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rY~L|'rB�$ö�q��VpitisLöõqf|'zõrn�föõ|'öõ� �O�
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�fö�|+öõ�VsÑz�p!��t}�Lö�p'q¢v_�Vp�üåp'~Lþ ~LrN�Yp'qfs´�V~L���Y�VrB�d	Bp'ö�q��LsNm&�.��p�þ
pU�f�fzõrNs¸p+~Ï�YrNzõz�sHt+~�r ��rN�Nz�t+~LrB�
q�rNö�|+� �Bp'~�s
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pU�f�fzõrø~�rYüårY~LrNq��Nr

üå~Vt+þ�r+vat+~�r
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vÑt+q ���V�fr��NrYq��VrN~ip+ü

ù



|'~Vt��!öõ�^���ßöõ�L�(t�zõp'|�t+~�öõ�V��þ
öõ� �crNöõ|'��� F

s̄ =

∑
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θ, φ
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x′ = x − (A + B log E) sin φ ,

z′ = z − (A + B log E) cos θ ,
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∑
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∑
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∑
digits

wi
−

∑
digits

wixi ×
∑

digits

wizi

(
∑
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t+~LrZ�frw�VrY~Lþ�ö�qfrB�A�O���V�frns�ö�þ��fz�t}�Vöõp'q 	St+~Lt+þ�rY�VrY~Ls�5Á�!rN�Y�Lö�p'q=ú86�v �ß�föõz�r��L�fr
s´�Vp!�Q�St+s´�Vö��n�VrY~Lþ

b
�fr/	BrNqs�fs²t+zõsLp�p'q
�L�fr��Yz��fs´�VrY~Lö�q�|�t+zõ|'p'~Lö �V�fþ 	St+~Lt+þ
rw�VrY~Ls�5Á�UrY�+m ó mõô�6wm&�Õ�fr �f�L�Lr/�ý�}t+zõ�frNsÏp+ü¢�L�frNs�r
	St+~Lt+þ
rw�VrY~Ls�t+~Lr
sL�fþ�þýt}~Lö��Yr/�)ö�qK��t��fzõr ó m �Õ�fr$r40 	3rY~Lö�þ�rNq��Vt+zHrNqfrY~L|��)~LrYsLp'zõ���Vöõp'q=p+üÕt

3 × 3�B� � "
4

t+~�~VtA�nüåp'~ÏrNz�rY�Y�L~Lp'qfscp+üºrYqfrN~�|����BrY���crNrYq ��m±ùø�Vpýô\ú���l�r ��öõsc�Yp'þ 	ft+~LrB�$ö�q �Ñö�|fmSô+ô �ßöõ�L�
�V�fr�s�ö�þ��fz�t}�VrB��~LrYsLp'zõ���Vöõp'q$üåp'~�	f�fp}�Vp'qfsYm
� �ßöõ�L�Q�fö�qf|�üå~Lp'þ �V�frÕs´�Qt}�Lö��c�Nz���s��VrY~Löõqf|fv'ö¨m¼r}m�v's��fþ
þ�ö�q�|��V�fr�rNqfrY~L|�� �fr/	Bp'sLö �VrB��öõq

3×3
t+~L~Lt��+v

�Vpn�V�fr1�s�!qSt+þ�ö����Yz��fs´�VrN~�ö�qf|
t+sßö�q �V��r�~�rN�Np+qfs��L~L�f�w�Vö�p+q t+zõ|'p'~Lö �V�fþ 5ês�rNr��UrN�}m ó m ô�6�vS�V�frø~LrYsL�fz �Vö�q�|
~LrYsLp'zõ���Vöõp'q
öõs�s�z�ö�|+�^�Lz��nöõþ 	f~�p\�'r/� 5êsLrYr
��t��fz�r ó 6H�L�f~Lp+�f|'��tizõp���rY~c�}t+z���r�p+ü¢�L�fr�s´�Vp!�Q�St+s��Lö����LrN~�þ(m

�Õ�fri~�rNs 	Bp'qfs�r�5���ö�|fmºô6ú�6Õ�Lpýþ�p'qfp��ËrNqfrY~L|'rw�Vö��)	f��p+�Vp'q�sNv!�ßö �V�(rNqfrY~L|'öõrNs�~Lt+qf|'öõqf|nüå~Lp'þ ��m¼ù��Lp
ô��8��l�r ��v¸öõþ 	�ö�qf|'öõqf|ûp'q �V�fr��YrNq��VrY~�p}ü�t
�Hx	"�� �fz�p!�Q�=öõq �föõ��t}�Lr
�V�ft}��v>üåp'~ 	f��p+�Vp'q rYqfrN~�|'ö�rYs
z{t+~�|'rN~ø�V�St}q�ô���l�r �ivÑp'qìt��'rY~Vt+|+r��Nz�p+sLr$�Vp�ÿt� � p}ü �L�fr 	f�fp}�Vp'q rYqfrN~�|�� ö�s��Np'q��Vt+ö�qfrB� ö�q%�V��r
�Nzõ�fs��LrN~nüåp'�fq � �O� �V��r ~LrY�Np'q�s��V~��f�Y�Lö�p'q t+z�|+p'~Lö �V�fþûm �Õ�fr 	St+~Lt+þ
rw�VrY~Ls�p+ü��V��r(üå�fqf�w�Vöõp'q �ß�föõ�Q�

ô\ù
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�Ñö�|+�f~LrÛô'ô8F j []apN � � NQae\QWAv`LOV^_ WA[ W�� T
3 × 3� 
��
�

4

T/N^NST � � a@TA\^LONQaew�_`[�NQae\ � WA[]\Qa VQW � WA[]W
ap[]apN ��apV^_ P apv aePpV^NQWA[]\	�

N
�#WAN�P@T/v PpLOvhT/VQaew f!_`V^R \Q_ � �

LOvhT/V^_ WA[]\
W�� � WA[]W ap[]apN ��apV^_ P �OR]WAVQWA[]\ �
•
��� �&R]a

PeWA[tV^_`[ L]WAL]\Mv`_`[]anNQa �ONQae\Qap[ VQ\ V^R]anNQae\^LOv`V W��+V^R]a �]V
W�� j�� � �����kVQW
V^R]aga � �sapN^_ � ap[tVST/v>w]T/VST��

E (GeV)
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�Ñö�|+�f~Lrûô6ú F��ONSTAPpV^_ WA[ W��=V^R]a ap[]apN � ��PeWA[tVST/_`[]aew
_`[ V^R]a Ppv`L]\QVQapN
W 
OVST/_`[]aew 
 � V^R]a1NQaePeWA[]\QV^N^L]PpV^_ WA[
T/v���WAN^_`V^R � � WAN \^_ � LOvhT/VQaew � WA[]W�� ap[]apN ��apV^_ P �OR]W��
VQWA[]\k_ � �O_`[���_`[�� WA[ V^R]a Peap[ VQapN!W��7T����	��r 
Ov W�P#"
� � WA_`[ VQ\ ��� �&R]a�v`_`[]a _ \�T �]V�VQW V^R]a � WA_`[ VQ\ 
 � V^R]a
a��tLUT/V^_ WA[

p0/E + p1/
√

E + p2

�

a
5¨l�r � 6

b
5Ál�r �

1/2
6 �

rYz�rN�w�V~�p'q��3rNt+þ ��m ��ú'ú ��m ��ú�� �Um ��ô ó
s��Vt}�Vöõ��~LrN�Yp'qfs´�V~L���Y�Vöõp'q ��m ��ôA� ± ��m � ó ��m � ó ù � ± ��m �8��ô6ú ��m �8�'ù � ± ��m ����ô��� �Uqft+þ
öõ��~LrY�Np'qfs´�V~��f�Y�Lö�p'q ��m �Uô�� ± ��m �8��ú ��m � ó'ó � ± ��m �8��ô ó ��m �8�O�!ô ± ��m ����ô��5 ��m±ù �Qô��nl�r ��6
sLöõþ��fz{t_�Vö�p+qd�s�!qSt+þ�ö�� �Um ��ú � � ± ��m �8��ô'ô ��m ��ú �'ú ± ��m �8��ô�� ��m ��ô6ú+ÿ�� ± ��m ���8��ô��5 �Um±ù2�Vô��8�nl�r ��6

�Ñt��fz�r ó F �#T/NST � apVQapNQ\)W 
OVST/_`[]aew 
 � TAw
	 L]\^V^_`[�� j�� � ��� ��VQW;V^R]a NQae\QWAv`LOV^_ WA[ W��=V^R]a � a@TA\QLONQaew ap[]apN � �
PeWAv`v aePpVQaew _`[

3 × 3
T/N^NST ��W���j+c I PpN ��\^VST/v \nL
� WA[�V^R]a _ � �UTAPpV W�� � WA[]W�� ap[]apN ��apV^_ P apv aePpV^NQWA[]\ � �����;VQW

� �
��oMa �	�#T/[]w
W�� V^R]a!P@T/v PpLOvhT/VQaew ap[]apN � ���8NQW � \Q_ � LOvhT/V^_ WA[]\'W�� � WA[]W�ap[]apN ��apV^_ P �OR]WAVQWA[]\ � ����� VQW 
 �goMa �
WAN ����� VQW 
 ���ZoMa � � �sapN � WAN � aew _`[ _ wOap[ V^_ P@T/v'PeWA[]w _`V^_ WA[ � Y [ V^R]a
\^VST/V^_ P NQaePeWA[]\^V^N^L]PpV^_ WA[ V^R]a ap[]apN � � _ \
PeWAv`v aePpVQaewd_`[ V^R]a

3 × 3
T/N^NST � W��'[]ap_���R 
sWAN^_`[��ZwOapVQaePpVQWAN�f!R]apNQa@TA\M_`[ V^R]a
w �t[UT � _ P NQaePeWA[]\^V^N^L]PpV^_ WA[�V^R]a

\^VST/[]w]T/NQw;Ppv`L]\^VQapN^_`[�� � apV^R]W�w _ \�T��
�Ov`_ aew �

�frNs��N~�ö �BrNs��L�frirYqfrN~�|�� ~�rNs�p'z����Lö�p'q t+~Lr�~LrB	3p'~´�VrB�
ö�q ��t��fzõr ó m �²���föõ|'� 	f��p+�Vp'q rNqfrY~L|'öõrNs 5åz{t+~�|'rN~
�V�St}qìô �(l�r ��6��L�frn�Np'q�s��Qt}q^���LrN~Lþ �fp'þ�ö�qSt}�LrNs�t+qs���L�frn~LrYsLp'zõ���Vöõp'q
~LrYþýt+öõqfs�t+zõþ
p's´���Yp'qfs��Vt+q��
t+q � rE9^�St}zÍ�Lp ô'm ó ��m

� r��Yp'qf�Nzõ� �fr�üå~Lp+þ �L�fö�s�s´�V� �s�=�V�St}�Z	��fp+�Vp+qfs���t+q@�Br�þ
rNt+sL��~Lr/�ìö�q |+pUpU� �Np'qs�föõ�Lö�p'qfsi� 	
�Vp�rYqfrN~�|'ö�rYs�p+üc�L�fr�p'~��frN~�p+ü ô���� l�r � �ß�frY~Lr��V��r �UöõrNz�� 5êrNs´�Vöõþýt}�Lr/� �O�
�Yp'qfsLö��frN~�ö�qf|$�L�fr �Íx�o
~L�fq�qfö�qf|��Yp'q �fö �Vö�p+qfsnt+q � r#0 	3rY�Y�Lr/� �Y~Lp's�s
s�rN�Y�Lö�p'q�s
r40U�L~Vt�	Bp'z�t}�VrB�ìüå~�p'þ s��!s´�VrNþ
t}�Lö��Ns � � � 6?�ßöõz�z
~LrNt+�Q�û�L�fr�z�öõþ
ö ��p+ü�s��Vt}�Vöõs��Lö���t}zDsLöõ|'qföh�S��t+q��Nr+m

