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Chapitre 1

Les anomalies fortes et
électromagnétiques
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��� �����	��
����������������������� �"!#
$�%�'&(����)�%�*���,+�!$�	-������� ��./�0+���
$1023�%�
46587�9;:%<)=�>07�<?:�@3AB5DC	E/9�7�:GFIH�JLK?MONQP�RTS�>�=U<)VW=�:,XY5DF#XZ=	J/:GF\[]=	<_^a`cbdAe7gf	HOJ]hG:i7�J3:G=�X]=�X]CUhGF#J/:GC�j3<�7�:GF\H�JX]9�>]F\H�Jk@�blA(5DH3<)XZ<)=nm0o�N�pq=	:):�=gXZ=	<GJ]F#rU<)=d=�h?:'=	J�=Us�=�:'X]CU[]J]F\=g>t7�<du

v?w xzy^ ` mZ{}|�~��d�� �3� { �0�	� ��?���_�(���i�a� K?MON#MU�O�3S
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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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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
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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
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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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� 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
â!ë�ì cWd�fí î ï pí î h ÿ · ¸ ÞÞÞÞ � Ðä ¡�� ä� gd õ ¡ l����	��
 � q���� 
 p ��� � �
 � l������� 
 p q � ú ÞÞÞÞ Ò � ����� ä � � Õ d�� Ó s#t�u ¤ t x
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2.2.5 Cadre général de l’expansion en produits d’opérateurs
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H7? D$B�WPC�F ?�HGL`C�whZ\D$Z\L�? W,HGC�W�=[Co;j4?�D(B�MNJ�DdCEDdjGL`J�H(O$MPK�B�H,=�J�jUZ\L�?�K�CEO(L`B\z
�5W�CEB`KXA$MPCED�F\J�D$D�O � O$CIWY=�MND#K�ZEwhL8?kK�MPJ�Di? O��[K�L�CEC8abWNCEghCEW�= H$O�AUJhB�J�D�H(Cmv�? O;w�Cd¡ L�CEj$L�ZEB�CkD#K�ZEC

H7? D$BuW+?X¢$whOGL`CV: �^CEB`Ku]^J�H(MN¢$Z\C.CEDfj(L`ZkB�CED(FEC.H£=[MND#K�CkL�? F8K)MNJ�D(Brt+J#L�K)CEB\zU¤rC.D(J�O$ghC&?�O�ofJhjUZEL?kK�C\O$L�B
CE}7C\F8K�M¥t¥B^WNJ�F�? O�o§¦�R©¨ª��B�J�D�K^D(ZEFEC\B)B?�MNL�CEB^H7?�D(BXFkC�F�?�BI?�¢(DQH$C�H$Z\FEL�MNL)CIW¥CEBXC\}7C8K�BXH$O�¡ e
WY=[Z\F�y$CEW¥WNCl«§c¬�®�¯4°�±i«²±i³�´p~$Jhµ�¬�®,¯4°�HGZEB�Msw#D$ClWY=[Z\Fy$C\WNWNClH$CnFEJhD$¢(D$C\]XC\D�Kqr¶
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Á �NÂ(�PÃ�Ä
<�C�F�? WNFEOGW,H(C�FECEK`K�ClZ8ghJhWNO(K�MNJhDfemF\J�O(L�K)C�H$M¥B�K8?�D(FEC�H(Cl³�´Åem«§cbemW+? � O$C\WNWNClD$J�O(Bu?8ghJ�D(B�H$Z�v�e

