
scopes (IACTs), i.e. MAGIC [8], H.E.S.S. [9], and VERITAS [10], and
water Cherenkov detectors, i.e. HAWC [11], provide overlapping
and complementary results. The characteristic way to indirectly
study the nature of DM particles with these detectors is to look
for the secondary products of their annihilation or their decay
into SM particles. Gamma rays are among the most investigated
products because, being stable neutral particles, they can travel
straight from their production sites to Earth, thus pointing to
their place of origin and giving information about the DM spatial
distribution. The most obvious targets where to search for DM
are those with high predicted DM densities in the local Universe,
such as the Galactic Center and its halo, Galactic DM sub-halos,
in which the dwarf spheroidal galaxies (dSphs) of the Milky Way
reside, and galaxy clusters [12]. When selecting targets of obser-
vations, the main points to evaluate are their total expected DM
amount and concentration, their distance to Earth, and whether
they contain sources of background gamma-ray emission. Due
to their high mass-to-light ratio, their proximity to the Earth,
and being free of gamma-ray emission from known astrophysical
sources, Galactic dSphs are among the most intensively inves-
tigated targets. In particular, dSphs are prime targets for IACTs
as the extension of their DM halos1 is typically of the order
f the field of view of the telescopes, a fact that simplifies the
nalysis with respect to that for more extended sources such
s e.g. the Galactic halo. Additionally, their existence as a part
f the population of Galactic DM sub-halos is clearly predicted
y the ΛCDM hierarchical structure formation scenario. Despite

numerous observation campaigns and sophisticated analyses, no
hint of DM signatures has been observed from these targets so
far and only constraints on DM particle cross-section have been
set [13].

MAGIC has observed various Milky Way dSphs in search for a
M signal since the very beginning of the telescopes’ operation.
n this paper, the latest individual and combined results of the
ndirect DM search program in dSphs performed by MAGIC are
resented. The concept of indirect DM searches with IACTs is
ntroduced in Section 2, followed in Section 3 by a description
f the MAGIC telescopes and the dSphs data samples considered
or this work. The details of the selection and low level treatment
f the data from the newly observed Draco and Coma Berenices
Sphs are presented in Section 4. The high-level DM analysis,
he so-called full likelihood analysis, is described in Section 5.
he individual results of this analysis for the Draco and Coma
erenices dSphs are presented in Section 6, while in Section 7
he results from Ursa Major II and Segue 1 dSphs are recalled. The
ombined analysis and subsequent limits are shown in Section 8,
ollowed by a discussion and a comparison with previous results
rovided by MAGIC and other experiments. In Section 9, the
ontent of the paper is summarized and conclusions are drawn.

1 Please note that we use dSph in the following to denote the DM halo of
Sphs.
 a
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2. Gamma-ray signal from annihilating DM

Indirect DM searches with IACTs aim at detecting gamma-ray
fluxes produced by the annihilation or decay of WIMPs in regions
of the sky where a sizeable concentration of DM is expected,
the so-called DM over-densities. The differential gamma-ray flux,
integrated in a certain aperture ∆Ω , can be expressed as the
product of a Particle Physics (PP) factor and an Astrophysical (or
J-) factor. In case of DM annihilation, it can be written as:
dΦ(∆Ω)

dE
=

1
4π

⟨σannv⟩

2m2
DM

dN
dE

× J(∆Ω). (2.1)

The first three factors on the right hand side of the equation
compose the PP-factor. It contains all the information regard-
ing the DM model under consideration: the DM particle mass
mDM, the gamma-ray spectrum dN

dE =
∑n

i=1 Bri
dNi
dE produced

per annihilation in n possible channels and weighted by the
corresponding branching ratios Bri, and the velocity-averaged an-
nihilation cross-section ⟨σannv⟩. This last quantity is the one that
is either measured (in case of detection of a DM signal) or con-
strained (in case of a non-detection) in indirect DM annihilation
searches.

