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Thanks

MC simulations

● Thanks a lot for inviting me today to give a seminar on the usage of MC simulations in High 
Energy Physics!
○ We experimentalists often rely too much on the “deliveries” of the experiments.
○ Someone in the collaboration produces an ingredient that I use in my analysis… 

depending on how much work is there to do that week, I might not give it too much 
thought on how that particular ingredient has been created ;)

Well, when it comes to simulations, we might want 
to be aware at all times of what we are doing → in 
the end, it’s pure physics!
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● So what are we going to discuss in this seminar?
○ Mostly we are going to give an overview of the different state-of-the-art MC generators 

available in the market.
○ Even though there are two sessions:

■ One hour session that should be mostly theory-driven
■ One hour session that should be mostly hands-on driven

○ I (personally) believe that MC simulations should be mostly hands-on.
○ I’m going to avoid relying (too) much on slides → and instead I’ve prepared several 

notebooks that we can go through along the time of the seminar.
● Everyone would benefit from active discussion and questions!

○ And, any of you are welcome to play around with the notebooks (in the end, that is kind 
of the purpose of knowing how to do MC simulations!).

● I will however try to dedicate at least 40-50 minutes to an exercise that will be detailed 
after.

Introduction

MC simulations



Warning
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● Several ways to run a notebook:
○ from lxplus + vscode (recommended): internally built (that’s how I do it). 

You have to download the notebooks and the code.tar.xz file attached to 
the indico to your lxplus area.

○ from swan (recommended): CERN-IT supported platform for running 
notebooks. You have to upload the notebooks and the code.tar.xz file 
attached to the indico. 

○ from Google Collab: same as SWAN, but with Google support.

○ standalone run: the jupyter notebooks are not really needed in this 
exercises, as most of the cells are bash scripts. One can simply open the 
notebooks and try to run the code from a terminal (by copy-pasting). 
■ It might be better than swan or google collab (sometimes they lose 

connection or run out of space).

Tips

MC simulations

http://code.tar.xz
https://swan.web.cern.ch/swan/
http://code.tar.xz
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● Unfortunately, doing MC simulations relies very much on external libraries. It 
is difficult to prepare against all odds of this working for everyone.

● I would invite you to download the notebooks in the following minutes 
(while I explain some basic ideas on MC) and try to execute the first cell of the 
“setup.ipynb” notebook; so that we can have some work done by the time 
we need to play around with the notebooks.

● Alternatively, if lxplus is an option, you should be able to make use of my own 
installation by adding my public /eos/:
○ let me know of your CERN user for this.

Tips

MC simulations



Let’s get started
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Introduction

MC simulations

Ratio between Data and total 
prediction (signal + bakcground)

Observable that we are 
looking at

Number of recorded/simulated 
events that enter our phase 
space.

Thanks to simulating events we are 
able to directly test the theory against 
the data.

Considered signal (ttW) and background 
processes.
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Introduction

MC simulations

● In order to simulate one data event we 
need to simulate all these processes.

● What is highlighted in blue is what we call 
hard scattering. And it’s simulated with 
softwares like Madgraph5_aMC@NLO or 
Powheg. The physics of the hard scatter is 
typically more precise and slightly less 
complicated.

● The orange part is what we call parton 
showering, and it’s typically done with 
Pythia8 o Herwig. Very complicated 
physics with less accuracy.

● But we have to simulate everything → 
because all of this is happening in the real 
collisions!

Once we have simulated all these processes, we 
can replicate the process of reconstruction that 
we apply to our data. 



How to model the hard 
scatter
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Hard scatter generators

MC simulations

● Madgraph5_aMC@NLO and POWHEG are two of the most widely used matrix-element generators 
used by the different collaborations of the LHC (it is particularly important in CMS and ATLAS)
○ Their main feature is that they can perform calculations up to Next-to-leading order in 

perturtbative QCD.
○ Sometimes even Next-to-next-to leading order (NNLO) in QCD, and even NLO in EW (this is 

mostly in POWHEG).
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Madgraph’s procedure for MC generation

MC simulations

● Note: feel free to open the 01_Madgraph_Generation.ipynb notebook
● MadGraph automates the calculation of Feynman diagrams 

○ It computes tree-level matrix elements (MEs) for any specified process
○ Think of it as a sophisticated calculator that exhaustively enumerates every possible way 

particles can interact at the most fundamental level.

