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)Y�/XR�1$h#R�5�Y¦*-&N*-,2hV*=(+1$K�* ±3#,aMNR�3V(+3V&�" tCR�*CWr3#�.(a<�3#Wr14&�/0&�(aM�,23�K-*=�2�.*-��/0( * ± *-&�*=,2h#1$*-� 3|�#*=,C!��?* ��14� 
N,2*-Wr�2�Z(+,2/VR�54xN&�h�"atCRN*/8�#*-,2/Vh#* <N14�.(+/V&�K=* 3#&eb:R�1$KvRe(+RN*-�2* M�/V,.(214K-5$*-�P543�3#�2*=�

1 − 1
e

= 63.2%
3VO¡1$(2�o*=&�*-,.hVY 1$�oK-/V545$*-<
(2R�*

,+/V<N1u/0(2143#&�54*=&�hV(+R
X0
"`]a/V1$,JM�,.3U<Nx�K=(2143#& 1$�o(2R�* Wr3#�.(oM�,23 
�/ 
�5$*zM�,.3UK=*-�2�kO�3V,JM�R�30(+3#&��ob:1$(+ReR�14h#R

*-&�*=,2h#1$*-��>��?!��`* �?BL"NtCR�*�Wr*8/0&¢O�,.*-*?M�/0(2R�O�3#,Q�#*=,.Y¢R�1$h#R¢*-&�*=,2h#*L(+14K?M�RN3V(+3#&N�P1$�
λphoton = 9
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"

tCR�*PO�/0K=(�
)(2R�/0(�*-5$*-K=(2,23#&N��K-/V&rM�,23�<�x�K=*oR�1$h#Rq*-&�*=,2h#*L(+1$KPMNR�3V(+3V&��;/0&�<r(2R�*-�.*oMNR�3V(+3V&��¡M�,23�<�x�K=*
*-5$*-K=(2,23#&qM�3#�21�(+,.3#&qM�/V14,.��
#b:R�1$KvRr(2R�*-Wr�2*=5$�V*-�¡K8/V&r,+/0<�1u/0(2*QM�R�30(+3#&���/Vh#/V14&�
Vh#1$�V*-�¡,21$�2*Q(+3E/?K8/V�.K8/V<N*
3VO`M�/0,.(+1$K-5$*�Wzx�5$(214M�5$14K8/�(+143V&��-" tCR�* &�x�W�
�*-,X3VO`M�RN3V(+3#&N��
C*-5$*-KL(+,23V&���
:/V&N< M 3V�21$(2,23#&N�X1$&�K-,.*8/V�.*-�-"
tCR�14�rK-3V&�(214&�x�*=��/V�r543V&�h /0�q(2R�* /8�V*-,+/0h#*
*=&�*-,.hVY 3VOJ(2R�*��2R�3|b�*-,�M�/V,.(214K-5$*-�q14�q54/V,2h#*=, (+R�/V& (+RN*
K-,.1$(+1$K8/V5�*-&�*=,2hVY

Ec
"CjQ(J5$3
b�*-,P*-&N*-,2hV14*-�J9;3#WrMN(+3V&
�.K8/0(.(+*-,.14&�h�/V&�<
M�R�3V(23U*=54*-KL(+,.14K?* 	 *-KL(J�Z(v/V,Z(o(23

<�3#Wr14&�/�(+*�
�b:R�14KvR�K-3V&��V*-,Z(k3#&�*?M�RN3V(+3#&�(23X3#&N*E*=54*=K=(+,.3#&�/V&�<¢(+R�*?* ± 5$3U3#�.*k(+R�*=14,C*=&�*-,.hVY¢W�/014&�5�Y
(+R�,.3#x�h#Rr143V&�1��-/0(+1$3#&�"7tCR�*P*-&�*=,2hVYX/0(gb:R�1$KvRX(2R�*J/8�V*-,+/0h#*o5$3#�2�.*-��<�x�*:(+3?143V&�1��-/0(+1$3#&q/V&�<r,+/V<N1u/0(2143#&
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/V,.*z*=¥�x�/V5a1$�JK8/05454*=<
(2R�* K-,.1$(214K8/05�*-&�*=,2hVYV"`joO (+*=,
Ec

14�o,2*8/0KvR�*-<�
 (+R�* &�x�W 
 *=,J3VO¡M�/0,.(+1$K-5$*-�P14&e(2R�*
�.R�3|b;*=,�
�/V&�<¢(+R�x��:(+R�*?*=&�*-,.hVY�<�*=M 3#�.1$(2*-<�,2*-<Nx�K-*=�ox�&)(2145�(2R�*?�2R�3|b�*-,J<N14*-�C3VxN(8"

9;54*-/V,25�Y�
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b 14&�<N*-MN(2R�
�1$(Qb:1$545�/V54�.3 �2R�3|b / <N14�.(2,21

�xN(+1$3#&�(2,+/V&�� ��V*-,2�.*�(23r1�(+�CWX/V14&¢/7�N1$�-"¡tCR�*E,+/V<N14x��:3VOA(+R�*?KLYU5$14&�<N*-,C14&�b:R�1$KvR m#s�� 3VO^(+R�*?*-&N*-,2h0Y¢14�C<�*=M 3#�.1$(2*-<
1$�CK8/V5$54*-<
w
3V541��=,2*k,2/V<�1$x��

ρM = X0

Ec/ES


Nb:R�*-,.*
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λphoton

1$�`/V5$WX3#�Z(J(2R�* �+/VWr* /V�
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*=&�*-,.hVY 1$�^(+,2/V&��ZO�*-,2,.*-< (23k&�3V(gWr*8/0�2x�,2/ 
�54*�*-&�*=,2hVY�
)541$yV*�(2R�*Q&�x�K=54*8/0, 
�1$&�<�14&NhJ*-&N*-,2h0Y 14&z�2M�/V5$5u/0(2143#&
M�,.3UK=*-�.�2*-�z3#,�Wzx�3#&��E3#,?&�*-xU(+,21$&�3#��/V,2*rK-,.*8/0(2*-< /0&�< 5$*8/8�#*r(+R�*r<�*=(2*-KL(+3#,="�tCRN*rO�,2/VK=(2143#& 3VOQ(2R�*
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,.*-5$*=�0/V&)(
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b�*-,.� 14��
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π0
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η
"�tCR�*=�2*XM�/V,.(214K=54*q<�*=K8/8Y

1$&�(23 ('b;3rM�R�3V(23#&���
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1$��<�*-�.K-,.1 
�*-< 
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�b:R�14KvR¨R�/0�¦/
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7(2R�*r/VWr3#x�&)(?3VO�W�/0(2*-,.1u/V5A&�*-K=*-�.�+/V,ZY (23¢K-3#&)(v/014& /�R�/V<�,23V&�14K �.R�3|b;*=,z1$�
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)Y �

σ2 = σ2
shower + σ2

sampling + σ2
calibration + σ2
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&�x�W�
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��.x�KvR
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σshower = a1 ·
√

