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NUCLEAR AND PARTICLE PHYSICS

S Y L L A B U S

Course:  Particle Physics
Lecturer: assoc. prof. Mariyan Bogomilov, PhD
	Academic work
	Components
	Acad. hours

	In-class work
	Lectures
	45

	
	Seminars
	30

	
	Practical exercises (school internships)
	

	Total in-class work
	75

	Out-of-class work
	
	20

	
	
	30

	
	
	25

	Total out-of-class work
	75

	TOTAL ACADEMIC WORK
	150

	ECTS credits in-class work
	2.5

	ECTS credits out-of-class work
	2.5

	TOTAL ECTS CREDITS
	5.0


	№
	Grade components

	% of the grade

	1. 
	Practical exam (examination in practical skills)
	40

	2. 
	Final exam
	60

	Outline of the course:

	The course is intended for bachelor students in all programs at the Faculty of Physics. A necessary prerequisite for choosing this course is formerly acquired basic knowledge of Mechanics, Electrodynamics, Quantum Mechanics, Nuclear Physics, Atomic Physics and Interaction of Ionizing Radiation with Matter. The present course is a natural extension to them because its main topics of study are fundamental micro-objects (leptons, quarks, gluons, etc.) which, following given rules and laws of interaction, build nucleons, nuclei, atoms - microsystems better known by the students. The goal of the course is to familiarize the students with contemporary concepts about fundamental constituents of matter and their interactions. Basics of kinematics of elementary particles are presented. The symmetries of elementary particles (continuous and discrete, spatial and internal, global and local) and following conservation laws are discussed. The interactions are described with local (gauge) symmetry group formalism. Special attention is given to the experimental methods for study of elementary particles properties and their interactions, including present-day acceleration complexes and multi-detector systems for particle registration and identification. The emphasis is on the specifics of high-energy particles (~GeV), short lifetimes (~ns) and large background of particles. Basics of quark model and introduction to quantum chromodynamics, describing strong interaction, are shown. The experimental proofs for the existence of quarks and gluons are discussed. The weak interaction and Glashow-Weinberg-Salam model, describing electromagnetic and weak interactions, are presented. The neutrino mass problem and neutrino oscillations are discussed. The attempts for building theories, which unify electromagnetic, weak and strong interaction are presented. The main problems and trends of particle physics development are outlined.
Substantial part of the course are the seminars, which are devoted to solving problems. The problems are chosen in such a way that they complement, develop and clarify lecture material. Successful problem solving does not need full use of mathematical methods in physics but rather depends on the level of understanding of physical ideas and orientation in the particular problem.
Out-of-class credits are foreseen for independent work with literature sources, for solving problems as homework and for exam preparation. 


	Preliminary requirements:

	The students must learn subject matter of the following courses: Mechanics, Electrodynamics, Quantum Mechanics, Nuclear Physics, Atomic Physics and Interaction of Ionizing Radiation with Matter.


	Key competences acquired:

	After successful completion of the course the students will have detailed knowledge about fundamental constituents of matter and their interactions. They will know basics of kinematics of elementary particles. They will be able to orientate themselves in symmetries of elementary particle interactions and consequent conservation laws. They will know the idea of describing fundamental interactions with local gauge symmetry groups. They will understand contemporary experimental methods in elementary particle physics including those used in present-day acceleration complexes and multi-detector systems for particle registration and identification. They will be able to solve basic problems connected with every-day life of experimental particle physicist.