T	� æ �õW g�d3èNäåZ6äådBXìîý[UèYd3bêâºZ6äêdBX
�Õ�fr ö�þ;	St+�Y�=	Bp's�öõ�Vöõp'qnp'q
�Ïx�"��3v��V~Vt}qfs��+rN~Ls�r/5 �!6>t+q �
z�p'qf|+öõ�V�s�fö�qSt}z�5

�
6Ñ�Vp��V�fr �Br�t+þ �föõ~LrY�Y�Vöõp'q¢v

ö�s�~LrY�Np'qfs´�V~��f�Y�Lr/�¢v�t+s �frYsL�Y~Lö �Br/� ö�q#�UrY�+m ó mõô}vD�]� ��t}z��N��z{t}�Lö�qf|
�V��r 	3p+sLöõ�Lö�p'qìp+ü��L�fr �YrNq��VrY~�p+ü

ô��



|'~Vt��!öõ�^�(p+üÏ�V�fr�~�rN�Yp'qfs��L~L�f�w�VrB�=�Nzõ�fs��LrN~Ym �Õ�föõs 	3p's�öõ�Lö�p'q öõs�üå�f~´�V�frY~ø�Yp'~L~�rN�w�Vr/�
üåp'~��L�fr�ö�q��Nö ��rNqf�Yr
�fö�~�rN�w�Vö�p+q%p+üß�V�fr�öõþ 	�ö�qf|'öõqf|�	f�fp+�Lp'q t+�N�Yp'~ ��ö�qf| �Lp�� 9�mD5 ó 6wmE�Õ�fr��VrYs��/�Br�t+þ þ�r�t+s��f~LrYþ
rYq^�Ls
��rY~Lr$r40!�VrNqs�fr/� �Vp(�'rN~�öõü ���V��rýö�q��Nö ��rNqf�Yr$p'q=�L�frd	Bp'sLö �Vöõp'q)~�rNs�p'z����Lö�p'qA�O�)�Lö�zõ�Lö�qf|��L�fr$t+~�~VtA�)p+ü
��� o þ�p ���fz�rYs �]�

α = 0, 3, 6
t+q �

9◦
m

��rYüåp'~�r�t�	s	fz��!ö�q�|
�V��r 	3p+sLöõ�Lö�p'qû�Np+~L~LrY�Y�Lö�p'q@5 ó 6wv��V��r�sL�fö üð��p+üÑ�V�fr�~�rN�Yp'qfs��L~L�f�w�VrB�E	Bp'öõq^� �ßöõ�L�
~LrYs 	BrN�Y�n�Lp��L�fr 	f�fp+�Lp'qìö�þ;	St+�Y��p'q��Vp
�V�fr���� o s��f~�üêt}�Nr ö�s�s�ö�þ��fz�t}�VrB�%üåp'~�sLrw�'rY~Vt+zßö�q��Nö ��rNqf�Yr
t+qf|'zõrNs�t+q �=üåp+~�s�rY�'rY~Vt+z 	f�fp+�Lp'q%rNq�rN~L|+ö�rNsYm �Ñöõ|'�f~�rûô ó sL�fp��ßsi�L�fr �fö %DrY~LrYqf�Nr��3rw����rYrNq �V�fr
~Lr4�

αsin
0 0.05 0.1 0.15

 x
 [c

m
]

∆
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�Ñö�|+�f~Lr ô ó F � _�� apNQap[]Pea 
sapV:f�aeap[ V^R]a�NQaePeWA[ �
\^V^N^L]PpVQaew � WA_`[ V � W�\^_`V^_ WA[$�

xrec

�kT/[]w V^R]aM_ � �UTAPpV
PeW�WANQw _`[UT/VQa �

xin

��WA[ T � � ��r � Wtw LOv ae\nX�apNQ\^L]\
V^R]a

sinα
� WAN _`[]Pp_ wOap[]Pea�T/[���v a

α = 0, 3, 6, 9◦
T/[]w

� WAN!V^R]a �OR]WAVQWA[ ap[]apN ��_ ae\ 
�b � b 
 � T/[]w����1oMa � �

E [GeV]
1 10

 [c
m

]
ef

f
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�Ñö�|+�f~Lr�ôA� F �Ma �sap[]wOap[]Pea;f!_`V^R �OR]WAVQWA[Eap[]apN � �
W��&V^R]a a�� aePpV^_`X�a � T	��_ � L � wOa �OV^R T/V�f!RO_ PSR�V^R]a
\^R]W-f�apN wOapX�apv W �]\=_`[Zj+c I PpN � \^VST/v \ �

�Np'q�s��V~��f�Y�Lr/� 	Bp'ö�q���5
xrec

6�t+q �$�L�fr�öõþ 	St}�Y�c�Np!p'~ �föõqSt}�Lr 5
xin

6H�'rY~Ls��fsÕ�V�fr�s�ö�q^�fs²p+üÍ�L�fr�ö�q��Nö ��rNqf�Yr
t+qf|'zõr üåp+~c�}t+~Löõp'�fsm	f�fp+�Lp'q�rNqfrY~L|'öõrNsYm!�Õ�fr�z�öõqfr�t}~m�frB	3rYq �frYqf�Nr �ßöõ�L�

sin α
p+üº�L�fr�s��föõüð�

xrec − xinö�s�	St}~Vt+þ�rY�L~Lö��Yr/� t+s F
xrec − xin = teff sin α ,

�ß�frN~�r
teff
ö�si�L�fr�r*%3rN�w�Vö �'r þýt 0�öõþ��fþ �fr/	U�V�ìt}� �ß�föõ�Q� �L�fr�sL��p �crN~;�frw�'rNzõp 	fsnö�q%�L�fr��N~S�!s��Qt}z

üåp'~ ö�qf�Yz�ö�q�r/��	f�fp+�Lp'q �V~Lt+�Q�^sNm	
Ë�Ls�rYqfrN~�|�� ��r/	BrNq �frYqf�Nr 5 �Ñö�|�mºôA��6 �ft+s��BrNrYq
s��V�s�fö�rB� üåp'~ 	f�fp+�Lp'q
rNqfrY~L|'öõrNsÕüå~Lp+þ ô��Vp � ��l�r � t}q � ö�s��frYsL�N~�ö �Br/� �]�ý�V�fr�üå�fqf�w�Vöõp'q

teff = A + B log E ,

�ß�frN~�r��V�fr)	f�fp}�Vp'qûrNqfrY~L|��
E
öõsÕþ
rNt+sL��~Lr/�ûö�q(l�r ��t+q ��	St+~Lt+þ
rw�VrY~Ls

