
1LNRV�9DUHODV��&7(4�6XPPHU�6FKRRO����� �

1LNRV�9DUHODV

8QLYHUVLW\�RI�,OOLQRLV�DW�&KLFDJR

�&7(4�6XPPHU�6FKRRO

6W�$QGUHZV��6FRWODQG

-XQH������-XQH���������



1LNRV�9DUHODV��&7(4�6XPPHU�6FKRRO����� �

� ,QWURGXFWLRQ
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² .LQHPDWLFV
² :KDW�LV�D�MHW��MHW�DOJRULWKPV

� -HW�&KDUDFWHULVWLFV
² -HW�HQHUJ\�SURILOH
² 'LIIHUHQFHV�EHWZHHQ�4XDUN�DQG�*OXRQ�MHWV
² &RORU�FRKHUHQFH�HIIHFWV

� -HW�3URGXFWLRQ�DW�7HYDWURQ
² -HW�&DOLEUDWLRQ
² ,QFOXVLYH�MHW�FURVV�VHFWLRQV��FRQH�DQG�.

7
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² -HW�FURVV�VHFWLRQ�VFDOLQJ
² 'LMHW�SURGXFWLRQ�DQG�VHDUFK�IRU�TXDUN
VXEVWUXFWXUH
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H+H− −> µ+µ−
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H+H− −> TT
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H+H− −> TTJ
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H+H− −> TTJ
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HS ,QWHUDFWLRQV
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´'LUHFWµ�3KRWRQ�3URFHVV
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´5HVROYHGµ�3KRWRQ�3URFHVV
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SS ,QWHUDFWLRQV

• fa/A(xa,µ): Probability function to find a parton of
           type a inside hadron A with momentum

           fraction xa - Parton Distribution Functions

          xa:    Fraction of hadron’s momentum carried
           by parton a

 µ:     4-momentum transfer related to the 
           “scale” of the interaction

•                  Partonic level cross sectionσ:

(uud)

Jet

xa xbp pf σ

Jet

a b

c

d

f

DetectorPT = Psinθ, η = − ln(tanθ/2)
Soft collisions = small PT

Hard collisions = large PT

θ

= =

(uud)

sxxs ba=ˆ
Fermilabat  TeV 2=s
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SS ,QWHUDFWLRQV�FRQW·G

� &RPSOLFDWLRQV�GXH�WR�
² 3DUWRQ�'LVWULEXWLRQ�)XQFWLRQV��3')V�
² ´&RORUHGµ�LQLWLDO�DQG�ILQDO�VWDWHV
² 5HPQDQW�MHWV���8QGHUO\LQJ�HYHQW��8(�

 EM E          

 ICD/MG E      

 FH E          

 CH E          
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ET,1 = 475 GeV,
η1 = −0.69, x1=0.66
ET,2 = 472 GeV,
η2 =  0.69, x2=0.66

MJJ = 1.18 TeV
Q2 = 2.2x105 GeV2

CAL+TKS END VIEW 25-MAR-1997 12:22 Run   87288 Event   22409     25-DEC-1994 02:20
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OTHER          
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ELEC           

TAUS           

VEES           

OTHER          

 EM            

 ICD+MG        

 HAD           

 MISS ET       

 Max ET =  344.6 GeV          
 MISS ET(3)=    9.4 GeV       
 ETA(MIN:-13-MAX: 13)         
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:KDW�DUH�-HWV�"

Jet

outgoing parton

Fragmentation process

Hard scatter

colorless states
  -  hadrons -

R = +( ) ( )∆η ∆φ2 2

� &RORUHG��SDUWRQV�IURP�WKH�KDUG�VFDWWHU
HYROYH�YLD�VRIW�TXDUN�DQG�JOXRQ�UDGLDWLRQ�DQG
KDGURQL]DWLRQ�SURFHVV�WR�IRUP�D�´VSUD\µ�RI
URXJKO\�FROOLQHDU�FRORUOHVV�KDGURQV�−>�-(76

� 7KH�KDGURQV�LQ�D�MHW�KDYH�VPDOO�WUDQVYHUVH
PRPHQWD�UHODWLYH�WR�WKHLU�SDUHQW�SDUWRQ·V
GLUHFWLRQ�DQG�WKH�VXP�RI�WKHLU�ORQJLWXGLQDO
PRPHQWD�URXJKO\�JLYHV�WKH�SDUHQW�SDUWRQ
PRPHQWXP

