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最初に宣伝を少し

Mini-Workshop

Physics Simulation for LHC

5-6 April 2004 at KEK, Tsukuba, Japan

ここを見てね

http://www-conf.kek.jp/phsimLHC/index.html



QCD用語の基礎知識

 QCD Lagrangian
 QCD Feynman rules
 Renomarization scheme
 Renomarization energy scale 
 Running Coupling
 Λ

QCD

 DGLAP equation
 Parton shower
 Sudakov form factor
 PDF
 Factrization energy scale



QCD Lagrangian

CERN Academic Training lectures on QCD by B. Webber



Color factor

CERN Academic Training lectures on QCD by B. Webber



Feynman rule

CERN Academic Training lectures on QCD by B. Webber



CERN Academic Training lectures on QCD by B. Webber



Running coupling and Λ
QCD

 

CERN Academic Training lectures on QCD by B. Webber



DGLAP Equation

DGLAP Equation

Sudakov Factor

Splitting function ← pQCD

non-branch provability

Parton distribution



Introduction

  LHC Experimental requirement
New Particle Search/Precision Measurement

LO-QCD Event generator+K-factor

Obviously not enough!

We need
NLO Event generator!



Difficulties

• Large number of diagrams

• Numerical instability due to a 
collinear singularity

• Double counting between ME and 
PDF/PS

• Negative weight 

Solutions

GRACE

LL-subtraction
+

Parton Shower

Improved SPRING



     
Event Generator

Grand Design

Q2
0

Q2
hard



Parton Shower

➣PYTHIA/HERWIG

PS is used  as a model to generate jets

PDF(Parton distribution function)Q2 evolution/x-distribution

Soft-Collinear jets (backward) Parton Shower

➣ Our strategy

Q2 evolution/x-distribution/Soft-Collinear jets

LL/NLL Parton Shower (forward)

PS is  legitimate child of pQCD
(no tunable parameters) 



Parton Shower

DGLAP Equation

Sudakov Factor

Splitting function ← pQCD

non-branch provability



Example in QED (annihilation)

e+e− → ZH + γ

*

Zhγ ME

ZH ME + γPS



Example in QED (fusion)

e+e− → e+e−μ+μ−

Soft correction formula

O(α) correction

Factrization
energy scale



e+e− → e+e−μ+μ−   :Total cross sections

*

GRACE+PS

GRACE+SF

○ BDK

√s'



NLO Cross sections
σNLO=σtree+σloop+σR

δV  : Virtual (loop) correction
δs/c : Soft/Collinear correction

=σtree(1 + δV + δs/c ) + σvis

σvis : Visible jet cross section 



Matrix Elements: Tree
 Tree diagrams

M0(1,2→1,2 ・・・ ,n) 　　　　： Born 

   MR(1,2→1,2 ・・・ ,n,n+1) 　： Real radiation

GRACE: Automatic generation up to n≅6 
↑

Diagrams & FORTRAN source code

CHANEL: Numerical Helicity Amplitude



 Loop diagrams

MV(1,2→1,2 ・・・ ,n)  : Effective vertices

                                   (up to three point)

Matrix Elements: Loop

: Numerical calc. by CHANEL



Matrix Elements: Effective coupling
• Quark self-energy



Matrix Elements: Effective coupling
• Quark-Quark-Gluon vertex



IR-behavior 

σNLO=[σtree(1 + δV + δs/c )+σvis]⊗ PDF/PS

No IR-divergence

P(x) : Splitting function Space/time dimension : d=4+2εIR

1/ε2
IR,1/εIR cancellation

PDF/Parton Shower



Soft/Collinear Treatment
•Subtraction method          S.Catani, M.M. Seymour, hep-ph/9605323

•Phase-space slicing          W.B. Harris, J.F.Owens, Phys. Rev. D65 (2002) 094032

Q1
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20

Ωvis

Ωcol

 

n-body
ｋ

・・・

P1 P2

・・・

P1 P2

ｋ

Q1
2=-(P1-k)2

Q2
2=-(P2-k)2



Collinear Cross Section
Canceled with  δV

PDF/PS



Phase space slicing

: Collinear (Leading Log) Approx.

: Exact Matrix Elements



Leading Log Subtraction

: Collinear (Leading Log) Approx.

: Exact Matrix Elements



Double Counting Problem 

σNLO=[σtree(1 + δV + δs/c )+σvis]⊗ PDF/PS

Double Counting



Double Counting Rejection

κ
0
< κ1 < κ2 <  κ3  < κ4     

κj:virtualityκj:virtuality
κ0

ME=0

Matrix Element

Virtuality ordering
        κ3 < κ1

ME  

Matrix Element

κ0
ME=0



kg
T Test

• Process :
   uu→µ+µ−(+gluon)
    in pp collision
•Cuts:
   √sµµ>40GeV
    kT

g> 1 GeV

:[µµg(ME)]⊗PS

* :[µµ+g(PS)]

○ 　 :[µµg(ME)-LL]⊗PS

w/o virtuality ordering



Parton Shower

σ(√S)

mR
√S=√x1 ・ x2 ・ S0

forward evolution

Low efficiency?



Parton Shower:
x-deterministic Method

Q2-evolution Sudakov form factor
Π(Q2

2,Q1
2)

After the evolution (n-times)

x-deterministic



Parton Shower:Test

u quark u quark

: Cteq5L * : PS Q2: 5GeV→100GeV

u quark gluon



Splitting function

LL order NLL order
i,j : quark or gluon

NLL Parton Shower



Numerical results

gluon & singlet quark

H. Tanaka, PTP 110 (2003) 963. 



pT distribution Gluon

on-shell parton radiation
KA2=M0

2

NLL

M0
2<KA2<y3/x3(-s)

H. Tanaka, PTP 110 (2003) 963. 



pT distribution : singlet quarks

on-shell parton radiation
KA2=M0

2

NLL

M0
2<KA2<y3/x3(-s)

H. Tanaka, PTP 110 (2003) 963. 



Drell-Yan Process

Born diagram Loop diagrams

Real radiation
diagrams



Drell-Yan Process

• Process: pp →µ+µ−

• √spp=2 TeV
• PDF : Cteq5L (Escale=√sµµ)
• Cuts: √sµµ>10GeV

Parameters

Results
• σtree=1.026 nb
• σNLO=1.288 nb (K-factor=1.25)
• σP/S= σLL-Sub

•Q2
c independent



ET of µ-pair system

  　 :[µµg-LL]⊗PS

:[µµ(t+v+c)]/PS

:[µµg]⊗PDF 
(w/Double Counting)

* :[µµg(NLO)]⊗PS



Summary
(1) Matrix Elements
     ○Automatic generation by GRACE

(2) Parton Shower
     ○x-deterministic PS at LL
        ○NLL-PS is under development

(3) Soft/Collinear treatment
        ○LL-subtraction method

(4) Application
        ○Drell-Yan process
        ○W,Z+jets processes in future


