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Abstract

The production rates and the inclusive cross sections of the isovector meson π0,
the isoscalar mesons η and η′(958), the strange meson K0

S and the Λ baryon have been
measured as functions of scaled energy in hadronic events, two-jet events and each jet
of three-jet events from hadronic Z decays and compared to Monte Carlo models. The
analysis is based on 3.7 million hadronic events collected with the ALEPH detector
at LEP at a centre-of-mass energy of

√
s = 91.2 GeV. The JETSET modelling of

the gluon fragmentation into isoscalar mesons is found to be in agreement with the
experimental results. HERWIG fails to describe the K0

S spectra in gluon-enriched
jets and the Λ spectra in quark jets.
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Laboratoire de l’Accélérateur Linéaire, Université de Paris-Sud, IN2P3-CNRS, F-91898 Orsay Cedex,
France

G. Bagliesi, T. Boccali, C. Bozzi,12 G. Calderini, R. Dell’Orso, I. Ferrante, L. Foà, A. Giassi, A. Gregorio,
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Dipartimento di Fisica dell’Università, INFN Sezione di Pisa, e Scuola Normale Superiore, I-56010
Pisa, Italy

G.A. Blair, G. Cowan, M.G. Green, T. Medcalf, J.A. Strong
Department of Physics, Royal Holloway & Bedford New College, University of London, Surrey TW20
OEX, United Kingdom10

D.R. Botterill, R.W. Clifft, T.R. Edgecock, P.R. Norton, J.C. Thompson
Particle Physics Dept., Rutherford Appleton Laboratory, Chilton, Didcot, Oxon OX11 OQX, United
Kingdom10

B. Bloch-Devaux, P. Colas, S. Emery, W. Kozanecki, E. Lançon, M.-C. Lemaire, E. Locci, P. Perez,
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1 Introduction

The description of the hadronization process in QCD is deeply connected with the
confinement property and requires nonperturbative methods which are not available.
The precise measurement of identified hadron spectra in the clean environment of e+e−

annihilation into hadrons may improve the understanding of hadronization. Meanwhile,
these measurements are necessary to test and tune the phenomenological models used to
describe hadronization; each of these models has free parameters which must be determined
from comparison with data.

Some more insights into the hadronization process may be obtained from the analysis
of the individual jets in hadronic events. The observed hadron jets can be associated
with the quark and gluon jets and thus quark and gluon fragmentation can be studied.
The higher effective color charge for gluon splitting together with the assumption
that hadron multiplicity is proportional to parton multiplicity (so-called Local Parton-
Hadron Duality [1]) lead to the prediction of a higher particle multiplicity and a softer
fragmentation function in gluon jets than quark jets. Conclusive results which support
these predictions have recently been obtained at LEP [2], mainly using charged particles.
Further details may be revealed by studying identified hadrons produced in quark and
gluon jets. They could explain the discrepancies between the measured values and models
observed in the shape of the inclusive cross sections for certain strange mesons and
baryons [2].

For isoscalar mesons (η, η′(958), ω(782), φ(1020)), there are some theoretical models
which predict an enhancement in gluon jets compared to quark jets of the same energy in
addition to that due to the higher color charge of the gluon. In some of the models,
these predictions are based on particular gluon fragmentation schemes. For example,
only isoscalar mesons are produced directly when a gluon fragments [3], or an explicit
recombination function for a particular hadron is convolved with a parton probability
function for partons from a parton shower at a given Q0 cutoff [4–7]. In other models,
they are based on the “leading particle” effect [8] combined with the assumption that the
isoscalar mesons contain a significant gg component [9]. Gluon jets are also expected [10]
to exhibit an anomalously large tendency to fragment into η′(958) mesons due to the large
coupling of η′(958) mesons to gluonic field configurations expected from the QCD (strong)
anomaly solution of the U(1) problem. The additional enhancement of isoscalars in gluon
jets should manifest itself particularly at higher momenta.

Experimental searches for the effects predicted by these models were performed in e+e−

annihilations by ARGUS [11] and Crystal Ball [12] at
√

s = 10 GeV and by JADE [13]
at
√

s = 34 GeV. No particular enrichment was observed for isoscalars in gluon jets,
but the statistics were rather low and the quark and gluon jets were selected in different
environments. At LEP, the L3 experiment [14] measured the η production rates in two- and
three-jet events from hadronic Z decays and found that the measured momentum spectrum
in the lowest-energy jet (gluon-enriched) in three-jet events is harder than that of the
HERWIG and JETSET models, while the description of the first two energy-ordered jets
(quark-enriched) is satisfactory. OPAL [15] have measured the production rate of φ(1020)
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mesons in each jet of three-jet events; jets were ordered according to their energies. The
measured values are in good agreement with JETSET for all three jets.

In this analysis, the production rates and the inclusive cross sections of the isovector
meson π0, the isoscalar mesons η and η′(958), the strange meson K0

S and the Λ baryon
are determined in hadronic events, two-jet events and each jet of three-jet events from
hadronic Z decays. The measured quantities are compared with the values computed
with the JETSET 7.4 [16], HERWIG 5.8 [17] and ARIADNE 4.08 [18] Monte Carlo (MC)
models. Jets in two-jet events correspond to quark jets, in lowest order of perturbation
theory. In three-jet events with jets ordered according to their energies, the first two jets are
quark-enriched and the third is gluon-enriched. In this way, spectra measured separately
in quark- and gluon-enriched jets can be compared with the corresponding spectra of the
MC models.

For isoscalar particles, the additional enhancement in gluon jets predicted by the
theoretical models described above is not implemented in JETSET or HERWIG; it should
therefore appear in the spectra of η and η′(958) in gluon-enriched jets as a deviation at
high momenta from the MC values. No deviation should appear for the directly produced
π0 isovector meson in gluon-enriched jets.

2 The ALEPH detector

A detailed description of the ALEPH detector can be found in [19]; the performance of the
detector is reviewed in [20].

The tracking system consists of three subdetectors: a vertex detector, composed of
two layers of double-sided microstrip detectors, surrounded by an inner drift chamber
giving typically eight rφ points and by a time projection chamber (TPC) which provides
up to 21 three-dimensional space-points and up to 338 measurements of the specific
ionization density dE/dx of a track. The tracking is located inside a 1.5 T superconducting
solenoid. The transverse momentum resolution of the whole tracking system is
σ(1/pT ) = 0.6× 10−3 (GeV/c)−1; at low momentum, multiple scattering dominates and
adds a constant term of 0.005 to σ(pT )/pT .

The electromagnetic calorimeter (ECAL) is also inside the coil and is formed of a barrel
surrounding the time projection chamber and two endcaps. It has 45 lead/proportional-
chamber layers segmented into 74000 projective towers, corresponding to an average
granularity of 0.9◦ × 0.9◦. Each tower is read out in three storeys in depth, corresponding
respectively to 4, 9 and 9 radiation lengths. The energy resolution of ECAL is σ(E)/E =

0.18/
√

E/(GeV)+0.009 and the angular resolution is σθ,φ = (2.5/
√

E/(GeV)+0.25) mrad.

The hadronic calorimeter (HCAL) consists of 23 layers of plastic streamer tubes,
separated by 5 cm thick iron slabs. It is used together with ECAL to measure hadronic
energy deposits. Completed with two double-layers of streamer tubes on the outside of
ALEPH, it forms the muon identification system.

The charged tracks are reconstructed starting from the TPC, then extrapolating the
candidate tracks to the inner detectors where consistent hits are assigned; the set of
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preliminary track parameters obtained in this way is used in the final track fit, based
on Kalman filter techniques, which also includes the multiple scattering between each
measurement.

The photons are reconstructed using the energy deposited in the electromagnetic calo-
rimeter. The storeys of the three segments in depth are grouped into clusters by means of
an algorithm which takes into account the shape expected for an electromagnetic shower.
The photon energy is computed from the energy collected in the four central towers of a
cluster and the expected value of the fraction of energy in the four towers. Corrections
are computed for energy losses before and after the calorimeter and in the barrel-endcap
overlap region.

The energy flow of an event can be obtained as the sum of the energy found in

all calorimeter cells; this method yields a resolution of σ(E)/E = 1.2/
√

E/(GeV) for
hadronic Z decays. This resolution is improved by making use of the particle identification
capabilities of the detector and avoiding the double counting of energy. A consistent set of
“energy-flow objects” [20] (electrons, muons, photons, and neutral and charged hadrons)
characterized by their energies and momenta is obtained in this way and the resolution on

the energy flow of an event is σ(E) = (0.59± 0.03)
√

E/(GeV) + (0.6± 0.3) GeV.

