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Motivation: Fundamental questions and the first virtual collider 

What is the universe made of?
Cheese could be cut in half, then half again, and so 
on. But eventually there would be a minute piece of 
cheese that could not be cut in half, not because 
there was no knife sharp enough, but because the 
final particle was not something that could be sliced. 
He called this an atom, which means ‘uncuttable’ in 
Greek

“The God Particle: If the Universe is the Answer, what is the Question?” 

L. Lederman
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Motivation: What is the universe made of?

Until the early 1800’s, the 4 basic elements were still widely accepted.
Empedocles suggested that everything was made from 4 basic elements
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Motivation: What is the universe made of?
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Motivation: What is the universe made of?

Standard Model Interactions
(Forces Mediated by Gauge Bosons)

Standard Model Lagrangian
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Motivation: What is the universe made of?

Standard Model Interactions
(Forces Mediated by Gauge Bosons)

Feynman DiagramsStandard Model Lagrangian
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Motivation: What is the universe made of?

Standard Model Interactions
(Forces Mediated by Gauge Bosons)
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Motivation: What is the universe made of?

Standard Model Interactions → colliders the key tool for particle physics
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Motivation: What is the universe made of?

Standard Model Interactions

Standard Model Lagrangian

There is a huge gap between a one-line formula of a fundamental theory, like
the Lagrangian of the SM, and the experimental reality that it implies.

Experimental reality
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What Virtual Colliders are and why the are useful?
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Hadron colliders and the importance of strong interactions
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Complex structure of Quantum Chromodynamics – three faces of QCD

Perturbative: Non-Perturbative:

State of the art:

“Higgs boson gluon-fusion production in 
N3LO QCD” Phys. Rev. Lett. 114, 212001 (2015) 

Example of one of hundreds of diagram 

LO       NLO      NNLO    N3LO

● Perturbative techniques break 
down

● Non-pertubative models 
inspired by physical 
motivations

● Lattice QCD? 

Perturbative resummation:
● enhanced terms

● Resum them 

QCD
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What Virtual Colliders are and why the are useful?
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What do MC event generators do?

Disclaimer: I am an author of Herwig so I will focus on this virtual collider  
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Basic building blocks of Monte Carlo Event Generators

Parton Distribution FunctionParton Distribution Function
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Basic building blocks of Monte Carlo Event Generators

Hard process (exact fixed-order perturbation theory)
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Basic building blocks of Monte Carlo Event Generators

Parton Shower (Approximate all-order perturbation theory)
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Basic building blocks of Monte Carlo Event Generators

Parton Shower (Approximate all-order perturbation theory)
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Basic building blocks of Monte Carlo Event Generators

Hadronization (non-perturbative semi-empirical models)
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Basic building blocks of Monte Carlo Event Generators

Multiple Interactions and beam remnants
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Basic building blocks of Monte Carlo Event Generators

Parton Shower (Approximate all-order perturbation theory)
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Parton Shower 
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Parton Shower 
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Parton Shower 
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Parton Shower 
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Parton Shower 
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Parton Shower [ATLAS: arXiv:1107.2381, CMS: arXiv:1110.4973]
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Parton Shower uncertainties  

[Bellm, Nail, Plätzer, Schichtel, Siodmok, Eur.Phys.J. C76 (2016)]
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Parton Shower uncertainties  

[Bellm, Plätzer, Richardson, Siodmok, Webster, Phys.Rev. D94 (2016)]
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Parton Shower + NLO Matrix Element Matching

Problem: double counting! 
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Parton Shower + NLO Matrix Element Matching

[Bellm, Gieseke, Grellscheid, Plätzer, Rauch, Reuschle, Richardson, Schichtel, Seymour, AS, Wilcock, Fischer, 
Harrendorf, Nail, Papaefstathiou, D. Rauch, Eur.Phys.J. C76 (2016)]

Parton Shower + NLO Matrix Element Matching

[Bellm, Gieseke, Grellscheid, Plätzer, Rauch, Reuschle, Richardson, Schichtel, Seymour, Siodmok, Wilcock, 
Fischer, Harrendorf, Nail, Papaefstathiou, D. Rauch, Eur.Phys.J. C76 (2016)]

[Jadach, Pałczek, Sapeta, Siódmok, Skrzypek. JHEP 1510 (2015)] 
[Jadach, Pałczek, Sapeta, Siódmok, Skrzypek. 76 , no. 12, 649 (2016)] 
[Jadach, Nail, Płaczek, Sapeta, Siodmok, Skrzypek. Eur. Phys. J. C 77 (2017)]
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Basic building blocks of Monte Carlo Event Generators

Multiple Interactions and beam remnants
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How do we know MPI exists? Data makes you smarter!
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MPI model basics
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MPI model basics (Herwig 7)
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MPI – key components

[S. Gieseke, Roher, Siodmok EPJC C72 (2012)] 
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MPI – constraining the models

[S. Gieseke, Roher, Siodmok EPJC C72 (2012)] 

Fix parameters using 
data

Find more data

CDF data on double 
parton interaction

Correct CDF  
measurement
 

Constrain models even more

New model

[Bahr, Myska, Seymour, Siodmok
JHEP 1303 , 129 (2013)]

[Seymour, Siodmok. JHEP 
1310, 113 (2013)]
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MPI – constraining the models

[Gieseke, Roher, Siodmok EPJC C72 (2012)] 
[Gieseke, Kirchgaeßer,  Plätzer, Siodmok, 
submitted to JHEP] … 

Fix parameters using 
data

Find more data

CDF data on double 
parton interaction

Correct CDF  
measurement
 

Constrain models even more

New model

[Bahr, Myska, Seymour, Siodmok
JHEP 1303 , 129 (2013)]

[Seymour, Siodmok. JHEP 
1310, 113 (2013)]
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How we improve the models

Study this problem in more details 

Construct new observables 
sensitive q/g jets 
[Baron, Siodmok]

Idea use q/g jets for BSM search 

[Gras, Höche, Kar, Larkoski, Lönnblad, Plätzer, Siódmok,
Skands, Soyez, Thaler JHEP, 1707 , 091 (2017)]

[Reichelt, Richardson, 
Siodmok EPJC C77 (2017)]

Improve description of q/g 
jets in MCEG

H7

P8

Validate the idea against the data
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Summary and outlook

● “Virtual Colliders” = Monte Carlo Event Generators (GPMC)

● Almost all HEP measurements and discoveries in the modern era have relied on GPMC 
generators, most notably the discovery of the Higgs boson.

● Complex structure of Quantum Chromodynamics we need:

        - Perturbative techniques (hard process – “NLO revolution”)

        - Resummation techniques (Parton Shower – well established)

        - Non-perturbative models (crucial to obtain fully exclusive simulation of the collisions)

● GPMC encodes the global picture of previous measurements

● Tremendous amount of new developements in GPMCs because we need more

precise results.

● Good first round of LHC data well described...

● ... but still a lot of space for improvements.
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Summary and outlook
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More information about Monte Carlo Event Generators
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Thank you for your attention!
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Monte Carlo methods why and how?
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