Introduction to the Particle —

Photon(s)

Motivation for Studying the Photon
The photon stands at the foundation of modern
physics. Unlike many subatomic particles that require
massive accelerators or rare cosmic events to
observe, photons are everywhere, carrying the light
that reaches our eyes, transmitting information across
the universe, and mediating one of the four
fundamental forces: electromagnetism. Which also
leads to the modern usage of photonic energy, for
example, solar panels is a fundamental application of
the photoelectric effect, which, of course, utilizes a
property of photons.
Studying the photon is essential because:

e It is the mediator (gauge boson) of the
electromagnetic interaction, one of the most
familiar and precisely tested forces.

e It bridges classical and quantum physics,
playing a central role in the development of
quantum mechanics.

e  Photons enable the study of matter at all
scales, from atomic transitions to high-
energy processes in particle colliders.

e They are crucial in modern technology, from
lasers and medical imaging to quantum
communication and astrophysical
observation.

Understanding the photon means understanding how
light interacts with matter—and, more broadly, how
information and energy propagates through the
universe.

Introduction to the Photon
Historical Development
The photon’s story spans through a long period of
time, alongside humanity’s understanding of light:
Ancient to Early Modern Views of Light (Pre-1800s)
~5th century BCE — Ancient Greece
e  Empedocles, Plato, and Euclid proposed
early particle-like theories of vision and
light.
e Aristotle favored a wave-like or continuous-
medium interpretation.
These ideas were philosophical, not
experimental, but introduced the
wave/particle dichotomy that would persist
for 2,000 years.
17th century — Birth of Scientific Optics

e Isaac Newton (1672): proposed the
corpuscular theory of light — light as tiny
particles.

e  Christiaan Huygens (1678): proposed the
wave theory — light propagates as a
disturbance in an “ether.”

The debate remained unsettled, with
Newton’s prestige giving the particle theory
an edge for decades.

Classical Wave Theory (1800—1900)

1801 — Thomas Young’s Double-Slit Experiment

e Demonstrated interference, proving light
behaves as a wave.

1820s—1830s — Fresnel & Poisson

e  Augustin-Jean Fresnel expanded wave
theory to explain diffraction and
polarization.

e Poisson, trying to discredit Fresnel’s theory,
predicted a central bright fringe (“Poisson
spot”), which was experimentally
confirmed.

1860s — Maxwell’s (James Clerk Maxwell) Equations

e Unified electricity and magnetism.

e Showed that oscillating electric and
magnetic fields propagate as a wave moving
at speed c.

e Identified light as an electromagnetic wave.
This marked the full acceptance of the wave
nature of light in classical physics.

Quantum Revolution (1900-1930)
1900 — Max Planck

e Introduced quantization of energy to explain
blackbody radiation.

e Did not yet propose photons but set the
foundation with E = nhv.

1905 — Albert Einstein: Birth of the Photon

e  Proposed the concept of light quanta to
explain the photoelectric effect.

e Suggested light comes in discrete packets of

energy:
E =hv
e  This was the first true formulation of the
photon.

19161917 — Einstein’s A and B Coefficients
e Described stimulated emission, which later
enabled lasers.
1923 — Arthur Compton
e Demonstrated photon—electron scattering
(“Compton scattering”).

e Showed photons carry momentum:
p =h/A



This provided direct experimental evidence that light
behaves like a particle.
1927 — Quantum Electrodynamics (Early Form)
e  Dirac unified Maxwell’s theory with
quantum mechanics, creating the earliest
version of QED, with the photon as a

quantum field excitation.
e e
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The Feynman diagram of two electrons
interacting by exchange of a virtual photon
(Source : Photon — Wikipedia)
Modern Quantum Field Theory (1930-2000)
1930s—1940s — QED Developed

e Heisenberg, Pauli, Feynman, Schwinger, and
Tomonaga refined QED.

e Feynman diagrams introduced the photon as
the exchange particle (gauge boson) of
electromagnetism.

1950s—1970s — Precision QED Tests

e Lamb shift (1947) demonstrated subtle
photon-mediated vacuum effects.

e  Anomalous magnetic moment of the
electron matched QED’s predictions to
extraordinary precision.

QED became the most accurately tested
theory in physics.
1970s — Standard Model Finalized

e Electroweak unification embedded the
photon in a larger gauge structure:

o The photon emerges from the
mixing of the weak W3and the
hypercharge B fields.

e  Photon confirmed to be:

o Massless

o Spin: 1A (or “Spin-17)

*h : Reduced Plank Constant

o Neutral

o Gauge boson of the unbroken
U(1)gy symmetry.

1980s—1990s — Advanced Photon Detection

e Development of modern PMTs,
calorimeters, semiconductor detectors.

e Photon-based experiments enabled precision
tests of QED, electroweak theory, and
atomic physics.

