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ABSTRACT 

We have studied inclusive production of Kf, A, and ;i particles in 20 GeV rp 

interactions and have found features similar to those observed in both hadronic 

and leptonic interactions. The production cross sections, charged particle multi- 

plicities, and average A polarization are reported. Inclusive distributions of z and 

PT are shown and discussed in terms of quark fragmentation models. Production 

cross sections for K*(890) and C*(1385) are also reported. ~ 
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1. Introduction 

Inclusive production of neutral strange particles has been studied with a variety 

of hadronl-l1 and lepton12-1g beams. The only inclusive data on neutral strange 

particle production with photons, however, come from bubble chamber experiments 

at 5.8 GeVzO and at 9.3 GeV21, and a more recent experiment at the CERN Omega 

spectrometer using a bremsstrahlung beam22. 

In this paper, we present results on K, , o A, and ;i production with a monoenergetic 

photon beam incident on the hydrogen-filled bubble chamber of the SLAC Hybrid Fa- 

cility. The nearly full acceptance and the visual detection of secondary V” decays 

make the bubble chamber particularly well suited to the study of these particles. In 
a- 

most cases, neutral V’s can be uniquely identified by their decay kinematics. Longi- 

tudinal and transverse momentum distributions and other features of the production 

mechanisms of these particles are reported here and compared to other inclusive data. 

We also report results on the C*(1385) and the first inclusive photoproduction cross 

sections for the K*(890). 

2. Experimental Procedure 

Some 2.4 million pictures have been taken with the SLAC 1 m bubble chamber 

exposed to a photon beam. This beam was produced by collimating the back-scattered 

photons from the interaction of ultraviolet light from a frequency-quadrupled Nd:YAG 

laser with a 30 GeV electron beam, resulting in a spectrum peaked at 20 GeV with a 

full width at half maximum of about 2 Gev3. The flux was typically 20 photons per 

pulse. Processing of the film is in progress at this time. The results presented here are 

based on about 20 percent of the film for which the processing has been completed. 

-- 
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The apparatus is shown in Fig. 1. Downstream of the bubble chamber were 11 

planes of multiwire proportional chambers grouped in four stations, two gas filled 

Cerenkov counters24 which provided n/Kp discrimination above 3.1 GeV/c, and a 

lead glass wall 23 . The Cerenkov counters and lead glass wall data were not used in the 

analysis presented here. Because the photon beam produced e* pairs as it traversed 

the apparatus, all of the detectors downstream of the bubble chamber were made 

insensitive in the narrow region of dense electromagnetic background. 

The cameras were triggered by the passage of any charged particle through the 

first three PWC stations, or by a sufficient energy deposition in the lead glass wall. 

Approximately one picture out of five contained a usable hadronic interaction. In 

*order to study the triggering efficiency, we took an untriggered picture on every 50th 

frame. From these pictures, it was determined that we trigger on 88 f 3 percent of 

the total hadronic cross section, and that this efficiency is nearly independent of the 

event topology. Furthermore, Monte Carlo studies show that the triggering efficiency 

should be independent of the momentum of any Vu in the event. We take this to be 

strictly true in the analyses that follow. The efficiency was also checked by measuring 

the incident photon flux with a lead-lucite beam-stop shower counter, as well as with a 

pair spectrometer beam monitor upstream of the bubble chamber. With these devices, 

we directly measured an integrated flux corresponding to a total cross section of 89 f 

9 pb for this data sample. When compared to the published value25 of 115 f 2 pb, 

this indicates an overall efficiency (including scanning and measuring losses) of 77 f 8 

percent. The error on this efficiency is due almost entirely to systematic uncertainties 

in the calibration of the pair spectrometer and the beam-stop counter, and in the 

density of the liquid hydrogen during the bubble chamber expansion cycle. These 

systematic effects cancel in the results reported below, because the cross sections and 

-- 
4 



inclusive distributions are derived from ratios of strange particles to total hadronic 

events. 

The analyses that follow are based on 97,100 hadronic interactions that occurred 

within a cleanly defined primary fiducial volume. A minimum decay length cut of 2.0 

mm was imposed on all neutral V vertices to ensure high detection efficiency26, and 

a secondary fiducial volume was defined so that all decay products had measurable 

track lengths of at least 7 cm. 14200 neutral V’s passed these initial cuts. 

Each of the observed neutral V’s was checked against four-hypotheses: 

rp + e+e-p 

K80 + 7r+r- 

(1) 

(2) 

A-,p7C (3) -J- :.: 
i-p+ (4) 

Three-constraint fits were attempted by a kinematic fitting program, requiring that the 

reconstructed momentum vector of the neutral particle point to the primary interaction 

vertex with a fit probability greater than 0.1 percent. 79 percent of the neutral V’s 

(including 7 conversions) were uniquely identified by these fits, leaving 10 percent with 

two or more successful fits, and 11 percent with no acceptable fits. 

