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Aims for these lectures

• Get you acquainted with the concepts and 
techniques used in event generation

• Give you hands-on experience with matrix 
element generation, event generation and analysis

• Answer as many of your questions as I can 
(so please ask questions!)
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Topic of this lecture

• How to compute the matrix element
➡ HELAS / ALOHA

• Features of MG5

• Life demonstration

• MadSpin ?
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The Matrix Element
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(ū�⌫v)

e+ e- > mu+ mu- WEIGHTED=4 page 1/1

Diagrams made by MadGraph5

e+

1

e-

2

a

mu+

3

mu-

4

 diagram 1 QCD=0, QED=2

e+

1

e-

2

z

mu+

3

mu-

4

 diagram 2 QCD=0, QED=2

6

Wednesday, May 22, 13



UIUC

  O. Mattelaer                                                     MadGraph School, May 22-26 2013                               

Evaluate a square Matrix Element

M = e2(ū�µv)
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Evaluate a square Matrix Element

Very Efficient  !!!
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Evaluate a square Matrix Element

Very Efficient  !!!
The number of term raises as    N2But
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• Idea: Evaluate M for fixed helicity of external 
particles
➡ Multiply M with M* -­> |M|^2
➡ Loop on Helicity and sum the results
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Numbers for given helicity and momenta
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• Idea: Evaluate M for fixed helicity of external 
particles
➡ Multiply M with M* -­> |M|^2
➡ Loop on Helicity and sum the results

7

M = ū�µvPµ� ū�
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Numbers for given helicity and momenta

CALL OXXXXX(P(0,1),ZERO,NHEL(1),-1*IC(1),W(1,1))
CALL IXXXXX(P(0,2),ZERO,NHEL(2),+1*IC(2),W(1,2))
CALL IXXXXX(P(0,3),ZERO,NHEL(3),-1*IC(3),W(1,3))
CALL OXXXXX(P(0,4),ZERO,NHEL(4),+1*IC(4),W(1,4))
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• Idea: Evaluate M for fixed helicity of external 
particles
➡ Multiply M with M* -­> |M|^2
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Numbers for given helicity and momenta

CALL OXXXXX(P(0,1),ZERO,NHEL(1),-1*IC(1),W(1,1))
CALL IXXXXX(P(0,2),ZERO,NHEL(2),+1*IC(2),W(1,2))
CALL IXXXXX(P(0,3),ZERO,NHEL(3),-1*IC(3),W(1,3))
CALL OXXXXX(P(0,4),ZERO,NHEL(4),+1*IC(4),W(1,4))
Input: momenta, mass, helicity

Ouput: Wavefunction (given by an 
analytical formula)
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• Idea: Evaluate M for fixed helicity of external 
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Calculate propagator wavefunctions

CALL JIOXXX(W(1,2),W(1,1),GAL,ZERO,ZERO,W(1,5))
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Calculate propagator wavefunctions
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Input: Wavefunctions, mass, width, coupling

Ouput: Wavefunction (given by an analytical 
formula)
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Finally evaluate amplitude (c-number)
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Input: Wavefunctions, coupling

Ouput:  Amplitude
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Finally evaluate amplitude (c-number)

Helicity amplitude calls 
written by MadGraph{
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Real case
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Basics: Helicity amplitudes

• Thanks to new diagram generation algorithm, wf 
recycling much more efficient in MG5 than MG4

Time for matrix element evaluation on a Sony Vaio TZ laptop

18
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HELAS

19
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HELAS

• Original HELicity Amplitude Subroutine library

19

[Murayama, Watanabe, Hagiwara]
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HELAS

• Original HELicity Amplitude Subroutine library

• One routine by Lorentz structure
➡ MSSM [cho, al] hep-ph/0601063 (2006)

➡ HEFT [Frederix] (2007)

➡ Spin 2 [Hagiwara, al] 0805.2554 (2008)

➡ Spin 3/2 [Mawatari, al] 1101.1289 (2011)

19

[Murayama, Watanabe, Hagiwara]
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HELAS

• Original HELicity Amplitude Subroutine library

• One routine by Lorentz structure
➡ MSSM [cho, al] hep-ph/0601063 (2006)

➡ HEFT [Frederix] (2007)

➡ Spin 2 [Hagiwara, al] 0805.2554 (2008)

➡ Spin 3/2 [Mawatari, al] 1101.1289 (2011)

SLIH

Chromo-magnetic 
operator

Full HEFT
NMSSMEffective Field Theory

Black Holes 

BNV ModelChiral Perturbation

19

[Murayama, Watanabe, Hagiwara]
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ALOHA 
ALOHA 

UFO  Helicity 

30 

FeynRules output

New Model Format

Gosam/ Herwig++/ MG5

Fully generic color/Lorentz/... 

