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ABSTRACT 

Several narrow resonances associated with strange 

particles are observed in the reaction: 

~ + Be - hadrons 

We present evidence for the production of a new antibaryon 

state (~ 2.26 GeV/c 2), which decays into Arr+rr-rr-. Combining 

the above state with an additional rr+ gives an indication of 

the cascade process: 

Arr+rr-rr+rr- (~ 2.45) ~ Arr+rr-rr- (~ 2.26) + rr+ 

In the same experiment, we also observe a narrow peak near 

2 . . 0 + - + -1.86 GeV/c decaying into K8 rr rr rr rr • The above observations 

strongly suggest these states are the predicted charmed 

hadrons. 
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I. INTRODUCTION 

Since the dramatic discoveries of w/J1 and w', 2 

there have been speculations whether these resonances are 

3 manifestations of a new quantum number called charm. The 

suggestion that w/J and w' are charm-anticharm bound states4 

further implies the existence of a rich spectrum of mesons 

and baryons explicitly possessing the conjectured quantum 

number. 

From our earlier experimental data, 5 it was obvious that 

$/J is readily photoproduced diffractively. It is likely 

that the photon beam will be an ideal tool to probe the new 

physics. The apparent rise in the cross section for (~N - w/J 

N +anything) from 11 GeV to approximately 100 Gev, 516 

together with the fact that diffraction is a reflection of 

inelastic (non-diffractive) processes, indicates that charmed 

particles are being photoproduced at Fermilab. 

The inclusive cross section, cr(~ + N - C +anything), 

where C denotes a charmed hadron, has been estimated to be 

around 1 microbarn (see Appendix I). Therefore, unlike the 

case of hadron-hadron collisions, there exists a firm estimate 

of the charmed particles produced via photoproduction. The 

cross section is rather large, being of the order of 1% of 

the total hadronic photoproduction cross section. The charm 

production cross section in pp collisions is estimated, though 

much less accurately, to be around.1-10 microbarns. 7 This 

represents only 1/300 - 1/30% of the total pp cross section. 
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Furthermore, in a photon beam, the charm pair carries. all 

of the momentum of the beam, unlike the valence quarks of 

a hadron beam which carry only a fraction of the momentum. 

The x(= p/p in the center of mass of the nucleon-nucleon max 

system) dependence of the w/J production in the hadron-hadron 

interactions
8 

is consistent with this hypothesis. The search 

for charmed particles is, experimentally, more difficult in 

the low x region. The signal will be buried by the ordinary 

hadronic background. This has become painfully obvious in 

9 the charm-searching experiments using the hadron beams. 

The other problems facing experimentalists engaging in 

charm searches have been the predicted high multiplicities 

in the decay of the charmed particles. The hadron-hadron 

experiments are notoriously handicapped in this aspect. Our 

detectors are designed to cope with this problem. The counting 

rates are reasonable and the background is relatively small. 

Taken together, our experiment is ideally suited for charmed 

particle searches in the proton accelerators. 

The experiment was carried out in the broad-band photon 

beam at Fermi National Accelerator Laboratory. About 15 million 

events were recorded in the last three months of 1975. Our 

analysis of the search for charmed particles was based on 

the study of the multihadron final states, with emphasis on 

events associated with v0
, namely K8°, lambda and anti-lambda. 
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The results are presented in the first section in 

Chapter VI. The more detailed study of several new 

resonances is given in the ensuing sections. The main 

conclusion is that both charmed mesons and charmed baryons 

are observed via photoproduction. 
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II. REVIEW 

A. Fermi and Yang Model 

One of the first attempts to classify the strong 

interacting particles, as combinations of a "fundamental" 

set of particles, was made by Fermi and Yang in 1949.
10 

According to this model, pions are conjectured as bound 

states of nucleon-antinucleon pairs. Written out 

specifically in terms of isospin components: 

L = 0 

I3 

J = 1/2 

Mesons 

I = 1 

= +l I3 = 0 I3 
+ 0 

Tr Tr 

Baryons 

I = 1/2, I 3 = +1/2 

p 

= -1 

Tr 

I = 0 

I = 1/2, I 3 = -1/2 

n 

B. Qua~k Model 

When the quantum number strangeness was postulated, 

several problems of the Fermi-Yang model emerged. One of the 

serious defects of the model was that it did not incorporate 

the strange particles. Several models were proposed to 

remedy this shortcoming. Among the more successful ones are 

the Sakata (1956) mode111 and later the eightfold way 

introduced by Gell-Mann and Ne'eman in 1964. 12 
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In the quark model, three quarks, u, d, s, are taken 

as fundamental components from which all hadrons are to be 

constructed. Each quark has spin 1/2. The quantum numbers 

of the quarks are tabulated as follows: 

Quarks I I3 Q s B y 

u 1/2 +1/2 +2/3 0 1/3 +1/3 

d 1/2 -1/2 -1/3 0 1/3 +1/3 

s 0 0 -1/3 -1 1/3 -2/3 

For antiquarks, all entries in the table have the opposite 

sign. 

