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Some Literature (incomplete!)

● Perkins: Particle Astrophysics, Oxford University Press

● Bertone (ed): Particle Dark Matter, Cambride University Press

● Lewin/Smith: Review of mathematics, numerical factors, and 
corrections for dark matter experiments based on elastic nuclear 
recoil, pa.brown.edu/articles/Lewin_Smith_DM_Review.pdf

● Baudis: Direct Dark Matter Detection, arXiv:1211.7222

● Schumann: Dark Matter 2014, arXiv:1501.01200

● Marrodan/Rauch: Direct Detection Experiments, arXiv:1509.08767

● Heusser: Low-radioactivity background techniques, 
http://fizisist.web.cern.ch/fizisist/research/Low-
RadioactivityBackgroundTechniques.pdf



CDM Model
The Standard Model 
of Cosmology
(„Concordance Model“)

Describes the Universe 
since the Big Bang with a 
few parameters only (6)

Uses Friedmann equation to 
describe evolution of Universe
since Inflation

Agrees with the most 
important cosmological 
observations:
● CMB Fluctuation
● Large Scale Structures
● Accelerated Expansion 
  (SN observations)
● Distribution of H, D, He, Li Ingredients:

 Cosmological Constant
CDM Cold Dark Matter



(Some) Dark Matter Candidates

● Axion
 

● WIMPs
  - Neutralino
  - LKP
 

● sterile neutrinos
● ...
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1 Direct Detection Basics: 
Rate, Signatures, Energy Scale

● Expected dark matter rates are extremely small
→ need to fight backgrounds

● Expected nuclear recoil spectrum is steeply falling
→ need very low threshold

● WIMPs interact coherently with the nucleus
→ form factor suppression for heavy targets

● The WIMP dark matter parameter space

● The Energy Scale for WIMP searches
→ measure nuclear recoils



Milky Way – Standard Halo Model

~50 kpc

∝r – 2 

● Standard halo model: Ingredients
→ local circular velocity vc

→ velocity of the Sun wrt to vc

→ galactic escape velocity vesc

→ velocity distribution f(v)
→ local dark matter density ρ0



Form-Factors

Helm Form Factor:

Woods-Saxion Potential:



WIMP Recoil Spectra

→expect different rates for different targets (cross checks!)
 

→rate scales with A² → heaviert targets favored (for scalar couplings)
 

→ spectrum rises exponentially → low detector threshold desired
 

→ low-mass WIMPs → lighter target and/or low threshold necessary



Mass-Cross Section Plane
spin-independent WIMP-nucleon couplings



WIMP Signatures: Annual Modulation
Spectral function of WIMP rate:

expect largest effect at threshold!

→ more faster WIMPs in June → more make it above threshold → higher rate



WIMP Signatures: Directionality

→ daily modulation!
 

BUT: detector must be able to detect
         direction of recoils;

   up to now this only works 
         in very „non-dense“ detectors

0h

12h



Quenching in Practice
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NaI: DAMA/Libra

2 keVee =   8 keVr (Na: QF~0.25)
    = 22 keVr (I: QF~0.09)

n


8 keVr         45 keVr  40 keVee

Xe

Relative scintillation efficiency:

Absolute quenching factor:



Scattering Experiment: ER in LXe

PRD 87, 115015 (2013)

electric field quenching
(relevant for TPCs)

Compton Scattering!



2 Backgrounds, 
Background Reduction

● Where do backgrounds come from?
→ external and intrinsic backgrounds
→ cosmic backgrounds
→ ER and NR backgrounds

● Reduction 1: Shielding
→ avoid backgrounds
→ underground laboratories
→ passive and active shields

● Reduction 2: Knowledge on expected signal
→ what makes WIMPs special?
→ discrimination



Backgrounds from the Environment
Background sources:
mainly U-238 and Th-232 chains, and 
K-40 decays in the rock and the concrete
walls of the laboratory

Haffke et al., NIM A 643, 36 (2011)

Note: the primorial chains also produce neutrons
● spontaneous fission processes of heavy elements
  (dominant in heavy materials, such as lead)
● via (,n) reactions
  (needs a light target, e.g. plastics)

Gamma flux @ LNGS

noble gas,
present in air



(alpha,n)

→ (,n) energetically not possible for heavier elements



Spontaneous fission (sf)

→ only heavy elements. Mainly from U-238 and (somewhat less) U-235.





Cosmic Rays                 
Cosmic rays and secondary/tertiary particles which they 
create in reactions can be reduced by going to 
underground laboratories
 

The hadronic component (n, p) is already reduced 
significantly after a few meters rock
 

Shielding thickness (rock, soil) given in 
„meter-water-equivalent“ (mwe) to allow for 
comparison between different laboratories

Depth [mwe]
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in deep laboratories,
only muons remain
which cause e/m
showers and also
generate neutrons

Heusser 1995



Background in Laboratories



Underground Laboratories



Marc Schumann (U Zürich) -- Liquid Noble
 Review
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Laboratori Nazionali del Gran Sasso            



Marc Schumann (U Zürich) -- Liquid Noble
 Review
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Marc Schumann (U Zürich) -- Liquid Noble
 Review
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LNGS: 1.4km rock LNGS: 1.4km rock 
(3700 mwe)(3700 mwe)Laboratori Nazionali 

del Gran Sasso



Marc Schumann (U Zürich) -- Liquid Noble
 Review
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LNGS: 1.4km rock LNGS: 1.4km rock 
(3700 mwe)(3700 mwe)

XENON1T

CRESST

XENON100
DarkSide

DAMA



XENON100: passive XENON1T: active shielding



Pulse Shape Discrimination
Singlet and triplet excimer states have
characteristic lifetimes:
 

Ar: 5 ns,   1.6 µs
Xe:  4 ns,   22 ns 

 

The ratio Ntrip/Nsing depends on the 
ionization density → the particle type

C. Regenfus (ArDM)

DEAP collaboration
log(Time) [ns]
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n

LAr Discrimination levels of 
3x10– 8 achieved in test setups
      arXiv:0904.2930, PRC 78, 035801 (2008)

→ mandatory because of huge 
    Ar39 background (~1Bq/kg)
 

LXe O(10)% rejection at low E
    NIM A 612, 328 (2010)

Better for very high LY
(8x10– 2 @ 50% NR acc.) 

    NIM A 659, 161 (2011)
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Discrimination 
Quenching can be used to discriminate NR (signal) from ER (background)
when two detection mechanisms are measured simultaneously
 

- charge and light
- light and heat
- charge and heat
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Discrimination ~10– 4 – 10 – 5Discrimination ~1..5 x 10– 3



Example: Liquid Xenon

NR

ER

ER

NR

ER

NR

Light „S1“              Charge „S2“



How to distinguish neutrons from WIMPs?
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