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Theory lectures: overview
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Basic information
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 There will be a total of 8 lectures for the Theory part of the course:

Thursday 21/12

Monday 8/1, Thursday 11/1, Friday 12/1

Thursday 18/1, Friday 19/1

Thursday 25/1, Friday 26/1

There are three Theory problem sets, to be submitted via Brightspace on the

Problem set I: Wednesday 17/01 at 17.00

 Problem set I: Wednesday 24/01 at 17.00

Problem set I: Wednesday 31/01 at 17.00

Either Dutch or English can be used to carry out the homework assignments

There will be no textbook (reader), but rather dedicated lecture notes

All the course material, including lecture notes and problem sets, will be available 
from the Brightspace page of the course as well as from my webpage:

www.juanrojo.com/teaching
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Office hours
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 I  will be available for up to 30 minutes after the lecture  in the same lecture room to 
address questions related to the content covered

In addition, it is possible to schedule further discussion time via email: j.rojo@vu.nl

Specific questions about the Theory problem sets should be addressed to the course TAs

Do not wait to the last minute to ask questions or  to discuss the course material!
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Course overview
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Elementary Particle Physics 
in the Higgs Boson Era
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 The Higgs Boson is the most important discovery 
in particle physics in 25 years      

 The Higgs completes the extremely successful 
Standard Model of particle physics, but at the same 
time opens a number of crucial questions for high-
energy physics

The LHC will play a crucial role in exploring the 
energy frontier in the next 20 years

Particle Physics in the headlines
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Outstanding questions in Particle Physics

Huge gap, 1017, between Higgs and Plank scales

Elementary  or  composite?  Additional  Higgs 
bosons?

Coupling to Dark Matter? Role in cosmological 
phase transitions?

Is the vacuum state of the Universe stable?

The Higgs boson

1 GeV (Proton mass)
125 GeV (Higgs mass)

1017 GeV (Planck scale)

With radiative corrections,
the  natural  value  of  the 
Higgs mass is Planck scale
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Degrassi et al 12
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Outstanding questions in Particle Physics

Huge gap, 1017, between Higgs and Plank scales

Elementary  or  composite?  Additional  Higgs 
bosons?

Coupling to Dark Matter? Role in cosmological 
phase transitions?

Is the vacuum state of the Universe stable?

The Higgs boson

Weakly interacting massive particles? Sterile 
neutrinos? Extremely light particles (axions)?

Interactions with Standard Model particles?

What is the structure of the Dark Sector? Is 
Dark Matter self-interacting?

Dark Matter

Why three families? Can we explain masses 
and mixings?

Origin  of  Matter-Antimatter  asymmetry  in 
the Universe?

Are  neutrinos  Majorana  or  Dirac?  CP 
violation in the lepton sector?

Quarks and leptons
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The Standard Model: a history of success

 The  Standard  Model  (SM)  of 
particle  physics  explains  a  wide 
variety of microscopic phenomena in 
a unified framework: Quantum Field 
Theory

 Matter  content  composed  by  six 
quarks and six leptons, organised in 
three families

 Interactions  between  matter 
particles  are  governed  by  gauge 
bosons:  photons (electromagnetism), 
W  and  Z  bosons  (weak  force),  and 
gluons (strong interaction)

 The  last  ingredient  is  the  Higgs 
Boson,  provides  mechanism  by 
which particles acquire mass
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The Standard Model: a history of success

Quantum  Field  Theory  provides  a  consistent  framework  to 
describe all known particles and  interactions (except Gravity)
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 The  Standard  Model  (SM)  of 
particle  physics  explains  a  wide 
variety of microscopic phenomena in 
a unified framework: Quantum Field 
Theory

 Matter  content  composed  by  six 
quarks and six leptons, organised in 
three families

 Interactions  between  matter 
particles  are  governed  by  gauge 
bosons:  photons (electromagnetism), 
W  and  Z  bosons  (weak  force),  and 
gluons (strong interaction)

 The  last  ingredient  is  the  Higgs 
Boson,  provides  mechanism  by 
which particles acquire mass
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The Dawn of the Standard Model
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Status of high-energy physics in the early 60s:
By  early  30s,  after  discovery  of  electron, 

proton,  neutron,  and  positron,  we  had  a 
reasonable description of particle physics

The  discovery  of  the  muon  (37)  was 
completely  unexpected:  this  new  particle,  a 
heavier electron, did not fit in!