tY?�MsKI? WNWNOGB�MNJ�DQHU?�D(BXW!?fB`CkF8K)MNJ�D���z@��zN:�qmB�C�t�?�MNK^CEDQH(MN}UZEL�CED�K)CEBXZEK? jUCEB\~ � O$M�F\J�D(B`MPB�K�CED#K^FyU?�FEO(D$C
CED§cYM+q3WY=[MND#K�Z8w#L�?�K�MNJhD²H$C\B�HGC8whL�ZEBlH$CXWNMPAUCEL`K�ZXH$JhD�KlW+?V]I?�B�B�CXCEB�KlH$CEghC\D�O$CXB�O$j7ZkL`MPCEO(L`CVeV«	~,j$O(MNB
cMNM!q�WY=[ZEghJ#WNO;K)MNJ�DfH$C.W+?.K�y$Z\J�L�MNCnCk}7CEF8K)Msg�CÆ?�MPD$B�MÀJhA;K�C\D�O$C�v�O(B � O,=@? OSB)C\O$MNW�H£=[MND�K)Z8w#L�? K�MNJhDSB�O$MPgh?�D�K�e
WY=@? MNH$CnH$CEB3]^Z8K�y(J�H$C\B�H(O�w�L`JhO$j7CnH(ClL`C\D$JhL`]_?�WPMNB?kK)MNJ�D£zG¤l?&D$B�WNClF�? B�«p±i� � ~(D(J�OGBr?8ghJ#D$B�H$JhD$F
Co;j(WNMNFkMsK�C\]XC\D�Kl¶

:�z�<>=[MND�K)Z8w#L�? K�MNJhD§H(O�¡ C8KVH(OQÇVeÈWY=[Z\Fy$CEWPWNCd«ÊÉÌË ¾ ³�´S¿�z>ÍrJ&K)J�D(B � O(CdH(CEBVJhjUZEL?kK�C\O$L�B
H(CxH$MP]XC\D$B�MNJ#D�y�O(MsK_j7C\O;ghCkD#K_CED½j$L�MND(FEMNjUCxH$Z`v�e�?�j(j7? L�?kÎPK�L)C²epF\CxB`K? H$Chz�ÏÐC\O�o�a�FEM3B)J�D#K
FEC\jUCED(H7? D�K£B�O(j$j(L`MN]�Z\B£j7? L|���³ÒÑ´ JhO���� ��ÑÓ zE<�C|<	?kwhL? D;whMPCEDlCE}UC\F8K�MPt�L`Z\B�O$WsKE?�D#K�CEB�K�CED$B�O(MsK�C
Z8g#J�WPO$ZnH$Cn³ ´ e.��Ô8z

��z�<>=[MND�K)Z8w#L�? K�MNJhD�H(OSÕle.WY=[Z\F�y(CEWPWNCl«fÉÖË ¾ ��Ô�¿�~GB�O$Msg�M¥C�H(ClWY=[Z8g#J�WPO;K�M¥J�DdH$Cl��Ô�e.���Ez
�;z�<>=[MND�K)Z8w#L�? K�MNJhDQH$O§�defWY=[Z\F�y$CkWNWNC�«×ÉØË ¾ � � ¿zÐÏ3=[C\B`K^WY=[Z8KE?�j7C � O(C_D(J�O(BV?Eg#J�D(BXCE}UC\F8K�O(ZEC

HU?�D(BuWPCEB�B)CEFEK�MNJhD$Bm��z@��zN:XC8K.��z���z@�;~£eVWY=[J�L)H(L`C^Ù�Ú�~4j7JhO$L�H$CkB�J�j7Z\L�? K�CEO(L`Bme � O7? K�L�C � OU?�L)��B\z
�rO;K)L`CIWNC\B.J�j7ZkL�?�K�CEO(L�B.H$CVHGMN]^CED$B�MPJ�D�B�M�o0A(MNCED�F\J�D(D�O$B\~�D$J�O(BX?Eg#J�D$B.whZ\D$ZEL�ZIWY=[C\D$B�CE]ÆA$WNC
H(CEB�F\J�L�L`C\F8K�M¥J�D(BÐH$CrH(MN]^CEDGB`MPJ�DVy�O$MNK�e�F\C8K�J�L�H$L�C�z���W7D$JhO$B�?lB�O(ÛÜj7J�O(L�FECEW!?lH$C3FEJ#D$B�MNH(ZEL�CEL
WY=�J�jUZEL?kK)CEO(L_C\}UCEFEK�MNtmH(J�]^MNDU?�D�K ¸.Ý ��ÞÑ cb?8g�CEF²O$DßFEJ�CEÛ^FkMNCED#KS� Ý ��ÞÑ ¨à��q�?�O$abH(CEB�B�O$B�H(CÈW+?
]I?�B�B)C�H(O � O4?�L���Fy7? L`]^Z#zÐ�rLXWY=�J�jUZ\L�?�K�CEO(L ¸ Ý ��Þá Z8w;?�WPCE]^CED�K^j(L�ZEB�CED�KfcC8K�MN]�j7J�L`K?&D#KqXe
FECEK`K)C�ZkF�y$CEWPWNCnj7CEO;K�â\K�L`C�K)L�? MsK�ZlH$CntY?�ã\J�DSB�CE]mAGW+?�A(WNChz

