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We have measured the differential production cross sections as a function of scaled momentum
Xp=2p/E.m of the identified hadron species®, K*, K% K*°, ¢, p, A° and of the corresponding anti-
hadron species in inclusive hadroi® decays, as well as separately #} decays into light ¢, d, s), c and
b flavors. Clear flavor dependences are observed, consistent with expectations based upon previously measured
production and decay properties of heavy hadrons. These results were used to test the QCD predictions of
Gribov and Lipatov, the predictions of QCD in the modified leading logarithm approximation with the ansatz
of local parton-hadron duality, and the predictions of three fragmentation models. The ratios of production of
different hadron species were also measured as a functiay ahd were used to study the suppression of
strange meson, strange and non-strange baryon, and vector meson production in the jet fragmentation process.
The light-flavor results provide improved tests of the above predictions, as they remove the contribution of
heavy hadron production and decay from that of the rest of the fragmentation process. In addition we have
compared hadron and antihadron production as a functiog @f light quark (as opposed to antiquariets.
Differences are observed at higl, providing direct evidence that higher-momentum hadrons are more likely
to contain a primary quark or antiquark. The differences for pseudoscalar and vector kaons provide new
measurements of strangeness suppression forgigragmentation product§S0556-282(199)06101-9

PACS numbses): 13.87.Fh, 12.38.Qk, 13.38.Dg, 13.65.

[. INTRODUCTION that do not explicitly involve heavyd or b) quarks. Using

perturbative QCD, Gribov and Lipatov have stud[&d the

The production of jets of hadrons from hard partons profragmentation of quarks produced @ie™ collisions in the
duced in high energy collisions is believed to proceed inlimit of high hadron momentum fractiork,= phagron/

three stages. Considering the proce§se‘—>qa the first Epeam» @nd have related it to the proton structure function at
stage involves the radiation of gluons from the primary quarkigh X=Equark/Eproton- They predict that ag,—1 the dis-
and antiquark, which in turn may radiate gluons or split intotribution of x,, for baryons is proportional to (1x,)*, and

- ; ; 2
qq pairs until their virtuality approaches the hadron masdhat for mesons is proportional to €ix;)". Another ap-
scale. This process is in principle calculable in perturbativéDroaCh Is to mak_e the_ansa_tz .Of chal parto_n-hadron duality
QCD, and three approaches have been taken sdifaif- (LPHD) [3], that inclusive dlst_rlbu_tlons of primary hadrons
ferential cross sections have been calcul&tddor the pro- are the same, up to a normalization factor, as those for par-

duction of up to 4 partons to second order in the stron tons. Calculations using MLLA QCD, cut off at a virtual

. . . gparton mass comparable with the mass of the hadron in ques-
coupling as, and leading order calculations have beep P€%ion, have been used in combination with LPHD to predict
formed recently for as many as 6 partdsee e.9[2]); (i) 4t the shape of the distribution f=In(1/x,) for a given
certain parton distributions have been calculated to all Orderﬁrimary hadron species is approximately Gaussian within
in a5 in the modified leading logarithm approximation apoyt one unit of the peak, that the shape can be approxi-
(MLLA) [3]; (iii) “parton shower” calculationg4] have  mated over a widet range by a Gaussian with the addition
been implemented numerically; these consist of an arbitrargf small distortion terms, and that the peak position depends
number ofg—qgg, g—gg andg— qq branchings, with each inversely on the hadron mass and logarithmically on the
branching probability determined from QCD in the leading center-of-masgc.m.) energy. It is desirable to test the exist-
logarithm approximation. ing calculations experimentally and to encourage deeper the-

In the second stage these partons transform into “pri-oretical understanding of the fragmentation process.

mary” hadrons. This “fragmentation” process is not under-  In the third stage unstable primary hadrons decay into the
stood quantitatively and there are few theoretical predictionstable particles that traverse particle detectors. This stage is
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understood inasmuch as proper lifetimes and decay brancihat correspond to primary hadrons. In theLa model,
ing ratios have been measured for many hadron specieghole events are generated according to weights derived
However, these decays complicate fundamental fragmentdrom the phase space available to their final states and the
tion measurements because a sizable fraction of the stablelevant Clebsch-Gordan coefficients. Each of these models
particles are decay products rather than primary hadrons, arf@ntains arbitrary parameters that control various aspects of
it is typically not possible to determine the origin of eachfragmentation and have been tuned to reproduce data from
detected hadron. Previous measurements’a  colliders € € annihilations. TheeTseTmodel includes a large num-
(see e.g[6,7]) indicate that decays of vector mesons, strangd®r Of parameters that control, on average, the species of
baryons and decuplet baryons produce roughly two-thirds dfimary hadron produced at each string break, giving it the
the stable particles; scalar mesons, tensor mesons and raagtennal_to r_nodel the opserved properties of identified had-
ally excited baryons have also been obserV&dand there ron species in great deta|ll. In thERWIG model, clysters are
are large uncertainties on their contributions. Ideally Onedecayed Into pairs .Of primary _hadrong according to phase
would measure every possible hadron species and distingui Space. and the relative production of different 'hadrons 1S ?f'
: - 2 fectively governed by two parameters controlling the distri-
primary hadrons from decay products on a statistical basis. %ution of cluster masses. In thecLa model, there is only
body of knowledge could be assembled by reconstructing o s,ch free parameter, which controls the degree of local-
heavier and heavier states, and subtracting their known dec

it h d diff fial i ?ft\,(/ of baryon-antibaryon pair formation.
products from the measured differential cross sections of” | .. paper we present an analysisif, K=, KY/KP,

lighter hadrons. %000 — 0,50 N - 50
Additional complications arise in jets initiated by heavy K*Y/K*", ¢, p/p, and A"/A" production in hadroni&

quarks, since the leading heavy hadrons carry a large fracticfec@ys collected by the SLC Large Detect8LD). The

of the beam energy, restricting that available to other pri-2nalysis is based upon the approximately 150,000 hadronic

mary hadrons, and their decays produce a sizable fraction gvents obtaineq in runs of the SI_‘C between 1993 and 1995.
the stable particles in the jet. Although decays of s@wd /€ Measure differential production cross sections for these
D hadrons have been studied inclusively, there are large urs€Ven hadron speﬁles In alm inclusive sample of had@hic

certainties in heavy hadron producti(B‘E and heavy baryon decays and use the results to test the QCD predictions of

- - ibov and Lipatov, the predictions of MLLA QCD
decay, and the suppression of gluon radiation from heav;?” - -
qguarks. The removal of heavy flavor events will therefore LPHD, and the predictions of the three fragmentation

simplify the study of the fragmentation of light quarks into models just described, as well as to study the suppression of
hadrons strange hadrons, baryons, and vector mesons in the fragmen-

A particularly interesting aspect of fragmentation is the!@I0N Process. Weoalso measure these differential cross sec-
question of what happens to the quark or antiquark that initions separately irr” decays into light flavorsyu, dd and

tiated the jet. A common prejudice is that the initial quark isss), cc andbb, which provide improved tests of the QCD
“contained” as a valence constituent of a particular hadron predictions, new tests of the fragmentation models that sepa-
and that this “leading” hadron has on average a higher morate the heavy hadron production and decay modelling from
mentum than the other hadrons in the jet. The highly polarthat of the rest of the fragmentation process, and cleaner
ized electron beam delivered by the SLAC Linear Collidermeasurements of strangeness, baryon and vector-meson sup-
(SLCO) gives a unique, high purity, unbiased tag of quark vspression. In addition we update our measurements of hadron
antiquark jets, via the large electroweak forward-backwardand antihadron differential cross sections in light quark jets,
quark production asymmetry at ti resonance. We have and use the results to make additional new tests of the frag-
previously observefi8] evidence for the production of lead- mentation models and to make two new measurements of

ing baryonsK™* andK*%K*? in light-flavor jets. The quan- Strangeness suppression at high
tification of leading particle effects could lead to methods for In Sec. Il we describe the SLD, including a detailed de-
identifying jets of specific light flavors, which could have a Scription of the Cherenkov Ring Imaging Detector, which is
as well as ineT e~ annihilations. selection of hadronic events of different primary flavor, us-
There are several phenomenological models of jet fragid impact parameters of charged tracks measured in the
mentation, which combine modelling of all three stages ofVertéx Detector, and the selection of light quark and anti-
particle production; it is important to test their predictions. duark hemispheres, using the large production asymmetry in
To simulate the parton production stage, #ERwWIG [9], polar angle induced by th(_e polarization qf the”SLC; electron
tion of first order matrix elements and a parton shower. To5eS and present results for flavor-inclusive events. In Sec. V
simulate the fragmentation stage, therRwic model splits ~we present results separately for lighZ°¢-uu,dd,ss), c-

the gluons produced in the first stage gty pairs, and these (Z°—cc) andb-flavor (Z°—bb) events. In Sec. VI we use
quarks and antiquarks are paired up locally to form colorlesghe flavor-inclusive and light-flavor results to test the QCD
clusters that decay into the primary hadrons. TegseT  predictions of Gribov and Lipatov, and of MLLA QCD
model takes a different approach, representing the color field LPHD. In Sec. VIl we extract total production cross sec-
between the partons by a semi-classical string, which is brotions of each hadron species per hadronic event. In Sec. VI
ken, according to an iterative algorithm, into several piecesve update our measurements of leading particle production
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in light-flavor jets. In Sec. IX we present ratios of production 200
of pairs of hadrons, and discuss the suppression of strange
hadrons, baryons, and vector mesons in the fragmentation

process. 150

(2]
Il. THE SLD §1oo
'_

This analysis of data from the SLPL2] used charged
tracks measured in the Central Drift Chami&DC) [13] 50
and silicon Vertex DetectdivXD) [14], and identified in the
Cherenkov Ring Imaging Detect¢€RID) [15]. The CDC
consists of 80 layers of sense wires arranged in 10 axial or 0
stereo superlayers between 24 and 96 cm from the beam 80 40 0 40 80

. . Impact Parameter (um)
axis. The outermost layer covers the solid angle range
|cos#|<0.68. The average spatial resolution for hits attached FiG. 1. Distribution of transverse impact parameters of tracks in
to charged tracks is 92m. Momentum measurement is pro- e*e™—u* ™ events with respect to the primary interaction point
vided by a uniform axial magnetic field of 0.6 T. The mo- measured in hadronic events.
mentum resolution of the CDC was measured using muons

: 0., +, - 2
from cosmic rays andZ THH decays to beo, /p} cays, corrected for the contributions from decays of heavy
=0.005p0.010p, , wherep, is the track momentum trans- hadrons. Including the uncertainty on the IP, a resolution of
verse to the beam axis in Ga//The VXD and CRID are 114 70/(p, sin¥29) um was obtained, wherp, is the track

described in the following subsections. momentum transverse to the beam axis in Ged 6 is the

Energy deposits reconstructed in the Liquid Argon Calo-ns|ar angle of the track with respect to the beam axis.
rimeter (LAC) [16] were used in the initial hadronic event

selection and in the calculation of the event thfusf] axis.
The LAC is a lead-liquid argon sampling calorimeter cover-
ing the solid angle rangfeosd|<0.98, which is segmented Identification of charged tracks is accomplished with the
into 33x36 mrad projective towers, each comprising two barrel CRID[15], which covers the solid angle rangens|
electromagnetic sections and two hadronic sections, for &0.68. Through the combined use of liquidRg, and gas-
total thickness of 2.8 interaction lengths. The energy resolueous GF;,+ N, radiators, the barrel CRID is designed to
tion is measured to ber:15%/\/E for electromagnetic perform efficient separation of charged pions, kaons and pro-

showers and 60%JE for hadronic showers, whetg is the ~ tons over most of the momentum rangeehe™ annihila-
energy in GeV. tions at thez®, 0.3<p<46 GeVt. A charged particle that

passes through a radiator of refractive insewith velocity
B above Cherenkov threshol@> B8,=1/n, emits photons at
an angled.= cos (1/8n) with respect to its flight direction.
Flavor tagging of events for this analysis was accom-n the SLD, a charged patrticle exiting the CDC encounters a
plished with the original SLD Vertex Detectpt4], which 1 cm thick liquid radiator, contained in one of 40 radiator
was composed of 480 charge-coupled devices containing teays. If the momentum of the particle is above its liquid
total of 120 million 2222 um? pixels, arranged in four Cherenkov threshold, UV photons are emitted in a cone
concentric layers of radius between 2.9 and 4.2 cm. Thabout the particle flight direction. This 1 cm thick cone ex-
outermost layer covered the solid angle rahgest|<0.75,  pands over a standoff distance ©fl2 cm and each photon
and the azimuthal arrangement was such that a track woulcan enter one of 40 time projection chamb@rBCg through
always encounter one of the two innermost layers and one ain inner quartz window.
the two outermost layers; the average number of recon- The TPCs contain a photosensitive gas, ethane with
structed hits per track was 2.3. The 3D spatial resolution for-0.1% TMAE[15]. The resulting single photoelectrons drift
these hits was measured to be n.B. along the beam direction to a wire chamber where the con-
Here we used only the information in the plane transverseersion point of each Cherenkov photon is measured in three
to the beam axis. The impact parameter resolution in thigimensions using drift time, wire address and charge divi-
plane was measurdd 8] from the distribution of miss dis- sion. These positions are used to reconstruct a Cherenkov
tances between the two tracksZf— . 1~ events to be 11  angle with respect to the extrapolated charged track. Liquid
um for 45.6 GeVE muons reconstructed including at leastrings span 2—3 TPCs in azimuth and can be split between
one hit in the VXD. The transverse position of the primary TPCs in the forward and backward hemispheres.
interaction point(IP) was measured using tracks in sets of The particle may then continue through a TPC, where it
~30 sequential hadroniz® decays, with a resolution mea- ionizes the drift gas, saturating the readout electronics, which
sured from the distribution of impact parameters in the stawere designed for single-electron detection, on 2—7 anode
tistically independeniu-pair event samplésee Fig. 1 of  wires and effectively deadening5 cn? of detection area.
7£2 um. The impact parameter resolution for lower momen-Following the TPC, the particle passes througd0O cm of
tum tracks was determined using tracks in hadrafflde-  the gas radiator volume. Radiated Cherenkov photons are

B. The SLD Cherenkov ring imaging detector

A. The SLD vertex detector
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focussed by one of 400 spherical mirrors onto the outer 1.0 g T T T L
guartz window of a TPC. Gas rings are typically 2.5 cm in | g §oo Qgﬂ%} ]
radius at the TPC surface, and the mirrors are positioned L=
such that no ring is focussed near an edge of a TPC or near 08 . % T
the region saturated by its own track. The mirror arrange- - g o
ment and the large size of the liquid rings make the identifi- 06k . 5% _
cation performance largely independent of the proximity of & W
the track to any jet axis. 5 7
The average liquidgas Cherenkov angle resolution was Ho4l m—n —
measured from the data to be 145 mrad, including the | @ K2Data o
effects of residual misalignments of the TPCs, radiator trays 0 KZMC g
and mirrors, and track extrapolation resolution. The local or 02 e<tData -
intrinsic resolution was measured to be (338 mrad, con- | OoTMC
sistent with the design value. The average number of de- o bl il . IQIS;

tected photons per full ring for tracks wifg=1 was mea-
sured inw-pair events to be 16.010.0. For hadronic events, 0.08
a set of cuts was applied to reduce backgrounds from spuri-
ous hits and cross-talk from saturating hits, resulting in an

average of 12.89.2) accepted hits per ring. The average 0.04
reconstructed Cherenkov angle f@=1 tracks was 675
(58.6 mrad, corresponding to an index of refraction of 1.281 0
(1.00172, and Cherenkov thresholds of 0.(Z.4) GeV/c for 0.08
charged pions, 0.628.4) GeV/c for kaons and 1.1716.0
GeV(c for protons. This index was found to be independent
of position within the CRID and the liquid index was found 0.04
to be constant in time. Time variations in the gas index of up
to +0.00007 were tracked with an online monitor and veri- 0
fied in the data.

