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Simulations in High Energy Physics

H. Jung (DESY)
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What is this ?
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What is this ?

Tell the difference 
between the production 
of a mini black hole 

and a multijet event ?
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What is this ?

 NO way ...
can only tell 
probabilities !
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What is this ?

 There is nothing
like 
THE

BH event !!!
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What this is about ... 

The long, long way from

via
   
to
  

ep! e0X

pp! h+X

e+e¡ ! e+e¡
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.... or 

from gambling ....
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.... to 
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... via applications in economy
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... 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 ....

BUT
Monte Carlo techniques are 

widely used
are of enormous advantages
can be used to simulate any complicated process
are now EVEN used in particle physics theory ...... !!!!! ....
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Where is the problem ?

           QPM process                                BGF               process       
           total x-section                          heavy quarks (charm & bottom)
                                                            2-jet                          3-jet  

O(®s) O(®2s)
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Where is the problem ?
F2 » ¾(°¤p)

           QPM process                                BGF               process       
           total x-section                          heavy quarks (charm & bottom)
                                                            2-jet                          3-jet  

O(®s) O(®2s)
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           QPM process                                BGF               process       
           total x-section                          heavy quarks (charm & bottom)
                                                            2-jet                          3-jet  

Where is the problem: hadronic final state

O(®s) O(®2s)

F2 » ¾(°¤p)

¢Ájj (rad.)¢Ájj (rad.)
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Where is the problem: hadronic final state

                 processes of                   have not yet been calculated ...       
  

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

O > ®3s



H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2008 16

Where is the problem: hadronic final state

                 processes of                   have not yet been calculated ...       
  

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

O > ®3s



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

Where is the problem: hadronic final state

processes of                   have not yet been calculated ...        
interesting to go closer to outgoing proton remnant  

jet veto in Higgs production at LHC

O > ®3s
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How to simulate 
these 

processes ?
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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: 
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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
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Going out to Monte Carlo

Obtain true Random Numbers 
from Casino in Monte Carlo
Puhhh...  Going out every night 
... 
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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 .....

 (.....until a few years ago.....) 

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



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

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 
a chaotic process ... extremely 
sensitive to initial conditions.

Truly Random numbers used for
Cryptography

Confidentiality
Authentication

Scientific Calculation
Lotteries and gambling

      do not allow to increase 
chance of winning by having a 
bias .... too bad

Random numbers from quantum physics: 
intrinsic random

  photons on a semi-transparent mirror

Available and tested in MC generator by 
a summer student 
Generator is however very slow...
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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 .....

 (.....until a few years ago.....) 

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

➔ Develop Pseudo Random Number generators !!!!
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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 
rn=In/M

A very early example:  Middles Square (John van Neumann, 1946):
      generate a sequence, start with a number of 10 digits, square it, then 

take the middle 10 digits from the answer, as the next number etc.:       
            57721566492 = 33317792380594909291  

      Hmmmm, sequence is not random, since each number is determined 
from the previous, but it appears to be random

this algorithm has problems .....                   
BUT a more complex algo does not necessarily lead to better random 
sequences ....                                 
Better us an algo that is well understood
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Random Number generators
study by B. Domnik (summerstudent 2005)

Compare random number 
generators with physics process

y spectrum of electron
➔ observe peaks
➔ coming from physics ?



H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2008 29

Random Number generators
study by B. Domnik (summerstudent 2005)

From now on assume:
we have good random number generator

Compare random number 
generators with physics process

y spectrum of electron
➔ observe peaks
➔ coming from physics ?
BUT coming from bad random 
number generator
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Simulating Radioactive Decay
radioactive decay is a truly random process 
dN = - N  dt  i.e. N = N0 e-t 

probability of decay is constant ... independent of the age of the nuclei: 
probability that nucleus undergoes radioactive decay in time t is p:

p =  t (for  t ≪1 )
Problem:

consider a system initially having N0 unstable nuclei. 

