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$EVWUDFW

$ SURWRW\SH RI 6�EDQG 5) SKRWRJXQ ZLWK *D$V

SKRWRFDWKRGH KDV EHHQ EXLOW DQG WHVWHG DW 1RYRVLELUVN�

7KH PDLQ JRDO RI WKLV SURWRW\SH LV WR FKHFN D SRVVLELOLW\ RI

ORQJ WLPH RSHUDWLRQ IRU *D$V SKRWRFDWKRGH LQ D VWURQJ

DFFHOHUDWLQJ ILHOG RI 5) FDYLW\� 7KH ILUVW H[SHULPHQWDO

UHVXOWV FRQFHUQLQJ GDUN FXUUHQW DQG OLIHWLPH RI *D$V

SKRWRFDWKRGH LQ 1($ FRQGLWLRQ XQGHU KLJK 5) SRZHU DUH

SUHVHQWHG� 7KH GDUN FXUUHQW REVHUYHG LV PXFK KLJKHU WKDQ

SUHGLFWHG� 3RVVLEOH PHFKDQLVP RI ODUJH GDUN FXUUHQW

HPLVVLRQ IURP 1($ VXUIDFH LV VXJJHVWHG DQG GLVFXVVHG�

���,1752'8&7,21

1RZDGD\V *D$V SRODUL]HG HOHFWURQ VRXUFH LV WKH EHVW

DYDLODEOH EHFDXVH LW KDV LQWULQVLF DGYDQWDJHV LQ

SHUIRUPDQFH RI LQWHQVLW\� TXDQWXP HIILFLHQF\� GHJUHH RI

SRODUL]DWLRQ FRPSDUHG ZLWK RWKHU W\SH RI SRODUL]HG

HOHFWURQ VRXUFHV� &RPELQLQJ DOO WKHVH DGYDQWDJHV ZLWK D

VLJQLILFDQW LQWHUHVW WR SRODUL]HG HOHFWURQ EHDPV ZKLFK

FRPHV IURP D KLJK HQHUJ\ SK\VLFV� ZH KDYH FKRVHQ D

*D$V SKRWRFDWKRGH IRU RXU 5) SKRWRJXQ SURMHFW�

8QIRUWXQDWHO\ WKHUH ZDV QR H[SHULPHQWDO FRQILUPDWLRQ RI

SRVVLELOLW\ WR XVH WKLV FDWKRGH LQVLGH D FDYLW\ ZLWK KLJK

JUDGLHQW DFFHOHUDWLQJ ILHOG� ,Q RUGHU WR LQYHVWLJDWH D

SHUIRUPDQFH RI *D$V SKRWRFDWKRGH LQ 6�EDQG 5) JXQ WKH

H[SHULPHQWDO EHQFK ZDV EXLOG LQ RXU ODERUDWRU\� 7KH

GHWDLOHG GHVFULSWLRQ RI WKH LQVWDOODWLRQ FDQ EH IRXQG LQ >�@�

���(;3(5,0(17$/�5(68/76

�����*D$V�SKRWRFDWKRGH�ZLWK�VPDOO�TXDQWXP

HIILFLHQF\

7KH ILUVW H[SHULPHQWV VWDUWHG LQ DXWXPQ RI ���� ZLWK WKH

EXON *D$V FDWKRGH DFWLYDWHG WR TXDQWXP HIILFLHQF\ DERXW

���� � ���� RQ +H1H ODVHU ZDYHOHQJWK� ,W FRUUHVSRQGV WR

SRVLWLYH HOHFWURQ DIILQLW\ �3($� VWDWH RI D FDWKRGH� 7KH

DLP RI WKDW UXQ ZDV WR WHVW DOO V\VWHPV DQG PHDVXUH

FDWKRGH SURSHUWLHV IRU GLIIHUHQW OHYHOV RI 5) SRZHU LQ WKH

FDYLW\� 'DUN FXUUHQW DQG OLIHWLPH ZHUH PHDVXUHG IRU WKH

DFFHOHUDWLQJ ILHOG VWUHQJWK XS WR ���09�P� 7KH GHWDLOHG

