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The inclusive charged-hadron momentum spectra from the ¢ and ¢’ decays produced in e *e ~ collisions at SPEAR
are presented. The data were obtained with a small solid-angle, single-arm magnetic spectrometer with good
particle-identification abilities centered at 90 degrees with respect to the beams. The particle-separated invariant
cross sections are compared with data from e *e ™ collisions at /5 = 4.8 and 7.3 GeV, obtained with the same
spectrometer, in order to observe the difference between hadron production at the resonances and in the continuum.

INTRODUCTION AND APPARATUS

Both psion production and nonresonant hadron
production in e*e” annihilation take place through
the one-photon channel; but while away from reso-
nance hadrons are produced predominantly through
the two-quark decays of the virtual photon, most
of the hadron decays of the 3 are thought to pro-
ceed through gluons.! It is interesting to compare
hadron spectra at the § and y’ with hadron spectra
at nonresonant energies. In this paper we shall
present inclusive charged-hadron spectra for the
decay of ¥(3095) and y’(3684) produced in e*e” colli-
sions, obtained with the Maryland-Pavia-Princeton
spectrometer at SPEAR. We shall compare these
results to spectra obtained with the same spectro-
meter atvs =4.8 and 7.3 GeV.2?

The experimental apparatus is shown in Figs.
1(a) and 1(b). It consisted of a magnetic spectro-
meter complemented by a central detector sur-
rounding the interaction region, shower counters,
and hadron filters. The main characteristics of
the spectrometer are the following.

(1) Separation of hadrons from leptons using
back-to-back shower counters and hadron filters.

(2) Hadron identification using a combination
of a propane-filled threshold Cerenkov counter
and of a time-of-flight system.

(3) A large magnetic-field integral permitting
good momentum resolution.

The shower counter behind the magnet contained
T radiation lengths of lead sandwiched with five
layers of scintillator, each divided vertically into
four counters, while the counter on the opposite
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side of the interaction region consisted of 10 radi-

ation lengths of sodium iodide supplemented by 7

radiation'lengths of lead-scintillator sandwich.
Located behind each shower counter was a hadron
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FIG. 1. Plan view (a) and side view (b) of the spec-
trometer used in this experiment.

66 © 1981 The American Physical Society



24 INCLUSIVE SPECTRA OF CHARGED HADRONS FROM ¢ AND... 67

filter composed of 6.8 collision lengths of iron
interleaved with three layers of scintillation coun-
ters.

The time-of -flight system had a small start
counter near the interaction region and a wall of
seven stop counters arranged horizontally behind
the magnet in front of the shower counters. All
the time-of -flight counters were viewed by fast
photomultiplier tubes (RCA8575) at both ends.

The average flight path for a 1-GeV/c particle
was 4.7 m. The system had a rms time resolution
of 0.27 ns for muons.

The pressurized Cerenkov counter (90 psig of
propane) was located immediately in front of the
magnet and provided a signal for pions with mo-
menta above 1.10 GeV/c and kaons with momenta
above 3.70 GeV/c.

The central detector consisted of a cylindrical
‘array of proportional tube counters, known as the
polymeter, and four sets of proportional wire
chambers surrounding it. The polymeter meas-
ured the azimuthal angle of particles emerging
from the interaction point to + 3°. The proportional
chambers measured the polar angle over a limited
solid angle of 0.34X 47 sr.

Tracking and momentum measurements in the
spectrometer used eight chambers before, inside,
and after the magnet. Five of these measured the
horizontal coordinate X and three measured the
vertical coordinate Y of the charged-particle
trajectories. The farthest chamber from the in-
teraction point, C6X, consisted of proportional
tubes.

Two chambers on the opposite side of the beams
from the magnet measured the X and Y coordi-
nates in front of the lead-scintillator shower coun-
ter.

All planar wire chambers had wire spacings
of 2 mm. The sense wires in all chambers were
20-pm gold-plated tungsten. The polymeter tubes
had a diameter of 9.5 mm, while the last chamber
behind the magnet had tubes of 19 mm diameter.

