ournal of €osmology and Astroparticle Physics

An IOP and SISSA journal

RECEIVED: December 20, 2024
REVISED: August 4, 2025
ACCEPTED: August 16, 2025
PUBLISHED: March 11, 2026

Combined dark matter search towards dwarf spheroidal
galaxies with Fermi-LAT, HAWC, H.E.S.S., MAGIC,
and VERITAS

/' <
wmermi }’c qu r\’ .

g SeTelescore i v G H.E.S.S

The Fermi-LAT collaboration, the HAWC collaboration,
the H.E.S.S. collaboration, the MAGIC collaboration
and the VERITAS collaboration

Full author list at the end of the paper

E-mail: contact.hess@hess-experiment.eu, contact.magic@mpp.mpg.de,
echarles@slac.stanford.edu, dimauro.mattia@gmail.com,
jpharding@lanl.gov, salaza82@msu.edu, tollefs20msu.edu,
chiara.giuri@desy.de, elisa.pueschel@astro.rub.de

ABSTRACT: Dwarf spheroidal galaxies (dSphs) are excellent targets for indirect dark matter
(DM) searches using gamma-ray telescopes because they are thought to have high DM
content and a low astrophysical background. The sensitivity of these searches is improved by
combining the observations of dSphs made by different gamma-ray telescopes. We present
the results of a combined search by the most sensitive currently operating gamma-ray
telescopes, namely: the satellite-borne Fermi-LAT telescope; the ground-based imaging
atmospheric Cherenkov telescope arrays H.E.S.S., MAGIC, and VERITAS; and the HAWC
water Cherenkov detector. Individual datasets were analyzed using a common statistical
approach. Results were subsequently combined via a global joint likelihood analysis. We
obtain constraints on the velocity-weighted cross section (ov) for DM self-annihilation as a
function of the DM particle mass. This five-instrument combination allows the derivation of
up to 2-3 times more constraining upper limits on (ov) than the individual results over a
wide mass range spanning from 5 GeV to 100 TeV. Depending on the DM content modeling,
the 95% confidence level observed limits reach 1.5x1072* cm3s™! and 3.2x1072° cm3s7!,

respectively, in the 777~ annihilation channel for a DM mass of 2 TeV.
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1 Introduction

The observation of gamma rays from dark matter (DM) interactions would answer key
questions about the nature of the Universe. Such a discovery would also shed light on
our understanding of physics beyond the Standard Model (SM). According to the latest
measurements of the energy content of the Universe, baryonic matter is observed to make up
about 5% of the total energy content, with the rest being Cold Dark Matter (CDM) (27%)
and dark energy (68%) [1]. Experimental evidence for DM can be found in observations of
gravitational lensing [2], the large-scale structure of galaxies [3], the power spectrum of the
cosmic microwave background [4], and the rotational velocity of galaxies [5], among other
probes [6]. Assuming DM to be made of elementary particles, in most models they are
considered to be electrically neutral, stable on cosmological time scales, and cold (i.e., non-
relativistic). A well-motivated class of CDM candidate particles are the Weakly Interacting
Massive Particles (WIMPs): elementary particles not contained in the SM, which may have
been produced in the early Universe and that would annihilate or decay into SM particles. If
we assume that a GeV-TeV mass scale particle, with weak-scale couplings, was decoupled
from thermal equilibrium in the early Universe, such particles could reproduce the observed
DM relic density [1, 7]. This coincidence between the predicted thermal abundance of WIMPs
and the observed DM density is known as the “WIMP miracle” [8]. A precise computation



of the thermally-averaged velocity-weighted annihilation cross section provides (ov), =~
2x10720 cm?s~! [9).

The primary WIMP DM search modes are: direct detection searches for signatures of
the interaction of local DM particles in underground detectors; searches for DM particle
production in accelerators such as the Large Hadron Collider at CERN; and the indirect search
for DM decay or annihilation to SM products by ground-based and spaceborne observatories.
In indirect searches, one looks for spatial and/or spectral signatures of DM annihilation or
decay in the astrophysical fluxes of SM particles. Among those, gamma rays are detectable
over a broad energy range with both spaceborne and ground-based astronomical observatories.
They point back to their sources and are not subject to significant energy losses in the
local universe. The aforementioned properties make gamma rays excellent probes for DM
searches. Among the privileged targets for gamma-ray observations are the center of the
Milky Way and its nearby satellite galaxies.

Dwarf spheroidal galaxies (dSphs) are groups of gravitationally bound stars with a typical
radius of 102-10% pc. They host small amounts of visible mass (103-107 M) and show
consequently low optical luminosities (103-107 L) [10]. The dSph satellites of the Milky Way
are located at O(100 kpc) Galactocentric distance, and mainly at high Galactic latitudes,
although some of them lie closer to the Galactic plane, such as the Sagittarius dSph. Their
kinematics tend to be dominated by random stellar motion, and the amplitude of the star
motion is driven by the gravitational potential of the galaxy [11, 12]. The gas or dust content
of dSphs is extremely low, and therefore cannot be used to trace the galactic dynamics [13].
The low luminosity of dSphs and their high mass-to-light ratio, compared to Milky-Way
like galaxies, indicate that they are DM-dominated galaxies with negligible astrophysical
background from gamma-ray emitters [14, 15]. The dSphs are therefore among the most
promising targets for indirect DM searches using gamma-ray signals.

In this paper, we combine observations of dSphs performed with five different gamma-
ray instruments, including satellite, water Cherenkov detector, and imaging atmospheric
Cherenkov telescopes (IACTs) — Fermi-LAT, HAWC, H.E.S.S., MAGIC, and VERITAS
— to search for DM signals. Our goal is to increase the sensitivity of indirect DM searches
with gamma rays by using all available data on the selected objects over the widest possible
DM mass range. Each of the instruments involved in the combination has accumulated large
datasets of dSph observations. Each corresponding collaboration carried out analyses of
the individual datasets. Then, a combined likelihood analysis with all their respective data
was performed. This new combined study aims to extract more information from already
independently analyzed data and to increase our chance of a possible DM detection. For this
work, each collaboration analysis of their own datasets was done using common DM spectral
and morphological models and common conventions on the statistical analysis, including the
treatment of the relevant statistical uncertainties. This standardization avoids the need to
share low-level experimental data (event lists) and instrument response functions (IRFs). Each
collaboration computed a likelihood function versus the velocity-weighted cross section (o),
scanning over the DM particle masses for several annihilation channels and each observed
target. The obtained likelihood values were subsequently shared and combined into a global
joint likelihood function, from which constraints on (o v) were derived. This methodology was



applied before in the previous combined DM search towards dSph galaxies by MAGIC and
Fermi-LAT [16]. Those data constitute a subset of the dataset included in the present work.

