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• Concordance Model



Credit: credit: NASA, ESA, G. Illingworth, D. Magee, and P. Oesch (University of California, Santa Cruz), R. Bouwens (Leiden University), and the HUDF09 Team

Una bella immagine che però è 
fuorviante: il 99,5% dell’Universo 
è invisibile.



Pilastri della creazione: Nebulosa della Carena
(luce visibile)



Pilastri della creazione: Nebulosa della Carena
(luce infrarossa)
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98% H, He 
(stelle)

2% Tutti gli altri atomi
(Polvere di stelle)



• L’Universo visibile:

• su larga scala ci appare omogeneo ed isotropo

• le galassie lontane mostrano una velocità di 
recessione direttamente proporzionale alla 
distanza (legge di Hubble)

• radiazione di fondo nella banda delle microonde 
isotropa (Cosmic Microwave Background, CMB)

• contiene più 4He di quanto possa essere stato 
prodotto all’interno delle stelle per processi di 
fusione nucleare



dalla relatività generale



 il destino dell’Universo



1998 NOTIZIA DELL’ANNO 2003



Supernovae come candele 
standard



La misura contemporanea di velocità e distanza, per galassie a distanze diverse molto lontane nel passato, 
permette di misurare il tasso di accelerazione dell’Universo, e di predirne l’evoluzione futura!



Fossile delle 
fluttuazioni
quantistiche 10-34 
secondi dopo il Big 
Bang, congelate dopo 
l’inflazione e manifeste 
nelle fluttuazioni di 
temperatura 
nell’Universo

Un’altra finestra sull’Universo primordiale: la
radiazione cosmica di fondo



WMAP

la mappa della radiazione cosmica di fondo



Storia dell’Universo





Dark Matter + Dark 
Energy = Double 

Dark Theory

(Il  modello standard della cosmologia)



Il modello standard della cosmologia
ΛCDM: Double Dark Theory

J.Primack

Double Dark theory Data

2003

1992

Big Bang Data Agrees with Double Dark Theory!

COBE

WMAP



M. Tegmark

La distribuzione della Materia conferma la teoria ΛCDM 
a tutte le scale



Dalle osservazioni:
Radiazione cosmica di fondo 

(CMB) 
Struttura su grande scala dei 

cluster di galassie (BAO) 
Supernovae (SNe) 

⇓
due componenti principali

Convergenza cosmica:
il parametro di densità Ω

ΩΛ

Ωm

materia totale Ωm~0.3
energia oscura ΩΛ~0.7



Il contenuto dell’Universo

l’Universo all’età 
di 380000 anni

l’Universo 
oggi



Evoluzione delle perturbazioni assumendo un universo piatto in cui il 30% della densità è dovuto 
alla materia e il 70% all’energia del vuoto. La maggior parte della materia si suppone nella forma di 
CDM - particelle massive non interagenti e “fredde” (ossia non-relativistiche).  
Vi sono circa due miliardi di particelle nella scatola (140 milioni di anni luce). Il filmato mostra 
l’evoluzione in coordinate comoventi.  

Formazione delle strutture: simulazioni N-body

simulations performed at the National Center for Supercomputer Applications by 
Andrey Kravtsov (The University of Chicago) and Anatoly Klypin (New Mexico State 
University).  Visualizations by Andrey Kravtsov.

http://www.ncsa.uiuc.edu/
http://www.ncsa.uiuc.edu/
http://astro.uchicago.edu/~andrey
http://astro.uchicago.edu/~andrey
http://www.uchicago.edu/
http://www.uchicago.edu/
http://astro.nmsu.edu/
http://astro.nmsu.edu/
http://www.nmsu.edu/
http://www.nmsu.edu/
http://www.nmsu.edu/
http://www.nmsu.edu/
http://astro.uchicago.edu/~andrey
http://astro.uchicago.edu/~andrey


Distribuzione 
delle strutture 
su larga scala

Simulazioni





Observational evidence for DM

CMB Structure Supernovae

Galaxies X-rays Lensing
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≅	
 3000 WIMPs/m3

(MWIMP=100 GeV)

L. Baudis



Lensing 
gravitazionale
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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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Gravitational lensing on galaxy clusters: the 
bullet cluster

optical from 
Magellan and HST 
(orange and white)

X-ray from 
CHANDRA (pink)

weak lensing (blue)



Cosa è la materia oscura?
• Materia invisibile (DM) è necessaria per spiegare gli effetti gravitazionali 

