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LOOP from t=0 to t, step 

�

t
LOOP over each remaining parent nucleus

Decide if nucleus decays:
IF ( random # < � �t ) then

reduce number of parents by 1
ENDIF

END LOOP over nuclei
Plot or record N vrs t

END LOOP over time
END
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alpha1 = 0.01
N01 = 100
deltat = 1
do I=1,300
   it = it + 1
   do j = 1, N01

 x = RN1 
 fr = deltat*alpha1
 if(x.lt.fr) then

c   reduce number of parents N01
    N01 = N01 - 1  
 endif

c   fill for each time it number N01
 call hfill(400,real(it+0.3),0,1.) ! 
 enddo
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loop over ntrials

x=RN(1) * d 
alpha = RN(2) *3.1415 * 2
y = d * abs(cos(alpha))
if((x+y).gt. d) nhit = nhit + 1 

endloop
write ' pi = ', 2*ntrial/nhit

trials X error
100 2.9850 0.2374
1000 3.2733 0.0749
10000 3.1645 0.0237
100000 3.1483 0.0075
1000000 3.1401 0.0024
10000000 3.1422 0.0008
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trials X(hit&miss) X(integral)

100 3.27869 3.12265
1000 3.36700 3.11833
10000 3.14218 3.15129
100000 3.13087 3.13416
1000000 3.14127 3.14337
10000000 3.14154 3.14168
100000000 3.12174 3.14156
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P R NL \ [O N P Q R�  weighting events
large fluctuations from large weights
weights also to errors applied
difficult to apply further hadronization

real events all have weight = 1 !!!
Hit & Miss method:

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

  R1 in (0,1) and R2 in (0,1)  
calculate x = R1

reject event if: fx < fmax R2
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J F DF AC BF P C E E@ A VI DJ B@ J OP Q X
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AF YF E BF ZF D B I M X MO P Q [ J OP Q\]
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-. /0 1 2$3 465 4 3 0 70 8 9 0 1 10 :<; ; ;

=>?@ A BC DEF GC > ? HI DJ

KL M@ A MN D E BI@ D MOP Q

C? ? A@ P I > C BF MOP Q R J O P Q

SI B T J OP QU MO P Q GI > ? HF C D V I D BF J AC W HF

J F DF AC BF P C E E@ A VI DJ B@ J OP QX

F P C > ? HF X
AF YF E BF ZF D B I M X MOP Q[ J O P Q\]

� �
�� �	 ^ _` �ab ` ��c ef � �� � �
� � �	 ^ _ ` � ab ` �

� � � � � � � � � � �

� ��� � � � � �

� � � � � ! " # %& '# % ( )
* +,
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=> ?@ A BC D EF GC > ? HI DJ

�� � � � � ZF A� F M MI E IF D BF ZF D M@ A? F C �F V MOP Q

K L M@ A MN D E BI@ D MOP Q

C? ? A@ P I > C BF MOP Q R J OP Q

SI B T J OP QU MOP Q GI > ? HF C D V I D BF J AC W HF

J F DF AC BF P C E E@ A VI DJ B@ J OP Q X

F P C > ? HF X
AF YF E BF ZF D B I M X MO P Q [ J OP Q\]

� �
�� �	 ^ _ ` �ab ` ��c ef � � �� �
�� �	 ^ _ ` � ab ` �

� ��� � � � � � ��� �

� � � � � � � �

� � � � � ! "$# %&'# % ()
* +,
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K L E C H E N HC BI@ D G >@ G BF M MI E IF D BM@ A G> C H H SF I J T B M H N E BN C BI@ D G XMOP Q VP � f(x) dG(x)/g(x)
chose point according to g(x) 
instead of uniformly
f is divided by g(x) = dG(x)/dx
generate x according to:

relevant variance is now V(f/g):
small if g(x) ~ f(x)

how-to get g(x)
(1)  g(x) is probability: g(x) > 0 and 

�

dG(x) = 1
(2)  integral 

�

dG(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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#I > N HC BI@ D@ M VF BF E B@ A AF G?@ D GF$? ? H � K L > F B T@ V B@ F %F&

S TC B C W@ N B TC V A@ DI' C BI@ D

S TC B C W@ N B (L ) AC VI C BI@ D

J@ I DJ F ZF D MN A B TF AX I DI BI C H G BC BF AC VI C BI@ DT@ S* B@ V@ C ) = # K@ D BF L C A H@ F ZF D B J F DF AC B@ A

