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ABSTRACT 

The production of anti-neutrons and charged anti-sigmas 

+- in e e annihilations has been measured at G= 4 GeV and 

7 GeV and at the Q (3.1) resonance. Two packages containing 

spark chambers, steel plates, and scintillation counters were 

added to each side of the Mark I detector at SPRAR. 

'Anti-neutrons were identified by annihilations which 

produced large angle charged prongs characteristic of a 

high-Q reaction. The resulting anti-neutron cross sections 

and momentum distributions are consistent with previous 

anti-proton results. 

Charged anti-sigmas were detected by forming-mass 

combinations with the n's and charged tracks in the Mark I. 

A clear signal is seen in the 7 GeV and $ data, with little 

or no signal at &- = 4 GeV. The increase in c' production 

between 4 and 7 GeV is consistent with simple expectations for 

charmed baryon production. 
--_+ T- 

A search for the decays K- -+ C IT 71 and 
C 

-* - + 
c /c +Ti; ?T- c c c yields no significant peaks. An upper limit, 

at the 90% confidence level, of o- x BR (+ F'~"IT') ( 56 pb 
A 

C 
is set. 
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I. INTRODUCTION 

Many advances have occurred in particle physics during the last several - 

years through the use of e+e- colliding beams. From the discovery of the $ 

resonancesly and charmed particles 394 to the existence of jets5 and heavy 

leptons, 6 the e+e- interaction has proven to be a unique and sensitive tool 

for uncovering the basic properties of matter. 

The general characteristics of e+e- physics have been fairly well measured 

for center of mass energies below 8 GeV.' Charged particle multiplicities, 

momentum distributions and total cross sections are all known. However, one 

of the areas where the data are still insufficient is the single identified 

particle production rates. Particle identification has either been over a 
w 

limited momentum range or a small solid angle. In most cases only charged 

particles have been measured. The purpose of this experiment is to measure 

the production of anti-neutrons and charged anti-sigmas in e+e- collisions. 

Neither of these particles have been previously identified. The annihilation 

of the anti-neutron provides a unique signature to separate it from other 

neutral particles and also allows identification of anti-si_gmas via their decay 

to ii 2. 

There are several features which make the measurement of anti-neutron 

production interesting. The ratio of nucleons to mesons in e+e- reactions is 

an important parameter that a successful theory should be able to predict. 

Furthermore, the ratio of the anti-neutron cross section to other baryon cross 

sections tests various symmetry and invariance rules. 8 

--t The measurement of C production provides an opportunity to determine the 

suppression of particle production due to increased mass and the addition of 

strangeness. The rate also provides information on one of the sources of 2s 

+ - and 5's in e e events. 



Finally, besides prov iding a c learer understanding of e+e- interactions 

in general, the measurement of anti-neutron and anti-sigma cross sections as a 

functionzf center of mass energy can show thresholds indicative of new 

particle production. I!I Invariant mass distributions using the n's and x 's 

can then reveal the masses of these particles. 

II. EXPERIMENTAL APPARATUS 

The experiment was performed at the Stanford Linear Accelerator Center 

(SLAC) using the colliding beam facility SPEAR. 9 Two identical packages were 

added to the sides of the Mark I magnetic detector in order to identify anti- 

neutrons by signatures involving one or more wide angle charged tracks indicative 

of high Q-value annihilations. 

The magnetic detector, which has been described previously, 10,ll is 

shown in Fig. 1. It is an azimuthally-symmetric cylindrical solenoid, 3.6 m long 

and 3.2 m in diameter, with its axis along the beam direction. Starting from 

the center, it consists of two beam pipe counters, two layers of proportional 

chambers, four sets of double-plane magnetostrictive spark chambers, a ring of 

48 timed scintillation trigger counters (T) with a resolution of o = 0.4 nsec, 

an aluminum coil which produces a uniform 4 kG magnetic field parallel to the 

beam, a cylindrical array of 24 lead-scintillation shower counters, and finally 

iron flux return plates. The detector covers the full ZIT in azimuthal angle 

and from 50' to 130" in the polar angle, giving a solid angle coverage of 65%. 

Charged particles bend in the plane perpendicular to the beams allowing a deter- 

mination of their momentum with an accuracy of Ap/p = .02 x p(GeV/c). The T 

counter timing along with this momentum measurement, gives a separation for 

n/K/p up to 0.6 GeV/c and K/p up to 1.0 GeV/c. 12 

In the coordinate system used for the experiment, the z axis is in the 

direction of the positron beam, the y direction is vertical, and the x axis 

points horizontally towards the center of the ring. 
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The anti-neutron experiment 13 was installed by removing the two vertical 

flux return plates on each side of the Mark I. Two identical packages were 

placed directly behind the shower counters. Each package covers an octant of 

the Mark I and contains seven magnetostrictive spark chamber, 1.5 m high 

and 2.7 m long with both y and z readout. These are interspersed with four 

steel plates each 2.5 cm thick (s l/4 collision length), and followed by a 

vertical wall of five timed scintillation counters (A). The counters are 2.5 cm 

thick NE 110 scintillator and are viewed at each end by an RCA 8575 photo- 

multiplier tube. This produces a timing resolution for each counter of o = 

0.5 nsec. 

Figure 2 shows an enlargement of one anti-neutron package. Each package 

sits on a movable platform which allows it to be rolled out for easy maintenance. 

The first chamber is 2.0 m from the interaction region, while the counter wall 

is 2.5 m away, giving approximately a 5 % solid angle coverage for each side. 

