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y28:.)8
4:.)*-,)&_P+&)8
y�(A5�798�.)*iWu8Q,O5-y"1�5�./13*-M²(A5�,)y ��*-,�&O5�13y®y"1�¸�8:,)8:M�./6$C �@./(+8:Ch<01$6$6 (A5�798�.)*�W�8�5�W2638�.)*�4
*-?u8
<01$./(�./(+8B(21$��(c?A5�,/./134:638��+P��28
&�?2,)8
&O8:M�.¡1$M�./(+8Gy28:.)8
4:.)*-,N> *-,�1$.)&¡8:M�./1$,)8_6$1�>m8:./1$�r8�!NVD8
4
*-M+y"6$C ��1$.N<01$6$6�*-M26$C
Wu8�?u*�&)&/1$W2638�.)*G<0,/1$.)8¡8:798:M�.)&}.)*_.O5�?�8�<01$./(�5B&/?u8
8
y�*�>

100Hz
!e|}(213&}&)8:.)& ./(+8NM+8
8
y�>m*-,}5B�9*D*;y 5 ./,/1$���98:,75

&/C"&/.)8:�§./(A5�.L<01$6$62Wu8�5�W2638}.)*Fy"13&)4�5�,)yQ8:798:M�.)&�4
*-�Q1$M2��>�,)*-���DM+*�<0Mr?2(;CD&)134
&e5�M+yQ�98
8:?Q./(+808:798:M�.)&e4
*-�Q1$M2�
>m,)*-� ?�*-.)8:M;./1�5�6$6$CiM+8:<k?2(�C"&/134
&�!



� j���� ]�� � ] s

|}(+8�4
*-M�./,/1$W2P2./13*-Mz*�>0./(+8�µ�,/P+&)&)8:63&B��,)*-P2?�13&B63*D4�5�.)8
y®1$M�./(+8Q(+8�5�,/._*�>0./(+8ry28:.)8
4:.)*-,���./(+8Q./,O5-4O�98:,�!
|}(+8�,)*-638�*�> ./(+8_./,O5-4)�98:,F13&¡.)*�?2,)8
4:13&O8:6$C�y28:.)8:,/�Q1$M+8�./(+8��r*-�r8:M�./P2��*�> ./(+8�4)(A5�,/�98
yh?A5�,/./134:638
&B5�M+yc.)*
(+8:6$?c1$Mc./(+8G13y28:M;./1��A4�5�./13*-M�*�>e./(+8 y"1$798:,)&)8G?A5�,/./134:638
&�!¡|}(+8_�98:C�.)*�./(+8G�9*D*Dy��r*-�r8:M�./P2�Z,)8
&O*-6$P2./13*-Mh*�>
./(+8¡./,O5-4O�98:,013&}./(+8NU9| ��5���M+8:./134¡�A8:63y 1$M³<0(2134)(i1$.}<01$6$6uW�8N?26$P2M2�98
y�!e|}(213&��A8:63y <01$6$6uW�8¡�98:M+8:,O5�.)8
y³W;C 5
&)P2?�8:,�4
*-M+y"P+4:./1$M2� &)*-638:M+*-13y�!

 N,/1$��1$MA5�6$6$C±1$.Q<�5-&Q> *-,)8
&)8
8:Mn.)*�8
¢;P21$?n./(+8i./,O5-4O�98:,�<01$./(n./(2,)8
8�.)8
4)(2M+*-63*-��138
&���V;1�
 ?21��"8:6Ny28:.)8
4:.)*-,)& �
V;1�
x&)./,/1$?�y28:.)8
4:.)*-,)&N5�M+y���134:,)*�V;./,/1$? �F5-&¡��(A5��GWu8:,)& �m��V��B� � !


 ��� � ������& � � �', ����& ����& �����
|}(+8 ?2,)8
&)8:M�.�<�*-,/�G13&�5�&)./P+y"CB*�>+./(+8 ��V��B��&�5�M+yG./(+8:1$,�*-?u8:,O5�./13*-MG1$M ~��F�h6$1$�98�4
*-M+y"1$./13*-M+&�!@�hV��B��&@5�,)8
?2,)*-?u*-,/./13*-MA5�6���5-&N4
*-P2M;.)8:,)&�> *-,�<0(2134O(�./(+8�8:638
4:./,)*;y28G?A5�./.)8:,/M�13&N8:M2��,O5
798
yh*-Mc5�&)*-6$13y�&)P2W+&/./,O5�.)8�!0|}(213&
5�6$63*�<�&N>m*-,�5�&/��5�6$6�1$M�.)8:,B5�M+*Dy28_y"13&/.O5�M+4
8 ��.xCD?2134�5�6$6$C

200µm
��5�6$63*�<01$M2� ./(+8�4
*-M+&/./,/P+4:./13*-M�*�> y28:.)8
4:.)*-,)&

<01$./(�./(+8B&/��5�6$6���,O5�M;P26�5�,/1$.xC�M+8
8
y28
y�.)*�4
*-?u8F<01$./(�./(+8G(21$��(�./,O5-4)��y28:M+&/1$. C�5�.�~��F�¡!+T2P2,/./(+8:,/�r*-,)8�./(+8
&)1$��MA5�6�,)8�5-y2*-P2.�*�>@./(+8B�hV��G��&013&0�GP+4O(�> 5-&/.)8:,0./(A5�M�./(+8:1$,N5�M+4
8
&).)*-,)& �2./(+8��GP26$./1$<01$,)8�4)(A5��_W�8:,)&�!

­®8N(A5�798F4
*-M�./,/1$W2P2.)8
yi.)*_./(+8�*-?2./1$�Q13&O5�./13*-M�*�>�./(+8¡?2,)*D4
8
&)& �A*�< > *-,���V��B�¤&/P2W+&/./,O5�.)8¡?2,)*Dy"P+4:./13*-M�!
w M ./(213&L?A5�,/./134:P26�5�,�&O4)(+8:�r8

1.6µ
./(2134)�Q8:638
4:./,)*Dy28
& 5�,)80?2,)*Dy"P+4
8
y�!�|}(+808:638
4:./,)*Dy28
&�5�,)804
*-�Q?u*�&/1$.)8
&L��5-y28

*�>�5�&/?2P2./.)8:,)8
yQ6�5�C98:,�*�>���P �
0.8µm

���D5�M�8:638
4:./,)*-638
&)&L?26�5�.)8
yQ6�5�C98:,�*�> ��1 �
0.7µm

�L5�M+yr5�./(21$Mr8:638
4:./,)*-638
&)&
?26�5�.)8
y
6�5
C98:,Q*�>�%NP �

0.1µm
� !�|}(+8���5�1$M²4O(A5�6$638:M2�98�<}5-&�.)*�5-y+5�?2.�./(+8�?2,)*D4
8
&)&��A*�< 1$M²&/P+4O(z5�<�5�C

./(A5�.B{�[	��*�> ./(+8 5�M+*;y28
&F5�,)8_>m*-P2M+yc&/P21$.O5�W2638_> *-,¡y28:.)8
4:./13*-M�!Fw M�4O(A5�?2.)8:,GSr<�8_<01$6$6�?2,)*�798 ./(A5�.¡./(213&¡13&
?u*�&)&/1$W2638�1$Mi6�5�Wu*-,O5�.)*-,/Ci4
*-M+y"1$./13*-M+&�!

�N8��". �@<�8�(A5
798 .)8
&/.)8
y²y28:.)8
4:.)*-,)&Q8
¢�P21$?2?u8
y²<01$./(²&)P2W+&/./,O5�.)8
&���5-y28�<01$./(²./(+8 8:638
4:./,)*-638
&)& ?26�5�./1$M2�
.)8
4O(2M213¢�P+8�1$M�y"1�¸�8:,)8:M�._8��"?u8:,/1$�r8:M�.O5�6�4
*-M+y"1$./13*-M+&�!�w M�5 �+,)&/.B.)8
&). ��<�8r1$,/,O5-y"1�5�.)8
y�./(+8ry28:.)8
4:.)*-,)&G<01$./(
5�M

8GeV/c
?213*-M W�8�5�� .)*B1$M;798
&/./1$��5�.)8�./(+8��98:M+8:,O5�6u?2,)*-?u8:,/./138
&}*�>�./(+8N&/P2W+&)./,O5�.)8
&�!
�N8��". ��./(+8¡y28:.)8
4:.)*-,)&

<�8:,)8�&/P2W"X/8
4:.)8
y�.)*�5i(21$��( �+P��®*�>
350MeV/c

?213*-M+&�!�|}(+8
&)8�4
*-M+y"1$./13*-M+&�5�,)8Q798:,/C�4:63*�&)8r.)*i./(+8r*-M+8
&
8��"?u8
4:.)8
y³5�.0./(+8�~��F� �"./(213&}13&�5�Mi1$�Q?u*-,/.O5�M�.0.)8
&/.�*�>a./(+8�.)8
4O(2M+*-63*-��C9! |}(+8
&)8�. <�* .)8
&/.�5�,)8¡./(+8F&/P2W"X/8
4:.
*�>L4)(A5�?2.)8:,NU+!

wxMr4O(A5�?2.)8:,}H¡<�8�<01$6$6Ay28
&)4:,/1$Wu8�5�6�5�,/�98�&)4�5�6380.)8
&/.e*�>���V��B��
 ��°e��y28:.)8
4:.)*-,)&�1$M�5
350MeV/c

?213*-M
Wu8�5���!L|}(213&�.)8
&/. <}5-&���5�1$M26$C�5�1$�r8
y³5�.05B&/./P+y"Cr*�>�./(+8N?2,)*;y"P+4:./13*-M³&)4)(+8:�r8¡*�>�./(+8¡�hV��B��
 �F°e��5�M+y
1$.)&G63*-M2��.)8:,/� Wu8:(A5
7D13*-,GP2M+y28:, 5³(21$��( �+P��®*�>0?A5�,/./134:638
&�! %N& ��>m*-,G./(+8Q�+,)&/.B./1$�r8 �@5³6�5�,/�98�M�P2�GWu8:,_*�>
��V��B��
 ��° � y28:.)8
4:.)*-,a<�8:,)8e?2P2.a.)*-�98:./(+8:,�1$M_5�Wu8�5�� ��<�8L./,/138
yF.)*�8:7�5�6$PA5�.)8L./(+8:1$,�./,O5-4O�;1$M2�¡4�5�?A5�W21$6$1$./138
&
5�M+y¤&/./P+y"138
y &O*-�r8�?2,)*-?u8:,/./138
&�6$1$�98�./(+8�8���4:138:M+4:C 5�M+y &)1$��MA5�6�.)*®M+*-13&O8�,O5�./13*®P2M+y28:,³5�(21$��( �+P��±*�>
?A5�,/./134:638
&�!

wxMh./(+8�6�5-&/.B4)(A5�?2.)8:,B*�>�./(+8 ./(+8
&/13& �u<�8 ,)8:?�*-,/.F*-M�./(+8 &/./P+y"C�<�8 ��5-y28Q*-M�?2,/1$��5�,/C�798:,/.)8��h,)8
4
*-M�

&)./,/P+4:./13*-M�P+&/1$M2�_./(+8N���hVr5�6$6�&/1$6$134
*-M�./,O5-4)�98:,�!@­®8�y28:798:63*-?u8
y �;1$�Q?2638:�r8:M�.)8
y �+5�M+yQ.)8
&/.)8
y�.x<�*G�r8:./(+*Dy2&
> *-, ?2,/1$��5�,/C
798:,/.)8��²�+M+y"1$M2�+!²­®8³,)8:?�*-,/.r*-M±./(+8i&)?A5�./1�5�60,)8
&)*-6$P2./13*-Mn*-M ��5�M+y±8���4:138:M+4:Cz.)*c�+M+yz./(+8
?2,/1$��5�,/C³798:,/.)8���!e%N63&)*Q&)*-�r8B5�./.)8:M�./13*-M�13&0?A5�13yi.)*Q./(+8�./1$�r8BP+&)8
yiW�C ./(+8By"1�¸�8:,)8:M�.�5�6$�9*-,/1$./(2�r&�!



� �������	��
 �


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

� ��� ��� �¤� � ��� � ���@��� � � � � �k��� �¤��� �


'��
 � �"���)��� � � ����� �
 NM+8 *�>�./(+8 �r*�&).�4O(A5�6$638:M2��1$M2��,)8
&)8�5�,)4O(®.)*-?2134
&�1$M�?2(�C"&/134
&�.)*Dy+5
Cc13&N./(+8Q&O8�5�,)4)(h> *-,¡./(+8Q�N1$���9&�Wu*�&)*-M�!
|}(213&¡?A5�,/./134:638�13&¡?2,)8
y"134:.)8
yhW�C�./(+8�./(+8
*-,/C�*�>�°LM2��638:,/. ��µ�,)*-P2.B5�M+yc�N1$���9& ��1$Mc<0(2134)(�?A5�,/./134:638
&B5-4
¢;P21$,)8
��5-&)&�7;1�5®&/?�*-M;.O5�M+8
*-P+&�&)C;�Q�r8:./,/C±W2,)8�5��D1$M2��1$M¤./(+8�8:638
4:./,)*�<�8�5��¤&)8:���r8:M;. *�>F./(+8�&).O5�M+y+5�,)yn�r*Dy28:6 !
KL,)8:7D13*-P+&B?A5�,/./134:638³5-4
4
8:638:,O5�.)*-,)&_(A5
798rWu8
8:M
5�W2638�.)*i?2P2.�5³63*�<�8:,�6$1$�Q1$._*-M®./(+8���5-&)&B*�>0./(213&B?A5�,/./134:638��
114.1GeV/c2 �$#�#� x!

�NM"> *-,/./P2MA5�.)8:6$C ��M+*�8��"?u8:,/1$�r8:M�.³(A5-& W�8
8:M 5�W2638�.)*²*-W+&)8:,/798�./(+8��N1$���9&�Wu*�&)*-M�!'|}(+8:,)8 >m*-,)8 ��M+8:<
5-4
4
8:638:,O5�.)*-,)& ��5�W2638�.)*_,)8�5-4O(�8:M+8:,/��138
&01$Mi./(+8F|�8���,O5�M2�98 �2(A5
798�.)* Wu8¡W2P21$6$.�!� NM+8F&/P+4)(�5-4
4
8:638:,O5�.)*-, �+./(+8
~a5�,/�98G�¡5-y",)*-Mc��*-6$6$13y28:, �m~���� ���+<01$6$6�W�8�W2P21$6$.�1$Mc��°e� � ����8:M+8:7�5"!


'��� � ��&! �'�#"'&%$ �&� ��� ��' �'!�!��(��&(�
|}(+8¡~��F� �JS  u13&05B?2,)*-.)*-M�
 ?2,)*-.)*-M�5-4
4
8:638:,O5�.)*-,0?2,)8
&O8:M�./6$C�Wu8:1$M2��W2P21$6$.05�.���°e� � �;./(+8¡6�5�W�*-,O5�.)*-,/C�*�>�./(+8
°LP2,)*-?u8�5�M® N,/��5�M21$´�5�./13*-Mh>m*-, ��P+4:638�5�,���8
&)8�5�,)4O( ��M+8�5�, ��8:M+8:7�5"!�|}(+8 5-4
4
8:638:,O5�.)*-,�<01$6$6�Wu8BW2P21$6$.�1$M�./(+8
I9R¨�D� 63*-M2�r./P2M2M+8:6�./(A5�.�<}5-&�P+&)8
y³Wu8 > *-,)8�W�C³./(+8B~a5�,/�98B°e638
4:./,)*-M�K�*�&/1$./,)*-Mh��*-6$6$13y28:, �m~a°eK � !

|}(+8_~��F� <01$6$6L5-4
4
8:638:,O5�.)8G./(+8G?2,)*-.)*-M+&N.)* 5�M�8:M+8:,/��C�*�>�R�|�8�� �A./(;P+&¡4
*-6$6$13&)13*-M+&�<01$./(h5�Mc8:M+8:,/��C�*�>
#:U9|�8��§1$M³./(+8F4
8:M�.)8:,�*�>@��5-&)&�5�,)8B5�./.O5�1$MA5�W2638�! |}(+8F4
*-M+&)./1$./P+8:M�.)&�*�>�./(+8�?2,)*-.)*-M+& �m¢;PA5�,/�D&�5�M+y³��6$P+*-M+& �
<01$6$6�1$M;.)8:,O5-4:.¡5�.�8:M+8:,/��138
&�P2?i.)*�#
|a8 ��!

µ}8 > *-,)8³W�8:1$M2��1$M-XY8
4:.)8
y 1$M�.)*�./(+8�~a��� �L./(+8�?2,)*-.)*-M+&r<01$6$6�Wu8�5-4
4
8:638:,O5�.)8
yn./(2,)*-P2��(¤./(+8i1$M-X/8
4:./13*-M
4O(A5�1$M�&/(+*�<0M�1$Mh�+��P2,)8i#�!$#�!QT�1$,)&).F./(+8 ?2,)*-.)*-M+&B<01$6$6LWu8r5-4
4
8:638:,O5�.)8
y®1$M�5³&/��5�6$6L6$1$M+8�5�,_5-4
4
8:638:,O5�.)*-,G.)*
5�M®8:M+8:,/��C�*�>F#�! U ��8�� !�|}(+8rKL,)*-.)*-MzV;C;M+4O(2,)*-./,)*-M �mK�V���<01$6$6e1$M+4:,)8�5-&)8Q./(+8:1$,G8:M+8:,/��Cc.)*�I�H ��8 �¯W�8 > *-,)8
1$M-X/8
4:./1$M2�®./(+8:��1$M;.)*®./(+8�V;P2?u8:,�Ke,)*-.)*-M V;CDM+4)(2,)*-./,)*-M � VDK�V�� ! �¡8:,)8i./(+8:1$,�8:M+8:,/��Cz<01$6$6�Wu8i,O5�13&)8
yn.)*
U�H� ��8 ��!2|}(+8¡�+MA5�6�5-4
4
8:638:,O5�./13*-M�P2?i.)*�R�|a8 ��<01$6$6�Wu8�y2*-M+8F1$M³./(+8B~��F�¤1$.)&)8:6�>�P+&)1$M2�r&/P2?�8:,)4
*-M+y"P+4:./1$M2�
5-4
4
8:638:,O5�./13*-Mc4�5
7D1$./138
&N5�M+yiWu8:M+y"1$M2�r��5���M+8:.)&�!

|}(+8G?2,)*;y"P+4:./13*-Mc4:,)*�&)&¡&)8
4:./13*-M+&�*�>L?2(�C"&/134
&¡4)(A5�M2M+8:63&�*�>L1$M�.)8:,)8
&/.�5�,)8B798:,/C�&/��5�6$6�4
*-�Q?A5�,)8
y�.)*�./(+8
.)*-.O5�6L4:,)*�&)&F&)8
4:./13*-M�<0(2134O(�13&B5�,)*-P2M+y±#� � ��GW��¨!_T+*-,F1$M+&/.O5�M+4
8 ./(+8Q�N1$���9&¡?2,)*;y"P+4:./13*-M�4:,)*�&O&F&)8
4:./13*-M®5�.
./(+8B~a��� 13&N*�>L./(+8B*-,)y28:,N*�>�#:?2Wi> *-,N5Q�N1$���9&�<01$./(�5r��5-&)&�*�>

500GeV/c2 !�|}(+8:,)8 > *-,)8B./(+8F6$P2�Q1$M+*�&/1$. C*�>�./(+8�4
*-6$6$13y28:,�(A5-&�.)*BWu8�(21$��(�8:M+*-P2��( 1$M�*-,)y28:,�.)*_5�./.O5�1$M³5F�r8�5-&/P2,O5�W2638N,O5�.)8¡*�>�*D4
4:P2,/,)8:M+4
8�!e|}(+8�,O5�.)8
*�>L*;4
4:P2,/,)8:M+4
8B,013&0,)8:6�5�.)8
y�.)* ./(+8F6$P2�Q1$M+*�&)1$.xCi~
5�M+yi./(+8F4:,)*�&O&�&)8
4:./13*-M

σ
W;C��

r = Lσ
!

|}(+8 6$P2�Q1$M+*�&)1$.xC�*�>�./(+8r5-4
4
8:638:,O5�.)*-,Gy28:?u8:M+y2&B*-M�./(+8 M;P2�GWu8:,G*�>�?A5�,/./134:638
&G?�8:,�W2P2M+4)(�1$M�./(+8 .x<�*
Wu8�5��r& �

N1
5�M+y

N2
��*-M®./(+8rW2P2M+4O(
4:,)*�&)&/1$M2��>�,)8
¢;P+8:M+4:Cc>���5�M+y�*-M®./(+8�4:,)*�&)&G&O8
4:./13*-MA5�6�5�,)8�5�*�>08�5-4)(

?A5�,/./134:638 W2P2M+4)(�!
w >N./(+8 &)?A5�./1�5�6}y"13&)./,/1$W2P2./13*-Mn*�>�./(+8 ?A5�,/./134:638
& 1$M+&/13y28 ./(+8�W2P2M+4O(+8
&Q13&��F5�P+&)&/1�5�M �e./(+8
6$P2�Q1$M+*�&/1$. Ci4�5�M�W�8�<0,/1$./.)8:Mc5-&��

L =
1

4π

N1N2f

σxσy

�Y#�!$# �
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5�,)8��GP+4)(³(+8�5�7;138:,�./(A5�M�./(+8N*-./(+8:,�638:?2.)*-M+&05�M+y�¢�PA5�,/�"&�!@|}(+8Ny2*-�Q1$MA5�M;.0y"1�5���,O5��r&}5�,)8N&/(+*�<0M 1$M��+��P2,)8
#�! U+!@|}(+8¡8��D?u8
4:.)8
y��N1$���9&�?2,)*;y"P+4:./13*-M ,O5�.)8
&05�. ./(+8¡~����n,O5�M2�98NW�8:. <�8
8:M

104 5�M+y 106 8:798:M;.)&�?�8:,�C98�5�,5�.B./(+8r��5 �D1$�_P2� 6$P2�Q1$M+*�&/1$. Ch>m*-,G�N1$���9&F��5-&)&O8
&B7�5�,/C;1$M2�i>m,)*-�  "!$#Q.)*�#
TeV/c2 �$#�I  x! �NM">m*-,/./P2MA5�.)8:6$C �./(+8�y28
4�5
C�4O(A5�M2M+8:63& <0(2134)(z?2,)*�7D13y28�./(+8�Wu8
&/._8��"?�8:,/1$�r8:M;.O5�60&/1$��MA5�./P2,)8�(A5�798�&)��5�6$6�W2,O5�M+4O(21$M2�c,O5�./13*�&

�m*�>�./(+8¡*-,)y28:,0*�>
10−3 � !L|}(+8�W2,O5�M+4O(21$M2�Q,O5�./13*�&�*�>�./(+8¡y2*-�Q1$MA5�M�.�y28
4�5�C��r*Dy28
&�*�>�./(+8N&/.O5�M+y+5�,)y��r*Dy28:6�N1$���9&�4�5�MiWu8F&)8
8:M�1$M³�+��P2,)8r#�!JH"!

T�1$��P2,)8r#�!JH"�e|}(+8By2*-�Q1$MA5�M;.Ny28
4�5
C³�r*Dy28
&�*�>@./(+8B&/.O5�M+y+5�,)yi�r*Dy28:6a�N1$���9&�! �JI�S� 
|}(+8B�r*�&/.�?2,)*-�Q13&/1$M2� y28
4�5
C�4O(A5�M2M+8:63& � >m,)*-� ./(+8B?u*-1$M�.¡*�>L7;138:<=*�>ey28:.)8
4:./13*-M ��5�,)8G&/P2�Q��5�,/1$´�8
y�1$M

.O5�W2638 #�!$#�!LT+*-,�5���1$���9&���5-&)&�Wu8:.x<�8
8:M�[� ��8��§5�M+yh#�H� ��8�� �D./(+8N?2,)8 > 8:,/,)8
yiy28
4�5
C��r*;y28N> *-,�y28:.)8
4:./13*-M
<01$6$6�W�80./(+8Ny28
4�5
CQ1$M;.)*B.x<�*G?2(+*-.)*-M+&�!L|}(213& <01$6$6�W�8�y28:.)8
4:.)8
y³5-&e. <�*_13&)*-6�5�.)8
y�8:638
4:./,)*-��5���M+8:./134�&/(+*�<�8:,)&
?u*-1$M�./1$M2��.)*³./(+8r798:,/.)8��u!Q|}(+8Q?2,)8
y2*-�Q1$MA5�M;.�y28
4�5�Ch�r*;y28 �

H → bb̄
�N1$M®./(213&F��5-&)&B,)8:��13*-M�4�5�M2M+*-.BWu8

8��"?263*-1$.)8
y�8��"?�8:,/1$�r8:M;.O5�6$6$C�&/1$M+4
801$.�13& *�798:,/<0(+8:6$�r8
y�W;CQ./(+8�y"1$,)8
4:.
bb̄
?A5�1$, ?2,)*Dy"P+4:./13*-M�!LT+*-,

120GeV ≤
mH ≤ 2mZ

./(+8�y28
4�5�C_�r*Dy28}<01$6$6+?2,/1$�r*-,)y"1�5�6$6$C W�8
H → ZZ∗ → 4l±

�9<01$./(r6"W�8:1$M2�_5N638:?2.)*-M �m8:638
4:./,)*-M
*-,��GP+*-M ��5�M+y

Z∗
5B7;1$,/./PA5�6 � Wu*�&)*-M�!�­ (+8:M�./(+8N��5-&)&�*�>�./(+8��N1$���9& 13&�6�5�,/�98:,�./(A5�M

2MZ
1$.�4�5�M³y28
4�5
C

1$M;.)*_. <�*Q,)8�5�6 � Wu*�&)*-M+&�!@%N&�./(+8F4:,)*�&)&}&)8
4:./13*-M > *-,0��1$���9&}?2,)*Dy"P+4:./13*-M+&0y28
4:,)8�5-&)8
&0,O5�?213y"6$C³5�.�(21$��(
mH

�
*-./(+8:,¡y28
4�5
C��r*Dy28
&�<01$6$6�(A5
798_.)*�W�8_4
*-M+&/13y28:,)8
yc5�Wu*�798

mH > 500GeV
!�|}(+8G�N1$���9&N<01$6$6�./(+8:Mhy28
4�5
C

> *-6$63*�<01$M2�
H → ZZ → 2l±2ν

�+<0(+8:,)8
ν
13&N5QM+8:P2./,/1$M+*2!�%��9*D*;y��r8�5-&/P2,)8:�r8:M�.�*�>L./(+8B�Q13&)&/1$M2��8:M+8:,/��C

<01$6$6�./(;P+&�Wu8�,)8
¢�P21$,)8
y�!
T�1$MA5�6�&/.O5�.)8 �h5-&)&}1$M;.)8:,/7-5�6
H → γγ

[� ��F8����
c2 ≤ mH ≤ 150

��8����
c2

H → ZZ∗ → 4l±
#�I� �F8����

c2 ≤ mH ≤ 180
��8 � �

c2

H → ZZ → 4l±
#�[� �F8����

c2 ≤ mH ≤ 650
��8 � �

c2

H → ZZ → 2l±2ν
H� � ��8����

c2 ≤ mH ≤ 1
|a8����

c2

H →W+W− → lνjj mH ∼ 1
|a8 � �

c2

H → ZZ → 2l±2ν

|�5�W2638c#�!$#�����*�&/._> 5
79*-,O5�W2638³y"13&)4
*�798:,/C²4)(A5�M2M+8:63&Q*�>�./(+8iV;.O5�M+y+5�,)yz��*Dy28:6}��1$���9&Q5�M+y²4
*-,/,)8
&/?�*-M+y"1$M2�
��5-&)&�1$M�.)8:,/7�5�63&�!



\D¬ ]_^a`cbed ��f `cgid �������kjG��lmlm��� ` � d ��� � ^�` jG��o®p d ���rq������ksu��l ` ������� � ` � ` �����A�

\	� � �m\ ��¦ ]G^�` q§�m���mo d l0s��ap ` ��s �ao
o ` ���-���³q'��� ` l
�N?i.)* M+*�<��AM+*Q8��D?u8:,/1$�r8:M�.O5�6�8:7;13y28:M+4
8B13&�>m*-P2M+y³> *-,�5�M�C³y28:7D1�5�./13*-M�>m,)*-� ./(+8F&/.O5�M+y+5�,)yi�r*Dy28:6 !e�N*�<!

8:798:, �D��5¨X/*-,}P2M+&)*-6$798
y ��./(+8
*-,)8:./134�5�6 ��?2,)*-W2638:�r&},)8:��5�1$M�!e|}(+8¡�r*�&/.�1$�Q?u*-,/.O5�M�.�*�>�./(+8:� 5�,)8N./(+8¡(2138:,O5�,�

4O(�C³?2,)*-W2638:� 5�M+y³./(+8B1$M+4
*-,/?�*-,O5�./13*-Mc*�>���,O5�7;1$. C 1$M;.)*r./(+8�./(+8
*-,/C9!

|}(+8�>�P2M+y+5��r8:M;.O5�6�8:M+8:,/��Ci&)4�5�638F*�>@./(+8�./(+8
*-,/C ��5�.
1015GeV

�"13&�&)*��GP+4)(cy"1�¸u8:,)8:M;.�./(A5�M�./(+8F*-./(+8:,
. <�*³&)4�5�638
&¡*�>e./(+8B./(+8
*-,/Cu��5r&)4�5�638_*�>

102GeV
5�.N<0(2134)(h<�8�5���1$M�.)8:,O5-4:./13*-M+&�W2,)8�5��"&�1$.)&)8:6�>�5�M+yc5�&O4�5�638

*�>
1GeV

5�.G<0(2134)(z&/./,)*-M2��1$M�.)8:,O5-4:./13*-MzW2,)8�5��"&G4O(21$,O5�6�&/CD�Q�r8:./,/C9!�|�*�*-W2.O5�1$Mz5³,)8�5-&)*-MA5�W2638r��5-&O&F> *-,
./(+8��N1$���9&NWu*�&)*-M ��./(+8_?A5�,O5��r8:.)8:,)&�1$M�./(+8 8:638
4:./,)*�<�8�5���?A5�,/.F*�>e./(+8 ~a5���,O5�M2��1�5�M�(A5�798_.)*�Wu8�5-y�XYP+&/.)8
y
W;C 5�> 5-4:.)*-,

(1013)2 = 1026 �J[  x!E|}(213& 5 P2M2MA5�./P2,O5�6 5N5-y�X P+&/./�r8:M;.�13&i4�5�6$638
y ./(+8h(2138:,O5�,)4)(;Ck?2,)*-W2638:��!T+P2,/./(+8:,/�r*-,)8 ��M+*h<}5
C²<�5-& > *-P2M+yz.)*h1$M+4
*-,/?u*-,O5�.)8i��,O5
7D1$.xC²1$M�.)*�./(+8i&).O5�M+y+5�,)yz�r*;y28:6 ��5-&Q��,O5
7D1$.xC²13&
./(+*-P2��(;.�.)* Wu8��r8
y"1�5�.)8
y�W;C ./(+8���,O5�7;1$.)*-M �A<0(2134)(�13&�5 &/?21$M�I ?A5�,/./134:638�!

|}(+8���1$M21$��5�6uV;P2?u8:,�V;C;�Q�r8:./,/134¡��*Dy28:6 �m��V2VD� �@*�¸u8:,)&}5F&)*-6$P2./13*-M�.)*B./(213& ?2,)*-W2638:��!ewx. 1$M�./,)*Dy"P+4
8
&
M+8:< 4
*-P2?26$1$M2�9&}Wu8:.x<�8
8:M > 8:,/�Q13*-M+&05�M+y�Wu*�&)*-M�!@µ�C�y2*-1$M2��&O*BM+8:< ?A5�,/./134:638
&05�,)8N4:,)8�5�.)8
y�!e°�5-4)(³?A5�,/./134:638
M+*�<¯(A5-&_(213&�&/P2?u8:,)&/CD�Q�r8:./,/134�?A5�,/./M+8:, �e<0(2134)(±y"1�¸u8:,)&G>m,)*-� ./(213&_�+,)&/. *-M+8�1$M²1$.)& &/?21$M²W�C # �-I"!c|}(+8
�r*Dy28:6�5�63&)*�?2,)8
y"134:.)&G./(+8r8��"13&/.)8:M+4
8r*�>}�+798Q?2(;CD&)134�5�6��N1$���9&FW�*�&O*-M+& ��. <�*c4)(A5�,/�98
y�&O4�5�6�5�,)& �

H±
���a.x<�*

M+8:P2./,O5�6�&)4�5�6�5�,)& ��( �
H0 ��5�M+y�*-M+8}M+8:P2./,O5�6+?+&)8:P+y2*F&)4�5�6�5�, �m% � ! |}(+8}�r*Dy28:62?2,)8
y"134:.)&e./(A5�.L./(+8}6$1$��(�.)8
&). *-M+8

��( �e<01$6$6�(A5
798�5B��5-&)&�Wu8:63*�<§#�S� ��8�� !;|}(213&�?2P2.)&}5�M 8��"?u8:,/1$�r8:M�.O5�6$6$C�798:,/1���5�W2638¡6$1$�Q1$.}*-M�./(+8�./(+8
*-,/C9!ewx>
M+* 6$1$��(;.N�N1$���9&0Wu*�&)*-Mi13&�y28:.)8
4:.)8
y �+./(+8�./(+8
*-,/C³<01$6$6�Wu8 ��5
<�8
y�!

��������� � ��� ��� � 	����
��	 � �

|}(+8G~����¤<01$6$6a?�8:,/�Q1$.�5 y28:.O5�1$638
y�&/./P+y"C�*�>@./(+8F(+8�5
7DC³¢�PA5�,/�"& ��Wu8�5�P2.xC�5�M+y³.)*-? � !e%'6�5�,/�98G5��r*-P2M�.�*�>
./(+8:� <01$6$6�Wu8¡?2,)*;y"P+4
8
y �28:798:M�5�.063*�<k1$M�.)8:M+&/1$. C9! |}(+8���5-&)&0*�>�./(+8�.)*-?³<01$6$6�W�8¡�r8�5-&/P2,)8
y³7D1�5 y"1�¸u8:,)8:M;.
y28
4�5�Ci4)(A5�M2M+8:63&�!���8
4
8:M�.��r8�5-&/P2,)8:�r8:M�.)&N1$M+y"134�5�.)8G5 .)*-?i��5-&)&�*�>

(176.8 ± 6.5)GeV/c2 �$#�S  x!|}(+8B&)8
4
*-M+y³��5�./.)8:,�.)* Wu8B5-y2y",)8
&)&)8
yi1$Mi./(+8�63*�<t1$M�.)8:M+&)1$.xC�&/.O5�,/.�
 P2?�?2(A5-&O8�13&0./(+8G��Kn7D13*-6�5�./13*-M�1$M
./(+8

B0−B0
&/C"&/.)8:��!e�¤5�M+y�Kn5�,)8N./,O5�M+&Y> *-,/��5�./13*-M+&0*�>a./(+8�?A5�,/./134:638¡<}5
798¡>mP2M+4:./13*-M³4
*-,/,)8
&)?�*-M+y"1$M2� .)*

./(+8�8��24)(A5�M2�98 *�> ./(+8_?A5�,/./134:638
&�W�C�./(+8:1$,F5�M�./1�
 ?A5�,/./134:638
& � ��(A5�,/�98 4
*-M-XYP2��5�./13*-M �¡5�M+y�.)*�./(+8_,)8:798:,)&O5�6�*�>
&)?A5-4
8�4
*D*-,)y"1$MA5�.)8
& �mK@5�,/1$.xC � ! ��Kh7;13*-6�5�./13*-MQ<}5-&��+,)&/.L*-W+&)8:,/798
y�./(2,)*-P2��(�5¡y"1�¸u8:,)8:M+4
8}1$M ./(+8}y28
4�5
C�,O5�.)8
&
*�>�./(+8

K0
5�M+y

K0
�r8
&)*-M+& �-Wu*-./(�4
*-M;.O5�1$M21$M2�F./(+8�&/./,O5�M2�98 �m& �a¢;PA5�,/��!�wx.�13&aWu8:6$138:798
y�./(A5�.@./(213&�13&�?u*�&)&/1$W2638

Wu8
4�5�P+&)8¡./(+8¡<�8�5�� 1$M�.)8:,O5-4:./13*-M�4�5�Miy"13&/./1$M2��P213&)(iW�8:. <�8
8:M�?A5�,/./134:638
&�5�M+y�5�M;./1�
 ?A5�,/./134:638
&�! |}(+8:,)8 > *-,)8�./(213&
y28
4�5�Cc5-&/CD�Q�r8:./,/C�13&F5�63&)* ?2,)8
&)8:M;.�1$Mc./(+8 y28
4�5�C�*�>��r8
&O*-M+&N��5-y28 *-P2.F*�>�(+8�5�7;138:,F¢;PA5�,/�D&�!G���hV�<01$6$6
&)./P+y"C�./(+8By28
4�5�C�5-&/C;�Q�r8:./,/C³*�>

B0
5�M+y

B0 → J/ψKS
0

1$Mi>mP2,/./(+8:,�y28:.O5�1$6 !


"��� '�� �

|}(+8¡��*-�Q?A5-4:.���P+*-M VD*-638:M+*-13y � ����V��@y28:.)8
4:.)*-, 13& y28
&/1$��M+8
yr.)*F,/P2M 5�.e./(+80(21$��(+8
&/. ~a���²6$P2�Q1$M+*�&)1$./138
&�!
|}(+8Gy28
&/1$��M�*�>@./(+8By28:.)8
4:.)*-,�<}5-&���5-y28�> *-6$63*�<01$M2��./(+8B&/./,/1$M2�98:M�.N,)8
¢�P21$,)8:�r8:M;.)&�./(A5�.�1$.�&/(+*-P263yiWu8B5�W2638
.)* *-?u8:,O5�.)8¡>m*-,�5�.}638�5-&/.B#� _C98�5�,)&01$M³./(+8F~��F� 8��"?�8:,/1$�r8:M;.O5�6a8:M�7D1$,)*-M2�r8:M�.N5�M+y³./(A5�.01$.0&/(+*-P263y³Wu8F5�W2638
.)*Qy"13&O4:,/1$�Q1$MA5�.)8BWu8:.x<�8
8:M��;M+*�<0M�5�M+yiM+8:<t?2(;CD&)134
&�!

|a*�./(213&N8:M+y �u5 > 8:<'y28
&/1$��M�,/P2638
&�<�8:,)8_>m*-6$63*�<�8
y�!�%§798:,/Ci�9*D*Dyi�GP+*-Mh13y28:M�./1��A4�5�./13*-M®5�M+y��r*-�r8:M�

./P2� ,)8
&)*-6$P2./13*-M �u5Q(21$��(�,)8
&O*-6$P2./13*-M�> *-,�./(+8G8:M+8:,/��Ci�r8�5-&)P2,)8:�r8:M�.F*�>L?2(+*-.)*-M+&¡5�M+yc8:638
4:./,)*-M+& ��5�M+y�./(+8
4�5�?A5�W21$6$1$. C�*�>��r8�5-&/P2,/1$M2�c(21$��(
./,O5�M+&)798:,)&)8r�r*-�r8:M;.O5 �

pT
��<01$./(�798:,/C��9*D*Dy®,)8
&)*-6$P2./13*-M±5�,)8r./(+8��r*�&/.

1$�Q?u*-,/.O5�M�.¡*�>�./(+8:��!�T2P2,/./(+8:,/�r*-,)8 �u5�6�5�,/�98By28:.)8
4:.)*-,¡5-4
4
8:?2.O5�M+4
8G13&0��5�M+y+5�.)*-,/C9!�·¡P+8F.)* ./(+8G4
*-6$6$13&/13*-M
>m,)8
¢;P+8:M+4:C�5�M+y ./(+8�,O5-y"1�5�./13*-M�8:M;7;1$,)*-M2�r8:M;.0?2,)8
&)8:M�. �D> 5-&/.05�M+y�,O5-y"1�5�./13*-M³(A5�,)y³y28:.)8
4:.)*-,)&�5�M+y ,)8�5-y�
x*-P2.
8:638
4:./,)*-M2134
&¡5�,)8F,)8
¢;P21$,)8
y�!

%N&_�r*�&/. y28:.)8
4:.)*-,)& 1$M
(21$��(z8:M+8:,/��C�?2(;CD&/134
&�.)*Dy+5
C � ����V�13&Q5��r*;y"P26�5�, y28:.)8
4:.)*-,�!h%N&�1$.)&_MA5��r8
5�6$,)8�5-y"C ,)8:798�5�63& �;./(+80WA5-&/13&�*�>�./(+8�y28:.)8
4:.)*-,�5�,)8�./(+8��GP+*-M�&)CD&/.)8:� 5�M+y�./(+8�&)*-638:M+*-13y�!L|}(+8�&O*-638:M+*-13yQ<01$6$6
?2,)*Dy"P+4
8�./(+8¡P2M21�>m*-,/�

4T
��5���M+8:./134¡�A8:63y³M+8
8
y28
y > *-,�5_�9*;*Dy �r*-�r8:M�./P2���r8�5-&)P2,)8:�r8:M�.0> *-,}�GP+*-M+&�*�>

(21$��(��r*-�r8:M�./P2� �Y#
|a8 � ��P2?�.)*�5Q,O5�?213y"1$. C�*�> I"!JH"!�|}(+8B�_P+*-Mc4O(A5��GWu8:,)&¡<01$6$6�13y28:M;./1�>�Ci./(+8G�GP+*-M+&F5-&
&)P+4)(�5�M+yi�r8�5-&)P2,)8F./(+8:1$,��r*-�r8:M�./P2� <01$./(�5�?2,)8
4:13&/13*-M�W�8:./.)8:,0./(A5�M ∆p

p ≈ 15%
!

|}(+8�./,O5-4O�98:,�5�M+y�Wu*-./(�./(+8¡8:638
4:./,)*-��5���M+8:./134B5�M+y (A5-y",)*-M2134�4�5�63*-,/1$�r8:.)8:,)&}<01$6$6�Wu8�?26�5-4
8
y�1$M+&/13y28¡./(+8
&O*-638:M+*-13y�!�|}(+8�./,O5-4)�98:,L<01$6$6D>mP2,/./(+8:,�1$�Q?2,)*�798}./(+8��r*-�r8:M�./P2��,)8
&)*-6$P2./13*-M .)*¡./(+8 638:798:62*�>�# �k> *-,�4O(A5�,/�98
y
?A5�,/./134:638r./,O5-4)�"&F<01$./(�5

1GeV < pT < 100GeV
!_T+*-,F./,O5-4O�D&B<01$./(

pT > 100GeV
��./(+8 ?2,)8
4:13&/13*-M�*-M
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./(+8
pT
<01$6$6�Wu8 ∆pT

pT
' 0.1pT

�
pT
1$Mi|a8 � � !+|}(+8G4�5�63*-,/1$�r8:.)8:,)&�<01$6$6�y28:.)8:,/�Q1$M+8F./(+8F8:M+8:,/��C³*�>@8:638
4:./,)*-M+&

5�M+y ?2(+*-.)*-M+& �m8:638
4:./,)*-��5���M+8:./134 � 5�M+y (A5-y",)*-M+& ��(A5-y",)*-M2134 � !L|}(+804
*-�GW21$M+8
y�1$M">m*-,/��5�./13*-M�*�>�./,O5-4)�98:,�5�M+y
4�5�63*-,/1$�r8:.)8:,N<01$6$6�W�8�P+&)8
yi>m*-,0?A5�,/./134:638F13y28:M;./1��A4�5�./13*-M�!