2.3 Opérateurs ‘faibles’ au-delà du Modèle Standard
¤n? D$B�W+?�B�C\F8K�MPJ�D0��zN:�~4D(J�O(Bn?Eg#J�D(Buj(L`JhjUJ�B�ZÆO(D$CÆ]^ZEK�y$J�H(C.whZ\D$Z\L�?&WNC.jUC\L`]^C8K)K?�D#KlWY=[MND�K)Z8whL?\a

K�MNJhDÈeXO(D$CnAUJhO$F\WNCmH,=�O$D � OU?�L���WNJ�O(L`HfHU?�D(B3O(D$CmMND�K�CEL? F8K�M¥J�DSC\}UCEF8K)MsghCÆe � O7?�K�L`C � O7?�L���B\zGÍrJ�O(B
?8ghJhD$B�g;O_CED(B�O$MsK)C � O$CuW!?nB`K�L�O$F8K)O$L�CuFy$MPL�? WNCuH$C\B�JhjUZEL?kK)CEO(L`B�tY? MNA(WNCEB�H$O�äxJ�H$�kWNC � K?�D(H7? L`H�B`O(j�a
j$L�MN]I?�MNK|WNC\B>FEJ�D#K)L`M¥A$O$K�MNJhD$B|H$C�K5å;j7C3R Ñ5æ HU?�D(B|WY=[CEo;j7?�D(B)MNJhDdcb��z@�h��qÀJhA;K�CED�O(C�z�çrO;abH(CEW+euH$O^äfJ�H(�EWNC
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2.4 Introduction de l’électromagnétisme
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µ l q 0pt d µ l q 0pt u±¹#»sÅ 0.t ��� M��.Æ �
µ l
Ç4È¦É�Ê�Ê)Ê�Ç4ÈZË q 0pt d µ l