This article is organized as follows: in section 2, we present the five collaborations that
have participated in the combination and their observational datasets. In section 3 we
recall the signal expected from DM annihilation, its dependence on the DM distribution
in dSphs, and the associated uncertainties. In section 4 we describe the likelihood analysis
technique and the procedure to combine the results. We present the results in section 5
and discuss and conclude in section 6.

2 Observations and data

In this section, we provide details about the sources observed, the detectors, and their
associated datasets, which are also summarized in table 1. In general, we restricted the
dSph observations included from Fermi-LAT and HAWC based on the intersection of dSphs
studied in the two independent sets of J-factor calculations used in this work (see section 3
for more details). Even more stringent exclusion limits, especially at the lowest DM masses,
could be obtained by including all known dSphs. However, since through our selection the
known dSphs with the largest expected DM-induced gamma-ray flux are already included,
we expect this improvement to be minor with respect to the results presented in section 5.

2.1 Fermi-LAT

The Large Area Telescope onboard the NASA Fermi satellite (Fermi-LAT) is a pair conversion
telescope orbiting the Earth at an altitude of ~ 550 km [17]. It is sensitive to gamma rays
in the energy range from 20 MeV to > 1TeV. Fermi-LAT covers the lowest energy region of
this study. Fermi-LAT has a wide field of view covering about 20% of the sky, and scans
the whole sky approximately every 3 hours. The instrument detects gamma rays via pair
conversion of the incoming photon to an electron and positron within the detector. Similar to
particle accelerator experiments, the direction of these particles is recorded in a silicon strip
tracker and the energy deposited in a cesium iodide calorimeter. Detailed descriptions of the
detector and its performance can be found in [18]. The energy resolution of Fermi-LAT at
1GeV is 10% and it reaches its minimum at 10 GeV, where it is 5%. The 68% containment
radius angular resolution for one photon is 1° (0.2°) at 1 GeV (> 10 GeV). An overview of the
dSphs observed by Fermi-LAT and a DM search using these observations is given in [19].

We analyze almost ten years of Pass 8 [20, 21] data (data processing P8R2) from August
2008 to March 2018. We select SOURCE class events, passing the basic quality filter cuts, and
their corresponding P8R2_SOURCEVETO_V2 IRFs [22]. We choose energies between 300 MeV and
1TeV and apply a cut to zenith angles < 100° between 300 MeV and 1 GeV and < 105° above
1 GeV in order to exclude contamination from the Earth’s limb. We model the background
with sources reported in the Fermi-LAT 8-year source catalog (4FGL) [23]. We also include in
the model the latest released interstellar emission model (IEM), namely gll_iem_v07.fits,’
and its corresponding isotropic template iso_P8R2_SOURCEVETO_V2_v1.txt. We analyze

'A complete discussion about this new IEM can be found at https://fermi.gsfc.nasa.gov/ssc/data/a
nalysis/software/aux/4fgl/Galactic_Diffuse_Emission_Model_for_the_4FGL_Catalog_Analysis.pdf.
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the 12° x 12° regions of interest centered on the locations of the dSphs and choose a pixel
size of 0.08°. We include in the background model sources located in a region 14° x 14°
in order to include also sources at most 1° outside our region of interest. We apply the
same analysis performed on dSphs in [19, 24, 25] by employing versions 0.18.0 of Fermipy
and 1.2.3 of the Fermitools.?

2.2 HAWC

The High-Altitude Water Cherenkov (HAWC) observatory is a high-energy gamma-ray
detector located at Sierra Negra, Mexico. The site is 4100 m above sea level, at latitude and
longitude (19.0° N, 97.3° W). HAWC is a survey instrument with a wide field of view, and
observes two thirds of the sky every day within declinations of —20.0° to 60.0° [26]. It is
sensitive to gamma-ray energies between 300 GeV and >100 TeV [27], with 30-100% energy
resolution. HAWC is an array of 300 water Cherenkov detectors (WCD) covering a 22,000 m?
area. When a cosmic particle enters the atmosphere and interacts, it initiates an air shower,
the particles of which travel through the HAWC WCDs, emitting Cherenkov light in the water.
The Cherenkov light is detected by the photo-multiplier tubes (PMTs) in the WCDs [27]. The
timing and intensity of the Cherenkov light detected by the different PMTs across the HAWC
array is used to determine the incident angle, energy, and species of the initiating cosmic
particle [27]. The HAWC sensitivity in this analysis depends on the spectrum of the source,
and its angular resolution (68% containment) varies from 1° at 1 TeV to 0.2° at >30 TeV [27].

For this analysis, HAWC reconstructs gamma-ray energies from the fraction of PMTs
hit on the array [27]. HAWC has been operated as a partial detector since August 2013
and with the full detector since March 2015. HAWC provides data corresponding to 1038
days of livetime starting on November 26, 2014. The exposure to each dSph depends on
the declination of the source with respect to the latitude of HAWC (see HAWC’s exposure
to all dSphs included in this analysis in table 1). The background is estimated through
HAWC’s direct integration method [27] with the region of interest around the dSphs set at
4°. HAWC used HAL and threeML public software for its analysis framework [28]. In this
work, the dSphs are treated as extended sources in HAWC data and analyzed following
the methods presented in [29].

2.3 H.E.S.S.

The High Energy Stereoscopic System (H.E.S.S.) is an array of five IACTs situated at an
altitude of 1800 m (23.3° S, 16.5° E) in the Khomas Highland of Namibia, sensitive to gamma
rays from ~ 50 GeV to ~ 100 TeV. Four 12-m diameter telescopes (CT1-4) are positioned at
the corners of a 120-m side square, and one 28-m diameter telescope (CT5) is located at the
center of the array. The observations used in this work are taken in wobble mode [30] where
the telescope pointing alternates directions with an offset of 0.7° from the target position.
Standard quality selection procedures are applied to the data [31]. After the calibration of the
raw data, the events are reconstructed using a template-fitting technique in which the images
recorded in the cameras are compared to shower templates computed from a semi-analytical
model [32]. This technique achieves an energy resolution of 10% and an angular resolution

’https://fermi.gsfc.nasa.gov/ssc/data/analysis/.
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of 0.06°t 68% containment radius for gamma-ray energies above 200 GeV for the CT1-4
array, with a field of view of 5°. The point-source 5o flux sensitivity is about 1% of the
Crab Nebula flux for 25 h of observations near zenith [31].

