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Overview

 Background detection theory, scattering rates

 Interaction types

 Even rates, noise, annual modulation

 Intro to calculating rates

 Direct detection experimental techniques

 Look at some direct detections results
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Part 1: Theoretical Overview

img: XENON Collab.
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Directly detecting dark matter

 Assume DM has some interaction with atoms

 Presumably very small interaction:
 Need very sensitive detector

 Low-noise environment (e.g., under mountain)

 Measure event rate

 Link observable back to: mass, cross-section 

 See signal: how can you be sure it’s not noise?
 Annual modulation? (see DAMA)
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Directly detecting dark matter
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Spin-dependent and -independent 
cross-sections
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DM-nucleon cross-sections
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DM-nucleon cross-sections
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DM-nucleon cross-sections
More Details

(Just for reference)
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DM-nucleon cross-sections
More Details: Spin-independent

L. Baudis lectures, Zurich (2012)
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Example
Simple case

Eur. Phys. J. C 77, 831 (2017) [arXiv:1705.07920]

 What happens for 
very low mass? 
(Kinematics: Vmin)

 What happens at very 
large mass?
(DM particle density)



How will we know?
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 See signal: have several issues
1) How do we know it’s not just noise?
2) Degenerate in (m, 𝝆𝝆, 𝝈𝝈,𝒇𝒇(𝒗𝒗))

• Ideal: several different detections [solve (2)]

• Ideal: Signatures “unique” to DM, not noise
• (e.g., annual modulation, directional dependence)



Daily & yearly modulation

 Earth moves through Galactic frame: WIMP Wind
 Earth + sun velocity changes through year

 Lab velocity changes throughout day

 Expect: modulation in WIMP flux, and mean WIMP speed/energy
 Observable signal!
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Daily & yearly modulation

 Expect 5% modulation in 
event rate

 More if cross-section is 
velocity dependent

 (Or if experiment sensitive 
to energy deposited)

 Vearth/vgalactic ~ 10%

 Plane tilted: => ~5%

 See: DAMA (later in lecture)
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Directional Dependence
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Rajendran, Zobrist, Sushkov, Walsworth, Lukin, Phys. Rev. D 96, 035009 (2017).

Phys. Rev. D 97, 083009 (2018).

 Sun moves in direction of Cygnus constellation

 Gives DM directional preference

 Difficult to have directional sensitivity, but some proposals



Backgrounds (noise) in DM Detectors
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L. Baudis lectures, Zurich (2012)

 Go deep underground

 Want signals differ 
between noise/DM –
allow background 
rejection

 E.g., modulation

 More than 1 
detection channel



Part 2: Experimental Detection Schemes

The XENON1T 
Time Projection 
Chamber TPC after 
assembly in a clean 
room: XENON 
Collab.
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‘Small sample’ of recent 
and upcoming experiments
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3 (main) ways to detect recoils
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Detection Technologies

 Several technologies search for different signals

 Each have strengths/weaknesses (different models)

 Super fast overview incoming:
 Many reviews:
 G. Bertone and D. Hooper, Rev. Mod. Phys. 90, 45002 (2016).

K. Freese, M. Lisanti, and C. Savage, Rev. Mod. Phys. 85, 1561 (2013).
J. Liu, X. Chen, and X. Ji, Nat. Phys. 13, 212 (2017).

20



Ionisation detectors
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Similar to γ-ray detector 
(e.g., Fermi LAT)



Solid/crystal scintillators
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Problem: only one mode



Cryogenic detectors
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One solution: add phonon detection



Cryogenic detectors
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One solution: add phonon detection

E.g., CRESST:
• Superconductor, held very close to Tc
• WIMP produces phonon: slightly increases T

• Stops super-conducting



Superheated liquids
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Gaseous detectors
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• Directional sensitivity

But..

• low-mass density (cf liquid 
Noble gas) – need to be huge

• Low nuclear mass



Liquid noble gas detectors

 text
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Liquid noble gas detectors:
Duel-phase time-projection chamber

28



Liquid noble gas detectors:
Duel-phase time-projection chamber
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Liquid noble gas detectors:
Duel-phase time-projection chamber

 S1 (prompt scintillation), S2 (ionisations)

 2D photo-detector + s1/s2 time delay: 3D event reconstruction

 Allows background rejection 30



Background rejection

 Exclude double-scatter events

 Exclude outermost layer of xenon
 Prob. of EM interactions drops with depth, DM not so

 Compare S1 to S2 + profile calibrations
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Summary

 Background detection theory, scattering rates
 How to calculate basic rates

 Interaction types
 Coupling to quarks, nuclei etc.

 Even rates, noise, annual modulation
 Direct detection experimental techniques

 Detecting DM
 Distinguishing noise from signal



Part 3: Direct Detection Results

img: arXiv:1310.8327
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General Remarks

img: arXiv:1310.8327
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 Plots comparing different 
experiments

 Not possible to do this 
for general case

 Detectors are different

 Have to make some 
assumptions about DM model 
(couplings, vel. distro etc.)

 Typically interested in nucleon σ, even 
though we measure nucleus σ

 i.e. Depends on particle theory (σ), 
astrophysics (v), and nuclear theory (F)



Spin-independent
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Spin-dependent

PICO, Phys. Rev. Lett. 118, 251301 (2017); 
PICO, Phys. Rev. D 100, 022001 (2019)
+ IceCube (dashed line: later slide)

XENON, Phys. Rev. Lett. 122, 141301 (2019)
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