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Periodic Table of the Elements 



Line for nuclei with equal 
number of protons and 
neutrons 

Chart of the Nuclear Isotopes 

Nucleus 

Unstable isotopes decaying 
with α, β, γ radiation 



The Importance of Broken Symmetries 



Yukawa Nambu Glashow-Salam-Weinberg 

Quantum Field Theory -- Spontaneous Symmetry Breaking 



Standard Model Lagrangian 

Simple? 



“The 
Standard 

Model” 

Proton 

I

II

III



Zo        qq, ee, µµ, ττ, νν 

Measuring the width of the Z 
Counting the number of Generations 



PDG 2000 + SNO + SK

(ν3) < ν1< ν2 < (ν3)

Masses of the Constituents 



Mass in the  
Standard Model 

Mass Comes from Interactions with the Higgs Field 
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CKM Phenomenology 
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Verifying the Standard Model 

KEK SLAC 





CKM Phenomenology 



Nucleosynthesis 



Matter – Antimatter Asymmetry 
        Sakharov Criteria: 

•   Baryon number violation (or L→B)(not observed) 
•   T violation (larger than observed so far) 
•   Non-equilibrium evolution of the universe 

The search for large Time reversal symmetry violation and 
lepton-baryon number violation goes on!  

There should be as much antimatter as matter! 

100,000,001 100,000,000 

q q 



Electric Dipole Moment 



ILL Neutron EDM Experiment 





6He     6Li + e- + ν 

Enrico Fermi 
Wolfgang Pauli 

The Mysterious Neutrino 



Neutrinos are all around 
Big-Bang neutrinos ~ 0.0004 eV 

Neutrinos from the Sun < 20 MeV
depending of their origin.

Neutrinos from accelerators   up to GeV (109 eV) 

Antineutrinos from nuclear 
reactors      < 10.0 MeV

Atmospheric neutrinos ~ GeV



Solar Nucleosynthesis 



Ray Davis and John Bahcall 



Essentials of Neutrino Oscillations 
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Leptons 
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Maki-Nakagawa-Sakata Matrix 



The Sun 

Atmospheric Neutinos 

Accelerators 

Nuclear Reactors 

37Cl               Kamiokande 
GALLEX        SuperKamiokande 
SAGE            SNO  

IMB               Kamiokande 
Soudan           SuperKamiokande 
MACRO           ••• 

K2K                Chorus 
Opera             LSND Miniboone 
MINOS   ••• 

Bugey            Goesgen 
ILL                Chooz 
Palo Verde     KamLAND  
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Discoveries in Neutrino Physics 



The SuperKamiokaNDE Light-
Water Cherenkov Detector 



KamLAND Long Baseline Reactor Experiment 



KamLAND Underground Laboratory 



3.2 ton water veto 



Enrico Fermi 

Fermi’s Theory of the Weak Interaction 



ν

First Direct Detection of the Neutrino

Reines and Cowan 1956

µ
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Eprompt ≅ Eν − En − 0.8 MeV

)2.2( MeVdpn γ+→+

nepe +→+ +ν

€ 

τ ≈ 200 µsνe n 
e+ 

2.2MeV ~210 ms

Scintillator 



Goesgen

Neutrino Spectrum Positron Spectrum 

Nakajima NIMA 569,  837-844 (2006)



Reactor Neutrino Physics 1956-2003



2008 Data Set 
2881 ton-year exposure 





MSW Effect 

S. P. Rosen et al 





Present Accounting 

KamiokaNDE 

Chlorine 

SAGE 
GALLEX 

SNO 

SuperK 



Slide B. Kayser
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Δm12
2 = 8.0−0.3

+0.4 •10−5eV 2
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Δm23
2 = 2.74−0.26

+0.44 •10−3eV 2



Mass Hierarchy 

Q = 2/3 

~0.004 GeV 
~1.4 GeV 

~175 GeV 
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~.150GeV 
~0.014 GeV 

Q = -1/3 

Quarks 

Leptons 

e 
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τ 

~0.0005 GeV 
~0.105 GeV 

~1.780 GeV 

Q = -1 Q = 0 Normal Inverted 

OR ? 





