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The nature of b-quark jet hadronisation has been investigated using data taken at the
Z peak by the ALEPH, DELPHI, OPAL and SLD experiments, who measured the xweak

B =
Eweak

B /Ebeam distribution. Combining all these measurements, the average value of xweak

B

is found to be 0.7092 ± 0.0025. The resulting average xweak

B distribution is also analyzed in
the framework of two choices for the perturbative contribution (parton shower and Next to
Leading Log QCD calculation) in order to extract the non-perturbative component to be used
in studies of b-hadron production in other experimental environments than e+e− collisions
at the Z peak. In the parton shower framework, data favour the Lund model ansatz and
corresponding values of its parameters have been determined within PYTHIA 6.156:

a = 1.48+0.11

−0.10 and b = 0.509+0.024

−0.023 GeV−2 ,

with a correlation factor ρ = 92.6%.

1 Introduction

The fragmentation of a bb quark pair from Z decay, into jets of particles including the parent
b-quarks bound inside b-hadrons, is a process that can be viewed in two stages. The first stage
involves the b-quarks radiating hard gluons at scales of Q2 ≫ Λ2

QCD for which the strong coupling
is small αs ≪ 1. These gluons can themselves split into further gluons or quark pairs in a kind
of ‘parton shower’. By virtue of the small coupling, this stage can be described by perturbative
QCD implemented either as exact QCD matrix elements or leading-log parton shower cascade
models in event generators. As the partons separate, the energy scale drops to ∼ Λ2

QCD and the
strong coupling becomes large, corresponding to a regime where perturbation theory no longer
applies. Through the self interaction of radiated gluons, the colour field energy density between
partons builds up to the point where there is sufficient energy to create new quark pairs from
the vacuum. This process continues with the result that colourless clusters of quarks and gluons
with low internal momentum become bound up together to form hadrons. This ‘hadronisation’
process represents the second stage of the b-quark fragmentation which cannot be calculated in
perturbation theory. In simulation programs this is made via a ‘hadronisation model’ which, in
the case of b-hadron production, parameterises how energy/momentum is shared between the
parent b-quark and its final state b-hadron.

The purpose of this study is to measure the non-perturbative contribution to b-quark frag-
mentation in a way that is independent of any non-perturbative hadronisation model. Up to
the choice of either QCD matrix element or leading-log parton shower to represent the pertur-
bative phase, results are obtained that are applicable to any b-hadron production environment



in addition to the e+e− → Z → bb data on which the measurements were made. A detailed
description of this work is given elsewhere. 1

Generally, the study of the fragmentation process is done through the fragmentation function:
the probability density function of some variable relating the kinematical properties of the b-
hadron to those of the b-quark. A common choice of this variable is xweak

B , defined as

xweak
B =

Eweak
B

Eb

. (1)

It corresponds to the fraction of the energy taken by the b-hadron with respect to the energy
of the b-quark directly after its production i.e. before any gluons have been radiated. This
definition is particularly suited to e+e− annihilation as both the numerator and denominator
are directly observable (Eb = Ebeam). Another example is the variable

z =
(E + p||)B

(E + p)b
. (2)

Here, p|| represents the hadron momentum in the direction of the b-quark and (E + p)b is
the sum of the energy and momentum of the b-quark just before hadronisation begins. From a
phenomenological point of view, z is the relevant choice of variable for a parameterisation imple-
mented in an event generator algorithm. However, because z depends explicitly on the properties
of the parent b-quark, it is not a quantity that can be directly measured by experiments.

2 The DELPHI measurement and the averaged distribution at the Z pole

The DELPHI experiment used two different and complementary approaches to reconstruct the
energy of weakly decaying b-hadrons, Eweak

B : Regularised Unfolding and Weighted Fitting. 1

These measurements, presented in terms of xweak
B , are then combined to an average energy

distribution. The resulting distribution is shown in Fig 1, and the average value
〈

xweak
B

〉

is

measured to be 0.699 ± 0.011.
Other measurements of the xweak

B distribution have been made at the Z peak by ALEPH, 2

OPAL 3 and SLD. 4 They are also shown in Fig. 1. In order to obtain a combined distribution of
all these measurements with the one from DELPHI, a global fit has been done using the smooth
parameterisation:

f(x) = p0 × [p1x
p2(1 − x)p3 + (1 − p1)x

p4(1 − x)p5 ] . (3)