H.E.S.S. data include observations of the dSphs Carina, Coma Berenices, Fornax, and
Sculptor. Data were collected with the CT1-4 telescope array, requiring at least two telescopes
to detect the same air shower. For each dSph, the signal region, referred to as the ON region,
is defined as a disk centered at the nominal position of the dSph with a radius of 0.1°. We
estimate the background contribution in the ON regions using several background-control
(or OFF) regions of the same size, shape and angular distance from the pointing position
as the corresponding ON region [33]. This method guarantees almost identical acceptances
in the ON and OFF regions, such that no further offline background normalization is
necessary. H.E.S.S. follows the recommended statistical approach of [34] to derive the excess
significances provided in table 1.

Sculptor and Carina [35-37] were observed between January 2008 and December 2009.
Coma Berenices and Fornax [36, 37] were observed from 2010 to 2013 and in 2010, respectively.
The pointing offset in the case of Fornax is larger, since it was not the primary target of
the corresponding dataset. The observation time of the four dSphs analyzed in this paper
amounts to 54 h. The data are independently analyzed with the H.E.S.S. official software
packages ParisAnalysis [32], and HAP [38] for analysis result crosschecks.

2.4 MAGIC

The Florian Goebel Major Atmospheric Gamma-ray Imaging Cherenkov (MAGIC) telescopes
are located at the Roque de los Muchachos Observatory (28.8° N, 17.9° W, 2200 m above sea
level) on the Canary Island of La Palma, Spain. MAGIC consists of two TACTs, each with a
17-m reflector diameter and equipped with fast imaging cameras with a 3.5° field of view.
MAGIC is sensitive to gamma rays above 2 30 GeV. The 5o sensitivity above 220 GeV for
50 h of observations of a point-like source is ~ 0.7% of the flux of the Crab Nebula, with
an associated energy resolution of ~ 16% and a 0.07° angular resolution measured as the
68% containment radius of the gamma-ray excess [39].

MAGIC provides data from four dSphs observed with the full two-telescope MAGIC
system: Segue 1 [40], Ursa Major II [41], Draco, and Coma Berenices [42]. In total, a 354 h
dataset was collected in wobble mode [30] with two pointing positions, offset by 0.4° from
the center of the target, used for each source. In the MAGIC analysis, the size of the ON
and the respective OFF regions are optimized for each source to increase the sensitivity to a
potential DM signal (see [41] for more details). Observations of Segue 1 were taken between
2011 and 2013 and represent the deepest IACT observation of any dSph to date. Ursa Major
II, Draco, and Coma Berenices were observed between 2014 and 2016, March to September
2018, and January to June 2019, respectively. MAGIC hardware upgrades such as [43] and
changes in the telescope reflectivity define distinct periods of data taking, each of which is
analyzed using an individual set of IRFs obtained from dedicated Monte Carlo simulations.
The data are reduced with the standard MARS analysis software [44].



2.5 VERITAS

The Very Energetic Radiation Imaging Telescope Array System (VERITAS) instrument is
an array of four ground-based IACTs with 12-m focal length placed ~ 100 m from each
other. VERITAS is situated at the Fred Lawrence Whipple Observatory in southern Arizona,
(31.7°N, 111.0°W), 1300 m above sea level. VERITAS has been operational since 2007. The
total field of view is ~ 3.5°. VERITAS is most sensitive in the very-high-energy band, from
~ 85GeV up to ~ 30TeV. Its energy resolution is ~ 15%, and its angular resolution in terms
of the 68% containment radius is < 0.1° per event at 1TeV. Its sensitivity is such that a
point-like source with 1% of the flux of the Crab Nebula can be detected within 25 h at
zenith angles smaller than 30° [45].

For this analysis, VERITAS provides data for four dSphs in the Northern Hemisphere:
Bodtes I, Draco, Segue 1, and Ursa Minor. The targets were observed from 2009 to 2013
for ~ 216 h [46]. Data were collected in wobble pointing mode [30], with 0.5° between the
camera center and the source position.

Loose event selection criteria are used in order to keep the energy threshold as low as
possible, increasing the sensitivity to a potential DM signal at low energy. The analysis
incorporated into this work adopted a 8 < 0.17° cut on the angular distance of the recon-
structed shower arrival position with respect to the target position to define the ON region. A
novel background estimation method is used [47], in which OFF events are extracted from an
annular region centered on the tracking position rather than the target position. Gradients
across the camera are taken into account through a zenith-dependent acceptance function [48].
The VEGAS software pipeline for analysis and reconstruction [49] is used for this analysis.

3 Dark Matter signal

The differential flux of gamma rays of self-annihilating Majorana DM particles from an
astrophysical source is [50]:

2@ ((ov),J) [ (ov) dN; 1 dJ
dBdY |\ 2mdy & PR X<47rds2>' (3:1)

The first term of eq. 3.1 is the particle physics factor for DM annihilation, and depends on
the thermally-averaged velocity-weighted cross section, (ov), the mass of the DM particle,
mpm, and average differential spectrum of gamma rays per annihilation, dNy/dE, for each
final state f weighted by its branching ratio BRy. We study seven annihilation channels
with final states WTW =, ZZ, bb, tt, ete~, pTpu~, and 717~ separately by assuming a 100%
branching ratio in each case. The values considered for mpy; range from 5 GeV to 100 TeV,
except for the WTW =, ZZ, and tt channels, where the range is from the corresponding
kinematic threshold to 100 TeV. The dN;/dE spectrum is calculated according to [51] and
includes electroweak corrections of the final state products (see appendix A).

The dJ/dS2 term in eq. 3.1 is the astrophysical factor, or differential J-factor (see ap-
pendix B). The differential J-factor is proportional to the intensity of the expected DM
annihilation gamma-ray signal from an astrophysical source as seen from Earth. The dif-
ferential J-factor is defined as the integral of the square of the DM density distribution
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ppum along the line-of-sight (l.o.s.):

dJ

Db 2
ETO) Lows. pDM(r(Sv 0)) dS, (32)

where ppy is assumed to be spherically symmetric and depends on the radial distance r from
the center of the dSph. This distance can also be expressed in terms of the distance s from
Earth along the l.o.s., and the angular distance, 6, with respect to the center of the dSph as
r2(s,0) = s2+d? —2sd cos 0, where d is the distance between the Earth and the dSph nominal
position. The total J-factor can then be obtained by integrating over the solid angle A2
corresponding to the dSph extension. We note that we use J-factors in the integrated form
J(AQ) at a given angular radius 6 for the remainder of this paper (see table 2), which reads:

J(AQ) = /A ) /1  (r(s,0)) ds g, (3.3)

The derivation of ppyr is performed through the Jeans analysis with the formalism of the
spherical Jeans equation [12, 52-54]. This method allows the reconstruction of galactic
dynamics based on spectroscopic data, assuming in the case of dSphs that the systems are
in statistical equilibrium, non-rotating, and have a spherical symmetry.