• DM costituisce il 23% della densità massa-energia dell’Universo

• DM è circa l’85% della materia totale nell’Universo

• deve essere:

• non-barionica (cioè fatta di materia diversa da protoni e 
neutroni),

• neutra (non emette né assorbe radiazione) 

• non interagente (ossia interagente con se stessa e con le 
altre particelle solo attraverso la gravità) e

• fredda (cioè non-relativistica all’epoca dell’equivalenza 
radiazione-materia T∼3eV)

http://en.wikipedia.org/wiki/Baryonic
http://en.wikipedia.org/wiki/Baryonic


Materia oscura particellare
Il Modello Standard delle particelle 
elementari:

• Una teoria di successo, descrive tutte le 
osservazioni fino a ≈ 1 TeV 

• Però è una teoria efficace alle basse 
energie, ci aspettiamo nuove particelle 
e fenomeni ad energie più alte 

• Nessuna delle particelle del modello 
standard è un buon candidato per la 
materia oscura!

La Supersimmetria fornisce un 
candidato “naturale” per la DM: 

LSP (lightest super-symmetric particle)

LSP creato al Big Bang ha circa 
la corretta abbondanza relica

ΩCDMΩHDM

Ωbaryon

SUSY in a nutshell



WIMPs

Particelle non-barioniche, relitti 
freddi del Big Bang sono 
candidati perfetti per DM

•  le masse dovrebbero essere 
circa 10-1000 GeV e 

•  le interazioni alla scala 
elettrodebole

Weakly Interacting Massive Particles



37L. Baudis
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Deep underground In space At the LHC

We expect to learn a lot from direct detectors, from indirect detectors and from accelerators!
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ricerca delle WIMP 
galattiche

• 105 al sec attraversano 
un pollice

• 1015 al giorno 
attraversano il corpo, 
solo 5 interagiscono 

• come possiamo 
rivelarle?



From Cosmology: Dark matter and dark energy
Robert Caldwell & Marc Kamionkowski
Nature 458, 587-589(2 April 2009)
doi:10.1038/458587a

Rivelazione delle WIMP galattiche

http://www.nature.com/nature/journal/v458/n7238/full/458587a.html
http://www.nature.com/nature/journal/v458/n7238/full/458587a.html


Un vento di WIMP



WIMP direct detection

Nucleus recoil energy < 100 keV
β ≈ 10-3

mχ
 ≈ 100 GeV

Spin Independent:
χ scatters coherently off of the 
entire nucleus A: σ~  A2

r =
4m!mN

m! +mN( )
2

Spin Dependent: 
only unpaired nucleons contribute to 
scattering amplitude: σ~  J(J+1)

ER = E0r
1! cos!( )
2

E0 =
1
2
m!c

2" 2

χ
WIMP

χN ➙χN
elastic scattering off nuclei

M. Goodman, E. Witten, PRD 1985



Measurement

Laura Baudis, University of Zurich, ENTApP DM Workshop, February 3, 2009

Strategy for WIMP Direct Detection

• Elastic collisions with atomic nuclei

• The recoil energy is:

• and the expected rate:

WIMP

Xe   

ER =

!
q
2

2mN

=
µ2

v
2

mN

(1! cos") # 50 keV

R ! N
"#

m#

$ #N % &v'

Particle physics

Astrophysics

Detector

3

Sun’s velocity around the galaxy 
<v>≈ 230 km/s
WIMP energy density
ρχ≈ 0.3 GeV/cm3
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Background
from natural radioactivity:
γ e- ➙ γ e- 
nN ➙ nN 
N ➙	

N’ + α, e-

electron recoils

nuclear recoils

γ, e- 

α, n 

106

105

107

108
DUSEL

• Gamma ray interactions:

mis-identified electrons mimic nuclear recoil signals

• Neutrons:

(α,n), U, Th fission, cosmogenic spallation

• Contamination:

238U and 232Th decays, recoiling progeny mimic 
nuclear recoils

reduction 
of muon 
flux by:Underground labs

Gran Sasso



Energy deposition in detector
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Region of excluded 
parameters MWIMP, σp

Quasi-Maxwellian distribution of 
WIMP speeds

v0   vr.m.s.                           vescape    

Signal + bckg

Exponential behavior is very similar to that of 
bckg of various origins.

