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What this is about ...

The long, long way from
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.... or

from gambling ....
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Christlan-Albrechts-Universitat zu Klel Econophysics Colloquium, August 2B-30, 2008 In Klel, Germany

Econophysics Collogquium 2008

August 28-30, 2008 in Kiel, Germany

Aims

The annual colloguium, now in its fourth consecutive year, provides a platform for the presentation
of interdisciplinary ideas from different communities, for instance economics and finance, physics,
mathematics, biclogy, computer science, engineering, etc.

The conference's main aim is to foster an open-minded, cross-fertilizing, and regular exchange of
ideas among scholars and practitioners of the different fields in a friendly environment.

Conference Topics

Conference topics traditionally include the application of methods and modeling paradigms from
statistical physics and complexity science to socio-economic guestions and problems, for instance
in the following fields:

- Statistical and probabilistic methods in economics and finance
= Multi-scaling analysis and modeling
- Complex socio-economic networks

_ ¢ = Agent-based models in economics and finance

= Evolutionary economics

Information, bounded rationality, and learning
Markets as complex adaptive systems
Mon-linear dynamics and econometrics



... via applications in economy

What is monte carlo simulation? montecarlo analysis? http ://'www _decisioneering.com/monte-carlo-simulation.html

DECISTONEERING

Search Site

Crystal Ball Risk Analysis Soffware & Solutions

Information On

Risk Resources =

[ Fina )

Products ®  Training ®  Consulting ™  Support ®  Howto Buy =

MNews & Company

Six Sigma & DFSS RISK ANALYSIS OVERVIEW ﬂvgfw.ﬁ
Industries il
& Applications WHAT IS MONTE CARLO SIMULATION? I
Getting Started : :
on Our Site What do we mean by "simulation?" what is a
Trai Modei?
raining Classes . .
AcadEs Progre When we use the word simulation, we refer to any analytical method Traditional
meant to imitate a real-life system, especially when other analyses Rigk Analysis
Rl are too mathematically complex or too difficult to reproduce. PR
izl Arralysis
Without the aid of simulation, a spreadsheet model will only reveal a 5
Quick Links single outcome, generally the most likely or average scenario. Simulation
Shop Spreadsheet risk analysis uses both a spreadsheet model and Aty
e simulation to automatically analyze the effect of varying inputs on of Resylie
e outputs of the modeled system.
Newsletters Benefrts of
Risk Amalysis
Contact Us One type of spreadsheet simulation is Monte Carlo simulation,
which randomly generates values for uncertain variables over Optimization
and over to simulate a model. _ _
Time-senes

Worldwide Offices

United States
United Kingdom

Germany

How did Monte Carlo simulation get its name?

Monte Carlo simulation was named for Monte Carlo, Monaco, where the primary

attractions are casinos containing games of chance. Games of chance such as
roulette wheels, dice, and slot machines, exhibit random behavior.

The random behavior in games of chance is similar to how Monte Carlo

simulation selects variable values at random to simulate a model. When you roll
a die, you know that either a 1, 2, 3, 4, 5, or 6 will come up, but you don't know
which for any particular roll. It's the same with the variables that have a known
range of values but an uncertain value for any particular time or event (e.g.
interest rates, staffing needs, stock prices, inventory, phone calls per minute).

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug ZUUB




... applications in risk management
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E i el Risk fissessment

= Any commercial venture is affected by risk. Calculate risk with Palisade

. London: 21 - 22 September

The complete rizsk and  software and training. And start making better decisions today. ° ink i i
decision analysis 1= SEESSMEN

toolkit
MeuralTools

Sophisticated neural I ..nt;' Pension, Insurance Besearchers Develop @RISK Model to Project “‘ Merck Uses @FIISK
networks for Microsoft EI "o Key Indices b for Value-at-Risk
Excel. iE;l}‘s"t? Three leading actuarial authorities teamed up to develop an @RISK model
for pension and insurance risk planning. The resulting model provides a

StatTools free, and publicly accessible integrated frarmework for sampling future

Advanced statiztics financial scenarios.

toolkit for Microsoft 2006 Palisade User Conference: Americas, November 13-14 © HEW! Palisade Web Forums

Excel. Miami @ Crystal Ball Users - Click Here

© Academic [ Student Version

Join us in Miami for America's most innovative risk and decision analysis
@Rl_'-—;lK 4.1 for forum. From hands-on softeare training to real-world case studies and 5
Project best practices, the 2006 Palisade User Conference has something for O I|a;_§ pectrometry
Delivering schedule EVEryOne. @ Palisade Europe
and cost risk analysis @RISK Models EU Blood Screening salesmpdlisadeRito et e

The only significant disease for which blood transfusions continue to pose +44 18395 425050

a health risk is hepatitis BE. The Hospital Clinic in Barcelona, Spain used 0800 753 5398 UK
@RISK to model the best ways to manage this risk. 0500 20 50 532 France
0500 1581 7449 Germany
200 23 59 16 Spain

to Fro'ect MANagers.
@RISK Developer's

Kit

Risk analysis in your
own applications. See
web-based

Palisade Featured in Quality Digest

Highlighting the growing popularity of Palisade tools in the quality control
community, trade leader Quality Digest recently published the article © Click here for more contact info.
applications. "Meural Metwaorks Software Crunches the Big Murmbers,” highlighting

MeuralToals.

| Introducing HeumalTools

" MeuralToals, Palisade's new Meural Networks add-in for Excel, is nowr

! 5’ available. Cwer 2000 people participated in the NeuralTools BEeta.
Featuring Live Prediction that works with Evolver and Solver, MeuralTools
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Why do we need all that ?

® because physics and life is more complicated than a simple equation,
which can be solved analytically ...

BUT

® Monte Carlo techniques are
® widely used
® are of enormous advantages
® can be used to simulate any complicated process
® are now EVEN used in particle physics theory ...... Il .
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Where is the problem ?
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here is the problem: hadronic final state
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Iv\/her'e is the problem: hadronic final state

3

S

processes of (O > o have not yet been calculated ...

interesting to go closer to outgoing proton remnant
forward jets !l

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2008 15



H1 forward jet data
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have not yet been calculated ...

interesting to go closer to outgoing proton remnant

forward jets !l
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Iv\/her'e is the problem: hadronic final state

N
E Higgs
v production
Jet — veto
0
v

® processes of (O > a? have not yet been calculated ...
* interesting to go closer to outgoing proton remnant

> jet veto in Higgs production at LHC

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2008 17



How to simulate
these
processes ?



Monte Carlo method

®* Monte Carlo method
® refers to any procedure that makes use of random numbers
® uses probability statistics to solve the problem
® Monte Carlo methods are used in:
@ Simulation of natural phenomena
® Simulation of experimental apparatus
® Numerical analysis

® Random number:

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2008
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Monte Carlo method

®* Monte Carlo method
® refers to any procedure that makes use of random numbers
® uses probability statistics to solve the problem
® Monte Carlo methods are used in:
@ Simulation of natural phenomena
® Simulation of experimental apparatus
® Numerical analysis
® Random number:
one of them is 3
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Monte Carlo method

®* Monte Carlo method
° refers to any procedure that makes use of random numbers
® uses probability statistics to solve the problem
® Monte Carlo methods are used in:
@ Simulation of natural phenomena
® Simulation of experimental apparatus
® Numerical analysis
® Random number:
one of them is 3
No such thing as a single random number
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Monte Carlo method

®* Monte Carlo method
® refers to any procedure that makes use of random numbers
® uses probability statistics to solve the problem
® Monte Carlo methods are used in:
@ Simulation of natural phenomena
® Simulation of experimental apparatus
® Numerical analysis
® Random number:
one of them is 3
No such thing as a single random number
A sequence of random numbers is a set of humbers that have
nhothing to do with the other numbers in a sequence

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2008
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Going out to Monte Carlo

@ Obtain true Random Numbers
from Casino in Monte Carlo

® Puhhh... Going out every night

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2008
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Random Numbers

® Tn auniform distribution of random numbers in [0,1] every number

has the same chance of showing up
* Note that 0.000000001 is just as likely as 0.5

To obtain random numbers:
Use some chaotic system like roulette, lotto, 6-49, ...
Use a process, inherently random, like radioactive decay

BUT not enough for most applications

< .... we have true random number generators ...

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2008 24



True Random Numbers

@ Random numbers from classical @ Random numbers from quantum physics:
physics: coin tossing infrinsic random
evolution of such a system can photons on a semi-transparent mirror

be predicted, once the initial

condition is known... however it is Photon source Semi-transparent mirror
a chaotic process ... extremely
sensitive to initial conditions. | 50% “1”
@  Truly Random numbers used for o 5,
@ Cryptography 2
Photon 50% <

Confidentiality
Authentication
@ Scientific Calculation
@ Lotteries and gambling
do not allow 1o increase @ Available and tested in MC generator by
chance of winning by having a
bias .... too bad

Single-photon detectors

a summer student
@ (Generator is however very slow...

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2008 25



Random Numbers

® Tn auniform distribution of random numbers in [0,1] every number

has the same chance of showing up
* Note that 0.000000001 is just as likely as 0.5

To obtain random numbers:
Use some chaotic system like roulette, lotto, 6-49, ...
Use a process, inherently random, like radioactive decay

BUT not enough for most applications
Hooking up a random machine to a computer is NOT toooo00 good, as
it leads to irreproducible results, making debugging difficult....