A
t+q �

B
t+~Lr�r 9!�ft+z¢�Vp

A = 7.02 ± 0.04 , B = 0.75 ± 0.01 .
5 �86

�Õ�fr)	3p+sLöõ�Lö�p'q�p}ü��L�fr�~LrN�Yp'qfs´�V~L���Y�VrB� 	Bp'ö�q��LsÕö�sÕ�Np+~L~LrY�Y�Lr/�(üåp+~²�V�föõsÕr*%3rN�Y��t+�Y�Np'~��fö�q�|n�Lpd�B9�m 5 ó 6wm
�Õ�fr=�ßö����V� p}ü¸�V�fr

xrec − xin

��ö�s��L~Lö:�f���Vöõp'q �frB�fqfrNs��L�fris�	St}�Lö{t+zÍ~LrYsLp'zõ���Vöõp'q¢m 
Ë� �²t}s�s��L� �fö�rB�

ô��



5��Ñöõ|fm�ô � 6Ïüåp+~�sLrw�'rY~Vt+zºöõqf�Nö��frNqf�Yr�t+qf|+z�rNs�t+q � 	f��p+�Vp'q�rYqfrN~�|'ö�rYsNm=�Õ�fr �BrY���VrN~ 	3p's�öõ�Lö�p'q
~LrNs�p'z��U�Vö�p+q
p8���Vt+ö�qfrB� �ß�frNq=�L�fr;	f�fp+�Lp'q)rYqfrN~�|���ö�q��N~LrNt+sLrYsiöõsøþ�p's´�Vz��(�V�fr��Np+qfsLr 9!��rNqf�Yr$p+ü��L�fr�ö�qf�Y~Lr�t}sLö�q�|
�fö�|+öõ��þi�fzõ�Lö 	fzõö��Nö �^�ût+q �
�V�^�fs�t�þ
p+~Lr�t+�Y�N�f~Lt}�VrZ�frw�VrY~Lþ�ö�qSt}�Lö�p'q
p}üc�L�frn�NrNq��LrN~�p+üc|'~Vt��!öõ�^�+m �Õ�fr
	3p+sLöõ�Lö�p'qý~LrNs�p'z��U�Vö�p+q�s��V~�p'qf|'zh� �frB	3rYq �fs p'q��V�fr�ö�q��Nö ��rNqf�Yr�t}qf|'z�r}m

�Õ�fr�üå�fqf�Y�Lö�p'qDv

σx,z =

√
A2

x,z +
B2

x,z

E
,

5¨ÿ86
�²t}s t�� ���fs��Lr/���Lpì�L�frªr#0 	3rY~Löõþ
rYq^�Vt+z�zh� þ�r�t}sL�f~�r/� 	Bp's�öõ�Vöõp'q�~LrYsLp'zõ���Vöõp'q#p+ü�rYz�rY�Y�V~�p'qfsYm �Õ�frYsLr
~LrYsL�fz �Vs��crN~�r �V�frYq#�Np'þ;	St+~�r/� �Lp%sLöõþ��fz{t_�Vö�p+qfs �ß��rN~Lr 	f�fp+�Lp'qfsýüå~�p'þ �L�fr öõq^�LrN~Lt+�Y�Lö�p'qì�'rN~´�Vr40
ö�zõz��fþ�ö�qSt_�Vr�rYq��Vö�~�rNzh� tý�Hx	"��(þ�pU�f�fz�r}vSöÁmÃr+m�þ
t+�+r�t+q öõqf�Nö��frNq��Nr�t+qf|'zõr��ßö �V�û�V�fr1�fö�~�rN�w�Vö�p+q 	BrN~ �
	3rYq �föõ�N�fz�t+~��Vp(�L�frýs��f~�üêt}�Nrýp}ü²�V�frd��� o þ
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σ(∆x, ∆z) = a + exp(b − Ec) ,
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ö�qûl�r �Ût+q ���V�fr)	St}~Vt+þ�rY�LrN~Ls
a, b
t+q �

c
t+~Lr�r 9^�St+zº�Vp F

t 0�öõs
a b c

x
�Um±ù�� ��m � � ��m ó �

z
�Um � � ��m ôA� ��m �^ú

�Õ�fr�ö ��rNq��Vöh�S��t}�Lö�p'q ö�s
	BrN~´üåp'~Lþ�r/�
�fs�ö�qf|$�L�f~LrYr��N~�öõ�VrY~Lö�td�fr/	BrNqs�fö�qf| p'q �L�fr 	f�f~�öõ�^� 9!�ft+z�ö �^� p'q�r
t+ö�þ�sD�Lp�t+�Q��ö�rY�+r+m&�Õ��~LrNrm�frB�fqföõ�Lö�p'qfsºp}üStßqfrN���L~Vt+z]	St}~��Vöõ�Nzõr!	f�f~Lö �^��t+~�rcöõq^�L~LpU�f�f�Yr/�øö�q��V�fr=	St+~´�Vöõ�Nz�r
ö �frYq��Vö��f��t}�Lö�p'q�öõq �Hx	"��!F�zõp ��v�þ�r/�föõ�fþ÷t}q � �föõ|'��	f�f~Lö �^� �ß�föõ�Q� ö ��rNq��Vö ü � t�q�rN���L~Vt+z+	St+~´�Vöõ�Nz�r�ö ü
�V�frY~Lrßö�sHqfpøþ
t}�V�Q�föõqf|�~LrY�Np'qfs´�V~��f�Y�Lr/� 	Bp'ö�q��Ïö�q
o²��� �ßöõ�V��ö�q�tø~�rN�w�Qt+qf|+�fz{t+~!��rB�SqfrB� �O� ô'vUúøt}q �
ó s��Qt}q �St+~�� �frw�!ö{t}�Lö�p'qfsYv�~LrYs 	BrN�Y�Löõ�+rNz��+m �Sp'~Lþ
t+z�zh���V�frß�Yp'q �fö �Vö�p+qnüåp+~Ht�q�rN���L~Vt+z 	St}~��Vöõ�NzõrÕsLrNzõrN�w�Vö�p+q
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|xEMC − xCPV| > κσ(∆x),