% S-· ?2134:./P2,)8�,)8:?2,)8
&O8:M�./1$M2��./(+8N���hVQy28:.)8
4:.)*-,�4�5�MrWu8�&)8
8:M�1$MQ�+��P2,)8G#�!J�"!@|}(+8�*�798:,O5�6$6�y"1$�r8:M+&/13*-M+&
*�>e./(+8_y28:.)8
4:.)*-,F5�,)8���I"#:� 1$M�638:M2��./(®5�M+y
#�H�� 1$Mhy"1�5��r8:.)8:,�!N|}(+8_.)*-.O5�6���5-&)&N*�>e./(+8_y28:.)8
4:.)*-,�<01$6$6�Wu8
#:U�H� � -|�*-M+&�!�|}(+8 y28:.)8
4:.)*-, 13&_&)P2W�y"1$7D13y28
y�1$M;.)*cS�&/?A5-4
8�,)8:��13*-M+&���5�4
8:M;./,O5�6*5 WA5�,/,)8:6 5�,)8:��13*-M±5�M+y
.x<�*
13y28:M;./134�5�6 5 8:M+y24�5�?+&75 �2?26�5-4
8
y�5�.�W�*-./(�8:M+y2&N*�>�./(+8�WA5�,/,)8:6 !

T�1$��P2,)8r#�!J�"��VD4O(+8:��5�./134B7D138:<=*�>@./(+8G���hV³y28:.)8
4:.)*-,
|}(+8B(21$��(�8:798:M�.N,O5�.)8 �

109Hz
�05�M+yi6�5�,/�98�5��r*-P2M�.N*�>ey+5�.O5 ?u8:,�8:798:M;. �Y#
��W ����5��98
&�1$.�1$�Q?u*�&)&/1$W2638

.)* &/.)*-,)8Q5�6$6Ly+5�.O5�4
*-�Q1$M2��*-P2.F*�>}����V�!u%�Mh*-M26$1$M+8Q&)8:638
4:./13*-M�4�5�6$638
y 5 ./,/1$���98:,/1$M2��5u13&¡M+8
8
y28
yh.)* ,)8
y"P+4
8
./(+8�y+5�.O5�.)* ./(+8���5 �"1$��5�6�,O5�.)8B5�.�<0(2134O(�y+5�.O5 4�5�MiWu8¡&).)*-,)8
yi*-M .O5�?u8��

100Hz
!�wxM�����V	�"./(213&}<01$6$6�W�8

y2*-M+8 <01$./(
5��_P26$./1$638:798:6 ./,/1$���98:,G&/C"&/.)8:��&)8:638
4:./1$M2��4�5�M+y"13y+5�.)8�8:798:M�.)&G<01$./(�5³4:638�5�,G&/1$��MA5�./P2,)8�> *-,FM+8:<
?2(;CD&/134
& ��(21$��(

pT
638:?2.)*-M+&N5�M+y�?2(+*-.)*-M+& �2�Q13&)&/1$M2�r8:M+8:,/��C �A8:.)4 � !

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

VD*-�r8Q*�>}./(+8 �r*�&/.F1$�Q?u*-,/.O5�M�.G&)8:638
4:./13*-M
4:,/1$.)8:,/1�5 ./(A5�.B<01$6$6LW�8 P+&O8
yc>m*-,�./(+8Q�N1$���9&B&)8�5�,)4)(+8
&_5�,)8���./(+8
13y28:M;./1��A4�5�./13*-M®*�>�5r(21$��(h8:M+8:,/��C�?2(+*-.)*-Mh1$Mc./(+8�°���%N~ �

pT (γ) > 40GeV/c
�¡13y28:M�./1�>mC;1$M2�³./(+8�4)(A5�M2M+8:6

H → γγ
�L./(+8³*-W+&)8:,/7�5�./13*-Mn*�>¡5�(21$��(±8:M+8:,/�98:./134³�GP+*-M 5�M+yz8:638
4:./,)*-M �

pT (e) > 20GeV/c; pT (µ) >
20GeV/c

��.)*²13y28:M;./1�>�C 5��N1$���9&�>�,)*-� ./(+8c4)(A5�M2M+8:6
H → ZZ → 4l

��<0(+8:,)8c6¡y28:M+*-.)8
&�5�638:?2.)*-M � !
%NM+*-./(+8:,���5¨XY*-,�&)8:638
4:./13*-M®4:,/1$.)8:,/13*-Mh13&F5�4:P2.�*-Mh./(+8��Q13&)&/1$M2�³8:M+8:,/��C �

EmissT > 100GeV/c
��1$M�*-,)y28:,

.)*iy28
&/1$��MA5�.)8�5³4�5�M+y"13y+5�.)8��N1$���9&B4
*-�Q1$M2�i>m,)*-�
H → ZZ → llνν

<0(+8:,)8
ν
13&B5³M+8:P2./,/1$M+*2!r|}(+8Q6�5-&).

1$�Q?u*-,/.O5�M�.B4O(A5�M2M+8:6 4
*-�r8
&�>m,)*-� ./(+8Q4
*-M;./,/1$W2P2./13*-M
H → ZZ → lljj

�a<0(+8:,)8 .x<�*³(A5-y",)*-M�XY8:.)& � X �N5�,)8
?2,)*Dy"P+4
8
y �2./(+8G5�?2?26$138
y�4:P2.)&N5�,)8

pT (l) > 50GeV/c; pT (Z → jj) > 150GeV/c
!

%§�_P26$./1$638:798:6L./,/1$���98:,F&/./,O5�.)8:��C�13&N>m*-6$63*�<�8
yc1$Mh*-,)y28:,¡.)*�,)8
y"P+4
8�./(+8_8:798:M;.F,O5�.)8B>m,)*-�
109Hz

y2*�<0M
.)* 638
&)&�./(A5�M

100Hz,
,O5�.)8_5�.0<0(2134)(�y+5�.O5r4�5�MiW�8F&/.)*-,)8
y�*-M�.O5�?�8�!

|}(+8�638:798:6e#¡./,/1$���98:,013&�5_>mP26$6$C�(A5�,)y"<}5�,)8FWA5-&)8
y³./,/1$���98:,0P+&/1$M2�Q*-M26$C³4
*95�,)&)8:6$C�&)8:���r8:M;.)8
y�y+5�.O5_>m,)*-�
./(+8 �_P+*-M�&/.O5�./13*-M+&_5�M+yh./(+8�4�5�63*-,/1$�r8:.)8:,)&�!rw .F<01$6$6eW�8�?u8:,Y>m*-,/�r8
y®W�C�4:P+&/.)*-��8:638
4:./,)*-M2134
&�!r|}(+8r638:798:6
#�y28
4:13&/13*-M <01$6$6¡W�8�.O5��98:M 1$M

3.2µs
�08
¢�P21$7�5�638:M�. .)* #�I�[�I�H 
 M+&�W�8�5�� 4:,)*�&)&/1$M2�9&�!�#�I�[�13&r./(+8�638:M2��./(
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*�>N./(+8�?21$?u8:6$1$M+8 �r8:�r*-,/C®1$M
./(+8�>m,)*-M�.�
x8:M+yz8:638
4:./,)*-M2134
&�!�|}(+8
&)8
3.2µs

1$M+4:6$P+y28³./(+8�6�5�.)8:M+4:138
&�> *-,_./(+8
./,O5�M+&)�Q13&)&/13*-M�*�>e5�6$6�y+5�.O5r5�M+y�4
*-M;./,)*-6�&/1$��MA5�63&�!

|}(+8�,O5�.)8c*�>G8:798:M�.)&i5�. ./(+8�*-P2./?2P2.³*�>G./(+8�638:798:6Q# �m~e# �Q./,/1$���98:,³<01$6$6¡W�8
75kHz

!�|}(+8�M+8
8
y28
y
,)8
y"P+4:./13*-M *�>�./(2,)8
8N*-,)y28:,)& *�>u��5���M21$./P+y28Ny2*�<0Mr.)*

100Hz
<01$6$6AWu8}?�8:,Y> *-,/�r8
yQW;C�./(+8�(21$��(�638:798:6+./,/1$���98:,

�m�¡~D| � !�|}(213&N13&B5�&)*�>m.x<}5�,)8 WA5-&)8
yc./,/1$���98:,¡./(A5�.�<01$6$6@Wu8_?u8:,Y> *-,/�r8
yc*-M®5�y28
y"134�5�.)8
y���K ��> 5�,/��P+&/1$M2�
./(+8� ¡����% �  NW"XY8
4:.�
x*-,/138:M;.)8
yi��8
4
*-M+&/./,/P+4:./13*-M�>m*-,0���hVr%�MA5�6$C"&/13& �@?2,)*-��,O5���!e|}(+8��¡~;|¤13&�&/P2W�y"1$7D13y28
y
1$M;.)*rSGy"13&)./1$M+4:.0638:798:63&��m~aI��2~aS 5�M+y³~�U � !e° 5-4O(i638:798:6�<01$6$6u,)8
y"P+4
8�./(+8¡,O5�.)8¡W�C *-M+8¡*-,)y28:,�*�>���5���M21$./P+y28�!
��P2,/,)8:M;.�8��"?u8
4:.O5�./13*-M+&}5�,)8�./(A5�. ./(+8��r8�5�M�?2,)*D4
8
&)&/1$M2�G./1$�r8N?u8:, 8:798:M�.�<01$6$6AWu8

50ms
<01$./(�&)*-�r8N8:798:M�.)&

.O5��D1$M2� P2?³.)* #
&�!L|}(213&�1$�Q?26$134�5�.)8
&�./(A5�.�./(+8B����V�·�5�.O5�%04
¢;P213&/1$./13*-M�&/C"&/.)8:� �GP+&/.}?2,)*�7D13y28F&/1$��M21��A4�5�M;.
W2P"¸�8:,/1$M2��4�5�?A5�W21$6$1$. C9!

|}(+8_~aI�13&N��5�1$M26$Cc5�,)8 �+M+8:�r8:M�.B*�>e./(+8 ~e# 5�6$�9*-,/1$./(2��!Fwx.¡<01$6$6@y28:.)8:,/�Q1$M+8_./(+8 ¢;PA5�M�./1$./138
&�P+&)8
yh5�.
~ #_<01$./(�5���,)8�5�.)8:,�?2,)8
4:13&/13*-M®5�6$63*�<01$M2��5�W�8:./.)8:,�,)8 X/8
4:./13*-Mh*�>�63*�<

pT
�
E(γ)

�
E(e)

5�M+y
Emiss
T

8:798:M;.)&�!
%}.F~aS ./(+8�./,O5-4O�98:,By+5�.O5 <01$6$6�Wu8�P+&)8
y�>m*-,�./(+8_�+,)&/.�./1$�r8�!GT+P26$6L./,O5-4)��,)8
4
*-M+&)./,/P+4:./13*-M®13&F8:M�7D13&O5��98
y®5�.
./(213&G&/.O5��98�!Q|}(+8

pT
*�>�./(+8 ./,O5-4O�D&_4�5�M�M+*�<�Wu8 �r8�5-&/P2,)8
y�<01$./(�5 ?2,)8
4:13&)13*-M�*�>�#�!JH	� !Q|}(+8Q~�U�&/.O5��98

<01$6$6a1$M�798
&/./1$��5�.)8G./(+8�.)*-?�*-63*-��Ci*�>@./(+8B8:798:M�.�1$M�*-,)y28:,�.)*Q&)8:638
4:.�8:798:M;.)&�4
*-�Q1$M2�r>m,)*-� M+8:<t?2(;CD&/134
&�!

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

C h a r g e d  
h a d r o n

M u o n  c h a m b e r sE l e c t r o m a g n e t i c  a n d  h a d r o n i c
 c a l o r i m e t e r s

C e n t r a l  t r a c k i n g
s y s t e m

e + / e -

g

m

n

T�1$��P2,)8�#�!�RD��V;1$��MA5�./P2,)8
&_*�>0y"1�¸u8:,)8:M;.G. C;?u8
&B*�>}?A5�,/./134:638
&BP2?u*-M®./(+8:1$,B./,O5
798:,)&�5�6�*�>�5iy28:.)8
4:./13*-M�&/C"&/.)8:�
6$1$�98����hV�!

|}(+8F13y28:M�./1��A4�5�./13*-Mh*�>�?A5�,/./134:638
&�,)8:6$138
&�*-Mi./(+8B&)?�8
4:1��A4F&/1$��MA5�./P2,)8B638 >�.�W;C�1$.)&�./,O5
798:,)&O5�6�./(2,)*-P2��(�./(+8
y"1�¸�8:,)8:M�.¡&/P2W�
xy28:.)8
4:.)*-,)&�!e%�&/P2�Q��5�,/C³13&0��1$798:M�1$M³�+��P2,)8�#�!�RD!

%�6$6�4O(A5�,/�98
yn?A5�,/./134:638
& �
e+− � µ+− ��4)(A5�,/�98
yn(A5-y",)*-M+& ��<01$6$60638�5
798c5c./,O5-4)�z1$Mn./(+8i4
8:M�./,O5�6N./,O5-4)� 
1$M2�h&/C"&/.)8:��!c|}(+8���5���M+8:./134 �A8:63y
<01$6$6�4:P2,/798 ./(+8�?A5�./(+& *�>�./(+8�4O(A5�,/�98
yz?A5�,/./134:638
&�!h|}(213&Q5�6$63*�<�& ./(+8

y28:.)8:,/�Q1$MA5�./13*-M�*�>L./(+8:1$,��r*-�r8:M;./P2��5�M+y�./(+8G&/1$��Mc*�>L./(+8:1$,N4)(A5�,/�98�!0|}(+8G?A5�,/./134:638
&�./(A5�.N1$M�.)8:,O5-4:.�8:638
4�

./,)*-��5���M+8:./134�5�6$6$C �

e+− � γ ��<01$6$6;63*;*�&O8 5�6$6�*�>2./(+8:1$,�8:M+8:,/��CF1$MB./(+8�8:638
4:./,)*-��5���M+8:./134}4�5�63*-,/1$�r8:.)8:,@5�M+yB&)(+*-P263yM+*-.���1$798�,/13&)8_.)*i5�&)1$��MA5�6�1$Mh./(+8�(A5-y",)*-M2134Q4�5�63*-,/1$�r8:.)8:,)&�!B��5-y",)*-M+&�<01$6$6@63*�&)8��r*�&/.¡*�>�./(+8:1$,F8:M+8:,/��C�1$M
./(+8B(A5-y",)*-M2134B4�5�63*-,/1$�r8:.)8:,)&�!

|�<�*�&/?u8
4:1�5�6�?A5�,/./134:638
&�,)8:��5�1$M���|}(+8F�GP+*-Mh5�M+yi./(+8FM+8:P2./,/1$M+*2!�|}(+8B�_P+*-M�1$M�.)8:,O5-4:.)&¡7D1�5�./(+8F<�8�5��
5�M+y�./(+8B8:638
4:./,)*-��5���M+8:./134B> *-,)4
8�! �¡*�<�8:798:, �Ay"P+8F.)*r1$.)&0(21$��(���5-&)& �m4
*-�Q?A5�,)8
y�.)*Q./(+8B8:638
4:./,)*-M ���A1$.0<01$6$6
63*�&O8�*-M26$Cz5�&)��5�6$6 >m,O5-4:./13*-Mn*�>�1$.)& 8:M+8:,/��C�1$Mz./(+8³y28:.)8
4:.)*-,r5�M+y
<01$6$608
&)4�5�?u8 ./(+8³y28:.)8
4:.)*-,�!®wx.�13& ./(+8
*-M26$C ?A5�,/./134:638B./(A5�.N4:,)8�5�.)8
&N5�./,O5-4)�³1$M�Wu*-./(i./(+8B4
8:M;./,O5�6a./,O5-4)�D1$M2��&)CD&/.)8:��5�M+y³./(+8B�GP+*-M�&).O5�./13*-M+& � 5�6$6
*-./(+8:,Q?A5�,/./134:638
&�5�,)8i&/.)*-?2?�8
y²Wu8 >m*-,)8 ./(+8:C²4�5�M±,)8�5-4)(±./(+8³�GP+*-Mn4O(A5��GWu8:,)& � !z%N& ./(+8 M+8:P2./,/1$M+*®*-M26$C
1$M;.)8:,O5-4:.)&F7D1�5�./(+8 <�8�5���> *-,)4
8 �u1$.F8
&)4�5�?u8
&�./(+8Qy28:.)8
4:.)*-,F<01$./(+*-P2.F638�5
7D1$M2��5�M�Cc&/1$��MA5�6 !Gw .)&�?2,)8
&)8:M+4
8 1$M
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./(+8�8:798:M�. �GP+&/._W�8�y28
y"P+4
8
y
>�,)*-� ./(+8��r*-�r8:M;./P2� 5�M+y²8:M+8:,/��C®4
*-M+&)8:,/7�5�./13*-M
6�5�<�&�!�w .G13&_./(+8:,)8 > *-,)8
798:,/C 1$�Q?�*-,/.O5�M;.�./(A5�.�./(+8Fy28:.)8
4:.)*-,N13&0(+8:,/�r8:./134G*�798:,N5

4π
5�M2��638G5�M+yi(A5-&N5��9*;*Dyi8:M+8:,/��C³,)8
&)*-6$P2./13*-M�!

|}(+8�13y28:M�./1��A4�5�./13*-M'*�>G?2(+*-.)*-M+&i4�5�M W�8�?2,)*-W2638:��5�./134�y"P+8c.)*²5
4
*-M�798:,)&/13*-Mk1$M;.)*n5�M
e+e−

?A5�1$,�!
|}(+8:,)8 > *-,)8�./(+8B5��r*-P2M�.�*�>@��5�.)8:,/1�5�6�1$M >m,)*-M�.�*�>�./(+8F8:638
4:./,)*-��5���M+8:./134G4�5�63*-,/1$�r8:.)8:,��_P+&/.0Wu8�5-&�6$1$././638B5-&
?u*�&)&/1$W2638�!@|}(213&�(A5-&�5By"1$,)8
4:.}8 ¸�8
4:.�*-M�./(+8�,)8
4
*-M+&/./,/P+4:./13*-Mi*�>

H → γγ
4O(A5�M2M+8:6 !e% 6$1$��(�. <�8:1$��(�.�./,O5-4)�98:,

13&�5�63&)*rM+8
8
y28
yi1$M�*-,)y28:,�.)* ,)8
y"P+4
8F./(+8G8:638
4:./,)*-Mc5�M+y³?u*�&/1$./,)*-M�5�W+&)*-,/?2./13*-M�?2,)*-WA5�W21$6$1$. C9!

� ������� � � � � 	 �
� � �

|}(+8���5���M+8:. �$#��  �P+&)8
yi1$M�����V�13&�5Q&/P2?u8:,)4
*-M+y"P+4:./1$M2��&)*-638:M+*-13y ��#�S�� 63*-M2��5�M+yi<01$./(�5�Mi1$M2M+8:,�,O5-y"1$P+&
*�>�I"!J{�H���!�|}(+8�y28
&/1$��M���5���M+8:./134��A8:63y�13&GU9|F!a|}(+8 &/P2?u8:,)4
*-M+y"P+4:./1$M2�c4�5�W2638�13&G��5-y28�*-P2.�*�>0U� �NW+|}1
&/./,O5�M+y2&}8:M;798:63*-?�8
y³1$MiI_6�5
C98:,)&04
*-M�.O5�1$M21$M2�r%N6 !L|}(+8
&)8N6�5
C98:,)&0&/.O5�W21$6$1$´�8¡./(+8¡��5���M+8:./134¡�A8:63yi5�M+y�?2,)*-.)8
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&)*-6$P2./13*-Mi13&05-y28
¢�PA5�.)8�.)*Qy"13&)4
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|}(+8G�F��%N~�13&�y"1$7D13y28
y�1$M;.)*�I ?A5�,/.)&���./(+8BWA5�,/,)8:6�?A5�,/. � |η| < 3
�013&�4
*-M;.O5�1$M+8
y�<01$./(21$M�./(+8B��5���M+8:.�!

|}(+8�> *-,/<�5�,)y�?A5�,/.e*�>�./(+80�F��%¡~�<01$6$62?A5�,/./6$C W�8}*-P2.)&/13y28�./(+8}��5���M+8:.�5-&@./(+8�5��r*-P2M;.�*�>���5�.)8:,/1�5�6�1$M+&/13y28
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*-6$638
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η
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8:McSQ5�M+y�H"!
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|}(+8¡4
8:M�./,O5�6u./,O5-4O�;1$M2�Q&/C"&/.)8:� <01$6$6��r8�5-&/P2,)8N./(+8��r*-�r8:M;./P2� *�>a4)(A5�,/�98
y ?A5�,/./134:638
&�5�M+y�<01$6$6�4
*-M;./,/1$W2P2.)8
.)*�./(+8�13y28:M;./1��A4�5�./13*-Mt*�>B./(+8
&)8�?A5�,/./134:638
&�!'w .)&r��5�1$M ?2,)*-W2638:� 13&�./(+8�(A5�,)&/(¤,O5-y"1�5�./13*-M 8:M�7D1$,)*-M2�r8:M�.
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1$M²<0(2134)(n13&�(A5-& .)*h*-?u8:,O5�.)8�!®%N&�./(+8 ��5�1$Mn&/P2W"X/8
4:.�*�>¡./(213& ./(+8
&/13&�13&�./(+8iy28:798:63*-?2�r8:M�.�*�>�./,O5-4O�;1$M2�
y28:.)8
4:.)*-,)& �+./(213&�&/P2W+&/C"&/.)8:� *�>@./(+8_���hV y28:.)8
4:.)*-,N<01$6$6�Wu8Fy28
&)4:,/1$W�8
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&)&)8
y²1$Mz./(+8 ./,O5-4)�98:,Q13&�./(+8�5�W21$6$1$.xC²*�>N./(+8³y28:.)8
4:./13*-Mn8:638:�r8:M�.)&�5�M+y
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4:./,)*-M2134
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&)8:M�.�! |}(+8N./,O5-4O�;1$M2�
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8
y�1$MiM�P+4:638�5�,�1$M;.)8:,O5-4:./13*-M+&�1$M�./(+8F&/P2,/,)*-P2M+y"1$M2����5�.)8:,/1�5�6 !

T�1$��P2,)8�#�!J[¡&/(+*�<�&@./(+8}8��"?�8
4:.)8
y�,O5-y"1�5�./13*-M�y2*�&O8 �-M+8:P2./,)*-M�5�M+y�4O(A5�,/�98
y (A5-y",)*-M �+P��"8
&e5-&L5�>mP2M+4:./13*-M
*�>�´ �-./(+80y"13&/.O5�M+4
8�>�,)*-�§./(+8}1$M;.)8:,O5-4:./13*-M�?u*-1$M�. 5�63*-M2�F./(+8}Wu8�5�� �->m*-,Ly"1�¸�8:,)8:M�.ey"13&/.O5�M+4
8
&L>�,)*-��./(+8�Wu8�5��
?21$?u8��m� � !"|}(+8�4)(A5�,/�98
yi?A5�,/./134:638 �+P�� ,)*-P2��(26$C y28
4:,)8�5-&)8
&N5-&

1/R2 5�M+y³13&}M+8�5�,/6$C�1$M+y28:?�8:M+y28:M;.�*�>�´9!Lw M./(+8N8:M+y24�5�?�,)8:��13*-M+&�./(+8NM+8:P2./,)*-M �+P+8:M+4
8¡,/13&)8
& <01$./(�´�y"P+8�.)* 5�M�1$M+4:,)8�5-&)8
y 4
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*-�Q1$M2�_>m,)*-�
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*�>�´N> *-,0y"1�¸u8:,)8:M;.��k7�5�6$P+8
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y�6$P2�Q1$M+*�&/1$.xCi*�>

5× 105pb−1 *-,.)8:M+&0C98�5�,)&�*�>@*-?u8:,O5�./13*-M�*�>@./(+8F~��F�¡!
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*-M+&)./,/P+4:.��r*�&/.�*�>F./(+8i./,O5-4O�D&
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&O8
4O(A5�,/�98
yh?A5�,/./134:638
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1GeV/c
5�.F(21$��(h6$P2�Q1$M+*�&/1$.xC � ! wxM�*-,)y28:,

.)*i,)8�5-4O(
./(+8�?2(�C"&/134
&G�9*95�63&_&)8:.G>m*-,G./(+8 ����V�y28:.)8
4:.)*-, �@./(+8r./,O5-4O�98:,_�_P+&/. 4
*-�Q?26$C�.)*�./(+8Q> *-6$63*�<01$M2�
,)8
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∆pT /pT ' 0.1pT

�
pT

1$M�|a8 � �F>m*-,G(21$��(
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25µm

• 5�,)8
4
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• ,O5-y"1�5�./13*-M�(A5�,)yiy28:.)8
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*-�Q?�8:M+&�5�./1$M2�G./(+8�8 ¸�8
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18 2. The CMS experiment

Fig. 2.2: Pixel layout

With such pixel an overall tracking precision of 10 µm and 15 µm in rφ and z coordi-
nates is expected in the barrel region, and i 15 ÷ 20 µm in the forward. Given the high
granularity of the detectors, a large number of sensors and readout channel is required
(N > 107), but only the sensors above threshold will be read-out.

2.2.2 The tracker detector

The current setup of the tracker detector is fully based on the micro strip silicon
technology. The layout can be split in two parts: inner and outer. The inner part consists
in 4 cylindrical layers in the barrel and 3 mini disk in the endcaps: the outer has 6 barrel
layers and 9 forward disk (see picture 2.3).
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Fig. 2.3: The Tracker layout

In the inner part the micro strip detectors are made by single sided n-type silicon
with a thickness of 300 µm and a pitch size which varies from 60 to 270 µm: the length
of the detectors varies between 7 and 12.5 cm. Rectangular detectors, tilted by 9◦ to
compensate the Lorentz effect, are used in the barrel, while they are wedge shaped in the
mini endcap. The inner tracker reaches a radius of 54 cm and a length of 122 cm: the
pseudo-rapidity coverage extends up to |η| < 2.5.
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ikrj |0)

k2 − (En/~c)2
}

� I"!JI	�
w .�13&�4:638�5�,�>m,)*-�¯�r*-�r8:M�./P2��4
*-M+&)8:,/7�5�./13*-M³./(A5�.0./(+8¡��5�./,/1�� 8:638:�r8:M�.)&�W�8:. <�8
8:Mi�r*-�r8:M�./P2� 8:1$�98:M�


&/.O5�.)8
&�*�>�./(+8�1$M+4:13y28:M;.�?A5�,/./134:638B<01$6$6a7-5�M213&/(�8��24
8:?2.�1�>
k = (p− p′)/~ = q/~

!
° ¢�PA5�./13*-M�I"!JIQ13&�4�5�634:P26�5�.)8
y�1$Mi./(2,)8
8

Q
,O5�M2�98
&�!ew Mi./(+8F63*�<

Q
,O5�M2�98 �2./(+8B8��"?�*-M+8:M;./1�5�63&�1$M�I"!JIQ5�,)8

8��"?A5�M+y28
y®1$M
?�*�<�8:,)& *�>�¢�!� NM26$C�./(+8�./(+8r63*�<�8
&/. *-,)y28:,_.)8:,/�r& �
q0 5�M+y q1 �G5�,)8r,)8:.O5�1$M+8
y�!�­ (+8:M QWu8
4
*-�r8
&@�GP+4O(Q6�5�,/�98:,L./(A5�MQ./(+8��r8�5�MQ�D1$M+8:./134}8:M+8:,/��C_*�>�./(+8}5�.)*-�Q13408:638
4:./,)*-M ��./(+805�.)*-�Q13408:638
4:./,)*-Mr4�5�M

Wu8�4
*-M+&/13y28:,)8
y 5�.e,)8
&/.�!@|}(+8:,)8 >m*-,)8��
p0 = 0

5�M+y
pn = q

!�µ}8:. <�8
8:M³./(+8
&)80. <�*_,)8:��1$�r8
& �D5�M�1$M�.)8:,/�r8
y"1�5�.)8
��8��"4O(A5�M2�98_,)8:��1$�r8�13&N13y28:M�./1��A8
y�!Fw M�./(213&N,)8:��1$�r8 �u./(+8_4
*-M;./,/1$W2P2./13*-M+&�>m,)*-��./,O5�M+&/798:,)&)8 8��24:1$.O5�./13*-M+&¡13&
5-&)&)P2�r8
y³.)*QW�8�M+8:��6$1$��1$W2638 �AC;138:63y"1$M2� 5 &/1$�Q?26$1��A4�5�./13*-M�*�>eI"!JI"!

%NM�1$M;.)8:��,O5�./13*-M�*�798:,0y �=*�>�./(+8N*-W2.O5�1$M+8
y > *-,/�GP26�5-&�./(+8:M C;138:63y2&�./(+8N�r8�5�M 8:M+8:,/��C�63*�&)& M+*-,/��5�6$1$´�8
y
.)*³./(+8Qy28:M+&/1$. C�*�>�./(+8Q./,O5�798:,)&)8
y��r8
y"1$P2� *�>�5 ?A5�,/./134:638Q<01$./(®4)(A5�,/�98

ze
5�M+y�798:63*D4:1$.xC

β = v/c
�@5�63&)*

�DM+*�<0M�5-&�./(+8Fµ�8:./(+8�
xµ�63*D4)(�>m*-,/�_P26�5"�

− dE
ρdx

=
Kz2Z

Aβ2
[
1

2
ln

2mec
2β2γ2Tmax
I2

− β2 − δ

2
]

� I"!JS	�
(+8:,)8:1$M %t5�M+y � 5�,)8�./(+8N5�.)*-�Q134N<�8:1$��(;.�5�M+yr./(+8N5�.)*-�Q134NM�P2�_W�8:,}*�>�./(+8��r8
y"1$P2� �

mec
2 13&e./(+8N,)8
&/.8:M+8:,/��C�*�>}./(+8r8:638
4:./,)*-M²5�M+y

γ = (1 − β2)−1/2 13&F./(+8r~�*-,)8:M;./´�> 5-4:.)*-,�!r|}(+8r4
*-M+&).O5�M�. : 13&B8
¢�PA5�6 .)*
0.307MeV g−1cm2 5�M+y�wa13&L./(+8��r8�5�M�8��24:1$.O5�./13*-M�8:M+8:,/��CQ*�>�./(+8N5�.)*-��! Tmax 13&e./(+8���5 �D1$�_P2� �D1$M+8:./1348:M+8:,/��Cc./(A5�.G4�5�M�Wu8 ./,O5�M+&Y>m8:,/,)8
y®.)*³./(+8Q8:638
4:./,)*-M®1$M
5³&/1$M2��638Q4
*-6$6$13&/13*-M�!Qw .F13&F��1$798:M�W;Cc./(+8�> *-6$63*�<01$M2�
> *-,/�GP26�5"�

Tmax =
2mec

2β2γ2

1 + 2γme/M + (me/M)2

� I"! U �
<0(+8:,)8}� y28:M+*-.)8
&@./(+8}��5-&)&@*�>�./(+8�1$M+4:13y28:M�.L?A5�,/./134:638�!

Tmax
5��r*-P2M;.)&e.)*F5�W�*-P2.

100MeV
> *-,

1GeV�_P+*-M+&�!e|}(+8F.)8:,/�
δ/2

13&�5 4
*-,/,)8
4:./13*-Mcy"P+8�.)*Q./(+8F?u*-6�5�,/1$´�5�./13*-M�*�>�./(+8B�r8
y"1$P2��!
T+P2M+4:./13*-M I"!JSF13& &/(+*�<0M�1$Mr�+��P2,)8NI"!$#0>m*-,e7�5�,/13*-P+&e��5�.)8:,/1�5�63&}5�M+yr7�5�,/13*-P+&e?A5�,/./134:638
&�!L%N&e4�5�M�W�80&O8
8:M �

./(+8¡13*-M21$´�5�./13*-M�63*�&)&�1$M�5_��1$798:Mi�r8
y"1$P2� 13&}��5�1$M26$C³y28:?�8:M+y28:M;.�*-M³./(+8�798:63*;4:1$. C
β
5�M+y³*-M26$C�&/6$1$��(;./6$C *-M

./(+8���5-&)&�*�>�./(+8F?A5�,/./134:638�!
%}. 63*�<�8:M+8:,/��138
& �e./(+8³13*-M21$´�5�./13*-M+&r> 5�6$63&Q&).)8
8:?26$C � 5-&

1/β2 � 5�M+y²./(+8:Mn�9*D8
& ./(2,)*-P2��( 5c�Q1$M21$�GP2�5�.
βγ = 3 − 4

! K�5�,/./134:638
&�(A5
7D1$M2� 8:M+8:,/��138
&�4:63*�&)8h.)*z./(213&i8:M+8:,/��Ck5�,)8�4�5�6$638
yt��1$M21$�GP2� w *-M21$´
1$M2�
K@5�,/./134:638
& �m�cw K & � !²V;63*�< ?A5�,/./134:638
&ry28:?u*�&/1$.Q6�5�,/�98�5��r*-P2M�.)&�*�>¡8:M+8:,/��C±5�M+yn5�,)8i&/P2W+&)8
¢;P+8:M�./6$Cz4�5�6$638
y
�N1$��(26$C�w *-M21$´
1$M2��K�5�,/./134:638
& �m�¡w Ke& � !B�c*�&/.F*�> ./(+8�?A5�,/./134:638
&F?2,)*Dy"P+4
8
yh1$Mc.)*Dy+5
C"&�(21$��(�8:M+8:,/��C�?2(;CD&/134
&
8��"?�8:,/1$�r8:M;.)&N5�,)8F�cw K &�!

%}.},)8:6�5�./1$7D13&/./134B8:M+8:,/��138
& �
β ≈ 1; γ → inf

�}5�&/63*�<k63*-��5�,/1$./(2�Q134G1$M+4:,)8�5-&)8F*�>�./(+8F8:M+8:,/��C 63*�&)&}*;4
4:P2,)&�!
%}. 8:798:M
(21$��(+8:,Q8:M+8:,/��138
& �e./(+8�8:M+8:,/��C®63*�&O&_,)8�5-4O(+8
&r5�?26�5�.)8�5�P �e./(+8�T+8:,/�Q1}?26�5�.)8�5�P�!h|}(+8 ?26�5�.)8�5�Pz13&
,)8�5-4O(+8
y²y"P+8 .)*�./(+8r> 5-4:.�./(A5�.�./(+8�?A5�,/./134:638 13&�M+*�<¯?�*-6�5�,/1$´
1$M2�h./(+8 ./,O5
798:,)&O8
y
�r8
y"1$P2� 638�5-y"1$M2�h.)*�5
&/(2138:63y"1$M2��8 ¸u8
4:.�!L|}(213&���1$798
&0,/13&)8F.)* ./(+8F.)8:,/�

δ/2
1$M�8
¢;PA5�./13*-M�I"!JS��JI�H� x!

w Mh?2,O5-4:./134
8 (+*�<�8:798:, �a./(+8r5��r*-P2M;.G*�>�8:M+8:,/��Cc./,O5�M+&Y> 8:,/,)8
yh13&�M+*-.B8
¢�PA5�6L.)* ./(+8 �r8�5�M�7�5�6$P+8 ��1$798:M
W;C®8
¢�PA5�./13*-M±I"!JS"!�~a5�M+y+5�P²<�5-&�./(+8r�+,)&/._.)*�y28:,/1$798�./(+8 y"13&/./,/1$W2P2./13*-M

F (x,∆)
*�>�./(+8�8:M+8:,/��C�63*�&)&

∆



¦ � q§���9����© d �
� ` �-� ` �=ª d2« jG������� ` � «

 1

 2

 3

 4
 5
 6

 8
10

1.0 10 100 1000 10 0000.1

Pion momentum (GeV/c)

Proton momentum (GeV/c)

1.0 10 100 10000.1

1.0 10 100 10000.1

1.0 10 100 1000 10 0000.1

−
dE

/ρ
dx

 (M
eV

 g
−1

cm
2 )

βγ = pc/M

Muon momentum (GeV/c)

H2 liquid

He gas

C
Al

Fe
Sn

Pb

T�1$��P2,)8�I"!$#��G%a798:,O5��98r8:M+8:,/��Ch63*�&)&B5-&_5 >�P2M+4:./13*-M
*�>�./(+8Q?A5�,/./134:638r�r*-�r8:M�./P2� ��>m*-,F�_P+*-M+& ��?213*-M+&G5�M+y
?2,)*-.)*-M+&�1$Mi7-5�,/13*-P+&��r8
y"1$P2�r&�!

1$M�5�6�5
C98:,¡<01$./(c./(2134O�;M+8
&O&
x
�JI��  x!N�¡8G4
*-M+&/13y28:,)8
yc./(+8 5�.)*-�Q134 8:638
4:./,)*-M+&�5-&N>m,)8
8_5�M+ycP+&)8
y���P2./(+8:,Y> *-,)y

&O4�5�./.)8:,/1$M2�r.)*Qy28
&)4:,/1$Wu8N./(+8B1$M�.)8:,O5-4:./13*-M�Wu8:.x<�8
8:M�./(+8�1$M+4:13y28:M�.�?A5�,/./134:638G5�M+y³./(+8B5�.)*-�Q134B8:638
4:./,)*-M+&�!e�¡8
*-W2.O5�1$M+8
yc5�P2M21$798:,)&O5�6�>mP2M+4:./13*-M

φ
*�>�*-M26$Ci*-M+8F,)8
y"P+4
8
yi7�5�,/1�5�W2638

λ
�

F (x,∆)d∆ = φ(λ)d(λ)
� I"!JH	�

<01$./(
λ = (

∆−∆0

ε
)

|}(+8N?A5�,O5��r8:.)8:,)&
∆0

5�M+y
ε
5�,)8¡,)8
&/?u8
4:./1$798:6$Cr./(+8¡�r*�&/.�?2,)*-WA5�W2638�8:M+8:,/��C�63*�&)&}5�M+yi5G&)4�5�6$1$M2�_> 5-4:.)*-,�!

ε
.O5��98
&�./(+8¡> *-6$63*�<01$M2�r> *-,/��5-&�5�>mP2M+4:./13*-M�*�> �u�

ε =
K

2

Z

A

ρx

β2

� I"!J�	�
:§13&0./(+8B&O5��r8B4
*-M+&).O5�M�.N5-&01$M�8��D?2,)8
&)&)13*-M�I"!JS"!
|}(+8r~a5�M+y+5�P®./(+8
*-,/C�*-M26$Cc(+*-63y2&�>m*-,F./(+*�&O8r8:M+8:,/��C�./,O5�M+&/>m8:,)&F1$M�<0(2134O(�./(+8r5�.)*-�Q134r8:638
4:./,)*-M+&_4�5�M

Wu8�4
*-M+&)13y28:,)8
y 5-&�>�,)8
8 �}1 ! 8�!t1$M <0(2134)( ./(+8c8:M+8:,/��C±./,O5�M+&Y>m8:,/,)8
y¤.)*®./(+8c8:638
4:./,)*-M 13&�6�5�,/�98�4
*-�Q?A5�,)8
y
.)*z1$.)&�W21$M+y"1$M2� 8:M+8:,/��C9! |}(213&�4�5�MkWu8�8��D?2,)8
&)&O8
y W�C ./(+8�4
*-M+y"1$./13*-Mt./(A5�.

ε >> I
��<0(2134O(t13&�*-M26$C

&�5�./13&Y�A8
y 1$MQ��5-&)&)8
&e5�.e5�./�r*�&/?2(+8:,/1340?2,)8
&O&/P2,)8�>m*-,
x >> 10cm

!@w M�./(+80&O8:798:M�./138
& ��./(+8
*-,/138
&L1$M+4:6$P+y"1$M2�G./(+8
4
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8
8
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8:638
4:./,)*-M¤<01$6$6�Wu8�8:�Q1$./.)8
y�!=V;P+4)( 8:638
4:./,)*-M+&i5�,)8�4�5�6$638
yn?2,/1$��5�,/Cn8:638
4:./,)*-M+&³*-,

δ

 ,O5
C"&�! |}(+8�5
798:,O5��98

8:M+8:,/��C³M+8
8
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yi.)*�4:,)8�5�.)8G5�M�8:638
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WI
��13&0y28 �+M+8
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T�1$��P2,)8NI"!JI"�e��*-�Q?A5�,/13&)*-Mi*�>�./(+8¡8��D?u8:,/1$�r8:M�.O5�6u8:M+8:,/��CQ63*�&)&�y"13&/./,/1$W2P2./13*-M *�>�S �F8��
π−

1$M³5r#�!JH-4:� ./(2134)�
%N,r6�5
C98:,i5�.�&).O5�M+y+5�,)y .)8:�Q?u8:,O5�./P2,)8c5�M+y ?2,)8
&)&/P2,)8 ��(213&/.)*-��,O5�� ��<01$./( ./(+8�~�5�M+y+5�P¤>mP2M+4:./13*-M �my+5-&)(�

y2*-./.)8
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−dE
dx

= nP ∗WI
� I"!�R �

�¡8:,)8:1$M
nP

13&G./(+8�5
798:,O5��98�M�P2�_W�8:,�*�>0?2,/1$��5�,/C®8:638
4:./,)*-M+&_,)8:638�5-&O8
y®W�Ch./(+8�1$M+4:13y28:M�.�?A5�,/./134:638�?u8:,
P2M21$.0638:M2��./(�! � 5�6$P+8
&0> *-,

WI
>m*-,�y"1�¸�8:,)8:M�.���5-&)&)8
&�4�5�M�Wu8F&)8
8:Mi1$M�.O5�W2638_I"!$#�!

