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Motivation

▶ Perform multi-instrument and multi-target analysis (global
Dark Matter searches) to obtain the most sensitive and robust
results yet

▶ Produce legacy results of DM searches in dwarf galaxies with
current generation of gamma-ray telescopes
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Dark Matter evidence
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M r( )∝ r 3⇒v∝ r

Inner system:

M r( )≈ const ⇒v∝ 1
r

Outer system:

If Newtonian dynamics apply:

Dynamics of galaxies and gal. clusters

In 1933, Zwicky found a deficit of ~90%  in mass in 
Coma cluster.

Gravitational lensing
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Dark Matter targets

Pieri et al. 
PRD 83:0235, 2008 ,  40 GeVbb mχχχ → =

   Unassociated HE Sources:  
● DM Subhalos?

   Galactic Center & Halo 
● High flux 

● Background issues 
(source confusion)

NRLGALAXY CENTER

   Galaxy Clusters 
● Huge DM content 

● Large distance 

● High background
PERSEUS GC NASA

   Dwarf Galaxies 
● Large M/L 

● Less background 

● Low flux
VLTANTILA dSph

Key concepts: ρ, distance, background

Expected gamma-ray flux produced by DM annihilation:
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Dark Matter self-annihilation
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This project

Expected gamma-ray flux produced by DM annihilation:

Dwarf spheroidal 
galaxies (dSphs)
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Instruments

• Energy range: 20 MeV - 1 TeV 

• Large FoV (20-60 deg) 

• ~85% duty cycle 

• Full sky coverage every two orbits (~3h) 

• Collection area: ~1m2

Fermi - Large Area Telescope

High Altitude Water Cherenkov gamma-ray Observatory

Sierra Negra (Mexico)

• Energy range: 300 GeV - 100 TeV 

• Covers 2/3 sky in 24h 

• Large FoV (15% sky) 

• ~90% duty cycle 

• 300 4.5m x 7.3m tanks (4 PMTs) 

• Collection area: ~12.000m2
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Instruments

• Four telescope array 
• Reflectors: 4 x 12 m Ø 

• Cameras: 499 PMT, 3.5º FoV 
• Energy threshold: 100 GeV 
• ~10-20% duty cycle 
• Collection area: ~5x105m2

• 4+1 telescope array 
• Reflectors: 4 x 13 m Ø, 1 x 28 m Ø 
• Cameras: 4 x 960 PMT, 5º FoV,1 x 2048 PMT, 3.2º FoV 
• Energy threshold: 100 GeV 
• ~10-20% duty cycle 
• Collection area: ~5x105m2

La Palma Island (Spain)

Namibia

• Two telescope array 
• Reflectors: 2 x 17 m Ø 

• Cameras: 1039 PMT, 3.5º FoV 
• Energy threshold: 50 GeV 
• ~10-20% duty cycle 
• Collection area: ~5x105m2

Tucson (USA)
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Observations of dwarf spheroidal galaxies
Source name Instruments
Boötes I VERITAS (14h), HAWC, Fermi-LAT
Canes Venatici I HAWC, Fermi-LAT
Canes Venatici II Fermi-LAT
Carina H.E.S.S. (23h), Fermi-LAT
Coma Berenices H.E.S.S. (11h), MAGIC (49h), HAWC, Fermi-LAT
Draco MAGIC (52h), VERITAS (50h), HAWC, Fermi-LAT
Fornax H.E.S.S. (6h), Fermi-LAT
Hercules HAWC, Fermi-LAT
Leo I HAWC, Fermi-LAT
Leo II HAWC, Fermi-LAT
Leo IV HAWC, Fermi-LAT
Leo T Fermi-LAT
Leo V Fermi-LAT
Sculptor H.E.S.S. (12h), Fermi-LAT
Segue I MAGIC (158h), VERITAS (92h), HAWC, Fermi-LAT
Segue II Fermi-LAT
Sextans HAWC, Fermi-LAT
Ursa Major I HAWC, Fermi-LAT
Ursa Major II MAGIC (95h), HAWC, Fermi-LAT
Ursa Minor VERITAS (60h), Fermi-LAT
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Observations of dwarf spheroidal galaxies

▶ Fermi-LAT includes ten years of Pass 8 data from April 8th,
2008 to March 3rd, 2018

▶ HAWC provides data corresponding to 1038 days of livetime
starting on November 26th, 2014.

▶ The total amount of accumulated observation hours from
IACTs for this project is 624 hours (H.E.S.S. 54 h; MAGIC
354 h; VERITAS 216 h).
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Combining likelihoods

Likelihood formula:
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Combining likelihoods
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Our combination recipe

We are using as many common ingredients as possible:
▶ Two sets of J-Factors and their statistical uncertainties are

taken from A. Geringer-Sameth et al., Astrophys.J. 801, no.2,
74, 2015 and V. Bonnivard et al., Mon. Not. Roy. Astron.
Soc., 453, no.1, 849, 2015

▶ DM spectra and DM mass spacing are taken from M. Cirelli
et al, JCAP 1103:051, 2011

▶ Analysis technique:
▶ Binned likelihood
▶ Extension of the dwarf if relevant
▶ Use ⟨σv⟩ > 0 prescription
▶ J-factor as nuisance parameter

13/17T. Miener et al.



Differential photon yield per DM annihilation
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Software

▶ gLike is a code framework for the numerical maximization of
joint likelihood functions.

▶ gLike can estimate the Dark Matter annihilation cross-section
combining observations of Dark Matter targets by different
ground-based gamma-ray telescopes, satellite gamma-ray
detectors, neutrino telescopes, …

▶ We implemented the LikelihoodCombiner for an independent
cross-check

▶ Open source on GitHub: https://github.com/javierrico/gLike
& https://github.com/TjarkMiener/likelihood_combiner
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Results

▶ We are showing representative two annihilation channels: bb̄
(hadronic) and τ+τ− (leptonic) DM annihilation.
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Summary & outlook
▶ In this multi-instrument analysis, we have used observations

of 20 dSphs, carried out with Fermi-LAT, H.E.S.S., MAGIC,
VERITAS, and HAWC to perform a collective search for DM
annihilation signals.

▶ Our combined analysis improves the sensitivity over previously
published results from each of the considered individual
detectors, producing the most stringent limits to DM
annihilation towards dSphs.

▶ This analysis framework could be extended in the future to
include next generation gamma-ray detectors like CTA,
LHAASO and/or SWGO and neutrino observatories, i.e.
KM3NeT and IceCube.

▶ Please see also my poster: Exotic dark matter searches in
dwarf spheroidal galaxies with the MAGIC telescopes: From
secluded and branon DM to probing DM annihilation into
neutrinos

17/17T. Miener et al.

https://indico.cern.ch/event/1091305/contributions/5007714/attachments/2524729/4342022/ExoticDM_10Fermi_TjarkMiener.pdf


¡Gracias por su atención!
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Back up
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o  Detection of extended air showers using the 
atmosphere as a calorimeter 

o  Huge γ–ray collection area  (~105 m2) 

o  Large background from charged CR  
• Partly irreducible (e-/e+ , single-EM, with current 

methods) 

o  Energy window: tens GeV - tens TeV 

o  Event reconstruction from image: 
•  Type of primary event 
•  Primary energy estimation 
•  Primary arrival direction

Figure: Imaging atmospheric Cherenkov telescope technique. [D. Nieto]
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Example of a txt file in GloryDuck format

… … … … … … … …

J-Factor
Mass

σv

TS values
-2log Lkl

or
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Joint likelihood

▶ Combining likelihood functions for different targets:

L (⟨σv⟩; ν|X) =
Ntarget∏

i=1
Li (⟨σv⟩; Ji, µi|Xi) · J (Ji|Jobs,i, σi)

▶ Combining likelihood functions (of a particular target) for
different experiments:

Li (⟨σv⟩; Ji, µi|Xi) =
Ninstrument∏

j=1
Lij (⟨σv⟩; Ji, µij|Xij)
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