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�1���
1.1�����	
�� �B����2�$'��!���
�,��� !�KH��������!�<(��:<)���������'N��O0'� !" '#<$�%&��$<��#%&(�)�'#%&(K)�(')�� !�*+
�(,1.1),

���� EEEE
!!! ������ K� p

N ��������
�0

e�
e+ e+e� e�
,1.1:�O0��-�)�� !+.'�<"#$%&(�)�/��1K15km01N����, K�'��12�+.GH�,�/NEFGH�� !'354(��N5�(,1.3),6���7��-�� !�+5��'8D9�,1.4�:
,1GeV=;<'89='� !�';>9R(�+=��)�1:2� 0:1N5�,� !��*+
�'�;<'?@�1�,ABCD�E�� (6��K)'F4GNHC5���IC��JGH����7�AB�E2�K�,labGN5�L62���2�$'��EF
�5M�KH�)N'O����2�$E+(IC�J�), E� (HC�J�)��N� (K)P�+.GH��'N5�,� (K)��������12��'1Q��
�,� (K) �! �+ ��� (K)'F4GNR�5�� (K)'()&�0�'N�HC��JGH���IC��JGH���()&589='DM�STUN5�,5-V�-H�labG�boost
�5�IC'��WXM'Y�����HC'��ZXM'Y����5��(,1.2),���2����2�$E+5E�'� (K)'D�[�-H\labGN'�'*+Q�0N5�,�P��/�N'� (K)'2
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n n? ? ?
6 6�+ �+ spinmomentum

�+ rest frame
lab frame

�+
�+ �+

�+
��

��E+ E�
,1.2: �+ ! �+ + ���'()&589='DM��2�$(��!2��() d = �0��d � = E�m� ; � :MD� (1.1)5�-�'N�� !�+'()&�/DM�*+�������'()&�<DM�*+����,�'*+QP0��'��2�$(��!2�12��'1Q��-�[4℄,P0 = 8>>>>>>>><>>>>>>>>: 1 + �EE�pp� � 1�(1� �+1� 1�� �+ ��1�� �+ ��+1) ' 13���� + �1� 13�� (���)3 (� > 2)EE�pp� � (E2E�2 � p2p�2) ln� +� �2p2p�2 ' 23��� + 215 (���)3 (� = 2)EE�pp� � 2ln� +� � ' 13��� + 15 (���)3 (� = 1)0 (� = 0) (1.2)--N�(E;p): labGN'�'89=, (E�;p�): �F4GN'�'89=, � = EE��pp�m2�N�� = pE ; �� = p�E� = m2� �m2�m2� +m2� ' 0:271N5�,
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,1.3:�O0'1GeV;/'� !'ABCD'�� �((8��),����'FM=[2℄,
4



,1.4:�7N'� !�'89=��
���'9[6℄
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1.2 �+ ! e+���+��������12��'1Q��
�,�+ �! e+ + �e + ���q q -~�+ ���e+�eW+ --
-'�Q���N���H�(0�A��),d� = G224�3m2�E02dE0d(os �)(3� 4E0m� )(1 + P os � � 4E0m� � 13� 4E0m� !) (1.3)--N�G: FermiMD, m�: �'�=, E0: e+'��2�$, �:�=, P : PolarizationN5�,6�E0�	�5��'����, �e�
�DMPNe+�KH5��'DM�J�5MN�E0max = m2� +m2e2m� ' m�2 (1.4)$� !�./B'0�5�5M��+'()&�LarmorL9D!�NL9
�(0�B��),!� = geB2m� (1.5)g��'.OPQN�tree level'8�N�DiraC��1��g = 2 (1.6)N5�(0�B��),�P��-.��-H1��H�gexp: = 2:0023318416(12) (1.7)5��[2℄,-H�����'�����1��'N5�,�1.3, 1.51��./0N'�+�'#$&!D�AB'CD5����N7GH�,N(t) = N0[e� t�� f1 +A os(!�t+ Æ)g+B0℄ (1.8)--N�N0:���MD, Æ = 0; 2�:��*+, B0: aidental bakgroundN5�,A���AsymmetryN��1.31��A = 4E0m� � 13� 4E0m� P (1.9)N5�,6��1.4P�� 13P � A � PN�T���� 13P5��-5���H���,6