Tracks were identified using a likelihood techniqu®]. Momentum (GeV/c)

For each of the five stable charged particle hypotheses o
FIG. 2. Efficiencies for selected tracks frdﬁg (squaresand 7

i=e,u,mK,p, a likelihoodL; was calculated based upon oS o
rcles decays to be identified as each hadron species in the CRID.

the number of detected photoelectrons and their measurélg'] _
angles, the expected number of photons, the expected Cher'® solid symbols represent the data and the open symbols the

enkov angle, and a background term. The background in§'mU|at'°n‘
cluded the effects of overlapping Cherenkov radiation from
other tracks in the event as well as a constant term normabhows the probability for these tracks to be identified as
ized to the number of hits in the TPC in question that werepions, kaons and protons as a function of momentum. Also
not associated with any track. Particle separation was basethown are results of the same analysis of corresponding
upon differences between logarithms of these likelihoodssamples from a detailed Monte CaflC) simulation of the
Li=InL;. detector. The MC describes the momentum dependence well
The particle identification performance of the CRID de-and reproduces the efficiencies to withir0.03. Functional
pends on the track selection and likelihood difference reforms were fitted to the data, chosen to describe the momen-
quirements for a given analysis. Here we discuss the examptem dependence of both data and simulated test samples, as
of the hadron fractions analysis described in Sec. IV Awell as that of simulated true pions in hadronic events. The
where we consider only the three charged hadron hypothessgmulation was used to correct the fitted parameters for non-
i=m,K,p. The lepton hypotheses are not considered sinc@ion content in thng and  samples and differences in
Le~L,~ L, for momenta relevant to that analysis; a correc-tracking performance between tracks in these samples and
tion (see Sec. IV Ais then applied for lepton contamination. those from the IP in hadronic events. The resulting identifi-
For tracks withp<2.5 (p>2.5) GeVE, a particle was iden- cation efficiency functionsk .., E.x andE_,, are shown
tified as specieg if £; exceeded both of the other log- in the leftmost column of Fig. 3.
likelihoods by at least §3) units. We quantify the perfor- A similar procedure using onlyr and p likelihoods was
mance in terms of a momentum-dependent identificatiomused to measure the-p separation in the liquigag system
efficiency matrixg, each elemert;; of which represents the for p>2 (17) GeV/c, and the simulation was used to convert
probability that a selected track from a tritbadron is iden-  that intoE,, shown in the bottom right of Fig. E,, over
tified as aj-hadron, withi,j=,K,p. The elements of this the remaining momentum range, as well as th& separa-
matrix were determined where possible from the d2@. tion in the gas system below and near kaon threshpld (
For example, tracks from selectng and 7 decays were <10 GeVk), was measured using protons from decays of
used as “pion” test samples, having estimated kaon plusagged lambda hyperof&0]. The remaining efficiencies in
proton contents of 0.3% and 1.7% respectively. Figure Zig. 3 were derived from those measured, using the simula-

wp
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FIG. 3. Calibrated identification efficiencies for tracks used in the charged hadron fractions analysis. The half-widths of the grey bands
represent the systematic uncertainties, which are strongly correlated between momenta. Note the expanded vertical scale for the off-diagonal
efficiencies.

tion. For exampleEkk is equal toE ., for momenta in the and the pion coverage is continuous from 0.3 Gedlp to
ranges 1.5.p<2.5 and 15<p<25 GeVE, since both spe- approximately 35 Ge\¢ There is a gap in the kaon-proton
cies are well above the relevant Cherenkov threshold angeparation between about 7 and 10 Gedtie to the limited
their expected Cherenkov angles differ from that of the proresolution of the liquid system and the fact that neither spe-
ton by an amount large compared with the angular resolucies is far above Cherenkov threshold in the gas system. The
tion. Outside these rangeEyx was related toE . by a  proton coverage extends to the beam momentum. Misidenti-
function derived from the simulation to account for the ef-fication rates are typically less than 0.03, with peak values of
fects of the reduced photon yield near the kaon Cherenkowp to 0.07.
threshold and the fact that the expected kaon ring radius lies
between those_ of Fhe pion and proton. IIl. EVENT SELECTION

The bands in Fig. 3 encompass the upper and lower sys-
tematic error bounds on the efficiencies. The discontinuities The trigger and initial selection of hadronic events are
correspond to ther andK Cherenkov thresholds in the gas described in[21]. The analysis presented here is based on
radiator. For the diagonal elements, the systematic errors cogharged tracks measured in the CDC and VXD. A set of cuts
respond to errors on the fitted parameters and are stronglyas applied in order to select events well-contained within
positively correlated across each of the three momentum réghe detector acceptance. Tracks were required to kiave
gions. For the off-diagonal elements, representing misidenticlosest approach to the beam axis within 5 cm, and within 10
fication rates, a more conservative 25% relative error wasm along the beam axis of the measured(ii a polar angle
assigned at all points to account for the limited experimentap with respect to the beam axis wiflsosg|< 0.80, (iii) a
constraints on the momentum dependence. These errors @r®mentum transverse to this axis> 150 MeVk, and(iv)
also strongly positively correlated among momenta. Thea momentunp < 50 GeVE. Events were required: to con-
identification efficiencies in Fig. 3 peak near or above 0.9tain a minimum of seven such tracks; to contain a minimum
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TABLE |. Efficiencies for simulated events in the three flavor IV. HADRON IDENTIFICATION ANALYSIS

categories to be tagged as lightpr b events. The three rightmost . . . .

columns indicate the composition of each simulated tagged sample N the following subsections we discuss details of the

assuming the standard model relative flavor production. analysis for three categories of identified hadrons: charged

tracks identified ast™, K* or p/p in the CRID;K? and

_ Efhicier o . A% A° reconstructed in their charged decay modes and
uuddss cc  bb uuddss cc  bb tagged by their long flight distance; and*%/K*° and ¢

light-tag 0.845 0438 0075 0849 0124 0.027 'econstructed in charged decay modes including one and two

c-tag 0.153 0478 0331 0378 0333 0.290 \dentified K=, respectively. The resulting differential cross

b-tag 0.002 0084 0594 0009 0.100 0.891 s%ctlons for these seven hadron species in n_wcluswe hadronic

Z° decays are presented in the last subsection.

Efficiency for 2°— Composition

visible energyE,is>18 GeV, calculated from the accepted A. Charged hadron fractions

tracks, assigned the charged pion mass; to have a thrust axis Reconstructed charged tracks were identified as charged
polar angled; with respect to the beam axis, calculated frompjons, kaons or protons using information from only the
calorimeter clusters, withicoss|/< 0.71; and to have good CRID liquid (gag radiator for tracks withp<2.5 (p>7.5)
VXD data[18] and a well-measured IP position. A sample of GeV/c; in the overlap region, 25p<7.5 GeV¢, liquid and
90 213 events passed these cuts. For the analyses using s information was combined. Additional track selection
CRID, the additional requirements were made that the CRIZzuts [20] were applied to remove tracks that interacted or
high voltage was on and that there was a good drift velocityscattered through large angles before exiting the CRID and
measurement, resulting in a sample of 79 711 events. Th® ensure that the CRID performance was well-modelled by
non-hadronic background was estimated to be 0.1%, domihe simulation. Tracks were required to have at least 40 CDC
nated byZ°— " 7~ events. hits, at least one of which was at a radius of at least 92 cm,
Samples of events enriched in light angrimary flavors  to extrapolate through an active region of the appropriate
were selected based on signed impact parameferst ~radiatofs), and to have at least 8000% of their expected
charged tracks with respect to the IP in the plane transverdiuid (gas ring contained within a sensitive region of the
to the beam. For each event we defing, to be the number CRID TECS. The latter requwement included rejection of
of tracks passing a set of impact-parameter quality F18% tracks withp>2.5 GeVt for which there was a saturated

that have impact parameter greater than three times its esﬁ:—F;!D h';E Vr:'th'n as ((:jm radu_;s (twice theT mazlmu_n; 7””9
mated erroro>30 ;. Events withngj,=0 were assigned to radiug of the expected gas ring center. Tracks WK 7.5

the light-tagged sample and those with,=3 were as- GeV/c were required to have a saturated hit within 1 cm of

signed to theb-tagged sample. The remaining events werethe extrapolated track, and tracks wit»2.5 GeVE were

classified as a-tagged sample. The lighte; and b-tagged required to have either such a saturated hit or the presence of

: least four hits consistent with a liquid ring. These cuts
| d 60.4%, 24.5% and 15.2% of the selectéH J.
ﬁgr;r%r?ii Z?/Zr?trslserespecti\(/)ely Th(oa ?jri]stributio;;bzﬁ-:asnedec accepted 479%, 28% and 43% of the tracks within the CRID

nsig were found to be reproduced by our Monte Carlo Simu_acceptance in the momentum ranges2.5, 2.5°p<7.5

lation[18]. The tagging efficiencies and sample purities wereand p>7.5 GeVL, respectively. For momenta below 2

estimated from this simulation and are listed in Table .~ C¢ /G, only negatively charged tracks were used in order to

Separate samples of hemispheres enriched in Iight-quarrl?duce the background from protons produced in particle in-

and light-antiquark jets were selected from the Iight-tagge({eraCtlonS with the detector material, and we assumed the
event sample by exploiting the large electroweak forwar true production fractions of positively and negatively
backward production asymmetry with respect to the bean‘fharged tracks to be equal.

direction. The event thrust axis was used to approximate the In each momentum bm_we r_n_easured_ the fractions of the
initial 4g axi d ianed h that 3 selected tracks that were identified as pions, kaons and pro-
Initial qq axis and was signed such thatztsomponent was  ,n5 The observed fractions were related to the true produc-

along the electron beam directio}>0. Events in the cen- tjon fractions by an efficiency matrix, composed of the val-
tral region of the detector, where the production asymmetryjes shown in Fig. 3, with small correctiofsee below for

is small, were removed by the requiremér;t> 0.2, leaving the presence of charged leptons in the sample. This matrix
74% of the light-tagged events. The quark-tagged hemiwas inverted and used to unfold our observed identified had-
sphere in events with lefiright-)handed electron beam po- ron fractions. This analysis procedure does not require that
larization was defined to comprise the set of tracks with posithe sum of the charged hadron fractions be unity; instead the
tive (negativeé momentum projection along the signed thrustsum was used as a consistency check, which was found to be
axis. The remaining tracks in each event were defined to beatisfied at all momentésee Fig. 4 In some momentum

in the antiquark-tagged hemisphere. For the selected everggions we cannot distinguish two of the three hadron spe-
sample, the average magnitude of the polarization was 0.78ies, so the procedure was reduced to<@22matrix analysis
Using this value and assuming standard model couplings, and we present only the fraction of the identified species, i.e.
tree-level calculation gives a quag&ntiquark purity of 0.73  protons above 35 Ge¥/and pions below 0.75 Ge¥/and

in the quark-taggedantiquark-taggedsample. between 7.5 and 9.5 Ged//

052001-7



K. ABE et al. PHYSICAL REVIEW D 59 052001

10— T . T T particles decaying outside the tracking volume. The conven-

’ii’:.:!:.. . tional definition of a final-state charged hadron was used,

i g SLD °, i namely a charged pion, kaon or proton that is either from the

sl “"'«:.-_-.n-‘....}.‘\ e primary interaction or a direct decay product of a hadron that
oy, A plp has proper lifetime less thanx@L0™1° s and is itself a pri-

s mary or a decay product of a primary hadron.

The measured charged hadron fractions in inclusive had-
N ronic Z° decays are shown in Fig. 4 and listed in Tables

II-1V. The systematic errors are dominated by the uncertain-
ties on the efficiency matrix, which were extracted from the

. data(see Sec. Il B variation of the rates of leptons froot

and bb events by+10% and +5%, respectively, of the
amount of detector material by 15%, and of the rates of
i beam-related background and of productionkaf,K, and

Fraction
o
(o2}
I

°
S
T

02—
A° by factors of two all produced much smaller uncertain-
B S ties. The uncertainties due to the identification efficiencies
were determined by propagating the errors on the calibrated
0 efficiency matrix and are dominated by the uncertainty on

— T . — T . . the relevant diagonal matrix element. At a given momentum,
R n the uncertainty on the fraction of a given species is domi-
£ nated by the uncertainty on a single parameter of the fitted
g0 oooogo °°¢¢¢+4’?¢¢¢¢++#+¢ ¢¢¢¢¢¢ﬁ%% ] diagonal efficiency function, corresponding to a specific
09 | ‘% . physical effect. For pions, the uncertainty on the liq(gds
R Ll — photon yield dominates fqu<<1.5 (2.5< p<<17) GeVk, and
0.4 1 4 10 40 . . . . .
Momentum (GeVic) the uncertainty on the liquidgag angular resolution domi-
nates for 1.5.p<2.5 (p>17) GeVEt. For kaons, the uncer-
FIG. 4. Measured charged hadron production fractions in hadtainty on the liquid (ga9 photon yield dominates fop
ronic Z° decays. The circles represent thé fraction, the squares < 1.5 (9<p<17) GeVt, the uncertainty on the liquithas
theK* fraction, the triangles thp/p fraction, and the open circles angular resolution dominates for £<2.5 and 5<p<9
the sum of the three fractions. The error bars in the upper plot ar¢p>17) GeVE, and the uncertainty on the level of random
statistical only; the dashed lines indicate the systematic errorshackground hits dominates for 2%H<5 GeVk. For pro-
which are strong_ly _correlated betwee_n momenta. The error bars ogyns, the uncertainty on the liquigja9 photon yield domi-
the sum are statistical and systematic added in quadrature. nates forp<<2.5 (18<p<25) GeVE, the uncertainty on the
liquid (gag angular resolution dominates for<gp<9 (p
Electrons and muons were not distinguished from pions in>30) GeVE, and the uncertainty on the level of random
this analysis, since the probability of identifying a chargedbackground hits dominates for 2H<5 and 16<p<30
lepton as a pion is nearly equal to that of identifying a trueGeV/c. The systematic errors are strongly positively corre-
pion as a pion for momenta well above pion threshold in thdated across each of these momentum regions and are also
relevant radiator. Lepton production in hadro#ftdecays is  correlated between hadron species. They are indicated by the
well understood experimentally and included in our simula-pairs of dashed lines in Fig. 4. The errors on the points below
tion. About 5% of the tracks are due to leptons, predomi-~6 GeVk are dominated by the systematic uncertainties; for
nantly from D- and B-hadron decays. In addition there are the points above-15 GeVE the errors have roughly equal
electrons from photon conversions in the detector materialsstatistical and systematic contributions.
The rate of these has been measured in our [@&hwith a Pions are seen to dominate the charged hadron production
15% uncertainty, and the simulation has been tuned to repr@t low momentum, and to decline steadily in fraction as mo-
duce the rate as well as the spatial distribution of conversiomentum increases. The kaon fraction rises steadily to about
vertices. one-third at high momentum. The proton fraction rises to a
We therefore included leptons in the true pion category irplateau value of about one-tenth at about 10 @eWhere
the unfolding procedure, resulting in small modifications tothe momentum coverage overlaps, these measured fractions
the identification efficiencies for pions due to the differentwere found to be consistent with an average of previous mea-
Cherenkov thresholds and multiple scattering rates for elecsurements at th&° [23—-25. Measurements based on ring
trons, muons and pions. The largest change was a 0.3% di&naging and those based on ionization energy loss rates
crease irE .. at a momentum of 2.5 Ge¥/These shifts are cover complementary momentum ranges and can be com-
small compared with the systematic errors, and no additiondbined to provide continuous coverage over the range 0.22
error was assigned. The measured fractions were correctedp<<45.6 GeVt.
using the simulation for the lepton backgrounds, as well as Differential production cross sections were obtained by
for the effects of beam-related backgrounds, hadrons pranultiplying these fractions by our measured inclusive
duced by particles interacting in the detector material, and¢harged particle differential cross section, corrected, using
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TABLE II. Charged pion fractiorf , and differential cross secticfd/N)dn,, /dx, per hadronicz® decay.
(xp) is the average, value of charged tracks in each bin. The last row gives the integral oves,tfenge
of the measurement. The first error is statistical, the second systematic. A 1.7% normalization uncertainty is
included in the systematic error on the integral, but not in those on the cross section.

