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III. Découvertes de particules et des interactions forte et  
      faible (1ère approche) 
   1. Découverte des constituants de l’atome (1897 – 1932) 
   2. L’équation de Klein – Gordon (1926) 
   3. L’interaction nucléaire et les mésons (1934 – 1947) 
   4. La stabilité du proton et le nombre baryonique (1939) 
   5. Le spin 
   6. L’équation de Dirac (1928) 
   7. Les antiparticules (1930 - 1956)  
   8. Les neutrinos et l’interaction faible (1930 – 1962) 
   9. Les particules étranges (1947 – 1960)  
 10. La voie octuple et le modèle des quarks
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E.Rutherford, H.Geiger et E.Marsden -1909 - 1913
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1919: E. Rutherford : proton = noyau de l’atome le plus léger (H)
4He+14 N !17 O + p
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constituant du noyau et parcourt plus long dans la matière
⇣

neutron : E. Rutherford : incompatibilité entre masse et charge des noyaux 
                He est 2 x + mais 4 x mp

1930 : W. Bothe et H. Becker : observe un rayonnement pénétrant inconnu 
           Joliot-Curie : idem

1932 : Chadwick - envoie le rayonnement sur de la paraffine
↵+Be ! C + n
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⇣
⇣
recul mesuré

⇒ les n font partie du noyaux très proches du p

⇒ He = {2p, 2n , 2e-} : masse et charge OK
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Rappel mécanique quantique : Eq de Schrodinger (non-relativiste)

i~@ 
@t

(~x, t) = H  (~x, t)
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solutions du type :

pour                     et en appliquant le principe de correspondance :

Eq de Schrodinger pour une particule libre de masse m :
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Eq de Klein Gordon (1926) : point de vue relativiste

�~2 @
2 

@t2
= �~2c2~r2 +m2c4 
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E2 = p2 c2 +m2 c4
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• mêmes solutions que l’éq. de Schrodinger pour une particule libre

• cas du photon ⇒ éq d’onde de l’électro-magnétisme

• pour une onde stationnaire : éq de Lapace

est une solution

     peut donc être interprété comme la fct d’onde d’un photon échangé mais 
aussi comme le potentiel associé au champ EM
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Intéraction forte et théorie de Yukawa

7Potentiel de Yukawa (1934)

Yukawa (1934)

⇒

⇒

attractif

répulsif

1/r
<latexit sha1_base64="PsVB2MMwm+0ZvArw79TVEBSTZB0=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0286LHoxWNF+wFtKJvtpF262YTdjVBCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXpoJr43nfTmltfWNzq7xd2dnd2z9wD49aOskUwyZLRKI6IdUouMSm4UZgJ1VI41BgOxzfzvz2EyrNE/loJikGMR1KHnFGjZUe/AvVd6tezZuDrBK/IFUo0Oi7X71BwrIYpWGCat31vdQEOVWGM4HTSi/TmFI2pkPsWippjDrI56dOyZlVBiRKlC1pyFz9PZHTWOtJHNrOmJqRXvZm4n9eNzPRdZBzmWYGJVssijJBTEJmf5MBV8iMmFhCmeL2VsJGVFFmbDoVG4K//PIqaV3WfK/m33vV+k0RRxlO4BTOwYcrqMMdNKAJDIbwDK/w5gjnxXl3PhatJaeYOYY/cD5/ALfLjWY=</latexit><latexit sha1_base64="PsVB2MMwm+0ZvArw79TVEBSTZB0=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0286LHoxWNF+wFtKJvtpF262YTdjVBCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXpoJr43nfTmltfWNzq7xd2dnd2z9wD49aOskUwyZLRKI6IdUouMSm4UZgJ1VI41BgOxzfzvz2EyrNE/loJikGMR1KHnFGjZUe/AvVd6tezZuDrBK/IFUo0Oi7X71BwrIYpWGCat31vdQEOVWGM4HTSi/TmFI2pkPsWippjDrI56dOyZlVBiRKlC1pyFz9PZHTWOtJHNrOmJqRXvZm4n9eNzPRdZBzmWYGJVssijJBTEJmf5MBV8iMmFhCmeL2VsJGVFFmbDoVG4K//PIqaV3WfK/m33vV+k0RRxlO4BTOwYcrqMMdNKAJDIbwDK/w5gjnxXl3PhatJaeYOYY/cD5/ALfLjWY=</latexit><latexit sha1_base64="PsVB2MMwm+0ZvArw79TVEBSTZB0=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0286LHoxWNF+wFtKJvtpF262YTdjVBCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXpoJr43nfTmltfWNzq7xd2dnd2z9wD49aOskUwyZLRKI6IdUouMSm4UZgJ1VI41BgOxzfzvz2EyrNE/loJikGMR1KHnFGjZUe/AvVd6tezZuDrBK/IFUo0Oi7X71BwrIYpWGCat31vdQEOVWGM4HTSi/TmFI2pkPsWippjDrI56dOyZlVBiRKlC1pyFz9PZHTWOtJHNrOmJqRXvZm4n9eNzPRdZBzmWYGJVssijJBTEJmf5MBV8iMmFhCmeL2VsJGVFFmbDoVG4K//PIqaV3WfK/m33vV+k0RRxlO4BTOwYcrqMMdNKAJDIbwDK/w5gjnxXl3PhatJaeYOYY/cD5/ALfLjWY=</latexit><latexit sha1_base64="PsVB2MMwm+0ZvArw79TVEBSTZB0=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0286LHoxWNF+wFtKJvtpF262YTdjVBCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXpoJr43nfTmltfWNzq7xd2dnd2z9wD49aOskUwyZLRKI6IdUouMSm4UZgJ1VI41BgOxzfzvz2EyrNE/loJikGMR1KHnFGjZUe/AvVd6tezZuDrBK/IFUo0Oi7X71BwrIYpWGCat31vdQEOVWGM4HTSi/TmFI2pkPsWippjDrI56dOyZlVBiRKlC1pyFz9PZHTWOtJHNrOmJqRXvZm4n9eNzPRdZBzmWYGJVssijJBTEJmf5MBV8iMmFhCmeL2VsJGVFFmbDoVG4K//PIqaV3WfK/m33vV+k0RRxlO4BTOwYcrqMMdNKAJDIbwDK/w5gjnxXl3PhatJaeYOYY/cD5/ALfLjWY=</latexit>

Yukawa

Yukawa modifié

ce potentiel doit être modifié pour tenir  
compte de la répulsion entre nucléons

r (fm)

V (r)

⇒
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La découverte des pions

8

~600 µm 

π

π

µ

e

πº -> γ γ

Lattes, Muirhead, Occhialini et Powell (1947) : mésons π±

mπ± = 140 MeV/c²;  τ ~10-8 s

mπ0 = 134 MeV/c²;  τ ~10-16 s

1950
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Stabilité du p et le nombre Baryonique

9

On observe  :

Mais pas  :

On introduit le nombre Baryonique  :⇒
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Le spin

10

Stern et Gerlach (1922) 

avec champ B

sans champ B

explication:  Uhlenbeck et Goudsmit (1925) : le spin

spin : moment magnétique intrinsèque S = ±1

2
~

<latexit sha1_base64="ky72gNWvVuS0oXDsMD1K/PTcBzA=">AAACBXicbVBNS8NAEJ34WetX1KMeFovgQUrSi16EohePFe0HNKFstpt26W4SdjdCCbl48a948aCIV/+DN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbS0tr6yurZc2yptb2zu79t5+S8WpJLRJYh7LToAV5SyiTc00p51EUiwCTtvB6Hritx+oVCyO7vU4ob7Ag4iFjGBtpJ59dIcukZcI5IUSk8zNs1qOvDPkDQMse3bFqTpToEXiFqQCBRo9+8vrxyQVNNKEY6W6rpNoP8NSM8JpXvZSRRNMRnhAu4ZGWFDlZ9MvcnRilD4KY2kq0miq/p7IsFBqLALTKbAeqnlvIv7ndVMdXvgZi5JU04jMFoUpRzpGk0hQn0lKNB8bgolk5lZEhtjEoU1wZROCO//yImnVqq5TdW+dSv2qiKMEh3AMp+DCOdThBhrQBAKP8Ayv8GY9WS/Wu/Uxa12yipkD+APr8wf79Zb0</latexit><latexit sha1_base64="ky72gNWvVuS0oXDsMD1K/PTcBzA=">AAACBXicbVBNS8NAEJ34WetX1KMeFovgQUrSi16EohePFe0HNKFstpt26W4SdjdCCbl48a948aCIV/+DN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbS0tr6yurZc2yptb2zu79t5+S8WpJLRJYh7LToAV5SyiTc00p51EUiwCTtvB6Hritx+oVCyO7vU4ob7Ag4iFjGBtpJ59dIcukZcI5IUSk8zNs1qOvDPkDQMse3bFqTpToEXiFqQCBRo9+8vrxyQVNNKEY6W6rpNoP8NSM8JpXvZSRRNMRnhAu4ZGWFDlZ9MvcnRilD4KY2kq0miq/p7IsFBqLALTKbAeqnlvIv7ndVMdXvgZi5JU04jMFoUpRzpGk0hQn0lKNB8bgolk5lZEhtjEoU1wZROCO//yImnVqq5TdW+dSv2qiKMEh3AMp+DCOdThBhrQBAKP8Ayv8GY9WS/Wu/Uxa12yipkD+APr8wf79Zb0</latexit><latexit sha1_base64="ky72gNWvVuS0oXDsMD1K/PTcBzA=">AAACBXicbVBNS8NAEJ34WetX1KMeFovgQUrSi16EohePFe0HNKFstpt26W4SdjdCCbl48a948aCIV/+DN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbS0tr6yurZc2yptb2zu79t5+S8WpJLRJYh7LToAV5SyiTc00p51EUiwCTtvB6Hritx+oVCyO7vU4ob7Ag4iFjGBtpJ59dIcukZcI5IUSk8zNs1qOvDPkDQMse3bFqTpToEXiFqQCBRo9+8vrxyQVNNKEY6W6rpNoP8NSM8JpXvZSRRNMRnhAu4ZGWFDlZ9MvcnRilD4KY2kq0miq/p7IsFBqLALTKbAeqnlvIv7ndVMdXvgZi5JU04jMFoUpRzpGk0hQn0lKNB8bgolk5lZEhtjEoU1wZROCO//yImnVqq5TdW+dSv2qiKMEh3AMp+DCOdThBhrQBAKP8Ayv8GY9WS/Wu/Uxa12yipkD+APr8wf79Zb0</latexit><latexit sha1_base64="ky72gNWvVuS0oXDsMD1K/PTcBzA=">AAACBXicbVBNS8NAEJ34WetX1KMeFovgQUrSi16EohePFe0HNKFstpt26W4SdjdCCbl48a948aCIV/+DN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbS0tr6yurZc2yptb2zu79t5+S8WpJLRJYh7LToAV5SyiTc00p51EUiwCTtvB6Hritx+oVCyO7vU4ob7Ag4iFjGBtpJ59dIcukZcI5IUSk8zNs1qOvDPkDQMse3bFqTpToEXiFqQCBRo9+8vrxyQVNNKEY6W6rpNoP8NSM8JpXvZSRRNMRnhAu4ZGWFDlZ9MvcnRilD4KY2kq0miq/p7IsFBqLALTKbAeqnlvIv7ndVMdXvgZi5JU04jMFoUpRzpGk0hQn0lKNB8bgolk5lZEhtjEoU1wZROCO//yImnVqq5TdW+dSv2qiKMEh3AMp+DCOdThBhrQBAKP8Ayv8GY9WS/Wu/Uxa12yipkD+APr8wf79Zb0</latexit>
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Le spin

11

de façon générale : moment magnétique

�!
M = g

µB

~
~L

<latexit sha1_base64="gGWkgLMOdYDVh6b/kIbuB7E2XGo=">AAACGXicbVDLSsNAFJ3UV62vqEs3g0VwVRI3uhFK3bhQqGAf0IQwmU6SoZNMmJlUSshvuPFX3LhQxKWu/BunbRbaeuDC4Zx7ufceP2VUKsv6Niorq2vrG9XN2tb2zu6euX/QlTwTmHQwZ1z0fSQJownpKKoY6aeCoNhnpOePrqZ+b0yEpDy5V5OUuDEKExpQjJSWPNNyuLYFDSOFhOAP8BZewhA6gUA4d+LMaxW5E/lIFNAZEwxvPLNuNawZ4DKxS1IHJdqe+ekMOc5ikijMkJQD20qVmyOhKGakqDmZJCnCIxSSgaYJiol089lnBTzRyhAGXOhKFJypvydyFEs5iX3dGSMVyUVvKv7nDTIVXLg5TdJMkQTPFwUZg4rDaUxwSAXBik00QVhQfSvEEdKhKB1mTYdgL768TLpnDdtq2HdWvdkq46iCI3AMToENzkETXIM26AAMHsEzeAVvxpPxYrwbH/PWilHOHII/ML5+AP+WoD8=</latexit><latexit sha1_base64="gGWkgLMOdYDVh6b/kIbuB7E2XGo=">AAACGXicbVDLSsNAFJ3UV62vqEs3g0VwVRI3uhFK3bhQqGAf0IQwmU6SoZNMmJlUSshvuPFX3LhQxKWu/BunbRbaeuDC4Zx7ufceP2VUKsv6Niorq2vrG9XN2tb2zu6euX/QlTwTmHQwZ1z0fSQJownpKKoY6aeCoNhnpOePrqZ+b0yEpDy5V5OUuDEKExpQjJSWPNNyuLYFDSOFhOAP8BZewhA6gUA4d+LMaxW5E/lIFNAZEwxvPLNuNawZ4DKxS1IHJdqe+ekMOc5ikijMkJQD20qVmyOhKGakqDmZJCnCIxSSgaYJiol089lnBTzRyhAGXOhKFJypvydyFEs5iX3dGSMVyUVvKv7nDTIVXLg5TdJMkQTPFwUZg4rDaUxwSAXBik00QVhQfSvEEdKhKB1mTYdgL768TLpnDdtq2HdWvdkq46iCI3AMToENzkETXIM26AAMHsEzeAVvxpPxYrwbH/PWilHOHII/ML5+AP+WoD8=</latexit><latexit sha1_base64="gGWkgLMOdYDVh6b/kIbuB7E2XGo=">AAACGXicbVDLSsNAFJ3UV62vqEs3g0VwVRI3uhFK3bhQqGAf0IQwmU6SoZNMmJlUSshvuPFX3LhQxKWu/BunbRbaeuDC4Zx7ufceP2VUKsv6Niorq2vrG9XN2tb2zu6euX/QlTwTmHQwZ1z0fSQJownpKKoY6aeCoNhnpOePrqZ+b0yEpDy5V5OUuDEKExpQjJSWPNNyuLYFDSOFhOAP8BZewhA6gUA4d+LMaxW5E/lIFNAZEwxvPLNuNawZ4DKxS1IHJdqe+ekMOc5ikijMkJQD20qVmyOhKGakqDmZJCnCIxSSgaYJiol089lnBTzRyhAGXOhKFJypvydyFEs5iX3dGSMVyUVvKv7nDTIVXLg5TdJMkQTPFwUZg4rDaUxwSAXBik00QVhQfSvEEdKhKB1mTYdgL768TLpnDdtq2HdWvdkq46iCI3AMToENzkETXIM26AAMHsEzeAVvxpPxYrwbH/PWilHOHII/ML5+AP+WoD8=</latexit><latexit sha1_base64="gGWkgLMOdYDVh6b/kIbuB7E2XGo=">AAACGXicbVDLSsNAFJ3UV62vqEs3g0VwVRI3uhFK3bhQqGAf0IQwmU6SoZNMmJlUSshvuPFX3LhQxKWu/BunbRbaeuDC4Zx7ufceP2VUKsv6Niorq2vrG9XN2tb2zu6euX/QlTwTmHQwZ1z0fSQJownpKKoY6aeCoNhnpOePrqZ+b0yEpDy5V5OUuDEKExpQjJSWPNNyuLYFDSOFhOAP8BZewhA6gUA4d+LMaxW5E/lIFNAZEwxvPLNuNawZ4DKxS1IHJdqe+ekMOc5ikijMkJQD20qVmyOhKGakqDmZJCnCIxSSgaYJiol089lnBTzRyhAGXOhKFJypvydyFEs5iX3dGSMVyUVvKv7nDTIVXLg5TdJMkQTPFwUZg4rDaUxwSAXBik00QVhQfSvEEdKhKB1mTYdgL768TLpnDdtq2HdWvdkq46iCI3AMToENzkETXIM26AAMHsEzeAVvxpPxYrwbH/PWilHOHII/ML5+AP+WoD8=</latexit>