2 Develop Pseudo Random Number generators Il

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2008 26



Pseudo Random Numbers

Pseudo Random Numbers
are a sequence of numbers generated by a computer algorithm, usually
uniform in the range [0,1]
more precisely: algo's generate integers between 0 and M, and then
r=I /M
A very early example: Middles Square (John van Neumann, 1946):
generate a sequence, start with a number of 10 digits, square it, then
take the middle 10 digits from the answer, as the next number etc.:
57721566492= 33317792380594909291
Hmmmm, sequence is not random, since each number is determined
from the previous, but it appears to be random
this algorithm has problems .....
BUT a more complex algo does not necessarily lead to better random
sequences ....
Better us an algo that is well understood

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2008 27



Random Number generators

study by B. Domnik (summerstudent 2005)

Compare random number w00

generators with physics process 700 |

* y spectrum of electron s00 |
> observe peaks . :
2 coming from physics ? %

200 |

100:

500 |
400 |

300 |

—— bad random number generator

Ll Ll 1] | Ll T | A A Ll Ll
01 02 03 04 O 0e 07 08 08

¥
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Random Number generators

study by B. Domnik (summerstudent 2005)

Compare random number T
00 | —— true random number generator
generators with physics process : — had random number generator
* y spectrum of electron 00
> observe peaks %: s00
2 coming from physics ? % s00 |
> BUT coming from bad random % wo b
number generator ) -
o |
g S P R D S | Ll

Ll | [ T | I A Ll 1
0 0.1 0, Q. Q. o 06 0.7 0.8 08 1
Y

From now on assume:

we have good random number generator
H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2008
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Simulating Radioactive Decay

@ radioactive decay is a truly random process
@ dN=-Nu«adt ie.N=N,e
® probability of decay is constant ... independent of the age of the nuclei:
probability that nucleus undergoes radioactive decay in time At is p:
p= oAt (for x AT <1)
@ Problem:
consider a system initially having N, unstable nuclei.

How does the number of parent nuclei, N, change with time ?

@  Algorithm:
LOOP fromt=0 to t, step At
LOOP over each renmi ni ng parent nucl eus
Decide if nucl eus decays:
| F ( random # < aAt ) then
reduce nunber of parents by 1
ENDI F
END LOOP over nucl ei
Plot or record N vrs t
END LOOP over tine
END

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2008 30



IThe first simulation: radioactive decay

® implement algo into a small program
@ show results after 3000 sec for:
N,= 100, x = 0.01 s
At =1s
N,= 5000, a=0.03 s
At =1s

® algo:
al phal = 0.01
NO1 = 100
deltat =1
do I=1, 300
it =it +1
doj =1, NO1
X = R\1
fr = deltat*al phal
If(x.1t.fr) then
o reduce nunber of parents NO1
NO1 = NO1 - 1

endi f
C fill for each tine it nunber NO1
call hfill (400,real (it+0.3),0,1.) !
enddo

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2008
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IThe first simulation: radioactive decay

implement algo into a small
program z100
show results after 3000 sec for: »

60

N, = 100, & = 0.01 s

40
At =1s 20
No: 5000, a =0.03 s*! .

At =1s Z10§

MC experiment does not exactly
reproduce theory ...
results from MC experiment

show statistical fluctuations ... 10l

........ as expected ........

N,=100, 0:= 0.01

100

t

200 300

N,=100, 0= 0.01

100
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Monte Carlo technique: basics

> Law of large numbers
chose N numbers u, randomly, with probability density uniform in [a,b],

evaluate f(u) for each u. :

1 & 1P
N o fw) e [ fwda
=1 a

for large enough N Monte Carlo estimate of integral converges to correct

answer.

® Convergence
is given with a certain probability ...

THIS is a mathematically serious and
precise statement il

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2008 33



Expectation values and variance

Expectation value (defined as the average or mean value of function £ ):

b N
Blfl = [ Fw)dG(w) - (bia / f(U)du) = > ()

for uniformly distributed u in [a,b] then  dG(u) = du/(b— a)
rules for expectation values:

Elcx + y] = cE[x] + Ely]
Variance

Vil = [ (7 - Blf)* do- (bia / <f<u>—E[f]>2du)

rules for variance:
if X,y uncorrelated: Viex + y] = *V]z] + V[y]
if x,y correlated Vicz +y] = c*V[z] + V[y|+2cE [(y — Ely]) (x — Elz])]

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2008 34



Central Limit Theorem

® Central Limit Theorem
for large N the sum of
independent random variables
is always normally (Gaussian)

distributed: ] )
1 (x —a)’

) = X —
f(z) 5 P 5o
® example: take sum of uniformly
distributed random numbers:

Ry = Z?:l R;

E[R1]) = [udu=1/2,

VIR = [(u—1/2)?du=1/12
ER,) =n/2

VIR, =n/12

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2008
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Central Limit Theorem

@ Central Limit Theorem

for large N the sum of ® for Gaussian with mean=0 and

variance=1, take for n=12:

independent random variables R, — n/2
. . N(0,1) —
is always normally (Gaussian) n/12
distributed: i . 0.2 0.2
1 (x — &)2 0.15 | R, 0.15 | R,
f(x) N S\/ 27 P 282 01 | i 0.1 |
» example: take sum of uniformly  °®| "
distributed random numbers: "5 25 o 23 5,( "5 25 0 25
Z? 1 R o.c;s = . | Riz
E Rl] fudu — 1/2 0.06 |- 0.04 |-
V ]_] f(u — 1/2)2du — ]./].2 0.04 | 0oz |
E n] — ’I’L/Q 0.02 | -
VIR, =n/12 oy s O gs e o

H. Jung, Simulations in high energy physics, summerstudent lectur



Resumee: Monte Carlo technique

® Law of large numbers

1 < 1
N E fui) — b—a/ f(u)du
=1 a

MC estimate converges to true integral

@ Central limit theorem
MC estimate is asymptotically normally distributed
it approaches a Gaussian density

_vvifl 1
VN VN
with effective variance V(f)
2 +to decrease o, either reduce V(f) or increase N
® advantages for n-dimensional integral ...
i.e. phase space integrals 2 - n processes

is where other approaches tend to fail

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2008
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Monte Carlo: Buffons Needle - Hit & Miss
® Buffons needle (Buffon 1777) E

pattern of parallel lines with
distance d,

| oop over ntrials
x=RN(1) * d

al pha = RN(2) *3.1415 * 2
y = d * abs(cos(al pha))
I f((x+y).gt. d) nhit = nhit

randomly throw needle with
length d onto stripes,

count hit, when needle crosses
strip count miss, if not

+ 1
* probability for hit is: endl oop
wite ' pi ="', 2*ntrial/nhit
d cos()

¥ = cos(a) trials T error

100 2.9850 0.2374

all angles are equally likely: 1000 3.2733 0.0749

/2 10000 3.1645 0.0237

foﬁ cos(a)da 2 100000  3.1483 0.0075

- = 1000000  3.1401 0.0024

http://www.angelfire.com/wa/hurben/buff.htn 10000000  3.1422 0.0008

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2008
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I Buffons Needle: Crude Monte Carlo

> Buffons needle (Buffon 1777) is
essentially integration of

/TIN

/2
/ cos(a)da
0

* apply Law of large numbers:

1 & 1P
¥ ) = g [
1=1 a

g

trials
* compare Hit & Miss with 100
) 1000
Integration 10000
100000
o ]st example Of true Monte 1000000
Carlo experiment 10000000

100000000

® equivalence of integration and

MC event generation

b, Aug 2008

0

r(hit&miss)

3.27869
3.36700
3.14218
3.13087
3.14127
3.14154
3.12174

mr(integral)

3.12265
3.11833
3.15129
3.13416
3.14337
3.14168
3.14156
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Integration: Monte Carlo versus others

One dimensional quadrature

@ Monte Carlo: Hit & Miss
w =1 and x, chosen randomly

® Trapezoidal Rule:
approximate integral in sub-
interval by area of trapezoid
below (above) curve

@ Simpson quadrature
approximate by parabola

® (Gauss quadrature
approximate by higher order
polynomial

Trapezoid Rule

m

method | err (1d) | error

MO n—1/2 =172
Trapez n =2 n—2/d
Simpson | n~* n—4/d
Gauss n—2m—|—1 n—(2m—1)/d

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2008
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MC method: advantage of hit & miss

® integration « weighting events
large fluctuations from large weights
weights also to errors applied
difficult to apply further
hadronization
® real events all have weight = 1 lll

@ Hit & Miss method:

MC for function f(x):
get random number:
R1in (0,1) and R2 in (0,1)

calculate x = R1
reject event if: f_<f__ R2

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2008
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MC method: advantage of hit & miss

® integration « weighting events
large fluctuations from large weights
weights also to errors applied
difficult to apply further
hadronization
® real events all have weight = 1 lll

@ Hit & Miss method:

MC for function f(x):

get random number:

0
R1in (0,1) and R2 in (0,1) 0 0.20.40.60.8 1

calculate x = R1 X
reject event if: f_<f__ R2

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2008 42



MC method: advantage of hit & miss

® integration « weighting events
large fluctuations from large weights
weights also to errors applied
difficult to apply further
hadronization
® real events all have weight = 1 lll

@ Hit & Miss method:

MC for function f(x):

get random number:

0 ~—

R1in (0,1) and R2 in (0,1) 0 0. 20 40.60.8 1

calculate x = R1 X
reject event if: f_<f__ R2
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MC method: advantage of hit & miss

® integration « weighting events
large fluctuations from large weights
weights also to errors applied -
difficult to apply further é
hadronization
® real events all have weight = 1 lll
® Hit & Miss method: 20

MC for function f(x):

get random number:

0 SO
R1in (0,1) and R2 in (0,1) 0 0.20.40.60.8 1

calculate x = R1 X
reject event if: f_<f__ R2
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MC method: advantage of hit & miss

® integration « weighting events
large fluctuations from large weights
weights also to errors applied -
difficult to apply further é
hadronization
® real events all have weight = 1 Il
® Hit & Miss method: 20

MC for function f(x):

get random number:

0 = Lo
R1in (0,1) and R2 in (0,1) 0 0.20.40.60.8 1

calculate x = R1 X
reject event if: f_<f__ R2

® BUT: Hit & Miss method inefficient for peaked f(x)

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2008 45



MC method: do even better ...

