
&RVPLF 1HXWULQRV DQG WKHLU 'HWHFWLRQ

&� +DJPDQQ
/DZUHQFH /LYHUPRUH 1DWLRQDO /DERUDWRU\

���� (DVW $YHQXH� /LYHUPRUH� &$ �����

7KH VWDQGDUG %LJ�%DQJ WKHRU\ SUHGLFWV D FRVPLF QHXWULQR EDFNJURXQG ZLWK DQ DYHUDJH QXPEHU

GHQVLW\ RI z ��� FP� SHU oDYRU� 7KH PRVW SURPLVLQJ ZD\ RI LWV GHWHFWLRQ LV PHDVXULQJ WKH IHHEOH

?QHXWULQR ZLQG� IRUFHV H[HUWHG RQ PDFURVFRSLF WDUJHWV� 7KH H[SHFWHG DFFHOHUDWLRQ LV z ��b��FP V�

IRU 'LUDF QHXWULQRV ZLWK D ORFDO QXPEHU GHQVLW\ z ��� FP�� $ QRYHO WRUVLRQ EDODQFH GHVLJQ LV

SUHVHQWHG� ZKLFK DGGUHVVHV WKH VHQVLWLYLW\�OLPLWLQJ IDFWRUV RI H[LVWLQJ EDODQFHV� VXFK DV VHLVPLF DQG

WKHUPDO QRLVH� DQG DQJXODU UHDGRXW UHVROXWLRQ DQG VWDELOLW\�

,� ,1752'8&7,21

$FFRUGLQJ WR WKH VWDQGDUG %LJ %DQJ PRGHO� D FRVPLF QHXWULQR EDFNJURXQG� VLPLODU WR WKH IDPLOLDU PLFURZDYH

EDFNJURXQG� VKRXOG H[LVW LQ RXU XQLYHUVH� %HFDXVH RI WKHLU ZHDN LQWHUDFWLRQV� FRVPLF QHXWULQRV IHOO RXW RI WKHUPDO

HTXLOLEULXP DW W 
 � VHF� DQG KDYH EHHQ UHGVKLIWLQJ VLQFH WKHQ� 1HXWULQRV RI PDVV~ ��b� H9 ZRXOG VWLOO EH UHODWLYLVWLF

WRGD\� KDYH D )HUPL�'LUDF VSHFWUXP ZLWK 7 
 ��� .� DQG EH VSDWLDOO\ XQLIRUP ZLWK Qy/  Qxy5 
 �� FP� SHU oDYRU�

,Q FRQWUDVW� QHXWULQRV RI PDVV � ��b� H9 ZRXOG EH QRQUHODWLYLVWLF WRGD\� DQG EH FOXVWHUHG DURXQG JDOD[LHV ZLWK D

W\SLFDO YHORFLW\ Yy 
 ��b�� 7KH\ FRQWULEXWH WR WKH FRVPRORJLFDO HQHUJ\ GHQVLW\ DQ DPRXQW ly 
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ZKHUH K 
 ���� LV WKH +XEEOH H[SDQVLRQ UDWH LQ XQLWV RI ��� NP Vb�0SFb�� DQG ZKHUH WKH VXP LQFOXGHV DOO QHXWULQR
oDYRUV WKDW DUH QRQUHODWLYLVWLF WRGD\� 0DVVLYH QHXWULQRV DUH D QDWXUDO FDQGLGDWH IRU WKH KRW FRPSRQHQW LQ FXUUHQWO\

IDYRUHG ?0L[HG +RW�&ROG 'DUN 0DWWHU �+&'0�� >�@ PRGHOV RI JDOD[\ IRUPDWLRQ� ,Q WKLV VFHQDULR� QHXWULQRV ZRXOG

FRQWULEXWH 
 �� � �3
L
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 � H9�� DQG &'0 �H�J� :LPSV DQG D[LRQV� WKH UHPDLQGHU RI WKH GDUN PDWWHU� $QRWKHU

SRSXODU PRGHO LQYROYLQJ D FRVPRORJLFDO FRQVWDQW LV e+&'0 >�@ ZLWK ly 
 ����b ���� 7KH DYDLODEOH SKDVH VSDFH IRU
PDVVLYH QHXWULQRV >���@ UHVWULFWV WKH ORFDO QHXWULQR QXPEHU GHQVLW\ WR
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ZKHUH YP LV WKH PD[LPXP QHXWULQR YHORFLW\ LQ WKH KDOR� +HQFH� QHXWULQRV RI Py z H9� FDQQRW DFFRXQW IRU DOO RI WKH
ORFDO KDOR PDWWHU GHQVLW\ z ���0H9 FP��

7KH GHWHFWLRQ RI FRVPLF QHXWULQRV E\ LQWHUDFWLRQV ZLWK VLQJOH HOHFWURQV RU QXFOHRQV LV XQOLNHO\ EHFDXVH RI WKH

H[WUHPHO\ VPDOO UDWHV DQG HQHUJ\ GHSRVLWV� 3DVW SURSRVDOV KDYH WKHUHIRUH IRFXVHG RQ GHWHFWLQJ WKH FRKHUHQW PHFKDQLFDO

HmHFWV RQ PDFURVFRSLF WDUJHWV GXH WR WKH ?QHXWULQR ZLQG�� ,Q ����� 6WRGROVN\ >�@ VXJJHVWHG WR XVH WKH HQHUJ\ VSOLWWLQJ

RI DQ HOHFWURQ�
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PRYLQJ WKURXJK WKH QHXWULQR EDFNJURXQG ZLWK YHORFLW\ YH� +RZHYHU HYHQ IRU ODUJH QHXWULQR QXPEHU DV\PPHWULHV�

H�J� QxyH  �� Qyx�~  Qxyx�~ � c( z ��� d ��b��H9�YH ��b���QyH ���FPb�� LV VWLOO WLQ\� ,Q SULQFLSOH� WKLV HmHFW
FRXOG EH PHDVXUHG E\ REVHUYLQJ D WRUTXH RQ D SHUPDQHQW PDJQHW� ZKLFK LV VKLHOGHG DJDLQVW PDJQHWLF QRLVH ZLWK

VXSHUFRQGXFWRUV� $ EHQHnW RI WKLV GHWHFWLRQ PHWKRG LV WKDW LW ZRUNV HTXDOO\ ZHOO IRU 'LUDF DQG 0DMRUDQD QHXWULQRV�

2WKHU IRUFHV � *) DULVLQJ IURP WKH UHoHFWLRQ RU UHIUDFWLRQ RI QHXWULQRV E\ PDFURVFRSLF REMHFWV KDYH EHHQ SURSRVHG

E\ VHYHUDO DXWKRUV >�^�@� +RZHYHU� DOO RI WKHVH LGHDV ZHUH ODWHU IRXQG WR EH oDZHG >����@�

$QRWKHU DSSURDFK LV WR FRQVLGHU IRUFHV � *�

)
GXH WR UDQGRP HODVWLF QHXWULQR VFDWWHULQJ >��^��@� +HUH� VSDWLDO FRKHU�

HQFH GUDPDWLFDOO\ LQFUHDVHV WKH FURVV VHFWLRQ RI WDUJHWV VPDOOHU WKDQ WKH QHXWULQR ZDYHOHQJWK wy � ,Q WKH QRQUHODWLYLVWLF

OLPLW� RQH PXVW GLVWLQJXLVK EHWZHHQ 0DMRUDQD DQG 'LUDF QHXWULQRV� )RU 'LUDF x RU ~ QHXWULQRV� WKH FURVV VHFWLRQ LV

GRPLQDWHG E\ WKH YHFWRU QHXWUDO FXUUHQW FRQWULEXWLRQ
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ZKHUH 1Q LV WKH QXPEHU RI QHXWURQV LQ WKH WDUJHW RI VL]H � wy �{  ��xP���H9 Py����
b� Yy�� )RU 0DMRUDQD

QHXWULQRV WKH YHFWRU FRQWULEXWLRQ WR WKH FURVV VHFWLRQ LV VXSSUHVVHG E\ D IDFWRU �Yy F�� DQG SRWHQWLDOO\ WKH ODUJHVW

FRQWULEXWLRQ DULVHV IURP WKH D[LDO FXUUHQW� 7KH FURVV VHFWLRQ RI D VSLQ�SRODUL]HG WDUJHW LV }0 � 1�

V
� ZKHUH 1V LV WKH

QXPEHU RI DOLJQHG VSLQV LQ WKH JUDLQ�

'XH WR WKH 6XQ
V SHFXOLDU PRWLRQ �YV z ��� NP V� WKURXJK WKH JDOD[\� D WHVW ERG\ ZLOO H[SHULHQFHV D QHXWULQR

ZLQG IRUFH WKURXJK UDQGRP QHXWULQR VFDWWHULQJ HYHQWV� 7KH ZLQG GLUHFWLRQ LV PRGXODWHG ZLWK WKH VLGHUHDO SHULRG RI

��KUV���PLQ GXH WR WKH FRPELQHG HmHFWV RI WKH (DUWK
V GLXUQDO URWDWLRQ DQG DQQXDO UHYROXWLRQ DURXQG WKH 6XQ� )RU

'LUDF QHXWULQRV� WKH DFFHOHUDWLRQ RI D WDUJHW RI GHQVLW\ | DQG RSWLPDO UDGLXV wy �{ KDV DQ DPSOLWXGH >�����@
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DQG LV LQGHSHQGHQW RI Py � )RU FOXVWHUHG 0DMRUDQD QHXWULQRV� WKH DFFHOHUDWLRQ LV VXSSUHVVHG E\ D IDFWRU z �������� IRU
DQ XQSRODUL]HG �SRODUL]HG� WDUJHW� )RU XQFOXVWHUHG UHODWLYLVWLF QHXWULQRV� WKH IRUFH VKRXOG EH DOLJQHG ZLWK WKH GLUHFWLRQ

