
Why the Sun Shines So Slowly 
 

How Left-Handed Symmetry Breaking  

Gives the Sun a Lifetime of Billions of Years 

 

Abstract 
The Sun's extraordinary longevity is one of the fundamental prerequisites for life on Earth. While 

gravity initiates stellar collapse and nuclear fusion provides energy, the ultimate rate of hydrogen 

burning is controlled by the weak interaction.  

The Sun's ten-billion-year lifetime is a direct consequence of the chiral nature of the Standard 

Model, in which only left-handed particles participate in the SU(2) gauge interaction. The 

remarkable asymmetry of Nature, first revealed through parity violation, governs the proton-to-

neutron conversion that limits the rate of stellar fusion and makes long-lived stars possible. 
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I . What determines the lifetime of the Sun 
 
 

1. Introduction- Why does sun shine for billions of years 

• Why does the Sun shine for billions of years instead of millions? 

• The surprising answer is not gravity or electromagnetism. 

• The bottleneck is a single weak interaction. 

• Thesis: The left-handed structure of the weak force ultimately determines the lifetime 

of ordinary stars. 

 

2. The Energy Source of the Sun 

A. Gravitational Collapse 

• Formation of stars. 

• Heating of the core. 

• Why gravity alone cannot sustain luminosity. 

 

B. Nuclear Fusion 

• Hydrogen burning. 

• The proton-proton chain. 

• Helium production. 

Illustrate: 

4 H  →  He + energy + neutrinos 

The Four Fundamental Forces of the Universe 



 

The universe is governed by four fundamental interactions, or forces, that determine how 

matter and energy behave. Every physical process—from the motion of galaxies to nuclear 

fusion in the Sun—is ultimately the result of one or more of these forces. 

 
1. Gravity 

Definition 

Gravity is the attractive force between objects that possess mass or energy. It governs the 

large-scale structure of the universe, including the motion of planets, stars, galaxies, and 

black holes. 

Unlike the other forces, gravity acts on all forms of matter and energy and has an infinite range. 

Modern Description 

According to Einstein's General Theory of Relativity, gravity is not a force in the traditional 

sense but the curvature of spacetime produced by mass and energy. 

Carrier Particle 

• Hypothetical Graviton (spin 2) 

• Not yet experimentally observed. 

Relative Strength 

Weakest of the four forces. 

Approximately: 

 

10-38 

 

times the strength of the strong nuclear force between protons. 

Range 

Infinite. 

Examples 

• Earth's orbit around the Sun 

• Planetary motion 

• Tides 

• Formation of galaxies 

• Black holes 

• Expansion of the universe 

 
2. Electromagnetic Force 

Definition 

The electromagnetic force acts between electrically charged particles and is responsible for 

electricity, magnetism, light, chemistry, and atomic structure. 

It is vastly stronger than gravity but can be either attractive or repulsive. 

Mathematical Symmetry 

Gauge Group: 

 

U(1) 

 

Carrier Particle 

• Photon (γ) 

• Spin 1 

• Massless 

Relative Strength 

Approximately  10-2 

 

relative to the strong force. 

Range 



Infinite. 

Examples 

• Chemical bonds 

• Light 

• Lasers 

• Electricity 

• Magnets 

• Radio waves 

• Atomic orbitals 

 
3. Strong Nuclear Force 

Definition 

The strong force binds quarks together to form protons and neutrons and binds protons and 

neutrons together inside atomic nuclei. 

It is the strongest force known. 

Mathematical Symmetry 

Gauge Group: 

•  

SU(3)_C 

 

where "C" denotes color charge. 

Carrier Particles 

Eight gluons. 

Unlike photons, gluons carry color charge and therefore interact with one another. 

Relative Strength 

Defined as 

 

1 

 

(the strongest interaction). 

Range 

Very short: 

Approximately 

 

10-15 

 

(about the size of an atomic nucleus). 

Examples 

• Binding quarks into protons 

• Binding quarks into neutrons 

• Nuclear binding energy 

• Stability of atomic nuclei 

 
4. Weak Nuclear Force 

Definition 

The weak force changes one type of elementary particle into another. It is 

responsible for radioactive beta decay and for the nuclear reactions that 

power the Sun. 

