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6 Structure des protons et des neutrons 
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Les interactions fondamentales et les bosons vecteurs

          2 particules interagissent par
          l’échange de bosons vecteurs

L’interaction électromagnétique → le photon (γ)
masse nulle, se propage à la vitesse de la lumière – portée infinie
lie les électrons au noyau dans l’atome

L’interaction forte → le gluon (g)
portée courte (noyau) du fait du confinement
maintient les quarks confinés à l’intérieur
des protons et des neutrons
responsable de la cohésion du noyau
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L’interaction électromagnétique 
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L’interaction faible → les bosons W et Z

massifs (90 fois plus que le proton) ⇒ courte portée
(1000 fois plus courte que pour l’interaction forte)

responsable des désintégrations de particules instables
et de nombreuses réactions nucléaires (radioactivité
bêta, fusion de l’hydrogène en hélium dans le soleil...)

Lien interaction à courte portée / bosons vecteurs massifs
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Les neutrinos sont produits dans les désintégrations dues à l’interaction faible

A chaque particule est associée une antiparticule de même masse et de 
charge électrique opposée (électron/positron, proton/antiproton...)

Il existe aussi une deuxième et une troisième famille de fermions plus lourds, 
instables, qui ne constituent pas la matière ordinaire, mais sont produits par 
ses interactions (collisions de particules)
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Le Modèle Standard de la physique des particules au complet



Les masses des particules et le boson de Higgs

Les particules élémentaires et leurs interactions sont gouvernées par la 
Mécanique Quantique, qui les décrit comme des champs ou des ondes

La théorie devient incohérente lorsqu’on tente d’introduire une masse 
pour les bosons vecteurs

Solution: donner des masses aux bosons W et Z indirectement,
à travers leur interaction avec une particule d’un genre nouveau
(ni matière ni vecteur d’une interaction), le boson de Higgs

Le champs de Higgs emplit tout l’Univers, il est présent même dans le vide

Plus une particule interagit avec le boson de Higgs, plus elle est massive: tout 
se passe comme si son interaction avec le champ de Higgs la gênait dans son 
mouvement et lui conférait une inertie, donc une masse

Ce mécanisme engendre les masses des fermions comme celles des bosons 
W et Z, vecteurs de l’interaction faible, dont il explique ainsi la courte portée
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In order for the phase transition to occur, four particles were required but only one, the Higgs particle, 
survived. The other three were consumed by the weak force mediators, two electrically charged W 
particles and one Z particle, which thereby got their mass. In that way the symmetry of the electroweak 
force in the Standard Model was saved — the symmetry between the three heavy particles of the weak 
force and the massless photon of the electromagnetic force remains, only hidden from view.

Extreme machines for extreme physics
The Nobel Laureates probably did not imagine that they would get to see the theory con#rmed in 
their lifetime. It took an enormous e$ort by physicists from all over the world. For a long time two 
laboratories, Fermilab outside Chicago, USA, and CERN on the Franco-Swiss border, competed in 
trying to discover the Higgs particle. But when Fermilab’s Tevatron accelerator was closed down a 
couple of years ago, CERN became the only place in the world where the hunt for the Higgs particle 
would continue. 

CERN was established in %&'!, in an attempt to reconstruct European research, as well as relations 
between European countries, after the Second World War. Its membership currently comprises 
twenty states, and about a hundred nations from all over the world collaborate on the projects.

CERN’s grandest achievement, the particle collider LHC (Large Hadron Collider) is probably the larg-
est and the most complex machine ever constructed by humans. Two research groups of some (,))) 
scientists chase particles with huge detectors — ATLAS and CMS. The detectors are located %)) metres 
below ground and can observe !) million particle collisions per second. This is how often the particles 
can collide when injected in opposite directions into the circular LHC tunnel, *+ kilometres long.