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

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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The first simulation: radioactive decay
implement algo into a small program
show results after 3000 sec for:

N0 = 100,  = 0.01 s-1

t = 1s
N0 = 5000, a = 0.03 s-1

t = 1s
algo:
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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The first simulation: radioactive decay

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

N0 = 100,  = 0.01 s-1

t = 1s
N0 = 5000, a = 0.03 s-1

t = 1s

MC experiment does not exactly 
reproduce theory .... 
results from MC experiment 
show statistical fluctuations ...
 ........as expected ........
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Monte Carlo technique: basics
Law of large numbers
chose N numbers ui  randomly, with probability density uniform in [a,b], 

evaluate f(ui) for each ui  :

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

N

NX

i=1

f(ui) !
1

b¡ a

Z b

a

f(u)du
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Expectation values and variance
Expectation value (defined as the average or mean value of function f ):

for uniformly distributed u in [a,b] then  
rules for expectation values:

Variance 

rules for variance: 
    if x,y uncorrelated:
    if x,y correlated

dG(u) = du=(b¡ a)

E[f ] =

Z
f(u)dG(u) =

Ã
1

b¡ a

Z b

a

f(u)du

!
=

1

N

NX

i=1

f(ui)

E[cx+ y] = cE[x] +E[y]

V [f ] =

Z
(f ¡E[f ])2 dG=

Ã
1

b¡ a

Z b

a

(f(u)¡E[f ])2 du
!

V [cx+ y] = c2V [x] + V [y]

V [cx+ y] = c2V [x] + V [y]+2cE [(y ¡E[y]) (x¡E[x])]
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Central Limit Theorem
Central Limit Theorem               
    for large N the sum of 
independent random variables 
is always normally (Gaussian) 
distributed:

example: take sum of uniformly 
distributed random numbers:     
    

f(x) =
1

s
p
2¼

exp

"
¡ (x¡ a)2

2s2

#

Rn =
Pn

i=1 Ri

E[R1] =
R
udu = 1=2;

V [R1] =
R
(u¡ 1=2)2du = 1=12

E[Rn] = n=2
V [Rn] = n=12
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Central Limit Theorem
Central Limit Theorem               
    for large N the sum of 
independent random variables 
is always normally (Gaussian) 
distributed:

example: take sum of uniformly 
distributed random numbers:     
    

for Gaussian with mean=0 and 
variance=1, take for n=12:

f(x) =
1

s
p
2¼

exp

"
¡ (x¡ a)2

2s2

#

Rn =
Pn

i=1 Ri

E[R1] =
R
udu = 1=2;

V [R1] =
R
(u¡ 1=2)2du = 1=12

E[Rn] = n=2
V [Rn] = n=12

N(0; 1)! Rn ¡ n=2
n=12
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Resumee: Monte Carlo technique
Law of large numbers            

MC estimate converges to true integral
Central limit theorem

MC estimate is asymptotically normally distributed
it approaches a Gaussian density

with effective variance V(f)
➔ to decrease , either reduce V(f) or increase N

advantages for n-dimensional integral ...
i.e. phase space integrals 2  n processes →

is where other approaches tend to fail 

1

N

NX

i=1

f(ui) !
1

b¡ a

Z b

a

f(u)du

¾ =

p
V [f ]p
N

» 1p
N
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Monte Carlo: Buffons Needle - Hit & Miss
Buffons needle (Buffon 1777) 
pattern of parallel lines with 
distance d,     
randomly throw needle with 
length d onto stripes, 
count hit, when needle crosses 
strip count miss, if not 
probability for hit is:

all angles are equally likely:

http://www.angelfire.com/wa/hurben/buff.html

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                     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

d cos(®)

d
= cos(®)

R ¼=2
0

cos(®)d®

¼=2
=

2

¼

http://www.angelfire.com/wa/hurben/buff.html
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Buffons Needle: Crude Monte Carlo
Buffons needle (Buffon 1777) is 
essentially integration of

apply Law of large numbers: 

compare Hit & Miss with 
Integration

1st example of true Monte 
Carlo experiment
equivalence of integration and 
MC event generation

trials    (hit&miss) (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

Z ¼=2

0

cos(®)d®

1

N

NX

i=1

f(ui) !
1

b¡ a

Z b

a

f(u)du
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Integration: Monte Carlo versus others
One dimensional quadrature

Monte Carlo: Hit & Miss
   w =1 and xi chosen randomly

Trapezoidal Rule:
   approximate integral in sub-

interval by area of trapezoid 
below (above) curve

Simpson quadrature
   approximate by parabola

Gauss quadrature
   approximate by higher order 

polynomial

I =

Z
f(x)dx =

nX

i=1

wif(xi)

method err (1d) error

MC n¡1=2 n¡1=2

Trapez n¡2 n¡2=d

Simpson n¡4 n¡4=d

Gauss n¡2m+1 n¡(2m¡1)=d
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MC method: advantage of hit & miss
integration  weighting events☛

large fluctuations from large weights
weights also to errors applied
difficult to apply further 

hadronization
real events all have weight = 1 !!!
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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MC method: advantage of hit & miss
integration  weighting events☛

large fluctuations from large weights
weights also to errors applied
difficult to apply further 

hadronization
real events all have weight = 1 !!!
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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 BUT: Hit & Miss method inefficient for peaked f(x)