Xp, Range (Xp) fr 1/N dn/dx,
0.008 - 0.010 0.009 0.9630.004+0.014 482.3+ 2.3+ 7.2
0.010 - 0.012 0.011 0.9240.004+ 0.006 439.0+ 2.3+ 3.7
0.012 — 0.014 0.013 0.9210.003+0.006 400.5+ 2.0+ 3.3
0.014 - 0.016 0.015 0.9660.004+0.006 356.1+ 1.9+ 3.0
0.016 — 0.022 0.019 0.8860.002+0.006 292.8+ 1.0+ 24
0.022 - 0.027 0.025 0.87220.003+ 0.006 228.5+ 1.0+ 1.9
0.027 - 0.033 0.030 0.8310.003+ 0.006 176.6- 0.9+ 1.4
0.033 - 0.038 0.036 0.8200.004+ 0.006 144.4+ 0.8+ 1.2
0.038 — 0.044 0.041 0.8230.004+0.010 121.7- 0.8+ 1.6
0.044 - 0.049 0.047 0.8G60.006+ 0.015 1025+ 09+ 1.9
0.049 — 0.055 0.052 0.8120.008+0.020 89.2 = 0.9+ 2.2
0.055 - 0.060 0.058 0.7880.007+0.029 75.3 + 0.8+ 2.8
0.060 — 0.066 0.063 0.7790.00740.016 66.0 = 0.7+ 1.4
0.066 — 0.071 0.069 0.7630.00740.010 57.81+ 0.60+ 0.81
0.071 - 0.077 0.074 0.7670.007+ 0.009 51.63+ 0.56 = 0.60
0.077 — 0.082 0.079 0.7610.007+0.009 45.95+ 0.52+ 0.54
0.082 - 0.088 0.085 0.7500.007+ 0.008 41.35+ 0.49* 0.49
0.088 — 0.099 0.093 0.7430.006+ 0.008 35.24+ 0.32* 0.42
0.099 - 0.110 0.104 0.7140.006+0.008 28.12+ 0.29+ 0.35
0.110 - 0.121 0.115 0.7650.007+0.009 23.57+ 0.27+ 0.30
0.121 - 0.143 0.131 0.6950.005+0.009 18.32+ 0.17*= 0.24
0.143 — 0.164 0.153 0.6700.006+ 0.009 13.22+ 0.14* 0.19
0.164 — 0.186 0.175 0.6510.006+ 0.009 9.84 = 0.11+ 0.15
0.186 — 0.208 0.197 0.6440.007+0.008 7.47 = 0.09+ 0.11
0.208 - 0.230 0.219 0.6250.008+0.007 5.711+ 0.083* 0.080
0.230 - 0.252 0.241 0.6110.009+ 0.006 4.414+ 0.074+ 0.063
0.252 — 0.274 0.263 0.6180.010+0.010 3.612+ 0.068* 0.072
0.274 — 0.296 0.285 0.6@80.011+0.010 2.886+ 0.061* 0.060
0.296 — 0.318 0.307 0.5830.012+0.011 2.206*= 0.054* 0.049
0.318 — 0.351 0.334 0.5780.012+0.012 1.739+ 0.040= 0.044
0.351 - 0.384 0.366 0.6030.014+0.015 1.350+ 0.036=+ 0.040
0.384 — 0.417 0.400 0.5230.017+0.016 0.874+ 0.031+ 0.032
0.417 — 0.450 0.432 0.5200.021+ 0.020 0.670*+ 0.029+ 0.029
0.450 — 0.482 0.465 0.5340.024+0.024 0.520*+ 0.026*+ 0.025
0.482 — 0.526 0.503 0.5680.028+0.027 0.355+ 0.021 =+ 0.020
0.526 — 0.570 0.547 0.5140.036+0.031 0.248+ 0.018=* 0.016
0.570 — 0.658 0.609 0.5610.040+0.038 0.146+ 0.012=* 0.012
0.658 — 0.768 0.704 0.5800.076+0.053 0.071*+ 0.009 = 0.007

Total Observed/Evt. 14,52 0.02+ 0.27

our simulation, for the contribution from leptons. The inclu- charged tracks in data and simulated decays. We include
sive charged cross section was measured using all tracks sat-1.7% error on the average multiplicity as a systematic nor-
isfying the criteria in Sec. Ill, and the detector simulation malization uncertainty, as well as a momentum-dependent
was used to correct for acceptance, beam-related backystematic uncertainty of 0.Xlp—3.8 GeVk|%, derived
grounds and the effects of interactions in the detector materom the study ofr~ decays. The inclusive charged particle
rial. The integral of this cross section was constrained to belifferential cross section is listed in Table V, and the result-
20.95 tracks per event, an averdgé] of charged multiplic-  ing differential cross sections per hadronic event per xit

ity measurements inZ° decays, and the momentum- for the identified hadrons are listed in Tables lI-IV. The
dependence of our track reconstruction efficiency wad.7% normalization uncertainty is not included in the sys-
checked by comparing the momentum distributions oftematic error listed for any of the identified hadrons, nor is it
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TABLE lIl. Charged kaon fraction and differential cross section per hadr@Ridecay.

X, Range (Xp) fk 1N dny /dx,
0.016-0.022 0.019 0.0670.001+0.002 22.28+0.47 =0.53
0.022-0.027 0.025 0.0810.002+=0.002 21.22+0.45£0.62
0.027-0.033 0.030 0.0960.002+=0.003 19.10+0.43+0.64
0.033-0.038 0.036 0.1620.002+=0.005 18.02+0.43+0.80
0.038-0.044 0.041 0.1110.003+0.006 16.45+0.45+0.94
0.044-0.049 0.047 0.1270.004+0.008 16.13+0.49+1.03
0.049-0.055 0.052 0.1270.005+0.010 13.98+0.53+1.14
0.055-0.060 0.058 0.1250.006+0.022 11.96+0.54+2.11
0.060-0.066 0.063 0.1300.006+0.015 11.03+0.49+1.27
0.066-0.071 0.069 0.1560.006+0.012 11.37+0.46+0.87
0.071-0.077 0.074 0.1390.007+0.012 9.38x0.44+0.79
0.077-0.082 0.079 0.1570.007+=0.013 9.51*+0.44+0.76
0.082-0.088 0.085 0.1570.008+0.013 8.68+0.44+0.72
0.088-0.099 0.093 0.1680.007+0.014 7.960.31+0.68
0.099-0.110 0.104 0.1870.009+0.016 7.37+0.34+0.63
0.110-0.121 0.115 0.2620.011+0.018 6.74+0.37=0.60
0.121-0.143 0.131 0.1990.011+0.023 5.24+0.29+0.61
0.143-0.164 0.153 0.2670.020+0.041 4.08+0.40+0.80
0.208-0.230 0.219 0.2560.009+0.033 2.34*0.08+0.30
0.230-0.252 0.241 0.2690.009+0.007 1.94%#0.065-0.057
0.252-0.274 0.263 0.2740.009+0.007 1.6030.057+0.042
0.274-0.296 0.285 0.2700.010+0.006 1.281-0.050+0.034
0.296-0.318 0.307 0.2980.011+0.007 1.1270.045+-0.030
0.318-0.351 0.334 0.3100.011+0.008 0.9330.034+0.027
0.351-0.384 0.366 0.2990.012+0.009 0.66%0.029+0.023
0.384-0.417 0.400 0.3240.015-0.012 0.5410.026=0.023
0.417-0.450 0.432 0.3830.019+0.016 0.49% 0.026=0.023
0.450-0.482 0.465 0.3660.022+0.019 0.35%0.023=0.020
0.482-0.526 0.503 0.3910.025+0.023 0.2730.019+0.018
0.526-0.570 0.547 0.3740.032+0.028 0.18&:0.016+0.014
0.570-0.658 0.609 0.4200.037+0.036 0.122-0.011+0.011
0.658-0.768 0.704 0.3920.070+0.049 0.048:0.009+ 0.006

Total Observed/Evt. 1.8(000.016-0.124

included in the error bars in any of the figures. With thewas less than 15 mm at their point of closest approach in 3
chosen bins the fraction of tracks in a bin that had true modimensions. Ay? fit of the two tracks to a common vertex
mentum outside that bin was less than 7% for all bins exceplvas performed, and to reject combinatoric background we
the highest-momentum bin, in which 23% of the tracks hadequired: the confidence level of the to be greater than
true momentum lower than the bin edge. A correction to theg: the vertex to be separated from the IP by at least 1 mm,
proton fraction in that bin could be made using the fractionsyg by at least &,, wherea, is the calculated error on the
measured in the lower-momentum bins, but would be smallgnaration length of the®; and vertices reconstructed out-
compared with the statistical error and was not made. side the Vertex Detector to have at most one VXD hit as-
g J— _ signed to each track.
B. Neutral K'/K™ and A"/A" production The two invariant masses.,,,, andm,,, were calculated
We reconstructed the charged decay mogs> "7~ for eachvf’ Witg, in tr?e rl]atteém case, the protcﬁnhargekd IPiOE

and A%A%)— pm(pmt) [27), collectively referred to as mass assigned to the highgower)-momentum track. In the

VO decays. In order to ensure good invariant mass resolutio lane perpendicular to the beam, the angle between the vec-

. L or sum of the momenta of the two charged tracks and the
tracks were required to have a minimum transverse momeq—

tum of 150 MeV£ with respect to the beam direction, at least ine joining the IP fo the vertex was required to be less than

2 .
40 hits measured in the CDC, and a polar angle satisfyin?nOth 60 mrad ank-(2+20/p, +5/p,) mrad. Herep, is
|cosA|<0.8 e component of the vector sum momentum transverse to

Pairs of oppositely charged tracks satisfying these rethe beam in units of Ge¢/andk=1.75 for A%/A° candi-
quirements were combined to formPs if their separation dates and 2.5 foK? candidates. FOA%/A° candidates, a
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TABLE V. Proton fraction and differential cross section per hadratfiadecay.

X, Range (Xp) fy 1/N dn,/dx,
0.016-0.022 0.019 0.0290.005+0.013 9.55+1.55+4.33
0.022-0.027 0.025 0.04%0.003=0.008 10.79+0.84+2.09
0.027-0.033 0.030 0.06# 0.002=0.005 13.56+0.47+0.98
0.033-0.038 0.036 0.0650.002+0.004 11.54+0.35£0.63
0.038-0.044 0.041 0.0610.002 +0.002 9.03+0.30+0.25
0.044-0.049 0.047 0.06%0.002+0.002 8.52+0.29+0.23
0.049-0.055 0.052 0.0620.002+0.002 6.83+0.26+0.22
0.055-0.060 0.058 0.0720.003+0.005 6.85+0.28+0.48
0.060-0.066 0.063 0.0740.003 =0.005 6.70+0.28+0.42
0.066-0.071 0.069 0.0750.004 =0.005 5.69+0.27=0.40
0.071-0.077 0.074 0.0750.004 =0.006 5.03+0.27=0.38
0.077-0.082 0.079 0.0720.004 =0.006 4.33+0.27+0.38
0.082-0.088 0.085 0.0850.005+0.007 4.65+0.29+0.39
0.088-0.099 0.093 0.0720.004 +0.009 3.64+0.20+0.41
0.099-0.110 0.104 0.08%0.006+0.012 3.42+0.23£0.45
0.110-0.121 0.115 0.084 0.007 =0.015 2.80£0.25-0.49
0.121-0.143 0.131 0.0850.008+0.021 2.22+0.21+0.54
0.143-0.164 0.153 0.1230.016+0.039 2.42+0.32£0.77
0.230-0.252 0.241 0.1060.007+0.010 0.7670.048+0.074
0.252-0.274 0.263 0.1140.007*+0.010 0.6680.043+0.059
0.274-0.296 0.285 0.1050.008 0.009 0.4970.036+0.044
0.296-0.318 0.307 0.1090.008 0.009 0.41%0.032+0.035
0.318-0.351 0.334 0.0990.007 0.009 0.296:0.022+0.026
0.351-0.384 0.366 0.0980.008 +0.008 0.219:0.018+0.019
0.384-0.417 0.400 0.1050.009 +0.007 0.175:0.015+-0.013
0.417-0.450 0.432 0.1040.010*+0.007 0.1340.013+0.009
0.450-0.482 0.465 0.1020.011+0.006 0.10%*0.011*+0.006
0.482-0.526 0.503 0.0950.011+0.006 0.066:0.008+0.004
0.526-0.570 0.547 0.1180.013+0.006 0.053:0.006+0.003
0.570-0.658 0.609 0.0660.010+0.006 0.019-0.003+0.002
0.658-0.768 0.704 0.10%0.016 +=0.007 0.013:0.002+0.001
0.768-0.987 0.836 0.08%0.027+0.012 0.002-0.001+0.000

Total Observed/Evt.

0.8640.015+0.106

_ For the A% A° analysis, the shape of th€) background
quired. depends strongly on momentum. Abov&%momentum of
Note that it is possible for on&° to be considered a g few GeVt, theK?— 7+ 7~ background is essentially uni-
candidate for both thKS and A% A° hypotheses. Kinematic form in the peak region of then,,. distribution and no cuts
regions exist where the two hypotheses cannot be distinwere made to remove thlég overlap. At sufficiently low
guished without particle identification. In addition there is momentum, thek? background becomes asymmetric under
background from other processes that occur away from thehe A%/A° peak due to detector acceptance; the softer
IP, most notablyy-conversions int@"e™ pairs. Depending  f,is to be reconstructed and thus #g is not found. There-

upon the type of analysis, such “kinematic-overlaps” manyfe AO/KO candidates with total momentum below 1.8

introduce important biases. In this analysis, the kinematic-

overlap region was removed only when it distorted the reI-GewC were required to haven,., more than & away from

0 . .

evant invariant mass distribution. For the analysis, the :thier;%e?f‘zsesd Wf;esrer IS (t{?)e rz%asgrze?pfgozlgggn (;"(‘)77163

0/A 0 . . O =4.0—U. . —U.
é}. /Ab packgrtr)]pr;]d CaUSFS andaﬁymmbetnc bum? |_nrtb,e, MeV/c?, andp is the V® momentum in GeW. In order to

Istribution, which complicated the subsequent fitting proceye ey, conversions, the proton helicity angle was required
dure. A cut on ther™ helicity angled’., defined as the angle to satisfy cog*=—0.95

+ . O p/ . .

betw%en. theT, mqmentum vector in thi; rest frame and The m,, andm,, distributions for the remaining candi-
the K flight direction, of|cosf;|<0.8 was used to remove gates are shown in Figs. 5 and 6, respectively. VRean-

the A°, A° and y-conversion contamination. didates were binned ir,, and the resulting invariant mass
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TABLE V. Differential cross sectiorfl/N)dn¢p,q/dx, for inclu-
sive charged particle production per hadro@ft decay. The first
error is statistical, the second systematic.

PHYSICAL REVIEW D 59 052001
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FIG. 5. Invariant mass distribution for ak?—=" 7~ candi-

the MC simulation. The normalization, common center, and
a resolution scale-factor were free parameters of the fit. The
fitted centers were consistent with world average mass values
[28], and the fitted scale factor was typically 1.1. The back-
ground shape used for theg fits was a quadratic polyno-

mial; for the A%/ A° fits a more complicated function was
required due to the proximity of the kinematic edge to the
signal peak. The functiorPy,(m)=a+b(m—-m,)+c(1

— ed((m=m,)=0.038 \ya5 found to be adequate in Monte Carlo
studies, where,b,c,d were free parameters.

The efficiencies for reconstructing tru€? and A%/A°
decays were calculated, using the simulation, by repeating
the full selection and analysis on the simulated sample and

dividing by the number of generata¢ or A% A°. Several
checks were performed to verify the MC simulation, and
thus the VO reconstruction efficiency. In particular, the
proper lifetimes of thng and A° were measured, yielding
values consistent with the respective world averages. The
simulated reconstruction efficiencies are shown in Fig. 7, and

X, Range (Xp) 1N dngpg/dx,
0.008 — 0.010 0.009 509.6+1.6+8.9
0.010 - 0.012 0.011 481.9+1.6£8.4
0.012 - 0.014 0.013 440.9+1.5£7.7
0.014 - 0.016 0.015 398.0+1.4+6.9
0.016 — 0.022 0.019 334.6+0.9+5.8
0.022 - 0.027 0.025 265.2+0.8+4.6
0.027 — 0.033 0.030 215.2+0.7x3.7
0.033 — 0.038 0.036 178.6x0.6=3.1 dates.
0.038 — 0.044 0.041 150.0+0.6+2.6
0.044 - 0.049 0.047 129.2+0.5+2.2
0.049 — 0.055 0.052 111.7+0.5+1.9
0.055 — 0.060 0.058 97.2+0.5+1.7
0.060 — 0.066 0.063 86.3+0.4+1.5
0.066 — 0.071 0.069 77.2+x0.4+1.3
0.071 - 0.077 0.074 68.7+x0.4+1.2
0.077 — 0.082 0.079 61.6+0.4+1.0
0.082 - 0.088 0.085 56.35:0.35+0.96
0.088 — 0.099 0.093 48.53:0.23+0.83
0.099 - 0.110 0.104 40.46:0.21+0.69
0.110 - 0.121 0.115 34.320.20+0.59
0.121 - 0.143 0.131 27.120.12+0.47
0.143 - 0.164 0.153 20.350.11+0.35
0.164 - 0.186 0.175 15.650.09+0.28
0.186 — 0.208 0.197 12.050.08+0.22
0.208 — 0.230 0.219 9.56¢:0.07+0.17
0.230 — 0.252 0.241 7.540.07+0.14
0.252 - 0.274 0.263 6.1%+0.06+0.12
0.274 — 0.296 0.285 4.9690.053+0.098
0.296 - 0.318 0.307 3.9780.048+0.081
0.318 - 0.351 0.334 3.1630.035-0.067
0.351 - 0.384 0.366 2.3670.030+0.052
0.384 — 0.417 0.400 1.7670.026+0.041
0.417 — 0.450 0.432 1.3590.023+0.033
0.450 — 0.482 0.465 1.0280.019+0.026
0.482 — 0.526 0.503 0.7350.014+0.020
0.526 — 0.570 0.547 0.5@30.012+0.015
0.570 — 0.658 0.609 0.3600.006+0.009
0.658 — 0.768 0.704 0.1230.003+0.004
0.768 — 0.987 0.836 0.0270.001+0.001

distributions were fitted using a sum of signal and back-
ground functions. The function used for the signal peak was
a Gaussian or a sum of two or three Gaussians of common
center, depending ax},. A single Gaussian was sufficient to
describe th&? data in the lowesk;, bin and theA®/A° data

in the three lowesk, bins. However, the mass resolution is
momentum-dependent and varies substantially over the
width of a typicalx, bin; two Gaussians were sufficient in
most cases, with three being needed for both Kfleand

A%A° data in the highest;, bin. The relative fractions and

Entries/(1 MeV/c?)

were parametrized as functions ®f. The reconstruction
efficiency is limited by the detector acceptance-d.67 and
the charged decay branching fractions of 0.6448fA° and
0.68 for Kg. The efficiency at high momentum decreases
due to finite detector size and two-track detector resolution,
and the efficiency at low-momentum is limited by the mini-
mum p, and flight distance requirements. The discontinuity
in the A% A° reconstruction efficiency is due to the imposed
K2 mass cut for lowx, candidates.

