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“The main application of the work here is spiritual, if 
you will.  It’s because, in a philosophical sense, in the 
tradition of Democritus, we feel we have to understand, 
in simplest terms, what matter is, in order to understand 
who we are.” 

 
 

Robert R. Wilson,  1974 

 
 
 
 
 
 



1. SYMPOSIUM PROGRAM

 
Symposium in Celebration of the 

Fixed Target Program with the Tevatron 
Friday, June 2, 2000 

 
9:00 Session I - Convener: Jeffrey Appel    

 

Getting to the Tevatron 
 Leon Lederman, Illinois Mathematics and Science Academy 

and Illinois Institute of Technology 
 

Theoretical Questions during the Tevatron Era 
Jonathan Rosner, University of Chicago 

 

10:10 Break 
 

10:35 Session II - Convener: Chuck Brown 
 

Evolution of Tevatron Accelerator and Experimental Technologies 
John Peoples, Fermilab 
 

Physics, Dectectors, and the Rest in the Tevatron Hyperon and Kaon Programs 
Bruce Winstein, University of Chicago 
 

11:45 Lunch 
 

1:15 Session III - Convener: Peter Cooper 
 

Physics of the Heavy Quark Program  
Jussara Miranda, Centro Brasileiro de Pesquisas Físicas 
 

Physics of the Muon and Neutrino Programs 
Heidi Schellman, Northwestern University 
 

2:25 Break 
 

2:50 Session IV - Convener: Herman White    
 

Studies of High – Pt and High – Mass Phenomena 
Paul Slattery, University of Rochester 
 

Summary of Where We Are and What Lies Ahead for Fixed Target at Fermilab 
Michael Witherell, Fermilab 
 

4:00 Celebration in the Wilson Hall Atrium 

 
 



2. INTRODUCTION 

7KH� 7HYDWURQ� LV� WKH� ZRUOG
V� ILUVW� ODUJH� VXSHUFRQGXFWLQJ� DFFHOHUDWRU�� :LWK� LWV�

FRQVWUXFWLRQ�� ZH� JDLQHG� WKH� GXDO� RSSRUWXQLWLHV� WR� DGYDQFH� WKH� VWDWH� RI� WKH� DUW� LQ�

DFFHOHUDWRU�WHFKQRORJ\�ZLWK�WKH�PDFKLQH�LWVHOI�DQG�WKH�VWDWH�RI�WKH�DUW�LQ�SDUWLFOH�SK\VLFV�

ZLWK� WKH� H[SHULPHQWV� WKDW� EHFDPH� SRVVLEOH� LQ� D� KLJKHU� HQHUJ\� UHJLPH�� ,Q� �����

3UHVLGHQW�%XVK�SUHVHQWHG�WKH�1DWLRQDO�0HGDO�RI�7HFKQRORJ\�WR�IRXU�)HUPLODE�SK\VLFLVWV��

+HOHQ�(GZDUGV��'LFN�/XQG\��5LFK�2UU��DQG�$OYLQ�7ROOHVWUXS�IRU�WKHLU�ZRUN�LQ�EXLOGLQJ�WKH�

7HYDWURQ�� � 7KLV� DZDUG� DW� WKH� KLJKHVW� OHYHO� SRVVLEOH� IRU� D� JRYHUQPHQW� SURMHFW� LV�

UHFRJQLWLRQ� RI� WKH� PDQ\� FRQWULEXWLRQV� IURP� WKH� )HUPLODE� VWDII� WR� WKH� VXFFHVV� RI� WKH�

7HYDWURQ�SURMHFW��IURP�%RE�:LOVRQ�DW�WKH�EHJLQQLQJ�WKURXJK�DOO�WKH�VFLHQWLVWV��HQJLQHHUV��

DQG� VWDII� RI�ZKDW�ZH� QRZ� FDOO� WKH�%HDPV�DQG�7HFKQLFDO� GLYLVLRQV�� � 7KH\� WXUQHG�%RE�

:LOVRQ
V�YLVLRQ�LQWR�D�UHDO�DFFHOHUDWRU��

2Q� WKH� ILUVW� RI� 2FWREHU� ������ WKH� ILUVW� UXQ� RI� WKH� 7HYDWURQ�� WKH� VWLOO�ODUJHVW�

VXSHUFRQGXFWLQJ�DFFHOHUDWRU�LQ�WKH�ZRUOG��ZDV�MXVW�EHJLQQLQJ���7KH�FRPPLVVLRQLQJ�UXQ��

DW� ����*H9�F�ZLWK� �� IL[HG� WDUJHW� H[SHULPHQWV� LQ� WKH�3URWRQ�DQG�0HVRQ�/DERUDWRULHV��

ZDV�D� VWHSSLQJ� VWRQH� WR� KLJKHU� HQHUJ\� IRU� IL[HG� WDUJHW� H[SHULPHQWV� DQG��D� IHZ�\HDUV�

ODWHU��WR�WKH�FROOLGHU�SURJUDP��

$W� ������ WKH� PHVVDJH� RQ� FKDQQHO� ��� UHDG� �12� %($0� 72� 352721� )25� $7�

/($67���+56����,Q�IDFW�WKHUH�ZHUH�RQO\����KRXUV�RI�EHDP�GHOLYHUHG�LQ�WKDW�ILUVW�PRQWK��

7KLV� ZDV� TXLWH� IUXVWUDWLQJ� WR� WKRVH� VLWWLQJ� PLGQLJKW� VKLIWV� DW� WKH� WLPH�� ERWK� DW� WKH�

H[SHULPHQWV�DQG�LQ�WKH�DFFHOHUDWRU�FRQWURO�URRP��

+RZHYHU��LW�ZDV�DOVR�D�WRXU�GH�IRUFH�LQ�EULQJLQJ�WRJHWKHU�WKH�WHFKQRORJLFDO�IURQWLHU�

RI�LQGXVWULDO�VFDOH�VXSHUFRQGXFWLYLW\�DQG�WKH�HQHUJ\��VHQVLWLYLW\�DQG�SUHFLVLRQ�IURQWLHUV�RI�

SDUWLFOH� SK\VLFV�� � %\� PLG� -DQXDU\� ������ ZKHQ� WKLV� ILUVW� UXQ� HQGHG�� WKH� IL[HG� WDUJHW�

H[SHULPHQWDOLVW
V� YLHZ� RI� WKH� DFFHOHUDWRU� ZDV� EDFN� WR� ZKDW� LW� KDG� DOZD\V� EHHQ� �� WKH�

EODFN�ER[� IURP�ZKLFK� WKH�EHDP�HPHUJHG�� �7KDW�DWWLWXGH�ZDV�D�FOHDU�VLJQ�RI�VXFFHVV���

7KH� UXQ� ZDV� IROORZHG� LPPHGLDWHO\� E\� ����*H9�F� RSHUDWLRQV� EHJLQQLQJ� $SULO� ��� �����

ZLWK�WKH�VDPH���EHDP�OLQHV�UXQQLQJ���WZR�RI�WKHP�ZLWK�QHZ�H[SHULPHQWV��

7KHUH�KDYH�EHHQ����H[SHULPHQWV� LQ� WKH�7HYDWURQ�IL[HG�WDUJHW�SURJUDP�� �0DQ\�RI�

WKHVH� DUH� EHWWHU� GHVFULEHG� DV� H[SHULPHQWDO� SURJUDPV�� HDFK� ZLWK� D� EURDG� UDQJH� RI�

SK\VLFV�JRDOV�DQG� UHVXOWV��DQG�PRUH� WKDQ�����FROODERUDWLQJ�SK\VLFLVWV�DQG�HQJLQHHUV���

7KH�UHVXOWV�RI�WKLV�SURJUDP�DUH�WKUHH�IROG������QHZ�WHFKQRORJLHV�LQ�DFFHOHUDWRUV��EHDPV�



DQG� GHWHFWRUV� ZKLFK� DGYDQFHG� WKH� VWDWH� RI� WKH� DUW�� ���� QHZ� H[SHULPHQWDO� UHVXOWV�

SXEOLVKHG�LQ�WKH�UHIHUHHG�SK\VLFV�MRXUQDOV��DQG�����QHZO\�WUDLQHG�VFLHQWLVWV�ZKR�DUH�ERWK�

WKH� QH[W� JHQHUDWLRQ� RI� SDUWLFOH� SK\VLFLVWV� DQG� DQ� LPSRUWDQW� SDUW� RI� WKH� VFLHQWLILF��

WHFKQLFDO�DQG�HGXFDWLRQDO�EDFNERQH�RI�WKH�FRXQWU\�DV�D�ZKROH����

6XPPDULHV�RI�WKHVH�UHVXOWV�IURP�WKH�SURJUDP�DV�D�ZKROH�DUH�TXLWH�LQWHUHVWLQJ��EXW�

WKH�SK\VLFV�UHVXOWV� IURP�WKLV�SURJUDP�DUH� WRR�EURDG�WR�VXPPDUL]H�JOREDOO\�� �7KH�PRVW�

LPSRUWDQW�RI�WKH�UHVXOWV�DSSHDU�LQ�ODWHU�VHFWLRQV�RI�WKH�ERRN����

�

�

�

�

�

�

�

�

�

7KH� SDSHUV� DQG� GHJUHHV� OHQG� WKHPVHOYHV� WR� D� PRUH� TXDQWLWDWLYH� SURJUDPPDWLF�

DQDO\VLV�� � :H� KDYH� FRXQWHG� WKH� H[SHULPHQWDO� SDSHUV� UHVXOWLQJ� IURP� DOO� RI� WKH� 86�

ODERUDWRULHV� RYHU� WKH� GHFDGH� RI� WKH� ����
V� ZKLFK� KDYH� EHHQ� SXEOLVKHG� LQ� WKH�PDMRU�

UHIHUHHG� MRXUQDOV�� � 2I� WKH� ���� VXFK� SDSHUV�� ����� RQH� WKLUG�� KDYH� FRPH� IURP� WKH�
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7HYDWURQ�IL[HG�WDUJHW�SURJUDP���:H�KDYH�FRXQWHG�D�WRWDO�����GHJUHHV������GRFWRUDWHV�

DQG����PDVWHUV� GHJUHHV�� HDUQHG�E\�VWXGHQWV� IURP�����XQLYHUVLWLHV�EDVHG�XSRQ�ZRUN�

GRQH� LQ� WKH� 7HYDWURQ� IL[HG� WDUJHW� SURJUDP�� � )RU� FRPSDULVRQ�� WKH� )HUPLODE� FROOLGHU�

SURJUDP��ZKLFK�VWDUWHG�D� IHZ�\HDUV� ODWHU��KDV�SURGXFHG�����DGYDQFHG�GHJUHHV�� �7KH�

LQWHUQDWLRQDO� FKDUDFWHU� RI� WKH� IL[HG� WDUJHW� SURJUDP� LV� HYLGHQW� ZKHQ� WKH� DGYDQFHG�

GHJUHHV�DUH�VRUWHG�E\�VWDWH�DQG�FRXQWU\���$V�WKH�WDEOH�EHORZ�VKRZV��XQLYHUVLWLHV�LQ����

RI�WKH�86�VWDWHV�DQG�WHUULWRULHV�DV�ZHOO�DV����IRUHLJQ�FRXQWULHV�JDYH�DGYDQFHG�GHJUHHV�

IRU�ZRUN�GRQH�LQ�WKLV�)HUPLODE�SURJUDP���$PRQJ�WKH�WRS����DUH�-DSDQ��,WDO\��%UD]LO�DQG�

*HUPDQ\�� �2QH� WKLUG� RI� DOO� WKH� DGYDQFHG�GHJUHHV�ZHUH�JLYHQ�E\� IRUHLJQ�XQLYHUVLWLHV���

$ERXW�RQH�TXDUWHU�RI�WKHVH�GHJUHHV�ZHUH�HDUQHG�E\�ZRPHQ��

               MS PhD Tot                                                    MS PhD Tot 
Belgium         -   2   2   Brussels University                               -   1   1 
                            Universiteit Antwerpen                            -   1   1 
Brazil          8  13  21   Centro Brasileiro de Pesquisas Fisicas            5   8  13 
                            Federal University of Rio de Janeiro              -   1   1 
                            Pontificia Universidade Catolica Rio de Janeiro   1   -   1 
                            State University of Campinas                      -   1   1 
                            University of Sao Paulo                           2   3   5 
California      -  26  26   Stanford University                               -   1   1 
                            University of California at Berkeley              -   3   3 
                            University of California at Davis                 -   7   7 
                            University of California at Los Angeles           -   5   5 
                            University of California at San Diego             -   1   1 
                            University of California at Santa Barbara         -   7   7 
                            University of California at Santa Cruz            -   2   2 
Canada          2   7   9   McGill University                                 2   3   5 
                            University of Toronto                             -   4   4 
Colorado        -  11  11   University of Colorado                            -  11  11 
Connecticut     -   7   7   Yale University                                   -   7   7 
England         -   1   1   Imperial College - London                         -   1   1 
Florida         -   3   3   Florida State University                          -   3   3 
France          -   3   3   University of Paris - Sud                         -   3   3 
Georgia         -   1   1   Georgia State University                          -   1   1 
Germany         6  11  17   Aachen University                                 -   1   1 
                            Max-Planck-Institut Fur Kernphysik                6   5  11 
                            Technischen Universitaat Munich                   -   2   2 
                            University of Freiberg                            -   2   2 
                            Wuppertal University                              -   1   1 
Greece          -   5   5   University of Athens                              -   5   5 
Hawaii          -   1   1   University of Hawaii                              -   1   1 
Illinois        5  41  46   Illinois Institute of Technology                  -   2   2 
                            Northern Illinois University                      5   -   5 
                            Northwestern University                           -   7   7 
                            University of Chicago                             -  19  19 
                            University of Illinois at Chicago Circle          -   6   6 
                            University of Illinois at Urbana-Champaign        -   7   7 
India           -   3   3   University of Delhi                               -   3   3 
Indiana         3  16  19   Ball State University                             2   -   1 
                            Indiana University                                1   5   6 
                            Notre Dame University                             -  11  11 
Iowa            3   6   9   University of Iowa                                3   6   9 
Israel          2   2   4   Tel Aviv University                               2   2   4 
Italy           7  21  28   University of Bari                                -   1   1 
                            University of Lecce                               2   -   2 
                            University of Milano                              4   9  13 
                            University of Pavia                               1  10  11 
                            University of Roma                                -   1   1 
 
 
 



               MS PhD Tot                                                    MS PhD Tot 
Japan          33  16  49   Aichi University of Education                     1   -   1 
                            Kobe University                                   3   2   5 
                            Kyoto University                                  -   5   5 
                            Nagoya University                                 4   2   6 
                            Osaka City University                             4   1   5 
                            Osaka University                                  8   4  12 
                            Toho University                                   5   2   7 
                            Utsunomiya University                             8   -   8 
Kansas          -   3   3   Kansas State University                           -   2   2 
                            University Kansas                                 -   1   1 
Korea           2   4   6   Korea University                                  2   4   6 
Maryland        -   5   5   University of Maryland                            -   5   5 
Massachusetts   -  23  23   Harvard University                                -   4   4 
                            Massachusetts Institute of Technology             -   4   4 
                            Northeastern University                           -   8   8 
                            Tufts University                                  -   5   5 
                            University Massachusetts at Amherst               -   2   2 
Mexico          4   6  10   Cinvestav                                         1   5   6 
                            Universidad Autonoma de San Luis Potosi           2   -   2 
                            Universidad de Puebla                             1   -   1 
                            University of Guanajuato                          -   1   1 
Michigan        -  16  16   Michigan State University                         -   8   8 
                            University of Michigan                            -   8   8 
Minnesota       -   7   7   University of Minnesota                           -   7   7 
Mississippi     -   1   1   University of Mississippi                         -   1   1 
Missouri        -   1   1   University of Missouri                            -   1   1 
New Jersey      -  10  10   Princeton University                              -   4   4 
                            Rutgers University                                -   6   6 
New Mexico      -   2   2   New Mexico State University                       -   2   2 
New York        1  32  33   Columbia University                               -  16  16 
                            State University of New York at Albany            -   1   1 
                            State University of New York at Stony Brook       -   3   3 
                            University of Rochester                           1  12  13 
North Carolina  -   5   5   Duke University                                   -   5   5 
Ohio            -  11  11   Case Western Reserve University                   -   1   1 
                            Ohio State University                             -   5   5 
                            University of Cincinnati                          -   5   5 
Oklahoma        -   1   1   University of Oklahoma                            -   1   1 
Pennsylvania    -  15  15   Carnegie Mellon University                        -   5   5 
                            Lehigh University                                 -   1   1 
                            Pennsylvania State University                     -   2   2 
                            University of Pennsylvania                        -   3   3 
                            University of Pittsburgh                          -   4   4 
Puerto Rico     6   -   6   University of Puerto Rico                         6   -   6 
Russia          -   1   1   Moscow State University                           -   1   1 
South Carolina  -   1   1   University of South Carolina                      -   1   1 
Switzerland     -   1   1   University of Geneva                              -   1   1 
Taiwan          -   1   1   National Cheng-KunUniversity                      -   1   1 
Tennessee       -   6   6   University of Tennessee                           -   4   4 
                            Vanderbilt University                             -   2   2 
Texas           2  13  15   Rice University                                   2  10  12 
                            Texas A&M University                              -   1   1 
                            University of Houston                             -   1   1 
                            University of Texas at Austin                     -   1   1 
Virginia        -   5   5   University of Virginia                            -   5   5 
Washington      -   7   7   University of Washington                          -   7   7 
Wisconsin       -   8   8   University of Wisconsin                           -   8   8 

 

