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² 4&'
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4XDQWXP�&KURPR'\QDPLFV
�4&'�

QCD : Theory of Strong
               Interactions

Similar to QED BUT Different

•  3RLQWOLNH�SDUWLFOHV�FDOOHG�TXDUNV
��6L[�GLIIHUHQW�´IODYRUVµ��X��G��F��V��W��E�
��4XDUNV�FDUU\�´FRORUµ���DQDORJRXV�WR�HOHFWULF�FKDUJH
��7KHUH�DUH�WKUHH�W\SHV�RI�FRORU��UHG��EOXH��JUHHQ�
��0HGLDWLQJ�ERVRQ�LV�FDOOHG�JOXRQ���DQDORJRXV�WR�SKRWRQ
��*OXRQV�FDUU\�FRORU�DQG�FDQ�LQWHUDFW�WR�HDFK�RWKHU���YHU\
���LPSRUWDQW�GLIIHUHQFH�IURP�4('���IURP�$EHOLDQ�WR�
���QRQ�$EHOLDQ�WKHRU\
��$W�ODUJH�GLVWDQFHV���TXDUN�TXDUN�LQWHUDFWLRQV�DUH�ODUJH�
����TXDUN�FRQILQHPHQW�
��$W�VPDOO�GLVWDQFHV���TXDUN�TXDUN�LQWHUDFWLRQV�DUH�VPDOO
����DV\PSWRWLF�IUHHGRP�

u

d

u

Proton

gluons

quarks

Coupling constant ~ αs  (analogous
                                            to α in QED)

Free particles do not carry color
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6FDWWHULQJ�SURFHVVHV�LQYROYLQJ�WKH�SURWRQ
UHYHDO�SRLQWOLNH�SDUWLFOHV�ZLWK�TXDUN
SURSHUWLHV��VSLQ������FKDUJHV�����RU������
�)ULHGPDQ��.HQGDOO��7D\ORU�HW�DO��

([SHULPHQWV�VLPLODU�WR�5XWKHUIRUG�VFDWWHULQJ
VKRZLQJ�SRLQWOLNH�QXFOHXV���VHH�SRLQWOLNH
FRQVWLWXHQWV�ZLWK�HVVHQWLDOO\���VLQ�( θ / ��
EHKDYLRU���ZLWK�VSHFWDWRU�TXDUNV�QRW
SDUWLFLSDWLQJ�

'\QDPLFDO�(YLGHQFH�IRU
4XDUNV�LQ�+DGURQV
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0HDVXUHPHQWV�RI�WKH�VWURQJ�FRXSOLQJ�DUH�PDGH
LQ�PDQ\�SURFHVVHV�DW�GLIIHUHQW�T���FOHDUO\
HVWDEOLVKLQJ�WKH�UXQQLQJ�RI�α6�

$V\PSWRWLF�IUHHGRP��α6�������DV�T�������������
,QIUDUHG�VODYHU\��������α6����������DV�T������������

→ → ∞
→ →∞

68����JDXJH�FRXSOLQJ�FRQVWDQW���α6���YDULHV�ZLWK�T��
GHFUHDVLQJ�DV�T��LQFUHDVHV�

1R�IUHH�TXDUNV�RU�JOXRQV��MHWV

7KH�´5XQQLQJµ�αV

α
6

T�

&RPSLODWLRQ�RI�PDQ\
H[SHULPHQWV

,QFUHDVH�RI�α
6
�DV�T��−> �

PHDQV�WKDW�FRORU�IRUFH
EHFRPHV�H[WUHPHO\
VWURQJ�ZKHQ�D�TXDUN�RU
JOXRQ�WULHV�WR�VHSDUDWH
IURP�WKH�UHJLRQ�RI
LQWHUDFWLRQ��ODUJH
GLVWDQFH� �VPDOO�T����
$�TXDUN�FDQQRW�HPHUJH
IUHHO\��EXW�LV�CFORWKHG·
ZLWK�FRORU�FRPSHQVDWLQJ
TXDUN�DQWLTXDUN�SDLUV�
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+LVWRULF�3HUVSHFWLYH�RI
4&'

1960

1970

1980

1990 

Introduction of Color and the Quark Model

Experimental evidence of quarks in DIS scattering
Bjorken scaling

Birth of QCD
Renormalizability, Asymptotic Freedom, Confinement

Experimental evidence of jets in e+e- annihilations
as manifestation of quarks (1975) and gluons (1979)