� -(76�DUH�WKH�H[SHULPHQWDO�VLJQDWXUHV�RI
TXDUNV�DQG�JOXRQV

� -HWV�PDQLIHVW�WKHPVHOYHV�DV�ORFDOL]HG
FOXVWHUV�RI�HQHUJ\

S

J

S

MHW
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H���H − FROOLVLRQV�SURFHHG�WKURXJK�DQ�LQWHUPHGLDWH
VWDWH�RI�D�SKRWRQ��RU�=���VXFK�FROOLVLRQV�OHDG�WR�TXDUN
DQWLTXDUN���3UHVHQFH�RI��UG�MHW�VLJQDOV�JOXRQ�UDGLDWLRQ

4XDUN�TXDUN�FROOLVLRQV
SURGXFH�FOHDU�MHWV�DV�ZHOO�
WZR�����*H9�(7��TXDUN�MHWV
IURP�T�T�VFDWWHULQJ�LQ�'��
�FRORU�LQGLFDWHV�HQHUJ\
GHSRVLW�

7\SLFDO�HH�HYHQW�ZLWK���TXDUNV
DQG�RQH�JOXRQ����*OXRQV�H[LVW�DQG
DUH�PDQLIHVWHG�DV�MHWV��

�JOXRQ�MHWV�DUH�EURDGHU
WKDQ�TXDUN�MHWV�

(YLGHQFH�IRU�-HWV

TXDUN�MHW

TXDUN�MHW

JOXRQ
MHW
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�-HW�$OJRULWKPV
� 7KH�JRDO�LV�WR�EH�DEOH�WR�DSSO\�WKH�´VDPHµ�MHW

FOXVWHULQJ�DOJRULWKP�WR�GDWD�DQG�WKHRUHWLFDO
FDOFXODWLRQV�ZLWKRXW�DPELJXLWLHV�

� -HWV�DW�WKH�´3DUWRQ�/HYHOµ��L�H���EHIRUH
KDGURQL]DWLRQ�
² )L[HG�RUGHU�4&'�RU��1H[W�WR���OHDGLQJ

ORJDULWKPLF�VXPPDWLRQV�WR�DOO�RUGHUV

outgoing parton

Hard scatter

Leading Order
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� -HWV�DW�WKH�´3DUWLFOH��RU�KDGURQ��/HYHOµ

�-HW�$OJRULWKPV�FRQW·G

� -HWV�DW�WKH�´'HWHFWRU�/HYHOµ

Hard scatter

outgoing parton
Fragmentation process

hadrons

Calorimeter

Particle Shower

Jet

outgoing parton

Fragmentation process

Hard scatter

hadrons
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�-HW�$OJRULWKPV���5HTXLUHPHQWV
� 7KHRUHWLFDO�

² ,QIUDUHG�VDIHW\
� LQVHQVLWLYH�WR�´VRIWµ�UDGLDWLRQ

² &ROOLQHDU�VDIHW\

² /RZ�VHQVLWLYLW\�WR�KDGURQL]DWLRQ
² ,QYDULDQFH�XQGHU�ERRVWV

� 6DPH�MHWV�VROXWLRQV�LQGHSHQGHQW�RI�ERRVW
² %RXQGDU\�VWDELOLW\

� (
7
�PD[� �√V��

² 2UGHU�LQGHSHQGHQFH
� 6DPH�MHWV�DW�SDUWRQ�SDUWLFOH�GHWHFWRU�OHYHOV

² 6WUDLJKW�IRUZDUG�LPSOHPHQWDWLRQ
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�-HW�$OJRULWKPV���5HTXLUHPHQWV�FRQW·G
� ([SHULPHQWDO�

² 'HWHFWRU�LQGHSHQGHQFH���&DQ�HYHU\ERG\
LPSOHPHQW�WKLV"