RI WKH PLFURZDYH EDFNJURXQG GLSROH� 1HXWULQRV RI 'LUDF RU 0DMRUDQD W\SH ZRXOG KDYH WKH VDPH FURVV VHFWLRQ� JLYLQJ

ULVH WR DQ DFFHOHUDWLRQ z ��b��FP V�� $ WDUJHW VL]H PXFK ODUJHU WKDQ wy FDQ EH DVVHPEOHG� ZKLOH DYRLGLQJ GHVWUXFWLYH

LQWHUIHUHQFH� E\ XVLQJ IRDP�OLNH >��@ RU ODPLQDWHG PDWHULDOV >��@� $OWHUQDWLYHO\� JUDLQV RI VL]H z wy FRXOG EH UDQGRPO\

HPEHGGHG �ZLWK VSDFLQJ z wy� LQ D ORZ GHQVLW\ KRVW PDWHULDO�

,,� '(7(&725 &21&(37

7KH PHDVXUHPHQW RI WKH QHXWULQR�LQGXFHG IRUFHV DQG WRUTXHV ZLOO UHTXLUH PDMRU LPSURYHPHQWV LQ VHQVRU WHFKQRORJ\�

$W SUHVHQW� WKH PRVW VHQVLWLYH GHWHFWRU RI VPDOO IRUFHV LV WKH ?&DYHQGLVK�W\SH� WRUVLRQ EDODQFH �VHH )LJXUH ��� ZKLFK KDV

EHHQ ZLGHO\ XVHG IRU PHDVXUHPHQWV RI WKH JUDYLWDWLRQDO FRQVWDQW DQG VHDUFKHV IRU QHZ IRUFHV� $ W\SLFDO DUUDQJHPHQW

FRQVLVWV RI D GXPEEHOO VKDSHG WHVW PDVV VXVSHQGHG E\ D WXQJVWHQ nEHU LQVLGH D YDFXXP FKDPEHU DW URRP WHPSHUDWXUH�

7KH DQJXODU GHoHFWLRQ LV XVXDOO\ UHDG RXW ZLWK DQ RSWLFDO OHYHU� 7KH WRUVLRQDO RVFLOODWLRQ IUHTXHQF\ LV FRQVWUDLQHG E\

WKH \LHOG VWUHQJWK RI WKH nEHU WR ! �P+]� ,QWHUQDO IULFWLRQ LQ WKH nEHU OLPLWV WKH 4 WR � ���� 1RQOLQHDULWLHV LQ WKH

VXVSHQVLRQ PDNH WKH EDODQFH TXLWH VHQVLWLYH WR VHLVPLF QRLVH� $GGLWLRQDO EDFNJURXQG IRUFHV DULVH IURP WKHUPDO QRLVH

DQG WLPH YDU\LQJ JUDYLW\ JUDGLHQWV GXH WR WLGHV� ZHDWKHU� WUDpF� SHRSOH HWF� 7KH DQJXODU UHVROXWLRQ RI RSWLFDO OHYHUV

LV z ��b��UDG DQG WKH VPDOOHVW PHDVXUDEOH DFFHOHUDWLRQ LV z ��b��FP V� >��@�

),*� �� 6FKHPDWLF GLDJUDP RI D ?&DYHQGLVK� WRUVLRQ EDODQFH� ZKLFK KDV EHHQ ZLGHO\ XVHG LQ H[SHULPHQWDO JUDYLW\�
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Persistent Magnet

Suspension Magnet

Laser Resonator

Neutrino Target

Balancing Mass

),*� �� 6FKHPDWLF GLDJUDP RI WKH WRUVLRQ RVFLOODWRU� 7KH WDUJHW FRQVLVWV RI WZR KHPLF\OLQGULFDO PDVVHV ZLWK VLPLODU GHQVLWLHV

EXW GLmHUHQW QHXWULQR FURVV VHFWLRQ� 7KH WDUJHW RI PDVV z NJ LV VXVSHQGHG E\ D ?PDJQHWLF KRRN� FRQVLVWLQJ RI D VXSHUFRQGXFWLQJ

PDJQHW LQ SHUVLVWHQW PRGH oRDWLQJ DERYH D VWDWLRQDU\ PDJQHW� 7KH URWDWLRQ DQJOH LV UHDG RXW ZLWK D WXQDEOH RSWLFDO FDYLW\

DQG DQ XOWUD�VWDEOH ODVHU�

6HYHUDO LPSURYHPHQWV VHHP SRVVLEOH �VHH )LJXUH ��� 7KHUPDO QRLVH FDQ EH GHFUHDVHG E\ ORZHULQJ WKH WHPSHUDWXUH

DQG E\ HPSOR\LQJ D ORZ GLVVLSDWLRQ �KLJK 4� VXVSHQVLRQ� DV VHHQ IURP WKH H[SUHVVLRQ IRU WKH HmHFWLYH WKHUPDO QRLVH

DFFHOHUDWLRQ >��@
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ZKHUH ~ LV WKH PHDVXUHPHQW WLPH� ~� LV WKH RVFLOODWRU SHULRG� DQG 7 LV WKH RSHUDWLQJ WHPSHUDWXUH� $ SURPLVLQJ KLJK�4

