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Chapitre 1

Les anomalies fortes et
électromagnétiques
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hpd�u<xRvkdRe<v�Á�¿8u*g}h�s�dyl(j»i%h.s�dymfh�e�uIh!wyxRe�mfh�iCjkh \%Â s.lRe�v�scvkj�wyj»uIh�mRho�b%lReIh�g}i�s!u*j�b_l|mfhKÃ¯Äy�(rCdfhMl(b_dfe¯s�m(b_xRuIh�gIb_lfecuIb%d�uMs�d¡v�b%l��"mRh�o�hMuIgzs�i�s�j�v��(v�hpe�q8u8s!uIe®xR¹�ºCeIj�rCdfh�e°¡²Å h8uc°|²Æ o�b%Ç�lRopj�mfh�l�u®szi�h�oMv�hpe�q8u8s!uIe�x(gIb_xRgIh�e�mRhKÃ�ÄÈ°¡²5 h8uc°|²= �

° ²Å S ° ²5¯É °|²�Ê ° ²Ë U 3	Ì>Í¶Î � P :¶:67*Ï ° ²Æ S ° ²=´É °¡²ÀÐ ° ²Ë U 3	Ì2Í¶Î � P :t1�7 X Y[Z%\�Z!] � `
­2h�e�u*h�w�xRe�mfh®i�jkh¯opb_gIg}hpe*xtb_lfmts�l%u*e�e*b_l�u�mRb�lRlfq�e�x
s�gK� + Z �<�� � �Ñ � 3 P X � ¦_Ò � � P X P_P%P � 7t� P : 5 ² ep� � � �Ó � 3 Ò X �!� � P X P � 7
� P :f£ e \ Y[Z%\�Z!] � `
1.3.2 La masse du η Ô et la masse des nucléonsacb�dRecs8i�b_l(eÕiCd�rCdRh¯v�s´�fg}jkeIdRg*h´s�lRb%wTs�v�h¯mfh¯v�s´e}º�w�q�uIgIj�h�Ö 3[��7H× mfh´Ø´Ã®ÙÚqpuzs�j�uc³´v�Á�b_gIj»��j�lRhm¶ÁEdRl|uIhpg}wyh�mfhKwns.eIe}hKhp·
h�o8u*j�~�Û =² s�d|lRj»i�h�s.d¡m(d|­;s��%gzs�lR�%j�hpl Y[Z_\ � ]C` \(Ü v;hzµ�j�e}uIhKdfl|qprCdRj»i%s�v�h�l�ueIo�s.v�s�j�gIh¯³®o�h�xR¹(q�lfb_wy¸�lfh�m(h��%q�lfq�gzs!u j�b_l�mfh�w"s.e}eIh � vAÁÝs.lRb%wns.v�j�hcm¶ÁEq�oz¹Rhpv�v�h�mfh®ØMÃ¯ÙÞ��h�vkv�h¯s�dfe}eIj��s�·thpo8uIhMv�h±eIx
h�o�uIgIh¯¹
s�mfg}b�lRjkr�dfh \ß�µts�wyj�lfb_lfeToph�e"h�·
h8u*e�s�lRb%wns.dCµàmfh|xRv�dfe"xRgI¸�ep��³áo�b%wyw�hplRoph�gTx
s�g"o�h�vkdRj�mfh|vAÁÝs.lRb%wns.v�j�hspµ�j�s.v�h��RgIh�eIx
b_lfezs��fv�h±m¶Á�d(lRh±wybCmRj�âfo�s�uIj�b%l�mRdÞwyq�v�s.l���h®ã £ ½�ã ² \ä<åçæçèRékê#ë¶ì
å ã £ í ã ² å�îTé�êïæðêtñpñ�åðò;ó ã ÔÂ h�wTs�lfj�¸�g*h���q�lfq�gzs�v�h��¶uIb%d�u*hyj�l�u*h�gzs�o8u j�b_lôrCdRj<�RgIj�eIh�v�sTe}º�wyq8uIgIj�h�õ<Ö 3 ¢ 7Hö h�e}u´e}d(eIo�hpx�uIjk�Rv�hm¶ÁEj�lRmfdRjkg}hÕdRlKwyq�v�s.l���h÷hpl�uIg}hÕv�s�¹CdRj�uIj�¸pw�hÕo�b%w�x
b%ezs�l�u*h÷mfh÷vAÁEb�o8uIhpu6ã £ hpuøv�hÕeIj�lR�%dRv�h8uøã ² \�¾ b_lReIjkmRqz½g}b%lRe�dfl"wyqpv�s�lR�%h´³Mmfh�dRµTxts.g[u*j�o�d(v�h�e \ ­øs´wTs!u*g}j�o!h�m(h�w"s�eIeIhpe�o�s�gIg*q�h�e�opb_gIg}hpeIx
b_lfmts�l�u*h®epÁ�qpo�gIj»u �

ù =£ ² �ûú Û =¥zü Û =£ ²Û =£ ² Û =¥ ��ý X Y[Z%\�Z%Zp]�`
þ dfxRxtb�eIb_lfe�h�lyb�d�uIgIh�dRlTs.l���v�h�mRh�wyq�v�s.l���h�ÿ Í j�lRmfq�xth!lRm
s�l�uÀmRh�vAÁEq�lfh�g}�%j�h \ ­2h�e<q8uzs.uIe<xR¹�ºCeIj�rCdfh�eã"h8u�ã Ô e�ÁEhzµRxRgIj�wyh�l�u�m
s�lReco�h±o�s.e�h�l�uIh!g}wyh�e�mRh¯ã £ h8u�mRh¯ã ² mfh¯v�s´w"s.lRj�¸pg}h±eIdRjki_s.l�uIh �

ú ãã Ô ý � ú o!b_e*ÿ Í Ê�eIj�lfÿ Íe*j�l(ÿ Í o�b%e ÿ Í ý ú ã £ã ² ý Ï Y[Z%\�Z%Z_Z�`
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0T284�+MUVD�FC&(:(?50THXW ?8+M$G+(<1?8)YH>4')>+=280J+M<�0C@9&(:(0JH10C+Z<>+M0C/,H1$G+(@C4'284'?5:(0C+Z2BFO['0C:Q+C\
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46587:9;58<(=>5	7@?A<;B�?�BC<D9$E"B�FGFA58H"7JI�KMLCN OM5	9JIPKRQ@<;5	?S<(BUTSVAE"7;58F/9W58FX5	Y05	9W58F/ZUE"<(B3FX[/\]5	9@^C_/\`TA5Hba�Z3a-Hc5	VS<dTG5JKRedfg<;5	7;?�5	h	9;EiZ35	=>5	F/98fg9ja-FSTAEc7dkUVS5lH'mna-FABC=�a-H"Ec5l<(58FAToh	BC=@?A9;5JTG5	7:p!^q\r<;5	7(9�a-F/9;78fTsmta�?A<;u	7@H'mta�F0a�Hivq7;5MTA5MH#aP<(w8x#w	<(58FAh85zy {/|�}�~��UE+H"5	7@=�a-7;7;5	7@h	B�VG<ja-F39;5�7:TG5	7@k/V0a�<(�U7@H"w��35	<;7Ww	9ja!E"5	F39F/VAH"H"587�fG?AH"VS7�TS5dHba@=>B�E"9;E"wdTG5dHbaW=Ma-7;7;5dTAV�F/VGh	Hcw	B�FP7;5�<�a�Ei9�a-EcFA7$E69;BCVq9�TS5d=@�8=@5d�3w	FSw	<;w	5d�3<���h	5I�H#a��S<(Ec7(VS<$5�a�FABC=la�H"5�TA5dHba:7(vq=@w	9;<;E"5�Tsm�w8hj�A58H"H"5�TA5W�d�)��~��B!9�B�FS76kUV6m�VSF�?�5	FST0a�F/9�?S7(58VATGB�7;h-a�Hba�E"<(5�I�H'm�w	kUV�a�9;EcB�FJ�(��~"�3�8�/��?�58Vq9��	9;<;5�B��A9;58FUV�7;E"=>?AHc5	=J5	F395	F�<;5	=>?AHba��-a!F39JHba�9;<ja-h85�TAV�9�5	FS7(58VA<>w8FA5�<D�3E"5j��=@BC=>5	F/9J?0a�<JHba�TSEiZ35	<(�C5	FGh	5�TSV�h	BCVA<�a-F39Ma-�qEba-H7(EcFq�3VAH"5	9�TA5>7�a	Z35	VS<	~s4�m�w8H"w	=>5	F/9dTA5@=�a�9$<(E�h	5@<;w	7;VSHi9ja�F/9�5	7(9�T�a-FG7�h85@h-a�7�HcE"wlIlHba�hj�0a-<(�35la8�AEba�H"5 /¡¢ fAh�a-<ja-h	9;w	<;E"7;9;Eck/VA5dTA5�Hba:7(9;<;VAh89;VS<(5�TAV�7;?AE�F�TAV�?A<;B!9$B�F�y {C��}�~
1.3.3 Désintégrations radiatives de (pseudo)scalaires légers£gB�VG<(FSB�FS7D�¤FABCVA7�I�?S<;w	7;5	F/9¥ZC58<(7�H"5	7)a-FABC=Ma-H"Ec5	7¥w8H"5	h	9;<$B�=�a��3FAw	9;E"kUVS5	78~S��B�VS7�a-H�H"B�FS7�a-F�a-H"vq7(58<5	F@?�a-<(9;E"h8VAH"Ec5	<�H�a�x�a��	BCF@TAB3F39¦H"5	7�9;5�<(=>5	7�a-FSB�=�a!VU�@§�¨!©«ª§ ¨!© TS5�H'm�w�k/V0a-9;E"B3F��D�C~�[q���g5�9�§g¨�©�§ ¨�© TA5H'm�w	k/V�a�9�E"B�Fz�(��~��C{3��?05	<$=>5�9(9$5	F/9�TA5dTAw�h	<;E"<;5�Hc5	7�TSw	7;E"F/9;w	�C<ja�9$E"B�FG7&<ja-TAE#a�9�EiZC587&TA587�?A7;58VATSB�7$h-a�Hba-Ec<(5875�9&TA5	7&7(h�a-H�a-E"<;5	7¥Hcw��C58<(7�fS<(587;?�5	h�9$EiZ35	=>5	F/98~
¬¦­q®>¯�°q®�±�²G³8°U´�µ-¶q³!±�·¸²�®@¹ ¡�º(»¸º(»q¼S½¿¾G¾4¦m�E"FAh8B�<$?0B�<ja�9�E"B�FÀTA5�H'mia-FABC=�a-H"Ec5Áa8�AEba�H"5ÂTS5Á��Ã:�ÄT�a-FS7MH"5ÂxbBC<(=Ma-HcE"7;=@5ÂTS5	7R4�a��/<�a�Fq�CEc5	FS7h$�SE"<ja-VA�J7;5�x�a-Ei9&a�VJ9;<�a�ZC5	<;7�TS5�H'mta�h�9$E"B�F�TS5�ÅÆ587;7D�DÇ0VS=JE"FAB!��ÅÀEi9(9;58FÆy ��pqf�{�È!}�fAI�H'm�B�<;TS<(5�TSB�=>E"F0a!F398~É Hi9;58<(F¸a�9$EiZC58=@58F/98f�T0a�FA7«H"5�=JB3TSu	Hc5�FAB�FdHcE"FAw!a-Ec<(5��D�C~�È�_U��f�H"5¦9�5	<(=>5+a�FAB3=la�H3§g¨�©gª§ ¨!© TA5�H'm�w	kUV0a-9;EcB�F�D��~Ê[q�-��?�5	VA9�7;E"=>?AH"58=@58F/9���9�<(5)a�Ë(B�VA9;w)I�Hba)TGEiZC58<D�35	FSh	5�TSVJh	BCVA<�a-F39¥a��qEba!Hg�D��~ÊÈ3|C��f/h	5�kUVAEGTGB�FSFA5dÌ

Í ¨SÎ ¨-Ï¢ Ð Ñ §dÒÓÔÖÕ�×&Õ Ø�Ù�Ú ÏÛ º8ÜÞÝoß-àâáXà)ã;ä�å
æ Ñ § ÒÓÛ�ç�è K Ò¡ ×¥Õ Ø�Ú ÏÛ å ×¥Õ ß	écê àâá écê à ã(ä
á ç:è�ëÛ ¹ ×&Õ Ø Ú ÏÛÆì Ò å § ¨�© ª§ ¨!© º �D�C~"����È3�

?0B�VA<¥VGFA5�=�a�9$<(E"h85 Ü TAEba��CBCF0a�H"5�5�9&<(w�5	H"Hc5�~465@TAw�Z35	HcB�?A?�58=>5	F/9�a-Ví?A<;5	=>E"5	<�B�<;TA<$5:5	FÁîïTA587)5��A?�B�FA58F39;E"5�H"H"587 à 5�9 à ã Ec=@?SH"E"kUVS5�f¸T�a-FS7Hba:H"E"=>Ei9;5�T6m�E"7$B�7;?SE"FÁ�¤a	ZC58h Ú ¡&ðòñ8ó�ô3ó3õ ÛCö�÷qfSh	xø~S7;5	h�9�E"B�FÆ�C~t�/~c�-��Ì
Í ¨GÎ ¨ ó¢ Ð á § Ó K ÒÓ ¹ ¡ á ëÔ ¹ § ¨!© ª§ ¨�© æâù"ù"ùÍ ¨GÎ ¨�ú¢ Ð á § Ó ß K Òû�ü » ú æ K Òú ¡ » ¡ ä á ëÔ ¹�ý ÷ § ¨!© ª§ ¨�© æþù"ùcù
Í ¨ Î ¨ ¡¢ Ð á § Ó ß K Òú ¡ » ú æ K Òû�ÿ » ¡ äRá ë¹�ý � § ¨�©gª§ ¨!© æþù"ù"ù �D�C~"�-�!_3�

46587¦?�a-<�a-=>u�9$<(587¦TA5&=>w	H#a-FA�C5¥K Òû ü fCK Òûjÿ 5�9�K Òú ¡ 7$BCF39¦h�5	Vq�WTG5¥H'm�w	k/V¸a�9$E"B�FP�(��~"�C�	^q��~C4�5	7¦<$5	H#a�9;EcB�FS7h	En�¤TS5	7;7;VS7&7;Vq���3u	<;5	F/9&H'm�EcF/9;<;BUTAVSh�9;EcB�F�TA587&h	BC=��AE�F0a-Ec7;B�FS7�Ì� Î ¨¢ N ûÎ ¨¢ N û���� ð Ø h	BC7��	� á 7$E"F
�	�7;E"F
� � h	B37�� � å Ø Î ¨-ú¢Î ¨ ¡¢ åÁº �D�C~"�-�U�-�
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2�XA0%24>�E^/.I�>JUFI_ E*GH2`GHC4C�34GHIaE 2�UbUFY%XAUb:�/dceY%GHBD2`@A2`GH24:e/!E*I�Y�>AUbf�gihjgkKmln3!YP>JUH24GN0�/�EFI�Y%>V\o/�GHEFIp2�:�:Z2�@JXV3�YPXJG /�>�Eq/4rAIe/.:=<sRt83�Y%GHGFIa?�C�2�U`\#/�G`:�<s/�>JYPBu/�:pI�2Vvw�xJy xz|{ 7~}��d�|�����7T� 7 �L� hi7��� � xP�T�� x��`�������a� KNM%O�M +P+ RYP��f } ��� �*�o�F��� 8 � 7 @(C�UFIa?�>A2V:�2V3t�o/.B�\�3�Y�GHGF2�UF\
Y%>A@
/�>�E�21E�:�2�U�3�Y�2��V3�IZ2�>�EFU�hi7�UFYP>�E�@AY%>A>JC�U\o/.Gjv f h 7��� �� �����%� 5P7 �¡ %¢   �*£Z¤ 5P7¦¥¨§ ¢ ©� � � �F£�¤ 5P7 �   ¢   �!�P� 5P7 ¥ § ¢ ©ª �A«������¬ YP>JUHIZ@AC!GHY%>AU­:�2�U®ceYP>A3�EFI�Y�>AU­@A2�34YPG*GFC�:e/�EFI�Y%>L@A2¯3 �
/�3!XA>L@J2�U�EFG*YPI�U�EF24GHBV2�U®@A2�:�<°C�W�X
/!E*I�YP>KNM%O�M +%+ R;/�0%2�3�@J2�X�r±3�YPX(G /.>�EFU;C!:�2�3�EFGFYPBu/!?�>AC4EFI�W�XJ2�U!O.²³\JGF´�U¦EFG1/�>JUFcpY�GFB^/�EFI�Y%>±@J2qµ(Y�XAGFI�2�G;2�E;GFC�@JXA3t¶EFI�Y%>j@AXj3t�o/.B�\j\AUF2!XA@JYPUF3�/.:e/�IZGH2q/�XjBVY�·%24>¸@J2;:�/9c�YPGFB�XJ:�2b@A2bS�2!�ABu/.>A>�¶N¹�·�Bu/�>Jº�IZ»�¶N¼oIZB�BV2!GHBu/�>J>½8>AY%XAU`Y%¾�E*2�>(YP>AU�v¿ x%À x.ÁPÂ7 Ã�Ä�Å � Ä �4Æ¨Ç ÈHÉiÊËÈÌÍ � � � �7� ¿ � � � �7³Î Ã fÐÏÒÑ(Ñ Æ Á�Â � � h 7� Ó Á�Â.Ô*Õ Ä�Å Ô Ä � Õ � KNM%O�M +.Ö R
YP� Î Ã f×ÏÒÑoÑ Æ @AC4UHI�?%>J2i:=<s/.B�\J:�IaE XA@J2i@A2³µo21·�>(Bu/�>­/.UFUHY�34I�C�2�/.X"\JGHY�3!2�UFUFXAU�fÐÏÒÑoÑT8 Ä�Å 21E Ä �UFYP>�E¸:�24UiBVY�B�24>�EFU¸@A2!U³\(�AYPEFYP>JU¸ØA>
/�X�r½8#¿ } Ä Å � Ä � 2�E À x�Á�Â7 2�UHE¸:�<s/�>
/�:�YP?%X(2�@A2�:e/Dc�YP>J31E*I�YP>KNM%O Ö M.R9@
/�>JUÙ:�2jBVY�@A´�:Z2¸>JYP>�:�IZ>AC�/�I�GF2.Ú�Û�vÜ À x.Á�Â7 Ã	Ä�Å � Ä �!Æ;Ý Þàß�á1â�ß%á!ã%ä4å�æ�ç=è.ä�åZæ ÈNéËê y xz�{ 7qÃ=ë Æ y Áì Ê Ã â Æ y Âì Ê Ã ã Æ í � KNM%O�M +�î R
²ïUFEFGFI�3�EF2�BV24>�E�\
/�G*:�2�G48|:=<°C�W�X
/!E*I�YP>�KNM%O�M +.Ö R³>|<°2�UHE�0�/�:�IZ@A2DW�XA2D@o/�>AU]:e/6:�I�BVIaEF2D¿ � Ï � �7 O|ð¦Y%XAG@A24U`BVC�UFY�>AUÙ:�C1?�2�GFU!8A342�\o2!>A@
/�>�E48(2�EÙ\
YPXJGN0�X­W�XJ2�:e/�@JC�\
2�>J@o/.>A342j@A2 Î 2�>­¿ � >J2jUFYPIaEÙ\#/�U`EFGFYP\ceYPGHEF2P8½3!21EHE*2�C�W�X#/!E*I�YP>~\o2!X�E _ EFGF2�2tr�E*G /.\
YP:�C42^/�X~\oY�I�>�Ej¿ � } ë O½ñ�/.>AUj3�2�3�/�U48½:e/^34YP>�EFGFI�¾JX�E*I�YP>@AX^BV2�B±¾AGF2³@A2d?�/.XA3 �(2dU4<s/�>(>�XA:�2³\JXAIZUHW�XJ2³:e/¸c�YP>J31EFIZYP>�òiEFG*YPIZU9\
Y%I�>�EFU³KFMPO�M +�î Rb>A2d3�Y%BD\oYPGHEF2³\o/.U@A2j\oYP:p2¸24>�¿ � } ë OAó³Y%XAU`Y%¾�E*2�>AY�>AUi/�I�>JUFI;v

