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�,QVWLWXWH�RI��&RVPRSK\VLFDO��5HVHDUFK��DQG��$HURQRP\�

���/HQLQ�$YH����������<DNXWVN��5XVVLD

$EVWUDFW

���7KH� UHVXOWV�RI� WKH�QHZ� LQGHSHQGHQW�DQDO\VLV�RI�H[SHULPHQWDO�GDWD�RQ� � WKH�PXRQ�FRPSRQHQW�RI

($6�UHJLVWHUHG�DW�WKH�<DNXWVN�DUUD\�IRU�����������DUH�SUHVHQWHG��$ERXW��������HYHQWV�DFFRUGLQJ

WR�VHYHUDO�FULWHULD�KDYH�EHHQ�VHOHFWHG��$�QHZ�DSSUR[LPDWLRQ�RI�/')�IRU�($6�PXRQV�VXJJHVWHG�E\

WKH�DXWKRU�LQ�WKH�DQDO\VLV�LV�XVHG� $Q�LUUHJXODULW\�LQ�EHKDYLRXU�RI�WKH�QXPEHU�RI�PXRQV�KDV�EHHQ
FRQILUPHG�� 7KH� ]HQLWK�DQJXODU� GHSHQGHQFH� RI� PXRQ� FRPSRQHQW� SDUDPHWHUV� LQ� WKH� UHJLRQ� RI

SULPDU\� HQHUJLHV� ��
��
��⋅���� H9� KDV� EHHQ� FRQVLGHUHG�� 7KLV� GHSHQGHQFH� LV� RI� FOHDUO\� H[SUHVVHG

DQRPDORXV� FKDUDFWHU� DW� (� !� �Â��
��
� H9�� 7KH� JUDGXDO� ULVH� RI� WKLV� HIIHFW� DV� WKH� SULPDU\� HQHUJ\

LQFUHDVHV�LV�WUDFHG� 7KH�XQNQRZQ�HDUOLHU�DQRPDO\�LQ�EHKDYLRXU�RI�WKH�PXRQV�DEVRUSWLRQ�FXUYHV�KDV
EHHQ�IRXQG���7KH�SUHOLPLQDU\�FRQFOXVLRQ�RQ�WKH�SRVVLEOH�QRQVWDQGDUG�EHKDYLRXU�RI�WKH�LQWHUDFWLRQ