�F5-&
np
�
cm−1 � nt

�
cm−1 � WI

�m8���� T
�¡8 S"!JS RD!J� U�I"!JS 

�¡8 #� "!J{ U� S��"! U  "!$#�R
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�¡8 
� "!JH	��%�, 
 H9R I�H"!JS  "!J �H
CO2

S�S"!J� #� � S�I"!J[ 

CH4

I�U+!J[ H�{ I9RD!$# 

·��c° �

CH3 −O − CH3)
H�H #��� I�S"!J{ 


CF4
H"# #� � H�U 
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4:./13*-M���5-&)8
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200 ��5�M+y 1013hPa
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&��O!�w .0*;4
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&B5�Wu*�798�./(+8�13*-M21$´�5�./13*-M�?�*-.)8:M;./1�5�6e*�> ./(+8 *-./(+8:,���5-&�!F%�, 
 �¡8 5�M+y
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¡·���° �m·¡1a�c8:./(�CD6�°L./(+8:, ��5�,)8F�;M+*�<0M�.)* Wu8FK�8:M2M21$M2�³��1��"./P2,)8
&�!

|}(+8}.)*-.O5�62M;P2�GWu8:, �
k
��*�>�?2,/1$��5�,/CQ8:638
4:./,)*-M+& ,)8:638�5-&)8
y 1$M�5¡?A5�./(r*�>�638:M2��./(

x
13&eK�*-13&)&)*-Mry"13&/./,/1$W2P2.)8
y

<01$./(r5�MQ5
798:,O5��98}M�P2�_W�8:,�8
¢�PA5�6D.)*
nPx

!�|}(+8�?2,)*-WA5�W21$6$1$.xC *�>�(A5�7;1$M2���B?2,/1$��5�,/C�8:638
4:./,)*-M+&L1$M 5¡y"13&/.O5�M+4
8
x
./,O5�798:,)&)8
yiW;C ./(+8B1$M+4:13y28:M�.�?A5�,/./134:638B13&0��1$798:M�W�Cu�
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P (k) =
(nPx)k

k!
exp(−nPx)

� I"!J[	�
T+*-,�5³6�5�,/�98�M�P2�_W�8:,_�	��*-M+8�8��"?u8
4:.)&B./(+8�y"13&)./,/1$W2P2./13*-M�.)*�Wu8�5 �B5�P+&)&/1�5�M�<01$./(
7-5�,/1�5�M+4
8

σ2 = k5�,)*-P2M+y�./(+8B�r8�5�M�7-5�6$P+8F�u!�­¤(+8:M�./(+8B8:M+8:,/��C�*�> 5 ?A5�,/./134:638G13&�4
*-�Q?2638:.)8:6$C�5�W+&)*-,/Wu8
y�1$M�./(+8_&)8:M+&/1$./1$798
79*-6$P2�r8Q*�>}5�y28:.)8
4:.)*-, ��5-&�13&N./(+8Q4�5-&O8B> *-, � 
 ,O5�CD&F*-,�63*�<�8:M+8:,/��Cc4)(A5�,/�98
y�?A5�,/./134:638
& �u./(+8Qy"13&/./,/1$W2P2./13*-M
5�,)*-P2M+y�./(+8r�r8�5�M�8:M+8:,/��C®y28:?u*�&/1$.B13&G�GP+4O(
�r*-,)8�?�8�5��98
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&QW�8
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σ2 = Fk
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4:./13*-M���5-&)8
&��m&)8
8_.O5�W2638
I"!$# � !

%¤?2,/1$��5�,/C�8:638
4:./,)*-M�./,O5�798:6$1$M2��./(2,)*-P2��( ./(+8��r8
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8
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4
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�
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�
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8
y�*-Mi./(+8B8:638
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�N1$��(B8:M+8:,/��CF8:638
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yh�r8
y"1$P2��!B­ (+8:M®5�(21$��(�8:M+8:,/��C
8:638
4:./,)*-M�./,O5
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13&���1$798:M�W�C �JS�S  x�
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√
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?2(+*-.)*-M WA5-4O�;��,)*-P2M+y�1$M�./(+8�8:638
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4
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,)8
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%�6$./(+*-P2��(z�GP+*-M+&�5�,)8 5�63&)*h&/P2W"X/8
4:.�.)*�µ�,)8:�r&)&/./,O5�(26$P2M2� � ./(+8 ?2,)*-W2638:� 13&�M+*-.Q&)*�?2,)*-M+*-P2M+4
8
yn5-&
1$Mh./(+8 8:638
4:./,)*-M�4�5-&)8 &/1$M+4
8�./(+8 4:,)*�&)&F&)8
4:./13*-Mc> *-,�./(+8_?2,)*D4
8
&)&�13&¡1$M�798:,)&O8:6$C�?2,)*-?u*-,/./13*-MA5�6e.)* ./(+8���5-&)&
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4:./,)*-M+&�*�>
./(+8G&O5��r8F8:M+8:,/��C9!
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y�?A5�,/./134:638G?A5-&)&/1$M2��./(2,)*-P2��(h5Q�r8
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θ0 =
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z
√
x/X0[1 + 0.038ln(x/X0)]
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& �9./(+80&)4�5�./.)8:,/1$M2�GW�8:(A5�798
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kT ≈ 1/40eV
� !@w M�./(+8N?2,)8
&)8:M+4
8¡*�>�5�M

8:638
4:./,/134��A8:63y ��./(+8Q5�798:,O5��98Q�;1$M+8:./134Q8:M+8:,/��Cc<01$6$6L1$M+4:,)8�5-&)8 .)* Wu8
4
*-�r8
εv = 1

2mv
2 = εE + 3

2kT
!
εE
13&

./(+8F4
*-M;./,/1$W2P2./13*-M�*�>�./(+8G8:638
4:./,/134¡�A8:63yi.)* ./(+8B5
798:,O5��98F�D1$M+8:./134F8:M+8:,/��C9! %}.�y",/1�>m.}�A8:63y2&0P+&)8
y 1$Mi��5-&)8
*-P+&
y28:.)8
4:.)*-,)&�5�M+y�1$M³�r*�&/.���5-&O8
& �

εE
5��r*-P2M;.)&0.)* 5B> 8:< 8�� �;&)*_./(+8¡./(+8:,/��5�6�8:M+8:,/��C�4�5�M³W�8NM+8:��638
4:.)8
y�!ew M

5�./1$�r8 1$M�.)8:,/7�5�6
τ
W�8:. <�8
8:M®. <�*�4
*-6$6$13&)13*-M+&F<01$./(�./(+8 ��5-&��r*-638
4:P2638
& ��./(+8Qy",/1�>m.B&/?u8
8
y�1$M+y"P+4
8
yhW;C�./(+8

8:638
4:./,/134��A8:63y�° 4�5�MiWu8�<0,/1$./.)8:Mc5-&��

u =
eE

m
τ = µeE

� I"!$#��	�
<0(+8:,)8

µe
13&0./(+8F8:638
4:./,)*-M��r*-W21$6$1$.xC9!

w M³8:798:,/C�4
*-6$6$13&/13*-M³<01$./(�5_��5-&��r*-638
4:P2638 �"./(+8�8:638
4:./,)*-Mi63*�&)8
&}*-M�5
798:,O5��98B5G>m,O5-4:./13*-M
δ
*�>a./(+8�8:M+8:,/��C

εE
./(A5�.�1$.L(A5-yQ��5�1$M+8
yrW;C W�8:1$M2�B1$M�./(+8�8:638
4:./,/134}�A8:63y �D&)*�./(A5�.e./(+8:,)8013&�5¡WA5�6�5�M+4
8�Wu8:.x<�8
8:M�./(+8063*�&)&)8
&e1$M

4
*-6$6$13&/13*-M+&05�M+y ./(+8�5-4
4
8:638:,O5�./13*-M�y"P+8�.)*�./(+8��A8:63y�!e|}(+8¡8:638
4:./,/134¡�A8:63y�<01$6$6�./(�P+&04�5�P+&O8�5GM+8:.}y",/1�>�.0&/?u8
8
y
u << v

!@­ (+8:M�./(+8�8:638
4:./,)*-Mi./,O5
798:63&�*�798:,�5�y"13&/.O5�M+4
8
dx
1$M ./(+8¡y"1$,)8
4:./13*-M�*�>�./(+8��A8:63y �"./(+8¡M;P2�GWu8:,�*�>

4
*-6$6$13&/13*-M+&�13&�8
¢�PA5�6a.)* dx
uτ

�2&)* ./(+8B8:M+8:,/��C³WA5�6�5�M+4
8F,)8�5-y2&��

dx

uτ
δεE = eEdx

|}(+8Q5�798:,O5��98 ./1$�r8_1$M;.)8:,/7-5�6LWu8:.x<�8
8:M�.x<�*i4
*-6$6$13&/13*-M+&F4�5�MhW�8�8��D?2,)8
&O&)8
y�5-&�5�>mP2M+4:./13*-M�*�> ./(+8�M+*-M�

�r*-./1$798F798:63*D4:1$.xC

v
�"./(+8G4
*-6$6$13&/13*-M�4:,)*�&)&�
x&O8
4:./13*-M

σ
5�M+yi./(+8F�r*-638
4:P26�5�,¡y28:M+&/1$.xC����

1

τ
= Nσv

� I"!$#�R �
�¡8:��638
4:./1$M2�¡./(+8 ./(+8:,/��5�6"�r*-./13*-M �-./(+8�8��D?2,)8
&)&)13*-M�*�>+./(+8�8
¢�P21$6$1$W2,/1$P2�§798:63*D4:1$./138
&@4�5�M_./(;P+&�Wu8e<0,/1$./.)8:M

5-&��

u2 =
eE

mNσ

√
δ

2

� I"!$#�[	�

v2 =
eE

mNσ

√
2

δ

� I"!$#�{	�
|}(+8�.)*-.O5�6N4
*-6$6$13&/13*-M 4:,)*�&)&r&)8
4:./13*-M 5-&�8��"?2,)8
&)&)8
y±1$M 8
¢;PA5�./13*-M I"!$#�R�4�5�M Wu8iy"1$7;13y28
y 1$M�.)*�&O8:798:,O5�6

y"13&/./1$M+4:.N4
*-M�./,/1$W2P2./13*-M+&��
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σ = σtot = σel + σinel = σel + σexc + σion
� I"!JI� 	�

<0(+8:,)8
σel

�
σinel

�
σexc

5�M+y
σion

5�,)8_./(+8 4:,)*�&)&�
x&)8
4:./13*-M+&N> *-,N8:638
4:./,)*-M�
 �r*-638
4:P2638r4
*-6$6$13&/13*-M+&¡./(A5�.B5�,)8
,)8
&)?�8
4:./1$798:6$C±8:6�5-&/./134 ��1$M+8:6�5-&/./134c5�M+y±638�5-y"1$M2��.)*®8��24:1$.O5�./13*-M+& *-,r13*-M21$´�5�./13*-M+&�! |}(+8�4:,)*�&)&�
x&)8
4:./13*-M+&³5�,)8
y28:?u8:M+y28:M�.³*-M ./(+8�798:63*;4:1$. Cn*�>F./(+8�8:638
4:./,)*-M ,)8:6�5�./1$798�.)*®./(+8���5-&r�r*-638
4:P2638
& ��*-,�8
¢�P21$7�5�638:M�. ��.)*®./(+8
8:638
4:./,/134F�A8:63y�!eT�1$��P2,)8GI"!JH &/(+*�<�&�./(+8By"13&/./,/1$W2P2./13*-M�*�>@./(+8Fy"1�¸u8:,)8:M;.N4
*-6$6$13&/13*-Mi. C;?u8
&�5-&}>mP2M+4:./13*-M�*�>@° �¨?
> *-, �N8 � �¡8 
� "!$# ��%N,Q5�M+y

H2
! �¡*-.)8 ./(+8³&/./,)*-M2�h13*-M213&O5�./13*-Mz1$M+4:,)8�5-&)8iy"P+8 .)*�./(+8 ?u8:M2M21$M2�®8 ¸u8
4:. 1$M

./(+8�&)8
4
*-M+yc?263*-.�7;1�5�./(+8 5-y2y"1$./13*-M®*�>�*-M26$C� "!$# � *�>�%N,�!N|}(+8�Wu*-./.)*-� ?263*-.¡1$6$6$P+&/./,O5�.)8
&�./(+8�?u*�&)&/1$W21$6$1$.xC
*�>}1$M+8:6�5-&/./134�4
*-6$6$13&/13*-M+&_5�.F63*�<E8:638
4:./,/134Q�A8:63y2&G1$M�5³�r*-638
4:P26�5�,G��5-& ��(+8:,)8

H2
���ay"P+8r.)*i./(+8Q?2,)8
&)8:M+4
8r*�>

7D1$W2,O5�./13*-MA5�6a8��24:1$.O5�./13*-M�638:798:63&�!
�N*-,/��5�6"y",/1�>�.a�A8:63y2&a1$M_��5-&)8
*-P+&�y28:.)8
4:.)*-,)&@5�,)8 W�8:. <�8
8:MQH�5�M+y

10kV/cm
��&O*�./(A5�.a./(+8 ?2,)*-WA5�W21$6$1$.xCG>m*-,

13*-M213&�5�./13*-MA5�6�4
*-6$6$13&/13*-M+&01$M³?2P2,)8 �N8¡13&}798:,/C�63*�<B!e|}(+8B5-y2y"1$./13*-M�*�>L5_K�8:M2M21$M2����5-&0y",O5-&)./134�5�6$6$C�1$�Q?2,)*�798
&
./(+8G&/1$./PA5�./13*-M�!

T�1$��P2,)8FI"!JH"�L·¡13&/./,/1$W2P2./13*-M�*�>�8:6�5-&/./134 �m°L6�5-&/.�! ���28��24:1$.O5�./13*-MA5�6 �m°
�24:1$.�! �Q5�M+y 13*-M213&O5�./13*-MA5�6 �mw *-M�! ��4
*-6$6$13&)13*-M+&
1$M��¡8 ���N8 
� "!$# ��%N,�5�M+y

H2
5-&�?u8:,)4
8:M�.O5��98F*�>a./(+8¡.)*-.O5�6�4:,)*�&)&}&)8
4:./13*-M�!L%N63&)* &/(+*�<0M³13&�./(+8¡1$M+4:,)8�5-&)8�1$M

./(+8B�;1$M+8:./134F8:M+8:,/��Ci*�>@./(+8B8:638
4:./,)*-M+&�! �
Ekin

1$M�5�,/W21$./,O5�,/C³P2M21$.)& � � U+#� 

¦ �m\ ��¦ � � � ����� « �����
|}(+8iy"1�¸uP+&/13*-Mn*�>F8:638
4:./,)*-M+&Q13&r8��"?2,)8
&)&)8
yz./(2,)*-P2��(n./(+8iy"1�¸uP+&/13*-Mn4
*D8���4:138:M�.�· !Lw . 13&Q,)8:6�5�.)8
y±.)*h./(+8
798:63*D4:1$.xCh7c*-,F./(+8 �;1$M+8:./134r8:M+8:,/��C9!Q|}(+8 �r8�5�M
&)¢�PA5�,)8
y�y"13&)?26�5-4
8:�r8:M�.G1$M�5 ��1$798:M
y"1$,)8
4:./13*-M

~y
5¨>m.)8:,G5

6�5�,/�98BM�P2�GWu8:,N*�>L4
*-6$6$13&/13*-M+& ��M ��4�5�M�W�8F4
*-�Q?2P2.)8
yc5-&��
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σ2
y =

n∑

i=1

y2
i = n < y2 >

<0(+8:,)8
< y2 >

13&G./(+8��r8�5�Mz&)¢�PA5�,)8
y
y"13&/?26�5-4
8:�r8:M�.Q1$M
./(+8�y"1$,)8
4:./13*-M
~y
Wu8:.x<�8
8:Mz. <�*h4
*-6$6$13&/13*-M+&�!

|}(+8�>�,)8
8�?A5�./(
l
W�8:. <�8
8:Mz.x<�*c4
*-6$6$13&)13*-M+&_13& y"13&/./,/1$W2P2.)8
y±5-& 5�y28
4:,)8�5-&)1$M2�c8��"?�*-M+8:M;./1�5�6 � 5�M+y
W�8
4�5�P+&)8

u << v
�"./(+8Fy"1$,)8
4:./13*-M�*�>��r*-./13*-M�4�5�M�Wu8F4
*-M+&/13y28:,)8
y�5-&013&O*-./,)*-?2134F1$M³�+,)&/.�5�?2?2,)* �"1$��5�./13*-M�!�|}(+8:,)8 >m*-,)8

< y2 >=

∫ + inf

0

dl

L

∫ +1

−1

d cos θ

2
(l cos θ)2e−l/L =

2

3
L2

<0(+8:,)8
L = vτ

��./(+8��r8�5�M�>m,)8
8�?A5�./(
Wu8:.x<�8
8:M². <�*h4
*-6$6$13&/13*-M+&�!�|}(+8�8��"?2,)8
&)&/13*-M²*�>�./(+8�y"1�¸uP+&/13*-M
4
*D8���4:138:M�.�./(+8:M�W�8
4
*-�r8
&��

D =
σ2
y

2t
=

2

3

εv
m

� I"!JI"# �
*-W2.O5�1$M+8
y�W�C³,)8:?26�5-4:1$M2��./(+8Fy",/1�>m.�./1$�r8F.0W;C

nτ
!

|}(+8�8:�Q?21$,/134�5�6;¢;PA5�M�./1$. C
εK
�¨4�5�6$638
y_./(+8e4O(A5�,O5-4:.)8:,/13&/./134}8:M+8:,/��C �¨13&�y28 �+M+8
y_5-&��

εK = eD
µe

!@��*-�GW21$M21$M2�
./(213&0<01$./(cI"!$#�� C;138:63y2&�./(A5�.

εK = 2
3εv
!

|}(+8Fy"1�¸uP+&/13*-M�13&�798:,/C *�>m.)8:M�8��"?2,)8
&)&)8
y³1$M�4
8:M;./1$�r8:.)8:,)&�?u8:,0P2M21$.�*�>Ly",/1�>�.�y"13&/.O5�M+4
8��

D′ =
σy√
x

� I"!JI�I	�

|}(+8:,)8 > *-,)8
D′ =

√
2D/u =

√
2εK/eE

!N|}(�P+&¡./(+8�&/1$´�8_*�>e./(+8_8:638
4:./,)*-M�4:63*-P+y�13&N?2,)*-?�*-,/./13*-MA5�6@.)*
./(+8F&)¢;PA5�,)8F,)*D*-.�*�>�./(+8Gy",/1�>�.�y"13&/.O5�M+4
8�!

|}(+8¡�98:C�.)*_P2M+y28:,)&).O5�M+yi./(+8�y",/1�>�.�5�M+yiy"1�¸uP+&/13*-Mi*�>�8:638
4:./,)*-M+&}1$Mi��5-&)8
&�./(�P+&�,)8
&/13y28
&}1$M³./(+8N?A5�,O5�� 

8:.)8:,)&

εK , σ
5�M

δ
5-&�5G>�P2M+4:./13*-M�*�>�./(+8¡8:638
4:./,/134F�A8:63y *-,0./(+8�8:638
4:./,)*-M�8:M+8:,/��C9!e|}(+8
&O8F4:P2,/798
&�5�,)8F&/(+*�<0M

1$Mh�+��P2,)8�I"!J�"! � 5�6$P+8
&G*�>}./(+8Qy",/1�>�.B798:63*D4:1$./138
&F> *-,F7�5�,/13*-P+&
Ar + CH4

�Q1��"./P2,)8
&_5-&G5�>mP2M+4:./13*-M�*�>}./(+8
8:638
4:./,/134��A8:63y�4�5�M�W�8F&O8
8:Mi1$Mi�+��P2,)8GI"!�RD!

¦ ��\	��¦ �$¬ ]G^�` �-o d l�lm��o
� �
w M�&)*-�r8���5-&)8
& �;5��r*-M2��<0(2134)(

CO2
�
CH4

5�M+y�·��c° �m·¡1�
x�c8:./(�CD6�
x°L./(+8:, ���"./(+8�8:638
4:./,)*-M �D1$M+8:./134�8:M+8:,/��C
,)8:��5�1$M+& 4
*-M+&/.O5�M;. 5�. 3

2kT
1$M±5�6�5�,/�98�,O5�M2�98 *�>�8:638
4:./,/134r�A8:63y2&�!c°L798:M²P2?
.)* ≈ 1000V/cm

!h|}(213&_13&
8��"?26�5�1$M+8
y±W�Cz./(+8i?2,)8
&O8:M+4
8�*�>¡,)*-.O5�./13*-MA5�6�5�M+y±7D1$W2,O5�./13*-MA5�6N8��24:1$.O5�./13*-M 638:798:63&�!n|}(+8i�+,)&/.r8��"4:1$.O5�./13*-M
638:798:6�>m*-,

CH4
>m*-,N1$M+&/.O5�M+4
8�13&¡5-&N63*�<�5-&

0.03eV,
<0(+8:,)8�5-&¡1$.�13&

11.5eV
> *-,¡%N,�!�|}(+8�8:M+8:,/��C�63*�&)&N?�8:,

4
*-6$6$13&/13*-M³<01$6$6�./(;P+&0W�8N�GP+4O(�6�5�,/�98:,01$M
CH4

./(A5�M³1$M�%�,�!@�¡8:M+4
8�7�5�M+y
τ
5�,)8NM+* 63*-M2�98:,�y28:?u8:M+y28:M�.�*-M

° �D,)8
&/P26$./1$M2� 1$M�5�4
*-M+&/.O5�M�.�y"1�¸uP+&/13*-Mi4
*D8���4:138:M�.N5�M+y³8:638
4:./,)*-Mi�r*-W21$6$1$.xC9!�|}(+8�y",/1�>�.}798:63*D4:1$.xC ./(+8:M ,/13&O8
&
6$1$M+8�5�,/6$C�<01$./(�°�!� �>m.)8:M�./(+8
&O8G��5-&)8
&F5�,)8Q5-y2y28
yc1$M�.)* ./(+8_�Q1��D./P2,)8�1$M�*-,)y28:,N.)*³y28
4:,)8�5-&)8�./(+8�y"1�¸�P+&)13*-M
./(;P+&0?�8:,/�Q1$././1$M2��.)*Q*-W2.O5�1$Mc5�Wu8:./.)8:,�&/?A5�./1�5�6�,)8
&O*-6$P2./13*-M�!

¦ ��\	��¦ � � ] � d � « � ` � «�`�d �a� l�����f�� ���a�@�m� d l��@� ��� « ����� �
­�5���M+8:,F8:.B5�6 !��JS�H  @&)(+*�<�8
yh./(A5�.�./(+8 y"1�¸uP+&/13*-Mh13&NM+*-.�13&)*-./,)*-?2134�1$Mh./(+8_?2,)8
&)8:M+4
8Q*�>�5�Mh8:638
4:./,/134��A8:63y�!
w . <}5-&�8��"?26�5�1$M+8
y�./(+8
*-,)8:./134�5�6$6$C�W�C 5By"1�¸�8:,)8:M+4
8N1$M³8:638
4:./,)*-M �r*-W21$6$1$.xC�1$M ./(+8N638�5-y"1$M2� 5�M+y�./,O5�1$6$1$M2�Q8
y"�98
*�>�./(+8³8:638
4:./,)*-Mn4:63*-P+y �JS9R  �e<0(2134)(±./(+8:Mz,)8
&/P26$.)& 1$Mn5�63*-M2��1$./P+y"1$MA5�6�y"1�¸�P+&)13*-Mz4
*D8���4:138:M�.

DL
./(A5�. 13&

y"1�¸�8:,)8:M�.0>m,)*-� ./(+8�./,O5�M+&/798:,)&O8By"1�¸�P+&)13*-M�4
*;8���4:138:M;.
DT
!

w M�./(+8Q?2,)8
&)8:M+4
8�*�>05³��5���M+8:./134r�A8:63y ��./(+8ry"1�¸uP+&/13*-M�4
*D8���4:138:M�._13&F,)8
y"P+4
8
y®1$M�./(+8ry"1$,)8
4:./13*-M®?u8:,�

?u8:M+y"134:P26�5�,F.)* ~B

��y"P+8�.)* ./(+8 1$M+4:P2,/798
yh./,O5¨XY8
4:.)*-,/Ch*�> ./(+8Q8:638
4:./,)*-M+&�!�|}(+8 y"1�¸�P+&)13*-Mc1$M�./(+8 y"1$,)8
4:./13*-M
?A5�,O5�6$638:6�.)*r./(+8���5���M+8:./134F�A8:63yi13&0M+*-.�5¨¸�8
4:.)8
y�!
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T�1$��P2,)8BI"!J�"� ��*-6$6$13&/13*-M�4:,)*�&O&�
x&)8
4:./13*-M � 5	�}5�M+y�>�,O5-4:./13*-MA5�6�8:M+8:,/��C�63*�&)&���W ��1$Mi%N,05�M+y
CH4

�JI�H� x! ��(A5�,O5-4�

.)8:,/13&)./134B8:M+8:,/��C�5-&�5_>�P2M+4:./13*-M�*�>�./(+8By",/1�>m.}�A8:63yi1$M;.)8:M+&/1$.xCi1$Mi7�5�,/13*-P+&���5-&)8
& �m4 ���$#:U  x!

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

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

T�1$��P2,)8�I"!�RD�F~a8 >�. �¡·¡,/1�>m.F798:63*;4:1$. Cc1$M®%N,�WA5-&)8
y��Q1��"./P2,)8
&G5-&G5�>mP2M+4:./13*-M�*�>�./(+8 ,)8
y"P+4
8
y�8:638
4:./,/134 �A8:63y
° �¨? �">m*-,07�5�,/13*-P+&�4
*-M;.)8:M�.)&�*�>

CH4
!L��1$��(�. �}·¡1�¸uP+&/13*-M�5-&�5_>mP2M+4:./13*-M�*�>�./(+8F8:638
4:./,/134��A8:63y�1$M�.)8:M+&/1$. C �+1$M

7�5�,/13*-P+&0��5-&)8
&N5�.N5�./�r*�&/?2(+8:,/134B?2,)8
&O&/P2,)8�! �$#:U  
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����� ��� � �
������� � � � � �

�¡*-.0*-M26$C�./(+8B8:638
4:./,)*-M+& �2W2P2.�5�63&)* ./(+8�13*-M+&�&/.O5�,/.0�r*�7;1$M2��P2M+y28:,�./(+8�1$M��+P+8:M+4
8G*�>�./(+8F8:638
4:./,/134��A8:63y�! %N&
<01$6$6�W�8�&/(+*�<0Mz6�5�.)8:, �m&)8
4:./13*-MnI"!$#�!JH	���@./(+8��r*�798:�r8:M�.�*�>�./(+8�13*-M+& 8
&)&)8:M;./1�5�6$6$C�y28:.)8:,/�Q1$M+8
& ./(+8�&)1$��MA5�6
�98:M+8:,O5�./13*-M�1$M�5���5-&)8
*-P+&�y28:.)8
4:./13*-Mc4
*-P2M�.)8:,)&�!

V;1$�Q1$6�5�,�6�5
<�&�5-&0./(+*�&)8By28:,/1$798
y³> *-,�8:638
4:./,)*-M+&�1$M�&)8
4:./13*-M�I"!$#�!JIr5�?2?26$C > *-,�./(+8F13*-M+&�! �N*�<�8:798:, �A&)1$M+4
8
./(+8:1$,¡��5-&)&N13&¡I"!J � � �.)*�#� � "!J � � �./1$�r8
&¡6�5�,/�98:, ��5�M�1$�Q?u*-,/.O5�M�.¡>m,O5-4:./13*-Mc*�>e./(+8:1$,¡��5�1$M+8
yc�;1$M+8:./134�8:M+8:,/��C
13& 63*�&/.Q1$M±8:798:,/Cz4
*-6$6$13&/13*-M�!±%NM+y±&/1$M+4
8³./(+8i4
*-6$6$13&/13*-Mn4:,)*�&)&�
x&O8
4:./13*-M±13&QUh./1$�r8
&Q(21$��(+8:,r./(A5�M±./(A5�.Q> *-,
8:638
4:./,)*-M+& �"./(+8¡�r8�5�M�8:M+8:,/��C�13&�5�6$�r*�&/.0./(+8:,/��5�6a5�M+y ./(+8�13*-M³y",/1�>m.}798:63*;4:1$. C�13&�,)*-P2��(26$C

104 63*�<�8:,�./(A5�M./(+8F8:638
4:./,)*-Mcy",/1�>�.0798:63*D4:1$.xC9!
|}(+8®�r*-W21$6$1$.xCt*�> ./(+8�13*-M+& ��y28 �+M+8
yt1$M'5�MA5�63*-��C <01$./('I"!$#�����13&�4
*-M+&/.O5�M�.�P2?t.)* 5�Wu*-P2.

E/p =
10kV cm−1bar−1 �}<01$./( .xCD?2134�5�6�7�5�6$P+8
&�W�8:. <�8
8:Mk "!JI 
 I-4:� ��&�?u8:, ����4:��!k°
�24
8:?2./13*-M+& 5�,)8�6$1$��(�.³8:638�
�r8:M;.)&�6$1$�98F�¡8 �

H2
�+5�M+y �¡8�<01$./(

µion = 10.4, 6.7
5�M+y

4.1cm2V −1s−1 ,)8
&/?�8
4:./1$798:6$C9!V;1$M+4
8�./(+8r13*-Mz8:M+8:,/��C�13&_�r*�&/./6$C�./(+8:,/��5�6 �L./(+8�y"1�¸uP+&/13*-Mz4
*;8���4:138:M;. 5�M+y²~�*-,)8:M;./´i5�M2��638³5�,)8³5�63&)*
,)8
y"P+4
8
ycW�Cc5Q> 5-4:.)*-,

104 !¡|}(+8_(21$��(h��5-&)&�*�> ./(+8_13*-M+&N./(;P+&�1$�Q?26$138
&�./(A5�.N./(+8 y"13&/.)*-,/./13*-M+&¡>m,)*-� ./(+8:1$,
?A5�./(+&}5�,)8�&/��5�6$6 �;&O*B./(A5�.}./(+8:Cr4�5�M³W�8¡5-&)&/P2�r8
y�.)*B> *-6$63*�< ./(+8N8:638
4:./,/134N�A8:63y�6$1$M+8
&�<01$./(³5_y",/1�>�.�798:63*D4:1$.xC
?2,)*-?u*-,/./13*-MA5�6�.)*Q./(+8��A8:63yi&)./,)8:M2��./(�!

%¡&�5�4
*-M+&)8
¢;P+8:M+4
8B*�>�./(+8:1$,�63*�<k�r*-W21$6$1$.xC �A./(+8�13*-M+&�4�5�Mi?21$638�P2?i1$Mi./(+8���5-&�5�.0(21$��(i,O5�.)8B*-?u8:,O5�./13*-M
*�>L./(+8�y28:.)8
4:.)*-, ��1$M�?A5�,/./134:P26�5�,�1$M�./(+8_5�7-5�6�5�M+4O(+8 ,)8:��13*-M �m&O8
8G&)8
4:./13*-MhI"!$#�! U �0<0(+8:,)8_./(+8G13*-Mcy28:M+&/1$.xC�13&
(21$��(�!F|}(213&�&/?A5-4
8 4)(A5�,/�98Q4�5�Mh./(+8:Mh63*D4�5�6$6$C�,)8
y"P+4
8�./(+8�8:638
4:./,/134_�A8:63y ��>mP2,/./(+8:,�,)8
y"P+4:1$M2�i./(+8_13*-Mhy",/1�>m.
798:63*D4:1$.xC � <0(2134)(±638�5-y2& .)*h&/63*�<�8:,�5�Mz63*�<�8:,�&/1$��MA5�63&�!®%N63&)*�./(+8 8:638
4:./,)*-M+&�4
*-�Q1$M2�h>�,)*-�¥5�M+8��D.Q8:798:M�.
�Q1$��(;.�,)8
4
*-�GW21$M+8_<01$./(i./(+8F13*-M+& �+4�5�P+&)1$M2��&/1$��MA5�6a5�./.)8:M�PA5�./13*-M�!
����� � � � 	 � 	 � ����	���� 	 � 	��
�

w *-M213&O5�./13*-M®&/.O5�,/.)&�.)*i*D4
4:P2,G5�,)*-P2M+y
E/p ≈ 10 − 20kV cm−1bar−1 ! |}(+8
&)8 (21$��(h�A8:63y2&G5�,)8 M+*-,/��5�6$6$C�r8:.�*-M26$C�1$M
./(+8�7;134:1$M21$. C �

100µm
�G*�>�./(+8 5�M+*Dy28
&�!i|}(+8�>�,)8
8
y
8:638
4:./,)*-M+&�<01$6$6�./(+8:M±5-4
¢�P21$,)8�8:M+*-P2��(

8:M+8:,/��Cc1$M®./(+8Q(21$��(�8:638
4:./,/134Q�A8:63y�.)*i?2,)*Dy"P+4
8QM+8:<�13*-M213&O5�./13*-M+& ��<0(2134)(�1$M®./P2,/M®<01$6$6e?2,)*Dy"P+4
8 >mP2,/./(+8:,
13*-M213&O5�./13*-M+& �2638�5-y"1$M2�r.)*�5�M�5�7-5�6�5�M+4O(+8B6$1$�98�> *-,/��5�./13*-Mc5-&�4�5�MiWu8F&)8
8:M�1$M³�+��P2,)8_I"!J["!

T�1$��P2,)8QI"!J["��KL(+*-.)*-��,O5�?2(
*�>�5³&)1$M2��638�8:638
4:./,)*-M²5
7�5�6�5�M+4)(+8 ��638 >m. �¡5�M+y®5�&)�98:.)4)(�*�>�./(+8_1$M;.)8:,/MA5�6 4)(A5�,/�98
y"13&/./,/1$W2P2./13*-M ��,/1$��(�. � ! |}(+8�?2134:./P2,)8¡<�5-&�.O5��98:M W�C���!��N8�5�./(+8:,�1$Mc#�{�S9RD!L|}(+8¡5�7-5�6�5�M+4O(+8�<�5-&05�6$63*�<�8
y .)*
��,)*�<k>m*-,�&O8:798:,O5�6

µs
.)* ./(+8F?2,)8
&O8:M�.�638:M2��./(�*�>e5�Wu*-P2.

2.5cm
�$#:U  x!
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¦ �m\ �$¬��m\ ª d2« f d �m�
|}(+80�+,)&/. |a*�<0M+&)8:M+y�4
*D8���4:138:M�.

α
13& ./(+80��5-4:,)*�&)4
*-?2134N¢�PA5�M;./1$.xCQP+&)8
y .)*By28
&O4:,/1$W�8013*-M+&�5�./13*-M+&e?2,)*�79*-�98
y

W;C�8:638
4:./,)*-M+&0y",/1�>m./1$M2��1$Mi5G��5-&�!@wx.�,)8:?2,)8
&)8:M�.)&}./(+8�5
798:,O5��98�M;P2�GWu8:,0*�>a6$1$W�8:,O5�.)8
y³8:638
4:./,)*-M+&}*�798:,�5G?A5�./(
*�>@638:M2��./(

ds
�

dN

N
= αds

� I"!JI�S	�

α
�GP+&).FW�8Q5�>mP2M+4:./13*-M®*�>�./(+8Q8:638
4:./,)*-M®&/?u8
8
y®5�Mh./(�P+&By28:?u8:M+y28:M�.G*-M®° �¨?�! :N*-,Y¸±&)P2���98
&/.)8
yh./(+8

> *-6$63*�<01$M2��>m*-,/� � U�I  x�

α =
a

l0
exp(−aVion

l0E
)

� I"!JI�U �

�N8:,)8 �
a
13&�5¡�+.e?A5�,O5��r8:.)8:,05�M

Vion
13&e./(+8013*-M213&�5�./13*-M�?u*-.)8:M�./1�5�6 ! �¡*-./134:1$M2�B./(A5�. ./(+8��r8�5�MQ>m,)8
80?A5�./(

l0
13&0?2,)*-?u*-,/./13*-MA5�6�.)*r° �¨? �+*-M+8_5�,/,/1$798
&N5�.��

α

p
= a, exp(−a

,pVion
E

)
� I"!JI�H	�

T�1$��P2,)8hI"!J{®&)(+*�<�&
α
>m*-, &)8:798:,O5�6�1$M+8:,/. ��5-&)8
&�1$M .)8:,/�r& *�>

ν = α/E
��<0(2134)( 13&r./(+8�M�P2�_W�8:,³*�>

13*-M213&�5�./13*-M+&0./(A5�.�*;4
4:P2,}?u8:,}./,O5
798:,)&)8
y �e*-6$.01$M³./(+8�?u*-.)8:M�./1�5�6u�A8:63y�! �¡*-.)8B5���5�1$Mi./(+8¡W21$�Q1$�Q?�*-,/.O5�M+4
8F*�>
./(+8GK�8:M2M21$M2� 8 ¸u8
4:.0P2?u*-M�5-y2y"1$./13*-M�*�>L*-M26$C³&/��5�6$6a5��r*-P2M�.)&¡*�>@%N,0.)*Q./(+8 �¡8���5-&�!

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

T�1$��P2,)8 I"!J{"�}|}(+8B13*-M213&O5�./13*-Mh4
*;8���4:138:M;.
ν = α/E

5-&�5 >mP2M+4:./13*-Mc*�>e./(+8G,)8
y"P+4
8
y�8:638
4:./,/134G�A8:63y�> *-,�./(+8
1$M+8:,/.���5-&)8
& �+5�1$, �A5�M+y�&O*-�r8FK�8:M2M21$M2���Q1��D./P2,)8
&

|a*ry28:.)8:,/�Q1$M+8G./(+8F��5-&0��5�1$M �+*-M+8F(A5-&�.)*Q8:7-5�6$PA5�.)8F./(+8F>m*-6$63*�<01$M2��1$M�.)8:��,O5�6 �

G =
N

N0
= exp[

∫

γs

α(s)ds] = exp[

∫ Eb

Ea

α(E)

dE/ds
dE]

� I"!JI��	�

­¤(+8:,)8
γs
13&G./(+8Q?A5�./(®> *-6$63*�<�8
y®W;C�./(+8r8:638
4:./,)*-M�!³wxM�5�6$6e?2,O5-4:./134�5�6}4�5-&)8
& �a./(+8Q��5�1$M�13&G4
*-�Q?2P2.)8
y

P+&)1$M2�r8��D?u8:,/1$�r8:M�.O5�6$6$Ci�r8�5-&/P2,)8
y�4:P2,/798
&�*�>
α
5-&0./(+8F*-M+8
&N&/(+*�<0M�1$Mi�+��P2,)8GI"!J{"!
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¦ ��\	�$¬���¦ ª d �m���L������� d ������� «
�F5-&��_P26$./1$?26$134�5�./13*-M�13&G5 &/.)*D4)(A5-&)./134Q?2,)*;4
8
&O&�!_|}(+8 ��5�1$M®y"13&)./,/1$W2P2./13*-M®1$M�5 P2M21�>m*-,/��8:638
4:./,/134Q�A8:63y�4�5�M
Wu8Gy28
&)4:,/1$Wu8
y�W;C��eP2638�
xT2P2,/C�&).O5�./13&/./134
& ��<0(2134)(�&/.O5�.)8
&N./(A5�. �A1�>

G
13&�./(+8 5
798:,O5��98���5�1$M ��./(+8G?2,)*-WA5�W21$6$1$. C

*�>@(A5
7D1$M2��5���5�1$M ��1$Mc5 &/1$M2��638G5
7�5�6�5�M+4)(+8G13&��

P (G) =
1

G
(1− 1

G
)G−1 →G>>1 1

G
exp(−G/G)

� I"!JI9R �
|}(213&�8��D?2,)8
&O&/13*-M *-M26$CQ(+*-63y2&�1�>�./(+8N?2,)*-WA5�W21$6$1$.xC *�>a13*-M213&O5�./13*-M 13& 1$M+y28:?u8:M+y28:M�.�*�>�./(+8�5��r*-P2M�.0*�>a8:M+8:,/��C
./(A5�.}./(+8¡8:638
4:./,)*-Mi(A5-&}5-4
¢;P21$,)8
yi&/1$M+4
8N1$.)&}6�5-&/.�13*-M213&O5�./13*-M�!e|}(213&�13&0*-M26$Cr./,/P+8N>m*-,�63*�<

α
!L�N*�<�8:798:, �2./(213&

5-&)&)P2�Q?2./13*-M�13&e1$M;7-5�6$13y�1$M�?2,)*-?u*-,/./13*-MA5�6�4
*-P2M;.)8:,)&�&)1$M+4
8�./(+8���5�1$M y"13&/./,/1$W2P2./13*-M³&/(+*�<�&�5B4:638�5�, ��5 �"1$�GP2�
1$M+&/.)8�5-yi*�>@./(+8B8��"?�*-M+8:M;./1�5�6�y28
4:,)8�5-&)8�!

