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3. Gauge  Invariance
4. Quantum  Chromodynamics
5. Electroweak  Unification
6. Symmetry  Breaking
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Table  of  Elementary  Fermions 

Interactions:   Gauge  Bosons

Charged  Leptons 

Neutrinos   
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Gluon
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Quarks Leptons Bosons

photon

gluon

Higgs

up down electron neutrino  e

charm strange muon neutrino  μ

top beauty tau neutrino τ

e

μ

τ

Z0 W ±
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STANDARD   THEORY:
1) Electricity + Magnetism + Optics (light):

Quantum Electrodynamics (QED)

2) QED + Weak Interaction:
Electroweak Theory

3) Strong Interaction:
Quantum  Chromodynamics (QCD)

γ

, ,Z Wγ ±

8 Gluons

L YSU(2) U(1)⊗

Quantum Mechanics             +    Special Relativity

Quantum  Field  Theory

( ) ( )c
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OPEN  QUESTIONS:

The  Higgs  Boson (Mass  scales)

Gran Unification (Electroweak  +  Strong)

SuperSymmetry

Gravitation: SuperGravity,  Strings, ...
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Do not have Strong Interactions
Spin ½
Seen as Free Particles
Pointlike 17( few 10 cm)r −< ×

, ,
L L L

e

e
μ τν ν ν
μ τ− − −
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⎝ ⎠ ⎝ ⎠ ⎝ ⎠Family Structure:

24 6 13
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Why  3 ?
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ν

ν

e+

e−
Z

e+

μ −

μ+

γ Ze−
,

Flavour  Conserving

.

Same interaction for both lepton helicities

NC  Universality:

Different coupling  to        and

Left-handed neutrinos only

3 Families with light (nearly massless) neutrinos

;e Z eμ γ μ±→ → ∓

( ; 0)eQ Q Q Qμ τ ν= = =

Z Rl Ll
Zee Z Z Zg g g gμμ ττ νν= = ≠

lg Qγ ∼

γ
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HOW   MANY   NEUTRINOS  ?

( hadrons)Zσ →

Th

( invisible)

2.9840 0.0082

( )i i

Z
Z

Nν ν ν

= ±

Γ →
=

Γ →

( invisible) ( all) ( visible)Z Z ZΓ → ≡ Γ → − Γ →

e
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The heavier leptons       and       are  unstableμ τ

W

μ−

μν

e−

eν

W

τν
τ −
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Left-handed leptons   (Right-handed antileptons) , ll ν− , ll ν+

J
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NO

P and C in Weak Interactions

CP still  a good  symmetry
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Left-handed leptons   (Right-handed antileptons)

Doublet  partners:

, ll ν− , ll ν+

J
p

ll ν− ⇔

´ ; ´X X X e Xμ μν μ ν− −→ →

5( ) / ( ) ( / )e ee e m mμ μτ ττ ν ν μ ν νΓ → Γ → ≈

μ−

μν

μν

μ−

w+

e− eν

μ − μν μν μ −

w+

e−
w−

e−

eν eν

2 2
Wq M<<

2 5
´( ´ )l l F ll l G mν νΓ → ∼

2 2

2 2 2´( ´ ) W W
F

W W
ll

g gT l l G
M q M
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Universal Strength
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LEPTON   FLAVOUR  VIOLATION
90% CL  Upper Limits on Br(l - → X -)         [BABAR / BELLE]

Decay U.L. Decay U.L. Decay U.L. 
μ−→ e−γ 1.2 ⋅ 10−11 μ−→ e−e+e− 1.0 ⋅ 10−12 μ−→ e−γγ 7.2 ⋅ 10−11

τ−→ e−γ 1.1 ⋅ 10−7 τ−→ e−e+e− 3.6 ⋅ 10−8 τ−→ e−e+μ− 2.7 ⋅ 10−8

τ−→ μ−γ 4.5 ⋅ 10−8 τ−→ e−μ+μ− 3.7 ⋅ 10−8 τ−→ μ−e+μ− 2.3 ⋅ 10−8

τ−→ e−e−μ+ 2.0 ⋅ 10−8 τ−→ μ−μ+μ− 3.2 ⋅ 10−8 τ−→ e−π0 8.0 ⋅ 10−8

τ−→ μ−π0 1.1 ⋅ 10−7 τ−→ e−η’ 1.6 ⋅ 10−7 τ−→ μ−η’ 1.3 ⋅ 10−7

τ−→ e−η 9.2 ⋅ 10−8 τ−→ μ−η 6.5 ⋅ 10−8 τ−→ e−Κ*0 7.8 ⋅ 10−8

τ−→ e−ΚS 5.6 ⋅ 10−8 τ−→ μ−ΚS 4.9 ⋅ 10−8 τ−→ μ−ρ0 6.8 ⋅ 10−8

τ−→e−K+K− 1.4 · 10−7 τ−→e−K+π− 1.6 · 10−7 τ−→e−π+K− 3.2 · 10−7

τ−→μ−K+K− 2.5 · 10−7 τ−→μ−K+π− 3.2 · 10−7 τ−→μ−π+K− 2.6 · 10−7

τ−→e−π+π− 1.2 · 10−7 τ−→μ−π+π− 2.9 · 10−7 τ−→Λπ− 7.2 ⋅ 10−8

τ−→e+K−K− 1.5 · 10−7 τ−→e+K−π− 1.8 · 10−7 τ−→e+π−π− 2.0 · 10−7

τ−→ μ−Κ*0 5.9 ⋅ 10−8 τ−→ e−φ 7.3 ⋅ 10−8 τ−→ μ−ω 8.9 ⋅ 10−8

τ−→μ+K−K− 4.4 · 10−7 τ−→μ+K−π− 2.2 · 10−7 τ−→μ+π−π− 0.7 · 10−7
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, ...ep p d e ν+→

νe
• Weakly Interacting Particles

• Among  most  abundant 

particles in the Universe

• Each second pass through

your body

1410 from  the  SUNeν∼
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, ...ep p d e ν+→

νe

Each second pass through your body

1410 from  the  SUNeν∼

They  also  come

from   below!
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,e μ τν ν→Neutrino   Oscillations

Measured    <          Predictedeν eν
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Sudbury
Neutrino    

Observatory
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ATMOSFERIC  NEUTRINOS
(produced   by Cosmic   Rays)

p X Xπ ′→

; eeμ μπ μ ν μ ν ν− − − −→ →

Super-Kamiokande:

μ τν ν→
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Super-Kamiokande

K2K
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CERN  Neutrinos 
To  Gran  Sasso
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