Unlike the electromagnetic and strong interactions, it violates parity 

symmetry. 
 

 



Mathematical Symmetry 

Gauge Group: 

SU(2)L  combined with  U(1)Y 

 

to form the electroweak interaction. 

Carrier Particles 

• W⁺ 

• W⁻ 

• Z⁰ 

These particles are massive, giving the weak interaction its short range. 

Relative Strength 

Approximately  10-5 

 

relative to the strong force. 

Range 

About 10-18 

 

Examples 

• Beta decay 

• Neutrino interactions 

• Proton-proton fusion in the Sun 

• Radioactive decay 

• Flavor-changing quark interactions 

 
Comparison Table 

Force Relative Strength Range Carrier Particle Gauge Symmetry 

Gravity ~10⁻³⁸ Infinite Graviton (hypothetical) General covariance 

Electromagnetic ~10⁻² Infinite Photon U(1) 

Weak Nuclear ~10⁻⁵ 10⁻¹⁸ m W⁺, W⁻, Z⁰ SU(2)L × U(1)Y 

Strong Nuclear 1 10⁻¹⁵ m Eight gluons SU(3)C 

 
Relative Strength Illustration 

Strong Force            1 

Electromagnetic      10-2 

Weak Force           10-5 

Gravity             10-38 

Gravity is extraordinarily weak compared with the other interactions, yet because it is 

always attractive and has infinite range, it dominates the large-scale structure of the cosmos. 

 
The Standard Model 

The Standard Model successfully unifies three of the four forces: 

 

SU(3) X SU(2)_X U(1)_ 

 
These describe: 

• Strong interaction 

• Weak interaction 

• Electromagnetism 

Gravity remains outside the Standard Model and is currently described separately by General 

Relativity. 



The terms 𝑆𝑈(2)𝐿 and 𝑈(1)𝑌 describe the symmetries of the electroweak interaction before 

it is broken by the Higgs field. 

 

𝑺𝑼(𝟑)𝑪 × 𝑺𝑼(𝟐)𝑳 × 𝑼(𝟏)𝒀 
 

 

 
A Remarkable Observation 

Each force governs a different scale of nature: 

• Gravity shapes galaxies and the universe. 

• Electromagnetism governs atoms, chemistry, and light. 

• The Strong Force binds the nuclei of atoms. 

• The Weak Force enables radioactive decay and powers the Sun by allowing protons 

to transform into neutrons. 

Together, these four interactions provide the mathematical framework from which all known 

physical phenomena emerge. The quest for a unified theory seeks to show that these 

seemingly distinct forces are different manifestations of a deeper underlying symmetry of 

nature. 

 

 

 

  



Definition of Quarks 
Quarks are the fundamental constituents of protons and neutrons and participate in all 

four fundamental interactions except gravity (as far as presently observed). 

 

      Types of Quarks         Charge       Generation 

• Up (u) • +2/3 • 1 

• Down (d) • -1/3 • 1 

• Charm (c) • +2/3 • 2 

• Strange (s) • -1/3 • 2 

• Top (t) • +2/3 • 3 

• Bottom (b) • -1/3 • 3 

 

Symmetries 

• SU(3) Color 

• SU(2)L Weak Isospin 

• U(1) Hypercharge 

 

3. The Impossible Problem 

Two protons cannot simply become deuterium. 
A deuteron requires these combination of Quarks: 

            Particle   Quark Constituents 

Proton =  uud 

Neutron =  udd 

One up quark(u) must become a down quark (d). 

This transformation cannot occur through: 

• Strong interaction 

• Electromagnetism 

• Gravity 

It requires the weak interaction. 
 

4. The Weak Interaction 

Introduce: 

• W bosons 

• Z boson 

• Beta decay 

 

 

Reaction: 

u → d + W⁺ 

W⁺ → e⁺ + ν 

This permits 

p + p → d + e⁺ + ν 

 

5. Yang-Mills Theory and SU(2) 

Brief introduction: 

• Gauge symmetry 

• Internal spaces 

• SU(2)L doublets 

 

The W bosons rotate one quark flavor into another. 