FURVV�VHFWLRQ�RI�OHDGLQJ�SURWRQV�LV�PDGH�

,QWURGXFWLRQ

   $W�SUHVHQW��WKH�UHVHDUFK�RI�PXRQV�LQ�H[WUHPHO\�KLJK�HQHUJ\�($6��DERYH��⋅���� H9��DUH�SHUIRUPHG
RQO\�at�WZR�ODUJHVW�operating�LQVWDOODWLRQV��$.(12�LQ�-DSDQ�DQG�the <DNXWVN�DUUD\�LQ�5XVVLD�
���,UUHJXODU�HIIHFWV�LQ�EHKDYLRXU�RI��WKH�PXRQ�FRPSRQHQW��IRU�the ILUVW�WLPH��KDYH�EHHQ�UHVHDUFKHG�DW
the <DNXWVN�DUUD\��VWDUWLQJ�IURP�������:LWK�LQFUHaVLQJ�PDVVLYH�RI�GDWD�DQG�ZLWK�LPSURYHPHQW�RI
DOJRULWKPV�RI�GDWD� WUHDWPHQW��  the LUUHJXODU� EHKDYLRXU� RI�PXRQV� H[SUHVVHG� LWVHOI�PRUH� DQG�PRUH
GLVWLQFW��(ILPRY�HW�DO���������������*OXVKNRY�HW�DO���������$W�present���ZH�FDQ�VD\�DERXW�D�SRVVLEOH
GHWHFWLRQ�� XQNQRZQ� earlier�� SKHQRPHQa� LQ� ORQJLWXGLQDO� GHYHORSPHQW� of FDVFDGHV� � DW� VXSHUhLJK
HQHUJLHV��The $.(12�JURXS�GRHV�QRW�KDYH�VXIILFLHQW�VWDWLVWLFal�GDWD�RI��VKRZHUV�containing��PXRQ
GDWD��for�FRQILUPation�WKH�<DNXWsk array�UHVXOWV�
���,Q�SUHVHQW�ZRUN�� the UHVXOWV� RI� DOWHUQDWLYH� treatment of� GDWD� � REWDLQHG�at the�<DNXWVN� DUUD\� DUH
H[DPLQHG��]HQLWK�DQJXODU��GHSHQGHQFLHV�RI�PXRQ�SDUDPHWHUV�LQ�the UDQJH�RI�SULPDU\�HQHUJ\��⋅�����
�⋅�����H9 are analyzed���A�QHZ�DSSUoDFK�WR�the PRGHOLQJ�RI�LUUHJXODU�HIIHFWV�LQ�($6 is suggested
DQG� the� ILUVW� SUHOLPLQDU\� UHVXOWV� RI� PRGHOLQJ�� LOOXVWUDWLQJ� RQH� RI� the SRVVLEOH� YDULDWLRQ� for
H[SODQDWLRQ�RI�GLVFRYHUHG�DQRPDO\ are presented�
���:H�GRQ¶W�JLYH�KHUH�the GHVFULSWLRQ�RI�the H[SHULPHQW�RQ�PHDVXUHPHQW�RI�WKH�PXRQ�FRPSRQHQW�at
the�<DNXWVN�DUUD\�EHFDXVH�LW�ZDV�SXEOLVKHG�LQ��WKH�ZRUN� (*OXVKNRY�HW�DO��������
���:H�VXSSRVH��WKDW�DOWHUQDWLYH��LQGHSHQGHQW��DQDO\VLV�of GDWD�LV�QHFHVVDU\�LQ�FRQGLWLRQ�RI�a ODFN�RI
H[WHUQDO�VFLHQWLILF�FRPSHWLWLRQ�DQG�LW�LQ�ILQDO�RXWFRPH��ZRXOG�KHOS�WR�UHDFK�PRUH�UHOLDEOH�UHVXOWV�

7UHDWPHQW�RI�GDWD

���)URP�DOO� UHJLVWUDWHG�GDWD�ZH�selected� �DERXW��������VKRZHUV�ZLWK�a SUREDELOLW\� �of registration
PRUH�WKDQ�����DQG�DW�]HQLWK�DQJOHV�θ <���°���(YHQWV�ZHUH�FODVVLILFDWHG�E\�WKH�SDUDPHWHU�ρs(600)�DQG
JURXSHG� ZLWK� LQWHUYDOV� ∆lgρs(600) = 0.2 and ∆cosθ = 0.1�� 7KHQ� LQ� HDFK� JURXS� IOXFWXDWLRQDO
GLVWULEXWLRQs� RI� WKH�PXRQ�GHQVLW\�� QRUPHG� to the� OHYHO� RI� H[SHFWHG� GHQVLW\ were built�� )RU� HDFK



GLVWULEXWLRQ�on DYHUDJH�YDOXH�DQG�GLVSHUVLRQ�ZHUH�FDOFXODWHG��$EVROXWH�YDOXHs�RI�DYHUDJH�GHQVLW\
ZHUH�FDOFXODWHG�E\�UHQRUPLQJ��RQ�WKH�H[SHFWHG�DYHUDJH�GHQVLW\�RI�PXRQV��7KH�SULPDU\�HQHUJ\�ZDV

