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Abstract. In the hadronic decays of Z0, gluon emission leads to the appearance of the longitudinal compo-
nent of the fragmentation function, FL. Measurement of FL and the transverse component, FT, could thus
provide insight into the gluon fragmentation function. However, hadronization corrections at low x can be
significant. Here we present a method of accounting for such corrections, using the Jetset event generator
as illustration.

1 Introduction

Studies of fragmentation functions have always been im-
portant, since these distributions cannot be predicted the-
oretically, but can only be measured experimentally, and
consecutively be described by phenomenological models.
Hadronic decays of γ∗/Z0 provide a particularly conve-
nient set of events for analysis and interpretation. Helicity
components of the fragmentation function, measured in
such events, can be used in various QCD studies, e.g., the
extraction of the gluon fragmentation function, and the
evaluation of αs. However, existing theoretical calculations
being restricted to the perturbative region, hadronization
corrections must be taken into account. In what follows,
methods for applying such corrections, using the Jetset
event generator [1] as an example, will be discussed.

Consider the angular distribution in the process e+e−
→ γ∗/Z0 → qq in its rest frame. Assuming that the final
quark and antiquark are not charge-tagged, i.e. that the
forward–backward asymmetry is not accessed, the cross
section can be written as [2]

dσ

d(cos θ)
=

3
8
(1 + cos2 θ)σT +

3
4

sin2 θσL. (1)

Here σT (σL) is the cross section associated with a trans-
verse (longitudinal) gauge boson polarization state with
respect to the qq axis, and θ is the polar angle of a par-
ticle with respect to the incoming lepton axis. To lowest
order, only mass effects contribute to a non-vanishing σL,
but only for the vector part of the cross section, and there
only with a coefficient σL/σT = 2m2

q/E2
cm. Even for the b

quarks this gives a negligible σL contribution at the ener-
gies around the Z0 peak. Therefore, σL effectively starts
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in O(αs) of perturbation theory, associated with the emis-
sion of gluons.

Since partons are not directly observable, one may de-
fine a hadron-level analogue of (1) [3],

d2σh

dxd(cos θ)
=

3
8
(1 + cos2 θ)

dσT

dx
+

3
4

sin2 θ
dσL

dx
. (2)

Here x would preferably be associated with the energy
fraction taken by a hadron, xE = 2E/Ecm, so that

∑
xE

= 2 in each event. Experimentally it is more convenient to
use the momentum fraction xp. The transverse and lon-
gitudinal fragmentation functions are defined by normal-
ization to the total cross section σtot = σT + σL [4],

FT(x) =
1

σtot

dσT

dx
, FL(x) =

1
σtot

dσL

dx
. (3)

The former is dominated by the fragmentation of quark
jets, whereas the latter receives a major contribution from
gluon fragmentation. Therefore an experimental determi-
nation of FL(x) is a first step towards an extraction of
the gluon fragmentation function, alternative to what is
offered by more direct methods in 3-jet events [5]. Several
experimental FL(x) studies have also been presented [6].

A complication is that hadrons are not moving in the
direction of their imagined mother parton. Already in low-
est order of perturbation theory, for qq 2-jet events, non-
perturbative hadronization gives an effective p⊥ smearing
that induces a nonvanishing FL(x) even where none is ex-
pected. Furthermore, the association of a hadron to a sin-
gle mother parton is not in agreement with our current
best understanding of the hadronization process, where it
is rather the color field between a color-connected pair of
partons (a string piece [7], or a cluster [8]) that mediates
the hadron production. Therefore the structure of smear-
ing effects may become rather nontrivial. Obviously, the
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Fig. 1. FT(xp) and FL(xp) for cor-
rected (smeared) hadron angles (dashed
lines) and for uncorrected (non-smeared)
hadron angles (solid lines)

effects are especially important at small x, which is also
the region where one would hope to have some sensitivity
to the gluon fragmentation function. The string picture
also casts in doubt the concept of a gluon fragmentation
function defined from inclusive quantities, since the string
fragmentation of a parton depends on the angles to other
color-connected partons.

The issue of hadronization corrections to fragmenta-
tion functions was addressed in [4,9]. The emphasis was
on the σL that can be extracted from

∫ 1
0 FL(x)xdx rather

than on FL(x) itself, however. Therefore we here address
the question how hadronization affects FL(x) (and FT(x)).
One main conclusion is that a simple smearing approach
is not sufficient to describe hadronization effects. Thus it
appears impossible to define a completely model indepen-
dent, hadronization-smearing-corrected FL(x), that could
be used to extract a gluon fragmentation function. We
further suggest a correction procedure, based on a cluster
search strategy, that should give a less model dependent
FL(x), but at the price of introducing the cluster resolu-
tion scale y as a new parameter in the problem.

