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1. Elementary particles 
2. The Higgs Boson
3. What we don’t know
4. Experimental techniques 

What we do not know about the Universe
and how to know a bit more
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What surrounds us is extremely complex, often the result of 
many  overlapping factors.

Think of this classroom: there are lots of things that happen 
right now and write the laws of physics to describe them is 
virtually impossible.

Problem: how to deal with a very complex system

Reductionism
the basic process used in physics to understand reality

The properties of a complex system can be interpreted in 
terms of the properties of its simpler parts

Solution: reduce the problem to its simpler parts



Elementary particles

Reductionism in the kitchen

Nicolo Cartiglia -INFN Torino - 11 May 2018 4

A good theory: these foods are made of  eggs, flavor , sugar, salt 

è Complex and diverse foods are made of simple ingredients 

Let’s suppose you are eating these foods, and you need to 
identify their components
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7 note  ed ottave, diesis, bemolle

Imagine you are listening to these songs, and you need to 
understand the elementary components 

Reductionism in music
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Elementary particles, forces…

Now, let’s look around… lot’s of different things, is there a 
common origin? Why they are made the way they are made…

Where these iron atoms come 
from?
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The reductionist approach in particle physics has led to many
advances.

The passage from one level to the next takes place through the
study of symmetries that indicate the presence of a sub-structure

What is “particle physics”?

Today we talk about what we do 
not know ... the next level
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We can define a particle as ”elementary" if we think that it  
does not have substructure.

This means that you can not break into smaller pieces.

Elementary particles are of 3 types:

1. Particles that transmit forces (4)

2. Particles that form the matter (12)

1. The Higgs particle (1+?)

What is an “elementary particle”?
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How do we find the elements composing things? We order them
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Einstein: E=mc2

Energy can become mass (what 
we do).
Bombs: mass become energy
(what we don’t do!)

We smash particles together, and we make new ones

How do we make new particles in the lab?

~ 1970: lot’s of particles were 
created in the labs, which one are 
elementary ?
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The zoo of particles
Can we make orders in the particles created in thelabs?
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Ordering the particles have 
allowed physicists to identify sub-
structures:   3 quarks: u, d, s 
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A zoo made of composite particles
In the interaction many composite particles are created

Barions (made of 3 quarks, qqq): p,n
Mesons (made of a q-anti q): pions, kaons, rho…
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You don’t!!

But you can use a book, that lists them all
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It’s 500 pages long!!
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Symmetries in particle physics
Symmetries are

a guide in the search for new phenomena

The discovery of the quark family is an example::
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Elementary particles are of two different kinds: 

1. Particles that form matter (12)

2. Particles that transfer a force (3+1)
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Matter and messangers

+

Move!

+
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The spin of elementary particles
Particles spin on themselves.. 
We call this rotation  spin.

Se lo spin è
• ½,3/2,5/2 si chiamano fermioni
• 0,1,2.. si chiamano bosoni

Elementary particles: 
Messengers have spin 1
Matter  has spin ½

This difference has very profound consequences

Fermione Fermionebosone



Elementary particles

Nicolo Cartiglia -INFN Torino -
11 May 2018

18

Examples: physics exam in the classromm

Good student
(matter particle)
Fermion, spin = 1/2

Less good student
(matter particles)
Fermione, spin = 1/2

Piece of paper with the solution:
Boson, spin = 1
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Elementary: These 
particles are 
considered without 
internal structure 
(although not 
excluded)

These particles are 
called "matter", are 
the constituents of 
matter

These particles 
are called 
"messengers", 
are the ones 
that transmit 
forces

125 GeV/c2
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Digression: what is gravity?
Why do planets attract each others? 

We are told that gravity is a force, but actually we have not 
found a messenger so far.
The only theory that works (General relativity) has not particles in 
it, it is about the geometry of space

Balck holes, not even light comes out

Stella super massiva

Nobody knows how to write a theory of gravity with 
a messenger… 



Elementary particles

Nicolo Cartiglia -INFN Torino -
11 May 2018

21

Spin: bosons and fermions
Matter particles has spin ½  : FERMIONS
Messangers have integer spins (0, 1 o 2): BOSONS

Fermions interact among themselves 
exchanging bosons

Bosonic particles can be all in the same 
place:
• 1) In a class of bosonic students there is 

only one chair
• 2) The parking place for bosonic cars has  

a single place
• Lovers are often bosons, they use one 

chair, stay very close to each other…

Coherence effects such as superconductivity 
and the laser are due to this fact

Fermione Fermionebosone

Cars are clearly 
not bosons…
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µ

Particle decays
Heavier particles decay into lighter ones

ne

e

nµ

W

The decays occur following the rules 
(for example, the conservation of charge)

described by the Standard Model
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A single particle becomes several particles, however many of the 
properties of the initial particles are conserved

Conservazione del valore, non conservazione del peso
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Matter and anti-matter

Every matter particle has its own anti-particle.

