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Abstract

We present improved measurements of the di�erential production rates of stable charged
particles in hadronic Z� decays� and of charged pions� kaons and protons identi�ed over a
wide momentum range using the SLD Cherenkov Ring Imaging Detector� In addition to
�avor	inclusive Z� decays� measurements are made for Z� decays into light 
u� d� s�� c and b
primary �avors� selected using the upgraded Vertex Detector� Large di�erences between the
�avors are observed that are qualitatively consistent with expectations based upon previously
measured production and decay properties of heavy hadrons� These results are used to test
the predictions of QCD in the Modi�ed Leading Logarithm Approximation� with the ansatz
of Local Parton	Hadron Duality� and the predictions of three models of the hadronization
process� The light	�avor results provide improved tests of these predictions� as they do
not include the contribution of heavy	hadron production and decay� the heavy	�avor results
provide complementary model tests� In addition we have compared hadron and antihadron
production in light quark 
as opposed to antiquark� jets� Di�erences are observed at high
momentum for all three charged hadron species� providing direct probes of leading particle
e�ects� and stringent constraints on models�
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� Introduction

The production of jets of hadrons from hard partons produced in high energy collisions
is understood qualitatively in terms of three stages� Considering the process e�e� � qq�
the �rst stage� �fragmentation�� involves the radiation of gluons from the primary quark
and antiquark� which in turn may radiate gluons or split into qq pairs until their virtuality
approaches the hadron mass scale� This process is in principle calculable in perturbative
QCD� and three approaches have been taken so far� i� di�erential cross sections have been
calculated ��� for the production of up to � partons to second order in the strong coupling
�s� and leading order calculations have been performed recently for as many as � partons

see e�g� ����� ii� certain parton distributions have been calculated to all orders in �s in the
Modi�ed Leading Logarithm Approximation 
MLLA� ���� iii� �parton shower� calculations
��� have been implemented in Monte Carlo simulations that consist of an arbitrary number
of q� qg� g� gg and g� qq branchings� with each branching probability determined from
QCD at up to next	to	leading logarithmic order�

In the second stage these partons transform into �primary� hadrons� This �hadroniza	
tion� process is not understood quantitatively and there are few theoretical predictions for
light hadrons� i�e� those that do not contain a c or b quark� One approach is to make the
ansatz of local parton	hadron duality 
LPHD� ���� that inclusive distributions of primary
hadrons are the same� up to a normalization factor� as those for partons� Calculations using
MLLA QCD� cut o� at a virtual parton mass comparable with the mass of the hadron in
question� have been used in combination with LPHD to predict properties of the distribution
of � � � ln
�p�ECM �� where p and ECM are the hadron momentum and the e�e� energy� re	
spectively� in the e�e� center of mass frame� For a given primary hadron species� the shape
should be described well by a Gaussian function within about one unit of the peak position�
a wider � range should be described with the addition of small distortion terms� and the
peak position should depend inversely on the hadron mass and logarithmically on ECM � At
su�ciently high xp � �p�ECM � perturbative QCD has also been used to calculate the ECM

dependence of the xp distributions ���� It is desirable to test these predictions experimentally
and to encourage deeper theoretical understanding of the hadronization process�

In the third stage unstable primary hadrons decay into the stable particles that traverse
particle detectors� This stage is understood inasmuch as proper lifetimes and decay branching
ratios have been measured for many hadron species� However� these decays complicate
fundamental hadronization measurements because many of the stable particles are decay
products rather than primary hadrons� and it is typically not possible to determine whether
a given detected hadron is primary� Previous measurements at e�e� colliders 
see e�g� ��� ���
indicate that decays of vector mesons� strange baryons and decuplet baryons produce roughly
two	thirds of the stable particles� scalar and tensor mesons� and radially excited baryons have
also been observed ���� which contribute additional secondaries� Ideally one would measure
every possible hadron species and distinguish primary hadrons from decay products on a
statistical basis� A body of knowledge could be assembled by reconstructing heavier and
heavier states� and subtracting their known decay products from the measured di�erential
production rates of lighter hadrons� The measurements presented here constitute a �rst step�

Additional complications arise in jets initiated by heavy quarks� since the leading heavy
hadrons carry a large fraction of the beam energy� restricting that available to other pri	
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mary hadrons� and their decays produce a sizable fraction of the stable particles in the jet�
Although the production and decay of some B and D hadrons� containing a b and c quark�
respectively� have been studied inclusively ��� and the e�ect of heavy quark masses on the
charged multiplicity in their jets has been observed ��� ���� there remain large uncertainties
in� e�g�� B�

s and heavy baryon decays� and heavy quark masses� The removal of heavy �avor
events will therefore allow the direct study of the hadronization of light quark jets� and
measurements of c and b jets may shed additional light on some of the above issues�

A particularly interesting aspect of light quark hadronization is the question of what
happens to the quark or antiquark that initiated a given jet� Recent experimental results ����
��� ��� have con�rmed the notion that it is �contained� as a valence constituent of a particular
hadron� and that this �leading� hadron has on average a higher momentum than the other
hadrons of the same type in the jet� More precise measurements of such leading particle
e�ects could lead to methods for identifying jets of a speci�c light primary �avor� with a
number of applications in ep and hadron	hadron collisions as well as in e�e� annihilations�

There are several phenomenological models of jet production that combine modelling of
all three stages of particle production and it is important to test their predictions� To model
the parton production stage the HERWIG ��� ����� JETSET ��� ���� and UCLA ��� ���� event
generators use a combination of �rst order matrix elements and a parton shower� To model
the hadronization stage� the HERWIGmodel splits the gluons produced in the �rst stage into
qq pairs� and these quarks and antiquarks are paired up locally to form colorless clusters that
decay into the primary hadrons� The JETSET model takes a di�erent approach� representing
the color �eld between the partons by a semi	classical string� this string is broken� according
to an iterative algorithm� into several pieces� each of which corresponds to a primary hadron�
In the UCLA model whole events are generated according to weights derived from the phase
space available to their �nal states and the relevant Clebsch	Gordan coe�cients� Each of
these models contains arbitrary parameters that control various aspects of hadronization and
have been tuned to reproduce data from e�e� annihilations� The JETSET model includes a
large number of parameters that control� on average� the species of primary hadron produced
at each string break� giving it the potential to model the observed properties of identi�ed
hadron species in great detail� In the HERWIG model� clusters are decayed into pairs of
primary hadrons according to phase space� and the relative production of di�erent hadrons
is e�ectively governed by two parameters that control the distribution of cluster masses� In
the UCLA model� there is only one such free parameter� which controls the degree of locality
of baryon	antibaryon pair formation�

In this paper we present an analysis of inclusive charged particle and identi�ed ��� K��
and p�p production in hadronic Z� decays collected by the SLC Large Detector 
SLD�� The
analysis is based upon the approximately ������� hadronic events obtained in runs of the
SLC between ���� and ����� and supersedes our previous measurements ����� We measure
di�erential production rates for these hadron species in a �avor	inclusive sample of hadronic
Z� decays and use the results to test the predictions of MLLA QCD�LPHD and of the
three models just described� We also measure these di�erential production rates separately
in Z� decays into light �avors 
uu� d d and ss�� cc and bb� which provide improved tests of the
QCD predictions and new tests of the models that separate the heavy hadron production and
decay modelling from that of the rest of the hadronization process� In addition we measure
hadron and antihadron di�erential production rates in light quark jets� thereby obtaining
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precise information on leading particles and additional stringent tests of the models�
In section � we describe the SLD� in particular its precision vertexing and particle iden	

ti�cation capabilities� Section � describes the selection of hadronic events� their separation
into samples of di�erent primary �avors using displaced vertices from heavy hadron decays�
and the selection of light quark and antiquark hemispheres using the large production asym	
metry in polar angle induced by the polarization of the SLC electron beam� In section � we
present a measurement of the inclusive stable charged particle production rate� We describe
the hadron species identi�cation and present results for �avor	inclusive events in section ��
and section � presents results separately for light	 
Z��uu� d d� ss�� c	 
Z��cc� and b	�avor

Z�� bb� events� In sections � and � we use these results to test the predictions of MLLA
QCD�LPHD� and extract total yields of each hadron species per event of each �avor� re	
spectively� We present measurements of leading particle production in light	�avor jets in
section �� and summarize the results in section ���

� The SLD

This analysis of data from the SLD ���� used charged tracks measured in the Central Drift
Chamber 
CDC� ���� and upgraded CCD Vertex Detector 
VXD�� ����� and identi�ed in the
Cherenkov Ring Imaging Detector 
CRID� ���� ���� Energy deposits reconstructed in the
Liquid Argon Calorimeter 
LAC� ���� were used in the initial hadronic event selection and in
the calculation of the event thrust ���� axis� Momentum measurement was provided by an
axial magnetic �eld of ���T� The CDC and VXD� gave a momentum resolution of �p��p�
� ����� ������p�� where p� is the track momentum transverse to the beam axis in GeV�c�

In the plane normal to the beamline the centroid of the micron	sized SLC interaction
region was reconstructed from tracks in sets of approximately thirty sequential hadronic Z�

decays to a precision of �r�IP �� �m and used as an estimate of the primary interaction point

IP�� The IP position along the beam axis was determined event by event using charged
tracks� with an average resolution of �zIP � �� �m� Including the uncertainty on the IP posi	
tion� the resolution on the charged track impact parameter � was parametrized in the plane
perpendicular to the beamline as �r�� ������
p sin��� 	� �m� and in any plane containing
the beam axis as �z� ������
p sin��� 	� �m� where 	 is the track polar angle with respect to
the beamline�

The barrel CRID covered the polar angle range j cos 	j 
 ����� and comprised liquid and
gaseous radiator systems with refractive indices of ����� and �������� respectively� In the
high momentum limit� an average of �� 
��� Cherenkov photons was reconstructed per track
traversing the liquid 
gas� system� with an average Cherenkov angle resolution of �� 
����
mrad� The combination of these systems gave e�cient and pure separation of pions� kaons
and protons over much of the kinematic range� as detailed in section ��

� Event Selection

The trigger and initial selection of hadronic events are described in ����� The analysis
presented here is based on charged tracks measured in the CDC and VXD�� A set of cuts
was applied in order to select charged tracks and events well	contained within the detector
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E�ciency for Z� � Purity of Z� �
uu� d d� ss cc bb uu� d d� ss cc bb

uds	tag ����� ����� ����� ����� ����� �����
c	tag ����� ����� ����� ����� ����� �����
b	tag ����� ����� ����� ����� ����� �����

no	tag ����� ����� ����� ����� ����� �����

Table �� E�ciencies for simulated events in the three �avor categories to be tagged as light

uds�� c or b �avor� or none of these� The three rightmost columns indicate the composition
of each simulated tagged sample assuming Standard Model relative �avor production�

acceptance� Tracks were required to have� 
i� a closest approach to the beam axis within
� cm� and within �� cm along the beam axis of the measured IP� 
ii� a polar angle 	 with
respect to the beam axis with j cos 	j 
 ����� 
iii� a momentum transverse to this axis p� �
��� MeV�c� and 
iv� a momentum p 
 �� GeV�c� Events were required to have� a minimum
of seven such tracks� a visible energy Evis � �� GeV� calculated from the accepted tracks�
assigned the charged pion mass� a thrust axis polar angle 	t with respect to the beam axis
with j cos 	tj 
 ����� and the CDC and VXD� active and a well	measured IP position� A
sample of ������� events passed these cuts� For the identi�ed hadrons� the CRID was also
required to be active� giving a sample of ������� events� The non	hadronic background was
estimated to be ����� dominated by Z� � ���� events�

Samples of events enriched in light� c� and b primary �avors were selected ���� using
tracks with well measured impact parameters� For each event we de�ned nsig as the number
of tracks with an impact parameter greater than three times its estimated error� � � ���� We
also ran a topological vertex �nding algorithm ���� on the set of tracks in each hemisphere and
considered the pt	corrected mass ���� Mpt of any secondary vertex 
signi�cantly separated
from the IP� found� Any event containing a vertex with Mpt � � GeV�c� was assigned to
the b	tagged sample� If not b	tagged� an event was c	tagged if either� it contained a vertex
with ���
Mpt
� GeV�c�� a total momentum of tracks assigned to the vertex Pvtx�� GeV�c
and cPvtx � ��c�Mpt���� GeV� or it contained no secondary vertex and had � � nsig � ��
Events with no secondary vertex and nsig � � were assigned to the light	tagged sample�
The remaining events were kept as an untagged sample� The ��� of the data taken in ����
were excluded due to uncertainties in the simulation� and the light	� c	 and b	tagged samples
comprised roughly ������� ������ and ������ events� respectively� Selection e�ciencies were
calculated from a detailed detector simulation based on a version of JETSET tuned to the
world�s data on inclusive particle production and D and B hadron production and decay �����
e�ciencies and sample purities for the above selection are listed in table ��

Samples of hemispheres enriched in light	quark and light	antiquark jets were selected
by exploiting the large electroweak forward	backward production asymmetry with respect
to the beam direction induced by the high polarization of the SLC electron beam� Here a
looser light	�avor event tag of nsig � � was applied� giving a simulated uds e�ciency of ���
and purity of ���� with the background dominated by c	�avor events� The event thrust
axis was used to approximate the initial qq axis and was signed such that its z	component
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was along the electron beam direction� �tz � �� Events in the central region of the detector�
where the production asymmetry is small� were removed by the requirement j�tzj � �����
leaving ������� events� The quark	tagged hemisphere in events with left	 
right	�handed
electron beam polarization was de�ned to comprise the set of tracks with positive 
negative�
momentum projection along the signed thrust axis� The remaining tracks in each event
were de�ned to be in the antiquark	tagged hemisphere� For the selected event sample� the
average magnitude of the e� beam polarization was ����� Using this value and assuming
Standard Model couplings� a tree	level calculation gives a quark 
antiquark� purity of ����
in the quark	
antiquark	�tagged sample�

� Stable Charged Particle Rates

We �rst measured the di�erential production rate of all stable charged particles de�ned con	
ventionally as the sum of electrons� muons� pions� kaons and protons that are either primary
hadrons or products of a chain of decays of particles with proper lifetime less than �������s�
Tracks satisfying the requirements in sec� � were counted in momentum bins and corrected�
using our detector simulation� for the track �nding and selection e�ciency and resolution�
non	hadronic event background� and spurious tracks from beam	related backgrounds and
interactions in the detector material� The resulting integrated rate was constrained to be
���������� charged particles per event� an average of measurements ���� ��� ��� in Z� decays�

The momentum dependence of the selection was constrained by comparing the properties
of reconstructed charged tracks in measured and simulated � lepton decays� for which the
momentum and particle type distributions are well known� We selected e�e� � ����

events according to the criteria in ����� with the additional requirement of at least one track
in the event with p �� GeV�c� to reduce beam	related and two	photon event background�
Comparisons were made for �	� �	� and �	prong decays separately� as well as for hemispheres
in which � or � tracks were found� giving constraints on both isolated tracks and those in
close proximity to others� We also checked the momentum distributions for tagged electrons�
muons� pions� and kaons� and the overall multiplicity distribution in selected � 	pair events�
In all cases the simulation was consistent with the data� Linear �ts were made to the ratios
of data�simulated tracks� and a momentum	dependent uncertainty of �����jp���� GeV�cj�
was assigned� re�ecting the error on a typical �tted slope� Here p is the particle momentum
in GeV�c and ��� GeV�c is the average momentum of all charged particles� so that this
uncertainty is independent of the normalization uncertainty noted above� Variations of the
background levels� detector material and momentum resolution were also considered and
found to have much smaller e�ects� except at the lowest and highest momenta�

The inclusive charged particle di�erential production rate is listed in table �� in terms
of the variables momentum p� scaled momentum xp � �p�ECM and � � � ln xp� The xp
distribution is shown in �g� �� and compared with the predictions of the JETSET� UCLA
and HERWIG event generators described in section �� using the default parameter values
for each model� The JETSET model is the most consistent with the data� but predicts a
slightly softer spectrum� the UCLA model describes the data over most of the xp region�
but falls low for xp���� and xp
����� units� the HERWIG model predicts a spectrum quite
di�erent from that seen in the data� Our results for the shape of the spectrum are consistent
with those published previously ���� ��� ����
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Inclusive Stable Charged Particle Production Rate

p 
GeV�c� hpi �
Nevt

dnchg
dp

�stat� �e�c� �other �
Nevt

dnchg
dxp

�
Nevt

dnchg
d�

���� ���� ����� ������������ ������ ������ ��������� �����������
���� ���� ����� ������������ ������ ������ ��������� �����������
���� ���� ����� ������������ ������ ������ ��������� �����������
���� ���� ����� ����������� ������ ������ ��������� �����������
���� ���� ����� ����������� ������ ������ ��������� �����������
���� ���� ����� ����������� ������ ������ ��������� �����������
���� ���� ����� ����������� ������ ������ ��������� �����������
���� ���� ����� ����������� ������ ������ ��������� �����������
���� ���� ����� ����������� ������ ������ ��������� �����������
���� ���� ����� ����������� ������ ������ ��������� �����������
���� ���� ����� ����������� ������ ������ ��������� �����������
���� ���� ����� ����������� ������ ������ ��������� �����������
���� ���� ����� ����������� ������ ������ ���������� �����������
���� ���� ����� ����������� ������ ������ ���������� �����������
���� ���� ����� ����������� ������ ������ ���������� �����������
���� ���� ����� ����������� ������ ������ ���������� �����������
���� ���� ����� ����������� ������ ������ ���������� �����������
���� ���� ����� ����������� ������ ������ ���������� �����������
���� ���� ����� ����������� ������ ������ ���������� �����������
���� ���� ����� ����������� ������ ������ ���������� �����������
���� ���� ����� ����������� ������ ������ ���������� �����������
���� ���� ����� ����������� ������ ������ ���������� �����������
���� ���� ����� ��������������������������� ���������� �����������
���� ���� ����� ��������������������������� ���������� �����������
���� ���� ����� ��������������������������� ���������� �����������
���� ����� ����� ��������������������������� ��������� �����������
���� ���� ����� ��������������������������� ��������� �����������
���� ���� ����� ��������������������������� ����������� �����������
���� ���� ����� ��������������������������� ����������� �����������
���� ���� ����� ��������������������������� ����������� �����������
���� ���� ����� ��������������������������� ����������� �����������
���� ���� ����� ��������������������������� ����������� �����������
���� ���� ����� ��������������������������� ����������� �����������
���� ���� ����� ��������������������������� ����������� �����������
���� ���� ����� ��������������������������� ����������� �����������
���� ���� ����� ��������������������������� ����������� ������������
���� ���� ����� ��������������������������� ����������� ������������
���� ���� ����� ��������������������������� ����������� ������������
���� ���� ����� ��������������������������� ����������� ������������
���� ���� ����� ��������������������������� ����������� ������������

Table �� Production rate for all stable charged particles in terms of momentum p� scaled
momentum xp and � � � ln xp� For momentum we give statistical errors and the systematics
arising from track	�nding e�ciency 
including an overall �� normalization term� and the
sum of other sources� which is dominated by backgrounds 
momentum resolution� at low

high� momentum� in the other columns these have been summed in quadrature�
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Figure �� a� Charged track xp distribution in hadronic events 
dots� with logarithmic and

inset� linear vertical scales� compared with the predictions of three models 
lines�� b�
The same data divided by the JETSET prediction� The error bars in 
b� are statistical
and the shaded band represents the systematic uncertainty� all errors except an overall ��
normalization uncertainty are included in 
a��
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� Charged Pion� Kaon and Proton Production

Additional track selection cuts ���� were applied to remove tracks that interacted or scattered
through large angles before exiting the CRID and to ensure that the CRID performance was
well	modelled by the simulation� Good information from the liquid 
gas� system was required
for tracks in the �liquid� 
�gas�� region� with momenta below ���� GeV�c 
above ����
GeV�c�� good information from both systems was required for momenta in the �combined�
region� ���� ���� GeV�c� Tracks were required to have at least �� CDC hits� at least one
of which was at a radius of at least �� cm� to extrapolate through an active region of
the appropriate radiator
s�� and to have at least �� 
���� of their expected liquid 
gas� ring
contained within a sensitive region of the CRID TPCs� The latter requirement included dead
and ine�cient regions within the TPCs and also rejected tracks with p � ���� GeV�c for
which there was a saturated CRID hit within a � cm radius 
�the maximum ring radius� of a
point � cm behind the expected gas ring center in the photoelectron drift direction� Saturated
hits arise from the passage of tracks through the TPCs and from various backgrounds�
and mask single photoelectron hits in their vicinity� Liquid region tracks that extrapolated
through an active TPC were required to have a saturated hit within � cm of the extrapolated
track� indicating that the track traversed the TPC and hence the liquid radiator� gas region
tracks were required to have either such a saturated hit or the presence of at least four hits
consistent with a liquid ring� These cuts accepted ���� ��� and ��� of the tracks within
the CRID geometrical acceptance in the liquid� combined and gas regions� respectively�

Tracks were identi�ed using a global likelihood technique ���� ���� For each track and each
of the �ve hypotheses i � e� �� ��K� p� a likelihood Li was calculated based upon� the number
of detected photoelectrons and their measured Cherenkov angles� the expected number of
photons� the expected Cherenkov angle� and terms accounting for random backgrounds and
hits consistent with Cherenkov radiation from other tracks in the event� The best hypothesis
for each track was used to determine its contribution to the background for other tracks�
and the calculation was iterated until there was no change in any best hypothesis� Particle
separation was based upon di�erences between logarithms of the three likelihoods� Li � lnLi�
i � ��K� p� A track in the liquid 
combined� gas� region was identi�ed as species j if Lj

exceeded both of the other log	likelihoods by at least � 
�� units� The electron and muon
likelihoods are generally quite similar to the pion likelihood� and the leptons were included
in the pion category at this stage�

We quanti�ed the identi�cation performance in terms of a momentum	dependent iden	
ti�cation e�ciency matrix E� each element Eij of which represents the probability that the
selected track from a true i	hadron is identi�ed as a j	hadron� with i� j � ��K�p� The ele	
ments of this matrix were determined where possible from the data ���� ���� For example�
tracks from selected K�

s and � decays were used as �pion� test samples� having estimated
kaon plus proton contents of ���� and ���� respectively� Probabilities for such tracks to be
identi�ed as pions� kaons and protons were compared with the predictions of our detailed
MC simulation� which was found to describe the momentum dependence of the e�ciencies
well and to reproduce their amplitudes to within a few percent� Functional forms� chosen to
describe the momentum dependence of both data and simulated test samples as well as that
of simulated true pions in hadronic events� were �tted to the data� except for momenta below
��� GeV�c where there was signi�cant structure on the scale of the bin size and bin	by	bin

�



corrections were used� The simulation was used to correct the �tted parameters for non	pion
content in the test samples and di�erences in tracking performance between tracks in these
samples and those passing our selection cuts in hadronic events� The resulting identi�cation
e�ciency functions� E��� E�K and E�p� are shown in the leftmost column of �g� �� A similar
procedure using only � and p likelihoods was used to measure the �	p separation in the
liquid 
gas� system for p � � 
��� GeV�c� This information was combined with that from
test samples of protons and kaons from decays of !� hyperons and  mesons� respectively�
to derive the remaining e�ciencies in �g� ��

The bands in �g� � encompass the upper and lower systematic error bounds on the
e�ciencies� There are discontinuities between the liquid� combined and gas regions� and
there are strong point	to	point correlations within each region� For the diagonal elements�
these errors correspond to those on the �tted parameters� and fall into four categories� The
overall amplitude of the e�ciency is driven by the average and rms of the number of photons
detected per track� the corresponding uncertainty is common to all momenta in a given region
and is also correlated between the liquid and combined regions for protons and the combined
and gas regions for pions� The Cherenkov angle resolution a�ects the positions of the falling
edges� its uncertainty is therefore correlated across the range of a given edge� as well as
between pions and kaons in the regions ��� ���� GeV�c and �� �� GeV�c� and between kaons
and protons in the region � � GeV�c� Performance near a Cherenkov threshold depends on
the relevant index of refraction and its stability� since the e�ciencies change rapidly on the
scale of our bin sizes� bin	by	bin calibrations were done for EKK 
Epp� in the range p 
�
GeV�c 
p 
 ��� GeV�c�� and EKK and Epp in the range ���
 p 
���� GeV�c� which are
completely independent� In the region ���� �� GeV�c� protons are below threshold in the
gas� whereas pions and kaons are well above threshold� here Epp depends largely on the
background level� and its uncertainty is correlated across this region�

For the o�	diagonal elements� representing misidenti�cation rates� the errors on �tted
parameters were also used� but subject to a minimum value of ������ to account for the
limited statistics of the test sample constraints on the momentum dependences� These un	
certainties correspond to a combination of the e�ects listed above for the diagonal elements�
and each is typically dominated by one e�ect in a given momentum region� These errors
should also therefore be considered strongly positively correlated across each of the liquid�
combined and gas regions�

The identi�cation e�ciencies in �g� � peak near or above ��� and are greater than ���
over wide ranges� The pion 
kaon and proton� coverage is continuous from ���� GeV�c 
����
GeV�c� up to the beam energy� although the e�ciencies fall below ��� for pions and kaons
above about �� GeV�c� and kaons and protons in the � � GeV�c range� Misidenti�cation
rates are typically at the few percent level� with peak values of up to ����

In each momentum bin we measured the fractions of the selected tracks that were identi	
�ed as pions� kaons and protons� The observed fractions were related to the true production
fractions by an e�ciency matrix� composed of the values shown in �g� �� This matrix was
inverted and used to unfold our observed identi�ed hadron fractions� This analysis procedure
does not require that the sum of the charged hadron fractions be unity� instead the sum was
used as a consistency check� which was found to be satis�ed at all momenta 
see �g� ��� For
momenta below ���� GeV�c� we could not distinguish kaons from protons� but pions could
be identi�ed down to ���� GeV�c� An analogous ��� analysis of pions and non	pions was
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Figure �� Calibrated identi�cation e�ciencies for selected tracks� The half	widths of the
grey bands represent the systematic uncertainties� which are strongly correlated between
momenta� The o�	diagonal e�ciencies have been scaled by factors of �ve for clarity� The
white bands in the four upper left plots represent the ��� matrix used below kaon threshold
in the liquid system�
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used in this region� and we present only the pion fraction�
The background from electrons and muons was estimated from the simulation to be about

�� of the tracks in the inclusive �avor sample� predominantly from c	 and b	�avor events�
The fractions were corrected for the lepton backgrounds using the simulation� as well as for
the e�ects of beam	related backgrounds� particles interacting in the detector material� and
particles decaying outside the tracking volume� The conventional de�nition of a �nal	state
charged hadron was used� namely a charged pion� kaon or proton that is either from the
primary interaction or a product of a chain of decays of hadrons each with a proper lifetime
less than �������s�

The measured charged hadron fractions in inclusive hadronic Z� decays are shown in �g� �
and listed in tables � �� The systematic errors were determined by propagating the errors
on the calibrated e�ciency matrix and are strongly correlated as described above� They
are indicated by the shaded regions in �g� �� The errors on the points below ��� GeV�c
are dominated by the systematic uncertainties� those above ��� GeV�c are dominated by
statistical uncertainties� The sum of fractions is consistent with unity everywhere�

Pions are seen to dominate the charged hadron production at low momentum� and to
decline steadily in fraction as momentum increases� The kaon fraction rises steadily� ap	
proaching the pion fraction at high momentum� The proton fraction rises to a plateau value
of about one	tenth at about �� GeV�c� then declines at the highest momenta�

In �g� � we compare our results with the predictions of the JETSET� UCLA and HERWIG
models� The momentum dependence for each of the three hadron species is reproduced
qualitatively by all models� All three models overestimate the kaon fraction for momenta
below about ��� GeV�c� and underestimate it for momenta above about �� GeV�c� The
UCLAmodel overestimates the pion fraction by about �� 
taking into account the correlation
in the experimental errors� in the � �� GeV�c range� but is the only model consistent with
the behavior above about �� GeV�c� The JETSET model overestimates the proton fraction
at all momenta� but describes the momentum dependence� HERWIG and UCLA predict
behavior at high momentum that is inconsistent with the proton data�

Since the JETSET model has a number of parameters that control speci�c aspects of
relative particle production� we have investigated some simple changes� We �nd that reduc	
ing the diquark�quark ratio 
PARJ
��� from ���� to ����� while leaving all other parameters
unchanged� results in a good description of the proton fraction� The kaon fraction is sen	
sitive to both the s	quark probability 
PARJ
��� and the strange vector�pseudoscalar ratio

PARJ
����� however no combination of these two parameters was found to give a good
description of the kaon fraction over the entire measured momentum range�

In order to obtain charged hadron production rates� the simulation was used to subtract
the contribution of all particles 
mostly leptons� that were not charged pions� kaons or
protons from our measured total charged production rate 
table ��� The pion� kaon and
proton fractions were multiplied by this adjusted rate to obtain the individual rates tabulated
in tables � � as a function of scaled momentum� In �g� � we compare our � distributions with
the predictions of the three models� The features for pions are similar to those for all charged
tracks� all models describe the data qualitatively� JETSET is within about �� except for
� 
 ��� and � � ���� UCLA shows a spectrum very similar to the data but shifted slightly
toward lower � values� HERWIG is several percent high 
low� for � 
 � and ��� 
 � 
 ���

��� 
 � 
 ����� For the protons we see features similar to those seen in the proton fraction
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Figure �� a� Measured charged hadron production fractions in hadronic Z� decays� The
circles represent the �� fraction� the squares the K� fraction� the diamonds the p�p fraction�
The error bars are statistical only� the shaded areas indicate the systematic errors� and are
connected across momentum regions where there is a strong positive correlation� b� The
sum of the three fractions�
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xp Range 
xp� f� 
��Nevts� dn��dxp
����� ����� ������ ����������������� ��������� ����
����� ����� ������ ����������������� ��������� ����
����� ����� ������ ����������������� ��������� ����
����� ����� ������ ����������������� ��������� ����
����� ����� ������ ����������������� ��������� ����
����� ����� ������ ����������������� ��������� ����
����� ����� ������ ����������������� ��������� ����
����� ����� ������ ����������������� ��������� ����
����� ����� ������ ����������������� ��������� ����
����� ����� ������ ����������������� ��������� ����
����� ����� ������ ����������������� ��������� ����
����� ����� ������ ����������������� ���������� �����
����� ����� ������ ����������������� ���������� �����
����� ����� ������ ����������������� ���������� �����
����� ����� ������ ����������������� ���������� �����
����� ����� ������ ����������������� ���������� �����
����� ����� ������ ����������������� ���������� �����
����� ����� ������ ����������������� ���������� �����
����� ����� ������ ����������������� ���������� �����
����� ����� ������ ����������������� ���������� �����
����� ����� ������ ����������������� ���������� �����
����� ����� ������ ����������������� ���������� �����
����� ����� ������ ����������������� ���������� �����
����� ����� ������ ����������������� ���������� �����
����� ����� ������ ����������������� ����������� ������
����� ����� ������ ����������������� ����������� ������
����� ����� ������ ����������������� ����������� ������
����� ����� ������ ����������������� ����������� ������
����� ����� ������ ����������������� ����������� ������
����� ����� ������ ����������������� ����������� ������
����� ����� ������ ����������������� ����������� ������
����� ����� ������ ����������������� ����������� ������
����� ����� ������ ����������������� ����������� ������
����� ����� ������ ����������������� ����������� ������
����� ����� ������ ����������������� ����������� ������
����� ����� ������ ����������������� ����������� ������
����� ����� ������ ����������������� ����������� ������
����� ����� ������ ����������������� ����������� ������
����� ����� ������ ����������������� ��������������������
����� ����� ������ ����������������� ��������������������

����� ����� ���������� �����

Table �� Charged pion fraction f� and di�erential production rate 
��Nevts�dn��dxp per
hadronic Z� decay� The �rst error is statistical� the second systematic� 
xp� is the average
xp	value of charged tracks in each bin� The last row gives the integral over the xp range of
the measurement� A ���� normalization uncertainty is included in the systematic error on
the integral� but not in those on the di�erential rate�
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xp Range 
xp� fK 
��Nevts� dnK�dxp

����� ����� ������ ����������������� ���������� �����
����� ����� ������ ����������������� ���������� �����
����� ����� ������ ����������������� ���������� �����
����� ����� ������ ����������������� ���������� �����
����� ����� ������ ����������������� ���������� �����
����� ����� ������ ����������������� ���������� �����
����� ����� ������ ����������������� ���������� �����
����� ����� ������ ����������������� ������������ ������
����� ����� ������ ����������������� ������������ ������
����� ����� ������ ����������������� ������������ ������
����� ����� ������ ����������������� ������������ ������
����� ����� ������ ����������������� ������������ ������
����� ����� ������ ����������������� ������������ ������
����� ����� ������ ����������������� ����������� ������
����� ����� ������ ����������������� ����������� ������
����� ����� ������ ����������������� ����������� ������
����� ����� ������ ����������������� ����������� ������
����� ����� ������ ����������������� ����������� ������
����� ����� ������ ����������������� ����������� ������
����� ����� ������ ����������������� ����������� ������
����� ����� ������ ����������������� ����������� ������
����� ����� ������ ����������������� ����������� ������
����� ����� ������ ����������������� ����������� ������
����� ����� ������ ����������������� ����������� ������
����� ����� ������ ����������������� ����������� ������
����� ����� ������ ����������������� ����������� ������
����� ����� ������ ����������������� ����������� ������
����� ����� ������ ����������������� ����������� ������
����� ����� ������ ����������������� ����������� ������
����� ����� ������ ����������������� ����������� ������
����� ����� ������ ����������������� ����������� ������
����� ����� ������ ����������������� ����������� ������
����� ����� ������ ����������������� ����������� ������
����� ����� ������ ����������������� ����������� ������
����� ����� ������ ����������������� ��������������������
����� ����� ������ ����������������� ��������������������

����� ����� ����������� ������

Table �� Charged kaon fraction and di�erential production rate per hadronic Z� decay�
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xp Range 
xp� fp 
��Nevts� dnp�dxp

����� ����� ������ ����������������� ���������� �����
����� ����� ������ ����������������� ���������� �����
����� ����� ������ ����������������� ���������� �����
����� ����� ������ ����������������� ���������� �����
����� ����� ������ ����������������� ���������� �����
����� ����� ������ ����������������� ����������� ������
����� ����� ������ ����������������� ����������� ������
����� ����� ������ ����������������� ����������� ������
����� ����� ������ ����������������� ����������� ������
����� ����� ������ ����������������� ����������� ������
����� ����� ������ ����������������� ����������� ������
����� ����� ������ ����������������� ����������� ������
����� ����� ������ ����������������� ����������� ������
����� ����� ������ ����������������� ����������� ������
����� ����� ������ ����������������� ����������� ������
����� ����� ������ ����������������� ����������� ������
����� ����� ������ ����������������� ����������� ������
����� ����� ������ ����������������� ����������� ������
����� ����� ������ ����������������� ����������� ������
����� ����� ������ ����������������� ����������� ������
����� ����� ������ ����������������� ����������� ������
����� ����� ������ ����������������� ����������� ������
����� ����� ������ ����������������� ����������� ������
����� ����� ������ ����������������� ����������� ������
����� ����� ������ ����������������� ����������� ������
����� ����� ������ ����������������� ����������� ������
����� ����� ������ ����������������� ����������� ������
����� ����� ������ ����������������� ����������� ������
����� ����� ������ ����������������� ����������� ������
����� ����� ������ ����������������� ����������� ������
����� ����� ������ ����������������� ��������������������
����� ����� ������ ����������������� ��������������������
����� ����� ������ ����������������� ��������������������
����� ����� ������ ����������������� ��������������������
����� ����� ������ ����������������� ��������������������
����� ����� ������ ����������������� ��������������������

����� ����� ����������� ������

Table �� Proton plus antiproton fraction and di�erential production rate per hadronic Z�

decay�
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Figure �� Comparison of our measured charged hadron fractions 
symbols� with the pre	
dictions of the JETSET 
dashed lines�� UCLA 
solid lines� and HERWIG 
dotted lines�
models�
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Figure �� Comparison of our measured 
a� charged particle and pion and 
b� kaon and proton
production rates 
symbols� with the predictions of the JETSET 
dashed lines�� UCLA 
solid
lines� and HERWIG 
dotted lines� models�
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�g� ��� JETSET describes the shape of the spectrum but is high by about ���� UCLA
describes the data well except for the structure for � 
 ���� HERWIG is consistent with the
data for � � ���� but shows a pronounced structure at lower values of � that is inconsistent
with the data� For kaons� all three predictions are too high for � � ���� especially HERWIG�
which is also quite high for � 
 ��� and low for ��� 
 � 
 ���� the other two predictions
are low for � 
 ���� and consistent with the data elsewhere� although they peak at higher �
values than the data�

Our fractions and production rates are generally consistent with those from previous
experiments at the Z� ���� ��� ���� The ALEPH pion spectrum lies above ours at large ��
the OPAL proton spectrum is lower than all others at small �� all other di�erences are within
two standard deviations� considering correlations in the systematic errors� Our measurement
is the most precise in several regions� most notably for pions in the range � 
 � 
 �� kaons in
the range ��� 
 � 
 � and protons in the range ��� 
 � 
 ���� Measurements based on ring
imaging and those based on ionization energy loss rates cover complementary momentum
ranges and could be combined to provide continuous� high	precision coverage over the range
from the beam momentum 
� � �� down to p � ���� GeV�c 
� � �����

� Flavor�Dependent Analysis

The analyses described above were repeated on the light	� c	� b	� and untagged event samples
described in section �� to yield di�erential production rates Rktag

h � k � l� c� b� un� respectively�
the correction for leptons was not performed at this point� so that h � e��� K� p� True
di�erential rates Rm

h in events of the three �avor types� m � l� c� b� representing events of
the types Z� � uu� d d� ss� Z� � cc� and Z� � bb� respectively� were extracted by solving
for each species h the relations�

Rktag
h �

"mB
h
mk�mkFmR

m
h

"m�mkFm

� 
��

Here� Fm is the fraction of hadronic Z� decays of �avor type m� taken from the Standard
Model� �mk is an element of the event tagging e�ciency matrix 
see table ��� and Bh

mk

represents the momentum	dependent bias of tag k toward selecting events of �avor m that
contain hadrons of species h� Ideally all biases would be unity in this formulation� The
biases were calculated from the simulation as Bh

mk � 
nhm�ktag�Nm�ktag��
nhm�Nm�� where Nm


nhm� is the number of simulated events 
hadrons of species h in events� of true �avor m and
Nm�ktag 
nhm�ktag� is the number of 
h	hadrons in� those events that are tagged as �avor k� The
diagonal bias values ���� are within a few percent of unity re�ecting the small dependences of
the �avor tags on the charged multiplicity of the event and tracks from strange mesons and
baryons that decay close to the IP� The sum of the products of biases and e�ciencies must
be unity for events of a given true �avor m� "kB

h
mk�mk � �� some o�	diagonal bias values

therefore deviate substantially from unity since the corresponding mistagging rate can be
small� but these do not a�ect the results as the �gure of merit is the diagonal element�

The unfolded pion rates were corrected for the contributions from leptons by subtracting
the absolute lepton rate predicted by the simulation� At low momentum this background
is dominated by electrons from photon conversions� and is a �� contribution at � GeV�c

��



that falls rapidly with increasing momentum� For the heavy �avors� electrons and muons
from semi	leptonic decays of heavy hadrons cause the correction to increase with momentum
above about � GeV�c� reaching ��� 
���� for c	
b	��avor events in the highest momentum
bins�

The resulting di�erential production rates are listed in tables � �� The systematic errors
listed are only those relevant for the comparison of di�erent �avors� namely those due to
uncertainties in the unfolding procedure� the relative systematic errors given in the preceding
section are also applicable� but are common to all three �avor categories� we also list ratios�
for which these common errors cancel� The �avor unfolding systematic errors were evaluated
by varying� each diagonal element of the event tagging e�ciency matrix �ii by ������ the
heavy quark production fractions Rb and Rc by the errors on their respective world averages�
each diagonal bias value Bh

ii by the larger of ������ and ���� of its di�erence from unity�
the photon conversion rate in the simulation by����� and the simulated physics lepton rates
in light	� c	� and b	�avor events by ����� ���� and ���� respectively� These variations
correspond to uncertainties on measurements from our data or other experiments except for
the variation of the bias� which was chosen conservatively to be larger than any change seen
in a set of comparisons of relevant quantities in data and simulation when selection cuts
were varied� The unfolding systematic errors are similar in magnitude to 
smaller than� the
statistical errors at low 
high� momenta� and are generally dominated by the bias for the
relevant �avor� There are also substantial contributions from the lepton correction at high
momentum for R�

c and R�
b � and from all three bias terms for RK

c and Rp
c �

In �gs� � � we show the � distributions for the three �avor categories� and in �g� � we show
the ratios of production in b	�avor to light	�avor events and c	�avor to light	�avor events vs�
xp� At low momentum 
high ��� there is substantially higher production of charged pions
in b	 and c	�avor events than in light	�avor events� and much higher production of charged
kaons in b	�avor events than in light	 or c	�avor events� proton production is roughly equal
at low momentum� As momentum increases� the production of all three charged hadron
species falls much more rapidly in b	�avor events than in light	�avor events� and that in
c	�avor events also drops o� sharply at very low ��

These features are consistent with expectations based on the known properties of e�e��
bb events� namely that a large fraction of the event energy is carried by the leading B and B
hadrons ����� leaving little energy available to produce nonleading hadrons� The B hadrons
decay into a large number of lighter particles� including on average ��� stable charged hadrons
���� which are expected to populate primarily the region � 
 � 
 �� The mixture of particle
types might be similar to that in light	�avor jets� except that the weak decay chain of the
B hadron should produce one #additional� K� per event� and baryon production might be
suppressed since a typical baryon	antibaryon pair mass is not small compared with the B
hadron mass� Similar e�ects in c	jets result in an intermediate situation� each jet contains
a charmed hadron with on average about half the beam energy� a lower fraction than for
B	hadrons� which leaves more energy available for nonleading hadrons than in b	jets� A D
meson decay produces an additional kaon that often carries a large fraction of its momentum�
and fewer additional particles than a B decay� Our results are consistent with those published
previously ���� and considerably more precise�

Also shown in �gs� � � are the predictions of the three models� they all reproduce the
observed �avor dependence qualitatively� In the case of the light �avors� problems with the

��



Pion Production Rates Ratios

xp� uu� d d� ss cc bb c�uds b�uds

������ ���������� ���������� ���������� ����������� �����������
������ ���������� ���������� ���������� ����������� �����������
������ ��������� ���������� ��������� ����������� �����������
������ ��������� ���������� ��������� ����������� �����������
������ ��������� ���������� ��������� ����������� �����������
������ ��������� ���������� ��������� ����������� �����������
������ ��������� ��������� ��������� ����������� �����������
������ ��������� ��������� ��������� ����������� �����������
������ ��������� ��������� ��������� ����������� �����������
������ ��������� ��������� ��������� ����������� �����������
������ �������� ��������� ��������� ����������� �����������
������ �������� �������� ��������� ����������� �����������
������ ���������� ���������� ���������� ����������� �����������
������ ���������� ���������� ���������� ����������� �����������
������ ���������� ���������� ���������� ����������� �����������
������ ���������� ���������� ���������� ����������� �����������
������ ���������� ���������� ���������� ����������� �����������
������ ���������� ���������� ���������� ����������� �����������
������ ���������� ���������� ���������� ����������� �����������
������ ���������� ���������� ���������� ����������� �����������
������ ���������� ���������� ���������� ����������� �����������
������ ���������� ���������� ���������� ����������� �����������
������ ���������� ���������� ���������� ����������� �����������
������ ���������� ���������� ��������� ����������� �����������
������ ��������� ��������� ��������� ����������� �����������
������ ��������� ��������� ��������� ����������� �����������
������ ����������� ����������� ����������� ����������� �����������
������ ����������� ����������� ����������� ����������� �����������
������ ����������� ����������� ����������� ����������� �����������
������ ����������� ����������� ����������� ����������� �����������
������ ����������� ����������� ����������� ����������� �����������
������ ����������� ����������� ����������� ����������� �����������
������ ����������� ����������� ����������� ����������� �����������
������ ����������� ����������� ����������� ����������� �����������
������ ����������� ����������� ����������� ����������� �����������
������ ����������� ����������� ����������� ����������� �����������
������ ����������� ����������� ����������� ����������� �����������
������ ����������� ����������� ����������� ����������� �����������
������ ����������� ����������� ����������� ����������� �����������
������ ����������� ����������� ����������� ����������� �����������

Total ������������ ������������ ������������

Table �� Di�erential production rates 
��Nevts�dn���dxp of charged pions per Z� decay into
light 
u� d� s�� c and b primary �avors� The errors are the sum in quadrature of statistical
errors and those systematic uncertainties arising from the unfolding procedure� systematic
errors common to the three �avors are not included in the rates and cancel in the ratios�
The 
xp� values for the three �avor samples are consistent� and have been averaged�

��



Kaon Production Rates Ratios

xp� uu� d d� ss cc bb c�uds b�uds

������ ���������� ���������� ���������� ����������� �����������
������ ���������� ���������� ���������� ����������� �����������
������ ���������� ���������� ���������� ����������� �����������
������ ���������� ���������� ���������� ����������� �����������
������ ���������� ���������� ���������� ����������� �����������
������ ���������� ���������� ���������� ����������� �����������
������ ���������� ���������� ���������� ����������� �����������
������ ���������� ���������� ���������� ����������� �����������
������ ���������� ���������� ���������� ����������� �����������
������ ���������� ���������� ���������� ����������� �����������
������ ���������� ���������� ���������� ����������� �����������
������ ��������� ���������� ���������� ����������� �����������
������ ��������� ���������� ���������� ����������� �����������
������ ��������� ��������� ���������� ����������� �����������
������ ��������� ��������� ���������� ����������� �����������
������ ��������� ��������� ���������� ����������� �����������
������ ��������� ��������� ��������� ����������� �����������
������ ��������� ��������� ��������� ����������� �����������
������ ��������� ��������� ��������� ����������� �����������
������ ��������� ��������� ��������� ����������� �����������
������ ����������� ����������� ����������� ����������� �����������
������ ����������� ����������� ����������� ����������� �����������
������ ����������� ����������� ����������� ����������� �����������
������ ����������� ����������� ����������� ����������� �����������
������ ����������� ����������� ����������� ����������� �����������
������ ����������� ����������� ����������� ����������� �����������
������ ����������� ����������� ����������� ����������� �����������
������ ����������� ����������� ����������� ����������� �����������
������ ����������� ����������� ����������� ����������� �����������
������ ����������� ����������� ����������� ����������� �����������
������ ����������� ����������� ����������� ����������� �����������
������ ����������� ����������� ����������� ����������� �����������
������ ����������� ����������� ����������� ����������� �����������
������ ����������� ����������� ����������� ����������� �����������
������ ����������� ����������� ����������� ����������� �����������
������ ����������� �����������  ���������� �����������  ����������

Total ����������� ����������� �����������

Table �� Di�erential production rates 
��Nevts�dnK��dxp of K� mesons per Z� decay into
light� c and b primary �avors�
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Proton Production Rates Ratios

xp� uu� d d� ss cc bb c�uds b�uds

������ ���������� ���������� ���������� ����������� �����������
������ ���������� ���������� ���������� ����������� �����������
������ ���������� ���������� ���������� ����������� �����������
������ ���������� ��������� ���������� ����������� �����������
������ ��������� ���������� ���������� ����������� �����������
������ ��������� ���������� ��������� ����������� �����������
������ ��������� ��������� ��������� ����������� �����������
������ ��������� ��������� ��������� ����������� �����������
������ ��������� ��������� ��������� ����������� �����������
������ ��������� ��������� ��������� ����������� �����������
������ ��������� ��������� ��������� ����������� �����������
������ ��������� ��������� ��������� ����������� �����������
������ ��������� ��������� ��������� ����������� �����������
������ ��������� ��������� ��������� ����������� �����������
������ ��������� ��������� ��������� ����������� �����������
������ ��������� ��������� ��������� ����������� �����������
������ ��������� ��������� ��������� ����������� �����������
������ ��������� ��������� ��������� ����������� �����������
������ ��������� ��������� ��������� ����������� �����������
������ ��������� ��������� ��������� ����������� �����������
������ ����������� ����������� ����������� ����������� �����������
������ ����������� ����������� ����������� ����������� �����������
������ ����������� ����������� ����������� ����������� �����������
������ ����������� ����������� ����������� ����������� �����������
������ ����������� ����������� ����������� ����������� �����������
������ ����������� ����������� ����������� ����������� �����������
������ ����������� ����������� ����������� ����������� �����������
������ ����������� ����������� ����������� ����������� �����������
������ ����������� ����������� ����������� ����������� �����������
������ ����������� ����������� ����������� ����������� �����������
������ ����������� �����������  ���������� �����������  ����������
������ ����������� ����������� ����������� ����������� �����������
������ ����������� �����������  ���������� �����������  ����������
������ ����������� ����������� ����������� ����������� �����������
������ ����������� �����������  ���������� �����������  ����������
������ ����������� ����������� ����������� ����������� �����������

Total ����������� ����������� �����������

Table �� Di�erential production rates 
��Nevts�dnp��p�dxp of p and p per Z� decay into light�
c and b primary �avors�
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Charged Particle Production Rates Ratios

xp� uu� d d� ss cc bb c�uds b�uds

������ ������ ���� ������ ���� ������ ���� ����������� �����������
������ ������ ��� ������ ���� ������ ���� ����������� �����������
������ ������ ��� ������ ���� ������ ��� ����������� �����������
������ ������ ��� ������ ���� ������ ��� ����������� �����������
������ ������ ��� ������ ���� ������ ��� ����������� �����������
������ ������ ��� ������ ���� ������ ��� ����������� �����������
������ ������ ��� ������ ��� ������ ��� ����������� �����������
������ ������ ��� ������ ��� ������ ��� ����������� �����������
������ ������ ��� ������ ��� ������ ��� ����������� �����������
������ ������ ��� ������ ��� ������ ��� ����������� �����������
������ ������ ��� ������ ��� ������ ��� ����������� �����������
������ ������ ��� ������ ��� ������ ��� ����������� �����������
������ ����� ��� ����� ��� ������ ��� ����������� �����������
������ ������ ���� ������ ���� ������ ��� ����������� �����������
������ ������ ���� ������ ���� ������ ���� ����������� �����������
������ ������ ���� ������ ���� ������ ���� ����������� �����������
������ ������ ���� ������ ���� ������ ���� ����������� �����������
������ ������ ���� ������ ���� ������ ���� ����������� �����������
������ ������ ���� ������ ���� ������ ���� ����������� �����������
������ ������ ���� ������ ���� ������ ���� ����������� �����������
������ ������ ���� ������ ���� ������ ���� ����������� �����������
������ ������ ���� ������ ���� ������ ���� ����������� �����������
������ ������ ���� ������ ���� ������ ���� ����������� �����������
������ ������ ���� ������ ���� ������ ���� ����������� �����������
������ ������ ���� ������ ���� ������ ���� ����������� �����������
������ ������ ���� ������ ���� ����� ���� ����������� �����������
������ ����� ���� ����� ���� ����� ���� ����������� �����������
������ ����� ���� ����� ���� ����� ���� ����������� �����������
������ ����������� ����������� ����������� ����������� �����������
������ ����������� ����������� ����������� ����������� �����������
������ ����������� ����������� ����������� ����������� �����������
������ ����������� ����������� ����������� ����������� �����������
������ ����������� ����������� ����������� ����������� �����������
������ ����������� ����������� ����������� ����������� �����������
������ ����������� ����������� ����������� ����������� �����������
������ ����������� ����������� ����������� ����������� �����������
������ ����������� ����������� ����������� ����������� �����������
������ ����������� ����������� ����������� ����������� �����������
������ ����������� ����������� ����������� ����������� �����������
������ ����������� ����������� ����������� ����������� �����������

Table �� Di�erential production rates 
��Nevts�dnchg�dxp of stable charged particles per Z�

decay into light� c and b primary �avors�
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models very similar to those seen in the preceding section for the �avor inclusive sample
are observed� indicating problems in the modelling of hadronization� and not just in that
of heavy hadron decay� Some of the discrepancies are larger in the light �avors than in all
�avors� in particular the structure at small � in the HERWIG model is now very pronounced
for all three particle types�

In c	�avor events� all models predict the pion yield within a few percent� but the spectra
are slightly too hard� JETSET again predicts the shape of the proton spectrum reasonably
well� but is slightly high on the amplitude� UCLA and HERWIG describe the data at large ��
but fall well below the data at small �� JETSET and UCLA predict a kaon spectrum in which
those from leading D hadron decays peak at � � �� and those from the hadronization of the
remaining jet form a broad shoulder at larger � values� They are qualitatively consistent with
the data� though the data prefer a lower shoulder� HERWIG predicts a quite di�erent shape
that is inconsistent with the data� probably re�ecting known problems in the modelling of
heavy hadron production and decay�

In b	�avor events� JETSET and UCLA describe the pion and kaon spectra reasonably
well� predicting a few too many pions in the range ��� 
 � 
 �� and too many kaons for
� � ���� both also predict the shape of the proton spectrum well� but UCLA is too low in
amplitude and JETSET is consistent with the data� Again� HERWIG predicts very di�erent
spectra� all of which are inconsistent with the data at large � values�

The rate for all charged tracks in each of the �avor samples was derived by summing
the rates for the three charged hadron species and adding the simulated contribution from
leptons� These rates and their ratios are listed in table �� no plots are shown since the features
correspond to those of the pion data and models in �gs� � �� Our data are consistent with
those published by DELPHI ���� and OPAL ����� and substantially more precise�

� Comparison with QCD Predictions

We tested the predictions of QCD in theModi�ed Leading Logarithm Approximation 
MLLA��
combined with the ansatz of Local Parton	Hadron Duality 
LPHD�� by �tting Gaussian and
distorted Gaussian functions to our measured � distributions� Examples of such �ts are
shown in �gs� �� and ��� In each case� we �rst �tted a simple Gaussian to each set of points
within a region of � at least ��� units in size centered on the approximate peak position�
We chose the largest such symmetric range for which the con�dence level of the �� of the
�t exceeded ����� and then added points on one side 
in all cases at lower � values� as long
as the con�dence level remained above ����� We found that the Gaussian function could
describe the data over a symmetric range of at least ��� ��� units about the peak position�
consistent with one prediction of MLLA QCD� the �t could be extended toward lower � by
as much as ��� additional units� although it must be noted that our errors on the kaon and
proton spectra are rather large in this range� The largest �ttable ranges are given in table ��
and the corresponding �tted functions are shown on �gs� �� and ���

We next introduced a skewness term into the function 
G�� and repeated the above
procedure� We found that the symmetric range could be extended in only some cases� and
by at most ��� units 
see table ���� In all	�avor and light	�avor events there was always an
increase in the �ttable range on either the low or high � end� and the �tted skewness values
were small� In c	 and b	�avor events� however� there were some cases in which no increase in
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Peak positionMax� �t range
G G� G�� �$�stat� �syst� ��t

All ���� ���� ���� ���� ���� ���� �����������������������

��� uds ���� ���� ���� ���� ���� ���� �����������������������

c ���� ���� ���� ���� ���� ���� �����������������������

b ���� ���� ���� ���� ���� ���� �����������������������

All ���� ���� ���� ���� ���� ���� �����������������������

K�� uds ���� ���� ���� ���� ���� ���� �����������������������

c ���� ���� ���� ���� ���� ���� �����������������������

b ���� ���� ���� ���� ���� ���� �����������������������

All ���� ���� ���� ���� ���� ���� �����������������������

pp� uds ���� ���� ���� ���� ���� ���� �����������������������

c ���� ���� ���� ���� ���� ���� �����������������������

b ���� ���� ���� ���� ���� ���� �����������������������

Table ��� The widest ranges in � 
see text� over which a Gaussian function 
G� was able to
describe the data alone� and with the addition of skewness 
G�� and kurtosis terms 
G����
Peak positions �� from the Gaussian �ts described in the text� the errors are statistical�
experimental systematic� and due to variation of the �t range�

the �ttable range could be obtained� and others in which the range could be increased but
the skewness value increased rapidly�

The addition of a kurtosis term 
G��� had similar results 
see table ���� the �ttable
range was increased greatly� in many cases to the entire measured range� however both the
skewness and kurtosis values became large for c	 and b	�avor events� The resulting G��

functions are shown on �gs� �� �� over the entire � range� the large distortions are evident
in the c	 and b	�avor events for kaons and protons� The MLLA prediction that a Gaussian
with small distortion terms should describe the data over a range substantially larger than
one unit about the peak position holds for the light �avors� but does not hold for heavy
�avors� this might be expected since the calculation assumes massless partons�

The peak �� of the � distribution is predicted to decrease exponentially with increasing
particle mass� Following convention� we took the mean of the �tted Gaussian over a range of
one unit about the peak as an estimate of ��� and� in addition to statistical and experimental
systematic errors� we considered a variation of the �t range� A �t was performed to each
set of contiguous points with a smallest 
largest� � value between ���� and ���� units below

above� the peak position� Half the di�erence between the highest and lowest of the �tted
means was taken as an estimate of the systematic uncertainty due to the �t range� The
resulting values of �� are listed in table ��� where a considerable �avor dependence is seen�

The values in all	�avor and light	�avor events are shown in �g� �� along with previous
results ��� ��� ��� ���� As observed previously� the �� values for the measured hadron species
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Figure ��� Peak positions �� as a function of hadron mass in 
a� all	 and 
b� light	�avor
events� along with previous results from experiments at the Z��

in all	�avor events do not fall on a single trajectory as a function of mass� although roughly
parallel trajectories can be postulated for mesons and baryons� For light �avors� the �� value
for pions is quite similar to that for all �avors� and those for the other mesons 
baryons� tend
to be higher 
lower�� as would be expected if the MLLA prediction is correct for primary
hadrons� but the observed distributions are distorted by secondary particles� However it
is still not possible to draw a single trajectory through all the light	�avor points and this
apparent de�ciency in the the theory remains� it is possible that the exclusion of additional
non	primary hadrons might remove it�

Our previous results ���� were used in conjunction with data from other experiments to
test the perturbative QCD calculations of the ECM dependence of the rates at high	xp ����
The results presented here can be used to make a slightly more precise test� however more
precise data at lower and�or higher ECM are needed to confront these calculations in a more
meaningful way�

	 Total Production Rates

We have integrated our di�erential production rates over their respective measurement
ranges� taking into account the bin	to	bin correlations in the systematic errors� These inte	
grated rates per event are listed in tables � � and � �� the errors are dominated by overall
normalization uncertainties corresponding to the uncertainty in our track reconstruction ef	
�ciency� In order to quote total rates� we must extrapolate into the unmeasured regions�
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Coverage Yield�Event Di�erence

All ����������� ������������

��� uds ����������� ������������ c�uds �����������

c ����������� ������������ b�uds �����������

b ����������� ������������ b�c �����������

All ����������� �����������

K�� uds ����������� ����������� c�uds �����������

c ����������� ����������� b�uds �����������

b ����������� ����������� b�c �����������

All ����������� �����������

pp� uds ����������� ����������� c�uds ������������

c ����������� ����������� b�uds ������������

b ����������� ����������� b�c ������������

uds ����������� ������������ c�uds �����������

All Chg�� c ����������� ������������ b�uds �����������

b ����������� ������������ b�c �����������

Table ��� Estimated fractions of the total production rates contained within the range of
the measurements� corrected yields of charged hadrons per Z� decay into events of each
�avor category� The rightmost columns show di�erences between �avors� for which some
uncertainties cancel�

� � ���� for inclusive charged particles and pions� and � � ���� for kaons and protons� As
can be seen in �gs� � �� and �� ��� this is a non	trivial e�ect� and none of the models or
functions provides an ideal estimate of the accepted fraction� However� a set of four esti	
mates derived from the three models and the G�� function might be considered to cover
a reasonable range of possibilities� For the c	 and b	�avor events� we used in addition the
generator used for our detector simulation ����� a version of JETSET tuned to the world�s
data on D and B hadron production and decay�

From the pions and protons generated using each of the models� we calculated the fraction
that were generated in the range of our measurement� as the predictions� when normalized
to the data� provided reasonable descriptions of the shape� For the charged kaons 
�gs� � 
��� all models predict spectra that are too soft� we therefore scaled the predictions along
the � axis until the best agreement with the data was found� This procedure changed the
acceptance correction by a few percent for b	 and c	�avor events� and by as much as ��� for
the HERWIG model in light	�avor events� The �tted G�� function was integrated to obtain
another estimate of the accepted fraction in those cases where it gave an acceptable �� over
the entire measured range� Otherwise� it was used to calculate a fraction above the lower
bound given in table ��� and the data below that bound were added to obtain an overall
fraction�

For each hadron species and �avor category these four or �ve estimates of the fraction
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were found to be similar� with a typical rms value of about �� relative� We took their average
as our central value of the fraction in each case� and took their rms as the uncertainty due to
the extrapolation procedure� These values along with the corrected total rates are listed in
table ��� also shown are di�erences between the three �avor categories� for which some of the
uncertainties cancel� The results were found to be consistent with previous measurements�
the precision is similar for all	�avor events� and substantially improved for light	 and b	�avors�
ours are the only measurements for c	�avor events�

Roughly ��� more pions are produced in b	�avor events than in c	 or light	�avor events�
roughly ��� more kaons are produced in both b	 and c	�avor events than in light	�avor
events� roughly ��� fewer protons are produced in b	 than in light	�avor events� The total
charged multiplicities and di�erences between �avors are consistent with previous� dedicated
measurements ��� ���� they have comparable precision with di�erent systematic error sources�


 Leading Particle E�ects

We extended these studies to look for di�erences between particle and antiparticle production
in light quark 
as opposed to antiquark� jets� in order to address the question of whether
e�g� a primary u	initiated jet contains more hadrons that contain a valence u	quark 
e�g�
��� K�� p� than hadrons that do not 
e�g� ��� K�� p�� To this end we used the light quark	
and antiquark	tagged hemispheres described in section ��

We measured the di�erential production rates per light quark jet

Rq
h �

�

�Nevts

d

dxp

h
N
q� h� �N
q� h�

i
� 
��

Rq
�h �

�

�Nevts

d

dxp

h
N
q� h� �N
q� h�

i
� 
��

where� q and q represent light	�avor quark and antiquark jets respectively� Nevts is the
total number of events in the sample� h represents ��� K� or p� and h the corresponding
antihadron� Then� for example� N
q � h� is the number of hadrons of species h in light
quark jets� This formulation assumes CP symmetry� i�e� N
q � h� � N
q � h�� which was
found to be satis�ed in the data in all cases�

The charged hadron analysis was repeated on the sample of positively charged tracks in
the quark	tagged jets and negatively charged tracks in the antiquark	tagged jets� yielding
measured values of Rq

�� � R
q
K� � and Rq

p in the tagged samples� The same procedure applied
to the remaining tracks yielded Rq

��� R
q
K� � and Rq

�p�
The decays of the leading heavy hadrons in simulated heavy �avor background events give

rise to di�erences between hadron and antihadron production in the quark	tagged sample
over the entire xp range� including an e�ect in high	momentum pions of opposite sign to
that seen in the light	�avor data 
below�� It is essential to understand and�or suppress
this contribution� our simulation has been tuned to the available data on charmed and
bottom hadron decays� and our light	�avor tag reduces this background to �� cc and ��
bb events� At this level the simulated contribution to any di�erence is well below the other
uncertainties� The simulated contribution to each rate was applied as a correction� yielding
di�erential production rates per light	quark	tagged jet� For each hadron species� di�erential
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xp� R�� R�� D�� 
�� 
xp� R�� R�� D��
��

������ ��������� ���������  ������� ������ ���������� ����������  �������
������ ��������� ���������  ������� ������ ����������� ����������� �������
������ ��������� ��������� ������� ������ ����������� ����������� �������
������ ��������� ���������  ������� ������ ����������� �����������  �������
������ ��������� ���������  ������� ������ ����������� ����������� �������
������ ��������� ��������� ������� ������ ����������� ����������� �������
������ ��������� ��������� ������� ������ ����������� ����������� �������
������ ���������� ���������� ������� ������ ����������� ����������� �������
������ ���������� ���������� ������� ������ ����������� ����������� �������
������ ���������� ���������� ������� ������ ����������� ����������� �������
������ ���������� ���������� ������� ������ ����������� ����������� �������
������ ���������� ����������  ������� ������ ����������� ����������� ��������
������ ���������� ����������  ������� ������ ����������� ����������� �������
������ ���������� ���������� ������� ������ ����������� ����������� �������
������ ���������� ����������  ������� ������ ����������� ����������� ��������
������ ���������� ���������� ������� ������ ����������� ����������� �������
������ ���������� ���������� ������� ������ ����������� ����������� �������
������ ���������� ����������  ������� ������ ����������� ����������� �������
������ ���������� ����������  ������� ������ ����������� ����������� �������
������ ���������� ���������� ������� ������ ����������� �����������  �������

Table ��� Di�erential production rates Rq
h � 
���Nevts�dnh�dxp for positively and negatively

charged pions h � ��� �� in light 
u� d and s� quark jets from hadronic Z� decays� along
with the normalized di�erence D�� � 
Rq