6. The Great Surprise: Nature Prefers Left 

Historical story: 

• Lee and Yang 

• Chien-Shiung Wu experiment 

• Discovery of parity violation 

Definition of Parity: 

(x,y,z) → (-x,-y,-z) 

Electromagnetism preserves parity but the weak force does not. 

 

7. Why Left-Handedness Matters 

Chirality. 

Only SU(2)L  exists. 

There is no corresponding SU(2)R in the Standard Model. 

The weak interaction couples only to left-handed fermions. 

This is one of the deepest asymmetries in modern physics. 

 

8. The Astonishing Consequence 

Because the first proton-proton reaction is weak-interaction limited: 

Average waiting time for a proton: ≈ 10¹⁰ years 

This single probability determines: 

• Solar luminosity 

• Stellar lifetimes 

• Galactic evolution 

• Planetary habitability 

 

9. What If the Weak Force Were Stronger? 

Hypothetical universes. 

If the reaction probability increased: 

• Hydrogen burns rapidly. 

• Stellar lifetimes shorten dramatically. 

• Main-sequence stars disappear quickly. 

• Biological evolution becomes unlikely. 

 

10. Fine-Tuning of the Universe 

Relates to other fine-tuning parameters: 

• Gravitational constant 

• Strong coupling 

• Electromagnetic coupling 

• Electron/proton mass ratio 

 

Weak interaction strength is another remarkable example of apparent fine-tuning. 

 

11. Geometry Behind the Weak Force 

The geometric viewpoint. 

At every spacetime point exists an internal SU(2) space. 

The gauge field acts as a connection. 

Curvature produces physical interactions. 

Compare with General Relativity: 

General Relativity Yang-Mills 

Curvature of spacetime Curvature of internal symmetry 

Christoffel symbols Gauge connection 

Riemann tensor Field strength 



 

12. A Universe Built from Asymmetry 
The universe exhibits many asymmetries: 

• Matter over antimatter 

• CP violation 

• Left-handed weak interactions 

The Sun's existence depends on one of these asymmetries. 

The mirror universe would not behave the same way. 

 

13. Philosophical Reflections 

The deepest mathematical structures of Nature determine whether stars live for: 

• Thousands of years 

• Millions of years 

• Billions of years 

An abstract gauge symmetry governs the possibility of life itself. 

The geometry of invisible internal spaces shapes the visible cosmos. 

 

 

14. Conclusion 
The Sun shines because one proton occasionally transforms into a 

neutron through the weak interaction. 

That interaction is governed by the chiral SU(2)L Yang-Mills gauge 

theory. 

Its extraordinary weakness stretches stellar lifetimes to billions of 

years, providing the stable environment necessary for planets and 

life. 

One of the universe's most profound asymmetries— 

the preference for left-handed interactions— 

quietly determines the age of civilizations and  

the possibility that conscious observers can exist to study the stars. 
 

 
 

 

 

II. Fundamental Particle Symmetries 

The Standard Model of particle physics 

is built on the gauge symmetry 

 

𝑺𝑼(𝟑)𝑪 × 𝑺𝑼(𝟐)𝑳 × 𝑼(𝟏)𝒀 

 
The terms 𝑆𝑈(2)𝐿 and 𝑈(1)𝑌 describe the symmetries of the electroweak interaction before 

it is broken by the Higgs field. 

 
1. What is SU(2)L 



SU stands for Special Unitary Group. 

• S = determinant = 1  

• U = unitary matrices  

• 2 = 2 × 2 matrices  

• L = Left-handed  

It is the group of all 2×2 complex unitary matrices with determinant 1. 

Mathematically, 

𝑈†𝑈 = 𝐼, det (𝑈) = 1. 
 

The generators are essentially the Pauli matrices: 

𝜎1,  𝜎2,  𝜎3. 
 

These generate rotations in an abstract two-dimensional internal space. 

 
Physical meaning 

SU(2) 𝐿 groups left-handed particles into doublets. 

For quarks: 

(
𝑢
𝑑

)
𝐿
 

 

For leptons: 

(
𝜈𝑒

𝑒
)

𝐿
 

 

The three SU(2) gauge bosons are 

• 𝑊1 

• 𝑊2 

• 𝑊3 

which later combine into 

• 𝑊+ 

• 𝑊− 

• part of the 𝑍.  