g : facteur de Landé

µB =
q ~
2m

<latexit sha1_base64="Dalu4h1FSlBiXehrmYg3x2fF2uA=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgQkrSjW6EUjcuK9gHNCFMppN26MwkzkyEErJy46+4caGIW7/BnX/jtM1CWw9cOJxzL/feEyaMKu0431ZpZXVtfaO8Wdna3tnds/cPOipOJSZtHLNY9kKkCKOCtDXVjPQSSRAPGemG4+up330gUtFY3OlJQnyOhoJGFCNtpMA+9ngaNOEV9CKJcHYPvXPojUIk86zO88CuOjVnBrhM3IJUQYFWYH95gxinnAiNGVKq7zqJ9jMkNcWM5BUvVSRBeIyGpG+oQJwoP5u9kcNTowxgFEtTQsOZ+nsiQ1ypCQ9NJ0d6pBa9qfif1091dOlnVCSpJgLPF0UpgzqG00zggEqCNZsYgrCk5laIR8jkoU1yFROCu/jyMunUa65Tc2+daqNZxFEGR+AEnAEXXIAGuAEt0AYYPIJn8ArerCfrxXq3PuatJauYOQR/YH3+AITIl94=</latexit><latexit sha1_base64="Dalu4h1FSlBiXehrmYg3x2fF2uA=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgQkrSjW6EUjcuK9gHNCFMppN26MwkzkyEErJy46+4caGIW7/BnX/jtM1CWw9cOJxzL/feEyaMKu0431ZpZXVtfaO8Wdna3tnds/cPOipOJSZtHLNY9kKkCKOCtDXVjPQSSRAPGemG4+up330gUtFY3OlJQnyOhoJGFCNtpMA+9ngaNOEV9CKJcHYPvXPojUIk86zO88CuOjVnBrhM3IJUQYFWYH95gxinnAiNGVKq7zqJ9jMkNcWM5BUvVSRBeIyGpG+oQJwoP5u9kcNTowxgFEtTQsOZ+nsiQ1ypCQ9NJ0d6pBa9qfif1091dOlnVCSpJgLPF0UpgzqG00zggEqCNZsYgrCk5laIR8jkoU1yFROCu/jyMunUa65Tc2+daqNZxFEGR+AEnAEXXIAGuAEt0AYYPIJn8ArerCfrxXq3PuatJauYOQR/YH3+AITIl94=</latexit><latexit sha1_base64="Dalu4h1FSlBiXehrmYg3x2fF2uA=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgQkrSjW6EUjcuK9gHNCFMppN26MwkzkyEErJy46+4caGIW7/BnX/jtM1CWw9cOJxzL/feEyaMKu0431ZpZXVtfaO8Wdna3tnds/cPOipOJSZtHLNY9kKkCKOCtDXVjPQSSRAPGemG4+up330gUtFY3OlJQnyOhoJGFCNtpMA+9ngaNOEV9CKJcHYPvXPojUIk86zO88CuOjVnBrhM3IJUQYFWYH95gxinnAiNGVKq7zqJ9jMkNcWM5BUvVSRBeIyGpG+oQJwoP5u9kcNTowxgFEtTQsOZ+nsiQ1ypCQ9NJ0d6pBa9qfif1091dOlnVCSpJgLPF0UpgzqG00zggEqCNZsYgrCk5laIR8jkoU1yFROCu/jyMunUa65Tc2+daqNZxFEGR+AEnAEXXIAGuAEt0AYYPIJn8ArerCfrxXq3PuatJauYOQR/YH3+AITIl94=</latexit><latexit sha1_base64="Dalu4h1FSlBiXehrmYg3x2fF2uA=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgQkrSjW6EUjcuK9gHNCFMppN26MwkzkyEErJy46+4caGIW7/BnX/jtM1CWw9cOJxzL/feEyaMKu0431ZpZXVtfaO8Wdna3tnds/cPOipOJSZtHLNY9kKkCKOCtDXVjPQSSRAPGemG4+up330gUtFY3OlJQnyOhoJGFCNtpMA+9ngaNOEV9CKJcHYPvXPojUIk86zO88CuOjVnBrhM3IJUQYFWYH95gxinnAiNGVKq7zqJ9jMkNcWM5BUvVSRBeIyGpG+oQJwoP5u9kcNTowxgFEtTQsOZ+nsiQ1ypCQ9NJ0d6pBa9qfif1091dOlnVCSpJgLPF0UpgzqG00zggEqCNZsYgrCk5laIR8jkoU1yFROCu/jyMunUa65Tc2+daqNZxFEGR+AEnAEXXIAGuAEt0AYYPIJn8ArerCfrxXq3PuatJauYOQR/YH3+AITIl94=</latexit>

 le magnéton de Bohr

or ici l’Argent dans état fondamental : ~L = 0
<latexit sha1_base64="2rjRTJsnZmW/pqVjqDTzWa+QaOU=">AAAB8nicbVA9SwNBEN2LXzF+RS1tFoNgFfZstBGCNhYWEcwHXI6wt9lLluztHrtzgXDkZ9hYKGLrr7Hz37hJrtDog4HHezPMzItSKSwQ8uWV1tY3NrfK25Wd3b39g+rhUdvqzDDeYlpq042o5VIo3gIBkndTw2kSSd6JxrdzvzPhxgqtHmGa8jChQyViwSg4KehNOMP3GF9j0q/WSJ0sgP8SvyA1VKDZr372BpplCVfAJLU28EkKYU4NCCb5rNLLLE8pG9MhDxxVNOE2zBcnz/CZUwY41saVArxQf07kNLF2mkSuM6EwsqveXPzPCzKIr8JcqDQDrthyUZxJDBrP/8cDYTgDOXWEMiPcrZiNqKEMXEoVF4K/+vJf0r6o+6TuP5Ba46aIo4xO0Ck6Rz66RA10h5qohRjS6Am9oFcPvGfvzXtftpa8YuYY/YL38Q35w4+3</latexit><latexit sha1_base64="2rjRTJsnZmW/pqVjqDTzWa+QaOU=">AAAB8nicbVA9SwNBEN2LXzF+RS1tFoNgFfZstBGCNhYWEcwHXI6wt9lLluztHrtzgXDkZ9hYKGLrr7Hz37hJrtDog4HHezPMzItSKSwQ8uWV1tY3NrfK25Wd3b39g+rhUdvqzDDeYlpq042o5VIo3gIBkndTw2kSSd6JxrdzvzPhxgqtHmGa8jChQyViwSg4KehNOMP3GF9j0q/WSJ0sgP8SvyA1VKDZr372BpplCVfAJLU28EkKYU4NCCb5rNLLLE8pG9MhDxxVNOE2zBcnz/CZUwY41saVArxQf07kNLF2mkSuM6EwsqveXPzPCzKIr8JcqDQDrthyUZxJDBrP/8cDYTgDOXWEMiPcrZiNqKEMXEoVF4K/+vJf0r6o+6TuP5Ba46aIo4xO0Ck6Rz66RA10h5qohRjS6Am9oFcPvGfvzXtftpa8YuYY/YL38Q35w4+3</latexit><latexit sha1_base64="2rjRTJsnZmW/pqVjqDTzWa+QaOU=">AAAB8nicbVA9SwNBEN2LXzF+RS1tFoNgFfZstBGCNhYWEcwHXI6wt9lLluztHrtzgXDkZ9hYKGLrr7Hz37hJrtDog4HHezPMzItSKSwQ8uWV1tY3NrfK25Wd3b39g+rhUdvqzDDeYlpq042o5VIo3gIBkndTw2kSSd6JxrdzvzPhxgqtHmGa8jChQyViwSg4KehNOMP3GF9j0q/WSJ0sgP8SvyA1VKDZr372BpplCVfAJLU28EkKYU4NCCb5rNLLLE8pG9MhDxxVNOE2zBcnz/CZUwY41saVArxQf07kNLF2mkSuM6EwsqveXPzPCzKIr8JcqDQDrthyUZxJDBrP/8cDYTgDOXWEMiPcrZiNqKEMXEoVF4K/+vJf0r6o+6TuP5Ba46aIo4xO0Ck6Rz66RA10h5qohRjS6Am9oFcPvGfvzXtftpa8YuYY/YL38Q35w4+3</latexit><latexit sha1_base64="2rjRTJsnZmW/pqVjqDTzWa+QaOU=">AAAB8nicbVA9SwNBEN2LXzF+RS1tFoNgFfZstBGCNhYWEcwHXI6wt9lLluztHrtzgXDkZ9hYKGLrr7Hz37hJrtDog4HHezPMzItSKSwQ8uWV1tY3NrfK25Wd3b39g+rhUdvqzDDeYlpq042o5VIo3gIBkndTw2kSSd6JxrdzvzPhxgqtHmGa8jChQyViwSg4KehNOMP3GF9j0q/WSJ0sgP8SvyA1VKDZr372BpplCVfAJLU28EkKYU4NCCb5rNLLLE8pG9MhDxxVNOE2zBcnz/CZUwY41saVArxQf07kNLF2mkSuM6EwsqveXPzPCzKIr8JcqDQDrthyUZxJDBrP/8cDYTgDOXWEMiPcrZiNqKEMXEoVF4K/+vJf0r6o+6TuP5Ba46aIo4xO0Ck6Rz66RA10h5qohRjS6Am9oFcPvGfvzXtftpa8YuYY/YL38Q35w4+3</latexit>

la force subie par le faisceau :

observation de deux bandes → il y a bien un moment magnétique et il est quantifié

~F = ±1

2
g
µB

~
@ ~B

@z
pour S = ±1/2

<latexit sha1_base64="qWG4d5h8PdXYBATj4E7o5K9UORM="></latexit><latexit sha1_base64="qWG4d5h8PdXYBATj4E7o5K9UORM="></latexit><latexit sha1_base64="qWG4d5h8PdXYBATj4E7o5K9UORM="></latexit><latexit sha1_base64="qWG4d5h8PdXYBATj4E7o5K9UORM="></latexit>

a = (g � 2)/2 = 116 591 810(43) · 10�11
<latexit sha1_base64="6mtbY3OSJUgscg8KrWqoBoCO7MA="></latexit><latexit sha1_base64="6mtbY3OSJUgscg8KrWqoBoCO7MA="></latexit><latexit sha1_base64="6mtbY3OSJUgscg8KrWqoBoCO7MA="></latexit><latexit sha1_base64="6mtbY3OSJUgscg8KrWqoBoCO7MA="></latexit>

116 592 089(63) · 10�11
<latexit sha1_base64="5XZO1hyUrpFskdQwYKOGd1jzQRY=">AAACEHicbZDLSgMxFIYz9VbrbdSlm2ARK2hJKtYWN0U3LivYC3RqyaRpG5q5kGSEMvQR3Pgqblwo4talO9/GtJ2FWg8kfPz/OSTnd0PBlUboy0otLC4tr6RXM2vrG5tb9vZOXQWRpKxGAxHIpksUE9xnNc21YM1QMuK5gjXc4dXEb9wzqXjg3+pRyNoe6fu8xynRRurYhxgXnQt4Vi6YG5XKueLpkXMMHdoNNDSA0V18gvG4Y2dRHk0LzgNOIAuSqnbsT6cb0MhjvqaCKNXCKNTtmEjNqWDjjBMpFhI6JH3WMugTj6l2PF1oDA+M0oW9QJrjazhVf07ExFNq5Lmm0yN6oP56E/E/rxXpXqkdcz+MNPPp7KFeJKAO4CQd2OWSUS1GBgiV3PwV0gGRhGqTYcaEgP+uPA/1Qh6jPL5B2cplEkca7IF9kAMYnIMKuAZVUAMUPIAn8AJerUfr2Xqz3metKSuZ2QW/yvr4Bpkll+o=</latexit><latexit sha1_base64="5XZO1hyUrpFskdQwYKOGd1jzQRY=">AAACEHicbZDLSgMxFIYz9VbrbdSlm2ARK2hJKtYWN0U3LivYC3RqyaRpG5q5kGSEMvQR3Pgqblwo4talO9/GtJ2FWg8kfPz/OSTnd0PBlUboy0otLC4tr6RXM2vrG5tb9vZOXQWRpKxGAxHIpksUE9xnNc21YM1QMuK5gjXc4dXEb9wzqXjg3+pRyNoe6fu8xynRRurYhxgXnQt4Vi6YG5XKueLpkXMMHdoNNDSA0V18gvG4Y2dRHk0LzgNOIAuSqnbsT6cb0MhjvqaCKNXCKNTtmEjNqWDjjBMpFhI6JH3WMugTj6l2PF1oDA+M0oW9QJrjazhVf07ExFNq5Lmm0yN6oP56E/E/rxXpXqkdcz+MNPPp7KFeJKAO4CQd2OWSUS1GBgiV3PwV0gGRhGqTYcaEgP+uPA/1Qh6jPL5B2cplEkca7IF9kAMYnIMKuAZVUAMUPIAn8AJerUfr2Xqz3metKSuZ2QW/yvr4Bpkll+o=</latexit><latexit sha1_base64="5XZO1hyUrpFskdQwYKOGd1jzQRY=">AAACEHicbZDLSgMxFIYz9VbrbdSlm2ARK2hJKtYWN0U3LivYC3RqyaRpG5q5kGSEMvQR3Pgqblwo4talO9/GtJ2FWg8kfPz/OSTnd0PBlUboy0otLC4tr6RXM2vrG5tb9vZOXQWRpKxGAxHIpksUE9xnNc21YM1QMuK5gjXc4dXEb9wzqXjg3+pRyNoe6fu8xynRRurYhxgXnQt4Vi6YG5XKueLpkXMMHdoNNDSA0V18gvG4Y2dRHk0LzgNOIAuSqnbsT6cb0MhjvqaCKNXCKNTtmEjNqWDjjBMpFhI6JH3WMugTj6l2PF1oDA+M0oW9QJrjazhVf07ExFNq5Lmm0yN6oP56E/E/rxXpXqkdcz+MNPPp7KFeJKAO4CQd2OWSUS1GBgiV3PwV0gGRhGqTYcaEgP+uPA/1Qh6jPL5B2cplEkca7IF9kAMYnIMKuAZVUAMUPIAn8AJerUfr2Xqz3metKSuZ2QW/yvr4Bpkll+o=</latexit><latexit sha1_base64="5XZO1hyUrpFskdQwYKOGd1jzQRY=">AAACEHicbZDLSgMxFIYz9VbrbdSlm2ARK2hJKtYWN0U3LivYC3RqyaRpG5q5kGSEMvQR3Pgqblwo4talO9/GtJ2FWg8kfPz/OSTnd0PBlUboy0otLC4tr6RXM2vrG5tb9vZOXQWRpKxGAxHIpksUE9xnNc21YM1QMuK5gjXc4dXEb9wzqXjg3+pRyNoe6fu8xynRRurYhxgXnQt4Vi6YG5XKueLpkXMMHdoNNDSA0V18gvG4Y2dRHk0LzgNOIAuSqnbsT6cb0MhjvqaCKNXCKNTtmEjNqWDjjBMpFhI6JH3WMugTj6l2PF1oDA+M0oW9QJrjazhVf07ExFNq5Lmm0yN6oP56E/E/rxXpXqkdcz+MNPPp7KFeJKAO4CQd2OWSUS1GBgiV3PwV0gGRhGqTYcaEgP+uPA/1Qh6jPL5B2cplEkca7IF9kAMYnIMKuAZVUAMUPIAn8AJerUfr2Xqz3metKSuZ2QW/yvr4Bpkll+o=</latexit>

théorie
mesure

anomalie pour les muons
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L’équation de Dirac
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pour éviter les solutions d’énergie négative, Dirac veut établir une équation linéaire

⇒ ce sont des matrices de dim ≥ 4

Eq de Klein Gordon (1926)
�~2 @

2 

@t2
= �~2c2~r2 +m2c4 

<latexit sha1_base64="ozJPrZTZEGmvAHs7A6w3pYz/DEk="></latexit><latexit sha1_base64="ozJPrZTZEGmvAHs7A6w3pYz/DEk="></latexit><latexit sha1_base64="ozJPrZTZEGmvAHs7A6w3pYz/DEk="></latexit><latexit sha1_base64="ozJPrZTZEGmvAHs7A6w3pYz/DEk="></latexit>

⇒ solutions E < 0

E
2 = H

2 =

 
3X

i=1

�i(�ihc
@

@xi
) + �0 mc

2

!2

=

 
3X

i=1

�iP̂i + �0 P̂0

!2

<latexit sha1_base64="J2BKF5ezTRnnVG0w/i31LqUw5Yo="></latexit><latexit sha1_base64="J2BKF5ezTRnnVG0w/i31LqUw5Yo="></latexit><latexit sha1_base64="J2BKF5ezTRnnVG0w/i31LqUw5Yo="></latexit><latexit sha1_base64="J2BKF5ezTRnnVG0w/i31LqUw5Yo="></latexit>

�i�j = ��j�i
<latexit sha1_base64="LsiBKxryIOHXjy6s56MrHF4htQA=">AAACEHicbZC7TsMwFIadcivlFmBksagQLFQJCyxIFSyMRaIXqY2iE9dpTe0ksh2kKuojsPAqLAwgxMrIxtvgtkFAy5Esff7/c2SfP0g4U9pxPq3CwuLS8kpxtbS2vrG5ZW/vNFScSkLrJOaxbAWgKGcRrWumOW0lkoIIOG0Gg8ux37yjUrE4utHDhHoCehELGQFtJN8+7PRACPAZzuEWn+Pjn8u37dtlp+JMCs+Dm0MZ5VXz7Y9ONyapoJEmHJRqu06ivQykZoTTUamTKpoAGUCPtg1GIKjysslCI3xglC4OY2lOpPFE/T2RgVBqKALTKUD31aw3Fv/z2qkOz7yMRUmqaUSmD4UpxzrG43Rwl0lKNB8aACKZ+SsmfZBAtMmwZEJwZ1eeh8ZJxXUq7rVTrl7kcRTRHtpHR8hFp6iKrlAN1RFB9+gRPaMX68F6sl6tt2lrwcpndtGfst6/AOBcm9U=</latexit><latexit sha1_base64="LsiBKxryIOHXjy6s56MrHF4htQA=">AAACEHicbZC7TsMwFIadcivlFmBksagQLFQJCyxIFSyMRaIXqY2iE9dpTe0ksh2kKuojsPAqLAwgxMrIxtvgtkFAy5Esff7/c2SfP0g4U9pxPq3CwuLS8kpxtbS2vrG5ZW/vNFScSkLrJOaxbAWgKGcRrWumOW0lkoIIOG0Gg8ux37yjUrE4utHDhHoCehELGQFtJN8+7PRACPAZzuEWn+Pjn8u37dtlp+JMCs+Dm0MZ5VXz7Y9ONyapoJEmHJRqu06ivQykZoTTUamTKpoAGUCPtg1GIKjysslCI3xglC4OY2lOpPFE/T2RgVBqKALTKUD31aw3Fv/z2qkOz7yMRUmqaUSmD4UpxzrG43Rwl0lKNB8aACKZ+SsmfZBAtMmwZEJwZ1eeh8ZJxXUq7rVTrl7kcRTRHtpHR8hFp6iKrlAN1RFB9+gRPaMX68F6sl6tt2lrwcpndtGfst6/AOBcm9U=</latexit><latexit sha1_base64="LsiBKxryIOHXjy6s56MrHF4htQA=">AAACEHicbZC7TsMwFIadcivlFmBksagQLFQJCyxIFSyMRaIXqY2iE9dpTe0ksh2kKuojsPAqLAwgxMrIxtvgtkFAy5Esff7/c2SfP0g4U9pxPq3CwuLS8kpxtbS2vrG5ZW/vNFScSkLrJOaxbAWgKGcRrWumOW0lkoIIOG0Gg8ux37yjUrE4utHDhHoCehELGQFtJN8+7PRACPAZzuEWn+Pjn8u37dtlp+JMCs+Dm0MZ5VXz7Y9ONyapoJEmHJRqu06ivQykZoTTUamTKpoAGUCPtg1GIKjysslCI3xglC4OY2lOpPFE/T2RgVBqKALTKUD31aw3Fv/z2qkOz7yMRUmqaUSmD4UpxzrG43Rwl0lKNB8aACKZ+SsmfZBAtMmwZEJwZ1eeh8ZJxXUq7rVTrl7kcRTRHtpHR8hFp6iKrlAN1RFB9+gRPaMX68F6sl6tt2lrwcpndtGfst6/AOBcm9U=</latexit><latexit sha1_base64="LsiBKxryIOHXjy6s56MrHF4htQA=">AAACEHicbZC7TsMwFIadcivlFmBksagQLFQJCyxIFSyMRaIXqY2iE9dpTe0ksh2kKuojsPAqLAwgxMrIxtvgtkFAy5Esff7/c2SfP0g4U9pxPq3CwuLS8kpxtbS2vrG5ZW/vNFScSkLrJOaxbAWgKGcRrWumOW0lkoIIOG0Gg8ux37yjUrE4utHDhHoCehELGQFtJN8+7PRACPAZzuEWn+Pjn8u37dtlp+JMCs+Dm0MZ5VXz7Y9ONyapoJEmHJRqu06ivQykZoTTUamTKpoAGUCPtg1GIKjysslCI3xglC4OY2lOpPFE/T2RgVBqKALTKUD31aw3Fv/z2qkOz7yMRUmqaUSmD4UpxzrG43Rwl0lKNB8aACKZ+SsmfZBAtMmwZEJwZ1eeh8ZJxXUq7rVTrl7kcRTRHtpHR8hFp6iKrlAN1RFB9+gRPaMX68F6sl6tt2lrwcpndtGfst6/AOBcm9U=</latexit>

