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http://www.youtube.com/watch?v=j50ZssEojtM

A real event - from July 18, 2010
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What is this ?



A real event - from July 18, 2010
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Is this a typical
LHC event ?



CMS Experiment at LHC, CERN

Data recorded: Tue May 25 06:24:04 2010 CEST
Run/Event: 136100 / 103078800

Lumi section: 348
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Is this then a
typical LHC
event ?



Tech Triggers:
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and what is this @

H. Jung, Monte Carlo Simulations in particle physics, summer student lecture, august 8, 2010 9



and what is this @

H. Jung, Monte Carlo Simulations in particle physics, summer student lecture, august 8, 2010 10



H. Jung, Monte Carlo Simulations in particle physics, summer student lecture, august 8, 2010 11




How to extract
anything useful
from these



We need a
simulation of the
physics and the

detector |




From experiment to measurement

take data : S - run MC
generator

* detector
simulation

Upppps -..... all measurements rely on proper
MC generators and MC simulation !l
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From experiment to measurement

generator
e detector
simulation

define visible x - section in kinematic variables
calculate factor C___to correct from detector to hadron level

data data doj! had
dO_had L do—det C with C . dx
- corr corr ——
dx dx do ity
dx
visible x-section on hadron level
Upppps -..... all measurements rely on proper

MC generators and MC simulation Il
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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
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Monte Carlo - different applications

®  MC simulation of detector response

® input: hadron level events - o . detectol level events

@ Calorimeter ADC hi

® Tracker hits

* need knowlédge of pgriele passage through matter, x-section ...

®» need knowledege of 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 I

® integration of multidimensional phase space
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Picture of jet production

» General approach to hard scattering processes

-
#

e’
‘o

H. Jung, Monte Carlo Simulations in particle physics, summer student lecture, august 8, 2010 19




Picture of jet production

» General approach to hard scattering processes

® including higher order parton radiation
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Picture of jet production

» General approach to hard scattering processes
* including higher order parton radiation

* adding hadronization and fragmentation
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Picture of jet production

» General approach to hard scattering processes

* including higher order parton radiation

* adding hadronization and fragmentation

= leads to the concept of factorization:

m

rHa

2L
(/)\'(x]_?$27lu,2) —
¢

e

<> factorization ansatz is used in —() -l

any calculation (LO,NLO, MC event generators ...)
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How to simulate these processes 2

@ calculate hard scattering — S
@ example of ete” — utu, {({%%.::l

@ hadronization \%/
@ example of ete” = qq A

® multi parton radiation / f

o example of ep — €'X 0
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How to simulate these processes 2

@ calculate hard scattering — %
@ example of ete” — utu, R&{:ﬁl
@ hadronization \ —

e — qq

® multi parton radiation / f
X /W

@ example of €p — e’ 0

@ example of e

> and, is this then all 2

> |eft for the discussion ....

H. Jung, Monte Carlo Simulations in particle physics, summer student lecture, august 8, 2010
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The easy case: e*e — X

, — - +7—y
@ cross sections can be calculated in QED: oleTe” = 1M17) = g
4 2
@ and for quarks oleTe — qq) = 7;@ e
s
= but quarks carry color and fractional charge 11 / /
color charge
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The early steps: e*e — hadrons

> How to compare a detailed measurement
with a theoretical prediction 2
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Simulate these
processes with
Monte Carlo
method !l



Basics for Simulation

@ Need the cross section for a process:

= probability that a process happens with given kinematics
= simulate kinematics of event according to cross section

® Need a mechanism to select a given configuration according to a
probability density function

> Make use of Random Numbers

> Monte Carlo Method
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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
@ 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
@ 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
@ Random number:

one of them is 3

No such thing as a single random number

A sequence of random numbers is a set of numbers that have
nothing to do with the other numbers in a sequence
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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

@ Random number:

DILBERT By Scott ADams

TOUR OF ACCOUNTING

OVER HERE

WJE HAVE OUR
RANDOM NUMBER
GENERATOR .

3

- —_—
wiww dllberLcom  scoftadema @ solcom

NINE NINE
NINE NINE
NINE NINE

=

"r"-'f"'l © X0 Unlied Featurs Syndicals, Ine

ﬁgﬁ THAT'S THE
Uil PROBLEM
, WITH RAN-
THAT'S DOMNESS |
RANDOM? '
YOU CAN
L NEVER BE

SURE.
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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
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Why Monte Carlo 2

@ Obtain true Random Numbers
from Casino in Monte Carlo

... Going out every
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Random Numbers

In a uniform 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

Tables of a few million truly random numbers exist

BUT not enough for most applications
= .... we have true random number generators ...

H. Jung, Monte Carlo Simulations in particle physics, summer student lecture, august 8, 2010
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True Random Numbers

@ Random numbers from classical
physics: coin tossing
evolution of such a system can 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 - . = I,> O

@ Cryptography

@ Random numbers from quantum physics:
infrinsic random

photons on a semi-transparent mirror

Photon 50% {/L ,
Confidential iTy O Single-photon detectors
Authentication
@ Scientific Calculation -
“01"

@ Lotteries and gambling

@ Available and tested in MC generator by

do not allow to increase
a summer student

chance of winning by having a
bias ... too bad @ Generator is however very slow...
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True Random Numbers

@ atmospheric noise, which is quite easy to pick up with a normal radio:

used by RANDOM.ORG

@ much more can be found on the web ....

me Introduction Statistics Numbers Drawings Testimonlals Quota FAQ Contact Login What's New!