µ�CD,/M+8 �JS�[� �5�M+yr~a5�M+&)1�5�,/.�5�M+yr�c*-,/P+4
4:1 �JS�{� +.)*D*-�_./(+8�(213&/.)*-,/CQ*�>�./(+8�8:638
4:./,)*-M+&�1$M�.)*_5-4
4
*-P2M�. W;C ./(+8
1$M;./,)*;y"P+4:./13*-M *�>�5�y28:?u8:M+y28:M+4
8�*�>u./(+8�5�6$,)8�5-y"CQ4:,)8�5�.)8
yr8:638
4:./,)*-M+& 1$MQ./(+8�8��D?2,)8
&)&)13*-M >m*-,L./(+80?2,)*-WA5�W21$6$1$. C
> *-,013*-M213&O5�./13*-M+&��

a(G) = α(1 + µ/G)
<0(+8:,)8

µ
13&B5�M®8:�Q?21$,/134�5�6$6$C�y28 �+M+8
y�?A5�,O5��r8:.)8:,�!Q|}(213&F638�5-y2&B.)*�5³K�*-6$C�5iy"13&)./,/1$W2P2./13*-M�>m*-,F./(+8 ��5-&

��5�1$M��

p(z) =
mm

Γ(m)
zm−1e−mz

� I"!JI�[	�
<01$./(

m = 1 + µ
5�M+y

z = G/G
!Q|}(+8r7-5�,/1�5�M+4
8

σ2
z
*�>}./(+8QK�*-6$C�5�y"13&/./,/1$W2P2./13*-M
13&B8
¢�PA5�6L.)*�# �¨��!

w M�./(+8�?A5�,/./134:P26�5�, 4�5-&O8�./(A5�.
m = 3/2

�@./(213& y"13&/./,/1$W2P2./13*-Mz13&�8
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&N1$M�./(+8B��,)*�<0./(c*�> 5r&)./,)8�5��r8:,���5	��4:,)8�5�./13*-Mc*�>L1$M21$./1�5�6�&O8
8
y�8:638
4:./,)*-Mc5�M+y�?�*�&)1$./1$798
13*-M ��W �0,O5�?213yh5-4
4
8:638:,O5�./13*-M�*�>e./(+8_8:638
4:./,)*-M+&¡,)8
&/P26$.)&¡1$M�./(+8B> *-,/��5�./13*-M�*�>�5�Mc5
7�5�6�5�M+4)(+8 ��4 ����,)*�<0./(�*�>
./(+8�5
7�5�6�5�M+4)(+8�P2M;./1$6�./(+8N1$M�.)8:,/MA5�6u�A8:63y�M+8:��5�.)8
&}./(+8�5�?2?26$138
y��A8:63y �25�M+y�,)8
4
*-�GW21$MA5�./13*-M�4�5�P+&O8
&�?2(+*-.)*-M+&
.)*�Wu8F8:�Q1$./.)8
y �+y ��./(+8F8:638
4:./,)*-M+&0,)8:638�5-&)8
y�5�.0(+8�5-y�5�M+y³.O5�1$6�*�>�./(+8�1$M21$./1�5�6a5
7�5�6�5�M+4)(+8G��,)*�<t./(+8:�r&)8:6$798
&
1$M;.)*B5
7�5�6�5�M+4)(+8
&�8 ��4
*-M�./1$M�PA5�./13*-M³*�>�./(+8}?2,)*D4
8
&)&L<01$./(Q�r8:,/��1$M2�_*�>�5�7-5�6�5�M+4O(+8
&�5�M+yQ��,)*�<0./(�*�>u&)./,)8�5��r8:,�!
� U+#� 

|}(213&F&)8
4
*-M+yh�r8
4O(A5�M213&/� y2*D8
&FM+*-.�M+8
8
y�./(+8�?2,/13*-,Gy28:798:63*-?2�r8:M�.�*�>}5 &/./,)8�5��r8:,_5�M+yh13&��_P+4)(�&)63*�<�8:,
.)*_?2,)*-?A5���5�.)8F4
*-�Q?A5�,)8
y .)*_./(+8¡&/./,)8�5��r8:,04�5-&)8�!L|}(+8¡./1$�r8N>m*-,�W2,)8�5��"y2*�<0M�4�5�M W�8N798:,/Cr63*-M2� �

> 10µs
�

Wu8
4�5�P+&)8 *�> ./(+8Q4:C"4:6$134_MA5�./P2,)8Q*�>�./(+8�?2,)*;4
8
&)&��N8:638
4:./,)*-M+&F,)8:638�5-&O8_13*-M+& �u<0(2134)(
5�.�./(+8 4�5�./(+*;y28 ,)8:638�5-&O8
8:638
4:./,)*-M+& ��<0(2134)(c,)8:638�5-&)8G13*-M+& ��8:.)4�! �u5�M+y�4�5�Mh5��r*-P2M�.�.)*r(;P2M+y",)8
y2&�*�> 4:CD4:638
&�!0|}(213&N.xCD?u8G*�>e&/?A5�,/�D1$M2�
4�5�MQWu8�&)8:6�>u&/P+&/.O5�1$M+8
y �9�r8�5�M21$M2�_./(A5�.e./(+8:C &/P2W+&/13&/.L1$Mr./(+8�4
*-P2M�.)8:,�8:798:M�./(+*-P2��(r./(+801$,/,O5-y"1�5�./13*-M�&O*-P2,)4
8
(A5-&0Wu8
8:Mi,)8:�r*�798
y�!�%=W2,)8�5��"y2*�<0Mc&/?A5�,/�D1$M2�r?�*-.)8:M;./1�5�6�4�5�MiWu8Fy28:.)8:,/�Q1$M+8
y � U+#  x�

V =
− ln γ

ν

� I"!JS� 	�
w M ./(213&

γ
13&}./(+8NM;P2�GWu8:,�*�>�8:638
4:./,)*-M+&06$1$Wu8:,O5�.)8
y >m,)*-� ./(+8F4�5�./(+*Dy28¡?�8:,0&/1$M2��638¡13*-M21$´
1$M2��4
*-6$6$13&)13*-M 1$M

./(+8N��5-&�!
ν = α/E

5-&}y28 �+M+8
y 1$M³&)8
4:./13*-M³I"!$#�! U+!$#�! |}(+8�63*-��5�,/1$./(2�¯13&�M+8:��5�./1$798�&/1$M+4
8
γ
13&��GP+4O(�&/��5�6$638:,

./(A5�M®#�!
����� ��� ��	�� � 	 � � � � � ��� � � � �
�

%N6$./(+*-P2��(�./(+8G5�7-5�6�5�M+4O(+8Gy28:798:63*-?2�r8:M�.¡.O5��98
&�638
&O&0./(A5�M�5 MA5�M+*�&)8
4
*-M+y �A./(+8F,/13&)8�./1$�r8B*�>L./(+8F&/1$��MA5�6a1$M
5_��5-&)8
*-P+&�y28:.)8
4:.)*-,013&}�_P+4)(�63*-M2�98:, � 5_>m8:< MA5�M+*�&)8
4
*-M+y2&�1$Mi5�M���V��B�n> *-,01$M+&/.O5�M+4
8 � !e|}(+8�,)8�5-&)*-M³> *-,
./(213&013&�.x<�*�> *-63y�!

• T�1$,)&/. �9./(+8�&/1$��MA5�6A*-Mr./(+8N5�M+*;y28013& *-M26$C_?A5�,/./1�5�6$6$Cry28:.)8:,/�Q1$M+8
y�W�C ./(+80�r*�798:�r8:M;.�*�>u./(+8�8:638
4:./,)*-M+&1$M±./(+8�5
7�5�6�5�M+4)(+8�!¤|}(+8i��5�1$M &/1$��MA5�6�4
*-M;./,/1$W2P2./13*-M 4
*-�r8
&Q>�,)*-�¥./(+8i4:P2,/,)8:M;.�1$M+y"P+4
8
y W�C²./(+8
�r*-./13*-Mi>�,)*-��./(+8�13*-M+&�!

• VD8
4
*-M+y"6$C �A./(+8Fy28:.)8
4:.)*-,N4�5�?A5-4:1$.O5�M+4
8�5�M+y�5�M+*;y28�,)8
&)13&/.O5�M+4
8B4�5�P+&)8
&¡5�M��0� 
 ./1$�r8�!
|}(213&�&)8
4
*-M+yc8 ¸u8
4:. ��(+*�<�8:798:, ��13&¡,O5�,)8:6$C�./(+8���5�1$Mh&)*-P2,)4
8_>m*-,¡./(+8_&)1$��MA5�6�8:63*-M2��5�./13*-M�!Bw .�13&�8
&)&O8:M�./1�5�6$6$C
./(+8063*�< �r*-W21$6$1$. Cr*�>u./(+8�?�*�&/1$./1$798�13*-M+&e638 >m.eW�8:(21$M+y�./(A5�. &)8:.)&�5�Mr1$M�./,/1$M+&/134�6$1$�Q1$.�*-Mr./(+8N&/1$��MA5�6+,/13&)8�./1$�r8�!

%NMr1$M;./P21$./1$798N?2134:./P2,)8¡*�>�./(+8�&)1$��MA5�6+> *-,/��5�./13*-M�13&�./(+80> *-6$63*�<01$M2�+�L&/P2?2?u*�&)8¡5�6$6A./(+8�8:638
4:./,)*-M ?A5�1$,)&}5�,)8
4:,)8�5�.)8
yr5�. 5�y"13&/.O5�M+4
8

d
>�,)*-��./(+8�5�M+*Dy28�!eV;(+*-,/./6$C �

1ns)
5¨>�.)8:,L./(A5�.�5�6$62./(+808:638
4:./,)*-M+& (A5
7980,)8�5-4O(+8
yQ./(+8

5�M+*Dy28�!�%¡&�./(+8B13*-M+&F5�,)8_&/./1$6$6a1$M�./(+8G7D134:1$M21$.xC�*�>e./(+8 5�M+*;y28 ��./(+8:Ci<01$6$6�8��28:,/.F5���*-P263*-�GWc> *-,)4
8G*-M�./(+8
8:638
4:./,)*-M+&�!0|}(+8:,)8 > *-,)8 ��./(+8
&)8B<01$6$6�M+*-.�Wu8F>m,)8
8F.)*r�r*�798�!N NM26$C�5 > 8:<=8:638
4:./,)*-M+&¡<01$6$6aWu8G5�W2638_.)*�8
&)4�5�?u8
./(+8 1$M��+P+8:M+4
8r*�>�./(+8 13*-M+&B5�M+y�<01$6$6LWu8�4
*-6$638
4:.)8
y®1$�Q�r8
y"1�5�.)8:6$C9!Q%N&�./(+8 13*-M+&B4
*-M;./1$M�P+8�.)*³�r*�798�>m,)*-�
./(+8i5�M+*Dy28 �L�r*-,)8i5�M+y
�r*-,)8³8:638
4:./,)*-M+&Q<01$6$608
&)4�5�?u8³5�M+y
Wu8³4
*-6$638
4:.)8
y²W�C�./(+8�>m,)*-M�.�
x8:M+y±8:638
4:./,)*-M2134
&�!
�¡*�<�8:798:, �"./(213& ./1$�r8
&)4�5�638�*�>�./(213&�,)8:638�5-&)8N13& �9*�798:,/M+8
y³W�Cr./(+8N�r*�798:�r8:M;.�*�>�./(+8�13*-M+&05�M+y�(+8:M+4
8¡<01$6$6�Wu8
./(+8¡> *-,/��5�./13*-M�*�>@./(+8F&/1$��MA5�6 !



¬ � q§���9����© d �
� ` �-� ` �=ª d2« jG������� ` � «

%±&/./,O5�1$��(�.Y> *-,/<�5�,)y ��5�./(+8:��5�./134�5�6"<�5�CG.)*N&/./P+y"CF./(+8�y28:798:63*-?2�r8:M;.e*�>+./(+8�&)1$��MA5�6;13&�./(2,)*-P2��(��¡5��r* 5 &
./(+8
*-,)8:� � U�S  x!N%�./(+*-,)*-P2��(hy"13&O4:P+&)&/13*-Mh4�5�M�Wu8B> *-P2M+y�1$M �JI�H� x!¡�N5��r* 5 &¡./(+8
*-,)8:�Zy28
&)4:,/1$Wu8
&¡./(+8_4O(A5�,/�98
5�M+yi4:P2,/,)8:M;.�1$M+y"P+4
8
yiW;C³5_�r*�7D1$M2�r.)8
&/.04O(A5�,/�98

q
*-Mi8:638
4:./,)*Dy28
&�5�.�5�,/W21$./,O5�,/C³?�*�&)1$./13*-Mi5�M+y³?u*-.)8:M�./1�5�6 �

P2M+y28:,�./(+8�4
*-M+y"1$./13*-M ./(A5�.r./(+8�8:638
4:./,)*;y28
& 5�,)8�4
*-M2M+8
4:.)8
yn.)*�5�M 1$M"�+M21$.)8i,)8
&)8:,/79*-1$,�*�>F4)(A5�,/�98�!¤|}(+8
4:P2,/,)8:M;.

Ii
./(A5�.�13&�1$M+y"P+4
8
yc1$Mh8:638
4:./,)*;y28

i
W�C�./(+8�.)8
&/.¡4)(A5�,/�98Q¢�5�.¡?�*�&/1$./13*-M

~r(t)
./(A5�.¡�r*�798
&¡<01$./(�5

798:63*D4:1$.xC
~v(t)

4�5�M�W�8�*-W2.O5�1$M+8
y�<01$./( 8
¢;PA5�./13*-MrI"!JS"# �-?2,)*�7D13y28
y ./(A5�.�./(+8�?u*-.)8:M�./1�5�6
Vi(~r)

5�M+y_./(+8�8:638
4:./,/134
�A8:63y ~E(~r)

5�,)8r4�5�634:P26�5�.)8
y�>m*-,_5i�A4:./1$./13*-P+&_&)1$./PA5�./13*-M�<0(+8:,)8�5�6$6�8:638
4:./,)*;y28
& 5�,)8r*-M
��,)*-P2M+y®?u*-.)8:M�./1�5�6 �
8��24
8:?2.�>m*-,L8:638
4:./,)*Dy28

i
��<0(2134)(Q13&L&O8:.L5�.

Ui
!�|}(+8}4)(A5�,/�98

∆Qi
1$M+y"P+4
8
yQ*-M 8:638
4:./,)*Dy28

i
1$Mr5N./1$�r8}1$M�.)8:,/7�5�6

[t1, t2]
13&0*-W2.O5�1$M+8
y�7;1�5�./(+8B1$M�.)8:��,O5�./13*-M�*�>@./(+8B4:P2,/,)8:M;.¡5-&01$M�8
¢;PA5�./13*-M�I"!JS�I"!

Ii(t) = − q

Ui

dVi(~r(t))

dt
= − q

Ui

d~r(t)

dt
∇Vi(~r(t)) = q

~v. ~E(~r)

Ui

� I"!JS"# �

∆Qi =

∫ t2

t1

Idt = − q

Ui

∫ t2

t1

dVi(~r(t))

dt
= −q∆Vi

Ui

� I"!JS�I	�
wxM�./(+8�4�5-&)8B*�>�5r4)(A5�,/�98�4:63*-P+y �A./(+8G.)*-.O5�6�1$M+y"P+4
8
yc4)(A5�,/�98�*-,N4:P2,/,)8:M;.N13&�./(+8G&/P2?u8:,/?�*�&)1$./13*-M�*�>e./(+8

4
*-M;./,/1$W2P2./13*-M+&F*�>L./(+8B1$M+y"1$7D13y"PA5�6�4O(A5�,/�98
&�!�|}(+8G> 5-4:.)*-,)& ~E(~r)
Ui

5�M+y Vi(~r)
Ui

5�,)8G4�5�6$638
y�./(+8B<�8:1$��(�./1$M2� �A8:63y
5�M+y�<�8:1$��(�./1$M2��?�*-.)8:M;./1�5�6�*�>L8:638
4:./,)*;y28

i
!

|}(+8r8:638
4:./,)*-M+&G5�,)8Q�98:M+8:,O5�.)8
y�<01$./(21$M²5�>m8:<��Q134:,)*-M+&B>�,)*-�Z./(+8r5�M+*Dy28�5�M+yh./,O5
798:6�¢�P2134O�;6$Cc.)*i./(+8
5�M+*Dy28�!@�N8:M+4
8}./(+8}798:63*D4:1$.xCr5�M+y ./(+80<�8:1$��(�./1$M2�G�A8:63y >m*-,@./(+8�8:638
4:./,)*-M+&�5�,)80(21$��(�5�M+yr&)*¡13&L./(+8:1$,e4:P2,/,)8:M;.
4
*-M;./,/1$W2P2./13*-M�!��¡*�<�8:798:, ��&/1$M+4
8F./(+8:C�5�,)8G4
*-6$638
4:.)8
y�798:,/Ci¢;P2134)�D6$C �+./(+8B1$M;.)8:��,O5�.)8
y�1$M+y"P+4
8
y�4:P2,/,)8:M�. ��1 ! 8�!
./(+8B1$M+y"P+4
8
y�4)(A5�,/�98 �A13&�&/��5�6$6 !

|}(+8�,)8:��5�1$M21$M2��?A5�,/. *�>N./(+8 4O(A5�,/�98�&/1$��MA5�6}13&�1$M+y"P+4
8
yzW�C
./(+8��r*�798:�r8:M�.�*�>¡./(+8 13*-M+&�>�,)*-� ./(+8
5�7-5�6�5�M+4O(+8 ,)8:��13*-M
.)*�./(+8�4�5�./(+*Dy28
& ��./,O5
798:6$1$M2��*�798:,Q5i,)8:6�5�./1$798:6$C®6�5�,/�98

∆Vi
!�V;1$M+4
8�./(+8�8:638
4:./,/134��A8:63y

1$M;.)8:M+&/1$.xC�y",)*-?+&G5�.�1$M+4:,)8�5-&/1$M2��y"13&/.O5�M+4
8�>�,)*-�Z./(+8r5�M+*Dy28
& �u./(+8 13*-M+&B&)63*�<�y2*�<0M®*-M�./(+8:1$,F<}5
Ch.)*³./(+8
4�5�./(+*Dy28
& �+4�5�P+&)1$M2��5�63*-M2�r.O5�1$6�1$Mi./(+8B4O(A5�,/�98G4
*-6$638
4:./13*-M�y"1�5���,O5���!

%�Mi8
&/./1$��5�./13*-Mi*�>�./(+8¡,)8:6�5�./1$798F4
*-M;./,/1$W2P2./13*-M�*�>�8:638
4:./,)*-M+&�5�M+y 13*-M+&}.)*�./(+8�&/1$��MA5�6u<01$6$6�> *-,0y"1�¸u8:,)8:M;.
y28:.)8
4:.)*-,)&�<01$6$6�Wu8Fy"13&)4:P+&)&)8
y³1$M�&O8
4:./13*-M�I"!JI"!JI"!

|}(+8 �r*�798:�r8:M�. *�>�./(+8Q4O(A5�,/�98
&_5�63&)*³1$M+y"P+4
8
&G*-?2?�*�&/1$.)8Q&)1$��MA5�63&B*-M�./(+8Q*-./(+8:,G8:638
4:./,)*Dy28
&�! |}(213&F13&
<0(A5�.�13&0�;M+*�<0M�5-&�4:,)*�&)& 
 .O5�6$��!
� ��� ��� ��	��
� 	 � �
� 	 ��� �
� �

%N6$./(+*-P2��(³./(+8F5��Q?26$1$./P+y28¡*�>�./(+8¡&)1$��MA5�6�?2,)*��+.)&�>m,)*-�E./(+8¡��5-&��GP26$./1$?26$134�5�./13*-M �A8:638
4:./,)*-M2134B5��Q?26$1��A4�5�./13*-M
13&�M+8
8
y28
y Wu8 >m*-,)8 >mP2,/./(+8:,�?2,)*D4
8
&)&/1$M2��13&�?u*�&)&/1$W2638�!�|}(213&�.O5-&)�B13&�?�8:,Y> *-,/�r8
y�W�C_y28
y"134�5�.)8
y ?2,)8�
 5��Q?26$1��A8:,)&�!

�F5-&)8
*-P+&ey28:.)8
4:.)*-,)&�5�,)8}P+&/PA5�6$6$C�8
¢;P21$?2?u8
y <01$./(r4)(A5�,/�98N5��Q?26$1��A8:,)&�5-&@./(+80*-M+8�&/(+*�<0Mr1$M �+��P2,)8�I"!$#�#�!
wx>�./(+8���5�1$M *�>�./(+8�*-?u8:,O5�./13*-MA5�6u5��Q?26$1��A8:,�13&e798:,/CQ(21$��( ��P+&/PA5�6A7�5�6$P+8
&�5�,)8

104−106 ���;1$. 13&�8�5-&/C .)*G&/(+*�<./(A5�.�./(+8F*-P2./?2P2.�79*-6$.O5��98
Vo
13&0?2,)*-?�*-,/./13*-MA5�6a.)*Q./(+8F1$M2?2P2.�4O(A5�,/�98 ��5-&��

Vo = − Q

Cf­¤(+8:,)8
Cf

13&¡./(+8_7�5�6$P+8 *�>�./(+8_> 8
8
y"WA5-4)��4�5�?A5-4:1$.O5�M+4
8�5-&¡y28:?2134:.)8
yh1$Mc�+��P2,)8rI"!$#�#�!B|}(+8_> 8
8
y"WA5-4)�
4:1$,)4:P21$.�5�63&O*�4
*-M�.O5�1$M+&�5c,)8
&/13&).)*-,

Rf
<0(2134O( &)8:,/798
& .)*h,)8
&)8:. ./(+8�5��Q?26$1��A8:,�5�M+yz.)*�&/(A5�?u8 ./(+8i&/1$��MA5�6

<01$./(²5 ./1$�r8Q4
*-M+&/.O5�M�.
τf = RfCf

!r NM+8r&/?u8�5��D&F*�>}?21$638�
 P2?®<0(+8:M�5 M+8:< &/1$��MA5�6 5�,/,/1$798
&GW�8 > *-,)8 ./(+8
?2,)8�
 5��Q?26$1��A8:,Q*-P2./?2P2.�13&GWA5-4O��*-M�1$.)&_WA5-&)8:6$1$M+8�!�|a*-�98:./(+8:, <01$./(
./(+8 4)(A5�,/�98 4
*-6$638
4:./13*-Mz./1$�r8 5�M+y
./(+8
��� 
 ./1$�r8�*�>�./(+8�y28:.)8
4:.)*-, �D./(+8N,/13&O8�
 ./1$�r8¡5�M+y�> 5�6$6�
 ./1$�r8N*�>a./(+8N?2,)8�
 5��Q?26$1��A8:,�y28:.)8:,/�Q1$M+8¡./(+8�&/(A5�?21$M2��*�>
./(+8G&/1$��MA5�6 !

V;1$M+4
8G�r*�&/.¡?2,)8�
 5��Q?26$1��A8:,)&�P+&)8
y�>m*-,��hV��G��&�(A5�798�5�Mc1$M�.)8:��,O5�./13*-M�./1$�r8�*�>�5�W�*-P2.
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x8:M+y ��5-&�&/(+*�<0M±&)4O(+8:��5�./134�5�6$6$C
1$M

�+��P2,)8BI"!$#�I"!L|}(213&}?2(+8:M+*-�r8:M+*-M�*�>aP2M�WA5�6�5�M+4
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����	 2�
	����	 ��	��
��� �&=



¦ ��\�� ��� ���m��f®p��-�m�a�;� p@l ` ���Nf d2«�` ��� « � ` � ` ������� « ¬�\

fR

C
Vo

Vi

Cf

T�1$��P2,)8NI"!$#�#��@KL,/1$M+4:1$?2638�*�>�./(+8�4O(A5�,/�98¡5��Q?26$1��A8:,�!
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8
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&r*�>¡./(+8
?2,)8�
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8
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y�.)* 5�79*-13y�./(A5�.�5r&)8
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8��"./1$M+4:. �2./(;P+&�4�5�P+&/1$M2�r?21$638�
 P2?�! %=WA5�6�5�M+4
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8
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&/13&/.O5�M+4
8�!³T+*-, 5³.xCD?2134�5�6�8:638
4:./,)*Dy28�4�5�?A5-4:1$.O5�M+4
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4:.)*-,��98
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4:.0.)*Q./(+8By28:.)8
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13&_./(+8
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∆x
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8
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8
σpos

!
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y
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&Q*-M
1$.)&�<�5�C9!�|}(+8
8:638
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��5-&}�r*-638
4:P2638
&�! |}(+8F8:638
4:./,)*-M+&0<01$6$6�y",/1�>�.0.)*�<�5�,)y2&�./(+8F&/P2W+&/./,O5�.)8�<0(+8:,)8�5-&0./(+8�?u*�&/1$./1$798�13*-M+&}<01$6$6��r*�798
.)*�<�5�,)y2&�./(+8Gy",/1�>m.¡?26�5�M+8�!���63*�&)8G.)*�./(+8�&/P2W+&/./,O5�.)8 �

< 50µm
�N5r&/./,)*-M2�³y"1$?u*-6�5�,��A8:63y �

> 100kV/cm
�

8��"13&/.)&�5�M+y�<01$6$6�4�5�P+&)8G5�7-5�6�5�M+4O(+8G�_P26$./1$?26$134�5�./13*-M�! �F5-&���5�1$M+&N*�>L./(+8B*-,)y28:,¡*�>
103 − 104 <�8:,)8 5-4)(2138:798
y<01$./(i./(213&�.xCD?�8F*�>Ly28:.)8
4:.)*-,)&�!

|}(+8F��V��B� y28:.)8
4:.)*-,N&/(+*�<�&¡5�M�P2�GWu8:,N*�>e5-y"7�5�M�.O5��98
&¡*�798:,�4:6�5-&)&)134�5�6�<01$,)8B4)(A5��_W�8:,)&��

• ·¡P+8�.)*®./(+8�6$1$./(+*-��,O5�?2(2134�.)8
4)(2M213¢;P+8
& P+&)8
y ��5�M 1$M;.)8:,³5�M+*Dy28�y"13&).O5�M+4
8 ��?21$.)4)( ��*�> 200µm
4�5�M

8�5-&/1$6$C�Wu8F5-4)(2138:798
y�!�%'&/?A5�./1�5�6�,)8
&O*-6$P2./13*-M�5-&0�9*D*;y�5-&
30µm

<�5-&N*-W2.O5�1$M+8
y³>m*-,0M+*-,/��5�6a1$M+4:13y28:M�.
?A5�,/./134:638
&�!

• %¡&�./(+8F4�5�./(+*;y28
&N5�,)8N798:,/C³4:63*�&)8¡.)* ./(+8F5�M+*;y28
& ��.xCD?2134�5�6$6$C 45µm
��./(+8F&/?A5-4
8�4)(A5�,/�98F13&},)8:�r*�798
y

798:,/Cc¢;P2134)�D6$C9!r|}(+8Q8:638
4:./,/134Q�A8:63y�4
*-M"�+��P2,O5�./13*-M²13&F&/P+4O(®./(A5�.B./(+8Q&/1$��MA5�6e1$M+y"P+4:./13*-M
13&¡> 5-&).)8:,F1$M
�hV��B�k./(A5�Mh1$M���­ K���&�!N|}(213&N13&�y28:�r*-M+&/./,O5�.)8
yc1$M��+��P2,)8 I"!$#�Hr<0(+8:,)8�./(+8G>�,O5-4:./13*-Mh*�> 4)(A5�,/�98
4
*-6$638
4:.)8
yhW�C�./(+8 &/./,/1$?+&�13&�&/(+*�<0Mh>m*-,B5�M���­ K���5�M+y�5�M��hV��G�'5-&B5�>mP2M+4:./13*-M�*�>�./1$�r8�!Bw .�13&
&)8
8:M�./(A5�.F5¨>�.)8:,

50ns
��R- 	��*�>e./(+8G4O(A5�,/�98�13&N4
*-6$638
4:.)8
y�1$Mc5�Mh�hV��G� <0(+8:,)8�5-&�*-M26$C�I�H	� *�>e./(+8

4)(A5�,/�98B13&�4
*-6$638
4:.)8
yi1$M�./(+8F��­ K��k4�5-&)8¡>m*-,0./(+8G&O5��r8F./1$�r8�1$M�.)8:,/7�5�6 !
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3 mm

Ionizing particle

Gas gap

Cathode strip

Anode strip

Metallisation

(0 V)

(-600 V)

field lines

E drift
+

e drifting

_ e-ion pair

_ +
_ +

_ +

_ +

+_

Cell width  200µ m

Drift plane (-3.5 kV)

Insulating
substrate

Back electrode

T�1$��P2,)8FI"!$#:U+� VD8
4:./13*-Mi*�>a./(+8¡�hV��B�¡!"| C;?2134�5�6�y"1$�r8:M+&/13*-M+&�5�M+y 79*-6$.O5��98
&05�,)8¡1$M+y"134�5�.)8
yi*-M�./(+8��+��P2,)8�!

•  N<01$M2�r.)*Q./(+8F(21$��(���,O5�M;P26�5�,/1$.xC�*�>@./(+8B��V��B� �"1$.�4�5�M�*-?u8:,O5�.)8FP2?�.)* �+P��28
&�*�> 106Hz/mm2 !

• V;��5�6$638:,���5�1$M �+P+4:./PA5�./13*-M+&�5�,)8G5-4O(2138:798
y�<01$./(�./(+8G�hV��B�k4
*-�Q?A5�,)8
y�.)*Q./(+8B��­ K��¡!A|}(213&013&¡54
*-M+&)8
¢;P+8:M+4
8B*�>�./(+8B(21$��(26$C³4
*-M+4
8:M;./,O5�.)8
yc5��Q?26$1��A4�5�./13*-M��A8:63y�!

• ­¤(+8:M��r*-P2M;.)8
y�1$M�5�M�8��D?u8:,/1$�r8:M�. ��5-&0./(+8F?u*�&/1$./13*-M�*�>@./(+8G5�M+*;y28
&�13&}���28
yi<01$./(�,)8
&/?u8
4:.�*�>@(213&M+8:1$��(�Wu*-,)&N*-M�*-M+8G&/P2W+&/./,O5�.)8 �A5�6$1$��M2�r8:M;.�Wu8
4
*-�r8
&�8�5-&/138:,�!

T�1$��P2,)8BI"!$#�H"�e|}1$�r8Fy28:798:63*-?2�r8:M;.¡*�>�./(+8�1$M+y"P+4
8
y�4)(A5�,/�98G*-Mi./(+8F8:638
4:./,)*;y28
&N*�>@5 ��­ K�� ��638 >m. �}5�M+y�5
��V��B� ��,/1$��(;. � !

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

V;1$M+4
8 ./(+8:1$,F1$M;./,)*;y"P+4:./13*-M�1$Mz#�{�[�[���7-5�,/13*-P+&¡> 5-4:.)*-,)&�./(A5�.F1$M��+P+8:M+4
8Q./(+8�W�8:(A5�7;13*-,B*�>�./(+8Q�hV��G�t(A5�798
Wu8
8:M�&/./P+y"138
y�!iV;1$M+4
8r./(+8:M�./(+8:Cc(A5�798�&/(+*�<0M�?2,)*-�Q13&/1$M2��,)8
&/P26$.)&_5-&B.)*�./(+8:1$,_5�W21$6$1$. C�.)*�*-?�8:,O5�.)8�1$M
5
<013y28B,O5�M2�98B*�>@8��"?u8:,/1$�r8:M�.)&�!

�N*�<�8:798:, �2y"P+8N.)*G./(+8:1$,}&/?A5�,/�D1$M2�_Wu8:(A5
7D13*-,�P2M+y28:,�5 �+P���*�>�(21$��(26$Cr13*-M21$´
1$M2� ?A5�,/./134:638
& �m�Nw Ke& � &)*-�r8
8��"?u8:,/1$�r8:M�.)&�,)8
4
*-M+&)13y28:,)8
y�./(+8:1$,�?u*�&/1$./13*-Mi.)*�<}5�,)y2&N��V��B��&�!
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%N6$�r*�&/.G5�M�Ch(21$��(®,)8
&)13&/./1$7;1$. Cc&)P2W+&/./,O5�.)8Q./(A5�.B13& ��5�._8:M+*-P2��(®.)*�5�6$63*�<E./(+8QP+&)8Q*�>}?2(+*-.)*-6$C;./(+*-��,O5�?2(2134
.)8
4O(2M213¢�P+8
&04�5�M³Wu8�P+&)8
y .)*���5�M�P"> 5-4:./P2,)8F��V��B��&�!L��V��B��&�(A5
798�Wu8
8:M &/(+*�<0Mi.)*G<�*-,/� *-M³&/P2W+&/./,O5�.)8
&
��5-y28 *�>�?26�5-&/./134 �J��S� � V;1�?26�5�.)8
& �J��  05�M+y
��6�5-&)&�!c�¡*�<�8:798:, � �r*�&/. �hV��B��& 5�,)8���5-y28 *-Mz·�°�VD% � · 

I���S ��6�5-&)&G./(A5�.B(A5-&G5³,)8
&)13&/./1$7;1$. Cc*�>

1015Ωcm
!Qwx.G<�5-&G4O(+*�&)8:M�> *-,F1$.)&B�9*D*;y�&)P2,Y> 5-4
8Q¢;PA5�6$1$.xC®5�M+y�./(+8

5�7-5�1$6�5�W21$6$1$. Cr1$M�y"1�¸�8:,)8:M�.�&)1$´�8
&�5�M+yr./(2134O�;M+8
&O&)8
& <0(2134O(���5��98
&�1$. &/P21$.O5�W2638�>m*-,e(21$��( 8:M+8:,/��CQ8��D?u8:,/1$�r8:M�.)&�!
�NM">m*-,/./P2MA5�.)8:6$C �A.x<�*r?2,)*-W2638:�r&�,)8:��5�1$M�<01$./(�./(213&��D1$M+yi*�>e&/P2W+&/./,O5�.)8�� 5¨>m.)8:,N5�M�5-4
4:P2�_P26�5�.)8
y�4O(A5�,/�98G*�>
100mC/cm

*�>L&/./,/1$? �2./(+8F��5�1$M�y",)*-?+&0W�C³U� 	� 5�M+y³�r*-,)8�!
% &)8
4
*-M+y�?2,)*-W2638:��4
*-M+4
8:,/M+&�./(+8�Wu8:(A5
7D13*-,F*�> ./(+8 4
*-P2M�.)8:,FP2M+y28:,�(21$��(h?A5�,/./134:638 �+P+8:M+4
8
&�!Fwx.¡<�5-&

y28:�r*-M+&/./,O5�.)8
&B>m*-,B&O8:798:,O5�6L.xCD?�8
&B*�>}(21$��(®,)8
&/13&)./1$7;1$. Cc&/P2W+&)./,O5�.)8
&F./(A5�.B./(+8 1$M21$./1�5�6e��5�1$M�*�>�./(+8r4
*-P2M�.)8:,
y",)*-?+&�<0(+8:M�./(+8G4
*-P2M;./1$M2��,O5�.)8
&�8��24
8
8
y

104Hz/mm2 �m&O8
8��+��P2,)8GI"!$#��	� !�|}(213&�8 ¸�8
4:.�13&N5�././,/1$W2P2.)8
y�.)*./(+8_4)(A5�,/��1$M2�³P2?�*�>e./(+8_&/P2W+&/./,O5�.)8�!�w *-M+&N4�5�M�,)8:��5�1$M�./,O5�?2?u8
yc*-M�./(+8�&/P2,Y> 5-4
8_*�>L./(+8G(21$��(26$Ci,)8
&/13&)./1$798
&/P2W+&)./,O5�.)8
&e5�M+y P2M+y28:,e(21$��(r8:M+*-P2��(r?A5�,/./134:638��+P��28
&L13*-M+&e4�5�M�5-4
4:P2�GP26�5�.)8�W�8:. <�8
8:M 5�M+*Dy28�5�M+yQ4�5�./(+*Dy28
1$M�*-,)y28:,�.)*�5�6$.)8:,�./(+8�63*;4�5�6��A8:63y�4
*-M"�+��P2,O5�./13*-M �+(+8:M+4
8F��5��D1$M2�r./(+8F��5�1$M�y",)*-?�!

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

T�1$��P2,)8GI"!$#��"�e�¡5�.)8�W�8:(A5�7;13*-,¡*�>@��V��B��&�5	� �F5�1$M�5-&�5_>mP2M+4:./13*-M�*�>@./1$�r8 �A5�.�7�5�,/13*-P+&01$,/,O5-y"1�5�./13*-M�,O5�.)8
&
<01$./(®H"!J{��98�� � 
 ,O5
C"& ��>m*-,B5�M��hV��G�t��5-y28�<01$./(®5 |a8
y"6�5�,F?26�5-&/./134Q&)P2W+&/./,O5�.)8 *�> ,)8
&/13&/./1$7D1$.xC

1014Ωcm.W �@�¡5�.)8�y28:?u8:M+y28:M+4
8�*�>�./(+8���5�1$M�>m*-, ��V��B��& ��5�M�P"> 5-4:./P2,)8
y�*-M�&O8:798:,O5�6�&)8:�Q1�
x4
*-M+y"P+4:./1$M2����6�5-&)&e?26�5�.)8
&
�"(A5�7;1$M2��5�W2P26$�³,)8
&/13&)./1$7;1$. C�Wu8:.x<�8
8:M

109 5�M+y 1012Ωcm
!

|}(+804O(A5�,/��1$M2�GP2?r*�>u./(+80&/P2W+&/./,O5�.)804�5�MrWu8�,)8
y"P+4
8
yrW;C_./(+8}P+&)80*�>�&/P2W+&/./,O5�.)8
&e<01$./(�5¡63*�<�8:,�,)8
&/13&/./1$7 

1$. C9! V;./P+y"138
&0(A5
798F&/(+*�<0Mi./(A5�.0./(+8¡,O5�.)8F4�5�?A5�W21$6$1$.xC³1$M+4:,)8�5-&)8
&�5-&}./(+8¡,)8
&/13&/./1$7D1$.xC y28
4:,)8�5-&)8
&�!�V;P2W+&/./,O5�.)8
&
<01$./(h5rW2P26$�i,)8
&/13&)./1$7;1$. C�*�>

1014 − 1016Ω/� (A5
798�&/(+*�<0M�.)*�W�8�5�W2638B.)* 4
*-?�8G<01$./(�?A5�,/./134:638��+P��28
&�P2?.)*
106Hz/mm2 <01$./(+*-P2.�5B&/1$��M21��A4�5�M;.���5�1$M³y",)*-?�!L~�*�< ,)8
&)13&/./1$7;1$. CQM+*-.�*-M26$Cr&O*-6$798
&�./(+8�,O5�.)8�?2,)*-W2638:� �1$.�5�63&)*r5�?2?u8�5�,)&�.)*Q&O*-6$798F./(+8B5���1$M2��?2,)*-W2638:� 5-&�13&�&/(+*�<0M�1$Mi�+��P2,)8GI"!$#�RD!
�N8
y"P+4:1$M2�³./(+8 ,)8
&/13&/./1$7D1$.xC�*�>�./(+8_��6�5-&O&F4�5�McWu8 y2*-M+8 1$M�&)8:798:,O5�6@<�5
C"&�!_|}(+8_. <�*i��5�1$Mh.)8
4O(2M213¢�P+8
&

P+&)8
y³1$M���V��B� .)8
4O(2M+*-63*-��C�5�,)8��

• ��(+8:�Q134�5�6�7�5�?�*-,¡y28:?�*�&/1$./13*-Mh*�>e./(21$M � ≈ 1500Angstrom
�Ny"1�5��r*-M+y�6$1$�98B6�5�C98:,)&�!¡VD8:798:,O5�6�?26�5�.)8
&

<01$./(³y"1�¸�8:,)8:M�.0y"1$�r8:M+&/13*-M+&}(A5�798¡W�8
8:M³��1$798:M�5G&)P2,Y> 5-4
8N,)8
&/13&/./1$7D1$.xCr1$M³./(+8N,O5�M2�98
1014 − 1015Ω/�1$M�./(213&�<�5
C9! |}(+8:CQ(A5
798�&/(+*�<0M³&/.O5�W2638N*-?�8:,O5�./13*-M P2?�.)*G1$,/,O5-y"1�5�./13*-Miy2*�&)8
&�*�>

80mC/cm
*�>�&/./,/1$?

5�M+yiM+* ��5�1$M�y",)*-?�P2M;./1$6�,O5�.)8
&�1$M�8��24
8
&)&�*�>
106Hz/mm2 !

• V;?2P2./.)8:,/1$M2�
*�>¡8:638
4:./,)*-M2134�4
*-M+y"P+4:./1$798i��6�5-&O& � >Y! 1 !²K�8
&).)*�7z��6�5-&)& �_*-M±M+*-,/��5�6���6�5-&)&�!�% 6�5�C98:,�*�>
≈ 1µm

13&e.xCD?2134�5�6$6$Cr&/?2P2./.)8:,)8
y�!L°e¢;PA5�6$6$CQ�9*D*;yQ,)8
&)P26$.)&e<�8:,)8¡*-W2.O5�1$M+8
y�<01$./(�./(213&e. C;?u8�*�>�4
*95�./1$M2�+!
�¡*�<�8:798:, �+./(+8FP+&O8F*�>�63*�<t,)8
&/13&/./1$7D1$.xC ��6�5-&)&0?2,)8
&)8:M;.)&�&)*-�r8Gy",O5
<0WA5-4)�"&��
#�!�|}(+8:C�*�>�.)8:M 4
*-M�.O5�1$Mi(+8�5�7;Cr�r8:.O5�63& ��<0(2134O( 1$M+4:,)8�5-&O8�./(+8N�GP26$./1$?2638G��*-P263*-�_W³&O4�5�./.)8:,/1$M2�Q5�M+y�./(�P+&
<�*-,)&)8:M+&�./(+8�./,O5-4)�D1$M2��4�5�?A5�W21$6$1$./138
&¡*�>L5 y28:.)8
4:.)*-,N6$1$�98G���hV�!

I"!�|}(+8B��5�1$M�*�>L./(+8By28:.)8
4:.)*-,N> *-,N5Q��1$798:M�?�*-.)8:M;./1�5�6�y"1�¸�8:,)8:M+4
8G13&�,)8
y"P+4
8
y�y"P+8B.)*�./(+8_5�6$.)8:,)8
y��A8:63y
4
*-M"�+��P2,O5�./13*-Mh5-&N&)8
8:M�1$M��+��P2,)8�I"!$#�[�5	� !}wxM�./(+8B,/1$��(�.¡?263*-.�*�>L./(+8G&O5��r8��+��P2,)8G./(+8G8:638
4:./,/134B�A8:63y
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T�1$��P2,)8�I"!$#�RD��5	�}�N8:6�5�./1$798B��5�1$Mh5�M+y�8:M+8:,/��C³,)8
&)*-6$P2./13*-M�5-&N5�>mP2M+4:./13*-M�*�>L./(+8_5-4
4:P2�_P26�5�.)8
y�4O(A5�,/�98G?u8:,
4:� *�>}&/./,/1$? ��>m*-,_5�M®��V��B����5-y28r<01$./(²V 
 [�{� � ³��6�5-&)&G5�M+y�4)(2,)*-�Q1$P2� &)./,/1$?+&�!QW �¡��8:6�5�./1$798r��5�1$M
5-&G5
>mP2M+4:./13*-M�*�>@./(+8B4:P2�GP26�5�./1$798_4)(A5�,/�98B>m*-,�5�M���V��B�¤��5-y28B*-M�y"1�5��r*-M+y�
x4
*95�.)8
y�·�°�VD% ��· 
 I���S ��6�5-&O&�!

13&�&/(+*�<0M�5-&�5_>�P2M+4:./13*-M�*�>@./(+8Fy"13&/.O5�M+4
8F.)* ./(+8B5�M+*Dy28�!ew .}13&�4:638�5�,/6$C &O8
8:Mi./(A5�.0./(+8F8:638
4:./,/134��A8:63y
13&¡�GP+4)(h,)8
y"P+4
8
yc1$Mc./(+8�4
*95�.)8
yc4�5-&)8 ��./(�P+&¡,)8
y"P+4:1$M2�i./(+8_��5�1$M�!NTA*-,F5���1$798:Mc��5-&N��5�1$Mh./(213&N<01$6$6
1$M+4:,)8�5-&)8Q./(+8Q8:M+8:,/��Cc,)8:638�5-&)8
y�<0(+8:M�W2,)8�5��"y2*�<0M²*;4
4:P2,)& ��(+8:M+4
8 1$M+4:,)8�5-&/1$M2��./(+8Q?2,)*-WA5�W21$6$1$. C�> *-,
W2,)8�5��;1$M2��./(+8�>�,O5���1$638_5�M+*;y28
&�!

S"!�wx.�13&�.)8
4O(2M+*-63*-��134�5�6$6$C�> 5�,��r*-,)8Q4)(A5�6$638:M2��1$M2��.)*���5��98 �9*D*Dyc¢;PA5�6$1$.xCc�hV��G��*-Mh&)P2W+&/./,O5�.)8
&�./(A5�.
(A5
798�W�8
8:M *�798:,)4
*95�.)8
y�! �e8:,/Cn*�>�.)8:M¤./(+8���5�./M+8
&)& *�>B./(+8
&)8�4
*95�./1$M2�
13&�<�*-,)&)8�./(A5�M¤./(+8�*-,/1$��1�

MA5�6e&/P2W+&/./,O5�.)8r*-,F./(+8Q4
*95�./1$M2����5
CcM+*-.FW�8r5�W2638 .)*³<01$./(+&/.O5�M+y®./(+8Q4)(+8:�Q134�5�63&_P+&)8
y�y"P2,/1$M2��./(+8
��5�M�P"> 5-4:./P2,/1$M2��?2,)*D4
8
y"P2,)8�!
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T�1$��P2,)80I"!$#�["��5	� �F5-&���5�1$Mr5-&�5�>mP2M+4:./13*-M *�>�./(+8 79*-6$.O5��980y"1�¸�8:,)8:M+4
8�W�8:. <�8
8:M ./(+805�M+*;y28}5�M+y�./(+8�4�5�./(+*Dy28
&)./,/1$?+& 1$M �hV��B�±��5-y28�<01$./( &/P2W+&/./,O5�.)8
&�*�>a&/P2,Y> 5-4
8�,)8
&/13&/./1$7D1$.xC

1017Ω/� ��,O5
< :B5�?2.)*-M ��5�M+y
1013Ω/� !W ��°L638
4:./,/134¡�A8:63y³&/./,)8:M2��./(³?A5�,O5�6$638:6�.)*_./(+8�&/P2W+&/./,O5�.)8F5 5F>mP2M+4:./13*-Mi*�>�./(+8¡y"13&/.O5�M+4
8�.)*G./(+8F5�M+*Dy28 �D>m*-,05

4O(A5��GWu8:,�<01$./(�5�&/P2,Y> 5-4
8¡,)8
&/13&)./1$7;1$. C�*�>
1014Ω/� �m&)*-6$13y³6$1$M+8 ��5�M+y > *-,�5_4O(A5��GWu8:,0(A5
7D1$M2��5 4µm

./(2134O�
1013Ω/� ,)8
&/13&/./1$7D1$.xC 6�5
C98:,�*-M�.)*-?�!