Whereas the PP term is determined only by the nature of
DM, and hence is the same for every source,2 the J-factor J(∆Ω)
incorporates the specific source’s DM distribution and its distance
from the observer. It is expressed as the integral of the DM
density (ρ) squared along the line-of-sight (l.o.s.) and over the
solid angle ∆Ω under which the target is observed:

J(∆Ω) =

∫
∆Ω

dΩ ′

∫
l.o.s.

dlρ2(l, Ω ′). (2.2)

In this work, the spectral and morphological templates for the
gamma-ray emission of the observed dSphs were, thus, estimated
from the gamma-ray spectra expected from WIMP annihilation
and the estimated DM distribution, following Eq. (2.1). DM par-
ticles in the mass range 0.07–100TeV and annihilating into the
SM particle pairs e+e−, µ+µ−, τ+τ−, W+W−, ZZ , HH , bb̄, t t̄
nd γ γ have been considered. The expected average gamma-ray

spectrum per annihilation process dNi/dE was taken from [14],
while the emission morphology of the source has been modeled
with the J-factor differential values, i.e. the J-factor distribution
with respect to the angular distance from the center of the target,
provided in [15] (see Section 3 for details).

3. The MAGIC telescopes and the dsphs data samples

The Florian Göbel Major Atmospheric Gamma Imaging
Cherenkov (MAGIC) telescopes are a system of two 17m diameter
IACTs operated in coincidence in the so-called stereoscopic mode.
The telescopes are located at the Observatorio del Roque de los
Muchachos (ORM) on the Canary Island of La Palma (Spain), at
an altitude of ∼2200m above sea level. Thanks to their large
reflector surfaces, the new trigger systems [16] and the wide alt-
azimuth movement, the MAGIC telescopes can detect gamma rays
in the energy interval ranging from ∼30GeV to ∼100TeV [17],
with an angular resolution of ∼0.08◦ at the 68% containment
radius of the point spread function for energies above 200GeV [8].

After the observation campaigns on Segue 1 [18] and Ursa
Major II [19] dSphs, MAGIC started a new multi-year DM program
for the study of two additional dSphs, namely, Draco and Coma
Berenices. The classical dSph Draco was discovered in 1954 by

2 This is true under the assumption that there is only one kind of DM particle,
r that the relative abundance of more than one kind of DM particle is the same
n all investigated targets, which is not necessarily the case. Nevertheless, this
ssumption is reasonable until a DM signal detection allows us to investigate it.
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ist of the dSphs investigated in the MAGIC multi-year dSph DM project. For each dSph, we report: the logarithm of its total J-factor and its respective uncertainty,
he maximum angular distance θmax and the one containing 50% of the assumed DM emission θ0.5 (i.e. J(θ0.5) = 0.5× J(θmax)) taken from [15], as well as the effective
bservation time Teff and the year of data taking by MAGIC. The maximum angular distance is the angular distance of the outermost member star used to evaluate
he velocity dispersion profile. It coincides with the most conservative truncation radius of the assumed DM annihilation emission.
Target log10 J(θmax)[GeV2cm−5] θmax [deg] θ0.5 [deg] Teff [h] Year

Coma Berenices 19.02+0.37
−0.41 0.31 0.16+0.02

−0.05 49.5 2019

Draco 19.05+0.22
−0.21 1.30 0.40+0.16

−0.15 52.1 2018

Ursa Major II 19.42+0.44
−0.42 0.53 0.24+0.06

−0.11 94.8 2016–2017

Segue 1 19.36+0.32
−0.35 0.35 0.13+0.05

−0.07 157.9 2011–2013
Fig. 1. Significance skymaps in the Draco (left) and Coma Berenices (right) dSphs field of view, respectively. They have been produced with a test statistic (see
Equation 17 of [25]), applied on a smoothed and modeled background estimation. The color scale on the right side of each figure represents the test statistic
value distribution. The empty white cross refers to the center of the target, and the orange dashed circle delimits the signal region defined in this analysis, here
corresponding to an optimized θ2 cut of 0.05 deg2 and 0.03 deg2 for Draco and Coma Berenices dSphs, respectively (see Section 5 for the details on the optimization).
The white solid circle on the bottom left corner of each figure shows the MAGIC point spread function.
the Palomar Observatory Sky Survey [20]. Coma Berenices dSph
belongs to the so-called ultrafaint dSphs discovered in the Sloan
Digital Sky Survey [21] in 2006. Both targets have been observed
with the MAGIC telescopes for ∼50h each, for a total scheduled
amount of ∼100h. The observations were carried out in wobble
mode [22] and only one pair of wobble positions was adopted,
which reduces systematic differences in the acceptance of sig-
nal (also called ON) and background-control (also called OFF)
regions [18].

