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Le modèle (statique) des quarks en question
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Dans le modèle dit statique des quarks les 
hadrons s’interprètent comme des états liés 
de quarks et/ou d’antiquarks, suivant la règle :

Hadrons

Baryons Mésons

q q

q

q
q

Antibaryons : 
3 antiquarks

Antimésons : 
cf. mésons

à B (q) = 1/3,    
B (q) = -1/3

u
s

d

hypéron L°

QL = -1/3 -1/3 + 2/3 = 0
SL = -1 + 0 + 0 = -1

Méson p+

Qp+ = 2/3 - (-1/3) = 1
Sp+ = 0 – 0 = 0

u
d

Exemples

On comprend maintenant pourquoi
+ - + - 0 0π = π K =K π = π
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Le modèle (statique) des quarks en question
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Deux problèmes
jettent le scepticisme sur le modèle statique des quarks à la fin des 
années 60 :

n Jamais un quark n’a été observé à l’état libre !
n Collisions à haute énergie (accélérateurs, rayonnement cosmique)

Recherche infructueuse de particules de charge 1/3 ou 2/3 
n Dans la matière

Nombreuses expériences (météorites, sédiments, roches lunaires, ...)

Les quarks sont confinés à l’intérieur des hadrons

Pourquoi ? Beaucoup pensent à cette époque que les quarks 
n’existent pas vraiment à l’intérieur des hadrons !
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Le modèle (statique) des quarks en question
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Deux problèmes
n Le principe d’exclusion de Pauli semble violé !

Il impose que 2 fermions identiques ne soient pas dans le même état.

Or, par exemple,

D++ º u u u (spin 3/2) ® 3 u dans le même état

® introduction ad hoc d’un nouveau degré de liberté : LA COULEUR

• q : 3 couleurs Rouge Bleu Vert

• q : 3 anticouleurs R B V

Le principe d’exclusion de Pauli est sauvé, ainsi que le modèle 
des quarks !

Ce nouveau degré de liberté n’a rien à voir avec la couleur que nous 
connaissons; c’est seulement un moyen de distinguer les 3 états possibles 
pour chaque quark.
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Cela semble un peu ad hoc. Toutefois cette hypothèse permit d’aller 
beaucoup plus loin, en postulant que :

Les hadrons sont sans couleur, on dit “blancs”

soit mélange égal de  R,     B,    V (baryons)

soit combinaison        RR,  BB,  VV (mésons)

Depuis : - nombreuses évidences expérimentales

- base de la ChromoDynamique Quantique (QCD) = théorie de 
l’interaction forte par échange de couleur entre les quarks.

- on sait maintenant qu’il existe d’autres états :

tetraquark

pentaquark

Le modèle (statique) des quarks en question
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(qq̄qq̄)
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(qq̄qqq)
<latexit sha1_base64="nBbuAZyU2RanB3IQz5tQoSbQUVQ=">AAAB+XicbVA9TwJBEJ3zE/Hr1NJmIzHBhtzZaEm0scREPhK4kLllgQ17e8fuHgm58E9sLDTG1n9i579xgSsUfJNJXt6byc6+MBFcG8/7djY2t7Z3dgt7xf2Dw6Nj9+S0oeNUUVansYhVK0TNBJesbrgRrJUohlEoWDMc3c/95oQpzWP5ZKYJCyIcSN7nFI2Vuq5bHpNOiIqMl3XVdUtexVuArBM/JyXIUeu6X51eTNOISUMFat32vcQEGSrDqWCzYifVLEE6wgFrWyoxYjrIFpfPyKVVeqQfK9vSkIX6eyPDSOtpFNrJCM1Qr3pz8T+vnZr+bZBxmaSGSbp8qJ8KYmIyj4H0uGLUiKklSBW3txI6RIXU2LCKNgR/9cvrpHFd8b2K/+iVqnd5HAU4hwsogw83UIUHqEEdKEzgGV7hzcmcF+fd+ViObjj5zhn8gfP5AxsVkf4=</latexit><latexit sha1_base64="nBbuAZyU2RanB3IQz5tQoSbQUVQ=">AAAB+XicbVA9TwJBEJ3zE/Hr1NJmIzHBhtzZaEm0scREPhK4kLllgQ17e8fuHgm58E9sLDTG1n9i579xgSsUfJNJXt6byc6+MBFcG8/7djY2t7Z3dgt7xf2Dw6Nj9+S0oeNUUVansYhVK0TNBJesbrgRrJUohlEoWDMc3c/95oQpzWP5ZKYJCyIcSN7nFI2Vuq5bHpNOiIqMl3XVdUtexVuArBM/JyXIUeu6X51eTNOISUMFat32vcQEGSrDqWCzYifVLEE6wgFrWyoxYjrIFpfPyKVVeqQfK9vSkIX6eyPDSOtpFNrJCM1Qr3pz8T+vnZr+bZBxmaSGSbp8qJ8KYmIyj4H0uGLUiKklSBW3txI6RIXU2LCKNgR/9cvrpHFd8b2K/+iVqnd5HAU4hwsogw83UIUHqEEdKEzgGV7hzcmcF+fd+ViObjj5zhn8gfP5AxsVkf4=</latexit><latexit sha1_base64="nBbuAZyU2RanB3IQz5tQoSbQUVQ=">AAAB+XicbVA9TwJBEJ3zE/Hr1NJmIzHBhtzZaEm0scREPhK4kLllgQ17e8fuHgm58E9sLDTG1n9i579xgSsUfJNJXt6byc6+MBFcG8/7djY2t7Z3dgt7xf2Dw6Nj9+S0oeNUUVansYhVK0TNBJesbrgRrJUohlEoWDMc3c/95oQpzWP5ZKYJCyIcSN7nFI2Vuq5bHpNOiIqMl3XVdUtexVuArBM/JyXIUeu6X51eTNOISUMFat32vcQEGSrDqWCzYifVLEE6wgFrWyoxYjrIFpfPyKVVeqQfK9vSkIX6eyPDSOtpFNrJCM1Qr3pz8T+vnZr+bZBxmaSGSbp8qJ8KYmIyj4H0uGLUiKklSBW3txI6RIXU2LCKNgR/9cvrpHFd8b2K/+iVqnd5HAU4hwsogw83UIUHqEEdKEzgGV7hzcmcF+fd+ViObjj5zhn8gfP5AxsVkf4=</latexit><latexit sha1_base64="nBbuAZyU2RanB3IQz5tQoSbQUVQ=">AAAB+XicbVA9TwJBEJ3zE/Hr1NJmIzHBhtzZaEm0scREPhK4kLllgQ17e8fuHgm58E9sLDTG1n9i579xgSsUfJNJXt6byc6+MBFcG8/7djY2t7Z3dgt7xf2Dw6Nj9+S0oeNUUVansYhVK0TNBJesbrgRrJUohlEoWDMc3c/95oQpzWP5ZKYJCyIcSN7nFI2Vuq5bHpNOiIqMl3XVdUtexVuArBM/JyXIUeu6X51eTNOISUMFat32vcQEGSrDqWCzYifVLEE6wgFrWyoxYjrIFpfPyKVVeqQfK9vSkIX6eyPDSOtpFNrJCM1Qr3pz8T+vnZr+bZBxmaSGSbp8qJ8KYmIyj4H0uGLUiKklSBW3txI6RIXU2LCKNgR/9cvrpHFd8b2K/+iVqnd5HAU4hwsogw83UIUHqEEdKEzgGV7hzcmcF+fd+ViObjj5zhn8gfP5AxsVkf4=</latexit>
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2. Un 4ème quark : le quark c: J (1974)
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Collimateur 
réglable

Aimant

Chambres à fils

p

cible blindage

Cherenkov

Observation d’un pic dans la distribution 
de masse invariante du système e+e- , 
centré à 3,1 GeV/c². 

