
https://apod.nasa.gov/apod/ap200724.html

Daniel Nieto 

(d.nieto@ucm.es)
Institute for Particle and Cosmos Physics

IPARCOS-UCM

Indirect detection of
dark matter

HEPAP-DAS 2023
SAHA Institute of Nuclear Physics

https://apod.nasa.gov/apod/ap200724.html


D. Nieto HEPAP-DAS - SINP - Dec 23 2

Syllabus

o Dark matter paradigm and searches (Day 1)

o Indirect searches with gamma rays (Day 2)

o Data analysis: specific methodologies (Day 3)

Credit: NASA, HST, Webb
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Syllabus: Day 2

Credit: NASA, HST, Webb

o Indirect dark matter searches with gamma rays

§ Estimation of expected fluxes

• Astrophysical factor

• Particle Physics factor

§ Targets

• Galactic Center

• Dwarf Spheroidal Galaxies

• Subhalos

• Galaxy clusters
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Indirect Dark Matter Searches

Indirect detection:

• Basis: Detection of DM annihilation 
or decay products (SM particles)

• In most cases, entangled with 
cosmic rays and subdominant

• Photons are privileged messengers
- No deflection by B-fields
- Trace back to source
- Astrophysical targets

Gregg Dinderman (S&T)
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Indirect Dark Matter Searches: Detectors

NASA

Ground-based 
gamma-ray 
telescopes
E > 50 GeV

Space-based 
gamma-ray telescopes

100 MeV < E < 100 GeV
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Indirect Dark Matter Searches: Detectors

o  Fermi-GST
• Fermi-LAT and Fermi-GBM

o  Fermi-LAT
• Precision Si-strip tracker
• Hodoscopic CsI calorimeter
• Energy range: 20 MeV - 300 GeV
• Large FoV ~2.4 sr
• Full sky coverage every two orbits (~3h)
• Collection area: ~1m2

fermi.gsfc.nasa.gov
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Indirect Dark Matter Searches: Detectors

• Two telescope array
• La Palma Island (Spain) 

• 2200 m a.s.l.
• Reflectors: 2 x 17 m Ø
• Cameras: 3.5º FoV

• 1039 PMT
• Energy

• Threshold: 50 GeV
• Resolution: 15%

• Angular resolution ~ 0.07º
• Sensitivity ~0.8 % C.U.
•  Light Carbon Fiber struc.

• Four telescope array
• Tucson (USA)

• 1268 m a.s.l.
• Reflectors: 4 x 12 m Ø
• Cameras: 3.5º FoV

• 499 PMT
• Energy

• Threshold: 100 GeV
• Resolution: 15%

• Angular resolution ~ 0.1º
• Sensitivity ~0.7 % C.U.

• 4+1 telescope array
• Namibia

• 1800 m a.s.l.
• 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
• Resolution: 15%

• Angular resolution ~ 0.08º
• Sensitivity ~0.7 % C.U.
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Indirect Dark Matter Searches: Detectors

High Altitude Water Cherenkov gamma-ray Observatory

o 4100 m asl, Sierra Negra, 
Mexico

o Large FoV (15% sky)
o Covers 2/3 sky in 24h
o 90% duty cycle
o 300 4.5m x 7.3m tanks (4 

PMTs)
o Energy range: 0.5 TeV – 

100 TeV

www.hawc-observatory.org
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Indirect Dark Matter Searches: Detectors

the observatory for  
ground-based 
gamma-ray astronomy

cherenkov 
telescope 
array
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Estimation of expected gamma-ray fluxes

Galaxies 2022, 10, 92 

Annihilation ( DM DM → SM SM → secondary g )

Decay ( DM → g g , DM → SM SM → secondary g )

Particle Physics factor Astrophysical factor

Particle Physics factor Astrophysical factor
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Estimation of expected gamma-ray fluxes

Galaxies 2022, 10, 92 

Annihilation ( DM DM → SM SM → secondary g )

Decay ( DM → g g , DM → SM SM → secondary g )

Particle Physics factor Astrophysical factor

Particle Physics factor Astrophysical factor

Local volume, DM mass below few TeV: attenuation not relevant

Astrophysical factor

Astrophysical factor
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Estimation of expected gamma-ray fluxes

Particle Physics factor

Ann.

Dec.

Photon yield

𝑑𝑁
𝑑𝐸 =%

!

𝐵! '
𝑑𝑁
𝑑𝐸 !

