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

From gambling ...
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... via applications in risk management
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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 ....

® 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

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2009



.. and in particle physics ?

Do we also need simulations ?

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2009



What is this ?
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H. Jung, Sim

What is this ?
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What is this ?

I can only ’rell

SN A ’ !,-ﬁ

probahilities |

ey
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e e e ———————ereeteen Sy
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What is this

e T I I PV T TR T STt T et s e T

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2009

10



Events at HERA ...

p—rémn ant

Jet 1 scattered e

p—beam
920 GeV

\s ~ 318 GeV

x~7.10° at Q* =4 GeV?

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2009
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From experiment to measurement

take data & B! - run MC
A generator
~ * detector
simulation
Upppps ...... all measurements rely on proper

MC generators and MC simulation !l

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2009 12



\P

easurement
SESR - run MC

generator
e 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 Ao} aa
had det C th O o dx
de‘ _ da;‘ corr W1 corr —— dgé\gf
dx
visible x-section on hadron level
\_ )
Upppps ...... all measurements rely on proper

MC generators and MC simulation !l

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2009
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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 2009
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I Monte Carlo - different applications

@ MC simulation of detector response

® input: hadron level events - g
@ Calorimeter ADC hi
® Tracker hi
® need knowle e passage through matter, x-section ...
® need knowledyeof actual detector
® multipurpose MC event generators:

@ x-section on parton level

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

® remnant tfreatment (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 2009 15



What this is about ...

From

I I
e'e — e e
via

ep — €' X

mulations in high energy physics, summerstudent lecture, Aug 2009



The easy case: e'e” - X

° use ete  —uTp~ and ete” — qg — hadrons

e+

4 2
° cross sections can be calculated in QED: o(eTe™ — IT17) = gf:
Amo?
Te~ =) — 2
* and for quarks oleTe” — qq) = 3 3.
= but quarks carry color and fractional charge !l / A
color charge

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2009
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The easy case: e‘e” - X

® measure ratio of hadronic /

»
"9 ro—-'—.- -—— o ——— -
.

leptonic cross section g 3 v, d s
_|_ —
o(eTe” — hadrons) "
R ,_ 2 .
olete— — utu~) : . Lo

= NCZegziBZeg

- > —® @ - W " - e e w e -- @ - 1

PDG 2008

» for 3 quarks:

) () -5

® including charm

R=3

2+ 2\’ — 3.333
3 \3/ | 7

2 “direct” observation of fractional

charge of quarks and '
2 3 different colors ... z 3 Ger

H. Jung, Simulations in high energy physics, summerstuden, icc.ui <, riuy coo.
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The early steps: e'e- - hadrons

Soding,Wolf Experimental Evidence on QCD
Ann Rev Nucl Part Sci 1981, 31, 231

., :
& I JADE observed “
L ¥ ALUTO ocbserved -
0LL we ® TASSO comected o
I +'u-m 4
A\
|
|l
< F '\
g a3} \“
E . ““
;' L u R, an
*} >
t_, 02}
<

“f oy
> sphericity: S ~ 3/2(6%)

jet opening angle <5> — <Pt/P||>
° S ~0 forextreme jets T ettt etk ~

S - 1 for spherical events

hndend e LLA_LA_A._J...J-J adenlenl bl ad

= evidence for 2 -jet structure
H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2009 19



I The early steps: ee- - hadrons

>How to compare a detailed measurement
with a theoretical prediction ?

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2009
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Simulate these
processes with
Monte Carlo

method !l



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 2009
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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

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2009
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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 numbers that have
nothing to do with the other numbers in a sequence

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2009
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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 2009
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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 2009 27



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% o

@ Truly Random numbers used for O
@ Cryptography
Confidentiality L =0
Authentication
@ Scientific Calculation

@ Random numbers from quantum physics:
infrinsic random

photons on a semi-transparent mirror

Single-photon detectors

@ Lotteries and gambling "0

do not allow to increase | |
chance of winning by having a @ Available and tested in MC generator by

bias .... too bad a summer student
@ (Generator is however very slow...

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2009 28



True Random Numbers

IMmaduction Satitics LR PR It Tedtimonak e Cestar g Wy hewt

* atmospheric noise, which

is quite easy to pick up R A N D 0 M 0 R G rmwmm:;,

WITh a normal r'C(dIO- Used What's this fuss about true randomness?
True
by RANDOMORG Pechaps you have wondered how prodictabie machines ¥ce computers can generate randomness, In reaity, h m:m

(‘rhanks to Alber’r) MO FANZOM NUMBErS 500 1 COMPULEY SOOI 3% Sseudrandom, which mearns they are a generatnd
1 3 predictable fashion usng 3 mathematical formula, Ths & fine for many purposes, but R may not be
R0dom In the wayy you apect If you're usad to e rols and ottery dawings.

9 mUCh mor‘e Can be found RANDOM ORG offers drue random numbers 50 amyone on the [nferaet, The randomness comes from

" Genenate !

AMOSPREC NOE, WNKh for MOy Purposes & Dettey than the peeudd-random aumber digonthms typcally
on T h e we b v used I Computey programs. People use RANDOM.ORG for hokding crawings, loneries and swoepstales, 10
drive games and gambiing stes, for soentific 2pplications and for &t and music. The service has existed (
gnce 1998 and was bulk and i baing operated by Mad of the & - (
o y n |nend

un & Free Background & dats remium & Advanoed

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2009



Pseudo Random Numbers

Pseudo Random Numbers
are a sequence of nhumbers 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.:
5772156649%= 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 2009
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Congruential linear generator

® develop our own simple generator

Ij — mod(alj_l —l—c,m)
I.
Ry = 2

® with seed Io

* and multiplicative constant a and additive constant c
® modulus m

< maximal repetition period: O(m)

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2009
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Randomness tests

@ Congruential generator

| congruential generator | T
1

Mamy

FME
FME ¢

0.9
0.8
0.7
0.6
0.5
04
0.3%
0.2
01

=>» Congruential generator is not
bad ... but it could be better ....