Ç4È�É�Ê)Ê)Ê�Ç4È.Ë q 0pt uº¹#» ´ È�É7Ê)Ê)Ê ´ È.Ë Å 0.t ��� M�Æ.Ì �
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���=��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:>L0M7stE_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;¦7std�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
G+?&K�°r±(² ³&�6� �´ V�?�ANB"XJDPµ�M�V.{ZXJDE¶[I6?&A.V�?�K(VxLNV.DPG�?�K"X~?dB;I K;ONC�I(O.K D}C6FNHJK6?�XJD@V.DPXhynHJA�I DZK�?&C�I H1M�A
] ?9HJwNXJDdDZs+D	CZI HtQ[D q b�O+?�I K(DEb�O�?�K u�B}HJA.HJI H~?&XJD ix� M�ONB}Axy�?	Q�M�ANB}G+?&B}A.M[A§G.XJONB}M�wNB D	K;Q�ScVxyzD0s+D�I
V.DRXhy¬?�ANM�Ta?&XJHJDRV.D"I(K�?9C	D}?�OaA.HtQ[D�?&O�VND	B�M�G3S	K6?0I D0O.K B�V.DRV.HJTWDZA.B(HJM�AUF�ONHtIZL q O.AND<w+M�O.C0XJD�L�C	D
b�O.H+G�DZO=I� 	I K DRHJTWG.O.I S q XhyzD	�=Ht\�DZA.C	D�VxyzH1A�Q[?�K H~?�ANC	DRVNO � ?�\�K6?�A.\�HJD0Aa·�¸º¹��<B(M�ONB�X~?}B;`=TWS6�
I K HJDdV.HJB CZK;{ZI D ª}» ¸ i�¼ A�M�G�S	K6?0I(D	O8KRVxyt?�ANM�Ta?�XJH1DU?Z�.H~?&XJD�L3DZA½K;D	Q�?�A8C(FND�L3DZB�I}wNHJDZA½G.K M�V.ONHtI i
¶�M�A-HJTWG�M�K;I6?&A.CZD�V+?&A.B�XJD0B�V.S	B H1A�I S�\[K�?�I HJM�A.B�VND	B�u�?�M�A.B�D	B;I�I(M�ONI D ] M�HJB q A.M�O=Q�D�?&O�?&G.G�?�K O.D
XJHJTWHtI SZDWf�C ]$iNj \ iYkZm L.G iz¾�o�p�i
>dy¬?&O=I(K;D¡G+?9K�I0L�ANM�ONBa?	Q[M�A.B�TcM�A[I K(S¡b�O.D�Xhy¬?&TWG.XJHJI O.VND�¿vÀ§Á ¨¦À�Â�Ã�S�I�?�HtI�G+DZOÄB;DZA.B HJwNXJD
?�O=�rD	s+DZI B�V.DPXhy�?�A8M�Ta?�XJH1DE?Z�.H~?&XJDPHJANV.O8HtI B�G+?&K"O.A�b�O�?�K(uUQ=H1K�I(O.D	X|��V3?�ANB"Xhy�?�GNG.K(MZ�.HJT�?�I H1M�A
V.D ] ?�CZI M�K HJB6?�I HJM�A�f�C ]ei3j \ i¬Å L3G inm � p�i3¼ A½HJTWG3?�C�I�HYTcG+M�K�I	?�A[I}VNDECZDEI$`=G�DvV5y¬?9A.M�T�?&XJHJDdV�?�ANB
Vxy¬?&O=I(K;D0B"V.SZB;H1A�I S�\[K�?�I HJM�A.B<V.D	B�TcSZB(M�ANB"¿ÆANM�ONB"G�?�K�?ZÇ1I�?�H1A.B HxG3D	O¡G.K M�w3?�wNXJD i

£ � ?@I(D	C6F.ANHJb�OND}G.K M�G�M�B S	D}BZy¬?�G8G.X1HJb�O.D}SZ\�?&XJD	TWD	A�IR?&O��-D	s�D	I B�VND	B�w+M�ONC	XJD0B�VND}b�O+?�K(ua�<V�?�ANB
XJD	B4VNS	B HJA�I(S�\�K6?0I(HJM�A.B4VND	B4TWS	B M�A.B «¦i=� D	O=� £ CZH+B M�A�I�C	DZG�D	ANV+?&A�I ] M�K;I DZTWD	A�I�B;ONG.GNK;H1TcSZB4G+?&K
XJD	B ] ?&C�I DZO.K B�V.D �4È µÉb�O|yzHJXJB"H1TcGNXJHJb�OND	A�I i

£ � y�?�A3?�Xt`�B DUVND	B@M�G�SZK�?�I D	ONK;Bc?�ANM�Ta?&O���HJANV.O.H1I B@G+?&KPXJDUb�O�?�K(u¦��ANS	C	DZB(B HtI DWV5y¬?�X1XJD	Kc?�O=��V.DZX q
V.D�X�y¬?�GNG.K(MZ�.HJTa?0I(HJM�A q b�O+?�I K D�b�O�?�K u�B i�¼ A�?&K�\[O.TWD	A�I�VNHJTWD	A8B HJM�ANA.DZX.B HJTUG.XJD"A.M�O.B�G�D	K TWD�I
I M�O.I D ] M�HJB"V.D}C	M�A.C0XJONK;D q ONA.D}B ONG.G8K;DZB;B H1M�ArVND}XhyzM[K;VNK;D}VND}° ± ÊtË�Ì ��°¡�Í V+?&A.B�XJDZB�V.SZB HJA�I S	\�K6?Z�
I HJM�A.B"V8D	B"TWS	B M�A.B<¨�Î�¿UÏ i

� DZB}K;SZB;ONXtI6?&I B}G+D	O.Q�D0A[I} �I(K;DdI K6?�A8B G+M�B(S	Bv?�O§C�?&B}V.D	B}M�G�S	K6?0I(D	O.K Bv?�ANM�T-?�O=��S	XJDZC�I�K;M�T�?�\�ANS6�
I HJb�OND	B�B6?�ANB"C6F+?&A=\[D	TWD	A�I�Ta?Z�;D	ONK i