MC method: advantage of hit & miss

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

integration  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:
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MC method: do even better ...
Importance 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):

 
  example:

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

Z x

xmin

g(x0)dx0 = R1

Z xmax

xmin

g(x0)dx0

f(x) = 1=x0:7

g(x) = 1=x

x = xmin ¢
³
xmax

xmin

´R1
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MC method: do even better ...
Importance sampling

MC for function f(x)
approximate f(x) ~ g(x)
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MC method: do even better ...
Importance 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):
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reject event if: f(x) < g(x) R2

Z x

xmin

g(x0)dx0 = R1

Z xmax

xmin

g(x0)dx0

f(x) = 1=x0:7

g(x) = 1=x
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MC method: do even better ...
Importance sampling

  
WOW !!! very efficient even for peaked f(x) 

MC for function f(x)
approximate f(x) ~ g(x)

  with g(x) > f(x) simple and integrable  
generate x according to g(x):

 
  example:

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

Z x

xmin

g(x0)dx0 = R1

Z xmax

xmin

g(x0)dx0

f(x) = 1=x0:7

g(x) = 1=x

x = xmin ¢
³
xmax

xmin

´R1
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Importance Sampling
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
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)

R

Z b

a

g(x0)dx0 =
Z x

a

g(x0)dx0
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We have the method,....
BUT

HOWTO 
simulate the physics 

????
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MC event: hadron and detector level

 

   √s ~ 318 GeV 
x ~ 7. 10-5   at Q2 = 4 GeV2
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From experiment to measurement
take data ● run MC      

  generator
● detector   
  simulation

Compare measurement 
with

simulation

Upppps ...... all  measurements rely on proper 
MC generators and MC simulation !!!! 
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From experiment to measurement
take data ● run MC      

  generator
● detector   
  simulation

Compare measurement 
with

simulation

Upppps ...... all  measurements rely on proper 
MC generators and MC simulation !!!! 

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

visible x-section on hadron level 

d¾datahad

dx
=
d¾datadet

dx
Ccorr with Ccorr =

d¾MC
had

dx
d¾MC

det

dx
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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 - output: detector level events
Calorimeter ADC hits 
Tracker hits 
need knowledge of particle passage through matter, x-section ...
need knowledge 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  !!!!!!!!!!!!!!!!!!!!!!
integration of multidimensional phase space

Not covered here
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Constructing a MC for e+e-: the simple case

process: e+e- →+ -

goal: generate 4-momenta of 
's, need cm energy s, cos , 

  

  random number R1(0,1)  = 2  R1
  random number R2(0,1)cos  = -1 + 2 R2 
  

for every R1, R2 use weight with 
repeat many times 

d 
d cos d

after 100000 events

d¾

d cos µdÁ
=
®2em
4s

¡
1 + cos2 µ

¢
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Constructing a MC for e+e-: the simple case

process: e+e- →+ -

goal: generate 4-momenta of 
's, need cm energy s, cos , 

  

  random number R1(0,1)  = 2  R1
  random number R2(0,1)cos  = -1 + 2 R2 
  

for every R1, R2 use weight with 
repeat many times 

d 
d cos d

d¾

d cos µdÁ
=
®2em
4s

¡
1 + cos2 µ

¢
after 106 events
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Example event: e+e- →+ -

example from PYTHIA: Event listing

technicalities/advantages
➔ can work in any frame
➔ Lorentz-boost 4-vectors back and forth
➔ can calculate any kinematic variable
➔ history of event process

    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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Constructing a MC for         

Different approaches to fragmentation/hadronization:
➔ independent fragmentation
➔ cluster fragmentation (HERWIG model)
➔ string fragmentation (Lund Model)   NEXT PAGE

d¾

d cos µdÁ
=
®2em
4s

¡
1 + cos2 µ

¢

e+e¡ ! q¹q

process 

generate scattering as for e+e- →μ+μ-

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

e+e¡ ! q¹q
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The first MC steps ...
Monte Carlo source code of JETSET, fits on 1 page

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



H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2008 63

Where is QCD ?

jets ordered by energy, 
     highest is quark (~94 %) ,
     lowest is gluon (~70%)

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

p
s = 91:2 GeV
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But e+e- is the simple 
case...