GHVFULSWLRQ RI H[SHULPHQW DQG UHVXOWV FDQ EH IRXQG LQ >�@�

,Q WKLV H[SHULPHQW GDUN FXUUHQW DIWHU DFWLYDWLRQ LQFUHDVHG

DERXW WZR RUGHUV RI PDJQLWXGH� 0HDVXUHG GHSHQGHQFH RI

GDUN FXUUHQW RQ FDWKRGH ILHOG VWUHQJWK ZDV ZHOO LQ

DFFRUGDQFH ZLWK )RZOHU�1RUGKHLP ORZ� :H REVHUYHG

GHFUHDVLQJ RI FDWKRGH OLIHWLPH IURP ���PLQ LQ DEVHQFH RI

5) SRZHU WR DERXW �� PLQ LQ ��09�P DFFHOHUDWLQJ ILHOG�

7KLV HIIHFW FRXOG EH H[SODLQHG E\ YDFXXP ZRUVHQLQJ LQ

WKH FDYLW\ GXH WR GDUN FXUUHQW� $IWHU H[SHULPHQW ZH

REVHUYHG VLJQLILFDQW GDPDJH RQ WKH FDWKRGH VXUIDFH�

�����*D$V�SKRWFDWKRGH�ZLWK�ODUJH�TXDQWXP

HIILFLHQF\�

1HZ FDWKRGH ZDV LQVWDOOHG DW WKH HQG RI �����

$IWHU �� KRXUV RI EDNLQJ DW ���°& SUHVVXUH �⋅����� WRUU

ZDV HVWDEOLVKHG� 2QO\ LRQ SXPSV ZHUH XVHG DW WKLV VWDJH�

&DWKRGH ZDV DFWLYDWHG IROORZLQJ XVXDO ³\R�\R´ DOJRULWKP�

7\SLFDO TXDQWXP HIILFLHQF\ RQ +H1H ODVHU ZDYHOHQJWK

ZDV ����� WKDW HQVXUHV WKDW FDWKRGH VXUIDFH LV LQ

QHJDWLYH HOHFWURQ DIILQLW\ �1($� FRQGLWLRQ� /LIHWLPH ZDV

��� KRXUV LQ DFWLYDWLRQ FKDPEHU DQG SUDFWLFDOO\ WKH VDPH

LQ WKH FDYLW\ ZLWK 5) VZLWFKHG RII� 7KHQ FDWKRGH ZDV

PRYHG WR WKH FDYLW\ DQG 5) SRZHU LQFUHDVHG VORZO\ VWHS

E\ VWHS ZKLOH GDUN FXUUHQW ZDV FRQWUROOHG WR SUHYHQW 5)

EUHDNGRZQV FDXVLQJ FDWKRGH GDPDJHV� /LIHWLPH RI D

FDWKRGH LQ WKLV FDVH ZDV MXVW VHYHUDO VHFRQGV WKHUHIRUH ZH

UHGXFHG UHSHWLWLRQ UDWH RI 5) SXOVHV WR �� +]� 6LJQDO IURP

)DUDGD\ FXS ZDV PHDVXUHG E\ $'& DQG VWRUHG LQ

FRPSXWHU DIWHU HDFK 5) SXOVH� 3KRWRFDWKRGH ZDV PRYHG

WR DFWLYDWLRQ FKDPEHU DIWHU HDFK ����� SXOVHV IRU

PHDVXUHPHQW RI TXDQWXP HIILFLHQF\� 7\SLFDO UHFRUG RI

H[SHULPHQWDO UXQ LV VKRZQ LQ )LJ���

)LJXUH �� 'HSHQGHQFH RI FKDUJH LQ )DUDGD\ FXS DQG TXDQWXP HIILFLHQF\

XSRQ QXPEHU RI 5) SXOVHV�

:RUN VXSSRUWHG E\ 5XVVLDQ )RXQGDWLRQ IRU %DVLF 5HVHDUFK

XQGHU FRQWUDFW 1R ����������
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2QH FDQ VHH IURP ILJ�� WKDW GDUN FXUUHQW GHSHQGV