Lessons plan 

	№
	Topic:
	Acad. hours

	
	Lectures
	

	1
	Hierarchy and structure of matter: atoms, nuclei, quarks. Fundamental interactions and their carriers. Intensity and interaction radius.
	1

	2
	Basics of elementary particle kinematics. Minkowski space, Lorentz transformations, relativistic invariants, effective mass. Basic types of experiments, laboratory reference frame, center-of-mass frame. Transformation between reference frames. Conservation of energy and momentum. Number of degrees of freedom. Natural system of units:  ħ = c = 1.
	3

	3
	S-matrix in interaction representation. Schrodinger and Dirac representations. S-matrix: definition, physical meaning. S-matrix expansion in coupling constant terms. Graphical representation – Feynman diagrams.
	3

	4.
	Phase volume. Decay probability. Interaction cross-section.
	2

	5.
	Symmetries, invariance and conservation laws. Symmetries in quantum physics, conservation of energy and momentum. Elements of group theory: group, algebra, Lie groups, groups representations, Casimir operators. SU(2) group representation, isospin. Space symmetries: continuous and discrete, Lorentz group. Poincare group, spatial inversion, time inversion, charge conjugation. Global and local symmetries.
	4

	6.
	Basic properties of elementary particles. Space and internal quantum numbers. Leptons and hadrons, mesons and baryons, hyperons, bosons and fermions. Width and lifetime of unstable particles: mean lifetime, classification, resonances, Breit-Wigner distribution. Fundamental particles.
	2

	7.
	Interactions of elementary particles. Fundamental types of interactions. Electromagnetic interactions: local gauge invariance, electromagnetic field. Non abelian gauge invariance. Gauge bosons.
	2

	8.
	Experimental techniques in elementary particle physics. Sources of high-energetic particles. Cosmic rays. Accelerators. Cyclotron, synchrotron, synchrocyclotron. Colliders. Accelerator complexes. Processes of interaction of high energy particles with matter. Registration of charged particles: ionization, Cherenkov effect, transition radiation. Registration of electromagnetic radiation: physical processes, radiation length. Elementary particle detectors. Types and basics properties. Tracking detectors – multi-wire proportional chamber, drift chamber, time-projection chamber, semiconductor detectors. Scintillating counters. Cherenkov counters: threshold, differential, RICH. Electromagnetic and hadron calorimeters. Momentum measurement of charged particles. Detector complexes.
	8

	9.
	Strong interaction. Isospin. Strange particles, connection between isospin, strangeness and electric charge. SU(3) symmetry. Quark model. Experimental proofs for existence of quarks. Lepton-nucleon scattering. Form-factors, quark-parton model. Structural functions. Quantum number “color”, colorless of hadrons, confinement. Experimental proofs for “color” existence. Quantum chromodynamics: local SU(3) symmetry, gluons, asymptotic freedom. Experimental proofs for gluon existence.
	6

	10.
	Weak interactions. Weak decays and reactions. Lepton and quark currents, V-A model. Cabibbo angle, quark mixing. CP-violation: CPT theorem, CP-violation in K- and B-meson decays. Neutral currents, experimental observations. Neutrino masses. Neutrino oscillations.
	5

	11.
	Unification of weak and electromagnetic interactions. Charged current interactions. Weak interaction carriers. Spontaneous symmetry violation. Higgs mechanism. Glashow-Weinberg-Salam model. W- and Z-bosons. Weinberg angle. Higgs boson. Cabibbo-Kobayashi-Maskawa matrix.
	5

	12.
	Great unification idea. Running coupling constant. Beyond Standard model theories: proton decay.
	1

	13.
	Modern experiments for Standard model study. e+e–   colliders. τ, B and Z factories. Proton-proton and proton-antiproton accelerators. Experimental results.
	2

	14.
	Problems and questions in elementary particle physics. Main trends for development – theory and experiment.
	1

	
	Seminars/Practical exercises
	

	1
	Introduction. Energy-momentum 4-vector. Rest mass of a particle. Natural system units c = ћ = 1. Units for energy, mass, momentum, time, length, area. Transformation to SI units. Newton and Fermi constants in natural units.
	2

	2
	Relativistic kinematics. Lorentz transformations. Laboratory reference frame and center-of-mass system. Relativistic invariants. Dynamical invariants. Variables s, t, u. Effective (invariant) mass of a system of n-particles. Reaction threshold. Scattering a + b ( c + d: angle and energy dependence. Ellipse of momentum. Maximal escape angle. 
	6