² 0LQLPL]DWLRQ�RI�UHVROXWLRQ�VPHDULQJ�DQJOH�ELDV
² 6WDELOLW\�Z��OXPLQRVLW\
² &RPSXWDWLRQDO�HIILFLHQF\
² 0D[LPDO�UHFRQVWUXFWLRQ�HIILFLHQF\
² (DVH�RI�FDOLEUDWLRQ
² ���
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�-HW�)LQGHUV
��*HQHULF�5HFRPELQDWLRQ�

� 'HILQH�D�UHVROXWLRQ�SDUDPHWHU�\FXW
� )RU�HYHU\�SDLU�RI�SDUWLFOHV��L�M��FRPSXWH

WKH�´VHSDUDWLRQµ�\LM�DV�GHILQHG�IRU�WKH
DOJRULWKP

� ,I�PLQ�\LM��<�\FXW�WKHQ�FRPELQH�WKH
SDUWLFOHV��L�M��LQWR�N
² (�VFKHPH��SN SL�SM��−>��PDVVLYH�MHWV
² (��VFKHPH�

� ,WHUDWH�XQWLO�DOO�SDUWLFOH�SDLUV�VDWLVI\
\LM>\FXW

� 1R�SUREOHPV�ZLWK�MHW�RYHUODS
� /HVV�VHQVLWLYH�WR�KDGURQL]DWLRQ�HIIHFWV
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�7KH�-$'(�$OJRULWKP

� 5HFRPELQDWLRQ��SN SL�SM
� 3UREOHPV�ZLWK�WKLV�DOJRULWKP

² ,W�GRHVQ·W�DOORZ�UHVXPPDWLRQ�ZKHQ�\FXW�LV�VPDOO
² 7HQGHQF\�WR�UHFRQVWUXFW�´VSXULRXVµ�MHWV

i.e. consider the following configuration   where two
soft gluons are emitted close to the quark and
antiquark

7KH�JOXRQ�JOXRQ�LQYDULDQW�PDVV�FDQ�EH�VPDOOHU�WKDQ�WKDW�RI
DQ\�JOXRQ�TXDUN�DQG�WKHUHIRUH�WKH�HYHQW�ZLOO�EH
FKDUDFWHUL]HG�DV�D���MHW�RQH�LQVWHDG�RI�D���MHW�HYHQW

)cos1(22
ijjiij EEM θ−=

cut
vis

ij
ij y

E

M
y <= )min()min(

2

2

[  3-Jet event √   2-Jet event

�(YLV�LV�WKH�VXP�RI�DOO�SDUWLFOH�HQHUJLHV�



1LNRV�9DUHODV��&7(4�6XPPHU�6FKRRO����� ��

�7KH�'XUKDP�RU�´.7µ�$OJRULWKP

� 5HFRPELQDWLRQ��SN SL�SM
� ,W�DOORZV�WKH�UHVXPPDWLRQ�RI�OHDGLQJ�DQG

QH[W�WR�OHDGLQJ�ORJDULWKPLF�WHUPV�WR�DOO
RUGHUV�IRU�WKH�UHJLRQV�RI�ORZ�\FXW

)cos1)(,min(2 222
ijjiij EEM θ−=
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�$�´.7µ�$OJRULWKP�IRU�KDGURQ
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�7KH�´&RQHµ�$OJRULWKP

� $�PRUH�LQWXLWLYH�UHSUHVHQWDWLRQ�RI�D�MHW
WKDW�LV�JLYHQ�E\�UHFRPELQDWLRQ�MHW�ILQGHUV

� ,W�FOXVWHUV�SDUWLFOHV�ZKRVH�WUDMHFWRULHV
OLH�LQ�DQ�DUHD�$ π52�RI��η�φ)�VSDFH

0                                    90                                  180

Azimuth angle (φ)

φd

dE

“Underlying Energy”

Dijet events φ

R=0.7

(η , ϕ) (η0, ϕ0)
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�7KH�´&RQHµ�$OJRULWKP�FRQW·G
� ,W�UHTXLUHV�´VHHGVµ�ZLWK�D�PLQLPXP�HQHUJ\