2 The simple smearing

The string model description of qq events introduces a
Gaussian transverse momentum smearing of primary
hadrons, ∝ exp(−p2

⊥/2σ2)d2p⊥, where σ ≈ 0.36 GeV [1,
10]. Many primary hadrons are unstable and decay fur-
ther; this distorts the original Gaussian spectrum and re-
duces the average p⊥. Since decay products have smaller
p‖, the momentum parallel to the jet axis, some correla-
tion is also introduced between p⊥ and p‖. Therefore no
simple parameterization is proposed, but instead a Monte
Carlo simulation with Jetset 7.4 [1] is used to histogram
the amount of angular smearing for different xp bins.

It is now assumed that this smearing should be ap-
plied both to quark and gluon jets, so that a hadron
will not move exactly in the direction of its mother par-
ton. There are obvious shortcomings to equating different
kinds of jets, like that gluon jets have a lower energy and
do not contain decays of charm and bottom hadrons, but
those particular issues only introduce moderate correc-
tions. More severe objections can be raised to the associ-

ation of hadrons to individual partons, as we will discuss
further in the next section, but forget for the moment.

Had particles not been smeared in p⊥, but parallel
with their parton of origin, then the shape of the angular
distribution

F (xp, cos θ) =
3
8
(1 + cos2 θ)FT(xp) +

3
4

sin2 θFL(xp) (4)

in a bin of xp could be used to extract FT(xp) and FL(xp)
in that bin. The above mentioned smearing will now mod-
ify this. The two angular shapes, (3/8)(1 + cos2 θ) and
(3/4) sin2 θ, both normalized to unity, are therefore convo-
luted with the xp-dependent smearing distributions, char-
acterized by a distribution in the smearing angle θsm and
an isotropic azimuthal distribution ϕsm. That is, a parton
at an angle θp will produce a hadron at an angle θh, where

cos θh = cos θp cos θsm − sin θp sin θsm cos ϕsm. (5)

Data can now be fitted both to the “non-smeared” an-
gular distribution form, (4), and to the convoluted
(“smeared”) analogue. The resulting distributions for FT
and FL, obtained using the Jetset generated events, are
shown in Fig. 1. The effect on FT and FL is visible for
hadron momenta below 10% of the beam energy. The low-
momentum region is affected the most, giving FL values
reduced up to one order of magnitude.

3 Objections to the simple smearing

The above smearing procedure is correct to lowest order
in αs, i.e. it describes how 2-jet events can induce a non-
vanishing FL(xp). We know, however, that hadronization
of 3-jet events cannot be described in terms of a simple
incoherent sum of three q, q and g jets. One example is
the string/drag effect [11,12], i.e. that particle produc-
tion is suppressed in the angular region between the q
and q and enhanced in the other two regions, well con-
firmed experimentally [13]. High-momentum hadrons still
essentially follow the separate parton directions, but low-
momentum ones are significantly affected. These are the
ones where the angular smearing effects are large to begin
with. It is well-known that the string effect leads to more
2-jetlike events, e.g. in terms of thrust T , than implied
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Fig. 2. Event-by-event hadronization corrections ΔFL(T ) =
F h

L (T ) − F p
L (T ) for different simulations: the solid line corre-

sponds to Jetset 7.4 PS, the dashed one to Jetset 7.4 ME (both
using the string fragmentation), and the dotted to Jetset 7.4
ME with independent fragmentation scheme

by symmetric smearing [14]. The reason is to be found in
the enhanced production of particles between two color-
connected partons that are close in angle, leading to them
seemingly being even closer, e.g. that the opening angle
between the reconstructed jets typically is smaller than
that between the original partons.