¤ A�CZM�ANC	XJONB(HJM�A5L�B H�XYD	BW?9A.M�T�?&XJHJDZBU?Z�.H'?�XJD-D	IEV8D�I K�?�CZD�M[A[IcD	s�D	C	I HtQ[D	TWD	A�IcONA_K;��XJD q �;M�O.DZK
V+?�ANB�X1D	B�V8S	B HJA[I�S�\�K6?�I HJM�A.B ] ?&HJw.X1D	B�VND	B�F+?&V.K(M�ANB�f�D	I�D	AUG+?&K�I(HJC	ONXJHJDZK�V+?&A.B�XJD	B�G.K M�C	D0B;B ONB�¿ÐÁÉ¨¦Â�Ã



���������	��
��������� ���

�������  ! #"�$&%'�)(+*�,-��./�101�324,65�(��/7��/8��'�17�9+*�9;:��/0<�1=0<>?5@�1,�AB7C5D7<71*�%@,FE/7G5H=4IKJL=�5M0<NL7�OFE�P	�/017RQTSU �/�CV)*�=W24,65XOZY[,F9	�1�@0\2	�/9	�1,]*�9K(+�)9+*�=42��@OFOF�3:+^�_471,FJ�=�`5M=Lab(�/OBc`(+=edf*�(g/OF�Xh	�/5H9�(�5M0<(jik%/*�lCl��
:�5M0m��I4�/lC:OF�n(�5D9+7oOk5p71�@%��1,�*�9�q�rts	"�r4u&5v:+01�/lC,Fg'0<�w(+�w%'�/7m(��/=4I3:�*�717x,F>�,FOF,F�1E/7y7<�'0�5v��I�5HlC,F9�E/�w:+OF=�7
5�2	5H9	�z(�5M9+7{O��p%�^?5H:�,-�101�p7x=�,-2�5H9��@r

| *��101�XlCE��x^+*L(��XAB*�=�0<9�,-�3:�5M0)5H,FOFO]�/=�0<7}=�9+�~%/O65M7171,F�+%D5@�x,F*�9�9�5H�1=0<�'OFOF�����37<_L7\��E/l35@�x,FJL=+��(��/7
*�:�E'0�5M�1�/=�0173,F7171=�73(��fOZY�,�9	�1E�P�0�5H�1,F*�9�(�=�JL=�5M0<N�%�^�5M0<lCEf(?5H9�73O��/7)(+E/71,�9	�xE�P	0�5H�1,F*	9+73A�5H,F>�OF�/7)(��/7
N�5H*�9+7@r!��9�:�5M0\��,F%/=�OF,F�'0/$T=+9�9+*	=42��'O��'9+71�/lR>+OF�C(!Y[*�:?E/0�5@�x�/=0<7�(���(�,FlC�/97<,�*�9�^L=+,-�v,F9	2	5H01,65M9��17�(+�� 5H=+P��)�/��,F9�2�5D0<,65M9	�17�7x*�=�7G�n����5�E/�1E`*�>+�1�/9L=�iB_W%/*	lC:+01,F7��/9;:+01E/71�/9%/�`(!Y�,�9	�1�/0�5H%/�1,F*�9+7�E/O��/%�a
�101*�l35@P	9+E/�1,FJL=��/7�"�r�u��'=+0��/8����@$&53:+01,F*�0<,�(�COZY[*�01(+01�}(+�}�`��v� �X�� $T:�*�=0<0�5H,-��7/Y�5/2�E/01�/0�%/*�l�:�E'�1,-�x,FA5�2��'%�%/�/O�=+,�(�Y�5H=+�101�/7n%/*�0101�/%��x,F*�9�7z(��R���w��cR%/*	=+0<�1�v(�,F71��5M9+%'�v9+*	9�(+*�l�,�9�5D9	�1�/7}� ���D  r¡n9��v2L,F*Ma
O65H�1,F*�9X,FlC:?*�0<��5M9��1��(��vO65�AZ5H%'�1*�01,F7�5H�1,F*�9�(�5M9+7¢OF�'7w5Ml�:�OF,-�x=+(��/7n£R¤�¥�¦ ��§ �'7\�z�1*�=+�1�'A6*�,F7¢0<�'JL=+,F71��rh�,FP�9�5MOF*�9+7z�/9+%'*�01��JL=+��(��/7{�@8����x7¢(+,�7<�1,F9�%��17z�/9�¦ �H¨ � $�E�P45HO��/l}�/9	�w5H7x71*�%/,]E/7wc�(��/7z*�:�E'0�5M�1�/=�0<7¢(+�(+,�l��'9+71,F*�9�^�=�,-�nlG5M,F7¢:0<*@2	�/9©5H9	�n%/���1�1�vA6*�,F7¢(��vO65R:�0<*L%'E/(+=�01�v(���ªtlG5H�1%�^+,�94PY©5�2��'%vOB5�:�^�_L7x,FJ�=+�
c�OF*�9+P�=��p(�,F71��5M9+%'��$�*�9��¢E��1E�(�,F7x%/=+�1E/7{(?5H9�7¢O65�01E/ABE/01�/9�%/�)� « �D  r