The important point is: 

SU(2) 𝐿 only acts on left-handed particles. 

Right-handed electrons and quarks are singlets under SU(2): 

𝑒𝑅 

 

has no weak isospin partner. 

This is why the weak interaction violates parity. 

 
2. What is U(1) Hypercharge? 

U(1) is much simpler. 

It represents multiplication by a phase: 

𝜓 → 𝑒𝑖𝜃𝜓. 
 

This is exactly the same mathematical structure that gives rise to electromagnetism. 

Before symmetry breaking, however, the U(1) of the Standard Model is not ordinary electric 

charge. 

It is called weak hypercharge, denoted 

𝑌. 
 

 
Hypercharge Assignment 



Every particle is assigned a number 𝑌. 

Examples: 

Particle Hypercharge 

Left electron doublet −1 

Right electron −2 

Left quark doublet 1/3 

Right up quark 4/3 

Right down quark −2/3 

These values are chosen so that the theory is mathematically consistent. 

 
3. Electric Charge Comes From Both 

The beautiful result is that electric charge is not fundamental. 

It is produced from: 

• Weak isospin 𝑇3 

• Hypercharge 𝑌 

through the Gell-Mann–Nishijima relation: 

𝑄 = 𝑇3 +
𝑌

2
 

where 

• 𝑄= electric charge  

• 𝑇3= third component of weak isospin  

• 𝑌= hypercharge  

 
Example: Electron 

Left-handed electron: 

𝑇3 = −
1

2
, 𝑌 = −1. 

 

Then 

𝑄 = −
1

2
+

−1

2
= −1. 

 

Correct. 

 
Example: Neutrino 

𝑇3 = +
1

2
, 𝑌 = −1. 

 

Then 

𝑄 = +
1

2
−

1

2
= 0. 

 

Correct. 

 

 

 

 

 

 

 



How does the Gell-Mann–Nishijima relation  

generate electric charge? 
The Gell-Mann–Nishijima relation does not generate electric charge in the sense of 

creating it from nothing. Rather, it tells us how electric charge is determined from deeper 

quantum numbers associated with the symmetries of elementary particles. 

The relation is 𝑄 = 𝐼3 +
𝑌

2
 

 

where: 

• 𝑄= electric charge (in units of the electron charge)  

• 𝐼3= third component of isospin  

• 𝑌= hypercharge  

𝑄 = 𝐼3 +
𝑌

2
 

Historical Motivation 

In the 1950s and 1960s, physicists discovered many new particles. They noticed that these 

particles fit into orderly patterns, suggesting hidden symmetries. 

Murray Gell-Mann and Kazuhiko Nishijima realized that electric charge could be expressed 

as the sum of two more fundamental quantities. 

Instead of treating charge as an isolated property, 

Electric Charge = Isospin +
Hypercharge

2
 

 

This was a profound clue that the strong and electromagnetic interactions shared an 

underlying symmetry. 

What is 𝑰𝟑? 

Isospin is analogous to ordinary spin but acts in an internal mathematical space. 

For example, the proton and neutron form an isospin doublet: 

Particle 𝐼3 

Proton +1/2 

Neutron -1/2 

They are viewed as two states of the same underlying object. 

What is Hypercharge? 

Originally,   𝑌 = 𝐵 + 𝑆 

 

where 

• 𝐵= baryon number  

• 𝑆= strangeness  

Later, as more quark flavors were discovered, 

𝑌 = 𝐵 + 𝑆 + 𝐶 + 𝐵′ + 𝑇 

 

where 𝐶is charm, 𝐵′(often written as bottomness) is bottom quantum number, and 𝑇is 

topness. 

Hypercharge summarizes conserved flavor-related quantum numbers. 

Example: Proton 

For a proton 

• 𝐼3 = +1/2 

• 𝑌 = 1 

Therefore 

𝑄 =
1

2
+

1

2
= 1 

giving the observed charge of +1. 



Example: Neutron 

For a neutron 

• 𝐼3 = −1/2 

• 𝑌 = 1 

Then 

𝑄 = −
1

2
+

1

2
= 0 

 

so the neutron is electrically neutral. 

