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Who am I
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60%

40%

IT Physics

Research scientist at University of Louvain in Belgium
Since 2017
  - partially for the Physics department (60%)
  - also managing the HPC cluster (40%) 
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Before my current job
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PhD in Belgium

Post Doc in Belgium

2005

2017

2011

2012

2013

2014

2015

2016

Post-Doc in USA
(Tim Stelzer)

Post Doc in UK

Post Doc in Belgium  
based at CERN

MadWeight: Monte-Carlo Integrator

MadGraph: user support, development 
and phenomenological studies

CP3 Sys Admin

Quantum Gravity
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Monte-Carlo Physics
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Monte-Carlo Physics

•  Cross-section 
•  Differential cross-section
•  Un-weighted events

Our goal
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Simulation of collider events

Simulation of collider events
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What are the MC for?

Sherpa artist
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 GeV

 TeV

 Scales
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What are the MC for?
1. High-Q  Scattering2 2. Parton Shower 

3. Hadronization 4. Underlying Event 

☞ where BSM physics lies 

☞ process dependent

☞ first principles description

☞ it can be systematically improved

7

 MeV

 GeV

 TeV

 Scales



Mattelaer Olivier Japan 2026

What are the MC for?
1. High-Q  Scattering2 2. Parton Shower 

3. Hadronization 4. Underlying Event 

☞ QCD -”known physics”
☞ universal/ process independent
☞ first principles description

8
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What are the MC for?
1. High-Q  Scattering2 2. Parton Shower 

3. Hadronization 4. Underlying Event 

☞ universal/ process independent

☞ model-based description

☞ low Q   physics
2
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What are the MC for?
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Question time

11
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•  Multi-scale problem
➡ New physics visible only at High scale
➡ Problem split in different scale

•Factorisation theorem

12

To Remember
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x1E x2E

`+ `�

Phase-space 
integral

Parton density 
functions

Parton-level cross 
section

∫
dx1dx2dΦFS fa(x1, µF )fb(x2, µF ) σ̂ab→X(ŝ, µF , µR)

∑

a,b

Master formula for the LHC
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• The parton-level cross section can be computed as a 
series in perturbation theory, using the coupling 
constant as an expansion parameter, schematically: 
 
 
 
 
 
 

14

Perturbative expansion

σ̂ = σBorn

(
1 +

αs

2π
σ(1) +

(αs

2π

)2
σ(2) +

(αs

2π

)3
σ(3) + . . .

)

Parton-level cross sectiondσ̂ab→X(ŝ, µF , µR)
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• The parton-level cross section can be computed as a 
series in perturbation theory, using the coupling 
constant as an expansion parameter, schematically: 
 
 
 
 
 
 

• Including higher corrections improves predictions 
and reduces theoretical uncertainties
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Perturbative expansion

NLO 
corrections

NNLO 
corrections

N3LO or NNNLO 
corrections

σ̂ = σBorn
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)3
σ(3) + . . .

)

LO 
predictions

Parton-level cross sectiondσ̂ab→X(ŝ, µF , µR)
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• Leading Order predictions can 
depend strongly on the 
renormalization and factorization 
scales

• Including higher order corrections 
reduces the dependence on these 
scales

15

Improved predictions

σ̂ = σBorn

(
1 +

αs

2π
σ(1) +

(αs

2π

)2
σ(2) +

(αs

2π

)3
σ(3) + . . .

)
fa(x1, µF )fb(x2, µF )

∑

a,b

∫
dx1dx2dσ = dσ̂ab→X(ŝ, µF , µR)
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Improved predictions
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σ̂ = σBorn
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Improved predictions
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Improved predictions

16

σ̂ = σBorn
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• Leading Order predictions depend 
strongly on arbitrary scales 

• Poor accuracy (error at ~40%) 

LO
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Improved predictions
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σ̂ = σBorn
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LO

17

- Large scale uncertainty 
- LO is good for shape

Error on LO prediction (top quark pair)

Error on Normalisation
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LO

17

- Large scale uncertainty 
- LO is good for shape

Error on LO prediction (top quark pair)

Error on Normalisation

Large Error (30-50%)



Mattelaer Olivier Japan 2026

LO

17

- Large scale uncertainty 
- LO is good for shape

Error on LO prediction (top quark pair)

Error on Normalisation Error on Shape

Large Error (30-50%) More reasonable (~10%)
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Question time

18
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•  PDF: content of the proton
➡ Define the physics/processes that will 
dominate on your accelerator

•  LO: good for shape
•  NLO/NNLO: Reduce scale uncertainty
•  Computation are inclusive (+ any jet) due 
to renormalization/factorization scale

19

To Remember

Phase-space 
integral

Parton density 
functions

Parton-level cross 
section

∫
dx1dx2dΦFS fa(x1, µF )fb(x2, µF ) σ̂ab→X(ŝ, µF , µR)

∑

a,b
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•Determine the production mechanism

•  Evaluate the matrix-element

•  Phase-Space Integration  
 
 
 

20

Matrix-Element
Calculate a given process (e.g. gluino pair)

s s~ > go go WEIGHTED=2 page 1/1

Diagrams made by MadGraph5_aMC@NLO
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➡Need Feynman Rules!
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Monte Carlo Integration  

21
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Monte Carlo Integration

σ =
1

2s

∫
|M|2dΦ(n)

Calculations of cross section or decay widths involve 
integrations over high-dimension phase space of very 
peaked functions:

22
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Monte Carlo Integration

σ =
1

2s

∫
|M|2dΦ(n)

Calculations of cross section or decay widths involve 
integrations over high-dimension phase space of very 
peaked functions:

Dim[Φ(n)] ∼ 3n

22
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Monte Carlo Integration

σ =
1

2s

∫
|M|2dΦ(n)

Calculations of cross section or decay widths involve 
integrations over high-dimension phase space of very 
peaked functions:

General and flexible method is needed

Dim[Φ(n)] ∼ 3n

22

Not only integrating but also generates events
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• Fix step
• Approximate by 

rectangle

23

How to integrate

•Simpson

• Fix step
• Linear 

interpolation

• Fix step
• Quadratic 

interpolation

Average
Compute the average instead

-> Use same method as pool estimate
-> Use random number point in the x direction

•Trapezium

•Monte-Carlo
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Integration
I =

∫ 1

0

dx cos
π

2
x

IN = 0.637 ± 0.307/
√

N

Z
dq2

(q2 �M2 + iM�)2

IN = 0.637 ± 0.307/
√

N

Z
dxC
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Integration
I =

∫ 1

0

dx cos
π

2
x

IN = 0.637 ± 0.307/
√

N

Z
dq2

(q2 �M2 + iM�)2

IN = 0.637 ± 0.307/
√

N

Z
dxC

• MonteCarlo
• Trapezium
• Simpson

Method of evaluation
1/

p
N

1/N4

1/N2

simpson MC
3 0,638 0,3
5 0,6367 0,8

20 0,63662 0,6
100 0,636619 0,65

1000 0,636619 0,636
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Question time

25
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Integration
I =

∫ 1

0

dx cos
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IN = 0.637 ± 0.307/
√

N

Z
dq2

(q2 �M2 + iM�)2
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Z
dxC

Method of evaluation
1/

p
N

1/N4
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More Dimension 1/
p
N

1/N2/d

1/N4/d

• MonteCarlo
• Trapezium
• Simpson
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Integration
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Integration
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√
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Can be minimized!
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Importance Sampling
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Importance Sampling

IN = 0.637 ± 0.307/
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Importance Sampling
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Importance Sampling
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The Phase-Space parametrization is important to have an 
efficient computation!
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Importance Sampling
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Importance Sampling
Z

dq2

(q2 �M2 + iM�)2

⇠ = arctan

✓
q2 �M2

�M

◆
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Importance Sampling
Z

dq2

(q2 �M2 + iM�)2

⇠ = arctan

✓
q2 �M2

�M

◆

IN = 0.637 ± 0.307/
√

N
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Why importance?

30

Why Importance Sampling?

We probe more often the region where 
the function is high!
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Why importance?

30

IN = 0.637 ± 0.307/
√

N

Why Importance Sampling?

We probe more often the region where 
the function is high!
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Question time

31
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•Generate the random point in a distribution 
which is close to the function to integrate.

•This is a change of variable, such that the 
function is flatter in this new variable.