VXVSHQVLRQ PHWKRG LV D 0HLVVQHU VXVSHQVLRQ FRQVLVWLQJ RI D VXSHUFRQGXFWLQJ ERG\ oRDWLQJ DERYH D VXSHUFRQGXFWLQJ

FRLO� 1LRELXP RU 1E7L LQ EXON RU nOP IRUP KDYH EHHQ XVHG LQ WKH SDVW LQ VXFK GLYHUVH DSSOLFDWLRQV DV JUDYLPHWHUV

>��@� J\URV >��@� DQG JUDYLWDWLRQDO ZDYH DQWHQQDV >�����@� *HQHUDOO\ WKH PDJQHWLF nHOG DSSOLHG WR WKH VXSHUFRQGXFWRU

LV OLPLWHG WR % �z ���7 WR DYRLG oX[ SHQHWUDWLRQ RU ORVV RI VXSHUFRQGXFWLYLW\ >�����@� +RZHYHU� HYHQ IRU VPDOO nHOGV WKH
PDJQHWLF oX[ H[FOXVLRQ LV XVXDOO\ LQFRPSOHWH LQ SRO\FU\VWDOOLQH 1E VXSHUFRQGXFWRUV DQG oX[ FUHHS ZLOO FDXVH QRLVH

>��@� 7KH OLIWLQJ SUHVVXUH � %� LV OLPLWHG WR DERXW ��� J FP�� 7KLV FRXOG EH GUDPDWLFDOO\ LQFUHDVHG E\ UHSODFLQJ WKH

EXON VXSHUFRQGXFWRU ZLWK D SHUVLVWHQW�PRGH VXSHUFRQGXFWLQJ PDJQHW� DV VKRZQ LQ )LJXUH �� &RPPRQO\ XVHG 1E7L

ZLUH KDV D FULWLFDO nHOG RI VHYHUDO 7� 0RUHRYHU� WKH oX[ OLQHV DUH VWURQJO\ SLQQHG E\ DUWLnFLDO ODWWLFH GHIHFWV LQ WKH

PDJQHW ZLUH� OHDGLQJ WR ORZ OHYHOV RI oX[ QRLVH DQG GLVVLSDWLRQ� 9HU\ ORZ UHVLVWDQFH z ��b��l >��@ ZLUH MRLQWV FDQ EH
PDGH E\ FROG ZHOGLQJ� DQG WKH PDJQHWLF nHOG GHFD\ UDWH FDQ EH DV ORZ DV B% %  5 / z ��b� GD\� ZKHUH 5 LV WKH

MRLQW UHVLVWDQFH DQG / LV WKH LQGXFWDQFH� 7KH FXUUHQW GHFD\ GXH WR ORVVHV LQ WKH MRLQW ZLOO FDXVH WKH VXVSHQGHG PDJQHW

WR VLQN JUDGXDOO\� 7KH FRQFRPLWDQW FKDQJH RI PDJQHWL]DWLRQ ZLOO SURGXFH D VORZO\ YDU\LQJ WRUTXH RQ WKH oRDW GXH WR

WKH J\URPDJQHWLF �?(LQVWHLQ�GH+DDV�� HmHFW� 'XH WR XQDYRLGDEOH GHYLDWLRQV IURP F\OLQGULFDO V\PPHWU\� WKH RVFLOODWRU

ZLOO KDYH D YHU\ ORQJ� EXW nQLWH URWDWLRQDO RVFLOODWLRQ SHULRG� )RU VPDOO DPSOLWXGHV� WKH RVFLOODWLQJ VXSHUFXUUHQWV LQ WKH

ZLUH ZLOO FDXVH WKH oX[RLGV WR PRYH HODVWLFDOO\ DERXW WKHLU SLQQLQJ FHQWHUV� DQG YHU\ OLWWOH GLVVLSDWLRQ LV H[SHFWHG� ,Q

RUGHU WR PDWFK WKH URWDWLRQ SHULRG WR WKH VLJQDO SHULRG �z � GD\�� DQ DGGLWLRQDO UHVWRULQJ SRWHQWLDO PD\ EH DGGHG� 2QH
SRVVLELOLW\ LV D VXSHUFRQGXFWLQJ RU ORZ�ORVV GLHOHFWULF �H�J� VLQJOH�FU\VWDO VDSSKLUH� HOOLSVRLG LQ WKH FRQVWDQW HOHFWULF