As a first step in resolving the ambiguous decays, any neutral V that fitted the 7 

conversion hypothesis (reaction 1) with an invariant mass less than 39 MeV/c2 and had 

a positive decay track with transverse momentum less than 10 MeV/c was classified as 

a 7 and eliminated from further consideration. We estimate that fewer than 1 percent 

of the neutral strange particles were lost by misidentification as 7 conversions. V”‘s 

with identifications ambiguous among two or more strange particle hypotheses were 

each assigned a unique identification based on the following procedure. Each Ki/A 

ambiguity was resolved as a Kf if the x2 probability of the Kf fit was greater than 
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0.70 and was greater than that of the A fit; otherwise, it was called a A. Similarly, 

each Kf/i ambiguity was resolved as a A if the probability was greater than 0.70 

and greater than that of the Kf fit. These criteria are biased toward minimizing 

the contamination of the A sample. In events with two or more VO’s, strangeness 

conservation rules were invoked to resolve ambiguities whenever possible. After these 

assignments, there were no 3-way Kf/A/ A ambiguities, and only one A/A ambiguity, 

which was resolved as a A on the basis of the x2 probability. The effectiveness of 

the selection procedure and the normalization corrections -are discussed below. If 

the ambiguous decays had been resolved randomly, we would expect a 2.5 percent 

contamination of the resolved Kf sample, a 3.4 percent contamination of the A sample, 

and a 20 percent contamination of the A sample. With ambiguities resolved using the 

,x2 probability cuts, the actual contaminations are expected to be significantly less; 

however, these estimates can be taken as upper limits. Our procedure for resolving 

the ambiguous V”‘s is admittedly somewhat arbitrary. Various other (generally more 

r complex) procedures were also tried, but these caused no significant changes in the 

results. 

The neutral V’s that gave no fits could usually be understood in terms of multiple 

scattering or other effects that caused the attempted fits to be outside the probability 

cuts. An examination of these V’s indicated that they were generally associated cor- 

rectly with the primary interaction, and in many cases could be uniquely identified by 

a selection based on the invariant masses, assuming each of the four hypotheses above. 

By examining the invariant mass distributions, we estimate that this no-fit subsample 

contains 292 f 112 Kf’s, 118 f 88 A’s, and 10 f 10 K’s. Approximately 1 percent of 

the observed V” decays were incompatible with the four hypotheses above, but these 

are consistent with the expected number of unobserved scatters and threebody Ki 

decays. The 11 percent subsample of neutral V’s without 3C fits was not used in 

‘--.=a -- 
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computing the inclusive distributions that follow, because of the uncertainty in the 

momentum vectors. They were used, however, in normalizing these distributions, and 

in computing the cross sections. 

Figs. 2( )-( ) h a c s ow the invariant mass distributions of all neutral V’s, using 

(I+T-), (pn-), and @n+) mass assignments corresponding to the Kf, A, and A de- 

cays, respectively. Note that in these figures, the invariant masses have been calculated 

from the observed track momenta before the 3C fits were attempted. In each figure, 

the unshaded area corresponds to the decays that were subsequently unambiguously 

identified by 3C fits, the diagonally hatched area corresponds to those that were re- 

solved from the ambiguous decays, and the shaded area corresponds to the background 

of other V”‘s (including 7 conversions). The unfitted Kt, A, and A distributions peak 

-at 0.498, 1.116, and 1.116 GeV/c2 with full widths at half maximum of 8, 3, and 4 

MeV/c2, respectively. The error on the mean is less than 1 MeV/c2 in each case. The 

results of the V” selections are summarized in Table I. 

The validity of our selection criteria is demonstrated by the cos B;f distributions 

in Figs. 2(d)-(f). H ere 0; is defined as the angle between the positive decay track 

and the direction of flight of the V” in the V” rest frame. The dips observed in the 

unambiguous (unshaded) portions are filled by the resolved ambiguous events, resulting 

in flat distributions as expected. We have examined distributions of the transverse 

momentum of the positive decay product with respect to the V” direction, and also 

V” invariant mass distributions using all combinations of incorrect mass assignments 

for the decay products; e.g. the (n+lr-) invariant mass spectrum for all p’s identified 

as A’s. In all cases, these distributions were smooth, with dips in the unambiguous 

portions being filled by the resolved ambiguous decays, and with no enhancements 

indicative of biased selections. As an additional check, we note that the number of 

Kf/A ambiguities resolved as Ki’s is 100, while the number of K,“/ii ambiguities 
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resolved as Kf’s is 126. If all ambiguities could be resolved perfectly, we would expect 

these numbers to be equal because of the charge symmetry of the Ki decay. The 

difference seen here is due to the assymetry in our procedure which favors A’s over 

Kf’s on one hand, but favors Kf’s over i’s on the other. Nevertheless, the closeness 

of these numbers supports the validity of our selection procedure. 

To correct for unobserved strange particles that decay outside the fiducial volume 

or inside the 2.0 mm minimum length cut, a weight was calculated for each observed 

decay, based on the momentum of the particle and the potential path length from 

the primary interaction vertex to the boundary of the secondary fiducial volume. The 

averages of these weights are listed in Table I. Except for Fig. 2, all figures and tables 

have been corrected with these weights. 

2. - We have examined the invariant decay length (cr) distributions for each type of 

neutral strange particle and determined the corrected mean values in order to check 

the detection and identification efficiencies and to check the fiducial cuts. Using a 

’ maximum likelihood method, we have measured the average lifetimes (expressed in 

terms of the average invariant decay lengths) to be 2.69 f 0.06 cm, 7.61 f 0.22 cm, 

and 8.19 f 1.72 cm for the Ki, A, and ii, respectively. The establishedn mean values 

of cr are 2.675 cm for the Kf and 7.89 cm for the A and A. The values we measure 

indicate that our V” identification procedure is satisfactory, and that we have no 

significant fiducial biases. Without a minimum length cut, the losses below 2.0 mm 

would correspond to 2 percent of all V”s. The short-distance losses beyond 2.0 mm 

are negligible. 

