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How a cosmologist views the evidence for dark matter. 



What Do We Know About Dark Matter?

Bullet Cluster 

• Two galaxy clusters colliding at ~4000 km/s 

• Hot gas stuck in the middle - stars pass 
through. 

• Total mass distribution traces the stars, 
which are only ~10% of the baryonic 
content. 

• Most mass must be dark!
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What Do We Know About Dark Matter?

Early Universe: 
Radiation - Provides pressure that smears out over density. 
Baryonic Matter - Gravitational potential, but responds to radiation. 
Dark Matter - Gravitational potential, does not respond to radiation. 



What Do We Know About Dark Matter?

Large Scale Structure 

• When baryonic matter                  
collapse it heats up. 

• This produces                                    
photons that cause                                       
the matter to expand                       
(baryonic acoustic                        
oscillations). 

• Distribution of galaxies                           
requires a matter that doesn’t 
interact with photons.
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What Do We Know About Dark Matter?

Cosmic Microwave Background 

• Interaction of radiation (photons) with cold 
matter (baryons) controls angular distribution of 
structure in the early stages of the universe. 

• Large component that doesn’t interact with 
radiation is needed.



The Present

How a cosmologist views the evidence for dark matter. 
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Thermal Dark Matter artist: Sarah Szabo
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Thermal Dark Matter Density 

Present density inversely 
proportional to the strength of 
the interaction. 

Almost independent of particle 
mass. 

Weak-Interaction Produces the 
right density!

Steigman, Dasgupta, Beacom (2012; 1204.3622)



Steigman, Dasgupta, Beacom (2012; 1204.3622)

Thermal Dark Matter 

Simplest model has a 
known cross-section! 

Deviations from this cross-
section  include 
complicating effects. 

A Mass Scale! 



Can We Eliminate Classes of Dark Matter Models?

Ahlen et al. (1987; Physics Letters B 

Yes! 





Collider and Direct Detection Searches











Gamma Rays



Gamma Rays

Cosmic Rays



Gamma Rays

Cosmic Rays

Radio



Galactic Center Excess

Positron Excess Isotropic Radio Excess



The WIMP Coincidence Problem



Indirect Detection Searches
Gamma-Rays Cosmic-Rays Low-Energy
Galactic Center 
Dwarf Spheroidal Galaxies 
Galaxy Clusters 
Milky Way Subhalos 
Galactic Diffuse 
Sun 
Jupiter 
Nearby Stars 
Galactic Center Stars 
Andromeda 
Little Galaxies 
Isotropic Gamma-Ray Background 
Anisotropy Searches 
Cusps 
511 keV line 

Positrons 
Electron + Positron Spectrum 
Antiprotons 
Antineutrons 
Antihelium 
Cosmological Lithium Problem  

Galactic Center Synchrotron 
Dwarf Galaxy Synchrotron 
Galaxy Cluster Synchrotron 
Diffuse Synchrotron 
Sun 
Jupiter 
Isotropic Background 
X-ray background from Clusters 
Anisotropy Searches 
Stellar Evolution 
Pulsar Evolution 
Planetary Heating 
Thermal Scattering 
Cosmic Microwave Background 
CMB Absorption 

Morphology

Antimatter

Targets



Thermal WIMPs and the Story of Tantalus

NFW Profile (Mass of Milky Way) 

Thermal Cross-Section (Early Universe) 

Dark Matter Mass (?) 

Annihilation Final State (?) 



Thermal WIMPs and the Story of Tantalus

NFW Profile (Mass of Milky Way) 

Thermal Cross-Section (Early Universe) 

Dark Matter Mass (?) 

Annihilation Final State (?) 

Milky Way Star-Formation Rate (Galactic Dynamics) 

Diffusion Constant in Galactic Center (Hydrodyanmics) 

Activity of Supermassive Blackhole (?) 



