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qGeneral overview of Particle physics
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General overview of Particle physics

• Par.cle physics is the study of the ul.mate cons.tuents of ma>er and 
the laws governing of their interac.ons
• Method of study par.cle physics:

ØExperimental methods
ØTheore2cal methods
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Experimental method

• Large accelerators
ØPar2cles collide together at very high speed à very high energy collisions à

provide informa2on of par2cles
Ø“Par2cle phyiscs” is thus some2mes called “high energy physics”
ØUncertainty principle: 

o △p is large for small △x
o △E is large for small △t

ØRela2vity: E = mc2: large mass par2cles need high energies to be created 
-> need accelerators to study short range distance effects.

• Detectors:
Ødesinged to measure as much physical informa2on as possible: mass, spin, 

charge, energy, …

3/4/24 Hardware Camp for Fast and Low-Light detection 5



Experimental method

• Precision measurements:
ØMashing par2cles together in high-energy collisions does not always provide 

enough and precise informa2on of par2cles.
ØFor example: intera2ons of neutrinos with other kinds maKer (electrons, 

nuclei) do not require high energy and the probability of occuring interac2ons 
is very low.

ØNeed for sensi2ve detectors to pick out the signal from the noisy background
ØOther purposes of experiments  to search for new physics.

• Cosmological data:
ØThe early universe was an environment of a hot plasma of all kinds of 

par2cles
ØWith very high average temperature, observa2ons from cosmology can 
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Theoretical method 

• Emprical analysis:
ØOne of main missions of particle physics is to analyze the data
ØFrom experiments, raw data is converted into usable information 

such as masses or lifetimes of particles.
ØTheorists make use of the information to seek new patterns in 

the data, to critique existing analysis, and to suggest new 
experiments.

ØData analysis with an enormous volume requires:
o a huge computational infrastructure
o a very sophisticated level of data processing  and programming skill 

3/4/24 Hardware Camp for Fast and Low-Light detec;on 7



Theoretical method

• Model buiding
ØPropose a model for how nature works at the subatomic level
ØMake a clear set of assump8ons about the par8cle content, the interac8ons between 

the par8cles, …
ØThe difference between a theory and a model:

o Theory: basic mathema0cal frame work used for describing physics: quantum mechanics, 
Yang-Mills theory, Special rela0vity…

o Model: a par0culariza0on of a theory to a specific context: quark model, standard model,…

ØTheories to describe mo3on of par3cles:
ØClassical mechanics: describe object of everyday life
ØSpecial rela/vity: for objects that travel very fast
ØQuantum mechanics: for objects that are very small
ØQuantum field theory: for object that are very fast and very small
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Theore:cal method

• Numerical computa9on
ØMany problems in par2cle physics cannot be solve theore2cally. We need to 

use computers to deal with these problems.
ØThe calcula2ons are simply to big or too long for any person or a group of 

people.
ØNumerical computa2on is thus used to solve problems/equa2ons with as few 

approxima2on as possible.

• Mathema9cal founda9ons
ØMathema2cal structure of par2cle physics and its model.
ØExamples: String theory, theory of standard model, QCD,….
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qHistorical discovery of elementary par3cles
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qHistorical discovery of elementary par3cles

ØThe classical era (1897 - 1932): The Structure of the Atom

ØElectron (1897)

ØProton (1911-1917)

ØNeutron (1932)

ØThe Photon (1900 - 1924)

ØNeutrinos (1930 - 1962)

ØThe Standard Model3/4/24 Hardware Camp for Fast and Low-Light detec;on 11



The Structure of the Atom: Dalton’s theory 

ØAll matter is made of atoms, 
which are indivisible.
ØAll atoms of a given element 
are identical in mass and 
properties.
ØCompounds are combinations 
of two or more different types of 
atoms.

h"ps://www.youtube.com/watch?v=OUoV--CuLDA
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The Structure of the Atom 

• In 1867: A fuller picture came with Mendelev’s arrangement of the 
elements in the pa>ern known as the periodic table 

• By Mendelev’s .me, it had long been understood that elements are 
made of atoms (meaning “indivisible”).