FDOFXODWHG�E\�a VWDQGDUG�DFFHSWHG�IRU�<DNXWVN�DUUD\��*OXVKNRY�HW�DO��������
���To finG� the DYHUDJH� RI� ODWHUDO� GLVWULEXWLRQ� IXQFWLRQV (LDF)� RI� PXRQV� WKH� EHVW� SDUDPHWHUV� IRU
DSSUR[LPDWLQJ� IXQFWLRQ� ZLWK� WKH� DLG� RI� QRQ�OLQHDU� ILWWLQJ� SURFHGXUH were determined�� $V� an
DSSUR[LPDWLQJ�IXQFWLRQ�ZH�XVHG�the H[SRQHQWLDO�IXQFWLRQ�W\SH
                                               ρ( R ) = ρ(0)⋅exp(-R)b ,
ZhHUH�the SDUDPHWHU�E�FKDUDFWHUL]HV�VLPXOWDQHRXVO\�³FXUYDWXUH´�of /')��the degree�RI�GLVWLQFWLYLW\
IURP�a VLPSOH� H[SRQHQW�� DQG� itV� slope��The eYLGHQW� DGYaQWDJHs� RI� WKH� JLYHQ� DSSUR[LPDWLRQ�� LQ
FRPSDULVRQ�ZLWK�YDULous�PRGLILFDWLRQV�RI�ZHOO-
NQRZQ� *UHLVHQ’s DSSUR[LPDWLRQ�� LV� LQ� DEVHQFH
RI� GLvergence� LQ� ]HUR and� LQ� SUHVHQFH� RI� RQO\
WZR� YDULHd� SDUDPHWHUV�� Besides, tKLV� IXQFWLRQ
KDV� D�QaWuUDO� VWHHS� EHKDYLRXU�at long� GLVWDQFHV
IURP� a core� ZKLFK� HOLPLmDWHV� a QHFHVVLW\� RI
XVLQJ�DGdLWLRQDO�PXOWLSOLHU�DV� LQ� � WKH FDVH�ZLWK
WKH� *UHLVHQ’s� IXQFWLRQ� �*OXVKNRY� HW� DO�������
6KLED�HW�DO��������

5HVXOWV

   ,Q� FLJ��� ]HQLWK�DQJXODU� GHSHQGHQFLHV� RI� WKH
SDUDPHWHU ρµ(600)� DW� IL[HG� SULPDU\� HQHUJLes� LQ
the UDQJH�of 5⋅������⋅�����H9�ZLWK�a VWHS�∆OJ(�

 ���� are shown which were obtained with the
help of the above methods��)URP�its�RI�EHKDYLRU
ρs(600)� � ZH� PDNH� the SUHOLPLQDU\� FRQFOXVLRQ
WKDW� a FOHDU� DQRPDOy�� µILVVLRQ¶� RI� DEVRUSWLRQ
FXUYHV� DQG��PRUHRYHU�� � WKH� JUDGXDO� ULVH� RI� WKLV

HIIHFW�LV�WUDFHG�DV�WKH�SULPDU\�HQHUJ\�LQFUHDVHV�

TKH� WRWDO� QXPEHU� RI� PXRQV� KDV analogous
behaviour�� :LWK� the JRDO� WR� ILQG� a UHDVRQDEOH
H[SODQDWLRQ� WR� WKLV� VWUDQJH� HIIHFW�� ZH� WULHG� WR