3. Total and Topological Cross Sections 

The total and topological cross sections are listed in Table II for events with Kt, A, 
-w or ;i particles. These cross sections were measured by counting the V”‘s above back- 
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ground in the unfitted mass distributions of Figs. 2(a)-(c) and normalizing to the total 

corrected number of hadronic events. Corrections were made for branching ratios to 

unobserved decay modes and for escape probabilities. Because of particular experi- 

mental difficulties associated with 11-prong events, the Kt cross section reported for 

this topology is based on a subset of data for which the U-prong efficiency is well un- 

derstood. It should be noted that cross sections reported in this paper include indirect 

sources, such as Kf’s from K* decays, and A’s from Co decays. 

We observe that the Kf photoproduction cross section is approximately 1.7 times 

larger than that of A production, and that the A cross section is about 6% of the 

A cross section. These ratios are consistent with those obtained by averaging the 

measurements from n+p and r-p interactions’ at 18.5 GeV/c, a beam momentum 

--close to that of this experiment. However, the actual numbers of Kf’s, A’s, and A’s _ 

per inelastic-event we have measured are all about 20 percent higher than the averages 

from the ?r+p and n-p experiments. This suggests that the photon interacts much like 

’ a combination of rr+ and n- mesons, but with an extra proclivity for strange particle 

production due to the direct coupling of the photon to s B quark pairs. 

Figure 3 shows the average numbers of Kf’s, A’s, and A’s per inelastic event, as 

a function of the available energy, compared to measurements from several np fixed- 

target experiments1J3~4~5~8. The available energy, EA, is defined as the total center- 

of-mass energy of the collision, minus the masses of the initial state particles. We 

observe that the numbers of neutral strange particles per event from the various fixed- 

target experiments all fall approximately on the same curves when plotted against this 

variable. This behavior has been reported previously for the total charged multiplicity 

in various experiments 28. The solid lines in Fig. 3 were fitted by eye to the r-p fixed- 

target data. The dashed curve is a parametrization of the total charged multiplicity 

from Ref. 28, divided by 50. Kf production is seen to rise with energy with roughly 
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the same slope as the total charged multiplicity, and noticably more steeply than 

A production. This suggests that Kf’s are produced by some fragmentation process 

along with other particles and thus have the same energy dependence, while A’s, on the 

other hand, are associated mainly with target excitations, and therefore not strongly 

energy-dependent beyond the threshold region. This hypothesis is further supported 

by the observation that A’s are produced primarily in the backward hemisphere, as 

shown in the next section. 

Also included in Fig. 3 are data points from e+e- annihilation experiments17~18~1g. 

The e+e- points follow a trend which is similar to that for the fixed target experi- 

ments. Kf production, however, is consistently higher by a large factor in the e+e- 

experiments than in the fixed-target experiments. The e+e- experiments typically 

“report the sum of A + A production together, since they are symmetric in e+e- anni- 

hilation, in contrast to fixed-target experiments, which contain a baryon in the initial 

state. To make a meaningful comparison, we have divided the (A + A) measurements 

’ in half to get the k (or A) fractions alone, and plotted them with the other points. It 

is interesting to note that these values lie above the fixed-target A points by a factor 

that is about the same as that noted for Kt production, and that the slope is also 

similar to that of the fixed target experiments. 

Included in Table II are the average multiplicities and dispersions of directly- 

produced charged particles in Kf, A, and A events. We observe that the multiplicities 

of events with Kf’s and A’s are approximately equal, and that they are lower by about 

a half unit than the average multiplicity of all hadronic events (observed to be 4.40 f 

0.10). Events with visible A’s have still lower average multiplicity. This may be sim- 

ply a kinematic effect, since events containing a A must have at least two additional 

baryons in the final state; thus, nearly half the total center-of-mass energy is taken by 

these three masses (two of which are neutral in the simplest topology), leaving little 
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phase space left for extra charged particles. The multiplicity distributions for the three 

samples all peak at 3-prongs. The dispersions, D = ((t~~)-(n)~)l/~, for all events, and 

for events with Kf’s, h’s, or A’s, are all equal, within errors, despite the differences in 

their multiplicities. 

4. Inclusive Distributions 

In Table IlI, we present our invariant cross section measurements 

for inclusive production of Kf, A, and A particles as functions of the Feynman scaling 

variable x (= 2pL/ fi). H ere E* and pf, are the energy and longitudinal momentum of 

“the produced particle in the overall center-of-mass system, and & is the total c.m.s. 

energy. These measurements, normalized to the total cross section a~, are plotted 

in Figs. 4(a)-(c). The Kf and A distributions peak in the forward hemisphere at 

about x N 0.1, suggesting a beam fragmentation mechanism, while the A’s spread 

through the backward region, peaking at about -0.5. Data from several lepton’2~‘4~22 

and hadron’ beam experiments, normalized in each case to the total inelastic cross 

section appropriate for that process, are plotted in the same figures. The general 

agreement among the various processes in both the shape and absolute magnitude 

of the distributions for all three strange particle types suggests a similar production 

mechanism for these particles. We have no explanation for why the A photoproduction 

data from Ref. 22 are systematically below the other experiments, except to note 

that the authors of that paper estimate an overall normalization uncertainty of 30 

to 40 percent. Except for the very forward region (Z > 0.5) the similarity between 

our data and data from np interactions1 is particularly striking. As noted in the 

previous section, the strange particle production fractions in this experiment are about 



20 percent higher than the averages from n+p and n-p experiments. As shown in Fig. 

