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Abstract

The response of RPC detectors is highly sensitive to environmental parameters. A novel approach
is presented to model the response of RPC detectors in a variety of experimental conditions. The
algorithm, based on neural networks, has been developped and tested on the CMS RPC gas gain
monitoring system during operation at the scaled-down prototype recirculation gas system.
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������� ������	�
����� ������
������������ ������	�������
�������
� !	����
������������
�	��

"$#&%('*),+.-/-101243.#&%(0657).8*9:2;3<#>=;97?657@BA/57).8*'C-18ED.0/2CF G1F HIF JLKM#>"$#,KN57O.O.A/012;PQ#&RS0657A/T.97).0/2("$#VUW57-1-/57XY97)[Z\0124]^#,UL0>8C8*97?69:2
]^#,UL0>'CA1?6+.0>_`012ba�#&cd+<-1-19:2bRe#,3.5gfh0657).9:2CF H�a�+�Z[97A106i�57jk97?601l$a�+IZ\97A/0>%(5`A101m�a�+�Z[97A106UM5gfn0>5:obad+�Z\97A/0>=;'CA1)pG

ad#<3.D<57A1XY5 G a�#Vqr#&%sD.5CZ1Z[578ED.57Aut,tv5 G
wyx>zV{Iz}|�~�������~������B�7z<~��������E~�� �`���I{��6~�����~������.�I��~�����{����B�h�E�*����x>�������B���({��v~�����~�������x>��~��  ¡£¢ �E��¤¥�¥�B�����/¦~$����§�� �I¨E��©1���I����ª`���h~s«B|�~$¨E~�¬C�����E��~C«u�I`��~�����~�� �:®V�£¯Q���6�

°y±,�`ª&z}±,²V�6³�´�³�³Wµv���&¶�¥¤��h´�·�{I����³�¸�·�³W¨E¹����������B� ~��E�º x6z<{£z»¨E���������E�n���I¼½~��B���.�I��~$®&�n�¥�E����� ~��`³�¾�·�x>��¾���³�´�¸p¼½~��B����x6��~��  
¿¥À.� ¬1~��B�����h�¥�E����x6�E�����6~������E�������I{£��������~��.�I��~�®,�n�¥�E����� ~��7³�¾�·�x6��¾���³�´�¸Á¼½~��N���£x6��~��  Â zV~�¬g��� ��x>zV{£z ¢ �E��¤¥���B������~*Ã

Ä �~�¤¥��~Wx6z<{£z ¢ �E��¤��¥�B������~CÃ

ÅÇÆ`ÈÊÉyË�Ì*ÍgÉ
ÎvÏ*Ð(ÑBÐ¥ÒBÓ\Ô1Õ*ÒBÐ;Ô/Öp×kØVÙÛÚCÐyÜBÐyÝyÜBÔ/ÑBÒpÞßÒàÏCÞßá1Ï*âßã^ÒBÐyÕCÒBÞßÜBÞ�ä1Ð;ÜBÔ�ÐyÕ�ä�ÞßÑBÔ1Õ*åMÐyÕ�Ü�æçâvÓ½æuÑ�æçåÁÐ¥ÜBÐyÑBÒ�è,éêÕ*Ô�ägÐyâ�æuÓ*ÓCÑBÔ\æçÝçÏ}ÞßÒLÓ*ÑBÐ¥ÒBÐyÕ�ÜBÐyÚSÜBÔdåÁÔEÚ*Ð¥âkÜBÏCÐ
ÑBÐyÒBÓ\Ô1ÕCÒBÐ$Ô1ÖN×kØVÙëÚCÐyÜBÐyÝyÜBÔ/ÑBÒkÞßÕrækä[æuÑBÞ�Ð¥Ü�ãLÔ1Ö7Ð¥ì�Ó\Ð¥ÑBÞ�åMÐyÕ�Ü�æçâIÝyÔ1ÕCÚ*ÞßÜBÞßÔ1Õ*Ò�è�ÎvÏ*Ðàæuâ�á/Ô1ÑBÞßÜBÏ*å;í�î½æuÒBÐyÚ(Ô/Õ(éhÑBÜBÞßï*Ý¥Þ�æuâ�ðnÐyñ*Ñ�æuâ�ðnÐyÜ�òVÔ1ÑBó�Ò�íEÏ½æçÒNî\ÐyÐ¥Õ
Ú*Ðyä1ÐyâßÔ1Ó\ÐyÚëæçÕ*ÚàÜBÐyÒBÜBÐyÚÇÔ1ÕÇÜBÏ*ÐLÙvô;õÇ×nØ&Ù�á\æuÒká[æçÞßÕ(åÁÔ/Õ*ÞßÜBÔ1ÑBÞßÕCáÁÒBã�ÒBÜBÐyåQÚ*ñCÑBÞßÕ*áMÝ¥Ô1åÁåÁÞßÒBÒBÞßÔ1ÕCÞßÕ*á\è

ö �¥ ÷¹I��������øÇùVú.û,ü[û[ý4þgü/ÿ������ 2�� ÿ����
	�����[ü�������� m ����� G �����������`ú

����� �"!$#�%'&�(�)*!$+�%,�

-/.$02130545176*.98�:3;<4=.?>�@A;<B?C�.$D�E
-/8F>9G�HI.$45.$J$45K<D20ML3N�OI;*D5.QP913HI.$:3R
S 02.$HT17UTVXWY8Z.$[]\�.$D217B^._U`450ba
K*DbB S K<UTHI.$45.$J_4=13K<Uc;*UIHd45D513e<f
e*.$D217UIe?;<4g@I17e*@If�.$UI._D5e*R`hi@A17e*@If�: S B^13UIK<02174jRk@I;*HID5K*UlJ$K*:7:313HI.$D20�hm17U
;*0545D5K*\I;<D24=13J$:3.?\I@]R]0217J_0�._[]\,._D513B^.$U]4=0Fa
K<DF45@I.^HI.$45.$J$4517K*UnK*a�.$[]f
45.$UIHI._Ho;<13D905@AKiPY._D50ihm;*0/Pg.$:3:";<0/13U�Bk._HI13J$;<:";*UIH�17B^;*e<13UIe^;<\If
\I:313J$;<4517K*UI0ip]q9494=@I.?rsVk>9ht4=@I.uB S K<U�02R`024=._BZK*a�45@I.b>�vxw�.$[]f
\�.$D217B^._U`4^L y*O�D2.$:313.$0XK*UoHID217a
4�4 S C�.$0ihAJ$;<45@IK]HI.?024=D213\xJ�@I;<BzC,._D50
;*UIHz-X8�>�0XL {<Ota
K<D|45@I.9B S K*Uz45D513e<e*.$D�05R]024=._Boh}P9134=@^;F4=K*4=;*:te<;<0
6*K<: S B^./K<a";*C,K S 4�~*��B^�`p

� @I.�D2.$02\,K*UI02.�K<a]-/8�>9� 0'130s024=D2K<UIe*:7RMHI.$\�.$UAHI.$U]4'K*Uu.$U]6]17D2K<UIf
B^.$U]45;<:�\A;<D2;<B^.$45.$D20�;*0�4=._B^\,._D5;*4 S D2.`h'\ID5._050 S D2.^;<UIH�D2.$:3;<45176*.
@ S B^13HI174jR]ht;*09PY._:7:';*0/K<U�K*4=@I._D9K<\�.$D2;<4=13K<UA;<:"\I;*D5;*Bk._4=._D5094jR]\If
13J$;*:sK<a�45@I.?;*\I\I:317J_;<4517K*UoJ�@IK<02.$Uo0 S J�@x;*0XD2;<HI13;<4517K*U�HAK<02.`ptqMUIf
K*4=@I._DX13Bk\�K<D24=;*U]4X\I;*D5;*Bk._4=._DX130X4=@A.zCI;*�<._:7134=.�D2.$02130545176]134jRb45@I;<4
130Y;*U�17U]45D513UI0217JM\I;<D2;<B^.$45.$D�K*a".$;*J�@�J�@I;<BzC,._D�p