The aim of the project was to enlarge and diversify the pool
of dSphs observed with the MAGIC telescopes, with the goal of
increasing the chances of detection of a DM signal from new
unexplored regions, of mitigating the effect of the systematic
uncertainties related to the expected DM content of the selected
target and, in case of no detection, of improving the constraints
on ⟨σannv⟩. The targets considered for the observations were
selected among the dSphs presented in [15]. The selection criteria
combined observability from the MAGIC site, as large as possible
estimated J-factor values and as small as possible related statisti-
cal uncertainties. Table 1 presents several relevant quantities for
the two newly selected targets, Draco and Coma Berenices dSphs,
and for the two ultrafaint dSphs previously observed by MAGIC,
Segue 1 and Ursa Major II (which are part of the combined analy-
sis). The MAGIC observations on Triangulum II [23] have not been
included in this list, nor in the subsequent combined analysis, due
to the present uncertainty on the dynamical equilibrium of the
object [24] and, thus, the lower reliability of its J-factor estimate.

As shown in Table 1, both previously and newly selected dSphs
resent J-factor values above 1019 GeV2cm−5. Note that for Ursa

Major II, the previous analysis [19] already used the J-factor value
from [15], while for the analysis of Segue 1 [18] a previous J-
factor estimation was adopted [18,26]. Also, the limits on the
4

WIMP annihilation cross-section obtained on Segue 1 in [18] were
later used in a combined analysis with Fermi-LAT results [27].
In the latter work, another different J-factor was used, namely
the value used by Fermi-LAT previously in [28]. Since the study
by [15], the DM content of Segue 1 has been re-evaluated multiple
times [28–32], with the value from [15] agreeing with most of the
more recent estimates. Hence we adopt the result from [15] also
for Segue 1 for this work. The data sample of Segue 1 dSph is
the same as the one presented in [18], except for a light revision
of the analysis that will be described in Section 7. On the other
hand, the data sample of Ursa Major II dSph is the same as in [19].
In the following section, the results of the low level analysis
performed on the data taken for Draco and Coma Berenices dSphs
are presented.

4. MAGIC low level analysis of Draco and Coma Berenices
dSphs data

Draco dSph is the target with the third-highest J-factor after
Segue 1 and Ursa Major II in the list from Section 3. It was
observed with the MAGIC telescopes from March to September
2018 in the zenith angle range between 29◦ and 46◦. Starting
from June 30, a degraded mirror reflectance caused a lower data
quality that had to be taken into account. The dataset was hence
divided in two samples and paired to specific Monte Carlo (MC)
simulations, better reflecting the status of the instrument for
each sample. The observations of Coma Berenices dSph were
performed from the end of January to the beginning of June 2019.
The target was observed at low zenith angles, between 5◦ and
36◦, and, as no major changes affected the instrument during that
period, one set of MC simulations was sufficient for this analysis.
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Data from Draco and Coma Berenices dSphs were reduced us-
ng the standard MAGIC analysis software MARS [33]. As it is usu-
lly the case in DM studies, excellent data quality was required
n order to guarantee good performances and non-coherent sys-
ematic uncertainties (the effect of the coherent ones is negligibly
mall) in the estimation of the residual background below 1.5%,
s evaluated in [8]. Thus, strict data selection criteria have been
pplied, especially with respect to atmospheric conditions for
hich we required more than 85% transmission [34]. It resulted

n the selection of 52.1 h and 49.5 h of excellent quality data for
raco and Coma Berenices dSphs, respectively.
The particle identification was carried out using a Random

orest event classification method [35] that assigns a parameter,
alled hadronness, to each event. After data reduction, no signif-
cant gamma-ray excess over the background was detected in
ither of the field of views, as shown in Fig. 1 for Draco (left) and
oma Berenices (right) dSphs.