4, the rp points from this experiment are generally close to or slightly above the r-p 

points, which in turn are above the ~r+p points. The curves superimposed on the A 

and A data are taken from a diquark fusion model calculation by Donnachie%. The 

curves were calculated for an incident pion beam, and the normalization is arbitrary. 

Both curves follow the general trend of the data, but the A curve deviates significantly 

from the photoproduction data in the far forward and backward regions. 

We have fitted our data with functions of the form Afl-1~1)” over various restricted 

ranges of 2 to allow comparisons with the quark counting rules for leading hadron 

production as suggested by Gunion 3o. The results of the fits are shown by the solid 

lines in Fig. 5 and are listed in Table IV, along with the predicted values of cr. In this 

-model, the exponent Q depends on the quark contents of both the target proton and 

the photon, which we treat like a meson, as well as on the details of the fragmentation 

process. The curves appear to describe the data reasonably well, even though the 

’ model treats only leading order effects and is expected to be strictly valid only in 

the limits of x = fl. For A production, we see a qualitative agreement between the 

measured and predicted values of cr. For both Kg0 and A production, the measured 

values fall more steeply than the predictions in the forward region, and less steeply in 

the backward region. 

In Fig. 6, the z distributions of our data (Table V) are plotted along with data 

from various lepton scattering experiments12v13j16y18. The inclusive varia.ble z, which 

is defined as the energy of the outgoing particle (in the lab frame) divided by the 

energy of the photon (or intermediate boson in the case of neutrino scattering), is 

similar to x but does not require a knowledge of the photon’s direction, and thus can 

be used for comparisons with e+e- annihilation results. As in the x distributions, 

our photoproduction data for Kf’s and A’s are similar to data from other fixed target 

-_ 
12 



experiments when plotted as a function of z. The k distributions from J.LP and e+e- 

interactions in Fig. 6(c) have been normalized to give the same total number of ii’s as 

seen in this experiment. Unlike the A distributions from those experiments, however, 

the distribution we measure peaks at about 0.2, which corresponds roughly to the up 

center-of-mass. 

The ps distributions for Kf, A and A production are shown in Fig. 7. The solid 

lines show the best fits of the form ae -*pg to each of the distributions. The data 

are listed in Table VI, and the fitted parameters are given- in Table VII. The slope 

parameters we observe at p$ 5 1 (GeV/c)2 are compatible with those measured in 

?rN and pp interactions. leg Our results can be compared with those for the Kf and 

A data from a deep-inelastic electroproduction experiment12 (bK; = 4.3 f 0.5 GeVm2 

,and b* = 4.2 f 0.3 GeVm2) and from a fi N experiment14 (bK; = 4.31 f 0.35 GeVw2 

and bn = 4.145 f 0.32 GeVs2). In the pg distribution for Kf production, there is a 

break in the slope at p$ - 0.3 (GeV/c)2, below which the slope is steeper than those 

- of the A and A. A similar break has been observed for Kf production in 16 GeV r+p 

interactions2, in 24 GeV ?r+d interactions”, and in 405 GeV pp interactions.7 

5. Polarization of A and ;i 

Figure 8 shows the average polarization of the photoproduced A’s as a function of 

x and of PT. The polarization is given by 

where i, is a unit vector in the direction of the decay proton in the rest frame of the 

A, and ti is the normal to the production plane, defined by 
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+ and 6 are unit vectors in the directions of the incident photon and the A, respectively. 

The weak decay asymmetry parameter, Q, was taken27 to be 0.642. We have found 

that the polarization measurement is sensitive to small inefficiencies near the edges of 

the fiducial volume and to contamination of the A sample by other particles; thus, we 

have repeated the polarization calculation with variations in the cuts, and in addition, 

we have applied the calculation procedure to the Kf sample in order to estimate the 

systematic errors. With the same cuts used for the A polarization, we have measured 

the average polarization of the Kf’s (which are spin-0 mesonsand have no polarization 

axis) to be 0.01 f 0.01. We use this as a basis for estimating the systematic error in 

the A sample. 

The overall A polarization was observed to be 0.09 f 0.07 where the error includes 
rJ-- 

an estimate of the systematic uncertainty, but is dominated by statistics. Integrated 

over PT, the A polarization is x-dependent, being positive in the backward hemisphere 

--(x < 0) and negative in the forward hemisphere (x > 0). This is very similar to 

the x dependence seen in the a-p experiment1 mentioned earlier, as shown in Fig. 

8. A small net positive polarization was also observed in the CERN-Omega photo- 

production experiment22, but no x dependence was reported. The polarization of A’s 

in the backward hemisphere increases with transverse momentum. Strong transverse 

momentum dependence of A polarization has been reported previously in hadronic 

interactions5~10~11. It should be noted that the production plane is undefined when 

PT = 0; thus, th e polarization must be zero in this limit. 