Violation of Bjorken scaling, Evolution of Parton 
Distribution and Parton Fragmentation Functions

Discovery of the c-quark (SLAC, BNL)

Discovery of the b-quark (FNAL)

Computation of higher-order effects in pQCD 
for many processes

Discovery of the t-quark (FNAL)

Next to Leading Order pQCD predictions for jet 
production

D0

Tevatron

HERA

SppS

LEP

SLAC

ISR

PETRA

Discovery of W and Z − Confirmation of 
Standard Model
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H+H− $QQLKLODWLRQV

���H�H−�−>��=��γ�
�−>�KDGURQV

Perturbative phase
αs<1 �3DUWRQ�/HYHO� Non-perturbative phase

αs≥1
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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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.LQHPDWLFV�LQ�+DGURQLF
&ROOLVLRQV

θ

Particle

pp
z

x
y

5DSLGLW\��\��DQG�3VHXGR�UDSLGLW\��η�

θβ
θβ

cos1

cos1
ln

2

1
ln

2

1

−
+=

−
+≡

z

z

pE

pE
y

Epy == βθβ     wheretanhcos

2
tanln

cos1

cos1
ln

2

1

 then)(or  1limit  In the

0
θ

θ
θη

β

−=
−
+=≡

<<→

=m

T

y

pm

( )η η η* = −
1

2 1 2

( )η η η
boost

= +
1

2 1 2⇒
η1

η 2

η*

− η*

CM LAB

boostLab ηηη += *



1LNRV�9DUHODV��&7(4�6XPPHU�6FKRRO����� 19

22222222
zTyxT pEmpmppE −=+=++≡

7UDQVYHUVH�(QHUJ\�0RPHQWXP

.LQHPDWLFV�LQ�+DGURQLF�&ROOLVLRQV
FRQW·G

yEp

yEE

yEp

Tz

T

z

sinh

       cosh

        tanh

=
=
=θsinppT ≡

,QYDULDQW�0DVV

)cos(cosh2

)(2

))((

210,

2121
2
2

2
1

2121
2

12

21
φη ∆−∆ →

⋅−++=

++≡

→

µµ
µµ

TTmm
EE

EEmm

ppppM

pp
2

1



1LNRV�9DUHODV��&7(4�6XPPHU�6FKRRO����� 20

:KDW�LV�DQ�(YHQW
*HQHUDWRU�"

� $�´)RUWUDQµ�SURJUDP
�W\SLFDOO\�����N�OLQHV�RI
FRGH��WKDW�JHQHUDWHV�HYHQWV�
WU\LQJ�WR�VLPXODWH�1DWXUH�

� (YHQWV�YDU\�IURP�RQH�WR�WKH
QH[W��UDQGRP�QXPEHUV�

� ([SHFW�WR�UHSURGXFH�DYHUDJH
EHKDYLRU�DQG�IOXFWXDWLRQV�RI
UHDO�GDWD

� (YHQW�*HQHUDWRUV�LQFOXGH�
² 3DUWRQ�'LVWULEXWLRQ

IXQFWLRQV
² ,QLWLDO�VWDWH�UDGLDWLRQ
² +DUG�LQWHUDFWLRQ
² )LQDO�VWDWH�UDGLDWLRQ
² %HDP�MHW�VWUXFWXUH
² +DGURQL]DWLRQ�DQG�GHFD\V

� 6RPH�SURJUDPV�LQ�WKH
PDUNHW�
² -(76(7��3<7+,$��/(372�

$5,$'1(��+(5:,*��&2-(76���

� �3DUWRQ�OHYHO�RQO\�
² 9(&%26��1-(76��-(75$'�

+(5$&/(6��&20326�
3$3$*(12��(852-(7���
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+DGURQL]DWLRQ�0RGHOV
� ,QGHSHQGHQW�IUDJPHQWDWLRQ