VHDUFK� DQG� WHVW� PDQ\� YDULDQWV�� XQGHUVWDQGLQJ�

WKDW�WKeVe attempts�KDve a�SUHOLPLQDU\�H[SORULQJ
FKDUDFWHU�DQG�GR�QRW�SUHWHQG�to DQ\WKLQJ�PRUH�
0RGHOLQJ�DQG�IQWHUSUHWDWLRQ
   7KH� PDLQ� LGHD� LV� LQ� suggestiRQ�� WKDW� there is� D� ILVVLRQ� RI� VXPPDU\� QXFOHDU�HOHFWURPDJQHWLF
FDVFDGH�LQWR�VHULHV�of SDUWLDO�FDVFDGHV��LQLWLDtHG�E\�OHDGLQJ�SDUWLFOHV��2QH�RI�VXFK�SRVVLEOH�UHDVRQV
is a�GHFUHDVH�RI�FURVV�VHFWLRQ�RI�LQWHUDFWLRQ�RI�SULPDU\�DQG�OHDGLQJ�QXFOHRQV�as (� increases��7KLV
GHFUHDVH�RI�FURVV�VHFWLRQ�KDV� WR�FRUUHVSRQG� to the� LQFUHDVH�RI� the LQWHUDFWLRQ� OHQJWK� VXIILFLHQW� WR
VKLIW� KWH EHJLQnLQJ� RI� SDUWLDO� FDVFDGHV� to� WKH�observation� OHYHO�� WR� IRUP� the  REVeUYHG� ILVVLRQHG
FDVFDGH�FXUYH�RI�PXRQV�DQG�WR�iQFUHDVH�the HIIHFW�DV�(��riseV�
���The fLUVW�attemptV� WR� UHDOL]H� WKLV� LGHD�VKRZHG��ambiguRXV�UROH�RI� the FODVVLILFDWLRQDO�SDUDPHWHU
ρV������XVHG�at the�<DNXWVN�DUUD\��6LPLODU�SDUDPHWHUV�are DOVR�XVHG�at�RWKHU�arrayV�� IRU�H[DPSOH,
$KENO (Hayashida et al.,1997��� 3DUDPHWHU�ρV������actV� in suggestion� WKDW� WKHUH� LV� WKH� HQRXJK
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JRRG� ORJDULWKPLF� OLQHDU� FRUUHODWLRQ� ZLWK� WKH� SULPDU\� HQHUJ\�� ,Q� the FDVH�� ZKHQ� WKH� OLQHDU
GHSHQGHQFH�ρV�������ZLWK�(��is VWURQJO\�GLVWRUWHG��WKHQ�ELJ�SUREOHPV�RI�SULQFLSOH�FKDUDFWHU�appear�
���7KH� true estimation� RI� WKH� SULPDU\� HQHUJ\� E\� a WUDGLWLRQDO� PHWKRG� RI� ORJDULWKPLF�OLQHDU
UHFRXQWLQJ� EHFRPHV� SUDFWLFDOO\� LPSRVVLEOH�� LI� ZH� RQO\� GR� QRW� bear in mind the� SRVVLELOLW\� RI
HPSLULFDO�estimatLRQ�RI�HQHUJ\�LQ�HDFK�VKRZHU event�E\�&HUHQNRY�UDGLDWLRQ�ZKLFK�DOVR�UHODWHG� to
NQRZQ�SUREOHPV�

7KHUHIRUH��D�VLQJOH��SRVVLELOLW\�WR�HVWLPDWH��D�‘ WUXH’ �HQHUJ\�LV�WKH�XVH�RI�WKH�QXFOHDU�HOHFWURPDJQHWLF
FDVFDGH�PRGHO�LQ�ZKLFK�D�PHFKDQLVP�RI�VHOHFWLRQ�RI�VKRZHU�HYHQWV��RQ�ρV�������RU�DQ�DQDORJRXV

SDUDPHWHU� DVVRFLDWHG� JHQHWLFDOO\� ZLWK� HOHFWURPDJQHWLF� FRPSRQHQW� LV� WDNHQ� LQWR� DFFRXQW�

&DOFXODWLRQV�VKRZ�� WKDW� LQ�RUGHU� WR�GHVFULEH� � WKH� ILVVLRQ�HIIHFW� LW� LV� LQVXIILFLHQWO\� WR�GHFUHDVH� WKH

FURVV�VHFWLRQ���LW�LV�DOVR�QHFHVVDU\�WR�GHFUHDVH��WKH�HOHFWURPDJQHWLF�FDVFDGH�ZLGWK�

���6WULFWO\�VD\LQJ��RQH�VKRXOG�GLVWLQJXLVK�WKH�SULPDU\� ‘ WUXH’ �HQHUJ\��WKH ‘QRQ�REVHUYHG’ �YDOXH��DQG
WKH� HQHUJ\� FDOFXODWHG� � IURP� WKH� PRGHO� ρV�����

�WKH� ‘REVHUYHG’ �SULPaU\�HQHUJ\ Eobs)��)L[LQJ�Eobs

LW� LV� QHFHVVDU\� WR� YDU\� D� WKH� ³WUXH´� HQHUJ\

FRQWUROOLQJ� D� EHKDYLRXU� RI� ρµ������ � RU� RWKHU

‘REVHUYHG’ �YDOXHV�RI� WKH�PRGHO� LQ�RUGHU� WR� UHDFK
WKH�PD[LPXP�FRLQFLGHQFH�ZLWK� WKH�H[SHULPHQWDO

YDOXHV�E\��D�VWHS�E\�VWHS�PHWKRG��*HQHUDOO\��VXFK

D� PRGHOLQJ� PHWKRG� PD\� EH� FRUUHFW� LQ� WKDW

SULPDU\� HQHUJ\� UHJLRQ� ZKHUH� WKHUH� LVQ¶W� DQ\

LQIRUPDWLRQ�RQ�D� WUXH� FKDUDFWHU� RI� SURFHVVHV� DQG

ZKHUH� WKH� H[WUDSRODWLRQ� RI� WKH� DFFHOHUDWRU� GDWD

DSSHDUV�WR�EH�WRR�DUELWUDU\�

���7DNLQJ� LQWR� DFFRXQW� � WKH� FRPSOH[LW\�RI� VXFK� D

WDVN�� ZH� LQWHQWLRQDOO\� FKRVH� WKH� VXIILFLHQWO\

VLPSOH�PRGHO� LQ�RUGHU� WR�PLQLPL]H� WKH�FRPSXWHU

WLPH� H[SHQGLWXUH�� WR� FDUU\� RXW� PXOW\�YDULDQW

FDOFXODWLRQ� ZLWK� D� YDULDWLRQ� RI�PDQ\� SDUDPHWHUV

RI� RXU� PRGHO� DQG� WR� REWDLQ� WKH� � DSSUR[LPDWH

HVWLPDWLRQV� RI� WKH� � µILVVLRQ’ � HIIHFW� RI� PXRQ
DEVRUSWLRQ�FXUYHV��7KH�PRGHOLQJ�UHVXOWV�DUH�JLYHQ

LQ� )LJ���� 6SHFLDO� DWWHQWLRQ� PXVW� EH� JLYHQ� WR� WKH

PRVW� LPSRUWDQW� FLUFXPVWDQFH�� QDPHO\�� WKH

‘KXPSV’ � LQ� WKH� HOHFWURQ�SKRWRQ� FRPSRQHQW� DUH
WUDQVIRUPHG� LQWR� WKH� PXRQ� ‘KXPSV’ � DW� WKH
VHOHFWLRQ�RQ�ρV�������+HUH� WKH�FRQVWUDLQHG� OLQHDU�RUGHULQJ�RI� WKH�REVHUYHG�YDOXHV� lgE0 FDOFXODWHG
IURP�ρV�������LV�PDQLIHVWHG��7KH�VLPLODU�OLQHDUL]DWLRQ�HIIHFW�LV�HYLGHQW�DQG�LW�SUDFWLFDOO\�WDNHV�SODFH

LQ�DQ\�($6�H[SHULPHQW��)LJ���GHPRQVWUDWHV�WKH�VXSSRVHG�EHKDYLRXU�RI�QXFOHRQ�FURVV�VHFWLRQ�DQG

WKH�UHOHYDQW�EHKDYLRXU�RI�LQWHUDFWLRQ�SDWK�OHQJWKV��7KH�FURVV�VHFWLRQ�FXUYH�WHQGV�WR�WKH�DV\PSWRWLF

OLPLW�≈ 30 mb��6XFK�D�EHKDYLRXU�RI�WKH�FURVV�VHFWLRQ�LV�QHFHVVDU\�WR�GHVFULEH�WKH�ILVVLRQ�HIIHFW�
($6�DQG�*UDQG�8QLILFDWLRQ

���$V� WR� SK\VLFDO� UHDVRQV� RI� WKH� ‘ ILVVLRQ’ � HIIHFW�ZH� ULVN� WR� IRUPXODWH� DQG� VXJJHVW� � WKH� IROORZLQJ
K\SRWKHVLV��$FFRUGLQJ�WR�WKHRULHV�RI�WKH�JUDQG�XQLILFDWLRQ��WKH�FRQVWDQWV�RI�HOHFWURPDJQHWLF���ZHDN

DQG�VWURQJ�LQWHUDFWLRQV�DUH�VORZO\�DSSURDFKHG��DQG�EHFRPH�WKH�VDPH�DW�HQHUJLHV�RI�∼1014-1015 GeV
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(in the mass center system)�� ,I� WR

