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Nobel Prize text:

The Nobel Prize in Physics 2013 was awarded jointly to Frangois Englert and Peter W. Higgs
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Appealing aspects: enormous projects, international collaborations, aim to
answer to the most fundamental questions
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Overview

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

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

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

© Connection with Nova Fribourgo research
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Before the Higgs boson
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The history started over in the 50’s, but this time at the sub-atomic scale ...
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Regularities, a manifestation of internal structure

@ Tens and tens of hadrons discovered in the 50’s

@ Their properties seems to follow a precise pattern
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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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The matter: a building game

mass - =2.3 MeV/c?

charge - 2/3

LEPTONS

spin = 12 LI/
p

u

=4.8 MeV/c*
=13
12

down

0.511 MeVic? *—\_\_\_\_\_\.
-~ @

12 7
electron
<2.2eVic*
. D
taile (métre)
102 € e
”
electron \
neutrino Particule impliquée lors de

réactions nucléaires

Romain Madar (LPC Clermont-Ferrand) IPR] - 03/12/18 - Nova Fribourgo, Brazil 9 /42



a Fribou

The matter: a building game

mass - =2.3 MeV/c?

charge - 2/3 u

spin > 12 - 4
up
=4.8 MeV/o?
-3 d
12 - 4
down
0511 MeVic?

- @

12

electron
7,) <2.2eVic?
= o
E 12 ])e
& electron
- neutrino

=1.275 GeV/c*

23

C

g
charm

=95 MeV/c?

12

=13 S

d
strange

105.7 MeVic*

-1

12

<0.

0

12

vl

muon
17 MeVic*

D

muon
neutrino

=173.07 GeV/c*
23

12 t/
top

=4.18 GeV/c*

-1/3 b

12 /

bottom

1.777 GeVic*

-1

12 T
tau

<15.5 MeV/c?

L r
112

tau
neutrino

Romain Madar (LPC Clermont-Ferrand)

IPR] - 03/12/18 - Nova Fribourgo, Brazil

9/42



Before the Higgs boson

L Je]

Interaction between the building blocks

Overview

@ The world of particles before the Higgs boson

@ Interaction between the building blocks

© The Higgs boson: what for?

© How do we see the Higgs boson?

© Connection with Nova Fribourgo research
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Before the Higgs boson
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Interaction between the building blocks

The four fundamental interactions

1 Gravitation

NOTRE GALAXIE: LA VOIE LACTEE

Gravitation
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iggs boson son role s boson? Nova Fribou

Interaction between the building blocks

The four fundamental interactions

1 Gravitation
2 Electromagnetism

NOTRE GALAXIE: LA VOIE LACTEE

Gravitation = - Electromagnéti
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Interaction between the building blocks

The four fundamental interactions

1 Gravitation 3 Strong force
2 Electromagnetism

NOTRE GALAXIE: LA VOIE LACTEE

Gravitation

quark ‘@
neutron
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Before the Hig;

Interaction between the building blocks

The four fundamental interactions

1 Gravitation 3 Strong force
2 Electromagnetism 4 Weak force

NOTRE GALAXIE: LA VOIE LACTEE

Gravitation

quark ‘@
neutron

Force faible

proton Force forte
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Before the Higgs boson

@00

Apparte: field and/or particle (?)

Overview

@ The world of particles before the Higgs boson

@ Apparte: field and/or particle (?)
© The Higgs boson: what for?

© How do we see the Higgs boson?

© Connection with Nova Fribourgo research
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Before the Higgs boson

(o] o}

Apparte: field and/or particle (?)

Matter and interaction: same nature

Champ électrique -
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Before the Higg

How do we see the F s boson? Nova Fribourgo R

Apparte: field and/or particle (?)

Matter and interaction: same nature

Champ électrique - Onde électromagnétique Particule de lumiere

"

Video from https://toutestquantique.fr about the quantum "duality
wave-particle
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Before the Higgs boson ole How do we see the H Nova Fribourgo Re
fe 000 oo

Apparte: field and/or particle (?)

Matter and interaction: same nature

Onde électromagnétique Particule de lumiére

Video from https://toutestquantique.fr about the quantum "duality”
wave-particle

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.
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Video from https://toutestquantique.fr about the quantum "duality”
wave-particle

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

Particule de
MEUGIG

mass of the mediator particle <= interaction range: d o« 1/M
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Apparte: field and/or particle (?)

Interaction seen as a particle exchange

Particule de
MEUGIG

mass of the mediator particle <= interaction range: d o« 1/M

Two important examples:
e electromagnetism: Mppoton = 0 — V(1) o L infinite range

exp(—r/lO’3 Fm)
r

o weak: my z ~ 100GeV — V(r) range ~ 103 dproton
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Apparte: field and/or particle (?)

Interaction seen as a particle exchange

mass of the mediator particle <= interaction range: d o« 1/M

o
T T

V(r)=—eMr/r

o

Potential Energy [a. u.]

M=0a.u.(V=-1Ir)
M=4a.u.
M =40 a. u.

o L L

1.5
Distance [a. u.] =

Two important examples:
e electromagnetism: Mppoton = 0 — V(1) o L infinite range

o weak: my z ~ 100GeV — V(r)
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Overview

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

Gauge invariance: an almost perfect trick

1. Maxwell Equation: the observation

(AV)~(E,B)

AF = AFD + VoD
_ O0p(7, 1)
ot

Propriété constatée a posteriori

V'F0 = V(71

Original Sphere Global Transformation Local Transformation
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1. Maxwell Equation: the observation

(AV)~(E,B)

AF = AFD + VoD
_ O0p(7, 1)
ot

Propriété constatée a posteriori

V'F0 = V(71

Original Sphere Global Transformation Local Transformation

There is an infinity of potentials (4, V) which describe the same physics. Each
potential differs from another by a space-time function ¢(7,t) (and not a simple
number). Local invariance: extremely constraining !
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Gauge invariance: an almost perfect trick

1. Maxwell Equation: the observation

(AV)~(E,B)

AF = AFD + VoD
_ O0p(7, 1)
ot

RIopriciciconstatéelalposteror Original Sphere Global Transformation Local Transformation

V'F0 = V(71

There is an infinity of potentials (4, V) which describe the same physics. Each
potential differs from another by a space-time function ¢(7,t) (and not a simple
number). Local invariance: extremely constraining !

2. Imposing the local gauge invariance: origin of forces?

(] Theory describing free electrons 1/](?, t) complex wave function — observable ~ [{(7,t) 2
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boson role

Gauge invariance: an almost perfect trick

1. Maxwell Equation: the observation

(AV)~(E,B)

AF = AFD + VoD
0p(7, 1)
ot

RIopriciciconstatéelalposteror Original Sphere Global Transformation Local Transformation

V'F0 = V(1) -

There is an infinity of potentials (4, V) which describe the same physics. Each
potential differs from another by a space-time function ¢(7,t) (and not a simple
number). Local invariance: extremely constraining !

2. Imposing the local gauge invariance: origin of forces?
o Theory describing free electrons IIJ(?, t) complex wave function — observable ~ \L/'( 7, 1) 2

e ¢Py(7 1) give the same predictions
o 90t )1/1(?, t) does not give the same prediction (propagation ¢ derivative)
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boson role

Gauge invariance: an almost perfect trick

1. Maxwell Equation: the observation

(AV)~(E,B)

AF = AFD + VoD
0p(7, 1)
ot

RIopriciciconstatéelalposteror Original Sphere Global Transformation Local Transformation

V'F0 = V(1) -

There is an infinity of potentials (4, V) which describe the same physics. Each
potential differs from another by a space-time function ¢(7,t) (and not a simple
number). Local invariance: extremely constraining !