La faible largeur du pic, compatible avec 
la résolution de l’appareil, signale un 
temps de vie beaucoup plus long que 
pour les habituelles résonances (IF).

J

Brookhaven
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Un 4ème quark : le quark c: ψ
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Expérience auprès du collisionneur e+e- de SLAC (était circulaire à 
l’époque) : mesure de la section efficace du processus  

	 e+ + e− → X 
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Un 4ème quark : le quark c
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masse du ψ: (3,105 ± 0,003) GeV
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Un 4ème quark : le quark c
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Brookhaven :

SLAC :

Nobel de Physique en 1976 : Richter (SLAC) et Ting (Brookhaven)

quark c : charge 2/3

c̄

c

J/ω
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le quark c : prédiction - mécanisme de GIM
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Existence prédite par S.L. Glashow, J. Iliopoulos et L. Maiani 
Basé sur l’observation de la désintégration du :

dont le branchement est très petit 
mais non-nul : 6.87 10�9

<latexit sha1_base64="s4n2dfAXDQGyL+tDRW8OJbqiloY=">AAAB+HicbVDLSgNBEOyNrxgfWfXoZTAIHnTZlWjiLejFYwTzgGQNs5PZZMjsg5lZIS75Ei8eFPHqp3jzb5wke9DEgoaiqpvuLi/mTCrb/jZyK6tr6xv5zcLW9s5u0dzbb8ooEYQ2SMQj0fawpJyFtKGY4rQdC4oDj9OWN7qZ+q1HKiSLwns1jqkb4EHIfEaw0lLPLF5a1QrqniLHfkjPriY9s2Rb9gxomTgZKUGGes/86vYjkgQ0VIRjKTuOHSs3xUIxwumk0E0kjTEZ4QHtaBrigEo3nR0+Qcda6SM/ErpChWbq74kUB1KOA093BlgN5aI3Ff/zOonyq27KwjhRNCTzRX7CkYrQNAXUZ4ISxceaYCKYvhWRIRaYKJ1VQYfgLL68TJrnllO2Lu7Kpdp1FkceDuEITsCBCtTgFurQAAIJPMMrvBlPxovxbnzMW3NGNnMAf2B8/gBpwZEB</latexit>

K0(sd̄) ! µ+ µ�

<latexit sha1_base64="Gs5Co6OKuynFKi+2e+DCeoa6H8A=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0WoqCWRii6LbgQ3FewDmrRMJtN26EwSZiZCCV278VfcuFDErV/gzr9xmmahrQcGDufcy51zvIhRqSzr28gtLC4tr+RXC2vrG5tb5vZOQ4axwKSOQxaKlockYTQgdUUVI61IEMQ9Rpre8HriNx+IkDQM7tUoIi5H/YD2KEZKS11z/7ZjwZKEjocE9I+go0Lo8LhzDJ2TlJx2zaJVtlLAeWJnpAgy1Lrml+OHOOYkUJghKdu2FSk3QUJRzMi44MSSRAgPUZ+0NQ0QJ9JN0ihjeKgVH/ZCoV+gYKr+3kgQl3LEPT3JkRrIWW8i/ue1Y9W7dBMaRLEiAZ4e6sUM6ryTXqBPBcGKjTRBWFD9V4gHSCCsdHsFXYI9G3meNM7KdqV8flcpVq+yOvJgDxyAErDBBaiCG1ADdYDBI3gGr+DNeDJejHfjYzqaM7KdXfAHxucPu/eXxg==</latexit>

L’introduction d'un nouveau quark permet un 
nouveau diagramme qui annule le précédent 
sauf en la dépendance en la masse

→ somme des deux diagramme ~ m2
c �m2

u

<latexit sha1_base64="2GagctR42V9kIYp0L9+L+rhXcTw=">AAAB83icbVDLSgNBEOz1GeMr6tHLYBC8GHZDRI9BLx4jmAckm2V2MpsMmdld5iGEJb/hxYMiXv0Zb/6Nk2QPmljQUFR1090Vppwp7brfztr6xubWdmGnuLu3f3BYOjpuqcRIQpsk4YnshFhRzmLa1Exz2kklxSLktB2O72Z++4lKxZL4UU9S6gs8jFnECNZW6omA9KvoUgSmXw1KZbfizoFWiZeTMuRoBKWv3iAhRtBYE46V6npuqv0MS80Ip9NizyiaYjLGQ9q1NMaCKj+b3zxF51YZoCiRtmKN5urviQwLpSYitJ0C65Fa9mbif17X6OjGz1icGk1jslgUGY50gmYBoAGTlGg+sQQTyeytiIywxETbmIo2BG/55VXSqla8WuXqoVau3+ZxFOAUzuACPLiGOtxDA5pAIIVneIU3xzgvzrvzsWhdc/KZE/gD5/MHunCQ1w==</latexit>
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La découverte des particules charmées

• Si le quark c existe, il doit former avec les autres quarks, u, d et s, 
différents hadrons. 

• Baryons charmés SU(4):

voir 
PDG

12

rep. 20 spin 1/2 rep. 20’ spin 3/2
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voir 
PDG

• Mésons charmés SU(4): 

• le charme (comme l’étrangeté) est conservé dans les IF et EM, 
peut être violé par If (courant chargé) 
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• Les états excités de charmonium 

• Des états excités du J/ψ constitués d’une paire cc, appelés “charmonium”, 
furent aussi observés aux collisionneurs e+e-:

14
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3. Un autre lepton: troisième famille (1975)
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Découverte du lepton τ

m⌧ = 1777 MeV ⌧⌧ = 2.9 10�13s

SPEAR - SLAC

e+ + e� ! e± + µ⌥ + impulsion manquante
<latexit sha1_base64="35niqofUSi5uv/wjFaraZcAQHKc="></latexit><latexit sha1_base64="35niqofUSi5uv/wjFaraZcAQHKc="></latexit><latexit sha1_base64="35niqofUSi5uv/wjFaraZcAQHKc="></latexit><latexit sha1_base64="35niqofUSi5uv/wjFaraZcAQHKc="></latexit>

interprétée comme :