What about pp ?
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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.

¾(q¹q ! l+l¡) =
4¼®2

3£3se
2
q

Factorisation: 
hard process: 
parton densities: prob to find 
parton with x at scale Q2 in 
proton: q(x,Q2), g(x,Q2)...

q¹q ! l+l¡
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We need
PDFs
hard scattering
Decays
remnant treatment

W & Z cross sections

q + ¹q ! °¤

q + ¹q ! Z0

q + ¹q0 !W§

W§ ! l + º

Basic process: Drell – Yan

Factorise process:

and then 

and then

q + ¹q ! °¤ ! l+ + l¡

°¤ ! l+ + l¡

Z0 ! l+ + l¡

p+ p! l+ + l¡ +X

Color 
connection
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Factorizing x-section
Fred Olness, CTEQ 
summerschool 2003

➔   it works also for pQCD processes .....
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QCD corrections for Drell-Yan
Calculate annihilation process

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

q + ¹q ! °¤ + g

jM j2 = 16¼2®s®
8

9

·
û

t̂
+
t̂

û
+

2(M 2ŝ)

ût̂

¸

= 16¼2®s®
8

9

·µ
1 + z2

1¡ z

¶

£
µ¡s
t

+
¡s
u

¡ 2

¶¸

= 16¼2®s®
8

9
[Pqq(z)

£
µ¡s
t

+
¡s
u

¡ 2

¶¸

q + g ! °¤ + q

Howto generate this process ?
generate 1/t and 1/(1-z)
use method for approximation 
described before.... 

Divergent !!!!!

Calculate QCDC process
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Transverse Momentum of W/Z

● Need a pt cut to avoid divergency
● or include virtual corrections and 
  calculate at NLO ....... 
●

O(®s); O(®2s )

http://hep.pa.msu.edu/wwwlegacy/

Perturbative calculation  
        
diverges for small pt
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BUT: the data .....

No divergence!!!!

What is happening there???
experimental resolution or 
physics effect ?
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All order approach: ME & parton evolution

use LO/NLO matrix element

matching of cutoff in ME with parton showers
apply hadronization 
obtain cross sections fully differential in any observable
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Wait .....
Let's go one step back ...

Let's look at ep first !
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The fun with ep scattering

Deep Inelastic Scattering is a 
incoherent sum of
only 50 % of p momentum 
carried by quarks
need a large gluon component 
partonic part convoluted with 
parton density function  

e+q ! e+ q

fi(x)

¾(e+p! e+X) =
X

i

fi(x;Q
2)¾(e+qi ! e+qi)
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The fun with ep scattering

Deep Inelastic Scattering is a 
incoherent sum of
only 50 % of p momentum 
carried by quarks
need a large gluon component 
partonic part convoluted with 
parton density function 
BUT we know, PDF depends on 
resolution scale  

e+q ! e+ q

fi(x)

¾(e+p! e+X) =
X

i

fi(x;Q
2)¾(e+qi ! e+qi)

Q2
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F2(x,Q2): DGLAP evolution equation

➔ Probability to find 
parton at small x 
increases with Q2

F
2
 = 

➔ Test of theory: Q2 evolution of F2(x,Q2) !!!!!

QPM: F2 is independent of Q2

Q2  dependence of structure function: DokshitzerGribovLipatovAltarelliParisi
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The fun with ep scattering
¾(e+p! e+X) =

X

i

fi(x;Q
2)¾(e+qi ! e+qi)

perfect description of precise 
measurements of HUGE range 
in x and Q2

Theory works well.....
➔ extract parton densities, which 

are universal
➔ to be used at LHC.....
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The proton PDFs ... 
quark and gluon PDFs

➔Very large gluon density, even 
at small resolution scales Q2
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The DIS process ep → epX
cross section

with
using the PDFs from before..... 

