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Basics of Particle Physics

Particle physics is the branch of physics that studies the fundamental particles that make up
matter and the forces through which they interact. These particles are considered the building
blocks of the universe, and their behavior is governed by the laws of quantum mechanics and
the Standard Model of particle physics.

1. Fundamental Particles
Fundamental particles are the smallest known building blocks of matter and cannot be
broken down into smaller components. They are categorized into two main groups:

fermions and bosons.

1.1 Fermions

e Fermions are the particles that make up matter. They follow the Pauli Exclusion
Principle, meaning that no two fermions can occupy the same quantum state

simultaneously.
e Fermions are divided into quarks and leptons.
e Quarks:

o Quarks are the building blocks of protons, neutrons, and other hadrons. They
are never found in isolation but combine to form composite particles.

o Types: There are six types of quarks, known as "flavors": up, down, charm,
strange, top, and bottom.
Forces: Quarks interact via the strong force, mediated by gluons.
Example: Protons are composed of two up quarks and one down quark,
while neutrons consist of one up quark and two down quarks.

e Leptons:

o Leptons are elementary particles that do not experience the strong force. The
most familiar lepton is the electron.

o Types: There are six leptons: the electron, muon, tau, and their associated
neutrinos (electron neutrino, muon neutrino, and tau neutrino).

o Forces: Leptons interact via the weak force and electromagnetism (for
charged leptons like the electron).

o Example: Electrons are negatively charged leptons that orbit the nucleus of
an atom, while neutrinos are neutral leptons that interact very weakly with
matter.

1.2 Bosons

e Bosons are force-carrying particles that mediate the fundamental forces of nature.
Unlike fermions, multiple bosons can occupy the same quantum state.
e The main bosons are:
o Photon: Mediates the electromagnetic force.
o Gluon: Mediates the strong force.
o W and Z Bosons: Mediate the weak force.

> THE AIMERS Mr. DEVRAJ PATEL www.theaimers.org

«




Basics of Particle Physics

2024

September 3,

«

o Graviton (hypothetical): Proposed to mediate the gravitational force, though
it has not yet been observed.
o Higgs Boson: Provides particles with mass through the Higgs mechanism.

2. The Standard Model of Particle Physics

The Standard Model is the theory that describes the fundamental particles and their
interactions (except for gravity). It is a highly successful framework that has been
experimentally validated through numerous experiments.

2.1 Forces in the Standard Model

o Electromagnetic Force: Describes interactions between charged particles. It is
mediated by photons and governs phenomena such as light and electricity.

e Strong Force: Holds quarks together inside protons and neutrons and binds
protons and neutrons together in atomic nuclei. It is mediated by gluons.

o Weak Force: Responsible for processes like beta decay in radioactive atoms. It is
mediated by W and Z bosons and plays a key role in nuclear fusion in stars.

o Gravitational Force: The force of attraction between objects with mass. Though not
included in the Standard Model, gravity is described by Einstein’s general theory of
relativity.

2.2 Higgs Mechanism

e The Higgs mechanism is responsible for giving particles mass. According to this
mechanism, particles acquire mass by interacting with the Higgs field, which
permeates the universe. The discovery of the Higgs boson at CERN in 2012
confirmed this theory and was a major breakthrough in particle physics.

3. Antiparticles and Symmetry

o Every particle has a corresponding antiparticle, which has the same mass but
opposite charge. When a particle and its antiparticle meet, they annihilate each
other, releasing energy in the form of radiation.

o Symmetry plays a crucial role in particle physics. Symmetry principles, such as
charge-parity (CP) symmetry, help to explain fundamental interactions and predict
the behavior of particles. Violations of these symmetries (e.g., CP violation) are
important in explaining phenomena like the matter-antimatter asymmetry in the
universe.

4. Particle Accelerators and Experiments

o Particle accelerators are machines that accelerate particles to very high speeds and
smash them together to study the resulting interactions. These experiments help to
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probe the fundamental structure of matter and test the predictions of the Standard
Model.

o CERN'’s Large Hadron Collider (LHC) is the most powerful particle accelerator in
the world. It has been instrumental in discoveries such as the Higgs boson.

e Other major particle physics experiments include neutrino detectors, such as Super-
Kamiokande in Japan, and dark matter detectors like those in underground labs.