Open Questions 
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θ12 = (33.9−2.2
+2.4 )°

€ 

θ23 = (45 ± 7)°

€ 

θ13 <13°
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α = ?
β = ?

€ 

δ = ?

ν3

ν2ν1 ν3

ν2ν1

or ? 

Normal or Inverted? Majorana or Dirac? 



0νββ 

ν e
e– 

e– ν e

(A,Z) 

(A,Z+2) 

W 

W 

(A,Z) → (A,Z+2) + 2e–  

0νββ: T1/2 ≥ 1025y

1937 

Neutrino-less Double Beta Decay 

First suggested by Furry 
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Claimed Observation of 0νββ in 76Ge  
5 detectors  of overall 10.96 kg enriched to 86%. 
Most sensitive to date. 
T1/2 = (0.67 - 4.45) x 1025 years (99.73% C.L.) 
Majorana ν Mass 

<mββ>  = (0.1 - 0.9) eV (99.73% C.L.)
 <mββ> best = 0.45 eV  

Heidelberg-Moscow 
Experiment

Pulse-shape 
selection 

Klapdor et al., Phys. Lett B 586 (2004)56.66 kg-yr

Backgrounds from 214Bi 



Candidate Experiments 
sin22 13 
Experiment Nucleus Detector 

NEMO III  100Mo et al 10 kg of enrich. Isotopes -tracking 
Cuoricino 130Te + etc. 40 kg of TeO2 bolometers (nat) 
CUORE 130Te + etc. 750 kg of TeO2 bolometers (nat) 
EXO 136Xe 200kg - 1 t  Xe TPC 
GERDA 76Ge 30 – 40 kg – 1t Ge diodes in LN 
Majorana 76Ge 180 kg - 1t Ge diodes 
MOON 100Mo nat.Mo sheets in plastic sc. 
DCBA 150Nd 20 kg Nd-tracking 
CAMEO 116Cd 1 t CdWO4  in  liquid scintillator 
COBRA 116Cd , 130Te 10 kg of CdTe semiconductors 
Candles 48Ca Tons of CaF2 in liquid scintillators 
GSO 116Cd 2 t Gd2SiO5:Ce scintill.in liquid sc. 
Xe 136Xe 1.56 Xenon in liquid scintillator. 
Xmass 136Xe 1 t of liquid Xe 

 

MOON CUORE
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Majorana
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EXO



Nearly all the mass shown in this 
photograph is invisible and not 
explained by the Standard Model  



Accounting for the mass of the Universe 

What is the Dark Energy and Dark Matter? 
Why are there so few antiparticles? 



TeV Scale Particles needed to 
Stabilize the Higgs 
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(f = t,b,τ,µ, …) 

Mh → MGUT → MPlanck 

•  New Physics at TeV scale? 

Mh
2 = (Mh

2)0 + kg2Λ2/(16π2) 





Supersymmetry suggests many new particles 



Electromagnetic 

Weak 

Strong 

Unification 

Supersymmetry Models helps resolve the “fine tuning 
problem” and has other successes -- but unfortunately there 
is absolutely no experimental evidence supporting it. 



ATLAS 

CMS 

LHC Detectors are Poised to find the Higgs 
Boson and Supersymmetric Particles 



Evidence For Dark Matter 
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Detectors are designed to observe the nuclear recoil 
induced by a incident ~200 Km/sec Dark-Matter particle 



Inconsistent with 
other experiments? 





Dark Energy an Experimental Fact? 



                      Big Questions in Particle Physics: 

•  Does mass really come from the Higgs mechanism? 

•  “Why” is the Universe nearly all matter? 

•  Is there another source time-reversal-symmetry breaking? 

•  Are neutrinos their own antiparticles? Do they violate CP? 

•  What is the dark matter? 

•  What is the dark energy? 

•  Can the known forces be unified with gravity? Quantum Gravity. 

•  What will be discovered in the newest experiments? 



  A final remark: 

I haven’t said anything about String Theory. 

A comment:  ………….. 



Thank you for your attention 