This procedure has been used since each of the four measurements is given with a different choice
of binning and has a different number of effective degrees of freedom. The fitted parameters
p1, .., p5 are:

p1 = 12.97+0.77
−0.71 , p2 = 2.67+0.15

−0.14 , p3 = 2.29+0.19
−0.17 , p4 = 1.45+0.28

−0.22 , p5 = 0.663+0.035
−0.036 . (4)

The quoted uncertainties have been rescaled by a factor 1.24 to account for the dispersion of
the results, mainly between ALEPH and SLD measurements, which are respectively peaked on
the high and low sides of the distribution. The average value of the combined “world average”

distribution is found to be
〈

xweak
B

〉

= 0.7092 ± 0.0025. The averaging procedure is explained in

detail elsewhere. 1

3 Analytic extraction of the non-perturbative QCD component

The measured xweak
B distribution is interpreted as the combined result of a perturbative and a

non-perturbative part. In order to separate out the non-perturbative contribution, a choice for
the perturbative part must be made. The following cases are considered:
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Figure 1: Comparison between the various measurements of the b-quark fragmentation distribution versus xweak

B .

• the perturbative contribution is taken from a parton shower Monte-Carlo generator;

• the perturbative contribution is taken to be a NLL QCD calculation. 5

For each case, the non-perturbative component fnon−pert.(x) is extracted using a method based
on the inverse Mellin transformation. The corresponding results, obtained from the world aver-
age xweak

B distribution, are shown in Fig 2. A non-perturbative component extracted in this way
does not depend on any hadronisation model, but on the other hand it depends on the choice of
the perturbative component and has to be used jointly with the adequate one. This dependence
is clearly seen from comparison of the two parts of Fig. 2. Notice that the non-perturbative
QCD component corresponding to the NLL QCD computation has to be extended in the region
x > 1. This “non-physical” behaviour is directly related to the break-down of the theory when
xweak

B gets close to 1. The non-perturbative contribution extracted in this way may be used in
studies of b-hadron production in other experimental environments than e+e− collisions at the
Z pole. For a detailed explanation of the method see Refs. 1,6
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Figure 2: Comparison of the extracted non-perturbative QCD component of the b-quark fragmentation function
for the results from ALEPH, DELPHI, OPAL, SLD and the combined world average distribution. Left: The
perturbative QCD component has been taken from JETSET 7.3. Right: The perturbative QCD component has
been taken from NLL QCD. The shaded error bands represent the experimental uncertainty of the combined

distributions.



4 Fits to hadronisation models

The measured xweak
B distribution has been compared to functional forms that are in common

use inside event generators, e.g. Lund, 7 Lund-Bowler 8 and Peterson. 9 Since the models are
functions of z and, in the case of Lund and Lund-Bowler, of a transverse mass variable m2

b⊥

(defined within the Lund generator and varies event-to-event), these functions cannot simply
be fitted to the unfolded distributions. Instead, parameters of these models have been fitted
to data using a high statistics Monte-Carlo sample at the generator level by applying event-by-
event weights. The detailed procedure is described elsewhere.1 Only the Lund and Lund-Bowler
models give reasonable description of the data, the Lund ansatz being clearly favoured. The
corresponding values of its parameters within PYTHIA 6.156, a are obtained by minimising the
sum of χ2 for the xweak

B distributions from the four experiments:

a = 1.48+0.11
−0.10 and b = 0.509+0.024

−0.023 GeV−2 , (5)

with a correlation factor ρ = 92.6%. These parameters are expected to be valid in studies of
b-hadron production in other experimental environments than e+e− collisions at the Z pole.
The result is shown in Fig. 3.
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Figure 3: Left: Contours of 68.3% coverage probability for the a and b Lund parameters corresponding to a
separate fit to each experiment and the result obtained in the combined fit marked by ⋆. Right: Contours varying
from 1 standard deviation (lightest grey) to 5 standard deviations (darkest grey) for the a and b Lund parameters
obtained in the combined fit. These contours correspond to coverage probabilities of 39.3%, 63.2%, 77.7%, 86.5%
and 91.8%. The box drawn in the figure on the left corresponds to the area presented in the figure on the right.
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aParameters obtained for the non-perturbative component depend on the choice for the perturbative evaluation
(e.g. PYTHIA 6.156, JETSET 7.3).


