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1. C DFE+GIHJDLKBMON!MOPRQ+STSUWV NOKXN�YZP[MT\OHR]�HRQ+S U
^`_)aBb�cedIfFgFhji b?h
kmlWnBopnBq f

r h
k r hjkZsZnpfth?up_�kZbjk rwvBxzyI{2|e{ } nX~�_$l r ssZs r�v s�aBftoFb?q�fp� r h?��n r nputfFh?b?oFf r��fplBb oFnWs��Xce� np� v b�aBbwced;�Zc� b?�?kZfFsZoF_�q�f h?smnBgFhjkZsZb�q�f �
h��Xd�oFnBhjk x �6o r hwnpsZuFb�aBb�ced��Wc�oFf6hs r d r h
kZsmnpq���oFf0h�upn vBr q���opf h
uplBnBhjkmlBb�oFhjk�s�nBq���s�l r q r o r q s
nB�W_)�BoBnpq r?� neupnBoBfFq�b?oFftf {��l r aW��iXs vBr oFf r � k�npgh��Xd�oFnBhjkZf�kml��ZaBoFn�o r kmn vBx ��n0a v ifFoWk?�Xf�kZfFsZoFn � n  f v n � fp� r h?�mn � nuFnBoBfFq�b?oFfWiZ�Jopn�f�a v i�s r lB�Wb vBx opn � nnBuFfFh?b�opf�iX�WuBnph���n vWx ���  uFnWa��BnWa�iXd�fFgb?utuFb�lBbjk�uBnpoWi�k�fpg-f v f�nB��lBbj~wnBs�a v ioFnWsZ_!� upl r aBhjk�b?s vBr otfFg  r d r o rlBbj~�sZf�k { � h?h vBr aBnBs�b
k r�v f uBnp�
lBbj~�otnWq�� � uplBnW�Bf�kZ_�s�b�c�k �

y-{2|e{ } nX~�_$l r s�bw�eupnB��lBbj~jopnBq���lBb?h?hjkZb�s v iZc&k�b?�Z� r o�kZ_ f¡sm_)a r�v iZc&k¢lBb?���ZlBh?_£s�fpa r oFf�iupl r aBq r k�b {¥¤ hjk r h
kZs r otop_�q¦np��lBb
~wnBq¦smn�~�oFfF��bwc&k§o r hwnpsZuFb�aBb�cedIf r fFoWk r lBupl r k�b?�FfBf��n�~�_)l r s�h?�Zf��¨upl r aBhjkZb�s vBr oFftg {©� {ª|e{ ¤�� b?oBnpsZb«lBb?h?�mlB_�s�b r k¬s�~ �
v iZaB_  yI{2|e{ } n�~�_$l r s�bw�s�smn�a�i � q r kZb?s�~�b�fpq�n�a r gFhjkZsZf r � �$�mnXk�n�lXn r � upl r aBh