2. Imposing the local gauge invariance: origin of forces?
@ Theory describing free electrons (7, t) complex wave function — observable ~ [i)(7, )|
e ¢Py(7 1) give the same predictions
o 90Ny (7, 1) does not give the same prediction (propagation « derivative)

9 (u“/”*“qw’,m) — oo (a,,/‘,wr',z>) + (a;,,q:(?,t)) Yt
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boson role

Gauge invariance: an almost perfect trick

1. Maxwell Equation: the observation

(AV)~(E,B)

AF = AFD + VoD
0p(7, 1)
ot

RIopriciciconstatéelalposteror Original Sphere Global Transformation Local Transformation

V'F0 = V(1) -

There is an infinity of potentials (4, V) which describe the same physics. Each
potential differs from another by a space-time function ¢(7,t) (and not a simple
number). Local invariance: extremely constraining !

2. Imposing the local gauge invariance: origin of forces?
o Theory describing free electrons IIJ(?, t) complex wave function — observable ~ \L/'( 7, 1) 2

e ¢Py(7 1) give the same predictions
o 90t )1/1(?, t) does not give the same prediction (propagation ¢ derivative)

E (u“‘/""?"“q‘{r’,/)) = o) (E),:/#*(r’,ﬂ) | (3,:,290(7,1‘)) ¥(7,t)

@ What to do in order to have ¢/¢") (7, t) equivalent to ¢(7, t)?
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boson role

Gauge invariance: an almost perfect trick

1. Maxwell Equation: the observation

(AV)~(E,B)

AF = AFD + VoD
0p(7, 1)
ot

Propriété constatée a posteriori

V'F0 = V(1) -

Original Sphere Global Transformation Local Transformation

There is an infinity of potentials (4, V) which describe the same physics. Each
potential differs from another by a space-time function ¢(7,t) (and not a simple
number). Local invariance: extremely constraining !

2. Imposing the local gauge invariance: origin of forces?
@ Theory describing free electrons (7, t) complex wave function — observable ~ [i)(7, )|
e ¢Py(7 1) give the same predictions
o 90Ny (7, 1) does not give the same prediction (propagation « derivative)

3y (e qw,m) = ¢9(h) (é),,,wr',u) » (3,:,241(7,1‘)) )
@ What to do in order to have ¢/¢") (7, t) equivalent to ¢(7, t)?
@ Add two fields which behave exactly as (4, V) !
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Higgs boson role

oe

Gauge invariance: an almost perfect trick

Take home messages ...

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

© Imposing local gauge invariance introduces electromagnetism (E, B)
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Gauge invariance: an almost perfect trick

Take home messages ...

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

© Imposing local gauge invariance introduces electromagnetism (E, B)

All electromagnetism properties seems to come from gauge invariance : no other
assumption is needed (except the value of the elementary charge) J
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Gauge invariance: an almost perfect trick

Take home messages ...

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

© Imposing local gauge invariance introduces electromagnetism (E, B)

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

Powerful and problematic at the same time ...
e Possibly explain all fundamental interactions (!)

o Generate interactions with infinite range < massless mediator
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s boson role

Gauge invariance: an almost perfect trick

Take home messages ...

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

© Imposing local gauge invariance introduces electromagnetism (E, B)

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

Powerful and problematic at the same time ...
e Possibly explain all fundamental interactions (!)

o 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? J
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Higgs boson role
00

The Higgs mechanism: one step toward the perfection

Overview

@ The world of particles before the Higgs boson

© The Higgs boson: what for?

@ The Higgs mechanism: one step toward the perfection

© How do we see the Higgs boson?

© Connection with Nova Fribourgo research
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The Higgs mechanism: one step toward the perfection

Massless mediator and gauge interaction

Dynamically generate the mass
@ Add anew filed ¢y in a world of massless particles
@ dynamic is chosen such as its eliquibrum is reached for a constant value ¢y = v

@ Mass becomes the consequence of the interaction with this field
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Massless mediator and gauge interaction

Dynamically generate the mass
@ Add anew filed ¢y in a world of massless particles
@ dynamic is chosen such as its eliquibrum is reached for a constant value ¢y = 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

Massless mediator and gauge interaction

Dynamically generate the mass
@ Add anew filed ¢ in a world of massless particles
@ dynamic is chosen such as its eliquibrum is reached for a constant value ¢y; = v
@ Mass becomes the consequence of the interaction with this field

Analogie: brisure spontanée
de l'invariance par rotation

General phenomena in physics v

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

This procedure is called the Higgs ! :
mechanism /O\

7 ; ]
The associated particle is Higgs boson (e \/
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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
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Higgs boson role

ooe

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 = \particle X 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

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

Détecteur

NS

proton % proton
. . P

/ \ 1 E=mes

2. couplage du
champ BEH
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How do we see the Higgs boson?