The polarization picture for A’s is less clear. While we see a net negative p<r 

larization of -0.4 f 0.4 (taking Q = -0.642 in this case), consistent with the other 

photoproduction experiment 22, the low statistics make meaningful x and PT dependent 

measurements of the polarization difficult. 

-- 
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6. Inclusive K*(890) and X*(1385) Production 

The effective mass distributions for the (Kfn’) and (Kfn-) systems and their 

sum, weighted to correct for the Kf escape probability, are shown in Figs. 9(a)-(c). 

We observe a clear K*(890) signal at A4(K”n) m 890 MeV with - 70 MeV width. 

To obtain the K*(890) production cross sections, we fitted each of these distributions 

with a function consisting of a background of the form aMbeYCM, plus a Gaussian for 

the resonance, where CI, b and c are the fitting parameters. The mass and width were 

taken to be Mu = 890 MeV and au = 30 MeV, respectively.- The fitted functions are 

illustrated by the solid lines in Figs. 9(a)-(c). Aft er subtraction of the background, the 

fit results were corrected for the branching ratio to K*?r’ and were multiplied by 2 

to account for the unseen Kir* decays. The production cross sections are as follows: 
-J-- 

a(K*+(SQO)) = 3.27 f 0.35 pb , 
-- 

a(K*-(890)) = 1.90 f 0.28 pb , 
. I  

_ .  a(K**(890)) = 5.14f 0.46 pb . 

The production of C*(1385) baryons and their decays via the Air channel were 

analyzed in the same way as for the K*(890). In this case, the A?r+, AT-, and An* 

distributions were fitted with functions of the same form, with the mass and width 

of the gaussian taken to be A40 = 1380 MeV and cr = 30 MeV, respectively. The 

weighted Ax mass distributions are shown in Figs. 10(a)-(c), along with the fitted 

functions. The C*(1385) production cross sections, corrected for the decay branching 

ratio, are as follows: 

c(C*+(1385))= 0.60f0.10 pb , 

a(C*-(1385)) = 0.36f0.08 pb , 

a(C**(l385))= 0.94f0.13 pb . 
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To facilitate comparisons with other experiments, the ratios a(K*(890))/a(Kt) 

and 0(X*( 1385))/a(A), corrected for branching ratios, are listed in Table VIII The 

errors on the cross sections and ratios reported in this section are statistical only. 

Systematic errors related to the chosen form of the background function and resonance 

shape dominate the overall normalization. We estimate a systematic uncertainty of 

f15 percent for the K*+ and C*+, and f30 percent for the K*- and C*-. Our 

ratio a(K*+)/o(Kf) = 0.35 f 0.04 is close to the value of 0.30 f 0.06 measured in 

a n-p experiment5 at 15 GeV/c, but lower than that of 0.55 -f 0.14 obtained in pp 

interactions7 at a much higher energy. Various theoretical models also predict higher 

ratios than those we observe. An additive quark mode131 predicts equal ~Y(K*+)/~(K~) 

and o(K*-)/a(K’) t’ ra 10s of 0.7 in the central region (defined as 1x1 < l/3), increasing 

,to 0.75 in the photon fragmentation region (l/2 < x < 3/4). Here we have taken the 

strange quark suppression factor, X, to be 0.3 as suggested by the authors of Ref. 31. -_ 
In the multiperipheral resonance production model 32, the ratios are predicted to be 

-. cr(K*)/ti(K’) = 0.53 - 0.62. Our data indicate a substantially lower production rate. _ . 

It should be noted that these models assume an energy regime in which K” and K” 

production are equal, in which case the denominators, a(Kf) and c(K’), would be the 

same. This assumption is clearly not valid at our energy. For example, we observe that 

a(K*+) is larger than a(K*-) by a factor of 1.7. This difference can be understood as 

a consequence of strangeness conservation, if much of the strange meson cross section 

[c(K*+), but not a(K*-)] is associated with production of strange A or C baryons. 

We have measured the c(C*+)/~(A) and c(E*-)/c$A) ratios to be 0.11 f 0.02 

and 0.06 f 0.02, respectively. The 0(X*-)/a(A) al v ue is equal or very close to values 

measured in pp experiments6~7~g over a wide energy range, but the c(E*+)/u(A) mea- 

surement is smaller than those of the pp experiments by factor of 2/3. While part of 

this difference might be accounted for by the presence of two baryons in the initial state 
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of the pp interactions, compared to only one in this experiment, a significant difference 

also exists between our measurement and the r-p experiment5. The additive quark 

model mentioned above predicts a(C*+)/a(A) and a(E*-)/o(A) ratios of 0.25 for the 

central region (independent of the charge of the C*), and 0.28 and 0.13, respectively, 

for the photon fragmentation region. These predictions are significantly higher than 

the observations. 

7. Conclusion 

We have performed a high-statistics bubble chamber study of neutral strange par- 

ticles produced in 20 GeV “yp interactions. We have examined various features of 

the final states of these interactions and compared them with other strange particle 

“production processes involving beams of electrons, neutrinos, and hadrons over a wide 

energy range. The similarities are striking, indicating that a common underlying mech- 

anism is responsible for the development of the final states in these various processes. 
.- 

The longitudinal and transverse momentum distributions of Kt, A, and A particles, 

and the polarization of the A’s measured in this experiment are remarkably similar, 

in both shape and normalization, to those measured in a R-P experiment1 near this 

energy. The fractional production cross sections are about 20 percent higher than the 

averages of these fractions measured in n+p and r-p interactions. This suggests that 

the incident photon is much like a meson with an enhanced probability for producing 

strange particles. 