1600 [

-
N
o
o

800

400

nominal widths of the Gaussians in the sum were fixed from—p=* candidates.
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bution to the overalV® spectrum is the track reconstruction
efficiency of the detector, which was tuned using the world
average measured charged multiplicity in hadroBfc de-
cays. We take the-1.7% normalization uncertainty dis-
cussed abovéSec. IV A as the uncertainty on our recon-
struction efficiency, which corresponds to a normalization

error on theK%K® and A°/A° differential cross sections of
3.4%. This uncertainty is independent of momentum and is
not shown in any of the figures or included in the errors
0 01 02 03 04 05 listed in Table VI. The momentum-dependent term discussed
Xp=2p/Ecm above and a conservative 50% variation of an ad hoc correc-
FIG. 7. The simulated reconstruction efficiencies as a functiorfion [27] to the simulated efficiency fow°s that decayed
of x, for KO (squares and A%A° (triangles. The charged decay N€ar the outer layers of the VXD were also included as sys-
branching ratios are included in the efficiency. The discontinuity intematic uncertainties due to detector modelling.
the A%A° reconstruction efficiency ak,=0.04 is due to the Each of the cuts used to selé¢? candidates was varied
invariant-mass cut to remove the low-momentithbackground.  independently27] and the analysis repeated. For each bin
the rms of this set of measurements was calculated and as-

. . . . _o signed as the systematic ulcertainty dueio modelling of the
The differential cross section 1/Nntdx, per hadronicZ acceptance. For both t%/K? and theA /A, candidates,

decay was then calculated in each bin by dividing the inte nal and back d sh din the fi
grated area under the fitted mass peak by the efficiency, thtge signal and background shapes used in the fits were var-

bin width and the number of observed hadronic events cor'—ed' Single and mult'iple independent Gaussians, Wi.thOUt
rected for trigger and selection efficiency. As is conven-¢9MmMon centers or fixed widths, were used for the signal.

. = . . ... Alternative background shapes included constants and poly-
tional, theK%K® cross section was obtained by multiplying g P e

0 _ nomials of differing orders. In each case the fits were re-
the measured(; closs section by a factor of 2 to account for yeated on both data and simulated invariant mass distribu-
the undetectedK;

component. The resulting differential tions and the rms of the resulting differential cross sections
cross sections, including point-to-point systematic errorsyas assigned as a systematic uncertainty. The MC statistical
discussed below, are shown in Fig. 12 and listed in Table Vlerror on the calculated reconstruction efficiency was also as-

Several sources of SXStematiC Uncertainty were inVeStisigned as a Systematic error. These errors were added in
gated for thng and A% A° analysis. An important contri- quadrature to give the total systematic error.

O Kg
v AR

0.1 My

Reconstruction Efficiency
1

0.1 | I R I TR N T B | 1

TABLE VI. Measured differential cross sections of neutkl/K®-mesons and\%A°-hyperons per
hadronicz® decay. A 3.4% normalization uncertainty is included in the systematic errors on the observed
totals, but not in those on the cross sections.

Neutral V° Production

Xp Range (Xp) 1N dnyo/dx, (Xp) N dnyo/dx,
0.009-0.011 0.010 18.x 1.7+ 2.4

0.011-0.014 0.013 19% 1.2x 11

0.014-0.018 0.016 20.44 0.91+ 0.67 0.015 299+ 045 1.22
0.018-0.022 0.020 21.74 0.85+ 0.72 0.020 3.90+ 0.42+ 0.58
0.022-0.027 0.025 20.5% 0.70+ 0.53 0.025 4.10- 0.30+ 0.23
0.027-0.033 0.030 17.73 0.55+ 0.41 0.030 3.54+ 0.23+ 0.16
0.033-0.041 0.037 16.262 0.46 = 0.34 0.037 3.34- 0.20= 0.14
0.041-0.050 0.045 13.48 0.38 = 0.27 0.045 2.86- 0.14* 0.13
0.050-0.061 0.055 11.46 0.31= 0.21 0.055 2.39- 0.11* 0.13
0.061-0.074 0.067 10.0@2 0.27 = 0.18 0.067 2.20- 0.10= 0.09
0.074-0.091 0.082 8.12 0.23* 0.15 0.082 1.63+ 0.08 = 0.06
0.091-0.111 0.100 6.4t 0.20=* 0.12 0.100 1.3t 0.08 = 0.08
0.111-0.142 0.126 4.95 0.16 = 0.09 0.125 0.98t 0.06 = 0.05
0.142-0.183 0.161 3.66 0.16 = 0.08 0.160 0.68- 0.05* 0.04
0.183-0.235 0.206 2.53 0.17 x 0.07 0.205 0.5k 0.05* 0.04
0.235-0.301 0.262 1.52 0.08 = 0.05 0.262 0.30= 0.04 = 0.04
0.301-0.497 0.371 0.66 0.05* 0.02 0.368 0.15- 0.02=* 0.03
Total Obs./Evt. 1.9G- 0.02 = 0.07 0.37%= 0.01 = 0.02
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C. Neutral K*%K*° and ¢ production B0 ———T—T T T T T

We reconstructed the strange vector mesahsand i 08-2.6 GeVic
K*9/K*? in the charged decay mode$—K' K~ and 100 1=
K*O/K*O—K*#¥ [29]. In order to ensure good invariant

mass resolution, tracks were required to have at least 40 hits 50 [~
measured in the CDC, a track fit quality gf/ DOF<7, and N
a polar angle satisfyingcost|<0.8. Pairs of oppositely 0 —
charged tracks satisfying these requirements were combined s0 -

to form neutral candidates if g° fit of the two tracks to a
common vertex converged. The background from long-lived
species was rejected by requiring the fitted vertex to be a0 |-
within 10 cm or 9, of the IP in three dimensions, and within
4 cm or & in the plane transverse to the beam direction.
The background fromy-conversions was rejected by assign- o —!
ing the electron mass to both tracks and requirmg to be
greater than 70 Me\¢?.

To reject the high combinatoric background frami 7~ 100
pairs we used the CRID to identify charged kaon candidate B
tracks. Only liquid (ga9 information was used for tracks
with p<2.5 (>3.5) GeV¢, and liquid and gas information
was combined for the remaining tracks. For this analysis a
track was considered “identifiable” if it extrapolated
through an active region of the appropriate CRID radigor
it was considered identified as a kaon if the log-likelihood
difference between the kaon and pion hypotheség, 50 =
— L., exceeded 3. These cuts are considerably looser than L
those used in Sec. IV A, in order to maximize the acceptance
for the neutral vector mesons. Efficiencies for identifying 100 |-
selected tracks as kaons by this definition were calibrated
using the data in a manner similar to that described in Sec.
Il B. The K—K efficiency was found to have a momentum 50 -
dependence very similar to the— 7 efficiency shown in
the upper left plot of Fig. 3, with about 12% lower ampli-
tude. There is no dip in the 5-10 GeMEgion since no cut 0 —1
was made against protons. The—K misidentification rate
averages 10% and is roughly independent of momentum; the
p— K misidentification rate is substantial, especially in the
3-10 GeV¢ region, but protons constitute only a small part
of the combinatoric background.

A track pair was accepted as@— K"K~ candidate if
both tracks were identified as kaons. A pair was accepted as

150 -

o
S
|

100 |~

Entries/(4 MeV/c?)
[=]

0.95 1.0 1.05 11 1.15

a K*°—K*#~ candidate if one track was identified as a My (GeVic?)
kaon and the other was not. Thus a track pair cannot be both
aK*9K*9 and ¢ candidate. FIG. 8. Distributions of invariant massy for ¢ candidates in

The ¢ candidates were binned “‘b and the resulting six momentum bins. The points with error bars_represent the_data.
myx distributions were fitted in a manner similar to that The solid curves represent the results_ of the fits described in the
described above for the® candidates. The signal shape was Xt the dashed curves represent the fitted background component.
a sum of Gaussians of common center; the center was fixed i .
at the world-average mass vali2s], and the amplitude and Packground parameters were determined from fits tarthe
a resolution scale factor were free parameters. A typical fitdistributions for simulated true combinatorial background
ted scale factor was 1.08. The background shape was para@?d for same-sign track pairs in the data. The resulting pa-
etrized as a threshold term multiplied by a slowly decreasindjameters were consistent with each other and the functions

exponential: described the shape of the distribution for candidates in the
data in the region away from the signal peak. The measured
Pbkg(X):NXyeclx+C2X2+c3X3+C4X4+C5XS (1) Mg distributions for the sixx, bins are shown in Fig. 8,
along with the results of the fits.
wherex=myx—2my, N is an overall normalization factor, The case of th&*%/K*? is considerably more compli-

andy andc, s are free parameters. Initial values of the cated due to the natural width of th& ° and the presence of
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many reflections of resonances decaying imtom (7). T T T I T

The K*%K*? signal was parametrized using a relativistic B KFO/R*0 .
Breit-Wigner with the amplitude free and the center and
width fixed to world-average valug28]. The background
was divided into combinatorial and resonant pieces. The
combinatorial piece was described by a polynomial param-
etrization similar to that of the but with seven parameters.
Parameter values derived from fits to simulated combinato-
rial background and a same-sign data test sample were found
not to agree with each other or with the opposite-sign data
away from the peak, and a search over a space of initial
values was required in order to find the best fit.

Knowledge of the resonant contributions to the back-
ground is essential, since ti€ ° is a wide state and non-
monotonic background variation within its width can lead to
systematic errors in the measured cross section. We consid-
ered four classes of reflections:

Arbitrary Units

0.6 1.0 1.4 1.8
Mk (GeV/cz)

FIG. 9. Simulated relative contributions of the* %/K*° signal
(line) and of various resonant backgroun@ashed linesto the

(i) pP—mt K2—> mtm, andw®, 5, 7' =N, where Mk distribution after all analysis cuts.

one of the charged pions is m|S|dent|f|ed_ a¥Ka. These ere calculated in the same way as for t{&andAO/AO,
backgrounds are Iarge, even .aftgr reduction by a f_actor %4nd the results are shown in Fig. 12 and listed in Table VII.
about 5 by the particle identification. They are particularly  gystematic uncertainties for this analysis were grouped
important since the combination pfandw decays gives rise  jnto efficiency and fit-related categories. The dominant con-
to a dip in the total background near the center of the signakibutions to the efficiency category were the uncertainty in
peak, and there is some uncertainty as to the shape gf thethe track-finding efficiency(see aboveand the uncertainty
resonance iiZ° decays(see Ref[30]). in kaon identification efficiency, for which the statistical er-

(i) y conversions where one electron is misidentified as d0r on the calibration from the data was used. The total un-
kaon. These are removed effectively by the, cut againsty ~ Certainties on the reconstruction efficiencies were 4-6 % for
conversions noted above. K*9/K*? and 6-11 % forp, depending on momentum.

(i) ¢—KTK~, where one track is identified as a kaon In the case of the, fitting systematics were evaluated by
but the other is not. This background is reduced substantiallyarying the signal shape as in tv analysis. In addition,

by the requirement that only one of the tracks in the pair i its were performed with the signal center shifted by plus and
identified as a kaon.

minus the error on the world-average mass value. The effect
(iv) A°—p7r, where the proton is misidentified as a kaon.

of background fluctuations was evaluated by taking the larg-
| ; ~'*est variation in the result over a set of fits done with the

These are removed effectively by the cut against long-liveqyackground shape parameterdixed to all combinations of
species noted above. This and the last two categories giM@eir fitted values+1c. The total fitting uncertainties were
rise to a more pronounced shoulder in the background just—g 9.
below the signal peak, so their removal is quite useful in |n the case of thek*%K*°, we considered the same
obtaining a robust fit. variations, as well as variation of the signal width tylo

The shape of then,, distribution for each reflection was from the world-average value and several variations of the

parametrized by a smooth function fitted to its simulateg€sonant background. Fits were performed with the misiden-

oo . - o
my... distribution, and its total production cross section Wasnflcatlon scale factors fixed to their fitted values50% for

o .
set to the world average val(igg] for Z° decays. Figure 9 the o category andt 15% for the others, corresponding to

shows the simulated relative contributions from the ma.nroughly twice the error on our measured misidentification
W imu IV louti Nrates. All 16 combinations were considered, and the largest

resonant backgrounds along with the simulated signal, Whic{}ariation taken as a systematic error. The cross section for

was scaled to match our measured total cross secse@ rqqyction of each resonance was varied by the error on the
below). The set of reflection functions was added to the COMyyorid-average value. The sizes of thendw contributions

binatorial function to give the total background function. A \yere varied in all four combinations af30% and+10%,
scale factor for each of the four Categories of reflections Waﬁespective|y, and the |argest variation was taken as a System_
included as a free parameter in the fit to account for possiblgtic error. Following[30] an error due to the uncertainty in
mismodelling of the misidentification rates; their fitted val- the p° lineshape was evaluated by shifting thereflection
ues were consistent with unity. Figure 10 shows the,  function down by 40 MeVé?. The total fitting uncertainties
distribution for each momentum bin, along with the resultswere 2—6 %.
of the fits.

As for the K(S) and AO/KOanalysis, thes and K* 0/K*0 D. Hadron production in inclusive hadronic Z° decays

reconstruction efficiencies were determined using the simu- Our measured differential cross sections per hadronic
lation, and are shown in Fig. 11. Differential cross sectionsevent of the seven hadron species are shown as a function of
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FIG. 10. Distributions of invariant mass,., for K*%K*° candidates in six momentum bins. The points represent the data. The solid
curves represent the results of the fits described in the text; the dotted and dashed curves represent the fitted total background and
combinatoric background components, respectively.

Xp in Fig. 12, along with that of inclusive charged particles.the systematic errors are taken into account. However, al-
At low x, pions are seen to dominate the hadrons producethough our proton differential cross section gy>0.35 is
in hadronicZ® decays. For example, at,~0.03, pseudo- consistent with that measured by ALERPB], it is not con-

scalark* andK%/K° are produced at a rate about ten timessSistent with that measured by OPARA4].
lower than pions, vectdt*° are suppressed by an additional B
factor of ~4, and the doubly strange vectgr by another TABLE VII. Measured differential cross sections Kf*%/K*?
factor of ~12. The most commonly produced baryons, pro-and¢ mesons per hadronie® decay. A 3.4% normalization uncer-
tons, are suppressed by a factore?5 relative to pions, and taint.y is included in the system_atic errors on the observed totals, but
the strange baryon % A° by an additional factor of-3. not in those on the cross sections.

