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%'e report measurements of single-particle inclusive spectra and two-particle correlations in de-

cays of the Y(1S) resonance and in nonresonant annihilations of electrons and positrons at center-
of-mass energy 10.49 GeV, just below BB threshold. These data were obtained using the CLEO
detector at the Cornell Electron Storage Ring (CESR) and provide information on the production of
m, K, p, K, P, p, A, and:- in quark and gluon jets. The average multiplicity of hadrous per event
for upsilon decays (compared with continuum annihilations) is 11.4 (10.5) pions, 2.4 (2.2) kaons, 0.6
(0.5) p, 1.2 (0.8) K*, 0.6 (0.4) protons and antiprotons, 0.15 (0.08) P, 0.19 (0.07) A and A, and 0.016
(0.005):" and:"+. We have also seen evidence for tl and f production. The most significant
differences between upsilon and continuum final states are (1) the inclusive energy spectra fall off
more rapidly with increasing particle energy in upsilon decays, (2) the production of heavier parti-
cles, especially baryons, is not as strongly suppressed in upsilon decays, and (3) baryon and anti-
baryon are more likely to be correlated at long range in upsilon decay than in continuum events.
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I. INTRODUCTION

The cross section for the annihilation of electrons and
positrons into hadronic final states shows three narrow
resonances in the center-of-mass energy range between
9.46 and 10.35 GeV, corresponding to the three 5 bound
states of the bb system, the Y(1S), Y(2S), and Y(3S).
The Y(2S) and Y(3S) states can decay to the Y(1S), but
the strong decays of the Y(1S), which amount to about
80%%uo of all Y(1S) decays, must proceed through the an-
nihilation of the b and b quarks to final states containing
hadrons made of lighter quarks. In the lowest order of
quantum chromodynamics (QCD), these strong decays go
through an intermediate states of three gluons. ' The ob-
served decay products are then the result of the hadroni-
zation of the gluons. There is evidence that the directions
of the final hadrons preserve some memory of the direc-
tions of the three gluons, but at the energy of the upsilon
the three hadron jets are typically rather broad and over-
lapping.

Electron-positron annihilation at energies away from
the resonances proceeds through the single-photon inter-
mediate state to the creation of a quark-antiquark pair
which subsequently hadronizes into the observed final-
state particles. In this case, the hadrons are emitted gen-
erally into two opposite jets centered on the directions of
the quark-antiquark pair, provided that the quark masses
are small compared with the total center-of-mass energy
in the e+e collision. At energies above 10.54 GeV the
annihilation can produce bb pairs, which near threshold
do not result in collimated jets but form pairs of B
mesons and other excited states.

In this paper we study and compare the energy spectra
and correlations of various hadron species from two data
samples obtained with the CLEO detector at the Cornell
Electron Storage Ring (CESR): (a) the strong decays of
the Y(1S), representing the hadronization of three gluons
of total energy 9.46 GeV, and (b) the nonresonant annihi-
lation of e+e in the center-of-mass energy range be-
tween the Y(3$) and the BB threshold, representing had-
ronization of quark-antiquark pairs (uu, dd, ss, or cc)
with total energy 10.49 GeV. We will emphasize the at-
tempt to understand the mechanisms for production of
strangeness and baryon number in quark and gluon had-
ronization. Certain related topics, covered in other publi-
cations, will not be covered in detail in this paper: event-
shape analyses (thrust, triplicity, etc.), gluon bremsstrah-
lung, charmed-meson production, e+e annihilation
above the BB threshold, and decays of higher upsilon
states.

II. DESCRIPTION OF THE CI.EO DETECTOR

Figure 1 shows sections of the CLEO apparatus perpen-
dicular and parallel to the colliding beams. Detailed
descriptions of its various components have been pub-
lished elsewhere. We will therefore describe the detector
only brieAy in this paper.

A. Inner detector

A 3.2-m-long, 2-m-diameter superconducting solenoid
produces a 10-kG longitudinal magnetic field uniform
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FIG. 1. End and side views of the CLEO detector.

(5pz/pT) =[0.01p (GeV')] +0.01

The first term is the curvature error due to position reso-
lution in the drift chamber (about 200 pm), and the
second term comes from multiple scattering in the
chamber. The efficiency per cylinder is typically 90%%uo,

over the volume of the tracking chambers (described
below) to better than 0.5%. The radial thickness of the
coil is 0.7 radiation lengths or 0.16 pion nuclear interac-
tion lengths.

Inside the solenoid are proportional and drift chambers
for tracking charged particles, - and shower detectors
mounted on each magnet pole to detect and measure the
energy of photons and electrons produced at small angles
to the beam.

The cylindrical drift chamber is the principal device for
measuring momenta of charged particles. It has an inner
radius 0.17 m, outer radius 0.95 m, and length 1.93 m.
Sense wires form 17 concentric equally spaced cylinders
of which 9 have axial wires and 8 have wires slanted at
+2.915' to the longitudinal axis. The solid angle for par-
ticles which reach at least the seventh cylinder is
0=0.92 && 4m. steradians. The transverse-momentum reso-
lution (rms) for particles which pass through 17 cylinders
(0=0.73)&4m) is
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the inefficiency coming from dead wires or electronic
channels, bad calibrations, overlapping tracks, decays, and
the tails of the spatial resolution function.

A proportional wire chamber surrounds the 2-mm-
thick, 15-cm-diameter aluminum beam pipe. It consists
of a triplet of nested cylindrical proportional wire
chambers, with anode wires parallel to the beam line. The
cathodes consist of 5-mm-wide strips in the form of hoops
that encircle the beam axis. Information from the anode
wires is used as a part of the fast trigger, in the event fil-
ter to reject events due to interactions of off-energy elec-
trons with the walls of the beam pipe, and as an aid in
track finding. Low-momentum charged hadrons can be
identified by use of the pulse-height information from the
anode wires.

The pole-tip shower detectors comprise one of three sets
of shower counters in CLEO. The other two are identi-
fied as octant shower detector and octant end shower
detector in Fig. 1. They are all made of rectangular pro-
portional tubes interleaved with lead sheets. Table I gives
the specifications of the various shower detectors.

Surrounding the beam pipe at a distance of 2.0 m on
each side of the interaction point are four scintillator tele-
scopes, which detect small-angle elastic (Bhabha) e+e
scatters. For any data run, the ratio of the number of
coincidences to the QED Bhabha-scattering cross section
defines the time-integrated beam luminosity.

B. Outer detector

Outside the magnet coil in order of increasing distance
from the interaction region are the following outer-
detector components.

(1) Three drift-chamber planes. These provide a mea-
surement of the longitudinal coordinate for charged-
particle tracks and help to identify hadrons and photons
which have interacted in the coil.

(2) dE/dx chambers. These are multiwire proportional
chambers filled with 91% argon, 9% methane and operat-
ing at 45 psi. 117 samples of dE/dx are measured over a
total path length of 79 cm. The rms resolution in the
mean of the lowest 50% of pulse heights for tracks with
at least 90 samples is 5.8%. This measurement together
with the momentum measurement in the drift chamber
provides particle identification over the momentum
ranges shown in Table I.

(3) Time-of-flight scintillation counters. A total of 96
counters are located at about 2.3 m from the interaction
region. Each scintillator is 25-mm thick, 2.032-m long,
and 31.8-cm wide and is viewed by a single photomulti-
plier. They cover the polar angle range from 45' to 135'
in two segments, and the full azimuthal range in 48 seg-
ments. The rms time resolution is 400 ps. Time-of-flight
measurements provide an independent means of particle
identification. The scintillation counters are also used in
several of the trigger options.

(4) Electromagnetic shower counters. These are the
principal shower counters of the detector. They cover a
solid angle A=0.47X4m steradians and are essential for
both electron and neutral-pion identification. They are
used in the trigger, and provide the most reliable absolute
measure of luminosity.

The four components discussed thus far are located
outside the coil and are assembled in octants. Each octant
is a structural unit which includes all its associated elec-
tronics.

TABLE I. CLEO detector specifications (resolutions are rms).

Charged particles: drift and proportional chambers

0/4m
(5pz/pT) with 8=10 kG
M (radians)
5$ (radians)

0.92
[0.012 p (CxeV)] + 0.012
0.01 sin 0 for 45 & 0 & 135'
0.002

Photons and electrons: proportional tubes and lead
Octant Octant end Pole tip

0 (degrees)
Q/4m
5E/V E (CxeV' )

50 (radians)
2y separation (radians)

&55
0.47
0.17
0.003
0.08

40—50
0.11
0.65
0.003
0.03

13—30
0.12
0.38
0.003
0.03

Hadron identification:

Q/4m
Resolution

p (GeV) for m/K

p (GeV) for E/p
p (GeV) to traverse coil

Scintillators

0.56
400 ps

& 1.0
& 1.45

m &0.2, K &0.45,

dE/dx proportional chambers

0.56
5.8%
& 0.8

& 1.35
p & 0.65

Muon identification: drift chambers

0/4m
E (GeV) to traverse iron

0.78
1—2
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(5) Muon detector. The iron of the magnet is part of
the hadron absorber for the muon detector. Drift
chambers are located at various depths in the iron to
detect penetrating charged particles. Some chambers are
mounted directly on the magnet yoke and others are on
four movable carts carrying additional iron.

III. SELECTION
OF HADRONIC ANNIHILATION EVENTS

A. The hardware trigger

The beams intersected in the center of the detector
400000 times per second. An appreciable fraction of
these beam crossings were accompanied by a signal in
several of the 20000 data channels, representing ioniza-
tion collected by various drift-chamber or proportional-
chamber wires, or scintillation counters. It would have
been prohibitively time consuming to read out, record,
and analyze all of' these signals. We relied on a sophisti-
cated trigger system to decide whether there might be an
interesting event to be saved.

Five components of the CLEO detector provided sig-
nals to the trigger system: the inner cylindrical propor-
tional chamber surrounding the beam pipe, the large
cylindrical drift chamber, the time-of-flight scintillation
counters, the electromagnetic shower detectors arranged
in octants, and the shower detectors mounted on the mag-
net poles. Charged-particle triggers were obtained from
the fast track-segment processor, which in 1.5 ps found
track candidates in the inner proportional chamber and
the cylindrical drift chamber. Typically, either one of
the following two conditions constituted a valid trigger
for hadronic events: (1) three processor tracks and hits in
at least two octants of time-of-flight scintillators within
110 nsec of the beam crossing time, or (2) any two proces-
sor tracks, and hits in two opposite time-of-flight half-
octants.

Condition (1) was the principal trigger for hadronic
events. Condition (2) was designed to detect muon pairs;
about 85% of the hadronic events pass it as well. Several
other trigger conditions were also enabled. These were
optimized for QED processes and for events with a large
neutral energy fraction, and are of no relevance for our
present measurements. With these conditions the total
trigger rate was generally between 1 and 2 Hz.

The CLEO trigger as described above was sensitive to
events with a charged multiplicity of at least three, pro-
vided at least two charged particles were within the S6%
solid angle covered by the time-of-flight scintillators and
had sufficient range to penetrate the solenoid coil. Events
with just two charged tracks could trigger only if the two
tracks were nearly collinear and hit the time-of-flight
counters, or at least one particle (charged or neutral) depo-
sited more than 1 GeV in the octant shower detector sys-
tem, covering 47% solid angle. An event with no trigger-
able charged particles could be recorded only if more than
1 GeV of energy was deposited in each of two octants or
ends of the shower detection systems. It was unfortunate-
ly not possible to run the CLEO detector using an unre-
stricted two-charged-particle trigger, without an unaccept-
able background rate.

B. Analysis cuts

The data recorded by the hardware trigger included not
only the desired hadronic annihilation events, comprising
about 3% of the total sample [up to 20%%uo when running
on the Y(1S)], but also background from beam-gas and
beam-wall collisions, cosmic rays, QED processes (e+e
p+p, r r, e+e y, etc.), and the two-photon-collision
process (e+e ~e+e X). We imposed requirements on
the reconstructed events in order to reduce or eliminate
these backgrounds.