Modern Accelerator Physics
Photons are essential in:

e LHC detectors (PHOS, EMCal) to study n°
decays, direct photons, and QGP probes.
e  Synchrotron radiation facilities for materials
science.
e XFELs (X-ray Free Electron Lasers) for
ultrafast atomic imaging.
Astrophysics & Cosmology
Photons reveal cosmic processes across the
electromagnetic spectrum:
e CMB photons show the early universe’s
structure.
e  Gamma-ray bursts, quasars, and stellar
processes are photon-based observations.
Beyond-Standard-Model Searches (Ongoing)
e Dark photons: hypothetical massive U(1)
bosons mixing weakly with normal photons.
e  Axion—photon coupling: experiments like
ADMX, ALPS II.
e  Tests of Lorentz invariance: checking if the
photon always travels at ¢ (lightspeed).
Quantum Information Science
Photons are now central to:
e  Quantum cryptography
e Optical quantum computing
e Single-photon detectors and entanglement
experiments
The photon has moved from a mysterious concept to
the experimental backbone of modern physics.
*(Full timeline chart added after this section)

Properties of the Photon
Photons exhibit several remarkable characteristics:

e  Massless : the photon always travels at the
speed of light ¢ (At least for what we found
now.).

e No electric charge : they do not interact with
electric fields directly.

e Spin-1 bosons : responsible for mediating
electromagnetic interactions.

e Two polarization (helicity) states : only %1,
unlike massive spin-1 particles (the W and Z
bosons.)

e Infinite range : electromagnetism extends
infinitely through space. (Unless the Gauge
symmetry U(1)gy is broken)

Experimental Detection

Photons can be detected across a broad spectrum—
from radio waves to gamma rays—each requiring
specialized techniques. Common detection
mechanisms include:
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e  Photoelectric effect detectors: Convert
photons into electrons then signal amplified
(used in PMTs).

e Scintillation detectors: Photons excite a
material, producing secondary light.

e Semiconductor detectors: Photons create
electron—hole pairs (e.g., silicon
photodiodes).

e Calorimeters (like those in ALICE): Absorb
photons and measure their deposited energy.

e  Cherenkov detectors: Measure light emitted
when particles move faster than the local
speed of light in a medium.

In high-energy experiments (e.g., PHOS and EMCal
in ALICE), photons are crucial for studying:

e Neutral meson decays (n° — vy)

e Jet fragmentation

e  Electromagnetic probes of QGP

Role in Modern Physics and New Models
The photon remains central to cutting-edge research:

e  Precision tests of QED: The anomalous
magnetic moment g — 2 of the electron
involves virtual photon loops.

e  Searches for physics beyond the Standard
Model:

o Dark photons (hypothetical
massive cousins that could mix
with normal photons).

o Axion—photon coupling
experiments (ALPS II, ADMX).

e Quantum information science: Single-
photon sources are critical for quantum
computing and quantum cryptography.

e  Astrophysics: Photons carry information
from the early universe (CMB) and extreme
objects like quasars and neutron stars.

The photon, despite being conceptually simple,
remains a powerful tool for probing both known and
unknown physics.

1905 - Einstein
proposes light
quanta

1865 — Maxwell
identifies light as
EM waves

1801—Young
proves interference

1923 - Compton
scattering shows

momentum

Reflection
Studying the photon highlights how a single particle
can unify multiple domains of physics—from
classical electromagnetism to quantum field theory,
cosmology, and advanced technology. It is
remarkable that something as familiar as light turns
out to be a messenger of deep physical laws. What
makes the photon intellectually fascinating is its dual
nature: simultaneously wave and particle, massless
yet influential, simple in form but rich in
consequence. Learning about the photon is also like
learning the history of physics itself. Even though it
is one of the best-understood particles, it still raises
questions about the nature of light, information, and
the universe. From the photoelectric effect to
advanced detectors in experiments like ALICE, each
new experiment helps us learn more about both
theory and real-world applications. The photon is
everywhere, bridging the familiar world we see with
the abstract ideas of quantum physics, reminding us
that even simple things can hide deep truths.
Studying photons also shows how science grows step
by step. The combination of theory, experiments, and
technology leads to important discoveries. It also
shows how basic research can create practical
benefits: lasers, solar panels, quantum
communication, and medical imaging all depend on
understanding photons. Learning about the photon
has helped me appreciate how physics works and
how well-known ideas can lead to new discoveries. It
shows that the study of light continues to be
important for both science and technology.
Also, we must take note that even though it seems
like we’ve analyzed the Photon thoroughly, there’s
still more to learn about it, similar to other parts of
Physics, we don’t stop researching, we must always
ask ourselves “what if there’s an exception?” Just like
how we’re looking for Dark Photons and analyzing
Axion Photon coupling, the research will not end
until ALL is known by us.

2000s - Photon in
QGP studies,
astrophysics,
quantum
information

1970s - Photon in

ERT=ETRED the Standard Model

*Full flow chart of the discovery of the Photon (Data from Photon — Wikipedia, Drawn by me.) *Detailed Info about the
full timeline is written under the “Historical Development” section.

Present— Dark
photon searches,
axion—-photon
experiments
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