7KHVH�QXPEHUV�DUH�LQFRPSOHWH���:KLOH�GDWD�WDNLQJ�ZLWK�����*H9�F�EHDP�HQGHG�LQ�

-DQXDU\�������DQDO\VLV�IURP�VRPH�RI�WKH�ODUJHVW�H[SHULPHQW�SURJUDPV�ZLOO�FRQWLQXH�IRU�

VHYHUDO�PRUH�\HDUV���7KHUH�ZLOO�SUREDEO\�EH�PRUH�WKDQ����DGGLWLRQDO�SDSHUV�SXEOLVKHG�

DQG�D�VLPLODU�QXPEHU�RI�VWXGHQWV�JUDGXDWHG�EHIRUH�WKLV�SURJUDP�ZLOO�EH�WUXO\�FRPSOHWH��



0LOHVWRQHV� GHQRWH� SURJUHVV� RQ� D� MRXUQH\�� � 1RZ�� VHYHQWHHQ� \HDUV� DIWHU� WKH� ILUVW�

EHDP�ZDV�GHOLYHUHG��ZH�KDYH�JDWKHUHG� WR�FHOHEUDWH� WKH�PLOHVWRQH�RI� WKH�HQG�RI� IL[HG�

WDUJHW� UXQV�ZLWK� WKH�7HYDWURQ�� �7KH�V\PSRVLXP�ZLOO� ORRN�DW�ZKHUH�ZH�KDYH�EHHQ�DQG�

ZKHUH� ZH� ZLOO� EH� JRLQJ� QH[W�� � 7KH� SK\VLFV� UHVXOWV� IURP� WKH� 7HYDWURQ� IL[HG� WDUJHW�

SURJUDP�KDYH�KHOSHG� IRUP�RXU�SUHVHQW�XQGHUVWDQGLQJ�RI�QDWXUH�DQG�VKDSHG�VRPH�RI�

WKH� GLUHFWLRQV� IRU� IXWXUH� UHVHDUFK�� � 7KH� WHFKQRORJLFDO� DGYDQFHV�ZH� KDYH�PDGH� KDYH�

DOUHDG\� IRXQG� WKHLU�ZD\� LQWR�RXU�QHZ�0DLQ� ,QMHFWRU�DQG�RWKHU�DFFHOHUDWRUV��DV�ZHOO�DV�

FXUUHQW�DQG�SODQQHG�IXWXUH�JHQHUDWLRQV�RI�GHWHFWRUV���7KH�VFLHQWLVWV�ZKR�ZHUH�WUDLQHG�LQ�

WKH� 7HYDWURQ� IL[HG� WDUJHW� SURJUDP�� HLWKHU� DV� JUDGXDWH� VWXGHQWV� RU� LQ� PRUH� VHQLRU�

SRVLWLRQV�� IRUP� WKH� FRUH� RI� WKH� XSFRPLQJ� 0DLQ� ,QMHFWRU� IL[HG� WDUJHW� SURJUDP�� 7KDW�

SURJUDP� LV� DOUHDG\� GLJJLQJ� KROHV� LQ� WKH� JURXQG� IRU� IXWXUH� QHXWULQR� H[SHULPHQWV�� QHZ�

H[SHULPHQWV�EXW�ZLWK�WKH�VDPH�W\SHV�RI�EHDPV�WKDW�EHJDQ�RXU�IL[HG�WDUJHW�SURJUDPV�LQ�

WKH�SDVW��

7KH�V\PSRVLXP�LV�KHOG�QRW�WR�EXU\�IL[HG�WDUJHW�SK\VLFV�RU�VLPSO\�WR�FHOHEUDWH�LW��EXW�

WR�UHPLQG�RXUVHOYHV�RI�WKH�H[FHSWLRQDO�SURJUHVV�ZH�KDYH�PDGH��DQG�WR�EHJLQ�DJDLQ�ZLWK�

D� QH[W� JHQHUDWLRQ� RI� )HUPLODE� IL[HG� WDUJHW� H[SHULPHQWV�� � $V�ZLWK�0DUN�$QWKRQ\��ZH
OO�

VQHDN�LQ�D�OLWWOH�SUDLVH�IRU�WKH�ROG�SURJUDP�DV�ZHOO��

�

3. INVESTIGATING QCD AT FIXED TARGET ENERGIES 

(������7KH�6WUXFWXUH�RI�+LJK�37�+DGURQLF��,QWHUDFWLRQV�

(������3KRWRSURGXFWLRQ�RI�+LJK�3W�-HWV�

(������6WXG\�RI�&KDUP�DQG�%RWWRP�3URGXFWLRQ�

(������([SHULPHQWV�ZLWK�WKH�3RODUL]HG�%HDP�)DFLOLW\�

(������&KDUPRQLXP�DQG�'LUHFW�γ�3URGXFWLRQ�DW�����*H9�F�

(������'LUHFW��γ �3URGXFWLRQ�LQ�+DGURQ�,QGXFHG�&ROOLVLRQV�

(������'LKDGURQ�3URGXFWLRQ�

(������7KH�4XDUN�$QWLTXDUN�6HD�LQ�1XFOHL�



4XDQWXP� &KURPRG\QDPLFV� �4&'�� GHVFULEHV� WKH� VWURQJ� IRUFH� WKDW� ELQGV� TXDUNV�

ZLWKLQ�KDGURQV�� WKH�FODVV�RI� VWURQJO\� LQWHUDFWLQJ�SDUWLFOHV� WKDW� LQFOXGHV� WKH�SURWRQ�DQG�

WKH� QHXWURQ�� 4&'� KDV� VRPH� VLPLODULWLHV� WR� 4('� �4XDQWXP� (OHFWURG\QDPLFV��� WKH�

TXDQWXP� WKHRU\� RI� WKH� HOHFWURPDJQHWLF� IRUFH�� +RZHYHU�� WKHUH� DUH� VXEVWDQWLDO�

GLIIHUHQFHV�WKDW�DIIHFW�RXU�DELOLW\�WR�PDNH�FDOFXODWLRQV�XVLQJ�WKHVH�WKHRULHV��&DOFXODWLRQV�

EDVHG�RQ�4('�DUH�WKH�PRVW�DFFXUDWH�LQ�DOO�RI�SK\VLFV��ZKLOH�WKRVH�LQYROYLQJ�4&'�FDQ�

RIWHQ�RQO\�EH�DSSUR[LPDWHG���7KHVH�GLIIHUHQFHV�DULVH�SDUWO\�IURP�WKH�FKDUJH�VWUXFWXUH�RI�

WKH�WZR�WKHRULHV���4('�KDV�D�VLQJOH�FKDUJH��WKH�IDPLOLDU�HOHFWULF�FKDUJH���4&'�KDV�WKUHH�

W\SHV� RI� FKDUJH�� UHIHUUHG� WR� DV� �FRORUV�� �WKH� �&KURPR�� LQ� &KURPRG\QDPLFV��� ZKLFK�

FRPELQH� WR� \LHOG�QHXWUDO� �FRORUOHVV�� VWDWHV� LQ�DQDORJ\� WR� WKH�ZD\� WKUHH�SULPDU\�FRORUV�

FRPELQH�WR�FUHDWH�ZKLWH��RU�FRORUOHVV��OLJKW��

$V�D�FRQVHTXHQFH�RI�WKH�H[LVWHQFH�RI�WKUHH�W\SHV�RI�4&'�FKDUJH��LQVWHDG�RI�EHLQJ�

PHGLDWHG� E\� D� VLQJOH� PDVVOHVV� SDUWLFOH� �WKH� SKRWRQ� RI� 4('��� 4&'� LQYROYHV� HLJKW�

PDVVOHVV� LQWHUPHGLDULHV�� NQRZQ� DV� JOXRQV� �WKDW� �JOXH�� TXDUNV� WRJHWKHU��� 0RUHRYHU��

ZKLOH�D�SKRWRQ� LV�HOHFWULFDOO\�QHXWUDO�DQG�GRHV�QRW� LQWHUDFW�GLUHFWO\�ZLWK�RWKHU�SKRWRQV��

JOXRQV�FDUU\�FRORU�FKDUJH�DQG�LQWHUDFW�VWURQJO\�ZLWK�RQH�DQRWKHU��

7KH� 4&'� IRUFH� LV� DERXW� ���� WLPHV� VWURQJHU� WKDQ� 4('�� DQG� LQFOXGHV� PRUH�

FRPSOLFDWHG� LQWHUDFWLRQV� WKDQ� 4('� �EHFDXVH� RI� WKH� JOXRQ�JOXRQ� LQWHUDFWLRQ��� � ,Q�

DGGLWLRQ�� DOWKRXJK� WKH� 4('� IRUFH� EHWZHHQ� FKDUJHG� SDUWLFOHV� EHFRPHV� ZHDNHU� ZLWK�

GLVWDQFH��DW� W\SLFDO� LQWUD�TXDUN�GLVWDQFHV�LQ�KDGURQV�WKH�4&'�IRUFH�EHWZHHQ�TXDUNV�LV�

DSSUR[LPDWHO\� FRQVWDQW�� 7KXV� WKH� HQHUJ\� LQ� WKH� FRORU� ILHOG� LQFUHDVHV� OLQHDUO\�ZLWK� WKH�

GLVWDQFH�EHWZHHQ�WKH�TXDUNV��XQWLO�WKHUH�LV�HQRXJK�HQHUJ\�LQ�WKH�ILHOG�WR�FUHDWH�TXDUN�

DQWLTXDUN� SDLUV��� 7KLV� SURSHUW\� OHDGV� WR� WKH� FRQILQHPHQW� RI� TXDUNV� ZLWKLQ� RUGLQDU\�

�FRORUOHVV��PDWWHU��HQDEOLQJ�WKH�ZHDNHU�4('�IRUFH�WR�GRPLQDWH�RQ�DWRPLF�VFDOHV��ZLWK�

WKH� KDSS\� UHVXOWV� WKDW� DWRPV� KDYH� WKH� VWUXFWXUH� WKH\� GR� DQG� WKDW� ZH� H[LVW� WR�

FRPSUHKHQG�VXFK�WKLQJV�DV�4('�DQG�4&'���

4XDUN� FRQILQHPHQW� DOVR� PDNHV� 4&'� PRUH� GLIILFXOW� WR� VWXG\� DW� IL[HG� WDUJHW�

HQHUJLHV�� 7KLV� IROORZV� IURP� WKH� XQFHUWDLQW\� SULQFLSOH�� GLVWDQFH� DQG� PRPHQWXP�

PHDVXUHPHQWV� DUH� LQYHUVHO\� UHODWHG� �ODUJH� GLVWDQFHV� UHVXOW� LQ� VPDOO� DPRXQWV� RI�

PRPHQWXP� EHLQJ� WUDQVIHUUHG� EHWZHHQ� LQWHUDFWLQJ� SDUWLFOHV�� DW� VPDOO� GLVWDQFHV� ODUJH�

DPRXQWV�RI�PRPHQWXP�FDQ�EH�H[FKDQJHG���7KXV��D�PDWKHPDWLFDO�WHFKQLTXH�NQRZQ�DV�

SHUWXUEDWLRQ�WKHRU\��ZKLFK�LV�PRVW�UHOLDEOH�XQGHU�FLUFXPVWDQFHV�LQ�ZKLFK�DQ�LQWHUDFWLRQ�

LV�ZHDN��FDQ�EH�HPSOR\HG�WR�FDUU\�RXW�YHU\�SUHFLVH�4('�FDOFXODWLRQV�LQ�WKH�NLQHPDWLF�

UHJLPH�RI�ODUJH�GLVWDQFHV�DQG�ORZ�PRPHQWXP�WUDQVIHUV���7KHVH�FRQGLWLRQV�DUH�UHODWLYHO\�



HDV\� WR� DFFHVV� DW� IL[HG� WDUJHW� HQHUJLHV�� � ,Q� FRQWUDVW�� WKH�4&'� IRUFH� LV�ZHDN� RQO\� DW�

VPDOO� GLVWDQFHV� DQG� ODUJH�PRPHQWXP� WUDQVIHUV�� D� UHJLPH�PRVW� HDVLO\� UHDFKHG� LQ� WKH�

KLJKO\�HQHUJHWLF�FROOLVLRQV�FKDUDFWHULVWLF�RI�FROOLGHU�LQWHUDFWLRQV���

6WXG\LQJ�4&'�DW� IL[HG�WDUJHW�HQHUJLHV�PXVW�QHFHVVDULO\� LQYROYH�H[SHULPHQWV� WKDW�

DGGUHVV� VLPSOH� LQWHUDFWLRQV� WKDW� FDQ� EH� FDOFXODWHG� UHDVRQDEO\� DFFXUDWHO\� DW� ORZHU�

HQHUJLHV��RU� WKDW� IRFXV�RQ�SURFHVVHV� WKDW�EHQHILW� IURP�WKH� LQFUHDVHG�SUHFLVLRQ�RI�YHU\�

KLJK�HYHQW�UDWHV�DFKLHYHG�LQ�IL[HG�WDUJHW�H[SHULPHQWV��

 