VXSSRVH� WKDW� LQWHUDFWLRQ� FURVV�

VHFWLRQV� LQ� WKH� ILUVW� DSSURDFK� � DUH

SURSRUWLRQDO� WR� LQWHUDFWLRQ

FRQVWDQWV� WKHQ� WKH� WHQGHQF\� RI

GHFUHDVLQJ� RI� ‘VWURQJ’ � FRQVWDQW
FRUUHVSRQGV�WR�WKH�GHFUHDVH�RI� WKH

QXFOHRQ� LQWHUDFWLRQ� FURVV�VHFWLRQ�

LQ� RXU� FDVH�� DQG� D� JURZWK� RI� WKH

µHOHFWURPDJQHWLF’ � FRQVWDQW

FRUUHVSRQGV�WR�WKH�GHFUHDVH�RI� WKH

HOHFWURPDJQHWLF� FDVFDGH� ZLGWK

�IDVWHU� GHYHORSPHQW� RI� WKH

FDVFDGH��� $W� E0� > 3⋅1018 eV WKH
FRQVWDQWV�FRPH�FORVHG�DV�PXFK�DV

LW� LV� SRVVLEOH� WR� REVHUYH� WKH

FRUUHVSRQGLQJ� DQRPDOLHV� LQ� ($6�

,W� LV�ZRUWK�QRWLQJ�WKDW� � � WKH�FURVV�

VHFWLRQ� EHFRPHV� DV\PSWRWLF

DOUHDG\� DW�∼1020-1021 eV��%\� RWKHU�ZRUGV�� WKH� XQLILFDWLRQ� VFDOH� FDQ� EH� WDNHQ� SODFH�PXFK� HDUOLHU
(105-106 GeV in the mass center system)��6RPH�PRGHOV��LQ�ZKLFK�WKH�JURXS�68����ZLWK�D�VFKHPH

RI� WKH� VWDEOH� SURWRQ� LV� XVHG�� SUHGLFW� VXFK� D� VPDOO� VFDOH� RI� XQLILFDWLRQ� ���
�
*H9�� �.X]PLQ�

6KDSRVKQLNRY���������������

&RQFOXVLRQV

���$� QHZ� DSSURDFK� WR� WKH� PRGHOLQJ� RI� QRQ�OLQHDU� HIIHFWV� LQ� ($6� DW� VXSHUKLJK� HQHUJLHV� LV� RI

SULQFLSDO� LPSRUWDQFH� LQ� RXU� FDVH��ThH�PRGHO� FDOFXODWLRQV� FDUULHG� RXW� HDUOLHU� DQG� DW� SUHVHQW� WLPH
GLGQ¶W� WDNH� LQWR� DFFRXQW� WKH� VHOHFWLRQ� HIIHFWV� E\� FODVVLILFDWLRQ� SDUDPHWHUV�� ,W� VHHPHG� WR� EH� VHOI�

HYLGHQW� WKDW� H[SHULPHQWDO� SDUDPHWHUV� ZKLFK� DUH� XVHG� IRU� UHFDOFXODWLRQ� WR� WKH� SULPDU\� HQHUJ\�

GHSHQG� OLQHDUO\� ORJDULWKPLFDOO\� RQ� WKH� SULPDU\� HQHUJ\�� +RZHYHU�� WKH� DQDO\VLV� RI� WKH� PXRQ

DEVRUSWLRQ� FXUYHV� LQ� ($6� FOHDUO\� VKRZV� WKDW� LW� LV� QRW� FRUUHFW�� 1DPHO\�� UHDOL]DWLRQ� RI� VXFK� DQ

DSSURDFK�DOORZHG�WR�FRPH�WR�H[pODQDWLRQ�RI�WKH�PXRQ�FDVFDGH�ILVVLRQ�HIIHFW�DV�D�ILVVLRQ�LQWR�SDUWLDO
HOHFWURPDJQHWLF� FDVFDGHV��$QG� Lf� WKH� LQWHUDFWLRQ� FRQVWDnWV� EHFRPH� FORVH� WR� HDFK� RWKHU� WKHQ� WKLV
FRPLQJ�WRJHWKHU�LQ�WKH�UHJLRQ�RI�($6�VXSHUKLJK�HQHUJLHV�VKRXOG�EH�PDQLIHVWHG�LQ�VXFK�D�ZD\�DV�LW

ZDV�VKRZQ�DERYH�RU�LQ�DQ�DQDORJRXV�ZD\�
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