The magnet deflected charged particles in the
horizontal plane, and was operated at a field in-
tegral of 0.79 Tm; for the 4.8- and 7.3-GeV data,
the field integral was 1.18 Tm. For charged-
particle momenta above 0.25 GeV/c, a resolution
(6p/p)=0.012xp (p in GeV/c) from measurement
uncertainties, with an additional 0.003 arising
from multiple scattering, was obtained. The
solid angle subtended by the spectrometer at the
interaction point was 0.094 sr.

Two additional stacks of sodium iodide crystals,
above and below the interaction region, are shown
in Fig. 1 but were not used in the analysis of the
data presented in this paper.

4

TRIGGERING, DATA ACQUISITION,
AND DATA REDUCTION

The apparatus was triggered by the following
conditions in coincidence: (1) Signals from the
start and stop time-of-flight counters, (2) signals
from at least two of the proportional chambers
inside the magnet, and (3) a signal from the beam
monitor, in time with the beam’s crossing. Thus,
a single-particle trigger necessary for the meas-
urement of inclusive cross sections was attained.
The trigger rate was typically a few per minute.

The data were taken at the peaks of the y or y’
excitation curves. Two on-line minicomputers,
an HP2114 and HP2100, operating in tandem, read
in the data from each event, wrote it to magnetic
tape, and provided on-line displays and diagnostics
of chamber and apparatus performance.

Data reduction involved a selection stage to
filter out nonreconstructable events, track finding
in the chambers before the magnet, and trajectory
fitting within the magnet. To eliminate back-
grounds, fiducial cuts on the origin of the event
were imposed. Tracks were required to be within
+ 7 cm along the beam axis and within £2 cm ver-
tically, based on the observed size of the luminous
region.

PARTICLE IDENTIFICATION

For some of the events, the particle in the spec-
trometer could be readily identified. For instance,
a collinear muon or electron pair would be prompt-
ly separated from the initial sample; likewise,

a low-momentum (p<1 GeV/c) track associated
with > 2 charged particles and not triggering the
Cerenkov counter would be labeled as a hadron.
The time of flight would then identify it as a pion,
kaon, or proton. Such clearly identified samples
of spectrometer tracks were used to study the
response of the particle-identification devices

as a function of momentum and to define the prob-
ability that a muon, electron, or hadron of given
momentum produce a given signal in the Cerenkov
counter, the shower counters, or the muon filters.

Using these probability distributions, a muon,
electron, or hadron label was assigned to each
spectrometer track depending on which particle
type would have the greatest probability of giving
the observed response in the particle-identifica-
tion devices. The overlaps of these probability
distributions were used to estimate the contami-
nations in each final-particle sample. Analogous
probability distributions, defined in terms of the
time-of -flight values and Cerenkov amplitudes,
were used to separate hadrons into pions, kaons,
and antiprotons.

The detailed signatures required for identifica-
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FIG. 2. Penetration probability of pions in the hadron
filter. The solid lines are calculated from the data of
Sander (Ref. 5), while the data points-are the measured
probabilities of penetrating the three layers of the had-
ron filter, obtained from a clean sample of pions from
¥’ decays.
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FIG. 3. Correlation plots between the quantity M de-
fined in the text and momentum for the final sample of
(a) electrons and (b) hadrons from the §’ data. Had-
rons labeled P are recognized as protons (antiprotons)
by time of flight.
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FIG. 4. Correlation plots between the quantity S de-
fined in the text and momentum for the final sample of
(a) electrons and (b) hadrons from the ¢’ data. Had-
rons labeled P are recognized as protons (antiprotons)
by time of flight.

tion of each particle type are illustrated next.
Muons were identified by requiring a signal from
the Cerenkov counter, a minimum amount of ioni-
zation in the shower counters, and penetration
of at least the first two layers of the hadron filter
by the track exiting from the magnet. This re-
quirement limited the momentum of identifiable
muons to p> 0.8 GeV/c. Contamination of the
muon sample by pions due to both penetration and
decay was studied using a clean sample of pions
from y' decays, and observing their probability
to penetrate the three layers of the hadron filter.
Figure 2 shows the results obtained and compares
them to the measurements of Sander.® Above
0.8 GeV/c, the two sets of measurements agree.
Electrons were separated from hadrons on the
basis of the Cerenkov signal for momenta below
the pion threshold of 1.10 GeV/¢, the shower-
counter pulse height, and, in the case of electron
pairs, the pulse height in the sodium iodide crys-
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FIG. 5. The difference between the expected and the
measured flight time for pions from the ¢’ . The broken
line is a Gaussian fit to the distribution with ¢=0.31
+0.02 nsec.