 To  make  things  worse,  a  plethora  of  new 
strongly  interacting  particles  (pions,  kaons) 
with no role in Nature, was soon discovered

 How to make sense of this chaos?

Leptons: electromagnetic 
and weak interaction

Hadrons: 
electromagnetic, strong 
and weak interactions

Many conceptual questions unanswered:

How are atomic nuclei bound together?

What is the origin of the weak interaction?

Are  hadrons  fundamental  particles  or 
composite states?

What  is  the  mathematical  language  to 
describe particle physics?
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Quantum Electrodynamics (QED)

 The interactions of electrically charged particles 
are governed by electromagnetism (EM)

 Making sense of EM once quantum corrections 
are accounted  for was a theoretical tour de force 
that  ended  in  formulation  of  Quantum 
Electrodynamics (QED)

 Starting  from  simple  rules  (Feynman 
diagrams),  compute  terms  at  any  order  in  the 
perturbative expansion in the QED coupling

 Some  of  the  most  precise  calculations  ever 
done  have been obtained in QED: for instance, 
the muon anomalous magnetic moment known 
better than one part in one billion! 
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QED Feynman rules

Feynman diagrams for muon 
anomalous magnetic moment
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Quarks: the inner life of protons
 Scattering of α particles (He nuclei) off atoms lead in 1911 Rutherford to discovery of internal 

structure of atoms: a point-like nucleus and layers of electrons

 70 years later, the scattering of energetic electrons off protons lead to equally surprising result: 
the internal structure of protons, composed by point-like quarks

Rutherford experiment:
Atoms have internal structure! Electron-proton collisions at Stanford Linear Accelerator:

Protons have internal structure!
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Quarks
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Quarks: charming, beautiful and top
 The  Constituent  Quark  Model  allowed to  describe  all  known 

hadrons as composite states of only three types of quarks: up, down 
and strange, with fractional electric charge

 Considered  as  a  mathematical  trick  to  organise  hadrons,  real 
existence confirmed only after  SLAC experiments

 Much  to  everyone’s  surprised,  two  new,  heavier  quarks  were 
soon discovered: the charm quark (73) and the bottom quark (77). 
Much heavier top quark had to wait until 1995 to be discovered
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Quark Constituent Model: 
Hadrons composed by quarks

Discovery of charm quark

Evidence of new particle with mass 3 GeV:
the J/Psi, charm/anti-charm pair
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Eight Gluons to Bind Them All
 Electromagnetism  can be understood as a renormalizable Quantum Field Theory (QFT), Quantum 

Electrodynamics (QED). Compute scattering amplitudes as perturbative expansion in small coupling

 Hadrons interact strongly: QED model cannot be applied to nuclear strong force?

 In fact, strong force is also a renormalizable QFT but with asymptotic freedom: it looks like QED, but 
only at very high energies

 The mediator of the strong force  is  the gluon  (analog of  the photon),  responsible for binding the 
quarks together in the proton
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Discovery of the Gluon (77): Three-Jet events in electron-positron collisions

Quark

Quark

Gluon

Quark

Gluon
High Scales,
>> proton mass:
Small coupling

Low scales,
<= proton mass
Strong coupling
non-perturbative

Strength of QCD interaction

Quark
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Weak vector bosons

Juan Rojo                                                                                                                 Saturday Mornings of Theoretical Physics, Oxford, 07/02/2015

 Fermi  (30s)  explained  beta-decay  of  nuclei  by  a  four-body  interaction  between  neutrons,  protons, 
electrons and neutrinos: the weak nuclear interaction

 Weak interaction also similar to electromagnetism, but with massive vector bosons, the W and Z particles. 
Due to large masses (80 and 91 GeV) their interactions are point-like at low energies

 Evidence for Neutral Currents (73) followed by the discovery of the W and Z bosons at the CERN (83)
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Fermi picture of the weak interaction

The weak interaction 
in the Standard Model

Neutral currents in neutrino scattering:
indirect evidence for the Z boson

Discovery of Neutral Currents

Neutrino

Hadrons
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The Higgs Mechanism
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 In the SM, symmetries do not allow mass terms 
in the Lagrangian

