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ABSTRACT 

The inclusive charged hadron momentum spectra from the $ and $' decays 

produced in e+e- coilisions 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 6 = 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. 

(To be published in Physical Review D) 
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INTRODUCTION AND APPARATUS 

Both psion production and non-resonant hadron production 
t - 

in e e annihil ation 

takeRlace through the one-photon channel; but while away from resonancejhadrons 

are produced predominantly through the two-quark decays of the vitual photon, 

most of the hadron decays of the $ are though to proceed through gluons 1 . It 

is interesting to compare hadron spectra at the $ and I$' with hadron spectra at 

non-resonant energies. In the paper we shall present inclusive charged hadron 

spectra for the decay of $ (3095) and 9' (3684) produced in ese- collisions, 

obtained with the Maryland-Pavia-Princeton spectrometer at SPEAR. We shall 

compare these results to spectra obtained with the same spectrometer at /'? = 

4.8 GeV and V% = 7.3 GeV “3 . 

The experimental apparatus is shown in Figure la and lb. It consisted of 

a magnetic spectrometer complemented by a central detector surrounding the inter- 

action region, shower counters and hadron filters. The main characteristics of 

the spectrometer are: . 

1) Separation of hadrons from leptons using back-to-back shower counters and 

hadron filters. 

2) Hadron identification using a combinat .ion of a propane-fil ed threshold 

Cerenkov counter and of a time-of-flight (TOF) system. 

3) A large magnetic field integral permitting good momentum 

The shower counter behind the magnet contained seven radiat on length of 

resolution. 

lead sandwiched with five layers of scintillator, each divided vertically into 

four counters, while the counter on the opposite side of the interaction region 

consisted of ten radiation lengths of sodium iodide supplemented by seven 

radiation length of lead-scintillator sandwich. 

Located behind each shower counter was a hadron filter composec! of 6.8 

collision lengths of iron interleaved with three layers of scintillation counters. 
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The time-of-flight system had a small start counter near the interaction 

region and a wall of seven stop counters arranged horizontal 

magneJ in front of the shower counters. All the time-of-f1 

viewed by fast photomultiplier tubes (RCA8575) at both ends 

path for a 1 GeV/c particle was 4.7m. The system had a rms 

0.27 ns, for muons. 

ly behind the 

ght counters were 

The average flight 

time resolution of 

The pressurized Cerenkov counter (90 psig of propane) was located immediately 

in front of the magnet and provided a signal for pions with momenta 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 measured the azimuthal angle of particles emerging 

from the interaction point to t3". The proportional chambers measured the polar 

angleover a limited solid angle of 0.34 x 41~ ster. 

Traclcing and momentum measurements in the spectrometer used eiqht 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, C6X, from the interaction point 

consisted of proportional tubes. 

Two chambers on the opposite side of the beams than the magnet measured the 

X and Y coordinates in front of the lead-scintillator shower counter. 

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 integral of 0.79 T-m, for the 4.8 and 7.3 GeV data, the field 

integral was 1.18 T-m. For charged particle momenta above 0.25 GeV/c, a 

resolution (6p/p)=O.O12*p (p in GeV/c) from measurement uncertaintieqwith an 

additional .003 arising from multiple scattering,was obtained. The solid angle 

subtended by the spectrometer at the interaction point nas 0.094 ster. 
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Two additional stacks of sodium iodide crystals 4 , above and below the 

interaction region, are shown in Figure 1 but were not used in the analysis of 

the d&a presented in this paper. 

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 

3) a signal from the beam monitor, in time with the beams' crossing. 

Thus, a single-particle trigger necessary for the measurement of inclusive 

cross sections was attained. The trigger rate was typically a few per minute. 

The data were taken during a six week period in the fall and winter of 

1975-1976, at the peaks of the $ or $' excitation curves. Two online mini- 

computers,.an HP2114 and HP2100, operating in tandem, read in the data from each 
. 

event,wrote it to magnetic tape, and provided online displays and diagnostics 

of chamber and apparatus performance. 

Data reduction involved a selection stage to filter out non-reconstructable 

events, track-finding in the chambers before the magnet, and trajectory-fitting 

within the magnet. To eliminate backgrounds, fiducial cuts on the origin of the 

ired to be within +7 cm a long the beam axis 

the observed size of the luminous region. 

event were imposed. Tracks were requ 

and within +2 cm vertically, based on 

PARTICLE IDENTIFICATION 

For part of the events, the particle in the spectrometer could be readily 

identified. For instance, a collinear muon or electron pair would be promptly 

separated from the initial sample; likewise, a low momentum (p<l 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 
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were used to study the response of the particle identification devices as a 

function of momentum and to define the probability that a muon, electron or 

i:sdro? of given momentum producesa 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 

identification devices. The overlaps of these probability distributions were 

used to estimate the contaminations in each final particle sample. Analogous 

probability distributidns, defined in terms of the TOF values and Cerenkov 

amplitudes, were used to separate hadrons into pions, kaons and antiprotons. 