- The mediators  don’t have 
antiparticles: there are no 
anti-gluons or anti-photons!

- The anti-particles have 
opposite charges to those of 
the particles

Rule: 
if in the laboratory you make a 
matter particle, then you make 
also its antiparticles, 

Matter and anti-matter  come together
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How do you make anti-matter?

Bananas produce antimatter: 
releasing one positron—the antimatter 
equivalent of an electron—about every 75 
minutes. 

This occurs because bananas contain a 
small amount of potassium-40, a naturally 
occurring isotope of potassium. 

As potassium-40 decays, it occasionally 
spits out a positron in the process.

There are also other methods to make anti-matters
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Are hidden symmetries in nature that can help us identify substructures?
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Hidden symmetries
Symmetries in nature are often hidden, “broken”  by other effects 

that overlap and make the situation unclear

Example: 
Laws of physics are symmetric under rotation. On land however, 
because of gravity, this is not true.

It is said then that the
symmetry is hidden

(or broken) by gravity.

The search for hidden symmetry is
the job of theoretical physicists …
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The mass of elementary particles
What symmetry can we find using the values of mass we measure?

125 GeV
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Mr. Higgs big idea

Elementary particles do not have mass
This symmetry is “hidden” (broken) by the interaction of the particles 

with the Higgs boson, which makes the particles massive

!!!!!!
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This idea opens the door to the mathematical description of the 
interactions between particles, called the STANDARD MODEL, which 
is possible only if:

all elementary particles have no mass

There is a particle absolutely special, which is neither matter nor a 
messenger of forces, which explains why the particles are massive:

The Higgs boson
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The Higgs boson and the Higgs field

Think about the Electric field: 
è The photon is the “proof” of the electric field

è The Higgs particle is the proof on the Higgs field
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The Higgs field
The concept of “field” is pretty common in physics, think at the electric field 
in a parallel plate capacitor. Note: the electric field has a direction

The Higgs field is similar, but it’s a 
scalar, it does not have a direction,  
It’s like the temperature in a room.

Similarly to the inside of a 
capacitor, filled with the electric 
field,  empty space is not empty: 
it’s filled with the Higgs field. 

Vacuum does not exist!!
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The mass of leptons and quarks

The Higgs field interacts with the massless particles, and 
makes them massive

Mass is therefore a 
property that does not 
belong to the particle, but 
it’s due to the interaction 
with the Higgs field. 

Particles look like having 
mass simply because they 
interact with the Higgs field



Elementary particles

Nicolo Cartiglia -INFN Torino -
11 May 2018

34

The Higgs mechanism

Let’s look at the relationship between 
Energy, mass and momentum:

In the absence of a Higgs field, the energy 
is pure momentum:

E 2 = (mc2 )2 + ( pc)2

E 2 = ( p1c)
2

E 2 = (mc2 )2 + ( p2c)
2

Higgs mechanism

In the presence of the Higgs field, the 
particles slow down and acquire mass:

p1 > p2
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Why some particles are more massive?
Bumping against the Higgs field produces the mass

Heavy particle:

Light particle:
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The hunt for the Higgs Boson

Since 1964, year of the publication of the paper by Mr Higgs, the
Higgs particle has been the Holy grail of particle physics.

Rivers of ink, thousands of sleepless night, broken weddings, new
weddings, tons of money, hope and dear disappointments…
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Everything changed on July 4th 2012 ….
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How do we make a Higgs boson?
The theory is telling us how to make it:

• You start from two protons
• 2 of the proton constituents combine and make an Higgs boson



Elementary particles

Nicolo Cartiglia -INFN Torino -
11 May 2018

39

For the inquisitive mind
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What is the probability to make a Higgs boson?

You make one Higgs 
particle  every 1012 

scattering..

At LHC, we make a few 
Higgs each hour

Probability to 
make a Higgs

Probability of proton-
proton scattering

10-12
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How can we see a Higgs boson?