• The order in the periodic table suggests a structure to the atoms:
ØThe elements are labelled by two numbers: 

oThe atomic number Z
oThe atomic weight A
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The Structure of the Atom: periodic table
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The Structure of the Atom: electron discovery 
• 30 years later … in 1897: JJ Thomson discovered the particle that we 

now call the electron in Cathode Ray Tube (CRT) experiment

J. J. Thomson
Nobel Prize in 1906 

for discovering the elementary 
particle electron

Ø Electron is Naga8ve charge

Ø e/m = -1.76 x 108 C/gram

Ø Electron is approximately 

2000 8mes lighter than 

hydrogen
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The Structure of the Atom: proton discovery 
• In 1911, … Ernest Rutherford and his colleagues unravel the full structure of 

the atom:

Ernest Rutherford 
Nobel Prize in Chemistry in 1908 

for his work in radioactivity

Ø Most of the atom mass and its 
enCre posiCve charge are confined 
in a small core à nucleus

Ø The posiCvely charged parCcle is 
called proton.

Ø Most of the volume of an atom is 
empty space.

Ø The number of negaCvely charged 
electrons dispersed outside the 
nucleus is same as number of 
posiCvely charge in the nucleus
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The Structure of the Atom: neutron discovery 
• In 1932: Discovery of neutron (by James Chadwick ):

James Chadwick 
(a student of Rutherford) 

Nobel Prize in Physics in 1935 
for discovery of neutron

Ø The atomic model offered by 
Rutherford is not complete

Ø Various experiments showed 
that mass of the nucleus is 
approximately twice than the 
number of proton

Ø Chadwick discovered the 
existence of a new particle 
which is charge less and has 
similar mass to proton
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The Structure of the Atom 

ØEach atom consists of a nucleus, surrounded 
by a some what blurry cloud of electrons. 

ØThe nucleus itself is comprised of two 
further par2cles, the proton and neutron. 

ØThe atomic number Z counts the number of 
protons in the nucleus; 

ØThe atomic weight A counts (roughly) the 
combined number of protons and neutrons. 

3/4/24 Hardware Camp for Fast and Low-Light detection 18



Discovery of the photon (1900-1926)
• The photon is a very “morden” par8cle, that is “par/cle of light” or “light quantum”
• The first idea was suggested by Max Planck in 1900 when aHemp8ng to explain the so-

called blackbody spectrum for the electromagne8c radia8on emiHed by a hot object.

ØElectromagne8c radia8on is quan8zed as 
a package of energy: 

E = hf
Øwhere f is the frequency of the radia8on 
and h is the Planck constant used to fit the 
data.

ØThe quan8za8on was due to a peculiarity 
in the emission process.

Max Planck’s assumption
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Discovery of the Photon (1900 - 1924)
• Einstein, in 1905: 

ØQuantization was a feature of the electromagnetic field itself
ØQuantization was not related to emission mechanism.
ØUsed Planck’s idea of quatization and his formula to explain 

photoelectric effect:

Photoelectric effect

o When electromagnetic radiation strikes a metal 
surface, an imcoming light quantum hits an 
electron in metal, giving up its energy hf

o The electron thus emerges with an energy E
E ≤ ℎ𝑓 − 𝑤 (w is work function)
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The Photon (1900 - 1924)
Experimental confirmation by A. H. Compton (1923)

Compton wavelength for the target electron

Ø The validity of the energy and momentum 
conserva8on laws convinced most skep8cs of the 
reality of light quanta.

