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Introduction to Standard Cosmology

• Observations:

• Universe expansion

• CMB

• Relative light elements 
abundances

• Age of stellar objects

• Theory:

• General Relativity

• Quantum Field Theory
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Einstein equations for the gravitational field
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€ 

Gµν = Rµν −
1
2

gµνR  from the metric

Tµν = pgµν + (p + ρ )uµuν  &   uµ = (1,0,0,0)  Energy-momentum


Source term

Friedmann, Robertson, 
Walker equations

    

€ 

Gµν = −8π GTµν



Cosmological parameters: the density fractions
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critical density

the first Friedmann equation can be written as

 express the energy content in terms of the critical density
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Robertson-Walker metrics
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Friedmann-Lemaitre equations
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Cosmological model
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Radiation dominated Universe:

Matter dominated Universe:
    

€ 

ρ ∝
1

a3

Cosmological constant dominated Universe:

    

€ 

ρ ∝
1

a4

  

€ 

ρ ∝ const.

The scale a(t) is time increasing for an expanding Universe → distances 
are multiplied by a(t)

The scale time evolution can be determined from acceleration eqn and state eqn

€ 

v =
d2 − d1

t2 − t1
=

a(t2) − a(t1)
t2 − t1

s t→0 →   
˙ a 
a

as = Hd

Hubble law H =
˙ a 
a

,   d = as
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The cosmological parameters
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From all observations:

WMAP → ΩT
X-ray clusters → Ωm 

SN Cosmology project → ΩΛ 
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The era of “concordance” cosmology

•  Standard Hot Big Bang

•  Flat, accelerating Universe 

•  Composed of:  atoms, exotic dark matter, and dark energy 
•  Precision set of cosmological parameters:

-  Ω0= 1.00 ± 0.01
-  ΩM = 0.24 ±0.02
-  ΩB = 0.042 ±0.002
-  ΩΛ = 0.76 ±0.02
- H0 = 73 ±2 km/s/Mpc
-  t = 13.7 ±0.2 Gyr

Testo
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Double Dark Theory 
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≅ 3000 WIMPs/m3

(MWIMP=100 GeV)

L. Baudis
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1E 0657-56 

This composite image shows the galaxy cluster 1E 0657-56, also known as the "bullet cluster." This cluster was formed after the 
collision of two large clusters of galaxies, the most energetic event known in the universe since the Big Bang.

Hot gas detected by Chandra in X-rays is seen as two pink clumps in the image and contains most of the "normal," or baryonic, 
matter in the two clusters. The bullet-shaped clump on the right is the hot gas from one cluster, which passed through the hot gas 

from the other larger cluster during the collision. An optical image from Magellan and the Hubble Space Telescope shows the galaxies 
in orange and white. The blue areas in this image show where astronomers find most of the mass in the clusters. The concentration 

of mass is determined using the effect of so-called gravitational lensing, where light from the distant objects is distorted by intervening 
matter. Most of the matter in the clusters (blue) is clearly separate from the normal matter (pink), giving direct evidence that nearly all 

of the matter in the clusters is dark.

The hot gas in each cluster was slowed by a drag force, similar to air resistance, during the collision. In contrast, the dark matter was 
not slowed by the impact because it does not interact directly with itself or the gas except through gravity. Therefore, during the 

collision the dark matter clumps from the two clusters moved ahead of the hot gas, producing the separation of the dark and normal 
matter seen in the image. If hot gas was the most massive component in the clusters, as proposed by alternative theories of gravity, 

such an effect would not be seen. Instead, this result shows that dark matter is required.
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HST

Chandra

Weak lensing

Come si ottiene l’immagine completa
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Structure formation
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Formation of the large-scale structure in the Universe: 
filaments

For example, here is a simulation running forward in time which shows how 
particles collect and enhance small initially small wrinkles

(simulation and movie courtesy of Andrey Kravtsov) 
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Non baryonic dark matter: WIMPs

• Cold thermal relics 
from the early 
Universe are perfect 
candidates for DM, 
explaining the LSS

• To account for ΩM 
masses should be 
O(0.1-1 TeV) and 
cross-sections at the 
electroweak scale:

 Weekly Interacting 
Massive Particles
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WIMP detection

• Huge worldwide effort, 
complementary methods

1.  artificially produce SUSY 
particles at colliders

2.  indirect searches through 
detection of neutralino 
annihilation products in 
astrophysical objects

3.  direct searches in 
underground laboratories
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SUSY predictions for elastic scattering cross section

WARP140 projected sensitivity

excluded by XENON10 (2007)

CMSSM
Required sensitivity is ~10-7 - 10-10 pb
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Experimental challenges

• To increase sensitivity over lower regions of 
parameter space: 

-  small event rate and small deposited energy 

• Large scale detectors 

-  target masses of ton scale to provide count 
rate 

• Low (keV) energy threshold for nuclear recoils 

• Low background, especially neutrons, from 
natural radioactivity and cosmic rays 
-  intrinsic activity from detector 
-  external activity from surroundings 
-  μ spallation

• Good background rejection 
-  (α), β, γ rejection 
-  control/rejection of surface events 
-  position sensitivity, segmentation, 

fiducialisation / self shielding
N.J.T.Smith
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World wide WIMP search
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Single channel techniques

ionization

scintillation phononsScintillators
Targets: NaI, Xe, Ar, Ne 
(γ) Energy per photon ~15 eV 
NR energy collection eff. 1-3% 
Light gain 2-8 phe/keV 
Sensitivity (PMTs) ~1 keV 
ZEPLIN I (2 keV), NAIAD (4 keV) 
DAMA (2 keV), DEAP, CLEAN, XMASS (5 keV) 

Ionisation Detectors 
Targets: Ge, Si, CdTe 
(γ) Energy per e/h pair 1-5 eV 
NR energy collection eff. 10-30% 
Sensitivity (HEMT JFET, TES) < 1 keV 
IGEX (4 keV), HDMS, 
GENIUS (3.5 keV)

Bolometers 
Targets: Ge, Si, Al2O3, TeO2 
(γ) Energy per phonon ~meV 
NR energy col. eff. (th.) ~100% 
Sensitivity (TES) << 1 keV 
(FWHM 4.5 eV @ 6 keV x-rays) 
CRESST-I (0.6 keV), 
CUORICINO, CUORE (5 keV)

N.J.T.Smith
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DAMA/NaI: annual modulation

•  100 kg detector mass

• measure energy for each event but no rejection of gamma background

•  LIBRA: 250 kg operating since 2003



DAMA/LIBRA 2008
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• 25 NaI detectors, 4 yrs of data 
taking: 192 x 103 kg days

• Modulation of event ate 
confirmed



67

KIMS/CsI(Tl)

S K Kim et al PRL 99, 091301 (2007)



68

Hybrid techniques: nuclear recoil discrimination

-  All hybrid techniques have >99% nuclear recoil discrimination at 10keV NR

ionization

scintillation phonons

Light & Ionisation Detectors 
PMTs for both channel readout 
Targets: L(Noble Gases) 
ZEPLIN, XENON, WARP, ArDM, SIGN 
mildly cryogenic (-100 C) 

Light & Heat Bolometers 
TES/NTD for L & H channels 
Targets: CaWO4, BGO, Al2O3 
CRESST, ROSEBUD 
even more cryogenic (~10 mK) 

Heat & Ionisation Bolometers 
ZIP/NTD for Q & H channels 
Targets: Ge,Si 
CDMS, EDELWEISS, 
SCDMS, EURECA 
cryogenic (<50 mK) 

N.J.T.Smith
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Hybrid techniques: nuclear recoil discrimination

• WIMPs and neutrons 
scatter off nuclei

• Photons and electrons 
scatter off electrons

M.Attisha
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Bolometers

L.Baudis

NTD= Neutron Transmutation Doped (thermal phonons) crystals
TES= Transition Edge Sensors (athermal phonons)
SPT= Superconducting Phase Transition thermometers
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CRESST II at LNGS: light and phonons

-  Phonons and scintillation in CaWO4 
targets (300g) at ~ 10 mK

-  Phonon detector: W-SPT 
(Superconducting Phase Transition) 
thermometers (Tc at 15 mK)