� @I.�HI.$\�.$UIHA.$UIJ_.bK*a9-/8�>�D2.$02\,K*UI02.�a
D2K<B�.$U]6]17D2K<UABk._U]4=;<:
\I;*D5;*B^.$4=._D50k@I;*0�C,._.$U�054 S HI13.$H�17U�4=@A.o\I;<024�L �<O9;*UIH�05._6<.$D2;<:
\I;*D5;*B^.$4=._D513�$;*4=13K<UI0�@I;i6<.9C�.$._U�\ID2K<\�K<02.$H�p

� ût�����������m��� m}� � o:2 �����������\þ5��� l�2 �}�(û]� � 2Êl � 2 � G ��� G � ������ 2����[2Êmgm ���=�����}����� l�2 ���<� G � � 2Êl � 2 � G �=� G � ���`G �����I� G �

�jUo45@I170M\I;<\�.$DX;lUI.$P�;*\I\ID2K<;<J�@b170M\ID2K<\�K<02.$H�4=KlB^K]HI._:s4=@A.
D5._05\�K<UI02.FK<a|4=@A.�-/8�>�HI._4=._J$4=K*D/6]17;�;�B S :34=136�;<D217;*4=.u024=D2;<4=._e<R]p
� S :3:,HA.$4=;*17:30gK<Ul45@I.X;*:7e*K<D21745@IB�HA.$6<._:7K*\,._Hl;<UAH�D5._0 S :34=0gJ$;*UlC�.
a
K S UIH 13U -X.$a=p3L ~*O¡p � @I.�;*:7e*K<D21745@IBxh,CI;<02.$H K<U qXD24=13¢IJ$13;<:�£M. S f
D5;*:I£X._4jPYK*D5�]0ME¤qX£X£^G=h*;<:3:3KiP90�K<UA./4=K�\AD5._HI17J_4�45@I.XD2.$02\,K*UI02.9K<a
-/8�>9� 0F;<0u;�a S UIJ_4=13K<U�K<aY;�02.$4FK*a�\I;*D5;*Bk._4=._D50ih,K<UIJ_.k._UIK S e<@
HI;<45;�170Q;i6�;<13:3;<CI:3.94=Kk\ID2Ki6`13HI./;?4=D2;<13UI17UAe?4=Kz4=@I.�qX£M£kp*qX0g13UI17f
4=13;<:�0545;<e<.]hI._U]6`13D2K<UIB^.$U]45;<:�\I;<D2;<B^.$45.$D20kE¤4=.$B^\�.$D2;<4 S D5.�¥^hA;<4=f
BkK*05\A@I.$D217JF\ID2.$020 S D5.X¦l;<UIH�D2.$:3;<45176*.M@ S B^13HI174jR¨§¨G�@I;i6*.�C�.$._U
J$K<UA0513HI.$D2.$H�p=� S D24=@I._D�024 S HI17._0"17UAJ$: S HI13UIeQD5;*HI17;*4=13K<UMHIK<02.�;*D5. S UIf
HI.$D2PY;iRQ;*UIHFP917:3:iC,.�0 S C]©=._J$4"K*a<;Qa
K<D24=@IJ_K<B^13UIeQ\I;<\�.$Dip2�jUF;g\AD5._f
:713B^17UI;*D5R�\I@I;<02.uPg.u4=D2;<13UI.$H�;^UI. S D5;*:'UI.$4jPgK<D2�lP9134=@k© S 0249K<UA.
\I;<D2;<B^.$45.$D�;*UIH^PY./a
K S UIH�K S 4}h�;*0�.$[]\�.$J_4=.$H�hm45@I;<4�45@I./\ID2.$HA17J_f
4=13K<UI0�J$K*UI0545;<U]4=:3R�;<D2.�17B^\ID2Ki6<._Hu;<a
45.$Ds;*HIHI13UIeX\A;<D2;<B^.$45.$D20'17U]45K
4=@I.FUI._4jPYK*D5�'p � @I.F;<e<D2.$._B^.$U]4�a
K S UIH�C,._4jPY._.$U�HI;<45;z;*UIHb\AD5._f
HI17J_4=13K<Uk@I;<0|45K�C�.9J$K*UI0217HI._D5._H?;�\,._050213Bk13024=13Jg._6�;<: S ;<4517K*UzK*aA4=@A.
6};*:713HI134jR�K<a,4=@I.9;*:7e*K<D21745@IBxh_0513UIJ$.Q134�;<:305K�HI._\,._UIHI0�K*Uz45@I.9\ID2.$02f
.$UIJ_./K<a S UA�`UAKiP9Ul\I;<D2;<B^._4=.$D20�UIK*4�J_K<UI0217HA.$D2.$H^17U�4=D2;<13UI17UAe�p

� @I.9HA;<4=;?a
K<D�45@I170Y054 S HIRk@I;i6<.QC�.$._U�J$K<:3:3.$J$45.$H S 4517:313�$13UIe�4=@A.
e<;<0ze<;*17U�B^K<UA1745K<D217UIe�E=ªuªgv�GX05R]024=._B«L ¬<OjL3�OjL ®*O�K<a945@I.�>�vxw
-/8�>¯B S K*U�HI.$45.$J$45K<Dih|H S D213UIe�J$K*BkB^13050213K<UI13UIe�P9134=@°J$K*05B^13J
D5;iR]0'13U�4=@A.��jwI-±45.$024s;*D5._;9;<4Y>�WY-/£kp � @I.�ªuªgvZ05R]024=.$B�B^K<UIf
1745K<D20�.$²^J$13.$UAJ$R?;*UIH^0513e<UA;<:IJ�@I;*D5e*.QJ$K<U]4517U S K S 05:3R�C]RkBk._;<UI0�K<a
;MJ_K<02Bk13JQD5;iRu45.$:3.$02J$K*\,.QCI;*05._H?K<Uk-/8F>oHI._4=.$J_4=K*D50ip � @I.�ªuªgv

³�´�µ
¶t´�·�¸$¹�º�»�¼�½Q·�¹�¹�µ�¾u¹�¿9À�Á�º�µ=Â$·�µ�´ Ã�Ä9ÅuÆ¤Ç�È�Ä�É�Ä



130YHA.$02J$D217C�.$H�13U�HI._4=;*17:30�._:702.$P9@I._D5.kL ¬*O¡L3�OjL ®*O¡p
� @I.�ªuªgvÊ02R]0545.$BË130|J$K<B^\�K<02.$HzC`R?4=@I.Q02;<B^.�4jR]\�.gK*aA-/8F>

