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Abstract. Inclusive production of the f0(980), f2(1270) and φ(1020) resonances has been studied in a sam-
ple of 4.3 million hadronic Z0 decays from the OPAL experiment at LEP. A coupled channel analysis
has been used for the f0 in simultaneous fits to the resonances in inclusive π+π− and K+K− mass spec-
tra. Fragmentation functions are reported for the three states. Total inclusive rates are measured to be
0.141±0.007±0.011 f0, 0.155±0.011±0.018 f2 and 0.091±0.002±0.003 φ mesons per hadronic Z0 decay.
The production properties of the f0, including those in three-jet events, are compared with those of the f2
and φ, and with the Lund string model of hadron production. All measurements are consistent with the
hypothesis that the f0(980) is a conventional qq scalar meson.
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1 Introduction

Inclusive production of mesons and baryons in Z0 decay
has been studied extensively [1], and the results have pro-
vided valuable input to the theory and phenomenology
of parton hadronization. Production of the f0(980) is of
particular interest because although it is well established
experimentally as a scalar (JPC = 0++) state, its precise
nature has long been uncertain. Indeed, there is still vig-
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orous debate [2,3] about the identity of the mesons which
comprise the lowest lying scalar nonet of flavour SU(3).
Compared to the expectations for a conventional meson
at a mass of around 1 GeV, the f0 has a markedly small
total width, a relatively large coupling to KK, and a par-
tial width to γγ which is an order of magnitude below
theoretical expectation.

A number of suggestions have been made as to the
nature of the f0. Jaffe and Johnson [4] performed a bag
model calculation to suggest that it could be a “cryptoex-
otic” qqq̄q̄ state. Weinstein and Isgur [5], using a poten-
tial model of qqq̄q̄ states, showed that the f0 could be
explained as a loosely bound KK system, a so-called KK
molecule. Gribov [6,7] has proposed a theory of confine-
ment in QCD, in which the f0 plays the role of a novel
“vacuum scalar” state, a bound state of a quark and anti-
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quark with negative kinetic energy, interacting repulsively
to give a state of positive total energy. Ishida et al. [8]
have proposed an interpretation as a hybrid meson with a
massive constituent gluon, while a scalar glueball has been
suggested by Robson [9]. An analysis by Close and Amsler
[10] of the scalar states suggests that the most likely can-
didate for the lowest-lying scalar glueball is the f0(1500);
in this model, the f0(980) is a left-over state which cannot
be accommodated in the scalar nonet. Lattice QCD calcu-
lations [11] also find the lightest scalar glueball mass to be
around 1.5 GeV so that the glueball interpretation of the
f0 is now out of favour. Törnqvist [12], using a unitarized
quark model to analyse all of the identified states in the
0++ sector, has concluded however that the f0 can fit in
as a conventional qq meson in the lowest 0++ multiplet.
Similarly, an analysis by Zou and Bugg [13] of all available
high-statistics π+π− and KK scattering data concluded
that the f0 could be interpreted as a meson, and recent
work by Anisovich and Sarantsev [14] has come to the
same conclusion.

One aim of the present study is to look for features of
f0 production in Z0 decay which may help to elucidate its
nature. The vacuum scalar states of Gribov’s theory are
expected to be compact objects with distinctive produc-
tion properties, and suggestions have been made by Close
et al. [7] for a number of experimental tests. In Z0 de-
cay, the signature would be a relatively larger yield in low
multiplicity events and in events where the f0 is isolated
in rapidity. If, on the other hand, the f0 has a significant
gluonic content, its production could be enhanced in gluon
jets. In contrast, if it is principally a conventional meson,
its production properties may be unremarkable when com-
pared to those of other similar states. There are presently
no predictions for production rates of qqq̄q̄ states or KK
molecules in Z0 decay.