1.3 �� ! e�������+5
��������N�'1Q��
�,�� �! e� + ��e + ���P����K'�;>'������0N��'�����-�Q�,�����0���
�5M���5'�����12�K'89=�;<'Bohr��'1200 (.f. �'�=�;<'�200�)�>���5����;<'1Q�#<'	
/��������,-'5M	
�#<$���1�'N�#<$0':<�1�"#$%&����-�,p+ �� �! n+ ��-'1Q���'�����@�5#<���'2N'��Q���
�'N���0N'��'����K��,#<��'�Q�#<��Z�����Z=12N�@�5#<���'rate�3�[�K��-5���H���,�����0N'��'��'-.�$�71.1�:
,71.1:��0N'��'��5#<��rate [3℄��� (10�6 se)!"#$rate (105 se�1)Be 2:14� 0:02 0:18� 0:10C 2:02� 0:02 0:44� 0:10N 1:86� 0:02 0:86� 0:11O(H2) 1:64� 0:03 1:59� 0:14F(KH) 12 1:42� 0:04 2:54� 0:22Na 1:19� 0:02 3:87� 0:15Mg 1:04� 0:02 5:07� 0:20Al 0:88� 0:01 6:91� 0:20Si 0:81� 0:01 7:77� 0:25P 0:66� 0:02 10:54� 0:50S 0:54� 0:02 13:9� 0:9Cl(Na) 0:54� 0:02 13:9� 0:9K(OH) 0:41� 0:02 19:9� 1:2Ca 0:333� 0:007 25:5� 0:5Ti 0:330� 0:007 26:3� 0:6V 0:264� 0:004 33:7� 0:6Cr 0:276� 0:006 32:4� 0:8Mn 0:239� 0:004 36:7� 0:8Fe 0:201� 0:004 45:3� 1:0Ni 0:154� 0:003 60:3� 1:4Cu 0:160� 0:004 57:9� 1:6Zn 0:161� 0:004 57:6� 1:7Mo 0:105� 0:002 90:9� 1:8Pb (82� 5)� 10�3 117:0� 7:57



�2���������-�'FMN��� !��5�=>?@��2�absorber���
�'N�()&'��*+Æ���=>���
�,6����P�';<'��2�$�5�?@(Mihel spetram)��N'N�Asymmetry A
�	JLarmorL9'L
�EF
�;<'��2�$�5��	2�K�,G����K��2�$';<�absorber'0N462�EFGH��'N�absorber'��5�G�����K������,-H�'�0�('1Q�R��P�FM'H��"#�$!����,6��-'FMN�NM��-������./���N5�,K-N�6�&#2'��P��8��G��	��&#2'XMD�;����M���S�H�./��"#�$!��,2.1�� !"#$%��&	%'���?@N��(x; x + dx)B'D�+.
��Q��p(x)dx = ( dx (0 < x < 1)0 (other) ; Z 1�1 p(x)dx = 1 (2.1)��(Dx�+.��KH�5�CDNy(x)��)��5
�,-'y'�Q*>p(y)��Q'+,�)-j p(y)dy j=j p(x)dx j1��p(y) = p(x) ����dxdy ���� (2.2)-H�����y'./'?@f(y)�R��,(f > 0; R1�1 fdy = 1)f(y) = dxdyx = Z f(y)dy � F (y) (2.3)���2����(DxP�*>f(y)'(Dy0'�)��y(x) = F�1(x) (2.4)2.1.112e3456789:;�+ ! e+�'�Qx = �(E0) (�1.3)������e+'��2�$E0�,E0 = E0(x) = ��1(x) �0 � x < m�2 � (2.5)57GH�,��(Dx�+.��KH��2.5NE0��)
�,,2.1�S�H�E0'?@�:
,-H��e+'��2�$(��!2(Mihel spetrum)N5�,�+'Polarisation�0.1798