® TImportance sampling

MC for function f(x)
approximate f(x) ~ g(x)
with g(x) > f(x) simple and integrable
generate x according to g(x):

/ g(z")dx' = Rl/ g(z")dx'

example: f(z) = 1/330.7
9(z) =1/z

R1
L = Lmin (xmaw)

Tmin

reject event if: f(x) < g(x) R2

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2008
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I MC method: do even better ...

® TImportance sampling

MC for function f(x)
approximate f(x) ~ g(x)
with g(x) > f(x) simple and integrable
generate x according to g(x):

/ g(z")dx' = Rl/ g(z")dx'

f(x)

example: f(z) = 1/330.7
9(z) =1/z

R1
—_ xmaa:

wmzn

reject event if: f(x) < g(x) R2

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2008
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MC method: do even better ...

® TImportance sampling

MC for function f(x)
approximate f(x) ~ g(x)
with g(x) > f(x) simple and integrable
generate x according to g(x):

/ g(z")dx' = Rl/ g(z")dx'

f(x)

example: f(z) = 1/330.7
9(z) =1/z

R1
W = oomiin © (CUmaw) X

wmzn

reject event if: f(x) < g(x) R2

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2008



MC method: do even better ...

® TImportance sampling

MC for function f(x)
approximate f(x) ~ g(x)
with g(x) > f(x) simple and integrable
generate x according to g(x):

/ g(z")dx' = Rl/ g(z")dx'

example: f(z) =1/2°%7
g(z) =1/x o 0 0.20.40.60.8 1
€Xr — :Emi'n, * (CUmaa:) X

wmzn

reject event if: f(x) < g(x) R2
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I MC method: do even better ...

® Tmportance sampling

MC for function f(x)
approximate f(x) ~ g(x)
with g(x) > f(x) simple and integrable
generate x according to g(x):

/ g(z")dx' = Rl/ g(z")dx'

example: flz) = 1/330.7
a2 N
glw) =1/z 0 0.20.40.60.8 1

R1
W = oomiin © (CUma,a:) X

wmzn

reject event if: f(x) < g(x) R2

> wow Il very efficient even for peaked f(x)

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2008 50



Importance Sampling

® MC calculations most efficient

for small weight fluctuations: tmportance sampling
f(x)dx N f(x) dG(X)/g(X) sample important regions
@ chose point according to g(x)
instead of uniformly

o fis divided by g(x) = dG(x)/dx
® generate x according to: xqi\
b x —
R/ g(x")dx' = / g(z')dx'

» relevant variance is now V(f/Q):
small if g(x) ~ f(x)
* how-to get g(x)
(1) g(x) is probability: g(x) > 0 and [dG(x) = 1
(2) integral JdG(x) is known analytically
(3) G(x) can be inverted (solved for x)
(4) f(x)/g(x) is nearly constant, so that V(f/g) is small compared to V({)

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2008
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We have the method.....
BUT
HOWTO

simulate the physics
2?7?7?



I MC event: hadron and detector level

scattered e

p—remnant

p—beam
920 GeV

Vs ~ 318 GeV
X~7. 10° at Q2 = 4 Ge\?

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2008
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From exper'lmern” to measuremenf

et ° run MC
generator
* detector
simulation
Upppps ...... all measurements rely on proper

MC generators and MC simulation Il

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2008 54



From experiment to measurement

take data

e - U MC
generator
* detector

simulation

<
define visible x - section in kinematic variables
calculate factor C__ to correct from detector to hadron level
MC
dO.da,ta da.data dohad
had __ det C ith C _ _dx
da:‘ T da;‘ corr Wl corr —— dgé\gf
dx
visible x-section on hadron level
.
Upppps ...... all measurements rely on proper

MC generators and MC simulation Il

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2008
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I Monte Carlo - different applications

® MC simulation of detector response
® input: hadron level events - output: detector level events
® Calorimeter ADC hits
® Tracker hits
® need knowledge of particle passage through matter, x-section ...
® need knowledge of actual detector

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2008
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I Monte Carlo - different applications

® MC simulation of detector response

@ input: hadron level events - g or level events
@ Calorimeter ADC hi
* Tracker hif,
® need knowleY{ge oﬁ?ar e passage through matter, x-section ...
® need knowledy§e6T actual detector
®* multipurpose MC event generators:

@ x-section on parton level

® including multi-parton (initial & final state) radiation

® remnant treatment (proton remnant, electron remnant)

® hadronization/fragmentation (more than simple fragmentation functions...)

® fixed order parton level ...... theorists like it NI
® integration of multidimensional phase space

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2008
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Constructing a MC for e‘e": the simple case

® process: e'e du’u >"l“<
do o u
. — _em (q 2 0
d cos 0do 4s ( T eos )

after 100000 events

® goal: generate 4-momenta of Z 4000

u's, need cmenergy s, cos 0, ¢ 3000 v
2000

random number R1(0,1) ¢ = 2 T R1 1000 |-

_ |1
random number R2(0,1)cos 6 = -1 + 2 R2 ¢, 05 0 05 1

ona t

for every R1, R2 use weight with do
. dcosOd ¢
repeat many times

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2008



Constructing a MC for e‘e": the simple case

: v
> process: ee” Yy’ i >"N“<
do o’
S e i —_— (1+(30826’)
cos 0d¢ 4s after 10° events
° goal: generate 4-momenta of “40000 |-
u's, need cmenergy s, cos 0, ¢ 50000 \/
20000 |-
random number R1(0,1) ¢ = 2 r R1 10000 -~
_ |1
random number R2(0,1)cos 6 = -1 + 2 R2 U 5F 8 05
cne t
for every R1, R2 use weight with do
. dcosOd ¢
repeat many times

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2008
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Example event: e‘e” »>pu* u-

* example from PYTHIA: Event listing

| particle/jet KS KF orig p_x p_y p_z E m
1 le+! 21 11 0 0. 000 0.000 30.000 30.000 0. 001
2 le-! 21 11 0 0. 000 0.000 -30.000 30.000 0. 001

10 (z0) 11 23 7 0. 143 0. 040 -3.539 56. 458 56. 347
11 gamm 1 22 3 -0. 143 -0.040 3. 539 3. 542 0. 000
12 nu- 1 13 8 9.510 1.741 24.722 26. 546 0. 106
13 nu+ 1 13 9 9. 653 1.700 28. 261 29.913 0. 106

sum 0. 00 0. 000 0. 000 0. 000 60. 000 60. 000

® technicalities/advantages

2 can work in any frame

2 Lorentz-boost 4-vectors back and forth
2 can calculate any kinematic variable

> history of event process

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2008
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Constructing a MC for ¢ ¢ — qq

process ete” — qq ¢ 1.7
color
™ string
dO- 0{2 e _““ﬁ‘
= = (1—|—00329) q U
d cos Odg¢ 4s

generate scattering as for ee” >u*y

BUT what about fragmentation/hadronization 22?

use concept of local parton-hadron duality

Different approaches to fragmentation/hadronization:
= independent fragmentation

= cluster fragmentation (HERWIG model)

= string fragmentation (Lund Model) NEXT PAGE

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2008
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The first MC steps ...

® Monte Carlo source code of JETSET, fits on 1 page

aEEandll

Listings of the program companants.

BROUTINE JETGENIN)
ESHHON JIET/ K(100,2)+ PU1001S) . g6 WFIN IFLBEE
CONMON /PAR/ PUDy P81y SIGMAs Xy EEPHQS!tV!
coMMON 70ATA1/ NESO(9:2)s CHIXCHs2)y
[FLSGN=110-1FLBEG) /S
We2, SEREG
1=0
Po=0
[ FL:WUH AND PT FOR FIRST GUARK
[FL1=14B8 { IFLBEG) |
PT4s81GHAESART (~ALOG (RANF (D))
PHI1=h, 20320RANF (D)
PY{=pT1+(OB(PHIT)
Py isPT1oSINIPHIY)
100 1s1+1
¢ 1nEL1UGUK AND PT FOR NEXT ANTLGUARK
' 1FLZ% 1+INT CRANF (D) /PUD)
51258 [GHAYSART(-ALOGCRANF €0 )
PHIZEb, 283 20RANF (D)
PY2=PT2eCOG(PHIZ)
A FLAVOUR MITED
N FORMEDs 3PIN ADDED ANII\. LAYoU
! nsigiu!"HESOfﬁithLi-lrlliLL\AFLEﬁNJ
PIN®INT(PS{¢RANF (D))
:?1521-1-?-ISPIN»H{1»1y
IF(K(1i4),LE.8) GOTO 110
THLE=RANF (D) o .
::;I't‘]’I;:;f;:;ﬁilﬂlt‘IthLHIJ(HGH-lll'mlﬂﬂlhtnll 1d
(FeL
£ & MESON MASS FROW TABLE: PT FRON CONSTITUENTS
110 PL1:%)aPHABIK(L42))
Pl 1) aPR4PEL
Pil 2 ePY14PY2 .
Pily2inadepiLydmd ’ "
L !A::L:'Z:!é‘lélli';;'l-li*ﬂ!HESONE(Ef-P:JM'HLMLE GIVEE E i
[
{sRANF{0)
1F(RANF (00 ,LT . CRD) fuf,=Reeil, /30
PlI-}ho{ltH—FHTSHIIN}!iE{
s {THUSPHTE/ (L0M) 1 /2,
Cé IFP:IPE:!?:BEB DECAY CHAIN INTO STABLE PARTICLES
o EFE;E::;EQJ.SEJJ CALL OEEHQIE%D
LLE.98) ;
7 Ftlzétznﬁ:;’;l‘:g QUARK FORMED IN PAIR WITH ANTIGUARK ABOVE
¢
1FL1=]FL2
Pri=-PI2
pYi=-PY2
€ 8 IF ENOUGH E+P1 LEFT: G0 10 2
Weid, =11
lFtILGlJFlN.hHD.l.LEJH G0TO 100
N=1
RETURN
END

