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Il sistema solare
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La legge della gravitazione di Newton ci dice che:



In un grafico
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Velocità di rotazione in una galassia

5

È come se ci fosse della materia in più di cui vediamo gli effetti 
gravitazionali ma che è invisibile.

1 kpc = 200 Milioni AU

v =

r
GM

R



Lenti gravitazionali
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Questo  metodo viene utilizzato per tracciare la mappa della materia oscura 
nell’Universo.



La materia oscura ha ricoperto un ruolo determinante  
nella formazione delle Galassie. 7



La composizione dell’Universo
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Materia oscura

Materia ordinaria

Energia oscura

Cosa è l’energia oscura? Non ne abbiamo idea!  
Per ora ci concentriamo sulla materia oscura.

Satellite Planck  (ESA)



Cosa è la Materia Oscura?
Cosa sappiamo

Interagisce molto poco con la materia ordinaria.
Non emette e non assorbe luce.

Siamo sensibili solo agli effetti gravitazionali. 

Cosa non è
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materia ordinaria
antimateria

buco nero?

Una nuova particella?



Materia ordinaria e particelle
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Atomo = elettroni + nucleo
Nucleo = protoni + neutroni

Protone = 3 quark



Il modello standard
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Materia
Oscura



Una nuova particella?
• Problemi: 

‣ Non sappiamo cosa sia, quindi non sappiamo quale  
è il modo giusto per vederla.

‣ Bassa densità. Circa 1 protone equivalente in  
3 cm3.

‣ È in grado di attraversare la terra senza interagire.

• Almeno 2 candidate:

‣ Particella leggera (Assione) che può interagire con i campi magnetici.
‣ Particella pesante (WIMP).
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L’ipotesi WIMP
• Proprietà di una WIMP (Weak Interacting Massive Particle):

‣ È una particella pesante 1 ÷ 1000 protoni equivalenti. 

• Principio di rivelazione: urto elastico con nuclei atomici di materia 
ordinaria.
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 Energia di rinculo  
del nucleo  

(siamo in grado di misurarla)

WIMP Nucleo



L’urto WIMP-Nucleo, se avviene, avviene molto raramente:

‣  1 urto all’anno in 1 ÷ 100 kg di materiale. 

Questi segnali possono essere nascosti dal fondo: urti indotti da altri eventi 
naturali. Uno tipo di fondo è la radioattività (particelle α β γ). 

Bisogna lavorare in ambienti a bassa radioattività.

Rivelazione di WIMP
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10 particelle 
al secondo

5000 particelle
al secondo

20 particelle
al secondo

per m3

Aria



Raggi cosmici
Particelle (principalmente protoni) generate dalle stelle e dalle galassie 

che collidono con l’atmosfera terrestre, producendo altre particelle. 

Si stimano sulla terra circa: 1 milione di particelle / ( m2 ora).
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1400 m di roccia che 
funzionano da schermo.

Raggi cosmici sotto la 
montagna: 1 / (m2 ora) 
fattore di riduzione di  
1 Milione rispetto alla 
superficie.
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au
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per la ricerca
di Materia Oscura

Laboratori del Gran Sasso

Street view

https://www.google.com/maps/place/National+Institute+for+Nuclear+Physics+-+Gran+Sasso+National+Laboratory/@42.4527214,13.5734979,3a,75y,214h,90t/data=!3m8!1e1!3m6!1sq6nrE6TmfIYpXqaACC7kGw!2e0!3e2!6s//geo2.ggpht.com/cbk?panoid=q6nrE6TmfIYpXqaACC7kGw&output=thumbnail&cb_client=search.TACTILE.gps&thumb=2&w=129&h=106&yaw=214.5&pitch=-2.9338646&thumbfov=100!7i13312!8i6656!4m5!3m4!1s0x132e2a5d1e8b6e25:0xa264f2d2892359fc!8m2!3d42.4198187!4d13.5172445!6m1!1e1
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Principle

E
ionization

excitation

Xe++ e−

+Xe

Xe
+
2

+e−

Xe∗∗+XeXe∗

+Xe

Xe∗2

2Xe

178 nm
singlet (3 ns)

2Xe

178 nm
triplet (27 ns)

! Bottom PMT array below cathode, fully immersed in LXe
to efficiently detect scintillation signal (S1).