The detailed signatures required for identification of each particle type 

are illustrated next. 

Muons were identified by requiring a signal from the Cerenkov counter, a 

minimum amount of ionization in the shower counters, and penetration of at least 

the first two layers of the hadron filter by the track exiti'ng from the magnet. 

This requirement 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 $1 decays, and observing their 

probability to penetrate the three layers of the hadron filter. Fig. 2 shows 

the results obtained and compares them to the measurements of Sander5. 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/c, the shower counter pulse 

height and, in the case of electron pairs, the pulse height in the sodium iodide 

crystals on the opposite side. Total shower counter pulse height information 

alone was not sufficient to separate electrons from hadrons. Two quantities 

derived from the pulse height distribution within the shower counter were found 

to improve the electron-hadron separation. These were a) the sum M = 2 Am + At9 
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where Am is the minimum pulse height of the firs, + three shower counter layers, 

arid At is the total pulse height in the shower counter, and b) the difference 

.-' c = 2*At - u where 0 is the rms deviation of the pulse heights in the five 

shower counter layers from their mean. Scatter plots of M and S against par- 

ticle 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 information removed most of the remaining ambi- 

guity. 

The worst-case remaining contamination of hadrons by electrons occurs 

for momenta below 0.7 GeV/c and is 7+3 x lo-'+; this contamination in general 

is small because there are about ten times fewer electrons than hadrons in 

the spectrometer both at the J, and the ${.. 

For momenta below 1.10 GeV/c the different hadronic species were identi- 

fied by time-of-flight alone. Fig. 5 shows the difference-between the measured 

and expected time-of-flight for pions from the Q". In Fig. 6 the velocity, B, 

for all hadrons is plotted against the momentum. A clear separation between 

pions and kaons is evident for momenta 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 20 of the value calculated from 

momentum for the most likely mass assignment. 

The Cerenkov counter was used to separate pions from kaons and protons 

only for momenta p>l.lO GeV/c, the pion threshold momentum. Fig. 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 decay of .particles that convert in the mater- 

ials preceding the Cerenkov radiator. 



-7- 

Coiltamination of kaons by the more numerous pion sample is only signifi- 

cant for 1.0 < p cl.10 GeV/c, where time-of-flight information alone is used 

for h%dron indentification. In this momentum region, 0.2% of the kaons are 

estimated to be misidentified pions. Above the Cerenkov threshold, time-of- 

flight information limits the loss of kaons due to spurious Cerenkov signals 

to 3%, resulting in a 1.4% contamination of the pion sample by kaons for 

p>l.lO GeV/c. 
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Finally the $ data sample yielded 2210 pions, 111 kaons and 133 protons 

and atiiprotons. The 9' sample yielded 2370 pions, 128 kaons and 187 protons. 

CORRECTION FACTORS AND CROSS-SECTION NORMALIZATION 

The particle-separated spectra were then corrected for momentum-dependent 

effects. Corrections become prohibitively large for pions, kaons and protons 

or antiprotons with momenta below 0.25, 0.4, and 0.5 GeV/c respectively; cross 

sections could only be reliably calculated above these limits. 

A detailed Monte Carlo calculation was used to simulate the traversal of 

particles through the spectrometer. Effects such as interactions in the 

detectors, particle decays, and reconstruction of decayed particles were 

considered. The momentum-dependent correction factors to be applied to the 

raw momentum spectra in order to obtain the number of particles per steradian 

are summarized in Fig. 8 (a,b,c,d) for pions, kaons, protons and antiprotons 

separately. The individual effects considered were: .. 

(a) Momentum acceptance. Due to the bending of charged particle traj- 

ectories in the magnet, only 28% of the 0.094 ster. solid angle of 

the spectrometer is accessible to particles with momenta ~~0.25 GeV/c; 

this fraction rises to 85% for a 0.6 GeV/c particle. 

(b) Nuclear absorption. 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 calculated 

using, for each particle type, measured cross sections in Al, Fe, C 

and ti 6,7 . 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 anti- 
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protons exhibited the biggest momentum dependence, varying from 

h 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 were submitted to the reconstruction programs 

in order to determine what fraction of the particles 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 Fig. 8 (a), (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 to sorting hadrons into pions, kaons and protons (anti- 

protons) have been indicated in the previous section. All spectra 

were corrected for the two sigma fiducial cut on time-of-flight. 

(e) Machine-induced backgrounds. Examination of events whose intercept 

with the beam axis was more than 10 cm away from the center of the 

interaction 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 protons a momentum dependent correction 

was applied and is shown in Fig. 8d. 
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(f) Correction to momentum from energy losses. The measured momentum 

was ccorrected for losses due to ionizing collisions while traversing 

material before the magnet. This correction is approximately +25 

MeV/c for pions over the entire mometnum range, but rises to +60 

MeV/c for kaons with p=O.4 GeV/c and +92 MeV/c for protons with 

p=O.5 GeV/c. 