⇒

⇒

qui doit être car

�2
i = 1, 8i

<latexit sha1_base64="VvhHTZlpBLyD0E/Q8GbePR63Et0=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhbBhZSkGwURim5cVrAPaGq5mU7aoTNJmJkIJXTpxl9x40IRt36CO//GaZqFth5m4HDOvdx7jx9zprTjfFuFpeWV1bXiemljc2t7x97da6ookYQ2SMQj2fZBUc5C2tBMc9qOJQXhc9ryR9dTv/VApWJReKfHMe0KGIQsYAS0kXr2oTcAIaDH7qv4Erun2LvIXhBJ4Byznl12Kk4GvEjcnJRRjnrP/vL6EUkEDTXhoFTHdWLdTUFqRjidlLxE0RjICAa0Y2gIgqpumh0ywcdG6WMz2/xQ40z93ZGCUGosfFMpQA/VvDcV//M6iQ7OuykL40TTkMwGBQnHOsLTVHCfSUo0HxsCRDKzKyZDkEC0ya5kQnDnT14kzWrFdSrurVOuXeVxFNEBOkInyEVnqIZuUB01EEGP6Bm9ojfryXqx3q2PWWnBynv20R9Ynz/79pdh</latexit><latexit sha1_base64="VvhHTZlpBLyD0E/Q8GbePR63Et0=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhbBhZSkGwURim5cVrAPaGq5mU7aoTNJmJkIJXTpxl9x40IRt36CO//GaZqFth5m4HDOvdx7jx9zprTjfFuFpeWV1bXiemljc2t7x97da6ookYQ2SMQj2fZBUc5C2tBMc9qOJQXhc9ryR9dTv/VApWJReKfHMe0KGIQsYAS0kXr2oTcAIaDH7qv4Erun2LvIXhBJ4Byznl12Kk4GvEjcnJRRjnrP/vL6EUkEDTXhoFTHdWLdTUFqRjidlLxE0RjICAa0Y2gIgqpumh0ywcdG6WMz2/xQ40z93ZGCUGosfFMpQA/VvDcV//M6iQ7OuykL40TTkMwGBQnHOsLTVHCfSUo0HxsCRDKzKyZDkEC0ya5kQnDnT14kzWrFdSrurVOuXeVxFNEBOkInyEVnqIZuUB01EEGP6Bm9ojfryXqx3q2PWWnBynv20R9Ynz/79pdh</latexit><latexit sha1_base64="VvhHTZlpBLyD0E/Q8GbePR63Et0=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhbBhZSkGwURim5cVrAPaGq5mU7aoTNJmJkIJXTpxl9x40IRt36CO//GaZqFth5m4HDOvdx7jx9zprTjfFuFpeWV1bXiemljc2t7x97da6ookYQ2SMQj2fZBUc5C2tBMc9qOJQXhc9ryR9dTv/VApWJReKfHMe0KGIQsYAS0kXr2oTcAIaDH7qv4Erun2LvIXhBJ4Byznl12Kk4GvEjcnJRRjnrP/vL6EUkEDTXhoFTHdWLdTUFqRjidlLxE0RjICAa0Y2gIgqpumh0ywcdG6WMz2/xQ40z93ZGCUGosfFMpQA/VvDcV//M6iQ7OuykL40TTkMwGBQnHOsLTVHCfSUo0HxsCRDKzKyZDkEC0ya5kQnDnT14kzWrFdSrurVOuXeVxFNEBOkInyEVnqIZuUB01EEGP6Bm9ojfryXqx3q2PWWnBynv20R9Ynz/79pdh</latexit><latexit sha1_base64="VvhHTZlpBLyD0E/Q8GbePR63Et0=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhbBhZSkGwURim5cVrAPaGq5mU7aoTNJmJkIJXTpxl9x40IRt36CO//GaZqFth5m4HDOvdx7jx9zprTjfFuFpeWV1bXiemljc2t7x97da6ookYQ2SMQj2fZBUc5C2tBMc9qOJQXhc9ryR9dTv/VApWJReKfHMe0KGIQsYAS0kXr2oTcAIaDH7qv4Erun2LvIXhBJ4Byznl12Kk4GvEjcnJRRjnrP/vL6EUkEDTXhoFTHdWLdTUFqRjidlLxE0RjICAa0Y2gIgqpumh0ywcdG6WMz2/xQ40z93ZGCUGosfFMpQA/VvDcV//M6iQ7OuykL40TTkMwGBQnHOsLTVHCfSUo0HxsCRDKzKyZDkEC0ya5kQnDnT14kzWrFdSrurVOuXeVxFNEBOkInyEVnqIZuUB01EEGP6Bm9ojfryXqx3q2PWWnBynv20R9Ynz/79pdh</latexit>

et

E2 = p2 c2 +m2 c4
<latexit sha1_base64="awbkJBivridzcUcNFb3HN2k6ETo=">AAACBnicbVDLSgMxFL1TX7W+Rl2KECyCoJSZIuhGKIrgsoJ9QDuWTJppQ5OZIckIZejKjb/ixoUibv0Gd/6NaTuCVg8kOTnnXpJ7/JgzpR3n08rNzS8sLuWXCyura+sb9uZWXUWJJLRGIh7Jpo8V5SykNc00p81YUix8Thv+4GLsN+6oVCwKb/Qwpp7AvZAFjGBtpI69e3lbRmcoNnv7CBFzHCLxfTnu2EWn5EyA/hI3I0XIUO3YH+1uRBJBQ004VqrlOrH2Uiw1I5yOCu1E0RiTAe7RlqEhFlR56WSMEdo3ShcFkTQr1Gii/uxIsVBqKHxTKbDuq1lvLP7ntRIdnHopC+NE05BMHwoSjnSExpmgLpOUaD40BBPJzF8R6WOJiTbJFUwI7uzIf0m9XHKdknvtFCvnWRx52IE9OAAXTqACV1CFGhC4h0d4hhfrwXqyXq23aWnOynq24Res9y8BV5T7</latexit><latexit sha1_base64="awbkJBivridzcUcNFb3HN2k6ETo=">AAACBnicbVDLSgMxFL1TX7W+Rl2KECyCoJSZIuhGKIrgsoJ9QDuWTJppQ5OZIckIZejKjb/ixoUibv0Gd/6NaTuCVg8kOTnnXpJ7/JgzpR3n08rNzS8sLuWXCyura+sb9uZWXUWJJLRGIh7Jpo8V5SykNc00p81YUix8Thv+4GLsN+6oVCwKb/Qwpp7AvZAFjGBtpI69e3lbRmcoNnv7CBFzHCLxfTnu2EWn5EyA/hI3I0XIUO3YH+1uRBJBQ004VqrlOrH2Uiw1I5yOCu1E0RiTAe7RlqEhFlR56WSMEdo3ShcFkTQr1Gii/uxIsVBqKHxTKbDuq1lvLP7ntRIdnHopC+NE05BMHwoSjnSExpmgLpOUaD40BBPJzF8R6WOJiTbJFUwI7uzIf0m9XHKdknvtFCvnWRx52IE9OAAXTqACV1CFGhC4h0d4hhfrwXqyXq23aWnOynq24Res9y8BV5T7</latexit><latexit sha1_base64="awbkJBivridzcUcNFb3HN2k6ETo=">AAACBnicbVDLSgMxFL1TX7W+Rl2KECyCoJSZIuhGKIrgsoJ9QDuWTJppQ5OZIckIZejKjb/ixoUibv0Gd/6NaTuCVg8kOTnnXpJ7/JgzpR3n08rNzS8sLuWXCyura+sb9uZWXUWJJLRGIh7Jpo8V5SykNc00p81YUix8Thv+4GLsN+6oVCwKb/Qwpp7AvZAFjGBtpI69e3lbRmcoNnv7CBFzHCLxfTnu2EWn5EyA/hI3I0XIUO3YH+1uRBJBQ004VqrlOrH2Uiw1I5yOCu1E0RiTAe7RlqEhFlR56WSMEdo3ShcFkTQr1Gii/uxIsVBqKHxTKbDuq1lvLP7ntRIdnHopC+NE05BMHwoSjnSExpmgLpOUaD40BBPJzF8R6WOJiTbJFUwI7uzIf0m9XHKdknvtFCvnWRx52IE9OAAXTqACV1CFGhC4h0d4hhfrwXqyXq23aWnOynq24Res9y8BV5T7</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="CrRhf6FnBwwl44YAUaXm9YJrT84=">AAAB+3icbVDLSgMxFL1TX7VWHd2KECyCoJSZIuhGEERwWcE+oB1LJs20oUlmSDJCGbpy46+4caGI/+HOvzF9CNp6IMnJObnc3BMmnGnjeV9Obml5ZXUtv17YKG5ubbs7xbqOU0VojcQ8Vs0Qa8qZpDXDDKfNRFEsQk4b4eBq7DceqNIslndmmNBA4J5kESPYWKnj7l/fV9AFSuzePkHEHsdI/FxOO27JK3sToEXiz0gJZqh23M92NyapoNIQjrVu+V5iggwrwwino0I71TTBZIB7tGWpxILqIJuMMUKHVumiKFZ2SYMm6u+KDAuthyK0LwU2fT3vjcX/vFZqovMgYzJJDZVk2ihKOTIxGmeCukxRYvjQEkwUs39FpI8VJsYmV7Ah+PMjL5J6pex7Zf/WgzzswQEcgQ9ncAk3UIUaEHiEZ3iFN+fJeXHep3HlnFluu/AHzsc3myWTjg==</latexit><latexit sha1_base64="CrRhf6FnBwwl44YAUaXm9YJrT84=">AAAB+3icbVDLSgMxFL1TX7VWHd2KECyCoJSZIuhGEERwWcE+oB1LJs20oUlmSDJCGbpy46+4caGI/+HOvzF9CNp6IMnJObnc3BMmnGnjeV9Obml5ZXUtv17YKG5ubbs7xbqOU0VojcQ8Vs0Qa8qZpDXDDKfNRFEsQk4b4eBq7DceqNIslndmmNBA4J5kESPYWKnj7l/fV9AFSuzePkHEHsdI/FxOO27JK3sToEXiz0gJZqh23M92NyapoNIQjrVu+V5iggwrwwino0I71TTBZIB7tGWpxILqIJuMMUKHVumiKFZ2SYMm6u+KDAuthyK0LwU2fT3vjcX/vFZqovMgYzJJDZVk2ihKOTIxGmeCukxRYvjQEkwUs39FpI8VJsYmV7Ah+PMjL5J6pex7Zf/WgzzswQEcgQ9ncAk3UIUaEHiEZ3iFN+fJeXHep3HlnFluu/AHzsc3myWTjg==</latexit><latexit sha1_base64="awbkJBivridzcUcNFb3HN2k6ETo=">AAACBnicbVDLSgMxFL1TX7W+Rl2KECyCoJSZIuhGKIrgsoJ9QDuWTJppQ5OZIckIZejKjb/ixoUibv0Gd/6NaTuCVg8kOTnnXpJ7/JgzpR3n08rNzS8sLuWXCyura+sb9uZWXUWJJLRGIh7Jpo8V5SykNc00p81YUix8Thv+4GLsN+6oVCwKb/Qwpp7AvZAFjGBtpI69e3lbRmcoNnv7CBFzHCLxfTnu2EWn5EyA/hI3I0XIUO3YH+1uRBJBQ004VqrlOrH2Uiw1I5yOCu1E0RiTAe7RlqEhFlR56WSMEdo3ShcFkTQr1Gii/uxIsVBqKHxTKbDuq1lvLP7ntRIdnHopC+NE05BMHwoSjnSExpmgLpOUaD40BBPJzF8R6WOJiTbJFUwI7uzIf0m9XHKdknvtFCvnWRx52IE9OAAXTqACV1CFGhC4h0d4hhfrwXqyXq23aWnOynq24Res9y8BV5T7</latexit><latexit sha1_base64="awbkJBivridzcUcNFb3HN2k6ETo=">AAACBnicbVDLSgMxFL1TX7W+Rl2KECyCoJSZIuhGKIrgsoJ9QDuWTJppQ5OZIckIZejKjb/ixoUibv0Gd/6NaTuCVg8kOTnnXpJ7/JgzpR3n08rNzS8sLuWXCyura+sb9uZWXUWJJLRGIh7Jpo8V5SykNc00p81YUix8Thv+4GLsN+6oVCwKb/Qwpp7AvZAFjGBtpI69e3lbRmcoNnv7CBFzHCLxfTnu2EWn5EyA/hI3I0XIUO3YH+1uRBJBQ004VqrlOrH2Uiw1I5yOCu1E0RiTAe7RlqEhFlR56WSMEdo3ShcFkTQr1Gii/uxIsVBqKHxTKbDuq1lvLP7ntRIdnHopC+NE05BMHwoSjnSExpmgLpOUaD40BBPJzF8R6WOJiTbJFUwI7uzIf0m9XHKdknvtFCvnWRx52IE9OAAXTqACV1CFGhC4h0d4hhfrwXqyXq23aWnOynq24Res9y8BV5T7</latexit><latexit sha1_base64="awbkJBivridzcUcNFb3HN2k6ETo=">AAACBnicbVDLSgMxFL1TX7W+Rl2KECyCoJSZIuhGKIrgsoJ9QDuWTJppQ5OZIckIZejKjb/ixoUibv0Gd/6NaTuCVg8kOTnnXpJ7/JgzpR3n08rNzS8sLuWXCyura+sb9uZWXUWJJLRGIh7Jpo8V5SykNc00p81YUix8Thv+4GLsN+6oVCwKb/Qwpp7AvZAFjGBtpI69e3lbRmcoNnv7CBFzHCLxfTnu2EWn5EyA/hI3I0XIUO3YH+1uRBJBQ004VqrlOrH2Uiw1I5yOCu1E0RiTAe7RlqEhFlR56WSMEdo3ShcFkTQr1Gii/uxIsVBqKHxTKbDuq1lvLP7ntRIdnHopC+NE05BMHwoSjnSExpmgLpOUaD40BBPJzF8R6WOJiTbJFUwI7uzIf0m9XHKdknvtFCvnWRx52IE9OAAXTqACV1CFGhC4h0d4hhfrwXqyXq23aWnOynq24Res9y8BV5T7</latexit><latexit sha1_base64="awbkJBivridzcUcNFb3HN2k6ETo=">AAACBnicbVDLSgMxFL1TX7W+Rl2KECyCoJSZIuhGKIrgsoJ9QDuWTJppQ5OZIckIZejKjb/ixoUibv0Gd/6NaTuCVg8kOTnnXpJ7/JgzpR3n08rNzS8sLuWXCyura+sb9uZWXUWJJLRGIh7Jpo8V5SykNc00p81YUix8Thv+4GLsN+6oVCwKb/Qwpp7AvZAFjGBtpI69e3lbRmcoNnv7CBFzHCLxfTnu2EWn5EyA/hI3I0XIUO3YH+1uRBJBQ004VqrlOrH2Uiw1I5yOCu1E0RiTAe7RlqEhFlR56WSMEdo3ShcFkTQr1Gii/uxIsVBqKHxTKbDuq1lvLP7ntRIdnHopC+NE05BMHwoSjnSExpmgLpOUaD40BBPJzF8R6WOJiTbJFUwI7uzIf0m9XHKdknvtFCvnWRx52IE9OAAXTqACV1CFGhC4h0d4hhfrwXqyXq23aWnOynq24Res9y8BV5T7</latexit><latexit sha1_base64="awbkJBivridzcUcNFb3HN2k6ETo=">AAACBnicbVDLSgMxFL1TX7W+Rl2KECyCoJSZIuhGKIrgsoJ9QDuWTJppQ5OZIckIZejKjb/ixoUibv0Gd/6NaTuCVg8kOTnnXpJ7/JgzpR3n08rNzS8sLuWXCyura+sb9uZWXUWJJLRGIh7Jpo8V5SykNc00p81YUix8Thv+4GLsN+6oVCwKb/Qwpp7AvZAFjGBtpI69e3lbRmcoNnv7CBFzHCLxfTnu2EWn5EyA/hI3I0XIUO3YH+1uRBJBQ004VqrlOrH2Uiw1I5yOCu1E0RiTAe7RlqEhFlR56WSMEdo3ShcFkTQr1Gii/uxIsVBqKHxTKbDuq1lvLP7ntRIdnHopC+NE05BMHwoSjnSExpmgLpOUaD40BBPJzF8R6WOJiTbJFUwI7uzIf0m9XHKdknvtFCvnWRx52IE9OAAXTqACV1CFGhC4h0d4hhfrwXqyXq23aWnOynq24Res9y8BV5T7</latexit><latexit sha1_base64="awbkJBivridzcUcNFb3HN2k6ETo=">AAACBnicbVDLSgMxFL1TX7W+Rl2KECyCoJSZIuhGKIrgsoJ9QDuWTJppQ5OZIckIZejKjb/ixoUibv0Gd/6NaTuCVg8kOTnnXpJ7/JgzpR3n08rNzS8sLuWXCyura+sb9uZWXUWJJLRGIh7Jpo8V5SykNc00p81YUix8Thv+4GLsN+6oVCwKb/Qwpp7AvZAFjGBtpI69e3lbRmcoNnv7CBFzHCLxfTnu2EWn5EyA/hI3I0XIUO3YH+1uRBJBQ004VqrlOrH2Uiw1I5yOCu1E0RiTAe7RlqEhFlR56WSMEdo3ShcFkTQr1Gii/uxIsVBqKHxTKbDuq1lvLP7ntRIdnHopC+NE05BMHwoSjnSExpmgLpOUaD40BBPJzF8R6WOJiTbJFUwI7uzIf0m9XHKdknvtFCvnWRx52IE9OAAXTqACV1CFGhC4h0d4hhfrwXqyXq23aWnOynq24Res9y8BV5T7</latexit><latexit sha1_base64="awbkJBivridzcUcNFb3HN2k6ETo=">AAACBnicbVDLSgMxFL1TX7W+Rl2KECyCoJSZIuhGKIrgsoJ9QDuWTJppQ5OZIckIZejKjb/ixoUibv0Gd/6NaTuCVg8kOTnnXpJ7/JgzpR3n08rNzS8sLuWXCyura+sb9uZWXUWJJLRGIh7Jpo8V5SykNc00p81YUix8Thv+4GLsN+6oVCwKb/Qwpp7AvZAFjGBtpI69e3lbRmcoNnv7CBFzHCLxfTnu2EWn5EyA/hI3I0XIUO3YH+1uRBJBQ004VqrlOrH2Uiw1I5yOCu1E0RiTAe7RlqEhFlR56WSMEdo3ShcFkTQr1Gii/uxIsVBqKHxTKbDuq1lvLP7ntRIdnHopC+NE05BMHwoSjnSExpmgLpOUaD40BBPJzF8R6WOJiTbJFUwI7uzIf0m9XHKdknvtFCvnWRx52IE9OAAXTqACV1CFGhC4h0d4hhfrwXqyXq23aWnOynq24Res9y8BV5T7</latexit>