S 02.$H�13Ub45@I.l>�vxwbHA.$4=._J$45K<DQC S 49K*a'05B^;*:7:3.$DQ0217�_.�E¤yzB^B^f�4=@I13J��
ÌQ;<�*.$:31745./e<;*\I0ihi~<��Í�~<�uJ_BkÎ]G=p � Pg.$:36<./e*;<\I0Y;<D2./;<D2D5;*UIe<._H^17Ul;
024=;*J��"p � @A./4=D217e*e<._D�130�\ID2Ki6]17HA.$H^C]R?a
K S D�K S 4�K*a,4jPg.$:36<.Qe*;<\I0�K*a
45@I.Q0545;<J��'h P9@A17:3.Y45@I.gD5._Bk;*17UA17UIeM.$13e<@]4�e<;<\A0�;*D5. S 05._H?45KMB^K<UA17f
45K<D|4=@I.QPgK<D2�]17UIeM\,K*17U]4|024=;<CA17:3174jR]p}q�{<Ï<�MB^;i©=K<D2134jRuJ$K<13UIJ_17HI._UIJ$.
130YD2.$Ð S 13D2.$H�4=K?;<J$Ð S 13D2./4=@I.MJ$K*05B^13JXD2;iR?.$6*.$U]4}p

�jUz45@I130�054 S HIR`h}45@I.?ªuªgvÑPY;*0�K*\,._D5;*4=._H?13UzK*\,._Uz:3K]K<\?B^K]HI.
P9134=@l�,D5._K<UlÒ*~�p ~�Ó^h��j02K<C S 4=;<UA.X��p y�Ó^hmwI�|ÔX��p {�ÓTe*;<0�B^13[`4 S D2.`p
wI13[�e<;*\I0^K S 4kK<aX.$13e<@]4zPg.$D2. S 05._H�p � @I.�BkK*UI134=K<D213UIen130^\,._D5f
a
K*D5B^.$HMC]R9Bk._;<0 S D217UIeg4=@A.�J�@I;*D5e*.sHI13024=D217C S 4=13K<UI0�K<a*.$;*J�@/J�@I;<B^f
C�.$Dip � @I.?0217[�e*;<\I0�;<D2.�K<\�.$D2;<45.$Hx;*4XHI13Õ�.$D2.$U]4M@A17e*@x6<K*:745;<e<._0�h
¢I[]._Hka
K*D�.$;*J�@zJ�@I;*B?C�.$Dih}17UkK<D2HI._D�4=KFB^K<UI134=K*D�4=@I.945K<4=;*:ID2;<UIe*.
K*a�K*\,._D5;*4=13UIe�B^K]HI.$0MK<a|4=@I.ze<;*\I0zE � ;<CA:7.ÖN*G=p � @A.�K<\�.$D2;<4517K*U
B^K]HI.�K<a'45@I.F-/8�>�J�@A;<UIe*.$0�;*0Q;?a S UIJ_4=13K<U�K<a'45@I.F6<K*:745;<e<.X;<\If
\I:313.$H�p
× 2ÊH�� � JØ ��� ��� � m � � o �?Ù�� � � 2Êo �9�<�5	����������}� ��� ��� l ���XÚ�Ú`ýêùVú.û m ����� G ������������� m
� �F��� � ������� m}Û

û]� J û]��Ü û]��Ý û]��Þ û]�9ß ût��à
Ø ��� ��� � m � � o ��Ù�� � � 2Êo �Fáâ$ã9ä J�å � Ü æ<� à J�å � å J�å � ç J�å � Ü J�å � ç

� @I130�054 S HIRzP917:3:IC�. S 05._H^17U^4=@A.z>�vxw^-/8�>xB S K*U^HI.$45.$J$45K<D
P9@I13J�@ S 02.$0Y;�e<;*0�e<;*17U�B^K*UI1745K<D217UAe�05R]024=._B�a
K*D�4=@A.XJ$K*U]4=D2K<:IK*a
45@I.XHI._4=._J$4=K*DYPgK<D2�]17UAeu\,K*17U]4�a
K*D�J�@I;*UIe<._0�H S .X4=Kze<;*0�B^17[]4 S D5.
6�;<D213;<4=13K<UA0�p�8�;*D5;*B^.$4=._D50|0 S J�@�;<0�e<;<0�Bk13[]4 S D2./J_K<B^\,K*UI.$U]450�K<D
J_K<U]4=;*Bk13UI;*U`450�;<D2.�HI13²^J S :34?K*D?13Bk\�K<020217CI:3.l45Kx\I;<D2;<B^._4=.$D213�$.`p
è UIJ_.Y45@I.gD5._05\�K<UI02.�K*aI4=@A.g-X8�>�HI._4=.$J_4=K*D50|P913:7:]C�.Y;*HI.$Ð S ;*4=.$:3R
HI._05J_D513C�.$H C`Rn4=@I.�qM£X£éB^K]HI.$:�HA.$02J$D217C�.$H 17U 4=@A170�UAK<4=.]h�;<U]R
HI1302J$D2.$\I;*UIJ$RoC�.$4jPg.$._Un\ID2.$HI13J$4517K*U¨;*UIH HI;<45;bP913:7:�\AD5Ki6]13HI.?13UIf
a
K*D5B^;<4517K*U�K*U�\I;*D5;*Bk._4=._D50gUIK<4 S 02.$Hb17U�4=@A.�45D5;*17UA17UIe�h*0 S J�@b;<0
B^;<45.$D217;*:�J�@I;<UIe*.$0ih*e<;<0QJ_K<U]4=;*Bk13UI;*U`450�h*e*;<09B^17[]4 S D5.FJ�@I;*UIe<._0�h
._4=J`p

ê���ë�ì�í^îb#}!_+�ï�)<+�ðIñsòoí](�#}ðAñsòoí]!ôó�%,#�õxö}+�÷¨(�ñ�ðI!$+�%,�n)<%'&�í

qXU¨qXD24=13¢IJ$13;<:|£X. S D2;<:�£X.$4jPgK<D2�±E
qM£X£kGY130F;<Ux13UIa
K<D2B^;<4517K*U
\ID2K]J$._050217UAeu\I;<D2;<HI13e<Bø4=@A;<4�130�13UI02\I13D5._HlC]Rz45@I.XPg;iRzCA17K*:7K*e<13J$;<:
UI._D56*K S 0s05R]024=.$B^0ih�0 S J�@u;<0s4=@I.YCID5;*17U�h�\ID2K]J$.$020'13UIa
K<D2B^;<4517K*U�L Ò*O¡p
qMU±qX£M£Z130?J$K*UI¢Ie S D5._H¨a
K*D?;x02\�.$J$13¢IJl;*\I\I:317J_;<4517K*U�h�0 S J�@�;<0
\I;*4=45.$D2U�D5._J$K<e*UI134=13K<U^K<DYHI;<45;�J$:3;<020513¢IJ_;<4=13K<U�h�4=@ID2K S e<@�;u:3.$;<D2UIf
13UIe�\ID5K]J_.$020�p � @I.kJ$K*BkB^K*UI.$024M4jR]\�.^K<a�;*D54517¢IJ_17;*:|UI. S D2;<:�UI._4=f
PgK<D2�?J_K<UI0217024=0YK<a�4=@AD5._./e<D2K S \A0�h�K*D�:3;iR<.$D20ih�K<a S UI134=0iù<;�:7;iR*.$D�K*a
13UI\ S 4 S UI134=0M170MJ$K<UAUI.$J_4=.$Ho45K�;l:3;iR<.$D9K*a|@I17HAHI.$U S UA17450�hIP9@I17J�@
130/J$K*UIUI._J$4=._Hb45K�;^:7;iR*.$D9K<a�K S 45\ S 4 S UI174�p � @I.u;*J$4=136]174jR�K<a�4=@I.
13UI\ S 4 S UI134=0QD2.$\ID2.$02.$U]450�4=@A.XD2;iP�13UIa
K*D5B^;<4517K*Ul4=@A;<4g170ga
.$Hb17U]4=K
45@I.�UI._4jPYK*D5�'p � @I.�;*J$45176]134jRXK<a]._;<J�@�@I17HAHI.$U S UA174�170'HA.$4=._D5B^13UI.$H
C]R�4=@A.M;*J$4=136]174517._0QK<a'45@I.M13UI\ S 4 S UI174509;<UIHb4=@I.�Pg.$13e<@]4=0gK<Ub4=@I.
J_K<UIUI._J$4517K*UI0�C�.$4jPg.$._Ul4=@I.M17UA\ S 4=0g;<UAH�4=@I.M@I17HAHI.$U S UI17450�p � @I.
C�.$@I;i6]13K<D|K<a,4=@I.QK S 4=\ S 4 S UI134=0�HI._\,._UIHI0�K<Uk4=@A.9;<J$45176]134jRuK<a,4=@I.
@I13HIHI._U S UI134=0Y;<UIH�45@I./Pg.$13e<@]4=0�C,._4jPY._.$U�4=@A./@I13HIHI.$U�;<UIH�K S 4=f
\ S 4 S UA17450�p*�AK*DY45@I130g024 S HIR^4=.$B^\�.$D2;<4 S D5.]hm@ S B^13HI134jR�;<UIHl\AD5._05f
0 S D2.�@I;i6*.�C,._.$U�02.$:3.$J_4=._H�;<0�17UA\ S 4=0|;*UIH�;<UAK`HA17JYJ�@I;<D2e<.�;*0�K S 4=f
\ S 4}p*�AK*D�4=@A.MqM£X£�;<U�.$D2D2K<D�CI;*J��]f�\ID2K<\A;<e<;*4=13K<Uk\I;<454=._D5UlP9134=@
{�@A17HIHA.$U�:3;iR<.$D20ip��j4�Pg;<0�HI._B^K<UI024=D2;<45.$HxL7N �<O,4=@I;*4�4=@I.MU S B?C�.$D

