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* So the title | was given for these
lectures was

‘Event Generator Basics’

 However after talking to some of you
yesterday evening | realised it should
probably be called

‘Why | Shouldn’t Just Run
PYTHIA
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Plan

« Lecture 1: Introduction
— Basic principles of event generation
— Monte Carlo integration techniques
— Matrix Elements

» Lecture 2: Parton Showers
— Parton Shower Approach
— Recent advances, CKKW and MC@NLO
* Lecture 3: Hadronization and
Underlying Event
— Hadronization Models
— Underlying Event Modelling
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Plan

* | will concentrate on hadron collisions.

* There are many things | will not have
time to cover
— Heavy lon physics
— B Production
— BSM Physics
— Diffractive Physics
| will concentrate on the basic aspects

of Monte Carlo simulations which are
essential for the Tevatron and LHC.
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Plan

 However | will try and present the recent
progress in a number of areas which are
important for the Tevatron and LHC
— Matching of matrix elements and parton
showers
 Traditional Matching Techniques

 CKKW approach
« MC@NLO

— Other recent progress
* While | will talk about the physics modelling

in the different programs | won'’t talk about
the technical details of running them.

CTEQ School July 06



Other Lectures and Information

« Unfortunately there are no good books or
review papers on Event Generator physics.

 However many of the other generator authors
have given similar lectures to these which are
available on the web

» Torbjorn Sjostrand at the Durham Yeti meeting

» Mike Seymour’s CERN training lectures
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Other Lectures and Information

Steve Mrenna, CTEQ lectures, 2004

Bryan Webber, HERWIG lectures for CDF, October
2004

T
P

he “Les Houches Guidebook to Monte Carlo

Generators for Hadron Collider Physics”, hep-

n/0403045

Often the PYTHIA manual is a good source of
information, but it is of course PYTHIA specific.
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Lecture 1

Today we will cover

 Monte Carlo Integration Technique
» Basic Idea of Event Generators

* Event Generator Programs

« Matrix Element Calculations
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Monte Carlo Integration Technique

The basis of all Monte Carlo simulations is the Monte Carlo
technique for the evaluation of integrals

Suppose we want to evaluate

X5

| = j f(x) dx = (X, — x){ (X))

X1

This can be written as an average.

The average can be calculated by selecting N values
randomly from a uniform distribution

1 N
| = | E(XZ—Xl)WZ fF(x)
=1
Often we define a weight
Wi = (X, = %) T (X))

In which case the integral is the average of the weight.
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Monte Carlo Integration
Technique

 We also have an estimate of the error
on the integral using the central limit
theorem

where

Vy = %Z W,? — {%Z WT

CTEQ School July 06
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Convergence

« The Monte Carlo technique has an error
which converges as « o

« Other common techniques converge faster
— Trapezium rule %,
— Simpson’s rule - %,

However only if the derivatives exist and are
finite. Otherwise the convergence of the
Trapezium or Simpson’s rule will be worse.

CTEQ School July 06
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Convergence

In more than 1 dimension

— Monte Carlo extends trivially to more
dimensions and always converges as ™ /iN

— Trapezium rule goes as =\
— Simpson’s rule goes as = I
In a typical LHC event we have ~1000

particles so we need to do ~3000 phase
space integrals for the momenta.

Monte Carlo is the only viable option.

CTEQ School July 06 12



Improving Convergence

The convergence of the integral can be improved by
reducing, V).

This is normally called Importance Sampling.

The basic idea is to perform a Jacobian transform so
that the integral is flat in the new integration variable.

Let’s consider the example of a fixed width Breit-
Wigner distribution

1
(mZ_ M 2)2+ M 2r2

M
2
| = Idm
Mr%\in

where

— Mis the physical mass of the particle
— m s the off-shell mass

— T'is the width.

CTEQ School July 06
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Improving Convergence

* A useful transformation is

m’=MTItanp + M?
dm’ = MI'sec” p dp
which gives
M2 Yo
e 1 ' 1
| = | dm? = | dpMT sec?

M-Lm (m*=M?)*+ M °T? I P pMZFZtan2p+M2F2

Pmin

1 P max

= ijdp

min

So we have in fact reduced the error to zero.

CTEQ School July 06 14



Improving Convergence

In practice few of the cases we need to deal with in real
examples can be exactly integrated.

In these cases we try and pick a function that
approximates the behaviour of the function we want to

integrate.

For example suppose we have a spin-1 meson decaying
to two scalar mesons which are much lighter, consider
the example of the p decaying to massless pions.

