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Abstract

The DELPHI experiment at LEP uses Ring Imaging Cherenkov detectors for
particle identification. The good understanding of the RICH detectors allows
the identification of charged pions, kaons and protons, covering the full mo-
mentum range from 0.7<p<45.6 GeV/c. The 7%, K*, p and P normalised
production rates, their differential cross sections, multiplicities and the max-
ima & of the ¢, = In(1/X,) distributions are measured for three event samples
70— qq, 7° —bb and Z°—uw, dd, s5 , selected from ~ 1400000 Z° decays col-
lected by DELPHI in 1994. The results are compared to the predictions of the
JETSET string fragmentation model and the HERWIG cluster fragmentation
model. The Modified Leading Logarithm Approximation with Local Parton-
Hadron Duality is tested. The & dependence on the primary quark flavour is
investigated and quantified for the different particle distributions. The 7%, K*,
p and p multiplicities are measured with precisions from +4% to +6%. For the
7Z° = qg and Z° — bb event samples, these improve on previous measurements.
The 7%, K*, p and p multiplicities for Z° — uw, dd, s5 are presented for the
first time.
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1 Introduction

The measurement of the composition of hadronic final state particles in electron-
positron annihilation is fundamental to the understanding of the fragmentation of quarks
and gluons into hadrons. Only phenomenological models, which need to be tuned to the
data, are available to describe this fragmentation process with high accuracy. Two models
commonly used are the JETSET string fragmentation model [1] and the HERWIG
cluster fragmentation model [2].

During the 1994 LEP run, DELPHI collected ~ 1400000 Z° events, having the Ring
Imaging Cherenkov (RICH) detectors operational in optimal and stable conditions. The
DELPHTI experiment and its RICH detectors are described in detail elsewhere ([3-5]).

Three event samples were considered for this analysis, a sample containing all quark
flavours i.e. udsch (referred to as the ‘qq -sample’), a sub-sample of b -flavour enriched
events (the ‘b -sample’) and a uds -flavour enriched sub-sample (the ‘uds -sample’).

With the barrel RICH detector offering the possibility of a complete 7, K*, p and p!
identification, DELPHI is able to perform precision measurements on %, K* and pp
spectra in hadronic Z° decays covering the full momentum range from 0.7 up to 45 GeV /c.
The data distributions are compared with the predictions of JETSET and HERWIG
fragmentation models. The 7%, K* and pp multiplicities are obtained by integrating over
fits to the measured &, distributions (£, = —In X,,, X, = p/Pream ) based on the Modified
Leading Logarithm Approximation under the assumption of Local Parton-Hadron Dual-
ity. More details of the analysis can be found in [6]. In addition, the maxima £ of the
{, distributions are determined. The obtained multiplicities and £ results are compared
with the JETSET and HERWIG predictions and with previously published measure-

ments.

2 Event and charged particle selection criteria

Charged particles were selected according to the following criteria:

e The particle momentum had to be greater than 0.3 GeV /¢ and lower than 70 GeV /c.
The relative uncertainty on the measured momentum had to be smaller than 50%
and the absolute uncertainty had to be less than 5 GeV /e.

The measured track length was required to be larger than 30 cm.

The impact parameter had to be less than 10 cm transverse to the beam axis (Ry)
and less than 20 cm along the beam axis (R.).

e The track had to have a polar angle between 15° and 165°.

Hadronic events were then defined as:

e Events containing at least 5 charged particles.
o The total energy of the charged particles in the event had to be larger than 15 GeV.

Since this analysis is based on data measured by the barrel RICH detector, only those
hadronic events were selected which had at least one charged particle with p > 0.7 GeV /¢
inside the DELPHI barrel region (polar angle to the beam between 47° and 133°). In
addition, a run-selection was performed, removing small data taking periods which were
potentially unstable.

Of the ~1400000 hadronic Z° decays collected by DELPHI in 1994, ~ 1068000

hadronic events were selected after the above criteria. Out of ~2380000 generated

'Protons and anti-protons (i.e. p and p) will be represented by the symbol pp.



Monte Carlo events with full detector simulation [4,7], ~2027000 events passed the
same selection criteria. The contributions from beam-gas scattering, two-photon events
and Z° — 7777 events were estimated to be less than 0.3%.

Finally, charged particle tracks used in the analysis had to pass the following criteria:

The track polar angle had to be between 47° and 133°.

The particle momentum had to be larger than 0.7 GeV /e.

Time Projection Chamber (TPC) information was used for the track reconstruction.
Particles with p < 2.7 GeV/c had to be negatively charged, suppressing particles
coming from secondary interactions (~95% reduction of secondary protons).

3 Tagging bb and uu, dd, s5 events

To separate b - and uds - flavour enriched sub-samples from the ¢g - sample, a topolog-
ical lifetime b - tagging was applied. The method defines an event-probability ‘Pf’ (based
on the positive lifetime-signed impact parameter significances of tracks in the event) for
the tracks to be consistent with the primary vertex [4]. Cutting on P# can then be used
to select (or suppress) b -events.

Requiring P# to be less than 0.01 resulted in a sub-sample of ~198000 b - enriched
events from the data. From the Monte Carlo simulation ~424 000 events were selected,
giving a sub-sample of 78.5% b - purity. The contamination of uds and ¢ flavour was
respectively 6.8% and 14.7%.

A uds -flavour enriched event sample was obtained by using the b - tagging information
to suppress b - events (i.e. anti b - tagging). Requiring P# to be bigger than 0.15 selected
~ 668 000 events from the data and ~ 1243000 from the Monte Carlo, with a uds - purity
of 81.7%. The contamination of b - and ¢ - flavour was respectively 3.8% and 14.5%.

4 The experimental method

The real particle content of a sample was obtained from the measured particle content
by inverting the tagging efficiency matrix?:

NT Real g;r g}zr gg -1 NT Meas.
Ne (@)= & e & || n | () (1)
N, g g g N,

where, for i, j = 7%, K% or pp, the vector element N; stands for the (normalised) number
of particles of type 7 and the matrix element &' represents the efficiency of tagging a
particle of true identity ¢ as a particle of type j. The tagging efficiency matrix is derived
from the simulation. In principle, any observable can be taken for = e.g. momentum p,
X, = p/Pream, &, rapidity y ete.. The method implicitly accounts for particle misidenti-
fication, provided the full detector simulation describes the data well.

The NEWTAG package [8] was used for 7%, K* and pp identification using barrel
RICH data. For each particle hypothesis, NEWTAG provides different levels of tagging
quality and of RICH track quality (i.e. ‘very loose’, ‘loose’, ‘standard’ or ‘tight’ in each
case). This is done by allowing the measured Cherenkov angle, 2> _and its uncertainty,

Oring » to vary within different windows. Thus various 7%, K*, pp samples of different

2The RICH = identification in most cases cannot differentiate 7% from e* and u®. An explicit correction for the e*
and % contamination will be applied in section 5.2 below.
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Figure 1: The tagging efficiency matrix for standard NEWTAG output and very loose track quality selection

versus momentum (for tracks with Outer Detector information).

purity and efficiency can be selected. The loose tagging and loose track quality criteria
were chosen for the central values of the measurements in this analysis. The results
obtained in the same way using the very loose and standard criteria were used to estimate
the systematic uncertainties. Figure 1 illustrates the tagging efficiency matrix for the
standard tag and very loose track quality for x=p in equation 1.

In the momentum window between 2.7 and 8.5 GeV /e, NEWTAG offers two options
for tagging kaons and protons. Either using positive RICH identification for both K* and
pp through the combined use of liquid and gas radiator information, or not distinguishing
K* from pp by using only the gas radiator ‘veto-information’ — the so called heavy
particle (Hv®) tag®. Including the heavy particle tag in this analysis offers the following
advantages for 2.7 < p < 8.5 GeV/e:

e It is significantly more efficient than the sum of the K* and pp tags (see for example
fig. 3, ‘p tagged as p’ compared to ‘p tagged as Hv’).

e By comparing the heavy-tag result with the sum of K* and pp, systematic effects
caused by the identification based on the liquid radiator (since it is used for K*, pp
but omitted in the heavy-tag) can be quantified.

e It simplifies the method of matrix inversion. The 3x3 matrix equation (eq.l) is
reduced to a 2x2 matrix equation?:

Real —1 Meas.
Vo= &)y )
Ny, g gl Ny,
3Heavy particles Hv¥ are defined as particles which are heavier than pions.

4From here onwards, the 3x3 matrix inversion method will be referred to as the ‘3x3-method’ and the 2x2 matrix
inversion method will be referred to as the ‘2x2-method’.
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At low momenta (p < 1.3 GeV/¢), the RICH proton tag is based on the liquid-veto
information which has a low efficiency due to the background. The efficiency can be
increased by using also the TPC dF/dz measurement, defining similar tagging and track
quality levels. The dF/dx proton tag for particle momenta between 0.7 and 1.3 GeV /¢ is
based on the scaled difference between the measured and expected dF/dx for a proton:

dE/dz) ™2 — (dE/d exp.(p)
5. — | (dE/dz) (dE/dz) | 3)
OdE /dx

A particle is tagged as a proton if the dF/dx measurement is within 3 (‘very loose’),
2.5 (‘loose’), 2 (‘standard’) or 1.5 (‘tight’) standard deviations of the proton hypothesis.
Protons are then selected if tagged by either d£/dx or NEWTAG. Figure 2 illustrates
the gain in efficiency compared with the RICH-only proton tag for data and Monte Carlo
for the standard tag and the very loose track quality selection.

To avoid biases due to the different compositions of the event samples, the effi-
ciency matrix was computed separately for each sample. Choosing the loose tagging
and track quality criteria, the agreement between data and Monte Carlo using pions
from K2 — 777~ and protons from A°—pr~ decays, is shown in figure 3. The pion pu-
rity was estimated from the K& sample to be ~94% and the proton purity from the A°
sample to be ~75%. The right-hand side of the figure appears to show that a proton is
more likely to be misidentified as a pion than as a kaon. This can be understood from the
relatively low purity of the proton sample. The dashed lines in the right-hand side column
represent the correctly tagged part of the Monte Carlo, e.g. the dashed line in the top
right plot (‘p tagged as 7’) represents real pions which the A° reconstruction indicated
were protons. However, the important point is that the detector simulation describes the
data well.

The final stage deals with the primary quark flavour impurities in the b - sample and
uds -sample. With a purity of 78.5% for the b -sample and 81.7% for the uds -sample,
corrections must be made for the 21.5% udsc and 18.3% bc¢ flavour impurity respectively.
This was achieved by purity matrix inversion, as follows:

Nib Real B Pb 1— Pudsc —‘1 NZb Meas.
Niudsc (l’) - 1 — Pb pudsc Niudsc (l’) (EL)
4
Nbc Real P 1—7P —1 Nbc Meas. ( )
(e )= (P 20 ) (e ) )

For i = 7%, K*, pp or HvE, the vector element N? stands for the real (normalised)
number of particles of type 7 from the b - sample and N*¥*° represents the equivalent for
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non b - tagged events. Likewise, N** stands for the real (normalised) number of particles
of kind 7 from the uds -sample and N¢ represents the equivalent for non uds - tagged
events. The elements of the purity matrix Py) and Py were determined from full
detector simulation. The difference between the two equations lies in the treatment of the
c-flavour contribution, which is the main impurity in both the b - and the uds - sample.

5 Corrections and uncertainties

In this section an overview of the corrections which have been applied to obtain the
final distributions will be presented first, followed by a discussion on the statistical and
systematic uncertainties. Corrections, other than those performed implicitly by the ma-
trix inversion methods from the previous section, were separated into two groups. A
group of ‘local corrections’ and a group of ‘global corrections’. Both groups rely on the
Monte Carlo simulation.

5.1 Local corrections

Local corrections are linked to the TPC and RICH detectors and their particle iden-
tification. Two local correction factors were applied, one to the track selection efficiency
based on the track quality and one to the tagging efficiency.

We define the track selection efficiency as:

the number of tracks of a certain quality in the barrel region

gsel —

(5)

For the loose track quality, the ratio of data to Monte Carlo for &) versus momentumi is il-
lustrated in figure 4. The correction was applied bin-by-bin to the measured distributions
and for most bins it was of order 1-2%.

The tagging efficiency matrix elements determined from the simulation as a function
of momentum are illustrated in figure 1. To determine whether corrections to this matrix
are needed, data and simulation were compared using pions from K2 and protons from
A°, as shown in figure 3. Unfortunately, not all bins of the individual elements of the
efficiency matrix can be verified. Since no equivalent kaon sample is available, only the
matrix elements for pion and proton tagging can be considered. Moreover, especially
for the K2, they can be compared only for momenta below ~ 10 GeV/c. This is mainly
because at higher momenta the statistics are too low, but is also to avoid a bias due to the
topology of the K& decay. At high momenta, the opening angle between the two outgoing
tracks is usually very small and the Cherenkov ring reconstruction is more complicated
because the rings overlap.

the total number of tracks in the barrel region
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loose pion tagging for 7% from K% —xt 7.

With one exception (discussed below), the correction factors were derived only for the
diagonal elements of the tagging probability matrix (i.e. for ‘7 tagged as 7’, ‘p tagged
as p’ and ‘p tagged as Hv’ in figure 3). This strategy was chosen because the diagonal
elements are the most important and to overcome a potential bias due to the impurity
of the samples (especially the A° sample). To maintain the unitarity of the probability
matrix, a correction applied to a diagonal element was propagated to the off-diagonal
elements of the same column.

The one exception concerned the discrepancy between data and Monte Carlo in five
momentum bins around 2 GeV /¢ for the 7% misidentification. Of all off-diagonal matrix
elements, the elements £F in the 3x3-method and &£ in the 2x2-method have the most
significant influence on the matrix inversion method, especially around 2 GeV /¢ where
the pion production rate is high.

As an example, figure 5 shows the ratio of the pion tagging efficiency for data and
Monte Carlo for the top-left distributions ‘7 tagged as 7’ in figure 3. From this ratio,
an average correction factor was computed for each of three momentum ranges: 0.7-
2.7 GeV/c, 2.7-5.5 GeV /e, and over 5.5 GeV /e. Between 0.7 and 2.7 GeV /¢, only liquid
radiator information is used for pion tagging. Above 2.7 GeV/c only gas information
is used for tagging pions, but the ranges below and above 5.5 GeV /¢ were considered
separately in order to allow for the difference in curvature of the tracks and its influence
on the Cherenkov angle resolution, even though the effects are small.

For the proton and heavy particle tagging an equivalent procedure was followed. The
corrections for the liquid radiator ranges were typically of order ~ 5%. For the gas
radiator ranges the corrections were typically of order ~3%.

