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1. Introduction to Particle Physics

Particle physics studies the fundamental constituents of matter and the forces governing
their interactions. The universe is composed of two types of entities:

e Particles: The fundamental building blocks of matter.
e Forces: The interactions that dictate how particles behave and interact.

The primary goal is to classify particles and understand their interactions.

2. Fundamental Particles

Particles are broadly divided into two categories:

2.1 Fermions (Matter Particles)

Fermions follow the Pauli Ezclusion Principle and are the building blocks of matter.

They have half-integer spin (%, %, c ).

Classification:

e Quarks:

— Combine to form hadrons (e.g., protons, neutrons).

— Six flavors: up (u), down (d), charm (c), strange (s), top (t), bottom (b).
— Carry fractional electric charge (+2 or —3).
— Governed by color charge (Quantum Chromodynamics).

e Leptons:

— Do not experience strong interactions.

— Six types: electron (e~ ), muon (u~), tau (7~ ), and their neutrinos (v.,v,, v;).



2.2 Bosons (Force Carriers)

Bosons mediate the fundamental forces and have integer spin (0, 1, 2, etc.).
e Gauge Bosons (Force Mediators):

— Photon () for electromagnetic force.
— W and Z bosons (W#, Z%) for weak interaction.

— Gluons (g) for strong interaction.
e Higgs Boson: Responsible for giving mass to particles.

e Graviton (Hypothetical): Proposed mediator of gravity (not yet confirmed).

3. Fundamental Forces

The four known fundamental interactions describe how particles interact:

3.1 Strong Nuclear Force

e Range: Short-range (operates within atomic nuclei).
e Carrier: Gluons.
e Effect: Binds quarks to form protons, neutrons, and other hadrons.

e Strength: Strongest of all forces.

3.2 Electromagnetic Force

e Range: Infinite.
e Carrier: Photon (7).
e Effect: Acts between charged particles.

e Strength: Weaker than strong force but stronger than weak and gravitational
forces.

3.3 Weak Nuclear Force
e Range: Short-range.

e Carriers: W and Z bosons.
e Effect: Responsible for beta decay and neutrino interactions.

e Strength: Weaker than both the strong and electromagnetic forces.



3.4 Gravitational Force

e Range: Infinite.
e Carrier: Hypothetical graviton.
e Effect: Acts between masses.

e Strength: Weakest of the four forces.

4. Composite Particles

Some particles are not elementary but are made of quarks:

4.1 Hadrons

e Baryons: Composed of three quarks (e.g., proton (uud), neutron (udd)).

e Mesons: Composed of a quark-antiquark pair (e.g., pion (), kaon (K)).

4.2 Atomic Nuclei

e Composed of protons and neutrons (baryons).

e Bound by the residual strong force.

5. Conservation Laws in Particle Physics

Interactions between particles follow fundamental conservation laws:
e Conservation of Energy and Momentum.
e Conservation of Electric Charge.
e Conservation of Baryon and Lepton Number.
e Conservation of Angular Momentum (including spin).

In certain interactions (e.g., weak interactions), symmetries like parity (P) and charge
conjugation (C) may not be conserved, leading to phenomena like CP violation.

6. Summary of Particle Interactions

7. Conclusion

The study of particle physics provides profound insights into the nature of the universe.
By classifying particles and understanding their interactions, we can explore phenomena
from the smallest scales (subatomic) to the largest (cosmic).



Interaction Mediator Affects Relative Strength | Range
Strong Force | Gluon (g) | Quarks, Hadrons 1 ~107% m
Electromagnetic | Photon () | Charged Particles 1072 Infinite
Weak Force G All Particles 1076 ~ 107" m
Gravitational | Graviton* All Particles 1073 Infinite

Table 1: Summary of Fundamental Interactions

Why is Nuclear Force Called a Residual Force?

The nuclear force is called a residual force because it originates as a leftover effect of
the strong nuclear force, which operates at the quark level to bind quarks together
into protons and neutrons.

1. The Origin of the Nuclear Force

e The strong nuclear force is the fundamental interaction responsible for binding
quarks together to form hadrons (protons and neutrons).

e Quarks inside protons and neutrons interact through the exchange of particles called
gluons, which mediate the strong force.

2. Residual Nature of the Nuclear Force

e The nuclear force arises as a residual effect of the strong interaction that extends
beyond individual nucleons to bind them together in an atomic nucleus.

e In analogy:

— The strong force between quarks is similar to forces binding atoms into molecules
(via residual electromagnetic forces).