Two approaches are taken in the present analysis: a
comparison of the features of f0 production with those
of two neutral isoscalar mesons, and a comparison with
the JETSET 7.4 [15] implementation of the Lund string
model of hadronization [16], within which the f0 is treated
as a conventional meson. The features of f0 production are
measured along with those of the f2(1270) and the φ(1020)
mesons. The latter is close in mass to the f0, while the for-
mer is an established meson with the qq in a 3P2 state. In
the conventional meson interpretation, the f0 would be a
3P0 state. Since the mass difference is relatively small, the
f0 and f2 may then be expected to have similar production
properties. The Lund string model, as implemented in the
JETSET 7.4 Monte Carlo program, is highly successful
in describing many features of hadronic Z0 decay events.
These features include global event properties related to
the perturbative phase of the initial parton shower, as well
as details of the production of many different species of
hadrons during the nonperturbative hadronization phase.
In short, the model provides a well-tested and reliable
picture of particle production in hadronic Z0 decays [17].
Within the JETSET model, the f0 is treated as a scalar
meson composed of uu and dd pairs, and the relative pro-
duction rates of 3P0 and 3P2 mesons are determined by

a variable parameter. A comparison of the data and the
results of JETSET could therefore provide information on
the nature of the f0.

The only reported measurements of the f0 and f2 at
LEP were made by DELPHI as part of a general study
of light resonances [18] using relatively low statistics. The
fragmentation functions and total rates were reported over
restricted ranges of momentum. In a similar study of res-
onance production by ALEPH [19], the f0 was included
in fits to π+π− mass spectra, but no rates were reported.
Because the f0 has a significant coupling to KK and peaks
below threshold for this channel, its π+π− mass spectrum
will not in general exhibit the simple Breit-Wigner shape
assumed in these two previous analyses. In the present
study, a coupled-channel analysis is done, including π+π−
and K+K− data, in which proper account is taken of the
opening of the KK channel in f0 decay.

2 The OPAL detector and data samples

The OPAL detector is described in [20]. For the present
analysis, the most important components were the central
tracking chambers which consist of two layers of silicon
microvertex detectors [21], a high-precision vertex drift
chamber, a large-volume jet chamber, and a set of drift
chambers (the z-chambers) which measure the coordinates
of tracks along the direction of the beam. The OPAL co-
ordinate system is defined with the z-axis following the
electron beam direction; the polar angle θ is defined rel-
ative to this axis, and r and φ are the usual cylindrical
polar coordinates. The central chambers lie within a ho-
mogeneous axial magnetic field of 0.435 T. Charged par-
ticle tracking is possible over the range | cos θ| < 0.98 for
the full range of azimuthal angles. The OPAL jet cham-
ber is capable of measuring specific energy loss, dE/dx,
with a resolution, σ(dE/dx)/(dE/dx), of 3.5% for well-
reconstructed, high-momentum tracks in hadronic events
[22].

The present analysis used the full OPAL sample of 4.3
million hadronic Z0 decays recorded at LEP 1 between
1990 and 1995. To correct for losses due to the acceptance
and efficiency of the experiment and the selection proce-
dures, and also to provide signal and background shapes
for fits to the data mass spectra, 6 million Monte Carlo
events were used, which had been generated using JET-
SET 7.4 and processed through a full simulation of the
experiment [23] and the data reconstruction and analysis.
This ‘detector-level’ Monte Carlo sample was also used for
comparison with various features of the experimental data.
The JETSET version was tuned [24] using OPAL data on
event shape distributions, fragmentation functions of π±,
K±, p/p and Λ, and LEP data on total inclusive multi-
plicities for 26 identified hadron species.

A detailed description of the selection of hadronic Z0

decay events in OPAL is given in [25]. For the present anal-
ysis, tracks in the selected events were required to have: a
minimum momentum transverse to the beam direction of
150 MeV/c; a maximum momentum of 1.07×Ebeam, based
on the momentum resolution of the detector; a distance
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of closest approach to the interaction point less than 5 cm
in the plane orthogonal to the beam direction, and the
corresponding distance along the beam direction less than
40 cm; a first measured point within a radius of 75 cm from
the vertex; and at least 20 hits available for measurement
of specific energy loss, dE/dx.

Kaons and pions were identified using the dE/dx mea-
surements. For each track, a χ2 probability (weight) was
formed for each of the stable particle hypotheses (e, µ, π,
K and p). A track was identified as a pion or a kaon if
the appropriate weight was above 5% and was larger than
the weight for each of the other stable hadron hypotheses.
Between momenta of 0.8 and 2.0 GeV/c, the π, K and p
bands overlap in dE/dx, leading to considerable ambigu-
ity among hypotheses. Therefore, no tracks were identified
as kaons in this momentum range although, since most
particles are pions, pion identification was still allowed.