Î Ã f×ÏÒÑoÑ Æ ÁPÂÇ ÈFô � }Ð� �� � � hi7 Ó Á�Â.Ô*Õ Ä�Å Ô Ä � Õ � KNM%O�M +.õ R3�2jW�XAI|I�BV\A:ZI�W�XA2DK�34cmOo/.>A>J2trA2jö`O õ R³v÷ Ã f×ÏøÑ(Ñ Æ�ù�ú }à� � h �7 �6û7ü��P� û � �� � KNM%O�M + Q�R¬ Y%BV\�EF2^EF2�>�Xý@J2�U�EF2!B�\JU�@J2D0�I�2þKNM%O�M [�ÿ Rt8T:�2�U]:e/�GN?�2�XAGFU�@A2D@JC�UFI�>�EFC�?%Gt/!E I�YP>¯34I�¶�@J2�U*UFXAU]U*2D3�Y%B�¶\o/.GH24>�E³/.X�r�G /.\A\oY�GNEFUÙ@A2j¾AGt/�>(3 �A24B�2!>�E`21rA\
C�GFI�BV2�>�Et/.X�r�� + M���@J2¸:�/]c�/���YP>�UFX(Ia0%/�>�E*2�v
���
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46587:9�;=<?>"@BA$CED?5	7+F(G�H"G�I�JLKNM�O/AQP�A�PR5	7(AS@";TP	587�UV<�9-W(AS@"WQD?5X>'YZ9�O\[3>"5RAS]?P	M^W(@"_LC?5)F`G^H"G�G�a3K�b-A�9-O?DE@"7�_/CE5X>"587c 9�d�AS58CEW$7Qd�@"OEP8;�9�AS@e_LCE5	7VF#fgd8M�;h<EW$@"7�>"5 c 9�d�A$5	CEW�ikjl�W$P	7SC?>BAm9�O/A�DE5X>n9&7SM�;T;h5+7(C?W�>"587�<0M�>#9-W$@"7m9�AS@eM�O?7DE5	7&<E]?M!ASM^OE7�KXM�O3AoP�A$PpP	q39->"C?P	7�Ur>'Ys9-@"Dt5pD?5	7V;�9�7(7$587V<E]/fL7S@"_LC?5	7gFSG�Hvu�w/KmH4:Ys9-d8d	M�W$DxWS5	;�9-WS_LC09�yE>"5h5�O^A$W(5=A�]EP	M^WS@"5h5�Ag5mzE<�P8W(@"58OEd85=M^yE7$58W`q3P{U�>#9{<tWS5	;h@"|	WS5h>"@B[/OE5hDEC}A�98~yE>"5�9-C�d	@B~�D?5	7S7$CE7�D?P	;hM^O/ASW(5}>e5�WS�^>"5}<EWSP	DtM�;h@"O�9-O/A�DE5}>'Ys9-O?M�;�9->e@"5��=�`�-����D?5��p����D�9-O?7�>"587DEP	7S@eO^A�P�[3W�9-AS@"M^OE7VW�9-D?@n9-AS@Bq35	7��6�o���t��H��>V<�58C\AT<�9-Wm98��ASWS5�9-7$7S5	��7SC?W(<tW(58O09�O/AT_/CE5�d85	>">e5m~�d8@V<09-WSqL@"58OEOt5�P�[\9->"58;=58O/AkU�W$5	<EWSM/DtCE@"WS5�>"587W�9�<E<0M3W`AS7&DE5 yEWm9-Otd�]E58;=5�O3AV5�zE<�P	WS@";h5	O/Am9�CLz�DE587VDEP87(@eO/ASP�[3W�9-AS@�M�OE7V¡T���t��5�AV¡\¢?���t�£Ur;=M^@"O?7DE5¤I!�/¥{H04:Yv5mz\ASWm9-<�M�>n9-AS@"M^O¦]EM^W(7oDE5r>n9¤d	M3CEd�]?5�DE5g;�9-7$7S5g§�¨��ª©T5	7(Ao5	O�5	«05�A)D09-O?7�d	5gd-9�7o<?>"C?7DEP	>e@"d-9-AS5VP�A�9-O/A¬DEM^OEOtP�>"587�q39->e5	C?W(7:<?>"CE7RP	>"5	q^P85	7:Dt5	7:;�9-7S7S5	7RDEC=¡=5�A¬7(C?W(ASM�C?A:D?C=¡L¢#H^­)5V<t>"CE78b^DE5875	WSW(58CEWS7p@e;=<�M^W(Am9-O/A$5	78bNDt5=>'Y®M^WSDEWS5=D?5{I���U��^�/¥h¯�°�bN7SM�O/Ar9-A(A$5	OED?CE5�7r9-CxOE@Bq35-9�C}Dt5	7 d	M^OE7(Am9�O/AS587DE5&DEP87S@"O/ASP	[^Wm9�AS@�M�OTD?5	7X;=P87SM�OE7R¡h5�A¬¡ ¢ b\9-<?<EWSM�zE@";hP	5	7¬ASM3C\AS587¬D?5	CEz=<�9-WR±�²rD�9-O?7¬>"5o;hM/DE|�>"5&O?M�O>"@"O?P-9-@eW(5^b09�@"OE7$@6_/CNYZ9!C�OE@Bq35-9�C�D?5g>'YZ9�O\[3>"5pD?5 ;=P�>n9-OE[^5g³ l H´ W >'YZ9�O09�>Bf\7S5=d	@B~�DE5�7S7(C?7 <�5	CEA µ�ASWS5=WS5 c M�WS;rC?>"P	5�U{>'YZ9�@"Dt5=DECx4Q9-[^Wm9-O?[^@e5	O}D?5¤¶£5	7S7(~`·�CE;h@"O?M�~¶¸@BASAS5	O¤P	AS5	OtDECh9!C�[^W$M�C?<05Xdm]?@"Wm9->0�¤�'¹3��º)» �¤�'¹3��¼RH�­�9-OE7�d	5+d-9�7�b->e5	7QA$W(M3@"7Q7$M�C?W(d85	7�DNY®58W(WS5	CtW(7�_/CE5OEM�C?7&q/5	O?M�O?7�DE5�;h5	O/A$@"M�O?OE5�Wo<�5	CEq^5	O/A�µ�A$W(5rWSP	D?CE@BA�5	7o<�9-W�>#9h<EWS@"7S5r5	O¦d	M3;=<EAS5�Dt5	7od8M�W$W(58d�AS@eM�O?7DNY®M^W(D?W(5�7SC?<�P	WS@"5	C?W�D09!OE7:>'Y®5�zL<�9-O?7S@"M�O=dm]?@"Wm9->"5�d8M�;ry?@"OEP85o9	q^58d)��½m¾r¿RH�4�5 c 9-@BA:_LC?5+>e5	7�<?W$P	DE@ed�AS@eM�O?7DE5	7�DE58CLz\@�|	;h5)5�AXASW$M^@"7S@"|	;h5)>"@"[^O?5	7+D?C�Am9�yE>�5-9-C��!y�7$M^@"5	O3A�D?P�À�Ug5	Oky0M^O�9�d	d	M3W(D¦9mq35	d)>e5	7+q^9�>"58CEWS7M�yE7S58W`q3P	587&<E>n9�@"D?5�9�@"OE7S@Á5	O c 9	q^58CEWVDE5g>n9r_/C�9->"@"ASP DE5 d	5	A(AS5g5mz\<�9-Ot7S@"M�O6H­¤YZ9�C\A$W(5=<09�W`A8bN@">�7S5 c 9�@BAp_/C?5¤>"5=<EWSMLd	587(7SCt7)� � �Â�0�£<05�C\A)P8[L9�>"5	;h5	O/A µ�A$W(5¤D?P	d8W(@"A�UT>�YZ9-@eDE5DNY®C?OE5¤y0M�C?d	>"5¤DE5 c 5�W(;h@"M^OE7)d�]09!W`[3P	7)d	M^CE<?>"P	7g9�C¦�6�g<�9-W)>"5rq^5	W(AS5�z¦d	M�Ot7(Am9�O/Ao��Ã�ÄZG�Å�HÁÆR58d	@QO6Y®5	7(A<09-7�P�A�M�O?O09�O/A�7S@Q>'Y®M^O�7S5r7SM�CEq\@"5	O3A)_/Ct5�>n9=q^9!>"5	C?WpUhP8OE58W`[/@"5�OLCE>e>"5rD?5�d	58A(AS5�y�M^CEd8>"5rO6Y®5	7(Ag9�C\ASWS5_/CE5 >'YZ9!OEM^;{9�>"@"5r98zE@#9->"5 DE5r�p���¦b?d	M^;=;h5g@"OED?@"_/CtPp58O£F`G�HÇJ\G-KmH
È:É\ÊhËÁÌ\Ê�Í�ÎtÏ8ÌLÐ�Ñ-Ò\Ï!Í�Ó�ÎÁÊhÔ ���t�

4:Ys9-O�9->"M^[^C?5pD?5 >'Y®P	_LC�9�A$@"M�O£FSG�H"G^G8Õ/KR<�M^CEWV>"5 d	M^CEW�9-O3A&DE5gD?@">n9-Am9�A$@"M�O�7�Y®P8d	WS@BAgÖ
×/Ø?Ù ØÚ Û Ü ± ¨²�ÝQÞ&Ýrß�àáß �ãâä�)å(æ�æ Ü ± ¨²ç3¾r¿ i ¨� ß	ÞVÝ�è"é � Ü Þ&Ý�è"é �)åSæ ¨

Ü ± ¨²ê Þ&Ý ß × Ø � × Ø �)å æ âë¾�¿ëìí�� ÞVÝpî�ï ¨�ð ± Ø�ñ ± Ø!ñ/ò F`G^H"G-I^ó�K
M�ô�7$5	C?>"5o>�YZ9-O?M�;�9�>"@"5)y�µ�Am9 P�>"5	d	ASWSM�;�9�[3OEP8AS@"_/C?5 9gP�A$P)@"OED?@"_LCEP85�bt9-C�<tW(58;=@e5	W+M�WSDEWS5)5	O ì F�5�A�O?M�O>"5	7VD?@";h5	O?7(@�M�O?7�9-O?M�;�9->�5	7mK�H?4:Yv5mzE<EWS5	7S7$@"M^O�d	@s~�DE5	7S7$C?7	b?@"O/q^9-WS@n9!O3AS5 7$M�C?7V<09�W(@BA$P�bt5	7(AVD?5pd85 c 9�@BA)9-C;=M^@"OE7:_LC09�DEWm9�A$@"_LCE5�D�9-O?7�>e5	7¬d$]�9-;h<t7�D?5	7�;hP87(M^OE7¬<E7S58CED?M�7Sd-9!>n9-@eW(587Rõ�H�öR>">"5�O?5�<05	C?A:d	5	<058OED�9-O3Aµ�ASWS5VWS5	>e@"P	5oDE@"WS5	d	AS58;=5�O3A+UpCEOT<EWSMLd	587(7SCt7¬<E]/fL7S@"_LC?5gF'AS5	>t_LCE5V�t���÷� � � � b3<09�W¬5�z\5	;T<E>"5�K�q\@#9�C?OE5W(P8DEC?d�AS@"M^O�4�øE·£<�9-WSAS@"58>">"5^b�d8M�;h;h5rD�9-O?7)>'YvP	_LC�9�AS@eM�OëF`G^H"G-I!�3K�H0ù)úEO�DNYvP�Am9�yE>e@"W)CEO�<�9-Wm9->�>"|	>"5h9	q35	d>'YZ9-O�9->"f\7(5 D?5p>#9�7S5�d�AS@eM�O�<EWSP	d8P	Dt5	O3AS5^bE@">ÁOEM^CE7 c 9�C\A&<E>eC\AS��Aod	M�O?7S@"DEP8W(58W&CEO�d�]09!;h<�7Sd�9->n9�@"W$5�¯�û^Hø/C?<E<�M^7(M^OE7VD?M�Otdp>'Yv5mz\@"7SA$5	OEd85pD6Y®CEO?5pW$5	>#9�AS@eM�O�ürýp�kýþF�ÿvd8M�OE7S58W`q39-AS@"M^O�<�9-WSAS@"58>">"5 DEC�d	M^CEW�9-O3ADE5gDE@">#9�Am9-AS@�M�ONYsKgÄ w^��Å�bt7S5	;¤yE>n9�yE>e5rU=>'Y®P8_/C09�AS@"M^O�F`G�HeG-I�I3K�bt;�9-@"7o@e;=<?>"@"_LC�9-O3A�d	5	A(AS5 c M�@"7�>'YZ9-O?M�;�9�>"@"5DNY®P8d�]E5	>�>"5hÖ × Ø Ù ØÚ Û���� ØØ�� Ü ±��3i ¨�	�
� â ì��í�� ± Ø�ñ ± Ø!ñ â�
�
�
 ò F`G^H"G-I!u3K
���������������! "��#%$�#%&'�(�!)+*-,/.����0#%$"#1�2�435#/ 6�876�5�8&9��*:�;����#1$" =<� "�;��>?,/.��2�A@CBA#%#��!.8#/@D#/EF#/.HG/�5�2�;GI.�,/���'�!,�#J7C�5�8&0#�2�A767CK;��.ML;N
O;LAPHQSR;T U;U%V�L5PHWYX U;Z�P"[I\�^]A_ K;.�K;@C��<` 6#a&�b ,�<` 6�5.��'K;@dc!e;\0e4f5g;hM$"#/3+�2�5�0.�#/@(��#/3A�;@6G2i6#a7F#/��*-#I.�.���#H$jb #/�!.��9*-#I��GI#/��.2�A�9@"��,�&0,/*H#/@+.2�
$"#a*:�A.����9Gk#l �6�`���!#m,I@6#/�2BA�9#;n".!#�&'�o<` 6#:p2qsr;V'tvuk[�q	r;V'txw4[sy Z	z5{`Z zA{ y!|+}A\



���������	��

������������������

�
� �
�!�"� �#�!���!$%��&('�)*�,+�-

.0/21436587�9;:�<%=(>@?A=CB D
E�FHGC9;B�E�I�E�:�J;>0KMLN>PO*>�J*FQ>RB�.%=89;OSET=�OHUWVYXX�Z >�9[O\I�:�7QE�?8]^B�.%=85A>�=A9 E�O;9_U `�` Z >aOb cedX0f c X�f d0g�hji K#Lk>lB�.m>onQBo:�>�=�O�E�=8.%FpE�Irqls#t�?MET=�ORuHI�?A:Ws#>�9[Oe5A.0=8=A7lG
E�JevRw4xzye{�|P}a~Q���H5
E�=A9I�>PB�ET9z58>eO;J*.0:�9z9SEa��>�?AJ[9\E�BaO :��%>o9oK��� >�B�O;?8.%=89�9;?AJRIW��7�t�?#E!O;:�.0=�B�:��j58>�9;9;?A9RI�E"9;7�J*:�>�58>pF�ET=8:�G8?AI�E!O :�.0=A9R587!B�J;:�O;>�5ME�=(9RI�E�9[>oBaO*:�.0=G8J;7�Bo7�5A>�=�O;>%K8L�ElB�.%=89[OSET=�O;>pUWVYXX�Z 5A:�9;GMETJ E!��Oos(>aO�=8.%?89z.%��O >�=A.0=89@�
� ���C���(���j������� #¡ � ¢£k¤ 3

��q¥ �	¦��§�¦ �}H¨ ¦ § ¦ } © ��� �*ª « - K -T¬T­�®
B�>Pt�?8:k:�F_G8I�:�tm?8>_�

¯ ���2�°�(�±��²W³ � ¢ } q }S´6µ3¶o·0· £ µ ¤ }3�¸ « - K -!+0¹�®
º .%=89;:�5A7�J;.0=(9�>o=»GMETJ�O*:�B�?(I�:�>oJ�I�>2B�ET9"¤ 3 �¼¤k½Ms¾9;?�<%<%7!J[7CG
E�JpI�>2¿2.m58ÀoI�>ÂÁ�:�<�FpEÂL�:�=87TE�:�J*>ÃE�?Ä O;J;>�>a�ÅI�>��%>oIW��K(Æ4.0?(J ´ 3 �ÈÇ0É�Él¿2>aÊlsAIW�Ë7otm?ME�O;:�.%= « - K -!+0¹�® GAJ[7o58:�OP� ¯ ���2�°�(�±��²W³PÌ ¶ ¸ ��Í0>�ÊlK

L��Ë:�5A>�=�O;:�Î8BTE!O;:Ï.0=658>o9�J[7o9;.0=
E�=(B�>�9�9;BTE�I�ET:�J;>�9�G
.%9;>\Bo>�G
>�=A5MET=�O�GAJ[.%�8I�À�FH>HÐ Ñ -�Ò K�ÓÔ?"=A:��%>�E�?6>S]��GM7�J;:�FH>�=�OaE�IWs¾I�>�?AJpI�ETJ�<�>�?AJ�:�FQG
.%J[OSE�=�O*>^=A.�O�E�F_F_>�=�OpI�>�9pJ;>�=A5»58:�nQBo:�I�>o9�uÂ58:�9[O*:�=�<�?8>oJ�K¾ÓÕBo>�Bo:�m:�>�=�Oe9o�ÖE!×j.�?�O*>�J\I�>�FH7�I�ET=�<�>�GM.%9*9;:��8I�>l5A>�9\F_7�9;.%=89\9;BTE�I�E�:�J[>o9@Ea�%>oB�5A>�9e.0��×�>�O;9\=A.0=ØF_7�9;.0=A:�tm?A>�9O;>oI�9�tm?8>@58>o9�<%I�?8>o�ME�I�I�9!sA5A>�9�7oOSE!O*9 `�` `�`Q.�?^58>o9Y7aOSE�O;9�I�:�7�9YF_7�9;.%=m�ÅFH7o9[.%=±K(LrE�=
E!O*?8J*>P.%?^IW�Ë>S]8:�9j�O;>o=8B�>CFQÙ!FQ>C58>CI�EÃGMETJ�O;:ÏB�?AI�> � :�=�O;J;.m5A?8:�O*>C5MET=89pIW�Ë7ot�?METO;:�.%= « - K -�¬0Ú�® =A>C9;>�JSE2O;.�?�O*>�Û�.0:�9pGMET958:�9[Bo?�O*7�>6:�B�:�K�LN>6�8?8OQ5A>"I��ÖE�=
E�I�Ü�9[>6B�:��Å58>o9;9*?89Q>o9�O_9;:�F_G8I�>�FH>�=�O_58>6F_.0=�O;J;>�JQtm?��Ë?A=Ý7otm?8:��%E�I�>�=�O9;B�ETI�E�:�J;>�E�?�O;DA7�.%J[ÀoFQ>P5(>e�
E�9;9;>P7�=8>!J�<�:�> « - K -�¬�Þ�® >�9[O�G
.09;9;:��AI�>0Kß ��E�?8O;J;>�9@O;DA7�.%J[ÀoFQ>o9QupÛ�E�:��8I�>H` } G
>o?���>�=�O@�A:�>�=à>�=�O*>�=A58?�ÙaO;J;>H587�J*:���7�9oK�LN>o9�ET=8.%F"E�I�:�>�9@58>O;JSE�Bo>e58>�áeâRãä>aOz5A>Rá@åPãæ.%=�OÔE�:�=89;:±7�O;7e:�=���.mt�?87!>�9zGMETJ�I�>eGMET9*9[7�E�ÎA=65A>e587oB�J*:�J;>eI�>o9YET9;G
>�B�O;9=8.%=àG
>�J[O;?AJ;�ME!O :�Û�9R5A>HI�E�587o9[:�=�O;7a<�J E�O;:�.%=�5��Ë?8=ç�M.09;.�=à58>pè¾J*.0?8O�� � =�<�I�>!J�O[�ÅéY:�<�<%9RI�7a<�>�J�>�=à5(>�?�]G8DA.�O*.0=A9lÐ Ñ ¬!ê Ñ%Ñ Ò K

1.3.4 Transitions hadroniques entre états du quarkonium
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Chapitre 2

Opérateurs faibles anomaux
induits par les quarks lourds
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��ÙkÚ;Û9�#Ül� r ÜÝ ��Þ Æ Ò ÞNßÆ Ûpà Òá]â |

�Ã ÄÆ ã�ä u �;�zå ä�æ �;çNè��3��ÊBéSr t é � s vr t%u szê r st é �dÊBé vr t9u � s	ë3ì �#« hª¬ « §
í MOXIXIM5`#A	G�Q2M	J=E � E'F;MWC8HSE�M	D�JSM�Q2?�F�M5T=M/V�QSXIMf?�JlV�C�î]M	DlK-MWX�?,Z;JSH-Z;E'GYE�J-E�GIC]Dðï�ñ s�ò ñSó�ô��öõ��%áÀ÷ s óK*?�DSZPXIM	Z�E'F;C�GIZ�GI�	VBMNMOE���J*?�E�F�GI�/V�M�C8Q*R	F5?/E�M	JSF;ZPKSMqXdcoRO��J*?�E�GIC�D �#« hª¢�ø]§�h�ù�MOJ-XIM/Z[X£M	ZPA	C�V\H-G£D*?%GIZ�C8DSZK-MWA'��?�VBQSZ�K-M�^�XIJSC8D7Z�Z�GID-^�J-X0M�E�Z\K-MWA	C8JSXIMOJ-FbQ-Z�MOJ-KSC8Z�A�?9X�?�G0F;MOZ�Z�J-F � G � MOD�EOhi>�?,A	C�D]E�F'GIH-J-E�GIC�DlK-MXdcoM5T=QSF;M/Z�Z�GIC8D�AOGÇ`�KSM	Z�Z�J-ZB?�J=T×?9VWQ-XIGIE�J-KSM	Zqa�?�A�E'C8F�GIZ�R	MOZq�ú� |i| ZOce?�DSD�J-XIMfK-C8D7ApK*?%D-ZqX�?�XIG0V�GIE�MKicoG0Z;C�Z�Q-GID4n/KSM�ad?%û	C�DbZ;M/V\H-X&?�H7XIM­®3AOM���JSG=?­R	E�RkC8HSZ;MOF � RkGIX8îN?3��JSM	X0�]J7M	Z�GID-Z;E5?9D]E�Z�Q*C�J-F�X�coC8Q�ROF�?�E�M	JSFKice?%D-C�Vp?%XIGIMz?OT=G&?�XIM � A	C�D�E�MOD�JbK�?�DSZ¥XdcoR	��J�?/E'GIC8D ��« hª¢�ø]§;§5h/Ð<D\M	m*M	E�DSC8DbD-R	^�XIGY^�M�?%H-X0MÀKSM	Z�C8Q*R/F�?�E�MOJ-F�ZK-M[K7GIVWM	DSZ�GIC8D©��J-GIEzGIDSK-JSGYE�ZzQ�?�FzXIM���J�?�F�_pA��*?%F;VBRPK*?%D-ZzXIMPA�?�D�?�X4�q�W�¨�����bF�M	��JSGIM	F;EzKSC8DSA�JSD-M
� GIC8X�?�E�GIC]D�GIVWQ�C8F;E5?%D�E�M�K-M�X�?Nad?%A�E'C8F�GIZ5?/E�GIC8D-ü8hý'þOÿ����������%ÿ��
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2.2.3 Opérateurs de dimension cinq et sept6-7�8)9;:3<=7�>)9?<�8A@�8)B�CD:"9�E�F�8)GHE�8)F�BIG�J2KLF�:�CLBIM)B�CONP7RQTSHF�:UE�BH82F?KV>)KWE*KD:�CYX[Z�\�Z�]�^_S`CLKLaAKL>T:�KWE�CLBH9bG`7R>�E�F�Kdce 8)E�KL7=>)9;M)BH9�E�BHF�aABH9gf.h/ijM1:�>)9kCVB�lm:�n=F�:�>)n=KLB`>oBUp1BHGHE�KLq?X�Z�\�Z�5R^�\=rsBH9�7�Q1SHF�:UE*BH8)F�9�Q2KL>tn�7R82KL>29�uPG�J)F�7�cao7Rav:Un�>)SHE�KL@�82BH9`N
M2BwM)KLaoBH>29�KL7=>xGUKL>)@'9�7R>�EjQ17R82FyEH:�>�Ezn=S`>)SHF�SH9jQ1:�F%GH7RF�F�BHG3E�KL7R>29A{|GH7=8)F�E�BwM)KV9/cE�:�>)GHB':�8�}~<=B`FyE*B�}�q :�K e CVBH9wM28���7�M2�HCLB'��E�:�>)MT:�F�M#\;l_BH82FwQ)F�KL9�B�BH>�G`7RaoQtE�B�>)S`GHBH9�9�KWE�B�BH>�qO:�KWEM#Nd:�CLCLB`Fg:�8�c�M)B`CD{"M�BICONd:�Q2Q)F�7`})KLav:UE�KV7R>�{"@�81:�E�F�B-@�8T:�F���9`\��-KL>�9�KO��82>�G�:�CLG`8)C#{s8)>2B e 7�8)GHCVBIKL>2GHC�81:�>�ECLB�Q2F�7=Q1:�n�:�E�BH82F�M)8 e 7=9�7R>�� MT:�>)9-C :-�*:�8)n=B�82>)KVE�:�KVF�B�M)7R>�>)B�CLBH9�G`7R>�E�F�K e 8tE�KL7R>29�M)B�M�KLaoBH>29�KL7R>GHKL>2@�9�82KW<=:�>�E�B`9�QT7R82F�CLBH9-9*:3<�BH82F�9�<tKVFyE�8)B`CLCLBH9��-B`E���� ��ZU�k�

�k�������s ¡ ¢?£)¤/¥3¦3£%§¤[¥ �©¨ ¦ª ¢U« h ��¬ �*­¤ ¥�® ¬ ��­ ¯O°`± � ��²���³ X�Z�\µ´R¶�^:3<=B`G ® ¬ ��­ ��· ¦ ¸�¹ �"º�»�¼ ºR»�½H¾À¿ ·À� ¸ ¾ �"º�»�¼ º�»R½ ¹ X�Z�\µ´�4�^B3E � ¬ ��­Á �ÃÂ�Ä · hÁÅ hÆÈÇ ² � ¬ ��­É �ÃÂ ¯yÊ ³1Ë X�Z�\µ´R´�^lYBH9�S`@�81:UE�KL7R>29IM28Àao7=8t<�BHaABH>�E�X[Z�\�´RÌ�^k7=>�E�SHE�SÍ8tE�KLCLKL9�SUBH9�Q17�8)F�M)S`F�KL<=BHF�GUBsF�SH9�82CWE�:�E�ÎR\lm:�Q1:�FyE�KVB;CL7R>)n=KWE�8)M2KL>1:�CLBkM)8%Q2F�7=Q1:�n�:�E�BH82F_M)8o�ÏX @�82K�GH7RF�F�BH9�QT7R>2Mo{�CONÐSHG�JT:�>)n=B;M)BkQ.:�F�E�KLG`8)CVBH99�G�:�CD:�KLF�BH9`�1CLBH9ÍuPÑg7R82CLM�c e B�cyÒ"7RCLM�9�E�7=>)B=NL�2M.:�>29ICD:zn�:�8tn=B�M2BAN E-Ó�7�7=q�E�c[Ô�B3Õt>2a�:�>1^�KL>2M)82KWEIM�7R>2GÍ82>)B9�E�F�8)G3E�8)F�B�G*J�KLF*:�CLB�GH7RaAQT:UE�K e CLB�:3<=BHGÖCLBH9�7�Q1SHF�:UE*BH8)F�9Àf#h/i1\g×gBH9�>)7=8t<�BHCLCVBH9�GH7�>�E�F�K e 82E�KL7=>)9�9�7R>�EGHB`Q1BH>�M1:�>�Eo9�8�Q)Q)F�KLaoSHB`9jQT:�Fj8�>�q�:�G3E�B`8)FjM�BÀCONÐ7=F�M2F�BÀM2B · ¦�Ø �Y· Á*Ù Å hÆ MT:�>)9ACLBÀG�:�9jM)8Ú@�8.:�F��G*J1:�F�aASÍ7R8 · ¦�Ø � Ù · É M1:�>)9�G`BHCL82K#M�8ÀE�7RQÛ\r�:�>)9ICLBÍG�:�9�M2B%f h �2GHBUGHKÛQ1BH82EIÜ3E�F�Bs<=S`F�K�Ý)SÍB�}tQ�CLKLG`KWE�B`aoBH>�E"{%CON�:�KLM�BÍM)BH9ISH@�8T:UE�KL7R>29�X�Z�\�Z���^;B3EX[Z�\P´R¶�^*\T×kB`CLCLBU9/c�GHKÛKLaoQ)CLKV@�8)BH>�EIBH>�B`pTB3E��
� ¬ ��­Á ® ¬ ��­
Þ · hÁÅ hÆ Ä)· ¦ ¸ ¹ f h· Á ½ ¾ ¿ ·À� ¸ ¾ f h· Á ½ ¹ Ç X�Z�\µ´R��^