¦ ��¦ � � ��¦ � l ` ��������� `;«
°e638
4:./,)*;y28
&F��5�.)8:,/1�5�6 �ay"1$�r8:M+&/13*-M+&B5�M+yh&/(A5�?�8Q5�6$6@?26�5
Ch5�Mh1$�Q?�*-,/.O5�M;.B,)*-638�1$Mc./(+8 &/(+*-,/.F*-,�63*-M2�³.)8:,/�
Wu8:(A5
7D13*-,�*�>@./(+8B��V��B�¡!

|}(+8G��5�.)8:,/1�5�6�>�,)*-� <0(2134)(h./(+8�&/./,/1$?+&N5�,)8_��5-y28G(A5-&N.)*rWu8G4O(+*�&)8:Mc<01$./(���,)8�5�.�4�5�,)8�!¡V;./,/1$?+&N��5-y28
*�> %N6�5�,)8G�;M+*�<0M�.)*�Wu8G&/P2W"X/8
4:.�.)*�> 5-&).N5���1$M2� 8:798:M�> *-,�63*�<�1$,/,O5-y"1�5�./13*-M�y2*�&)8
&�!�w M �J�9R  e5ry",)*-?h*�>e./(+8
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��5�1$M®W;C±#� 	��13&G&O8
8:M
5¨>�.)8:,�5�M®1$,/,O5-y"1�5�./13*-M²y2*�&O8r*�>B#:��� ��4:��!i NM�./(+8�*-./(+8:,G(A5�M+y ��y28:.)8
4:.)*-,)&_��5-y28
<01$./(i�9*-63y�&)./,/1$?+&�4
*-P263y�&/P+&).O5�1$Mi1$,/,O5-y"1�5�./13*-M�y2*�&)8
&0P2?�.)*rH� ���� ��4:� &/./,/1$?�!

µ}*-./(®8:638
4:./,)*Dy28 <013y"./(�5�M+yh./(2134)�DM+8
&)&F1$M��+P+8:M+4
8Q./(+8���5-&F��5�1$M�!�T�1$��P2,)8rI"!$#�{�5	�¡&/(+*�<�&B./(+8 ��5�1$M�5-&
5i>�P2M+4:./13*-Mz*�>�./(+8�5�M+*Dy28�79*-6$.O5��98 ��> *-,_y"1�¸�8:,)8:M�. 4�5�./(+*Dy28�<013y"./(+&�!�|}(+8�?21$.)4O(z5�M+y
./(+8�5�M+*Dy28�<013y"./(
5�,)8 4
*-M+&/.O5�M;.G5�.¡7�5�6$P+8
&F*�> ,)8
&/?u8
4:./1$798:6$C

200µm
5�M+y

7µm
!GT�1$��P2,)8rI"!$#�{�W �N&/(+*�<�&F./(+8 y28:?�8:M+y28:M+4
8Q*�>

./(+8���5�1$M�*-Mi./(+8G5�M+*Dy28�<013y"./(�!e�¡8:,)8�./(+8F?21$.)4)(c5�M+y³./(+8F4�5�./(+*;y28F<013y"./(c5�,)8��98:?2.�4
*-M+&/.O5�M�.�5�.
200µm5�M+y

90µm
,)8
&)?�8
4:./1$798:6$C9!_wx.�13&�&)8
8:Mh./(A5�.�./(+8 ��5�1$Mc13&F&).)8
8:?26$C�y28:?�8:M+y28:M;.G*-Mh./(+8Q5�M+*;y28�<013y"./(�!G%}.G5

4�5�./(+*Dy28079*-6$.O5��98¡*�> −500V
�;5Fy"1�¸�8:,)8:M+4
8�*�>

5µm
*�>�./(+8N5�M+*Dy280<013y"./( 4)(A5�M2�98
&�./(+80��5�1$M�W;C�5¡> 5-4:.)*-,�I"!

|}(+8_y28:?�8:M+y28:M+4
8 *-Mc./(+8_4�5�./(+*Dy28G<013y"./(c13&�> 5�,N638
&)&�?2,)*-M+*-P2M+4
8
y�!¡|a*³*-W2.O5�1$M�5ry"1�¸�8:,)8:M+4
8 *�>�5 > 5-4:.)*-,
I�1$Mi��5�1$M�5�. −500V

�+5Qy"1�¸�8:,)8:M+4
8F1$M�4�5�./(+*Dy28F<013y"./(�*�> ≈ 40µm
13&�M+8
8
y28
y�!
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T�1$��P2,)8�I"!$#�{"�r5	� �B5-&G��5�1$Mz5-&�5i>�P2M+4:./13*-M²*�>�./(+8�5�M+*Dy28�79*-6$.O5��98�>m*-,�y"1�¸u8:,)8:M;.�4�5�./(+*Dy28�<013y"./(+&�5�M+yz5
���28
y�?21$.)4O(�5�M+y®5�M+*;y28�<013y"./(�!FW � �F5-&���5�1$M®5³5�>�P2M+4:./13*-M�*�> ./(+8r5�M+*Dy28�79*-6$.O5��98�>m*-,�y"1�¸�8:,)8:M�.G5�M+*Dy28
<013y"./(+&�5�Mc5_���"8
yi?21$./(c5�M+yi4�5�./(+*;y28F<01$./(�!

w M �+��P2,)8�I"!JI� ���./(+8�y28:?�8:M+y28:M+4
8N*�>�./(+8���5�1$M�*-Mr./(+8�5�M+*Dy28}79*-6$.O5��98�13&e&)(+*�<0MQ> *-,e.x<�*Gy"1�¸�8:,)8:M�. &)./,/1$?
./(2134O�;M+8
&)&O8
&�!L|}(+8G5�M+*Dy28F<013y"./(�<�5-&

13µm
�"./(+8B?21$.)4)(

200µm
5�M+y³./(+8B4�5�./(+*Dy28F<013y"./(

80µm
!

|}(+8�8:M+y
*�>0./(+8 4:P2,/798
&G1$M��+��P2,)8
&QI"!$#�{�5�M+yzI"!JI� i<�5-& y28:.)8:,/�Q1$M+8
y
W�C
5�M²*�798:,)4:P2,/,)8:M;.Q./(A5�.G<�5-&
�r8�5-&/P2,)8
y W�Cn5�M 8:638
4:./,)*-�r8:.)8:,�!k�c8�5�M21$M2��./(A5�.�./(+8�y28:.)8
4:.)*-,�Wu8
4
*-�r8
&�P2M+&).O5�W2638�!¤|}(+8�8:M+yn*�>F./(+8
4:P2,/798
&0./(;P+&�y28:.)8:,/�Q1$M+8
&N./(+8�(21$��(+8
&/.N5�./.O5�1$MA5�W2638G��5�1$Mi>m*-,0./(+8B��1$798:M�8:638
4:./,)*;y28G4
*-M"�+��P2,O5�./13*-M�!

|}(213&B�r8�5�M+&B./(A5�._5�6$./(+*-P2��(
5�4�5�./(+*;y28Q<013y"./(
*�>
130µm

��1$798
&G5³(21$��(+8:,B��5�1$M®>m*-,G5 ��1$798:M
5�M+*Dy28
79*-6$.O5��98 �"./(+8�(21$��(+8
&/.�5�./.O5�1$MA5�W2638B��5�1$Mi13&�5B> 5-4:.)*-,�I_63*�<�8:,�./(A5�M³>m*-,

90µm
<013y28F4�5�./(+*;y28
&�!ewxM³./(+8�4�5-&)8

*�>�./(+8r5�M+*;y28 <013y"./( ��5
7µm

5�M+*Dy28 13&�?2,)8 >m8:,/,)8
y®&)1$M+4
8
5µm

<013y28�5�M+*Dy28r5�,)8 .)*D*�>m,O5���1$638�! |}(+8Q&/./,/1$?
./(2134O�;M+8
&)& �+(+*�<�8:798:, �u13&�*�>m.)8:M�y28:?u8:M+y28:M�.�*-M�./(+8G?2(+*-.)*-6$C;./(+*-��,O5�?2(2134�?2,)*D4
8
&)&�P+&O8
y�5�M+y�4�5�Mc./(+8:,)8 > *-,)8
M+*-.�5�6$<}5
C"&�Wu8F4)(A5�M2�98
y�!

|}(+8G��5-&���5�1$M�13&N5�63&)* 5¨¸u8
4:.)8
y�W�Ci./(+8B?21$.)4O(�!0|}(213&N4�5�M�W�8G&)8
8:M�1$Mi�+��P2,)8 I"!JI"#�!0T�1��D1$M2��./(+8_5�M+*Dy28
<013y"./(®5�M+yh./(+8���5�?�W�8:. <�8
8:M
5�M+*Dy28Q5�M+y�4�5�./(+*;y28�638�5-y2&F.)*i5�Mh1$M+4:,)8�5-&)8Q*�>�./(+8_��5�1$M�<01$./(h1$M+4:,)8�5-&/1$M2�
?21$.)4O(�!�|}(213&e13&L8��D?26�5�1$M+8
y W;C_./(+8}1$M+4:,)8�5-&/1$M2�FM;P2�GWu8:, *�>��A8:63y 6$1$M+8
&L4
*-6$638
4:.)8
yQ?�8:,e5�M+*Dy28}1�>�*-M+8}1$M+4:,)8�5-&)8
&
./(+8�?21$.)4)( �D,)8
&/P26$./1$M2��1$M³5B(21$��(+8:,�.)*-.O5�6�5��Q?26$1��A4�5�./13*-M�!eT�1��D1$M2��./(+8N5�M+*Dy28�5�M+y�4�5�./(+*Dy28�<013y"./(+&�638�5-y2&�.)*
5_y28
4:,)8�5-&)8¡*�>a./(+8N�A8:63y�1$M ./(+8¡��5�?�Wu8:.x<�8
8:Mi./(+8¡5�M+*Dy28
&05�M+y 4�5�./(+*Dy28
&05�M+y ./(�P+&�.)*Q5B��5�1$M³y",)*-?³<0(+8:M
./(+8 ?21$.)4O(®1$M+4:,)8�5-&)8
&�! |}(+8 .x<�*�8 ¸�8
4:.)&B4�5�M�W�8 4
*-�Q?u8:M+&O5�.)8
y�W;C�7�5�,/C;1$M2�i./(+8 ?21$.)4O(
5�M+yh./(+8Q4�5�./(+*Dy28
<013y"./(�5�. ./(+8�&O5��r8}./1$�r8}> *-6$63*�<01$M2�_./(+8�&)8:�Q1�
x8:�Q?21$,/134�5�6�6�5
< y28:798:63*-?u8
y�5�.L./(+8 �¡w :F�N°eT��}1$M+&/./1$./P2.)8 � U�U  x�

g = p/8 + 20µm
� I"!JS�H	�

<0(2134O(h(A5-&N&/1$M+4
8_Wu8
8:M��DM+*�<0M®5-&�./(+8 �¡w :F�¡°eT±,/P2638�!N�N8:,)8:1$Mc��13&N./(+8 5�M+*;y28�
x4�5�./(+*Dy28���5�?h5�M+y�?
./(+8�?21$.)4O(�! µ}*-./(�¢;PA5�M�./1$./138
&�(A5�798F.)*QWu8F8��D?2,)8
&O&)8
y³1$M��Q134:,)*-M+&�!

�#. �������	��
 .�	&� 	#� �!������� � ��� ��� ��
�
���$ �*��� � 	#��� � 	#� � ���%	 � ��	#� ���!	 � )�����"&� =
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T�1$��P2,)8GI"!JI� "�e·�8:?�8:M+y28:M+4
8G*�>�./(+8F��5-&���5�1$M�*-M�5�M+*;y28B79*-6$.O5��98�>m*-,�y"1�¸�8:,)8:M�.¡&/./,/1$?�./(2134O�;M+8
&)&O8
&�! ���  
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T�1$��P2,)8QI"!JI"#���KeP263&)8G(+8:1$��(;.G5-&F5Q>mP2M+4:./13*-M�*�> ./(+8Q5�M+*;y28�&/./,/1$?h?21$.)4)(c> *-,¡y"1�¸�8:,)8:M�.B8:638
4:./,)*Dy28
&F4
*-M"�+��P�

,O5�./13*-M+&�!� N?u8:M�&)¢;PA5�,)8
&��@���28
y�5�M+*;y28B<013y"./(�5�M+y�5�M+*Dy28B4�5�./(+*;y28G��5�?�!� N?u8:M�y"1�5��r*-M+y2&��e���"8
y�5�M+*Dy28
5�M+y�4�5�./(+*;y28Q<013y"./(+&�!���63*�&)8
y®&)¢;PA5�,)8
&��¡���28
yh<013y"./( ��4�5�./(+*Dy28 <013y"./(®7�5�,/138
y�5-4
4
*-,)y"1$M2��.)*��¡w :F�¡°eT
,/P2638 � I"!JS�H	��� U�U  x!
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& <�8:,)8³?2,)*;y"P+4
8
y � ./(+8:C�<�8:,)8�5-&)&)8:�GW2638
yn1$M�.)*®5�?A5�,/./134:638
y28:.)8
4:.)*-,�!

|�<�*���5�1$M��9*95�63&0M+8
8
y28
y�.)* W�8B5-4O(2138:798
y��
#�!�KL,)*D*�>�./(+8�7�5�6$13y"1$.xC�*�>�./(+8N1$�r8
4�.)8
4O(2M+*-63*-��C �"1 ! 8�!@4�5�M³y28:.)8
4:.)*-,)&}8
¢�P21$?2?u8
yr<01$./(³&/P2W+&/./,O5�.)8
&���5-y28
1$M�w ��°�� 8���4:138:M;./6$C�y28:.)8
4:.���1$M21$�GP2� w *-M213&/1$M2�rK@5�,/./134:638
& �m�cw Ke& ���

I"!�%�,)8¡./(+8
&)8�&O5��r8�y28:.)8
4:.)*-,)&�5�W2638�.)* 4
*-?u8¡<01$./(i5_,O5-y"1�5�./13*-M�8:M;7;1$,)*-M2�r8:M;.�4
*-�Q?A5�,O5�W2638F.)*�<0(A5�.}13&
8��D?u8
4:.)8
y�5�.0./(+8B~a�����

|�*�5�M+&)<�8:,}./(+8
&)8¡¢�P+8
&/./13*-M+& ��./(+8¡y28:.)8
4:.)*-,)&}<�8:,)8N1$,/,O5-y"1�5�.)8
y³1$M�?A5�,/./134:638NWu8�5��r&�!L|}(+8�?2,)*-?u8:,/./138
&}*�>a./(+8
w �c°���&)P2W+&/./,O5�.)8
&G<�8:,)8 1$M�798
&/./1$��5�.)8
y²1$M±5�M

8GeV/c
?213*-MzWu8�5�� ��<0(2134)(±4
*-M�.O5�1$M+&Q*-M26$C��cw Ke&�!�|}(+8

~a���'4
*-M+y"1$./13*-M+&F<�8:,)8Q,)8:?2,)*;y"P+4
8
yhW;Cc5
300MeV/c

?213*-M�Wu8�5���!B�N8:,)8 ./(+8 y28:.)8
4:.)*-,)&G5�,)8 &/P2W"X/8
4:.)8
y
.)*r5Q(21$��(��+P��³*�>L�cw Ke& �2&/P2?�8:,/?u*�&)8
y³.)*r5 ,O5�.)8G*�>��N1$��(26$C 13*-M213&)1$M2��K�5�,/./134:638
& �m�¡w Ke& � !

T2P2,/./(+8:,/�r*-,)8 �+5B4
*-�Q?A5�,/13&)*-M³<}5-&���5-y28NWu8:.x<�8
8:Miy28:.)8
4:.)*-,)&}8
¢;P21$?2?�8
y�<01$./(�1$�r8
4N��5-y28N&)P2W+&/./,O5�.)8
&
5�M+y�y28:.)8
4:.)*-,)&N8
¢;P21$?2?u8
yi<01$./(�&/P2W+&)./,O5�.)8
&���5-y28G1$M�%N~a° �Nw % �mwx.O5�6$C ��P+&/1$M2��./(+8F6$1�>m.�
x*�¸h.)8
4O(2M213¢�P+8�!0w M
./(213&�.)8
4)(2M+*-63*-��C ��5�6�5�C98:,�*�>@?2(+*-.)*-,)8
&/13&/.�13&0&/?2P2M�P2?�*-Mi./(+8�WA5�,)8 �+4:638�5�M+8
y �+��6�5-&)&�&/P2W+&/./,O5�.)8�! |}(+8�,)8
&/13&/.
13&_1$6$6$P2�Q1$MA5�.)8
y²./(2,)*-P2��(z5���5-&/��5�M+y®./(+8:Mzy28:798:63*-?u8
y�!�%�>�.)8:,_./(213&_&/.)8:? ��./(+8�M+8:��5�./1$798�1$��5��98 *�>�./(+8
��V��B��&/P2W+&)./,O5�.)8Q,)8:��5�1$M+&_*-M�./(+8r��6�5-&)&�!��¡8��D. ��5 ./(21$M �  "! U

µm
��%NP®13&By28:?u*�&/1$.)8
y®*-M®./(+8Q&/P2W+&)./,O5�.)8

7D1�5�8�
 W�8�5��Z8:7�5�?�*-,O5�./13*-M�!�w Mh5�6�5-&/.�&/.)8:?�./(+8�?2(+*-.)*-,)8
&/13&).¡13&¡,)8:�r*�798
y�>m,)*-��./(+8_&)P2W+&/./,O5�.)8 �u,)8:�r*�7D1$M2�
./(+8G&/P2?�8:,��+P+*-P+&N�9*-63y�5�M+y�638�5
7D1$M2��./(+8G��V��B� ?A5�./.)8:,/M�!}%§4
*-�Q?A5�,/13&)*-Mc*�>@Wu*-./(�.)8
4O(2M213¢�P+8
&N13&�&/(+*�<0M
1$M³�+��P2,)8

� � � � & ��� ��� - ����� � �', ����& -����������4!�& � & � 
 � � ��&��
� ������� � � � 	��
� 
 � 	 � 	 � � � ���

|}(+8�|�{�Wu8�5��¯13&0y28
y"134�5�.)8
y³.)* ./(+8F����V 5�M+yi%L|0~�%FV 8��D?u8:,/1$�r8:M�.)&�! wx.�13&�5�&)8
4
*-M+y+5�,/C�Wu8�5�� y28:,/1$798
y
>m,)*-� 5

24GeV/c
?2,)*-.)*-M�Wu8�5�� ��8��"./,O5-4:.)8
y�>m,)*-� ./(+8�K�V�!a|}(+8�8��D./,O5-4:.)8
y�?2,)*-.)*-M+&G1$M;.)8:,O5-4:._1$Mz5���P

.O5�,/�98:.�!²|}(+8³,)8�5-4:./13*-Mn?2,)*Dy"P+4:.)&r5�,)8³./(+8:M±P+&)8
yz.)*c?2,)*;y"P+4
8³./(+8i|�{cWu8�5���!�|}(213&�&)8
4
*-M+y+5�,/C
Wu8�5��
13&F4
*-�Q?u*�&)8
y�*�>�?213*-M+&G5�M+yh?2,)*-.)*-M+&FP2?�.)*�5 �r*-�r8:M�./P2� *�>

10GeV/c
<01$./(�5�M®8:M+8:,/��C�,)8
&O*-6$P2./13*-M®*�>

 "!JI�U � ! |}(+8Q4
*-M;.)8:M�._*�>�./(+8 W�8�5�� 5-&B5�>mP2M+4:./13*-M�*�>�./(+8 ?A5�,/./134:638r�r*-�r8:M�./P2� 4�5�M�Wu8Q&)8
8:Mh1$Mh�+��P2,)8
U+!JI"!

|}(+8BWu8�5���<�5-&�./P2M+8
y�.)*�5Q�r*-�r8:M�./P2��*�>
8GeV/c

y"P2,/1$M2��./(+8G.)8
&/.)&�!�|}(+8BWu8�5�� > *-6$63*�<�&N./(+8BK�V
8��"./,O5-4:./13*-MhW2P2M+4)(+8
& �uCD138:63y"1$M2��I�?�8:,/13*Dy2&N*�>}S� � ��r&�<01$./(�>mP26$6@1$M�.)8:M+&/1$. C ��1 ! 8�!

10kHz/mm2 ��?�8:,�&/?21$6$6 !°�5-4)(h4:CD4:638G(A5-&N5ry"P2,O5�./13*-Mh*�>
12s

�+,)8
&)P26$./1$M2��1$M�5�y"P2.xC�4:C"4:638G*�> H	� !0|}(+8G&)P2,Y> 5-4
8G1$,/,O5-y"1�5�.)8
y�W;Ci./(+8
./(+8BW�8�5�� <}5-&

2× 4cm2 !
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Bare cleaned glass substrate.

of the photoresist
Sputtering of Ti and Cu + patterning Patterning of the photopolymer

e−beam evaporation

Electroless Ni−Au platingRemoval of the photopolymer

Wet etching and remova of the 
photoresist

Lift−off Imec

T�1$��P2,)8FU+!$#��L&)4O(+8:��5�./134�5�6�7D138:<t*�>�6$1�>m.�
x*�¸ ��638 >�. �05�M+y�8:638
4:./,)*-638
&)&�?26�5�./1$M2� ��,/1$��(;. �}?2,)*D4
8
&)&!�A*�<�&�!

T�1$��P2,)8FU+!JI"�eKL13*-M �+?2,)*-.)*-M�5�M+yi��5-*-M�4
*-M�.)8:M;.N*�>@./(+8B|�{Q5-&�5�>mP2M+4:./13*-M�*�>@./(+8��r8�5�M�W�8�5�� 8:M+8:,/��C9!
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� �������
π
� � ��	�� � 
 ��	 � 	 � � � �

|}(+8
π
�
#�W�8�5��¯5�. ./(+8¡K�5�P26�V;(+8:,/,)8:,0wxM+&)./1$./P2.)8 �mK�VDw �L1$M �N1$6$6$1$�98:M � V;<01$./´�8:,/6�5�M+y � 13&�5G&)8
4
*-M+y+5�,/CrWu8�5��

�98:M+8:,O5�.)8
y�W�CQ4
*-6$6$13&/13*-M+&�*�>�?2,)*-.)*-M+& ?2,)*Dy"P+4
8
yrW;CQ./(+8�K�VDw@4:C"4:63*-./,)*-M�!L|}(+8�?2,)*-.)*-M 8:M+8:,/��CQ13&�H�{� B�c8�� !
|}(+8 4:C"4:63*-./,)*-M²13&_W2P2M+4)(+8
y±5�.Q5i>m,)8
¢;P+8:M+4:C�*�>NH� -���N´9!c|}(+8�?2,)*-.)*-M+& 4
*-6$6$13y28i5���5�1$M+&/.Q5�H��Q� ./(2134)�
��,O5�?2(21$.)8G?26�5�.)8�!

|}(+8G�r*-�r8:M;./P2��&)?�8
4:./,/P2� *�>e./(+8B,)8
&/P26$./1$M2� ?213*-M�Wu8�5�� 4�5�McWu8G&)8
8:M�1$M��+��P2,)8_U+!JS"!�|}(+8_5�798:,O5��98
?213*-M¤�r*-�r8:M�./P2� 13&

350MeV/c
!=Ke13*-M+&�1$M¤./(213&r�r*-�r8:M�./P2� ,O5�M2�98�(A5
798h5�(21$��(¤4:,)*�&O&�&)8
4:./13*-M >m*-,

1$M+8:6�5-&)./134
π

 ?�&)4�5�./.)8:,/1$M2� �m&)8
8��+��P2,)8BU+! U ���$#� �H  x!e­ (+8:M�./(+8F?213*-M+&�1$M�.)8:,O5-4:.�&/./,)*-M2��6$Ci<01$./(�./(+8_y28:.)8
4:.)*-,

��5�.)8:,/1�5�6 ��./(+8³,)8
&/P26$./1$M2��M�P+4:638�5�,r>m,O5����r8:M�.)&�4�5�M 8:M�.)8:,�./(+8³��5-&Q79*-6$P2�r8�!n|}(+8�8:M+8:,/��C²63*�&)&r*�>�./(+8
&)8
>m,O5����r8:M�.)&_1$M�./(+8r��5-&B79*-6$P2�r8 4�5�M®W�8rP2?�.)*®#� � �./1$�r8
&B6�5�,/�98:,G./(A5�M�>m*-,G�Q1$M21$��5�6�13*-M21$´
1$M2��?A5�,/./134:638
&
�$#� ��  x! |}(+8F1$M;.)8:M+&/1$.xC�*�>@./(+8B?213*-M�W�8�5���4�5�M�W�8�7�5�,/138
yi>m,)*-�

10− 20Hz/mm2 �+4�5�6$638
y�63*�<=1$M;.)8:M+&/1$.xC
�m~aw ���AP2?�.)*

5kHz/mm2 ��4�5�6$638
y�(21$��(�1$M�.)8:M+&)1$.xC �m�¡w � !A%}.�(21$��(�1$M�.)8:M+&/1$. C�./(+8G?A5�,/./134:638_,O5�.)8_4�5�M�,)8�5-4O(
9kHz/mm2 1$M�./(+8G4
8:M�.)8:,�*�>@./(+8FWu8�5���!V;1$�GP26�5�./13*-M+&�(A5
798_&/(+*�<0Mc./(A5�.�./(+8_K�VDw

π
�
#B(21$��(�1$M�.)8:M+&)1$.xC�Wu8�5���,)8:?2,)*Dy"P+4
8
&�./(+8_8��D?u8:,/1$�r8:M�.O5�6

4
*-M+y"1$./13*-M+&�.)*Q<0(2134)(�./(+8B�hV��G��&0<�*-P263y�(A5
798FWu8
8:M�&/P2W"X/8
4:.)8
y³1$M+&/13y28_����V	�$#� ��� x!

T�1$��P2,)8BU+!JS"�e��*-�r8:M;./P2� &/?u8
4:./,/P2��*�>@./(+8�?213*-M+&�1$Mi./(+8
π
�²#�W�8�5���!

� � � � &�� &(���'! ��&4��& � ����� � & ��� ��� - ����� �
� ������� ����
�� ���
	 ��� � 	 �
�
���

%¯�98:M+8:,O5�6}7D138:< *�>�5�M²��V��B� &/P2W+&/./,O5�.)8�13&G��1$798:Mz1$M
�+��P2,)8�U+!JH"!c|}(213&_�+��P2,)8 13&G�r8:,)8:6$C
1$6$6$P+&/./,O5�./1$798
5-&�./(+8Gy28:.O5�1$63&�*�>L./(+8Gy28
&/1$��Mc4�5�M�7�5�,/C9!0T+*-,¡1$M+&/.O5�M+4
8B./(+8G63*;4�5�./13*-Mh*�> 5�M+*;y28
&�5�M+y�4�5�./(+*Dy28
& ��5�M+y�./(+8
5-4:./PA5�6�y"1$�r8:M+&/13*-M+&�*�>@./(+8B&/P2W+&/./,O5�.)8G4�5�M�y"1�¸u8:,N5-4
4
*-,)y"1$M2��.)* ./(+8By28
&/1$��M�!

­®8 <01$6$6L./(�P+&B4
*-M+4
8:M;./,O5�.)8r*-M�./(+8�>m8�5�./P2,)8
&�./(A5�.G5�,)8Q4
*-�Q�r*-M�.)*��r*�&).By28
&/1$��M+&�!� NM®*-M+8Q&)13y28�*�>
./(+8_&/P2W+&/./,O5�.)8 � 5�.�./(+8BWu*-./.)*-��1$M��+��P2,)8BU+!JH	����./(+8G4�5�./(+*Dy28
&¡5�,)8B��,)*-P2?�8
y�.)*-�98:./(+8:,�! �N&)PA5�6$6$Ci5r��,)*-P2?
13&�4
*-�Q?�*�&)8
y�*�>}#�� 4�5�./(+*Dy28
&�!e|}(+8B� �'&)P2?2?26$C³4�5�MiWu8Fy2*-M+8F7D1�5 ./(213&0�r8:.O5�6a4
*-M2M+8
4:./13*-M�!

%}.�./(+8F*-?2?u*�&/1$.)8�&/13y28�*�>�./(+8F&)P2W+&/./,O5�.)8 �"./(+8F5�M+*;y28�&/.O5�,/./1$M2�Q?u*-1$M�.)&�5�,)8¡63*D4�5�.)8
y��L./(+8F5�M+*;y28�Wu*-M+y�

?A5-y2&�!�|}(+8
&)8Q?A5-y2&G.xCD?2134�5�6$6$Ch(A5
798�5i<013y"./(
*�>

20µm
> *-,B<01$,)8QWu*-M+y"1$M2��./(+8:� .)*i./(+8Q,)8�5-y�
x*-P2._8:638
4�


./,)*-M2134
&�!L|}(+8N4�5�./(+*Dy28
&}8:M+y2&aXYP+&/.�W�8:(21$M+y�./(+8�?u*-1$M�.�<0(+8:,)8¡./(+8¡5�M+*Dy28NW�*-M+y�
 ?A5-y2&05�,)8NMA5�,/,)*�<�8
yiy2*�<0M
.)*

7µm
.)* Wu8
4
*-�r8�./(+8B5-4:./PA5�6�5�M+*;y28
&�!L|}(+8B5�M+*;y28
&0./(+8:M�&/./,)8:.)4)(i.)* ./(+8B*-./(+8:,�&)13y28F*�>�./(+8F&/P2W+&/./,O5�.)8

|a*h5
79*-13y²(21$��(
63*D4�5�6�8:638
4:./,/134��A8:63y2&�y"P+8�.)*�./(+8�?�*-1$M;.�8 ¸�8
4:. ��W�*-./(z4�5�./(+*;y28³5�M+yz5�M+*;y28�8:M+y"1$M2�9&
5�,)8�,)*-P2M+y
*�¸¤5-&�&)8
8:M
1$M®�+��P2,)8�U+!J�"!���1$��(
63*;4�5�6��A8:63y2&_638�5-y�.)*c5�M�1$M+4:,)8�5-&)8
y²&/?A5�,/�D1$M2��?2,)*-WA5�W21$6$1$. C9!
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T�1$��P2,)8FU+! U+�
π± − p .)*-.O5�6a4:,)*�&O&�&)8
4:./13*-M�5-&�5 >�P2M+4:./13*-M�*�>@./(+8 π 8:M+8:,/��C9! �$#� �H� 

T�1$��P2,)8FU+!JH"����8:M+8:,O5�6�6�5
C9*-P2.¡*�>L5�M���V��B�¡!
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|}(+8:,)8 > *-,)8c./(+8
&)8h5�,)8�5-&³5�,)8cP+&/PA5�6$6$C ?A5-&)&/1$7�5�.)8
y W;C¤5®?u*-6$CD1$�Q13y28�6�5�C98:,�!�|}(+8�?A5-&O&/1$7-5�.)8
y 5�,)8�5-&�5�,)8
(A5�.)4O(+8
yh1$M�./(+8G�+��P2,)8 �u./(+8�y+5�,/��5�,)8�5-&¡,)8:?2,)8
&)8:M�.F./(+8_�r8:.O5�6$13&)8
yh&/P2,Y> 5-4
8�5�M+yc./(+8_<0(21$.)8�&)?A5-4
8G13&¡./(+8
P2M+4
*�798:,)8
y���6�5-&)&�&/P2,Y> 5-4
8�!

T�1$��P2,)8FU+!J�"�L~�8 >m.��L,)*-P2M+y�*�¸®5�M+*;y28B8:M+y2& �+��1$��(;.��L,)*-P2M+y�*�¸�4�5�./(+*;y28B8:M+y2&�!

¬ � � �m\ �m\ s � � d � ` f ` ��o ` ��� �
|}(+8 &)¢;PA5�,)8_�98
*-�r8:./,/C���V��B�=6�5
C9*-P2.F13&F5�Mh5-y+5�?2.O5�./13*-M®*�>}5�y28
&)1$��Mc��5-y28�W;C�./(+8 w �¡T
��KL13&O5 �$#�#� � x!
|}(+8�?21$.)4)(²*�>}./(+8�5�M+*;y28�4�5�./(+*;y28r&)./,/P+4:./P2,)8r13&

200µm
��./(+8Q<013y"./(
*�>0./(+8r4�5�./(+*Dy28
&

90µm
�@5�M+y®./(+8

5�M+*Dy28r<013y"./(
7µm

!³µ}*-./(
4�5�./(+*Dy28�5�M+y²5�M+*;y28�W�*-M+y�
 ?A5-y2&_(A5
798³5i638:M2��./(²*�>
7mm

!³|}(213&_638:M2��./(�13&
M+8
8
y28
y³.)*�Wu8�63*-M2�r8:M+*-P2��(i.)*�?A5-&)&�P2M+y28:,0./(+8

3mm
W2,)*95-y�>m,O5��r8�./(A5�.}13&�.)*�Wu8¡��6$P+8
y³P2?�*-M³./(+8:��!Lw .

5�63&O* 4
*-�Q?2,/13&O8
&B5���6$P21$M2�i1$�Q?2,)8
4:13&)13*-M®*�> ±1mm
!B|}(+8�,)8:��5�1$M21$M2�

3mm
13&�M+8
8
y28
yc> *-,N<01$,)8�
 Wu*-M+y"1$M2�

?2P2,/?u*�&)8
&�!@|}(+8N<01$,)8�
 W�*-M+y"1$M2� 13&�y2*-M+8¡5�.}5�M³5�M2��638¡*�>
45o
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T�1$��P2,)8¡U+!JI� "�e�N5�./13* *�>�./(+8�M+*-13&)8�&/?�8
4:./,O5 *�>�./(+8BI_y28:.)8
4:.)*-,)&�P2M+y28:,0.)8
&/.�!L|}(+8¡P+&)8
yi&/?u8
4:./,O5 5�,)8�.O5��98:M
Wu8 >m*-,)8�./(+8 �F  ��y28:.)8
4:.)*-,�1$M+&/.O5�W21$6$1$./138
&N*;4
4:P2,�!

w Mi�+��P2,)8_U+!JI"#B./(+8GM�P2�GWu8:,F*�>L./1$�r8
&¡5�&/./,/1$?�13&¡y28
&/1$��MA5�.)8
yh5-&�Wu8:1$M2��./(+8�&)8
8
y�&/./,/1$?�1$M�U�y"1�¸�8:,)8:M�.
,/P2M+&�13&}&/(+*�<0M > *-,�&)./,/1$?+&�<01$./( M�P2�_W�8:,)&�W�8:. <�8
8:M�I"#� �5�M+y³I9R- "!L|}(+8�&/?u8
4:./,O5_&/(+*�<0M�5�,)8�>m*-,�./(+8 ��  �
y28:.)8
4:.)*-,�!¤%N&r4�5�M W�8i&)8
8:M ��y28�5-yn&/./,/1$?+&�&)8
8:�¥.)*�5�?2?u8�5�,�5�M+yny"13&O5�?2?u8�5�,�!¤V;(+*-,/./6$Cn5¨>m.)8:,r./(213& ��./(+8
�F  �Ey28:.)8
4:.)*-, y28:798:63*-?u8
y
5i&/(+*-,/.�4:1$,)4:P21$.�5�M+y�1$.B<�5-&_M+*-.B?u*�&)&/1$W2638Q.)*�*-?�8:,O5�.)8Q1$. 5¨>�.)8:,/<}5�,)y2&�!³wx.G13&
�r*�&/. ?2,)*-WA5�W2638³./(A5�. ./(+8³&/./,O5�M2�98³Wu8:(A5
7D13*-P2,r&/(+*�<0Mz1$M²�+��P2,)8³U+!JI"#i5�,)8³1$M+&/.O5�W21$6$1$./138
& 638�5-y"1$M2��.)*c./(+8
&/(+*-,/.}4:1$,)4:P21$.�!e%}.}./(+8¡./1$�r8F*�>a./(+8¡1$M+&/.O5�W21$6$1$./138
& �+5_79*-6$.O5��98F&)4�5�M <�5-&0?u8:,Y> *-,/�r8
y³5�M+y ./(+8�y28:.)8
4:.)*-,0<�5-&
*-?u8:,O5�./1$M2��5�.�5�V����§5�W�*�798G{� "!e|}(+8F6�5-&).NV����=,)8
4
*-,)y28
y�<�5-&G#�#�I"!

� ��� � & � �)� � � � � � 

MeV/c

-/��� � � & � 
 �
πM1

	

��134:,)*�
 ?A5�./.)8:,/M�y28:.)8
4:.)*-,)&N(A5
798FWu8
8:M�4
*-M+&/13y28:,)8
y�&/1$M+4
8B.)8:MiC98�5�,)&0> *-,0P+&)8�1$Mi(21$��(�8:M+8:,/��Ci8��D?u8:,/1$�r8:M�.)&
5�M+yQ(A5�798�&/(+*�<0Mr798:,/C ?2,)*-�Q13&/1$M2�G,)8
&)P26$.)& &/1$M+4
8�!eVD8:798:,O5�6A��,)*-P2?+& (A5
798�M+8:798:,/./(+8:638
&)& ,)8:?u*-,/.)8
yr?2,)*-W2638:�r&
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T�1$��P2,)8FU+!JI"#���VD8
8
y�&/./,/1$?�?2,)*��+638�> *-,�y"1�¸�8:,)8:M�.�,/P2M+&0>m*-,0./(+8��F  ��y28:.)8
4:.)*-,�!

<01$./(³./(+8
&)8¡y28:7D134
8
&�<0(+8:Mi&/P2W"X/8
4:.)8
y�.)*�5��+P���*�>a(21$��(26$Cr13*-M213&)1$M2��?A5�,/./134:638
&�!e|}(+8���,)*-P2?i*�>�T}!�V"5�P26$1uM+*�

./134
8
yG./(A5�.a./(+8�*-?�8:,O5�./13*-M *�>A5�M_��V��B�hWu8
4�5��r8eP2M+&/.O5�W2638 <0(+8:M_1$,/,O5-y"1�5�.)8
y_<01$./(

5MeV α
?A5�,/./134:638
& �J��I  x!

|}(+8_��5 �"1$�GP2� 5�./.O5�1$MA5�W2638���5�1$M�y",)*-?2?�8
y�<01$./(®5Q> 5-4:.)*-,�I���./(;P+&N?2P2././1$M2��5�&)8:798:,)8�4
*-M+&/./,O5�1$M�.F*-Mh./(+8
*-?u8:,O5�./13*-M�*�>@./(+8
&)8By28:7D134
8
&�!

|}(+8¡�¡°e�N% 
xµ ��,)*-P2?³*-W+&O8:,/798
y�5G4
*-M+&/13y28:,O5�W2638B5��r*-P2M;.�*�>�y+5���5���1$M2�ry"13&)4O(A5�,/�98
&0W�8:. <�8
8:M�5�M+*Dy28
&
5�M+y�4�5�./(+*;y28
&0<0(+8:M�8��D?u*�&/1$M2�r./(+8:1$,�y28:.)8
4:.)*-,)&N.)* ./(+8BK�VDw}S�H� 

MeV/c
?213*-M�Wu8�5���!

T2P2,/./(+8:,/�r*-,)8 ��&)1$�GP26�5�./13*-M+&B(A5�798Q&/(+*�<0M�./(A5�.F./(213&�W�8�5��Z,)8:?2,)*Dy"P+4
8
&F./(+8Q4
*-M+y"1$./13*-M®P2M+y28:,B<0(2134O(
./(+8N�hV��G�z<01$6$6A(A5�798�.)*_*-?�8:,O5�.)8 �$#� ��  A1$M+&/13y28¡����V�!�%NMr1$�Q?u*-,/.O5�M�.}.)8
&/. *�>�5�M;CQ./,O5-4)�D1$M2�_y28:.)8
4:.)*-,�./(A5�.
<01$6$6@Wu8_*-?u8:,O5�.)8
y®5�.�./(+8 ~����t13&�./(�P+&�.)* <01$./(+&/.O5�M+yc./(213&�Wu8�5���!F%�M®5-4
4
*-P2M;.B*�> .)8
&/.)&�?u8:,Y>m*-,/�r8
y�5�.
K�VDw 13&0��1$798:M�1$M�./(+8�> *-6$63*�<01$M2��&)8
4:./13*-M+&�!
� ������� � � � ��� 	�� � � ��	 � � � �	� ���

¬ � � �m\ �m\ � `�d �����a� d �a� « l�� � �O������������l
%¡&B1$M²./(+8r.)8
&).)&G?u8:,Y>m*-,/�r8
y²5�.�|�{���,)8�5-y2*-P2.�<�5-&�?u8:,Y>m*-,/�r8
y�P+&/1$M2��./(+8�?2,)8:�GP��z4)(21$?�!�% &)4O(+8:�r8�*�>
./(+8 y+5�.O5c5-4
¢�P213&/1$./13*-Mz4�5�M²W�8�&)8
8:M�1$M
�+��P2,)8�U+!JI�I"!�|}(+8�y28:.)8
4:.)*-,)&�<�8:,)8�,)8�5-y²*-P2.�W�C®&)8:,/7D134
8�Wu*95�,)y
�r*Dy"P2638
& � VDµ}� ���JH�S� x!e|}(+8
&)8G�r*;y"P2638
&N4�5�M�,)8�5-y�*-P2.NIrKL,)8:�GP���#�I�[r(;C;W2,/13y2& �+8�5-4)(c4
*-M�.O5�1$M21$M2� P2?�.)*QU
Ke,)8
��P���#�I�[Q4)(21$?+&�!

|}(+8 ./,/1$���98:,B<�5-&F?2,)*�7;13y28
yhW;Ch5³4
*-1$M+4:13y28:M+4
8�*�>}I³&)4:1$M;./1$6$6�5�.)*-,)& ��?26�5-4
8
y�1$Mc>m,)*-M�.G5�M+yhWu8:(21$M+y�./(+8
.)8
&).�&)8:./P2?�!@%t&O8
¢�P+8:M+4
8:,}4
*-M�./,)*-63&}./(+8N,)8�5-y2*-P2.�*�>�./(+8��_P26$./1$?2638��"8
y³KL,)8:�_P��u#�I�[ 4O(A5�M2M+8:63&}7;1�5GTD%¡·B��&�!