RQ TXDQWXP HIILFLHQF\ RI WKH FDWKRGH DQG RQ WKH VWUHQJWK

RI 5) ILHOG� 7KH GHSHQGHQFH RI GDUN FXUUHQW XSRQ ILHOG

VWUHQJWK RQ WKH FDWKRGH LV VKRZQ LQ )LJ�� LQ )RZOHU�

1RUGKHLP �)1� FRRUGLQDWHV�

)LJXUH �� )RZOHU�1RUGKHLP SORW

,Q SULQFLSOH� )RZOHU�1RUGKHLP ORZ GHVFULEHV D

ILHOG HPLVVLRQ IURP D PHWDO VXUIDFH� KRZHYHU

H[SHULPHQWDOO\ PHDVXUHG GDUN FXUUHQW IURP

VHPLFRQGXFWRU 3($ SKRWRFDWKRGH VDWLVILHV WKLV ORZ DV

ZHOO >���@� ,W LV QRW WUXH LQ RXU FDVH DV VHHQ IURP )LJ� ��

,QGHHG� WKHUH DUH WZR EUDQFKHV� � �� KDV QRUPDO QHJDWLYH

VORSH DQG ��� KDV DQRPDORXV SRVLWLYH VORSH� ZKLFK

SUREDEO\ FRLQFLGH WR 3($ DQG 1($ UHJLPHV RI WKH

SKRWRFDWKRGH UHVSHFWLYHO\� ,QGHHG� D GDUN FXUUHQW

GHSHQGHQFH XSRQ HOHFWULF ILHOG VWUHQJWK FDQ EH GHVFULEHG

DV�

+HUH (& LV ILHOG VWUHQJWK RQ WKH FDWKRGH� α�β DUH )1

SDUDPHWHUV� ϕ LV FDWKRGH ZRUN IXQFWLRQ� γ LV FRQVWDQW� ,Q
)1 FRRUGLQDWHV [  ��(&� \  ORJ �,�(&

���� WKLV VHW RI

HTXDWLRQV EHFRPHV�

,W FRUUHVSRQGV ZHOO WR H[SHULPHQWDO SRLQWV LI γ  ��� DV

GHPRQVWUDWHG E\ ILWWLQJ FXUYH LQ ILJ���

��0(&+$1,60�2)�'$5.�&855(17

*(1(5$7,21

7KH REVHUYHG GHSHQGHQFH RI GDUN FXUUHQW RQ

HOHFWULF ILHOG FDQ EH XQGHUVWRRG LI RQH DVVXPH WKDW IUHH

HOHFWURQV SUHVHQW LQ FRQGXFWLRQ EDQG RI D SKRWRFDWKRGH

HYHQ LQ DEVHQFH RI LOOXPLQDWLQJ OLJKW� :KHQ ZRUN IXQFWLRQ

LV SRVLWLYH WKHVH HOHFWURQV SHQHWUDWH WKURXJK D VXUIDFH

EDUULHU LQ DFFRUGDQFH ZLWK XVXDO )1 WKHRU\� ,Q RSSRVLWH

FDVH RI 1($ FRQGLWLRQ WKHUH LV QR EDUULHU DQG HOHFWURQV

HVFDSH IURP D FU\VWDO LPPHGLDWHO\ DV WKH\ UHDFK LWV

VXUIDFH UHVXOWLQJ LQ ZHDN GHSHQGHQFH RI FXUUHQW RQ

VWUHQJWK RI DFFHOHUDWLQJ ILHOG� $V ZH VKRZ EHORZ� EDFN

ERPEDUGPHQW� LQKHUHQW IRU 5) JXQ RSHUDWLRQ� FDQ EH

UHVSRQVLEOH IRU FKDUJH EXLOG XS LQ D FDWKRGH LQ 1($ VWDWH�

����&KDUJH�EXLOG�XS�'XH�WR�%DFN�%RPEDUGPHQW