The CLEO data-reduction program reconstructed
charged-particle tracks from the cylindrical-drift-chamber
data, determining the momentum components for each
charged track in -its sensitive volume, corresponding to
30'&8&150' and p& 100 MeV/c. Using data from the
detector components outside the solenoid coil, it also
reconstructed photon showers over about 60% of the full
solid angle, and identified e, p, rr, K, and p within favor-
able momentum and angle ranges.

To be accepted as a hadronic annihilation event for the
purposes of the work described in this paper, an event had
to satisfy the following requirements.

(I) Track quality Charge. d-particle track candidates
reconstructed in the large cylindrical drift chamber can be
categorized as bad, poor, good, or excellent. A bad track
candidate was one for which only the transverse (r, P)
projection could be reconstructed; there was no matching
longitudinal (r,z) projection obtained from the slanted
stereo wires. Such candidates were usually spurious
reconstructions from uncorrelated wire hits, and were not
included in the eventual data sample. A poor track was
one which failed at least two of the following four cri-
teria: an extrapolated zo at the beam line within 50 mm
of the origin (nominal beam intersection), an extrapolated
radius ro of closest approach to the beam line less than 5
mm, a rms residual less than 0.7 mm in the fit to a helix,
and fewer than 10 missing hits along the track. All other
tracks were called good, except those with ro & 1.5 mm,
which were labeled excellent. To be accepted an event had
to have at least one. excellent track, and the ratio
(bad + poor)/(excellent + good + poor) had to be less
than 1.15. In addition, we required that at least 15% of
the drift-chamber wire hits be associated with reconstruct-
ed tracks (not including bad tracks). The track quality re-
quirements strongly suppressed background from beam-
wall collisions which produce showers in the beam pipe
resulting in many unreconstructable hits in the drift
chamber. Essentially all hadronic events passed.

(2) Vertex. After the track pairs which reconstruct as
Kz or A decays or as photon conversions had been exclud-
ed, the remaining charged tracks were fit to a common
event vertex. To be accepted this vertex had to be within
2 cm of the beam line in x and in y and within 5 cm long-
itudinally of the nominal beam intersection. This cri-
terion rejected most beam-gas, beam-wall, and cosmic-ray
events, and had practically no effect on the efficiency for
hadronic events.

(3) Visible charged multiplicity An accepted eve. nt had
to have at least three detected charged tracks (excellent,
good, or poor). The track count included the secondaries
from K& and A decays but excluded recognized photon
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conversions. We also rejected events having three or more
charged prongs in which two of the particles had high en-

ergy and were oppositely directed while the remainder had
very low energies. This was done by requiring that the ra-
tio R2 of Fox-Wolfram moments' H2/Ho be less than
0.98. R2 is a convenient measure of the "two-jet" charac-
ter of the event; it becomes 1.0 in the limit of an ideal
two-body final state. The multiplicity requirement elim-
inated most e+e and p+p events and most cosmic
rays and considerably reduced the rate from r+r and the
two-photon process. The R2 requirement suppressed ra-
diative Bhabha events (e+e y) in which the photon had
converted. These cuts have a significant effect on the ac-
ceptance for hadronic events, which we must correct for
(see Sec. III D below).

(4) Visible energy. This included the sum of the ener-
gies of all charged tracks reconstructed in the drift
chamber (assuming pion masses), plus the energies of all
detected electromagnetic showers unmatched to charged
tracks. For hadronic annihilation events the visible ener-

gy should be close to the center-of-mass beam energy W,
except for the effects of measurement error, gaps in the
geometrical aperture, missing KL, n, and v. Actually, we
observe a broad distribution centered somewhat below 8'.
To be accepted, a hadronic event had to have a visible en-

ergy at least 30% of W. We also required that the energy
recorded in the octant shower counters be between 0.25
and 10.5 GeV. These requirements suppressed back-
ground from beam-gas, beam-wall, cosmic rays, r+r
and the two-photon process. We must correct, however,
for the 2% portion of the desired hadronic annihilation
events which failed to show enough visible energy because
of the loss of particles from the accepted solid angle.

(5) Visible momen-tum balance Excep. t for the effects
of undetected particles and momentum measurement er-
ror, hadronic annihilation events should balance momen-
tum. Since beam-gas, beam-wall, and cosmic-ray events
involve an initial net momentum, their products in the
detector will not balance in general, nor will two-photon-
collision events in which the outgoing electron and/or
positron is emitted at too small an angle to be detected. A
convenient measure of the momentum imbalance is the
ratio R I of Fox-Wolfram moments' HI /Ho, R

&

——0 for
a perfectly balanced event. We required that an accepted
event have R& &0.4. About 2% of hadronic events failed
this requirement, usually because of undetected particles.

(6) Radiatiue Bhabha exclusion. After the application
of the above requirements the data sample still contained
a contamination from radiative Bhabha scattering
(e+e y) followed by photon conversion or showering in
the beam pipe. To eliminate this remaining background
we rejected all events of observed multiplicity &6 which
contained two oppositely directed high momentum
showering charged tracks. Although this had little or no
effect on the acceptance for hadronic annihilation events
from the Y(1S) or the continuum, which are our concern
in this paper, such a requirement would have been inap-
propriate for Y(2S) and Y(3S) running, since it rejected
events in which the higher upsilon state decayed via mm or
y emission to the Y(1S) followed by Y(1S)~e+e

Not all of the above requirements were applied to the

data after the events were completely reconstructed. In
order to reduce the computation time spent in trackfind-
ing for bad events, we applied each cut as early as possible
in the analysis chain.

ls I I I I I
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FIG. 2. Typical distribution of reconstructed vertices of
e+e hadronic annihilation events along the beam axis. The
acceptance requirement in this variable (

~

z
~

& 5 cm) is relaxed
in order to display the distribution.

C. Backgrounds

The continuum event sample surviving the analysis cuts
listed above contains less than 0.6% of events which are
not beam-beam collisions: that is, beam-gas, beam-wall,
and cosmic-ray events. This is seen from the distribution
of the longitudinal (z) coordinate of the reconstructed ver-
tices (Fig. 2) for events which passed all of the require-
ments except the z vertex cut, which was ignored in this
plot. The flat rate at large

~
z, ~, extrapolated under the

main peak within the cuts, gives the quoted background
level.

From a visual scan of a subset of the accepted continu-
um event sample we estimate that the contamination of
radiative Bhabha events is less than 3%. The remaining
background comes from the r+r and two-photon pro-
cesses. Both contribute mainly to the low multiplicity
channels and are often indistinguishable from low multi-
plicity hadronic annihilation events. We have simulated
both processes with Monte Carlo programs. In the case of
e+e ~r+r the production cross section ( R = 1) and
decay branching ratios" are well known. The cross sec-
tion and event topologies for e+e ~e+e X can prob-
ably be estimated within 20%. In both cases we propagat-
ed generated events through a simulation of the CLEO
detector, taking account of the bending of charged parti-
cles in the solenoid field, ionization energy loss and
Coulomb scattering by charged particles, radiation by
electrons, Compton scattering and pair production by
photons, nuclear absorption, and decays. Secondary parti-
cles from radiation, pair production, and decay were also
tracked. The calculation was carried through in detail for
the tracking chambers inside the solenoid, including the
simulation of raw data with the known sense wire effi-
ciencies and resolutions. In the outer detector simplified
algorithms were used, taking account only of the
geometry and the generalized performance of the detector
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modules, since a detailed following of the history of each
particle would have been rather time consuming and un-
necessary for the acceptance calculation. The simulated
data were analyzed just as if they were real data events, in
order to determine what fraction pass the various criteria
listed above for hadronic annihilation events. The results
for the contribution to the apparent R value from the two
processes are AR =0.17+0.02 for g+z and
DR=0.12+0.05 for the two-photon collisions. Including
all backgrounds, the net estimated contamination in our
continuum hadronic annihilation data sample is 7%.

All of the backgrounds we have mentioned are practi-
cally independent of beam energy over the range 8'=9 to
11 GeV. When we derive a rate for the Y(1S) decays by
subtracting the measured continuum rate from the rate
measured at the peak of the resonance, we automatically
subtract all backgrounds as well. The resonance event
rates can therefore be considered background free.

D. Acceptance

The Monte Carlo program, which simulated the non-
resonant production of hadrons, generated jetlike events
using the Lund version' of the Feynman and Field
model' for quark fragmentation. The primary pair was
produced with a probability proportional to the square of
the quark charge, and defined an axis in space, the jet
axis, which was preserved throughout the hadronization
chain. Subsequent quark-antiquark pairs were generated
with a Gaussian distribution of transverse momentum
having a root-mean-square value of 350 MeV/c. Each
generated antiquark combined with the quark from the
preceding generation to form a meson. Baryon produc-
tion was included by generating diquark pairs. The spin
of each meson was chosen randomly, either zero or one
with equal probability. The transverse momentum of the
meson was the vector sum of the quark and antiquark
transverse momenta. Finally, the longitudinal momentum

pl of the meson was determined using the Field-Feynman
fragmentation function' f (xF). The variable xF is the

E+pl. of the meson, divided by that for the whole jet,
and f(xF) gives the probability density (per unit xF) for
the created meson. Energy and momentum were con-
served at each step of the chain. The model allows gluon
bremsstrahlung, the fragmentation of the gluon proceed-
ing similarly to quark fragmentation.

The simulation of the three-gluon-mediated decay of
the upsilon proceeded as follows. Each of the three
gluons decayed into a quark-antiquark pair, then a quark
from each gluon together with an antiquark from one of
the other gluons hadronized in the qq center-of-mass
frame in the same manner as a continuum produced qq
pair of the same center-of-mass energy.

The Monte Carlo program tracked each produced parti-
cle through a simulation of the CLEO detector, taking ac-
count of the same physical processes discussed above in
connection with the simulation of the backgrounds. We
produced artificial raw data, which we then reconstructed
with the same programs used on the real data, determin-

ing the acceptance from the proportion of events satisfy-
ing the analysis cuts. Since the analysis requirements
were more stringent than any of the hardware trigger con-

ditions, we ignored any additional effect of trigger accep-
tance. In a previous publication we have discussed in de-
tail the tests of the validity of our Monte Carlo simulation
and the systematic uncertainties. We estimate a systemat-
ic error of 2%, by noting the effect of making variations
in the Monte Carlo input assumptions which did not sig-
nificantly alter the agreement of the distributions com-
pared with data. The overall acceptance for continuum

qq events is 79.6%; for the upsilon decays into ggg it is
89.4%%uo. Figure 3 shows the acceptance as a function of
the observed number of charged tracks.

E. Data samples

The continuum data correspond to a total accumulated
luminosity of 17.3 pb ' of running at energies between
the Y(3S) resonance and the 88 threshold (see Table II
for details), a range of 0.18 GeV centered on W=10.49
GeV. The number of observed events satisfying our cri-
teria, 55 328, becomes 51 188 after background subtraction
and yields a net 64306 after acceptance correction (Table
II).

For most of the results reported here the Y(lS) data
sample consists of 2.65 pb ' of running at the peak of the
resonance, 8'=9.46 GeV. The number of observed events
passing our analysis cuts was 61193. This is reduced to
50742 after subtracting the continuum contribution, ob-
tained by rescaling the raw number of events observed in
the continuum running to account for the integrated lumi-
nosity and the 8 dependence of the continuum cross
section (see Table II). This subtraction also corrects for
any nonresonant backgrounds, since they should contri-
bute equally to the upsilon and continuum rates. The up-
silon number is further reduced by 10.4% to give 45465,
the estimated number of "direct" hadronic decays. The
10.4% is the fraction of observed upsilons decaying elec-
tromagnetically through quark-antiquark pairs, calculated
from the leptonic branching ratio 8&z ——0.028+0.003, '

the measured R value (3.8+0.3) in the nearby continuum,

J J J 1 j I J l J J I I l $ J

—Cont inuurn
event
acceptance

I.O e e ~~ e ewe ~

0.6—

I t l I l J J I J I J f J J

5 IO

Charge Multiplicity

I5

FIG. 3. The acceptance of continuum hadronic annihilation

events as a function of the number of charged tracks seen in the
detector.
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TABLE II. Data samples.