O@00000000

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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How do we see the Higgs

00e0000000

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 ~ 13eV)
@ the largest energy (shortest distance) probed on earth

Romain Madar (LPC Clermont-Ferrand) IPR] - 03/12/18 - Nova Fribourgo, Brazil 25/ 42



How do we see the Higgs

0080000000
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 ~ 13eV)
@ the largest energy (shortest distance) probed on earth

Le LHC en chiffres:

- premiéres idées: 1984 — premiéres collisions : 2009
- 9.6 milliard d'Euros
- 100 métre sous terre
- 1500 aimants supraconducteurs (8.4 T, 11 850 A)
- énergie totale d'un faisceau : 350 MJ
—énergie d'un TGV roulant & 150 km/h

Le LHC est le dernier maillon d'une
chaine complexe d'accélérateurs
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How do we see the Higgs
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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

(] piOl’lS (largely produced in hadronics collisions), protons, neutrons
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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

(] piOl’lS (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 B, for charged particles
@ calorimetry : large amount of matter, stop particle, measure energy
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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

] piOl’lS (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 B, for charged particles

@ calorimetry : large amount of matter, stop particle, measure energy
Measured observables:
@ -clectrical signals < deposited energy / positions
@ algorithms : trajectory reconstruction from many position points
© algorithms : identify localised clusters of energy deposits
» Atthe end: Q, j, 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

Muon
Spectrometer

"Onion layers"
@ tracker (+§)
@ calorimeter

ot ¥ @ tracker (+B)

Calorimeter

The dashed tracks
are invisible to Neutrinos

the detector too weak interaction — what is

missing to get a balances total

momentum
Electromagnetic
Calorimeter
Quarks
= = don’t exist alone — produce a jet
Tracking { of hadrons
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How do we see the Higgs boson?
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High energy collisions, a powerful microscope

One detector on the LHC: ATLAS

/ K ’
’# \
L h " A“ Tile calorimeters
" v
gl
Toroid magnets

Muon chambers Solenoid magnet
Semiconductor fracker

LAr hadronic end-cap and
forward calorimeters

Pixel detector

LAr eleciromagnetic calorimeters

Transition radiation tracker
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High energy collisions, a powerful microscope
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How do we see the Higgs boson?
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High energy collisions, a powerful microscope

The ATLAS collaboration

Argentina
Armenia Netherlands

Australia Norway

Austri Poland

e by membres |
Belarus . Romanis 177 laboratoires |- .
razil Russia

Canada Serbia 38 payS

Chile Slovakia

China Slovenia

Colombia South Africa j y
Czech Republic  Spain 4 France
Denmark “

ot 150 membres
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How do we see the Higgs boson?
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High energy collisions, a powerful microscope

Animated version of a collision
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How do we see the Higgs boson?
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High energy collisions, a powerful microscope

Always MORE collisions ...

Searching for rare phenomena:
@ Quantum process: single collision impossible to predict

@ alot of collisions needed to test the theory
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High energy collisions, a powerful microscope

Always MORE collisions ...

Searching for rare phenomena:
@ Quantum process: single collision impossible to predict

@ alot of collisions needed to test the theory
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How do we see the Higgs boson?

0000000008
High energy collisions, a powerful microscope

Always MORE collisions ...

Searching for rare phenomena:

@ Quantum process: single collision impossible to predict
@ alot of collisions needed to test the theory

Price to pay: experimental challenges ...
o) o] Fréquence de croisement de paguets : 20 - 40 MHz

— capacité de stockage impose I'enregistrement de
1000 croisements de paquet / seconde

Selection rapide des collisions intéressantes basée
sur une reconstruction simplifiée

Bunch -
&

f- n /2

o o’ﬁ:

/

Proton e @

Parton

(quark, gluon) \w
9
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How do we see the Higgs

0000000008
High energy collisions, a powerful microscope

Always MORE collisions ...