K<a":3;iR<.$D20�130YUAK<4�J_D5134=13J$;*:Aa
K*DY45@I.XUI._4jPYK*D5�k\�.$D2a
K<D2Bk;*UIJ$.]hi02K�Pg.
HI.$J_17HI._Hu4=K/e*K/P9134=@�{9:3;iR<._D50';*UIHue<136<.�45K/4=@A.�UI. S D5;*:<UI._4jPYK*D5�X;
0 S ²^J_17._U`4YU S B?C�.$DQK<a"@A17HIHA.$U S UI17450Q; S 45K<B^;<4517J_;<:3:7R^K<\A4=13Bk13�$._H
C`R�;le*.$UI._4=13J�;<:3e<K*D5134=@IBÊ4=@I;*4XJ_;<Uo4=;*�<.u13U]4=Kl;*J$J$K S U]4/02.$6<._D5;*:
J$K<UA¢Ie S D2;<4517K*UI0ip

�,K<D�._;<J�@^J$K*UI¢Ie S D5;*4=13K<U�h�13U�.$;*J�@^:7;iR*.$D�45@I.$D2./;<D2.9;uU S B?C�.$D
K<agUI. S D2K<UA0�C,._4jPY._.$U�yo;*UIHcN�y�h�4=@I.le*.$UI._4=13Jl;<:3e<K*D5134=@ABú\,._D5f
a
K<D2Bk0|45@I.94=D2;<13UI13UIeF\ID5K]J_.$020�P9134=@k;<Uk.$024=13B^;<4517K*UzK*aA4=@A.9e<:3K<CI;*:
.$D2D5K*D�û]45@I.$Un4=@I.zJ$K<UA¢Ie S D2;<4517K*U�170�0545K<D2.$H�;<UAHx4=@I.ze<._UI.$4517Jz;<:3f
e<K<D2134=@IBÊJ$K<U]4517U S ._0X4=K�.$6�;<: S ;<45.�;l02:713e<@]45:7R�HI13Õ,._D5._U`4MJ$K*UI¢Ie S f
D5;*4=13K<U�p è UAJ$.u4=@A.�;<:3e<K*D5134=@IBÊ@I;<0X4=;<�*.$U�13U`45Kl;<J_J$K S U]49;<:3:s4=@A.
\,K*050217CA:7.�J_K<UI¢Ae S D2;<4517K*UI0'4=@A.�C�.$024sK<UA.�17U?4=.$D2B^0sK*a`e*:7K*CI;<:*.$D2D5K*D
1709J�@IK*05._U�p � @I.F.$D2D5K*DY130/J_;<:3J S :3;<45.$H�\�K<13U]4QC`R�\,K*17U]4�© S 024QP91745@
4=@I.�J_K<B^\I;<D21305K*UnC�.$4jPg.$.$U 4=@A.�UI. S D2;<:�UA.$4jPgK<D2�xa
K<D2.$J_;<024M;*UIH
4=@I.M.$[]\,._D513B^.$U]4=;*:AHI;*4=;�p

ü S D217UIe 4=@A.�45D5;*17UA17UIe \I@I;*05.�4=@A.�UA.$4jPgK<D2� 130^4=; S e<@]4kP91745@
.$U]6]17D2K<UIB^._U`45;<:�HI;*4=;o;*0�17UA\ S 4}h'4=@I.�K S 45\ S 4�HI._\,._UIHI0zK<U�4=@A.
UI. S D2K<UA;<:`PY._17e*@`450�h_45@I;<4�;<4|4=@A.g6*.$D2RFC,._e<13UIUI13UIeM;*D5.g13UI174517;*:713�$._H
P91745@±D5;*UIHIK*BÖU S B?C�.$D20ip � @I.lUA.$4jPgK<D2�nK S 4=\ S 4z170zJ$K*Bk\A;<D2.$H
P91745@�4=@A.�._[]\,._D513B^.$U]4=;*:�HA;<4=;zPY.�Pg;<U]4Y45KzB^K]HI._:¡h*;<UAH�13Ub45@I170
\I@I;<02.Q4=@I.9UA.$4jPgK<D2�u@I;<0�;*Uz._054517B^;<4517K*UzK*a,45@I.Q.$D2D5K*D�h_45@I.9.$D2D5K*D
174505._:7ai130,CA;<J��]f�\AD5K*\I;<e*;<4=._HY13U]4=K�45@I.�UI.$4jPgK<D2��13U/K<D2HI._DA4=K�BkK]HI13a
R
4=@I.MPY._17e*@`450�45K?B^17UA17B^13�$.X45@I.X._D5D2K<Dip