F p
2 (x;Q

2) =
P

f e
2
f

¡
xqf (x;Q2) + x¹qf (x;Q2)

¢

d¾(ep!e0X)
dy dQ2 = 4¼®2

yQ4

³³
1¡ y + y2

2

´
F p
2 (x;Q

2)¡ y2

2 F
p
L(x;Q

2)
´
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The DIS process ep → epX
cross section

with
using the PDFs from before..... 

generate y with g(y)=1/y, and Q2 with g(Q2)=1/Q2 (why not 1/Q4 ?):

F p
2 (x;Q

2) =
P

f e
2
f

¡
xqf (x;Q2) + x¹qf (x;Q2)

¢

y = ymin

³
ymax

ymin

´R1

Q2 = Q2min

³
Q2
max

Q2
min

´R2

¾(ep! e0X) =
1

N

NX

i=1

d¾
dyi dQ2

i

g(yi)g(Q2i )

Z
g(y)dy

Z
g(Q2)dQ2

d¾(ep!e0X)
dy dQ2 = 4¼®2

yQ4

³³
1¡ y + y2

2

´
F p
2 (x;Q

2)¡ y2

2 F
p
L(x;Q

2)
´
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The DIS process ep → epX
cross section

with
using the PDFs from before..... 

generate y with g(y)=1/y, and Q2 with g(Q2)=1/Q2 (why not 1/Q4 ?):

calculate x-section with:

calculate 4-momenta of scattered electron and virtual photon

F p
2 (x;Q

2) =
P

f e
2
f

¡
xqf (x;Q2) + x¹qf (x;Q2)

¢

y = ymin

³
ymax

ymin

´R1

Q2 = Q2min

³
Q2
max

Q2
min

´R2

¾(ep! e0X) =
1

N

NX

i=1

d¾
dyi dQ2

i

g(yi)g(Q2i )

Z
g(y)dy

Z
g(Q2)dQ2

¾(ep! e0X) =
1

N

NX

i=1

yiQ
2
i

d¾

dyi dQ2i
log

µ
ymax

ymin

¶
log

µ
Q2max

Q2min

¶

d¾(ep!e0X)
dy dQ2 = 4¼®2

yQ4

³³
1¡ y + y2

2

´
F p
2 (x;Q

2)¡ y2

2 F
p
L(x;Q

2)
´
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We have now an event 
generator for the 

total cross section.

What about the final 
states ?
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DGLAP evolution equation... again...
for fixed x and Q2 chains with different branchings contribute
iterative procedure, spacelike parton showering

f(x; t) =
1X

k=1

fk(xk; tk) + f0(x; t0)¢s(t)
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Parton Showers from evolution eq.

solve integral equation via explicit iteration:

 branching at t'
 from t' to t 
 w/o   branching

 from t
0
 to t' 

 w/o branching

f(x; t) = f(x; t0)¢s(t) +

Z
dz

z

Z
dt0

t0
¢ ¢s(t)

¢s(t0)
~P (z)f

³x
z
; t0
´

f0(x; t) = f(x; t0)¢(t)

f1(x; t) = f(x; t0)¢(t) +

Z t

t0

dt0

t0
¢(t)

¢(t0)

Z
dz

z
~P (z)f(x=z; t0)¢(t0)
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Sudakov form factor: all loop resum...

                         Splitting Fct 
Sudakov form factor .... all loop resummation 

g ! gg ~P (z) =
¹®s

1¡ z +
¹®s
z

+ :::

¢s = exp

µ
¡
Z
dz

Z
dq0

q0
®s
2¼

~P (z)

¶

¢s = 1 +

µ
¡
Z
dz

Z
dq

q

®s
2¼

~P (z)

¶1
+

1

2!

µ
¡
Z
dz

Z
dq

q

®s
2¼

~P (z)

¶2
:::

~P (z)

"
1¡

Z Z
dz
dq

q

®s
2¼

~P (z) +
1

2!

µ
¡
Z Z

dz
dq

q

®s
2¼

~P (z)

¶2
+ :::+

#
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All Order resummed evolution  

solve integral equation via iteration:

 branching at t'
 from t' to t 
 w/o   branching

 from t
0
 to t' 

 w/o branching

DGLAP re-sums                  to all orders  !!!!!!!!!!!!!!!!

f(x; t) = f(x; t0)¢s(t) +

Z
dz

z

Z
dt0

t0
¢ ¢s(t)

¢s(t0)
~P (z)f

³x
z
; t0
´

f0(x; t) = f(x; t0)¢(t)

f1(x; t) = f(x; t0)¢(t) +

Z t

t0

dt0

t0
¢(t)

¢(t0)