In this study, we compute the limits on (ov) from the combination of the dSph observations
using two independent sets of J-factors produced by Geringer-Sameth et al. [53] (or GS set),
and by Bonnivard et al. [52, 54] (or B set), respectively. We produce results from both GS
and B sets to estimate the impact of the systematic uncertainty in the J-factor derivation.
More details about the assumptions of each J-factor set can be found in appendix B, which
also presents a comparison between the two sets of differential J-factors versus the angular
radius of the integration region A2, measured from the dSph nominal position, for each of
the twenty dSphs. A detailed review of the computation of J-factors can be found in [55].
The majority of J-factor estimations, especially for the DM-dominated dSphs, are compatible
within uncertainties for the different sets of J-factors in the literature. Comparing the GS and
B J-factors, the largest discrepancy occurs for the J-factor of Segue 1 (see table 2), because
the analysis of the B set [54] is extremely sensitive to the inclusion or exclusion of a few
marginal member stars [56]. Given that MAGIC and VERITAS have accumulated a wealth of
observation time on Segue 1 and that the DM content of Segue 1 has been an active subject
of debate [56], the usage of two different sets of J-factors in this work is well-motivated.?

Observations carried out by H.E.S.S. towards Sagittarius dSph [36, 59] amount to 90 hours.
However, Sagittarius’s relative proximity (~ 17 kpc) to the Galactic Center subjects it to
tidal effects from the Milky Way. Determination of the DM distribution in this object is
challenging [60], therefore H.E.S.S. observations of Sagittarius are not included in this study.

Ultra-faint Milky Way satellites have been recently unveiled by optical surveys in the
southern hemisphere sky like PanSTARRS and DES. Of these, Reticulum II, Tucana II,
Tucana III, Tucana IV and Grus II have been observed by H.E.S.S. [61]. The uncertainty
on the DM distribution for ultra-faint systems is challenging to measure or predict. In

3We further note that the use of different J-factor calculations would result in different extracted limits
on the velocity-weighted annihilation cross section. For instance, the J-factors derived in [57] weaken limits
derived with Fermi-LAT data as well as those derived with VERITAS data [58].



Name Distance I,b logyg J (GS set) logygJ (B set)

(kpc) ©) logyo(GeV2em ™) logo(GeVZem™?)
Bodtes I 66 358.08, 69.62 18.2410:35 18.851 08!
Canes Venatici I 218 74.31, 79.82 17.4470-37 17.6379:50
Canes Venatici 11 160 113.58, 82.70 17.6579-9 18.67 351
Carina 105 260.11, —22.22 17.92101% 18.0215-498
Coma Berenices 44 241.89, 83.61 19.0219-37 20.1371°08
Draco 76 86.37, 34.72 19.051022 19.4215492
Fornax 147 237.10, —65.65 17.8470-4% 17.8570- 0%
Hercules 132 28.73, 36.87 16.8670 73 17.7015:9%
Leo I 254 225.99, 49.11 17.8410-29 17.9319-52
Leo 11 233 220.17, 67.23 17.977039 18.1115°71
Leo IV 154 265.44, 56.51 16.321-98 16.361 ] 5
Leo V 178 261.86, 58.54 16.3770-91 16.301-3%
Leo T 417 214.85, 43.66 17111933 17671598
Sculptor 86 287.53, —83.16 18.5719-07 18.6370 5%
Segue 1 23 220.48, 50.43 19.3610-32 17.5213-22
Segue 2 35 149.43, —38.14 16.2173-08 19.50"1-%2
Sextans 86 243.50, 42.27 17.9219-35 18.0410-59
Ursa Major I 97 159.43, 54.41 17.8719-58 18.8470-97
Ursa Major II 32 152.46, 37.44 19.427049 20.607 L4
Ursa Minor 76 104.97, 44.80 18.9510-2¢ 19.087022

Table 2. Summary of the relevant properties of the dSphs considered in the present work. Column
1 lists the dSphs. Columns 2 and 3 present their heliocentric distance and Galactic coordinates,
respectively. Columns 4 and 5 report the J-factors of each object given by the independent GS and B
studies and their estimated +1o uncertainties. The values log,, J (GS set) correspond to the mean
J-factor values for a dSph extension truncated at the outermost observed star. The values log,, J (B
set) are provided for an extension ending at the tidal radius of each dSph.

addition to the uncertainty on the J-factor coming from the limited number of stellar tracers,
the assumptions made to derive the J-factor value, such as a single stellar population,
spherical symmetry, constant velocity anisotropy, or absence of tidal stripping, are expected
to significantly impact the J-factor estimate for these systems. The selection of member
stars for these ultra-faint systems is also complex due to the difficulty in distinguishing
member stars from foreground stars. Therefore, the DES dSphs observed by H.E.S.S. are not
considered in this study. Similarly, the ultra-faint satellite Triangulum II has been observed
by HAWC [29] and MAGIC [62] but its seemingly high J-factor [63] may be overestimated
due to the contamination of velocity dispersion measurements by binary systems. Further
observations showed that the system may not be in equilibrium and may suffer from tidal
disruption [64], which makes the determination of the DM distribution complex. Observations
of Triangulum II are thus not considered in this study.



4 Joint likelihood analysis

We conduct our DM search by means of a maximum likelihood analysis, in which we take
advantage of the different spectral and morphological features expected for signal (see section 3)
and background. Note that morphological features are treated differently in the analysis of
each instrument and will be described later in this section.

We perform the derivation of our upper limits on (ov) using the test statistic, TS, for
each considered annihilation channel and DM mass:

TS = —2In A({ov)), (4.1)

where \({(ov)) is the profile likelihood ratio defined as a function of the annihilation cross
section (ow), which reads [65]:

L ((U’U>; D | DdSphs)
L (<;;>; v | DdSphs)

A({ov) | Dasphs) = , (4.2)

—

where Dggphs is our set of observations, v represents the nuisance parameters, (cv) and D
are the values that maximize £ globally, and D is the set of values that maximize £ for
a given value of (ov).