E2 = p2 c2 +m2 c4
<latexit sha1_base64="awbkJBivridzcUcNFb3HN2k6ETo=">AAACBnicbVDLSgMxFL1TX7W+Rl2KECyCoJSZIuhGKIrgsoJ9QDuWTJppQ5OZIckIZejKjb/ixoUibv0Gd/6NaTuCVg8kOTnnXpJ7/JgzpR3n08rNzS8sLuWXCyura+sb9uZWXUWJJLRGIh7Jpo8V5SykNc00p81YUix8Thv+4GLsN+6oVCwKb/Qwpp7AvZAFjGBtpI69e3lbRmcoNnv7CBFzHCLxfTnu2EWn5EyA/hI3I0XIUO3YH+1uRBJBQ004VqrlOrH2Uiw1I5yOCu1E0RiTAe7RlqEhFlR56WSMEdo3ShcFkTQr1Gii/uxIsVBqKHxTKbDuq1lvLP7ntRIdnHopC+NE05BMHwoSjnSExpmgLpOUaD40BBPJzF8R6WOJiTbJFUwI7uzIf0m9XHKdknvtFCvnWRx52IE9OAAXTqACV1CFGhC4h0d4hhfrwXqyXq23aWnOynq24Res9y8BV5T7</latexit><latexit sha1_base64="awbkJBivridzcUcNFb3HN2k6ETo=">AAACBnicbVDLSgMxFL1TX7W+Rl2KECyCoJSZIuhGKIrgsoJ9QDuWTJppQ5OZIckIZejKjb/ixoUibv0Gd/6NaTuCVg8kOTnnXpJ7/JgzpR3n08rNzS8sLuWXCyura+sb9uZWXUWJJLRGIh7Jpo8V5SykNc00p81YUix8Thv+4GLsN+6oVCwKb/Qwpp7AvZAFjGBtpI69e3lbRmcoNnv7CBFzHCLxfTnu2EWn5EyA/hI3I0XIUO3YH+1uRBJBQ004VqrlOrH2Uiw1I5yOCu1E0RiTAe7RlqEhFlR56WSMEdo3ShcFkTQr1Gii/uxIsVBqKHxTKbDuq1lvLP7ntRIdnHopC+NE05BMHwoSjnSExpmgLpOUaD40BBPJzF8R6WOJiTbJFUwI7uzIf0m9XHKdknvtFCvnWRx52IE9OAAXTqACV1CFGhC4h0d4hhfrwXqyXq23aWnOynq24Res9y8BV5T7</latexit><latexit sha1_base64="awbkJBivridzcUcNFb3HN2k6ETo=">AAACBnicbVDLSgMxFL1TX7W+Rl2KECyCoJSZIuhGKIrgsoJ9QDuWTJppQ5OZIckIZejKjb/ixoUibv0Gd/6NaTuCVg8kOTnnXpJ7/JgzpR3n08rNzS8sLuWXCyura+sb9uZWXUWJJLRGIh7Jpo8V5SykNc00p81YUix8Thv+4GLsN+6oVCwKb/Qwpp7AvZAFjGBtpI69e3lbRmcoNnv7CBFzHCLxfTnu2EWn5EyA/hI3I0XIUO3YH+1uRBJBQ004VqrlOrH2Uiw1I5yOCu1E0RiTAe7RlqEhFlR56WSMEdo3ShcFkTQr1Gii/uxIsVBqKHxTKbDuq1lvLP7ntRIdnHopC+NE05BMHwoSjnSExpmgLpOUaD40BBPJzF8R6WOJiTbJFUwI7uzIf0m9XHKdknvtFCvnWRx52IE9OAAXTqACV1CFGhC4h0d4hhfrwXqyXq23aWnOynq24Res9y8BV5T7</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="CrRhf6FnBwwl44YAUaXm9YJrT84=">AAAB+3icbVDLSgMxFL1TX7VWHd2KECyCoJSZIuhGEERwWcE+oB1LJs20oUlmSDJCGbpy46+4caGI/+HOvzF9CNp6IMnJObnc3BMmnGnjeV9Obml5ZXUtv17YKG5ubbs7xbqOU0VojcQ8Vs0Qa8qZpDXDDKfNRFEsQk4b4eBq7DceqNIslndmmNBA4J5kESPYWKnj7l/fV9AFSuzePkHEHsdI/FxOO27JK3sToEXiz0gJZqh23M92NyapoNIQjrVu+V5iggwrwwino0I71TTBZIB7tGWpxILqIJuMMUKHVumiKFZ2SYMm6u+KDAuthyK0LwU2fT3vjcX/vFZqovMgYzJJDZVk2ihKOTIxGmeCukxRYvjQEkwUs39FpI8VJsYmV7Ah+PMjL5J6pex7Zf/WgzzswQEcgQ9ncAk3UIUaEHiEZ3iFN+fJeXHep3HlnFluu/AHzsc3myWTjg==</latexit><latexit sha1_base64="CrRhf6FnBwwl44YAUaXm9YJrT84=">AAAB+3icbVDLSgMxFL1TX7VWHd2KECyCoJSZIuhGEERwWcE+oB1LJs20oUlmSDJCGbpy46+4caGI/+HOvzF9CNp6IMnJObnc3BMmnGnjeV9Obml5ZXUtv17YKG5ubbs7xbqOU0VojcQ8Vs0Qa8qZpDXDDKfNRFEsQk4b4eBq7DceqNIslndmmNBA4J5kESPYWKnj7l/fV9AFSuzePkHEHsdI/FxOO27JK3sToEXiz0gJZqh23M92NyapoNIQjrVu+V5iggwrwwino0I71TTBZIB7tGWpxILqIJuMMUKHVumiKFZ2SYMm6u+KDAuthyK0LwU2fT3vjcX/vFZqovMgYzJJDZVk2ihKOTIxGmeCukxRYvjQEkwUs39FpI8VJsYmV7Ah+PMjL5J6pex7Zf/WgzzswQEcgQ9ncAk3UIUaEHiEZ3iFN+fJeXHep3HlnFluu/AHzsc3myWTjg==</latexit><latexit sha1_base64="awbkJBivridzcUcNFb3HN2k6ETo=">AAACBnicbVDLSgMxFL1TX7W+Rl2KECyCoJSZIuhGKIrgsoJ9QDuWTJppQ5OZIckIZejKjb/ixoUibv0Gd/6NaTuCVg8kOTnnXpJ7/JgzpR3n08rNzS8sLuWXCyura+sb9uZWXUWJJLRGIh7Jpo8V5SykNc00p81YUix8Thv+4GLsN+6oVCwKb/Qwpp7AvZAFjGBtpI69e3lbRmcoNnv7CBFzHCLxfTnu2EWn5EyA/hI3I0XIUO3YH+1uRBJBQ004VqrlOrH2Uiw1I5yOCu1E0RiTAe7RlqEhFlR56WSMEdo3ShcFkTQr1Gii/uxIsVBqKHxTKbDuq1lvLP7ntRIdnHopC+NE05BMHwoSjnSExpmgLpOUaD40BBPJzF8R6WOJiTbJFUwI7uzIf0m9XHKdknvtFCvnWRx52IE9OAAXTqACV1CFGhC4h0d4hhfrwXqyXq23aWnOynq24Res9y8BV5T7</latexit><latexit sha1_base64="awbkJBivridzcUcNFb3HN2k6ETo=">AAACBnicbVDLSgMxFL1TX7W+Rl2KECyCoJSZIuhGKIrgsoJ9QDuWTJppQ5OZIckIZejKjb/ixoUibv0Gd/6NaTuCVg8kOTnnXpJ7/JgzpR3n08rNzS8sLuWXCyura+sb9uZWXUWJJLRGIh7Jpo8V5SykNc00p81YUix8Thv+4GLsN+6oVCwKb/Qwpp7AvZAFjGBtpI69e3lbRmcoNnv7CBFzHCLxfTnu2EWn5EyA/hI3I0XIUO3YH+1uRBJBQ004VqrlOrH2Uiw1I5yOCu1E0RiTAe7RlqEhFlR56WSMEdo3ShcFkTQr1Gii/uxIsVBqKHxTKbDuq1lvLP7ntRIdnHopC+NE05BMHwoSjnSExpmgLpOUaD40BBPJzF8R6WOJiTbJFUwI7uzIf0m9XHKdknvtFCvnWRx52IE9OAAXTqACV1CFGhC4h0d4hhfrwXqyXq23aWnOynq24Res9y8BV5T7</latexit><latexit sha1_base64="awbkJBivridzcUcNFb3HN2k6ETo=">AAACBnicbVDLSgMxFL1TX7W+Rl2KECyCoJSZIuhGKIrgsoJ9QDuWTJppQ5OZIckIZejKjb/ixoUibv0Gd/6NaTuCVg8kOTnnXpJ7/JgzpR3n08rNzS8sLuWXCyura+sb9uZWXUWJJLRGIh7Jpo8V5SykNc00p81YUix8Thv+4GLsN+6oVCwKb/Qwpp7AvZAFjGBtpI69e3lbRmcoNnv7CBFzHCLxfTnu2EWn5EyA/hI3I0XIUO3YH+1uRBJBQ004VqrlOrH2Uiw1I5yOCu1E0RiTAe7RlqEhFlR56WSMEdo3ShcFkTQr1Gii/uxIsVBqKHxTKbDuq1lvLP7ntRIdnHopC+NE05BMHwoSjnSExpmgLpOUaD40BBPJzF8R6WOJiTbJFUwI7uzIf0m9XHKdknvtFCvnWRx52IE9OAAXTqACV1CFGhC4h0d4hhfrwXqyXq23aWnOynq24Res9y8BV5T7</latexit><latexit sha1_base64="awbkJBivridzcUcNFb3HN2k6ETo=">AAACBnicbVDLSgMxFL1TX7W+Rl2KECyCoJSZIuhGKIrgsoJ9QDuWTJppQ5OZIckIZejKjb/ixoUibv0Gd/6NaTuCVg8kOTnnXpJ7/JgzpR3n08rNzS8sLuWXCyura+sb9uZWXUWJJLRGIh7Jpo8V5SykNc00p81YUix8Thv+4GLsN+6oVCwKb/Qwpp7AvZAFjGBtpI69e3lbRmcoNnv7CBFzHCLxfTnu2EWn5EyA/hI3I0XIUO3YH+1uRBJBQ004VqrlOrH2Uiw1I5yOCu1E0RiTAe7RlqEhFlR56WSMEdo3ShcFkTQr1Gii/uxIsVBqKHxTKbDuq1lvLP7ntRIdnHopC+NE05BMHwoSjnSExpmgLpOUaD40BBPJzF8R6WOJiTbJFUwI7uzIf0m9XHKdknvtFCvnWRx52IE9OAAXTqACV1CFGhC4h0d4hhfrwXqyXq23aWnOynq24Res9y8BV5T7</latexit><latexit sha1_base64="awbkJBivridzcUcNFb3HN2k6ETo=">AAACBnicbVDLSgMxFL1TX7W+Rl2KECyCoJSZIuhGKIrgsoJ9QDuWTJppQ5OZIckIZejKjb/ixoUibv0Gd/6NaTuCVg8kOTnnXpJ7/JgzpR3n08rNzS8sLuWXCyura+sb9uZWXUWJJLRGIh7Jpo8V5SykNc00p81YUix8Thv+4GLsN+6oVCwKb/Qwpp7AvZAFjGBtpI69e3lbRmcoNnv7CBFzHCLxfTnu2EWn5EyA/hI3I0XIUO3YH+1uRBJBQ004VqrlOrH2Uiw1I5yOCu1E0RiTAe7RlqEhFlR56WSMEdo3ShcFkTQr1Gii/uxIsVBqKHxTKbDuq1lvLP7ntRIdnHopC+NE05BMHwoSjnSExpmgLpOUaD40BBPJzF8R6WOJiTbJFUwI7uzIf0m9XHKdknvtFCvnWRx52IE9OAAXTqACV1CFGhC4h0d4hhfrwXqyXq23aWnOynq24Res9y8BV5T7</latexit><latexit sha1_base64="awbkJBivridzcUcNFb3HN2k6ETo=">AAACBnicbVDLSgMxFL1TX7W+Rl2KECyCoJSZIuhGKIrgsoJ9QDuWTJppQ5OZIckIZejKjb/ixoUibv0Gd/6NaTuCVg8kOTnnXpJ7/JgzpR3n08rNzS8sLuWXCyura+sb9uZWXUWJJLRGIh7Jpo8V5SykNc00p81YUix8Thv+4GLsN+6oVCwKb/Qwpp7AvZAFjGBtpI69e3lbRmcoNnv7CBFzHCLxfTnu2EWn5EyA/hI3I0XIUO3YH+1uRBJBQ004VqrlOrH2Uiw1I5yOCu1E0RiTAe7RlqEhFlR56WSMEdo3ShcFkTQr1Gii/uxIsVBqKHxTKbDuq1lvLP7ntRIdnHopC+NE05BMHwoSjnSExpmgLpOUaD40BBPJzF8R6WOJiTbJFUwI7uzIf0m9XHKdknvtFCvnWRx52IE9OAAXTqACV1CFGhC4h0d4hhfrwXqyXq23aWnOynq24Res9y8BV5T7</latexit><latexit sha1_base64="awbkJBivridzcUcNFb3HN2k6ETo=">AAACBnicbVDLSgMxFL1TX7W+Rl2KECyCoJSZIuhGKIrgsoJ9QDuWTJppQ5OZIckIZejKjb/ixoUibv0Gd/6NaTuCVg8kOTnnXpJ7/JgzpR3n08rNzS8sLuWXCyura+sb9uZWXUWJJLRGIh7Jpo8V5SykNc00p81YUix8Thv+4GLsN+6oVCwKb/Qwpp7AvZAFjGBtpI69e3lbRmcoNnv7CBFzHCLxfTnu2EWn5EyA/hI3I0XIUO3YH+1uRBJBQ004VqrlOrH2Uiw1I5yOCu1E0RiTAe7RlqEhFlR56WSMEdo3ShcFkTQr1Gii/uxIsVBqKHxTKbDuq1lvLP7ntRIdnHopC+NE05BMHwoSjnSExpmgLpOUaD40BBPJzF8R6WOJiTbJFUwI7uzIf0m9XHKdknvtFCvnWRx52IE9OAAXTqACV1CFGhC4h0d4hhfrwXqyXq23aWnOynq24Res9y8BV5T7</latexit>

=
3X

i=1

�i P̂
2
i + �0 P̂ 2

0

<latexit sha1_base64="Cclhp0seb2KO9dFvOp4DVI8v6hQ=">AAACK3icbVBNSwMxEM36WetX1aOXYBEEoWTrQUEEqRePFWwVuttlNk3bYLK7JFmhLP0/XvwrHvTgB179H6btCtr6YODx3gwz88JEcG0IeXfm5hcWl5YLK8XVtfWNzdLWdlPHqaKsQWMRq9sQNBM8Yg3DjWC3iWIgQ8FuwruLkX9zz5TmcXRtBgnzJfQi3uUUjJWCUu0MY0+nMsj4mTtsZ0dD7PVASgg49k6x1weD6wFvVzE+/HHIL4e0q0GpTCpkDDxL3JyUUY56UHr2OjFNJYsMFaB1yyWJ8TNQhlPBhkUv1SwBegc91rI0Asm0n41/HeJ9q3RwN1a2IoPH6u+JDKTWAxnaTgmmr6e9kfif10pN98TPeJSkhkV0sqibCmxiPAoOd7hi1IiBJUAVt7di2gcF1Nh4izYEd/rlWdKsVlxSca9I+byWx1FAu2gPHSAXHaNzdInqqIEoekBP6BW9OY/Oi/PhfE5a55x8Zgf9gfP1DXfgpBc=</latexit><latexit sha1_base64="Cclhp0seb2KO9dFvOp4DVI8v6hQ=">AAACK3icbVBNSwMxEM36WetX1aOXYBEEoWTrQUEEqRePFWwVuttlNk3bYLK7JFmhLP0/XvwrHvTgB179H6btCtr6YODx3gwz88JEcG0IeXfm5hcWl5YLK8XVtfWNzdLWdlPHqaKsQWMRq9sQNBM8Yg3DjWC3iWIgQ8FuwruLkX9zz5TmcXRtBgnzJfQi3uUUjJWCUu0MY0+nMsj4mTtsZ0dD7PVASgg49k6x1weD6wFvVzE+/HHIL4e0q0GpTCpkDDxL3JyUUY56UHr2OjFNJYsMFaB1yyWJ8TNQhlPBhkUv1SwBegc91rI0Asm0n41/HeJ9q3RwN1a2IoPH6u+JDKTWAxnaTgmmr6e9kfif10pN98TPeJSkhkV0sqibCmxiPAoOd7hi1IiBJUAVt7di2gcF1Nh4izYEd/rlWdKsVlxSca9I+byWx1FAu2gPHSAXHaNzdInqqIEoekBP6BW9OY/Oi/PhfE5a55x8Zgf9gfP1DXfgpBc=</latexit><latexit sha1_base64="Cclhp0seb2KO9dFvOp4DVI8v6hQ=">AAACK3icbVBNSwMxEM36WetX1aOXYBEEoWTrQUEEqRePFWwVuttlNk3bYLK7JFmhLP0/XvwrHvTgB179H6btCtr6YODx3gwz88JEcG0IeXfm5hcWl5YLK8XVtfWNzdLWdlPHqaKsQWMRq9sQNBM8Yg3DjWC3iWIgQ8FuwruLkX9zz5TmcXRtBgnzJfQi3uUUjJWCUu0MY0+nMsj4mTtsZ0dD7PVASgg49k6x1weD6wFvVzE+/HHIL4e0q0GpTCpkDDxL3JyUUY56UHr2OjFNJYsMFaB1yyWJ8TNQhlPBhkUv1SwBegc91rI0Asm0n41/HeJ9q3RwN1a2IoPH6u+JDKTWAxnaTgmmr6e9kfif10pN98TPeJSkhkV0sqibCmxiPAoOd7hi1IiBJUAVt7di2gcF1Nh4izYEd/rlWdKsVlxSca9I+byWx1FAu2gPHSAXHaNzdInqqIEoekBP6BW9OY/Oi/PhfE5a55x8Zgf9gfP1DXfgpBc=</latexit><latexit sha1_base64="Cclhp0seb2KO9dFvOp4DVI8v6hQ=">AAACK3icbVBNSwMxEM36WetX1aOXYBEEoWTrQUEEqRePFWwVuttlNk3bYLK7JFmhLP0/XvwrHvTgB179H6btCtr6YODx3gwz88JEcG0IeXfm5hcWl5YLK8XVtfWNzdLWdlPHqaKsQWMRq9sQNBM8Yg3DjWC3iWIgQ8FuwruLkX9zz5TmcXRtBgnzJfQi3uUUjJWCUu0MY0+nMsj4mTtsZ0dD7PVASgg49k6x1weD6wFvVzE+/HHIL4e0q0GpTCpkDDxL3JyUUY56UHr2OjFNJYsMFaB1yyWJ8TNQhlPBhkUv1SwBegc91rI0Asm0n41/HeJ9q3RwN1a2IoPH6u+JDKTWAxnaTgmmr6e9kfif10pN98TPeJSkhkV0sqibCmxiPAoOd7hi1IiBJUAVt7di2gcF1Nh4izYEd/rlWdKsVlxSca9I+byWx1FAu2gPHSAXHaNzdInqqIEoekBP6BW9OY/Oi/PhfE5a55x8Zgf9gfP1DXfgpBc=</latexit>

principe de correspondance



PHYS-F305 - L. Favart - Chapitre III

L’équation de Dirac

13

Les deux premières composantes du spineur de Dirac représentent les deux états d'hélicité

spineur de Dirac 

(i~�µ@µ �mc) = 0 où @µ =
@

@xµ
<latexit sha1_base64="oCvZqDNdH82RF74BAmtDZON8Vd0="></latexit><latexit sha1_base64="oCvZqDNdH82RF74BAmtDZON8Vd0="></latexit><latexit sha1_base64="oCvZqDNdH82RF74BAmtDZON8Vd0="></latexit><latexit sha1_base64="oCvZqDNdH82RF74BAmtDZON8Vd0="></latexit>