Q17R82FICLBÍ@�81:�F���G�JT:�F�aoSsB`E
� ¬ ��­É ® ¬ ��­mÞ Ät· ¦ ¸�¹ f h· É ½3¾�¿ ·À� ¸ ¾ f h· É ½ ¹ Ç X�Z�\µ´�5R^

Q17R82FICLBsE�7RQÛ\ß FmM)B`9m9�8)Q2Q)F�BH9�9�KL7R>29m9�BHa e CD: e CVBH9m9�7=>�Ek:�E�E�B`>)M28)B`9mS3nt:�CLBUaoBH>�E?QT7R82FmCLBH9�:�8tE�F�B`9�f h/i \�à�>%BUp1B3EU�CLB;G�JT:�>tn�BHaABH>�E?MÛNÐJ2SHCLK�GHKWE�SgM)B`9m9�Q)KV>)B`8)F�9mB3}tE�SHF�KLB`8)F�9
K�ajQ2CLKL@�8�B;8)>�B;M)SUQ1BH>2M1:�>)G`BgCLKL>2S�:�KVF�BgB`> · ¦�Ø � �E�:�>)M2KL9�@�8)BsCD:ÍC�KLaoKWE�BÍÅ Æâáäã M1:�>)9�CLBsG�:�9gM28À��B3E�8)>2B�:�>T:�CLÕt9�BsM)KVajB`>)9�KL7�>)>2BHCLCVB"MT:�>29gCVB"G�:�9M)8å�-Ýt})BH>�EÍCVBH9ÍM)S`>)7=ajK�>1:�E�BH82F�9`\#l_B`9s7=QTSHF�:UE�B`8)F�9%:�>�7Rav:�8t}åKL9�9�8)9ÍM)B�f1æ=�#BH>'Q1:�F�E�KVGH82CLKLBHF`�#9�7R>�E:�KV>)9�K#9�82Q)Q�F�KVajS`9�Q1:�F · ¦�Ø � Ù Å hÆ 7R8 · ¦�Ø � Ù · hÉ \l�N�:�F�n=8�aoBH>�EmM)KVajB`>)9�KL7=>)>2BHC�8tE�KLCLKL9�S;G`Kdc[M2BH9�9�8)9
9`Nd:�Q�Q)CLKL@�82B;S3nt:�CLB`ajBU>�E�{�CD:�GH7=>�E�F�K e 8)E�KL7=>%M#NÐ82>)Be 7R82GHCLB"M)B"@�81:�F��j�g:�8t}vM)S`9�KL>�E�SHn=F�:UE�KV7R>29;M2BH9gaoSH9�7�>)9;çv\tlÛB`9g7RQTS`F*:�E�BH82F�9I:�>)7=a�:�8�}�G`7RF�F�B`9�Q17R>�cM1:�>�E�9I9�7=>=E-M27R>2Gs9�82Q)Q�F�KLaoS`9�Q1:�FI8)>�qO:�G3E*BH82F�M)BÍCONÐ7=F�M�F�BÍM2B ·Àè Ù · hÉ \éOê/ëµëPê?ì3í�êmî/ê/ëµëµêmì3í�ï=ðkñRêyòOó;ï�ôTõ�ö ð�÷�ø3í�é ïµò#ù�ëVö ú�ì3í�ð�éOï�ø*û%üWý�þ ÿ����1ó��yû�ê
ù�í�ûIñ�òOøUî/ê�ôOô í�ôTõ�ê��Wð�î/éOø*òOïdôOð�éOïµø�û-õUï	�RúyòOê�ûHé#õ�êî�êyëPí�ï�õ�ø�û`é#ïPë�ê�ôOéÛì`íUê�ôOéOïPø�û"ïµî/ïVþ

�� ø*éOø�û�ô1éOø�í�éOê
�dø3ïµô.ì3í�êmî/êyëPí�ï	�Dî/ïRñRê/í�é.ú���ð�ëPêyógê/ûUé���é ò�ê
õUúyòOï	�3úmõUð�û�ôTëµð�� ð*í���êmõUê;ö é��_øHø��dé�����ê��Hû�ó�ð*ûIô�ð*û�ô.ì3í�ö ïPëûUêbô ø3ïPéÛû�úyîyê�ôOôOð�ïPòOêbõ�ö íUéOï�ëPïµôOêyòÛî/ê�ô.ú�ì3í�ð�éOïPø3û�ô�þ
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>@?BADC8E�F�G�HJILK=F�HJC8ENMLOQPR?BI�C�K-ADPJOQMLOTS�K*?%G;U,V�HJELM-KLHWF�OTX�?�G!PZY[C�X�\	G5?/F'O	KLG�]^F�G�O	O5_#PJO�`aO	PZYbBced�fgihkj7l mDnLo7p V n2q5l V nLo p�r n2q s#t�uwv �axy A	ODz|{~}/{~ODz|M-\Dz;H�EaF�\��aG�?%F�HJC�E-zD�LS�K�?�E�F y ODPJPJO8�*O	z;F|XLPJK-z<XLG;C�I-P0\	{,?/F�H0S�K-O uL� ENO/�*O�FD�*PJO	z|{�C8{�O	E�F'z?�z�z�C�A	HJ\Dz�?�K=�NA5�*?%{~XLz<M-O���P0K-C�E-z<X*O	KL`�ODEaF<ADO�F;F'O��&C�HJz|}�F�G;OTz�K-X�\DG;HJODK-G�z y PR?B{,?%z;z�OTM-O�PR?�z5?	`�O	KLGHJEaF�O	G�{�\	MLHR?�H0G;OT� d u*� ?%E-z<PJO/z|ML\	z�HJE�F'\���G5?%F�HJC�E-z<M-O/z|{�\	z�CaE-z<��ODE�M-ODK���A	C�G;XLz/�7X*?%G<O��=O	{�X-PJO��7PJO{~C�{~ODE�F�A%?�G�G;\�M�Y[KLE���PJKLC8E�K-ELHJS�K-O�\	{�HJz�`�HR?NPZY[H0E�F�\��aG�?%PJO�MLO�X�C�PR?%G;HJz5?%F�HJC�E�MLK�`�H�M-O s�t�u �-��x�O	z;FO	z;F�HJ{�\NF��=X-HJS�KLO	{�O	EaF�M*?%E-z�PZYwHJE�F�ODG�`a?%PJPJO�� g�/� j�� � g � � g���8¡£¢ ¤8¥8¦ u§� ?%E-z�A	O/z�A	C�E-MLHWF�H�C8ELz	�§PJOS�K*?�G�U�A5��?�G�{~\�ELOQX�ODK=F|I-H�O	ENO	EaF�O/E-MLKNX-PJKLz!}�F�G;O�HJEaF�\���G�\ u¨<C8K7zQE-O~X*C8K-`�CaE-zQMLC8E-A~E-C�K-zQXLG;C�E-CaE-ADO	GQz�K-GQPZY[H0{~X�C�G�F�?�ELA	O~M-O	zQO/�*O�F'z�?�E7C8{�?�K=�©PJHJ\/z�?�K=�z�F'G;KLA�F'K-G�O	zªA5�-HJG5?�P0O	z<« g;¬%­¯® M*?%E-zªPJO	zªM-\Dz�HJE�F�\	��G5?/F�H�C8ELz°MLO	zª{�\	z�C8ELz°�,� y {�C8H0E-zªM-O��Z?9HJG;O�?�XLX*O	P yPZY±?�XLX-G�C/�=HJ{�?/F�HJC8E�M7O²�Z?%A�F'C8G�HJz�?/F'HJC8E4��ADC8{�{�O�E-C8KLz|?%PJPJC�E-z°P0O<`aC8H0G°M*?%E-z°P&?�z�ODA�F�H�C8E�z'K-HJ`�?�E�F�O�M�?�ELzPJOQA%?�z!MLKN{~C�MLO��B³<´¶µ©³5·=¸ s {�O/EaF�HJC�E-E7\QODE¹ML\	ILK=F|M-OTA���?�X-H0F�G�O�x u

2.2.4 Effet du quark charmé dans B → Kη ¸º C�E-z�HJML\	G'C8ELzQMLC8E-A~PR?�ADC8E�F�G�HJILK=F'HJC8E�?9K��»M-\	z�H�E�F'\��aG�?%F�HJC�E-zQ��³�´¼µ�³�·�¸@M-K½X7G;C�ADO	z'z�K-z r ´V5V m �ªz�K-HW`=HQMLO½PZYw�*?�MLG�C8E-H�z5?/F�H0C8E¾V V¿´ lRÀ=ÁRÂ*Ã%Ä¯m%q#Å*Å ´ · ¸ s AD� uªÆ � ueÇ �ªX u ¥ v �<?	`�ODA½K-ELO½z5?	`�O	KLGHJEaF�O	G�{�\	MLHR?�H0G;O�VDx u º ON{�\	A�?%E-H0z�{~O���S�K-C�HJS�KLO¹z�K-XLX-G'HJ{�\NX*?�G�PZYwHJE�`�ODG;z�O�M-ONPR?©{�?%z�z;O�M-KÈS�K*?9G�UA'��?�G�{�\8�-O	z;F!��?	`aC8G�HJz�\QX*?9G3G�?%X-X*C8G�F y PR?�A	C8EaF'G;H�I-K-F�HJC�E,MLK¹X-G�C�A	ODz;z�KLz r ´ Â*Â m X�?�GªP0O	zª\DPJ\	{�O	E�F'zM-O�{�?�F�G�HJA	O�M7O º3É�Ê S�K4Y[HJPËHJ{�X-P0HJS�K-O�Ì@Í[ÎBÏd � Î dZÐ Í8Ñ l�Ò=Ó ¡8¡ q g �-F5?9E-MLHJz!S�K-O,Í Î�ÏÔ � Î Ô Ð Í8Ñ lZÒ-Ó ¡8¡ q�Õ8u>4ODz�O	��O	F�z�M7KÈS�K*?9G;UÖV�M�?�E7z�PJODz�M-\Dz'HJEaF�\	��G�?/F�H0C8ELz��B³»´ µ�³�·�¸ªC8EaF�ML\�× y \DF�\©?�E�?�PJ�=z;\Dz yM-HJ�*\DG;O/EaF�O	z²G;ODX-G�HJz�O	z ¢ ¤ �L� ¤ v ¦ u >¯OTA�?%PJADK-P¯M-ODz|X7G;OD{~HJODG;z<F�ODG;{�O	z²M-OTPZYwO5�-X*?%E-z�HJC�E�M-K�XLG;CaX*?���?�F�O	KLGO	E�A5�*?%{~XLz§O5�=F'O	G�E-O/z s�t�uet ¤ x�ELC8KLz§X�O	G�{�O�F3E-\%?�EL{~C�HJE-z3M-O|X�C8z�ODG§KLE�G;O	��?9G;M�ELC8K=`aO�?9K�z;KLGØPJO|G;Ù�PJOM-O�PZY±?%E-C�{�?%PJHJO�?D�=H&?�PJOTM*?%E-z|PR?BA	C8E�`aO	G�z'HJC8ENMLOQP&?�X�?�HJG'OTV V�O	E¹·�¸ u� ?%E-zQPZY±?%X-XLG;C/�=HJ{,?/F'HJC�E»M-O��Z?%A�F�CaG;H0z5?/F�H0C8E4�2PZY±?�{�X7PJHWF'K-MLO�M-O�ML\	z�HJE�F'\��aG�?�F�HJC�E»� ³ ´Úµ ³ · ¸ H0E�_M-KLHWF�O�X*?%G!PZY[CaX*\	G5?/F�O/K-G s�t�uwv �ax s C8K�XLPJKLz!X-G�\	A/HJz�\	{�O	E�F|z�C8EN�-ODG;{�HWF'HJO	ENA	C�E%×;K-��KL\%Û�Ü%xØzDY[\/A	G�HWFTÌÝ · ¸ µ ³3ÞÞÞ b c±d#f�ßg ÞÞÞ � ³8à-á hãâNäå�æ · ¸ ÞÞ V o p o*ç V ÞÞ Ò�è æ µ ³ ÞÞ r o p m ÞÞ � ³ è@Ó s#t�uwv�é xê#E�F'G;C�MLK-H0z;C�E-z<PR?BM-\ Æ E-HJF�HJC�E¹�2?�ILHWF�KLO	P0PJO�Ìâ!ë�ì ced�fí�î�ï pí�î2ðñæ · ¸ Í V o p o ç VaÍ Ò è Ó s#t�u ¤�ò x>4ODz3S�K�?�G'U�z3P0C8KLG;MLz3ELO²X*O	KL`�ODEaF°A	C�E�F�G�HJI-KLO	G|?�K=��ADC8E7z;F5?�EaF�O	z3M-O²ML\	z�HJE�F'\���G5?/F�HJC�E�M-O/zØXLz'O	KLM-C8z�A%?D_PR?�HJG�O	z|PJ\��aO	G'z!S�K�YW?�K¹F�G5?	`�O	G�z!MLOQI�C�K-ADPJO	z u ¨<C8KLz�?�`�C�E-z|MLC8ELA�Ìâ!ë�ì cWd�fí î ï pí î h Ý · ¸-ÞÞÞ â!ëZó|ô�õ�lWö÷¾â � d q'ø ®ù�ù o p o*ç5ú ÞÞÞ Ò àQû s#t�u ¤ ��xC8ü�PR?�F�G�?�ADO�X�C�G�F'O y PR?,�&C8H0zTz�K-G�PJODzTHJE-M7HJADO	zTz�X-H�E-C�G;HJODPJzTODFTMLO�A	C8K7PJO	KLG u ê�E-z�\DG;C�E-z�P0O	zTX7G;OD{~H0O	G�zF�O	G�{�O	zýMLO|PZY[O5�=X�?�E7z�HJC8E�MLK�X-G'C8X�?/�=?/F�ODK-GýM7K�S�K*?9G;U�A5��?�G�{�\ s�t�u±t ¤ x@M�?�E-zØPZY[O��=X-G'O	z�z�HJC8E�ADHe_�M7O	z�z�K-z uþ O	KLPJO�K-ELO�X*?�G�F�H0OQMLOB« ç z�K-G�`�HWF u ¨²C�K-z!CaI=F'O	E-C�E-z�?�HJE7z�H Û;Û Ì
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2.2.5 Cadre général de l’expansion en produits d’opérateurs
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2.3 Opérateurs ‘faibles’ au-delà du Modèle Standard
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2.4 Introduction de l’électromagnétisme
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Ú"CLMNE�D Q�R.G�?.HJQ�RPCVK1CV\+GB>@TPHJD;CLKtE0A(> p CL?BA D;CaE9?.G�MaE&K@>@CLH p G�D;A C	H�C�A�I	K@CLF�A D(G�MaE�O�?PI�A >1Q�R.C	H�T+E&?.HJK¨giC6j�®\.D C	H H >@G�?fFL>Û®¨T8C	H H R.H�F	G�D;D(C	H \+G�?8Tfu.>1C	?ÜeaF	CLK@R.>�H \�I	FL>@Ý.I`\�E�DJK1C	HJI0Q�R+E�A >@GB?.H]c;©�X¶²�§�nJE	}�CLF]Þ|ß����C�ANc�©�X¶²=©&n[E�}BC	FNÞ|ßà� Î T�E�?.H­K@ClF�E&H|TPC]K�g±E�?8G�MNE&K@>@ClT.ClA(D�E&F	C&á$â9sZC�A|\�E�D|K@CLH[I	Q�R�E0A(>@G�?PHNc;©�X¶��µBnC�A`c�©�X±���Bn_E	}�CLF`Þ­ß·� Î T+E9?.H_K@CVF�E&H�TPC­KhgÛE�?PG�M-E�K1>@C`E�j=>tE&K@C�X�ãqCLF	>�?�giCLH A_\�E�H�I	A GB?.?+E&?BAJ\.RP>@H(Q�R.CF	C	H_F	G�C	ä]F	>1C	?�A H[E�?.G�MNE�R=jmH(G�?BA�T.I	A CLD;M]>@?8I	H<\�E�D_K@CLH<}�E�K�C	R.D HJe]I	?PC	D;O�>�C[?�RPK@K@C|T.C0H<TP>tE0O�D�E&M`M]CLHA D;>'E�?.O�RPKtE�>1D;C0H�å�æVæçC�A<�Væ­æ]s8F	GBM]M`C|>@?.T8>@Q�RPI|C	?�c�©�X±��²�n�C�A`c�©�Xº�=©�n"T+E&?.H<K@C­F�E�H_TPC »Jè|é X3ê_DF	C`H G�?�A�Ý.?�E�K1C	M]C	?�A[F	C	H�TP>tE0O�D�E&M]M`CLH�Q�R.C]?.G�RPH[G�u.A C	?PG�?PHlc�C0?BA D;CNE�RPA D C	H6n<\�E�D�K@ClF�E�K1F	RPK�T.C]KtEu+G�R.FLK@C[T.C�Q�R+E9D;�NF6W+E&D;M]I[\+G�RPD � � O�D�E&?.T5XYÖEUT.ILD;>1}�E0A >1G�?·T8R·FLG�RP\.KtE�O�CbC	o�C	F	A > p T5giR.?�u�G�H G�?·T.Cbë_>^O�O�H]K@ILO�C	DNedKtEdA D6E�FLC T.R�A CL?.H C	RPDI	?.CLD�OB>@C6®$M]G�MlC	?BA`C	H;AaE&>@?.H >�>@M]MlI	TP>tE0A(C-T+E&?.H`?.G�A D C p G�D;MNE&K@>@H MlC�sÖF	GBM`M]C-?PG�RPHlE&K@K@G�?.HVK1CN}�G�>@DMaE&>@?BA C0?+E&?BALX�ãqC[TPC	D(?.>@CLD´T.G�>^A_uP>@C	?mC0?BA C	?PT.RfE&R.\�E�D6E	}BE�?BA_~�A(D;CVE&F	F	GBM]M`G�T8IVeVR.?8C[>@?�A CLD�E&F�A >1G�?ì A D C	C�®¨K@C�}BC	K�g.T.>�o+I	D C	?�A C�T.C�F	C0K@K@C�T.C�KhgiILQ�R+E�A >@G�?íc$§�X¶¹�n�s.FLG�RP\.K'E�?�A"RP?bu�G�H G�?bT.C�ë_>^O�O�H_eVR.?bQ�R+E9D �K@G�RPD;Tí� »�î �ðï ñ�ò9ñ ò ¦ c¨§�X@©Lª�ó�nG�ô|ïõC�AZñ ò TPI	H >^OB?.C	?�AZK�C	H�F6W�E�M]\PHZT.R|u�G�H G�?[T8Crë_>^O�O�HZC�AÖTPR[Q�R+E&D;�JK@G�R.D(T�s0D C	H \�C	F	A >^}BC	MlC	?BA0s0C	AZK@Cu.>@K1>@?.I&E�>@D C"F0>Û®¨TPC	H H R.HqCLH;ArH >@?=O�R.K1C�ArH G�R.H�årvVw Î y¿ßqX.ãqC´\�C�A >@ArTPI�A GBR.DrF	G�?.H;A >1A RPC"T.G�?.F<R.?PC"G�FLF�E�H >1G�?T.ClM]G�?�A(D;CLD|K@ClF�E&D�E&F�A�ö	D Cl\.K@RPH[OBI	?PI	D6E�KqT.ClK'E-A C	F�W8?.>1Q�R.CaM]>@H C E�R¯\�G�>@?BA­T�E�?PH|KtE-H CLF�A >�G�?÷§�X@©�X³�E�?8H"K@C�øUG�TPö	K@CVù�A6E�?PT+E&D;T5s.K�CJFLG�RP\.KtE�O�C­E�H(H G�F0>@I|e­Khg¶G�\�ILD�E�A C	RPD[c¨§�X�©Lª�ó�n4C	H;A´T.GB?.?PIJ\�E�D��
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.�/10�24365�78.:9%.<;*;=04>�?A@�?B.#C=D%7)E1?FC*>G5H0�IKJL5H7�.M/1.<7)0N?�CO9PERQ10RSFS�0T>�.�S�;O7U0�/HVU>F04>�?A2!W�.�9PXA;*2�.#7Y.#V)C=0V)S�VZI*VY.#7T[8V]\^0_\)5`.N/1.#S�IbaFC!V);*?FC*0c;!XBE_S�I�.�S�dN0%>�0c7Y.e;=Q�9cd�I!C=V)0%dN7)0R2�I*C*E_f].<V)aF7U0�gh\`i�?FVU/_.#S�IbXB.#;PjAXB.<;k7U0N;>FdN/10�7)E_X�X'0N9P0NS�I!;b>L0%7Y.l;*0N2�I!V)E_Snm�\)o15pS�E_?F;c.#C=C*VZ/�E_S�;qjl7Y.�2�E_S�2N7)?�;!V)E_Sr@�?F0+7
st0�uHXLC=0�;*;=VUE_Sv[wm�\xm - g>FE1VZI�y�I*C*0:C=0R9qX�7Y.#2NdN0:X'.�C�7)0:z`.R{�Ch.<SH{1VU0NS�0N|'0�2�I*VUfp@�?F0M/1E�V)2NV8}
~P�

���=��w���k���]�_�T� ���<�G���T�O��� �F�G�����!�#� 3��N�¡  [�m�\)oR¢_£�g
E_¤¥7Y.¦I*C�.�2N0OX'E_C=I*0�jK78.Kf�E_VU;`;*?FC`7)0N;`VUSF>�V)2N0�;`;=X�V)S�E_C!V)0N7U;`0�Ip>�0§2�E_?�7)0N?LCN\#¨p0NS'.�S�I©2NE_9PXFI*0O>F0N;pI!0NC*9P0N;.�>�>FVZI!V)E1SFS�0N7);T[wm�\«ªFo�g�5_7Y.¬2RE_S�I*C*V)aL?HI*VUE_SP>FE19PV)SB.<S�I*0¬j47]stdN@�?'.RIhV)E_SP2�Vx­�>�0N;*;!?F;�51E_aFI*0NS�?�0KX'E1?FC©® ��¯ 5;�stdN2�C=V)I:� � �=° � � �3 �²±´³pµ�#¶R·�¸M¹º_» ¸ º#» ¹ � ³`¼ �¶#·¾½ º<» ½ º#»�¿ÁÀ [�m�\)oR¢ - gz`.Â>FdN;*VUS�I!d�{�Ch.�I*V)E�SÃ>Gst?�SÃaBE_;!E1SÃ>F0ÅÄTVZ{�{1;�7)d�{�0NCe0�SÃ>F0N?HuvfY0RC=9PV)E1SF;�5K>F0�?�uv{17)?�E_S�;eE_?Ã>L0N?HuXFW�E<I!E_S�;P0N;*Ic>FE_S�2�ÆFS'.�7)0R9q0�S�IP>LdN2�C=V)I*0ÇjÈ7]sx.�V)>L0�>F?�z`.R{�Ch.#SH{1VU0NS�0N|'0�2�I*VUfbÉtI*C*0N0�­�7)0N/10N7�s©;*?�VZ/�.�S�IR5.�X�C=Ê�;¦?HI!V)7)V);�.�I*V)E1S�>F0:7Y.ËC=0�7Y.RI!V)E_SÁ[wm�\)o�¢ , gT�� �Ã� �J � ± 3 Ì_Í#Ì Í � ³pµ��¶�· ¸ ¹º_» ¸ º<» ¹ � ³`¼ �¶�· ½ º<» ½ º<» ¿ À [�m�\)oR¢_Î�gz`.T@�?B.�S�I!VZI*dK0RS�I*C*0KXB.�C!0NS�I!WFÊR;*0N;©SÏst0N;=I§.#?HI*C!0K@�?F0K7�.�I*Ch.<2N0K>�?ËI*0NS�;*0N?�C©dNSL0NC={1V)0�­�9PE_9P0NS�I§.#;*;=E�2�V)dN0.�?�@�?�.�C*D%7)E�?FC*>´[]V)SF2�7)?'.�S�I�7)0N;¬.<SFE19+.�7)V)0�;�gh5L2N0:@�?FVÐ>Fd�9qE1S�I*C*0M7U0MC*dN;*?L7ZI�.�I¬.#SFS�E_S�2Nd_\
2.4.4 Effet du quark charmé dans B → Kγγi�V){1S'.�7)E1SF;�XBE1?FC¡I!0NC*9qVUSF0�C�@�?F0¦7)0�C=d�;*?F7ZI�.RIT[�mH\«ªHo#gpX'0NC*9q0NI¡0�SF2�E_C!0¦>Gst0�;	I!V)9P0NC�7Y.¬2�E_S�I*C*V)a�?HI!V)E_S>F0�a'E_?�2N7)0�;�>F0T@�?B.<C=D�;Ñ7UE_?�C=>�;Ñ7)E_C*;*@�?F0�7]st0�uFXB.#SF;*V)E1Sc0�ScXFC*E�>F?�VZI*;Ñ>ÏstE_XBdRCh.�I*0�?FC*;¬[�m�\xm - gpSÏst0N;*IÑXF7)?�;/1.�7)VU>F0%j%2RE_S�>FV)I*V)E1SÅ>F0q;*0qXL7Y.#2N0NC:>B.#SF;:7]s�.<XFX�C=E�uFV)9+.�I*V)E�SÅ>F0qf].#2�I*E�C=VU;�.RI*VUE_SÏ\ÓÒÑE�SF;*V)>�dNC*E_S�;MX'E1?FCÆ�uH0�C`7)0N;©V)>Fd�0N;`7U0N;`0�|'0�I*;©>F?Ë@�?�.�C*D:2�WB.#C=9PdO>B.#SF;©7)0OXFC*E�2N0N;*;*?�;`C�.�>FV�.RI*VÔf�ÕbÖT×ÙØÈÖ�Ú'ÚÓ5#C*0NX�C=d�;!0NS�I*d2NVx­w>F0�;=;*E1?F;R\

Ûp�U&��UÜ#ÝÞ SF0K.�S'.�7)QH;=0�;*0N9¥a�7Y.#aF7)0Kj§2�0N7)7U0¡0N|�0N2�I!?FdR0¡>'.�SF;Ð78.§;*0N2NI*V)E1SËm�\�m�\tß¦>'.�SL;Ð7)0¡2#.�;Ó>�0¡7�.O>�dN;*V)S�I*dN{1C�.RI!V)E_SWB.#>FC*E_S�V)@�?F0KÕ Ö ×ÙØ Ö�àHá X'0N?FI©y�I*C*0O;*?�VZ/HV)0OVU2NVHd�{H.�7U0N9P0NS�I�\<â�SqXB.#C	I*VÔ2N?�7)V)0NC�5<7]s«dN7)d�9q0�S�I©>F0K9%.�I*C*V)2N0f].�2�I!E_C!V);*d:>F?�2NE1S#ã=?H{�?Fd:>L0M7
stE_XBdRCh.�I*0N?�Ck[�m�\ , Î�gÑ0�;=I¦2�0�I=I!0Mf�E1V);¦>FE�SFS�d:XB.#CM�ä ÚLÚ'Ø ÖKååå ¼Ëæ�ç�èYé� ååå Õ Ö#êLë � �ìcí ÚBÚ åå î Ú º � �¦ï Ú � � î åå*ðFñ í Ø Ö åå ò Ú ºFó åå Õ Ö ñ À [�m�\)oR¢_ª�gz`.:XFC*E�>F?L2�I*VUE_S%>L0�7�.:XB.#V)C=0TÚLÚ�X'0N?FI§>FE�SF2Mj:S�E_?H/�0�.#?+y�I*C*0¬>Fd�2NC*VZI*0:jMa�.�;*;*0¬dNS�0NC={1V)0:jM7]sx.�V)>L0T>F?XFC*E_X'.R{H.RI!0N?FC�>�?�@�?B.�C*D î >B.<SF;�?FS�2�WB.#9qX�d�7)0N2�I*C*E_9+.R{�SFd�I!V)@�?�0M0�uHI*0NC*SF0P�ô ÚLÚPõ îhö º î õ ð�÷ � ä ÚLÚ ååå ï � ���%ø]�Zùú ï´û ç �*üGýþNþ ö º�ÿ ååå ð ê   [�m�\)o1o�¢�g.�/10�2 ö º � Ú º X'E_?�C¦>F0�;�XFW�E<I!E_SF;�ÆFS�.�?HuA>B.<SF;¦7
std�I�.RI ð���� 0NI ö º � Ú º Ú � >B.#SF;¦7)0:2#.�; ð ü � \�����	��
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2.5 Synthèse
>@?&A.B<C	DEC6F+?&G.HJI K D�L+ANM�ONBP?�Q�M�A.BRGNK;M�G�M�B SEO.AND@TUS�I(F.M�V8D@B HJTWG.XYD@G�DZK;TWD�I I6?&A[IRV8DP\[S	A.SZK;D0K<V.D

] ?&^	M�A_B;`=B;I S	Ta?&I HJb�OND-XJD	BcCZM�K(K;DZC�I H1M�ANBdVNDaIe`�G�D-GNHJA=\[M�ONHJAgfhC ]ei�j \ iJk0l L�G inm�o�pdq ONA.DrHJA�I DZK�?&C�I H1M�A
D	s+D	C	I HtQ�D q b�O+?&I K Dcb�O3?�K u�Bv?9K w.HtI(K�?&HJK D�LxB(M�O.BPXhyzF�`�G�M�I FN{	B DcV|yzONA.DWB�?	Q[D	ONK}H1A�I D	K TWS	VNH~?�HJK(DWXJM�ONK;VND i
� D	I;I DrTcS	I F.M�VND-CZM�ANB;H1B�I(D q D��.G.K HJTWD	KcXhyzS	Q�M�XYO=I(HJM�A�V.D-X�yzM�G+S0K�?�I DZO.KdH1A.HtI(H~?�X�D	A�I(D	K TcD0BcV.DaX�yzD6���
G+?�ANB HJM�A�DZA�X'?rT-?&B;B D-HJA[Q�D	K B DaVNO�G8K M�G�?0\�?�I DZO.KdV.O_b�O�?�K u�XJM�O.K(V�G.XJM[A=\[S�V3?�ANBdO.A�C6F�?�TWG_V.D
� ?&O=\[Dvf'\[XJONM�A.B�DZI6��M�OWGNF.M�I M�A8B p C	X'?�B B(HJb�OND i=� D�I I D"D��.G+?�ANB HJM[AxL�HJANV.SZG�D	ANV+?&A�I D"VND"Xhy�M�G+S	K6?0I�D	ONK�HJANH��
I H~?&X�G3?�K;I HJCZO.X1HJD	K�CZM�ANB;HYV.S	K S�L|?WS�I�SEC�?�XYC	ONXJS	DdD6�=GNXJHJC0HtI DZTWD	A�I���ONB b�Oxy q X�yzM�K V.K D-������� i�� DdK;SZB;ONXtI6?�IZL
C	M�ANC	H1B@D�IW?�O=��G.K M�G.K HJS�I�S	B@VNDWB `�TWS�I�K;H1DWTa?�ANH ] D	B;I(D	B0L5BZyzDZB;Ic?�Q[S	K(SWS	\�?&XJD	TWD	A�Ivw8HJD	A_?&V+?�G.I S q X~?
V.D	B CZK;H1G=I H1M�A�V.DZBRD	s+DZI B<VND	BRw�M�O.CZXJD	BRVNDvb�O+?�K u�B<XJM[O.K V.B�V+?&A.B<C0D	K;I6?�H1A.BRSZXJS	TWD	A�I(B<V.DETa?0I(K;HJC0DvV.D
F+?�VNK M�A.B�M�O�V.DPGNF.M9I(M�ANB q w+?&B;B DPS	A8D	K;\�H1D i

� D ] M�K;Ta?&XJHJB(TWD4?�HJANB H[V.S	Q�D	X1M�GNG�S�A.M�O.B�?4G+D	K(TWHJB5VND�C	X�?�K H j DZK5XJD�K(��X1D�V.DZB5M[G+S	K6?0I D0O.K B�?&A.M�T-?�O=�
XJHJS	B�?&O��Wb�O+?&K;u�B4�&L��4D	I���Q=HJK;I O.DZXJB�V+?9A.B�XJDZB�V8S	B HJA[I�S�\�K6?0I(HJM�A.B ] ?&HJwNXJD	B�VND	B�F+?9V.K M�ANB i[� M�B�K(S	B O.XtI�?0I(B
G+D	O=Q[D	A�I� �I(K;D@K S	B O.TWS	B<C	M�TWTWDPB;ONHtIZL8D	A¡CZD}b�ONHxCZM�ANC	D	K A.D@XJDZB"D	s�D	I B"VND	B"HYA�I(D	K6?�CZI HJM�A.B ] M�K�I DZBP¢

£¥¤ I�?�A�I�V.M�A.A8S"XJD	B�F�`�G�M9I FN{	B D0B�C	M�A.B HJVNS	K(S	D	BZL�H i D i f�D	B(B D	A[I�HJD	X1XJD	TWD	A�I p L�O.AWM�G�S	K6?0I DZO.K�H1A.HtI(H~?�X q
b�O+?0I(K;D�b�O3?�K u�B�DZI�O8A.D�B6?�Q�D0O.K�H1A[I D	K(TWS	VNH~?�H1K;D�XJM�O.K(V.D�L9X'?<TcS	I FNM�V.D�B D�I K M�O.Q�D� �I�K;D�G�?�K;I HJCZO��
XJHJ{	K D	TWD0A[I�wNHJD	Ac?9V+?&G=I SZD q X�yzD	B;I�HJT�?�I H1M�AEV.DZB�C	M[A[I K HJw.ONI H1M�A.B q CZM�ONK�I�D�V.HJB;I6?9A.CZD�V.D	B�w�M�ONC	XJDZB
V.Dcb�O�?�K u¦�U?�O���?&TcGNXJHtI�O.VND	BPV.DcVNS	B HJA�I(S�\�K6?&I HJM�A§V.DZB}TWS	B M[A.B@¨ i�� DZB}VND	K A.HJ{ZK;D0B}CZM�ANB;I H��
I O.DZA�I�V.D@G.XJO8B�O.A¡DZA.V8K;M�HtI�GNK;HtQ=H1XJS�\[HJSPG�M�O.K<S�I ONV.H1D	K"X1D	B<D	s+D�I�B"VNDPXhy�?�A8M�Ta?�XJH1DPV.D@I K6?�C	D@V.D
©PªP« XJH1S	B�?&O¡b�O+?�K ua�cf�C ]$i.j \ i �=LNG inm � p G.ONHJB(b�OND}X�?vCZM�A[Q�D	K B HJM�A¡V5yzO.A8DPV.D	ANB HtI SPV8D}\�XJONM�ANB
B;C&?�X'?�HJK(DcDZA�G+?&HJK;DWV8DcGNHJM�ANB q w+?9B;B DWS	AND	K;\�HYDcG+DZO=Iv �I K DWD	B;I H1TcS0D q Xhy�?�HJVNDcVNDUXhy¬?�ANM�Ta?&XJHJD
V.D�I K6?�CZD ] M�K�I(D@?&B B;M�CZHJS	Dv?&O��rB�?	Q[D	ONK;B"XJS�\[{	K(D	B�­|L.®UD�IR¯�L.C	M�TWTcD}HJANV.HYb�O.S}D	A�f k�iJk�l�o[p6i=� DZB
M�G�S	K6?0I(D	ONK;B"?�ANM�Ta?�O=�WVND<V.HJTWDZA.B HJM[AUB;DZG=I q CZM�ONK�I�D"VNHJB;I6?&A.C0D�B M�A�I�C	DZG�D	ANV+?�A�I�B O8G.GNK;HJTWSZB
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Chapitre 3

Opérateurs faibles anomaux
induits par les quarks légers
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?�@.A�BDC�E�AGF	B	H�BDC.I�?�C�EGI�?�C8AKJ&?ML�?%NPO�BQN.CSRTE�?�RVU�B�W�X0YZFD[9NSU�E'BQI.R1A�E�?�CSF	B9\�NSC.BQE�B	J1JVB]I.^DH�B	CSI+?%C.F	B4C.B]H�BDNPEB	C`_�?�RTE�HSU<[�a�B	C.R1U(b�N.BcI.BcJ�deNPE'RVJVRVA�?�E�RV[�CfI.BDA(^	b�N3?0E�R1[9CSA(I.Nfgh[�NPa�BDghB	C�E�F	Ji?%A�A�RVbjN.BDA	XKklU	\3I�?�CSA(JVBgm[�ISn	JVB�C8[9CoJVRVCS^�?%RVU�B9\PA�BDN.JVB0ApJVBDA=?�ghHSJVRTE�NSI.B0ApH.q�rPA�RVbjNSB	Atsu_�?�RVA6?%C�EvRVC�E'B	U<a�B0C.RVUpISB	Ap^	E6?0E'ApRVCSRTE�R�?�NPwB�E�x.C3?�NPwyA<NSU�JVBDN.U�F	[9N8F�q.BvISBvgz?�A�A'B�W5A'[�C�E�RVC.IS^	H�BDC.I�?�C�E�BDA�ISBvJi?{U�B	HSU<^DA'B	C�E6?�E�RV[�CyN8C.RTE�?�RVU�BvH�?�U<E�R}|F	N.J1RVn	U�BpF6qS[9RVA�R1By~ �:�%��X��G[9NSA]JVB	A�[�H�^	U6?0E'B	N.U�A�F	[�ghH+?0E'RV@SJVB	A4?	a�B	FpJ1B	A]A<rjg�^�E�U�RVBDA�FD[9CSA'RVI.^DU<^DB	A�IS[9RTa�B	C�EI.[9CSFt��E�U�BtH.U'RVA!BDCoFD[9ghHPE�B9\SB�E{F	BtbjN.BDJVJVBtbjN.BtA�[9RVE!JVB0N.U!IS^	H�B	CSI+?%C.FDBtB	C���X� BDA�[�H�^	U6?0E'B	N8U<Ay?�CS[9gz?�NPw��(���]\G���8��B�Ey�(��8� A<BmE�U<[�NPa�B	C�EtA'NSH.HSU<RVgh^DA�I3?�CSA�Jud�B6w.H�?�C.A�R1[9CF	[9gy@.RVC8^	B{B	ChJ1B	AQgh[9ghB	C�E'A	\�JVB	AQgz?�A�A�B	AQISB	A]bjN+?%U<�jA]B	E=�������4X � B	NSU]F�?�U�?�F	E�nDU<Bl?%C.[�gz?�JSH�[�N.U�U�?%RTEC.^�?%C.gh[�RVC.AhF0[9ghH+B	C8A�B	UhF	B�E�E�BoA�N8H.HSU<BDA�A<R1[9CKXQ�ldeB	A<EhFDB�E�E�BoH�[�A�A'RV@.R1JVRTE�^�\�gh[:E'RTa�^0BoH�?�UhJudeRVC�E'B	CSA<RVE�^I.B	AQB	��B	E�Av?:C.[�g�?%Njw�[9@SA�B	U�a�^	Ap��JV[9C.O�NSB{I.RVA�E�?�C.FDB{I+?:C.AQJi?�A�B	F�E'RV[9C���X��P\�bjNSB{C.[9NSAp?%JVJV[�C.A4^�E�NSI.RVBDUI+?�CSA!FDB�F6q�?�H.RVE�U�B9X� d�[9H�^DU�?�E�B	NSU{� ��8� CSB(I.[�RTEpB	Co_�?%RTEpH+?%Av�	E�U'BlF	[9C8A�RVIS^	U�^(H.JVNSAvJV[�CPO�E�B0gmHSADX8�QBDJVN.RT|�F	R3F	[�ghH�[9U<E�BB	CyB0�+B�EQ?%NcghRVC.R1gyN.g�bjN+?�E�U�BvF�q+?:ghH.A�H.A�B	NSI.[�A'F�?%Ji?�RVU�B	AQ lX%¡�JjF	[�C�E�U<R1@.N8B4I.BpF	Bv_�?�RVEQ?�NmH.U�[jF	B	A�A�NSA¢¤£¦¥§¥§¥ g�?%RVA!H+?%A=� ¢¨£©¥5¥ X+ª�[�CoRVghH+[9U�E6?%C.F	BtI+?%C.A!JVB	A{I.^DA�RVC�E�^	O�U6?0E�R1[9CSApq3?�ISU<[�C.RVbjNSB	A!I.BDA�:?%[9CSAMBDA�E]?%RVC.A�Rjgz?�CSRV_&B	A<E�BDghB	C�E�JVRVghRTE'^	B9\%gz?�JVO�U�^4A<[�CyF�?%U�?%F�E�nDU<B!?%C.[�g�?%Ju\%JVB=«eE'q.^D[9U�n	ghB4I.BDAMH.R1[9CSAgm[�N.ADdSU<BDJVRi?:C�E(?	a�BDFtA<NSF	F0n	A!FDB	A!ISB	N.w-H.U�[jF	BDA�A<N8ADX� d�[9H�^DU�?�E�B	NSUp� �8� \�H+?%UQF	[�C�E�U'B9\�H+[�N.U�U6?�RTEQF	[�C�E�U�RV@.N8B	U]ISB!_�?%¬	[9C�CS[9C�C.^	O�JVR1O�B�?%@.J1Bl��Jud}?�ghH.JVR1xj|F�?0E'RV[9Cc[9@SA�B	U�a�^	BvI.NyF%?�C�?�JP­m®c¯°�:�9±vaPR&?!I.BDA�I.Ri?�O�U6?�ghghB	A�_u?%F�E'[9U�RVA�^	AME�BDJVA�bjN.BQF0B	JVNSR�I.BvJi?!x.O�N.U�B² s�H§X³�9´�W6\�?�a�B	F�NSC�bjN+?%U<�µRVC�E�BDU<gh^DI.Ri?:RVU�Bh¶MXM�4B�g�^	F�?%C.R1A<ghB�IS^·L'�oF	[�C.A�RVIS^	U'^�I+?%C.A�J1B�F�q�?�HSRTE�U�BH.U�^	F	^DI.BDC�ED\�I+?%C.AmJVB	b�N8B	J4N.C8BzH+?:RVU�B ¥K¥ BDA�EmHSU<[jISN.RVE�BzaPRi?�Jud¸?%C.[�gz?�JVR1BzISBzE�U6?�FDB-I.B��º¹�»�\�B	A<E^�Oj?%JVB	ghBDC�ElA'B	gy@.Ji?:@.J1Bm��F	BDJVN.R�RVC�a�[jb�N.^�?	a�B	FyA'N.FDF	nDA(I+?%C.A(J&?hA�B	F	E�RV[�CZ�9X��.Xe¼�?�xSC`ISBcI.^	FDU<R1U<BcJVBDAE�U�?%C.A�RVE�RV[�C.A{½ � £¿¾ �0½ ¥§¥ X � B	A{O�JVNS[9CSAD\.^0ghRVAl?%JV[9U�A=H+?�U{I.BDA{b�N�?�U'��A!JV[�N.U�I.AD\SJVBtA'[�C�E=F	B	H+BDC.I3?�C�EI+?�CSA!JVBtF�?%A{HSU<^DA<BDC�E!H�?�U!ISB	A{b�N�?�U'��A!JV^�O�B	U�ADX� d�[9H�^DU�?�E�B	NSUv�(���]\9bjN�?�C�Ep�lJVN.R�\9H�[�N.U�U�?%RTEv?���BDF�E�BDU]H+?%U�B6w.B	ghHSJVB!JVB	AQI.^DA<R1C�E�^�O�U�?�E�RV[�C.A ¢ÁÀ�£¥KÀK¥5Â aPRi?tJVB(gh^0F�?�CSRVA�ghB(I.^DF	U�RTEpI+?%C.ApJi?ºx.O�N8U<By���zs�HKXe¼ � W�\8?�a�BDF(N.CSB(A6?	a�B	NSU4aPRVU<E�NSB	J1JVB(¶Á?%N-JVR1B	NI.ByÃ%X5�4BºHSU'[�F	B	A�A'NSA=B	A�ElF	B	E<E�By_&[9R1A��hghB�E<E'U<ByBDC`H+?%U�?%JVJVnDJVBh?	a�B	F�J&?mISB	A�FDU<RVHSE�RV[�CÁI.B0A{E�U6?:C.A�RTE�R1[9CSA½ � £Ä¾ �0½QÅ-ISBtJi?cA<BDF�E'RV[9C���X��PXe¼8XÆ ?%C.A�Ji?=A<BDF�E'RV[9CmA�N.RTa�?%C�E�B9\9C.[�N.AQ?�J1JV[9CSA�E�B	C�E'B	U�I.BvO�^	CS^	U'B	U�JVB	A�[�H+^	U�?0E'B	N.U�AQ?�CS[9gz?�N.w-su�.X � WGB�Esu�PX³��W�H+?%UQF	[�U�U<B	F	E�RV[�C.AQI.N � ?�O�U6?�CSO�RVBDC�C.[�C�JVRVCS^�?%RVU�B�s<�9X³Ç9��W]��NSC.B{RÈC�E�B	U6?�FDE�RV[�C�B	��BDF�E�RVa�Bl­�É�¯°�I.BQE·rPH+Bl«�ISB	CSA<R1E�^9d1X:Ê=[9NSA�A�B	U'[9CSA]?%RVCSA<RPBDCcghB	A�N.U�BvI.B4a�^	U�RVx8B	UMA'RjJVB0AMB0�+B�E�A�I.BvFDB	A�[9H�^	U6?�E�B	NSU<A�A'[9C�EB	�+B	F	E�RTa�B	ghB	C�E�?�ghHSJVRVxS^	A!H3?�U!U6?�H.H�[�U<El�yF	BDNjwoI5de[�H�^	U6?0E�BDN.U'A!CS[9C`?�CS[9g-?�NPw-I8Nogh�DgmBt[9U�I.U'B9XÊ=[9N8A{ISRVA�F	NSE�BDU<[�C.AlB	CSA�N.RTE'B�Jud�q�rjH3[:E�qSn	A�BºI8BºIS[9ghRVC+?:C.FDBºISB	Al[9H�^DU�?�E�B	NSU<At?%C.[�g�?%NjwËsu�SX � WvB�Esu�PX³��W§B�E�ISB4JVB	NSU<A]?�C�?�JV[9O�NSB	AM^DJVB	F	E�U'[9gz?0O�C.^	E�RVbjNSB	ADX��QBQH�[�RVC�EMI.BQaPNSBQU�?:I.RVF%?�J�a�?�N.E�Ji?pH�B	R1C.B4I§d���E�U�BF	[9CSA�RVI.^DU<^-^	E6?%C�EmI.[�C.CS^-JVB-A�N.FDF	n	AmI.B-J&?�I.BDA<FDU<RÈHPE'RV[9CZHSq.^DC.[�gm^DC.[�JV[:O�RVb�N8BzI.B-Ji?�U�^	_&^DU<BDC.F	B�~ Ç%�I+?�CSApJ1B�F�?�A!I.B�J�d¸?�C8[9gz?�J1RVB�I.B(E'U�?%F	B9\.g-?�CSRV_iB	A�E�?0E�R1[9CoH�[�A<A�RV@SJVB�I5deN.CoU'Ì�JVB�H.JVNSAp_&[�C.I�?�ghB	C�E6?%J§I.BDA?�C.[�gz?�JVR1B	A!_&[9U<E�BDA{B�E{^	JVBDF�E'U<[�g�?%O�CS^�E'RVbjN.BDA!I+?%C.A!JÈB	A!IS^	A�RVC�E�^	O�U6?0E'RV[9C8A!_u?�RV@8JVBDA!I.BDA!gm^0A�[9CSADX

