
EPJ Web of Conferences will be set by the publisher
DOI: will be set by the publisher
c© Owned by the authors, published by EDP Sciences, 2016

Multi-jet correlations and colour coherence phenomena
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Abstract. In multi-jet events, colour coherence was shown to play a important role in
the topology of these events. In modern Monte Carlo generators, the colour coherence
effect has become an inherent feature, such that the colour coherence effect can no longer
be disentangle in a simple manner. This study looks at the multi-jet correlations by com-
paring Monte Carlo generators in Parton Shower dominant and Matrix Element dominant
regions.

1 Introduction

When a quark pair is produced, one of the jets can radiate a gluon. Due to quantum chromodynamics
(QCD), in the fragmentation phase, the outgoing partons interact with each other. This phenomena
was first described by the LUND string model [1], predicting a suppression of particle production in
the region between the two quark jets due to destructive interference and an enhancement of particle
production in the region between the quark and gluon jets. This colour coherence effect was initially
observed in e+e− collisions by several experiments (JADE, PETRA, PEP and LEP), leading to the
discovery of the gluon.

In hadron collisions, constituents are also coloured making the three jets colour connected to the
proton constituents. The Tevatron experiments showed that the variable ‘β’, the ratio of the difference
in pseudorapidity over the difference in azimuthal angle between the second and third jet, is sensitive
to colour coherence [2]. The second jet is the jet with the second highest transverse momentum (pT )
and the third jet is most likely to have been the radiated gluon. They showed good agreement with data
for parton shower Monte Carlo (MC) generators with the colour coherence effects implemented in the
angular ordering. They tuned PYTHIA [3] with the angular ordering on and off to really highlighted
this effect.

Section 2 summaries the some of the QCD jets measurement, from the CMS collaboration [4] at
the CERN LHC, which are directly and indirectly effected by the colour coherence effect.

This has led to the colour coherence effect becoming an inherent feature of modern MC generators,
such that the colour coherence effect can no longer be disentangle in a simple manner. To study the
multi-jet correlations, it was suggested by the PYTHIA authors that a more practical test on MC
generators would be to test the Parton Shower (PS) dominant and Matrix Element (ME) dominant
regions. Section 3 compares four MC generators, one with only PS calculations, one with only ME
calculations, and two with both PS and ME calculations.
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2 Jets Measurement by CMS

CMS uses particle flow objects as inputs for the Anti-kt jet clustering algorithm [5], with the radius
parameter set to R = 0.5 in Run1, R = 0.4 for Run2.

In the Run1 measurement of the di-jet azimuthal decorrelations [6], the di-jet azimuthal decorre-
lation is sensitive to the radiation of additional jets. In the region where the di-jet azimuthal separation
is large, ∆φdi− jet > 2π/3, it was shown to be well modelled by the MC generators. However, for the
region where the di-jet azimuthal separation is small, ∆φdi− jet ≈ π/2, discrepancies started to show
between data and MC as the azimuthal separation decreased. Here, smaller azimuthal separation is
due to the production of additional jets and this region is indirectly sensitive to colour coherence.

In the Run1 measurement of the jet charge [7], the jet charge is measured in three directions, in
the direction of the transverse momentum, longitudinal to jet axis and transverse to jet axis. A ‘κ′

factor was introduced to give more weight to low momentum tracks within the jet when the ‘κ′ values
is small. The jet charge defined in the direction transverse to jet axis together with a small ‘κ′ would
be the most sensitive to angular correlation effects like the colour coherence. And, unsurprisingly, this
region showed the biggest discrepancies between data and MC.

Similar to the Tevatron measurement, CMS produced a Run1 colour coherence result [8] using
the same ‘β’ variable. The leading order MC generators were shown to have a poor description of the
data in forward region. And similarly to the Tevatron measurement, a comparison to data with the
colour coherence effects where turned on and off was shown. Turning on the colour coherence effects
with PYTHIA shows better agreement with data compare with colour coherence effects turned off.
Currently, only a very old version of PYTHIA can turn off colour coherence effects.