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2009
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Randomness tests

M. Luscher, A portable high-quality random number

@ Congruential generator

| congruential generator |

0.7k

0.5

0.1

1z
0.95
0.8F
0.6}

0.4F
0.35
0.25

:

[Eermruantial ganarate: |

enerator for lattice field theory simulations,
> RANLUX ¢ )

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

Enings
Mamz
Mam ¥
RS
RUE y

[EH
BEIT
nsan
DER
D.pgst

ranfux

Entres 100000

Maoan x 10.4999
Mean y 0.4993
RS 0.2886

U)amsy  0.288

s
ik 3

0.9

> RANLUX much more sophisticated

Developed and used for QCD
lattice calcs

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2009
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Simulating Radioactive Decay

® radioactive decay is a truly random process
@ dN=-Nu«dt 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= o At (for ¢ AT 1)
@  Problem:
consider a system initially having N, unstable nuclei.

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

@  Algorithm:
LOOP from t=0 to t, step At
LOOP over each remaining parent nucleus
Decide if nucleus decays:

IF ( random # < « At ) then
reduce number of parents by 1
ENDIF
END LOOP over nuclei
Plot or record N vrs t
END LOOP over time
END

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2009
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® implement algo into a small program
@ show results after 3000 sec for:
N,= 100, « = 0.01 s*
At = 1s
N, = 5000, a=0.03 s
At =1s

® algo:
alphal = 0.01
NO1 = 100
deltat =1
do I=1,300
it = it + 1
do j =1, NO1
X = RNI1
fr = deltat*alphal
if(x.1lt.fr) then

c reduce number of parents NOI
NO1l = NO1 -1
endif

c fill for each time it number NOI
call hfill(400,real(it+0.3),0,1.) !
enddo

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2009
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IThe first simulation: radioactive decay

° implement algo into a small

program = .
80 N =100, = 0,01 4000
* show results after 3000 sec for: .
N, = 100, « = 0.01 s © -
At = 1s 20
No: 5000, a=0.03 s *n 100 200 -:;.;oo %0
At = 1s = 102\”‘_"0‘ z
. e 109
® MC experiment does not exactly = z
reproduce theory ... b
* results from MC experiment ‘ ”
show statistical fluctuations ... 1 %% w0 o
° as expected ........

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2009
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o

Expectation values and variance

Expectation value (defined as the average or mean value of function 7 ):

b N
Blfl = [ FwdG(w) - (bfa / f(u)dU> = > ()

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

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

Vil = [ (- Blf)’ de= (bfa / <f<u>—E[f]>2du>

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

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2009 37



Generating distributions

® From uniform distributions to distributions for any probability

density function
@ yse variable transformation

® linear p.d.f: flz) =

2x
u(x) = /Qtdt:xQ
0

Tj = Uy

1
® 1/x distribution f(x) = -
U(:C) B Fmam - szn
(xmaaz ) “
Ly — Tmin | —
Lmin j

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2009
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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
o find ¢ < max f(x)
o rejectif f(xi) <wj-c
® accept if f@i) >uj-c

® TImprovements for Hit & Miss method by variable transformation
o find c-g(z) > f(z)
o rejectif f(z) <wuj-c-g(z)
® accept if f@) >u;-c-g(x)

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2009

39



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 & 10
N > fw) [ fwdu
1=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 llll

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2009 40



Central Limit Theorem

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

1 r —a)’
f(ZC): S\/%exp _( 282)

Zz’xz’ — Zi:ui
\/Zigzz

= independent on the original sub-distributions

> N(0,1)

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2009



I Central Limit Theorem

@ Central Limit Theorem
for large N the sum of
independent random variables
is always normally (Gaussian)
distributed: ] )

fla) = 1 (x —a)

exp | —
s\ 21 b 252

* example: take sum of uniformly

distributed random numbers:
Ry, = Z?:l R;
E[R1] = [udu=1/2,
VIR = [(u—1/2)*du =1/12
F R, =n/2
VIR, =n/12

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2009




Central Limit Theorem

@ Central Limit Theorem

for large N the sum of

independent random variables

is always normally (Gaussian)

distributed:
1
f(ZC) T S\/% eXp

(z —a)”

252

example: take sum of uniformly

distributed random numbers:

Rn — Z?:l Rz

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

R = [(u—1/2)*du=1/12

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

FER, =n/2

VIR, =n/12

® for Gaussian with mean=0 and

variance=1, take for n=12:

0.2

0.15

0.1

0.05

N(0,1)

Rp—n/2

5 25 0 25 5

/4

0.2

0.15

0.1

0.05

0.06

0.04

0.02

vn/12

5 25 0 25 5§




Central Limit Theorem

. G. Bohm, G. Zech
9 CenTr'C(l lel"' Theor'em Einfuohrrl?ng in dei: Statistik und Messwertanalyse fur Physiker
fix)
for large N the sum of n=25 n=25

independent random variables

is always normally (Gaussian)

distributed N e =
= for any starting distribution - -
=> for uniform distribution | N

= for exponential distribution

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



I MC method: advantage of hit & miss

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

@ 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 2009
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MC method: advantage of hit & miss

® integration m weighting events
large fluctuations from large weight:
weights also to errors applied
difficult to apply further

f(x)

hadronization
® real events all have weight = 1 Il

40
s Hit & Miss method: 20

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 2009 46



MC method: advantage of hit & miss

® integration m weighting events
large fluctuations from large weight:
weights also to errors applied
difficult to apply further

f(x)

hadronization
® real events all have weight = 1 Il

40
s Hit & Miss method: 20

MC for function f(x):
get random number: 0

R1in (0,1) and R2 in (0,1) 0 0.20.40608 1

calculate x = R1 X
reject event if: f <f_ _R2
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MC method: advantage of hit & miss

® integration m weighting events
large fluctuations from large weight:
weights also to errors applied
difficult to apply further

f(x)

hadronization
® real events all have weight = 1l

40
* Hit & Miss method: 20

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 m weighting events
large fluctuations from large weights
weights also to errors applied

f(x)

difficult to apply further
hadronization
® real events all have weight = 1l

40
@ Hit & Miss method: 20

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

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

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2009 49



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

example: f(:C) - 1/:130'7
9(z) = 1/x

R1
- xmaa:

Tmin

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

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2009
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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):

f(x)

40
/ r e / /
/xmin g(x')dx = R1 /wmm g(x")dx 20

example: flx) = 1/550-7
g(x) =1/x 0 002040608 1

R1
B = Grnfin ° (CUmaa:) X

Tmin

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

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2009



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):

f(x)

40
/ r e / /
/xmin g(x')dx = R1 /wmm g(x")dx 20

example: f(:l:) - 1/:130'7
g(x) =1/x 0
0 0.20.40608 1

R1
L = Tmin ° (CUmaa:)

Tmin

X

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

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2009



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

example: f(:lj) - 1/:130'7
9(z) = 1/x

R1
L = Tmin ° (CUmaa:)

Tmin

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

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2009
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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):

f(x)

40
L i gla')da' = B L im g(a)da! 20 |

example: — 1 /0.7 ;
flz) =1/x o L

g(z) =1/z 0 0.20.40.60.8 1

R1
B = Grnfin ° (CUmaa:) X

Tmin

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

» wow I very efficient even for peaked f(x)

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2009
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Importance Sampling

@ MC calculations most efficient

for' SmG” W6|9h1' fIUCTUGTionS: | Importance .\;unpling.
f(x)dx 5 f(X) dG(X)/g(X) sample important regions
@ chose point according to g(x)
instead of uniformly
s fis divided by g(x) = dG(x)/dx
@ generate x according to:

R/abg(x’)dx’ _ /:g(a:")d:c’

s relevant variance is now V(f/g):
small if g(x) ~ f(x)
s 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(f)
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We have the method.....
BUT
HOWTO

simulate the physics
2?7?7?



Constructing a MC for e‘e : the simple case

gt h
v
o rocessiee i o d
do o
° = (1 + cos? 9)
dcos 0do 4s
after 100000 events
® goal: generate 4-momenta of % 4000 L‘\ 1
¢
u's, need cmenergy s, cos 0, ¢ 000 | ;. ,,,JJ/
2000 | \
random number R1(0,1): ¢ = 2 x R1 o |
random number R2(0,1): cos 6 =-1+2R2 S T
cos i
for every R1, R2 use weight with do
dcosOd ¢

repeat many times
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Constructing a MC for e‘e : the simple case

< ¥
® process: e'e” du’ - >"~“<
do a2
S o < (1+(30826’)
COS ¢ 4s after 10° events
® goal: generate 4-momenta of Z.0000 | 7
. N\
u's, need cmenergy s, cos 0, ¢ 30000 | \_/
20000
random number R1(0,1): ¢ = 2 = R1 10000 |
random number R2(0,1): cos 6 =-1+2R2 T T
ocos i
for every R1, R2 use weight with do
dcosOd ¢

repeat many times
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Example event: e‘e- »u* u-

* example from PYTHIA: Event listing

I particle/jet KS KF orig p_x Py p z E m

1 te+! 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 let! 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

sum 0.00 0.000 0.000 0.000 60.000 60.000 E-(4) u“ (13)

® technicalities/advantages

> can work in any frame

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

2 history of event process
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Transition from Quarks to Hadrons

9 Independen’r Fragmen‘ra’ri ON (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 LIANUARY 1983

Scaling violations in inclusive ¢ V¢ — annihilation spectra

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

cussed in Ref. 18, The gross foatures of the ampli-
tude for a fast moving heavy quark Q fragmentation

l (ma-'-__}n.‘)l/l

| | into a hadron H ={(Qg) and light quark ¢ (Fig. 3)
' | are determined by the value of the energy transfer
| | Q H AE wEy + E;, —Eg in the breakup process,
Q 1 | amplitude (Q-—+ H 4+g)=AE" . (2)
o l a Expanding the energies about the {transverse) parti-
| cle masses (mg ~mg for simplicity),
: I qQ AE={mg’+2'P)' 2 4. im 3 (1 —z)'P) 7
i

x | -—=(1/2) (/1 —2) 3

and taking a factor z~' for longitudinal phase space,

FIG. 3. The fragmentation of o heavy quark @ into a we suggest the following ansatz for the fragmenta-

meson H(QF). Dashed lines are time slices used in the tion function of heavy quarks Q
detivation of Eq. (3), N
Dfiz)= ' (4)

2[1~(1/2)—€g/il—2}F
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Heavy Quark Fragmentation

.

* transition from heavy quark to
observable hadron by
fragmentation function FF T M TS,

2 PeTer‘SOH FF- (C. Peterson,
D.Schlatter, I.Schmitt,P.Zerwas, PRD27 (1983) 105)

N 1 e 177 |
_— o ﬁ
Dg(z) . [1 . 1o z] > ]
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parametrisations by:

Kniehl Kramer&Poetter NPB582(200C ~=
514 S 109

use
ete” = (v,2) - h+X

starting distribution:

Do(2) = Nz2*(1 — 2)P

0.2 0.4 06 0811
ra
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I Transition from Quarks to Hadrons

* Independent Fragmentation

® quarks fragment independently
 gluon are split: 9 — 49
® not Lorentz invariant

* Lund String Fragmentation (andersson, Gustafson, Peterson zPC 1, 105 (1979),

Andersson, Gustafson, Ingelman, Sjostrand Phys. Rep 97 (1983) 3: q A
@ use concept of local parton-hadron duality et .
ete” —qq o color
do o ; - e string
= — (V4 cos' 6) ¢ - N
dcos 0dg ts q U

linear confinement potential: V/(r) ~-1/r + «r
with k ~ 1 GeV/fm
gq 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

® ina color neutral qq-pair, a color

force is created in between

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

W’m A
R

tension of: -
x~1GeV/fm~0.2 Ge\/?