3 Event selection

The analyses are based on 3.5 million hadronic events recorded by the ALEPH detector at
the Z peak (centre-of-mass energy

√
s = 91.2 GeV) during the 1992-1995 running of LEP.

For the K0
S and Λ analyses, data from the 1991 running are also used, giving an additional

238 000 events.
The selection of hadronic events is done with the standard criteria used in ALEPH [21].

Each selected event should have at least five good charged tracks, with a total energy greater
than 10% of the centre-of-mass energy. A good charged track has at least four measured
points in the TPC, a distance of closest approach of the extrapolated track to the beam
line smaller than 2 cm in rφ and 10 cm in z, and a polar angle θ with |cos θ| < 0.95.

Additional criteria are imposed to ensure well-contained events. The event is required
to have at least 15 energy-flow objects, a visible energy in excess of 45.6 GeV, and the
polar angle of the thrust axis computed using the energy-flow objects between 30◦ and
150◦ with respect to the beam axis.

The jets are clustered from all energy-flow objects using the k⊥ (Durham) algorithm [22]
with the E recombination scheme and a jet resolution parameter of ycut = 0.01. Of the
events, 63.9% were clustered as two-jet events, 30.6% as three-jet events and the other
5.5% of the events have more than three jets. The polar angle between each jet and the
beam axis is required to be between 30◦ and 150◦. From the three-jet event sample, the
events which have one or more jets with more than 85% of the visible jet energy carried by
a single photon are rejected as possible qqγ events. The final samples consist of 1.8 million
two-jet events and 719 000 three-jet events (about 2 million and 0.8 million, respectively,
when data from 1991 are included). The events with more than three jets are not considered
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in these analyses.
For three-jet events, the jet energies are recomputed from their directions, assuming

planar, massless kinematics; the jet-energy resolution is improved using this procedure due
to the better angular resolution compared to the energy resolution of the ALEPH detector.
Jets are then ordered according to the recomputed energies. The average xjet = Ejet/Ebeam

is 0.93 for jet 1, 0.72 for jet 2, and 0.35 for jet 3.
The MC events, used to correct for detector effects, are generated using the JETSET

parton shower model, with modified charm and bottom decay tables and generation of
initial state radiation (ISR) photons with DYMU3 [23]; these events are passed through
the full ALEPH detector simulation, subjected to the same cuts and analyzed in the same
way as the data.

Good agreement between the jet rates and the jet energies in data and MC events is
obtained using the Durham algorithm with ycut = 0.01. The rates of two- and three-jet
events in the MC sample are 62.3% and 32.5%. The average jet energies are the same as
in data within 1%. The hadronization corrections to parton jet rates are also small for this
value of the resolution parameter.

In MC events, the reconstructed jets are matched with the parton jets which are nearest
in angle. It is found that, on average, jet 1 (jet 2) is a quark or antiquark jet in 96% (75%)
of the cases and that the third jet originates from a gluon with 71% probability. The gluon
probability is however a function of the jet energy, decreasing with jet energy (from ∼90%
at 5 GeV to ∼50% at 25 GeV), while the quark content increases with jet energy.

4 Data analysis

4.1 Reconstruction of π0 and η mesons

The π0 and the η mesons are analyzed using the γγ decay channel with branching ratios
of 98.8% for π0 and 39.2% for η. In two- and three-jet events, both photons from a γγ
combination are required to belong to the same jet.

The photons are reconstructed as neutral clusters in the electromagnetic calorimeter.
The following supplementary criteria are imposed on the identified photons. To reduce the
hadronic contamination, the fraction R1 + R2 of their energy in the first two segments in
depth of the ECAL should be greater than 0.8, and the fraction F4 of their energy in the
four central towers of the shower should be greater than 0.8. The energy of the photon
candidates should be greater than 1 GeV. In addition, for the η analysis the photon pairs
with invariant mass within 40 MeV/c2 of the π0 mass are rejected and a cut on the photon
energy Eγ > 1.75 GeV is imposed.

The invariant mass Mγγ of the γγ pairs is obtained in several intervals of x = Eγγ/Ebeam.
For each x interval, the number of η candidates is determined by fitting the invariant mass
distribution with the sum of a Gaussian for the signal and a quartic polynomial for the
background. For π0 fits, the sum of a distorted Gaussian and a Fermi-like function is used.
In the distorted Gaussian function, the skewness terms −(1/2)sδ + (1/6)sδ3 are added to
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the Gaussian exponent, with δ = Mγγ − µ, s the skewness coefficient and µ the mean
value. The Fermi-like function is fbg(Mγγ) = [b3 + b4(Mγγ − b1)]/{1 + exp[(b1−Mγγ)/b2]}.
Examples of π0 and η mass distributions are shown in Figs. 1 and 2.

The reconstruction efficiency for π0 has a strong dependence on the pion energy, with
a maximum around 10 GeV. It varies between 0.2 and 0.5 as a function of x. For η the
efficiency increases typically from 0.05 to 0.20 as a function of x. The branching ratios
π0 , η → γγ are included in these values.

4.2 Reconstruction of η′(958) mesons

The η′(958) analysis is performed using the η′(958) → ηπ+π− decay channel, with a
branching ratio of 43.8%.

Photon pairs with invariant mass within 100 MeV/c2 of the fitted η mass are taken as
η candidates; for these pairs, the mass is constrained to the nominal η mass.

The pions are selected from the energy-flow objects as charged tracks which have at
least five coordinates in the TPC, originate from a cylindrical region of radius 1 cm and
half-length 5 cm centred on the nominal interaction point, have a polar angle with respect
to the beam axis in the range 20◦ ≤ θ ≤ 160◦ and a transverse momentum greater than
0.2 GeV/c. The charged tracks identified as electrons or muons [20] are rejected from the
pion candidate sample.

In two- and three-jet events, all three particle candidates from an ηπ+π− combination
are required to belong to the same jet.

The invariant mass distributions of the ηπ+π− combinations are obtained as a function
of the scaled energy x = Eηπ+π−/Ebeam and are fitted for each x bin with the sum of a
Gaussian function for the signal and a cubic polynomial for the background. An example
of an η′(958) mass distribution is shown in Fig. 3.

The reconstruction efficiency for η′(958) increases typically from 0.025 to 0.075 as a
function of x. The branching ratios η → γγ and η′(958) → ηπ+π− are included in these
values.

4.3 Reconstruction of K0
S and Λ/Λ

The K0
S mesons are reconstructed from their decay into two charged pions with a branching

ratio of 68.6%, while the Λ (Λ) baryons are reconstructed from their decay into a proton
and a charged pion with a branching ratio of 63.9%. The selection cuts applied for V0

candidates are similar to those in the previously published analysis of K0
S and Λ production

in hadronic events [24]: all pairs of oppositely charged tracks in an event are tested for
the hypothesis that they originate from a common secondary vertex and their measured
specific ionizations are required to be consistent with those expected for the decay particles.
Pairs consistent with being photon conversions are rejected. The reconstructed V0’s are
assigned to the jet with the smallest angle with respect to their direction of flight.

The invariant masses of the pairs of charged tracks are calculated in intervals of the
scaled momentum xp = phadron/pbeam. In each interval the invariant mass distribution is
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fitted with the sum of a signal function and a background function. The signal is described
for K0

S mesons by the sum of two Gaussian functions, with the relative normalization and
the relative width fixed from fully simulated MC events; a Breit-Wigner distribution is
used for the Λ. In both cases, the background is described by a linear function. Examples
of K0

S and Λ mass distributions are shown in Figs. 4 and 5, respectively.
The reconstruction efficiency has a strong dependence on the V0 momentum.Typically,

it is 55% (50%) for K0 → π+π− (Λ → pπ−) at 8 GeV/c and drops below 30% for momenta
smaller than 1.5 GeV/c or greater than 15 GeV/c.