 The Higgs mechanism bypasses this restriction: 
laws  are  still  symmetric,  but  the  specific 
configuration chosen by Nature (Higgs potential) 
is not: Spontaneous Symmetry Breaking

 Thanks to the Higgs mechanism, SM 
particles can acquire a mass

 As a byproduct, the Higgs particle, 
excitation of the Higgs field can also 
be produced if energy  high enough

 Predicted more than 50 years ago, it 
was finally discovered in 2012 at LHC

Higgs Potential
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The Large Hadron Collider

LHC tunnel length = 27 km

Geneva

Airport

CERN
23

 The LHC is the most powerful particle accelerator ever build by mankind

 Hosted by CERN, the LHC is composed by a massive 27 km long tunnel with four gigantic 
detectors: ATLAS, CMS, LHCb and ALICE

At the  LHC protons  collide  at  the  highest  energies  ever  achieved:  unique  probe  of  the 
fundamental laws of Nature

Jura

Alps



The LHC Detectors
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Where proton beams cross and collisions take place,  huge detectors measure the products of the 
collision in an attempt to understand the laws of Nature at the smallest distances

ATLAS

CMS

LHC
b

ALICE
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The Higgs discovered - 4th of July Fireworks
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Higgs Decays into Two Photons Higgs Decays into Four Leptons

Mass of Photon Pair Invariant Mass of Four Leptons

Peak at mH = 125 GeV
Evidence for Higgs Boson!



The Higgs discovered - 4th of July Fireworks
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Higgs Decays into Two Photons Higgs Decays into Four Leptons

Mass of Photon Pair Invariant Mass of Four Leptons
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Exploring the Quantum World
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Why quantum theory?
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 Electromagnetic theory (Maxwell, Ampere, Faraday,…)

Classical mechanics, including gravity orbital motion (Galileo, Newton, Lagrange, ..)

 Thermodynamics and statistical mechanics (Boltzman, Maxwell, Gibbs, Thomson, … )

 Optics (Newton, Young, Fresnel, … )

By the end of the XIXth century, it seemed that known physical theories were enough 
to describe the wide majority of known physical phenomena:

“the devil is in the details”, unattributed

The end of physics?  While some phenomena still resisted explanation, it was 
commonly thought that sorting them was just a matter of time.

"… it seems probable that most of the grand underlying principles have already been firmly 
established … An eminent physicist remarked that the future truths of physical science are to 
be looked for in the sixth place of decimals”, Albert Michelson, 1894
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The black-body spectrum
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One of these little details was the description of electromagnetic radiation emitted by a 
black body, an idealised body that absorbs all incident radiation (hence is black)

An idealised representation of a black body is a container at temperature T with a 
pinhole as only aperture, so that radiation emitting the container is in thermal 
equilibrium with it (since it has scattered N>>1 times with its walls)
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One of these little details was the description of electromagnetic radiation emitted by a 
black body, an idealised body that absorbs all incident radiation (hence is black)

The black-body spectrum
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One of these little details was the description of electromagnetic radiation emitted by a 
black body, an idealised body that absorbs all incident radiation (hence is black)

Can we describe the black body radiation spectrum with classical theory?

The black-body spectrum
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The energy distribution as a function of the radiation wavelength is proportional to 
the density of states 𝜌 that can be populated at this wavelength 

The black-body spectrum

Classically, electromagnetic waves can be modelled as a collection of oscillators where all 
possible frequencies are allowed.

Using the equipartition theorem, one finds the Rayleigh-Jeans law for the density of 
states, with decreases with the radiation λ

How well classical theory describes data?
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The Rayleigh-Jeans law describes well the data at high λ (small E) but fails spectacularly at 
small λ (large E): this is the ultraviolet catastrophe, in classical physics the total energy 
radiated by a black body should be infinite!

The ultraviolet catastrophe

Raleigh-Jeans law
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The Rayleigh-Jeans law describes well the data at high λ (small E) but fails spectacularly at 
small λ (large E): this is the ultraviolet catastrophe, in classical physics the total energy 
radiated by a black body should be infinite!