E, σsampling = a2 ·
√

E; a1, a2 = const



IJ*=(2*-KL(+3#,o9;3#&�K=*-MN(PO�3#,Q(2R�*?%@6^9 i
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)Y /�541$WX1�(+*=<eM�,.*-K-1$�21$3#& 3VO�(2R�*qK8/V5$1 
�,2/0(+1$3#&e�.K8/V5$*-�?14&�(2R�* �+/VWr* bQ/8Y
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σnoise = c

jJ5$(23#h#*L(+R�*=,J(+R�* ,.*-54/0(+1��#* ,.*-�23V54xN(2143#& K-/V& 
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σ
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/V&�<�*-¥�x�/V5$1��=*-�Q(+RN*E�.14h#&�/V54�;(2R�,23Vx�h#R¢b;*=14h#R)(+1$&�h�"
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t�R�/0�o3#&N5$Y�GVsqKvR�/V&N&�*-5$�oM�*-,P5u/8Y#*=,�
 �23q(+R�/0(`\ Wr3U<�xN54*-�CK-/V&�
�*Q�.3#14&�*=<
3V&
3#&�*�WX3V(2R�*-,�
�3)/V,2<�"PtCRN* K-3#&N&�*-KL(+143V& 14�P,2*-/V541��-*-<
x��21$&�h¦/0&�/V<�/VMU(+3#,�
 3#/V,2<�
 b:R�1$KvR 14�o�2R�3|b:&�14&
��h#x�,.*�GU"$!|G 
�/V&�<¢K=3)/C� � K-/ 
�54*=�-"

� ��� � � � � � ��� 	.!��	!,��!," � �$��- � � " � �����	!�� �
_�3#,�(+RN* 54/0(+*=,�/V&�/05$Y��21$��(+R�* /0&�/V543Vh �214hV&�/V54��R�/8�#*�(+3 
�*�,2*-K=3#,2<N*-<�"�£;xU(¢&�3V(¢3#&�5�Y�(2R�*�M�x�,.*
/VWrM�541�(+x�<�*;14&q*8/VKvRrKvR�/V&N&�*-5 R�/V�g(23�
�*:y�&N3
b:&r(+3?h#*L(�Wr*8/0&�14&�h0O�x�5N1$&NO�3#,2WX/0(2143#&�"7jo��<N*-�2K=,21

 *=<�14&
�2*=K=(+1$3#&¢GU"TG 
�(+R�*k�U1u]�w
��R�/8�#*`/�&�3#&�5$14&�*-/V,¡,2*-�.M 3V&��2*`/0&�<�/V,.*J�2*=&��21�(+1��#*o(23z(+*=WXM�*-,2/0(+xN,2*JKvR�/V&�h#*=�
/V&�<©3VM *=,+/0(2143#& M�/V,2/VWX*L(+*=,2�-"¢j¤<�*-<�1$K8/0(2*-<©K-/V541

�,+/�(+143V& /V&�<©Wr3#&�1�(+3#,.14&�h¢�.Y��Z(+*-W�14�E14&)(2*-h#,2/0(+*=<
14&)(+3�(+R�*XjkpJ9;jk6¨M�,230(+3V('Y�M�*¦/V&�< R�/V��(23�
�*��Z(+*-*=,2*=< 
�Y (+RN*�<�/0(+/e/VK=¥�x�14�.1$(+1$3#&�>��2*=* � !|s �uBL"�%'&
/V<�<�1�(+1$3#& (+3e/�Wr*8/V�.x�,2*=WX*=&)(�30O;(+RN*r(2*-WrM *=,+/0(2x�,2*qb:1$(2R��.*-&��.3#,2��14&)(+*=h#,+/0(2*-< 14&�(+RN*XM�,.3V(+30('YUM�*�

(+R�*r3#M�*-,2/0(+1$3#& M�/V,+/0WX*L(+*-,.��5$14y0*rRN14h#R �#3#5�(v/VhV*r1$&�K-5$x�<�1$&�h�(+R�*rj`�U%Z9�ICjP9 �.*=(2(214&�hV��R�/8�V*X(+3 
 *



GV� 9QpojJ]gt:f�� GU"¡�:*8/0<�3#xN(o9;3#&NK-*-MU(J3VOA(+RN*EjJpk9;jJ6©/V&�<�tP9Cw
t ]g,230(+3V('Y�M�*-�

y�&�3|b:&�"¦tCRN*Xjk�U%Z9�b:145$5 
 *q3#M�*-,2/0(+*=< 1$& <N1
	 *-,2*=&)(zh)/014& WX3�<�*=�?b:RN14KvR WX/Vy0*-�E1$(?&�*=K-*-�.�+/V,ZY (+3
,.*-K-3V,2< (2R�* /0M�M�541$*-< �2*L(2(+1$&�h#�=" jJ&�<�5u/V�Z( 
NxN(�&N3V(�5$*8/V�Z(X/ (+*=�.( � 
�*8/VW *=&���1$,23#&�Wr*-&)(rb:145$5CR�/8�#*
�.*=�#*=,+/V5�y�14&�<�3VO;(2,21$h#h#*-,.�?5414y0* 
 *-/VW M�/V,Z(+1$K-54* 
7K8/V5$1 
�,2/0(+1$3#&�
�M�*-<�*=�.(+/V5�3V,EK=3#�2Wr14K=�`b:R�14KvR��2R�3#xN54<

�*?�2*-M�/V,+/ 
N54*V"

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

� � � � 
�
 S�� 9�8X- � �7@
/(1 � ��? � � ���:P<?5@�L
?���� � MNBCL ��B��*?A- ���(@
/71�25- � /7-OBC4�-

_a1$h#x�,2*EG�"$!|F �¡9;jk6�%Z9Qf¨�:*8/V<�3VxN(J9Q/V,2< ��!-S �A/V&�<�,2*-/V<�3#xU(:�2*-¥�x�*=&�K-* ��!8F �

tCR�*�R�*-/V,.( 3VOC(+R�*�<�/0(v/e/VK-¥�x�1$�21$(2143#&�14�EO�3#,2Wr*-< 
)Y�(+R�*¢9;jJ6�%Z9Qf �:*8/V<�3VxN(r9Q/V,.< b:R�14KvR 1$�
�.R�3|b:& 1$& ��h#x�,.*qGU"�!|F�>�/)BL"`% (`K-/V& 
�* �2M�5$1$(J14&e('b�3�O�x�&�K=(2143#&�/V5^M�/V,.(2��
�(+RN*zO�,23#&)( � *-&N< >�54*LO (k3VO¡(2R�*�.*-M�/V,2/0(+3V,vBk/V&�<�(2R�* 
�/VKvyV*=&�<¨>�3#&�(+R�* ,.14h#R)(vBL" tCR�* 
�/0KvyV*-&N< R�3#�Z(+�`*=54*-KL(+,.3#&�14K=�kO�3#,k(+RN* (+,21$h#h#*=,
<�*L(+*=K=(+1$3#&�/V&N<e<�1$�.(+,.1 
�xU(+143V&�"QtCR�*�,2*8/0<�3#xN(J�2*-¥�x�*=&�K-* K-/V&�
�*z�Z(v/V,Z(+*=<�
)Ye/0&e*
��(2*-,2&�/V5a�.14h#&�/05�3#,
/V& 1$&�(2*-,.&�/V5QK=543�Kvy�" tCRN*�MN,23�K-*-�.�21$&�h (214Wr*�&�*=*-<�*=< O�3#,q/ (2,214hVh#*-, <N*-K-1$�21$3#& 14&©(+RN14� M�/V,Z(q14� (2R�*
h#,.*8/0(2*-�Z(oK=3#&)(+,.1 
�xN(2143#&¦(23r(2R�*`(+,.14h#h#*=,Q5u/�(+*-&NK=Y#"