|zEMC − zCPV| > κσ(∆z),

κ = 1, 2, 3 ,

�ß�frN~�r��V�fr�üêt+�w�Vp'~
κ
��rB�SqfrYs �L�fr)	f�f~�öõ�^� FHz�p���vfþ�r/�föõ�fþ÷t+qs�û��ö�|'� ~LrYs 	BrN�w�Vöõ�+rNzh�'m
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� ~�rN�Np+qfs��L~L�f�w�Vr/� 	St+~´�Vöõ�Nz�rûö�s�9^�St+z�öh�Sr/� t+s�tK	f��p+�Vp'q �¿z�öõ�+r(öõü�ö �Vs
�Lö�þ�r p+ü �fö�|'���$öõsý�Yp'qfsLöõs��LrNq��
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�

< 16.5
q�s 6Õt+q � z�p��1� 	f�f~Lö �^� 5�� "��

< 17.0
qfs 6�vSsLrNr��Ñöõ|fmõô\ùým
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f(E) = p0/
√

E + p1E + p2E
2 + p3

�
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�Õ�frøsL�fp��crN~�|+rNqfrY~Vt}�Lr/� öõq��V�frø��t+zõp'~Löõþ
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p+üD�L�fr sL�fp��crN~Nm 
^�frNt+z�zh�np'qfr �Np'��z �;�frB�Sq�r�sLrYz�rY�Y�Vöõp'qý�Y~Lö �VrN~�ö{t�p'q��V�föõscþ���zõ�Vö��fö�þ�rNq�sLö�p+qSt+z!sL�f~´üêt+�Nr}v
�f�����V�St}� �cp'�fz � �3r�t �VrB�fö�p'��s��Qt}sL� �ßöõ�V�)qfp |'�ft+~Vt+q��LrNrý�Lp �Sq �%�L�fr$t��fsLp'zõ���Vr
þ
öõqfö�þi�fþ(m��
sLrw�Hp+üDs�rY�+rNqýs´�Qt}�Lö�s´�Vö��Nt+z�zh�øö�q �frB	3rYq �frYq^��	St}~Vt+þ�rY�LrN~LsYv^~LrYüårY~L~�r/�n�Vp�t+s>�V��r 	�~Lö�q��Nö 	ft+z��Yp'þ 	Bp'qfrYq��VsNv
��t+q��Br�p8���Vt+ö�qfrB���]�d�fö{t}|'p'qSt+zõö��Yö�qf|ø�V�fr��Yp6�}t+~�ö{t+q��Nr�þ
t}�V~�öC0
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�ß�fö��Q���Np'~�~LrYs 	Bp'q ���Lp��L�frcz�t+~L|+rNs��arYö�|'rYqø�}t+zõ�frNsap+ü��L�fr��Yp\�+t}~Lö{t}qf�NrHþ
t}�V~�öC03v���rY~Lr���sLr/���Vp�ö��frNq��Löõü �
sL�fp��crN~�s 5���ö�|fm ó ô 6Íöõqø�L�fr�ú �^�föõþ
rYqfsLöõp'qSt+z+s 	St+�Yr�s�	St+qfqfrB��p\�'rY~a�L�frNs�rc���cp
	f~Löõqf�Nö�	St+z��Yp'þ 	Bp'qfrYq��VsNm

�Ït+~Lö�t��fz�r��Np'q��Lp'�f~Ls�5 �Ñö�|fm ó ú86 �frB	3rYq �föõqf| p'q
�V�fr;��� oÛ�Yz��fs´�VrN~�rYqfrN~�|���t+qs�)p'q
�L�frZ	St+~��LöC�
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f(p0, p1) = exp[−R(p0, p1)] ,

R(p0, p1) =

(
p0 − x0

a

)2

+

(
p1 − y0

b

)2

+ C
(p0 − x0)(p1 − y0)
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,
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(p0, p1)
s 	St+�Yr)�frB�Sq�r/� �O���L�frøt+~L|'��þ
rYq^�

R
p+ü&�B9Bm 5¬ô'ô�64F

R(p0, p1) < κ/2

�ßöõ�L�
κ = 1, 4, 9

~LrYs 	BrN�Y�Löõ�+rNz��+vM�fr-�Sqfö�q�| ô'v�ú�t+q � ó s´�Qt+q �ft+~ � �frY�!ö{t_�Vö�p+qfs�üå~Lp'þ �V�fr sL��p �crN~
�NrYq^�LrN~�öõq �V�fr

(p0, p1)
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�V�f~�rNr�t+~�r�t+s t+~�r ö�zõz��fs´�V~Lt}�VrB� t+s$�L�fr �V��~LrNr
rYz�zõö 	fs�rNs$öõq
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ö �frYq��Vö��f��t}�Lö�p'q �N~�öõ�LrN~Lö�t 5¨o²����v7� "
� t+q �
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� WAN=\^_`[���v a �OR]WAVQWA[]\�� v a��8V �!T/[]w �OR]WAVQWA[]\ � apN ��aew f!_`V^R � Y � Y:l�o apX�ap[ VQ\ � N^_���R V ���

��� � � � ��� � � � � ��� ��� � ��� � ����� � ������� � 	

¿q��V�föõs>sLrN�w�Vöõp'q¢v8�cr s´�V� � ��qfrN�U�V~Vt}z 	fö�p'q�ö��frNq��Lö��S�Nt}�Vöõp'q�t+zõp'qf|��V��rÕz�ö�q�rNs¸p+üB�V��r�	f~Lrw�Uöõp'�fsHsLrY�Y�Lö�p'q¢m
�Uö�þi�fz{t}�Lr/�

π0
þ�rNs�p'qfs>öõq��V�frßrNq�rN~L|t��~Vt+q�|'r�ô��2� ����l�r � üåp'~¸�V��rÕsLrY�L� 	fsB�ßöõ�L��t+q � �ßöõ�L�fp'���>��p'z�rYs

��rY~Lr�|'rYqfrN~Lt}�VrB�¢m%�>öõp'qfs �crN~�r�ö �frYq^�Lö��SrB�%�V�f~�p'�f|'� �L�fr$ö�q��}t+~�ö{t+q���þ
t+s�s�p+ü 	f�fp+�Lp'q 	St+öõ~Ls � �V��r
ö�q��}t+~Lö�t+q���þ
t+s�s�p+ü=	f��p+�Vp'q�s�t+q � �Yp'q��'rY~LsLöõp'q�	St+öõ~Ls � �O� s��fp���rY~øs��St�	Bri�VrY�Q�fqfö:9!��rNsNvºö��frNq��Löõü �!ö�qf|
p\�'rN~�z{t�	s	3rB� 	��fp+�Vp+qfsnt+s�qfrY���V~Lt+zM	föõp'qfsNm �Ñöõ|'�f~Lr ��� sL�fp��ßs��V��r�ö �frYq^�Lö��S�Nt}�Vöõp'q 	f~�p8�St���ö�z�ö �^�ªp+ü
	f�fp+�Lp'qK	ft+ö�~�s�üå~�p'þ

π0
�frN�Nt��ªöõq)�V��r
öõq^�}t+~�ö{t+q��øþ
t+sLs��ßö�q ��p �

0.1 < Mpair < 0.17
�ûr ���

c2
m

�Õ�fr²ö��frNq��Vöh�S��t_�Vö�p+q 	f~�p8�St���ö�z�ö �^��ö�s�t��Bp'���!���2� ��� �8üåp'~Í�V�fr²s�rY�L� 	?�ßöõ�L���fp'zõrNs¸t}q ��t��Bp'��� � �2�¿ù8� �
üåp'~��L�fr�s�rY�V�s	 �ßö �V�fp+�����fp'zõrNsYv¢ö�q �L�fr�rYqfrN~�|�� ~Lt+qf|'riüå~�p'þ ô��
�Vp ó � l�r �im>�ap�ö �frYq��Vöõü �

π0
öõq
t

x 
´o rNq��!ö�~�p'qfþ�rNq����O� �V�frZ	St}ö�~�öõq^�}t+~�ö{t+q���þýt+s�sNvÍt�þ�p'~Lr�~�rNs´�V~Löõ�Y�Löõ�'r?�ßöõq �fp�� öõs�qfrY�NrNs�sVt+~S�'m/
Ëü
��r��Vt+�+r

0.12 < Mpair < 0.15
�(r �
�

c2
t+q �(t+q p 	BrNqföõqf|�t+qf|'zõr��ßö�q ��p ��t+sg�frB�fqfr/�ûö�q(�UrY�+m �fm±ú

p+ü7� rwü¬m �Åô6ú �Ív^�L�fr�	St+öõ~>ö �frYq��Vö��f��t}�Lö�p'q 	f~�p8�St���ö�z�ö �^�øö�s>~LrB�f�f�Yr/�
�Lp ó �2�^�8����v!t+sHs��fp��ßqýö�q ��ö�|fm]�!ô
üåp'~��L�fr�sLrw�V� 	 �ßöõ�L�fp'������p'z�rYs�t+q ��ö�q �Ñöõ|fm �+ú
üåp'~��V��r�sLrY�L� 	 �ßöõ�V���fp+z�rNsYm � r���t+q�s��fþ
þ
t+~�ö��Nr
�V�frYsLr�~LrYsL�fz �Vs t+sÕüåp'zõz�p��ßsEF

• �Õ��rN~Lr�ö�s�q�pûs�ö�|'q�ö��S�Nt+q���ö�þ;	f~Lp\�'rYþ
rYq���p+üc�L�fr
π0
ö �frYq^�Lö��S�Nt}�Vöõp'q 	f~�p8�St��föõz�ö �^� �O�
�L�fr�ö�q �

�Yz��fs�ö�p'q p+ü��Np'q��+rN~��Lr/� 	ft+ö�~�s²üåp'~²�V�fr�s�rY�V�s	 �ßö �V� �fp'zõrNsNm

• 
¿q��L�fr
��t+s�r
p+ü��V�fr �Np'qs�f|'�f~Vt_�Vö�p+q �ßöõ�V��p'���$��p'z�rYsNvß�V�fr
öõqf�Nzõ�fsLöõp'q p+üø�Yp'q��'rN~�sLöõp'q
	ft+ö�~�s
öõþ 	f~�p\�'rNs²�L�fr�s�ö�qf|'zõr

π0
ö��frNq��Vöh�S��t_�Vö�p+qd	f~�p8�St��föõz�ö �^��üå~Lp'þ t��Bp'��� ú�� � p8���Vt+ö�q�r/� �ßöõ�L�fp'���

�Yp'qfsLö��frN~�ö�qf|��Np+q^�+rN~�sLö�p+q 	St+öõ~LsÕ�Vp�t��Bp'��� ��� �$m�
¿q �V��r��Nt+sLrøp+üÑt
x 
´o�rNq��!ö�~�p'qfþ�rNq���vS�V��r
qfrY���V~Lt+z 	föõp'q ö �frYq^�Lö��S�Nt}�Vöõp'q 	f~�p8�St��föõz�ö �^�
öõþ 	�~Lp\�'rYsßüå~�p'þ÷t��3p'�U��ô � � �Vp�t��Bp'��� ó � �$m