nHOG RI D SDUDOOHO SODWH FDSDFLWRU >��@� %RWK QHJDWLYH DQG SRVLWLYH WRUVLRQ FRHpFLHQWV FDQ EH SURGXFHG E\ DOLJQLQJ WKH

ORQJ D[LV RI WKH HOOLSVRLG SHUSHQGLFXODU RU SDUDOOHO WR WKH nHOG�

�



),*� �� 7RSYLHZ GLDJUDP RI WKH KLJK�4 WXQDEOH RSWLFDO FDYLW\� 7KH FDYLW\ LV RSHUDWHG LQ WKH 7(0��S *DXVVLDQ PRGH� $

QDUURZ OLQHZLGWK z ���N+] LV DFKLHYHG ZLWK KLJK UHOHFWLYLW\ PLUURUV DQG D ORZ�ORVV GLHOHFWULF %UHZVWHU�DQJOHG SODWH� 7ZR

V\PPHWULFDOO\ SODFHG DQG RSSRVLWHO\ RULHQWHG n[HG SODWHV PD\ EH DGGHG WR DYRLG WUDQVYHUVH GLVSODFHPHQW RI WKH EHDP�

7KH HmHFWV RI WLPH�YDU\LQJ JUDYLW\ JUDGLHQWV FDQ EH UHGXFHG ZLWK D KLJKO\ F\OLQGULFDOO\ V\PPHWULF WDUJHW �VHH

)LJXUH ��� :LWK WKH F�P� RI WKH WDUJHW FHQWHUHG EHORZ WKH VXVSHQVLRQ VXSSRUW� WKH OHDGLQJ RUGHU JUDYLWDWLRQDO WRUTXH

DULVH IURP WKH GLSROH PRPHQW RI WKH WRUVLRQ EDODQFH� )RU D VRXUFH PDVV0 DW D GLVWDQFH 5 IURP WKH EDODQFH F�P�� WKH

WRUTXH LV
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ZKHUH ,[� ,\ DUH WKH PRPHQWV RI LQHUWLD DERXW WKH WZR KRUL]RQWDO D[HV� 'LXUQDOO\ YDU\LQJ PDVV GLVWULEXWLRQV� H�J �

FKDQJHV RI WKH DWPRVSKHULF DLU PDVV GXH WR VRODU KHDWLQJ� DUH HVSHFLDOO\ ZRUULVRPH� 7KHVH HmHFWV FDQ EH PLQLPL]HG

ZLWK D FDUHIXO PHFKDQLFDO GHVLJQ DQG VXEVHTXHQW EDODQFLQJ VWHSV XVLQJ D PRYDEOH ODERUDWRU\ VRXUFH PDVV� ,Q DGGLWLRQ�

ORFDWLQJ WKH H[SHULPHQW LQ D GHHS PLQH ZRXOG EH EHQHnFLDO� 7KH JUDYLWDWLRQDO LQWHUDFWLRQ RI WKH EDODQFH ZLWK WKH 6XQ

DQG WKH 0RRQ DUH OHVV GDQJHURXV� EHFDXVH WKH\ SURGXFH WRUTXHV ZLWK D �� KU SHULRG WR nUVW RUGHU�

/RZ IUHTXHQF\ VHLVPLF QRLVH FDQ DOVR EH D SHUIRUPDQFH OLPLWLQJ IDFWRU LQ WRUVLRQ EDODQFH H[SHULPHQWV� $W D SHULRG

RI z �� KUV� WKH QRLVH LV GRPLQDWHG E\ WLGDO HmHFWV� ZLWK W\SLFDO YDULDWLRQV LQ WKH VWUDLQ RI c/ / z ��b� � LQ

WKH WLOW DERXW WKH ORFDO �J�UHIHUHQFHG� YHUWLFDO D[LV RI ct z ��b� UDG� DQG LQ WKH ORFDO JUDYLWDWLRQDO DFFHOHUDWLRQ

RI cJ J z ��b�� 6PDOO GHYLDWLRQV IURP LGHDO V\PPHWU\ ZLOO FRXSOH WKHVH PRWLRQV LQWR WKH URWDWLRQDO PRGH RI WKH

EDODQFH� )RU H[DPSOH� WKH WLOW�URWDWLRQ FRXSOLQJ RI D WXQJVWHQ nEHU VXVSHQVLRQ LV W\SLFDOO\ 
 ���� >��@� 7ZR SRVVLEOH
UHPHGLHV DUH ��� LPSURYLQJ WKH V\PPHWU\ RI WKH EDODQFH� DQG ��� HPSOR\LQJ DFWLYH DQWL�VHLVPLF LVRODWLRQ V\VWHPV� $