G@ > F F P C > ? HF G
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- . 0 70 8 15 2 � 4 :3 8 � 8 4 4 0 10 	 13 : � 0 70 �

 
   √s ~ 318 GeV 

�

 x ~ 7. 10-5 at Q2 = 4 GeV2
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� : 3 / 0 �� 0 :� / 0 8 1 13 / 0 � � � : 0 /0 8 1

   take data    run MC generator

   detailed detector simulation 

   compare detector level response: data with MC

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

visible x-section on hadron level 

 All measurements rely on proper MC's !!!
��� �� 	 ��
� ��
� � �� �� 	 ��� 	�� ���� � � � �� � ���� � � �
�� � ������ �� � ��! "� 
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* 0t / -/ 2 1 .+ 2 9 # ; > 7 7/ 2/ - . 1 $ $ 3 >
% 1 .> + -9 & & &

E C H E N H C BF P * GF E BI@ D@ M ZC AI@ N G? A@ EF G GF G�  complicated integrals 
multi - differential, in any variableK L GI > N HC BI@ D@ M VF BF E B@ A AF G?@ D GF

I D? N B X TC V A@ D HF ZF HF ZF D B G *@ N B? N B X VF BF E B@ A HF ZF HF ZF D B GL C H@ AI > F BF A $ ) L TI B G' AC E �F A TI B G

DF F V � D@ S HF VJ F @ M? C A BI E HF ? C G GC J F B T A@ N J T > C B BF A)( P * GF E BI@ D)* * *DF F V � D@ S HF VJ F @ M C E BN C H VF BF E B@ A

P * GF E BI@ D@ D? C A B@ D HF ZF H

> N H BI? N A?@ GF K L F ZF D B J F DF AC B@ A G X

P * GF E BI@ D@ D? C A B@ D HF ZF H

I D E H N VI DJ > N H BI *? C A B@ D O I DI BI C H+ MI DC H G BC BF Q AC VI C BI@ D

AF > DC D B B AF C B > F D B O? A@ B@ D AF > DC D B ( F HF E B A@ D AF > DC D B QTC V A@ DI GC BI@ D , M AC J > F D BC BI@ D O- . /0 1 23 4 5 6- 7 8 0 9 /3: - 0 4 13 1 6 . 4 9; 4< 1 6 . 4 5>= = = QMI P F V@ A VF A? C A B@ D HF ZF H * * * * * * B TF@ AI G B G HI �F I B

I D BF J AC BI@ D@ M > N H BI VI > F D GI@ DC H? TC GF G? C EF
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?
@ AB CD EF C G AH I J ? K @ D L M L N O C P L B GQ R S L F I B L

? A@ EF G GX F %F& �T % T&

J@ C H X J F DF AC BF U * >@ > F D BC@ M T V G (DF F V E > F DF AJ � GW( E@ G X ( Y

  

  random number R1(0,1)

Y

 = 2 Z R1
  random number R2(0,1)cos 

X

 = -1 + 2 R2 
  

for every R1, R2 use weight with 
repeat many times 

d [

d cos

\

d

]

after 100000 events

^`_^bac d e ^f � g hji � kl m �n ac d h e o
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?@ AB C D EF C G AH I J ? K@ D L M L N O C P L B GQ R S L F IB L

? A@ EF G GX F %F& �T % T&

J@ C H X J F DF AC BF U * >@ > F D BC@ M T V G (DF F V E > F DF AJ � G ( E@ G X ( Y

  

  random number R1(0,1)

Y

 = 2 Z R1
  random number R2(0,1) cos 

X

 = -1 + 2 R2 
  

for every R1, R2 use weight with 
repeat many times 

d [

d cos

\

d

]

after 106 events

^_^a c d e ^f � g hji � k l m �n ac d h e o
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 �� /� � 0 0 70 8 15 0 � 0 � ��� � � �

F P C > ? HF M A@ > �� ' � = $ X 	 ZF D B HI G BI DJ

BF E T DI E C HI BIF G ,C V ZC D BC J F G
 E C D S@ A � I D C D � M AC > F
 �@ AF D B' * W@ @ G B U * ZF E B@ A G WC E � C D V M@ A B T
 E C D E C H E N HC BF C D � �I DF > C BI E ZC AI C W HF
 TI G B@ A�@ MF ZF D B? A@ EF G G