Thermal WIMPs and the Story of Tantalus

Local Dark Matter Density 

Thermal Cross-Section (Early Universe) 

Hadronic Component of Dark Matter Final State 

Convection of Annihilation Products from GC (Winds?) 



Thermal WIMPs and the Story of Tantalus

Local Dark Matter Density 

Thermal Cross-Section (Early Universe) 

Hadronic Component of Dark Matter Final State 

Convection of Annihilation Products from GC (Winds?) 

Local Gas Density 

Local Supernova Rate 



Thermal WIMPs and the Story of Tantalus

Local Dark Matter Density 

Thermal Cross-Section (Early Universe) 

Leptonic Component of Dark Matter Final State 

Convection of Annihilation Products from GC (Winds?) 



Thermal WIMPs and the Story of Tantalus

Local Dark Matter Density 

Thermal Cross-Section (Early Universe) 

Leptonic Component of Dark Matter Final State 

Convection of Annihilation Products from GC (Winds?) 

Pulsar Birth Rate 

e+e- Acceleration Efficiency in Pulsar Magnetospheres 



Thermal WIMPs and the Story of Tantalus

Extragalactic Dark Matter Density 

Thermal Cross-Section (Early Universe) 

e+e- Energy Fraction in Dark Matter Annihilation 

Intergalactic Magnetic Fields 



Thermal WIMPs and the Story of Tantalus

Extragalactic Dark Matter Density 

Thermal Cross-Section (Early Universe) 

e+e- Energy Fraction in Dark Matter Annihilation 

Intergalactic Magnetic Fields 

Radio Luminosity in Starbursts and AGN 

e+e- Reacceleration in Cluster Mergers 

Redshift Dependence of Signal vs. CMB 
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Anything You Can Do, I Can Do (Slightly) Better



Thermal WIMPs and the Story of Tantalus



Thermal WIMPs and the Story of Tantalus



Congratulations!

You’re an astrophysicist now!



Can Still Set Limits

Look for subdominant dark matter 
contributions! 



Can Still Set Limits

(Not an exhaustive list of observations)

Look for subdominant dark matter 
contributions! 



John & TL (2107.10261)
Can Still Set Limits





Indirect Detection Searches
Gamma-Rays Cosmic-Rays Low-Energy

Galactic Center 
Dwarf Spheroidal Galaxies 
Galaxy Clusters 
Milky Way Subhalos 
Galactic Diffuse 
Sun 
Jupiter 
Nearby Stars 
Galactic Center Stars 
Andromeda 
Little Galaxies 
Isotropic Gamma-Ray Background 
Anisotropy Searches 
Cusps 
511 keV line 

Positrons 
Electron + Positron Spectrum 
Antiprotons 
Antineutrons 
Antihelium 
Cosmological Lithium Problem  

Galactic Center Synchrotron 
Dwarf Galaxy Synchrotron 
Galaxy Cluster Synchrotron 
Diffuse Synchrotron 
Sun 
Jupiter 
Isotropic Background 
X-ray background from Clusters 
Anisotropy Searches 
Stellar Evolution 
Pulsar Evolution 
Planetary Heating 
Thermal Scattering 
Cosmic Microwave Background 
CMB Absorption 



The Galactic Center Excess



Diemand et al. (2006; astro-ph/0611370)



The WIMP Coincidence Problem





Galactic Diffuse Point Sources

Isotropic Emission Sub-Threshold Sources

Gamma-Ray Searches Techniques



Galactic Diffuse Point Sources

Isotropic Emission Sub-Threshold Sources

Gamma-Ray Searches Techniques

+ ?



Gamma-Ray Angular Resolution is …. Poor

Hubble Space Telescope



Gamma-Ray Angular Resolution is …. Poor

Hubble Space Telescope Fermi-LAT





Bright     Detected at >50σ 

Hard-Spectrum     Incompatible with standard backgrounds 

Spherically Symmetric    Expected from Dark Matter 

Spatially Extended     to nearly 15 degrees from Galactic center. 