��P2,/,)8:M�.)&�*-M�./(+8ry"1�¸u8:,)8:M;.G8:638
4:./,)*Dy28
&B<�8:,)8r�r*-M21$.)*-,)8
y®7D1�5³4:P2,/,)8:M�.G�r*-M21$.)*-,)&G1$M®./(+8Q� � &/P2?2?26$C
6$1$M+8_5�M+y³<�8:,)8B,)8�5-y�*-P2.�8:798:,/C³I��r&�W�C�5�M�%N·B� 4�5�,)y�!
¬ � � �m\ ��¦ � «�` �¤� ` � ` �����A� «
%�<013y28�7�5�,/138:.xC *�>G4
*-P2M;.)8:,)&�(A5�798cW�8
8:M¤.)8
&/.)8
y 1$M K�VDw ! ·¡1�¸�8:,)8:M�.³.)8
4)(2M+*-63*-��138
&³<�8:,)8�.)8
&/.)8
y�!'|}(+8
4
*-P2M;.)8:,)&�<�8:,)8G.)8
&).)8
y�y"P2,/1$M2��. <�*�W�8�5�� ?�8:,/13*Dy2&��e./(+8B�+,)&/.�*-M+8G1$M �N*�798:�GWu8:,�5J{�[��A./(+8B&)8
4
*-M+y�*-M+8B1$M
%N?2,/1$6%5J{�{"!

·N1�¸�8:,)8:M�.�.xCD?u8
&_*�>���V��B��&/P2W+&)./,O5�.)8
&G?2,)*Dy"P+4
8
y²5�.�w �c°���<�8:,)8�.)8
&/.)8
y�!�VD*-�r8�&)P2W+&/./,O5�.)8
&_*-M26$C
(A5-y�./(+8��r8:.O5�6$1$´�8
y�&/./,/P+4:./P2,)8B*-M�./(+8:��� �}5�6$638
y �F  � ���2*-./(+8:,)&�<0(+8:,)8B4
*95�.)8
yiWu8 >m*-,)8�Wu8:1$M2�r?2,)*D4
8
&)&)8
y
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MeV/c
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πM1

� � v

T�1$��P2,)8FU+!JI�I"��VD4O(+8:�r8G*�>@./(+8By+5�.O5r5-4
¢;P213&/1$./13*-M�&/C"&/.)8:�¯P+&)8
y�5�.0./(+8BK�VDw .)8
&/.�> 5-4:1$6$1$. C9!

� � �}5�M+y�&O*-�r8F*-./(+8:,)&0<�8:,)8G5-y"7�5�M+4
8
yi?A5-&)&)1$7-5�.)8
y �m%¡K � !2|}(+8FMA5��Q1$M2��&)4)(+8:�r8�> *-,0./(+8�P+&)8
y�y28:.)8
4:.)*-,)&
13&0&/P2�Q��5�,/1$´�8
y�1$M�.O5�W2638FU+!$#�!

·¡8:.)8
4:.)*-,�.xCD?�8 ��*95�./1$M2� K@5-&)&/1$7�5�./13*-M
�F  � M+* M+*
�¡%NK M+* C98
&
��%¡K C98
& C98
&

|�5�W2638BU+!$#�� ��5��Q1$M2��&)4O(+8:�r8�>m*-,0./(+8G&/P2W+&/./,O5�.)8
&0.)8
&/.)8
y�1$M�K�VDw�!
T+P2,/./(+8:,/�r*-,)8 �2&/P2W+&/./,O5�.)8
&�4
*-�Q1$M2�_>m,)*-�Ey"1�¸�8:,)8:M�.}WA5�.)4O(+8
&�<�8:,)8¡.)8
&/.)8
y�!@|}(+8�M;P2�GWu8:,�Wu8:(21$M+y�./(+8:1$,

MA5��r8
&01$M+y"134�5�.)8
&�./(+8FWA5�.)4)(�!
%�&/P2�Q��5�,/C³*�>�./(+8G8��D?u*�&/P2,)8�?u8:,/13*;y2&�5�M+y�8��D?u*�&)8
yiy28:.)8
4:.)*-,)&�4�5�M�W�8¡> *-P2M+y³1$M�.O5�W2638FU+!JI"!

K�8:,/13*;y ·�8:.)8
4:.)*-, ° �D?u*�&/P2,)8F./1$�r8
�N*�798:�GWu8:, 5J{�[ �¡%NK I�� �F  ��I�����%NK I I� �H�(
%�?2,/1$6 5J{�{ �¡%NK�S��2%N~�° �Nw % #�H�H�(

|�5�W2638GU+!JI"�L·¡8:.)8
4:.)*-,¡8��D?u*�&/P2,)8
&0?u8:,/13*Dy2&�5�M+yiy"P2,O5�./13*-M�1$Mi./(+8BK�VDw�Wu8�5���!

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

¬ � � ��¦ �m\ s � �
T�1$��P2,)8_U+!JI�S�&/(+*�<�&¡./(+8 V���� 5-&�5r>�P2M+4:./13*-Mh*�>e./(+8�5�?2?26$138
yh4�5�./(+*Dy28G79*-6$.O5��98_> *-,Ny"1�¸�8:,)8:M�.F&/P2W+&/./,O5�.)8
&�!
|}(+8Fy",/1�>m.079*-6$.O5��98F<�5-&N5�,)*-P2M+y�S��� � ��1$M�5�6$6�./(+8F4�5-&O8
&�!LT+*-,�4
*-�Q?A5�,/13&)*-M�*�>Ly"1�¸�8:,)8:M�.�&/P2W+&)./,O5�.)8���5-y28
W;C y"1�¸�8:,)8:M�.���5�M�P"> 5-4:./P2,)8:,)& �25Fy28:.)8
4:.)*-,�?2,)*;y"P+4
8
y�1$M�%N~a° �Nw % ��P+&/1$M2�B./(+806$1�>m.�
x*�¸i.)8
4)(2M213¢;P+8 �D<�5-&}5�63&)*
?2P2.Q1$M±./(+8³Wu8�5���!±|}(213&ry28:.)8
4:.)*-,r(A5-y 5-y"7�5�M+4
8
y±?A5-&)&)1$7-5�.)8
y±&/./,/1$?+&r5�M+y¤5h4
*95�./1$M2�®<01$./( 5h&/P2,Y> 5-4
8
,)8
&/13&)./1$7;1$. C *�>

106Ω/square
!

|}(+8�y"1�¸u8:,)8:M;.GWu8:(A5
7D13*-P2,�*�>04
*95�.)8
y
5�M+y�M+*-M�4
*95�.)8
y�&/P2W+&)./,O5�.)8
&G4�5�M²5���5�1$M�W�8r8��"?26�5�1$M+8
y®W;Ch,)8�

y"P+4:./13*-M�*�>@./(+8B8:638
4:./,/134��A8:63y�M+8�5�,�./(+8G5�M+*Dy28
&�y"P+8F.)* ./(213&�4
*95�./1$M2�+!

|}(+8�. <�* �¡%NK y28:.)8
4:.)*-,)&FWu8:(A5
798Q¢;P21$.¡y"1�¸�8:,)8:M�.�!_|�<�*iy"1�¸u8:,)8:M+4
8
&G5�,)8 *-W+&)8:,/798
y���5��GP+4)(�(21$��(+8:,
79*-6$.O5��98¡�GP+&).0W�8�5�?2?26$138
y³.)*�./(+8 �¡%¡K I�y28:.)8
4:.)*-,0.)* 5-4O(2138:798F./(+8�&O5��r8BV����=5�M+y³./(+8 �N%¡K S_13&05�W2638¡.)*
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T�1$��P2,)8 U+!JI�S"�BV����E5-&B5�>mP2M+4:./13*-M®*�>�./(+8Q5�?2?26$138
y®4�5�./(+*Dy28 79*-6$.O5��98�> *-,N> *-P2,Fy"1�¸u8:,)8:M;.Gy28:.)8
4:.)*-,)&�!�|}(+8
5�?2?26$138
y�y",/1�>�.�79*-6$.O5��98B<�5-&NS��� � � !

5-4O(2138:798 (21$��(+8:,GV�����7-5�6$P+8
&�./(A5�Mh./(+8 �N%¡K I"!Fµ}*-./(�4�5�MhW�8�8��D?26�5�1$M+8
ycW;C�./(+8�8:.)4)(21$M2�i?2,)*D4
8
&)&�!�|}(+8
�¡%¡K I_<�5-&0*-M+8�*�>�./(+8N�+,)&/.�5�./.)8:�Q?2.)&}.)*���5��98B5�M�5-y"7-5�M+4
8
y ?A5-&)&/1$7�5�.)8
y³&/P2W+&/./,O5�.)8�!e%}.}./(A5�.}./1$�r8�./(+8
?2,)*D4
8
y"P2,)8�<�5-&_M+*-._*-?2./1$�Q13&)8
y �@638�5-y"1$M2�c.)*�5�63*�<�8:, ¢;PA5�6$1$.xC�&/P2W+&)./,O5�.)8�!i��*�&/.G?2,)*-WA5�W26$C®./(+8�8:.)4O(21$M2�
<}5-&�M+*-.0>mP26$6$C�4
*-�Q?2638:.)8
y�,)8
&/P26$./1$M2��1$MiWu*-./(�5�W2,)*95-y28:,�5�M+*;y28B5�M+yi�r8:.O5�6a,)8
&/13y"PA5�63&�*-M�./(+8F&)P2W+&/./,O5�.)8�!
|}(+8F�+,)&/.�8 ¸u8
4:.�638�5-y2&0.)*�5�63*�<�8:,���5�1$M�5�M+y�./(+8F&)8
4
*-M+yi.)*�5�Mi1$M+4:,)8�5-&)8
y�&/?A5�,/�D1$M2�Q,O5�.)8�!

T�1$��P2,)8FU+!JI�U+��V�����798:,)&/P+&0,/P2M�M;P2�GWu8:,�!� NM+8�,/P2M�,)*-P2��(26$C³.O5��98
&�U�H��Q1$M�P2.)8
&�!
%N&F4�5�M�Wu8 &)8
8:M�1$Mh�+��P2,)8QU+!JI�Ui./(+8�V���� >m*-,�./(+8��¡%NK S³y28:.)8
4:.)*-,G13&F&/.O5�W2638Q*�798:,_5 ?u8:,/13*Dyc*�>�.x<�*

y+5�CD& �m*-M+8 ,/P2M®4
*-,/,)8
&/?�*-M+y2&�.)*³U�H �Q1$M;P2.)8
& � ! � 5�,/1�5�./13*-M+&BP2?�.)*h#� 	��5�,)8 M+*-./134
8
y�!Q|}(+8
&)8�7�5�,/1�5�./13*-M+&
5�,)8 �+(+*�<�8:798:, �A�GP+4O(�638
&)&0./(A5�M�./(+*�&)8FM+*-./134
8
yi1$M�./(+8F|�{QW�8�5��
�m&)8
8G&)8
4:./13*-M�U+! U+! U+!$# � !

%�>m.)8:,e(A5
7D1$M2��(A5-y�5B&/.O5�W2638�*-?�8:,O5�./13*-M�>m*-,�&)8:798:,O5�6�y+5�CD& ��./(+8�%¡~�° �¡w % y28:.)8
4:.)*-,}&/(+*�<�8
y 5By28
4:,)8�5-&)8
*�>�1$.)&�V����k7-5�6$P+8¡<01$./(�5G> 5-4:.)*-,�I_*�798:,�5_?u8:,/13*;y *�>�*-M+8�y+5
C9!e|}(213&0y28
4:,)8�5-&O8N��5�M21�> 8
&/.)8
y³1$.)&)8:6�>@5¨>�.)8:,�5�M
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MeV/c
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1$M;.)8:,/798:M�./13*-M®<}5-&Fy2*-M+8_1$Mc./(+8 8��D?u8:,/1$�r8:M�.O5�6 5�,)8�5"!F%�>m.)8:,F5�4�5�,)8 >mP26@4O(+8
4)�h*�> ./(+8_��5-&F&/CD&).)8:� ��1$.¡<�5-&
M+*-./134
8
y³./(A5�.�5_��5-&}638�5��³*�>

2ml/hour
(A5-y Wu8
8:M�8
&/.O5�W26$13&/(+8
y�!e|}(+8�M+*-,/��5�6���5-&��A*�<t<�5-&

20ml/hour
!

|}(+8�638�5��³1$M�./,)*Dy"P+4
8
y�5�,O5�?213y�5���1$M2��*�>�./(+8Gy28:.)8
4:.)*-,�!

¬ � � ��¦ ��¦ sup d ��� «
V;?A5�,/�"&L5�,)80y28:.)8
4:.)8
y W�CG./(+8�?2134
*95��Q?u8:,)*-�r8:.)8:,)&�5-&e5�MQ*�798:,�
x4:P2,/,)8:M;.�*-MQ*-M+8}*�>�./(+8}8:638
4:./,)*Dy28
&�!@% &/?A5�,/�
13&N13y28:M�./1��A8
yc1�>�5�Mh*�798:,�
x4:P2,/,)8:M�.B8��24
8
8
y"1$M2�i5r./(2,)8
&/(+*-63yc*�>�S�&/.O5�M+y+5�,)y�y28:7D1�5�./13*-M+&F5�W�*�798G./(+8 5
798:,O5��98
1$,/,O5-y"1�5�./13*-Mc4:P2,/,)8:M�.�13&0M+*-./134
8
y�!

|a<�* .xCD?u8
&N*�>�&)?A5�,/�D&N<�8:,)8�13y28:M�./1��A8
y��N&/P2W+&/./,O5�.)8 5�M+yhy",/1�>�.�&/?A5�,/�"&�!�%NM�8��+5��Q?2638 *�>eW�*-./(c13&N&O8
8:M
1$M��+��P2,)8�U+!JI�H"!B|}(+8�./1$�r8�y28:798:63*-?2�r8:M;.G*�> ./(+8 *-W+&)8:,/798
yh4:P2,/,)8:M�.B&)?21$�98
&�13&¡y"P+8�.)*�./(+8�,)8
4)(A5�,/��1$M2��*�>
./(+8F8:638
4:./,)*Dy28
&�<01$./(�5�./1$�r8G4
*-M+&/.O5�M�.����"8
y³W;C ./(+8B?2134
*95��Q?�8:,)*-�r8:.)8:,�!

T�1$��P2,)8 U+!JI�H"�_�}5�./(+*Dy28 � 5	�F5�M+y�y",/1�>m. ��W �¡&/?A5�,/�"&G5-&G5�>mP2M+4:./13*-M�*�>}./1$�r8Q<0(+8:M
5³&/?A5�,/�h*;4
4:P2,)&�!Q|}(+8
. <�*r8:798:M;.¡5�,)8FM+*-.�4
*-,/,)8:6�5�.)8
y�!

|}(+8 4�5�./(+*Dy28 &)?A5�,/�D& 5�,)8 ./(+8�y"13&)4O(A5�,/�98³*�>�./(+8�4O(A5�,/�98³63*;4�5�.)8
y²*-Mz*-M+8 4�5�./(+*Dy28���,)*-P2?z*-M;.)*�5�M
5�M+*Dy28�!�|}(+8i&/?A5�,/�²4)(A5�,/�98iy"13&/./,/1$W2P2./13*-Mn>m*-, ./(213& �D1$M+y²*�>�&/?A5�,/�"& 13&�&)(+*�<0M±1$Mz�+��P2,)8³U+!JI��"!²VD8:798:,O5�6
?u8�5��D&@5�,)8}*-W+&)8:,/798
y�!@·¡13&)4)(A5�,/�98
&@<01$./(r5N4)(A5�,/�98}638
&)&�./(A5�MrI�M��²5�,)8�4
*-M+&)13y28:,)8
y 5-&@¢;P+8:M+4)(+8
yQ&/./,)8�5��r8:,)&�!
|}(+8F?u8�5��i5�,)*-P2M+y�U� �M�� 13&N5�././,/1$W2P2.)8
y�.)*Q./(+8B?A5�,/./1�5�6�y"13&)4O(A5�,/�98G*�>e*-M+8B4�5�./(+*Dy28B��,)*-P2?�!�%N&0./(+8B.)*-.O5�6
4�5�?A5-4:1$.O5�M+4
8�*�>F#�4�5�./(+*;y28���,)*-P2?®13&

100pF
��./(+8r4)(A5�,/�98�&/.)*-,)8
y�*-M;.)*�./(+8:��13&

53nC
5�.
Vc = 530V

!
|}(+8�63*�<�8:,�7�5�6$P+8B*-W+&)8:,/798
y�4�5�M�5�63&)* Wu8Fy"P+8F.)*Q4�5�6$1$W2,O5�./13*-M�8:,/,)*-,)&�!

|}(+8 &)8
4
*-M+y².xCD?u8�*�>N&)?A5�,/�D&Q5�,)8³y",/1�>�. &/?A5�,/�"&�!h|}(+8
&)8 y",/1�>�.Q&/?A5�,/�"&�5�,)8 P+&/PA5�6$6$C
4
*-,/,)8:6�5�.)8
yz<01$./(
&/?A5�,/�"& *-M ./(+8h4�5�./(+*Dy28
&�!�|}(+8 �N%¡K I²5�M+yt��%NK Iz5-4
4:P2�_P26�5�.)8
y=5
6�5�,/�98�M;P2�GWu8:,�*�>G./(213& .xCD?�8h*�>
&/?A5�,/�"&�!³|}(+8:C�<�8:,)8³5�././,/1$W2P2.)8
y².)*�./(+8��r8
4)(A5�M2134
&Q*�>0./(+8�y",/1�>m.G?26�5�M+8�!�wxM+y28
8
y ��<0(+8:M
4O(A5�M2��1$M2�h./(+8
y",/1�>m.B?26�5�M+8�>�,)*-����6�5-&O&B.)*�TA8:,/,)*-´�8:6$6}5�M+y�?2,)*-.)8
4:./1$M2��./(+8�y28:.)8
4:.)*-,)&�8
y"�98
&_W�C®5i>�,O5��r8�1$M�./(+8 �¡%¡K S
y28:.)8
4:.)*-, �2M+8�5�,/6$C³M+*Q�r*-,)8Fy",/1�>m.�&/?A5�,/�"&0<�8:,)8By28:.)8
4:.)8
y�!

T�1$��P2,)8FU+!JI9Rr&/(+*�<�&N./(+8B&/?A5�,/�³,O5�.)8�5-&�5�>mP2M+4:./13*-M�*�>L./(+8G4�5�./(+*Dy28F79*-6$.O5��98G>m*-,�./(+8G%N~�° �Nw % ��.)*-? �
5�M+y �N%¡K S���Wu*-./.)*-� �Gy28:.)8
4:.)*-,)&�!�|}(+8 *-M+&)8:.�*�>�&)?A5�,/�;1$M2��(A5�?2?�8:M+&Q5�.

Vc = 550V
>m*-,_./(+8�%¡~�° �¡w %

y28:.)8
4:.)*-, �D<0(+8:,)8�5-&�./(+8 �¡%NK�SG5�6$,)8�5-y"Cr&/.O5�,/.)&�&/?A5�,/�D1$M2� 5�.
Vc = 500V

!�|}(213&�Wu8:(A5
7D13*-P2,�13&�5�63&)*G&O8
8:M�1$M
�+��P2,)8�U+!JI�S <0(+8:,)8B./(+8�(21$��(+8
&/.N5�./.O5�1$MA5�W2638�V����'1$Mi./(+8�(21$��(�1$M;.)8:M+&/1$.xCiK�VDw�Wu8�5�� 13&0&)8
8:M�.)* Wu8�(21$��(+8:,
> *-,e./(+8¡%N~�° �Nw %ky28:.)8
4:.)*-,�./(A5�M�> *-, ./(+8 �¡%¡K
y28:.)8
4:.)*-,)&�!L|}(+8N1$M+4:,)8�5-&)8
y &/?A5�,/�D1$M2�G,O5�.)8N<�5-&�M+*-.}5�.}5�6$6
5�M;./134:1$?A5�.)8
yi>m,)*-� ./(+8¡>m8�5�./P2,)8
&N*�>�./(+8F8:638
4:./,)*-638
&O&�?26�5�.)8
y�8:638
4:./,)*Dy28
&�./(A5�.�5�,)8BMA5�./P2,O5�6$6$C ,)*-P2M+y28
y�*�¸@!

|a<�*
?�*�&O&/1$W2638i,)8�5-&)*-M+&³5�,)8�5�.�./(+8�WA5-&/13&�*�>F./(213&�! T�1$,)&/. �}./(+8�%N~�° �Nw %�y28:.)8
4:.)*-,�13&)&/P+8
yn>�,)*-� 5
63*-M2��y28:798:63*-?2�r8:M;._?2,)*-��,O5�� 5�M+yh<}5-&B./(;P+&B*�>}8��24
8:6$638:M�._¢�PA5�6$1$. Cc<0(+8:,)8�5-&G./(+8Qw �c°��'?2,)*D4
8
y"P2,)8Q<�5-&
P2M+y28:,)&/.)*D*Dy³,O5�./(+8:,�<�8:6$6@5�.0./(+8F./1$�r8 �2W2P2.�<}5-&0M+*-.�?u8:,Y>m8
4:.)8
yiC98:.�!

%NMh*-./(+8:,¡?u*�&)&/1$W2638�8��"?26�5�MA5�./13*-M+&F13&¡��1$798:McW;C�./(+8���5�M�P"> 5-4:./P2,/1$M2�i?2,)*D4
8
y"P2,)8�!B·¡P+8_.)* ./(+8_6$1�>�.F*�¸
?2,)*D4
8
y"P2,)8 ��./(+8N8
y"�98
&�5�,)8N&/./,O5�1$��(�.�1$M�./(+8N%N~a° �Nw %k4�5-&)8�!@�¡*�<�8:798:, �D./(+8Nw �c°��±&)(+*�<�&}5F�r*-,)8�,/1$W2W2638
y



v ¦ ] `;« ���m�af
���¡��o ` �iq s�ª�j «

T�1$��P2,)8�U+!JI��"�N��(A5�,/�98 y"13&/./,/1$W2P2./13*-M�*�>�4�5�./(+*Dy28_&)?A5�,/�D&N> *-,¡5	��%N~�° �Nw % 5�M+y�W � �¡%NK�S���V��B��&�!¡|}(+8
4
*-P2M;.)8:,)&�<�8:,)8B*-?u8:,O5�.)8
y�5�.�./(+8¡> *-6$63*�<01$M2��&O8:././1$M2�9&��

Vd = −3400V
5�M+y

Vc = −530V
!

T�1$��P2,)8_U+!JI9RD��V;?A5�,/�i,O5�.)8_5-&�5 >mP2M+4:./13*-Mc*�>L./(+8 5�?2?26$138
y�4�5�./(+*Dy28B79*-6$.O5��98G>m*-,N./(+8G%¡~�° �¡w % ��.)*-? ��5�M+y
�¡%¡K ��W�*-./.)*-� �0y28:.)8
4:.)*-,)&�!



¬ � � jG������lm� « ����� « v �

&/./,/P+4:./P2,)8 �D?2,)*-WA5�W2638¡1$M2(+8:,)8:M�.0.)*_./(+8¡<�8:.08:.)4)(21$M2� ?2,)*D4
8
y"P2,)8�!e|}(213&��Q1$��(�.�8��"?26�5�1$M�./(+8�&/6$1$��(;./6$CrWu8:./.)8:,
?u8:,Y>m*-,/��5�M+4
8G*�>�./(+8F%¡~�° �¡w %�y28:.)8
4:.)*-,�!

�¡*�<�8:798:, �u1$M�&/?21$.)8�*�>e./(+8:1$,¡(21$��(+8:,�&)?A5�,/�;1$M2� ,O5�.)8 �A./(+8�w ��°��=y28:.)8
4:.)*-,)&�y2*�M+*-.¡63*�&)8G�r*-,)8�&)./,/1$?+&�!
|}(+8�M�P2�GWu8:,0*�>�&/?A5�,/�D& �963*�&/.�&/./,/1$?+& �"5�M+yr./(+8¡8��D?u*�&/P2,)80./1$�r8�5�. (21$��( 1$M�.)8:M+&/1$. C�5�,)8�&)(+*�<0M 1$M�.O5�W2638NU+!JS"!
%¡&L&)8
8:M �9./(+80w �c°��zy28:.)8
4:.)*-,)& 4�5�M�&/P+&/.O5�1$M�5�Mr1$�Q?2,)8
&)&)1$798�5��r*-P2M�.�*�>u&/?A5�,/�"&L<01$./(+*-P2.e63*�&)1$M2�G4)(A5�M2M+8:63&�!
|}(+8��F  ��y28:.)8
4:.)*-,�y28:798:63*-?�8
y 5h&/(+*-,/.�5¨>m.)8:,QU�( *�>F*-?�8:,O5�./13*-Mn1$M ./(+8��Nw_Wu8�5���5�M+y 5-4
4:P2�GP26�5�.)8
y
�r*-,)8¡y28�5-y�&)./,/1$?+& 1$M ./(213&�5��r*-P2M;.0*�>�./1$�r8�./(A5�Mi5�M�C�*-./(+8:,}y28:.)8
4:.)*-,�!e|}(213&�y28:�r*-M+&/./,O5�.)8
&}./(+8NM+8
8
yr> *-,
5-y"7�5�M+4
8
yi?A5-&)&/1$7�5�.)8
yi&/./,/1$?+&0<0(+8:M�P+&/1$M2�r?26�5�1$M���V��B� y28:.)8
4:.)*-,)&�!

w M �JH��� 5�Mh8
&)./1$��5�./13*-M�*�> ./(+8Qy28�5-yc./1$�r8 1$M�./,)*Dy"P+4
8
y�W�Cc&/?A5�,/�D1$M2�i13&N��1$798:M�!�|}(+8:C�8
&)./1$��5�.)8 ./(A5�.
5³y28�5-y�./1$�r8�*�>

10µs
>m*-,G[� 	�Z*�>}./(+8�y28:.)8
4:.)*-,�5�M+y�U��r&�> *-,B./(+8Q,)8:��5�1$M21$M2�hI� 	� !�%}.B./(+8r��5 �D1$��5�6

5�6$63*�<�5�W2638�&)?A5�,/�;1$M2�F,O5�.)80*�>
0.03Hz

5�M+y�5¡?A5�,/./134:638�,O5�.)80*�>
10kHz/mm2 ./(213&L<�*-P263yQ638�5-y .)*B5¡?A5�,/./134:638y28:.)8
4:./13*-M�1$M+8���4:138:M+4:C�*�>

2.4 10−5 !
·�8:.)8
4:.)*-, |}1$�r8G5�.��Nw �¯&/?A5�,/�"& �E63*�&/.�4O(A5�M2M+8:63&
��%¡K I I� �H�( I�[� � #
�¡%NK I #�S�H�( H� � � S
�F  �¡I U�( I�I� [
�¡%NK S #�S9R¨( R-S9R S
%N~a° �Nw % I�U�( � I

|�5�W2638FU+!JS"� |}1$�r8G5�.�(21$��(�1$M;.)8:M+&/1$.xC �AM�P2�GWu8:,N*�>L&/?A5�,/�"&�5�M+yi63*�&/.�&/./,/1$?+&�>m*-,�y"1�¸�8:,)8:M�.Ny28:.)8
4:.)*-,)&�!

¬ � � ��¦ � � q d ��f��m� «
|}(+8 (21$��(+8
&/._V����E7�5�6$P+8
&F�r8�5-&/P2,)8
yh<01$./(®./(+8
&)8Qy28:.)8
4:.)*-,)&G1$M�./(+8QK�VDwN(21$��(�1$M�.)8:M+&/1$. CcWu8�5��Z<�8:,)8�H�U
> *-,0./(+8 �N%¡K Sr5�M+y³U��"! Ur>m*-,0./(+8_��%¡K I"!e|}(213&�13&�S�./1$�r8
&0./(+8_V����'M+8
8
y28
yi> *-,}>mP26$6�8���4:138:M+4:C9!

� ��� ' � ��� ! � ����� ���
T+*-,¡./(+8G�+,)&/.�./1$�r8�y28:.)8
4:.)*-,)&F8
¢�P21$?2?u8
y�<01$./(c&/P2W+&)./,O5�.)8
&�?2,)*Dy"P+4
8
y�5�.¡w ��°�� <�8:,)8�.)8
&/.)8
y�1$M�?A5�,/./134:638
Wu8�5��r&�!@|}(+8�y28:.)8
4:.)*-,)&�&/(+*�<�8
y³.)*�W�8N798:,/C�?2,)*-�Q13&/1$M2�+!�V����t,O5�./13*�&}P2?³.)*�#� � �4
*-P263y³Wu8�,)8�5-4O(+8
y³1$M�5�M
8GeV/c

?213*-M�Wu8�5�� �+<0(+8:,)8�5-&N./(+8F�Q1$M21$�_P2� ,)8
¢;P21$,)8
yi> *-,N{�[	� y28:.)8
4:./13*-Mc8���4:138:M+4:Ci<�5-&¡y28:.)8:,/�Q1$M+8
y
.)* Wu8Q#:U+!

|}(+8BV����k<}5-&}?2,)*�798:Mi.)*�Wu8¡&).O5�W2638N<01$./(21$M�[	�E*�798:,�&O8:798:,O5�6�(+*-P2,)&�!L�N*�<�8:798:, �+*�798:,�63*-M2�98:,0?u8:,/13*Dy2&
*�>@./1$�r8 �2P2M+8��"?26�5�1$M+8
y �+P+4:./PA5�./13*-M+&�1$Mi./(+8�V����'*�>@P2?�.)*�S� 	�E<�8:,)8G*-W+&)8:,/798
y�!

|�*G./(+8NWu8
&/. *�>a*-P2,��;M+*�<0638
y"�98 �2*-M26$CQ.x<�* &/./,/1$?+&�<�8:,)8¡63*�&/.�y"P2,/1$M2�_./(+8N1$,/,O5-y"1�5�./13*-Mi*�>�./(+8Ny28:.)8
4:.)*-,)&
1$M�./(+8G|�{QWu8�5�� �2<0(+8:,)8BM+*�(21$��(26$C 13*-M213&)1$M2��?A5�,/./134:638
&N<�8:,)8B?2,)8
&O8:M�.�!}%�63&O*�5Q&/(+*-,/.�4:1$,)4:P21$.¡y28:798:63*-?�8
y�!
�¡*�<�8:798:,³5�.�./(A5�.�./1$�r8 �}./(+8�y28:.)8
4:.)*-, <�5-&³*-?u8:,O5�./1$M2�²5�.³[�./1$�r8
&�./(+8��Q1$M21$�GP2� ,)8
¢;P21$,)8
y V���� > *-,
*-?u8:,O5�./13*-M�1$M�����V	�+*-,B#�� ./1$�r8
&0./(+8F�Q1$M21$�_P2��V�����M+8
8
y28
y³> *-,�{�[	�¯y28:.)8
4:./13*-M�8���4:138:M+4:C > *-,���w Ke&�!

­ (+8:Mi&/P2W"X/8
4:./1$M2� *-P2,�y28:.)8
4:.)*-,)&}.)*�./(+8
350MeV/c

?213*-M³W�8�5���5�.0K�VDw��25_,)8
y"P+4:./13*-Mi1$M ./(+8¡��5 �"1�

�_P2��5�./.O5�1$MA5�W2638�V�����*�> �r*-,)8_./(A5�M�5Q> 5-4:.)*-,�I�<�5-&�*-W+&)8:,/798
y�!¡|}(213&N> 5-4:.)*-,¡13&¡8:798:M�6�5�,/�98:,�<0(+8:Mc./(+8
¢;PA5�6$1$.xC³*�>�./(+8G&/P2W+&/./,O5�.)8
&013&0<�*-,)&)8�!

|}(+8Gw �c°�� y28:.)8
4:.)*-,)&�(A5
798_5r&/?A5�,/�;1$M2��,O5�.)8F./(A5�.�13&NHQ.)*i#� ./1$�r8
&�(21$��(+8:,N./(A5�M�&/1$�Q1$6�5�,Ny28:.)8
4:.)*-,)&
<0(+8:,)8_./(+8G&/P2W+&)./,O5�.)8
&�(A5�798_Wu8
8:M���5-y28_P+&/1$M2� ./(+8B6$1�>m.�
x*�¸®?2,)*;4
8
y"P2,)8�!¡|}(+8G&)?A5�,/�;1$M2� ,O5�.)8B13&¡&/./,)*-M2��6$C
y28:?u8:M+y28:M�.r*-M²./(+8³¢�PA5�6$1$. C
*�>N./(+8i5�,/. <�*-,/�u! �N8:798:,/./(+8:638
&O& �e./(+8³w ��°�� y28:.)8
4:.)*-,)&ry2*�M+*-. 63*�&)8 �r*-,)8
&/./,/1$?+&iy"P+8c.)*z./(+8c1$M+4:,)8�5-&)8
y ./(2134O�;M+8
&)&�*�>_./(+8:1$,�&/./,/1$?+&�! °L798:M'5�.i&/?A5�,/�D1$M2�²,O5�.)8
&�*�>

0.03Hz
�¡./(+8

?A5�,/./134:638By28:.)8
4:./13*-M�1$M+8���4:138:M+4:Ciy"P+8F.)*Q./(+8Fy28�5-yi./1$�r8F13&�*-M26$C
2.4 10−5 !
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w M ./(+8�<01$M�.)8:,³*�>�#�{�{�{���5®6�5�,/�98�M;P2�GWu8:,³*�>G��V��B��
 ��° � y28:.)8
4:.)*-,)& <�8:,)8h5-&)&)8:�GW2638
yk5�M+y¤.)8
&/.)8
y
.)*-�98:./(+8:,N1$Mi./(+8BK�VDw�(21$��(�1$M�.)8:M+&)1$.xCiWu8�5���!

|}(213&r.)8
&/.Q,)8:798�5�638
y .)*�W�8�5���,)8�5�.�*-?2?�*-,/./P2M21$. C±.)*®8:7�5�6$PA5�.)8�&)*-�r8³./,O5-4O�;1$M2�²4�5�?A5�W21$6$1$./138
&�*�>F./(+8
.)8
4O(2M+*-63*-��C9!³T2P2,/./(+8:,/�r*-,)8 �L5�M+*-./(+8:,GP2M2,)8
&)*-6$798
y®¢;P+8
&/./13*-M+&_4
*-P263y�W�8r.O5-4)�D638
y��B13&F./(+8Q�Q1$M21$�_P2� V����
,)8
¢;P21$,)8
y�>m*-,F{�[	� y28:.)8
4:./13*-M�8���4:138:M+4:C�>m*-,¡��w Ke&¡1$Mc5�(21$��(�1$M;.)8:M+&/1$.xCh8:M�7D1$,)*-M2�r8:M�.F./(+8�&O5��r8 5-&�1$M�5
63*�<t1$M�.)8:M+&)1$.xC�8:M�7D1$,)*-M2�r8:M�. �

|}(+8�y28
4:13&/13*-Mr.)*�P+&)8��hV��B��
 �F°e��y28:.)8
4:.)*-,)&e<�5-&�y",/1$798:MrW�C�./(+80,)8
&/P26$.)& *-W2.O5�1$M+8
yrW�C ./(+80�¡°e��% 

µ'4
*-6$6�5�W�*-,O5�./13*-M�!�|}(+8:C�*-W+&O8:,/798
y���5-&O&/1$798_&)?A5�,/�;1$M2� <0(+8:M�./(+8:C�*-?�8:,O5�.)8
yc./(+8:1$,��hV��B�=y28:.)8
4:.)*-,)&�1$M
./(+8�K�VDwu(21$��(G1$M;.)8:M+&/1$.xCGW�8�5���!�%
> 5-&/.�5���1$M2�N*�>2./(+8
&)8 y28:.)8
4:.)*-,)&�<}5-&�5�63&)*�*-W+&)8:,/798
y�!e NMG./(+8 *-./(+8:,�(A5�M+y �
./(+8:C�<�8:,)8B5�W2638¡.)*_*-?u8:,O5�.)8¡./(+8:1$,0�hV��B��
 �F°e��&�5�.���5�1$M+&�5�Wu*�798 #� "!J � � ��"M+8
8
y28
y�>m*-,�?A5�,/./134:1$?A5�./13*-M�1$M
./(+8G�N°e�N% 
xµ¤./,/1$���98:,�! �¡8:,)8�M+*�5���1$M2��5�M+y�*-M26$C³5�6$1$�Q1$.)8
yc5��r*-P2M�.N*�>L&/./,/1$?+&063*�&).0<�8:,)8G*-W+&O8:,/798
y�!

T2P2,/./(+8:,/�r*-,)8 �+5�. ./(A5�.�./1$�r8 �;*-M26$Cr*-M+8���5�M�P"> 5-4:./P2,)8:,}*�>�5-y"7�5�M+4
8
yr?A5-&O&/1$7-5�.)8
y�&/P2W+&/./,O5�.)8
&�<�5-&}5�W2638
.)*�?2,)*Dy"P+4
8 &)P2W+&/./,O5�.)8
& *�>N5�&/P���4:138:M;.Q¢�PA5�6$1$. C�1$Mz*-,)y28:,_.)*h4
*-�Q?26$C®.)*�./(+8�&)./,)*-M2�h4:,/1$.)8:,/1�5�1$�Q?u*�&)8
y
W;C�./(+8�����V�4
*-6$6�5�Wu*-,O5�./13*-M�!�w .�<�5-& M+*-.Q&/P2,)8 ./(A5�. ./(213& ?2,)*;y"P+4
8:,Q4
*-P263y±y28:6$1$798:,�5�6$60*�>�./(+8 M+8
8
y28
y
&)P2W+&/./,O5�.)8
&0<01$./(21$M�./1$�r8�!

|}(+8�6�5�,/�98�&)4�5�638r.)8
&/._<�5-& &)8:._P2?²5-&_5��Q1$638
&/.)*-M+8�.)8
&/.B> *-, ����V�!a|}(+8��Q1$638
&/.)*-M+8³5�M+y®1$.)&_,)8
&/P26$.)&
5�,)8G./(+8B&/P2W"X/8
4:.N*�>L./(+8��+,)&/.N(A5�6�>e*�>@./(213&N4)(A5�?2.)8:,�!0|}(+8_&)8
4
*-M+y�(A5�6�>L13&�y28:79*-.)8
y�.)*r./(+8_y28:.)8:,/�Q1$MA5�./13*-M
*�>G&O*-�r8�1$�Q?u*-,/.O5�M�.i?2,)*-?u8:,/./138
&³*�>G./(+8�*-?u8:,O5�./13*-Mk*�>G�hV��G��
 ��°e� y28:.)8
4:.)*-,)& 1$Mk5®(21$��( 1$M;.)8:M+&/1$.xC
8:M;7;1$,)*-M2�r8:M;.�!

�*� � � &�� ��� ����� ���
� ������� � � ��� � � ��� �

s���� « ��� d � `�«
|}(+8�> *-,/<�5�,)yr5�M+y�WA5-4)�D<�5�,)y ?A5�,/.)&L*�>����hVG<01$6$6"(A5
798}<0(+8
8:62&/./,/P+4:./P2,)8
&�!@T+*-,L8�5-&/CG?A5�./.)8:,/MQ,)8
4
*-��M21$./13*-M �
./(+8�&/./,/1$?+&@5�,)8 ./(+8:,)8 > *-,)8�?�*-1$M;./1$M2��.)*�<�5�,)y2&@./(+8�4
8:M�.)8:,L*�>+./(+8�W�8�5���?21$?u8�!�%¡&�5�4
*-M+&)8
¢;P+8:M+4
8 ��./(+8�5�M+*Dy28
4�5�./(+*Dy28F?21$.)4O(�13&0M+*-.N5 4
*-M+&/.O5�M;.¡5�M+yi./(+8¡> *-,/��*�>@./(+8B&/P2W+&/./,O5�.)8�Wu8
4
*-�r8
&N5�./,O5�?u8:´�*-13y�!

­¤(+8:Mi5BM+*-M³4
*-M+&/.O5�M;.05�M+*Dy28�
x4�5�./(+*Dy28N?21$.)4O(³13&�P+&O8
y �;4�5�,)8¡�GP+&).�Wu8�.O5��98:M .)*_(A5
798F5G4
*-M+&).O5�M�.}��5-&
��5�1$M�5�63*-M2�i./(+8 &/./,/1$?+&�!G|}(213&�13&���PA5�,O5�M�.)8
8
y®W�Cc./(+8�&O8:�Q1�
x8:�Q?21$,/134�5�6L>m*-,/�_P26�5 > *-P2M+y�W;C�./(+8 �¡w :F�¡°eT
� �¡8
y28:,/6�5�M+y2&�w M+&/./1$./P2P2. �e*D*-,":F8:,/M�
}8:M��N*-�98F°eM+8:,/��138GT2C"&/134�5	��1$M+&/./1$./P2.)8G1$M�<0(2134)(h5�,)8:6�5�./13*-M�Wu8:.x<�8
8:M
./(+8_5�M+*;y28�
x4�5�./(+*Dy28F��5�? ��� �05�M+y³./(+8_5�M+*;y28�
x4�5�./(+*Dy28B?21$.)4O( ��? ��13&0��1$798:M �m&O8
8 § I"!JI"!JS"!JI	� �

g =
p

8
+ 20µm

� H"!$# �
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<0(+8:,)8Q5�6$6@./(+8 ¢�PA5�M;./1$./138
&G5�,)8�.)*�Wu8���1$798:Mc1$Mh�Q134:,)*-M+&�!G|}(+8_?21$.)4O(�13&F5�63&)*³8
¢�PA5�6@.)*�./(+8_<013y"./(®*�>�./(+8
4�5�./(+*Dy28 �

Wc
��?26$P+&�./(+8 <013y"./( *�>+./(+8�5�M+*Dy28 �

Wa
��?26$P+&�. <0134
8 ./(+8���5�?��

p = Wc+Wa+2g
!@&/P2W+&/./1$./P2./1$M2�

./(213&01$M;.)*�H"!$#F��1$798
&0P+&��

Wc =
3

4
p−Wa − 40µm

� H"!JI	�
V;P2W+&)./1$./P2./1$M2��1$M®8
¢;PA5�./13*-M
H"!JI³./(+8Q?21$.)4O(�P+&)8
yh1$M®./(+8�&)¢�PA5�,)8 6�5�C9*-P2. �

200µm
�¡<�*-P263y�,)8
&/P26$.B1$M
5

4�5�./(+*Dy28�<013y"./(±*�>
103µm

!�|}(213&�13&
13µm

<013y28:, ./(A5�M²<0(A5�.�13&�P+&)8
y
1$M²./(+8 &)¢;PA5�,)8³y28
&/1$��M�> *-,�./(+8
&O5��r8N7�5�6$P+8¡*�>�./(+8N?21$.)4O(�5�M+y³4
*-M+&)8
¢�P+8:M;./6$C�1$M�5�M�5�M+*;y28�
x4�5�./(+*Dy28¡��5�?³./(A5�.�13&�,)8
y"P+4
8
y³W;C

6.5µm
!L%¡&

5�,)8
&/P26$.�./(+8���5�1$Mi>m*-,�5Q��1$798:M�4�5�./(+*;y28B79*-6$.O5��98F<01$6$6�Wu8�(21$��(+8:,�1$M�./(+8�<�8
y"�98_4
*-M"�+��P2,O5�./13*-M�!