III. DATA TAKING AND PRELIMINARY ANALYSIS 

The experiment uses the normal Mark I event trigger. 14 This consists of 

a coincidence in the inner beam pipe counters, plus at least two trigger 

counter-shower counter combinations.firing within 20 nsec of the passage of 

the beam bunches. The beams collide every 780 nsec and their passage is 

detected by a small electrostatic beam pick-up situated inside the beam pipe. 

A trigger generally requires at least two charged tracks with more than 200 

MeV/c transverse momentum. 

The anti-neutron spark chamber and scintillation counter information is 

read out in identical fashion to that of the Mark I and put on tape along with 

the rest of the magnetic detector data. The efficiencies of the spark chambers 

and counters are monitored on-line by extrapolating charged tracks identified 

by the Mark I through the packages. 
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Using the information from the Mark I chambers and counters all events 

are classified into several categories. 14,lS Cosmic rays are easily identified 

by their-8 nsec flight time across the detector. QED events are defined as 

having two oppositely charged tracks, collinear to within 1O"and with momentum 

greater than one-half the beam energy. Electron and muon identification is 

done by the sum of the two shower counter pulse heights which cleanly separates 

the two processes. 10 

Events with three or more tracks which form a vertex within the interaction 

region of R < 4 cm in the x-y view .' and Izl < 40 cm, are classified as multi- 

hadronic. Two prong events are also included in this category if their net 

charge is nonzero or if both momenta are greater than 300 MeV/c and acoplanar 

with the beam direction by at least 20". 

A total of 1.3 million Mark I triggers was taken during the running of 

the experiment from September 1976 until June 1977. The integrated liuninosity 

is calculated from the number of large angle Bhabha events observed in the 

detector after correcting for solid angle coverage and detection efficiency. 

This is checked by counting rates in two sets of small counters 20 mrad above 

and below the beam pipe which record the number of small angle Bhabha scatters. 

Table I gives the integrated luminosity and number of hadron events detected 

at the three center of mass energies where data were taken. The "4 GeV" data 

include energies from 3.7 to 4.4 GeV with 50% taken at the 4.4 GeV resonance and 

36% at the 4.02 GeV enhancement. 16 The average energy is 4.2 GeV. The "7 GeV" 

running went from 5.7 to 7.5 GeV with an average energy of 6.8 GeV. 

IV. DATA ANALYSIS 

A. Trackfinding 

For the anti-neutron analysis, all cosmic ray, e+e- and u+u- events are 

first eliminated. To be submitted to the trackfinding program, the rest of 
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the events are required to have a total of five or more sparks in the planes 

of the annihilation chambers. Roughly 10% of the events satisfy this criterion. 

The-trackfinding program attempts to form two dimensional straight tracks 

from the sparks in each view of the anti-neutron chambers. A good track re- 

quires a probability of chi squared greater than 5%. In order to be kept for 

further analysis, an event needs at least one track in each view of the chambers 

in one package. Approximately 5% o f the events satisfy this requirement. 

These two dimensional tracks are next matched with charged tracks from the 

magnetic detector. The matching is done by projecting both the Mark I and the 

anti-neutron chamber tracks to the magnet coil radius. Figure 3 gives a plot 

of the differences between these projections for both the x-y and x-z views. 

A cut of 20 cm provides a clean matching of tracks. 

Tracks in different views of the anti-neutron chambers are then matched 

together by comparing in which chambers their sparks are located. A point system 

is established where a certain combination of tracks receives one point for 

every chamber in common, no points for a chamber in neither track, and minus one 

for each chamber in one track but not the other. A positive point total is 

needed for a match and for multiple combinations the largest total is used. 

B. Event Scanning Procedure 

Computer drawn pictures are made of all events which have a track in our 

package which is not matched to an inner detector track and which points either 

to a stuck A counter or back to a fired T counter. This yields 1864 events at 

4 GeV, 3725 at 7 GeV, and 1713 from the $ data. These events are scanned by 

a physicist and fall into several categories. Cosmic rays which can be recog- 

nized by the stuck shower counter at the top of the Mark I and a straight track 

across the detector pointing to the track in the package are eliminated. 

Similarly, charged tracks missed by the Mark I trackfinding program and failures 

in the matching routine can be readily removed. 
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A difficult background to eliminate is due to electro-magnetic showers. 

Gamma rvs from simple QED processes such as e+e- * e'e- y can be recognized 

by the event topology. However, for hadronic events, the photon character- 

istics of prompt times in the counters, many sparks in the annihilation chambers 

and large pulse heights in the shower counters are used. All events remaining 

after the preliminary scan with times greater than 2 nsec past prompt are 

kept. This insures that late events, which are most probably not caused by 

photons, are not cut. For times less than 2 nsec past prompt, if the number 

of sparks associated with a track minus the number of unassociated sparks 

is less than -2, the event is rejected and, similarly, if greater than 3, it 

is kept. These limits were found by looking at events known to be caused 

by photons or charged tracks. For the events in between, a shower counter 

pulse height cut at three times minimum ionizing is used to eliminate 

electro-magnetic showers. After these requirements, 541, 927, and 851 events 

are kept from the 6 = 4 GeV, 7 GeV, and $ data, respectively. 

v. ANTI-NEUTRON PRODUCTION 

A. Event Selection 

The remaining events still contain a sizable photon background plus tracks 

caused by KL's, neutrons, cosmic rays, and anti-neutrons. The anti-neutron 

sample is enhanced by using the fact that charged prongs from annihilations 

tend to be produced at large angles, while in other hadronic interactions, as 

well as showers, the tracks tend to be peaked in the forward direction. For 

events using an A counter, we demand one or more tracks in our package at angles 

greater than 30" from the anti-neutron direction. At this angle the anti-neutron 

detection efficiency is still high (see Sec. C), while the probability of a 

neutron, for example, producing a prong at greater than 30' is approximately 
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ten times less than for one in the forward direction. 17 Figure 4 shows a 

good anti-neutron candidate interacting in a shower counter and producing 

two wide-angle prongs, one of which strikes an A counter. 

