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Classical versus quantum collissions 
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(Compton wave-length)

� =
h

mc

quantum size
of an object of mass m

h = Planck constant = 6.6x10-34 m2kg/s

strawberry : m~30 g	 ➲	 λ~10-40 m 

e- : m~9.1x10-31 kg	 ➲	 λ~10-12 m 
p : m~1.6x10-27 kg  ➲  λ~10-15 m 

Classical : λ << R

quantum : λ >> R
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The Standard Model: Matter
!e "netic code of ma#er
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composite states=hadrons
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Fundamental Interactions

β decay

How do the elementary particles talk to each other?

64
29Cu ! 64
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3
1H ! 3

2He+ + e� + ⌫̄e
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19K ! 40

20Ca
+ + e� + ⌫̄e
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Fundamental Interactions

β decay

works fine for nuclear physics
but cannot be extrapolated at

high energies

� =
G2

F E2

⇡

E > 100 GeV
probability of interaction > 1
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Symmetry and Dynamics

the shape of the egg
determines

its production mode

speed of light
in vacuum

is constant
the requirement of 

constant speed of light
determines Maxwell eqs 

!
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an electron is described by a complex number
Symmetry Principle

the phase of this number can be rotated away

How do the elementary particles talk to each other?

new interaction: electromagnetism

Symmetry and Dynamics

γ
e-

e-

force carrier: photon
“memory” of how the electron phase is changing 

from one point to another in space-time
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The elementary particles interact with each other
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Forces et Symétries

γ

Universality of the interactions
    all the electrons interact with the photons in the same way  

  all the charged particles interact with the photons in the same way  

all fundamental interactions are associated to symmetries 

probabilty for an electron to “produce” a photon

↵ =
e2

4⇡✏0~c
⇠ 1

137

an electron is described by a 
complex number

the phase of this number can be 
rotated away
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The Standard Model: Interactions

tested with an accuracy of 10-8

tested with an accuracy of 10-3

tested with an accuracy of 10-1

electromagnetic interactions

weak interactions

strong interactions

light
atoms

molecules

β decay

e+
+ e−

Z0

−→ D+
+ D−

n
W±
−→ p + e− + ν̄e

α decay
238
92 U → 234

90 Th +
4
2He

{

{
{

(1873, Maxwell)

(1933, Fermi)

(1911, Ru%erford ; 1921, Chadwick et Biesler)

atomic nuclei

How do the elementary particles talk to each other?

12
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all fundamental interactions are associated to symmetries 

electromagnetism weak interactions

γ
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change of electron phase exchanging electron ⇄ neutrino
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Electroweak Symmetry
all fundamental interactions are associated to symmetries 

electromagnetism weak interactions

γ
e-

e-

e-

ν

W

change of electron phase exchanging electron ⇄ neutrino

 W boson discovered @ CERN in ‘83

challenging hypothesis formulated in ’68 
by Glashow, Salam, Weinberg 

P(x Nobel ‘79
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Symmetry Breaking
mathematically, all fundamental interactions are described by symmetries

however they look very different from eath other 
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the photons are massless
(em is a long range force)

the W & Z’s have a mass ~ 100 GeV
(weak interactions are short range forces

1/(100 GeV) ~ 10-18 m)
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the 3 spatial directions

On Earth: 
isotropy in the 2 horizontal 

directions only

SO(3)

SO(2)

Spontaneous Symmetry Breaking
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Electroweak Symmetry Breaking
~ 10-10s after Big-Bang, space-time crystallized into a new form

Nature filled vacuum with Higgs substance because it saved energy
(courtesy @ G. Giudice)
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Electroweak Symmetry Breaking
~ 10-10s after Big-Bang, space-time crystallized into a new form

Nature filled vacuum with Higgs substance because it saved energy
(courtesy @ G. Giudice)

no difference no matter 
which direction you are looking into

at rush hour, it is awfully pack-crowded
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Electroweak Symmetry Breaking
~ 10-10s after Big-Bang, space-time crystallized into a new form

Nature filled vacuum with Higgs substance because it saved energy
(courtesy @ G. Giudice)

Cosmologists think that it is during this phase transition 
that matter could have taken over antimatter
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Massive particles & Higgs field
light propagating in a medium is slow down

“photons acquired a mass”
c=299792 km/s in the vacuum

~3/4 c in water
~2/3 c in ordinary glass

~125000 km/s in diamond
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Massive particles & Higgs field
light propagating in a medium is slow down

“photons acquired a mass”

Higgs = substance/field filling out the Universe (Lorentz invariance)

The vacuum is filled with the Higgs field 
The particles that are interacting with this substance 

are slowed down and acquire a mass 

The W’s & Z’s interact with the Higgs substance. The photons don’t

c=299792 km/s in the vacuum
~3/4 c in water

~2/3 c in ordinary glass
~125000 km/s in diamond

 Higgs boson =  ripple on the Higgs substance
LHC = machine to produce ripples on the Higgs substance
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Higgs boson at the LHC
producing a Higgs boson is a rare phenomenon

since its interactions with particles are proportional to masses
and ordinary matter is made of light elementary particles