5.2 Global corrections

Global corrections refer to overall detector effects and general selection cuts. They
are derived from Monte Carlo by comparing the distributions at the hadronic level before
detector simulation (generator level) with the distributions after the detailed detector
simulation. The correction factors ¢!/*) can be obtained from

N )

(fﬂ) _ gen
c - N(f’iw (6)

stm

where i = 7, K%, pp or Hv® and [ represents the event flavour, i.e. the ¢g-, b- or
uds - sample, and N/ stands for the distributions at the hadronic level before detector

gen

simulation while N(»f’i) stands for the distributions after the detailed simulation of the

stm



DELPHI detector, including all steps of the analysis®. The factor ¢/:) basically corrects
for effects caused by the event and track selection, track losses, secondary interactions,
detector geometry and resolution effects. The suppression of particles coming from sec-
ondary interactions, by accepting only negative charged particles below 2.7 GeV /¢, is also
included in ¢,

The simulation of hadronic Z° decays before detector simulation is provided by a Monte
Carlo program which is based on JETSET 7.3 [4,7]. To obtain the values for N;é’f), 2.5
million Z° — ¢g events were used. In the case of the b - events for particle momenta above
10 GeV /¢, an additional 2.5 million Z° — bb events were produced. Finally, the corrected
data distributions were obtained from

NP = NG (7)
In the case of i = 7%, an additional correction factor which took care of the lepton

contribution was obtained from the ratio N;gﬁ”i)/Négfi"'ei"'“i).

A correction to NS(ZfWZ) is applied to account for the presence of so called ‘ghost’ particles.
These are incorrectly reconstructed tracks which have no counterpart simulated track.
They occur only above 20 GeV/c and increase with momentum. Additional corrections
due to ghost particles were measured to be ~0.3% at 20 GeV /¢, slowly rising to ~5% at

45 GeV/e.

5.3 Systematic uncertainties

Due to the high statistics, the systematic uncertainties usually dominate. The result of
a detailed study of the uncertainties for the final 7%, K*, pp, Hv® normalised production
rates is shown in figure 6. For each event sample, the systematic uncertainty on each
distribution has four different sources: the analysis method, the event selection, the
particle identification, and the correction factors.

5.3.1 Uncertainties due to the analysis method

The systematic uncertainty due to the analysis method can be estimated by comparing
the result for 7% from the 3x3-method (eq.1) with the result for 7% from the simplified
2x2-method (eq.2). Likewise the sum of the results on K* and pp can be compared with
the resulting Hv® distribution. For these, the effects due to the different application of the
RICH information for particle identification are important for a part of the momentum
window.

5.3.2 Uncertainties due to the event selection

To study the systematic uncertainties due to the flavour tagging and the purity matrix
inversion method (eq.4), two additional b - samples and uds - samples of higher and lower
purity were selected. The event probability cuts applied and the compositions of the
resulting samples are listed in table 1, where the middle row represents the values used
for the measurement. Thus the b - purity was varied by ~ +5% and the uds - purity by
~+1% and the analysis was repeated for every event sample, using these new purities.

The uncertainty due to the general hadronic event selection is very small and is treated
in section 5.3.4 below.

5 At the generator level (Ngen) particles with lifetimes less than 10~9 s are considered unstable. Particles with longer
lifetimes are taken as stable particles. Thus A° and Kg decay, while K(ﬂ is considered stable. This is not the case for

Ngim, where lifetimes are properly taken into account.



PE b-purity c-purity] PF  uds -purity c - purity
< 0.005 82.3% 128% |>0.20  82.5% 14.0%
< 0.010 78.5% 14.7% |>0.15  81.7% 14.5%
< 0.020 73.3% 16.7% |>0.10  80.3% 15.3%

Table 1: b -, ¢ - and uds - purities for various cuts on the event probability Pg.

5.3.3 Uncertainties due to particle identification

The NEWTAG package provides different levels of tagging and of track quality selec-
tions. To study systematic effects due to the tagging, the very loose and standard tagging
were also selected for each identification hypothesis (7%, K%, pp, Hvi) in addition to the
loose selection used for the central values.

Likewise for the track quality, the very loose and standard track quality selection were
included to study systematic effects on the particle identification from the detector point
of view. This was done for each of the three tag-samples and again for each hypothesis
and each event sample. Requiring the Outer Detector (OD) information to be used in
the track reconstruction leads to higher purities after particle identification, since it lies
behind the RICH.

For each hypothesis (7%, K*, pp, Hv¥), the whole procedure used 18 (2x3x3) different
sub-samples for ¢g -events (i.e. with or without the OD requirement; very loose, loose,
and standard tag; and very loose, loose, and standard track quality selection). Conse-
quently, for the three b - and three uds - event samples (sec. 5.3.2, table 1), the procedure
used 54 (3x18) sub-samples.

The tight options were not applied, in order to avoid introducing fake systematic
effects due to statistical fluctuations, especially for higher momenta.

The systematic uncertainty was computed for each mass hypothesis, on a bin-by-bin
basis, as being half of the maximum deviation from the central value.

5.3.4 Uncertainties due to corrections

Local and global corrections contribute approximately equally to the systematic un-
certainty. Since they operate mainly on the track quality and reconstruction efficiency,
they also account for the uncertainty due to the general hadronic event selection.

The largest contribution to the local correction factors is due to the corrections on
the efficiency matrix (egs. 1 and 2). By increasing the corrections by 10%, an average
relative contribution of the order of 15% for the ¢g - and uds -sample and 20% for the
b - sample was estimated. Assuming an uncertainty of 5% on the track selection efficiency
correction (derived from 432 /€M) gave a relative contribution to the total systematic
uncertainty of ~2%.

The global factors ¢/ contain corrections for several effects. The average relative
contribution to the total uncertainty was estimated to be 15% for the ¢g -sample and
20% for the b - and uds -sample. Some effects were much smaller than this. For exam-
ple, assuming an uncertainty of 5% on the effect of secondary interactions indicated the
relative contributions to be < 1%. An extra uncertainty of 5% was introduced to account
for the uncertainty in accepting only negative charged particles below 2.7 GeV /c.

Assuming a 10% uncertainty on the correction for ghost particles, the relative contri-
bution was estimated to be < 1% at 20 GeV /e slowly rising to ~10% at 45 GeV /e.
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source ¢ of Z0—>q§ 70 — bb 70 — ui, dd, s3
systematic uncertainty 2/22 L €2 x 100% 2/22 L €2 x 100% 2/22 L €2 x 100%
1. analysis method 4% 2% 3 %

2. event selection 2% 9 % 5 %

3. particle identification 63 % 49 % 57 %

4. correction factors 31 % 40 % 35 %

Table 2: The sources of systematic uncertainty squared and their average relative contribution to the total

uncertainty for Z° —qg , Z° —bb and Z° —uw, dd, s3 .

5.3.5 The uncertainty distributions

Figure 6 shows the final result of the total uncertainty distributions () versus mo-
mentum for the 7%, K*, pp, Hv* normalised production rates in ¢g -, b - and uds - events.
Here, €0t is split into a systematic part (eqyst) and a statistical part (éseae) and it can be
seen that the systematic uncertainties dominate in most cases.

The shapes of the distributions reflect the characteristics of the RICH particle iden-
tification. For example, the K* distributions show successively three rising slopes. This
is because the 7 /K* and K*/pp separations slowly decrease with increasing momen-
tum. If the reconstructed Cherenkov angle were to be slightly over-estimated (or the
angle resolution slightly under estimated), then a certain number of kaons would sys-
tematically be misidentified as pions (the opposite case will be discussed below). The
first rising slope is determined by the 7% /K* separation in the region where only liquid
radiator information is used for identification (0.7 < p < 2.7 GeV/c). The second slope,
for 2.7 < p < 8.5 GeV /¢, is determined by the K*/pp separation in the liquid radiator.
Here, the pion hypothesis has been ruled out by the gas veto-identification and the liquid
radiator is needed only to separate KT from pp. Had the 7% hypothesis not been ruled
out, K* identification using liquid information would have been impossible (especially for
4 < p <85 GeV/e), and the second slope would have been steeper, rising to significantly
higher values. The third slope (~10 < p < 45 GeV/¢) can be explained in the same way
as the first one, but now for the gas radiator instead of the liquid radiator.

The opposite effect i.e. if the reconstructed Cherenkov angle were to be slightly under-
estimated (or the angle resolution slightly over estimated), is suppressed because for a
particle of momentum p, the separation with respect to a heavier mass hypothesis is
always larger than the separation with respect to a lighter mass hypothesis. This explains
the less steep first slope in the case of the 7% distributions.

The first slope is missing for the pp distributions because, at low momenta, the protons
are either identified in liquid veto-mode (below the proton radiation threshold), or the
K*/pp separation is always larger than five standard deviations. Variations between
the patterns can be understood by considering a change in the background for particle
identification due to differences in the overall event topology (e.g. track density, particle
multiplicity) for the three samples.

The systematic uncertainty is dominated by the RICH track quality and the RICH
particle identification. Table 2 shows the average relative contribution to the systematic
uncertainty squared from the four sources (sec. 5.3.1 - 5.3.4) for the normalised production
rates in Z° — ¢g , Z° —bb and Z° —uw, dd, s5 .



Figure 6: Statistical and systematic uncertainties versus momentum for the normalised =%, K*, pp rates for

Inclusive 7
— &0t
EO Egtor

g . T
FInclusive K
F— ot

EC Estar

10 P[GeV/c]

Inclusive pp
— Ctot
EQ Eaot

EA é:syst
60 0
A o

o o)
OOOO o~ O
O fe) Od)O

Eg T

0)
| \\\HH‘ T

1
1 1

0 P[GeV/c]

. T
-Inclusive Hy
F— Crot

Estat

1 1

0 P[GeV/c]

B events

8 T

B events K

F— Ehot

?O Estot

EA esyst

B i R .

;500@OO o gB5 782

7\\‘ | | 11 HH‘ | [
1 10

P[GeV/c]

"B events pp

F— Eiat

S

EA esyst

O

i)O Ag@OOOOO

H‘ | | 11 HH‘ | [
1 0

P[GeV/c]

E +

- B events Hv

F— Eiot

EY NI NP

7\\ | | 11 HH‘ | [

10 P[GeV/c]

7° 5qq , 7Z° —>bb and 7Z° —uw,dd, s5 events.

T TTBT

— &t
EO Egtor

UDS events ﬂi

b Eygt

O@%ézﬁ%é@ o)

go@é%

!
1 10 P[Ge\//c]

11

-— Erot

EC Eqtat

UDS events Ki

b Eygt
ok
o%0

(ee)
Coo o

10 P[Ge\//c]

ToT TTTTT

UDS events pp

Erot

— — o

10 P[Ge\//c]

UDS events Hvi

L Etot

10 P[Ge\//c]



dn/dp / dn(tot)/dp

dn/dp / dn(tot)/dp

Q.
I <
= 1
L
T
©
~
> 08
O
~
C
o
0.6
0.4
I — Jetset 7.3 ps
i Herwig 5.8c
02 0.2
0 0
1 10 P [GeV/c]

. . . a
Flgure 7 The normalised production rates of < .
7t K*andppinZ° —qg , Z° —bb and Z° »uw, dd, s5 . £

=
The open symbols are the measured distributions (ac- g 0.8

N
ceptance corrected). The closed circles indicate 7t af- E

o

ter having accounted for e* and p*. The distributions 0.6
have been obtained without constraining the sum of the
fractions to equal unity, allowing the consistency test in- g4
dicated by the open crosses. Compared to uds - events,
the production of high momentum K* (p> 20 GeV/e) o2

is suppressed in b -events, whereas K* production for

3<p<20 GeV/cis clearly higher in b - events. 0
a
L O
X
S
T
o
o8
o
~
c
©
0.6
04 [ “KT4ep 0.4
L ¢ Sum o o
I — Jetset 7.3 ps
0.2 0.2
o Lo Lo L 0
1 10 P (GeV,/cl
: s
Flgure 8: The normalised production rates of m* N
. . _ = °
and heavy particles (Hvi) in Z°—qg, Z2°—bb and £
— o
7Z° s uw,dd, s5 . The distributions have been obtained ~ 08
> o.
without constraining the sum of the fractions to equal g
el

unity, allowing the consistency test indicated by open g
crosses. The open triangles indicate the summation of

the results obtained for K* and pp from figure 7. 0.4

0.2

12

B

DELPHI 1994
B events

- — Jetset 7.3 ps
Herwig 5.8¢

e

d i
Y & v

10 P [GeV/c]

DELPHI 1994
UDS events

L 2pp

L £ Sumo o a
I — Jetset 7.3 ps
Herwig 5.8¢

et T

10 P [GeV/c]

DELPHI 1994
B events

& K™ +pp

& Sumo o
I — Jetset 7.3 ps
Herwig 5.8¢c

10 P [GeV/cl

DELPHI 1994
| UDS events

2 K™ +pp

& Sumo O
I — Jetset 7.3 ps
Herwig 5.8¢c

10 P [GeV/cl



13

6 Normalised production rates

The normalised production rates f; are expressed as follows, where 5} represents the
efficiency matrix elements from equation 1,

' NMeas.
fi = Z]‘ ((5]2)_1 ) ]1\/[7(3315,) ) Z?.] = 7T€M7K7p' (8)
tota

For a self-consistent efficiency matrix the condition )", f; = 1 must also hold and provides
a useful cross-check of the analysis method and the particle identification. Figure 7 shows
the normalised 7%, K*, pp production rates derived by the 3x3-method from the ¢g -, b -
and uds -samples. The open circles represent the pion distribution before correction for
the lepton contribution, to enable the test >°; f; = 1. The closed circles depict the pions
after the lepton correction. In the case of the uds -events the open and closed circles
coincide, indicating a very low lepton production. Also included are the predictions from
JETSET 7.3 and HERWIG 5.8¢ both tuned by DELPHI [7].

For all three event samples, JETSET gives a good description of the data. For 7%
and KT in ¢g - events and for K* in uds - events, the HERWIG prediction is also good.
However in all other cases HERWIG seems to fail, especially for protons.

Comparing the b -sample with the uds - sample, the distributions show approximately
the same behaviour in the momentum region below ~3 GeV /c. However, clear differences
occur for very high momenta (p > 20 GeV/c). In b -events, high momentum K* produc-
tion seems to be suppressed whereas high momentum 7% production prevails. Conversely,
the K* production in the intermediate momentum window (3 < p < 20 GeV /¢) is clearly
higher in b -events than in uds - events. For p > 20 GeV/c, the K* production rate is
about a factor three higher in uds - events, which may indicate that those kaons contain
a primary u(@)-quark or s(3)-quark. This will be discussed again in section 9.

