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Einstein’s Equation (GR)
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Geometry M ass-ener gy

— distribution

Spacetime tells matter how to move;
matter tells spacetime how to curve
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The Big Bang M odel w

Dark Energy
Accelerated Expansion

Afterglow Light
Pattern Dark Ages Development of
400,000 yrs. Galaxies, Planets, etc.

1st Stars
about 400 million yrs.

Big Bang Expansion

T

13.7 billion years
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Have we understood the Universe?
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REFERENCE:

Saul Perimutter,
Physics Today,
April 2003, pp.
5360.
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Dark Energy
Accelerated Expansion

Afterglow Light
Pattern Dark Ages Development of
400,000 yrs. Galaxies, Planets, etc. ‘
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1st Stars
about 400 million yrs.

Big Bang Expansion

Image: NASA WMAP 13.7 billion years
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SUPERSYMMETRY
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Standard particles SUSY particles
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Supersymmetric “shadow” particles
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Laboratori Nazionali del 6ran Sasso,

Istituto Nazionale di Fisica Nucleare
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. LABORATORI NAZIONALI DEL GRAN SASSO - INFN

C

Laboratori Nazionali del Gran Sasso

Largest underground laboratory for astroparticle physics

L'AQUILA CERN

~® TERAMO
\A

Research lines
* Neutrino physics
(mass, oscillations, stellar physics)

- Dark matter

: Nuclear reactions of astrophysics
interest f pny

* Geophysics
- Biology
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Annua modulation induced by Dark Matter

June
WIMP Wind Vi <—
e

December



ne annual moauiation: a model inaepenaent signature for tne
investigation of Dark Matter particles component in the galactic halo

With the present technology, the annual modulation is the main model independent signature for the DM signal.
Although the modulation effect is expected to be relatively small 2 suitable large-mass, low-radioactive set-up
with an efficient control of the running conditions would point out its presence.

Requirements of the annual modulation
1) Modulated rate according cosine

2) In a definite low energy range

3) With a proper period (1 year)

4) With proper phase (about 2 June)

5) Just for single hit events in a multi-detector set-up

6) With modulation amplitude in the region of
maximal sensitivity must be <7% for usually
adopted halo distributions, but it can be larger in

Drukier, Freese, el PRDS6
Frecss €t al. PRDSE ©

* Vg ~ 232 km/s (Sun velocity in the halo) case of some posgb]e scenarios
* Vo = 30 km/s (Earth velocity around the Sun)
*y=n/3, w=2x/T , T=1lyear To mimic this signature, spurious effects and side
* 15 = 2™ June (when v, is maximum) reactions must not only - obviously - be able to account
for the whole observed modulation amplitude, but also
vg(t) = Vam + Vor, cOsycos[w(t-1p)] to satisfy contemporaneously all the requirements

dR
Sl = [ —7—Eg = Soy +5,,, Os|alt -1,)] e ST
ik, “Er an?er DM annual mngdulatiorzl signature hasﬁ; a
in gi ; ifferent origin and, thus, different peculiarities
bevause the annual motion of the Earth o (e.g. the phase) with respect to those effects
the Sun moving 1 the Galaxy connected with the seasons instead
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Model Independent Annual Modulation Result

experimental single-hit residuals rate vs time and energy

DAMAJ/LIBRA 1-6 (0.87 tonxyr)
24 KeV
- g0 =
& ooe DAMALIERA - 258 kg (457 boaryr) =
g o208 : : :
: s
3 i
! _ﬂ ‘ - L ’ , ;l l e l A' e ' . l Lok A A Ao el 'l.l A A l 1 A , ‘ '
3l =00 A5 alQ0 4250 A5 4730 5000 SV
Thoe (day)
2.5 keV
o.1 S——— — — ~
A PANMALIBRA ™ 201kg (18T )

Residunks (epdikg/keV)

Residumls (epdhgheV)

2.0 keV

DAMNALIBRA - 260 kg (057 towyn) ©

Acos[m(t-t))] ; continuous lines: t, =1525d, T=1.00y

The fit has been done on the DAMA/Nal &
DAMA/LIBRA data (1.17 ton x yr)

2-4 keV
A=(0.0183+0.0022) cpd/kg/keV
w2dof=757/79 8.3 o C.L.