These results are in general consistent with previous mea-
surements from experiments at the CERNe™ collider

Neutral Strange Meson Production

LEP [7,31], provided that the point-to-point correlations in X, Range ) UN dngxo/dx,
0.018-0.048 0.033 4.690.56 =0.33
0O 83m T T T T T T T T 71 0.048-0.088 0.068 3.790.21 +0.17
5 | 4+t | A 0.088-0.149 0.118 2.230.13+0.14
;8 ++ 0.149-0.263 0.206 1.0120.056+ 0.062
w021 = 1 7 0.263-0.483 0.342 0.3430.019+0.019
.% L ¢ + T . 0.483-1.000 0.607 0.0510.004+ 0.004
é 0.1 —<0>-¢_ o 0 Total Observed/Evt. 0.64Z 0.022+ 0.029
§ i ML X, Range (Xp) 1N dng/dx,
oql——L 1 L 41 | 0.018-0.057 0.037 0.7440.074 =0.048
0 0.2 0.4 0.6 08 1.0 0.057-0.079 0.068 0.4110.055+0.033
Xp 0.079-0.175 0.127 0.2550.026 +0.021
. . - . . 0.175-0.263 0.215 0.16%0.018+0.020
FIG. 11. The smulgted reconstrucilgn_ifglue.nmes as a func“°'b.263—0.483 0.357 0.073% 0068+ 0.0085
of x, for ¢ (open diamonds and K**/K*" (diamond$. The 0.483—1.000 0.689 0.0089.0015+ 0.0011

charged decay branching ratios are included in the efficiency. The
dip in the ¢ efficiency atx,~0.13 reflects the dip in the CRID Total Observed/Evt. 0.098% 0.0046+ 0.0055
K-7r separation ap~2.5 GeVE (see Fig. 3, upper left plt
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dependence in the proton fraction that is inconsistent with
FIG. 12. Differential cross sections per hadro#it decay per the data.
unit x, for inclusive charged particle®pen circles, 7~ (circles, In the case oK%K?, all models describe the data well at
K= (squares K°/K® (open squargs K*%/K*® (diamond$, ¢  high X,, but overestimate the cross section at boyby as
(open diamonds p/p (triangles, and A%/ A° (open triangles The  much as 50%. A similar excess was seen in the charged kaon
baryon and all-charged differential cross sections have been Scaleffjaction(see Fig 13 In the case oA % A° JETSETanducCLA
by 0.04 and 1.1, respectively, for clarity. The error bars represenfjagcrine the data well except for a 10% shortfall near

statistical and systematic errors added in quadrat_ure. Each pon_nt 5gp=0_02_ HERWIG describes the data well except for the low-
plotted at the average, value of reconstructed particles in that bin

est and highest,, points, where it overestimates the produc-
(see Tables Il-VI\ tion. The structure in theERWIG prediction at very highx,
is similar to that seen in the proton fraction, and is also

We compared our results with the predictions of thevisible to varying degrees in the predictions for the neutral

JETSET 7.4, UCLA 4.1 andHERWIG 5.8 event generators de- nth o < high b
scribed in Sec. 1, using in all cases a sample of five millionS'ange mesons. In the cas » JETSETIS high by a

events generated with default parameters. The MC curve@ughly constant factor of 1.5 across thg range;HERWIG
shown are smooth interpolations between the bin center@MdUCLA reproduce the data except at the lowgspoint. In

and the features apparent in these predictions are not artd1€ case Ok, JETSETIS high by a factor of two over ak,,

facts of the limited MC sample size. Figures 13 and 14 show/CLA 1S high forx,>0.06, andHERWIG describes the data
the charged fractions and the neutral differential cross sec@XCept at the highest, point. As noted above, th&eTsET
tions, respectively, along with the predictions of these thredn0del has a number of free parameters controlling hadron
models. The momentum dependence for each of the sevéiecies production, and it has been sh¢@2 that a set of
hadron species is reproduced qualitatively by all models. Foyalues can be chosen that reduces all the discrepancies found
momenta below about 1.5 Gey/all models overestimate here to the few percent level.

the kaon fraction significantly and all exceptLA underes-

timate the pion fraction by about2(taking into account the V. FLAVOR-DEPENDENT ANALYSIS

correlation in the experimental errgrdn the 5-10 GeW

rangeUCLA and HERWIG overestimate the pion fraction by The analyses described above were repeated on the light-,
2-30. For p>10 GeVt, JETSET overestimates the proton ¢- andb-tagged event samples described in Sec. lll, to yield
fraction, but describes the momentum dependence. In thidifferential cross sectionBs'@9 for each hadron speciésin
momentum regionHERWIG and UCLA predict a momentum each tagged sample. True differential cross sect®fisn
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large impact parameter. The off-diagonal bias values deviate
from unity by a larger amount, but these have little effect on
the unfolded results.

The resulting differential cross sections are listed in
Tables VIII-XIV. The systematic errors listed are only those
relevant for the comparison of different flavors, namely those
due to uncertainties in the unfolding procedure. MC studies
indicate that the identification efficiency matrix is indepen-
dent of the primary event flavor, and is the same in all flavor
tagged samples, even though there are differences in charged
multiplicity and the density of tracks within jets. This is due
to the featuregsee Sec. Il Cthat the liquid Cherenkov rings
are large compared with the size of a typical jet and that gas
rings are focussed away from the tracks that produced them,
often appearing outside the jet. The systematic errors given
in the preceding section are therefore also applicable, but are
common to all three flavor categories. The flavor unfolding
systematic errors were evaluated by varying each element of
the event tagging efficiency matrig; by =0.01[33], vary-
ing the heavy quark production fractioly, andR; by the
errors on their respective world averages, and varying each
diagonal bias vaIuBﬂ by the larger of+0.005 and*20%
of its difference from unity. Since the lepton background is
strongly flavor-dependent, the photon conversion rate in the
simulation was varied by 15%, and the simulated rates of
lepton production from other sources in lighte, and
b-flavor events were varied by 50%, *+10% and = 5%,
respectively. The unfolding systematic errors are typically
small compared with the statistical errors, and are dominated

FIG. 14. Comparison of our measured neutral hadron differenpy the variation in the bias.
tial cross sections with the predictions of three fragmentation mod- |, Fig. 15 we show the differential cross sections for the

els.

events of the three flavor typels,m=1, c, b, representing

events of the typeZ®—uu,dd,ss, Z°—cc, andZ°—bb,
respectively, were extracted by solving for each spdtid®
relations:

2thr:nkemkaRhm

ktag__
R =
h 2 m€mkF m

)

Here,F, is the fraction of hadroniz® decays of flavor type
m, taken from the standard modeil, is the event tagging
efficiency matrix (see Table ), and B", represents the
momentum-dependent bias of tkgoward selecting events
of flavor m that contain hadrons of speciés Ideally all
biases would be unity in this formulation. The biases wer
calculated from the MC simulation a®p,= (N, ad
Nin ktag)/ (N Nim), WhereNy(nft) is the number of simu-
lated eventghadrons of specidsin events$ of true flavorm
and Nm,ktag(n{}hktag) is the number of lf-hadrons in those
events that are tagged as fladorThe diagonal bias values
[20,27,29 are within a few percent of unity for the charged

seven hadron species in light-flavd? decays. Qualitatively
these are similar to those in flavor-inclusive decgsig. 12,
although all differential cross sections are larger at kigin

light flavor events. The same general featuresrelk and
p-A° convergence at high,, are visible, and the relative
suppressions of hadron species with respect to one another
are similar in magnitude and momentum dependence.

Also shown in Fig. 15 are the predictions of the three
simulation programs. All models reproduce the shape of each
differential cross section qualitatively. TheTseTprediction
for charged pions is smaller than the data in the raxge
<0.015, and those for the pseudoscalar kaons are larger than
the data for 0.01§x,<0.03; those for the vector mesons
and protons reproduce thg dependence but show a larger
normalization than the data. These differences were all seen

8n the flavor-inclusive resultérigs. 13, 14, and we can now
conclude that they all indicate problems with the modelling
of light-flavor fragmentation, and cannot be due entirely to
mismodelling of heavy hadron production and decay. The
HERWIG prediction for pseudoscalar kaons is also larger than
the data at lowk, and is slightly smaller than the data in the
range 0.15x,<0.25. For all hadron species the&RwWIG

hadrons,¢ and K*°, reflecting a small multiplicity depen- prediction is larger than the data for,>0.4, showing a
dence of the flavor tags. They deviate by as much as 10%haracteristic shoulder structure. TheLa predictions for

from unity for theK%/K® andA%/A°, since some tracks from

the baryons and the vector mesons show a similar but less

VO decays are included in the tagging track sample and haveronounced structure that is inconsistent with the proton and

05200
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TABLE VIII. Measured differential cross sectiot/N)dn = /dx,, for the production of charged pions per
Z° decay into light (1, d, s), c andb primary flavors. 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 flavors are not included. Te,) values for the three flavor samples are consistent in each bin, and
have been averaged.

Xp 7 Production Cross Sections Ratios
Range (Xp) uu, dd, ss cc bb c:uds buds
0.008 — 0.010 0.009 4672 9.0 493.+ 37. 508.1+ 10.6 1.05*+ 0.09 1.09+ 0.03
0.010 — 0.012 0.011 428% 8.2 413.*+ 34. 481.2+ 9.7 0.96+ 0.09 1.12* 0.03
0.012 - 0.014 0.013 3832 7.3 403.%= 30. 441.3* 8.6 1.05+ 0.09 1.15*+ 0.03
0.014 - 0.016 0.015 3371 6.6 375.£ 27. 388.4+ 7.9 1.11+ 0.09 1.15* 0.03
0.016 — 0.022 0.019 274F 4.6 301.= 19. 333.6+ 4.8 1.10+ 0.08 1.21+ 0.02
0.022 — 0.027 0.025 2145 3.7 230.* 15. 264.4+ 41 1.07= 0.08 1.23*+ 0.03
0.027 — 0.033 0.030 1655 3.1 178.+= 13. 205.4+ 3.6 1.08*= 0.09 1.24+ 0.03
0.033 - 0.038 0.036 1372 2.7 141.+ 11. 166.9+ 3.3 1.03*+ 0.09 1.22+ 0.03
0.038 — 0.044 0.041 1172 25 111.+ 10. 141.4+ 3.2 0.95+ 0.10 1.21* 0.04
0.044 — 0.049 0.047 984 2.4 96.+ 10. 118.6*+ 3.3 0.97*+ 0.11 1.20*= 0.04
0.049 — 0.055 0.052 836 2.4 86.+ 10. 106.3= 3.5 1.03+ 0.13 1.27+ 0.06
0.055 — 0.066 0.060 669 1.4 65.8+ 5.9 84.2+ 2.0 0.98+ 0.10 1.26* 0.04
0.066 — 0.077 0.071 528 1.1 48.8+ 4.8 64.0+ 1.6 0.93= 0.10 1.21+ 0.04
0.077 — 0.088 0.082 41.6% 0.95 43.4+ 4.0 49.2+ 1.4 1.04+ 0.11 1.18* 0.04
0.088 — 0.099 0.093 34.1t 0.81 32.3+ 35 40.6+ 1.2 0.95+ 0.11 1.19* 0.04
0.099 — 0.110 0.104 28.7# 0.72 23.6*+ 3.1 30.1+ 1.1 0.82+ 0.11 1.05* 0.04
0.110 — 0.132 0.120 21.6# 0.46 21.3+ 2.1 2272+ 0.76 0.99* 0.10 1.05* 0.04
0.132 — 0.164 0.147 15.26 0.31 124+ 1.4 13.54*+ 0.51 0.81+ 0.10 0.89%+ 0.04
0.164 — 0.186 0.175 10.76 0.26 88+ 1.1 8.26* 0.42 0.82+ 0.11 0.77%= 0.04
0.186 — 0.208 0.197 8.4#4 0.22 6.66+ 0.90 557+ 0.34 0.79+ 0.11 0.66* 0.04
0.208 — 0.230 0.219 6.2¢ 0.19 6.03+ 0.77 3.93+ 0.29 0.96+ 0.13 0.62*+ 0.05
0.230 - 0.274 0.251 4.8% 0.12 3.77+ 0.48 2.52+ 0.18 0.78+ 0.11 0.52* 0.04
0.274 — 0.318 0.294 2.932 0.090 2.62+ 0.36 1.39+ 0.13 0.89+ 0.13 0.47*= 0.05
0.318 - 0.384 0.348 1.81%5 0.059 1.69*+ 0.23 0.695+ 0.084 0.93+ 0.14 0.38* 0.05
0.384 — 0.471 0.421 0.915 0.037 0.42+ 0.14 0.380+ 0.053 0.46*+ 0.16 0.42+ 0.06
0.471 — 0.603 0.529 0.376 0.023 0.146+ 0.084 0.108t+ 0.031 0.39*= 0.22 0.29+ 0.08
0.603 — 0.768 0.654 0.145 0.017 0.027+ 0.054 0.006x 0.015 0.18*+ 0.37 0.04= 0.10

K*O/K*0 data. OtherwiseJCLA reproduces the data except production of the vector mesons and protons also falls at

for pseudoscalar kaons in the range 0.0%3<0.03. high ;. . . .

In Fig. 16 and Tables VIII-XIV we give the ratios of These features are c0n3|stent_W|th expectations based on
production inb-flavor to light-flavor events for the seven the known properties oé*e”—bb events, namely that a
species. The systematic errors on the hadron reconstructidarge fraction of the event energgn average about 709%])
and identification largely cancel in these ratios, and the totgk carried by the leading- and B-hadrons, leaving little
errors are predominantly statistical. There is higher producenergy available to produce high momentum fragmentation
tion of charged pions irb-flavor events than in light-flavor - hagrons. Theé hadrons decay into a large number of lighter
events at lowx,, with the ratio rising withx, for 0.008  particles, including on average 5.5 stable charged hadrons
<Xp< 0.03to a plateau value of about 1.25. The pI’OdUCtIOI"[28], which are expected to popu|ate primar"y the region
of both charged and neutral kaons is approximately equal i 02<x,<0.2. Also shown in Fig. 16 are the predictions of
the two samples fok,<<0.03, but the relative production in the three fragmentation models, all of which reproduce these
b-flavor events then increases with, peaking at a value of features qualitatively, althougheRwiG overestimates the ra-
about 1.7 atx,~0.09. The errors on th&*9/K*% and ¢  tio for pions in the rangex,<<0.05 and that for kaons for
ratios are large, but the data are consistent with behaviox,<0.3. The values of these ratios depend on details oBthe
similar to that of the pseudoscalar kaon ratios. There is apand D hadron energy spectra and decay properties, and so
proximately equal production of baryons mmflavor and provide information complementary to that in Fig. 15. How-
light-flavor events fox,<<0.15. The production of pions and ever, in drawing conclusions regarding heavy flavor model-
pseudoscalar kaons inflavor events falls rapidly withx, ling from these ratios, one must consider how well the model
for x,>0.1 relative to that in light-flavor events. The relative in question reproduces the light flavor results. For example,
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TABLE IX. Differential cross sections for the production Kf* mesons peE° decay into lightc andb
primary flavors.

Xp K= Production Cross Sections Ratios
Range (Xp)  uu, dd, ss cc bb cuds kuds
0.016 — 0.022 0.019 226 1.2 19.5= 5.0 243+ 1.7 1.08+0.09
0.022 — 0.027 0.025 19.2 1.1 26.8+ 4.7 223+ 1.6 1.11+ 0.18 1.16* 0.11
0.027 — 0.033 0.030 18.6 1.1 16.4= 4.4 223+ 1.6 1.20+0.11
0.033 — 0.038 0.036 176 1.0 149+ 4.4 228+ 1.6 0.88*+ 0.19 1.34*+ 0.12
0.038 — 0.044 0.041 146 1.1 18.5+ 4.5 19.7+ 1.6 1.35+0.15
0.044 — 0.049 0.047 153 1.2 13.6+ 4.9 19.9+ 1.8 1.08+ 0.24 1.30* 0.15
0.049 — 0.055 0.052 145 1.3 6.1+ 5.2 18.3= 1.9 1.26+0.17
0.055 — 0.066 0.060 10.28 0.85 10.7+ 3.6 152+ 1.4 0.78*+ 0.26 1.48%+ 0.18
0.066 — 0.077 0.071 9.0& 0.73 95+ 3.1 145+ 1.2 1.61+0.19
0.077 — 0.088 0.082 7.38 0.70 8.9+ 3.0 13.4= 1.2 1.13= 0.28 1.82* 0.23
0.088 — 0.099 0.093 6.12 0.70 10.5= 3.0 106+ 1.1 1.73=0.27
0.099 — 0.110 0.104 6.0& 0.75 10.2+ 3.2 8.4+ 1.2 1.72+ 0.40 1.40=+ 0.26
0.110 — 0.132 0.120 4.78 0.57 8.1+ 25 8.71+ 0.98 1.82+0.30

0.132 - 0.164 0.147 3.36 0.61 8.0 2.6 3.65+ 0.94 2.06*= 0.54 1.11* 0.35
0.208 — 0.230 0.219 2.2¢ 0.17 2.64= 0.70 2.01+ 0.27 1.16* 0.32 0.88*= 0.13

0.230 — 0.274 0.251 1.498 0.089 3.29* 0.37 1.18*+ 0.14 0.79+0.10
0.274 — 0.318 0.294 1.272 0.068 1.30+ 0.27 0.811+ 0.098 1.66*x 0.19 0.64%x 0.08

0.318 — 0.384 0.348 0.925 0.046 0.66= 0.17 0.496= 0.060 0.54=0.07
0.384 — 0.471 0.421 0.548 0.032 0.65*= 0.12 0.113+ 0.035 0.92+ 0.15 0.21= 0.06

0.471 - 0.603 0.529 0.266 0.020 0.229+ 0.073 0.043* 0.021 0.16=0.08
0.603 — 0.768 0.654 0.10t 0.015 -0.003%= 0.046 0.020+ 0.014 0.57= 0.24 0.20*= 0.14

the HERWIG prediction for pion(kaon production in light- mentum, and there are fewer additional charged pions than in
flavor events(Fig. 19 is consistent with(higher than the B hadron decays. Also shown in Fig. 16 are theds ratios
data forx,<<0.05, so it is safe to conclude from Fig. 16 that predicted by the three fragmentation models. All models are
HERWIG mismodels pion and kaon production fradrdecays consistent with the data, except th&RwIG overestimates

in this region. However the fact that theeRwIG ratio for  the pion ratio for 0.03x,<0.15.

kaons is high in the region 0<1x,<0.3 is due at least in part

to the |0WHERWIG predlgtlon for kaon production in light- VI. COMPARISON WITH QCD PREDICTIONS

flavor events in that region.