Ø The rela8on between the change in frequency of 
the photon and the scaHering angle is very simply 
calculable in the photon picture, and agrees 
perfectly with experiment;  

Einstein remarked (in 1924)

"The positive result of the Compton experiment 
proves that radiation behaves as if it consisted of 
discrete energy projectiles, not only in regard to 
energy transfer but also in regard to Stosswirkung
(momentum transfer)." 3/4/24 Hardware Camp for Fast and Low-Light detec;on 21



More about the photon
• Photon has no mass and no electric charge
• Photons are emi@ed in many natural processes:

ØWhen a charge is accelerated it emits synchroton radia8on
ØDuring a molecular, atomic or nuclear transi8on to a lower energy level, photons of 

various energy will be emiHed
ØIn quantum field theory, the photon is an exchange of par8cles in QED interac8on 

and here the photon is emiHed from the annihila8on of electron and positron.
Some technological Applica2ons using effects of photons

Ø Photomul/plier tube (PMT) is a detector of light: convert incident photons into an 
electric signal using photo-electric effect

Ø Semiconductor charge-coupled device chips: an incident photon generates a 
charge on a microscopic capacitor that can be detected

Ø Geiger–Müller counter: used for detec8ng and measuring ionizing radia8on such 
as alpha rays, beta rays and gamma rays (photons ionize gas molecules contained 
in the device, causing a detectable change of conduc8vity of the gas).3/4/24 Hardware Camp for Fast and Low-Light detec;on 22



The Standard Model

• All matter is made of three kinds of 
elementary particles: leptons, quarks 
and mediators:
• 6 leptons (and 6 anti-leptons) falls in 

3 generations
• 6 flavors of quarks (and 6 anti-

quarks) also fall in three generations
• 4 mediators for 4 types of 

interactions
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Classification of particles

• Every type of parBcle falls into one of two classes called
ØFermions: No two par8cles can occupy the same quantum state à Pauli exclusion 

principle. 
ØBosons: No Pauli exclusion principle. 

• MathemaBcal picture:
ØFermion: 𝜓(x1, x2) = - 𝜓(x2, x1) --> probability amplitude to find the two parCcles at 

posiCons x1 and x2
ØBosons: 𝜓(x1, x2) =  𝜓(x2, x1) 

• ParBcles:
• Fermions: electrons, quarks and neutrinos à All the maHer par8cles in the universe
• Bosons: All the force carrying par8cles are bosons 
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Spin

• The spins of all the known elementary par.cles in Nature:

ØSpin 0: The Higgs Boson 

ØSpin 1/2 :  All ma0er par3cles, i.e. the electron, muon and tau, together with 

the six types of quarks and three neutrinos. 

Ø Spin 1: The photon, gluon and W and Z bosons. In other words, the par3cles 

associated to electromagne3sm and the weak and strong nuclear forces. 

ØSpin 2: The graviton. 
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qHow do par3cles interact with one another? 

Interactions of elementary particles: 
ØElementary particles are too small, it is hard to probe interactions 
between them.
ØIndirectly, experimental information comes from three sources:

oScattering events: fire one particle at another and record the 
results
oDecays: a particle spontaneously dis-integrates
oBound state: two or more particles stick together as a composite 
object.
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How do par:cles interact with one another? 
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Strong interaction: 
QuantumChromodynamics (QCD)

• There are two key features that distinguish QCD from QED:
ØQuarks interact more strongly the further they are apart, and more weakly as 

they are close by – asymptotic freedom.
ØGluons interact with themselves

• Quark confinement:  quarks can only exist in the form of colorless 
combinations à quarks are never found outside a hadron
• Quarks have charges of less than the fundamental charge, e
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Quantum Chromodynamics (QCD)

• The quarks combine so that the resul8ng hadron will have a charge of e or a mul8ple of 
e.

• There are six types (or ‘flavours’) of quark, each with an associated an8-quark.
• In addi8on to the property of charge, quarks have other proper8es such as strangeness, 

charm, upness and downness.
• There are two ways in which quarks can combine to produce hadrons:

Ø three quarks make up a class of hadrons called baryons
Ø a quark and an an0quark make up a class of hadron called mesons.

• A baryon is made of 3 quarks, example: neutron and proton:
ØA proton is made up of two up quarks and a down quark; proton = (uud).
Ø A neutron is made up of one up quark and two down quarks; neutron = (udd).