The 7% and Hv® distributions acquired from the 2x2-method are shown in figure 8.
To illustrate the consistency of the matrix inversion method, an overlay of the sum of K*
and pp from the 3x3-method (triangles) is included. The values and their uncertainties
corresponding to the different figures are listed in Appendix I (tables 10-21).

7 Differential cross-sections

From the normalised production rates, the differential cross-sections for 7%, K* and
pp production can be obtained through multiplication with the measured total charged
particle differential cross-section. Figure 9 shows the 7%, K*, pp differential cross-sections
versus momentum (bottom, left hand axes) and versus scaled momentum X, (top, right
hand axes), for Z°—¢g , Z°—bb and 7Z°—uw, dd, s5 as obtained from the 3x3-method.
Since the LEP beam energy during the 1994 data taking was fixed at the peak of Z° res-
onance, the difference between the top and bottom axes is a constant factor Eje.p,.

The systematic uncertainties for the total charged particle distributions (Appendix II)
were adopted from the inclusive DELPHI measurement performed on 1991, 1992 and
1993 data [7]. The inclusive total charged particle distributions are in good agreement
with these previous DELPHI measurements. The open circles in figure 9 represent the
pions after the lepton correction. The full lines are the predictions from JETSET 7.3
and the dotted lines represent HERWIG 5.8c. Although not shown in figure 9, it was
verified that the sum of the identified-particle distributions agreed with the distribution
for all charged particles.
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The differential cross-sections as a function of , are illustrated separately for each
distribution in figure 10, together with the predictions of JETSET and HERWIG. Here,
the discrepancy between the data and HERWIG becomes very clear. For all three event
samples, JETSET describes the measured spectra better than HERWIG, which fails
to describe the proton spectra and generally over estimates the spectra for b - events and
under estimates them for uds - events. The overall JETSET description is rather good.
The only serious discrepancy is in the proton distributions. The proton distribution in
b - events shows two distinct local maxima. This will be discussed in section 9.

8 Testing the LPHD-MLLA

The advantage of the observable ¢, is the Gaussian-like shape of its distributions
for particle differential cross-sections. Based on the Modified Leading Logarithm Ap-
proximation under the assumption of Local Parton Hadron Duality (LPHD-MLLA), an
approximation to this Gaussian-like shape is given by a 5 parameter expression [9]:

N 1 1 1 , 1 5 1
G(6,0,8,k,N) = o exp(8/<; 235 4(2—|—/<;)5 + 635 + 24/4;5 ) (9)
where 6 = (£, — Ep)/a and Ep, o, s, k are respectively the mean, the width, the skew-
ness and the kurtosis of the distribution and N is a normalisation factor. This so called
‘distorted Gaussian’ expression (for a normal Gaussian k = s = 0) can be tested by per-
forming a fit to each of the measured ¢, distributions. Figure 11 gives an overview of the
fits performed on the data. In most cases the fit procedure based on equation 9 gives a
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Figure 10: The DELPHI ¢p distributions compared with JETSET 7.3 and HERWIG 5.8¢ in Z° =47 ,

7° 5bb and Z° —wuw, dd, s3 events.
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good description of the measured spectra. Only for protons in b - events the result is not
satisfactory. This will be studied in more detail in the next section.

The extrapolation of the LPHD-MLLA prediction to the unmeasured high &, region,
was tested using JETSET. Applying the fit procedure and using the same fit windows
as for the data distributions, showed that the extrapolation of the fit was systematically
below the JETSET prediction for the high £, region. The same was observed in com-
paring the JETSET prediction with the extrapolation of the fit to the data. For the
proton spectrum in b -events this is illustrated in figure 12: the 5 parameter distorted

Gaussian fit result (dashed line) is below the JETSET prediction (dash-dot) for ¢, = 4.

9 Fragmentation and decays in flavour tagged events

As mentioned in section 7 above, the ¢, distribution for protons in b -events shows
two local maxima. JETSET predicts a similar shape, but less pronounced. Similar
effects can be observed in the distributions of the (normalised) proton production rate in
b -events (fig. 9). The fit procedure based on the distorted Gaussian approximation in
equation 9 clearly cannot account for the double-peaked structure (probably because the
LPHD-MLLA considers only particles originating from fragmentation). Instead, a double
Gaussian fit appears to be quite successful in describing the data. Figure 12 shows the
result of a double Gaussian fit (full line) and the two constituent single Gaussians (dotted)
together with the distorted Gaussian fit result (dashed) and the JETSET prediction
(dash-dot).

The two-Gaussian composition may indicate two different origins of protons in
b -events. Protons with low ¢, values (i.e. high momenta) may come mostly from
b - decays while protons with high &, values come mostly from the fragmentation process.
The two constituent single Gaussians (dotted lines) respectively cover 40.8% and 59.2% of
the total fit result. This can be verified using JETSET by tracing back their production
history. For comparison with figure 12, figure 13 shows the breakdown of the JETSET
prediction for protons in b -events into two parts: a) those protons originating from the
decay of the particle which initially contained the primary quark and b) those protons
originating — directly or indirectly® — from the string fragmentation process.

Sthe parent particle (or parents-parent etc.) may originate from the fragmentation e.g. AV —spr— .
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indirectly, i.e. produced from a decaying particle which contained the primary quark.

Both parts show also Gaussian-like shapes, similar to the constituent single Gaussian
distributions resulting from the double Gaussian fit performed on the data. However,
in the JETSET prediction, the two constituent Gaussians respectively cover 29.5% and
71.5% of the total distribution.

To illustrate why this effect may become visible only for proton production in b - events,
figure 14 shows the same breakdown of the JETSET ¢, distributions for the complete
set of %, K* and pp spectra studied in this analysis.
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and Z° —u®,dd, s5 of the normalised

In comparing the 7% K% pp decay and fragmentation distributions for b- and
uds - events, figure 14 also shows that decays and fragmentation contribute about equally

to the total particle production in b - events, whereas particle production in uds - events
is clearly dominated by string fragmentation.

Figure 15 shows the equivalent distributions for the normalised production rates versus
momentum. As suggested in section 6 when comparing the K* distributions for the
different event samples, a large fraction of the high momentum kaons (p > 20 GeV/¢) in
uds - events originate from the primary quark.
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Z0—>qq DELPHI €stat €syst €extr €tot JS73 HW5HS

<ng > 20.81  40.09 £0.19 £0.29 £0.35 20.72 20.92
<t > 17.26 £0.10 £0.17 +£0.86 +0.88 17.23 17.66
< K* >* 221  £0.05 +0.03 £0.04 +0.07 2.09 2.11
< pp>* 1.08  £0.04 £0.02 £0.02 £0.05 1.09 0.78
< Hyt >*= 3.30  £0.05 +0.04 £0.05 +0.08 3.18  3.03
7° —bb DELPHI  €5tat  €syst  €extr  €tot  JST73 HW5HS
< np > 23.17  40.10 £0.21 40.30 £0.38 22.52 22.9
< gt > 1856  £0.12 £0.20 +0.92 +0.94 18.28 18.6
< K* >* 2.59  £0.08 +0.04 £0.04 +£0.10 2.35 2.85
< pp>* 1.07  £0.06 £0.03 +0.02 £0.07 1.01 0.61
< Hyt >*= 3.69  £0.07 £0.04 £0.05 +£0.09 3.36  3.46
72° s, dd,s5 DELPHI €gar  €syst  €extr  €ror  JS73 HWHS
< Nyds > 19.94  £0.09 £0.18 +£0.28 +0.34 19.97 186
< gt > 16.84  £0.10 £0.19 +0.85 +0.87 16.91 16.1
< K* >* 2.02  £0.05 +0.03 £0.04 +0.07 1.92 1.80
< pp >** 1.07  £0.04 £0.02 £0.02 £0.05 1.13 0.70
< Hyt >*= 3.09  £0.05 +0.04 £0.05 +0.08 3.04 2.50

Table 3: The measured =t K* and pp average multiplicities in 7Z° —q7 , 7Z° —bb , Z° —uw, dd, s compared to
the JETSET and HERWIG prediction. Results with an improved accuracy compared to previous measurements

are indicated by a ‘x’. New results are indicated by ‘x*’.

10 Particle multiplicities

The particle multiplicities i.e. total particle production rates, can be obtained by inte-
grating the differential cross-section distribution of any observable e.g. p, X, or {,. The
DELPHI particle multiplicities are determined through integration over the £, range of
the above presented distorted Gaussian fit-results. The JETSET prediction was used to
extrapolate into the regions not covered by the data. The final 7%, K*, pp multiplicities
are listed in table 3, including the values obtained for JETSET and HERWIG. Only for
protons in b - events the double Gaussian fit result from figure 12, which obviously yields
a better description of the spectrum, was integrated. Within the uncertainties, the pro-
ton multiplicity using the distorted Gaussian fit (1.08 £+ 0.05 4+ 0.04 £ 0.02) nevertheless
agrees with the result obtained from the double Gaussian fit (1.07 £+ 0.06 4+ 0.03 + 0.02).

The total uncertainty (eor) is the quadratic sum of the statistical (€sat), systematic
(€syst) and extrapolation (€ext ) uncertainties. The statistical uncertainty was estimated
by repeating the fit procedure five times, each time reducing equation 9 to a four param-
eter expression by freezing one of the five parameters and adding one standard deviation
(derived from the five parameter fit) to the frozen parameter. The systematic uncertainty
is mainly determined by the track reconstruction efficiency, the RICH particle identifica-
tion and the correction factors, as discussed in detail in section 5.3. The extrapolation
uncertainty was obtained from the JETSET and HERWIG generators assuming an
uncertainty of £15% on the additions due to extrapolation, 15% being the difference
between the JETSET and HERWIG predictions, averaged over all unmeasured areas
of the distributions in figure 11.
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DELPHI 5 parameter fit 3 parameter fit Ax?/ndf

7% —=qq & Estat €syst  JS73 HW5H8 &5 Estat €syst (3P-HDp.)
All charged 3.66 £ 0.01 +0.02 3.64 3.66 3.61 £ 0.01 £ 0.02 3.7
rt 3.79 £0.01 +£0.04 381 3.77 3.70 £0.01 + 0.03 5.1
K* 2.69 +0.03 £0.0b 2.72 2.80 2.69 £ 0.01 + 0.03 0.1
PP 3.15 £0.06 +£0.07 282 2.75 2.87 + 0.04 £+ 0.04 0.9
Hv 2.78 +£0.03 £0.04 2.76 2.77 2.75 £ 0.01 + 0.02 2.0

7" —bb & Gotar €syst JST3 HWBS & ear €oyst (3Dp-5D.)
All charged 3.45 + 0.02 + 0.03 3.54 3.63 3.49 £ 0.01 + 0.01 2.5

rE 3.66 £0.02 £0.04 3.72 379 3.67 £0.01 £ 0.03 0.9
K* 258 £0.04 £0.03 259 269 256 £0.02 £ 0.02 0.4
PP 3.26 £0.07 £0.12 3.06 248 3.36 £0.04 &+ 0.03 see text
Hv 2556 £0.02 £0.03 262 266 2.60 £0.02 £ 0.02 0.4

70 s, dd, 55 & €srar €syst JST3 HWBS & egar €yt (3P-5P.)
All charged  3.76 + 0.01 +0.02 3.71 3.71 3.70 £ 0.01 +0.01 0.1

rE 3.85 £0.01 £0.04 3.81 381 3.79 £0.01 +0.03 1.4
K* 299 £0.06 £0.08 3.01 3.22 293 +0.02 £ 0.04 0.1
PP 3.16 £0.06 £0.07 281 277 2.87 £0.04 £ 0.05 1.9
Hv 3.06 £0.03 £0.03 289 3.01 2.88 £0.01 +0.02 4.9

Table 4: The resulting ¢, values obtained from a five parameter fit and a reduced three parameter fit (see
text) for the different particle distributions, compared to the JETSET and HERWIG prediction including the

difference between the y? /ndf of the two fits. For completeness the values for heavy particles are included.

Results with an improved accuracy compared to previous measurements are indicated
by a ‘+” in the left hand column of the table and will be discussed in section 12. New
results are indicated by a “xx’.

The results in table 3 are consistent within their uncertainties. For example, in
7° — qq , comparing the <n,> with the the sum of <7% + K* 4 pp> leaves 0.26 4 0.33
(excluding €eyxtr ) for light leptonsi.e. < et + pF >. For uds - events, the difference between
<Nygs> and <7 4 K* + pp> is 0.01. This means that most leptons in hadronic Z° de-
cays are produced in heavy flavour events through the semi-leptonic decay of heavy flavour
hadrons. For b -events, <ny>= 23.17 £ 0.38 and <7% + K* + pp>= 22.22 £ 0.26 (ex-
cluding €extr ), leaving 0.95 + 0.35 for < et 4+ pu* >. The same exercise holds also for both
JETSET and HERWIG. Similarly, the comparisons between the sum of <K* + pp>
and the results obtained for the heavy particle distributions < HvE > are in good agree-
ment.

11 Determination of ¢ values

The maximum & of the ¢, distributions is considered an important observable with
which one can test QCD predictions (for a detailed review see ref. [10]). To obtain £
values from the ¢, distributions, Ep was parametrised as a function of £ in equation 9

and the fits were repeated. The results are listed in table 4 together with the predictions
from JETSET and HERWIG.
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DELPHI Ag; (uds B b) JS73 HW5S Table 5: The difference in 5; values in

All charged  0.31 + 0.05 017 0.08 uds - and b - events compared to JET-
SET (JS73) and HERWIG (HW58).

rE 0.20+0.06  0.09 0.02
K=+ 0.41+0.11 0.42 0.53
P —0.2040.10 —0.25 0.29
Hv* 0.514+0.06 0.27 0.35

Also included are the results of a second fit, in which the k£ and s parameters have been
set equal to their values obtained from the five parameter fit applied to the full spectrum
of the equivalent JETSET distributions. Thus the five parameter fit is reduced to a
three parameter (distorted Gaussian) fit. These ‘reduced three parameter’ fit results
have been included to enable comparisons with future measurements of £ obtained from
low statistics LEP-IT data samples at various energies /s > My, for which the reduced
three parameter fit is most likely to be applied. The right hand column in table 4 gives
the difference Ay?/ndf between the two fit procedures.