Protons are injected into the LHC every ten hours, one ray in each direction. A hundred thousand 
billion protons are lumped together and compressed into an ultra-thin ray — not entirely an easy 
endeavour since protons with their positive electrical charge rather aim to repel one another. They 
move at &&.&&&&& per cent of the speed of light and collide with an energy of approximately ! TeV each 
and , TeV combined (one teraelectronvolt = a thousand billion electronvolts). One TeV may not be 
that much energy, it more or less equals that of a -ying mosquito, but when the energy is packed into 
a single proton, and you get ')) trillion such protons rushing around the accelerator, the energy of 
the ray equals that of a train at full speed. In *)%' the energy will be almost the double in the LHC.

A possible discovery in the ATLAS detector shows 
tracks of four muons (red) that have been created by the 
decay of the short-lived Higgs particle.  
Image: CERN, http://cds.cern.ch/record/1459496 

A Higgs particle can have been created and almost 
instantly decayed into two photons. Their tracks (green) 
are visible here in the CMS detector.  
Image: CERN, http://cds.cern.ch/record/1459459

Découverte expérimentale du boson de Higgs au LHC

désintégration en 4 muons désintégration en 2 photons



 

During 2011, the experiments registered another 4700 pb-1 (4.7 fb-1) each at 7 TeV and with this 
increased statistics searches started to show small deviations from background at a Higgs mass 
close to 125 GeV/c2. According to expectation (fig. 4) for this integrated luminosity, each 
experiment should at that time have “caught” about 200 JJ decays and a few 4l decays.  
 

 
 

Figure 5: The reconstructed mass of the Higgs-particle in the JJ channel (ATLAS [75]) and in 
the 4l channel (CMS [76]).  
 
In 2012, the LHC successfully increased the beam energy to 4 TeV and the instantaneous 
luminosity by a factor 1.8 to 6.8 × 10ଷଷ cm-2s-1. Until the end of June that year, each experiment 
registered ~ 5.6 fb-1 at the centre-of-mass energy 8 TeV and could study the combination of data 
from 2011 and 2012. In July that year, both ATLAS and CMS could finally claim discovery (at a 
significance of more than 5 standard deviations which is the norm in particle physics) of a new 
particle with properties consistent with those expected for a SM Higgs boson [72,73]. This 
“Higgs-like” particle has a mass of 125 – 126 GeV/c2. The fact that both experiments 
independently made the observation strengthened the claim – which was further consolidated 
by the updated Higgs results from the Tevatron, which appeared on July 2 [74]. 
 
The LHC experiments continued to increase their data sets until the end of the year 2012 when 
LHC was closed for technical upgrades with the aim to achieve the design beam energy of 7 TeV 
and the design luminosity of 1034 cm-2s-1 in 2015. Fig. 5 includes the full two-year data set (2011 
+ 2012) and shows the mass of the new particle reconstructed from the photon energies and 
directions in the JJ channel (ATLAS) and from the lepton energies and directions in the 4l 
channel (CMS). Averaging over all decay channels, CMS [77] finds the mass value 
 
  ݉ு = 125.3 ± (ݐܽݐݏ) 0.4 ±    . GeV/c2 (ݐݏݕݏ)0.5
 
ATLAS finds somewhat different mass in the JJ and the 4l channels (although the mass 
difference is consistent with zero within 2.4 standard deviations). The channel averaged mass 
value from ATLAS [75] is consistent with that found by CMS, and given by 
 
  ݉ு = 125.5 ± .ି±(ݐܽݐݏ)0.2

ା.ହ(ݐݏݕݏ) GeV/c2 

 

 
 

 
19 (26) 



7.5 Test for the presence of BSM particles in loops 35
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Figure 12: (Left) Results of likelihood scans for a model where the gluon and photon loop-
induced interactions with the Higgs boson are resolved in terms of the couplings of other SM
particles. The inner bars represent the 68% CL confidence intervals while the outer bars repre-
sent the 95% CL confidence intervals. When performing the scan for one parameter, the other
parameters in the model are profiled. (Right) The 2D likelihood scan for the M and e parame-
ters of the model detailed in the text. The cross indicates the best-fit values. The solid, dashed,
and dotted contours show the 68%, 95%, and 99.7% CL confidence regions, respectively. The
diamond represents the SM expectation, (M, e) = (v, 0), where v is the SM Higgs vacuum
expectation value, v = 246.22 GeV.
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Figure 13: Graphical representation of the results obtained for the models considered in Fig. 12.
The dashed line corresponds to the SM expectation. The points from the fit in Fig. 12 (left)
are placed at particle mass values chosen as explained in the text. The ordinates are differ-
ent for fermions and massive vector bosons to take into account the expected SM scaling of
the coupling with mass, depending on the type of particle. The result of the (M, e) fit from
Fig. 12 (right) is shown as the continuous line while the inner and outer bands represent the
68% and 95% CL confidence regions.

Les interactions des particules élémentaires avec le boson
de Higgs sont proportionnelles à leurs masses



Impact de la découverte du boson de Higgs
et questions ouvertes

Dernière pièce du Modèle Standard de la physique des particules

Particule d’un genre nouveau, ni matière ni vecteur d’une interaction

Cependant, sa découverte ne résout pas tous les problèmes de la 
physique des particules:

Les théories qui abordent ces questions prédisent de nouvelles 
particules, qui font l’objet de recherches actives au LHC (Grand 
Collisionneur de Hadrons) ainsi que de travaux théoriques

• masse manquante de l’Univers (matière noire)

• asymétrie matière-antimatière de l’Univers

• origine des masses des neutrinos



Addendum: les oscillations des neutrinos

Si les neutrinos ont des masses, un neutrino
d’un certain type (électron, muon ou tau)
peut se transformer en un neutrino d’un
autre type au cours de sa propagation

Ce phénomène a été observé en premier avec les neutrinos produits 
dans l’atmosphère et avec les neutrinos produits au centre du soleil 
(prix Nobel 2015 pour les leaders des expériences SuperKamiokande, 
au Japon, et SNO [Sudbury Neutrino Observatory], au Canada)



Neutrinos solaires

La réaction de fusion de l’hydrogène en hélium au centre du soleil produit 
des neutrinos électroniques, dont une partie a oscillé en neutrinos 
muoniques et tauiques avant d’atteindre la terre
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A decisive piece of the puzzle fell in place when Sudbury Neutrino Observatory, SNO, performed their measure-
ments of neutrinos arriving from the Sun, where the nuclear processes only give rise to electron-neutrinos. Two 
kilometres below the Earth’s surface the rushing electron-neutrinos were monitored by 9,500 light detectors in 
a tank filled with 1,000 tonnes of heavy water. It is different from ordinary water in that each hydrogen atom in 
the water molecules has an extra neutron in its nucleus, creating the hydrogen isotope deuterium. 

The deuterium nucleus offers additional possibilities for the neutrinos to collide in the detector. For some 
reactions only the amount of electron-neutrinos could be determined, while others allowed scientists to 
measure the amount of all three types of neutrinos together, without distinguishing them from each other.

Since only electron-neutrinos were supposed to arrive from the Sun, both ways of measuring the number 
of neutrinos should yield the same result. Hence, if the detected electron-neutrinos were fewer in number 
than all three neutrino types together, this would indicate that something had happened to the electron-
neutrinos during their 150 million kilometre long journey from the Sun. 

Out of the over 60 billion neutrinos per square centimetre that every second reach the Earth on their 
way from the Sun, the Sudbury Neutrino Observatory captured only three per day during its first two 
years of operation. This corresponded to a third of the expected number of electron-neutrinos that should 
have been caught in the detector. Two thirds had disappeared. The sum however, if counting all three types 
together, corresponded to the expected number of neutrinos. The conclusion was that the electron-neutrinos 
must have changed identities on the way. 

SUDBURY NEUTRINO OBSERVATORY (SNO)

SNO

ONTARIO, CANADA

Electron-neutrinos 
are produced in the 
solar core. 

2 100 m

18 m

CHERENKOV 
RADIATION

NEUTRINOS FROM
THE SUN

PROTECTING ROCK

HEAVY
WATER

Both electron neutrinos 
alone and all three types of 
neutrinos together give sig-
nals in the heavy water tank.

Sudbury Neutrino Observatory detects neutrinos from the Sun, where only electron-neutrinos are produced. The reactions between 
neutrinos and the heavy water in the tank yielded the possibility to measure both electron-neutrinos and all three types of neutrinos 
combined. It was discovered that the electron-neutrinos were fewer than expected, while the total number of all three types of neutrinos 
combined still corresponded to expectations. The conclusion was that some of the electron-neutrinos had changed into another identity.
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solar model prediction. Continued data-taking refined these results. Data-taking was 
concluded in 2006 and the final results were published in 2013 [35]. The 8B neutrino flux 
from the final fit to all reactions is 

!!!!

€

φ =φ(ν e )+φ(ν µ )+φ(ντ )=5.25±0.16(stat)−0.13+0.11 (sys)×106 cm−2s−1

in very good agreement with the theoretically expected 5.94 (1 ± 0.11) [SSM BPS08] or 5.58 
(1 ± 0.14) [SSM SHP11] (see [36] and references therein). 
 
The flux of muon- and tau-neutrinos deduced from the results shown in figure 4 is 

!!

€

φ(ν µ )+φ(ντ )=(3.26±0.25−0.35
+0.40 )×106 cm−2s−1

deviating significantly from zero. A comparison with the total 8B flux clearly demonstrates 
that about two thirds of the solar electron-neutrinos changed flavour, arriving at Earth as 
muon-neutrinos or tau-neutrinos. SNO’s ES results are consistent with the results from Super-
Kamiokande and with the SNO results above, however by themselves insufficient as evidence 
for flavour change (figure 4). 

Figure 4: Fluxes of 8B solar neutrinos from SNO and Super-Kamiokande. The SSM BS05 
[38] prediction is shown as a range between the dashed lines. C.L. stands for confidence level.
From [36] and references therein.

The SNO evidence for neutrino flavour conversion was confirmed a year later by the 
KamLAND reactor experiment. KamLAND (Kamioka Liquid scintillator AntiNeutrino 
Detector) [39] was proposed in 1994, funded in 1997 and started data-taking in January 2002. 
The first KamLAND results were published in January 2003 [40] and show clear evidence for 
disappearance of electron anti-neutrinos, consistent with the expectation from the solar 

SNO



Neutrinos atmosphériques

Des neutrinos muoniques sont produits dans l’atmosphère, dont une partie   
a oscillé en neutrinos tauiques avant d’atteindre le détecteur. La proportion 
de neutrinos ayant oscillé dépend de la distance parcourue; elle est plus 
importante pour les neutrinos ayant traversé toute la terre
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than ten times larger than its predecessor Kamiokande in the Mozumi zinc mine. Super-
Kamiokande launched its operations in April 1996 and could, after less than two years of 
data-taking, report the first striking results: a deficit in the number of up-going high energy 
muon-neutrinos, strongly varying with the zenith angle (i.e. the angle between the neutrino 
direction and vertical).  

Atmospheric neutrinos are produced high in the atmosphere and the flux at the surface of the 
Earth is expected to be isotropic, independent of the zenith angle. This implies that the 
observed fluxes of up-going and down-going neutrinos in an underground detector like SK 
should be equal.  A water Cherenkov detector is able to distinguish the electrons and muons 
produced in the final state of νe and νµ charged current (CC) reactions but cannot distinguish 
neutrinos from anti-neutrinos. By determining the directions of the final electrons and muons, 
the directions of the incident neutrinos can be inferred.  

Figure 5: Zenith angle distributions of e-like and µ-like events in Super-Kamiokande with 
momenta above and below 1.33 GeV [52]. The boxes show the expectation assuming no 
oscillations, whereas the full drawn lines show the results of the best fit. 

Figure 5 clearly shows that whereas the flux of electron-neutrinos has almost no zenith angle 
dependence, the flux of down-going (cosθ  = 1) muon-neutrinos significantly exceeds the flux 
of up-going νµ. This can be simply interpreted in terms of oscillations: neutrinos moving 
upward through the detector are created in the atmosphere at the opposite side of the Earth 

ofand travel thousands  kilometUHV before interacting. Apparently, muon-neutrinos disappear 
on the way whereas electron-neutrinos do not. Down-going muon-neutrinos, produced in the 
atmosphere directly above the detector, only travel a few dozen kilometres and are detected at 
the level expected. Since there is no indication of an increased electron-neutrino flux, the 
missing muon-neutrinos must have oscillated into tau-neutrinos. 
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Fig. 2. Angular distributions for e-like (left) and µ-like (right) events, for sub-GeV (top) and multi-
GeV (bottom) samples. The bars show the MC no-oscillation prediction with statistical errors,
and the line shows the oscillation prediction for the best-fit parameters, sin2 2! = 1.0 and !m2 =
3.5 ! 10!3 eV2.
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faster than light in vacuum. In the water, the light is slowed down to 75 per cent of its maximum speed, 
and can be “overtaken” by the charged particles. The shape and intensity of the Cherenkov light reveals 
what type of neutrino it is caused by, and from where it comes.

A solution to the enigma
During its first two years of operation, Super-Kamiokande sifted out about 5,000 neutrino signals. This 
was a lot more than in previous experiments, but still fewer than what was expected when scientists esti-
mated the amount of neutrinos created by the cosmic radiation. Cosmic radiation particles come from all 
directions in space and when they collide at full speed with molecules in the Earth’s atmosphere, neutrino 
showers are produced.

Super-Kamiokande caught muon-neutrinos coming straight from the atmosphere above, as well as those 
hitting the detector from below after having traversed the entire globe. There ought to be equal numbers 
of neutrinos coming from the two directions; the Earth does not constitute any considerable obstacle to 
them. But the muon-neutrinos that came straight down to Super-Kamiokande were more numerous than 
those first passing through the globe. 

This indicated that muon-neutrinos that travelled longer had time to undergo an identity change, which 
was not the case for the muon-neutrinos that came straight from above and only had travelled a few dozen 
kilometres. As the number of electron-neutrinos arriving from different directions were in agreement with 
expectations, the muon-neutrinos must have switched into the third type – tau-neutrinos. However, their 
passage could not be observed in the detector.

Muon-neutrinos 
give signals in
the water tank.

COSMIC 
RADIATION ATMOSPHERE
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Light detectors 
measuring Cherenkov 
radiation

1 000 m

Muon-neutrinos 
arriving directly 
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Muon-neutrinos 
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through the Earth
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Super-Kamiokande detects atmospheric neutrinos. When a neutrino collides with a water molecule in the tank, a rapid, electrically 
charged particle is created. This generates Cherenkov radiation that is measured by the light sensors. The shape and intensity of the 
Cherenkov radiation reveals the type of neutrino that caused it and from where it came. The muon-neutrinos that arrived at Super-
Kamiokande from above were more numerous than those that travelled through the entire globe. This indicated that the muon-
neutrinos that travelled longer had time to change into another identity on their way.

SuperKamiokande



Impact de la découverte des oscillations des neutrinos
et questions ouvertes

Les oscillations impliquent que les neutrinos sont massifs ⇒ le Modèle 
Standard doit être modifié

Condéquences possibles pour l’asymétrie matière-antimatière

De nombreuses questions restent ouvertes:

Ces questions font l’objet d’un important programme expérimental, 
ainsi que de recherches théoriques

• quelle est la masse des neutrinos, et quelle est son origine?

• le neutrino est-il sa propre antiparticule?

• les anti-neutrinos oscillent-ils comme les neutrinos?


