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Why Indirect Detection?





Everything We Know About Dark Matter

Stable - on cosmological timescales 

Dark - negligible electromagnetic cross-section 

Cold - not relativistic 

~5.3x as prevalent as baryonic matter



Everything We Know About Dark Matter
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The WIMP Miracle

A particle with a weak 
interaction cross-section and 
a mass on the weak scale is 
expected to naturally obtain 
the correct relic abundance 
through thermal freeze-out in 
the Earth universe.



Unitarity 
< 124 TeV

Neff 
>3 MeV

WIMP Miracle

Steigman et al. (1204.3622)

The Thermal Miracle



Unitarity 
< 124 TeV

Lee-Weinberg  
>10 GeV

WIMP Miracle

Steigman et al. (1204.3622)

The WIMP Miracle

if interaction is due  
to the weak force



1 new particle (can be motivated by more-complex physics) 

1 new conserved quantity (“dark matter-ness”, r-parity) 

1 (maybe 0) new forces 

Thermal WIMPs - The Most Boring Model



1 new particle (can be motivated by more-complex physics) 

1 new conserved quantity (“dark matter-ness”, r-parity) 

1 (maybe 0) new forces 

Ruling out this model leaves only 
more interesting possibilities. 

Thermal WIMPs - The Most Boring Model
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Dark Matter in Thermal Equilibrium



Dark Matter Complementarity



Dark Matter Complementarity



Dark Matter Complementarity Gambit Collaboration (1705.07917)



Why Indirect Detection?

Steigman et al. (1204.3622)



How Do We Know Anything About the Energy of the Signals?
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How Do We Know Anything About the Location of the Signals?



How Do We Know Anything About the Location of the Signals?



Why Indirect Detection?

• For a standard dark matter density profile, the annihilation 
rate within 5o of the Galactic center is ~1 x 1038 ann s-1.  

• For a 1 m2 instrument, this produces a flux of 10-4 ann s-1. 





Why Indirect Detection?







What produces the background?



COSMIC-RAY ACCELERATION AND PROPAGATION

Start with a source of relativistic cosmic-rays

• Supernova Explosions 

• Supernova Remnants 

• Pulsars 

• Shocks/Mergers



COSMIC-RAY ACCELERATION AND PROPAGATION

Start with a source of relativistic cosmic-rays

cosmic rays propagate

Solved Numerically: 
e.g. Galprop

• If they propagate to Earth, can be detected: 

• AMS-02/PAMELA 

• CREAM/HEAT/CAPRICE



COSMIC-RAY ACCELERATION AND PROPAGATION

Start with a source of relativistic cosmic-rays

cosmic rays propagate

Solved Numerically: 
e.g. Galprop

Gas/ISRF Alternatively can collide 
with Galactic gas or the 
interstellar radiation 
field.



COSMIC-RAY ACCELERATION AND PROPAGATION

Start with a source of relativistic cosmic-rays

cosmic rays propagate

Solved Numerically: 
e.g. Galprop

Gas/ISRF 



• Three Methods to Separate Dark Matter Signals: 

• Rare Particle Detection 

• Spectral Features 

• Angular Mapping

The Techniques



The Techniques



Rare Particle Detection
Exploiting the fact that the universe is mostly matter



Rare Particle Detection
Exploiting the fact that the universe is mostly matter

Kadastik et al. (2009; 0908.1578)





Rare Particle Detection

• Kinematic threshold makes background negligible below 
10 GeV.

Exploiting the fact that the universe is mostly matter



Rare Particle Detection

• Dark matter annihilation 
occurs in the lab frame. 

• Dark matter signal 
dominate at low 
energies. 

• Energies can’t change 
due to propagation!

Cirelli et al. (1401.4017)

Exploiting the fact that the universe is mostly matter



Rare Particle Detection

• Dark matter signal is 
even more dominant in 
the case of anti-Helium.  

• Depending on coupling, 
anti-Helium signal does 
not need to be much 
smaller.

Carlson, Coogan, TL, Profumo, Ibarra & Wild (2014; 1401.2461)

Exploiting the fact that the universe is mostly matter



Rare Particle Detection
Exploiting the fact that the universe is mostly matter

slide from Sam Ting



Rare Particle Detection
Exploiting the fact that the universe is mostly matter







Spectral Features Joachim Kip (2017)
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Spectral Features
Things that go bump in the night

Start with a source of relativistic cosmic-rays

cosmic rays propagate

Solved Numerically: 
e.g. Galprop

Gas/ISRF 
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Spectral Features
Things that go bump in the night

Start with a source of relativistic cosmic-rays

cosmic rays propagate

Solved Numerically: 
e.g. Galprop

Gas/ISRF 



Spectral Features
Part 1: The Positron Excess

Statistical Significance!



Spectral Features
Part 1: The Positron Excess

Dark Matter Models 

• Highly Sommerfeld Enhanced 
• Leptophilic

Pulsar Models 

• Efficient e+e- Production 
• Hard e+e- Spectrum



Spectral Features
Part 1: The Positron Excess

Abazajian & Harding (2012; 1110.6151)

Gamma-Ray Observations 
are in strong tension with 
dark matter models.