RI�a�IHZ�KXQGUHG�0H9��WR�VDYH�FRPSXWLQJ
WLPH�
² 3UHFOXVWHUV�DUH�IRUPHG�E\�FRPELQLQJ�VHHG

WRZHUV��ZLWK�WKHLU�QHLJKERUV
� -HW�FRQHV�PD\�RYHUODS��VR�QHHG�WR

HOLPLQDWH�PHUJH�RYHUODSSLQJ�MHWV

� 1RW�DOO�SDUWLFOHV�DUH�QHFHVVDULO\�DVVLJQHG
WR�D�MHW

Jet Seeds

Calorimeter ET

Merge if  shared ET > 0.5 x min(ET1,ET2)

Merge/split criterion: D0 −> 50%
         CDF −> 75%
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����,Q�5XQ�,���'��DQG
&')�XVHG
6QRZPDVV
FOXVWHULQJ�DQG
GHILQHG�DQJOHV�YLD
PRPHQWXP
YHFWRUV

(Snowmass scalar ET)

D0 and CDF’s Angles:

CDF’s ET:
D0’s ET:

∑
⊂

=
Ji

i
T

J
T EE

�7KH�'��&')�´&RQHµ�$OJRULWKP�IRU�5XQ�,
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�7KH�´&RQHµ�$OJRULWKP�DW�WKH�1/2�3DUWRQ
/HYHO

� $SSO\�6QRZPDVV�UHFLSH
² (DFK�SDUWRQ�PXVW�EH�ZLWKLQ�5FRQ�� ����

RI�FHQWURLG
� 7KH�WZR�SDUWRQV�PXVW�EH�ZLWKLQ

5VHS[5FRQH�RI�RQH�DQRWKHU��ZKHUH�5VHS

YDULHV�IURP��������5VHS ����IRU�'2�&')�
² LQWURGXFH�DG�KRF�SDUDPHWHU�5VHS�WR

FRQWURO�SDUWRQ�UHFRPELQDWLRQ�LQ�WKH
WKHRUHWLFDO�MHW�DOJRULWKP

² LW�GRHVQ·W�JHQHUDOL]H�WR�KLJKHU�RUGHUV

Rcone

Rsep

,I�MHWV�IURP�VHSDUDWH�HYHQWV�DUH�RYHUODLG�WKHQ
WKH\�FDQ�EH�GLVWLQJXLVKHG�DW����[5

FRQH
 ����IRU�

����FRQH�MHWV���

 D0 Data 



1LNRV�9DUHODV��&7(4�6XPPHU�6FKRRO����� ��

∆η

∆φ

-HW�3URILOHV�
➨�+RZ�IDW�WKLQ�MHWV�DUH"
➨�&DQ�ZH�WHOO�WKH�GLIIHUHQFH�EHWZHHQ
����TXDUN�DQG�JOXRQ�LQLWLDWHG�MHWV"

&RORU�&RKHUHQFH�
➨�,V�WKHUH�DQ\�SUHIHUUHG�GLUHFWLRQ�RI�

����������������VRIW�MHW�HPLVVLRQ"
➨�&DQ�FRORU�FRKHUHQFH�HIIHFWV�VXUYLYH

� ����WKH�KDGURQL]DWLRQ�SURFHVV"
➨�:KDW�LV�WKH�UHODWLYH�LPSRUWDQFH�RI�
�����SHUWXUEDWLYH�YV��QRQ�SHUWXUEDWLYH�
�����HIIHFWV"
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7KH�LQYHVWLJDWLRQ�RI�MHW�SURILOHV�JLYHV�LQVLJKWV�LQWR�WKH
WUDQVLWLRQ�EHWZHHQ�WKH�SDUWRQ�SURGXFHG�LQ�WKH�KDUG�SURFHVV
DQG�WKH�REVHUYHG�VSUD\�RI�KDGURQV
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� )RUZDUG�MHWV�DUH�QDUURZHU�WKDQ�MHWV�LQ�WKH�FHQWUDO
UHJLRQ�IRU�VLPLODU�(7