In Fig. 16 we also show the ratios of production in  We tested the predictions of Gribov and Lipatov, that, in
c-flavor to light-flavor events for the seven species. The erthe limit x,—1, the momentum distribution for primary
rors are larger than for thb:uds comparison and, bins  leading hadrons be (1x,)", with n=2 for mesons anah
have been combined in some cases for clarity. Similar quali=3 for baryons. Since this test benefits from more bins at
tative features are observed: there is higher kaon productionigh x,, we considered only the charged hadrons. The cross
in c-flavor events than in light-flavor eventsyg~0.1; pion  sections measured in light flavor events provide in principle
production is slightly higher irc-flavor than in light-flavor  a better test than those measured in flavor-inclusive events,
events forx,<0.03, then decreases slowly wity; both  sincec- andb-flavor events cannot contain primary leading
pion and kaon production appear to fall rapidly wih for  pions, kaons or protons. However, we have just shown that
Xp>0.3, a somewhat higher value than the correspondinghe contributions front- andb-flavor events are small fo,
b:uds ratios. These features are expected siogets pro- greater than about 0.5; since we have better statistics for
duce a charmed hadron with on average about [fdlthe flavor-inclusive events we performed the test on this data set,
beam energy, a lower fraction th&hadrons, which leaves as well as on the light-flavor data. We are limited xp
more energy available for fragmentation hadrons than in<0.77 for the charged pions and kaons, but for the flavor-
b-jets. The charmed hadron decay products often include eclusive analysis of protons we have an additional bin, ob-
kaon carrying a large fraction of the charmed hadron moiained from a 2-hypothesis analyssee Sec. IV Athat also
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yielded the sum of meson cross sections™(K™*). We In order to test the predictions of QCD in the modified
also considered this meson sum at all momenta, which hdeading logarithm approximatiodLLA ) combined with
smaller statistical errors than the sum of the individaa  the ansatz of local parton-hadron dualityPHD), we con-
andK™ cross sections. verted our measurements into differential cross sections in
Figure 17 shows the™, K*, p and @~ +K™) differen-  the variableé=In(1/x,). Figure 18 shows our measured dif-
tial cross sections as functions of{Xk,) in flavor-inclusive  ferential cross section as a function éffor the charged
Z° decays. Fits of the functioh(x) =A(1—xp)", with the  kaons. Also shown are the results of fits to a simple Gauss-
value ofn fixed to 2(3 for protons, were performed to the ian, and a distorted Gaussian including skewness and kurto-
first m data points and the resulting fitted distributions for sis terms. The Gaussian fit was performed ovérrange of
m=2,4,6 are shown in the figure. In all cases the fit qualitywidth 2 units positioned near the maximum of the distribu-
is good form=2, but worsens with increasing. The maxi- tion. The fitted peak positiog* was found to be indepen-
mum number of bins for which the confidence level of jffe  dent of the exact position of this range within statistical er-
of the fit exceeded 0.01 was 3 far™ andK*, 6 for p/p,  rors, and the solid line in Fig. 18 represents the result of a fit
and 2 for the meson summ(- +K™*). over a range centered on this peak position. A good fit qual-
Using this criterion, the theoretical prediction is consistentity Was obtained; the two points above tifisange could be
with our combined meson data for {Ix,) <0.34, with our added to the fit, as could the first two points below the range,
pion and kaon data for (4x,)<0.47, and with our proton before thex” began to increase rapidly, indicating that the
data for (1-x,) <0.57. A similar analysis of the light-flavor Gaussian appro>§|mat|on IS con_S|stent with our data over a
sample(not shown yielded similar results; the prediction is range of approximately-1.3 units of £ around the peak
consistent with our pion, kaon and combined meson data faposition. The distorted Gaussian function is able to describe
(1-x,)<0.53, and with our proton data for (ix,) the data over the full measured rangeéopfas indicated by
<0.62. the dashed line in Fig. 18, however the distortion terms grow
rapidly as points outside the range described by the simple
Gaussian are added.

[T T T T 11T T T TTTTI]
L3 A -1
3 SLD nkt (x05)
o K7K (x0.5)
¢ KK (x0.2)
o (x0.2)
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v AYR® (x0.002)
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b/uds c/uds

R
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oL e=x _
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e
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1072

— — JETSET 3 0.01 0.1 0.01 0.1 1
—— UCLA N Xp Xp
----- HERWIG W
104k \} _ FIG. 16. Ratios of production of each hadron specids-flavor
c;cln L Icl)l1 i "1" events to that in light-flavor eventieft) and inc-flavor:light-flavor

events(right). Also shown are the predictions of the three fragmen-
tation models; for each model, the predictions ¥of and KO/KO

FIG. 15. Identified hadron differential cross sections in light- were averaged, as were those maandAO/KO. The model pre-
flavor events. Also shown are the predictions of the three fragmendictions for ¢ are not shown, but have the sagdependence as
tation models; the prediction of each model Kot is similar to that the corresponding prediction foe* O/R*()’ with a peak value typi-

for K9KP, and the two have been averaged. cally higher by 40%.
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TABLE X. Differential cross sections for the production 16P/K° mesons peE°® decay into lightc and
b primary flavors.

Xp K%/K® Production Cross Sections Ratios
Range (Xp)  uu, dd, ss cc bb c:uds buds
0.009 - 0.011 0.010 19.6 4.4 6.+ 19. 6.1+ 3.1 0.29+ 0.99 0.32+ 0.17
0.011 - 0.011 0.013 23.2 3.2 -3.*= 15. 23.1*+ 5.6 —-0.14+ 0.64 0.99+ 0.39

0.014 - 0.018 0.016 204 2.4 15.+ 10. 258+ 4.4 0.72%+ 0.52 1.27= 0.25
0.018 - 0.022 0.020 212 23 227 9.7 217+ 3.3 1.07x 0.47 1.02+ 0.18
0.022 - 0.027 0.025 205 18 174+ 7.8 214+ 26 0.85* 0.39 1.04x 0.15
0.027 - 0.033 0.030 17314 12.8+ 6.2 20.7x 2.2 0.74= 0.36 1.20+ 0.15
0.033 -0.041 0.037 141 12 128+ 5.1 19.3%x 1.9 0.91=* 0.37 1.37x 0.17
0.041 - 0.050 0.045 126 1.0 13.2* 4.4 15.6*= 1.5 1.10+ 0.38 1.30= 0.16
0.050 - 0.061 0.055 10.x 0.8 10.9= 3.5 132+ 1.2 1.08+ 0.36 1.31+ 0.15
0.061 - 0.074 0.067 7.73 0.69 12.8+ 3.2 135+ 1.1 1.66* 0.43 1.75* 0.20
0.074 — 0.091 0.082 7.0% 0.52 3.0x 24 12.3+ 0.9 0.42*+ 0.33 1.74* 0.17
0.091 - 0.111 0.100 5.33 0.44 7.0x 2.0 8.35x+ 0.81 1.31*+ 0.39 1.57= 0.19
0.111 - 0.142 0.126 4.17 0.34 46+ 15 5.85* 0.57 1.10+ 0.37 1.40+ 0.17
0.142 - 0.183 0.161 3.1% 0.30 3.7+ 16 4.26*= 0.55 1.18+ 0.53 1.35% 0.21
0.183 -0.235 0.206 2.16 0.22 2.68* 0.97 1.99*+ 0.48 1.24+ 0.46 0.92+ 0.24
0.235-0.301 0.262 1.12 0.16 2.62* 0.72 0.09* 0.24 2.15* 0.66 0.71x 0.22
0.301 - 0.497 0371 0.6% 0.10 0.79+ 045 0.10+ 0.10 1.44+ 0.70 0.14*+ 0.14

TABLE XI. Differential cross sections for the production pvfﬁperzo decay into lightc andb primary

flavors.
Xp p/p Production Cross Sections Ratios
Range (Xp) uu, dd, ss cc bb c:uds kuds

0.016 — 0.022 0.019 8.55 1.31 17.6+= 55 6.3+ 1.8 0.74*£0.24
0.022 — 0.027 0.025 10.88 0.96 12.9+ 4.0 9.0+ 1.3 1.57*= 0.38 0.83% 0.14
0.027 — 0.033 0.030 12.52 0.87 15.2+ 3.7 149+ 1.3 1.19+0.13
0.033 — 0.038 0.036 11.22 0.79 13.6+ 3.3 106+ 1.1 1.21+ 0.23 0.94+ 0.12
0.038 — 0.044 0.041 8.6% 0.73 10.7+ 3.1 8.7+ 1.1 1.00=£0.15
0.044 — 0.049 0.047 8.8% 0.72 8.0+ 3.0 7.9+ 1.02 1.07+= 0.26 0.89* 0.13
0.049 — 0.055 0.052 6.1 0.65 10.8+ 2.8 5.48+ 0.92 0.89+0.18
0.055 — 0.066 0.060 7.0& 0.50 51+ 2.1 5.97* 0.75 1.04+ 0.27 0.84x 0.12
0.066 — 0.077 0.071 4.9t 0.49 7.7+ 22 4.60x 0.74 0.94x0.18
0.077 — 0.088 0.082 4.7 0.49 3.6x 21 437+ 0.76 1.18+ 0.34 0.93= 0.19
0.088 — 0.099 0.093 3.43 0.51 4.2+ 2.2 3.49+ 0.80 1.02+0.28
0.099 — 0.110 0.104 2.72 0.58 6.2+ 2.6 2.99*+ 0.88 1.72+= 0.61 1.10x 0.40
0.110 — 0.132 0.120 2.98 0.46 0.9+ 1.9 1.77+ 0.68 0.59+0.25
0.132 - 0.164 0.147 3.16 059 -02=* 25 2.93+ 0.86 0.07*= 0.54 0.93* 0.32
0.230 — 0.274 0.251 0.738 0.085 0.84+ 0.34 0.506* 0.098 0.69+0.15

0.274 — 0.318 0.294 0.51# 0.062 0.46*= 0.24 0.241+ 0.065 1.04+= 0.35 0.47= 0.14

0.318 — 0.384 0.348 0.338 0.037 0.16= 0.14 0.093= 0.034 0.27+0.10
0.384 — 0.471 0.421 0.14% 0.021 0.277= 0.079  0.012+= 0.016  1.02+ 0.35 0.09= 0.12

0.471 - 0.603 0.529 0.088 0.010 0.040+ 0.034 —0.002=* 0.006 —.02+0.07
0.603 — 0.768 0.654 0.02# 0.004 0.004*= 0.014 0.001*= 0.003 0.40*= 0.35 0.04*= 0.13
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FIG. 19. Distributions of¢ for the seven hadron species in
FIG. 17. Measured differential cross sections in flavor-inclusiveflavor-inclusive hadroni@® decays(points, along with the results
Z° decays as a function of (1x,), along with the results of poly- of Gaussian fitgsolid lineg to the data over a range of approxi-
nomial fits, described in the text, to the data in the 2, 4 and émately =1 unit about the peakindicated by the extent of the solid
leftmost bins. Each fitted polynomial has been integrated over eaclines).
bin and is shown as a histogram.
on this measurement were evaluated by varying the fit range
Similar results were obtained for the other hadron speciesand by refitting with each source of correlated experimental
Their ¢-distributions are shown in Fig. 19. We fitted a simple systematic error considered coherently in turn. The system-
Gaussian over g range of approximately- 1 unit centered atic error is similar to or smaller than the statistical error
on the maximum of each distribution in order to measure the

peak positiont* for each hadron species. Systematic errors 45— 1T T T T T T T T
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FIG. 18. Distribution ofé=In(1/x,) for charged kaons in flavor- FIG. 20. Peak positiong* from fits to the ¢ distributions in
inclusiveZ® decays. The solid and dashed lines indicated the resultlavor-inclusive and light-flavor hadroniz® decays. Also shown
of fits of the Gaussian and distorted Gaussian approximations ddre averages of similar flavor-inclusive results from experiments at
MLLA QCD described in the text. The dotted lines indicate the LEP. The line is the result of aad hoc exponential fit to our
continuations of the fitted Gaussian function. light-flavor data.
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TABLE XIlI. Differential cross sections for the production AP/ A° per Z° decay into lightc andb primary flavors.

Xp A%/A° Production Cross Sections Ratios
Range (Xp) uu, dd, ss cc bb c:uds buds
0.011 - 0.020 0.016 4,72 0.87 1.5+ 3.3 28+ 1.2 0.32+ 0.70 0.59+ 0.27
0.020 — 0.030 0.025 3.8% 0.49 25+ 2.0 419+ 0.79 0.66* 0.53 1.08+ 0.24
0.030 — 0.045 0.038 3.4% 0.35 45+ 15 2.39+ 0.50 1.32+ 0.46 0.70*+ 0.16
0.045 — 0.067 0.056 2.2 0.22 3.56x 0.97 2.47+ 0.34 1.61+ 0.46 1.12+ 0.19
0.067 — 0.100 0.082 1.14 0.16 2.89x 0.72 1.44+ 0.25 2.11+ 0.58 1.05*= 0.22
0.100 - 0.150 0.122 1.1% 0.13 0.54= 0.54 1.10+ 0.17 0.47x 0.48 0.96x 0.18
0.150 — 0.247 0.189 0.52 0.08 0.56x 0.32 0.60= 0.09 1.08+ 0.64 1.15+ 0.25
0.247 — 0.497 0.319 0.24 0.05 —-0.13+ 0.19 0.20+ 0.04 —-0.54+ 0.81 0.83+ 0.25

TABLE XIII. Differential cross sections for the production &*%/K*° mesons pez® decay into light,c andb primary flavors.

Xp K*9/K*9 Production Cross Sections Ratios
Range (Xp) uu, dd, ss cc bb c:uds huds
0.018 — 0.048 0.033 52 1.3 7.8+ 5.6 1.3+ 2.1 151+ 1.15 0.25* 0.41
0.048 — 0.088 0.068 4.28 0.52 1.0+ 2.6 453+ 0.83 0.23x= 0.60 1.06+ 0.23
0.088 — 0.149 0.118 2.14 0.29 05+ 1.6 3.64+ 0.47 0.23x 0.73 1.70= 0.31
0.149 — 0.263 0.206 0.8t 0.12 1.10+ 0.59 1.43+ 0.24 1.35+ 0.76 1.75*+ 0.40
0.263 — 0.483 0.342 0.3450.042 0.29+ 0.20 0.40(x 0.078 0.85+ 0.58 1.16+ 0.27
0.483 — 1.000 0.607 0.0760.010 0.026: 0.034 0.012 0.009 0.36%+ 0.45 0.15*+ 0.11

TABLE XIV. Differential cross sections for the production ¢f mesons peZ° decay into lightc andb primary flavors.