Search RANDOM.ORG
R A N D o M O R I . — SEEFCh
G True Random Number Service

What's this fuss about true randomness?

True Random Number
PEI'thE You have wonderad how prediciahle machines like mmpumm can gEl"IE:I'i!tE randomness. In Generator

reality, most random numbers used in computer programs are pseudo-random, which means they are a

Min: |1
generated in a predictable fashion using a mathematical formula. This is fine for many purposes, but it " '
: 100
may not be random in the way you expect if you're used to dice rolls and lottery drawings. aall
RANDOM.ORG offers frue random numbers to anyone on the Internet. The randomness comes from Result:

atmospheric noise, which for many purposes is better than the pseudo-random number algorithms
typically used in computer programs. People use RANDOM.ORG for holding drawings, lotteries and
sweepstakes, to drive games and gambling sites, for scientific applications and for art and music. The

Like the widget?
service has existed since 1998 and was built and is being operated by Mads Haahr of the School of
Computer Science and Statistics at Trinity College, Dublin in Ireland.

Fowered by RANDOM.ORG
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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 =1 /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 use an algo that is well understood
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Randomness tests

@ Simple generator

|_congruential generator |
1

L%

-

0.9

=> Simple generator is not bad ...
but it could be better ....
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M. Luscher, A portable high-quality random number
generator for lattice field theory simulations,

e RAN LUX Computer Physics Communications 79 (1994) 100
http://luscher.web.cern.ch/luscher/ranlux/index.html

@ Simple generator

raniux

Emrea 100000
Moans  0.4988
Meany  0.4893
PR
MU AMSy  0.2880

[Eommrunmiial ganarater |

| congruential generator | e

Mam z LE
Mamn ¢ [EoE

Rt (5]
1 = LN p.3ET

0.9t

0.85
0.7¢
0.6
0.5¢

0.4

0.38
0.25
0.1F

= RANLUX much more sophisticated
Developed and used for QCD

lattice calcs
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Expectation values and variance

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

E[f] = /f )dG (u (_a/f du)z—Zf(ui)

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

Elcx 4+ y] = cE[x] + Ely]

@ Variance

b
V[f]:/(f E[f]) <bi / (f(u)—E[f])2du>

@ rules for variance:
if x,y uncorrelated: Viex +y] = *Vz] + V[y]
if x,y correlated Vicx + y] = *V]x] + V[y|+2¢E [(y — Ely]) (x — Elx])]
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From uniform to other distributions

@ cumulative distribution

Flom) = [ f(o)do

probability that event happens between oo <z < x40

@ Given a random number in [0,1], find a transformation such, that the
resulting sequence of x; is distributed according to f(x)

@ inverse transform method:
let x be distributed according to f(x), with F(x) in [0,1], then
r=F "1 (u)

with random number uv=[0,1]
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Generating distributions

® 1/x distribution

s
3
|
8|

Z 1
Fma:c - szn
U
. Lmax
i = TLmin
Lmin j
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Generating distributions

@ Brute Force or Hit & Miss method

@ use this if there is no easy way to find a analytic integrable
function

® find ¢ < max f(z)
° rejectit £z < uj - c

@ accept if fla) > u; - c

® Improvements for Hit & Miss method by variable transformation

o find

@ reject if C - g(x) > f(:l?)

® acceptif f(z) < uj - ¢ g(z)
f(z) >u;-c-g(z)

H. Jung, Monte Carlo Simulations in particle physics, summer student lecture, august 8, 2010
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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, :

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 !1!!
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Central Limit Theorem

@ Central Limit Theorem

for large N the sum of independent random variables is
always normally (Gaussian) distributed:

1 r —a)’
f(ilﬂ‘): S\/%exp _( 282)

Ziﬂfi_ziﬂi . N(0. 1
\/ZiO'IZQ o0

= independent on the original sub-distributions
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Central Limit Theorem

G. Bohm, G. Zech
Einfuhrung in die Statistik und Messwertanalyse fur Physiker

@ Central Limit Theorem

for large N the sum of ) =35 n=25
o . 0.4r 0.4f
independent random variables
is always normally (Gaussian) | -
distributed
0.0 ' 4 ' 0.0 ey n
= for any starting distribution Lt S
n=
=> for uniform distribution 04

> for exponential distribution\-

H. Jung, Monte Carlo Simulations in particle physics, summer
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Importance Sampling

Importance sampling
sample important regions

@ MC calculations most efficient for small weight fluctuations:

f(x)dx = f(x) dG(x)/g(x)
@ chose point according to g(x) instead of uniformly

R/ "\da! —/:g(az’)da:’
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We have the method.....
BUT
HOWTO

simulate the physics
2?777?



