


Outline

Today's Lecture

e Introduction
- Why we need event ¢enerators.

» Ingredients of EG and its structure
» perturbative port:

motrixelement, portonshower, portondistribution
function(PDF),matching,...

> non-perturb, part:
hardonization, protonremnont,...



Outline

Tomorrow’'s exercise
» Topics/Exercises
> Generation of random numbers w/
orbitrary distribution

Event Generation
» Solve an integral equation by the MC method

:

Parton Shower



Announcement

&
Home Work




For 'MC Generation' exercise

Please instoll “MAXIMA? (& 'Gnuplot’ if
hecessary) into your PC.

o Maxima is o Computer Algebra System
» Platform free

> Windows, MacOS X, Linux,...
» free 1o use

o If you have “Mathematica” or ony other
utility (C, FORTRAN, root..), it is OK!



Related URL's

* Official web page:

http://maxima.sourceforge.net/

* Download page
http://maxima.sourceforge.net/download.html

* Manual page:
http://maxima.sourceforge.net/documentation.html



Example

F=m >
dt m?©>

F=kx

4 (%311) atvalue(diff(f(t),t),t=0,v);

atvalue (£ (t),t=0,0);
assume (k>0) ;
ho:desolve ([diff (£(t),t,2)+k*f(t)=0], [£(t)]);
k:1;
vil;
plot2d(rhs (ho), [t,0,2*%p1]);

(%01) v

(%02) 0

(503) [Kk>0]

. 1
sin(k t) v

(%204) f(t)=

[
~ K

(%05) 1
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Why we need Event Generator?

Theory/Model
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Why we need Event Generator?

Theory/Model > Cross section

calculation
u Y
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Why we need Event Generator?

Theory/Model > Cross section
calculation

EventGeneratorf >+
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Why we need Event Generator?

Theory/Model <  Cross section
0 the — 0 €XP/1O calculation
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EG data is as important
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EG Structure




Overview of Event Generator

Hadronization
PYTHA/HERWIG
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Overview of Event Generator

/ Prot
P

Hadronization
PYTHA/HERWIG

Parton Shower

pQCD
ELWKSM
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Overview of Event Generator

Hadronization
- PYTHA/HERWIG
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Overview of Event Generator

/' Hadronizotion
2. PYTHA/HERWIG

,‘l-.

Parton Shower

8

1



EG Structure:
Hard
Scattering



ME/Cross section calculations

Lagrangean (SM/BSM)

v - QRT
Feynman rule
Automoticsystem — » \],

(Fig) Motrix Element
kinemotics ok 2h Loop library
Numerical

Inte¢ration

Cross section

20



ME/Cross section calculations

Lagrangean(SM/BSM)

! g
i

Matrix Element
kinemotics - - Looplibrary
Numerical
Integration

Cross section

21



Feynman Rule (QCD)

(=t
e o)
(all mgment.a inCoPning )

FXEAD X BC S0 rd — Doy OS5

RFXNABFXCD (e T35 — Fond GGy

—2ga X AL X2 (GasFvs — Fas598~

ngB-C" qc::

_'ig (H]c'ﬁ. t:'_fﬂ)ji
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Feynman diagram:qq— WWg
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Feynman diagram:qq— WWg

Craph &1 Craph &2 Ceraph 83

Graph 84

Graph 83

Ceraph 84

153 diogroms

- B
Sl 8
.l-g
7] . W
- Preon. W



ME/Cross section calculations

Lagrangean(SM/BSM)

V- ORT
Feynman rule

Matrix Element
kinematics - b Looplibrary

Numerical
Inte¢rotion

Cross section
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Motrix Elements (General Structure)

GNLO_G +Gloop+GR

tree

HH%

:Gtree( T 6\/ T 6s/c: ) VIS

s, -Virtual(loop)correction
5, - S0fT/Collinear correction
g, - Visible jet crosssection

26



Matrix Elements (IR Structure)

Nocolored parton in final state at tree level.

, ofter UV-div. renormaliz
No IR—c‘J:vergenCe

!