kZb?s v i r k�hji  nX��s�bjkZ_�s�b�c4d;ftq¡s­� rwv nWqs r h x q�bjk r lBfFb vBx oB_�g­q�fpl®f­o r h��WdIfFq h?uBnphwnB�¯hj�Xd r h
kZs�nBs�b?otf�i¬s�h r � uplWn�iZs vBr oFfFgq�bjk r lBftf¡u��mk r q°h?b�q�n�l r�� � v fplBnBs�b?otf�i�s  r aBfFoBnWq­q�fplWnBsmnWq°uplWnW� r h?h r ��± ¤$� b?oBnWs�b?��²w³p´mµW�h {2¶W· �«uBlBf � kZnWq£o r fFh�� v c��Bb r kZhjiX� ��k�n � h��Xd r hjkZs�� r k¸o r ��n�kZnWlW_�g¹q�bjk r lBftb vBx op_�goFnph�f�k r�vXx ± o r �ZnXk�n�lBb
i�q�bjk r lBftb vBx oFbji�h�l r aBb · ��h�upnBq�nWd x c¡�mn�kmnWlWnBg-o r uBnBh�l r aBhjkZs r oFoBnnphj�Xd r hjkZs v i r kZhji � upl r smlBb?d r oFf r � uBlBfp�BfFoB_¹sºh vBr aBhjkZs�f r �-± h {�»�¶W·¼{ ½�{ � { } n�lXnXk�b r s± h?q {�r�� n0np��~jn�l¾s¢oFb?hjk�nXiXd r g¡��otf ��r
· a r�v b r k b?��� r o�k s��ZnWoF� r uF�tfpf s�l r q r oBf
y-{2|e{ } nX~�_$l r s�b oFb uplWfp�BftoFopnWg uplWfBlWnWa r ¿ �XopaBb?q r oWkZb vBx oFnBgo r nB��lBbjkZfFq�nph
kZfp�ÀuplBf�~�oFb?sZbji¬uplBf � kmnWq f kmnW� ��k�n uplBfB�WfFoFotbji q r ��b?oFfF�Zb
y-{2|e{ } nX~�_$l r s�b r hjk x �mnpoFh
kml��X���Ff�i4h��B�Whjk�b?oF�FfFnBoFb vBx oBn � nes�l r q r oFf {^ oFb?h
kZnXi�d r q np��~jn�l r upl r a v b � b r kZhjiÁs?~ �
v iXo��mk x oFbÂfpa r f yI{2|e{ } nX~�_$l r sZbupl r aBuFnW��kZf�k rwvBx opn¾h�uBnX~jfF�FfFgIf��Ih��X�WhjkZb?oF�tfFnpotb vBx opnBg�fFo�k r lBuBl r kZb?�Fftf {