Since the T counters are much closer to the beams and are not shielded 

from photons, their background is worse. In order to keep events using 

their timing, we require the presence of a visible track going back into 

the Mark I from the region of the latched T counter, as well as a forward 

track at any angle into the anti-nucleon package. 

To calculate the anti-neutron momentum by using the A or T counter 

timing, the ii annihilation position must be known, as well as the time for 

the charged particle to travel to the counter. Since neither of these is 

directly measured, Monte Carlo predicted average values must be used. Tracks 

that have a spark in either of the first two chambers are assumed to come 

from annihilations in the magnetic detector. Using annihilation cross 

sections18'lg and the Monte Carlo technique discussed in Sec. C, an average 

radius is found for anti-neutrons interacting in the Mark I. The tracks are 

then pointed back to this radius giving the estimate of the annihilation 

position. Events that do not have a spark in either the first two chambers 

are presumably caused by interactions in the package and the center of the 

steel plate in front of the first spark is used as the annihilation point. 

The average 6 of the charged prongs which hit the counters is found by 

a similar method. Using the known momentum distribution for pions from anti- 

proton annihilations, 20-23 and the energy loss in the material of the detector, 

the Monte Carlo finds an average b of 0.9. The procedure is then to calculate 

the distance from the determined annihilation point to the counter and to 

subtract the time for a pion of B = 0.9 to travel this distance from the 
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counter timing. This gives the anti-neutron's time of flight and since it 

originated from the e+e- interaction point, its momentum vector can be found. 

Using thi. technique and the Monte Carlo program discussed in Sec. C, the 

anti-neutron momentum resolution is found to be 

Q/p = 0.15~~ (GeV/c). 

The resulting nmomentum spectra for the three sets of data, uncorrected 

for background or efficiency, are shown in Pig. 5. There is a sizable number 

of events that give PK > 2.0 GeV/c or that have times faster than prompt and 

therefore have no n momentum. From the measured 5 momentum distribution, 24,26 

though, we expect few anti-neutrons with momentum greater than 2.0 GeV/c. 

Furthermore, as will be discussed in the next sections, a large percentage Of 

the nbackground should be in this range. Therefore, a cut of Pn < 2.0 GeV/c 

is placed on the anti-neutron sample. This corresponds to a timing cut of 

approximately 1.0 nsec (20) past prompt. 

B. Anti-Neutron Background 

1. Cosmic Ravs 

To estimate the background from cosmic rays, computer drawn pictures 

were made of all events containing a track in our package that was not matched 

to a Mark I track and that pointed to a struck A or T counter with a time 

earlier than 2 nsec before prompt. These events cannot be caused by anti- 

neutrons and in fact are dominated by cosmic rays. 

The pictures are then scanned, applying the same criteria used for the 

later K events, except for the time of flight cuts. Out of 228 events with 

an A counter timing less than 6 nsec, 12 passed the scan and had scattering 

angles greater than 30". Similarly, there were 155 events with a T counter 

timing less than 4 nsec of which 4 faked an n event. 'This gives a cosmic ray 

background of 5.3 + 1.5% for events using A counters and 2.6 ? 1.3% for ones 
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with T counters. Using these percentages and the number of identified cosmics 

in the correct 5 time of flight region, the number of expected cosmic ray 

background events can be obtained. Table II supplies these numbers for each 

of the three center of mass energies. 

2. K;'s 

The largest background and the most difficult to estimate is from KL's. 

The inclusive cross section data 25,27 shows that the ratio of Kz's to p's is 

3-4 at 6 = 7 GeV and as much as 6-8 at the 4 GeV enhancements where the 

Kz's are the decay products of the charmed mesons. Since the Ki/n ratios 

should be similar, there will be a large flux of KL O's which strike the packages. 

There is no efficient. way of tagging these events, so the kaon background must 

be determined by Monte Carlo technique. The available KiN cross sections and 

angular distributions 28 are used along with similar K'N results. 
29 Produced 

particles such as Kz' s and A"s are allowed to decay and all final state 

charged prongs are tracked through the apparatus as described in Sec. C for 

the ii Monte Carlo. The absorption of prongs in the nucleus is done following 

the procedure of Ref. 30. 

Using the measured Kz momentum spectrum for each center of mass energy, 
31 

the Monte Carlo finds the percentage of KL's which fake an n event to be 

2.5% f 1.0%. The error includes systematics caused by uncertainties in the 

cross sections, the angular distributions, and the absorption coefficients. 

The flux of KL's at each center of mass energy is calculated by assuming 

the inclusive KI and Ki cross sections are equal. Combining this flux with 

the Monte Carlo efficiency gives the number of kaon background events, as 

shown in Table III. Both the number subtracted and the error are substantial 
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and this constitutes the largest uncertainty in determining the anti-neutron 

cross sections. 

The-Monte Carlo results are checked by looking in theii candidate events 

for the decay Kf -t rT+nTT- in the Mark I. The inclusive Ki cross section has 

been measured 27 and the detection efficiency for identifying the Ki decay 

in the Mark I is known. 31 If the fraction of Ki events which also contain 

a K" L is assumed to be l/4--i.e., ignore strange baryon production and 

assume equal KiKi, KlKL, KzK+, KZK- rates, then the number of events with 
. an identified KE in the Mark I and a KL faking an anti-neutron in the package 

can be estimated from the Monte Carlo results. There are 8 events satisfying 

these criteria compared to the Monte Carlo estimate of 7.6 f 1.7 events. 

