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Summary. — The modelling of non-perturbative e!ects is an important part of
modern collider physics simulations. In hadron collisions there is some indication
that the modelling of the interactions of the beam remnants, the underlying event,
may require non-trivial colour reconnection e!ects to be present. We recently intro-
duced a universally applicable toy model of such reconnections, based on hadronising
strings. This model, which has one free parameter, has been implemented in the
Pythia event generator. We then considered several parameter sets (‘tunes’), con-
strained by fits to Tevatron minimum-bias data, and determined the sensitivity of
a simplified top mass analysis to these e!ects, in exclusive semi-leptonic top events
at the Tevatron. A first attempt at isolating the genuine non-perturbative e!ects
gave an estimate of order ±0.5 GeV from non-perturbative uncertainties. The re-
sults presented here are an update to the original study and include recent bug fixes
of Pythia that influenced the tunings investigated.

PACS 12.38.-t – Quantum Chromodynamics.
PACS 13.85.Hd – Inelastic scattering: many-particle final states.
PACS 13.87.Fh – Fragmentation into hadrons.
PACS 14.65.Ha – Top quarks.

1. – Introduction

The top quark mass is the only free parameter specific to the top quark sector of
the Standard Model of elementary particle physics (SM). Direct measurements from the
Tevatron [1] combined with indirect determinations from electroweak precision measure-
ments can therefore be used to test the consistency of the SM and to predict the Higgs
boson mass within this theoretical framework [2].

The question of whether the direct and the indirect results concern the same mass
parameter is an important issue in this context. At the very least, the same theoretical
definition must be used throughout, to ensure that consistency checks and Higgs mass
predictions are valid. At present, it is customary to assume that the quoted values for
direct measurements correspond to the pole mass. In practice, all direct measurements
of the top quark mass are calibrated back to a value corresponding to the input top
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New CR Models: Colour Annealing

Allow CR also within the hard interaction.

• At hadronisation strings pieces may reconnect

Preconnect = 1− (1− χ)n

χ — strength parameter
n — number of interactions

(counts number of possible interactions)

• New connection chosen to minimise string length,
i.e. minimise potential energy in strings

• Model variations: S0, S1, S2
differ in suppression of gluon only string loops

These models of colour reconnection are applicable to any final state.
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Color Annealing (in PY6):
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We present a new, universally applicable toy model of colour reconnections in hadronic final states. The
model is based on hadronising strings and has one free parameter. We next present an implementation of
this model in the PYTHIA event generator and provide several parameter sets (‘tunes’), constrained by fits to
Tevatron minimum-bias data. Finally, we consider the sensitivity of a simplified top mass analysis to these
effects, in exclusive semi-leptonic top events at the Tevatron. A first attempt at isolating the genuine non-
perturbative effects gives an estimate of order !mtop ! ±0.5 GeV from non-perturbative uncertainties, and a
further !mtop ! ±1 GeV from shower effects.

PACS numbers: 12.38.-t, 13.85.Hd, 13.87.Fh ; FERMILAB-PUB-06-340-T

I. INTRODUCTION

With increasing statistics and improved analysis tech-
niques, a truly precise measurement of the top quark mass
now seems feasible at the Tevatron experiments, reaching a
final uncertainty at or below 1.5 GeV [1]. This is all the more
impressive given that the top mass is a highly non-trivial ob-
servable, involving both jets and leptons. Moreover, it fur-
nishes an important motivation to reconsider which theoreti-
cal aspects are relevant, at the 1 GeV level, and whether they
are sufficiently well under control. Ultimately, this question
will also be relevant for a range of proposed high-precision
measurements at the LHC.

In particular for hadronic final states, a sophisticated array
of corrections are applied to the experimental raw data before
the actual observable is evaluated [1, 2, 3]. Due to the in-
creasingly advanced procedures mandated by high precision,
it is not straightforward to predict how uncertainties in the
modelling affect the final answer; instead, dedicated studies
are required to establish whether theoretical models are suf-
ficiently well constrained and/or whether modified measure-
ment strategies could ultimately be more fruitful.