There is a nontrivial topology dependence on string
effects, especially when multiple gluon emission is consid-
ered. The issue is therefore best studied in an event gen-
erator, by comparing angular distributions on the parton
(i = p below) and on the hadron (i = h) level. As a sim-
ple measure of the jettiness of events we use T = 1 − T ,
defined on the parton level of each event. The integrated
xE spectrum is decomposed as

(
dσtot

dT

)−1 ∫ 1

0

d3σi

dTdxEd(cos θ)
xEdxE

=
3
8
(1 + cos2 θ)F i

T(T ) +
3
4

sin2 θF i
L(T ), (6)

where the xE-weighting ensures a common normalization
F i

T(T ) + F i
L(T ) = 2 at parton and hadron level (values

of F i
T and F i

L most conveniently are obtained by weight-
ing each particle with an appropriate angular factor [4]).
Then ΔFL(T ) = F h

L (T ) − F p
L (T ) is a simple measure of

the hadronization impact on FL. This quantity is shown in
Fig. 2, for one realistic simulation and two toy ones, for uu
events at 91.2 GeV. In the realistic case, a parton shower
is used to generate multiparton configurations, followed
by string fragmentation. The shower develops down to a
cut-off scale Q0 ≈ 1 GeV, so that also events in the first
bin, T < 0.01, can contain some gluons. The other two
histograms are based on O(αs) matrix elements, where
only 2- and 3-parton configurations are generated, with
a cut T > 0.01 on the latter to avoid the singularities
of the 3-parton matrix element. Thus the first bin here
represents pure 2-parton events. While one simulation is
again based on string fragmentation, the other assumes
isotropic smearing around the jet axes, basically the in-
dependent fragmentation scheme of Hoyer et al. [15,14].

(The same fragmentation parameters, tuned to the shower
model, have been used in all three cases. A retuning of
parameters for the O(αs) simulations would have given a
larger nonperturbative p⊥ width σ to cover for the lack
of perturbative gluons, and so would have implied even
larger fragmentation smearing.)

The isotropic smearing is, as expected, giving a rather
constant hadronization correction ΔFL(T ). There is some
jump up in going from two to three jets that are smeared,
followed by a slow but steady drop with T , since the longi-
tudinal component itself is increasing in importance with
T and therefore gives an increasing hadronization smear-
ing of the longitudinal component onto the transverse one
rather than only the other way around. By contrast, the
string fragmentation provides a much steeper drop of ΔFL
with T , kicking in immediately when going from two to
three partons, and enhanced in the shower simulation rel-
ative to the simpler O(αs) one. At large T the overall
hadronization correction can even turn negative. Averag-
ing over the T spectrum (with mean value 〈T 〉 ≈ 0.05),
we conclude that the typical hadronization smearing con-
tribution is only about a third of the naively expected
one, as obtained from 2-parton results. (Qualitatively this
agrees with and probably explains a similar observation
in [4] of smaller-than-expected hadronization corrections
when using Herwig [16].) That is, if hadronization correc-
tions are viewed as a power series in αs, the O(αs) term
is of opposite sign and almost as large as the O(1) one.

It should be remembered, however, that this is inte-
grated over all xE , and that we have no similar way of
addressing results in specific x bins, since the parton and
hadron x spectra are quite different. Thus it is likely that
the FL(xp) derived in the previous section is an underes-
timation, just like an FL(xp) found without any smearing
corrections is likely to be an overestimation, but it appears
impossible to find the “correct” FL(xp) without making
detailed assumptions about the hadronization process.

4 Clustering

Given the problems with the above smearing recipe, we in-
troduce a new strategy, based on the clustering approach.
In a nutshell, we propose to rotate all hadrons to the direc-
tion of the cluster they belong to, as an approximate way
of removing hadronization smearing effects. Only there-
after is FL(x) extracted from this modified cos θ distribu-
tion. The strategy is explained further in the following.

In clustering algorithms, nearby hadrons are combined
to form clusters/jets, in a way that should reflect the un-
derlying partonic state, to some approximation. The com-
bination process is controlled by (at least) one separa-
tion parameter, call it ymin, such that the final state con-
tains no pair of clusters closer to each other than that.
Clustering algorithms can be applied also to a partonic
state, and here ymin provides a regularization of soft and
collinear divergences in the perturbative cross sections. It
is then meaningful to calculate the distribution of partons
at a factorization scale μ2 = yminE2

cm, and define scale de-
pendent fragmentation functions parameterizing the sub-
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sequent soft-perturbative and nonperturbative hadroniza-
tion. The latter should obey standard QCD evolution
equations, starting from some unknown nonperturbative
form at a low reference scale.

Over the years many cluster algorithms have been pro-
posed [17], each with its strengths and weaknesses. In this
article we adopt the Durham one [18], which is a standard
for many perturbative calculations. The distance measure
between two clusters i and j is

yij =
2 min(E2

i , E2
j )(1 − cos θij)

E2
vis

, (7)

so that y
1/2
ij roughly corresponds to the relative transverse

momentum, scaled to the total visible energy Evis (= Ecm
for an ideal detector).