The reduced three parameter fit did not work for the proton distribution in b - events.
Here, the values given in table 4 are those obtained for the second constituent Gaussian
of the double Gaussian fit in figure 12 (for the first constituent Gaussian the maximum
was at 2.01 £+ 0.05 + 0.02).

The statistical uncertainty was derived directly from the fit procedure. The systematic
uncertainty was estimated by refitting over the same ¢, range, after having moved the
individual data points by their systematic uncertainty, assuming the systematics to be
linearly correlated from bin to bin, being zero at the maximum bin, and anti correlated
on either side of the peak. The distribution around the peak in &,, is often very flat or
distorted so that the actual value of 7 depends critically on the shape used to express
LPHD-MLLA (eq.9). This is particularly true when there is very little data to the right
of the peak as in the pion distributions. The possibility that eq. 9 may not be correct is
not taken into account in the systematic uncertainty.

The five parameter fit results for £ agree well with the JETSET results. The differ-
ence with HERWIG is generally a little larger but also agrees within the uncertainties.
The £ dependence on the primary quark flavour, can be quantified by taking the dif-
ference between the £ values for uds -events and b -events. Table 5 shows A&*(uds -b)
and the comparison with the results obtained from JETSET and HERWIG. For pp in
b -events, the £ values of the second peak from the double Gaussian fit is taken both in
data and in JETSET. The difference A& (uds - b) being positive for mesons and negative
for baryons is confirmed only by JETSET.

12 Comparison with other experimental results

For the three event samples, figure 16 illustrates the good agreement of the total
charged particle distributions versus £, obtained from this analysis in comparison with
results obtained by the ALEPH Collaboration. The ALEPH distributions versus §, are
obtained from X, distributions published in reference [11].

Previously published measurements of particle multiplicities, are listed in table 6. The
multiplicities from this analysis are in good agreement with these results. The column
Ace gives the difference in standard deviations between the measurements.
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Figure 16: The charged particle distributions of DELPHI compared with the ALEPH results for Z° —qg
g
(left), Z° —=bb (middle) and Z° —uw, dd, s3 (right). The ALEPH distributions versus £, are obtained from the

X, distributions published in [11].

7" — q7 DELPHI ¢o OTHERS €0 Ne
<ng > 20.81 4035 2092  4+0.24 LEP Av.[7] 0.26
<t > 17.26  +0.88  17.1 +0.4 PDG’96[12] 0.17
17.052  +0.429 OPAL [13] 0.21

< K* > 221 £0.07  2.39 +0.12 PDG’96 [12] 1.30
2421  +0.133 OPAL [13]  1.40

2.26 +0.18 DELPHI [14] 0.26

< pp > 1.08  40.05 0.964  40.102 PDG’96 [12] 1.02
0.916  +0.111 OPAL [13] 1.35

1.07 +0.14 DELPHI [14] 0.07

7° —bb DELPHI ¢ OTHERS €0t Ae
<np > 23.17  +0.38 2347  40.37 DELPHI [15] 0.57
23.62  +£0.48 OPAL[16] 0.74

23.14  £0.39 SLD [17] 0.06

<K* > 259  +0.10  2.74 +0.50 DELPHI [18] 0.29
< pp > 1.07 4007 113 +0.26 DELPHI [18] 0.22
7° sut,dd,ss DELPHI ¢ OTHERS o Ae
< Mygs > 19.94  +0.34  20.35  +0.19 DELPHI [15] 1.05
20.21  £0.24 SLD [17] 0.65

Table 6: The production rates from this analysis compared to published results from other sources. The
measurements of 7T, K* and pp multiplicities in b - and uds - events at LEP have so far been published only

by DELPHI. The column Ace gives the difference in standard deviations between the measurements.
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DELPHI OTHERS
7’ —qq 5; €tot 5; €tot Ae
All charged 3.66 + 0.02 3.67 +0.01 ALEPH [11] 0.44
3.603 +0.013 OPAL [21] 2.39

371 40.05 L3[22] 0.93
rt 379 £004 378 2002 ALEPH[11] 0.22
K+ 269 £006 270 2009 ALEPH[11] 0.09
2.63  40.07 DELPHI [14] 0.65
PP 315  £009 285  £0.15 ALEPH[11] 1.71

2.96 +0.16 DELPHI [14] 1.03

Table 7: The &, values from the 5 parameter fit result of this analysis compared to published results from

other sources. The column Ae gives the difference in standard deviations between the measurements.

The improvements in accuracy for < K* > and <pp> in Z° — ¢g may be understood
from figure 17. The left hand column compares the DELPHI-RICH 7%, K*, pp distri-
butions from this analysis with the measurements obtained by the ALEPH [11] and
OPAL [13] dE/dx identifications.

DELPHI data are seen to cover more of the &, space, ruling out uncertainties due to
interpolations in areas where the integrated cross-section is high. The right hand column
of the figure shows the comparison between the DELPHI-RICH and SLD-CRID [19].
The latter can not (yet) cover the identification window by applying veto-identification.
Veto-identification was also not applied in a previously published DELPHI analysis for
<K*> and <pp> in Z°—qg (on 1992 data [14]). In addition, that data sample was
about a factor of eight smaller than in this analysis. The previous DELPHI measurement
of <K*> and <pp> in b-events was performed using 1992 and 1993 data [18]. This
analysis provides an improvement in accuracy for K* (pp) by a factor ~5 (~4). It should
be noted that the apparent discrepancy of the OPAL proton data at low ¢, is absent in
a more recent OPAL analysis based on increased statistics and an improved modelling
of the dF/dx distributions [20].

Previously published measurements of £ are listed in table 7. The column Ac gives
the difference in standard deviations between the measurements. In general, there is a
good agreement between the different results.

13 Conclusions

The production of 7%, K* and pp in Z°—qq , Z°—bb and 7Z° — uw, dd, s5 has been
studied using 1400000 Z° decays collected by DELPHI in 1994. The results have been
compared with the predictions from the JETSET string fragmentation model and the
HERWIG cluster fragmentation model. In general, JETSET describes the measured
spectra better while HERWIG fails for the proton spectra. Both JETSET and HER-
WIG describe the inclusive 7 and K* differential cross sections as a function of &,
well. However, HERWIG over estimates 7% and K* production for Z° —bb and under
estimates 7% and K* production for Z° — v, dd, s5 .

The prediction of the shape of the ¢, distributions, based on the Modified Leading
Logarithm Approximation while assuming Local Hadron Parton Duality (LPHD-MLLA),
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Figure 17: The =%, K* pp ¢p distributions in Z° —¢g events from DELPHI compared with those from
ALEPH, OPAL and SLD.
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<n>| 7Z°=qq 70 — bb 70—, dd, s3
<7t >[17.26 £0.88|**18.56 +0.94|**16.84 =+0.87
< K* >[*2.21 £0.07| *2.59 £0.10| **2.02 +0.07
<pp>|*1.08 £0.05| *1.07 £0.07| **1.07 +£0.05

Table 8: The measured particle production rates in Z° —qg , Z°—bb, Z° —uw,dd, s5 . Results with an

improved accuracy compared to previous measurements are indicated by a ‘+’. New results are indicated by ‘xx’.

& 7° — qq 70 —bb |70 —uw,dd, s3 A& (uds -b)
All charged| 3.66 4+ 0.02| 3.45 £ 0.04| 3.76 =+ 0.02 0.31 £0.05
rt 3.79 £ 0.04| 3.65 +0.04] 3.85 + 0.04 0.20 £0.06
K* 2.69 £ 0.06| 2.8 £ 0.05] 2.99 =+ 0.09 0.41 +0.11
PP 3.15 £ 0.09| 3.36 &+ 0.05] 3.16 4+ 0.09 | —0.20 £0.10

Table 9: The DELPHI ¢} values in Z° —qg , 7° —bb , Z° —u@,dd, s5 and the ¢} difference A&%(uds -b)

between uds - and b - events.

has been tested on all the measured distributions. The LPHD-MLLA generally describes
the shapes of the measured areas very well apart from protons in b -events, where the
contribution from b - decays becomes explicitly visible. In this specific case, a double-
Gaussian approach has been shown to perform better, where the assumption of one
Gaussian describing protons from fragmentation and the other describing protons from

b - decays is confirmed by JETSET.

The 7%, K*, pp multiplicities in Z° — ¢g , Z° — bb and Z° — uw, dd, s5 are summarised
in table 8. The results are obtained by integrating the outcome of the LPHD-MLLA
analysis performed on the measured distributions. The results have been compared with
the JETSET and HERWIG predictions. It has been shown that the results agree
well with the available measurements presented in previous publications, but the un-
certainties are in some cases significantly smaller. The accuracy has been improved
by a factor ~1.7 (~2.0) for <K*> (<pp>) in Z°—¢g, and by a factor ~5 (~4) for
<K*> (<pp>) in Z°—bb. The 7% K*, pp multiplicities in 7Z°—uw, dd, s5 are pre-
sented for the first time.

The maxima ¢ of the measured distributions have been determined and are sum-
marised in table 9. The results have again been compared with the JETSET and HER-
WIG predictions and with previously published measurements. The £ dependence on the
primary quark flavour is quantified for the different particle distributions by A& (uds -b)
measurements, also given in table 9.
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Appendix I: Summary Tables Normalised Production Rates

DELPHI JS73 DELPHI JS73

p (GeV/e) fr % €tot €stat esyst Jm % p (GeV/e) fxk % €tot €stat €ayst fxk %

0.70 - 0.91 88.72 + 0.73 £ 044 £ 0.58 89.49 0.70 - 0.91 7.17 +1.02 £035 £095 7.06

0.91-1.14 86.41 + 089 £ 044 £ 0.77 87.58 0.91-1.14 8.58 +1.18 +£029 +£1.14 8.03

1.14-1.37 85.08 + 088 £ 0.50 =+ 0.73 86.09 1.14 - 1.37 8.84 +1.28 +£031 +£124 876

1.37-1.60 83.60 + 090 £ 054 £ 0.72 84.84 1.37 - 1.60 10.21 + 099 +£039 £091 939

1.60-1.82 82.04 + 095 £ 0.60 + 0.74 83.81 1.60-1.82 10.63 + 158 +£052 £149 9.94

1.82-2.28 80.37 + 1.16 £ 052 £ 1.04 82.46 1.82-2.28 11.84 + 2.06 £ 047 £ 201 10.73

2.28 - 2.74 79.11 + 1.60 £ 0.60 + 1.48 80.79 2.28 - 2.74 12.55 + 27 £ 059 £ 269 11.80

2.74-3.19 77.89 + 094 £ 049 £+ 0.80 79.28 2.74 - 3.19 13.25 + 089 +£039 £ 080 1281

3.19 - 3.65 76.45 + 1.14 £ 048 £ 1.04 78.02 3.19 - 3.65 14.32 + 1.05 £ 036 £ 099 13.72

3.65 - 4.10 74.74 + 1.02 £ 050 £+ 0.89 76.94 3.65 - 4.10 15.59 + 098 £ 038 £ 091 14.52

4.10 - 4.56 73.56 + 088 £ 054 £ 0.70 75.83 4.10 - 4.56 16.72 +1.17 +£043 £ 1.09 1531

4.56 - 5.47 71.82 + 082 £ 043 £ 0.70 74.55 4.56 - 5.47 17.39 +1.15 £ 037 £ 1.09 16.26

5.47 - 6.38 69.92 + 085 £ 050 &+ 0.69 72.78 5.47 - 6.38 18.23 +1.02 £ 057 £ 084 1757

6.38 - 7.29 68.19 + 096 £ 058 + 0.76 71.26 6.38 - 7.29 19.25 + 194 £099 £ 167 1877

7.29-8.21 66.89 + 099 £ 0.70 £ 0.70 70.15 7.29 - 8.21 19.55 + 278 £ 144 £ 237 1981

8.21-9.12 64.57 + 135 £ 065 + 1.18 69.03 8.21 -9.12 21.47 + 3.04 +£094 £ 289 2092

9.12 - 11.85 62.47 + 079 £ 038 £ 0.69 67.83 9.12 - 11.85 22.73 + 076 £ 032 £ 069 2227
11.85-13.68 59.71 + 094 £ 058 £+ 0.73 66.10 11.85-13.68 25.17 +1.04 £ 048 £ 0.93 24.19
13.68 - 18.24  57.67 + 1.13 £ 051 £ 1.01 64.67 13.68 - 18.24  26.77 + 156 £ 045 £ 149 2598
18.24 - 22.80 54.66 + 148 £ 081 £ 1.24 62.52 18.24 - 22.80 29.04 + 275 £ 082 £ 263 2878
22.80 - 27.36 55.36 + 218 £ 141 £ 1.66 60.46 22.80 - 27.36 29.97 + 3.03 £ 152 £ 262 31.77
27.36 - 36.47  55.69 + 4.10 £ 241 4+ 3.31 57.01 27.36 - 36.47  33.86 + 691 £ 297 £ 6.24 36.99
36.47 - 45.00 56.11 + 13.30 £ 9.72 £ 9.09 53.23 36.47 - 45.00 2778 £ 2412 £ 13.30 £ 20.12 44.15