SUBROUTINE DECAY(IRD,I)
COMMON FJET/ K(10042)4 P100:5)
COMMON /DATAL/ MESO(S42), CHINCAIZD s PHAS(ID)
COMMON /DATAZ/ IDCOC12) s CBR(293, KOP(29:3)
DIMENSION Ui3y, BE(D)
© 1 DECAY CHANNEL CHOICE, GIVES DECAY PRODUCTS
TER=RANF (D)
IDC=1DC0CKIIPD, 2)=T)
100 10C=1pc+1
IFUTBR.GT. CBR(IDC)) GoTo 100
ND={539+K0FCIOC.30) /20
PO 110 [1=1+1, 4N
Kel1s1)=-1pp
RO 2)sKDRLIDES 14-1)
110 PCH53=PHASK(14,2))
€ 2 IN THREE-PARTICLE DECAY CHO
IFND.EQ.2) &nTo 130
SA=IPLIPDIS)4BEL4,5) ) 003
SE'IFIIPD,EJ—P(Mm)uz
SCe(PUI+4245)4P(143,5) baa2
S0=(PCL42:3)-P(143,5)) 142
TDU:(S#-EDH(SB-SC}-’E’-.‘SGRT{SEISU)
IFIRCEPD 20 ,6E.11) TOURSORT (SB45C) 4 TOY#+]
120 SY=BL+(8R-5C) anaNF D)
TDF=5‘HT“.S?-SM!ES!--SEH(SI-ECH(SI-SDJ),’EI
IF(KUIPD:2),6E.11) TOF=5X4T0F 483
IFCRANE (00700, 6T, T0F) G0To 120
PU1DDs S )=84RT (51)
C 3 THO-PARTICLE DECAY IN o,
130 00 140 IL=q4Np-q
ED‘fIL-lJ'“lUEI-tlL-z!lIPD
[{sl+]L
I‘Jf“{U-lL—U-lDa-(ND-[L-QJIf.IHLrlJ
Pﬂ=5¢5f(iP(lO:51l>2~(F(I1s!lfF(]3\5!)ﬂt2!*
&tPtID‘SJMz-tPtl1~51—1'1[2.53anl)HZ.lthdJJ
14D UED)=2 4RANF D=1,
PHI=8, 29320RANF (D)
VEL)=BRRTCL, -0 3008204008 ¢ PH)
U(?):S@RTH.-‘JE]JHZHSIN(PHIJ
TDl:i.-letMPEIU.!1*Uf:q-rcw,:3-uq}ap[m.aamz;
H'E]O-‘szomﬁ.?m:apcm,;)u:\
!F(KfIPD-:).EE.‘I.I..RNl‘-.Il.E&.?.ﬁNI).
00 130 J=1,y3
Fellsdi=pasy))
150 PUI20Jbma=Pasij())
PO+ 8 )=BART (PARSZ4P 11118 ) 042y
180 Pl12<GlrSOPTEPAHE+P{IQr‘JJ"2!
€ & DECAY PRODUCTS LORENT? TRANSFURHED To Lap SYSTER
00 190 ILaND=1;14s=1
10=C1L=1}#400- {1L-2)41pD
b0 170 Jui43
170 BECJ)=P(10: ) /(101 4)
GA=P{1044) /PE1045)
DO 190 [1=1+]L,14ND
EEP-EEHJINII|1HBE(?lIWHQJ‘BE[S)'P(HJ}
00 180 Jagy3
140 PEII:~J‘=Pr11~.l'1lGlHGAN1.4GﬂJIEEFlF(11|hJ;|EEcJJ
190 PLID&)=GARIPLT,4)+0EP)
[=1+ND
BETURN
END

ICE OF INVARIANT MASS oF FRODUCTS 243

THICE T0 SIHULATE THREE-PARTICLE DECAY

RANF(0).GT,T0A) GOTO 14D

T.Sjostrand, B. Soderberg LU-TP 78-18

UBROUTINE EDITCN
iUHHON [IET) KU400s2) s P(iﬂﬂ|5;HlN .
COMKON /EDPAR/ ITHROMy PIMINs s
AEAL ROT{Z:30s PRCJ)
€ 1 THRON AHAY NEUTRALS O UNS
[1=0
110 1=t
?gtITHROH.GE.1.ﬂND.KCIwE?.EE.E} gg;g 113
IF(lTHiON.GE.2.AND.K(I!2).GE.5) LA
IF(ITHROH.EE.J.ﬁND.H(IaZ].Eﬂ.ii
IF(F(I|!J.LT.PIHiN.OR.P(IAﬁl'l2-P(l
s[4
Kilfs4)=10INK (T4 0)
K12k (12
00 100 Js1s3
100 PUIL D=PCLD
110 CONTINUE

ETAy PHIs BETACY)

TABLE OR WITH 700 LOK P2 OR P

| PHI
[ 2 ROTATE T0 GIVE JET PRODUCED IN PIRECTION THETAs

TFCTHETA,LT.1E-4) GOTO 140
ROT(1:1)=C08 (THETA) #COB PR
07 (4520 2=GINCPHT)
EOTli:31=SIN(THETaJiCﬂS{PH1}
R0T(2,1)=C08 (THETA) #5INCPHL)
ROT(2,2)=C08(PRI)
ROT(2,3)<BINCTHETA) HSINCPHI}
ROT(3y1)==8IN(THETA)
ROT(3:2)=0.
ROT(3:3)=COS(THETA)
00 130 1=diN
00 120 J=143

120 PROI=PULS))

| R(3)
110 g?]fi?=;;§;J|1)*PR(1i+ROT{JuZ)'PR(2J+NOT(J-])IF

ETA VECTOR
LORENTT BOOST GIVEN BY B ) \
: ?4gvig?:2Tﬁ(1)li2+EETA(2)liZ«BETA(])!iz.tziziaﬁitngUH
5A=1.ISORT(1.-BETA(ilI!E-BETA(EJ*iE-
=hll
gnggET;(1;lP(1u11iEETA(E}in1|21+EETA(3)!P(I|3)
130 J=14d "
130 i?]:JlFPlIcJ]*Gﬁ?(ﬁﬂl(1.+EAJGBEF+PlI1#))*BETA |
140 PrLvhI=GARPLT14)+BER)
RETURN
END
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\5) 482,17, PHIN##2) €0TO 110

T

SUBROUTINE LISTIN)
COMMON 7JET/ K(100,2), PL100:%)

COMMON /0ATA3/ CHAL(9), CHAZ(19) s CHAZ(2)
WRITEC4110)

00 100 I=fyN
IFKEL0 67,0 Cl=CHattk et 1
IFIKEL1) 18,0y ICfe=K(141)
C2eCHAZ K 1120
lefHHf(”'H(]|:’l)n’2U1
IFOKCL0) 61,00 WRITEC611200 1, ¢4, (2 €3y Py
100 IF (K10 ,LE, 00 WRITE (811300 1, 11
RETURN

110 FORMATC/10T4800 10 149,
altn.‘vr'.T:é»'PV"Tb!-'Fz'~Taol'E'.:°z.-n'fJ

120 FORMAT (40112441, 2N 2LAY0RG) 5 a4, 1))

130 ES:NAT1101.12-AE‘1x.Ia.:rcr.ni).sfcu.ra.qx;

I e
20 B (B Jn145)

"ORL" 1 T24y " PART! 1320 6TARY

BLOCK DATA
COMMON /PAR/ PUD, Py, SIGMAY €12y EBEG) WFIN, 1
COMMON /EDPAR/ ITHROW, PININ, PHIII;EEHETA?rPuiv‘SEF:?lﬁ
COMMON /DATA1/ HESO(9:2)4 CNIXEEs2)s PHASELS)
COMMON /DATAZ/ D012y cemeags, KbP(29:1

CONMON /DATAT/ CHAY(9), CRAZUI9)y cHAa(2)

OATA PUD/D.4!+ B51/0,5/, SIGHA/350./+ cx2r0,77/,
SEBEG/10000, /, WFIN/D0, /4 IFLBEG/1/

DATA TTHRON/1/, PININ/D, /4 PNIN/D, /4 THETA

DATA NESW?IIJI?‘B:SN\6:'?t?|;'\"1|115a5|3|5|§,‘

DATA CHII!?ID.5:1.|2|0.5<I.\:|0.25|Q.5-2'0.|1”

DATA PHkS/D.‘?'539.é|2'493.?|Eii¢7.7|135.-543.!1?5? b
20768.9, 20892,2020898.3,770,2, 782, 4 1919 11 '

DATA IDEﬂfﬂuilﬁ|51|12|13|15|l?‘1?\21|??v25f

DATA Cﬂﬁfi.xﬂ.]51v0.631h9.91&|ﬂ<9h°1!.-ﬂ.ﬁlbtﬂ.éiﬂ;ﬂ.?ﬂi‘
iU.?BUtl-l1.|l.rﬂ‘6b?|1.‘ﬂ.557|1.|U.5&7|1.|ﬂ.££7v|.|1 i
80.899,0.987,1,10.486,0.837,0. 98411 s '

ATA KUP’111-B|211|1|3|&|1|li1|2ﬁ
51!21415|2|||1|1|B|3|2|1|3v5|17v1ﬂ
l?l3|$|3|5'7|3'9|U‘U|5‘B'3|51?1ﬁﬁile:!u#lu|E|D;

DATA CH&1F’UD‘|‘DU':‘UE'-‘SU';'DS'-'SD'u‘UU’| Db 4785y

DATA CH!E?'EﬂHN'-’PI"l'PI-‘1'K“|'K"|‘( "y KBO' 4 PID' y ET
S’ETAF‘|‘lHﬂf'u'ﬂH0"’;’K'!‘|'K'='v'K|U'l'Lglé'T'guéﬂrf?ﬂ;ﬁg'f';H'
EA;A A3 ysapey R

N

PHI 1BETA/ %40,/

llé'hhﬁlilhﬁl?‘:l:’\
a1l515|'.‘-ﬂ-1|!|]ll|2|5|
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Where is QCD ?