The hard process:

the simple case
Ih e‘e”



Constructing a MC for e'*e

e+
Y
® process: e'e dput >”‘W<

do %
— —em (1 2 0
o dcosfdo 4s ( Teos )

@ goal: generate 4-momenta of u's,
need cm energy s, cos 0, ¢

random number R1(0,1): ¢ = 2 n R1
random number R2(0,1): cos6=-1+2R2

do

for every R1, R2 use weight with
dcosOd ¢

repeat many times

after 100000 events

Z4000 [
o mHﬁiﬁlthm:JfJer
2000

1000 —

0
-1 05 0 05 1
cost
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Constructing a MC for e'*e

@ process: e'e >u"

do %
— —em (1 2 0
o dcosfdo 4s ( Teos )

@ goal: generate 4-momenta of u's,
need cm energy s, cos 0, ¢

random number R1(0,1): ¢ = 2 n R1
random number R2(0,1): cos6=-1+2R2

do

for every R1, R2 use weight with
dcosOd ¢

repeat many times

H. Jung, Monte Carlo Simulations in particle physics, summer student lecture, august 8,
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2

20000 |
30000 \_/
20000 |-

10000 [~

0
-1 05 0 05 1
cos t
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Example event: e*e > u*

@ example from PYTHIA: Event listing

I particle/jet KS KF orig p_x Py 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
3 le+! 21 -11 1 0.000 0.000 30.000 30.000 0.000
4 le-! 21 11 2 0.000 0.000 -30.000 30.000 0.000
5 le+! 21 -11 3 0.143 0.040 26.460 26.460 0.000
6 le-! 21 11 4 0.000 0.000 -29.998 29.998 0.000
7 120! 21 23 0 0.143 0.040 -3.539 56.458 56.347
8 !mu-! 21 13 7 -9.510 1.741 24.722 26.546 0.106
9 !mu+! 21 -13 7 9.653 -1.700 -28.261 29.913 0.106
10 (z0) 11 23 7 0.143 0.040 -3.539 56.458 56.347
11 gamma 1 22 3 -0.143 -0.040 3.539 3.542 0.000
12 mu- 1 13 8 -9.510 1.741 24.722 26.546 0.106
13 mu+ 1 -13 9 9.653 -1.700 -28.261 29.913 0.106

LA, u(13)

sum: 0.00 0.000 0.000 0.000 60.000

@ technicalities/advantages

[e))
o

can work in any frame
Lorentz-boost 4-vectors back and forth

can calculate any kinematic variable

v Vv VvV

history of event process
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Constructing a MC for e"e™ — ¢q

process ete — qQq -
el 17
do 02 T o
e string
— (1 + cos? (9) S _ ™
d cos Odgo 4s 1 U

generate scattering as for e'e” —H *l -

BUT what about fragmentation/hadronization 2??

use concept of local parton-hadron duality
Different approaches to fragmentation/hadronization:

= independent fragmentation
= cluster fragmentation (HERWIG model)
= string fragmentation (Lund Model) NEXT PAGE
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Hadronization -
the simple case
In e‘e

55



Transition from Quarks to Hadrons

2 |ndependen|' FrCIgmeni'Cﬂ'ion (Feynman & Field: Phys. Rev D15 (1977)2590, NPB 138
(1978) 1)

@ quarks fragment independently
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Transition from Quarks to Hadrons

@ Independent Fragmentation

@ quarks fragment independently

@ not Lorentz invariant

PHYSICAL REVIEW D VOLUME 27, NUMBER 1 1 JANUARY 1983

Scaling violations in inclusive e Te — annihilation spectra

C. Peterson,* D. Schlatter, 1. Schmitt,* and P. M. Zerwas?
Stanford Linear Accelerator Center, Stanford University, Stanford, California 94305
(Received 29 July 1982)

cussed in Ref. 18. The gross features of the ampli-
tude for a fast moving heavy quark Q fragmentation
into a hadron H=(Qg)} and light quark ¢ (Fig. 3)
are determined by the value of the energy transfer
AE =Ey+E, —Eg in the breakup process,

|
]
Q ! amplitude (Q— H +g)x<AE™", (2)
- l a Expanding the energies about the {transverse) parti-
! cle masses (mg~mg for simplicity),
! I q AE=~(mQZ+ZZP2)1/2+(m42+(1_2}2})2)]/2
: é —(mg2+ P2
o 1--(1/2)—(eq /1 ~2} {3)
. " i E 1 i i
FIG. 3. The fragmentation of a heavy quark Q into a ::;dsr;;;i a;}f:c;g{lgwiniogzﬂt?g;ﬁ?f?f;;gf::
meson H{QF). Dashed lines are time slices used in the tion function of heavy quarks Q
detivation of Eq. (3). : e

D§lz)=

zZ[1—(1/z)—ep /(1—2)* !
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Transition from Quarks to Hadrons

* Independent Fragmentation

@ quarks fragment independently
@ gluon are split: g — qq
@ not Lorentz invariant

2 Lund Sfring Fragmenfcﬁon (Andersson, Gustafson, Peterson ZPC 1, 105 (1979),

Andersson, Gustafson, Ingelman, Sjostrand Phys. Rep 97 (1983) 33) A
@ use concept of local parton-hadron duality color
do o strin
= —™ (1 + cos”0) &
d cos0dgo 4s .
!

linear confinement potential: V(r) ~-1/r + «r
with k ~ 1 GeV/fm
qq connected via color flux tube of transverse size of hadrons (~1 fm)

color tube: uniform along its length - linearly rising potential
-*» Lund string fragmentation
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Lund string fragmentation

