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QuarksQuarks  ––  ““the buildingthe building
blocks of the Universeblocks of the Universe””

The number of
quarks increased
with discoveries of
new particles and
have reached   6

For unknown
reasons Nature
created 3 copies
(generations) of
quarks and leptons

Charm came as
surprise but
completed the
picture



Discovery HistoryDiscovery History
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Now we have a beautiful pattern of three pairs of quarks and
three pairs of leptons.  They are shown here with their year of
discovery.

2000



Matter and AntimatterMatter and Antimatter

The first
generation is
what we are
made of

Antimatter was
created together
with matter
during the “Big
bang”

Antiparticles are created at accelerators in ensemble with
particles but the visible Universe does not contain antimatter



QuarkQuark’’s s ColourColour
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Baryons are “made” of quarks

To avoid Pauli principle veto one can
antisymmetrize  the wave function
introducing  a new quantum  number
- “colour”, so that
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The Number of ColoursThe Number of Colours

 The x-section ofThe x-section of
electron-positronelectron-positron
annihilation intoannihilation into
hadrons is proportionalhadrons is proportional
to the number of quarkto the number of quark
colours. The fit tocolours. The fit to
experimental data atexperimental data at
various colliders atvarious colliders at
different energies givesdifferent energies gives

Nc = 3.06 ± 0.10



The Number of GenerationsThe Number of Generations
 Z-line shapeZ-line shape

obtained at LEPobtained at LEP
depends on thedepends on the
number ofnumber of
flavours andflavours and
gives thegives the
number  of (light)number  of (light)
neutrinos orneutrinos or
(generations) of(generations) of
the Standardthe Standard
ModelModelNg = 2.982 ± 0.013



Quantum Numbers of MatterQuantum Numbers of Matter

 QuarksQuarks

 LeptonsLeptons
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The group structure of the SMThe group structure of the SM

Casimir Operators

For SU(N)

QCD analysis
definitely singles out
the SU(3)  group as
the symmetry group of
strong interactions



Electro-weak sector of the SMElectro-weak sector of the SM
SU(2) x U(1)   versus   O(3)

 The heavy photon gives theThe heavy photon gives the
neutral current without flavourneutral current without flavour
violationviolation

  Discovery of neutral currents  was a
crucial  test of the gaugegauge model of
weak interactions at CERN in 1973

3 gauge bosons 1 gauge boson 3 gauge bosons
After spontaneous symmetry breaking one has

3 massive gauge bosons
(W+ , W- , Z0)  and 1 massless (γ)

2 massive gauge bosons
(W+ , W- ) and 1 massless (γ)



Gauge InvarianceGauge Invariance
( ) ( ) exp[ ( ) ]a a

iji j ij j
x U x i x T! ! " !# = 1,2,...,a N=

( )( ) ( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) ( ) ( )

i x x i x U x U x x

i x x x U x U x x

µ µ

µ µ

µ µ

µ µ

! " ! ! " !

! " ! ! " !

+

+

# $ #

= # + #

Gauge transformation

parameter matrix

Fermion Kinetic term

Covariant derivative a a
D I gA T I g Aµµ µ µ µ µ! " = ! # = ! #$ Gauge field

( ) ( ) ( )D x U x D xµ µ! !"1( ) ( ) ( ) ( ) ( ) ( )
g

A x U x A x U x U x U xµ µ µ

+ +

! + "

matrix 1U U
+

=

Gauge invariant kinetic term ( ) ( )i x D x
µ

µ! " !

[ , ] [ , ]D D G A A g A A! µ µ !µ!µ ! µ != = " # " + ( ) ( ) ( ) ( )G x U x G x U xµ! µ!

+

"

Gauge field kinetic term 1

4
 Tr G G

µ!

µ!" Field strength tensor

( ) ( )jii jx U x! !
+

"



Lagrangian of the SMLagrangian of the SM
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FermionFermion Masses in the SM Masses in the SM
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The Higgs MechanismThe Higgs Mechanism
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Q:  What happens with missing d.o.f. (massless goldstone bosons P,H+ or ξ ) ?

A:  They become longitudinal d.o.f. of the gauge bosons Wµ
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The Higgs Boson and The Higgs Boson and FermionFermion
MassesMasses
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The Running CouplingsThe Running Couplings
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Renormalization GroupRenormalization Group
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Asymptotic Freedom andAsymptotic Freedom and
Infrared SlaveryInfrared Slavery
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Comparison with ExperimentComparison with Experiment
Global Fit to Data Higgs Mass Constraint

Remarkable agreement of ALL the data
with the SM predictions -   precision tests
of radiative corrections and the SM

Though the values of  sin ϑw  extracted
from different experiments are in good
agreement, two most precise
measurements from hadron and lepton
asymmetries disagree by 3σ



••  Inconsistency at high energies due to Landau polesInconsistency at high energies due to Landau poles
•• Large number of free parameters Large number of free parameters
•• Still unclear mechanism of EW symmetry breaking Still unclear mechanism of EW symmetry breaking
•• CP-violation is not understood CP-violation is not understood
•• The origin of the mass spectrum  in unclear The origin of the mass spectrum  in unclear
••  FlavourFlavour mixing and the number of generations is arbitrary mixing and the number of generations is arbitrary
•• Formal unification of strong and electroweak interactions Formal unification of strong and electroweak interactions

Where is the Dark matter?

The SM and BeyondThe SM and Beyond
The problems of the SM:The problems of the SM:

The way beyond the SM:The way beyond the SM:

••  The SAME fields with NEW The SAME fields with NEW 
  interactions and NEW fields  interactions and NEW fields

GUT, SUSY, String, EDGUT, SUSY, String, ED

••  NEW fields with NEW NEW fields with NEW 
        interactions        interactions

Compositeness, Compositeness, TechnicolourTechnicolour,,
                                preonspreons



We like elegant solutionsWe like elegant solutions