The integrated luminosity for the $' and $ data samples was calculated 

from the number of muon pair events detected in the spectrometer. We obtained 

an integrated luminosity of 106 210 nb-' at the @ and 360 t37 nb-' at the Q'. 

At the $', the muons from the @ decay were also used in order to reduce the 

statistical error, since the branching ratio for $'+$t anything is measured 839 

The errors quoted reflect 

RESULTS AND DISCUSSION 

both statistical and branching fraction uncertainties. 

The inclusive momentum spectra for pions, kaons and protons and anti- 

protons from the decays of $ and +' are shown in Fig. 9, and in Tables 1 and 2. 

The errors shown include both the statistical and systematic uncertainties, 

but not the overall normalization uncertainty from the luminosity measurement. 

Differential cross sections observed in the spectrometer were integrated over 

the entire solid angle, assuming an isotropic distribution of hadrons. The 

Spectra for both particle and antiparticle, including protons and. 

antiprotons, were the same within statistics. 

The spectra have a smooth fall-off with momentum, except-for one notable 

enhancement in the pion spectrum from the $J at a momentum of 1.40 GeV/c. This 

corresponds to the two-body decay $ +.n+p with the pion recoiling into the 

spectrometer. From this enhancement and assuming a lt-cos29 distribution, we 

measure a branching ratio 

BR($&) = 0.007+0.003 

in good agreement with previous results g . 
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Fig. 10 gives the invariant cross sections 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 parameters A and B are given in Table 3. The 

slopes B for the $ and $' are the same within errors; while this must reflect 

the well-known fact that more than half of the $' decays proceed through the $ 

(in turn decaying almost at rest), it is also an indication that the $' decays 

which do not involve the $ are not much different from $ decays. Our lower 

momentum cut of 0.25 GeV/c for the pion momentum precludes the observation of 

most of the slow pions from the process $'+~T+TI-$. 

Given the observed exponential behavior of the invariant CrGSS SeCtiOnS 

versus momentum, it has some interest to compare to each other the three particle 

cross sections as a function of the particles energy at the $ (and $I). 

Thermodynamical models for hadron production lo provide one scheme for 

exponentially decreasing total energy spectra; if the production process is 

totally insensitive to hadrons identify, one might expect both magnitude and 

slope of the invariant cross sections to be the same. Fig. 11 and Tables 4 

and 5 show the invariant cross sections for each particle type at the $ and $', 

as a function of particle energy. Each particle spectrum was fitted to an 

exponential shape and the results are shown in Table 6. Whereas the slopes 

of the three particle cross sections are independent (within the errors) Gf 

particle type, the magnitudes are not; the proton cross section is higher than 

that for pions; the kaon cross section is lower. Not surprisingly in light 

of the previous results, no difference in the slopes of the three particle cross 

sections versus energy at the $ and $' is apparent. 

The charged hadron spectra from the $ and I+!J' decays have also been 

measured by the DASP collaboration at DORIS 1' ; 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 
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the ratio between the area under the resonance curves and the resonance 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 I/J and $' 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 differences in both shape and magnitude. 

We turn now to a comparison with inclusive hadron spectra at non-resonant 

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 product of the average charged particle energy and the total cross 

section. Values for these two latter quantities are taken from reference 12. 

Fig. 13 shows a comparison of the pion and kaon cross sections at the $ and $' 

with the non-resonant data at energies of 4.8 and 7.3 GeV obtained with the 

2,3 same spectrometer . The non-resonant data deviate from exponential 

behavior; this deviation is greatest for the 7.3 GeV data, where a p -4 dependence 

fitted the data better than an exponential. On the basis of our data alone, it 

is not possible to decide whether the differences between the three energies 

depends on the annihilation proceeding through a resonant state, or is simply 

due to the effect of lower center-of-mass energy. A similar comparison has 

been made by the DASP collaboration 14 
using their particle separated spectra 

at 6=3.6 GeV and at the JJ. The DASP data exhibit a slight excess of high 

energy hadrons in the $ data over the non-resonant data, although the differ- 

ences do not appear to be very significant. 

We turn next to a discussion of relative rate of the different hadron type 

production, defined as the corrected number of K', rTT+, or p,p over the sum of 

these hadrons. For the JI and I$' decays, -the data are displayed as a function of 
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rr:omentum in Fig. 14. The charged kaon fraction is observed to increase with 

momenum, reaching a value of approximately 0.25; protons and antiprotons 

together exhibit the same behaviour with momentum, approaching a fraction of 

about 0.1 at the kinematic limit. Particle fractions versus momentum do not 

differ, within errors, at the $ and the Q' over the observed momentum ranges. 