3 Parton Shower vs Matrix Element

As the colour coherence effect became an inherent feature of MC generators, in the newer MC gener-
ators, the colour coherence effect can no longer be disentangle in a simple manner. It was suggested
by the PYTHIA authors that a more practical test on MC generators would be testing the performance
in Parton Shower (PS) dominant and Matrix Element (ME) dominant regions. This study used three
MC generators, PYTHIA8[3], MADGRAPH[9] and POWHEG BOX[10–12], to make three jet events
with only PS, only ME and both ME + PS calculations. PYTHIA8 (version 8.212) is the standard tool
for the generation of events in high-energy collisions which includes soft and hard QCD processes
and hard QCD processes using standard 2 → 2 processes. Initial state and final state radiations are
implemented by parton shower (PS) models which is based on dipole style pT -ordered evolution.
PYTHIA8 was generated using the latest CUETP8M1 tune, which is MonashStar based on LHC data
with NNPDF2.34LO parton distribution function. Both MADGRAPH (version 5.2.4) and POWHEG
(version 2) are ME based generator and both using the PYTHIA8 for the PS For MADGRAPH, the
QCD processes 2 → 3 was done at leading order (LO) calculation, while POWHEG is next lead-
ing order (NLO). Three jet events where also generated using POWHEG only, with PS turned off in
PYTHIA8, so that the events would only be generated with ME calculations. Four samples were made
to study the PS dominant and ME dominant regions:

• PYTHIA8 (PS only)

• POWHEG + PYTHIA8 without PS (ME only)

• POWHEG + PYTHIA8 with PS (ME + PS)

• MADGRAPH + PYTHIA8 (ME + PS)
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Figure 1. ∆R23 distributions for pT3/pT2 < 0.3 PS dominant (left) and high 0.6 < pT3/pT2 < 0.9 ME dominant
(right) regions. PYTHIA8 is PS only, POWHEG + PYTHIA8 without PS is ME only and both POWHEG +

PYTHIA8 and MADGRAPH + PYTHIA8 have ME + PS.

This MC study looked at events with only three jets, all with pT > 30 GeV and η < 2.5. A much
higher pT requirement on the leading jet of 510 GeV was used so that it can be triggered in real CMS
data. Two variables were used to separate and study the PS dominant and ME dominant regions.
The angular separation between the second and third pT ordered jets, ∆R23 =

√
(∆η)2 + (∆φ)2, where

∆η = η3 − η2 and ∆φ = φ3 − φ2. The second variable is the pT ratio of the third jet over the second
jet, pT3/pT2. A soft third jet should be PS dominated, while a hard third jet should be ME dominated.
Soft third jet will have a low pT3/pT2 and small angular separation ∆R23, while a hard third jet will
have pT3/pT2 near 1 and larger angular separation ∆R23.

Figures 1 show the ∆R23 distributions for low pT3/pT2 < 0.3 and high 0.6 < pT3/pT2 < 0.9
events. In the low pT3/pT2 region, the third jet is soft and PS is expected to be dominant. POWHEG
+ PYTHIA8 without PS is ME only and the distribution is very different to all the other samples
which have PS. PYTHIA8 agrees well with POWHEG + PYTHIA8 and MADGRAPH + PYTHIA8,
even though the later two also has the additional ME calculations. In the high pT3/pT2 region, the
third jet is hard and ME is expected to be dominant. Although it isn’t as striking, it is clearly visible
that PYTHIA8 isn’t as flat as the other samples with ME. This effect is greater at high ∆R23, where
POWHEG + PYTHIA8 and MADGRAPH + PYTHIA8 are close to POWHEG + PYTHIA8 without
PS.

Figures 2 show the pT3/pT2 distributions for small 0.4 < ∆R23 < 1.0 and large 1.0 < ∆R23 < 1.5
events. In the small ∆R23 region, the third jet has a small angular separation from the the second jet
and PS is expected to be dominant. PYTHIA8 agrees very well with MADGRAPH + PYTHIA8,
while both POWHEG samples seem to be different. In the large ∆R23 region, the third jet has a large
angular separation from the the second jet and ME is expected to be dominant. PYTHIA8 seems to
disagree with all the others, with POWHEG + PYTHIA8 and MADGRAPH + PYTHIA8 closer to
POWHEG + PYTHIA8 without PS.
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Figure 2. pT3/pT2 distributions for small 0.4 < ∆R23 < 1.0 PS dominant (left) and large 1.0 < ∆R23 < 1.5
ME dominant (right) regions. PYTHIA8 is PS only, POWHEG + PYTHIA8 without PS is ME only and both
POWHEG + PYTHIA8 and MADGRAPH + PYTHIA8 have ME + PS.

4 Summary

These results show that the three jet events can be separated into ME and PS dominate regions. Further
optimisations could be done to separate the ME and PS even further. Comparisons to data by looking
at these regions will make it much easier to understand where the generators are poorly performing.
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