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Summary of 1st lecture

There is compelling evidence on all astrophysical scales 
(rotation curve of galaxies, gravitational lensing, CMB, structure formation, ..)
for non-baryonic dark matter
5 times more than baryonic matter !

Possible candidates are many:
presently top candidates:
WIMPs (weakly interaction massive particle) 

twice motivitated by WIMP miracle
very light axions
keV neutrinos
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a) At accelerators:
 

p + p → ..... → ... + a + χ

Indirect detection by missing mass+momentum
Not really a proof of WIMPs being the 
Dark Matter of the universe

b) WIMP annihilation in the universe:
χ + χ → ..... → ... + ν + ν

        ..... → ... + γ + γ 
 

Search for neutrinos or gammas from large 
mass accumulations (center of galaxy, sun, ..) ν

µ

~     ~

~     ~ _

Experimental search for WIMPs I
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No indication for new particles yet !

Experimental search for WIMPs I
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Experimental search for WIMPs I

a) At accelerators:
 

p + p → ..... → ... + a + χ

Indirect detection by missing mass+momentum
Not really a proof of WIMPs being the 
Dark Matter of the universe

b) WIMP annihilation in the universe:
χ + χ → ..... → ... + ν + ν

        ..... → ... + γ + γ 
 

Search for neutrinos or gammas from large 
mass accumulations (center of galaxy, sun, ..) ν

µ

~     ~

~     ~ _

No indication for new particles yet !

Claimed lepton or positron excess can 

be also explained purely by astrophysics

(e.g. pulsars)
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Positron excess by PAMELA, 
latest results by AMS-II

Excess is clearly confirmed

but origin still unclear !

O. Adriani et al., Nature (2009)
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χ
H, h, Z0, q
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Experimental search for WIMPs II:
Direct detection

c) Direct WIMP detection – search for nuclear recoil:

d

Elastic coherent scattering on the nucleus
mediated by H, h, Z, or q exchange.

Effectively a  scalar spin-independent (SI) 
or spin-dependent (SD) interaction

In principle even 6 couplings (+ 2 interference terms) to nuclear d.o.f. 
possible (arXiv:1308.6288)

Signature:

energy transfer to nucleus

by “invisible particle”

similar to neutrino NC interaction

Signature:

energy transfer to nucleus

by “invisible particle”

similar to neutrino NC interaction
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χ χ
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Direct versus indirect searches

Nothing found yet, but region of SUSY is being attacked !

XENON100

XENON1T

indirect at
accelerators

direct
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 Theoretical WIMP cross section 
connected to experimental rate limit

 1) elastic WIMP-quark interaction:

2) elastic 
WIMP-
nucleon 
interaction:

3) elastic WIMP-nucleus interaction:

4) theoretical recoil energy spectrum:

5) detected 
recoil

 spectrum:

theory/models
e.g. χPT

nuclear model
distribution of
scattering objects:
Formfactors

astrophysics of
WIMP halo:
ρ0, v, f(v)
particle physics: mχ

material & 
detector
properties

Reviews: 
Jungmann, Kamionkowski and Griest, Phys. Rep. 267 (1996) 195
Levin and Smith, Astroparticle Phys. 6 (1996) 87
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Notations
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χ

WIMP velocity distribution
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earth

sun

χ WIMP halo
Milkyway

 earth / sun

Astrophysics
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θ*pi

pf

CMS

Kinematic relations
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Nuclear recoil energy Er

in 0th order:
assume s-wave scattering
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Scattering probability and cross section
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Recoil spectrum

for simplification
assume here vE = 0

derivation can be
repeated with vE  0

in 0th order: 
assume s-wave 

scattering
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Increasing q2: loss off coherence 
→ Form factors

In low q2 approximation the Formfactor is nothing 
than the Fouriertransform of the spatial distribution of the scattering objects, 

e.g. the charge distribution for EM interaction 
(which corresponds inside a nucleon to the weak charge (isospin) distribution 
for weak interactions from eN versus νN deep inelastic scattering)

→ F(q2) has to be calculated by nuclear physics !

de Broglie wave length of the 
exchanged particle λ = h / q

Long wavelength: 
nucleus seen as one object

Short wavelength: 
sub-structure of nucleus is resolved
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Form factors

compare to 
interference pattern 

behind slit

picture from Demtröder, 
Experimentalphysik, Band 2, Springerpictures from Povh, Rith, Scholtz, Zetsche, Teilchen und Kerne, Springer
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Spin-independent and spin-dependent
cross sections
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Expected recoil spectrum I
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Expected recoil spectra II

various mA, mχ = 40 GeV, σ0 = 4 10-36 cm2

but we can assume σ0
  A2  

various mχ, mA = mGe, σ0 = 4 10-36 cm2 pi
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Astroparticle Phys. 

6 (1996) 87
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Summary of 2nd lecture

Expected nuclear recoil spectrum is a feature-less exponentially
falling spectrum

Including earth movement around sun leads to a annual modulation
of the rate and the spectrum

Require experimental threshold of O(10 keV) !

Larger nucleus mass is preferred, since scalar coherent interaction (SI) 
scales with A2, but then smaller recoil energies ! 
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