@ as g and g 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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Hadronization: particle mass 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
P A T
* lifetimes
- related to widths ... but for practical purpose separated
* decays

2 taken from PDG, where known
2 assume momentum distribution given by phase space only

> exceptions, like , ¢ - 77 7Y, or D - Kn, D* — Knw
and some semileptonic decays use matrix elements
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® Monte Carlo source code of JETSET, fits on 1 page
T.Sjostrand, B. Soderberg LU-TP 78-18

K

Appettis
LIntings oF the progren Lomparente.

WaeoytinE TN
ooemn AT K0 PO

1 Wi MEs SLEMAe CI20 LB WFING EPLMEE
o=t :mlllmwt'o’h LT oy
TUCTER UL LU
Wl
1

M0

1 ALAVIVE MND PT POR FINST WAR
(USRI LY
PHOITEARIRT (- ALOG (RN (D11)
Pulheh, IO (D)
IR A G L
CICAIC LTSN
UL

¢ ;‘&W AND P POR NEIT MY LA
e UL AL
PEIMALARAVIANT ML AT IANT LD 1
Peddeh 000NN 0)
PR ICRIMES

0 L

t) lm&“- SN AV A0 LAV aie
MR L USROS L L
O Gl TLU L AL
Nl enete gl
o A 8810 110
LR AL
oen (1) -he 2o LIRIN

mlillm-ummomuu.qmlmlm-cmm.:n

£ 4 MO AAEE FIIN TARLE, BT TRA COMMTITVINTS
1HE M eI
m.u::u:;
LUTHE AL
nmnmmm(lmmmld)m

€9 tandie DWICE W CoUEPPTINEREN/ CEORLIVATAARE SIS £ "

el (8
T LIRS R LS IS LC R A
OB R umm;.
IR,
(4] u'm:::::'m-:'mu INTS BTABLE Patiauil

- imm!a-.u.» ML e
PR L0, AL

19 120
£ 1 FLAVIR AND PT 18 AR FORED [V PAIR LT AT LRGN b

ieing
sl

i
0n l’lﬂ.!ﬂ("tl"h w!

tow
;:I.". 18 AN LAEYS) W10 10

wi
i
™

PN pelaviimng)

(omey :a::i’u.n‘;h. i)

L e D000 300 PRl i)
COMMM TMATALY 1000013)

MR on 1), ma:’ v A

€4 M
'00-::«'.5 C0LEH LIVEE MEAT Pty

LS LT TR
"
EFR0,4T, D00 10 @

WY 1080 3111 b
AL B T
LU
AL LU T

. :0? meﬂmmxf:

1] “PANTIELE pecay Mok
el OON.II OHICE o I Lant LR URD
BRIy ey
L TR
le-mm.wnw.wu)
:O;rdc:;’n-zlol.\um)

S UTT -m:u.mmwu
Honma san 1
N ::ﬂ--ﬂ-moutlrm'“m”u
SRIRTCOREAN OB g l
::::‘u:‘)'.a.m m-u-m::;'m e
1010180.41,
”'.:_unmvmm: ). 6% '
PTIOLE MLay
1% 8 1 “"..,' AN On Yot To plamant POREEPARTELE pecu
ISeehi-osmp i regm
i
I -u'mm-m-u-mu-n )
b S
I B
o N!’ll-'“ﬂ'-l: UG BT DTS NI TR OO
m:wr-mu-
t LI L Al
e TR
RO R T
0;:::?;:;00&“lt.;:m-::;..;m;:w,"mm'm!'
A ‘;z:il-ll-ll-ll.to.l'..ldmlf.u.ml e w
LI
0] :t::-‘u-m'ln
MATURE L L LT T
v :o:‘whmomuum:h:;.:::g:
PIMTE (omint} ¢ UL
::.l:' LI R TR e
SIS L S TEH)
M2 Uy i
LLER . PRI TR
LU AT Y
WO o1 o
oM
i :.':” 'r:ld NLLT TR

P egasigarry,

" mt-muum:-.t"ﬂ':. *’mml“"”“l"

L)

Mrn

L1

BUBRITINE EDETIN)
1o 11001
m %%;‘m‘zl: '!Ill: PN THETAY Ple BETALD)
AL AOTE3 300 PRED)
£ 1 THROW ARAY H."”U oF UNSTARLE ON WITH TOD L
110

10 1ot
::(INNU."M.N.I(!'N.“.O) o 110
1FCLTHRDY 66, 2.0 K (L) 6L 0) Wro 1o

lﬂ'(lollMJNIM.Nl'm'?'mmn:.u.ml"?' 10 L0

feliel
I (LN Tl
KD
00 100 Johid
100 PLLL LD
140 CONTINVE
.

c? lo:A;: 10 01V JFT PREAUCED IN DIRECTION THEYAS PHD
IFTETALT AER) 6010 480
mum-cmmmomm»
WL DS INND
ST 3OS INCINETAY o CORUINL)
MY (20000008 (THETA BINERRE)
ROT2 20U (PN
0702430 oS INCINETA) S LNIPHEY
HOT(IheeBINCTHETAY
13200,
TG L ALY
10130 10N
M 420 Jesd

120 PR

Jend
10 ﬁl:ﬁﬂ;!:hlhmmlﬂiMWIQJ'RHJJH”!!)

RALL LONENT] BR08T GIVEN DY BETA VECTER
t :G:V'i':‘lﬂlt""Mﬂmm!llﬂ“bu?.Ll.l(-ll I)M
Wl.Im(i.-ﬂllilml-l"l!l“?‘llmlm?

1N
arxgvlzﬁcm.nnmmmu.anmmnmm
140 1y}
1% :?l.JMu:J)-m(Wﬂ.-M)omommmmm
19 L RIAGAN PRI IBER)
L
i

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2009

e

SUMOTIME Ligtin
BRI N Fi100y)

COMNON /301, A
Ittty AN DM i)

n(:"l It
(I1,6Y,00 Contuarin
LTINS m--m.:’"”

Co0mzne )

:ml“ﬁ“]-!)"”'