-  Light detector: Si wafer read out by 
W-SPT(Ethr → few optical γ, ~ 20eV)

-  No dead layer effects

-  Nuclear recoils have much smaller light yield than 
electron recoils 

-  Photon and electron interactions can be be 
distinguished from nuclear recoils (WIMPs, neutrons)

Upgrade to 10 kg target mass, with 
neutron shield and muon veto, new limit 

published in 2008, arXiv:0809.1829v1
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EDELWEISS at LSM: charge and phonons

•  EDELWEISS-I: Ge NTD heat and ionization detectors (3 x 320 g at 17 mK)

- Data taking 2000-2003

- Backgrounds from neutrons, alpha and surface electron recoils

•  EDELWEISS-II: 10 kg (30 modules) of NTD and NbSi Ge detectors in new 
cryostat

- New charge electrodes

- 100 kg d under analysis

- Data taking in progress
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CDMS
Superconducting films that detect minute amounts of heat

Transition Edge Sensor sensitive to
fast athermal phonons

• Charge/phonon AND phonon timing different for nuclear
and electron recoils; event by event discrimination!

• Measured background rejection still improving!
99.9998% for γ’s, 99.79% for β’s

• Clean nuclear recoil selection with ~ 50% efficiency
Can tune between signal efficiency and background rejection

neutrons

betas
gammas

ZIP: Z-dependent ionization and phonon detectors



CDMS-II at Soudan
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Noble Liquid detectors: advantages

-  Liquid noble gases yield both charge and light

-  Good Nuclear versus Electron Recoil 
discrimination

-  scintillation pulse shape

-  ionization/scintillation ratio

-  High Scintillation Light Yields

-  low energy thresholds 

-  Large Detector Masses

-  self-shielding

-  good position-resolution in TPC operation 
mode (ionization)

-  Ionization Drift >> 1 m achieved

-  corresponding to << ppm electronegative 
impurities

-  Competitive Costs 
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Scintillation and ionization in noble liquids
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τsinglet = 7ns

τriplet = 1.8 µs

Pulse shape S1

In LAr:
Is/It = 0.3 (e), 1.3 (α), 3.0 (ff)

Pulse shape 
ratio S2/S1

PSD
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Existing and proposed projects

L. Baudis
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Two-phase Ar: WARP

•  The WARP experiment aims at direct 
search of WIMP recoils in LAr with 100 l 
(140 kg) LAr fiducial volume and a 
detection threshold of ≈ 20 keVion.

•  A unique feature of this experiment is 
that the active volume is fully contained in 
a ≈ 8 ton, 4π LAr active anticoincidence 
vetoing incident neutrons, with a recoil 
threshold as low as ≈ 30 keV. 

•  In order to demonstrate the technology, 
a small 2.3 l (3.2 kg) prototype (without 
active shielding) has been installed in the 
LNGS to perfect the technology and to 
demonstrate the rejection capability. 
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WARP 3.2 kg

• The WArP 3.2 kg prototype uses the same detection 
principle as the 140 kg detector. 

• Operational since may 2005 at LNGS. 

• First LAr detector to publish DM search results (3 
months WIMP search). 

• Serves as testing ground for the 140 kg detector.

55-130 
keV

55-130 
keV

GAr
LAr

(7.5 cm drift)

Grids

Race
Tracks

Cathode (20 cm diam.) 
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WIMP search results from WARP 3.2 kg

Very good test of the detection 
principle.

Served as proof of concept:

•  Excellent results from study of 
discrimination power between nuclear 
recoils and γ-betas: 

          10-8 pulse shape discrimination, 

          5x10-3 ionization/scintillation

P. Benetti et al., Astrop. Phys. 28 (2008) 6. 



WARP 140 kg
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Two-phase Xe: XENON
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Threshold detectors: SIMPLE, PICASSO

-  Nuclear recoils from WIMP 
nucleus scattering can 
produce a bubble in a 
superheated liquid.

-  Under correctly chosen 
pressure and temperature 
conditions, background 
gammas and betas can not 
produce bubbles.

-  Almost any liquid can be 
used, so wide choice of 
potential target nuclei.

piezoelectric readout 
of acoustic signal
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WARP-140
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