Searching for rare phenomena:

@ Quantum process: single collision impossible to predict
@ alot of collisions needed to test the theory

Price to pay: experimental challenges ...

] o] Fréquence de croisement de paquets : 20 - 40 MHz
— capacité de stockage impose I'enregistrement de
1000 croisements de paquet / seconde

Selection rapide des collisions intéressantes basée
sur une reconstruction simplifiée

20 a 50 interactions p-p par croisement de paquets

g i : e
Proton @ e

Parton \/J
(quark, gluon) \w
CEO
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How do we see the Higgs boson?
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From the theory to observables

Overview

@ The world of particles before the Higgs boson

© The Higgs boson: what for?

© How do we see the Higgs boson?

@ From the theory to observables

© Connection with Nova Fribourgo research
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How do w

From the theory to observables

General strategy

Nature

1.

Théorie fondamentale
champs, couplages, masses, etc ...

H = [0u¢|* + m?|¢p|?

Détecteur réel
Acquisition de donnée, triage rapide
avant enregistrement, ...

%

I

Y

Calculs de processus
Perturbation, calcul numérique, ...

Simulation du détecteur
Distribution de matiére, alignement,
électronique, ...
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From the theory to observables

General strateg

y

Nature

How do we see the Hig;

t2

1

Théorie fondamentale
champs, couplages, masses, etc ...

H = [0u¢|* + m?|¢p|?

Détecteur réel
Acquisition de donnée, triage rapide
avant enregistrement, ...

A =
A%,

I

Y

Calculs de processus
Perturbation, calcul numérique, ...

Simulation du détecteur
Distribution de matiére, alignement,
électronique, ...

T

Woev
ATLAS Preliminary
13 TeV, 85 pb”

--Data

[-IMC Stat. ® Syst. Unc.
CIW—ev

EMultijet

EWow

MTop

@zt
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p; [GeV]

$1000 question: does our fundamental theory describe Nature ?
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How do we see the Higgs boson?
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From the theory to observables

The selection of collisions

Why do we need to select collisions?
@ alarge 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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How do we see the

From the theory to observables

The selection of collisions

Why do we need to select collisions?
@ alarge 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) J
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From the theory to observables

The selection of collisions

Why do we need to select collisions?
@ alarge 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~

proton

Romain Madar (LPC Clermont-Ferrand)

Entries / GeV/

Data/Pred.

e aaac

F 'Dala
F [CIMC Stat.
Oz-e'e
[ Diboson
@Z-vr
DTop

Mg = \/(E } +E

(m + m )

Z‘? e
ATLAS Preliminary
13 TeV, 85 pb”

®Syst. Uney

P FEE T D,

il

00 Lt
oL

80 90 100 1 10
m, [GeV]

IPR] - 03/12/18 - Nova Fribourgo, Brazil

35/ 42



How do we see the Higgs boson?
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The discovery

Observation in different decay modes

s000]
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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 J
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The discovery

Accumulate statistics IS important!

Animated giff
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Overview

@ The world of particles before the Higgs boson

© The Higgs boson: what for?

© How do we see the Higgs boson?

© Connection with Nova Fribourgo research
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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)
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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)
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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)

» 800 3 _ ATLAS simulation 2010 clusters parﬁc|e
g0 ALY cell § fomiE T 2012-11-05 09:48:4f
2 600 . E H :
500 =
- . K =5
: B s
300 H ¥ B2 e
20— i . 3 |
mn» Pl PevEsTAL . MBI .
i 50 0 50 100 4
" -0.05

0.05
tan 6] x cos ¢

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
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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
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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 ...
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Few experimental observations not described by our theory ...

@ neutrinos oscillations: observed but not predicted by the SM
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@ dark matter : a lot of indirect proofs, not a single candidate in the SM
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A huge conceptual problem: the gravitation

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



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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