ALEL0 WIIEG htne

9 B B TR Y
; .I‘Wud’ O WITE ) 1y 124, C0 O (M l';?!)
] 'm'(ll/l"h'l'l'"o'“j' AR IS '
"""“o‘"'omn'"‘c'u""‘|’;.:'l'c::}|:;‘,’: .
- 'm'llﬂlllbﬂcﬁlIh}“llﬂhSNll"JH

.. mo'-u.u.u.n.zm.m.am.u.m

ALK MY
(OO 700/ pup, M1 s
COMON /LMY/ [y, Pl pacs,
COMMIN /DAtAY/ LA LTSI tn;mf}n';':;t:b e
SN OATAZY 0TI 0 CONIZNY 0029,
umu T N
um'MIMh LGB 16380,/ t1200.m7,
AN TN D R
' 0./ MEND, |
m: :m;;.;.:..;35....'...'5:.‘.’.{:..".'Jf;m kst
Wila |"|.l=..|” °'" LTI
‘:;:":“N-'?OI”.O-’M".70!!‘0?:7|“;.?M':.‘-H’ g
D020 22000, 10,204, .7 :
lmil'llhllol?cl)llh"ﬂ'dl-RIN

DATA CH0/1,00, 30110, 4014 "
».m.l..n..u..o.;u.s..34:::::::3"o'm"'m"’"”'

c:‘mm’;i'..o.m.u.m.o.m.;.: Whikiihity
Al il g
:;.;ch‘c?nlolclnlllo;oili"l;;::;?;3:‘:;3‘322;"2;3;
.‘ﬁ"gm;'g:":&".'."'.'M'"W'M"'Ml i

: '0 ‘.'“D.l”!.l”l.l"l'lwl -..I L
N A R
:s‘ ! M . oy '“""W"'“‘v‘.nl

b ING win dae

67



DESY: Discovery of the Gluon

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 “ 1 3

E e =35 GeV

X
oot T

167 GeV K

SA ¥s

.32 Gev K-

22.9.80
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I Gluons in Lund String Fragmentation

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

® process e"e” — qdyg

s watch out color flow !!!

@ gluons act as kinks on strings

@ string effect seen in experiment

jet3

jetl

The Lund Model does
describe it !!!

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

TPC (PEP) H. Aihara, ZPC 28, 31 (1985)

! B
A (@ Jet 2 Jet 1
§ I\ Jet 1 Jet 3 f
QO 0.17 \ / /
£ el
oM

%— f (o)
ol ; SF mode!
< '— & IF; model
- CF model
AO -
v - [ 4
- ¢
% e
T 0.01=

. 1 ' s B
0\60_,116 18C 240 300 360
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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) 1165

. ST R e L O e S

— * ALEPH 1992 data (uncorrected)

,g“ 'OQK o — JETSET 7.3 (+ detector simulation) jot 1

3 ] Vs =91.2GeV | |

B | - n b2

I | | y [
#» jot3 J‘!

; |
L | ' | ’
- l‘\h . ; L -
A A IS A N
Z - BRY L
: LN":’OP | ' ‘ ‘aw .
i - a N I
e . |
: |
jetl [ ! r’V
' |
- | B | e}
? JeTS Or'der'ed by enerQY' ‘ o 03 07 1 - o 03 07 - o 03 07 4

highest is quark (~94 %) , %
lowest is gluon (~70%)
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Models for jet evolution

%
OJ

® Parton Showering
=> Color field of Lund string interpreted in terms of gluons
=> successive parton radiation, with splitting function
= ordering introduced explicitly:
=>virtuality, pt or angular ordered
> need to take care of recoil

= implemented in JETSET/PYTHIA/HERWIG
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Jet evolution: q and g jets

OPAL Collaboration Z.Phys.C68:179-202,1995.

.§§L}_’."'._.,...:.;
£ 0s
_ 1s OPAL
'J .‘i\ * quark jet
1S - ; ] > gluon jet
| ¢ i * $
i 5 W1 \*i Cone definition:
| R . - R=3"
= B " =10 GeV
€ . [ { Ny
s ¢/ +*\ 5% $
f \?"¢ = & $
.‘ i~
03 | Jetret T3 \é \f
° select 3 jets, highest E-jet with ‘5 Sarsig e
secondary vertex (b-jet) |
o ettt sttt — e ———
@ 2 |lower E jets are enriched gluon- . W OUes s B I
Jefs 2 gluon jets are wider

® use MC for corrections to true gluon 3 pMc's with parton shower and
GRM describe jet shapes
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Multijet pr'oduc‘l'ion

OPAL Eur. Phys. J. C17 (2000) 19

=
1 T IFTT TS 1 T
09  JADE (35 GeV).. g 99 | OPAL (91 GV
" [ Hadron level ot d) £ | Hadronlevel .22 e (e)
el R=0.7, / g 0B ER=07,""
0.7 | , = 0.7 | P
r ,‘;‘/:' . Data - |= : ¥
06 2 — PYTHIA 06 - /
05 R & - HERWIG 05 £~
b ARIADNE :
0.4 COJETS 0.4
03 FRN 03 &
0.2 / ‘\\ * ——a n=3 02 ““"f--‘“.\ n=3
01 F X, 4 TR 01 F N\, mt ey,
0 . @ O SPRY \ 0! T M__:\_!:T“-
2 4 6 8 10 0 5 10 1S 20 25
e[GeV] e (oW
£ ! COPAL (189 Gev
> ( ev)
E 09 | - Hadron level s e
® using cone jet algorithm g B Er07 et ()
T 0.7 | e e ns2
= i P A
* shower MCs are able to 06 - &
05 7
reproduce multi jets rates from 04 Fy  n=3
: 03 F e
low To highest CM energy o~
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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 e™q — e + ¢

* only 50 % of p momentum
carried by quarks

® need a large gluon component

® partonic part convoluted with

parton density function fi(z)

oletp et X) = Zfz(ilj, Yo(eTq — et q;)
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The fun with ep scattering

* Deep Inelastic Scattering is a
incoherent sum of e™q — 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) = Zfz(ilj, Q%) o(eTq — e q;)
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F,(x,Q?): DGLAP evolution equation

» QPM: F, is independent of Q?