. Likelihood method for high-level DM analysis

Once the events are reconstructed and tagged as gamma-ray
andidates, the observed numbers of events as a function of the
econstructed energy are fitted by a likelihood with the signal
ntensity as free parameter, whose value is estimated using stan-
ard likelihood maximization. The likelihood analysis is binned
in reconstructed energy), which allows a better treatment of
he systematic uncertainty of the irreducible background with
espect to an unbinned analysis [19]. The binned likelihood func-
ion L, whose parameter of interest is the weighted-averaged
nnihilation cross-section ⟨σannv⟩, for each target t , each dataset
corresponding to a different set k of Instrument Response

unctions (IRFs), and for each pointing direction i is written as
ollows (removing the indexes t, k and i from the right hand side
f the equation to avoid overloading it):

tki(⟨σannv⟩; ν|D) = L(⟨σannv⟩; J, {bj}j=1,...,Nbins , τ |(NON,j,NOFF,j)j=1,...,Nbins )

=

Nbins∏
j=1

[
(gj(⟨σannv⟩, J) + bj)NON,j

NON,j!
e−(gj(⟨σannv⟩,J)+bj)

×
(τbj)NOFF,j

NOFF,j!
e−τbj

]
× T (τ |τobs, στ )

× J (J| log10 Jobs, σlog10 J ),

(5.1)

here j runs over the number of bins in energy Nbins. In Eq. (5.1),
represents the nuisance parameters which are the J-factor J ,

the expected number of background events bj and the OFF/ON
acceptance ratio τ . The likelihood function is then written as the
product of three terms. The first one consists of Poissonian func-
tions for the number of observed events in the ON region (NON,j),
.e. the region from which the signal is extracted, and the number
f observed events in the OFF region (NOFF,j), i.e. the region used
o evaluate the background. The second one (T ) corresponds to
he likelihood for the OFF/ON acceptance ratio, parametrized by
Gaussian function with mean τobs, computed as the ratio of the
umber of the observed events in regions adjacent to the OFF
nd ON ones, and variance σ 2

τ which includes both statistical and

ystematic uncertainties following στ =

√
σ 2

τ ,stat + σ 2
τ ,syst, where

τ ,syst = 1.5% · τ as estimated in [8]. It is important to note that
does not depend on the energy bin j, it is hence considered as

a global nuisance parameter. The third term (J ) is the likelihood
function for the logarithm of the J-factor, also parametrized by
a Gaussian function with mean log10 Jobs and variance σ 2

log10 J .
In this analysis, the statistical uncertainty on the J-factor, here
5

treated as a nuisance parameter, dominates over other systematic
uncertainties. Therefore no additional systematic in the gamma-
ray efficiency is considered in the analysis, in particular regarding
the derivation of the upper limits, where an additional systematic
uncertainty of ∼30% on the effective area is usually considered
for gamma-ray sources (see e.g. [36]).

The expected number of gamma-rays gj depends on the free
parameter ⟨σannv⟩, that is the parameter of interest, and on the
J-factor nuisance parameter as follows:

gj(⟨σannv⟩, J) = Tobs

∫ E′

max,j

E′

min,j

dE ′

∫
∞

0
dE

dφ(⟨σannv⟩, J)
dE

Aeff(E)G(E ′
|E)

(5.2)

here Tobs is the total observation time, the extremes of the
ntegral E ′

min,j and E ′

max,j are respectively the minimum and the
maximum energies of the jth energy bin, Aeff is the effective area
and G is the probability density function for the energy estimator
E ′, given the true energy E. The latter probability density function,
together with the effective area, represent the IRFs. They are
computed starting from MC simulations of diffuse gamma rays
that follow the spatial distribution of the expected DM-induced
signal of each dSph. The morphology of each dSph was modeled
using the Donut MCmethod [19]. Following the procedure in [27],
the estimator g is restricted within the physical region (e.g. g ≥

0) during the likelihood maximization procedure. To combine the
results obtained for each dSph, the final likelihood function is
then written as the product:

L(⟨σannv⟩; ν|D) =

Ntarget∏
t=1

Nt∏
k=1

2∏
i=1

Ltki(⟨σannv⟩; νtki|Dtki). (5.3)

where t = 1 . . . 4 identifies the four targets considered in this
work (see Table 1), k varies from 1 to Nt where Nt is the number
hardware configuration expressed by the IRFs under which the
target t was observed (Nt equals 2 and 1 for Draco and Coma
Berenices dSphs respectively, see Section 4, while Nt equals 4 for
Segue 1 [18] and 1 for Ursa Major II [19]), and the index i=1, 2
denotes the two pointing directions. The estimation of ⟨σannv⟩ is
performed using the profile likelihood ratio test λp, defined as:

λp(⟨σannv⟩|D) =
L(⟨σannv⟩; ˆ̂ν|D)

L( ˆ⟨σannv⟩; ν̂|D)
, (5.4)

here ν̂ and ˆ⟨σannv⟩ are the values that maximize the likelihood,
and ˆ̂ν maximize the likelihood for a fixed value of ⟨σannv⟩. Making
use of Wilks’ theorem, the one-sided upper limits (ULs) on the
velocity-averaged cross-section at the 95% confidence level (CL)
are obtained when λp fulfills the following constraint3 :

2 ln λp(⟨σannv⟩
UL

|D) = 2.71. (5.5)

he sensitivity to ⟨σannv⟩, defined as the average UL that would
e obtained by an ensemble of experiments in the case of no DM
ignal (i.e. the null hypothesis ⟨σannv⟩ = 0), can be approximated
by:

⟨σannv⟩sensitivity = ⟨σannv⟩
UL

− ˆ⟨σannv⟩. (5.6)

3 Because of the degeneracy between ⟨σannv⟩ and J in the gamma-ray flux
computation (see Eq. (2.1)), and the fact that J is considered as a nuisance
parameter with log-normal probability density function, the coverage of our
confidence intervals is not exactly 95%. Using simulations, we have verified that
the recipe in Eq. (5.5) produces an over-coverage. We nevertheless computed
the ULs using this rule since over-coverage produces conservative limits and in
order to be able to perform meaningful comparisons with previous results and
those from other experiments using the same prescription (see, e.g. [28,37–39]).
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Fig. 2. 95% CL ULs for ⟨σannv⟩ for DM annihilation into bb̄, W+W− , τ+τ− and µ+µ− pairs, as representative annihilation channels for both leptonic and hadronic
nteractions. The black solid line indicates the observed limits obtained for 52.1 h of Draco dSph observations, while the blue dashed line is the median of the 300
ealizations of the null hypothesis. The green and yellow bands represent the two sided 68% and 95% containment bands respectively. The red dashed line shows
he thermal relic cross-section [42]. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
f
d

his definition of the sensitivity is independent of the actual
imit value and is therefore used to optimize the analysis cuts
ithout introducing any bias to the final result. The optimization

s done from fast simulations of the null hypothesis for the cuts
n the hadronness and the squared angular distance θ2 between
he nominal position of the target and the reconstructed event
irection. For this calculation, the parameter g is not restricted
o only positive values and J is considered with no uncertainty.
hese energy-dependent optimized cuts have then been applied
lindly to the data, as described in [19]. All the likelihood func-
ions reported in this section are implemented in the open source
ool gLike [40], which provides the joint likelihood maximization
s a function of ⟨σannv⟩, as well as the profiling over the nuisance
arameters. The combined limit was also cross-checked using the
ndependent software package LklCom [41].

. DM results from Draco and Coma Berenices dSphs

The full likelihood method, described in Section 5, was applied
o the data, using the J-factors reported in Table 1 together with
heir respective uncertainties and considering single-channel an-
ihilation modes. Note that if the J-factor uncertainty is asym-
etric, the negative value was adopted as it is the one decreasing
ur sensitivity to DM signals. The ULs at 95% CL on ⟨σannv⟩ derived
rom Eq. (5.5) are shown, as a function of the DM mass, in Fig. 2
or Draco dSph and in Fig. 3 for Coma Berenices dSph. Here,
he results are shown only for DM particles annihilating into
b̄, τ+τ−, µ+µ− or W+W− pairs, as representative annihilation

channels for both leptonic and hadronic interactions. The two-
sided 68% and 95% containment bands for the distribution of
limits and the median of this distribution, calculated from a sam-
ple of 300 simulations of the null hypothesis ⟨σ v⟩ = 0, are also
ann