! Top PMTs in GXe to detect the proportional signal (S2).

! Distribution of the S2 signal on top PMTs gives xy

coordinates while drift time measurement provides z

coordinate of the event.

! Ratio of ionization and scintillation (S2/S1) allows dis-
crimination between electron and nuclear recoils.

Guillaume Plante - XENON - DM2010 - February 26, 2010

Fotomoltiplicatori

160 kg di Xenon  
liquido ultrapuro  

all’interno (-112 ˚C)
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L’esperimento Xenon

È in grado di 
distinguere l’ipotetica 
WIMP dalle particelle 
generate dalla 
radioattività naturale.



L’esperimento Xenon: risultati
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The fiducial volume used in this analysis contains 34 kg
of LXe. The volume was determined before the unblinding
by maximizing the dark matter sensitivity of the data given
the accessible ER background above the blinding cut. The
ellipsoidal shape was optimized on ER calibration data,
also taking into account event leakage into the signal re-
gion. A benchmark WIMP search region to quantify the
background expectation and to be used for the maximum
gap analysis was defined from 6:6–30:5 keVnr (3–20 PE) in
energy, by an upper 99.75% ER rejection line in the dis-
crimination parameter space, and by the lines correspond-
ing to S2> 150 PE and a lower line at !97% acceptance
from neutron calibration data (see lines in Fig. 2, top).

Both NR and ER interactions contribute to the expected
background for the WIMP search. The first is determined
from Monte Carlo simulations, by using the measured
intrinsic radioactive contamination of all detector and
shield materials [8] to calculate the neutron background
from ð!; nÞ and spontaneous fission reactions, as well as
from muons, taking into account the muon energy and
angular dependence at LNGS. The expectation from these
neutron sources is (0:17þ0:12

%0:07 ) events for the given expo-
sure and NR acceptance in the benchmark region. About
70% of the neutron background is muon-induced.

ER background events originate from radioactivity of
the detector components and from " and # activity of
intrinsic radioactivity in the LXe target, such as 222Rn and
85Kr. The latter background is most critical, since it cannot
be reduced by fiducialization. Hence, for the dark matter
search reported here, a major effort was made to reduce the
85Kr contamination, which affected the sensitivity of the
previous search [6]. To estimate the total ER background
from all sources, the 60Co and 232Th calibration data are
used, with>35 times more statistics in the relevant energy
range than in the dark matter data. The calibration data are
scaled to the dark matter exposure by normalizing it to the
number of events seen above the blinding cut in the energy
region of interest. The majority of ER background events
is Gaussian distributed in the discrimination parameter
space, with a few events leaking anomalously into the NR
band. These anomalous events can be due to double scat-
ters with one energy deposition inside the TPC and another
one in a charge insensitive region, such that the prompt S1
signal from the two scatters is combined with only one
charge signal S2. Following the observed distribution in
the calibration data, the anomalous leakage events were
parametrized by a constant (exponential) function in the
discrimination parameter (S1 space). The ER background
estimate including Gaussian and anomalous events is
(0:79& 0:16) in the benchmark region, leading to a total
background expectation of (1:0& 0:2) events.

The background model used in the PL analysis employs
the same assumptions and input spectra from MC and
calibration data. Its validity has been confirmed prior to
unblinding on the high-energy sideband and on the vetoed
data from 6:6–43:3 keVnr.

After unblinding, two events were observed in the bench-
mark WIMP search region; see Fig. 2. With energies of 7.1
(3.3) and 7:8 keVnr (3.8 PE), both fall into the lowest PE bin
used for this analysis. The waveforms for both events are of
high quality, and their S2=S1 value is at the lower edge of
the NR band from neutron calibration. There are no leakage
events below 3 PE. The PL analysis yields a p value of
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FIG. 2 (color online). (Top) Event distribution in the discrimi-
nation parameter space log10ðS2b=S1Þ, flattened by subtracting
the distribution’s mean, as observed after unblinding using all
analysis cuts and a 34 kg fiducial volume (black squares). A lower
analysis threshold of 6:6 keVnr (NR equivalent energy scale) is
employed. The PL analysis uses an upper energy threshold of
43:3 keVnr (3–30 PE), and the benchmark WIMP search region is
limited to 30:5 keVnr (3–20 PE). The negligible impact of the
S2> 150 PE threshold cut is indicated by the dashed-dotted blue
line, and the signal region is restricted by a lower border running
along the 97% NR quantile. An additional hard S2b=S1 discrimi-
nation cut at 99.75% ER rejection defines the benchmark WIMP
search region from above (dotted green line) but is only used to
cross-check the PL inference. The histogram in red and gray
indicates the NR band from the neutron calibration. Two events
fall into the benchmark region where (1:0& 0:2) are expected
from background. (Bottom) Spatial event distribution inside the
TPC using a 6:6–43:3 keVnr energy window. The 34 kg fiducial
volume is indicated by the red dashed line. Gray points are above
the 99.75% rejection line, and black circles fall below.
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Xenon non ha visto la materia oscura. 