tals on the opposite side. Total shower-counter
pulse-height information alone was not sufficient
to separate electrons from hadrons. Two quanti-
ties derived from the pulse-height distribution
within the shower counter were found to improve
the electron-hadron separation. These were (a)
the sum M =2A, +A,, where A, is the minimum
pulse height of the first three shower-counter
layers, and A, is the total pulse height in the
shower counter, and (b) the difference §=24, ~¢
where ¢ is the rms deviation of the pulse heights
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FIG. 6. Distribution of the observed velocity g8 for
hadrons from the ¢’ data set. The solid lines show B
as a function of momentum for pions, kaons, and pro-
tons, The symbol x indicates events within 20 of the
kaons’ expected flight time, while the symbol ¢ indicates
events within 20 of the protons’ flight time.
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FIG. 7. The amplitude of the Cerenkov-counter signal
for hadrons at the 3’. The symbol e indicates events
within 20 of the kaons’ expected flight time, while the
symbol ¢ indicates events within 20 of the protons’
flight time. The solid line indicates the expected be-
havior for pions.

in the five shower-counter layers from their mean.
Scatter plots of M/ and S against particle momenta
are shown in Figs. 3 and 4 for the final electron
and hadron samples. Some of the overlap in these
distributions is due to protons and antiprotons

that are clearly recognized on the basis of time

of flight alone. Use of the Cerenkov-counter infor-
mation removed most of the remaining ambiguity.

The worst-case remaining contamination of
hadrons by electron occurs for momenta below
0.7 GeV/c and is (T+ 3)x10™%; this contamination
in general is small because there are about ten
times fewer electrons than hadrons in the spectro-
meter both at the y and the y’.

For momenta below 1.10 GeV/c the different
hadronic species were identified by time of flight
alone. Figure 5 shows the difference between
the measured and expected time of flight for pions
from the y’. In Fig. 6 the velocity 8 for all hadrons
is plotted against the momentum. A clear separa-
tion between pions and kaons is evident for mo-
menta below 1.20 GeV/c. Protons are clearly
identified over the entire kinematic range.

To eliminate events from pion and kaon decay,
the flight time for every identified particle was
required to be within 2¢ of the value calculated
from momentum for the most likely mass assign-
ment.

The Cerenkov counter was used to separate pions
from kaons and protons only for momenta p>1.10
GeV/c, the pion threshold momentum. Figure 7
shows the Cerenkov pulse height as a function of
the measured hadron momentum. The pion signal
shows the expected behavior above 1.10 GeV/c;
below 1.10 GeV/c, however, 15% of the events
show a spurious Cerenkov signal. Most of this
background can be attributed to photons from the
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decay of particles that convert in the materials CORRECTION FACTORS AND CROSS-SECTION
preceding the Cerenkov radiator. NORMALIZATION
Contamination of kaons by the more numerous The particle-separated spectra were then cor-
pion sample is only significant for 1.0<p<1.10 rected for momentum-dependent effects. Correc-
GeV/c, where time-of-flight information alone tions become prohibitively large for pions, kaons,
is used for hadron identification. In this momen- and protons or antiprotons with momenta below
tum region, 0.2% of the kaons are gstlmated to 0.25, 0.4, and 0.5 GeV/c, respectively; cross
be misidentified pions. Above the Cerenkov thres- sections could only be reliably calculated above
hold, time-of-flight information limits the loss these limits.
of kaons due to spurious Cerenkov signals to 3%, A detailed Monte Carlo calculation was used
resulting in a 1.4% contamination of the pion sam- to simulate the tranversal of particles through
ple by kaons for p>1.10 GeV/c. the spectrometer. Effects such as interactions
Finally, the y data sample yielded 2210 pions, in the detectors, particle decays, and reconstruc-
111 kaons, and 133 protons and antiprotons. The tion of decayed particles were considered. The
¢’ sample yielded 2370 pions, 128 kaons, and 187 momentum-dependent correction factors to be
protons. applied to the raw momentum spectra in order
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FIG. 8. Summary of the multiplicative correction factors that are applied to the observed (a) pion, (b) kaon, (c) pro-
ton; and (d) antiproton spectra to obtain the differential cross sections per steradian.
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to obtain the number of particles per steradian
are summarized in Figs. 8(a)—8(d) for pions,
kaons, protons, and antiprotons separately. The
individual effects considered were the following.