The Higgs boson does not live 
long enough to be seen, so we 
need to measure its decay 
products.

For example, we need to 
measure the mass of pairs of 
bb, or WW,  ZZ, …, gg, and see 
if it’s the same one
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proton

proton

gamma

gamma

June 2011, CMS Experiment

Is it a “Higgsè gg” ?
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proton

proton

m
uon

August 2011, CMS experiment

muon

m
uon

muon

Is it a “Higgsè 4 muoni” ?
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elettron

August 2011, CMS Experiment

elettron

ele
ttr

on
elettron

Is it a  “Higgsè 4 elettrons” ?
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1. We don’t know how to write a theory without it
2. It is everywhere, in every part of the universe
3. It is a new kind of force
4. It is the first elementary particle that does not rotate..

•Maybe it is not elementary…
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Why the Higgs particle is so special?

Composite Higgs?
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We can also calculate the mass of the Higgs boson using the 
theories that we have, and the results is

1) according to theory: 
Theory: Higgs Mass = 1016 GeV ~ infinite

2) while we measured:
Measured: Higgs Mass = 125 GeV (~125 protons)

This is of course wrong!
Solution: you need additional particles to be able to calculate 
the mass of the Higgs boson correctly.

The mass of the Higgs boson
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And now, what do we do?

There are fundamental questions to which we do not 
know the answer, we have theories that suggest solutions.

We have to find new particles to prove which of the 
theories is proposed the right one.

LHC starts in a few months with higher energy,
we hope to find new things ...

Now, to understand the laws of physics, 
we look at the sky …
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1) according to theory: 
Theory: Higgs Mass = 1016 GeV ~ infinite

2) while we measured:
Measured: Higgs Mass = 125 GeV (~125 protons)

First let’s exam the mass of the Higgs boson
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The mass of the Higgs boson is the combination of its own mass, 
plus the states it can transform into:

Loop corrections (for theorist..)

In the calculation of the Higgs 
mass , we need to include all the 
virtual state

=If it were a man: 

Skinny not skinny             medium

Skinny: Self coupling

∆E ∆" ~ $
Energy violation for a short time:
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The idea… 
’loop corrections’ contribute to the mass:
• negative for bosons
• positive for fermions

Fermions: positive 
contribution = + infinity

Bosons: negative 
contribution = - infinity

Now we have only:

+ + =

+ = infinity

We are missing new bosonic particles



Elementary particles

Nicolo Cartiglia -INFN Torino -
11 May 2018

51

The connection between astronomy and 
particle physics

The initial moments of our universe were governed by the same forces
we study in accelerators, so it is natural to look at the stars to understand what 
has happened ..

Study the laws that have 
governed the evolution of the 
universe is equivalent to 
making a huge experiment.

There is evidence that:
1) there was a big bang
2) That there was a time of 

rapid expansion (inflation)

The physics of the LHC is to 10-

11 seconds after the big bang
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Far away = back in time
We need a fundamental concept, always used in astrophysics:

Looking at very far away objects means looking back in time.

The light from a distant galaxy  takes a long time to arrive, and it shows us how 
the galaxy was when the light left.

1) We see the moon as it was 1.3 seconds ago
2) We see the sun as it was 500 seconds ago
3) The stars at the edge of our galaxy as they were 100,000 years ago 

This is the image of the furthest galaxy 
(EGS-zs8-1)  ever recorded
- The light has travelled 13 billion years
- The age of the galaxy is 670 million 

years
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Expansion speed of the Universe
Consider a fire engine with the siren on.
Watching and listening we can learn two things:

1) As we know its real size, from its apparent  size we can 
understand the position

2) As we know its true frequency, from its apparent 
frequency we can calculate the speed (Doppler 
effect)

In the universe, the fire engines are the type 1A 
supernova: we know very well the brightness and 
frequency.

From the apparent brightness and frequency of 1A 
supernova, we can derive their position, speed and age.

Distant supernovae stars move slower than closer supernova
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Dark Energy
Remember: 

Distant Supernovae è oldest supernovae 
Closer Supernovae è newer supernovae

Fact: the expansion rate of older supernovae is slower than the newer ones

Conclusion:
In the past, the expansion of the universe was slower

è the universe is accelerating.
(Nobel Prize for physics in 2011)

è There is  a form of energy that exerts a repulsive force: 
DARK ENERGY

We have absolutely no idea what it is ....
(according to the BigBang expansion is expected to slow down due to gravity) 
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Dark matter and the rotational speed of galaxies

Calcolo usando le stelle 
visibili

Consider a galaxy: the stars revolve around its 
center, like the planets around the sun.