® in a color neutral gqg-pair, a color
force is created in between t

@ color lines of the force are
concentrated in a narrow tube
connecting q and q, with a string
tension of:

K ~1GeV/fIm ~ 0.2 GeV? 8
@ as q and q are moving apart in qq rest
frame, they are de-accelerated by
string tension, accelerated back etc ...
(periodic oscillation)

W’m A
R

@ viewed in a moving system, the string is
boosted
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The first MC steps ...

e
rce code of JETSET, fits on 1 pag
’ Monte Carlo *o° T.Sjostrand, B. Soderberg.LU-TP 78-18

Appandix

Listings of the progrem companants,

TINE JETGENIN)
g:m FIETE K11004204 B(100+5) 6, WFNY IFLBES
COMMON /PAR/ PUDs P31 SIGHAY Cx2y E FH;.EH'H
COMMON /DATAL/ MESO(7:2)s CHILth 2
1FLSEN=(10-1FLBEG) /5
We2,SEREG
1=0
1P0=0
[ ] FLAVUG'I AND PT FOR FIRST QUARK
IFL1=1ABGLIFLBEG) 51
PT1s8]6HARSART (=ALOG(RANF (D
PH11=4, 20120 RANF (D)
PR{=PT1#COB(PHIT)
Py LPTISINIPHIY)
¢ ;*L::‘%;: AND PT FOR NEXT ANTIGUARK
1FLZ 14 INT (RANF () /PUD) -
1295 1GHASART (-ALOGERANF (O
AHIZb, 28329RANF (D)
FI!-PTlei(Mig:
PY2ePT2O8IN(PH Wit KT
RNEDy SPIN ADDED ANO FL
i um.ze-mor:mm-m:rmnasm
TSP LN [NT(PS1#RANF (01}
K12 el o9 ISPINRK(T11)
IF(R(14)LE. &) GOTO 110
HIX=RANF (D)
:n-m.n-umsun

Nth‘ﬂ!lﬂlliﬂﬂ'll”llllith!l(NH|1)MNH'IHH'CHIIIM‘QH

£ 4 HESON MASS FROM TABLE: PT FRON CONGTITUENTS
110 P18 nPHABLK(TN2))
NM)IF‘HO::;
1ePY14
:H;Er:l.l)uzml|2Hl30l:l|31n2

i
¢ % RANDOM CHOICE OF [#(E+PLINESON/ (E+P1IAVALLABLE GIVES E AND

1=RANF(0) il
(RANF (0D LT, C02) e, =Reeld, /3
il::.:l-t!w«rm:;::»:mg.
+PHTE/ (X8 i
(A} 1&":111;;#:;:::“0!::1 CHAIN INTO STABLE PARTICLES
it DECAY(IPD, D)
(1P0s2),6E.8) CALL
::::PD.L;.I.hID.I.LE.VéJ G070 120

€ 7 FLAVOUR AND PT OF QUARK FORMED IN PAIR HITH ANTIQUARK ABOVE

1FL=1FL2
Pii=-PI2

pYi=-PY2
€ 8 IF ENOUGH E;Fl LEFTy G0 T0 2
D
‘Il;i:l.ﬁT.UFIN.iNII.I.LE.“J G070 100
Nzl
RETURN
END

SUBROUTINE BECAYC(IPD, 1)
COMMON FJET/ K(10012)+ P(100,5)
CORNON /DATAL/ MESO(S:211 CHINCA2), PHAS(19)
COMMON JOATAZ/ IDCO(12), CER(29), KDP(2%:7)
DIMENSION Ui, BECT)
C 1 DECAY CHANNEL CHOICE, GIvES DECAY PRODUCTS
TBR=RANF (D)
IDC=IDCOCKIIPD 2)-T7)
100 I0C=1pc+y
IFCTBR.GT. CBR(IDC)) GOTo 100
ND={59+K0RCIOC3)) /20
PO 110 [1=1+1, 14N
Kil1s1)e-1P0
RO 2)aKDPLIDES 14-1)
110 P11 5=PMASCE (14,2))
€ 2 IN THREE-PARTICLE DECAY CHOLCE OF INVARIANT HASS OF PRODUCTS 243
IFND.EQ.2) &0T0 130
SA=(PLIPDIS)4PEL,5) ) 003
SBRCPOIPDIS)-BE141,%) 1002
SCe(PUI4219)4P(193,5) ) 0a2
S0=(PCL42:3)-P(143,5) ) 142
TOU=(58-50) #(5B~BC) / (4, 454RT(S0R5C))
IFIRCIPD20,6E.,11) TOUSSART(SB45E) 0 TDYs4]
120 SY=5C+(5B-5C) RANF(0)
TDFlSMTHEl'-saJ!EEI-BEH[SI-SEH(SI‘W)HE‘I
IFIKUIPD:2Y . 6E. 1) TOF=BX4TOFRAD

AF(RANF(0)#TDY, 6T, TOF) G010 120
PUIDD:3)84RT (51)

C 3 THO-PARTICLE DECAY IN M,
130 00 140 IL=q4Np-{
lﬂlt!l-ll'iDUdIL-ﬂﬂFD
[isl+]L
IZ!""B-IL“tME!II-CHII'IL-‘;‘J!(IHL'U
Pi-stn?mrm.:mw(u.angPtlz‘mnz;v