We wish to thank the SLAC bubble chamber crew for their tireless dedication. We 
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r- 

Table I 

Identification statistics for kinematically fitted V”‘s after the 

removal of 7 --) e+e- conversions, as described in the text. 

There were no 3-way K’/A/i ambiguities. The weights 

listed here are corrections for the escape probabilities. 

Observed Weighted ~ Average 

V’s V’s Weight -- 
Unique Ki 4070 4912 1.207 
Unique A 2005 2372 1.183 
Unique A 91 127 1.396 
Ambiguous Kf/A 549 
Ambiguous Kf/ ii 155 

- Ambiguous A/ A 1 
Resolved Kf 4296 5196 1.210 
Resolved A 2455 2949 1.201 
Resolved A 120 167 1.394 
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Table II 

Kt, A, and i production cross sections, 

corrected for neutral decay modes. 

n,h (number of 4nb) 
charged prongs) K: A A 

1 1011 f 57 737 f 59 72 f 15 ~ 
3 4109 f 155 2533 f 123 75 f 26 
5 3150 f 125 1734 f 92 62 f 13 
7 1010 f 55 530 f 41 2lf 7 
9 132 f 17 73 f 13 

11 34 f 16 
Tot 4 inclusive 9447 f 318 5600 f 244 329 f 40 

bch) 3.99 f 0.03 3.82 f 0.04 3.20 f 0.15 
D = (b;h) - b,h)2)1’2 1.79 f 0.09 1.76 f 0.12 1.62 f 0.45 
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Table III 

x dependence of the Kf, A and ;i production cross sections, corrected for neutral decay 

modes. 

r 
x Range 

-0.7 to -0.6 

-0.6 to -0.5 

-0.5 to -0.4 

-0.4 to -0.3 

-0.3 to -0.2 

-0.2 two.1 

-0.1 to 0.0 

0.0 to 0.1- -- 

0.1 to 0.2 
~_ 

012 to-o.3 

0.3 to 0.4 

0.4 to 0.5 

0.5 to 0.6 

0.6 to 0.7 

0.7 to 0.8 

0.8 to 0.9 

3.5 f 1.1 x 1o-2 

10.4 f 2.6 X 1O-2 

16.0 f 3.7 X 1O-2 

30.1 f 4.8 X 1O-2 

56.1 f 7.9 x 10-2 

71.0 f 4.4 x 10-2 

100.8 f 5.5 X 1O-2 

134.1 f 6.9 X 1O-2 

142.0 f 7.7 X 1O-2 

121.2 f 7.5 x 10-2 

84.5 f 6.5 X 1O-2 

57.3 f 5.8 X 1O-2 

39.7 f 5.4 x 1o-2 

19.2 f 4.1 x 1o-2 

5.6 f 2.3 X 1O-2 

1.0 f 1.0 x 10-2 

x Range 

-1.0 to -0.9 

-0.9 to -0.8 

-0.8 to -0.7 

-0.7 to -0.6 

-0.6 to -0.5 

-0.5 to -0.4 

-0.4 to -0.3 

-0.3 to -0.2 

-0.2 to -0.1 

-0.1 to 0.0 

0.0 to 0.1 

0.1 to 0.2 

0.2 to 0.3 

0.3 to 0.4 

0.4 to 0.5 

0.5 to 0.6 

A - 

18.9 f 4.4 X 1O-2 

74.2 f 8.0 X 1O-2 

112.8 f 9.2 X 1O-2 

123.8 f 9.0 X 1O-2 

127.4 f 9.9 x 10-2 

116.3 f 9.1 )( 1O-2 

110.1 f 8.5 X 1O-2 

85.0 f 6.2 X 1O-2 

78.0 f 5.8 X 1O-2 

60.4 f 4.9 x 10-2 

39.1 f 3.9 x 10-2 

33.4 f 3.9 x 1o-2 

27.3 f 3.9 x 1o-2 

17.4 f 3.3 x 1o-2 

8.4 f 2.6 X 1O-2 

4.9 f 2.0 x 10-2 

l- 
x Range 

-1.0 to -0.7 

-0.7 to -0.4 

-0.4 to -0.2 

-0.2 to -0.1 

-0.1 to 0.0 

0.0 to 0.1 

0.1 to 0.2 

0.2 to 0.3 

0.3 to 0.45 

0.45 to 0.60 

A 

0.57 f 0.33 x 1o-2 

0.82 f 0.34 X 1O-2 

1.18 f 0.46 X 1O-2 

4.37 f 1.22 x 10-2 

8.86 f 1.79 X 1O-2 

9.73 f 1.99 x 10-2 

7.48 f 1.86 X 1O-2 

5.94 f 1.93 x 10-2 

1.77 f 0.80 X 1O-2 

0.90 f 0.90 x 10-2 
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Table IV 

The parameter Q in the function F(z) = A(1 - 1~1)~ 

fitted to the Kf, A, and A distributions of Fig. 5, 

along with values predicted by quark counting 

rules as explained in the text. 