    I particle/jet KS     KF  orig    p_x      p_y      p_z       E        m

    1 !e+!         21     -11    0    0.000    0.000   30.000   30.000    0.001
    2 !e-!         21      11    0    0.000    0.000  -30.000   30.000    0.001
 ==============================================================================
    3 !e+!         21     -11    1    0.000    0.000   30.000   30.000    0.000
    4 !e-!         21      11    2    0.000    0.000  -30.000   30.000    0.000
    5 !e+!         21     -11    3    0.143    0.040   26.460   26.460    0.000
    6 !e-!         21      11    4    0.000    0.000  -29.998   29.998    0.000
    7 !Z0!         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
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. 3 8� 1 : � 	 1� 8
 � - . � 3 :

Different approaches to fragmentation/hadronization:


independent fragmentation


string fragmentation (Lund Model)


cluster fragmentation (HERWIG model)

^`_^bac d e ^f � g hji �k l m �n a c d h e o

� � � � �� ��

? A@ EF G G

generate scattering as for e+e- �� + � -

BUT  what about fragmentation/hadronization ???
use concept of local parton-hadron duality

� � � �� � ��
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��� � !#"$ % ! & �' ( ) � * � "

+,- ./ 0 0

generate scattering as for e+e- � � + � -

BUT  what about fragmentation/hadronization ???
use concept of local parton-hadron duality

linear  confinement potential: V(r) ~ -1/r + 1r
with 1 ~ 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

 2

Lund string fragmentation

3543#678 9 3: ; < =?>@AB CD E 678 = 9 F

G H G I JK LK

� � � � � � ��
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��� .- �- , � / � 	,� �
 
� +� � ,
� � .- �- , �- , ./ � 0., /� 	 / � �� � / 	� / / �.- �- , � �� / 0- � 	 � / �- , ./ � , / .- � ./ � 	,� 	/ ���� �� , , - � 	 � � / .- � � / . 	 ��� 
 � � �
 � � � 	 �� 0 	, �� � 	 / � 0 �- � - ��1� 1GeV/fm~0.2 GeV2

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

viewed in a moving system, the string is 
boosted
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 +� �, 0 � 0 	 � � � , / 0 + / . 	 �� � .- �- , � �- � �

0/ � / . 	 	,� � 0� / , 0/ �- 	 �- � � � 	 � � �"! ! �� � � � �� � - , �

0 � + +, / 0 0 �- � - � � /� �# 
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 - , 
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G
H IKJL M NPO H Q NL M R SH J Q NUT VXW YH Z ZW Z H M I IW T H [ Z

+� , 	 � . � / �� 0 0 / 0
 	� � / � �, - � \] ^� � � / , / �� - � � � - 	 � / , � � 0 / �, - � .- � 0 	 � 	 �/ � 	 �� 0 0/ 0+� , 	 � . � / � � � 	 � 0
 �� �� , � 0 .� 	 	 / , �� � +, - � � . 	 �- � +, - ./ 0 0 0 �- , 	 � �� / � +� , 	 � . � / 0 �`_ ,

a

) have 
nominal mass, without mass broadening


in hadronization use Breit-Wigner:

lifetimes


related to widths ... but for practical purpose separated
 P( b)d b ~ exp ( - b/ b0) d b


calculate new vertex position v' = v + b p/m
decays


taken from PDG, where known


assume momentum distribution given by phase space only


exceptions, like 
and some semileptonic decays use matrix elements

c d6e fg e h ide j ek f lm n lop

qsr tu v w v x v y{z |} ~u � vz ~ � u � v v
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�X� � �� � � � �� � ! � �� � �qq

/ /� � + � / �� - � \�� ��� �- � 	 / �� � �- � / � / �� 	- � �� . � � � �� ��� � �- � ��� 	 �- �

    I particle/jet KS     KF  orig    p_x      p_y      p_z       E        m

    1 !e+!         21     -11    0    0.000    0.000   30.000   30.000    0.001
    2 !e-!         21      11    0    0.000    0.000  -30.000   30.000    0.001
 ==============================================================================
    5 !e+!         21     -11    3    0.018    0.040    0.702    0.703    0.000
    6 !e-!         21      11    4    0.000    0.000  -29.998   29.998    0.000
 ==============================================================================
   10 (Z0)         11      23    7    0.018    0.040  -29.297   30.701    9.180
   11 gamma         1      22    1   -0.018   -0.040   29.298   29.298    0.000
   15 (c)       A  12       4   10   -1.950   -3.529  -19.752   20.215    1.500
   16 (cbar)    V  11      -4   10    1.967    3.569   -9.545   10.486    1.500
 ==============================================================================
   17 (string)     11      92   15    0.018    0.040  -29.297   30.701    9.180
   18 (D0)         11     421   17   -0.455   -1.495   -9.002    9.325    1.865
   19 (omega)      11     223   17   -0.300   -0.076   -3.228    3.338    0.793
   20 pi+           1     211   17   -0.168   -0.172   -0.861    0.904    0.140
   21 (rho-)       11    -213   17   -0.114   -0.513   -4.992    5.106    0.932
   22 (omega)      11     223   17   -0.173    0.118   -2.022    2.180    0.789
   23 pi+           1     211   17    0.226    0.925   -2.593    2.766    0.140
   24 (D*-)        11    -413   17    1.001    1.253   -6.599    7.082    2.010
   25 e+            1     -11   18   -0.191    0.241   -1.261    1.297    0.001
   26 nu_e          1      12   18   -0.154   -0.789   -4.174    4.250    0.000
   ....
   ....
   ....
   53 pi-           1    -211   47    0.318   -0.061   -1.293    1.340    0.140
 ==============================================================================
                   sum:  0.00         0.000    0.000    0.000   60.000   60.000

� + + �# ��� � �/ � 	� 	 �- �� � � / . 	 �# 	- +� � 	- �� � � .- � / � / � �#�� � �- � � �� 	 �- � ' ' ' ' 0- � 	

� �6� �� ���� �� � �
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� � & �' ! � & �'  �� ! !� " � � � � � �qqg

+ �- ./ 0 0 / �/ + �qqg 
full matrix element calculation
watch out color flow !!!
gluons act as kicks on strings

    I particle/jet KS     KF  orig    p_x      p_y      p_z       E        m

    1 !e+!         21     -11    0    0.000    0.000   30.000   30.000    0.001
    2 !e-!         21      11    0    0.000    0.000  -30.000   30.000    0.001
 ==============================================================================
    5 !e+!         21     -11    1    0.000    0.000   29.699   29.699    0.000
    6 !e-!         21      11    2   -1.319   -1.236  -26.950   27.011    0.000
    7 !Z0!         21      23    0   -1.319   -1.236    2.748   56.710   56.614
    8 !c!          21       4    7  -15.986   16.072   18.293   29.167    1.500
    9 !cbar!       21      -4    7   14.667  -17.308  -15.545   27.542    1.500
 ==============================================================================
   11 gamma         1      22    2    1.320    1.236   -2.744    3.286    0.000
   15 (c)       A  12       4    8  -11.291   11.550   13.219   20.926    1.500
   16 (g)       I  12      21    8   -3.992    3.139    4.805    6.991    0.000
   17 (g)       I  12      21    8   -0.279    0.951    0.179    1.007    0.000
   18 (g)       I  12      21    8    0.122   -0.178   -0.505    0.550    0.000
   19 (g)       I  12      21    9    0.128   -0.237    0.146    0.307    0.000
   20 (g)       I  12      21    9   -0.093   -0.746   -0.364    0.835    0.000
   21 (g)       I  12      21    9    8.331   -6.743   -6.396   12.482    0.000
   22 (cbar)    V  11      -4    9    5.754   -8.971   -8.335   13.613    1.500

�- � / �� �� / +X1/ � � 0 0 �- � 0� - 	� � � .- � / � / � �#� � // �- � � / �.� � . � �� 	 �- � 0

doing much better 
needed�

parton shower approach
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+�- ./ 0 0 / �/ + �qqg 
watch out color flow !!!
gluons act as kicks on strings
string effect seen in experiment

  

TPC (PEP) H. Aihara, ZPC 28, 31 (1985)
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DGLAP re-sums             to all orders  !!!!!!!!!!!!!!!!
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Monte Carlo event generators

contain all our physics 
knowledge !!!!! 
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