j�O�,23#&)(+*=&�<�K=3#&��.14�.(2��30O�14&NM�xN(+�g(23E(2R�*J/0&�/V543Vhk(+3E<�14h#1�(v/V5NK-3#&)�#*=,.(2*-,2�k>�jJI`9CB�/0&�<�3#xU(+M�xN(2��O�3V,
(2R�*J�Z(+*-*=,21$&�h 3VO�(2R�*o�V*-,.YXO�,23#&)(2*-&�<¦*=54*=K=(+,.3#&�1$K-�-" _a14h#xN,2*JGU"$!8F�> 
 B¡�2R�3|b:�;(2R�*J�.14h#&�/V5 �.*-¥�x�*=&�K-*=�:O�3V,
(2R�*?�2R�1�O (:,2*-hV14�.(2*-,CM�,.3#h#,2/VWXWr14&Nh /V&�<�(+RN*E,.*8/V<N3#xN(P3VOA(+R�*?W x�5�(+1$M�54*��N*=<��21$h#&�/V5$�-"

tCR�*z9Q�C9 1$�CK8/VM�/ 
�54*`30O^('b�3X<N1
	 *-,2*=&)(o,.*8/V<N3#xN(PWX3�<�*=�-" �k&�*`Wr3U<�*`,.x�&��:K-3V&�(214&�x�3#xN�25$Y�/V&�<
*L�#*-,ZY *=�#*=&)( 14�?,.*8/V< 3#xN(E<�1$,2*-KL(+5�Y 
)Y�(+R�*rICj����23VO ('b;/V,2*0"�%'& (+R�1$�?WX3�<�* (+R�* (2,214hVh#*-,`�.M *=*-<©1$�
5$14Wr1$(+*=<z(+3?(+RN*P�.M *=*-<X3VO�(2R�*:<�/0(v/k(2,+/V&��ZO�*-,�3|�#*-,¡(+RN*:�`wef 
�x��gb:R�1$KvR�1$�g14&q(+R�*:3#,.<�*-,¡3VO^!|s#sEp*�0"
jo�CW�/V&)Yq(+*=�.( � 
�*8/VWr�Q<�3 &�30(C<�*-5$1$�V*-,;M�/V,.(214K-5$*-��K-3#&)(+1$&�x�3#x��.5$Y�
�(+R�*?ICj���K8/V&�,.x�&�14&�/�
Nx 	�*=,21$&�h
Wr3U<N*?b:RN*-,2*�x�M
(23�GVsVs#s *=�#*=&)(+�kK-/V&�
�*��Z(+3#,.*-< 1$&�(2R�*EWX*=WX3#,ZY�3VO^(+R�*z9Q�C9 /V&�<�b:145$5 
 *E,2*-/V<
1$& 
 *L('b;*=*-&
('b�3 
 *-/VW �.M�145$54�="atCR�1$�C14&�K=,2*8/0�2*-�C(2R�*`W�/7�N1$W x�W (+,.14h#hV*-,;,2/0(+*k(23 ≈ !8y�p �?/V&�<�(+R�x��
(2R�*?* �rK-1$*-&�KLY�/0(C(+*=�.( � 
 *-/VWr�:b:1�(+R¢&�3#&¢K=3#&)(+14&�x�3Vx�� 
�*8/0W �2xNM�M�5$YV"
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tCR�*�K8/0543#,.14Wr*=(+*=,q*-&�*=,2hVY�,2*-�.3#54xU(+143V&�
C*-¥�x�/0(2143#&c!#"HG 
P1$��/ 	 *-KL(+*-< 
)Y (+R�* ,.*8/V<N3#xN(�*=54*-KL(+,.3#&�14K=�-"
��Y��.(2*-WX/0(+1$KP* 	�*=K=(2��1$&q(2R�*P,2*8/0<�3#xN(��.Y��Z(+*-W�5$14yV*C�2/0(+xN,+/0(2143#& 
�*-R�/8��143#,gb�3#x�5$<X<�1$,2*=K=(+5�Y K-3V&�(2,21

�xN(+*
(+3�(+R�*XK-3#&��Z(v/V&)(�(+*-,.W 3VOQ(+RN*�,2*=�23#5$xN(+1$3#&©/0&�< <�*=h#,+/0<�*X(2R�*�K-/V543#,.14Wr*=(2*-,`M�*-,.O�3V,2WX/V&�K-*X/0(zR�14h#R
*-&�*=,2h#1$*-�="�tCRN*E1$& #�x�*=&�K-*E3VOA(+R�*?*=54*-KL(+,.3#&�14K`&N3#14�.*`14&�K=,2*8/0�2*-�Cb:1�(+R¢<�*-K=,2*-/V�21$&�hX*=&�*-,.hVY#"

�U*=�V*-,+/05gWX*-/V�2x�,.*-Wr*-&)(+�kb�*-,.*qM *=,.O�3#,.WX*=< (+3¢h#*=(`/¦<�*=(+/V145$*-<�x�&�<N*-,2�Z(v/V&N<�14&�h¢3VO¡(2R�* ,2*-/V<�3#xN(
*-5$*-K=(2,23#&N14K-��
a(+3 /|�V3#14< 3#, /0(z54*-/V�.(�x�&�<�*=,2�Z(v/V&�< �ZYU�Z(+*=W�/0(214K 
 *=R�/8�U1$3#,2�z/V&�< 1�(+�E5414Wr1$(+/0(+1$3#&��="�%'&
/V<�<�1�(+1$3#&�(+R�*E&�3#1$�2*`bQ/0�JWr*8/V�.x�,2*=<
O�3#,P/V5$5�M�/V,.(2�o30Oa(+RN*�*=54*-KL(+,.3#&�14K=�C(+3 
�*E�2x�,.*E(2R�/0(o&�3XK=,21�(+14K-/V5
&�3#1$�2*`14&�/V<N<�1$(2143#&¦(23q(2R�*?x�&�/8�#3V14<�/ 
N54*`M�,.*8/VWrM�541���*-,;&�3#14�.*`14�C1$&�(2,23�<�x�K=*-<�"

%'&¦(+R�*kO�3#5$543|b:14&Nh�
)WX*-/V�2xN,214&Nh /z�0/V54x�*oWX*-/V&��Q,.*-K=3#,2<�1$&�hz(2R�*k<�1$�.(+,.1 
�xU(+143V&�3VO7(+RN*k�21$h#&�/V5 b:1$(2R
R�*-5$Mq3VO�K=3#WXMNxN(+*=,21��=*-<q�.Y��Z(+*-Wr��O�3V,g3#&�*:�2*L(�30O�3#M�*-,2/0(+1$3#& M�/V,2/VWX*L(+*=,2�-"aj �?/Vx��.�214/V&q<�14�Z(+,21