Absence of modulation? No
+2Idof=147/80 = P(A=0) = 7x10°

2-5 keV
A=(0.0144+0.0016) cpd/kg/keV
xidof=566/79 9.0c C.L.

Absence of modulation? No
v2/dof=135/80 = P(A=0)=1.1x10*

2-6 keV
A=(0.0114+0.0013) cpd/ka/keV
¥2ldof=64.7/798.8 o C.L.

Absence of modulation? No
w2/dof=140/80 = P(A=0)=4.3x10"°
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Bottom PMT Array
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WIMPs and Neutrons
scatter from the
Atomic Nucl&us

Photons and Electrons
scatter from the
Atomic Electrqns
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B decay

P

Non-conservation of
energy???

50



‘,y December 4, 1930 B decay
4'@ ‘ Dear radioactive ladies and gentlemen,
...| have hit upon a ‘ desperate remedy’ to
save...the law of conservation of energy.
Namely the possibility that there exists in the
nuclel electrically neutral particles, that | call
neutrons...l agree that my remedy could seem

Incredible...but only the one who dare can
win...

Unfortunately | cannot appear in person, since |
am indispensable at aball herein Zurich.

Your humble servant
W. Pauli
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Neutrino Facts

Neutrino_ v flux on Earth
from Enrico from Sun
Fermi
for “Little 6.5x10%/(m? s)
neutral one”
<E>~0.3MeV
Average number

Neutrino from -
of solar neutrinos

sun will pass interactingin a
through 5 LY of

solid lead, with |  Person Peryex
50% chance of

Interacting =< 30!

< 1 with ‘redl
energy’




Sun:
p+p—>d+e +v,

B —%Be+e"+v, /
2x10%8 st

Uranium & Thorium
from Earth crust

~ 5x1010 51 m2 . v
Neutrino sources CosTi RS

~100 m2sti

Nuclear power reactors
~1020 Sl

|_|_
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Ice Cube, the “"eye” inside
Ice at South Pole to
measure neutrinos

("underground™)

56



IceCube lab ELECTRONIC PEARLS: The digital optical modules used to sense the passage
of neutrinos through the ice are encased in spherical pressure vessels made of
borosilicate glass. They are attached to their suspending cables at 17-meter
verticalintervals, from 1450 to 2450 meters' depth. After a string has been
deployed and tested, the surrounding water (left over from drilling the hole)
freezes the detectors in place,

Meters
50 +--

Digital optical module

1450 g | < gl T L | Glasspressure  Photomultiplier
. i i ! £ N\ vessel tube

IceCube
array

— Cherenkov
radiation  NEUTRINO FLAVORS:

Simulations show that
each of the three types
of neutrinos will give rise
to adistinctive optical
signature when it passes
through the IceCube array.

: I e The different colors shown

5 7,1 [P R : PR T here represent detections

: it e taking place at slightly
different times.

DeepCore
array

7T PR

Bedrock




IceCube Lab

50 meters 7\‘5.:__:..:_.._;_;; ;:

| il IceCube Array

(N EH 86 strings, 60 sensors each
| it 5,160 optical sensors

| (AT
Gy DeepCore

6 strings optimized

. for low energies

1,450 meters | ——

Eiffel Tower

S 324 meters
2,450 meters

2,820 meters
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Neutrino masses

One of the most fascinating mysteries of Modern Physics
Was believed to be zero!

