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Abstract: Since the semina discovery of the neutrino by Cowan and Reines in the late 1950's, intense experimental and theoretical effort has
focused on the elucidation of neutrino properties and the role they play in elementary particle physics, astrophysics, and cosmology. Neutrinos are
born in the fusion reactions powering our Sun and are thought to be the driving mechanism for supernova explosions. Neutrinos exist in copious
amounts as the primordial afterglow of the Big Bang and, if massive, would play arole in the evolution and ultimate fate of the Universe. Central to
many of the key issues in neutrino physics is the question of whether neutrinos possess non-zero rest mass. If neutrinos are massive, then one
expects flavor mixing to occur in the neutrino sector which could lead to the phenomena of neutrino oscillations and the possibility of CP violation
in the neutrino sector. A detailed understanding of the microscopic properties of neutrinos can serve to pave the way to a unified description of the
fundamental forces of Nature.
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First Direct Detection of the Neutrino
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Discovery of Muon Neutrino
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Pioneer of Solar Neutrino Science
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1968 First Solar Neutrino Experiment




Pioneer of Solar Neutrino Science
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1968 First Solar Neutrino Experiment
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Dear Prof. Baheall,
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of the new Davis investigation the numericsl results of which
I 314 not know. It atarts to be really interesting! It would
be nice if all this will end with scmething unexpected from
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Kamiokande
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Kamiokande Water Cerenkov Detector
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First Results from Kaml_ AND
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BB Decay
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Allowed Phase Space for a Majorana Neutrino Mass
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Double Beta Decay versus Depth

Dongming Me & AH, preliminary
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Majorana Neutrino Mass & GUT Scale
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Majorana Neutrino Mass & GUT Scale

charged leptons
neutrinos quarks
. - -
{ncreasing 1/100,000 mass of 100,000
Mass: X mass of alactron X mass of
alactron alactron

m, < My, My

Page 44/77




Pirsa: 05030119

Majorana Neutrino Mass & GUT Scale
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We live 1n a dark universe ...
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ENERGY DENSITY
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neutrnino HOM
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Dark Matter Results & Dreams

M.G. Boulay & AH, astro-ph/04113588
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Dark Matter Sensitivity versus Depth

Dongming Mea & AH, preliminary
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Neutrino Flux
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Dark Matter Sensitivity versus Depth

Dongming Me & AH, prelininary
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Dark Matter Results & Dreams

M.G. Boulay & AH, astro-ph/04113588
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Neutrino Flux

Pirsa: 05030119

qg
'I-

Neutrino Energy (MeV)

Eup-aﬂ[. SN0

Page 60/77




Eup-aﬂ(. 3NO

& (Callium Chiorine - Stellar Evolution
= ' ... Solar Neutrino Flux Predictions
i v.s. Expt’l Constraints

é el ... Neutrino v.s. Photon Luminosity
1an

g =

EREL

Z 10
m4
08

Neutrino Energy (MeV)

Pirsa: 05030119 Page 61/77




L
| =

Eup-arl’lL 3NO

Neutrino Flux

Neutrino Energy (MeV)

Pirsa: 05030119

Stellar Evolution
... Solar Neutrino Flux Predictions

v.s. Expt’l Constraints
... Neutrino v.s. Photon Luminosity

Fundamental Neutrino Properties

... Precisionin 6,
... 3-Flavor Mixing & 6,

CP Violation, Leptogenesis ...
... Exotic Physics

Sterile Neutrinos

CPT Violation

New Interactions

Mass Varying Neuinnos ...

Page 62/77




(Chioripe - Superks omo

L1

Stellar Evolution
... Solar Neutrino Flux Predictions
v.s. Expt’]l Constraints
... Neutrino v.s. Photon Luminosity

Fundamental Neutrino Properties
... Precisionin 6,
... 3-Flavor Mixing & 6, ;
CP Violation, Leptogenesis ...
... Exotic Physics
Sterile Neutrinos
o T T 1 3 10 CPT Violation
Neutrino Energy (MeV) New Interactions
Mass Varying Neutrinos ...

Neutrino Flux

... Does the “new standard model™
hang together ?

... Are more sur prises lurking?

Pirsa: 05030119 Page 63/77




L SuperK, SNO

s Stellar Evolution

Neutrino Flux

... Solar Neutrino Flux Predictions
v.s. Expt’]l Constraints
... Neutrino v.s. Photon Luminosity

Fundamental Neutrino Properties
... Precisionin 6,
... 3-Flavor Mixing, & 6, ;
CP Violation, Leptogenesis ...
... Exotic Physics
Sterile Neutrinos
CPT Violation

Neutrino Energy (MeV) New Interactions

Mass Varying Neutninos ...

UE

06|

Ply.2v,)

o4l

ozl

Pirsa: 05030119

Vacuum

Adapted from Barger et al
hep-ph/0502196

... Does the ‘“‘new standard model’”
~IMA hang together ?