Example: Up Quark 

For an up quark 

• 𝐼3 = +1/2 

• 𝑌 = 1/3 

Therefore 

𝑄 =
1

2
+

1

6
=

2

3
 

 

matching its charge of +
2

3
𝑒. 

Example: Down Quark 

For a down quark 

• 𝐼3 = −1/2 

• 𝑌 = 1/3 

Then 

𝑄 = −
1

2
+

1

6
= −

1

3
 

 

matching its observed charge. 

Why this works in the Standard Model 

The deeper reason comes from gauge symmetry. 

The electroweak theory is based on the symmetry group 

𝑆𝑈(2)𝐿 × 𝑈(1)𝑌. 
 

The three generators of 𝑆𝑈(2)𝐿include 𝐼3, while 𝑈(1)𝑌has hypercharge 𝑌. After the Higgs 

field acquires a vacuum expectation value, these symmetries are spontaneously broken to the 

electromagnetic symmetry 𝑈(1)em. The surviving generator is exactly 

𝑄 = 𝐼3 +
𝑌

2
. 

 

So electric charge is the particular combination of the weak isospin generator and the 

hypercharge generator that remains unbroken. 

A Geometric Picture 

Imagine a two-dimensional coordinate system: 

• One axis is 𝐼3 

• The other axis is 𝑌/2 

Every elementary particle occupies a point in this plane. Electric charge is simply the sum of 

those two coordinates: 

𝑄 = 𝑥 + 𝑦. 
 

The symmetry of the electroweak theory selects this diagonal direction as the one 

corresponding to electromagnetism. 

Does the equation create charge? 

No. It classifies charge rather than producing it dynamically. 



A useful analogy is latitude and longitude on Earth. The coordinates do not create a city; 

they specify where it is. Likewise, 𝐼3and 𝑌specify a particle's position in an internal 

symmetry space, and their combination determines its electric charge. 

F 

rom the perspective of modern particle physics, the Gell-Mann–Nishijima relation reveals 

that electric charge is the conserved generator of the unbroken electromagnetic 

symmetry that emerges from the electroweak gauge structure, rather than an 

independent, arbitrary property assigned to each particle. 

 

 

 

4. Higgs Symmetry Breaking 

Originally Nature has 

𝑆𝑈(2)𝐿 × 𝑈(1)𝑌. 
 

When the Higgs field acquires a vacuum expectation value, 

the symmetry breaks to 

𝑈(1)EM. 
 

The gauge bosons mix: 

Before: 

 

W¹ 

W² 

W³ 

B 

 

After: 

 

W⁺ 

W⁻ 

Z 

Photon 

where 

• 𝐵is the U(1) hypercharge boson.  

• The photon is a mixture of 𝑊3and 𝐵.  

 
5. Geometric Picture 

Imagine every point in spacetime carries a tiny internal coordinate system. 

SU(2) 

The internal "arrow" can rotate in a two-dimensional space: 

      ↑ 

      │ 

      ● 

     / \ 

    /   \ 

The W bosons perform these rotations. 

 
U(1) 

Instead of rotating a vector, U(1) merely changes a phase: 

e^{iθ} 

Like rotating the hand of a clock. 



      12 

   9   ○   3 

       | 

       6 

Only the angle changes. 

 
6. Summary Table 

Symmetry Physical Meaning Gauge Bosons 

SU(2) 𝐿 Weak isospin rotations of left-handed particles 𝑊+, 𝑊−, 𝑍(partly) 

U(1) 𝑌 Hypercharge phase symmetry 𝐵boson 

After Higgs breaking Electromagnetism Photon (𝛾) 

 

A physicist's intuition 
One of the most elegant ideas in modern physics is that electric charge emerges from the 

combination of two deeper symmetries. The weak force is governed by SU(2) 𝐿, which acts 

only on left-handed particles and is responsible for processes like beta decay and the proton–

proton fusion reaction in the Sun. U(1) 𝑌 assigns every particle a weak hypercharge. After 

the Higgs field breaks the symmetry, these two gauge structures combine to produce the 

familiar photon and the observed electric charges through 

𝑄 = 𝑇3 +
𝑌

2
. 

 

Thus, what we call "electric charge" is not a primitive property but the visible remnant of a 

more fundamental electroweak symmetry. 