The total joint likelihood function £ that describes all observations from all instruments
and dSphs is factored into partial joint likelihood functions corresponding to each dSph [
(Lgsph,) and its corresponding J-factor (J;):

Nasphs

L((ov);v | Dasphs) = [ Lasphi ((o0); T i | Di) X Ti (Ji | Jiobs, Tlog 1) - (4.3)
I=1

The quantity Ngsphs = 20 is the number of dSphs considered in this work. D; is the set of
gamma-ray observations for the [-th dSph; v is the set of nuisance parameters affecting the
gamma-ray observations of the [-th dSph, excluding J;. J; is the total J-factor of the I-th
dSph as defined in eq. 3.3; we treat it as an additional nuisance parameter. The quantities
logyy Ji,0bs and oo g, are obtained from fitting a log-normal function of J; gp,s to the posterior
distribution of .J; [19]; their values are listed in table 2. Note that when oy, j, is asymmetric,
the negative value was chosen as this results in a more conservative limit. The likelihood
term J; constraining the value of J; can thus be written as:

1 (logyo Ji — logyg Jiobs)’
T (Ji | Jiobs Olog gy) = exp (— : . (4.4)
obsr s In (10)Ji obs V2T Ol0g ., 20120g 7

Both sets of J-factors in table 2 will be used independently in our analysis. Note that the
right-hand side of eq. 4.4 is normalized such that it can be interpreted both as the likelihood
function for J; and as the probability density function (PDF) for the associated random
variable Jj ohs. Furthermore, the quantities (ocv) and J; are degenerate in the computation
of Lasph,i, which depends on j% (see eq. 3.1). Therefore, as noted in [16], it is sufficient
to compute Lggpn, versus (ov) for a fixed value of J;. We use the J; ops(GS) reported in

table 2 to perform the profiling of £ with respect to J;. The degeneracy implies that for

,10,



any J; # Jiops (in practice in our case we used J] = Jjobs(B) to compute results from a
different set of J-factors as explained in section 3):

/

l
Jl,obs

Lasph ({0v); Jj,vi | Di) = Lasph ( (ov); Jiobs; V1 | 'Dz> , (4.5)
which is a straightforward rescaling operation that reduces the computational needs of the
profiling operation since:

Nasphs

L ({ov); D | Daspns) = ][] maxy, l:»CdSph,l ({ov); Ji, 01 | Dy) x T (Jl | Jl,obSao'long) ] (4.6)
=1

In addition, eq. 4.5 enables the combination of data from different gamma-ray instruments
and observed dSphs via tabulated values of Lgsph,; versus (ov). In this work, we equivalently
use tabulated values of A from eq. 4.2 versus (ov). The likelihood Lggpn; is computed for a
fixed value of J; and profiled with respect to all instrumental nuisance parameters v;. These
nuisance parameters are discussed in more detail below. These values are produced by each
detector independently and therefore there is no need to share low-level information used
to produce them, such as event lists or IRFs.

Figure 1 illustrates the multi-instrument combination technique used in this study with a
comparison of the upper limit on (ov) obtained from the combination of the observations of
four experiments towards one dSph versus the upper limit from individual instruments. It
also shows graphically the effect of the J-factor uncertainty on the combined observations.

The partial joint likelihood function for gamma-ray observations of each dSph (Lgsph,) is
written as the product of the likelihood terms describing the Neyp,; observations performed
with any of our observatories:

Nexp,i
Lasphy (o) v | DY) = [ Lk ({ov); Ji, vk | D) (4.7)
k=1
where each L, term refers to an observation of the [-th dSph with associated k-th IRFs. The
quantity Neyp varies from dSph to dSph and can be retrieved from table 1.

Fach collaboration separately analyzes their data for Dy corresponding to dSph [ and
gamma-ray detector k, using as many common assumptions as possible in the analysis (see
the next paragraph and further down in this section for additional details). We compute
the values for the likelihood functions Ly (see eq. 4.7) for a fixed value of J; and profile
over the rest of the nuisance parameters vy. Then, values of A\ from eq. 4.2 are computed
as a function of (ocv) and shared using a common format. Results are computed for seven
annihilation channels, WtW =, ZZ, bb, tt, ete™, utp~, and 777~ over the 62 mpy values
between 5 GeV and 100 TeV provided in [51]. The (ov) range is defined between 10~2% and
10~ 8cm3 - 71, with 1001 logarithmically spaced values. The likelihood combination, i.e.
eq. 4.3, and profile over the J-factor to compute the profile likelihood ratio A, i.e. eq. 4.2,
are carried out with two different public analysis software packages, namely gLike [66] and
Lk1Com [67], which provide the same results [68].

As mentioned previously, each experiment computes the L;, from eq. 4.7 differently. The
remainder of this section will describe the main differences between the approaches of each
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------ Instrument 1 w/o | nuisance
Instrument 2 w/o ] nuisance
= s === |nstrument 3 w/o ] nuisance
41 ===« = Instrument 4 w/o ] nuisance
— Combination w/o ] nuisance
= Combination w/ ) nuisance

2.71 (95% C.L.)

1 A ,"/.
4
0 1 -_-l-l-hl-l-h——ln..-Té_/ __________
I |
1 1
10—25 10:_24 10:_23 10I—22 10—21

(ov) [cm3/s]

Figure 1. Illustration of a real data combination showing a comparison between TS provided by four
instruments (non-solid colored lines) from the observation of the same dSph without any J-factor
nuisance parameter included and their sum, i.e. the resulting combined likelihood (thin black line),
for a DM particle mass of 20 TeV. The intersection of the likelihood profiles with the line TS = 2.71
indicates the 95% C.L. upper limit on (ov) (see text for more details). The combined likelihood (thin
black line) shows a smaller value of upper limit on {(cv) than those derived by individual instruments.
We also show how the uncertainty on the J-factor affects the combined likelihood and degrades
the upper limit on (ov) (thick black line). All likelihood profiles are normalized so that the global
minimum (o) is 0 to facilitate data handling. We note that each profile depends on the observational
conditions under which a target object was observed. The sensitivity of a given instrument can be
degraded and the upper limits less constraining if the observations suffer from non-optimal conditions

such as a large zenith angle of observation or a short exposure time.