�� � Rq
����
R

q
�� � Rq

���� The errors are the sum
in quadrature of statistical errors and those systematic errors arising from the light quark
tagging and unfolding procedure�

production rates in light quark jets were then extracted by correcting for the light	tag bias

see sec� �� and unfolding for the e�ective quark 
vs� antiquark� purity� This purity depends
on polar angle� and hence on the acceptance of the CRID as well as the event selection
discussed in section �� its average value was estimated from the simulation to be ���� for the
selected track sample�

The measured di�erential production rates per light quark jet are listed in tables �� ��
and shown in �g� ��� as for the �avor dependent results 
sec� ��� the errors given are the sum
in quadrature of the statistical error and those systematic errors arising from the tagging
and correction procedures� The latter include variation of� the event tagging e�ciencies
and biases as described in section �� the electroweak parameters Rb� Rc� Ab and Ac by the
errors on their respective world average values� the e�ective quark purity by ������ the
sum of h and h rates in c	 and b	�avor events by a smooth parametrization of the errors in
tables � �� and their di�erence by ���� of itself to cover the uncertainty in the electron
beam polarization and statistical error on the simulated purities� The systematic errors are
small compared with the statistical errors� and are typically dominated by the uncertainty
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xp� RK� RK� DK� 
�� Rp R�p Dp 
��

������ ���������� ����������  ���� ��� ��������� ��������� ���� ���
������ ��������� ���������� ���� ��� ��������� ��������� ���� ���
������ ���������� ���������  ���� ��� ��������� ��������� ���� ���
������ ��������� ��������� ���� ��� ��������� ��������� ���� ���
������ ��������� ���������  ���� ��� ��������� ��������� ���� ���
������ ��������� ��������� ���� ��� ��������� ��������� ���� ���
������ ��������� ��������� ���� ��� ��������� ��������� ���� ���
������ ��������� ��������� ����� ��� ��������� ��������� ���� ���
������ ��������� ��������� ���� ��� ��������� ��������� ���� ���
������ ��������� ��������� ���� ��� ��������� ���������  ���� ���
������ ��������� ���������  ���� ��� ��������� ��������� ���� ���
������ ��������� ��������� ���� ��� ��������� ��������� ���� ���
������ ��������� ��������� ���� ��� ��������� ��������� ���� ���
������ ��������� ���������  ���� ��� ��������� ���������  ���� ���
������ ��������� ��������� ����� ��� ��������� ��������� ���� ���
������ ��������� ��������� ���� ��� ��������� ���������  ���� ���
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Table ��� Di�erential production rates Rq
h � 
���Nevts�dnh�dxp for positively and negatively

charged kaons and protons in light 
u� d and s� quark jets from hadronic Z� decays� along
with the normalized di�erences Dh � 
Rq

h � Rq
�h��
R

q
h � Rq

�h�� The errors are the sum in
quadrature of statistical errors and those systematic errors arising from the light quark
tagging and unfolding procedure�
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on the e�ective quark purity�
In all cases the hadron and antihadron rates are consistent at low xp� For kaons 
protons��

signi�cant di�erences appear for xp above about ���� 
���� units and grow with increasing
xp� For pions� di�erences are smaller� but signi�cant for xp above about ���� also appearing
to grow with xp� It is convenient to show these results in the form of the di�erence between
hadron h and antihadron h production normalized by the sum�

Dh �
Rq
h �Rq

h

Rq
h �Rq

h

� 
��

The common systematic errors cancel explicitly in this variable� which is shown for the
hadrons h � ���K�� p in �g� �� and listed in tables �� ��� A value of zero corresponds
to equal production of hadron and antihadron� whereas a value of �
 �� corresponds to
complete dominance of 
anti�particle production in light quark jets�

The results for the protons a�ord the most straightforward interpretation� Since baryons
contain valence quarks and not antiquarks� the positive values of Dp for xp � ��� are clear
evidence for the production of leading protons� The data are consistent with a steady
increase with xp to a plateau of Dp � ��� for xp � ���� although the errors on the highest
xp points are quite large� For xp 
 ��� the data are consistent� within common systematic
errors� with equal production of baryons and antibaryons� however it must be noted that
the contribution from non	leading hadrons is very high in this region and we cannot exclude
that some leading baryons are produced at low xp�

The interpretation of our results for mesons is more complicated� since a meson contains
one valence quark along with one valence antiquark� In SM Z� decays all primary down	
type quarks are produced equally and with the same forward	backward asymmetry� so that
if a leading neutral hadron such as K�� 
s d� were produced equally in s and d jets then
we would measure D �K�� to be zero� We previously measured ���� a signi�cantly positive
value 
see �g� ��� at high xp� indicating both that there is leading K�� production and that
more leading K�� are produced in s jets than in d jets� This is an expected consequence of
strangeness suppression in the hadronization process� That is� it is expected to be less likely
for an ss pair to pop out of the vacuum and the s to pair up with an initial d than it is for
a d d pair to pop out and the d to pair up with the initial s�

In the case of charged mesons such as �� 
du�� there is a nonzero dilution of leading parti	
cle e�ects because of the di�erent Z� branching ratios and forward	backward asymmetries of
up	 and down	type quarks� Assuming SM couplings to the Z�� equal production of leading ��

in u	jets and �� in d	jets� and no contribution from s	jets� we calculate a dilution factor for
this analysis of ����� That is� we would expect to observe Dobs

�� � ����Dtrue
d��� � ����Dtrue

u��� �
Our measured D�� are signi�cantly positive at high xp� indicating leading pion produc	

tion� The data give no information on the relative contributions of the three light �avors�
but are consistent with ����Dp at all xp� and hence with the notion that leading pion e�ects
in u and d jets are of similar strength to those of leading baryons in all light quark jets� Our
measured DK� are consistently positive for xp � ����� and well above both ����Dp and D��

at high xp� This indicates both production of leading charged kaons and greater production
of leading K� in s	jets than in u	jets�

The predictions of the three models are also shown in �g� ��� For protons� the HERWIG
prediction drops below zero for ���� 
 xp 
 ����� then rises rapidly to unity at higher xp�
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Figure ��� Normalized di�erences between hadron and antihadron production in light quark
jets� compared with the predictions of the three models� Some bins have been combined
for clarity� Our previous results for !� 
K��� are overlaid on the proton 
kaon� plot� the
corresponding model predictions are similar�
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this structure is inconsistent with our data� The UCLA prediction also rises to unity at high
xp� becoming inconsistent with the data for xp ������ The JETSET prediction is consistent
with the data� For the mesons� all models predict positive values of D�� and DK� even
at very low xp� they are all consistent with our data in that region� but we are not able to
resolve the di�erence from zero� At high xp� all three predictions for D�� lie roughly ��
below the data� and the measured DK� favor the JETSET prediction slightly over those of
HERWIG and UCLA�

�� Summary and Conclusions

We have improved our measurements of the production of the charged hadron species ���
K� and p�p� as well as that of inclusive stable charged particles� in hadronic Z� decays� tak	
ing advantage of the sample of ������� decays recorded with the upgraded vertex detector
to reduce both the statistical and systematic errors substantially� The SLD Cherenkov Ring
Imaging Detector enabled the clean and e�cient identi�cation of charged tracks over a wide
momentum range� yielding precise measurements of their total and di�erential production
rates� Our measurements in �avor	inclusive hadronic Z� decays are consistent with� com	
plementary to� and in some regions more precise than previous measurements� De�ciencies
in popular hadronization models have been con�rmed�

The precision of the vertex detector allowed us to isolate very high	purity light	� c	 and
b	tagged event samples� and to compare production characteristics of the hadron species in
light	� c	 and b	�avor events� Signi�cant di�erences between �avors were found� consistent
with expectations based on the known properties of B and D hadron production and decay�
The known problems with hadronization models were all present in the light	�avor events�
con�rming that they are indeed in the hadronization itself and not just artifacts of heavy
hadron modelling� Additional problems with the models were observed in c	 and b	�avor
events�

The shape of the � � � ln xp distribution near its peak for each hadron species in events
of each �avor is consistent with the Gaussian form predicted by MLLA QCD�LPHD� For c	
and b	�avor events� however� the Gaussian form cannot accommodate the data over a wider
range without the addition of very large distortion terms� In light	�avor events� the Gaussian
with small additional distortion terms is able to describe the data over a wider range� The
peak positions �� for each hadron species in light	�avor events are more consistent with a
monotonic dependence on hadron mass than those in �avor	inclusive events� Our data are
thus consistent with the predictions of MLLA QCD for the light �avors� and indicate that
the presence of heavy hadrons distorts the observed spectra�

Using the large forward	backward asymmetry induced by the polarized SLC electron
beam to separate light quark from light antiquark hemispheres� we have compared hadron
and antihadron production in light quark jets� A large excess of proton over antiproton
production at high xp is direct evidence for the production of leading baryons� i�e� baryons
that carry the quantum numbers of the quark that initiated the jet� A similarly large
excess of K� over K� production indicates not only leading kaon production but also that
leading kaons are produced more often from initial s quarks than from initial u quarks�
A smaller excess of �� over �� production was also observed� This is expected if leading
pions account for a large fraction of high momentum pion production but with equal ��

��



rates from initial d and u jets� uu and d d events then contribute to the observed di�erence
with opposite signs� but since down	type quarks are produced more often and with a higher
electroweak asymmetry than up	type quarks� a net positive di�erence is observed� These
data provide unique and stringent tests of hadronization models� All models tested were
able to reproduce the pion and kaon data� though the latter favor the JETSET model over
the other two� JETSET is also consistent with the proton data� but the other two models
predict values much higher than the data for xp �����
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