[Degrande, Duhr, Fuks, Grellscheid, OM, Reiter:108.2040]

20
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MADGRAPH 5

21
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MADGRAPH 

22
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MADGRAPH 

22

1.4.0
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MADGRAPH 

22

1.4.0

Not possible to detail everything
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• Original MadGraph by Tim Stelzer was written in 
Fortran, first version from 1994

MadGraph

hep-ph/9401258

23
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1. High-Q  Scattering2 2. Parton Shower 

3. Hadronization 4. Underlying Event 

☞ where new physics lies 

☞ process dependent

☞ first principles description
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• Original MadGraph by Tim Stelzer was written in 
Fortran, first version from 1994

• Event generation by MadEvent using the single 
diagram enhanced multichannel integration 
technique in 2002 (Stelzer, Maltoni)

MadGraph

hep-ph/9401258

hep-ph/0208156

25
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Master formula

Z
dx1dx2d�FS

Phase space
integral

fa(x1)fb(x2)

Parton density
functions

• Parton density (or distribution) functions:
Process independent, determined by particle type

�̂ab!X(ŝ, . . .)

Parton level
cross section

• Parton level cross section from matrix element

26
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• Original MadGraph by Tim Stelzer was written in 
Fortran, first version from 1994

• Event generation by MadEvent using the single 
diagram enhanced multichannel integration 
technique in 2002 (Stelzer, Maltoni)

• Support for BSM (and many other improvements) 
in MG/ME 4 (2006)

MadGraph

arXiv:0706.2334,  arXiv:0809.2410

hep-ph/9401258

hep-ph/0208156

27
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• Original MadGraph by Tim Stelzer was written in 
Fortran, first version from 1994

• Event generation by MadEvent using the single 
diagram enhanced multichannel integration 
technique in 2002 (Stelzer, Maltoni)

• Support for BSM (and many other improvements) 
in MG/ME 4 (2006)

• Rewritten in Python in 2011: MG5
➡ Full automatic support of BSM

MadGraph

arXiv:1106.0522

arXiv:0706.2334,  arXiv:0809.2410

hep-ph/9401258

hep-ph/0208156

27
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• Original MadGraph by Tim Stelzer was written in 
Fortran, first version from 1994

• Event generation by MadEvent using the single 
diagram enhanced multichannel integration 
technique in 2002 (Stelzer, Maltoni)

• Support for BSM (and many other improvements) 
in MG/ME 4 (2006)

• Rewritten in Python in 2011: MG5
➡ Full automatic support of BSM

• First version of aMC@NLO in 2013

MadGraph

arXiv:1106.0522

arXiv:0706.2334,  arXiv:0809.2410

hep-ph/9401258

hep-ph/0208156

In preparation

27
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Decay chains

• p p > t t~ w+, (t > w+ b, w+ > l+ vl), \
                     (t~ > w- b~, w- > j j), \
                     w+ > l+ vl

• Separately generate core process and each decay
- Decays generated with the decaying particle as 
resulting wavefunction

• Iteratively combine decays and core processes

• Difficulty: Multiple diagrams in decays

mardi 25 octobre 2011 28
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Decay chains

• If multiple diagrams in decays, need to multiply together core 
process and decay diagrams:

x

u u~ > go go / ur WEIGHTED=2 page 1/1

Diagrams made by MadGraph5

u

1

u~

2

g

go

3

go

4

 diagram 1 QCD=2, QED=0

u

1

go

3

ul

u~
2

go
4

 diagram 2 QCD=2, QED=0

u

1

go

4
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u~
2

go
3

 diagram 3 QCD=2, QED=0
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Diagrams made by MadGraph5
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 diagram 1 QCD=2, QED=0
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go
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 diagram 2 QCD=2, QED=0
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 diagram 3 QCD=2, QED=0

u u~ > go go / ur WEIGHTED=2 page 1/1

Diagrams made by MadGraph5

u

1

u~

2

g

go

3
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 diagram 1 QCD=2, QED=0
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1
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3
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u~
2

go
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 diagram 2 QCD=2, QED=0

u

1
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 diagram 3 QCD=2, QED=0

go > u u~ n1 / ur WEIGHTED=3 page 1/1

Diagrams made by MadGraph5

u
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n1
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u~
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go1

 diagram 1 QCD=1, QED=1

u~

3

n1

4

ul~

u

2

go1

 diagram 2 QCD=1, QED=1

go > u u~ n1 / ur WEIGHTED=3 page 1/1

Diagrams made by MadGraph5

u

2

n1

4

ul

u~

3

go1

 diagram 1 QCD=1, QED=1

u~

3

n1

4

ul~

u

2

go1

 diagram 2 QCD=1, QED=1

u u~ > go go / ur go > u u~ n1 / ur

(to the second power 
 since both gluinos decay)

29
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Decay chains

u u~ > go go / ur, go > u u~ n1 / ur
page 1/3

Diagrams made by MadGraph5
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Diagrams made by MadGraph5
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 diagram 12 QCD=4, QED=2

• If multiple diagrams in decays, need to multiply together core 
process and decay diagrams:

30
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Decay chains

• Decay chains retain full matrix element for 
the diagrams compatible with the decay

• Full spin correlations (within and between decays)

• Full width effects

• However, no interference with non-resonant 
diagrams 
➡ Description only valid close to pole mass

➡ Cutoff at |m ± nΓ| where n is set in run_card.

31
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Decay chains

Thanks to developments in MadEvent, also (very) long 
decay chains possible to simulate directly in MadGraph!

32
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Output formats in MadGraph 5

• Thanks to UFO/ALOHA, we now have automatic 
helicity amplitude routines in any language

➡ So it makes sense to have also matrix element 
output in multiple languages!

• Presently implemented: Fortran, C++, Python

➡ Fortran - for MadEvent and Standalone

➡ C++ - for Pythia 8 and Standalone

➡ Python - for internal use in MG5 (checks of 
gauge, perturbation and Lorentz invariance)

mardi 25 octobre 2011
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Pythia 8 Matrix Element output

➡ Library of process .h and .cc 
files, sorted by model
+ all needed model and 
   helicity amplitude files
+ example main file 
   (for user convenience!)

➡ Run as standard internal 
Pythia processes

➡ Allows using Pythia for ANY 
(2→1,2,3) process in ANY 
model at the push of a key!

#include "SigmaProcess.h"
#include "Parameters_sm.h"

using namespace std;

namespace Pythia8
{
//===================================================
// A class for calculating the matrix elements for
// Process: u u~ > t t~
// Process: c c~ > t t~
// Process: d d~ > t t~
// Process: s s~ > t t~
//---------------------------------------------------
class Sigma_sm_qq_ttx : public Sigma2Process
{
  public:

    // Constructor.
    Sigma_sm_qq_ttx() {}

    // Initialize process.
    virtual void initProc();

    // Calculate flavour-independent parts of cross section.
    virtual void sigmaKin();

    // Evaluate sigmaHat(sHat).
    virtual double sigmaHat();

    // Select flavour, colour and anticolour.
    virtual void setIdColAcol();
 ...

Sigma_sm_qq_ttx.h

mardi 25 octobre 2011
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MADGRAPH 5
Life Demonstration

35
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Examples shown

• p p > t t~
This gives only (the dominant) QCD vertices, and 
ignores (the negligible) QED vertices.

• p p > t t~ QED=2
This gives both QED and QCD vertices.

• p p > w+ j j, w+ > l+ vl
More complicated example.

Monday, October 24, 2011
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More syntax examples

• p p > t t~ j QED=2: Generate all combinations of 
processes for particles defined in multiparticle labels 
p / j, including up to two QED vertices (and unlimited 
QCD vertices)

• p p > t t~, (t > b w+, w+ > l+ vl), t~ > b~ j j : 

• Only diagrams compatible with given decay

• Only t / t~ and W+ close to mass shell in event 
generation

• p p > w+ w- / h : Exclude any diagrams with h

• p p > w+ w- $ h : Exclude on-shell h in event 
generation (but retain interference effects)

Monday, October 24, 2011
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MadSpin
Decay with Full Spin correlation

38

[P. Artoisenet,  R. Frederix, OM, R. RietKerk (2012)]
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MADSPIN

• Separate production from decay
➡ Matrix Element can’t be integrate

✦ NLO

• This is valid in the Narrow width approximation

39
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MADSPIN

• Separate production from decay
➡ Matrix Element can’t be integrate

✦ NLO

• This is valid in the Narrow width approximation

39

�
N+1 ' �

N

⇤ �1!2

�
tot

=                 *                 
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MADSPIN

• Separate production from decay
➡ Matrix Element can’t be integrate

✦ NLO

• This is valid in the Narrow width approximation

• You loose:
➡ Full spin correlation
➡ finite width effect

39

�
N+1 ' �

N

⇤ �1!2

�
tot

=                 *                 
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MADSPIN

40

[Frixione, Leanen, Motylinski,Webber (2007)]

Read Event

generate a virtual mass

generate a decay
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MADSPIN

• Finite width

• Spin correlation

• unweighted events

40

[Frixione, Leanen, Motylinski,Webber (2007)]

Read Event

generate a virtual mass

generate a decay {
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MADSPIN

• Finite width

• Spin correlation

• unweighted events

40

[Frixione, Leanen, Motylinski,Webber (2007)]

Read Event

generate a virtual mass

generate a decay

|MP
LO|2 |MP+D

LO |2
{
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MADSPIN

• Finite width

• Spin correlation

• unweighted events

40

[Frixione, Leanen, Motylinski,Webber (2007)]

Read Event

generate a virtual mass

generate a decay

|MP
LO|2 |MP+D

LO |2

associate a weight to the event
|MP+D

LO |2/|MPLO|2

{
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MADSPIN

• Finite width

• Spin correlation

• unweighted events

40

[Frixione, Leanen, Motylinski,Webber (2007)]

Read Event

generate a virtual mass

generate a decay

|MP
LO|2 |MP+D

LO |2

associate a weight to the event
|MP+D

LO |2/|MPLO|2

{
{ • Finite width

• Spin correlation

• unweighted events
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MADSPIN

• Finite width

• Spin correlation

• unweighted events

40

[Frixione, Leanen, Motylinski,Webber (2007)]

Read Event

generate a virtual mass

generate a decay

|MP
LO|2 |MP+D

LO |2

associate a weight to the event
|MP+D

LO |2/|MPLO|2

{
{ • Finite width

• Spin correlation

• unweighted events

   KIAS MadGrace school, Oct 24-29 2011                                                            Event generation with MadGraph 5 Johan Alwall

Improved by combining with importance sampling:

1. pick x  distributed as p(x)

2. calculate  f(x) and p(x)

3. pick 0<y<1 

 f(x)

4. Compare:
if f(x)>y p(x) accept event,

else reject it.

much better efficiency!!!  

Event generation

Monday, October 24, 2011

unweighting
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MADSPIN

• Finite width

• Spin correlation

• unweighted events

40

[Frixione, Leanen, Motylinski,Webber (2007)]

Read Event

generate a virtual mass

generate a decay

|MP
LO|2 |MP+D

LO |2

associate a weight to the event
|MP+D

LO |2/|MPLO|2

{
{ • Finite width

• Spin correlation

• unweighted events

   KIAS MadGrace school, Oct 24-29 2011                                                            Event generation with MadGraph 5 Johan Alwall

Improved by combining with importance sampling:

1. pick x  distributed as p(x)

2. calculate  f(x) and p(x)

3. pick 0<y<1 

 f(x)

4. Compare:
if f(x)>y p(x) accept event,

else reject it.

much better efficiency!!!  

Event generation

Monday, October 24, 2011

unweighting

PASS
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MADSPIN

• Finite width

• Spin correlation

• unweighted events

40

[Frixione, Leanen, Motylinski,Webber (2007)]

Read Event

generate a virtual mass

generate a decay

|MP
LO|2 |MP+D

LO |2

associate a weight to the event
|MP+D

LO |2/|MPLO|2

{
{ • Finite width

• Spin correlation

• unweighted events

   KIAS MadGrace school, Oct 24-29 2011                                                            Event generation with MadGraph 5 Johan Alwall

Improved by combining with importance sampling:

1. pick x  distributed as p(x)

2. calculate  f(x) and p(x)

3. pick 0<y<1 

 f(x)

4. Compare:
if f(x)>y p(x) accept event,

else reject it.

much better efficiency!!!  

Event generation

Monday, October 24, 2011

unweighting

PASS

FAIL
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MADSPIN

• Finite width

• Spin correlation

• unweighted events

40

[Frixione, Leanen, Motylinski,Webber (2007)]

Read Event

generate a virtual mass

generate a decay

|MP
LO|2 |MP+D

LO |2

associate a weight to the event
|MP+D

LO |2/|MPLO|2

{
{ • Finite width

• Spin correlation

• unweighted events

   KIAS MadGrace school, Oct 24-29 2011                                                            Event generation with MadGraph 5 Johan Alwall

Improved by combining with importance sampling:

1. pick x  distributed as p(x)

2. calculate  f(x) and p(x)

3. pick 0<y<1 

 f(x)

4. Compare:
if f(x)>y p(x) accept event,

else reject it.

much better efficiency!!!  

Event generation

Monday, October 24, 2011

unweighting { • Finite width

• Spin correlation

• unweighted events
PASS

FAIL
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• Fully automatic
➡ Fully integrated in MG5 [LO and NLO]
➡ Can be run in StandAlone

41

MadSpin
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• Fully automatic
➡ Fully integrated in MG5 [LO and NLO]
➡ Can be run in StandAlone

• Example t t~ h:

41

MadSpin
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Figure 5: Next-to-leading-order cross sections differential in pT (l+) (left pane) and in cosφ (right
pane) for tt̄H events with or without spin correlation effects. For comparison, also the leading-
order results are shown. Events were generated with aMC@NLO, then decayed with MadSpin,
and finally passed to Herwig for shower and hadronization.

 0.0001

 0.001

 0.01

 0  25  50  75  100  125  150  175  200

1/
σ

 d
σ

/d
p T

(l+ ) [
1/

G
eV

]

pT(l+) [GeV]

Pseudoscalar Higgs

NLO  Spin correlations on
NLO  Spin correlations off

 0.4

 0.45

 0.5

 0.55

 0.6

-1 -0.5  0  0.5  1

1/
σ

 d
σ

/d
co

s(
φ)

cos(φ)

Pseudoscalar Higgs

NLO  Spin correlations on
NLO  Spin correlations off

Figure 6: Next-to-leading-order cross sections differential in pT (l+) (left pane) and in cosφ
(right pane) for tt̄A events with or without spin correlation effects. Events were generated with
aMC@NLO, then decayed with MadSpin, and finally passed to Herwig for shower and hadroniza-
tion.

that preserving spin correlations is more important than including NLO corrections for this

observable. However, we observe that the inclusion of both, as it is done here, is necessary

for an accurate prediction of the distribution of events with respect to cos(φ). In general, a

scheme including both spin correlation effects and QCD corrections is preferred: it retains

the good features of a NLO calculation, i.e. reduced uncertainties due to scale dependence

(not shown), while keeping the correlations between the top decay products.

The results for the pseudo-scalar Higgs boson are shown in Figure 6. The effects of the

spin correlations on the transverse momentum of the charged lepton are similar as in the

case of a scalar Higgs boson: about 10% at small pT , increasing to about 40% at pT = 200

GeV. On the other hand, the cos(φ) does not show any significant effect from the spin-

correlations. Therefore this observable could possibly help in determining the CP nature of

the Higgs boson, underlining the importance of the inclusion of the spin correlation effects.
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Tutorial

• MG5 Tutorial today
➡ Learn how to generate simple process

✦ Learn the syntax

➡ Learn the meaning of the cards
➡ Learn decay chains syntax and the associate limitations
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Conclusion

• UFO + ALOHA + MG5:
➡ ANY BSM is available
➡ HELAS Routine => very fast

• MG5
➡ decay chains
➡ nice interface
➡ easy to use

• MadSpin
➡ Efficient decay
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