�µ
<latexit sha1_base64="lfn6Nhr5RLUee0kc69bNcrielMA=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSRe9Fj04rGC/cAmlsl20y7d3YTdjVBC/4UXD4p49d9489+4bXPQ1gcDj/dmmJkXpZxp43nfTmltfWNzq7xd2dnd2z+oHh61dZIpQlsk4YnqRqgpZ5K2DDOcdlNFUUScdqLxzczvPFGlWSLvzSSlocChZDEjaKz0EAxRCHwMRNav1ry6N4e7SvyC1KBAs1/9CgYJyQSVhnDUuud7qQlzVIYRTqeVINM0RTLGIe1ZKlFQHebzi6fumVUGbpwoW9K4c/X3RI5C64mIbKdAM9LL3kz8z+tlJr4KcybTzFBJFovijLsmcWfvuwOmKDF8YgkSxeytLhmhQmJsSBUbgr/88ippX9R9r+7febXGdRFHGU7gFM7Bh0towC00oQUEJDzDK7w52nlx3p2PRWvJKWaO4Q+czx+Vx5DV</latexit><latexit sha1_base64="lfn6Nhr5RLUee0kc69bNcrielMA=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSRe9Fj04rGC/cAmlsl20y7d3YTdjVBC/4UXD4p49d9489+4bXPQ1gcDj/dmmJkXpZxp43nfTmltfWNzq7xd2dnd2z+oHh61dZIpQlsk4YnqRqgpZ5K2DDOcdlNFUUScdqLxzczvPFGlWSLvzSSlocChZDEjaKz0EAxRCHwMRNav1ry6N4e7SvyC1KBAs1/9CgYJyQSVhnDUuud7qQlzVIYRTqeVINM0RTLGIe1ZKlFQHebzi6fumVUGbpwoW9K4c/X3RI5C64mIbKdAM9LL3kz8z+tlJr4KcybTzFBJFovijLsmcWfvuwOmKDF8YgkSxeytLhmhQmJsSBUbgr/88ippX9R9r+7febXGdRFHGU7gFM7Bh0towC00oQUEJDzDK7w52nlx3p2PRWvJKWaO4Q+czx+Vx5DV</latexit><latexit sha1_base64="lfn6Nhr5RLUee0kc69bNcrielMA=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSRe9Fj04rGC/cAmlsl20y7d3YTdjVBC/4UXD4p49d9489+4bXPQ1gcDj/dmmJkXpZxp43nfTmltfWNzq7xd2dnd2z+oHh61dZIpQlsk4YnqRqgpZ5K2DDOcdlNFUUScdqLxzczvPFGlWSLvzSSlocChZDEjaKz0EAxRCHwMRNav1ry6N4e7SvyC1KBAs1/9CgYJyQSVhnDUuud7qQlzVIYRTqeVINM0RTLGIe1ZKlFQHebzi6fumVUGbpwoW9K4c/X3RI5C64mIbKdAM9LL3kz8z+tlJr4KcybTzFBJFovijLsmcWfvuwOmKDF8YgkSxeytLhmhQmJsSBUbgr/88ippX9R9r+7febXGdRFHGU7gFM7Bh0towC00oQUEJDzDK7w52nlx3p2PRWvJKWaO4Q+czx+Vx5DV</latexit><latexit sha1_base64="lfn6Nhr5RLUee0kc69bNcrielMA=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSRe9Fj04rGC/cAmlsl20y7d3YTdjVBC/4UXD4p49d9489+4bXPQ1gcDj/dmmJkXpZxp43nfTmltfWNzq7xd2dnd2z+oHh61dZIpQlsk4YnqRqgpZ5K2DDOcdlNFUUScdqLxzczvPFGlWSLvzSSlocChZDEjaKz0EAxRCHwMRNav1ry6N4e7SvyC1KBAs1/9CgYJyQSVhnDUuud7qQlzVIYRTqeVINM0RTLGIe1ZKlFQHebzi6fumVUGbpwoW9K4c/X3RI5C64mIbKdAM9LL3kz8z+tlJr4KcybTzFBJFovijLsmcWfvuwOmKDF8YgkSxeytLhmhQmJsSBUbgr/88ippX9R9r+7febXGdRFHGU7gFM7Bh0towC00oQUEJDzDK7w52nlx3p2PRWvJKWaO4Q+czx+Vx5DV</latexit>

matrices (4x4) de Dirac 

hélicité =
~S · ~p
|~p| = ±1

2
~

<latexit sha1_base64="BXzEZMxNqYKpFByl0PXcFseqyEc="></latexit><latexit sha1_base64="BXzEZMxNqYKpFByl0PXcFseqyEc="></latexit><latexit sha1_base64="BXzEZMxNqYKpFByl0PXcFseqyEc="></latexit><latexit sha1_base64="BXzEZMxNqYKpFByl0PXcFseqyEc="></latexit>

1h =+ hélicité positive
2
1h = - hélicité négative
2

p

p

Les deux autres composantes correspondent à des solutions d'énergie négative

1940, Stuckelberg et indépendamment Feynman interprètent ces deux états d’énergie 
négative comme deux états d’énergie positive identiques mais remontant le temps

 ⇠ ei(~p·~x�Et)/~
<latexit sha1_base64="2ulGdxmZ2mjlQDgavum0+Be/6O8=">AAACGXicbVDLTgJBEJzFF+IL9ehlIjHBg7jrRY9EY+IRE3kkLJLZoYEJs4/M9BLJht/w4q948aAxHvXk3zgsHBSspJOaqu5Md3mRFBpt+9vKLC2vrK5l13Mbm1vbO/ndvZoOY8WhykMZqobHNEgRQBUFSmhECpjvSah7g6uJXx+C0iIM7nAUQctnvUB0BWdopHbediMtqKuFT+E+EUV3CJxG1OWdEGn6eKAn9Jri8anb95gat/MFu2SnoIvEmZECmaHSzn+6nZDHPgTIJdO66dgRthKmUHAJ45wba4gYH7AeNA0NmA+6laSXjemRUTq0GypTAdJU/T2RMF/rke+ZTp9hX897E/E/rxlj96KViCCKEQI+/agbS4ohncREO0IBRzkyhHElzK6U95liHE2YOROCM3/yIqmdlRy75NzahfLlLI4sOSCHpEgcck7K5IZUSJVw8kieySt5s56sF+vd+pi2ZqzZzD75A+vrB1synpk=</latexit><latexit sha1_base64="2ulGdxmZ2mjlQDgavum0+Be/6O8=">AAACGXicbVDLTgJBEJzFF+IL9ehlIjHBg7jrRY9EY+IRE3kkLJLZoYEJs4/M9BLJht/w4q948aAxHvXk3zgsHBSspJOaqu5Md3mRFBpt+9vKLC2vrK5l13Mbm1vbO/ndvZoOY8WhykMZqobHNEgRQBUFSmhECpjvSah7g6uJXx+C0iIM7nAUQctnvUB0BWdopHbediMtqKuFT+E+EUV3CJxG1OWdEGn6eKAn9Jri8anb95gat/MFu2SnoIvEmZECmaHSzn+6nZDHPgTIJdO66dgRthKmUHAJ45wba4gYH7AeNA0NmA+6laSXjemRUTq0GypTAdJU/T2RMF/rke+ZTp9hX897E/E/rxlj96KViCCKEQI+/agbS4ohncREO0IBRzkyhHElzK6U95liHE2YOROCM3/yIqmdlRy75NzahfLlLI4sOSCHpEgcck7K5IZUSJVw8kieySt5s56sF+vd+pi2ZqzZzD75A+vrB1synpk=</latexit><latexit sha1_base64="2ulGdxmZ2mjlQDgavum0+Be/6O8=">AAACGXicbVDLTgJBEJzFF+IL9ehlIjHBg7jrRY9EY+IRE3kkLJLZoYEJs4/M9BLJht/w4q948aAxHvXk3zgsHBSspJOaqu5Md3mRFBpt+9vKLC2vrK5l13Mbm1vbO/ndvZoOY8WhykMZqobHNEgRQBUFSmhECpjvSah7g6uJXx+C0iIM7nAUQctnvUB0BWdopHbediMtqKuFT+E+EUV3CJxG1OWdEGn6eKAn9Jri8anb95gat/MFu2SnoIvEmZECmaHSzn+6nZDHPgTIJdO66dgRthKmUHAJ45wba4gYH7AeNA0NmA+6laSXjemRUTq0GypTAdJU/T2RMF/rke+ZTp9hX897E/E/rxlj96KViCCKEQI+/agbS4ohncREO0IBRzkyhHElzK6U95liHE2YOROCM3/yIqmdlRy75NzahfLlLI4sOSCHpEgcck7K5IZUSJVw8kieySt5s56sF+vd+pi2ZqzZzD75A+vrB1synpk=</latexit><latexit sha1_base64="2ulGdxmZ2mjlQDgavum0+Be/6O8=">AAACGXicbVDLTgJBEJzFF+IL9ehlIjHBg7jrRY9EY+IRE3kkLJLZoYEJs4/M9BLJht/w4q948aAxHvXk3zgsHBSspJOaqu5Md3mRFBpt+9vKLC2vrK5l13Mbm1vbO/ndvZoOY8WhykMZqobHNEgRQBUFSmhECpjvSah7g6uJXx+C0iIM7nAUQctnvUB0BWdopHbediMtqKuFT+E+EUV3CJxG1OWdEGn6eKAn9Jri8anb95gat/MFu2SnoIvEmZECmaHSzn+6nZDHPgTIJdO66dgRthKmUHAJ45wba4gYH7AeNA0NmA+6laSXjemRUTq0GypTAdJU/T2RMF/rke+ZTp9hX897E/E/rxlj96KViCCKEQI+/agbS4ohncREO0IBRzkyhHElzK6U95liHE2YOROCM3/yIqmdlRy75NzahfLlLI4sOSCHpEgcck7K5IZUSJVw8kieySt5s56sF+vd+pi2ZqzZzD75A+vrB1synpk=</latexit>

⇒ anti-particules  
(même masse, spin, mais charge et B opposés)
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chambre à brouillard (avec B) 
exposée au rayonnement cosmique

Pb

particule de charge +, non compatible avec in 
p (elle traverse une épaisseur de 6 mm de Pb)

⇒ anti-électron ou positon (car de charge 
positive - en anglais : positron)

e-

• 1955 : découverte du p

• 1932 Anderson

• 1956 : découverte du n

-

-



PHYS-F305 - L. Favart - Chapitre III

Anomalie dans les interactions faibles

15

L’hypothèse de Pauli -1930

! hypothèse du neutrino : ν

� : A
ZX !A

Z+1 Y + e�
<latexit sha1_base64="CYrjH/Jji3HZMXPLLljb2FiXb24=">AAACEnicbVDLTgIxFO3gC/GFunTTSEw0RDLjRqMb1I1LTOQhzDDplAs0dB5pOyZkwje48VfcuNAYt67c+Td2gIWCJ21ycs69ac/xIs6kMs1vI7OwuLS8kl3Nra1vbG7lt3dqMowFhSoNeSgaHpHAWQBVxRSHRiSA+B6Huje4Tv36AwjJwuBODSNwfNILWJdRorTk5o9sDxTB59i+SE/70m3iBrZVmNKkWbRG+B4XMbSP3XzBLJlj4HliTUkBTVFx8192J6SxD4GinEjZssxIOQkRilEOo5wdS4gIHZAetDQNiA/SScaRRvhAKx3cDYW+gcJj9fdGQnwph76nJ32i+nLWS8X/vFasumdOwoIoVhDQyUPdmGOdOO0Hd5gAqvhQE0IF03/FtE8EoUq3mNMlWLOR50ntpGSZJevWLJSvpnVk0R7aR4fIQqeojG5QBVURRY/oGb2iN+PJeDHejY/JaMaY7uyiPzA+fwAaQJnw</latexit><latexit sha1_base64="CYrjH/Jji3HZMXPLLljb2FiXb24=">AAACEnicbVDLTgIxFO3gC/GFunTTSEw0RDLjRqMb1I1LTOQhzDDplAs0dB5pOyZkwje48VfcuNAYt67c+Td2gIWCJ21ycs69ac/xIs6kMs1vI7OwuLS8kl3Nra1vbG7lt3dqMowFhSoNeSgaHpHAWQBVxRSHRiSA+B6Huje4Tv36AwjJwuBODSNwfNILWJdRorTk5o9sDxTB59i+SE/70m3iBrZVmNKkWbRG+B4XMbSP3XzBLJlj4HliTUkBTVFx8192J6SxD4GinEjZssxIOQkRilEOo5wdS4gIHZAetDQNiA/SScaRRvhAKx3cDYW+gcJj9fdGQnwph76nJ32i+nLWS8X/vFasumdOwoIoVhDQyUPdmGOdOO0Hd5gAqvhQE0IF03/FtE8EoUq3mNMlWLOR50ntpGSZJevWLJSvpnVk0R7aR4fIQqeojG5QBVURRY/oGb2iN+PJeDHejY/JaMaY7uyiPzA+fwAaQJnw</latexit><latexit sha1_base64="CYrjH/Jji3HZMXPLLljb2FiXb24=">AAACEnicbVDLTgIxFO3gC/GFunTTSEw0RDLjRqMb1I1LTOQhzDDplAs0dB5pOyZkwje48VfcuNAYt67c+Td2gIWCJ21ycs69ac/xIs6kMs1vI7OwuLS8kl3Nra1vbG7lt3dqMowFhSoNeSgaHpHAWQBVxRSHRiSA+B6Huje4Tv36AwjJwuBODSNwfNILWJdRorTk5o9sDxTB59i+SE/70m3iBrZVmNKkWbRG+B4XMbSP3XzBLJlj4HliTUkBTVFx8192J6SxD4GinEjZssxIOQkRilEOo5wdS4gIHZAetDQNiA/SScaRRvhAKx3cDYW+gcJj9fdGQnwph76nJ32i+nLWS8X/vFasumdOwoIoVhDQyUPdmGOdOO0Hd5gAqvhQE0IF03/FtE8EoUq3mNMlWLOR50ntpGSZJevWLJSvpnVk0R7aR4fIQqeojG5QBVURRY/oGb2iN+PJeDHejY/JaMaY7uyiPzA+fwAaQJnw</latexit><latexit sha1_base64="CYrjH/Jji3HZMXPLLljb2FiXb24=">AAACEnicbVDLTgIxFO3gC/GFunTTSEw0RDLjRqMb1I1LTOQhzDDplAs0dB5pOyZkwje48VfcuNAYt67c+Td2gIWCJ21ycs69ac/xIs6kMs1vI7OwuLS8kl3Nra1vbG7lt3dqMowFhSoNeSgaHpHAWQBVxRSHRiSA+B6Huje4Tv36AwjJwuBODSNwfNILWJdRorTk5o9sDxTB59i+SE/70m3iBrZVmNKkWbRG+B4XMbSP3XzBLJlj4HliTUkBTVFx8192J6SxD4GinEjZssxIOQkRilEOo5wdS4gIHZAetDQNiA/SScaRRvhAKx3cDYW+gcJj9fdGQnwph76nJ32i+nLWS8X/vFasumdOwoIoVhDQyUPdmGOdOO0Hd5gAqvhQE0IF03/FtE8EoUq3mNMlWLOR50ntpGSZJevWLJSvpnVk0R7aR4fIQqeojG5QBVURRY/oGb2iN+PJeDHejY/JaMaY7uyiPzA+fwAaQJnw</latexit>

Théorie de Fermi -1934

énergie  
attendue

6
He !6

Li+ e
� + ⌫̄

<latexit sha1_base64="gA8Y9ZzqZ3orioH2VQW2snWLmew="></latexit>

chambre à brouillard (1957)

14C !14 N + e�(+⌫̄)

<latexit sha1_base64="b1EnbMnzcjA3Q5jvqbklTXhlgWI=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1WoFEsiFV0Wu3ElFewDmrRMppN26GQSZiZCCf0BN/6KGxeKuHXvzr9xmmah1QMDh3Pu5c45XsSoVJb1ZeSWlldW1/LrhY3Nre0dc3evJcNYYNLEIQtFx0OSMMpJU1HFSCcSBAUeI21vXJ/57XsiJA35nZpExA3QkFOfYqS01DePeoldndaho0KY0htYhqR3Cktl6HhIQIfHJ32zaFWsFPAvsTNSBBkaffPTGYQ4DghXmCEpu7YVKTdBQlHMyLTgxJJECI/RkHQ15Sgg0k3SNFN4rJUB9EOhH1cwVX9uJCiQchJ4ejJAaiQXvZn4n9eNlX/pJpRHsSIczw/5MYM6+qwaOKCCYMUmmiAsqP4rxCMkEFa6wIIuwV6M/Je0zip2tXJ+Wy3WrrI68uAAHIISsMEFqIFr0ABNgMEDeAIv4NV4NJ6NN+N9Ppozsp198AvGxzd4opio</latexit>