(@) Momentum acceptance. Due to the bending
of charged-particle trajectories in the magnet,
only 28% of the 0.094-sr solid angle of the spec-
trometer is accessible to particles with momenta
p<0.25 GeV/c; this fraction rises to 85% for a
0.6-GeV/c particle.

(b) Nuclear absovption. The materials preceding
the magnet were 0.21 nuclear collision lengths
thick. Inelastic nuclear interactions in this part
of the detector would either remove the particle
entirely or produce secondaries that would not
traverse the magnet, as verified by Monte Carlo
calculations. The correction factors were calcu-
lated using, for each particle type, measured
cross sections in Al, Fe, C, and H.®*" The factor
for pions ranged from 1.5 to 1.25 for momenta
between 0.25 and 1.5 GeV/c, and from 1.28 to
1.10 for kaons with momenta between 0.4 and 1.50
GeV/c. The correction factor for antiprotons
exhibited the biggest momentum dependence, vary-
ing from 3.5 to 2.0 for momenta between 0.5 and
1.50 GeV/c.

(c) Decays in flight. Monte Carlo—generated
decays of pions and kaons in the spectrometer
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FIG. 9. Inclusive momentum spectra integrated over
the solid angle for 7*, K*, p, p at the 3 and y’.

TABLE I, The inclusive sections do/dp as functions
of hadron momentum for charged pions and kaons, and
for protons (or antiprotons) produced at the . The val-
ues of momentum quoted correspond to the center of
each bin. The notation 0 +- - - indicates a 1-standard-
deviation upper limit.

» do/dp ) do/dp
(GeV/c) [(1b/(GeV/c)] (GeV/c) [(#b/(GeV/c)]
Tt K*

0.275 205 +2.3 0.45 0.85 +0.37

0.325 16,5 +1.4 0.55 0.66 +0.24

0.375 16.8 =+1.1 0.65 1.56 +0.30

0.425 145 +1,0 0.75 0.75 +0.18

0.475 115 +0.8 0.85 0.44 +0.13

0.525 105 +0.7 0.95 0.38 +0.11

0.575 7.67 +0.58 1.05 0.35 +0.10

0.625 6.96 +0.54 1.15 0.18 +0.07

0.675 4,55 +0.43 1.25 0.050+ 0,035
0.725 5.04 +0.44 1.35 0.12 +0.06

0.775 2.90 +0.33 1.45 0.072+0.04

0.825 2.30 +0.29 _

0.875 2.23 +0.29 b,p

0.925 1.95 +0.27 0.45 0.019 +0.015
0.975 1.19 +0.21 0.55 0.34 +0.16

1.025 0.83 +0.18 0.65 0.26 +0.10

1.075 0.81 +0.17 0.75 0.32 +0,11

1.125 0.47 +£0.13 0.85 0.30 +0.09

1.175 0.53 +0.14 0.95 0.23 +0.09

1.225 0.43 +0.12 1.05 0.19 +0.09

1.275 0.32 +0.11 1.15 0  +0.05

1.325 0.28 +0.10 1.25 0.064+ 0,043
1.375 0.36 +0.,11

1.425 0.39 +0.12

1.475 0.11 +0.06

1.525 0.11 +0.06

1.575 0.035+ 0,035

1.625 0,034+ 0.034

were submitted to the reconstruction programs
in order to determine what fraction of the parti-
cles would decay and not appear in the final event
sample. This could occur due to failure of the
decay products to trigger the apparatus, to be
reconstructed, or to be identified as a hadron;
for example, by the time-of-flight cut. At 0.5
GeV/c, typically 80% of the kaons and 15% of
the pions were lost. The calculated correction
factors are plotted in Figs. 8(a) and 8(b).

