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! !*,$:&,(-*'%;<-,'(

! 8;<<$##&"(%&:",=;*$&':&$>,#-,(3&9'%$=#

! ?;3$&.,3.&'*%$*&<'**$<-,'(#@

! ABC&*$#;99"-,'(&"(%&($)&:"<-'*,D"-,'(

! 8;99"*7&"(%&<'(<=;#,'(#



May 14, 2008 !"#$%&"'(")*'+,-2

Heavy quarkonium production

" E::$*#&"&;(,F;$&G$*#G$<-,H$&-'&-.$&."%*'(,D"-,'(

I*'%;<-,'(&':&.$"H7&F;"*+#&,#&$::$<-,H$=7&G$*-;*J"-,H$K
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QWG Report, N. Brambilla et al, hep-ph/0412158
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# B'='*&#<*$$(,(3&,(&A5I&#;GG*$##$#&-.$&:'*9"-,'(&':&NO!

J/& suppression $ medium properties
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Matsui & Satz

(1986)

" B';=%&J$&"&3''%&G*'J$&:'*&A;"*+&5=;'(&I="#9"&PA5IQ&

# R.$&-*"(#,-,'(&:*'9&"&.$"H7&F;"*+&G",*&-'&"&F;"*+'(,;9

#.';=%&J$&#$(#,-,H$&-'&-.$&#':-&G.7#,<#&'*&9$%,;9&G*'G$*-,$#

Quarkonium binding energy:
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Heavy quarkonium in medium
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C'&)$&;(%$*#-"(%&-.$&G*'%;<-,'(&9$<."(,#9&':&NO!
)$==&$(';3.&-'&<"=,J*"-$&-.$&G*'%;<-,'(&*"-$&"(%&

-'&$>-*"<-&-.$&,(:'*9"-,'(&'(&A5I@

Question

6'-$K&&,-&."#&J$$(&9'*$&-."(&ST&7$"*#&#,(<$&-.$&%,#<'H$*7&':&NO!U

V"7&J$4&9"7&J$&('-
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The basic production mechanism

" I*'%;<-,'(&':&"&.$"H7&F;"*+&G",*K

C,::$*$(-&9'%$=#&$ C,::$*$(-&"##;9G-,'(#O-*$"-9$(-#&'(&&

.')&-.$&.$"H7&F;"*+&G",*&J$<'9$#&"&F;"*+'(,;9@&

" ?"%*'(,D"-,'( ':&-.$&G",*&&&&&&&&&&9'%$=#K
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Nayak, Qiu, Sterman
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Color singlet model

# <'='*&#,(3=$-&G",*

# *,3.-&F;"(-;9&(;9J$*#&

:'*&-.$&F;"*+'(,;9

# #"9$&)"H$&:;(<-,'(&:'*&

G*'%;<-,'(&"(%&%$<"7

Q

Q

H

A

B

# "J#'=;-$=7&('*9"=,D$%&

G*$%,<-,'(#

# G*$%,<-,'(#&'(&G'="*,D"-,'(

# F;"(-;9&,(-$*:$*$(<$

J$-)$$(&G*'%;<-,'(&"(%&

:'*9"-,'(&#;GG*$##$%&&$ %
;

/ :
<AB AB QQ

R& &* *+ +)

W'*+#&)$==&:'*&NO! G*'%;<-,'(&,(&G.'-'1G*'%;<-,'(&"(%&'-.$*#

!;-4&'($&'*%$*&':&9"3(,-;%$&-''&#9"==&:'*&BCX&%"-"4&Y

Einhorn and Ellis (1975), …
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Color Evaporation Model
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# "==&G",*#&),-.&,(H"*,"(-&

9"##&=$##&-."(&'G$(&

:="H'*&-.*$#.'=%&

# <'='*&"(%&#G,(&"H$*"3$
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# '($&<'(#-"(-&:'*&'($

F;"*+'(,;9 #-"-$

Works well for total cross sections, not perfect for distributions,

Predicts zero polarization for quarkonium production
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# Z&3$($*"=,D"-,'(&':&

<'='*&#,(3=$-&9'%$=

# Z==&<'='*&"(%&#G,(&#-"-$#

':&?A&G",*#&1[&F;"*+'(,;9

# L>G"(#,'(&':&?A&H$='<,-7

Q

Q
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# \](-$3*"-$&';-^ ?A&

%7("9,<#K

# X"<-'*,D$&."%*'(,D"-,'(K

;(,H$*#"=&9"-*,>&$=$9$(-#

!