O-NLOZ[O-tree(‘I T 6\/ T 6s/c: )+O— ]® PDF/PS

VIS

27



Matrix Elements (IR Structure)

Nocolored parton in final state at tree level.

, ofter UV-div. renormaliz
No IR-divergence

O-NLOZ[O-tree(‘I T 6\/ T 6s/c: )+O— ]® PDF/PS

1/ €21/ €
concellotion

VIS

Space/timedimension:d=4+7 € |,
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Matrix Elements (IR Structure)

A
"4 [ deosp
OoC cd)
@ : pq /0 dq f—1 cos ) —

q

2 = (5 tp) 0:Colinear divergen

— 2pqu
= F,E,(1— cosf)

-

0:Soft divergence
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Matrix Elements (IR Structure)

Dimensional Regularization

f d:r:—:»/ dx 1:@)
0 «’17_\

/!
Divergentat x=0 IR sofe if € )0
/"“ " fi(:c) [ f(:c)l—f(O) : fl(O)
0 AO/ 0 *

IRsafe 1/ € pole f(0)
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Matrix Elements (IR Structure)

Nocolored parton in final state at tree level.
No IR-divergence

]&® PDF/PS

VIS

O-NLOZ[O-tree(—I T 6\/ T 6s/c; )+G

1/ €201/ € 1
concellotion

P(x):Splitting function  Space/timedimension:d=4+7 € .,
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Matrix Elements (IR Structure)

Nocolored parton in final state at tree level,
ofter UV-div, renormaliz

No IR-divergence

O-NLOZ[O-tree(‘I T 6\/ T 6s/c: )+Gvis] ®

1/ €201/ € 1
concellatie

PDR /Parton Shower

P(x): Splitting function  Space/timedimension:d=4+7 € .,
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[

on-/off-shell | self-energy
Vs
240 | 2(p*)=Crg(1-Ink)
P —
=21 Qe 1
P =0 Z(D) (“ 41’"t._{R Ap(pr.p2. k) =
"
A.5.1 casel

B2 =0, p2=0, )?:qQ#U,andL

Matrix Elements(Loopw/ M

| kH

= AL (p1, p2, k)

-

P2

ok

JT“(CF——C ) (i + 7§ =)
2
| g Pp}l
gT 5( —(f17 +JT2{ 2
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o e

4 1 4L 10

Er
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Soft/Collinear correction (final color)

Two types of div. 0/
* Collinear div.

* Soft div.

: | Lorentz inv./Process indep.
} @ iZ?Sn‘,v" * Phase space slicing
| * Subtraction :
R G S— * Slicing/LLL-Subtraction
°f o / hybrid
softregion 1,

34



Soft/Collinear correction (final color)

Collinear Part
_[d@_+1|m|2

o)

1
( ﬂux

n+1"

f
(ﬂux .,‘"d(p +1| Eﬂ|

Q1)
fd¢|wg|_f

[ ez,
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Soft/Collinear correction (final color)

Soft Part |

On1™ 7 1 . Jﬂddjr.l+1‘ﬂ’f|I /V\

n+1 {ﬂh‘.l) Q : N
v
[ﬂm Idfﬁ | My ® & @
d SR, M,
b= ] de " R

o 919> soft
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Soft/Collinear correction (final color)

Collinear Part:

- mg 1 5' | 1
5 = 3+41 /
col T E‘IR 4 [ Gg(O HF}) EIR
(02 115)~log (0% )]
Soft Part:
o, 1
{Smﬁz_ (lﬂg Q fS +lﬂg(Q I’UF ]

il
1T EIR €
i

+1 g
12” ) ﬂg(Q.fJu
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Soft/Collinear correction (final color)

Examples Z-dd [~ "_ 1 145,
Oy = 0,126,,+6,,
x, T « 1
Virtul %= 7 200l k)
correction: 7
+2 S —8+€1T2+3 109(8/[.!;)—1092(5/11127)
1T

Result: S.==(-1+m"13-310g(0/s)—210g’ (0 s)|

21T

38



Soft/Collinear correction (final color)