² IRUZDUG�MHWV�DUH�TXDUN�HQULFKHG��KLJK�[�UHJLRQ�
ZKHUHDV�FHQWUDO�MHWV�DUH�PRVWO\�JOXRQV��ORZ�[�UHJLRQ�

� -HWV�EHFRPH�QDUURZHU�ZLWK�LQFUHDVLQJ�(7��QRW�VKRZQ�
� 1/2��-(75$'��4&'�SUHGLFWLRQV�UHSURGXFH�WKH

JHQHUDO�IHDWXUHV�RI�WKH�GDWD��KRZHYHU���
² 6LQFH�WKH�MHW�VKDSH�PHDVXUHPHQW�LV�D�/2�SUHGLFWLRQ�DW

SDUWRQLF�1/2�FDOFXODWLRQ��WKH�WKHRUHWLFDO�UHVXOW�LV�YHU\
VHQVLWLYH�WR�UHQRUPDOL]DWLRQ�VFDOH�DQG�WR�WKH�GHWDLOV�RI
WKH�MHW�DOJRULWKP

&HQWUDO )RUZDUG

Rsep= 2
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�-HW�(QHUJ\�3URILOHV�DW�H�H−

<ET> ∼ 40−45 GeV

� 23$/�SHUIRUPHG�DQ�DQDO\VLV�WHFKQLTXH�VLPLODU�WR
&')�IRU�FRPSDULVRQ�SXUSRVHV

� H�H−�MHWV�DUH�QDUURZHU�WKDQ������MHWV
� &DQ�LW�EH�WKH�XQGHUO\LQJ�HYHQW�RU�´VSODVK�RXWµ"

² $OWKRXJK�WKH�&')�GDWD�LQFOXGH�XQGHUO\LQJ�HYHQW��LWV
HIIHFW�WR�WKH�HQHUJ\�SURILOH�LV�QRW�ODUJH�HQRXJK�WR
DFFRXQW�IRU�WKH�GLIIHUHQFH

� &DQ�LW�EH�GXH�WR�TXDUN�JOXRQ�MHW�GLIIHUHQFHV"
² 0RVW�SUREDEOH�H[SODQDWLRQ

� EDVHG�RQ�0&�VWXGLHV�23$/�MHWV�DUH�a�����TXDUN�MHWV�
ZKHUHDV�&')�MHWV�DUH�a����JOXRQ�LQGXFHG

pp
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�-HW�(QHUJ\�3URILOHV�DW�HS
� 6XEMHW�PXOWLSOLFLW\�ULVHV�DV�MHWV�EHFRPH�PRUH

IRUZDUG
� &RQVLVWHQW�ZLWK�H[SHFWDWLRQV��PRUH�JOXRQV��DQG

+(5:,*�3<7+,$

Figure 2: The measured integrated jet shape corrected to the hadron level at a
�xed value of r = 0:3,  (r = 0:3), as a function of �jet for jets with Ejet

T > 17 GeV
using the longitudinally invariant kT -cluster algorithm. The error bars show the
statistical and systematic errors added in quadrature. For comparison, various
predictions of PYTHIA including resolved plus direct processes are shown: quark
jets (upper curve), gluon jets (lower curve) and all jets (middle curve).
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OPAL has published an
analysis on gluon vs quark jets
which is almost entirely
independent of the choice of
the jet finding algorithm used
Eur. Phys. J. C11 (1999) 217
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� 3URSHUW\�RI�JDXJH�WKHRULHV���6LPLODU
HIIHFW�LQ�4('��WKH�´&KXGDNRY�HIIHFWµ�REVHUYHG�LQ
FRVPLF�UD\�SK\VLFV�LQ�����

� ,Q�4&'�FRORU�FRKHUHQFH�HIIHFWV�DUH
GXH�WR�WKH�LQWHUIHUHQFH�RI�VRIW�JOXRQ
UDGLDWLRQ�HPLWWHG�DORQJ�FRORU�FRQQHFWHG
SDUWRQV
² ,W�UHVXOWV�LQ�D�VXSSUHVVLRQ�RI�ODUJH�DQJOH�VRIW

JOXRQ�UDGLDWLRQ�LQ�SDUWRQLF�FDVFDGHV
� 7ZR�W\SHV�RI�&RKHUHQFH�

– Intrajet Coherence
� $QJXODU�2UGHULQJ�RI�WKH�VHTXHQWLDO�SDUWRQ
EUDQFKHV�LQ�D�SDUWRQLF�FDVFDGH
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33

Figure 2-6: Schematic evolution of a parton shower. At small times and small
distances the invariant masses of the partons are comparable to the hard interac-
tion energy scale As time increases the energy scale Q of the radiated partons

 “Traditional Approach”