6

shown. In practice, for each simulation we generated new events
for the ON and the OFF regions from the background probability
density function, thus assuming no DM signal is present, and
computed UL on ⟨σannv⟩ using exactly the same procedure as for
the data. This procedure allowed us to estimate the probability
density function for ⟨σannv⟩

UL for the null hypothesis case, and
double-check that no significant deviations (positive for the case
of signal or negative for the case of uncontrolled systematic
errors) are present. The results do not show any significant signal
related to DM for either of the dSphs, since the achieved limits are
within the 68% containment band.

Considering the bb̄ and the τ+τ− channels, the best velocity-
averaged cross-section limit for Draco dSph reaches
5.1 × 10−23 cm3/s for a 5 TeV DM mass and 7.4 × 10−24 cm3/s
or a 1.2 TeV DM mass, respectively. In the case of Coma Berenices
Sph, the best limits on ⟨σannv⟩ for the bb̄ and the τ+τ− channels

reach 5.6 × 10−23 cm3/s for a DM mass of 2 TeV and
1.1 × 10−23 cm3/s for a DM mass of 0.5 TeV, respectively. The
results obtained are comparable between the two dSphs, due to
the similarity of their J-factors and exposure time. A comparison
of the newly obtained limits with the ones derived from Segue 1
and Ursa Major II is presented in Section 8.

7. Ursa Major II and Segue 1 analyses

The published results from Ursa Major II observations [19]
were previously obtained using the same approach as the one
presented here for Draco and Coma Berenices dSphs. We there-
fore do not introduce any change either to the Ursa Major II
dataset, consisting of a total of 94.8 h of good quality data, or
its analysis. In order to combine the results obtained from the
different targets in a uniform way, we include for the first time
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Fig. 3. 95% CL ULs for ⟨σannv⟩ for DM annihilation into bb̄, W+W− , τ+τ− and µ+µ− pairs, as representative annihilation channels for both leptonic and hadronic
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n this paper the treatment of the extension of the Segue 1 dSph
y means of the Donut MC method, as for the other considered
argets. The dataset consisting of a total of 157.9 h of good quality
ata was therefore left unchanged with respect to the previous
ublications in [18,27] of the MAGIC data on Segue 1, except for
he IRFs that now include the morphology of the target. Also, an
pdated J-factor estimate from [15], whose value is reported in
able 1, has been adopted as described in Section 3. Note that
iven that the extension of Segue 1 is not much larger than the
AGIC angular resolution (the angular galactocentric distance of

he outermost member star is 0.35◦ in [15]), the results computed
ccounting for its extension differ by less than 10% compared to
he results derived from a point-like analysis, thus much smaller
han the statistical error on the J-factor.

8. Combined limits and discussion

We combine the individual datasets in the maximization of
a joint likelihood function for all observed targets, observation
periods and pointing directions (each described by Eq. (5.1)), as
written in Eq. (5.3). The combined limits are therefore computed
using a total of 354.3 h of good quality data. The 95% ULs on
the velocity-averaged cross-section ⟨σannv⟩ are reported in Fig. 4
for each of the 9 annihilation channels considered. In addition,
we show the limits corresponding to each considered dSph. The
global limits are mostly within the 68% containment band of
the null hypothesis. They are dominated by Segue 1 results, but
they are nevertheless more constraining for each channel and for
almost every mass. At the lower DM masses (below 1TeV) the
improvement is marginal, ∼10% at most, while at higher masses
the improvement reaches ∼40–50% due to the fact that Segue 1
alone limits are less dominant in this regime.
7