How to find the gluon jets, Andersson, Gustafson, Sjostrand, PLB 94,211 (1980)

ALEPH Collaboration| Physics Reports 294 (1998) 1-165

S

g » ALEPH 1992 data (uncorrected)

S 102} — JETSET 7.3 (+ detector simulation) ;o 4
E H jet 1 'I

£ Vs =91.2 GeV

-

L . o
b/
; N

T

° je‘rs ordered by energy, 10 03 07 1 o 03 07 3 o 03 07 1
highest is quark (~94 %) ,
lowest is gluon (~70%)

jetl jet2

-
=+
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But e'e is the simple
case...

What about pp ?



Rotating the diagrams

SN leptons

é“é

£
e <
g
N
s}
S
4o v
o(qq —1T17) = eq >
Ix3s * 8
B
Factorisation: %.
gk

® hard process: 99 — A
® parton densities: prob to find
parton with x at scale Q? in

proton: q(x,Q?), g(x,Q2)...

100

10-1

1072

1074

10~4

Measurement of Z0 and Drell-Yan production cross-section
using dimuons in anti-p p collisions at S**(1/2) = 1.8-TeV.
CDF Collaboration F. Abe et al. Phys.Rev.D59:052002,1999.

Drell-Yan differential cross—section

X 88/89 Run dileptons ((ee+p,p ad pb™"), publ: PRD 49, 1994 -
0 92-95 Run dimuons {107.4 ph')

NLL Z+DY (|Y|<1) MRS {4) ——
{(y* and )

CTEQ 3L, LO+k_factor Z+DY =— -
NLL Z+DY (|Y|<1) MRS {4)

(y# Only)

[}

100 200 300 40(
Invarient Dimuon Mass [GeV/c?]
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W & Z cross sections

® Basic process: Drell - Yan - _O ______
prp— 1T+ +X R

* Factorise process: /W
o g+ qg— Y =1 +17

L

@ and then
s ¢+q—7"
° q+qg— Z q
_ o
* PDFs

@ and then
o It 41

@ Decays
o Z, st 4l Y

Color

/onnecﬁon

® hard scattering

2 remhant treatment

* Wt S lay

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2008
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Factorizing x-section

Fred Olness, CTEQ
summerschool 2003

Side Note: From pp—y/Z/W, we can obtain pp—Vy/Z/W—FF

Schematically:
do(qgg—1"I g) = do(qg—y"g) X do(y =1 T)

Al —Wv o ann

For example:

do do o
—(gGg— 1" [ g8) = —(gg—y" g) X
s dt(qq 2) — (qg—y " ) 3 O

2 it works also for pQCD processes .....
H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2008



QCD corrections for Drell-Yan

® Calculate annihilation process * Calculate QCDC process

K. Ellis, LHC lecture,
http://theory.fnal.gov/people/ellis/Talks

q+q—>7" +g g+g—v" +gq
—=— A/ —
w + V { + }—»{
—=1{000. ———
8 [a t 2(M33
M|*? = 167 asa— g+7+ (AAS)]
91t u ut
/1 2 .
_ 167T2%a§ <1+Z> e Divergent Il
— 2z

H. Jung, Simulati

* Howto generate this process ?
® generate 1/t and 1/(1-2z)
y <—_S LTS 2)] ® use method for approximation
described before....

ons in high energy physics, summerstudent lecture, Aug 2008



Transverse Momentum of W/Z

100
Perturbative calculation
O(CVS) ) O(Oﬁ?) Pert (real) S
. 800 Pait fvirtmal)
diverges for small p, )
3:_ PA > W+ X Fom= 1960 GeV
@ Q=580419 GeV,y=0
ﬁ-; 600
E- (e} Online plotter of
= lesmmed closs Sections
¥ Author: P. Nadolsky, 2001
g ot
)
o
5
00 -

& 14 15 29 25 0
qT, Ge¥
* Need a pt cut to avoid divergency

* or include virtual corrections and
http://hep.pa.msu.edu/wwwlegacy/ calculate at NLO
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BUT: the data .....

DZ Run Il Preliminary

: e Data
__— No divergencelll

—Monte Carlo

Entries/ GeV
(0]
=

What is happening there???
experimental resolution or
physics effect ?

60

Z p, [GeV)

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2008
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All order approach: ME & parton evolution

()
_/

S
TR

i;m< s ;«

TR

~
NS

® use LO/NLO matrix element

® matching of cutoff in ME with parton showers
* apply hadronization
® obtain cross sections fully differential in any observable

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2008
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Let's go one step back ...

Let's look at ep first |



The fun with ep scattering

* Deep Inelastic Scattering is a
incoherent sum of etq - e+¢

* only 50 7% of p momentum
carried by quarks

® need a large gluon component

® partonic part convoluted with

parton density function fi(%)

oletp —etX) = Zfz(ilj, Yo(eTq — et q;)

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2008
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The fun with ep scattering

R
&
_({{(‘
s

Deep Inelastic Scattering is a
incoherent sum of etq - e+¢
only 50 % of p momentum
carried by quarks

need a large gluon component
partonic part convoluted with
parton density function fi(%)
BUT we know, PDF depends on
resolution scale Q@

oletp —etX) = Zfi(x,QQ)a(eJrqi —etq;)

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2008
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F,(x,Q?): DGLAP evolution equation

» QPM: F, is independent of Q?

? Q? dependence of structure function: Dokshi‘rzer‘Gr‘ibovLipaTovAI’rar‘elIiParisi

quark
2> Probability to find
quark x
parton at small x
Q small Q” small increases with Q?
small resolution power better resolution power
2 2 2
s T
N A
( (= =
OPM QCDC BGF
. 2 H 2
> Test of theory: Q? evolution of F,(x,Q?) Il
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The fun with ep scattering

oletp —etX) = Zfi(x,QQ)a(e+qi — et q;)

3%\}@{,

* perfect description of precise

F;n-]logm(x)

"]

measurements of HUGE range

in X and Q?

® Theory works well

= extract parton densities, which

are universal
= to0 be used at LHC

-

L

HERA F,

x=0.000161 E= ZEUS NLO QCD fit

x=0.000253

x={L.0001
x=(L05
=0.000632
x=0L000E

—— H1 PDF 2404 it

= H194-00
1 H1 {prel) 99/00
x=0.0013 = ZELS 9697

<= 0.0021 2 BCDMS

a=0L0032

R

H. Jung, Simulations in high energy physics, summerstudent leciui <, riuy covo

x=0.65
||I ||I ||I 111 ||I ||||I
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4y i
08}

0.6 |

05|

= Very large gluon density, even
at small resolution scales Q?

The proton PDFs ...

® quark and gluon PDFs

ZEUS

0.7 |

04 |
03}
02|

01/

—— ZEUS-O (prel.) 94-00
| uncorrelated error

Q=10 GeV?

correlated error

model dependence error

- MRST 2001

H1 PDF 2000

S

10

1073

H =

10

e 99
hivoibk o

20

10

e o9
hivebbk o

Q=2

——
GeV*

—— ZEUS-JETS (prel.) 94-00

1 uncorrelated error
1 correlated error

MRST2

=== ZEUS-Oﬂ&]l)re].) 94-00

GeV*

[ 1 1YYV Y Y R S S ST I Y R
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The DIS process ep - epX

' do(e e/ X Tl 2 2
® cross section (d;?;é)? ) _ 2Q4 ((1 4+ %) FP(z,Q?) — %Ff(a:,cf))

with Fg(xa QQ) — Zf 63" (CEQf(ZC, QZ) + Q?(jf(aj, QQ))
using the PDFs from before.....
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The DIS process ep - epX

I do(ep—e’ o 2
® cross section (d;?;épX) _ 4yQ4 ((1 g+ ¥ )Ff(a;,cf) . %F}j(a},Q2))

with Fg(xa QQ) — Zf 6?” (CUQf(ZC, Q2) + Q?(jf(aj‘, QQ))
using the PDFs from before.....
® generate y with g(y)=1/y, and Q? with g(Q?)=1/Q? (why not 1/Q* ?):

2 Ry
Y= Ui (me:) @ = Qhn (&)

N do
1 dy sz 2 2
glep — e'X) = N z_: / dy/ (Q7)dQ
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The DIS process ep - epX

I do(ep—e’ o 2
cross section (d;v;é?zX) _ tQ‘* ((1 g+ ¥ )Ff(a:,cf) . %F}j(a},Q2))

with Fg(xa QQ) — Zf 6?” (CUQf(ZC, Q2) + Q?(jf(aj‘, QQ))
using the PDFs from before.....
generate y with g(y)=1/y, and Q? with g(Q?)=1/Q? (why not 1/Q* ?):

R R
_ . Ymax 1@2 . 2 anaw 2
v =ymin (i) Q7= Qmin (51

N do
1 T dO2
glep — e'X) = N E dyz dQ / dy/ (Q*)dQ?
i—1 Y

calculate x-section wi’rh

2

U(@p—>€ Zyz zd dQ2 log <ymaw>log( maaj)

Ymin mn

calculate 4-momenta of sca’r'rered electron and virtual photon
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We have how an event
generator for the
total cross section.