 

Appendix A: Mathematical Summary 
• SU(2)L gauge symmetry 

• Covariant derivative 

• W boson exchange 

• Proton-proton reaction 

• Weak coupling constant 

• Fermi constant 

• Approximate reaction rates 

 

Appendix B: Processes 
1. Proton-proton chain diagram. 

2. Up-to-down quark conversion via W⁺. 

3. SU(2) internal space illustration. 

4. Left-handed vs right-handed fermions. 

5. Parity mirror illustration. 

6. Timeline showing proton waiting time versus stellar lifetime. 

7. Flowchart: 

SU(2)L 

      ↓ 

Weak Interaction 

      ↓ 

u → d 

      ↓ 

p+p fusion 

      ↓ 



10¹⁰ year bottleneck 

      ↓ 

Stable Sun 

      ↓ 

Life on Earth 

 

 

 

Central Thesis 
The Sun's extraordinary longevity is not merely an accident of nuclear physics but emerges 

from one of the deepest mathematical structures of the Standard Model. The left-handed 

SU(2) Yang-Mills symmetry, through its control of proton-to-neutron conversion, establishes 

the slow pace of stellar fusion that grants the Earth billions of years for the development of 

complex life. 

 

 

  



 
 

The Mathematics of the Yang-mills Theory and its Foundational Idea 
 

1. The Gauge Transformation 

The internal vector (or wavefunction) changes locally according to 

𝜓(𝑥) → 𝑈(𝑥) 𝜓(𝑥) 

 

where 

𝑈(𝑥) ∈ 𝑆𝑈(𝑁). 
 

This says that at every point in spacetime, you are free to choose a different basis for the 

internal space. 

 
2. The Covariant Derivative 

To compare internal vectors at neighboring points, you introduce the connection (the gauge 

field): 

𝐷𝜇 = ∂𝜇 + 𝑖𝑔𝐴𝜇 

For a non-Abelian theory, 

𝐴𝜇 = 𝐴𝜇
𝑎𝑇𝑎, 

 

where 𝑇𝑎are the generators of the Lie group. 

This is exactly analogous to the Christoffel symbols in General Relativity. 

 
3. Curvature (Field Strength) 

The curvature of the internal space is obtained from the commutator of covariant derivatives: 

[𝐷𝜇, 𝐷𝜈] = 𝑖𝑔𝐹𝜇𝜈 

For Yang–Mills, 

𝐹𝜇𝜈
𝑎 = ∂𝜇𝐴𝜈

𝑎 − ∂𝜈𝐴𝜇
𝑎 + 𝑔𝑓𝑎𝑏𝑐𝐴𝜇

𝑏𝐴𝜈
𝑐  

The last term, 

𝑔𝑓𝑎𝑏𝑐𝐴𝜇
𝑏𝐴𝜈

𝑐 , 

 

is what makes the theory nonlinear and allows the gauge bosons to interact with each other. 

 
4. Parallel Transport 

If you move an internal vector along a path, 

𝑑𝑥𝜇, 
 

its infinitesimal change is 

𝑑𝜓 = −𝑖𝑔𝐴𝜇  𝑑𝑥𝜇  𝜓. 

 

The gauge field literally tells you how to rotate the internal coordinates as you move 

through spacetime. 

 
 

 

 

 

 

5. The Yang–Mills Action 

The dynamics come from minimizing the action 



𝑆 = −
1

4
∫ 𝐹𝜇𝜈

𝑎 𝐹𝜇𝜈𝑎 𝑑4𝑥 

Applying the Euler–Lagrange equations gives 

𝐷𝜇𝐹𝜇𝜈 = 𝐽𝜈 , 

 

the Yang–Mills analogue of Maxwell's equations. 

 
Differential Geometry Interpretation 

The gauge field is actually a connection one-form 

𝐴 = 𝐴𝜇  𝑑𝑥𝜇. 

 

The curvature is 

𝐹 = 𝑑𝐴 + 𝐴 ∧ 𝐴 

For electromagnetism (an Abelian theory), 

𝐴 ∧ 𝐴 = 0, 
 

so this reduces to 

𝐹 = 𝑑𝐴. 
 

For Yang–Mills, the extra term survives because the matrices do not commute. 