Fig. 15 contains a comparison among kaons fractions from the $ data and 

the data at &=4.8 GeV and 7.3 GeV. Over the common momentum range, the 

fractions do not differ appreciably. 

The overall fractions of each particle type, integrated over momentum, 

can be calculated assuming the exponential fits to the invariant particle 

cross sections in Table 6 can be extrapolated to zero momentum. We then 

obtain the following fractions for the $1 

F($) = 0.88 iO.01 

F(K+) = 0.10 +O.Ol 

F(p+jj)= 0.022 kO.002 

and for the Jo' 

F($) = 0.87 +O.Ol 

F(K*) = 0.10 10.01 

F(p+p)= 0.023 kO.002 

It has 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 unde- 

tected exclusive channels. This comparison is particularly interesting at the 

I$, where although many exclusive decay modes have been measured only 63% of the 

hadronic decays can be accounted for on the basis of the reconstructed decay 

8 modes . Differences between the measured inclusive fractions 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 
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c!:.arge states of a given channel (for instance, 1&+2~+2~-3~i~, where only 

,*3rrt3in" has been measured) a statistical model was used, in analogy to the 

procedure explained in the review paper by Feldman and Per1 8'15 . Weighting 

each state by its probability to be detected in the spectrometer (including 

the charged decays of K"s,n and $ we calculate from the measured exclusive decays 

F(.ri") = 0.89 to.01 

F(Kf) = 0.09 2.01 

F(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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FIGURE CAPTIONS 

cig. 1: Plan view (a) and side view (b) of the spectrometer used in this - 

experiment. 

Fig. 2: Penetration probability of pions in the hadron filter. The solid 

lines are calculated from the data of Sander 5 , while the data 

points are the measured probabilities of penetrating the three 

layers of the hadron filter, obtained from a clean sample of pions 

from $' decays. 

Fig. 3: Correlation plots between the quantity M defined in the text and 

momentum for the final sample of electrons, (a), and hadrons, (b), from 

the $' data. Hadrons labeled P are recognized as protons (antiprotons) 

by time-of-flight. 

Fig. 4: Correlation plots between the quantity S defined in the text and 

momentum for the final sample of electrons, (a), and hadrons, (b), 

from the $' data. Hadrons labeled P are recognized as protons (anti- 

protons) by time-of-flight. 

Fig. 5: The difference between the expected and the measured flight time for 

pions from the L/J'. The broken line is a Gaussian fit to the 

distribution with o = 0.31+0.02 ns. 

Fig. 6: Distribution of the observed velocity, 6, for hadrons from the +' 

data set. The solid lines show 6 as a function of momentum for pions, 

kaons and protons. The symbol x indicates events within 20 of the 

kaons' expected flight time, while the symbol 4% indicates events 

within 2a of the protons' flight time. 

Fig. 7: The amplitude of the Cerenkov counter signal for hadrons at the 9'. 

The symbol o indicates events within 25 of the kaons' expected flight 

time, while the symbol e indicates events within 20 of the protons' 

flight time. 
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Fig 8: Summary of the multiplicative correction factors that are applied to 

-si the observed pion (a), kaon (.b), proton (c), and antiproton (d) spectra 

to obtain the differential cross sections per steradian. 

Fig. 9: Inclusive momentum spectra integrated over the solid angle for n' 

K.'T' and p,p at the $ and @'. 

Fig. 10: The particle separated invariant cross sections at the $ and the q' 

as a function of hadron momentum. 

Fig. 11: The particle separated invariant cross sections at the $ and the $' 

as a function of hadron energy. 

Fig. 12: Comparison of the particle separated invariant cross sections at the 

and the I+?' obtained by this experiment and by the DASP collaboration 

The latter results have been divided by scale factors of 

4.7 at the $ and 6.1 at the $J' as described in the text. 

Fig. 13: Comparison of the invariant cross sections for charged pions, (a), 

and kaons, (b), at the J1, at &=4.8 GeV and at &=7.3 GeV. The line 

in part (a) is the fitted curve for the pions from the $. The cross 

sections are normalized by the integral of each cross section over 

momentum. 

Fig. 14: The fraction of n', K", and p,i; from $ decays, (a), and from $' 

decays, (b), as a function of hadron momentum. 

Fig. 15: Comparison of K' fractions vs. momentum at the $, at &=4.8 GeV and 

at &=7.3 GeV. 

TABLE CAPTIONS 

Table 1: The inclusive cross sections du/dp as a function of hadron momentum 

for charged pions and kaons, and for protons (or antiprotons) produced 

at the $. The values of momentum quoted correspond to the center of 

each bin. The notation Ot.. indicates a 1 standard deviation upper 

limit. 
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Tcble 2: The inclusive cross sections du/dp as a function of hadron momentum 

- for charged pions and kaons, and for protons (or antiprotons) 

produced at the $'. See Table 1 for notation. 