Xp ¢ Production Cross Sections Ratios
Range (Xp) uu, dd, ss cc bb c:uds buds
0.018 — 0.057 0.037 0.64 0.18 1.08+ 0.77 0.73*= 0.28 1.67+ 1.28 1.13+ 0.53
0.057 — 0.079 0.068 0.48 0.18 0.31+ 1.02 0.37+ 0.31 0.64* 2.15 0.78+ 0.70
0.079 — 0.175 0.127 0.222 0.073 0.12+ 0.39 0.42+ 0.11 0.56+ 1.75 1.88+ 0.81
0.175 - 0.263 0.215 0.09% 0.052 0.35*+ 0.23 0.228+ 0.068 3.85*+ 3.32 251+ 1.61
0.263 — 0.483 0.357 0.052 0.021 0.185+ 0.085 0.054+ 0.023 3.58+ 2.17 1.05* 0.61
0.483 — 1.000 0.689 0.01F7 0.004 —0.016+ 0.013 0.007+ 0.004 —-0.96 £ 0.78 0.43*+ 0.27

TABLE XV. Peak positionsé* from Gaussian fits to thé distributions for each hadron species measured in flavor-inclusive and

flavor-specific hadroni@® decays. The first error is statistical and the second systematic.

all flavors light flavors c b
m* 3.80=0.01+0.01 3.81-0.01+0.01 3.85-0.04+0.01 3.710.01+0.01
K* 2.60+0.03+0.02 2.83:0.08+0.03 2.52£0.08+0.09 2.67-0.03+0.03
KO/KO 2.62+0.05+0.04 2.78-0.10+0.01 2.32£0.35+0.05 2.610.04+0.04
K*0/K*0 2.31+0.04+0.01 2.470.09+-0.01 - 2.11*+0.07£0.01
¢ 2.0+0.07£0.4 2.43-0.13+0.25 - 2.180.08+0.16
p/p 3.00£0.07+0.01 2.770.05+0.01 3.03£0.26+0.01 2.86:0.07+0.02
A9/AC 2.64+0.07+0.01 2.58£0.21+0.01 2.75:0.15+0.01 2.47-0.18-0.01
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except in the case of thé, where the total error is domi- accepted fractions ranged from 0.812 #f to 0.945 for

nated by the systematic component from varying the fitc9/K°, Each integrated measured cross section was divided
range. Good fit qualities were obtained when the correlategly the corresponding average fraction, and an uncertainty of

systematic errors were taken into account. The peak posi0.01 (+0.015 was assigned to the average fraction for
tions are given in Table XV and shown as a function 0f7T¢’ K=, KYK®, p/p and A%A° (K*%/K*° and ¢), corre-

hadron mass in Fig. 20, along with averages of similar mea_

) . . sponding to a typical rms among the three predictions. The
surer_nents from exper 'm‘?”ts at Ll_EP]' with which they_ ar€  corrected total cross sections are shown in Table XVI, and
consistent. The distribution for pions peaks at a higker

X were found to be consistent with an average of similar mea-
value than the those of the other hadron species, but oth g

wise there is no monotonic mass-dependence “Surements from experiments at LER.
; . ) y . As a cross check, we fitted the distorted Gaussian function
As discussed in Sec. |, the MLLA QCBLPHD predic-

ton i id f . p o icl h described in Sec. VI to thé& distribution for each hadron
lon IS valid Tor primary fragmentation particies, whereas ex-o ecies, and calculated the fraction of the area under the

p(raondnaipstsoioa;aruEs\rigwn;e?nsizr(ca)? rseasn(;gfnsc;hsa;;m\:/:/i(ljleaiegz ed curve that was within the range of our measurement.
p n uncertainty was assigned corresponding to the largest

gifavy hla(iron;ﬁThis rr?')é may aff_ect ?1.635?@ values variation obtained by varying the fitted parameter values by
Ifterently for different hadron species. Itis of INterest to try o - mpinations of+ 1o and — 1. The resulting fractions

to resolve this question experimentally, and we have thereére consistent with those obtained using the fragmentation

fl ¢ ies di din th . i W rHﬂodels, giving confidence in both the central values and the
avor categories discussed in the previous section. We ex;. o iainties assigned.

pect the light flavor events to be less affected by decay prod- We applied the same procedure to our measurements for

uct1s_,,hasg— anq B—r}adr?.n decay% are excludettzl.bl d o the three flavor categories. The three simulations were found
€ baussian function provides an acceptable descripliog, give similar flavor dependences, with the accepted fraction
of the ¢ distribution for all hadron species in events of each

o . in b (c) events typically 0.020.01) larger than that in light-
f!avor within abogt.i 1 unit of Fhe pegl(not shown, and the flavor events. The resulting total cross sections are listed in
fited peak positions are listed in Table XV. For the

! Table XVI along with differences between flavors, for which
K*%K*? and ¢ in c-flavor events, the limited sample size some of the systematic errors cancel. We observe roughly
did not allow a reasonable SyStematiC error evaluation, SA5% more pseudosca|ar mesonsbHflavor events than in
they are omitted. light-flavor events, and the respective sums of the charged
The ¢* values measured ib-flavor events are signifi- hadron differences are consistent with our previous measure-
cantly different frgm those measured in light-flavor eventsment[34] of the differences in total charged multiplicity be-
for 7= and K*%/K*?: the difference is 1& for K* and  tween light-,c- andb-flavor events. All other differences are

K%/KP. For the other hadron species tfe values measured Cconsistent with zero.
in events of all three flavors are consistent. Tfevalues
measured in light-flavor events differ significantly from VIIIl. LEADING PARTICLE EFFECTS

those measured in flavor-inclusive events kof and p/p.
: . g
The light-flavor &* values are also shown in Fig. 20. The particle and antiparticle production in light quatas op-

r?]Sl:/:/tnoifnarllz?d hz%cexpon:er}u?I rf]'t tot:h_e I|§?t—fla\écar %ata“sht posed to antiquajkjets, in order to address the question of
Sho 9. as a reterence ftrajectory, and the Ignty, ey e.g. a primary-initiated jet contains more hadrons
flavor data are seen to lie closer to a monotonic trajector

; + + 0
than the flavor-inclusive data. Xhat contain a valence—qu:';\rk(e_.g.lr LOK o} .A ) than
hadrons that do nake.g. 7w, K~, p, A”). To this end we
used the light quark- and antiquark-tagged hemispheres de-
VII. TOTAL PRODUCTION CROSS SECTIONS scribed in Sec. lll.

. . _ i We measured the differential cross sections per light
We have integrated our differential cross sections OVeRuark jet

their respective measurement ranges, taking into account the
bin-to-bin correlations in the systematic errors. These inte-
grated cross sections per event are listed in Tables I1-VII; 1 i

We extended these studies to look for differences between

q_ a—h)
the errors are dominated by overall normalization uncertain- Ry 2Neyis dx':,[N(q_)h)jL N(g—h], ©
ties corresponding to the uncertainty in our track reconstruc-
tion efficiency. In order to quote total cross sections, we . q
must extrapolate into the unmeasured regiong,ofand we RI— [N(qHF)Jr N(a—>h)], 4

have done this using the three MC models discussed above. h 2Neyts d_xp

From the hadrons of each species generated using each of

these models, we calculated the fraction that were generated _ ) ) )
with x, in the range of our measurement. For each hadroivhere:qandq represent light-flavor quark and antiquark jets
species the three fractions were found to be similar, with théespectively;Ne,s is the total number of events in the
UCLA (HERWIG) fraction being typically 1% largef1—2% sampie;h represents anygf the identified hadron speeies
smallej than theJeTseTfraction. The average of the three K~, K*©, p, or A, andh indicates the corresponding an-
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tihadron. Then, for exampl®&(gq— h) is the number of had- The common systematic errors cancel explicitly in this vari-
rons of species in light quark jets. This formulation as- able, which is shown for each hadron species in Fig. 21. A
sumesCP symmetry, i.e.N(q—h)= N(a—ﬁ), which was Vvalue of zero corresponds to equal production of hadron and
found to be satisfied in the data in all cases. antihadron, whereas a value &f(—)1 corresponds to com-
The charged hadron fractions analysis was repeated on thpete dominance afantparticle production. In each case the
sample of positively charged tracks in the quark-tagged jetslifference is consistent with zero at lowy. For charged
and negatively charged tracks in the antiquark-tagged jetpions it is also consistent with zero at hig, but for the
For momenta below 2 GeW/only the negatively charged other hadrons there are significant positive differences that
tracks in the antiquark-tagged jets were used. The fractiongppear to increase with increasirg.
were multiplied by the inclusive cross section for positively  The results for the baryon@igs. 21a,b afford the most
charged tracks in quark jets, yielding measured values oftraightforward interpretation. Since baryons contain valence
R, Ri:, and Ry in the tagged samples. The same procequarks and not antiquarks, the observed excess of both pro-
dure applied to the remaining tracks yieldej, R}, and  tons andA% over their respective antibaryons fiqr>0.2 is
RL The K*OK*0 and A%/ A° analyses were applied simi- clear evidence for the prod_uctlon of Ie_admg baryons. The
p ) ) ) data suggest that the effect increases wjthhowever more
larly to the quark- and antiquark-tagged jets to yiBflo,  gata are needed to study thg dependence in detail. For
Rﬂ*o, R% andRqA—. X,<0.2 the data are consistent with equal production of
The light-tagged event sample contains a residual heavparyons and antibaryons, however the contribution from

flavor background of 12%c and 3%bb events. The decays fragmentation i_s very high in this region and we cannot ex-
of the leading heavy hadrons in simulated heavy flavor backelude that leading baryons are also produced abigw
ground events give rise to substantial differences between SiNce & meson contains one valence quark along with one
hadron and antihadron production in the quark-tagged’a|ence antiquark, the interpretation of our results for me-
sample over the enting, range. It is essential to understand SONS 1S more complicated. All down-type quarks are pro-
this contribution, which is typically 15% of the observed duced equally and with the same forward-backward asym-
hadrons fox,<0.5 and decreases at higher(see Fig. 16 metry inZ° decays in the standard model, so that if a leading
The simulated contribution to each cross section was appliedeutral particle such a§*°© (sd) were produced equally is

as a correction, yielding differential cross sections per Iight-andajets (i.e. pdd Dsﬁo), then our measure®ixo

i Kx0— —
quark-tagged jet. | K hihest- boi nificantl
For each hadron species, differential cross sections ixVOUd be zero. Our two highests points are significantly

light quark jets were then extracted by correcting for thePOSitive, indicating both that there is leadikg © production
light-tag bias(see Sec. Y and unfolding for the effective andthat more leading<*° are produced irs jets than ind

quark (vs antiquark purity. The purity was estimated from J€ts. This is an expected consequence of strangeness suppres-
the simulation to be 0.76 for tha%A° and 0.72 for the sion in the fragmentation process. That is, it is expected to be

charged hadrons ari¢* 0/K*0 the latter value reflecting the less likely for anssto beBroduced from t@ vacuum and the
cutoff in acceptance of the CRID &tosf|=0.68. sto pair up with an initiald than it is for add to be produced

The measured differential cross sections per light quarland thed to pair up with the initials.
jet are listed in Tables XVII-XXI for the five measured had- In the case of Charged hadrons suchmas (dU), the

ron species that are not self—conjugat_e. As.for the flavor degifferent Z° branching ratios and forward-backward asym-
pendent result{Sec. V), the error given is the sum in metries of up- and down-type quarks cause a nonzero dilu-
quadrature of the statistical error and those systematic errokin of leading particle effects. Assuming standard model
arising from the tagging and correction procedures. The latzoyplings to thez® and equal production of leading™ in

ter include variation of the event tagging efficiencies and . _ . . . dd uu

biases as described in Sec. V, variation of the electroweawe'[_S andz~ in d-jets (i.e. DW,’: ~Dz-), we calculgte a
parameter®R,, R., A, andA. by the errors on their re- dilution factor for our analysis cuts of 0.27. That is, we
spective world average valu¢g8], and variation of the ef- would expect to observ@wfzo.zmid,. For purposes of
fective quark purity by+0.015 to cover the uncertainty in illustration, we have fitted a line to old, andD ,o points

the electron beam polarization and the statistical error on thior x,>0.2, scaled it by the dilution factor 0.27, and drawn it
simulated purity. The systematic errors are small compareds the dot-dashed line on Figs. 21c and 21d. We do not
with the statistical errors, and are typically dominated by thenecessarily expect that leading particle effects are identical
uncertainty on the effective quark purity. These results sufor mesons and for baryons, but this line serves as a basis for
persede those in our previous publicat{@). a qualitative comparison.

It is convenient to show these results in the form of the Our measured .- are consistent with zero everywhere,
difference between hadron and antihadrorh production ~ and consistently below this line. This does not rule out lead-
normalized by the sum: ing pion production, but indicates that nonleading production

of pions must be comparable or larger atxgl This could

Rﬁ—R% be due to a very soft leading pion momentum distribution
Dy= R (5 and/or a large “background” contribution of pions from de-
Rp+ Ry cays of excited states such p§ o, 7, K*. Our measured
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TABLE XVI. Corrected total cross sections per hadroAftdecay, and per decay into light,or b primary flavor. Differences between
the total cross sections far and light-flavor ando- and light-flavor events. All errors are the sum in quadrature of experimental and
extrapolation uncertainties.

Total Cross Sections per Event of Flavor Differences
all uds c b c-uds b—uds
m* 16.84 =0.37 16.46+0.47 16.30+1.01 18.36+0.52 —0.15 +0.96 1.91+0.36
K* 2.22 +0.16 2.04+0.15 2.47+0.28 2.40+0.19 0.43+0.23 0.36+0.10
KO/K© 2.01 +0.08 1.86+0.09 1.86+0.21 211+0.11 0.01+0.21 0.25+0.09
K*O/K*0 0.707=0.041 0.72%0.081 0.5610.316 0.76&0.124 —0.166+0.321 0.0410.132
1) 0.105+0.008 0.0910.021 0.131%+0.091 0.1210.026 0.04@:0.093 0.03@:0.031
p/p 1.03 =0.13 1.06=0.14 1.06+0.21 0.91+0.13 0.01x0.17 —0.15 =0.07
AO/AD 0.395+0.022 0.4210.030 0.3410.088 0.3830.032 —0.080+0.091 —0.038+0.039

Dk- are consistently positive and above the line fqr
>0.2. As in the case oK*%K*?, this indicates both pro- to be conserved locall}85], whereas others are from a non-
duction of leading charged kaons and more frequent produdeading baryon-antibaryon pair, and provide a measure of the
tion of leadingK ™ in s+jets than inu-jets. !
The quantification of the total number of observed leadingconclude that the number of leading protons we have ob-
particles is problematic. For example, in the regigp>0.2
we observe a total of 0.083).005 protons and 0.036).005
antiprotons per light quark jet. Some of the antiprotons aré.083 per light quark jet. Similarly, the number of observed
expected to be “subleading” antiprotons produced in assoteadingA° in the range 0.18x,<0.5 is 0.024-0.039. For

ciation with a leading baryon, since baryon number is known

background of nonleading protons in the highsample. We

served per light quark jet must lie between qudiffer-
ence and the total number of protons, i.e. in the range 0.047—

TABLE XVII. Differential cross sections for the production of positive and negative pions in light(
ands) quark jets from hadroniz® decays, along with the normalized differeridg- between the two. The
errors are the sum in quadrature of statistical errors and those systematic errors arising from the light quark

tagging and unfolding procedure.

Xp 7= Production inu,d,s Jets
Range (Xp) ot T D,-

0.016 — 0.022 0.019 140.9+2.5 139.0 2.6 —0.007-0.016
0.022 — 0.033 0.027 98.2*+1.5 96.7 =1.4 —0.007-0.014
0.033 — 0.044 0.038 62.8+1.3 63.6 =1.3 0.0070.019
0.044 — 0.055 0.049 44.2+1.4 449 +14 0.007-0.029
0.055 — 0.066 0.060 33.4*+1.1 332 1.1 —0.003:0.030
0.066 — 0.077 0.071 25.790.82 27.16+0.82 0.026-0.028
0.077 — 0.088 0.082 21.660.71 22.34+0.71 0.016-0.029
0.088 — 0.099 0.093 17.1%0.62 18.40+0.63 0.034:-0.032
0.099 - 0.110 0.104 14.450.57 14.52+0.57 0.003:0.036
0.110 - 0.121 0.115 11.440.50 12.84+0.52 0.057-0.038
0.121 — 0.143 0.131 9.320.32 9.61+0.32 0.015-0.031
0.143 - 0.164 0.153 7.210.28 7.39+0.28 0.012-0.035
0.164 — 0.186 0.175 5.460.24 5.49+0.25 0.008:-0.041
0.186 — 0.208 0.197 4.3¢0.21 4.44+0.22 0.016-0.045
0.208 — 0.230 0.219 3.140.19 3.30+0.19 0.026-0.053
0.230 — 0.274 0.251 2.370.12 2.59+0.12 0.0430.043
0.274 — 0.318 0.295 1.3980.091 1.687%0.097 0.09% 0.055
0.318 — 0.384 0.348 0.9720.061 0.996-0.064 0.0120.057
0.384 — 0.471 0.423 0.4560.040 0.504-0.042 0.05&:0.077
0.471 — 0.603 0.527 0.1800.025 0.216:0.026 0.08+0.12

0.603 — 0.768 0.668 0.0650.019 0.089%0.021 0.16+0.23
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TABLE XVIII. Differential cross sections for the production of positive and negative kaons in light quark
jets from hadroniz® decays, along with their normalized difference.