(d) Particle misidentification. Corrections were
applied to each particle sample to account for
cuts and losses due to the particle-identification
procedure, and for the calculated contaminations
from other particle types. The net result of these
two effects on the hadron sample from separating
electrons and muons is an overall loss of 0.3%,
with only a slight momentum dependence. The
worst-case contaminations and losses associated
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with sorting hadrons into pions, kaons, and pro-
tons (antiprotons) have been indicated in the pre-
vious section. All spectra were corrected for
the 2¢ fiducial cut on time of flight.

(e) Machine-induced backgvounds. Examination
of events whose intercept with the beam axis was
more than 10 cm away from the center of the in-
teraction region allowed an estimation of the beam-
gas background. For the pion, kaon, and anti-
proton sample this was found to be less than 0.5%
and was neglected. For proton a momentum-de-~
pendent correction was applied and is shown in
Fig. 8(d).

() Correction to momentum from enevgy losses. .
The measured momentum was corrected for losses
due to ionizing collisions while traversing materi-
al before the magnet. This correction is approxi-
mately +25 MeV/c for pions over the entire mo-
mentum range, but rises to +60 MeV/c for kaons
with p=0.4 GeV/c and +92 MeV/c¢ for protons
with p=0.5 GeV/c.

The integrated luminosity for the " and y data
samples was calculated from the number of muon-
pair events detected in the spectrometer. We
obtained an integrated luminosity of 106+ 10 nb™
at the p and 360+ 37 nb™ at the y’. At the ¢/, the
muons from the y decay were also used in order
to reduce the statistical error, since the branch-
ing ratio for y’ — ¢ + anything is measured.®®
The errors quoted reflect both statistical and
branching fraction uncertainties.

RESULTS AND DISCUSSION

The inclusive momentum spectra for pions,
kaons, and protons and antiprotons from the decays
of  and y’ are shown in Fig. 9, and in Tables I
and II. The errors shown include both the statisti-
cal and systematic uncertainties, but not the over-
all normalization uncertainty from the luminosity
measurement. Differential cross sections ob-
served in the spectrometer were integrated over
the entire solid angle, assuming an isotropic dis-
tribution of hadrons. The spectra for both particle
and antiparticle, including protons and antiprotons,
were the same within statistics.

The spectra have a smooth falloff with momen-
tum, except for one notable enhancement in the
pion spectrum from the y at a momentum of 1.40
GeV/c. This corresponds to the two-body decay
- m*p with the pion recoiling into the spectro-
meter. From this enhancement and assuming a
1 +cos?9 distribution, we measure a branching
ratio

B(p—~m*p) = 0.007+ 0.003

in good agreement with previous results.®
Figure 10 gives the invariant cross sections

TABLE II. The inclusive cross sections do/dp as
functions of hadron momentum for charged pions and
kaons, and for protons (or antiprotons) produced at the
y’. See Table I for notation.

b do/dp b do/dp
GeV/e)  [(ub/(GeV/c) (GeV/c)  [(ub/(GeV/c)]
T + Ki
0.275 7.39 +0.79 0.45 0.26 +0.12
0.325 7.84 £0.52 0.55 0.29 +0.09
0.375 5.77 +0.37 0.65 0.38 +0.08
0.425 4,18 +0.28 0,75 0.19 +0.05
0.475 3.96 +0.25 0.85 0.15 +0.04
0.525 3.45 +0.22 0.95 0.16 +0.04
0.575 2.56 +0.18 1.05 0.12 +0.03
0.625 2.290 +0.17 1.15 0.048 + 0.020
0.675 1.73 +0.14 1.25 0.045+ 0.018
0.725 1.25 +0.12 1.35 0.030+0.015
0.775 1.12 +0.11 1.45 0.014+ 0.010
0.825 0.88 £0.10 1.55 0.021+0.012
0.875 0.59 +0.08
0.925 0.50 +0.07 _
0.975 0.41 0.07 byp
1.025 0.33 +0.06 0.45 0.008 + 0.004
1.075 0.44 +0.07 0.55 0.037+0.024
1.125 0.19 +0.05 0.65 0.12 +0.04
1.175 0.15 +0.04 0.75 0.13 +0.04
1,225 0.16 +0.04 0.85 0.087+0.035
1.275 0.12 £0.035 0.95 0.1054+ 0.035
1.325 0.14 +0.04 1.05 0.035+ 0,022
1.375 0.064+ 0,026 1.15 ©0.020+0.013
1.425 0.064+ 0,026 1.25 0.038+ 0.018
1.475 0.075+ 0.028 1.35 0.014+ 0.011
1.525 0.0740.028 1.45 0 +0.01
1.575 0.052+0.023 1.55 0.009+ 0,010
1.625 0.042+ 0,021
1.675 0.021+ 0.015
1.725 0.021 0.015
1.775 0.021+ 0.015
1.825 0.010+0.010