�xN(2143#&

f(x) =
1√
2πσ

· e−
(x−µ)2

2σ2
>�FU"$!
B

3VO�(+RN*;�21$h#&�/V5�14�a/V�2�.x�Wr*-<�
)/0� 543#&Nhk/V�^&�3V( &N3V(+*=< <�1
	 *-,.*-&)(+5�Y#"AtCR�*C*-,.,23#,.�a3#& Wr*8/0�2x�,.*-< 3#,^<�*-,.1$�#*=<
M�/V,2/VWX*L(+*=,2�P/V,2*EK8/05454*=<

δ
(23�/8�V3#14<
K-3#&NO�xN�2143V&�b:1�(+R¢(+R�*E�.(+/V&�<�/V,.<e<�*L��1u/0(2143#&

σ
30Oa(+RN*��?/Vx��.�21u/0&

<�14�Z(+,.1 
�xN(2143#&�" _�3#,:/��E/0x��2�.1u/V&¢<�1$�.(+,.1 
�xU(+143V&¦(+R�*?,2*=�2x�5�(+1$&�h *-,.,23#,.�o/0,2*

δµ =
σ√

N − 1

>�FU"HG#B

δσ =
σ√

2N − 1
.

>�FU"TF)B

b:R�*-,.*
N
1$�Q(+R�*?&�x�W�
�*-,:3VO^Wr*8/V�.x�,2*=WX*=&�(2��


µ
(+RN*EWr*8/0&�30O^(2R�*��E/VxN�2�214/V&¢<�14�Z(+,.1 
�xN(2143#&�"

tCR�*¦&�/0(2x�,2*X3VOQ(2R�* �?/Vx��.�21u/0&©<�14�Z(+,.1 
�xN(2143#& 
7b:RN*-,2*
µ =< x >

/V&�<
σ = RMS


^h#1$�V*-�E(+R�*
M 3V�2�21

�145$1$('Y
(+3e,.*=(2,214*L�#*r(+R�*=�2*X�0/V5$x�*-�?b:1$(2R�3#xN(z/VKL(+x�/V5$5$Y�M�*-,ZO�3#,2Wr14&Nh
/¢��(8"¢tCR�1$��MN,214&NK-14MN54* bQ/0�
x��2*=<
b:R�*=,2*E/VM�MN5414K-/ 
�5$*V"

G#i



GV� 9QpojJ]¡t:f¡��FN"�9;R�/0,+/VKL(+*-,.1��-/0(+1$3#&�w
*8/0�2x�,.*-Wr*-&)(+�
� � � � � ��)
tCR�* Wr*8/0�2x�,.*-Wr*-&)(+�`M�*-,ZO�3#,2Wr*-<�WX/V14&N5$Y¢14& ('b�3¢WX3�<�*=�-"��k&�* WX3�<�* 
�K8/05454*=< K8/0541 
N,+/0(2143#&
WX3�<�*�

1$�Cx��2*=<
(+3q,.*-�23V5$�#*?(+RN*E�.14&�hV54*kM�RN3V(+3�*-5$*-K=(2,23#&¢M�*8/Vy��="�tCR�*`O�*=*-< 
�/0Kvy�h#/V14&��.*=(2(214&�hqO�3#,Q(2R�14�CWr3U<N*
1$��sU"$!oM�_Q
)K-3V,2,2*=�2M�3#&�<�1$&�h�(23E(2R�*J54/V,2hV*-�.(�M�3#�2�.1 
�5$*P/VWXMN541$��K8/0(2143#&�"7tCR�*P14&NM�xN(�,2*-�.14�Z(+3#,¡14� 
�,.14<�hV*-<
/V&N<©(+R�*�O�/0�.(+*=�.( �.R�/VM�1$&�he(214Wr*X3VO?!|G
&�� 14��x��2*=<�"�tCR�*��.*-K-3V&�< WX3�<�* 
 ,2*LO�*-,2,.*-< (+3 /V� M�R)Y��21$K-�
Wr3U<N*�
7x��2*=�E(2R�*q543#&Nh#*-�Z(��.R�/VM�1$&�h¢3VOo!|�#s¢&���
�(+RN*
!|s�y

Ω
1$&�M�xN(?,.*-�21$�.(23#,E/V&�<�/¢h#/V14& �2*L(2(214&�h�3VO

sN"T\ M�_ >��2*=*�GU"TF#BL"

� ��� ��� � ����� ��� 	 
 ��� � ��
���� �
tCR�*�h)/V1$&`3VON/V&E/VWXMN541$��*-,�1$��&�3V(7�.(+/ 
�5$* O�3#,7/V5450('YUM�*-�73VOU14&NM�xN(7�21$h#&�/V5$�-"7tCR�1$�AK=3#x�5$<?O�3V,�*
�N/VWrM�54* 
�*
(2R�*o,.*-�.x�5$(�3VO�/E5$14Wr1$(2*-< 1$&�M�xN( 
�/V&N<Nb:14<N(2RX3V,g�+/0(2x�,+/0(2143#&q* 	�*=K=(+��O�3#,g5u/0,2h#*C�.14h#&�/054�-"^tCR�*P5414&N*8/V,.1$('Y
3VO�(+R�*oh)/V14&rb:1$(2R¦/VWrM�541�(+x�<N*C14�;*=�2M�*-K=1u/V5$5$Y 1$WXM�3#,.(+/V&)(�14&r3#x�,;K-/V�2* 
�/V��(+R�*PO�x�545 x�&N<�*-,.�.(v/0&�<�14&Nh 3VO
(2R�*��U1u]�w &�3#&�5$14&�*-/V,21�('YX1$�CM�/V,Z(o30O^(2R�*?�.(+xN<�14*=�-"

� � �V��� ���©���u	��V��� �W� �^���©� � ��� ~ �{�=�g�x�u���

hold

ASIC

68 pF

DG 535

D

pulse generator

50

100 nF

CAMAC

Ω

LC
2259B

trigger

unit

LAM ADC

−20dB

discriminator
gate

generator

1x or 3x

buffer

A                     B   

_^14h#x�,.*`FN"�!����U*L(+x�M�(+3qWX*-/V�2xN,2*`(+R�*?5$14&�*-/V,21�('Y�3VOA(+RN*Ejk�U%Z9 b:1�(+R¢14&��.*=K=(2*-<�KvR�/V,2hV*
M�x�5$�2*=�

j[�2*L(+x�M 
�/0�2*-< 3V& 9;j`w
jP9 !z,2*-/V<�3#xN( b;/V��
Nx�145�(z(+3�Wr*8/0�2x�,.*�(+R�*�5414&N*8/V,.1$('Y 3VO:(+RN*¦j`�U%Z9
h)/014&�" tCRN*�h)/014&�14�C<N*=��&�*=< /V�C(2R�*?3#xN(+MNxN(:�#3#5�(v/Vh#*J<�1$��14<N*-< 
�Y�(+R�*?14&NM�xN(:KvR�/V,.h#*V"