Using  Newton’s laws, it can be shown that the 
stars at the periphery must move slower: 
where there is less matter the stars rotate more 
slowly.

However, in reality, the speed of rotation is 
constant. How can this happen?

This is possible only if there is a lot more matter 
uniformly distributed in the galaxy

Dark matter = 500% normal matter 
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Do we know anything else about Dark matter? 
If we consider two two galaxy crossing each other

We have seen that after collition (Hubble, Chandra data) matters 
had change shape, while dark matter didn’t. 

Dark matter interacts very weakly, it does not scatter against 
normal matter neither againts antimatter 
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What’s the universe made of?

(I) 4-5% is made from the material that we know

(II) The 22-25% consists of 'Dark Matter’:
1) It does not emit any type of 

electromagnetic radiation.
2) Rotates the galaxies faster
3) One possibility is that it contains 

'super-symmetrical particles'

(III) The 70-73% consists of 'Dark Energy'
1) Uniformly fills all space
2) Increase the speed of expansion of 

the universe

Up to now, we 
discussed this small 
piece
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Theory – Experiments relationship in the LHC era

pre - LHC

Theoretical
physicist

Experimental physicist

post - LHC

Experimental physicist

Theoretical 
physicist 
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An obvious problem: why is the universe there?

The Big-Bang has created as much matter than antimatter

Then matter and anti-matter annihilates, an nothing is left…

But we know this is not true: the universe in there!

Big bang

a

a
m

m

Energy
(photons)

a
m

Energy
(photons)

a
m

Energy
(photons)Energy

(photons)
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An obvious problem: why is the universe there?
Suppose again the Big-Bang has created as much matter than 
antimatter

For some reason, antimatter decreases and matter increases , there is 
a violation in the matter-antimatter symmetry

Universe exists

a

a
m

m a
m

Energy
(photons)

a
m

Energy
(photons)Energy

(photons)

a

m

Energy
(photons

)
Universe
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Universe is what is left over

109 +1 matter 
particles

109 -1 anti-matter 
particles

Energy (photons) 
+

1 particle

There is one billion photons for every particle

This photon ocean is called “background radiation”
(Nobel prize 1978 (discovered), 2006 (measured)

Most likely this effect is true also for dark matter: it’s mostly gone, 
only a small part is left
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We know we need to find other 
particles to make the Higgs theory 
work well

We know there is 
dark matter in the 
Universe

Yes, theories such as SUPERSYMMETRY propose these 
solutions
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SUSY is an extension of the Standard Model:
every fermion has a bosonic counterpart (and viceversa)
it’s a broken symmetry as we know that the SUSY particles don’t 
have the same mass as their symmetric partner

It solves the problems related to the Higgs boson
It makes the connection between fermions and bosons

Measured Hypothesis



Elementary particles

Nicolo Cartiglia -INFN Torino -
11 May 2018

64

Nature: 2 hidden symmetries
The universe is possibily composed of supersymmetric particles, all massless. 
This means that every particle is present as a boson and as a fermion
(there is an elettron with spin = 0 ed ½).

Supersymmetry is clearly broken by some force we don’t know, which 
makes the bosonic particles very heavy

On the other hand, fermions are not affected by this process 
and remain massless

This second symmetry is broken by the Higgs Boson

So we end up with two grups of particles:
Fermions, with small masses due to the Higgs boson mechanism(<200 GeV)  
Bosons, with large masses due to some unknown mechanism (~ 500-1000 GeV)
Is this true?

??

Higgs Measured

Hypothesis
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What does it happen now?

Every theory we know forecasts that we should find 
additional particles besides the Higgs

1) Multiply the mass of the Higgs by 10-16 

2) Find new particles in the coming years (LHC in Geneva 
will start working in a month !!)

3) The theories are wrong

Our theoretical colleagues in discussions pre-LHC were very sure of 
themselves:

"We understood everything:  at LHC you will find the Higgs and other 
particles…"

We found the Higgs, but nothing else !!!! 
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Summary and outlook
After 50 years, we have finally found the Higgs boson!

We have not found  other particles, so we are missing some  
crucial aspects of the theory

LHC is about to begin at the highest energy ever reached. 
We hope to find the missing particles soon.

We lack the 96% of the universe ....

We have a secret weapon:  you!

Come and join the research