,2.1: �+ ! e+�'e+'��2�$(��!25����1.91�-'5M'Asymmetry�R��5,2.4(�!)'1Q���,Asymmetry'T���0.0593 (= 0:331P ' P3 )N52�,���absorber'�0�R������;<'���N�����,��0N';<'��2�$�����;�����1��'5�9���1��'P���,K-�*>�0�1���2�$��'��?�		����'1Q�7GH�[7℄,�dEdx = ��dEdx �ol: +��dEdx �rad: +�dEdx �pol: (2.6)6��;�����1���2�$����Bethe-Bloh'���dEdx �ol: = �2Cme2�2 �ln� (E +me2)2I2 �2 Eme2�� �2� (MeV=m) (2.7)N7GH�,--N�C = � � e2me2�2 NAA �Z (m�1), 2Cme2 = 0:1536 � Z�A (MeV/m), NA =6:02� 1023: AvogadroMD, A:#<=, Z:#<��, �:*>, I :T���
�&��2N5�,6���9���1���2�$������dEdx �rad: = �NAA �(E +me)� (MeV=m) (2.8)� =8>><>>: 163 Z(Z + 1)�0 (E � me)4nln� 2(E+me)me �� 13o (me < E � 137meZ� 13 )4nln(183Z�13 ) + 118oZ(Z + �)�0 (E > 137meZ� 13 )5�-�,--N��0 = 0:5794� 10�27 (m2/nuleus), �:;<��0�<N5�,K���*>�0�1���2�$��'��?��
9



�dEdx �pol: = 0:1536 Z�A�2 Æ (2.9)Æ = 8><>: 0 (X � X0)4:606X +K + a(X1 �X)m (X0 < X � X1)4:606X +K (X > X1)N5�,--N�K; a; m; X0; X1�*>�0����-�MDN5�,Al5Cu��-���2�$��'���$�72.1�:
,�2.6�����Al0';<'���D�8��1�R��(,2.3�!),;<'��2�$�0.1MeV;<N-.��8��1���MK��'����2�$��N�Al0N';<'���('�0��MK����N5�,�P��,2.1�R�	P�5���0.1MeV;<'�;<'�����NM�3(	G�,-'1Q����0�� !��4��/����2�$'�;<�K'��5'�����12���'
�J�-H���'�5�'N�EFGH�Asymmetry'�(!���absorber���5M5���O��,��'FMN���3m�'Al�absorber5��5M�EFGH�Asymmetry'�"#�$��&/0�,2.4��!N:��,5	���absorber���5M53m'Al'5M'�;<D,EFGH�;<D, Asymmetry'T���72.2�:
,-'�"#�$��&�1�5�3m'Al�absorber����5M�� !�'PolarisationP5EFGH�Asymmetry A'C���'1Q�7GH�,A = 0:339P (2.10)72.1:��2�$��'���$Z A � (g/m3) I (eV) � K a m X0 X1Al 13 26.98 2.70 163.0 1.28 �4:21 0.0906 3.51 0.05 3.0Cu 29 63.54 8.933 314.0 1.23 �4:43 0.109 3.39 0.20 3.072.2: absorber�1��;<'��absorber78�"����"�Asymmetry6�����10000 10000 0.0593Al (3m) 10000 9915 0.0608
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2.1.2 Larmor��()&'Larmor6789�1��'��Q*>?@(�1.8)N(t) = e� t�� f1 +A os(!�t+ Æ)g (2.11)�����#$&!�5�5��Q��2���
����$��Asymmetry A5����ÆN5�,Asymmetry�N���H�N
N��3��,������+'()&'DMÆ1 = 0; �5absorber0'��=>Æ2NL6�,()&'DM�� !�+'Polarisation N"�N#N"+N# = 0:1795�M��Æ1�L�,�C�� !�'��=?@�os2 �N5�-5���H���,12�K'?@��M���,2.2'1Q��+'=>?@�&��2�N+.���-H�Æ25
�,����	
'geometry�1�aeptaneP����3 � � � �35��,

,2.2:� !�'=>?@-'1Q����Asymmetry A5����Æ���'�Q*>��Q(DNL2����'�Q*>N(t)'(Dt�100000#$&!+.����'AB?@(,2.5/)�12K'L
(Asymmetry)'AB?@�S�(,2.5<),9'���A = P3 = 0:0596, Æ = 05�M��5M'�(!���:
(,2.6),
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,2.3: Al0';<'��(/,�!:8��,��:-.�[7℄,<,8��5-.�'�H)
12