modes 
hadroniques

existe-t-il un ⌫⌧ ?
<latexit sha1_base64="NIQzL5/efVvH89Zk5ox1F3MN5MY=">AAACBnicbVC7SkNBEN0bXzG+opYiLCaCTcK9abQzaGMZwTwgCWHvZmKW7N172Z0VQ0hl46/YWChi6zfY+TduHoVGDwwczplhZk6YSGHQ97+81NLyyupaej2zsbm1vZPd3auZ2GoOVR7LWDdCZkAKBVUUKKGRaGBRKKEeDi4nfv0OtBGxusFhAu2I3SrRE5yhkzrZQ7h3S6CABSGpVTTfUrbTQmbz9DxDO9mcX/SnoH9JMCc5Mkelk/1sdWNuI1DIJTOmGfgJtkdMo+ASxpmWNZAwPmC30HRUsQhMezR9Y0yPndKlvVi7Ukin6s+JEYuMGUah64wY9s2iNxH/85oWe2ftkVCJRVB8tqhnJcWYTjKhXaGBoxw6wrgW7lbK+0wzji65jAshWHz5L6mVioFfDK5LufLFPI40OSBH5IQE5JSUyRWpkCrh5IE8kRfy6j16z96b9z5rTXnzmX3yC97HN5Gmlzg=</latexit><latexit sha1_base64="NIQzL5/efVvH89Zk5ox1F3MN5MY=">AAACBnicbVC7SkNBEN0bXzG+opYiLCaCTcK9abQzaGMZwTwgCWHvZmKW7N172Z0VQ0hl46/YWChi6zfY+TduHoVGDwwczplhZk6YSGHQ97+81NLyyupaej2zsbm1vZPd3auZ2GoOVR7LWDdCZkAKBVUUKKGRaGBRKKEeDi4nfv0OtBGxusFhAu2I3SrRE5yhkzrZQ7h3S6CABSGpVTTfUrbTQmbz9DxDO9mcX/SnoH9JMCc5Mkelk/1sdWNuI1DIJTOmGfgJtkdMo+ASxpmWNZAwPmC30HRUsQhMezR9Y0yPndKlvVi7Ukin6s+JEYuMGUah64wY9s2iNxH/85oWe2ftkVCJRVB8tqhnJcWYTjKhXaGBoxw6wrgW7lbK+0wzji65jAshWHz5L6mVioFfDK5LufLFPI40OSBH5IQE5JSUyRWpkCrh5IE8kRfy6j16z96b9z5rTXnzmX3yC97HN5Gmlzg=</latexit><latexit sha1_base64="NIQzL5/efVvH89Zk5ox1F3MN5MY=">AAACBnicbVC7SkNBEN0bXzG+opYiLCaCTcK9abQzaGMZwTwgCWHvZmKW7N172Z0VQ0hl46/YWChi6zfY+TduHoVGDwwczplhZk6YSGHQ97+81NLyyupaej2zsbm1vZPd3auZ2GoOVR7LWDdCZkAKBVUUKKGRaGBRKKEeDi4nfv0OtBGxusFhAu2I3SrRE5yhkzrZQ7h3S6CABSGpVTTfUrbTQmbz9DxDO9mcX/SnoH9JMCc5Mkelk/1sdWNuI1DIJTOmGfgJtkdMo+ASxpmWNZAwPmC30HRUsQhMezR9Y0yPndKlvVi7Ukin6s+JEYuMGUah64wY9s2iNxH/85oWe2ftkVCJRVB8tqhnJcWYTjKhXaGBoxw6wrgW7lbK+0wzji65jAshWHz5L6mVioFfDK5LufLFPI40OSBH5IQE5JSUyRWpkCrh5IE8kRfy6j16z96b9z5rTXnzmX3yC97HN5Gmlzg=</latexit><latexit sha1_base64="NIQzL5/efVvH89Zk5ox1F3MN5MY=">AAACBnicbVC7SkNBEN0bXzG+opYiLCaCTcK9abQzaGMZwTwgCWHvZmKW7N172Z0VQ0hl46/YWChi6zfY+TduHoVGDwwczplhZk6YSGHQ97+81NLyyupaej2zsbm1vZPd3auZ2GoOVR7LWDdCZkAKBVUUKKGRaGBRKKEeDi4nfv0OtBGxusFhAu2I3SrRE5yhkzrZQ7h3S6CABSGpVTTfUrbTQmbz9DxDO9mcX/SnoH9JMCc5Mkelk/1sdWNuI1DIJTOmGfgJtkdMo+ASxpmWNZAwPmC30HRUsQhMezR9Y0yPndKlvVi7Ukin6s+JEYuMGUah64wY9s2iNxH/85oWe2ftkVCJRVB8tqhnJcWYTjKhXaGBoxw6wrgW7lbK+0wzji65jAshWHz5L6mVioFfDK5LufLFPI40OSBH5IQE5JSUyRWpkCrh5IE8kRfy6j16z96b9z5rTXnzmX3yC97HN5Gmlzg=</latexit>

<latexit sha1_base64="LAgAhFOO+2iKgZ1N8HV8RyTSYC8=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0Wom5oUX8uiCC4r2Ae0IUym03boZBJnbgol9E/cuFDErX/izr9x2mahrQcuHM65l3vvCWLBNTjOt5VbWV1b38hvFra2d3b37P2Dho4SRVmdRiJSrYBoJrhkdeAgWCtWjISBYM1geDv1myOmNI/kI4xj5oWkL3mPUwJG8m37zudnpQru6CcFqZ6c+nbRKTsz4GXiZqSIMtR8+6vTjWgSMglUEK3brhODlxIFnAo2KXQSzWJCh6TP2oZKEjLtpbPLJ/jEKF3ci5QpCXim/p5ISaj1OAxMZ0hgoBe9qfif106gd+2lXMYJMEnni3qJwBDhaQy4yxWjIMaGEKq4uRXTAVGEggmrYEJwF19eJo1K2b0sXzycF6s3WRx5dISOUQm56ApV0T2qoTqiaISe0St6s1LrxXq3PuatOSubOUR/YH3+ADkbksU=</latexit>

Ei/(2
p
s)

3 body  
decay

2 body  
decay

<latexit sha1_base64="UwtWVnziODIHSIWKeAahgMXPhK4=">AAACAHicbZDLSsNAFIYnXmu9RV24cDNYBBdSEvG2LLpxJRXsBZoQJtNJO3QmE2YmQgnZ+CpuXCji1sdw59s4abPQ1h8GPv5zDmfOHyaMKu0439bC4tLyymplrbq+sbm1be/stpVIJSYtLJiQ3RApwmhMWppqRrqJJIiHjHTC0U1R7zwSqaiIH/Q4IT5Hg5hGFCNtrMDevwsyj6fQO4Ge5JmQeYEkD+yaU3cmgvPgllADpZqB/eX1BU45iTVmSKme6yTaz5DUFDOSV71UkQThERqQnsEYcaL8bHJADo+M04eRkObFGk7c3xMZ4kqNeWg6OdJDNVsrzP9qvVRHV35G4yTVJMbTRVHKoBawSAP2qSRYs7EBhCU1f4V4iCTC2mRWNSG4syfPQ/u07l7Uz+/Pao3rMo4KOACH4Bi44BI0wC1oghbAIAfP4BW8WU/Wi/VufUxbF6xyZg/8kfX5AzSelYc=</latexit>

Nµ or e
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Confirmation indirecte du ντ (LEP – 1992)

16

La mesure de la largeur totale 
(Breit-Wigner) du Z, au LEP, 

prouve qu’il n’y a que 3 
familles de neutrinos

N = 2.992±0.020

<latexit sha1_base64="5Up7x+5Gf3aCB8jXS8e2rLHr7Nw=">AAACD3icbZDLSsNAFIYnXmu9RV26GSxKhVAS8QYiFN24rGAv2IQymUzboZPbzEQooW/gxldx40IRt27d+TZO2iy09YeBj/+cw5nzuxGjQprmtzY3v7C4tFxYKa6urW9s6lvbDREmHJM6DlnIWy4ShNGA1CWVjLQiTpDvMtJ0B9dZvflAuKBhcCeHEXF81Atol2IkldXRD+6hLUMYQ/sC2i7iGcVxgjxYji8TwzOEgQ33sKOXzIo5FpwFK4cSyFXr6F+2F+LEJ4HEDAnRtsxIOinikmJGRkU7ESRCeIB6pK0wQD4RTjq+ZwT3lePBbsjVCyQcu78nUuQLMfRd1ekj2RfTtcz8r9ZOZPfcSWkQJZIEeLKomzCoEsjCgR7lBEs2VIAwp+qvEPcRR1iqCIsqBGv65FloHFWs08rJ7XGpepXHUQC7YA+UgQXOQBXcgBqoAwwewTN4BW/ak/aivWsfk9Y5LZ/ZAX+kff4ArOKZ7A==</latexit>

Z ! q q̄ (q = u, d, s, c, b)
<latexit sha1_base64="PQx3hBbQbXhg+eS4+7ZYCFV9Gs0=">AAACDXicbVDJSgNBFOyJW4zbqEcvjVGIGMOMuIEIQS8eI5gFMmPo6fQkTXqW9CKEIT/gxV/x4kERr969+Td2kjmoseDxiqr36H7lxYwKaVlfRmZmdm5+IbuYW1peWV0z1zdqIlIckyqOWMQbHhKE0ZBUJZWMNGJOUOAxUvd6VyO/fk+4oFF4KwcxcQPUCalPMZJaapk7jowgu9uHzrluB9Dp9xVqw0L/ghSdQBUdidRey8xbJWsMOE3slORBikrL/HTaEVYBCSVmSIimbcXSTRCXFDMyzDlKkBjhHuqQpqYhCohwk/E1Q7irlTb0I64rlHCs/txIUCDEIPD0ZIBkV/z1RuJ/XlNJ/8xNaBgrSUI8echXDOoERtHANuUESzbQBGFO9V8h7iKOsNQB5nQI9t+Tp0ntsGSflI5vjvLlyzSOLNgC26AAbHAKyuAaVEAVYPAAnsALeDUejWfjzXifjGaMdGcT/ILx8Q3ob5mX</latexit>