On the theoretical side, techniques for consistent matching
between perturbative parton showers and fixed-order calcula-
tions have been improved and generalised in recent years (for
reviews see e.g. [4, 5, 6]), with some work focusing specif-
ically on top production [7, 8, 9, 10]. The structure of the
underlying event (UE) has also received increasing attention
[11, 12, 13, 14, 15, 16], with theoretical developments here fo-
cusing on resummations of multiple perturbative interactions
(MPI) [17, 18, 19, 20]. Non-perturbative aspects, on the other
hand, still suffer from being hard to quantify, hard to test, and
hard to calculate. In this study, we focus on one particular
such source of uncertainty: colour reconnection effects in the
final state.

We begin by briefly discussing some general aspects of
colour reconnections, including the role they already play in
current descriptions of hadron collisions. We next present
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several explicit models, with parameters constrained by Teva-
tron minimum-bias distributions. Finally, we apply the mod-
els in the context of semileptonic top events at the Tevatron
and study the sensitivity of simplified top mass estimators to
the model variations. Some previous work leading up to this
report can be found in [21, 22].

II. COLOUR RECONNECTIONS

In a first study of colour rearrangements, Gustafson, Pet-
tersson, and Zerwas (GPZ) [23] observed that, e.g. in hadronic
WW events at LEP, colour interference effects and gluon ex-
changes can cause ‘crosstalk’ between the two W systems. In
the GPZ picture, the corresponding changes occurred already
at the perturbative QCD level, leading to predictions of quite
large effects.

Sjöstrand and Khoze (SK) [24, 25] subsequently argued
against large perturbative effects and instead considered a sce-
nario in which reconnections occur only as part of the non-
perturbative hadronisation phase. Starting from the Lund
string fragmentation model [26], SK argued that, if two QCD
strings overlap in space and time, there should be a finite
possibility for them to fuse or cut each other up (see e.g.
[27]). However, since it is not known whether the QCD vac-
uum more resembles a (chromomagnetic) Type I or Type II
superconductor, SK presented two limiting-case models, re-
ferred to as SK-I and SK-II, respectively. Both models re-
sulted in effects much smaller than for GPZ, leading to a pre-
dicted total uncertainty on the W mass from this source of
!MW

< 40 MeV. SK also performed a study of QCD inter-
connection effects in tt̄ production [28], but only in the con-
text of e+e" collisions.

Subsequently, a number of alternative models have also
been proposed, most notably the ones proposed by the Lund
group, based on QCD dipoles [29, 30, 31], and one based on
clusters by Webber [32]. Apart from WW physics, colour re-
connections have also been proposed to model rapidity gaps
[33, 34, 35, 36] and quarkonium production [37].

Experimental investigations at LEP did not find conclusive
evidence of the effect [38, 39, 40, 41], but were limited to
excluding only the most dramatic scenarios, such as GPZ
and versions of SK-I with the recoupling strength parame-
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Color Reconnections

(MPI) Note: lifetimes are ignored
in current models
→ overestimate

(good for conservative)

We present a new, universally applicable toy model of 
colour reconnections in hadronic final states.

PS, D. Wicke, arXiv:hep-ph/0703081



Why? (theory)
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Rapidity

NC → ∞

Multiplicity ! NMPI

Some ideas: 
Hydro? (EPOS)

E-dependent string parameters? (DPMJET)
“Color Ropes”?

Better theory models needed
Normal

W W

Reconnected

W W

(LEP)

Excluded effects χ ~ 1

LHC
multiple parton 
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Rapidity

Do the systems really form
and hadronize independently?

Multiplicity ! NMPI
<

Can Gaps be Created?

My view:
Universality is ok (a string is a string)

Problem is 3 ≠ ∞

More ideas: 
Coherent string formation?

Color reconnections?
String dynamics?

Better theory models needed

E.g.,
…
Generalized Area Law (Rathsman: Phys. Lett. B452 (1999) 364)
Color Annealing (PS, Wicke: Eur. Phys. J. C52 (2007) 133)
… LHC

multiple parton 
interactions

So far (in my opinion) no fully realistic model
Don’t trust toy models too much (be conservative)
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Fig. 1. – Average transverse momentum in minimum bias events as function of the charged
multiplicity. One can clearly see the change between the old default and Tune A.

two specific distributions, the charged multiplicity and the average transverse momentum
of the particles in events selected with a minimum-bias trigger. It should be noted that,
even with tuning, one should not expect all models to be able to describe the data, owing
to shortcomings in their physics descriptions, as will be commented on below.