Continuum V(1S)

Minimum center-of-mass energy 8' (GeV)
Maximum 8' (GeV)
Mean energy 8' {GeV)
Integrated luminosity L (nb ')
Background scaling factor r =L,„P' /(L, ffM~ )

Events passing acceptance requirements
Background to be subtracted
Events after subtraction

fr =(Y~qq)/(Y~total)
Events from Y "direct" = (1 fr )N~-
e= event acceptance
Corrected number of events

10.376
10.558
10.49

17 252

55 328
4140=0.24L

51 188

0.796
64 306

9.456
9.463
9.460

2651
0.1889

61 193
10451=rN, ff
50742= X~

0.104
45 465

0.894
50 856

and the relative acceptance a =ezq/essg ——0.89+0.03 for
the continuum and direct-decay events:

fr RB„q——/(1 3B~~ ) =—0.115+0.011,

fr,b, afr/[1 ———(1 a)fr]=0. 1—04+0.013 .

Finally, after correcting for acceptance, we estimate the
number of upsilon direct decays corresponding to our in-
tegrated luminosity to be 50 856.

Since most of our results in this paper on yields of vari-
ous particle species will be quoted and compared in terms
of particles per event, these corrected numbers of continu-
um and upsilon-direct events will be used as normaliza-
tion.

IV. STABLE OR LONG-LIVED
CHARGED HADRONS: m', K, AND p

A. Hadron identification

To identify charged hadrons we used the dE/dx pro-
portional chambers and the time-of-flight scintillation

counters. The time-of-flight system is capable of separat-
ing kaons and pions over a momentum range from 0.55 to
1.00 GeV/c and identifying protons from 0.85 to 1.45
GeV/c (see Fig. 4). The dE/dx system is effective for
pions and kaons from 0.45 to 0.80 GeV/c and for protons
from 0.65 to 1.35 GeV/c (see Fig. 5). The lower limits are
set by energy loss and absorption, mainly in the solenoid
coil. The upper limits are determined by the resolution of
each device.

A particle was identified in the scintillators as being a
kaon or a proton by requiring that the candidate have a
measured time of flight within 0.8 ns of the time expected
for that hypothesis (this corresponds to two standard devi-
ations in the time measurement) and outside of 0.8 ns of
the time expected for any other hypothesis. Any particle
within 0.8 ns of the expected pion time was assumed to be
a pion.

In the octant proportional-wire-chamber modules a
track was considered to be a kaon if its measured ioniza-
tion was between —2 and + 3 standard deviations of that
expected for a kaon and outside 2 standard deviations, of
that expected for a pion. One standard deviation was typ-
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FAG. 4. Typical scatter plot of l/p, derived from measured

flight times, versus track momentum measured in the cylindri-

cal drift chamber. Interactions in the solenoid coil between the
drift chamber and the time-of-flight scintillator system are the
chief cause of the measurements which fall outside the expected
bands for m. , I(, and p.

FIG. 5. Typical scatter plot of dE/dx measured in the octant
proportional chambers versus momentum measured in the
cylindrical drift chamber. Interactions in the solenoid coil be-

tween the drift chamber and the dE/dx chamber system are the
chief cause of the measurements which fall outside the expected
bands for m, K, and p.
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ically 6% of the measured ionization. Particles were as-
sumed to be pions (with a muon background) if they came
within 2 standard deviations of the expected pion ioniza-
tion. Particles were identified as protons if the measured
ionization was within —2 and + 3 standard deviations of
that expected for protons and outside 2 standard devia-
tions of that expected for kaons or pions.

Of the tracks which were accepted as identified, about
one third were identified by both time of flight and ioni-
zation. For the remaining two thirds, one of the two sys-
tems provided no useful information, because of ineffi-
ciencies caused by track confusion, overlaps, interactions,
edge effects, and fluctuations.

Above about 2.5 GeV/c the dE/dx system can be used
only to identify pions on a statistical basis. In this region,
we could determine the number of pions by fitting a plot
of the measured dE/dx pulse heights. Figure 6 shows
one such plot, fitted with two Gaussians. Because of our
resolution, we cannot separate kaons and protons; we can
fit them with a single Gaussian. The widths and relative
separation of the two peaks were consistent with our ex-
pectations. The tail to the right of the pion peak is due to
electrons.

Low-momentum charged particles cannot reach the
time-of-flight scintillators or dE/dx chambers located
outside the coil. For these particles we used ionization in-
formation from the inner cylindrical proportional
chamber surrounding the beam pipe. This chamber pro-
vided us with three samples of dE/dx along a charged
track. We accepted a track if there was at least one hit
wire along the track in each of the three layers, and if
there was no overlap with another charged track within
two adjacent wires. We took a weighted sum of the three
pulse heights by adding —', of the lowest to —, of the mid-

die pulse height, and discarding the highest one. This
gave the same result as a maximum-likelihood calculation.
Figure 7(a) shows the distribution of squared masses cal-
culated from the weighted pulse height average and the
momentum measured in the large drift chamber, for upsi-
lon data in the x range from 0.07 to 0.08. The Landau
tail of the pion dE/dx distribution dominates even in the
mass region where one expects peaks from the kaons and
protons, so we devised a procedure for subtracting statisti-
cally the pion contribution. Figure 7(b) shows the distri-
bution for particles (pions, mainly) which had sufficient
range to reach the outer chambers. The rates for kaons
and protons were obtained by subtracting from the origi-
nal mass-squared spectrum [Fig. 7(a)] the spectrum for
pions [Fig. 7(b)] normalized to the same area below
m 2=0.08 GeV . The difference spectrum [Fig. 7(c)]
shows the contributions of the kaons and protons. Be-
cause of the high background of low-momentum protons
from beam-gas collisions, our quoted proton-and-
antiproton rates determined from the inner proportional
chamber are actually the observed antiproton rates, dou-
bled.

a) AII tracks
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dE/dx distribution
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FIG. 6. Spectrum of measured dE/dx for charged tracks in
the momentum range 3.0 to 3.5 GeV/c, plotted in terms of the
average pulse-height channel number minus the number predict-
ed for pions. The data are fitted to two Gaussians plus a Aat
background. The peak centered at 0 is interpreted as pions, the
smaller peak is due to kaons and protons, which have indistin-
guishable dE/dx at these momenta. The tail on the right is due
to electrons.

FIG. 7. Sample distributions of measured particle mass
squared, derived from the ionization energy loss in the three
layers of the beam-pipe proportional chamber and the momen-
tum measured in the large cylindrical drift chamber: (a) for all
charged particles in the momentum range 330 to 380 MeV/c; (b)
for those particles which have sufficient range to penetrate the
solenoid coil and reach the outer planar drift chambers; (c) the
difference between (a) and (b) normalized to match below
7yg =0.08 GeV .
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B. Calculation of the inclusive rate

For each particle type, and for on and off resonance
data samples, we accumulated the numbers of tracks n in
two-dimensional bins of fixed x =2@/W and fixed ob-
served charged multiplicity v. For each bin we obtained
the contribution from the upsilon resonance by subtract-
ing the raw continuum background {b.n refers to tracks in
one bin of x):

~nv'=~non —~ ~noff ~

r =L „8'off /(L fflV'f ),
the ratio of accumulated luminosities, scaled by the ener-
gy dependence of the continuum cross section. For our
data samples r was 0.189 (see Table II). We then correct-
ed the continuum yields bin by bin for the contamination
from r+r and two-photon events (up to 20% in the
lowest-multiplicity bins), evaluated by Monte Carlo simu-
lation.

At this point we subtracted the backgrounds in the up-
silon and continuum samples. For pions, these back-
grounds included muons (2 to 3%%uo of the identified pion
sample) and an insignificant contamination of electrons,
kaons, and protons. For the identified kaons, the back-
ground was mainly misidentified pions (10 to 30%%uo). It
was determined from the number of particles for which
the dE/dx and time of flight systems gave conflicting
identifications. For identified protons, the backgrounds
included misidentified pions and kaons (8 to 30%) and
protons from secondary interactions in the beam pipe or
the coil. Again, the former was measured by the number
of times the dE/dx and scintillator identifications
disagreed. The latter was essentially eliminated by strict
cuts on the extrapolated track origin and by cuts on the
angular deAection of the particle in passing through the
coil.

The subtraction for the inclusive spectrum of upsilon
"direct" is subtle, because the x spectrum from Y~qq
events scales in shape with the qq continuum spectrum
while the overall magnitude depends also on the product
of fr,b, (the acceptance corrected fraction of Y hadronic
decays going via Y—&y„;„—&qq) and the total Y rate. The
correct expression for the upsilon direct rate for a given
x,v bin is

b, nq;, b,n~ f b, (N „/N —
rr
——r)hn rr . —

For our data the coefficient of the continuum rate An, ~~

was 0.0954 (see Table II). Note that in this paper n al-
ways refers to a number of particles of some given species,
while % refers to a number of events.

In order to minimize the model dependence of our
Monte Carlo acceptance calculations we used the follow-
ing procedure to correct the inclusive distributions. The
calculations of the acceptance for two-jet and three-jet
events, described above in Sec. IIID, were tabulated also
as functions of v, the visible number of charged tracks
(excluding photon conversions). Figure 3 shows this ac-
ceptance for continuum data. We used these v-dependent

event acceptances to correct the observed yields for each
multiplicity bin, then summed over v bins starting at the
minimum v=3. For each particle, from upsilon direct
and continuum, and for each x bin this sum was then
corrected for the fraction of events which fell below v=3
in the corresponding Monte Carlo calculation. Finally,
we corrected each yield for the probability that the given
particle of specified x in an accepted event would itself be
detected. This factor was obtained for each x and v bin.
It ranged from 40 to 50% for low multiplicity events and
approached 70%%uo for high multiplicity. It included drift
chamber tracking acceptance (94%) and a geometric ac-
ceptance factor'which depended on the shape characteris-
tics of the event. The acceptance for particle identifica-
tion was determined directly from the data for pions, us-
ing a Monte Carlo simulation to correct for effects such
as differing decay rates and interaction probabilities. This
acceptance was about 35%%uo, and gave an overall probabili-
ty of 25 to 30% for finding and identifying a charged
hadron in an accepted event. Note that our method of
correcting for acceptance took account of any correlations
between the probability of observing a track of fractional
momentum x and the multiplicity of the event, with
minimum dependence on the model assumptions in the
Monte Carlo event generator. The net efficiencies for
pions, kaons, and protons including event acceptance,
geometrical aperture, and identification probability are
summarized for continuum events in Table III.

In the momentum range 0.45 to 1.45 GeV/c in which
charged hadrons are identified by time-of-Aight and
dE/dx measurements, we may divide the systematic un-
certainties into two categories, those associated with the
Monte Carlo simulation of the events and of the detector,
and those resulting from the analysis procedure itself. In
the former category we include such things as hadronic
event acceptance and backgrounds (10%%uo), particle interac-
tions in the material between the interaction point and the
outer detector (8%), the uncertainty in the momentum of
a particle due to its energy loss in the solenoid coil (4%),
and the effect of decays in flight (typically 5%). The.
latter category includes such things as the performance of
the time-of-flight and dE/dx detector elements and the
subtraction of the background due to misidentification,
and amounted to 10 to 20%, depending on the particle
type and momentum. The overall systematic uncertainty
for kaons and protons averaged 16% in the momentum
range for which we could identify them. It had a
minimum value 14% in the middle of the range and in-
creased to about 20% near the lower and upper ends. For
pions the systematic uncertainty was estimated to be 12 to
15%%uo. From point to point in the momentum spectra the
systematic errors are highly correlated. It is not too far
from the truth to think of them as a common scale uncer-
tainty affecting all the data in a given spectrum.