With the event and track selection cuts previously de-
scribed, f0 and f2 decaying via π+π− were identified with
an efficiency of around 40% over the whole momentum
range. The φ → K+K− efficiency typically varied between
15% and 20%, although in the φ momentum range from
1.4 to 3.6 GeV/c it fell below 5% because of the dE/dx
cross-over region. The mass resolution at 1 GeV varied
with momentum, from 15 to 20 MeV for π+π− and from
2.5 to 4.5 MeV for K+K−.

3 Data analysis

3.1 Inclusive two-particle mass spectra

For simultaneous fits to π+π− and K+K− mass spectra
in both the real and simulated data samples, spectra were
formed for inclusive π+π−, π±π± and K+K− systems in
bins of each of the following variables:

– scaled momentum, xp(= p/Ebeam), of the two-particle
systems (nine bins)

– rapidity, y, of the two-particle systems with respect to
the event thrust axis (six bins)

– rapidity gap, ∆y, between the two-particle systems
and the closest single charged particle (six bins)

– multiplicity, nch, of charged tracks in the event (six
bins)

The last three of these variables were chosen specifically
for tests of the nature of the f0, as discussed in Sect. 1. To
account for a large part of the combinatorial backgrounds
in π+π−, mass spectra were formed by subtracting the
π±π± spectra from those for π+π−. Because the combi-
natorial backgrounds in K+K− were relatively small, and
Bose-Einstein correlations could affect the K±K± spectra
near threshold, no subtraction was done for the K+K−
mass spectra. For the Monte Carlo sample, separate spec-
tra were also made for the most important states con-
tributing to the mass spectra, using information on the
origin of each track at the generator level.

3.2 Selection of three-jet events

To investigate possible differences between production in
quark and gluon jets, the Durham jet finder [27] was used
to identify a sample of three-jet events. The cut-off value
ycut was set to 0.005, and the jet-finding was done using
charged tracks. For each candidate three-jet event, the an-
gle between the two lowest-energy jets was required to be
greater than 30◦, and in order to ensure well-reconstructed,
planar events, the sum of the interjet angles was required
to be larger than 358◦. The jet energies were then re-
constructed using the interjet angles, assuming massless
kinematics. Each jet was required to contain at least two
charged particles and more than 5 GeV of energy. With
these cuts, 24% of all events were selected as three-jet
events. Monte Carlo studies have shown that in such events,
95% of the highest-energy jets are due to quarks, while the
lowest-energy jet is a gluon jet with an approximately 80%
probability. Mass spectra were formed, using only tracks
assigned to the same jet, in three bins of E/Ejet where
E is the energy of the two-particle system and Ejet is the
energy of the jet.

3.3 Fit procedures

For each bin of the above kinematic variables, the π+π−
and K+K− mass spectra were fitted simultaneously, using
a minimum χ2 fit, to a sum of contributions given by:

f(mπ+π−) = aπ+π−
f0 |Af0(mππ)|2 + af2BWf2

+aπ+π−
bgd Bπ+π− (1)

f(mK+K−) = aK+K−
f0 |Af0(mKK)|2 + aφBWφ

+aK+K−
bgd BK+K− (2)

In (1) and (2), the a terms represent the intensities to
be fitted, Af0 is the amplitude for f0(980), BW are Breit-
Wigner functions, and the B represent background func-
tions. The af0 are related by

aK+K−
f0 = 0.75

eK+K−

eπ+π−
aπ+π−
f0

where eK+K−/eπ+π− is the ratio of the efficiency to recon-
struct f0 in K+K− relative to π+π− (which varies with the
bin of the kinematic variable), and the factor 0.75 comes
from Clebsch-Gordan coefficients. Following Flatté [26],
the coupled-channel amplitudes for f0(980) decay via ππ
and KK were taken to be:

Af0(mππ) =
m0

√
Γππ

m2
0 − m2

ππ − im0 (Γππ + ΓKK)
(3)

Af0(mKK) =
m0

√
ΓKK

m2
0 − m2

KK − im0 (Γππ + ΓKK)
(4)

Here m0 is the resonance mass, and the partial widths Γ
are related to the coupling constants g via

Γππ = gπ

√
m2

ππ

4
− m2

π and ΓKK = gK

√
m2

KK

4
− m2

K
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The fact that ΓKK is imaginary below KK threshold leads
to distortion of the ππ mass spectrum from a simple Breit-
Wigner shape. Interference between f0 and π+π− back-
grounds in Z0 decay should be negligible and was not in-
cluded in the fits. In determining the meson rates, the
possible presence of other f-meson resonances coupling to
π+π− has been neglected.