The constraints on ⟨σannv⟩ from the combined analysis re-
ported here are the most stringent ones obtained with the MAGIC
telescopes up to now. A substantial improvement of the limits
was achieved by stacking all available targets. Excluding the
result obtained for the γ γ annihilation channel, for which the
thermal relic cross-section is multiplied by the fine structure con-
stant squared when assuming 100% branching ratio into photons
pairs,4 the closest UL to the thermal relic cross-section is the one
relative to τ+τ−, excluding ⟨σannv⟩ down to ∼1×10−24 cm3/s for
M masses in the TeV range.
It should be remarked that the J-factor values used to cal-

ulate the above mentioned ULs are affected by target-related
ystematic uncertainties, such as misidentified foreground inter-
oping stars as described in [31] for the case of Segue 1, and by
odel-related systematic uncertainties from the fact of having
ssumed the Navarro–Frenk–White density profile [44,45] over
ther alternatives such as the Einasto profile [46] or the Burkert
rofile [47].
In Fig. 5 we present the comparison between the combined

imits achieved in this work and the ones from dSphs obser-
ations by other experiments. MAGIC constraints are the most
tringent between a few tens of TeV to 100TeV for the bb̄ channel,
nd between few TeV to tens of TeV for the τ+τ− channel.
ermi-LAT [28], having a better sensitivity at low gamma-ray
nergies with respect to the other experiments, provides more
onstraining limits up to TeV DM masses. At higher DM masses,
he large duty cycle of the HAWC array sets better ⟨σannv⟩ ULs
or the τ+τ− channel [38]. We remark that these limits remain
ignificantly weaker than the ones claimed by H.E.S.S. on the

4 Naively, one would expect this process to happen at a rate of α2
⟨σannv⟩,

ence suppressing this channel by a factor
(

1
)−1

∼ 104 [43].

1372
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Fig. 4. 95% CL ULs for ⟨σannv⟩ for DM annihilation into e+e− , µ+µ− , τ+τ− , W+W− , ZZ , HH , bb̄, t t̄ and γ γ . The black solid line indicates the observed combined
limits obtained for 354.3 h of dSphs observations, while the blue dashed line is the median of the 300 realizations of the null hypothesis. The green and yellow
bands represent the two sided 68% and 95% containment bands respectively. The red dashed line shows the thermal relic cross-section [42]. The one for the γ γ

annihilation channel is multiplied by a factor α2 , where α is the fine structure constant (see text for details). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
Galactic Center halo [48]. However, the Galactic Center halo is
affected by large uncertainties, namely by the poorly constrained
DM content, not accounted for when producing such limits. On
the contrary, the combined limits from dSphs are affected by
much smaller uncertainties, thus providing a complementary set
of reliable limits.

9. Summary and conclusions

In this paper, we have presented new results on DM searches
obtained by MAGIC from 52.1 h of observation of the Draco dSph
and from 49.5 h of observation of the Coma Berenices dSph. For
both targets we have reported the ⟨σannv⟩ ULs at the 95% CL for
WIMP annihilation in the channels bb̄, τ+τ−, µ+µ− and W+W−.
8

In order to combine these new results with previous ones in a
uniform analysis, we have revised the Segue 1 analysis, taking
into account the extension of the source, thanks to the use of the
Donut MC technique, and considering an updated J-factor value:
the results previously obtained were not significantly affected.
We have then performed a combined analysis of the observations
of 4 dSphs for a total of 354.3 h and have obtained results for
the channels e+e−, µ+µ−, τ+τ−, W+W−, ZZ , HH , bb̄, t t̄ and
γ γ . The achieved combined limits from this work are the most
stringent in the range from a few TeV to a few tens of TeV
among the ones obtained from dSphs observations with IACTs.
DM searches combining observations of different targets is now a
well established technique in gamma-ray astronomy. It improves
the results and strengthens their robustness by averaging out
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Fig. 5. 95% CL ULs on the WIMP velocity-averaged cross-sections for the bb̄ (left) and τ+τ− (right) channels, from this work (solid black line) and the combined
nalysis of dSphs from Fermi-LAT [28] (blue dashed line), VERITAS [37] (green dashed line), HAWC [38] (yellow dashed line), and H.E.S.S. [39] (red dashed line).
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ossible systematic uncertainties. The results presented in this
aper will be used in a joint analysis of dSphs targets involv-
ng different experiments [49] that will further maximize the
ensitivity of indirect gamma-ray search for DM.
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