The ultraviolet catastrophe

According to classical physics, even cold objects should glow in the dark 
(and emit very high energy radiation like X-rays) contrary to common sense
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Max Plank found that the black-body spectrum could be described if one made the 
hypothesis that electromagnetic waves cannot take any possible energies, but rather 
that their energies are quantized, i.e.,  they are multiples of a basic quantum of energy

Planck’s “quantum” hypothesis

where the proportionality constant h is known as Planck’s constant

With this assumption, the density of states turns out to be instead

which is known as the Planck distribution, nicely reproducing the experimental data

Planck’s constant, one of the fundamental constants of Nature, is fitted from data:

with n an integer number
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The Sun as a black body

Planck distribution
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An important feature of the Planck distribution is that it has the correct limiting 
behaviour, in particular for large wavelengths it reproduces the Rayleigh-Jeans law

Planck’s distribution

as can be seen by using the Taylor expansion of the exponential in the λ → ∞ limit

In the Planck distribution, the λ → 0 (E → ∞) limit is now well behaved

because the high-ν oscillators will only be excited if the black-body walls can provide 
an energy (at least) hν, which is increasingly unlikely for a fixed temperature
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Wave-particle duality

39

In Maxwell’s electromagnetism, 
light is described by an 
electromagnetic wave

Indeed, light behaves an obvious 
wave-like behaviour (interference, 
diffraction), as shown for example 
in Young’s double slit experiment

The appearance of interference 
fringes is a tell-tale sign of wave-
like phenomena
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Wave-particle duality
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Wave-particle duality
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In Maxwell’s electromagnetism, 
light is described by an 
electromagnetic wave

Indeed, light behaves an obvious 
wave-like behaviour (interference, 
diffraction), as shown for example 
in Young’s double slit experiment

The appearance of interference 
fringes is a tell-tale sign of wave-
like phenomena

On the other hand, Planck’s quantum hypothesis suggest that, under certain 
conditions, light can behave as if it was instead made of particles

How can we verify this possible particle-like character of light?
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The photoelectric effect
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The photoelectric effect

43

however ….

 Incident  light  on  a  metallic  surface 
(cathode) induces electron emission,  which 
are  collected  by  the  anode  leading  to  a 
electric current in the circuit

 In  classical  physics,  incident  light  is 
described  by  a  plane  EM  wave:  provided 
that light has  enough intensity, it should be 
possible  to  induce  electron  emission 
regardless of its frequency
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The photoelectric effect
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 Incident  light  on  a  metallic  surface 
(cathode) induces electron emission,  which 
are  collected  by  the  anode  leading  to  a 
electric current in the circuit

 In  classical  physics,  incident  light  is 
described  by  a  plane  EM  wave:  provided 
that light has  enough intensity, it should be 
possible  to  induce  electron  emission 
regardless of its frequency

Experimentally, it is found that, for a given 
material, only light with frequencies above 
some  threshold  is  able  to  excite  electrons, 
irrespectively of its intensity

In  addition,  the  kinetic  energy  of  the 
photoelectrons  increases  linearly  with  the 
radiation  frequency,  but  is  independent  of 
the light intensity
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3) From energy conservation, the kinetic energy of the 
electrons will increase linearly with the frequency ν

This neatly explained the experimental observations 
about the photoelectric effect:

1) An electron interacts with individual photons, each 
requiring  a  minimal  amount  of  energy  (work 
function ɸ, material-specific) to eject the electron 

2) This  sets  a  condition on the minimal frequency of 
radiation to exhibit the PE, irrespective of intensity

The photoelectric effect

45

In  1905,  Einstein  explained  the  photoelectric  effect 
with the assumption that  light  is  made of  particle-
like quanta (photons) with energy
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In  1905,  Einstein  explained  the  photoelectric  effect 
with the assumption that  light  is  made of  particle-
like quanta (photons) with energy
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Einstein’s hypothesis is one step further than Planck’s, who only assumed the quantisation of 
allowed energies for electromagnetic radiation (without implying a particle-like nature of light)

So light can behave either as a wave or as a particle, depending on the conditions. This duality is 
an inherent property of quantum theory

Light as a particle

47

This particle-like nature of light is exhibited for all frequencies, from radio waves (large wavelength, 
low energy) to X-rays (small wavelengths, high energy)