5. Beyond the Standard Model

While the Standard Model has been incredibly successful, it is not a complete theory of
fundamental physics. There are several open questions that the Standard Model does not
address, leading physicists to explore theories beyond the Standard Model.

o Dark Matter and Dark Energy: The Standard Model does not account for dark
matter and dark energy, which together make up about 95% of the universe’s mass-
energy content.

o Unification of Forces: The Standard Model does not include gravity, and physicists
are searching for a theory that unifies all four fundamental forces, potentially
through quantum gravity or string theory.

e Supersymmetry: Supersymmetry (SUSY) is a theoretical extension of the Standard
Model that proposes a symmetry between fermions and bosons, predicting the
existence of superpartners for all known particles. Supersymmetry could address
several problems in the Standard Model, but so far, no superpartners have been
discovered.

e Grand Unified Theories (GUTs): GUTs aim to unify the strong, weak, and
electromagnetic forces into a single framework, potentially leading to a deeper
understanding of particle physics and cosmology.

e Quantum Gravity: Integrating quantum mechanics and general relativity remains a
major challenge. Approaches like string theory and loop quantum gravity seek to
address this, but no complete theory has yet been developed.

Particle physics seeks to understand the fundamental building blocks of the universe and
the forces that govern them. The Standard Model has been highly successful in describing
the known particles and interactions, but there are still many mysteries left to explore,
including dark matter, dark energy, and the unification of forces. As experimental
techniques advance, new discoveries are likely to continue shaping our understanding of
the universe at its most fundamental level.

Fundamental Particles and Forces
In particle physics, the universe is understood to be made up of fundamental particles that
interact through fundamental forces. These particles and forces are described by the

Standard Model of particle physics, which classifies all known elementary particles and
the forces that govern their interactions.
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1. Fundamental Particles

The fundamental particles in the Standard Model are divided into two main categories:
fermions and bosons.

1.1 Fermions: The Matter Particles

Fermions are the particles that make up matter. They obey the Pauli Exclusion Principle,
which means no two fermions can occupy the same quantum state simultaneously.
Fermions are subdivided into two groups: quarks and leptons.

¢ Quarks:
o Quarks are the building blocks of hadrons, such as protons and neutrons.
They are never found in isolation due to a property called confinement;
instead, they combine to form composite particles like protons and neutrons.
o Types: There are six types (flavors) of quarks: up, down, charm, strange, top,
and bottom.
o Charge: Quarks have fractional electric charges (+2/3 or -1/3). For example,
an up quark has a charge of +2/3, while a down quark has a charge of -1/3.
o Combination: Quarks combine in groups of three to form baryons (e.g.,
protons and neutrons) or in quark-antiquark pairs to form mesons.
e Leptons:
o Leptons are elementary particles that do not experience the strong nuclear
force. The most familiar lepton is the electron.
o Types: There are six leptons: the electron, muon, and tau, along with their
associated neutrinos (electron neutrino, muon neutrino, and tau neutrino).
o Charge: The electron, muon, and tau have a charge of -1, while neutrinos are
electrically neutral.
o Neutrinos: Neutrinos are very light, neutral particles that interact very
weakly with matter, making them difficult to detect.

1.2 Bosons: The Force Carriers

Bosons are particles that mediate the fundamental forces of nature. Unlike fermions,
multiple bosons can occupy the same quantum state. The Standard Model includes several
types of bosons, each associated with a specific force.

e Photon:

o Force: Mediates the electromagnetic force.

o Properties: Massless and moves at the speed of light. It is responsible for the
forces between charged particles (e.g., the force between electrons and
protons).

e Gluon:
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o Force: Mediates the strong nuclear force, which holds quarks together inside
protons, neutrons, and other hadrons.

o Properties: Gluons are massless and carry the color charge associated with
the strong force. They bind quarks together in groups of three (e.g., in
protons and neutrons).

e Wand Z Bosons:

o Force: Mediate the weak nuclear force, responsible for processes like
radioactive decay (e.g., beta decay in atomic nuclei).

o Properties: Unlike photons and gluons, W and Z bosons have mass, which is
why the weak force has a very short range.

o Higgs Boson:

o Role: Associated with the Higgs field, the Higgs boson is responsible for
giving particles mass through the Higgs mechanism. The discovery of the
Higgs boson in 2012 at CERN confirmed this key component of the Standard
Model.

e Graviton (hypothetical):
o Force: Theorized to mediate the gravitational force. However, the graviton
has not been observed, and gravity is not yet included in the Standard Model.