,2.4: Asymmetry�(!��(�!: absorber��,�!: absorber Al (3m))
13



,2.5: �+ ! e+�'&��2���"#�$��&(/,:�'AB?@,<,: Asymmetry'AB?@)
14



,2.6: A = P3 = 0:0596, Æ = 05��5M'�+ ! e+�'&��2���"#�$��&(/,:�'AB?@,<,: Asymmetry'AB?@)
15



2.2���%��&	%'�NM��-���./�S�����,2.7'1Q�x�CD�n�X��BC�'&#2����,-'&#2�;�I�,2.7'DM����5M��(x; y; z)��-�.�*>���N���H�(0�C��),Bx = �nI8�x0 4Xk=1 Xi;j=0;1(�1)i+j artan AkiBkjq1 +A2ki +B2kj (2.12)By = �nI8�x0 Xi;j=0;1(�1)i+j 0�arsinh A1iq1 +B21j � arsinh A3iq1 +B23j1A (2.13)Bz = �nI8�x0 Xi;j=0;1(�1)i+j 0�arsinh A2iq1 +B22j � arsinh A4iq1 +B24j1A (2.14)A10 = � z0 + zy0 � y A11 = z0 � zy0 � y B10 = �x0 + xy0 � y B11 = x0 � xy0 � yA20 = �y0 + yz0 � z A21 = y0 � yz0 � z B20 = �x0 + xz0 � z B21 = x0 � xz0 � zA30 = � z0 + zy0 + y A31 = z0 � zy0 + y B30 = �x0 + xy0 + y B31 = x0 � xy0 + yA40 = �y0 + yz0 + z A41 = y0 � yz0 + z B40 = �x0 + xz0 + z B41 = x0 � xz0 + z�2.12��5�����$�y05��y0 = 15x0; x0; 2x0'5M'x�, z�/'.�*>Bx�"� !
�5,2.8, 2.9'1Q���,-H1��y0�NM��-	GK52�3Q�1��MK���./�S�H�-5�	P�,K-N,-.N���&��$$'�MG[�����x0 = 0:45m, y0 = 0:067m, z0 = 0:247m'&#2����-5���,G�����./'���������&#2'�	��
&#2�	����&#2'	��;���XMD��12�
&#2'�G�R��,K'/0�72.3,,2.10, 2.11, 2.12�:
,
6

) W x
y

z x0y0z0 I -
,2.7:BC��&#216



72.3:�"#�$��&N�������$'���I (A)���xA�6��(m)�D�CDE5.0 900 (-0.45, 0.45)��CDE1.1 150 (-0.45, -0.30), (0.30, 0.45)

,2.8: x - Bx

,2.9: z - Bx17



,2.10:.�*>Bx'���?@

,2.11:&#2�'.�*>$�!2B
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,2.12: x-zT��'.�*>Bx (#�(0,0,0)'Bx'��������7�1%;�'�����N:
)
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�3����������
3.1��	
��-'-.N����&��$��&��&$3(!�%$����1,���2){�;<���(PMT) HAMAMATSU H1161 5,{"�(�� ��&��$$(984�480�7mm) 3�{�#!%#�(�400mm,
480mm,�8mm) 5�(�#(!�1�,�� !�4�)�&#2(900�494�134mm)�12"3(500�480�10mm) 3�����,���	
'� !1 "�,3.1�:
,--N12"3'�MG��2.2�NS�H�.�*>?@',2.12N���7�1%'����6�1Q�LM��,

20



984mm 480mm

? ?
?