𝑖: annihilation /decay channel
𝐵!: branching ratio of channel 𝑖

Galaxies 2022, 10, 92 
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Estimation of expected gamma-ray fluxes

Particle Physics factor 𝑑𝑁
𝑑𝐸 =%

!

𝐵! '
𝑑𝑁
𝑑𝐸 !

PPPC 4 DM ID: a poor particle physicist cookbook for dark matter indirect detection
Photon yields from simulations (Pythia, Herwig)
http://www.marcocirelli.net/PPPC4DMID.html

 

JCAP03(2011)051 

http://www.marcocirelli.net/PPPC4DMID.html
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Estimation of expected gamma-ray fluxes

Particle Physics factor 𝑑𝑁
𝑑𝐸 =%

!

𝐵! '
𝑑𝑁
𝑑𝐸 !

PPPC 4 DM ID: way more than just photons!                              at production
Including propagation in the Galaxy for charged particles 

 

JCAP03(2011)051 
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Estimation of expected gamma-ray fluxes

Astrophysical factor

N-body DM simulations

Via Lactea II simulation

Ann.

Dec.

JCAP03(2011)051 
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Estimation of expected gamma-ray fluxes

Astrophysical factor

Ann.

Dec.

clumpy.gitlab.io
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Estimation of expected gamma-ray fluxes

Astrophysical factor

Ann.

Dec.

clumpy.gitlab.io

Hütten (2017, PhD thesis)

http://doi.org/10.18452/17766
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Estimation of expected gamma-ray fluxes

Astrophysical factor

Galaxies 2022, 10, 92 

Ann.

Dec.

clumpy.gitlab.io
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Targets

PDG 2023

• DM subhalos
• Irregular dSph
• Spiral galaxies
• …

• Galactic Center
● High flux
● Huge background

NRLGALAXY CENTER

• Galaxy Clusters
● Huge DM content
● Large distance
● High background PERSEUS GC NASA

• Dwarf Galaxies
● Large M/L
● No background
● Low flux

VLTANTILA dSph
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Targets: IACTs

Galaxies 2022, 10, 92 
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Targets: Fermi-LAT

Galaxies 2022, 10, 92 
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Galactic Center

H.E.S.S. Inner Galaxy Survey

Combined likelihood from 25 ROI

Phys. Rev. Lett. 129, 111101 (2022)
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Galactic Center

H.E.S.S. Inner Galaxy Survey

Phys. Rev. Lett. 129, 111101 (2022)Most constraining limits to date in the TeV range
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Galactic Center

H.E.S.S. Inner Galaxy Survey

Phys. Rev. Lett. 129, 111101 (2022)Very sensitive to selection of density profile
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Galactic Center

Fermi-LAT, NASA

Search for spectral lines with MAGIC

PRL 130, 061002 (2023) 
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Galactic Center

Fermi-LAT, NASA

Galactic center excess
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Galactic Center

Galactic center excess

PRD 103, 063029 (2021) 

Very detailed modeling of the region
Weighted likelihood analysis
Excess presence is robust
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Galactic Center
o GC is a very complex region of complex modeling: unresolved 

sources, distribution of CR density, etc.
o Dark matter annihilation? Unresolved population of MSPs?
o Origin of excess still under debate

Galactic center excess

SED well fitted by ~50 GeV DM (bb) Spatial morphology: NFW compatible Compatible with spherical symmetry
Positionally compatible with Sgr A*

PRD 103, 063029 (2021) 
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Dwarf Spheroidal Galaxies

subarutelescope.org

Astrophysical factor J

Geringer-Sameth et al 2015 ApJ 801 74

https://doi.org/10.1088/0004-637X/801/2/74


D. Nieto HEPAP-DAS - SINP - Dec 23 30

Dwarf Spheroidal Galaxies

Fermi-LAT + MAGIC

• First combined likelihood analysis 
in the gamma-ray band

• MAGIC: 160h Segue 1
• Fermi-LAT: 15 dSph

JCAP02(2016)039 
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Dwarf Spheroidal Galaxies

Glory Duck
• All IACTs + Fermi-LAT + HAWC
• 20 dSph
• Joint likelihood approach

A
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21
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https://doi.org/10.48550/arXiv.2108.13646
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Dwarf Spheroidal Galaxies

Glory Duck

A
rm

an
d 

et
 a

l. 
Po

S(
IC

RC
21

)

• Widest range ever 5 GeV – 100 TeV
• Arguably most robust results up to date

https://doi.org/10.48550/arXiv.2108.13646
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Dwarf Spheroidal Galaxies