In this case the width

r(m)_FoM p(m) 3_1_,0M (mjslz_r(mjyz
 m i lpM)) mm) °
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Improving Convergence

If we were just to generate flat in m? then the weight
would be

W = rnriax_rnriin
i 2
(m2—|\/|2)2+r°m3
M

If we perform a jacobian transformation the integral
becomes

Prmax 2R WAY: 212
1 1 ” (M? =M ?)2 + M 2T

2 3 2 3
+l“m MI, -~ (mZ—M2)2+F°m

and the weight is

1 m?— M ?)? + M “T"?
(pmax _pmin)( ) 1—~2 g
Om

" M,

(m2_ M 2)2+

CTEQ School July 06
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Improving Convergence

801071

Fixed Width 1

Running Width :

* For this case if we
perform the integral
using m? the error is 3
~100 times larger for the * *
same number of
evaluations. T

60107 — _

20 10*11 - p / K‘\\ —
s \

« When we come to event SR
i : Generate
generation this would be 4 flatinm?
a factor of 100 slower. b T~ ]
m_gz_ Generate using e
~transform
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Improving Convergence

» Using a Jacobian transformation is
always the best way of improving the
convergence.

* There are automatic approaches (e.g.
VEGAS) but they are never as good.

CTEQ School July 06
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Multi-Channel approaches

« Suppose instead of having
one peak we have an

integral with lots of peaks, ¢
say from the inclusion of dy
excited p resonances in [
Some pProcess. ot L

« Can't just use one Breit- S
Wigner. The error becomes
large.
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Multi-Channel approaches

 If we want to smooth out many peaks pick a function

1
fi(m) = Zag(m) Z0{(m MZ2)? +MT?

where ¢; is the weight for a given term such that
Xo,=1.
« We can then rewrite the integral of a function /(n¥) as

f (")
dnPl (M) = [ di?l (n?
j () J )+
| (7 ) L (07)
- jdmzzag,(mz) Z jd f(mz)
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Multi-Channel approaches

We can then perform a separate Jacobian
transform for each of the integrals in the sum

M oo
2 2
Yo [amam); L)

I (m?) FL o H(m?)
oy~ Z g
This is then easy to implement numerically by

picking one of the integrals (channels) with

probability o, and then calculating the weight as
before.

This is called the Multi-Channel procedure and is
used in the most sophisticated programs for
Integrating matrix elements in particle physics.

There are methods to automatically optimise the
choice of the channel weights, o

CTEQ School July 06 21



Monte Carlo Integration Technique

In addition to calculating the integral we often also want to
select values of x at random according to 7(x).

This is easy provided that we know the maximum value of
the function in the region we are integrating over.

Then we randomly generate values of x in the integration
region and keep them with probability

p=¥s g
which is easy to implement by generating a random
number between 0 and 1 and keeping the value of x if the
random number is less than the probability.

This is called unweighting.

CTEQ School July 06
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Summary

» Disadvantages of Monte Carlo
— Slow convergence in few dimensions

* Advantages of Monte Carlo
— Fast convergence in many dimensions
— Arbitrarily complex integration regions
— Few points needed to get first estimate

— Each additional point improves the
accuracy

— Easy error estimate

— More than one quantity can be evaluated
at once.

CTEQ School July 06
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Phase Space

Cross section o= 2is [IM[do,(Vs)
1 2
And decay rates F—N“M\ do (M)

Can be calculated as the integral of the matrix

element over the Lorentz invariant phase space.

a0, ()~ [T 58 (2o -3

i=1

Easy to evaluate for the two body case

1 2pdQ

dq)Z(M)_ 8t M 4r

CTEQ School July 06
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Phase Space

More complicated cases can then be handled recursively

Given by

1 (M-my)?
AP, (M)=—— [ dM3d@,(M)do,,(M,)

3n)

There are other approaches (RAMBO/MAMBQO) which are
better if the matrix element is flat, but this is rarely true in

practice.
CTEQ School July 06
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Particle Decays

If we consider the example of top
quark decay t=>bW*-=>bl*v,

2

2
‘I\/I‘Z—l $7/104 P P, By B
sn*g, ) (M, —M2)*+T;M;

The Breit-Wigner peak of the W is
very strong and must be removed
using a Jacobian factor.

lllustrates another big advantage
of Monte Carlo.

Can just histogram any quantities
we are interested in. Other
techniques require a new

integration for each observable.
CTEQ School July 06
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Cross Sections

* In hadron collisions we have additional integrations over
the incoming parton densities

o(s) = j‘dxl fl(xl)j; dx, f,(x,)d (X,X,S)

Xy

o (s) = jd“( )jdxxfu) (T]

* The parton level cross section can have strong peaks, e.qg.

the Z Breit-Wigner which need to be smoothed using a
Jacobian transformation.

CTEQ School July 06
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Monte Carlo Event Generators

+ At the most basic level a Monte Carlo
event generator is a program which
simulates particle physics events with
the same probability as they occur Iin
nature.

* In essence it performs a large number
of integrals and then unweights to give
the momenta of the particles which
interact with the detector.

CTEQ School July 06 28



Example CDF 2 jet + missing

energyevent

CTEQ School July 06
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A Monte Carlo Event

p,p

pb,p

Hadrons

Hard Perturbz osCHT ing:

Isually calculated at leading order
VCD, electroweak theory or
e BSM modek

Hadron

O
Hadrons

Hadrons Q

Hadrons

ve Decays

Al ggm parton skhiowers resum the
/B /10 ~of the

1 ,e_F

Finally the y
dedafaeert

hadronization process.

2
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