?6
6

6?6630mm30mm 10mm10mm � � �

7mmPMT1
PMT2PMT4 PMT3PMT5Aluminum (500�480�10mm�3 �)

� 3.1: � � � � � 	
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3.2���		��	����	/��2�	
������&M�-�������6��	<�
������������M�����
� !��"#$%&'(3.2
)*��PMT4�PMT5
oinidene���veto�"��PMT1�PMT2+),PMT3
oinidene�-�TDC
start�"#$PMT./
�01�2�3���
45�678#9�TDC start
:;<0:5�se=/"�>8$?"���@������&'�AB"�C�D8e�)8EPMT
�-�TDC
stop�"#$

PMT5PMT4PMT3PMT2PMT1 DISCRIMINATORthreshold -15mV
COINCIDENCE
COINCIDENCE

DELAY45nse
GATEVETOdelay 455nse----- -

TDC h0TDC h1TDC h2TDC h3TDC h4 TDC start
(3.2:FGHIJK(

3.3 PMTLplateauLMNEPMT�.78OPQR<PMT
eÆieny@ST�.%U�V@WXD�8)*�YZ"#$PMT
eÆieny<[\
)*�"�]9#$�������#(3.1
̂H��H_�����1000 ounts�̀a8EPMT
hitb�cb"#$&d�PMT1, 2, 3
�-
oinidene�)'���@3e
��f�1��gh�7#�iZ"�j
�h
PMT4, 5
�-�kl��"�Em
eÆieny�]9#$no�PMT1,4, 5
�-
oinidene
kl��b�̀a8PMT2, 3
kl��b�&#PMT2, 3, 4, 5
�-
oinidene
kl��b�̀a8PMT1
kl��b./PMT1, 2, 3
eÆienyp]9#$qr�(3.3�sa$�dt
PMT�pOPQR�)/deÆieny@uv���8plateauwx@y/t#$z{|�<PMT
OPQR�"��?
plateauwx�OPQR@SW��8}�~��$?
�<[\
�'�>8$PMT1 : 2:08kV PMT2 : 2:08kV PMT3 : 2:00kVPMT4 : 1:80kV PMT5 : 2:06kV 22



(3.3:EPMT
eÆieny3.4����3.1:���
�hb�Q����	(m)��
��(
)��(A)main1 22.5 208 5.98main2 22.5 200 5.75 ��main3 22.5 195 5.67 20main4 22.5 205 5.96sub1 15.0 138 3.95 1.20sub2 15.0 138 4.00 1.10�X2mm
����������������1.1mm
���������(3.4
)*�main����4z�?
��sub����2z��#$E���
�hb�� ���3.1�sa$2.2!
��"��#��p���main���<���%���Q��20A�"�sub1����<1.20A�sub2����<1.10A�"#$j
�h$/t#���
%&��8'(()�(x-z())
*+,-./(x�0)@(3.6�>8$jt�)'%150� 48m2
wx��54:1� 0:2(2Z34)� 1:7(5634)Gauss (3.1)23




343.2%[�
���*�@$/t#$�+*+,-
2Z�<����I�k410�	�
��!l3�1���#$j
!l3�1�
2Z�-�(3.5�sa$
main1main2main3main4

-� � -sub1sub2 -�6?
1) 90m13.4m 49.4m

15m 15m
gN
(3.4:���

�������
������ ?5�0�10�15�

20�30�
45�
��./
�40%0.4%1.5%3.4%13.4%6.0%

29.3%
��� DC�-��s�
2% (25�)

B
(3.5:2Z������Xt8�-
��
45
��

24



(3.6:*+,-./(2Z}<(
���50})
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�4��������
4.1 bakground*��.7�Al�:t#�	�413
��Al���#�	�307
��������#$aidental bakground�D#9�$/t#�����
�3����
*�15�se[��Zb����t"#$�
���2.19�se�iZa8��15�se
�
b<0se