Examples Z-dd

FZ—)dE’ = F@(1+5a5)!
5. = 5,425

col

+0

soft

l

&, 1

Virtusl >~ 7 @
correction:
+ AY
21T

4 s (3 —21og (S/u;)) —

27T E]R

b

—8+Z ’+310g (S/u;)— Log’ (S/IJ;)

Result: S.==(-1+m"13-310g(0/s)—210g’ (0 s)|

21T

+HardCorr, -

I,=I,~—=0.01445 GeV

TT
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ME/Cross section calculations

Matrix Element
Automoticsystem =,

(i, Numerical
~ Integration
kinematics "y Looplibrary

Cross section

-

Probability density

Event Generation
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What is event generation? I

Generation of many sets of values of variables x,, x,, ..., x,
which reproduce the distribution of function fix,, X, ..., x ).

o do(xyxy,.. x,)
flx, Xy, X, ) =

dx,dx,..dx,
Event generation = Generation of many sets of Radom numbers

with a given specific distribution

set of random # :{xl., Xy een, xn}—> {51’52, . En} !
Flat distribution — according to f(x)

Prepared by S. Kawabata (KEK)



Random # generation w/ arbitrary dist.

B Direct Method
A function f{x) defined in |a, b] gives
the probability density p(x) :

1 b
pH) = —— f(xjwf ()dx=1
I, fy)dy s

If the variable z , defined by

n
= fp(xmx N L L.

[” fy)dy

has a uniform distribution in the region [0,1],

the variable h has a distribution with the probability density p(x).

INB] ® The function f{x) must have the generating function F(x) = f f(x)dx

B The generating function y = F(x) must have the inverse x = F-/(y) .

Prepared by S. Kawabata (KEK)

42



Random # generation w/ arbitrary dist.

| discrete1

J2qWiNU WopupJ 4D|

/\ discrete2 ——=—

Distribution needed
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Random # generation w/ arbitrary dist.

J2qWiNU WopupJ 4D|
Y

| discrete1
discrete2 ———

.l/"f‘
/ / \

Distribution needed
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Random # ¢enerationw/ arbitrary dist.

Analytically integrable &
analytically invertible

!
directory convertible

otherwise

prepare numerical toble
Exercise#

45



EG Structure:

Soft Port(1)
Parton Shower




Overview of Event Generator

n
RE
=3 s [ J8
= 31 =9
~N D
i - =ENEE
3 QY- 2 | 2%
= = = -
Q) e Q) =9
- High Q2 =
Low Q2 X Ty 0w Q2

Parton Shower

HAN
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Parton Shower

DGLAP Equation Splitting function < pQCD

A

D)=L [ Dp o)y, @)

+
D, =11, 000, @)+ [ 4em@, k) [ L Ply)Diay 7

e, Q* —EKD(‘—'—f ﬂ ffIP( )) Sudakov Factor

:

non-branch provability
48



PS © PDF

Initial parton distribution @ Low Q32

"

PS(MC)
or
PDF(analy)

UOILN[OA2

Parton distribution @ High Q?

Ex. data

49



PS © PDF

‘PDF:
* Initial distribution: data fitting
* Q% evolution: Analytic solution of DGLAP Egq.
* No kinematical information

*PS:
* Initial distribution: from PDF
* Q2 evolution: MC method to solve DGLAP Eq.
 generate Pt distribution

50



Parton Shower

DGLAP Eq. (Integral-differential equation)

dD(x,Qz)_ x (*dy 2
dlog(0?) 2mdoy P(x/y)D(y, Q")

1+ x° 1—e
q=q+g P (x)=| == |2 0(1—e—x)=5(1-x)[ " dv P(y)
dDzK2+ic(e)D:iPDD

d K 21 21T
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Parton Shower(exponensiation)

®©
x
O
—~

.
\/
~—
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Parton Shower

homogeneous Eq.

il ., « Sudakov form factor
7 K2 K -I—E cll =0 l

non-branching prob.

