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The Nobel Prize in Physics 2013 was awarded jointly to François Englert and Peter W. Higgs
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After 40 years of research, a lot of interest in the scientific community ... But
not only!

Appealing aspects: enormous projects, international collaborations, aim to
answer to the most fundamental questions
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Overview

1 The world of particles before the Higgs boson
The matter: a building game
Interaction between the building blocks
Apparte: field and/or particle (?)

2 The Higgs boson: what for?
Gauge invariance: an almost perfect trick
The Higgs mechanism: one step toward the perfection

3 How do we see the Higgs boson?
High energy collisions, a powerful microscope
From the theory to observables
The discovery

4 Connection with Nova Fribourgo research
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The matter: a building game

Regularities, a manifestation of internal structure

Tens and tens of hadrons discovered in the 50’s

Their properties seems to follow a precise pattern

This plenty of new “particle” together with their properties become very
natural once we assume they are made of smallest constituents. Today, these

constituents are called quarks.
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Interaction between the building blocks

Overview

1 The world of particles before the Higgs boson
The matter: a building game
Interaction between the building blocks
Apparte: field and/or particle (?)

2 The Higgs boson: what for?
Gauge invariance: an almost perfect trick
The Higgs mechanism: one step toward the perfection

3 How do we see the Higgs boson?
High energy collisions, a powerful microscope
From the theory to observables
The discovery

4 Connection with Nova Fribourgo research
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The four fundamental interactions
1 Gravitation

2 Electromagnetism
3 Strong force

4 Weak force
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Apparte: field and/or particle (?)

Matter and interaction: same nature

Take away message: Interaction and matter
are of the very same nature. They are not
wave, not particles but rather a quantum ob-
ject with no equivalent at our scale.

We can talk about interaction field or the
mediator particle associated to the field.
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Apparte: field and/or particle (?)

Interaction seen as a particle exchange

mass of the mediator particle ⇐⇒ interaction range: d ∝ 1/M
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Apparte: field and/or particle (?)

Interaction seen as a particle exchange

mass of the mediator particle ⇐⇒ interaction range: d ∝ 1/M

Two important examples:
• electromagnetism: mphoton = 0 → V(r) ∝ 1

r infinite range

• weak: mW,Z ∼ 100 GeV → V(r) ∝
exp(−r/10−3 Fm)

r range ∼ 10−3 dproton

Romain Madar (LPC Clermont-Ferrand) IPRJ - 03/12/18 - Nova Fribourgo, Brazil 14 / 42



Before the Higgs boson Higgs boson role How do we see the Higgs boson? Nova Fribourgo Research

Apparte: field and/or particle (?)

Interaction seen as a particle exchange

mass of the mediator particle ⇐⇒ interaction range: d ∝ 1/M

Two important examples:
• electromagnetism: mphoton = 0 → V(r) ∝ 1

r infinite range

• weak: mW,Z ∼ 100 GeV → V(r) ∝
exp(−r/10−3 Fm)

r range ∼ 10−3 dproton

Romain Madar (LPC Clermont-Ferrand) IPRJ - 03/12/18 - Nova Fribourgo, Brazil 14 / 42



Before the Higgs boson Higgs boson role How do we see the Higgs boson? Nova Fribourgo Research

To sum up ...
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Gauge invariance: an almost perfect trick

1. Maxwell Equation: the observation

There is an infinity of potentials (A⃗, V) which describe the same physics. Each
potential differs from another by a space-time function φ(⃗r, t) (and not a simple
number). Local invariance: extremely constraining !

2. Imposing the local gauge invariance: origin of forces?
Theory describing free electrons ψ(⃗r, t) complex wave function → observable ∼ |ψ(⃗r, t)|2

• eiφψ(⃗r, t) give the same predictions
• eiφ(⃗r,t)ψ(⃗r, t) does not give the same prediction (propagation ↔ derivative)

∂⃗r,t

(
eiφ(⃗r,t)ψ(⃗r, t)

)
= eiφ(⃗r,t)

(
∂⃗r,tψ(⃗r, t)

)
+

(
∂⃗r,t φ(⃗r, t)

)
ψ(⃗r, t)

What to do in order to have eiφ(⃗r,t)ψ(⃗r, t) equivalent to ψ(⃗r, t)?

Add two fields which behave exactly as (⃗A, V) !
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Gauge invariance: an almost perfect trick

Take home messages ...

1 Local gauge invariance is observed a posteriori in Maxwell equations
2 Free electron dynamic is not local gauge invariant

3 Imposing local gauge invariance introduces electromagnetism (⃗E, B⃗)

All electromagnetism properties seems to come from gauge invariance : no other
assumption is needed (except the value of the elementary charge)

Powerful and problematic at the same time ...

• Possibly explain all fundamental interactions (!)

• Generate interactions with infinite range ⇔ massless mediator

Weak interaction have a short range. How to conciliate the predictivity of
the gauge invariance and short range interactions?
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The Higgs mechanism: one step toward the perfection

Massless mediator and gauge interaction

Dynamically generate the mass
Add a new filed ϕH in a world of massless particles

dynamic is chosen such as its eliquibrum is reached for a constant value ϕH = v

Mass becomes the consequence of the interaction with this field

General phenomena in physics

It is a spontaneously broken symetry
(or invariance). Here: local gauge

invariance.

This procedure is called the Higgs
mechanism

The associated particle is Higgs boson
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The Higgs mechanism: one step toward the perfection

Conceptual implications

1. The new nature of the mass

the masse is no longer an intrinsic property of a particle

it comes from a property of medium & a property of the particle

⇒ mparticle ≡ λparticle × vH

2. A new field ... Everywhere, any time!
The entire space is filled with a new field with a uniform and constant value.
Can we see this new field by “shacking” it and produce an elementary
excitation - the Higgs boson?
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Overview

1 The world of particles before the Higgs boson
The matter: a building game
Interaction between the building blocks
Apparte: field and/or particle (?)