0.1%�-�>8$aidental bakground�4"��#�����3�����(4.1�sa$��
��f��#�kl�1�
�����<0se./0.2�se
�j��exess@�/t8$jt<�PMT2, PMT3���f��#��@:�"�./500nse��>#8� !PMT�"01#2$3�)8p�%&'/t8$0:5�se./5.0�se& �()*+b,b �t"((4.1-.)!$/t#,b*0se& /0"�!?�0se./0.2�se��12.*"01#2$3�kl3�b%"#$TDC start�1�43�*� !#�1�43�./500nse=/5�68@!Al% ������<0.88�se >8./!?t p
#1�%�<AB5d�7�#���893:@;&t8$?�893:b*y<p8#9�!&d�t,b((4.1-.)*:=!#1843�(�0:5�se)& /0a8$>�:=!#�..8�+%���?*�+ : �� = (1:2 � 0:1) : 1%iZ"�!�0:5�se�+78���bN�0*]98$?"������*��� = 0:88� 0:01�se%iZ"�!��893:�
�./N(t) = N�0 exp(� t+0:5��� )*0se./<."�!���893:b%a8$(4.1�]9#��893:*@A s"#$�893:b./aidental bakground%"01#2$3+),���kl3:b*�6#p�*�+AB�893:b%"!�4.1�?�b*sa$�4.1:893:b(kH��<34)total event aidental after pulse ��-like event �+-like eventBCDE(FGHI) 44385 21731 (209) 1232 (30) 1953 (116) 19469 (241)BCDE(FGJK) 31460 18165 (191) 825 (20) 816 (57) 11654 (201)LCDE(FGHI) 57394 29804 (245) 2597 (150) 24993 (288)LCDE(FGJK) 39026 24394 (221) 770 (56) 13862 (228)
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4.2 g-fatoraidental bakground%��893:*4"�6#893:�3:���*(4.2�sa$0:5�se./5.0�se& �()*+b,b �t"((4.2-.)!�+���*]9#$qr*�4.2�sa$�+�������<2:197�se >8[2℄$�4.2: �+�����(�se)��(�se)BCDE(FGHI) 2.106 0.046BCDE(FGJK) 2.110 0.074LCDE(FGHI) 2.010 0.038LCDE(FGJK) 2.194 0.088�1.8)'!(4.1�
�./<>��)*��Xt8$N(t) = N0e� t�� f1�A os(!�t)g (*�>'; + :��AB; � :\�AB) (4.1)N 0(t) = N 00e� t�� (*��") (4.2)jj !N0; N 00 :��	Zb, �� : �+���, A : Asymmetry, !� : Larmor
�b >8$N0 = N 00%�8)*���	"��4.1*�4.2 �tv!R(t) � N(t)N 0(t) = 1�A os(!�t) (4.3)a���!
�./R(t)<Asymmetry�,b !?�
�b./�1.5)'!g = 2m�!�eB (4.4)(4.2 !��AB!\�AB?tt�%6�*��>8����3:���**���6����3:��� ��#p�*(4.3�sa$jj ��	Zb<!(4.2��t�2�#1N(t = 0); ��*�6�N0 = N(t = 0) � ��; N 00 = N 0(t = 0) � ��%"#$(4.3�
�./R(t)�0:5�se./5:0�se& �()*�4.3 �t"#$�t"#qr%!?�2�#1./]9#*���(g-fator)*�4.3�sa$��AB%\�AB�Larmor
����<� >8./!��AB./\�AB��3:���((4.3)*�6�2 �8%!Asymmetry�
�./A(t)@$/t8((4.6)$j�
�./�0:5�se./2:0�se& �()*A(t) = A os(!�t) �t"#$�t�qr%g-fator*�4.3�sa$�4.3: �t"�$/t#2�#1%g-fator (kH��<34)Asymmetry A��
! (rad/�se) �2 g-fatorBCDE0.0792 (0.0269) 5.09 (0.07) 2.59 2.21 (0:03STA:; 0:07SYS :)LCDE0.0530 (0.0262) 4.57 (0.12) 4.21 1.99 (0:06STA:; 0:07SYS :)total 0.0276 (0.0296) 4.54 (0.39) 1.11 1.97 (0:17STA:; 0:07SYS :)�3:�����t<!E2�#1����*�'��2@SW��8)*�"#$2�#1A; !��̀a8�2���0*(4.4(��AB),(4.5(\�AB),(4.7(total)�sa$28
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#1��t)
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(4.3:*��>8��%�6���893:b���(-.:
#1��t)
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(4.4: �2./(up)
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(4.5: �2./(down)
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(4.6: Asymmetry�
�./(-.:
#1��t)
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(4.7: �2./(total)
34