What about the final
states ?



DGLAP evolution equation... again...

* for fixed x and Q? chains with different branchings contribute

°* iterative procedure, spacelike parton showering

~ 103 -
a
X
g 10 f L8
1F
1o B " = 1 -4 -3 -2 -1
! 0?0’ ! 07 107 107 1

l|] 1I] ll] 10

\//

ka ZUk,tk —|—f0 X to

H.@lung, Simulations in high energy physms summerstudent lecture, Aug 2008
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I Parton Showers fr'om evolution eq.

e ass o [ [ 240 50 (2

* solve integral equation via explicit l’rem‘ruon.

f t'tot '
folwt) = Fai)A()  |we bancning | Frmemgar] [Erier
t /
dt’ A(t) dz ~
= A /
fl(xvt> f(xvt()) (t) T »/to 41 A(t’) - P( ) (:U/Z, tO)A(t)

X [

L
E_
z =X/X i E P(z)
X0 Lo E
T\ .
b o
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I Sudakov form factor: all loop resum...

Qs

999  Splitting Fet  P(2) =

® Sudakov form factor .... all loop resummation

1 — 2z

Ag = exp (—/dz/d#q,;—sP >
7
AS:1—|—<—/dz/@%P ) 2'(—/dz/@(;—slf’z

2
//d @%P //d @%P Lo
q 27 2'
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I All Order resummed evolution

f(x,t) = f(x,to)A

/dz/dt’ t

* solve m’regral equahon via iteration:

fo(z,t) = f(z,t0)A(t)
fl(mat) — f(xvtO)A(t)

fromt'tot
w/o branching

P@)f (5.t

<

branching at t'

" / i ﬁ((;)) / PO/ 0 A)

— f(z.to) At) + log %A o AW F(z /2 to)

f2(337t>

1

2log —A®A®A() (x/z,to)

flz,t) = lim fu(z,?)

n—oo

DGLAP re-sums logt

F(z,t0) A(t) + log iA & A f(z/ 2 to) +

)

from ¢ to t'
w/o branching

— lim Z log” (%) A" AW F (/2 to)

’I’L—)OO
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Parton showers for the initial state

spacelike (Q<0) parton shower evolution :
* starting from hadron (fwd "o E

evolution)
or from hard scattering (bwd evolution)

-

» select q, from Sudakov form factor

> select z, from splitting function

» select q,from Sudakov form factor

» select z, from splitting function

@ STOP eVOILITIOH |f q2>thr~d
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Parton Showers for the final state

timelike parton shower evolution

starting with hard scattering

select q, from Sudakov form factor

select z, from splitting function

select q, from Sudakov form factor

select z, from splitting function

stop evolution if q,<q,

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2008
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Hadronic final state: Energy flow

E: A
4.5
v— direction p—direction L -3 * M
- > 4 [ 9 x<10 — COM
- ---- MEPS
- FEWd
HERWIG

1/N dE/dfn-n,) (GeV)
w
|

g 5
wn
T TT 171 L TTT

s E, flowin DIS at small x and 15

forward angle (p-direction):
2 QPM is not enough
=> clearly parton showers or

higher order contributions

heeded
leading jet direction
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In ep higher order parton
radiation needed ....

What about pp ?

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2008



What about pt spectrum of Z,

C-P Yuan, CTEQ
summerschool 2002

Diagramatically, Resummation is doing

R

n mt Q_
mm)  Resum large @ In [ terms

q;

(IG 1n H.' ) ) CH
!

q,r n=1 m=0 q;

d q.f. dy

gr —0
Monte-Carlo programs ISAJET, PYTHIA, HERWIG contain these physics.

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2008
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pt spectrum in MC approach

C-P Yuan, CTEQ
summerschool 2002

Backward Radiation
(Initial State Rad.)

. <—T Kinematics of the radiated gluon, controlled by
Sudakov form factor with some arbitrary cut-off.
( In contrast to perform integration in impact
parameter space, i.e., b space. )

mmmm)> The shape of g (w) is generated. But, the integrated rate remains the
same as at Born level ( finite virtual correction is not included).

sk Recently, there are efforts to include part of higher order effect in
the event generator.

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2008
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Transverse Momentum of W/Z

Perturbative calculation
O(as), O(()‘g)
diverges for small p,

d(sigma)(dQ**2 dy dqT?, pb/GeV**3

Tevatron Run-1 Z boson data and
Collins-Soper-Sterman resummation formalism.
F. Landry, R. Brock, P.M. Nadolsky, C.P. Yuan
Phys.Rev.D67:073016,2003.

e-Print: hep-ph/0212159

100 T T T T T
ResfW+7Y) —
Pert (real) S
ga0 b Pait (vimmal) ——
PA —> W+ X EBEom= 1960 GeV
Q=8419GeV,r=0
600

(e} Online plotter of

lesummed cross sections
Anthor: P. Madolsky, 2031

qT, GeV

http://hep.pa.msu.edu/wwwlegacy/
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Recall: Monte Carlo vrs ResBos

Campbell, Huston Stirling

@ Comparison of pt spectrum from ResBos and PY THI A Rep.Prog.Phys 70 (2007) 89
CDF Prelimminary

o

30 | | | :
> o5l PP ~» 7/Z + X :
~~ N -H; Y/Z - ee )
= - / J{ 66 < M.,yz< 116 GeV/c? -
o =OL /I'Jr N{i_ :
\ - | -
Q15 NI’y :
[ I ~ \L -

X N .
* 10 i Ul ]
= s 1 :
~ 'l + = 1992—95 Data .
S 5 :/ — = NNLO ResBos (CTEM
z rescaled up +8.4% =
1 . . | SR B

0

| 5 .10I 15
P, GeV/c

H. Jung, >imuiations in nign energy pnysics, sUmmerstuaent lecture, Aug cUud 93
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Parton Shower

® Sudakov form factor
= gives probability for no-branching between ¢, and ¢

= sums virtual contributions to all orders (via unitarity)
= virtual (parton loop) and
=> real (non-resolvable) parton emissions

® Sudakov form factor particularly suited form Monte Carlo approach
» need to specify scale of hard process (matrix element) Q ~ p,

> need to specify cutoff scale Q, ~ I GeV

* Evolution equation with Sudakov form factor recovers exactly
evolution equation (with , prescription)

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2008
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Theory recap: what are we doing

i

gluon bremsstrahlung

k
1 /1 n b,
k2 \ z i

collinear approximation “small x” approximation

kt factorization

DokshiTzerGr‘ibovLipa‘rovA I‘rarelliParisi

® collinear singularities
factorized in pdf
* evolutionin Q° ~ k?, or k; or ?

o =a [ COU) a5 @)

Bali‘rski Fadin Kur'aevLipaTov
o k. dependent pdf -

unintegrated pdf
@ evolution in x

0—/—d2kt0

ki) F (2, ki)
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From F, to Heavy Quarks in pp

q Q3
e 1.2 oo W T
2 I up
Q2
down - _
10 F antiup . a Q4
x F2 .
antidown (a)
407 r strange
charm
08 r 7
HERA FZ. gluon m = Q Q
‘Eé | x=6.32B-5 x=0.0001026 = zEUS NLO QCD fit — /
R Iy 5 \ t ’
= | ! . —— H1PDF 2000 fit q 06F 7
5 2] L i H > - -
ot R * H19400 = 9.0.9.090 Q
- = + H1 (preL) 99400 = [ — I". ]
r I [ 6. I\
. t/ ZEUS 9697 04k ||I N (b)
| . = BCDMS ‘II
a . |
L MRST2001 k
Q°=10 GeV* q u<a>r
paaal L ioaos il ¥
10° 107° 10" 10°
X ?)/
};LuSLSjL
_b-
=
}c.
r

2 3 5

o w0 gxtract parton densities -

Q%GeV?)

total x-section, F, e
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Problems in Collinear Approximation

Jets/ heavy quarks at  Jets /heavy quarks in pp J. CoIIins,.H.Jung. hep-ph/0508280
HERA Higgs in pp

S ) ~
/ ....... o ) v :
k=0 — - k=0 \\\\\\?\\
A
égsssssssiig\g\\:
= —C —
%: = parton model % = parton model % == parton model
S 4 S - o 4
21 0 charm (HERA) i;:-l 0 beauty (Tevatron) 1_-:1 0 Higgs (LHC)
g 2 3 -2 "\g -2
= 10 % 10 % 10
§ 3 § 3 < 3
10 10 10
4 4 4
10 10 10
10 N l : l 10 N | | I 10 2 | | |
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
p, (GeV) p; (GeV) p, (GeV)
= NLO corrections will be very large for these LO processes .....
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I Doing much better with uPDFs ...

heavy quarks at HERA Jets/heavy quarks in pp

1/N dN/dp, (1/GeV)

> doing kinematics correct at LO, reduces NLO corrs,.... NEED uPDFs

10

parton model
uPDF

charm (HERA)

5 10 15 20

p, (GeV)

1/N dN/dp, (1/GeV)

10 |

parton model
uPDF

beauty (Tevatron)

|
|
|
0 5 10 15 20

p, (GeV)

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2008

J. Collins, H. Jung hep-ph/0508280

Higgs in pp

_O
F

K #0

_C_

% == parton model
S 4 uPDF
=10 .
. Higgs (LHC)
o
S -2
Z 10
o
Z .
10
-4
10
-5
10

0 5 10 15 20

(GeV

)
I
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CASCADE - basic idea

evolution of parton o BT
. X
cascade: > 5 )
~ 1 1
P — 6{8 _|_ - —l_ cee 1
1—2 =z ]
\ C ey . . 1010".'"“10';“10'2 107"
I initial distribution X
~ flat - —>

dazgl dZng

0(pp — qq—"X) — / /d2kt1d2kt25(§,kt,q) 107 107 0!

