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Motivation
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BSM searches: often signature for a BSM signals: many quark, backgrounds: QCD gluons 

Problem: Q/G jets LHC data show discrepancy with the predictions from MC generators  

Herwig++ too pessimistic,
Quark and gluon jets looks 
more the same than in data. 

Pythia too optimistic,
Quark and Gluon jets are 
too similar compared to 
data.

Fig. From J. Gallicchio and M. D. Schwartz, Phys. Rev. Lett.107 (2011)

[ATLAS, Eur. Phys. J. C (2014) 74]
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Definition
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Definition

[Larkoski,Salam,Thaler,13]
[Larkoski,Thaler,Waalewijn,14]
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2. Idealized case of e+e- [Les Houches arXiv:1605.04692]

Framework

Processes:
● Quark:
● Gluons:
   

Different settings:
● Changing the collision energy Q
● Changing the jet radius R
   

Different Monte-Carlo generators at parton and hadron level:
● Pythia 8 (v8.205)
● Herwig++ (v2.7.1)
● Sherpa (v2.1.1)
Additionally different Parton Shower algorithms 
● Vincia (v1.201 - plugin to Pythia)
● Deductor (v1.0.2 + hadronization from Pythia)
● Ariadne (v5.0.β + hadronization from Pythia)
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LHA – Idealized Quark/Gluon distributions 

Quark Gluon

Constrained by LEP   
                      

Small spread Large spread 

Up to now no e+e- data has 
been used to constrain it. 

[Gras, Hoeche, Kar, Larkoski, Lönnblad, Plätzer, AS, Skands, Soyez, Thaler, JHEP 1707 (2017) 091]
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LHA – Separation power

Herwig too 
pessimistic, 

Pythia too 
optimistic 
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Separation power – non-perturbative effects

Large hadronisation effects (here for quarks)
Large differences between MCs also seen at parton level. 
Interplay of perturbative and non-perturbative effects =>  challenge for both pQCD and NP models
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Separation power – sensitivity to MC options

 Huge effect of color reconection – very unexpected!  
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Herwig – Colour reconection 
● The least understood part of the Multiple Particle Interaction models.
● Needed to describe the Underlying Event and Min Bias data (sensitive to MPI phenomena)
● Crucial to constrain it, important for top mass, g/q gluon, ... 
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Herwig – Colour reconection 

dominant source of uncertainty
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Herwig – Colour reconection 

[Gieseke, Rohr,AS Eur.Phys.J. C72 (2012) 2225]
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Data which has not
previously been used.

Improving the Simulation of Quark and Gluon Jets with Herwig 7

Strategy:

1. Search for the LEP and LHC data sensitive to              
gluon jets.

2. Improve the non-perturbative color reconnection model.

3. Improve the perturbative Parton Shower kinematics. 

- Data on gluon jets in e+e−collisions from the OPAL experiment       
   [G. Abbiendi, et al.,: Phys.Rev.D69, 032002 and Eur. Phys. J. C37 (1), 25 (2004)]

- In pp collisions from ATLAS [G. Aad, et al., Eur. Phys. J. C76 (6), 322 (2016)]

[D. Reichelt, P. Richardson, AS, arXiv:1708.01491]
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Herwig – Improvements of Color reconection 

● Possible that the color lines of a gluon produced at any stage of the shower can be reconnected 
leading to the production of a color-singlet object (see example below)

● Clusters containing partons from the parton shower of each of the original gluons, i.e. q
1
,q

3 

and q
4
,q

2
, will have large masses and the rearrangement to give the clusters q

1
,q

2
 and q

4
,q

3
 

will be kinematically favoured, although it means the original gluons will effectively become 
colour singlets rather than octets.

● this is physically possible we would expect that it occurs at a rate which is suppressed in the 
number of colours, N

C
, as 1/N

C
2=1/9, not the much higher reconnection rate 2/3 which is 

current default value.

● We forbid the reconnection which would lead to a gluon produced in any stage of the parton-
shower evolution becoming a colour-singlet after hadronization.
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Herwig – Colour reconection 

OPAL

 Multiplicity distribution of charged particles in gluons jets for two different gluon energies.

Data which has not
previously been used

for tuning.
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Herwig – Colour reconection 

Idealized Quark/Gluon distributions

● Sensitivity to CR is gone especially for 
IRC safe observables – as expected.

● Herwig is now more optimistic 
when it comes to distinguishing 
q/g jets.

● Spread of predictions is reduced. 
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Herwig – Parton Shower kinematics

● evolution variable can be angle (Herwig),  virtuality (old Pythia), pT, … (see M. Skrzypek talk)

Good guidance from the perturbative QCD, soft-collinear approximation
However, some (more or less clever) choices still to be made:

● Choice of minimal scale not fixed: we investigated pt and q cut-off.
● Massless partons become massive. How? Kinematics: choice of whether to preserve 

pT or virtuality q2 during the subsequent evolution. 

 Choices are formally subleading but it can have a large effect on physical observables.
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Tuning 
Unfortunately, when the PS is changed we need to retune the hadronization model which is a big effort. 

12 tunes for different PS options and data sets used in the tune (A,B,C) 

Evolution of # charged particles in gluon jets
 vs twice the energy of the gluon jet.
 

● the data on light quark jets, in particular event 
shapes measured at LEP favour preserving q2 the 
data on the charged particle multiplicity in gluon 
jets  favours preserving the pT of the branching.
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LHC 
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LHC 

● Improvements of Herwig led to better discrimination power at the LHC (interesting would be to 
check against more q/g data, however most of them are not available to us).

● Spread of prediction reduced especially for IRC unsafe observables
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Summary and outlook 

1.  Q/G jet discrimination useful tool for BSM searches, alpha strong extraction from 
jets...

2.  Quark jets well constrained by the LEP data, this was not the case for gluon jets.

3.  Simulation very sensitive to non-perturbative effects especially to colour 
reconnection.   

4.  We have performed a tuning the Herwig 7 event generator using data on gluon jets 
from LEP for the first time.    

5.  Improvements of perturbative and non-perturbative aspects of the simulation led 
significantly better description of gluon jets, in particular their charge particle 
multiplicity.

6.However still there is a tension between the data on charged particle multiplicities, 
for both quark and gluon initiated jets, and the data on event shapes and particle 
spectra from LEP.

7.Further improvement in the description of this data will require improvements to the 
non-perturbative hadronization modelling.



 A. Siodmok: Quark/gluon jets discrimination 26

Causality violation
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Thank you for your attention! 
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Tuning 

Unfortunately, when the PS is change we need to retune the hadronization model which is a big effort. 
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