y {2|e{ } n�~�_)l r s ± ²w³WÃ » ��h { ³WÃ · upl r aBhjkZb?s vBr kZ�«��k�n«sml r q�i � iWs v i r kZhji  � lBb?opaBfBnX~joF_�quFnXk�nB��nBq��¦nX��s�bjk�_�s�bwced�fBqÄsZh r q�bjk r lBfFb vBx op_ r uplBnW� r h?h?_ smn
 
^�h r�vBr oBoFnWgF��f0s�h ruplBnW� r h?h�_��JuplWnBfFhj��n�a�iXdIf r s � kZf��Åh?fFhjk r q�bj�B�ÆiXs v i�c�kZhji  fFhjk�nW�WoFfF�Zb?q�fF�°utf�kZb�cedIfpq�f� kZn�kznB�Wd;ftg°upn�kmnB� � {ÈÇ o°uFfFÉ r k�nB�­fto�k r oFh?fFsZopnBhjkZf°f v f°u v n�kmoBnph
kZf � k�n � n°upn�k�np�Zb?�np� � o r l � fpfF�Ê��k�n o r h r k upn�kmnB����n

 r�� n f�~ v �W� r oFftf f v f uBn �jv nWd r oFftfp�£n
upl�iXqTn v fFo r gtopnBhjk�f r?� n�lBb?h?uBlWnBhjkmlBb?o r oFf�iZ�ËnB��n�kmlBbjÌ r oFfFf£nXkÍupl r u�imkZh
kZsmfFg­f v f6n
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n�U�Q��3TIbIb`� Q�b_j��XTIbpg#Sia;c�TI[ Z,m�S;w;a�fh^`f�S;T`bVQ�S�� S#ZR^`Z,S;]ITpg�n�Q�SiQ�U�Q;g b_g�U�TDa�\;f S
Y3]In�U�]IS�a�TIY3f3f a�f3w#Q§Yd]¨n�U�Q��3TIb`bI� a�f3w�Q¦S©n�U�Q;g#f�S�Q�n�Q�a�Q;��Y�j�q b_g#Q�U�Q�Yhj�� S
^`]IS;f3b`f3[
Q�b_g#f@Q;g�l�]VU�]I\Ig#TVU�]�n�U�Q��3T`bIbI];L;ª�]In�U�f3[ TDU��-Q�b_g{ZrS;]`Y3f3T0U�]IY3TIT�Yd]I�_U�Tpg�Q��pQ«g#TDa�]
S;Z�^`ZGS#]Va�Q�n�Q�S�Q�U�Qig�b_g�U�TVa�\#f¬Y3]0�Vg{Q�giTVa�Q���]0l�Q�a�Q�v�Y�Q�TI�3n�Q�bpg#TIn3TIYdY�Q@bDQ��pU�TIS#]Vq~�XT`TIb_c
g#TVa�Q�Q;g#\ia�Q�Yhc#a�Q�b_g�U�TVa�\Ij�S�n�U�Qig#f3S�Q�n�Qha�Qh��Y�j;q­b_g#Q�U�Q�YhjdLG ¡\#]_^`]Va�Q�bIk��ro;g�Q®Y3]�S;TIbIZ
v�TIm3b_g#Sij#q¡g¯bI]I[ Z,T�U�]_^`YdQ�Q�w;U�]_^`Y�ZrT°Y3TDQ�w;U�]_gif3[
Z,T�n�U�Q��dTIbIbIZ²±¡U�]Ib_g#S�Q�U�TIY3f3T�bIQ�a�TVmd�
bV��]_g#f3T²f�a�f³U�]`b_gIc#��TIY3f3Trg#TVa��dn�U�Q�b_g{Q�T�n3TVU�TI[RTIWXf3S#]VYdf3T´��f�v�\;fhl&f�a�f�bIZ,nhj#o�f�l@g#TVa&f
v�]V��TµU�]Iw�Q;g#]t�pQ;a�Q�S#Z¶o�TDa�Q�S;TI\#];K¸·9¹²º�»{¼#½¸¾V¿h� �DÀ�Á�� ��b;L � ����� � � �ÃÂ L�KÄª�]Iw;a�q�v�]`S;WXfdTIb_c
n3Q�S�QhU�Q�g#Z�S#TIbVQ�S�n�U�Q�fdb_l�Q�v�f�a�fÅY3]¡v�TIb_c�g#\#f��pU�]Vv;j�bIQ�S#��o;g{Q�bDQ�Q�g#S#T_g#b_g{S�Q�S#]Va�Q�bIf�a�]`[
n3QhU;c#v�\#]

10−3−10−4 
v�f3Y�L�s*]I\;fd[µQ�w;U�]_^`Q�[ �Æn�U�f�S;T`bIT \�Q�U�Q�[
Z,bVa�] S�Y3TIbI\�Q�a�ki\�Q

�_U�]I[R[
Q�S���TD�pQzn�Q�S�QhU�Q�g#ZÇw�Zya�ftS�Z ^`S;]IY�ZÈbIf�a�]I[*f3�~bIQ�b_g#]DSia;c#q~��f�[ f
10−6−10−7 

Q;g
v�TIm3b_g#Sij#q~��f�lxS�bIf3bpg#TI[ T�b`f�a-K�· � Q;^`ZyU�TIS�� �DÀ�Á�Á ��b;LÊÉ �DÁiÂ L