4.4 Measurement of production rates

The inclusive normalized cross section f of each measured hadron h as a function of the
x (xp) variable is computed for each jet of the three-jet events using the relation

f jet i(x) =
1

σ3

dσ

dx
=

1

Ndata
3j

Ndata, jet i
h (rec)

∆x

NMC, jet i
h (gen)

NMC, jet i
h (rec)

, (1)

where Ndata, jet i
h (rec) is the number of reconstructed h particles in jet i in a given x bin for

data (similarly for MC), ∆x is the width of the x bin, and NMC, jet i
h (gen) is the number

of generated h particles in jet i in a given x bin for MC events without ISR, detector
simulation or selection criteria, normalized to the same number of events as the MC sample
with ISR, full detector simulation and selection cuts applied. For each jet, the cross section
is normalized to the number of selected three-jet events Ndata

3j . The analyzed particle is
treated as stable in the jet clustering at the generator level. For K0

S and Λ, the inclusive
cross sections are also calculated as a function of ξ = ln(1/xp); for π0, η and η′(958) mesons,
the ξ distribution is not used because its maximum is not reached due to the relatively
high cut on photon energy.

The cross section is also calculated for two-jet events normalized to the number of
selected two-jet events Ndata

2j , summing before fitting the invariant mass distributions in
each x bin for the two jets, and for all hadronic events normalized to the number of hadronic
events Ndata

had .

5 Systematic errors

5.1 Systematic errors for π0 and η mesons

The systematic errors on π0 and η multiplicities and inclusive cross sections are obtained
as the sum in quadrature of three components: from varying the cuts, varying the fit range
and from the energy calibration of the ECAL.

The cuts on R1 + R2, F4 and θthrust are replaced separately by: no cut on R1 + R2,
no cut on F4, and 45◦ ≤ θthrust ≤ 135◦, respectively. For the η analysis, the cut on photon
energy is also changed to Eγ > 2 GeV. For each x bin, the maximum difference between
the nominal inclusive cross section and the values obtained with one cut changed is taken as
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the systematic error. The relative error on the multiplicity coming from the cut variation
is obtained conservatively as the linear sum over all the x bins of the relative errors on
multiplicity in each bin, weighted by the multiplicity in that bin.

The fit range is varied, changing both the lower and upper limits by reasonable values.
The error is taken to be the maximum difference between the nominal multiplicity in the
measured x range and the ones obtained using different fit ranges. The systematic error
on the inclusive cross section is computed assuming for each x bin the same relative error
as that obtained above for the multiplicity measured in the whole accessible x range.

The calibration error for ECAL energy was assumed to be 2.5% for E = 1 GeV and
2.0% for E = 1.75 GeV. The systematic effects on the π0 and η multiplicities given by
these errors were computed from the relative difference in the number of selected photons.

5.2 Systematic errors for η′(958) mesons

The systematic errors on the η′(958) multiplicity are calculated from the selection criteria
for η and π± candidates and from the variation of the fit range within reasonable limits.
The error from the selection of η candidates is the sum in quadrature of the systematic
errors from cut variation and ECAL calibration. The difference in the number of π±

selected in data and MC is used to calculate the error from π± selection; the errors are
added linearly for π+ and π− to allow for maximal correlations. The error from the fit
range variation is obtained in the same way as for π0 and η mesons. The three components
are added in quadrature to give the total systematic error.

5.3 Systematic errors for K0
S and Λ

The systematic errors for both K0
S and Λ are dominated by the V0 selection. They are

studied by successively varying the cuts on: the specific ionization dE/dx, the quality of
the vertex fit χ2

vertex fit, the decay length and the decay angle cos θ∗.
The variation of the event selection cuts has no significant influence on the results.

Different schemes of V0 assignment to the jets yield only very small effects. Using different
signal and background functions give results consistent with statistical fluctuations.

6 Results

The inclusive cross sections of π0, η, η′(958) and K0
S mesons and Λ baryons are determined

in all hadronic events, two-jet events and each jet of three-jet events according to the
procedure outlined in Section 4.4. They are compared with the values computed with
JETSET 7.4, HERWIG 5.8 and ARIADNE 4.08 Monte Carlo models. For each particle
analyzed, the multiplicity is obtained by integrating the inclusive cross section over the
accessible x, xp or ξ range.

The parameters of the MC models were tuned [25] to ALEPH event shape and
single charged particle distributions and to ALEPH inclusive spectra of various particles
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(including η, η′(958), K0
S and Λ) in hadronic events. The inclusive spectra in two- or

three-jet events presented here were not used for tuning. In JETSET, an ad hoc η′(958)
suppression of 0.275 was imposed; no ad hoc suppression was required for η mesons. The
suppression of the first rank di-quarks in b and c events has been turned off in JETSET
to increase the fraction of b → Λb and c → Λc to agree with recent measurements by
ALEPH [26]. In the model analysis of a particular particle type, the particles of that type
are required to be stable. Jet energies are also recomputed from their directions, assuming
planar, massless kinematics.

The multiplicities obtained are summarized in Table 1 for π0, Table 3 for η, Table 5 for
η′(958), Table 7 for K0 and Table 9 for Λ. For K0

S mesons and Λ baryons, the measured
values contribute more than 94% and 96%, respectively, to the total multiplicity, therefore
only the values extrapolated to the full range using JETSET 7.4 are given in the tables.
The multiplicity for K0 (K0

S +K0
L) was taken as twice the K0

S multiplicity. The systematic
errors on multiplicities are summarized in Tables 2, 4, 6, 8 and 10 for π0, η, η′(958), K0

S

and Λ, respectively. For comparison, the corresponding statistical errors are also given in
the same tables.

The measured π0, η and η′(958) inclusive cross sections as functions of the x variable
are shown in Fig. 6a for all hadronic events, Fig. 6b for two-jet events, and Figs. 7, 8 and
9 for each jet in three-jet events. Figures 10 and 11 present the inclusive cross sections
in all hadronic events for K0

S and Λ, respectively, as functions of xp and ξ = ln(1/xp); for
two-jet events, the inclusive cross sections are shown in Figs. 12 and 13. The inclusive
cross sections in the first, the second and the third jet in three-jet events are shown in
Figs. 14, 15 and 16 for K0

S mesons, and in Figs. 17, 18 and 19 for Λ baryons. Also shown
in the figures are the corresponding inclusive cross sections from the MC models. The
numerical values of the π0, η and η′(958) inclusive cross sections are given in Tables 11,
12 and 13 for all hadronic events, Tables 14, 15 and 16 for two-jet events, and Tables 17,
18 and 19 for jets in three-jet events. For K0

S and Λ, the numerical values are given in
Tables 20 and 21 for hadronic events, and Tables 22 and 23 for two-jet events; for the first,
the second and the third jet in three-jet events, the values are given in Tables 24, 25 and
26 for K0

S, and Tables 27, 28 and 29 for Λ. ASCII files for the tables can be found at
http://alephwww.cern.ch/ALPUB/paper/paper_99.html address.

7 Discussion

7.1 Discussion of π0, η and η′(958) results

For hadronic events and two-jet events (a subsample of ≈ 63% of the hadronic events, after
the additional cuts), the π0, η and η′(958) spectra computed with JETSET are found to be
in reasonable agreement with the measured spectra, apart from the high x > 0.75 region
where JETSET shows an excess of η particles. This latter region is very sensitive to the
values of the fragmentation parameters and a similar discrepancy has been observed [25]
for the charged particle distribution in hadronic events. In contrast, HERWIG shows a
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slightly too steep dependence on x for η and η′(958).
The π0 inclusive cross sections for jets in the three-jet events are better reproduced by

JETSET, with a slightly overestimated production at higher x for jet 1 and jet 2; HERWIG
is in good agreement with the data for jet 1, but is not steep enough in x for jet 2 and
too steep for jet 3. The agreement of both models with data can, however, be considered
reasonable.

The measured η inclusive cross sections in jets of the three-jet events are well
reproduced by JETSET for each jet. For a quantitative comparison between data and
the phenomenological models, a

χ2 =
∑

xbins

[fmodel(x)− fdata(x)]2 /
(
σdata

tot

)2

is defined for each jet and the ratio of χ2 to the number of degrees of freedom (ndf)
is computed. Here the total error σdata

tot is the sum in quadrature of the statistical and
systematic errors on the measured value. For the third jet, which according to MC
calculations represents the gluon jet in ∼71% of the cases, the χ2/ndf is equal to 2.7/3.
The other two jets are also reasonably well modelled, with χ2/ndf equal to 5.3/5 for the
second jet and 11.2/6 for the first jet. As in hadronic events and two-jet events, HERWIG
shows a slightly too steep dependence on x for all three jets; the χ2/ndf are 6.1/3 for the
third jet, 12.8/5 for the second jet and 32.5/6 for the first jet.