Vanilla model: exclusion plot

σp

MW
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<~ 10-7 pb

coherent interaction → C = A2

dN/dEkin for different σ and 
MWIMP

1 event/kg/yr

1 event/ton/yr

D. Akimov

exposure

threshold
mass



Our goal:
theoretical predictions for SUSY

σ p
(c

m
2 )

1 event/ton/yr

Buchmueller et al. 
2011-LHC 1fb-1

The interesting 
region for 
σp,mχ

 



Current experimental limits

σ p
(c

m
2 )

The interesting 
region for 
σp,mχ

Xenon100 (2011)

Warp (2007)

1 event/ton/yr



16 G. Angloher et al.: Results from 730 kg days of the CRESST-II Dark Matter Search
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Fig. 12. (Color online) Light yield distribution of the accepted
events, together with the expected contributions of the back-
grounds and the possible signal. The solid and dashed lines
correspond to the parameter values in M1 and M2, respec-
tively.

6.2 Significance of a Signal

As described in Section 5.1, the likelihood function can be
used to infer whether our observation can be statistically
explained by the assumed backgrounds alone. To this end,
we employ the likelihood ratio test. The result of this test
naturally depends on the best fit point in parameter space,
and we thus perform the test for both likelihood maxima
discussed above. The resulting statistical significances, at
which we can reject the background-only hypothesis, are

for M1: 4.7⇥
for M2: 4.2⇥.

In the light of this result it seems unlikely that the
backgrounds which have been considered can explain the
data, and an additional source of events is indicated.
Dark Matter particles, in the form of coherently scatter-
ing WIMPs, would be a source with suitable properties.
We note, however, that the background contributions are
still relatively large. A reduction of the overall background
level will reduce remaining uncertainties in modeling these
backgrounds and is planned for the next run of CRESST
(see Section 7).

6.3 WIMP Parameter Space

In spite of this uncertainty, it is interesting to study the
WIMP parameter space which would be compatible with
our observations. Fig. 13 shows the location of the two
likelihood maxima in the (m�,⇥WN)-plane, together with
the 1⇥ and 2⇥ confidence regions derived as described in
Section 5.1. The contours have been calculated with re-
spect to the global likelihood maximum M1. We note that
the parameters compatible with our observation are con-
sistent with the CRESST exclusion limit obtained in an
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Fig. 13. The WIMP parameter space compatible with the
CRESST results discussed here, using the background model
described in the text, together with the exclusion limits from
CDMS-II [12], XENON100 [13], and EDELWEISS-II [14], as
well as the CRESST limit obtained in an earlier run [1]. Ad-
ditionally, we show the 90% confidence regions favored by Co-
GeNT [15] and DAMA/LIBRA [16] (without and with ion
channeling). The CRESST contours have been calculated with
respect to the global likelihood maximum M1.

earlier run [1], but in considerable tension with the limits
published by the CDMS-II [12] and XENON100 [13] ex-
periments. The parameter regions compatible with the ob-
servation of DAMA/LIBRA (regions taken from [16]) and
CoGeNT [15] are located somewhat outside the CRESST
region.

7 Future Developments

Several detector improvements aimed at a reduction of the
overall background level are currently being implemented.
The most important one addresses the reduction of the al-
pha and lead recoil backgrounds. The bronze clamps hold-
ing the target crystal were identified as the source of these
two types of backgrounds. They will be replaced by clamps
with a substantially lower level of contamination. A sig-
nificant reduction of this background would evidently re-
duce the overall uncertainties of our background models
and allow for a much more reliable identification of the
properties of a possible signal.

Another modification addresses the neutron back-
ground. An additional layer of polyethylene shielding
(PE), installed inside the vacuum can of the cryostat, will
complement the present neutron PE shielding which is
located outside the lead and copper shieldings.

The last background discussed in this work is the leak-
age from the e/�-band. Most of these background events
are due to internal contaminations of the target crystals
so that the search for alternative, cleaner materials and/or
production procedures is of high importance. The mate-
rial ZnWO4, already tested in this run, is a promising
candidate in this respect.

2011 CRESST-II (Angloher et al. 1109.0702)

A low mass signal?



