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q . x PQR_W@r Ulrst_fgR}r fiR � \ tk[aTV� � m�P �_ficXc�ZUlTs�"�_fiTZUXRpR_fgTVf<; tpuw]k[at"�_fiW :HTsP^r PQR_W �_t_Tq4 {
fgUlR � � t_R_�0o�� fgU\t � \ tk[aTV� Wi�}�_Ulf WsP h fiRk[aR_R}r fiR x PQR_W@r Ulrst_fgR}r fiR � \ tk[^Ts�JW&]+fgW54�{_TVUXfg]+fiR�j
6HUXR_f h fiRk[at_fiTsf S fgW54�{_TVfgUl]_t_R h ]+fiU {pPQ{_fgR q .0z_t_cXWVv_]+fgT@r T e h fgR cXUlfiuwfgT@r0�k[aWG\ tk[^Ts� �
: [aT@r PQR � m�P �_ficXc j�� UlfgT"rsT [ h fgR [atI4�{ bdcXtpPQR_fgR t_R_� -~fgf��Jtk[aTs�JWg�yO~UlTVr tpfgclcXfk\ tk[^Ts� �
;�R}r U�� t_[aTs� � : [Q[aTsf^� ogt �_fiR 6HU h fgR_Wq4 {k[�u r fgR �_fiW]0 tp� clfgPaR_W ]+fgU j�:&TVPar PaR_fgR ]+fgWVUlrsogfgR
UXRpW h fiW [/. r �afiUXR_fC-~ficlrsW [/.0�afgU�r � ��j {�j �_UXfG\ tk[aR}r fiR_o [a{pc �_fiT]-~fgc�r W [N. �afiUlr�UXW@r]-��d�pjS fiU_t_RJrsfgTVW54�{_UXfi�_cXU,4 {pfgTHTseatI.0cXU,4�{_fiT
	&fgTVrsfgUlcXt_R h �_fiTfh [^�_t_R h P �_fgTH�pfgT'. [ h R_f r UlW54�{_fgR
m�Po.0fgR}r f��_fgT s̄ � tpR_� s � -~fgf��Jtk[aTs�JW fgT h fg]+fiR WsUX4�{ [^]+fgT�RpUX4�{JrsOQfiTsWq4 { �ZUXR_�pfgR_�_f S fiU �r Tse h f ogt �_fgR0YkPQT5. u [a�}r PQTVfgR�j/[�Ulfym�fiWsWstpR h �_fiT&z_[aTsU�r�e^rsWVOQfgTVcXf r ogfiR_�_fiR=;�W@|g.=.0fir TVUXf
UXR �_fiT�fgc`[^WVr UlW54�{_fiR - rsTsfit_t_R h OQPaR clPQR h U�r t_�pUlRk[ac z+PQc`[^TsUlWsUlfgT@r fiRP6HcXfi�JrsTsPQRpfgR [^R�t_R �
z+PQcX[aTsUlWsUlfiTVr fiR :HTsParsPQR_fiR fgTVc`[atp]pr � f h fiR �_fiT t_R}r fiTsW54�{_Ulfg�_clUX4�{_fgR Wq4 { � [/4�{_fiR h [a�_t_R h
OQPQR d � tpR_� s � \dt_[aTs�JW �k[a{_fiT pyv 4 �JW54�{_clv_WsWVf [^tpud�pUXf S fiUlr Tse h f"�_fgTG- rsT [aR h fgR_fiWsW
ogt �pfgR1YkPQT5. u [a�}r PaTsfgR �_fgW]0 t_�JclfgPQRpWgjU;�]p{keaR h U h OQPo. -Jr Tsfit��ZUlR_�afgc �_fiT]6HcXfi�JrsTsP �
R_fiR�.0UX?^r . [^RBt_R}r fiTsW54�{_Ulfg�_clUX4�{_f h�UlR_f [aTV�aPo.L]_UlRk[^r U�PQRpfgRd�_fiW WVfgc�r W [N. fiR ficXfi�JrsTsUlW54�{_fgR
t_R_�3WVfgc�r W [N. fiRn. [ h R_firsUXW54�{_fiR YkPaT5. u [a�}r PQTVWgj � RJrsfgT�	&PaT � e^TVr W��ZUXR_�aficXR1�_Po.0UXR_UlfiTVr
�_fiTyficXfi�}r TsUlW54�{_fa�kt_R}r fiT pZvI4�� � eaTVrsW �ZUlR_�afgclR��_fgT . [ h R_f r UlW54�{_f YkPaT5. u [a�}r PQTij

[�Ulf x PQcXcX[a]+PaT [�r U�PQRe;K8"[/. 6&clfg�}r TVPQR_fiR ]+fiW54�{_cXfgtpR_U h fiT m7;dm q �_fgW q R_WVrsUlrstpr W�uwv_T
xdfgTVR_z_{J| WVUX�1�_fiT � RpUlOQfgTVWsU�r�e^r mn[aUlR_o#.0UX?^r �_UXf"zk[aTVUlr�e�r WVOQfiTsclfir oifgR_�pf7;�W@|g.=.0fir TVUXf
UXR.�pfgTyfgc`[^WVr UlW54�{_fiR 6Hclfg�}r TVPQR � :HTVPar PQR � - rsTsfgtpt_R h tpRJr fiT fiUXR_fR. - rsTsfit��ZUXRp�afgc OQPQR 30◦]_UlW 40◦ j ; cXW<- rsTsfit_ogfiRJr TVtI.��_UlfgR}rdfgUlR t_R_z+PQcX[aTsUlWsUlfgTVrsfgW Y clv_WsWVU h^� ^ [aWsWVfgTsW@r P/`+r�[^T h f r �
�k[aWU. U�r fiUXR_fR.<cXPQR h Ulrst_�_UlRk[^cJz+PQc`[^TsUlWsUlfgT@r fiR]6Hclfg�}r TVPQR_fiR_WVr Ts[a{_cp]+fgWq4 {pPQWsWsfgR �ZUlTs��j/[ UXf
� ea{_clT [^rsfL�pfgTB�_[a]+fgUHfic`[^WVr UlW54�{ h fgW@r TVfgtprsfgR cXUlR_�JW � ]_o��Bj�TsfR4 {}r WV{keaR_�_U h z+PQcX[aTsUlWsUlfiTVr fiR
6HcXfi�JrsTsPQRpfgR �ZUlTs� UXR fiUXR_fR. OQPacXcXW@r�eaRp�_U h [a]_WVPQTs]pUXfgTVfgR_�pfgR a W54�{_fiTsfgR_�aP�� � xB[aclPQTsU,.0fir fiT
]+fgW@r U,. . r j a {pf3. [0�_fiTZOQPaTscXUlf h fiR_�_fiR#;�Ts]+fiUlrZUXWVrZfgUlR � .L]_[at.�_fiW f T~z+fgTsU,. fiRJrsfgclcXfgR
;�t~uw]k[at_Wi� t .j; WV|�. .0firsTsUlf3.0fgWsWVt_R h fiR t_RJrsfgT�pZvI4 � � eaTVrsW �ZUXRp�afgcXR OaPQR 140◦ ]_UlW 150◦�_t_Tq4 {~uwv_{_TsfiR�oit.��QR_RpfgR�jD; tpu �_UXfiWsf ^ fgUXWVfB��aR_R_fgR � fiUlrsfgTsf<h�UXRpf [aTV�aPo.L]_UXR_[^r U�PQR_fiR
[at_W Wsficlr Ws[/.0f3. ficXfi�JrsTsUlW54�{_fgRLt_R_�LWVfgclrsW [/.0fR. . [ h R_firsUXWq4 {_fiRLYkPQT5. u [a�}r PQT ]+fiWVr U,.=.Lr
� fiTs�_fiR�j
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� e^TVr W��ZUXR_�aficXR
t_Rp� �pf3. � . ]_[atn�_fgW�[�f r fg�}r PaTsWgj ; . 6HR_�_f �_fgT ;�Ts]+fiUlr �ZUlTs�nfgUlR_f
� t_Ws[/. .0fgR~u [aWsWVt_R h �pfgT �ZUX4�{Jr U h W@r fgR 6HT h fg]_RpUXWsWVf t_R_� fiUXR ;�t_WV]_cXU,4 ��[atpu � fgUlrsfgTVf
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[�UlfBWsU,4 {}r ]k[^Tsf ^ fgc�rZ] fiWVrsfg{}r [atpW 0yfgtprsTsPQRpfgR��(:HTVPar PQRpfgR.t_R_�76&clfg�}r TVPQR_fiR�j(6Hclfg� �
r TVPQR_fiRnWsUXRp�nRk[N4 {n{_fitpr U h fR.FxBfiR_RJrsR_UXWVWVr [aR_�nz_t_R_�}rsu aT5.0U h f a fgUlcX4�{_fgR�PQ{_R_f UXR_R_fiTsf
- rsTst_�}r tpT"!6&clf3.0fgR}r�[aT@r fgUlc,4 {pfgR$# j�0yfgtprsTsPQR_fiR t_R_� :HTsParsPQR_fiR WVUXR_� UX.:bBf h fgR_Ws[^r oZ�k[ �
ogt oit_W [N. .0fgR h fgWVfir o r f a fgUlcX4�{_fiR����pUXf [^t_W�\ tk[aTV� WBtpR_��bBclt_PQR_fiR [at~u h fg]_[atprBWsUlR_��j
[ [aW :HTsParsPQR0]+fgW@r fg{}r Rk[N4 {0�_f3. x PQR_W@r U�r t_fiRJr fiR � \ t_[aTs� � m�P �pfgclc\[^t_W&o�� fiU\t � \ tk[aTV�JW
t_R_�-fgUXRpf3. � � \ t_[aTs�\���k[aW�0 fitpr TVPQR<[at_W
fgUlR_f3. t � \ tk[aTs� t_R_� o�� fgUL� � \ tk[aTs�JWg�
�_Ulf vp]+fgTy�_UXfBWVr [aTs�af ^ f34�{_Wsfic �ZUlTs�Jt_R h oit_W [/.=.0fgR h fi{k[ac�r fiR � fiTs�_fiR�jQ[�UXf�bdcXt_PQRpfgR��
� ficX4�{_f �_Ulf W@r�[aTV�af xBTs[^u r OQfgTq. U�rsrsfgcXR � {_[a]+fgR Rk[N4 {��_fgT \dt_[aRJrsfgRI4�{_TVPo. P �~|~R_[/. Ul�
! \&%m['# [a]+fgT �_UXf m  h cXUX4�{_�afiUlrg�^WVUX4�{ UlR=\ tk[^Ts� � ; RJr U��Jtk[aTV� � : [Q[aTVf [atpuwoit_WVzk[aclrsfgR�j/;�t~u
�_UlfgWsf ^ fgUlWsf �ZUlTs� fgUlRk\ tk[aTV� � ;�R}r U�� t_[aTs� � - fgf U,. 0yt_�JcXfiPQR h fgRpfgTsUlfgT@r j [ [aW<0 t_�JcXf �
PQR1]+fiWVrsfg{Jr0WVPo.0Ulr [atpW O UlfgcXfiRn\dt_[aTs�JW t_R_� ;�RJrsU �Jtk[aTV�JWg� �_UXf z+fiT5. [aR_fgR}r fiTsogfit h r
t_R_� OQfgTVR_UX4�{Jrsfir � fgTV�_fgR"tpR_���_Ulf�-~tI.=. f Ul{_TsfiT S [aTV|QPaR_fgR_og[a{_clfgR�UlWVr fgUlR_Wgjg[�UXf�-~fgf �
\ tk[aTV� W r Ts[ h fiR3R_UX4�{Jr ogt3�_fiR \ tk[aRJrsfgR_og[a{_clfgR3�_fgW 0yt_�JcXfiPQR_W0]+fiU � �k[ WVUXf�UX.=.0fgT
[aclWY\ tk[aTV� � ;�R}r U �Jtk[^Ts� � : [a[aTsf [^tpu r Tsf r fiR�jI[�Ulf clfgU,4 {}r fgW@r fiR#\dt_[aTs�JW WsUlR_���pUXf�t_z � ! t(# �
�_P��ZR � !w�$# t_R_� WVrsT [aR h f � \dt_[aTs�JW)! W*# jo[�Ulf W54�{�� fgTsW@r fgR0WsUXRp� �_Ulfm4�{k[aTq. � !4+# �a]+P^rsr P/. �
! ](# t_R_�.rsPQz � \ tk[^Ts�JW�!wr,# j � RJrsfgTy�pfgT ;�R_Rk[^{I. f^�k�k[/?0�pUXfdW54�{�� fiTsfgR�\ tk[aTs�JW � f h fiR
UX{pTsfgT mn[aWVWsf�UX. \ tk[aTV� � ;�R}r U�� t_[aTs� � - fgf.WVr [aTs� t_R}r fgTV�_Tsv 4 �}r WVUXR_���H��[aR_R . [aR3�k[ �
OQPQR [at_W h fg{_fiR�� �k[/?n�_Ulf0fgUXRpogU h fgR S fgW@r�[aR_�~r fgUlcXf0�_fgW]- fgfgW �_UXf0cXfiUX4�{JrsfgR t � � � � t_R_�
W � \ tk[aTs�JWZWsUlR_��j

;�t~u h Tst_Rp� �_fgT]-~fgf � \ tk[aTV� � [ | Rk[/.0UX� WVr ficXc�r WsU,4 { �k[aW 0 t_�JclfgPQR [acXW�fgUlR �aPo.0z_cXf �
T~fgW tpR_���p| Rk[/.0UXWq4 {pfgW.- ]0/Vfi�}r �k[aT t_R_��WVfgUlR_f 6HU h fgR_Wq4 {k[�u r fgR���QRpR_fgR��_t_T54�{��_fgR
ss̄ � - fgf . U�r ]+fiWVr U,.=.�r � fgTs�pfgR�j -~UlR_���pUXf0T eat . clU,4 {pfgR 	&fiTVrsfgUlcXt_R h fgR �_fgT s � t_R_� s̄ �
	&fiTVr fiUXclt_R h fiR3�pfgT -~fgf��Jtk[aTs�JW0OQfgTVW54�{_UXfi�_fgR �)WsP ��QRpR_fgR WsUlf S fgUlrsT e h f�ogt3�_f3. h [ �
�_t_R h WsTs[a�_UXtpW�t_R_� �_f3. . [ h Rpfir UlW54�{_fiR m�Po.0fgR}r"�pfgW#0yt_�JcXfiPQR_W�cXfiUXWVrsfgR�j [�UXfiW�UXWVr
OQfgT h clfgUX4�{ ]_[aT . U�rZ�_fR.�fgcXfi�}r TsUlW54�{_fgRnYkPQT5. u [a�}r PQT �_fgWK0yfgtprsTsPQRpWgjQ[�[aWK0yfgtprsTsPQR�]+f �
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WsU�r o r �afgUXRpf�fgclfg�}r TVUXWq4 {_f h [a�pt_R h �\{k[^r�[a]+fiT �_tpT54�{
�_Ulf t_R}r fgTVW54�{_UXfi�_cXU,4�{_f 	&fiTVr fiUXclt_R h
OQPQR.z+PQWVUlr U�OQfgT tpR_��Rpf h [^rsUlOQfiTSh [a�_tpR h fgUlR_fiR�ficXfi�JrsTsUlW54�{_fgR7h [^�_t_R h WVT [a�pUXt_Wij
S fiPQ]k[/4�{Jrst_R h fiR
UlR.�_fgR
mn[aWsWVfgR_WVz+fg�Jr TVfgR tpR_�n�pfgR ^ f34�{_WVfgc � UXTs�Jt_R h fgR
�pfgT ��[ �
�_TVPQR_fgR �_fgt~r fgR3[atpuyfiUXR_fiR S fgU�r T [ h �_fiW=- r Ts[aR h f � \ tk[aTV�JWsfgfiW OQPQR ]_UlWLogt 2Q����oit_T
mn[aWVWsf �_fiT S [aT@|QPQR_fiR�{pUXR��cb�� j�6HW h Ul]prZ[atI4�{ � UlR�� fiUXWVfa�_�k[/? �_UXf<-~fgc�r W [N. �afiUlr fgUlR_fiR
� fiWsfiRJr clUX4�{_fgR S fiUlr Ts[ h ogt . -~z_UlRn�_fgW�0 tp� clfgPQRpW�cXUlfiuwfgT@r�� �Q�����c@�� jQ[�UXf � RJrsfgTsWVtI4�{ t_R h
�_fiT S fgU�r Tse h f �_fgT$- fgclrsW [/.0�afiUlr ogtpT 	&fgT@r fgUlcXt_R h �pfgTdficXfi�JrsTsUXWq4�{_fgR h [a�_t_R h t_R_� �_fiT
mn[ h R_firsUXWsUlfgTVt_R h �pfgW]0 t_�JclfgPQR_W UXWVr fg]+fiR_WsP OQPaR h TsP/?Qf3. q RJr fiTsfiWsWsf�t_R_� UlWVr �k[a{_fiT
fgUlR � Ulfgc �_fiWS;K8 � 6UTpz+fiTsU,. fiRJr Wij

��� � 	 ��� 	)� �'���� 
 	�� 	 ����� ��+���� 	)� � ��	��
�� � ���
��� � ��	�� ��� ���� 	)�������

q R S PQTsR_Wq4�{_fgT 0�ea{pfgTstpR h �_fiT ficXfi�}r TsPQWq4�{�� [/4�{_fiR a {_fiPQTsUlf<��[aR_R5�_UXf fgcX[aWVrsU �
W54�{_f76HcXfi�}r TsPaR � 0yt_�JcXfgPaR � - rsTsfit_t_R h �_t_T54�{ fiUXR_fiR 6HUXR � S PQWsPaR � ; t_WVr [at_W54�{3]+fgWq4 {_TVUXf �
]+fgR � fgTs�pfgR�j$; tI?QfiT �_fR. TsfiUXR<ficXfi�}r TsP/. [ h R_firsUXW54�{_fiR :&{pPar PaR � ; t_WVr�[^t_W54�{*r Tse h r
[atI4�{n�_fgT ; t_WVr [at_W54�{ fiUXR_fiW � 0 � S PaWsPQR_WyogtI. ^ UlTs�Jt_R h W �Jt_fgTVW54 {_R_U�rsr�]+fgU j([�UlfgWVfgT UXWVr
z_TVPQz+PQTVrsUXPQR_[ac ogt . \ tk[a�pT [^r �_fgT -~tI.=.0f �_fgT fgR}r WszpTsf34�{_fgR_�_fgR - r TVfgtk[N. z_clUlrst_�_fiR�j
;�]p]�j �~jZ+0oifgU h rB�k[aWdogt h TVt_R_�_ficXUlf h fiR_�_f0Ykfi| RI. [aR � [�U`[ h T [/. . UXR R_Ulfg�_TVU h WVr fiT�- Ts� �
R tpR h �_fgT - r QTstpR h WsTVfgUl{_faj

e e´

P P´

γ

e e´

P P´

Z0+σ ~

2

��������� ��!#"%$'&)(�*,+�-,.0/�1�243517698;:<35=�>?.01A@CB�2
γ
6DB�1?E

Z0
6GFHB?IKJL35B?ILML>ON

P /�2RQTSVUXWYILML>?.0:[Z\WX:K]^B�1�_�Ia`�B?.0:aIaML>�1�WXJKJbE�.0:b.0Uc3VIKJKWYILML>?.01 d�UY.0]^JK:aSV176
P JK:a.0B�B�1�_fe�.hg;352ji�:aSVJaSV1ke�ilg;E?35:K_�.CIaJa.0UXUmJnE7B�:aML>'-?.0/^1�243517698;:L35=�>?.01
WX1o1�WY.CE7:KWX_�IaJa.0:;pH:aE71�B�1?_ P JaqV:KB?1�_�IK:a.CML>�1�B�1�_?N

[�fiT q .0z_tpcXW � t_R_� 6HR_fgT h UXf r Ts[aR_WVuwfiT ]+fiWVr U,. . r0�_UXf�xdUXR_fR. [^rsUl� �_fgT fgcX[aWVrsUXW54�{_fiR
6HcXfi�JrsTsPQR � 0 tp� clfgPaR -Jr Tsfit_t_R h j�[ [aW fiUXR_cX[atpuwfiR_�_f=6Hclfg�}r TVPQR . U�rd�_f3. 	 UXfiTsfiTsUX.0z_tpcXW
p �ZUlTs� [/.V:HTsParsPQR h fgWVrsTsfitpr)t_R_� c`e^tpu r t_RJrsfgTH�_fR. h [^]+PQT �ZUlR_�afgc θ .0Ulr �pf3. 	 UlfgTVfgT �
UX.0z_t_clW p′ [^t_WgjU[ [aW 0 tp� clfgPQR ]_clfgUl]pr � ea{_TVfgR_� �_fiW - r TVfgt_zpTsPQoifgWsWVfgW U,. bdTst_R_�pogt �WVr [aR_��� � Pa] fiU fiWy�_fgR h fgW [N. r fgR76HR_fiT h Ulf � t_R_� q .0z_t_clWVrsT [aR_W@uwfgTZ[atpuwR_U,. .�r j S fgU��_fiT
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- rsTsfgtpt_R h fiUXR_fiW&TsfgcX[^r U�O UXW@r UlWq4 {_fiR=6&clfg�}r TVPQR_W)[aR0fiUXR_fR.:TVt_{_fgRp�_fgR 0 t_�JcXfiPQR0��[aRpR �_Ulf
pZt_{_f3. [aWVWsf �_fiWf6&clfg�}r TVPQR_W OQfgTsR_[/4�{_c`eaWVWsU h r � fiTs�_fiR�j�[�UlfY6HR_fgT h Ulf E ′ �_fgW&[at_WVc`[^tpuwfgR ��_fiR 6HcXfi�}r TsPaR_WyUXW@ry�afgUlR_f t_R_[a]_{keaR h U h f 	)[aTsUX[a]_clfaj ;�tpWK6HR_fiT h Ulf � tpR_� q . z_tpcXWsfiTs{k[^c �
r tpR h uwPQc h r �+�k[/?�WsUlf �JUlR_f3. [^rsUXW54�{ �_tpT54�{ �_Ulf]6&RpfgT h UXfL�_fgWBfiUXRpc`[atpuwfiR_�_fiR 6HcXfi�}r TsPaR_W
E tpR_���pfgReh [a]+PaTsWVrsTsfgt �ZUXRp�afgc θ ] fiWVrsUX.=. r UXWVr�! � � fiUX��QTVz+fgTszpTsPQoif3? # j

E ′ =
E

1 + (2E/M) sin2(θ/2)
! � j,+ #

[ [aW [atpW h f r�[at_Wq4 {}r f S PQWVPQR v_]+fiTVr Tse h r �_fiR �Jtk[a�pT [^rsUXW54�{_fiR 	�UXfgTVfgTVUX.0z_t_clW Q2 �J�_fiTfgUlR_fG4 {_[aT [a�}rsfgTsUlWVr UlW54�{_f h�PQTsfiRJrso � q R}O^[aTVU`[aR}r f �_fiW - rsTsfgtpz_TsPQoifgWVWsfgW UlWVrg� [atpuy�k[aW 0yt �
�JcXfiPQR�jD6&TZUlWVr h f h fi]+fgR��_t_Tq4 {��

Q2 = 4EE ′ sin2(θ/2) ! �~j � #
[�Ulf$pZPQWsfiR ]pcXtprs{ � YkPQTq. fic h Ul]pr �_fgR.�_U,` fgTVfgR}r UXficXclfiR ^ UXTs�Jt_R h W �Jt_fiTsW54�{_R_UlrVryuwv_T �_Ulf
fgcX[aWVrsUXWq4 {pf$6HcXfg�}rsTsPQR � 0 t_�JclfgPQR � - rsTsfgtpt_R h [aR�� �N8����

dσ

dΩ
(E, θ) =

α2E ′

4E3 sin4(θ/2)

[(
(F p,n

1 )2 + κ2 τ (F p,n
2 )2

)
cos2(θ/2)+

2 τ (F p,n
1 + κF p,n

2 )2 sin2(θ/2)
] ! � j92 #

[�fiT��JUXRpf3. [^r UlW54�{_f Y\[a�}r PQT τ UlWVr.�_f
	kR_UXfiTVrn[^cXW τ ≡ Q2/4m2
N
t_R_� κ UlWVr.�k[^W[aR_P/. [^cXf . [ h Rpfir UlW54�{_f�m�Po.0fgR}r �pfgW 0yt_�JcXfgPaR_Wgj F1

t_R_� F2
WsUXRp� �_UlfC: [at_cXU � t_R_�

[�UlT [/4 � YkPQTq. u [a�}r PaTsfgR j(-~Ulf ��QR_RpfgR
�pt_T54�{
�pUXf ficXfi�JrsTsUlW54�{_fgR !	6 # t_R_�e. [ h R_f r UlW54�{_fgR
! m # -p[/4�{_W � YkPQT5. u [a�}r PaTsfgR

GE = F1 − τF2 GM = F1 + F2
! � j>8 #

[at_W h fg�pTsvI4��}r � fgTV�_fgR jK;�t_W m�fiWsWstpR h fgR oitI. h clfgU,4 {_fiR Q2 t_RJrsfgT�OQfiTsW54�{_Ulfg�_fiR_fgR
- rsTsfgt �ZUXR_�^fgcXR θ ��QRpR_fgR �pUXf�ficXfi�JrsTsUlW54�{_fgR�t_R_� . [ h Rpfir UlW54�{_fgR�YkPQTq.0u [^�JrsPQTsfiR Wsf �
zk[aTVUXfiTVr � fgTs�pfgR�j

�����  � � �,��&����.	�� ��	 �� 	)�'
 	�� ��� � � 	 �� ��	

[�UlfY: [aTsU�r�e^rsWsPQz+fiT [^rsUXPQR : ]+fiW54�{_TsfiUX]pr&�_UlfY:Ht_R_�}rsWsz_Ulf h ficXt_R h fgUXRpfgW z_{J| WsUl��[aclUXWq4 {_fiR
� t_W@r�[aR_�pW [N. x P PQTs�pUXRk[^rsfgRJt_TsWVz_Tst_R h jN-~UXf)UlWVr UX. p [N. fiR��_fiT \ tk[aRJrsfgRI.0f34�{k[^R_UX�dfgU �
R_f UlR_R_fiTsf^�p�pUXWs�JTsf r f<- |�.=.0fir TVUXf r T [^R_WVuwPQTq. [^r U�PQR j Y v_T fiUXR_f�WV��[acX[aTsf ^ fgclcXfiRpuwt_R_�}r UlPQR
Ψ ]_o��Bj\fgUlR7[ UXT [N4iuwficX� ΨD

h Ulclr��
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PΨ(~x, t) = Ψ(−~x, t) bzw. PΨD(~x, t) = γ0ΨD(−~x, t) ! �~j � #
Y v_T��pUXfP6HU h fgR�� fgT@r f��_fgW : [aTsU�r�e�r WsPQz+fiT [^rsPQTsW"uwPQc h r��_[aT [atpWg�y�k[/?�WsUlf�fiRJr � fi�_fgT