For η′(958) mesons, the measured inclusive cross sections and the measured
multiplicities are reproduced by JETSET and HERWIG for each of the three jets, all
the model values being within one σtot of the measured values.

Because reasonable agreement with the measured spectra in quark-enriched jets is
observed for both isoscalar and isovector mesons and no significant deviations are observed
for isoscalar mesons in gluon-enriched jets, one can conclude that the JETSET modelling
of gluon fragmentation into isoscalar mesons is in agreement with the experimental results
for the measured x region. No additional enhancement for isoscalar mesons in gluon jets,
as predicted by the models mentioned in Section 1 and which would manifest as a deviation
from the JETSET values, is observed in the experimental results.

The slightly too steep dependence on x shown by HERWIG for η spectra in two-jet
events and each jet of three-jet events does not depend on the average gluon content of
the jet. Therefore, these discrepancies cannot be related to particular effects of gluon
fragmentation into isoscalar mesons.

Using the new spectra in hadronic events obtained here, the parameters describing η
and η′(958) production in the JETSET string model are examined again. The data are
best described by the default value for the pseudoscalar mixing angle θP = −9.7◦ and by
an ad hoc η′(958) suppression factor of 0.275. For a different value of the mixing angle,
θP = −20◦, the data still require a sizeable η′(958) suppression of ≈0.40. No ad hoc η
suppression is required.
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7.2 Discussion of K0
S and Λ results

The measured spectra are well reproduced by JETSET and ARIADNE in both
quark(-enriched) jets (the first two jets in three-jet events and jets in two-jet events) and
gluon-enriched jets; the agreement between the models and the data is also reasonable in
all hadronic events.

HERWIG is in reasonable agreement with the measured spectra for K0
S in jets with a

high quark content (jets in two-jet events and the first jet in three-jet events), but gives
fewer K0

S mesons as the gluon content of the jet becomes significant; the discrepancy gets
larger with the increase of the gluon content of the jet. As a consequence of the large
discrepancies seen for the last two jets in three-jet events, HERWIG also gives fewer K0

S

mesons than measured in hadronic events.
In the Λ spectra, HERWIG has a shoulder which is not seen in the measured spectra.

The shoulder decreases with the decrease of the quark content of the jet: it is very clear in
two-jet events and in the first jet of three-jet events, smaller in the second jet of three-jet
events and absent in the third jet of three-jet events. HERWIG gives also too many Λ’s
in jets with a high quark content and too few in the third jet of three-jet events, which
has a high gluon content. The shoulder in jets with a high quark content is also shown
by HERWIG in hadronic events and is not seen in the data; HERWIG also gives more Λ
baryons than measured in hadronic events.

The new version HERWIG 5.9 does not improve the description of the data; the
disagreements in the shapes of the momentum spectra are also observed with the new
version.

8 Conclusions

The production rates and the inclusive cross sections of the isovector meson π0, the isoscalar
mesons η and η′(958), the strange meson K0

S and the Λ baryon were determined in hadronic
events, two-jet events and each jet of three-jet events from Z decays. The measured
quantities have been compared with the values computed with the tuned JETSET 7.4,
HERWIG 5.8 and ARIADNE 4.08 models.

For all the particles analyzed, the inclusive cross sections are in agreement with previous
ALEPH results [24, 25].

The measured spectra for the isovector meson π0 are reasonably reproduced by JETSET
and HERWIG. For the isoscalar mesons η and η′(958), the measured spectra are well
reproduced by JETSET for quark(-enriched) jets and gluon-enriched jets. Therefore, the
JETSET description of gluon fragmentation into isoscalar mesons is in agreement with
the experimental results for the measured x region. HERWIG shows a slightly too steep
dependence on x for η spectra in two-jet events and each jet of three-jet events; these
discrepancies cannot be related to gluon fragmentation into isoscalar mesons because they
do not depend on the average gluon content of the jet.

The measured spectra for K0
S and Λ hadrons are reproduced by JETSET and ARIADNE
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in quark(-enriched) jets and in gluon-enriched jets. HERWIG fails to describe the K0
S

spectra in jets with a significant gluon content, giving too few K0
S mesons; the discrepancies

increase with the average gluon content. HERWIG also fails to describe the shape of the Λ
spectra in jets with high quark content and overestimates the number of Λ’s in these jets.
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Table 1: Multiplicity for π0 in different event types, compared with JETSET 7.4 and
HERWIG 5.8 predictions. JETSET and HERWIG values for all x range are also given.

Event type x range Mult.±∆stat ±∆syst JETSET HERWIG

all all

Hadronic events 0.06 – 0.62 2.131± 0.007± 0.079 2.274 9.66 2.192 9.58

Two-jet events 0.06 – 0.52 2.156± 0.008± 0.079 2.313 8.54 2.169 8.54

total 0.06 – 0.52 2.069± 0.011± 0.097 2.208 11.20 2.215 11.09

jet 1 0.06 – 0.52 0.978± 0.008± 0.056 1.060 4.13 1.008 4.09

jet 2 0.06 – 0.52 0.790± 0.007± 0.030 0.829 3.83 0.834 3.75

T
h
re

e-
je

t
ev

en
ts

jet 3 0.06 – 0.32 0.301± 0.003± 0.011 0.318 3.23 0.373 3.24

Table 2: Systematic and statistical errors for π0. All values are expressed in percent.

Source of error Hadronic events Two-jet events Three-jet events

Jet 1 Jet 2 Jet 3

Cut variations 2.9 3.0 3.0 2.6 1.9

Fit range 0.6 0.2 4.4 1.4 0.7

Energy calibration 2.2 2.0 2.1 2.3 3.1

Systematic error

(quadrature total) 3.7 3.7 5.7 3.7 3.7

Statistical error 0.3 0.4 0.9 0.9 1.1
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Table 3: Multiplicity for η in different event types, compared with JETSET 7.4 and
HERWIG 5.8 predictions. JETSET and HERWIG values for all x range are also given.

Event type x range Mult.±∆stat ±∆syst JETSET HERWIG

all all

Hadronic events 0.10 – 1.0 0.282± 0.006± 0.015 0.297 1.03 0.331 0.98

Two-jet events 0.10 – 1.0 0.280± 0.007± 0.020 0.304 0.90 0.342 0.88

total 0.10 – 0.62 0.277± 0.013± 0.029 0.283 1.20 0.317 1.12

jet 1 0.10 – 0.62 0.123± 0.009± 0.010 0.138 0.432 0.155 0.421

jet 2 0.10 – 0.52 0.114± 0.009± 0.015 0.108 0.402 0.121 0.382

T
h
re

e-
je

t
ev

en
ts

jet 3 0.10 – 0.32 0.041± 0.004± 0.004 0.037 0.366 0.041 0.320

Table 4: Systematic and statistical errors for η. All values are expressed in percent.

Source of error Hadronic events Two-jet events Three-jet events

Jet 1 Jet 2 Jet 3

Cut variations 4.2 6.2 7.4 12.9 6.1

Fit range 1.5 2.4 3.3 2.6 5.7

Energy calibration 2.7 2.5 2.6 3.0 4.1

Systematic error

(quadrature total) 5.3 7.1 8.5 13.5 9.3

Statistical error 2.2 2.4 6.9 7.6 9.5
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Table 5: Multiplicity for η′(958) in different event types, compared with JETSET 7.4 and
HERWIG 5.8 predictions. JETSET and HERWIG values for all x range are also given.

Event type x range Mult.±∆stat ±∆syst JETSET HERWIG

all all

Hadronic events 0.16 – 1.0 0.045 ± 0.007 ± 0.007 0.045 0.155 0.054 0.131

Two-jet events 0.16 – 1.0 0.040 ± 0.006 ± 0.007 0.048 0.138 0.059 0.124

total 0.16 – 0.52 0.039 ± 0.009 ± 0.009 0.038 0.180 0.046 0.142

jet 1 0.16 – 0.52 0.019 ± 0.006 ± 0.004 0.020 0.066 0.025 0.059

jet 2 0.16 – 0.52 0.016 ± 0.006 ± 0.004 0.015 0.060 0.018 0.051

T
h
re

e-
je

t
ev

en
ts

jet 3 0.16 – 0.34 0.0040 ± 0.0018 ± 0.0007 0.0034 0.053 0.0030 0.033

Table 6: Systematic and statistical errors for η′(958). All values are expressed in percent.