Ë�bpg�U�Q�YdQ�[*f�o�TIbI\#f3TÌYd]Iw;a�q�v�TIY3f�cÍbÌ\iU�j�g#f�a�k�Y3Z,[ f�S;TIbI]`[ f§K¸n�U�Q�S�Q�v�f�a�f3bIk�S
Î Q�\ij�bIT � j�v���g#TVa�TIb`\;Q�n3];L Ï²U�f­g#]`\;fhl­Y3]Iw;a�q²v�TIY3fhc�l­S;TIb`Z [*Q��_a�fÈQ�b_gi]IS;]_gikibpc
Y3TIn3Q�v�S�f���Y�Z,[ f�f�bpg�Q;cIg#k~Y3]~n�U�Qho�Y�Q�[ Î j�Y�v3]`[ TIYhg#T#L�Ð�S;Tp^Dv�]�n�U�Q�TI\{g#f�U�Q�S;]Da�]IbIk�o�TDU�T_^
b_g#TI\�a;c�YdYdj#q­\iU�ZrW�\ij Î j;g�a;c#U�]�Yd]�TI�DQ�v�Y3Q�Q�\�Q�a�Q�v�a�f3Y�Y�Q��pQ�\#Q�Y��3]�\�Q�U�Q�[
Z,bVa�]I�0f
^`]_g#TI[tT`T�bIS;Tpg�n3TDU�TI\iU�Z,S;]Va�b_c¶o�TVU�Y�Q�m wij�[R]I�VQ�m�LMLNL�ª�TI\#Qig�Q�U�ZrTÑ]`b_g�U�Q�Y�Q�[ f�o�TIbI\;fdT
Q�w;ÒdTI\{giZ v�TImdb_g#S�fhg#TVa�k�Y�Q S;Z
^`ZrS#]Va�f Y3]Dv�TV��Y�Z,TI� [ Y�Q��pQ�\�U�]_g#Y�Q n�Q�S{g{QhU�TIY�Y3Z,T
Q�g#\�a�Q�Y3TIY3f�c~S#TIbVQ�S�Liª�]rU�f3b;L � n�Q�\;]_^`]`Y�n�U�f�[RTVU�U�TI�pf3b_g{U�]I�3f�f¬Q;g#\ia�Q�YdTIY�f�c@S#TIbDQ�S~n�U�f
Y3]Iw;a�q�v�TIYdf3fµ^`S;T_^Dv�Z

 ηCas 
Y3]Óg#TDa�TIbI\;Q�n3TÓÔ-ÕÓ� Á ���3LÑO
g{Qha�w��3ZÈb°Q�w;Q;^`Y3]Vo�TIYdf3TI[��

Q�g{[ TVo�]Vq�g®n�U�Q�[ TV�rj�g#\#f|SiU�TI[ T`Y3f3��\�Q��pv�]�v�TIm3b_giSifdT�^`S;TÃ^Dv�ZPY3]�S#TIbIZPw�ZGa�Q|bIY�cig{Q3L
ª~TIb`[ Q�g{U;c Yd] g{Q��©o;g�Q �Dg#f Y3]Iw;a�q�v�TIYdfhc n�U�Q�S�Q�v�f�a�f3bIk n�U�f bDU�]IS;Y�fhg#TVa�k�Y�Q
w;a�]I�VQ�n�Qha;j#o�Y3Z l�j�bDa�Q�S#fhc�l��
v�U�TIm Î Yhj#a�TIS#Q��pQ�n�Q�a�Q��0TIY3f�c�S#TIbVQ�S�fh^`�Ö^`]XQ�\iU;j#��]Vq~��fdl
n�U�Q��3TIbIb`Q�S~w�Zya�Qho�T`Y3k´^`Y3]Vo�f;g#TVa�k�Y3ZG[rL� ´v�Y3]`\;Q@Y3] Î Q�Y3T¡�Dg�Q��pQ@v�U�TIm Î ]ÆbVQ�S;TVU�W�TIY�Y�Q
Q�g�o�Tpg�a�f�S�Q�S;Z,b_gIj�n3]ITpgzv�TIm3b_g#S#f3T�^`S;Tp^Dv�Zr� Q;g#\ia�Q�Y�f3S�WXT`TµS#TIbIZÑY3]�j��VQ�a

∆ϕ ≈ 5°.Ï�U�f3w;a�f�^`fhg#TVa�k�Y�Q²gi]I\;Q�m���Ty� Î Î TI\Ig~ndQ�\#]_^`]Va�^_Y3]I[ T`Y3fhg{Zrm@f3b_g{Q�o�Y3f3\�U�TIYhg{�VT`Y�Q�S;bI\�Q��pQ
fh^Da;j�o�TIYdfhc~× ¼#Ø�Ù²� � L
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