= ... Are more surprises lurking?

Page 64/77

101

10!




MASS (V)

ATMOSPHERIC

vV, I 0052

SOLAR

b7

Pirsa: 05030119

A

0.060
0.049

~0

B mu tau

SOLAR

B

ATMOSPHERIC

I

]

Page 65/77




MASS (eV)

ATMOSPHERIC

Vv, I (052

SOLAR

]

Pirsa: 05030119

0.060
0.049

~0

B mu tau

ATMOSPHERIC

I

¥ inb)

35

30—

20
15}

10 ¢

------------------

® ALEPH
¥ DELPHI =]
(A }

® OPAL

93 04 95 9%

Page 66/77




MASS (eV)

B mu tau
ATMOSPHERIC ‘

vV, I 052

0.060
0.049

SOLAR
ATMOSPHERIC

Yy N -0 ~0

IS

]

— ik .
5; = .
L ¥
ey LSND
L3
_|_.
Lo i
- = | )
Artmospheric
Z V. —V
. n x ¢
LE | .
1o Eholarf&dﬁiﬁ&;:
Vf VX .
Pirsa: 05030119
-5
LO . - |
" T N " L

¥ inb)

LLY: 1vs . I
" / ® ALEFPH 1
30 ¢ 3 Vs ’ : '
— - " —_—
30§ P '/ v DELFPHI !
®3 1
15 ]
o B OPAL
20 ¢
15|
10 ¢} ]
5 y
1.} [ -} . | . - _In
ST 55 % % 9% 7 9B M v W
vi=E_, (GeV)
MASS (eV) B mu tau
LSND L
Val || -1
ATMOSPHERIC
V.0 N 058
SOLAR
Page 67/77
V:o S  0.009
W ——







MASS (aV) nl‘-"lj taii +
" 15 -

ATMOSPHERIC 2 ws ® ALEPH
SOLAR _ 3 ¥'s * P
I - " b s " [’\\ ¥ DELPHI
0.050  e— "/ LA\ e
0.049 . s - ® OPAL
1 ‘ ' -
SOLAR /
= ATMOSPHERIC '
I 0000 .
- -0 . I

. n . L w i MY g1 |p_"' i 1 04 LS 0y
: ( t ¢ = E B (e

- MASS (eV) E} mu tau
= LO
B [LLSND LSND ’
3 - V'_l—i*"v'l__, v, I T -1
La 5 . -
Sterile Neutninos?
-2 CPT Violation?
: Armospheric
v —v,. |
o . " ATMOSPHERIC
V.0 . (55
e Solar I‘»ISW’.
b SOLAR
Pirs_a: 05030119 Page 69/77
T I . - = Vg L [N
T i 1 N 1o 1 \‘E p— :_':‘::OQ




The Growing -
Excitement ot
Neutrino Physics e e

SAGE and Gallax oee the golar deflcit

Praot:
he MenTme ANt n=tT Inn:

1930 1955 1980 2005

Pirsa: 05030119 Page 70/77




Kl confims
atm ospheric
nzeillations
Kam LAND confirms
aolar oacillations
Maokal Prize for newtring
atroparticl & physies!

The Growing o e

gecillation to adtive fQavor

ExCitemmt 0 f Juger K confirms solar

Jeficit and "m ages" sun

Neutrino Physics g

-5":! il H.. P‘"..'.-! fi I i:-l =1 n..'n-[".-'l
L3ND zea2 an
¢acil lation signal
Nobal prize for discovery
of diginct flawors!
Kam ioka I1 znd [ME ==e
.‘:,'LI;L_' eINoYa Eirmos
Kamlcka [T and IME 2¢a
an atmoapliarie deficit
SAGE and Gallex zee the golar deflcit
LEFP ahows 3 active flevors
Kamioka ([ confims selar deficit

Pacli Remss & Cowan 2 distinet flavors identified
Fredicta AL3COVRr Lavls discovers
the Menrme {anti nautrinos e zolar deficit

1930 1955 1930 2

Pirsa: 05030119 Page 71/77









INB Energy (MeV)

omioka Enerqy (MeV)

Page 74/7



Omngins of Ultra-High Energy Cosmic Rays & Neutrinos?
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10.

Summary ... 10 Big Questions for Neutrino Physics

What are the masses of the neutrinos?

What 1s the pattern of mixing among the different types of neutninos?

Are neutninos their own antiparticles?

Do neutrinos violate the symmetry CP?

Are there stenle neutnnos?

Do neutninos have exotic properties?

What do neutrinos tell us about the intnguing proposals for new models of fundamental
physics?

What 1s the role of neutnnos 1n shaping the umverse?

Are neutrinos the key to the understanding of the matter-antimatter asymmetry in the
universe?

What can neutrinos disclose about the deep interior of astrophysical objects, and about the
mystenous sources of very high energy cosmic rays?
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