Q

Q

Non-relativistic QCD (NRQCD) model

QQ
dq O/QQ
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Bodwin, Braaten, Lapage (1994); …
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" _(G'="*,D$% NO! "-&-.$&R$H"-*'(K

# Data is not consistent

with color singlet model

# Data is consistent with 

NRQCD, with matrix 

elements fixed by the 

data

# CEM predicts a similar

pT distribution

M. Kramer, 2001

Successes of the production models

LO singlet

LO singlet + frag
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" W'*+#&:'*&'-.$*&#-"-$#&-''K&
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Difficulties

" R*"(#H$*#$&G'="*,D"-,'(&"-&.,3.&GR@
NRQCD: Cho & Wise, Beneke & Rothstein, 1995, …

T L

T L

* *
1

* *
#

,
2

CDF Collab. arXiv:0704.0638 [hep-ex]

KT-fact: Baranov, 2002
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" 8"9$&G*'J=$9&:'*&'-.$*&#-"-$#K

Braaton & Lee, PRD63, 071501 (2001)CDF Collab. arXiv:0704.0638 [hep-ex]
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" ](<=;#,H$&G*'%;<-,'(K

Belle:

NRQCD: <=<N'9?!

Kiselev, et al 1994,

Cho, Leibovich, 1996

Yuan, Qiao, Chao, 1997

" `"-,'&-'&=,3.-&:="H'*#K

Belle:

I*'%;<-,'(&*"-$&':&&&&&&&&&&&&&&&&&&&&&&&&&&&&,#&="*3$*&-."(e e J cc&2 # +

Message:

*e e J gg&2 # + * '===e e J qq&2 # +
<'9J,($%&@

"==&-.$#$&<."(($=#K

Double cc production in e+e-
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Question and facts

A;$#-,'(K

]#&-.$&:"<-'*,D"-,'(&H"=,%&:'*&-.$#$&'J#$*H"J=$#@

" 6'($&':&-.$#$&G*'%;<-,'(&9'%$=#&."H$&J$$(&G*'H$%U

# 6`ABC&:'*9"=,#9&:'*&.$"H7&F;"*+'(,;9 %$<"7&)"#&G*'H$%4
J;-4&('-&:'*&G*'%;<-,'(& Bodwin, Braaten, Lapage (1994); …

Nayak, Qiu, Sterman, 2005, 2006

# 6'-&)'*+&).$(&"%%,-,'("=&.$"H7&F;"*+&H$='<,-7&,#&,(H'=H$%4
#;<.&"#4&-.$&"##'<,"-$%&G*'%;<-,'( Nayak, Qiu, Sterman, 2007

" ?;3$&.,3.&'*%$*&<'**$<-,'(#&-'&-.$&#,(3=$-&<."(($=

M"*3$&#<"=$&%$G$(%$(<$4&$H$(&),-.&.,3.&'*%$*&-$*9#

J. Campbell et al PRL 2007

P. Artoisnet, F. Maltoni, et al. 2008



May 14, 2008 !"#$%&"'(")*'+,-15

Huge high order corrections
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Scale dependence of cross sections

" 1 <*'##&#$<-,'(&6MEKtt

Bonciani et al. Nucl. Phys. B, 1998

W,-.&6ME&<'**$<-,'(4&-.$&#<"=$
%$G$(%$(<$&,#&9;<.&*$%;<$%U

Zhang and Chao, 2007

" M"*3$&#<"=$&%$G$(%$(<$&:'*&
NO! $H$(&"-&6MEK

Campbell et al. 2007
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" 6'-&-'&G*'H$&'*&%,#G*'H$&-.$#$&G*'%;<-,'(&9'%$=#

Goal of the rest discussion

" `$1'*3"(,D"-,'(&':&-.$&G$*-;*J"-,H$&G"*-K

# V;=-,G=$&."*%&#<"=$#

# `$#;99"-,'(&':&="*3$&='3"*,-.9#

# V'*$&#-"J=$&G*$%,<-,'(#

# R.$&9$-.'%&,#&3''%&:'*&J'-.&6`ABC&"(%&B'='*&LH"G'*"-,'(

Nayak, Qiu, and Sterman, 2005-2007
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Why high order terms are so large?

" MEK # 8<"=$&%$G$(%$(<$

# IR %$G$(%$(<$K

" 6ME&-'&$>,#-,(3&MEK

" 6ME&a ($)&#;JG*'<$##K # ?,3.&G')$*&,(&"#P#Q

# M')&G')$*&,(&IR

Z##'<,"-$%&G*'%;<-,'(
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Large logarithmic contribution

" X*"39$(-"-,'(&='3"*,-.9#&1 66MEK

" 8"9$&='3"*,-.9#&,(&-.$&'<-$-&<."(($=#K

" M"*3$&9"##&a -.$&='3"*,-.9#&"*$&G$*-;*J"-,H$

# `$#;99"-,'(&':&#;<.&G$*-;*J"-,H$&='3"*,-.9#&,#&($<$##"*7&

# `$1'*3"(,D"-,'(&':&-.$&G$*-;*J"-,H$&G"*-

Z#&)$==&"#&,(&-.$&<"=<;="-,'(&
':&<'='*&$H"G'*"-,'(&9'%$=&

a -)'&#<"=$#
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Resummation of fragmentation logarithms