π = +1 P �_fgT π = −1 WsUXRp��j�6HUlR_f ]+fiWsPQR_�pfgTsf 6HU h fgRpW54�{k[^u r&�_fiT&Wq4 { � [/4�{_fiR ^ f34�{_WVfgc �
�ZUXTV�Jt_R h UlWVrZ�_Ulf 	&fgTVcXfirsogt_R h �_fgTS: [^TsUlr e^r �p� j {�jkWVUXfd{_fg]~r �pUXf$-~z_Ulf h ficXW@|g.=.0fir TVUXf [atpu
t_R_�3Wsf r o r WsP �_Ulf 6 T~UlWVr fiR_o.fgUlR_fgT 	&PQTVogt h WV{keaR_�pU h �afiUlr OQPQTs[at_Wgj � t_T0m�fiWsWVt_R h �_fiT
: [aTVUlr�e�r WVOQfiTsclfir oit_R h �ZUXTV� fiUXR 6UT~z+fgTsU,. fiRJrG. U�r WVfgUXRpf3. h fiWsz_Ulf h ficlrsfgR�OQfiT h cXUX4�{_fiR��
� Pa] fiU �_fgT ^ UXTV� tpR h W �Jt_fiTsWq4 {_R_UlrVr0fgUXRpf"zpWsfgtp�_PQWs��[^c`[aTVf.x Po. z+PaR_fgR}r f�fgR}r {ke^clr � �_Ulf
UX. h fgWVz_UXf h ficlr fiRe6UTpz+fiTsU,. fiRJr UX{pT�	&PQTVogfgU,4 {pfgR
e^R_�_fgT@r�tpR_�nWVP �pUXfB]+fgUX�pfgR�-J|~W@r fR. f
t_R}r fgTVW54�{_fgUl�_]k[^T . [N4 {}r j q . Y\[aclclf"�_fiW ;K8 � 6UTpz+fiTsU,. fiRJr fiW �ZUXTV���_Ulfnm�fgWVWst_R h [/.
-~z_Ulf h ficXf T~z+fgTsU,. fiRJrL�_t_Tq4 {1�_Ulf � .0�afi{_Tst_R h �_fgT �yfgclUXoiUlr�e�r �_fiW=6Hclfg�}r TVPQR_fgRpWVr Ts[a{_clW
fgTq.  h cXUZ4 {}r jg[ UXf �yfgclUXoiUlr�e�r UXWVr fgUXRpf z_WVfgt_�_PaWs��[acX[aTsfBbBT o?Qf�tpR_�"]+fiW54�{_TsfiUX]pr �_UXf�:HTsP �
/Vfg�}rsUXPQR"�_fiWK-~z_UlR_Wy[atpu �_UXf q .0z_t_clWsTsU,4 {}r t_R h �

H =
~s · ~p
|~s||~p|

! � j9i #
q .5Y\[^cXclfBfgUXRpfgT cXPQR h Ulrst_�_UlRk[^clfiR7;�t_WVTsUX4�{}r t_R h �pfgWd6Hclfg�}r TVPQR_fiR_Wsz_UlR_W oitI. q .0z_t_cXW
UXW@r H = ±1 � ]+fgU rsT [aRpWVOQfgTVW [aclfgT]; t_WsTVUX4�{Jr tpR h UXW@r H = 0 j [�UXfC: [aTVUlr e^r W@r T [aRpWVuwPQT �
. [^r UlPQRneaRp�_fgT@rd�pUXf pyU,4 {}r t_R h �pfgW q . zpt_cXWVfgWg� [a]+fgT�R_U,4 {}r �_Ulf pyU,4 {}r t_R h �_fiW<-~z_UlR_Wgj
[ [aW)]+fi�_fgt~r firg� �k[/? �_UlfS: [aTVUlr e^r WVPQz+fgTs[^r UlPQR cXUXRp� WV{keaR_�pU h f�!h�# UXR Tsf34�{JrsWs{ke^R_�_U h f !	p #
a fgUlcX4�{_fgR"OQfiT � [aR_�_ficlr tpR_��t . h fi�afg{pTVr j\Y vpTS6Hclfg�}r TVPQR_fgR h UXc�r �

P |eL〉 = |eR〉 P |eR〉 = |eL〉 ! �~j � #
[�UlfgW ��[^R_R [^t_W h fgR t~r oir � fgTV�_fgR � tI. �_Ulf7: [aTsU�r�e�r WVOQfiTsclfir oit_R h UXR �pfgTG- rsTsfit_t_R h
OQPQRncXUlR_�JW � ]_o��Bj TsfR4 {}r WV{keaR_�_U h z Pac`[aTVUXWVUlfgTVrsfgR76HcXfi�JrsTsPQRpfgR [^Rnt_R_z+PQcX[aTsUlWsUlfgT@r fiRe:HTsP �
r PaR_fgR oit t_RJrsfgTVWstI4�{_fgR�jg[�fiT ^ UXTs�Jt_R h W �Jt_fiTsW54�{_R_UlrVr σ �_UlfgWVfgT pyfg[a�}r UXPaR0]+fgW@r fi{Jr [atpWuwPQc h fgRp�_fgR.x Po.0z+PQR_fgR}r fiR��

σ ∝ |Mγ +MZ0|2 = |Mγ|2
︸ ︷︷ ︸

∝ 1
Q4

+2
∣
∣M∗

γMZ0

∣
∣

︸ ︷︷ ︸

∝ 1
Q2

1

Q2+M2
Z0

+ |MZ0|2
︸ ︷︷ ︸

∝ 1

(Q2+M2
Z0 )2

! � j9@ #

[�fiT0fiTsWVrsf a fgTq. ] fiW54�{_TVfgUX]~r �_Ulf�zk[aTsU�r�e^rsWsfiTs{k[ac�r fiR_�_fa� TsfiUXR1fgclfg�}r TVPo. [ h R_f r UlW54�{_f
^ f34�{_Wsfic �ZUlTs�Jt_R h j [�fgT�o�� fiUlr f UXW@r��_fgT q R}r fgT@uwfgTVfgR_o r fgTq. o��ZUXW54�{_fiR fgclfg�}r TVPo. [ h R_f r U �
W54�{_fiT t_Rp� zk[aTVUlr e^r WVOafgTsclfirsogfgRp�_fgT)W54�{�� [N4 {pfgT ^ fR4 {pWsfgc �ZUXTV�Jt_R h j S fiU q .0z_t_clWsv_]+fiTVr Tse �h fiR1]_UlW 4g[pj +"bBf 	 2/ 4 2 � �ZUXf WsUXf �_fgTVogfiUlr].0Ulr �_fiRn6HcXfi�JrsTsPQRpfgR_fiR_fgT h UXfiR OQPQR m#; �
m q [/. 6UT~z+fgTVUX.0fgRJr fgTVTsfiUX4�{ ]k[^T WVUXR_��� � [aR_R � f h fgR �pfgT {_Pa{_fgR mn[aWVWsf MZ0

�_fgW
Z0 � S PQWsPQRpW �_fgT �_TVUlrVr f a fgTq.5OafgTsR_[/4 {pc`eaWVWsU h r � fiTs�_fiR�jM[�UXf 	&fiT eaR_�pfgTstpR h �_fiW ^ UXT ��Jt_R h W �Jt_fgTsW54�{_R_UlrsrsWL�_t_Tq4 { �_Ulf W54�{ � [/4�{_f ^ fR4 {_WVfgc �ZUXTs�Jt_R h UXW@rL[^]+fgT oit �JcXfiUXR�� tI.
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WsUlf��_UXTVfg�}rm. fiWsWVfgR"oit���QR_R_fiR�j ;�t_W �_UlfgWsfR. bdTst_Rp�C.0UX?^rl. [^R R_U,4 {}r �_UXfK[�U,` fgTVfgR_o^�
WsPaR_�_fgTVR �_UXf ;�W@|�. .0firsTsUXf��_fgW ^ UlTs�Jt_R h W �Jt_fgTVW54�{kR_U�rsrsWdOQPaR clUXR_�JW � t_R_� TsfR4 {}r Ws{_eaR �
�_U h z+PQcX[aTsUlWsUlfiTVr fiR#6&clfg�}r TVPQR_fiR�j([�UXfBzk[aTVUlr�e�r WVOQfiTsclfir oifgR_�pf�; WV|�.=. f r TsUlfBUlWVry�_f
	kR_UlfgTVr
[aclW��

APV ≡
σR − σL

σR + σL

! � j9b #

[�Ulf z_[aTsU�r�e^rsWsfgTV{k[ac�r fgRp�_f)ficXfg�}rsTsPo. [ h Rpfir UlW54�{_f ^ f34�{_Wsfic �ZUlTs�Jt_R h �pfgW fgTsW@r fgR a fiT5.0W
u eaclclr {_UlfgTV]+fgU�{pfgT [^t_Wgj
m�U�r � UlcluwfL�pfgT�-p[/4�{_W � YkPQT5. u [a�}r PaTsfgR Gp,n

E,M
tpR_� �pfgTBfgclfg�}r TVPQW54�{�� [/4�{_fgR 	&fg�}rsPQT �

uwPQTq.0u [a�}rsPQTsfiR G̃p
E,M
��[aR_R �_UXf ; WV|�. .0firsTsUlf�uwv_T0�_Ulf7- r Tsfit_t_R h OQPQR cXPQR h Ulrst_�_UlRk[^c

z+PQcX[aTsUlWsUlfiTVr fiR=6HcXfi�JrsTsPQRpfgR [aR0t_Rpz+PQc`[aTVUXWVUXfiTVrsfgR=:HTsP^r PQR_fiR �ZUlf uwPQc h rH�k[aT h fgWVrsfgclclr � fgT �
�_fiR\� �/2����

APV = [
−GFQ

2

4πα
√
2
]× ! �~jZ+ � #

εG̃p
EG

p
E + τG̃p

MGp
M − (1− 4 sin2 θW )

√
1− ε2

√

τ (1 + τ)Gp
AG

p
M

ε(Gp
E)

2 + τ(Gp
M)2

� UlfgTV]+fgU WsUXRp��� GF = 1.1664 × 10−5 GeV −2 �_UXf
YkfiT5.0U � x PQzpz_clt_R h Ws�aPQR_W@r�[aR}r f^�
τ = Q2/4m2

N
�_fiT {_[acX]+f 6HR_fgT h UXfiv_]+fgT@r T [ h [^tpu �k[aW$:&TVPar PaR�� α �_UXf YkfgUlR_WVrsTst_�}r t_T ��aPQR_W@r�[aR}r f^� ε = [1 + 2(1 + τ) tan2(θ/2)]

−1 �_Ulf=: PQc`[aTVUXWs[^r U�PQR �_fiWBO UXT@r t_ficXclfgR :&{pP �
r PaR_Wg� θ �pfgT h [a]+PQT � - r TVfgt �ZUXR_�afic � θW �_fiTyW54�{�� [/4 {pf m.UXW54�{Jt_R h W��ZUXR_�afic t_Rp� Q2 �_fiTq .0z_t_cXWVv_]+fgT@r Ts[ h j
m�U�r��_fgR S fiUlr Tse h fiRn�_fgTd- rsT [aR h f � \dt_[aTs�JW�oit �_fiR 	Hfg�}r PQT@uwPQT5. u [a�}r PaTsfgRn�pfgWd0yt �
�JcXfiPQR_W Gs

E,M
t_Rp�3�_fiR3WVr Ts[aR h fiR_fgWVW0t_Rk[a]_{_eaR h U h fgR fgclfg�}r TVPo. [ h R_firsUXWq4 {pfgR -p[/4�{_W �

uwPQTq.0u [a�}rsPQTsfiR Gp,n
E,M
��QRpR_fgR �_Ulf&fgclfg�}r TVPQW54�{�� [/4 {pfgR 	&fg�}r PaTVuwPQTq.0u [^�JrsPQTsfiR G̃p

E,M
�ZUXf

uwPQc h r �k[^T h fiWVr ficXc�r � fgTs�pfgR��

G̃p
E,M = (1− 4 sin2 θW )Gp

E,M −Gn
E,M −Gs

E,M
! �~jZ+o+ #

q R S PQTsRpW54�{_fgTd0 ea{_fiTst_R h fgTV{keaclr . [^R
[at_WdbBclfgU,4 {Jt_R h �~jZ+o+ t_R_� bBclfgUX4�{Jt_R h �~j,+ �
uwv_T �_UXfdzk[^TsUlr e^r W@OQfgTVcXfirsogfiR_�_f<;�WV|�.=.0fir TVUXf �
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APV = AV + AS + AA
! �~jZ+ � #

= [
−GFQ

2

4πα
√
2
]×

{(1− 4 sin2 θW )− εGp
EG

n
E + τGp

MGn
M

ε(Gp
E)

2 + τ(Gp
M)2

− ! �~jZ+W2 #
εGp
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ε(Gp
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− ! �~jZ+ 8 #
(1− 4 sin2 θW )

√
1− ε2

√

τ (1 + τ)Gp
MGp
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ε(Gp
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2 + τ(Gp
M)2

} ! �~jZ+ � #

[�fiT a fiT5. �~jZ+W2 (AV )
]+fgWq4�{_TsfiUX]pr {_UXfiTs]+fgU&�_Ulf=; WV|�. .0firsTsUlf0PQ{pR_fG- rsT [aR h fgR_fiWsW �S fiUlr Ts[ h j'[�fgT a fiT5. � j,+ 8 (AS)

fiRJr {_eaclr0�_Ulf S fiUlrsT e h f"�pfgT0Wsfgc�r Ws[/. fiR \ tk[aTV� W0ogt
�_fiR 	&fg�}r PaTVuwPQTq.0u [a�}rsPQTsfiR3�_fiW 0 t_�JcXfiPQR_W t_R_� �_fiT a fiT5. �~jZ+ � (AA)

�pfgR S fiUlr Ts[ h
�_fiT�; TpUX[aclOQfi�}r PQTV�aPQz_z_clt_R h jQ[�fiT W54�{�� [/4�{_f ; T~U`[ac�uwPQT5. u [a�}rsPQT Gp

A
UXW@rd[^tpu h TstpR_�
�_fgW

	&PQT@u [a�}r PQTVW (1− sin2 θW ) ' 0.08 W@r�[aTV� t_RJrsfgTV�_TsvI4��}r j
[�UlfB� UlR_f3. [^rsUXW54�{_fiR�Y\[a�}r PQTVfgR ε t_R_� τ WsUXRp�.OQP/. q .0z_t_clWsv_]+fiTVr Ts[ h Q2 t_R_�.OQPo.

h [a]+PQTVWVr TVfgt �ZUXR_�afic θ [a]_{_eaR h U h j�[�UXf YkPaT5. u [a�}r PQTVfgR�UlR
bBclfgU,4 {Jt_R h �~j,+ � rsT [ h fgRn�k[ �{_fiT t_R}r fgTVW54�{_UXfi�_clUX4�{ oit_T�; WV|�.=. f r TsUlf�]+fgU j � R}r fgT 	&PQT � eaTVrsWsWVrsTsfgt �ZUXRp�afgcXR θ < 90◦�_Po.0UXRpUlfgTVr Gs
E
v_]+fiT Gs

M
� � ea{pTsfgRp� t_R}r fiT pZvI4 � � eaTVrsWsWVrsTsfgt �yUlR_�afgclR Gs

M
]+f h v_R �

WVrsU h r�t_R_� Gs
E
tpRJr fiTs�_TVvI4��}r �ZUXTV��j Y v_{_T@r . [aR m�fiWsWst_R h fgR1t_RJrsfgT 	&PQT � eaTVrsW � t_R_�

pZvI4 � � eaTVrsWsWVrsTsfgt �yUlR_�afgclR ]+fgU h clfgU,4 {_fR. Q2 �_t_Tq4 {��)��[aR_R . [^R�RpUX4�{Jr R t_T h�UXRpf [aT �
�aPo.L]_UlRk[^rsUXPaR_fgRnOQPQR Gs

E
t_R_� Gs

M
]+fgW@r UX.=.0fgR�� WsPQRp�_fgTVR ]+fiUX�_f YkPQT5. u [a�}r PQTVfgRnuwv_T

�_UlfgWsfiR q .0z_t_clWsv_]+fiTVr Ts[ h Wsfizk[aTVUXfgTVfgR�j

����� ����&���� ��+���� 	������ �	�� ������ � � ��
 � 	�	 � 	����	)�

[�fiT PQzpr U,. [^clf��JUXR_fR. [�r UXWq4 {pf S fiTsfgU,4 { ogt_T [�t_T54�{puwv_{pTst_R h fiUXRpfgW 6UT~z+fgTVUX.0fgRJrsfgW
�ZUXTV� �_t_Tq4 { fiUXR_fiR WVr [^r UlWVr UlW54�{_fiR�bdvpr f u [a�}r PQT&]+fgW54�{_TVUXfg]+fiR��~�_fiT [atI4�{ Y U h t_Tsf Pau m�f �
TsU�r ! Y�- m # h fgR_[aR_RJr �ZUXTV��j![ [aW mn[�TpU,.LtI. �_fgT Y -Bm h UX]pr [^R���� [aR_R δA/A .0UXR_U,.0[ac
UXW@r �k]po��Bj(.0Ulr � ficX4�{_fgT xdUXR_fR. [�r Ul� UXR.fiUXR_fiTZOQPQT h f h fg]+fgRpfgR � fiUlrZ�_fgTy�JcXfiUXR_W@r fBWVr [^r U �
WVrsUXWq4 {_f0Ykfg{_clfgTdUlR �_fgT<; WV|�. .0firsTsUlf3.0fgWVWst_R h ogt fgTsTVfgU,4 {_fiR UlWVr jM[ fgT xBfi{_T � fgTVr �_fgW
bdvpr f u [a�}r PQTVW UlWVr ]+fiU fiUXR_fiT uwfiWVrsfgR m�fR?Q�k[^t_fgT z_TVPQz+PQTVrsUXPQR_[acZoitI. m�fR?auwfg{pcXfiTgj [ UXf
Y -Bm�UXWVr �ZUlfduwPac h r �_f�	kRpUXfgT@r �

FOM = A2 · dσ
dΩ

! �~jZ+Wi #
Y v_T �k[aW ;K8 � 6UT~z+fgTsU,.0fgRJr �Zt_TV�_f WsPL�_fiT ^ UlR_�aficX]+fgTVfgU,4 { ]+fiWVrsUX.=.Lrg�JUXR �_fR. . [aR
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]+fgU h f h fi]+fgR_fiTZm�f3?Q�_[at_fgT t_R_� fgUlR_f3. h f h fg]+fiR_fgR#\ 2 �pUXf �JcXfiUXR_W@r f WVr�[�r UXW@r UXWq4�{_f � R �WsU,4 {pfgTs{pfgU�r)UXR �_fiT ; WV|�. .0firsTsUlfZfiTs{ke^clrgj�[�fgT)Ul�_fg[acXf - r TVfgt��ZUlR_�afic��ZtpTs�_fyU,. p [^{I. fiR
fgUlR_fgT [�PQ�}r PQTs[aTs]+fiUlr �Z+ 2�� ]+fiU fiUXR_fR. q . z_tpcXWsvp]+fgTVrsT [ h OQPQR \ 2 ���~� �a� � bBf 	 2/ 4 2

! �pUXfgW fgR}r WszpTsUX4�{}r fiUXR_fiTS6Hclfg�}r TVPQR_fgRpfgR_fiT h UlfBOQPQR7@}�!8_�92 m�f 	&# ogt θ = 35◦ ]+fiWVr U,.=.Lr
! WVUXfi{_f<;�]_] j � j � # j
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M
2

35B�
 _�.0JK:L35_�.01ON

Y v_TBm.fgWsWVt_R h fiR t_RJrsfgT<pZvI4�� � eaTVrsWsW@r Tsfit��yUlR_�afgclR UXW@rd�_Ulf bdfgPo.0firsTsUXf^� tpR_� WsPo.0Ulr
[atI4�{ �_fiT - r TVfgt �ZUXR_�afic OQPaR θ ��+38J� ◦ �_fiW [�f r fg�}rsPQTsW �_t_Tq4 { WsfiUXR_f S [atk[aT@rLW54�{_PQROQPQT h f h fg]+fgR jg[ [^{_fgT&]+fgW54�{_TVfgUl]pr �_UXfZY -Bm�{pUXfgTH�_Ulf ; ]_{keaR h U h �afiUlrH�_fgT&WVr [^r UlWVr UlW54�{_fiR� RpWsUX4�{_fiTs{_fiUlrZOQPo. q . z_tpcXWsvp]+fgTVrsT [ h !wWsUXfi{_f<; ]_]�j+�~j>2 # j

;�tpWy�_fiTS[�f�	_R_UlrsUXPQR�OaPQR#;
Roh

! � j,+�� #@c`eN?ar WsU,4 {"v_]+fgTZ�_fiTsfgR�Y\fi{_clfgT �_Ulfd. UlR_U,. [^clf
bdfgW [N.Lrso [^{_cH�pfgTBfgcX[aWVrsUXW54�{_fiR -Jr Tsfit_fgTVfgU h R_UXWVWsf=0

Min
[a]_clfgUlrsfgR�� �_Ulf oitI. 6HTVTsfgU,4�{_fgR

fgUlR_fgT ]+fgW@r UX.=. r fiR WVr [^r UlWVr UlW54�{_fgR"bdfgRk[^t_U h �afgUlr R�^r U h UXW@r jpm�U�r � Ulcluwfy�_fiTZbB[atI?aW54�{_fgR
Ykfg{pcXfgT@uwPQTVrsz$#\[aRpogt_R h � �_fgT ; R_Rk[a{ . f h TsP/?QfgT � e^{_cXTs[^r fiR�� WsP1�k[/? δN± =

√
N± �

δN+ ' δN− t_Rp� N+ ' N− �~t_R_���k[ �_Ulf�fgT � [aTVrsfirsfd; WV|�. .0f r TsUlf�UlR �_fiTZbdT o?QfiR �
PQTV�_R t_R h 10−5 clUXf h r � uwPQc h rZ[at_W bdcXfiUX4�{ t_R h 2~j,+ �

δARoh =

√

1− (ARoh)2√
N+ +N−

' 1√
N

! �~jZ+�� #
� . �_Ulf � ea{_clT [^rsfgRk[^WV|�. .0f r TsU�f ;

Roh
.0Ulr fgUlR_f3.<Ykfi{_cXfiT OQPQRG+ ��� oitL]+fgWVrsUX.=. fiR��

uwPQc h r uwv_TB�_Ulf .0UXR_U,.0[ac�f ;�R_og[a{_c&�pfgT U,. [�f r fg�}rsPQT�oit Tsf h UXW@r TVUXfgTVfgR_�pfgR fgcX[aWVrsUXW54�{_fiR
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θ ���	��
 ◦ 35B�
 _�.0JK:L35_�.01ON

6HTsfiU h R_UlWsWVf$0
Min
[atpW bBclfgUX4�{ tpR h �~j,+�� �

NMin ≥ (10%× ARoh)
2 ! �~jZ+W@ #

S fiU m�fgWsWVt_R h fiRLtpRJr fiT 	&PQT � eaTVr WVWVrsTsfgt �ZUXRp�afgcXR OQPaR θ � 35◦ t_R_� �_fiT OQfiT � fgR_�_firsfgR6HcXfi�JrsTsPQRpfgR_W@r T [^{_cXfiR_fgT h UXfZOQPQRG@Q�N8_�>2 m�f 	 !w�_UXfiW)fgRJrsWsz_TVUX4�{Jr fiUXRpf3. q . zpt_cXWVv_]+fgT@r T [ h
OQPQR \ 2 � �p� �Q� � bBf 	 2/ 4 2 # UXWVr ]+fgU fiUXR_fR. - rsTsfit��ZUXRp�afgc�OQPQR 2}� ◦ �_UXf ; WV|�. .0f �
r TVUXf PQ{pR_f - rsT [aR h fgRpfgWsW � S fiUlrsT [ h ;

0
� ! � ip�>2Q� ± �p�c8�2 #Bz_z .�j)6HW . vpWsWsfiR1[acXWVPe4 [pj

NMin = 2 · 1012 fic`[aW@r UXWq4 { h fgW@r Tsfitpr f 6&clfg�}r TVPQR_fiR�UX. [�f r fg�}rsPQT TVf h UlWVr TVUXfiTVr � fgT �
�_fiR�� t . �_UXf h fiuwPQTV�_fgT@r f�bdfgRk[atpU h �afiUlr&ogt fgTVTsfiUX4�{_fgR�j�[�UlfgW)fgR}r WVz_TsU,4 {}r fiUXR_fiT m.f3?QoifgUlr
OQPQR 4 [pj ia�Q�n{1]+fiU fiUXRpf3. 6HcXfi�}r TsPaR_fgR_W@r TsP/. OQPQR3�a� µ ; tpR_�1fgUlR_fgT : PQc`[^TsUXWs[^r U�PQROQPQRe@Q�7��j ^ fgT@r f^�+t .��_Ulf h cXfiUX4�{_fBW@r�[^rsUXW@r UXWq4 {pf bdfgRk[^t_U h �afgUlr uwvpT�m.fgWsWVt_R h fiR tpRJr fiT
pZvI4 � � eaTVrsW �ZUXRp�afgcXR OQPQR θ � +38J� ◦ oit fgTsTVfgU,4 {_fiR���WVUXR_� UXR a [a]+fgclcXf �~jZ+0[aR h f h fi]+fgR�j
[�Ulf m�f3?aogfgU�r fiRLOQfgTs�Jv_TVogfiR0WsU,4 {LU,. 	&fgT h cXfiUX4�{ ogt 	&PaT � eaT@r WVWVr TVfgt �ZUXR_�afic � m�fgWsWVt_R h fgR��
�k[ {pUXfgT fiUXR3�_Paz_z+fgc�r0WVP cX[aR h fiW a [aT h f r0OafgT � fgR_�_fir �ZUlTs�1t_R_� �pUXf�ogt .0fiWsWsfiR_�_fiR
;�W@|�. .0firsTsUXfiR"tI.14g[pjkfiUXR_f bBT /?QfgRpPQTs�_RJt_R h {�Q{_fiTZWsUXRp��j
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6 �d2}�^�}m�f 	 6 �B�g+ �0m�f 	
Q2 �~� �N2 GeV 2/c2 �~�>8o@ GeV 2/c2

dσ/dΩ + �~�9bN8 nb/sr 2~� �/2 nb/sr
σ @p�Z+W@ nb �~� �/8 nb6&cX[aWVrsUXWq4 {_f<p [�r f @/i/8 kHz �g+Wi kHz;�WV|�.=. f r TVUXf A0 − +Wip� �Q� ppm − 2oip� � � ppmS fgR�^r U h r fdfgcX[aWVrsUXWq4 {pf$6HTsfgU h R_UlWsWVf$0

Min 5, 6 · 1011 1, 17 · 1011

6&T@uwPQTs�pfgTsclUX4�{_f m�fR?QogfiUlrZuwvpT ∆ ;��N; � + ��� + @}� h + �/2 h
��� ��������� &)(�*,+ � .	� @ .0WXJa.01AB�1�Ja.0: � �?ML]����5:KJaILIKJK:a.0B���WX1�]�.0UX1ON

 WY. ��.	� @ . WXJa.01�QT.0@CWY.0>?.01 IKWYML>�35B�
D.0WX1?.01 P JK:a.0B���WX1�] .0U ��SV1
θ � �	��
 ◦ N  WY.

�H35B�2 ��WX1�] .0Uc35]�@ .0=�JL351�@AE�.CI�
 35UYSV:KWX2 .0Ja.0:aI QT.0JK: �5_ J
∆Ω = 0, 63 sr

N  WY.
� B�2 WX1?S IKWXJ �5J�WYIaJ

L = 1, 06 · 1038s−1 · cm−2
QT.0W#.0WX1?.02 P JK:L35>�UYIKJK:aSV2 ��SV1

� � ��� µ
F B�1?E B�1�Ja.0: !D.0:�� .01?E7B�1�_f.0WX1?.CI ��� M02 Uc351�_�.01�#35:K_�.0JaI N  WY.

_�. � ��1?IaML>�Ja.nIKJL35JKWYIKJKWYILML>?.n8�.01,35B�WX_ ] .0WXJ QT.0JK: �5_ J
∆A/A = 10%
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q R ;�]p]�jg2pjZ+ UXWVr)�k[aW h TVt_R_�_clf h fiR_�_f �aPQRpogfizpr UlPQR_fgclc\Wsfg{pT fiUXRpu [N4 {_f�m�f3?az_TsUlR_ogUlz �_fgW
;K8 � 6UT~z+fgTsU,. fiRJrsWB�k[aT h fgW@r ficXclrgj ;�R fgUlR_f3. t_R_z+PQcX[aTsUlWsUlfgT@r fgR :HTsParsPQR �_a [^T h f r � fgTs�pfgR
z+PQcX[aTsUlWsUlfiTVr f�6Hclfg�}r TVPQR_fgR h fgW@r TVfgtprgj�[�UlfgWsf � fiTs�_fiR�UXR�fiUXR_fR. �_f
	kR_UlfgTVrsfgR#p [at . �ZUlR �
�afgcl]+fgTVfgU,4 { OQPQR fgUlR_fR.�xB[aclPQTsU,. fir fiT�Rk[/4�{ h f��ZUXfiWsfiR�j�[�[a]+fgU � fiTs�_fiR �_Ulf � ea{_clT [^r fiR
uwv_T �pUXfn]+fiUX�_fiR : PQcX[aTsUlW [^rsUlPaR_WsTVUX4�{}r t_R h fgR��_fgWC6HcXfi�}r TsPaR_fgR_W@r T [^{_cXW h f3.0fiWsWsfiR�jm; t_W
�_fiR h f�� PQR_RpfgR_fiRk[ [^rsfgR � [aR_R �k[aR_R �pUXf � ea{_clT [�r fgR_[aWV|�.=. f r TsUlf �_fiT fgc`[^WVr UlW54�{ [/.
t_R_z+Pac`[aTVUXWsUlfiTVr fiR :HTsP^r PQR �_a [^T h f r h fgWVrsTsfitpr fiRj6HcXfi�JrsTsPQR_fiR ]+fiWVr U,. . r � fiTs�_fiR�j [ UXf
� ea{_clT [^rsfgRk[^WV|�. .0f r TsUlfK;

Roh
UXW@r �ZUXf uwPQc h r �_f
	kR_UXfiTVr��

ARoh =
N+ −N−

N+ +N−

!	2~j,+ #

0 ± UXW@r��_Ulf ; R_o [a{pc �_fgT.UX. xB[aclPQTsU,. firsfgT�Rk[/4�{ h f��ZUXfgWVfgR_fiR-fgcX[aWVrsUXWq4 { h fgWVrsTsfgt �
r fiR TsfR4 {}r WV{keaR_�_U h ! + # ]_o��Bj clUXR_�JWs{_eaR_�_U h z+PQcX[aTsUlWsUlfiTVr fiR ! − # 6&clfg�}r TVPQR_fiR ] fiogv h^�
cXU,4�{3�_fiT clPQR h U�r t_�pUlRk[ac�fgRn: PQc`[^TsUXWs[^r U�PQR_WVTsU,4�{Jr tpR h �pfgW 6HcXfi�JrsTsPQRpfgR_W@r T [^{_cXWij ; t_W �_fiT
h fR. fiWsWsfiR_fiR ;�WV|�.=. f r TVUXfG;

Roh
��[aR_R1�_UXf z_{}| WsUX� [acXUlW54�{_fC; WV|�. .0firsTsUlf h f�� PQR_R_fiR

� fiTs�_fiR�jyxdclfgUXRpf
	�Rp�_fgTVt_R h fiR �_fgT#- rsT [a{_clzk[aTs[/.0fir fiT � ea{_TVfgR_� �_fiW � .0W54�{k[aclrsfgR_W
�_fiT - rsT [a{_clz+PQc`[^TsU�W [^rsUlPaR OaPQR + Rk[/4�{ − ]+f��ZUXTV�afgR �JcXfgUlR_f�	�R_�_fiTst_R h fgR1�_fiT � ea{pc �T [�r f�t_Rp�
TsfiWst_c�r UXfiTsfiRnUXR�WsP h fgRk[^R_RJrsfgRnu [acXWq4 {pfgRe;�WV|�.=. f r TVUXfgR j � tI. S fiUXWVz_UXfic TVtpu r
fgUlR_f�	 R_�_fiTst_R h �_fgW$-Jr TsP/. W�]+fiU �pfgT � .0W54�{k[ac�r t_R h �_fgTd: PQcX[aTsUlW [^rsUlPaR�OQPQR + Rk[/4�{
− fiUXR_f r TsU�O U`[aclf�	�Rp�_fgTVt_R h �_fiT h f3.0fgWVWsfiR_fgR � ea{pcXT [�r fgR N± {_fiTVOQPQTij q R e^{_R_cXU,4�{_fgT
^ fgUlWsf�TVtpu r fgUlR_f	�Rp�_fgTVt_R h �_fgTG-Jr T [^{_cXfiR_fgT h UXf"]_o��Bj)�_fgT - r Ts[a{_cXcX[ h f"fiUXR_f	 R_�_f �
TstpR h �_fiW ^ UXTV� tpR h W �Jt_fiTsWq4 {_R_U�rsr W)]_o��BjJ�_fiWl[�f r fi�JrsPQTsTs[atI. �ZUXRp�afgclW)� Ω {_fgT@OQPQTgj�; cXclf�_UlfgWsf#6'` fg�}rsf�TstpuwfiR3u [acXWq4 {pf � ea{pcXT [�r fgR_[aWV|�.=. f r TVUlfgR1{_fiTVOQPaT0t_R_� .Lv_WsWVfgR � f h fiR
�_fiT �JcXfiUXR_fiR bBT o?QfiR_PQTs�pR t_R h �_fgT];�WV|�.=. f r TVUXf OQPQR + � −6 f3.0z 	kR_�pcXU,4 { h fR. fiWsWsfiR
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� fiTs�_fiR�jY[ [aogt .Lv_WsWsfiR x PQTVTsfg�}rst_TsfiR [atpu h Tst_R_��OQPaR Y cXt_�}rstk[^r UlPQR_fiR��_fiT f T~z+fgTVU �
.0fgR}r fgclcXfiR S fi�_UXR h t_R h fiR�]+fiTsvI4��JWsU,4 {}r U h r � fgTV�_fgR �Z+/+5� j [�UlfgWVf�t_R}r fgT@r fiUXcXfiR3WsUX4�{ UXR
o�� fgUZxdc`[^WsWsfiR�� RkeN. clU,4 { -g4�{ � [aR_�Jt_R h fgR��&�_Ulf OQPaR3�_fR. � .0W54�{k[aclrsz_TsPaogf3? �_fiT=: P �
c`[^TsUlW [^rsUlPQRn{_fgT@OQPQT h fiTstpuwfiR � fgTs�pfgR !w{_fgclUXoiUlr�e�r WV�aPQTsTVfgclUlfgT@r fLY clt_�}r tk[�r UXPaR_fgR$#yt_R_� WsPQc �
4�{_fgR��_UXf��k[ OQPQR�tpRk[a]_{ke^R h U h WsUlR_� ! Y clt_�}r tk[�r UXPaR_fgR �_Ulf�R_U,4 {}r . U�r0�_fgT �yfgclUXogU�r�e�r
�aPQTVTsfgclUXfiTVr�WsUlR_�$# j � t
�_fiR RpUX4�{Jr {_ficXUXoiUlr e^r WV�aPQTsTVfgclUlfiTVr fiR
x PQTsTVfg�}r tpTsfgR h fg{ QTsfiR x PaT �
Tsfi�}r t_TVfgR"[^tpu h TstpR_� OQPQR a [aT h fir �pUX4�{Jrsf #kt_�}rstk[^r UlPQR_fiR�� 0yUX4�{JrscXUlR_f [^TsU�r e^rsfgR0�_fgT h�tI. U �
R_PQWVUlr e^r Wq. PQRpUlrsPQTVf t_R_� [�PQz_z+ficlr TVfR` fgTVR �_fgWl[ fir fi�}r PQTVWgjg[�Ulfyx PQTVTsfi�Jrst_TsfiR [atpu h Tst_R_�
OQPQR -g4�{�� [^R_�Jt_R h fgR"�_fgW -Jr TsP/. Wi�~�pfgTm6&RpfgT h UXf^�~�_fgW ^ UlR_�afgclW t_R_� �_fgTm: PQWVUlrsUXPQR �_fgW
6HcXfi�JrsTsPQRpfgR_W@r T [^{_cXW WsUXRp� WVP�� PQ{_c {_ficXUlogU�r�e^rsWs�aPQTVTsfgclUlfiTVrg��� fgRpR WsUlf � ea{_TVfgR_� �_fgT � . �
W54�{k[ac�r t_R h �_fiT': PQcX[aTsUlW [^rsUlPQR [atpu rsTsf r fgR �Q[acXW [atI4�{ R_UX4�{Jr .0Ulr �_fiT � ficXUXoiUlr e^r �aPQTVTsficXUXfiTVrg�
� fiR_RnWVUXfBo��ZUXWq4 {pfgRno�� fgU � .0W54�{k[^clrsOQPaT h eaR h fgR.[atpu rsTsfirsfgR�j�6HUXRpf � fgU�r fiTsf x PQTsTVfg�}r t_T
�aPo.=. ry[atpWy�_f3. : PQc`[^TsUXWs[^r U�PQR_W h T [^�"�_fiWK6Hclfg�}r TVPQR_fiR_WVr Ts[a{_clWgj�; t_Wy�_fiT h f uwPQTs�_fiTVrsfgR
bdfgRk[atpU h �afiUlr uwv_T��_Ulf S fgW@r U,. .Lt_R h �_fgT W@r T [^R h fgRpfgWsW � [a]p{keaR h U h fiR 	&fi�}r PQT@uwPQT5. u [a� �
r PaTsfgR b s

E,M
TsfiWst_c�r UXfiTVr fiUXRpf�Tsfic`[^rsUlOQf�bBfiRk[at_U h �afiUlr OQPQR + ���'P �_fiT �JcXfiUXR_fiTLUXR �_fiTS fiWVr U,. .LtpR h �_fgTZz_{}|~WVUX� [acXUlW54�{_fgR#;�W@|�. .0firsTsUlfaj

θ

Detektor

e -Strahl

TargetSpin

-

+ -
N ,N

θ

1

2

��������� ��!#"%$ �O(�*,+  3VI � .	� =�:KWX1�@CWX= E�.CI F � 6Gd��7=T.0:KWX2 .01�JaI N
i#SVUc35:KWYIKWY.0:KJa.�d�UY.0]�JK:aSV1?.01 � . :LE�.01 351 .0WX1?.02 B�1�=TSVUc35:KWYIKWY.0:KJa.01 -#U �?IaIKWX_V6
Z'3VILIa.0:aIKJaS��T6 �#35:K_�.0J�_�.CIKJK:a.0B�J B�1?EoE7WY. P JK:a.0B�:L35Ja.01 � .0:aE�.01 B�1�Ja.0: !�SV:�6
���5:KJaIaIKJK:a.0B���WX1�] .0UX1

Θ1

� SV1
35◦

Q�WYI
40◦

S�E�.0: B�1�Ja.0: � �?ML]����5:aJaIaIKJK:a.0B76
��WX1�]�.0UX1

Θ2

� SV1
140◦

Q�WYI
150◦

WX14.0WX1?.02 
 35UYSV:KWX2 .0Ja.0: E�.0Ja.0]�JKWY.0:KJ N�� B�:
� .CILIKB�1�_ B�1�Ja.0: � �?ML]����5:KJaI ��WX1�]�.0UX1 ��WX:aE E?3VI��#35:K_�.0J�_�.CE7:a.0>�J�B�1?E @CB�:
d�:K>?qV>�B�1�_�E?. : P JK:a.0B�:L35Ja.01�E7B�:aML>A.0WX1 U �51�_�.0:a.CI .0:aIa.0JK@CJ N

q . ; 8 � 6UT~z+fgTVUX.0fgR}r �ZtpTs�_f�]_UlW /Vf r o r t_RJrsfgT 	&PQT � eaTVrsW �ZUXRp�afgclR�]+fgU fgUlR_f3. - r TVfgt �
�ZUXRp�afgc_OQPaR 30◦ ]_UXW 40◦ h f3.0fgWsWVfgR�� m�fgWVWst_R h fgR t_R}r fgTfpyvI4�� � eaT@r W �ZUlR_�aficXR0OQPQR 140◦]_UlW 150◦ � fgTV�_fgR�uwPQc h fgR j � R}r fgT 	&PQT�� eaTVrsW �ZUlR_�afgclR�WVUXR_��]+fiTsfgU�r W m�fgWVWst_R h fgR .0Ulr
r Ts[aR_W@OQfgTsWs[ac t_R_�
clPQR h U�r t_�pUlRk[ac�z+PQc`[aTVUXWVUlfgT@r f3. 6HcXfi�}r PQR_fiR_WVrsT [a{_c ]+fiU - rsT [a{pcXfgRpfgT h UXfiR
OQPQR#@}�N8p�92 m�f 	<t_R_��� �a�p�c80m�f 	 �_t_Tq4 { h fiuwv_{pTVr � PaTs�_fiRk�Z+ b��9� �^���9� ��+5�9� �Q��� jD[�UlfgW fgR}r �



* �,�k� JML'���!�OP���Q�W��

 ��� EC���_&�BD� + �

WszpTsUX4�{Jr fgUlR_f3. q . zpt_cXWVv_]+fgT@r T [ h OQPQR \ 2 � �p� �/2 bdf 	 2 �N4 2 ]_o��Bj�\ 2 � �p�Z+o+ bdf 	 2 �N4 2 j� . [atpW0�_fiR�m�fgWVWst_R h fgR . U�r cXPQR h Ulrst_�_UlR_[ac z+PQcX[aTsUlWsUlfiTVr fR. - r Ts[a{_c �_Ulf"WsficlrsW [/.0fgR
fgclfg�}r TVUXWq4 {pfgR t_R_�n. [ h R_f r UXWq4 {pfgR YkPQTq.0u [a�}rsPQTsfiR1]+fgW@r UX.=.0fgR1oit ��QR_RpfgR��f.Lv_WVWsfgR
m�fiWsWstpR h fgR ]+fiU h clfgU,4 {_fR. q . z_tpcXWsvp]+fgTVrsT [ h t_RJrsfgTUpyvI4�� � eaT@r W �ZUlR_�aficXR �_tpT54�{ h fiuwvp{_TVr
� fiTs�_fiR�j S fiUd\ 2 �'�p� �/2 bBf 	 2 �!4 2 fiRJr WVz_TsU,4 {}r��_UlfgW fgUlR_fiTG6&clfg�}r PaR_fgR_fiR_fiT h UlfnOQPQR
2}�a� m�f 	Lj m.fgWsWVt_R h fiR t_R}r fiTCpZvI4���� eaTVrsW �ZUXRp�afgclR ]+fiUd\ 2 ���p�,+ � bdf 	 2 �N4 2 WVUXR_�]+fgTVfgU�r WdOQPaR �_fgT�-�;dme:fh�6 � x PQclc`[a]+PaT [^rsUlPaR �_tpT54�{ h f uwv_{_TVr � PQTV�_fgR j�6H]+fgR~u [acXclWdWVUXR_�
m�fiWsWstpR h fgR OQPQR �S;�:f:f6�� t_R}r fgT 	&PQT�� eaTVrsW �ZUlR_�afgclR ]+fiU�\ 2 � �~�>8o@ybdf 	 2 �N4 2 �_t_Tq4 { �h f uwv_{_TVr � PQTV�_fgR jD[�UlfgWVfdWVPQcXclfgR OQPo. ; 8 � 6UT~z+fgTVUX.0fgR}r t_RJrsfgTYpyv 4 � � e^TVr W��ZUXR_�aficXR"]+fiU
fgUlR_fgTS- r Ts[a{_clfgR_fiT h Ulf OQPaR
�g+ �0m�f 	*fiT h e^R_oir � fgTs�pfgR�j

� � � � � � 	�� ��� 	)� �	�����	 � � � ��� ���

m�U�r �_fgT 6HRJr �ZU,4 �JcXtpR h �_fiW ;K8 � 6UTpz+fiTsU,. fiRJr fiW
�Zt_Ts�pf�+Wbob/8�[/. q R_WVrsUlr t~r uwv_T xdfgTVR �
z_{}|~WVUX� �_fgT � PQ{k[aRpR_fgWybdtpr fiR ]+fgT h^��� R_UlOafgTsWVUlr e^rZmn[aUXRpo ]+f h PQR_R_fiR�jD[�fgTY; tpuw]k[^t"oit_T
m�fiWsWstpR h �_fgT zk[aTVUlr e^r W@OQfgTsclfirsogfiR_�_fgR 6Hclfg�}r TVPQR � :&TVPar PaR � - rsTsfgtpt_R h t_RJrsfgT 	&PQT � eaTVrsW �
�ZUXRp�afgclR ]+f h [aR_R UX. -~P/. .0fgT + bobobpj�6HTVWVr f m�fiWsWstpR h fgR uwPac h rsfgR �a�a�Q�<. U�r&�_f3. {k[acX]
]+fgW@r vI4��}r fgR�xB[aclPQTsUZ.0firsfgTi� �k[^WZ�a�Q�/2�OQPacXc [at_W h fg]k[^tpr �Zt_Ts�pfajI[�fgT � . ]_[at oit_TZm�fiW �
WstpR h t_RJrsfgT pZvI4 � � eaTVr W��ZUXRp�afgcXR ] f h [aRpR U,. ;�t h tpWVr �a�Q�N8_j�[�fgT h TVt_R_�_clf h fiR_�_f ; tpu �
]k[at.�pfgWS; 8 6UT~z+fgTsU,. fiRJrsWyUlWVrZUlR ;�]_]�j�2pj �L�k[aT h fgW@r fgclclrgj

;�tpW �_fgTLz+PQc`[^TsUlWsUlfgT@r fiR \ t_fgclcXf � fgTs�pfgR3�_UlfC6HcXfi�}r TsPaR_fgR .0Ulr fiUXRpf3. - rsTsPo.'OQPQR
�a� µ ;�t_R_�1fgUlR_fgT]: PQcX[aTsUlW [^rsUlPQR OQPQR 4 [~j'@Q���'R_[/4�{3fiUXR_fiT fiTsWVrsfgR3{_ficXUXoiUlr e^rsWs�aPQTVTsf �
cXUlfgT@r fgR - r TVPo. W@r�[a]pUXclUlWVUlfgTVt_R h UXR �_fgRjpZfgRpR ]k[a{pR ]+fiW54 {_clfgt_R_U h fiT m#;dm q fgUXR h fg�aPaz �
z+fgc�r j�[�UXfZfgTVTsfiUX4�{ ]k[^TsfS. [!T~UX. [^clfY6HcXfi�JrsTsPQRpfgR_fiR_fgT h UXfy�_fiW S fgW54�{_clfgt_RpU h fiTsW)cXUlf h rH�_fiT �
ogfiUlr ]+fiU 4 [~j @/@Q� m�f 	Lj [�Ulf - r�[a{pcXzk[aTs[/.0fir fiT - rsTsPo. 6&RpfgT h UXf�t_R_� h [ h f � fgTs�pfgR
UX. m#;dm q tpR_� [atI4�{ UlR��_fiT Rk[/4�{puwPQc h fiR_�_fgR - r Ts[a{_c�uwv_{_Tst_R h W@r�eaR_�pU h �aPaRJrsTsPQclcXUlfiTVr
t_R_� Rk[/4�{ h fiTsf h fgc�r j [ [ fiUXR_f"z_T e^ogUXWVf�xdfgR_R}r R_UlW0�_fgT 6HcXfi�}r TsPaR_fgR_z+Pac`[aTVUXW [�r UlPQR R_Par �
� fiR_�_U h UXW@r �y� [aR_R �_UXfiWsf�R tpR OQPaR-o�� fiU : PQc`[^TsU,.0firsfgTVR vp]+fgT � [/4 {}r � fiTs�_fiR�j�[ [aW
m��QclcXfiT � : PQcX[aTVU,. firsfgT ��[aR_R /Vfi�_P�4 { U,.*bBf h fgRpW [^rso ogtI.Vh [aWVfgT � % Po.0zpr PaR � pZvI4��JWVr TVfgt �
: PQcX[aTsU,.0f r fgT�R_U,4�{Jr h cXfiUX4�{_ogfiUlrsU h ogt fgUlR_f3. cX[atpuwfiR_�_fiRk6UT~z+fgTVUX.0fgR}rB]+fir TVUXfi]+fgR � fgT �
�_fiR�jN6HUXR � fiUlr fiTsfiWU: PQc`[aTVUX. firsfgT�UXW@r RpP�4 { OQPQT �_fR. - rsT [a{_c�u eaR h fgT [^tpu h fi]k[atprgj![ [aRk[N4 {
r TVfR` fgR �_Ulf 6HcXfi�}r PQR_fiR [atpu fgUlR Y clv_WsWVU h^� ^ [aWsWsfiTsW@r P/` � a [aT h firgj q R�m�fiWsWst_R h fgR�tpRJr fiT
	&PQT�� eaT@r WsW@r Tsfit��ZUlR_�afgclR �ZUXTV� fiUXRe+ ��43.6cX[aR h fiW a [aT h fir OQfiT � fgR_�_firg�puwv_T m�fgWVWst_R h fgR
t_R}r fgTfpZvI4�� � eaTVrsWsW@r Tsfit��yUlR_�aficXR0fgUlR �^��43.�cX[aR h fiWg�atI.*fgUlR_f {�a{_fgTVfSh�tI.0UXRpPQWsU�r�e�r ogt
fgTVTsfiUX4�{_fgR jM6&UlR a fgUlc �_fgT UX. a [aT h fir h fiWVr TVfgtprsfgRk6Hclfg�}r TVPQR_fgR �ZUlTs� �_[aR_R U,. :H]kY

2
�

xB[acXPaTsU,. fir fiT �_f r fi�}r UXfiTVr j � f Rk[/4�{_�_fR..��PQ]Lm�fgWVWst_R h fgR t_R}r fiT 	&PQT � eaTVrsW � P �_fiTUpZvI4�� �
� e^TVr WVWVr TVfgt �ZUXR_�aficXR OQPaT h fiR_Po.=. fiR � fiTs�_fiR��}�_fR4 �}r)�k[^W&xB[acXPaTsU,.0f r fiT �_fiR -Jr Tsfit��ZUlR �
�afgcl]+fgTVfgU,4 { θ OQPaR 2Q� ◦ ]pUXW�8Q� ◦ ]_o��Bj OQPaR + 8}� ◦ ]_UXW + �a� ◦ [a]�j 6HUlR � fiUlr fiTsfiT a fgUlc �_fiTh fiWVr TVfgtprsfgRe6HcXfi�}r TsPaR_fgR �ZUXTV�"t_RJrsfgTZ�JclfgUXRpfgR ^ UXR_�aficXR ! θ = 8_�c8 ◦ ]_UXWd+ � ◦ # OQPQR�[/4�{Jr
h�tI.0UXR_PaWsUlr e^rsW5.0PaR_U�rsPQTsfiR1R_[/4�{ h f��ZUlfgWVfgR�j � . WV| WVrsf3. [^r UlW54�{_f 	&fgTseaR_�_fiTst_R h fgR��_fiT
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Quelle polarisierter Elektronen

I = 20 µA, P = 80 %

helizitätskorrelierte 

Stromstabilisierung

Elektronenbeschleuniger MAMI

E = 845,3 MeV  bzw.