Spectral Features
Part 1: The Positron Excess

Hooper, Cholis, TL, Fang (2017; 1702.08436)

• TeV Halos Surrounding Pulsars: 

• Hard e+e- injection spectrum 
• 10-30% of spindown energy 

into e+e-



Spectral Features
Part 1: The Positron Excess

Hooper, Cholis, TL, Fang (2017; 1702.08436)

• TeV Halos Surrounding Pulsars: 

• Hard e+e- injection spectrum 
• 10-30% of spindown energy 

into e+e-



Spectral Features
Part 2: The Antiproton Excess

Cuoco et al. (2016; 1610.03071)

Very little  
statistical significance…



Spectral Features
Part 2: The Antiproton Excess

Cuoco et al. (2016; 1610.03071)



Angular Mapping
Using Gravity to Determine Where the Dark Matter Really Is
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Angular Modeling
Using Gravity to Determine Where the Dark Matter Really Is

Galactic Center 
Good statistics 

Complex Background
Galaxy Cluster 

Secondary Diffusion OK 
Low statistics

Dwarf Galaxies 
Known dark matter content 

Low signal

Galactic Halo 
Great Statistics 

Lots of Astrophysics

Isotropic Background 
Huge Statistics 

Low Signal/Noise
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Angular Mapping
Part 1: The Galactic Center

• Model: 

• 100 GeV dark matter particle annihilates to bb 

• Annihilation Rate is Thermal Cross-Section 

• Expected Galactic Center Flux (above 1 GeV):  

• 2 x 10-11 erg cm-2 s-1 

• Observed Flux: 

• 1 x 10-10 erg cm-2 s-1



Angular Mapping
Part 1: The Galactic Center

• Model: 

• 100 GeV dark matter particle annihilates to bb 

• Annihilation Rate is Thermal Cross-Section 

• Expected Galactic Center Radio Flux:  

• 2 x 10-13 erg cm-2 s-1 

• Observed Flux: 

• 5 x 10-10 erg cm-2 s-1



Angular Mapping
Part 1: The Galactic Center

Data 
750 — 950 MeV 

Best Angular Resolution Cut 
10o x 10o ROI

=

pion-decay

ICS

Point Sources Excess (NFW)?

ICS-CMB

bremsstrahlung



Angular Mapping
Part 1: The Galactic Center



Angular Mapping
Part 1: The Galactic Center

• Result is extremely significant. 

• Spectrum and morphology match expectations from 
dark matter.



Angular Mapping
Part 1: The Galactic Center

• However, this emission may also be produced by a 
population of pulsars clustered in the Galactic bulge.

Bartels et al. (1506.05104)Abazajian (1011.4275)



Angular Mapping
Part 1: The Galactic Center

• Models are very uncertain!

Fermi-LAT Collaboration (1511.02938)



Angular Mapping
Part 2: Dwarf Spheroidal Galaxies

• Dwarf Spheroidal Galaxies 

• Much dimmer dark matter signal 
• Dark Matter density is measured by rotation curves 
• Very little background

Fermi-LAT Collaboration (2016; 1611.03184)



Angular Mapping
Part 2: Dwarf Spheroidal Galaxies

• Constrains hit the thermal cross-section!

Fermi-LAT Collaboration (2016; 1611.03184)



Angular Mapping
Part 2: Dwarf Spheroidal Galaxies

• Even in easy systems, mismodeling is a significant issue.

Fermi-LAT Collaboration (2016; 1611.03184)



The Two Types of Dark Matter

• Dark Matter signals that have low statistical 
significance. 

• Dark Matter signals that might also be pulsars.



Odds and Ends
Cosmic Microwave Background Limits

Slatyer (2015; 1506.03811)

• Very strong constraints on light dark matter. 

• Cosmic-variance limited. Constraints will not improve 
much.



Odds and Ends
Radio Detection Limits

Cholis, Hooper, TL (1408.6224)

• Radio telescopes are very sensitive. 

• Propagation of electrons near sources is highly 
uncertain.



Looking Forward
How to End a Talk When You Don’t Have a Conclusion
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Looking Forward
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Looking Forward
How to End a Talk When You Don’t Have a Conclusion

Leane et al. (2018; 1805.10305)



Looking Forward
How to End a Talk When You Don’t Have a Conclusion

Leane et al. (2018; 1805.10305)



Morselli (2017; 1709.01483)





Storm et al. (2016; 1607.01049)



Iocco et al. (2015; 1502.03821)











Looking Forward
How to End a Talk When You Don’t Have a Conclusion
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Looking Forward
How to End a Talk When You Don’t Have a Conclusion



Looking Forward
How to End a Talk When You Don’t Have a Conclusion

Calore et al. (2016; 1512.06825)



WIMP 
Miracle

102 GeV

Null Results are Interesting!

• non-Thermal Dark Matter 

• Axions 

• Sterile Neutrinos 

• Dark Sectors 

• Modifications to Gravity 

• Primordial Black Holes 

• Q-balls 

• Asymmetric Dark Matter 

• Coannihilations, Resonances 

• Self-Interacting Dark Matter, Light Mediators

10-25 GeV 1062 GeV
σX > RUFD mX > MUFD

slide concept courtesy of Asher Berlin



Why Indirect Detection?



Conclusions



Extra Slides



Spectral Features
Part 2: The Antiproton Excess

di Mauro et al. (2014; 1408.0288)



Spectral Features
Pretending We Understand How Diffusion Works



Keeley et al. (1710.03215)

Are Dwarf Constraints in Tension with the Galactic Center Excess?



HESS Collaboration 

HESS Galactic Center Constraints



EDGES - Strong constraints ARCADE - A Possible Signal? 

EDGES/ARCADE Observations



Formation of anti-particles 
determined from 
“coalescence momentum” 
that associates the 
binding energy of the 
atom with its formation 
probability. 

Binding energy of anti-
Helium > anti-deuterium, 
leads to larger formation 
probability. 

Coalescence Models



Advantages of Direct Detection

• Direct detection offers superb background rejection. 

• Can set constraints on dark matter through the 
observation of 0 events.

Panda-XII Collaboration (1708.06917)