Xp K* Production inu,d,s Jets
Range (Xp) K* K~ Dg-
0.016 — 0.022 0.019 83*x1.1 148 £1.3 0.28-0.09
0.022 - 0.033 0.027 9.270.69 8.14+0.68 -0.06:0.07
0.033 - 0.044 0.038 8.05:0.68 7.70+0.68 —0.02:0.08
0.044 — 0.055 0.049 8.0%30.81 7.59+0.81 —0.03:0.09
0.055 — 0.066 0.060 3.75%0.74 6.27+0.79 0.25-0.14
0.066 — 0.088 0.077 3.440.45 3.90+0.47 0.06£0.11
0.088 — 0.121 0.101 3.090.41 2.73+0.42 -0.06:0.13
0.208 — 0.230 0.219 0.990.18 1.36£0.19 0.15-0.14
0.230 — 0.274 0.251 0.5950.091 1.126:0.099 0.31*+0.10
0.274 — 0.318 0.295 0.3830.072 0.895:-0.081 0.46-0.11
0.318 — 0.384 0.348 0.2660.049 0.665:-0.055 0.44-0.10
0.384 — 0.471 0.423 0.1630.034 0.4270.039 0.45-0.11
0.471 — 0.603 0.527 0.0910.023 0.2190.026 0.42-0.14
0.603 — 0.768 0.668 -0.060.017 0.126:0.022 1.12-0.28
x,>0.26 we measure a total of 0.1£0.012K*° and 0.023 IX. PRODUCTION RATIOS AND
+0.010 K*© per light quark jet. In this case, all of these FRAGMENTATION PARAMETERS

could be leading due to contributions fresrandd jets, and Certain aspects of the fragmentation process can be stud-
so the sum gives an upper bound on the number of leadingd more directly by measuring the relative production of
K*9/K*° produced. A lower bound is given by the possibil- tWo hadron species that differ by a single quantum number.
ity that no leading<*°® are produced i jets. In this case all We have calculateq the ratios of dlfferentlal cross sections
for a number of pairs of hadron species, for flavor-inclusive
=0 — and light-flavor events, taking into account any systematic
number of nonleading(*”, and the number of leadinig errors common to the two species. The results are shown for
produced is given by thi* °—K*© difference. Thus we have light-flavor events in Fig. 22. In the cases where binning was
observed 0.087-0.133 leadirg*/K*® per jet with x,, different for the two hadron species in a pair, the ratio was
>0.26. Similarly, the number of leading charged kaons pro_ob'talned by fitting a curve to the denominator over a region
duced in the range 0.21x,<0.77 is 0.141—0.355 per jet. €& eaclx, value in the numerator. In some cases charged
The measured normalipzed differences are compared witf’}nd neutral pseudoscalar kaons were averaged, and are de-

. A H— noted simply “K.” In all cases, charge-conjugate states are
All model reproduce the qualtatve features of our data, Fojluded In both numerator and denorminator.
P 4 : The ratios of the strange mesons to pions vary rapidly

the baryons, theiERwIG prediction drops below zero in the with X, . In flavor-inclusive eventfnot shown, the values of

range in which we have no proton coverage; this behaviofacy of these ratios vary over a similar range but show less
might be ruled out with mor\ %/ A° data. ThedERWIG and  structure, being consistent with simple powersxgffor x,
UCLA predictions rise sharply to unity at,~0.4 and are >0.04. The proton:pion ratio also varies rapidly 18
inconsistent with the proton data. For the mesons all models:0.1. The other ratios shown in Fig. 22 are independent of
are consistent with the data. X, within our errors.

of the observedk*° are nonleading, we expect an equal

TABLE XIX. Differential cross sections for the production K ° andK*° mesons in light quark jets,
along with their normalized difference.

Xp K*9/K*° Production inu,d,s Jets
Range (Xp) K*O0 K*0 Dicxo
0.018 — 0.048 0.033 2.56:0.94 2.69+0.95 0.04+0.29
0.048 — 0.088 0.068 1.640.36 2.40+0.38 0.18-0.14
0.088 — 0.149 0.118 1.13*+0.22 0.88+0.22 -0.1*0.17
0.149 - 0.263 0.206 0.3180.087 0.4470.095 0.170.19
0.263 — 0.483 0.342 0.0530.033 0.264:0.042 0.670.18
0.483 — 1.000 0.607 0.0220.012 0.106:0.015 0.64:-0.16
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TABLE XX. Differential cross sections for the production of protons and antiprotons in light quark jets,
along with their normalized difference.

Xp p/p Production inu,d,s Jets
Range (Xp) p P D,
0.022 — 0.033 0.027 7 1.1 47+ 1.4 0.20:0.21
0.033 — 0.044 0.038 5.76 0.52 4.83+ 0.51 0.09:0.09
0.044 — 0.055 0.049 4.1 0.44 4.07+ 0.44 0.0G:0.10
0.055 — 0.066 0.060 3.65 0.44 3.20= 0.44 0.07%0.12
0.066 — 0.088 0.077 2.692 0.30 2.31*+ 0.30 0.08:0.11
0.088 — 0.121 0.101 1.82 0.29 1.99+ 0.30 —0.04:0.14
0.230 — 0.274 0.251 0.618 0.078 0.292+ 0.072 0.36:0.15
0.274 — 0.318 0.295 0.38F 0.056 0.157+ 0.053 0.42:0.18
0.318 — 0.384 0.348 0.25F 0.035 0.099+ 0.033 0.44-0.18
0.384 — 0.471 0.423 0.11F 0.020 0.076+ 0.019 0.210.19
0.471 — 0.603 0.527 0.076 0.010 0.025+ 0.009 0.470.19
0.603 — 0.768 0.668 0.018 0.004 0.001+ 0.004 0.85:0.42

The K%:K™* ratio differs significantly from unity over the malization difference from the data of about 20%. Similar
range 0.03x,<0.09, averaging 0.860.03; we observe a differences in the model predictions for theK ratio cannot
similar difference in flavor-inclusive eventaot shown, as  be resolved with the current statistics. No model reproduces
has been observed previoudly]. Assuming that primary the measuredK®:K™* ratio; all predict a roughly constant
charged and neutral kaons are produced equally in the fragralue of 0.98 in the range of our measurement. All models
mentation process, this implies that some hadron species jgedict a larger value of th&*:K ratio at the highest;,
produced that decays preferentially into charged kaons. Oysoint than is observed in the data. A similar set of compari-
measured cross sections indicate that decay$ aind K* sons for flavor-inclusive eventaot shown yielded the same
mesons would each account for on0.01 of the difference conclusions.
from unity. Decays oD andB hadrons cannot be the source  These ratios can be used to study the suppression of bary-
of this difference since they have been excluded explicitly. ons, vector mesons and strange hadrons in the fragmentation

The predictions of the three fragmentation models are alsprocess. Quantifying such suppression at the primary frag-
shown in Fig. 22, and all describe the qualitative features ofentation level is problematic due to possible effects of dif-
the data. TheeTseT prediction for each ratio involvind(* ferent masses of the two hadron species in the ratio and the
or ¢ mesons differs from the data by a large normalizationfact that decay products populate a differeptregion than
factor, and those predictions have been scaled by factors deseir primary parents. We therefore used tis@sETmodel,
rived from Fig. 15 in order to compare the momentum de-in which there are tunable parameters controlling the relative
pendence with that of the data. All models underestimate theroduction of baryons, strange hadrons and vector mesons,
slope of theK:7* ratio, but reproduce those of thg:7™ to extract suppression parameters in the context of that
andK*:7™" ratios, overestimating the latter ratio only at the model. We first considered the relative production of pseu-
highestx,, point. Thex, dependence of the:7" ratio is  doscalar P) and vector {/) mesons, traditionally expressed
reproduced by all models at low,, but only by theJETSET  in terms of the parametd?,=V/(V+P). Since we might
model forx,>0.2. However theeTSETmodel shows a nor-  expect that measured ratios are not the same at veryxhigh

TABLE XXI. Differential cross sections for the production &f® and A° hyperons in light quark jets,
along with their normalized difference.

Xp A% A° Production inu,d,s Jets
Range (Xp) A° A0 D o
0.010 - 0.030 0.022 0.65:0.16 1.05+0.17 -0.230.18
0.030 — 0.050 0.040 0.86:0.13 0.91+0.13 -0.03:0.14
0.050 — 0.070 0.060 0.5290.084 0.555-0.084 -0.020.14
0.070 — 0.100 0.083 0.3@30.057 0.46& 0.060 -0.21#+0.14
0.100 — 0.140 0.118 0.3210.053 0.3190.054 -0.0%0.16
0.140 - 0.180 0.158 0.1900.048 0.15%0.047 0.0%0.25
0.180 — 0.300 0.227 0.1710.034 0.09&0.032 0.270.23
0.300 — 0.500 0.368 0.09600.022 0.01x0.019 0.75%0.37
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FIG. 22. Ratios of measured differential cross sections for vari-
ous pairs of hadron species in light-flavor events, along with the
predictions of the three fragmentation models. In all cases the
charge-conjugate states are included in both numerator and denomi-
nator. Here, “K” denotes the average ¢f%/K° and K*. The
JETSET predictions for theK*:7*, ¢:r*, ¢:K* andK* K ratios
have been scaled by factors of 2/3, 1/2, 4/3 and 2/3, respectively
(see texk, in order to clarify the comparison of the momentum

. . . dependence.
FIG. 21. Normalized differences between hadron and antihadron

production in light quark jets. The thin dot-dashed linesdnand  ratios with the predictions of theeTsSET model asPg was
(d) represent the fit to the baryon data scaled by the dilution factoggried yielded the measurdt values listed in Table XXIII.
of 0.27 described in the text. Also shown are the predictions of therhe four values extracted from thge 7 ratio are consistent.
three fragmentation models. The value from theA:K ratio in light-flavor events is con-

] o sistent with these four, but that in flavor-inclusive events is
where leading hadron production is important, as they argjightly larger.
lower x,,, we defined a}‘rbltra_rlly”a “fragmentation” region,  |nformation on the suppression of strangeness is available
0.05<x,<0.25, and a “leading” regionx,>0.45. In each  from several of our measurements. It is conventional to de-
region we averaged our measuiet:K ratio, and compared  fine a suppression factar, as the probability of creating an
it with those obtained in the same region from UETSET ssfrom the vacuum, relative to that of creatingia or dd,

gtenefratotr run with a sern\e/\s/ OT |tnput Ivatlu(;e? c;f Z\Sparallm— at a given point in the fragmentation process. As has been
eter for strange mesons. We interpolated to findRpevalue zuggested in Ref36], the normalized production difference

at which the model prediction for each ratio was equal to tha see Sec. VIl at highx, between a strange hadron and its

measured in the data, and these values are listed in Tab thtihadron in light quark jets provides a robust way of inves-

>.<X” for the two x;, regions and for both flavor-mcluswe and tigating strangeness suppression for any neutral hadron, such
light-flavor events. The two measurements in each momen-

tum range are consistent, but tRg value measured in the 25 K’.k O/K*.O’ that IS unlikely 1o be a decay prodgct of a
fragmentation region is significantly higher than that mea N1€8ViEr primary particle. If we assume leading particle domi-
sured in the leading region for both flavor categories. nance, so thak*° can be produced only isandd jets, and
We next considered the relative production of bary@)s that the relative production id jets is suppressed by a factor
and mesons(M), in terms of the parametePz=B/(B of ys, then we expect the normalized difference to be
+M). A similar set of comparisons of oy:7 and A:K Dixo=(1—vy)/(1+vys). From our point in the bin
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TABLE XXIl. Measurements of the vector-meson fractiey TABLE XXIll. Measurements of the baryon fractidg in the

extracted from the measurdd :K production ratio in the context context of theJeTseTmodel.

of the JETSETmodel.

Baryon:Meson Production Paramefg

Pseudoscalar:Vector Production Paramégr Ratio xp Range inclusive light-flavor

X, Range inclusive light-flavor N
p:m 0.055-0.165 0.0760.003 0.074:0.004
0.055-0.219 0.4050.020 0.43%0.033 A K 0.061-0.237  0.10t0.003  0.08%0.005
0.439-1.000 0.2260.029 0.27%0.029 p: 0.493-0.987  0.08t0.006  0.081 0.009

0.5<x,<1 we used this equation to derive a “direct” mea-
surement ofy,=0.26+0.12, where we first scaled our given = — i o
Do value by 0.923 to account for the fact that we assumed/P data at highx, were used to test the predictions of
contributions fromu, d ands jets in the original unfolding, Gribov and Lipatov for the shape of the distribution of
whereas we now assume ordyands contribute. Similarly, ~Primary leading hadrons ag,—1. We find the predictions
assuming dominant production of leadiKg~ and account- of the theory to be consistent with the flavor-inclusflight-

ing for the different branching fraction and forward- flavor) meson data fox,>0.66 (x,>0.47) and with the pro-
backward asymmetry of up- and down-type events, one exton data forx,>0.43 (x,>0.38). The shape of thé=
pects 1.0D-=(1—0.55y)/(1+0.77ys). From this we —In(x,) distribution for each hadron species in events of
derive ys=0.41+0.17, using ourDy- data in the range each flavor is consistent with the Gaussian form predicted by
0.47<x,<0.77. MLLA QCD +LPHD near its peak. The peak positio&s

We also used theeTsETmodel to predict the normalized for each hadron species in light-flavor events are more con-
differences as a function of;, and to extract from our mea- sjstent with a monotonic dependence on hadron mass than
suredDiyxo and Dk - the vy values listed in Table XXIV. those in flavor-inclusive events.

Also listed in Table XXIV areys values extracted in the Using the large forward-backward asymmetry induced by
context of theJETSET model from our measured:7",  the polarized SLC electron beam to separate light quark from
¢:K* andA:p ratios. For each ratio, the values derived fromlight antiquark hemispheres, we have updated our measure-
the flavor-inclusive and light-flavor events are consistentments of hadron and antihadron production in light quark
However there is a significan, dependence in the values jets. Differences are observed at highbetween baryon and
obtained from theK:7* ratio in both flavor categories, and antibaryon production, which is evidence for the production
there are several other significant differences between paiksf leading baryons, i.e. baryons that carry the quantum num-
of values from the same flavor category. This indicates thabers of the initial quark. Differences are also observed for
the JETSETmodel cannot accommodate all of our data with aboth pseudoscalar and vectérmesons, which indicate not
single ys value and all other parameters set to their defaulionly leading production of these two hadron species but also
values. that leading strange mesons are produced more often from
initial s quarks than from initiali or d quarks.

Our data were used to test the predictions of three frag-
mentation models with default parameters. In most cases
. these simulations reproduced the data to within a few per-

W_e have measur_ed the Broductlon_of the seven hadro([:1ent. However theeTsET7.4 model predicts too man&y/ﬂ
speciesr™, K=, KYK®, K*9/K*0 ¢, p/p, andA%A° as a
function of scaled momentum, over a wide range in had-
ronic Z° decays. The SLD Cherenkov Ring Imaging Detec- i
tor enabled the clean and efficient identification of stable 1ABLE XXIV. Measurements of the strangeness suppression
charged hadrons, yielding precise measurements of their préa_lctorys in the context of theeTseTmodel. The notatiol, refers

duction cross sections, as well as the identification of relal® e normalized differences discussed in Sec. VIIl.

tively clean samples of the strange mes#rtd/K*° and ¢

of B andD hadron production and decay. O, K* and

X. SUMMARY AND CONCLUSIONS

Strangeness Suppression Factay,

reconstructed in decay modes containing charged kaons. OurRatio

- ) _ ) X, Range inclusive light-flavor

measurements of differential production cross sections, total
cross sections and ratios of production of these hadron spe-Dixo 0.482-1.000 - 0.1940.141
cies in flavor-inclusive hadroni@® decays are consistent Dy- 0.493-0.768 - 0.2480.110
with averages of those from experiments at LEP. Ko 0.055-0.219  0.2360.016  0.266:0.014
Using the SLD vertex detector to isolate high-purity light-  ¢:K* 0.048-0.263 0.1680.027  0.184-0.052
andb-tagged event samples, we have measured the produc:p 0.050-0.182  0.3390.014 0.311%0.032
tion of these seven hadron species in liglt-and b-flavor K:mt 0.493-0.768 0.5750.084  0.4830.091
events. Significant differences between flavors were found, ¢k 0.482-1.000 0.16600.060 0.2390.075

consistent with expectations based on the known properties
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