experiment. Four experiments, namely Fermi-LAT, HAWC, H.E.S.S. and MAGIC, use a
binned likelihood to compute the L;;,. VERITAS uses an unbinned likelihood approach
described in detail at the end of this section. For the four experiments using a binned
likelihood, for each observation Dy of a given dSph [ carried out using a given gamma-ray
detector k, the binned likelihood function is:

Ng» Np»

Lie ((ov); J,vie | Due) = ] T1 [P(Slk,z’j(<o'v>a Jivik) + bk (i) | le,z‘j)]
i=1j=1 (4.8)

X Elk,u (Vlk ’ DI/lk) ,

where Np» and Np:» are the number of considered bins in reconstructed energy and arrival
direction, respectively. P represents a Poisson PDF for the number of gamma-ray candidate
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events Ny ;; observed in the i-th bin in energy and j-th bin in arrival direction, where the
expected number is the sum of the expected mean number of signal events sy, ;; (produced by
DM annihilation) and of background events by ;. Lk, is the likelihood term for the extra
Vi nuisance parameters that vary from one instrument & to another. The expected counts
for signal events s;; for a given dSph [ and detector k is given by:

Ellnax i Px’nax j o0 tmax dZCI)<<UU> J)
y _ s E, / 2J Q/ / E Q / D S S
sij((ov), J) / , , 0 d AQuor d tanin U dpa0 (4.9)

min,i min,j

x IRF (E', P’ | E, P,t),

where E’ and E are the reconstructed and true energies, P’ and P the reconstructed and
true arrival directions; By, i, Prin j» Praxi» and Py, 5 are their lower and upper limits of
the ¢-th energy bin and the j-th arrival direction bin; £, and t,.x delimit the time interval
during which the dSph [ was observed by the detector k; ¢ is the time along the observations;
d?®/dEdQ is the gamma-ray flux in the source region (see eq. 3.1); and IRF (E’, P’ | E, P, t)
is the time-dependent IRF (IRF=0 in periods when there are no observations or during the
detectors’ deadtime). The IRF can be factored as the product of the effective collection area
of the detector, Aeg(E, P,t), the PDF for the energy estimator, fg(E’ | E,t), and the PDF
for the arrival direction estimator, fp(P' | E, P,t): IRF(E',P' | E, P,t) = Aeg(F, P,t) x
fe(E"| E,t) x fp(P"| E, P,t). Note that for Fermi-LAT, HAWC, MAGIC, and VERITAS
the effect of the finite angular resolution is taken into account through the convolution of
d?®/dEdQ with fp in eq. 4.9, whereas in the case of H.E.S.S., fp is approximated by a delta
function. This approximation has been made in order to maintain compatibility of the result
with what has been previously published. The difference introduced by this approximation
in the resulting s;; is < 5% for all considered dSphs.

As mentioned above, the extra nuisance parameters designated by the £;,, term in
eq. 4.8 vary from one detector to another. Ome such difference is the treatment of the
background. Analyses with Fermi-LAT and HAWC data model the background using a
template fitting approach; therefore there is no £y, term in eq. 4.8 for either detector. On
the other hand, IACTs (H.E.S.S., MAGIC, VERITAS) rely on ON/OFF measurements to
estimate the background, which implies the use of an additional likelihood term L, to
describe this extra nuisance parameter. In practice, this additional likelihood corresponds
to a Poisson term for the OFF observations P(7b | Nopr), where Nopp is the number of
observed events in the OFF region, b is the number of expected background events, and
the quantity 7 is the acceptance-corrected exposure ratio between the ON and OFF regions.
OFF regions are taken sufficiently far away from the signal region such that negligible DM
signal is expected in the OFF regions.* This latter quantity, 7, is another nuisance parameter
for this approach of background estimation and is therefore described by another likelihood
term 7 including the statistical and systematic uncertainties on 7.

In this work, VERITAS uses a different likelihood than eq. 4.8 (see below for more details).
Therefore, in practice, only H.E.S.S. and MAGIC use in their analysis the likelihood (L )

4The DM halos of several targets (Carina, Draco, Fornax) are expected to be sufficiently extended that
defining a signal-free background region is challenging. However, this leads to conservative estimation of the
signal significance and the limits on the velocity-weighted annihilation cross section.
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with the extra nuisance parameters. In general, it is written as:

Liiy Wik | Do) = P(thiij | Novr,ik,ij) X T (T | Tobs, 07) (4.10)

where Norr ik,i; and by ;; are respectively the number of observed events in the OFF region
and the number of expected background events in the i-th bin of reconstructed energy and the
j-th bin of reconstructed arrival direction. The PDF 7T for 7 consists of a Gaussian function
with mean 7ps and standard deviation o, = ,/a%stat + UZ’SYSt, which includes statistical and
systematic uncertainties, o, stat and o, gyst respectively [41]. In practice, only the MAGIC
analysis includes the treatment of 7 as a nuisance parameter due to its deep exposure, and
therefore high statistics, which implies the possibility of reaching the systematic ceiling of its
sensitivity. In the analysis, MAGIC considers a systematic uncertainty of o7 gyst = 0.015 - Tops
in the background estimation based on a dedicated performance study [39]. Note that the
value of 7 is the result of the profiling over the likelihood T and is always close to the mean
value Tops computed as the ratio of the number of events in regions adjacent to the ON
and OFF regions. H.E.S.S. finds this systematic effect to be negligible compared to the
statistical uncertainties for their given datasets. We also note that eq. 4.10 and the above
discussion concerns nuisance parameters related to the background estimate but there are
other instrumental nuisance parameters. In particular, here we are overlooking uncertainties in
the IRFs that may arise from discrepancies between the Monte Carlo simulations and the data.

Instead of the binned likelihood from eq. 4.8, VERITAS adopted an unbinned likelihood
approach as described in [69], testing a null hypothesis (only background) against an alter-
native one (signal plus background hypothesis). The likelihood function is composed of the
product of two Poisson probabilities in the ON and OFF regions, including the expected
spectral shape information (known for a given DM model) in order to maximize the sensitivity
to DM-originated gamma-ray signals. This likelihood function is defined in the following way:
(s({ow), J;) + b)NONe*(S«UU%Jz)H?) (Tb>NOFFe*Tb Non

L, ((ov); Ji,vik | Dix) = II P(E:) (4.11)
=1

Non! Norr!

where Non and Nopp are, respectively, the number of counts in the ON and OFF region,
7 is the background normalization, b is the number of expected background events, P; is
the likelihood of the i-th event in the ON region to be reconstructed with measured energy
E;, and s((ov), J;) is the number of expected signal events. No extra nuisance parameters
were considered in this unbinned likelihood approach; therefore there is no L, term in
eq. 4.11. Additionally, the VERITAS likelihood considers an energy-dependent point spread
function with which the J-profile is convolved. To approximate the J-factor treatment of
the other instruments, a single J-factor is used, derived from the energy-averaged convolved
J-profile. Compared to the binned likelihood approach, the unbinned likelihood method used
by VERITAS results in comparable limits. A more comprehensive review of the differences
between the analyses of different instruments can be found in [70].