Z
dz

z
~P (z)f(x=z; t0)¢(t0)

= f(x; t0)¢(t) + log
t

t0
A­¢(t)f(x=z; t0)

f2(x; t) = f(x; t0)¢(t) + log
t

t0
A­¢(t)f(x=z; t0) +

1

2
log2

t

t0
A­A­¢(t)f(x=z; t0)

f(x; t) = lim
n!1

fn(x; t) = lim
n!1

X

n

1

n!
logn

µ
t

t0

¶
An ­¢(t)f(x=z; t0)

log t
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Parton showers for the initial state
spacelike (Q<0) parton shower evolution

starting from hadron (fwd 
evolution)

or from hard scattering (bwd evolution)

select q1 from Sudakov form factor

select z1 from splitting function

select q2 from Sudakov form factor

select z2 from splitting function

stop evolution if q2>Qhard



H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2008 87

Parton Showers for the final state
timelike parton shower evolution

starting with hard scattering

select q1 from Sudakov form factor

select z1 from splitting function

select q2 from Sudakov form factor

select z2 from splitting function

stop evolution if q2<q0
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Hadronic final state: Energy flow

Et flow in DIS at small x and 

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

higher order contributions 
needed            

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

What about pp ?
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What about pt spectrum of Z0 ?
C-P Yuan, CTEQ 
summerschool 2002
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pt spectrum in  MC approach
C-P Yuan, CTEQ 
summerschool 2002
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Transverse Momentum of W/Z
Perturbative calculation  
        
diverges for small pt

O(®s); O(®2s )

Tevatron Run-1 Z boson data and 
Collins-Soper-Sterman resummation formalism.
F. Landry, R. Brock, P.M. Nadolsky, C.P. Yuan
Phys.Rev.D67:073016,2003.
e-Print: hep-ph/0212159

http://hep.pa.msu.edu/wwwlegacy/
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Recall: Monte Carlo vrs ResBos
Comparison of pt spectrum from ResBos and PYTHIA

Campbell, Huston Stirling 
Rep.Prog.Phys 70 (2007) 89
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Parton Shower
Sudakov form factor
➔ gives probability for no-branching between q0 and q
➔ 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 ~ pt

need to specify cutoff scale Q0 ~ 1 GeV

Evolution equation with Sudakov form factor recovers exactly 
evolution equation (with + prescription)
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Theory recap: what are we doing ?

BalitskiFadinKuraevLipatov

kt dependent pdf → 
unintegrated pdf

evolution in x

DokshitzerGribovLipatovAltarelliParisi

collinear singularities 
factorized in pdf
evolution in 

gluon bremsstrahlung

» 1

k2

µ
1

z
+ ¢ ¢ ¢

¶

Q2 » k2; or k2t or ?

¾ = ¾0

Z
dz

z
Ca(

x

z
)fa(z;Q

2)

¾ =

Z
dz

z
d2kt¾̂(

x

z
; kt)F(z; kt)
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From F2  to Heavy Quarks in pp

total x-section, F
2

calculate heavy 
quark 

extract parton densities
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Problems in Collinear Approximation
Jets/heavy quarks in pp

Higgs in pp

➔ NLO corrections will be very large for these LO processes ..... 

Jets/ heavy quarks at 
HERA 

J. Collins, H. Jung hep-ph/0508280 
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Doing much better with uPDFs ...

Higgs in pp

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

J. Collins, H. Jung hep-ph/0508280 heavy quarks at HERA Jets/heavy quarks in pp
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CASCADE – basic idea

matrix element

evolution of parton 
cascade:

initial distribution
~ flat 

~P = ¹®s

µ
1

1¡ z +
1

z
+ :::

¶

Z
d2ktxgA(xg ; kt; ¹q) = xgG(xg ; Q

2) if ¾̂ = ¾̂(ŝ;0; ¹q)

¾(pp! q¹q +X) =

Z
dxg1
xg1

dxg2
xg2

Z
d2kt1d

2kt2¾̂(ŝ; kt; ¹q)

£xg1A(xg1; kt1; ¹q)xg2A(xg2; kt2; ¹q)
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kt effects LHC

LO pretty bad

Higgs
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kt effects at LHC

NLO better

Higgs
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kt effects at LHC

NNLO bettttter

Higgs
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kt effects at LHC
● Do we understand the p

t
 spectrum of Higgs at LHC?