EX = EY + Ee

~PX = ~PY + ~Pe

<latexit sha1_base64="o5MoXNK99rHkr1Y6+qfolR3FpiI=">AAACGHicbZDLSsNAFIYnXmu9VV26GSyCINREKropFKXgsoJtI00Jk+lJO3RyYWZSKKWP4cZXceNCEbfd+TZO2iy09cDAx/+fw5nzezFnUpnmt7Gyura+sZnbym/v7O7tFw4OmzJKBIUGjXgkbI9I4CyEhmKKgx0LIIHHoeUN7lK/NQQhWRQ+qlEMnYD0QuYzSpSW3MJFzbUrNfcJn+OaC9hx8s4QKK67Nq7gDFMzQ3ALRbNkzgovg5VBEWVVdwtTpxvRJIBQUU6kbFtmrDpjIhSjHCZ5J5EQEzogPWhrDEkAsjOeHTbBp1rpYj8S+oUKz9TfE2MSSDkKPN0ZENWXi14q/ue1E+XfdMYsjBMFIZ0v8hOOVYTTlHCXCaCKjzQQKpj+K6Z9IghVOsu8DsFaPHkZmpclq1y6eigXq7dZHDl0jE7QGbLQNaqie1RHDUTRM3pF7+jDeDHejE/ja966YmQzR+hPGdMfbaicTg==</latexit>

dans ref. repos de X : ~PY = �~Pe

<latexit sha1_base64="IfLjx9pe0/sU5apivei0pDa7XWM=">AAAB/3icbVDLSsNAFJ3UV42vqODGzWAR3FgSqehGKLpxWcE+pA1hMr1ph04ezEwKJXbhr7hxoYhbf8Odf+O0zUJbD1w4c869zL3HTziTyra/jcLS8srqWnHd3Njc2t6xdvcaMk4FhTqNeSxaPpHAWQR1xRSHViKAhD6Hpj+4mfjNIQjJ4uhejRJwQ9KLWMAoUVryrAOzMwSKa94DvsKnOH+AZ5Xssj0FXiROTkooR82zvjrdmKYhRIpyImXbsRPlZkQoRjmMzU4qISF0QHrQ1jQiIUg3m+4/xsda6eIgFroihafq74mMhFKOQl93hkT15bw3Ef/z2qkKLt2MRUmqIKKzj4KUYxXjSRi4ywRQxUeaECqY3hXTPhGEKh2ZqUNw5k9eJI2zslMpn99VStXrPI4iOkRH6AQ56AJV0S2qoTqi6BE9o1f0ZjwZL8a78TFrLRj5zD76A+PzB6Uik/M=</latexit>

choix axes : P z
Y = �P z

e = P

<latexit sha1_base64="L/ubv0gwlH4ADeM509B8JwCkjh0=">AAAB/XicbVDLSsNAFL2prxpf9bFzM1gEN5ZEKroRim5cRrAPaWOYTCft0MmDmYnQluKvuHGhiFv/w51/4zRmoa0HBg7nnMu9c/yEM6ks68soLCwuLa8UV8219Y3NrdL2TkPGqSC0TmIei5aPJeUsonXFFKetRFAc+pw2/cHV1G8+UCFZHN2qYULdEPciFjCClZa80p7peHf3I3SBjpHj0Yw5XqlsVawMaJ7YOSlDDp3/7HRjkoY0UoRjKdu2lSh3jIVihNOJ2UklTTAZ4B5taxrhkEp3nF0/QYda6aIgFvpFCmXq74kxDqUchr5Ohlj15aw3Ff/z2qkKzt0xi5JU0Yj8LApSjlSMplWgLhOUKD7UBBPB9K2I9LHAROnCTF2CPfvledI4qdjVyulNtVy7zOsowj4cwBHYcAY1uAYH6kBgBE/wAq/Go/FsvBnvP9GCkc/swh8YH9/WtJLo</latexit>

! MX =
q

M2
Y + P 2 +

p
M2

e + P 2

<latexit sha1_base64="EfpV+cgQtK7/7HDbR+I7r6I6INU=">AAACFnicbZDLSsNAFIYnXmu9RV26GSyCUCxJqehGKLpxU6hgL9KkYTKdtkMnkzgzEUroU7jxVdy4UMStuPNtnLZBtPWHgZ/vnMOZ8/sRo1JZ1pexsLi0vLKaWcuub2xubZs7u3UZxgKTGg5ZKJo+koRRTmqKKkaakSAo8Blp+IPLcb1xT4SkIb9Rw4i4Aepx2qUYKY0889hRIax4TXgOHXknVFLxbtvFfLVdHMH8DyIp8sycVbAmgvPGTk0OpKp65qfTCXEcEK4wQ1K2bCtSboKEopiRUdaJJYkQHqAeaWnLUUCkm0zOGsFDTTqwGwr9uIIT+nsiQYGUw8DXnQFSfTlbG8P/aq1Ydc/chPIoVoTj6aJuzKCOYpwR7FBBsGJDbRAWVP8V4j4SCCudZFaHYM+ePG/qxYJdKpxcl3LlizSODNgHB+AI2OAUlMEVqIIawOABPIEX8Go8Gs/Gm/E+bV0w0pk98EfGxzfLfJ1I</latexit>

→ P est fixé

si deux corps 
dans l’état final
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1ère observation d’une interaction de ν
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Cowan et Reines - 1953

1013 ⌫/cm2/s
<latexit sha1_base64="/7kvzZHZilVfEncUS41dH0bTqZQ=">AAAB/nicbVDLSgMxFM34rPU1Kq7cBIvgqp3UhYKbohuXFewDOtOSSTNtaJIZkoxQhoK/4saFIm79Dnf+jWk7C209cOFwzr3ce0+YcKaN5307K6tr6xubha3i9s7u3r57cNjUcaoIbZCYx6odYk05k7RhmOG0nSiKRchpKxzdTv3WI1WaxfLBjBMaCDyQLGIEGyv13GPkdTN0MYH+NfRlWiGiW63onlvyyt4McJmgnJRAjnrP/fL7MUkFlYZwrHUHeYkJMqwMI5xOin6qaYLJCA9ox1KJBdVBNjt/As+s0odRrGxJA2fq74kMC63HIrSdApuhXvSm4n9eJzXRVZAxmaSGSjJfFKUcmhhOs4B9pigxfGwJJorZWyEZYoWJsYkVbQho8eVl0qyWkVdG916pdpPHUQAn4BScAwQuQQ3cgTpoAAIy8AxewZvz5Lw4787HvHXFyWeOwB84nz91L5Pb</latexit><latexit sha1_base64="/7kvzZHZilVfEncUS41dH0bTqZQ=">AAAB/nicbVDLSgMxFM34rPU1Kq7cBIvgqp3UhYKbohuXFewDOtOSSTNtaJIZkoxQhoK/4saFIm79Dnf+jWk7C209cOFwzr3ce0+YcKaN5307K6tr6xubha3i9s7u3r57cNjUcaoIbZCYx6odYk05k7RhmOG0nSiKRchpKxzdTv3WI1WaxfLBjBMaCDyQLGIEGyv13GPkdTN0MYH+NfRlWiGiW63onlvyyt4McJmgnJRAjnrP/fL7MUkFlYZwrHUHeYkJMqwMI5xOin6qaYLJCA9ox1KJBdVBNjt/As+s0odRrGxJA2fq74kMC63HIrSdApuhXvSm4n9eJzXRVZAxmaSGSjJfFKUcmhhOs4B9pigxfGwJJorZWyEZYoWJsYkVbQho8eVl0qyWkVdG916pdpPHUQAn4BScAwQuQQ3cgTpoAAIy8AxewZvz5Lw4787HvHXFyWeOwB84nz91L5Pb</latexit><latexit sha1_base64="/7kvzZHZilVfEncUS41dH0bTqZQ=">AAAB/nicbVDLSgMxFM34rPU1Kq7cBIvgqp3UhYKbohuXFewDOtOSSTNtaJIZkoxQhoK/4saFIm79Dnf+jWk7C209cOFwzr3ce0+YcKaN5307K6tr6xubha3i9s7u3r57cNjUcaoIbZCYx6odYk05k7RhmOG0nSiKRchpKxzdTv3WI1WaxfLBjBMaCDyQLGIEGyv13GPkdTN0MYH+NfRlWiGiW63onlvyyt4McJmgnJRAjnrP/fL7MUkFlYZwrHUHeYkJMqwMI5xOin6qaYLJCA9ox1KJBdVBNjt/As+s0odRrGxJA2fq74kMC63HIrSdApuhXvSm4n9eJzXRVZAxmaSGSjJfFKUcmhhOs4B9pigxfGwJJorZWyEZYoWJsYkVbQho8eVl0qyWkVdG916pdpPHUQAn4BScAwQuQQ3cgTpoAAIy8AxewZvz5Lw4787HvHXFyWeOwB84nz91L5Pb</latexit><latexit sha1_base64="/7kvzZHZilVfEncUS41dH0bTqZQ=">AAAB/nicbVDLSgMxFM34rPU1Kq7cBIvgqp3UhYKbohuXFewDOtOSSTNtaJIZkoxQhoK/4saFIm79Dnf+jWk7C209cOFwzr3ce0+YcKaN5307K6tr6xubha3i9s7u3r57cNjUcaoIbZCYx6odYk05k7RhmOG0nSiKRchpKxzdTv3WI1WaxfLBjBMaCDyQLGIEGyv13GPkdTN0MYH+NfRlWiGiW63onlvyyt4McJmgnJRAjnrP/fL7MUkFlYZwrHUHeYkJMqwMI5xOin6qaYLJCA9ox1KJBdVBNjt/As+s0odRrGxJA2fq74kMC63HIrSdApuhXvSm4n9eJzXRVZAxmaSGSjJfFKUcmhhOs4B9pigxfGwJJorZWyEZYoWJsYkVbQho8eVl0qyWkVdG916pdpPHUQAn4BScAwQuQQ3cgTpoAAIy8AxewZvz5Lw4787HvHXFyWeOwB84nz91L5Pb</latexit>

Placé à 11cm du coeur du réacteur  
de Savannah River à Los Alamos  
flux :

liquide scintillant

cible
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1ère observation d’une interaction de ν en 
chambre à bulles (1970)
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ν

⌫µ + p ! µ+ + p+ ⇡�
<latexit sha1_base64="UIKSsTONZaCDUscAZeptzYVawpw=">AAACF3icbVDLSsNAFJ34rPUVdelmsAhCMSRudFl047KCfUCThsl00g6dTMLMRCghf+HGX3HjQhG3uvNvnKRZaOuFgXPPuYc79wQJo1LZ9rexsrq2vrFZ26pv7+zu7ZsHh10ZpwKTDo5ZLPoBkoRRTjqKKkb6iSAoChjpBdObQu89ECFpzO/VLCFehMachhQjpSnftNxYy4U7c3nqZ26U5jlswgS6Koa6GzbLrgndhA7PfbNhW3ZZcBk4FWiAqtq++eWOYpxGhCvMkJQDx06UlyGhKGYkr7upJAnCUzQmAw05ioj0svKuHJ5qZgTDWOjHFSzZ344MRVLOokBPRkhN5KJWkP9pg1SFV15GeZIqwvF8UZgyqE8uQoIjKghWbKYBwoLqv0I8QQJhpaOs6xCcxZOXQffCcmzLubMbresqjho4BifgDDjgErTALWiDDsDgETyDV/BmPBkvxrvxMR9dMSrPEfhTxucPgNaeJg==</latexit><latexit sha1_base64="UIKSsTONZaCDUscAZeptzYVawpw=">AAACF3icbVDLSsNAFJ34rPUVdelmsAhCMSRudFl047KCfUCThsl00g6dTMLMRCghf+HGX3HjQhG3uvNvnKRZaOuFgXPPuYc79wQJo1LZ9rexsrq2vrFZ26pv7+zu7ZsHh10ZpwKTDo5ZLPoBkoRRTjqKKkb6iSAoChjpBdObQu89ECFpzO/VLCFehMachhQjpSnftNxYy4U7c3nqZ26U5jlswgS6Koa6GzbLrgndhA7PfbNhW3ZZcBk4FWiAqtq++eWOYpxGhCvMkJQDx06UlyGhKGYkr7upJAnCUzQmAw05ioj0svKuHJ5qZgTDWOjHFSzZ344MRVLOokBPRkhN5KJWkP9pg1SFV15GeZIqwvF8UZgyqE8uQoIjKghWbKYBwoLqv0I8QQJhpaOs6xCcxZOXQffCcmzLubMbresqjho4BifgDDjgErTALWiDDsDgETyDV/BmPBkvxrvxMR9dMSrPEfhTxucPgNaeJg==</latexit><latexit sha1_base64="UIKSsTONZaCDUscAZeptzYVawpw=">AAACF3icbVDLSsNAFJ34rPUVdelmsAhCMSRudFl047KCfUCThsl00g6dTMLMRCghf+HGX3HjQhG3uvNvnKRZaOuFgXPPuYc79wQJo1LZ9rexsrq2vrFZ26pv7+zu7ZsHh10ZpwKTDo5ZLPoBkoRRTjqKKkb6iSAoChjpBdObQu89ECFpzO/VLCFehMachhQjpSnftNxYy4U7c3nqZ26U5jlswgS6Koa6GzbLrgndhA7PfbNhW3ZZcBk4FWiAqtq++eWOYpxGhCvMkJQDx06UlyGhKGYkr7upJAnCUzQmAw05ioj0svKuHJ5qZgTDWOjHFSzZ344MRVLOokBPRkhN5KJWkP9pg1SFV15GeZIqwvF8UZgyqE8uQoIjKghWbKYBwoLqv0I8QQJhpaOs6xCcxZOXQffCcmzLubMbresqjho4BifgDDjgErTALWiDDsDgETyDV/BmPBkvxrvxMR9dMSrPEfhTxucPgNaeJg==</latexit><latexit sha1_base64="UIKSsTONZaCDUscAZeptzYVawpw=">AAACF3icbVDLSsNAFJ34rPUVdelmsAhCMSRudFl047KCfUCThsl00g6dTMLMRCghf+HGX3HjQhG3uvNvnKRZaOuFgXPPuYc79wQJo1LZ9rexsrq2vrFZ26pv7+zu7ZsHh10ZpwKTDo5ZLPoBkoRRTjqKKkb6iSAoChjpBdObQu89ECFpzO/VLCFehMachhQjpSnftNxYy4U7c3nqZ26U5jlswgS6Koa6GzbLrgndhA7PfbNhW3ZZcBk4FWiAqtq++eWOYpxGhCvMkJQDx06UlyGhKGYkr7upJAnCUzQmAw05ioj0svKuHJ5qZgTDWOjHFSzZ344MRVLOokBPRkhN5KJWkP9pg1SFV15GeZIqwvF8UZgyqE8uQoIjKghWbKYBwoLqv0I8QQJhpaOs6xCcxZOXQffCcmzLubMbresqjho4BifgDDjgErTALWiDDsDgETyDV/BmPBkvxrvxMR9dMSrPEfhTxucPgNaeJg==</latexit>
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Les antineutrinos et le nombre quantique 
leptonique
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Qu’est-ce qui différencie un neutrino d’un antineutrino? 

 1953 - Davis : 

⇒ nombre quantique leptonique

mais !
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Les nombres quantiques leptoniques

19

⇒ 3 nombres quantiques leptoniques

chacun des nombres quantiques leptoniques 
doit toujours être conservé
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Découverte des particules étranges
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K0 - Rochester et Butler - 1947

K0→π+ +π-m
K0
≈500MeV/c2

K+ - Brown - 1949

m
K+
≈m

K° K+→π+ +π+ +π-
chambre à brouillard

émulsion nucléaire

rayonnement cosmique

rayonnement cosmique
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Découverte des particules étranges

21

Λ0 – groupe d’Anderson - 1950

p 
π�

0 pΛ
0 -

m 1116 MeV/c² m

Λ p+π

≈ >

→

Observation de nouveaux baryons 

0 0

- 0 0

0 + - 0 0

0 - + -

Σ Λ

π +p +
K π + π + γ
Λ p+ π γ+A A +e +e
m 1193MeV/c² m

K→ Σ

→ Σ →Λ

→ →

≈ >

Σ0 - 1956
chambre à bulles

chambre à brouillard
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Les particules étranges
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- 0 0

- 0 0

- +

π +p K +
π +p K +
π +p K + −

→ Λ

→ Σ

→ Σ

- 0 0- 0- +π +p π +π +p K +nπ +p π + −→ Λ→→ Σ

- 0 0- 0- +π +p π +π +p K +nπ +p π + −→ Λ→→ Σ - 0 0

- 0

- +

π +p π +
π +p K +n
π +p π + −

→ Λ

→

→ Σ

observés non observés

Les particules étranges (baryons ou mésons) apparaissent 
toujours par paire →  

introduction du nombre quantique d’étrangeté : S
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Quelques  hadrons (et leptons)

23

m [MeV]/charge -1 0 +1 +2 S

Des baryons (B = +1)
940 n p 0
1115 Λ -1
1190 Σ− Σ0 Σ+ -1
1232 ∆− ∆0 ∆+ ∆++ 0
1300 Ξ− Ξ0 -2
1385 Σ∗− Σ∗0 Σ∗+ -1
1530 Ξ∗− Ξ∗0 -2

Des mésons (B = 0)
140 π− π0 π+ 0
495 K0 K+ +1
495 K− K0 -1
547 η 0

Des leptons (B = 0)
0.51 e− e+ 0
106 µ− µ+ 0
∼ 0 ν 0
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La voie octuple
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Gell-Mann, Ne’eman - 1961

Regroupement des particules de propriétés communes (spin, 
masses proches,…) suivant leur charge Q et leur étrangeté S.

8 baryons les plus légers 8 mésons les plus légers

Q=0 Q=+1

Q=-1 S=0

S=-1

S=-2

spin 1/2 spin 0

⇒ correspondent toutes à des représentations du groupe de symétrie SU(3)
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La voie octuple

25

Décuplet de baryons de spin 3/2

Note : 
Σ* = Σ(1385) 
Ξ* = Ξ(1530) 

 ↑ 
       masse (MeV/c²) 

S=0

S=-1

S=-2

S=-3

inconnu
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La découverte de l’Ω- (1964)
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Brookhaven

chambre à bulles
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Le modèle des quarks (1964)
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triplet de quarks

Zweig et Gell-Mann : pourquoi la représentation de base de SU(3) n’apparait-elle pas ?

modèle statique des quarks :
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Le modèle des quarks

28

Décuplet de baryons de spin 3/2

Octet de baryons de spin 1/2

~1380 MeV

~1230 MeV

~1530 MeV

~1670 MeV

On a  MΛ – Mn ~ 177 MeV 
 MΞ – MΛ ~ 203 MeV 

! ms ~ mu,d + 180 MeV 
≠ du cas du décuplet ! les forces entre q 
dépendent des spins ! 