Signal + 
background

Energy deposition in 
detector

N
 e

ve
nt

s

Earth
232 km/s 

DM wind

30 km/s

60°

Expected variation of WIMP count rate ± 3%

Annual flux modulation

Sun

D. Akimov



Laura Baudis, University of Zurich, GGI Dark Matter Conference, February 9, 2009

DAMA/LIBRA 2008

• modulation of event rate confirmed in 2008

• 25 NaI detectors a 9.7 kg; each viewed by 2 PMTs (5.5-7.5 p.e./keVee) 

• 4 years of data taking: 192 x 103 kg days

dR

dE
E,t( ) ! S0 (E) + Sm (E)cos" (t # t0 )

Sm = (0.0215 ± 0.0026) counts/(day kg keV)

t0 = 152.5 d 

T = 1 year

residuals from average rate
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FIG. 1. (color online) The rate of CDMS II nuclear-recoil
band events is shown for the 5.0–11.9 keVnr interval (dark
blue), after subtracting the best-fit unmodulated rate, �d,
for each detector. The horizontal bars represent the time
bin extents, the vertical bars show ±1� statistical uncertain-
ties (note that one CDMS II time bin is of extremely short
duration). The CoGeNT rates (assuming a nuclear-recoil en-
ergy scale) and maximum-likelihood modulation model in this
energy range (light orange) are shown for comparison. The
CDMS exposure starts in late 2007, while the CoGeNT expo-
sure starts in late 2009.

rates in this energy range with amplitudes greater than
0.06 [keVnr kg day]�1 are excluded at the 99% C.L.

For comparison, a similar analysis was carried out us-
ing the publicly available CoGeNT data [19]. Our analy-
sis of CoGeNT data is consistent with previously pub-
lished analyses [6, 7, 14]. Figure 3 shows the modu-
lated spectrum of both CDMS II and CoGeNT, assum-
ing the phase (106 days) which best fits the CoGeNT
data over the full CoGeNT energy range. Compatibil-
ity between the annual modulation signal of CoGeNT
and the absence of a significant signal in CDMS is de-
termined by a likelihood-ratio test, which involves cal-
culating � ⇤ L0/L1, where L0 is the combined max-
imum likelihood of the CoGeNT and CDMS data as-
suming both arise from the same simultaneous best-fit
values of M and ⇥, while L1 is the product of the maxi-
mum likelihoods when the best-fit values are determined
for each dataset individually. The probability distribu-
tion function of �2 ln� was mapped using simulation,
and agreed with the ⇤2 distribution with two degrees
of freedom, as expected in the asymptotic limit of large
statistics and away from physical boundaries. The simu-
lation found only 82 of the 5⇥103 trials had a likelihood
ratio more extreme than was observed for the two ex-
periments, confirming the asymptotic limit computation
which indicated 98.3% C.L. incompatibility between the
annual-modulation signals of CoGeNT and CDMS for the
5.0–11.9 keVnr interval.

We extend this analysis by applying the same method
to CDMS II single-scatter and multiple-scatter events
without applying the ionization-based nuclear-recoil cut.
These samples are both dominated by electron recoils.
Figure 4 shows the confidence intervals for the allowed
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sample (dark blue), for the 5.0–11.9 keVnr interval. In this
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uary 1st, the phase of a modulation signal predicted by generic
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shown.
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FIG. 3. (color online) Amplitude of modulation vs. energy,
showing maximum-likelihood fits for both CoGeNT (light or-
ange circles, 68% confidence interval shown with vertical line)
and CDMS nuclear-recoil singles (dark blue rectangles, 68%
confidence interval given by rectangle height). The phase that
best fits CoGeNT over all energies (106 days) was chosen for
this representation. The upper horizontal scale shows the
electron-recoil-equivalent energy scale for CoGeNT events.
The 5–11.9 keVnr energy range over which this analysis over-
laps with the low-energy channel of CoGeNT has been divided
into 3 (CDMS) and 6 (CoGeNT) equal-sized bins.

2012 CDMS vs COGENT
(Ahmed et al. 1203.1309)

2010 DAMA/LIBRA (Bernabei et al. 1002.1028)

25 NaI (Tl) crystals of 9.5 kg each, operated at Gran Sasso 

Underground Lab 

6y in LIBRA (13 years total), 1.17 ton × year, 8.9 σ 

modulation signal

P-type Point Contact (PPC) HPGe Detector, 440g/
detector operated in Soudan Underground Lab, 15 
months of data
~2.8σ modulation in the low energy range (0.5~3.0 keV)



La ricerca mondiale delle WIMP
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DAMA/Na

DAMA/I
CoGeNT

CDMS

ZEPLIN III

EDELWEISS

CRESST

WARP

XENON100 DarkSide-50

DarkSide-5000

The current status

~ 1 ev/kg/yr

~ 1 ev/ton/yr

Discovery 
region??