3.1 Génération des opérateurs anomaux
YÍJ�de[9U�I8U<ByJVBcHSJVN8Al@3?�A�I.ByJud³B6wPH�?�C.A'R1[9CfF�qSRVU�?:JVB9\�RÈJMB6w.RVA<E�BcISB	NPw`[�H+^	U�?0E'B	N.U�At­�ÉÎ¯Ï�cb�N.R�A�BE�U�?%C.A�_&[9U�ghB	C�E{A�N.RTa�?%C�E!J�?�U�B	HSU<^DA�B	C�E6?�E�RV[�CËÐuÑ:ÒKÓD�	Ô�ÕlÖ

�(× ¯ Ø	Ù�Ú8ÛlÙ Ú Û(Ü�Ý3Þ·ß�Ó su�PX � W
��à ¯ áºØ9�âÛ(ÜMãÎÛ���Ü�Ý Þ�ß]ä su�PX}�9W
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,�-/.10#2�3547683:9�;<>=@?BADC -FE�G ?IH(JFADALKMALC 0N.BO H%PQP - C .BRTS ?VU -FG�RLW H 0 A EXWZY[3#\^] ?_ALP 0a`�. AcbdC - bXb Ede�E AD?IHC -/fZ`�. b�H . P - b 2/3#ghY�3jikY�l3nm G A E�0Do�0QW ApH ` P -/W"`MR A G H W ?BA 0 A WNf A&qXA f H%PNPNALPDq Erfs- qXtL?BA&b - b? . b R H .BW Avu"w \yxFzF{�\X| A | H%J W H%b�J . Acb~}v���k�Z�aC -FW"W ALP GM- b�qMH%b 0 PcU R C W".10 A(b�AcK�A 0Z�

��3 � 6a3�9 ;<	���n���X�����%���_� l i �����X���r� l"��� u * \y�F{
-+� � � AcP 0 ?IHaP .���. t f A f H 0QW". CLA[q�A���AL?B?1�h dH�b�b¡=�q RL¢ b . A	q�H�b�P£?�U¤H%b�b�A � A[¥ \ w \�| H f H 0NWN. C(A � A(P 0¦SG�WNR PNAcb 0 P EXG�G�- P R A§q . H(J - b�H�?BA§A 0�WNR Ac?B?BA \^| U¨A �©G�W ALPQP .B- bªC . �hqXALPNP E P G A E�0�o�0NW A . bXC -+WNGM-+WNR A§qMH%bXP#?BA0 A W"f Aaq�A f H%PNPNALP¦qXA�?hU RLe�E H 0N.«- b�u w \yx+z�{£¬©. HZ?�HZP E�` P 0Q.10NE�0N.B- b

�®­°¯ � 4 � i�±/683:98²<��X�³��´ u * \yxF{| H f H 0NW". CLA#¯ � G A E�0 ALb�P EX.10 A o�0QW A8q . H(J - bMH%? . P R A G H W ?�H WN-�0 H 0N.�- bµC�¶ .�W H�?BAaP EX.1¬ H%b 0 A¸·¨¹�wLº �
¯ � �¼»�½X¾1¿NÀ/ÁcÂ � »L¾1¿NÃ�ÁcÂ i�Ä¸g�6a²3 � m � u * \ w zF{-+� ?IH�PNA G�0N. t f A f H 0QW". CLA8q�A��[Ac?B?��h �H%bXb �MÅ AcP 0 q Rc¢ b . AaALb�H%bXb�A � A�A 0

Æ+Ç 4È±/683�9a²<�É ²Ê i É ²Ë
É ²Ê¦Ì É ²Ë � Æ+Í 4¼±/6a3�9a²<ÏÎ É Ê É Ë

É ²Ê¦Ì É ²Ë ´ u * \ w+w {
| H 0QW H�b�P OI-+WNf H 0N.�- b �k­Ð�[Ñ ��»L¾1¿NÀ/Á(Â � »/½X¾1¿ Ã�Á%Â u * \ w%Ò {G A WNf A 0n¢ bMH%?BA f Acb 0 q¡U R ? .Bfv. bXA W ?VU -/GMRLW H 0 A E�W�Ó q�ALbXP .10NR U Y�3Ô�

�n� � ¯ �È� l i �[¯ � l � � �n� � � � � Ñ i � Ñ l �@� i�Ä¸gV6 ²3 � m ´ u * \ w * {
| U -+GMRcW H 0 A EXW[Y�Õ AcP 0 q - bXC�?«A�PNA E ? S C - b 0QW".B`XE A W[S ?�H W t�JF?BAZ}DÖ§�Ô�%× Î S ?�U -+W q W A8q -/fD. bMH%b 0(\| H W ALq RL¢ b .10Q.B- b�q�AcP�C�¶�H fDG P G PQA E q - PNC%H�?IH .BW ALP�u * \ w�Ò { H%KMAcC 0 A�CLA G ALb�q^H%b 0 ?BALP 0 A WNf AcP�P EX.1¬ H�b 0 Pq ED| H(J W H�b©J . ALbDC�¶ .BW H�? O�-/W 0 = 0 AL?BP e�E A�CLA E©� q¡U -+W q W A³Ø ² � A 0 � ² G H W A � A fvG ?BA+=�J R b RcW H�b 0 H . b�P . q�Ab -/E©¬ A%H E��d-+G�R(W H 0 A E�W P O H .B` ?BALP \@| ALPaC -+WNW A(C 0N.�- bXP S ?VU -/GMRLW H 0 A E�W qXALbXP .B0NRDGXWQ-c¬ ALbMH%b 0 q EÙfD- qXtL?BAb - b�? . b R H .BW Asu"w \yxFzF{£f tLbXALb 0 q - b�C�Acb G�WN. b�C .BG A S q�AcP�AcKMA 0 P -+` P"A W ¬ H ` ?«ALP \�Ú U¨AcP 0 qXA�CLA 0"0 A O H%Û - be�E Aab -FE P#H%?B? - b�PnJ R b RLW A W ?BAcP -+G�RcW H 0 A E�W P[H%b -+f H E©� u * \ Ò { A 0 u * \ * {�\
3.1.1 Evolution de l’opérateur densitéÚ H%?BC E ? - b�P:q - b�C	?�ALP -+GMRcW H 0 A E�W P�ALKMAcC 0N.�O P:q -+fs. bMH%b 0 P . PNP E P:qXA[?IH8C -/W"W ALC 0N.B- b¸qXA#?VU -+GMRcW H 0 A E�WO H .B` ?BADu * \ ¹ {ÜG H W ?BALP `M-+E CL?BAcP:q�A fsR P - bXPnH�P"P - C .BR A(P¦H E&| H(J W H�b©J . ALb O�-+W"0	Sa` H�P"PNA R bXA W J . A§u"w \yx/zF{�\Ý -FE�W CcA O H .BW A+=�b -FE P W"R(R C W".B¬/- bXP 0Q-+E�0 q@U¤H `M-+W qT?BA | H(J W H�b©J . ALb 0N-�0 H%? �£Þ Ç iµ2/3�ghY#3pidY l3nm P -+E POI-+WNf A#q¡U E b | H(J W H�b©J . ALb&b - b&? . b R H .BW A ��ßÞ Ç .«fDG ? .Be�E H%b 0 ?IH f H 0NWN. CcA[qXA f H�P"PNA(P ¯ � uàb - b&¶�A W"fs. �0N. Acb�bXA { q RL¢ b . AsAcbáu * \yxF{�\¡â	-+E Pab¡U¨ALKMAcC 0NEX- bXP 0�-+E�0 A OI-F. P G H%P8?IH WN-�0 H 0N.B- báu * \ w%Ò {�\¡| A G�WN-+` ?Bt f AC - b�P . q RLWNR PQA W H f tLb�A¸H . bXP . H E C�H%?BC E ? `X. ALbÙC - b�b E qXALP�C -+WNW AcC 0Q.B- bXP S&E bXA `�-+E CL?BADq¡U -/W q W A#Ø ; �Ø ² � A 0 � ² H E§| H(J W H�b©J . ALb§C�¶ .BW H%? OI-/W"0 q -/fs. b�H�b 0c\+,©E�.B¬ H%b 0 ?�U¤H%bMH%?1ã©PNA:q�A�?IH WNRLO�RLW ALbXCLAZ· Ò * º�=�b -+E PE©0Q. ? . P - b�P�?IH fvR�0 ¶ - q�AÜq E C�¶MH fvG A �©0 A W bXALä�H ¢ b8q¡U -+`X0 Acb .BW>E b�A R�¬F- ? EX0N.B- bDH E b .1¬ A%H EZ-/GMRLW H 0Q-+WN. AL? \â	-/0NW AnH�b�H�?1ã©PNA�q . KMt W A:CcA G A(b�qMH%b 0åG H W ?IH GXW". P"A�AcbDC -/fDGX0 A�q E b�A E�¬©. t f A fsR P - b G PQA E q - PNC%Hc�?IH .BW A¦æ©ç+=�H . bXP .Xe�E A¦q Es0 A WQf A¦qXA f H�PNP"A#H�b -/f H�?XC -+WQW AcP GM- bXq�H%b 0%\/è U¤H E©0NW A G H W 0 =/b -+E P G�WNRLO�RLWN- bXPéQê�ë"ìàìVëîí:ï"ìàð�ñ(òcë>ó%ë�ò(ñ�ôõì�ö�÷�øMù�ìVúVë�û�ñ�ó�ü¤ñ�ó�òcý�ë>÷"þ�ë"ûîû�ë ÿyÿ¤ëîý�ì�ô¤ÿyôõøVï ë�ò%÷�ó�ø�ÿõ÷£øàë û�ìVôyñ�ó�����������ó¦ë
	+ë ì
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3.2.1 Désintégrations hadroniques : K → ππ, πππ
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� å Ç k� �ã� ¡ � ¢ � k ç Ô*è q M ë Ô*èì lÝ Í lÛ å�î l ¥ M�Í lÝ
ç L ª�« c « Þ ¬

� å Ç
¡ �ï� ¡ � k ç Ô*è q ¥að êÀñ-ë Ô*èì Ý å Í lÛ ¥ Í lÝ ç �XÍ lÛÁò ¥ Í lÛ!ó ¥ � l×#Ø �&L ª�« c « � ¬Z8ô î FGO	@�Bi¾�D-?oVXW BIg\[-^7VI@�BIZ8D�S&Z9S5]9VI?oF-^ä@�Æ`@;S�Q/g\? �

¡ � ¢ cG>�?/@�O�S�]/S&@<[-~TÆ�@�BI�`^G?	@'Ç kæ ?�S'Ç k� Z�D�S�O	S�OF-O	bGD-B0@�?AD ª °8cI°/�8õ ¬ z9F�]�D7@�VR]!VEBIghBIS�?ÁFG?ÁHAZ8DG@�?	N;{�]�S�BIZ�D®FG?�ö'÷ac�ø<?	gv]�N��`^GZ8D-@��`^G?ÁVI?A@�F-OA[�?	D-F�]�DGH	?A@?	DùÍ k @�?h@&Z8DTSm@�BIga[-VIB0b-OA?	@�F�]�DG@�VXWYO/��^*]�S�BIZTD ª�« c « � ¬ c2>�?A@�?5_-[GN;?A@;@&BIZ�D-@ ªX« c «8í�¬ ?	S ª�« c « Þ ¬ H	Z�N;N�?	@��[*Z8D-FG?	D�S�]�^`_ÑN�O	@�^GViS5]�S�@�F7?hVR]}N�O	PRO	N&?	DGH	?�­ ú9±KU}H	Z�D-FGBiS&BIZ8DùF7?�[7N�?	D-FGN�?®V%]}VIBIg\BiS�?hÍ Ý � J,F�]�DG@H&~�]�HA^-DäFG?	@!FG?	N�D-BI?/N;@!PX]9H�S�?A^-N�@Ac>4?A@![7N;O	FGBIH	S�BIZ�D-@!F7^�ghZ�F7Q	VI? ªX« c « ° ¬ @&Z8DTS'U¼H/Z8g\[*]�N;?AN�U¼H/?	VIV0?	@!FG^�>�]�¾�N5]�D-¾�BI?ADû Ú q ë Ú ì ¦Ýýü	þ`ÿ Å þ ÿ Å���� Î�� ¡ ��Î L ª�« c « õ ¬���	��
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5/67678�9%: ;=<=>@?A8CB$;ED'5/F7G%HIDKJMLON&;�P&Q�:RG%QTSVUXW�Y�Z[W]\MP&Q^N&G�B$8CH�6-67G�D�>_5=9%8�`�B�5/D[5/: 678CQ0a-H�67b�Hc?�5"Hed$8�HXF�fQ&8�H&6gQh?A:iQ�F7D78�N&H�:i678�Q&6gB�5"6=N&Gj`kH&>iF7:iBI>iG�FmlonCp"qhrEsEtRu'WwvhGjB&D78�9%G%6767H�6=xmy{z |hyh|]}�GE6-F~5/:�Q&67:.<Q&8�HX��G/5"HO8Cd�F7G%Q4HgB�5"DRG%�$G%F76wN&G�dID-: 67H&D7G�N&G�>@?A:iQ���5"D-:�5"Q&9�G�678CH�6����Kl�nCu��CW�v�G�v�5"��D[5/Q&��:iGEQO9%:i�oN&GE676-H�6B&D784N&HI:�F�>iG%6.5/`OB&>i: F7H�N&G%6�6-H�:���5"Q�F�G%6Ef$5/H��AF7D�G%G��o>iG%��GE>V?c�� � x }� z�| y |R�]� L�� n"�o� L���� �V�¡ ¢¤£ �¡ � ��r S@UXW¥UC¦�Z� � x }q z§| y |��¨| } � L � � L �@©C  £ �~ � �ªr S@UXW¬«�­�Z� � x y z�| y | } � L�� ��� L � �n ® s�¯±° �  ¢ £ �  ��  } ² l �  ¢´³ £ �  ¢	µ £^¶  ·@¸ u'¹�S@UXW¬« 3 Zº 8CQ�»�8�D-`O;%`OGEQ4F.<¼>V?¬½�¾XB$8,F7½�¿%67GÀN&GkN�8C`O:iQ$5/QI9%GCfI>iGE6Á9%8�H&B�>�5/��G%6.��LCfI�ÀÂ�ÃÄG�F.� ¸�Å }Â$Ã SÆ9E8CD7D-GE6��B�8CQ�N�5,Q�Fg<Ç>�5Ç>i:i`O:�F�G � �Èz ÉjN$5/Q�6¼>iGE6¼N&G�D-Q�:iG%D76¼»@5/9%F7G%H�D76¼N&GE6¼;%b�H�5/F7: 8CQ&6ÇSVUXW¥UCÊ4ZÀG%F¡SVU&W¬U�Y�Z-Z678CQ�F.N&;%F7G%D7`�:iQ&;E6ÁN&GË`=5/Q�:i¿�D-G¼<O6'5/F7H�D-GEDM>V?�5"`¼B�>i:�F'H&N�G~Ì Í } Ì¥f�8Cd�F7GEQ4H&GO<OB�5"D*F�:iDMN&GE6ÁD'5,B&B�8�D*F'6ÁN&Gd&D[5/Q�9[½&GE`¼GEQ4F�G�ÎXB$;%D7:i`OG%Q4F[5"H�Î�xÏz§|c|Ð<Ë>V?�5":iNIG�N�G�>@?A;%b�H$5�F�:i8CQ^SVU&W¬U�U�ZM�Ì � L Ì � Ñ ¹isOs/É4�IÒkÓMG�ÔË�   f S@UXW¬«4ÕCZÌ ��Â$ÃkÌ � Ì � L Ì �  �n � �  ¢ £ n �  � � � É�¹is Ñ s�É4�IÒkÓMG%Ôk�   f S@UXW¬«�U�ZÖÖ � ¸´Å }Â$Ã ÖÖ � Ì � L Ì �  �n �  ¢ � ÉX¹ sE°~sEÉ��IÒÀÓ�G�ÔÀ�   ¹ S@UXW¬«C«4Z

vhG%6�BID-;EN&: 9�F7: 8CQ&6ÁN&G%6�N&:i�$;ED-GEQ4F76�`O8�N&¿E>iG%6�6-8�Q4F�D[5"6-6�GE`kd&>�;%G%6�N�5/Q�6�>iG�F[5"d&> G/5/H¡67HI:���5/Q4F�×K�G%ÎXBÐØAÕ 3�Ù Ú�Û&Ü�Ý�ÞRß à%á7âL ã G[Î&B Í�ä ¸�Å } ã G[Î&B Í.ä ã G[Î&BåËæ lVx }� zç| y | � u lV°�èX¹ Ñ�é�ê É&¹is%ë�u&ì ÉX¹ Ñ ° ÉX¹ Ñ ° ÉX¹ Ñ °åËæ lVxÇ}q z§|hy�| � |]}/u l*s,n4¹ é�Ñ�ê É&¹is Ñ u&ì ÉX¹íp"° sC¹is�î ÉX¹¬°�°Ì Í }�ï Í   Ì nCnX¹�n é ¹¬° n4¹ Ñ ï Ì ð�Ì n4¹ é ï Ì ð�Ìñ�!&òX��óvhG%6�»V5/9�F�G%HID-6�9%: Q&;%`05/F7:ib4HIG%6�:iQ4F7GED*��G%Q$5/Q4F�N¨5/Q�6w> G%6�D'5"B&B$8�D*F�6�N�G�d�D'5,Q&9'½�G%`�G%Q�F�9E:í�oN�G%6767H&6�8CQ4F�;�F7;;���5">iH&;�6.<Ë>@?�5/:�N&GÀN&GE6Á`g5"6767G%6ÁB&½�¾X67: b4H�G%6kS 3 W¬ô�«4Z[W$õ�:���Q$5/>�8CQ&6Áb4H�GÀ>V?AH&F7:i>i:�6[5�F7: 8CQ�N&G�6�`g5"676�G%6 � ¢�ö �N&;EP&Q�:iG%6�G%Q÷S 3 W¬¦�U�Z.5"H&D[5/: F.B$8CH�D.G%�$G%F�Nc?�5"HX��`¼GEQ4F7GED.>iG%6�D[5/B�B$8CD-F76MF�½&;E8CD7:iG ã G[ÎXB$;ED-:iGEQ&9EGK8Cd&F7G%Q�H�6N&G�F�D-8�:i6¡<e½�H&:�F=B$8�H&D*�o9EG%Q4F-øÇN¨5/Q�6g>�GÇ9/5"6=N�HùB&D78�9%GE6-67H�60xj}q z |�y�| � |]},W º G�F7F7GÇ6�G%Q�67:id&: >i:�F7;B�5"D*F�:i9%H�>i:i¿ED-G¼G�6-FË<g:i`OB&H&F7GEDk5/H�B$GEH�N]?AG%6�B$5/9%G¼N�G¼B�½�5/67G¼NI:i67B�8CQI:id�>iGCWcú¼?�5/H&F7D7G¼B�5"D*F/fc>iG%6�F7GE`¼B�6N&G���:iGÀN&H�x }� GEF�N&H�x }q 8�Q4F�;%F7;�67B$;%9E:iP&;E6�G%QûS 3 W 3 ­C¦�Z[Wü G%`=5/D�b4H&8�Q&6Á>V?A: `¼B$5/9%F�:�`¼B�8�D*F%5/Q�F�NIG�>@?�5/B�B&D78�ÎX:i`05�F�:i8CQ � � � É¼N$5/Q&6Á>�5kF7D[5/9EG�N&H¡F�G%Q&67GEH&D;%Q�G%D-��:iG��o`O8C`�G%Q�F�f�<�>�5�N�G%HXÎ&:i¿%`OG´> :���Q�G´N&HKF[5"d&>iG"5/HK9E:í�oNIG%6767H&6EW,vhG�6�NI:i��;%D7G%Q4F�G%6���5/>iGEH&D76�8�dXF�G%Q�H�G%6Q&G�B$GED-`OG�F7F7G%Q4Fk9EG%B$GEQ&N$5/Q4FkNc?¥G[ÎX9%> H&D�G05/H�9%H�Qû`¼84NI¿%>iG�;%F[5"Q4FÀN�8CQIQ&;�>@?A:i`OB$8CD-F[5"Q&9�G�N&G%6ËG%D7D-GEH&D76F7½�;%8CD7:ib�H�G%6�G%F�>_5k6�GEQ&67:id�:i>i:�F�;�b�H�G�Q&8�H&6	��G%Q�8CQ&6ÁN&G�D-GE>iG���G%DEWv�5¼D7¿���> GkýOþ � s ï n4f�N]?�5"HXF7D7GkB$5/D-FEf�GE6*FMD-G�B&D784N&HI:�F7GK< 3 ô�ÿ B$5/DÁ> GÀvª5���D'5"QX��:iG%QÐS@UXW¬U�ô�Z[f�G�F�<«�­�ÿ B�5"D�>�GÁD[5/BIB�8CD-F	N&G%6�5"Q&8�`05/>i: G%6�5EÎX:_5/>iG.G�F	N&GMF7D[5"9%G.»�8�D*F�G%6�S@UXW¬U 3 Z´5���G%9gÌ ð�Ì � s�f�5"H=B�D-GE`O:iG%D
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>�?�@.?�ABA	CEDGFIHJ?;KML;NJ?�AO@JAQPSRITVUXW#Y�Z8[(F�\8\+A	D]>�C.L<^�>�N.^�A`_G>�K]LbacNJAdDGFfeXF�D1A	NJ?b@.AQghC5ijA	L;^<\+F9LbL�\�k`l	K]mJk	A\+F�?!D1A�no>c@.p`D]Arqts.Zuswv9xyA`Cz^6F�C�^ba�N.AO^�A`DtZ{ iu|�}c\�>9^�|Jp	L�A<@JA!@J>�nrK]C�F�CJl	Ab@.A<D�ij>�\�k`?�F�^�A	NJ?�~(�+��^'K]A	C�^y@.>�C.lb^'>�N%��>XN.?�L<q&^�F�H�Zj�.� �J��V�4� D]K]��C.A%x��^6F�CJ@.K1L!acNJAOl	A`D]D]Ad@.AOD�ij>�\�k`?�F�^�A`N.?�~�����CJAB\+A	N.^<�	^�?�AOl	>�C.m8?;nok	AB>�NEK]C.mJ?;nok`AOL'N.?bH+F%L;Ad@.ABl	A�^�^�AL;A`N.D1AdF%C+F%D�}wL�Aoq�^6F�H�Zj�J�Js ������ D]K���C.A%x�Z
3.2.2 Désintégrations radiatives : K ���� � → γγ, K ��J� � → π � γγ��� F%noK]C.>�C.L��E\J?;k0L;A`CX^QD1A	LQA	��A	^�LQ@JA	L�F�C8>�n�F%D]K]A`L�F � KGF%D]A-A	^Q@JA�^'?�F%l	Azk	D]A`l�^�?;>�n�F���CJk�^'K]acN.A`L@+F�CJLrD]A	L�@.k`L;K1C�^�k��X?�F�^�K]>�C.L�?6F�@.K&F0^'K�e�A`L�� ���� �8��� � �� � ¡ � �+� A�^�� �� � �+��� � ���� ¡ � �+� �?;A`L;\+A0l�^'K�e�A`nQA`C�^`Z9¢dF�C.L�DGF<D]K]noK�^�A�@£ijK1L;>�L�\.K]C��%D]A0L¤\8?;k`@.K1l�^�K1>�C.L!q¦¥u^�?'A	A6§#D]A�eXA	Dti¨x�@.N { F���?�F�C.��K1A	Czq�swZus.v�xL	iuk	l	?�K�eXA	C�^B©

ª « � �� �¬�+��­`®9¯�+° ± ²0³9´Vµ �+°¶�·�¸ ¹¡�º�»¼¾½ ²!¿ º »¸º »¼�À TVÁ ¯ Â Á ®» ¿ Á Â Á »�Ã ®�¯ W � q�swZj�XÄXxª « � �� �Å¡ � �+� ­ ®9¯�+° ± Æ µ ��°¶�· »¸ ¹¡ º »¼ T#Á ¯ Â Á ®» ¿ Á Â Á » Ã ®9¯ W � q�swZj�XÇXxª « � �� �¬�+��­`®9¯�+° ± ¿ ²`³ g µ �+°·5¸ ¹¡<º�»¼<È ®�¯%É'Ê Á Â É Á » Ê � q�swZj� � xª « � �� �Å¡ � �+� ­ ®9¯�+° ± Æ ´ g µ ��°· »¸ ¹¡<º�»¼ ½ ²!¿ º »¸º »¼�À È ®�¯%É'Ê Á Â É Á » Ê � q�swZj�XËXx
>�ÌÍÁ Â A�^(Á » @.k`L�K���CJA	C�^bD]A	L<nQ>�noA	C�^�L!@JA	L!\J|.>�^�>�C.L!mJC+F%N � ZÎ A`L!F�no\JD]K�^�NJ@.A`L4L�>�C�^!�Ol	>�no\�F�?'A	?��Ol	A	D1D]A	Ly�Xk	CJk	?�k	A`L!�(\3F�?;^�K1?4@.N { F0��?6F%Cw��K1A	CÏqts.Zus�Ë�x��JF�\J?;p`LK]CX^�?�>c@.NJl�^�K1>�C-@JA	L�K1C�^�A	?6F�l	^�K]>XC.L�k	D]A`l�^�?�>�n�F���C.k`^�K]a�NJA	L0�J�BDtij>�?;@8?;A�DMA�\.D]N8L4H3F�L4@8A�DtijA � \+F%C.L'K]>�C-l'|JK¨§?�F%D]A�Z { Fd\.?�K]L'A�A	Czl	>�nQ\.^�A�@JA(l`A	L!K]C�^�A	?6F%l�^�KM>�C.L!L�A(_tF9K�^�F�Nzno>0}�A	Cz@8A�DGFdL�N.HJL;^�K�^�N.^�KM>�CznoK]C.K1n�F%D]AÐXÑ RfÒ�ÓVÔ �ÖÕ Ñ RdÒ¨Ó#Ô¤× Ð�Ñ RfÒ¨Ó�Ô ¿d´#Ø`Ù Ñ�ÚVÛ � RdÒ]Ó�ÔtÜy@�F�CJL�Dtij>�\�k	?6F0^'A	NJ?�_�F�K]HJD]A�qts.Zus�ËXx��9n�F�K1L�k��wF�D1A	nrA	CX^@+F�CJL�D]A { F���?6F�C.��K1A	C-_G>�?�^<��H�F�L'L�A<k0C.A`?��XK]AQq�v�ZÞÝ�ßXx6�cl`A�@JA	?�C.K]A`?4k	^6F%C�^!�BnQ�`nQA(@.A(l	>�C�^�?�K]H.NJA	?�\+F%?A	�+A�^'L(@.AIH�>�NJl	D1A	L`Z�¢dF�CJL(l	AIl�F%L	�3D]A`L(>�\+k`?�F%^�A	NJ?;L�à á�Pbà ± ² @£ij>�?;@8?;AfL'N.K]e�F�C�^�@+F%C.L(DtiuA � \�F�C.L�K1>�Cl'|JK]?6F�D]A�qtKtZjAXZ]��â.ã%x�@.>�K�e�A0CX^�A`CI\.?�K]CJl	K]\�A��	^�?�A4k	�cF%D]A	noA	C�^�l`>�CJL;K1@.k`?;k0L;ä�Z Î A0N � §Vl`KwC.A�\�A	N.e�A`C�^¤l`A	\�A`Cc§@+F�CX^4F���A`l�^'A	?�D]A	Lå@.k	L'K1C�^'k���?�F�^�K]>�C.L�^'?�F%K�^�k0A	L�K]l`Kt��D]A	L�\�F�?;^�K]l`N.D]A0L�K]no\.D1K]acN.k`A	L�C5ijk�^�F�C�^å\+F%L�l6|+F%?��Xk	A	L`ZÎ A`Lå@Jk	L�K]C�^'k��X?�F%^�K]>�C.LSCJAb?�A	æ	>�K�eXA	C�^S\�F�LyCJ>�Cr\.D]NJLy@.Abl	>�C�^�?�K]H.N.^�K]>XCo@JA!D�ij>�?'@.?�A�â » ��\�>�NJ?åD�F�no�	noA?�F%K]L�>�C5Z3çèDtiu>�?�@.?�AQD]AQ\.D1N.L�H3F�LO\+>�L'L�K]HJD]A��£l�Z §��`§#@£Zwâ8ã9�£D]A0L�\.?�>�l	A0L�L;NJLO� ��Ï�é�8� A�^B� ����é¡ � �+�L;>�CX^QF%K]CJL;KS\.?'>�@.NJK�^�LQ�-\�F�?�^�K]?B@.N { F0�X?�F%Cw�XK]A	Cêqts.Zus�ËXx(ecKGF�N8C.ArH�>�NJl	D1Ao@JAr\JK]>�CJLB>�N�@JAoë�F�>�C.L`ZÎ A`D]D]A6§#l	K4l	>�CXe�A	?���A�k	^6F�C�^I@J>�CJC.k�DtiìF%H.L�A	CJl	A�@JArl0>�CX^�?�A�^�A	?�noA	Lhà á�Pbà ± ² �zl	A	^f>�?;@J?�A�Z¤¢IiìF%Nw^�?�A\+F�?;^`�9@.A4n�F9C.K1p	?;A4��k`C.k`?�F%D]A��9D]A	L¤^�A`?;noA`L¤@5ij>�?;@8?;A�â ã @.N { F0�X?�F9Cw�XK]A	CIl�|.K]?6F�Dw_G>�?�^�L�>�CX^�L�NJL'l	A	\.^�K]HJD]A`L@£ijK1C�^'A	?�e�A`C.K]?<@3F�CJL<D]A0L<@Jk	L'K]CX^�k	��?�F0^'K]>�CJL�?6F�@JKGF0^'K�e�A`L�@JA	L�ë�F9>�CJL	�£�ol	A	^(>�?�@.?�Ad\J?�k	l	K1L;k`nrA	CX^`Z Î ijA	L;^D]AOl%F�Lb@8Nz^�A`?;noAd@.AOíîA`L�L;§�ï+NJnoK]C.>9§�íðK�^;^�A`C£�+a�N.K5A0L;^(�IDtij>X?;K��XK]CJAO@JABl	>�CX^�?'K]HJNw^�K1>�CJL!@8AO\+ñXD]A`L!@JN¡ � �8@.N Ã A�^b@.N Ãcò @+F9C.L!D1A	L!\J?;>cl`A	L�L'N.Lb� �� �Å�8� A�^<� �� �Å¡ � �8� Z{ A`LBF%nQ\JD]K�^�N.@JA	L(@JA	L�@.k`L;K1C�^�k��X?�F�^�K]>�C.LO� ��E�ó�+� A�^O� ��î�ô¡ � �8� �oN.C8AdH�>�N.l`D]AIK]CJ@.K]acNJk	A`Ll	K¨§V@JA	L�L�NJLbL�>�CX^<@.>�C.CJk	A	L!A � \.D1K]l	K�^'A	nrA	CX^b\+F9?Iõ � s.� � ��öå©
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� ÆIÈ�öAá Æ-È�Ý�Æ Ú8ÈXÚ/Æ
Ë¾Ì-k ¥Z¦p ¨ Î7Î o k ÞIÈçá8Æ�
üÆIÈ�Æ ã o ÚbÆ Û�� � k�� � o k ö7È�Þ�� o L k Þ-È m � o L
Ë¾Ì-k ¥Z¦§�¨èª ¦ Î*Î o k ö`È�á�
¤Ú8È�Ý o Ú�Æ Û7Ü Ú8È m Þ k Æ`È�Þ�� o L k Æ-È�Ù�� o L

�*�-!I���
û|>DB	W8f`S-f`T�@'C L½ÅäÆ-È�É � L� >ea�P&ae>�S`S-]0VX�wf-ab@e��P�W8f-Us]X@bUsT�>$S-S�W�T�P�Us_`@'g-T5>$Y-B5d-@byt@bY�P ¥ ¦§ ¨èª ¦ Î*Î M
������� �"!$#%�'&)(+* ó$,.- (0/21)354	#%(76 , �98:35&<;�=>4	�@?��<#%6BAC6D3>�'&7/$1.8E#GF �@?)�<H>��8I8:6DJK1MLON<P Q$NKRCP



���������	��
���
�������������������� ��!"�$#%���&�'����
�(')'!�
*�,+")-�.!"���/�0!&+�1 2"3
46507&8:9�;%5%<:<:=�<?>A@BDC EFE 5%<-G?H�I"J&KLG'=&5%M MN5%OP5RQ�GS7F8-TR<:5%QUG:TV;�9WOPOP5V=�QXG:5R<-GSY�5%<SG:H&TR9W8:KN5R<SY&57�5%8-G:=F8-J$I�G�KN9WQ�<Z;[H&K 8'I"MN5%<R\]4^I_7&8:T%YFKN;�G�KN9�Q�`_Mbac9W8:Y�8-5ed�f?gbh&\ci�jUkl5%<-G	5%Q08:T/I"MNKLG�TmK Y&5RQUG:KNnU=F5�`_;%5%M MN5.Y&=OP9UY&o%Mp5q7FH&T%Q�9WOPT%Q�9WM 9,rUKNnU=&5?;%9WQ�<�KN<-G[I"QUG.5%QsMtI�Y�T%<�KNQ�G�T�rU8'I/G:KN9�QuY�=s>A@B 5%QsY&5R=�vu7�KN9WQ�<.w]KN8*G�=&5RMN<;'H�I"8*rUT%<	w�KxIq=&Qzy{I/;%G:5%=�8|Y&5�y}9W8:OP5_;%9WQ�<-G[I"QUG_gb5�G~Q&9�Q�=&Qz;R9W=�7&MtI/r�5_Y�T%8:KLw�I�G�KNy'k'��<:=&KLw]K 5�Y�5�MtISY&K yN�yt=&<:KN9�QVYF5m;%5�<eYF5%=]vV7&KN9�Q&<	5�QVYF5%=�vV7�H&9WG:9�Q&<R\F�m=&9�K�nU=�a�KNM$5%Q�<�9WKLG��]Mba�I"OP7&MNKNG:=&Y�5?g{h]\ciUj�k�QFT%;R5%<:<:KLG:5Mba�I"Y"�*9WQF;�G�KN9WQ�YF5_G:5%8:O�5%<�Y�ac9W8�Y&8:5~d���Y$I/Q�<mMN5�;/I,Y&8:5�Y&5qMba�5[v&7�I"Q&<:KN9�QA;[H&KN8[I/M 5SI,�&Q�Y�5�8:5%7�8:9�Y&=�KN8-5MN5�8[I/7�7$9W8-G|Y&5�J&8[I"Q&;[H&5ROP5%QUG|5[v]7$TR8-KNOP5�Q�G[I/M{\]4�5�OP9UY&o�MN5��m���&5%Q�8:5�w�I"Q&;'H&5��&yp9�Q&;%G:KN9�Q&Q�5�8-5RO�I"8��nU=�I"J&MN5�OP5%Q�G�J&KN5RQA`�MN=�K�<-5�=&M�7�9W=F8|;%5�O?9�Y�5W\� 5�G-G�5	<:KLG'=�I/G:KN9�Q?<:5|8-5�Q&yt9W8:;%5~Y�I"Q&<�M 5	;/I"<lY&5|MtImY&TR<-K QUG:T�r�8'I/G:KN9�Q�>�@� C�� @ EFE �W9��PMbac9W7$TR8'I/G:5R=&8gbh&\�hW�Uk�Q�5�7$I/8:w�KN5RQUGP7�MN=&<V`u8:5%Q�Y&8:5�;R9WO�7]G�5�nU=F5�Y�5�M}I�OP9�KLG:KNT�Y�=�8[I/7�7$9W8-GPY�5zJ&8�I/Q�;�H�5%O�5%Q�G9WJ�<:5%8-w�TW�F`�Mbac9�8-Y�8-5ed f �FI"MN9�8-<	n�=&5.M{ac9W7$TR8'I/G:5%=�8~I"Q&9�O�I,M^gbh�\�h]�"klQ&5m8�5%Q�;%9�QUG:8:5_I/=�;%=�Q&5.Y�KN�P;%=�MLG:T_`8-5R7&8:9�Y&=�KN8:5�;R5%MN=�K���;�Kb\465SO?9�Y�o%MN5SY�5SY&9WOPKNQ$I/Q�;%5SY�5qM{a�I/Q�9WOVI/MpKN5qY&5qG:8[I/;�5q8-T�<-K <-G:5SY&9�Q&;�`�Mba�I"Q�I"ML�]<:5SY&5%<�MtI/8-r�5R=&8:<Y&5mYFT%<:KNQ�G:TRr�8[I�G�KN9WQ�\]�_I/Q�<ZMtI_<:5R;�G:K 9WQ0<:=&KLw�I"QUG:5��UQF9W=�<~I/M MN9WQ�<Z8:T/I"MNKN<:5%8Z=�QVG:5%<-G	7�MN=&<	;%9WQUG�8'I"KLrUQ�I/Q�GY&5m;�5�OP9�Y�o%MN5���7$I/8ZMba�I/Q$I/ML�]<:5.Y&=0<:7$5R;�G:8:5.Y&5.OVI/<:<:5.KNQUw�I/8:KtI,Q�G:5.Y&5R<ZY&5R=�v07&H�9,G:9�Q&<	T%OPKN<ZM 9W8:<ZY&5MtI�G:8[I/Q�<:KLG:KN9�Q�> @� C�� @ EFE \�Sa�I/=&G:8:5u7�I"8*GR�ZK M.Q�ac5�v&KN<-G:5u7$I/<�Y&5Aw�I,MN5%=�80Y&5¡ ¢Y�I"Q&<�MN5u4^I�r�8'I,Q]r�KN5%Q£g{h]\�h&�/k�;"I/7$I/J�MN5uY&58-5R7&8:9�Y&=�KN8:5�`�M}I�y}9WKN<eMN5�<e8'I,7&7�9�8*G:<ZY�5mJ�8'I"Q&;[H&5ROP5%QUGZ5�v]7$T%8:KNOP5%QUG[I"=�vV>A@� C¤EFE 5�G|>�@B C¤� @ EFE;%K��¥Y&5R<-<:=�<¦5�G�MbaLI/OP7&M KN�&;"I�G�KN9WQA§ � @�¨ ��©�§�Y&=SG[I"J&M 5/I/=?i�\,4lacHU�]7�9WG:HFo%<:5	Y&5	Y&9�OPKNQ�I"Q&;�5	Y&5	Mba�I"Q&9�O�I"MNKN5IRv]KtI"MN5�G:5RMNMN5�n�=&5�yt9W8�O�=&M T%5_KN;%Kxª{«�Y&9�KLG|Y�9WQ�;_¬�G:8:5�8-5*�*5%G:TR5W\

3.2.3 Etude du spectre K @� → π @ γγ�.5|OVI/Q�KNo%8:5ZrUT%Q�T%8[I/MN5��WMtI�G:8�I/Q�<:KLG:K 9WQ�> @� C�� @ E�E 7$5R=]Gl¬�G:8:5~7�I/8[I/OPT%G:8:KN<�T%5m`�Mba�I/KNY�5	Y�5	YF5%=]vI/OP7&M KLG:=�Y&5R<~KNQ�w�I/8:KtI"QUG:5%<R��Y�I"Q&<~M}I�M KNOPKLG:5�Y&5_;%9�Q&<:5R8*w�I/G:KN9�Q�Y�5S­m®°¯
± ² > @��³}´�µ_¶¦C¤� @ ³}´�·&¶�E�³�¸�¹[¶�E^³*¸ © ¶�ºR»,¼�½¿¾� À�ÁÂ Ã � ³{Ä&Å-Æ�¶UÇ »�¼@ ÈXÉ ³bÄ]Å:ÆF¶¦Ê Ç »W¼©Ë ©µ¿ÌSÍ g{h]\�3�2Wk

465%<|<-G:8�=&;%G:=�8-5R<	G:5�Q&<:9W8:KN5RMNMN5%< Ç »W¼@ 5%G Ç »,¼© <:9WQUG~Y&T%��Q&Kp5%<|7$I/8
Ç »W¼@ Î Ï ¼ ¹ Ï »©�Ð ³ Ï ¹ Ï © ¶�Ñ »W¼ Å g{h]\�3W��kÇ »W¼© Î ³ d µ Ï ¹�¶ d ¼ µ Ï »© È ³ d µ Ï © ¶ d »µ Ï ¼ ¹ Ð ³ Ï ¹ Ï © ¶ d »µ d ¼ µ Ð ³ d µ Ï ¹[¶�³ d µ Ï © ¶UÑ »,¼ Å g{h]\�3Wj�kG[I"Q&Y�KN<enU=&5mMN5R<Òw�I/8:KtI/JFMN5R<ÒY&5m�_I"MNKLG:Ó Æ 5%G Ä <Rac5[v&7�8-K O?5RQUGÒ5�QPG�5%8:O?5�<ÒY&5R<Òw�I/8:KtI"J&MN5R<e;%KNQ�T%OVI�G�KNn�=�5%<Ô ÎÕÏ ¹ ÈÖÏ © 5�G|× Î ³ Ï © È d · ¶ © Y&5�Mba�I/Q�Q&5[v&5�Ø�\�3?Y&5�MtIqy{I/ÙR9WQz<:=&K wWI"QUG:5P¯
Ä Î ³ Ï ¹ ÈÖÏ © ¶ ©Ë ©µ ½ Ô ©Ë ©µ Å Æ Î d µ ³ Ï ¹ Ð Ï ©-ÚË ©µ ½ Ë ©µ Ð Ê × Ð Ô © È Ë ©·Ê Ë ©µ Í g{h]\�ÛWÜ�k

465%<¦I/OP7&M KLG:=�Y&5%<�Y&5�Y�T%<:KNQUG�T�r�8'I/G:KN9�Q�gbh&\ci�ÛUk$5�Gegbh&\�3WÜUk$;%9�Q&<�KNY�T%8:T%5R<�Y�I,Q&<6MtIe<:5%;RG:KN9�Q�7&8:T%;RT%YF5%Q�G:5Q&5e;%9�O?7�9�8:G:5%Q�G¦7�I"<^Y&5eG:5R8-OP5 É ³bÄ&Å-ÆF¶ \"ÝmQqG:5%M�G:5R8-OP5e5R<-G^7$I/8^;%9�Q�G:8�5lr�T%QFT%8:TÒ7�I/8�MN5�<�;%9W8�8:5%;�G�KN9WQ�<Y�a�9W8:Y&8:5.dF�SK QUw�9�nU=&TR5%<_Y$I/Q�<�Mbac5[v&7$I/Q�<:KN9WQÞ;'H&K 8'I,MN5�I"�&QßY&5P8-5RO�T%Y&K 5%8qI/=ß7&8:9WJFMNo%OP5P8-5RQ&;%9�QUG:8:T�`àtá�â�ã'ä,å�æbç*è%é�ç*ê"ë�æbã[ê"å�ì/æbé�í*è[ç-îZç�ê%ï�åxä/æ�ð�ç*å�ñ"ã�é�ê�ï{å�òLó'é�ì/ð�ç-å�ë�ç�ô¥ç*ïbïbç¦ò�ã�æbî�ä/ð�ó'ïbé�ã'ê�ë�ó[ê"å�ð�óZåxç-ô�ïbé�ã�êmõ/ö õ/ö
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>@?BA8C�DEC;FHGEIKJ �8�/L#M-N A�O-P'Q�RSA8T7P!F5UWV7>YXYZ[X]\�F[^_F[T�\a`@V�A8OEC!Z	A8^bV�Q�C�Q�XYP�A�TcQ	RSF	Zd>@?BA�C;DEC&FeGEI�fhg

i�j@kEl;mEnpo q�rtsvu kq8w8xytz|{7} j@kWnk ~ qSrtsK� kq4��� ~ w xy�� kk
~ { x5� x��ex� � q8w xyk r scu kq8w8xy z ~��� u � ~ kw8xy z�� �� ~�� u kq�w�xy z!� � ����Y� � xy� x�� � w xyk�x�� k ~ � � w xy�� x � k

� � w8xy ~ r s u
kq8w8xytz ~ kw8xy � u kqSw�xy�z!�~�� w xyk x m x � k

� � w xy ~ r svu
kq�w xy z ~ k

� w xy r svu
kq8w xy z ~ � kw xy � u kq8w xy z!�t�~'� } � k � w xy � ~�� x l `�� M��-  f

¡ j�k�n¢o { x�� x�� x� � q8w xyk r s u kq8w xytz ~£�� u �[¤ � kw xy�z¥� �� ~�� u kq�w xytzH� ~£�� �0� � xy� x�e�~<¦ l `�� M���§ fQ5RSF	Z w y�¨ � y-© � �«ª � �­¬ q9®¯r y�¬ �8°Y� ��± F�²³F	\ � �v¬µ´8´ ¤c¶ F�² M�· Q¹¸%A8TEZ�\&XYA8T r s Q»º	\�ºD-º	¼ET-X0F�F[T½`@� M¿¾W  f M-· Q�¸%A8TEZ�\�X0A8T � ª-À O�Q�T�\'Á«F[>Y>YF ª F[P�\ÂDEA8T-TEº	FaV�Q�Cdg
� j�i�nÃo ÄÅÆ ÅÇ � }È ~ }x;É �ËÊ }ÍÌ É4Î }x�É Ï�Ð;Ñ/Ò;Ó � Ê i V*A�O-C i�Ô � l� }È ~ }x;É ~ Ê } Î }ÍÌ ÉI É u �Y� } Î Ê } Î }#Ì É}#Õ Ê } Î }#Ì É ~�Ö ® z V*A�O-C i�× �S° `�� M�� �Sf

· F[P¹Q�^bV->0X]\�OED-F	P i F[\ ¡ X0T-DEX À O-º[F	PØZ	XÚÙ#D-F/P;P�OEPØT-FvZ[A8C�C;F[P�V�A8TED-F	T�\ÛV*Q�P,Á�O-TÜZ�Q�>ÝZ	O->ÂZ	A8^ÞÙV->YF	\ÛÁ»>ß?BA8C�D-C�F�G È M�à >Y>YF[PÞZ[A8T�\&XYF	TET-F/T�\b>áQvVEC�º	D-X0Z�\�XÝA8T­Z	A8^bVE>Yâ�\&F,DEF,>@?BA�C;DEC;FÞG7I ª VE>YO-P_Z/F	C;\5Q�X0T-F[PZ	A8TS\&C;XÝã-O-\�XYA�T-P!DEF�>ß?BA8C�D-C�FHG È ª P�O7V-V*A�P&º	F	P!DEA8^bXYT�Q�T�\&F	P�ä#å M*æ F	>Y>0F	P�ÙßZ[XçP�A8T�\ÂDEF�D7F	OWUK\ÍèWV*F	Pdg`�Xáf · F	PÃZ[A8TS\�C;XYãEOW\&XYA�T-PéD7F	Péã*ASO-Z[>YF	PÃD-F!V-XÝA8TEPéZ5ê*Q�C�ëSº	PéVEC&A[RSF	T�Q�T�\ÃD-O_R�F	C;\�F�Ubìcíî»ï ® í ® Õ ® ÎÁ«>�?BA8C�D-C�FHG I M*æ FdD-F[C;TEXYF	C!F/P�\ÂDEº�\�F[C;^bXYT7º�F�UWV�º	C�XY^bF	T�\5Q�>YF[^_F/TS\ÞJ ��ð�L g
ñ � ì íî j G � n ï ® í j G y nÍ® Õ j G } nÍ® Î j G x n � o�òdó � x� { } j@kWn ~ òdó { x� x�»ô G � j G } � G x n#õ x l `�� M��8ö f

Q5RSF	Z { } j�k�néo ¤W° � � ~ ¤-°Y� �9÷ í � ¤-°�¤8¤�ø8ù ÷ xí ª { x o � °�ø F�\ ÷ í o � k � w xy � � © � � © w xy M`�XYX%f · F[P�Z	ASTS\�C�XYã-OE\�XYA�T-PdD-F[P'\�F[C;^ØF	Pd>YA�Z�Q9O�U�Dç?�A8C&D-C�F'G È M2ú Q�TEP�>YF_Z�Q�P�VEC�º	P&F	TS\ ª P�F/O->YF[P'\�C�A8X0PZ	A8^�ã-XYT2Q�X0P;A�T-P�DEFØZ5ê*Q�^bV-P�D-FÛ^Øº	P�A8TEP�F�\«DEFÛVEê-A8\�A8TEP�XYTS\�F/C�R�X0F	T-T7F	TS\ M�æ F	>Y>YF[P�ÙßZ	X3V�F	O-R�F	TS\Þû�\�C�FV*Q�C5Q�^_º	\�C�XYP&º	F	PÂV*Q�CH>0F · Q�ë�C5Q�T-ë�XYF/T¹F[ü*F	Z[\�XY¸�P�XY^ØVE>YXY¼Eº�P�OEX]RSQ�T�\_J ��� ª �8ý�L g
þ ÿ � o � ® ò óq � � } r�����r

��� w ���
	�� ~ 	
� � ��� Õ ��� ~ � x r����9r ��� ��� � 	�� � 	�� � ��� Õ ���~ ��� r ��� r ��� � � � 	�� � 	�� ~ � � 	�� � 	�� � ��� Õ ��� � ° `�� M���¾ f
���! #"%$�&(')"�*�'+$�,.-0/)1325461�')7�/),�89*�:."�;(&('+7�<=;('5:�"?>�<%@A<�/+;('5$=/),B;DCFE�G.HJIBK!LNMO>�:P'+;Q,�"�*�:P&(,SRB;(&(,D1�TU:�<�;(VB,.W�XY,B/+/5,�ZF*B'[,!\(;

*],B$�,B"�>�1�"�;^"�V!_./+')_.VB,A>=1."�\^/a` 1�"�1�/5b�\U,A\U;c1�"�>�1�&c>ed f.f�gFW



���������	��
���
�������������������� ��!"�$#%���&�'����
�(')'!�
*�,+")-�.!"���/�0!&+�1 232465%7�8%9�:&;�<>=/?�5%7A@CBED&F�G�H�5%I�JKB D&GL7'M�NPO�Q,N�RS5�HTN,UV8%BXWYF&5L7Z7-:�7�7Z93DPHS[	<]\^93IZBX?�BED&5_F&5L7`HZ5LI-Ja5%7�;�9�<Xb�D&9�J�B>=/:dce O Q e R 5�HgfhFi5%7gG%jP:k=�H�BE93D�7l@Cm&npo�q/M_5�Hr@Cmdnso�t�Mvue OAwyxAz{| z}�~�� N RS��� N U/�i�e R w x z {| z} ~C� N�OS� � N3R ��� N3U � �h�&�p��� �f w�x z{| z}�~ � � N RL� �h�d�E�/�d� @]mdnso3o�M
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NPORQ5S-T-U�Q	V�V&WYX�Z\[^]`_Ra�bdc�Z7QeU;QfZ-gih	X8jkT`l�Qemon`Qpg-Qeq%rsjkX8Wtl&WYupg`n�U�r�T-T�X�U�lvg-Qew`U�r9Z-h�x`Q	jBQ	Zdl
Q5S-T*u	U�WYjBQ	Zdl�r�q^_�y3Q	hfWzh	X�U;U�Q	V�T�X�Z-g|{,n-Z`QeQ	U�U�Q	n`U}g-Qp]8bo~�r�n�Z-W0��Q�r�n�g`Qeq^O�r�jkT-qYWYl�n7g-Q8��r�n
qYWYQ	n\g-QfV,�9b����8a�~�r/l;l&Q	Z7g-n`V	_�y3Q�U�u	V�n-qYl5r�lf��w-W0Q	Z�m�n`Q�jer�n��dr�WYVf��Z-Q�U�Q	jkQ	lpg-X�Z-h�T2r�VeQ	Z
mon-Q	V;l&WYX8Z�q�r��dr�qYW0g-Wtl&u,g`Q,q^ORQ5S-T�r�Z-V�W0X8Z�h5x-WYU5r�q0Q8_���X8l�X�Z-Vvmon`Q,qYQ�h	X�n-T`q�r/�dQ,jkXog`WY�-us�'����
�8��� � � T2Q	U;jkQfl;l�U5r�WYl�g-Qkg7u	hfU;WYU�Qp{pq�r���X�WYV}q�rpq�r�U��dQ	n7U�Q�l�q0QkV;T2Q	h�l&U;QB �¡£¢9 d¤�X8w`V�Q	U���u	V�T*r�U
��¥<¦���[�h	�#_`�`�`_§��¦�c5_`¨�Z�l&Q	q4h/X8n`T-q�r���Q�W0Z-g7n-WYU5r�WYl©h	QfT�Q	Z`g*r�Z�l©n-Z�U�r�T-T*XdU�l©g`Q�w`U�r9Z-h�x`Q	jBQ	Zdl
l�U�X8Tsu	qYQf��u�T*X8n-U©qYQ�jkXog-Q�ª�«¬e­¯®7® [�V5r�Z-V!T�r�U�qYQ/U°g`Q	V!g`u	V�WYZ�l�u	��U5r/l�WYX8Z`V!x*r�g-U�X8Z7WYm�n-QfV�c�_�±²qQ	V;l�Z`u�r�Z-jBX8WYZ`V�U;Qfjpr�U�mon*r�w`qYQ°mon-Q°q^O§r�jkT`qYWtl&n-g7Q'[^]`_Ra8b�cDU�Q	T`U;Xog`n-W0V;Q°h	X�U;U�Q	hfl�Q	jkQ	ZdlPq�r<��X�U;jkQ
g-nsV�T�Q	h	l�U;Q�_
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N4QfV�h	X8U�U�Q	h�l�WYX8Z`V<gLO�n7Z-WYl5r�U;Wtl&up[^]-_R´-µ�c�QflH[^]-_R´d��c<r���Q	h}¶�·!�¸¶�¹��»ºF�¸¼kZ4O§r�jku	q�WYX8U�Q	Zdl'T*r�V
V;WY��Z`WY�-h9r/l&Wt��QfjvQfZ�l£q�r°T`U;u/g-WYh	l�WYX�Z½g-n½U�r�T-T*XdU�l�g-Q�w`U�r9Z-h�x`Q	jBQ	Zdlf_9NDQ3V�T�Qfh�l�U�Q�ZLO�QfV�l�Q	Z½X�n�l�U�Q
T-qYn`V!g-u/h	U�Wtl©h	X�U;U�Q	hfl�Q	jkQ	Zdl�_
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N£rÂT-U�WYV�QiQ	ZÃh	X�jvT-l�QigLO�ufh5x*r�Z��dQ	VÄg-Qijku	V�X8Z7V���Q/h�l�X�U;W0Q	qYVÄhfX8U�U;QfV&T*X8Z`g*r9Z�lF{Âq�ri�dr�qYQ	n`U
Å Á �ÇÆ!¼ �§È�É°Ê ¼ � ¼�Ë Ê ¼ � ¼�Ì½T�QfU;jkQ�l©g-Q�U;QfT-U�Xog-n`WYU�Q}{Hq�rH��X�WYV!qYQ�V&T*Q	h�l&U;Q�Q�l©qYQ�U�r�T-T�X�U�l©g-Q
w-U5r�Z`h�x`Q	jkQ	Z�l©X8w`V�Q	U���u	V!T�r�U!Í�Î£Q�ÏÑÐ ��µ	Ò�_*y3Q�U�u	V&n`qtl5r�lf�*r�WYZ-V�WDm�n-Q�qYQ	V©T`U;ufg-WYh	l�WYX�Z-V©g4O�X8U�g-U�Q
Ó K Q�l Ó ³ hfW��Jg`Q	V&V�n-Vf�oQfV;l�U�Q	T`U;ufV�Q	Z�l�u'g*r�Z-V�q%r��-��n`U;Q���µ�_o�<X�n-V©r	�dX8Z`V3l�X8n-l�Qf��X�WYV�g`Ôsr�g-X�T�l�QfUq�r���r9qYQ	n`U Å Á �ÇÆ!¼ �RÕ r�n�qYWYQ	n�g`Q½Æ©¼ �§È�É r��-Z�g-Q�h	XdjvT*QfZ-V&QfU�qYQ'l�U5r�WYl�Q	jkQ	Z�l�r�T`T-U�X/S�WYj,r/l�W0�
g-Q	Vkr�h	hfQ	T�l�r�Z`h	Q/V�Q	lHg`n|Ö×w*r9h&Ø��dU;X�n-Z`gLO0_ÙNDQ	VHg`X8Z-Z`u	QfVHg-Qp�<¥�¦��Är�T7T*r�U�r�WYV�V�Q	Z�l½V;WY��Z`WY�-h�rf�
l�Wt�dQ	jkQ	Z�l�g`WYÚ�ufU;QfZdl&Q	Vf�LV�n`U�l�X8n�l½{eT*Q�l�Wtl�¤ ¹ _LNÙQvV�T�Q	h	l�U;QkX8w`V�Q	U���uvW0Z-g`WYmon-Qpr�WYZ`V�W�q�rB�dr�qYQ	n`U
T-qYn`VP��r�WYw-q0Q Å Á �ÃÆ©¼ ��� Ì Ê ¼ � ¼�Û Ê ¼ � ¼ � Ð �d��Ò�_�y3Q�l�l�Q°�dr�q0Q	n`UPT�Q	U�jkQ�lzg`Q!U�Q	T-U�Xog`n-WYU�Q<�8bo~¸g`n
U�r�T-T�X�U�l©g-Q�w`U�r�Z`h&x`Q	jBQ	Zdl©jBQ	V�n-U�uk[^h	�²_-�-�`_§�9´dc5�-h	Q�m�n-WLQfV�l!h	X�jkT*r�l�WYw`qYQ}r	�dQ	h�q�r}T7U;ufh	WYV�W0X8Z
r/l;l&Q	Z`g-n7Q�g`Q�q�O�X8U�g-U�Q Ó ³ _
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N4Q�jBX�g-Q�ª «¬ ­à®*® U�Q	mon`WYQ	U;l!T�r�U'r�W0qYqYQ	n`U;V!n`Z�h/X8n`T-q�r���QHá · Z-X�Z�Z�n7qÙ{}q�O�X8U�g-U�Q Ó ³ �-h	Q�m�n-WWYjkT-qYW0mon-Q�n`Z-Q�g`u��oW�r/l�W0X8ZsT�r�U<U�r�T-T*XdU�l'{½q^O§r�Z-V�r/l&â�g`Q�g-XdjvW0Z*r�Z-hfQ���Q/h�l�X�U;W0Q	qYq0QB[^]`_R´d��c�Ð �9ã�Ò�_
ä U�n-Z`QvV&Q	hfX8Z`g-QvhfX8Z�l&U�r�WYZ�l�QvV�n`U�q0Q	V½á�å�QfZæg-Qfx-X�U;V�g7Qvh	Q	lHr�Z`V5r/l&âvT�Q	n-l�ç�l&U;QBg-ufU;Wt�du	Qkg-Q
q�r½w�X8U�Z-Q}V�n`T�u	U�WYQ	n`U;Q�V&n-U<qYQ}U�r�T-T*XdU�l<g`Q}w-U5r�Z`h&x7Q	jkQ	Zdl'ª «è ­êé « ®*® X�w�l�QfZon-Q�T�r�U<�<¥'¦��T�X8n`UÙ¤½ë �8� ¼©ìíQ	Ï½_�N4Q<Ö×��l/O�g`nHg`Q���U�u3g`QzqYWYw�QfU�l&u3U;QfV�l�r�Z�l�r�n}V&T*Q	h�l&U;Q3g`Q3jpr�V�V�Q3WYZ���r�U�W�r9Zdl�Q
h	X8U�U�Q	V&T*X8Z`g*r9Zdl'V�n��8�dî	U�QHg*r�Z-V'h	QHh�r�V�{vZ-X�n���Q�r�n�n`Z-QHT`U�u	g-XdjkWYZ*r�Z-hfQHg-QfV�hfX8Zdl�U&WYw`n�l�W0X8Z`V
g-Q�l²ïoT�Q'�dQ	h�l&X8U&WYQfq%ð�ñ8_
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A��¨@/BCOCO :%U�?-4�A&T�¯'D�4R@/96U&?6T/|Rj$��:;KM5�A&S>OC:;A&:;A�58KMBC7$@/7V<%:XAV:nOq��@/7V58KQ@"OCBC:;A&:X9�?'@"<%:ctwv&jzv&�/|gA&5�BG9�A&5�7&<
«�9�?-:X@/i$@/7�A&5�7&7�T�:>7c9R@/7N9gd�U��¨@/OG9�:%?67�@/96BG�N:nDXOw�z: l F�@"7&46BC5�7~<Rf&BC?R@/O :8j

��:%4mA�BC $T%?6:%7N9�4m46F$:%<%96?6:%4mA�BC4�<%U&96T%4mA$@/7�4m<%:%9-96:	4�:%<%96BC5�7�46587N9�?-:>F&?6T%46:%7N9�T%4mA$@/7V4mOC:%4 � ��U�?6:%4����gD
�"�&j��m@.KQ@"4-4�:�BC7N��@/?�Bo@"7�96:�A�:%4}A�:%U l F&f�5,965�7&4}H�:%4-9�BC7�A&BCd�U�T%:�:%7c@/i&46<�BC4646:nt­:�70°.:�±h|RJ�9R@"7&A�BC4}dNU&:
OC:�7�58K;i&?6:}A��zT���T>7&:�K�:>7�964m²h³�@/9-96:>7&AVUn58U;58i�46:%?6��T�A$@/7V4�OC:}<%?6T%7�:/@,U~´ H%³�µ�H�³�¶=·�H%³¹¸x:>4*9mBC7&A�BCdNUVT�:%7
58?6A&5�7&7�T%:�jx�L:>4	OC5�4R@/7&��:%4nt­<"@/?6?-T>4'|�A�:%4 � ��U&?6:%4��N��:�9����Qt¢�8v�D��"�N|�<%58?6?6:%46F$587�A&:>7N9�@/U l A�587�7&T>:%4
A&:�º�»�:�±¼t­½�¾�y���|Rj
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3.3 Synthèse
?A@%B.C�DFEGD�H3@�IKJML�N�E9OPB.Q�R.CS@	T�Q9BKC�E6U+@%VWJ1B.XWYZEFC�E	[�E�L'CS@�BKQ9V-@%R\U]@%C'C<Q�DFJZX	CG@�R^U`_\R+@%N<a\CbYZX�c�E	N�C

d @�BKC!YZE	C d XFC'JZB�L�X	c�N�@0L�J1Q9BKCfe�@�J1g.YZEFC d E	C!a�@�Q�B.CFh.ijQ�R.Cj@	T�Q�B.Cj@ d Q9I.L�X�I+Q�R.N!D	E�ek@:JZN<EbYZE�elQ9N'Vm@�YZJZC�VnE
d E	Cpoq@�c�N�@�B.c�JZEFB.CpD�HKJZN6@�R^U d @%B.C!Y�@SY1JZVnJML�E d E�c�N�@%B dsrut h

i=Q9R8Cf@	T�Q9BKCvT\Rm_\RKE d E0CvQ�I�X	N6@0L'E	R.N'CAw xmypw:z|{jDFQ9B�L�E0B+@%B�L}YZE	C}N<EFI.N�X	C�E0B�L6@0L'JZQ9B8CvD6HKJZN6@�YZEFC d Q%~
VWJ1B+@�B�L�E	C d EFCf@%B.Q�V�@%YZJZE0C}@0U.Jl@�Y1EpE�L d E!L�N�@�DFE d E��A����I�Q�R^T�@%JZE	B�L4�	L�N�Epc�XFB.X	N�X	C4I+@%N�DFQ9N'N<EFD�L�J1Q9BKC
d R�o�@0c�N�@:B^c�J1E	B�B.Q�B�YZJZB8X�@�J1N<Eu�uR.BKE�J�B�L�E	N6@�DFL�JZQ�B�e�@:JZgKYZEbE	[�E	D	L�JMT�E d E�L#�\I�E d E	B.C'JZL�X9h

� EFD	J�D	Q�B�L�N6@�C�L�E}@	T�E	D�Yk��@%B+@:YM�\C�EvE	[+E	DFL�RKX	E}�fD	Q�R.N<L�E d JZC<L6@%B.D	E�O�Q9�AC�E	RKY�Yk��Q9I3X	N�@�L�EFR.N d ��@�BKQ9Vm@%YZJZE
@FU^Jl@%YZE4X�L�@�JZL�I.N�Q d RKJML��fY���Q9N d N�E d Q9VnJZB�@�B�LqYZQ�N<C d E4Yk��X	T�Q�YZR^L�JZQ9B d E0C�Q�I�X	N6@0L�EFR.N'Cqek@%JZgKYZE	C d RG��Q d.� YZE
� L6@%B d @�N d h � Q�VWV�E4B8Q9RKC�Yk��@�T�Q9BKC�C�Q�R.YZJZc�BKX9O:DFE}D	Q�B�L�N6@�C<L�EfE	B�L�N�E}X	T�Q�YZR^L�JZQ9BKCv�pYZQ�B^c�R.EfE�Lv�=D	Q�R.N<L�E
d JZC<L6@%B.DFEvI+EFR^L���L�N�EvJ1VWIKR^L'Xf@%R\UAC<L�N�R.D	L�R8N<EFC�D�HKJZN6@�Y1E	C d J1[�X	N�E	B�L�EFC�JZV�I.YZJ1_�R.X	E0CFh0ov��Q�I+X	N�@0L�EFR.N�e�@�JZgKYZE
JZB.JZL�Jl@%Yp��Yl@sVm@%C�C<E d R�� E	C<LnE	B�E	[�E�L d R�L#�^I+E����:���0{	�¡ �O�L6@%B d JZCW_\R.E¢Yk��Q�I+X	N�@0L'E	RKNGEF[�E	D�L'JZe(�
g+@�C�C�E�XFB.EFN�c�JZE�D	Q�B.C�J d X	N�X�JZD0JPE	C<L d R-L£�\I�En� ¤9�5�'¤��� P¥¦�k¤:��� ¤:�� �h � EFL<L�E�I+Q�C'C�JZg.JZY1JML�X d E�C<L�N'R.D	L�RKN<EFC
B.Q9R.T�EFYZYZEFCu�-YZQ9B.c�RKE d JZC<L	@�BKD	EnE	C<LAR.B§EF[+E�L d EnYl@mgKN<JZC�R8N<E d EWY&@mC��^VnX	L�N<J�EnD'HKJZN�@�YZEnJZBKH.XFN<EFB�LG@�R
I.N�Q�D	E	C'C�RKC d �¨H+@ d N�Q9BKJZC6@0L'JZQ9B§EFB\~ d E	C�C�Q9R8C d R�©jE�ªWhPo�EnI+Q�J d CAN<EFYl@0L'JZe d E	CbQ�I+X	N6@0L�E	RKN<Cu@%B.Q�V-@�R^U
@�JZBKC�J\c�X	BKX	N�X	C�E	C<L�I�@�Nv@�JZYZY�E	RKN<C�_�R+@:YZJML�@0L�JZT�E	VnEFB�L�E	B�@%D	DFQ9N d @	T�EFD}D	EFYZR.J^Q�g^L'E	B\Rn�pDFQ9R8N�L'E d J1C�L�@�BKD	E
�SI�@�N<L�JZN d ��JZB�L'E	N6@�D�L�JZQ9BKC!E	[�EFD�L'JMT�EFC d EAVn�	VnEbC�L'N<R8D�L'R.N�E�D6HKJZN6@�YZE�O.Jkh¨E9hZO�� ¤9�5�'¤9�� 4Q�R]��¤:��� ¤:�¡ �h

oq@n_�RKE	C�L'JZQ9B�J�B.JML'Jl@�Y1EAI3Q9C�X	E d @�BKCjD	EuD�H�@�I8JML�N�ESX�L	@�JML d EuC�@	T�Q9JZN(C<J�Y1E	CjQ�I�X	N6@0L'E	R.N�Cb@%B.Q�V-@�R^U
I+Q9R^T�@%JZE	B�LSXFD�H�@�IKI�E	NG@%R\U§N � c�YZE0C d E�D0Q9VnI^L�@0c�EnD6HKJZN6@�YZE0CFO d EnI3@�NAY1E	RKNSD�@�N6@�D	L � N<E¢@�BKQ9Vm@%Ykh�o�EFC
@�B.Q�Vm@�YZJ1E	C¡C'Q9B�L�E	B�E	[+E�L d E0C¡I.HKX	B.Q�V � B8E	C¡B.Q�BWI�EFN�L'R.N�g+@�L�JZe&CFO�@%R\UWEF[�E�L�C¡I�Q9L�EFB�L�JZE	Y1YZE	VnEFB�L�C�JMc�BKJ«~
¬ D�@�L�JZelC0h�­�Y3C�E�I�E	R.L d Q�B.D�_�R.E�YZE	C}L�E	N�VWEFC d E	CfI�Q�YM�\B8®9VnE	Cf_�R.JPYZE	CfN'E	IKN<XFC�E	B�L�EFB�Lp�Ag�@�C'C�E�X	B.EFN�c�JZE
D	Q9B�L'N<J�g.RKE	B�L d EbV�@%B.J � N�E�I3@�N<L�JZDFR.Y1J � N�E	V�E	B�LpJZV�I+Q9N<L6@:B�L�Eu@�R.U-I.N�Q\D	EFC�C'R.C!IKH��\C<J1_\R.EFC	h

¯=B.E]@�VnIKYZJ ¬ D:@0L'JZQ9B°@]E	[�E	D	L�JMT�E	VnE	B�LmX�L�X`Q9gKC�E	N�T�XFE d @�B.CmY1E�D%@�C d E`Yk��@%B.Q�V-@�YZJ1E d EsL�N6@�DFE9h
� EFYZYZE6~#D	JPIKN<EFB d D	EFI+E	B d @�B�LpYl@Se&Q�N<VnE d ��RKB¢ek@�DFL�E	RKNf±�²³A´ ±�²µ O.E	L!B.Q�B d ��RKB¢D	Q�R.IKYl@�c�ES@:B.Q�N<Vm@%YZE6~VWEFB�L4XFYZE�T�X d EpYk�¨Q9I�XFN�@�L�E	R8Nf�j¶+·¡h\o�E	C4E	[+E	L�C!@%B.Q9Vm@:R\U�EFB�_\RKE	C<L�J1Q9BmCF��@	T � N<EFB�L d Q�B.D ¬ B�@�Y1E	V�E	B�L
D	Q9VnI�@0L�J1g.YZEFCG@�T�EFD�Yk��E�U^I+@:B.C�JZQ�B]E	B¢¸ ² O5L�Q�R^LAE	B]X	L6@:B�LbC�R8C�D	E	I.L�JZgKYZEFC d E d Q9VnJZBKE	NAYZEFCbDFQ9B�L�N�JZgKR\~
L�JZQ�B.C d ��Q9N d N<E!¸K¹9O+E�L=D	EAV-@�YMc�N<XAYZEFR.N=C�RKI.I.N�E	C'C�JZQ�BsE	Bº{ ´ rut h � J5L�E	Y�X�L�@�JML=EF[�E	D�L'JMT�EFVWE0B�LjYZEAD�@�CFOJZYZC=I�Q�R.N�N�@%JZE	B�L(�	L�N<E d EAY���Q9N d N<E d Em»0¼�~��:½�¾�h�ijQ:L�Q�B.C(_�R.EuD	E	L<L�EuE	C<L'JZVm@0L�J1Q9B`E	C<L(E	B�@:D	D	Q�N d @	T�E	D
D	E	Y1YZEbQ9g^L'E	B\RKE d @�BKCpYl@uN<XFe&X	N�E	BKD	E-¿ ¼9½:Àq�GYk�«@�J d E d E	C!N � c�YZE	C d EbC'Q9VnVnE d ES�S����h

Á R.D0R.BKES@%VnI.YZJ ¬ D�@%L�JZQ�B�BP��@uEFB¢N'E�T�@%B.D6HKE�X	L�XAQ9gKC<EFN�T�X	E d @:B.CpYZEbD�@�C d EbYk��@%B.Q�V�@%YZJZEG@FU^J&@�YZE�h
o¡�¨H��\I�Q:L�H � C�E d E d Q9VnJZB�@�BKD	E d E	CuQ�I�X	N6@0L'E	R.N�Cn@%B.Q�Vm@�R\U d @%B.CGYZE	C d X0C<J1B�L�X�c�N�@�L�JZQ�B.CGH+@ d N�Q%~

B.JZ_�RKE	C=E	L=N�@ d Jl@�L�JMT�E	C d E	C=a�@�Q�B.C(@WX	c\@%YZE	VnE	B�L=XFL�XAE	B�T\JZC6@%c�X	E d @�BKC=YZEAD%@ d N'E d �¨R.B�VnQ d.� YZEAI.HKX6~
B.Q9VnXFB.Q�YZQ:c�JZ_\R.Eu@%RÃÂÄL�N<EFE6~#YZE�T�E	Yk�1h

� EsVWQ dK� YZE�O¡_\R.JpD	Q9N'N�E	C�I�Q9B d �ÃD	E	Y�R.J d E�Yl@�N<XFe�XFN<E0B.DFE�¿ Å:À d @:B.C�YZE�D%@�C d EsYk��@%B.Q�V�@%YZJZE d E
L�N�@%D	E�OKelQ�B.D	L�JZQ�B.BKEAN<EFVm@�N�_\R+@%g.YZEFVWEFB�Lpg.J1E	BÃ@%R�B.JZT�E�@%R d EFC!N6@�IKI�Q9N<L�C d EAg.N6@�BKD�HKE	VnE	B�LpI�Q�R.NpD	E
_�R.J5E	C�L d EFC!EF[�E�L�C d EADFE�L<L'Eu@�BKQ9V-@�YZJ1E9hKo�@GYZE�T�X	E d E�Y���@�I8I.N�QFU.JZVm@0L'JZQ9Bs± µ zÇÆ d @�BKC!YZEFCpI�@�N<L�JZEFC
d E	C�@�VnI.YZJ1L�R d E	CjÈÊÉÌËPË��<ËPË5Ë§YZJZX0E	C(�GYl@GL�N6@�DFE d R�L�E	BKC�E	R.N=XFB.EFN�c�JZE6~£VWQ�VnE	B�L(@%VnX	YZJ1Q9N'EbVn�	VnE
Yk��@�DFD	Q�N d E	B�L'N<EvL�HKX	Q�N<J�E�E	LqE�U^I�X	N�JZE	BKD	E d @%B.CqY1E�D:@�C d E	C d X	C�JZB�L�X	c�N6@0L�JZQ9BKC�N�@ d Jl@0L'JMT�EFC	h�ÍjNqYZE�C�I�EFD�L�N�E
d EpV�@%C�C<E=JZB�T�@%N<Jl@%B�L�E d E0C d EFR\UnIKH.Q9L�Q9B8C�X	VnJZCvY1Q9N�C d E=Yl@ d X	C�J�B�L�X�c�N�@%L�JZQ�B�È`Î� ÉÏË5Î�Ð+ÐmB5��E	C�LvI+@%C
N<EFI.N�Q d RKJML!DFQ9N�N<EFD�L�E	VnE	B�LFh

� EFD	J.B5��EFC�LvI+@%C¡X�L�Q�B.B�@�B�L�C<JKYk��Q�BWC�E!C<Q�R^T^J1E	B�L¡_�RKEfY�E	C¡E	[+EFL�C d E!g�Q9RKD	YZEFC¡C�Q9B�L¡IKN�JZC�E	BnD	Q9VnI.L�E
d @�BKC�YZE`VWQ dK� YZE�D	Q�B.C�J d X	N�X�@%RÑL�N6@	T�EFN<C d E	CmD	Q�EFÒ�D	JZEFB�L�C�@�BKQ9Vm@�R.U3hvo�E	Cmg+Q�R.D0YZE	C d Q9B�L�J�YpE	C<L
_�R.E	C<L�JZQ9B¦JZD	J(C<Q�B�L d Q9B.D d EFC�g�Q�R.DFYZE	C d E`_\R�@�N�a\C�Y1X�c�E0N<CmI8N<J1C<EFC d @�BKC-Yl@�Y�JZVnJML�EÃÓ%²ºÉ ÆÇÔ�D	e#h
X	_�R+@�L�JZQ�BÕÔ�»�h¨Ö9��×�O}IPh1»�Ø9×6hpÍ=N-Y���@�IKI.N�Q0U^JZV-@0L�J1Q9BÇÓ ² É Æ^O}_\R.J(I+EFR^L¢CF��@	T�XFN<EFNs@�C�C'E	Ù`g�Q�B.BKE§@�R
B.JMT�E�@%R d E	CvN�@%I.I+Q�N�L�C d E!g.N6@:B.D�H.EFV�E	B�L=Ô�D	Q�VnVWE d @�B.CvYZE!D�@%C d E!Yl@ d X	C�JZB�L�X	c�N6@0L'JZQ9BWË Î ÉÚÐ8Ð�O�D	e#h
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Annexe A

Lois de conservation classiques et
quantiques

A.1 Démonstration du théorème de Noether���������
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Annexe B

Le propagateur en champs
externes d’un quark lourd
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Annexe C

Base d’opérateurs ∆S = 1 de
dimension huit
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Annexe D

Le Modèle Sigma Non Linéaire à
une boucle
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Annexe E

Formules utiles

E.1 Les matrices de Gell-Mann et de Pauli���������
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E.2 Les matrices de Dirac#�$�%'&)(+*-,�./."$�(�&102,�&43
5768$89/3)9/:79';<$8%�;<5=&4./5=&)9/>�5=(?;<9@;�A7&49/BC0D./9/EF%�,�(�;1./57&)BG,�;<3<9/:75=&)>�5�HI9"3J,�:�K�#L$�%D&3
5=(86�$�M8$8(�&N0�$�%D34:757.O,�02,�3N5QP�57BC0D./5SR�.T,S3
A=UVAW3
5=(�:=5YX[Z=\^]!K?#L$^;�$�(D&1&<9/BC0�./5WBC57(�;N.T,S>�A=:7$8B_0�$8&<9@;<9"$�(&
%D9@68,�(?;�5�>D57&�0�3<$F>�%D9@;<&a`'b?c=d/d/d `'b^ef&�%�3g.T,ih�,�&<5j>�5ik1./9/l�$�3<>nmOo+p�qCrtsu�v ` pxw ` qFy=z X {�|�])}
` b�c d/d/d ` b^e�~�� b c
��� � b eL�1� � qb c
� ��� b e4` q � � p8qb c���� � b e4o p^q � � q � b?c � ��� b^e ` q ` � � � � b c
� ��� b e ` � m��gK-� z

,Q6�57:
� b c���� � b e ~���8�g��� ` b c7d/d/d ` b eg� w � � b c
��� � b e ~��������� ` b c�dVd/d ` b e�` � � w� qb?c ��� � b�e ~���8�g��� `'b?c7d/d/d `�b�e4` q � w � q � b�c ��� � b�e ~����������� `'b�c=d/d"d `'b�e)` q ` � �Jd� p�qb c���� � b e ~�����g��� ` b c d/d/d ` b e o p^q � w

m��gK[� z
ka,�&g02,�3�;�9/:7%'./9/5=3
&S}

` b c
` b^� ~ � b c b�� ��� o b c b � w` b8c ` b �Q` b^��~ ��b8c!b �Q` b��N� ��b8c!b�� ` b � � ��b � b�� ` b8c � �¢¡ b�c!b � b^� q ` q ` � w`'b?c£`�b � `2b��Q`'b�¤ ~ � b8c!b � � b��£b�¤ � � b�c!b�� � b � b�¤ � � b?c�b�¤ � b � b�� ���¢¡ b c b��£b � b ¤ ` �� � � � b c b���o b�¤�b^� � � b c b � o b � b�¤ � � b c b ¤ o b���b �� � b��£b �Jo b ¤ b c � � b^�¥b ¤7o b c b � � � b � b ¤7o b���b c �Qd m��gK[� z
#�$^;J$�(D&gA�¦�,�./5=B_5W(�;g."57&�9/>D57(�;J9@;<A=&g>�5S§¨9/5=3
©S&�%D9@68,�(?;<5=&�X ��{�])}
� ª � `2b ª u � � ª^« ` b ª � � ~ � � ª � ª � � � ª�«7ª u � � �¬ � ª � `'b ª � � � ª�« ` b ª u �� �¬ � ª � ` b ` � ª � � � ª « ` b ` � ª u � � � ª � ` � ª � � � ª « ` � ª u � w mO��K/ZW\ z

� ª � ª u � � ª^«Qª � � ~ � �­ � ª � ª � � � ª^«�ª u � � �­ � ª � `'b ª � � � ª�« ` b ª u � � �® � ª � o b^¯ ª � � � ª^« o b^¯ ª u �� �­ � ª � ` b ` � ª � � � ª « ` b ` � ª u � � �­ � ª � ` � ª � � � ª « ` � ª u �Qd mO��K/Z8Z z
k45=././57&�°¥:79+;<9/5W(�(D57(�;�:7$�BC0�;<5S>�%�:�,^3J,�:�;�±73
5i,�(?;<9/:=$�BCBi%�;�,W;�9/U²>�5=&g:Q³2,�B_0D&�UT573<BY9/$�(D9/E?%'57&=K
E.3 Intégration sur les moments´),�&<&Q,�¦85S>2,^(�&g.!*��)%�:W./9/>D9/57(�./$83
&g>µ*�%D(�5S3
A7¦8%D.T,�3�9/&Q,�;<9/$8(¶0�,�3�:=$�%D0�%D3
5C}

·2¸ ~�� · �¹ º ¸ ~»�g� º ¹� ¼ ¸ � · � ~��g� ¼ ¹� � · ¹ � ` ¸ ~�� ` �¹·F½ ~ · ½ ¹ º ½ ~ º ¹½ ¼ ½ � · � ~ ¼ ¹½ � · ¹ � ` ½ ~ ` ½ ¹ mO��K/Z�¾ z
¿¥(?;�A�¦�3J,�;<9/$�(�57(�ÀY>'9/BC57(D&<9/$�(D&WÁ�02$8%�3gÂ�02,�9/3S}
ÃÄÀ?Å ª�ÆxÇ� ¬�È²� Å ª b c d"d/d ª b�É��ª u ��Ê u � p ~

�
� ­^È²� ÅJË u�Ì ��Í � ÂÏÎ8¬ � ÀDÎ�¬8�Ì �!Í � � Ê u �

pFÐDÑ Ë u Ð ÅQË u ÆxÇ¬ Ñ Ë uÓÒÔ=Õ¥Ö£×4Ø=Ù � �
b�c!b � d"d/d � b ÉWÚ c!b É � d/d/d@�

mO��K/ZWÛ z
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E.4 Intégration sur les paramètres de Feynman$
%'&�%#(*),+ -.+�/102)3+4(5&�687�9;:�/10.)<)�=�9</10.)<>�:�9?:A@CB8&�9�0.)3DE0
F*02GH(�@I:J(K9L02(�-�%#(�&�9�6.0�),/4%#9�),D*=I-A:�/1-2=�/�D*0.)&�9�%#+1)�&MG�>�0�)ND�0PO�%#=*-./102)�)�=�+RQ�:�(5&�)2ST>�%'=�9�D*0.)�>*9L%H-20.)�)�=�)�9?:ADE+U:A&�+1VU)PWX/40.)�O�%�=�-./40.)�D*0K>Y:A9L&�+1-2=�/40.))�-A:�/U:A+19�0.)<%#=P>�)�0.=*D�%')�-A:�/U:A+19�0.)Z:8Q'0�-
=�(PV[:J-8&�0.=*93D�0
V�%'9L@C0\-2%#(*)]&8:A(5&�^�_T`YSH-2Vba5c�7*aed !�f S5/10.)<O�%#=*-./40.)D�0gV�029L@C+1%'(�)h:?Q�0.-,=*(iV�:A-.&�0.=*9TD*0gVU%'9L@C0,)�-A:�/U:�+19L0
j
^�_lkXSA/1+1620.)hm</one:�(�%'@K:J/1+10gD*0g&�9?:A-20#S�-.Vpa�c�7�arq's f 08&/10.)hO�%�=�-2/10.)hD*0tV�0.9�@C+1%#(*)<:8Q'02-t=E(uVo:A-.&�0.=E9hD�0vV %�9L@C0v>�)�0.=*D�%�)�-A:A/�:A+19�0<wYx�^o_lk x S#/1+46.0.)3my/one:�(�%'@K:�/1+10:2z�+U:�/10�S�-.Vba*c�7�arq�{ f W


|�1}*~e�H� 
X�4}*~��5� 
|�1}*~����
_ `��[����� ������5� ���L�*�� �'� �Z� �E�jA� � ��� �*�� ���� ���

j � �� �E¡A¢�£8¤.¡A¥ �¦ �p§ � ����¨
© >�%#=*9 �«ª jj3¬ �­ � ��®1¥ �L� ¦ �L���b§ ��b¯ ¦ �L���b§ � ¬±°o² ¨
© >�%#=*9 �«³ j ^[´Za4{.µ f
_lk �[���¶� ������5� ���L�*�� �5�h· � j ��� �*� �j�� � �¸� �E�� ���� ���

j<¬ � j � �� � � ¡A¢�£8¤.¡A¥ �¦ �p§ � ��� ¨ © >�%'=�9 �«ª jj � �­ � j � �� � � ®1¥ �L� ¦ �L���b§ ��b¯ ¦ �L���b§ � ¬¹°�² ¨ © >�%'=�9 �«³ j ^[´Za4{2º f
_lk x �o����� �»����H� �»�L�*�� ��� ·jJ� � ��� �*�� ���� ���

� ¡A¢�£8¤?¡�¥ �¦ �b§ � ��� ¨ © >�%'=�9 ��ª j
� �­ � ®1¥ ��� ¦ �����b§ ��p¯ ¦ �����b§ � ¬¼°o² ¨ © >�%'=�9 ��³ j ^[´Za4{2½ f

¾l0¿@À%'@u02(5&I+1(�-2+1D�0�(�&PÁ�08&P/U:ÂQ�:�9L+�:AO*/10 � )�%'(5&K/ +16.)I>�:J9ÃW �Ä� Á © � ��Å © S3%#Æ Å D*6.)�+R75(�0Ã/U:@I:A)�)�0�D�0i/�:N>�:�9]&�+1-.=E/10�QH+19�&�=*0./1/10'a*¾T0.)v-2%#(5&�+1(5=�:�&�+1%'(�)y:A(�:A/RGH&�+1ÇH=�02)v%'(5&Z68&�6iD�6.c*(�+40.)Z>�:J9v/10�>*/U:A(-.%'@u>*/108z�0�)�=*>�6.9�+10.=*9.a
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E.5 Largeurs de désintégration')(+*-,�.0/213(+15476�8:9;*�4-<!=>,�*�8$?@9A158:B�47=�(79;*�8C(7DE1�FG.395(+HI,�=�*�8$J�.5D:(K15(KLM,�6�6�(ONQP;,�.�=�(7H	?@67PR(�9�STJ7?@=�H�615(ULV,W6�6�(76YXTZ[(7*\1]FG8$L^H�.5D$6�8:?�956`_5Zbadc�e\Zgf�h Zji (�6k*Y1�?�9�954lH	,W=

m!nko!p a qrRN s tus v m!n�o5w o f x�yYz �W{�|
?�} t 154�6�8~<@9�(+D�F�,WL�H�D$8~*�.513(�15(+�3(-�09�LM,�9^,W6�6�?EJ�8$47(\,W.2H5=�?!J7(�6�6�.�6]*7,�9�158$6��!.5(+D�F�47D$4�L�(�9!*�1�F�(76�H	,WJ7(15(UH5��,�6�(��lS�J�?�=�H56 m nko w o (76�*Y154��59�8�HI,�=m;nko�w o a�c�r�� i��]�!� ��� c���� o�ZC�]� _�Z i o�Z$�b� m n h Zc�r�� i n rWe\Z f x�yYz ���;|
,&�;(7JU�d�dc#N�f�� i z
���� b¡3¢;£¥¤b£¦ ¨§�¡	�7£¦©ª¤]£�«I¬­¢@®�¯W b�°l,W956YD$(UJ�,R6\1)FG.59�(U13476�8$9;*�4�<@=&,�*�8$?�9�(�9±15(�.E/�J7?@=�H�6�P�D$(l²�,�J7*�(7.3=\1)FG(76�H�,�J7(215(UH��	,�6�(l1�(-�E8C(79;*�P,�H5=�³76Y8$9!*�47<@=&,�*�8:?�9±6�.5=Oh v H�.58:6\6�.5= s h � s ,�.�L^?��@(�9´1�(UDµ,A²C?@95J7*�8$?;9�15(7D$*&,M¶m v w v a q·!r�� v q �¹¸ X �[º X vN » v q �¹¸ X � ��X vN » v m!¼ ��f x�yYz ��½;|
,&�;(7J mE¼¾� P�D�FG4�D$47L^(�9;*\1)F�,�9�<@D:(¿6�?@D$8$1�(¿13(¿D%,2H�,�=�*�8:J7.5DC( q zÀ�?�.�=K15(�6�HI,�=�*�8:J7.5D:(76K1�(¾6�H58:9M9!.3D�P!?@.�,WH5=�³76KL^?��@(�959�(¾6�.�=+D$(�6K6�H58$9�6K8$9�8~*�8µ,R.E/V(7*K6�?@L�L^(�6�.�=D$(76Á6�H�8$956Á�39	,W.E/IP;D�FG8$9;*�4-<@=-,�*�8$?@9�6�.�=¨DC(76+,�95<@D:(76Á15?;959�(O6�8:L�H�D$(7LÂ(�9@*`.59Â²�,�J7*�(7.3=ÁJ7?@956�*&,W9!*ÁÃ��Áz�À`,W=J7?�9�6�47�E.�(79;*2¶ p a qrWN s tus v w v f x�yYz�Ä �;|,&�;(7J w v a qÅR� q �Q¸ X¥� º X vN » v q �Æ¸ X¦�`��X vN » vRÇ x�yYz�Ä ��|
���� b¡3¢;£¥¤b£¦ ¨§�¡	�7£¦©�È�¯�®�Éµ�^¢�®I¯� [�°l,W956UD:(�JW,�6l1)FG.�95(^154�6�8$9;*�47<@=-,�*�8$?�9�(79Ê*�=�?;8$6UJ�?�=�H56�P]D$(^²�,�J-*>(7.�=U1�FG(�6�H	,RJ7(^15(^H��	,�6�(Â6�FG4�J7=�8~*�P,�H5=�³76¿8$9;*�4�<@=&,�*�8$?�9Ë6�.�=��E.	,�*�=�(A1�(76�9�(7.�²Á1�(-<@=�476¿15(�D$8$Ì�(�=k*�4A8$958$*�8µ,R.E/�,�.ËL^?��@(79¥13(�Dµ,Â²%?�9�J-*�8:?�915(7D$*&,M¶ m;Í�w n a qÅOcjr�� i Í m e ��m e v m!Î[m c�Ï�Ð�Ñ5Ò i m;ÓbÇ x�yYz�Ä@Ä |
')(�6¾,�95<@DC(76 Î P ÒÔ(7* Ó 6�H	47J78C�5(�9@*YD$(�6\?�=�8$(�9!*&,�*�8$?�9�6\13(76\L^?�L^(79!*�6\�59�,�.5/TH�?�.�=\e ��Õ v �E/0476�z°l,W956`D$(\JR,�6`15(YH	,R=k*�8$J7.�D$(76`6�J�,WDµ,�8:=�(�6�P;?�.ÂD$?�=�6��E.5(\D#FG?�9VJ7?@956�8$1�³7=�(\.59^*&,W.E/^15(�154�6�8$9!*�4-<;=>,�*�8:?�995?�9¥H�?�Dµ,W=�8:6�4;P	D�FG8$9!*�4-<@=&,�*�8$?;9¦6�.�=¾D$(�6U,W90<@D:(76�=�4�6�.�D~*�(�(�9¥.59¦²#,WJ-*�(�.5=¾J�?�9�6�*&,�9;*¿ÅR� v (-*�Dµ,^D%,�=�<@(7.�=158$B	4�=�(�9;*�8$(�D$D$(l15(7�E8$(79!*l¶ m v p a qrWN s tus v m v w n f x�yYz�ÄRÖ |,&�;(7J

m v w n a qÃ\cjr�� i n m e ��m e v a qc�r�� i n qq�× N v m X v � v m X vv n f X vZ�Ø �dcÙ_ Z3º _ Ø i v Ç x�yYz�ÄWÚ |
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&('*),+.-�/0 /�132%4*5,6 798.: ';+�< 7=8.>@?BA <�C 4=D +"E�C A ';< 8 ),+.-�//GFH8 ';<�C > ';<,< 4=798.I EJ+LKMN O P -Q//�F=R9SUT VXWZY�[]\/_^`[]\F�a /cbed�f [ \ // b - // ^ f [ \ /F b - /F=g /

P -Q//�F=R9SUhjiHWZYk[l\/_^m[]\F*a /nbed3f [ \ // b - // bof [ \ /F b - /Fpg /rq s�t_uwvJx*y
Epz 79{H[|\/X} Y -Q/0 / b -�/0 ^ -Q// a�~�� - 0 / 7 C []\F�} Yk� / b -�/0 / b -Q/F a�~�� - 0 /��
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