Source of error Hadronic events Two-jet events Three-jet events

Jet 1 Jet 2 Jet 3

η selection 5.0 6.7 7.8 13.2 7.3

π± selection 0.5 0.5 0.4 0.6 0.8

Fit range 14.4 15.7 21.9 20.4 17.0

Systematic error

(quadrature total) 15.3 17.0 23.3 24.4 18.5

Statistical error 15.2 14.1 33.5 37.3 45.8
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Table 7: Multiplicity for K0 (K0
S+K0

L) in different event types, compared with JETSET 7.4,
ARIADNE 4.08 and HERWIG 5.8 predictions. The extrapolation to the full ξ range is
made using JETSET 7.4.

Event type Mult.±∆stat ±∆syst JETSET ARIADNE HERWIG

Hadronic events 2.093 ± 0.004 ± 0.016 2.073 2.072 1.997

Two-jet events 1.854 ± 0.005 ± 0.010 1.865 1.872 1.892

total 2.394 ± 0.008 ± 0.035 2.356 2.359 2.142

jet 1 0.884 ± 0.005 ± 0.012 0.885 0.899 0.880

jet 2 0.826 ± 0.004 ± 0.014 0.811 0.808 0.748

T
h
re

e-
je

t
ev

en
ts

jet 3 0.684 ± 0.004 ± 0.009 0.660 0.652 0.514

Table 8: Systematic and statistical errors for K0
S. All values are expressed in percent.

Source of error Hadronic events Two-jet events Three-jet events

Jet 1 Jet 2 Jet 3

dE/dx 0.11 0.25 0.3 0.4 0.4

χ2
vertex fit 0.63 0.41 1.0 1.5 1.1

decay length 0.41 0.24 0.8 0.9 0.6

Systematic error

(quadrature total) 0.76 0.54 1.3 1.7 1.3

Statistical error 0.19 0.27 0.48 0.56 0.58
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Table 9: Multiplicity for Λ in different event types, compared with JETSET 7.4,
ARIADNE 4.08 and HERWIG 5.8 predictions. The extrapolation to the full ξ range is
made using JETSET 7.4.

Event type Mult.±∆stat ±∆syst JETSET ARIADNE HERWIG

Hadronic events 0.404 ± 0.002 ± 0.002 0.397 0.401 0.466

Two-jet events 0.350 ± 0.003 ± 0.002 0.343 0.350 0.432

total 0.484 ± 0.005 ± 0.020 0.470 0.477 0.516

jet 1 0.171 ± 0.003 ± 0.005 0.163 0.170 0.202

jet 2 0.160 ± 0.003 ± 0.008 0.152 0.152 0.172

T
h
re

e-
je

t
ev

en
ts

jet 3 0.153 ± 0.003 ± 0.007 0.155 0.155 0.142

Table 10: Systematic and statistical errors for Λ. All values are expressed in percent.

Source of error Hadronic events Two-jet events Three-jet events

Jet 1 Jet 2 Jet 3

dE/dx 0.2 0.2 2.4 4.2 3.6

χ2
vertex fit 0.4 0.3 1.2 1.3 2.5

cos θ∗ 0.1 0.4 1.1 2.2 1.3

Systematic error

(quadrature total) 0.5 0.6 2.9 4.9 4.5

Statistical error 0.5 0.7 1.5 1.9 2.0
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Table 11: Inclusive cross section for π0 in
hadronic events.

x range 1
σhad

dσ(π0)
dx

± ∆stat ± ∆syst

0.06 – 0.08 30.82 ± 0.25 ± 0.99

0.08 – 0.10 20.02 ± 0.13 ± 0.66

0.10 – 0.14 11.65 ± 0.05 ± 0.42

0.14 – 0.18 6.247 ± 0.029 ± 0.256

0.18 – 0.22 3.613 ± 0.018 ± 0.160

0.22 – 0.26 2.243 ± 0.013 ± 0.085

0.26 – 0.30 1.395 ± 0.013 ± 0.047

0.30 – 0.34 0.928 ± 0.012 ± 0.027

0.34 – 0.38 0.620 ± 0.011 ± 0.033

0.38 – 0.42 0.411 ± 0.011 ± 0.030

0.42 – 0.46 0.281 ± 0.013 ± 0.035

0.46 – 0.52 0.181 ± 0.015 ± 0.027

0.52 – 0.62 0.082 ± 0.015 ± 0.019

Table 13: Inclusive cross section for η′(958)
in hadronic events.

x range 1
σhad

dσ(η′)
dx

± ∆stat ± ∆syst

0.16 – 0.26 0.210 ± 0.065 ± 0.032

0.26 – 0.34 0.132 ± 0.022 ± 0.020

0.34 – 0.40 0.082 ± 0.015 ± 0.012

0.40 – 0.46 0.036 ± 0.006 ± 0.005

0.46 – 0.52 0.035 ± 0.005 ± 0.005

0.52 – 0.58 0.023 ± 0.004 ± 0.004

0.58 – 0.64 0.0157 ± 0.0026 ± 0.0024

0.64 – 0.72 0.0107 ± 0.0015 ± 0.0016

0.72 – 0.80 0.0055 ± 0.0011 ± 0.0008

0.80 – 1.00 0.0011 ± 0.0002 ± 0.0002

Table 12: Inclusive cross section for η in
hadronic events.

x range 1
σhad

dσ(η)
dx

± ∆stat ± ∆syst

0.10 – 0.14 2.07 ± 0.13 ± 0.14

0.14 – 0.18 1.379 ± 0.068 ± 0.074

0.18 – 0.22 0.917 ± 0.039 ± 0.050

0.22 – 0.26 0.704 ± 0.028 ± 0.025

0.26 – 0.30 0.492 ± 0.021 ± 0.019

0.30 – 0.34 0.379 ± 0.016 ± 0.012

0.34 – 0.38 0.265 ± 0.011 ± 0.014

0.38 – 0.42 0.205 ± 0.008 ± 0.010

0.42 – 0.46 0.168 ± 0.008 ± 0.010

0.46 – 0.50 0.120 ± 0.006 ± 0.007

0.50 – 0.54 0.0946 ± 0.0053 ± 0.0056

0.54 – 0.58 0.0747 ± 0.0041 ± 0.0036

0.58 – 0.62 0.0519 ± 0.0032 ± 0.0039

0.62 – 0.66 0.0371 ± 0.0025 ± 0.0017

0.66 – 0.70 0.0296 ± 0.0023 ± 0.0018

0.70 – 0.74 0.0211 ± 0.0018 ± 0.0020

0.74 – 0.82 0.0104 ± 0.0008 ± 0.0010

0.82 – 1.00 0.0015 ± 0.0002 ± 0.0001
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Table 14: Inclusive cross section for π0 in
two-jet events.

x range 1
σ2

dσ(π0)
dx

± ∆stat ± ∆syst

0.06 – 0.08 29.32 ± 0.30 ± 0.93

0.08 – 0.10 19.64 ± 0.16 ± 0.69

0.10 – 0.14 11.79 ± 0.07 ± 0.41

0.14 – 0.18 6.616 ± 0.036 ± 0.283

0.18 – 0.22 3.977 ± 0.023 ± 0.185

0.22 – 0.32 1.894 ± 0.011 ± 0.061

0.32 – 0.42 0.670 ± 0.010 ± 0.031

0.42 – 0.52 0.257 ± 0.013 ± 0.029

Table 15: Inclusive cross section for η in two-
jet events.

x range 1
σ2

dσ(η)
dx

± ∆stat ± ∆syst

0.10 – 0.14 1.74 ± 0.13 ± 0.24

0.14 – 0.18 1.352 ± 0.073 ± 0.081

0.18 – 0.22 0.950 ± 0.045 ± 0.060

0.22 – 0.32 0.594 ± 0.016 ± 0.023

0.32 – 0.42 0.280 ± 0.007 ± 0.014

0.42 – 0.52 0.163 ± 0.005 ± 0.010

0.52 – 0.62 0.0844 ± 0.0027 ± 0.0045

0.62 – 0.72 0.0404 ± 0.0017 ± 0.0016

0.72 – 0.82 0.0164 ± 0.0010 ± 0.0011

0.82 – 1.00 0.0021 ± 0.0003 ± 0.0002

Table 16: Inclusive cross section for η′(958)
in two-jet events.