? Q? dependence of structure function: Dokshi‘rzerGr‘ibovLipaTovAl‘rar'elliPar'isi

quark
. 2> Probability to find
quark x
parton at small x
(;)'j small ("): small Incr'eases WlTh Q2
small resolution power better resolution power
F2 - — + +
M N
¥, V— V
obag | QUDC BGF
> Test of theory: Q? evolution of F,(x,Q?) Il
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The fun with ep scattering

oletp—etX) = Zfi(a:, Q*)o(eTq — et q)

* perfect description of precise
measurements of HUGE range in
x and Q?

® Theory works well.....

= extract parton densities, which
are universal

> to be used at LHC.....

HERA F,
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| ( 2= 0000161 3 ZEUS NLO QCOD W
r /’ } e 0000243
L / '!{ 200004 H1 POF 2000 fit
- - STt
N 1 i S e A2 - M19400
A R .
[ 4° "” s M3 (prel) 9900
‘/ /‘8 s~0.0013 . ZELS 9657
L & # .
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X ot "’f‘:' '. | w00z -
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o L* VL ,'- "!'D‘
¥t =0, 0032
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e el -}. i oS
L -
= A ‘./‘
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The proton PDFs ...

a quark and gluon PDFs

H1 and ZEUS Combined PDF Fit

H1 and ZEUS Combined PDF Fit o3

=
Q* =10 GeV?

— HERAFDF0.2Z (prel.)

Q=2Gev | % Q' =2GeV' !
e HERAPDFO2 (prel) |
B cxp. uncert. 3
|| medel uncert.
B param sacert.

- Very large gluon density, even
at small resolution scales Q?
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A simple
ep
Monte Carlo event
generator ...



The DIS process ep - epX

' do(e e/ X Tl 2 2
® cross section (dgf;ép ) _ i ((1 4+ %) FP(z,Q?) — %F}j(x,QQ))

with F;(ZC, Q2) — Zf 6?" (a:qf(a:, QZ) + CE(jf(ZIZ, QQ))
using the PDFs from before.....
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The DIS process ep - epX

I do(ep—e’ X o 2
@ cross section (dchQQ ) _ 4yQ4 ((1 —y+ y- )Ff(x,Q2) o %F}j(a:,Q%)

with F;(ZC, QQ) — Zf 63" (CUQf(ZC, QZ) + x(jf(a:, 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 Ro
y:ymm(gmj:) Q? = Q2 (o= )

N do
1 dy dQ2
% _ — d
olep = € X) = ;:1 e / y/
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The DIS process ep - epX

I do(ep—e’ o 2
> cross section (d?f;ézX) _ 2Q4 ((1 g+ 2 )Ff(a;,cf) _ %Ff(w,@))

with Fg(xa QQ) — Zf 63” (CUQf(ZC, QZ) + 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 1Q2 o 2 anam 2
v = ymin (yin) @ = Qmin (G527

N do
1 T dO2
glep — e'X) = N E dyz dQ / dy/ (Q*)dQ?
i—1 9

® calculate x-section wiTh'

2
Ymax max
06p—>e E Y; Q; 10g< )log( )
( d dQ2 Ymin mzn

* calculate 4-momenta of sca’r’rer'ed electron and virtual photon
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We have now anh 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 - ~ 10
g g
X L)
e
U]
g 10 k s 2 g
1k 1
i - -1
10- assnsed ssssunl o ossiaml 5 osad 10 PRI BT PRTITT PRPTT\ 1Y “] PEPITT BT BT T ‘“] PRRTT o (e Tt [ aga
4 a2 4 w0 0w w? ! w? 10? w? !
107 107 107 10 w? w0 w? et .
X

N

ka wk,tk —|—f0 X, t()
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Parton Showers from evolution eq.

f(z,t) = fl@,to)A /d’z/dt’- o z)f(f,t’)

* solve integral equation via explicit |’rer'a’r|on.

from t'to ¢ _ - f t '
folw,t) = f(x,to)A()  [wo branching | [Eranchingatr] | M0
t /
dt’ A(t) [dz -~
t — to)A (t P to)A (¢
het) = fedn+ [ G [ TP 0Ar)
X t E
z=x/Xg t’ [;f””‘ P(z)
oty |
/‘\; e
N\t
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Parton Shower

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

s need to specify cutoff scale Q, ~ I eV

® Evolution equation with Sudakov form factor recovers exactly
evolution equation (with | prescription)

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2009
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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 g, from Sudakov form factor

» select z, from splitting function

» select g, from Sudakov form factor

» select z, from splitting function

s stop evolution if ¢,>Q,_,
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I 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,
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Hadronic final state: Energy flow

E: A

. e ; 45 E ———
T— rection P ireciion Y
- - é a E o) x< 10 —— :_“::'.
|
. ! Sy
i | ?3.5 : WS
| | | | § :
|
: : ! I ° 3 E
___________________ :
'
> €28 :
n |
;
!
'
'

o E flowinDIS at small xand 1'%

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

higher order contributions

heeded

leading jet direction
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And ...
What about pp ?
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Rotating the diagrams

Measurement of Z0 and Drell-Yan production cross-section

Q/—\ leptons 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 88/8% Run dileplons ((e-r ‘/}T =4 pb "), publ PRD 49, 1994
pb

O 92-85 Run dimuons

J)e)s [euly

[}
|

NLL Z4DY (J¥|<1) MRE (A) —_
(y* and 2
CTEQ 3L, LO+k_factor Z4DY = =
\ .