 
Parallel with General Relativity 

General Relativity Yang–Mills 

Manifold Principal fiber bundle 

Metric 𝑔𝜇𝜈 Gauge symmetry 𝑆𝑈(𝑁) 

Christoffel connection Γ𝜇𝜈
𝜆  Gauge connection 𝐴𝜇 

Riemann curvature 𝑅𝜎𝜇𝜈
𝜌

 Gauge curvature 𝐹𝜇𝜈 

Geodesic transport Parallel transport in internal space 

 
A Physical Picture 

Imagine every point in spacetime carries a tiny internal coordinate frame: 

         SU(2) frame 

 

          ↑ 

          │ 

          ○ 

 

      ●────────●────────● 

      │        │        │ 

      ○        ○        ○ 

      │        │        │ 

Moving from one point to the next rotates that frame by an amount determined by 𝐴𝜇. 

If you travel around a closed loop and the frame does not return to its original orientation, 

the accumulated rotation is the curvature 𝐹𝜇𝜈. 

 
 

 

 

 

Wilson Loops: Measuring the Geometry 



One of the most direct mathematical descriptions of this internal geometry is the Wilson 

loop. It asks what happens when you transport an internal state completely around a closed 

path 𝐶: 

𝑊(𝐶) = Tr  𝒫exp (𝑖𝑔 ∮𝐴𝜇
𝐶

 𝑑𝑥𝜇) 

• If the internal geometry is flat, the transported state returns unchanged.  

• If there is curvature, the state comes back rotated.  

• In quantum chromodynamics, the behavior of large Wilson loops is closely related to 

quark confinement.  

 

 

An intuitive summary 

The mathematics of Yang–Mills theory says: 

1. Attach an internal vector space to every point in spacetime.  

2. Introduce a connection 𝐴𝜇that tells you how those internal coordinates rotate from 

point to point.  

3. The failure of those rotations to commute around a closed loop defines the curvature 

𝐹𝜇𝜈.  

4. That curvature is what we observe physically as the gauge field—the 

electromagnetic, weak, or strong interaction.  

 

In this sense, Yang–Mills theory is the geometry of internal symmetry, just as Einstein's 

theory is the geometry of spacetime. The equations above are the precise mathematical 

language that encodes that geometry. 

  



III.  Definitions of Fundamental Particles  

 
Fundamental Particles and Their Symmetries 
 

1. Fermion 

A fermion is a particle with half-integer spin (1/2, 3/2, ...). Fermions obey the Pauli 

Exclusion Principle, meaning no two identical fermions can occupy the same quantum state 

simultaneously. All matter is composed of fermions. 

Examples: Electrons, quarks, neutrinos. 

Symmetry: Spinor representations of the Lorentz group. 

 
2. Boson 

A boson is a particle with integer spin (0, 1, 2, ...). Bosons mediate forces and may occupy 

the same quantum state in unlimited numbers. 

Examples: Photon, gluon, W boson, Higgs boson. 

Symmetry: Integer-spin representations of the Lorentz group. 

 
3. Quarks 

Quarks are the fundamental constituents of protons and neutrons and participate in all four 

fundamental interactions except gravity (as far as presently observed). 

Quark Charge 3 Generations 

Up (u) +2/3 1 

Down (d) -1/3 1 

Charm (c) +2/3 2 

Strange (s) -1/3 2 

Top (t) +2/3 3 

Bottom (b) -1/3 3 

Symmetries 

• SU(3) Color 

• SU(2)L Weak Isospin 

• U(1) Hypercharge 

 
4. Leptons 

Leptons do not participate in the strong interaction. 

Particle Charge 

Electron -1 

Electron Neutrino 0 

Muon -1 

Muon Neutrino 0 

Tau -1 

Tau Neutrino 0 

Symmetries 

• SU(2)L 

• U(1) Hypercharge 

 
 

 

 



5. Photon (γ) 

Carrier of the electromagnetic force. 

• Spin: 1 

• Mass: 0 

• Charge: 0 

Gauge Symmetry 

U(1) 

The photon arises from invariance under local phase transformations. 

 
6. W Bosons (W⁺ and W⁻) 

Mediate charged weak interactions. 