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

from G. Davatz

Higgs

 <kt> large ....  
➔ unintegrated parton PDFs will be needed
➔ Need to be better constrained 
    at HERA with final states

gg! Higgs !W+W¡ ! l+¹ºl¡º
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Heavy Quark production in pp
x-section (i.e. for      production  .....  need to know it for the Higgs.. )

with gluon densities 

hard x-section:

xG(x; ¹q)

¾(pp! Q¹QX) =

Z
dx1
x1

dx2
x2
x1G(x1; ¹q)x2G(x2; ¹q)£ ¾̂(ŝ; ¹q)

d¾

dt
=

1

64ŝ2
jMij j2

t¹t
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Heavy Quarks in pQCD

Light Quarks

Heavy Quarks
      with

Process ¹PjMj2=g4

q¹q ! Q ¹Q 4
9

¡
¿21 + ¿

2
2 +

½
2

¢

gg ! Q ¹Q
³

1
6¿1¿2

¡ 3
8

´³
¿21 + ¿

2
2 + ½¡ ½2

4¿1¿2

´

Process ¹PjMj2=g4

q¹q ! q0 ¹q0 4
9
t̂2+û2

ŝ2

gg! q¹q 1
6
t̂2+û2

t̂û
¡ 3

8
t̂2+û2

ŝ2

Ellis, Stirling, Webber
QCD & Collider physics p348 

p
2

p
4

p
3

p
1

¿1 = ¡ t̂¡m
2

ŝ
;

¿2 = ¡ û¡m
2

ŝ
;

½ =
4m2

ŝ

ŝ = (p1 + p2)
2

t̂ = (p1 ¡ p3)2
û = (p2 ¡ p3)2

Divergent 
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bbar at TeVatron

comparison with 
measurements
this is what you 
obtain....

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



107H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2008

Is that now all ?

But with  high parton 
densities, 

do we only have one 
interaction ?
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Proton AntiProton 

Multiple Parton Interactions 

PT(hard) 

Outgoing Parton 

Outgoing Parton 

Underlying Event  Underlying Event  

Outgoing Parton 

Outgoing Parton 

Multiparton Interactions
from L. Loennblad

What is the underlying event (UE)?
➔ Everything, except the LO process we're currently interested in

parton showers
additional remnant – remnant interactions (multi-parton 
interactions,soft/hard )

✗ NOT pile-up events (luminosity dependent) 

from R. Field
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Basic partonic perturbative cross section

➔ diverges faster than                 as                         and exceeds 
eventually total inelastic (non-diffractive) cross section

Underlying event – Multiple Interaction

¾hard(p
2
?min) =

Z

p2?min

d¾hard(p2?)
dp2?

dp2?

1=p2?min p?min ! 0

  Interaction x-section exceeds 
total xsection
  happens well above 
  still in perturbative region 



H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2008 110

Basic partonic perturbative cross section

➔ diverges faster than                 as                         and exceeds 
eventually total inelastic (non-diffractive) cross section, 
resulting in more than 1 interaction per event (multiparton 
interactions, MI).

➔ Average number of interactions per event is given by:

It depends on how soft interactions are treated, BUT also on 

the parton densities and factorization scheme,   parton 
evolution (DGLAP/BFKL)  !!!!!!!! 

Underlying event – Multiple Interaction

¾hard(p
2
?min) =

Z

p2?min

d¾hard(p2?)
dp2?

dp2?

hni = ¾hard(p?min)
¾nd

1=p2?min p?min ! 0
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Multiparton Interactions at TeVatron

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

CDF coll. PRD 65, 092002 (2002)
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Tuning to pp data... Color flow in MI 
possible scenarios for color string 
connection in multiparton events
to describe underlying events.... need 
(CDF Tune A)
 5 % quarks (default 33 %) 
 95 % gluons (default: 66%)
 out of which 90 % 
 (default 33 %) are 

➔ smaller multiplicity                      
with large transverse energy
Are there good phyiscs reasons for 
this mix ???

Highly nontrivial to describe 
multiplicity AND transverse 
energy distributions ...