x range 1
σ2

dσ(η′)
dx

± ∆stat ± ∆syst

0.16 – 0.26 0.145 ± 0.048 ± 0.025

0.26 – 0.34 0.136 ± 0.031 ± 0.023

0.34 – 0.42 0.084 ± 0.019 ± 0.014

0.42 – 0.52 0.032 ± 0.005 ± 0.005

0.52 – 0.62 0.023 ± 0.003 ± 0.004

0.62 – 0.72 0.0153 ± 0.0022 ± 0.0026

0.72 – 0.82 0.0074 ± 0.0013 ± 0.0013

0.82 – 1.00 0.0012 ± 0.0004 ± 0.0002
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Table 17: Inclusive cross section for π0 in three-jet events.

x range 1
σ3

dσ(π0)
dx

± ∆stat ± ∆syst

0.06 – 0.08 13.14 ± 0.32 ± 0.72

0.08 – 0.10 9.13 ± 0.18 ± 0.47

0.10 – 0.14 5.57 ± 0.06 ± 0.34

0.14 – 0.18 3.024 ± 0.035 ± 0.175

0.18 – 0.22 1.712 ± 0.025 ± 0.109

0.22 – 0.32 0.792 ± 0.011 ± 0.045

0.32 – 0.42 0.294 ± 0.011 ± 0.019

J
et

1

0.42 – 0.52 0.116 ± 0.021 ± 0.019

0.06 – 0.08 12.80 ± 0.28 ± 0.50

0.08 – 0.10 8.05 ± 0.14 ± 0.29

0.10 – 0.14 4.402 ± 0.046 ± 0.151

0.14 – 0.18 2.214 ± 0.028 ± 0.087

0.18 – 0.22 1.129 ± 0.018 ± 0.037

0.22 – 0.32 0.4593 ± 0.0069 ± 0.0175

0.32 – 0.42 0.1271 ± 0.0051 ± 0.0040

J
et

2

0.42 – 0.52 0.0414 ± 0.0075 ± 0.0094

0.06 – 0.08 6.69 ± 0.14 ± 0.24

0.08 – 0.10 3.622 ± 0.060 ± 0.154

0.10 – 0.14 1.496 ± 0.019 ± 0.052

0.14 – 0.18 0.5171 ± 0.0094 ± 0.0195

0.18 – 0.22 0.2041 ± 0.0054 ± 0.0080

J
et

3

0.22 – 0.32 0.0588 ± 0.0019 ± 0.0025
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Table 18: Inclusive cross section for η in three-jet events.

x range 1
σ3

dσ(η)
dx

± ∆stat ± ∆syst

0.10 – 0.14 0.849 ± 0.182 ± 0.095

0.14 – 0.18 0.644 ± 0.088 ± 0.058

0.18 – 0.22 0.338 ± 0.039 ± 0.036

0.22 – 0.32 0.257 ± 0.018 ± 0.015

0.32 – 0.42 0.1382 ± 0.0095 ± 0.0075

0.42 – 0.52 0.0650 ± 0.0054 ± 0.0060

J
et

1

0.52 – 0.62 0.0325 ± 0.0031 ± 0.0018

0.10 – 0.14 1.09 ± 0.19 ± 0.25

0.14 – 0.18 0.629 ± 0.083 ± 0.057

0.18 – 0.22 0.349 ± 0.038 ± 0.020

0.22 – 0.32 0.197 ± 0.013 ± 0.018

0.32 – 0.42 0.0848 ± 0.0060 ± 0.0048

J
et

2

0.42 – 0.52 0.0303 ± 0.0030 ± 0.0030

0.10 – 0.14 0.584 ± 0.092 ± 0.056

0.14 – 0.18 0.240 ± 0.030 ± 0.019

0.18 – 0.22 0.118 ± 0.014 ± 0.013J
et

3

0.22 – 0.32 0.0344 ± 0.0034 ± 0.0035

Table 19: Inclusive cross section for η′(958) in three-jet events.

x range 1
σ3

dσ(η′)
dx

± ∆stat ± ∆syst

0.16 – 0.26 0.101 ± 0.058 ± 0.024

0.26 – 0.34 0.044 ± 0.023 ± 0.010

0.34 – 0.42 0.037 ± 0.013 ± 0.009J
et

1

0.42 – 0.52 0.0193 ± 0.0045 ± 0.0045

0.16 – 0.26 0.090 ± 0.059 ± 0.022

0.26 – 0.34 0.049 ± 0.016 ± 0.012

0.34 – 0.42 0.0235 ± 0.0071 ± 0.0057J
et

2

0.42 – 0.52 0.0156 ± 0.0039 ± 0.0038

0.16 – 0.26 0.033 ± 0.018 ± 0.006

J
et

3

0.26 – 0.34 0.0086 ± 0.0035 ± 0.0016
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Table 20: Inclusive cross section for K0
S in

hadronic events.

ξ range 1
σhad

dσ(K0
S)

dξ
± ∆stat ± ∆syst

0.2 – 0.4 0.018 ± 0.002 ± 0.005

0.4 – 0.6 0.035 ± 0.002 ± 0.006

0.6 – 0.8 0.066 ± 0.003 ± 0.006

0.8 – 1.0 0.096 ± 0.002 ± 0.004

1.0 – 1.2 0.147 ± 0.002 ± 0.002

1.2 – 1.4 0.193 ± 0.002 ± 0.003

1.4 – 1.6 0.233 ± 0.002 ± 0.004

1.6 – 1.8 0.273 ± 0.002 ± 0.005

1.8 – 2.0 0.306 ± 0.002 ± 0.005

2.0 – 2.2 0.326 ± 0.002 ± 0.005

2.2 – 2.4 0.339 ± 0.002 ± 0.005

2.4 – 2.6 0.349 ± 0.002 ± 0.004

2.6 – 2.8 0.348 ± 0.002 ± 0.003

2.8 – 3.0 0.339 ± 0.002 ± 0.003

3.0 – 3.2 0.326 ± 0.002 ± 0.003

3.2 – 3.4 0.312 ± 0.002 ± 0.003

3.4 – 3.6 0.291 ± 0.002 ± 0.003

3.6 – 3.8 0.265 ± 0.002 ± 0.003

3.8 – 4.0 0.235 ± 0.002 ± 0.003

4.0 – 4.2 0.200 ± 0.002 ± 0.003

4.2 – 4.4 0.160 ± 0.002 ± 0.003

4.4 – 4.6 0.122 ± 0.002 ± 0.002

4.6 – 4.8 0.090 ± 0.003 ± 0.002

Table 21: Inclusive cross section for Λ in
hadronic events.

ξ range 1
σhad

dσ(Λ)
dξ

± ∆stat ± ∆syst

0.4 – 0.6 0.016 ± 0.001 ± 0.001

0.6 – 0.8 0.031 ± 0.001 ± 0.001

0.8 – 1.0 0.053 ± 0.002 ± 0.001

1.0 – 1.2 0.066 ± 0.002 ± 0.001

1.2 – 1.4 0.083 ± 0.002 ± 0.001

1.4 – 1.6 0.099 ± 0.002 ± 0.001

1.6 – 1.8 0.111 ± 0.003 ± 0.001

1.8 – 2.0 0.123 ± 0.003 ± 0.001

2.0 – 2.2 0.130 ± 0.003 ± 0.001

2.2 – 2.4 0.135 ± 0.002 ± 0.001

2.4 – 2.6 0.141 ± 0.002 ± 0.002

2.6 – 2.8 0.145 ± 0.003 ± 0.002

2.8 – 3.0 0.145 ± 0.003 ± 0.003

3.0 – 3.2 0.143 ± 0.003 ± 0.004

3.2 – 3.4 0.126 ± 0.003 ± 0.004

3.4 – 3.6 0.114 ± 0.003 ± 0.003

3.6 – 3.8 0.093 ± 0.002 ± 0.002

3.8 – 4.0 0.081 ± 0.002 ± 0.002

4.0 – 4.2 0.061 ± 0.002 ± 0.002

4.2 – 4.4 0.050 ± 0.003 ± 0.003

4.4 – 4.6 0.024 ± 0.003 ± 0.004

4.6 – 4.8 0.017 ± 0.003 ± 0.003
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Table 22: Inclusive cross section for K0
S in

two-jet events.