• Spin: 1 

• Mass ≈ 80 GeV 

Responsible for: 

• Beta decay 

• Proton-proton fusion 

• Quark flavor changes 

Gauge Symmetry 

SU(2)L 

 
7. Z Boson 

Mediator of neutral weak interactions. 

• Spin: 1 

• Mass ≈ 91 GeV 

Produces neutral current processes. 

Gauge Symmetry 

SU(2)L × U(1) 

 
8. Gluons 

Eight massless gauge bosons carrying color charge. 

They bind quarks together inside hadrons. 

Gauge Symmetry 

SU(3) 

Unlike photons, gluons interact with one another. 

 
9. Higgs Boson 

Scalar particle discovered in 2012. 

• Spin: 0 

Its vacuum expectation value breaks electroweak symmetry and gives masses to: 

• W bosons 

• Z bosons 

• Quarks 

• Leptons 

Symmetry 

Spontaneous breaking of 

SU(2)L × U(1)Y 

to 

U(1)EM 

 
10. Graviton (Hypothetical) 

Quantum carrier of gravity. 

• Spin: 2 

• Mass: 0 (if it exists) 



Has not yet been observed. 

Would arise from quantization of spacetime geometry rather than an internal gauge 

symmetry. 

 

Fundamental Symmetries 
1. U(1) 

Represents local phase invariance. 

Transformation: 

ψ → e^(iθ) ψ 

Produces: 

• Electromagnetism 

• Photon 

 
2. SU(2)L 

Represents weak isospin rotations. 

Acts only on left-handed fermions. 

Example doublet: 

(u) 

(d) 

Produces: 

• W⁺ 

• W⁻ 

• Z 

Responsible for parity violation. 

 
3. SU(3) 

Represents color symmetry. 

Acts on quarks. 

Three color states: 

• Red 

• Green 

• Blue 

Produces: 

• Eight gluons 

Responsible for confinement. 

 
4. Lorentz Symmetry 

Physics is invariant under: 

• Rotations 

• Boosts 

Underlying symmetry of Special Relativity. 

Group: 

SO(3,1) 

 
5. CPT Symmetry 

Combination of: 

• Charge conjugation (C) 

• Parity (P) 

• Time reversal (T) 

Every local relativistic quantum field theory is expected to conserve CPT. 

 

 

 



6. Parity (P) 

Mirror reflection: 

(x,y,z) → (-x,-y,-z) 

Conserved by: 

• Electromagnetism 

• Strong interaction 

Violated by: 

• Weak interaction 

 
7. Charge Conjugation (C) 

Replaces particles by antiparticles. 

Generally violated by weak interactions. 

 
8. Time Reversal (T) 

Reverses motion: 

t → -t 

Closely related to CP symmetry. 

 
9. CP Symmetry 

Combines charge and parity. 

Mostly conserved but violated slightly in weak interactions. 

CP violation helps explain the matter-antimatter imbalance. 

 
10. Gauge Symmetry 

Local transformations that leave physical laws invariant. 

Gauge invariance requires introducing force fields. 

This principle underlies all Yang-Mills theories. 

 
The Standard Model Symmetry 

The entire Standard Model is built upon 

SU(3)C × SU(2)L × U(1)Y 

where 

• SU(3)C governs the strong interaction. 

• SU(2)L governs the weak interaction. 

• U(1)Y governs hypercharge and combines with SU(2)L to produce 

electromagnetism. 

After spontaneous symmetry breaking, 

SU(2)L × U(1)Y 

becomes 

U(1)EM 

leaving electromagnetism as the familiar long-range force. 

 
Summary Table 

Particle Force Symmetry 

Photon Electromagnetic U(1) 

W⁺, W⁻ Weak SU(2)L 

Z Weak SU(2)L × U(1) 

Gluons Strong SU(3) 

Higgs Symmetry breaking SU(2)L × U(1) 

Quarks Matter SU(3), SU(2)L, U(1) 

Leptons Matter SU(2)L, U(1) 



Particle Force Symmetry 

Graviton (hypothetical) Gravity Diffeomorphism invariance 

 

 

 

One of the deepest insights of modern physics is that the particles we observe are 

manifestations of underlying symmetries. Matter fields transform under these 

symmetries, while force carriers arise naturally as the gauge connections required to 

preserve local invariance. 
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