Principle

E
ionization

excitation

Xe++ e−

+Xe

Xe
+
2

+e−

Xe∗∗+XeXe∗

+Xe

Xe∗2

2Xe

178 nm
singlet (3 ns)

2Xe

178 nm
triplet (27 ns)

! Bottom PMT array below cathode, fully immersed in LXe
to efficiently detect scintillation signal (S1).

! Top PMTs in GXe to detect the proportional signal (S2).

! Distribution of the S2 signal on top PMTs gives xy

coordinates while drift time measurement provides z

coordinate of the event.

! Ratio of ionization and scintillation (S2/S1) allows dis-
crimination between electron and nuclear recoils.
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Ancora più grande: 1 tonnellata
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La modulazione annuale
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• La terra è attraversata da un “vento” di WIMP.

• A causa della rotazione attorno al sole, la terra a volte va incontro mentre 
a volte scappa dal vento.

• Ci aspettiamo che il numero di interazioni oscilli con periodo annuale



L’esperimento DAMA
• 250 kg di Iodurio di Sodio (NaI), monitorati da fotomoltiplicatori.

• Bassissima radioattività di tutti i materiali dell’esperimento. 

• Cerca un segnale di modulazione annuale, ma non distingue radioattività 
da WIMP.
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Risultati di DAMA

Si vede un segnale di modulazione.  
Gli scienziati di DAMA pensano che si tratti di materia oscura.

Tutti gli altri esperimenti tuttavia ancora  
non hanno confermato questo risultato.
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Dark Matter investigation with highly radiopure NaI(Tl) 19
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Fig. 1. Experimental model-independent residual rate of the single-hit scintillation events, mea-
sured by DAMA/NaI over seven and by DAMA/LIBRA over six annual cycles in the (2 – 4), (2 –
5), and (2 – 6) keV energy intervals as a function of the time.116, 171, 175, 176 The zero of the time
scale is January 1st of the first year of data taking. The experimental points present the errors
as vertical bars and the associated time bin width as horizontal bars. The superimposed curves
are A cos ω(t − t0) with period T = 2π

ω
= 1 yr, phase t0 = 152.5 day (June 2nd) and modulation

amplitude, A, equal to the central value obtained by best fit over the whole data: cumulative
exposure is 1.17 ton × yr. The dashed vertical lines correspond to the maximum expected for the
DM signal (June 2nd), while the dotted vertical lines correspond to the minimum. See Refs. 175,
176 and text.

detector in the k-th energy bin averaged over the cycles. The average is made on
all the detectors (j index) and on all the energy bins (k index) which constitute the
considered energy interval. The weighted mean of the residuals must obviously be
zero over one cycle.



SABRE
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Il metodo scientifico richiede una conferma indipendente
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Laboratori sotterranei
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Dark Matter investigation with highly radiopure NaI(Tl) 19
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5), and (2 – 6) keV energy intervals as a function of the time.116, 171, 175, 176 The zero of the time
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= 1 yr, phase t0 = 152.5 day (June 2nd) and modulation

amplitude, A, equal to the central value obtained by best fit over the whole data: cumulative
exposure is 1.17 ton × yr. The dashed vertical lines correspond to the maximum expected for the
DM signal (June 2nd), while the dotted vertical lines correspond to the minimum. See Refs. 175,
176 and text.

detector in the k-th energy bin averaged over the cycles. The average is made on
all the detectors (j index) and on all the energy bins (k index) which constitute the
considered energy interval. The weighted mean of the residuals must obviously be
zero over one cycle.

26


