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Very Gentle Introduction to Particle Physics



What is CERN?

CERN (European Organization for Nuclear Research) is the world’s largest laboratory for
fundamental physics.

Founded: 1954
Location: Geneva, Switzerland
Main facility: Large Hadron Collider (LHC)
Mission: Understand the basic building blocks of matter
Famous discovery: Higgs boson (2012)

Drives advances in engineering, computing, and data analysis across many fields
Invented the World Wide Web (Tim Berners-Lee)

CERN combines extreme experiments with extreme data.
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CERN Map

ATLAS: General-purpose
detector, studies a wide range of
physics including the Higgs
boson.
CMS: Another general-purpose
detector, complementary to
ATLAS, optimized for precision
measurements.
LHCb: Specialized in studying
b-quark physics and CP
violation.
ALICE: Focused on heavy-ion
collisions to study quark-gluon
plasma.
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ATLAS Detector

Physical properties:
Length: 46 m, Diameter: 25 m
Weight: 7,000 tons

Main ATLAS sub-detectors:
Inner Detector (Tracker):
Measures charged particle paths
Calorimeters: Measure energy
of particles
Muon Spectrometer: Detects
muons
Magnet System: Bends particle
trajectories for momentum
measurement
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The Standard Model of Particle Physics

Describes all known fundamental particles
and three of the four forces (no gravity)
Based on quantum fields and gauge
symmetries (symmetry groups)
Particles:

Fermions: quarks and leptons
Gauge bosons: photon, W/Z, gluons
Higgs: gives particles mass

Interactions and properties arise from
fields and symmetries

Example: quarks, leptons, gauge bosons, Higgs
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Why Do Particles Have Mass?

In the Standard Model, fundamental particles are described by quantum fields
For a simple scalar field φ(x), the Lagrangian can be written as:

Lfree = (∂tφ)2︸ ︷︷ ︸
kinetic energy (time)

− (∇φ)2︸ ︷︷ ︸
gradient energy (space)

− m2|φ|2︸ ︷︷ ︸
mass term → energy cost to excite particle

Gauge symmetries forbid explicit mass terms for certain fields:
Without a mass term, all particles propagate at the speed of light
This disagrees with experiment:

Photon is massless
W and Z bosons are heavy

The Higgs mechanism introduces a scalar field Φ filling all of space
Interaction with this field generates effective mass:

Stronger interaction → heavier particle
No interaction → remains massless (photon)
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How the Higgs Field Generates Mass

The Higgs field is a complex doublet:

Φ(x) =
(
φ+

φ0

)
⇒ Φ(x) = 1√

2

(
0

v + h(x)

)

Particle-Higgs interaction:
L = |∂tψ|2 − |∇ψ|2 − g2|Φ|2ψ2

Substituting the VEV:
|Φ|2 → v2 ⇒ m2

ψψ
2, mψ = gv

Takeaway: particle acquires mass from the Higgs
field; h(x) gives interactions with the Higgs boson.

Minimum of the potential =
VEV v
Fluctuations around the
minimum = Higgs boson h(x)
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Monte Carlo Simulations



Simulation Chain: MadGraph → Pythia → Delphes

MadGraph: Generates parton-level events (matrix elements, Feynman diagrams).
Pythia: Simulates parton showering, hadronization, and underlying event to produce
realistic final-state particles.
Delphes: Fast detector simulation, applying detector effects like resolution, efficiency,
and smearing to mimic real experimental data.
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MadGraph: pp ! t �t Work
ow

Protons ! Partons

Proton contains quarks and
gluons: u; d; s; c; b; g; : : :

MadGraph expands pp into all
parton pairs.

Partonic Scattering

Compute all tree-level
diagrams for each subprocess,

e.g.:
gg ! t �t, q�q ! t �t

Parton-Level Events
Cartesian coordinates:
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Pythia: From Partons to Hadrons

Parton-Level Events
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Input: Parton-Level Events
4-vectors from MadGraph, e.g.:

t; �t; H or other outgoing
partons.

Parton Shower

Simulates QCD radiation:

gluon emission from
quarks/gluons

quark splitting q ! qg,
g ! gg

Produces jets of partons.

Hadronization & Decay

Partons � stable hadrons via
Lund string model:

phadron = (E; p x ; py ; pz)

Also includes particle decays
� �nal state particles ready

for detector simulation.
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Delphes Overview

Delphes: Simulates how a particle detector \sees" particles from collisions.

Example: ATLAS-like detector geometry

Output / Analysis-ready
objects

Jets, leptons, photons,
missing energy

Detector resolution and
e�ciency e�ects included

Data ready for physics
analysis or machine learning
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