APLIDS)0e2=(P(14,50-p¢ [2:3)06021) 142,000 10,513
140 UE3Y=2, 4RANF(D)=1,

PHI®4, 29320RANF (D)

UC11=BRT (1. =Y (31083 4008 (FHD)

UE2)=58RT(4 =UEI )05 INPHT

TOA=1,=(U(1)ep(10, D012 SUCTPCI0V3) ben2s
BIPLI0 D 40 24R (10,2000 24PC 10, T 000y

lHN(JFﬂvIJ.GE.1].MID.]L.E&.2.lHIJ.HﬁNFW).G?.TM) GOTG 140
00 150 J=1,3

S EE TN

150 PUIZoJbmaparayc))
PO+ 6)=CART (PASRZ4P 11148 ) 042y

180 PUL2\6)=GRRT(PAMI24P{ 12,31 042

C & DECAY PROBUCTS LORENT? TRANSFORMED T0 LR BygTEN

00 190 1LaND=1114=1
10=(1L=11#400- (IL-2)#1pD
00 170 Jai,3

170 BEC)=Pt104) /P(1014)
GA=PLIu4) /PEL0NYD)
D0 190 [e1+1L 14D
lEPllttth!tH:l]'iE(?HPt]i|2NEE(3HFIH,:}
Do 180 Jaiy3

180 PULTAIYSPLL ) 0GAN (A (1, 46A)9BEP+P (11 4 ) spg )
190 PI114)=6ARIPITY 14 )40EP)

[=1enp

RETURN

END

THICE To SINULATE THREE=PARTICLE DECAY

SUBROUTINE EDITIN)
D2+ P00S3)
ggnug: ﬁégginﬁiiguﬁou: PININy PHINs THETAs PHIs BETACY)

T3y PRED L
[ TH:E:LAEﬂY NéuwﬁALs 0R UNSTABLE OR HITH T00 LO
[1=0
10 1=
ngITHROH.EE.i.AND.KiI.ZJ.GE.a; gggg :13
1FCITHROW, GE. 2, AND K (1+2) ,BE.& LG
TFCITHROH. GE. 3. AND K (1,20 . 1)
TF(P(1,30.LT.PIRINLOR.PET 54D
1=l
K(I1)=DINK (T3040
"ITHE ]
Do 100 J=1h3
100 PUIL =R
110 CONTINUE
" H
2 no?aig 10 G1VE JET PRODUCED IN DIRECTION THETA: PHI
IFCTHETALLT.AE-4) GOTO 140
RGT(i|1J=C05(1HE{?)t€OS(FHil
Ti142)==GIN(PH
ggl(l:JlISIH(THETAlICOStPHI)
Q0T(211)2C05(THETA)#GINCPHL)
ROT(2,2)=C08(PRI)
ROT(Z:SH=SIN(?HE1A)151N(PH[)
ROT(3y1)==8IN(THETA)
ROT(352)20,
ROT(3:3)=COS(THETA)
00 130 1s1iN
00 120 J=143
120 PRLII=P(T8)]

i ' 81}
110 2?I:§QI;OT;J|1)*PR(1)+R0T(J|2]iPR(2)¥ﬂDT(J N4PR

TA VECTOR

LORENTZ 800ST GIVEN BY EE )

y QUTE?:ETA(1)li2*BETk!2)iIZ'BETﬁ(3PliZ.LT.iEJ?l!ngURH
¥ GA=1 /SGRT (4, -BETA(1) #42-BETALZ) 4 2-BETA

sl
ggFjggTilz;lF(]a1J+BETA(2)iP(1nZ!*BETA(J)lP(I|J)

J=1:3
130 g?lti???(lUJJ*GAQ(ER1(1.*Gﬁ1iBEP*P(II‘])iBETﬁ(J)
180 P(I|H=GAMP(1|AJ+BEP)
RETURN
END

, . 10
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W2 (L S HLLT.PHINEED) GO0 110

i

SUBROUTINE LIST(N)
CONMON /JET/ K(100,2), PL10045)

COMMON /DATAY/ CHA1(9) CHAZ(19 )
HRITE (4,110 ‘ i

00 100 =144
IFEKUL),67,00 C1=CHAL (K (11))
IR LB Iemek ]y
C200hA2(K(112))
C3nCHAIUCRT=K1T12))/20)

i }:::(Mhﬂ.ﬂ) WRITE (841200 1y 1,

(1), LE0) W

Pl E0) WRITE (84130 1y 164,

10 FORMT(HHT“I']'|TI7|'0H'|T2‘ "PART' T2 ETAR
H“c'PI'!TS&!"\"cTiln'P!'rTGDI'E'lTﬂu"H"'; "

120 Foﬁﬂlﬂlﬂhﬂt’ohﬁzllllﬁ(un\”d“h".ﬂ?

130 :::HM’HIJM!M”Ill?t?lﬁlmﬂdﬂhﬂ.”i

(20 6 Pl Jagyy)
21 6 (FiLy Jugy)

BLOCK DATA

CONMON /PAR/ PUDY PBY) BIGHA CX2y EB
COMON /EDPAR/ LTHROH, PININ, o, e
COMMON /0ATAL/ WES0(9.2)