4.3���������54:1 (�0:2MEAS : � 1:7SYS :) Gauss�*�% ��	.�+AB�2Z�)'![\�qr*$#$�+����� = 2:11� 0:13�seAsymmetry A = 0:0276� 0:0296Polarisation P = 0:0814� 0:0873Larmor
�b!� = 4:54� 0:39 (rad=�se)*���g = 1:97� 0:17STA: � 0:07SYS :(�2 = 1:11 for 14 degrees of freedom)#�"!jj <�	.��+=��?*1:2� 0:1, ���Al% ���*0:88� 0:01�se%iZ"#$&#!Polarisation��<
4"�#
#3�qr(�2.10)*��!P = A0:339%"#$J�2Z <!5634(��*����o�)�?�6c34@Th6�jt<��2Z
�(6c�)�)8p��@!PMT�"01#2$3%��AB893:�45*678�9�ut (:=�#1843�./1:0�se� �
#1�ut)*678j%@ htvn�2Z
� p�1.5��893:b*$8j%@�� h8����1.9)�!Asymmetry A<Polarisation P+),�+@AB��C�D8e+���$�#E0�,b >8./!E0���)�� 2Xt8�3:����
!<ThD�	a8�jj !"� ��	.��Polarization<0.18�- E0�(�<�13�� ! 2Xt8Asymmetry<+)?0.06 >8���@��!�+AB@�3:����1bin(0:1�se)>���280893:!Larmor
��1#�(T� = 2�!� = 1:38�se)���16000893:�- <!Asymmetry�
!@6c34�$pt���*�z{| <�45000��+ ! e+AB893:$/t�@!{%��t��wx��1#�>���893:b<+)?18000%!*�@>8%h%�6%h��3:����&'��6*y8�<��6c@(��6�6��X/�893:b*)*5v!)��-+Dg-fator*YZa8j%@�� h8�
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��A �+�����+(p) �! e+(p0) + �e(k0) + ���(k)�+6��+���9I:$*s%a8%!���	<!M = Gp2 [�v(k)�(1� 5)1 + 5s=2 v(p)℄[�v(p0)�(1� 5)u(k0)℄ (A.1)jj !v(p)eip�x = u(�p)e�i(�p)�x%+6��m� � me)�!me*
���!jMj2 = G22 Tr[�(1� 5)�1 + 5s=2 � (/p�m�)�(1� 5)/k℄Tr[/p0�(1� 5)/k0�(1� 5)℄= G22 � 12 � 42 � [fk�p� + p�k� � g��(p � k)g+m�fk�s� + s�k� � g��(s � k)g+i�����p�k� + im������s�k� ℄[p0�k0� + k0�p0� � g��(p0 � k0) + i�����k0�p0� ℄= 64G2(p0 � k)k0 � (p+m�s) (A.2)�+�5p = (m�; 0) <!d� = 12E jMj2 1(2�5) d3p02E0 d3k02!0 �(E �E0 � !0)Æ((p� p0 � k0)2)= G224�3m2�E02dE0d(os �) ��3� 4E0m� �� s � p0E0 �4E0m� � 1�� (A.3)s = (0;P)%�D�me<
���68� !p0E0 = p̂0%�7�!P � p̂0 = P os �%�D%!d� = G224�3m2�E02dE0d(os �)�3� 4E0m� �"1 + P os � 4E0m� � 13� 4E0m� !# (A.4)
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��B����Larmor����Dira���i� �t = (�i� � r+ �m) (B.1) !2�.�	U#$ =  �� ! e�ip�x*�6��D%!E �� ! =  m � 1 � � p� � p �m � 1 ! �� ! (B.2)p� ! p� + eA��
h�'�)��Q*��3
$A�*�:��!� 12m (p+ eA)2 + e2m� �B� eA0�� = (E �m)� (B.3)�B.3����2�<*��#3:���3
$� �� �B���6���@��!*��#3:�<>�)���Xt��� = � e2m� = � emS (B.4)�6�!����$�#<&�5d��3
$��$�#��*&'�%!5�	4$:�"3<!̂H = ��̂ �B = em ŜB (B.5)B = Bẑ%��!Ĥ = eBm Ŝz (B.6)Ĥ%̂Sz<�� >���!̂H��&�	j  ><̂Sz��&�	j + >(spin up), j � >(spindown)���D!̀�a��&��$�#E+, E�<!E� = eBm ���h2� (B.7)>�!
�� �Shr�odinger���*&'��j (t = 0) >= �j+>+ �j->%a�%!j  (t) > = e�i Ĥ�h t j  (0) >= �e�i eB2m t j + > +�ei eB2m t j � >= e�i eB2m t �� j + > +�ei eBm t j � >� (B.8)���	%��Bloh sphere (� = os �2 , � = ei� sin �2 )*%�%!j  (t) >= e�i eB2m t�os �2 j + > +ei(�+ eBm t) sin �2 j � >� (B.9)��@��!�	j �(t) ><#!b! = eBm ("8IF:F3#!b) z#�����$
cJ��J%a�((B.1)�37
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6
������) -) ) r(x; y; z)�1�1(x0; y0; z) (x; y0; z)R10R1di1(x0; y0; z0)