G =
Vout

Qin

[

mV

pC

] >�FN"nS)B
+ � @���47/(1A-0? 
 /(15@ � ��15-��*HE- �
25/7?A-�� -0B�1 
XB � � @�B�1A?5@�;
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t^3�K-,2*-/0(+* /��2R�3V,.(`M�xN54�2*�3VO¡y�&�3|b:& KvR�/V,2hV* /��2WX/V5$5AK-/VM�/VK=1$(23#,
C = 68

M�_�1$�JKvR�/V,.h#*-<�xNM 
�Ye/
�.(2*-MeO�x�&NK=(+1$3#&�M�x�54�.*EO�,.3#W[/rM�x�54�.*�hV*-&�*=,+/0(23#,-"QtCRN*zKvR�/V,.h#*E,2*-�.x�5$(214&�hr14�

Qin = C · Vin
":6�14yV*E14&

(+R�*E��&�/V5A�2*L(+x�M 
�(+R�*�K8/ 
N54*zxN�2*-< (23¦14&
�.*-K=(P(+RN* KvR�/V,.h#*zR�/0�k/V& 1$WXM�*-<�/V&�K-*E3VO
50 Ω

"JtCRN14�JhV1$�#*=�
/z(+1$WX*PK-3#&N�.(v/0&�(:30O

τ = R ·C = 3.4 ns
O�3V,;(+R�*J,2*-�.x�5$(214&�hzM�x�54�.*V"�_�3#,�(2R�*kWr*8/V�.x�,2*=WX*=&)(:3VO�(+R�*

j`�U%Z9�Wr3�<�*Cb:1$(+Rq(+RN*JR�1$h#R�*-�Z(;h#/V14&r/V&�/0(2(2*-&�x�/0(23#,�30O −20
<�£ b;/V�;x��.*-<�(23�<N*-K-,.*8/V�.*J(+RN*J�21$h#&�/V5

(+3?3#&�*Q(2*-&)(+R�" tCR�*:�23EK8/V5$54*=< M�R)YU�.14K=��Wr3�<�*QbQ/0��Wr*8/0�2x�,.*-< b:1$(2R�3#xN(g(2R�14�g/�(2(+*=&�x�/0(+3V,-" tCR�*:�2/VWX*
M�x�5$�2*zhV*-&�*=,+/0(23#,J�.*-&�<��?/054�23r(+R�*��21$h#&�/V5$�PO�3#,:(+RN* j`�U%Z9 R�3V54<�
 (+R�*�h)/0(2* /V&�<
(+R�*E(+,21$h#h#*=,PO�3#,:(+RN*
9;j`w
jP9 ,2*8/0<�3#xN(-"

tCR�*?3#xN(+MNxN(:�21$h#&�/V5 3VO7(+R�*`jk�U%Z9 1$�QWX*-/V�2xN,2*-<�b:1�(+R�/V&¢6�*|9;,.3
Y¢G#G#\Vm#£ !V! 
�1$(;jkI`9�,+/V&Nh#14&�h
O�,23#W s (23¨G©� "CtCR�*�5414&N*8/V,.1$('Y 30Oz(+RN14��bQ/0�
KvR�*=KvyV*=<�b:1�(+R / �V3#5$(+/Vh#* �23Vx�,2K=* K-3V&�(2,23#5$54*=< 
)Y
/��Efg%'t:po6Af � GVs#sU! Wzx�5$(214Wr*=(+*=,-" tCR�* /VK-K=x�,+/0K=Y¨3VOE(+RN14��<�*L�U1$K-* 14�e!

µ
� 3#, 
 *L(2(2*-,-" tCRN*

,2*=5u/0(2143#& 
�*=('b�*-*=&¦14&�MNxN(g�#3#5�(v/VhV*
Vin

/0&�<XjJI`9 KvR�/0&�&�*-5$��1$�
A = (0.9570 ± 0.0003) chan

mV
· Vin −

(0.7284 ± 0.0006) chan
"^tCR�*QWX/C�U14W x�W *=,2,.3#,a<�xN*;(+3o&�3#&�5$14&�*-/V,21�('Y?3VO�(+R�*�jkI`9©1$�a3#&�*�KvR�/V&�&N*-5

14&¢(+R�*�,+/V&Nh#*�30O (+R�*EWr*8/V�.x�,2*=WX*=&�(-"P_ 3V,o*-/VKvR M�3#14&)(:(+R�*�WX*-/V&¢bQ/V�oWX*-/V�2xN,2*-<
b:1$(+Re/X�Z(v/0(214�.(214K
3VOg/�(J5$*8/V�Z(z!|sVs#s#s *-&)(+,.14*=�-":tCR�*�b:1$<N(+R

σgauss
30O (+R�*E,2*=�2x�5�(+1$&�h �?/Vx��.�214/V&
b;/V�P*-¥�x�/V5A3#,P�2WX/V545$*-,

(+R�/0&
FU"TsqKvR�/V&�&N*-54�="¡tCR�14�:<�*L��&�*-�:(+RN*E*=,2,.3#,C3VOa/qWr*8/0�2x�,.*-<�M 3#1$&)(P/V�

δA =

√

(

σgauss√
N − 1

)2

+ δ2
linearity ≈ 1 [chan].
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�,2/0(+1$3#&¦Wr3U<�*J5414&N*8/V,.1$('Y

_a14h#xN,2*qFN"TG�>�/#BJ�2R�3|b:��(2R�*r,2*-�.M 3V&��2*qO�x�&�KL(+143V&�3VO�(+RN*Xjk�U%Z9�14&�(2R�*qK8/V5$1 
�,2/0(+1$3#&�WX3�<�*0"rtCRN*
WX*-/V�2xN,2*-< �0/V54xN*-�?/V,.*rM�*-<N*-�.(+/V5g�2x 
N(+,2/VK=(2*-<�


y = Ai − A0
/V&�<

δy =
√

2 · δA
"rtCRN*r�Z(v/0(214�Z(+14K-/V5

*-,.,23#,C3#&¢(+RN*E� � /C�U14�C14�ChV1$�#*=& 
)Y¦(2R�*?M�,2*=K-1$�2143V&�30O^(2R�*?M�x�54�.*?h#*-&�*=,+/0(23#, δVin
≈ 0.009