The experimental mass resolution was treated differ-
ently for the three states. The f0 intensities derived from
(3) were folded with the detector resolution separately for
each bin of xp, y, ∆y, nch and E/Ejet. For the broad f2,
a relativistic D-wave Breit-Wigner was used, with mass
and width fixed to the Particle Data Group (PDG) val-
ues [3]. For the φ, where experimental mass resolution is
particularly important, the shapes for the fits were taken
from the detector-level output of the simulation, account-
ing automatically for variations of the mass resolution.
The background shapes for the fits were also taken from
the detector-level Monte Carlo: for π+π−, all pairs identi-
fied as π+π− were taken, except those from the f0 and f2;
and for the K+K−, all identified combinations were used
except those due to f0 and φ. In the fits, the background
shapes were given additional freedom, with the π+π− con-
tribution multiplied by a term (mα1

π+π− + α2m
α3
π+π−) and

the K+K− shape by (1 + α4mK+K−), with the α being
variable parameters. The ρ0 resonance in the JETSET
simulation is truncated at ±2.5Γ ; to allow for this, the
ρ0 intensity above 1.15 GeV was taken as a straight-line
extrapolation from the contribution at 1.15 GeV falling to
zero at 1.5 GeV.

The mass ranges of the fits were 0.82 to 1.5 GeV for
π+π−, and from threshold to 1.18 GeV for K+K−, these
limits being chosen mainly to avoid the ρ0 peak region in
π+π− and the region of its reflection in K+K− (caused
by particle misidentification). Figure 1 shows as an ex-
ample the sum of the fitted mass spectra over the range
xp > 0.14, indicating clearly the signals due to the three
resonances.

In fits to the total mass spectra for xp > 0.14 with
the f0 parameters allowed to vary, the mass was well-
constrained while the couplings g were poorly determined:
m0 = 0.957 ± 0.006 GeV, gπ = 0.09 ± 0.40 and gK =
0.97 ± 0.82. This is essentially due to the limited mass
resolution and the large backgrounds in the π+π− chan-
nel; the K+K− data are relatively insensitive to the f0
parameters. The fitted mass value is in good agreement
with that obtained in the high-statistics analysis made by
Zou and Bugg [13] of ππ − KK elastic scattering phase
shifts and ππ and KK mass spectra from central produc-
tion in pp collisions. The m0 and g values were therefore
fixed to the Zou and Bugg values, m0 = 0.9535 GeV,
gπ=0.111 and gK = 0.423. These couplings correspond to
a branching ratio, BR(f0 → ππ) = 0.80, in agreement with
the PDG value. Nevertheless, there is much experimental
and theoretical uncertainty in the resonance parameters
appropriate for the f0. Indeed the PDG quotes the total
width as 40 to 100 MeV. The results should therefore be
taken as model-dependent measurements, which assume
the Flatté parametrization with the parameter values of
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Fig. 1. Sum of the fitted mass spectra of π+π− (with like-sign
spectra subtracted) and K+K− for xp > 0.14 with the results
of the fits described in the text. The points show the data,
and the solid histograms give the results of the fits. The shaded
histograms show the f0 contributions, the dotted histograms give
the f2 and φ contributions, and the dot-dash histograms show
the fitted backgrounds
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Table 1. Measured differential cross sections, (1/σh)dσ/dxp,
and total inclusive rates for f0, f2 and φ production. There are
additional overall systematic errors of 7.6% for the f0, 11.6%
for the f2 and 3.5% for the φ. The uncorrelated systematic
errors for the φ are given in the table; the error for the xp range
0.50−1.00 is smaller than 0.0005. The uncorrelated systematic
errors for the f0 and f2 are negligible in comparison with the
statistical errors and the correlated systematic errors

xp range f0(980) f2(1270) φ(1020)