E= 570,4 MeV

helizitätskorrelierte

Energiestabilisierung

Møller-Polarimeter (A1)

Laser-Compton-

Rückstreu-Polarimeter

helizitätskorrelierte

Strahllagestabilisierung

Flüssig-Wasserstoff-Target

PbF
2
 -Kalorimeter

7 Ringe aus

1022 Kristallen in

146 Rahmen

Luminositätsmonitore

Transmissions-

Compton-Polarimeter

Strahlfänger

��������� ��!#"%$ �O(c& + P ML>?.02435JKWYIaML>?.0:HFHB�
�Q,35B E�.CI F � 6Gd��7=T.0:KWX2 .01�JaI N
 WY. 35B?I�E�.0: �HB?.0UXUY.	
 ��: =TSVUc35:KWYIKWY.0:KJa. d�UY.0]^JK:aSV1?.01 2 WXJ�.0WX1?.02 i#SVUc35:KWYIL3 6
JKWYSV1?IK_ :L3VE ��SV1'M 37N�� ��� B�1?E'.0WX1?.02 P JK:aSV2 � SV1 ��� µ

F . �^JK:<35>�WY. :aJa.01
d�UY.0]�Ja:aSV1?.01 ] qV1�1?.01�1,3VML> .0WX1?.0:�.0:aIaJa.01�>?.0UXWX@CWXJ �5JaIK] SV:K:a.0UXWY. :aJa.01 P JK:aSV2 6
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351?IaML>�UXWY.	��.01?E�.01 P JK:L35>�U 
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-#U �?IaIKWX_V6 Zf3VIaIa.0:aIKJaS��T6 �#35:K_�.0J�_�.CIKJK:L. B?J N  WY. d�1?.0:K_ WY.kE�.0:�_�.CIKJK:a.0B�Ja.01
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2

6 
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Strahlstrommessung

und -stabilisierung

Strahlenergiemessung

und -stabilisierung

Quelle polarisierter Elektronen

Møller-Polarimeter

(absolut)

Luminositäts-

messung

Laser-

Compton-

rückstreu-

polarimeter

(absolut)

Transmissions-Comptonpolarimeter

(relativ)

Strahllage-

messung und

-stabilisierung
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;�W@|�. .0firsTsUXf �_t_Tq4 { a [aT h firs�_UX4�{}r f � t_R_� - rsT [a{_c #kt_�}r t_[^r UlPQR_fiR ogt r TsfiR_R_fiR t_R_��ogt
�aPQTVTsU h UXfiTsfgR � UlWVr ogtpW e^rsogcXU,4�{ ogt_T m�fiWsWVt_R h �_fiW'- r Ts[a{_clWVr TVPo. W �_Ulf m�fgWVWst_R h �pfgTUh�tI. U �
R_PQWVUlr e^rZRpPar � fgR_�pU h jD0�[/4�{.�_f3. a [aT h fir r TsUZ` r �pfgTS6HcXfi�JrsTsPQRpfgR_W@r T [^{_c [^tpu �k[^WZ�_TsU�rsr f
: PQcX[aTsU,.0f r fgTi�kfiUXR a Ts[aR_W5.0UXWVWsUlPQR_W � % Po.0zpr PQR � : PQcX[^TsUZ.0f r fiTg�_t_R_�nWq4 {_clUXfR?QcXU,4�{�[^tpu �_fgR
- r [a{_clu e^R h fiTgj [�UXf fgUlR_ogficXR_fiR7- r�[^rsUXPQRpfgR�WsUlR_�"UlR��_fgR�uwPQc h fgR_�_fiR.xB[azpUlr ficXR !2pj � j,+d]_UlW
2pj �~j>i # h fiRk[at_fiTy]+fiW54�{_TsUlfg]+fiR�j
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Strom-
Stabilisierung

RTM
855 MeV

GaAsP
20   A, 
P= 80%

Strom-
Messung

Energie-
Messung

Energie-
Stabilisierung

Orts-
Messung

Orts-
Stabilisierung

Strahldurchmesser
optimieren

Luminositäts-
Messung

H
2
 -Target

Quadrupole

XYMO  Ortsmonitor

PIMO  IntensitŠtsmonitor

ENMO  Energiemonitor

Luminositätsmonitore

Strahlführung
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[�Ulf z+PQcX[aTVUXWsUlfiTVrsf \ t_fgclcXf ]+fgW@r fi{Jr [at_W fiUXRpf3. t_R_U`[�T~U`[ac��pfiuwPQTq. UlfgT@r fgR b [N;�W �
xdTsUlWVr�[^cXc�!�= W@r T [^UXR_fi��c`[ |QfgT>= # [^cXW :H{_Par Pa��[^r {pP �_fa� �pfgTG.0U�re+ �Q� z_W c`[^R h fgR�ogUlTs�Jt_cX[aT
z+PQcX[aTsUlWsUlfiTVr fiR#h�UX4�{}r z_t_clWsfiR.fgUXRpfgW h fgz_tpcXWVrsfgR � [acX]pcXfiUlrsfgTVcX[aWVfgTsW ]+ficXfitI4�{Jr f r �ZUXTV��j�[ UXf
�_t_Tq4 { :H{_P^r P fR` fg�}r [at_W��_fR. xdTsUlWVr�[^cXc&[^t_WVrsTsfirsfgR_�pfgR z+PQc`[^TsUlWsUlfgT@r fgRk:H{_Par P ficXfi�JrsTsP �
R_fiR � fiTs�_fiR .0UlrdfgUlR_fgT � P�4�{_Wsz_[aR_RJt_R h OQPQR + �Q�"� 	 [at_W �_fgT \ t_ficXclf fiRJrsR_Po.=. fiR
t_R_�"UlR��_[aWym7; m q fiUXR h fgWsz+fiUXW@r4�c2�� jI[�UXf ^ Ulfg�_fiTs{_PacXT [�r f��_fgW h [aWVfgTsW OQPQR.�~�>8}� b � o
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UXW@r&[atpu �pUXf�� P�4�{puwTsf��Jt_fgR_oy�_fiT m#;dm q � S fgWq4 {_clfgtpR_U h fiTsWVfg�}r UXPaR [a] h fiWVr U,. . rgj/[�Ulf �yf �
cXUlogU�r e^rZ�_fgW�6HcXfi�}r TsPaR_fgR_W@r Ts[a{_cXW �ZUXTV�nv_]+fiT��_Ulf �yfgclUXogU�r�e�ry�_fiW�ogUlTs�Jt_c`[^Tyz+PQcX[aTsUlWsUlfiTVr fiR
h [aWsfiTsclUX4�{JrsfgWg���pUXf].0Ulr fgUlR_fiT$: P�4��aficXWsoifgclcXf tI. h fgW54�{k[^clr f r � fiTs�_fiR ��[aR_R�� uwfgWVr h fgclf h rgj
[�Ulfl6HcXfi�}r TsPQRpfgR��Jt_ficXclf)cXUlfiuwfgT@r cXPQR h Ulrst_�_UlRk[^cQz+Pac`[aTVUXWVUlfgTVrsff6HcXfi�JrsTsPQRpfgR .0Ulr�fgUlR_fgT�. U�rsr �
cXfiTsfiR7: PQcX[aTsUlW [^rsUlPQR OQPQR7@Q�A� ]+fgU�fiUXR_fR. - r [a{_clWVr TVPo. OQPaR
�^� µ ; j

[�fiT 6HcXfi�JrsTsPQRpfgRJ] fiW54�{_cXfit_R_U h fgT�m#;dm q UXW@ry[at_WZ�_TVfgU�{_UlRJr fiTsfiUXRk[^R_�_fgT h fgWq4 {_[aclrsfir fiR
pZfgR_RJ]k[a{_RJ]+fgWq4 {_cXfit_R_U h fgTVR !�=9py[/4ifirsT [/4���m�UX4iTsParsTsPQR = ��p a m # � �_UXf fiUXR_fiR 2p�>8oi
m�f 	
h�UXR_fg[aTs]+fiW54�{_clfgt_R_U h fgT�[aclW q R /Vfg�}r PaT�OQfiT � fiR_�_fgR���[at~u h fg]k[^tpr jQ6&UlR_f 6HT�� fgU�r fgTVt_R h �_fgWS fiW54�{_cXfit_R_U h fgTVW tI. fgUlR_f�O UXfiTVr f]-Jr tpuwf UXW@r U,. ;�t~uw]k[at�j [ [aW Ykt_R_�}r UlPQR_WVz_TsUlR_ogUlzn�_fgW
m�Ul� TVPar TVPQR � S fgWq4 {_clfgtpR_U h fiTsW UXW@rd�k[aW � tpTsvI4��}uwv_{_TsfiR �_fgW<6&clfg�}r TVPQR_fiR_WVrsT [a{_clWdUXR
�_fgR �
WsficX]+fiReh�UXRpf [aTV] fiW54�{_clfgt_R_U h fiTgjI;K.Fm7; m q � fiTs�_fiRnR_PQTq. [^cXc�fgU�rsfgR_�_f � P�4�{puwTVf �Jt_fgRpo �
��[ O Ulr�e�r fgR .0UlrLfgUlR_fgT YkTVf �Jt_fgRpo"OQPQR��~�c8J� b �yo"fiUXR h fgWsf r o r jf0�[N4 {3�pfgT fiTsWVrsfgR S f �
W54�{_clfgt_RpU h fiTsWVrstpuwf !	p a m + # {_[a]+fgR �_Ulf=6HcXfi�JrsTsPQRpfgR fgUlR_f=6HR_fgT h UXf OQPaR + 8_�>2}�"m�f 	
t_R_� � fgTV�_fgR UXR p a m�� [atpu�+W@Q� m�f 	�]+fgW54�{_clfgt_R_U h rgj q RL�_fiT �_TVUlrsrsfgR]- r tpuwf h f��ZUXR_RpfgR
WsUlfdfiUXR_fd6&RpfgT h UXf OQPaR � � � m�f 	<zpTsP � . cX[atpu�jg[�UXfiW uwv_{_TVr ogt"fgUlR_fgTZmn[!T~UX. [aclfgR_fiT h Ulf
OQPQR @}�Q�nm�f 	�Rk[/4�{ bQ� � .0c`eat~uwfgR�j�[�Ulf�mn[!T~U,. [aclfiR_fgT h UXf ��[aR_R �_t_Tq4 { 6&TV{�Q{Jt_R h
�_fiW<[�Ulz PacluwficX�_fiW OQPaR p a m 2 R_P�4�{ [at~ul@o@}� m�f 	 h fgWVrsfgU h fgT@r � fiTs�_fiR�j S fgU �_fgR UX.
;K8 � 6UT~z+fgTsU,. fiRJr OQfgT�� fgRp�_fir fgR 6HR_fiT h UXfgR OQPQRk@Q�N8_�>2.m.f 	6t_R_��� �^�p�c8�m�f 	6UXWVrd�_Ulf
Tsfic`[^rsUlO UlWVrsUlW54�{_f -~zpUXR_�p| Rk[N. Ul�.]+fgU �_fiT$:HTseaogfiWsWsUlPQR �_fgW<6&clfg�}r TVPQR_fiR_Wsz_UlR_WBWVP.[at_W h f �
TsU,4 {}r f r �_�k[/? �_fgTS6HcXfi�}r TsPaR_fgRpWsz_UlRn[/. a [aT h firyclPQR h U�r t_�pUlRk[ac [at_W h fgTVUX4�{JrsfiryUlWVr j

[ [BogtpTl[ t_T54�{puwv_{_TVt_R h �_fgW ; 8 � 6UT~z+fgTVUX.0fgR}r W&zpT eaoiUXWsf -Jr�[a]_UlcXU�WsUlfgTVt_R h fiR OQfgTVW54�{_Ulf �
�_fiR_fgT -Jr T [^{_cXzk[^T [/.0firsfgTdfiTVuwPQTs�pfgTsclUX4�{ WVUXR_� � �Zt_TV�_fgR�UXR � tpW [/.=. fiRk[aTV]+fgUlrd. U�rB�_fiTS fiW54�{_cXfit_R_U h fgT h Tst_zpz+f �_fiW q R_W@r U�r tprsWBuwv_T xdfgTVR_z_{}|~WVUX�
OQfiTsW54�{_Ulfg�_fiR_fGpyf h ficXWV| W@r f3.0f
fgR}r � UX4��afgc�r �k�pUXfd�_UlfgWsf bBT o?QfgR"�aPaRJrsUXR tpUXfgTVcXU,4�{�v_]+fiT � [N4 {pfgRnt_R_��[at~u Ul{_Tsf$- PQcXc � fgT@r f
Rk[/4�{_TVf h ficXR�j)[�Ulf v_]+fgT � [/4�{Jr fiR - r [a{_clzk[aT [N. f r fiT WsUlR_� h [ h fa�)- r TsP/.'t_R_� 6HR_fiT h Ulfaj
6HUXR_f �y]+fgTVWsUX4�{}r [acXclfgTS-Jr�[a]_UlcXUlWVUlfgTstpR h WsW@| WVr fR. f$.0UlrZUl{_TsfiRepyv 4 �J�aPQzpz_cXt_R h W5.  h clUX4�{ �
�afgU�r fiR�oifgU h r ;�]_] j�2pj>8pj

������� � �
��� � �����2��	�5���� �����2���4� ���	�
��� � �45�� �

[ [aW�;K8 � 6UT~z fiTsU,. fiRJr WVrsfgclclr
]+fgWVPQR_�_fiTsfn; RpuwPQTs�pfgTstpR h fiR*[aR �_fiR ^ [aWsWVfgTsW@r P/` �
xdv_{_cl� TVfgUlWsc`[^tpuHt_R_� �pUXf a [^T h f r oifgcXclfaj [�Ulf OQPo. 6Hclfg�}r TVPQR_fgRpWVr Ts[a{_c tpRJr fiT 	&PQT � eaTVrsW �
WVrsTsfit��ZUXRp�afgclRLUX. + �S43.<cX[aR h fgR�]_o��Bj^t_R}r fgTUpyv 4 � � e^TVr WVWVr TVfgt��ZUXRp�afgcXR U,.<�a�S43. c`[aR �
h fiR a [aT h fir �_fgz+PQRpUXfiTVr f ^ e^T5.0fgcXfiUXW@r t_R h OQPQR + �a� ^ ]po��Bja�^�Q� ^ ]+fgU~�a� µ ; - r Ts[a{_c �
WVrsTsPo. .LtI?�WVPLf�0oiUXfiRJr [a] h fiuwvp{_TVr � fiTs�_fiR��p�k[N? Tsfic`[^rsUlOQf a [aT h firs�_UX4�{JrsfgWq4 { � [aR_�Jt_R �
h fiRL�_t_T54�{ S c`[aWVfgRJ]_UXcl�_t_R h ]_o��Bj�- UXfg�pfgRLt_R}r fgT + � −3 UlR �a� .0W h fg{k[^clrsfgR � fgTV�_fgR�� +o+ � j� R}r fiT pZvI4���� eaTVrsW �ZUXRp�afgclR �ZUXTV�.fiUXR_f��a�]43. c`[^R h f a [aT h fir oifgclcXf OQfgT�� fgR_�pfir �+tI. fgU �
R_f h T o?afgTVfdp [�r f TVvI4 � h fiWVrsTsfgt~r fgTS6HcXfi�JrsTsPQRpfgR"oit"fgTVTsfgU,4 {pfgR"t_R_��WsP �_UXfdm�f3?aogfgU�r ogt
OQfgTV�Jv_TsoifgR�j

[�Ulf a f3.0z+fgTs[^r tpT �_fgW #kv_WsWVU h fiR ^ [aWVWsfgTVWVrsP/` W �ZUXTV��� tI. �_fgW0x P�4 {_fiR �pfgW a [aT �
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h f r W0ogt .0UlR_U,.0U�fgTsfiR�� .  h cXUZ4 {pWVr � fgU�r t_R}r fiT �_fR. - UXfg�pfgz_t_Rp�Jr !w��j {�j&t_RJrsfgTs�Jv_{pclr,#
]+fgU + 8"x h fi{k[ac�r fgR � �k[ ^ [^WsWsfiTsWVrsP/` R t_T fgUXRpfgR h fiTsUlR h fiR a fR. z+fiT [^rst_Tst_R}r fiTsW54�{_Ulfg�
OQPQR i x o��ZUlW54�{_fgR bdfiuwTVUXfiT � t_R_� -~Ulfg�_fiz_t_R_�}rB[atpu � fiUXWVr t_Rp� ]+fgU �pUXfgWVfgR a f3.0z+fgTs[ �
r tpTsfgR fgUlR_f WVfg{_TdW54�{_cXfR4 {}r f ^ eaTq. ficXfiUlrsuwea{_U h �afiUlr�{k[^rgj � . fgUlR_f]. [!T~UX. [^clf Y cXtI? h f �
W54�{�� UXR_�_U h �afgU�r UlR �_fgT a [aT h f r oifgclcXf ogt1fiTsTVfgUX4�{_fiR�� �ZtpTs�_fiR3�_fiT xdv_{_cl�JTsfgUlWscX[atpu t_R_�
�_fiT ^ e^T5.0fir�[^t_W54�{_fgT WsP PQzprsUX.0UlfgT@r �k�_[/? �_fiTyOQPQR
�pfgT�Y cXv_WVWsU h^�_^ [aWVWsfgTVWVr PN` � :HtI. z+f
[atpu h fg]k[^tpr f [�TstI4��Jt_RJrsfgTVW 4�{_UXfi� u [^WVrdOQPQclcXWVr eaR_�_U h UX. a [aT h fir [a]~u eacXc�ro� � � jM[�fgTBWVP.UXR
�_fiT a [^T h f r ogficXclf"fgR}r WVrsfg{_fiR_�_f�r t_TV]_t_clfgR}r f�Y cltI? fgTV{�Q{}r �_t_T54�{��pfgR3r T [aRpWVOQfiTsW [aclfgR
	&PQcltI.0fgRk[^t_WVr�[^t_W54�{ UX. #kv_WsWVU h fiR ^ [aWVWsfgTVWVr PN` �_Ulf f ` fi�}r UlOaf ^ eaT5.0fgclfgU�rsu e^{_U h �afgU�r
�_fiW ^ [^WsWsfiTsW@r P/` Wgj ; tI?QfiTs�_fR. �ZUXTV�n�_fiTd\ t_fiTsW54�{_R_U�rsr��_fiWd6Hclfg�}r TVPQR_fgRpWVr Ts[a{_clW � ea{ �
TsfiR_� �_fiW 6UT~z+fgTVUX.0fgRJrsW [atpu WsfiUXR_f . [�TpU,. [ac�fybdT /?QfZfiUXR h fgW@r fgclclrg�QtI.:�_UlfZ�_fiz+PQR_UXfiTVrsf
^ eaTq. ficXfiUXWVrst_R h .  h cXU,4�{_W@r � fiUlr UX. a [aT h fir ogt OQfiTVrsfgUlcXfgR j [�UXfiWsfiW R_fit_f
x PaR_ogfizpr
fgTq.  h cXUZ4 {}r fgWg�k[atpu fiUXR p [^WVr fiTsR"�_fgWS6Hclfg�}r TVPQR_fiR_WVr Ts[a{_clW�!wW54�{_R_ficXclf m�P �_t_cX[^r UlPQR �_fiT
- rsT [a{_clz+PQWsU�r UlPaR"[atpu �_f3. a [aT h fir,# ogt"OQfgTsoiUX4�{JrsfgR�j

6HUXR_f W54�{_fR. [^rsUXWq4 {_fm[ [aTVWVrsfgcXclt_R h �pfgT a [aT h fir oifgclcXf oifgU h rU;�]_] j/2pj � jN[ [aW PQ]+fgTVf S UXcX�
ogfiU h rH�_[aW a [aT h f r uwv_THm�fgWVWst_R h fgR tpRJr fiT 	&PQT � eaTVrsWsWVrsTsfit��ZUXRp�afgclR��Q�k[aW tpRJr fiTsf �k[aW uwv_T
m�fiWsWstpR h fgR t_R}r fgTCpZvI4���� eaTVrsWsWVrsTsfit��yUlR_�afgclR�jY[ [aW a [aT h f r�]+fgW@r fi{Jr.[at_WG.0fg{_TVfgTVfgR
.0Ulr q R_�_UltI. h fg�_U,4 {}r f r fgR ; cXtI.0UlR_UltI. ]k[at~r fgUlc�fgR�jf0�[N4 {p�_f3. �_fiT�#kvpWsWsU h f ^ [aWVWsfiT �
WVrsP/`3UlR fgUlR_fgR TstpR_�_fgR�W@r T [^{_cXW@|g.=.0fir TVUXWq4 {pfgR�x PacXclfg�}r PaTdfgUXR}r TVUlrsrg� #kUlf3?ar fiT UXR fgUlR_f
[�v_WVf OQPQR 4g[pj + �G.=. [�t_Tq4 { . fiWsWsfiTg� �_Ulf �_fiR h T o?arsfgRk-Jr T /. tpR h W �ZUl�_fiTsWVr [aR_� UX.
h fiW [/. rsfgR xdv_{_cX�JTVfgUXWVc`[^tpu �k[^TsWVrsfgclclr t_R_��fgUXRpf0r t_TV]_t_clfgRJrsfG- r T o.Lt_R h fiTsogfit h rgj);K.
;�tpWVr TVUlrVr Ws�aPacXcXfi�}r PQT OQfiTsc`eN?arL�_fiT ^ [^WsWsfiTsWVrsP/` �pUXf a [aT h f r oifgcXclfaj q . 	&PQT�� eaTVrsWsW@r Tsfit �
a [aT h fir r TVUlrsr �_fgT 6HcXfg�}rsTsPQR_fiR_WVrsT [a{pc��_t_T54�{.fgUlR_f �Q� µ . �_U,4 �afd;�cltI.0UXR_U�tI. uwPaclU�fa�~�k[^W
- rsT [a{_clfgUlRJr TVU�rsrsWVuwfiR_WVr fiTg�_UXR"�_Ulf a [aT h fir oifgclcXfdfgUlR.t_R_�.OQfiTscXe/?arZWsUlf [aR.�_fgT 4 [~j�+ �Q� µ .�_U,4 �afiR -~zpUlr oif0�_fiW + � 43.�cX[aR h fiR a [^T h f r { t~r fgWij q . pyv 4 � � e^TVr WVWVr TVfgt �_a [^T h f r r TVUlrVr
�_fiTK6HcXfi�JrsTsPQRpfgR_W@r T [a{pc [^Rn�_fiT fi]+fgRpu [aclcXW<+ �Q� µ .��_U,4 �afiR�-~z_Ulrsogf �_fgW �a�=4R.FcX[aR h fiR
a [aT h fir {Jtpr fiW fiUXR t_R_� OQfiTscXe/?ardfgWB�_t_Tq4 { �k[^W�- r Ts[a{_cX[at_W@r TsU�rsr W@uwfgR_W@r fiTB[/. 6HR_�_f �_fiT
^ f34�{_Wsfic �ZUlTs�Jt_R h WsogPaR_faj'[�[aW]- r Ts[a{_cX[at_WVrsTsU�rsr W@uwfgR_W@r fgT UXW@r UXR �_UlfgWsfR. Y\[aclcHfgUXR uwfiWVrsfgTS fiWVr�[^R_�pr fiUXc~�pfgW ; cXtI.0UlR_UltI. �_Tsfi{Jr fiUXc�W �_fiT a [^T h f r ]k[aWVUXWi�^�k[aW �pfgR 6HUlRJrsTsUlrVr Ws�aPacXclfi�}r PQT
uwv_T �_fiR ^ [aWsWVfgTsW@r P/` fiRJr {_eaclrgj [ UXf -~z_U�r oifL�_fgW a [aT h fir {Jtpr fiWBUlWVr UXR
]+fgUl�_fgR a [^T h f r W
Rk[/4�{J]+f [aTV] fiUlrsfirg�yt . �_UXf ^ [aRp�_WVr eaTs�af�[^R �_UXfiWsfiTe- r ficXclf oit .0UXR_U,. UlfiTsfiR t_Rp� WVP
^ f34�{_Wsfic �ZUlTs�Jt_R h fgR1�_fiW]6HcXfg�}rsTsPQR_fiR_WVrsT [a{pcXW .0Ulr��_fR. ;�cXt . UlR_Ult .�oit OQfiTsTsUlR h fiTsR�j
;�tpW �_UlfgWsfR. bBTstpR_�
UXW@r [atI4�{ �k[^W<-Jr T [a{pcXfiUXRJrsTsU�rVr W � ]_o��BjM- r Ts[a{_cX[at_WVrsTsU�rsr W@uwfgR_W@r fiT�WVP
�_v_RpR �ZUXfK.  h cXUZ4�{�[^t_W h f uwv_{_T@r j q . pZvI4 � � eaTVr WVWVrsTsfgt �_a [aT h f rZrsTsUlrVr �_fgTY6HcXfi�}r TsPaR_fgR �
WVrsT [a{pc [aRn�_fgTd- z_Ulrsogf��_fgW a [^T h f r � �ytpr fiW�fgUXR �+tI. oitnOQfgTs{pUXR_�_fiTsR�� �k[N? �pUXf�Tsv 4 � h f �
WVrsTsfitpr fiR#6HcXfi�JrsTsPQR_fiRC.0Ulr �_fR. ; cXtI.0UlR_UltI. �pfgT a [^T h f r � S [aWsUlW � fR4 {pWsfgc �ZUXTs�afiR�jD[ fgT
a [aT h fir {Jtpr UlWVr)UXR0]+fgUl�_fgR a [^T h f r W zk[^T [a]+PQclUlW54�{ [at_W h fiuwv_{_T@r t_R_� {k[^r fiUXR_f [�U,4 �afZOQPQR
4 [~j �Q�^� µ ..j q . 	&PaT � eaT@r WVWVr TVfgt �_a [^T h f r UlWVr fiT + �74R. c`[^R h � U,. pZvI4�� � eaT@r WsW@r Tsfit �
a [aT h firB�a� 4R.�j Y vpT��_[aW�pyvI4�� � eaT@r WVWVr TVfgt �_a [^T h f rdOQfgT�� fiR_�_fir<. [aRnfiUXR_fiR
c`eaR h fgTVfgR
� t~r �}tI.:�_Ulf ^ fR4 {_WVfgc �ZUXTV� tpR h WsoiPQR_f �_fgT 6HcXfg�}rsTsPQR_fiR .0UlrH�_fR. ^ [aWVWsfiTsWVrsP/`.ogt OQfgT �h T o?QfgTVR�j [ [a�pt_T54�{3��[^R_R3�pUXfCpy[^r f �_fiT TsvI4�� h fgW@r TVfgtprsfgR 6&clfg�}rsTsPQR_fiR�� �_Ulf � fgU�r�[at_Wh fiTsUXR h fgT UXWVr [^cXW �_UXf �_fiTBUXR 	HPQT � e^TVr WVTsU,4 {}r t_R h"h fiWVr TVfgtprsfgR�� fiTs{�Q{}r t_R_� WsP/. U�rd�_Ulf
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m�fR?QogfiUlr OQfgTs�Jv_TVoir � fiTs�_fiR�j([�Ulf�m�[aWsWVfgR ]+ficXf h t_R h uwv_T fiUXR h fiWVr TVfgtprsfgW 6HcXfi�JrsTsPQR.[atpu
�_fR. ^ f h ogt . [�firsfg�}r PQTZWsPQclclr fK.  h cXUZ4 {pWVr h fgTVUXR h WsfiUXR�jD[ [a{pfgTZ{k[^rZ�_fiT a [^T h f r { t~r
fgUlR_f zk[^T [a]+PQclUlW54�{_f YkPQT5..� �_UXf h f�� ea{_TVcXfiUXWVrsfirg���k[N?.UX{pR �_Ulf h fgW@r Tsfitpr fiR 6HcXfi�JrsTsPQRpfgR
.  h clU,4�{_WVr WsfiR_�JTsf34�{Jr ogt3WsfiUXR_fiT - ]+fiT #\e/4�{_f.�_t_Tq4�{��Jt_fgTVfgR�t_Rp� WsP .  h clU,4�{_WVr � f �
R_U h 6HR_fiT h Ulf U,. ; cXtI.0UlR_UltI. OQfiTscXUlfgTVfgR�jY;�tpW��pf3. WsficX]+fiR-bdTst_Rp� {k[^r�[at 4 { �_Ulf
[�v_WVf.fiUXR_f ^ [aR_�_W@r�eaTV�af"OaPQR��^�Q� µ ..j'- UXf UXW@r UX. pyvI4�� � eaT@r WsW@r TVfgt � a [aT h fir0fir � [aW
.0fg{_T [aclW)�_Paz_z+fgc�r WsP cX[aR h �ZUXfyU,. 	HPQT � e^TVr WVWVr TVfgt �_a [aT h f r j � . ]+fgU m.fgWsWVt_R h fiR�t_R �
r fiT]pZvI4�� � eaT@r W �ZUlR_�afgclR ^ f34�{_WVfgc �ZUXTs�Jt_R h fgR1�_fiTLUXR 	&PQT�� eaT@r WsTVUX4�{Jrst_R h
h fgW@r TVfgtprsfgR
6HcXfi�JrsTsPQRpfgR .0U�r��_fiT ; cXtI.0UlR_UltI. a [aT h fir � S [aWVUXW�ogt .0UXR_U,.0U�fgTVfgR�� UlWVr {_UlfgT��_fiT S f �
TsfiUX4�{ tI. �k[^Wm-Jr T [a{pc`[atpWVr TVUlrsrsWVuwfiR_WVrsfgT&UXR0fgUlR_f3. xdf h fic(.0U�r���` RJt_R h W��ZUXR_�afic(8}� ◦ tI.�_Ulf�-Jr T [^{_cXTVUX4�{Jrst_R h [at_W h fgWVzk[aTVrgj