Lgl Lg2

XnglA(CUgl, kﬁtl, 67)3392./4(%927 kt27 q_)
/dzktng(xg, ke, 3) = 2,G(zg, Q%) if 6 = 6(5,0,q)




k, effects LHC

~>— Higgs

da/dgr {pb/GeV)

LO pretty bad

o

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2008
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1.00
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0.50
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v
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25
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k, effects at LHC

1.50 i froun Bozzi et al. hep—ph/O302104
' l. MESTZE001
— |
E 1.25 :I -
E I' NLO
. =9 T
HIggS — 100 ' —_— O .
o \
'-d L]
o i
= 05 :
1]
NLO better
0.50
0.25 “x‘ -
\/ oop Bl 1 T D et
0 2 50 75

100 125 130
Or {GeV}
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k, effects at LHC

1.50 i froun Bozzi et al. hep—ph/O302104
" Do MESTZE001
' = '.
e G 1RER NNLL-+NLO
s = e NLO
L] m II
S_ nggs . 1.0 ! —_— O .
o
-
-\H [ ]
= 05 : .
NNLO bettttter
0.50 .
0.25 “\‘ -
\/ 0.00 1 M .I....-IH.. | I—
0 2 B0 F5 100 125 150
qr {GeV)
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k, effects at LHC

« Do we understand the p, spectrum of Higgs at LHC?
N « Important for the 99 — Higgs — WW™ — I"ol"v

to understand the jet-veto for tt suppression...

_ 009 [T ARBEEERARARANRERRE RRRRNRENCS

Higgs - LHC 14 TeV i

008 |- k ]

- gg—H ]

\ 007 f_ W= 165 GV —f

) o = --- HERWIG 6.505 + ME corr. ]

E,D, 005 |+ — MCatNLO 2.31 —

o - ----PYTHIA6.319 ]

= o0s | —— CASCADE 1.2009 -

= E CTEQS E

fa % 004 | —

\/ < o003 ;__ —f

<k large .... " H E

= unintegrated parton PDFs will be needed 001 | -

2 Need to be better constrained S
at HERA Wlth flnal States 0-00 0I ‘10‘ ‘ ‘2OI B I30I B I14()I B ‘50‘ - ‘GOI B ITOI B IBOI B ‘90‘ | 100

pTH
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Heavy Quark production in pp

* x-section (i.e. for ¢t production ..... need to know it for the Higgs.. )
_ dxi d Aa
oop > QQX) = [ TGl )aGilaz,0) X 0(5.0)

* with gluon densities zG(z,q) C

k&
Emgff fﬁ

})\hﬁ:
R

® hard x-section:

do 1 2

— = ——| M,
dt 64@2‘ J

~r

()
),
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Heavy Quarks in pQCD

® Light Quarks

5= (p1 +p2)2
t = (p1 — p3)°
U = (p2 — p3)2

* Heavy Quarks

with .
t —m?
T = — ~ ,
S
4 — m?
7-2__ A 9
S
4m?
10:

Ellis, Stirling, Webber

PI‘OCGSS Z_: ’M‘ /94 QCD & Collider physics p348
— - 4 .EQ_|_ ~ 2 .
qq — q'q e Divergent
— 1 52 ~ 2 3 52 ~ 2
99~ qq | g5 — 35
q Qq
q>4.A_AA<Q4
(a)
\AELJUULJ—:E?’—Q Q
+ / +
b, P ) )
b)
Process S IM|?/g*
- o 4 2 2
qq — QQ s(f+1+5)
2 13 2 2 _p’
99 — QU (67'17'2 8) (7-1 T AP 47'17'2)

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2008
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bbar at TeVatron

N
> comparison with =
S’ 10
measurements -
o <
* this is what you €,
. 103
obtain.... /%
LD
—
Q
~ 102
L
o
10

H.Jung, PRD 65, 034015 (2002)
hep-ph/0110034

iy

oP—>bX, vs=1.8 TeV, Iy*I<1 -

D@ Data

(Errors have correlations)]
—— J2003-1 (CASCADE)

mDimuons

aMuons+dJets
(This Analysis) !

eInclusive Muons =
—.—.— NLO QCD, MRSR2 i, S
—....._... Theoretical Uncertointy .
1 1 1 1 I | |

6 7 8 910 20 40 50 60 70

mn
" (GeV/c)
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H. Jung, Simulations

Is that now all ?

But with high parton
densities,
do we only have one
Interaction ?

in high energy physics, summerstudent lecture, Aug 2008



Multiparton Interactions

from L. Loennblad

Multiple Parton Interactions
, Outgoing Parton

Outgoing Parton PT(hard)

—>

Proton /!' AntiProton
i , , : i

Underlying Event Underlying Event
< —>

L=

Outgoing Parton Outgoing Parton

from R. Field

What is the underlying event (UE)?
> Everything, except the LO process we're currently interested in
® parton showers
® additional remnant - remnant interactions (multi-parton
interactions,soft/hard )
X NOT pile-up events (luminosity dependent)

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2008
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Underlying event - Multiple Interaction

@ Basic partonic perturbative cross section

do ar p2
O'hard(pimin) :/ hd d2( l)dpi
p P

2
A min

2 diverges faster than 1/p3 ., @S Pimin — 0 and exceeds
eventually total inelastic (non-diffractive) cross section

10000 T T

T I T T 171 I
LHC interaction cross section
Tevatron interaction cross section---- - i

LHC total cross section ------
Tevatron total cross section - ]

1000 [*

~.
L]
-~
-
L -
L
..
~

@ Interaction x-section exceeds 100 2 IIEPER: TP
total xsection ol :
@ happens well above 5 |
@ still in perturbative region £
0.1
0.01 | .
e T ‘
0.0001_H [ ! l
081 2 5 10 20 50
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Underlying event - Multiple Interaction

@ Basic partonic perturbative cross section

dahard p2
p

2

imin dpJ—

2 diverges faster than 1/p3 ., @S Pimin — 0 and exceeds
eventually total inelastic (non-diffractive) cross section,

resulting in more than 1 interaction per event (multiparton
interactions, MI).

> Average number of interactions per event is given by:

O-hard(p_l_min)
(n) =
Ond
® It depends on how soft interactions are treated, BUT also on

the parton densities and factorization scheme, parton
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Multiparton Interactions at TeVatron

CDF coll. PRD 65, 092002 (2002)

"Transverse” Nchg versus PT(charged jet#1)|

Pythia 6.115 Total
3

Outgoing J;ets +
Initial & Final-State Radiation

"Transverse" <Nchg> in 1 GeV/c bin
N

0 5 10 15 20 25 30 35 40 45 50
PT(charged jet#1) (GeV/c)

® Multiplicity distribution in region transverse to jet can only be
described by adding multi-parton interactions (Remnant- Remnant
Interactions)
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Tuning to pp data... Color flow in MI

® possible scenarios for color string . Sjostrand, M. Zi
. . . PRD 36 (1987) 2019
connection in multiparton events 1587)

Y

' )

=i w

® to describe underlying events.... need

(CDF Tune A) el ol T
5 % quarks (default 33 %) ey (

95 % gluons (default: 66% o %

out of which 90 % = T —~
(default 33 %) are ,.w“f —
2> smaller multiplicity o ;

with large transverse energ
® Are there good phyiscs reasons fo
this mix ???

oy
. . . -— N —_—
® Highly nontrivial to describe @\@ .
° ° ° ° //f
multiplicity AND transverse — ==

energy distributions ...
H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2008 112
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I Multiparton Interactions at LHC

C. Buttar et al in HERA — LHC workshop proceedings hep-ph/0601012

<Ny, > - transverse region

12

.
=

o]

=)

Charged multiplicities in transverse

> better understand multiple

| A PYTHIAG6.214 - ATLAS
- = PHOJET1.12
| 0 PYTHIAG6.214 - CDF tune A

LHC prediction

@ CDF data

AAAAAAL L L
AA AAAAAAAAA AAAAA
A
A
A

A 00000000000000000000 o °°°ooo ¢¢¢¢

A
O
A

L T I-II.-- lll?:q. *

:ﬁ a g¢3;*+:¥.¥. +¢6¢¢*+¢¢+’+°+¢++.9++¢+ ++++

a* AAAA4+ *+*+

:

.
0

10 20 30 40

50

Pt leading jet (GeV)
M. Jung, DUmuidTions in nign energy pnysics, summerstuaent iectur |

fer
phc

<Ny > - transverse region
[
n

N
—

[
—

regip "Models tuned to TeVatron data
2 give HUGE differences at LHC ...