User interface (a process to be generated)

Build SubProcesses 
(configurations of 
initial/final state 

particles

Integrate subprocesses 
(using MonteCarlo 

technices) → random 
configurations of 

momenta

Produce weighted events (associated with 
cross section of a given subprocess)

Unweight events

Output unweighted events for the user
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Madgraph’s process card

MC simulations

● Being an automated framework, MadGraph relies on a minimal set of inputs, and off loads 
the whole building of Feynman diagrams, feynman rules, and integration of the matrix 
elements to internal libraries
○ Instead of actually implementing these calculations ourselves: we communicate with 

MadGraph by creating configuration files

The card from above will instruct madgraph to generate onshell W bosons, 
that subsequently decay into leptons. This is the most important card!

Model to be used (MadGraph internal)

Process to be integrated

Folder with the outputs
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Madgraph’s run card

MC simulations

The run card is actually used to control 
parameters of the generation:
● Number of events.
● Center-of-mass energy.
● Proton pdfs.
● Generator level cuts on output particles.
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● Madgraph’s process cards have a very specific syntax that allows one to make calculations at 
many different levels
○ Leading order (LO):

■ this is the example from the previous slide
○ Next-to-LO (NLO):

■ By adding the [QCD] tag at the end of the processes, madgraph is instructed to 
include NLO corrections in the matrix elements. This includes “virtual” corrections.

○ LO + additional jets:
■ By repeating the process lines and adding a “j” at the end, madgraph gets 

instructed to include “real” emission corrections in the matrix elements.
○ NLO + additional jets

■ Includes both “virtual” and “real” corrections in the matrix elements. As accurate 
as MadGraph can be.

16

Madgraph’s process card

MC simulations

Check out the notebook to see how to implement these



The madgraph notebook
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Madgraph’s notebook

MC simulations



Carlos Vico Villalba (Rice University) 19

Madgraph’s notebook

MC simulations
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Madgraph’s notebook

MC simulations
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Madgraph’s notebook

MC simulations
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Madgraph’s notebook

MC simulations

LO
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Madgraph’s process card

MC simulations

LO+1j

NLO+1j

NLO

Other available 
modes
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Madgraph’s notebook

MC simulations
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Madgraph’s notebook

MC simulations
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Madgraph’s notebook

MC simulations

MadGraph executables

Generated events
Madgraph inputs (based on ours)

MadGraph processes (matrix elements)
Each of these has the required code to do the 
integration of the Feynman Diagrams.
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Madgraph’s notebook

MC simulations
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Madgraph’s notebook

MC simulations
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Madgraph’s procedure for MC generation

MC simulations

● Note: feel free to open the 01_Madgraph_Generation.ipynb notebook
● MadGraph automates the calculation of Feynman diagrams 

○ It computes tree-level matrix elements (MEs) for any specified process
○ Think of it as a sophisticated calculator that exhaustively enumerates every possible way 

particles can interact at the most fundamental level.

User interface (a process to be generated)

Build SubProcesses 
(configurations of 
initial/final state 

particles

Integrate subprocesses 
(using MonteCarlo 

technices) → random 
configurations of 

momenta

Produce weighted events (associated with 
cross section of a given subprocess)
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Madgraph’s procedure for MC generation

MC simulations

● Remember: we want to make use of our simulations to compare against recorded events in 
data
○ Therefore the output of the generation must have an specific event-like format.
○ This is the so-called Les Houches Event (LHE) data format.
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Madgraph’s procedure for MC generation

MC simulations

● 2212, 2212: PDG IDs of the incoming beams
○  2212 = proton

● 6.500000e+03, 6.500000e+03: Beam energies (in GeV)
● 0, 0: PDF group (0 means default)
● 325300, 325300: PDF set used for parton modeling (see lhapdf)
● -4: Weighting strategy

○ -4 is what usually madgraph does (events can be negative or positive)
● 2: Number of subprocesses included

https://lhapdf.hepforge.org
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Madgraph’s procedure for MC generation

MC simulations

● Each line corresponds to one generated particle
● Each column is:

○ IDUP: PDG particle ID (e.g. 11 = e⁻, 13 = μ⁻, etc.)
○ ISTUP: Status code (- -1 = incoming, +1 = outgoing, +2 = intermediate resonance)
○ MOTHUP(1), MOTHUP(2):  Indices of the first and last mother particles
○ ICOLUP(1), ICOLUP(2): Color flow indices (used to track QCD color connections)
○ PUP(1–5): 4-momentum and mass.
○ VTIMUP: Proper lifetime (cτ)
○ SPINUP: spin information (cosine of angle between spin and momentum, or 9 if 

unknown)
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Madgraph’s procedure for MC generation

MC simulations
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Powheg’s procedure for MC generation

MC simulations

● Note: feel free to open the 02_POWHEG_Generation.ipynb notebook
● While MadGraph does automatic implementation of any physics process

○ Powheg specializes in a wide variety of them.
○ Much more restricted procedure (less automated) – but arguably much more control on 

the implementation of the process.
● Three flavours for POWHEG

○ V1: first version of powheg
○ V2: currently most widely used version
○ RES: from resonant aware introduces improvements in the way resonances are treated 

when matching ME to Parton Shower (more on this later)
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Powheg’s procedure for MC generation

MC simulations

Powheg’s processes can be 
installed as git submodules 
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Powheg’s procedure for MC generation

MC simulations

In particular, this is POWHEG’s own 
implementation for the W production 
case we were studying before
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Main difference between Powheg and MadGraph

MC simulations

● Here’s a breakdown of the major differences:
○ Madgraph:

■ Does automatic computation at any order (up to NLO)
■ Allows control of how real/virtual corrections are included in the predictions.

○ Powheg:
■ Only performs (in the majority of cases) at NLO (some even at Next-to-NLO)
■ It always includes one virtual emission at the very beginning of the computation → 

this is one of the most important features of POWHEG

■ Why? —> Interfaced parton showers!



How to model the soft 
interactions → parton 

showers
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Parton shower algorithms

MC simulations

● Parton shower algorithms are needed in order to 
complete the picture.
○ Madgraph or powheg only handle the hard scatter
○ We need to correct for many other effects 

(hadronization, radiation, fragmentation, soft 
QCD…)

○ Parton shower (PS) softwares such as pythia or 
herwig do these kinds of operations up to a given 
order of accuracy.

○ Unshowered events are not physical!
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Key differences between PYTHIA8 and HERWIG7

MC simulations

● Both pythia8 and herwig7 are one solution to the same issue
○ How to properly model soft effects in MC generated events

Pythia 8 — Lund String Model

● The force between quarks is modeled like a 
stretching string.

● As the quarks move apart, the string gets longer 
and stores more energy.
○ When it stretches too much, it breaks, 

creating new quark–antiquark pairs that turn 
into hadrons.

○ The string tension determines how much 
energy is stored as it stretches.

● The process repeats, breaking the string step by 
step into many hadrons.

Herwig 7— Cluster Model

● All gluons are split into quark–antiquark 
pairs. 

● Nearby color-connected quarks form 
color-neutral clusters that decay into 
pairs of hadrons based on phase space.
○ Commonly referred to as “angular 

shower”
○ Focuses on distance between 

coloured particles, rather than 
energy.

● Better “QCD coherence” of radiation 
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Parton shower algorithms

MC simulations

● Although both PYTHIA8 and HERWIG7 can do the same task as MadGraph and Powheg
○ Generating hard scatter events from matrix elements.
○ They do this at much lower accuracy in the QCD expansion.
○ Feel free to check 03_PYTHIA8.ipynb.

● So, what we often do at experiments is:
○ We generate the matrix elements up to NLO with Madgraph/Powheg
○ We interface these predictions with a parton shower software
○ The overall result is complete up to NLO in QCD + PS (NLOPS accuracy)
○ There are multiple ways of doing this, and these are generator dependant

■ Interfacing PYTHIA8 to MadGraph is different than interface Herwig7 to MadGraph
■ Interfacing PYTHIA8 to MadGraph is different than interface PYTHIA8 to Powheg

● So each software has its own ways of handling this interface.
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Parton shower algorithms

MC simulations

● For instance, MadGraph has four different modes in which LHE events can be interfaced with 
PYTHIA8.

● POWHEG has its own matching too.
○ Actually leading to one of the major distinction between POWHEG and Madgraph → 

positive and negative weights!
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The aMC@NLO formula vs POWHEG

MC simulations

● The issue of negative event weights primarily arises at next-to-leading order (NLO).
● In MadGraph, this occurs because the overlap between MEs and the PS (e.g. PYTHIA) must be 

removed.
○ This subtraction is implemented by introducing compensating negative contributions that 

cancel the phase-space regions later filled by the parton shower.
○ As a result, some events acquire negative weights.