Table 10: The normalised production rates for =% Table 11: The normalised production rates for K*

in Z2° = ¢g versus JETSET (JS73). in Z° = qg versus JETSET (JS73).
DELPHI JS73 DELPHI JS73
p (GeV/e) /p % €tot €stat esyst Jfp % p (GeV/e) fav % €tot €stat €ayst fuv %
0.70 - 0.91 4.11 + 093 £+ 0.18 £ 0.92 345 0.70 - 0.91 11.40 + 099 £ 039 £ 0.91 10.51
0.91-1.14 4.85 + 0.87 £ 025 £ 0.84 4.39 0.91-1.14 13.08 +1.19 £033 £1.14 1242
1.14-1.37 4.71 + 090 £ 038 £ 0.82 5.15 1.14 - 1.37 14.99 + 1.07 £ 039 £ 0.99 13.91
1.37-1.60 5.97 + 0.79 £ 042 £ 0.67 5.77 1.37-1.60 15.87 + 1.09 £ 048 £ 0.98 15.16
1.60-1.82 6.61 + 0.79 £ 036 £ 0.70 6.25 1.60 - 1.82 17.11 + 146 £ 059 £ 1.33 16.19
1.82-2.28 7.68 + 0.77 £ 034 £ 0.69 6.80 1.82 - 2.28 19.23 + 216 £ 058 £ 2.08 17.54
2.28 - 2.74 6.73 + 0.79 £ 024 £ 075 7.41 2.28 - 2.74 19.87 + 227 £ 061 £ 2.19 19.21
2.74 - 3.19 6.46 + 0.68 £+ 0.17 £ 0.66 7.90 2.74 - 3.19 20.89 + 097 £ 040 +£ 0.88 20.72
3.19 - 3.65 6.83 + 0.67 £+ 0.22 £ 0.63 8.26 3.19 - 3.65 21.02 + 0.75 £ 035 £ 0.66 21.98
3.65 - 4.10 7.46 + 0.89 £+ 0.26 £ 0.85 8.54 3.65-4.10 22.77 + 068 £ 036 £ 0.57 23.06
4.10 - 4.56 7.23 + 096 £+ 031 £ 0.91 8.86 4.10 - 4.56 24.14 + 0.74 £ 040 £ 0.63 24.17
4.56 - 5.47 8.37 + 082 £ 029 £ 0.77 9.19 4.56 - 5.47 25.74 + 068 £ 032 £ 0.60 2545
5.47 - 6.38 9.40 + 1.21 £052 £ 1.09 9.64 5.47 - 6.38 27.65 + 0.70 £ 038 £ 0.58 27.22
6.38 - 7.29 9.70 + 164 £ 102 £ 1.29 9.97 6.38 - 7.29 29.22 + 0.73 £ 045 £ 0.57 28.74
7.29 - 8.21 10.37 + 229 £ 156 £ 1.67 10.04 7.29 - 8.21 29.89 + 0.78 £ 053 £ 0.57 29.85
8.21-9.12 10.30 + 1.88 £ 1.08 £ 1.54 10.05 821-9.12 31.77 + 085 £ 050 £ 0.69 30.97
9.12-11.85 10.12 + 1.12 £ 041 £ 1.04 9.91 9.12-11.85 33.04 + 072 £ 032 £ 065 3217
11.85 - 13.68 10.75 +1.24 £050 £ 1.14 9.71 11.85 - 13.68 35.24 + 1.00 £ 054 £ 0.84 33.90
13.68 - 18.24 9.71 + 1.04 £ 043 £ 0.95 9.35 13.68 - 18.24 36.09 + 159 £ 052 £ 1.51 3533
18.24 - 22.80 9.54 + 1.68 £ 057 £ 1.58 8.69 18.24 - 22.80 37.71 + 292 £ 089 £ 278 37.48
22.80 - 27.36 8.72 + 211 £095 £ 1.8 7.77 22.80 - 27.36 37.92 + 3.08 £ 143 £ 272 39.54
27.36 - 36.47 7.00 + 3.16 £ 161 £ 2.72 5.99 27.36 - 36.47 41.24 + 4.07 £ 226 £ 3.39 4299
36.47 - 45.00 8.68 + 6.69 £ 426 £ 516 2.62 36.47 - 45.00 46.00 + 15.65 £ 9.72 £+ 12.27 46.77

Table 12: The normalised production rates for pp Table 13: normalised production rates for Hv*
in Z2° = ¢g versus JETSET (JS73). particles in Z° — g versus JETSET (JS73).




DELPHI JS73 DELPHI JS73

14 (GeV/c) fr % €tot €stat €ayst fr % P (GeV/c) IK % €tot €stat €ayst IK %

0.70 - 0.91 88.57 + 121 +£099 £ 071 88.77 0.70 - 0.91 6.70 +1.14 £079 £+ 0.81 6.60

0.91-1.14 86.34 + 1.18 £ 099 £ 0.68 86.85 0.91-1.14 8.05 +1.23 £061 £ 1.09 7.53

1.14-1.37 84.86 + 131 +£108 +£0.76 85.12 1.14 - 1.37 8.51 + 145 £ 068 £ 1.30 8.43

1.37-1.60 83.15 + 142 £ 118 £ 0.81 83.53 1.37 - 1.60 10.11 +1.21 £ 088 £+ 0.85 9.31

1.60-1.82 81.12 + 154 £ 130 £ 084 81.92 1.60-1.82 11.03 + 2.08 £1.18 +1.71 10.32

1.82-2.28 78.79 + 152 £ 111 £ 1.02 79.75 1.82-2.28 12.98 + 232 £ 1.16 £ 2.00 11.77

2.28 - 2.74 76.66 + 189 £ 125 £ 1.43 77.01 2.28 - 2.74 14.59 + 3.20 £ 148 £+ 2.85 13.71

2.74-3.19 74.39 + 144 £ 099 £ 1.03 74.25 2.74 - 3.19 16.08 +1.38 £ 1.04 £+ 0.91 1555

3.19 - 3.65 72.25 + 146 £ 095 £ 1.12 72.09 3.19 - 3.65 17.76 + 145 £ 099 £+ 1.08 17.01

3.65 - 4.10 69.87 + 136 £ 099 £ 095 70.12 3.65 - 4.10 19.43 + 174 £ 1.06 £ 1.40 18.10

4.10 - 4.56 68.07 + 139 +£1.04 £ 094 68.23 4.10 - 4.56 20.67 + 166 £1.19 £ 1.15 18.93

4.56 - 5.47 65.13 + 1.08 £ 081 £ 0.74 65.46 4.56 - 5.47 21.23 + 147 £1.02 £ 1.03 19.85

5.47 - 6.38 61.46 + 1.12 £ 092 £ 066 61.60 5.47 - 6.38 21.73 + 2.03 £ 153 £+ 1.34 2094

6.38 - 7.29 58.17 + 130 £ 1.07 £ 0.73 58.19 6.38 - 7.29 22.19 + 345 £ 281 £ 1.88 21.64

7.29-8.21 55.87 + 140 £ 129 £ 057 55.83 7.29 - 8.21 21.76 + 5.01 £ 3.96 £ 3.04 22.04

8.21-9.12 53.23 + 157 £ 120 £ 1.01 5394 8.21 -9.12 23.09 + 3.98 £ 243 £ 3.12 2250

9.12 - 11.85 49.84 + 092 £071 £ 062 50.73 9.12 - 11.85 22.77 + 1.00 £ 0.75 £+ 0.69 22.31
11.85 - 13.68 46.23 + 136 £ 1.06 £ 0.86 47.45 11.85 - 13.68 22.24 + 1.32 £ 098 £ 0.86 21.37
13.68 - 18.24 43.25 + 122 £ 095 £ 0.75 44.36 13.68 - 18.24 19.85 + 1.36 £ 080 £ 1.03 19.26
18.24 - 22.80 40.83 + 224 £ 167 £ 1.47 4243 18.24 - 22.80 15.47 + 199 £1.16 £+ 1.59 15.33
22.80 - 27.36 46.20 + 551 £ 362 £ 3.70 46.61 22.80 - 27.36 11.50 +1.97 £1.73 £ 072 12.18
27.36 - 36.47 62.64 + 11.18 £ 9.12 £ 598 62.07 27.36 - 36.47 9.38 + 2.93 £ 276 £+ 0.83 10.25
36.47 - 45.00 78.62 + 83.44 £+ 55.48 £ 62.05 74.48 36.47 - 45.00 5.86 + 9.04 £595 £ 6.71 9.31

Table 14: The normalised production rates for 7

in Z°=bb versus JETSET (JS73).

Table 15: Normalised production rates for K* in
7° —bb versus JETSET (JS73).
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DELPHI JS73 DELPHI JS73

p (GeV/e) /p % €tot €stat €ayst /p % p (GeV/e) fav % €tot €stat €ayst fuv %
0.70 - 0.91 3.65 + 084 £ 035 £ 0.78 3.05 0.70 - 0.91 10.47 +1.20 £ 084 £ 080 9.66
0.91-1.14 4.20 + 081 £ 048 £ 0.68 3.81 0.91-1.14 11.95 +1.18 £ 069 £ 098 11.34
1.14-1.37 3.99 + 1.06 £ 070 £ 082 4.36 1.14 - 1.37 13.79 +1.27 £080 £ 1.01 12.79
1.37-1.60 4.94 + 096 £ 082 =+ 054 4.77 1.37 - 1.60 14.73 +1.30 £ 098 £+ 087 14.08
1.60-1.82 5.36 + 086 £ 067 =+ 058 5.07 1.60-1.82 16.26 +183 +£1.23 £ 137 1539
1.82-2.28 6.00 + 088 £ 063 £ 065 531 1.82-2.28 18.73 + 212 £1.26 £ 169 17.08
2.28 - 2.74 5.06 + 082 £ 040 =+ 0.74 557 2.28 - 2.74 19.94 + 250 +£134 £ 212 19.28
2.74-3.19 4.78 + 059 £ 025 £ 057 584 2.74 - 3.19 21.57 +1.16 £ 090 £ 0.73 21.40
3.19 - 3.65 4.96 + 065 £ 033 £ 059 6.00 3.19 - 3.65 22.01 +1.11 £ 080 £ 080 23.01
3.65 - 4.10 5.54 + 078 £ 041 =+ 068 6.34 3.65 - 4.10 24.13 +1.02 £ 083 £ 062 2444
4.10 - 4.56 5.60 + 099 £ 051 =+ 087 6.87 4.10 - 4.56 25.76 +1.23 +£091 £ 083 2579
4.56 - 5.47 7.11 + 091 £ 057 £ 068 781 4.56 - 5.47 27.97 +1.15 £ 077 £ 087 27566
5.47 - 6.38 9.16 + 169 £1.18 £ 1.21 9.39 5.47 - 6.38 30.82 +1.16 £ 095 £ 070 30.34
6.38 - 7.29 10.34 + 3.10 £ 286 £ 1.20 10.62 6.38 - 7.29 32.80 + 143 +£1.14 £ 072 32.26
7.29-8.21 11.50 + 513 £ 450 £ 242 11.14 7.29 - 8.21 33.22 + 147 £131 £ 069 33.19
8.21-9.12 11.38 + 332 £284 £1.72 11.11 8.21 -9.12 34.47 + 143 +£1.23 £ 074 3361
9.12 - 11.85 10.88 + 164 £1.08 £ 1.25 10.65 9.12 - 11.85 33.85 +1.02 £073 £074 3296
11.85 - 13.68 10.43 + 149 £ 1.18 £ 094 942 11.85 - 13.68 32.01 + 141 +£113 £ 080 30.79
13.68 - 18.24 7.87 + 111 £085 £ 071 757 13.68 - 18.24 27.42 + 146 £ 096 £ 1.08 2684
18.24 - 22.80 5.71 + 134 £095 £ 091 520 18.24 - 22.80 20.66 + 233 +£130 £ 194 2053
22.80 - 27.36 4.72 + 205 £168 £ 1.15 4.21 22.80 - 27.36 15.72 + 225 £175 £ 117 16.39
27.36 - 36.47 4.08 + 528 £ 374 £ 3.70 349 27.36 - 36.47 13.18 + 312 +£234 £194 1374
36.47 - 45.00 29.72 + 1373 £ 77.8 £ 113.0 8.97 36.47 - 45.00 17.98 + 20.28 £ 16.79 £+ 11.29 18.28
Table 16: The normalised production rates for pp Table 17: The normalised production rates for

in Z° —bb versus JETSET (JS73).