UHPDLQLQJ ZRUU\ LV ORZ IUHTXHQF\ URWDWLRQDO VHLVPLF QRLVH IRU ZKLFK QR UHOLDEOH GDWD LV DYDLODEOH� ,W ZLOO GLUHFWO\ PDVN

WKH VLJQDO DQG QHHGV WR EH FRPSHQVDWHG�

7KH SURSRVHG DQJXODU URWDWLRQ UHDGRXW KDV YHU\ KLJK LPPXQLW\ DJDLQVW YHUWLFDO� KRUL]RQWDO� DQG WLOW VHLVPLF QRLVH�

,W FRQVLVWV RI D SDUDPHWULF WUDQVGXFHU� ZKLFK FRQYHUWV WKH DQJOH WR DQ RSWLFDO IUHTXHQF\� $V VKRZQ LQ )LJXUH �� WKH

WUDQVGXFHU FRQVLVWV RI D KLJK�4 RSWLFDO FDYLW\ RI OHQJWK O� WXQHG E\ D %UHZVWHU�DQJOHG ORZ ORVV GLHOHFWULF SODWH RI

WKLFNQHVV G� 8VLQJ KLJK�UHoHFWLYLW\ PLUURUV DQG D FDYLW\ OHQJWK z �� FP VKRXOG JLYH OLQHZLGWKV RI RUGHU ��� N+] IRU

WKH *DXVVLDQ 7(0��S PRGHV� ZLWK D IUHTXHQF\ WXQLQJ VHQVLWLYLW\ RI GI Gt z I�G O� z ����+] UDG� 7KH DQJXODU

PHDVXUHPHQW SUHFLVLRQ GHSHQGV RQ WKH QXPEHU RI SKRWRQV 1 YLD ct z w �G)
S
1�� ZKHUH ) LV WKH FDYLW\ nQHVVH� DQG

w LV WKH ODVHU ZDYHOHQJWK� 7KLV LV D IDFWRU z ) EHWWHU WKDQ WKH RSWLFDO OHYHU UHDGRXW IRU HTXDO ODVHU SRZHU� &U\RJHQLF

RSWLFDO UHVRQDWRUV KDYH H[FHOOHQW ORQJ�WHUP VWDELOLW\ DQG KDYH EHHQ SURSRVHG DV VHFRQGDU\ IUHTXHQF\ VWDQGDUGV� 7KH

PHDVXUHG IUHTXHQF\ GULIWV UDQJH IURP z �+] RYHU PLQXWHV WR z ���+] RYHU GD\V >��@� )RU WKH PHDVXUHPHQW RI WKH
URWDWLRQ DQJOH� D VWDEOH UHIHUHQFH IUHTXHQF\ ZLOO EH UHTXLUHG� 7KLV FDQ EH HDVLO\ LPSOHPHQWHG XVLQJ D ODVHU ORFNHG WR

D VHFRQG FDYLW\� 7KH GHVFULEHG DQJOH UHDGRXW KDV OLWWOH VHQVLWLYLW\ WR ODWHUDO� WLOW� DQG YHUWLFDO PRWLRQ� EXW FRXSOHV

WR URWDWLRQDO QRLVH� $ SRVVLEOH VROXWLRQ ZRXOG EH WR VXVSHQG WKH WDUJHW DV ZHOO DV WKH RSWLFDO FDYLW\ LQ RUGHU WR

VXSSUHVV WKH FRPPRQ URWDWLRQ PRGH� 7KH FDYLW\ VXVSHQVLRQ VKRXOG KDYH D PXFK ORQJHU QDWXUDO SHULRG WKDQ WKH

�



WDUJHW VXVSHQVLRQ WR DYRLG LWV H[FLWDWLRQ DW WKH VLJQDO IUHTXHQF\� $ GLmHUHQW DSSURDFK WR VXSSUHVV URWDWLRQDO QRLVH

ZRXOG HPSOR\ WZR LGHQWLFDO WRUVLRQ EDODQFHV� EXW URWDWHG E\ ��� GHJUHHV ZLWK UHVSHFW WR HDFK RWKHU�

$GGLWLRQDO EDFNJURXQG IRUFHV ZLOO DULVH IURP JDV FROOLVLRQV� FRVPLF UD\ KLWV� UDGLRDFWLYLW\� VRODU QHXWULQR DQG :,03

LQWHUDFWLRQV UHVXOWLQJ LQ D %URZQLDQ PRWLRQ RI WKH WDUJHW� 7KH HTXLYDOHQW DFFHOHUDWLRQ LV D z �xS P�
S
Q ~ � ZKHUH

xS LV WKH DYHUDJH PRPHQWXP WUDQVIHU� DQG Q LV WKH FROOLVLRQ RU GHFD\ UDWH� 7KH UHTXLUHPHQWV RQ WKH UHVLGXDO JDV

SUHVVXUHV DUH YHU\ VHYHUH ZLWK RQO\ D IHZ FROOLVLRQV ZLWK WKH WDUJHW DOORZHG SHU VHFRQG� &U\RSXPSLQJ DQG WKH XVH RI

JHWWHUV ZLOO EH HVVHQWLDO� 7KH FRVPLF PXRQ oX[ DW VHD OHYHO LV DERXW ���� FPb�Vb� ZLWK D PHDQ HQHUJ\ RI z �*H9�
7KXV� D WDUJHW RI DUHD ��� FP� ZLOO H[SHULHQFH D FROOLVLRQ UDWH z 2��� Vb�� FDXVLQJ DQ DFFHOHUDWLRQ FRPSDUDEOH WR
WKH VLJQDO LQ (TXDWLRQ �� &RVPLF UD\V FDQ DOVR OHDG WR D QHW FKDUJH EXLOGXS RI WKH WRUVLRQ EDODQFH DQG VSXULRXV