! l+ l� (q = e, µ, ⌧)
<latexit sha1_base64="UmA/tVNpJHsQlzK6fknsvbEL438=">AAACHnicbVDLSgMxFM34rPVVdekmWIQKUmbEqiBC0Y3LCvYBnVLupGkbmslM8xBK6Ze48VfcuFBEcKV/Y6btQlsPJDk5516Se4KYM6Vd99tZWFxaXllNraXXNza3tjM7uxUVGUlomUQ8krUAFOVM0LJmmtNaLCmEAafVoHeT+NUHKhWLxL0exLQRQkewNiOgrdTMFHwdYV8Y7F9iPwA54f2+gRbO9a/srUmPk90PzeTUYI6amaybd8fA88SbkiyaotTMfPqtiJiQCk04KFX33Fg3hiA1I5yO0r5RNAbSgw6tWyogpKoxHI83wodWaeF2JO0SGo/V3x1DCJUahIGtDEF31ayXiP95daPbF40hE7HRVJDJQ23DsY0kyQq3mKRE84ElQCSzf8WkCxKItommbQje7MjzpHKS987yhbvTbPF6GkcK7aMDlEMeOkdFdItKqIwIekTP6BW9OU/Oi/PufExKF5xpzx76A+frBz6UoV4=</latexit>

! ⌫ ⌫̄ (q = ⌫e, ⌫µ, ⌫⌧ )
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4 événements ντ
sur 203 ν observés 

(bruit de fond 
attendu : 0.23)

expérience 
DONUT

Observation directe du ντ (FNAL – 2000)

17

Tot 1017 p on target

(36 m)
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Découverte du quark b (1977)

18

b̄

b

!
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- le quark t est extraordinairement massif, mt ~174 GeV/c2 ~40 x mb  

- le temps de vie du quark t est extrêmement court ce qui l’empêche de 
former des états liés; apparemment, il n’y a ni méson top ni baryon top.

Découverte du quark t (1995)
20 ans plus tard…

CDF et D0 au TeVatron (Fermilab)



PHYS-F305 - L. Favart - Chapitre VII

Découverte du quark t (1995)

topologie demandée : 1 jet issus d’un quark b (avec un 𝝁) 

         3 autres jets 
         1 muon isolé (issu d’un W) 
         de l’impulsion transverse manquante (un 𝝂)
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Les constituants de base de 
la matière comprennent 12 

fermions de spin 1/2 et leurs 
antiparticules. Ils se divisent 

en 6 quarks, sensibles à 
l’interaction forte, et 6 

leptons, sensibles aux seules 
forces é.m. (pour les leptons 

chargés) et faibles

RGB

2/3

2.3 MeV

up

u

RGB

−1/3

4.8 MeV

down

d

−1

511 keV

électron

e

< 2 eV

e neutrino

νe

RGB

2/3

1.28 GeV

charme

c

RGB

−1/3

95 MeV

étrange

s

−1

105.7 MeV

muon

µ

< 190 keV

µ neutrino

νµ

RGB

2/3

173.2 GeV

top

t

RGB

−1/3

4.7 GeV

beauté

b

−1

1.777 GeV

tau

τ

< 18 MeV

τ neutrino

ντ ±1

80.4 GeV

W±

91.2 GeV

Z

photon

γ

gluon

g

125.1 GeV

Higgs

H

interaction
forte

(cou
leu

r)

int.
électrom

agn
étiqu

e
(ch

arge)

interaction
faib

le
(isosp

in
faib

le)

masse
couleurs
charge

Résumé de la situation 
début des années 2000

Parti
cules

élémentair
es

Les masses indiquées pour les quarks sont approximatives. Il est très difficile de les 
déterminer ou même de définir la masse d’un objet qui n’existe pas à l’état libre. 
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HadronsHadrons

Résumé de la situation 
début des années 2000

BaryonsMésons Tetraquarks, …
(qc, q̄c)

<latexit sha1_base64="xtVGjapMyMyvZ/hf4W0RBsHabMc=">AAAB+XicbZDLSsNAFIZP6q3GW9Slm8EiVJCSiKDLohuXFewF2hAm00k7dDKJM5NCCX0TNy4UceubuPNtnLZZaOsPAx//OYdz5g9TzpR23W+rtLa+sblV3rZ3dvf2D5zDo5ZKMklokyQ8kZ0QK8qZoE3NNKedVFIch5y2w9HdrN4eU6lYIh71JKV+jAeCRYxgbazAcapPAbnohVgiA+c2CpyKW3PnQqvgFVCBQo3A+er1E5LFVGjCsVJdz021n2OpGeF0avcyRVNMRnhAuwYFjqny8/nlU3RmnD6KEmme0Gju/p7IcazUJA5NZ4z1UC3XZuZ/tW6moxs/ZyLNNBVksSjKONIJmsWA+kxSovnEACaSmVsRGWKJiTZh2SYEb/nLq9C6rHluzXu4qtRvizjKcAKnUAUPrqEO99CAJhAYwzO8wpuVWy/Wu/WxaC1Zxcwx/JH1+QMp8JIJ</latexit><latexit sha1_base64="xtVGjapMyMyvZ/hf4W0RBsHabMc=">AAAB+XicbZDLSsNAFIZP6q3GW9Slm8EiVJCSiKDLohuXFewF2hAm00k7dDKJM5NCCX0TNy4UceubuPNtnLZZaOsPAx//OYdz5g9TzpR23W+rtLa+sblV3rZ3dvf2D5zDo5ZKMklokyQ8kZ0QK8qZoE3NNKedVFIch5y2w9HdrN4eU6lYIh71JKV+jAeCRYxgbazAcapPAbnohVgiA+c2CpyKW3PnQqvgFVCBQo3A+er1E5LFVGjCsVJdz021n2OpGeF0avcyRVNMRnhAuwYFjqny8/nlU3RmnD6KEmme0Gju/p7IcazUJA5NZ4z1UC3XZuZ/tW6moxs/ZyLNNBVksSjKONIJmsWA+kxSovnEACaSmVsRGWKJiTZh2SYEb/nLq9C6rHluzXu4qtRvizjKcAKnUAUPrqEO99CAJhAYwzO8wpuVWy/Wu/WxaC1Zxcwx/JH1+QMp8JIJ</latexit><latexit sha1_base64="xtVGjapMyMyvZ/hf4W0RBsHabMc=">AAAB+XicbZDLSsNAFIZP6q3GW9Slm8EiVJCSiKDLohuXFewF2hAm00k7dDKJM5NCCX0TNy4UceubuPNtnLZZaOsPAx//OYdz5g9TzpR23W+rtLa+sblV3rZ3dvf2D5zDo5ZKMklokyQ8kZ0QK8qZoE3NNKedVFIch5y2w9HdrN4eU6lYIh71JKV+jAeCRYxgbazAcapPAbnohVgiA+c2CpyKW3PnQqvgFVCBQo3A+er1E5LFVGjCsVJdz021n2OpGeF0avcyRVNMRnhAuwYFjqny8/nlU3RmnD6KEmme0Gju/p7IcazUJA5NZ4z1UC3XZuZ/tW6moxs/ZyLNNBVksSjKONIJmsWA+kxSovnEACaSmVsRGWKJiTZh2SYEb/nLq9C6rHluzXu4qtRvizjKcAKnUAUPrqEO99CAJhAYwzO8wpuVWy/Wu/WxaC1Zxcwx/JH1+QMp8JIJ</latexit><latexit sha1_base64="xtVGjapMyMyvZ/hf4W0RBsHabMc=">AAAB+XicbZDLSsNAFIZP6q3GW9Slm8EiVJCSiKDLohuXFewF2hAm00k7dDKJM5NCCX0TNy4UceubuPNtnLZZaOsPAx//OYdz5g9TzpR23W+rtLa+sblV3rZ3dvf2D5zDo5ZKMklokyQ8kZ0QK8qZoE3NNKedVFIch5y2w9HdrN4eU6lYIh71JKV+jAeCRYxgbazAcapPAbnohVgiA+c2CpyKW3PnQqvgFVCBQo3A+er1E5LFVGjCsVJdz021n2OpGeF0avcyRVNMRnhAuwYFjqny8/nlU3RmnD6KEmme0Gju/p7IcazUJA5NZ4z1UC3XZuZ/tW6moxs/ZyLNNBVksSjKONIJmsWA+kxSovnEACaSmVsRGWKJiTZh2SYEb/nLq9C6rHluzXu4qtRvizjKcAKnUAUPrqEO99CAJhAYwzO8wpuVWy/Wu/WxaC1Zxcwx/JH1+QMp8JIJ</latexit>