Wo�

δx = x ·
δVin

Vin
.
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F#s 9QpojJ]¡t:f¡��FN"�9;R�/0,+/VKL(+*-,.1��-/0(+1$3#&�w
*8/0�2x�,.*-Wr*-&)(+�

tCR�*�/VK=K-x�,2/VK=Y�30O^(2R�*?K8/VM�/0K-1$(23#,:/V<�<N�o/�!|s�� �.Y��Z(+*-WX/0(214K8/05�*-,.,23#,:3#&�(+RN*E� � /C�U14�-"¡_�3#,Q(2R�*?541$&�*8/V,,2/V&�h#*`/0&�<¦(+R�*Jh)/V14&r(+R�1$�Qx�&�K=*-,Z(v/V1$&�('Y�14�;/VM�M�5$14*-�;/V&�/V5$3#h#3#xN�-"a%'&¦(2R�*`,2*=�2x�5�(+�Q3V&�5$Yq(+RN*k�.(+/0(+1$�.(+1$K8/V5
*=,2,23V,P1$�C¥�x�3V(+*=<�"

tCR�*¢h)/V1$& 3VO:(+R�*¢/0WXM�5$1$��*=,z1$� WX*-/V�2xN,2*-< O�3#, 5$3|b /0WXM�5$1$(2x�<�*-��
)Y©��(2(214&�h (2R�*¦��,.�.(qM�/V,Z(q3VO
(2R�*¢K-x�,Z�#*V" tCR�*¢,2/V&�h#*¢W x��Z(q&�3V( 
�*¢KvR�3#�2*=& (23U3 
�1$h�
�/V� (+RN*�&N3#&�541$&�*8/0,21$('Y /0( RN14h#R�*=, �0/V54x�*=�
b�3#x�5$<�
�1u/0�o(+RN* ,2*=�2x�5�(8"`_�3#,:(+R�*���(?/�5$14&�*?(+R�,.3#x�h#R
(+R�* 3V,214hV14&¢bQ/V�Jx��2*=<

y = G · x "ktCR�* h#/V14&<�*L(+*=,2Wr14&�*=<�1$&�(+R�1$�QbQ/8Y¢14���
G = (92.3 ± 0.2) mV

pC

"
tCR�*r<�*=��14/0(+1$3#&

yres =
(

y
G·x − 1

)

· 100%
3VO;(2R�*qWX*-/V�2xN,2*-<�M 3V14&)(+�k(23�(2R�* ��(E3VO;(2R�* ��,2�Z(�S

M�3#14&)(2�o1$�PMN543V(.(+*-<
14&¢��h#x�,.* FN"TG�>�
 BL":pP*-,2*?(+RN*z541$WX1�(+*=<�,+/V&�hV*�3VO K-3#&��Z(v/V&)(k/VWXMN541$��K8/0(2143#&�K-/V&�
�*
�.*-*-&�*8/0�2145�Y#" % O^3#&�*?/0K-K-*=MN(+�:/ WX/C�U14W xNW <N*=��1u/0(2143#&�3VO^F ��(2R�*`,+/V&Nh#*k,2*-/VKvR�*=�ox�M�(23�!#!#"T\zM 9�1$&
(2R�14�CWr3U<N*V"gtCR�*?*-,.,23#,CO�3#,Q(2R�*`Y � /C�U14�C1$�Ch#1$�V*-& 
)Y

δyres =
y

G · x
·

√

(

δy

y

)2

+

(

δx

x

)2

+

(

δG

G

)2

· 100%.
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O�3#xN&�<¦14�

(8.178± 0.007) mV
pC
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~ �S�
��	c�u� � �V	c�����©���u	��b��� ���b�)� ~ �S�-�g���u���
tCR�*q�.14h#&�/054�kx��.*-< (+3¢,2*=�2*-/V,2KvR (+R�* h)/014& /V&�< 5$14&�*-/V,21�('Ye�.3¢O�/0,kb;*=,2*q�2R�3V,.(?M�x�5$�2*=�E3VMN(+1$WX1��-*-<
(+3
,.*-M�,.3U<�xNK-*�(2R�*�,.14�2* � (214Wr* 3VOQ(+RN*��U14]�w "apP3
b�*=�V*-,�
 (+R�*X�214hV&�/V5¡3VOQ(2R�*��U14]�w K-3#&N�214�Z(+��&�3V( 3V&�5$Y
3VOg/XO�/V�.(oM�/V,Z(�
�1$(oR�/V�J/V54�.3�/�5$3#&�hr*
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_a1$h#x�,.*?FN"nS ���U*=(2x�M (23 Wr*8/V�.x�,2*¢(+R�*�541$&�*8/0,21$('Y 3VOJ(2R�*�j`�U%Z9 M�xN54�2*=�X30Ok<�1 	�*=,2*-&)(
b:14<N(2R

t^3e�2*-*�RN3
b (2R�*¦h)/014& 30OC(+R�*¦jk�U%Z9�14��,2*-54/0(+*=<�(23e(+R�*�54*-&NhV(+R©30OC(+R�*X14&�M�xU( �21$h#&�/V5�/e5$14&�*-/V,21�('Y
WX*-/V�2xN,2*-Wr*-&)(:b;/V�:<�3#&�*`O�3#,C�.14h#&�/054�Q3VO^�0/V,21$*-<�54*=&�hV(2R�"

_ 3V,�(2R�14��WX*-/V�2x�,.*-Wr*-&)(C/�,2*-KL(v/V&Nh#x�5u/0,��.14h#&�/05 b:1�(+R¦K=3#&��Z(v/V&)(:/VWrM�5$1$(+xN<�*P/V&�<��0/V,.1u/ 
�5$*Cb:14<N(2R
bQ/0�PxN�2*-<�"�tCR�*?x��.*-<
<�14h#1�(v/V5�M�x�5$�2*?h#*=&�*-,2/0(+3#,Ppo] �N!|F#s0j 14�:/ 
N54*k(+3qM�,.3|�U1$<�*?�2x�KvR
�21$h#&�/V5$�;b:1$(2R
/r,.14�.*z/V&N<
O�/V5$5�(+1$WX*`3VOg�#s#sqM��-"QtCRN* /VK=K-x�,2/VK=Y�3VO^(+R�*E�21$h#&�/V57/0O (2*-,C(+RN* � G0sq<�£c/0(.(+*-&�x�/�(+3#,:bQ/0�
KvR�*-Kvy0*-< b:1$(2R /V& 3V�2K-1$545$3#�2K=3#M *0":tCR�* �2*L(kb:14<U(+R
b;/V�k,.*-M�,.3U<Nx�K-*=< b:1$(+RN14& sU"$!���sU"TF ��&��oO�3#,J/0545
x��2*=< M�x�54�.* <�x�,2/0(+1$3#&��-"?tCR�* MN,23�<�x�K=(?30O;/0WXM�5$1$(2x�<�*�/V&�< b:14<U(+R�
�b:RN14KvR 14�kMN,23#M�3#,.(2143#&�/V5�(+3¦(+RN*
14&��.*=K=(2*-<�KvR�/V,2hV*�
�b;/V�CO�3#x�&�<¢(+3 
�*�/0K-K-xN,+/0(2*?b:1�(+R�1$&¢F �¦"

tCR�* ,2*-/V<�3#xU(k3VOg(2R�*zjk�U%Z9 �214hV&�/V5�bQ/0�k<�3#&�*Eb:1$(2R�/X�?w
f 
�/0�2*-<e�.Y��.(2*-W�"ktCR�* x��.*-< !
G 
�1$(
jkI`9¨O�,23#W[9;jkf¡� <�14h#1�(v/V5$1��=*-��(2R�*?,+/V&Nh#*kO�,23#W�s (23qSq�z"�tCR�*E&�3#&�5$14&�*-/V,21�('YX1$�:sN"�! � � !
\7��"

tCR�*`KvR�/V,.h#* #�3|b:14&�h 3|�V*-,C(+R�*`\Vs
Ω
(2*-,.WX1$&�/0(+1$3#&r,2*-�.14�Z(+3#,CK-/V& 
 *`K-/V54K=x�5u/�(+*-< 
�Y

Q = I · t =
V
R
·t "^tCR�*-,.*=O�3#,.*�
V(2R�*Q1$&�M�xN(^KvR�/V,.h#*;1$�a<�1$,2*-KL(+5�Y?M�,23#M�3#,Z(+143V&�/V5#(+3P(+R�*�b:14<N(2R 3VO�(2R�*Q1$&�M�xN(^�21$h#&�/V55
V/V�543#&NhJ/V�7(+RN*Q/VWrM�541�(+x�<N*g�.(v/8Y��^(2R�*;�2/VWr*V"^_ 3V,^*-/VKvR 14&NM�xN(7b:14<N(2R /0(^54*-/V�.( \CM 3#1$&)(+�7b:1$(+Rz/o<�1 	�*=,2*=&�(

R�3#5$<¦b;*=,2*EWX*-/V�2x�,.*-<�"¡tCR�*E/VWrM�5$1$(+xN<�*`/V&�<�(2R�*?M 3#�.1$(2143#&�3VO7(2R�*?3#xN(+MNxN(P�214hV&�/V5�WX/C�U14W xNW b�*-,.*
<�*=(2*-,.WX1$&�*-<�
)Y�/��E/VxN�2�214/V&���(:3VO^(+R�*=�2*?M 3V14&)(+�="

%'&r��hVx�,2*PFN"T\�>�/#B^(+R�*:WX/C�U14W x�W j`��%Z9 3#xN(2M�xN(�/VWrM�541�(+x�<N*Q14�gM�5$3V(2(2*-< �#*=,2�.x���(2R�*:14&�MNxN(��214hV&�/V5
b:14<N(2R�" jo��(2R�*:�214hV&�/V54� b�*-,.*J&�30(�M�*-<N*-�.(+/V5��2x 
N(2,+/VKL(+*=<X(+RN*P��,.�.(�M�/V,Z(�1$�g��(2(2*-<Xb:1�(+R

y = a ·x+ b
"

_a14hVx�,2*`FU"TF�>�
 B;�2RN3
b:�P(+R�*?,.*-�21$<�x�/V5

yres =

(

y

a · x + b
− 1

)

· 100%
>�FN"n�)B
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)Y

δyres =
y

a · x + b
·

√

(

δy

y

)2

+

(

1

a · x + b

)2

· (a2 · δ2
x + x2 · δ2

a + δ2
b ) · 100%
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 (+R�* ��,.�.(k('b�3¢M 3V14&)(+�Pb;*=,2* ��(2(2*-< /V&N< ��h#x�,.* FN"n��> 
 BP�2R�3|b:�`(+R�*z,2*-�.x�5$(214&�h
,2*=�214<Nx�/V5 "a£;xN(¡(+RN*o&�3V&�541$&�*8/V, 
�*-R�/|��1$3#,g�2*=*-Wr��(+3?�Z(v/V,Z(;*L�#*-& 
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_^14h#x�,.*`FN"n� �¡]^3V�21$(2143#& 30O (2R�*:3#xN(+MNxN(¡�21$h#&�/V5UW�/C�U1$W x�W��#*-,.�2x���14&�MNxN(g�21$h#&�/V5Ub:14<N(2R

tCR�*�3#xN(+MNxN(JWX/C�U14Wzx�W 1$�P,.*8/VKvRN*-< 54/0(+*=,:O�3V,P54/V,2hV*-,C�21$h#&�/V5�b:1$<N(+R�14& 
�3V(+R
WX3�<�*-�=";j 541$&�*8/V,
��(q(23 (2R�*¢543|b�*-, (+R�,.*-*¢M�3#14&)(+� 30OJ(+RN*�K-/V541

�,+/�(+143V& Wr3U<�*�hV1$�#*=�r/ <�*=5u/8Y©30Oo(2R�*¢W�/C�U1$W x�W O�3V,
(0.489 ± 0.003)

&��PM *=,�!E&��PKvR�/V&�h#*E14&¢(+RN*�1$&�M�xN(P�21$h#&�/V5�b:1$<N(+R�"Q_�3#,:R�14hVR�*-,Q�0/V5$x�*-�:(+R�*E�21$h#&�/V5
M�3#�21�(+1$3#& 
 *=K-3#Wr*-�EK-3#&N�.(v/0&�(-"¢tCR�14�?K-3V,2,2*=�2M�3#&�<���(+3¢(+R�*rM�/V,Z(z3VO�(+R�*XWX*-/V�2xN,2*-Wr*-&)(Eb:R�*-,.*X(2R�*
jk�U%Z9¤h)/V1$& h#3U*=� (+3 �-*=,23�" _�3#, (+R�*�M�R)Y��21$K-�rWX3�<�*��2xNKvR¨/�WX*-/V�2x�,.*-Wr*-&)(Xh#1$�V*-�r/ ,.*-54/0(+1$3#& 3VO
(0.9 ± 0.1)
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�*�&N*-h#5$14h#1

�54*o14&¢(+R�*EM�R)Y��214K=�JWr3U<N*�
 /V�:(+R�*E�21$h#&�/V5
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)Y
,.*-Wr3
��1$&�h (2R�*e1$&�M�xN(r5$14&�*0" t^3�14&�K=,2*-/V�2*�(+R�*�,2*=�23#5$xN(+1$3#& (2R�*�
Nx 	�*=,Xh#/V14& bQ/0��14&NK-,2*-/V�2*=<�(+3�/
O�/VKL(+3#,E(+R�,.*-*0"�tCR�*�&�3#14�.*¦3VOC(2R�*��2*L(+x�M /V5$3#&�*Xb;/V� Wr*8/0�2x�,.*-< 
)Y ,.*-M�54/VK-1$&�he(+RN*¦j`�U%Z9�b:1$(2R /
!#"TGE� 
�/0(2(2*-,ZY�
�/0&�<�1$(�,2*=�2x�5�(+�;1$&

σsetup = (1.64± 0.01)
KvR�/V&�&�*=54�-"¡ P&�<�*=,;(+R�*k/V�2�.x�WXMU(+143V&X(+R�/0(

(2R�*C�21$h#&�/V5U<�14�Z(+,21
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√
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=
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√
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tCR�*�Wr*8/V�.x�,2*=< Wr*8/0& �V/054x�*
3VO?(+R�*�&�3V14�2*e14�

σtot = (5.2 ± 0.1)
KvR�/0&�&�*-5$��b:1$(+R /©�.(v/0&�<�/V,.<

<�*=��14/0(+1$3#& 3VO
(0.30 ± 0.08)