In this scheme, mesons are made out of bound states of 

quark-antiquark (qq) pairs and baryons are constructed by 

using three quarks (qqq). 

We turn next to a detailed classification of low-lying 

meson and baryon states, according to the rules of the so-called 

L-excited quark model, in which one assumes that the quark 

interaction is a potential well with orbital energies 

increasing with orbital angular momentum. Particles and 

resonances are formed as composites of quarks and antiquarks 

with different excitation energies. The lowest lying mesons 

and baryons are given in Appendix II.A. 

No resonances were found before 1974 that could not 

be accommodated within the framework of the simple quark 

model. In particular, the non-observation of the "exotic" 
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meson substantiated the model considerably. The prediction 

of the existence of the o-, among other things, was a 

spectacular success of the SU(3) model.
13 

In this model, the electromagnetic current is: 

2 - 1 - 1 - J 
i[3 u~Au- 3 d~Ad- 3 s~As • 

For the weak current, the expression is given by: 

iu(l-~5 ) (dcose+ssine) 

(case is the Cabibbo angle) 

which is in obvious parallel with 

Features of Cabibbo's picture of the weak current have 

surfaced: namely, the selection rules of l6II = 1, 6Y = 0 

or l6II = 1/2, 6Y = 6Q, and the conserved 6Y = O current 

with coefficient case. 

One of the reasons to modify the quark model comes 

from the study of the strangeness-changing second order 

+ - + + -processes, such as ~ ~ µ µ , K ~ v ~v and ~-K8 mass 

difference. Experimentally, these processes have been 

14 found to be relatively suppressed. As shown in Appendix 

III.A, the hadronic neutral current contains an undesirable 

l6SI = 1 term, which would be contradictory to the 

experimental area. 

c. Charm Model 

In the following, we shall interpret "charm quark" in 

the narrow sense -- this is the fourth quark postulated by 
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Bjorken, Glashow, Iliopoulos and Maiani,
3 

and incorporated 

into the Weinberg-Salam model
15

, to suppress strangeness-

changing neutral currents. The model is based on the 

principle of lepton-hadron symmetry: 

q = c 1 = v ) 
e 

( ) 

( u v ) 
u 

( 

d ( e 

) 

s ) ( u 

The weak hadronic current is constructed in precise 

analogy with the weak lepton current, thereby revealing 

suggestive lepton-quark symmetry. 

The quantum numbers of the four qu.arks are: 

Quarks I I3 Q s B y 

c 0 0 +2/3 0 1/3 +1/3 

u 1/2 +1/2 +2/3 0 1/3 +1/3 

d 1/2 -1/2 -1/3 0 1/3 +1/3 

s 0 0 -1/3 -1 1/3 -2/3 

With the additional quark, we can show that the ~S = 1 

c 

1 

0 

0 

0 

amplitude of the neutral current vanished completely if the 

SU(4) were exact (see Appendix III.B). Now if the quark masses 

are introduced, possibly via the Higgs mechanism, the l~sj = 1 

couplings of the neutral current are of the order G (GM2 ), where 

G is the Fermi coupling constant and M is the cutoff momentum. 

Since the observed amplitudes are very small, M cannot 
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exceed several GeV: charmed hadrons, if they exist, cannot 

have masses more than several GeV. 

l6SI = 2 nonleptonic amplitudes (e.g., KL-KS mass 

difference), which appear in higher orders of perturbation 

theory, are similarly suppressed. 

The charm model is compatible with the observed hadron 

spectroscopy (pre-1974), as the Gell-Mann quark model is 

unmodified. Hence, all the essential features of the quark 

model are preserved. However, the strangeness-changing 

neutral current is banished and many new hadronic states 

associated with the charm quark are predicted. The charmed 

states, filling out SU(4) representations, are expected to 

appear in a higher mass region, with the lowest mass meson, 

2 1.8 GeV/c • 

The hadrons, then, will group themselves into multiplets 

of SU(3), each multiplet containing particles of varying 

charm, c. This new quantum number, C, if it exists, should 

behave similarly to strangeness -- it is conserved in strong 

and electromagnetic interactions, but is violated in weak 

interactions. 