Hv?* particles in Z° —bb versus JETSET (JS73).
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DELPHI JS73 DELPHI JS73
14 (GeV/c) fr % €tot €stat €ayst fr % P (GeV/c) IK % €tot €stat €ayst IK %
0.70-0.91 8887 4 080 £ 056 =+ 0.60 88.77 0.70 - 0.91 734 4+ 103 4045 £+ 095 7.24
0.91-1.14 8656 4 098 4+ 0.57 + 0.81 86.85 0.91-1.14 878 +1.18 4+037 +£1.13 821
1.14-1.37 8528 £ 0095 4064 =+ 0.73 85.12 1.14 - 1.37 898 4+£1.27 +040 +£1.22 889
1.37-1.60 8390 £ 099 4070 4 0.72 83.53 1.37-1.60 1027 4105 4051 4093 09.45
1.60-1.82 8251 £ 107 4078 =4 0.76 81.92 1.60-1.82 1052 4161 4+ 065 4148 0.84
1.82-2.28 8113 £ 121 4067 =+ 1.03 79.75 1.82-2.28 1143 4206 4+ 058 4 1.98 1037
2.28-2.74 8034 4178 +£0.78 4 1.60 77.01 2.28-274 1172 +277 £070 +£269 11.02
274-319 7971 4 099 £ 0.65 £ 0.77 74.25 274-319 1199 4+ 08 4044 +£0.76 11.60
3.19-365 7877 4+ 131 4064 £+ 1.16 72.00 3.19-3.65  12.65 £1.07 4040 4 1.01 12.12
3.65-4.10 7750 4 1.13 4 0.68 £ 0.92 70.12 3.65-4.10 1357 4+ 090 4042 +0.82 12.64
4.10-456 76,73 4+ 106 4074 £+ 0.78 68.23 4.10-456 1445 4+£1.09 4046 +1.00 13.23
456-547 7561 4+ 1.00 4 0.59 £ 0.83 65.46 456 -547 1491 4+ 1.00 4040 +0.92 13.94
5.47-6.38 7460 4 1.04 4+ 0.69 £ 0.80 61.60 5.47-6.38 1559 4+ 097 4062 +£0.76 15.02
6.38-7.29 7355 4 1.16 4+ 0.81 + 0.85 58.19 6.38-7.29 1652 4+ 186 4 1.03 £ 153 16.11
7.29-821 7256 4+ 1.24 +£0.98 4 0.78 5583 7.29-821  17.01 +253 4155 +£200 17.23
8.21-9.12 7047 4+ 154 40090 £+ 1.27 53.94 8.21-9.12 1886 4+ 284 4 1.02 £ 265 18.38
9.12-11.85 6881 4+ 0.93 4 053 £+ 0.79 50.73 9.12-11.85 20.33 4+ 075 4 036 £ 0.68 19.92
11.85- 13.68 66.22 4 1.15 4 0.80 £ 0.84 47.45 11.85- 13.68 23.14 +1.21 4 055 £ 1.00 22.23
13.68- 18.24 64.12 4 1.22 4 0.69 £+ 1.03 44.36 13.68- 18.24 25.60 4+ 1.66 4 0.53 £ 158 24.84
18.24- 22.80 60.17 4+ 1.73 4 1.07 4+ 1.37 42.43 18.24- 22.80 28.87 4+ 279 4 098 £ 262 28.62
22.80- 27.36 59.25 4+ 2.25 4+ 1.80 £+ 1.32 46.61 22.80- 27.36 30.59 4+ 382 4 1.84 £ 3.34 3243
27.36 - 36.47 56.75 £ 545 4+ 286 £ 461 62.07 27.36 - 36.47 34.77 4+ 6.80 4+ 353 +£5.79 37.98
36.47- 45.00 56.19 £ 1456 4+ 11.31 4 9.00 74.48 36.47- 45.00 27.88 4+ 2447 4 16.19 + 18.19 44.30
Table 18: Normalised production rates for 7% in Table 19: Normalised production rates for K* in
7° —uw,dd, s3 versus JETSET (JS73). 7° —uw,dd, s3 versus JETSET (JS73).
DELPHI JS73 DELPHI JS73
p (GeV/e) /p % €tot €stat esyst Jfp % p (GeV/e) fav % €tot €stat €ayst fuv %
0.70 - 0.91 4.30 + 1.06 £ 024 £ 1.04 3.60 0.70 - 0.91 11.75 + 098 £ 050 £ 086 10.84
0.91-1.14 5.10 + 1.06 £ 034 £ 1.00 4.62 0.91-1.14 13.52 +1.26 £ 043 £ 1.20 12.84
1.14-1.37 5.02 + 1.05 £ 052 £ 0.93 5.48 1.14 - 1.37 15.50 +1.14 +£051 £ 1.04 1438
1.37-1.60 6.40 + 0.89 £ 057 £ 0.71 6.19 1.37 - 1.60 16.36 +1.27 +£063 £ 1.11 15.63
1.60-1.82 7.13 + 0.96 £ 050 £+ 0.85 6.75 1.60-1.82 17.53 + 153 £078 £ 134 1659
1.82-2.28 8.40 + 0.88 £ 047 £ 0.76 7.44 1.82-2.28 19.52 + 233 £075 £ 221 17.81
2.28 - 2.74 7.45 + 091 £ 035 £+ 0.8 8.19 2.28 - 2.74 19.87 + 244 £ 078 £ 232 19.22
2.74-3.19 7.17 + 079 £ 025 £ 0.78 8.77 2.74 - 3.19 20.53 +1.02 £ 050 £ 091 20.36
3.19 - 3.65 7.62 + 078 £ 032 £ 0.73 9.22 3.19 - 3.65 20.41 + 087 +£044 £ 078 21.34
3.65 - 4.10 8.31 + 1.03 £ 038 £ 0.98 951 3.65 - 4.10 21.87 + 070 £ 045 £ 057 2216
4.10 - 4.56 7.99 +1.17 £044 £ 1.10 9.79 4.10 - 4.56 22.99 + 0.80 £ 048 £ 0.66 23.03
4.56 - 5.47 9.11 + 0.90 £ 041 4 0.81 10.01 4.56 - 5.47 24.21 + 0.67 £ 038 £ 058 2395
5.47 - 6.38 9.91 + 142 £ 069 £+ 1.25 10.16 5.47 - 6.38 25.59 + 075 £ 045 £ 061 25.18
6.38 - 7.29 10.00 +1.92 £ 1.25 £+ 1.47 10.27 6.38 - 7.29 26.82 + 079 £ 052 £ 058 2637
7.29-8.21 10.55 + 248 £ 192 £+ 1.57 10.21 7.29 - 8.21 27.48 + 0.83 £ 062 £ 056 2745
8.21-9.12 10.41 + 2.09 £ 134 £+ 1.61 10.16 8.21 -9.12 29.28 + 089 £ 059 £ 0.70 2854
9.12 - 11.85 10.22 + 1.18 £ 052 £ 1.07 10.00 9.12 - 11.85 30.72 + 074 £ 037 £ 067 2992
11.85 - 13.68 10.84 + 140 £ 062 £ 1.27 9.79 11.85 - 13.68 33.29 +1.17 £ 064 £ 1.00 32.02
13.68 - 18.24 9.74 +1.15 £ 053 £ 1.03 9.37 13.68 - 18.24 34.96 +1.69 £ 063 £ 158 34.22
18.24 - 22.80 9.70 + 171 £069 £ 157 884 18.24 - 22.80 37.69 + 3.00 £ 1.07 £ 281 3746
22.80 - 27.36 8.74 + 2.03 £1.09 £1.71 7.79 22.80 - 27.36 38.56 + 399 £ 173 &£ 359 4021
27.36 - 36.47 6.76 + 271 £1.72 £ 2.09 5.79 27.36 - 36.47 41.99 + 398 £ 266 £ 295 4377
36.47 - 45.00 8.17 + 593 £ 4.19 £ 4.20 2.46 36.47 - 45.00 46.00 + 15.98 £ 10.83 £+ 11.70 46.77

Table 20: Normalised production rates for pp in
7° = uw,dd, s5 versus JETSET (JS73).

Table 21: Normalised production rates for Hv*
particles in 7Z° = uw,dd, s5 versus JETSET (JS73).



Appendix II: Summary Tables Differential Cross-sections

DELPHI DELPHI JS73
p (GeV/e) NLhdIé% €stat Esyst Xp NLhdcrith;t ctot NLhdcrith;t
0.30 - 0.36 11.22 + 0.47 + 0.74 0.007 - 0.008 511.8 + 39.8 510.5
0.36 - 0.46 10.95 + 0.30 + 0.52 0.008 - 0.010 499.4 + 274 498.9
0.46 - 0.57 10.30 + 0.16 + 0.24 0.010 - 0.012 470.0 + 13.0 468.9
0.57-0.70 9.25 + 0.16 + 0.23 0.012 - 0.015 422.1 + 12.8 424.6
0.70 - 0.91 7.79 + 0.15 + 0.22 0.015 - 0.020 355.1 + 12.1 361.1
0.91-1.14 6.360 + 0.062 + 0.082 0.020 - 0.025 290.08 + 4.67 295.22
1.14-1.37 5.273 + 0.065 + 0.079 0.025 - 0.030 240.50 + 4.67 243.31
1.37-1.60 4.412 + 0.035 + 0.041 0.030 - 0.035 201.22 + 2.43 203.35
1.60-1.82 3.764 + 0.035 + 0.039 0.035 - 0.040 171.70 + 2.41 172.46
1.82-2.28 3.018 + 0.028 + 0.030 0.040 - 0.050 137.68 + 1.88 138.12
2.28 - 2.74 2.325 + 0.023 + 0.024 0.050 - 0.060 106.03 + 1.50 106.25
2.74 - 3.19 1.853 + 0.021 + 0.021 0.060 - 0.070 84.52 + 1.35 83.96
3.19 - 3.65 1.506 + 0.019 + 0.019 0.070 - 0.080 68.71 + 1.22 67.79
3.65 - 4.10 1.253 + 0.018 + 0.017 0.080 - 0.090 57.15 + 1.13 56.06
4.10 - 4.56 1.049 + 0.017 + 0.016 0.090 - 0.100 47.84 + 1.04 46.96
4.56 - 5.47 0.830 + 0.015 + 0.014 0.100 - 0.120 37.86 + 0.93 36.88
5.47 - 6.38 0.616 + 0.013 + 0.011 0.120 - 0.140 28.09 + 0.76 27.23
6.38 - 7.29 0.471 + 0.011 + 0.009 0.140 - 0.160 21.48 + 0.63 20.72
7.29 - 821 0.3684 + 0.0090 + 0.0074 |0.160 - 0.180 16.80 + 0.53 16.10
8.21-9.12 0.2907 + 0.0074 + 0.0060 |0.180 - 0.200 13.26 + 0.43 12.68
9.12-11.9 0.1911 + 0.0055 + 0.0043 |0.200 - 0.260 8.72 + 0.32 8.33
11.9-13.7 0.1159 + 0.0036 + 0.0027 |0.260 - 0.300 5.29 + 0.20 5.00
13.7-18.2 0.0635 + 0.0021 + 0.0015 |0.300 - 0.400 2.90 + 0.12 2.72
18.2- 228 0.0273 + 0.0011 + 0.0007 |0.400 - 0.500 1.243 + 0.058 1.170
22.8- 274 0.01216 + 0.00057 4 0.00037 | 0.500 - 0.600 0.554 + 0.031 0.517
27.4- 365 0.00384 + 0.00039 &£ 0.00027 | 0.600 - 0.800 0.175 + 0.022 0.161
36.5 - 45.6 0.000530 £ 0.000096 =+ 0.000050|0.800 - 1.000 0.0242 + 0.0050 0.0227

Table 22: Differential cross-section for charged particles in Z° —qg versus JETSET (JS73).

DELPHI DELPHI JS73
p (GeV/e) NLth?_];T €stat Esyst Xp NLhcciinT;r Etot NthnT;r
0.70 - 0.91 6.908 + 0.039 + 0.239 0.015 - 0.020 315.1 + 11.1 321.1
0.91-1.14 5.495 + 0.032 + 0.101 0.020- 0.025 250.66 + 4.83 256.60
1.14-1.37 4.486 + 0.030 + 0.095 0.025- 0.030 204.61 + 4.54 207.63
1.37 - 1.60 3.688 + 0.027 + 0.055 0.030- 0.035 168.23 + 2.79 170.77
1.60 - 1.82 3.088 + 0.025 + 0.051 0.035- 0.040 140.85 + 2.61 142.88
1.82-2.28 2.426 + 0.018 + 0.046 0.040 - 0.050 110.65 + 2.23 112.35
2.28 - 2.74 1.839 + 0.016 + 0.043 0.050 - 0.060 83.88 + 2.10 84.44
2.74 - 3.19 1.443 + 0.010 + 0.027 0.060 - 0.070 65.83 + 1.33 65.28
3.19-3.65 1.1517 + 0.0083 + 0.0257 |0.070- 0.080 52.53 + 1.23 51.71
3.65-4.10 0.9364 + 0.0072 + 0.0216 |0.080- 0.090 42.71 + 1.04 42.04
4.10 - 456 0.7714 + 0.0065 + 0.0183 |0.090- 0.100 35.19 + 0.89 34.63
4.56 - 547 0.5961 + 0.0042 + 0.0157 |0.100- 0.120 27.19 + 0.74 26.62
5.47 - 6.38 0.4306 + 0.0036 + 0.0124 |0.120- 0.140 19.64 + 0.59 19.08
6.38 - 7.29 0.3211 + 0.0032 + 0.0101 |0.140- 0.160 14.65 + 0.48 14.13
7.29 - 8.21 0.2464 + 0.0030 + 0.0082 |0.160- 0.180 11.24 + 0.40 10.76
8.21-9.12 0.1877 + 0.0024 4+ 0.0070 |0.180- 0.200 8.56 + 0.34 8.30
9.12-11.9 0.1194 + 0.0012 + 0.0045 |0.200- 0.260 5.45 + 0.21 5.30
11.9-13.7 0.06922 4 0.00096 &£ 0.00277 | 0.260 - 0.300 3.16 + 0.13 3.06
13.7- 182 0.03661 4+ 0.00066 £ 0.00154 |0.300- 0.400 1.670 + 0.077 1.612
18.2 - 22.8 0.01490 4 0.00042 &£ 0.00071 | 0.400- 0.500 0.680 + 0.038 0.664
22.8-27.4 0.00673 £ 0.00030 4 0.00037 |0.500- 0.600 0.307 + 0.022 0.289
27.4-36.5 0.00214 £ 0.00020 4 0.00024 |0.600- 0.800 0.097 + 0.014 0.089
36.5 - 45.6 0.000298 £+ 0.000084 £+ 0.000056|0.800- 1.000 0.0136 =+ 0.0046 0.0121

able . Differential cross-section for 7= 1n —qq versus 3).
Table 23: Differential ion for 7% in 7° JETSET (JS7
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DELPHI DELPHI JS73

1 dn 1 dn 1 dn
14 (GeV/c) N_hd_g €stat €syst Xp N_h dXI; €tot N_h dXI;

0.70 - 0.91 0.558 + 0.031 + 0.077 |0.015- 0.020 25.46 + 3.77 25.51
0.91-1.14 0.546 + 0.021 + 0.073 |0.020- 0.025 24.90 + 3.46 23.70
1.14-1.37 0.466 + 0.018 + 0.066 0.025 - 0.030 21.27 + 3.13 21.32
1.37 - 1.60 0.450 + 0.020 + 0.040 0.030 - 0.035 20.54 + 2.05 19.09
1.60 - 1.82 0.400 + 0.022 + 0.056 0.035 - 0.040 18.26 + 2.76 17.15
1.82-2.28 0.357 + 0.016 + 0.061 0.040 - 0.050 16.30 + 2.87 14.83
2.28 - 2.74 0.292 + 0.015 + 0.063 |0.050- 0.060 13.31 + 2.94 12.54
2.74 - 3.19 0.2455 + 0.0080 + 0.0154 |0.060 - 0.070 11.20 + 0.79 10.76
3.19 - 3.65 0.2157 + 0.0061 + 0.0154 |0.070 - 0.080 9.84 + 0.76 9.30
3.65-4.10 0.1953 + 0.0054 4+ 0.0120 |0.080 - 0.090 8.91 + 0.60 8.14
4.10 - 456 0.1754 + 0.0052 4+ 0.0121 |0.090 - 0.100 8.00 + 0.60 7.19
4.56 - 5.47 0.1443 + 0.0035 4+ 0.0097 |0.100- 0.120 6.58 + 0.47 6.00
5.47-6.38 0.1123 + 0.0040 4+ 0.0060 |0.120 - 0.140 5.12 + 0.33 4.79
6.38 - 7.29 0.0906 + 0.0052 4+ 0.0083 |0.140 - 0.160 4.13 + 0.45 3.89
7.29 -8.21 0.0720 + 0.0060 4+ 0.0090 |0.160 - 0.180 3.29 + 0.49 3.19
8.21-9.12 0.0624 + 0.0033 + 0.0086 |0.180 - 0.200 2.85 + 0.42 2.65
9.12-11.9 0.04344 4 0.00082 £ 0.00204 |0.200 - 0.260 1.98 + 0.10 1.86
11.9-13.7 0.02917 &£ 0.00073 4+ 0.00155 |0.260 - 0.300 1.331 + 0.078 1.209
13.7- 182 0.01699 &£ 0.00044 4 0.00115 |0.300- 0.400 0.775 + 0.056 0.708
18.2 - 22.8 0.00791 &£ 0.00033 4 0.00079 |0.400- 0.500 0.361 + 0.039 0.337
22.8- 274 0.00364 4+ 0.00025 £ 0.00036 |0.500 - 0.600 0.166 + 0.020 0.164
27.4-36.5 0.00130 4+ 0.00017 £ 0.00027 |0.600 - 0.800 0.059 + 0.015 0.060
36.5 - 45.6 0.000147 =4 0.000082 £+ 0.000108|0.800- 1.000 0.0067 4+ 0.0062 0.0100

Table 24: Differential cross-section for K* in Z° —¢g versus JETSET (JS73).