(qr, qv, qb)
<latexit sha1_base64="0n3RhnT5/nmslAudcEE3v3JVjAU=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBahgpREBF0W3bisYB/QhjCZTtqhk0dnJpUS+yluXCji1i9x5984abPQ1gP3cjjnXubO8WLOpLKsb6Owtr6xuVXcLu3s7u0fmOXDlowSQWiTRDwSHQ9LyllIm4opTjuxoDjwOG17o9vMb0+okCwKH9Q0pk6AByHzGcFKS65Zro5dcY7G7iRr3lkJuWbFqllzoFVi56QCORqu+dXrRyQJaKgIx1J2bStWToqFYoTTWamXSBpjMsID2tU0xAGVTjo/fYZOtdJHfiR0hQrN1d8bKQ6knAaengywGsplLxP/87qJ8q+dlIVxomhIFg/5CUcqQlkOqM8EJYpPNcFEMH0rIkMsMFE6rZIOwV7+8ippXdRsq2bfX1bqN3kcRTiGE6iCDVdQhztoQBMIPMIzvMKb8WS8GO/Gx2K0YOQ7R/AHxucPaOmSIg==</latexit><latexit sha1_base64="0n3RhnT5/nmslAudcEE3v3JVjAU=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBahgpREBF0W3bisYB/QhjCZTtqhk0dnJpUS+yluXCji1i9x5984abPQ1gP3cjjnXubO8WLOpLKsb6Owtr6xuVXcLu3s7u0fmOXDlowSQWiTRDwSHQ9LyllIm4opTjuxoDjwOG17o9vMb0+okCwKH9Q0pk6AByHzGcFKS65Zro5dcY7G7iRr3lkJuWbFqllzoFVi56QCORqu+dXrRyQJaKgIx1J2bStWToqFYoTTWamXSBpjMsID2tU0xAGVTjo/fYZOtdJHfiR0hQrN1d8bKQ6knAaengywGsplLxP/87qJ8q+dlIVxomhIFg/5CUcqQlkOqM8EJYpPNcFEMH0rIkMsMFE6rZIOwV7+8ippXdRsq2bfX1bqN3kcRTiGE6iCDVdQhztoQBMIPMIzvMKb8WS8GO/Gx2K0YOQ7R/AHxucPaOmSIg==</latexit><latexit sha1_base64="0n3RhnT5/nmslAudcEE3v3JVjAU=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBahgpREBF0W3bisYB/QhjCZTtqhk0dnJpUS+yluXCji1i9x5984abPQ1gP3cjjnXubO8WLOpLKsb6Owtr6xuVXcLu3s7u0fmOXDlowSQWiTRDwSHQ9LyllIm4opTjuxoDjwOG17o9vMb0+okCwKH9Q0pk6AByHzGcFKS65Zro5dcY7G7iRr3lkJuWbFqllzoFVi56QCORqu+dXrRyQJaKgIx1J2bStWToqFYoTTWamXSBpjMsID2tU0xAGVTjo/fYZOtdJHfiR0hQrN1d8bKQ6knAaengywGsplLxP/87qJ8q+dlIVxomhIFg/5CUcqQlkOqM8EJYpPNcFEMH0rIkMsMFE6rZIOwV7+8ippXdRsq2bfX1bqN3kcRTiGE6iCDVdQhztoQBMIPMIzvMKb8WS8GO/Gx2K0YOQ7R/AHxucPaOmSIg==</latexit><latexit sha1_base64="0n3RhnT5/nmslAudcEE3v3JVjAU=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBahgpREBF0W3bisYB/QhjCZTtqhk0dnJpUS+yluXCji1i9x5984abPQ1gP3cjjnXubO8WLOpLKsb6Owtr6xuVXcLu3s7u0fmOXDlowSQWiTRDwSHQ9LyllIm4opTjuxoDjwOG17o9vMb0+okCwKH9Q0pk6AByHzGcFKS65Zro5dcY7G7iRr3lkJuWbFqllzoFVi56QCORqu+dXrRyQJaKgIx1J2bStWToqFYoTTWamXSBpjMsID2tU0xAGVTjo/fYZOtdJHfiR0hQrN1d8bKQ6knAaengywGsplLxP/87qJ8q+dlIVxomhIFg/5CUcqQlkOqM8EJYpPNcFEMH0rIkMsMFE6rZIOwV7+8ippXdRsq2bfX1bqN3kcRTiGE6iCDVdQhztoQBMIPMIzvMKb8WS8GO/Gx2K0YOQ7R/AHxucPaOmSIg==</latexit>