(C.1:�����8$Biot-Savart��B(r) = �4� Z 1�1 i(r0)�RR3 d3r0 (R = r� r0) (C.1)*�6�(C.1�)���8$��}r(x; y; z)����*+,-B(r)*]����8$��hb*n,�8$��aQ�*I%a�%!}(x0; y0; z0)������Wwxdx0dz0��t��WQ�di1<!di1 = n2x0 dx0dz0(0; 0; I) = n2x0 y0 � yos2 �1 d�1 R10os2 �1 d�1(0; 0; I) (C.2)jj !R1 = (x� x0; y � y0; z � z0), R10 = (x� x0; y � y0; 0))�!R21 = R210 + (R10 tan�1)2 = R210os2 �1 (C.3)R210 = (x� x0)2 + (y � y0)2 = (y0 � y)2(1 + tan2 �1) = �y0 � yos �1 �2 (C.4))��!�WQ�di1�)�}r(x; y; z)��*+,-<!dB1 = �4� di1 �R1R31= �4� os3 �1R310 n2x0 y0 � yos2 �1 R10os2 �1 Id�1d�1(y0 � y; x� x0; 0)= �nI8�x0 os�1d�1d�1(1;� tan �1; 0) (C.5)��@��!y = y0�x-z()*�t�Q��)�}r(x; y; z)��*+,-<!B1 = �nI8�x0 Z artan x0�xy0�yartan �x0�xy0�y d�1 Z artan z0�zy0�yartan �z0�zy0�y d�1 os�1(1;� tan �1; 0)39



= �nI8�x0 Z artanB11artanB10 d�1 Z artan(A11 os �1)artan(A10 os �1) d�1 os�1(1;� tan �1; 0)�A10 = � z0 + zy0 � y ; A11 = z0 � zy0 � y ; B10 = �x0 + xy0 � y ; B11 = x0 � xy0 � y�= �nI8�x0 Z artanB11artanB10 d�18<:Xi=0;1(�1)i+1 A1i os �1p1 + (A1i os �1)29=; (1;� tan �1; 0)= �nI8�x0 0� Xi;j=0;1(�1)i+j artan A1iB1jq1 +A21i +B21j ;Xi;j=0;1(�1)i+j arsinh A1iq1 +B21j ; 01A (C.6)���3��()��6�pno���!B2 = �nI8�x0 0� Xi;j=0;1(�1)i+j artan A2iB2jq1 +A22i +B22j ;0 ; Xi;j=0;1(�1)i+j arsinh A2iq1 +B22j1A (C.7)�A20 = �y0 + yz0 � z ; A21 = y0 � yz0 � z ; B20 = �x0 + xz0 � z ; B21 = x0 � xz0 � z �B3 = �nI8�x0 0� Xi;j=0;1(�1)i+j artan A3iB3jq1 +A23i +B23j ;� Xi;j=0;1(�1)i+j arsinh A3iq1 +B23j ; 01A (C.8)�A30 = � z0 + zy0 + y ; A31 = z0 � zy0 + y ; B30 = �x0 + xy0 + y ; B31 = x0 � xy0 + y�B4 = �nI8�x0 0� Xi;j=0;1(�1)i+j artan A4iB4jq1 +A24i +B24j ;0 ;� Xi;j=0;1(�1)i+j arsinh A4iq1 +B24j1A (C.9)�A40 = �y0 + yz0 + z ; A41 = y0 � yz0 + z ; B40 = �x0 + xz0 + z ; B41 = x0 � xz0 + z �[��%��%�2.12, 2.13, 2.14@$�t��
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