HOHFWURVWDWLF IRUFHV� 7KLV EDFNJURXQG FDQ EH UHGXFHG E\ VHYHUDO RUGHUV RI PDJQLWXGH E\ JRLQJ XQGHUJURXQG� )XUWKHU

GLVWXUELQJ IRUFHV PD\ EH FDXVHG E\ WLPH�YDU\LQJ HOHFWULF DQG PDJQHWLF EDFNJURXQG nHOGV� ZKLFK FDQ EH VKLHOGHG ZLWK

VXSHUFRQGXFWHUV� %ODFNERG\ UDGLDWLRQ DQG UDGLRPHWULF HmHFWV ZRXOG EH JUHDWO\ UHGXFHG LQ D WHPSHUDWXUH FRQWUROOHG

FU\RJHQLF HQYLURQPHQW�

)LQDOO\� WKHUH LV D IXQGDPHQWDO OLPLW LPSRVHG E\ WKH XQFHUWDLQW\ SULQFLSOH� 7KH DFFXUDF\ RI D IRUFH PHDVXUHPHQW

REWDLQDEOH E\ FRQWLQRXVO\ UHFRUGLQJ WKH WHVW PDVV SRVLWLRQ �VWDQGDUG TXDQWXP OLPLW� LV
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ZKHUHP LV WKH WHVW PDVV� ~� LV WKH RVFLOODWRU SHULRG� DQG ~ LV WKH PHDVXUHPHQW WLPH� ,Q RXU SURSRVHG SRVLWLRQ UHDGRXW�

WKH GLVWXUELQJ EDFN DFWLRQ IRUFH DULVHV IURP VSDWLDO oXFWXDWLRQV LQ WKH SKRWRQ oX[ SDVVLQJ WKURXJK WKH FHQWUDO WXQLQJ

SODWH� $ ODVHU EHDP SXOVH FRQWDLQLQJ1 SKRWRQV� DQG FHQWHUHG RQ WKH SODWH URWDWLRQ D[LV� ZLOO SURGXFH D UDQGRP FKDQJH

LQ WKH DQJXODU PRPHQWXP RI WKH SODWH RI c/ z )
S
1xK�G F� +HUH� G LV WKH DYHUDJH WUDQVYHUVH SKRWRQ GLVSODFHPHQW

ZLWK UHVSHFW WR WKH URWDWLRQ D[LV� ZKLFK LV DOVR RI RUGHU WKH SODWH WKLFNQHVV� $ VOLJKWO\ KLJKHU VHQVLWLYLW\ FDQ EH

REWDLQHG ZLWK D VWURERVFRSLF ?TXDQWXP QRQGHPROLWLRQ� �41'� PHDVXUHPHQW >�����@� ZKHUH WKH WHVW PDVV SRVLWLRQ LV

UHFRUGHG HYHU\ KDOI SHULRG� +HUH�
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DQG cW LV WKH VWUREH GXUDWLRQ�

7KHUH LV KRSH WKDW FRVPLF QHXWULQRV ZLOO EH GHWHFWHG LQ WKH ODERUDWRU\ HDUO\ LQ WKH QH[W FHQWXU\� HVSHFLDOO\ LI WKH\

KDYH PDVVHV LQ WKH H9 UDQJH DQG DUH RI 'LUDF W\SH� 7KH PRVW YLDEOH ZD\ VHHPV WR EH D JUHDWO\ LPSURYHG WRUVLRQ

EDODQFH RSHUDWHG LQ D GHHS PLQH�

1DWXUDOO\� WKH SURSRVHG WRUVLRQ EDODQFH FRXOG DOVR EH DSSOLHG WR WHVWV RI WKH ZHDN HTXLYDOHQFH SULQFLSOH ZLWK WKH

6XQ DV WKH VRXUFH PDVV >�����@� DQG WR VHDUFKHV IRU QHZ VKRUW UDQJH �z �P� IRUFHV ZLWK D PRYDEOH ODERUDWRU\ PDVV
>��������@�
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7KLV UHVHDUFK ZDV SHUIRUPHG E\ //1/ XQGHU WKH DXVSLFHV RI WKH 8�6� 'HSDUWPHQW RI (QHUJ\ XQGHU FRQWUDFW QR�

:������(1*���� , WKDQN (� $GHOEHUJHU� 6� %DHVVOHU� ,� )HUUHUDV� $� 0HOLVVLQRV� 5� 1HZPDQ� 3� 6PLWK� DQG :� 6WRHq

IRU XVHIXO GLVFXVVLRQV�

>�@ -� 3ULPDFN� 6FLHQFH ���� ���� ������� (� *DZLVHU DQG -� 6LON� 6FLHQFH ���� ���� �������
>�@ -� 3ULPDFN DQG 0� *URVV� DVWUR�SK���������
>�@ 6� 7UHPDLQH DQG -�(� *XQQ� 3K\V� 5HY� /HWW� ��� ��� ������

�



>�@ -� (OOLV DQG 3� 6LNLYLH� 3K\V� /HWW� %���� ��� �������
>�@ /� 6WRGROVN\� 3K\V� 5HY� /HWW� ��� ��� �������
>�@ 5� 2SKHU� $VWURQ� $VWURSK\V� ��� ��� �������
>�@ 5� /HZLV� 3K\V� 5HY� '��� ��� �������
>�@ 5� 2SKHU� $VWURQ� $VWURSK\V� ���� � �������
>�@ 1� &DELEER DQG /� 0DLDQL� 3K\V� /HWW� %���� ��� �������
>��@ 3� /DQJDFNHU� -�3� /HYHLOOH� DQG -� 6KHLPDQ� 3K\V� 5HY� '��� ���� �������
>��@ 9�)� 6KYDUWVPDQ� 9�%� %UDJLQVNL� 6�6� *HUVKWHLQ� <�%� =HO
GRYLFK� DQG 0�<� .KORSRY� -(73 /HWW� ��� ��� �������
>��@ 3�)� 6PLWK DQG -�'� /HZLQ� 3K\V� /HWW� %���� ��� ������� $FWD 3K\V� 3RORQ� %��� ���� ������� $FWD 3K\V� 3RORQ� %���

��� ������� $VWURSK\V� -� ���� ��� ������� 3�)� 6PLWK� 1XRYR &LPHQWR ��$� ��� ������� -�'� /HZLQ DQG 3�)� 6PLWK�
$VWURSK\V� /HWW� ��� �� ������� 3�)� 6PLWK DQG -�'� /HZLQ� 3K\V� 5HS� ���� ��� �������

>��@ ,� )HUUHUDV DQG ,� :DVVHUPDQ� 3K\V� 5HY� '��� ���� �������
>��@ &�&� 6SHDNH DQG -� /HRQ� &ODVV� 4XDQWXP *UDY� ��� $��� �������
>��@ (� $GHOEHUJHU� SULYDWH FRPPXQLFDWLRQ�
>��@ 9� %UDJLQVN\ DQG $� 0DQXNLQ� 0HDVXUHPHQWV RI :HDN )RUFHV LQ 3K\VLFV ([SHULPHQWV� �7KH 8QLYHUVLW\ RI &KLFDJR 3UHVV�

&KLFDJR� ������
>��@ :� 3URWKHUR DQG -� *RRGNLQG� 5HY� 6FL� ,QVWUXP� ��� ���� �������
>��@ -� +DUGLQJ DQG 5� 7XpDV� $GY� &U\RJ� (QJ� �� �� �������
>��@ 6� %RXJKQ� :� )DLUEDQN� 5� *LmDUG� -� +ROOHQKRUVW� 0� 0F$VKDQ� +� 3DUN� DQG 5� 7DEHU� 3K\V� 5HY� /HWW� �� ��� �������
>��@ '� %ODLU� 0� %XFNLQJKDP� &� (GZDUGV� -� )HUUHLULQKR� '� +RZH� 5� -DPHV� )� YDQ .DQQ� DQG $� 0DQQ� -� GH 3K\VLTXH ���

/��� �������
>��@ 3� .DUHQ� *� *LOOLHV� DQG 5� 5LWWHU� 5HY� 6FL� ,QVWUXP� ��� ���� �������
>��@ 0� /HXSROG DQG <� ,ZDVD� &U\RJHQLFV ��� ��� �������
>��@ <� 6X� %� +HFNHO� (� $GHOEHUJHU� -� *XQGODFK� 0� +DUULV� *� 6PLWK� DQG +� 6ZDQVRQ� 3K\V� 5HY� '��� ���� �������
>��@ 6� 6HHO� 5� 6WRU]� *� 5XRVR� -� 0O\QHN� DQG 6� 6FKLOOHU� 3K\V� 5HY� /HWW� ��� ���� ������� 5� 6WRU]� &� %UD[PDLHU� .� -�DFN�

2� 3UDGO� DQG 6� 6FKLOOHU� 2SW� /HWW� ��� ���� �������
>��@ 9� %UDJLQVN\� <� 9RURQWVRY� DQG .� 7KRUQH� 6FLHQFH ���� ��� �������
>��@ 9� %UDJLQVN\ DQG )� .KDOLOL� 4XDQWXP 0HDVXUHPHQW� �&DPEULGJH 8QLYHUVLW\ 3UHVV� &DPEULGJH� ������
>��@ 3� 5ROO� 5� .URWNRY� DQG 5� 'LFNH� $QQ� 3K\V� �1�<�� ��� ��� �������
>��@ 9� %UDJLQVN\ DQG 9� 3DQRY� -(73 /HWW� ��� ��� �������
>��@ -� 0RRG\ DQG )� :LOF]HN� 3K\V� 5HY� '��� ��� �������
>��@ (� $GHOEHUJHU� %� +HFNHO� &� 6WXEEV� DQG :� 5RJHUV� $QQX� 5HY� 1XFO� 3DUW� 6FL� ��� ��� �������
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