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5HFHQW LQWHUHVW LQ 5�SDULW\ YLRODWLQJ �539� 686< GHFD\ PRGHV LV PRWLYDWHG E\ WKH SRVVLEOH KLJK�4� HYHQW
H[FHVV DW +(5$ >�@� :KHQ LQWHUSUHWDWLRQ RI WKH H[FHVV WKURXJK pUVW�JHQHUDWLRQ OHSWRTXDUNV ZDV H[FOXGHG
E\ WKH '� >�@ DQG &') >�@ H[SHULPHQWV� LW ZDV VXJJHVWHG >�@ WKDW VXFK DQ HoHFW FRXOG EH H[SODLQHG YLD WKH
V�FKDQQHO SURGXFWLRQ RI D FKDUP RU WRS VTXDUN GHFD\LQJ LQWR WKH H� MHW pQDO VWDWH� %RWK WKH SURGXFWLRQ DQG
WKH GHFD\ YHUWLFHV ZRXOG WKHUHE\ YLRODWH 5�SDULW\� $OWKRXJK PRUH UHFHQW GDWD KDV QRW FRQpUPHG WKH SUHYLRXV
HYHQW H[FHVV� DQG GHVSLWH WKH FRPELQHG DQDO\VLV VKRZHG WKDW WKH DQRPDORXV HYHQWV UHSRUWHG E\ WKH +� DQG
=(86 H[SHULPHQWV ZHUH XQOLNHO\ WR RULJLQDWH IURP WKH SURGXFWLRQ RI D VLQJOH V�FKDQQHO QDUURZ UHVRQDQFH >�@�
LQWHUHVW LQ 539 VLJQDWXUHV KDV QRW DEDWWHG�
7KH &') DQG '� &ROODERUDWLRQV KDYH UHFHQWO\ SHUIRUPHG VHDUFKHV IRU 539 686< >���@� DQG KDYH VHW QHZ

PDVV OLPLWV RQ WKH 539 686< SDUWLFOHV� %RWK H[SHULPHQWV IRFXVVHG WKHLU VHDUFKHV RQ WKH y� FRXSOLQJV� DV
PRWLYDWHG E\ WKH KLJK�4� +(5$ HYHQW H[FHVV� 7KH UHVXOWV RI WKH '� VHDUFKHV DUH H[WHQGHG WR WKH 5XQ � FDVH
DQG WKH H[SHFWHG VHQVLWLYLW\ WR WKH 539 FRXSOLQJV LV GLVFXVVHG�
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7KH '� VHDUFK IRU 539 686< FRQVLGHUHG WKH FDVH RI QHXWUDOLQR /63 ZKLFK GHFD\V LQWR D OHSWRQ DQG WZR
TXDUNV GXH WR D pQLWH 539 y� FRXSOLQJ �VHH )LJ� ��� %RWK WKH HOHFWURQ DQG PXRQ GHFD\ FKDQQHOV ZHUH FRQVLGHUHG�
FRUUHVSRQGLQJ WR ZKDW FRPPRQO\ UHIHUUHG WR DV y��LM DQG y��LM FRXSOLQJV� UHVSHFWLYHO\� 7KH FRUUHVSRQGLQJ pQDO
VWDWHV FRQWDLQ HLWKHU �H RU �z DQG DW OHDVW IRXU DFFRPSDQ\LQJ MHWV� 8QOLNH DW +(5$� WKLV VHDUFK LV QRW VHQVLWLYH
WR WKH YDOXH RI WKH 539 FRXSOLQJ� DV ORQJ DV LW LV ODUJH HQRXJK VR WKDW WKH QHXWUDOLQR GHFD\V ZLWKLQ WKH '�
GHWHFWRU� 7KDW FRUUHVSRQGV WR y� y ��b�� ZKLFK JLYHV D ORW RI URRP� JLYHQ FXUUHQW LQGLUHFW FRQVWUDLQWV >�@�

χ1
0∼

l
–

l∼
q

q′
λ

) ,*85( �� 539 GH F D \ R I D QH XWUD OLQR /63 LQWR D OH SWR Q D QG WZ R T XD UN V�

:H DVVXPH WKDW WKH QHXWUDOLQR �/63� SDLUV DUH SURGXFHG LQ FDVFDGH GHFD\V RI RWKHU VXSHUV\PPHWULF SDUWLFOHV
DQG XVH DOO 686< SDLU SURGXFWLRQ PHFKDQLVPV ZKHQ JHQHUDWLQJ VLJQDO HYHQWV�
6LJQDO HYHQWV ZHUH JHQHUDWHG ZLWKLQ WKH 68*5$ IUDPHZRUN ZLWK WKH IROORZLQJ YDOXHV RI 686< SDUDPHWHUV�

$�  �� z � � DQG WDQp  � �WKH UHVXOWV DUH QRW VHQVLWLYH WR WKH YDOXH RI $� �� &HQWHU RI PDVV HQHUJ\ RI
WKH FROOLGLQJ EHDPV ZDV WDNHQ WR EH � 7H9� ,6$ -(7 >�@ ZDV XVHG IRU HYHQW JHQHUDWLRQ� 7KH DFFHSWDQFH DQG



UHVROXWLRQ RI WKH '� GHWHFWRU ZHUH SDUDPHWUL]HG XVLQJ WKH IROORZLQJ UHVROXWLRQV� r( (  ��j��� 
S
( >*H9@

�HOHFWURQV�� r�� S� �� S�  ����� j ������� S� �PXRQV�� DQG r( (  �� j ��� 
S
( >*H9@ �MHWV� DQG IRXQG

FRQVLVWHQW ZLWK WKH IXOO GHWHFWRU VLPXODWLRQ EDVHG RQ *($ 1 7 >��@�

) ,*85( �� 3R LQWV LQ WKH �P��P� �� 68 *5$ SD UD PH WH U VSD F H XVH G WR J H QH UD WH 539 H Y H QWV LQ WKH HH�� MH WV F KD QQH O�

)LJXUH � VKRZV WKH SRLQWV LQ WKH �P��P� �� 68*5$ SDUDPHWHU VSDFH ZKHUH VLJQDO 0RQWH &DUOR HYHQWV ZHUH
JHQHUDWHG IRU WKH HOHFWURQ FKDQQHO� 6LPLODU SRLQWV ZHUH VWXGLHG IRU WKH PXRQ�GHFD\ FKDQQHO�
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$ PXOWLMHW WULJJHU ZDV XVHG IRU WKH DQDO\VLV RI 5XQ � GDWD� ,W ZDV IRXQG WR EH QHDUO\ ���� HrFLHQW IRU WKH
W\SLFDO 539 VLJQDO� 6LQFH 5XQ � WULJJHU OLVW ZLOO LQFOXGH D VLPLODU WULJJHU� ZH DVVXPH WULJJHU HrFLHQF\ RI ����
DQG GR QRW SHUIRUP DQ\ WULJJHU VLPXODWLRQV IRU WKH 5XQ ��

7KH IROORZLQJ RsLQH VHOHFWLRQV ZHUH XVHG�

s $W OHDVW WZR JRRG HOHFWURQV� WKH OHDGLQJ RQH ZLWK (7 �H� ! �� *H9 DQG WKH RWKHU RQH ZLWK (7 �H� ! ��
*H9�

s 5DSLGLW\ UDQJH M u Mx ��� �FHQWUDO FDORULPHWHU�� RU ��� xM u Mx ��� �HQG FDORULPHWHUV� IRU DOO WKH HOHFWURQV�

s (QHUJ\ LVRODWLRQ IRU WKH HOHFWURQV� WKH (0 HQHUJ\ LQ WKH 5 ��� FRQH DERXW WKH FHQWHU RI JUDYLW\ RI WKH
(0 FOXVWHU� VXEWUDFWHG IURP WKH WRWDO HQHUJ\ LQ 5 ��� FRQH� VKRXOG QRW H[FHHG ��� RI WKH (0 HQHUJ\
LQ WKH 5���� FRQH�

s $W OHDVW IRXU MHWV ZLWK (7 �M� ! �� *H9 DQG M u M� ����

s 7KH GLHOHFWURQ LQYDULDQW PDVV �0HH� VKRXOG QRW EH LQ WKH =�PDVV LQWHUYDO� LH� M0HH b0= M! �� *H9�F��

,Q WKH SUHVHQW DQDO\VLV ZH KDYH GURSSHG WKH UHTXLUHPHQW RQ +7  
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(7 �M� � EXW UHWDLQHG DOO
RWKHU RsLQH FULWHULD WKDW ZHUH XVHG LQ WKH SUHYLRXV DQDO\VLV RI GDWD IURP 5XQ , >�@�
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7KH IROORZLQJ HYHQW VHOHFWLRQ UHTXLUHPHQWV ZHUH XVHG IRU WKH PXRQ GHFD\ FKDQQHO�

s 7ZR PXRQV� WKH OHDGLQJ RQH ZLWK S7 ! �� *H9� DQG WKH RWKHU RQH ZLWK S7 ! �� *H9�

s 5DSLGLW\ UDQJH MuM � ��� IRU ERWK PXRQV�
s (QHUJ\ LVRODWLRQ UHTXLUHPHQW IRU ERWK PXRQV� L�H� WKH FDORULPHWHU HQHUJ\ DFFRPSDQ\LQJ WKH PXRQ LQ D
�u �� FRQH RI ��� VKRXOG EH FRQVLVWHQW ZLWK WKDW IURP D PLQLPXP LRQLVLQJ SDUWLFOH�

s $W OHDVW IRXU MHWV ZLWK (7 �M� ! �� *H9 DQG MuM � ����
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7KH QXPEHU RI VLJQDO HYHQWV H[SHFWHG FDQ EH ZULWWHQ DV� K1L  / c � c s� ZKHUH K1L LV WKH H[SHFWHG QXPEHU
RI HYHQWV IRU OXPLQRVLW\ / � � LV WKH FURVV�VHFWLRQ� DQG s LV WKH RYHUDOO HrFLHQF\� 7KH HrFLHQF\ s FDQ EH VSOLW
LQWR WKUHH WHUPV� s  sWULJ c sNLQ c sLG � +HUH sWULJ LV WKH WULJJHU HrFLHQF\ IRU WKH HYHQWV WKDW SDVV WKH RsLQH FXWV �
DVVXPHG WR EH ������ sNLQ LV WKH HrFLHQF\ IRU RsLQH FULWHULD� ZKLFK LQFOXGHV NLQHPDWLF� pGXFLDO DQG WRSRORJLFDO
UHTXLUHPHQWV� DQG sLG LV WKH HOHFWURQ�MHW LGHQWLpFDWLRQ HrFLHQF\�
7KH HrFLHQF\ IRU LGHQWLI\LQJ MHWV LV YHU\ KLJK �! ���� DQG LV H[SHFWHG WR VWD\ WKH VDPH LQ 5XQ ��
(OHFWURQ LGHQWLpFDWLRQ HrFLHQFLHV LQ 5XQ � ZHUH ��h�� LQ WKH FHQWUDO �MuM � ���� DQG ��h�� LQ WKH IRUZDUG

���� � MuM � ���� UHJLRQV >�@� 7KHVH HrFLHQFLHV ZHUH FDOFXODWHG IRU HOHFWURQV ZLWK (7 �H� ! �� *H9� ,W GURSV E\
DERXW ��� IRU HOHFWURQV ZLWK (7 �H�  �� *H9�
7KH PXRQ LGHQWLpFDWLRQ HrFLHQFLHV XVHG LQ 5XQ � ZHUH ��h �� LQ WKH FHQWUDO �MuM � ���� DQG ��h �� LQ WKH

IRUZDUG ���� � MuM � ���� UHJLRQV >��@� 7KHVH ZHUH FDOFXODWHG IRU PXRQV ZLWK S7 ! �� *H9� )RU PXRQV ZLWK
�� *H9 � S7 � �� *H9 WKH HrFLHQFLHV ZHUH ��� VPDOOHU RQ DYHUDJH >��@�
,Q WKH SUHVHQW DQDO\VLV ZH KDYH WDNHQ WKH RYHUDOO SDUWLFOH LGHQWLpFDWLRQ HrFLHQF\ WR EH ���� h ���� LQ HDFK