➧  6KRZHU�GHYHORSV�DFFRUGLQJ�WR�S4&'�LQWR�MHWV�RI
SDUWRQV�XQWLO�D�VFDOH�RI�4��a���*H9�

➧  7KHUHDIWHU��QRQ�SHUWXUEDWLYH�SURFHVVHV�WDNH�RYHU
DQG�SURGXFH�WKH�ILQDO�VWDWH�KDGURQV

 “Local Parton Hadron Duality (LPHD) Approach”

➧  3DUWRQ�FDVFDGH�LV�HYROYHG�IXUWKHU�GRZQ�WR�D�VFDOH
RI�DERXW�4��a�����0H9�

➧  1R�KDGURQL]DWLRQ�SURFHVV���
������+DGURQ�VSHFWUD� �3DUWRQ�VSHFWUD

➧  6LPSOLFLW\���2QO\�WZR�HVVHQWLDO�SDUDPHWHUV��ΛQCD

DQG�4���DQG�DQ�RYHUDOO�QRUPDOL]DWLRQ�IDFWRU

6KRZHU�'HYHORSPHQW
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PQCD + LPHD DLA, MLLA...

at low evolution scales the
hadronic distributions are

    expected to be proportional to
the partonic ones

LPHD

Resummed analytical
calculations (DLA, MLLA)

    incorporate leading coherence
effects

PQCD

•  Analytic Approach:

•  MC Approach:

Include CC effects probabilistically by means
of AO for both initial and final state evolutions

Perturbative

Non-Perturbative

Use phenomenological models to simulate the
non-perturbative hadronization stage, e.g. the
LUND string model or the cluster
fragmentation model.
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First observations of final state color
coherence effects in the early ’80’s (JADE,

TPC/2γ, TASSO, MARK II Collaborations) (“string” or
“drag”  effect)

q

q

γ
q

q

g

e+e− → q q ge+e− → q q γ

e+e− interactions:

Depletion of particle flow in region
between q and q jets for qqg events

relative to that of qqγ jets.
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Figure 1: (a) Charged particle ow in the event plane for two-jet radiative events, and
three-jet multihadronic events. Error bars for the q�qg sample are smaller than the dots.
(b) Charged particle ow with respect to the reduced angle X.
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pp interactions:
• Colored constituents in initial and final state
(more complicated that e+e−)

• Probes initial-initial, final-final and initial-
final state color interference
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•  Select events with three or more jets

• Measure the angular distribution of  “softer” 3rd
jet around the 2nd highest ET jet in the event

• Compare data to several event generators with
different color coherence implementations

Xjetspp +→ 3
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T
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β=π/2
( ) 
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Monte Carlo Simulations
• Generate high statistics particle/parton level MC samples
including detector position and energy resolution effects

• Shower-level event generators:

• ISAJET v7.13

• Does not include color coherence effects

• Independent fragmentation

• HERWIG v5.8

• AO approximation

• Cluster fragmentation

• PYTHIA v5.7

• AO approximation (no azimuthal correlations for
ISR)

• AO may be turned off

• String or independent fragmentation

• Parton-level pQCD calculation:

• JETRAD v1.1

• O(αs
3) parton level, one loop 2 → 2, tree level

2 →  3 scattering amplitudes

• No fragmentation
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3−jet Data/Monte Carlo
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W + Jet - Monte Carlo Samples

• PYTHIA v5.7 Monte Carlo

– Full detector simulation

– Mimic noise by overlaying pedestal data

– 3 samples with different color coherence:

“Full coherence”: AO + String Fragmentation 

“Partial”:              No AO + String Fragmentation

“No coherence”:  No AO + Independent Frag.

 
• Analytic Predictions by Khoze and Stirling 

– MLLA + LPHD

– qq−>Wg and qg−>Wq processes 
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Figure 2.5: Some of the QCD 2! 2 processes contributing to the order �2

s
.

amplitudes, or matrix elementsM for all the contributing elementary subprocesses.

The elementary subprocess in pp collisions is the scattering of all possible combi-

nations of the partons. In tree order, or, in the language of the coupling constant,

order �2, these are 2! 2 processes. Some examples of the associated leading-order

Feynman diagrams are shown in Figure 2.5. The cross sections of the processes are

given by the product of the invariant matrix element and the available �nal state

7HVW��RI��S4&'

Quark substructure, PDFs ?
ET

   d2σ
dET dη

Central η region
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7KH�ROG�GD\V«

Uncertainties ~ 70% on CS:
 ±50% accept./jet corr (smearing)
 ±40% calib  ±10% aging  ±15% Lum
ΛC > 400 GeV  “Exp and theo. Uncerts.
taken in to account”

UA1 1986
Inclusive Jet CS

UA2 1991 
Inclusive Jet CS

Uncertainties ~ 32% on CS:
 ±25% model dep. (fragmentation)
 ±15% jet alg/analysis params
 ±11% calib  ±5% Lum
ΛC > 825 GeV  “...include sys. effects
which could distort the CS shape”
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• NLO QCD predictions  (αs

3) :
         Ellis, Kunszt, Soper, Phys. Rev. D, 64, (1990) EKS
         Aversa, et al., Phys. Rev. Lett., 65, (1990)
         Giele, Glover, Kosower,  Phys. Rev. Lett., 73, (1994)  JETRAD

• Choices (hep-ph/9801285, Eur. Phys. J. C. 5, 687 1998):
Renormalization Scale (10%)
PDFs (~20% with ET dependence)
Clustering Alg. (5% with ET dependence)

 '�'�  XVHV���-(75$'XVHV���-(75$'
  µ = µ = 0.5E0.5ETT

MaxMax,,  R  Rsepsep=1.3=1.3

&')�XVHV���(.6&')�XVHV���(.6
µ = µ = 0.5E0.5ETT

JetJet,  ,  RRsepsep=1.3=1.3

2Rcone

1.3*Rcone

5VHS

-HW�&OXVWHULQJ
$OJRULWKP�DW�1/2
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CTEQ4M            22.4 31.9
CTEQ4HJ           21.0 40.0
MRST            22.2                  33.0
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d

dM d
dx dx f x f x x x s M

d

dJJ
a b a A a b B b a b jj

ab

a b

2

2
2σ

θ
µ µ δ

σ
θcos

( , ) ( , ) ( )
cos* *

,

= −∫∑
)

•  7KH�GLIIHUHQWLDO�FURVV�VHFWLRQ�IRU�D�MHW��SDLU�RI
���PDVV�0--�SURGXFHG�DW�DQ�DQJOH�θ�DW�WKH�MHW�MHW
���&0�V\VWHP�LV�

θ∗
a b

c

d

For small angles −> similar to Rutherford
scattering (t-channel gluon exchange)

( )
d

d

)σ
θ θcos cos

* *
≈

−
1

1
2

characteristic of the exchange of a vector boson 
       − gluons have spin = 1 −

gg −> gg  :  qg −> qg  :  qq −> qq
      1         :      4/9       :     (4/9)2

•  'RPLQDQW�VXESURFHVVHV�KDYH�YHU\�VLPLODU
   VKDSH�IRU  dσ/dcosθ* ZLWK�GLIIHUHQW�ZHLJKWV�

$QJXODU�'LVWULEXWLRQV  −>  6HQVLWLYH�WR�+DUG�6FDWWHU�'\QDPLFV

'LMHW�3URGXFWLRQ
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 6HDUFK�IRU�4XDUN
6XEVWUXFWXUH

Hypothesis:  Quarks are bound states of preons
                       Preons interact by means of a new
                       strong interaction - metacolor - 

Compositeness Scale:  Λc

                                 −>  SRLQW�OLNH�TXDUNV
  Λc = finite  −>  6XEVWUXFWXUH�DW�PDVV�VFDOH�RI Λc

Λc =∞

For                 the composite
interactions  can be represented
by contact terms