Baryons (B = +1)
qqq charge S décuplet octet singulet
uuu 2 0 ∆++

uud 1 0 ∆+ p
ddu 0 0 ∆0 n

ddd -1 0 ∆−

uus 1 -1 Σ∗+ Σ+

uds 0 -1 Σ∗0 Σ0 Λ
dds -1 -1 Σ∗− Σ−

uss 0 -2 Ξ∗0 Ξ0

dss -1 -2 Ξ∗− Ξ−

sss -1 -3 Ω−
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Nonet de mésons de spin 0

( )0 1π = uu -dd2 ( )0 1π = uu -dd
2

spin 0 mésons (B = +0)
qq̄ charge S octet
uū 0 0 π0 et η
ud̄ 1 0 π+

dū -1 0 π−

dd̄ 0 0 π0 et η
us̄ 1 1 K+

ds̄ 0 1 K0

sū -1 -1 K−

sd̄ 0 -1 K0
ss̄ 0 0 η′
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1951: diffusion de pions sur protons par le groupe de Fermi à Chicago 
→  différentes résonances de masses et spin différents

( )0 1π = uu -dd2

Existe-t-il un seul état physique pour un ensemble donné de quarks ?

p(u " u " d #) �+(u " u " d ")
<latexit sha1_base64="30oEYI4IU4qZUro6vfpK4eiF9eQ=">AAACRHicdZDLSgMxFIYz9VbHW9Wlm2ARWoQy40bBTVEXLivYC8zUkknTNjSTGXKxlKEP58YHcOcTuHGhiFsxbUfUVk8I5+M/53CSP4gZlcpxHq3MwuLS8kp21V5b39jcym3v1GSkBSZVHLFINAIkCaOcVBVVjDRiQVAYMFIP+ufjev2WCEkjfq2GMWmGqMtph2KkjNTKeXFB+zpGQkQD+E1tvx0N+ISL0D+dHviVLghT6ObQ/mc0pWIrl3dKziTgPLgp5EEalVbuwazFOiRcYYak9FwnVs0ECUUxIyPb15LECPdRl3gGOQqJbCYTE0bwwCht2ImEuVzBifpzIkGhlMMwMJ0hUj05WxuLf9U8rTonzYTyWCvC8XRRRzOoIjh2FLapIFixoQGEBTVvhbiHBMLK+G4bE9zZL89D7ajkOiX3ysmXz1I7smAP7IMCcMExKINLUAFVgMEdeAIv4NW6t56tN+t92pqx0pld8Cusj09wA7EY</latexit><latexit sha1_base64="30oEYI4IU4qZUro6vfpK4eiF9eQ=">AAACRHicdZDLSgMxFIYz9VbHW9Wlm2ARWoQy40bBTVEXLivYC8zUkknTNjSTGXKxlKEP58YHcOcTuHGhiFsxbUfUVk8I5+M/53CSP4gZlcpxHq3MwuLS8kp21V5b39jcym3v1GSkBSZVHLFINAIkCaOcVBVVjDRiQVAYMFIP+ufjev2WCEkjfq2GMWmGqMtph2KkjNTKeXFB+zpGQkQD+E1tvx0N+ISL0D+dHviVLghT6ObQ/mc0pWIrl3dKziTgPLgp5EEalVbuwazFOiRcYYak9FwnVs0ECUUxIyPb15LECPdRl3gGOQqJbCYTE0bwwCht2ImEuVzBifpzIkGhlMMwMJ0hUj05WxuLf9U8rTonzYTyWCvC8XRRRzOoIjh2FLapIFixoQGEBTVvhbiHBMLK+G4bE9zZL89D7ajkOiX3ysmXz1I7smAP7IMCcMExKINLUAFVgMEdeAIv4NW6t56tN+t92pqx0pld8Cusj09wA7EY</latexit><latexit sha1_base64="30oEYI4IU4qZUro6vfpK4eiF9eQ=">AAACRHicdZDLSgMxFIYz9VbHW9Wlm2ARWoQy40bBTVEXLivYC8zUkknTNjSTGXKxlKEP58YHcOcTuHGhiFsxbUfUVk8I5+M/53CSP4gZlcpxHq3MwuLS8kp21V5b39jcym3v1GSkBSZVHLFINAIkCaOcVBVVjDRiQVAYMFIP+ufjev2WCEkjfq2GMWmGqMtph2KkjNTKeXFB+zpGQkQD+E1tvx0N+ISL0D+dHviVLghT6ObQ/mc0pWIrl3dKziTgPLgp5EEalVbuwazFOiRcYYak9FwnVs0ECUUxIyPb15LECPdRl3gGOQqJbCYTE0bwwCht2ImEuVzBifpzIkGhlMMwMJ0hUj05WxuLf9U8rTonzYTyWCvC8XRRRzOoIjh2FLapIFixoQGEBTVvhbiHBMLK+G4bE9zZL89D7ajkOiX3ysmXz1I7smAP7IMCcMExKINLUAFVgMEdeAIv4NW6t56tN+t92pqx0pld8Cusj09wA7EY</latexit><latexit sha1_base64="30oEYI4IU4qZUro6vfpK4eiF9eQ=">AAACRHicdZDLSgMxFIYz9VbHW9Wlm2ARWoQy40bBTVEXLivYC8zUkknTNjSTGXKxlKEP58YHcOcTuHGhiFsxbUfUVk8I5+M/53CSP4gZlcpxHq3MwuLS8kp21V5b39jcym3v1GSkBSZVHLFINAIkCaOcVBVVjDRiQVAYMFIP+ufjev2WCEkjfq2GMWmGqMtph2KkjNTKeXFB+zpGQkQD+E1tvx0N+ISL0D+dHviVLghT6ObQ/mc0pWIrl3dKziTgPLgp5EEalVbuwazFOiRcYYak9FwnVs0ECUUxIyPb15LECPdRl3gGOQqJbCYTE0bwwCht2ImEuVzBifpzIkGhlMMwMJ0hUj05WxuLf9U8rTonzYTyWCvC8XRRRzOoIjh2FLapIFixoQGEBTVvhbiHBMLK+G4bE9zZL89D7ajkOiX3ysmXz1I7smAP7IMCcMExKINLUAFVgMEdeAIv4NW6t56tN+t92pqx0pld8Cusj09wA7EY</latexit>

masse      938 MeV                  1232 MeV 
 spin           1/2                             3/2

exemple :

chargées

neutres
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( )0 1π = uu -dd2

Pour une particule stable au repos

en effet :

le temps de vie moyen

Pour une particule instable au repos
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dépendance en masse : transformée de Fourrier

en posant :

distribution dite de Breit-Wigner  
(ici non-relativiste)

le temps de vie n’est pas univoquement 
déterminé, donc la masse non plus !
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( )0 1π = uu -dd2

MZ =91.1875 ± 0.0021 GeV
ΓZ = 2.4952 ± 0.0023 GeV
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( )0 1π = uu -dd2

On reconstruit la masse invariante des particules de l’état final.  
par ex. 2 et 3 pions :

fond continu 
remplissant l’espace 

des phases 
cinématiquement 

possible
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S = 0  (p, h, w, r ...)
BOSONS =   MESONS + PHOTON g

(s = 0, 1, ...)       B = 0 S ¹ 0  (K, K* ...) = médiateur des forces 
él. magn.

S = 0  (p, n, D ...) chargés (e-, µ-)
FERMIONS =  BARYONS + LEPTONS
(s = 1/2, 3/2, ...)  B ¹ 0 S ¹ 0  (L, S, X D* ...) neutres (ne, nµ)

HadronsParti
cules
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Interaction Forte - entre hadrons 
- courte portée 
- conservation de S

Interaction E-M - entre particules chargées 
- portée infinie 
- conservation de S

Interaction faible - entre toutes les particules (sauf ) 
- courte portée 
- PAS de conservation de S

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
<latexit sha1_base64="4i/b9SV0RG1x5anM79wKW4JFfTY=">AAACHXicbVDLSgMxFM3UV62vUZdugkUQLGVGBN0IpSKIdNGirYVOKZn0tg3NPEgyhTL0R9z4K25cKOLCjfg3ptNZaOuBJCfn3EtyjxtyJpVlfRuZpeWV1bXsem5jc2t7x9zda8ggEhTqNOCBaLpEAmc+1BVTHJqhAOK5HB7c4dXUfxiBkCzw79U4hLZH+j7rMUqUljrm2XUBOyOguFrAtZTeXiZH5WR2vSvgcgFXOjDdYseLJh0zbxWtBHiR2CnJoxTVjvnpdAMaeeAryomULdsKVTsmQjHKYZJzIgkhoUPSh5amPvFAtuNkugk+0koX9wKhl69wov7uiIkn5dhzdaVH1EDOe1PxP68Vqd5FO2Z+GCnw6eyhXsSxCvA0KtxlAqjiY00IFUz/FdMBEYQqHWhOh2DPj7xIGqdF2yraNStfKqdxZNEBOkTHyEbnqIRuUBXVEUWP6Bm9ojfjyXgx3o2PWWnGSHv20R8YXz+Y353p</latexit><latexit sha1_base64="4i/b9SV0RG1x5anM79wKW4JFfTY=">AAACHXicbVDLSgMxFM3UV62vUZdugkUQLGVGBN0IpSKIdNGirYVOKZn0tg3NPEgyhTL0R9z4K25cKOLCjfg3ptNZaOuBJCfn3EtyjxtyJpVlfRuZpeWV1bXsem5jc2t7x9zda8ggEhTqNOCBaLpEAmc+1BVTHJqhAOK5HB7c4dXUfxiBkCzw79U4hLZH+j7rMUqUljrm2XUBOyOguFrAtZTeXiZH5WR2vSvgcgFXOjDdYseLJh0zbxWtBHiR2CnJoxTVjvnpdAMaeeAryomULdsKVTsmQjHKYZJzIgkhoUPSh5amPvFAtuNkugk+0koX9wKhl69wov7uiIkn5dhzdaVH1EDOe1PxP68Vqd5FO2Z+GCnw6eyhXsSxCvA0KtxlAqjiY00IFUz/FdMBEYQqHWhOh2DPj7xIGqdF2yraNStfKqdxZNEBOkTHyEbnqIRuUBXVEUWP6Bm9ojfjyXgx3o2PWWnGSHv20R8YXz+Y353p</latexit><latexit sha1_base64="4i/b9SV0RG1x5anM79wKW4JFfTY=">AAACHXicbVDLSgMxFM3UV62vUZdugkUQLGVGBN0IpSKIdNGirYVOKZn0tg3NPEgyhTL0R9z4K25cKOLCjfg3ptNZaOuBJCfn3EtyjxtyJpVlfRuZpeWV1bXsem5jc2t7x9zda8ggEhTqNOCBaLpEAmc+1BVTHJqhAOK5HB7c4dXUfxiBkCzw79U4hLZH+j7rMUqUljrm2XUBOyOguFrAtZTeXiZH5WR2vSvgcgFXOjDdYseLJh0zbxWtBHiR2CnJoxTVjvnpdAMaeeAryomULdsKVTsmQjHKYZJzIgkhoUPSh5amPvFAtuNkugk+0koX9wKhl69wov7uiIkn5dhzdaVH1EDOe1PxP68Vqd5FO2Z+GCnw6eyhXsSxCvA0KtxlAqjiY00IFUz/FdMBEYQqHWhOh2DPj7xIGqdF2yraNStfKqdxZNEBOkTHyEbnqIRuUBXVEUWP6Bm9ojfjyXgx3o2PWWnGSHv20R8YXz+Y353p</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="rWxjhmkduE+A6m7xyLEqPdUhwy0=">AAACEnicbZDLSgMxFIbP1FutVatbN8EiCJYyI4JuBFEEkS5atBdoS8mkp21o5kKSKZShL+LGV3HjQhEX7nwb02kX2nogyZf/T0jO74aCK23b31ZqZXVtfSO9mdnKbu/s5vayNRVEkmGVBSKQDZcqFNzHquZaYCOUSD1XYN0d3kz9+gil4oH/qMchtj3a93mPM6qN1Mmd3RZIa4SMlAukMsf7y2Qpncy2DwVyXSClDk6nuOVFk04ubxftpMgyOHPIw7zKndxXqxuwyENfM0GVajp2qNsxlZozgZNMK1IYUjakfWwa9KmHqh0n3U3IkVG6pBdIM3xNEvX3jZh6So0915z0qB6oRW8q/uc1I927aMfcDyONPps91IsE0QGZRkW6XCLTYmyAMsnNXwkbUEmZNoFmTAjOYsvLUDstOnbRqdiQhgM4hGNw4Byu4A7KUAUGT/ACb/BuPVuv1scsrpQ1z20f/pT1+QPUlZxl</latexit><latexit sha1_base64="rWxjhmkduE+A6m7xyLEqPdUhwy0=">AAACEnicbZDLSgMxFIbP1FutVatbN8EiCJYyI4JuBFEEkS5atBdoS8mkp21o5kKSKZShL+LGV3HjQhEX7nwb02kX2nogyZf/T0jO74aCK23b31ZqZXVtfSO9mdnKbu/s5vayNRVEkmGVBSKQDZcqFNzHquZaYCOUSD1XYN0d3kz9+gil4oH/qMchtj3a93mPM6qN1Mmd3RZIa4SMlAukMsf7y2Qpncy2DwVyXSClDk6nuOVFk04ubxftpMgyOHPIw7zKndxXqxuwyENfM0GVajp2qNsxlZozgZNMK1IYUjakfWwa9KmHqh0n3U3IkVG6pBdIM3xNEvX3jZh6So0915z0qB6oRW8q/uc1I927aMfcDyONPps91IsE0QGZRkW6XCLTYmyAMsnNXwkbUEmZNoFmTAjOYsvLUDstOnbRqdiQhgM4hGNw4Byu4A7KUAUGT/ACb/BuPVuv1scsrpQ1z20f/pT1+QPUlZxl</latexit><latexit sha1_base64="4i/b9SV0RG1x5anM79wKW4JFfTY=">AAACHXicbVDLSgMxFM3UV62vUZdugkUQLGVGBN0IpSKIdNGirYVOKZn0tg3NPEgyhTL0R9z4K25cKOLCjfg3ptNZaOuBJCfn3EtyjxtyJpVlfRuZpeWV1bXsem5jc2t7x9zda8ggEhTqNOCBaLpEAmc+1BVTHJqhAOK5HB7c4dXUfxiBkCzw79U4hLZH+j7rMUqUljrm2XUBOyOguFrAtZTeXiZH5WR2vSvgcgFXOjDdYseLJh0zbxWtBHiR2CnJoxTVjvnpdAMaeeAryomULdsKVTsmQjHKYZJzIgkhoUPSh5amPvFAtuNkugk+0koX9wKhl69wov7uiIkn5dhzdaVH1EDOe1PxP68Vqd5FO2Z+GCnw6eyhXsSxCvA0KtxlAqjiY00IFUz/FdMBEYQqHWhOh2DPj7xIGqdF2yraNStfKqdxZNEBOkTHyEbnqIRuUBXVEUWP6Bm9ojfjyXgx3o2PWWnGSHv20R8YXz+Y353p</latexit><latexit sha1_base64="4i/b9SV0RG1x5anM79wKW4JFfTY=">AAACHXicbVDLSgMxFM3UV62vUZdugkUQLGVGBN0IpSKIdNGirYVOKZn0tg3NPEgyhTL0R9z4K25cKOLCjfg3ptNZaOuBJCfn3EtyjxtyJpVlfRuZpeWV1bXsem5jc2t7x9zda8ggEhTqNOCBaLpEAmc+1BVTHJqhAOK5HB7c4dXUfxiBkCzw79U4hLZH+j7rMUqUljrm2XUBOyOguFrAtZTeXiZH5WR2vSvgcgFXOjDdYseLJh0zbxWtBHiR2CnJoxTVjvnpdAMaeeAryomULdsKVTsmQjHKYZJzIgkhoUPSh5amPvFAtuNkugk+0koX9wKhl69wov7uiIkn5dhzdaVH1EDOe1PxP68Vqd5FO2Z+GCnw6eyhXsSxCvA0KtxlAqjiY00IFUz/FdMBEYQqHWhOh2DPj7xIGqdF2yraNStfKqdxZNEBOkTHyEbnqIRuUBXVEUWP6Bm9ojfjyXgx3o2PWWnGSHv20R8YXz+Y353p</latexit><latexit sha1_base64="4i/b9SV0RG1x5anM79wKW4JFfTY=">AAACHXicbVDLSgMxFM3UV62vUZdugkUQLGVGBN0IpSKIdNGirYVOKZn0tg3NPEgyhTL0R9z4K25cKOLCjfg3ptNZaOuBJCfn3EtyjxtyJpVlfRuZpeWV1bXsem5jc2t7x9zda8ggEhTqNOCBaLpEAmc+1BVTHJqhAOK5HB7c4dXUfxiBkCzw79U4hLZH+j7rMUqUljrm2XUBOyOguFrAtZTeXiZH5WR2vSvgcgFXOjDdYseLJh0zbxWtBHiR2CnJoxTVjvnpdAMaeeAryomULdsKVTsmQjHKYZJzIgkhoUPSh5amPvFAtuNkugk+0koX9wKhl69wov7uiIkn5dhzdaVH1EDOe1PxP68Vqd5FO2Z+GCnw6eyhXsSxCvA0KtxlAqjiY00IFUz/FdMBEYQqHWhOh2DPj7xIGqdF2yraNStfKqdxZNEBOkTHyEbnqIRuUBXVEUWP6Bm9ojfjyXgx3o2PWWnGSHv20R8YXz+Y353p</latexit><latexit sha1_base64="4i/b9SV0RG1x5anM79wKW4JFfTY=">AAACHXicbVDLSgMxFM3UV62vUZdugkUQLGVGBN0IpSKIdNGirYVOKZn0tg3NPEgyhTL0R9z4K25cKOLCjfg3ptNZaOuBJCfn3EtyjxtyJpVlfRuZpeWV1bXsem5jc2t7x9zda8ggEhTqNOCBaLpEAmc+1BVTHJqhAOK5HB7c4dXUfxiBkCzw79U4hLZH+j7rMUqUljrm2XUBOyOguFrAtZTeXiZH5WR2vSvgcgFXOjDdYseLJh0zbxWtBHiR2CnJoxTVjvnpdAMaeeAryomULdsKVTsmQjHKYZJzIgkhoUPSh5amPvFAtuNkugk+0koX9wKhl69wov7uiIkn5dhzdaVH1EDOe1PxP68Vqd5FO2Z+GCnw6eyhXsSxCvA0KtxlAqjiY00IFUz/FdMBEYQqHWhOh2DPj7xIGqdF2yraNStfKqdxZNEBOkTHyEbnqIRuUBXVEUWP6Bm9ojfjyXgx3o2PWWnGSHv20R8YXz+Y353p</latexit><latexit sha1_base64="4i/b9SV0RG1x5anM79wKW4JFfTY=">AAACHXicbVDLSgMxFM3UV62vUZdugkUQLGVGBN0IpSKIdNGirYVOKZn0tg3NPEgyhTL0R9z4K25cKOLCjfg3ptNZaOuBJCfn3EtyjxtyJpVlfRuZpeWV1bXsem5jc2t7x9zda8ggEhTqNOCBaLpEAmc+1BVTHJqhAOK5HB7c4dXUfxiBkCzw79U4hLZH+j7rMUqUljrm2XUBOyOguFrAtZTeXiZH5WR2vSvgcgFXOjDdYseLJh0zbxWtBHiR2CnJoxTVjvnpdAMaeeAryomULdsKVTsmQjHKYZJzIgkhoUPSh5amPvFAtuNkugk+0koX9wKhl69wov7uiIkn5dhzdaVH1EDOe1PxP68Vqd5FO2Z+GCnw6eyhXsSxCvA0KtxlAqjiY00IFUz/FdMBEYQqHWhOh2DPj7xIGqdF2yraNStfKqdxZNEBOkTHyEbnqIRuUBXVEUWP6Bm9ojfjyXgx3o2PWWnGSHv20R8YXz+Y353p</latexit><latexit sha1_base64="4i/b9SV0RG1x5anM79wKW4JFfTY=">AAACHXicbVDLSgMxFM3UV62vUZdugkUQLGVGBN0IpSKIdNGirYVOKZn0tg3NPEgyhTL0R9z4K25cKOLCjfg3ptNZaOuBJCfn3EtyjxtyJpVlfRuZpeWV1bXsem5jc2t7x9zda8ggEhTqNOCBaLpEAmc+1BVTHJqhAOK5HB7c4dXUfxiBkCzw79U4hLZH+j7rMUqUljrm2XUBOyOguFrAtZTeXiZH5WR2vSvgcgFXOjDdYseLJh0zbxWtBHiR2CnJoxTVjvnpdAMaeeAryomULdsKVTsmQjHKYZJzIgkhoUPSh5amPvFAtuNkugk+0koX9wKhl69wov7uiIkn5dhzdaVH1EDOe1PxP68Vqd5FO2Z+GCnw6eyhXsSxCvA0KtxlAqjiY00IFUz/FdMBEYQqHWhOh2DPj7xIGqdF2yraNStfKqdxZNEBOkTHyEbnqIRuUBXVEUWP6Bm9ojfjyXgx3o2PWWnGSHv20R8YXz+Y353p</latexit><latexit sha1_base64="4i/b9SV0RG1x5anM79wKW4JFfTY=">AAACHXicbVDLSgMxFM3UV62vUZdugkUQLGVGBN0IpSKIdNGirYVOKZn0tg3NPEgyhTL0R9z4K25cKOLCjfg3ptNZaOuBJCfn3EtyjxtyJpVlfRuZpeWV1bXsem5jc2t7x9zda8ggEhTqNOCBaLpEAmc+1BVTHJqhAOK5HB7c4dXUfxiBkCzw79U4hLZH+j7rMUqUljrm2XUBOyOguFrAtZTeXiZH5WR2vSvgcgFXOjDdYseLJh0zbxWtBHiR2CnJoxTVjvnpdAMaeeAryomULdsKVTsmQjHKYZJzIgkhoUPSh5amPvFAtuNkugk+0koX9wKhl69wov7uiIkn5dhzdaVH1EDOe1PxP68Vqd5FO2Z+GCnw6eyhXsSxCvA0KtxlAqjiY00IFUz/FdMBEYQqHWhOh2DPj7xIGqdF2yraNStfKqdxZNEBOkTHyEbnqIRuUBXVEUWP6Bm9ojfjyXgx3o2PWWnGSHv20R8YXz+Y353p</latexit>
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⇒