In the low-momentum range, in which we measured the
pion, kaon, and proton rates by ionization in the beam-
pipe proportional chamber, the systematic uncertainty
was 10 to 12% for kaons and protons, and smaller for
pions. The major contributing causes were sensitivity to
the 0.08-GeV mass-squared cut in the subtraction nor-
malization and range straggling in the solenoid coil.
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TABLE IV. Inclusive spectra (mean particles per event per unit x =2p /8'). Errors are statistical, followed by systematic.

Hadron (x) Continuum (1/N)dn/dx Upsilon (1/X)dn/dx Hadron (x) Continuum (1/X)dn /dx Upsilon (1/X)dn /dx

rCO,X O

0.06
0.08
0.10.
0.105
0.12
0.14
0.16
0.18
0.53

0.63
0.73
0.78
0.88

0.06
0.10
0.105
0.12

0.14
0.16
0.18

0.10
0.1475
0.17
0.20
0.23
0.26

0.15

0.25
0.35
0.45

0.075
0.125

60.7+ 1.5+2. 1

52.8+1.3+2.4
43.6+0.5+5.6

36.9+0.02+4.4
29.0+0.02+3.5
23.5+0.02+2. 8

19.5+0.01+2.5
1.12+0.08+0.16
0.52+0.05+0.07
0.33+0.03+0.05

0.17+0.02+0.02

3.6+0.4+0.3
4.7+0.7+0.9

5.2+0.4+0.8

5.0+0.4+0.7
5.2+0.4+0.7
3.9+0.4+1.0

0.77+0.25+0.08'
1.43+0.11+0.29
1.47+0. 10+0.22
1.19+0.07+0.18

0.98+0.09+0.14
0.75+0.21+0.20

9.4+1.2+1.7
3.8+0.5+0.4
1.5+0.3+0.2
0.91+0.28+0. 16

3.02+0. 18+0.36
3.6S+0.16+0.44

77.3+1.7+3.3
69.7+1.5+3. 1

56.7+1.3+2.6
52.9+0.04+7.4
43.8+0.04+5.7
32.6+0.04+3.9
27.2+0.04+3.3
19.7+0.04+2.6
0.29+0.05+0.04
0.09+0.02+0.02

0.017+0.008+0,005

5.8+ 1.5+0.5

5.4+0.9+1.1

6.1+0,4+ 1.0
6.4+0.4+0.9
S.3+0.3+0.7
4.9+0.4+1.2

1.45+0.30+0.15'
2.40+0.85+0.48
2.60+0.54+0.39
2.38+0.34+0.36
2.10+0.19+0.29
1.36+0.14+0.37

16.5+4.3+5.3
3.8+0.5+0.7
1.3+0.2+0.3

0.26+0.07+0.05

3.78+0.23+0.45
5.38+0.22+0.66

p0

+

0.075
0.125
0.175
0.225
0.275
0.325
0.375
0.45
0.575
0.725
0.875

0.25

0.35
0.45
0.55

0.65

0.15

0.25

0.35
0.45
0.55

0.65
0.75
0.85

0.95

0.09
0.18

0.30
0.42
0.S4

0.13+0.19+0.02
0.26+0.07+0.03
0.24+0.04+0.03
0.21+0.03+0.03
0.18+0.03+0.02
0.13+0.02+0.02
0.08+0.02+0.01
0.067+0.012+0.008
0.024+0.007+0.003
0.005+0.004+0.001
0.0+0.003+0.001

0.013+0.005+0.002
0.009+0.003+0.001
0.003+0.002+0.001
0.004+0.001+0.001
0.0013+0.0015+0.0002

1.38+0.20+0.22
0.69+0.12+0.14

0.52+0. 10+0.10
0.12+0.02+0.05
0.09+0.02+0.03
0.14+0.04+0.03
0.033+0.010+0.015
0.016+0.005+0.008

1.1+0.5
0.9+0.4
1.00+0.26
0.73+0.21
0.16+0.05

0.03+0.21+0.01
0.84+0. 11+0.10
0.75+0.07+0.09
0.61+0.05+0.07
0.50+0.04+0.06
0.34+0.04+0.04
0.25+0.03+0.03
0.137+0.017+0.016
0.027+0.007+0.003
0.001+0.003+0.001
0.001+0.003+0.001

0.066+0.015+0.007
0.014+0.011+0.002
0.009+0.007+0.001
o.ola+o. oos+o. ool
0.0040+0.0032+0.0005

1.90+0.43+0.69
1.22+0. 18+0.37
1.12+0.19+0.23
0.49+0.09+0.13
0.17+0.03+0.05
0.08+0.02+0.03

1.4+0.5

0.9+0.5
0.99+0.24
0.33+0.14
0.09+0.09

0.175
0.225
0.275
0.325
0.375
0.425
0.475
0.525
0.575
0.625
0.675
0.725
0.775
0.825
a.8s
0.875

2.91+0.13+0.35
2.31+0.11+0.28

1.74+0.13+0.21
1.30+0.08+0.16

0.93+0.06+0.11
0.60+0.05+0.07
0.50+0.05+0.06
0.26+0.03+0.03
0.18+0.03+0.02
0.088+0.019+0.010
0.090+0.018+0.011
0.034+0.012+0.004
0.032+0.011+0.004

0.006+0.004+0.001

3.63+0.17+0.44
3.04+0.14+0.36
1.99+0.11+0.24

1.12+0.09+0.13
0.67+0.07+0.08
0.37+0.05+0.04
0.27+0.05+0.03
0.12+0.03+0.02
0.07+0.02+0.01
0.064+0.020+0.008
0.040+0.017+0.005
0.028+0.013+0.003
0.011+0.009+0.001
0.017+0.008+0.002

0.0006+0.0020+0.0001

X*O,X *' 0.03
0.09
0.18

0.30
0.42

0.29
0.32
0.48
0.53
0.76
0.85

0.0+ 1.8
0.80+0.36
0.95+0.21
0.68+0.41
0.73+0.35

0.32+0.04

0.08+0.02

0.019+0.005

1.0+0.6
1.2+0.4
1.4+0.4
1.4+0.9

0.26+0.05

0.02+0.01

0.0003+0.0002

'The "p,p" rates for x=0.10 are actually the p rates doubled.

is presumably a consequence of the decay of heavy parti-
cles and resonances. A light decay product like a pion
tends to carry a small fraction of the parent momentum,
while a heavy secondary (a kaon or proton, say) retains a
large fraction. The behavior of the particle fractions in

upsilon decay differs from the behavior in continuum an-
nihilation. In upsilon decays the heavier particles, espe-
cially the protons, are more copious.

It would be interesting to study the charged-particle
spectra over the complete momentum range, and to get
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x =2p/8'. Positive and negative charges are summed. The
curves are drawn through the pion data are fits linear in lnx.
These fits are used in obtaining pion rates from total charge-
hadron rates.

the total integrated yield for each particle. This is unfor-
tunately not possible, because of the rather restricted
momentum intervals within which the CLEO detector is
able to identify charged hadrons. It is clear, however,
from Fig. 10 that most charged hadrons are pions, espe-
cially at low momenta. One can therefore derive a reliable
pion spectrum by starting with the momentum spectrum
of all charged hadrons, without requiring identification,
and multiplying by a smooth curve drawn through the
pion fraction data of Fig. 10. In the following we will use
pion data inferred in this way.

In order to compare our continuum particle spectra
with data from other e+e continuum experiments' we
show them replotted (in Figs. 11—14) as (1/pN)dn/dz,
where z is the fractional particle energy 2E/O'. It is cus-
tomary when displaying continuum spectra to take out the
dominant 1/s (that is, 1/tV ) energy dependence of the
cross sections by plotting (s/p)der/dz Since we .wish to
make comparisons with upsilon spectra (Fig. 15), for
which the cross section has a completely different value
(which is not even directly measurable, because the beam
energy resolution is wider than the resonance), we prefer
to plot instead (1/per„, )do /dz, or equivalently
(1/pN)dn/dz. For continuum e+e annihilation this is
trivially related to (s/p)do/dz:

FICx. 11. Charged-pion spectra for continuum data derived
by multiplying the spectra for all charged hadrons by the fits to
the charged-pion fraction. The spectra are plotted in the form
(1/PN)dn/dz versus z, where z is the pion energy E divided by
the beam energy 8'/2. The indicated errors are statistical only;
systematic errors are given in Table IV. The data are compared
with results from experiments at other center-of-mass energies
(Ref. 15).
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FIG. 12. Charged-kaon spectra for continuum data, plotted
as (1/pN)dn/dz versus z =2E/W. The indicated errors are sta-
tistical only; systematic errors are given in Table IV. The data
are compared with results from experiments at other center-of-
mass energies (Ref. 15). The dashed line shows for comparison
the trend of our neutral-kaon data.
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IOO =

IO =

I I I I

Continuum
P P

~ —l0.5 GeV {CLEO)

$ —)4 GeV (TASSO)

4 —34 GeV (TASSO)

(1/PN)dn/dz =(3/4rra R)(s//3)der/dz,

where R is the ratio of the total cross sections for e+e
annihilation into hadrons and into muon pairs. The
present CLEO continuum data are in satisfactory agree-
ment with the data from the other experiments' (Figs.
11—13) if we make allowance for the experimental errors
and for the apparent trend in the dependence on incident
energy.

D. Spectrum shapes

0 0.2 0.4 0.6
z= 2E/W

0.8 I .0

FIG. 13. Proton and antiproton spectra (summed) for contin-
uum data, plotted as (1/PN)dn/dz versus z =2E/W. The indi-

cated errors are statistical only; systematic errors are given in
Table IV. The data are compared with results from experiments
at other center-of-mass energies (Ref. 15).

Several different physical assumptions lead to conjec-
tures about the form of the z (or energy) dependence of
the single-particle inclusive spectra (I/N)dn/dz, indepen-
dent of the details of the production mechanisms.

(1) Phase space. At least at threshold particle energies,
one might expect the Lorentz-invariant spectrum
Edo. /d p to be independent of particle energy, that is,
that (1/N)dn /dz would be proportional to x (scaled parti-
cle momentum).

g) Statistics. If the soft processes responsible for the
production of the bulk of the final hadrons are essentially
statistical in nature, one might expect a dependence on
particle energy E like e /", that is, (I/N)dn/dz pro-
portional to e ' with b to be determined from the data.
The scaling hypothesis would suggest that b should be in-
dependent of center-of-mass energy. A significant contri-
bution to the lighter particle yields, especially at lower en-
ergies, are the products of the strong decays of high-mass
particles and resonances; heavy particles are likely to have
spectra which more closely reflect the parent distribu-
tions.
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K-+

P P
IOO =w

T- direct

~ m+

o K-+

P P

4I4—lz—lm.

IO )~ ~
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4,
y 4

(Ko Ko)

O.l—
O. I =

I

0.2 0.4 0.6
z =2E/W

I

0.8 I.O
0 0.2 0.6

z= 2E/Mf
0.8 I.O

FIG. 14. Comparison of pion, kaon, and proton inclusive
spectra from continuum annihilations, plotted as (1/PN)dn/dz
versus z =2E/8'. The indicated errors are statistical only; sys-
tematic errors are given in Table IV.