Fermi-LAT legacy analysis

McDaniel et al. 2023
arXiv:2311.04982

14 years of data
Updated census of dSph (50)
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Dwarf Spheroidal Galaxies

Individual dSph with  > 2.0 s

Fermi-LAT legacy analysis

McDaniel et al. 2023
arXiv:2311.04982
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Dwarf Spheroidal Galaxies

McDaniel et al. 2023
arXiv:2311.04982

Whole sample

Fermi-LAT legacy analysis
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Dwarf Spheroidal Galaxies

Branon DM constraints with MAGIC

UED theory
SM: brane embedded in D = 4 +N spacetime
Branons: massive brane fluctuations

T. Miener et al JCAP05(2022)005

Fermions

Massive 
gauge fields

Scalar fields
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Dwarf Spheroidal Galaxies

Branon DM constraints with MAGIC

T. Miener et al JCAP05(2022)005

MAGIC observations of Segue 1 (160 h)
Likelihood analysis
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Dark Matter Subhalos
Resolved SubhalosMain Halo + Diffuse SubH + Resolved SubH

Nature, Vol456, Is7218, pp. 73-76 (2008)

Schoonenberg et al. arXiv:1601.06781

Estimates on the number of detectable subhalos:

Fermi-LAT
IACT band

Hütten et al. arXiv:1508.03464

(25% of the sky)

Fermi-LAT IACTs
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Dark Matter Subhalos

2FGL J0538.5-0534

Selection criteria: 
• Fermi-LAT catalogs
• Unassociated
• Galactic latitude > 5º
• No variability
• Observable by IACTs
• Affordable detectability
• >3s in LAT >3 GeV
• No counterparts in catalogs
• No counterparts in Swift-XRT

2FGL J0545.6+6018
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Dark Matter Subhalos

Exposure = 511 min

Significance: -0.7s 

2FGL J0545.6+6018 Observations – VERITAS

8.5h excellent quality data taken from 2013 to 2015

o Assuming canonical 
o Annihilation yield from Cembranos et al. 2011
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VERITAS - Fermi Symposium 2015

https://doi.org/10.22323/1.236.1216
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Galaxy Clusters

Coma Cluster - MAGIC

Physics of the Dark Universe 22 (2018) 38–47 

Constraining decaying dark matter
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Galaxy Clusters

Fornax Cluster – H.E.S.S.

The Astrophysical Journal, 750, 123 (2012)

Constraining annihilating dark matter
Including substructure

Exposure 15h
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Dark Matter Subhalos

Galaxy clusters – Fermi-LAT

• 12 years of data, 49 clusters

• Three substructure scenarios
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Dark Matter Subhalos

Galaxy clusters – Fermi-LAT

• 12 years of data, 49 clusters

• Three substructure scenarios

• No individual detection

• Sample above 5s for some 

channels but ruled out by dSph 

limits (most likely coming from 

CR interactions)
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Dark Matter: indirect detection

PDG 2023

Data analysis: specific methodologies
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Further readings

Credit: NASA, HST, Webb

TASI Lectures on the Particle Physics and Astrophysics of Dark Matter
https://arxiv.org/abs/2303.02169

TeV Dark Matter Searches in the Extragalactic Gamma-ray Sky 
https://doi.org/10.3390/galaxies10050092

Les Houches Lectures on Indirect Detection of Dark Matter
https://arxiv.org/abs/2109.02696

TASI Lectures on Indirect Searches For Dark Matter
https://arxiv.org/abs/1812.02029

Particle Dark Matter: Observations, Models, and Searches
Bertone et al., Cambridge University Press (2010)

The Review of Particle Physics (2023) 
https://pdg.lbl.gov

https://arxiv.org/abs/2303.02169
https://doi.org/10.3390/galaxies10050092
https://arxiv.org/abs/2109.02696
https://arxiv.org/abs/1812.02029
https://pdg.lbl.gov/
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Useful tools

Credit: NASA, HST, Webb

Clumpy (Astrophysical factor)
https://clumpy.gitlab.io/CLUMPY

PPPC 4 DM (Particle Physics factor)
http://www.marcocirelli.net/PPPC4DMID.html

gLike (combined likelihood analysis)
https://github.com/javierrico/gLike

LlkCom (combined likelihood analysis)
https://github.com/TjarkMiener/likelihood_combiner

https://clumpy.gitlab.io/CLUMPY
http://www.marcocirelli.net/PPPC4DMID.html
https://github.com/javierrico/gLike
https://github.com/TjarkMiener/likelihood_combiner