COMMON /DATA2/ 10E0t42)y CRR(29), KOP(29;
CONMON /DATAZ/ CHALE9)y CHAZ(19), CHQ;(RJM
DATA PUD/D.4/, F51/0,5/, S16MA/3%0, /, /0.1
Gsrizfiﬂﬂﬂﬁufn WEIN/ADD. 7y IFLBEG/ 1/

ITHROW/A/ 1 PININ/D, /4 PHIN/O./v THETA:pP /30,

ATA NEEOIT-i-J|2|B|3|¥|b|9u7ulliu1l3|65;:!|::lstr* i
DATA CNle?'U-!ul.r?'D.S-i-1205-2510.5s2|ﬂ.11.f
ATA PH@!fU1l?'13?.0l2'ﬁ?3.712*i97.?1]35-|3ﬂl.ﬂ|957.5|
lzl765.9r2|l92.2|2'l?5.3!7?0.21?52.&n19[7.ﬁf
DATA lDCUfU!itG!!!l!?ll]t!ﬁl!7|19n21|22|251

DATA cllf1.ro.lﬂi!D-ﬁﬂilﬂ.?l!lﬂ.?b?li.|U.ﬁ?6lu.ﬁ52:ﬂ.9!?n
89-950-1.ll.tl.iﬂ.b&?ui-l0.667|l.'9.65?‘1.n9.£b?-l.11.|
63.!'9!0.9!7-1.|ﬂ.ilﬂiﬂ.l!7!ﬂ.?ﬂﬁ|l.l

ATA KUPHih&!?ihlI?lh!lhh?dlhh? [
z1.2:¢.5.2.1.1.1.3.3.2-t-:.a;17.ta.1.5.3.5?§|§f§?i35?5?§.
53|3‘!|]c!|?|!|P|0rblluﬂu!'!|9|9-1410,5.#ﬁn;5;c1

DATA CH‘II'UO'l'OU'l'UB'-'EU'a'OS'|*ED’|'U#'|'00'r'SS'I
DATA mi!f'ﬁm"'l'P]*'!'Pl"I'K"I'K'
i'ETﬁP'|’RNO*’|'RHO"!'K|¢'n'l!*'
DATA CHAZ/! "+'8TAB!/

END

WFINy IFLBEG
THETAY PHLs BETA(D)
CHIXCE D)) PHRg (40

'l'Kﬂ'n'KBU'u'Flﬂ'-'ETﬁ'u
v k80" KB40 o RHoYY 1 ONEG" ' M)
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Hadronization and
additional partons -
the simple case
In e‘e



Gluon discovery in 1979

At the PETRA storage ring, the "gluon™
was directly observed for the first time.
For their discovery of the gluon in 1979,
four DESY scientists received the
Particle Physics Prize of the European
Physical Society (EPS), considered the
"European Nobel Prize in Physics", in
1995.

22.9.80
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Ecm = 35 Gev

54 15

62



Gluons in Lund String Fragmentation

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

@ process e'e” — qqg

@ watch out color flow !!!

@ gluons act as kinks on strings |
TPC (PEP) H. Aihara, ZPC 28, 31 (1985)

a Jet 2
(J;t 1 fof 3 Jet 1

@ string effect seen in experiment
jet3

01

Ll Lil I

ol 1 L

jetl jet2
The Lund Model does - on
describe it !!! o\elﬂ..’ﬁg 180 240 300 360

¢ {degrees)
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... and with more precise data ...

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

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

jetl

@ jets ordered by energy,
highest is quark (~94 %) ,

lowest is gluon ("‘700/0?

H. Jung, Monte Carlo Simulations in particle physics, summer student lecture, august 8, 2010

S
-~ « ALEPH 1992 data (uncorrected)
S 102 — JETSET 7.3 (+ detector simulation) jot 1
3 Vs =912 GeV
e, jet2
jet3
10
raw
N,
jet2 A3L 5% >
1 " # SIRE - I
o 03 07 o 03 07 ;4 o 03 07
@
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a more complicated case ...

.. add a hadron in initial
state ...

— ep scattering



A proton in the initial state

@ Deep Inelastic Scattering is a
incoherent sum of e"q — e+gq

@ only 50 % of p momentum
carried by quarks

® need a large gluon component

@ partonic part convoluted with
parton density function  /i(%)

oletp —etX) = Zfi(a:, Yo(etq — etq;)
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A proton in the initial state

@ Deep Inelastic Scattering is a
incoherent sum of e"q — e+gq

only 50 % of p momentum
carried by quarks

A,

® need a large gluon component

@ partonic part convoluted with
parton density function  /i(%)

® BUT we know, PDF Slepends on
resolution scale

oletp —etX) = Zfi(a:,Qz)a(e+qi —etq;)
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F.(x,Q2): DGLAP evolution equation

@ QPM: F, is independent of Q2

? Q? dependence of structure function: DokshitzerGribovLipatovAItarelli P s

quark
2 Probability to find
quark x
parton at small x
> , increases with Q?
Q small Q small
small resolution power better resolution power
2 2 5
2 + +
N N N
y U (F
OPM QCDC BGF

> Test of theory: Q? evolution of F (x,Q2) Il
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A proton in the initial state

oletp = etX) = Zfi(:r;,Q2)a(e+q7; —etq;)