5 Results

No significant DM emission was detected with the combined analysis of data from the five
instruments. We present the upper limits on (ov) assuming seven independent DM self-
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annihilation channels, namely WYW =, ZZ, bb, tt, ete™, ptp~, and 7H7~. Our upper limits
are determined by solving TS = 2.71, where 2.71 corresponds to a one-sided 95% confidence
level assuming the test statistic behaves like a x? distribution with one degree of freedom.
This assumption is not entirely accurate because of the degeneracy between (ov) and J in
the gamma-ray flux computation (see eq. 3.1) and the fact that J is considered as a nuisance
parameter with a log-normal PDF. Yet, using simulations we verified that solving TS = 2.71
produces an over-coverage and not an under-coverage. We therefore choose to compute upper
limits using this definition as it is widely used, which allows easier comparison to previous
results, and because over-coverage corresponds to more conservative limits.

The 68% and 95% containment bands are produced from 300 Poisson realizations of the
null hypothesis corresponding to each of the combined datasets. These 300 realizations are
combined identically to the data. The containment bands and the median are extracted
from the distribution of resulting limits on the null hypothesis. These 300 realizations
are obtained either by Poisson simulations of the OFF observations, for HAWC, H.E.S.S.,
MAGIC, and VERITAS, or taken from real observations of empty fields of view in the case
of Fermi-LAT [19, 24, 25].

The obtained limits are shown in figure 2 for the GS set of J-factors [53] and in figure 3
for the B set of J-factors [52, 54]. The combined limits are presented with their 68% and
95% containment bands, and are expected to be close to the median limit when no signal is
present. We observe agreement with the null hypothesis for all channels, within two standard
deviations, between the observed limits and the expectations given by the median limits.
Limits obtained from each detector are also indicated in the figures, where limits for all dSphs
observed by the specific instrument have been combined.

Below ~ 300GeV, the limits obtained by Fermi-LAT dominate for all annihilation
channels. From ~ 300 GeV to ~ 2TeV, Fermi-LAT results continue to dominate for the
hadronic (bb and t) and bosonic (W*W~ and ZZ) DM channels, yet the IACTs (H.E.S.S.,
MAGIC, and VERITAS) and Fermi-LAT all contribute to the limit for leptonic (eTe™,
utp~, and 7777) DM channels. For DM masses between ~ 2 TeV and ~ 10 TeV, the IACTs
dominate leptonic DM annihilation channels, whereas both Fermi-LAT and the IACTs
contribute strongly to the gauge boson and the quark DM annihilation channels. From
~ 10TeV to ~ 100 TeV, both the IACTs and HAWC contribute significantly to the lepton
annihilation channel limit. For the quark and gauge boson annihilation channels, the TACTs
and Fermi-LAT both contribute strongly.

We note that there is a consistent and sizable under fluctuation at high masses in the
limits we obtain in figure 3 with the B set of J-factors. It is due to the Ursa Major II dSph,
whose J-factor increases by more than one order of magnitude compared to the GS set (see
table 2), which makes it a dominant dSph for the combined limit. In particular in this range
the MAGIC limit contributes significantly with 94.8 hours of observations while observing
Ursa major II with a -2.1 o excess. We further note that the limits computed using the B set
of J-factors are always more constraining compared to the ones calculated with the GS set.
For the WTW~—, ZZ, bb, and tt channels, the ratio between the limits computed with the
two sets of J-factors varies by factors of 3-5 depending on the DM particle mass, with the
largest ratio around 10 TeV. For the channels ete™, u*t ™, and 7777, the ratio lies between
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Figure 2. Upper limits at 95% confidence level on (ov) as a function of the DM mass for seven
annihilation channels, using the set of J-factors from [53] (GS set in table 2). The black solid line
represents the observed combined limits obtained for the 20 dSphs included in this work, the blue
dashed line is the median of the null hypothesis (Hg) corresponding to the expected limits with no

DM signal ((ocv) = 0), while the green and yellow bands show the 68% and 95% containment bands.

Upper limits for each individual instrument are also indicated. The value of the thermal relic cross
section as a function of the DM mass is given as the gray dotted-dashed line [9].
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Figure 3. Same as figure 2, using the set of J-factors from [52, 54] (B set in table 2).
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2 and 6, peaking around 1 TeV. Examining figures 5 and 6 in appendix B, these differences
are explained by the fact that the B set provides higher J-factors for the majority of the
studied dSphs, with the notable exception of Segue 1 [56]. The variation on the ratio of
the limits for the two sets is due to different dSphs dominating the limits at different DM
particle masses. This comparison demonstrates the magnitude of systematic uncertainties
associated with the choice of the J-factor calculation.

6 Discussion and conclusions

In this multi-instrument analysis, we used observations of 20 dSphs by the gamma-ray
instruments Fermi-LAT, HAWC, H.E.S.S., MAGIC, and VERITAS to perform a collective
search for DM annihilation signals. The data were combined across sources and detectors
to increase the sensitivity of the search. We do not observe any significant deviation from
the null hypothesis of no gamma-ray signal from DM. Therefore, we present our results in
terms of upper limits on the thermally-averaged velocity-weighted annihilation cross section
for seven potential DM annihilation channels.

Fermi-LAT data results in the most stringent constraints for all channels considered in this
work for DM masses below approximately 1 TeV. The other telescopes contribute significantly
at higher DM masses. Overall, for multi-TeV DM masses, the combined DM constraints from
all five telescopes are 2-3 times stronger than for any individual telescope for multi-TeV DM,
except for the hadronic channels, where the improvement of the combined analysis appears
for DM masses above ~ 10 TeV. Similarly, a detected DM signal in the multi-TeV domain
would have been 2-3 times more significant in this study than in any single-instrument search.