FIG. 15. Comparison of pion, kaon, and proton inclusive
spectra from upsilon strong decays, plotted as (1/pN)dn/dz
versus z =2E/JK The indicated errors are statistical only; sys-
tematic errors are given in Table IV. The dashed line shows for
comparison the trend of our neutral-kaon data.
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(3) High en-ergy limit. The z spectrum must of course
go to zero at the kinematic limit z = 1 (that is, E = 8'/2).
Various theoretical ideas' suggest a power-law behavior
(1—z) near z=1, although there is no reason to expect
such a form to persist to much lower z.

Our charged-pion data are our most accurate and cover
the widest momentum range. They are therefore well
suited for testing the functional form of the z spectrum.
We can test the hypothesis that the continuum spectrum
has the form

(1/N)dn ldz =3 (x/z)e '=PAe

which incorporates conjectures (1) and (2) above, by look-
ing in Figs. 14 and 15 for a straight line in
log(1/PN)dn/dz versus z. The agreement is good up to
z=0.5, although at the larger z values the observed con-
tinuum spectrum becomes flatter. Table V shows fits for
A and b. obt ai ne dfor all charged particle types, for con-
tinuum and upsilon data sets. Also tabulated are the in-
tegrals over the best fit functions:

n = I (1/N)(dn/dz)dz = I PAe b'dz,

the mean number of the specified type of hadrons per
event. Possible deviations from the fit at higher z do not
significantly affect the integrals. Because we identify
charged kaons and protons only in narrow momentum
ranges, the slopes of the K and p spectra are poorly deter-
mined by the data. Therefore, in calculating the corre-
sponding A and n parameters for Table V (and Table VI),

we have fixed the slopes b to be the same as measured for
K and A, respectively. Note that although the 2 and b
parameters may be approximately independent of beam
energy, the 13 factor implies that the rate (1/N)dn /dz can-
not scale for z near threshold and that the integral n will
depend on the center-of-mass energy.

A check for power-law behavior near z= 1 is made dif-
ficult by the fact that our charged-particle momentum
resolution (derived from Monte Carlo simulation) caused
the rms spreading in z to increase quadratically, essential-
ly as 6z=0.04z .

V. NEUTRAL HADRONS
DECAYING INTO PHOTONS: m AND g

A. Identification of mP

Neutral pions were recognized by their decay into pho-
ton pairs. In order to have the best energy resolution we
used only the large-angle shower calorimetry covering the
polar angle range 45 & 8 ~ 135 . Candidate photon
showers were required to have no associated charged track
in the main drift chamber, and a measured pulse height
corresponding to at least 300 MeV. Figure 16 shows a
typical calculated invariant mass spectrum of pairs of
photon showers. The peak at about 135 MeV correspond-
ing to the ~ is evident above the combinatoric back-
ground of randomly paired photons. The m signal was
extracted by fitting the mass distribution to a Gaussian
peak plus a polynomial background. For m energies cor-

TABLE V. Results from fits to (1/N)dnldz =PAe '. Statistical and systematic errors are added iu

quadrature.

Hadron

m.+,~
K+ K—
p~p

A, A
+

hami P Iaer4

P
K'+,E'-
KgP K +Q

All
Charged'
Vector
Strange'
Baryon

A

124+6
28+4
30+4
36+ 11
20+3

7.2+2.3
1.1+0.8
14+4
24+6

7.2+4.6
2.6+1.2

Continuum
b

10.2+0. 1

(8.o)
(9.4)

8.8+0.9
8.0+0.2
9.4+0.8

10.0+ 1.8
7.2+0.5
8.5+0.5

5.5+2.4
6.4+1.0

—an

8 ~ 3+0.4
1.3+0.2

0.40+0.06
3.0+0.7

0.92+0. 12
0.066+0.010
0.005+0.001
0.50+0.09
0.45+0.08

0.38+0.09
0.08+0.02
13.4+0.8
10.0+0.5
2.9+0.4
2.3+0.3

0.80+0. 12

A

206+ 10
50+7

130+20
117+47
39+5
69+ 14
5+5

32+11
63+26

6.0+5.4
84+32

Upsilon
b

13.7+0. 1

(9.9)
(12.1)

13.3+1.1

9.9+0.2
12. 1+0.5
10.7+2.3
8.9+0.7

11.2+0.9

3.1+2.4
14.3+0.7

an

8.7+0.4
1.4+0.2

0.60+0.09
5.2+.1.8

1.05+0. 13
0.19+0.02

0.016+0.004
0.57+0. 14
0.42+0. 15

0.8+0.3
0. 15+0.05
16,5+1.9
10.7+0.5
3.6+0.7
2;8+0.4

1.20+0. 18

The mean number of specified particles per event is defined by n = Dg(z)dz, with the lower z limit

given by Zmq/8' where 8'=10.49 GeV for the continuum data and 8'=M~ ——9.46 GeV for the upsi-

lon data.
"All=m. +++ +~p+K++K + 2(p +p).
'Charged =m++ m +E++K +p +p.
~Vector=4p +K*++K* +K* +K* +P.
'Strange= K++E +E +E +2(A+ &).
Baryon=2(p +P).
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TABLE VI. Gluon and quark fragmentation functions, ' expressed as D{z)=PA e '. Statistical and

systematic errors are added in quadrature.

Hadron

x+,z-
P~P

xQ, z Q

A, A
+W

Imari P laresl

P
~g +
~)fcQ g +Q

62+3
14+2
15+2
18+4

9.9+1.2
3.6+1.3
0.6+0.4
7.0+2.0
12+3

3.6+2.3
1 ~ 3+0.6

bq

10.2+0. 1

(8.0)
(9.4)

8.8+0.9
8.0+0.4
9.4+0.8

10.0+1.8
7.2+0.5

8.5+0.5

5.5+2.4
6.4+1.0

—b
nq

4.0+0.2
0.59+0.10
0.20+0.04

1.4+0.3
0.42+0.05

0.026+0.004
0.002+0.001
0.22+0.04
0.19+0.03
0.21+0.05

0.035+0.007

120+6
22+ 3
68+11
67+27

17.7+2.5
36+7

2.4+2.4
13+4
31+13

1.2+1.0
51+19

12.1+0.1

(8.3)
(10.5)

11.7+ 1.0
8.3+0.2

10.5+0.5
9.1+2.0
7.3+0.6
9.6+0.9
1.5+1.2

12.7+0.6

b
ng

6. 1+0.3
0.86+0. 13
0.51+0.08

3.6+1.2
0.69+0.08
0. 17+0.02

0.014+0.004
0.39+0.10
0.34+0. 12
0.3+0. 1

0. 15+0.05

'The fragmentation functions are defined in terms of our continuum and upsilon data:

(1/Nc )dnc /dz =2D "(z),

(1/N~)dn~/dz =3 D~(u)G(z/u)du/u .
z

The integral is defined by n g
= Dg (z)dz, with the lower z limit given by 2m~ /M~.

responding to x ~0.S it is not possible to make a reliable
separation of signal from background.

It is clear from the two-photon mass spectrum (Fig. 16)
that eta mesons are also produced. Because of the limited
statistics and the large backgrounds, it is not possible to
get reliable q cross sections from our data.

B. Calculation of the inclusive rate

The calculation of the ~ yields for continuum and up-
silon direct was carried out in a way similar to the calcu-
lation of the charged hadron yields described above. One
difference, however, concerned the correction for accep-
tance. There is no reliable way to calculate the efficiency
for reconstruction from the actual data; we had to rely on
Monte Carlo simulation. So rather than using the method
described for charged hadrons, we determined the corn-
bined effect of event acceptance and m decay reconstruc-
tion efficiency in a single calculation (separately for con-

I20—

tinuum and upsilon) with the acceptance binned in the x
of the pion. The program simulated the raw data for en-
tire events, including hits in the proportional tubes of the
shower calorimeter, which were then reconstructed into
photon showers and m. candidates by the standard
analysis used on real data. In this way all correlations be-
tween x and the acceptance were accounted for, but the
result becomes more dependent on the Monte Carlo model
for particle production in e+e annihilation. -The pa-
rameters of the model were of course tuned so that the
simulated "observed" distributions matched the actually
observed distributions as closely as possible. Nevertheless,
the systematic error (typically 20%) was larger than in the
method used for charged hadrons. Because of the restrict-
ed geometrical aperture and the cuts used to suppress
background, the 7r acceptance was rather low (see Table
III).

The x and z spectra for neutral pions produced in the
continuum and in direct upsilon decays are shown in Figs.
17 and 18 and in Table IV. The continuum data are com-
patible with results from experiments at other center-of-
mass energies. ' Table V shows the results of fits to the
fol m

( I /N)dn Idz =PAe

~~ 90

~ 60
E

VI. HADRONS WITH DETECTABLE
DECAY LENGTHS: K, A, AND:"

0.2 0.4 0.6

g. i
f I

I I

0.8

yy Moss (GeV)

FIG. 16. Typical mass spectrum of detected photon pairs.

A. K~ and A identification

We reconstructed Ks and A (or A) candidates from
their decay tracks in the cylindrical drift chamber. A
kaon (lambda) candidate was a positive-negative track
pair with an extrapolated intersection at least 5 mm (8
mm) from the primary event vertex and a net momentum
vector extrapolating back to the event vertex. Each of the
two tracks had at least 100-MeV/c momentum and the
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FIG. 19. Sample effective-mass spectra for opposite-sign
charged-particle pairs which form a secondary vertex separate
from the main event vertex: (a) assuming pion masses, (b) as-
suming a nucleon mass and a pion mass. The peaks correspond
to (a) Kz~~+m and (b) A —+pm. (and charge conjugate,
summed).
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FIG. 17. Measured inclusive spectra for neutral pions from
continuum .data (open circles) and upsilon strong decays (closed
circles), plotted as mean number per event per unit x, where
x =2p/8'. The indicated errors are statistical only; systematic
errors are given in Table IV. The curves show the fits described
in the text.
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77
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combination had to be above 450 MeV/c, since below
these momenta our acceptance is poor. Different hy-
potheses for the masses of the charged tracks were used.
We rejected any pair consistent with photon conversion to
e+e; we accepted a pair as a Ks decay if the rr+rr in-
variant mass (Fig. 19) was within 20 MeV of the kaon
mass; and any pm. (pm+) candidate within 5 MeV of the
lambda mass was taken to be a A (A). Ambiguous cases
were rejected.

We fitted each mass plot to the sum of a Gaussian sig-
na1 and a smoothly varying background to determine the
number of background candidates within the mass cuts.
The x spectrum of the background, determined from the
data in sidebands on either side of the mass peak, was sub-
tracted from the x distribution of the data within the peak
cut to obtain the x spectrum of the kaon or lambda signal.

B. Identification of:
Xi reconstruction began with an identified A (A) candi-

date combined with any charged track having momentum
above 100 MeV/c and having a distance of closest ap-
proach to the beam axis greater than 1.5 mm. The dis-
tance from the beam line to the common vertex, if any, of
the lambda and the charged track had to be between 5
mm and the radius of the A decay vertex, and the net
momentum had to point to the primary event vertex
within 10. We also required that the apparent proper
lifetime of the = candidate be greater than O. l times its
mean life. Since we used looser requirements on the A
from " decay than in our A inclusive measurement, our =
efficiency was actually higher than our A efficiency
(Table III).

Figure 20 shows distributions in the calculated mass of
the = candidates. There is a clear peak at the = mass.
We determined the background under the peak by repeat-
ing the analysis for the wrong sign combinations, A~+
and Am

O. l

-Conti nuum
—T-direct C. The inclusive spectra

O.OI
0 0.2 0.4 0.6

z =2E/It
0.8 l.o

FIG. 18. Neutral-pion inclusive spectra plotted as
(1/P1V)dn /dz versus z =2E/W, for continuum data and upsilon
strong decays. The indicated errors are statistical only; sys-
tematic errors are given in Table IV. For comparison the curves
show our charged-pion spectrum (sr++@ ), multiplied by one
half.

The calculation of the yields of K, A, and:- for con-
tinuum and upsilon strong decays were carried out in a
way similar to the calculation of the neutral pion yields
described above. That is, we determined the combined ef-
fect of event acceptance and neutral decay reconstruction
efficiency in a single calculation (separately for continu-
um and upsilon) with the acceptance binned in the x of
the neutral vee. The systematic error of 12% reAects the
dependence on the Monte Carlo model.

Table III shows the acceptances for neutral kaons,
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continuum K data and data from other experiments' is
satisfactory within the measurement errors and the devia-
tions expected from scale breaking and the range of in-
cident energies.

%'e have fit the spectra in z to the functional form

(. 1/N)dn /dz =PAe

C N

O. l--
e discussed in Sec. IVC. The resulting 3 and b parameters

are given in Table V along with the integrated multiplici-
ties implied by the fits.

O.OI =

O.OOI =

0 02 0.4 0.6 0.8 1.0
z =2E/N

FIG. 24. Inclusive E, A, and:- spectra (particle and an-
tiparticle, summed) from continuum data, plotted as
(I/PN)dn/dz versus z =2E/W. The data from this experiment
are compared with data from experiments at other center-of-
mass energies (Ref. 18). The indicated errors are statistical only;
systematic errors are given in Table IV.

D. Lambda polarization

The angular distribution of the A decay is sensitive to
the polarization of the A. Unfortunately, the decay angle
also affects the efficiency for detection. In Fig. 26 we
plot the observed distributions in the cosine of the angle
of the decay p or p with respect to the normal (p + Xpz)
to the production plane, measured in the A rest frame.
No correction for acceptance was made; instead, the
curves show the Monte Carlo distributions obtained by as-
suming no polarization and simulating the detector accep-
tance. The data for both the continuum and the upsilon
are completely consistent with no polarization.

In the Lund string model' of hadronization in e+e
annihilation the A spin comes from the strange quark,
which is created with no preferred orientation; and there-
fore no A polarization is expected.

I I I I I I I

T-dtrect
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p 20-
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I
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0
cosa
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FIG. 25. Inclusive E, A, and:- spectra (particle and an-
tiparticle, summed). from upsilon strong decays, plotted as
11/PN)dn/dz versus z =2E/W. The indicated errors are sta-
tistical only; systematic errors are given in Table IV.

FIG. 26. Uncorrected observed distribution of angles in the
decay of A and A produced in the continuum and in upsilon
strong decays. The angle plotted is the angle between the decay
p or p and the normal to the production plane (p, + &p~), mea-
sured in the lambda rest frame. The curves are the prediction of
a Monte Carlo simulation taking into account the detector ac-
ceptance but assuming no polarization of the lambdas.
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FIG. 32. Typical effective-mass spectrum of Ez-plus-
charged-pion combinations. The peak at about 890 MeV is in-
terpreted as the decay E +~Eq~+ and charge conjugate. The
curves show the fit to signal and background.

FIG. 30. Comparison of inclusive z spectra for p and P from
continuum data. The indicated errors are statistical only; sys-
tematic errors are given in Table IV. Data from experiments at
other center-of-mass energies are included for comparison (Refs.
20 and 22).

The efficiency for K*+ detection was obtained by
Monte Carlo simulation, processing the events with the
same techniques by which the K' signal was obtained in
the real data. Isospin invariance implies that the total
number of K'+ produced is —', the number observable in
the (rr+rr )rr+ topology; this factor is included in our fi-
nal corrected rates. The results for the x and z spectra
and integrated rates are given in Figs. 33—35 and in
Tables IV and V.

The K* (and charged conjugate) was recognized

I I I I I I I - I I

T- direct

through its decay K* ~El+~ . That is, we paired
charged kaons identified by time of flight or dE/dx with
all oppositely charged tracks which were not identified as
being other than pions, and plotted the distribution of ef-
fective masses (Fig. 36). Thegeak at about 890 MeV was
taken to be the K* (and IC' ). The number of observed
K* was obtained by fitting the mass spectrum to a Breit-
Wigner plus a polynomial background, for each bin in x
and for the continuum and upsilon data sets. The accep-
tance was determined by Monte Carlo simulation, except
that the efficiency for kaon identification in the time-of-
flight. and dE/dx systems was taken from the data, as ex-
plained in Sec. IV.
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FIG. 31. Comparison of inclusive z spectra for p and P from
upsilon strong decays. The indicated errors are statistical only;
systematic errors are given in Table IV.

FICx. 33. Inclusive x spectra for E —+ from continuum data
(open circles) and from upsilon strong decays (closed circles).
The indicated errors are statistical only; systematic errors are
given in Table IV. The curves show the fits described in the
text.



31 INCLUSIVE HADRON PRODUCTION IN UPSILON DECAYS. . . 2181

IO-

O. I—

I I I I I I I I I

Continuum

l200-

O
cu l000—

M 800
4~

600-
~~

400—

I I I I, I I I I I I I I I

0 +
0OI i ~ 'K

o K K

200—

L I I

I.O l.5 2.0

0
I I

0.2 0.4 0.6 0.8 I.O
K* ~~ Mass(GeV)

z=2E/W

FIG. 34. Comparison of inclusive z spectra for charged and

neutral K*(890) from continuum data. The indicated errors are
statistical only; systematic errors are given in Table IV.

FIG. 36. Typical effective-mass spectrum of oppositely
charged kaon-pion pairs. The peak at about 890 MeV is.inter-
preted as the decay K* ~K+~ and charge conjugate. The
curves show the fit to signal and background.

C. The phi meson

The phi meson was identified in its dominant decay
mode, P—&%+X . We used two different methods. In
the first, we calculated the two-kaon effective mass of all
oppositely charged pairs of tracks having momenta over
300 MeV/c and not identified as other than kaons. The
mass spectrum for each of three x bins [Fig. 37(a)] shows
a peak at the phi mass. In the second Inethod, we re-
quired the positive identification of at least one of the two
kaons, thus restricting it to be in the momentum range
0.45—1.0 GeV/c. The mass plot [Fig. 37(b)] shows a
cleaner phi peak but fewer events. The fit of all the data
to a Gaussian plus a polynomial background gave

~(P)=1018.9+1 MeV

in agreement with the accepted value, ' and an rms width
of 6+1 MeV, consistent with our resolution.

For each x bin the acceptance was calculated by Monte
Carlo simulation of the P production, the performance of
the detector, and the analysis procedure. The corrected
rates also take account of the other decay modes. For the
second method, in which we required identification of one
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FKx. 35. Comparison of inclusive z spectra for charged and
neutral K (890) from upsilon strong decays. The indicated er-
rors are statistical only; systematic errors are given in Table IV.
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FICx. 37. Typical effective-mass spectra of oppositely charged
kaon pairs: (a) all tracks assumed to be kaons, (b) identified
kaons only. The peak at about 1020 MeV is interpreted as the
decay /~%+K . The curves show fits to signal plus back-
ground.
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of the kaons, the data were also corrected for the efficien-
cy and aperture of the time of flight system and the
dE/dx chambers. The rates derived by the two methods
agree where they overlap, and the averaged spectra are
shown in Figs. 30, 31, and 38 along with continuum data
at higher energy.

VIII. COMPARISONS OF PARTICLE SPECTRA

A. Charged vs neutral

The hadronization of the primary quarks and gluons is
expected to be isospin invariant. That is, production of
the various charge states of an isospin multiplet should be
equal: ~+ =~ =~ and charged %=neutral K. Devia-
tions from isospin symmetry in the final state can, howev-
er, be expected from weak decays of produced hadrons
(the D mesons, for instance) or from strong decays in
cases (such as the P) where branching ratios are sensitive
to small electromagnetic mass differences. If all other
sources of kaon production were isospin symmetric, our
measured P inclusive rates would lead to a
charged/neutral kaon ratio of about 1.02 in the continu-
um and 1.05 on the upsilon. More important may be the
fact that the electromagnetic creation of the primary
quark pair in continuum annihilation is not necessarily
isospin symmetric.

Figure 18 shows the measured ~ rate to be consistent
with the average of the m. + and ~ rates, although in view
of ihe uncertainties (typically 30% in the ratio of neutral
and charged rates) the test is not very significant. The
comparison of charged and neutral kaon yields is possible
only in the 0.5—1.0-GeV/c range available for charged
kaon identification (see Figs. 12 and 15). The rates are

1 I I I I 1 I I I

0 Continuum
7-direct

0.3

consistent with being equal, although again the systematic
errors allow for some deviation.

B. Quark and gluon fragmentation functions

The production of hadron final states by e+e annihi-
lation in the nonresonant continuum is commonly as-
sumed to take place in two stages: the creation of quark-
antiquark pair by the virtual photon, and the subsequent
hadronization of the quarks to form collimated jets of
particles. If we think of each quark as fragmenting in-
dependently into hadrons, ' ' the scaled energy spectrum
for a particular type of hadron h should then be twice the
probability distribution D&(z) for a quark q to produce a
hadron h of fractional energy z =E/E:

( I/X, )dn,"/dz =2D~(z) .

The fragmentation functions Dq(z) which we measure are
of course averaged over the flavors u, d, s,c of the quarks
produced in the continuum, with weights proportional to
their charges squared, 4, 1,1,4.

The direct hadronic decay of the upsilon is assumed to
proceed through a three-gluon intermediate state, hadron-
izing into three jets. The comparison of particle spectra
in the continuum and from the upsilon should therefore
(in the context of the independent fragmentation picture)
be a comparison of fragmentation functions in quark and
gluon jets. The comparison cannot be made directly, how-
ever. At the center-of-mass energies we are concerned
with here the jets tend to overlap, especially in the three
gluon decay, and we do not attempt to separate them. Be-
cause the three jets in upsilon decay can share the total en-
ergy in various ways, they are not directly comparable to
monoenergetic quark jets of energy equal to half the upsi-
lon mass. We can take account of this by making use of
the QCD prediction for the energy distribution
G(2Eg/W) of gluons in three-gluon decays, and extract-
ing a gluon fragmentation function Dg We make .the fol-
lowing assumptions.

(1) Hadron fragmentation functions in gluon jets can be
approximated by the same functional form which we use
to characterize quark jets, although perhaps with different
2 and b parameters;

Ds(u) =P„Ae

where u =E/Eg and

P„=[ I —(2m'/uE~) ]'i

I I I I I

0.2 0.4 0.6 0.8 l .0
x = 2 p/'IAI'

FICx. 38. Inclusive w spectra for P from continuum data
(open circles) and from upsilon strong decays (closed circles).
The indicated errors are statistical only; systematic errors are
given in Table IV. The curves show the fits described in the
text.

(2) The three gluons in upsilon decay hadronize in-
dependently. For a fixed gluon energy the hadron spec-
trum is independent of how many other gluons there are.
We note, however, that this may not be a safe approxima-
tion; in many models' ' ' gluons do not fragment in-
dependently, and there is even some experimental evidence
for this view.

(3) The probability density G of gluon energies in
Y~ggg decay is as given by QCD:27
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G(u)=[2/(n —9)]Iu(1—u)/(2 —u) +(2—u)/v+2[(l —u)/v —(1—u) /(2 —u) ] ln(1 —u)I,

where v =2Es/W. This distribution is approximately
linear, rising from G(0) =0 to G(1)=2.