HERA F,
-
5/ = | x=6.32E-5 __4 900102
= x=0.000161 E3 ZzEUS NLO QCD fit
{f"“ & I i H1 PDF 2000 &
a - x=0.0004 "
P g o x=0.0005
= 5,% *—0.000632 = H194-00
LARE la g x=0.00038

+ H1 {prel) 99200

x=0.0013 = ZEUS 96897
20,0021 a BCDMS
O B66S

x=0.0032 v NMC

x=0.005

x=0.008

W

@ perfect description of precise
measurements of HUGE range in

x and Q?

x=0.013

x=0.021

@ Theory works well.....

|l

= extract parton densities, which
are universal

2 to be Used at LHC..... 1 10 10° 10° 10". I”“ms

2 2
H. Jung, Monte Carlo Simulations in parﬁCIG ph)’SiCS, SUMMEI sivusin Isuuis, uuyudl U, 2viv O (GeVT 69



The proton PDFs ...

° quark and gluon PDFs H1 and ZEUS
= Q*=10 GeV?
08 - —— HERAPDF1.0
L - exp. uncert.

model uncert.

- parametrization uncert.

0.6
[ xg (x 0.05)

0.4 -
> Very large gluon density, |

even at small resolution
scales Q2

xS (x 0.05)

10* 107 102 107! 1
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DGLAP evolution equation... again...

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

@ iterative procedure, spacelike parton showering

xG(x,Q)
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Parton showers for the initial state

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

or from hard scattering (bwd evolution)
s select q,

%o
s
U
» select z, from splitting function
X 1= Zl}(ﬂ I
X0
N
» select q, \

» select z, from splitting function

stop evolution if q,>Q,
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Color structure in ep

OPM BGF OCD-C

@ Combine colored partons into color-singlet strings
@ color singlet strings hadronize

o the color structure determines the hadronic energy flow

H. Jung, Monte Carlo Simulations in particle physics, summer student lecture, august 8, 2010
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Hadronic final state: Energy flow

y— direction p—direction

@ E flow in DIS at small x and
forward angle (p-direction):

= QPM is not enough

=> clearly parton showers or
higher order contributions

needed

H. Jung, Monte Carlo Simulations in particle physics, summer student lecture, august 8, 2010

a) x< 107

--- MEPS
-~ PSWO
- = HERWIG

..... = *:TL:}:"-
R
| T R |
3 4 35
Mg
leading jet direction
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A even more complicated
case ...

two hadrons in
initial state:

pp-scattering



Rotating the diagrams

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.

\\\\

leptons

\\
\

—

Drell-Yan differential cross—section

(1 X 88/89 Run dileptons ((ee+pp;, = pb "), publ’ PRD 49, 1994 ]
- § QO 92-95 Run dimuons (107.4 pb™) .

1ol &

7

\\\\\

i\

NLL Z4DY {¥|<1) MRS (4) ——
(y* and Z

CTEQ 3L, LO+k_factor Z+DY — — B

NLL Z+DY {[Y|<1) MRS () -
(y# Only)

N\

%

100 -

107! -

Factorization: 1072 -

N
>]
Q
)

d2ag/dMdy for |vl]<1l [pb/{GeV/c®)]

® hard process: qg — 171~
1072 |
@ parton densities 5

10_4 | | ] 1 | ] | | 1
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W & Z cross sections

p+p—It+17+X \

@ Factorize process: 'y /

@ Basic process: Drell - Yan N _Q: _______

H. Jung, Monte Carlo Simulations in particle physics, summer student lecture, august 8, 2010



W & Z cross sections

Color

@ Basic process: Drell - Yan Q: —————— i / i
-4 F------ connection

p+p—=1lT+17+X .
@ Factorize process: o A /
@ g+q—o T I+ /Ww\
® What about the colored g
remnants ¢
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W & Z cross sections

Color

@ Basic process: Drell - Yan O: ______ i i
-4 F------ connection
A

p+p—It+17+X N
@ Factorize process: ) M\
@ g+q—o T I+ %:’M
® What about the colored g
remnants ¢

@ What about parton
radiation 2

H. Jung, Monte Carlo Simulations in particle physics, summer student lecture, august 8, 2010



The effect of parton radiation ...

D< Run Il Preliminary

e Data
¢ —Monte Carlo

[ Small pt is coming from
: multi-gluon emissions

20 30 40 50 60
Z p, [GeV]

Entries/ GeV
(0]
=
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Adding all together
the complete hadronic final
state in pp



Jet production in pp

@ x-section (i.e. for light and heavy quarks ( ¢¢ ) production)

B dx1 dx
o(pp — qaX) = / - —2

r1G(z1,q)r2G(2,q) X 6(5,q)
1 X2

()
\

@ with gluon densities xG(x,q)

@ hard x-section: 3%
do 1 E ¥

— ]2 .
at =~ eagz Ml

()
L
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Color Flow in pp

@ quarks carry color pp — qq

@ anti-quarks carry anticolor

@ gluons carry color - anticolor

@ connect to color singlet systems

@ watch out pp or pp
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Jet production at LHC