Those states containing only uncharmed quarks, u, d, 

and s, form the familiar multiplets of mesons and baryons. 

The low-lying mesons and baryons are listed in Appendix II.B. 

In order to clarify some of the issues in the experimental 

searches for charm, we find it instructive to list some of 
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the properties of the charmed particles in the Glashow-

Iliopoulos-Maiani scheme. They include: masses, lifetimes, 

decay modes and production mechanism. 

To set a mass scale for the charmed mesons, we interpret 

~/J as¢, a 3s1 cc state and~· as¢•, a radially excited 
c c 

3s1 cc state. In order to explain their narrow widths, a 

mechanism by the name of Zweig's rule is invoked. 16 According 

to this rule, the preferential ~/J decays would be to charmed 

particles. However, if they lie below the charm-anticharm 

threshold, the decay would be energetically forbidden and 

the width would be narrow. The existence of the narrow w', 
at 3.7 GeV/c 2 , implies the lowest charmed particle must be 

above 1850 MeV/c 2 in mass. Absence of another narrow peak, 

above 3.7 GeV/c 2 , as well as the considerable width of the 

enhancement observed at 4.15 GeV, may indicate the charmed par-

ticle production threshold lies below 4.15 GeV. These have led 

to the speculation that the lightest charmed meson lies between 

2 1.85 and 2.1 GeV/c . The charmed baryons are assumed to have 

masses not much higher than those of charmed mesons as the 

charm quark is much heavier than the ordinary quarks. The 

lowest lying charmed baryons are estimated to have masses between 

2 2.1 and 2.3 GeV/c • 

Since charm is conserved in strong and electromagnetic 

interactions, the ground state charmed particles are all stable 

against strong decays and are expected to have relatively long 

lifetimes (~ l0-13 sec). Thus, the most direct and convincing 

way of observing unhidden charm is to observe a narrow peak 
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in the effective mass spectrum of several hadrons. The 

expected long lifetimes of charmed particles have stimulated, 

for example, charm search experiments using an emulsion technique. 

Charmed particles are predicted to decay preferentially 

to strange particles. The charm quark decays predominantly to a 

strange quark because this decay is a Cabibbo-favored weak 

transition. One of the manifestations of charmed particle decays 

is the observation of strange particles in the final state. 

Consequently, looking for sharp spikes in the invariant mass 

distributions with strange particles participating may produce 

the best signal for charm production. 
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III. CURRENT EXPERIMENTAL STATUS OF CHARM 

A. $/J, $' and Others 

The observed spectrum of the charmonium states now 

in vo 1 ve s w I J ( 3 • 1 ) , i+r 
1 

( 3 • 7 ) , $ ' ' ( 4 • 1 ) , $ ' ' ' ( 4 • 4 ) , 

'rlc (2.8), x (3.41), x (3.45), Pc (3.51), and x (3.55) •
17118119 

Both 11 (2.8) and x (3.45) may need further confirmation. 
c 

w'' (4.1) probably consists of several resonances and/or 

threshold. The overall situation in the charmonium spectroscopy 

is quite satisfactory and the idea of the new heavy particles 

being fermion-antifermion bound states is established. 

- + 0 B. Dilepton and µ e Ks Neutrino-Induced Events 

The observations of neutrino- or antineutrino-induced 

d . 20 11 21 imuons, as we as ue events, have been reported. The 

phenomenum is compatible with the production of a new hadron 

and its subsequent semileptonic decay. Charged currents of 

the weak interactions do not conserve charm. Thus, the 

process, ~p ~ µ-c ••• , followed by leptonic or semileptonic 

decay of the charmed particle, C - µ+ + x, is a possible 

source of prompt dileptons. Notice the opposite signs of 

the two leptons, a consequence of the 6C = 6Q rule obeyed 

by the weak current. + -The observed (E ( µ ) ) I (E ( µ ) ) has ruled 

out the heavy lepton as the sole source of dileptons. 

- 0 The µ eKS events, reported by the bubble chamber 

neutrino experiments, are consistent with the charm model. 