as a function of the particle momentum. The
data are well described by the simple exponential
form of the type A exp(-Bp). The fitted para-
meters A and B are given in Table III. The slopes
B for the y and ¢ are the same within errors;
while this must reflect the well-known fact that
more than half of the 3’ decays proceed through
the p (in turn decaying almost at rest), it is also
an indication that the y' decays which do not in-
volve the y are not much different from y decays.
Qur lower momentum cut of 0.25 GeV/¢ for the
pion momentum precludes the observation of most
of the slow pions from the process y’ — 1*77.
Given the observed exponential behavior of the
invariant cross sections versus momentum, it
is of some interest to compare to each other the
three-particle cross sections as a function of the
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FIG. 10. The particle-separated invariant cross sec-
tions at the y and the §’ as a function of hadron momen-
tum.

particle energy at the y (and y’). Thermodynami-
cal models for hadron production'® provide one
scheme for exponentially decreasing total energy
spectra; if the production process is totally in-
sensitive to hadron identity, one might expect
both magnitude and slope of the invariant cross
sections to be the same. Figure 11 and Tables
IV and V show the invariant cross sections for
each particle type at the y and ¢, as a function

of the particle energy. Each particle spectrum
was fitted to an exponential shape and the results
are shown in Table VI. Whereas the slopes of
the three-particle cross sections are independent
(within the errors) of particle type, the magni-
tudes are not; the proton cross section is higher
than that for pions; the kaon cross section is low-
er. Not surprisingly in light of the previous re-
sults, no difference in the slopes of the three-
particle cross sections versus energy at the 3
and y’ is apparent.

The charged-hadron spectra from the y and y’
decays have also been measured by the DASP
collaboration at DORIS'; their results, however,
were obtained integrating the momentum spectra
over the entire width of the resonances. In order
to compare the two sets of results, the DASP
spectra were divided by the ratio between the

TABLE III. Exponential fits to the invariant cross
sections as a function of momentum at the ¢ and the ¥’
in the form (E/4np*)do/dp=Ae~B?, The § results are
only fitted for p > 0.4 GeV/c to eliminate the slow pions
from the decay ' — 7t 1™,

A B

Particle (kb/GeV?) (c/GeV) x%/DOF
Y decays

w* 37.56+0.15 6.02+0.18 16.9/14

K* 4,52+0.11 5.03+0.06 14.5/6

DD 0.52+ 0,01 3.11+0.20 0.56/5
Y’ decays p>0.4 GeV/c :

m* 10.8 +0.1 5.83+ 0,17 14.,1/14

K* 0.78+0.06 4,341 0.42 4.64/6

p,b 0.23+0.02 3.50+0.84 19.1/6

area under the resonance curves and the reso-
nance area spanned by our experiment, at the
peak of the resonances, due to the machine width.
These scale factors are 4.7 at the  and 6.1 at
the ¢’ and were obtained using the SLAC-LBL
values for the area under the resonances and for
the total hadronic cross sections at the y and y’
peaks.'? A comparison of the two sets of results
is shown in Fig. 12. The agreement between the
two experiments is excellent for the pion and kaon
spectra, while the proton spectra show some dif-
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FIG. 11. The particle-separated invariant cross sec-
tions at the ¥ and the y’ as a function of hadron energy.
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TABLE IV, The invariant cross sections (E/4mp%)do/dp
as a function of the hadron total energy E for charged
pions and kaons and for protons (or antiprotons) at the 3.
The energies are given for the center of each bin.