•Needs to know an approximate function. 

32

Importance Sampling
Key Point

Adaptative Monte-Carlo
•Create an approximation of the function on 
the flight!            
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VEGAS

1. Creates bin such that 
each of them have the 
same contribution.
➡Many bins where the 
function is large

2. Use the approximate 
for the importance 
sampling method.

Algorithm

Adaptative Monte-Carlo
•Create an approximation of the function on 
the flight!            
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• Importance sampling/VEGAS is learning a 
function

➡ HOT TOPIC: Machine Learning
➡ Lot of work in progress

34

Can we do Better?

VEGAS

~20 times more efficient
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Example: QCD 2 → 2 

u u~ > g g QED=0 page 1/1

Diagrams made by MadGraph5

u

1

u~

2

g

3

g

4

g

 diagram 1 QCD=2

u

1

g

3

u~

2

g

4

u

 diagram 2 QCD=2

u

1

g

4

u~

2

g

3

u

 diagram 3 QCD=2
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Diagrams made by MadGraph5

u

1

u~

2

g

3

g

4

g

 diagram 1 QCD=2

u

1

g

3

u~

2

g

4

u

 diagram 2 QCD=2

u

1

g

4

u~

2

g

3

u

 diagram 3 QCD=2

u u~ > g g QED=0 page 1/1

Diagrams made by MadGraph5

u

1

u~

2

g

3

g

4

g

 diagram 1 QCD=2

u

1

g

3

u~

2

g

4

u

 diagram 2 QCD=2

u

1

g

4

u~

2

g

3

u

 diagram 3 QCD=2

∝ 1

ŝ
=

1

(p1 + p2)2
∝ 1

t̂
=

1

(p1 − p3)2
∝ 1

û
=

1

(p1 − p4)2

Three very different pole structures contributing 
to the same matrix element.

35



Mattelaer Olivier Japan  2026

Multi-channel based on single diagrams*
*Method used in MadGraph

36

Single-Diagram-Enhanced technique

Trick in MadEvent: Split the complexity
Z

|Mtot|2 =

Z P
i |Mi|2P
j |Mj |2

|Mtot|2 =
X

i

Z |Mi|2P
j |Mj |2

|Mtot|2
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– Any single diagram is “easy” to integrate (pole 
structures/suitable integration variables known 
from the propagators)

– Divide integration into pieces, based on diagrams

– All other peaks taken care of by denominator sum

Multi-channel based on single diagrams*
*Method used in MadGraph

36

Single-Diagram-Enhanced technique

Trick in MadEvent: Split the complexity

⇡ 1

Z
|Mtot|2 =

Z P
i |Mi|2P
j |Mj |2

|Mtot|2 =
X

i

Z |Mi|2P
j |Mj |2

|Mtot|2
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– Any single diagram is “easy” to integrate (pole 
structures/suitable integration variables known 
from the propagators)

– Divide integration into pieces, based on diagrams

– All other peaks taken care of by denominator sum

Multi-channel based on single diagrams*
*Method used in MadGraph

N Integral
– Errors add in quadrature so no extra cost
– “Weight” functions already calculated during |M|2 calculation
– Parallel in nature

36

Single-Diagram-Enhanced technique

Trick in MadEvent: Split the complexity

⇡ 1

Z
|Mtot|2 =

Z P
i |Mi|2P
j |Mj |2

|Mtot|2 =
X

i

Z |Mi|2P
j |Mj |2

|Mtot|2
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Z
|Mtot|2 =

Z P
i |Mi|2P
j |Mj |2

|Mtot|2 =
X

i

Z |Mi|2P
j |Mj |2

|Mtot|2

term of the above sum.

each term might not be 
gauge invariant
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Question time

38
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•  Phase-Space integration is difficult
•  We need to know the function

➡ Be careful with cuts
•  MadGraph split the integral in different 
contribution linked to the Feynman Diagram

➡Those are not the contribution of a given 
diagram

39

To Remember
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•Determine the production mechanism

•  Evaluate the matrix-element

•  Phase-Space Integration  
 
 
 

40

Matrix-Element
Calculate a given process (e.g. gluino pair)

s s~ > go go WEIGHTED=2 page 1/1

Diagrams made by MadGraph5_aMC@NLO

s

1

s~

2

g

go

3

go

4

 diagram 1 QCD=2, QED=0

s

1

go

3

sl

s~

2
go

4

 diagram 2 QCD=2, QED=0

s

1

go

3

sr

s~

2
go

4

 diagram 3 QCD=2, QED=0

s

1

go

4

sl

s~

2
go

3

 diagram 4 QCD=2, QED=0

s

1

go

4

sr

s~

2
go

3

 diagram 5 QCD=2, QED=0

σ =
1

2s

∫
|M|2dΦ(n)

σ =
1

2s

∫
|M|2dΦ(n)

➡Need Feynman Rules!
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•Determine the production mechanism

•  Evaluate the matrix-element

•  Phase-Space Integration  
 
 
 

40

Matrix-Element
Calculate a given process (e.g. gluino pair)

s s~ > go go WEIGHTED=2 page 1/1

Diagrams made by MadGraph5_aMC@NLO

s
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go

4

 diagram 1 QCD=2, QED=0
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go

4

 diagram 2 QCD=2, QED=0
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1

go

3

sr
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go

4

 diagram 3 QCD=2, QED=0

s

1

go

4

sl

s~

2
go

3

 diagram 4 QCD=2, QED=0

s

1

go

4

sr

s~

2
go

3

 diagram 5 QCD=2, QED=0

σ =
1

2s

∫
|M|2dΦ(n)

σ =
1

2s

∫
|M|2dΦ(n)

➡Need Feynman Rules!

Easy 
enough

Hard

Very 
Hard

(in general)
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•Determine the production mechanism

•  Evaluate the matrix-element

•  Phase-Space Integration  
 
 
 

40

Matrix-Element
Calculate a given process (e.g. gluino pair)

s s~ > go go WEIGHTED=2 page 1/1

Diagrams made by MadGraph5_aMC@NLO

s

1

s~

2

g

go

3

go

4

 diagram 1 QCD=2, QED=0

s

1

go

3

sl

s~

2
go

4

 diagram 2 QCD=2, QED=0
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1

go
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sr

s~

2
go

4

 diagram 3 QCD=2, QED=0

s

1

go

4

sl

s~

2
go

3

 diagram 4 QCD=2, QED=0

s

1

go

4

sr

s~

2
go

3

 diagram 5 QCD=2, QED=0

σ =
1

2s

∫
|M|2dΦ(n)

σ =
1

2s

∫
|M|2dΦ(n)

➡Need Feynman Rules!

Easy 
enough

Hard

Very 
Hard

(in general)

Now
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Matrix Elemente+ 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

41

M = e2(ū�µv)
gµ⌫
q2

(v̄�⌫u)
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Matrix Element

1

4

X

pol

|M|2 =
1

4

X

pol

M⇤M

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

41

M = e2(ū�µv)
gµ⌫
q2

(v̄�⌫u)
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Matrix Element

X

pol

ūu = 6p+m

1

4

X

pol

|M|2 =
1

4

X

pol

M⇤M

e4

4q4
Tr[ 6p1�µ 6p2�⌫ ]Tr[ 6p3�µ 6p4�⌫ ]

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

41

M = e2(ū�µv)
gµ⌫
q2

(v̄�⌫u)

∑
pol

uū =
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Matrix Element

X

pol

ūu = 6p+m

1

4

X

pol

|M|2 =
1

4

X

pol

M⇤M

e4

4q4
Tr[ 6p1�µ 6p2�⌫ ]Tr[ 6p3�µ 6p4�⌫ ]

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

41

8e4

q4
[(p1.p3)(p2.p4) + (p1.p4)(p2.p3)]

M = e2(ū�µv)
gµ⌫
q2

(v̄�⌫u)

∑
pol

uū =
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Matrix Element

Very Efficient  !!!