In the model, charmed particles have Cabibbo-favored decays 

into states with one unit of strangeness. Thus, one expects 

large neutral kaon yields in the µ-e events. 
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c. K8°-e Coincidence in e+e- Annihilations 

The data22 are compatible with a charm interpretation 

and apparently not with a heavy lepton hypothesis: the 

overall multiplicity is high and the lepton spectrum soft. 

One event, 

- + + + -
D. ~p - µ Arr 1T 7r 1T 

- + + + -
\JP - µ A 7r rr 7r rr 

with a AS = -6Q signature has been reported by a Brookhaven 

t . . t 23 neu rino experirnen • This event represents either a 

violation of the AS = ~Q rule or the production and decay 

of a charmed baryon state. 

The event can be interpreted in the charm scheme as 

the chain: 

'JP - E ++ µ c 

4 + + Ac 7r (strong decay) 

' 

+ + --> Arr rr rr (weak decay) , 

then the observed masses are: 

M 

l:c 

+ + + -
++(A'rr rr rr 7r) = 2426 + 12 MeV/c 2 

and the three possible mass assignments for + + -
f\.7f 7f 7f are: 

+ + - 2 M +(Arr rr 7f ) = 2260 + 9 MeV/c -
or Ac 

+ + - 2 M +(Arr rr 7r ) = 2099 + 4 MeV/c 
Ac 

-
or + + -

MeV/c 2 M +(Arr rr rr ) = 2088 + 3 -
Ac 

The observed mass of the + + + -Arr rr rr rr and the highest possible 
+ + -mass assignment of Arr rr rr are in excellent agreement with the 

predicted values. 
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The first direct evidence for particles with non-zero 

charm came in mid-1976, when SPEAR reported the observation 

f ~ + ~ + + - 0 + -o a narrow state decaying into K rr-, K rr rr rr and Ks rr rr 

and its charged partner decaying into K~rr±rr±. 24 The experi

mental observations agree beautifully with what has been 

expected of the charm model. Let us just briefly mention 

some of the features: 

(a) The new resonance's width is consistent with 

the experimental resolution for a zero-width state. 

(b) The neutral particle and its charged partner have 

masses of 1.865 + 0.015 GeV/c 2 and 1.876 + 0.015 

GeV/c 2 , respectively. 

(c) The recoil mass spectra indicate the associated 

production mechanism and the existence of the 

* * predicted charm vector mesons, D
0 

and D+ 

(d) Both particles decay to states of strangeness 

~ + + S = + 1. The charged particle decays only to K rr-v-
+ + ~ (an exotic state) and not to K-rr-rr • 

(e) There exists some-evidence for parity violation in 

the decays indicating the weak interaction mechanism 

is involved. 

(f) The production of these new particles has shown a. 

threshold behavior, the.threshold energy being near 

4 GeV, but above the narrow w' resonance (3.7 GeV). 
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The new particles are beautiful candidates for D0 

(~ 1865 MeV/c2 ) and D+ (~ 1876 MeV/c
2
), the charmed pseudo

scalar isodoublet. The recoil mass structures may have to 

* 2 * I 2 do with D
0 

(~ 2.01 GeV/c) and D+ (~ 2.01 GeV c ), the 

charmed isovector doublet. 

F. Other Indications 

+ - I + - + -> Below 2.5 GeV, R = cr(e e ~hadrons) cr(e e ~µ µ is 

approximately constant with a value around 2.s.
25 

Above 

5 GeV, R is found to be in the neighborhood of 5. It is 

tempting to speculate that the rise in R is associated with 

the onset of the charm and particle production threshold. The 

coincidence of the calculated charmed mesons and baryons thres-

hold, with the two jumps in R, substantiates this conjecture. 

Incidentally, the first jump has been found to be connected to 

the production of the new particles mentioned in Section E of 

this chapter. 

2. Emulsion Event 

An emulsion event reported last year is consistent (on 

the basis of lifetimes and effective masses) with the production 

of h +A - and subsequent decay into ~o + charged E or ~ and 
c c 

- 26 
~ + charged E or E. 

• 
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IV. BROAD BAND PHOTON BEAM 

The photons are obtained from 0-mrad neutral secondaries 

produced by the interactions of 400 GeV protons in a 12 in. 

long beryllium target (Fig. 1). The photon-to-neutron ratio 

is improved by a factor of roughly 200 above the initial 

photon-to-neutron ratio by passing the beam through 

two cryostats, 35 feet and 70 feet long, respectively, 

filled with liquid deuterium. To monitor the hadronic 

components of the beam, a device is installed between the 

two cryostats for remotely inserting up to six radiation 

lengths of lead into the beam. For photon running, the lead 

flippers are, of course, withdrawn; for background running, 

all six lead sheets are inserted to attenuate the electro

magnetic component of the beam. We shall label this mode of 

running, the KL runs, for the obvious reason that the KL0 

component is enhanced relative to the other components in the 

beam. To study the background introduced by neutrons, 

interactions were recorded for a brief period with the lead 

absorbers in the beam with only one-third of the deuterium • 

We refer to such running configuration as neutron runs. 