	3
	Kinematics of a massive particle decay into two (almost) massless particles (  ( ( ( 2( , ( ( 2( , Z(( e+e-). Distribution of daughter particles as a function of energy and escape angle. Individual work: decay of a massive particle into two massive particles with equal or different masses.
	3

	4.
	Particle accelerators. Linear accelerator. Cyclotron. Synchrotron, synchrocyclotron. Proton and electron accelerators. Formation of high-energy photon beam via scattering of laser light by beam relativistic electrons – kinematics.
	3

	5.
	Effective cross-section. Fixed target. Calculation of particle yields in various processes of scattering and decay. Beam-beam interaction at arbitrary crossing angles. Luminosity. Colliders. Equivalent energy.
	4

	6.
	Connection between scattering matrix elements and cross-sections or decay constants. Lorentz-invariant phase volume. Optical theorem. Decay a ( b + c  and scattering  a + b ( c + d.
	3

	7.
	Isotopic spin. Isotopic invariance of strong interaction. ( N – scattering and connection between cross-sections for different processes. Clebsch-Gordan coefficients.
	2

	8.
	Rule (I = ½ in weak decays with no leptons. Additive quantum numbers and their conservation laws. Diagrams of weak lepton, semi-lepton and non-lepton processes. 
	1

	9.
	Hadrons structure. Static magnetic momenta of nucleons. Electromagnetic form-factors. Rosenblatt’s formula. Dipole formula. Deep inelastic lepton-hadron scattering. Partons. Valence and sea quarks. Quark constituent of mesons and baryons multiplet. Heavy quarks multiplets. 
	3

	10.
	Detectors of relativistic particles. Ionization and radiation losses. dE/dx of relativistic particles. Critical energy. Radiation length. Electromagnetic and hadronic cascades. Calorimeters. Identification of relativistic particles. Separation through velocities. Threshold and differential Cherenkov detectors. Detectors with multiple measuring of dE/dx. 
	3


Topics Covered on the Final Exam

	№
	Topic

	1
	Relativistic kinematics. Lorentz transformations. Relativistic and dynamical invariants. Laboratory reference system and center-of-mass system. Natural system of units. 

	2
	S-matrix in interaction representation. Phase volume. Transition probability per unit time. Decays into two and three particles; cross-sections of  interaction.

	3
	Symmetry transformations, invariance and conservation laws. Continuous transformations and conserved quantities. Additive quantum numbers. 

	4.
	Discrete transformations and conservation laws. Multiplicative quantum numbers. CP-transformation and the system К0 – anti-К0

	5.
	General properties of elementary particles. Common particle classification.

	6.
	Sources of high energy particles. Common requirements. Direct action accelerators. Resonance accelerators: linear and cyclic. Colliders.

	7.
	Properties of high energy particles interaction with matter. Multiple scattering, ionization losses, bremsstrahlung, Cherenkov and transition radiation, nuclear interactions. Interactions of gamma quants and electrons with matter. Electromagnetic avalanches (cascades). 

	8.
	Methods and detectors for particle identification at high energy.

	9.
	Coordinate (tracking) detectors: gaseous, scintillating, semiconductive. Electromagnetic and hadronic calorimeters. Detector complexes.

	10.
	Forces and fundamental interactions. Intensity and interaction radius. Feynman diagrams as processes description. General properties of all four fundamental interactions.

	11.
	Hadrons. Quark model of hadrons. Quark diagrams of strong processes. SU(3) hadron multiplets. Heavy quarks. Quarkonium.

	12.
	Quantum number “color”. Experimental proofs for color existing.  Quantum chromodynamics.

	13. 
	Electromagnetic interactions and elementary particles structure. Form-factors. Deep inelastic scattering of leptons by nucleons. Quark-parton model. 

	14. 
	Weak interactions. Lepton, semi-lepton and non-lepton weak processes, Feynman diagrams. Types of neutrino and their properties. Glashow-Weinberg-Salam model. Standard model of fundamental particles and interactions.
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�	 Depending on the course specificity and on the requirements of the teacher, other types of activity can be added or the unnecessary ones can be removed. 