● In POWHEG, this problem is avoided by construction.
○ In this approach, the hardest (first) radiation is always generated by POWHEG itself, and 

this emission is always kept.
○ All subsequent radiation is then produced by the parton shower (e.g. PYTHIA).
○ Since this procedure avoids double counting without requiring event-by-event 

subtractions, all generated events have positive weights.
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Parton shower algorithms: matching

MC simulations

● We will not go in detail about each mode, but let’s focus on the most interesting one: the 
FXFX.

● The algorithm consists on matching jets 
(defined in PS) to partons (defined in 
ME).

● How events are rejected or not depends 
on how many jets match to partons, and 
the kT hardness of the jets.

● The hardness is defined through a matching scale (𝜇Q).
■ At pT(radiation) > 𝜇Q → our definition of hard and non-collinear → pick from 

Madgraph5_aMC@NLO.
■ At pT(radiation) < 𝜇Q → our definition of soft and collinear  → pick from pythia8.

○ Jets are clustered as long as the the kT hardness is above 𝜇Q. 
● The gain is that Madgraph5_aMC@NLO models radiation kinematics at NLO while pythia8 is less 

accurate.
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End product

MC simulations

● Once we have interfaced the matrix element 
predictions with PS matching, we obtain the final 
generated event that we need
○ Format: typically hepmc.



One remark: sherpa
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MC simulation with Sherpa

MC simulations

● Sherpa is a software package (widely 
used in ATLAS) that is self contained:
○ It allows for generating NLO 

accurate matrix elements
○ And interface them with its own 

Parton Shower algorithm
● It has proven to be a very powerful 

generator in describing e.g. TOP 
properties.
○ A minimal standalone setup is 

provided in 04_sherpa.ipynb. 
○ We will not focus on this 

generator for now.



MC tuning
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MC tuning exercise

MC simulations
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MC tuning exercise

MC simulations
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MC tuning exercise

MC simulations

To jump straight to the GNN training, you can just these data files.
- Make sure to download them into a folder named “data”

https://cernbox.cern.ch/s/iasTocIUQ0YzjIy
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MC tuning exercise: GNN

MC simulations

Based on the ParticleNet architecture used in CMS for b tagging
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MC tuning exercise: GNN

MC simulations

Based on the ParticleNet architecture used in CMS for b tagging

https://arxiv.org/pdf/1902.08570
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MC tuning exercise: GNN

MC simulations

● In our exercise:
○ We are going to visualize events as “graphs”
○ For each “graph” muons are represented as 

nodes
■ Features: four momenta, charge, and 

pdgId.
○ Each node talks to other – closeby – nodes 

through and edge.
■ Features: distances between nodes, 

differences in momentum, etc…
○ The network takes as target how well a given 

PYTHIA8 set of parameters models the data.
○ Learns how to extrapolate the chi2 for an 

alternatative set of parameters.
○ We train in multiple phase spaces.

● Then we fit the outputs to obtain the final set of 
parameters



New techniques on MC 
generators
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Developments in MC simulation

MC simulations

● One has to take into account that the most important developments in MC generators must 
come from the theory side.
○ Higher accuracies in perturbative expansions
○ Improved decay kinematics
○ Improved parton shower

● However, there are many other parallel developments that heavily rely on MC simulation 
improvements
○ Improved hardware architectures:

■ Acceleration in GPUs: MG@GPU
■ Acceleration in FPGAs: soon :) 

○ Faster algorithms:
■ Grid integration → MadNis
■ Faster simulation → Flashim
■ Testing the acceleration in FPGAs → Soon! (spanish work!)

○ Improved techniques
■ Lowering the effect of negative weights in MC simulations

https://indico.cern.ch/event/1338689/papers/6015964/files/14707-MG5aMC_CUDACPP-v10-M3669.pdf
https://docs.madnis.ai/stable/
https://cds.cern.ch/record/2913372
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Developments in MC simulation

MC simulations

● We study a way of accelerating the integration of a 
MadGraph process with an FPGA.
○ The trade-off between process complexity seems 

to not fit well into the FPGA logic.
○ However this opens the floor for more advance 

attempts at trying to use hardware based 
accelerators on MC simulation.