[ [aW a [aT h fir ]+f�	_R_�_firHWsU,4 { [/.<R_Ulfg�_TVU h W@r fiR]:Ht_R_�}r&�pfgWHxBvp{_cX�JTsfiUXWVc`[at~uwfgWgjN[�fiT #kv_W �
WsU h f ^ [aWVWsfiTsWVrsP/` �ZUXTV���_t_T54�{ fgUlR_fiR bdf h fiR�� e^T5.0fir�[^t_W54�{_fiT [/. {��4�{_WVr fiR]:Ht_R_�}r �_fgW
xdTsfiUXWscX[atpuwW h fg�Jv_{_c�r jf[�fiT bBf h fiR�� e^T5.0fir�[^t_W54�{_fgT0UXW@r0vp]+fgT0fiUXR_fiR 8Q�Q� ^ � ficXUltI. �
xdv_{_clfgTl. U�r fiUXR_fR. � f � �yf � ^ eaT5.0fir [at_W54�{_fiT OQfgTV]_t_R_�pfgR�jD[�Ulf a f3.0z+fgTs[^r tpT �pfgW fiUXR �
WVrsT o.0fgRp�_fgR � ficXUXt . W �ZUlTs� [a�}r U�O . U�r fiUXR_fiT �yfgUXoit_R h U,. �yfgclUXtI. � xdTsfiUlWscX[at~u h f �
Tsf h fgc�r � tI. �pUXf a fR. z+fiT [^rst_T"�_fgW #kvpWsWsU h fgR ^ [^WsWsfiTsWVrsP/` W��JRk[az_z v_]+fiT.�_fR. bdf �
uwTsUlfgTVz_t_R_�}r ogt�{k[ac�r fgR j�m�Ulr � Ulcluwf1fiUXR_fiT a [^R h fgR}r UX[acXzptI. z+f .0Ulr + �a� � o pZPar�[ �
r UlPQR_W@uwTsf �Jt_fiR_o �_fiT :HtI.0z+fgR}r t_TV]_UXR_f ��aR_R_fgR mn[aWVWsfgR #kv_WsWsf ]_UlW�oit �Q� h �^W UX.
^ [aWsWVfgTVWVr P/` � xdvp{_cX�JTsfiUXWVc`[atpuBfgTVogfgt h r � fgTV�_fgR�jY;Y4�{Jr a fR. z+fiT [^rst_TsWsfiR_WsPaTsfgR fgT5.  h��
cXU,4�{_fgR1ogtpW [/.=. fiRn.0Ulr �_fiT � fgUlogtpR h t_R_� fiUXR_fR. : %6fgUlR_f"WVr [a]_UlcXfCpyf h fgclt_R h �_fgW
a [aT h fir � xdv_{_cX�JTVfgUXWVc`[^tpuwfgWij 6&UlR_f�ogtpW e^rsogcXU,4�{�fiUXR h fg]k[^tpr f � fiUXoit_R h fgTscX[at_]pr �_fiR S f �
r TVUXfi] PQ{_R_f :&t . z+f ]+fgU~R_Ulfg�pTsU h fgR]-Jr T [^{_cXW@r T /. fiR�j![�fiT ^ [aWVWsfiTsWVrsP/` ogUXTV�Jt_cXUlfgTVr �k[^R_R
[aclcXfiUlR"[atpu h Tst_R_�"�_fgTZRk[^rsv_TsclUX4�{_fgR"x PQRJOQfi�}r UXPaR�j
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[�Ulf fgc`[^WVr UlW54�{ UX. a [aT h f r h fiWVrsTsfgt~r fgRn6Hclfg�}r TVPQR_fiR � fgTV�_fgR1v_]+fiTLfgUlR_f ��[aclPQTsU,.0f �
r TVUXWq4 {_f 6HUlR � ; T5. � m�fiWsWVt_R h R_[/4�{ h f��ZUlfgWVfgR�j)[�fgT�0�[/4�{ � fgUlW��_fiT h fgW@r Tsfitpr fiR :HTsP^r P �
R_fiR1UXW@r RpUX4�{JrLR_Par � fgR_�pU h j q R1�_fiT fic`[aW@r UlW54�{_fgRn- rsTsfgtpt_R h TsfiUX4�{JrL�_UXf�m�fiWsWstpR h �_fgW
^ UXRp�afgclW�t_R_� �_fiTd6HR_fgT h UXf �_fiW h fgW@r Tsfitpr fiR 6&clfg�}r TVPQR_Wi� tI. �_UlfLxdUXR_fR. [�r Ul� uwfgW@r oit �
cXf h fiR�j)[�[a{_fgT�]+fiWVr U,. . r �_[aW OQPQclc`[a]_WVPQTs]pUXfiTsfgRp�_f xB[acXPaTsU,. fir fiTB�_fiR ^ UXRp�afgc θ t_R_��_Ulf 6HR_fiT h Ulf 6 = �pfgT UXR �k[aW�xB[aclPQTsU,. fir fiT h fgW@r Tsfitpr fiR 6HcXfi�}r TsPaR_fgR�j�[ [aW�x [^cXPQTVU,.0f �
r fiT�UXW@rC. P �pt_c`[^T [atpu h fg]k[at~r"t_Rp� ]+fiWVr fi{Jr#.0UlrsrsclfgT�� fgUlclf.OQPQcXcX[at_W h fg]k[^tpr"[^t_W�+ �}�Q�
:H]kY

2
� xB[aclPQTsUZ.0f r fgTq.0P �_t_clfiR�� �_UXf fgUXRpfgR -Jr Tsfit��ZUlR_�afgcl]+fgTVfgUX4�{ OQPQRn2a� ◦ ]pUXW 8}� ◦ ]+fiUm�fiWsWstpR h fgR t_RJrsfgT 	HPQT � e^TVr WVWVr TVfgt �ZUXR_�aficXR�]_o��Bj + 8}� ◦ ]_UXW + �a� ◦ tpRJr fiT pZvI4���� eaTVrsW �WVrsTsfit��ZUXRp�afgclR [^]+�_f34��afgR�j 6HUXR m�P �pt_c ]+fgW@r fi{Jr�[^t_W�fgUlR_f3. :H]kY

2
� xdTVUXWVr [aclcy�_fiT"[aR

fgUlR_f ��[^clrsfgTstpR h .0Ulr UlRJrsf h TVUXT@r f3.�:H{_ParsPo.Lt_c�r Ulz_clU�fgT [aR h fg�Jclfg]pr UXW@r j�[�Ulf x [^cXPQTVU,.0f �
r fiT5.0P �_t_clf&WsUXRp��TsPar [^r UlPQR_WsW@|�. .0firsTsUlW54�{ tI.-�_fgR 6Hclfg�}r TVPQR_fgRpWVr Ts[a{_c~[aR h fg]_Ts[/4�{Jr t_R_�
�_fR4 �afiR �_fgR h fgWs[/. r fgR ;�ogU,.Ltpr � UXR_�aficX]+fgTVfgU,4 {0[^] !; ]_]�j�2pj>i # j � f�� fgUlcXWHWsUlfg]+fgR0�_UXfiWsfiT
6HUXR_oifgc,. P �pt_cXfBWVUXR_�nUlR�fgUXRpf3. py[a{I.0fgR�ogt_Ws[/.=. fiR h f u [/?ar j([�[aW xB[aclPQTsU,. fir fiTZWsf r oir
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WsU,4 {�[^t_We+38�i WsPQc,4 {_fiT p [^{I. fiR�oit_W [N. .0fgR � +5� jl[�Ulf -~U h Rk[aclf.�pfgW xdTsUlWVr�[^cXc�W /Vfi�_fiW
m�P �_tpcXW � fgTs�pfgR�OQPaR�fiUXR_fR. :H{_ParsPo.Lt_c�r Ulz_clU�fgT [at_W h fgclfgWsfiR\�Z+ ��� j
� . m�fgWVWst_R h fgR t_R}r fgT pZvI4�� � eaTVrsWsW@r Tsfit��yUlR_�afgclR . U�r �_fR. ;K8 � xB[acXPaTsUZ.0f r fgT
�_t_Tq4 {~uwv_{_TsfiR oit ��QR_R_fiR��Y.LtI? fiW"W@r Ts[a{_c`[^tpu � eaT@r W OQPQT �k[aW"Y clv_WsWVU h^� ^ [aWsWVfgTsW@r P/` �
a [aT h fir h fiWVrsfgcXc�r � fgTs�pfgR�j�;�t ?QfgTV�_f3. .Lt ?.fgW�t . +W@Q� ◦ tI.��pUXf�	&fgT@r Ul��[acXf h fi�_Tsfi{Jr
� fiTs�_fiR����k[/.0U�r��pUXfLxdTsUlWVr [acXc�f �ZUlfg�pfgTd[^tpu)�pUXf m�U�rsrsf �_fiW a [aT h firsW ogfgU h fiR�jM- P�� [aR_R
fgUlR - rsTsfgt �ZUXR_�^fgcX]+fiTsfiUX4�{ OQPaR + 8}� ◦ ]_UXW�+ �a� ◦ [a] h fg�_fR4 �}r � fgTs�pfgR�j ; R_�_fiTsfk- r TVfgt �
�ZUXRp�afgcl]+fgTsfiUX4�{_fnWsUlR_��[atpu h TVt_R_���_fgT uwfiWVr U,. xB[aclPQTVU,.0firsfgT fgUXR h fg]_[atpr fiR xdTsUXW@r�[aclclf
R_U,4 {}r WVUXR_R}OQPQcXcHogt .0fiWsWsfiR�� �k[�WVUX4�{��_UXf0UXR �_fiR xdTsUlWVr�[^cXclfiR fgRJrsWVrsfg{_fiR_�_fgR1ficXfi�JrsTsP �
. [ h R_f r UlW54�{_fgR -g4�{k[atpfgT0v_]+fgT ogt3O UlfgcXf"xdTsUlWVr [acXc�f�[at_Ws]pTsfgU�r fiR �Zv_TV�_fgR t_R_� WsP �_Ulf
6HR_fgT h UXf � t_R_� - TVr Ws[at$# aWst_R h �_fiW"xB[acXPaTsU,.0f r fiTsW ]+fgfgUlRJrsT e/4�{JrsU h fiR �Zv_Ts�_fiR�jZm�fiW �
WstpR h fgR1tpRJr fiT]pyvI4�� � eaT@r WVWVr TVfgt��ZUXRp�afgcXR �Zt_TV�_fgR1]+fgU,. ;�tpuw]_[at �_fgW xB[acXPaTsU,.0f r fiTsW
/Vfg�pP�4 {�R_U,4�{Jr ]+fiTsvI4��JWsUX4�{}r U h r jl[ [aW xB[aclPQTsU,. firsfgT ��[aR_R�RJt_T WVr Ts[a{_cX[a]�� eaTVrsW {_UXR}r fiT
�_fR. a [^T h f rZcXUlR_f [^T OQfiTsW54�{_PQ]+fiR � fgTV�_fgR�j�[ [^{_fgT �Zt_TV�_fBUX. py[a{I.0fgR��_UlfgWVfgTY;�TV]+fgU�r
fgUlR_f R_fgtpfCh [ h fiTst_R h �_fiW xB[acXPaTsU,. fir fiTsW fgR}r � UX4��afgc�r jU[ [^WLx [^cXPQTVU,.0f r fgT �ZUXTs��/Vf r o r
ogtpW [/.=. fiR .0U�r&�_fiT - r TVfgt_� [/.=. fiT&t_R_� �_fR. a [^T h f rl.0Ulr&xdv_{_cXW@| WVr fR.6[^tpu�fiUXR_fZtI.
�k[aW - rsTsfgtpogfgR}r TVtI. TVPar UlfgTs]_[aTsf :Hc`[�rsrsuwPaT5. h fiWVr ficXc�r j 6HUlR fgUlRpu [/4�{_fgT tpR_� W54�{_R_ficXclfgT� .L]_[at o��ZUXWq4�{_fgR1m�fgWVWst_R h fgR t_RJrsfgT 	&PQT�� eaT@r W � t_Rp� pZvI4�� � eaTVrsWsW@r Tsfit��yUlR_�afgclR UXWVr
WsP h f�� ea{pTscXfiUXW@r firgj

[�fiT)[ fir fi�}r PQT�. t ?Z�_UlfHfgclfg�}rsTsPo. [ h R_f r UlW54�{_fgR�-g4�{k[atpfgT fgc`[^WVr UlW54�{ h fgW@r TVfgtprsfgT)6Hclfg� �
r TVPQR_fiR OQPQR �_fgR_fiR [aRp�_fgTVfgT - rsTsfit_z_TsPaogfgWVWsf tpRJr fiTsW54�{_fiUX�_fiR ��QR_R_fiR�jU[ UXf :HUXPaR_z_TsP �
�_t_�}rsUXPQR�UlWVr ]+fiU �_fiTC- rsTsfgtpt_R h [/. :HTsP^r PQR��_Ulf�UXRpfgc`[^WVr UlW54�{_f7pyfg[a�}r UlPQR .0Ulr0�_fR.
�JcXfiUXR_W@r fgRn6&RpfgT h UXfiOQfiTsclt_WVrgj � RJrsfgT fgUlR_fR. 6HcXfi�}r TsPQRpfgR_W@r Tsfit��ZUlR_�afgcZOaPQR 2Q� ◦ UlWVr �_Ulf�JUXR_f r UlW54�{_fK6&RpfgT h UXf fiUXRpfgW UXR_fic`[^WVr UlW54�{ h fiWVr TVfgtprsfgRC6HcXfg�}rsTsPQR_W �k[^{_fgT tI. .0UlR_�_fgW@r fiR_W
+ �a� m�f 	 �JcXfiUXRpfgT)[^cXWH�_UXf fgUlR_fgW)fic`[^WVr UlW54�{ h fgW@r Tsfitpr fiR�jpm.Ulr&fgUXRpfgT - TVrsW [at$#�QWst_R h OQPQR
+Q� ��4R.:t_Rp�0fgUlR_fgT a [aT h firsc`eaR h f OQPQR#+ �d43.�UXW@r&�pUXf uwv_THfgUlR_fZ[at_WVTsfiUX4�{_fgRp�_f a TsfiR_R tpR h
R_Par � fiR_�_U h f TVfgcX[^r U�OQf 6HR_fgT h UXfg[at$#�QWst_R h δE

E

tpR h fiu e^{_Td2p� �^� � √

E/GeV j � . �pUXfogt .0fgWVWsfgRp�_f ;�WV|�.=. f r TVUXf �_t_T54�{=p [^rsfgR}OQfgTsclt_WVrsf R_UX4�{JrHoit OQfgTVu e^cXW54�{_fiR���.LvpWsWsfiR0�_Ulf
a Par oifgU�r fgRL�_fiT [�firsfg�}r PaT5.0P �_t_cXf � f h fgR �_fiT fgT@uwPQTs�_fiTsclUX4�{_fgR {_Pa{_fgR]p [^rsfgR .  h cXUZ4 {_W@r
�Jt_Tso�WsfgUlR�jQ[�Ulf -Jr T [a{pcXt_R h WVuwfiWVr U h �afgU�r �pfgT fgUlR_ogficXR_fiR [�firsfg�}r PQTV�JTsUXW@r�[aclcXf UlWVr fgUlR � fgU �
r fiTsfiW xdTsU�r fiTsUXt . ]+fiU��_fgT ^ [a{pc��_fiW xB[aclPQTsU,. firsfgTq. [�r fiTsUX[^clWijI[�fiTS[�fir fi�}r PQTZfgTsclfgUl�_fir
UX. h [atpuwf �_fgT m.fgWsWVt_R h fiR fiUXR_f=6HR_fgT h UXfi�_fiz PaWsU�r UXPaR OQPQR fgUlR_U h fgR + �"� Ts[a��� �pUXf �_Ulf
h�UX4�{Jr [at_WV]+fgtprsf R_UX4�{}ry]+fifgUXR #kt_WsWVfgRn�k[aT@u�j

[ [a{pfgT �ZtpTs�_f :H]kY
2
[^cXW
xB[acXPaTsU,. fir fiT5. [^rsfgTVUX[ac h f�� ea{_c�r jK:&]_Y

2
oifgUX4�{_R_f r WsU,4 {

�_t_Tq4 { fiUXR_fL{_PQ{pf h�UX4�{Jr [at_Ws]+fitpr f t_Rp� � tpTsogf=-~U h Rk[acXf [at_WijM[ [^WdW54�{_R_ficXcXf ; RJr � PQTVr �
OQfgTV{k[ac�r fiR ] fiTst_{}rZ[^tpu �pfgT bBfiR_fiTsUXfiTst_R h OQPQR a W54�{_fgTVfgR_�aP�� � h�U,4 {}r jI[ UXf ;�]_�JclUXR h oifgU�r
�_fiW a W54�{_fgTVfgR_�QP�� � h�UX4�{JrsfgW {keaR h r RJt_T)OQPQR �_fiT bBfiPo.0fir TVUXfZ�pfgT xdTsUlWVr�[^cXc�fZt_R_� �_fiTsfiR
h�UX4�{JrsW [/.=.0clt_R h [a] j [�[aWm:H{_ParsPo.Lt_clrsUlz_clU�fgTsWVU h Rk[ac_UXWVr Rk[/4�{"�a� R_W [a] h fg�JcXtpR h fgR t_R_�
ogfiU h r �afiUXR_f -~oiUXR}r UXclcX[�r U�PQRpWs�aPo.0z+PQR_fiRJrsfgR�j q . 	HfgT h cXfgU,4�{�oit
[^R_�_fgTVfgR a W54�{_fgTVfgR_�aP�� �
mn[^rsfgTVU`[aclUlfgR ]+fgWsU�r o r :H]kY

2
fiUXR_f"[atI?afgT h f�� a{_R_cXU,4�{1{_PQ{_f a Ts[aR_Wq. UlWsWsUlPQR . U�rLfgUXRpfgT

a T [aRpW5.0UXWsWVUXPQRpWs��[aR}r f ]+fgU<4 [~j �Q�^�1RI..j 	&fiT h clUX4�{_fgR .0Ulr S clfgU h cX[aW {k[^r7:H]kY
2
[atpu �
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h TVt_R_� WsfgUlR_fgT a T [aRpWszk[aTVfgR_o UX. tpclr Ts[ O UXPaclfirVr fgR -~z+fg�}rsT [acl]+fgTsfiUX4�{ fiUXR_f
�pPQz_z+fgc�r�WVP
{_PQ{pf=; t_Ws]+fgt~r f [aRk:H{_ParsPQR_fgR tpR_� OQfgTV]+fgWVWsfgTVr WsP.�_Ulf=6HR_fgT h UXfg[at$# aWst_R h �_fgW�xB[ �
cXPaTsU,.0f r fgTVW��pfgtprscXUX4�{�j � RJrsfgTVWstI4�{ t_R h fgR1{k[a]+fiR h fiogfiU h rg� �k[/?�- r Ts[a{_cXfiR_W54�{kea�pfgR �_fiT
:H]kY

2
� xdTsUlWVr�[^clclf �_t_Tq4�{.�_[aW 6UT~z+fgTVUX.0fgR}r �afgUXRpfgR .0fgTV� clUX4�{_fiR 6HUXR #ktI? [at~u �_UXf�6HR_fgT �

h Ulf [at # QWstpR h {k[a]+fiR�j ; tI?QfgTV�_f3. � [aR_R �pUXfk; ]_Rk[^{I. f �pfgT a Ts[aR_W5.0UlWsWsUlPQR �_t_Tq4 {
- rsT [a{_clfgR_Wq4 {_ea�_fiR ]+fgUD[�PQWVfgR vp] fiT + �a�d�JT [^�0�_t_Tq4 { S fiWVrsT [a{_clt_R h .0Ulr ]_cX[at_fR. h�UX4�{}r
Tsv 4 � h e^R h U h h f3. [/4�{Jr � fgTV�_fgR\�Z+ � j

6HUXR_f �_f r�[aUlcXclU�fgTVrsf S fiW54�{_TsfiUX]pt_R h �_fiWd; 8 � xB[aclPQTsUZ.0f r fiTsW 	kR_�_f rdWsUX4�{ UlR
o�� fgU [�UXW �
WsfiTVr [^r UlPQR_fgRk� +5� ���Z+ ��� j�[ [aW xB[aclPQTsU,. firsfgT �Zt_Ts�pfL�^�Q�Q�]. U�ry�g+o+ xB[aRkeaclfgR"UXR S f r TsUlfg]
h fiR_Po.=. fiR t_R_� OQPaR��^�Q� +L]_UXWB�a�a�o2 zk[^T [aclcXfic oit_T<[ [�r fgRpRk[/.0fLOQPQclcXWVr eaR_�_U h [at_W h f �
]k[at~r j [�fgT � .L]k[at
�_fiTdh [ h fiTst_R h �_fiWBxB[^cXPQTVU,.0firsfgTVWg�+tI. m�fiWsWst_R h fgR [at 4 { tpRJr fiT
pZvI4 � � eaTVrsWsWVrsTsfgt �yUlR_�afgclR �_tpT54�{puwv_{_TVfgR ogt ��QR_R_fiR�� {k[^r)UX.V;�t h t_WVr �a�Q�N8 ]+f h PQR_R_fiR
! - UXfg{pf xB[az_U�r fgc 8 # j

��������� �
	�� ,����������2��������#$������%&	 # *- "������,

[ [aWm;K8 � 6UT~z+fgTsU,.0fgRJr W@r ficXclr {_Pa{_f�;�RpuwPaTs�_fiTst_R h fgR.[aR �_UXfK; t_WsclfgWVfgfgclfg�}r TVPQR_Ul� �_fgW
xB[acXPaTsU,. fir fiTsWij&Y v_T0fiUXR 6UT~z+fgTsU,. fiRJr .Lv_WsWVfgR 4 [pj + � 13 fgcX[aWVrsUXWq4 { h fiWVrsTsfgt~r f 6Hclfg� �
r TVPQR_fiR1]+fgUZbdfgWs[/. r T [�r fiR OQPQR + �Q� m � o��_f r fi�JrsUXfiTVr t_R_�1�_Ulf ogt h fg{�aTsU h fgR 6HR_fgT �
h UlfgR {pUXWVrsP h Ts[/. . UlfiTVr � fiTs�_fiR�j'py[^r fiRJOQfiTsclt_WVr f �pt_T54�{ �_UXf a P^r ogfiUlrL�_fiT]6HcXfi�}r TsPaR_UX�
.Lv_WsWVfgRn{_UlfgTs]+fiU�.0UXR_U,.0U�fgT@r � fiTs�_fiR�j [�UlfgWVf�;�RpuwPaTs�_fiTst_R h fgRnWsUlR_�7. U�rZ{k[aR_�pfgclWsv_]_clU �
4�{_fgTf-Jr�[aR_�_[aTs�_ficXfi�}r TsPaR_UX�BR_U,4 {}r ogtL]+f�� e^clr U h fgR jN[ [a{_fiT �Zt_TV�_f fgUlRLWVrsTsfgR h zk[aTs[acXclfgclfiW
[ [^rsfgR_fiTVu [aWVWst_R h Ws�QPaR_ogfgzpr)fiRJr �ZUX4��aficlr � +���� j/[ [aWHxB[aclPQTsU,. firsfgT �ZUlTs�LUXR 2 × 2 � xdTsUXW@r�[ac�c �
mn[^rsTsUlogfgR [^tpu h firsfgUlclr � � PQ]+fgU+/Vfi�_fgT xdTsUXW@r�[aclc}[atI?afgT �_fiR p [aRp�_�JTsUXW@r�[aclclfgR �_[aW � fiRJrsTstI.
fgUlR_fgT WsPacX4�{_fgR0mn[�r TsU T UlWVr j!;�clcXf xdTsUlWVr�[^cXclf)fgTV{k[ac�r fgRLfgUlR_fgRLOaPQcXclWVr�e^R_�_U h fgR 6Hclfg�}r TVPQR_UX� �
��[^Rk[ac �Q�pfgT .0UlrHWVfgUlR_fgR 0 [/4�{ ]k[^Ts�JTsUlWVr�[aclcXfiR UlR0�_fiT mn[�r TsU TLOQfgTVR_firsoir UlWVrg�}t . �pUXfZ[aRk[ �
cXP h f�-~tI.=. f �pfgT�-~U h Rk[aclfB]_UlcX�_fiR�ogtn��QR_RpfgR�j � fi�_fgTK6&clfg�}rsTsPQR_Ul�J��[aRk[ac UlWVr�[at 4 {�uwv_T
�_UlfS[�U h Ulr [aclU�WsUlfiTst_R h t_R_� -~z+fgU,4 {_fiTst_R h �_fgT [ [^r fiR0OQfgTs[aRJr � PaTVr clUX4�{�j � .:fiUXR_f u [aclW54�{_f
6HR_fgT h UXfi]+fgW@r UX.=.Lt_R h �_t_T54�{ [�PQzpz+fgclrsTsf ` fiT"!:&UlcXf ��� z$# oit0OQfiTs{_UlR_�_fgTVR���.Lv_WVWsfiR o�� fgU
ogfiUlrscXU,4 { WVfg{_T Rk[a{"{_UlRJrsfgTsfiUXRk[^R_�_fgT fiUXRJrsTsf ` fiR_�_f a fiUXc,4 {_fiR�OQPQR"�_fiT 6&clfg�}r TVPQR_Ul� [atI4�{
[aclW WVPQcX4�{_fnfgTV��[aRpRJr � fiTs�_fiR�jY[�Ulfe;�R~uwPQTs�_fiTst_R h fgR [aR��_UXfe6HcXfi�JrsTsPQRpUX� � [aTVfgR �k[ �
{_fiT fiUXR_fC[ PQz_z+fgclz_t_clWsfiTs�afgRpR t_R h [^]3�nR_W -~U h R_[ac`[^]_WVr [aR_��� �a�nR_W q R}r f h T [^rsUXPQRpWsogfiUlr
ogtpT 6&RpfgT h UXfR. fiWsWstpR h t_Rp��rsPar oifgU�rsuwTsfiUXf#[�U h Ulr [aclU�WsUlfiTst_R h jf6HUXR 6HTsfiU h RpUXW �ZUlTs� �_U h U �
r�[^cXUlWsUlfgT@r �� fgRpR h fgRJv h fgRp� 6HR_fgT h UXf UXR �_fiR xdTsUlWVr�[^cXclfiR fgUlR_fgT$2 × 2 � xdTsUlWVr�[^clc � mn[�r TVU T
�_fiz+PQR_UXfiTVr �Zt_Ts�_f�t_R_�n�k[aWK6HTsfiU h RpUXWyoifgU�r cXU,4�{ �ZUXf T eatI.0clU,4 {"OQPaR [^R_�_fgTVfgR h fir TVfgR_R}r
� [^Tgj