Though the number of .events is small, there is good agreement with the Monte 

Carlo predictions. 

3. Photons 

The gamma ray background is found by using identified photons and 

electrons from QED reactions--e+e- + - + - + - -fee, e e e e , e+e-y. These events 

are easily recognized in the Mark I and the momentum and direction of the 

particles are well measured. The events are submitted to the'trackfinding 

routine and pictures are made if a track is found which points to a latched 

counter. These are scanned applying the same criteria as with the real n 

sample. Events passing the scan are analyzed with the normal F program and 

the number passing the scattering angle and timing cuts is found. 

To convert this into a photon background, the gamma ray flux must be 

known. We assume that all y's come from 7~"s. Then <ny> = 2-<nnTTo> = <nTTk> = 

<n charged'. The photon flux can then be estimated from the published data 

on charged multiplicities. 7 Using these rates, the number of fake z events 

caused by photons is found, as shown in Table IV. 



-11- 

4. Neutrons 

The number of background events caused by neutrons should be small since 

they do irot have the annihilation channels of the anti-neutrons available to 

them. Furthermore, the charged prongs produced should be low energy since 

there is no longer the 1.9 GeV of energy from the annihilation of the nucleon 

masses. Finally, as noted in Sec. A, the neutrons tend to produce particles in 

the forward direction, which will not pass the 30' angular cut. 

The neutron background is estimated by two independent procedures. In one? 

a check is made in possible anti-neutron events for protons and anti-protons 

which are identified in the Mark I by their time of flight. Since baryon number 
+ - must be conserved in e e annihilations, if an anti-proton is found, the track 

in the package was probably caused by a neutron. There are 54 events with an 

identified proton and only 8 with an anti-proton, yielding a neutron background 

of 13 +_ 5%. 

An independent method is to compare the actual number of protons and anti- 

protons (again identified by their time of flight) which produce prongs greater 

than 30° in our package, since neutrons and anti-neutrons should behave similarly. 

There are 95 anti-protons satisfying this requirement and only 14 protons, again 

predicting a neutron background of 13 rt 4%. 

Thus, after subtracting all other backgrounds, the percentage of remaining 

events caused by neutrons is taken to be 13 + 3%. The final number of anti- 

neutrons and all background subtraction are shown in Table V. 

C. Anti-Neutron Detection Efficiency 

The anti-neutron detection efficiency is found by Monte Carlo technique 

using published data on anti-proton and anti-neutron annihilations. 18-23 The 

ii is assumed to annihilate into an all pion final state with the pions produced 

isotropicaily in the center of mass. The pion charged multiplicity and momentum 
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are taken from the published data. Absorption of prongs in the nucleus is 

done following the procedures of Ref. 22. Rions emerging form the nucleus 

- are trackgd through the apparatus, ranging out as they go. The number of 

events satisfying the n criteria is then recorded. Figure 6 shows the Monte 

Carlo predicted efficiencies as a function of the anti-neutron momentum. 

The Monte Carlo is checked by looking at the annihilation properties of 

anti-protons identified in the Mark I by their time of flight to the trigger 

counters (4.0 GeV/c). Using the same Monte Carlo, except for the small changes 

due to the anti-proton's curvature in the magnetic field and energy loss in the 

material of the detector, the anti-proton's detection efficiency as a function 

of momentum is found. Using this, along with the known momentum spectrum for 

P’s, 
24 the expected number of anti-protons producing prongs in the packages is 

obtained. However, besides annihilating, pls may elastically or inelastically 

scatter, though this will usually produce prongs in the forward direction. 

Figure 7 shows the actual number of detected anti-protons as'a function of 

the prongs scattering angle along with the number predicted by the Monte Carlo. 

At large scattering angles, where the annihilation process is dominant, there 

is good agreement between the experimental numbers and the Monte Carlo predictions. 

Furthermore, the difference between the two at small angles is well described 

by the angular distribution of prongs produced by protons, also shown in Fig. 7. 

Since the number of observed anti-protons is rather small and the initial 

p flux is not exactly known, this check can not substantiate the Monte Carlo 

results to better than 20%. Varying the input parameters to the Monte Carlo, 

consistent with the available data, confirms this level of possible error. 

D. Hadronic Triggering Efficiency 

The efficiency for detecting hadronic events in the Mark I as a function 

of centerofmass energy is also found by a Monte Carlo program as described in 
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Ref. 32. However, this is the efficiency for all hadronic events, while what 

is required is the efficiency for hadronic events which contain anti-neutrons. 

To incorporate this in the Monte Carlo is difficult since the source of n's 

in e+e- events is unclear. 

The procedure used is to compare the properties of general hadronic events , 

with those from events with an anti-neutron candidate. Charge multiplicities, 

single particle momentum distributions, and total momentum and energy distribu- 

tions are measured at each center of mass energy. The results are given in 

Table VI. There is a clear decrease in all parameters for events with n 

candidates. This is to be expected since a larger fraction of the total energy 

is being taken by neutral particles. However, except for this decrease, all 

distributions are similar in shape to the corresponding general hadronic spectra. 

There is no indication of any pathological events. We thus assume that events 

with anti-neutrons are equivalent to general hadronic events except for this 

decrease in charged particle energy. The detection efficiency is then found 

by using the Monte Carlo generated efficiency for that center of mass energy 

which has the same distributions as the n events. These are given in Table VI. 

However, since the background is large and this method is approximate, a 20% 

error has been assigned to each efficiency. 