24 

Reaction Range 

of 2 

7F --* K,oX -0.7 < 2 < 0 
0.3 < x < 0.9 

7p+n+x -1 < x < -0.5 

0.1 < x < 0.6 2. - 
7p+;i+x_ -0.7 < x < 0 

0.1 < x < 0.6 

Fitted Predicted 

Q Q 

3.29 f 0.17 4 
2.50 f 0.24 1 
0.90 f 0.06 1 
2.95 f 0.47 2 
3.48 f 0.34 5 
4.09 f 1.28 2 

x21DF 

5.115 
2.514 
6.1/2 
1.3/3 
6.0/2 
0.8/2 



Table V 

z dependence of the Kf, A and A production cross sections, corrected for neutral decay 

modes. 

K,o A A 
z Range 1h 

UT E z Range i&g t Range 1 da 
UT a? 

I.025 to 0.05 317.8 f 27.7 X 1O-3 0.05 to 0.10 435.4 f 23.1 x 10-3 0.05 to 0.10 3.98 f 1.24 >( 1O-3 

0.05 to 0.10 343.2 f 27.0 X 1O-3 0.10 to 0.15 244.2 f 13.5 X 1O-3 0.10 to 0.20 9.09 f 1.53 x 10-3 

0.10 to 0.15 281.9 f 14.9 x 10-3 0.15 to 0.20 109.3 f 7.9 x 10-3 0.20 to 0.30 10.03 f 1.77 x 10-3 

0.15 to 0.20 224.1 f 12.8 X 1O-3 0.20 to 0.25 65.3 f 6.0 X 1O-3 0.30 to 0.40 4.72 f 1.20 X 1O-3 

0.20 to 0.25 168.2 f 10.6 X 1O-3 0.25 to 0.30 32.2 f 4.1 X 1O-3 0.40 to 0.50 1.85 f 0.77 X 1O-3 

0.25 t,oJoL30 127.2 f 10.2 X 1O-3 0.30 to 0.35 26.2 f 3.8 X 1O-3 0.50 to 0.70 0.38 f 0.27 X 1O-3 

0.30 to 0.35 97.7 & 7.6 X lO-3 0.35 to 0.40 22.1 f 3.8 X 1O-3 

0.35 to 0.40 70.7 f 6.6 x 1o-3 0.40 to 0.45 13.8 f 3.0 X 1O-3 

0.40 to 0.45 50.4 f 5.3 x 10-3 0.45 to 0.55 6.53 f 1.48 X 1O-3 

0.45 toa. -31.0 f 3.2 X 1O-3 0.55 to 0.70 2.43 f 0.68 X 1O-3 

0.55 to 0.65 15.5 f 2.3 X 1O-3 

0.65 to 0.75 6.21 f 2.10 X 1O-3 

0.75 to 0.90 1.65 f 0.65 X 1O-3 
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Table VI 

p$ dependence of the Kf, A and ;i production cross sections, corrected for neutral 

decay modes. 

p$ Range 

(GeV/c)’ 

D.00 to 0.05 

D.05 to 0.10 

D.10 to 0.15 

D.15 to 0.20 

0.20 to 0.25 

0.25 to 0.30 

030 to 0.35 

0.35 to 0.40 

0.40 to 0.45 

0.45 to 0.55 

0.55 to 0.65 

0.65 to 0.75 

0.75to 0.85 

0.85 to 0.95 

0.95 to 1.05 

1.05 to 1.15 

1.15 to 1.35 

1.35 to 1.55 

1.55 to 1.80 

K,o 

w4+ 

IPww~21 
43.35 f 2.20 

31.18 f 1.70 

22.26 f 1.32 

17.97 f 1.14 

13.66 f 0.94 

9.80 f 0.76 

9.17 f 0.74 

6.50 f 0.59 

4.85 f 0.52 

4.21 f 0.36 

2.79 f 0.28 

1.77 f 0.21 

1.29 f 0.16 

0.945 f 0.163 

0.488 f 0.106 

0.411 f 0.104 

0.180 f 0.078 

0.117 f 0.037 

0.060 f 0.023 

pp Range 

(GeV/c)2 

0.00 to 0.05 

0.05 to 0.10 

0.10 to 0.15 

0.15 to 0.20 

0.20 to 0.25 

0.25 to 0.30 

0.30 to 0.40 

0.40 to 0.50 

0.50 to 0.60 

0.60 to 0.70 

0.70 to 0.85 

0.85 to 1.00 

1.10 to 1.15 

1.15 to 1.30 

1.30 to 1.50 

1.50 to 1.75 

A 

WdP$ 

IPww~)21 
18.44 f 1.13 

14.32 f 0.95 

11.37 f 0.82 

10.76 f 0.81 

8.34 f 0.68 

6.69 f 0.60 

5.81 f 0.42 

3.74 f 0.32 

2.73 f 0.28 

1.91 f 0.22 

1.47 f 0.17 

0.628 f 0.101 

0.677 f 0.131 

0.332 f 0.079 

0.259 f 0.060 

0.072 f 0.037 

-I- 

pg Range 

(G&/c):! 

0.0 to 0.1 

0.1 to 0.2 

0.2 to 0.3 

0.3 to 0.4 

0.4 to 0.6 

0.6 to 0.8 

0.8 to 1.0 

ii 

WdP; 

lPmw~)21 
1.08 f 0.18 

0.705 f 0.149 

0.530 f 0.129 

0.418 f 0.116 

0.128 f 0.044 

0.052 f 0.027 

0.054 f 0.031 

-II 
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Table VII 

The parameters a and b of the function 

do/dp+ = ae -%- fitted to the p$ 

distributions of Kf, A, and ii particles. 