è UIJ_.X45@I.M45D5;*17UA17UIez170QJ_K<B^\I:3.$4=.M4=@I.�UI._4jPYK*D5�'� 0�Pg.$13e<@]4=0g;<D2.
K<\I4517B^13�$.$Hn4=Kl@I;i6*.�4=@A.?B^17UA17B S Bý.$D2D5K*D/a
K<DM4=@I.zJ�@IK<02.$UoUA.$4=f
PYK*D5��\I;*4=4=._D5U�hs45@I.�e<._UI.$4517J�;<:3e<K*D5134=@ABþe*K].$0^K<U�J$K<UA0513HI.$D213UIe
05._6<.$D2;<:�J$K*UI¢Ie S D5;*4=13K<U¨17U�;<U ; S 4=K<B^;*4=13JkPg;iRo;<UAH¨45@I.�D5._;<:3:7R
K<\I4517B^;<:,UI.$4jPgK<D2��;*:7K*UIeuP91745@l134=0�024=D S J_4 S D2./130�D2.$4 S D5UI._H�piw S J�@
;uUI.$4jPgK<D2��130�D5._;<HIR?4=KuC�./.$[].$J S 4=._H^17U�;uUIK*UI.94=; S e<@]4�\�.$D217K]H�h
P91745@�HA17Õ�.$D2.$U]4'13UI\ S 4sHI;<45;�p � @I;*UI�]0'4=K945@I170�;<\I\AD5K*;<J�@X134"130s\�K<02f
0513CI:3.94=K�@I;i6*.Q;u\ID5._HI13J$4=13K<U�h�17U�45.$D2B^0�K<a�J�@I;*D5e*.gB^._;<0 S D5._B^.$U]4
P91745@x;le<K]K]Hx;*J$J S D5;*J$R`ht17Ux45@I.?a S 4 S D2.?;*:702Kl4=@A.?HI;*D5��J S D2D2.$U]4
P917:3:�C,.�;<HIHA.$H�;*0Y;z4=;*D5e*.$4�\A;<D2;<B^.$45.$Dg17Ub4=@I.�UI. S D5;*:,UI._4jPYK*D5�
0513B S :3;<4517K*U�hô;*UIHuC,K*4=@u45@I.�J�@I;*D5e*.�B^._;<0 S D5._B^.$U]4";<UIHu45@I.�HI;*D5�
J S D2D5._U]4�P913:3:<C�. S 05._HF4=K/02\,K*4";9\I;<45@IK<:3K<e*17J_;<:�C�.$@I;i6]13K<Dip2�jUu4=@I;*4
J$;<02.�4=@I.FD2.$0217024=136]174jR�P913:7:"\A:7;iR�;*Ub13B^\,K*D545;<U]4QD S :3.�17U�K<D2HI.$DQ45K
HI.$;*:'P91745@xHI13Õ,._D5._U]4/D5._05\�K<UA05._09e<136<.$U�C]R�HI17Õ�.$D2.$U]4/J�@A;<B?C�.$D20ih
C S 13:74�P9134=@^HI13Õ,._D5._U]4�CI;<�*.$:31745.g02@I._.$4=0ip��jU^4=@A170�024 S HIR�4=@A.?ªuªgv
170�45@I./02R]0545.$B S 05._H^4=K�45D5;*17U^4=@A./UI. S D5;*:IUI.$4jPgK<D2�?P9134=@�J�@A;<D2e<.
Bk._;<0 S D2.$B^.$U]4gC S 494=@A170/;*\I\ID2K<;*J�@�P913:7:"C�. S 02.$H�BkK*D5.F13U�e<.$UAf
.$D2;<:�P91745@¨-/8F>ÿ>�vxw¨HI.$45.$J$45K<D20�h S 0213UIe�45@I.^HI;<D2��J S D2D5._U]4M;*0
K S 45\ S 4�6�;*D513;<CI:3./13Ul4=@A.XUI. S D5;*:AUI._4jPYK*D5�'p

�,�������"+�#�%,��÷�í]�"!$ðIñ���ðA#}ðA÷�í`!_í]#}ö�ðI��&¨&�ðI!_ðIö_í]!_ö

� @I.�.$U]6]17D2K<UIB^._U`45;<:i\I;*D5;*B^.$4=._D50";*D5.�B^K*UI1745K<D2.$HFC]RM;*U è D5._f
e<K<U�wIJ_17._U`4517¢AJ�Pg.$;*4=@I._D"0545;<4517K*U��°vx-kN��<��p � @I.	�°vx-zN �<�g@I;<0
D5._:7;*4=136<.k@ S Bk13HI134jR`h�\AD5._050 S D2.z;*UIH�4=.$B^\�.$D2;<4 S D5.^C S 17:34=f�17U�02.$UIf
05K*D50g17Ub4=@I.FB^;<13U�0545;<4=13K<Ub;<UIHb4=@I.F\�K<020513CI13:7134jR�4=Kk;<HAHbD2.$B^K<45.
P917D2.$:3.$020Y02.$UA05K*D50Qa
K<DQC�K<45@b45.$B^\,._D5;*4 S D2.F;<UIHbD5._:7;*4=136<.�@ S B^17HIf
174jR]p � @I.�ü/q�
ø@I;<0zC,._.$U±B^K]HI13¢I.$H�17U K<D2HI.$D�45Kn;*J$Ð S 13D5.�6]13;
�XwIÌÿ45@I.�.$U]6]13D5K*UIB^.$U]4=;*:�13UIa
K*D5B^;<4517K*UI0F;<UIH B^.$D2e<.k.$U]6]17D2K<UAf
Bk._U]4=;<:"\A;<D2;<B^.$45.$D20YP9134=@�\�.$D2a
K<D2Bk;*UIJ$.�HI._4=.$J_4=K*D9\I;<D2;<B^.$45.$D20
0 S J�@T;<0�.$²^J$13.$UAJ$R`hg;i6*.$D2;<e*.o;<UIK]HI13J¨J�@A;<D2e<.n;*UIHc;i6�;*:7;*UIJ�@I.
;<UIHo024=D2.$;*Bk._DX;*D5._;�p � @I.z;<J_J S D2;<J_RlK<a�45@I.?45.$B^\,._D5;*4 S D2.�02.$UIf
05K*D��N��<>�17U?4=@I.gD5;*UIe<.����^�<���m>�;*UIH�4=@A.YD2.$02K<: S 4=13K<Uu130|���
N��m>9p

y



� @I.FD2.$:3;<45176*.M@ S B^13HI174jR�05._UI05K*DY@A;<0Q;<U�K<\�.$D2;<4517UIezD5;*UIe<.�a
D2K<B
y�Ó¯45K�Ò*®�Ó¯P91745@n;¨N*Ó¯D2.$02K<: S 4517K*U�h��*Ó¯;*CI02K<: S 4=.�;*J$J S D5;*J$R
a
D2K<Bÿy*~�Ó�45K��*��Ó^h_;<UIH�Q~�Ó�a
D2K<B¯�<��Ó�45KF®<��Ó^p � @I.QCI;*D5K*Bkf
._4=.$D�K*\,._D5;*4=13K<UI;*:*D2;<UAe<.g170�C�.$4jPg.$._U� �<��B?CI;*D�;*UIHoN��<~*�XBzCI;<D
P9134=@l;�NQB?CA;<D�D2.$02K<: S 4517K*U�;<UIHl;��N���BzCI;<DY;<J$J S D2;<J$R]p

� @I.XK*UI:317UI.MB^K<UI134=K*D513UIeu02R`024=._B D5._J$K<D2HI0�45@I.X;*B?CI13.$U]4�45.$B^f
\�.$D2;<4 S D5.]h`\ID2.$020 S D2.�;<UIH�@ S B^17HI134jR�K*a�45@I.�ªuªgv�C,Ki['h`;*09PY._:7:
;*0�45@I.Qe<;*0�B^13[]4 S D2.Q4=.$B^\�.$D2;<4 S D5.gC�.$a
K<D2.Q;<UIHz;<a
45.$D�.$;*J�@?-/8F>
e*;<\�h`;*:702K^4=@I.u\ID2.$020 S D5.F;*UIH�4=@I.uD2.$:3;<45176*.�@ S B^13HI134jR�;<D2.FB^K<UIf
134=K*D5._Hb;*UIHbD2.$J_K<D2HI.$HbC,K*4=@�13UI0513HI.u45@I.uC,Ki[�4=@I;*4gJ_K<U]4=;*17UA094=@I.
-/8F>d024=;*J��o;<UIH�13U�4=@I.�e*;<0uB^17[]4 S D5.�C�.$a
K*D5.^;*UIH�;<a
4=._Du.$;*J�@
e*;<\�p � @A.�HI;*4=;<02.$4 S 05._Hu170�J$K<B^\�K<02.$HuK*a`a
K S D'\�.$D217K]HI0ih�._;<J�@F\�.$f
D217K]HoJ_K<B^\,K*05._HxK<a|D S UI0ipIWY;<J�@�D S UxJ$K*U]4=;<13UI0^N����?J$K<02B^17J?D5;iR
._6<.$U]450gP9@A.$D2.M._U`6]13D5K*UIB^.$U]4=;*:�\I;<D2;<B^.$45.$D20Y;*UIH ªuªgv�;*UIK]HI17J
K S 4=\ S 4/J�@I;<D2e<._09;<D2.uJ$K*:7:3.$J_4=.$H�p � @I.�;*J$Ð S 1305134=13K<U�D2;<45.u170M4jR`\A17f
J_;<:3:7RkÒ�p ~�VX�]p