0.00–0.06 1.04±0.09 1.00±0.14 0.464±0.011±0.005
0.06–0.12 0.57±0.05 0.69±0.08 0.316±0.021±0.007
0.12–0.14 0.30±0.06 0.41±0.09 0.285±0.020±0.009
0.14–0.16 0.20±0.05 0.25±0.08 0.197±0.019±0.006
0.16–0.20 0.21±0.03 0.27±0.04 0.167±0.017±0.002
0.20–0.25 0.13±0.02 0.22±0.03 0.133±0.007±0.002
0.25–0.35 0.085±0.011 0.091±0.016 0.096±0.004±0.001
0.35–0.50 0.046±0.005 0.035±0.008 0.045±0.002±0.001
0.50–1.00 0.0079±0.0009 0.008±0.001 0.010±0.001±0.000

0.00–1.00 0.141±0.007 0.155±0.011 0.091±0.002±0.001

Zou and Bugg, and no interference with background. Fits
to the π+π− and K+K− spectra are shown in Figs. 2 and 3
for six bins of xp; it can be seen from the figures that the
parametrization works well in the Z0 decay data over the
entire kinematic range.

10
-4

10
-3

10
-2

10
-1

1

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
xp

(1
/σ

h)
dσ

/d
x p

f0(980)

f2(1270) × 0.1

φ(1020) × 0.01

OPAL

Fig. 4. Measured fragmentation functions for f0, f2 and φ to-
gether with the output of the JETSET 7.4 generator. The f2
and φ measurements have been scaled by ×0.1 and ×0.01 re-
spectively. The Monte Carlo curves have been normalized to
the same total rate as in the data. For f0 and f2, the errors are
statistical only. For the φ, the uncorrelated systematic errors
are included. There are additional, fully correlated, systematic
errors of 7.6% for the f0, 11.6% for the f2 and 3.5% for the φ.
The x-coordinates for plotting the data points were evaluated
following [31]

3.4 Fragmentation functions and total rates

The rates obtained from the fits in bins of xp are given
in Table 1. Figure 4 shows these measured fragmentation
functions, (1/σh)dσ/dxp (where σh is the total hadronic
cross section), along with curves from the JETSET 7.4
Monte Carlo generator, normalized for each particle to
the measured total rate seen in the data. Only statistical
errors are shown for the f0 and f2; the dominant systematic
errors are correlated over the xp bins and are discussed
below in Sect. 3.5. There is clearly good agreement for
all three particles between the shapes of the momentum
distributions in the Monte Carlo model and those in the
data.

The total inclusive rates have been measured, by inte-
grating the fragmentation functions, to be:

0.141 ± 0.007 ± 0.011 f0(980)
0.155 ± 0.011 ± 0.018 f2(1270)
0.091 ± 0.002 ± 0.003 φ(1020)

per hadronic Z0 decay. The first errors are statistical and
the second systematic (discussed below). These rates com-
pare with values of 0.154 ± 0.025 f0 and 0.240 ± 0.061 f2
mesons, obtained by Böhrer [1] by extrapolating the DEL-
PHI measurements [18] to the full range of xp. The mea-
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Table 2. Sources of systematic errors on the total inclusive
meson rates. Errors on the φ rates from uncertainties in the
parametrization of dE/dx are momentum dependent, and are
given in Table 1 for the bins of xp

f0(980) f2(1270) φ(1020)

Variation of m0 2.5% – –
Variation of gπ 7.0% – –
Variation of gK – – 1.5%
f2 resonance line shape – 8.7% –
f2 mass and width – 6.0% –
BR(f2 → π+π−) – 3.1% –
ρ0 resonance line shape – 3.2% –
dE/dx parametrization - - 1.3%
BR(φ → K+K−) – – 1.2%
K+K− mass resolution – – 1.0%
Photon conversions – – 2.0%
Track cuts 1.4% 1.4% 1.4%

Total 7.6% 11.6% 3.5%

surement for the φ is in agreement with previous OPAL
[28] and DELPHI [30] results, but is three standard devi-
ations below an ALEPH [29] measurement. The present φ
measurement has the smallest statistical and systematic
errors.