u��¬0<E'7x=+O-��5@�X7�5H9�7`(�*�=��1�¬OF�¬:�OF=+7X0<�'lG5M0<JL=?5H>�OF�¬(�f%@�¬%�^�5M:+,-��0<�¬�'7<�`71,FlC:�OF�/l}�/9	�X(TY�5/2�*�,F0
0<�'%/*�9+9L=f5M=X:�0<*	:�5HPL5H�1�/=�0{�@9X%�^�5Dl�:�7¢��I4�1�'0<9��/7z(!Y[=+9XJL=?5H01N)OF*�=�0<(�=+9����I4,]7\�x�/9�%/��:�0<*	:+01��$�E/��5'a
>+O�,F717�5M9��C:�5M0ROBc~l�.'l��`=�9;OF,F�/9;�@9	�101�)O��/7�,F9��x�/0�5H%'�1,F*�9+7��'8?�/%��x,-2��'7RP	E/9+E'0<E@�/7�:?5H0�O�Y�,F9��1E/P�0�5@�x,F*�9
(!Y[=+9CJL=?5H01NROF*�=�01(C���oO65n%'*�9��101,F>�=4�x,F*�9G(!Y�=�9��x�/OJ�=?5H0xN�5M=LICE'OFE/l}�/9	�x7�(��{l35@�x0<,]%/�{(��{^?5H(0<*�9+7�*�=
(+��:+^�*D�x*�9�7wc�>�5H7171��E/9�/0<P�,F�}iB�x�/OF7{JL=���T® �b¯°�± $�:?5H0¢��I4�'l�:OF�H"�r+²�Y�5H=+�101�/7{(*�l35H,�9+�'7{(!Y�5D:+:�OF,F%M5@�x,F*�971*�9	��>+,��/9R�'9��1�/9�(+=R:?*�7171,F>+OF�'7@$M%/*�l}lC�m9+*�=+7�OZY�5�2�*�9+7&2L=R(�5M9+7�OF�m%H5M7&(�=R%/*�=+:�O65@P��o(!Y�=9�>?*�7<*�9R(+�³ ,-P�P�7´O�E�P��'0ycn=�9+�¢(�/9�7<,F�1E¢(+�zJ�=�5D0<N�7'r+µ´�/�<�1�{P�E/9�E/0�5HOF,-�xE{(�¢O65wl�E'�1^�*�(+�	$�J�=,�AZ5H,���7�5w:+=,F717�5H9�%/��$
:+01*@24,F�/9��R(�3OZY�^�_4:�*��1^g/71�)(+�GP�0�5M9+(;¶·$&JL=�,´:©�/0<lC�'�R(!Y�E'�1�/9�(+01�)OF�):�0<*�:�5HPL5H�1�/=0�AB�/01l�,�*�9,FJ�=+�
�/9¬71*�lClC��(!Y�*�:?E/0�5@�1�'=+0x7pOF*�%M5H=+I©r?¸\01*�9�,FJL=+�'l��'9��'$!%�Y��'7<�pE/PL5MOF�/lC�/9���%/�/�<�1��^�_L:?*��1^+g'7x��JL=�,&�'7<��c
OZY�*�0<,FP�,F9��m(��/7�O�,Fl},-�1�'7�(+�yO65zl�E/�1^+*L(���$�OF�/7��'8?���x7�J�=!Y��@OFOF�y:��/01l}����(!Y��'7<�1,FlC�/0�E���5H9���OF�y:+OF=�7�71*�=�2��/9	�
71=+:�:+01,FlCE/7�:?5H0�OZY[,F9�2��'0<71�{(+�¢O65nl35H7171�¢�/9CJ�=�/7<�1,F*�9!$�%/*�l}l��{9�*�=�7�OZY�5/2	*�9�7�2L=C:�5D0���I4�/l}:+O��y(?5H9�7
OF��%H5M7{(+�'7¢*�:�E'0�5M�1�/=�0<7¢(+��(+,]l��'9+71,F*�9X^�=�,-�z£G�¹¥º¦�r