/HWV DVVXPH WKDW WKHUH LV VRPH FKDUJH TQ LQ D

FRQGXFWLRQ EDQG RI D FDWKRGH DIWHU Q 5) SXOVHV� WKHQ

HOHFWURQV FDQ WUDYHO WR FU\VWDO VXUIDFH DQG HVFDSH WR

YDFXXP ZLWK SUREDELOLW\ <� $IWHU HPLVVLRQ VRPH

HOHFWURQV DUH DFFHOHUDWHG WR JXQ H[LW RWKHU UHWXUQHG EDFN

WR WKH FDWKRGH ZLWK SUREDELOLW\ NU GHSHQGLQJ RQ 5) SKDVH

RI HOHFWULF ILHOG� 5HWXUQHG HOHFWURQV FDQ H[FLWH ODUJH

QXPEHU 0 RI DGGLWLRQDO HOHFWURQV IURP YDOHQFH WR

FRQGXFWLRQ EDQG� �,W LV ZHOO NQRZQ WKDW 1($

VHPLFRQGXFWRUV KDYH YHU\ ODUJH VHFRQGDU\ HPLVVLRQ

FRHIILFLHQW >�@�� $JDLQ WKHVH QHZ HOHFWURQV PD\ H[FLWH

HOHFWURQV DIWHU HPLVVLRQ LQ SURSHU 5) SKDVH SURYLGLQJ

UDSLG JURZWK RI FKDUJH LQVLGH D FDWKRGH� &KDUJH DIWHU WKH

QH[W 5) SXOVH FDQ EH IRXQG DV�

+HUH TQ�TQ�� LV D FKDUJH LQVLGH D FDWKRGH RQ D VXFFHVVLYH

5) SXOVHV� 7 LV 5) SHULRG� τ LV HOHFWURQ OLIHWLPH LQ D EXON
RI D FDWKRGH� <�TXDQWXP HIILFLHQF\� NU LV EDFN

ERPEDUGPHQW FRHIILFLHQW GHSHQGLQJ RQO\ RQ FRQILJXUDWLRQ

RI H�P ILHOGV DQG FDYLW\ JHRPHWU\ � 0 LV PXOWLSOLFDWLRQ

IDFWRU� J <0 LV VHFRQGDU\ HPLVVLRQ FRHIILFLHQW

GHSHQGLQJ RQ FDWKRGH SURSHUWLHV RQO\�

6ROXWLRQ RI WKLV HTXDWLRQ LV

2QH FDQ VHH WKDW FKDUJH LQVLGH FU\VWDO JURZV

H[SRQHQWLDOO\ LI JNU ! �� 7\SLFDO FDWKRGH SDUDPHWHUV

<≈���� 0≈��������� NU≈��� JLYH HVWLPDWLRQ IRU JNU≈���±
��� ,W LV QHDU D FULWLFDO YDOXH SURYLGLQJ WKDW EDFN

ERPEDUGPHQW FDQ EH UHVSRQVLEOH IRU GDUN FXUUHQW

JHQHUDWLRQ DQG HYHQ VPDOO YDULDWLRQ RI JNU KDYH WR

HQKDQFH RU VXSSUHVV GDUN FXUUHQW VLJQLILFDQWO\�

0,

0,)exp()(

0

5.1
5.2

0

≤⋅=

>−⋅⋅=

ϕ

ϕ
β

αϕβ
γ ifEII

if
E

EII

C

C
C

rnrn

rnnn

kgqMkYeq

MkqYeqq
T

T

⋅⋅≈⋅⋅+⋅=
=⋅⋅⋅+⋅=

−

−

+

)(

)(1

τ

τ

0,log)5.2(log

0,log)log(

0

5.1
5.2

0

≤⋅−+=

>⋅⋅−=

ϕγ

ϕ
β

αϕβ

ifxIy

ifxeIy T
t

r
n

rn kgtqkgqq )()()(0 ⋅∝⇒⋅⋅=

79

Proceedings of the 1999 Particle Accelerator Conference, New York, 1999



&RPSXWHU VLPXODWLRQ RI FKDUJH EXLOG XS LQ D

FDWKRGH ZDV GRQH XVLQJ PRGHO RI SLOOER[ FDYLW\� 7\SLFDO

UHVXOW RI WKLV VLPXODWLRQ IRU VRPH YDOXHV RI VHFRQGDU\

HOHFWURQ HPLVVLRQ FRHIILFLHQW J LV VKRZQ LQ ILJ��� 7KH

PD[LPXP FKDUJH PXOWLSOLFDWLRQ LV REVHUYHG RQ WKH HGJHV

RI 5) SXOVH ZKHUH EDFN ERPEDUGPHQW FRHIILFLHQW LV

PD[LPDO�

)LJXUH �� %XLOG XS RI D FKDUJH LQ D FDWKRGH GXULQJ 5) SXOVH�

� &21&/86,216

7KH H[SHULPHQWDO UHVXOWV UHSRUWHG DERYH DOORZ

PDNLQJ WKH IROORZLQJ FRQFOXVLRQV�

• *D$V SKRWRFDWKRGH FDQ RSHUDWH LQ D 5) FDYLW\ ZLWK

DFFHOHUDWLQJ HOHFWULF ILHOG VWUHQJWK XS WR ��09�P

ZLWKRXW LUUHYHUVLEOH GDPDJHV� $IWHU GHJUDGDWLRQ

GXH WR EDG YDFXXP FRQGLWLRQV LW FDQ EH DFWLYDWHG

DJDLQ XVLQJ VWDQGDUG SURFHGXUH�

• 'DUN FXUUHQW IURP DQ DFWLYDWHG WR 1($ EXON *D$V

SKRWRFDWKRGH H[FHHGV E\ � ± � RUGHUV RI PDJQLWXGH

GDUN FXUUHQW RI 3($ SKRWRFDWKRGH LQ D ILHOG RI WKH

VDPH VWUHQJWK�

• 7KH GHSHQGHQFH RI GDUN FXUUHQW IURP *D$V

SKRWRFDWKRGH DFWLYDWHG WR TXDQWXP HIILFLHQF\ DERXW

�� XSRQ HOHFWULF ILHOG VWUHQJWK GRHVQ¶W VDWLVI\

)RZOHU�1RUGKHLP ORZ

• %DFN ERPEDUGPHQW RI D FDWKRGH LQ 5) JXQ

FRPELQHG ZLWK ODUJH VHFRQGDU\ HOHFWURQ HPLVVLRQ

IURP 1($ VXUIDFH FDQ EH UHVSRQVLEOH IRU HPLVVLRQ

RI ODUJH GDUN FXUUHQW ,Q WKLV FDVH UHGXFLQJ RI EDFN

ERPEDUGPHQW FRHIILFLHQW DQG �RU� VHFRQGDU\

HPLVVLRQ FRHIILFLHQW FDQ VXSSUHVV GDUN FXUUHQW

FRQVLGHUDEO\� 1RQ�XQLIRUP PDJQHWLF ILHOG DQG �RU�

ORZ YROWDJH FDWKRGH ELDV PD\ EH XVHG IRU UHGXFWLRQ

RI QXPEHU RI UHWXUQHG HOHFWURQV� 5HGXFLQJ FDWKRGH

WKLFNQHVV WKDW LV IDYRUDEOH DOVR IURP WKH SRLQW RI

YLHZ RI PD[LPXP DFKLHYDEOH SRODUL]DWLRQ FDQ

UHGXFH VHFRQGDU\ HOHFWURQ HPLVVLRQ FRHIILFLHQW�

� )8785(�'(9(/230(176

0RUH H[SHULPHQWDO GDWD DUH QHHGHG IRU IXUWKHU

LQYHVWLJDWLRQ GDUN FXUUHQW IURP *D$V SKRWRFDWKRGH LQ 5)