Several older tunes of Pythia parameters obtained from CDF fits to minimum bias
data are available, e.g., Tune A, Tune DW, Tune BW, etc.[14]. These all significantly
modify the original default parameters for the underlying event, c.f. Fig. 1, changes which
are motivated directly by improving the description of the data. One striking common
feature of these tunes is that the parameters describing the probability of non-trivial
colour connections between the additional-parton interactions and the hard scattering,
PARP(85) and PARP(86), are significantly enhanced. We here interpret this as a sign
of actual colour reconnections happening in the underlying event, and investigate the
consequences of this hypothesis.

3. – Colour Reconnection Models

In hadron collisions, the underlying event produces an additional amount of displaced
colour charges, translating to a larger density of hadronising strings between the beam
remnants. It is not known to what extent the collective hadronisation of such a system
di!ers from a sum of independent string pieces. Measurements at LEP [15, 16, 17, 18]
would not have been sensitive to this e!ect, and hence it is quite possible that colour
reconnection (CR) e!ects in hadron collisions may be substantially stronger than the
LEP constraints would appear to allow, if taken at face value.

However, most of the CR models investigated at LEP focused exclusively on WW
physics, and so were not immediately applicable to hadron collisions. Colour reconnection
e!ects in tt̄ events were first considered in [19], but also there only in the context of e+e!

collisions. We therefore recently introduced a toy model of colour reconnection models
for more general situations, based on an annealing-like minimisation of a measure of the
potential energy of the confinement field. This so-called colour annealing model [20] has

PS, D. Wicke, arXiv:0807.3248 mcplots.cern.ch, this morning
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Without CR,
multplicity grows too fast 

with nMPI → (too) large tail

UE
→ same behavior as in 

minimum-bias

Min-Bias
Nch

UE
<pT>
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Fig. 5. – Comparison of calibration o!sets obtained for each model. The column on the left (dots)
show the results obtained before JES rescaling, the right column (squares) after rescaling. The
statistical precision due to the finite number of generated events is at the level of ±0.15 GeV.

uncertainty. The source of the spread can be separated into two sources by noting that
the models used fall in two classes: Those that utilise the ’old’ virtuality-ordered parton
shower and those that utilise the ’new’ pT -ordered one. The largest component of the
di!erence is between these two classes, indicating a perturbative nature of most of it.
Within each class di!erences of less than ±0.5 GeV on the top mass remain, which are
assigned to the non-perturbative di!erences between the various models. In Fig. 5 the
classes are grouped by coloured bands.

It should be noted that di!erent mass estimators may have a di!erent sensitivity to
the model di!erences and thus may exhibit a di!erent uncertainty. The results of this
toy mass analysis are therefore only a first hint to the actual size of the e!ects, which
should be studied for each real mass measurement separately.

6. – Summary

Top mass measurements are now reaching total uncertainties below 1.5 GeV. At
this precision non-perturbative e!ects may become important. A set of new, univer-
sally applicable models to study colour reconnection e!ects in hadronic final states was
presented. The models apply an annealing-like algorithm that minimises the potential
energy within string hadronisation models. The models were tuned simultaneously with
the underlying-event description of Pythia to distributions sensitive to non-perturbative
e!ects in minimum-bias samples. The influence of changing underlying event model, the
colour reconnection and parton showers on measurements of the top mass was investi-
gated in a toy mass analysis, resulting in variations of about ±1.0 GeV on the recon-
structed top mass. Of this total uncertainty we tentatively attribute about 0.7 GeV to
perturbative e!ects and of less than 0.5 GeV to non-perturbative sources. These results
were obtained with Pythia v6.416 with tunes updated after fixing a bug in the pT or-
dered shower. While the model di!erences are slightly reduced with the new version of
Pythia, the qualitative conclusions of [5], derived with an older version of the generator
and tunes, remain unchanged.

Naive (pheno-level) top mass study
PS, D. Wicke, arXiv:0807.3248

Warning : is central vs NOCR conservative enough (see plot above)?
On the other hand, expect CR models to overestimate effect in ttbar (no lifetime suppression)

and NOCR also somewhat extreme (since it does not agree well with data), so ~ OK?

Differences between Q- and pT-ordered 
shower models ~  1 GeV

Differences between different CR models 
within each shower model ~ 0.5 GeV

Repeated by CDF (compared a central 
tune with a NOCR variant) for full-fledged 
top mass study → similar conclusions → 
0.5 GeV from CR