Chapitre 3

Opérateurs faibles anomaux
induits par les quarks légers
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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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>�?�@.?�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©

ª « � �� �¬�+� 	®�¯÷ ± ¿ U ´¦µ ÷ ·�¸ ¹¡ ½ ²�¿ º »¸º »¼�À ·�ø ½ º »¼ù º »¸ À T¦Á ¯ Â Á ®» ¿ Á Â Á »�Ã ®9¯ W q�swZj�XÝXx
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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
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��� �����	��
���������������������������! ���
#"�$%�&�'��(*)�+,�-�/.,
0(212��
����3�4��!$%�5�'67�8�9;:��<$%��=-�&��
>@?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
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>@?BADCFEHGJILK�M
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�_

>@?BADCFEHGJI4³�M
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�_

>@?BADCFEHGJI4³�M3¾À¿`Á
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 _

>@?BADCFEHGJI ³ M3¾ÝÜ ·fÞ Ü ¹ Þ Ü*ß
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_

ò�Zsh	XdZ-hfqYn-V�W0X8ZL�*qYQ���XdU;jpr�q0WYV�jvQ}g-Q�q^O�Q�S�T�r�Z`V�WYX8Z�h�x-W0U�r9qYQ�T*Q/U;jkQ�l<g-Q}U;Q	T`U�Xog-n`WYU;Q�q�rHg7WYV;l�U�WYw`no�
l�WYX�Zig`Q�jer�V�V�Q,W0Z��dr�U�W�r�Zdl�Qpg7Q	Vvg`Q	n�S�T7x-X8l�X8Z`VvufjvWYVkqYX8U&Vvg`Q�q�r�g-u	V�W0Z�l�u��dU�r�l�WYX�Z|ª�«è  é « ®*®r�WYZ`V�W�m�n-Q�qYQ,U5r�T7T*X8U;lvg`Q,w`U�r9Z-h�x`Q	jBQ	Zdlkh	X8U�U&Q	V�T*X8Z7g*r�Zdlf��Q	lvh	Q�g-Q���r�ó	X�ZihfX8jkT*r�l�WYw7qYQ�r���Q	h�q�r
q�r�U;��Qfn-U�g-nôT7U;X�hfQ	V&V�n-V�ªí«¬�õ®*® _£yzQkmon-W3reu	l�uk�or/�dZ-ukQ	ZôT`U;u/h	WYV�WYX�ZFrph	QfT�Q	Z`g*r�Z�l�u	l�uvT�QfU;g`nQ	ZFT�X8n��dX8W0U}T`U;ufg-W0h�l�W0�#_ÙòzZ�T�r�U�l�WYhfn-qYW0Q	Uf�ÙqYQe��r�WtlHmon-QpqYQ	Vvr�jBT-qYWtl&n-g`Q	V,[�]�_R´-µ�c�Q�lp[�]�_R´��8c�T-n`WYV�V&Q	Zdl
V	O�r�h	hfX8jkjkXog-QfUH{,q�rp��XdWYVHr�noSôV�T�Q	h	l�U�Q	V�jvQ/V;n`U�u	V�T*r�U}Í�ÎÙQfÏöQ�l}T�r�U��'¥<¦��`�Ùr�qYX�U;V�mon-QkhfQ	n-S��Jh	W
÷%ø&ùfú§û�ü�ý�þRÿ�ü��������Ùþ	� ý�
������������ü����������^ÿ�ú����9ý���ý���������������� ��"!#�$�%�ý���&'��ÿ�ü�ü�(��)����&*�+(��^ú,���²ü��ý&þ,�)�.- /�0$1+�$2- /43�1�ý
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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
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�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