JXQ WKHUHIRUH ZH KDYH PDGH PRGHUQL]DWLRQ RI RXU

LQVWDOODWLRQ�

�� 7KH PDLQ SUREOHP IRU H[SHULPHQW LV YHU\ VKRUW

OLIHWLPH RI DFWLYDWHG FDWKRGH XQGHU KLJK JUDGLHQW

5) ILHOG� :H EHOLHYH WKDW UHDVRQ LV LQWHQVH JDV

UHOHDVH LQ )DUDGD\ FXS WKDW LV YHU\ FORVH WR WKH

FDWKRGH ORFDWLRQ� 1RZ GLVWDQFH IURP WKH FDYLW\

WR )DUDGD\ FXS LV LQFUHDVHG DQG DGGLWLRQDO

SXPSLQJ LV SODFHG EHWZHHQ WKHP� 'LIIHUHQWLDO

SXPSLQJ ZLOO VHSDUDWH YDFXXP QHDU FDWKRGH IURP

YDFXXP LQ )DUDGD\ FXS FKDPEHU�

�� :DOO FXUUHQW PRQLWRU ZLWK ���SV UHVROXWLRQ LV

LQVWDOOHG LQWR EHDPOLQH WR REVHUYH D VKDSH RI

GDUN FXUUHQW SXOVH� :H FDQ FRPSDUH LW ZLWK

SUHGLFWLRQV RI EDFN ERPEDUGPHQW PRGHO DQG

FKHFN YDOLGLW\ RI WKLV PRGHO�

�� $ FRLO SURGXFLQJ QRQ�XQLIRUP PDJQHWLF ILHOG LV

LQVWDOOHG QHDU WKH JXQ FDYLW\ WR UHGXFH QXPEHU RI

UHWXUQHG HOHFWURQV� ,I EDFN ERPEDUGPHQW PRGHO

LV FRUUHFW UHGXFLQJ QXPEHU RI UHWXUQHG HOHFWURQV

ZLOO OHDG WR VLJQLILFDQW UHGXFWLRQ RI GDUN FXUUHQW�

$OO PRGHUQLVDWLRQ LV FRPSOHWHG DQG ZH SODQ WR PDNH

QH[W H[SHULPHQWDO UXQ LQ $SULO�0D\ RI ����� 7KH PDLQ

JRDO RI WKLV UXQ LV WR FKHFN YDOLGLW\ RI EDFN ERPEDUGPHQW

PHFKDQLVP RI FKDUJH JHQHUDWLRQ�

� $.12:/(*(0(176

7KH DXWKRUV ZLVK WR WKDQN $�9� 1RYRNKDWVNL IRU

LQLWLDWLRQ DQG FRQVWDQW VXSSRUW RI WKLV ZRUN� :H DUH

JUDWHIXO WR 3�%DN� (�.RQVWDQWLQRY DQG 6�6KL\DQNRY IRU

WKHLU KHOS LQ LQVWDOODWLRQ GHYHORSPHQW�

� 5()(5(1&(6

>�@ $�9�$OHNVDQGURY HW DO� ³$ 3URWRW\SH RI 5) SKRWRJXQ
ZLWK *D$V SKRWRFDWKRGH IRU LQMHFWRU RI 9(33��´�
(3$&¶��� 6LWJHV� -XQH �����

>�@ $�9�$OHNVDQGURY HW DO� ³+LJK SRZHU WHVW RI 5) JXQ
ZLWK *D$V SKRWRFDWKRGH´� /&¶��� =YHQLJRURG�
6HSWHPEHU �����

>�@ &�7UDYLHU HW DO� ³&$1'(/$ SKRWR�LQMHFWRU KLJK�
SRZHU WHVW�´� 1,0 %�� ������ ������

>�@ 5�/�%HOO� 1HJDWLYH $IILQLW\ (OHFWURQ 'HYLFHV�
&ODUHQGRQ� 2[IRUG������
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