" X*"39$(-"-,'(&<'(-*,J;-,'(K Braaten et al, 1993

C'9,("(-&<'(-*,J;-,'(&).$(&IR [[&9

L>K

" ](-$*G="7&J$-)$$(&-.$&:,>$%&'*%$*&"(%&:*"39$(-"-,'(K

e e J cc&2 # + 2
X*"3

L>"<-

Liu et al, 2004

`$#;9 "==&='3#
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Factorization with QCD resummation

" `$="-,'(&J$-)$$(&-.$&:,>$%&'*%$*&"(%&:*"39$(-"-,'(K
; ; H&2E

; ; O2#P

'''''

''''

T

T

P m

P m

* *

* *

0

0

!

#

B"=<;="-$%&J7&:,>$%&'*%$*&G$*-;*J"-,'(

M'3#&%'9,("-$&"(%&($$%&-'&J$&*$#;99$%

" A;$#-,'(#K

# ?')&-'&-*"(#:'*9&#9''-.=7&J$-)$$(&-.$#$&-)'&*$3,9$#@

# ?')&-'&"H',%&%';J=$&<';(-,(3&J$7'(%&-.$&ME@

" 6$)&:"<-'*,D"-,'(&:'*9;="K Qiu et al 2001, Berger et al 2002

for low mass Drell-Yan

Q"2 O2#P

Q"2 H&2E RSD5

* * *

* * *

, 2

3 #

`$#;9 "==&='3"*,-.9#&J$-)$$(&IR "(%&9

6'&="*3$&='3"*,-.9#4&$H"=;"-$%&"-&bOIR

R.$&#$G"*"-,'(&J$-)$$(&-.$&\C,*$<-^ "(%&-.$&\X*"3^ <'(-*,J;-,'(&

%$G$(%#&'(&-.$&%$:,(,-,'(&':&-.$&:*"39$(-"-,'(&:;(<-,'(
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Quarkonium fragmentation functions

# ?A&9"##&,#&"&G$*-;*J"-,H$&#<"=$4&"(%&<;-#&'::&-.$&<'==,($"*&*$3,'(&

# 8<.$9$&%$G$(%$(<$&:*'9&-.$&&+c d&#c

# \I$*-;*J"-,H$^ a %,::$*$(-&:*'9&-.$&=,3.-1."%*'(&:*"39$(-"-,'(&:;(<

" EG$*"-'*&%$:,(,-,'(&':&&C:1[NO!PD:4#
cQK

" B"=<;="-,'(&':&-.$&=$"%,(3&'*%$*&CPTQ
:1[NO!PD:4#

cQK
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Resummation and inhomogeneous evolution

" `$#;99"-,'(K

# ]%$(-,:7&-.$&='3"*,-.9#

# C$*,H$&-.$&*$('*9"=,D"-,'(&3*';G&'*&$H'=;-,'(&$F;"-,'(&:'*&-.$&='3
# `$#;99"-,'(&a #'=H$&-.$&$H'=;-,'(&$F;"-,'(

" \](G;-^ %,#-*,J;-,'(&a J';(%"*7&<'(%,-,'(K

$ %; ;

<* <@q J f fD zz m& 4+ , ,

Qiu and Zhang, 2001

" \I$*-;*J"-,H$^ <'(-*,J;-,'(&&&&&&&,(.'9'3$($';#&-$*9K
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Case study:             e e J X&2 # + 2

" 6`ABC&ME&G$*-;*J"-,H$K

" ]%$(-,:7&-.$&='3"*,-.9&),-.';-&:;==&<"=<;="-,'(&1 RSD5*
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Smooth transition

" C,*$<-&<'(-*,J;-,'(K $ % $ %<Q"2 H&2E RSD5 H&2E ;

<; *q JD z&* * * * * 4+, # , # 5

" X;==&<*'##&#$<-,'(K
Q"2 O2#P* * *, 2

a #9''-.&-*"(#,-,'(K

B"(<$=="-,'(&':
-.$&='3#
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Hadronic collision – in progress

8-"7&-;($%U
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Summary

" W$&G*'G'#$%&"&ABC&*$#;99$% :"<-'*,D"-,'(&:'*9;="
:'*&.$"H7&F;"*+'(,;9 G*'%;<-,'(

" W$&*$1'*3"(,D$&-.$&G$*-;*J"-,H$&#$*,$#&':&"(7
G*'%;<-,'(&9'%$=#&P6`ABC4&B'='*&LH"G'*"-,'(4&YQ&

" R.$&($)&:'*9;="&,#&G$*-;*J"-,H$=7 9'*$&#-"J=$&"(%&
*$=,"J=$&:'*&"&),%$&*"(3$&':&<'==,#,'(&$($*3,$#