(qb, q̄b, qr, qv, qb)
<latexit sha1_base64="NzagIfLPkSvNiledI6bfjt4tdqw=">AAACCXicbVDLSgMxFM34rPU16tJNsAgVpMyIoMuiG5cV7APaYUjSTBuayUyTTKEM3brxV9y4UMStf+DOvzEznYW2HsjlcM693NyDY86Udpxva2V1bX1js7RV3t7Z3du3Dw5bKkokoU0S8Uh2MFKUM0GbmmlOO7GkKMSctvHoNvPbEyoVi8SDnsbUC9FAsIARpI3k27A69vE57GEkYc7GvszKJCv4rAx9u+LUnBxwmbgFqYACDd/+6vUjkoRUaMKRUl3XibWXIqkZ4XRW7iWKxoiM0IB2DRUopMpL80tm8NQofRhE0jyhYa7+nkhRqNQ0xKYzRHqoFr1M/M/rJjq49lIm4kRTQeaLgoRDHcEsFthnkhLNp4YgIpn5KyRDJBHRJryyCcFdPHmZtC5qrlNz7y8r9ZsijhI4BiegClxwBergDjRAExDwCJ7BK3iznqwX6936mLeuWMXMEfgD6/MHHYeXZQ==</latexit><latexit sha1_base64="NzagIfLPkSvNiledI6bfjt4tdqw=">AAACCXicbVDLSgMxFM34rPU16tJNsAgVpMyIoMuiG5cV7APaYUjSTBuayUyTTKEM3brxV9y4UMStf+DOvzEznYW2HsjlcM693NyDY86Udpxva2V1bX1js7RV3t7Z3du3Dw5bKkokoU0S8Uh2MFKUM0GbmmlOO7GkKMSctvHoNvPbEyoVi8SDnsbUC9FAsIARpI3k27A69vE57GEkYc7GvszKJCv4rAx9u+LUnBxwmbgFqYACDd/+6vUjkoRUaMKRUl3XibWXIqkZ4XRW7iWKxoiM0IB2DRUopMpL80tm8NQofRhE0jyhYa7+nkhRqNQ0xKYzRHqoFr1M/M/rJjq49lIm4kRTQeaLgoRDHcEsFthnkhLNp4YgIpn5KyRDJBHRJryyCcFdPHmZtC5qrlNz7y8r9ZsijhI4BiegClxwBergDjRAExDwCJ7BK3iznqwX6936mLeuWMXMEfgD6/MHHYeXZQ==</latexit><latexit sha1_base64="NzagIfLPkSvNiledI6bfjt4tdqw=">AAACCXicbVDLSgMxFM34rPU16tJNsAgVpMyIoMuiG5cV7APaYUjSTBuayUyTTKEM3brxV9y4UMStf+DOvzEznYW2HsjlcM693NyDY86Udpxva2V1bX1js7RV3t7Z3du3Dw5bKkokoU0S8Uh2MFKUM0GbmmlOO7GkKMSctvHoNvPbEyoVi8SDnsbUC9FAsIARpI3k27A69vE57GEkYc7GvszKJCv4rAx9u+LUnBxwmbgFqYACDd/+6vUjkoRUaMKRUl3XibWXIqkZ4XRW7iWKxoiM0IB2DRUopMpL80tm8NQofRhE0jyhYa7+nkhRqNQ0xKYzRHqoFr1M/M/rJjq49lIm4kRTQeaLgoRDHcEsFthnkhLNp4YgIpn5KyRDJBHRJryyCcFdPHmZtC5qrlNz7y8r9ZsijhI4BiegClxwBergDjRAExDwCJ7BK3iznqwX6936mLeuWMXMEfgD6/MHHYeXZQ==</latexit><latexit sha1_base64="NzagIfLPkSvNiledI6bfjt4tdqw=">AAACCXicbVDLSgMxFM34rPU16tJNsAgVpMyIoMuiG5cV7APaYUjSTBuayUyTTKEM3brxV9y4UMStf+DOvzEznYW2HsjlcM693NyDY86Udpxva2V1bX1js7RV3t7Z3du3Dw5bKkokoU0S8Uh2MFKUM0GbmmlOO7GkKMSctvHoNvPbEyoVi8SDnsbUC9FAsIARpI3k27A69vE57GEkYc7GvszKJCv4rAx9u+LUnBxwmbgFqYACDd/+6vUjkoRUaMKRUl3XibWXIqkZ4XRW7iWKxoiM0IB2DRUopMpL80tm8NQofRhE0jyhYa7+nkhRqNQ0xKYzRHqoFr1M/M/rJjq49lIm4kRTQeaLgoRDHcEsFthnkhLNp4YgIpn5KyRDJBHRJryyCcFdPHmZtC5qrlNz7y8r9ZsijhI4BiegClxwBergDjRAExDwCJ7BK3iznqwX6936mLeuWMXMEfgD6/MHHYeXZQ==</latexit>

⇡±,⇡0,K±,K0,

⇢,!, J/ , B0, · · ·
<latexit sha1_base64="bo+r1Ws97XjvgVhAtyDCfb8/OA4="></latexit><latexit sha1_base64="bo+r1Ws97XjvgVhAtyDCfb8/OA4="></latexit><latexit sha1_base64="bo+r1Ws97XjvgVhAtyDCfb8/OA4="></latexit><latexit sha1_base64="bo+r1Ws97XjvgVhAtyDCfb8/OA4="></latexit>

p, n,⇤0,⌅,⌃, · · ·
<latexit sha1_base64="vC9DhsYnEn1fqW/6GsdQL9U4Ujg=">AAACD3icbVC7TsMwFHV4lvAKMLJYVCCGqkoQEowVLAwMRdCH1IbKcZzWqh+R7SBVVf+AhV9hYQAhVlY2/ga3zQAtR7Lv0bn3yL4nShnVxve/nYXFpeWV1cKau76xubXt7ezWtcwUJjUsmVTNCGnCqCA1Qw0jzVQRxCNGGlH/ctxvPBClqRR3ZpCSkKOuoAnFyFip4x2lJShKsH1tLTG69y1tUnvd0i5HtuJYGu3Cjlf0y/4EcJ4EOSmCHNWO99WOJc44EQYzpHUr8FMTDpEyFDMyctuZJinCfdQlLUsF4kSHw8k+I3holRgmUtkjDJyovx1DxLUe8MhOcmR6erY3Fv/rtTKTnIdDKtLMEIGnDyUZg0bCcTgwpopgwwaWIKyo/SvEPaQQNjZC14YQzK48T+on5cAvBzenxcpFHkcB7IMDcAwCcAYq4ApUQQ1g8AiewSt4c56cF+fd+ZiOLji5Zw/8gfP5A2Mfmbk=</latexit><latexit sha1_base64="vC9DhsYnEn1fqW/6GsdQL9U4Ujg=">AAACD3icbVC7TsMwFHV4lvAKMLJYVCCGqkoQEowVLAwMRdCH1IbKcZzWqh+R7SBVVf+AhV9hYQAhVlY2/ga3zQAtR7Lv0bn3yL4nShnVxve/nYXFpeWV1cKau76xubXt7ezWtcwUJjUsmVTNCGnCqCA1Qw0jzVQRxCNGGlH/ctxvPBClqRR3ZpCSkKOuoAnFyFip4x2lJShKsH1tLTG69y1tUnvd0i5HtuJYGu3Cjlf0y/4EcJ4EOSmCHNWO99WOJc44EQYzpHUr8FMTDpEyFDMyctuZJinCfdQlLUsF4kSHw8k+I3holRgmUtkjDJyovx1DxLUe8MhOcmR6erY3Fv/rtTKTnIdDKtLMEIGnDyUZg0bCcTgwpopgwwaWIKyo/SvEPaQQNjZC14YQzK48T+on5cAvBzenxcpFHkcB7IMDcAwCcAYq4ApUQQ1g8AiewSt4c56cF+fd+ZiOLji5Zw/8gfP5A2Mfmbk=</latexit><latexit sha1_base64="vC9DhsYnEn1fqW/6GsdQL9U4Ujg=">AAACD3icbVC7TsMwFHV4lvAKMLJYVCCGqkoQEowVLAwMRdCH1IbKcZzWqh+R7SBVVf+AhV9hYQAhVlY2/ga3zQAtR7Lv0bn3yL4nShnVxve/nYXFpeWV1cKau76xubXt7ezWtcwUJjUsmVTNCGnCqCA1Qw0jzVQRxCNGGlH/ctxvPBClqRR3ZpCSkKOuoAnFyFip4x2lJShKsH1tLTG69y1tUnvd0i5HtuJYGu3Cjlf0y/4EcJ4EOSmCHNWO99WOJc44EQYzpHUr8FMTDpEyFDMyctuZJinCfdQlLUsF4kSHw8k+I3holRgmUtkjDJyovx1DxLUe8MhOcmR6erY3Fv/rtTKTnIdDKtLMEIGnDyUZg0bCcTgwpopgwwaWIKyo/SvEPaQQNjZC14YQzK48T+on5cAvBzenxcpFHkcB7IMDcAwCcAYq4ApUQQ1g8AiewSt4c56cF+fd+ZiOLji5Zw/8gfP5A2Mfmbk=</latexit><latexit sha1_base64="vC9DhsYnEn1fqW/6GsdQL9U4Ujg=">AAACD3icbVC7TsMwFHV4lvAKMLJYVCCGqkoQEowVLAwMRdCH1IbKcZzWqh+R7SBVVf+AhV9hYQAhVlY2/ga3zQAtR7Lv0bn3yL4nShnVxve/nYXFpeWV1cKau76xubXt7ezWtcwUJjUsmVTNCGnCqCA1Qw0jzVQRxCNGGlH/ctxvPBClqRR3ZpCSkKOuoAnFyFip4x2lJShKsH1tLTG69y1tUnvd0i5HtuJYGu3Cjlf0y/4EcJ4EOSmCHNWO99WOJc44EQYzpHUr8FMTDpEyFDMyctuZJinCfdQlLUsF4kSHw8k+I3holRgmUtkjDJyovx1DxLUe8MhOcmR6erY3Fv/rtTKTnIdDKtLMEIGnDyUZg0bCcTgwpopgwwaWIKyo/SvEPaQQNjZC14YQzK48T+on5cAvBzenxcpFHkcB7IMDcAwCcAYq4ApUQQ1g8AiewSt4c56cF+fd+ZiOLji5Zw/8gfP5A2Mfmbk=</latexit>