2. Fundamental Forces

The four fundamental forces govern the interactions between particles. Each force is
mediated by a specific type of boson.

2.1 Electromagnetic Force

e Mediated by: Photon.

o Properties: Acts between charged particles (e.g., electrons and protons). It is
responsible for phenomena like electricity, magnetism, and light. The
electromagnetic force has infinite range and is described by quantum
electrodynamics (QED).

2.2 Strong Nuclear Force

e Mediated by: Gluon.

o Properties: The strongest of the four fundamental forces, it binds quarks together
inside protons, neutrons, and other hadrons. It also holds atomic nuclei together.
The strong force operates over very short distances, roughly the size of an atomic
nucleus. This force is described by quantum chromodynamics (QCD).

2.3 Weak Nuclear Force

e Mediated by: W and Z bosons.
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e Properties: Responsible for processes like beta decay in atomic nuclei. The weak
force is weaker than the strong and electromagnetic forces and operates over
extremely short distances, typically less than the size of an atomic nucleus.

2.4 Gravitational Force

e Mediated by: Graviton (hypothetical).

o Properties: The weakest of the four fundamental forces but acts over infinite
distances. Gravity is responsible for the attraction between objects with mass.
Unlike the other forces, gravity is not yet fully understood at the quantum level, and
efforts to reconcile it with quantum mechanics are ongoing (e.g., through theories of
quantum gravity or string theory).

3. Interactions and Conservation Laws

In particle physics, interactions between particles are governed by conservation laws,
which dictate how particles behave during collisions and decays.

o Conservation of Energy and Momentum: Total energy and momentum are
conserved in all particle interactions.

o Conservation of Charge: Electric charge is conserved in all interactions; the total
charge before and after an interaction remains the same.

e Conservation of Baryon and Lepton Numbers: The number of baryons (e.g.,
protons, neutrons) and leptons (e.g., electrons, neutrinos) is conserved in most
interactions.

o Parity and Symmetry: Symmetries, such as charge-parity (CP) symmetry, play a
crucial role in particle physics, dictating how particles and forces behave under
different transformations.

The fundamental particles and forces are the building blocks of the universe, and their
interactions define the behavior of matter at the smallest scales. The Standard Model of
particle physics provides a comprehensive framework for understanding these particles
and forces, although some mysteries, like dark matter, dark energy, and quantum gravity,
remain unresolved. Ongoing research in particle physics aims to explore these unknowns
and extend our knowledge of the fundamental structure of the universe.

Experimental Techniques and Discoveries in Particle Physics

Particle physics relies heavily on advanced experimental techniques to study fundamental
particles and their interactions. These techniques are designed to probe the smallest scales
of matter and test the predictions of theoretical models. Here’s an overview of key

experimental techniques and notable discoveries in the field:

1. Experimental Techniques
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1.1 Particle Accelerators

o Description: Particle accelerators are machines that propel charged particles to
high speeds and collide them, allowing scientists to study the resulting interactions.
e Types:

o Linear Accelerators (Linacs): Accelerate particles in a straight line.
Example: The SLAC National Accelerator Laboratory.

o Cyclotrons: Use a magnetic field to bend particles into a circular path while
accelerating them. Example: The original cyclotron designed by Ernest O.
Lawrence.

o Synchrotrons: Accelerate particles in a circular path using a combination of
magnetic fields and electric fields. Example: The Large Hadron Collider
(LHC).

o Collider Detectors: Complex detectors situated around the collision points
of accelerators to observe and analyze the results of particle collisions.
Examples: ATLAS and CMS detectors at the LHC.