The Galactic Center Excess Goodenough & Hooper (2009; 0910.2998)



The Galactic Center Excess
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The Galactic Center Excess

Calore et al. (2014; 1409.0042)



Calore et al. (2014; 1409.0042)



The Galactic Center Excess

Calore et al. (2014; 1409.0042)

Cholis et al. (2014; 1407.5583)



The Galactic Center Excess

Calore et al. (2014; 1409.0042)

Cholis et al. (2014; 1407.5583)

(Well that’s annoying).



What is a Pulsar? 

Pulsar 

• Rapidly rotating neutron star 

• Misalignment between 1010 T 
magnetic field and ~ms rotation 
period produces huge 
electromagnetic fields. 

• Accelerates e+e- pairs to TeV or 
even PeV energies



What is a Pulsar? 

Millisecond Pulsars 

• “Recycled” pulsar spun up again via 
accretion by binary companion. 

• Young pulsars in plane, but millisecond 
pulsars can be in the galactic bulge. 

• To explain the excess, we need 10000 - 
10000 pulsars



Macias et al. (2016; 1611.06644)

Macias et al. (2019; 1901.03822)

Bartels et al. (2018; 1803.04370)

Bartels et al. (2017; 1711.04778)



The Galactic Center Excess

slide from Mariangela Lisanti

Bartels et al. (2015; 1506.05104)

Lee et al. (2015; 1506.05124)

Bulletproof evidence for pulsars?



The Galactic Center Excess



The Galactic Center Excess Leane & Slatyer (2019; 1904.08430)

Slide from Dan Hooper



The Galactic Center Excess Leane & Slatyer (2019; 1904.08430)

Dark Matter Strikes Back at the Galactic Center



The Galactic Center Excess

No!



The Galactic Center Excess

Yes!



The Galactic Center Excess

Yes!
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The Galactic Center Excess

No!



The Galactic Center Excess





The Galactic Center Excess

Maybe!



Maybe!



Maybe!



You Can’t Tell!



The (Low-Energy) Path Forward Calore et al. (1512.06825)



The (High-Energy) Path Forward



The (High-Energy) Path Forward



The Positron Excess



TeV Pulsar Wind Nebulae

H.E.S.S. has found dozens of 
pulsar wind nebulae at TeV 
energies. 

Emission from the inverse-
Compton of TeV to PeV 
electrons accelerated by the 
pulsar and pulsar wind.



The Positron Excess

Key Idea: Investigate the Positron Fraction! 

TeV Halos



The (High-Energy) Path Forward





Tentative Evidence for Antinuclei



AntiNuclei - A Clean Search Strategy ?

Antinuclei carry away a significant fraction of the 
total momentum in a particle collision. 

Astrophysical Antinuclei - Most be moving 
relativistically! 

Dark Matter Antinuclei - Can be slow! 

Donato et al. (1999; hep-ph/9904481)

Fornengo et al. (2017; 1306.4171)



Poulin et al. (2018; 1808.08961)

AntiNuclei: A Clean Search Strategy



Anything You Can Do, I Can Do (Slightly) Better

Easy

Easy Hard

Hard



Anything You Can Do, I Can Do (Slightly) Better

Easy

Easy Hard

Acceptable?



Poulin et al. (2018; 1808.08961)



slide from Sam Ting (La Palma Conference, April 9 2018)





Chasing an AntiHelium Signal

Poulin et al. (2018; 1808.08961)

1.) Coalescence Rates (1401.2461) 

2.) Lambda_b Enhancement (2006.16251, 2106.00053) 

3.) Strongly Coupled Dark Sectors (2211.00025) 







Key Insight - Coalescence Momentum for Antihelium Should Be Larger

While particle coalescence is hard to measure, the inverse process (fragmentation) is easier 
to measure. Helium’s binding energy significantly exceeds deuteriums 