TABLE V. The invariant cross sections (E/4wp2)do/dp
as a function of the hadron total energy E for charged
pions and kaons and for protons (or antiprotons) at the
Y¥'. The energies are given for the center of each bin,

E (E/amp*ydo/dp E (E/4np2)do/dp E (E/4np?)da/dp E (E/4mpP)da/dp
(GeV) [ (ab/(GeV?)) (GeV) [ (nb/ (GeV?)] (GeV) [ (ab/ (GeV?)] (GeV) [(nb/ (GeV?))
7ri Ki 1|'t Ki
0.325 6255 =+ 562 0.65 217 +97 0.325 2472 +194 0.65 116 48
0.375 4386 +322 0.75 155 +50 0.375 1911 +116 0.75 68.3 +17.3
0.425 3670 +231 0.85 243 +45 0.425 1082  + 69 0.85 56.5 +12.1
0.475 2388 +158 0.95 94.4+21.0 0.475 746  + 49 0.95 24.2 + 5.8
0.525 1876 <124 1.05 43.9+11.9 0.525 636  + 40 1.05 18.5 + 4.3
0.575 1358 + 96 1.15 29.7+ 8.6 0.575 442  + 30 1.15 12.6 + 3.1
0.625 897 + 71 1.25 159+ 5.7 0.625 324 + 23 1.25 41 + 1.5
0.675 698 + 59 1.35 7.0+ 2.5 0.675 211+ 18 1.35 2.5 + 1.1
0.725 597 + 52 1.45 9.2+ 3.8 0.725 166 + 15 1.45 2.3 + 1.0
0.775 381 + 39 1.55 5.7+ 2.0 0.775 147  + 13 1.55 2.3 + 0.7
0.825 226 + 29 _ 0.825 91.2 + 10.0 1.65 0.76 + 0.38
0.875 211 + 27 b0 0.875 56,1 + 7.6 1.75 0 + 0.2
0.925 191 + 25 1.05 175 +48 0.925 476 + 6.8 1.85 0 + 0.1
0.975 112+ 19 1.15 114 +29 0.975 37.1 + 5.9 _
1.025 65.7+ 14.0 1.25 56,8+ 14,1 1.025 23.2 + 4.6 p.p
1.075 67.5+ 13.8 1.35 39.2+13.6 1.075 319 + 5.2 1.15 456 +11.9
1.125 31,4+ 9.1 1.45 13.8+ 4.8 1.125 17.2 £ 3.7 1.25 20.1 + 6.5
1.175 43.4+ 10.4 1.55 10.6+ 3.5 1.175 125 + 3.0 1.35 14,7 + 4.7
1.225 234+ T4 1.225 98 + 2.6 1.45 40 + 1.4
1.275 22.3+ 7.1 1.275 8.8 + 2.4 1.55 43 + 1.8
1.325 174+ 6.2 1.325 78 + 2.2 1.65 1.0 + 0.8
1.375 23.0+ 6.9 1.375 44 + 1,8 1.75 0 + 0.5
1.425 20.1+ 6.3 1.425 3.0 + 1.3 1.85 1.0 + 0.6
1.475 9.7+ 4.3 1.475 46 + 1.6
1.525 5.5+ 3.2 1.525 39 + 1.5
1.575 18+ 1.8 1.575 27 + 1.2
1.625 1.7+ 1.7 1.625 2.0 + 1.0
1.675 0.50 + 0.50
1.725 1.4 + 0.8
ferences in both shape and magnitude. 1.775 093+ 0.66
We turn now to a comparison with inclusive 1.825 0.453% 0.45

hadron spectra at nonresonant energies. We have
accordingly normalized the cross sections at
different center-of-mass energies to the integral
of the invariant cross section, which is the pro-
duct of the average charged-particle energy and
the total cross section. Values for these two
latter quantities are taken from Ref. 12. Figure
13 shows a comparison of the pion and kaon cross
sections at the ¢ and y’ with the nonresonant data
at energies of 4.8 and 7.3 GeV obtained with the
same spectrometer.?:®* The nonresonant data
deviate from exponential behavior; this deviation
is greatest for the 7.3-GeV data, where a p™ de-
pendence fitted the data better than an exponential,
as expected from various scaling models.?® On
the basis of our data alone, it is not possible
to decide whether the differences between the
three energies depend on the annihilation proceed-
ing through a resonant state, or are simply due
to the effect of lower center-of-mass energy. A
similar comparison has been made by the DASP