;�]p]�j�2pj � ogfiU h rB�pUXf fiRJr �ZUX4��afgc�r f=6HcXfi�}r TsPaR_UX��fgUlR h fg]_[atprBUXR �_fgRk6HcXfi�JrsTsPQR_Ul�}r t_Tq.
! m76 [ � -g; # j ^ f h fgR��_fgTyW@r�[aTV�afgR 	&fgTsRpfir oit_R h uwvpTy�pfgR�]+fgR�^r U h r fgR q RpuwPaT5. [^r UlPQRpW �
[at_W@r�[atpW54�{ WVUXR_���pUXf=;�Rk[aclP h^� xB[aTVrsfgR UlR��pfgT h cXfiUX4�{_fiR ^ fiUXWsf �ZUXf0�_UXf0oit h fg{ QTsU h fgR
xB[acXPaTsU,. fir fiT � m�P �_t_clf [^R h fiPQTs�_Rpfir j'- P UXW@rL�_fiTLT eatI.0clU,4 {pf ; ]_WVr [aR_� o��ZUlW54�{_fgR1]+f �
Rk[/4�{J]k[aTVrsfgR xB[aRkeaclfgR�UX.=.0fiT h cXfiUX4�{ h TsP/? tpR_�
�_Ulf -~U h Rk[aclcX[^tpuwogfiUlrsfgR.WsUlR_�e. UlR_U,. [^c
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� + ��� jl6HUXR 6HcXfi�}r TsPaR_UX�J��[^Rk[acy]+fiWVr fi{Jr"[^t_W o�� fgU h [ac�O^[aRpUXW54�{ h firsTsfgRpRJr fiR 6HUlR_{_fgU�r fiR�j
6HUXR [^Rk[acXP h fgT a fgUXcHfiTs�afiR_RJr�Wsfgcl]_WVrVr TsU hQh fiTsR_� fgUXR UX.�xB[aRk[^c&[atpu rsTsf r fgRp�_fgW 6HTVfgU h R_UXW
t_R_� ]+fgWVrsUX.=. r �_fgWVWsfgR 6HR_fgT h UXf [atpW"�_fiT"UlRJrsf h TVUXfgT@r fiR h [^�_t_R h �_fiT"oit h fg{ QTsU h fgR
2 × 2 � mn[^rsTsU T j�[�fiTK;�R_[acXP h r fiUXc�fiTs�afiR_RJr ogt_Wse^r oicXU,4 { [ PQz_z+fgclz_t_clWsf�UXR_RpfgTs{_[acX]��_fiW q R �
r f h T [�r UXPaR_WVuwfiR_WVrsfgTsWij � .F�_UlfgW cXfiUXWVrsfgRnoit
��QR_R_fiR��Q. vpWsWsfiR o��ZUXWq4 {pfgR �_fgR [aR_[acXP h fgR
6HUXR_{pfgUlrsfgR=- U h R_[acXf [at_W h fir [at_Wq4 {}r � fiTs�_fiR�� � PQ]+fgU /Vfi�_fiW m�P �_tpcI.0Ulr WVfgUlR_fgR �N8 Rke/4�{ �
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. �^JK:L35>�WY.0:KJ N�FH2jUXWX1�] .01 �H351?E ��WX:aE'E?3VI P =T.0]^JK:KB�2 IRE7B�:aML> E7WY.
 WYIK]�:KWX2 WX1,35JaSV:aILML>�� .0UXUY.R35Q�_�.CIaML>�1�WXJKJL. 1%N

WVrsfgR 0�[N4 {J]k[aTsRL�aPo.=. tpR_UXoiUXfiTsfiR .LtI? �Z+Wi � j/[�fgT o�� fgU�r f a fiUXc~fiUXR_fiW'6HcXfi�}r TsPaR_UX�J��[^Rk[acXW
UXW@r �_fiT �_U h Ulr�[^clf a fiUXc � �_fgT �_Ulf OQPo. [^Rk[acXP h fgR a fgUlc�[a�JoifgzprsUXfiTVr fiR#6HTsfiU h R_UlWsWVf�r P^r ogfiUlr �
uwTsfiU�{_UlWVrsP h T [N. . UlfgT@r j

;�]p]�jQ2pj>@0ogfgU h r fiUXR.rN|~zpUXW54�{_fiW�6&RpfgT h UXfgWVz+fg�}r TVtI. fgUlR_fgT 2 × 2 � mn[^rsTsUZT��_fiW xB[aclPQTsU �
.0fir fiTsW ]+fiU fgUXRpf3. - r TVfgt��ZUlR_�afic OQPQR 2}� ◦ tpR_�"fiUXRpfgT -Jr T [^{_cXfiR_fgT h UXfyOQPQR @}�N8_�>2 m�f 	Lj
6HW WsUlR_��WsP�� PQ{_c��pUXf pZPQ{_WVz+fg�}r TVfgR�� �pUXf
[^t_W �_fR. -~z+fiUX4�{_fiT �_fgT � UXW@r P h T [/.=.0U�fgT �
fgclfg�}r TVPQR_Ul� [at_W h fgcXfiWsfiR � fiTs�_fiR�� [^cXW [atI4�{��_Ulf [at~u �_U,` fgTVfgRJrsUXficXclf 0 U,4 {}r clUXRpf [aTVU�r�e�r fiR
!	[K0Kh�#��_fiW)@ � S UlrM[�U h Ulr�[^c � ;�R_[aclP h^� ^ [aR_�pclfgTsW��^PQTsTsU h UlfgTVrsfgR$-~z+fi�JrsTsfiR�uwv_T�]+fgUl�_f : Pac`[ �
TsUlW [^rsUXPQRpWsTsU,4�{Jrst_R h fiR [atpu h fir Ts[ h fiR�jg[ [ �_fgT Ykfg{pcXfiT UlR �_fiR 6HUXR_oifgcl��[aRkeaclfgR h T o?QfiT UXWVr
[aclW �_Ulf ogt . fiWsWVfgR_�_fm;�W@|�. .0firsTsUXf^����aR_R_fiR �pUXfm-~z+fi�}r TsfiR uwv_T �_Ulf t_RJrsfgTsWq4 {pUXfi�_cXU,4 {_fiR
: PQcX[aTsUlW [^rsUlPaR_WsTsU,4�{Jrst_R h fiR0��[atI. t_R}r fgTVW54�{_Ulfg�_fiR � fgTs�pfgR�j�;�tpu��_fiT TsfR4 {}r fiR -~fiUlr fZ�_fgW
-~z+fi�JrsTstI.0W"UXW@r"�pUXf bBTVfgR_oifgR_fiT h Ulf 6

0
�_fiT"fic`[aW@r UlW54�{ [/. ^ [aWVWsfiTsWVrsP/` h fgW@r TVfgtprsfgR
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6HcXfi�JrsTsPQRpfgR oit fgTV�afgR_R_fiR�j�[�UXf UlR_fic`[aW@r UXWq4 {pfgR 6HTVfgU h R_UXWVWsf [atpu �pfgTBclUXR_�^fgR -~fgU�r f �_P �
.0UXR_UlfiTsfgR.�k[aW�-~z+fi�}r Tst .�jQ6HW�WVUXR_�nfi]+fgRpu [^cXclWy�_UXf$4�{k[aTs[a�}r fgTVUXW@r UXWq4 {pfgR�6HR_fiT h UlfgRn�_fiT
∆ � pZfgWsPaRk[aR_o t_R_�1�_fiT π0 � -�4 { � fgclcXf . [^Ts�JUXfiTVr j � . �_UlfCpZPQ{_WV|�.=.0fir TVUXf ;

Roh
[atpW

�_fiR h f�� PQRpR_fgR_fiRn[ [^rsfgR f T r Ts[a{_UXfiTsfiR oit ��aR_R_fiR��U.Lv_WsWVfgR �pUXf UlR_fgcX[aWVrsUXW54�{_fiR OQPQR
�_fiR fic`[aW@r UXWq4 {pfgR 6HTsfiU h R_UlWsWVfgR h f r TsfiR_R}r � fgTs�pfgR�j [�Ulf � RJrsfgT h Tst_R_�pz_TsPQoifgWVWsfn{_[a]+fgR
fgUlR_f.[^R_�_fiTsf#; WV|�.=. f r TsUlf"[aclW �_UXf�fic`[aW@r UlW54�{_fgR3t_R_� �Zv_TV�_fgR �_UXf pZPQ{k[aW@|�. .0firsTsUlf
OQfgT@u eaclW54�{_fgR�j � .:�_UXfY;�Rpo [a{_ck�_fgT&fgcX[aWVrsUXWq4 { h fgWVrsTsfitpr fiRG6HcXfg�}rsTsPQR_fiR ogt0]+fgWVrsUX.=. fiR��
.Lv_WsWVfgR7-g4�{_R_UlrVr f �_f�	kRpUXfiTVr � fgTs�pfgRk�>i � jI[�Ulf<-g4 {pR_UlrVr f WsUXRp�"fi]+fgRpu [aclcXW UXR �_fgTY; ]_]_Ulc �
�_t_R h fiUXR h fgoifgUX4�{_R_f r j

��������� �
	���� � �'	�%�����	���� ��� �'��%&	���� �4�

[�Ulf [N4 {}r<h�tI.0UXR_PQWVUlr e^rsW5.0PaR_U�r PaTsf WsUlR_�
WV|�. .0firsTsUlW54�{ t .5�_fiR 6HcXfi�}r TsPaR_fgR_W@r Ts[a{_c
t_R}r fgTL� clfgUlR_fgR 	&PQT�� eaT@r WsW@r Tsfit��ZUlR_�afgclR [aR h fg]_Ts[/4�{Jr ! ;�]_] j'2pj>i # j'- UXf �_fR4 �^fgR fgUlR_fiR
- rsTsfgt �ZUXR_�^fgcX]+fiTsfiUX4�{ OQPQR 8_�c8 ◦ ]pUXW + � ◦ [a]�j [�UXf 6HTsfgU h R_UlWsTs[^r f t_RJrsfgT.�_UlfgWsfiR �JclfgU �
R_fiR ^ UXR_�^fgcXR UXW@r1WVfg{_T {_P�4 { � �k[^{_fgT .LtI?-WVrsT [a{pcXfgR~uwfgWVrsfgW mn[^rsfgTsUX[ac OQfiT � fgR_�_fir
t_R_� UlRJrsf h Ts[ac h f3.0fgWVWsfiR � fgTV�_fgR j � tI. 6HUXR_Ws[^r o �aPo.=. fiR ^ [aWsWVfgT �_a W54�{_fgTsfgR_�aP�� �
[�f r fg�}rsPQTsfiR�j ^ [aWsWVfgTyUXW@ryWVfg{_TyW@r T [^{_cXfiRpuwfgW@r �kcXfiUX4�{JrZoit�{k[aRp�_{k[a]+fiRnt_Rp���aPQWVrsfgR h v_R �
WVrsU h j a Wq4 {_fiTsfgR_�aP�� � [�fir fg�JrsPQTsfiR ]+fiWsUlrsogfiR oit_�_fR.*fiUXR_f WVfg{_T Wq4 {pR_fgclcXfm-~U h Rk[acX[aRJr � PaTVr �
ogfiUlr)OQPQR � fiR_U h fiRG0�[aRpPQWsfi� tpR_�_fgR��p�pUXfyR t_T&OQPQR �_fgT [�f r fg�}rsPQT h fiPo.0firsTsUXfyogt_T h�U,4 {}r �
W [N. .0cXtpR h ]+fiWVr U,. . r �ZUlTs��j

[�Ulf h�tI.0UXRpPQWsU�r�e�r W5.0fiWsWVt_R h UlWVr�oit_W e�r ogclUX4�{nogt_Tdm.fgWsWVt_R h �_fgWd- r Ts[a{_clWVr TVPo. WZR_Par �
� fiR_�_U h jU; tpuy�_UlfgWsf ^ fiUXWsf ��aR_R_fgR a [aT h firs�_UX4�{}r f #_t_�}r tk[^rsUXPQRpfgR OQPQRn- r Ts[a{_clWVr TVPo. �
W54�{�� [aR_�Jt_R h fiR h f r TsfiR_RJr t_R_� vp]+fgT � [/4�{Jr � fgTV�_fgR j m�U�r �pf3. - r Ts[a{_cXW@r TVPo. t_Rp�aPQT �
TsficXUlfgTVrsfmh�tI. UlR_PQWVUlr e^r WVW54�{�� [aR_�Jt_R h fiR � fgTs�pfgR OQPQR a [aT h fir �pUX4�{Jrsf #kt_�}rstk[^r UlPQR_fiR OQfgT �
t_TVW [/4�{Jrgj a [aT h firs�_UX4�{Jrsf #ktp�Jrstk[^rsUXPQRpfgR uwv_{_TsfiR ogt fgUXRpfgT 	&fgTV�Jv_Tsoit_R h �_fgTBf ` fi�JrsUlOQfiR
a [aT h fir cXeaR h f t_R_��WVPo.0UlrZ[at 4 {.ogt.fgUlR_fgT 	&fgTVTsUlR h fgTVt_R h �_fgTSh�tI.0UXR_PaWsUlr e^rgj

[ [ �_UXfSh�tI.0UXR_PaWsUlr e^rsW5.0PaR_U�rsPQTVf �_UXf a [aT h fir �pUX4�{Jr f #kt_�}r t_[^r UlPQR_fiR v_]+fgT�� [/4�{_fiR��~UXWVr
fgUlR_f$h�tI.0UXRpPQWsU�r�e�r W5.0fiWsWVt_R h ]+fgU m�fgWVWst_R h fgRnt_RJrsfgTSpyvI4�� � eaT@r WVWVr TVfgt��ZUXRp�afgcXR�fg]+fiR �
u [aclcXW �ZUX4�{}r U h �_ogt . [ac��k[ fgUlR.c`eaR h fgTVfgW a [aT h firZOQfgT � fgR_�pfir �ZUlTs���_UXR"�_f3. OaPo. 6Hclfg� �
r TVPQR_fiR_WVrsT [a{_c [atI4�{ .0fi{_T 6HR_fiT h Ulf��_fgz+PaR_UXfiTVr �ZUlTs��j [�UXfPh�tI. UlR_PQWVUlr�e�r Wq.0PQR_U r PaTsf
.Lv_WsWVfgR1{_UXfiTL�_fiR_WsficX]+fgR py[atI. �ZUlR_�afgcl]+fgTsfiUX4�{1[^]+�_f34��afgR �ZUXf ]+fgUZm.fgWsWVt_R h fiR t_R �
r fiT 	&PQT � eaTVrsWsWVrsTsfit��ZUlR_�afgclR�j ^ UXTV� RJt_R uwv_T m�fgWVWst_R h fgR.t_R}r fiTYpZvI4���� eaTVrsWsWVrsTsfit��yUlR �
�afgclR �k[aWLxB[acXPQTVU,.0f r fiT�oit_W [N. .0fgR .0Ulr��pfgT]- r Tsfit_��[N. .0fgTi� [^R �_fgTVfgR 6&Rp�$#\[aR_Wq4�{
�_UlfCh�tI.0UXR_PaWsUlr e^rsW5.0PaR_U�rsPQTsf ]+f uwfgW@r U h r WsUXRp��� h fi�_Tsfi{Jrg� WsP �_f34��afgR3WsUlf �_fgR u [^cXW54�{_fiR
- rsTsfgt �ZUXR_�^fgcX]+fiTsfiUX4�{ [a]�j � f�Rk[/4�{_�_f3. [aR � ficX4�{_fgT�-~fgU�r f �_fgT�Y cX[aR_W54�{e.0UlrZ�_fgR h�t �
.0UXR_PQWVUlr e^rsW5.0PaR_U�rsPQTVfgR [^R��_Ulf - rsTsfgtp��[/.=. fiT�[aR h fg]_Ts[/4�{Jr � fiTs�_fiR �Zv_Ts�pfa���Zv_Ts�_fiR
WsUlfZfgR}r � fg�_fiT TVvI4�� h fgWVrsTsfitpr f�6Hclfg�}r TVPQR_fiR WVfg{_fiR�� �k[BWsUlfZo�� [^T)UX.�TVUX4�{Jr U h fiR=; ]_WVr [aR_�
ogt . a [^T h f r .0PQRJrsUXfiTVr � eaTsfiR��~[a]+fgT [atpu��_fgT)u [^cXW54�{_fiRC-~fgU�r f^� P �pfgT WVUXf �Zv_TV�_fgR fiUXR_fiR
ogt h TsP/?QfgR7p [at . �ZUlR_�afic [a]+�pf34��afgR�� �_[0WsUXfBo�� [^T�[^tpu �_fgTyTsU,4 {}r U h fgR7-~fgU�r f$.0PQR}r UXfiTVr
� e^TsfgR �~[a]+fiT [atpu h TVt_R_� �_fiT bBfiPo.0fir TVUXf �_fiT - r Tsfit_��[N. .0fgT&ogt �_U,4 {}r [/. a [aT h fir W@r f �
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{_fiR � v_Ts�_fiR�j q . py[a{I.0fgR �pUXfgWVfgT�;�TV]+fgUlr �Zt_Ts�pf �k[^{_fgT fgUXRpfl- r TVfgt_��[N. .0fgT@OQfgTVc`eaR h f �
TstpR h fgR}r �ZU,4��afgclrg�a�_Ulf h [aT [aR}r UlfgTVrg���k[/? �_fiTfpy[atI. �ZUlR_�afgc~�_fiT'h�tI. UlR_PQWVUlr�e�r Wq.0PQR_U r PaTsf
�_fiT h cXfiUX4�{_fd]+fgU 	&PaT � e^TVr W � �ZUlfB]+fiU�pZvI4�� � eaT@r WsW@r Tsfit��ZUXR_�aficXR�UXWVrgj

��������� �
	�� � ����� �4		�'� �����

[�fiT : PQcX[aTsUlW [^rsUlPQRpW h Ts[a� �_fiW 6&clfg�}r TVPQR_fiR_WVrsT [a{_clW UXWVr uwv_T �k[aWm;K8 � 6UT~z+fgTsU,. fiRJr fgUlR_f
�ZUX4�{}r U h f bBT o?Qf^jg[�UXf h fR. fiWsWsfiR_fd; WV|�.=. f r TsUlf AMess

UXW@r �pUXTsfi�}r z_TVPQz+PQTVrsUXPQR_[ac\oitI.
: PQcX[aTsUlW [^rsUlPaR_W h Ts[a� P �pfgW 6HcXfi�}r TsPaR_fgRpWVr Ts[a{_cXWij

AMess = P · APV
!	2~j � #

[�fiT�Ykfi{_cXfiT UXR��_fiT S fgW@r U,. .Lt_R h �pfgWC: Pac`[aTVUXW [�r UlPaR_W h T [a�_fiW h fg{Jr �_UXTVfg�}r UXR��_Ulf
bdfgRk[atpU h �afiUlrZ�_fgTS;�W@|�. .0firsTsUXfR. fiWsWVt_R h fgUlR�j�[ [a{_fiT �ZUXTV��UXR.�_fiT S fgWVrsUX.=.Lt_R h �_fgW
: PQcX[aTsUlW [^rsUlPaR_W h Ts[a�_fiWHfiUXR_fybBfiRk[at_U h �afgU�r OQPQR#+��<v_]+fiT)�_Ulf h fgWs[/. r fym�fR?Q�k[at_fiT)fiUXR_fiW
6UT~z+fgTsU,. fiRJrsfgWL[^R h fiWVr TVfg]prgj ^ e^{_TsfiR_� fiUXR_fiT - rsT [a{pcXogfiUlr �ZUlTs� �_fgTVogfiUlr � �4 {pfgRJrscXU,4 {
�_Ulf : PQcX[aTsUlW [^rsUlPQR �_fiW 6&clfg�}r TVPQR_fiR_WVrsT [a{_clWL[a]pWsPQcltpr�OQPaR fgUlR_f3. m �QcXclfgT � : PQcX[^TsUZ.0f r fgT
�_fiT ;�+ � x PacXcX[^]+PQTs[^rsUlPQR ]+fgWVrsUX.=. r jI-~Ulfd]+f r T e h rZU,. m�U�rsr ficM@a��� jD[ [ WsU,4 {"�_fiTS: Pac`[ �
TsUlW [^rsUXPQRpW h Ts[a� [^]+fgTHoifgU�r cXU,4�{ eaR_�pfgTVrg�QWsPacXcp[atI4�{ �_fgT 	&fgTscX[atpu\�k[at_fiTs{k[^u r OQPQR o�� fgUI;K8 �
: PQcX[aTsU,.0f r fgTVR0]+fgWVrsUX.=. r � fiTs�_fiR�j [ [a{_fiT �Zt_Ts�_fK6&Rp�_fd�a�Q�Q�BfiUXR Tsfic`[^rsUlO . fiWsWsfiR_�_fiW
a T [aRpW5.0UXWsWVUXPQRpW � % P/. zprsPQR � : PQcX[^TsUZ.0firsfgT UXR S firsTsUXfi] h fgRpPo. .0fiR�j ; tI?QfiTs�_fR. �Zt_Ts�_f
�a�Q�Q� .0Ulr��_fR. ;�t~uw]k[at-fiUXR_fiW [a]_WVPQcXt~r .0fgWsWVfgR_�pfgR h [aWVfgT � % Po.0zpr PaR � pZvI4��JWVr TVfgt �
: PQcX[aTsU,.0f r fgTVW ]+f h PaR_R_fgR � � fgc,4 {_fiWyWVUX4�{.�_fiTsoifgU�ryUlR"�_fiTS6HTsz_TVPQ]_t_R h Wsz_{_[aWsf ]+f�	kRp�_firgj

[ [aW ;�+ � m �QcXclfgT � : PacX[^TsU,. firsfgT R tprsoir oit_T S fiWVrsUX.=.Lt_R h �pfgW]: PQc`[^TsUXWs[^r U�PQR_W h T [a�pfgW
�_fiW 6Hclfg�}r TVPQR_fgRpWVr Ts[a{_clW��_Ulf � ficXUlogUlr e^rsW [a]p{keaR h U h �afgU�rB�_fiTLm��acXclfgTsW@r Tsfit_t_R h [at_Wi� tI.
�_Ulf�clPQR h U�r tp�_UlRk[ac�fP-~zpUXR_z+PQcX[aTsUlWs[^r U�PQR [^t_Wnzk[aT [^cXclfgcdt_R_� [^RJr Ulzk[aTs[aclclficBPQTsUlfgR}r UlfgTVrsfgR
- rsT [a{_c � t_Rp� a [aT h firsz+PQc`[^TsUlW [^r U�PQR_WVTsU,4�{Jrst_R h fiR oit ]+fiWVrsUX.=. fiR�j![ [aW : PQc`[^TsU,.0firsfgT�OQfgT �
� fiR_�_f rdfiUXR_f$4 [~j�+ � µ .��_UX4��af�. [ h R_f r UlWsUlfgTVrsf$pZfgUXRpfgUlWsfgR~uwPQcXUlfB[acXW a [^T h f rK.0UlrZfgUlR_fgT
6HcXfi�JrsTsPQRpfgR_z+PQcX[aTsUlW [�r UlPQR"OQPQR 4g[pj @7��jQ6HW���[aR_R
fiUXR_fLbdfgRk[^t_U h �afiUlryOaPQR �~�Z+�� fgTVTsfiU �
4�{_fgR\� 8^� j