T�1$��P2,)8GH"!$#��e­®8
y"�98F�98
*-�r8:./,/C³6�5
C9*-P2.�!
­ (+8:M ./(+8��+MA5�6+y"1$�r8:M+&/13*-M+&e*�>�./(+8}��6�5-&)&L&/P2W+&/./,O5�.)8�5�M+y ./(+8�.)*-.O5�62M�P2�_W�8:,�*�>u5�M+*Dy28
&L?�8:,L&/P2W+&)./,O5�.)8

5�,)8��DM+*�<0M �2./(+8�?21$.)4O(�5�.�5���1$798:Mi?u*�&/1$./13*-M�5�63*-M2�r./(+8F&/./,/1$?+&04�5�MiWu8F4
*-�Q?2P2.)8
y�! |}(+8Fy28
&/1$��MiP+&O8
y³(A5-y
H"#�IF5�M+*Dy28
&�!�|}(+8}.)*-.O5�62<013y"./(�*�>�./(+80&/P2W+&)./,O5�.)8�5�. 5¡��1$798:MQ?�*-1$M;. 5�63*-M2�B./(+8}&/./,/1$?+& �

Wt
��4�5�MQWu8�<0,/1$./.)8:M

5-&��
Wt = 512p + Wc + 40

!B|}(+8
513th

4�5�./(+*Dy28�13&�M+8
8
y28
yh&/1$M+4
8 8:798:,/Cc5�M+*Dy28_�_P+&/.FWu8_&/P2,/,)*-P2M+y28
y
W;C
I�4�5�./(+*Dy28
&�!�%¡&�./(+8�4:P2././1$M2��13& y2*-M+8i5�.

20µm
>�,)*-� ./(+8 W�*-,)y28:,Q*�>�./(+8�6�5-&/. � �+,)&/. �G4�5�./(+*;y28 1$M

*-,)y28:,�.)*��Q1$M21$�Q1$´�8N./(+8¡,/13&/�r*�>�y+5���5���1$M2�Q./(+8:� �"5�M³8��"./,O5
40µm

(A5-&�.)*_Wu8¡5-y2y28
y .)*_./(+8N.)*-.O5�6u<013y"./(�!
|}(+8:,)8 > *-,)8 ��./(+8G?21$.)4O(�5�.F5���1$798:M�?u*�&/1$./13*-M�5�63*-M2� ./(+8�&/./,/1$?+&�4�5�Mc./(+8:M�Wu8_4�5�634:P26�5�.)8
yc1$Mc./(+8B> *-6$63*�<01$M2�
<}5
Cu�

p = (Wt +Wa)/512.75
� H"!JS	�

Wa
13&�./(+8¡<013y"./(i*�>a./(+8�5�M+*;y28F5�M+y�13&�P+&)PA5�6$6$C

7µm
!�w .�13&�./(;P+&}M+8:��6$1$��1$W2638¡1$M³4
*-�Q?A5�,/13&O*-M <01$./(

Wt<0(2134O(�13&�*�>@./(+8B*-,)y28:,�*�>
10cm

!
|}(+80y"1$�r8:M+&)13*-M+&e*�>�./(+8}<�8
y"�98�&/P2W+&/./,O5�.)8}<�8:,)80./(+8�> *-6$63*�<01$M2�+��./(+80&/��5�6$62WA5-&/13&e*�>�./(+8}./,O5�?�8:´�8�(A5-& 5

638:M2��./(³*�>�{�U+!�R-{��Q� �"./(+8�6�5�,/�98NWA5-&/13&}*�>�./(+8N./,O5�?�8:´�8N(A5-&05F638:M2��./(i*�> #� 9RD!J[�H��Q��!e|}(+8N(+8:1$��(�.�5��r*-P2M�.)&
.)*®#�#� ��Q� �@,)8
&)P26$./1$M2��1�5i638:M2��./(²*�>�{9RD!JH��Q� >m*-,_./(+8�4
8:M�./,O5�605�M+*Dy28�! |}(+8 y28:.)8
4:.)*-,)&G>m*-,)8
&)8
8:M
.)*�Wu8
?26�5-4
8
yr*-MQ,/1$M2��I¡1$M+&/13y280./(+8�����V �hV��G�
./,O5-4)�98:, <�*-P263yQ(A5
798�W�8
8:M�8
¢;P21$?2?u8
y <01$./(�&/P2W+&/./,O5�.)8
& (A5
7D1$M2�
./(+8
&)8�y"1$�r8:M+&/13*-M+&�!L­¤(+8:M �"./(2,)*-P2��(+*-P2.N./(+8¡,)8
&/.�*�>�./(213&0<�*-,/�	�"<�8
y"�98B&/(A5�?u8�y28:.)8
4:.)*-,)&N5�,)8�P+&)8
y �D./(+8:C
<01$6$6�(A5�798B./(+8
&)8Fy"1$�r8:M+&/13*-M+&�!

|}(+8_&/(+*�<0M�y"1$�r8:M+&/13*-M+&¡,)8
&/P26$.N1$M�./(+8B>m*-6$63*�<01$M2�i&)8:.N*�>e?A5�,O5��r8:.)8:,)&���./(+8B�Q1$M21$��5�6@?21$.)4)(�5��r*-P2M�.)&
.)*

181µm
5�M+y³./(+8���5 �D1$��5�6�.)*

203µm
!e|}(213&0638�5-y2&0.)*r5��Q1$M21$��5�6���5�?�*�>

43µm
5�M+y�5���5 �"1$��5�6�*-M+8

*�>
45.5µm

!
 �!�µ}*-P2(A5�6$1 �JH9R  N(A5-& &/1$�GP26�5�.)8
y ./(+8���5-&���5�1$M¤>m*-, 5�<013y28�,O5�M2�98�*�>G5�M+*Dy28�<013y"./(+& �}?21$.)4O(+8
&i5�M+y

4�5�./(+*Dy28F<013y"./(�!e�¡8�?2,)*-?�*�&O8
&�5�M�8��".)8:M+&/13*-M�*�>�./(+8��Nw :F�N° T
,/P2638��



v � bed ��f `c« � d l ` � `;« �����Nq�s�ª�j�
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0.8a + 38µm ≤ g =
p

8
+ 20µm ≤ 1.4a+ 45µm

� H"! U �
1$M�<0(2134)(h5Q13&�./(+8G5�M+*;y28G<013y"./(�!0wxM�> 5-4:. �2./(+8_8��D.)8:M+&)13*-M�4
*-�Q?2,/13&)8
&N.x<�*�Wu*-P2M+y+5�,/C�4
*-M+y"1$./13*-M+&�> *-,

./(+8r7-5�6$13y"1$. Ch*�>}./(+8��¡w :F�¡°eT ,/P2638�!r%N?2?26$C;1$M2��./(+8QW�*-P2M+y+5�,/138
&G.)*�*-P2,G&/P2W+&)./,O5�.)8QC;138:63y2&B./(+8Q1$M�.)8:,/7�5�6
[43.6µm, 54.8µm]

>m*-,N./(+8G<013y"./(h*�>e./(+8B��5�?�!N%N&�M+*-./134
8
y ��./(+8_&/��5�6$638
&).���5�?c13&�M+*-.�4
*-M�.O5�1$M+8
yc1$M�./(+8
1$M;.)8:,/7-5�6 !_�N*�<�8:798:, �aP+&/1$M2�³./(+8�y+5�.O5 1$M �JH9R  �u./(+8 ��5�1$M�y",)*-?�13&�8
&/./1$��5�.)8
yh.)* W�8�638
&)&¡./(A5�M�H	��1$Mh./(213&
,)8:��13*-M�!

T+*-,F./(213&By28
&/1$��Mh./(+8 ,)8�5-y�
x*-P2._5�M+yh./(+8 (21$��(�79*-6$.O5��98Q&/P2?2?26$C�<�8:,)8ry2*-M+8r5�.F./(+8 &O5��r8Q&)13y28�*�>}./(+8
&)P2W+&/./,O5�.)8�!�|}(213&L*-?2./13*-M <}5-&�.O5��98:M .)*¡,)8
y"P+4
8�./(+8�&)1$´�8�*�>A./(+8}y28:.)8
4:.)*-,)&@.)*NW�8�?2P2.�1$M�.)*G����V�!¨|}(+8:,)8 > *-,)8
8:798:,/C��+,)&/.¡4�5�./(+*Dy28�*�>�5Q��,)*-P2?�*�>N#���<�5-&�8:63*-M2��5�.)8
yc1$Mc*-,)y28:,¡.)*�,)8�5-4)(h./(+8�W�*-,)y28:,�*�>e./(+8_&)P2W+&/./,O5�.)8
5¨>m.)8:,N4:P2././1$M2�+!N%N&�,)8�5-y�
x*-P2.�13&�?u8:,Y>m*-,/�r8
yh5�.�./(+8_&/��5�6$6�WA5-&)13&�*�>e./(+8_./,O5�?�8:´�8 ��./(+8_5�M+*Dy28
&�(A5-y�.)*Q> 5�M
1$M � ��5��;1$M2��,)*D*-� > *-,Q./(+8i4�5�./(+*;y28
&r4
*-�Q1$M2��./,)*-P2��(�!±w M±*-,)y28:,r.)*cW�8i4
*-�Q?A5�./1$W2638�<01$./(±./(+8iy28
&/1$��M
>m,)*-� w �NT
��KL13&O5��2./(+8¡> *-6$63*�<01$M2��?�*�&/1$./13*-M+&�<�8:,)8_5�././,/1$W2P2.)8
y�.)* ./(+8G5�M+*Dy28
&N5�M+yi4�5�./(+*Dy28
&�Wu*-M+yi?A5-y2&��
Pc = 200 ∗ i 5�M+y Pa = 200 ∗ i+ 175 ∗ k + 516

! w Mi./(213&
i = {0, 16, ..., 496} 5�M+y k = {0, 1, 2, ..., 15} !|}(+8N?u*�&/1$./13*-M+& ��1$798:M³y28 �+M+8¡./(+8��r*�&). 638 >m.�&/13y28N*�>�./(+8�Wu*-M+y�
 ?A5-y�!���*-P2M;./1$M2��13&�y2*-M+8�>�,)*-� 638 >�.�.)*G,/1$��(;.

<0(+8:M�63*;*-�D1$M2�F>m,)*-��./(+80,)8�5-y�
x*-P2.�&/13y28��m&)��5�6$6+WA5-&/13&e*�>u./(+80./,O5�?u8:´�8 ��P2?r.)*F./(+8�5�M+*Dy2808:M+y2& ��6�5�,/�98�WA5-&/13&
*�>e./(+8G./,O5�?�8:´�8 � !¡%�?2134:./P2,)8 *�>e./(+8B,)8
&/P26$.�4�5�M�Wu8G&O8
8:M�1$M��+��P2,)8 H"!JI"!�|}(+8_63*�<�8:,�?A5�,/.¡*�>e./(213&N?2134:./P2,)8
13&�./(+8B� �§5�M+y�8:638
4:./,)*-M2134
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�r8�5�M�7�5�6$P+8F*�>e["!eT+*-,�8�5-4O(�(213&/.)*-��,O5�� �AI� "!J � � �8:798:M�.)&�<�8:,)8F�98:M+8:,O5�.)8
y�!

|}(+8 ./1$�r8r1$M�.)8:,/7�5�6 *�798:,B<0(2134O(®./(+8Q?A5�,/./134:638
&F<�8:,)8ry"13&/./,/1$W2P2.)8
y�<�5-&B8
¢;PA5�6L.)*�#� �M+&���1 ��<�8:,)8Q1L<�5-&
,O5�M2��1$M2��>�,)*-� #F.)*�#�[ ��1 ! 8�!

∆t = 10ns
.)*

180ns
� !}|}(+8B1$M;.)8:,/7-5�6�13&�4O(+*�&)8:Mc5�,)*-P2M+y�./(+8B��5 �"1$�GP2��*�>

./(+8Fy28:6�5�C³4:P2,/798�!
­ (+8:MG1�13&a&/��5�6$6;./(+8"5J5�6$6;4:6$P+&).)8:,)&75�(213&/.)*-��,O5���63*D*-�D&a6$1$�98�50~a5�M+y+5�P y"13&/./,/1$W2P2./13*-M�!@%±4:638�5�,a��5 �"1$�GP2� �

y"1�¸�8:,)8:M�.G>�,)*-��´�8:,)*��@4�5�M®Wu8r*-W+&)8:,/798
y�!³|}(213&_13&Gy"P+8Q.)*�./(+8r&/��5�6$6}5�./.)8:M�PA5�./13*-Mz*�>}./(+8�&/1$��MA5�6�5-&G./(+8
?A5�,/./134:638
&L5�,)8�y"13&/./,/1$W2P2.)8
y�M+8�5�,�./(+8���5 �D1$�_P2��*�>+./(+8�~a5�M+y+5�PQy"13&/./,/1$W2P2./13*-M�!@|}(+8�,)8
&/P26$./1$M2�/5J5�6$6D4:6$P+&/.)8:,)& 5
(213&/.)*-��,O5���<01$6$6�./(+8:,)8 >m*-,)8BW�8�./(+8B&)P2� *�>L5�M;P2�GWu8:,N*�>L~a5�M+y+5�P�4:P2,/798
&�!
�N?u*-M 1$M+4:,)8�5-&)1$M2�r1 �"�r*-,)8B5�M+yi�r*-,)8�?A5�,/./134:638
&�<01$6$6�&O8
8�./(+8:1$,�&/1$��MA5�6�,)8
y"P+4
8
y�4
*-M+&/13y28:,O5�W26$C�5-&}./(+8:C

5�,/,/1$798G�r*-,)8_5�M+y��r*-,)8_*-P2.N*�¸®./1$�r8�!0|}(+8G��5 �D1$�_P2� *�>L./(+8 5J5�6$6�4:6$P+&/.)8:,)&75A(213&/.)*-��,O5����r*�798
&N.)*�<�5�,)y2&
´�8:,)*G5-&e./(+8�M�P2�_W�8:,�*�>�63*�< V���� ?A5�,/./134:638
&�&/.O5�,/.)&e.)*FWu8
4
*-�r806�5�,/�98:,�!LT2,)*-�E1 ��{F*-M�<}5�,)y �D./(+8�&/1$�GP26�5�.)8
y
5J5�6$6�4:6$P+&/.)8:,75+(213&/.)*-��,O5���(A5-&0./(+8F&�5��r8B&/(A5�?u8B5-&0./(+8B8��"?�8:,/1$�r8:M;.O5�6$6$C³*-W+&O8:,/798
y�*-M+8�!
�¡*�<�8:798:, ��5-&Q1$M¤./(+8i,)8�5�6N8��"?�8:,/1$�r8:M;. ��5®4:P2.)*�¸'V���� 7-5�6$P+8�*�>FU®13&r��5�1$M;.O5�1$M+8
y .)*�,)8 XY8
4:.rM+*-13&O8

(21$.)&�!z­ (+8:Mn1�Wu8
4
*-�r8
&QW21$���98:,�./(A5�M=#�# ��&O*-�r8i?A5�,/./134:638
&r./(A5�.�5�,)8��98:M+8:,O5�.)8
y¤5�,)8iM+*h63*-M2�98:,�.O5��98:M
1$M;.)* 5-4
4
*-P2M;.B&/1$M+4
8B./(+8:1$,GV�����7�5�6$P+8BWu8
4
*-�r8
&¡.)*;* &/��5�6$6 !¡|}(213&N13&N,)8��A8
4:.)8
yc1$M�./(+8�&/1$�_P26�5�.)8
yc4:6$P+&).)8:,
�_P26$./1$?26$134:1$.xC9!0V;63*�<06$C³1$.)&0�r8�5�M�7�5�6$P+8B&/.O5�,/.)&0.)* Wu8
4
*-�r8B&/��5�6$638:,�./(A5�M�[��2,)8�5-4)(21$M2�³�"!J�Q5�.�1 ��#�["!

%NM=5�?2?2,)*-?2,/1�5�.)8®7�5�6$P+8c> *-,i1B4�5�M'5�6$./(�P+&�W�8�> *-P2M+y��
i ∈ {9, 10, 11} ��4
*-,/,)8
&/?�*-M+y"1$M2� .)* ∆t ∈

[90ns, 110ns]
��5-&�8��D?u8
4:.)8
y�>m,)*-� ./(+8G?2,)8:�_P��c&/(A5�?21$M2��>�P2M+4:./13*-Mh<0(+8:,)8 � �+�+!FH"!$#�H	��*-M+8�4�5�Mc&O8
8G./(A5�.

./(+8F&/1$��MA5�6a13&�5�./.)8:M�PA5�.)8
y�W�C³U�H	� <0(+8:M�./(+8�?A5�,/./134:638G13&�H� �M+&�*-P2.�*�>@./1$�r8�!
­ (+8:M�./(213&F./1$�r8Qy"13&/./,/1$W2P2./13*-M
*�>�./(+8 ?A5�,/./134:638
&G13&�P+&)8
y ��./(+8Q,)8
&/P26$./1$M2��V����E(213&/.)*-��,O5�� �m*-W2.O5�1$M+8
y

W;C�&)8:638
4:./1$M2�Q./(+8�4:6$P+&/.)8:,}<01$./(i./(+8¡(21$��(+8
&/.�V����t1$M³8�5-4)(�8:798:M�. ��(A5-&�5�4:638�5�,}?u8�5��r./(A5�.04�5�MiW�8��+.}<01$./(
5 ~a5�M+y+5�Pcy"13&/./,/1$W2P2./13*-M �+4
*-M"�+,/�Q1$M2��./(+8B*-W+&)8:,/7�5�./13*-M+&���5-y28F1$Mi(21$��(�1$M;.)8:M+&/1$.xCiWu8�5��r&�!
� � ���$¬���¦ s � � ` � ^ad ��� ` o ` ���
|}(+8 &/1$��MA5�6e8:M2(A5�M+4
8:�r8:M;.B<�5-&B8��"?u8:,/1$�r8:M�.O5�6$6$C�>m*-P2M+yh.)* Wu8�y28:.)8
4:.)*-,By28:?u8:M+y28:M�.�5�M+y�V�����1$M+y28:?u8:M�

y28:M;.�!

|�*F?2,)*�798�./(A5�.e./(+8�&/1$��MA5�6A8:M2(A5�M+4
8:�r8:M;.�13&�V���� 1$M+y28:?u8:M+y28:M�. �;<�80<01$6$6AP+&)8�y+5�.O5N>m,)*-��./(+8�|�{¡Wu8�5��
�m&)8
8�&)8
4:./13*-M�U+!JI"!$# � !@|}(+8 1$M;.)8:M+&/1$.xC *�>+./(213&�W�8�5���4
*-,/,)8
&/?u*-M+y2&�.)*�./(+8�1$M�.)8:M+&)1$.xC_*�>�./(+8 63*�<²1$M;.)8:M+&/1$.xC�K�VDw
Wu8�5�� �25�M+y³M+* 1$M�.)8:M+&/1$. C�7�5�,/1�5�./13*-M+&�5�,)8�?u8:,Y>m*-,/�r8
y�!L�¡*�<�8:798:, ��5�Mi8
&/./1$��5�.)8F*�>�./(+8GV����'8:M2(A5�M+4
8:�r8:M�.
4�5�M³Wu8N��1$798:MiW;C &O8:?A5�,O5�./1$M2�Q./(+8F8:798:M�.)&�4
*-M;.O5�1$M21$M2��*-M26$C *-M+8�4:6$P+&/.)8:,}> *-,/�¯./(+8F*-M+8
&04
*-M�.O5�1$M21$M2���r*-,)8
./(A5�M�*-M+8B4:6$P+&).)8:,�!
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|}(+8},)8 >m8:,)8:M+4
8NV����¤13&@./(+8:MQ./(+8}��5 �"1$�GP2� ?2,)*-WA5�W21$6$1$. CQ*�>�./(+80y"13&/./,/1$W2P2./13*-M�*�>u5�6$62./(+804:6$P+&/.)8:,L> *-P2M+y
1$M²8:798:M�.)& 4
*-M�.O5�1$M21$M2��*-M26$C®*-M+8 4:6$P+&/.)8:,�!�|}(+8 8:M2(A5�M+4
8
yzV����¯13&_./(+8:M�./(+8���5 �"1$�GP2� ?2,)*-WA5�W21$6$1$.xC
*�>
./(+8¡y"13&/./,/1$W2P2./13*-M³4
*-M�.O5�1$M21$M2��5�6$6�./(+8N4:6$P+&/.)8:,)&}*-W2.O5�1$M+8
y�W�C�&O8:638
4:./1$M2�_./(+8¡4:6$P+&/.)8:, <01$./( ./(+8N(21$��(+8
&/.0V����
7�5�6$P+8¡1$M�./(+8�8:798:M;.)&0<0(2134)(i4
*-M�.O5�1$M��r*-,)8N./(A5�Mi*-M+8�4:6$P+&/.)8:,�!Lw M�./(+8�|�{_Wu8�5�� ./(+8�4:6$P+&/.)8:,}�_P26$./1$?26$134:1$.xC
*�>@./(+8B8:798:M;.)&�<01$./(��r*-,)8F./(A5�M�*-M+8F4:6$P+&/.)8:,�13&�S *-M�5�798:,O5��98�!

|}(+8³,)8
&/P26$.)&Q*-W2.O5�1$M+8
y±<01$./(±./(+8i|�{hy+5�.O5�5�M+yn5c&/1$�GP26�5�./13*-M ?�8:,Y> *-,/�r8
yz<01$./(±./(+8i��*-M;.)8��}5�,/63*
?2,)*-��,O5���5-&�y28
&)4:,/1$Wu8
yi1$M § H"!J�"!JSr4�5�M�W�8F&)8
8:M�1$Mi�+��P2,)8GH"!$#��"!e./(+8F�+��P2,)8B&/(+*�<�&�./(+8F?2,)*D4
8:M�./PA5�6@&/1$��MA5�68:M2(A5�M+4
8:�r8:M;. �

[S/N(more than one cluser)− S/N(one cluster)]/S/N(one cluster)

T�1$��P2,)8 H"!$#��"�_KL,)*D4
8:M�./PA5�6}&/1$��MA5�6 8:M2(A5�M+4
8:�r8:M;.r5-&_5 >mP2M+4:./13*-M
*�>0./(+8 V�����!�|}(+8�4:6$P+&/.)8:,G�_P26$./1$?26$134:1$.xC
5��r*-P2M;.)8
y�.)*�S *-Mc5
798:,O5��98�!

wxM¤�+��P2,)8�H"!$#�R�./(+8®V�����8:M2(A5�M+4
8:�r8:M;.�5-&³5®>mP2M+4:./13*-M *�>B./(+8�5�798:,O5��98�4:6$P+&/.)8:,��_P26$./1$?26$134:1$.xC 4�5�M
Wu8³&)8
8:M�!®|}(+8
&)8³,)8
&)P26$.)&r5�,)8 *-W2.O5�1$M+8
yn1$M²./(+8³K�VDwGW�8�5���!
%�63&O*�(+8:,)8 � W�*-./(±&/1$�_P26�5�.)8
yn5�M+y±8��D?u8:,/1�

�r8:M;.O5�6$6$C�*-W+&)8:,/798
y
8:M2(A5�M+4
8:�r8:M�.)&r5�,)8�&)(+*�<0M�!i%¡&G4�5�M�Wu8�&O8
8:M �a./(+8�&/1$�GP26�5�.)8
y²y28:?�8:M+y28:M+4
8 *�>�./(+8
&)1$��MA5�6�8:M2(A5�M+4
8:�r8:M�.�*-Mi./(+8B5�798:,O5��98B4:6$P+&/.)8:,0�GP26$./1$?26$134:1$. C³13&}1$Mi�9*;*Dy³¢�PA5�6$1$.O5�./1$798B5���,)8
8:�r8:M;.�<01$./(i./(+8
8��"?u8:,/1$�r8:M�.O5�6$6$C�*-W+&)8:,/798
y�*-M+8�!

|}(+8�y+5�.O5�?u*-1$M�.)&@,)8:?2,)8
&)8:M;.)8
y_1$M ./(+8 �+��P2,)805�,)8�5-4:./PA5�6$6$C 5�&/./,O5�1$��(;.@6$1$M+8 �+.�.)*N./(+8�*-W+&)8:,/798
yQ5�798:,O5��98
&)1$��MA5�6�8:M2(A5�M+4
8:�r8:M;.)&04
*-�Q1$M2�_>m,)*-� #�[_y"1�¸�8:,)8:M�.0y28:.)8
4:.)*-,)&}&/P2W"XY8
4:.)8
y�.)* IBy"1�¸�8:,)8:M�.}W�8�5�� 1$M�.)8:M+&)1$./138
&�!
|}(213&N5�?2?2,)*95-4)(�<}5-&}>m*-6$63*�<�8
y�&)1$M+4
8�./(+8F8��D?u8:,/1$�r8:M�.O5�6$6$Ci*-W+&)8:,/798
yi&/1$��MA5�6�8:M2(A5�M+4
8:�r8:M;.)&N4�5�M�y"1�¸�8:,0W�C
H� 	� > *-,Q4
*-�Q?A5�,O5�W2638�5�798:,O5��98�4:6$P+&/.)8:,Q�GP26$./1$?26$134:1$./138
&�!n|}(213& 13&QP2M+y28:,)&/.)*D*;y²W;C
./(+8³1$M��+P+8:M+4
8�*�>�./(+8
8��"?u8:,/1$�r8:M�.O5�6$6$Cn*-W+&)8:,/798
yn4:6$P+&).)8:,r�GP26$./1$?26$134:1$. C y"13&/./,/1$W2P2./13*-M+&�5�M+y y28:6�5
C±4:P2,/798
&�!n|}(+8�y28:6�5�C±4:P2,/798
&
5�M+yc./(+8 4:6$P+&/.)8:,F�_P26$./1$?26$134:1$.xC�y"13&/./,/1$W2P2./13*-M+&G5�,)8 y28:.)8
4:.)*-,By28:?u8:M+y28:M�.�!GTA*-,F1$M+&/.O5�M+4
8 �u./(+8 ?�8�5���*�>�./(+8
y28:6�5�C�4:P2,/798¡&/(21�>�.)&�<01$./( ,)8
&/?�8
4:.�.)*_./(+8�1$M+4:13y28:M�.0?A5�,/./134:638
&05�,/,/1$7�5�6�<0(+8:M ./(+8N./,O5�M+&Y>m8:,��A8:63y�13&�4O(A5�M2�98
y�!
�c*-,)8
*�798:, �A./(+8Fy28:6�5
C�4:P2,/798FW2,)*95-y28:M+&�<01$./(�5 y28
4:,)8�5-&/1$M2��y",/1�>m.0�A8:63y �J[� � x!

|}(+8_4:6$P+&/.)8:,N�GP26$./1$?26$134:1$. C�y"13&/./,/1$W2P2./13*-Mh(A5-&N1$.)&�*�<0Mc1$M��+P+8:M+4
8�!¡��6$P+&).)8:,N�_P26$./1$?26$134:1$.xC�y"13&)./,/1$W2P2./13*-M+&
4
*-�Q1$M2��>m,)*-��.x<�*�y"1�¸�8:,)8:M�.�y28:.)8
4:.)*-,)&F5�,)8G&/(+*�<0M�1$M��+��P2,)8�H"!$#�["!0|}(+8 5
798:,O5��98_M�P2�_W�8:,F*�>e4:6$P+&/.)8:,)&N13&
798:,/C_4
*-�Q?A5�,O5�W2638�� ["!JH0> *-,�./(+8�638 >m.�*-M+8}5�M+yQ["!J{0> *-,�./(+8 ,/1$��(;.@*-M+8 ��!�wx.�13&�*-W+&)8:,/798
y�./(A5�.�M+*-M+8�*�>A./(+8�.x<�*
y"13&)./,/1$W2P2./13*-M+&¡�+.N<�8:6$6�.)*�./(+8G./(+8
*-,)8:./134�5�6$6$Ch8��"?�8
4:.)8
ycK�*-13&O&)*-Mcy"13&)./,/1$W2P2./13*-M �

χ2/ndf = 8.5
��638 >�. �N5�M+y

χ2/ndf = 18.5
��,/1$��(�. ��?2,)*-WA5�W26$CGy"P+8�.)*�./(+8�?2,)8
&)8:M+4
8�*�>+M+*-13&)8 4:6$P+&/.)8:,)&�1$M�./(+8 y"13&/./,/1$W2P2./13*-M+&�!@�¡*�<�8:798:, �

¢;PA5�6$1$.O5�./1$798:6$C �"./(+8�. <�* y"13&/./,/1$W2P2./13*-M+&}63*D*-�ry"1�¸u8:,)8:M;.��@./(+8�,/1$��(;.�*-M+8N(A5-&��r*-,)8�(21$��( �GP26$./1$?26$134:1$. C 8:798:M;.)&
> *-,01$M+&/.O5�M+4
8�!

|}(213&�638�5-y2&³.)*
./(+8c4
*-M+4:6$P+&/13*-Mk./(A5�.³5�6$./(+*-P2��(k./(+8c&/1$�_P26�5�./13*-Mt4
*-,/,)8
4:./6$C¤y28
&)4:,/1$Wu8
&i5�M 5J5�798:,O5��98
y28:.)8
4:.)*-,75 �".)*G(A5
798F5GW�8:./.)8:,}y+5�.O5 
x��*-M;.)8B�}5�,/63*�5���,)8
8:�r8:M;. �+8�5-4)(³y28:.)8
4:.)*-,0&/(+*-P263y�Wu8N./,)8�5�.)8
y�1$M+y"1$7D13y�

PA5�6$6$C9!�%�M+y�./(�P+&¡./(+8�5�?2?2,)*-?2,/1�5�.)8�y28:6�5
C�4:P2,/798�5�M+yc4:6$P+&/.)8:,��_P26$./1$?26$134:1$.xChy"13&/./,/1$W2P2./13*-M+&�&/(+*-P263y�Wu8F> 8
y
.)*�./(+8 &/1$�GP26�5�./13*-M�!G|}(+8G,)8
&/P26$.F*�> &/P+4O(®5�&/1$�_P26�5�./13*-M�13&�&/P2�Q��5�,/13&)8
yc1$M�.O5�W2638QH"!$#�!Fw M�./(213&�.O5�W2638�./(+8
8��"?u8:,/1$�r8:M�.O5�6$6$C�*-W+&)8:,/798�V����¯5�M+yh./(+8Q&/1$�GP26�5�.)8
y®*-M+8r5�,)8 ��1$798:M�!QT+P2,/./(+8:,/�r*-,)8 ��5-&B5�M�1$M+y"134�5�./13*-M�*�>
./(+8B1$M�.)8:M+&/1$. C �+./(+8G5�798:,O5��98BM�P2�_W�8:,N*�>@4:6$P+&/.)8:,)&�13&�5�63&)*r5-y2y28
y�!
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T�1$��P2,)8GH"!$#�RD��V�����8:M2(A5�M+4
8:�r8:M�.F5-&�5_>�P2M+4:./13*-Mc*�>�./(+8B5�798:,O5��98G4:6$P+&/.)8:,��GP26$./1$?26$134:1$.xC9!

T�1$��P2,)8�H"!$#�["��T�1$.�*�>B5�K�*-13&)&)*-M y"13&)./,/1$W2P2./13*-M .)*�. <�*�8��"?u8:,/1$�r8:M�.O5�6$6$Cn*-W+&)8:,/798
yn4:6$P+&).)8:,r�GP26$./1$?26$134:1$. C
y"13&/./,/1$W2P2./13*-M+&�1$Mi./(+8BK�VDw�Wu8�5���!
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χ2 = (Y −HAx)TV −1(Y −HAx)
� H"!�R �
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Y =




y1

y2

...
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
 ;H =




1 z1
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...
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
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b
a
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θ0
13&�./(+8L�_P26$./1$?2638}��*-P263*-�_W�&)4�5�./.)8:,/1$M2��5�M2��638 5-&ay28 �+M+8
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j=1

(zi − zj)2]
� H"!$#� 	�

|}(+8F7�5�6$13y"1$.xC�*�>�> *-,/�GP26�5 H"!$#� �>m*-,N*-P2,�?A5�,/./134:P26�5�,��98
*-�r8:./,/Ci13&�798:,/1��A8
y�W;C ./(+8_&O5��r8B&/1$�_P26�5�./13*-M�!}|}(+8
,)8
&/P26$.@13&@&/(+*�<0MQ1$M_�+��P2,)8�H"!JI"#�!@%±�9*D*Dy 5���,)8
8:�r8:M;.eWu8:.x<�8
8:M���*-M;.)80�}5�,/63*B5�M+yQ4�5�634:P26�5�./13*-MQ13&L*-W+&O8:,/798
y
> *-,B5�M®�h�0Vc5�M2��638r*�>0 "!J � �I�H� "!��¡*�<�8:798:, �a<0(+8:M�./(+8Q&)1$�GP26�5�./13*-M®13&F4
*-�Q?A5�,)8
y�.)*³./(+8Qy+5�.O5³*-W2.O5�1$M+8
y
1$M�5�~�w�,/P2M �"1$.013&�&)8
8:Mi./(A5�.0./(+8Fy+5�.O5�(A5-&�5 &)CD&/.)8:��5�./134�5�6$6$C 6�5�,/�98:,�&/?2,)8�5-y�!L%'Wu8:./.)8:,�y+5�.O5 
x&/1$�GP26�5�./13*-M
5���,)8
8:�r8:M;.e13&@,)8�5-4)(+8
yQ<0(+8:M�5�Mr���0V 5�M2��6380*�>u "!J � �S�S�S¡13&@P+&O8
y�!�|}(213& 4�5�M�Wu808��"?26�5�1$M+8
y W�C�./(+8�6$1$�Q1$.)8
y
?2,)8
4:13&/13*-M�<01$./(�<0(2134)(�./(+8_5�798:,O5��98B?213*-M��r*-�r8:M;./P2� 13&��;M+*�<0M�5�M+y�./(+8B./(+8G&/?2,)8�5-y�*-M�./(+8B�r*-�r8:M�.O5
*�>@./(+8�?213*-M+&�1$Mi./(+8FWu8�5���!

|}(+8�8 ¸u8
4:.G*�>0./(+8ry"1�¸�8:,)8:M�._�r8:./(+*;y2&_*-M®./(+8r,)8
&)13y"PA5�6 y"13&/./,/1$W2P2./13*-M+&�4�5�M�Wu8Q&)8
8:M®1$M��+��P2,)8 H"!JI�I"!
%¡&N8��"?u8
4:.)8
y ��./(+8�&/.O5�M+y+5�,)yhy28:7D1�5�./13*-M�> *-,¡,)8
&/13y"PA5�63&�*-W2.O5�1$M+8
yh<01$./(�M+*³���0Vi?2,)8
&)8:M;.�13&�,)*-P2��(26$C�./(+8



\�\;¬ bed ��f `c« � d l ` � `;« �����Nq�s�ª�j�
�ª � q � ` � ` �9���A� «

T�1$��P2,)8�H"!JI"#�����*-�Q?A5�,/13&)*-M�W�8:. <�8
8:MQ&/1$�_P26�5�.)8
y ��4�5�634:P26�5�.)8
y�5�M+y_8��D?u8:,/1$�r8:M�.O5�6$6$CG*-W+&O8:,/798
yG�r8�5�M�&/?2,)8�5-y
*�>0./(+8Q?A5�,/./134:638
&�y"P+8r.)*��h�0V�5-&_5 >mP2M+4:./13*-M
*�>0./(+8r8:M+4
*-P2M;.)8:,)8
y²y28:.)8
4:.)*-,�!�V;1$�_P26�5�./13*-M+&_(A5�798�Wu8
8:M
?u8:,Y> *-,/�r8
y³>m*-,0�r8�5�M��h�0V³5�M2��638
&N*�>L "!J � �I�H� �5�M+y� "!J � �S�S�S"!

&�5��r8�>m*-,F8�5-4)(
y28:.)8
4:.)*-,_5�M+yh7-5�,/138
&B5�,)*-P2M+y
40µm

!_­¤(+8:M®���0V�13&�./P2,/M+8
y�*-M �a5³&/./,/P+4:./P2,)8r6$1$�98 ./(+8
*-M+8G*-W+&)8:,/798
yi1$Mi./(+8F,)8�5�6ay+5�.O5 � 5-y2y28
y³>m*-,�4
*-�Q?A5�,/13&O*-M �}13&�5�63&)* M+*-./134
8
y�!

|}(213& 4�5�M�Wu8}P2M+y28:,)&/.)*D*;y�W�C ./(+80?A5�./(�./(+80?A5�,/./134:638�> *-6$63*�<�&�y"P+8�.)*B���0V�!9w .e13&LM+*G63*-M2�98:,�5F&/./,O5�1$��(;.
6$1$M+8 ��W2P2.¡(A5-& ��1$Mh�98:M+8:,O5�6 ��&)*-�r8 Wu8:M+y"1$M2�i?�*-1$M;.)&�!Gwx>�*-M+8�./,/138
&�.)* �+.B5³&/./,O5�1$��(�.F6$1$M+8 ./(2,)*-P2��(®&)P+4)(�5
?A5�./( �D./(+8¡6$1$M+8N<01$6$6�Wu8�y",O5�<0Mi1$M &)P+4)(�5B<}5
C³5-& .)*��Q1$M21$�Q1$´�8¡./(+8�&/P2� *�>�./(+8�&)¢;PA5�,)8
&�*�>a./(+8Ny"13&).O5�M+4
8
&
Wu8:.x<�8
8:Mc5�6$6�./(+8�?u*-1$M�.)&¡5�M+yi./(+8¡�+./.)8
y�6$1$M+8 �",)8
&)P26$./1$M2��1$Mi./(+8B*-W+&)8:,/798
y�,)8
&/13y"PA5�6ay"13&/./,/1$W2P2./13*-M+&�!

��*-M+&/13y28:,/1$M2�i./(+8 &/?2,)8�5-yh*�> ./(+8�?A5�,/./134:638
&B5-&�5�M�8:,/,)*-,F*-Mh./(+8��r8�5-&/P2,)8:�r8:M�.)& ��1$.¡13&�&)8
8:Mc./(A5�.F./(+8
�+,)&). .x<�* y28:.)8
4:.)*-,)&}5�,)8N./,)8�5�.)8
y³5-& 1�>�M+*_�h�0VQ<�5-&�?2,)8
&)8:M�. �D./(+8NM+8��D.0R 
 [Gy28:.)8
4:.)*-,)&�(A5�798N8:,/,)*-,)&}*�>�./(+8
*-,)y28:,0*�>�./(+8¡���0V�8:,/,)*-, � ≈ 250µm

��5�M+y³./(+8N> *-6$63*�<01$M2�ry28:.)8
4:.)*-,)&�5�6$�r*�&/.0y2*-M 5 .�4
*-M;./,/1$W2P2.)8�.)*_./(+8¡�+.
5-&�(+8:,)8F./(+8F8:,/,)*-,�*-M�./(+8F?u*�&/1$./13*-MiWu8
4
*-�r8
&�.)*D* 6�5�,/�98�!

wx.�13&�P2M">m*-,/./P2MA5�.)8:6$C�1$�Q?�*�&)&)1$W2638N.)*_./,)8�5�.}./(+8�y+5�.O5G<01$./(i���0VQ1$Mi&/P+4O(³5_<}5
C�./(A5�.�5�6uy28:.)8
4:.)*-,)&�5�,)8
./,)8�5�.)8
y³*-M�./(+8N&O5��r8�> *;*-./1$M2��<0(+8:M�P+&)1$M2�_./(+8�(�CD?�*-./(+8
&/13&�./(A5�.�./(+8�?A5�,/./134:638¡./,O5�798:63&�1$Mi5_&/./,O5�1$��(�.�6$1$M+8�!
|}(+8:,)8 > *-,)8G5�M�5�6$.)8:,/MA5�./1$798_y28
&)4:,/1$?2./13*-M�*�>@./(+8F?A5�,/./134:638B./,O5-4O�³<�5-&0./,/138
y�!

b �m� `;d � « p@lm�m� `;«
|}(+8�?A5�./( *�>�./(+8�?A5�,/./134:638
&��r*�7;1$M2�_./(2,)*-P2��(�./(+8¡y28:.)8
4:.)*-,)&�4�5�M�Wu8�y28
&)4:,/1$Wu8
yrW;C�5B&/P+4
4
8
&)&)13*-M�*�>�6$1$M+8�5�,
6$1$M+8�&)8:���r8:M;.)& �-<0(+*�&)8}y"1$,)8
4:./13*-MQ4�5�M�4O(A5�M2�98�1$MQ5���1$798:M_M;P2�GWu8:,e*�>+?�*-1$M;.)& � > *-,�1$M+&/.O5�M+4
805�.�./(+8�y28:.)8
4:.)*-,
?26�5�M+8 � ! |}(+8F��5�./(+8:��5�./134�5�6�.)*D*-6�.)*Qy28
&)4:,/1$Wu8B&/P+4O(�5��r*�798:�r8:M;.�5�,)8F?2138
4
8:<013&O8F6$1$M+8�5�,�&/?26$1$M+8
& �J{�[  x!

T�1$,)&). � 5c&)8:.�*�>
N + 1

�DM+*-.)&�13&Qy28 �+M+8
y²*-Mz./(+8 1$M�.)8:,/7�5�6
[a, b]

*-Mz<0(2134)(±./(+8 1$M�.)8:,/?u*-6�5�./13*-M±<01$6$6
Wu8_?�8:,Y> *-,/�r8
y��

K = {z0, z1, ..., zn}
!F|}(+8��DM+*-.)&B5�,)8Q5�&)8:.F*�> ?u*-1$M�.)&�1$Mh<0(2134O(�./(+8�&)./,O5�1$��(�.�6$1$M+8 4�5�M

4O(A5�M2�98B1$.)&�y"1$,)8
4:./13*-M�!�|}(+8:M �2./(+8B&/?26$1$M+8
lj
13&�y28 �+M+8
y�5-&��

lj(z) =





0 a ≤ z ≤ zj−1
z−zj−1

zj−zj−1
zj−1 ≤ z ≤ zj

z−zj+1

zj−zj+1
zj ≤ z ≤ zj+1

0 zj+1 ≤ z ≤ b
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f(x) = c0l0(x) + ...+ cN lN (x)
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Figure 10.1.1. Successive bracketing of a minimum. The minimum is originally bracketed by points
1,3,2. The function is evaluated at 4, which replaces 2; then at 5, which replaces 1; then at 6, which
replaces 4. The rule at each stage is to keep a center point that is lower than the two outside points. After
the steps shown, the minimum is bracketed by points 5,3,6.

contrariwise, if , then the new bracketing triplet is . In all cases
the middle point of the new triplet is the abscissa whose ordinate is the best minimum
achieved so far; see Figure 10.1.1. We continue the process of bracketing until the
distance between the two outer points of the triplet is tolerably small.