������í]ö_(�ñ�!_ö

� R]\I13J$;*:|0513B S :3;<4517K*UxK S 4=\ S 450u05@AKiPËe<.$UA.$D2;<:3:7R�e<K]K]Hx;*e<D2.$.$f
B^.$U]4xC�.$4jPg.$._U�HI;<45;°;<UIH�\ID2.$HI13J$4517K*U E
�|17e�p�N<G5pQ�jUË\�.$D217K]HI0
P9@I._D5.z\ID2.$HI13J$4517K*Un130�UAK<4X;*J$J S D5;*4=.]hI45@I.zHA1702J$D2.$\I;*UIJ$R�130F4jR`\A17f
J_;<:3:7RkJ$K*UIJ$._U`45D5;*4=._H�17UlUA;<D2D5KiP�D5._e<13K<UI0�E��<02\I13�<._0���G=p

� � o � J �<Ú 2 �kß'��� 2�� ��� m ���/�������<��� � � m Ý��t������Ù � � � ���/���/������� 2 �Q���<��� � � m
� @I.�Ki6<.$D2;<:3:�;*e<D2.$.$B^._U`4?C,._4jPY._.$U±HI;*4=;¨;<UIH±\AD5._HI17J_4=13K<U±130

02@IKiP9U�13Ul�|17e�pmy�P9@A.$D2.X4=@A.XÐ S ;<U]45174jR
�� 
 !

 �"�#%$ �  �$�&�"�'
 "�#%$ E5N<G

130�\I:3K<454=.$H^a
K*D�;<:3:Ia
K S D�\,._D513K]HI0�hiHI176]13HI.$H^a
K*D�4=D2;<13UI13UIeF;<UIH^\ID2.$f
HI13J$4517K*U�D5._05\�.$J_4=136<.$:3R`p � @A.�._D5D2K<DQHI13024=D217C S 4=13K<U�a
K<D945@I.u\ID2.$HI13J$f
4517K*UI0Y130�B S J�@lP913HI.$Dg4=@A;<Ula
K*D�4=@A.X4=D2;<13UI13UIe�;*0�.$[]\�.$J_4=.$H�p

� @I.�HI130545D513C S 4517K*U¨K*aY45@I.^.$D2D5K*DFa
K<Du4=@A.�\ID5._HI13J$4=13K<UA0�02@IKiP90
;)(�*,+�-/.10 <ÓZP9@I._D5.2(�*/+�-,. !43 *,+�-,.65_y�� {<¬�P913HI4=@±P9134=@
6*.$D2Rb:3K<UIe�4=;<13:30�hAH S .z4=K�\�K<13U]4=0�P91745@x6<._D5R�:3;<D2e<.�HI1302J$D2.$\I;*UIJ$R
C�.$4jPg.$._UuHI;<45;/;<UIHF\ID2.$HA17J_4=13K<U�p � @I.�J$;*05._0'P9134=@u6<._D5RM:7;*D5e*.�HI1305f
J_D5._\I;<UIJ_RoPY._D5.k024 S HI13.$H�13U¨HA.$4=;*17:jh�;<UAH¨a
K S UIH�4=K�C�.kJ�@A;<D2;<J$f
45.$D217�_.$H�C]R�;¨E�¦87j¥97$§¨G�6�;<: S .�;*494=@I.�._HIe<._0/K<a�4=@A.�\I;<D2;<B^._4=.$D
02\I;<J_.`p

� KoÐ S ;*U]4=13a
Rn4=@A.l\,K*05134=13K<U�K*aY._;<J�@ \,K*17U]4�13U�4=@I.¨E�¦87�¥�7$§¨G
\I;*D5;*B^.$4=._D�02\I;*J$.`h_45@I.9J$._U`45D5K*17H?K<aA45@I.QHI130545D513C S 4517K*UzK*aAD S UI0|17U
45@I.kE�¦87j¥97$§¨G'\I;<D2;<B^.$45.$D�02\I;*J$.

1

10

10 2

-300 -250 -200 -150 -100 -50 0 50 100

FWHM/2.36 = 2.7 ± 0.1 %

∆Q/Q %
:

co
u

n
ts

1

10

10 2

-300 -250 -200 -150 -100 -50 0 50 100

FWHM/2.36 = 6.7 ±
;

 0.1 %

∆Q/Q %

co
u

n
ts

� � o �*Ü<�`�,������� l ���g��� 2�� � � � o á � � l �ôä 2 � m ����� m�� G � � ���xá�� � o �$�ôä l ��� 2���� �������ô�
Ú 2 �}��� � 2 �9<��������m�=� � �Q�m����� m �

=?> !
>A@�BDC EGF >
H ûJI ! E3¦K7j¥�7_§¨G E
y�G

;<UIH�45@I.MUAK<D2BMLNI%L�4=@I.MHI130545;<UIJ_.XK<a"._;<J�@�D S U�4=Kz4=@I.MJ$._U`45D5K*17H

L�I%L ! O @�BDC �
E F O � = O G Î E
{�G

PY._D5.�J_K<B^\ S 45.$H�p � @I.YHI17024=D213C S 4=13K<U?K<a]4=@I.QPSRR ._D5D2K<D';*0s;Ma S UIJ$f
4=13K<U K<a�45@I.^UIK<D2BTL�I%LkE¤��13e�p�{�GY05@IKiP90�4=@AD5._.kHA17024=13UIJ$4u024=D S J_f
4 S D2.$0ip � @I.|05;*4=._:7:31745.|CI;<UIHA0"P91745@�6*.$D2R9:7;*D5e*.�._D5D2K<D�Pg.$D2.�024 S HI17._H
17UuHI._4=;*17:jp�qM:7:*HI;<45;/\,K*17U]4'13Uu0 S J�@uCI;<UAHI0'C�.$:3K<UIe/45K/\�.$D217K]HFa
K S D
;<UIH^J�@I;*B?C�.$D�0217[za
K<D�P9@I13J�@^\ID2K<CI:3.$B^0�Pg.$D2.gHA.$4=._J$45.$H�pm8�.$D217K]H
a
K S DQ;<UAHbJ�@I;*B?C�.$Dg0513[l45@I.$D2.$a
K*D5.MPY._D5.�.$[]J$: S HI._Hb13U�4=@I.F;<UA;<:3f
R`02130�p � @I.�HI130545D513C S 4517K*UbK*a'4=@I.F._D5D2K<DY;<0Q;za S UIJ$4517K*UbK*aKUWVg;*a
4=.$D
4=@I130u05._:7._J$4517K*Un@I;*0u;X(�*/+�-,.Y0ø��Ó P913HI4=@ ;<UAH¨UIK*UIe<; S 020513;<U
4=;<13:30�.$[]45.$UIHI13UIe S \l4=K PSRR[Z y*�<��Ó^p