NLL 2+DY {|Y|<1) MRS (A)
(y# Only)

dzu/'d&(d)' for lyl<i [pb/(Ge /e

Factorization:
s hard process: 47 — 171~
® parton densities: prob to find
parton with x at scale Q2 in

proton: q(x,Q?), g(x,Q?)...
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Transverse Momentum of W/Z

L0630
Perturbative calculation
2
Peut (real) e
.(9 (aS ) ’ O ( (XS ) 800 - Pert (virtmal)
diverges for small p, )
5;_ PA -> W+ X Bom= 1960 GeV
@ Q=580419 GeV,y=0
g0t
fg- fe} Online pletterot
= esimmed closs sections
3 Author: P. Nadolsky, 2001
g w0t
5
00

* 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

>1000 -
2 : Data
® 900F- No divergencellll -
9 800E- Yl —Monte Carlo
&

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

/l U WS CeY N (Y G WY TSN Sl [ S (N W Nt
K/ 10 20 30 40 50 60
Z p, [GeV]
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Color Flow in pp

® quarks carry color

® anti-quarks carry anticolor

® gluons carry color - anticolor
® connect to color singlet systems

@ watchout pp or pp

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2009
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ﬂhu

0 FR nrm wxn

DELOUONEZEAN

Can we now tell which type of
event this is ?
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What was this ?
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The Analysis Centre in the

PHYSICS
AT THE

S &)

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
> PDF4AMC
@ User support
® Training (schools, seminars)
@ MC schools in spring 2008, 2009

* link fo MC group page

?z'n_s.onou ="
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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
with MC simulations ..... and help to
find extra dimensions or SUSY or

new phenomena in QC D
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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

ontain 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.

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2009 103



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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I 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
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Collider Physics
Addison-Wesley Publishing Comp. (1987)
R.K. Ellis, W.J. Stirling and B.R. Webber
QCD and collider physics
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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.Ibl.gov/)

@ Applications of pQCD R.D. Field addison-westey 1989

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

* Handbook of pQCD G. Sterman et al

® Quarks and Leptons, F. Halzen & A.D. Martin, swikey 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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W & Z cross sections

Color

° Basic process: Drell-Yan ~ p------ A .
S 1 e it /onnec’rlon

p+p—=IlT+1IT+X ;
- A
* Factorize process: / \

o g+ qg— = 1T +17

@ and then &
e qg+q—7"
o qg+q— 2o

_ ™ |
o gt+q —W*E We need

*> PDFs
® hard scattering

@ and then
a ’}/* T + [~

? S
° Zyg—IT+1 Decay

@ remhant treatment
o W* si4v
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Color Flow in pp

The Lund Monte Carlo For High P(T) Physics H.U. Bengtsson
Comput.Phys.Commun.31:323,1984.
Process: gg 3.9,

Colour flows:;

INagrams
P . | .
<.\ g /4\, c
Y Y . v A : .
' 3.2 String conligurations
1.b,4 3 2., 3 . e
T . < s ;‘—H
AX':&!UJ(‘ I 3 %
oA _»
- ‘ . y »
. x'/“f:;“-“.ﬁ) : ; Coulr 9 -0~ @)o(e) " ’
. - L 2 Colour factors: A TUTS R 721t
. J "r' R Pt I¥ i | w' wriwd
. 18 Ty T, (9 { #7( Ampliudes
’ y e =0,
u: ‘K'T:,Yi".’(“c)‘; : ) (el () $o g ¢ i |,‘|‘. e
A I E ()| =74 k. T ¢ TS ] EACN.

-6 ! q - o y”
|} —l‘-u,“q.)‘.;%‘l'_-‘;-"(.."f'.,.?;_ h-q‘;)lv,’(q.:
€ rons »wnd oo
5 3 ax® 1=
A:?a..’ & ;ﬂ } " a‘.l
gt "1 ¢ :
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Color Flow in pp

The Lund Monte Carlo For High P(T) Physics H.U. Bengtsson

Process: g8 — 22 Comput.Phys.Commun.31:323,1984.

L2 aan o oo

!
. o.» b o,
c.b,‘ | I '

P - .’-'a‘ ;..‘,' 5.'.\)
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B physics at the Tevatron: Run Il and beyond
E. Norrbin, hep-ph/0201071,p522

(a)

Figure 9.45: Example of a string configuration in a pp collision. (a) Graph of the
process, with brackets denoting the final color singlet subsystems. (b) Correspond-
g momentum space picture, with dashed lines denoting the strings.
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Beam - drag effect

® Due to color connection of produced b-quark with beam remnants,

the rapidity distribution of b-quarks and B-hadrons is different.

° Asymmetry of BB°

18 Y ' ! 0.5,
16 | 4 04}
14 + (a) *‘ 03 H
§ 12 + *" 02 r
=~ 10 } 1 0.1+
S g | = gl
S 6 «' 0.1 |
4 o 0.2}
2+ \ ﬁ‘ 03 ¢
0 — S 04 L
6 4 2 0 2 4 6 ;

Figlll'f‘ 9.47: Bottom ',rcﬂllh'liun at the Tevatron

bottom quarks (full) and the B hadrons produced from them (dashed)

a(B°\w0iB’ e
£ o~ as a function of rapidity

A =

asvmmetry ——
3 . 'l],‘“l‘-' !{

production s included.

B physics at the Tevatron: Run Il and beyond
E. Norrbin, hep-ph/0201071,p525

Y

(0)

(a) Rapidity distribution of
(b) The

For simplicity, only pair

* HowTo connect this to factorised fragmentation functions ?
H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2009
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H. Jung, S

Is that now all ?

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

imulations in high energy physics, summerstudent lecture, Aug 2008



How many gluons are there ?