In this picture the effect of the convolution of the gluon
fragmentation function Ds(E/Es) with the gluon energy
spectrum G(2E~/8') is to make the hadron spectrum in
upsilon decays steeper than it would be if the upsilon had
decayed into two fixed-energy gluons. That is, the upsilon
spectrum should still be fit approximately by the /3Ae
functional form, but with an effective slope parameter b
larger (by about 1.6 units) than for a two-jet decay. The
mean multiplicity of particles of mass m~, which is just
the integral of the z spectrum from z;„=2m~/W to 1, is
increased by —, in going from two jets to three, but this is
compensated by the decreased multiplicities in lower-
energy jets. This latter effect, which is well established
for quark jets, comes, at least in part, from the nonscaling
behavior of our assumed spectrum form in the vicinity of
the z threshold, which is beam energy dependent
(z;„=2ml, /8 ). We extract the gluon fragmentation
functions by finding the function Ds(u) =f3„de
which when convolved with the gluon energy distribution
G(z/u) gives the best fit to the observed hadron spectrum
on the upsilon:

(1/N~)dna/dz=3 f Dz(u)G(z/u)du/u
1

=3PA f e "G(z/u)du/u .

The A and b parameters for the quark and gluon frag-
mentation functions derived from our data are shown in
Table VI. Also tabulated are the integrals, which since
they are sensitive to the threshold z;„=mh /E, „,are all
computed assuming the same jet energy Mz/2. We will
discuss here the most accurately determined fragmenta-
tion functions, those for the charged pions, and postpone
to the following sections the comparisons with other par-
ticles. The spectrum for pions falls off with increasing
pion momentum more rapidly in upsilon decays than in
the nonresonant data (Fig. 8 and Table V). This is only
partially explained by the effect of the sharing of energy
among the three gluons in the upsilon decay; that is, after
accounting for this, the slope b of the unfolded gluon
fragmentation function Ds(z) (Table VI) is still somewhat
steeper than the slope bz of the quark function Dq(z).
The integrated mean number of charged pions in a gluon
jet is also greater than that for a quark jet of the same en-
ergy. Since most charged particles produced are pions,
the same inequality must hold for the overall mean
charged multiplicity in gluon and quark fragmentation.

In the Lund string fragmentation picture' the quarks
or gluons do not fragment independently and the in-
creased multiplicity in three-gluon upsilon decay relative
to qq hadronization at the same center-of-mass energy is a
consequence of the greater length of the three color
strings connecting the three primary gluons, relative to
that of the single string connecting the q and q.

C. Vector vs pseudoscalar mesons

Whether a meson is formed directly from a qq com-
bination or is produced by the decay of a heavy unstable
hadron, one expects spin one to be favored over spin zero
by the statistics factor 3, multiplied by a suppression fac-
tor depending on masses. Since the vector mesons
p, cu, P,K* are heavier than the pseudoscalar mesons
m.,g, g', E, any mass suppression will tend to make the
vector/pseudoscalar ratio less than 3.

Since the K'/K mass ratio (1.8) is closer to one than is
the p/m mass ratio (5.6), we might expect to see a
vector/pseudoscalar yield ratio near to the ideal 3/1. The
integrated numbers of charged and neutral K' per event
(Table V) are 0.8 in the nonresonant continuum and 0.9 in
upsilon decays, to be compared with K rates (charged and
neutral) per event of 2.2 continuum and 2.4 upsilon.
After subtraction, the rates for kaons not coming from
K* and P are 1.2 both for continuum and upsilon; that is,
about 50% higher than the K' rates. In other words, the
observed vector-pseuodscalar ratio for strange mesons is
about 0.7 for 5-GeV quark jets and for gluon jets in upsi-
lon decays. We can get an estimated total rate for vector
mesons from four times the p rate (to account for p+,
p, and co), plus the K" rates, plus the P rates. This gives
2.3 per event in the continuum and 2.8 in upsilon decays.

It is noteworthy that all the vector mesons have consid-
erably harder energy spectra (lower b) in the continuum,
compared either with the continuum spectra of other par-
ticles or with the vector-meson spectra in upsilon decays.

D. Strange vs nonstrange

One can distinguish conceptually three sources of
strange particles in upsilon or nonresonant e+e final
states (see Fig. 39).

(1) Strange particles made from the primary s and s
quarks produced directly by the virtual photon:

e+e .
—+y~ss —+strange hadrons+other hadrons .

This mechanism does not occur in Y~ggg decays, but
should occur in about —,', of the nonresonant continuum
events, accounting for two strange hadrons in each such
event, or an average multiplicity of 0.2 strange particles
per continuum event. The two hadrons of opposite
strangeness will typically be leading particles in opposite
jets, although t;he strong decays of excited strange parti-
cles can cause the observed "stable" strange particles to
have nonleading momenta.

(2) Strange particles from the decay of primary c and c
quark s:

e+e ~yacc —+charmed hadrons+other hadrons

~strange hadrons+ other hadrons .

This should occur in —,', of the continuum events, ac-
counting for about 0.8 strange particles per event on aver-
age. The strange particles will be in opposite jets, but not
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FIG. 39. Mechanisms of strange-particle production (a) in
continuum e+e annihilation and (b) in upsilon strong decay.

necessarily leading, and will have opposite strangeness.
This process also does not occur in upsilon strong decays.

(3) Strange particles made from s and s quarks which
materialize locally in pairs from the gluon field ("ocean"),
either in the first step after the creation of the three pri-
mary gluons (in upsilon decay) or during the course of the
hadronization process. They should occur in pairs of op-
posite strangeness, rather close in momentum space
(within one or two units of rapidity). This mechanism
should contribute both to continuum annihilation and to
upsilon decay. One expects the production of ss pairs to
be suppressed relative to uu or dd because of the higher
mass; however, if the three primary gluons in upsilon de-
cay are sufficiently far off the mass shell, the pr''obability
the ss creation in the earliest stage of the hadronization
chain may not be suppressed. The creation of cc pairs
from the gluon field is likely to be very strongly
suppressed because of their greater mass.

Since the vector mesons have a narrower range of
masses than do the pseudoscalar mesons and are also less
likely to be products of the decay of heavier particles, we
can see more clearly the effect of strangeness suppression
in their production ratios. In an SU(3)-symmetric model
we would expect p, IC*, P production in the proportions
1:4:1. What we actually see (Table V) is 1:1.7:0.1 in the
continuum and 1:1.6:0.3 in r decays. That is, mesons
containing one (two) s quark(s) are suppressed by a factor
of the order of —, ( —,

'
) relative to SU(3) symmetry.

If we sum the integrated yields for charged and neutral
kaons and for lambdas (with an arbitrary factor of two to
account approximately for the other hyperons that we do
not see), we can get an estimate of the mean number of
strange particles per event. The result (Table V) turns out
to be 2.3 (continuum) and 2.8 (upsilon) strange particles
per event. On the average, each event has about one
strange-particle pair.

The rates for the continuum are not surprising, and can
easily be accommodated with 1.0 strange particles per
event from primary s and c quarks [sources (1) and (2)]
and the remaining 1.3 coming from the hadronization,
with ss creation mass-suppressed to the level of about —,

'

of the SU(3)-symmetric rate, ss=dd=uu. This is con-
firmed by the Lund Monte Carlo calculation, ' which

E. Baryons vs mesons

We can imagine baryons being produced in three ways
(see Fig. 41).

O
O
O
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MONTF CARLO

pal fYlQrp s s

cc
~ ~ ~ sea ss

O 400

200 — '.

0 l I 1

0.05 O. IO O.I5 0.20
x =2p/W

FIG. 40. Continuum kaon spectra predicted for the CLEO
detector by a Lund Monte Carlo simulation (Ref. 12). The con-
tributions of the three strange-quark production mechanisms
(see Fig. 39) are separately plotted.

gives good agreement with the data (including energy
spectra) with an s/q (that is, s/u or s/d) hadronization
ratio of about 0.3.

The results for the strong decays of the upsilon are not
easily understood in an independent fragmentation pic-
ture. First, if we were to assume that gluons fragment
like quarks, then the reduction in heavy hadron multipli-
city per jet due to the three-gluon energy sharing would
cause the expected mean multiplicity of strange particles
from the upsilon to be less than in the continuum. We
might expect it to be even lower, because sources (1) and
(2) are not present in upsilon decay. Unfolding the gluon
fragmentation function Ds (z) from our measured upsilon
decay spectrum and comparing the integral with that de-
rived from our continuum quark fragmentation function
D~, we get 1.5 times as many strange particles in a 5-GeV
gluon jet as in a 5-GeV quark jet. In the Lund Monte
Carlo calculation' the higher kaon yield in upsilon decays
comes out naturally, as a consequence of the greater num-
ber of quark pairs created in the three-gluon string config-
uration.

One might expect to see evidence for the contribution
of leading kaons from primary ss or cc in the slope of the
continuum kaon momentum spectrum, compared with the
spectrum from upsilons. Actually, at our energies the
Monte Carlo simulation of the fragmentation and decay
cascade process (Fig. 40) shows that the kaons from the
three mechanisms listed above lead to almost identical x
spectrum shapes.
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0)
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FIG. 41. Mechanisms of baryon production in (a) continuum
e+e annihilation and (b) in upsilon strong decay.

(1) Primary diquark pair production by the virtual pho-
ton:

e+e ~y~qq+qq ~baryon+ antibaryon+ mesons .

This mechanism can contribute only to continuum pro-
duction. The baryon and antibaryon should be leading
particles in opposite jets. Relative to the pair production
of pointlike quarks, diquark pair production would be
suppressed by a form factor which should be small when
the center-of-mass energy 8' is larger than the reciprocal
of the radius rqq of a diquark system. No one knows rqq',

it is usually expected to be of the order of 1 fm, although
there are suggestions that it may be much smaller. If
rqq is not small, then primary diquark pair production
should be negligible at 8'= IO GeV.

(2) Diquark pairs created from the gluon field in the
hadronization process. This could contribute to both up-
silon and nonresonant baryon production. The baryon-
antibaryon pair would be close in momentum space, in the
same jet. One would expect the diquark pair production
to be suppressed relative to quark pair creation, because of
the higher mass.

(3) Baryons formed from recombination of triplets of
quarks separately created. For example, the three primary
gluons into which the upsilon first decays could each pro-
duce a qq pair, making three quarks and three antiquarks
in the second generation of the fragmentation chain.
These might then coalesce into a baryon and an anti-
baryon.

Since our upsilon and continuum data samples were ob-
tained from running at beam energies below the threshold
for B meson production, the decay of 8 mesons to
baryons cannot contribute.

Since every hyperon decays eventually to a proton or
neutron, we can estimate from our data the number of
baryons produced per event by doubling the integrated
rates for protons and antiprotons to account approximate-
ly for the undetected neutrons and antineutrons. The re-
sults (Table V) for the mean number per event are 0.8
(continuum) and 1.2 (upsilon). Note that two out of every
three upsilon strong decays produce a baryon-antibaryon
pair. '

For continuum baryon production there are no a priori
predictions to compare with. The observations, however,
can be described quite well-by the Lund Monte Carlo cal-
culation, ' which incorporates source (2) only, if one as-
sumes a ratio qq/q=0. 07 for the probability of diquark
pair creation relative to quark-pair creation. The relative
yields of proton, A, and:- can be adjusted by varying this
ratio for the various diquark flavor combinations. It
should be noted that in the context of the Lund model'
the observation of:- production is direct evidence for the
creation of strange diquark-antidiquark pairs.

If gluons fragmented independently with the same frag-
mentation functions as for quarks, one would expect the
three-gluon energy sharing effect to cause a reduction in
the number of baryons per event in upsilon decay. In-
stead, baryons are significantly more copious in upsilon
decays than in the continuum (Table V). If we unfold the
spectrum softening effect and compare gluon and quark
fragmentation functions for proton production in fixed
energy jets, the ratio of the integrals is 2.6 (Table VI).
The effect is even greater for the lambda data, where the
corresponding ratio is 6.2. This increase in baryon yields
over naive expectations is probably the most striking
difference between gluon fragmentation in upsilon decays
and quark fragmentation in the continuum, and is a seri-
ous failing of the independent fragmentation models. ' '

The Lund Monte Carlo simulation, ' with the
diquark/quark pair-creation ratio set at 0.07 to reproduce
the continuum baryon yield, comes closer to accommodat-
ing our data on the upsilon. Apparently the three gluon
string configuration provides more opportunities than the
quark-antiquark string for diquark pair creation. It may
be, as emphasized by Field, that the baryon excess is due
not to an intrinsic difference between gluon and quark
jets, but to the fact that there are three jets instead of two.