E. Results and Discussion 

Using the number of background subtracted anti-neutron events, along with 

the detection and trigger efficiencies, the fraction (f-n) of hadronic events 

which contain an n is determined and thus the inclusive anti-neutron cross 

section (cr--). We also define 

R;; f o-/a 
n w 

= f;; l R where R = u /a 
h 1-1~ 

and o h and o 
l-w 

are the total hadronic and muon cross sections, respectively. 
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Our results are given in Table VII for the three center of mass energies. The 

errors quoted include both statistical and systematic uncertainties. 

The values of % are plotted in Fig. 8 along with published p data. 25 

The largerralue at the JI reflects the fact that it is a resonance with an 

R tot greater than 100. No other inclusive particle cross sections have been 

published for the JI, so few comparisons can be made with our results. The I/J 

branching ratio 12 to pp of 2.2 i 0.2 x 1o-3 and to RN 71 of 6.2 t 0.5 x 10 -3 

indicate that these exclusive channels are a small percentage of the $ decays 

to anti-nucleons. 

The DASP collaboration 33 reports the percentage of all charged prongs that 

are anti-protons at the JI, as 1.8 + 0.5%. Taking the average charged multi- 

plicity to be 3.5 + 0.2,7this number corresponds to a f-p = 6.3 t 1.8%, in 

excellent agreement with the f-n- result. 

The Rz points at 6 = 4 and 7 GeV are consistent with the anti-proton 

data.25 However, the errors are too large to confirm the step seen in the 5 

cross section around 4.5 GeV. 

The anti-neutron and anti-proton 24,26 momentum spectra are compared in Fig. 

9 for the three center of mass energies. There is good agreement in both shape 

and magnitude between the two anti-nucleon momentum distributions. 

The invariant n and p cross sections E d30/dp3 are plotted in Fig. 10 for 

& = 7 GeV. In statistical or hydrodynamic models 34 these cross sections should 

fit the universal function exp(-Eh/kT), where Eh is the hadron energy and kT 

2 160 MeV. The curve shown is the function exp(-Eh/190 MeV) from Ref. 24 which 

describes the lower momentum pion data. Within the errors, the anti-baryon 

cross sections are consistent with this function. 

VI. ANTI-SIGMA PRODUCTION 

A. c' Mass Distributions 

The detection of anti-neutrons also provides the opportunity to measure 
-+ 
C - production by forming effective mass combinations using the n candidates'and 
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the charged tracks identified in the Mark I. To first reduce the background, 

several cuts are made on the magnetic detector charged tracks. Using the ability 

- of the Mar& I to distinguish i~/K/p, protons and kaons are eliminated from the 

sample. The beta (8,) of a particle can be found by measuring its path length 

to the T counters and its time of flight. Since the momentum is also measured, 

one can predict what the beta (8 
P 

= p/dp2 + m2 ) should be for IT, K, and p. 

A relative weight for each particle is calculated from 

Wt(p> = expl-(B, - 13,12/2 l ABm2] 

where A8 m is the error in beta from the momentum and timing uncertainties. If 

the sum of the three weights is greater than 0.01, they are renormalized so that 

their sum is one. A charged track is then cut if Wt(n) < 0.1 and either Wt(K) 

> 0.1 or Wt(p) > 0.1. Tracks, whose closest distance of approach to the e+e- 

interaction point are inconsistent with anti-sigma decay, are also cut. 

Since the anti-sigma charged states are separated in mass by 8 MeV, a 

--+ relative mass spectrum is formed by subtracting the appropriate C mass (either 

1.189 or 1.197 GeV) from each combination,depending on the charge of the pion 

used. To minimize multiple counting, no event is allowed to put more than one 

mass combination in any one bin. Figure 11 shows the spectra for the three 

center of mass energies. There is a clear signal centered at zero in both the 

7 GeV and $ data, with little or no signal in the 4 GeV spectrum. 

To obtain the actual number of anti-sigmas from these plots, a least 

squares fit is performed using a polynomial for the background and a Gaussian 

with variable amplitude, offset, and width for the signal. Because we wish 

to compare production at 4 and 7 GeV, and since there is little signal in the 

4 GeV data, to avoid biases the two spectra are combined for the purpose of 

obtaining the offset and width. Once these are found, the plots are re-fit 

separately to give the total number of anti-sigmas at each energy. The $ data 
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is fit by itself and Table VIII gives the relevant numbers for all three center 

of mass energies. The widths found are consistent with the Monte Carlo predicted 

resolutio& as discussed in Sec. B. 

A good check on the data is to see if there are twice as many c' 's as c -Is. 

This should be the case, assuming equal production of both, since c' decays 

to ?i n+ 100% of the time while c- decays to n n-'with only a 50% branching 

ratio. Figure 12 shows the two charge states separately for the 7 GeV data and 

the ratio of the number of c+'s (20 f 7) to c ml s (7 + 5) is consistent with 2. 

B. Mass Resolution 

The experimental anti-sigma mass resolution is found by a Monte Carlo 
--+ procedure. Since the mass resolution is a strong function of the Z momentum, 

four momentum bins of 0.0-0.5, 0.5-1.0, l-O-1.5, and 1.5-2.0 GeV/c are picked, / 
in which to study the resolution. Anti-sigma momenta are choosen randomly from 

--+ each bin and the n and pion are produced isotropically in the C center of 

mass. They are transformed into the .lab frame where the anti-neutron annihilates 

and creates prongs as discussed in Sec. V C. The pion momentum and counter 

timing are smeared by an amount consistent with their resolution. The n momentum 
-2 is calculated the same as for real events and Fig. 13 shows the resulting C 

mass distributions for the four momentum bins. The rms values are u = 3.3, 7.6, 
-2 16.8; and 20.5 MeV, respectively. Since the actual C signal is mainly in the 

0.7-1.3 GeV/c range, the experimental width of 'L 10 MeV is consistent with these 

Monte Carlo calculations. 