2 The Higgs boson: what for?
Gauge invariance: an almost perfect trick
The Higgs mechanism: one step toward the perfection

3 How do we see the Higgs boson?
High energy collisions, a powerful microscope
From the theory to observables
The discovery

4 Connection with Nova Fribourgo research
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High energy collisions, a powerful microscope

The basic principle

In order to (in)validate the higgs boson existance:

excite the Higgs field → collisions

caracterize its presence → particle detection
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High energy collisions, a powerful microscope

CERN and the LHC

CERN : Organisation Européenne pour la Recherche Nucléaire
funded in 1954 (after war context) by 12 member states to relaunch nuclear
physics in Europe

today : 21 member states, 10000 "users" around the world

Several accelerators, sevral discoveries (and nobel prizes), major technological
spin-off (e.g.: web)
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High energy collisions, a powerful microscope

LHC : Large Hadron Collider (hadron ≡ composite particle bound by strong interaction)

proton-proton collider with an energy of 13 TeV (electron energy in hydrogen ∼ 13 eV)

the largest energy (shortest distance) probed on earth
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High energy collisions, a powerful microscope

Collision detection
What do we detect? all stable particles at detector scale (∼10 m)

electrons, muons, photons

pions (largely produced in hadronics collisions), protons, neutrons

How do we detect particles?

by exploiting the particle energy loss in matter

there two big classes of particle detectors:
tracker : small amount of matter, no perturbation of particle motion,
measure position along the trajectory, with B⃗, for charged particles
calorimetry : large amount of matter, stop particle, measure energy

Measured observables:
1 electrical signals ⇔ deposited energy / positions
2 algorithms : trajectory reconstruction from many position points
3 algorithms : identify localised clusters of energy deposits

▶ At the end: Q, p⃗, E of each particles
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High energy collisions, a powerful microscope

Unity is strength ...

Only the he simultaneous use of these different detectors allows to identify
particles produced in a collision

"Onion layers"

tracker (+⃗B)

calorimeter

tracker (+⃗B)

Neutrinos
too weak interaction → what is
missing to get a balances total

momentum

Quarks
don’t exist alone → produce a jet

of hadrons
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High energy collisions, a powerful microscope

One detector on the LHC: ATLAS
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High energy collisions, a powerful microscope

The ATLAS collaboration
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High energy collisions, a powerful microscope

Animated version of a collision
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High energy collisions, a powerful microscope

Always MORE collisions ...
Searching for rare phenomena:

Quantum process: single collision impossible to predict
a lot of collisions needed to test the theory

Price to pay: experimental challenges ...
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From the theory to observables

Overview

1 The world of particles before the Higgs boson
The matter: a building game
Interaction between the building blocks
Apparte: field and/or particle (?)

2 The Higgs boson: what for?
Gauge invariance: an almost perfect trick
The Higgs mechanism: one step toward the perfection

3 How do we see the Higgs boson?
High energy collisions, a powerful microscope
From the theory to observables
The discovery

4 Connection with Nova Fribourgo research
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From the theory to observables

General strategy
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From the theory to observables

General strategy

$1000 question: does our fundamental theory describe Nature ?
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From the theory to observables

The selection of collisions

Why do we need to select collisions?
a large number of situations (processes) are possible when colliding two protons
searching for the Higgs boson → sort the collisions compatibles with its
production
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From the theory to observables

The selection of collisions

Why do we need to select collisions?
a large number of situations (processes) are possible when colliding two protons
searching for the Higgs boson → sort the collisions compatibles with its
production

One needs to relate production mecanism (microscopic) and the aspect of the
collision (macroscopic)
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From the theory to observables

The selection of collisions

Why do we need to select collisions?
a large number of situations (processes) are possible when colliding two protons
searching for the Higgs boson → sort the collisions compatibles with its
production

Example of a simple case: production of Z boson: Z0 → e+e−
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The discovery

Observation in different decay modes

Comments:

appears in 3 different decay modes : in agreement with the theory

same mass in the 3 modes

production/decay rate in each mode ⇒ internal structure of the theory

The experimental observation is in agreement with the Higgs mechanism
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The discovery

Accumulate statistics IS important!

Animated giff
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From calorimeter to particles
Detection chain in a given calorimeter cell

active medium + sensor ≡ conversion incident energy in electric signal

digitization ≡ reduce the amount of information (loss!)

cell energy: reconstruction from partial information (digits)

Challenges proper cell energy ⇒ reliable clusters ⇒ good particles objects

accurate reconstruction: Areco = Atrue (aka resolution)

stable reconstruction: remains accurate even with some small signal
distortions (e.g. from residual collision - pile up)
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What’s next?
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The long quest for the Higgs boson : summary

The origins (1964) :

predictions: mecanism generating the mass and its associated particle

consequences : new conception of the mass

Searches (1980 - 2012) :

several generations of physicists

3 accelerators, ∼10 detectors, thousands of researchers

progresses in experimental but also theoretical physics

This discovery (2012) :

last piece : the Standard Model is, for the first time, complete

Nobel prize of physics

Is it the end of the story?
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What remains to be discovered?

Let’s come back to the Higgs mecanism...

Where does this force come from? All this were
introduced by hand ...

Few experimental observations not described by our theory ...

neutrinos oscillations: observed but not predicted by the SM

dark matter : a lot of indirect proofs, not a single candidate in the SM

matter-antimatter asymetry : too low in the SM

A huge conceptual problem: the gravitation

Is it the end of the story? It’s only the beginning ...
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