T. Sjostrand, M. Zijl 
PRD 36 (1987) 2019
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Multiparton Interactions at LHC

Models tuned to TeVatron data
➔ give HUGE differences at LHC ... 
➔ better understand multiple 

interactions ...
➔ photo-production of jets at HERA T. Namsoo

Charged multiplicities in transverse 
region 

C. Buttar et al in HERA – LHC workshop proceedings hep-ph/0601012
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Evidence for Multi-Parton Interactions

angular correlation of jet/photon         
    pairs
compare to                    calculation

Need > 50 % double parton 
interaction to describe data 

° + 3 JetsE°
T > 16GeV

EJets
T > 5GeV

look at                      
with 

¢S° + 3 Jets

CDF coll. PRD 56, 3811 (1997)
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Double-Parton Interactions at LHC
xsection for

single parton exchange (SP)

double parton exchange (DP)

p+ p! b¹bb¹b

PYTHIA predictions:

➔ Depending on model for 
underlying event/muli-parton 
interactions...

¾SP » f2¾̂(2! 4)

¾DP » f4¾̂2(2! 2)

¾DP = 0:8 ¢ ¢ ¢ 11:1 ¹b



H. Jung, Simulations in high energy physics, summerstudent lecture, Aug 2008 116

Multi-Parton Interactions at LHC

W ! lº; H ! b¹b

Higgs:

with 
Double parton scattering:

➔

p+ p!W +H +X

p+ p! b¹bX

p+ p!W +H +X

p+ p!W +X

p+ p!W + b¹b+X
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Can we now tell which type of 
event this is ?
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What was this ?
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Analysis Center

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
PDF4MC 
User support 

Training (schools, seminars)
MC school in April (in coll with MCnet)
> 100 participants
http://www.terascale.de/mcs2008

all lectures are video recorded:
https://indico.desy.de/conferenceOtherViews.py?view=standard&amp;confId=708

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

http://www.terascale.de/mcs2008
https://indico.desy.de/conferenceOtherViews.py?view=standard&amp;confId=708
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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 simualtions ..... and help to 
find extra dimensions or SUSY or      

new phenomena in QCD
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Typical Monte Carlo toys ...

The necessary tool for a true Monte Carlo event generator:
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Conclusion
Monte Carlo event generators are needed to calculate multi-parton 
cross sections
Monte Carlo method is a well defined procedure

parton shower are essential 
hadronization is needed to compare with measurements

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

proper Monte Carlos are essential for any measurement

Monte Carlo event generators
contain all our physics knowledge !!!!! 
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List of available MC programs
HERA Monte Carlo workshop: www.desy.de/~heramc

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

CASCADE
is a full hadron level Monte Carlo generator for ep and pp scattering at small x build 

according to the CCFM evolution equation, including the basic QCD processes as well 
as Higgs and associated W/Z production

HERWIG
General purpose generator for Hadron Emission Reactions With Interfering Gluons; 

based on matrix elements, parton showers including color coherence within and 

between jets, and a cluster model for hadronization. 

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

LDCMC
A program which implements the Linked Dipole Chain (LDC) model for deeply inelastic 

scattering within the framework of ARIADNE. 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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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,I. Knowles, M. Schmelling Oxford 2003

http://www.phys.psu.edu/~cteq/%22%20%5Cl%20%22andbook
http://www.hep.phy.cam.ac.uk/theory/webber/QCDbook.html
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Backup Slides
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Lund string fragmentation

in a 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 
tension of       ~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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Fragmentation in the String Model
hadronization: iterative process
string breaks in qq pairs (still respecting color flow)
select transverse motion with m=mqq (and flavor) 

suppression of heavy quark production
u : d : s : c ~ 1 : 1 : 1 : 0.37 : 10-10

actually leave it as a free parameter
longitudinal fragmentation

symmetric fragmentation function (from either q or q)
f(z) ~ z-1(1-z)a exp(-b m2

t /z)

harder spectrum for heavy quarks
start from q or q
repeat until cutoff is reached
heavy use of random numbers and importance sampling method

P » exp
³
¡¼m2

t

Â

´
= exp

³
¡¼m2

Â

´
exp

³
¡¼p2t

Â

´
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Hadronization: particle masses and decays
particle masses
➔ taken from PDG, where known, otherwise from constituent masses

particle widths
➔ in hard scattering production process short lived particles (,) have 

nominal mass, without mass broadening
➔ in hadronization use Breit-Wigner:

lifetimes
➔ related to widths ... but for practical purpose separated
➔ P()d ~ exp ( -/

0
) d

➔ calculate new vertex position v' = v +  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

P(m)dm / 1

(m¡m0)2 + ¡2=4

!; Á! ¼+¼¡¼0 , or D ! K¼, D¤ ! K¼¼