4. STRUCTURE OF PROTONS, NEUTRONS, AND 
MESONS 

(������/HSWRQV�DQG�+DGURQV�1HDU�WKH�.LQHPDWLF�/LPLWV�

(������IRUZDUG�SURGXFWLRQ�RI�PXRQ�SDLUV�

(������0XRQ�6FDWWHULQJ�ZLWK�+DGURQ�'HWHFWLRQ�

(������7KH�6WXG\�RI�+LJK�(QHUJ\�1HXWULQR�,QWHUDFWLRQV�ZLWK�WKH�7HYDWURQ� �

� � �4XDGUXSROH�7ULSOHW�%HDP�

(����������1HXWULQR�3K\VLFV�DW�WKH�7HYDWURQ�

(����������1HXWULQR�([SHULPHQW�XVLQJ�WKH�RQH�PHWHU�+LJK�UHVROXWLRQ�%XEEOH�

� � �&KDPEHU�

(������0HDVXUHPHQW�RI��DQWL�'�[��DQWL�8�[��LQ�WKH�3URWRQ�

�

7KHUH� DUH� VRPH� ZD\V� LQ� ZKLFK� ILQGLQJ� RXW� ZKDW
V� LQVLGH� D� SURWRQ� RU� QHXWURQ� LV�

DQDORJRXV� WR� ILQGLQJ� RXW� ZKDW
V� LQVLGH� WKH� QXFOHXV� RI� DQ� DWRP�� ILUH� SURELQJ� SDUWLFOHV�

�VD\��HOHFWURQV��RI�NQRZQ�HQHUJ\�DW� WKH�QXFOHXV��DQG� ORRN�DW� WKH�HQHUJ\�DQG�DQJOH�RI�

WKH� VFDWWHUHG� SDUWLFOHV� �� D� VWDQGDUG� VRUW� RI� �IOXRURVFRS\� E\�ERPEDUGPHQW�� WHFKQLTXH���

7KH� HOHFWURPDJQHWLF� LQWHUDFWLRQ� EHWZHHQ� WKH� FKDUJH� RI� WKH� SUREH� DQG� WKH� FKDUJH�

GLVWULEXWLRQ�RI�WKH�QXFOHXV�ZLOO�UHYHDO�KRZ�WKH�WDUJHW�FKDUJHV�DUH�DUUDQJHG���,I�WKH�SUREH�

HQHUJ\� LV� KLJK�HQRXJK�� WKH� WDUJHW�ZLOO� GLVLQWHJUDWH��DQG� WKH� IUDJPHQWV�� WKHLU�HQHUJLHV��



DQG� WKHLU� DQJOHV�� FDQ� EH� DQDO\]HG� IRU� FOXHV� WR� WKH� FRPSRVLWLRQ� DQG� VWUXFWXUH� RI� WKH�

WDUJHW���

,Q�PDQ\�ZD\V��KRZHYHU��WKH�VWRU\�LVQ
W�TXLWH�VR�VLPSOH�ZKHQ�LW�FRPHV�WR�QXFOHRQV�

DQG� PHVRQV�� $V� WKH� GLVWDQFH� VFDOH� EHLQJ� SUREHG� GHFUHDVHV� �ZLWK� LQFUHDVLQJ� SUREH�

HQHUJ\���WKH�IOXRURVFRS\��HYROYHV��LQ�D�ZD\�GLIIHUHQW�IURP�WKDW�RI�WKH�DWRPLF�QXFOHXV����

:KHQ�D�QXFOHRQ�LV�SUREHG�DW�WKH�JUHDWHVW�GLVWDQFH�VFDOH��LW�UHVSRQGV�DV�D�VLQJOH�

REMHFW�� $W� VKRUWHU� OHQJWKV� �KLJKHU� SUREH� HQHUJLHV��� WKH�PRPHQWXP� GLVWULEXWLRQ� RI� WKH�

WKUHH� YDOHQFH� TXDUNV� LV� UHYHDOHG� DQG� VRPH� RI� WKH� PRPHQWXP� RI� WKH� QXFOHRQ� LV�

REVHUYHG�WR�UHVLGH�LQ�WKH�TXDQWD�RI�WKH�FRORU�IRUFH��WKH�JOXRQV���$W�WKH�VPDOOHVW�GLVWDQFH�

VFDOHV��KLJKHVW�SUREH�HQHUJLHV���VWLOO�PRUH�PRPHQWXP�FDUULHUV�PDQLIHVW�WKHPVHOYHV� �D�

VHD� RI� TXDUN�DQWLTXDUN� SDLUV� FRXSOHG� GLUHFWO\� WR� WKH� JOXRQV�� � 7KH� PRPHQWXP�

GLVWULEXWLRQV�RI�WKHVH�FRQVWLWXHQW�SDUWLFOHV��YDOHQFH�TXDUNV��VHD�TXDUNV�DQG�DQWLTXDUNV��

DQG�JOXRQV��FROOHFWLYHO\�FDOOHG�SDUWRQV��DUH�FDOOHG�WKH�SDUWRQ�GLVWULEXWLRQ�IXQFWLRQV��7KH\�

DUH�GHULYHG�IURP�WKH�LQWHUDFWLRQ�SUREDELOLW\��WKH�FURVV�VHFWLRQ��RI�WKH�SUREH�OHSWRQ�DV�D�

IXQFWLRQ�RI�HQHUJ\�DQG�DQJOH����

7KH� SDUWRQ� GLVWULEXWLRQ� IXQFWLRQV� SDUDPHWHUL]H� WKH� LQSXW� KDGURQ� VWUXFWXUH�

GLVWULEXWLRQV� LQ� WKH� VWURQJ� LQWHUDFWLRQ� GHVFULSWLRQ� RI� OHSWRQ�KDGURQ� DQG� KDGURQ�KDGURQ�

LQWHUDFWLRQV���$V�VXFK��WKH\�PD\�DOVR�EH�LQYHVWLJDWHG�E\�VWXG\LQJ�WKH�G\QDPLFV�RI�PDQ\�

SURFHVVHV�� H�J��� VLQJOH� KDUG�SKRWRQ� SURGXFWLRQ� DW� KLJK� WUDQVYHUVH� PRPHQWXP�� WKH�

SURGXFWLRQ�RI�KLJK�PDVV�SDLUV�RI�PXRQV��DQG� WKH�SURGXFWLRQ�RI�KHDY\�TXDUNV�� �7R�WKH�

H[WHQW� WKDW� WKHVH� RWKHU� SURFHVVHV� DUH� GHVFULEHG� E\� WKH� VDPH� GLVWULEXWLRQ� IXQFWLRQV��

4&'� LV� SURYLGLQJ� D� UHOLDEOH� GHVFULSWLRQ�RI� VWURQJ� LQWHUDFWLRQV��7KHVH�RWKHU� SURFHVVHV�

FDQ� WKHQ�DOVR�EH� LQFRUSRUDWHG� LQ� WKH�JOREDO� ILWV� WR�SURGXFH�D�EHWWHU�GHWHUPLQHG�VHW�RI�

GLVWULEXWLRQ�IXQFWLRQV��:KLOH�PRVW�RI�WKH�UHOHYDQW�PHDVXUHPHQWV�DSSHDU�LQ�H[SHULPHQWV�

LQ�WKLV�FKDSWHU��RWKHUV�FDQ�EH�IRXQG�LQ�6HFWLRQV���DQG�������

7KH� XQLYHUVDOLW\� RI� WKH� SDUWRQ� GLVWULEXWLRQ� IXQFWLRQV� SURYLGHV� HYLGHQFH� IRU� WKH�

UHDOLW\�RI�SDUWRQV��REMHFWV�ZKLFK�KDYH�QHYHU�EHHQ�REVHUYHG� LQ� LVRODWLRQ��4&'�SUHGLFWV�

WKDW�WKLV�FDQ�QHYHU�KDSSHQ����7KH�SDUWRQ�GLVWULEXWLRQ�IXQFWLRQV�IRUP�WKH�EDFNERQH�RI�RXU�

XQGHUVWDQGLQJ� RI� SDUWRQV�� DQG� SURYLGH� WKH� EDVLV� IRU� WKH� SUHGLFWLYH� SRZHU� RI� WKH�

6WDQGDUG�0RGHO� �DQG� WKH� EDVH� IRU� VHDUFKHV� IRU� QHZ� SKHQRPHQD� WKDW� OLH� RXWVLGH� WKH�

6WDQGDUG�0RGHO����

�



5. PHYSICS OF CHARM AND BEAUTY 

(������FKDUPHG�SDUWLFOH�SURGXFWLRQ�E\�QHXWURQV�

(������&KDUP�DQG�%HDXW\�'HFD\V�LQ�D�+\EULG�(PXOVLRQ�6SHFWURPHWHU�

(������+DGURQLF�)LQDO�6WDWHV�LQ�$VVRFLDWLRQ�ZLWK�+LJK�0DVV�'LPXRQV�

(������3KRWRSURGXFWLRQ�RI�&KDUP�DQG�%HDXW\�

(������&KDUP�3URGXFWLRQ�ZLWK�WKH�7DJJHG�3KRWRQ�6SHFWURPHWHU�

(������&KDUP�3URGXFWLRQ�LQ�SS�&ROOLVLRQV�ZLWK�/(%&�)036�

(������+DGURSURGXFWLRQ�RI�FKDUP�

(������%HDXW\�3URGXFWLRQ�E\�3URWRQV�

(����6(/(;���6WXG\�RI�&KDUP�%DU\RQ�3K\VLFV�

(������EHDXW\�4XDUN�0HVRQV�DQG�%DU\RQV�

(������+DGURSURGXFWLRQ�RI�&KDUP�

(����)2&86���+HDY\�4XDUNV�VWXG\�8VLQJ�WKH�:LGHEDQG�3KRWRQ�%HDP�

 

7ZR�RI�WKH�IXQGDPHQWDO�SDUWLFOHV�RI�WKH�VWDQGDUG�PRGHO�DUH�WKH�FKDUP�TXDUN�DQG�

WKH� EHDXW\� TXDUN�� WKH� ODWWHU� VRPHWLPHV� NQRZQ� DV� WKH� ERWWRP� TXDUN�� ,Q� VSLWH� RI� WKHLU�

TXDLQW� QDPHV�� WKHVH� TXDUNV� KDYH� ERWK� SOD\HG�� DQG� FRQWLQXH� WR� SOD\� FULWLFDO� UROHV� LQ�

SDUWLFOH�SK\VLFV� UHVHDUFK�� �7KH�FKDUP�TXDUN�ZDV�WKH�UHDO�VSDUN� IRU� WKH�DFFHSWDQFH�RI�

WKH�ZKROH�SLFWXUH�RI�WKH�TXDUN�OHSWRQ�VXE�VWUXFWXUH�RI�PDWWHU���7KH�ERWWRP�TXDUN�LV�QRZ�

WKH�IRFXV�RI�H[WHQVLYH�VWXGLHV�DURXQG�WKH�ZRUOG��VWXGLHV�ZKLFK�DLP�DW�XQGHUVWDQGLQJ�WKH�

GHWDLOV� RI� VWDQGDUG�PRGHO� &3� YLRODWLRQ� DQG� RI� WKH� PDWWHU�DQWLPDWWHU� DV\PPHWU\�

REVHUYHG�LQ�H[SHULPHQWV���0RUH�KRSHIXOO\��WKHVH�VWXGLHV�PD\�ILQG�D�JOLPSVH�RI�ZKDW�OLHV�

EH\RQG� WKH�VWDQGDUG�PRGHO��)HUPLODE� IL[HG�WDUJHW�H[SHULPHQWV�RQ�SDUWLFOHV�FRQWDLQLQJ�

FKDUP�TXDUNV�KDYH�SURYLGHG�JXLGHSRVWV� LQ� WKH�XQGHUVWDQGLQJ�RI�&3�YLRODWLRQ�� �*LYHQ�

WKDW�WKH�VWDQGDUG�PRGHO�H[SODQDWLRQ�IRU�WKH�&3�YLRODWLRQ�VHHQ�LQ�WKH�ODERUDWRU\�FDQQRW�

H[SODLQ� WKH� P\VWHULRXV� DV\PPHWU\� LQ� WKH� PDWWHU�DQWLPDWWHU� EDODQFH� LQ� WKH� XQLYHUVH��

WKHUH�PXVW�EH�VRPHWKLQJ�EH\RQG�WKH�VWDQGDUG�PRGHO���&KDUP�DQG�EHDXW\�VWXGLHV�PD\�

KROG� WKH�NH\� WR� WKLV�DQG�RWKHU� WDQWDOL]LQJ�TXHVWLRQV� LQ�SDUWLFOH�SK\VLFV�� �7KH�PL[LQJ�RI�



FKDUP�SDUWLFOH� DQG� DQWLSDUWLFOH�� DQG� WKH� VHDUFKHV� IRU� UDUH� DQG� IRUELGGHQ�GHFD\V�PD\�

RSHQ�XQH[SHFWHG�GRRUV���$OVR��ZH�PD\�KRSH�WKDW�D�GHWDLOHG�VWXG\�RI�SK\VLFV�LQYROYLQJ�

FKDUP�DQG�ERWWRP�TXDUNV��ZKHQ�FRPELQHG�ZLWK�WKH�VWXG\�RI�WKH�RWKHU�TXDUNV��ZLOO�OHDG�

WR�DQ�XQGHUVWDQGLQJ�RI�ZK\�QDWXUH�KDV�DUUDQJHG�WKH�TXDUNV�LQWR�WKUHH�JHQHUDWLRQV��ZLWK�

HDFK�JHQHUDWLRQ�FRQWDLQLQJ�WZR�VRPHWLPHV�TXLWH�GLIIHUHQW�TXDUNV��

(YHQ� LQ� WKH� DUHD� RI� VWDQGDUG�PRGHO� SK\VLFV�� WKHUH� DUH� LPSRUWDQW� TXHVWLRQV� WR�

ZKLFK�IL[HG�WDUJHW�H[SHULPHQWV�DW�)HUPLODE�KDYH�FRQWULEXWHG�DQVZHUV��KRZ�TXDUNV�DUH�

SURGXFHG� LQ�KLJK�HQHUJ\� LQWHUDFWLRQV��KRZ�WKRVH�TXDUNV� WXUQ� LQWR� WKH�SDUWLFOHV�VHHQ� LQ�

WKH� ODERUDWRU\�� DQG� WKH� G\QDPLFV� OHDGLQJ� WR� WKH� GHFD\� RI� SDUWLFOHV� FRQWDLQLQJ� FKDUP�

TXDUNV���)RU�H[DPSOH��VLQFH�WKH�FKDUP�DQG�ERWWRP�TXDUNV�DUH�SURGXFHG�GRPLQDQWO\�E\�

WKH�IXVLRQ�RI�ELWV�RI�WKH�JOXH�WKDW�ELQGV�TXDUNV�ZLWKLQ�WKH�SDUWLFOHV�WKDW�DUH�VHHQ�GLUHFWO\�

LQ� WKH� ODERUDWRU\�� FKDUP� TXDUN� SURGXFWLRQ� SURSHUWLHV� PD\� EH� XVHG� WR� VWXG\� WKH�

GLVWULEXWLRQ� RI� WKH� JOXH� LQ� SDUWLFOHV�� � $OVR�� WKH� GHFD\� RI� FKDUP� SDUWLFOHV� SURYLGHV� D�

SDUWLFXODUO\� FOHDQ� HQYLURQPHQW� LQ�ZKLFK� WR� VWXG\� WKH� FKDUDFWHULVWLFV� RI� WKRVH� SDUWLFOHV�

LQWR� ZKLFK� WKH� FKDUP� SDUWLFOHV� GHFD\�� � 7KH� UHFHQW� FKDUP� H[SHULPHQWV� DUH� SURYLGLQJ�

DQVZHUV� WKDW� KDYH� HOXGHG� SK\VLFLVWV� IRU� GHFDGHV�� � 7KH� FRSLRXV� GHFD\V� REVHUYHG� LQ�

)HUPLODE� IL[HG�WDUJHW� H[SHULPHQWV� SURYLGH� D� XQLTXH� ZD\� RI� VWXG\LQJ� WKH� ORZ�PDVV�

UHVRQDQFHV� RI� SDLUV� RI� SLRQV� DQG� RI� SLRQV� DQG� NDRQV�� � 7KHVH� PHDVXUHPHQWV�

FRPSOHPHQW�WKRVH�PDGH�KLVWRULFDOO\�LQ�VFDWWHULQJ�H[SHULPHQWV�DW�ORZHU�HQHUJLHV��

0DMRU� FRQWULEXWLRQV� IURP� WKH� FKDUP� DQG� EHDXW\� IL[HG� WDUJHW� SURJUDP� DOVR� KDYH�

EHHQ� LQ� WKH�DUHDV�RI�GHWHFWRU�GHYHORSPHQW��DQG�GDWD�DFTXLVLWLRQ�DQG�FRPSXWLQJ���7KH�

UDULW\� RI� FKDUP� DQG� EHDXW\� TXDUNV� LQ� IL[HG� WDUJHW� LQWHUDFWLRQV� DQG� WKH� XQLTXH� GHFD\�

SURSHUWLHV�RI�WKHVH�TXDUNV�OHG�H[SHULPHQWHUV�WR�LPSOHPHQW�VLOLFRQ�PLFURVWULS�GHWHFWRUV��

WULJJHU�SURFHVVRUV�� ILEHU� UHDGRXW�RI�VFLQWLOODWLQJ�SODVWLFV��KLJK�VSHHG�GDWD� UHDGRXW��DQG�

ZHE�EDVHG� PRQLWRULQJ�� � &UHDWLYLW\�� WU\LQJ� QRQ�VWDQGDUG� WHFKQLTXHV�� DQG� GLYHUVH� DQG�

LQQRYDWLYH� EHDPV� KDYH� PDUNHG� WKLV� IL[HG� WDUJHW� SURJUDP�� � (DFK� H[SHULPHQW� WULHG� D�

GLIIHUHQW�ZULQNOH�WR�DGYDQFH�WKH�VFLHQFH��

 
 
 
 
 
 
 
 
 



6. SYMMETRY TESTS 

(������0HDVXUHPHQW�RI�WKH�&3�9LRODWLRQ�3DUDPHWHU�η�������

(������$�3UHFLVLRQ�0HDVXUHPHQW�RI�WKH�&3�9LRODWLRQ�3DUDPHWHU��ε
�ε��LQ�WKH� �
� � �1HXWUDO�.DRQ�6\VWHP�

(������0HDVXUHPHQW�RI�WKH�3KDVH�'LIIHUHQFH�%HWZHHQ�η����DQG��η����WR�D�3UHFLVLRQ�

� � �RI��R�

(������(OHFWURQ�%HDP�'XPS�3DUWLFOH�6HDUFK�

(������5DUH�'HFD\V�RI�./
���DQG��+\SHURQV�

(����.WH9���$�6HDUFK�IRU�'LUHFW�&3�9LRODWLRQ�LQ��./
� ���π�

(�������6HDUFK�IRU�&3�9LRODWLRQ�LQ�WKH�'HFD\V�RI��Ξ−���Ξ−���DQG�Λ���Λ−��+\SHURQV�

�

2EMHFWV� LQ�RXU�HYHU\GD\�PDFURVFRSLF�ZRUOG�DUH�RIWHQ�VDLG� WR�SRVVHVV�V\PPHWU\���

:H�VD\�WKLV�ZKHQ�WKHUH�DUH�RSHUDWLRQV�RQ�DQ�REMHFW�WKDW�FRXOG�DOWHU�LWV�DSSHDUDQFH��EXW�

LQ�IDFW�GR�QRW��DQ�H[DPSOH�RI�WKLV�LV�WKH�URWDWLRQ�RI�D�VSKHUH�WKURXJK�DQ�DQJOH�DERXW�LWV�

FHQWHU�� � 6\PPHWU\� FRQFHSWV� FDQ� EH� DSSOLHG� QRW� RQO\� WR� WKH� SK\VLFDO� SURFHVVHV� WKDW�

JRYHUQ� RXU� ORFDO�� ODUJH� VFDOH� ZRUOG�� LQFOXGLQJ� VXFK� WKLQJV� DV� SODQW� JURZWK�� WKH�

FRPSRVLWLRQ�RI�URFNV��DQG�WKH�IOLJKW�RI�VSDFH�VKLSV��EXW�DOVR�WR�WKH�PLFURVFRSLF�ZRUOG���

7R�IXOO\�XQGHUVWDQG�QDWXUHCV�SULQFLSOHV��LW�LV�EHOLHYHG�WKDW�VWXG\LQJ�WKH�UHODWLRQVKLS�

EHWZHHQ�V\PPHWU\�DQG� WKH�SK\VLFDO� ODZV� LV�EHVW�GRQH�DW� WKH�PRVW� IXQGDPHQWDO� OHYHO��

WKH� OHYHO� RI� TXDUNV� DQG� OHSWRQV�� 2YHU� WKH� ODVW� IHZ� GHFDGHV�� WKH� ILHOG� RI� HOHPHQWDU\�

SDUWLFOH� SK\VLFV� KDV� PDGH� WUHPHQGRXV� SURJUHVV� LQ� XQGHUVWDQGLQJ� WKH� QDWXUH� RI�

IXQGDPHQWDO� LQWHUDFWLRQV�DQG�IXQGDPHQWDO�VWUXFWXUH����1HZ�GLVFRYHULHV�KDYH�SURSHOOHG�

XV� WRZDUG�D�VXEVWDQWLDO�VWUHQJWKHQLQJ�RI�WKH�6WDQGDUG�0RGHO�RI�SDUWLFOH�SK\VLFV��ZKLOH�

DGYDQFHG� WHFKQRORJLHV� KDYH� HQKDQFHG� RXU� DELOLW\� WR� LQYHVWLJDWH� WKH� FRPSHOOLQJ�

TXHVWLRQV�RI� WKH�RULJLQV�RI�PDVV��PDWWHU�DQG�DQWLPDWWHU� LQ� WKH�XQLYHUVH��DQG�WKH�EDVLF�

QDWXUH�RI�V\PPHWU\���6\PPHWU\�DUJXPHQWV�KDYH�D�ORQJ�DQG�H[WHQVLYH�KLVWRU\��LQFOXGLQJ�

WKH�KLVWRU\�RI�PDQ\�RI�WKH�EDVLF�SULQFLSOHV�RI�SK\VLFDO�ODZV���$QG��ZLWK�WKH�LQWURGXFWLRQ�RI�

VXFFHVVIXO� TXDQWXP� ILHOG� WKHRULHV� DQG�PRUH�PDWKHPDWLFDOO\� ULJRURXV� WHFKQLTXHV� RYHU�

WKH�GHFDGHV��V\PPHWU\�SULQFLSOHV�KDYH�EHHQ�XVHG�DV� WRROV� WR�KHOS�GHILQH�DQG�H[WHQG�



QDWXUDO�ODZV���$OVR��H[SHULPHQWDO�GDWD�KDV�EHHQ�VWXGLHG�IRU�WKH�DFFXUDF\�RI�FRPSOLDQFH�

ZLWK�V\PPHWU\�SULQFLSOHV��DQG�ZKHQ�V\PPHWU\�LV�YLRODWHG��WR�ZKDW�GHJUHH�DQG�E\�ZKDW�

PHFKDQLVPV��

7KH�H[SHULPHQWV�WKDW�RSHUDWHG�GXULQJ�WKH�7HYDWURQ�IL[HG�WDUJHW�HUD�H[WHQGHG�WKH�

LQYHVWLJDWLRQ�RI�WKH�UHODWLYHO\�ROG�V\PPHWU\�LQ�QDWXUH�NQRZQ�DV�&3��LQFOXGLQJ�WKH�VHDUFK�

DQG�VWXG\�RI�H[WUHPHO\� UDUH�GHFD\�SURFHVVHV��7KH�&� LQ� WKLV�PDWKHPDWLFDO� IRUPXODWLRQ�

UHSUHVHQWV� WKH� LQGHSHQGHQW� V\PPHWU\� WKDW� GHVFULEHV� WKH� LQWHUFKDQJH� RI� PDWWHU� DQG�

DQWLPDWWHU���7KH�3�LQ�WKLV�FRPELQHG�RSHUDWLRQ�UHSUHVHQWV�WKH�LQGHSHQGHQW�V\PPHWU\�RI�

SDULW\��DQ�RSHUDWLRQ� WKDW� FKDQJHV� OHIW� WR� ULJKW� �OLNH� ORRNLQJ� LQ�D�PLUURU���7KH�FRPELQHG�

RSHUDWLRQ��&3��ZDV�WKRXJKW�WR�EH�LQYDULDQW� LQ�SDUWLFOH�LQWHUDFWLRQV��L�H���WKH�LQWHUDFWLRQV�

ZRXOG�EH�V\PPHWULFDO�LQ�&3�WHUPV���+RZHYHU��LQ�VRPH�YHU\�UDUH�FDVHV��WKLV�V\PPHWU\�LV�

YLRODWHG���7KH�PDVVHV�DQG�LQWHUDFWLRQV�RI�SDUWLFOHV�DUH�QHDUO\�LGHQWLFDO�WR�WKRVH�RI�WKHLU�

FRUUHVSRQGLQJ� DQWLSDUWLFOHV�� EXW� WKHUH� LV� D� VPDOO� GLIIHUHQFH� LQ� WKLV� &3� V\PPHWU\� RI�

QDWXUH��RQO\�REVHUYHG�VR�IDU� LQ�WKH�GHFD\V�RI�.�PHVRQV���6LQFH�PDWWHU�DQG�DQWLPDWWHU�

PXWXDOO\� DQQLKLODWH�� DQG� �DW� FUHDWLRQ�� RXU� XQLYHUVH� LV� SRVWXODWHG� WR� LQFOXGH� HTXDO�

DPRXQWV�RI�PDWWHU�DQG�DQWLPDWWHU��WKLV�YHU\�VPDOO�&3�GLIIHUHQFH�PD\�FRQWULEXWH�D�FUXFLDO�

ELW� RI� LQIRUPDWLRQ� WKDW� KHOSV� H[SODLQ� WKH� DEXQGDQFH� RI� PDWWHU� RYHU� DQWLPDWWHU� LQ� WKH�

XQLYHUVH� WRGD\�� $OWKRXJK� DQ� RQJRLQJ� SURJUDP�� GLIIHUHQFHV� LQ� WKH� DFFXUDF\� RI� WKH�

H[SHULPHQWDO� PHDVXUHPHQWV� RI� WKHVH� SURFHVVHV� ZRUOG� ZLGH� KDV� SURYLGHG� DQRWKHU�

PRWLYDWLRQ�IRU�QHZ�VWXGLHV��$�QXPEHU�RI�H[SHULPHQWV�SUHVHQWHG�KHUH�KDG�D�JRDO��QRW�RI�

MXVW�REVHUYLQJ�WKLV�ZHOO�HVWDEOLVKHG�V\PPHWU\�YLRODWLRQ��EXW�WR�PHDVXUH�WKH�SDUDPHWHUV�

RI� WKHVH� YHU\� UDUH� SURFHVVHV� WR� KLJK� SUHFLVLRQ�� 7KH� UHVXOWV� FRXOG� LPSURYH� RXU�

XQGHUVWDQGLQJ� RI� WKHVH� SKHQRPHQD� LQ� WKH� FRQWH[W� RI� WKH� 6WDQGDUG� 0RGHO�� ZKLFK� VR�

VXFFHVVIXOO\�GHVFULEHV�PDQ\�DVSHFWV�RI�HOHPHQWDU\�SDUWLFOH�LQWHUDFWLRQV���

7KHVH�H[SHULPHQWV�DOVR�SURYLGHG�VRPH�RI�WKH�PRVW�YHUVDWLOH�GHWHFWRU�LQVWUXPHQWV�

EXLOW�GXULQJ�WKLV�HUD��PDNLQJ�LW�SRVVLEOH�DOVR�WR�VWXG\�K\SHURQ�SK\VLFV��WR�PDNH�SDUWLFOH�

OLIHWLPH�PHDVXUHPHQWV��DQG�WR�VHDUFK�IRU�VXSHUV\PPHWULF�SDUWLFOHV���)RUHWKRXJKW�LQ�WKH�

GHVLJQ�RI�WKH�EHDPV��SDUWLFXODUO\�LQ�WKH�NDRQ�H[SHULPHQWV��DOVR�SURYLGHG�IRU�WKH�FUHDWLRQ�

RI� H[FHSWLRQDO�� VHFRQGDU\�� QHXWUDO� K\SHURQ� EHDPV� WKDW� DOORZHG� GHGLFDWHG� VWXGLHV� RI�

K\SHURQV� SURGXFHG� DW� KLJK� HQHUJLHV�� 7KH� VFRSH� RI� WKHVH� VWXGLHV� DOVR� LQFOXGHV� WKH�

VHDUFK� IRU� YLRODWLRQ�RI�ZHOO�HVWDEOLVKHG�V\PPHWULHV�VXFK�DV�&37��ZKHUH�RQH� LQFOXGHV�

WKH� RSHUDWLRQ� RI� WLPH� UHYHUVDO� LQYDULDQFH� 7� DQG� VHDUFKHV� IRU� UDUH�� VKRUW� OLYHG� QHZ�

SDUWLFOHV���7KH�UHVXOWV�JDLQHG�IURP�WKH�VXFFHVVIXO�VWXG\�RI�&3�YLRODWLRQ�LQ�WKH�GHFD\�RI�

WKH� QHXWUDO� NDRQ�� GRHV� QRW� DQVZHU� RQH� LQWULJXLQJ� TXHVWLRQ�� ZK\� LV� WKLV� V\PPHWU\�



YLRODWLRQ�VHHQ�RQO\�LQ�WKH�NDRQ�V\VWHP"��0DQ\�QRQ�NDRQ�H[SHULPHQWV�DURXQG�WKH�ZRUOG�

DUH� FXUUHQWO\� XQGHUZD\� WR� VHDUFK� IRU� WKLV� V\PPHWU\� YLRODWLRQ� LQ� RWKHU� V\VWHPV���

([SHULPHQWV� DUH� XQGHUZD\� RQ� &3� YLRODWLRQ� LQ� K\SHURQ� GHFD\� DW� )HUPLODE� DQG� RQ� %�

PHVRQ�GHFD\�KHUH�DQG�DW�RWKHU�ODERUDWRULHV� �ZLWK�KLJK�SULRULW\����

7KH� )HUPLODE� IL[HG� WDUJHW� V\PPHWU\� H[SHULPHQWV� SURGXFHG� D� QXPEHU� RI� KLJK�

SUHFLVLRQ�� UDUH� GHFD\� PHDVXUHPHQWV�� LQFOXGLQJ� ILUVW� PHDVXUHPHQWV� RI� VRPH� GHFD\�

PRGHV�� 2QH� VXFK� PHDVXUHPHQW� REVHUYHG� WKH� ILUVW� &3� YLRODWLQJ� HIIHFW� LQ� DQ� DQJXODU�

GLVWULEXWLRQ� YDULDEOH�� DQG� LQFOXGHG� GHPRQVWUDWHG� &3�� DQG� 7�RGG� HIIHFWV� LQ� WKH�

DV\PPHWU\�� �)URP� WKH�VXFFHVVIXO�HDUO\� �PHDVXUHPHQWV�RI�&3�YLRODWLQJ�V\PPHWULHV� WR�

XQSUHFHGHQWHG�SUHFLVLRQ��WR�WKH�ODWHVW�IL[HG�WDUJHW�H[SHULPHQWV�DQG�WKH�UHVXOWV�RI�IXUWKHU�

DQDO\VLV�WR�IROORZ��WKHVH�H[SHULPHQWV�DUH�ZHOO�RQ�WKHLU�ZD\�WR�FRPSOHWLQJ�WKHLU�JRDOV���

 

7. HYPERONS AND NEUTRINOS 

(������$Q�([SRVXUH�RI�WKH���
�%XEEOH�&KDPEHU�ZLWK�D�1HRQ��0L[WXUH�WR�D� �

� �:LGHEDQG�1HXWULQR�%HDP�IURP�WKH�7HYDWURQ�

(������3UHFLVLRQ�0HDVXUHPHQW�RI���Σ� �→�QH ν�

(������0DJQHWLF�0RPHQW�RI�WKH�Ω ��+\SHURQ�

(������$Q�(OHFWURZHDN�(QLJPD���+\SHURQ�5DGLDWLYH�'HFD\V�

(������+LJK�3UHFLVLRQ�0HDVXUHPHQW�RI�WKH��Ω� �0LQXV�0DJQHWLF�0RPHQW�

(����1X7HY���3UHFLVLRQ�1HXWULQR���$QWLQHXWULQR�'HHS�,QHODVWLF�6FDWWHULQJ� �

� �([SHULPHQW�

(������0HDVXUHPHQW�RI��τ��3URGXFWLRQ��IURP��WKH�3URFHVV���ντ�+ 1�  τ 

�

,Q� WKH� EHJLQQLQJ�� DW� )HUPLODE�� WKHUH� ZHUH� QHXWULQRV� DQG� K\SHURQV� FUHDWHG� E\�

EHDPV�IURP�WKH�0DLQ�5LQJ���$PRQJ�WKH�ILUVW�H[SHULPHQWV�SURSRVHG��DSSURYHG��DQG�UXQ�

ZHUH�(�$��DQG�(����WKH�ILUVW�JHQHUDWLRQ�RI�)HUPLODE�HOHFWURQLF�QHXWULQR�GHWHFWRUV��DQG�

(�� WKH� ILUVW�JHQHUDWLRQ�)HUPLODE�K\SHURQ�EHDP�H[SHULPHQW�� �7KHUH�ZHUH�DOVR�VHYHUDO�



EXEEOH� FKDPEHU� H[SRVXUHV� LQ� WKH� QHXWULQR� EHDP�� � 7KHVH� DSSURDFKHV� PDWXUHG� LQWR�

FRPSOHWH�SURJUDPV�RI�H[SHULPHQWV�LQ�WKH�7HYDWURQ�IL[HG�WDUJHW�HUD��

7KH�FRPPRQ�SK\VLFV�WKUHDG�VKDUHG�E\�WKHVH�WZR�UDWKHU�GLIIHUHQW�EHDP�SDUWLFOHV�LV�

WKH� ZHDN� LQWHUDFWLRQ�� � 1HXWULQRV� DUH� SDUWLFOHV� ZKLFK� IHHO� RQO\� WKH� ZHDN� IRUFH�� � 7KLV�

PDNHV� WKHP� H[FHOOHQW� SUREHV� RI� FRPSOLFDWHG� VWUXFWXUHV�� OLNH� SURWRQV� DQG� QHXWURQV���

6RPH�RI� WKH�7HYDWURQ�QHXWULQR�H[SHULPHQWV�ZHUH�VR�VKDUSO\� IRFXVHG� LQ� WKH�DUHD�� WKDW�

WKH\�KDYH�EHHQ�LQFOXGHG�LQ�WKH�VHFWLRQ�RQ�SURWRQ��QHXWURQ��DQG�PHVRQ�VWUXFWXUH�UDWKHU�

WKDQ� KHUH�� � 1HXWULQRV� DUH� DOVR� H[FHOOHQW� SODFHV� WR� VWXG\� WKH� ZHDN� LQWHUDFWLRQ� LWVHOI���

7KH\� GRQ W� GR� DQ\WKLQJ� HOVH�� VR� WKH\� DUH� D� FOHDQ� ZHDN� LQWHUDFWLRQ� � ODERUDWRU\���

1HXWULQR�VFDWWHULQJ�FURVV�VHFWLRQV��WKH�SUREDELOLW\�WKDW�WKH\�ZLOO�DFWXDOO\�KLW�VRPHWKLQJ�LQ�

D� JLYHQ� WDUJHW�� LQFUHDVH� OLQHDUO\� ZLWK� WKH� QHXWULQR� HQHUJ\�� � 7KLV� PDGH� WKH� ���� *H9�

)HUPLODE�0DLQ�5LQJ�JRRG�IRU�GRLQJ�QHXWULQR�SK\VLFV��DQG�WKH�����*H9�F�7HYUDWRQ�HYHQ�

EHWWHU��

7KH�K\SHURQV�DUH�WKH�SDUWLFOHV�LQ�WKH�VDPH�IDPLO\�DV�WKH�SURWRQ�DQG�WKH�QHXWURQ��

EXW�FRQWDLQLQJ�RQH�RU�PRUH�VWUDQJH�YDOHQFH�TXDUNV���2QO\�WKH�ZHDN�LQWHUDFWLRQ�GRHV�QRW�

FRQVHUYH�VWUDQJHQHVV�� LW� LV�WKH�RQO\�ZD\�D�K\SHURQ�FDQ�GHFD\���7KLV�PDNHV�K\SHURQV�

OLYH� ��14� WLPHV� ORQJHU� WKDQ� WKHLU� QRQ�VWUDQJH� FRXVLQV�� WKH� H[FLWHG� QRQ�VWUDQJH� SURWRQ�

DQG� QHXWURQ� VWDWHV�� � 7KLV� LV� ORQJ� HQRXJK� WR�PDNH� K\SHURQ� EHDPV� WKDW�ZLOO� JR�PDQ\�

PHWHUV� DW� 7HYDWURQ� HQHUJLHV� EHIRUH� PRVW� RI� WKH� K\SHURQV� GHFD\�� � +\SHURQV�� OLNH�

SURWRQV�� DUH� SDUWLFOHV� RI� VSLQ� ®�� � 7KLV� PDNHV� LW� SRVVLEOH� WR� KDYH� SRODUL]HG� K\SHURQ�

EHDPV��VRPHWKLQJ�ZKLFK�LV�LPSRVVLEOH�ZLWK�D�VSLQ���.�PHVRQ�EHDP���3RODUL]DWLRQ�LV�D�

GHOLFDWH� DQG� VHQVLWLYH� SUREH� RI� ERWK� WKH� ZHDN� LQWHUDFWLRQ� FRQWUROOLQJ� WKH� K\SHURQCV�

GHFD\�DQG�WKH�VWUXFWXUH�RI�WKH�TXDUNV�DQG�RWKHU�VWXII�ZKLFK�PDNHV�XS�WKH�K\SHURQ�LWVHOI���

(��GLVFRYHUHG�LQ������WKDW�K\SHURQV�ZHUH�SURGXFHG�ZLWK�VLJQLILFDQW�SRODUL]DWLRQ���7RP�

'HYOLQ��RI�5XWJHUV�8QLYHUVLW\��DQG�/HH�3RQGURP��RI� WKH�8QLYHUVLW\�RI�:LVFRQVLQ��ZHUH�

VXEVHTXHQWO\� DZDUGHG� WKH� 3DQRIVN\� SUL]H� IRU� WKLV� GLVFRYHU\� DQG� WKH� VHTXHQFH� RI�

H[SHULPHQWV�LW�HQDEOHG��

7\SLFDOO\� RQO\� RQH� SURFHVV� KDSSHQV� DW� D� WLPH� LQ� ZHDN� LQWHUDFWLRQV�� RQH� TXDUN�

GHFD\V�WR�DQRWKHU��RU�D�QHXWULQR�KLWV�MXVW�RQH�TXDUN�LQ�D�WDUJHW�SURWRQ���7KH�FRPELQDWLRQ�

RI�WKH�FOHDQOLQHVV�RI�WKH�ZHDN�LQWHUDFWLRQ�DQG�WKH�KLJK�LQWHQVLW\�EHDPV�RI�ERWK�QHXWULQRV�

DQG�K\SHURQV�DYDLODEOH�DW�WKH�7HYDWURQ�DOORZHG�D�VHW�RI�H[SHULPHQWV�RI�XQSUHFHGHQWHG�

SUHFLVLRQ����



$� FDUHIXOO\� FUDIWHG� H[SHULPHQW� FDQ� LVRODWH� MXVW� RQH� SDUWLFXODU� DVSHFW� RI� WKH�

VWUXFWXUH�RI�D�SURWRQ�LQ�RUGHU�WR�VWXG\�LW�FDUHIXOO\���)RU�H[DPSOH��WKH�(����GLPXRQ�UHVXOW�

IRFXVHG�LQ�RQ�WKH�FKDUPHG�TXDUN�FRQWHQW�RI�WKH�SURWRQ���ZKLFK�RQO\�H[LVWV�LQ�WKH�VHD�RI�

YLUWXDO�TXDUN�DQWLTXDUN�SDLUV� LQVLGH�WKH�SURWRQ�� � ,Q�D�VLPLODU�EXW�GLIIHUHQW�H[DPSOH�� LQ�D�

VHULHV� RI� H[SHULPHQWV� DOO� WKH� K\SHURQ� PDJQHWLF� PRPHQWV� ZHUH� PHDVXUHG� ZLWK� KLJK�

SUHFLVLRQ�� LQFOXGLQJ� WKH�Ω-
� �E\�(�����ZKLFK� LV�PDGH�RI� WKUHH�VWUDQJH�YDOHQFH�TXDUNV���

7KH� UHVXOWV� DUH� VXIILFLHQWO\� SUHFLVH� WR� ERWK� FRQILUP� RXU� EDVLF� XQGHUVWDQGLQJ� RI� WKH�

VWUXFWXUH�RI� WKH�EDU\RQV� �WKH� IDPLO\� WR�ZKLFK�SURWRQV��QHXWURQV�DQG�K\SHURQV�EHORQJ��

DQG� WR� FRQIRXQG� WKHRUHWLFDO� GHVFULSWLRQ� DQ\ZKHUH� FORVH� WR� WKH� SUHVHQW� H[SHULPHQWDO�

XQFHUWDLQWLHV��

��(����1X7H9�ZLOO�PDNH�D�SUHFLVLRQ�PHDVXUHPHQW�RI�WKH�:HLQEHUJ�DQJOH��VLQ2�θW���

D� IXQGDPHQWDO� HOHFWUR�ZHDN� SDUDPHWHU� PRUH� QRUPDOO\� DVVRFLDWHG� ZLWK� WKH� YHU\� KLJK�

HQHUJ\� VFDOHV� RI� H+H
-
� DQG� KDGURQ� FROOLGHUV�� � (���� LV� VHHNLQJ� WR� REVHUYH� WKH� ODVW�

IXQGDPHQWDO�IHUPLRQ��WKH�τ�QHXWULQR����

�

�

8. TECHNOLOGICAL DEVELOPMENTS 

8.1 INTRODUCTION 

7KH�SK\VLFV�SURGXFHG�E\�WKH�7HYDWURQ�IL[HG�WDUJHW�SURJUDP�GHSHQGHG�RQ�D�ZKROH�

VHTXHQFH� RI� WHFKQRORJLFDO� GHYHORSPHQWV� LQ� DFFHOHUDWRUV�� GHWHFWRUV�� DQG� FRPSXWLQJ���

0DQ\�H[SHULPHQWV�UHTXLUHG�RQH�RU�PRUH�RI�WKHVH�LQQRYDWLRQV�WR�HYHQ�EH�IHDVLEOH�LQ�WKH�

ILUVW� SODFH�� DQG� WR� DFKLHYH� WKHLU� JRDOV�� � 7KH� H[SHULPHQWDO� FROODERUDWLRQV� WKHPVHOYHV�

FRQWULEXWHG� VLJQLILFDQW� DGYDQFHV� LQ� WKH� WHFKQRORJLHV� UHTXLUHG�� � 7KHVH�DGYDQFHV�KDYH�

KDG� IDU�UHDFKLQJ� LPSDFW� RQ� VXEVHTXHQW�ZRUN�� ERWK� DW� )HUPLODE� DQG� HOVHZKHUH� LQ� WKH�

ZRUOG�� � 6RPH� RI� WKHVH� DGYDQFHV� WUDQVFHQG� LQ� LPSRUWDQFH� WKH� H[SHULPHQWV� IRU� ZKLFK�

WKH\�ZHUH�GHYHORSHG���,Q�WKLV�VHFWLRQ�ZH�ZLOO�KLW�D�IHZ�RI�WKH�KLJKOLJKWV�LQ�WKLV�DUHD����



8.2 ACCELERATOR AND BEAM LINES 

� %\�IDU�WKH�PRVW�LPSUHVVLYH��LPSRUWDQW��DQG�REYLRXV�WHFKQLFDO�GHYHORSPHQW�LV�WKH�

7HYDWURQ� LWVHOI�� � )URP� WKH� H[SHULPHQWDOLVWCV� YLHZSRLQW�� LW� QRW� RQO\� SURYLGHG� WZLFH� WKH�

EHDP�HQHUJ\�EXW�DOVR�D�PXFK�ORQJHU�VSLOO���7KH�VSLOO�GXW\�IDFWRU�ZDV�LQFUHDVHG�IURP���

VHFRQG�RI�EHDP�HYHU\����VHFRQG�WR����VHFRQGV�RI�EHDP�HYHU\����VHFRQGV��D�IDFWRU�RI�

ILYH�LPSURYHPHQW�RYHU�WKH�0DLQ�5LQJ���7KH�ORQJHU�VSLOO�OHQJWK�UHTXLUHG�VHYHUDO�LPSRUWDQW�

LQQRYDWLRQV� LQ� WKH� 7HYDWURQ� LWVHOI�� � $Q� H[WUDFWLRQ� V\VWHP�� JHQHULFDOO\� NQRZQ� DV�4;5��

ZDV�H[WHQVLYHO\�PRGLILHG�EDVHG�XSRQ�PLFURSURFHVVRU� WHFKQRORJ\� WR�KDQGOH� WKH�PXFK�

ORQJHU�EHDP�VSLOO����

7KH� H[WHUQDO� EHDPOLQHV� UHTXLUHG� VLJQLILFDQW� QHZ� GHYHORSPHQWV� DV� ZHOO�� � 7KH�

ORQJHU� VSLOO� LPSOLHG�PXFK� OHVV� LQWHQVLW\�SHU�VHFRQG� LQ� WKH�H[WHUQDO�EHDPOLQHV�� �$�QHZ�

EHDP� SRVLWLRQ� PRQLWRULQJ� V\VWHP� ZDV� GHYHORSHG� WR� VHQVH� DQG� FRQWURO� WKH� H[WHUQDO�

EHDPV�� � 7KHVH� EHDPV� DUH� DV� PXFK� DV� RQH� PLOOLRQ� WLPHV� OHVV� LQWHQVH� WKDQ� WKH�

FLUFXODWLQJ� EHDP� LQ� WKH� 7HYDWURQ� LWVHOI�� � 7KH� KLJKHU� HQHUJ\� EHDP� UHTXLUHG� WZLFH� WKH�

EHQGLQJ�SRZHU�LQ�H[LVWLQJ�WXQQHOV��ZKLFK�ZHUH�RULJLQDOO\�GHVLJQHG�IRU�����*H9�EHDPV���

7KH� QHZ� UHTXLUHPHQW� ZDV� WR� GHOLYHU� WKH� H[WUDFWHG� ���� *H9� SURWRQV� WR� WKH� 0HVRQ��

3URWRQ�� DQG� 0XRQ� /DERUDWRULHV�� � 7KLV� OHG� WR� WKH� GHYHORSPHQW� RI� WKH� VWULQJV� RI�

VXSHUFRQGXFWLQJ�PDJQHWV�DQG�WKHLU�DVVRFLDWHG�FU\RJHQLF�SODQWV��NQRZQ�DV�WKH�OHIW��ULJKW�

DQG� PXRQ� EHQGV�� � 0DQ\� ZLOO� UHPHPEHU� FKDQQHO� ��� PHVVDJHV� OLNH� /()7� %(1'�

48(1&+� �12�(67,0$7( ����WKHVH�WKLQJV�ZHUH�IDU�IURP�WULYLDO��

7KH�KLJKHU�EHDP�HQHUJ\�DQG�WKH�VHQVLWLYLW\�RI�WKH�GRZQVWUHDP�FU\RJHQLF�PDJQHW�

VWULQJV� UHTXLUHG� VLJQLILFDQW� XSJUDGHV� WR� WKH� VWDWLRQV� WKDW� VSOLW� WKH� H[WUDFWHG� SURWRQ�

EHDPV� WR� HDFK� RI� WKH� 3URWRQ�� 1HXWULQR�� 0XRQ�� DQG� 0HVRQ� /DERUDWRULHV�� � 0RWLRQ�

FRQWUROV�DQG�QHZ�SXOVHG�PDJQHWV�ZHUH�LQVWDOOHG�WR�PRYH�WKH�IDVW�VSLOO�DURXQG�WKH�VHSWD�

ZLWKRXW�EXUQLQJ�WKHP�XS��DQG�WKH�VHSWD�WKHPVHOYHV�ZHUH�LPSURYHG��

  

8.3 DETECTORS 

7KH�PRVW�QRWDEOH�DQG�QRWHG�DGYDQFH�LQ�GHWHFWRU�WHFKQRORJ\�ZDV�WKH�GHYHORSPHQW�

RI� WKH� VLOLFRQ� PLFURYHUWH[� GHWHFWRUV� E\� WKH� 6DQWD� %DUEDUD� JURXS� IRU� WKH� FKDUP�

SKRWRSURGXFWLRQ� H[SHULPHQW� (����� � 7KLV� GHYHORSPHQW�� EXLOW� RQ� WKH� GHWHFWRU�

GHYHORSPHQW�ZRUN�RI�(XURSHDQ�JURXSV�ZRUNLQJ�DW�&(51�� UHYROXWLRQL]HG�KHDY\�TXDUN�

SK\VLFV��7KLV�RFFXUUHG� ILUVW� LQ� FKDUP�SURGXFWLRQ��DQG� ODWWHU� LQ� VWXGLHV�RI�KDGURQV�ZLWK�



EHDXW\� LQ�ERWK�IL[HG�WDUJHW�DQG�FROOLGHU�H[SHULPHQWV��DV�ZHOO�DV�LQ�WKH�GLVFRYHU\�RI�WKH�

WRS�TXDUN� LQ� WKH�7HYDWURQ�FROOLGHU� �� �7KLV�GHYHORSPHQW� UHFHLYHG�VLJQLILFDQW� UHFRJQLWLRQ�

ZLWK�WKH������DZDUG�RI�WKH�3DQRIVN\�3UL]H�WR�0LNH�:LWKHUHOO�IRU�WKH�DGYDQFHV�LQ�FKDUP�

SK\VLFV�WKDW�LW�PDGH�SRVVLEOH��

7KH�JURXS�IURP�WKH�3HWHUVEXUJ��WKHQ�/HQLQJUDG��1XFOHDU�3K\VLFV�,QVWLWXWH�PDGH�D�

PDMRU� DGYDQFH� LQ� SUHFLVLRQ� HOHFWURQ� LGHQWLILFDWLRQ� ZLWK� WKHLU� GHYHORSPHQW� RI� D� ODUJH�

WUDQVLWLRQ�UDGLDWLRQ�GHFWHFWRU��75'��V\VWHP�IRU�WKH�SUHFLVLRQ�Σ ��EHWD�GHFD\�H[SHULPHQW�

(����� �7KLV� ODUJH�V\VWHP�DFKLHYHG�HOHFWURQ�SLRQ�VHSDUDWLRQ�RI�VHYHUDO� WKRXVDQG��ZLWK�

DQ�HOHFWURQ�LQHIILFLHQF\�RI�OHVV�WKDQ������7KHVH�WHFKQLTXHV�KDYH�EHHQ�XVHG�DQG�IXUWKHU�

H[WHQGHG�DW�)HUPLODE�LQ�H[SHULPHQWV�(�����(�����DQG�(�����

7KH� .7H9� H[SHULPHQW� GHYHORSHG� D� &V,� SKRWRQ� FDORULPHWHU� ZLWK� RXWVWDQGLQJ�

HQHUJ\�DQG�SRVLWLRQ�UHVROXWLRQ��H[FHOOHQW�OLQHDULW\��DQG�YHU\�KLJK�UDWH�FDSDELOLWLHV���7KH\�

DFKLHYHG�EHWWHU�WKDQ��������HQHUJ\�UHVROXWLRQ�RYHU�YLUWXDOO\�WKHLU�HQWLUH�SKRWRQ�HQHUJ\�

UDQJH� RI� ������ *H9�� � 7KH\� GHYHORSHG� D� QHZ� GLJLWDO� UHDGRXW� V\VWHP� ZLWK� ��� ELWV� RI�

G\QDPLF�UDQJH�KRXVHG�LQ�WKH�SKRWRPXOWLSOLHU�EDVH�RI�HDFK�RI�WKHLU������&V,�FU\VWDOV����

7KH�KHDUW�RI�7KH�.7H9�&V,� UHDGRXW�ZDV�DQ�DSSOLFDWLRQ�VSHFLILF� LQWHJUDWHG�FLUFXLW�

�$6,&�� FDOOHG� WKH� 4,(� FKLS�� RQH� RI� VHYHUDO� $6,& V� GHYHORSHG� RQ� WKH� ��WK� IORRU� RI�

:LOVRQ� +DOO� IRU� XVH� LQ� WKH� 7HYDWURQ� IL[HG� WDUJHW� SURJUDP�� � 2WKHUV� LQFOXGHG� VLOLFRQ�

PLFURVWULS�DQG�ZLUH�FKDPEHU�HOHFWURQLF�FLUFXLWV���7KHVH�FKLSV��DQG�WKH�DELOLW\�WR�GHYHORS�

QHZ� FLUFXLWV� LQ� WKH� ODWHVW� WHFKQRORJLHV�� KDYH� FRPH� LQWR� ZLGHVSUHDG� XVH� VLQFH� WKHVH�

HDUO\�HIIRUWV��

�7KH�WHFKQLTXH�RI�UHFRUGLQJ�WKH�SRVLWLRQ�RI�&HUHQNRY�SKRWRQV�DW�WKH�IRFDO�SODQH�RI�

D� ODUJH� &HUHQNRY� GHWHFWRU� IRU� SDUWLFOH� LGHQWLILFDWLRQ� RYHU� D� EURDG� DQJXODU� UDQJH� �WKH�

5LQJ� ,PDJLQJ� &HUHQNRY� &RXQWHU�� 5,&+�� ZDV� SLRQHHUHG� E\� WKH� (���� H[SHULPHQW�� � $�

)HUPLODE� JURXS� OHDG� WKH� HIIRUW� LQ� 6(/(;� �(����� WR� GHYHORS� D� ODUJH� ULQJ� LPDJLQJ�

&HUHQNRY� FRXQWHU� �5,&+�� EDVHG� XSRQ� ����� VPDOO� SKRWRWXEHV� DV� WKH� SKRWRGHWHFWRU���

7KH�6(/(;�5,&+�DFKLHYHG�XVHIXO�π�.�VHSDUDWLRQ�LQ�IXOO�PXOWL�KDGURQLF�HYHQWV�XS�WR�����

*H9�F�ZLWK����SKRWRQV�REVHUYHG�RQ�D�W\SLFDO�ULQJ���7KH�QHZ�&.0�H[SHULPHQW�SODQQHG�

IRU� WKH�0DLQ� ,QMHFWRU� IL[HG�WDUJHW�SURJUDP�LV�EDVHG�� LQ�SDUW��RQ�WKLV�GHWHFWRU� WHFKQLTXH�

WKDW�DFFRPPRGDWHV�YHU\�KLJK�EHDP�UDWHV�ZLWK�H[FHOOHQW�WLPH�UHVROXWLRQ��

 



8.4 COMPUTING 

7KH� XVH� RI� CIDUPVC� RI� SDUDOOHO� FRPSXWHUV� EDVHV� XSRQ� FRPPHUFLDOO\� DYDLODEOH�

SURFHVVRUV� LV� ODUJHO\� DQ� LQYHQWLRQ� RI� WKH� )HUPLODE�$GYDQFHG�&RPSWHU�3URMHFW� �$&3����

7KLV� WHFKQLTXH� KDV� EHFRPH� ZLGHVSUHDG�� ERWK� IRU� RQ�� DQG� RII�OLQH� FRPSXWLQJ� �� IRU�

VHOHFWLQJ�� DFTXLULQJ�� DQG� SURFHVVLQJ� WKH� YDVW� YROXPHV� RI� GDWD� WKDW� FRPH� ZLWK� D� IXOO�

KDUGURQLF�FURVV�VHFWLRQ��

7KH�RULJLQDO�$&3�,�FRPSXWHU�ZDV�GHYHORSHG�DW�)HUPLODE�LQ�WKH�PLG�����CV�EDVHG�

RQ� D� 0RWRUOD� ������ SURFHVVRU� DQG� DQ� $&3� GHVLJQHG� EXV� VWUXFWXUH� ZKLFK� DOORZHG�

GR]HQV�RI�SURFHVVRUV�WR�DQDO\]H�LQGLYLGXDO�HYHQWV�LQ�SDUDOOHO���0XFK�RI�WKH�GDWD�IURP�WKH�

HDUO\� 7HYDWURQ� IL[HG� WDUJHW� UXQV� ZHUH� UHFRQVWUXFWHG� RII�OLQH� RQ� IDUPV� RI� $&3� ,�

SURFHVVRUV�LQ�WKH�)H\QPDQ�&RPSXWLQJ�&HQWHU���$W�LWV�SHDN��ZH�KDG�����SURFHVVRUV�LQ�

XVH����

7KLV� WHFKQLTXH� ZDV� H[WHQGHG� LQ� WKH� QH[W� JHQHUDWLRQ� WR� IDUPV� WR� WKH� XVH� RI�

FRPPHUFLDO� 81,;� ZRUNVWDWLRQV�� � )DUPV� OLNH� WKHVH� KDYH� EHHQ� HVWDEOLVKHG� LQ� WKH�

)H\QPDQ� &RPSXWLQJ� &HQWHU� DV� ZHOO� DV� FROODERUDWLQJ� XQLYHUVLWLHV� DQG� QDWLRQDO�

ODERUDWRULHV�� �)RU�H[DPSOH� WKH���� WHUDE\WHV�RI�GDWD�FROOHWHG�E\�H[SHULPHQW�(����ZDV�

UHFRQVWUXFWHG� LQ� SDUDOOHO� RQ� IDUPV� DW� )HUPLODE�� WKH� 8QLYHUVLW\� RI� 0LVVLVVLSSL�� .DQVDV�

6WDWH�8QLYHUVLW\�DQG�WKH�&3%)�LQ�5LR�GH�-DQHLUR��

7KLV� LV� DQ� LQQRYDWLRQ�ZKLFK�KDV�EHFRPH�DQ� LQGXVWU\� VWDQGDUG� LQ�RXU� ILHOG�� �1RZ�

WKHUH� LV� KDUGO\� DQ�H[SHULPHQW� WKDW� GRHV�QRW� KDYH�ERWK�DQ�RQ�OLQH�FRPSXWLQJ� IDUP� IRU�

VRSKLVWLFDWHG� VRIWZDUH� WULJJHU� GHFLVLRQV� DQG� DQ� RII�OLQH� IDUP� IRU� UDSLG� SDUDOOHO�

UHFRQVWUXFWLRQ�RI�HYHQWV��

� $V�WKH�7DJJHG�3KRWRQ�/DERUDWRU\�FKDUP�JURXS�PRYHG�IURP�H[SHULPHQW�(����WR�

H[SHULPHQW� (����� WKH\� SLRQHHUHG� WKH� XVH� RI� �� PP� PDJQHWLF� WDSH� IRU� RQOLQH� GDWD�

UHFRUGLQJ���7KH�FKDQJH�WR�D�QHZ�UHFRUGLQJ�PHGLXP�ZDV�DGRSWHG�DV�D�QHZ�VWDQGDUG�E\�

WKH� &RPSXWLQJ� 'LYLVLRQ� �WKHQ� WKH� &RPSXWLQJ� 'HSDUWPHQW� LQ� WKH� 5HVHDUFK� 'LYLVLRQ����

$IWHU�FRQVLGHUDEOH�ZRUN��DQG�SDLQ���LW�EHFDPH�WKH�GH�IDFWR�VWDQGDUG�IRU�GDWD�UHFRUGLQJ��

ERWK�DW�)HUPLODE�DQG�LQ�PDQ\�RWKHU�SODFHV�LQ�SDUWLFOH�SK\VLFV����

��



�

9. ACKNOWLEDGMENTS 

 

7KH� ERRN� ZRXOG� QRW� KDYH� EHHQ� SRVVLEOH� ZLWKRXW� WKH� KHOS� RI� D� ODUJH� QXPEHU� RI�

SHRSOH�� � 7KH� PDQ\� VSRNHVSHRSOH� IURP� WKH� H[SHULPHQWV� LQ� WKH� IXOO� ERRN�� DQG� WKHLU�

GHVLJQHHV��KDYH�SURYLGHG�XV�ZLWK�PRVW�RI�WKH�PDWHULDO�SUHVHQWHG�LQ�WKH�IXOO�ERRN���:H�

DOVR�ZDQW�WR�H[SUHVV�RXU�VLQFHUH�DSSUHFLDWLRQ�WR�6XH�6FKXOW]�IRU�KHU�OHDG�LQ�WKH�W\SLQJ��

FRPSLOLQJ��DQG� IRUPDWWLQJ� WKH�ERRN��DV�ZHOO�DV� IRU�SXWWLQJ�XS�ZLWK�DOO� WKH�YDULDWLRQV�RI�

LQSXW�DQG�WKH�GLYHUVH�UHTXHVWV�IURP�WKH�HGLWRUV���:H�DSSUHFLDWH�WKH�HQFRXUDJHPHQW�RI�

-XG\�-DFNVRQ�ZKR�SXVKHG� IRU� WKH��SODLQ�(QJOLVK�� WH[WV�ZKLFK�KDYH�EHHQ�SUHSDUHG� IRU�

HDFK�VHFWLRQ��UHSURGXFHG�KHUH��DQG�H[SHULPHQW��DQG�WKH�KHOS�RI�-DFNLH�&ROHPDQ�LQ�WKH�

'LUHFWRUDWH����

:H� WKDQN� 3DXO� 1LHQDEHU� DQG� 3DXO� 6ODWWHU\� ZKR� FRQWULEXWHG� PDWHULDO� WR� WKH�

VXPPDULHV�� � )LQDOO\��ZH� WKDQN� WKRVH�ZKR� FRQWULEXWHG�PDWHULDO� WR� WKH� IXOO� ERRN�� � 7KH\�

LQFOXGH���5��%URFN��'��&KULVWLDQ��0��&RUFRUDQ��%��&R[��0��&ULVOHU��-��&XPDODW��&��'XNHV��

*�� *LQWKHU�� *�� *ROOLQ�� 1�� *URVVPDQ�� -�� +DQORQ�� <�%� +VLXQJ�� .�� -RKQV�� .�%� /XN�� %��

/XQGEHUJ��.��0F'RQDOG��0��3XURKLW��6��5HXFURIW��+��6FKHOOPDQ��:��6HORYH��0��6KDHYLW]��

:��6PDUW��1��6WDQWRQ��%��:LQVWHLQ��<��:DK��-��:LVV��$��<RNRVDZD��DQG�$��=LHPLQVNL���
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