X

pol

ūu = 6p+m

1

4

X

pol

|M|2 =
1

4

X

pol

M⇤M

e4

4q4
Tr[ 6p1�µ 6p2�⌫ ]Tr[ 6p3�µ 6p4�⌫ ]
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Diagrams made by MadGraph5
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 diagram 1 QCD=0, QED=2

e+

1

e-

2

z

mu+

3

mu-

4

 diagram 2 QCD=0, QED=2

41

8e4

q4
[(p1.p3)(p2.p4) + (p1.p4)(p2.p3)]

M = e2(ū�µv)
gµ⌫
q2

(v̄�⌫u)

∑
pol

uū =
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Diagrams made by MadGraph5
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 diagram 2 QCD=0, QED=2
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Diagrams made by MadGraph5
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 diagram 2 QCD=0, QED=2

Z
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Diagrams made by MadGraph5
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Diagrams made by MadGraph5

e+
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mu+

3

mu-

4

 diagram 1 QCD=0, QED=2

e+

1

e-
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z

mu+

3

mu-

4

 diagram 2 QCD=0, QED=2

Z

Need to compute |Ma |2 |Mz |2 2Re(M*a Mz)
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Diagrams made by MadGraph5
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Diagrams made by MadGraph5

e+
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e-
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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

Z

Need to compute |Ma |2 |Mz |2 2Re(M*a Mz)

So for M Feynman diagram we need to compute        
different term 

M2
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Diagrams made by MadGraph5
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Diagrams made by MadGraph5
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mu+
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mu+
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4

 diagram 2 QCD=0, QED=2

Z

Need to compute |Ma |2 |Mz |2 2Re(M*a Mz)

So for M Feynman diagram we need to compute        
different term 

M2

The number of diagram scales factorially with the number 
of particle 
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Diagrams made by MadGraph5
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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

Z

Need to compute |Ma |2 |Mz |2 2Re(M*a Mz)

So for M Feynman diagram we need to compute        
different term 

M2

The number of diagram scales factorially with the number 
of particle 

In practise possible up to 2>4
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• Evaluate M for fixed helicity of external particles
➡Multiply M with M* -> |M|^2 
➡Loop on Helicity and average the results

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

Diagrams made by MadGraph5

e+

1

e-

2

a

e+

3

e-

4

 diagram 1 QCD=0, QED=2

e+

1

e-

2

z

e+

3

e-

4

 diagram 2 QCD=0, QED=2

e+

1

e+

3

a

e-

2
e-

4

 diagram 3 QCD=0, QED=2

e+

1

e+

3

z

e-

2
e-

4

 diagram 4 QCD=0, QED=2

43

Helicity Amplitude
Idea

ℳ = ((ūeγμv)
gμν

q2
)(v̄eγνu))
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• Evaluate M for fixed helicity of external particles
➡Multiply M with M* -> |M|^2 
➡Loop on Helicity and average the results

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

Diagrams made by MadGraph5
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1

e-

2

a

e+

3

e-

4

 diagram 1 QCD=0, QED=2

e+

1
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2

z

e+

3
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 diagram 2 QCD=0, QED=2
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1

e+

3

a

e-

2
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4

 diagram 3 QCD=0, QED=2

e+

1

e+

3

z

e-

2
e-

4

 diagram 4 QCD=0, QED=2

Numbers for given helicity and momenta

Lines present in the 
code. {

43

Helicity Amplitude
Idea

v̄1 = fct(~p1,m1)

u2 = fct(~p2,m2)

v3 = fct(~p3,m3)

ū4 = fct(~p4,m4)

ℳ = ((ūeγμv)
gμν

q2
)(v̄eγνu))
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• Evaluate M for fixed helicity of external particles
➡Multiply M with M* -> |M|^2 
➡Loop on Helicity and average the results

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

Diagrams made by MadGraph5
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4
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Numbers for given helicity and momenta

Lines present in the 
code. {

43

Helicity Amplitude
Idea

v̄1 = fct(~p1,m1)

u2 = fct(~p2,m2)

v3 = fct(~p3,m3)

ū4 = fct(~p4,m4)

ℳ = ((ūeγμv)
gμν

q2
)(v̄eγνu))
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• Evaluate M for fixed helicity of external particles
➡Multiply M with M* -> |M|^2 
➡Loop on Helicity and average the results

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

Diagrams made by MadGraph5

e+

1

e-

2

a

e+

3

e-

4

 diagram 1 QCD=0, QED=2
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1
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2

z

e+

3

e-

4

 diagram 2 QCD=0, QED=2
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e+

3

a

e-

2
e-

4

 diagram 3 QCD=0, QED=2

e+

1

e+

3

z

e-

2
e-

4

 diagram 4 QCD=0, QED=2

Numbers for given helicity and momenta
Calculate propagator wavefunctions

Lines present in the 
code. {

43

Helicity Amplitude
Idea

v̄1 = fct(~p1,m1)

u2 = fct(~p2,m2)

v3 = fct(~p3,m3)

ū4 = fct(~p4,m4)

ℳ = ((ūeγμv)
gμν

q2
)(v̄eγνu))

Wa = fct(v̄1, u2, e, ma, Γa) = ev̄1γμu2
gμν

q2 − m2
a + imaΓa
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• Evaluate M for fixed helicity of external particles
➡Multiply M with M* -> |M|^2 
➡Loop on Helicity and average the results

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

Diagrams made by MadGraph5

e+

1

e-

2

a

e+

3

e-

4

 diagram 1 QCD=0, QED=2

e+

1

e-

2

z

e+

3

e-

4

 diagram 2 QCD=0, QED=2

e+

1

e+

3

a

e-

2
e-

4

 diagram 3 QCD=0, QED=2

e+

1

e+

3

z

e-

2
e-

4

 diagram 4 QCD=0, QED=2

Numbers for given helicity and momenta
Calculate propagator wavefunctions
Finally evaluate amplitude (c-number)

Lines present in the 
code. {

43

Helicity Amplitude
Idea

v̄1 = fct(~p1,m1)

u2 = fct(~p2,m2)

v3 = fct(~p3,m3)

ū4 = fct(~p4,m4)

ℳ = ((ūeγμv)
gμν

q2
)(v̄eγνu))

Wa = fct(v̄1, u2, e, ma, Γa) = ev̄1γμu2
gμν

q2 − m2
a + imaΓaℳ = fct(v̄3, u4, Wa

ν , e) = ev̄3γνu4Wa
ν
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Question time

44
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Let's modernise

45

0
33,5

67
100,5

134

tt~gg

Matrix-Element (~95%)
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Let's modernise

46

0

35

70

105

140

tt~gg

~ 15%
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Soon

47

0

35

70

105

140

tt~gg
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•  Numerical computation faster than 
analytical computation

•  We are able to compute matrix-elment
➡ for large number of final state
➡ for any BSM theory
➡ actually also for loop

•  Big Improvement for MadGraph7

48

To Remember
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Decay
page 1/10

Diagrams made by MadGraph5_aMC@NLO

u

1

u
3

a

c
2

c
4

a

ve~

8

e- 7
w-

e+ 5

ve
6

w+

 diagram 1 HIG=0, HIW=0, NP=0, QCD=0, QED=6

u

1

u
3

a

c
2

c
4

a

ve~

8

e- 7
w-

e+ 5

ve
6

w+

 diagram 2 HIG=0, HIW=0, NP=2, QCD=0, QED

c
2

c 4

a

ve~ 8

e-
7

w-

u
1

u
3

a
e+

5

ve 6w+
w-

 diagram 3 HIG=0, HIW=0, NP=2, QCD=0, QED=5

c
2

c 4

a

ve~ 8

e-
7

w-

u
1

u
3

a
e+

5

ve 6w+
w-

 diagram 4 HIG=0, HIW=0, NP=2, QCD=0, QED

c
2

c 4

a

ve~ 8

e-
7

w-

u
1

u
3

a
e+

5

ve 6w+
w-

 diagram 5 HIG=0, HIW=0, NP=0, QCD=0, QED=6

c
2

c 4

a

u
1

u
3

a
ve~

8

e- 7w-
w+

e+ 5

ve
6

w+

 diagram 6 HIG=0, HIW=0, NP=2, QCD=0, QED

Resonant Diagram
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•  Process complicated to have the full 
process
➡Including off-shell contribution

49

Decay
Non Resonant Diagram

Problem

c u > c u e+ ve e- ve~ NP=2 WEIGHTED=20 HIW=1 HIG=1 page 3/12

Diagrams made by MadGraph5
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Diagrams made by MadGraph5_aMC@NLO
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•  Process complicated to have the full 
process
➡Including off-shell contribution

49

Decay

Solution
•  Only keep on-shell contribution

Non Resonant Diagram

Problem

c u > c u e+ ve e- ve~ NP=2 WEIGHTED=20 HIW=1 HIG=1 page 3/12

Diagrams made by MadGraph5
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Diagrams made by MadGraph5_aMC@NLO
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Theory

�full = �prod ⇤ (BR+O(
�

M
))

Comment

Narrow-Width Approx.
Z

dq2
����
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q2 �M2 � iM�

����
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⇡ ⇡

M�
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Z
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� � � �
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q2
�
M

2
�
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�

� � � �2

⇡
⇡

M
�
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•  This is an Approximation!
•  This force the particle to be on-shell!

•  Recover by re-introducing the Breit-
wigner up-to a cut-off

•  The loop is not a free parameter

50
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Decay chain

   KIAS MadGrace school, Oct 24-29 2011                                                                                MadGraph 5 Olivier Mattelaer

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

51

very long  
decay chains possible to simulate 

directly in MadGraph!
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Decay chain

   KIAS MadGrace school, Oct 24-29 2011                                                                                MadGraph 5 Olivier Mattelaer

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

51

very long  
decay chains possible to simulate 

directly in MadGraph!

•This syntax has an invariant mass cut associated to 
t/t~/W

•  Other syntax/tools exists for NWA (like MadSpin)
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Question time

52
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•  PDF: content of the proton
➡ Define the physics/processes that will 
dominate on your accelerator

•  LO: good for shape
•  NLO/NNLO: Reduce scale uncertainty
•  Computation are inclusive (+ any jet) due 
to renormalization/factorization scale

53

To Remember

Phase-space 
integral

Parton density 
functions

Parton-level cross 
section

∫
dx1dx2dΦFS fa(x1, µF )fb(x2, µF ) σ̂ab→X(ŝ, µF , µR)

∑

a,b
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MadGraph5_aMC@NLO 
Olivier Mattelaer

Institut de recherche en mathématique et physique
Centre de Cosmologie, Physique des Particules et Phénoménologie
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Collider Physics

SciPost Physics Codebases Submission

MPIMPI

d�̂0

·

·

·

·

··

Meson

Baryon

Antibaryon

· Heavy Flavour

Hard Interaction
Resonance Decays

MECs, Matching & Merging

FSR

ISR*
QED

Weak Showers

Hard Onium
Multiparton Interactions

Beam Remnants*
Strings

Ministrings / Clusters

Colour Reconnections
String Interactions

Bose-Einstein & Fermi-Dirac
Primary Hadrons

Secondary Hadrons

Hadronic Reinteractions
(*: incoming lines are crossed)

Figure 1: Schematic of the structure of a pp ! tt event, as modelled by PYTHIA. To
keep the layout relatively clean, a few minor simplifications have been made: 1) shower
branchings and final-state hadrons are slightly less numerous than in real PYTHIA events,
2) recoil effects are not depicted accurately, 3) weak decays of light-flavour hadrons are
not included (thus, e.g. a K0

S meson would be depicted as stable in this figure), and 4)
incoming momenta are depicted as crossed (p! �p). The latter means that the beam
remnants and the pre- and post-branching incoming lines for ISR branchings should be
interpreted with “reversed” momentum, directed outwards towards the periphery of the
figure; this avoids beam remnants and outgoing ISR emissions having to criss-cross the
central part of the diagram.

9

From pythia8 manual
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•  PDF: content of the proton
➡ Define the physics/processes that will 
dominate on your accelerator

•  LO: good for shape
•  NLO/NNLO: Reduce scale uncertainty
•  Computation are inclusive (+ any jet) due 
to renormalization/factorization scale

57

To Remember

Phase-space 
integral

Parton density 
functions

Parton-level cross 
section

∫
dx1dx2dΦFS fa(x1, µF )fb(x2, µF ) σ̂ab→X(ŝ, µF , µR)

∑

a,b
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•Determine the production mechanism

•  Evaluate the matrix-element

•  Phase-Space Integration  
 
 
 

58

Matrix-Element
Calculate a given process (e.g. gluino pair)

s s~ > go go WEIGHTED=2 page 1/1

Diagrams made by MadGraph5_aMC@NLO

s
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g

go

3

go

4

 diagram 1 QCD=2, QED=0

s

1

go

3

sl

s~

2
go

4

 diagram 2 QCD=2, QED=0

s

1

go

3

sr

s~

2
go

4

 diagram 3 QCD=2, QED=0

s

1

go

4

sl

s~

2
go

3

 diagram 4 QCD=2, QED=0

s

1

go

4

sr

s~

2
go

3

 diagram 5 QCD=2, QED=0

σ =
1

2s

∫
|M|2dΦ(n)

σ =
1

2s

∫
|M|2dΦ(n)

➡Need Feynman Rules!

Easy 
enough

Hard

Very 
Hard

(in general)
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Importance Sampling

IN = 0.637 ± 0.307/
√

N

I =

∫ 1

0

dx cos
π

2
x

IN = 0.637 ± 0.307/
√

N

=

∫ ξ2

ξ1

dξ
cos π

2
x[ξ]

1−x[ξ]2

IN = 0.637 ± 0.031/
√

N

! 1

0.0 0.1 0.2 0.3 0.4 0.5
0.0

0.2

0.4

0.6

0.8

1.0

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

I =

Z 1

0
dx(1� cx2)

cos
�
⇡
2x

�

(1� cx2)

The Phase-Space parametrization is important to have an 
efficient computation!

I =

Z 1

0
dx(1� cx2)

cos
�
⇡
2x

�

(1� cx2)
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•  Phase-Space integration is difficult
•  We need to know the function

➡ Be careful with cuts
•  MadGraph split the integral in different 
contribution linked to the Feynman Diagram

➡Those are not the contribution of a given 
diagram

60

To Remember
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•  Event Generation
•  Learn how we evaluate (tree-level) matrix-
element

•  Learn Narrow-width Approximation

61

Goal of today
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Event Generation 

62
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What is the goal?

63

•  Cross-section
•But large theoretical uncertainty

•Differential Cross-Section
•Provided as sample of events
•Sample size is problematic

•  Those events will need to 
have full detector simulation 
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How to get sample?

64

•Monte-Carlo integration use 
random points

•We can keep those 
• (Uncorrelated) sample 

#100 #100

•Points not distributed as the 
real function

•Need to keep track of the 
importance of each point 
(weight)

•Typically a lot of event have 
low information 

O

dσ

dO
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•Output of the MC
•Easy 
•Large file
•Histogram with weight

65

Typical choice
Weighted sample

Biased sample

Unweighted sample

•Modify the weight to 
enhance (in number of 
events) a part of the 
phase-space

•For tails !

•Event distributed like 
in nature

•All event have the 
same weight.

•Weight is physical 
(proportional to cross-
section of the sample)

•Larger statistical error 
on tails

•Smaller file
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Question time

66
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Add one dimension!

67
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Add one dimension!

67
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Monte-Carlo

68
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Event generation

 f(x)

69
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Event generation
1. pick xi

 f(x)

69
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Event generation
1. pick xi

 f(x)

2. calculate  

69

f(xi)
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Event generation
1. pick xi

3. pick f(x)

2. calculate  

69

y ∈ [0, max( f )]

y < f(xi)

f(xi)
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Event generation
1. pick xi

3. pick f(x)

2. calculate  

4. Compare:
if               accept event,

69

y ∈ [0, max( f )]

y < f(xi)

f(xi)
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Event generation
1. pick xi

3. pick f(x)

2. calculate  

4. Compare:
if               accept event,

else reject it.

69

y ∈ [0, max( f )]

y < f(xi)

f(xi)
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Do we need to keep small weight?

70

View from above
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Do we need to keep small weight?

70

View from above



X
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Importance Sampling

0.0 0.1 0.2 0.3 0.4 0.5
0.0

0.2

0.4

0.6

0.8

1.0

X Y
IN = 0.637 ± 0.307/

√
N
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Importance Sampling

0.0 0.1 0.2 0.3 0.4 0.5
0.0

0.2

0.4

0.6

0.8

1.0

X Y
IN = 0.637 ± 0.307/

√
N
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Importance Sampling

0.0 0.1 0.2 0.3 0.4 0.5
0.0

0.2

0.4

0.6

0.8

1.0

X Y
IN = 0.637 ± 0.307/

√
N

• Having smaller variance (flatter function) also allows to 
have  better unweighting efficiency (i.e. faster code)



X
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Importance Sampling

0.0 0.1 0.2 0.3 0.4 0.5
0.0

0.2

0.4

0.6

0.8

1.0

X Y
IN = 0.637 ± 0.307/

√
N

• Having smaller variance (flatter function) also allows to 
have  better unweighting efficiency (i.e. faster code)

Limitations:

• Positive sign only
• The maximum should exists
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Question time

72
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•  Slow Convergence (especially in low number 
of Dimension)

•  Need to know the function 
• Impact on cut

73

Monte-Carlo Summary
Bad Point
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•  Slow Convergence (especially in low number 
of Dimension)

•  Need to know the function 
• Impact on cut

73

Monte-Carlo Summary
Bad Point

Good Point

•Complex area of Integration
•Easy error estimate
•quick estimation of the integral
•Possibility to have unweighted events
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What to remember
•Analytical computation can be slower 
than numerical method

•Any BSM model are supported (at LO) 
•Phase Space integration are slow

•need knowledge of the function
•cuts can be problematic

•Event generation are from free.
•All this are automated in 
MG5_aMC@NLO

• Important to know the physical 
hypothesis

M

AD
GRAPH5

aMC@NLO



Parton Shower
Olivier Mattelaer
CP3/UCLouvain
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1. High-Q  Scattering2 2. Parton Shower 

3. Hadronization 4. Underlying Event 

Sherpa artist

What are the MC for?

76
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Parton shower

77

Goal
• We want to an explicit description of the SOFT radiation 

that are ALREADY included implicitly in the LO 
events (via the scale)
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Parton shower

77

Goal
• We want to an explicit description of the SOFT radiation 

that are ALREADY included implicitly in the LO 
events (via the scale)

• Parton-Shower is not ADDING radiation

• Such radiations are already included within the event-
generator

Important
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• We need to be able to describe an arbitrarily number of 
parton branchings, i.e. we need to ‘dress’ partons with radiation

• This effect should be unitary: the inclusive cross section 
shouldn’t change when extra radiation are described

Parton shower

77

Goal
• We want to an explicit description of the SOFT radiation 

that are ALREADY included implicitly in the LO 
events (via the scale)

• Parton-Shower is not ADDING radiation

• Such radiations are already included within the event-
generator

Important
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Question time

78
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• Consider a process for which two particles are separated by a small 
angle θ.

• In the limit of θ ➞ 0 the contribution is coming from a single parent 
particle going on shell: therefore its branching is related to time 
scales which are very long with respect to the hard subprocess.

Collinear factorization

79

2b

c
θ

Mn+1
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2
a

b

c
θ

Mn+1θ ➞ 0

• Consider a process for which two particles are separated by a small 
angle θ.

• In the limit of θ ➞ 0 the contribution is coming from a single parent 
particle going on shell: therefore its branching is related to time 
scales which are very long with respect to the hard subprocess.

Collinear factorization

79

2b

c
θ

Mn+1
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2
a

b

c
θ

Mn+1θ ➞ 0

• Consider a process for which two particles are separated by a small 
angle θ.

• In the limit of θ ➞ 0 the contribution is coming from a single parent 
particle going on shell: therefore its branching is related to time 
scales which are very long with respect to the hard subprocess.

Collinear factorization

79

θ ➞ 0

2b

c
θ

Mn+1
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2
a

b

c
θ

Mn+1

• Consider a process for which two particles are separated by a small 
angle θ.

• In the limit of θ ➞ 0 the contribution is coming from a single parent 
particle going on shell: therefore its branching is related to time 
scales which are very long with respect to the hard subprocess.

Collinear factorization

79

θ ➞ 0 ×

2
b

c

a

2a

Mn
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2
a

b

c
θ

Mn+1

• Consider a process for which two particles are separated by a small 
angle θ.

• In the limit of θ ➞ 0 the contribution is coming from a single parent 
particle going on shell: therefore its branching is related to time 
scales which are very long with respect to the hard subprocess.

• The inclusion of such a branching cannot change the picture set up 
by the hard process: the whole emission process must be writable 
in this limit as the simpler one times a branching probability.

Collinear factorization

79

θ ➞ 0 ×

2
b

c

a

2a

Mn
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•  The process factorizes in the collinear limit. This procedure it 
universal! 

Collinear factorization

80

2a
b

c
θ

Mn+1 θ ➞ ×
b

c

a

2a

Mn

2

1

(pb + pc)2
� 1

2EbEc(1− cos θ)
=

1

t
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•  The process factorizes in the collinear limit. This procedure it 
universal! 

Collinear factorization

80

2a
b

c
θ

Mn+1 θ ➞ ×
b

c

a

2a

Mn

2

soft 

1

(pb + pc)2
� 1

2EbEc(1− cos θ)
=

1

t
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•  The process factorizes in the collinear limit. This procedure it 
universal! 

Collinear factorization

80

2a
b

c
θ

Mn+1 θ ➞ ×
b

c

a

2a

Mn

2

soft and collinear
divergencies

1

(pb + pc)2
� 1

2EbEc(1− cos θ)
=

1

t
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•  The process factorizes in the collinear limit. This procedure it 
universal! 

Collinear factorization

80

2a
b

c
θ

Mn+1 θ ➞ ×
b

c

a

2a

Mn

2

soft and collinear
divergencies

1

(pb + pc)2
� 1

2EbEc(1− cos θ)
=

1

t

Collinear factorization:

when θ is small.

|Mn+1|2d�n+1 ' |Mn|2d�n
dt

t
dz

d�

2⇡

↵S

2⇡
Pa!bc(z)
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First Example

e+e� ! qq̄g

page 1/1

Diagrams made by MadGraph5_aMC@NLO
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First Example

Introduction to Event Generators Bryan Webber, MCnet School, 2014

Can separate into two independent jets:

Jets evolve independently

Exactly same form for anything

e.g. transverse momentum:

     invariant mass:

6

(x3 � z)

☞ z fraction of energy
☞ Generic Formula
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The spin averaged (unregulated) splitting functions for the various types 
of branching are (Altarelli-Parisi): 

Parton Shower basics

84

|Mn+1|2d�n+1 ' |Mn|2d�n
dt

t
dz

d�
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↵S
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The spin averaged (unregulated) splitting functions for the various types 
of branching are (Altarelli-Parisi): 

Comments: 
* There are soft divergences in z=1 and z=0.
* Gluons radiate the most
* Pqg  has no soft divergences
*  all soft divergences are gluon related.

Parton Shower basics

84
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dt

t
dz
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2⇡

↵S

2⇡
Pa!bc(z)
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Question time

85



MonteCarlo Simulation 
Olivier Mattelaer

Institut de recherche en mathématique et physique
Centre de Cosmologie, Physique des Particules et Phénoménologie
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•  The process factorizes in the collinear limit. This procedure it 
universal! 

Collinear factorization

87
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•  The process factorizes in the collinear limit. This procedure it 
universal! 

Collinear factorization

87
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Collinear factorization:

when θ is small.
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To Remember
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To Remember
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t
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2⇡
Pa!bc(z)

Collinear Limit

• t is the evolution parameter (control the collinear behaviour)

• z is the energy sharing variable

• alpha_s need to be evaluated at the scale t 
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To Remember

88

|Mn+1|2d�n+1 ' |Mn|2d�n
dt

t
dz

d�

2⇡

↵S

2⇡
Pa!bc(z)

Collinear Limit

• t is the evolution parameter (control the collinear behaviour)

• z is the energy sharing variable

• alpha_s need to be evaluated at the scale t 

• P is the splitting Kernel (control the soft behaviour)
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• dominant contribution :  θ ≫ θ’ ≫ θ’’...

• Collinear Factorisation does not include interference term

• Total rate for k emissions: 
 
 
 
 

• Each power of αs comes with a logarithm. The logarithm can be easily 
large, and therefore it can lead to a breakdown of perturbation theory.

Multiple emission

89
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•What is the probability of no emission?

90

Sudakov Form Factor
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•What is the probability of no emission?

•So the probability of no emission between 
two scales:

90

Sudakov Form Factor

Pnon�branching(ti) = 1� Pbranching(ti) = 1� �t
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Z 1
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N!1

NY
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✓
1� �t
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2⇡

Z
dzP̂ (z)

◆

Pno�branching(Q
2, t) ' e�

R Q2
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dt0
t0 dz
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2⇡ P̂ (z) ⌘ e�

R Q2
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Parton shower

92

The Sudakov form factor is the heart of the parton shower. It gives the 
probability that a parton does not branch between two scales

Using this no-emission probability the branching tree of a parton is generated.

Define dPk as the probability for k ordered splittings from leg a at given scales 
 
 
 
 

Q02 is the hadronization scale (~1 GeV). Below this scale we do not trust the 
perturbative description for parton splitting anymore.

dP1(t1) = ∆(Q2, t1) dp(t1)∆(t1, Q2
0),

dP2(t1, t2) = ∆(Q2, t1) dp(t1) ∆(t1, t2) dp(t2) ∆(t2, Q2
0)Θ(t1 − t2),

... = ...

dPk(t1, ..., tk) = ∆(Q2, Q2
0)

k∏

l=1

dp(tl)Θ(tl−1 − tl)
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• The parton shower has to be unitary (the sum over all 
branching trees should be 1). We can explicitly show this by 
integrating the probability for k splittings: 
 
 

Unitarity

93

dPk(t1, ..., tk) = ∆(Q2, Q2
0)

k∏

l=1

dp(tl)Θ(tl−1 − tl)
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[∫ Q2

Q2
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[∫ Q2

Q2
0

dp(t)
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• The parton shower has to be unitary (the sum over all 
branching trees should be 1). We can explicitly show this by 
integrating the probability for k splittings: 
 
 

• Summing over all number of emissions 
 
 

• Hence, the total probability is conserved

Unitarity

93

dPk(t1, ..., tk) = ∆(Q2, Q2
0)

k∏

l=1

dp(tl)Θ(tl−1 − tl)

Pk ≡
∫

dPk(t1, ..., tk) = ∆(Q2, Q2
0)

1
k!

[∫ Q2

Q2
0

dp(t)

]k

, ∀k = 0, 1, ...

∞∑

k=0

Pk = ∆(Q2, Q2
0)
∞∑

k=0

1
k!

[∫ Q2

Q2
0

dp(t)

]k

= ∆(Q2, Q2
0) exp

[∫ Q2

Q2
0

dp(t)

]
= 1



Fabio MaltoniFabio MaltoniMattelaer Olivier Japan 2026

• We have shown that the showers is unitary. However, how are 
the IR divergences cancelled explicitly? Let’s show this for the 
first emission: 
Consider the contributions from (exactly) 0 and 1 emissions 
from leg a: 
 

• Expanding to first order in αs gives 

• Same structure of the two latter terms, with opposite signs: 
cancellation of divergences between the approximate virtual 
and approximate real emission cross sections.

• The probabilistic interpretation of the shower ensures that 
infrared divergences will cancel for each emission.

singularities

94

dσ

σn
= ∆(Q2, Q2

0) + ∆(Q2, Q2
0)

∑

bc

dz
dt

t

dφ

2π

αS

2π
Pa→bc(z)

dσ

σn
! 1−

∑

bc

∫ Q2

Q2
0

dt′

t′
dz

dφ

2π

αS

2π
Pa→bc(z) +

∑

bc

dz
dt

t

dφ

2π

αS

2π
Pa→bc(z)
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Final-state parton showers

Implement your parton shower 101

1. Start at scale t0 and momentum fraction z0 = 1

2. Generate the scale of the next emission: 

1. Solve  (where R is a random number)Δ(ti+1, ti) = R

3. If ti+1 < tcut : Stop 

4. Otherwise, generate z = zi/zi+1 with a distribution proportional to (αs/
2π)P(z), where P(z) is the appropriate splitting function.

5. For each emitted particle, iterate steps 2-4 until branching stops.

95
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•  Sudakov Form-Factor: Probability of No-
emission between two scale.  
 
 

•Parton shower is unitary (and IR save)
•Parton shower is a Markov Chain

➡One emission at the time 
•Each interactions has its own scale for 
alphas

•Various choice for the evolution parameter

96

To Remember

Pno�branching(Q
2, t) ' e�

R Q2

t
dt0
t0 dz

↵S
2⇡ P̂ (z) ⌘ e�

R Q2

t dp(t0)�(Q2, t)
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• The parton-level cross section can be computed as a 
series in perturbation theory, using the coupling 
constant as an expansion parameter, schematically: 
 
 
 
 
 
 

Perturbative expansion

100

σ̂ = σBorn

(
1 +

αs

2π
σ(1) +

(αs

2π

)2
σ(2) +

(αs

2π

)3
σ(3) + . . .

)

Parton-level cross sectiondσ̂ab→X(ŝ, µF , µR)
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• The parton-level cross section can be computed as a 
series in perturbation theory, using the coupling 
constant as an expansion parameter, schematically: 
 
 
 
 
 
 

• Including higher corrections improves predictions 
and reduces theoretical uncertainties
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σ(3) + . . .

)

LO 
predictions
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• NLO corrections have three parts:

• The Born contribution, i.e. the Leading order.

• Virtual (or Loop) corrections: formed by an amplitude with 
a closed loop of particles interfered with the Born 
amplitudes

• Real emission corrections: formed by amplitudes with one 
extra parton compared to the Born process

• Both Virtual and Real emission have one power of 
αs extra compared to the Born process

NLO corrections

101

�NLO =

Z

m
d�B +

Z

m
d�V +

Z

m+1

d�R
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• As an example, consider Drell-Yan Z/γ* 
production

NLO predictions

102

x1E x2E
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• As an example, consider Drell-Yan Z/γ* 
production

NLO predictions

102

2

�̂ = �Born

✓
1 +

↵s

2⇡
�(1) + . . .

◆

2

gs + ...

×2 Re
gs

gs

Not definite positive



Mattelaer Olivier Japan 2026

Question time

103



Fabio MaltoniFabio MaltoniMattelaer Olivier Japan 2026

Branching
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3.2 Initial-state parton splitting, DGLAP evolution

3.2.1 Final and initial-state divergences

In Eq. (26a) we wrote the universal form for the final-state ‘splitting’ of a quark into a quark and a soft

gluon. Let’s rewrite it with different kinematic variables, considering a hard process h with cross section
σh, and examining the cross section for h with an extra gluon in the final state, σh+g. We have

p
zp

E =

θ

(1−z)p

σ
h σh+g ! σh

αsCF

π

dz

1− z

dk2t
k2t

, (41)

where E in Eq. (26a) corresponds to E = (1 − z)p and we’ve introduced kt = E sin θ ! Eθ. If we
avoid distinguishing a collinear q+ g pair from a plain quark (measurements with IRC safe observables)
then, as we argued before, the divergent part of the gluon emission contribution always cancels with a

related virtual correction

p p
σ
h σh+V ! −σh

αsCF

π

dz

1− z

dk2t
k2t

. (42)

Now let us examine what happens for initial-state splitting, where the hard process occurs after the

splitting and the momentum entering the hard process is modified p → zp:

zp
p

(1−z)p

σ
h σg+h(p) ! σh(zp)

αsCF

π

dz

1− z

dk2t
k2t

, (43)

where we have made explicit the hard process’s dependence on the incoming momentum, and we assume

that σh involves momentum transfers ∼ Q % kt, so that we can ignore the extra transverse momentum
entering σh. For virtual terms, the momentum entering the process is unchanged, so we have

p p
σ
h σg+h(p) ! −σh(p)

αsCF

π

dz

1− z

dk2t
k2t

, (44)

The total cross section then gets contributions with two different hard cross sections:

σg+h + σV+h !
αsCF

π

∫ Q2

0

dk2t
k2t

︸ ︷︷ ︸

infinite

∫ 1

0

dz

1− z
[σh(zp)− σh(p)]

︸ ︷︷ ︸

finite

. (45)

Note the limits on the integrals, in particular theQ2 upper limit on the transverse-momentum integration:

the approximations we’re using are valid as long as the transverse momentum emitted in the initial state is

much smaller than the momentum transfersQ that are present in the hard process. Of the two integrations
in Eq. (45), the one over z is finite, because in the region of the soft divergence, z → 1, the difference of
hard cross sections, [σh(zp) − σh(p)], tends to zero. In contrast, the kt integral diverges in the collinear
limit: the cross section with an incoming parton (and virtual corrections) appears not to be collinear safe.

This is a general feature of processes with incoming partons: so how are we then to carry out calculations

with initial-state hadrons?

In Section 2.3.1, when trying to make sense of final-state divergences, we introduced a (non-

perturbative) cutoff. Let’s do something similar here, with a cutoff, µF, called a factorization scale

19

“LO”

“NLO”

transverse momentum [GeV]
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“LO”

“NLO”

transverse momentum [GeV]
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3.2.1 Final and initial-state divergences

In Eq. (26a) we wrote the universal form for the final-state ‘splitting’ of a quark into a quark and a soft
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σh, and examining the cross section for h with an extra gluon in the final state, σh+g. We have
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gluon. Let’s rewrite it with different kinematic variables, considering a hard process h with cross section
σh, and examining the cross section for h with an extra gluon in the final state, σh+g. We have
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k2t

, (41)

where E in Eq. (26a) corresponds to E = (1 − z)p and we’ve introduced kt = E sin θ ! Eθ. If we
avoid distinguishing a collinear q+ g pair from a plain quark (measurements with IRC safe observables)
then, as we argued before, the divergent part of the gluon emission contribution always cancels with a
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Now let us examine what happens for initial-state splitting, where the hard process occurs after the

splitting and the momentum entering the hard process is modified p → zp:
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where we have made explicit the hard process’s dependence on the incoming momentum, and we assume

that σh involves momentum transfers ∼ Q % kt, so that we can ignore the extra transverse momentum
entering σh. For virtual terms, the momentum entering the process is unchanged, so we have
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0
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Note the limits on the integrals, in particular theQ2 upper limit on the transverse-momentum integration:

the approximations we’re using are valid as long as the transverse momentum emitted in the initial state is

much smaller than the momentum transfersQ that are present in the hard process. Of the two integrations
in Eq. (45), the one over z is finite, because in the region of the soft divergence, z → 1, the difference of
hard cross sections, [σh(zp) − σh(p)], tends to zero. In contrast, the kt integral diverges in the collinear
limit: the cross section with an incoming parton (and virtual corrections) appears not to be collinear safe.

This is a general feature of processes with incoming partons: so how are we then to carry out calculations

with initial-state hadrons?

In Section 2.3.1, when trying to make sense of final-state divergences, we introduced a (non-

perturbative) cutoff. Let’s do something similar here, with a cutoff, µF, called a factorization scale
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Also divergent! 
 - negative sign
 - loop computed in dimensional 
regularisation
    - divergence appears as pole in the 
regularisation parmeters
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• Real: 
 
 
 
 
where kt is the transverse momentum of the gluon, kt=E sinθ.

• Virtual: 
 

• KLN : The sum is finite  
for observables that cannot distinguish between two collinear 
partons (kt ⟶ 0); a hard and a soft parton (z ⟶ 1); and a single 
parton (in the virtual contributions)

Branching
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Fixed Order calculations
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“LO”

“NLO”

transverse momentum [GeV]

This observables is not infra-red safe: suitable for NLO computation!
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Fixed Order calculations

107

“LO”

“NLO”

transverse momentum [GeV]Negative 
contribution of the 

0-bin 
This observables is not infra-red safe: suitable for NLO computation!
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• For an observable to be calculable in fixed-order 
perturbation theory, the observable should be 
infrared safe, i.e., it should be insensitive to the 
emission of soft or collinear partons. 

• In particular, if pi is a momentum occurring in the 
definition of an observable, it most be invariant under 
the branching 
      pi ⟶ pj + pk, 
whenever pj and pk are collinear or one of them is soft. 

• Examples 

• “The number of gluons” produced in a collision is not an infrared 
safe observable

• “The number of hard jets defined using the kT algorithm with a 
transverse momentum above 40 GeV,” produced in a collision is 
an infrared safe observable

Infrared safe observables

108
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NLO...?

109

LO VirtReal

• Are all (IR-safe) observables that we can compute using a 
NLO code correctly described at NLO? Suppose we have 
a NLO code for pp ⟶ ttbar

LO Accuracy NLO Accuracy
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• Total cross section

• Transverse momentum of the top quark

• Transverse momentum of the top-antitop pair

• Transverse momentum of the jet

• Top-antitop invariant mass

• Azimuthal distance between the top and anti-top

NLO...?

110

LO VirtReal
NLO?

✔

✔

✘

✘

✔

✘ 

• Are all (IR-safe) observables that we can compute using a 
NLO code correctly described at NLO? Suppose we have 
a NLO code for pp ⟶ ttbar
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Plan

•  NLO Introduction
•  Loop Computation
•  Dealing with Singularities
•  Matching@NLO
•  Live Demo

Skip this
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One Loop

112

k1 k2

k3

k4

k5

k6

kn

D0 D1

D2

D3

Dm−1

l
l + k1 = l + p1

l + k1 + k2 + k3 = l + p2

l + k1 + . . . + k6 = l + p3

• Consider this m-point loop 
diagram with n external momenta
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One Loop

112

k1 k2

k3

k4

k5

k6

kn

D0 D1

D2

D3

Dm−1

l
l + k1 = l + p1

l + k1 + k2 + k3 = l + p2

l + k1 + . . . + k6 = l + p3

• Consider this m-point loop 
diagram with n external momenta

Di = (l + pi)
2 �m2

i

Z
ddl

N(l)

D0D1D2 · · ·Dm�1

• The integral to 
compute is
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• Any one-loop integral can be decomposed in scalar integrals

• The task is to find these coefficients efficiently (analytically or 
numerically)

Integrand reduction

113

Key Point
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• Any one-loop integral can be decomposed in scalar integrals

• The task is to find these coefficients efficiently (analytically or 
numerically)

Integrand reduction

114

Key Point

Two methods

• Passarino-Veltman

• OPP

One Tool
• MadLoop
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Numerical Stability

115

Stability&of&CutTools&

ValenQn&Hirschi&

• For 2 to 4 processes, ~7% of the Phase-space point have a precision worse than 1e-3

➡ Previous solution pass to quadruple precision (extremelly slow)
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Plan

•  NLO Introduction
•  Loop Computation
•  Dealing with Singularities
•  Matching@NLO
•  Live Demo
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phase-space integration

117

σNLO ∼
∫

d4Φm B(Φm) +
∫

d4Φm

∫

loop
ddl V (Φm) +

∫
ddΦm+1 R(Φm+1)
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• This sum is Finite (KLN theory)
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phase-space integration

117

σNLO ∼
∫

d4Φm B(Φm) +
∫

d4Φm

∫

loop
ddl V (Φm) +

∫
ddΦm+1 R(Φm+1)

• This sum is Finite (KLN theory)

• Each piece is divergent

• Cannot use a finite value for the dimensional regulator 
and take the limit to zero in a numerical code

• We have to cancel the divergences explicitly

• Two class of methods:

• Slicing and Subtraction
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• Type of Divergencies of the real

Example

118

∫ 1

0
dx f(x) f(x) =

g(x)
x

g(x) Finite everywhere

2

gs

+ ..
.

• Let’s introduce a regulator 
 
 
 
for any non-integer non-zero value for     this integral is finite

• We would like to factor out the explicit poles in     so that they can 
be canceled explicitly against the virtual corrections

lim
ε→0

∫ 1

0
dx

g(x)
x1+ε

= lim
ε→0

∫ 1

0
dx x−εf(x)

ε

ε
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Slicing method

119

lim
ε→0

∫ 1

0
dx

f(x)
x1+ε

= lim
ε→0

∫ 1

0
dx x−εf(x) f(x) =

g(x)
x

lim
ϵ→0 ∫

1

0
dx

g(x)
x1−ϵ

= lim
ϵ→0 (∫

δ

0
dx

g(x)
x1−ϵ

+ ∫
1

δ
dx

g(x)
x1−ϵ )
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• Split the integral in two 

Slicing method
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1

0
dx

g(x)
x1−ϵ
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δ

0
dx

g(x)
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δ
dx

g(x)
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Subtraction method

120

lim
ε→0

∫ 1

0
dx

f(x)
x1+ε

= lim
ε→0

∫ 1

0
dx x−εf(x) f(x) =

g(x)
x

lim
ε→0

∫ 1

0
dx x−εf(x) = lim

ε→0

∫ 1

0
dx x−ε

[
g(0)
x

+ f(x)−g(0)
x

]
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• Add and subtract the same term

Subtraction method
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Same pole !
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Same pole ! Numerically integrable.
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Slicing vs Subtraction

121
Slide from M. Zaro
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Subtraction

122

Doing subtractions:
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• This is not possible without changing any of the other 
momenta in the process

• When applying cuts or making plots, events and counter events 
might end-up in different bins

• Use IR-safe observables and don’t ask for infinite resolution! 
(KLN theorem)

counter events

123

i

j

i+j

Real emission Subtraction term
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• The NLO results shows a typical peak-dip structure that 
hampers fixed order calculations

4 charged lepton

124

Figure 3: As in fig. 1, for the inclusive η of the opposite-charge, Z-id matched lepton pairs (left
panel), and the inclusive ∆φ distance of the opposite-charge, non-Z-id matched lepton pairs (right
panel).

is quite small over the whole range in pT , but tends to grow larger towards larger pT . This

effect has the same origin as that observed in the right panel of fig. 1, but it is much more

moderate than there. This is due to the fact that in the present case the whole range in pT

is associated with complete NLO corrections. The PDF uncertainty is seen to be similar to

or slightly smaller than that due to scale variation; parton densities are well determined in

the x range probed here. Finally, there is no difference between the two leptonic channels

for this observable; as already mentioned above, this conclusion is independent of whether

one applies the Z-id cuts. The pT of the lepton pairs shown in the right panel of fig. 2

follows the same pattern as the one we have just discussed, but the differences between

the various predictions are larger in this case. In particular, aMC@LO is closer to NLO

than to LO, which is a consequence of the more important role played by extra radiation in

this case (as one expects, the present one being a correlation between two particles rather

than a single-inclusive observable). Again, the closeness of NLO and aMC@NLO results

shows the desired perturbative behaviour. The more significant impact of extra radiation

on this variable is reflected in the slightly larger scale dependence at large pT ’s w.r.t. what

happens for the transverse momentum of the individual leptons discussed before. The two

leptonic channels agree well, also when removing the Z-id cuts.

Figure 3 shows two observables constructed after applying the Z-id cuts, namely the

pseudorapidity of lepton pairs with opposite charge which are also Z-id matched (left

panel; this is then the pseudorapidity of would-be Z bosons), and the azimuthal distance

between leptons of opposite charge which are not Z-id matched (right panel; thus, these

are leptons emerging from different would-be Z bosons). As in the case of fig. 2, there are

two entries in each histogram for any given event. These two observables are dominated

by small transverse momenta, and therefore it is not suprising that, at both O(α0
S) and

– 15 –

Figure 3: As in fig. 1, for the inclusive η of the opposite-charge, Z-id matched lepton pairs (left
panel), and the inclusive ∆φ distance of the opposite-charge, non-Z-id matched lepton pairs (right
panel).

is quite small over the whole range in pT , but tends to grow larger towards larger pT . This

effect has the same origin as that observed in the right panel of fig. 1, but it is much more

moderate than there. This is due to the fact that in the present case the whole range in pT

is associated with complete NLO corrections. The PDF uncertainty is seen to be similar to

or slightly smaller than that due to scale variation; parton densities are well determined in

the x range probed here. Finally, there is no difference between the two leptonic channels

for this observable; as already mentioned above, this conclusion is independent of whether

one applies the Z-id cuts. The pT of the lepton pairs shown in the right panel of fig. 2

follows the same pattern as the one we have just discussed, but the differences between

the various predictions are larger in this case. In particular, aMC@LO is closer to NLO

than to LO, which is a consequence of the more important role played by extra radiation in

this case (as one expects, the present one being a correlation between two particles rather

than a single-inclusive observable). Again, the closeness of NLO and aMC@NLO results

shows the desired perturbative behaviour. The more significant impact of extra radiation

on this variable is reflected in the slightly larger scale dependence at large pT ’s w.r.t. what

happens for the transverse momentum of the individual leptons discussed before. The two

leptonic channels agree well, also when removing the Z-id cuts.

Figure 3 shows two observables constructed after applying the Z-id cuts, namely the

pseudorapidity of lepton pairs with opposite charge which are also Z-id matched (left

panel; this is then the pseudorapidity of would-be Z bosons), and the azimuthal distance

between leptons of opposite charge which are not Z-id matched (right panel; thus, these

are leptons emerging from different would-be Z bosons). As in the case of fig. 2, there are

two entries in each histogram for any given event. These two observables are dominated

by small transverse momenta, and therefore it is not suprising that, at both O(α0
S) and

– 15 –



Mattelaer Olivier Japan 2026

Counter-Events

125
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No sample of events (FNLO)

“LO”

“NLO”

transverse momentum [GeV]

i

j

i+j

Issue to generate (unweighted) 
events
Since two different kinematic (and 
they are not bounded 
independently

Need to fill histograms (on the flight)
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Question time

127
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To Remember
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Plan

•  NLO Introduction
•  Loop Computation
•  Dealing with Singularities
•  Matching@NLO
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Matching NLO

130

• At NLO one faces even more severe double-counting issues:
Parton shower

...

...Born+Virtual:

Real emission:

• And also part of the virtual contribution is double counted 
through the definition of the Sudakov factor Δ
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Question time
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Naive implementation
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• To remove the double counting, we can add and subtract the 
same term to the m and m+1 body configurations 

MC@NLO procedure

134

[Frixione & Webber (2002)]

d�NLOwPS

dO
=


d�m(B +

Z

loop

V +

Z
d�1MC)

�
I
(m)

MC
(O)

+


d�m+1(R�MC)

�
I
(m+1)

MC
(O)
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• To remove the double counting, we can add and subtract the 
same term to the m and m+1 body configurations 

• Where the MC are defined to be the contribution of the 
parton shower to get from the m body Born final state to the 
m+1 body real emission final state

MC@NLO procedure
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• To remove the double counting, we can add and subtract the 
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• Where the MC are defined to be the contribution of the 
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MC@NLO procedure

134

[Frixione & Webber (2002)]

d�NLOwPS

dO
=


d�m(B +

Z

loop

V +

Z
d�1MC)

�
I
(m)

MC
(O)

+


d�m+1(R�MC)

�
I
(m+1)

MC
(O)

Marco Zaro, 19-05-2014 LHCPhenoNet

• Use suitable counterterms to avoid double counting the emission 
from shower and ME, keeping the correct rate at order αs:

• MC depends on the PSMC’s Sudakov:

• Available for Herwig6, Pythia6 (Q2-ordered), Herwig++, Pythia8
• MC acts as local counterterm
• Unweighted event generation possible
• Some weights can be negative (unweighting up to sign)
• Only affects statistics

8

Matching in 
MC@NLO

d�MC@NLO
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=
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• Expanded at NLO

Double counting avoided

135
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Smooth matching

136
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• The MC subtraction terms are defined to be what the shower 
does to get from the m to the m+1 body matrix elements. 
Therefore the cancellation of singularities is exact in the (R - 
MC) term

• The integral is bounded all over phase-space; we can therefore 
generate unweighted events!

• “S-events” (which have m body kinematics)

• “H-events” (which have m+1 body kinematics)

Stability & unweighting

137
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• Good features of including the subtraction counter terms

1. Double counting avoided: The rate expanded at NLO 
coincides with the total NLO cross section

2. Smooth matching: MC@NLO coincides (in shape) with the 
parton shower in the soft/collinear region, while it agrees 
with the NLO in the hard region

3. Stability: weights associated to different multiplicities are 
separately finite. The MC term has the same infrared 
behavior as the real emission (there is a subtlety for the soft 
divergence)

MC@NLO properties

138
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• We generate events for the two terms between the square 
brackets (S- and H-events) separately

• There is no guarantee that these contributions are separately 
positive (even though predictions for infra-red safe observables 
should always be positive!)

• Therefore, when we do event unweighting we can only 
unweight the events up to a sign. These signs should be 
taken into account when doing a physics analysis (i.e. making 
plots etc.)

• The events are only physical when they are showered.

Negative weights
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Question time

140
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•  That all observable of an NLO computation 
are not NLO accurate.

•  How to evaluate the loop
•  NLO computation done with counter-events

➡ bin miss-match possible
•  NLO+PS generation allow event generation

➡ Events Physical only after the Parton-
Shower.

➡ The Events should be generated for a 
given shower (in MC@NLO)
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What we have learned