| A JIMMYA4.1 - Tuning A

|~ = JIMMY4.1 - Tuning B

| @ CDF data

PO YU TN
Pl AA‘AA
A
A

A4++++ H+ ﬂ%
I ;' ""-.-.nw*:*ﬂ-.ﬁ' + + H. +

LHC prediction

%w

lﬁ

-
-A'
- "
| A
L qeveese®tety ++0‘”'¢¢»¢'¢0¢.¢%’+¢"+‘++¢¢+++'
| me
-.\ | 1 | 1 Il 1 Il | | Il 1 1 Il | L | |
0 10 20 30 40 50
Pt leading jet (GeV)
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vidence for Multi-Parton Interactions

CDF coll. PRD 56, 3811 (1997)

=
O
o

a)
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® compare to v+ 3 Jets  calculation

> Need > 50 % double parton
intferaction to describe data
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Double-Parton Interactions at LHC

> xsection for p-+p — bbbb .
single parton exchange (SP) * PYTHIA predictions:
Pv f26(2 = 4)

double parton exchange (DP)
ot ~ f462(2 = 2)

P —08.-.-11.1 pb

104
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I Multi-Parton Interactions at LHC

. p+p—-W+H+X
° Higgs: p+p—->W+H+X \\

100 T T T T T

WlTh W — lV, H — bg i A Del Fabbro

D.Yreldani PRD 61,077502 (2000)
® Double parton scattering:

2> p4p—obbX 0, B y
. W—> v
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s ™~ T B i g
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Can we now tell which type of
event this is ?
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What was this ?

Atlenti=
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The Analysis Centre in the

PHYSICS
AT THE

2 &)
TERA

SCALE

Helmholtz Alliance

® Areas
® Monte Carlo (user support, tuning, development ...)
® Parton Distribution Functions
@ Statistics Tools
@ Collaborative tools (web based infos etc )
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Monte Carlo group activities

* Development of Monte Carlo

generators
® Tuning of MC generators
> PDFAMC
@ User support
® Training (schools, seminars)
® MC school in April (in coll with MCnet)

® > 100 participants
@ http://ww.terascal e. de/ ncs2008

flonte

@ all lectures are video recorded:
https://indico.desy.de/conferenceOtherViews.py?view=st

and in mp4 format for your ipod:
ftp://webcast.desy.de/ Terascale_MonteCarloSchool2008

RS as full had ron Ievel Monte Carlo even t
rators. Predictions coming from different
enerators will be col red in practical "
exercises and first steps for comparison witl
measurements will be shown in tutorials.

istration deadline: 15.03.2008
ase reglste vn(theyb‘hool webpage =
» / ‘ — -t

el /

‘\ "
Org mgc mmittee: Hannes Jung

http Thwww_terz
-t & —t

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2008 120
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https://indico.desy.de/conferenceOtherViews.py?view=standard&amp;confId=708

Monte Carlo group activities

If you are interested to do your
* diploma/masters thesis

> PhD

® postdoc

please get in contact with us...

There are plenty of possibilities and

positions to do interesting physics ‘“ T iev;;:.ze
with MC simualtions ..... and help to ettt

istrati ea’«gin 15.03.2008
ase register l(th e school we bp ge. =
= — =

find extra dimensions or SUSY or

- /

- [ N

/mmei-i"s g

| http IIwww tera
new phenomena in QCD = - - 2
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Typical Monte Carlo toys ...

The necessary tool for a true Monte Carlo event generator:
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Conclusion

® Monte Carlo event generators are needed to calculate multi-parton
cross sections
® Monte Carlo method is a well defined procedure

® parton shower are essential
® hadronization is needed to compare with measurements

® MC approach extended from simple e+e- processes to
ep processes
pp processes and heavy Ion processes

* proper Monte Carlos are essential for any measurement

Monte Carlo event generators

contain all our physics knowledge Il
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List of available MC programs

HERA Monte Carlo workshop: www.desy.de/~heramc

ARIADNE

A program for simulation of QCD cascades implementing the color dipole model

CASCADE

is a full hadron level Monte Carlo generator for ep and pp scattering at small x build
according to the CCFM evolution equation, including the basic QCD processes as well
as Higgs and associated W/Z production

HERWIG

General purpose generator for Hadron Emission Reactions With Interfering Gluons;
based on matrix elements, parton showers including color coherence within and

between jets, and a cluster model for hadronization.

JETSET

The Lund string model for hadronization of parton systems.
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List of available MC programs

> LDCMC
A program which implements the Linked Dipole Chain (LDC) model for deeply inelastic
scattering within the framework of ARTADNE. The LDC model is a reformulation of
the CCFM model.
* PHOJET
Multi-particle production in high energy hadron-hadron, photon-hadron, and photon-
photon interactions (hadron = proton, antiproton, neutron, or pion).
* PYTHIA
General purpose generator for e‘e” pp and ep-interactions, based on LO matrix
elements, parton showers and Lund hadronization.
> RAPGAP

A full Monte Carlo suited to describe Deep Inelastic Scattering, including diffractive
DIS and LO direct and resolved processes. Also applicable for photo-production and
partially for pp scattering.
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Literature & References

@ F. James Rep. Prog. Phys., Vol 43, 1145 (1980)
@ (Glen Cowan STATISTICAL DATA ANALYSIS. Clarendon, 1998.
@ Particle Data Book S. Eidelman et al., Physics Letters B592, 1 (2004)
section on: Mathematical Tools (http://pdg.Ibl.gov/)
@ Michael J. Hurben Buffons Needle
(http://www.angelfire.com/wa/hurben/buff.html)
@ J. Woller (Univ. of Nebraska-Lincoln) Basics of Monte Carlo Simulations
(http://www.chem.unl.edu/zeng/ joy/mclab/mcintro.html)
@ Hardware Random Number Generators:
A Fast and Compact Quantum Random Number Generator
(http://arxiv.org/abs/quant-ph/9912118)
Quantum Random Number Generator
(http://www.idquantique.com/products/quantis.htm)
Hardware random number generator (http://en.wikipedia.org/wiki/)
@ Monte Carlo Tutorals
(http://www.cooper.edu/engineering/chemechem/MMC/tutor.html)
@ History of Monte Carlo Method
(http://www.geocities.com/CollegePark/Quad/2435/history.html)
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Literature & References (cont'd)

@ T.Sjostrand et al
PYTHIA/JETSET manual - The Lund Monte Carlos
http://www.thep.lu.se/tf2/staff/torbjorn/Pythia.html
@ H.Jung
RAPGAP manual
http://www.desy.de/~jung/rapgap.html
CASCADE manual
http://www.desy.de/~jung/cascade.html
@ V. Barger and R. J.N. Phillips
Collider Physics
Addison-Wesley Publishing Comp. (1987)
@ RK. Ellis, W.J. Stirling and B.R. Webber
QCD and collider physics
Cambridge University Press (1996)
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General literature

® Many new books are available in DESY library NEW ... ask at the desk there ...
@ Statistische und numerische Methoden der Datenanalyse

V. Blobel & E. Lohrmann
@ STATISTICAL DATA ANALYSIS. Glen Cowan.

® Particle Data Book S. Eidelman et al., Physics Letters B592, 1 (2004)
(http://pdg.lbl.gov/)

* Applications of pQCD R.D. Field addison-wesiey 1989

® Collider Physics V.D. Barger & R.J.N. Phillips addison-wesley 1987
* Deep Inelastic Scattering. R. Devenish & A. Cooper-Sarkar, oxford2

* Handbook of pQCD G. Sterman et al

® Quarks and Leptons, F. Halzen & A.D. Martin, s.wiky 1984

@ QCD and collider physics R.K. Ellis & W.J. Stirling & B.R. Webber cambridge 1996
@ QCD: High energy experiments and theory G. Dissertori,I. Knowles, M. Schmelling oxford 2003
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Backup Slides
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Lund string fragmentation

® ina color neutral qq-pair, a color ¢ A

force is created in between
o color lines of the force are
concentrated in a narrow tube

W’m A
R

connecting q and q, with a string
tension of x~1GeV/fim~0.2 GeV? X

® as qand q are moving apart in qq rest
frame, they are de-accelerated by string
tension, accelerated back etc ... (periodic
oscillation)

@ viewed in a moving system, the string is
boosted
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I Fragmentation in the String Model

® hadronization: iterative process
® string breaks in qq pairs (still respecting color flow) longitudinal frag
o select transverse motion with m=m_, (and flavor)

P (-52) = (22 o ()
® suppression of heavy quark production
u:disic~1:1:1:037:10%7
actually leave it as a free parameter

transverse frag.

® Jongitudinal fragmentation
symmetric fragmentation function (from either q or g
f(z) ~ z'(1-z)2 exp(-b m2,_/z)
harder spectrum for heavy quarks

® start fromqorg

® repeat until cutoff is reached

® heavy use of random numbers and importance sampling method
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IHadroniza’rion: particle masses and decays

® particle masses
2 taken from PDG, where known, otherwise from constituent masses

* particle widths

2 in hard scattering production process short lived particles (p,A) have
nominal mass, without mass broadening
= in hadronization use Breit-Wigner:

1
P(m)dm
» lifetimes (m —mg)? + 12 /4

- related to widths ... but for practical purpose separated
> P(r)dr~exp(-7/7)) dr
- calculate new vertex position v'=v + 7 p/m
* decays
2 taken from PDG, where known
2 assume momentum distribution given by phase space only

2> exceptions, like w, p — 7T’ ,or D — Kr, D* - Knm
and some semileptonic decays use matrix elements
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