\^]`_�acb�acde]`fhghih]`j,k,gl]`mDnomDprqsihitmDiSuDf%u6pvk/n,wsgh]`mDnxmDpyghz,qQ{l|y{%n,mDih}~pvmDiSuD�`�ihk,n,f���ft]`��w�z,uD}Sj�q�ihfruDn,�6j�mDglz6ghihuD]`n,]`n,_�uDn,�9�,itqs�,]`wsgl]`mDn^a
���N�����������������������^���^�^�^���v���S�����v���Q���v�����^�2 )¡^��¢����Q������¢

��¡^�����o£�¤r��¥^���§¦8¨y©�������¡^¡^���v���x�v�G��¢N�^��¢S���Q�W�����v�ª¢N�^�^�%���������
¥«���^�^�^��¢���������¬������Q£�K®°¯�®�±X¨��N¡^�����c²���¬�����¢%���^�������v�������v���x���^���,³
¡^¢����^�������������������°©��ª¡8��¢N���c����¥^���N����������¢����v�^���^´o�������^�µ�����v¢N�
¡«��¢������¶©���¢���¡«��¢�¬���¢��o����²�¤��^�y�N�������������������^���K¡^¢N�W���v���?·c¸,¹�º,»~¼
½8¾ ��¢N¢���¢,³,���S�N�^�o�o��¢N�v¿����x���x¤r��¥^���¶À8²
Á uDj/�`qSÂÃ�Ä n,mD�/ft]`frmDp�ftqs�`qswsgh]`mDn6wsk,glfepAmDi�Å/�,k,ws]`uD�ÇÆDmD�`k,}%q�a

È`ÉDÊDË�ÌQÍ�Ì�ÉDÎDË�Ï }Sj,uDi ÈlÐtÉ�Ñ ÒÓÌ�ÔÕÌ ÂDÖ Ñ Ò�Ïh×ÙØ È b Ò9ÌÛÚ§Ì�ÒDÒ�ÏhÜ

À



× 2ÊH�� ��Ý
þ5���Q� 2 � Û � l �����������SÝ^Þ�ß�à�á 2 � m �}��� oÊ2 ����� � 2 �xá ÿ9Ú�äs� 2���� � l ����Ù 2 � � �����
��� � � G � � ��� G ����� 2 � m � 2 �Q� � �����
â 2 � 2 ������� Ý Þ�ß�à�á ÿ9Ú�� 2����

ã ã
Þ G � 2 � H �����Êü}ç9�m��� � � m ����� 2�� �I� J Ü�Ý Ü�ä Ü�Þ
Þ G � 2 � H �����Êü}ç9�m��� � � m ������� m�� G �2� ÝDå�à Þ�ä Þ å
û]�I� Þ 2 � m �m����� ç9�sæ G�� � m � m ����� m�� G �2� ÜDå J ç�ä Þ�Ý
ú���� m�� G �ô�_���u�m�����$Ü 2 � m Ý�ü}��� 2�� �I�_���u�m����� J Ü<ß�Ý Ý�ä å�Ü
ú���� m�� G �ô�_���u�m�����$Ý 2 � mbJ ü}��� 2�� �I�_���u�m�����_Ü Ü�Ü�æ Ü�ä æDå
ú���� m�� G �ô�_���u�m����� Jv2 � m Ü�ü}��� 2�� �I�_���u�m�����_Ý J Ü<ß J ä Þ�Ý
ú���� m�� G �ô�_���u�m�����$Ü 2 � m Ý�ü}��� 2�� �I�_���u�m����� J ü/< m � G�� 2��£G �}��� Ý�à å ä ç�æ
ú���� m�� G �ô�_���u�m�����$Ý 2 � mbJ ü}��� 2�� �I�_���u�m�����_Ü�ü/< m � G�� 2��£G �}��� ß�ß å ä æ�à
ú���� m�� G �ô�_���u�m����� Jv2 � m Ü�ü}��� 2�� �I�_���u�m�����_Ý�ü/< m � G�� 2��£G �}��� Ü�Ý å ä Ü�æ

ç���èk%���)<ñ�(�ö}+�%���ö

q UI._P�;<\I\ID2K<;*J�@MCA;<02.$HuK<UuqM£X£�17U�B^K]HI._:713UIe/45@I.�D2.$02\,K*UI05.
K*aY-/8F>dHA.$4=._J$45K<D20uPY;*0u\ID5._05._U]4=.$H�h�;<UIH�\ID2.$:313Bk13UI;*D5RxD2.$0 S :34=0
K*CI4=;*17UI._HÿP9134=@ÿHI;*4=;da
D2K<B 4=@A.�>�vxwÿ-X8�>�ªuªgv 02R]0545.$B
Pg.$D2.?HI._05J_D513C�.$H�p � @I.kB^K`HA.$:jh�K<UIJ_.?4=D2;<13UI._HnK<U¨4=@I.kD2.$02\,K*UI05.
K*a�;^HI._4=.$J_4=K*D9PY._:7:"P9134=@I13U�4=@I.u\A;<D2;<B^.$45.$DQ05\A;<J$.lE�¦87j¥97$§¨G5h<130
;*CI:7.^45K�\AD5._HI17J_4F4=@I.�D2.$02\,K*UI02.z13U�K<4=@A.$DF\,._D513K]HI0uP9134=@�;�C,._4=f
45.$D^4=@I;*Ué(c*,+�-,.ê0 N���ÓZ;*J$J S D5;*J$R]p��°134=@ 45@I130k;*\I\ID2K<;*J�@�174
130M\�K<020217CI:3.?45K�B^K]HI.$:|45@I.z-X8�>�D2.$02\,K*UI05.?17Ux45.$D2B^0�K*a�;<UIK]HI.
J�@I;*D5e*.`ûA4=@I130F\ID2.$HI13J$4517K*UnK<UAJ$.kHI.$B^K<UA0545D5;*4=.$H¨17U e<K]K]Hx;*e<D2.$.$f
B^.$U]4QP9134=@�.$[]\,._D513B^.$U]4=;*:�HI;<45;�h*J$;*U�C�.M;k6<._D5R S 02.$a S :�45K]K<:�4=K
02\,K*4F\I;<45@IK<:3K<e*17J_;<:�C,._@I;i6]17K*DMa
K*Du.$[];<B^\I:3.zH S .^4=K�\,K*:7: S 4=;*U]4=0
13Uz45@I.ge<;<0�B^17[]4 S D5.]p}ÌQ.$0217HI._0�45@I.Q;<UIK]HI.gJ�@I;*D5e*.`h�;*:702K�4=@I.gHI;<D2�
J S D5D2.$U]4F130�;<U�13Bk\�K<D24=;*U]4u17UIHA17J_;<4=K*D�K<ag4=@A.�J�@I;<BzC,._Du\,._D5a
K*D5f
B^;<UAJ$.F;<UIH�024 S HI13.$09;*D5.�13Ub\ID2K<e*D5._050g4=K S 02.F4=@I.FHI;*D5��J S D2D5._U`4
13Uo4=@I.?4=D2;<13UI17UAe�\I@I;<02.`p � @I. S 02.�K<a�4=@I.?HI;<D2��J S D5D2.$U]4QP913:7:�C,.
6*.$D2R°17B^\�K<D24=;<U]4�13U�K*\,._D5;*4=13UIe�;<UIH�B^;<13U]4=;<13UI13UIe�4=@I.c>�vxw
-/8F>�HI.$45.$J$45K<DihtP9@I._D5.?4=@I.zJ S D2D5._U]4/K<a|@ S UIHID2.$HoK*a�J�@I;<BzC,._D50
130xB^K<UI134=K*D5._HT;*UIH�D5._J$K*D5HI._HcK*UI:713UI.�P9134=@IK S 4x;*U`Rc.$U]6]17D2K<UIf
B^.$U]45;<:�J_K<D2D5._J$4=13K<U�p � @I170?;<\I\ID2K<;*J�@�h,K<UIJ_.�\ID2K<\�.$D2:7Rx45D5;*17UA.$H�h
J_K S :3H�05\�K<4913B^Bk._HI13;<4=._:7R�;<UAH�K*UI:317UI.u\A;<4=@AK<:3K<e<13J$;*:"J�@I;<BzC,._D50
P9@IK*05.�C,._@I;i6]17K*D�170k02@I17a
4517UAena
D2K<Bþ4=@I.bUIK<D2B^;<:�K*UI.`ps� S D545@I.$D
024 S HA17._0/;<D2.M13U�\ID2K<e<D2.$020g4=K^HI.$45.$D2B^17UI.u;*UIH�J S D2.F4=@I.uD2.$0217H S ;<:
UIK*UIe<; S 020513;<U�4=;*17:30kK<a94=@A.ëPSRR ._D5D2K<D20�HI13024=D217C S 4=13K<UI0ih'45KnHI._;<:
P9134=@°45D5;*17UI13UIe�;*UIH�\ID5._HI13J$4=13K<U�K*U�HA.$4=._J$45K<D20�P91745@°HI17Õ�.$D2.$U]4
@I13e<@�6*K<:34=;*e<.Q0 S \I\I:3R`hi45K�P913HI.$U�45@I./02;<B^\I:3.9K<a�.$U]6]17D2K<UABk._U]4=;<:
J_K<UIHI134=13K<UA0�h];*UIH�17Uo;*HIHI13UIe�UI._PTHI13B^.$UI0213K<UI0/45K�4=@I.?\I;<D2;<B^.$f
45.$Dg05\I;*J$./0 S J�@�;*0�D2;<HI13;<4517K*U�:7._6<.$:30ip