C. Sigma Background 

Neutrons from sigma decays, which interact in the packages, are the only 
--f anti-neutron background which would preferentially put events near the C mass. 

The percentage of neutron background has already been estimated in Sec. V B. 

Assuming equal sigma and anti-sigma production, this should also be the per- 

centage of C + background. Therefore, the number of fitted anti-sigma events 
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is reduced by 13 + 3% to account for the sigma background. 

D. Results and Discussion 

In azlogy with the anti-neutrons, we define fz as the fraction of hadronic 

--f events which contain an c and 

RF = a-/a 
1 lJlJ 

= fF l R, 

where UC is the inclusive charged anti-sigma cross section. Table IX lists 

these parameters with their errors for the three center of mass energies. 

The experimental values of Rr are shown in Fig. 14 along with the published 
-0 
A data. 25 Again, the large value at the J, denotes its resonance character. 

There are no other measurements of inclusive strange baryon production gt the 

J, with which to compare our result. The SLAC-LBLgroup 12 find a A"p branching 

ratio of 1.1 + 0.2 x 10 -3 and a C"? fraction of 1.3 t 0.4 x 10m3, showing 

that these exclusive channels are less than 10% of the inclusive production. 

By comparing the n and c' results, we see that anti-sigmas account for 

approximately 15% 0 f the n's at the $ and that this rises to around 30% at &= 7 

GeV. The ct momentum spectrum for & = 7 GeV, shown in Fig. 15, is very similar 

to the anti-proton 24,26 and anti-neutron distributions at this center of mass 

energy, which rise fairly quickly to a peak near 1.0 GeV/c and then fall slowly, 

with little signal beyond 2.0 GeV/c. 

Within our limited statistics, --+ we find a notable increase in C production 

between & = 4 and 7 GeV, possibly indicative of the opening of a new channel 

for anti-sigma production. It is difficult to estimate the expected change 

due simply to the increase in center of mass energies. The anti-proton cross 

section, 25 for example,is remarkably flat above and below the step at 4.5 GeV. 

Even a factor of two increase due to this effect still leaves some remaining 
-+ 
C-production at the lo level. 
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This anomalous increase in C -' production between & = 4 and 7 GeV, coupled 

with the similar step in p production, is exactly what would be expected from 

- the decays,of charmed anti-baryons. 

To see if these changes in Rc~ 0 are in agreement with simple expectations 
, 

for charmed baryon production and decay, we first assume that l/3 of the hadronic 

events at & = 7 GeV contain charmed particles. The simple ratio of the squares 

of the quark charges puts this fraction at 0.4. However, the presence of the 

heavy lepton,6 drops the estimate slightly. The fraction of events which contain 

an anti-nucleon below charm threshold is 2, 0.1. 24 As discussed by De Rlijula, 

et al.,35 though, since m 
A/D = 1.2, compared to m /m = 7, and there are no 

P 'TI 
form factor suppressions, this fraction should be larger for charmed events. 

putting it at 0.15 and using the experimental value of R = 5.2 at & = 7 GeV,7 

we expect a charmed baryon production rate of 

R charmed baryon = 5.2 x l/3 x 0.15 = 0.26. 

The Cabibbo favored charmed baryon decay is essentially the quark trans- 

ition c -f s. The strange quark must eventually appear in either a strange baryon 

(1, A) or a strange meson (K). There are no theoretical predictions for the 

relative importance of these two schemes. Assuming that they are equal, then 

the change in strange baryon production between 4 and 7 GeV should be 

ART I?" II 0.13 x cos2 ec = 0.12. 
, 

The experimental value found by combining the C'results with the Mark I ??' 

data,25 is ARC The data are therefore consistent with what 
> 

;ib = 0.15 & 0.06. 

would naively be expected from the decays of charmed baryons. 

Assuming this anomalous strange baryon production does indeed come from 

the decays of charmed baryons, then an interesting comparison can be made be- 
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tween the C*and ;i", 
I. 

P results. Neglecting the change in inclusive particle 

fractions due simply to the increase in center of mass energy, a change in c' 

_ production between 4 and 7 GeV of 

ART' = 0.12 It: 0.05, (1) 

is seen. The SLAC-LBL data give a change in 2, TVs over the same energy 

range of: 

ARp ,P = 0.027 f 0.01 

It would seem reasonable that the four strange anti-baryon states ??', c+' -' ' 

would be equally populated from charmed anti-baryon decays. However, the ratio 

AR+AR~ ,-P = 4.4 c 2.5 

is 1.8~ from one. 

Various schemes can be invented to suppress the decays of the Kite ??ls 

relative to cls. One such idea is a large branching ratio for Ki to x (1405). 

This state decays only to rlr, thus lowering the percentage of 7i"iss in the final 

state 1\- c decay products. There is some indication for the production of 

n (1405) in the ?'rr7 invariant mass plot shown in Fig. 16. Approximately 35% 

--f T of the anti-sigma candidates have an C IT mass combination within 1405 + 25 MeV/c2. 

However, the data are not conclusive, and the proximity of the y* (1385) makes 

the signal difficult to interpret. Whatever the case, better statistics are 

needed to establish the c - p difference. 

In conclusion, we see a large increase in charged anti-sigma production 

between & = 4 and 7 GeV which cannot be explained by simple inclusive particle 

production models. The amount of increase is consistent with naive charmed 

irm such an baryon pred ictions. However, the statistics are too poor to conf 
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hypothesis without further corraborating evidence. 

