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Overview

 Results of direct detection experiments

 Hints of non-zero results?

 Survey of indirect detection

 Uncharged, Charged messengers

 General theory, what we probe

 Some experiments, results

 If time: Where do colliders fit in?
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Part 1: Direct Detection Results
Hints of positive detections?

img: arXiv:1310.8327
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Observation of Excess Electronic Recoil 
Events in XENON1T

XENON1T, Phys. Rev. D 102, 072004 (2020).  0.65 “tonne-years”

 Observe excess (over 
known background)

 Low-mass (MeV-GeV) 
WIMPs scattering on 
electrons?

 Most likely unaccounted 
for noise.. but interesting
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DAMA-LIBRA

 NaI detector

 Low E, high noise: modulation

 Phase 1: 1.13 ton-year (blue)

 Phase 2: 1.33 ton-year (red)

 Low energy (1keV)

 12 σ modulation (correct phase)
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DAMA-LIBRA

ANAIS, Phys. Rev. Lett. 2019
COSINE, Phys. Rev. Lett. 2019

 Very hard to reconcile 
with other experiments 
(XENON, COSINE, ANAIS)

 COSINE total rate 
excludes DAMA for most 
models

 SABRE – build NaI
detector in southern 
hemisphere (Stawell)

 BUT unlikely to help 
(COSINE already 
excludes, and has head 
start)

 Still: not explained
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Future



Bonus: Axions 
(reminder)

 Low-mass (<< eV), high number: 
Axion condensate (classical axion field)

 May be cold dark matter

 Nice candidate: solve two problems 
(strong CP + dark matter)

 Axion-photon conversion: 
detection channel

8

ADMX



Bonus: Axions
Constraints

ADMX, Phys. Rev. Lett. 124, 101303 (2020).

 Very narrow mass 
range

 Other experiments 
less sensitive, but 
cover wider range
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Bonus: Axions
Constraints

Review: A. Ringwald, Dark Universe 1, 116 (2012) 

 Very narrow mass 
range

 Other experiments 
less sensitive, but 
cover wider range
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Part 2: Indirect Detection

img: Carlos de los Heros, ISAPP Summer School “The Dark Side of the Universe” (2011)
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What is indirect detection?
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What we can probe
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 Direct detection

 Probes DM-SM scattering cross section

 (Typically DM-nucleus)

 Indirect detection

 Typically directly probes annihilation cross-section

 cf thermal production (project 3)



What we can probe
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Neutral fluxes and propagation
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Gamma-ray spectra
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(Final-state brem.; Virtual Internal brem.)

Monochromatic (100% ‘hard’) ~ GeV ;   Hard  (peaked high energy) ; soft



Gamma-ray spectra:
Observation Targets
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Look for targets with: 
 Lots of DM
 Few other astrophysical processes that produce gamma rays

Outside 
Galaxy
(harder)



Gamma Rays:
Dwarf Galaxies
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Phys. Rev. Lett. 115, 231301 (2015)



Galactic Centre Excess

 Excess of GeV 
gamma rays 
observed from GC

 (Excess = >expected)

 May be DM signal..

 Likely actually from 
pulsars

 DM Below 10 GeV 
excluded

img: Annual Review of Nuclear and Particle Science 70, 455 (2020)
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Galactic Centre Excess
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Fermi LAT: Phys. Rev. Lett. 115, 231301 (2015)



X-rays:
Sterile Neutrinos
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Neutrinos
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IceCube Neutrino Observatory
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• Directional: Path of propagating Cherenkov sites (from single μ)



Neutrinos – IceCube, Super-K et al

IceCube Collaboration, 
P. Scott, Savage & 
Edsjö, JCAP 2016
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Sun: mostly H
⇒ spin-dependent dominates
⇒ Competitive w/ direct det.



Charged Messengers

 More complex: do not follow straight path

 Probe finite volume around detector

 Get deflected
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Charged Messengers

 Solve complex diffusion eq. to find expected flux

img: Carlos de los Heros, ISAPP Summer School “The Dark Side of the Universe” (2011)
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Anti-protons – AMS-02
Alpha Magnetic Spectrometer (𝒆𝒆+, �𝒑𝒑)
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 On the ISS



Positrons – PAMELA, AMS-02

28



Other probes

 CMB: Impact of DM-SM energy injection

 Distort CMB power spectra

 Stellar evolution: depends on models

 DM Collides with stars

 DM gravitationally bound inside stars

 Cooling, energy exchange

29



Bonus: What about colliders?
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img: [https://www.mpi-hd.mpg.de]

 Discussed direct + indirect detection

 Where do colliders come in?



Bonus: Production in Colliders
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img: ATLAS/CERN: https://atlas.cern/updates/feature/dark-matter

 Existence of “dark interactions”

 Dark particles produced in high-energy collisions

 Final states, or intermediate



Bonus: Production in Colliders
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img: ATLAS/CERN: https://atlas.cern/updates/feature/dark-matter

Production:

 Dark particles produced in high-
energy collisions (final states)

 Can’t be directly detected:
look for “missing” energy/ 
momentum



Bonus: Virtual Dark-Sector Particles
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Also:
 Existence of “dark sector” – modify Feynman diagrams 

(even if not present in final state)
 Leads to deviation from Standard Model prediction
 (Not just colliders: any high-precision measurements)
 Look for resonances (mediator mass)

img: ATLAS/CERN: https://atlas.cern/updates/feature/dark-matter



Bonus: Collider/Precision Constraints
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 Unlike other methods, do not depend at all on galactic 
DM density

 Not searching for galactic DM

 Positive detection: new particles, not necessarily DM

 But: can constrain properties of candidate models
If your DM model assumes:
• Coupling to SM, new force carriers, etc
• Subject to LHC (+other) constraints
• Very model-dependent
• weak couplings: only sometimes significant



Bonus: Collider/Precision Constraints
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ATLAS: JHEP 05, 142 (2019) [arXiv:1903.01400]

https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1007%2FJHEP05%25282019%2529142&v=abccd875
https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1007%2FJHEP05%25282019%2529142&v=abccd875
https://arxiv.org/abs/1903.01400


Summary
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Looking Forward:

• Need to combine direct, indirect results
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