ξ range 1
σ2

dσ(K0
S)

dξ
± ∆stat ± ∆syst

0.2 – 0.4 0.026 ± 0.003 ± 0.004

0.4 – 0.6 0.042 ± 0.003 ± 0.003

0.6 – 0.8 0.077 ± 0.003 ± 0.002

0.8 – 1.0 0.110 ± 0.003 ± 0.002

1.0 – 1.2 0.166 ± 0.003 ± 0.002

1.2 – 1.4 0.212 ± 0.002 ± 0.002

1.4 – 1.6 0.248 ± 0.002 ± 0.003

1.6 – 1.8 0.275 ± 0.002 ± 0.003

1.8 – 2.0 0.299 ± 0.002 ± 0.003

2.0 – 2.2 0.306 ± 0.002 ± 0.003

2.2 – 2.4 0.299 ± 0.002 ± 0.002

2.4 – 2.6 0.294 ± 0.002 ± 0.002

2.6 – 2.8 0.281 ± 0.002 ± 0.003

2.8 – 3.0 0.262 ± 0.002 ± 0.003

3.0 – 3.2 0.247 ± 0.002 ± 0.002

3.2 – 3.4 0.236 ± 0.002 ± 0.002

3.4 – 3.6 0.220 ± 0.002 ± 0.002

3.6 – 3.8 0.207 ± 0.002 ± 0.002

3.8 – 4.0 0.189 ± 0.002 ± 0.002

4.0 – 4.2 0.165 ± 0.002 ± 0.003

4.2 – 4.4 0.137 ± 0.003 ± 0.003

4.4 – 4.6 0.108 ± 0.003 ± 0.003

4.6 – 4.8 0.077 ± 0.003 ± 0.003

Table 23: Inclusive cross section for Λ in
two-jet events.

ξ range 1
σ2

dσ(Λ)
dξ

± ∆stat ± ∆syst

0.4 – 0.6 0.022 ± 0.002 ± 0.002

0.6 – 0.8 0.040 ± 0.002 ± 0.002

0.8 – 1.0 0.065 ± 0.002 ± 0.002

1.0 – 1.2 0.074 ± 0.002 ± 0.002

1.2 – 1.4 0.087 ± 0.003 ± 0.002

1.4 – 1.6 0.101 ± 0.003 ± 0.002

1.6 – 1.8 0.107 ± 0.003 ± 0.002

1.8 – 2.0 0.110 ± 0.003 ± 0.002

2.0 – 2.2 0.109 ± 0.003 ± 0.002

2.2 – 2.4 0.107 ± 0.003 ± 0.002

2.4 – 2.6 0.104 ± 0.003 ± 0.002

2.6 – 2.8 0.107 ± 0.002 ± 0.003

2.8 – 3.0 0.101 ± 0.002 ± 0.005

3.0 – 3.2 0.102 ± 0.003 ± 0.005

3.2 – 3.4 0.098 ± 0.003 ± 0.004

3.4 – 3.6 0.092 ± 0.003 ± 0.003

3.6 – 3.8 0.078 ± 0.003 ± 0.002

3.8 – 4.0 0.071 ± 0.002 ± 0.003

4.0 – 4.2 0.056 ± 0.003 ± 0.005

4.2 – 4.4 0.040 ± 0.003 ± 0.006

4.4 – 4.6 0.026 ± 0.004 ± 0.006

4.6 – 4.8 0.015 ± 0.003 ± 0.004
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Table 24: Inclusive cross section for K0
S in

the first jet of three-jet events.

ξ range 1
σ3

dσ(K0
S)

dξ
± ∆stat ± ∆syst

0.6 – 0.8 0.030 ± 0.003 ± 0.005

0.8 – 1.0 0.045 ± 0.003 ± 0.004

1.0 – 1.2 0.074 ± 0.003 ± 0.004

1.2 – 1.4 0.096 ± 0.003 ± 0.005

1.4 – 1.6 0.112 ± 0.002 ± 0.005

1.6 – 1.8 0.131 ± 0.002 ± 0.004

1.8 – 2.0 0.143 ± 0.002 ± 0.002

2.0 – 2.2 0.147 ± 0.002 ± 0.002

2.2 – 2.4 0.148 ± 0.002 ± 0.002

2.4 – 2.6 0.149 ± 0.002 ± 0.002

2.6 – 2.8 0.140 ± 0.002 ± 0.002

2.8 – 3.0 0.136 ± 0.002 ± 0.002

3.0 – 3.2 0.128 ± 0.002 ± 0.002

3.2 – 3.4 0.120 ± 0.002 ± 0.002

3.4 – 3.6 0.110 ± 0.002 ± 0.002

3.6 – 3.8 0.100 ± 0.002 ± 0.002

3.8 – 4.0 0.090 ± 0.003 ± 0.002

4.0 – 4.2 0.077 ± 0.003 ± 0.003

4.2 – 4.4 0.062 ± 0.003 ± 0.003

4.4 – 4.6 0.050 ± 0.003 ± 0.003

4.6 – 4.8 0.037 ± 0.004 ± 0.002

Table 25: Inclusive cross section for K0
S in

the second jet of three-jet events.

ξ range 1
σ3

dσ(K0
S)

dξ
± ∆stat ± ∆syst

0.4 – 0.6 0.007 ± 0.001 ± 0.001

0.6 – 0.8 0.016 ± 0.002 ± 0.002

0.8 – 1.0 0.027 ± 0.002 ± 0.002

1.0 – 1.2 0.044 ± 0.002 ± 0.003

1.2 – 1.4 0.063 ± 0.002 ± 0.003

1.4 – 1.6 0.084 ± 0.002 ± 0.002

1.6 – 1.8 0.108 ± 0.002 ± 0.002

1.8 – 2.0 0.125 ± 0.002 ± 0.003

2.0 – 2.2 0.142 ± 0.002 ± 0.005

2.2 – 2.4 0.151 ± 0.002 ± 0.006

2.4 – 2.6 0.157 ± 0.002 ± 0.005

2.6 – 2.8 0.161 ± 0.002 ± 0.004

2.8 – 3.0 0.154 ± 0.002 ± 0.004

3.0 – 3.2 0.149 ± 0.002 ± 0.004

3.2 – 3.4 0.131 ± 0.002 ± 0.003

3.4 – 3.6 0.118 ± 0.002 ± 0.002

3.6 – 3.8 0.101 ± 0.003 ± 0.002

3.8 – 4.0 0.085 ± 0.003 ± 0.002

4.0 – 4.2 0.070 ± 0.003 ± 0.005

4.2 – 4.4 0.055 ± 0.003 ± 0.011

4.4 – 4.6 0.036 ± 0.003 ± 0.018

4.6 – 4.8 0.029 ± 0.003 ± 0.019
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Table 26: Inclusive cross section for K0
S in

the third jet of three-jet events.

ξ range 1
σ3

dσ(K0
S)

dξ
± ∆stat ± ∆syst

0.8 – 1.0 0.0015 ± 0.0006 ± 0.0012

1.0 – 1.2 0.0042 ± 0.0005 ± 0.0006

1.2 – 1.4 0.0101 ± 0.0005 ± 0.0004

1.4 – 1.6 0.0175 ± 0.0006 ± 0.0003

1.6 – 1.8 0.0299 ± 0.0009 ± 0.0004

1.8 – 2.0 0.0504 ± 0.0011 ± 0.0006

2.0 – 2.2 0.068 ± 0.001 ± 0.001

2.2 – 2.4 0.093 ± 0.002 ± 0.002

2.4 – 2.6 0.113 ± 0.002 ± 0.003

2.6 – 2.8 0.135 ± 0.002 ± 0.004

2.8 – 3.0 0.152 ± 0.002 ± 0.003

3.0 – 3.2 0.155 ± 0.002 ± 0.003

3.2 – 3.4 0.158 ± 0.003 ± 0.003

3.4 – 3.6 0.149 ± 0.003 ± 0.003

3.6 – 3.8 0.139 ± 0.003 ± 0.002

3.8 – 4.0 0.116 ± 0.003 ± 0.002

4.0 – 4.2 0.097 ± 0.003 ± 0.002

4.2 – 4.4 0.072 ± 0.003 ± 0.002

4.4 – 4.6 0.053 ± 0.004 ± 0.002

4.6 – 4.8 0.036 ± 0.003 ± 0.002

Table 27: Inclusive cross section for Λ in the
first jet of three-jet events.