�Õ�fr�~Vt_�Vö�p�p}üa�L�fr�ö �frYq��Vö��f��t}�Lö�p'q 	�~Lp8�St��fö�zõöõ�VöõrNs��frY�LrN~�þ
öõqfr/� �ßöõ�L�fp'���Õt+q � �ßöõ�L�û�Yp'q��'rY~LsLöõp'q�	St+ö�~
ö �frYq��Vö��f��t}�Lö�p'q¢v�s��fp��ßqªöõq �Ñöõ|fm#� ó v¢öõq �fö��Nt}�VrYs��L�St}���L�fr�öõqf�Nzõ�fsLöõp'q p+üH�Yp'q��'rY~��VrB� 	ft+ö�~�s�ö�q��N~LrNt+sLrYs
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�Ñö�|+�f~LrM���7F �+NQW 
UT�
O_`v`_`V��)W�� _ wOap[tV^_ � ��_`[�� \^_`[���v a&[]apLOV^NST/v �O_ WA[]\ 
 � V^R]a!_`[ X�T/N^_hT/[ V � TA\Q\'T/[UT/v�� \^_ \#f!_`V^R)V^R]a
_`[tXAT/N^_hT/[tV � TA\Q\5f!_`[]wOW@f 0.1 < Mpair < 0.17

cda � �
c2
bAT/[]w 
 � V^R]a�\^R]W@fkapN7\QRUT��sa'T/[UT/v�� \^_ \.�8W@X�apN^vhT��
� aew

Ppv`L]\^VQapNQ\�� b � WANmV^R]a PeWA[ � ��LONST/V^_ WA[]\Mf!_`V^RdR]WAv ae\ � v a��8V �mT/[]w;f!_`V^R]WALOVMR]WAv ae\ � N^_���R V ��� �&R]a �ONQW 
UT�
O_`v`_`V�� � WAN
V^R]a _`[ X�T/N^_hT/[ V � TA\Q\!T/[UT/v���\^_ \&_ \.��_`X�ap[ � WAN �OR]WAVQWA[ �UT/_`NQ\ �

•
�kT/[]w!� WAN �OR]WAVQWA[]\=T/[]w �UT/_`NQ\!W��>PeWA[ X�apNQ\^_ WA[

apv aePpV^NQWA[]\ �
◦
���

�V�frisLö�q�|'z�r
π0
ö �frYq��Vö��f��t}�Lö�p'q 	�~Lp8�St��fö�zõöõ�^���O� t��3p'�U��t ��� �÷üåp'~��L�fr�sLrw�V� 	 �ßö �V�fp'�U���fp'zõrNs	�f�U�

�O��p'qfz��ªt�üår � 	3rY~L�NrYq���üåp'~��V�fr�sLrw�V� 	A�ßöõ�V�ª�fp'zõrNsYm 
¿q=�V��r
�Nt+sLr
p+üÕtûx 
´o rYq^�!öõ~Lp'qfþ�rNq��Nv��V��r
t�	 	St}~LrNq�� ö�þ;	f~�p6�+rNþ�rNq��ßö�sßt}�Y�V�ft+z�zh�d�f��r��Lp��V�fr��St+�Q�^|'~�p'�fq �(ö �frYq��Vö��fr/�ût+sß�Np'q��+rN~Ls�ö�p'q 	St+öõ~LsNm
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�Ñö�|+�f~Lr �Uô8F � NQW 
UT�
O_`v`_`V��dW��'_ wOap[tV^_ � ��_`[�� []apLOV^NST/v �O_ WA[]\ 
 �ZV^R]a _`[ X�T/N^_hT/[ V � TA\S\ T/[UT/v�� \^_ \ f!_`V^R 0.12 <

Mpair < 0.15
cda � �

c2
T/[]w W �sap[O_`[�� T/[���v a wOa �][]aew _`[Er�aeP�� � �	�dW�� ��
 � �=T/[]w�
 ��V^R]a \^R]W-f�apN)\^RUT�� a

T/[UT/v�� \^_ \ �8W@X�apN^vhT��
� aewEPpv`L]\QVQapNQ\ � b � WAN V^R]a \QapV^L
� f!_`V^R]WALOV)R]WAv ae\ � �&R]a �ONQW 
UT�
O_`v`_`V�� �8WAN V^R]a _`[tXAT/N^_hT/[tV
� TA\Q\ � apV^R]Wtw _ \ ��_`X�ap[ �8WAN �OR]WAVQWA[	�UT/_`NQ\��

•
�!T/[]w!� WAN �OR]WAVQWA[]\mT/[]w �UT/_`NQ\�W��#PeWA[tX�apNQ\^_ WA[ apv aePpV^NQWA[]\ �

◦
�

� WAN=\^_`[���v a
π0

� v a��8V �!T/[]w
π0 � apN ��aew f!_`V^R � Y � Y:l�o apX�ap[ VQ\ � N^_���R V ���
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�Ñö�|+�f~Lr �'ú F � NQW 
UT�
O_`v`_`V��dW��'_ wOap[tV^_ � ��_`[�� []apLOV^NST/v �O_ WA[]\ 
 �ZV^R]a _`[ X�T/N^_hT/[ V � TA\S\ T/[UT/v�� \^_ \ f!_`V^R 0.12 <

Mpair < 0.15
c a ���

c2
T/[]w W � ap[O_`[��dT/[���v a wOa �][]aew _`[ r�aeP�� � �	�ZW���H�a�� � ��
 ���!T/[]w-
 � \^R]W@fkapN \^RUT�� a

T/[UT/v�� \^_ \ �8W@X�apN^vhT��
� aew Ppv`L]\^VQapNQ\ � b � WANmV^R]a \QapV^L
� f!_`V^R R]WAv ae\ � �&R]a �ONQW 
UT�
O_`v`_`V�� � WAN V^R]a _`[tXAT/N^_hT/[tV � TA\Q\
� apV^R]W�w _ \	��_`X�ap[ � WAN �OR]WAVQWA[ �UT/_`NQ\!�

•
��T/[]w � WAN �OR]WAVQWA[]\nT/[]w �UT/_`NQ\nW��&PeWA[tX�apNQ\^_ WA[ apv aePpV^NQWA[]\ �

◦
��� WAN

\^_`[���v a
π0

� v a��8V �&T/[]w
π0 � apN ��aew f!_`V^R��mY���Y<lMo apX�ap[tVQ\ � N^_���RtV ���
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 � V^R]a)_`[tXAT/N^_hT/[tV � TA\Q\ W�� �OR]WAVQWA[��UT/_`NQ\ VQW;[]apLOV^NST/v
�O_ WA[]\�_ wOap[tV^_ �Uaew-
 � 
sWAV^R �OR]WAVQWA[ �UT/_`NQ\nT/[]w W�� �OR]WAVQWA[]\nT/[]w �UT/_`NQ\ W��!PeWA[ X�apNQ\^_ WA[ apv aePpV^NQWA[]\	� WANgV^R]a
PeWA[ � ��LONST/V^_ WA[]\nf!_`V^R
�

◦
��T/[]w f!_`V^R]WALOV/�

•
�MR]WAv ae\	� WANg\^_`[���v a

π0
� v a��8V ��T/[]w

π0 � apN ��aew f!_`V^R-� Y���Y:l�o
apX�ap[tVQ\�� N^_���R V ���
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�Õ�fr��Ïx�"�� �frY�LrN�w�Vp'~ 	f~Lp\�!ö ��rNs�t�|'p!p � ��tt	St��föõz�öõ�^�
�Vp �frY�LrN�Y��t+q �(ö �frYq^�Löõü � 	��fp+�Vp+qfsNvBrNzõrN�Y�L~Lp'q�s
t+q �

π0
�Ëþ
rYsLp'qfsYvSt+q �ûþ�r�t+s��f~Lr��V��rNö�~��2�¿þ�p'þ
rYq��Qt=�ßö �V� �fö�|+��	�~LrN�Yö�s�ö�p'q¢m

�Ïx�"��ûsLöõþ��fz�t}�Vöõp'q�~LrB	f~LpU�f�f�YrNs��L�fr �3rNt+þ/�Á�VrYs�� r#0 	BrN~Löõþ
rYq��Qt+z �St_�Qt �ß�fö��Q�(ö�sß�Np'q �S~Lþ�r/� �]�
�Np'þ;	St+~�ö�s�p'q�p+ü�rNqfrY~L|�� t}q � 	Bp's�öõ�Vöõp'q�~LrYsLp'zõ���Vöõp'qfs²p}ü>�Hx	"���sL� � � �frY�LrN�w�Vp'~�sNm

� rY�Np'qfs´�V~��f�Y�Lö�p'q�t+zõ|'p'~Lö �V�fþ�sÑp}üD�Hx�"ø�?�crN~Lr t�� ���fs��Lr/�n�Vp�~LrB�f�f�NrßsS�Us´�VrYþýt}�Lö��YsÏrY~L~�p'~>ö�q�þ�r�t2�
sL�f~�ö�qf|��L�fr��Np!p'~ �föõqSt}�LrNsßt+q � rYqfrN~�|�� p+ü�~LrN�Yp'qfs´�V~L���Y�VrB� 	Bp'ö�q��LsNm


¿þ 	fzõrNþ�rNq��VrB� 	ft+~��Lö��Nzõrnö �frYq^�Lö��S�Nt}�Vöõp'q�þ
rw�V�fpU�fsøt+zõz�p��Û�Lp ö��frNq��Vö ü � 	f�fp}�Vp'qfs�t+q �)rNzõrN�Y�L~Lp'q�s
t+q ���föõs��Vöõqf|'�föõsL� �L�frNþ üå~�p'þ �ft��f~Lp+qfs�ö�q�t �ßö �fr�rYqfrN~�|���~Vt}qf|'r�üå~Lp+þ �$�Vp�ô��8�ûl�r ��m ' rN���L~Vt+z
	fö�p+q
s 	BrN�Y�L~L�fþ ��t+q �Br�þ
rNt+sL�f~�r/��ö�q��Hx�"ø�
s��Vt}�Vöõs��Lö���t}z�z����O� �L�fr�ö�q��}t+~�ö{t+q��>�Ëþýt}sLs�t}qSt+z��!s�ö�s�öõq
�V�fr�rNqfrY~L|��ý~Vt+q�|'r�üå~�p'þ �ø�Vp ����l�r �ivft+q �ýp'q�rY�+rNq��>� �]���ËrY�'rYq����St}sLö�s �O� 	St+~´�Vöõ�Nz�r ö ��rNq��Vöh�S��t}�Lö�p'q
t}�H�föõ|'�frN~>rYqfrN~�|'ö�rYsc�s	��Lp
ô�����l�r ��mU�ûrY�V��p �fsHp+ü7	f�fp+�Lp'q �

π0
~�rN�Yp'|'qfö �Vö�p+qnt}�H�fö�|+��rYqfrN~�|'ö�rYs �crN~�r

�frY�+rNzõp 	3rB�¢vft}q ��t+zõzBp}üº�V�frYþ �frYþ
p+qfs��L~Vt}�Lr��föõ|'�ýö��frNq��Vöh�S��t_�Vö�p+qýr ���Yö�rNq��B�
p+üº�V�frYsLr
	ft+~��Lö��NzõrNsc� 	
�Vp ô��8��l�r ��m

�Õ�fö�s	�cp'~L�;��t+s�sL�s	 	3p+~��VrB�A�O� �L�fr �¸�B
�|+~Vt+q����¸�Ïú��8�8� � � � � únüå~Lp+þ �V��rý�U	St+qföõsL�K�(ö�qföõs��L~��
p+ü��!�f�f�Nt}�Vöõp'q�t+q �ª�U�Yö�rYqf�Nr}vD�V�fr 
 ' � ��� �Np'q��L~Vt+�w��q!��þ?�3rY~ � ó � � ú � � �t�]�nt+q � �L�fr � � �Np'q��L~Vt+�w�
x���� ���¬o ���´ú��8�Uô � �8� ó ��ùiüå~Lp+þ �V��r �S� t+~�ö�r�o��f~�ö�r}v ��~Lt+ö�qföõqf|��Uö �Vr � 	f~�p'|'~Vt}þ(m

� Þ �}Þ1)�ÞßÜ�,�Þßà

�Åô�� �	��
´oM� o�p+z�z{t��3p'~Lt}�Vöõp'q¢v��arN�Q�fqföõ��t+z�y�rNsLöõ|'q;� rB	3p+~��Ï�Hx	"��3v^oM�=� ' ���Íx�oÕo ÿ'ÿ2� �fv8���.
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