— The residual strong force “leaks” out of the nucleons and manifests as the
nuclear force, binding nucleons together.

3. Characteristics of the Nuclear Force

e Short-Range: Operates within ~ 1 — 2fm (femtometers).
e Attractive and Repulsive:

— Attractive at 0.5 — 2fm to keep nucleons bound.

— Strongly repulsive below 0.5 fm to prevent collapse.

e Charge Independence: Acts equally between proton-proton, neutron-neutron,
and proton-neutron pairs.



4. Importance of the Residual Nuclear Force

e Without it, protons in the nucleus would repel each other due to their positive
charges, and atomic nuclei would disintegrate.

e [t ensures the stability of most atomic nuclei, enabling the existence of matter as
we know it.

What is Charge Conjugation

Charge conjugation refers to the transformation of a particle into its antiparticle by
reversing all its internal quantum charges (e.g., electric charge, baryon number, lepton
number).

6.1 What Happens in Charge Conjugation?

Under charge conjugation, a particle’s charge-related properties are reversed:
e A particle with a positive charge becomes an antiparticle with a negative charge.

e Neutral particles may transform into themselves or their antiparticles, depending
on their intrinsic properties.

Examples:
e Positively charged electron (positron, e™) becomes an electron (e™).
e Proton (p) becomes an antiproton (p).
e Neutron (n) becomes an antineutron (7).

e Photon (v) remains unchanged (it is its own antiparticle).

6.2 Charge Conjugation Operator (C)

Charge conjugation is mathematically represented by an operator C', which acts on the
wavefunction of a particle to produce the wavefunction of its antiparticle:

Cy =g,

where )¢ is the wavefunction of the antiparticle.

6.3 Symmetry and Conservation

e C-Symmetry: A physical system has C-symmetry if the laws of physics remain
unchanged when particles are replaced by their antiparticles.

e The strong and electromagnetic interactions respect C-symmetry, but the weak
interaction violates it.



6.4 Applications of Charge Conjugation

e Studying antimatter behavior and properties.

e Understanding symmetries and CP violation.

7. Summary of Particle Interactions

Interaction Mediator Affects Relative Strength | Range
Strong Force | Gluon (g) | Quarks, Hadrons 1 ~ 107 m
Electromagnetic | Photon () | Charged Particles 1072 Infinite
Weak Force w*, 20 All Particles 107° ~ 107" m
Gravitational Graviton* All Particles 1073 Infinite

Table 2: Summary of Fundamental Interactions

8. Conclusion

Charge conjugation provides deep insights into the nature of particles and their interac-
tions, especially in understanding antimatter and fundamental symmetries of the universe.

Spin and Charge Conjugation

While spin itself is not directly altered by charge conjugation, their interplay can have
significant implications in quantum mechanics and particle physics.

1. What is Spin?

e Spin is an intrinsic form of angular momentum possessed by elementary particles,
independent of their motion in space.

e It is measured in units of i/2:

— Fermions (e.g., electrons, protons) have half-integer spin (%,3,...).

— Bosons (e.g., photons, gluons) have integer spin (0,1,2,...).

2. What is Charge Conjugation?

Charge conjugation refers to the transformation of a particle into its antiparticle by
reversing all internal quantum charges (e.g., electric charge, baryon number, lepton num-
ber).



3. Relationship Between Spin and Charge Conjugation

e Spin itself is not reversed by charge conjugation; a particle and its antiparticle have
the same spin.

e However, the behavior of particles under charge conjugation depends on their spin
and quantum numbers.

— Particles with integer spin (e.g., photons) can often be their own antiparticles.

— Particles with half-integer spin (e.g., neutrinos) may or may not be their own
antiparticles depending on whether they are Majorana or Dirac particles.

4. Charge Conjugation Parity (C-Parity)

e Neutral particles can have a property called C-parity, which quantifies their behav-
ior under charge conjugation.

e For systems like positronium (bound states of e~ and e*), C-parity depends on the
spin state:

— Para-positronium (spin-0 state): C' = +1.
— Ortho-positronium (spin-1 state): C' = —1.

5. Importance of the Relationship

The interplay between spin and charge conjugation symmetry is significant in:
e Understanding symmetries in particle interactions.
e Exploring the nature of neutrinos (Majorana vs. Dirac).

e Studying composite systems like positronium or mesons.