dans le ref au repos du proton diffusé

p2 = m2
p = (p0 +X)2 = m2

p +m2
X + 2 p0 · pX

<latexit sha1_base64="TBevtFX90n5L4OyCpB6RmESCd68=">AAACI3icbVDLSsNAFJ3UV62vqEs3g0VaKZSkG0URim5cVrBtoIlhMp22QyfJMDMRSum/uPFX3LhQihsX/ovTNIvaemE4h3Pu5c49AWdUKsv6NnJr6xubW/ntws7u3v6BeXjUknEiMGnimMXCCZAkjEakqahixOGCoDBgpB0M72Z++5kISePoUY048ULUj2iPYqS05JtX/KkGb2Doz7HMSxXnfEGqaHRSrEH3GvISdHE3VpD7jm8WraqVFlwldkaKIKuGb07dboyTkEQKMyRlx7a48sZIKIoZmRTcRBKO8BD1SUfTCIVEeuP0xgk800oX9mKhX6Rgqi5OjFEo5SgMdGeI1EAuezPxP6+TqN6lN6YRTxSJ8HxRL2FQxXAWGOxSQbBiI00QFlT/FeIBEggrHWtBh2Avn7xKWrWqbVXtB6tYv83iyIMTcArKwAYXoA7uQQM0AQYv4A18gE/j1Xg3psbXvDVnZDPH4E8ZP79S156M</latexit><latexit sha1_base64="TBevtFX90n5L4OyCpB6RmESCd68=">AAACI3icbVDLSsNAFJ3UV62vqEs3g0VaKZSkG0URim5cVrBtoIlhMp22QyfJMDMRSum/uPFX3LhQihsX/ovTNIvaemE4h3Pu5c49AWdUKsv6NnJr6xubW/ntws7u3v6BeXjUknEiMGnimMXCCZAkjEakqahixOGCoDBgpB0M72Z++5kISePoUY048ULUj2iPYqS05JtX/KkGb2Doz7HMSxXnfEGqaHRSrEH3GvISdHE3VpD7jm8WraqVFlwldkaKIKuGb07dboyTkEQKMyRlx7a48sZIKIoZmRTcRBKO8BD1SUfTCIVEeuP0xgk800oX9mKhX6Rgqi5OjFEo5SgMdGeI1EAuezPxP6+TqN6lN6YRTxSJ8HxRL2FQxXAWGOxSQbBiI00QFlT/FeIBEggrHWtBh2Avn7xKWrWqbVXtB6tYv83iyIMTcArKwAYXoA7uQQM0AQYv4A18gE/j1Xg3psbXvDVnZDPH4E8ZP79S156M</latexit><latexit sha1_base64="TBevtFX90n5L4OyCpB6RmESCd68=">AAACI3icbVDLSsNAFJ3UV62vqEs3g0VaKZSkG0URim5cVrBtoIlhMp22QyfJMDMRSum/uPFX3LhQihsX/ovTNIvaemE4h3Pu5c49AWdUKsv6NnJr6xubW/ntws7u3v6BeXjUknEiMGnimMXCCZAkjEakqahixOGCoDBgpB0M72Z++5kISePoUY048ULUj2iPYqS05JtX/KkGb2Doz7HMSxXnfEGqaHRSrEH3GvISdHE3VpD7jm8WraqVFlwldkaKIKuGb07dboyTkEQKMyRlx7a48sZIKIoZmRTcRBKO8BD1SUfTCIVEeuP0xgk800oX9mKhX6Rgqi5OjFEo5SgMdGeI1EAuezPxP6+TqN6lN6YRTxSJ8HxRL2FQxXAWGOxSQbBiI00QFlT/FeIBEggrHWtBh2Avn7xKWrWqbVXtB6tYv83iyIMTcArKwAYXoA7uQQM0AQYv4A18gE/j1Xg3psbXvDVnZDPH4E8ZP79S156M</latexit><latexit sha1_base64="TBevtFX90n5L4OyCpB6RmESCd68=">AAACI3icbVDLSsNAFJ3UV62vqEs3g0VaKZSkG0URim5cVrBtoIlhMp22QyfJMDMRSum/uPFX3LhQihsX/ovTNIvaemE4h3Pu5c49AWdUKsv6NnJr6xubW/ntws7u3v6BeXjUknEiMGnimMXCCZAkjEakqahixOGCoDBgpB0M72Z++5kISePoUY048ULUj2iPYqS05JtX/KkGb2Doz7HMSxXnfEGqaHRSrEH3GvISdHE3VpD7jm8WraqVFlwldkaKIKuGb07dboyTkEQKMyRlx7a48sZIKIoZmRTcRBKO8BD1SUfTCIVEeuP0xgk800oX9mKhX6Rgqi5OjFEo5SgMdGeI1EAuezPxP6+TqN6lN6YRTxSJ8HxRL2FQxXAWGOxSQbBiI00QFlT/FeIBEggrHWtBh2Avn7xKWrWqbVXtB6tYv83iyIMTcArKwAYXoA7uQQM0AQYv4A18gE/j1Xg3psbXvDVnZDPH4E8ZP79S156M</latexit>

= m2
p +m2

X + 2 {(Ep0EX)� (~p0 · ~pX)}
<latexit sha1_base64="2sUcPJWZo8iIOxGJGaDtqqqgflM="></latexit><latexit sha1_base64="2sUcPJWZo8iIOxGJGaDtqqqgflM="></latexit><latexit sha1_base64="2sUcPJWZo8iIOxGJGaDtqqqgflM="></latexit><latexit sha1_base64="2sUcPJWZo8iIOxGJGaDtqqqgflM="></latexit>

m2
p = m2

p +m2
X + 2mpEX

<latexit sha1_base64="1QoYxNSJc372sCQGOe2VshIongI=">AAACDXicbVDLSgMxFM34rPU16tJNsAqCUma60Y1QFMFlBfuAdhwyaaYNTTJDkhHK0B9w46+4caGIW/fu/Bsz01lo64VwDufcy809Qcyo0o7zbS0sLi2vrJbWyusbm1vb9s5uS0WJxKSJIxbJToAUYVSQpqaakU4sCeIBI+1gdJX57QciFY3EnR7HxONoIGhIMdJG8u1D7sf3NXgBp3hisJNjDfZOMxFe+x3frjhVJy84T9yCVEBRDd/+6vUjnHAiNGZIqa7rxNpLkdQUMzIp9xJFYoRHaEC6hgrEifLS/JoJPDJKH4aRNE9omKu/J1LElRrzwHRypIdq1svE/7xuosNzL6UiTjQReLooTBjUEcyigX0qCdZsbAjCkpq/QjxEEmFtAiybENzZk+dJq1Z1nap761Tql0UcJbAPDsAxcMEZqIMb0ABNgMEjeAav4M16sl6sd+tj2rpgFTN74E9Znz9+7pgA</latexit><latexit sha1_base64="1QoYxNSJc372sCQGOe2VshIongI=">AAACDXicbVDLSgMxFM34rPU16tJNsAqCUma60Y1QFMFlBfuAdhwyaaYNTTJDkhHK0B9w46+4caGIW/fu/Bsz01lo64VwDufcy809Qcyo0o7zbS0sLi2vrJbWyusbm1vb9s5uS0WJxKSJIxbJToAUYVSQpqaakU4sCeIBI+1gdJX57QciFY3EnR7HxONoIGhIMdJG8u1D7sf3NXgBp3hisJNjDfZOMxFe+x3frjhVJy84T9yCVEBRDd/+6vUjnHAiNGZIqa7rxNpLkdQUMzIp9xJFYoRHaEC6hgrEifLS/JoJPDJKH4aRNE9omKu/J1LElRrzwHRypIdq1svE/7xuosNzL6UiTjQReLooTBjUEcyigX0qCdZsbAjCkpq/QjxEEmFtAiybENzZk+dJq1Z1nap761Tql0UcJbAPDsAxcMEZqIMb0ABNgMEjeAav4M16sl6sd+tj2rpgFTN74E9Znz9+7pgA</latexit><latexit sha1_base64="1QoYxNSJc372sCQGOe2VshIongI=">AAACDXicbVDLSgMxFM34rPU16tJNsAqCUma60Y1QFMFlBfuAdhwyaaYNTTJDkhHK0B9w46+4caGIW/fu/Bsz01lo64VwDufcy809Qcyo0o7zbS0sLi2vrJbWyusbm1vb9s5uS0WJxKSJIxbJToAUYVSQpqaakU4sCeIBI+1gdJX57QciFY3EnR7HxONoIGhIMdJG8u1D7sf3NXgBp3hisJNjDfZOMxFe+x3frjhVJy84T9yCVEBRDd/+6vUjnHAiNGZIqa7rxNpLkdQUMzIp9xJFYoRHaEC6hgrEifLS/JoJPDJKH4aRNE9omKu/J1LElRrzwHRypIdq1svE/7xuosNzL6UiTjQReLooTBjUEcyigX0qCdZsbAjCkpq/QjxEEmFtAiybENzZk+dJq1Z1nap761Tql0UcJbAPDsAxcMEZqIMb0ABNgMEjeAav4M16sl6sd+tj2rpgFTN74E9Znz9+7pgA</latexit><latexit sha1_base64="1QoYxNSJc372sCQGOe2VshIongI=">AAACDXicbVDLSgMxFM34rPU16tJNsAqCUma60Y1QFMFlBfuAdhwyaaYNTTJDkhHK0B9w46+4caGIW/fu/Bsz01lo64VwDufcy809Qcyo0o7zbS0sLi2vrJbWyusbm1vb9s5uS0WJxKSJIxbJToAUYVSQpqaakU4sCeIBI+1gdJX57QciFY3EnR7HxONoIGhIMdJG8u1D7sf3NXgBp3hisJNjDfZOMxFe+x3frjhVJy84T9yCVEBRDd/+6vUjnHAiNGZIqa7rxNpLkdQUMzIp9xJFYoRHaEC6hgrEifLS/JoJPDJKH4aRNE9omKu/J1LElRrzwHRypIdq1svE/7xuosNzL6UiTjQReLooTBjUEcyigX0qCdZsbAjCkpq/QjxEEmFtAiybENzZk+dJq1Z1nap761Tql0UcJbAPDsAxcMEZqIMb0ABNgMEjeAav4M16sl6sd+tj2rpgFTN74E9Znz9+7pgA</latexit>

m2
X = �2mpEX < 0

<latexit sha1_base64="DQPxky3VRJBF99lj9eTq9zN6Ipo=">AAACA3icbVDLSgMxFM3UV62vUXe6CRbBhZZMN7pQKIrgsoJtB9pxyKSZNjSTGZKMUIaCG3/FjQtF3PoT7vwb03YW2nrgwsk595J7T5BwpjRC31ZhYXFpeaW4Wlpb39jcsrd3mipOJaENEvNYugFWlDNBG5ppTt1EUhwFnLaCwdXYbz1QqVgs7vQwoV6Ee4KFjGBtJN/eg5Hv3lfhBTyBVdg5Ns8EXvsuPEe+XUYVNAGcJ05OyiBH3be/Ot2YpBEVmnCsVNtBifYyLDUjnI5KnVTRBJMB7tG2oQJHVHnZ5IYRPDRKF4axNCU0nKi/JzIcKTWMAtMZYd1Xs95Y/M9rpzo88zImklRTQaYfhSmHOobjQGCXSUo0HxqCiWRmV0j6WGKiTWwlE4Ize/I8aVYrDqo4t6hcu8zjKIJ9cACOgANOQQ3cgDpoAAIewTN4BW/Wk/VivVsf09aClc/sgj+wPn8AatCUJw==</latexit><latexit sha1_base64="DQPxky3VRJBF99lj9eTq9zN6Ipo=">AAACA3icbVDLSgMxFM3UV62vUXe6CRbBhZZMN7pQKIrgsoJtB9pxyKSZNjSTGZKMUIaCG3/FjQtF3PoT7vwb03YW2nrgwsk595J7T5BwpjRC31ZhYXFpeaW4Wlpb39jcsrd3mipOJaENEvNYugFWlDNBG5ppTt1EUhwFnLaCwdXYbz1QqVgs7vQwoV6Ee4KFjGBtJN/eg5Hv3lfhBTyBVdg5Ns8EXvsuPEe+XUYVNAGcJ05OyiBH3be/Ot2YpBEVmnCsVNtBifYyLDUjnI5KnVTRBJMB7tG2oQJHVHnZ5IYRPDRKF4axNCU0nKi/JzIcKTWMAtMZYd1Xs95Y/M9rpzo88zImklRTQaYfhSmHOobjQGCXSUo0HxqCiWRmV0j6WGKiTWwlE4Ize/I8aVYrDqo4t6hcu8zjKIJ9cACOgANOQQ3cgDpoAAIewTN4BW/Wk/VivVsf09aClc/sgj+wPn8AatCUJw==</latexit><latexit sha1_base64="DQPxky3VRJBF99lj9eTq9zN6Ipo=">AAACA3icbVDLSgMxFM3UV62vUXe6CRbBhZZMN7pQKIrgsoJtB9pxyKSZNjSTGZKMUIaCG3/FjQtF3PoT7vwb03YW2nrgwsk595J7T5BwpjRC31ZhYXFpeaW4Wlpb39jcsrd3mipOJaENEvNYugFWlDNBG5ppTt1EUhwFnLaCwdXYbz1QqVgs7vQwoV6Ee4KFjGBtJN/eg5Hv3lfhBTyBVdg5Ns8EXvsuPEe+XUYVNAGcJ05OyiBH3be/Ot2YpBEVmnCsVNtBifYyLDUjnI5KnVTRBJMB7tG2oQJHVHnZ5IYRPDRKF4axNCU0nKi/JzIcKTWMAtMZYd1Xs95Y/M9rpzo88zImklRTQaYfhSmHOobjQGCXSUo0HxqCiWRmV0j6WGKiTWwlE4Ize/I8aVYrDqo4t6hcu8zjKIJ9cACOgANOQQ3cgDpoAAIewTN4BW/Wk/VivVsf09aClc/sgj+wPn8AatCUJw==</latexit><latexit sha1_base64="DQPxky3VRJBF99lj9eTq9zN6Ipo=">AAACA3icbVDLSgMxFM3UV62vUXe6CRbBhZZMN7pQKIrgsoJtB9pxyKSZNjSTGZKMUIaCG3/FjQtF3PoT7vwb03YW2nrgwsk595J7T5BwpjRC31ZhYXFpeaW4Wlpb39jcsrd3mipOJaENEvNYugFWlDNBG5ppTt1EUhwFnLaCwdXYbz1QqVgs7vQwoV6Ee4KFjGBtJN/eg5Hv3lfhBTyBVdg5Ns8EXvsuPEe+XUYVNAGcJ05OyiBH3be/Ot2YpBEVmnCsVNtBifYyLDUjnI5KnVTRBJMB7tG2oQJHVHnZ5IYRPDRKF4axNCU0nKi/JzIcKTWMAtMZYd1Xs95Y/M9rpzo88zImklRTQaYfhSmHOobjQGCXSUo0HxqCiWRmV0j6WGKiTWwlE4Ize/I8aVYrDqo4t6hcu8zjKIJ9cACOgANOQQ3cgDpoAAIewTN4BW/Wk/VivVsf09aClc/sgj+wPn8AatCUJw==</latexit>

p(p) p(p’)

X(pX)