1.2 Particle Detectors

e Description: Instruments used to detect and measure the properties of particles
resulting from high-energy collisions or other interactions.
o Types:

o Drift Chambers: Measure the trajectories of charged particles by detecting
ionization trails.

o Calorimeters: Measure the energy of particles by absorbing them and
detecting the resulting electromagnetic or hadronic showers.

o Tracking Detectors: Track the path of particles through a series of layers,
often using materials like silicon or gas.

o Time-of-Flight Detectors: Measure the time it takes for particles to travel a
known distance, which helps in determining their velocity and mass.

1.3 Neutrino Detectors

o Description: Specialized detectors designed to capture elusive neutrinos, which
interact very weakly with matter.
o Examples:
o Super-Kamiokande: A large water Cherenkov detector located in Japan,
used to study neutrinos from the Sun, cosmic rays, and nuclear reactors.
o IceCube Neutrino Observatory: Located at the South Pole, it uses a cubic
kilometer of Antarctic ice to detect high-energy neutrinos.
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1.4 Gravitational Wave Detectors

o Description: Instruments designed to detect ripples in spacetime caused by
massive accelerating objects, such as merging black holes or neutron stars.
o Examples:

o LIGO (Laser Interferometer Gravitational-Wave Observatory): Detects
gravitational waves by measuring tiny changes in the distance between
mirrors placed kilometers apart.

o Virgo: A European gravitational wave detector working in conjunction with
LIGO to pinpoint the sources of gravitational waves.

1.5 High-Energy Observatories

o Description: Facilities that study high-energy cosmic phenomena, including cosmic
rays and gamma rays, to gain insights into particle interactions in extreme
environments.

o Examples:

o Fermi Gamma-ray Space Telescope: Observes gamma rays from space,
providing data on high-energy astrophysical phenomena.

o Pierre Auger Observatory: Detects cosmic rays and measures their
interactions with the Earth's atmosphere.

2. Notable Discoveries

2.1 The Higgs Boson

o Discovery: The Higgs boson, also known as the "God particle," was discovered in
2012 by the ATLAS and CMS experiments at the Large Hadron Collider (LHC).

o Significance: The discovery confirmed the existence of the Higgs field, which
provides particles with mass and is a crucial component of the Standard Model of
particle physics.

2.2 The W and Z Bosons

o Discovery: The W and Z bosons, mediators of the weak nuclear force, were
discovered in experiments at CERN in the early 1980s.

e Significance: Their discovery confirmed the electroweak theory, which unifies the
electromagnetic and weak forces, and earned the Nobel Prize in Physics in 1979 for
Sheldon Glashow, Abdus Salam, and Steven Weinberg.

2.3 The Top Quark

o Discovery: The top quark, the heaviest known quark, was discovered in 1995 at the
Fermilab Tevatron collider.
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e Significance: The discovery completed the quark sector of the Standard Model and
provided important insights into the mass and interactions of fundamental particles.

2.4 Neutrino Oscillations

e Discovery: Experiments such as Super-Kamiokande and the SNO (Sudbury
Neutrino Observatory) demonstrated that neutrinos change flavor (neutrino
oscillations).

o Significance: This discovery implied that neutrinos have mass, which was not
included in the original Standard Model, leading to the awarding of the Nobel Prize
in Physics to Takaaki Kajita and Arthur B. McDonald in 2015.

2.5 Cosmic Microwave Background (CMB)

e Discovery: The CMB was first detected in 1965 by Arno Penzias and Robert Wilson.
o Significance: The CMB provides evidence for the Big Bang Theory and offers a
snapshot of the universe when it was just 380,000 years old.

2.6 Gravitational Waves

o Discovery: Gravitational waves were first detected in 2015 by the LIGO
observatory.
o Significance: This confirmed a major prediction of Einstein’s general theory of

relativity and opened a new way of observing the universe through gravitational
wave astronomy.

Experimental techniques in particle physics are designed to explore the fundamental
components of the universe and the forces governing their interactions. Advances in particle
accelerators, detectors, and observational methods have led to groundbreaking discoveries
that have deepened our understanding of the fundamental nature of matter and the universe.
These discoveries not only confirm theoretical predictions but also open new avenues of
research and inquiry in the quest to understand the universe's most fundamental aspects.

> THE AIMERS Mr. DEVRAJ PATEL www.theaimers.org