3.5 Systematic errors

Table 2 gives a summary of systematic errors on the me-
son rates. To estimate systematic errors for the f0, the un-
certainties in the resonance mass and the couplings were
considered. The value of m0 was varied from 0.951 to
0.963 GeV (the range obtained when the mass was al-
lowed to be free in the fits) while keeping the coupling
constants fixed. The maximum total variation, 2.5%, was
taken as the systematic error. Next m0 and gK were fixed
and the coupling gπ was allowed to vary freely in the fit.
This gave a 7% change in the total rate, which was con-
servatively taken as the systematic error from this source.
(If, instead, the errors in the ππ branching ratio from the
PDG are used, the systematic error would be 3%.) Finally,
m0 and gπ were fixed and gK was allowed to vary. The f0
rate changed by much less than the statistical error, while
the φ rate increased by 1.5%; this was assigned as a sys-
tematic error on the φ measurement. Systematic errors
from uncertainties in Monte Carlo modelling of the track
cuts contributes 1.4% [28] for resonances decaying to two
charged particles. The overall systematic error on the f0
measurements was therefore 7.6%.

For the f2 measurements, the main sources of system-
atic uncertainty also come from the resonance parametriza-
tion, although in this case it is safe to assume a normal
Breit-Wigner resonance. To take account of possible long
tails in the line shape beyond the upper limit of the fits
to the mass spectra, the relativistic D-wave Breit-Wigner
used for the fits was integrated out to 2.2 GeV, five full
widths above the nominal peak position. This resulted in

an increase of 30% in the total intensity over the fitted
value. Since the shape of such a resonance is uncertain so
far from the pole position, one half of this extra contri-
bution was added to each measurement of the differential
cross section (the results in Table 1 include these correc-
tions), and a systematic error of 30%/

√
12 was assigned.

The fits were repeated, varying the f2 mass and width by
one standard deviation (using the PDG values) above and
below their nominal values. The maximum change in the
measured rate, 6%, was assigned as a systematic error. To
account for the high mass tail of the ρ0 above 1.15 GeV,
the fits were repeated assuming two extreme possibilities:
the default JETSET simulation, with the shape truncated
at 1.15 GeV; and a constant contribution set to the level
in the simulation just below 1.15 GeV. The maximum
change, 3.2%, was taken as the systematic error. With an
error of 3.1% on the branching ratio to π+π− and 1.4%
from the modelling of the track cuts, the overall systematic
error on the f2 measurements was therefore 11.6%. While
[18] suggests a possible distortion of the f2 line shape
by residual Bose-Einstein correlations, the conventional
Breit-Wigner shape is found in the present high-statistics
study to give good fits over the entire momentum range.

Systematic errors due to the simulation of the energy
loss were measured by varying the assumed mean values
of the theoretical dE/dx distributions for a given parti-
cle hypothesis, and the assumed resolution on the energy
loss measurements. Studies of well-identified pions from
K0

S decays, protons from Λ decays and kaons from D0

decays were used to place limits on the maximum pos-
sible deviations of these quantities, and the analysis was
repeated, with the dE/dx weights of the tracks being re-
calculated each time. Systematic errors were assigned as
the maximum measured deviations from the standard fit
values. The resulting errors were negligible for the f0 and
f2, and contributed a 1.3% error on the total φ rate. Since
these errors varied with momentum, they are also given
in Table 1 as uncorrelated systematic errors. Because the
φ is close to threshold, there is a small background due
to conversion e+e− pairs, particularly at low xp (as seen
in Fig. 3). In the standard fit, this was included in the
single background term, BK+K− of (2). When this compo-
nent was allowed to vary independently, the total φ rate
changed by 2%, which was taken to be the systematic error
from this effect. As in [28], an error of 1% comes from un-
certainty in the mass resolution and 1.4% from modelling
of the track cuts. Finally an error of 1.2% was included
for the φ → K+K− branching ratio, bringing the overall
systematic error to 3.5% (including the contribution from
variation of gK discussed above).

As a check of the integrity of the fit procedures, the
total raw numbers for each resonance were measured by
integrating separately over the bins of each of the four
kinematic variables. The results were found to be in excel-
lent agreement for each state. Contributions to the π+π−
mass spectra, due to particle misidentification, from re-
flections of other known resonances such as the K∗(892)0
and the K∗

2(1430)0 were small and were taken account of
automatically in the fits. Uncertainties in their total rates
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Fig. 5. Fitted π+π− spectra (with like-sign spectra sub-
tracted) in the f0 mass region for bins of event charged-particle
multiplicity. The points show the data, and the solid histograms
give the results of the fits. The dashed histograms show the fit-
ted backgrounds

gave negligible contributions to the errors on the measure-
ments. In all of the measurements, the possible presence
of other f-meson resonances (for example the f0(1360)) in
the π+π− mass spectrum has been neglected. While there
is no evidence in the data for such states, and therefore
no need to include them in the fits, their presence could
in principle give rise to additional systematic errors, par-
ticularly for the f2.

3.6 Production as functions of event multiplicity
and rapidity gap

As discussed in Sect. 1, the Gribov vacuum scalar states
are expected to be produced preferentially in low-multi-
plicity events, and when isolated in rapidity relative to
the other particles. Figure 5 shows the fits to the π+π−
mass spectra in the f0 mass region for the six bins of event
charged-track multiplicity. Figure 6 gives, for each of the
three resonances, the ratios of production in data rela-
tive to the detector-level JETSET sample (in which the
resonances are treated as conventional mesons) as a func-
tion of the multiplicity. Figure 7 shows the same ratios
as a function of the magnitude of the rapidity difference
between the resonances and the nearest charged particle.
For each resonance the ratios have been normalized such
that the weighted averages are unity. No evidence is seen
for anomalously large production of f0(980) either at low
multiplicity or at large rapidity gap, with the Monte Carlo
model giving a good description. The data therefore do not
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jets in three-jet events. The errors are statistical only. The
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provide any evidence to support the hypothesis that the
f0 is a manifestation of a vacuum scalar state.

3.7 Production in quark and gluon jets

The total rates in each of the jets in the selected three-jet
events were measured by fitting to the mass spectra in
the three bins of scaled energy, and summing the contri-
butions. The jet-finding procedures described in Sect. 3.2
were also applied to the detector-level Monte Carlo sam-
ple, and the total number of each of f0, f2 and φ in each
jet was counted. Figure 8 shows the ratios of total rates
measured in the data relative to the detector-level Monte
Carlo model for each of the three jet classes. The figure
shows no significant evidence for any differences between
production in the quark-enriched (high-energy) and the
gluon-enriched (low-energy) jets.

4 Summary and conclusions

Fragmentation functions and total inclusive rates in Z0 de-
cay have been measured for three resonances, the f0(980),
f2(1270)and φ(1020), using the full LEP 1 statistics of
OPAL. The f0 and f2 measurements will provide input to
understanding the physics of inclusive particle production
in the P-wave meson sector, particularly in the context of
the Monte Carlo models.

The production characteristics of the f0 show no sig-
nificant differences from those of the f2 and φ mesons. In
particular, the shapes of the fragmentation functions are
similar for all three, and are well reproduced by the JET-
SET 7.4 Monte Carlo model, within which the f0 is treated
as a conventional scalar meson. The total inclusive rate for
the f0 is 0.141 ± 0.013 per hadronic Z0 decay, similar to
the value, 0.155 ± 0.021, measured for the f2. The f0 rate
is significantly larger than for the φ, 0.091 ± 0.004 per
hadronic Z0 decay. These features are consistent with the
f0 being, like the f2, a qq meson in the 3P state composed
mainly of uu and dd.

For all three states, the production rates relative to
the Monte Carlo model have been measured as functions
of the charged particle multiplicity of the event and the
gap in rapidity to the nearest charged particle. The dis-
tributions are found to be flat in all cases. In particular,
no evidence has been found for enhanced f0 production at
low multiplicities or at large rapidity gap. There is thus
no evidence to identify the f0 with the vacuum scalar state
proposed by Gribov.

Production in energy-ordered jets in three-jet events
has been measured with a view to seeking differences be-
tween quark and gluon induced jets. No significant dif-
ferences are seen between the data and the Monte Carlo
model in the relative production rates. There is therefore
no evidence for any enhanced gluon content in the f0.

In summary, all measured characteristics of f0(980)
production in the Z0 decay data of OPAL are consistent
with its interpretation as a conventional scalar meson.
Quantitative theoretical or phenomenological predictions
for production of the types of states discussed in the in-
troduction could enable more definite conclusions to be
drawn from the Z0 data.
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