® number of gluons in long. phase

! H1LPDF 2000

Q°=10 GeV*:

space dx/x:
rg(x, p?)dz/x "

® occupation area: N ¥

nr of gluons x (trans size)? os B\

1 2R \ o~ ,- —~ 2
2 | S S
9(x, 1) — - SN
112

e saturation starts when:

. d
o (b )a:g(a:,;f)—x > 1R
x

12
* gluon density is very large:~ 90 or 45 Gluons I
® with R ~1GeV'!we obtain: 0.2

o100~ 7R ~r [T
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Partonic Cross sections

@ (Cross section

olpr+p2—j1+j+X) = flz,p°)®
G(x1p1 + x2p2 — j1 + j2)
®f(x27lu’2)

® partonic cross section
diverges with p,

@ calculate x-section as

function of p,

donard (P
O'hard(pimin) :/ hd d2( J_)dpi
p 2

2
A min
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Partonic Cross sections

s Cross section at Tevatron/LHC'

-g 3 CTEQSL
- 10 ~ LHC partonic x-section
= - 2 ~— LHC total x-section
E 10 " F—r— e 4
&
S 10
1
-1
10
-2 *
[ O Tevatron partonic x-section_
3f oo Tevatron total x-section
10 "
-4
10
-5
10

1 10 ; 10°
= Partonic x-section exceeds total x-secfion !l

- with HERA PDFs .... at larger values of p, . !l
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I Underlying event - Multiple Interaction

s Basic partonic perturbative cross section

donard (P2
O'hard(pimin) — / Zr 2< L)dpi
p P

2
1 min
2 diverges faster than 1/p% ., QS  Pimin — 0 and exceeds
eventually total inelastic (non-diffractive) cross section

HELP ...
HOW +to solve this ?
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I Models for Multi-Parton Interaction

® The very simple model E
= add secondary interactions
= first model by: T. Sjostrand, %

M. Zijl PRD 36 (1987) 2019
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IMuITipar'Ton Interactions at TeVatron

CDF coll. PRD 65, 092002 (2002)

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

_Pythia 6.115 Total]

“Transverse™ <Nchg> in 1 GeV/c bin
(X)

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

® Multiplicity distribution in region transverse to jet can only be
described by adding multi-parton interactions (Remnant- Remnant
Interactions)

H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2009 120



Tuning to pp data...

® possible scenarios for color string
connection in multiparton events
® to describe underlying events.... need

Color flow in MI

T. Sjostrand, M. Zijl
PRD 36 (1987) 2019

(CDF Tune A) - Al /{’ e —
5 % quarks (default 33 %) (\0—}) ,/::y W,
95 % gluons (default: 66% =~
out of which 90 % = JT —
(default 33 %) are i »“”j\ C .
2 smaller multiplicity | 18

with large transverse energ
® Are there good phyiscs reasons fo
this mix 2?2?
* Highly nontrivial to describe
multiplicity AND transverse

enerqgy d.i;i'g[-ibu'rigns .
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I Multiparton Interactions at LHC

-------

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

Charged multiplicities in transverse region

® Models tuned to TeVatron data
2 give HUGE differences at LHC ...
2 better understand multiple interactions ...

A PYTHIAG2ZIY - ATLAS
® PHOJETLI2Z
O PYTHIAG.214 - CDF tune A

@® CDF data
@ CDF data &
Adtaa Aa, 4 A
A A
A .“‘ “. AAA &
ahAALLAMLLL, . - A 4 -
ad Aoad,a atas, A a l
A -l 444 40 4 N . Am A
a . Py - A...... ‘A.-
A 10 a Saus o = a

-

A a
’ Wo%owoooo%%m L |

A

‘ﬁ:"‘ﬂl

omm.“%:;m,o}: M’ﬂ;

J
=

LHC prediction A JINIMYA4] - Tuning A

LHC prediction
m JIMMY41 - Toning B

" o
- e 8 egls *7 ol T s

< Nchg >« transverse region
o

= =
y + =

a o

-
=

h

I &)
=
L
s
[
Z 10
o
Z
=
£ 8
A
=
z 6
v
4
2
.
»
0

A. yung, DIMUIATIONS IN ign enerygy pnysics, summersiuaeni lectur |

10 20

a .0000“.0.’0..0“0000000°000“0.00.00..00““.
-
oy
30 40 S0 0 10 20 30 40 50
P (GeV) e
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vidence for Multi-Parton Interactions

CDF coll. PRD 56, 3811 (1997)

L

® angular correlation of jet/photon

° look at v+ 3 Jets pairs AS

with E] > 16GeV

® compare to v+ 3 Jets  calculation
El¢s > BGeV

* Need > 50 % double parton
intferaction to describe data
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Does it matter
for high pt
physics ?



I Drell Yan process is affected ...

P. Skands, MPI@LHC, Perugia 2008

Tevatron 1800 GeV Drell-Yan

o Yooooooo —~
i g |

N O Transverse Momentum of Hard System

\\ b

v © ® CDF data
30 |
—a— A
v— DW

A-- APT
S0

o P of Drell Yanis

affected by parton
shower BUT also by the
underlying events ...

°* significant effects

* how to tune the truth ?

p,(hard system) [GeV]
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ttbar is also affected ...

P. Skands, MPI@LHC, Perugia 2008

o P of tt isaffected by parton shower BUT also by the underlying
0.03 LHC 14000 GeV Top Pair Production
Q

events ....

0, : O Transverse Momentum of Hard System
)
© —tr— A
©
: = —»— DW
S A-- APT
fa— 420 S0
Sy
0.02 | LHC Perugia 0
£ Perugia +
—O—;— Perugia -

* note: pt of the _
pair is plotted Il 001 |4/

- HUGE
effects

0 10 20 30 40 50
p,(hard system) [GeV]
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Double-Parton Interactions at LHC

> xsection for p-+p — bbbb
single parton exchange (SP)
o ~ f26(2 = 4) PP = 0.8..-11.1 ub

double parton exchange (DP)
ot ~ 4622 = 2)

PYTHIA predictions:

" A. Del Fabbro, D. Treleani, PRD66 074012,2002 | > Depending on model for

| bbbb

underlying event/muli-parton

1000 |

interactions...

10 | weee Double parton sactteing
' - Single parton sactteing

$." |
0 10
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Multi-Parton Interactions at LHC

p+p—-W+H+X

9 HIQQS p+p—->W+H+X \\
. — iCC 7 ! T | T
W|Th W — lV’ H — bb [ A Del Fahbcn# D. Trelqani PRD 61,077502 (2000)
® Double parton scattering: N
2 p+p—bbX |
L % .'),“' l,l~’ 4
p+p— W+ X | —> single + double parton ex.
- \ A double parton exchange
B v ingle parton exchange
p+p— W +bb+ X < G G
2 b .
OC » 3 |.’.
| § |
5 - .."..\.1 -~
1 - A N | N ". | \
0 o 100 120 140
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