Table 3: Exponential fits to the invariant cross sections as a function of 

momentum at the $J and the $'. The $' results are only fitted for 

p>O.4 GeV/c to eliminate the slow pions from the decay $'+TT'T-I;). 

Table 4: The invariant cross sections (E/4rp2)do/dp as a function of the hadron 

total energy E for charged pions and kaons and for protons (or anti- 

protons) at the $. The energies are given for the center of each bin. 

Table 5: The invariant cross sections (E/4npL)do/dp as a function of the hadron 

total energy E for charged pions and kaons and for protons (or anti- 

protons) at the JI'. The energies are given for the center of each bin. 

Table 6: Exponential fits to the invariant cross sections as a function of the 

hadrons' total energy. The $' results are only fitted for p>O.4 GeV/c . 

(see Tabie 3). 



- 18 - 

REFERENCES 

(a) Present address: Physics Dept., Univ. of Utah, Salt Lake City, UT 84112. 

(1)) Present address: Dept. of Physics, Univ. of California, Berkeley, CA 94720. 

(c) Present address: Physics Department, Johns Hopkins University, Baltimore, 

MD 21218. 

(d) Present address: Fairchild Camera and Inst. Co., Palo Alto, CA 94300 

(e) Present address: Physics Dept., Princeton University, Princeton, NJ 08544. 

(f) Present address: Realizzazioni Technologiche Avanzate, Via Folperti 44/B, 

27100 Pavia, Italy. 

1) See for instance T. Appelquis t, R.M. Barnett and K.D. Lane, Ann. Rev. Nut 1. 

Sci. 28, 387 (1978). 

2) T.L. Atwood et al., Phys. Rev. Lett. 35, 704 (1975). 

3) D.G. Aschman et al., Phys. Rev. Lett. 41, 445 (1978). 

4) C. Biddick et al., Phys. Rev. Lett. 38, 1324 (1977). 

5) H.G. Sander, Diplomarbeit, Aachen Univ., 1974 (unpublished). 

6) K.A. Shinsky, Ph.D. thesis, Princeton Univ. 1978 (unpublished); D.H. Badtke, 

Ph.D. thesis, University of Maryland 1978 (unpublished). 

7) High Energy Reactions Analysis Group, CERN, #72-l (1972); High Energy Reactions 

Group, CERN, #75-l (1975); J.W. Cronin, R. Cool and A. Abashian, Phys Rev. 

107, 1121 (1957); R.L. Martin, Phys. Rev. 87, 1052 (1954); M.J. Longo, 

B.J. Moyer, Phys. Rev. 125, 701 (1962). 

8) G.J. Feldman and M.L. Perl, Phys. Reports 33C, 285 (1977). 

9) R. Brandelik et al., Z. Physik Cl, 233 (1979). 

10) R. Hagedorn, Nucl. Phys. B24, 93 (1970); E.L. Feinberg, Phys. Reports 5C, 

237 (1972). 

11) W. Braunschweig et al., Phys. Lett. 63B, 115 (1976). 



- 19 - 

12) G.J. Feldman and M.L. Perl, Phys. Reports 19C, 233 (1975). 

13) S.M. Berman, J.D. Bjorken and J.B. Kogut, Phys. Rev. D4, 3388 
- 

(197 1); 

S.D. Drell, D.J. Levy and T.M. Yan, Phys. Rev. Dl, 1617 (1970). 

14) R. Brandelik et al., Nucl. Phys. B148, 189 (1979). 

15) A. Pais, Phys. Rev. Lett. 32, 1081 (1974) and Ann. of Physics 9, 548 (1960). 



- 20 - 

P TT= 
@@J/d ()b/GeV/c > 

,275 20.5 + 2.3 
a325 16.5 2 1.4 
,375 16.8 + 1.1 
.W 14.5 f 1.0 
,475 11.5 + 0*8 
.525 10.5 2 0.7 
l 575 7.67 +, 058 
,625 6.96 +, .54 
.675 4.55 2 843 
.725 5.04 2 .44 
-775 2.90 2 .33 
.825 2.30 +, .29 
.875 2.23 2 .29 
.925 1.95 2 .27 
0975 1.19 +, .21 

1.025 0.83 2 .18 
I.075 0.81 +, .17 
1.125 0.47 f, .13 
1.175 0.53 +, .14 
1.225 0.43-t .12 
1.275 0.32 2 31 
1.325 0.28 +, .lO 
I.375 0.36 2 .I1 
1.425 0.39 + .l2 
1.475 0.11 2 .06 
1.525 0.11 2 .06 
1.575 .035 2 -035 
1.625 .034 -+ .034 

P K+- 
(GeV/c) bb/GeV/c) 