> = - ppeVs=7TeV
° . 9_ —
@ reasonable description |3 [ o pI"™>200 GeV (x10°)
1—12 10°F » 120 < pT®* <200 GeV (x10%)
® need proper © 5 90<pM™*<120 GeV (x10)
° ° . A
description of hard " o 70<p™ <90 GeV g :
- 10:
part of cross section g p
- L=72nb .
@ need multiparton - lyl=141 i
. L. . 1
radiation for delta phi :
} I 2
10" =
® sensitive to multi-gluon -
radiation 1021 )
E e o Pythia 6 (GEN-SMR)
i ¢_-_¢_ e —_ kISR=1'0
10'3 E_ = kISR=4-0
- | | | | | | | 1
/2 271t/3 51/6 T
A

dijet
H. Jung, Monte CCII"O Simu|aﬁons in particle physics, SUITITIEI Sludelll Iecivie, uuyust 0, ZViv 54



Heavy Flavor production at LHC

@ good description of cross @1 0 :_I T ||3I_I>IJI/{pI, FONLL ll_:
. > — _
section S L —— CASCADE ]

® need hard part of x- E 10; , PYTHIA i

@ need multi-parton Eﬂ : :
emissions 2 1_ 1.4 < IthpI <2.47

o N ]

@ need fragmentation T | ]

) -1 = ——— —

©10 E : 5

- \s=7TeV i

This process was for a [ L=100nb’ :
. . 10°F =

|0ng time a blg : CIV!S prelliminalry | | -
problem qf Teyatron !!! Ol L1 |5| L | |10| [ |15| L1 |20| L | |25| [ 30

pi’ ¥ (GeV/c)
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Measurement of Energy flow

/""\

>
Q

@ Energy flow measured in
forward region

@ sensitive to multi-parton <

M M —
emissions
510

® Observe higher energy |3
flow than in any MC ©
prediction ... Z
—

> WHY ¢
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+ Pythia D6T
min Pythia PROQ20
-+ Pythia PO
= Pythia DW
IIII\P Ojet
== Pythia 8
- [ Syst. Uncert.

| =e= Data Minimum Bias

CMS Preliminary
Ns=7TeV

_._;.'.',.'..'u'..'.'..'..'m

|l|#uI| mmE '”llllIl|||=|.||l:l:l:ll:l:||1

i ' ............. l"""""'E i
i mmmm!"""""' :.lllll.llll.lllllli
] =.' s
B Imn.h.lme I
. IIIIIIIIIIIII -
;
-h#-lj R L L | I
3 3.5 4 4.5 5

|



Measurement of Energy flow

® Energy flow measured in
forward region

® observe region without

energy deposition

* WHAT IS
THIS ¢

dN/dE|,- (GeV™)

' A VL ' R P
\ CMS Preliminary 2009 L=0.4ub"
—

@ p+p (2.36 TeV) BSC OR and Vertex
(] Energy scale £10%

s PYTHIA D6T

--------- PHOJET

s === PYTHIA Non-diffractive

=== = PHOJET Non-diffractive

10 107
2 E (HF-plus) (GeV)
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Summary

@ 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
Y

Monte Carlo event generators

H. Jung, Monte Carlo Simulations in particle physics, summer student lecture, august 8, 2010



The Analysis Centre in the

PHYSICS
AT THE

TERA
SCALE

Helmholtz Alliance

@ Areas
® Monte Carlo (user support, tuning, development ...)
@ Parton Distribution Functions
@ Statistics Tools

@ Collaborative tools (web based infos etc )

H. Jung, Monte Carlo Simulations in particle physics, summer student lecture, august 8, 2010
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Monte Carlo group activities

@ Development of Monte Carlo
generators

® Tuning of MC generators
@ PDFAMC
@ User support

® Training (schools, seminars)

@ MC schools in spring 2008, 2009
@ |ink to MC group page

H. Jung, Monte Carlo Simulations in particle physics, summer student lecture, august 8, 2010 90


http://www.terascale.de/research_topics/rt1_physics_analysis/monte_carlo_generators

Monte Carlo group activities

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

@ PhD

® postdoc
please get in contact with us...

There are plenty of possibilities and
positions to do interesting physics with
MC simulations ..... and help to find
extra dimensions or SUSY or  new

phenomena in QC D
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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

o 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.

o JETSET

The Lund string model for hadronization of parton systems.

H. Jung, Monte Carlo Simulations in particle physics, summer student lecture, august 8, 2010 9?2



List of available MC programs

@ LDCMC

A program which implements the Linked Dipole Chain (LDC) model for deeply inelastic
scattering within the framework of ARIADNE. The LDC model is a reformulation of
the CCFM model.

@ PHOIJET

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.lbl.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.luse/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)
@ R.K. Ellis, W.J. Stirling and B.R. Webber

QCD and collider physics
Cambridge University Press (1996)

H. Jung, Monte Carlo Simulations in particle physics, summer student lecture, august 8, 2010 95



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-Wesley 1989

@ Collider Physics V.D. Barger & R.J.N. Phillips Addison-Wesley 1987
@ Deep Inelastic Scattering. R. Devenish & A. Cooper-Sarkar, Oxford 2

@ Handbook of pQCD G. Sterman et al

@ Quarks and Leptons, F. Halzen & A.D. Martin, J.Wiley 1984

@ QCD and collider physics R.K. Ellis & W.J. Stirling & B.R. Webber Cambridge 1996

@ QCD: High energy experiments and theory G. Dissertori,l. Knowles, M. Schmelling Oxford
2003
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