IV. CORRELATIONS
BETWEEN PARTICLE YIELDS

AND GLOBAL EVENT CHARACTERISTICS

A. Event charged multiplicity

Figures 42(a) and 42(b) show the distribution of charged
multiplicities for continuum annihilations and for upsilon
direct decays, as observed in the CLEO detector. Since
our purpose here is not to study the charged multiplicity
distributions per se, but to note how they correlate with
the presence of various particle species, we do not correct
the distributions for detector acceptance and backgrounds.
Such effects cause the observed mean multiplicity to be
about one or two units less than the true mean multiplici-
ty, but correcting the distributions introduces systematic
errors because of uncertainties in the assumptions to be
used in the simulations. The differences in acceptance be-
tween continuum and upsilon events is not enough to af-
fect our conclusions.

The observed mean charged multiplicity for an upsilon
strong decay is about one unit higher than for a continu-
um event. The 2.8 average observed multiplicity per
gluon jet (one-third of the upsilon multiplicity) at an aver-
age energy of M&/3=3. 2 GeV is about the same as the
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FIG. 43. Dependence of the average number of observed
charged kaons [(a) and (b)] and protons (and antiprotons) [(c)
and (d)] per event on the observed charged multiplicity of the
event.

B. Event shapes

FIG. 42. Uncorrected observed charge multiplicity distribu-
tions for all {a) continuum and (b) upsilon events, and the corre-
sponding distributions for events containing [(c) and (d)] a
charged kaon, and [(e) and (f)] a proton or antiproton.

average multiplicity per quark jet as the same energy, es-
timated by extrapolating our two-jet continuum mean
multiplicity from 8'=10.5 GeV down to 6.3 GeV assum-
ing a

3.33—0.80 in@'+ 1.04(ln W)

dependence.
Figures 42(c) and 42(d) show the corresponding distri-

butions for the events containing an identified charged
kaon. The distributions are quite similar to those for all
events. Actually, the mean observed charged multiplicity
for kaon events is higher by 0.6 (0.4) for continuum (upsi-
lon) data. Events containing identified p or p have multi-
plicities [Figs. 42(e) and 42(f)] increased by only 0.4 (0.0)
for continuum (upsilon) data.

In Figs. 43(a) and 43(b) we show the dependence of the
mean number of identified charged kaons per event on the
charged multiplicity of the event. As one would naively
expect, events with more charged particles have more
kaons, with an almost linear relationship.

The corresponding situation for the protons (and an-
tiprotons) is different. Although the mean number of
identified p and p increases with the total charged multi-
plicity of the event [see Figs. 43(c) and 43(d)] up to multi-
plicity 6, it then saturates, and Inay even decrease at high
event multiplicities. The larger proton rate in upsilon de-
cays certainly cannot be explained just by the 14% excess
in overall multiplicity relative to the continuum.

A convenient measure of the jettiness of an event, the
tendency for the final-state momenta to align along an
axis, is the ratio of Fox-Wolfram moments' R2 H2I-—
Ho, essentially a normalized quadrupole moment of the
event shape in momentum space. R2 varies between 0 for
a spherically symmetric topology and 1 for a completely
aligned event.

As one would expect, continuum qq events have larger
observed R2 values [0.39 on average, at 8'=10.4 GeV,
see Figs. 44(a) and 44(b)] than upsilon ggg events (0.19).
The R z distributions for events containing identified
kaons [Figs. 44(c) and 44(d)] and protons [Fig. 44(e) and
44(f)] are rather similar to the corresponding distributions
for all events; the mean values are within 10% the same.

In the continuum the more jetlike events (with R2 ap-
proaching 1) tend to have fewer kaons [Fig. 45(a)]. This
may at least partially be a reflection of the fact that
momentum conservation forces the very-low-multiplicity
events to be aligned, and as we have already seen, low-
multiplicity events contain fewer kaons. Also, continuum
events in which the primary quarks are cc contain
charmed particle decays, which make broader jets and
contribute to the kaon yields. Such an effect is less obvi-
ous in upsilon decays [Fig. 44(b)]. Note though, that one
cannot ascribe the higher p rates in upsilon decays (rela-
tive to continuum) to the lower average R2 values in upsi-
lon decays; even when compared at the same fixed R2, the
proton rates are higher in upsilon decays than in the con-
tinuum.

X. TWO-PARTICLE CORRELATIONS

A. Charge correlations

Overall charge is presumably conserved in every e+e
annihilation, but whether the positive and negative
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butions for events containing [(c) and (d)] a charged kaon, and

[(e) and (f)] a proton or antiproton.

charges in each event tend to be scattered randomly in
momentum space or tend to pair up closely in momentum
space (local compensation) or over longer intervals (long-
range correlation) is sensitive to the production dynamics.
Decaying resonances should produce short-range correla-
tions, while the opposite charges of the primary qq pair in
continuum annihilation should produce a long-range
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FICx. 45. Dependence of the average .number of observed
charged kaons [(a) and (b)] and protons (and antiprotons) [(c)
and (d)] per event on the observed Fox-Wolfram ratio R2 (see
text and Ref. 10).

charge anticorrelation between leading hadrons in oppo-
site jets. In any scheme of hadronization in which quark
pairs are created from the neutral gluon field there will be
a tendency toward short-range charge compensation.

Both short- and long-range correlations have been
seen in continuum data at center-of-mass energies above
30 GeV. In the usual analysis one determines the spheri-
city jet axis for each event, and for each charged hadron
the rapidity y along the axis. For hadrons having rapidity
magnitude y' (in a small interval Ay', fixing the sign of
the direction of the jet axis in each case so that y is nega-
tive) one then plots the average charge of the other had-
rons (plus for opposite sign, minus for same sign) as a
function of their rapidity y. Although our kinematic
range in rapidity is narrower, our continuum data (Fig.
46) show the same behavior as the measurements at higher
incident energies. That is, on the average, a leading had-
ron has its balancing charge peaked locally in the same jet
(negative y) within two units of rapidity, but the distribu-
tion has a significant shoulder extending to positive y,
corresponding to a long-range correlation in the opposite
jet. This tendency for the leading back-to-back hadrons to
be oppositely charged is evidence that the primary partons
are oppositely charged.

It is interesting to look for the same effect in upsilon
decays. Here the sphericity axis should approximate the
direction of the most energetic of the three gluons. The
data (Fig. 46) show the same peak at nearby rapidity, im-

plying short-range charge compensation, but no shoulder
at positive y. The charges of leading particles in widely
separated jets are randomly correlated, implying that the
primary partons in upsilon decay are neutral.

B. Data corrections

It is important in studying two-particle correlations to
have an efficiency for particle detection and identification
which covers a wide range of momenta. Otherwise, the
observed correlations will tend to be dominated by spuri-
ous acceptance variations. Corrections for such effects
are more difficult to make reliably in two-particle correla-
tion data than in the case of single-particle measurements.
For that reason most of the results in this section concern
%~K, AA, and K A (or IC A) correlations. The decay
secondaries of neutral kaons and lambdas can be recog-
nized with nearly uniform efficiency for all momenta
above about 0.8 GeV/c.

We must correct the double vee signals for background
events in which one or both of the vee candidates is an ac-
cidental combination of two charged tracks which happen
to pass all requirements for the K or A in question. We
used a sideband subtraction scheme in which background
double-vee data is generated from the mass sidebands of
one vee combined with the sideband or signal of the other.
We normalized this background double vee signal using
the relative magnitudes of signal above background, of
background, and of sidebands, which we got from a fit to
the mass spectrum of each of the vees. The background is
typically about 30% and the uncertainty in it contributes
a 6% systematic error. Table VII lists the corrected num-
ber of double vees.
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XI. CONCLUSIONS

Inclusive hadron production rates, energy spectra, and
correlations in continuum e+e annihilation have been
studied in previous experiments over a wide center-of-
mass energy range. ' ' ' ' ' ' ' Many features have
been observed: mean multiplicities of various particle
species, quark fragmentation functions, the scaling of the
single-particle distributions with respect to the incident
energy, long- and short-range correlations, and jet topolo-
gies. In our inclusive studies of upsilon strong decays we
have observed that many characteristics of the upsilon fi-
nal states repeat the observations of nonresonant continu-
um final states; for example, the ratio of charged- and

from the upsilon than for any of the other cases. This can
also be seen in the cos0~2 plots for identified proton-
antiproton pairs (Fig. 48); the ratio of opposite hemi-
sphere to same hemisphere is 2.0 in upsilon decays com-
pared to 0.8 in the continuum. The corresponding ratios
are 1.0 and 1.1 for all oppositely charged particles with
momenta in the range 0.65 to 1.35 GeV/c (our proton
identification range). That is, while baryon-antibaryon
correlations are mainly at short range in continuum e+e
annihilation, our data suggest that in the three-gluon de-
cay of the upsilon, baryon and antibaryon may have
long-range correlations and may even be leading particles
in different jets.

neutral-pion rates, and short-range charge correlations in
charge, strange' particles, and baryon-antibaryon pairs.
There are, however, significant differences observed.

(1) The rate of falloff of the single-particle spectra with
increasing x (that is 2p/W) or increasing z (=2E/W) is
generally faster for upsilon decays than for continuum an-
nihilations. Much of this effect can be attributed to the
sharing of the available energy among three jets instead of
two, but even after unfolding the assumed QCD gluon-
energy distribution, the derived gluon fragmentation func-
tions Dz(z) are typically steeper than the corresponding
quark fragmentation functions D~(z) derived from our
continuum data.

(2) The production of heavier particles in upsilon de-
cays is not suppressed as strongly as in continuum events,
and the contrast becomes more striking the heavier the
particle (see Fig. 51). If partons fragmented independent-
ly, we would expect to see fewer heavy particles in upsilon
decays. First, the heavier quarks can be pair produced by
the original virtual photon in continuum annihilation
without mass suppression, but such a mechanism is
presumably absent in the three-gluon decay of the upsilon.
And second, the fact that the average energy, M~/3 =3.2
GeV, of each of the three primary gluons is less than the
energy of a continuum primary quark (5.2 GeV at the
8'=10.4-GeV c.m. energy of our data) should make the
production of massive particles more difficult. Two-
thirds of all upsilon strong decays have a baryon-
antibaryon pair.

(3) There is no long-range anticorrelation in particle
charge in upsilon decays as there is in the continuum data,
indicating that the primary partons (gluons) in upsilon de-
cays are neutral. There is, however, evidence for a 1ong-
range contribution to the baryon-antibaryon correlation,
as shown in the relative momentum and angle distribu-
tions.

The second and third. observations may lead one to
speculate that in some upsilon decays one or several of the
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FIG. 51. For each hadron species h, the measured ratio of
upsilon arid continuum yields (mean number of h per event) as a
function of the mass mq. Open circles (mesons) and triangles
(baryons) represent neutral-hadron ratios; closed symbols
represent charged ratios. In an independent-fragmentation
model in which gluons fragment like quarks, the ratios would
follow the dashed curve.
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three gluons are far off the mass shell. Heavy-particle
states may not be strongly suppressed in the hadronization
of such off-mass-shell gluons. For example, if such a
gluon has large energy and small three-momentum, it can
create a pair of diquarks with high opposite momenta,
eventually resulting in leading back-to-back baryon and
antibaryon. Or if the three gluons all have small three-
momenta, they can produce three back-to-back energetic

quark-antiquark pairs, which if the directions are parallel,
may coalesce into a baryon and an antibaryon with large,
oppositely directed momenta.
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