² LW�LV�EHLQJ�XVHG�LQ�,6$-(7�DQG�&2-(76
² VLPSOHVW�VFKHPH���HDFK�SDUWRQ�IUDJPHQWV

LQGHSHQGHQWO\�IROORZLQJ�WKH�DSSURDFK�RI�)LHG
DQG�)H\QPDQ

� 6WULQJ�IUDJPHQWDWLRQ
² LW�LV�EHLQJ�XVHG�LQ�-(76(7��3<7+,$��/(372�

$5,$'1(

� &OXVWHU�IUDJPHQWDWLRQ
² LW�LV�EHLQJ�XVHG�LQ�+(5:,*

Z0/γ
e−

e+

q

q

Z0/γ
e−

e+

q

q

6WULQJ
)UDJPHQWDWLRQ�
6HSDUDWLQJ�SDUWRQV
FRQQHFWHG�E\�FRORU
VWULQJ�ZKLFK�KDV
XQLIRUP�HQHUJ\�SHU
XQLW�OHQJWK�

&OXVWHU
)UDJPHQWDWLRQ��3DLUV
RI�FRORU�FRQQHFWHG
QHLJKERULQJ�SDUWRQV
FRPELQH�LQWR�FRORU
VLQJOHWV��
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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

MHW
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TXDUN�MHW

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

TXDUN�MHW

JOXRQ
MHW

H

H

γ

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



1LNRV�9DUHODV��&7(4�6XPPHU�6FKRRO����� 24

+LJK�(7�'��(YHQW

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
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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

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

 Max ET =  344.6 GeV          
 MISS ET(3)=    9.4 GeV       
 ETA(MIN:-13-MAX: 13)         
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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

The idea is to come up
with a jet algorithm which
minimizes the non-perturbative
hadronization effects
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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�
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�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−=

cut
vis

ij
ij y

E

M
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2

)min(
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Jetset partons
Jetset hadrons
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�$�´.7µ�$OJRULWKP�IRU�KDGURQ
FROOLGHUV
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�7KH�´&RQHµ�$OJRULWKP

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

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

0                                    180                                  360

Azimuth angle (φ)

φd

dE

Out of Cone Energy 
“Underlying Event”

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�5F

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

5VHS
5F�RI�RQH�DQRWKHU��ZKHUH
5VHS�YDULHV�IURP��������5VHS ���
IRU�'��
² ,QWURGXFH�DG�KRF�SDUDPHWHU�5VHS

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

Rcone

Rsep

,I�MHWV�IURP�VHSDUDWH�HYHQWV�DUH�RYHUOD\HG�WKHQ
WKH\�FDQ�EH�GLVWLQJXLVKHG�DW����������5F�RU�
5VHS� �����IRU�����FRQHV���
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�´0LGSRLQWµ�RU�,PSURYHG�/HJDF\�&RQH
$OJRULWKP

� $�SURGXFW�RI�WKH�7HYDWURQ�4&'�:RUNVKRS�IRU�5XQ
,,
² 'HILQH�DOJRULWKPV�WR�UHPRYH�DG�KRF�5VHS�SDUDPHWHU

LQ�1/2�FRQH�MHW�FOXVWHULQJ
� 8VH���YHFWRUV�WR�FOXVWHU�LQ�\�DQG�φ��ILQG�DOO�VWDEOH

FRQHV�DURXQG�VHHGV�SUHFOXVWHUV
� 7KHQ�ILQG�VWDEOH�FRQHV�DURXQG�
PLGSRLQWV·

² 7KH�0LG�3RLQW�DOJRULWKP�DGGV�QHZ�
SVHXGR�VHHGV

EHWZHHQ�HDFK�SDLU�RI�MHWV�VDWLVI\LQJ�WKH�GLVWDQFH
�∆5��UHTXLUHPHQW�������5

FRQH
���∆5����×5

FRQH

� 'R�D�37�RUGHUHG�VSOLWWLQJ�PHUJLQJ�RQO\�DIWHU�DOO
VWDEOH�FRQHV�DUH�IRXQG

Seed > ~1 GeV ILCA added seeds
placed at ET-weighted midpoints
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∆η

∆φ
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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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�-HW�HQHUJ\�SURILOHV�DW�7HYDWURQ

� )RUZDUG�MHWV�DUH�QDUURZHU�WKDQ�MHWV�LQ�WKH�FHQWUDO
UHJLRQ�IRU�VLPLODU�(7

² IRUZDUG�MHWV�KDYH�KLJKHU�HQHUJ\�IRU�VLPLODU�(7

² IRUZDUG�MHWV�DUH�TXDUN�HQULFKHG�ZKHUHDV�FHQWUDO
MHWV�DUH�PRVWO\�JOXRQV

� 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

� +(5:,*�MHWV��QRW�VKRZQ��DUH�QDUURZHU�WKDW�WKH
GDWD

&HQWUDO )RUZDUG
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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).

12

(7
MHW�!����*H9

�.7�$OJRULWKP��\FXW� �����
��0DMRULW\�RI�MHWV�DUH�TXDUN
��RULJLQDWHG�IRU�ηMHW<0
��)UDFWLRQ�RI�JOXRQ�MHWV
��LQFUHDVH�ZLWK�ηMHW

/2�3URFHVVHV�

qqg →γ
qggq p →γ
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�4XDUN�YV�*OXRQ�-HWV
'HHSHQ�XQGHUVWDQGLQJ�RI�MHW�VXEVWUXFWXUH

² 4XDUN�	�*OXRQ�MHWV�UDGLDWH�SURSRUWLRQDO�WR
WKHLU�FRORU�IDFWRU�
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�4XDUN�YV�*OXRQ�-HWV��/(3��

� ([SHFWDWLRQ�
² *OXRQ�MHWV�DUH�EURDGHU�WKDQ�TXDUN�MHWV
² *OXRQ�MHWV�KDYH�VRIWHU�IUDJPHQWDWLRQ�IXQFWLRQ

WKDQ�TXDUN�MHWV
� /(3��PHDVXUHPHQW��23$/�

² 6HOHFW�WKUHH�MHW�HYHQWV

² 5HSHDW�DQDO\VLV�ZLWK�D�´.7µ��'XUKDP��DQG
´FRQHµ��MHW�DOJRULWKP�LQ�RUGHU�WR�FRPSDUH�ZLWK
7HYDWURQ�UHVXOWV

TXDUN�MHW��E�WDJ��(a���*H9�

JOXRQ�MHW��(a���*H9�
SXULW\�a���

TXDUN�MHW��(a���*H9�

a����TXDUN�MHW
1500

1500
600
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�4XDUN�YV�*OXRQ�-HWV��/(3��
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=> UHVXOW�VHQVLWLYH�WR�MHW
DOJRULWKP�

OPAL has published a new
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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�4XDUN�YV�*OXRQ�-HWV��7HYDWURQ�'��
� %DVLF�,GHD�

² &RPSDUH�WKH�VXEMHW�PXOWLSOLFLW\�RI�MHWV�ZLWK�VDPH
(7�DQG�η�DW�FHQWHU�RI�PDVV�HQHUJLHV�����DQG
�����*H9

� 5HUXQ�N
7
�DOJRULWKP�RQ�DOO���YHFWRUV�PHUJHG

LQWR�MHW�
² 5HFRPELQH�HQHUJ\�FOXVWHUV�LQWR�VXEMHWV

VHSDUDWHG�E\�\&87��D�UHVROXWLRQ�SDUDPHWHU�
� 0HDVXUH�6XEMHW�0XOWLSOLFLW\�

ycut

Nsubjet
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yCUT → 1, Nsubjet → 1,
yCUT → 0, Nsubjet → ∞
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6XEMHW�0XOWLSOLFLW\

Quark Jets

Gluon Jets

Subjet Multiplicity M
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55 < ET(jet) < 100 GeV
|ηjet| < 0.5
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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

– Interjet Coherence
� 6WULQJ�RU�'UDJ�HIIHFW�LQ�PXOWLMHW�KDGURQLF
HYHQWV

eeθ
γθe

γ
e−

e+

γθθ eee >

�&RKHUHQFH
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33

Fi 2 6 S h ti l ti f t h At ll ti d ll

 “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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XQLIRUP�GHFUHDVH�RI�VXFFHVVLYH�HPLVVLRQ
DQJOHV�RI�VRIW�JOXRQV�DV�SDUWRQLF�FDVFDGH

HYROYHV�DZD\�IURP�WKH�KDUG�SURFHVV

&RORU�&RKHUHQFH��&&��HIIHFWV�LQ�
SDUWRQLF�FDVFDGHV

$QJXODU�2UGHULQJ�RI�VRIW�JOXRQ�
UDGLDWLRQ
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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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gqqeeqqee →→ −+−+     vsγ

Particle flow in event plane
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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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�QG�TXDUN�MHW

JOXRQ�MHW�RU�SKRWRQ

/HDGLQJ�TXDUN�MHW φ

6WULQJ�HIIHFW
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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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• Experimental issues:

➨  Can Color Coherence effects survive
hadronization process?

➨  What is relative importance of perturbative
vs. non-perturbative contributions?

☞  Hump-backed plateau

☞  Multijets

☞   Particle flow in W+Jets events

☞   String Effect in e+e−

�5HVXOWV�RQ�&RKHUHQFH
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➧  Direct consequence of CC+LPHD

➧  Depletion of soft particle production within jets

➧  Approximately Gaussian shape of inclusive
    distribution in the variable ξ=ln(Ejet/Eprt)=ln(1/x)

➧  The height of the hump is increasing with energy 
and peaks at Eprt ~ Ejet

0.5

➧  Analytic calculations:  MLLA+LPHD
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Charged hadron inclusive fragmentation functions

➧  PT of tracks > 150 MeV/c

➧  Studies performed at the Breit Frame of Reference

➧  Concentrate on the “current” hemisphere of the 
interaction (fragmentation products of the 
outgoing quark)

➧  The DIS “current” fragmentation (CF) functions at
a momentum transfer Q are analogous to the
e+e− fragmentation functions at center of 
mass energy equal to Q

➧  Test of the universality of fragmentation functions
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ZEUS 1994-97 Preliminary

0
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<Q> =

ln(1/xp)

 1
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 d
n/

dl
n(

1/
x p)

• MLLA curves fit data well
• clear increase of ln(1/xp)max and multiplicity with Q

log(1/xp) evolution
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ZEUS 1994-97 Preliminary
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ξ∗ (ξpeak) ≡ log(1/xp)max evolution

• Incoherent fragmentation (phase space) excluded by both DIS
   & e+e−

• MLLA fit (not shown) with Y=log(Q/2Λ):

 MeV2455.0)1log( 2
max ≈Λ⇒−+= effp cYcYx
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ξpeak and ξwidth evolution

e+e-
H1

     MLLA fit

(a)

 ξ
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(b)
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• MLLA predictions fit data well
• A simultaneous fit to the peak and width values of H1 data, 
   yields a value of Λeff=0.21 ±  0.02 GeV, in agreement with 
   LEP
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log(1/xp) evolution
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log(1/xp)max evolution
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 MLLA prediction fits the data better than DLA

L3 Preliminary
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log(1/xp) evolution

Dijet events:  
trk

jet

eff

conejet
jjjet p
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log(1/xp)max evolution

 Excellent agreement with MLLA prediction
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Production of identified particles
ξ∗ evolution
DELPHI Preliminary

•  MLLA+LPHD fits the data well (Λ=150 MeV)
•  Momentum cut-off parameter Q0 ~ 330 MeV

Q0 = 325 ± 9 MeV Q0 = 330 ± 12 MeV

Q0 = 314 ± 11 MeV Q0 = 343 ± 12 MeV
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Production of identified particles
ξ distribution
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Production of identified particles
ξ∗ vs Hadron Mass
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Except for pions, there is no monotonic mass-
dependence of the peak position ξ*

           or
the peak position decreases vs mass differently
for mesons and baryons (why? LPHD?)
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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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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 β distributions

HERWIG agrees with the data distributions
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3−jet Data/Monte Carlo

•  HERWIG and JETRAD agree best with the data
•  MC models w/o CC effects disagree with the data
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Calorimeter view:

• In each annular region, measure number of calorimeter
towers (~ particles) with ET > 250 MeV

• Plot NTWR
JET / NTWR

W vs. β

• Annuli “folded” about φ symmetry axis

β range: 0 → π   (to improve statistics)

β = 0 → “near beam”, β = π → “far beam”

Search disks:  R(inner)=0.7, R(outer)=1.5
β = tan−1(sign(ηW,Jet) ∆φ / ∆η)

   Compare pattern of soft
particle flow around jet to
that around (colorless) W

Tower

βjet

Jet

W
βW
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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 

– hep-ph/9612351 
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Figure 2.3: A cartoonist's view of jet production in pp collisions.

QCD predicts how the �nal state particles from such high energy hadron

hadron collisions will evolve from collisions of the constituents. Typically only tw

partons, one from each of the colliding hadrons, undergo the hard scattering. Th

other partons inside the colliding hadrons do not participate in the hard scatterin

and are considered \spectator" partons which form the recoil system. The activit

due to the spectator interactions is often referred to as the \underlying event"

the hard scattering. As the separation between the outgoing hard-scattered parton

increases (along with that between them and the recoil system) the potential energ

of the binding color force also increases trying to prevent partons from escaping int

colored isolated states. At some point, as the distances grow, the coupling constan

becomes so strong that perturbative methods no longer work, and one must chang

to large-distance non-perturbative QCD calculations. This latter is currently no

very well understood despite impressive progress made in recent years.

In this phase of collisions, one can picture the e�ect of the non-Abelia

gluon interaction causing the lines of color 
ux to contract into a thin tube, of hig

7HYDWURQ

'��H[SHULPHQW

&')�H[SHULPHQW
0DLQ�,QMHFWRU
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PT of particles in Jets
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100 GeV Jets are primarily (90%) particles
with PT < 50 GeV.
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PT of particles in Jets

0

2.5

5

7.5

10

12.5

15

17.5

20

22.5

1 10 10
2

10
3

Particle Pt

 %
 J

et
 e

ne
rg

y

400 GeV Jets

HERWIG
SETPRT (FF)

400 GeV Jets are primarily (80%) particles
with PT < 100 GeV.
Only 3-4% of the jet ET is carried by particles
with PT � 200 GeV.
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-HW�5HVSRQVH�YV�(MHW

Rjet = A + B ln (Ejet) + C [ln(Ejet)]2

1RQ�OLQHDULWLHV  Rπ  ~  ln(E)

Fit error:   0.5%                                                      1.6%

50 GeV 450 GeV
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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
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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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Inclusive Jet cross section
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7KHRU\�3UHGLFWLRQV
• NLO QCD predictions  (αs

3) :

         Ellis, Kunszt, Soper, Phys. Rev. D, 64, (1990)
         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)

 D0 uses:  JETRAD
 µ = 0.5ET

Max,  Rsep=1.3

CDF uses:  EKS
 µ=0.5ET

Jet, Rsep=2.0

Scale Dependence
(ET

jet/2)/(ET
max/2)

Scale Dependence
(ET

max/4)/(ET
max/2)

(2.0*ET
max)/(ET

max/2)

pdf fits
CTEQ4HJ/CTEQ3M

ClusteringRsep=2.0/Rsep=1.3

Jet ET (GeV)
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'DWD�YV�7KHRU\

4&'�SUHGLFWLRQ�DJUHHV�H[FHOOHQWO\�ZLWK�GDWD
IRU�MHWV�RXW�WR�����*H9��KDOI�RI�EHDP
HQHUJ\���RYHU���RUGHUV�RI�PDJQLWXGH��
5HVXOW�LV�VHQVLWLYH�WR�KLJK�[�JOXRQ�GHQVLW\

|ηjet| < 0.5

CTEQ3M

(D
at

a-
T

he
or

y)
/T

he
or

y

CTEQ4M

ET (GeV)

MRST

-0.25
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-0.25

0

0.25

-0.25

0

0.25

0.5

50 100 150 200 250 300 350 400 450

JETRAD : µ = 0.5ET
Max  , Rsep=1.3 

Energy    E scale        Res.       Lum.    Total
    (GeV)       (%)  (%)        (%)              (%)

    100     +7.7 / -7.0     +2 / -2        6.1        10
  400     +20  / -19   +3.5 / -4.5     6.1        22



1LNRV�9DUHODV��&7(4�6XPPHU�6FKRRO����� 93

5DSLGLW\�'HSHQGHQFH�RI�,QFOXVLYH
-HW�&URVV�6HFWLRQ
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)

●  0.0 ≤ |η| < 0.5
★  0.5 ≤ |η| < 1.0
▲  1.0 ≤ |η| < 1.5
■  1.5 ≤ |η| < 2.0
▼  2.0 ≤ |η| < 3.0

DØ PreliminaryDØ Preliminary



 =
−

∫
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pb 92  Ldt 
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,QFOXVLYH�-HW�&URVV�6HFWLRQ
5DWLR��σ������σ�������YV�;7
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QCDQCD

Naive Parton model

� &URVV�6HFWLRQ�6FDOLQJ
² $W�%RUQ�OHYHO��2�αV

�����
� 6FDOLQJ�YLRODWLRQV

² 3')V��αV�4��
� 5DWLR�RI�WKH�VFDOH�LQYDULDQW�FURVV
VHFWLRQV�DW�GLIIHUHQW�&0�HQHUJLHV
² 5DWLR�DOORZV�VXEUWDQWLDO�UHGXFWLRQ�LQ
XQFHUWDLQWLHV��LQ�WKHRU\�DQG�H[SHULPHQW�
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CTEQ3M  µ=ET/2

MRST       µ=ET/2
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Jet XT

CTEQ3M µ=2ET

CTEQ3M µ=ET

CTEQ3M µ=ET/2

CTEQ3M µ=ET/41
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� 8QFHUWDLQWLHV�GXH�WR�3')·V�DUH�VLJQLILFDQWO\
UHGXFHG�LQ�WKH�UDWLR

� *RRG�DJUHHPHQW�ZLWK�1/2�4&'�LQ�VKDSH�DQG
QRUPDOL]DWLRQ�ZLWKLQ����σ

� :RUN�LV�XQGHUZD\�IRU�REWDLQLQJ�TXDQWLWDWLYH
PHDVXUH�RI�DJUHHPHQW��VXFK�DV�χ�

σ������σ�������YV�;7
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6XJJHVWHG�([SODQDWLRQV�

� 0DQJDQR�SURSRVHV�DQ
2��*H9��QRQ�SHUWXUEDWLYH
VKLIW�LQ�MHW�HQHUJ\
² ORVVHV�RXW�RI�FRQH
² XQGHUO\LQJ�HYHQW
² LQWULQVLF�.

7

² FRXOG�EH�XQGHU�RU
RYHUFRUUHFWLQJ�WKH�GDWD
�RU�HYHQ�GLIIHUHQW
EHWZHHQ�WKH
H[SHULPHQWV"�

� 'LIIHUHQW�UHQRUPDOL]DWLRQ�VFDOHV�DW�WKH�WZR�&0
HQHUJLHV
² 2.��VR�LW·V�DOORZHG��EXW���
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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�

Angular Distributions  −>  Sensitive to Hard Scatter Dynamics

'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 Λc~ 1 TeV and
Mjj ~ 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 dΝ/dχ
◆  )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�

$QJXODU�'LVWULEXWLRQV

Systematic
Uncertainty ~ 8%

Theory uncertainty ~ 

   6% (µ) ,    3% (PDF)

Proton Quark

Preons?

0DVV�!�����*H9�F�
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-HWV�DW�+(5$
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'LMHW�3URGXFWLRQ

jet
Tdp

dσ
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'LMHW�$QJXODU�'LVWULEXWLRQV
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� 7HVWLQJ�4&'�W\SLFDOO\�PHDQV�WHVWLQJ�RXU
DELOLW\�WR�FDOFXODWH�ZLWKLQ�4&'

� 2XU�SHUWXUEDWLYH�WRROV�DUH�ZRUNLQJ�ZHOO�
HVSHFLDOO\�DW�PRGHUDWH�WR�KLJK�VFDOHV

� /DWHO\�WKHUH�KDV�EHHQ�D�ORW�RI�SURJUHVV
RQ�MHW�DOJRULWKP�GHYHORSPHQW

� :H�QHHG�PRUH�WKHRUHWLFDO�DQG
H[SHULPHQWDO�HIIRUW�WR�XQGHUVWDQG�WKH
XQGHUO\LQJ�HYHQW
² GRQ·W�VXEWUDFW�LW�RXW�IURP�MHW�HQHUJLHV"

� 6KDOO�ZH�EH�FRUUHFWLQJ�WKH�MHWV�IRU
KDGURQL]DWLRQ�HIIHFWV"
² KRZ�WR�GHDO�ZLWK�PRGHO�GHSHQGHQFH"

� )LQDOO\��WKHUH�DUH�PDQ\�RWKHU�WRSLFV�RQ
MHWV�ZKLFK�,�GLGQ·W�FRYHU�
² α

V
�PHDVXUHPHQWV

² KHDY\�TXDUNV
² %)./��'LIIUDFWLYH�VWXGLHV
² MHWV�ZLWK�YHFWRU�ERVRQV
² MHW�ILQDO�VWDWHV�DW�/(3
² ���


