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Outline

This is an “introduction”
• Historical overview.
• the elementary particles
• the elementary forces

• Symmetries:
• Gauge symmetry
• Problem of mass
• Spontaneous symmetry breaking

This lecture is not a complete course in particle
physics and will only touch some most general
problems.
Further reading:

• D. H. Perkins, “Introduction to High Energy
Physics”,

• F. Halzen, A. Martin: “Quarks and Leptons”.

Further lecture to watch listen on SM and BSM
physics:

• Prof. Yuval Grossman (Cornell U.)
• Standard Model and Flavor - Lecture

(https://www.youtube.com/watch?v=
GGzRdiBd8w8)
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GIM mechanism
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GIM mechanism box diagrams
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The cancelation is not accidental
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GIM mechanism historical view
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GIM mechanism historical view
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More than two generation
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CKM matrix
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CKM matrix (2)
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b quark third family
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Upsilon meson discovery : b quark
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Upsilon meson discovery : b quark
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R ratio :Quarks electric charge, number of QCD
charges (colors)

R is the ratio of the hadronic cross section to the muon cross section in electron–positron
collisions:
R = σ(e+e−)→hadron

σ(e+e−)→µ+µ−

R also provides experimental confirmation of the electric charge of quarks, in particular
the charm quark and bottom quark, and the existence of three quark colors. A simplified
calculation of R yields
R = 3

∑
e2

q ,
where the sum is over all quark flavors with mass less than the beam energy. eq is
the electric charge of the quark, and the factor of 3 accounts for the three colors of the
quarks. QCD corrections to this formula have been calculated.
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The main standard model verticies
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Feynman diagrams revisited
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Quantum Chromodynamics (QCD)
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Running constant in QED
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Running constant in QCD
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Range of strong forces
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Weak interaction

processes related to change flavor (quark decay)
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Weak neutral current discovery - indirect evidence of
Z 0
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W and Z 0 discovery
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Number of generations?
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Partons are reality !!!

New “Rutherford” like experiments, but with much higher energy.
probing structure of proton itself
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Partons are reality !!!

New “Rutherford” like experiments, but with much higher energy.
probing structure of proton itself

The scattering particle only sees the valence
partons. At higher energies, the scattering
particles also detects the sea partons.

The probability density for finding a particle with
a certain longitudinal momentum fraction x at
resolution scale q2. inside proton.
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Cabibo Kobayashi Maskawa matrix (CKM)
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Cabibo Kobayashi Maskawa matrix (CKM)
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Mixing of neutral mesons
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Mixing of neutral mesons
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Neutral Kaons system
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Discret Symmetries
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P transformation

Andrzej Bożek IFJ PAN, Kraków PHD lectures, November 21, 2024 31 / 91



P transformation

Andrzej Bożek IFJ PAN, Kraków PHD lectures, November 21, 2024 32 / 91



C transformation
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The History of CP
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The Weak force and C,P parity violation
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A first look at CP violation in Kaons
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CP Violation in weak interactions
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CP Violation in weak interactions B-factory
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Why we need CP violation
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CP violation from complex couplings
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CP in the Standard Model
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Structure of the Standard Model
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Structure of the Standard Model
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Structure of the Standard Model complex phases
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Structure of the Standard Model CKM matrix
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CKM complex phases and CP violation
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CKM interpretation
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Wolfenstein Parametrisation of CKM
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CKM triangle interpretation
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CKM triangle interpretation -visualisation
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CKM triangle interpretation -visualisation
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The Standard Model Lagrangian
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The Standard Model Lagrangian field notation
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The Standard Model Lagrangian field notation
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The Standard Model Lagrangian kinetic term
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The Standard Model Lagrangian The Higgs potential
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The Standard Model Lagrangian
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Flavor diagonal CP violation
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Strong CP violation
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Strong CP violation
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Strong CP violation
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The Standard Model

Andrzej Bożek IFJ PAN, Kraków PHD lectures, November 21, 2024 67 / 91



Quark confinment
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Heavy quark Efective Theory HQET
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HQET spectroscopy
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HQET spectroscopy
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HQET spectroscopy
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Weak decay form factors
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Weak decay form factors
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Short and long interactions
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Example B → Dℓν

Andrzej Bożek IFJ PAN, Kraków PHD lectures, November 21, 2024 77 / 91



Example - inclusive decays B → XSγ
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Example - inclusive decays B → XSγ
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Effective Hamiltonian
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Effective Hamiltonian
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Operators Products Expansion (OPE)
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Operators Products Expansion (OPE)

Basic structure of decay amplitudes:
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Effective theories: OPE - b → s
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Effective theories: OPE - B mixing
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Effective operators products expansion - b → s
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The Standard Model lagrangian
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The effective hamiltonian and physics beyong SM
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Convergence of perturbative SM theory
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Convergence of perturbative SM theory
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Effective theories
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Effective theories
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Effective theories Renormalized Group Equation
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Operators Products Expansion (OPE)
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Operators Products Expansion (OPE)

Basic structure of decay amplitudes:
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Effective theories: OPE - b → s
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Effective theories: OPE - B mixing
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Effective operators products expansion - b → s
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Neutrinos: beta decays
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Neutrinos: discovery
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Neutrinos: mixing
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Recapitulation
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