ξ range 1
σ3

dσ(Λ)
dξ

± ∆stat ± ∆syst

0.4 – 0.6 0.007 ± 0.002 ± 0.003

0.6 – 0.8 0.015 ± 0.002 ± 0.002

0.8 – 1.0 0.025 ± 0.002 ± 0.002

1.0 – 1.2 0.035 ± 0.003 ± 0.002

1.2 – 1.4 0.044 ± 0.003 ± 0.001

1.4 – 1.6 0.050 ± 0.004 ± 0.001

1.6 – 1.8 0.051 ± 0.004 ± 0.001

1.8 – 2.0 0.058 ± 0.004 ± 0.001

2.0 – 2.2 0.055 ± 0.003 ± 0.001

2.2 – 2.4 0.056 ± 0.003 ± 0.001

2.4 – 2.6 0.056 ± 0.003 ± 0.001

2.6 – 2.8 0.055 ± 0.003 ± 0.002

2.8 – 3.0 0.057 ± 0.003 ± 0.002

3.0 – 3.2 0.054 ± 0.003 ± 0.002

3.2 – 3.4 0.051 ± 0.003 ± 0.002

3.4 – 3.6 0.045 ± 0.003 ± 0.002

3.6 – 3.8 0.037 ± 0.002 ± 0.002

3.8 – 4.0 0.033 ± 0.003 ± 0.003

4.0 – 4.2 0.024 ± 0.003 ± 0.005

4.2 – 4.4 0.016 ± 0.004 ± 0.007
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Table 28: Inclusive cross section for Λ in the
second jet of three-jet events.

ξ range 1
σ3

dσ(Λ)
dξ

± ∆stat ± ∆syst

0.6 – 0.8 0.006 ± 0.001 ± 0.004

0.8 – 1.0 0.013 ± 0.001 ± 0.003

1.0 – 1.2 0.023 ± 0.002 ± 0.002

1.2 – 1.4 0.032 ± 0.002 ± 0.001

1.4 – 1.6 0.041 ± 0.003 ± 0.001

1.6 – 1.8 0.051 ± 0.004 ± 0.001

1.8 – 2.0 0.061 ± 0.004 ± 0.002

2.0 – 2.2 0.066 ± 0.004 ± 0.002

2.2 – 2.4 0.073 ± 0.004 ± 0.002

2.4 – 2.6 0.072 ± 0.004 ± 0.002

2.6 – 2.8 0.069 ± 0.003 ± 0.001

2.8 – 3.0 0.064 ± 0.004 ± 0.001

3.0 – 3.2 0.059 ± 0.004 ± 0.002

3.2 – 3.4 0.046 ± 0.003 ± 0.002

3.4 – 3.6 0.035 ± 0.003 ± 0.003

3.6 – 3.8 0.030 ± 0.002 ± 0.004

3.8 – 4.0 0.018 ± 0.002 ± 0.005

4.0 – 4.2 0.015 ± 0.003 ± 0.006

4.2 – 4.4 0.008 ± 0.003 ± 0.006

Table 29: Inclusive cross section for Λ in the
third jet of three-jet events.

ξ range 1
σ3

dσ(Λ)
dξ

± ∆stat ± ∆syst

1.2 – 1.4 0.004 ± 0.001 ± 0.000

1.4 – 1.6 0.010 ± 0.002 ± 0.001

1.6 – 1.8 0.019 ± 0.002 ± 0.001

1.8 – 2.0 0.031 ± 0.002 ± 0.001

2.0 – 2.2 0.043 ± 0.003 ± 0.001

2.2 – 2.4 0.054 ± 0.003 ± 0.001

2.4 – 2.6 0.070 ± 0.003 ± 0.001

2.6 – 2.8 0.081 ± 0.004 ± 0.001

2.8 – 3.0 0.083 ± 0.004 ± 0.001

3.0 – 3.2 0.081 ± 0.004 ± 0.002

3.2 – 3.4 0.071 ± 0.003 ± 0.002

3.4 – 3.6 0.062 ± 0.003 ± 0.002

3.6 – 3.8 0.049 ± 0.003 ± 0.002

3.8 – 4.0 0.041 ± 0.003 ± 0.003

4.0 – 4.2 0.025 ± 0.003 ± 0.005
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Figure 1: Example of a fitted γγ invariant
mass distribution in jet 3 for inclusive π0

production in three-jet events.
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Figure 2: Example of a fitted γγ invariant
mass distribution in jet 3 for inclusive η
production in three-jet events.
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Figure 3: Example of a fitted ηπ+π− invariant mass distribution in jet 3 for inclusive
η′(958) production in three-jet events.

27



0

200

400

600

800

1000

0.4 0.45 0.5 0.55 0.6

Mππ

Fit

Bkg

Data
K0

S

Jet 3
0.30 < xp ≤ 0.34

Mππ [ GeV/c2 ]

E
nt

rie
s 

/1
 M

eV
/c2

Figure 4: Example of a fitted π+π− invariant
mass distribution in jet 3 for inclusive K0

S

production in three-jet events.

0

25

50

75

100

125

1.1 1.11 1.12 1.13 1.14 1.15

Mpπ

Fit

Bkg

Data
Λ

Jet 3
0.30 < xp ≤ 0.34

Mpπ [ GeV/c2 ]
E

nt
rie

s 
/ 0

.2
5 

M
eV

/c2

Figure 5: Example of a fitted pπ− invariant
mass distribution in jet 3 for inclusive Λ
production in three-jet events.
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Figure 6: The inclusive cross sections of π0, η, and η′(958) in (a) all hadronic events and
(b) two-jet events. The error bars show the total errors (statistical and systematic errors
added in quadrature).
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Figure 7: The inclusive cross sections of π0 in three-jet events compared with JETSET 7.4
and HERWIG 5.8. The error bars show the total errors (statistical and systematic errors
added in quadrature).
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Figure 8: The inclusive cross sections of η in three-jet events compared with JETSET 7.4
and HERWIG 5.8. The error bars show the total errors (statistical and systematic errors
added in quadrature).
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Figure 9: The inclusive cross sections of η′(958) in three-jet events compared with
JETSET 7.4 and HERWIG 5.8. The error bars show the statistical errors only.
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Figure 10: The inclusive cross sections of K0
S in hadronic events in xp = p(K0

S)/pbeam and
ξ = − ln xp. The error bars show the total errors (statistical and systematic errors added
in quadrature).
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Figure 11: The inclusive cross sections of Λ and Λ in hadronic events in xp = p(Λ)/pbeam

and ξ = − ln xp. The error bars show the total errors (statistical and systematic errors
added in quadrature).
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Figure 12: The inclusive cross sections of K0
S in two-jet events in xp = p(K0

S)/pbeam and
ξ = − ln xp. The error bars show the total errors (statistical and systematic errors added
in quadrature).
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Figure 13: The inclusive cross sections of Λ and Λ in two-jet events in xp = p(Λ)/pbeam

and ξ = − ln xp. The error bars show the total errors (statistical and systematic errors
added in quadrature).
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Figure 14: The inclusive cross sections of K0
S in the first jet of the three-jet events in

xp = p(K0
S)/pbeam and ξ = − ln xp. The error bars show the total errors (statistical and

systematic errors added in quadrature).
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Figure 15: The inclusive cross sections of K0
S in the second jet of the three-jet events in

xp = p(K0
S)/pbeam and ξ = − ln xp. The error bars show the total errors (statistical and

systematic errors added in quadrature).
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Figure 16: The inclusive cross sections of K0
S in the third jet of the three-jet events in

xp = p(K0
S)/pbeam and ξ = − ln xp. The error bars show the total errors (statistical and

systematic errors added in quadrature).
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Figure 17: The inclusive cross sections of Λ and Λ in the first jet of the three-jet events
in xp = p(Λ)/pbeam and ξ = − ln xp. The error bars show the total errors (statistical and
systematic errors added in quadrature).
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Figure 18: The inclusive cross sections of Λ and Λ in the second jet of the three-jet events
in xp = p(Λ)/pbeam and ξ = − ln xp. The error bars show the total errors (statistical and
systematic errors added in quadrature).
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Figure 19: The inclusive cross sections of Λ and Λ in the third jet of the three-jet events
in xp = p(Λ)/pbeam and ξ = − ln xp. The error bars show the total errors (statistical and
systematic errors added in quadrature).
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