Presently we know they are not zero, but we do not know how
small they arel
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Neutrinos produced
N atmosphere

Kam(sub-Gev) | ot

Kam.(multi-GeV) H——H

IMB-3(sub-GeV) bt

IMB-3(multi-GeV) ——————

Frejus u—o—u

Nusex ' ‘

Soudan-2 —a—i

Super-K(sub-GeV) -

Super-K(multi-GeV) e
Y-S —

(1/8) o/ (/€

Crisis lasted about... 20 anni!
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Neutrinos oscillations

Milioni di neutrini al
secondo attraverso un
granello di sabbia



Themost direct test:
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Cern Neutrinos to Gran Sasso (CNGS)

GRAN SASSO

1092m  182m (5m: 67m :5m |

70

Helium bags Decay lube Hadron stop Muon detectors
/ \‘ \
/ \ ) 7’7, ;/ \
Target Hom //‘ Rellector \ ,'//,/2/://5“5//j WK - decay {/;{f;///////////////;é/%%% 4 \'\‘ ”
/ \ G5 / ///// ’/,% 7 /
| . ‘/. SISIIAA S / I , 4 ,/? //// 2 A
1 f ¢, T Z .3
pLi [ Pion/Kaon | /) Muon v = Wl |/ 7
Pl - | (Neuirinos : %///// VIl A3
i a prreeen: = 7, )] =
L] § ) — A W
i “ ///////{V /4/%%/%/ .
100m :



CERN NEUTRINOS TO GRAN SASSO

Underground structures at CERN Access shaft
PO SPS/ECA4
A
Excavated |55m -
B Concreted ! (18— —
m Decay tubs

(2nd contract)

SPS tunnel
Access galleries

LHC/TI8 tunnel

Service gallery

LEP/LHC tunnel
140m

Decay tunnel

Hadron stop i
and first muon detector 4
5
e 4 Connection gallery ~
muons A V 4 to TI8/LHC
n»vulrinm% ./‘
4 ¥
£

Second muon detector
.

neutrinos W
to Gran Sasso

Emilia-Romagna
Monte-Maggiorasca

Monte-FPrato
Monte-Giovo

Toscana

Firenze

Piemonte
Alessandria

11.4km

_73%km_
~neutrino beam ———>




OPERA experiment

OPERA hascelto il canale piu diretto e pulito per dimostrare
l'oscillazione v, = v,

|| prezzo da pagare:
v oscillation — masse enormi AND t decay — risoluzioni al um
SN— -
——

| ead — nuclear emulsion sandwich

Emulsion layers



; daughter
vl &=4==» &
| parent
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Borexino Experiment

External water tank 18m ¢

Stainless steel sphere 13.7m ¢
(1320m 3 PC)

Nylon outer vessel 11.0m ¢
Nylon inner vessel 8.5m o
Fiducial volume 6.0m ¢

Ropetendons

2200 Thorn BVI 8" PMTs
(1800 with light collectors
400 without light collectors)

208 PMTsin water for
External Muon Detector

Scintillator

Steel platesin
concrete for extra
shielding-

10m x 10m x 10cm
4m x 4m x 4cm
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BOREXINO at LNGS

2 i e

’ 3
2 : phaoto: BOREXINO calibration
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Experimental tests of
guantum mechanics
Paull Exclusion Principle and
spontaneous collapse models




PEP lacks a clear, intuitive explanation

.. Already in my original paper I
stressed the circumstance that I
was unable to give a logical reason
for the exclusion principle or to
deduce it from more general
assumptions.

I had always the feeling and T still §

have it today, that this is a
deficiency.

... The impression that the shadow
of some incompleteness [falls]
here on the bright light of success
of the new guantum mechanics ‘
seems to me unavoidable.

W. Pauli, Nobel lecture 1945




Experimental method

Search for anomalous X-ray transitions

n=2—_ e e n=2—_ e e

n=1 ) )

]—0-0<

p > 1s transition
violating

transitio

n=
Normal 2p =2,

auli principle

8.05 keV in Cu ~ 7.7 keV in Cu




Goal of VIP

The VIP experiment has the scientific goal of
reducing by four orders of magnitude the limits
on the probability of a possible violations of the

Pauli exclusion principle for the electrons

From:

£°12<1.7-10°(>95% C.L.)

( Ramberg & Snow -1990)

to

5212 <107







Movie
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Drawing by Michael Ramus, 1991.
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