How small is “tolerably” small? For a minimum located at a value , you
might naively think that you will be able to bracket it in as small a range as

, where is your computer’s floating-point precision, a
number like (for ) or (for ). Not so! In general, the
shape of your function near will be given by Taylor’s theorem

10.1.1

The second term will be negligible compared to the first (that is, will be a factor
smaller and will act just like zero when added to it) whenever

10.1.2

The reason for writing the right-hand side in this way is that, for most functions,
the final square root is a number of order unity. Therefore, as a rule of thumb, it
is hopeless to ask for a bracketing interval of width less than times its central
value, a fractional width of only about (single precision) or (double
precision). Knowing this inescapable fact will save you a lot of useless bisections!

The minimum-finding routines of this chapter will often call for a user-supplied
argument , and return with an abscissa whose fractional precision is about
(bracketing interval of fractional size about ). Unless you have a better

10.2 Parabolic Interpolation and Brent’s Method 403
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Figure 10.2.1. Convergence to a minimum by inverse parabolic interpolation. A parabola (dashed line) is
drawn through the three original points 1,2,3 on the given function (solid line). The function is evaluated
at the parabola’s minimum, 4, which replaces point 3. A new parabola (dotted line) is drawn through
points 1,4,2. The minimum of this parabola is at 5, which is close to the minimum of the function.

away). Note, however, that (10.2.1) is as happy jumping to a parabolic maximum
as to a minimum. No minimization scheme that depends solely on (10.2.1) is likely
to succeed in practice.

The exacting task is to invent a scheme that relies on a sure-but-slow technique,
like golden section search, when the function is not cooperative, but that switches
over to (10.2.1) when the function allows. The task is nontrivial for several
reasons, including these: (i) The housekeeping needed to avoid unnecessary function
evaluations in switching between the two methods can be complicated. (ii) Careful
attention must be given to the “endgame,” where the function is being evaluated
very near to the roundoff limit of equation (10.1.2). (iii) The scheme for detecting a
cooperative versus noncooperative function must be very robust.

Brent’s method [1] is up to the task in all particulars. At any particular stage,
it is keeping track of six function points (not necessarily all distinct), , , , ,

and , defined as follows: the minimum is bracketed between and ; is the
point with the very least function value found so far (or the most recent one in
case of a tie); is the point with the second least function value; is the previous
value of ; is the point at which the function was evaluated most recently. Also
appearing in the algorithm is the point , the midpoint between and ; however,
the function is not evaluated there.

You can read the code below to understand the method’s logical organization.
Mention of a few general principles here may, however, be helpful: Parabolic
interpolation is attempted, fitting through the points , , and . To be acceptable,
the parabolic step must (i) fall within the bounding interval , and (ii) imply a
movement from the best current value that is less than half the movement of the
step before last. This second criterion insures that the parabolic steps are actually
converging to something, rather than, say, bouncing around in some nonconvergent
limit cycle. In the worst possible case, where the parabolic steps are acceptable but
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&)P26$.)&@5�,)8}*-W2.O5�1$M+8
y <01$./(r5¡&/1$�GP26�5�./13*-Mr*�>����hVG<01$./(r5�>�P26$6"&/1$6$134
*-M ./,O5-4)�98:, 5-&@y28
&)4:,/1$Wu8
y�1$M &O8
4:./13*-M
#�! U+!�%�6$6�.)8
&).)&�<�8:,)8G?�8:,Y> *-,/�r8
y�P+&)1$M2�  ¡����%'798:,)&)13*-Mc���B#��B#BP+&)1$M2�r./(+8B4:�r&�#�I"#G6�5
C9*-P2.¡5-&Ny28
&)4:,/1$Wu8
y
1$M�&O8
4:./13*-M�#�! U+!�RD! U+! �N*-.)8N5�63&)*F./(A5�. ./(+8�,)8
&/P26$.)& *-W2.O5�1$M+8
y�1$M�./(213&e4O(A5�?2.)8:,}5�,)8�*-W2.O5�1$M+8
y�<01$./(�5Fy28:.)8
4:.)*-,
<0(+*�&)8Fy28:.)8
4:./1$M2� 8:638:�r8:M�.)&�5�,)8�?�8:,Y> 8
4:./6$Ci5�6$1$��M+8
y�!

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

����¬ �m\ �m\ �i��o ` ����l d ���a� `
w M�5�6$6DP+&)8
y�&O5��Q?2638
& ��8�5-4)(Q8:798:M;.@4
*-M;.O5�1$M+&e*-M+8�(A5�,)yG?�
 ? 1$M�.)8:,O5-4:./13*-M ��<01$./(r5�6�5�,/�98 �r*-�r8:M;./P2��./,O5�M+&Y> 8:,
Wu8:.x<�8
8:M�./(+8F?2,)*-.)*-M+& �}.)*Q<0(2134)(h5�M�P2�GWu8:,N*�>@�Q1$M21$�GP2� W21�5-&�8:798:M;.)& �m&)*�>m. ��4�5�M�Wu8F&/P2?u8:,/?�*�&)8
y�! |}(+8
&O5��Q?2638
&N5�,)8�>�P2,/./(+8:,N4)(A5�,O5-4:.)8:,/13&)8
y�W�C³./(2,)8
8B¢;PA5�M�./1$./138
&��
#�!�|}(+8�6$P2�Q1$M+*�&/1$. C�� ./(2,)8
8²y"1�¸�8:,)8:M�.h6$P2�Q1$M+*�&/1$./138
&c<�8:,)8z&/1$�_P26�5�.)8
y��k*-M+8�<01$./(§*-M26$Ck./(+8
&)1$��MA5�6
8:798:M�.�13&��98:M+8:,O5�.)8
y �0*-M+8�1$M+4:6$P+y"1$M2�
�Q1$M21$�GP2� W21�5-&�8:798:M�.)& 4
*-,/,)8
&/?u*-M+y"1$M2��.)*�63*�<�6$P2�Q1$M+*�&/1$. C
�
2 1033cm−2s−2 ����5�M+y
5i6�5-&/.B<01$./(
�Q1$M21$�GP2� W21�5-&G8:798:M;.)&�4
*-,/,)8
&)?�*-M+y"1$M2��.)*�(21$��(®6$P2�Q1$M+*�&/1$. C
�
1034cm−2s−2 �

I"!�|}(+8�5
798:,O5��98�./,O5�M+&)798:,)&)8�8:M+8:,/��C
Et
�9�a&�5��Q?2638
&e<01$./(

Et = 50GeV
�
100GeV

5�M+y
200GeV

<�8:,)8
P+&)8
y�!

S"!�|}(+8 5�798:,O5��98�?+&O8:P+y2*-,O5�?213y"1$.xCz*�>�./(+8�?A5�,/./134:638
&��Q.x<�*�,)8:��13*-M+&�<�8:,)8 4
*-M+&)13y28:,)8
y�� |η| < 1.4
5�M+y

1.4 < |η| < 2.4

����¬ �m\ ��¦ �
o®p d ���Qpe���m���
T+*-,�./,O5-4O�D&�*-,/1$��1$MA5�./1$M2��5�.¡./(+8�?2,/1$��5�,/C�798:,/.)8�� �u./(+8G1$�Q?A5-4:.F?u*-1$M�.�13&�y28 �+M+8
y�5-&�./(+8G?u*-1$M�.F*�>�4:63*�&O8
&/.
5�?2?2,)*95-4O(�.)* ./(+8_����V�´ 
 5 �D13&�!

%k>m8:< y28:,/1$798
yi¢�PA5�M;./1$./138
&�5�,)8¡1$M�./,)*Dy"P+4
8
yi1$M *-,)y28:,}.)* 4
*-�Q?A5�,)8�./(+8�&/1$�GP26�5�.)8
y�5�M+y ,)8
4
*-M+&/./,/P+4:.)8
y
./,O5-4O�D&�!�|}(+8
&)8G5�,)8B4�5�6$638
y�1$�Q?A5-4:.�?A5�,O5��r8:.)8:,)&�5�M+y�5�,)8B4
*-�Q?2P2.)8
y�,)8:6�5�./1$798G.)*Q./(+8F798:,/.)8���! |}(+8F./,O5�M+& 

798:,)&)8 1$�Q?A5-4:.r?A5�,O5��r8:.)8:, �

Rip
�L<01$./(n,)8
&/?u8
4:. .)*®5c��1$798:M±798:,/.)8��²13&�y28 �+M+8
yn5-&Q./(+8³?�*-1$M;.r*�>�4:63*�&O8
&/.

5�?2?2,)*95-4O(®.)*³./(A5�.F798:,/.)8��c1$Mh./(+8 ./,O5�M+&/798:,)&O8 ?26�5�M+8�!�w .F(A5-&B5³&/1$��M���>m*-,F?u*�&/1$./1$798:6$Cc4)(A5�,/�98
y®?A5�,/./134:638
& �
1$.013&�M+8:��5�./1$798B<0(+8:M�./(+8F798:,/.)8���13&�1$M+&/13y28F./(+8F./,O5¨X/8
4:.)*-,/Ci4:1$,)4:638_5�M+yi?u*�&/1$./1$798F<0(+8:M�1$.�13&�*-P2.)&/13y28�!�|}(+8
,)8:798:,)&)8�(+*-63y2&�>m*-,0M+8:��5�./1$798:6$C�4O(A5�,/�98
yi?A5�,/./134:638
&�!

|}(+8³63*-M2��1$./P+y"1$MA5�6N1$�Q?A5-4:.r?u*-1$M�.r?A5�,O5��r8:.)8:, �
zip
� 13&ry28 �+M+8
y 5-&Q./(+8iy"13&/.O5�M+4
8�1$M

z
W�8:. <�8
8:M ./(+8

1$�Q?A5-4:.�?u*-1$M�.¡5�M+yi./(+8�?2,/1$��5�,/C³798:,/.)8��u!
�
Et = E ∗ sin(θ)

��� ��	#��	
E

�!� ����	���
�4 ��
 ����	 	���	#� ��)(��
�����	 � 	�"&��) 2���� ��
�"#����=
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ipz

projection

yy

zz
x

R ip
ipip

track

T�1$��P2,)8��"!JH"�i·�8 �+M21$./13*-M *�>�./(+8³./,O5�M+&/798:,)&)8�5�M+y±63*-M2��1$./P+y"1$MA5�6�1$�Q?A5-4:.r?A5�,O5��r8:.)8:,)&
Rip

5�M+y
zip

<01$./(
,)8
&)?�8
4:.0.)*Q./(+8B?2,)*-.)*-M�1$M�.)8:,O5-4:./13*-M�?�*-1$M;.

ip
!

T�1$��P2,)8_�"!JH�1$6$6$P+&/./,O5�.)8
&�./(+8
&)8Gy28 �+M21$./13*-M+&�1$Mi./(+8B4�5-&)8�<0(+8:,)8B./(+8B4
*-M+&/13y28:,)8
yi798:,/.)8��i13&0./(+8�?2,/1$��5�,/C
798:,/.)8���!

wxM��+��P2,)8��"!J��./(+8B,)8
&)*-6$P2./13*-M�*�>e./(+8
&)8G?A5�,O5��r8:.)8:,)&�13&N&)(+*�<0M�5-&¡5Q>�P2M+4:./13*-Mh*�>e./(+8G?+&O8:P+y2*-,O5�?213y"1$.xC
> *-,013&)*-6�5�.)8
yi�_P+*-M+&�*�>Ly"1�¸u8:,)8:M;.

pT
�JI"#� x!

T�1$��P2,)8F�"!J�"�@~�8 >m.��L|�,O5�M+&/798:,)&)8¡1$�Q?A5-4:.}?A5�,O5��r8:.)8:,��
Rip
�e,)8
&)*-6$P2./13*-M�5-&05F>mP2M+4:./13*-M³*�>a./(+8�?+&O8:P+y2*-,O5�?213y�


1$. C9! ��1$��(�.��F~a*-M2��1$./P+y"1$MA5�6 1$�Q?A5-4:.F?A5�,O5��r8:.)8:, �
zip
��,)8
&O*-6$P2./13*-M
5-&B5�>�P2M+4:./13*-M®*�>�./(+8 ?+&)8:P+y2*-,O5�?213y"1$.xC9!

µ}*-./(�,)8
&O*-6$P2./13*-M+&N5�,)8F&/(+*�<0M�> *-,013&)*-6�5�.)8
yi�GP+*-M+&N*�>@y"1�¸�8:,)8:M�.
pT
!

���$¬��m\ � � � � d lm� � �n� ^a` � � «
|}(+8�¢�PA5�6$1$. C�*�>}./(+8�,)8
4
*-M+&/./,/P+4:./13*-Mz4�5�M®W�8r798:,/1��A8
y�P+&/1$M2��./(+8Q?2P26$63&_*�>0./(+8Q./,O5-4O��?A5�,O5��r8:.)8:,)&�!³|}(+8
?2P26$6�>m*-,�5�?A5�,O5��r8:.)8:,

p
13&0��1$798:M�W�C

Pull(p) =
prec − psim
σ(prec)

� �"!JI	�
wxMQ./(213& �

prec
13&L./(+8},)8
4
*-M+&/./,/P+4:.)8
y�7-5�6$P+80*�>u./(+8}?A5�,O5��r8:.)8:,

p
�
psim

1$.)&e&/1$�GP26�5�.)8
yr7-5�6$P+8�5�M+y
σ(prec)13&�./(+8B8:,/,)*-,�*-Mi./(+8��+./.)8
yi?A5�,O5��r8:.)8:,�!
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Entries           11093
  244.1    /    86

Constant   565.1
Mean -0.2395
Sigma   1.526

1/p
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  389.9    /    82

Constant   876.0
Mean -0.1955E-01
Sigma  0.9728

Rip
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Entries           11093
  445.2    /    85

Constant   955.7
Mean -0.5219E-03
Sigma  0.8875

zip

n
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er
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s

T�1$��P2,)8G�"!�RD� KLP26$6ay"13&/./,/1$W2P2./13*-M+&�>m*-,0./(+8�> *-6$63*�<01$M2��?A5�,O5��r8:.)8:,)&��
1/p

�
Rip

�
zip

T�1$��P2,)8��"!�Rc&/(+*�<�&Q./(+8³y"13&/./,/1$W2P2./13*-M+&�*�>¡./(+8³?2P26$63&r*�>
1/p

�
Rip

�
zip

> *-,�./,O5-4O�D&r<01$./(±M+*h?21$638³P2? �
Et = 100GeV

5�M+y |η| < 1.4
!t|}(+8h5
798:,O5��98�7�5�6$P+8
& 5�,)8�M+*-. 4
*-�Q?A5�./1$W2638�<01$./(¤´�8:,)*��}?u*-1$M�./1$M2�².)*

5³&/��5�6$6LW21�5-&G1$M�./(+8Q,)8
4
*-M+&/./,/P+4:./13*-M²*�>�./(+8Q?A5�,O5��r8:.)8:,)&�!r|}(+8r&/.O5�M+y+5�,)y®y28:7D1�5�./13*-M+&G*�>}./(+8 �F5�P+&O&/1�5�M
4:P2,/798
&u�+./.)8
yG.)*}./(+8e4
8:M�./,O5�6;?A5�,/.a*�>"./(+8ey"13&/./,/1$W2P2./13*-M+&�5�,)8 4:63*�&)8L.)*F# � > *-,�./(+8

Rip
5�M+y

zip
y"13&/./,/1$W2P2./13*-M+& ���

1$M+y"134�5�./1$M2� ./(A5�.�./(+8B4
*�7-5�,/1�5�M+4
8���5�./,/1���*�>L./(+8F./,O5-4O��?A5�,O5��r8:.)8:,)&�13&N4
*-,/,)8
4:./6$C�8
&/./1$��5�.)8
y�!0|}(+8G<013y"./(
*�>�./(+8

1/p
y"13&/./,/1$W2P2./13*-M�13&@.)*D*F6�5�,/�98 ��?�*-1$M;./1$M2�B.)*G5�MQP2M+y28:,)8
&/./1$��5�./13*-M³*�>�./(+8�8:,/,)*-,�*-Mr./(213&L?A5�,O5��r8:.)8:,�!

T2P2,/./(+8:,/�r*-,)8 ��./(+8_?�8�5��i*�>e./(+8_?2P26$6�y"13&/./,/1$W2P2./13*-M�y28:?A5�,/.)&�>�,)*-�� �5-&
η
1$M+4:,)8�5-&)8
&�!�|}(213&N13&�y"P+8_.)*r./(+8

<}5
Cr./(+8¡��5���M+8:./134N�A8:63y 13&�&/1$�_P26�5�.)8
y³1$M+&/13y28F ¡�0��%�!D|}(+8N��5���M+8:./134N�A8:63y�13&}&/1$�GP26�5�.)8
y .)*�W�8N4
*-M+&/.O5�M�.
1$Mz./(+8³´iy"1$,)8
4:./13*-M � <0(2134O(±13&r5��9*;*Dy±5�?2?2,)* �"1$��5�./13*-M 1$Mz./(+8³WA5�,/,)8:60?A5�,/. �m&/��5�6$6 |η| ����W2P2.�Wu8
4
*-�r8
&<�*-,)&)8F1$Mi./(+8�> *-,/<�5�,)yi,)8:��13*-M�!

TA*-,�*-P2,05�MA5�6$CD&)13& �D./(+8��r*�&/.�1$�Q?u*-,/.O5�M�.}?A5�,O5��r8:.)8:,013& ./(+8
zip
!L|}(+8¡y"13&/./,/1$W2P2./13*-M�*�>

zip,sim− zip,rec4�5�M W�8�&)8
8:M 1$M �+��P2,)8F�"!J[�5	� !e|}(+8Ny"13&)./,/1$W2P2./13*-M�&)8
8:M³13&�./(+8�&/P2�¯*�>�y"1�¸�8:,)8:M�. �F5�P+&O&/1�5�M+&�<01$./(³y"1�¸�8:,)8:M�.
σ
./(A5�.�4
*-,/,)8
&/?�*-M+y .)* y"1�¸�8:,)8:M�.�W21$M+&}1$M

η
�"5�M+y�> *-,}./,O5-4)�"&}<01$./(�y"1�¸u8:,)8:M;.

pT
!L|}(+8:,)8 > *-,)8N./(+8�,)8
&)P26$./1$M2�

y"13&/./,/1$W2P2./13*-Mh13&NM+*-.�5�?u8:,Y>m8
4:.��F5�P+&)&/1�5�M�!N|}(+8��r*-�r8:M�./P2��y"13&/./,/1$W2P2./13*-M�*�>e./(+8_./,O5-4)�"&NP+&O8
y�13&�&/(+*�<0M
1$M³�+��P2,)8G�"!J[�W � ! |}(+8B4:P2.N5�.B# ��8 ��<}5-&�1$�Q?u*�&)8
y³W�C³(A5�M+y�!

|�5�W2638i�"!$# &)(+*�<�& ./(+8
zip

,)8
&)*-6$P2./13*-M²>m*-, y"1�¸u8:,)8:M;.QW21$M+& *�>
pt
5�M+y

η
!�|}(+8 M�P2�GWu8:,)&Q¢;P+*-.)8
yz5�,)8

./(+8 <013y"./(+&_*�>}./(+8 �B5�P+&)&/1�5�M��+./.)8
y�.)*�./(+8
zip,sim − zip,rec

y"13&/./,/1$W2P2./13*-M+&�! %E&)./,)*-M2��y28:��,O5-y+5�./13*-M
*�>
./(+8_,)8
&)*-6$P2./13*-M�<01$./(c1$M+4:,)8�5-&/1$M2�

η
13&�*-W+&)8:,/798
y�!F|}(213&F4�5�M�Wu8�8��D?26�5�1$M+8
yhW;C�./(+8�1$M+4:,)8�5-&)8
y�5��r*-P2M�.B*�>

��5�.)8:,/1�5�6�./,O5�798:,)&)8
y³W�C�./(+8N?A5�,/./134:638B5-&}./(+8¡?+&)8:P+y2*-,O5�?213y"1$. C³1$M+4:,)8�5-&)8
&�!L|}(+8¡1$�Q?2,)*�798
yi,)8
&O*-6$P2./13*-Mi<01$./(
1$M+4:,)8�5-&/1$M2�G�r*-�r8:M�./P2�E4�5�M�W�8�P2M+y28:,)&/.)*D*;yrW�C�./(+8}1$M��+P+8:M+4
8�*�>u./(+8}�GP26$./1$?2638�4
*-P263*-�_W�&)4�5�./.)8:,/1$M2�G./(A5�.
Wu8
4
*-�r8
&0�r*-,)8F1$�Q?u*-,/.O5�M�.�5-&0./(+8

pt
*�>@./(+8�?A5�,/./134:638Gy28
4:,)8�5-&)8
&�! T2,)*-� 5

pt
*�>

10GeV/c
*-M;<�5�,)y2& �A./(+8

,)8
&)*-6$P2./13*-M�W�8
4
*-�r8
&�4
*-M+&).O5�M�.�!
pt
�
GeV/c) zres

�
µm
�

η zres
�
µm
�

#�
 S #�#�  
  "!J[ �"#�!J[
#� 
O#:U U�I  "!J[ 
O#�!J� [�{
I� 
 I�H U�I #�!J� 
 I"! U U�U;R

|�5�W2638��"!$#��L�N8
&)*-6$P2./13*-Mi*�>
zip
> *-,}S�y"1�¸�8:,)8:M�.0W21$M+&}*�>

pt
�25
798:,O5��98
y

η
1$Mi5�M+y�> *-,}S�y"1�¸�8:,)8:M�.}W21$M+&}1$M |η| �5�798:,O5��98
y�1$M

pT
!
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Entries           11093

  1592.    /    97
Constant   1016.

Mean -0.5836E-04
Sigma  0.7343E-02

zip,sim-zip,rec
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Entries           11093

pt
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b)

T�1$��P2,)8}�"!J["��5	�
zip,sim−zip,rec

y"13&/./,/1$W2P2./13*-M�> *-,�5�&O5��Q?2638 <01$./(�M+*N?21$638�
 P2? �
Et = 100GeV

5�M+y |η| < 1.4W ���c*-�r8:M�./P2� y"13&/./,/1$W2P2./13*-M�*�>@./(+8FP+&)8
y³./,O5-4O�D&�!

� � ����� � ����� ����� 	�� 	 � 	��
�

���$¬���¦ �m\ � `�« ��l��a�������
%¡& 8��"?26�5�1$M+8
yr1$M § �"!JS"!$# ��./(+8N4:6$P+&/.)8:,/13&O5�./13*-M���,)*-P2?+&�.)*-�98:./(+8:,�./,O5-4)�"& (A5�7;1$M2� zc 5 & 638
&)&e./(A5�M³5By"13&/.O5�M+4
8 d5�?A5�,/.�! T�1$��P2,)8_�"!J{Q&/(+*�<�&�./(+8�,)8
&)*-6$P2./13*-M�*�>@./(+8�´ 
x4
*D*-,)y"1$MA5�.)8G*�>@./(+8F?2,/1$��5�,/C³798:,/.)8���5-&N5_>�P2M+4:./13*-M�*�>
./(+8N?A5�,O5��r8:.)8:,0y �D<0(+8:M�./(+8¡4:6$P+&/.)8:,/13&O5�./13*-M�5�6$�9*-,/1$./(2�¯13&�P+&)8
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T�1$��P2,)8Q�"!$#�I"�¡5	�N�N8
&/13y"P+8�P+&/1$M2�³./(+8 �F5�P+&)&/1�5�Mh�r8:./(+*Dy�798:,)&)P+&�./(+8_,)8
&)13y"P+8 <0(+8:McP+&)1$M2� ./(+8Q4:6$P+&).)8:,/1�

&O5�./13*-M�5�6$�9*-,/1$./(2� <01$./(�y �

75µm
!eW ���N8
&/13y"P+8FP+&/1$M2�r./(+8 �F5�P+&)&/1�5�Mi�r8:./(+*Dyi798:,)&/P+&�./(+8F,)8
&/13y"P+8F<0(+8:M

P+&/1$M2�rµ�,)8:M;.)&��r8:./(+*Dy�!
%¡&�8��D?u8
4:.)8
y �"µ�,)8:M;.)&��r8:./(+*;yi5�M+y ./(+8�W2,/P2.)8N> *-,)4
8��r8:./(+*Dy³5���,)8
8N<01$./(21$M³U��Q134:,)*-M+&�!Lµ}*-./(³�r8:./(�


*Dy2&¡5�,)8�4
*-,/,)8:6�5�.)8
yhW�C�./(+8 �F5�P+&O&/1�5�Mc&)P2��>mP2M+4:./13*-M �m8
¢;PA5�./13*-M®�"!$# �¡5�M+y�*-M26$C�y"1�¸�8:,¡1$M�./(+8�<�5�C�./(+8:C
,)8
4
*-M+&/./,/P+4:.Q./(+8³��5 �"1$�GP2�¥*�>¡./(213&�>�P2M+4:./13*-M�!²|}(+8³y"1�¸u8:,)8:M+4
8�*-W+&)8:,/798
y²13& 1$M 5-4
4
*-,)y+5�M+4
8³<01$./(±./(+8
,)8
¢;P21$,)8
yi,)8
&)*-6$P2./13*-Mi> *-,0./(+8By28:.)8:,/�Q1$MA5�./13*-Mc*�>�./(+8F�Q1$M21$�_P2���

2µm
1$MiWu*-./(�4�5-&)8
&�!

­ (+8:M�4
*-�Q?A5�,/1$M2�³./(+8FW2,/P2.)8G>m*-,)4
8B�r8:./(+*;y�<01$./(�./(+8B4:6$P+&).)8:,/13&O5�./13*-Mh5�?2?2,)*95-4O( �uy"1�¸u8:,)8:M+4
8
&¡*�>L./(+8
*-,)y28:,�*�>@./(+8�,)8
&)*-6$P2./13*-Mh5�,)8F*-W+&)8:,/798
y�! µ}*-./(i�r8:./(+*Dy2&�&)8
8:� .)*QWu8�P2M+4
*-,/,)8:6�5�.)8
y�!

%¡&QWu*-./(n�r8:./(+*Dy2&rWA5-&)8
y±P2?u*-M¤8
¢;PA5�./13*-M¤�"!$#�C;138:63yn4
*-�Q?A5�,O5�W2638�,)8
&/P26$.)&�*-Mn./(+8i,)8
&)*-6$P2./13*-M � 5�6$6
*-W2.O5�1$M+8
yi,)8
&O*-6$P2./13*-M+&N5���,)8
8F.)*Q<01$./(21$M

0.5µm
�}*-M26$C ,)8
&/P26$.)&0> *-,�µ�,)8:M�.)&��r8:./(+*;yi<01$6$6aW�8���1$798:M�!

T�1$��P2,)8¡�"!$#�SG&/(+*�<�& ./(+8¡*-W2.O5�1$M+8
y�,)8
&)*-6$P2./13*-M�> *-,�µ�,)8:M;.)& �r8:./(+*Dy 5�M+y�./(+8N4:6$P+&).)8:,/13&O5�./13*-M³5�6$�9*-,/1$./(2�
5-&Q5�>�P2M+4:./13*-M±*�>N./(+8�?+&)8:P+y2*-,O5�?213y"1$. C9!
T+*-, ./(+8³4:6�5�,/1$.xC²*�>�./(+8 ,)8:?2,)8
&)8:M�.O5�./13*-M ��*-M26$C®./(+8 ,)8
&/P26$.)&�> *-,
E = 50GeV

5�M+y
E = 200GeV

5�,)8G&/(+*�<0M�!
%¡&�M+*-./134
8
y �uµ�,)8:M�.)&¡�r8:./(+*Dy2&�CD138:63y2&�5�M�1$�Q?2,)*�798:�r8:M�.B*�>

1µm
�m&/��5�6$6

η
�0.)*

5µm
��6�5�,/�98

η
� !�|}(+8

1$�Q?2,)*�798:�r8:M�. 13& �r*�&/.r?2,)*-�Q1$M+8:M�.�>m*-,
E = 50GeV η = 2 �

<0(+8:,)8i./(+8³,)8
&)*-6$P2./13*-M¤13& 1$�Q?2,)*�798
ynW;C
8.5µm

!
|}(+8rW�8
&/.G,)8
&)*-6$P2./13*-M+&_*-W2.O5�1$M+8
y
M+*�<¯5�,)8��

16.8µm
�

20, 1µm
5�M+y

22, 1µm
> *-,

E = 50, 100
5�M+y

200GeV
,)8
&/?u8
4:./1$798:6$C9!
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T�1$��P2,)8��"!$#�S"����8
&)*-6$P2./13*-M 5-&�5c>mP2M+4:./13*-M *�>F./(+8i?+&)8:P+y2*-,O5�?213y"1$.xCz> *-,�I�y"1�¸�8:,)8:M�.GXY8:.r8:M+8:,/��138
&³5�M+y I
y"1�¸�8:,)8:M�.N�r8:./(+*;y2&�P+&)8
y�!

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

|}(+8�4:6$P+&/.)8:,/13&�5�./13*-Mi5�6$�9*-,/1$./(2� <}5-&�5�63&)*_./,/138
y *-M³&)8:798:,O5�6��N1$���9&�y"13&)1$M�.)8:��,O5�./13*-M�4O(A5�M2M+8:63&�!e%t&/P2�Q��5�,/C
*�>�./(+8¡,)8
&/P26$.)&�>m*-,

d = 75µm
4�5�M³Wu8¡&O8
8:M 1$Mi.O5�W2638F�"!JS"!e|}(+8�8���4:138:M+4:C 13&0&/./1$6$6�y28 �+M+8
y�5-&}./(+8¡M�P2�GWu8:,

*�>�8:798:M�.)&e<0(+8:,)80./(+8�5�6$638:�98
yQ?2,/1$��5�,/C 798:,/.)8���13&e<01$./(21$M
0.5mm

>m,)*-��./(+80./,/P+8}?2,/1$��5�,/C 798:,/.)8�� ��y"1$7;13y28
y
W;C ./(+80.)*-.O5�6+M�P2�_W�8:,�*�>u8:798:M;.)& �98:M+8:,O5�.)8
y�!L|}(+8�8:,/,)*-, 13& √

(efficiency) ∗ (1− efficiency)/N
�9<01$./(

�'./(+8FM;P2�GWu8:,�*�>��98:M+8:,O5�.)8
y�8:798:M�.)&�!
T+*-,�&)*-�r8i4O(A5�M2M+8:63& ��<�8�4
*-�Q?A5�,)8�*-P2,Q,)8
&)P26$.)&Q.)*�./(+8³<�*-,/�±*�>�·�! :N*-./6$1$M+&/�D1 �$#�I�� �0#�I9R  x!±�¡8 P+&)8
&

*-M26$C�./(+8 ?21��"8:6ey+5�.O5"!�%¡&N./(+8 ?21��28:6ey+5�.O5³*-M26$C�4
*-M+&)./1$./P2.)8
&F638
&)&�./(A5�Mn#� 	� *�>�./(+8�1$M2M+8:,F./,O5-4O�98:,Gy+5�.O5
79*-6$P2�r8 ��5�M�5�6$�9*-,/1$./(2� WA5-&)8
yiP2?u*-Mi1$.�13&}798:,/C�5�././,O5-4:./1$798G5�M+yi13&�8:M�7D13&O5��98
y³> *-,0./(+8B~aI�./,/1$���98:,�!e­ (+8:M
I�8:M;./,/138
&�5�,)8¡>m*-P2M+y 1$M�5�4
*-6$P2�QMi./(+8:C 5�,)8F&O8:?A5�,O5�.)8
y³W�C 5 �D!L|}(+8N�+,)&/.�8:M;./,/C�<}5-&0*-W2.O5�1$M+8
yi<01$./(i./(+8
4:6$P+&).)8:,/13&O5�./13*-M��r8:./(+*;y ��P+&/1$M2�³./(+8G>mP26$6@./,O5-4)�98:,F1$M"> *-,/��5�./13*-M�!_|}(+8 &)8
4
*-M+yh8:M;./,/C�<}5-&F*-W2.O5�1$M+8
y�P+&/1$M2�
*-M26$C ./(+8F?21��28:6�y+5�.O5"! w Mi./(+8F4�5-&)8B*�>@./(+8�?21��"8:6�y+5�.O5��AH� � Q8:798:M�.)&�<�8:,)8F�98:M+8:,O5�.)8
y�>m*-,�8�5-4O(�4O(A5�M2M+8:6 !

°L798:M�.N.xCD?�8 °
��4:138:M+4:C ����� °L,/,)*-, ����� ,)8
&O*-6$P2./13*-M �
µm
�

� � H� � ��8���� → ττ

'63*�<!
 6$P2�Q1 {�{	�-{��  ��JS	�- "!J{ S9R �-H�H

� � H� � ��8���� → ττ

'(21$��(�
 6$P2�Q1 {�U �-[�[  ��J{	�D# � U U�I	�-��S

� �Y#�#�H	�D#�I� ��8 � � → γγ

§63*�<!
 6$P2�Q1 {�H	��RD#  ��JS	�-I S� 	�-��S

� �Y#�#�H	�D#�I� �F8���� → γγ

�(21$��(�
 6$P2�Q1 {� 	�-S�H # � U �-I��$# S��	�-���

� � I� � ��8���� → ττ

'63*�<!
 6$P2�Q1 {�[��J{  ��JS S� 

� � I� � ��8 � � → ττ

'(21$��(�
 6$P2�Q1 {�S��JH # � U S�U

� � I� � ��8���� → ZZ → 4µ

�63*�<!
 6$P2�Q1 {�{���R  ��$# #�{

� � I� � ��8 � � → ZZ → 4µ

�(21$��(�
 6$P2�Q1 {�[��$#  ��J� I"#

� � I� � ��8���� → WW → 2µ

'63*�<!
 6$P2�Q1 {�{�� U  ��JS I�U

� � I� � ��8 � � → WW → 2µ

�(21$��(�
 6$P2�Q1 {����JI # �$# S9R

|�5�W2638��"!JS"�a%n4
*-�Q?21$6�5�./13*-Mr*�>�?2,/1$��5�,/CG798:,/.)8��G�+M+y"1$M2�B8���4:138:M+4:138
&e5�M+y &/?A5�./1�5�6",)8
&)*-6$P2./13*-Mr*�>�./(+8 798:,/.)8���!
TA*-,�&)*-�r8F4)(A5�M2M+8:63& ��5 4
*-�Q?A5�,/13&)*-M�13&0��5-y28F<01$./(�./(+8F<�*-,/�i*�>@· ! :�*-./6$1$M+&)�;1 �$#�I����a#�I9R  x!

%N&}4�5�M W�8�&)8
8:M �D./(+8�5�6$�9*-,/1$./(2� <�*-,/�"&0¢�P21$.)8N<�8:6$6�1$Mi5�6$6�4)(A5�M2M+8:63&�&/./P+y"138
y�!L%N6$6��+M+y"1$M2�r8���4:138:M+4:138
&
5�,)8 5�W�*�798 {� 	� !�% 4:638�5�,_1$�Q?2,)*�798:�r8:M�.Q13& 5�63&)*�*-W+&)8:,/798
y
<0(+8:M
4
*-�Q?A5�,)8
y².)*	5 ?21��"8:6�y+5�.O595a�r8:./(+*Dy�!
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|}(+8�1$�Q?2,)*�798:�r8:M�.¡13&�4
*-M+&/13y28:,O5�W2638B1$Mi./(
H → γγ

4)(A5�M2M+8:6 � <0(+8:,)8F./(+8F8���4:138:M+4:C³1$M�(21$��(i6$P2�Q1$M+*�&/1$. C
13&�5�6$�r*�&/.�./,/1$?2638
y�5�M+y³./(+8B&/?A5�./1�5�6a,)8
&)*-6$P2./13*-M�13&01$�Q?2,)*�798
y�W�C�5_> 5-4:.)*-,NI"!

��������� � 	���	����

%¡&¡./(+8 5�6$�9*-,/1$./(2�r&B./(A5�.F<�8:,)8Qy28:798:63*-?u8
yh�Q1$��(�.B&)8:,/798_> *-,¡./(+8Q�N1$��(�~�8:798:6e|�,/1$���98:, �m�¡~D| ����./(+8�./1$�r8
P+&)8
y�W�Ci8�5-4)(�5�6$�9*-,/1$./(2� 13&N*�>e&/?�8
4:1�5�6a1$M�.)8:,)8
&/.�!}|}(+8B./1$�r8G.O5��98:M�W;Ci./(+8By"1�¸u8:,)8:M;.�5�6$�9*-,/1$./(2�r&¡P+&)8
y�13&
&/(+*�<0Mi1$M³�+��P2,)8G�"!$#:U+!e%N6$./(+*-P2��(�./(+8�W2,/P2.)8¡> *-,)4
8B5�6$�9*-,/1$./(2��?u8:,Y>m*-,/�r&�5�63*-.�*�>@M+8
8
y"638
&)&�4�5�634:P26�5�./13*-M+& �
1$.r13&�&/./1$6$6¡5�6$�r*�&). �h./1$�r8
&�> 5-&).)8:,r./(A5�M ./(+8�4:6$P+&/.)8:,/13&O5�./13*-Mk5�6$�9*-,/1$./(2��!k�N8:,)8�./(+8���5�1$M ?A5�,/. *�>F./(+8
./1$�r8�P+&)8
y®13&_y"P+8r.)*�./(+8r�+././1$M2�c*�>�./(+8�798:,/.)8��u!� NM26$C�5�&/��5�6$6e>m,O5-4:./13*-M
*�>0./(+8�./1$�r8r13&GP+&)8
y®W;C�./(+8
4:6$P+&/.)8:,/13&�5�./13*-M�1$.)&)8:6�>/!�%¡& 5�M�5�6$�9*-,/1$./(2� WA5-&)8
yQP2?u*-Mr./(+8NVD|0~ ��� V;(+8�&/.O5�M+y+5�,)y�|a8:�Q?26�5�.)8¡~�1$W2,O5�,/C	�$#�I"#  �
13&}P+&)8
y �+./(213&0?A5�,/.�13&�*-?2./1$�Q1$´�8
y�!

T�1$��P2,)8_�"!$#:U+�0|}1$�r8_.O5��98:McW�C�./(+8�5�6$�9*-,/1$./(2�r&�P+&)8
y�!�5	����6$P+&).)8:,/13&O5�./13*-M �
d = 75µm

��W � �F5�P+&)&�5 W2,/P2.)8
> *-,)4
8 524 �}µ�,)8:M�.)&��r8:./(+*;y�!

|}(+8�5�6$�9*-,/1$./(2�'WA5-&O8
yB*-M_µ�,)8:M�.)&��r8:./(+*DyG13&�5�6$�r*�&/.�5�> 5-4:.)*-,�#� 0> 5-&).)8:,�./(A5�MG./(+8 W2,/P2.)8L> *-,)4
8e�r8:./(+*Dy
5�M+y³4
*-M+&)8
¢;P+8:M�./6$C�5G> 5-4:.)*-,��� *-Mi./(+8F4:6$P+&).)8:,/13&O5�./13*-Mi�r8:./(+*;y�! �N*�<�8:798:, �2M+*-M+8B*�>�./(+8��r8:./(+*;y2&}WA5-&O8
y
P2?u*-Mr./(+8 �B5�P+&)&e&/P2� >�P2M+4:./13*-M �m8
¢�PA5�./13*-M³�"!$# �L4�5�MrWu80P+&)8
y�<01$./(+*-P2.�5F?2,/13*-,�8
&/./1$��5�.)8�*-M�./(+8�63*D4�5�./13*-M
*�>�./(+8h798:,/.)8��u!¯|}(+8:,)8 > *-,)8®&)*-�r8h6$1$��(�. <�8:1$��(;.h5�6$�9*-,/1$./(2�£WA5-&O8
y P2?�*-M=5z4:6$P+&/.)8:,/13&�5�./13*-M ��<0(+8:,)8h./(+8
8
&/./1$��5�.)8³*�>�./(+8�798:,/.)8��
?u*�&/1$./13*-Mz13&���1$798:MzW�C®./(+8i5
798:,O5��98³?u*�&/1$./13*-Mz1$M²./(+8�Wu8�5�� �@��5
CDWu8�<�8:1$��(�.)8
y
W;C�./(+8:1$,

pt
��> *-6$63*�<�8
y²W;C�./(+8 �F5�P+&)&QV;P2� 5�?2?2,)*95-4)( �@��5 �"1$�Q13&)8
y�W;C®µ�,)8:M�.)&��r8:./(+*;y �@<01$6$6�W�8³��K �

>m,/138:M+y"6$C³5�M+y�C;138:63y³798:,/C³�9*D*;y³,)8
&/P26$.)&0>�,)*-� ./(+8F?u*-1$M�.N*�>�7D138:<=*�>�./(+8B,)8
&)*-6$P2./13*-M�*�>@./(+8FK �§?�*�&)1$./13*-M�!

����� ' � ��� ! � ����� ���
w M�./(213&�4O(A5�?2.)8:,N<�8_y28:798:63*-?u8
y ��1$�Q?2638:�r8:M�.)8
y�5�M+y�.)8
&/.)8
ycI �r8:./(+*Dy2&�> *-,�?2,/1$��5�,/C�798:,/.)8��i�+M+y"1$M2�+!0w M
./(+8 �+,)&).F�r8:./(+*;y ��./,O5-4)�"&_5�,)8�5-&O&)*;4:1�5�.)8
y®WA5-&)8
y�P2?u*-M®./(+8:1$,_y"13&/.O5�M+4
8r.)*i./(+8Q�r*�&/.BM+8�5�,/W;C�./,O5-4)�u!�%
&/P21$.O5�W2638�y"13&/.O5�M+4
8¡> *-,}./(213&0y"13&/.O5�M+4
8¡<�5-&}> *-P2M+y .)*�W�8

75µm
! �N&/1$M2� ./(213&}7�5�6$P+8 �2&/?A5�./1�5�6u,)8
&)*-6$P2./13*-M+&�5-&

�9*D*;y�5-&
17µm

<�8:,)8G*-W2.O5�1$M+8
y�!
� � ���������!� " ��������	�� � ����	�� 2�� 1 	�� ����� ��� � 
�4 '3	#����� 	#��	 ��'�� ������	&�7
������	� � � �
������� � ��� �+4+��������
�6�8%8 ��	�� �3� ��	#��	&��� ����	
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%�&O8
4
*-M+y�5�6$�9*-,/1$./(2� .)8
&).)8
yi13&�WA5-&)8
y�P2?�*-M�./(+8 �F5�P+&)&/1�5�M�&)P2� �r8:./(+*;y�!�%¡&N5�6$6�./(+8F´ 
 1$�Q?A5-4:.¡?A5 

,O5��r8:.)8:,)&�5�,)8},)8:./P2,/M+8
yQ<01$./(�5¡?�*�&)1$./13*-M

zi
5�M+yr5��B5�P+&)&/1�5�MQ8:,/,)*-,

σi
��./(+8}?2,)*-WA5�W21$6$1$.xC ./(A5�.L./(+8}?2,/1$��5�,/C
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