DELPHI DELPHI JS73
1 dn 1 dn 1 dn
p (GeV/e) N_hd_pp €stat €syst Xp N_hﬁ €tot N_hﬁ

0.70 - 0.91 0.320 + 0.016 + 0.072 0.015 - 0.020 14.61 + 3.37 12.44
091-1.14 0.308 + 0.018 + 0.053 0.020 - 0.025 14.06 + 2.58 12.96
1.14-1.37 0.249 + 0.022 + 0.043 0.025 - 0.030 11.34 + 2.22 12.53
1.37-1.60 0.263 + 0.021 + 0.030 0.030 - 0.035 12.01 + 1.66 11.73
1.60-1.82 0.249 + 0.015 + 0.027 |0.035 - 0.040 11.35 + 1.40 10.78
1.82-2.28 0.232 + 0.012 + 0.021 0.040 - 0.050 10.58 + 1.10 9.40
2.28 - 2.74 0.1566 + 0.0062 + 0.0175 |0.050 - 0.060 7.14 + 0.85 7.87
2.74-3.19 0.1198 + 0.0034 + 0.0123 |0.060- 0.070 5.46 + 0.58 6.64
3.19-3.65 0.1028 + 0.0036 + 0.0097 |0.070- 0.080 4.69 + 0.47 5.60
3.65-4.10 0.0934 + 0.0036 + 0.0108 |0.080- 0.090 4.26 + 0.52 4.79
4.10 - 4.56 0.0758 + 0.0035 + 0.0097 |0.090- 0.100 3.46 + 0.47 4.16
4.56 - 5.47 0.0695 + 0.0027 + 0.0066 |0.100- 0.120 3.17 + 0.32 3.39
5.47-6.38 0.0579 + 0.0036 + 0.0069 |0.120- 0.140 2.64 + 0.35 2.63
6.38 - 7.29 0.0457 + 0.0054 + 0.0062 |0.140 - 0.160 2.08 + 0.37 2.06
7.29-8.21 0.0382 + 0.0065 + 0.0063 |0.160- 0.180 1.74 + 0.41 1.62
8.21-9.12 0.0299 + 0.0038 + 0.0046 |0.180- 0.200 1.37 + 0.27 1.27
9.12-11.9 0.0193 + 0.0010 4+ 0.0021 |0.200- 0.260 0.88 + 0.11 0.83
11.9-13.7 0.01246 4+ 0.00076 £ 0.00140 |0.260 - 0.300 0.569 + 0.073 0.486
13.7-18.2 0.00616 4+ 0.00036 £ 0.00065 |0.300- 0.400 0.281 + 0.034 0.255
18.2-22.8 0.00260 4 0.00021 £ 0.00044 |0.400- 0.500 0.119 + 0.022 0.102
22.8-27.4 0.00106 £ 0.00015 &£ 0.00023 |[0.500- 0.600 0.048 + 0.013 0.040
27.4-36.5 0.000269 £ 0.000084 £+ 0.000107|0.600- 0.800 0.0123 £ 0.0062 0.0097
36.5 - 45.6 0.000046 =+ 0.000059 £ 0.000028|0.800- 1.000 0.0021 &£ 0.0030 0.0006

Table 25: Differential cross-section for protons in Z° —¢g versus JETSET (JS73).



DELPHI DELPHI JS73
p (GeV/e) NLhdIé% €stat €syst Xp NLhddnx% €tot NLhdan%
0.30 - 0.36 12.05 + 0.46 + 0.74 0.007 - 0.008 549.5 + 39.7 542.2
0.36 - 0.46 11.80 + 0.30 + 0.52 0.008 - 0.010 538.4 + 27.3 534.4
0.46 - 0.57 11.23 + 0.16 + 0.24 0.010 - 0.012 512.3 + 13.0 507.7
0.57 - 0.70 10.28 + 0.16 + 0.23 0.012 - 0.015 469.1 + 12.8 466.8
0.70 - 0.91 8.84 + 0.16 + 0.22 0.015 - 0.020 403.2 + 12.3 403.6
0.91-1.14 7.336 + 0.064 + 0.082 0.020 - 0.025 334.61 + 4.73 333.93
1.14-1.37 6.159 + 0.065 + 0.079 0.025 - 0.030 280.93 + 4.68 276.66
1.37-1.60 5.208 + 0.034 + 0.041 0.030 - 0.035 237.57 + 2.42 231.68
1.60-1.82 4.466 + 0.034 + 0.040 0.035 - 0.040 203.70 + 2.38 196.91
1.82-2.28 3.586 + 0.027 + 0.030 0.040 - 0.050 163.57 + 1.84 157.90
2.28 - 2.74 2.806 + 0.021 + 0.024 0.050 - 0.060 127.98 + 1.46 121.90
2.74 - 3.19 2.235 + 0.019 + 0.021 0.060 - 0.070 101.95 + 1.29 96.61
3.19 - 3.65 1.831 + 0.017 + 0.019 0.070 - 0.080 83.53 + 1.16 78.50
3.65 - 4.10 1.510 + 0.016 + 0.017 0.080 - 0.090 68.89 + 1.07 64.74
4.10 - 4.56 1.259 + 0.015 + 0.016 0.090 - 0.100 57.43 + 0.98 53.87
4.56 - 5.47 0.966 + 0.013 + 0.014 0.100 - 0.120 44.04 + 0.86 41.31
5.47 - 6.38 0.687 + 0.011 + 0.011 0.120 - 0.140 31.32 + 0.70 29.33
6.38 - 7.29 0.4967 + 0.0086 + 0.0092 0.140 - 0.160 22.66 + 0.57 21.28
7.29 - 8.21 0.3681 + 0.0070 + 0.0077 0.160 - 0.180 16.79 + 0.46 15.74
8.21-9.12 0.2764 + 0.0057 + 0.0063 0.180 - 0.200 12.61 + 0.38 11.85
9.12-11.9 0.1637 + 0.0043 + 0.0047 0.200 - 0.260 7.46 + 0.28 77
11.9-13.7 0.0882 + 0.0028 + 0.0034 0.260 - 0.300 4.02 + 0.18 3.87
13.7-18.2 0.0431 + 0.0022 + 0.0025 0.300 - 0.400 1.96 + 0.12 1.91
18.2- 228 0.0152 + 0.0012 + 0.0021 0.400 - 0.500 0.694 + 0.064 0.714
22.8- 274 0.00677 + 0.00071 + 0.00203 [0.500 - 0.600 0.263 + 0.037 0.261
27.4-36.5 0.00120 + 0.00041 + 0.00202 [0.600 - 0.800 0.055 + 0.022 0.048
36.5-45.6 0.0000201 = 0.0000085 =+ 0.0020006|0.800 - 1.000 0.0009 + 0.0023 0.0006

Table 26: Differential cross-section for charged particles in Z° —bb

versus JETSET (JS73).

DELPHI DELPHI JS73
p (GeV/e) NLth?_];T €stat Esyst Xp NLhcciinT;r Etot NthnT;r
0.70 - 0.91 7.781 + 0.096 + 0.246 0.015 - 0.020 354.9 + 12.0 358.3
0.91-1.14 6.334 + 0.078 + 0.102 0.020- 0.025 288.90 + 5.87 290.00
1.14-1.37 5.205 + 0.072 + 0.098 0.025 - 0.030 237.41 + 5.55 235.49
1.37 - 1.60 4.280 + 0.066 + 0.060 0.030- 0.035 195.20 + 4.09 193.52
1.60 - 1.82 3.595 + 0.063 + 0.056 0.035- 0.040 163.96 + 3.84 161.31
1.82-2.28 2.768 + 0.044 + 0.047 0.040 - 0.050 126.27 + 2.96 125.92
2.28 - 2.74 2.140 + 0.039 + 0.047 0.050 - 0.060 97.59 + 2.76 93.88
2.74 - 3.19 1.674 + 0.025 + 0.031 0.060 - 0.070 76.35 + 1.83 71.74
3.19 - 3.65 1.312 + 0.020 + 0.027 0.070 - 0.080 59.83 + 1.55 56.59
3.65 - 4.10 1.049 + 0.017 + 0.022 0.080 - 0.090 47.84 + 1.26 45.39
4.10 - 4.56 0.853 + 0.015 + 0.019 0.090 - 0.100 38.92 + 1.10 36.76
4.56 - 547 0.6166 + 0.0095 + 0.0138 |0.100- 0.120 28.13 + 0.76 27.04
5.47-6.38 0.4124 + 0.0077 4+ 0.0101 |0.120- 0.140 18.81 + 0.58 18.07
6.38 - 7.29 0.2861 + 0.0066 + 0.0079 |0.140- 0.160 13.05 + 0.47 12.38
7.29 - 821 0.2010 + 0.0057 + 0.0058 |0.160- 0.180 9.17 + 0.37 8.79
8.21-9.12 0.1457 + 0.0044 + 0.0051 |0.180- 0.200 6.64 + 0.30 6.39
9.12-11.9 0.0810 + 0.0018 + 0.0029 |0.200- 0.260 3.70 + 0.16 3.64
11.9-13.7 0.0409 + 0.0014 + 0.0018 |0.260- 0.300 1.87 + 0.10 1.84
13.7-18.2 0.01858 4+ 0.00093 &£ 0.00088 | 0.300- 0.400 0.848 + 0.058 0.849
18.2 - 22.8 0.00629 4 0.00051 £ 0.00042 | 0.400- 0.500 0.287 + 0.030 0.303
22.8-27.4 0.00252 £ 0.00035 4+ 0.00028 |0.500- 0.600 0.115 + 0.020 0.122
27.4-36.5 0.00081 £ 0.00030 4+ 0.00018 |0.600- 0.800 0.037 + 0.016 0.030
36.5 - 45.6 0.000016 =+ 0.000042 £ 0.000013|0.800- 1.000 0.0007 4 0.0020 0.0004

Table 27: Differential cross-section for 7% in Z° —bb versus JETSET (JS73).
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DELPHI DELPHI JS73
p (GeV/e) NLhdcril_g €stat Esyst Xp NLhiI:(I; €tot NLhiI:(I;
0.70 - 0.91 0.667 + 0.090 + 0.084 0.015 - 0.020 30.42 + 5.61 26.66
0.91-1.14 0.612 + 0.064 + 0.083 0.020 - 0.025 27.93 + 4.80 25.15
1.14-1.37 0.523 + 0.060 + 0.080 0.025 - 0.030 23.84 + 4.57 23.32
1.37-1.60 0.585 + 0.051 + 0.050 0.030 - 0.035 26.68 + 3.27 21.56
1.60 - 1.82 0.483 + 0.061 + 0.075 0.035 - 0.040 22.02 + 4.44 20.32
1.82-2.28 0.494 + 0.025 + 0.076 0.040 - 0.050 22.55 + 3.67 18.59
2.28 - 2.74 0.398 + 0.016 + 0.078 0.050 - 0.060 18.17 + 3.63 16.72
2.74 - 3.19 0.335 + 0.018 + 0.020 0.060 - 0.070 15.26 + 1.22 15.03
3.19 - 3.65 0.3225 + 0.0096 + 0.0203 0.070 - 0.080 14.71 + 1.02 13.36
3.65-4.10 0.2845 + 0.0055 + 0.0211 0.080 - 0.090 12.97 + 0.99 11.72
4.10 - 4.56 0.249 + 0.010 + 0.015 0.090 - 0.100 11.34 + 0.81 10.20
4.56 - 5,47  0.2022 + 0.0061 + 0.0106 0.100 - 0.120 9.22 + 0.56 8.20
5.47 - 6.38 0.1526 + 0.0070 + 0.0101 0.120 - 0.140 6.96 + 0.56 6.14
6.38 - 7.29 0.109 + 0.011 + 0.010 0.140 - 0.160 4.98 + 0.68 4.60
7.29 - 8.21 0.083 + 0.011 + 0.012 0.160 - 0.180 3.79 + 0.75 3.47
8.21-9.12 0.0625 + 0.0050 + 0.0087 |0.180 - 0.200 2.85 + 0.46 2.67
9.12-11.9 0.0379 + 0.0013 4+ 0.0017 |0.200 - 0.260 1.727 + 0.099 1.600
11.9-13.7 0.0199 + 0.0011 + 0.0011 0.260 - 0.300 0.907 + 0.071 0.827
13.7-18.2 0.00868 + 0.00068 + 0.00059 |0.300 - 0.400 0.396 + 0.041 0.368
18.2- 228 0.00231 + 0.00041 + 0.00027 |0.400 - 0.500 0.105 + 0.023 0.109
22.8-27.4 0.00062 + 0.00023 + 0.00006 |0.500 - 0.600 0.028 + 0.011 0.032
27.4 - 36.5 0.000024 4 0.000062 &£ 0.000005 |0.600- 0.800 0.0011 + 0.0028 0.0049
36.5 - 45.6 0.0000007 £ 0.0000036 £ 0.0000009|0.800- 1.000 0.00003 &£ 0.00017 0.00005

Table 28: Differential cross-section for K* in Z° —bb versus JETSET (JS73).

DELPHI DELPHI JS73
p (GeV/e) NLhCLLpp €stat Esyst Xp Nth% Etot Nth%
0.70 - 0.91 0.303 + 0.051 + 0.066 0.015 - 0.020 13.82 + 3.83 12.33
091-1.14 0.305 + 0.053 + 0.050 0.020 - 0.025 13.93 + 3.32 12.72
1.14-1.37 0.331 + 0.049 + 0.068 0.025 - 0.030 15.11 + 3.82 12.07
1.37-1.60 0.266 + 0.066 + 0.029 0.030 - 0.035 12.14 + 3.31 11.05
1.60-1.82 0.257 + 0.049 + 0.028 0.035 - 0.040 11.73 + 2.56 9.99
1.82-2.28 0.284 + 0.042 + 0.030 0.040 - 0.050 12.96 + 2.35 8.39
2.28 - 2.74 0.176 + 0.026 + 0.025 0.050 - 0.060 8.02 + 1.66 6.79
2.74 - 3.19 0.117 + 0.016 + 0.014 0.060 - 0.070 5.32 + 0.97 5.65
3.19 - 3.65 0.093 + 0.016 + 0.011 0.070 - 0.080 4.24 + 0.87 4.71
3.65-4.10 0.092 + 0.015 + 0.011 0.080 - 0.090 4.18 + 0.86 4.11
4.10 - 4.56 0.072 + 0.016 + 0.011 0.090 - 0.100 3.29 + 0.88 3.70
4.56 - 5.47 0.079 + 0.010 + 0.008 0.100 - 0.120 3.62 + 0.58 3.23
5.47 - 6.38 0.075 + 0.012 + 0.010 0.120 - 0.140 3.40 + 0.71 2.76
6.38 - 7.29 0.060 + 0.019 + 0.007 0.140 - 0.160 2.74 + 0.91 2.26
7.29 - 8.21 0.044 + 0.022 + 0.009 0.160 - 0.180 2.00 + 1.07 1.75
8.21-9.12 0.034 + 0.011 + 0.005 0.180 - 0.200 1.56 + 0.55 1.32
9.12-11.9 0.0173 + 0.0029 + 0.0021 0.200 - 0.260 0.79 + 0.16 0.76
11.9-13.7 0.0089 + 0.0018 + 0.0009 0.260 - 0.300 0.406 + 0.091 0.365
13.7-18.2 0.00371 + 0.00071 + 0.00037 |0.300 - 0.400 0.169 + 0.037 0.145
18.2-22.8 0.00102 + 0.00033 + 0.00017 |0.400 - 0.500 0.046 + 0.017 0.037
22.8-27.4 0.00027 + 0.00019 + 0.00007 |0.500- 0.600 0.0124 + 0.0092 0.0110
27.4-36.5 0.000083 &£ 0.000074 &£ 0.000077 |0.600- 0.800 0.0038 + 0.0049 0.0017
36.5 - 45.6 0.0000045 £ 0.0000060 £ 0.0000173|0.800- 1.000 0.00021 4 0.00084 0.00005

Table 29: Differential cross-section for protons in Z° —bb versus JETSET (JS73).