Reaction 

7p+K,O+X 

7p+A+X 

*-7p-Akx 

Range of 

p$ ( GeV/c)2 

0 < p$ < 0.3 
0.3 < p$ < 1.8 

0 < p$ < 1.75 

0 < pg < 1.0 
0 < pg < 1.0 

a 

PVPW2 
50.2 f 3.6 

30.4 f 5.0 

19.3 f 1.3 

18.5 f 1.4 

1.4 f 0.4 

27 

b x2P’ 
[G~V/C)-~ 

5.8 f 0.5 0.5/4 

4.0 f 0.3 2.4111 

3.3 f 0.2 4.3111 

3.6 f 0.2 l.Q/lO 

4.0 f 1.0 0.8/5 



Table VIII 

Ratios of K*(890) and C*(1385) cross section to Kf and A 

cross sections in 7p, ?rp, pp, up and D N interactions. 

I T 

I Interaction 

This exp. 

15 GeV/c n-p ‘1 

12 PP b, 
24 PP b’ 
300 PP 4 
405 PP d’ 

UP 4 
-J-- 

~Nfj 

20 - 70- -- 7P9’ 

‘) Ref. 5. 
~_ 

K*+/Kf 
0.35 f 0.04 

0.30 f 0.06 

0.43 f 0.05 

0.51 f 0.05 

. . . 

0.55 f 0.14 

0.63 f 0.23 

. . . 

. . . 

K*-/Kf 
0.20 f 0.03 

. . . 

0.03 f 0.03 

0.11 f 0.02 

. . . 

0.48 f 0.14 

. . . 

0.15 f 0.06 

. . . 

K**/Kf 
0.54 f 0.05 

. . . 

. . . 

. . . 

0.64 f 0.22 

. . . 

. . . 

. . . 

. . . 

X*+/A 

0.11 f 0.02 

0.16 f 0.0; 

0.18 f 0.02 

0.16 f 0.02 

I.. 

0.17 f 0.03 

0.31 f 0.09 

. . . 

0.10 f 0.02 

X*-/A 

0.06 f 0.02 

. . . 

0.06 f 0.01 

0.07 f 0.01 

. . . 

0.11 f 0.02 

. . . 

0.05 f 0.03 

0.07 f 0.02 

E*f/A 

0.17 f 0.03 

. . . 

. . . 

. * . 

0.15 f 0.11 

. . . 

. . . 

. . . 

. . . 

b, Ref. 6. ‘1 Ref. 9. d, Ref. 7. e, Ref. 16. j) Ref. 15. 9) Ref. 33. 
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FIGURE CAPTIONS 

1. The SLAC Hybrid Facility as implemented for the 20 GeV 7p experiment. 

2. Invariant mass distributions of (a) 7r+7rr-, (b) PR-, and (c) p ?r+ for V”‘s identified 

as Kf, A, and A decays, respectively, along with distributions (d), (e), (f) of cos 

6;, where 192 is the angle of the positive decay product with respect to the 

direction of the V” in the Vu rest frame. 

3. The average numbers of Kf’s, A’s and k’s per event are plotted as a function of 

the available energy, EA, defined as the total c.m.s. energy minus the masses of 

the initial state particles. Also plotted are results from other experiments (Refs. 

1 [18.5 GeV/c n*p]; 3 [205 GeV/ c n-p]; 4 [250 GeV/c n-p]; 5 (15 GeV/c n-p]; 

8 [6 GeV/c r-p]; 17 (1.8 X 1.8 and 2.6 X 2.6 GeV e+e-1; 18 [16 X 16 GeV 
-J- - 

e+e-1; 19 (5.2 X 5.2 GeV e+e-1). The dashed curve is a parametrization of the 

total charged multiplicity (Ref. 28) divided by 50. The solid lines were drawn 

~_ to guide the eye. 

4. Distributions of the invariant differential cross sections for (a) Kf, (b) A, and 

(c) A production in various processes (Refs. 1 [18.5 GeV/c n*p]; 12 [11.5 GeV/c 

e-p]; 14 [fiP N]; 22 [25-34 GeV 7~)) plotted as a function of the longitudinal 

momentum variable x. The data for each process are normalized to the corre- 

sponding total inelastic cross section 0~. The curves illustrate a diquark fusion 

model calculation (Ref. 29). 

5. The x-dependences of Kf, A, and A production. The solid lines represent fits of 

the form A(1 - lx])“; the dashed connecting lines were drawn by hand to guide 

the eye. 

29 



6. Fractional production cross sections for neutral strange particles as a function 

of z (= &ad/&). Data shown here from other lepton scattering experiments 

(Refs. 12, 13, 16, 18) have been arbitrarily normalized to the same total number 

of strange particles. 

7. Transverse momentum distributions for Kf, A, and A production. The solid 

lines represent fits of the form ae -*Pi. The fit parameters are given in Table 

Iv. 

8. Average polarization of A’s as a function of x and PT; The open square points 

are from Ref. 1. 

9. Invariant mass distributions for (a) K”?r+, (b) Kerr-, and (c) Ken* combined. 

The curves represent the fits described in the text. 

-J-- 10. Invariant mass distributions for (a) AK+, (b) An-, and (c) An* combined. The 

-- curves represent the fits described in the text. 
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