• Meson: is made of 2 quarks
Øπ+ meson = u ̄d
Ø ϕmeson = s ̄s
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Electro-magnetic interaction: 
Quantum electrodynamics (QED)
• QED is the oldest, the simplest, and the most successful of the 

dynamical theories.
• The Feynman for QED:
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Weak interac:on

• The weak force is one of the four fundamental forces that govern all 
ma>er in the universe
• Beta decay:

Pion decay:
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Weak interaction: neutral current

• Neutrino-electron scattering
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Weak interaction: Neutral current
- Any process mediated by photon could also be mediated by Z.
- Thus, to observe a pure neutral weak interaBon à resort 
neutrino scatering.

3/4/24 Hardware Camp for Fast and Low-Light detection 34



Weak interac:on: Charge current of leptons
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Weak interac:on: Charge current with quarks
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Decays and Conserva:on law

• Charge: all three interac8ons conserve electric charge
• Color: The electromagne8c and weak force don’t affect color. The strong interac8on 

conserves color at the vertex.
• Baryon number: 1 for baryon and -1 for an8-baryon and zero for everything else.
• Lepton number: there is no mixing between leptons so electron number, muon 

number and tau number are separately conserved!
• Flavor: conserved at strong and EM vertex but not weak vertex.
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qHow are elementary par3cles produced?
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How are elementary par:cles produced?

• Electron: heaBng up a piece of metal, and electrons come boiling off
• Proton: can be produced by ionozing hydrogen. In case protons are used as 

a target, a tank of hydrogen is essenBally a tank of protons (electrons are 
so light that an energeBc incident parBcle will knock them out of the way).
• For more exo.c par.cles: produced from three main sources: cosmic rays, 

nuclear reactors and parBcle accelerators
ØCosmic rays: high-energy protons coming from outer space bombard with the Earth 

containing atoms in the upper atmosphere à produce showers of secondary 
par8cles (mostly muons and neutrinos). Disadvantages of this source: low rate and 
uncontrollable.

ØNuclear reactors: When radioac8ve nucleus disintegrates, it may emit a variety of 
par8cles (neutrons, neutrinos, alpha, beta and gamma rays).

ØPar/cle accelerators: electrons and protons are accelerated to high energy, and 
smashed into a target. This can generate intense secondary beams of positrons, 
muons, pions, kaons, B-mesons, an8protons, and neutrinos.
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qHow are elementary particles detected?
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How are elementary par:cles detected?

• After the collision of a particle beam with some target (or another 
beam) detection of what happens becomes the key task. 
• In order to do this, the particle must leave some imprint of its 

presence, which is made possible by the fact that particles ultimately 
transfer energy to the medium they are traversing – if not, we’d never 
observe them! 
• There are many kinds of particle detectors: Geiger counter, Cloud 

chambers, Buble chambers, Drift chambers, Photographic emulsions, 
Cerenkov counters, Scintilators, Photomultipliers, …
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Particle detectors

• The construc.on and design of detectors depends on exploi.ng this 
property of energy transfer. 
• Energy Transfer and Deposi.on:

ØCharged Par2cles: When a charged par2cle moves through a medium it will 
interact with the fundamental cons2tuents of that medium: its nuclei and 
electrons. It can loose energy via three basic means: ioniza3on, coulomb 
sca0ering, and radia3on. 

Ø As a charged par2cle moves through a medium, we expect it lose energy 
through its interac2on with the medium:
o Ioniza8on Loss 
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Energy Transfer and Deposi:on: Photons 

• Even though they are electromagne.cally neutral, photons are 
carriers of the electromagne.c force, and so can experience 
interac.ons with any medium. 
• High energy photons (X-rays or γ-rays ) traveling through a medium 

will interact with the atoms of that medium and so lose energy 

• μ is called the effec.ve absorp.on coefficient of the medium 
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Energy Transfer and Deposi:on: Photons

• Photoelectric Effect: dominates at low energies.  

• Compton Sca>ering: dominates from photon energies in the range 
0.1 to 10 MeV 

• Pair Produc.on:
ØIn pair produc2on a photon is converted into an electron-positron pair 
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Thank you for your attention!
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