. O,trj.+ -37 
-55 
.65 
-75 
.85 
995 

1.05 
1.15 
1.25 
1.35 
1.45 

0.66 + .24 
1.56 2 .30 
0.75 -+ .18 
0.44 + .13 
0.38 2 .ll 
0.35 + .lO 
0.18 2 .07 
,050 2 .035 
0.12 + .06 
,072 + .04 

Pe 5 

l 45 
l 55 
.65 
.75 . 
085 
.95 

1.05 
1.15 
1.25 

.019 2 .015 
0.34 + .16 
0.26 +, .lO 
0.32 + 21 
0.30 + .09 
0.23 2 .09 
0.19 + .09 

o+ .05 
,064 2 .043 

TABLE 1 
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P 2 

@V/c > (,u:,Ge.V,c) 

0275 7.39 $- 079 
,325 7.84 2 .52 
.375 5.77 2 l 37 
.425 4.18 + .28 
9475 3.96 2 .25 
,525 3.45 2 .22 
.575 2.56 f .18 
.625 2.29 + .17 
.675 1.73 2 .14 
.725 1.25 + .12 
l 775 1.12 2 .ll 
.825 0.88 2 .lO 
.875 0.59 +, .08 
.925 0.50 2 ,07 
l 975 0.41 2 .07 

1.025 0.33 2 .06 
1.075 0.44 + .07 
1.125 0.19 2 .05 
1.175 0.15 2 .04 
1.225 0.16 2 .04 
1.275 0.12 + .035 
1.325 0.14 + .04 
1.375 .064 +, .026 
1.425 .064 + .026 
1.475 .075 + ,028 
1.525 .074 2 .028 
1.575 .052 2 .023 
1.625 .042 + ,021 
1.675 ,021 2 .015 
1.725 .021 2 .015 
1.775 .021 2 .015 
1.825 ,010 2 l OlO 

P 
:GeV/c) 

.45 

.55 

.65 

.75 
-85 
.95 

1.05 
1.15 
1.25 

1.35 
1.45 
1.55 

6 
@fb/GeV/c) 

0.26 2 .12 
0.29 2 .09 
0.38 2 .08 
0.19 + .05 
0.15 + .04 
oJ6 2 .04 
0.12 2 .03 
.048 +, ,020 
.045 2 ,018 
.030 2 ,015 
,014 2 .OlO 
,021 2 .012 

P* is 

-45 ,008 + .004 
l 55 .037 2 .024 
065 0.12 2 .04 

.f .75 0.13 2 .04 
085 .087 + .035 
.95 .105 2 .035 

1.05 .035 2 .022 
1.15 .020 + .013 
1.25 .038 2 ,018 
1.35 .014 2 .Oll 
1.45 0-k .Ol 
1.55 .009 + ,010 

TABLE 2 
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Particle 

9 decays 

lTII+ 
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Invariant Cross Section Parameterization 

E da 
47l p2 T$ 

= A em@ 

K+ 

PS F) 

I)' decays 

lT+ 

K+ 

($GeV2) 

37.56 t 0.15 

4.52 2 0.11 

0.52 2 0.01 

p> 0.4 GeV/c 

10.8 2 0.1 

0.78 + 0.06 

0.23 + 0.02 

R 
(c/G@4 

6.02 t 0.18 

5.03 + 0.06 

3.11 t 0.20 

5.83 +- 0.17 

4.34 +- 0.42 

3.50 + 0.84 

x2/D.o.F. 

16.9/14 

14.5/6 

O-56/5 

14.1/14 

4.64/6 

19.1/6 

TABLE 3 
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E 
(GeV) 

9 325 
-375 
.4?5 
l 475 
,525 
l 575 
.625 
9 675 
0725 
l 775 
,825 
-875 
.925 
-975 

1.025 

1.075 
1.125 

I.175 
1.225 
1.275 
1.325 
1.375 
1.425 

1.475 
1.52j 
1.575 
1.625 

- 7-F 
(rib/Gee') 

6255 2 562 

4386 + 322 
3670 2 231 
2388 2 158 
1876 2 124 
1358 2 96. 
897. 2 71. 
698. 2 59. 
597. + 52. 
381. 2 39. 
226. ', 29. 
211. +, 27. 
191. + 25. 
112. +, 19. 
65.7 2 14.0 
67.5 2 13.8 
31.4 2 9.1 
43.4 2 10.4 
23.4 f 7.4 
22.3 + 7.1 
17.4 + 6.2 
23.0 2 6.9 
20.1 +, 6.3 
9.7 + 4.3 
5.5 +, 3.2 
1.8 2 1.8 
1.7 + 1.7 

(GeV) (nb/GeV2) 
.65 217. 2 97. 
.75 155. 2 50. 
085 243. 2 45. 
.95 94.4 + 21.0 

1.05 43.9 2 11.9 
1.15 29.7 2 8.6 
1.25 15.9 2 5.7 
1.35 7.0 + 2.5 
1.45 9.2 2 3.8 
1.55 5.7 + 2.0 

PD P 
1.05 175. 2 48. 
1.15 114. 2 29. 
1.25 56.8 +, 14.1 
1.35. 39.2 + 13.6 

.. 1.45 13.8 + 4.8 
1.55 lo.6 2 3.5 

TABLE 4 
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E 7T* 
(GeV) (nb/GeVL) 

.325 2472 2 194 
0375 1911 $, 116 
.425 1082 2 69. 
.475 746. 2 49. 
.525 636. 2 40. 
l 575 442. 2 30. 
.625 324. 2 23. 
,675 211. 2 18. 
,725 166. 2 15. 
.775 147. 2 13. 
.825 91.2 2 lo: 

,875 56.1 t 7.6 
0925 47.6 + 6.8 
.9?5 37x+_ 5.9 

1.025 23.2 + 4.6 
1.075 31.9 + 5.2 
1.125 17.2 +, 3.7 
1.175 12.5 + 3.0 
1.225 9.8 2 2.6 
1.275 8.8 2 2.4 
1.325 7.8 2 2.2 
1.375 4.4 2 1.6 
1.425 3.0 2 1.3 
1.475 4.6 t 1.6 
1.525 3.9 + 1.5 
1.575 2.7 2 1.2 
1.625 2.0 2 1.0 
1.675 0.50 2 l 50 
1.725 1.4 2 .8 
1.775 0:93 +, '.66 
1.825 0.45 2 .45 

E 
(GeV) 

965 
.75 
.85 
095 

1.05 
1.15 
1.25 

1.35 
1.45 
1.55 
1.65 
1.75 
1.85 

KL 
(rib/G@/) 

116. 2 48. 
68.3 2 17. 
56.5 2 12. 
24.2 2 5.E 
18.5 2 4.5 
12.6 + 3.1 

4.1 2 1.1 
2.5 2 1.3 
2.3 + 1.t 
2.3 2 0.; 

0.76 2 0,: 
0 + 0.2 
0 + 0.3 

1.15 
1.25 
1.35 
1.45 
1.55 
1.65 
1.75 
1.85 

P? 5 

._ 45,6 2 11, 
20.1 2 6.: 
14.7 + 4.: 

4.0 2 1.4 
4.3 2 l.E 
1.0 2 0-E 

0 4 0.: 

1‘0 2 0.t 

TABLE 5 
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Invariant Cross Section Parameterization 

E do 
4Tr p2 dp 

= A ewBE 

Particle 
(pb/G:V2) 

+ decays 

2 45.1 + 0.1 

K' 13.8 + 0.2 

P, P 95.2 + 3.5 

Q’ decays E > 0.4 GeV 

n* 13.8 + 0.2 

K:' 3.45 5 0.05 

PI b 57.12 10.5 

( Ge?l) 

6.13 + 0.17 

5.29 t 0.89 

5.92 kQ.95 

6.00 + 0.17 

5.06 + 0.4 

6.3 5 1.2 

x2/D.o.F. 

16.1/14 

12.3/5 

l-28/4 

78.4/14 
._ 

2.6915 

7.7/6 

TABLE 6 



HADRON 
FILTER 

~-~‘ADRoN NAI CRYSTALS 
FILTER 

I e+ ,BEAM 
SHOWER 

COUNTER 

\ 1 MAGNET 
~UfT\A/CD \ r- 

HADRON 
FILTER 

/ 

I 
e- BEAM 

FEREN~OV COUNTER 

TOF STOP 
COUNTER 

HADRON 
FILTER 

OF START COUNTER 

PbLYMETER POLYMETER COUNTER COUNTER 

SHOWE 

(b) I meter e PROPORTIONAL WIRE CHAMBERS 

Fig. 1 



-J 

M 
a 
m 

i? 
CL 

/ 
0 
t- <I: CT t- 
%! 
a” 

- 0 ’ 

- 
O2 

7 

0.5 0.75 

7 -80 

1.0 1.25 I.5 

bT (GeVIc) 
1.75 2.0 

3094A6 

Fig. 2 



3200 

2400 

1600 

800 

0 

2400 

1600 

800 

10 - 80 MOMENTUM (GeVk) 3894AlO 

+- Electrons 

I 
I I I 

1 I I 

(b) \cI’--- Hadrons . 

* l 

P 0 

c 

P 

? 

Fig. 3 



2000 

1500 

1000 

500 

0 

2000 

I500 

1000 

500 

0 

I 4 I I I 
I 

I 

\cI’ ---Electrons 
I I I I I I 

I 

+‘- Hadrons 
? l 

.’ 
c l e 

c c 
, ) 0 Q , , 

,a O” 0 
‘p ,o 

l 

0 l c 0 - 0 0 

0 0.5 1.0 1.5 2.0 
IO - 80 MOMENTUM (GeVk) 3894All 

Fig. 4 



% 
cn 
c 

7-80 

350 

300 

250 

200 

150 

100 

50 

0 

I I 

-2.0 -4.0 0 1.0 2.0 

nt7T (nsec) 
3894 Al 

Fig. 5 



I. I 

I.0 

0.9 

0.8 
0 

: 0.7 
Q 

0.6 

0.5 

0.4 

0.3 

7-80 

- 

- 

1, ‘..:* -1 .*..’ ~..,s : 1 
. . . . ** :* - . . . . . :. . . 

1. . *I* I 
. : 

II 

. 1 

-1 
,UX 

9 
I - hbdrons 

0 0.4 0.8 1.2 1.6 2.0 

p (GeV/c) 3094A2 

Fig. 6 



7- 80 

200 

000 

800 

600 

400 

200 

0 

I I I I I 

.-I..--- ..+. - . . ,.... . . 

. *.. . 
I * 

.* ‘. 
- + 

. .*. :_.. 

. -;. . . . . . ‘C * 
..* 

. 
. * *.*; 

*..+*. .+I 
: . 

. 

. . 
-.. 

. 
c 

. .* + . .- 

. s 

. .* . 

0.2 0.6 1.0 
p (GeVk) 

1.4 1.8 
3894A3 

Fig. 7 



- Total -.- Nuclear Absorption 

....-...- Acceptance -.-e- Beam- Gas Bockground 

- - - Decay 

Proton Correciions 
(c) 1 

IO3 

I02 

IO’ 

IO0 

IO2 

IO’ 

,,111111111~1”“~ 

Koon Corrections 

(b) _ 

_ -. 
-*.. \ 

*... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..- 

L L 

Illlll~ll~ll~““’ Illlll~ll~ll~““’ . . 

AntiprOtOn AntiprOtOn COrreCtiOnS 5 COrreCtiOnS 5 

(d) - (d) - 

IO0 1’ -1 ’ ’ ’ ’ ’ ’ ’ ’ I ’ ’ ’ ’ ’ ’ ’ 
1.0 1.5 2.0 0.5 I.0 I.5 2.0 

p (GeV/c) p (GeV/c) 31P.‘L 

Fig. 8 



m
 I 0”
 

? ul
 

11
 

-. a 
-0

 

du
-/d

p 
(,u

b/
G

eV
/c

) 

I- i+
 

‘- 
+ 

-o
-+

- 
X 



IO 

I 

10-l 

- 
N 
> 
Q, to-2 .a 

10-3 

10-3’ ’ ’ ’ ’ I ’ ’ 

8 - 40 p (GeV/c) 3894815 

Fig. 10 



IO 

7 
I 

IO--’ 5 

h++X 

I I I I I I , I , I [ , , , 1 , , , I I I I I I I I , , , , I , 

1 (b) -hh++X 

1o-41 1 ” ” ‘1 ” ’ ” ’ ’ 1 ’ 
0 0.5 1.0 1.5 

B- eo E (GeV) 

Fig. 11 



IO0 a 

s 
0 

- lo-’ 
N 

r 

5 - 10-l 

10-Z 

10-S 

10-4 

8-80 

MPPS DASP 

I%- \ 

0 

a 

0 

-j 

E 
1 I I I 

0 0.5 1.0 I.5 

E (GeV) 

IO2 

IO ’ 

IO0 

10-l 

10-l 

10-2 

IO” 

IO-* 

10-3 

10-4 

E I I I 

d-- h’+ X 

0 0.5 1.0 I.5 2.0 

.E (GeV) 3894A18 

Fig. 12 



m I 
2 CT - 10-l 

m b *a I u-u 

lO-4 
0 I 2 

p (GeV/c) 

L I I I I I El 

Kaons 
(b) l II/ 

0 Js = 4.0 GeV 
A > = 7.3 GeV 3 

I 2 3 
p (GeV/c) 3,9.119 

Fig. I3 



n -. (0
 . 

Q
) 01
 

0 u - 0 h 0 w
 

03
 

‘0
 

P
 

LD
 

h 

? u-
i 

PA
R

TI
C

LE
 

FR
AC

TI
O

N
S 

- l 0 
P 

0 
cm

 
f 

- . 0 

n 

l-l
 l-l

 

l-i
 

r-i
 

l-l
 

- u-
 

< t J 
I+

 
+ X 

0)
 

cl
 

FX
=i

 
-c

-J
1 

If 
I+

 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

n u n n 

r-l
 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

* 



t- 
f2 
CT 
IL 
7 
0 

2 

8 - 80 

0.6 

0.5 

0.4 

0.3 

0.2 

0. I 

0 

Kaons 
0 \cI - 
0 4.8 GeV 
q 7.3 GeV 

- 

- 

- 

tt 

0 0.5 1.0 1.5 2.0 

p (GeVk ) 3894A.17 

Fig. 15 