DELPHI DELPHI JST73
p (GeV/e) NLhdIcli% €stat Esyst Xp NLhd(I;Tt;t Etot NLhdan%
0.30 - 0.36 10.97 + 0.47 + 0.74 |0.007- 0.008 500.6 + 40.0 497.9
0.36 - 0.46 10.69 + 0.31 + 0.52 |0.008-0.010 487.8 + 275 485.6
0.46 - 0.57 10.02 + 0.16 + 0.24 |0.010- 0.012 457.0 + 13.1 454.5
0.57-0.70 8.95 + 0.16 + 0.23 |0.012- 0.015 408.0 + 128 409.6
0.70 - 091 7.46 + 0.15 + 0.22 |0.015- 0.020 340.5 + 12.0 346.1
0.91-1.14 6.046 + 0.061 + 0.082 [0.020- 0.025 275.76 + 4.64 281.34
1.14-1.37 4.966 + 0.063 + 0.079 [0.025- 0.030  226.53 + 4.63 230.68
1.37-1.60 4.124 + 0.034 + 0.041 [0.030- 0.035 188.13 + 2.41 192.00
1.60-1.82 3.506 + 0.034 + 0.040 [0.035- 0.040 159.91 + 2.38 162.38
1.82-2.28 2.801 + 0.028 + 0.030 [0.040- 0.050 127.76 + 1.87 129.70
2.28 - 2.74 2.141 + 0.023 + 0.024 [0.050- 0.060 97.66 + 1.49 99.62
2.74-319 1.708 + 0.021 + 0.021 [0.060- 0.070 77.90 + 1.34 78.78
3.19 - 3.65 1.390 + 0.019 + 0.019 [0.070- 0.080 63.39 + 1.22 63.54
3.65 - 4.10 1.156 + 0.018 + 0.017 [0.080- 0.090 52.73 + 1.14 52.58
4.10 - 4.56 0.968 + 0.017 + 0.016 |[0.090- 0.100 44.15 + 1.05 44.08
4.56 - 5.47 0.774 + 0.015 + 0.014 [0.100- 0.120 35.28 + 0.93 34.88
5.47 - 6.38 0.581 + 0.013 + 0.011 [0.120- 0.140 26.52 + 0.77 26.03
6.38 - 7.29 0.451 + 0.011 + 0.009 [0.140- 0.160 20.56 + 0.64 20.08
7.29-821 03597 + 0.0093 &£ 0.0077 [0.160- 0.180 16.41 + 0.54 15.86
821-9.12 02877 + 0.0076 £ 0.0063 [ 0.180- 0.200 13.12 + 0.44 12.65
9.12-11.9 01948 + 0.0058 £ 0.0047 | 0.200- 0.260 8.89 + 0.33 8.57
11.9-137 0.1232 + 0.0038 £ 0.0034 | 0.260 - 0.300 5.62 + 021 5.35
13.7-182  0.0707 + 0.0024 &£ 0.0025 | 0.300- 0.400 3.22 + 0.13 3.04
18.2-22.8 0.0324 + 0.0013 &£ 0.0021 [ 0.400- 0.500 1.477 + 0.068 1.389
22.8-274 001528 £ 0.00076 =+ 0.00203|0.500- 0.600 0.697 + 0.038 0.659
27.4-36.5 0.00530 4+ 0.00057 £ 0.00202]|0.600- 0.800 0.242 + 0.029 0.230
36.5-45.6 0.00079 £ 0.00017 =+ 0.00200(0.800- 1.000 0.0360 £ 0.0079 0.0366

Table 30: Differential cross-section for charged particles in Z° —uw, dd,

s5 versus JETSET (JS73).

DELPHI DELPHI JS73
p (GeV/e) NLhdc?_p;r €stat Esyst Xp NthnT;r Etot NthnT;r
0.70 - 0.91 6.65 + 0.13 + 0.20 0.015 - 0.020 303.4 + 11.1 308.3
0.91-1.14 5.231 + 0.065 + 0.086 |0.020-0.025 238.58 + 4.91 244.96
1.14-1.37 4.245 + 0.061 + 0.080 |0.025-0.030 193.64 + 4.58 197.31
1.37-1.60 3.487 + 0.043 + 0.046 |0.030- 0.035 159.03 + 2.86 161.82
1.60 - 1.82 2.902 + 0.040 + 0.043 |0.035-0.040 132.35 + 2.70 135.31
1.82-2.28 2.296 + 0.031 + 0.038 |0.040 - 0.050 104.73 + 2.23 106.51
2.28 - 2.74 1.729 + 0.030 4+ 0.037 |0.050 - 0.060 78.85 + 2.15 80.40
2.74 - 3.19 1.351 + 0.019 + 0.023 |0.060 - 0.070 61.63 + 1.34 62.68
3.19 - 3.65 1.101 + 0.017 + 0.023 |0.070 - 0.080 50.22 + 1.29 49.94
3.65-4.10 0.901 + 0.014 4+ 0.019 |0.080 - 0.090 41.09 + 1.08 40.89
4.10 - 4.56 0.747 + 0.013 4+ 0.016 |0.090- 0.100 34.06 + 0.94 33.90
4.56 - 547  0.590 + 0.010 4+ 0.014 |0.100- 0.120 26.91 + 0.80 26.50
5.47 - 6.38 0.4369 4+ 0.0083 £ 0.0115 |0.120- 0.140 19.93 + 0.65 19.46
6.38 - 7.29 0.3324 4+ 0.0070 £ 0.0094 |0.140 - 0.160 15.16 + 0.53 14.77
7.29 - 821 0.2635 + 0.0062 £ 0.0077 |0.160 - 0.180 12.02 + 0.45 11.50
821-912 0.2037 4 0.0050 &£ 0.0066 |0.180 - 0.200 9.29 + 0.38 9.03
9.12-11.9 0.1333 4+ 0.0031 £ 0.0043 |0.200- 0.260 6.08 + 0.24 6.00
11.9-13.7 0.0812 4+ 0.0022 £ 0.0027 |0.260 - 0.300 3.70 + 0.16 3.64
13.7-18.2 0.0449 4+ 0.0014 £ 0.0015 |0.300- 0.400 2.046 + 0.094 2.002
18.2 - 22.8 0.01938 £ 0.00084 £+ 0.00073|0.400 - 0.500 0.884 + 0.051 0.868
22.8- 274 0.00930 &£ 0.00057 £ 0.00037|0.500- 0.600 0.424 + 0.031 0.394
27.4 - 36.5 0.00290 &£ 0.00040 =+ 0.00028]0.600 - 0.800 0.132 + 0.022 0.129
36.5 - 45.6 0.00042 4 0.00015 =+ 0.00006|0.800-1.000 0.0194 4 0.0075 0.0195

Table 31: Differential cross-section for pions in Z° —uw, dd, s3 versus JETSET (JS73).
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DELPHI DELPHI JS73
p (GeV/e) NLh dcril_g( €stat Esyst Xp NLh Cciir)l(}; €tot NLh Cciir)l(};
0.70 - 0.91 0.527 + 0.047 4+ 0.061 |0.015- 0.020 24.06 + 351 25.05
091-1.14 0.524 + 0.037 + 0.058 |0.020- 0.025 23.88 + 3.15 23.10
1.14-1.37 0.447 + 0.033 + 0.052 |0.025 - 0.030 20.37 + 2.84 20.51
1.37-1.60 0.398 + 0.031 4+ 0.031 |0.030- 0.035 18.16 + 2.00 18.14
1.60-1.82 0.374 + 0.036 + 0.045 |0.035 - 0.040 17.07 + 2.64 15.98
1.82-2.28 0.314 + 0.040 + 0.047 |0.040 - 0.050 14.33 + 2.80 13.44
2.28 - 2.74 0.253 + 0.045 + 0.049 |0.050 - 0.060 11.55 + 3.04 10.98
2.74 - 3.19 0.217 + 0.014 4+ 0.012 |0.060 - 0.070 9.91 + 0.83 9.14
3.19 - 3.65 0.180 + 0.014 4+ 0.013 |0.070 - 0.080 8.19 + 0.85 7.70
3.65-4.10 0.160 + 0.010 4+ 0.009 |0.080 - 0.090 7.30 + 0.62 6.65
4.10 - 4.56 0.147 + 0.010 4+ 0.009 |0.090- 0.100 6.72 + 0.63 5.83
4.56 - 5.47 0.1189 4+ 0.0078 £ 0.0068 [0.100- 0.120 5.43 + 0.47 4.86
5.47-6.38 0.0901 + 0.0064 £ 0.0043 [0.120- 0.140 4.11 + 0.35 3.91
6.38-7.29 0.0756 + 0.0088 £ 0.0063 |0.140 - 0.160 3.45 + 0.49 3.23
7.29-8.21 0.0629 4+ 0.0093 £ 0.0065 [0.160- 0.180 2.87 + 0.52 2.73
8.21-9.12 0.0561 4+ 0.0071 £ 0.0069 |0.180- 0.200 2.56 + 0.45 2.32
9.12-11.9 0.0401 4+ 0.0015 £ 0.0017 |0.200- 0.260 1.83 + 0.10 1.71
11.9-13.7 0.0287 4+ 0.0013 £ 0.0015 |0.260 - 0.300 1.308 + 0.090 1.189
13.7-18.2 0.01838 &£ 0.00082 &£ 0.00112|0.300 - 0.400 0.838 + 0.063 0.756
18.2-22.8 0.00927 &£ 0.00055 &£ 0.00077|0.400 - 0.500 0.423 + 0.043 0.397
22.8-27.4 0.00471 4 0.00036 =+ 0.00047|0.500 - 0.600 0.215 + 0.027 0.214
27.4-36.5 0.00211 4 0.00026 £+ 0.00033]|0.600 - 0.800 0.096 + 0.019 0.087
36.5-45.6 0.00027 £ 0.00012 £ 0.00015|0.800-1.000 0.0125 &£ 0.0088 0.0162

Table 32: Differential cross-section for kaons in Z° —ul, dd, s3

versus JETSET (JS73).

DELPHI DELPHI JS73
p (GeV/e) NLhddLg €stat Esyst Xp Nth% Etot Nth%
0.70 - 0.91 0.354 + 0.028 + 0.075 |0.015- 0.020 16.13 + 3.64 12.45
091-1.14 0.317 + 0.031 + 0.054 |0.020- 0.025 14.46 + 2.82 13.01
1.14-1.37 0.219 + 0.035 4+ 0.035 |0.025 - 0.030 9.98 + 2.26 12.65
1.37-1.60 0.251 + 0.025 + 0.024 |0.030 - 0.035 11.44 + 1.58 11.88
1.60-1.82 0.243 + 0.018 4+ 0.025 |0.035 - 0.040 11.07 + 1.41 10.95
1.82-2.28 0.208 + 0.015 4+ 0.017 |0.040 - 0.050 9.49 + 1.00 9.65
2.28 - 2.74 0.1451 4+ 0.0082 £ 0.0145 |0.050 - 0.060 6.62 + 0.76 8.16
2.74-3.19 0.1200 4+ 0.0021 £ 0.0113 |0.060- 0.070 5.47 + 0.52 6.91
3.19-3.65 0.1043 4+ 0.0030 £ 0.0088 |0.070- 0.080 4.76 + 0.42 5.86
3.65-4.10 0.0914 4+ 0.0041 £ 0.0093 |0.080- 0.090 4.17 +0.47 5.00
4.10 - 4.56 0.0762 4+ 0.0035 £ 0.0091 |0.090- 0.100 3.47 + 0.44 4.32
4.56 - 5.47 0.0655 4+ 0.0036 £ 0.0052 |0.100- 0.120 2.99 + 0.29 3.49
5.47 - 6.38 0.0552 + 0.0048 £ 0.0061 |0.120- 0.140 2.52 + 0.36 2.64
6.38 - 7.29 0.0419 + 0.0066 £ 0.0054 |0.140- 0.160 1.91 + 0.39 2.06
7.29-8.21 0.0345 4+ 0.0077 £ 0.0045 |0.160 - 0.180 1.57 + 0.41 1.62
8.21-9.12 0.0277 £ 0.0049 £ 0.0037 |0.180- 0.200 1.27 + 0.28 1.28
9.12-11.9 0.0204 4+ 0.0013 £ 0.0019 |0.200- 0.260 0.93 + 0.11 0.86
11.9-13.7 0.0132 4+ 0.0010 £ 0.0014 |0.260 - 0.300 0.602 + 0.079 0.524
13.7-18.2 0.00681 4 0.00048 =+ 0.00065|0.300 - 0.400 0.311 + 0.037 0.285
18.2-22.8 0.00315 = 0.00028 £ 0.00045|0.400 - 0.500 0.144 + 0.024 0.123
22.8-27.4 0.00143 £ 0.00021 £ 0.00024|0.500 - 0.600 0.065 + 0.015 0.051
27.4-36.5 0.00027 £ 0.00014 £ 0.00007|0.600- 0.800 0.0124 £ 0.0071 0.0133
36.5 - 45.6 0.00007 &£ 0.00029 £ 0.00003]0.800- 1.000 0.003 + 0.013 0.001

Table 33: Differential cross-section for protons in Z° —uw,dd, s5 versus JETSET (JS73).
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