FKDQQHO� LQGHSHQGHQW RI OHSWRQ (7 � SULPDULO\ GXH WR WKH H[SHFWDWLRQ RI D EHWWHU WUDFNHU DQG PXRQ VSHFWURPHWHU
IRU WKH XSJUDGHG '� H[SHULPHQW�
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7KH PDLQ EDFNJURXQGV DUH H[SHFWHG WR DULVH IURP 'UHOO�<DQ SURGXFWLRQ LQ DVVRFLDWLRQ ZLWK IRXU RU PRUH MHWV�
GLOHSWRQ WRS�TXDUN HYHQWV� DQG 4&' PXOWLMHW HYHQWV� 7KH ODWWHU LV WKH GRPLQDQW EDFNJURXQG IRU WKH HOHFWURQ
FKDQQHO �IROORZHG E\ WKH 'UHOO�<DQ EDFNJURXQG�� ,Q WKH FDVH RI PXRQV� WKH EDFNJURXQG LV GRPLQDWHG E\ WKH
'UHOO�<DQ DQG WRS SDLU SURGXFWLRQ� :H XVHG 0RQWH &DUOR WR FDOFXODWH EDFNJURXQG IURP WKH pUVW WZR VRXUFHV�
DQG GDWD WR HVWLPDWH EDFNJURXQG IURP 4&' MHWV�
%DFNJURXQG IRU WKH 5XQ � DQDO\VLV ZDV HVWLPDWHG WR EH ��� h ��� h ��� �ZLWK ���� h ���� IURP 4&' DQG

���� h ���� h ���� IURP WKH RWKHU SURFHVVHV� IRU | ��� SEb� RI GDWD� 7R H[WUDSRODWH WKLV QXPEHU WR WKH GDWD
VHW IURP 5XQ �� ZH KDYH VLPSO\ PXOWLSOLHG LW E\ WKH UDWLR RI OXPLQRVLWLHV WR REWDLQ ��h �h � HYHQWV� +RZHYHU�
LW LV H[SHFWHG WKDW GXH WR WKH FHQWUDO PDJQHWLF pHOG LQ WKH XSJUDGHG '� GHWHFWRU� WKH SUREDELOLW\ RI MHWV WR EH
PLVLGHQWLpHG DV HOHFWURQV ZLOO EH UHGXFHG E\ D IDFWRU RI | � LQ 5XQ �� :H KDYH WKHUHIRUH FRQVLGHUHG D VHFRQG
VFHQDULR ZLWK WKH VPDOOHU H[SHFWHG EDFNJURXQG RI ��h ���h ��� HYHQWV�
)RU WKH PXRQ FKDQQHO� WKH H[SHFWHG EDFNJURXQG KDV EHHQ VFDOHG GLUHFWO\ IURP WKH 5XQ � DQDO\VLV� :H H[SHFW

��h �h � EDFNJURXQG HYHQWV LQ 5XQ ��
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,Q RUGHU WR REWDLQ WKH VHQVLWLYLW\ RI 5XQ � LQ WR 539 GHFD\V� ZH FDOFXODWHG WKH HrFLHQF\ IRU VLJQDO IRU DOO
WKH PDVV SRLQWV VKRZQ LQ )LJ� �� 7\SLFDO HrFLHQFLHV� WKH VLJQDO FURVV VHFWLRQ LQ WKH HH � � MHWV FKDQQHO� DQG
WKH H[SHFWHG HYHQW \LHOG LQ � IEb� RI GDWD� IRU VHYHUDO UHSUHVHQWDWLYH �P��P� �� SRLQWV� DUH JLYHQ LQ 7DEOH 9,,�
6LPLODU QXPEHUV DUH REWDLQHG IRU WKH PXRQ FKDQQHO�
:H XVH WKHVH HrFLHQFLHV WR REWDLQ H[FOXVLRQ OLPLWV LQ WKH �P��P� �� SODQH DW ��� &/� DVVXPLQJ WKDW QR

H[FHVV RI HYHQWV ZLOO EH REVHUYHG DERYH WKH SUHGLFWHG EDFNJURXQG� 7KH H[FOXVLRQ FRQWRXUV IRU WKH HOHFWURQ
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DQG PXRQ FKDQQHO DUH VKRZQ LQ )LJ� � DQG �� UHVSHFWLYHO\� 1XPHULFDO YDOXHV RI WKH OLPLWV DUH VXPPDUL]HG LQ
7DEOH 9,,�
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,W
V ZRUWK PHQWLRQLQJ WKDW RXU DQDO\VLV SURYLGHV D FRQVHUYDWLYH HVWLPDWH RI WKH VHQVLWLYLW\ DFKLHYDEOH LQ
5XQ �� VLQFH QR IRUPDO RSWLPL]DWLRQ RI WKH VLJQDO YV� EDFNJURXQG KDV EHHQ SHUIRUPHG� :H H[SHFW WKDW D IRUPDO
RSWLPL]DWLRQ FDQ LPSURYH WKH VHQVLWLYLW\ LQ WKH PDVV UHDFK E\ ��^����
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