Inhomogeneous Eq.
dD

K +%CD:%PDD

D(x,K))=D(x,K)I(K* Q")

_K’=—pP0OD
d K 21T
N ~ dK°
D=——\| PUD +
27Tf e ¢

99



Parton Shower

Integral equation

D(x,0°)=11(Q"0}) D(x,0})+5% PO D(x, K’) dR
K
H(Q?,Q(?):—exp(fi% = d,ﬁ [, dxP(x)

Method of successive substitution
Equation ®(x)=f (x)+A [, K(x,y)d(y)dy

o™ approx. bo(x)=f(x)
- B, ()= (x)+A [ K(x,9)by(y)dy

one b, (x)=f (x)+A [ K(x,y)p,(y)dy



Parton Shower

Method of successive substitution

No eml‘ssion 1portonemission

g

b=/ ()+A [ K (x, y)b(y)dy
F27 [ v [ dv K (x, 3)$(3) K (3, 2) ()

M

2 porton emission
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Parton Shower

Method of successive substitution
b(x)=f(x)+a [ K(x,y)d(y)dy

b,=f (x)+A [ K(x,y)b(y)dy
22 dy [ dy K (x, y) () K(y, )b ()

b,(x)=/f(x)+2._ N[ K,(x,»)f(y)dy

K(x,y)=] [ dy,-dyK(x,y)K(y,_,,)
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ME/PS Matching




ME/PS Matching

@ : Motrix Element

KO< K1<.. <K4 T

Ksvirtuality=-q ’

0 —
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ME/PS Matching

i§/ o 011X Element

K<KL<..< %\ K :virtuality =-qu°2
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ME/PS Matching (phose space separation)

StopPShere
: Matrix Element
o\ | &

K<KL<..< %\ K :virtuality =-qu°2

0 —

A
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ME/PS Matching(Subtraction)

Matrix Element

€
\

D
o ,

N 2
167 Olg 1 #1L—
M <q . Zq@.) o) ( )
i i




EG Structure:

Soft Port(2)
Hadronization



Hadronization (String Model)

quark, #luon—>color line

{)
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Hadronization (String Model)

quark, #luon—>color line

{)
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Hadronization (String Model)

F
Start by ignoring gluon radiation:

e T e~ annihilation = pointlike source of gq pairs

Intense chromomagnetic field within string = ¢q pairs created
by tunnelling. Analogy with QED:

d(Probability)

dx dt
Expanding string breaks into mesons long before yo-yo point.

XK

X exp(—:frm.g/ﬁ:)

Event General in Webber
65



Hadronization (Cluster Model)

quark, #luon—>color line

{)

66



Hadronization (Cluster Model)

quark, #luon—>color line

67



Hadronization (Cluster Model)

—
Although cluster mass spectrum peaked at small m, broad tail at

high m.

“Small fraction of clusters too heavy for isotropic two-body decay
to be a good approximation” = Longitudinal cluster fission:

mesonic resonances (=clusters)

Decay to lighter well-
known resonances and stable hadrons.

Rather string-like.
Fission threshold becomes crucial parameter.
~15% of primary clusters get split but ~50% of hadrons come from them.

Event Generator Physics 3 Bryan Webber 08



_EG Structure:
Summary

&
Home Work




Summary

» What is a'must” for EG ot LHC-era?
. 0, X(K-factor)— NLO ME

> ME/PS Motching

» fast & Stable Numerical Calculation
> High Generation Efficiency

> fully Exclusive

> Non-p Effects it necessary

> LHA-Compliant Interfoce

70



Exercise

T
® Exe. 1. Generate random numbers according to

following distributions
(1) f(x)=—

, a=09,—-1<x<l1

Cl—ax
(2) flx)=1, e<x<l+e,e=0.001
X
(3) f(x)=<x2_m2)12+mzrz,m=9O,F=2,m—5F<x<m—|—5F

® Exe. 2: Solve following integral equation by a MC
method
$(x)=f(x)+A[, K(x,y)b(y)dy

fx)=x(1=x), K(x,y)=exp(=(x—y)),A=0.5
71
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