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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
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� 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
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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
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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���������
	��
���������������	���	������
��������������! #"%$'&)(*�+�������,.-/	0�21��������314�����-�	��5���76
-/�8�9���:�����-0	;�����=<> �	?���
�A@ BDCFE G CIHKJ LNMFO E�H'PKCKP Q RTSVU�W�XYAZ	��[1.\����]����3����	0�:^����-�	�,_-0	��`��8��	?�+�1���a�1b�����[	�-/�����1��b�������-0	������V�c�����A]`��[14%����14�����-�	)@d CKE G CFH�e Lgfh9i EjH�k h7l0hnmpo E�H'PKCFP Q RTSVUDq/X�����r6�-/	����:Z	0�����r���*���j����6+������� O EjHsP ��b	�����tc���u1����r6�-?�
v!63����	0�j� o EjH'P ��-�	?�r���
��	����r]w^�x1��
�x��tc�`3�j��-/	��6��=<I���
������� U �xy6�-��9z��b	w^���j-/	{���
�����
14^����-�	�� R'S[U_W�X �+� RTSVUDq0X �b�!]�1���tc���/a[]`-/����1����|�0��	����:3���
�������	���	������
���b�}Z�c�|���7149���
]���������	?�+3�j��-/	;,4-/	��wZ�!�
	0�:Z1��!@CKE
CKH L f~Kh i E:H k hAl0h�m f~ o E:H'PKCKP m��~ O E�H'PFCKP Q RTSVU��0X��-Z�j-/	��[��	�6�-����A1'���_����	0�j������@ $ C E ( ��� $ C E (��j� L
k��� i � � i � �V� k& i ��� i ���b� Q RTSVU��?XY7^	��A1��86���7& L�� a�1��3�A�}�������6��
�����}�5�
1�1=<I���	�	)]`�
� > ��	?�A�������!6:��-����������A6�-����!�!���
	����:
<���
�����A@ C E L��3�~ Uw� �����}�������6��
�V��-/	0�����	�-/�9z����A���A�c�����A@� f L�� ¢¡ k ¡k ¡ ¡¡ ¡ ¡

£¤ � ~ L�� ¢¡ � M ¡M ¡ ¡¡ ¡ ¡
£¤ ��¥ L��  k ¡ ¡¡ � k ¡¡ ¡ ¡

£¤
��¦ L�� ¢¡ ¡ k

¡ ¡ ¡k ¡ ¡
£¤ ��§ L�� ¢¡ ¡ � M¡ ¡ ¡M ¡ ¡

£¤ ��¨ L�� ¢¡ ¡ ¡¡ ¡ k
¡ k ¡

£¤
�w© Lª�  ¡ ¡ ¡¡ ¡ � M¡ M ¡

£¤ ��« L f¬ ¥ � 
k ¡ ¡¡ k ¡¡ ¡ � �

£¤ RTSVU�0X
�����[�®3�j���b6����V���7¯°Z��1��¢6�-���������]`-�	�����	?�2���6�Z�V& L � U�S 1�1��
�V��-/	0�����	�-��9z����A��������-/�_�A@± f L � ¡ kk ¡ � ± ~ L � ¡ � MM ¡ � ± ¥ L � k ¡¡ � k � Q RTSVU�²0X



��� �������
	�����������
�������������! "�����

E.2 Les matrices de Dirac#�$�%'&)(+*-,�./."$�(�&102,�&43
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E.4 Intégration sur les paramètres de Feynman$
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