The essential features of these runs are summarized in 

Table I. 

The photon flux available at the experimental target, 

about 200 feet beyond the proton target, is shown in Fig. 2. 
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v. APPARATUS AND ELECTRONICS 

The detector consists of a multiwire proportional 

chamber magnetic spectrometer, particle identifiers, 

scintillation detectors and a Wilson-type quantameter. 

The detector layout is shown in Fig. 3. A very brief 

description of the apparatus will be given here. More 

detailed expositions can be found in References 27, 28 

and 29. 

A. Proportional Chambers 

There are five multiwire proportional chambers, 

PO, Pl, P2, P3 and P4. Each chamber has three signal 

planes, x, u, v. The u and v planes subtend an angle e 

(tane = 1/5) with respect to the horizontal; the x plane 

is parallel to the vertical. 

PO and Pl each have an active area of 10 in. x 15 in., 

P2 and P3, 20 in. x 28 in. The largest chamber, P4, has 

an active area of 40 in. x 60 in. All planes have 2 mm 

wire spacing, except the x-plane in P4, where the spacing 

is 3 mm. 

B • Particle Identifiers and Calorimeters 

The electromagnetic shower detectors consist of lead 

scintillator sandwiches, and serve to detect electromagnetically 

showering particles, such as electrons and photons. The hadron 

calorimeter is made up of twenty-four 1.75 in. thick steel 

plates interspersed with 0.25 in. thick plastic scintillators. 
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It identifies hadrons and measures their energy to about 

25%. 

A copper plate electromagnetic shower device, known 

as the Wilson-type quantameter, was used in the experiment 

to monitor the photon beam intensity. 

The muon identifier consists of vertical and horizontal 

scintillation counter hodoscopes embedded in a 72 in. steel 

absorber. 

C • Target Counters 

The target is surrounded by eight T counters that 

detect wide angle secondaries. The two counters AB, each 

with 0.25 in. lead converter between them and the target, 

and the four AW counters behind the Pl frame, cover forward 

angles outside the spectrometer aperture. 

D. Analyzing Magnet 

The dipole magnet,M2, with apertures of 16 in. horizontally 

by 24 in. vertically and a field integral of 20 kG-meter, 

bends particle trajectories in the vertical plane. The 

polarity is reversible and approximately the same amount of 

data were accumulated for each polarity in order to cancel 

out the effects of minor asymmetries. 

The spectrometer was found to give a resolution of 

~P/P = + 3.5% (P/100 GeV/c). 
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E • Trigger Logic 

In this experiment, the trigger logic is divided into 

two levels: a master gate (MG) and a selective trigger. 

A detailed description of the trigger logic, used in the 

present data sample, can be found in Reference 29. 

1. Master Gate (MG) 

The master gate, generated by fast logic, defines the 

minimum requirement an event must have before being 

considered. The master gate is: 

MG= (B3 + (LXR) + HC) 2; 3 

where: 

B3 = the counter just downstream of the target, 

(LXR) = at least one hit (two overlapping counters) on 

either side of the trigger array (H,V), 

HC = a preset (4 GeV) energy deposit in the hadron 

calorimeter, 

( )2/3 =at least two of the three conditions (i.e., B3, 

(LXR) and HC are satisfied. 

F • Selective Trigger Logic 

The selective trigger is more restrictive than the 

master gate, but sufficiently loose to allow the collection 

of events from a variety of interesting processes. 

MG is sent to the input trigger generator which sorts 

the event into the coincidence registers. DC logic is used 

to make all logical operations from information stored in the 

coincidence registers. Up to sixteen logical definitions are 

derived and distributed to a data bus, to which many logic 
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modules (pin logic) can be connected. The sixteen bus 

lines are described in Table II. Each pin logic module 

defines an event classification according to internal 

preset switch connections corresponding to either "True", 

"False", or "Ignore" for each of the sixteen bus lines. 

Up to twelve different pin logic were employed during the 

runs. The requirements of the ten major pin logic are 

given in Table III. 