Assuming the DM content of the dSphs is relatively well constrained, our results produce
robust limits derived from observations of various dSphs. Our combined analysis improves
the sensitivity over previously published results from each individual detector and provides
the most stringent limits on DM annihilation from dSphs. Our results are based on deep
exposures of promising known dSphs with the most sensitive gamma-ray instruments currently
in operation. The limits obtained span the largest mass range of any WIMP DM search.
Therefore, we believe our results could constitute a legacy of a generation of gamma-ray
instruments on WIMP DM searches towards dSphs. Nevertheless, these results can still
be gradually improved as more data is collected, in particular from the large field of view
instruments that are Fermi-LAT and HAWC for which the limits will decrease by at least one
over the square root of total observation time, depending on the strength of the background
and analysis approach [71]. Significant and more abrupt enhancements will require more
sensitive instruments to be operational or new dSphs with significantly higher J-factors
to be discovered.

While the limits shown extend to 100 TeV, the datasets used in this work are also suitable
for setting limits on DM annihilation above 100 TeV, up to several PeV. However, a different
input photon spectrum must be used in this mass range, reflecting the dominant particle
physical processes at these energies [72], and the allowed theoretical benchmarks in this
mass range differ from the simple thermal WIMP scenario. We limited ourselves to the
mass range that has been previously studied by all instruments; so far only VERITAS has
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published limits in this mass range using the same data [58]. We leave a dedicated effort
on the > 100 TeV mass range for future work.

This analysis additionally serves as a proof of concept for future multi-instrument and
multi-messenger combination analyses. With this collaborative effort, we have managed to
sample over four orders in magnitude in gamma-ray energies with distinct observational
techniques. Determining the nature of DM continues to be an elusive and difficult problem.
Larger datasets with diverse measurement techniques can be essential in the DM search.
Our collaborative work can be extended in the future to include other gamma-ray detectors
such as LHAASO [73], CTA [74], and SWGO [75]. A future collaboration using similar
techniques to the ones described in this paper could be applicable even beyond gamma rays.
For example, the models we used for this study include annihilation channels with neutrinos
in the final state. Advanced studies could aim to merge our results with those from neutrino
observatories with large datasets such as IceCube [76], ANTARES [77], and KM3NeT [78].
Finally, an expansion of this analysis to include DM decay could also be considered.

Our analysis combines data from multiple instruments to produce strong constraints
on astrophysical objects. From this perspective, these methods can be applied beyond
DM searches. Almost every astrophysical study can benefit from multi-instrument, multi-
wavelength gamma-ray studies, which make it possible to study the cosmos with greater
precision and detail.
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Figure 4. Differential photon yield per DM annihilation into SM pairs bb (blue), ete~ (indigo),
pwtp~ (light green), 777~ (dark green), ZZ (orange), W W~ (magenta), and ¢t (red) for DM masses
of 10 GeV (dotted), 1 TeV (dashed), and 100 TeV (solid). The approximate energy ranges of the
gamma-ray instruments using in this work (see section 2) are depicted at the top of the figure.

A dN/dE spectra

We show in this appendix the differential photon yield per DM annihilation in figure 4, as
computed by Cirelli et al. [51]. The computation of the photon yield includes electroweak
corrections of the final state products.

B J-factor distributions

We show in this appendix a comparison between the J-factors computed by Geringer-Sameth
et al. [53] (the GS set) and the ones computed by Bonnivard et al. [52, 54] (the B set).
The GS J-factors are computed through a Jeans analysis of the kinematic stellar data
of the selected dSphs, assuming a dynamic equilibrium and a spherical symmetry for the
dSphs. In [53] the authors adopted the generalized DM density distribution, known as
Zhao-Hernquist and introduced in [79], which carries three additional index parameters to
describe the inner and outer slopes, and the break of the density profile. Such a profile
parametrization allows the reduction of the theoretical bias from the choice of a specific
radial dependency on the kinematic data. In addition, a constant velocity anisotropy profile
and a Plummer light profile [80] for the stellar distribution were assumed. The velocity
anisotropy profile depends on the radial and tangential velocity dispersions. However, its
determination remains challenging since only the line-of-sight velocity dispersion can be
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derived from velocity measurements. Therefore, the parametrization of the anisotropy profile
is obtained from simulated halos (see [81] for more details).

The B J-factors were computed through a Jeans analysis taking into account the systematic
uncertainties induced by the DM profile parametrization, the radial velocity anisotropy profile,
and the triaxiality of the halo of the dSphs. In [52, 54] the authors performed a study relying
on different modelling choices and treatment of systematic uncertainties than GS for the
determination of the J-factor. Conservative values of the J-factors were obtained using an
Einasto DM density profile [82], a realistic anisotropy profile known as the Baes & Van Hese
profile [83] which takes into account that the inner regions can be significantly non-isotropic,
and a Zhao-Hernquist light profile [79] to fit the distribution of the luminous matter.

For both sets, J-factor values are provided for all dSphs as a function of the radius of the
integration region [52-54]. Table 2 shows the heliocentric distance and Galactic coordinates
of the 20 dSphs, together with the two sets of J-factor values integrated up to the outermost
observed star for GS and the tidal radius for B. Both J-factor sets were derived through a
Jeans analysis based on the same kinematic data, except for Draco, where the measurements
of [84] have been adopted in the computation of the B value. The computations for producing
the GS and B samples differ in the choice of the DM density, velocity anisotropy, and light
profiles, for which the set B takes into account some sources of systematic uncertainties.

Figures 5 and 6 show the comparisons of the .J-factor versus the angular radius for each of
the 20 dSphs used in this study. The uncertainties provided by the authors are also indicated
in the figures. As for table 2, for the GS set, the computation stops at the angular radius
corresponding to the outermost observed star, while for the B set, the computation stops at
the angular radius corresponding to the tidal radius. These J-factors are then translated into
spatial templates for each experiment using the instrument point spread function. Note that
the integral over AS) in eq. 4.9 requires knowing the value of dJ/dS2 for angular distance
covering the whole DM halo, which is not the case in general for the GS sample as can be
seen in figures 5 and 6. This does not affect the computation for Cherenkov telescopes, since
for all their observed dSph GS covers a range of angular distance above the size of the signal
integration region. HAWC considers dJ/d2 = 0 for angular distances above the maximum
ones provided by GS, thus producing conservative upper limits on (o). Finally, Fermi-LAT
has assumed the DM template to be point-like as for most of the dSphs the extension of the
DM halos is smaller than the LAT PSF [85]. Ref. [86] investigated the effect of including the
spatial extension of the DM template in the analysis, which could weaken the Fermi-LAT
upper limits by at most a factor 1.5 — 1.8 depending on the annihilation channel.
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