Chapter 10
Grand Unified Theories
10.1 Introduction

Grand Unified Theories (GUTSs) seek to unify the electromagnetic, weak, and strong interactions
within a single gauge symmetry. They extend the Standard Model by embedding its gauge groups
into a larger mathematical structure.

10.2 Why Unification?

The Standard Model contains three independent gauge couplings and three gauge groups. A
unified theory aims to explain these as different aspects of one underlying interaction that existed in
the very early universe.

10.3 The First Grand Unified Theory

In 1974, Georgi and Glashow proposed the SU(5) Grand Unified Theory. In this model the Standard
Model gauge group is embedded in SU(5), allowing quarks and leptons to be related through a
common symmetry.

10.4 SO(10)

SO(10) extends SU(5) by placing every fermion of one generation, including a right-handed
neutrino, into a single 16-dimensional representation. This elegant feature makes SO(10) one of the
most studied GUT candidates.

10.5 Charge Quantization

A major success of Grand Unified Theories is that electric charge is no longer assigned by hand.
Charge emerges naturally from the generators of the larger symmetry group, explaining why the
observed charges occur in precise fractional and integer values.

10.6 Proton Decay

Many GUTSs predict that protons are not absolutely stable. Extremely rare proton decay has not yet
been observed, placing strong experimental limits on many unified models.

10.7 Coupling Constant Unification

As energy increases, the strengths of the strong, weak, and electromagnetic interactions change.
Renormalization-group calculations suggest that the three couplings move toward one another at
very high energies, providing motivation for unification.

10.8 Beyond Grand Unification

Supersymmetry, superstring theory, and higher-dimensional models attempt to extend the idea of
unification even further by incorporating gravity and additional symmetries.

10.9 Open Questions

Important unresolved questions include the unification scale, the mechanism of symmetry breaking,
neutrino masses, dark matter, baryon asymmetry, and the relationship between GUTs and quantum
gravity.

10.10 Looking Ahead

Grand Unified Theories demonstrate the power of symmetry as a guiding principle in physics.
Whether nature ultimately follows SU(5), SO(10), E6, or another symmetry remains an open
guestion.



Representative Grand Unified Groups

» SU(5) — First successful GUT proposal.

» SO(10) — Includes a complete fermion generation in one representation.

» E6 — Exceptional Lie group used in some unified and string-inspired models.
» E8 — Appears in certain heterotic string theories.

Chapter Summary

Grand Unified Theories seek a deeper symmetry underlying the Standard Model. They provide
elegant explanations for charge quantization and the relationship between quarks and leptons while
motivating experimental searches for proton decay and new physics at extremely high energies.



