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Lepton-Lepton collisions
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Non-perturbative models

Cluster hadronization model:

● non perturbative gluon 

splitting

● colourless clusters

● cluster fission

● cluster → hadrons

● hadronic decays



Cluster hadronization model
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The philosophy of the model: 
use information from perturbative Parton Shower evolution for the input  
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Cluster hadronization model
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Cluster hadronization in nutshell
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    extract q or diquark pair from vacuum and form hadrons which are selected from all the 
possible hadrons with the appropriate flavour based on the available phase space, spin. 

Interesting problems/observations:

●  ~15% of primary clusters get split but ~50% of hadrons come from them - space for improvements?
● Adjust the model to new developments in Parton Shower (for example subleading colour)



Hadron-Hadron collisions
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Parton Showers Intrinsic Kt
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intrinsic k⊥ fixed at 0.4 GeV

A model of non-perturbative gluon emission in an initial state parton shower
[S. Gieseke, M. H. Seymour, AS JHEP 0806:001,2008]
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https://arxiv.org/search/hep-ph?searchtype=author&query=Gieseke%2C+S
https://arxiv.org/search/hep-ph?searchtype=author&query=Seymour%2C+M+H
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hadron-hadron collisions
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Multiparton interactions [MPI]
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MPI Eikonal model basics – Overlap function
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MPI model in Herwig in nutshell
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[Bähr, Gieseke, Seymour, JHEP 0807:076]
[Bähr, Butterworth, Seymour, JHEP 0901:065]



Colour Reconnection [CR] in Herwig in nutshell

Taming the accuracy of event generators, 27.08.2021Taming the accuracy of event generators (Part 2), 27.08.2021



Colour Reconnection [CR] in Herwig in nutshell
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Colour Reconnection [CR] in Herwig in nutshell 
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Without CR With CR

 Statistical CR model.  

Global minimum of cluster masses 

Typical LHC event ~ 100! ≈10158 possible 
cluster configurations.

 Plain CR model.  

● problem: not deterministic



Colour Reconnection [CR] in Herwig in nutshell
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Check against LEP data



Colour Reconnection from Soft Gluon Evolution
[Gieseke, Kirchgaesser, Plätzer, Siodmok – JHEP 11 (2018) 149]
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Idea: smooth extension of perturbative colour evolution to non-perturbative region
Formalism: QCD amplitudes and colour flow basis [see Simon’s talk]

[Plätzer, EPJC 74 (2014) 6], [Martinez, De Angelis, Forshaw, Plätzer, Seymour, JHEP 1805 (2018) 044]



Colour Reconnection from Soft Gluon Evolution
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Idea: Extend perturbative colour evolution to non-perturbative regime

Evolution of colour flow Reconnection probability

where

Evolution of a single state      :

Prob. minimal  → preconfiment
(initial partons in clusters close in rapidity)

Investigate 
different limits

Example: Two cluster evolution (analytical insight)



Colour Reconnection from Soft Gluon Evolution
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Numerical results 5 clusters

Connects quarks which are closer in spacetime
[Preconfiment]

Reduces invariant cluster masses
[main aim of plain CR] 

Summary

Summary:

● Idea: smooth extension of perturbative colour evolution to non-perturbative region
● Analytical insight into colour reconnection from soft gluon evolution: 2 clusters case.  
● Toy Monte Carlo for full colour flow evolution for up to 5 clusters (limitation exp of big matrix)
● Strong support for geometrical/kinematical models



Baryonic Colour Reconnection 
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Space-time Colour Reconnection
[J. Bellm, C. Duncan, S. Gieseke, M. Myska Eur.Phys.J.C 79 (2019) 12]
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Space-time Coordinate of MPI centres Space-time Coordinate of MPI centres

● Fortran Herwig-like algorithm
● minimum virtuality νthe 

mean lifetime:



Space-time Colour Reconnection 

Taming the accuracy of event generators, 27.08.2021Taming the accuracy of event generators (Part 2), 27.08.2021

● We introduce a boost-invariant distance measure:

d0 is the characteristic length scale for CR, a tuneable parameter

● This is inspired by conventional jet algorithms, where we replace the azimuthal separation 
with transverse separation.

● Similar strategy as in the plain CR base on the cluster. Try to reconnect if 

● Baryonic spacetime colour reconnection



Space-time Colour Reconnection 
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Space-time Colour Reconnection 
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Space-time Colour Reconnection 
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Good agreement with Minimum Bias and Underlaying Event data

Summary:

● Space-time model position of MPI and Parton Shower
● Base for the Heavy Ion collision simulation and rescattering  
● Reasonable description of the data
● Hadronization of very dense systems (CMS ridge)?



New soft MPI model
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[J. Bellm S. Gieseke P. Kirchgaesser JHEP 0901:065]



Non-perturbative Topological Processes in Herwig 7
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Conclusion
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1. Taming the accuracy of event generators.
Better control of perturbative corrections (“NLO revolution”)  → more often LHC 
measurements are limited by non-perturbative components (hadronization or 
multiparton interactions):

● W mass measurement using a new method [Freytsis at al. JHEP 1902 (2019) 003]  
● extraction of the strong coupling in [M. Johnson, D. Maître, Phys.Rev. D97 (2018) no.5, 

054013].
● the top mass [S. Argyropoulos, T. Sjöstrand, JHEP 1411 (2014) 043]

     precision dominated by colour reconnection [see talk by S. Amoros].

2. A lot of progress in development the NP models in Herwig including MPI 
and CR.

3. Stay tune for more.
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Backup
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Since these n-clusters can lie at very different rapidities (the extreme case being the two 
opposite beam remnants), the strings or clusters spanned between them can have very large 
invariant masses (though normally low p⊥ ), and give rise to large amounts of (soft) particle 
production.
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