collaboration'* using their particle separated
spectra at Vs =3.6 GeV and at the y. The DASP
data exhibit a slight excess of high-energy hadrons
in the y data over the nonresonant data, although
the differences do not appear to be very significant.
We turn next to a discussion of the relative rate
of the production of different hadron types, de-
fined as the corrected number of K*, #*, or p, p
divided by the sum of these hadrons. For the
and y’ decays, the data are displayed as a function
of momentum in Fig. 14. The charged-kaon frac-
tion is observed to increase with momentum,
reaching a value of approximately 0.25; protons
and antiprotons together exhibit the same behavior
with momentum, approaching a fraction of about
0.1 at the kinematic limit. Particle fractions ver-
sus momentum do not differ, within errors, at
the p and ¢’ over the observed momentum ranges.
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Figure 15 contains a comparison among kaon
fractions from the ¥ data and the data at Vs=4.8
and 7.3 GeV. Over the common momentum range,
the fractions do not differ appreciably.

The overall fractions of each particle type, in-
tegrated over momentum, can be calculated as-
suming the exponential fits to the invariant particle
cross sections in Table VI can be extrapolated to
zero momentum. We then obtain the following

0.6 T T T
Kaons
L
05~ o 48 cev .
a 7.3 GeV
04 - —

03 - .

KAON FRACTION

o ! ! !
0 05 10 15 2.0

p (Gevs)

FIG. 15. Comparison of K* fractions vs momentum at
¥, atV's =4.8 and 7.3 GeV.

TABLE VI, Exponential fits to the invariant cross
sections as a function of the hadrons total energy in the
form (E/4np?do/dp =Ae~BE, The ' results are only
fitted for p > 0.4 GeV/c (see Table III).

A B

Particle (ub/GeV?) (Gev-1) x2/DOF
Y decays

* 451 + 0.1 6.13+0.17 16.1/14

K* 13.8 + 0.2 5.29 +0.89  12.3/5

') 95.2 + 3,5 5.92 £+0.95 1.28/4
Y’ decays E>0.4 GeV

rt 13.8 + 0.2 6.00 +0.17  18.4/14

K* 3.45+ 0.05 5.06 + 0.4 2.69/5

) 57.1 +10.5 6.3 +1.2 7.1/6

fractions for the ¢:
F(r*)=0.88+0.01,
F(K*)=0.10£0.01,
F(p+p)=0.022+0.002,

and for the ¢’:
F(m*)=0.87+0.01,
F(K*)=0.10+£0.01 ,
F(p+p)=0.023+0.002 .

It is of some interest to find whether the inclusive
particle fractions we measure are in agreement
with the particle fractions that can be calculated
from the measured exclusive decay channels, with
some reasonable assumption on the undetected ex-
clusive channels. This comparison is particularly
interesting at the ¢, where although many ex-
clusive decay modes have been measured only
63% of the hadronic decays can be accounted for
on the basis of the reconstructed decay modes.?
Differences between the measured inclusive frac-
tions and the fraction calculated from measured
decays would be indicative of the charged-particle
composition of the unmeasured ones. In order to
account for the unmeasured charge states of a
given channel (for instance, ¥~ 27*27°37°, where
only ¢ - 37*3777° has been measured) a statistical
model was used in analogy to the procedure ex-
plained in the review paper by Feldman and
Perl.®!®* Weighting each state by its probability
to be detected in the spectrometer (including the
charged decays of K3, 7, and ¢) we calculate
from the measured exclusive decays

F(1*)=0.89:0.01,
F(K*)=0.09+.01,
F(p+p)=0.023+.004.



The excellent agreement with our measurements
indicates that the charged-particle composition
of the undetected channels does not differ greatly
from the composition of the measured decays.
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