The photoelectric effect has been verified even for extremely low light intensities, consisting of 
only one photon at a time
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Wave-particle duality reloaded
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The photoelectric effect shows that light can exhibit 
matter-like behaviour

Remarkably, in some conditions, matter particles can 
also exhibit wave-like behaviour

In 1924, De Broglie suggested that any matter particle 
with momentum p should be assigned a wavelength 
inversely proportional to it (De Broglie wavelength)

and therefore should exhibit wave-light 
behaviour at distances ≲ λ

High-momentum particles have associated very 
short wavelengths and conversely
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Wave-particle duality reloaded
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A car of mass 1000 kg moving at a velocity of 100 
km/h has the De Broglie wavelength of:
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tiny distances, impossible to observe the quantum 
wave nature of a car 

Wave-particle duality reloaded
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A car of mass 1000 kg moving at a velocity of 100 
km/h has the De Broglie wavelength of:
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tiny distances, impossible to observe the quantum 
wave nature of a car 

Wave-particle duality reloaded

51

A car of mass 1000 kg moving at a velocity of 100 
km/h has the De Broglie wavelength of:

An electron with energy of E=40 keV has a De 
Broglie wavelength of around 6×10-12 m 
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tiny distances, impossible to observe the quantum 
wave nature of a car 

Wave-particle duality reloaded
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A car of mass 1000 kg moving at a velocity of 100 
km/h has the De Broglie wavelength of:

An electron with energy of E=40 keV has a De 
Broglie wavelength of around 6×10-12 m 

Its wave behaviour can thus be observed (i.e. 
diffraction on a crystalline solid)
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Wave behaviour of electrons
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Diffraction pattern of electrons that have traverse a crystalline solid

Their wave-like nature arises from interferences within the crystal lattice
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The double slit experiment

54

The small De Broglie wavelength of electrons indicates that they should exhibit wave-
like behaviour, such as interference, in the appropriate conditions

Double-slit experiment in classical physics

What happens if now we perform the experiment with electrons?

We fire electrons one-by-one to a double slit and detect them on a screen …

Waves (light, water, …) Matter particles

Juan Rojo                                                                                       Introduction to Elementary Particles, 21/12/2017



The double slit experiment
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Nelectrons = 60
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The double slit experiment
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Nelectrons = 60

Nelectrons = 250
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The double slit experiment
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Nelectrons = 60

Nelectrons = 250

Nelectrons = 1000

A wave-like interference patter arises!
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The double slit experiment
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The double slit experiment
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from http://www.toutestquantique.fr/
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Particle-wave duality

60

The results of the double slit experiment have been reproduced by larger 
particles, such as molecules composed by thousands of protons and electrons

The interference patter disappears if we detect 
through which slit the electron traveled

The electrons behave as waves when 
travelling through the slits, and as particles 
when they impact on the detector screen: 
particle-wave duality
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Quantum mechanics is highly counterintuitive, but admittedly we don’t have much 
intuition of processes that take place at atomic scales or smaller

Quantum  physics  provides  an  excellent  quantitative  description  of  a  plethora  of 
physical phenomena, so let’s learn how to use it to make predictions and leave delicate 
interpretation issues for a later stage

QM interpretation

61

Feynman’s interpretation of quantum mechanics: 

``Shut up and calculate!’’
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In the late XIXth and early XXth centuries, a series of landmark experiments demonstrated 
that  classical  physics  was not  adequate  to  describe  some phenomena involving small 
particles  such  as  electrons  and  protons,  as  well  as  some  aspects  of  electromagnetic 
radiation:

 The  analysis  of  the  black  body  radiation  spectrum  showed  that  electromagnetic 
radiation was not emitted in a continuous range of energy, but rather it was quantised: 
energy can be only emitted in multiples of a basic amount

 Moreover, the photoelectric effect clearly demonstrated that this light quanta have a 
particle-like behaviour: photons

 Therefore, electromagnetic radiation (including light) exhibits both wave and  particle 
behaviours, depending on the situation: wave-particle duality

 Conversely,  the  double-slit  experiment  shows  that  matter  particles  exhibit  also  a 
wave-like behaviour under some conditions: again, particle-wave duality

The quantum world: Key points

62

Quantum Mechanics is an essential component of the language that we need to 
describe the fascinating world of elementary particles!
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