X(3872), Y (4140),

Z(4430), · · ·
<latexit sha1_base64="XoFkTV3PBHBCnYU4m3Dn9h21gis=">AAACD3icbZDLSsNAFIYn9VbjLerSzWBRIkhJ2kC7LLpxWcFetAllMp22QycXZiZCCX0DN76KGxeKuHXrzrdxGrPQ1h8GPv5zDmfO78eMCmlZX1phZXVtfaO4qW9t7+zuGfsHbRElHJMWjljEuz4ShNGQtCSVjHRjTlDgM9LxJ5fzeueecEGj8EZOY+IFaBTSIcVIKqtvnHbNar1WOTuHt6ZjO5YC19XvTMepZowHkRQ67Bslq2xlgstg51ACuZp949MdRDgJSCgxQ0L0bCuWXoq4pJiRme4mgsQIT9CI9BSGKCDCS7N7ZvBEOQM4jLh6oYSZ+3siRYEQ08BXnQGSY7FYm5v/1XqJHNa9lIZxIkmIfxYNEwZlBOfhwAHlBEs2VYAwp+qvEI8RR1iqCHUVgr148jK0K2XbKtvXTqlxkcdRBEfgGJjABjXQAFegCVoAgwfwBF7Aq/aoPWtv2vtPa0HLZw7BH2kf38TcltY=</latexit><latexit sha1_base64="XoFkTV3PBHBCnYU4m3Dn9h21gis=">AAACD3icbZDLSsNAFIYn9VbjLerSzWBRIkhJ2kC7LLpxWcFetAllMp22QycXZiZCCX0DN76KGxeKuHXrzrdxGrPQ1h8GPv5zDmfO78eMCmlZX1phZXVtfaO4qW9t7+zuGfsHbRElHJMWjljEuz4ShNGQtCSVjHRjTlDgM9LxJ5fzeueecEGj8EZOY+IFaBTSIcVIKqtvnHbNar1WOTuHt6ZjO5YC19XvTMepZowHkRQ67Bslq2xlgstg51ACuZp949MdRDgJSCgxQ0L0bCuWXoq4pJiRme4mgsQIT9CI9BSGKCDCS7N7ZvBEOQM4jLh6oYSZ+3siRYEQ08BXnQGSY7FYm5v/1XqJHNa9lIZxIkmIfxYNEwZlBOfhwAHlBEs2VYAwp+qvEI8RR1iqCHUVgr148jK0K2XbKtvXTqlxkcdRBEfgGJjABjXQAFegCVoAgwfwBF7Aq/aoPWtv2vtPa0HLZw7BH2kf38TcltY=</latexit><latexit sha1_base64="XoFkTV3PBHBCnYU4m3Dn9h21gis=">AAACD3icbZDLSsNAFIYn9VbjLerSzWBRIkhJ2kC7LLpxWcFetAllMp22QycXZiZCCX0DN76KGxeKuHXrzrdxGrPQ1h8GPv5zDmfO78eMCmlZX1phZXVtfaO4qW9t7+zuGfsHbRElHJMWjljEuz4ShNGQtCSVjHRjTlDgM9LxJ5fzeueecEGj8EZOY+IFaBTSIcVIKqtvnHbNar1WOTuHt6ZjO5YC19XvTMepZowHkRQ67Bslq2xlgstg51ACuZp949MdRDgJSCgxQ0L0bCuWXoq4pJiRme4mgsQIT9CI9BSGKCDCS7N7ZvBEOQM4jLh6oYSZ+3siRYEQ08BXnQGSY7FYm5v/1XqJHNa9lIZxIkmIfxYNEwZlBOfhwAHlBEs2VYAwp+qvEI8RR1iqCHUVgr148jK0K2XbKtvXTqlxkcdRBEfgGJjABjXQAFegCVoAgwfwBF7Aq/aoPWtv2vtPa0HLZw7BH2kf38TcltY=</latexit><latexit sha1_base64="XoFkTV3PBHBCnYU4m3Dn9h21gis=">AAACD3icbZDLSsNAFIYn9VbjLerSzWBRIkhJ2kC7LLpxWcFetAllMp22QycXZiZCCX0DN76KGxeKuHXrzrdxGrPQ1h8GPv5zDmfO78eMCmlZX1phZXVtfaO4qW9t7+zuGfsHbRElHJMWjljEuz4ShNGQtCSVjHRjTlDgM9LxJ5fzeueecEGj8EZOY+IFaBTSIcVIKqtvnHbNar1WOTuHt6ZjO5YC19XvTMepZowHkRQ67Bslq2xlgstg51ACuZp949MdRDgJSCgxQ0L0bCuWXoq4pJiRme4mgsQIT9CI9BSGKCDCS7N7ZvBEOQM4jLh6oYSZ+3siRYEQ08BXnQGSY7FYm5v/1XqJHNa9lIZxIkmIfxYNEwZlBOfhwAHlBEs2VYAwp+qvEI8RR1iqCHUVgr148jK0K2XbKtvXTqlxkcdRBEfgGJjABjXQAFegCVoAgwfwBF7Aq/aoPWtv2vtPa0HLZw7BH2kf38TcltY=</latexit>

- Les hadrons ne pas de particules élémentaires 
- Ils sont composés de quarks qui eux sont élémentaires
- Les quarks portent une charge de couleur
- Les hadrons sont des états neutres de couleur
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Résumé de la situation 
début des années 2000
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Interaction Forte - entre hadrons 

- courte portée 

- conservation de S,C,B,T

Interaction E-M - entre particules chargées 

- portée infinie 

- conservation de S,C,B,T

Interaction faible - entre toutes les particules (sauf ) 