KvR�/V&�&�*=54�¦O�3#,¦/ �2/VWrM�54*
3VO �©KvRN14M���1$&¨K8/V5$1 
�,2/0(+1$3#&�Wr3U<N*V" tCR�14�
K-3#,.,2*=�2M�3#&�<��:(+3r/V&¢j`��%Z9 3#xN(2M�xN(:&�3#1$�2*?3VO

(4.94 ± 0.02)
KvR�/0&�&�*-5$�:3#,

(1.72 ± 0.04)
WJ�z"

tCR�*`�+/VWr*kWr*8/V�.x�,2*=WX*=&)(CbQ/V�:/054�23zM *=,.O�3#,.WX*=<¦b:1$(+R¦(2R�*`543V&�h#*-�Z(Q�.R�/VM�1$&�hq/V&�<¢h)/V1$&¦�2*L(2(214&�h#�

 *L('b;*=*-&qsN"T\PM�_e/V&�<zsN"nmoM�_Q
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(4.3 ± 0.2)
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Ab:R�1$KvR
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O�,.3#WDS¦(23¢G0S)�U"EtCRN* &�3#14�.* 3VO:!|s¦Wo��14&)(2,23�<�x�K-*=�`/¦�2Wr*8/0,214&Nh¦3VO¡(+R�* �U1u]�w �21$h#&�/V5A3VO ≈ 0.7%



b:R�1$KvR�14�J/V&�/VK=K-*-MU(v/ 
�5$*z�0/V54xN*V" �k&�5�Y
,.*-54/0(+1��#*E3#MN(+1$WX1��8/0(2143#&N�C3VOg(+R�* I:jP9 �#3V5$(v/0h#*zR�/8�V* (+3 
�*
M�*-,ZO�3#,2Wr*-<�b:1$(2R�/rK=*-,.(+/V14&¢K-/V,2* 
 /V�Q(+R�*?�.14h#&�/05��2R�3|b:�P543�K8/V5��.x�WXMN�-"

 o&)(2145a&N3
b 
�3V&�5$Y�3#&�* Wr*8/0�2x�,.*-Wr*-&)(`3VO¡(+RN* ICjP9�b;/V�`M *=,.O�3#,.WX*=< /0(`IJf�� � "�tCR�* ,.*-�2xN5$(`1$�
K=3#&��21$�.(2*-&)(zb:1�(+R WX*-/V�2x�,.*-Wr*-&)(+��<�3#&�*X/0(�6�jk6g"A_�3#,E/�O�x�,Z(+R�*=,z/V&�/V5$Y��21$�?3VO;(2R�*XM�/0(2(2*-,2&�3VOQ(2R�*
*=,2,23V, /V&�<©(23 ,2*=�2*-/V,2KvR (+RN*¦KvR�/V&�&N*-5�(23 KvR�/V&N&�*-5C/0&�< KvR�14M�(+3 KvR�1$M �0/V,214/0(+1$3#&���
^(+RN*¦�2*L(+x�M©b;/V�
*��U(2*-&�<N*-<e(23r�.1 �¦KvR�/V&�&�*=54�:O�3#,QO�xN(2x�,2*?Wr*8/V�.x�,2*=WX*=&�(2�-"

� ��� � � � � �	��� 	.! �	! ��!�"�� ��� � ��� � / � ��� 2
tCR�*�<�/0(+/ /VK-¥�x�1$�21$(2143#& M�*-,ZO�3#,2Wr� &�3V(q3V&�5$Y�(+R�*¢5u/0�.(qM�/V,Z(q3VOP(+R�*¢�21$h#&�/V5;M�,23�K-*=�2�21$&�h�
�(+R�*�<�1$h#1 �(21��8/�(+143V& 3VOC(2R�*�/V&�/0543#h
�214hV&�/V5A
^1$( /V54�.3 �.(2*-*-,.� (+R�*XO�,23#&)(+*=&�< *-5$*-KL(+,23V&�14K=� /V&�< <N3U*=�z(+R�*X(+,21$h#h#*=,
K-/V54K=x�5u/0(2143#&�" ��R�*=,2*-/V�;(+RN*k�21$h#&�/V5 M�,.3UK=*-�2�.14&�hz14&X(2R�*Jjk�U%Z9 KvR�14M�14�Q/0&�/V543Vh�
#(+R�*J�214hV&�/V54�¡M�,.3UK=*-�.� �1$&�h¦3#&e(2R�*q9;jJ67%Z9Qf �P*-/V<�3#xU(?9Q/V,.< > 9Q�C9CBo1$�oO�x�5$5$Y¢<�1$h#1$(+/V5 ":tCR�*zK-543�Kvy¢3#& (+RN* ICj���K-/V,2<�1$�
!|�Vs¦wep ��b:R�1$KvReh#1��#*-�J/��N"TG#\q&��J�Z(+*-Me,2*-�.3#54xU(+143V&�O�3#,P/V5$57�214hV&�/V54�:�.*-&)(JO�,.3#W�(+R�*zICj�� " £;*=�214<N*-�
(2R�*?Ik�J6 /V&�<¦(2R�*`&�3#1$�2*k30O�(+R�*`jJI`9Y
N(+RN*k14& #�x�*-&�K=*`3VO7(+R�1$�;<�1$h#1$(+/V5 �.(2*-*-,.14&�h 30OA(2R�*`R�3#5$<¦�21$h#&�/V5
b;/V�P*
�N/VWr14&�*=<�"

� ��� ��� � ��� ��
�� � ������
 � ��� 
 ��� � ��
���� � � � � 
��
jo& jJ&�/V543#h�(23eIJ1$h#1$(+/V5¡9;3#&)�V*-,.(2*-,z(2,+/V&N�25u/�(+*-�E/V&�/V&�/0543#h#3Vx��?�214hV&�/V5A
�1�"n*0"¦/��#3#5�(v/VhV*�
7(+3
/�<�1$h#1 �(+/V5g�V/054x�*q,2*=M�,2*=�2*=&�(214&�h�(+R�*X�21��-*r3VO;(2R�*X�.14h#&�/V5 " ��R�*-,.*8/V�z/V&©/0&�/V543Vh��.14h#&�/V5gR�/V��/�K=3#&)(+1$&�xN3#x��
�.M *=K=(+,.x�W 30O��0/V54x�*=��
N/z<�14hV1$(v/05��214hV&�/V5�/V�2�.x�Wr*-�Q<�1$�2K=,2*=(2*J�0/V54xN*-�-"¡f¡/VKvR�3VxN(+M�xU(;�0/V54xN*o3VOA/0&¦jkI`9
K=3#,2,.*-�2M�3#&�<N�k(+3¢/¦K-*=,.(+/V14& 1$&�M�xN(k,+/V&�hV*V"?_�3#,`/�M�*-,ZO�*-KL(?jkI`9 (+R�*�(+3V(+/V5a1$&�M�xN(J,+/V&�hV*zb;3Vx�54< 
�*
<�1���14<�*=<�14&)(23z14&NM�xN(�,+/V&�hV*-��3VO�(+RN*J�+/0WX*:b:14<N(2R�
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µ = ν, σ2 = 2 · ν.
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dT

./&
(−1.7 ± 0.1) %
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