$s << Λ c
q q

q q

2
22

ˆ
1

)(
ts µα

2
c

2
2 ˆ

ˆ
1

)(
Λ

⋅ u

ts µα
2

2
c

ˆ






Λ
u

dσ ∼ [ QCD   +   Interference   +   Compositeness ]

dσ ~ (1+cosθ*)2 angular distribution

dσ ~ 1/(1-cosθ*)2 angular distribution

LLLL
c

qq qqqq
g

L µ
µ γγ

2

2

2Λ
±=
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( )η η η* = −
1

2 1 2
( )η η η

boost
= +

1

2 1 2

χ
θ

θ
η= =

+

−
2

1

1

* cos *

cos *e ⇒
η 1

η 2

η *

− η *

CM LAB

cos tanh *θ η* =

dΝ/dχ VHQVLWLYH�WR�FRQWDFW�LQWHUDFWLRQV

 Rutherford

LO QCD

with contact term of
scale Λca 1 TeV and
Mjj a 0.5 TeV/c2

χcosθ*

⇒
>

•  QCD is dominated by ~ 1/(1−cosθ*)2

•  Contact interactions by ~ (1+ cosθ*)2 

   From cosθ* variable to χ
◆  )ODWWHQ�RXW�WKH cosθ∗  GLVWULEXWLRQ�E\�SORWWLQJ GΝ�Gχ
◆  )DFLOLWDWH�DQ�HDVLHU�FRPSDULVRQ�WR�WKH�WKHRU\ 

$QJXODU�'LVWULEXWLRQV −> 4XDUN�6XEVWUXFWXUH
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1/2�4&'�LQ�JRRG
DJUHHPHQW�ZLWK�GDWD

/LPLWV�RI�4XDUN�6XEVWUXFWXUH

'��H[SW
5XWKHUIRUG

����&/�&RPSRVLWHQHVV
/LPLW�

 Λ(+,−) ≥ 2.1 − 2.4 TeV

'LMHW�0DVV�&URVV�6HFWLRQ�5DWLR
σ (|η1,2| < 0.5 ) / σ ( 0.5 < |η1,2|< 1 )     (      =1800 GeV )s
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JETRAD: CTEQ3M, µ = 0.5ET
    max,  sep=1.3

Λ+ =1.5 TeV
Λ+ =2.0 TeV
Λ+ =2.5 TeV
Λ+ =3.0 TeV

DØ Data

Λ�>�����− ����7H9
�����FRQILGHQFH
OHYHO�

'LMHW�$QJXODU�'LVWULEXWLRQV

Systematic
Uncertainty ~ 8%

Theory uncertainty ~ 

   6% (µ) ,    3% (PDF)

Proton Quark

Preons?

0DVV�!�����*H9�F�
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 /RRNLQJ�$KHDG��7HYDWURQ�5XQ�,,
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5XQ�,�
���(YHQWV�(7!�����*H9

*UHDW�UHDFK�DW�KLJK�[�DQG�4��

WKH�SODFH�WR�ORRN�IRU

QHZ�SK\VLFV�

����IE��∫/GW
�×����/XPLQRVLW\
����7H9√V

5XQ�FRPPHQFHG�0DUFK�����
'HWHFWRU�&RPPLVVLRQLQJ

WDNLQJ�SODFH�
3K\VLFV�GDWD�LQ�DXWXPQ

)LUVW�UHVXOWV�LQ�HDUO\�����
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� 7HVWLQJ�4&'�W\SLFDOO\�PHDQV�WHVWLQJ�RXU
DELOLW\�WR�FDOFXODWH�ZLWKLQ�4&'
² 2XU�SHUWXUEDWLYH�WRROV�DUH�ZRUNLQJ�ZHOO�

HVSHFLDOO\�DW�PRGHUDWH�WR�KLJK�VFDOHV
� ([SHULPHQWDO�UHVXOWV�KDYH�UHFHQWO\

UHDFKHG�RU�H[FHHGHG�WKH�DFFXUDF\�RI
WKHRUHWLFDO�SUHGLFWLRQV
² QHHG�IRU�11/2�FDOFXODWLRQV�IRU�MHW�SURGXFWLRQ

� :H�QHHG�PRUH�WKHRUHWLFDO�DQG
H[SHULPHQWDO�HIIRUW�WR�XQGHUVWDQG�WKH
XQGHUO\LQJ�HYHQW�	�KDGURQL]DWLRQ�HIIHFWV
² GRQ·W�VXEWUDFW�8(�RXW�IURP�MHW�HQHUJLHV"
² KRZ�WR�GHDO�ZLWK�KDURQL]DWLRQ"

� 7HYDWURQ�5XQ�,,�KDV�VWDUWHG�
%,*�2SSRUWXQLW\�IRU�4&'