VII. CHARMED BARYON SEARCH 

The theoretical mass spectrum 36,37 for the lowest lying nonstrange charmed 

baryons is depicted in Fig. 17. The Kc- is searched for through its decay to 
p&r-* The other higher mass particles 2 and cc can then be looked for in 
-+ 7 - +,- - 
C-T T A distributions where the C'~+IT- combination fits the F; mass. 

The mass resolution for the ri and the higher mass states are found by 

a Monte Carlo technique similar to the one described in Sec. VI B for anti- 

sigmas. A Ki mass resolution of u = 15-20 MeV is found, with the higher mass 

states being slightly larger. However, the resolution for the mass difference 

AMEM- -M- c3ll z2n is quite good (u = 2-4 MeV) since it only depends on the 

momentum of the additional charged pion. 

All anti-neutron candidates in the 7 GeV data which have an FIT' mass com- 

bination within 20 (20 MeV) of the correct c' mass are used-for the charmed 

baryon search. This includes a total of 39 events of which 35 have at least 

two additional charged tracks. 

To obtain the best K; mass resolution, the anti-neutron momentum is con- 

---+ strained to give the correct C mass. Hsing this momentum and the remaining 

charged tracks, 
-+ T - 
C-n TT mass combinations are formed. Figure 18 gives the plot 

for masses,between 1.9 and 2.6 GeV/c2. Theeventsare numbered to show the 

multiple counting. Figure 18 also depicts these points in a scatter plot versus 

AM, the difference in mass between the x; candidate and the mass formed by the 

addition of another pion. The expected intersection regions for q/" decays 36,37 

are shown by cross-hatching, where we have tried to account for the uncertainty 

in the particle's mass and width, as well as our resolution. The oval around 

each point gives the best estimate of the mass errors for that event. These are 
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found by smearing all the experimental parameters, including the pion momenta, 

and observing the change in the mass values. 

Therpis one event (20) in the 2.24-2.28 GeV/c2 region of the My2= plot 

which does not satisfy the F/Cc decay scheme. This is to be compared with 

an expected background from side-bin populations of 'L 1.1 events. There are 

three events (6, 10, 13), though, in the region 2.29-2.34 GeV/c2, which do 

have combinations consistent with c*c decay. The background from side-bin 

populations would predict 2, 0.3 events. However, this is 'L 50 MeV/c' above 

the expected Kc- mass and is probably a statistical fluctuation. 

Using a detection efficiency for each additional pion of 0.7, one event 

would correspond to a u- h 
C 

x BR (+ ?'~~a-) of 26 pb and a RF z 
C 

an x BR 

(+ c' TAT-) /a 
C 

w 
of 0.014. Thus, we set an upper limit, at the 90% confidence 

level, of an x BR (+ ?'~+a-) < 56 pb and Rx < 0.03. 
C C 

If we assume that all the new production of ?:' 's given by Eq. (1) is 

due to charmed baryon decays, then we can estimate the expected value for 

RK by: 
C 

= ARYx B RNL x f- C2a x f ? - TT TT (2) 

where: 
-2 BsL is the percentage of F; decays to C ls which are nonleptonic 

(eliminating Sre'v, etc.), 

fY21T is the fraction of the nonleptonic decays which contain only two 

pions, 

f?- 
Trll is the fraction of those decays where both the pions are charged. 
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There are no direct experimental measurements of BRNL. Theoretical 

predictions 38,39 place the r; semileptonic branching ratio at anywhere from 

- 10% to 409&, We will use 20% or in other words B RNL = 0.8. 

Using a version of the Fermi statistical model, Lee, Cuigg, and Rosner 37 

find a value of fy2== 0.3. Rosner and Peshkin 40 calculate upper and lower 

limits for fTTr-, from weak interaction isospin resistrictions, of 

0.5 < fKTn- < 0.8. 

Taking an average value of 0.65 for this term, allows us to solve Eq. (2): 

R7c = 0.12 x 0.8 x 0.3 x 0.65 = 0.02. 
C 

One event in the c' TWIT-' mass plot corresponds to an Rx value of 0.014. Thus, 
C 

from the estimate of K; production above, the expected number of events is 

QJ 1. The upper limit of Rx < 0.03 is then entirely consistent with simple 
C 

expectations for charmed baryon production. 

Therefore, even though we see a large increase in inclusive charged anti- 

sigma production between & = 4 and 7 GeV, which is consistent with charmed 

baryon production, --+ our sensitivity to the exclusive c 1~~71~ is too small to 

observe a charmed baryon signal. 
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TABLE I. Integrated luminosity and number of detected hadronic events. 

fi (GeV) /L.dt (pb-') # hadronic events 

-4 3.4 51,000 
7 11.5 74,000 

$(3-l) .23 91,000 

TABLE II. Cosmic ray background subtractions. 

6 (GeV) 4 7 J1(3*1) 

Using T Counters 

f# with TOF < 4ns 

# with TOF < 4ns, 
Passing n Cuts 

#f with TOF > 6ns 

Estimated Background 

Usinp A Counters 

# with TOF < 6ns 108 77 31 

# with TOF < 6ns 
Passing ii Cuts 

# with TOF > 1Ons 

Estimated Background 

78 

1 3 0 

250 149 63. 

6.5 + 3.3 3.9 2 2.0 1.6 k 0.8 

59 14 

4 5 3 

175 134 60 

9.2 ?I 2.7 7.1 * 2.0 3.2 + 0.9 

TABLE III. q background subtractions. 

6 (GeV) 4 7 $(3-l) 

# of K"s Aimed 
At ?i Pkckages 1400 + 100 1800 _+ 370 1900 + 200 

# of KL's Passing 
ii cuts 34 lk 14 47 f 21 46 k 20 
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TABLE IV. Photon background subtractions. 