îb)}õ"��%tó^ñ�í]&rì,í]÷�í]�"!$ö

� @I.�05�]13:7:30�K<aMv�p/ªg13;<D2HIK<UA1¡h�rgp�8�;<0205;*BkK*U]4=1jh'ü�p�8�13.$D2: S 17e*1¡h
Ì�p�8�K*UI�$13KF;<UIH^qkpm- S 0205KlE¤�AD2;<02J$;<451¡G�13U�02.$4=4517UAe S \^4=@I./._[]\,._D5f
13B^.$U]4=;*:�02.$4 S \ ;<D2.?e<D2;<45.$a S :3:3Ro;<J��]UIKiP9:3.$HIe*.$H�p � @I.^4=.$J�@AUI17J_;<:
0 S \I\�K<D24oK<a^4=@A.T>�W�-/£ e*;<0xe*D5K S \�170¨e<D2;<4=._a S :3:7Rd;*J��]UIKiP9:7f
._HIe<._H�p � @A;<UI�]0�;<D2.�H S .z4=K�-zp�ª S 17HI;�E=>�WY-/£ ªg;*0^ªgD2K S \�G=h
£M;<HI._.$02@I;ov�p��°13J��]D5;*B^;<e<.]h8í�;<0205._DuqX0205D2;<U�a
K*D�HI1305J S 050213K<UI0
;*UIHl@I._:7\�p � @I130gD5._05._;<D2J�@kPg;<0g0 S \I\�K<D24=.$H�17Ul\A;<D24�C]R^4=@I.��j4=;*:7f

17;*Ud�j0545174 S 4=K�£X;*�$13K<UI;*:7.nHI1F��130217J_; £ S J$:3.$;<D2.x;*UIHcvx13UI130545.$D2K
HI.$:3:¡�<�j024=D S �$13K<UI.]hW�MUI176*.$D205134/î;?.X-/13J$._D5J_;�p

��í�ï¡í`#�í]��)<í]ö
ð Jtñ ùQ�Eþ 2 �$����� � G � 2 � m ùg�Eû 2 � mg2 ��� ����� üÇò â ��Ù�� � ���}�Q���_�?ó l ùs�=� � ��� � Ù��Vú � 2 ���ût���}�_�������Êü ô$ÿ�� G�� ��õ
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ð Ý ñ û\ý4þpû]� ��� 2ÊH ��� 2 � � ���£üyò × ���Áû\ý4þg�������u�����,ü � G �2� × � G ��� � Gu2�� â �=� � o �ù����m�����Wò�ü�ût��ùVÿ��ýù]�÷û&û]��æ<ß�� å Ý�Ü�þEû\ý4þ=� × â ù�� å�å Ý<��Ú�������Ù 2 ü�ût��ùVÿ÷ü
J æ�æ<ß��
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���������}��� 2 � m ýu�=���I� Ø������ á�Ü å�å æ<äYß�Ü�Ý<�
ý�� â �Qã � � G ����� � ��� 2�� � ü�ÿ�� G�� �Wõ
���������}��� 2 � m ýu�=���I� Ø���� ÷lá�Ü å�å Ý<ä
æ�ç<�¥ý��
	 � 2 � G ����� 2�� � ü�ÿ�� G�� ��õ
������������� 2 � m ýu�����I� Ø������ á�Ü å�å æ<ä�ß å�å �
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ð ß ñ ù'�
	"���_�}��� � �¥�*~�� ��ü^ò × ���nû[ý4þ&ù&úvû oÊ2 � oÊ2�� �Q�Q��� � ����� � � o � Û ��������� 2 �

�2Ù�����Ù � ��	 2 � m ����� ��� � � � 2 � Û ���=��� � ���Êü ô�ÿ�� G�� �,õ
���������}����ýu�����I� Ø������
áâÜ å�å æ<ä,à å å ð 2 ��� � Ù`� å à J Ü<� JÊJ�å à ð ��� Û � � G �ô� � ����� m �=� ñ`ñ �

ð à ñ ù'��	"���_����� � �¥�s~�� ��ü ú õ ÿ÷þ ×�� á�Ü å�å æ<äÇú å à å�å Þ ð 2 ��� � Ù]� å à J Ü<� J ß J�åð ��� Û � � G �ô� � ����� m �=� ñ`ñ �
ð æ ñ ���^þ��àý G û]� ��� � G �£ü����sú � �����Êüëò Ø � � o�� Gç2���Gç2�� G � � �}��� l �����

� m � 2 � � �Q� 2 �����$� � �l������Ù������ 2ÊG � � Ù � � Û ô�ü�	"� ��� ��� � ��� l ý 2 ������� 2 � � Gu2��
	 � ����� Û � � G � � á J æ�ç�Ý<ä JÊJ å<�

ð J�åDñcÿ �o������� � *üëý�� þ5� � � G � G ��� H � 2 � m �9���b� � ���/ü ò�ýu� � � ��� 25Û ���� �=� mgl ����	 2 � m ÿ����
	�����$� 2 ������� � Ù��=��� 2�� Ø �������Næ � � 2 ��������� ô�ü&ÿ��=�}� 2��ÿ����
	�����$�Êü}Ù�� � �}Ü�ü}�}�I�}ÝDå�æ�ü J æ�à�æ<�

�


