
Ramon Winterhalder 

Simulation and Machine Learning Methods 
in HEP: Automated Computational Tools.

June 2026



2Literature and wiki



2Literature and wiki

[2605.16036]



3

Quantum 
Theory

ℒ

Nature

Recon- 
struction

Event 
selection

Recon- 
struction

Event 
selection

Simulation

Experiment

Pattern 
recognition

Bread and butter of collider physics



3

Quantum 
Theory

ℒ

Nature

Recon- 
struction

Event 
selection

Recon- 
struction

Event 
selection

Simulation

Experiment

Pattern 
recognition

New Physics?

Bread and butter of collider physics



3

Quantum 
Theory

ℒ

Nature

Recon- 
struction

Event 
selection

Recon- 
struction

Event 
selection

Simulation

Experiment

Pattern 
recognition

New Physics?

Yes !

Bread and butter of collider physics



3

Quantum 
Theory

ℒ

Nature

Recon- 
struction

Event 
selection

Recon- 
struction

Event 
selection

Simulation

Experiment

Pattern 
recognition

New Physics?

Yes !

No " 

Bread and butter of collider physics



New Physics?

Yes !

No " 

4

Quantum 
Theory

ℒ

Nature

Recon- 
struction

Event 
selection

Recon- 
struction

Event 
selection

Simulation

Experiment

Pattern 
recognition

Collider Simulation Tools

These lectures focus on 
Collider Simulation Tools



5Outline

1. LHC basics 
2. Matrix elements 
3. Monte Carlo integration 
4. Phase-space sampling 
5. Event generation

6. Decays 
7. Machine learning 
8. Parton showers 
9. Multijet merging



6Outline

1. LHC basics 
2. Matrix elements 
3. Monte Carlo integration 
4. Phase-space sampling 
5. Event generation

6. Decays 
7. Machine learning 
8. Parton showers 
9. Multijet merging



7Colliding protons

Scale

MeV

GeV

TeV



8Colliding protons
Hard scattering 
• process dependent 
• first principles description 
• BSM physics happens here

Scale

MeV

GeV

TeV



9Colliding protons
Hard scattering 
• process dependent 
• first principles description 
• BSM physics happens here
Parton shower 
• QCD: “known physics” 
• first principles description 
• universal

Scale

MeV

GeV

TeV



10Colliding protons
Hard scattering 
• process dependent 
• first principles description 
• BSM physics happens here
Parton shower 
• QCD: “known physics” 
• first principles description 
• universal

Hadronization 
• low energy, universal 
• phenomenological models

Scale

MeV

GeV

TeV



11Colliding protons
Hard scattering 
• process dependent 
• first principles description 
• BSM physics happens here
Parton shower 
• QCD: “known physics” 
• first principles description 
• universal

Hadronization 
• low energy, universal 
• phenomenological models

Underlying event 
• low energy, process-dep. 
• phenomenological models

Scale

MeV

GeV

TeV



12Colliding protons
Hard scattering 
• process dependent 
• first principles description 
• BSM physics happens here
Parton shower 
• QCD: “known physics” 
• first principles description 
• universal

Hadronization 
• low energy, universal 
• phenomenological models

Underlying event 
• low energy, process-dep. 
• phenomenological models

Detector effectsScale

MeV

GeV

TeV



I/O

I/O

I/O

Lagrangian

hard scatter loops

parton shower

PD
Fs

je
t c

lu
st

er
in

g

parton decays

fragmentation

hadron decays

QED

analysis

(re-)interpretation

ℒ
I/O

FeynRules

Model files: UFO

LHAPDF

MadSpin

Tree level: Madgraph, Amegic/
Comix (Sherpa), Matchbox 

(Herwig), Pepper, Powheg-Box
Loop amplitudes: 
OpenLoops, Recola, GoSam, 
MadLoop

LHE files
dipole/Vincia (Pythia), Alaric/CSS 
(Sherpa), angular ordering/dipole 
(Herwig), PanScales

FastJet

Cluster model  
(Sherpa, Herwig), 
Lund string model  

(Pythia)

HepMC files

Rivet, MadAnalysis

detector

YODA, ROOT

Delphes, Geant4

EvtGen, Tauola, Hadrons (Sherpa)

Photos, Photons (Sherpa)

Contur, PyHF,  
Professor, Apprentice

I/O

I/O

I/O

Lagrangian

hard scatter loops

parton shower

PD
Fs

je
t c

lu
st

er
in

g

parton decays

fragmentation

hadron decays

QED

analysis

(re-)interpretation

ℒ
I/O

FeynRules

Model files: UFO

LHAPDF

MadSpin

Tree level: Madgraph, Amegic/
Comix (Sherpa), Matchbox 

(Herwig), Pepper, Powheg-Box
Loop amplitudes: 
OpenLoops, Recola, GoSam, 
MadLoop

LHE files
dipole/Vincia (Pythia), Alaric/CSS 
(Sherpa), angular ordering/dipole 
(Herwig), PanScales

FastJet

Cluster model  
(Sherpa, Herwig), 
Lund string model  

(Pythia)

HepMC files

EvtGen, Tauola, Hadrons (Sherpa)

Photos, Photons (Sherpa)

Rivet, MadAnalysis

Contur, PyHF,  
Professor, Apprentice

detector

Delphes, Geant4

YODA, ROOT

13The Monte Carlo toolbox

MCnet [2605.16036]



I/O

I/O

I/O

Lagrangian

hard scatter loops

parton shower

PD
Fs

je
t c

lu
st

er
in

g

parton decays

fragmentation

hadron decays

QED

analysis

(re-)interpretation

ℒ
I/O

FeynRules

Model files: UFO

LHAPDF

MadSpin

Tree level: Madgraph, Amegic/
Comix (Sherpa), Matchbox 

(Herwig), Pepper, Powheg-Box
Loop amplitudes: 
OpenLoops, Recola, GoSam, 
MadLoop

LHE files
dipole/Vincia (Pythia), Alaric/CSS 
(Sherpa), angular ordering/dipole 
(Herwig), PanScales

FastJet

Cluster model  
(Sherpa, Herwig), 
Lund string model  

(Pythia)

HepMC files

Rivet, MadAnalysis

detector

YODA, ROOT

Delphes, Geant4

EvtGen, Tauola, Hadrons (Sherpa)

Photos, Photons (Sherpa)

Contur, PyHF,  
Professor, Apprentice

13The Monte Carlo toolbox

MCnet [2605.16036]



fa|A(x1, μF) fb|B(x2, μF)

X

14Master formula for the LHC

Convolution Parton distribution functions Hard process

̂σabx1PA = pa pb = x2PB



fa|A(x1, μF) fb|B(x2, μF)

X

14Master formula for the LHC

Convolution Parton distribution functions Hard process

̂σabx1PA = pa pb = x2PB



fa|A(x1, μF) fb|B(x2, μF)

X

14Master formula for the LHC

Convolution Parton distribution functions Hard process

̂σabx1PA = pa pb = x2PB



15Parton distribution functions (PDFs)

Function of 
• momentum fraction  
• factorization scale  

Small : gluons dominate 
Large : valence quarks dominate

x
Q2 = μ2

F

x
x

NNPDF [2109.02653]



16Perturbative expansion

̂σ = σBorn (1 + αs

2π
σ(1) + ( αs

2π )
2

σ(2) + ( αs

2π )
3

σ(3) + …)
LO NLO NNLO NNNLO

Parton-level cross section computed as a series in perturbation theory 
→ strong coupling constant as expansion parameter

fast, simple improved predictions, 
reduces theory uncertainties



17Renormalization and factorization scale

• PDFs and running coupling depend on energy scales 
→ renormalization scale  
→ factorization scale  

• options to determine these scales in MadGraph: 
→ clustering to 2→2 system 
→ transverse mass  
→ center-of-mass energy 
→ constant (eg. ) 

• not an exact science → large scale uncertainties

μR
μF

μF = MZ



18LO vs NLO

̂σ = σBorn (1 + αs

2π
σ(1) + ( αs

2π )
2

σ(2) + ( αs

2π )
3

σ(3) + …)
• LO predictions depend strongly on the 

renormalization and factorization 
scales 

• Including higher order corrections 
reduces the dependence on these 
scales → vanishes for all orders  3.85

 3.9

 3.95

 4

 4.05

 0.25  0.5  2  4 1

PDF4LHC14_nnlo_mc
µR = µF = ξ Q

LHC 13 TeV

ξ

σ [pb]

LO
NLO

NNLO
N3LO

[1606.00840]VBF



19Scale uncertainties at LO
Example LO computation (top quark pair)

Large scale uncertainty, but mostly in the normalization 
→ LO is good for shape

normalized to one

Same variable



20Summary

Convolution Parton distribution functions Hard process

• PDF: content of the proton 
→ define the physics/processes that will dominate on your accelerator 

• LO: often good for shape 
• NLO/NNLO: reduce scale uncertainty 
• Computations inclusive (+ any jet) due to renormalization/factorization scale
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1. Determine production mechanism → find all diagrams 
 
 
 
 

2. Evaluate matrix element → use Feynman rules 
 

3. Phase-space integration
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1. Write down amplitude 
 

2. Compute squared matrix element 
 

3. Use sum rules/trace identities/… to 
get function of momenta

23Text book recipe
e+ e- > mu+ mu- WEIGHTED=4 page 1/1

Diagrams made by MadGraph5
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Very simple final expression! 
→ fast to evaluate
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Z

• Need to compute 
• For M Feynman diagrams: need to compute  different term 
• The number of diagrams scales factorially with the number of particles 
• In practice possible up to 2→4

M2



• Idea: evaluate first, square later 

• Compute 

• Evaluate single helicity amplitude  

• Example: 
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26MadGraph implementation

      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)) 
      CALL FFV1P0_3(W(1,2),W(1,1),GC_3,ZERO, FK_ZERO,W(1,5)) 
C     Amplitude(s) for diagram number 1 
      CALL FFV1_0(W(1,3),W(1,4),W(1,5),GC_3,AMP(1)) 
      CALL FFV2_4_3(W(1,2),W(1,1),GC_50,GC_59,MDL_MZ, FK_MDL_WZ,W(1,5)) 
C     Amplitude(s) for diagram number 2 
      CALL FFV2_4_0(W(1,3),W(1,4),W(1,5),GC_50,GC_59,AMP(2))

Incoming/outgoing 
particles

Vertex & photon 
propagator

Vertex & first 
amplitude

Vertex & 
Z propagator

Vertex & second 
amplitude

You can check how MadGraph builds the matrix element 
in the file SubProcesses/<processname>/matrix1_orig.f



27Comparison

M diagrams N particles

Analytical

Helicity

Recycling

M2

M

(N!)2

(N!) 2N

M (N − 1)! 2(N−1)
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29Comparison

M diagrams N particles

Analytical

Helicity

Recycling
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30Can we do even better?

M diagrams N particles

Analytical

Helicity

Recycling

Helicity 
Recycling

M2

M

(N!)2

(N!) 2N

M (N − 1)! 2(N−1)

M ≈ (N − 1)!2N/2

• Recursion relation (used in Sherpa) [WIP] 
• New in MG5aMC: Helicity Recycling [2102.00773] 
• 5 Dimensional helicity wave function [2203.10440] 
• Only leading-color computation [2601.19483]



31Hardware acceleration
• Was first done a while ago: 

[0908.4403, 1305.0708] 
• Recently released as fully-functional plugin 

for MG5: https://github.com/mg5amcnlo/
mg5amcnlo_cudacpp 

• Large speed-ups, less energy used per event 
[2507.21039]

• Modern CPUs can act as a baby GPU: 
“Single Instruction, Multiple Data” 

• Perform N identical operation as fast as one

GPU

SIMD

https://github.com/mg5amcnlo/mg5amcnlo_cudacpp
https://github.com/mg5amcnlo/mg5amcnlo_cudacpp


32Summary

• Numerical computation faster than analytic one 
→ Helicity amplitude method 

• Lots of (ongoing) work on improving matrix element computation 
→ reuse parts of computation 
→ hardware acceleration 
→ recursion rules 

• ME computation automated in MG for 
→  large number of final states 
→  any BSM theory 
→  loop computations (next lecture)



33Outline

1. LHC basics 
2. Matrix elements 
3. Monte Carlo integration 
4. Phase-space sampling 
5. Event generation

6. Decays 
7. Machine learning 
8. Parton showers 
9. Multijet merging



1. Determine production mechanism → find all diagrams 
 
 
 
 

2. Evaluate matrix element → use Feynman rules 
 

3. Phase-space integration
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 diagram 5 QCD=2, QED=0

σ =
1

2s

∫
|M|2dΦ(n)

Easy enough

Hard

Very hard



• cross section calculation requires high-dimensional integral 

• functions can be very peaked (resonances) 
• must be general and flexible 
• not only integration, but also event generation 
→ necessarily involves randomness

35Requirements



36Numerical integration

Rectangles Trapezium Simpson

• Fixed grid 
• Approximate by 

rectangles

• Fixed grid 
• Linear 

interpolation

• Fixed grid 
• Quadratic 

interpolation



36Numerical integration

Rectangles Trapezium Simpson

• Fixed grid 
• Approximate by 

rectangles

• Fixed grid 
• Linear 

interpolation

• Fixed grid 
• Quadratic 

interpolation

Monte Carlo

• Sample points 
randomly 

• Compute average



37Scaling of integration error

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

MC integration: 
slow convergence in 1D
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37Scaling of integration error

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

MC integration: 
slow convergence in 1D

1/
p
N

1/N2/d

1/N4/d

d dimensions 
• Monte Carlo 
• Trapezium 
• Simpson



38Monte Carlo integration

I = ∫
1

0
dx f(x) IN = 1

N

N

∑
i=0

f(xi)

I = IN ± VN

N

V = ∫
1

0
dx f(x)2 − I2 VN = 1

N

N

∑
i=0

f(xi)2 − I2
N

Integral

Variance

MC integration error:



38Monte Carlo integration

I = ∫
1

0
dx f(x) IN = 1

N

N

∑
i=0

f(xi)

I = IN ± VN

N

V = ∫
1

0
dx f(x)2 − I2 VN = 1

N

N

∑
i=0

f(xi)2 − I2
N

Integral

Variance

MC integration error:

IN = 0.637 ± 0.307/
√

N

V = VN = 0

Can be reduced! 
Best case: flat integrand



39Importance sampling
I = ∫ dx f(x)
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inefficient 



39Importance sampling
I = ∫ dx f(x)

I = ⟨ f(x)⟩x∼p(x) I = ⟨ f(x)
g(x) ⟩

x∼g(x)

Flat sampling 
inefficient 

Importance sampling 
Find mapping close 

to integrand
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IN = 0.637 ± 0.307/
√

N IN = 0.637 ± 0.031/
√

N approx. flat!



401D example

IN = 0.637 ± 0.307/
√

N

Choice of parameterization important for efficient computation!

IN = 0.637 ± 0.031/
√

N approx. flat!



41Flattening Breit-Wigner
Important example: Resonant propagators

Change of variables

Simple and effective! 
Widths and masses are known parameters



42Summary

• Evaluate integrand at random points and take the average 
• Monte Carlo integration performs well in high dimensions 
→ integration error scales with  

• Importance sampling: find smart proposal distribution 
→ change of variables that flattens the integrand 
→ reduces variance of integral estimate 

• Very flexible: able to deal with complicated cuts, etc.

N



43Outline

1. LHC basics 
2. Matrix elements 
3. Monte Carlo integration 
4. Phase-space sampling 
5. Event generation

6. Decays 
7. Machine learning 
8. Parton showers 
9. Multijet merging



44Monte Carlo Integration
I = ∫ dx f(x)

I = ⟨ f(x)⟩x∼p(x) I = ⟨ f(x)
g(x) ⟩

x∼g(x)

Flat sampling 
inefficient 

Importance sampling 
Find mapping close 

to integrand



44Monte Carlo Integration
I = ∫ dx f(x)

I = ⟨ f(x)⟩x∼p(x) I = ⟨ f(x)
g(x) ⟩

x∼g(x)
I = ∑

i ⟨αi(x) f(x)
gi(x) ⟩

x∼gi(x)

Flat sampling 
inefficient 

Importance sampling 
Find mapping close 

to integrand

Multi-channeling 
one mapping for 

each channel



45Single diagram enhancement
u u~ > g g QED=0 page 1/1

Diagrams made by MadGraph5
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Diagrams made by MadGraph5

u
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u~
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 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 
contribute to the same matrix element!



46Single diagram enhancement
Trick in MadEvent: Split the complexity

⇡ 1
• Build integration channel for each Feynman diagram 
• Single diagrams are “easier” to integrate 
→ pole structure and integration variables known from propagators 

• Computationally cheap: 
→ channel weights already computed during         calculation 
→ channels independent: easy to parallelize 

• Suboptimal when interferences are large

σ =
1

2s

∫
|M|2dΦ(n)



47Single diagram enhancement

You can look at the individual channels 
in the MadGraph web interface 

Attention: 
Channel integrals are not physical! 
(typically not gauge invariant)



• Identify topology of Feynman diagram 

 

• Then build change of variables from 
standard components 
→ Luminosity (PDF conv.) mapping 
→ Invariants: ~1/s or Breit-Wigner 
→ Two-particle decays 
→ Two-particle scattering

SciPost Physics Submission

g (p1)

g (p2)

g (k1)
ū (k2)

g (k3)

W+ (k4)
d (k5)

t1

t2
s2

s1

k1

k2

k3

k4
k5

p = p1 + p2

k1234
k234

k23

Figure 8: An example Feynman diagram contributing to the gg→ W+ūdgg process
(left) and an illustration of the corresponding phase-space parametrization (right).

RKL Loss

For the expectation value of the gradient, we obtain for both directions

↑ωLfw
RKL =↑ωLinv

RKL =
ω2 ↓ 1
ω

. (65)

While for the variance of the gradient, we obtain

Var
!
↑ωLfw

RKL

"
=

21↓ 54ω2 + 37ω4 + 4 log(ω ) (3↓ 5ω2 + logω )
2ω2

(66)

Var
!
↑ωLinv

RKL

"
= 2ω2 . (67)

In Fig. 7, we illustrate the gradient variances for the forward and inverse training for the
different loss functions. The upper panels show the absolute gradient variance, while the
lower panel shows the ratio between the forward and inverse directions. A ratio of r > 1
means the gradient variance of the forward training is larger than the gradient variance of the
inverse training. For the variance loss and KL divergence, we can observe that the forward
training yields the more stable training. Only in parameter regions around the optimal value,
i.e. ω ↔ ωopt = 1 the inverse training is more stable. In contrast, for the RKL divergence, the
picture changes and the inverse loss gives less noisy gradients.

C Explicit channel mapping

As an example, we consider W+ 4 jets production

gg→W+ūdgg . (68)

In particular, we investigate the Feynman diagram of Fig. 8, because it involves all types of
phase-space blocks introduced in Sec. 4. We define

k23 = k2 + k3 k234 = k2 + k3 + k4 k1234 = k1 + k2 + k3 + k4

q1 = p1 ↓ k1 q2 = p2 ↓ k5 p = p1 + p2 .
(69)

The infrared and collinear singularities are excluded by a lower cut on k2
23 > k2

23,min. The
phase-space integral

∫
dω2→5
$$
Fig.8 =

ŝ∫

k2
23,min

dk2
23

ŝ∫

k2
23

dk2
234

ŝ∫

k2
234

dk2
234

∫
dω2→2(p1, p2; k2

1234, k2
5)

↗
∫

dω2→2(p1, q2; k2
1, k2

234)
∫

dω1→2(k234; k2
23, k2

4)
∫

dω1→2(k23; k2
2, k2

3) .

(70)

21

48Phase-space mappings

SciPost Physics Submission

PDF convolutions

For the PDF convolutions, we introduce ⌧ = x1 x2, such that the squared partonic CM energy
is given by ŝ = ⌧s. This allows us to write

1Z

0

dx1dx2⇥(ŝ� ŝmin) =

1Z

⌧min

d⌧

1Z

⌧

dx1

x1
=

1Z

0

dz⌧dzx1

glumi(⌧,⌧min)

with glumi(⌧,⌧min) =
1

⌧ log⌧ log⌧min
,

(47)

where ŝmin follows from final-state masses and cuts and we sample

⌧= ⌧1�z⌧
min and x1 = ⌧

zx1 . (48)

The induced density glumi exactly cancels the flux factor ⌧�1 in Eq.(32). If there are no t-
channels, i.e. = 0, the squared CM energy ŝ also belongs to a propagator in the diagram. In
this case, it is beneficial to sample ⌧ such that this propagator structure is mapped out.

Each of the s-invariants, 2 ! 2 scatterings, and decay blocks described above transform
one or two random numbers. They can appear multiple times for a given Feynman diagram,
as illustrated in Fig. 4. In Appendix C, we illustrate how these components are combined to
parametrize a complete channel mapping for W+ 4 jets production.

4.2 Learnable bilinear spline flows

For typical a MADNIS training, the flow sub-networks often encode relatively simple functions.
For these cases, we introduce bilinear spline flows to replace the sub-networks with second-
order polynomials. A dx -dimensional transformation x$ z with a dc-dimensional condition

t1

x1
x2

t�

t2
d�1�2

d�1�2d�1�2

s4

s1

s2

s3 d�1�2

d�1�2

d�1�2

si d�1�2d�1�2

Figure 4: Topological diagram illustrating our separable and differentiable phase-
space mappings. Each colored block represents one of the introduced components
which can be modified by a trainable bilinear flow.

12

Example: 
W+jets



49VEGAS algorithm

Factorize probability
g(x) = g(x1)⋯g(xn)

Fit bins with equal probability 
and varying width

[G. P. Lepage, 1978]



49VEGAS algorithm

Factorize probability
g(x) = g(x1)⋯g(xn)

⊕ Computationally cheap 

⊖ High-dim and rich peaking functions 
→ slow convergence 

⊖ Peaks not aligned with grid axes 
→ phantom peaks

Fit bins with equal probability 
and varying width

[G. P. Lepage, 1978]



50Summary

• Finding a good proposal distribution is hard 
→ simplify by splitting integral into channels 

• Single diagram enhancement 
→ use Feynman diagrams, weight by squared matrix element 

• Phase-space mappings for single diagrams 
→ simple, reusable building blocks 

• Further refinement with VEGAS algorithm 
→ factorize distribution, fit bins with equal probability



51Outline

1. LHC basics 
2. Matrix elements 
3. Monte Carlo integration 
4. Phase-space sampling 
5. Event generation

6. Decays 
7. Machine learning 
8. Parton showers 
9. Multijet merging



52Unweighting
• We want to use our integrator also for event generation 
→ MC integration already gives us weighted samples 
 

 

• Problems with many low-weight events 
→ need lots of memory to store 
→ costly following simulation steps 

• Idea: unweighted events 
→ every event should have a weight of 1 
→ distribution of events as observed at collider

wi = f(xi)
g(xi)



53Unweighting

Requirements: 
• want to reduce number of events 
• (weighted) distribution should stay the same 



53Unweighting

Requirements: 
• want to reduce number of events 
• (weighted) distribution should stay the same 

Idea: set threshold 
• accept all events above threshold 
• below threshold: 

keep with probability  
• if accepted: need to compensate by 

multiplying weight with  
• new weight is 

wi/wthres

wthres/wi
wthres



54Unweighting

Requirements: 
• want to reduce number of events 
• (weighted) distribution should stay the same 

Unweighted sample: 
• set threshold to  
• keep with probability  
• all weights now have same weight  
• maximal compression 

wmax
wi/wmax

wmax



55Rejection sampling

 f(x)

∫ dx f(x) ≈ 1
N

N

∑
i=1

f(xi) = 1
N

N

∑
i=1

f(xi)
wmax

wmax ≡ 1
N

N

∑
i=1

wi

wmax
wmax

Algorithm
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1. pick xi
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55Rejection sampling

1. pick xi

 f(x)
2. calculate  

∫ dx f(x) ≈ 1
N

N

∑
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N
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∑
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f(xi)
wmax
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55Rejection sampling

1. pick xi

3. pick
 f(x)

2. calculate  

∫ dx f(x) ≈ 1
N

N

∑
i=1

f(xi) = 1
N

N

∑
i=1

f(xi)
wmax

wmax ≡ 1
N

N

∑
i=1

wi

wmax
wmax

y ∈ [0, max( f ) ≡ wmax]
f(xi) ≡ wi

Algorithm



55Rejection sampling

1. pick xi

3. pick
 f(x)

2. calculate  

4. Compare: 
if                 accept event,

∫ dx f(x) ≈ 1
N

N

∑
i=1

f(xi) = 1
N

N

∑
i=1

f(xi)
wmax

wmax ≡ 1
N

N

∑
i=1

wi

wmax
wmax

y ∈ [0, max( f ) ≡ wmax]

y < wi

f(xi) ≡ wi

Algorithm



55Rejection sampling

1. pick xi

3. pick
 f(x)

2. calculate  

4. Compare: 
if                 accept event,

else reject it.

∫ dx f(x) ≈ 1
N

N

∑
i=1

f(xi) = 1
N

N

∑
i=1

f(xi)
wmax

wmax ≡ 1
N

N

∑
i=1

wi

wmax
wmax

y ∈ [0, max( f ) ≡ wmax]

y < wi

f(xi) ≡ wi

Algorithm



56Unweighting efficiency

∫ dx f(x) = ∫ dy
f(y)
g(y) ≈ 1

N

N

∑
i=1

f(yi)
g(yi)

= 1
N

N

∑
i=1

f(yi)
g(yi) wmax

wmax = 1
N

N

∑
i=1

wi

wmax
wmax

Smaller variance →  closer to 1 
→ less rejected events, faster generation

w/wmax



57Integration vs event generation

MC integrator

Event generator

Accept/reject step

Important: integration weights must be bounded from above!



58Skeletons in the closet
In some cases, we have negative weights 
→ especially from subtraction at NLO (see next lecture) 
→ have to keep them during unweighting!



58Skeletons in the closet
In some cases, we have negative weights 
→ especially from subtraction at NLO (see next lecture) 
→ have to keep them during unweighting!

Often have a few events with large weights 
→ can make unweighting extremely inefficient 
→ solution: accept fraction of “overweight events”, for example 0.1%



59Summary

• Generate unweighted events 
→ compressed dataset 
→ save time on following steps of simulation chain 

• Accept events below  with probability  
→ all events have weight  afterwards 

• better proposal distribution leads to better unweighting efficiency 
→ reduces expensive matrix element evaluations

wmax w/wmax
wmax



60Outline

1. LHC basics 
2. Matrix elements 
3. Monte Carlo integration 
4. Phase-space sampling 
5. Event generation

6. Decays 
7. Machine learning 
8. Parton showers 
9. Multijet merging



61Decays

Non-resonant diagram

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

Resonant diagram

Problem: 
Process too complicated too include all diagrams 

Observation: 
Many contributions are off-shell 
→ small impact on total cross section
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Non-resonant diagram
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Diagrams made by MadGraph5_aMC@NLO
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 diagram 6 HIG=0, HIW=0, NP=2, QCD=0, QED

Resonant diagram

Problem: 
Process too complicated too include all diagrams 

Observation: 
Many contributions are off-shell 
→ small impact on total cross section

Solution: 
Only keep on-shell contributions



62Narrow-width approximation

• Valid for narrow resonances:  
• The resonance virtuality is fixed by  
• Production and decay factorize. 
• Neglects off-shell effects, non-resonant diagrams, and interference 
• Corrections are typically of relative size , but can be enhanced near 

cuts, thresholds, or resonance tails.

Γ ≪ M
δ(q2 − M2)

Γ/M



63Usage in MadGraph

   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

• very long decay chains possible to simulate 
directly in MadGraph 

• syntax: 

(invariant mass cut associated to t, t~, W) 
• other tools exist for NWA (like MadSpin)
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• Full matrix element becomes too expensive for large number of 
final state particles 

• Dominant contribution from on-shell propagators 
→ go to narrow-width approximation 

• makes very long decay chains possible directly in MadGraph 
• Decay width is not a free parameter 
→ critical in narrow-width approximation