Can also use Heavy ion results (Berkeley Collider), which provide a lower-measurement of 
the coalescence momentum at a specific particle energy: 



Coalescence Models - Expected Helium Flux
Poulin  et. al. (2018; 1808.08961)

Poulin et al. (2018; 1808.08961)Poulin et al. (2018; 1808.08961)
Carlson et al. (2014; 1401.2461)

Korsmeier (2017; 1711.08465)

Poulin et al. (2018; 1808.08961)

Using more realistic estimates for the anti helium 
coalescence momentum produces a boosted anti 
helium flux, especially at low energies.  



Poulin  et. al. (2018; 1808.08961)

Poulin et al. (2018; 1808.08961)Poulin et al. (2018; 1808.08961)
Carlson et al. (2014; 1401.2461)

Korsmeier (2017; 1711.08465)

Using more realistic estimates for the anti helium 
coalescence momentum produces a boosted anti 
helium flux, especially at low energies.  

Coalescence Models - Expected Helium Flux



However the Rigidity of these Antihelium Events is High





Idea 2: A New Method for Producing Antihelium



A Standard Model Resonance to Enhance Antihelium

From: Martin Winkler 

Previous analyses have missed the 
(potentially) dominant contribution to anti-
Helium production. 

   has correct parameters to produce : 

- Antibaryon number of 1 

- Mass: 5.6 GeV ( )  

- Or:  because 

Λb
3He

p̄, p̄, n̄, p, p
p̄, n̄, n̄, p, p 3H → 3He

R ∝ p3(A−1)
0 R ∝ exp[ − (pi − pf)]



Can produce a significant 
enhancement of the total 
anti helium flux. 

Moreover, the 
enhancement is at high-
energies - matching the 
data. 

Winkler & Linden (2020; 2020.16251)

A High-Momentum Bump!





  rate Λb → 3He

Uncertainties in the Rate

Pythia: Herwig:

P(Λb → 3He + X) ∼ 10−6 P(Λb → 3He + X) ∼ 10−9



Can We Find this At Particle Accelerators?









Some Caveats

1.) LHCb results are preliminary 

2.) There is a factor of two offset, because tritium decays to  in space. 

- This can potentially be larger, because  has smaller 
kinetic energy (117 anti-tritium detected by LHCb, but no spectrum) 

3.) Unclear how inclusive cross-sections are calculated with additional pions 
(which may make the momentum of the  and p harder to distinguish). 

4.) No searches for  . This could dominate, for example, if the 
proton and  quickly re-annihilate due to Coulomb attraction. 

3He
p + n + n + p + n

3He

3H + n + n + π+

3He



Problem: Are We Actually Observing Antihelium 4?



Cannot Enhance Antihelium-4 with Λb

From: Martin Winkler 

 has correct parameters to produce : 

- Antibaryon number of 1 
- Mass: 5.6 GeV 

Λb
3He

Too light to produce ! 4He



Strongly Coupled Dark Sectors



Strongly Coupled Dark Sectors

Just make a ton of quarks. 

The production of heavy nuclei scales strongly 
with the number of quarks in the final state.  

In QCD, a single 100 GeV annihilation 
produces O(100) pions 

The dark matter model looks like a dark 
version of QCD. 



Strongly Coupled Dark Sectors

The dark pions need to be very 
heavy — so the dark matter also 
has to be very heavy. 

For annihilating dark matter — we 
are limited by unitarity. 

For decaying dark matter, we are 
not. 



Strongly Coupled Dark Sectors

This significantly boosts the anti helium production rate: 
By a factor of n9 for  and n12 for  3He 4He



Strongly Coupled Dark Sectors



Strongly Coupled Dark Sectors





Galli et al. (2009; 0905.0003)

see also: astro-ph/0210617, 0810.5952)

https://arxiv.org/abs/astro-ph/0210617




And the (TeV) future is bright!