- courte portée 

- PAS de conservation de S,C,B,T

Interac
tions

intensité

1

10�2
<latexit sha1_base64="aPeqrI2bQOIsvCD+tJiLi+VSl2g=">AAAB7nicbVA9SwNBEJ3zM8avqKXNYhBsDHtptAzaWEYwH5CcYW+zSZbs7R27c0I48iNsLBSx9ffY+W/cJFdo4oOBx3szzMwLEyUtUvrtra1vbG5tF3aKu3v7B4elo+OmjVPDRYPHKjbtkFmhpBYNlKhEOzGCRaESrXB8O/NbT8JYGesHnCQiiNhQy4HkDJ3U8uljdlmd9kplWqFzkFXi56QMOeq90le3H/M0Ehq5YtZ2fJpgkDGDkisxLXZTKxLGx2woOo5qFgkbZPNzp+TcKX0yiI0rjWSu/p7IWGTtJApdZ8RwZJe9mfif10lxcB1kUicpCs0XiwapIhiT2e+kL43gqCaOMG6ku5XwETOMo0uo6ELwl19eJc1qxacV/56Wazd5HAU4hTO4AB+uoAZ3UIcGcBjDM7zCm5d4L96797FoXfPymRP4A+/zBzuujtI=</latexit><latexit sha1_base64="aPeqrI2bQOIsvCD+tJiLi+VSl2g=">AAAB7nicbVA9SwNBEJ3zM8avqKXNYhBsDHtptAzaWEYwH5CcYW+zSZbs7R27c0I48iNsLBSx9ffY+W/cJFdo4oOBx3szzMwLEyUtUvrtra1vbG5tF3aKu3v7B4elo+OmjVPDRYPHKjbtkFmhpBYNlKhEOzGCRaESrXB8O/NbT8JYGesHnCQiiNhQy4HkDJ3U8uljdlmd9kplWqFzkFXi56QMOeq90le3H/M0Ehq5YtZ2fJpgkDGDkisxLXZTKxLGx2woOo5qFgkbZPNzp+TcKX0yiI0rjWSu/p7IWGTtJApdZ8RwZJe9mfif10lxcB1kUicpCs0XiwapIhiT2e+kL43gqCaOMG6ku5XwETOMo0uo6ELwl19eJc1qxacV/56Wazd5HAU4hTO4AB+uoAZ3UIcGcBjDM7zCm5d4L96797FoXfPymRP4A+/zBzuujtI=</latexit><latexit sha1_base64="aPeqrI2bQOIsvCD+tJiLi+VSl2g=">AAAB7nicbVA9SwNBEJ3zM8avqKXNYhBsDHtptAzaWEYwH5CcYW+zSZbs7R27c0I48iNsLBSx9ffY+W/cJFdo4oOBx3szzMwLEyUtUvrtra1vbG5tF3aKu3v7B4elo+OmjVPDRYPHKjbtkFmhpBYNlKhEOzGCRaESrXB8O/NbT8JYGesHnCQiiNhQy4HkDJ3U8uljdlmd9kplWqFzkFXi56QMOeq90le3H/M0Ehq5YtZ2fJpgkDGDkisxLXZTKxLGx2woOo5qFgkbZPNzp+TcKX0yiI0rjWSu/p7IWGTtJApdZ8RwZJe9mfif10lxcB1kUicpCs0XiwapIhiT2e+kL43gqCaOMG6ku5XwETOMo0uo6ELwl19eJc1qxacV/56Wazd5HAU4hTO4AB+uoAZ3UIcGcBjDM7zCm5d4L96797FoXfPymRP4A+/zBzuujtI=</latexit><latexit sha1_base64="aPeqrI2bQOIsvCD+tJiLi+VSl2g=">AAAB7nicbVA9SwNBEJ3zM8avqKXNYhBsDHtptAzaWEYwH5CcYW+zSZbs7R27c0I48iNsLBSx9ffY+W/cJFdo4oOBx3szzMwLEyUtUvrtra1vbG5tF3aKu3v7B4elo+OmjVPDRYPHKjbtkFmhpBYNlKhEOzGCRaESrXB8O/NbT8JYGesHnCQiiNhQy4HkDJ3U8uljdlmd9kplWqFzkFXi56QMOeq90le3H/M0Ehq5YtZ2fJpgkDGDkisxLXZTKxLGx2woOo5qFgkbZPNzp+TcKX0yiI0rjWSu/p7IWGTtJApdZ8RwZJe9mfif10lxcB1kUicpCs0XiwapIhiT2e+kL43gqCaOMG6ku5XwETOMo0uo6ELwl19eJc1qxacV/56Wazd5HAU4hTO4AB+uoAZ3UIcGcBjDM7zCm5d4L96797FoXfPymRP4A+/zBzuujtI=</latexit>

10�5
<latexit sha1_base64="qPg/dyY1MqTJo2iZmZhxE98b8m8=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBC8GGYF0WPQi8cI5gFJDLOT3mTI7OwyMyuEJR/hxYMiXv0eb/6Nk2QPmljQUFR1090VJFIYS+m3t7K6tr6xWdgqbu/s7u2XDg4bJk41xzqPZaxbATMohcK6FVZiK9HIokBiMxjdTv3mE2ojYvVgxwl2IzZQIhScWSc1ffqYnV9OeqUyrdAZyDLxc1KGHLVe6avTj3kaobJcMmPaPk1sN2PaCi5xUuykBhPGR2yAbUcVi9B0s9m5E3LqlD4JY+1KWTJTf09kLDJmHAWuM2J2aBa9qfif105teN3NhEpSi4rPF4WpJDYm099JX2jkVo4dYVwLdyvhQ6YZty6hogvBX3x5mTQuKj6t+Pe0XL3J4yjAMZzAGfhwBVW4gxrUgcMInuEV3rzEe/HevY9564qXzxzBH3ifP0A9jtU=</latexit><latexit sha1_base64="qPg/dyY1MqTJo2iZmZhxE98b8m8=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBC8GGYF0WPQi8cI5gFJDLOT3mTI7OwyMyuEJR/hxYMiXv0eb/6Nk2QPmljQUFR1090VJFIYS+m3t7K6tr6xWdgqbu/s7u2XDg4bJk41xzqPZaxbATMohcK6FVZiK9HIokBiMxjdTv3mE2ojYvVgxwl2IzZQIhScWSc1ffqYnV9OeqUyrdAZyDLxc1KGHLVe6avTj3kaobJcMmPaPk1sN2PaCi5xUuykBhPGR2yAbUcVi9B0s9m5E3LqlD4JY+1KWTJTf09kLDJmHAWuM2J2aBa9qfif105teN3NhEpSi4rPF4WpJDYm099JX2jkVo4dYVwLdyvhQ6YZty6hogvBX3x5mTQuKj6t+Pe0XL3J4yjAMZzAGfhwBVW4gxrUgcMInuEV3rzEe/HevY9564qXzxzBH3ifP0A9jtU=</latexit><latexit sha1_base64="qPg/dyY1MqTJo2iZmZhxE98b8m8=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBC8GGYF0WPQi8cI5gFJDLOT3mTI7OwyMyuEJR/hxYMiXv0eb/6Nk2QPmljQUFR1090VJFIYS+m3t7K6tr6xWdgqbu/s7u2XDg4bJk41xzqPZaxbATMohcK6FVZiK9HIokBiMxjdTv3mE2ojYvVgxwl2IzZQIhScWSc1ffqYnV9OeqUyrdAZyDLxc1KGHLVe6avTj3kaobJcMmPaPk1sN2PaCi5xUuykBhPGR2yAbUcVi9B0s9m5E3LqlD4JY+1KWTJTf09kLDJmHAWuM2J2aBa9qfif105teN3NhEpSi4rPF4WpJDYm099JX2jkVo4dYVwLdyvhQ6YZty6hogvBX3x5mTQuKj6t+Pe0XL3J4yjAMZzAGfhwBVW4gxrUgcMInuEV3rzEe/HevY9564qXzxzBH3ifP0A9jtU=</latexit><latexit sha1_base64="qPg/dyY1MqTJo2iZmZhxE98b8m8=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBC8GGYF0WPQi8cI5gFJDLOT3mTI7OwyMyuEJR/hxYMiXv0eb/6Nk2QPmljQUFR1090VJFIYS+m3t7K6tr6xWdgqbu/s7u2XDg4bJk41xzqPZaxbATMohcK6FVZiK9HIokBiMxjdTv3mE2ojYvVgxwl2IzZQIhScWSc1ffqYnV9OeqUyrdAZyDLxc1KGHLVe6avTj3kaobJcMmPaPk1sN2PaCi5xUuykBhPGR2yAbUcVi9B0s9m5E3LqlD4JY+1KWTJTf09kLDJmHAWuM2J2aBa9qfif105teN3NhEpSi4rPF4WpJDYm099JX2jkVo4dYVwLdyvhQ6YZty6hogvBX3x5mTQuKj6t+Pe0XL3J4yjAMZzAGfhwBVW4gxrUgcMInuEV3rzEe/HevY9564qXzxzBH3ifP0A9jtU=</latexit>

Toutes les interactions conservent : E, ~P ,Q, ~J = ~L+ ~S,B,Le, Lµ, L⌧
<latexit sha1_base64="BlA8bBYmaY9LgLSFUaddLx/hVRo="></latexit><latexit sha1_base64="BlA8bBYmaY9LgLSFUaddLx/hVRo="></latexit><latexit sha1_base64="BlA8bBYmaY9LgLSFUaddLx/hVRo="></latexit><latexit sha1_base64="BlA8bBYmaY9LgLSFUaddLx/hVRo="></latexit>