If we begin by considering a simple qq event, it should
reconstruct back to two clusters, unless ymin has been cho-
sen very small. Since the momentum of a cluster is given
by the vector sum of its constituent hadrons, it would
resum opposite and compensating p⊥ kicks imparted to
hadrons in the fragmentation process. The cluster direc-
tion should therefore be a better measure of the qq axis
than that provided by the individual hadron momenta. It
is the angular distribution of this axis that relates back to
the polarization character of the γ∗/Z0 → qq decay, and
that we want to be reflected in our extracted FL(x) and
FT(x). Therefore it would be an improvement to rotate
all hadrons in a cluster to sit along the cluster direction.
That is, the θ of a hadron is redefined while its x value is
unchanged.

At this level there is no contradiction with the smear-
ing approach studied earlier. Then we smeared the simple
partonic angular shapes to arrive at realistic hadronic ones
to compare with data, now we un-smear the hadronic an-
gles to approach the simple partonic distributions. There
is one advantage, however: the clustering approach is not
sensitive to the width of the p⊥ distribution, i.e. the σ
parameter, unlike the smearing procedure. Of course, the
p⊥ width still affects the typical error between the qq and
cluster axes.

When considering multijet production, the ymin choice
does become relevant, with μ2 = yminE2

cm acting as a fac-
torization scale, as noted above. For a large ymin all ac-
tivity is clustered into the two quark jets, and neither the
gluon structure nor FL(x) would be probed. For ymin → 0
each hadron or parton is a cluster unto itself, and we are
back at the starting point. So obviously some intermediate
scale is to be preferred. Given that the typical hadroniza-
tion p⊥ width is ∼ 0.4 GeV, with a tail to larger values,
one would conclude that clustering up to p⊥ ∼ 1 GeV
would be a sensible minimum to eliminate the bulk of the
hadronization p⊥ smearing. At the Z0 peak this translates
into ymin � 0.0001. In the upper end, we want to stay with
a picture of multiple gluon emission as the norm, i.e. retain
FL(x) as an inclusive quantity, in order not to overlap with
traditional studies of gluon jets in exclusive 3-jet events.
Since the average number of clusters per event is three for
ymin ≈ 0.0025, we conclude that 0.0001 � ymin � 0.0025 is
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Fig. 3. Event-by-event hadronization corrections ΔσL/σtot =
(σh

L−σp
L)/σtot for different ymin scales (Jetset 7.4 PS and string

fragmentation)

a reasonable range over which to study a scale dependent
FL(x, μ).

In Fig. 3, the distribution of event-by-event xE-weigh-
ted and -integrated hadronization corrections ΔσL/σtot =
(σh

L − σp
L)/σtot is shown for some different ymin scales, for

events generated with parton showers and string fragmen-
tation (superscripts h and p stand for hadron and par-
ton level, respectively). We note the significant width of
these distributions, showing that event-by-event fluctua-
tions in the hadronization process are important and can
be of either sign. Even if small by comparison, the mean
〈ΔσL/σtot〉 does show a systematic bias, positive for small
ymin and negative for large ymin. That is, at small ymin the
hadronization smearing wins over the string effects, while
it is the other way around for large ymin – but remember
that this is only true when averaging over many events.
Nevertheless, one possible criterion for a good choice of
ymin would be where the two effects cancel, which then
gives ymin ≈ 0.0002, i.e. μ ≈ 1.3 GeV. While a sensible
reference value, one should not take this particular value
too seriously, since it is for one specific model, and for
one specific set of model parameters. Somewhat differ-
ent parameter values, like for the parton shower cut-off
Q0 ≈ 1 GeV, defining the parton level of the events stud-
ied, could lead to slightly different “preferred” μ values.

It is important to note that we here have been consid-
ering the x-integrated quantity. This is of relevance if one
e.g. would like to extract an αs from an σL measurement,
and so this deserves our interest. For the purpose of de-
termining the differential x distribution, FL(x), however,
one would have reason to fear that any bias could have
an x dependence that would not be caught. In the string
model, a string piece connecting two partons is boosted by
an increasing velocity vector as the relative opening angle
between the partons is decreased, and so the string effects
spread upwards to larger x values. A warning signal is
then that ΔFL does depend quite significantly on T , Fig. 4,
i.e. clustering does not reduce the T dependence noted in
Fig. 2, but mainly shifts the overall level. Since T probes
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the topology of events, we also do expect this topology to
reflect itself in an x dependence of hadronization correc-
tions. As in the previous studies, this dependence is then
likely to show up mainly in the lower end of the x range. At
larger x, hadrons are rather well aligned with the jet axes,
so, even with x-weighting, the few particles out there give
a small contribution to the 〈ΔFL〉. In Fig. 5, the relative
difference between the inclusive FL(xp) and F cluster

L (xp),
obtained by replacing hadron angles with cluster angles for
different ymin values, is shown. It is clearly seen, indeed,
that the hadronization corrections are only important at
low xp, unless ymin is chosen too high. For the transverse
component of the fragmentation function, FT(xp), correc-
tions have the same absolute amplitude but the opposite
sign.

On the up side, the string effect has its perturbative
equivalent in the color dipole [12]. That is, asymmetries
also exist in the production of soft gluons around the di-
rection of the harder partons of an event. Such soft par-
ton emission, below the cut-off scale Q0 ≈ 1 GeV we have
used, would thus largely fill in the same regions as the non-

perturbative hadron production, and with the same topol-
ogy dependence. If one takes local parton–hadron duality
[19] seriously, this equivalence should come very close. Our
proposed strategy, to reset the θ angle of particles to that
of the cluster they belong to, would be applicable also to
such perturbatively calculated parton topologies.

5 Summary

The coherence phenomenon [20] kills the concept of gluon
fragmentation functions that can be defined independently
of the environment they are found in. The “hump-backed”
shape of inclusive x spectra [19,21] is an excellent illustra-
tion: by coherence the multiplication of partons/hadrons
at small x is much less than if the hard partons could radi-
ate/hadronize independently. The immediate consequence
is that the expected “softer gluon than quark jets” picture
is difficult to test. This impacts both on studies of gluon
jets directly in identified 3-jet events and indirectly via
FL(x). In this article we have illustrated some of these
issues for the latter observable.

It appears safe to conclude that a straightforward ex-
traction of FL(x) from hadron angular distributions ex-
aggerates the rate of particles at small x that should be
attributed to gluon jets, since even the hadronization of
pure qq events induces a “false” FL(x) by p⊥ smearing. We
have also here shown that a symmetric smearing around
jet axes introduces a bias in the other direction, since it
misses important string/drag effects that tend to make 3-
jet events more 2-jetlike. In summary, there is no model
independent extraction of a unique FL(x), especially not
at small x values.

We therefore propose to introduce a scale dependent
quantity FL(x, μ2). Particles are clustered, e.g. with the
Durham algorithm, and thereafter assigned the θ angle of
the cluster they belong to, while retaining their x value.
Thus μ2 sets an “un-smearing” scale, below which p⊥ fluc-
tuations are killed. We find that μ ≈ 1.3 GeV gives oppo-
site and compensating p⊥ smearing and string effects in
Jetset simulations. While the exact number certainly is
model dependent, the order is a sensible one, given that
the average hadronization p⊥ is of the order of 0.4 GeV.
If this then sets a reasonably lower limit, an upper one is
related to the desire to stay away from the region of ex-
clusive 2- or 3-jet events. Over an intermediate range, one
could imagine several experimental determinations pro-
viding the scale dependence. We also remind the reader
that, so far, our studies have only been intended for LEP1
energies. Coverage of a wider energy range, e.g. at LEP2,
introduces s as a further scale of the process and allows
more differential tests.

We have not considered here how FL(x) should be used
to extract a gluon fragmentation function or, more likely,
check one extracted e.g. from exclusive 3-jet data. In con-
ventional quark and gluon fragmentation function param-
eterizations [22], transverse momentum degrees of freedom
are ignored in leading order, and only enter by next-to-
leading order perturbative corrections, which cannot fully
account for nonperturbative jet broadening [4]. On the
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other hand, we have seen how, for FL(x, μ2), string effects
largely cancel the nonperturbative jet broadening for fac-
torization scales in the range around 1 GeV. Since many
parameterizations actually make their ansatz for quark
and gluon fragmentation functions at a starting scale in
that order, it would appear that data analyzed according
to the suggestions in this article could provide an inter-
esting input for these theoretical studies. If nothing else,
it would allow a better understanding to be gained of sys-
tematic errors coming from the choice of methodology.
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14. T. Sjöstrand, Z. Phys. C 26, 93 (1984)
15. P. Hoyer, P. Osland, H.G. Sander, T.F. Walsh, P.M. Zer-

was, Nucl. Phys. B 161, 349 (1979)
16. G. Marchesini, B.R. Webber, G. Abbiendi, I.G. Knowles,

M.H. Seymour, L. Stanco, Computer Phys. Commun. 67,
465 (1992)

17. For a review see e.g. S. Moretti, L. Lönnblad, T. Sjöstrand,
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