[ [aW a Ts[aR_Wq. UlWsWsUlPQR_W � % Po.0zpr PaR � : PacX[aTVU,. fir fiT0R tprsoir��pUXf : PQc`[aTVUXWs[^r U�PQR_Ws[a]_{keaR h U h^�
�afgU�r �_fiT�% Po.0zpr PQRpWVr TVfgt_t_R h [at_Wi� tI. �_fiR�: PQcX[aTsUlW [^rsUlPQR_W h T [^� �_fgW�6Hclfg�}r TVPQR_fgRpWVr Ts[a{_clW
ogt�]+fgW@r UX.=.0fgR�jf[�fgTG6Hclfg�}r TVPQR_fiR_WVr Ts[a{_cyfgTsoifgt h r UX. a [^T h f r t_R_��UlR�x PQ{_clfgR_W@r P/` �
WVrsTsfit_fgTVR z+Pac`[aTVUXWVUXfiTVrsf S TsfR.0WsWVr [a{_clt_R h � �_Ulf [atpu fgUXRpfgR : fiT5. [aR_fgR}r . [ h Rpfir fiR r TVU,`+r
t_R_� [aR0�_fiR z+PQcX[aTsUlWsUlfiTVr fiR=6Hclfg�}r TVPQR_fiR �_UXfiWsfiW mn[ h R_firsfgR h fiWVr TVfgtpr �ZUXTs� j�[ UXfiW&uwvp{_TVr
UXRG; ]_{keaR h U h �afgUlr OQPQR��_fgT��yfgcXUlogU�r�e^r �_fiW 6HcXfi�JrsTsPQRpfgR_W@r T [^{_cXW ogt�fgUlR_fgT 	&fgTseaR_�_fiTst_R h
UXR"�_fiTS[�t_T54�{_cXeaWsWVU h �afiUlrZ�_fgW�mn[ h R_firsfgR�]_o��Bj\UX. a fiUXc,4 {_fiR$#kt ? {_UlRJrsfgT �_f3.Fmn[ h Rpf �
r fiR�j![�UXf&{_UlfgT [^t_W TVfgWVt_clrsUXfgTVfgR_�pfl; WV|�.=. f r TVUXf&U,. a fgUlcX4�{_fiR$#ktI? UlWVr z_TVPQz+PQTVrsUXPQR_[acQoitI.
: PQcX[aTsUlW [^rsUlPaR_W h Ts[a� �_fgT 6HcXfg�}rsTsPQR_fiR�j [�[aW]: PQcX[aTsU,.0f r fgTBOQfiT5.0UX?ar��_UXf cXPQR h Ulrst_�_UlRk[^clf
6HUXR_W@r ficXcXtpR h �_fiWm6HcXfi�}r TsPaR_fgR_WVz_UXRpW [/. - T@r �_fgW a [aT h fir W � �/i � j�6HW UXW@r UXR 6UTpz+fiTsU,. fiR �
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r UlfgTV{k[acXc�f�80o��ZUXWq4 {_fiR
xB[aclPQTsU,. firsfgT t_Rp� - rsT [a{pclu eaR h fgT [atpu h fi]k[atprgj
[ [aW7h [aWsfiT � % Po. z~r PQR � pyv 4 �JWVrsTsfit � : Pac`[aTVUX.0f r fgT�RJtpr o r�fg]+fgR~u [acXclW"�_UXf : PQcX[aTsUlW [^rsU �
PQR_Ws[a]_{ke^R h U h �afgU�r �pfgT % Po.0zpr PaR_WVrsTsfgtpt_R h [at_WijD6&W ]+fiWVr U,. . r ]+fiU�c`[^tpuwfgR_�pfgTm;�W@|g. �
.0fir TVUXfR. fiWsWstpR h oifgTsW@r QTVt_R h W@uwTsfiU+t_R_�0�aPQRJrsUXRJt_UXfiTscXUZ4 { �_UXfZ[a]_WVPQcXt~r fS: PQcX[aTVUXW [�r UlPaR �_fgW
6HcXfi�JrsTsPQRpfgR_W@r T [^{_cXWijY[�fiT 6HcXfi�JrsTsPQRpfgR_W@r T [^{_c �ZUXTV� {_UlfgTs]+fiU uwTsPQR}r�[ac .0U�r fgUXRpf3. h [ �
WsfiTsW@r T [^{_c �_fiT ^ fgcXclfgR_cXeaR h f �g+ 8_� ��RI. v_]+fgTVc`[ h fgT@r jU[�UlfC:H{_ParsPQR_fiR � fiTs�_fiR � f h fiR
�_fiT�{_PQ{_fiR�6&RpfgT h UXf��_fgT�6Hclfg�}r TVPQR_fiR oitI. h T o?arsfgR a fgUXc UlRnfiUXR_fiR
fgR h fgR xdf h fic tI.
�_fiR 6HcXfg�}rsTsPQR_fiR_WVrsT [a{pc ogtpTsvI4�� h fgWVrsTsfgtprgj ^ f h fiR��_fgTm: PQcX[aTsUlW [^rsPQR_W [^]_{keaR h U h �afiUlr)�_fgW
% Po.0zpr PaR��ZUlTs�Jt_R h W �Jt_fgTVW54�{_R_UlrsrsW . U,?ar . [aR3]+fgUX. ^ f34�{_WVfgc��pfgT : PQcX[aTsUlW [^rsUlPQR1�_fgW
h [aWsfiTsclUX4�{JrsfgW fgUlR_f�; WV|�.=. f r TsUlf�UlR �_fiTm;�R_og[a{_c �_fiT TsvI4�� h fiWVr TVfgtprsfgR7:H{_Par PaR_fgR��_[atpW
�_fiT �_fiT : PQcX[aTsUlW [^rsUlPaR_W h Ts[a���_fgW 6HcXfi�}r TsPaR_fgR_W@r Ts[a{_cXWL]+fgW@r U,. . r � fgTV�_fgR1��[aR_R�jHm�Ulr
� Ulcluwf fgUlR_fiT . [ h R_firsUXW54�{_fiR -g4 {pUX��[^R_f�[at_W O UXfiT=[�UXz+PQc,. [ h R_firsfgR � fiTs�_fiR��_UXf :&{pP �
r PaR_fgR�� �_UXf Rk[a{_fiogt1z_[aT [aclclfgc&ogtI. 6&clfg�}r TVPQR_fiR_WVrsT [a{_c cX[atpuwfiR�� OQPaR �_fgR 6HcXfi�JrsTsPQRpfgR
h f r TsfiR_RJrg� tI. WsUlf UlR fgUlR_f3. 0�[ q � xB[acXPaTsU,. firsfgT Rk[N4 { � fgUlWsfiR ogt ��QR_RpfgR�jS[�Ulf [ U �
z_clPo. [^Ts]+fgU�rsfgR � +W@��9� + � �y]+fiu [aWVWsfiR WsU,4 { .0Ulr�	&PQTstpRJr fiTsWVtI4�{ t_R h fgR oit_T pZf [aclUXWsUlfiTst_R h
�_fiW : PQcX[aTsU,.0f r fgTVW tpR_�.�_UXfd; Ts]+fgU�r fiRk� ����� + 8���.0Ulr �_fR. fgR_� h v_clrsU h fiR ; tpuw]k[at.UlR#6UT �
z+fgTVUX.0fgR}r UXfiTs{k[^cXc�fd2~j
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� �<�'�+�.��� �

� ��� ������ # � � � � ������! �����

� . �_fiR.WsficlrsW [/.0fgR�fgclfg�}r TVUXW54�{_fiR.t_Rp�#. [ h Rpfir UlW54�{_fgR"YkPQT5. u [a�}r PaT �_fiWS0yt_�JcXfiPQR_W
Wsfizk[aTs[^r ]+fgWVrsUX.=. fiR ogt�� QR_R_fiR !wWsUXfi{_f xB[az_Ulrsfgc � # � WsUXRp� R_UX4�{}r R tpTZm.fgWsWVt_R h fiR.�_fiT
zk[aTVUlr e^r W@OQfgTsclfirsogfiR_�_fgR 6HcXfi�JrsTsPQR � :HTsParsPQR � - r Tsfit_t_R h tpRJr fiT 	&PQT�� eaT@r W �ZUlR_�afgclR�� �ZUXf�UXR
xB[az_U�r fgcl2n]+fgW54�{_TVUXfi] fiR�� R�arsU h � WVPQR_�_fiTsR3[at 4 {3m�fiWsWstpR h fgR3t_R}r fgT]pZvI4�� � eaTVrsW �ZUlR �
�afgclR�jg6HUXR m�fR?}[atpuw]k[^t t_R}r fiTmpZvI4���� eaTVrsW �ZUXRp�afgclR�fiT /` R_fir [at ?QfgTV�_f3. � fgU�r fiTsf m  h^�
cXU,4�{_�afgU�r fgR�ogt_T m�fiWsWstpR h OQPQRe-~UXR h cXf � -~zpUXR � ; WV|�.=.0fir TVUlfgR �ci�� j

;�tpW OQfgTVW54�{_Ulfg�_fiR_fgR bdTsvpR_�_fgR�UXW@r �_fgT&/Vf r ogU h f�f T~z+fiTsUX.0fgR}r ficXclf7;�t~uw]k[at�{_UXfiTVuwv_T
R_P�4�{ R_U,4 {}r h fifgU h R_firgj�-~P"UXW@rBoitI.�fiUXR_fiR �_fiT<.0f34�{k[aR_UlW54�{_f ; tpuw]k[at uwv_TdfgUlR_f0m�fiW �
WstpR h t_RJrsfgT�pZvI4 � � e^TVr W��ZUXR_�^fgcXR R_UX4�{Jr h f h fg]+fiR�� ogtI.'[aRp�_fgTVfgR�UlWVr �pUXf OQfiT eaR_�pfgTVrsf
- rsTsfgt h fgPo.0f r TsUlf uwvpTBfgUXRpf WsPQc,4 {pf m�fiWsWVt_R h ]+fgU,. ;�t~uw]k[at �pfgW�xB[acXPaTsU,.0f r fiTsWdR_U,4 {}r
]+fgTVvI4�� WVUX4�{JrsU h r � PaTs�_fiR�j�[ [aWHuwPQc h fgR_�_fZxB[az_U�r fic_]+fiu [aWVWVr WVUX4�{ .0U�rH�_fgR Rpfgt_fiR ;�R~uwPQT �
�_fiTst_R h fgR�[aR �pUXf pyv 4 � � e^TVr WVWVr TVfgt_f Tpz+fgTVUX.0fgRJrsfaj q . p [a{ . fiR �pUXfgWVfgTl; Ts]+fgU�r �Zt_Ts�_f
fgUlR x PQR_oifgzprLuwv_T fiUXR_fiR ;�t~uw]k[at t_R}r fiT]pyvI4�� � eaT@r WVWVr TVfgt��ZUXR_�aficXR1fiRJr �ZUX4��afgc�r � �aPQR �
WVrsTst_UlfgT@r t_R_� TVf [aclUXWsUlfiTVr �Q�pfgT fiW fgTq.  h cXU,4�{Jr&Wq4 {_RpfgcXc\o��ZUlW54�{_fgR 	&PaT � eaT@r W � t_R_�GpZvI4�� �
� e^TVr WVWVr TVfgt �ZUXR_�aficXR�ogt � fR4 {_WVfgcXR j

� ��� � ��	 � � � � � 
 	�� � � ��	)� ��� 
���� � � � 	������4� �+� 	 �	��
���'
 
 ��	 �
�� 	)� ��	���� 	 �� ��	

^ UXf . [aR�UXR ; ]_]�jm8_jZ+ fgTV�afgR_R}r � WVrsfg{}r.�_[aWC;K8 � :H]kY
2
� x [^cXPQTVU,. firsfgT U,. ]+fiWVrsf �

{_fiR_�_fgR ;�tpuw]k[^t 4 [~jK+�. WVrsT [a{_cX[a]�� eaTVrsW {_UlRJr fiT �_fR. -Jr Tsfit_ogfiRJrsTstI..� � PQ]+fiU �_Ulf
[�f r fg�}rsPQTs�JTsUlWVr [acXclfy[atpu fgUlR_fgR :Ht_R_�}r U,. S fgTsfiUX4�{ �_fiW + �<43. cX[aR h fgR a [aT h fir W)oifgU h fgR�j
-~UlfB��aR_R_fiRnWVP0fgUXRpfgRe- rsTsfgt �ZUXRp�afgcX]+fiTsfiUX4�{.OQPQR72Q� ◦ ]_UXWY8}� ◦ [a]+�_f34��afgR j
� . m�fiWsWstpR h fgR tpRJr fiT pyv 4 � � e^TVr W��ZUXR_�aficXR �pt_T54�{puwv_{pTsfgR oit0��QR_R_fiR���.Lv_WVWsfiR �_Ulf
xdTsUlWVr�[^cXclf OQPQR3W@r T [^{_c`[^tpu � eaT@r W [atpW0[atpu �k[aW a [aT h fir ogfiU h fiR�jf-~UXf���aR_R_fgR WVP fgUlR_fiR
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Kalorimeter

A B1.8 m

Streuzentrum
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- rsTsfgt �ZUXR_�^fgcX]+fiTsfiUX4�{ OQPQR + 8}� ◦ ]_UlW + �^� ◦ [^] �pf34��afgR�jU;�R_�_fiTsf ^ UlR_�afgcl]+fgTVfgUX4�{_f WVUXR_�WsUlR_�"R tpTZtpRJr fiT�	HfgTsWq4 {pcXf34�{}r fgTVt_R h �_fiTyxB[aclPQTsU,. firsfgTsfiU h fgR_Wq4 {_[^u r fiR .  h clU,4�{��~�k[ �_Ulf
xdTsUlWVr�[^cXclf.uwfiWVr�UX. xB[aclPQTsU,. firsfgT h fgWVrsfgclcS. PQR}r UlfgTVr WVUXR_��j 	&fgTVW54�{_UXfi]pr . [^R �pfgR [�f �
r fi�}r PQT"fgUlR - rsvI4�� Rk[/4�{ OQPaTsR P �pfgT"{_UXR}r fiR�� uwv_{pTVr.�_UlfgW"�k[^ogt�� �k[/?1�_UXf xdTsUXW@r�[aclclf
R_U,4 {}r . fi{_T �_UXTVfg�}rH[atpu\�k[aWf- rsTsfit_ogfiRJr TVtI.�ogfiU h fiR�j/[ [a�_t_Tq4 {LOQfgTsWq4 {pcXfR4 {}r fgT@r)WVUX4�{ �_Ulf
6HR_fgT h UXf � �ZUXfy[at 4 { �_Ulf - TVr Ws[at$# aWst_R h �_fiW xB[aclPQTsU,. fir fiTsWi�}�_[ �_UlfZUXR �_fgR xdTsUXW@r�[aclclfiR
fgR}r W@r fg{pfgR_�_fgRnficXfg�}rsTsPo. [ h R_f r UlW54�{_fgR7-g4�{k[at_fiTy�_[aR_R.R_U,4 {}r . fi{_T R tpTy[atpu mn[^rsTsUXoifgR
[at_W�2!T 2�xdTsUXW@r�[aclclfiR ]+fgWq4�{_T eaRp�JrLWVUXR_�����_UXf OQPQR��_fiT 6HcXfi�}r TsPaR_UX�
oit_T 6HR_fiT h Ulf � t_R_�
- TVrsWs]+fgW@r U,. .Lt_R h [at_W h fgclfgWVfgR � fiTs�_fiR�j
Y v_T m�fgWVWst_R h fgR t_R}r fgT�pyv 4 � � eaT@r W��ZUXR_�aficXR .Lt ? �k[^WdxB[aclPQTsU,. fir fiT�[^cXWsP OQPQT��k[^W

- rsTsfgtpogfgR}r TVtI. h fiWVr ficXc�rZt_R_��tI. +W@Q� ◦ tI. �_Ulf 	&fiTVr Ul��[aclf h fg�_TVfg{}r � fgTV�_fgR j q R7;�]_] j
8_jZ+&fgTs�^fgR_R}r). [aR � �k[N?y�_[aW xB[acXPaTsU,. fir fiT�R tpT�OQPQR�:Ht_R_�}r); Rk[/4�{�:Ht_R_�}r S OQfiTVu [a{pTsfgR
� fiTs�_fiR���[aR_R � tI. �_Ulf - rsTsfgtp��[/.=. fiTM.0PQR}r UXfiTsfiRBtpR_� �_fR. PQR}r UlfgTVfgRBoit ��QR_R_fiR�j�6&UlR_f
pZPar�[^rsUXPQR.�_fiWd[�f r fi�JrsPQTsW UXW@r�R_U,4 {}rK.  h cXUZ4�{�j([ [^{_fgT �ZUlTs�nfgUlR_f�R_fgt_f h [ h fgTVt_R h uwv_T
�k[aWyxB[aclPQTsU,. firsfgT ]+fiR�ar U h r j

;�]p]�jQ8_j � oifgU h r�fgUlR_f]-~�JUlogoifL�_fiTd- r TVfgt h fiPo.0fir TVUXf �_fgW Rpfgt_fiR 6UT~z+fgTVUX.0fgR}r UXfiT [^tpu �
]k[at uwv_T 	&PQT � eaTVrsW � !wcXUlR_�JW*#&t_Rp� pyv 4 � � eaT@r WVWVr TVfgt��ZUXRp�afgc ! TVf34�{Jr W # jI[�fiTY6HcXfi�}r TsPaR_fgR �
WVrsT [a{pc rsTsU,`+ryOQPaR
cXUlR_�JW�[atpuH�k[^W a [aT h f r j � R}r fiT 	&PQT � eaTVrsW �ZUlR_�afgclR
�_fR4 �}rd�_[aW xB[aclP �
TsU,. f r fiT)�_fiR - rsTsfgt �ZUXR_�aficX]+fiTsfgU,4�{ OQPQRC2a� ◦ ]_UXW 8}� ◦ �J�_UXf h�tI.0UXR_PaWsUlr e^rsW5.0PaR_U�rsPQTsf �_fgRS fiTsfgU,4�{ OQPQR 8_�c8 ◦ ]pUXW#+ � ◦ [a]�j � RJr fiT pZvI4 � � e^TVr W��ZUXR_�^fgcXR .Lt ? �k[aW x [^cXPQTVU,.0f r fgT
�_fiRG-Jr Tsfit��ZUlR_�afgcl]+fgTVfgUX4�{ OQPQR#+38}� ◦ ]_UlWY+ �a� ◦ [^]+�_f34��afgR jg[�Ulf h�tI. UlR_PQWVUlr�e�r Wq.0PQR_U r PaTsf
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Streukammerverlängerung Streukammer Luminositätsmonitore

Streuzentrum Kalorimeter
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{_UlR h f h fgR .Lv_WVWsfiR �_fgRpWsfgcl]+fgR S fgTVfgU,4 { OQPQR 8_�c8 ◦ ]pUXWl+ � ◦ �ZUlf tpRJr fiT
	&PQT � eaTVrsW �ZUXRp�afgclR[a]+�_fR4 �^fgR�jQ[ fgT � .L]k[at"]+fgWq4 {pT eaR_�}r�WVUX4�{.WsPo.0U�r R_UX4�{Jry[atpu �k[aWyxB[acXPaTsU,. fir fiTgj
6HUXR_f m  h clUX4�{_�afgU�r � eaTVfa�+�_UXf�h�tI.0UXR_PaWsUlr e^rsW5.0PaR_U�rsPQTsfdogtnOQfiTs�JclfgUXRpfgTsRnt_R_�nRkea{_fiT
[aRB�k[aW)- rsTsfit_ogfiRJr TVtI.-ogt ]_TVUXR h fiR�jW[ [aoit�.LvI?arsfgR [a]+fiT R_fgtpfl[�f r fg�}rsPQTsfiR fgR}r �ZU,4��afgclr
� fiTs�_fiR�� �_Ulf �k[aR_R �pfgR � .L]k[at�o��ZUXW54�{_fiR 	HPQT � eaTVr W � t_R_� pZvI4 � � eaTVrsW �ZUXRp�afgcX.0fiW �
WstpR h fgR�fiTsW54�{ � fgTsfiR �Zv_TV�_fgR j

6HUXR_fL]+fgWsWVfgTVfa� WsP��ZUXf fiUXRpu [/4�{_fiTsf t_R_� �aPaWVr fiR h vpR_WVr U h fiTsf=h QWst_R h UlWVrd�_UXf 	&fiTsc`e^R �h fiTst_R h �_fiT�OQPaTs{k[aRp�_fgR_fiRn- r TVfgt_� [/. .0fiT !; ]_]�j�8_j � # � �k[�WVUXf h [^T [aR}r UXfiTVrg� �_[/?n�_fiT
py[atI. �ZUXRp�afgc~�_fiT'h t . UlR_PQWsU�r�e�r Wq.0PQR_U r PaTsf �pfgT h clfgUX4�{_f ]+fgU 	&PQT�� eaTVrsW � �ZUXf ]+fgUIpZvI4�� �
� e^TVr WVWVr TVfgt �ZUXR_�aficXR UlWVr j [�UXf 	&fiTscXeaR h fiTst_R h WsPQclclr f��k[a]+fiU fgUlR_fgR h T o?afgTsfiR [�tpT54�{ �
.0fgWsWVfgT&{k[^]+fgR [acXW �_UlfY;�tpWs�_fi{_R t_R h �_fiT h�tI.0UXR_PaWsUlr e^rsW5.0PaR_U�r PaTsf^�^tI.*OQfgT h cXfiUX4�{ ]k[^Tsf
m�fiWsWstpR h fgR �ZUXfyt_R}r fiT 	&PQT�� eaT@r W �ZUlR_�aficXR ogt fiTsTVfgUX4�{_fiR�� t_Rp� tI. �_fiR fgRJrsWVrsfg{_fiR_�_fgR
- rsT [a{_clt_R h WVt_RJrsfgT h Tst_Rp� ogt .0UlR_U,.0U�fgTsfiR�j � .:�_fgR � RJrsfgT h Tst_R_� h fgT [^�_fy]+fiU m�fiWsWstpR �
h fiR tpRJr fiT�pZvI4�� � eaT@r W �ZUlR_�afgclR � fgU�r fiTBogt OafgTsTVUXR h fgTsR �M.LtI?.[atI4�{ �pUXf ^ [aR_�_W@r�eaTV�af
�_fiT 	HfgTscXeaR h fgTstpR h Ws� [/. .0fiTY. UlR_U,.0U�fgT@r � fiTs�_fiR�j

[�fiT WVP .0P �_U 	koiUXfiTVr fP;�tpuw]_[at<��[^R_R*]+fiR tprsoir � fgTV�_fgR��Bt . m�fiWsWVt_R h fgR�tpRJr fiT
	&PQT�� eaT@r W � �ZUXf pyv 4 � � e^TVr W��ZUXR_�aficXR .0Ulr h fiTsUlR h fR. � .L]k[atk[^tpu � [aRp���_t_T54�{_oitpuwv_{_TVfgR�j
[�Ulf0]+fgUl�_fgRP6HR_�$#k[aR_W54�{_f �_fiT - rsTsfit_��[/.=.0fgTsR � fgTV�_fgR�fgR}rsuwfgTVRJrg� �_[aW�x [^cXPQTVU,.0f r fgT
.0Ulr Ws[/. r �_fgR 	)[a�Jt_t . � [/. .0fgTVR t .1+ @Q� ◦ tI.��k[^W a [aT h fir h fg�pTsfg{}r)t_R_�0�pUXf ]+fiUX�_fiRY cX[aR_W54�{_f �ZUlfg�_fiTm.0PQRJrsUXfgT@r j�[�fiT Tsf34�{JrsfBY c`[aR_Wq4 {G.0U�r �pfgR h�tI. UlR_PQWVUlr e^r Wq.0PQR_U r PaTsfiR
.LtI? �ZUlfg�_fiTy[atpu �_fiTZTsfR4 {}r fgR -~fiUlr fd�_fiT 	&[a�Jt_tI.0��[/.=. fiTsR .0PQR}r UXfiTVr � fgTs�pfgR�j

6HW&UlWVrH�k[^{_fgTHWsUlR_R}OQPQcXc �^�k[^W&x [^cXPQTVU,.0firsfgT oit_W [N. .0fgR]. U�r �_fiR - rsTsfit_��[/.=.0fgTsR [atpu
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fgUlR_f tI. �k[aW=-Jr Tsfit_ogfiRJrsTstI. �pTsfg{J]k[aTVf#:HcX[^rsrVuwPQT5.'ogt1z+PQWVUlr UlPQR_UlfiTsfgR jU6HUXR � . ]_[at
o��ZUlW54�{_fiR 	&PQT�� eaT@r W � t_Rp� pZvI4�� � eaTVrsW �ZUlR_�afgc,. fiWsWVt_R h UlWVr&�_[aR_R0W54�{_R_ficXckt_R_�0fiUXRpu [/4�{
.  h clU,4�{�j

� � � ���&���	�� � � � 	  ���&  � �4� �

;�]p]�j�8_j>2"ogfiU h rB�_fgR UX. py[a{I.0fgR �pUXfgWVfgT$; Ts]+fiUlr TVf [aclUXWVUXfiTVr fiR bBfiW [/. r [atpuw]k[^t UXR
6UT~z+fgTsU,. fiRJrsUXfiTs{k[aclclf�8pj [�fgTd6Hclfg�}r TVPQR_fgRpWVr Ts[a{_c �aPo.=. r OQPaR cXUlR_�JWgjQ[ [aW PQ]+fiTsf S UXcX�
ogfiU h r&�_UXf : PaWsUlrsUXPQR oit_T m�fiWsWst_R h t_R}r fgT 	&PaT � e^TVr W��ZUXR_�aficXR��Q�k[aW&tpRJr fiTsfZ�_UXf oit_T m�fiW �
WstpR h t_R}r fiT)pZvI4�� � eaT@r W �ZUlR_�afgclR�j![ [^W xB[aclPQTsU,. fir fiT�WVrsfg{}r ogtpW [/.=.0fgR$.0Ulr��_fgR - r TVfgt �
��[N. .0fgTVR t_Rp� �_f3.�xdTV|QPQW@|~W@r fR. [atpu+fgUlR_fgT t .*�k[aW a [aT h firHTsP^r UXfiTs]k[^TsfgR]:Hc`[^rVrsuwPQTq..j
6HUXR � .L]k[^t.UlWVrZ�k[aRpR � UXfBUlR.xB[az_U�r fgc 8_jZ+ ]+fiW54�{_TsUlfg]+fgR7.  h cXUZ4 { j