& (GeV) 4 7 Q(3.1) 

X Hadronic Events 51,000 74,000 91,000 

<n > 4 4.5 3.5 
Y 

# y’s Hitting 
n Packages 22,000 37,000 35,000 

Estimated Background 3.0 5 1.5 4.8 k 2.4 4.5 _+ 2.3 

TABLE V. Summary of all background subtractions and the final number of 

anti-neutron events. 

& (GeV) 4 7 lJJ(3.1) 

#n Candidates 100 150 164 

Cosmic Background 15.7 t 4.2 11.0 rt .2.8 4.8 f 1.2 

Ki Background 34 f 14 47 _+ 21 46 I! 20 

Photon Background 3.0 _c 1.5 4.8 f 2.4 4.5 Z!I 2.3 

Neutron Background 6.2 !I 3.0 11.3 t 4.7 14.1 + 5.3 

Final #n Events 41 f 16 77 f 21 95 t 21 
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TABLE VI. The average multiplicity, momentum, total momentum, and total 

energy for charged particles in all hadronic events and ones with < candidates. 

The triggi3iing efficiencies are taken from Ref. 32. 

& (GeV) 4 7 G(3.1) 

all with n all with ?i all with n -' 
<n+> 3.93 3.76 4.68 4.46 3.60 2.84 

<p+>(GeV/c) 0.51 0.47 0.64 0.58 0.47 0.46 

<P +tot>(GeV/c) 2.02 1.54 3.03 2.56 1.69 1.30 

<E +tot>(GeV) 2.23 1.76 3.31 2.83 1.85 1.52 

<E trig' 0.55 0.5 ?r 0.1 0.65 0.6 + 0.12 0.45 0.4 + 0.08 

TABLE VII. The anti-neutron results showing the fraction of events which contain 

an n (f;;), the total n cross section (cJ~), and R;; (az/epU). 

& (GeV) 4 7 $(3*1) 

fTi 0.05 + 0.024 0.068 +_ 0.027 0.067 5 0.024 

c+W 1.35 + 0.65 0.68 + 0.27 59 2 21 

RK 0.28 Z!Y 0.13 0.36 t 0.14 6.5 2 2.3 

TABLE VIII. The C'fitting parameters. 

& (GeV) 4 7 $(3-l) 

offset (MeV) -6.6 2 3.3 -6.6 It 3.3 -3.7 f 2.9 

u (MeV) 9.8 + 3.4 9.8 f. 3.4 6.2 t 2.8 

x2/DOF 80/89 80/89 126/89 

# y’ls 2.7 + 3.8 26.4 r 7.3 13.8 C 5.2 
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TABLE IX. The ?!' results giving the fraction of hadronic events containing 

an ?'(f-$, the total yf cross section (UT), and RF (a$~~~). 

~6 (GeV) lJJ(3.1) 

fc 0.004 + 0.005 0.027 2 0.007 0.010 + 0.004 

y(nb) 0.11 t 0.14 0.26 + 0.07 9.1 It 3.4 

RC 0.023 2 0.029 0.14 t 0.04 1.0 t 0.4 
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Fig. 1 

Fig. 2 

Fig. 3 

Fig. 4 

Fig. 5 

Fig. 6 

Fig. 7 

Fig. 8 

Fig. 9 

Fig. 10 

The Mark I magnetic detector. The proportional chambers are not 

dhown. 

Enlargement of one anti-neutron package on the side of the Mark I. 

Difference in the x-y and x-z views between the positions of 

magnetic detector tracks and n chamber tracks extrapolated to the 

magnet radius (r=1.65 m). 

Computer reconstructed picture of a good anti-neutron event. 

The n emerges to the right and annihilates in the shower counter 

sending two forward nrono,s into the ;ipackage. One prong strikes 

an A counter giving a time approximately 7 nsec past prompt. 

Anti-neutron momentum distributions for the three center of mass 

energies uncorrected for background or efficiency. 

The Monte Carlo predicted anti-neutron detection efficiency as a 

function of the nmomentum. The efficiency for the three detection 

possibilities are shown combined and separately. 

The number of protons and anti-protons identified by the Mark I 

time of flight system as a function of the scattering angle of prongs 

produced by them in the ?i packages. Also shown is the Monte Carlo 

predictions. 

R-n (u---uPP) and RF (aF/aUu) vs. G. 

Anti-neutron and anti-proton differential momentum spectra for the 

three center of mass energies. 

The anti-baryon invariant cross sections for 6 = 7 GeV. The 

function is a fit to lower momentum pion data from Ref. 24. 
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Fig. 11 

Fig. 12 

Fig. 13 

Fig. 14 

Fig. 15 

Fig. 16 

Fig. 17 

Fig. 18 

Anti-sigma mass distributions. Relative spectra are produced by 

subtracting the correct ?' mass from each n IT' combination. 

Separate K 7~+ and n n- mass distributions for 6 = 7 GeV. 

Monte Carlo predicted anti-sigma mass resolution for four separate 

momentum ranges. 

Ry Cay/u,,,,) and Rjr;" (ap/aUu) vs. &. 

Anti-sigma momentum distribution for 6 = 7 GeV. 
-+ T 
C-n mass distribution for & = 7 GeV data. 

Theoretical mass spectrum for the lowest mass charmed anti- 

baryons. 
-+ ? - 
C-n. IT mass-combinations between 1.9 and 2.6 GeV/c2 listed by 

event number. The scatter plot shows these combinations plotted 

against AM = M- - M- csll c2r * The expected regions for charmed baryons 

are cross-hatched. 
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