 NB: the proton is not an elementary particle, 
its mass doesn’t measure its interaction with the Higgs substance
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Higgs boson at the LHC
producing a Higgs boson is a rare phenomenon

since its interactions with particles are proportional to masses
and ordinary matter is made of light elementary particles

 NB: the proton is not an elementary particle, 
its mass doesn’t measure its interaction with the Higgs substance

t t

h

probability ~ 1

but no top quark at our disposal

From top quarks
e e

h

probability ~ 10-11

From electrons

18
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The LHC has produced 105 Higgs bosons 
out of 1016 pp collisions

19

Higgs boson at the LHC
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The search for the Higgs boson
4. SM Higgs production at the LHC

Physics at the LHC: some generalities

LHC: pp collider

√
s=7+7=14 TeV⇒

√
seff∼

√
s/3 ∼ 5 TeV

L∼10 fb−1 first years and 100 fb−1 later

• Huge cross sections for QCD processes.
• Small cross sections for EW Higgs signal.

S/B >∼ 1010 ⇒ a needle in a haystack!

• Need some strong selection criteria:
Trigger: get rid of uninteresting events...

Select clean channels: H → γγ,VV → "

Use different kinematic features for Higgs

Combine different decay/production channels

Have a precise knowledge of S and B rates.

• Gigantic experimental (+theoretical) efforts!
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The search for the Higgs boson
4. SM Higgs production at the LHC

Physics at the LHC: some generalities

LHC: pp collider

√
s=7+7=14 TeV⇒

√
seff∼

√
s/3 ∼ 5 TeV

L∼10 fb−1 first years and 100 fb−1 later

• Huge cross sections for QCD processes.
• Small cross sections for EW Higgs signal.

S/B >∼ 1010 ⇒ a needle in a haystack!

• Need some strong selection criteria:
Trigger: get rid of uninteresting events...

Select clean channels: H → γγ,VV → "

Use different kinematic features for Higgs

Combine different decay/production channels

Have a precise knowledge of S and B rates.

• Gigantic experimental (+theoretical) efforts!
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produces a Higgs boson

...  finding the interesting paper 
in John Ellis’ office at CERN

... finding a book in a library 1000 times 
as large as the French Library 

while all the books have the same size, 
the same color...

finding a Higgs boson is like...
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Where are we?
The Higgs discovery is a triumph of human endeavor 

We have a consistent description of 
i) the elementary building blocks of matter 

ii) their interactions

In principle, from what is written on 
this T-shirt we can describe/compute 
how the Universe as we see it today 

has emerged from the Big-Bang



Ch!"ophe Grojean The Higgs boson JFFoS,  January 2013

Where are we?
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Where are we?

   

+√g R(g)
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LBSM =?
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What’s next?
only a few eletrons are enough to lift your hair (~ 1025 mass of e-) 
the electric force between 2 e- is  1043 times larger than their gravitational interaction
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we don’t know why gravity is so weak?
ie we don’t know why the masses of particles are so small?

only a few eletrons are enough to lift your hair (~ 1025 mass of e-) 
the electric force between 2 e- is  1043 times larger than their gravitational interaction
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What’s next?

we don’t know why gravity is so weak?
ie we don’t know why the masses of particles are so small?

only a few eletrons are enough to lift your hair (~ 1025 mass of e-) 
the electric force between 2 e- is  1043 times larger than their gravitational interaction

Several theoretical hypothesis
new space-time structure?

 modification of special relativity? of quantum mechanics?

23



Ch!"ophe Grojean The Higgs boson JFFoS,  January 2013

To continue % &scussions...
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Running of gauge couplings

25

The intenisty of the electric charge depends on the density of virtual particles

Even if the intensity of the elctric bulb remains the same
the amount of light reaching us depends on the depth of the fog
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Classical physics: force depends on distance 

Quantum physics: charge depends on distance 

charge 

virtual 
particles 

A strange phenomenon 

QED: virtual particles 

screen the charge ! 

charge gets weaker as we 

move away 

Even stranger 

QCD: virtual particles 

antiscreen the charge ! 

charge gets stronger as 

we move away 

Running of gauge couplings

25
(pictures: courtesy of G. Giudice)
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Only one time of matter
Only one fundamental interactions

Unification of Interactions

26
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Supersymmetry

Fermions

Bosons force carriers

matter particles

the fermions are 
repelling each other

the bosons can be 
pilled up

27
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4D space-tim
e

superspace
boson 

fermion 

superparticle

Supersymmetry

x2=1 ➲	 matter and antimatter
x2=-1	 ➲	 matter and supermatter

28
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Towards Quantum Gravity

n

p

e
−

ν̄e

W
−

the exchange of a single W is enough to get 
a consistent dscription of the interactions at high energy

How to get a consistent description of gravity at high energy? 

L =

1

MPl
hµνT

µν
exchange of an infinity of particles
of more and more massive particles

 with larger and larger spins
= spectrum of an extended object (a “string”)
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Extra dimensions
String theories are well-defined only in space-times 

with 10 or 11 dimensions
These extra dimensions are curved and compactified

2
30