[ [L�k[aW xB[aclPQTsU,. firsfgT [atpW�+ �}�Q��4g[pj + � h Wq4 { � fiTsfgR��kWVfg{_T f3.0z 	kR_�pcXUX4�{_fiR"xdTsUlWVr [ac �
cXfiR ]+fiWVrsfg{Jrg� �_UXfy[aR0UX{_TVfgT � [aclrsfgTstpR h /Vf�� fgUXclW)[atpu�fiUXR_fiT Y c`e/4�{_f OQPQR RJt_T 4 [~j �p� �<4R. 2[aR h fg�JcXfi]pr WsUlR_���p]+fiWVr fi{_fiR�]+fiWsPQR_�pfgTsf<; RpuwPQTV�_fgTVt_R h fiR�[^R��_UXf�h [ h fgTVt_R h t_Rp�.Y v_{ �
TstpR h �_fgT�:Hc`[�rsrsuwPQTq. � ea{pTsfgRp� �pfgWdpZPar UlfgTsfiR_W��pfgWdxB[acXPaTsU,. fir fiTsWyOaPQR 	&PaT � e^rsW � ogt
pZvI4 � � eaTVrsWsWVrsTsfgt �yUlR_�afgclR3tpR_�1t . h fi�afg{pTVr j [ UXfC:HcX[^rsrVuwPQT5.��k[aTVuZ]+fgU �_fiT][�Tsfi{ t_R h
�afgUlR_fiWVu [aclcXW)UlRG-g4 { �ZUXR h t_R h h fgTs[^r fiR�� R_P�4�{ �k[^TVu�WVUXf 	�UX]_Ts[^r UlPQR_fiR P �_fiTm- r /?Qf fiTsogfit �
h fiR��}�_UXfZ[atpu �_UlfyxdTVUXWVr [acXc�f v_]+fgT@r Ts[ h fgR � fgTV�_fgR ��aR_R_fgR � �_[BWsPQR_W@r �_UlfyxdTsUlWVr�[^cXc�f OQPQR
UX{pTsfgR � [aclrsfgTVt_R h fiR [a]p]_TsfR4 {pfgR ��QR_R}r fgR jf; tI?QfgTV�_f3. WsPacXc�r f fiUXRn6HUXR /@t_WVr UlfgTVfgR1�_fgW
;�t~uw]k[at_WZRk[/4�{��pf3. � .0�_Tsfi{_fiR�fgUlRpu [/4�{#.  h cXU,4�{�WsfiUXR�j
� t_TS; t_W � [^{_c uwv_Ty�_UXf�h [ h fgTstpR h �_fiTK:Hc`[^rVrsuwPQTq. �Zt_TV�_fgRnOQfgTVW54�{_UXfi�_fiR_f=-J|~W@r fR. f
t_R}r fgTVWstI4�{Jrg�pt_RJrsfgT [aRp�_fgTVf3.6fgUlRCpZUlR h W54�{_UlfgR_fiR_WV| WVrsf3..�pfiUXR~u [/4 {pf�pZPQcXclfiR�� xdt h ficXTVPQc �
cXfiR��/h�tpu r �JUlWsWsfiR t_R_� �dc � bdclfiU�rsu vI?Qfaj ^ UXTV� �pUXfm:Hc`[^rVrsuwPQTq.<[atpu+fiUXRpu [N4 {_fiR pyPQclclfgR P �_fgT
xdt h ficXTsPacXc�fgR h fgc`[ h fgT@r �pUlWVrZfiUXR"fiUXR~u [/4 {pfgW � t_W@r UXfiTsfiR.Rk[/4�{.�_f3. � .0�_Tsfi{_fgR#.  h clU,4�{��
�k[ �pfgT=;�tpuw]_[at3uwTsfgUZ[atpu �_fR. S P �_fgR3OQfgTVW54�{_PQ]+fgR � fiTs�_fiR���[aRpR�jl6HW0��QR_R_fiR /Vf �
�_P�4�{ 	 UX]pT [^rsUXPQRpfgR t_R_�#- r o?Qf�]+fgU �_fiTY[�Tsfi{ t_R h fgR}r WVrsfg{_fiR�� � fgR_R"�_Ulf�pyPacXclfgR vp] fiTS P �_fiR t_Rpfg]+fgRp{_fgUlr fiR P �_fiT 	&fgTVW54�{I.Ltpr oit_R h fgR TsPacXclfgR�j S fgU fgUlR_fR.�-g4�{_UlfgR_fiR_WV| WVr f3.
��[^R_R . [aR0�pUXfgWVf � R_fi]+fgR_{pfgUlrsfgR P �_fgT 	&fgTsWq4�{I.Ltpr oit_R h fiR o�� [aT)cXfgU,4�{Jr fiTHOQfiT5.0fgUX�pfgR��
/Vfg�pP�4 { WsUlR_� TVfgUX]pt_R h Ws[aT5.0fGh�UXR_fg[aTs�Jt h fgclc`[ h fgTsW@| WVr fR. f �ZUlf WVUXf �_fiTsogfiUlrLOQfiT � fgR_�_fir
� fiTs�_fiR0uwv_T TstpR_�_fS-g4 {pUXfiR_fgR0RpUX4�{JrHfgTV{keac�r cXU,4�{�jN6&UlR fiUXRpu [N4 {pfgWf6HUXR /Vt_W@r UlfgTsfiR �_fiWf; tpu �
]k[atpW�UlWVr�[^tpu h TstpR_� �_fiTBuwfgW@r�OafgTsclf h rsfgR -g4�{_UXfiR_f [atI4�{ R_UX4�{Jr$.  h clU,4�{�j m�[aRk.LvI?ar f
WsUlfd�k[a{_fiTyeatI?afgTsW@r h fiRk[at"OQfiTsclf h fiR��k�k[ fgUlR"Rk[/4�{JrsT e h cXUX4�{_fiW � .0z+PQWVUlr UlPQRpUlfgTVfgR�R_U,4 {}r
.  h clU,4�{ � eaTVfajU6HUXR_f h [ h fiTst_R h [atpuSh�t~u r �JUXWsWVfgR �aPo. . r�R_U,4�{Jr UXR YkTs[ h f^� �k[n�_UlfgWVf
�_t_Tq4 {1�_UXf WVr eaR_�_U h [^t_WVrsTsfirsfgR_�pf7h�tpu r UlRn-g4�{��ZUlR h t_R h h fiT [^rsfgR1t_R_�1�_UXfiWsf"[aR1�_Ulf
:Hc`[^rVrsuwPQTq. v_]+fgTVrsT [ h fgR�j [�t_T54�{"�pUXf �yt_]_{�a{_f�OQPQRC4 [~j +�4R. � [aR_R�]+fgU fgUlR_f3.6z_c�ar o �
cXU,4�{_fgR [�Tst 4 � [a]pu [aclc UX.5x Po.0z_TsfiWsWsPaTB[atI?QfiTs�_fR. h TsPo?QfiT$-�4 {_[a�_fgR [/. x [^cXPQTVU,.0f r fgT
[aR h fgTsU,4�{Jr f r � fgTV�_fgR�j 6HUlR_f�ficXf h [aR}r f�h QWst_R h WsUXRp� � c � bdclfgU�rVuwvI?afajD[ [aWK:HTsUXRpogUXz.fgR}r �
WszpTsUX4�{Jr fir � [ �pf3.-�_fgWUh�tpu rs�JUXWsWVfgR_Wi�^RJt_T��ZUXTV��{pUXfgT � c [^R_WVrsfgcXclfHOQPQR h�tpu r oitI. � fg]+fiR
OQfgT�� fiR_�_fir jM- P ��[aR_Rn�_fgT ;�t~uw]k[at �Jtk[aWsU [atpuHfiUXR_fR. � c 	kc,. W54�{ �ZUX.=. fiR�j�;�]_]�j(8_j �
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Rotierbare Plattform

Kalorimeter
Streukammerverlängerung

Anschluß Strahlfänger

Strahlführung Streukammer
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[aR ^ [^WsWsfiTsWVrsP/` WVP��ZUlfC[�fitpr fiTsUXt . ]+fgU q . zpt_cXWVv_]+fgT@r T e h fgR \ 2 OQPaR3�~� �N2 bBf 	 2 �!4 2t_R_���p�c8J� bBf 	 2 �N4 2 �_t_Tq4 { h fiuwv_{pTVr j



8��

# �����*��� #

� ��� 	 � ��� �� � ������ ����� 	��5����
� � ��	)�

q .5uwPac h fiR_�_fiR WVUXR_� W e/. rscXU,4�{_fLx PQR_WVrst_�}r UlPQR_WsoifgU,4 {pR t_R h fgR����_UlfL�_fiR � . ]_[at �_fgW
;K8 � 6UT~z+fgTsU,. fiRJrsfgWZUX. py[a{I.0fgR"�_UXfiWsfiTS; Ts]+fiUlrZ]+firsTsf ` fiR��+[atpu h fiuwv_{_T@r j

[�Ulf � fgU,4 {pR t_R h fgR=; jZ+ ]pUXW'; jZ+W2B]+fgoiUXfi{_fgR WsU,4 { [^tpu �_UlfZTsP^r UXfiTs]_[aTsf :Hc`[�rsrsuwPaT5. .0UlrS P �_fiR_z_cX[^rsrsfaj [�Ulf � fgUX4�{_RJt_R h fiR�; jZ+ 8 t_R_��;�j,+ � ogfgU h fiR �_UXf 	)[a�Jt_tI.0��[/.=.0fgT@OQfgT �
c`e^R h fiTst_R h t_R_� �_fgR 	&fiTs]_UlR_�_tpR h W #k[aR_W54�{.[aR �_Ulfd- rsT [a{_c�uwv_{_TVt_R h ogtI. - r�[^{_clu e^R h fgTij
[�Ulf � fgU,4�{_R t_R h fgR ; jZ+WintpR_� ;�j �!8
W54�{_clUXf3?acXU,4�{ WVr ficXclfgR��_UXf � [aclrsfgTstpR h fgR�t_R_� UX{_TVf
6HUXR_oifgc�r fiUXcXf uwv_TZ�pUXf 	)[a�Jt_tI.0��[N. .0fgTVR.[atpu �pfgTS:Hc`[^rVrsuwPQTq. �k[aTij



8�@ EC�)��BD���

��������� ��!#"%$��A(�*



E �� � �(���R�W�!� �Q����(��� �����	�!��� ��������� 8�b

��������� ��!#"%$��A(c&



�a� EC�)��BD���

��������� ��!#"%$��A(��



E �� � �(���R�W�!� �Q����(��� �����	�!��� ��������� �g+

��������� ��!#"%$��A(76



�Q� EC�)��BD���

��������� ��!#"%$��A(��



E �� � �(���R�W�!� �Q����(��� �����	�!��� ��������� �/2

��������� ��!#"%$��A(��



�N8 EC�)��BD���

��������� ��!#"%$��A(��



E �� � �(���R�W�!� �Q����(��� �����	�!��� ��������� �Q�

��������� ��!#"%$��A(��



�/i EC�)��BD���

��������� ��!#"%$��A(��



E �� � �(���R�W�!� �Q����(��� �����	�!��� ��������� � �

�4�#��� � ��!�"�$��A(�*��



�/@ EC�)��BD���

�4�#��� � ��!�"�$��A(�*,*



E �� � �(���R�W�!� �Q����(��� �����	�!��� ��������� �/b

�4�#��� � ��!�"�$��A(�*7&



iQ� EC�)��BD���

�4�#��� � ��!�"�$��A(�* �



E �� � �(���R�W�!� �Q����(��� �����	�!��� ��������� i +

�4�#��� � ��!�"�$��A(�* 6



i}� EC�)��BD���

�4�#��� � ��!�"�$��A(�* �



E �� � �(���R�W�!� �Q����(��� �����	�!��� ��������� io2

�4�#��� � ��!�"�$��A(�* �



i/8 EC�)��BD���

�4�#��� � ��!�"�$��A(�* �



E �� � �(���R�W�!� �Q����(��� �����	�!��� ��������� i}�

�4�#��� � ��!�"�$��A(�* �



ioi EC�)��BD���

�4�#��� � ��!�"�$��A(�* �



E �� � �(���R�W�!� �Q����(��� �����	�!��� ��������� i �

�4�#��� � ��!�"�$��A(c& �



io@ EC�)��BD���

�4�#��� � ��!�"�$��A(c& *



E �� � �(���R�W�!� �Q����(��� �����	�!��� ��������� iob

�4�#��� � ��!�"�$��A(c&,&



�a� EC�)��BD���

�4�#��� � ��!�"�$��A(c& �



E �� � �(���R�W�!� �Q����(��� �����	�!��� ��������� �g+

�4�#��� � ��!�"�$��A(c& 6



�Q� EC�)��BD���

� � � � � 	;��� �� �
� � � 
 	�� ����� 	�� ��� 	)� ���	�� ��������	 �

[ [y�_fiT � .L]k[^t��pfgW [^z_zk[aTs[^r U�OQfgR$;�tpuw]_[at_W UXR�6UT~z+fgTVUX.0fgR}r UXfiTs{k[^cXclf'8y]+fgW@r .  h cXU,4�{
�_PQ�JtI.0fgR}r UlfgT@r � fiTs�_fiR WsPacXc�r fa�QUlWVr)UX. p [a{ . fiR �_UlfgWVfgT ;�TV] fiUlr)fgUlR_f xB[/.0fgTs[av_]+fgT�� [ �
4�{ t_R h UlR �_fiT���[aclcXfyfgUXR h fgTVUX4�{Jrsfir � PaTs�_fiR�jI[ [aogt �Zt_Ts�pfdfgUlR_f�{k[aR_�pfgcXWVv_]_clUX4�{_fa�~vp] fiT
fgUlR_fgR : %�uwfgTVR_WVrsfgt_fiTs]k[^Tsf [�U h U�r�[^cl��[/. fgT [ ! % [aR_PQR : P�� fiT -~{_P^r#; �Q� # oit_W [N. .0fgR
.0UlrHfiUXR_fR. : %3UXR �_fiT � [acXclf uwfgW@r [^tpu h fgW@r ficXclrgjo[�UXfZx [N. fiT [dRpUX.=. rHUlR Tsf h fgc,. e/?aU h fiR
;�]pWVr�e^R_�_fgR ! + � WH]pUXWm+ {$# S UXcl�_fiT �_fgT ��[aclcXf [atpu+t_R_� WVfgR_�_f r)WsUlf [aR �pfgR0[aR h fiW54�{_cXPaW �
WsfiR_fgR7: %��pOQPQR � P0[at_W WsUlfB[atpu �pUXf ^ fi]_WsfiUlrsfB�_fgTY;K8 � x PQclcX[^]+PQT [�r U�PQR �pfgW q R_W@r U�r tpr W
uwv_TLxdfiTsR_z_{}| WsUX� �_fiT � R_UlOQfiTsWVUlr�e�r mn[^UXR_o vp]+fgTVrsT [ h fgR � fiTs�_fiR�j'[ [^W [a�}r t_ficXclf S UXcX�
UXW@rZt_RJrsfgT uwPQc h fgR_�pfgT q RJrsfgTVR_fir [a�_TsfiWsWVfL[a]pogt_TVtpuwfgR��
{JrVr z�� � ��� � �Bj �Jz_{�j t_R_U � . [aUlR_oaj �_f �N;K8 � ��[aclclf3; 8 ����[^clc j {}r .0c

� t_Wse^r oicXUX4�{ � fgTV�_fgR �_UXfZ[atpu h fiR_Po.=. fiR_fgR S UlcX�_fiTHogt fgUlR_f3. Y UlcX.*oit_W [/.=.0fgR h fiuwv h rgj
[�UlfgWsfiT 	&PQT h [aR h UlWVr /Vfg�_P�4�{ R_P�4�{ R_U,4�{Jr [^tpr Po. [^rsUXWVUlfgT@r jo[�fiT [a�}r tpfgcXclfZY UlcX.<��[aR_R0UX.
^ m 	 � YkPQTq. [^r t_RJrsfgTZ�_fgT uwPQc h fgRp�_fgR q RJrsfgTsRpfir�[^�_TsfiWsWsf�{_fgTVt_RJrsfgT h fgcX[a�_fiR � fgTV�_fgR��
{JrVr z�� � ��� � �Bj �Jz_{�j t_R_U � . [aUlR_oaj �_f �N;K8 � ��[aclclf3; 8 ����[^clc�fgR 	kc,."j � . O

[�UlfduwPQc h fgRp�_fd;�]_]pUXcX�pt_R h oifgU h rZfgUlR_fgWZ�_UlfgWsfiT S UXcl�_fgTij

�4�#��� � ��!�"�$��A(c& �
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� j,+ Ykf |~R . [^R � bdT [azp{_fgR"ogtI. γ � t_Rp� Z0 � ; t_WVr [at_Wq4 {�j�j j j�j j j j�j j j 8
� j � -Jr�[^r UlWVrsUXW54�{_fiTybBvprsfiu [a�}r PaT�! Y -Bm # j�j j j�j j j j�j j j�j j j j�j j j b
� j92 -Jr�[^r UlWVrsUXW54�{_fiTybBvprsfiu [a�}r PaT uwv_T m�fiWsWVt_R h fgRnt_R}r fiT pZvI4�� � eaTVrsW �ZUlR_�afgclR + �
2~j,+ [ [^W�m�fR?Qz_TVUXR_oiUXz"�_fiWS;K8 � 6UTpz+fiTsUX.0fiRJr W j�j j j j�j j j�j j j j�j j jV+ 8
2~j � -�4 {_fR. [�r UXWq4�{_fgT ;�t~uw]k[at.�_fgW ;K8 � 6 T~z+fiTsUX.0fiRJr W�j j�j j j�j j j j�j j jV+Wi
2~j92 �y]+fgTVWsUX4�{JrHv_]+fiTH�_fiR=6HcXfi�}r TsPaR_fgRJ]+fgW54�{_cXfit_R_U h fgT)m#;dm q t_R_� �_UlfY6UT �
z+fiTsU,. fiRJr UlfgTV{k[aclclfiR j j�j j j�j j j j�j j j�j j j j�j j j�j j j j�j j jV+��

2~j>8 �y]+fgTVWsUX4�{Jryv_]+fiTy�_Ulf$- r Ts[a{_cXW@r�[a]pUXclU�WsUlfgTVt_R h fiR j j j�j j j�j j j j�j j jV+W@
2~j � ; tpuw]k[at.�_fiW Y clv_WsWVU h^� ^ [^WsWsfiTsW@r P/` � a [aT h fgTVW j j j j�j j j�j j j j�j j j-�a�
2~j9i -�4 {_RpUlrsrsogfiUX4�{_R tpR h �_fgW);K8 � x [^cXPQTVU,. firsfgTVW uwv_T 	&PaT � eaT@r WVWVr TVfgt h fgPo.0firsTsUXf �/2
2~j � -�4 {_RpUlrsrsogfiUX4�{_R tpR h �_tpT54�{��_fiRe6HcXfi�JrsTsPQR_Ul�}r t_Tq.�me6f[ � -g; j j�j j j-�/i
2~j9@ 6HR_fiT h UlfgWVz+fg�}r TVtI.FfiUXR_fiTS2 × 2 � xB[aclPQTVU,. firsfgT5. [�r TVU T j j j j�j j j�j j j-� �
2~j9b ; tpuw]k[at.fiUXR_fiWSh t . UlR_PQWsU�r�e�r Wq.0PQR_U�rsPQTVW j j�j j j j�j j j�j j j j�j j j-�/b
8pj,+ S fgWVrsfg{_fiR_�_fgT ; tpuw]k[at.UXR"�pfgTS6UTpz+fiTsU,. fiRJrsUXfgTV{k[aclclf�8 j j�j j j j�j j jj2/8
8pj � -Jr Tsfit h fiPo. f r TVUXf].0Ulr �_f3.�R_fit_fiR�� UX. py[a{I.0fgR �_UXfiWsfiT<;�Ts]+fiUlrBfiRJr �

�ZU,4 �aficlrsfgR.t_R_�.Tsfg[acXUlWsUlfgT@r fgR 6UT~z+fgTsU,. fiRJrsUXfgTs[atpuw]k[^t j j�j j j j�j j jj2}�
8pj92 6UT~z+fgTVUX.0fgR}r UXfiTs{k[^cXclf<8 . U�ry�_f3.FR_fgtpfgR U,. p [^{I. fiRn�_UlfgWVfgTK; Ts]+fiUlr
fiRJr �ZUX4��afgc�r fiRe6UTpz+fiTsU,. fiRJrsUXfgTs[atpuw]k[^t�j j j�j j j j�j j j�j j j j�j j jj2 �

8pj>8 [ [^W UX. p [a{ . fiR*�_UlfgWsfiTk; Ts]+fiUlr fiRJr �ZUX4��aficlr f^� �aPQRpWVr TVt_UXfiTVrsf t_R_�
TVf [aclUXWVUXfiTVr f�-~t_z_z+PaTVr W@|~W@r fR.��k]+fiWVrsfg{_fiR_�n[at_W �_fiT TsP^r UXfiTs]k[^TsfgRC:&cX[^rsr �
uwPaT5..�_�pfgR�� c � bdclfiU�rsuwv ?QfgR�t_Rp���_fiT S P �_fgRpz_c`[^rVr f j�j j j�j j j j�j j jj2o@
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8_j � x PaR_WVrsTst_�}r UlPQR_WVogfgU,4 {pR t_R h fgUlR_fgW bBclfgUlrVuwtI?afgW��_fiT Y UXTq. [mpyf TpTVPar { �Z| �
�pT [at_�~|~Rpfdj j j�j j j j�j j j�j j j j�j j j�j j j j�j j j�j j j j�j j jj2ob

8_j9i [�fiT OQfgT e^R_�_fgT@r f bdfgW [N. r�[atpuw]_[at �_fiT UX.jp [^{I. fiR �_UXfiWsfiT�;�Ts]+fiUlr fiRJr �
�ZU,4 �aficlrZt_R_�.Tsfg[acXUlWsUlfgT@r �Zt_TV�_f j j j�j j j�j j j j�j j j�j j j j�j j j 8I+

8_j � a T [ OQfgTVWsf$. U�rZxB[acXPaTsU,. fir fiTsTs[a{I.0fgR j j j�j j j j�j j j�j j j j�j j j 8J�
8_j9@ ; tpuwWVrsfgclcXt_R h Wsz_cX[aR"�pfgW �yt_]_z+PQTVr [aclWZ�_fiTyY UXTq. []pZfgUlcXUlR h j j j j�j j j 8�2

; jZ+ �y]+fgTVWsUX4�{JryTsP^r UXfiTs]k[^Tsf<:HcX[^rsrVuwPQT5. .0Ulr S P �_fiR_z_c`[�rsr f j j�j j j j�j j j 8�@
; j � x PaR_WVrsTst_�}r UlPQR_WVogfgU,4 {pR t_R h S P �_fiR_z_c`[�rsr f j�j j j j�j j j�j j j j�j j j 8�b
; j>2 x PaR_WVrsTst_�}r UlPQR_WVogfgU,4 {pR t_R h ��[atpzpr h fiWVrsfgcXc�j�j j j j�j j j�j j j j�j j j-�a�
; jc8 x PaR_WVrsTst_�}r UlPQR_WVogfgU,4 {pR t_R h -~fgU�r fiRJOQfgTVWVr eaTs�Jt_R h fgR j�j j j�j j j j�j j j-�g+
; j � x PaR_WVrsTst_�}r UlPQR_WVogfgU,4 {pR t_R h � t_WVrsUXfgTVz_c`[�rsr fiR j j j j�j j j�j j j j�j j j-�Q�
; j>i x PaR_WVrsTst_�}r UlPQR_WVogfgU,4 {pR t_R h � R}r fgTV]k[at_zpc`[^rVr fgR �yUXR}r fiR�j j�j j j j�j j j-�/2
; j � x PaR_WVrsTst_�}r UlPQR_WVogfgU,4 {pR t_R h � R}r fgTV]k[at_zpc`[^rVr f m�UlrsrsfFj j j�j j j j�j j j-�N8
; j>@ x PaR_WVrsTst_�}r UlPQR_WVogfgU,4 {pR t_R h � RJr fiTs]k[^t_z_c`[�rsr f 	&PaTsRP. U�r bBclfgU�rsuwtI?a{k[ac �
rsfgTstpR h j�j j j�j j j j�j j j�j j j j�j j j�j j j j�j j j�j j j j�j j j-�Q�

; j>b x PaR_WVrsTst_�}r UlPQR_WVogfgU,4 {pR t_R h ;�tpuw]_[at_z_cX[^rsrsf � UXR}r fiR�j�j j j�j j j j�j j j-�/i
; jZ+ �Bx PaR_WVrsTst_�}r UlPQR_WVogfgU,4 {pR t_R h ;�tpuw]_[at_z_cX[^rsrsf m�UlrVr f j�j j j�j j j j�j j j-� �
; jZ+o+yx PaR_WVrsTst_�}r UlPQR_WVogfgU,4 {pR t_R h ;�tpuw]_[at_z_cX[^rsrsfgRe- fgU�r f j�j j j�j j j j�j j j-�/@
; jZ+ �dx PaR_WVrsTst_�}r UlPQR_WVogfgU,4 {pR t_R h ;�tpuw]_[at_z_cX[^rsrsf 	&PQTsR
j j�j j j�j j j j�j j j-�/b
; jZ+W2Bx PaR_WVrsTst_�}r UlPQR_WVogfgU,4 {pR t_R h m�UlrVr fgclo [^zpuwfgR j�j j j j�j j j�j j j j�j j jjiQ�
; jZ+ 8 x PaR_WVrsTst_�}r UlPQR_WVogfgU,4 {pR t_R h 	)[a�Jt_tI.0��[/.=.0fgTVOafgTscXeaR h fiTst_R h j j j�j j jji +
; jZ+ �dx PaR_WVrsTst_�}r UlPQR_WVogfgU,4 {pR t_R h 	&fgTV]_UXR_�pt_R h W #\[aR_Wq4 { 6UT~Ulrs]+f [/.0clUXR_f j�j j jji}�
; jZ+WiBx PaR_WVrsTst_�}r UlPQR_WVogfgU,4 {pR t_R h 	)[a�Jt_tI.0��[/.=.0fgTV{k[aclrsfgTVt_R h 	&PQTVR't_R_�

�yUXR}r fgR5j�j j j�j j j j�j j j�j j j j�j j j�j j j j�j j j�j j j j�j j jjio2
; jZ+��dx PaR_WVrsTst_�}r UlPQR_WVogfgU,4 {pR t_R h 	)[a�Jt_tI.0��[/.=.0fgTs{_[aclrsfgTVt_R h YktI? j j�j j jji/8
; jZ+W@Bx PaR_WVrsTst_�}r UlPQR_WVogfgU,4 {pR t_R h 	)[a�Jt_tI.0��[/.=.0fgTs{_[aclrsfgTVt_R h S fiUXR_f j�j j jji}�
; jZ+WbBx PaR_WVrsTst_�}r UlPQR_WVogfgU,4 {pR t_R h 	)[a�Jt_tI.0��[/.=.0fgTs{_[aclrsfgTVt_R h \ t_fgTVWVr TVfg]+f jjioi
; j �a�Bx PaR_WVrsTst_�}r UlPQR_WVogfgU,4 {pR t_R h 	)[a�Jt_tI.0��[/.=.0fgTs{_[aclrsfgTVt_R h -~fiUlr fiR_z_cX[^rsrsfgR i �
; j �g+yx PaR_WVrsTst_�}r UlPQR_WVogfgU,4 {pR t_R h 	)[a�Jt_tI.0��[/.=.0fgTs{_[aclrsfgTVt_R h x PQzpuwzpc`[^rVr f jjio@
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;�j �a�dx PaR_WVrsTst_�}r UlPQR_WVogfgU,4 {pR t_R h 	)[a�Jt_tI.0��[/.=.0fgTs{_[aclrsfgTVt_R h -~t_z_z+PaTVr zpc`[^rVr fjiob
;�j �N2Bx PaR_WVrsTst_�}r UlPQR_WVogfgU,4 {pR t_R h 	)[a�Jt_tI.0��[/.=.0fgTs{_[aclrsfgTVt_R h � t_WVrsUXfiTsz_cX[^rsrsfgR �a�
;�j �!8 x PaR_WVrsTst_�}r UlPQR_WVogfgU,4 {pR t_R h 	)[a�Jt_tI.0��[/.=.0fgTs{_[aclrsfgTVt_R h m�UlrVr f j�j j j��g+
;�j �a�d:H{_P^r P OQPo. � .L]k[at"�_fiT 6UT~z+fgTVUX.0fgR}r UXfiTs{k[^cXclf�8 j�j j j�j j j j�j j j��Q�
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