Each pin logic has associated with it a prescale module, 

which can be set to generate one output pulse for every 1, 2, 

4, 8, 16 65336 input pulses. The use of the pin logic , 

with and without prescale, provides the ability to minimize 

system deadtime and the versatility in acquisition or 

suppression of different types of events. The content of 

each data run was determined by the master gate, the choice 

of pin logic , and the prescale requirements attached to the 

pin logic • 
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VI. ANALYSIS OF DATA 

A. v0 Identification 

All events were reconstructed by a computer program 

which identified and fitted individual tracks. These tracks 

were extrapolated upstream and a search was made for neutral 

vertices consistent with K
5
°, lambda and antilambda decays. 

A decay length of 165 in. in length was available, extending 

from 27 in. downstream of the production target to P2, the 

last proportional chamber before the analyzing magnet. All 

pairs of oppositely charged tracks, which resulted in vertices 
0 + - . 

inside this regions, were potential candidates for KS ~ rr rr , 

- - - + A ~ prr , A ~ prr , or new long-lived objects. Furthermore, 

we required that the v0 intersect with at least one charged 

track within the production target (Fig. Sa). For the 

remaining v0
, the masses of the two tracks were calculated 

assuming both of them were pions. The mass distribution 

is shown in Fig. 6. We observe a clear signal at the K8° 
mass. 

If we then exclude the v0 •s with pion pair mass within 

2 0 2 15 MeV/c of the K
8 

(498 MeV/c ) and recalculate the 

invariant mass, we assume the more energetic particle to be 

a proton or an antiproton. A distinct lambda (antilambda) 

was observed in Fig. 7. (Fig. 8) 

The mass resolutions for K8°, lambda, and antilambda 

are 10 MeV/c2 (fwhm), 5 MeV/o 2 , and 5 MeV/c 2 , respectively, 
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and grow with energy. This was demonstrated in Figs. 9a-c. 

The background of K8° is ·1ess than 1%, while the background 

for lambda (antilambda) is roughly 2% (4%). 

0 
For K8 , lambda (or antilambda) considered in this 

thesis, mass cuts of 498 + 5 MeV/c 2 and 1116 + 2 MeV/c 2 , 

respectively, were imposed. A small number of events which 

fit both the K8° (498 + 15 MeV/c 2) and A or A (1116 + 6 MeV/c 2 ) 

were removed. 

To further illustrate the spatial resolution of this 

experiment, as well as the cleanliness of the lambda 

(antilambda) identification, we considered events in which 

a v0
, identified as a lambda or antilambda, appeared to 

intersect another charged particle downstream from the 

interaction vertex (Fig. Sb). The invariant mass distribution 

+ - - + - -of the Av , Arr , Arr , and Arr is shown in Figs. 13 and 14. 

We observe a clear peak near 1320 MeV/c 2 in the Arr- and 

- + + Arr but not in the Av or Arr states. The peak corresponds 

to the hyperon, -+ E , and its antiparticle, E , decaying 

weakly into Arr - + and Av , respectively. 

E ~ A + rr 

-+ 
E 

weak 

weak 

The energy and the transverse momentum distributions 

of the inclusive K8°, A and A are given in Figs. 10 and 11. 

The energy of the v0 extends from ~ 10 GeV to ~ 100 GeV 

and the transverse momentum cutoff is approximately 1.5 GeV/c. 
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The total energy of the charged tracks of an event, 

which has a KS0
, A or A, is shown in Fig. 12. The cut at 

200 GeV did not lose too many events but it reduced 

combinatorial problems for our analysis. 

Just about the only distinguishing property of an 

unknown particle is its mass, so making invariant mass plots is 

a natural first attempt. We have used our multihadron data to 

0 ± 
search for mass peaks in these channels: (a) KS + nrr , 

0 0 + - + where Ks is identified through Ks ~ rr rr , (b) A + nrr-, 

- + 
where A is identified through A - prr , and (c) A + nrr-, where 

A is identified through A - prr • In all cases, n = 1 ••• 4. 

These channels are expected to be some of the dominant decay 

+ 0 modes of the conjectured charmed mesons, D , D , charmed 

baryons, Ac' ~c' and their antiparticles. 

We have made the following cuts in order to reduce the 

hadron-induced events: 

(1) The total energy of the charged tracks of an event 

is less than 200 GeV. 

(2) The total number of reconstructed tracks is less 

than nine. 

With a resolution of ~m/m l"V 2%, we plotted the invariant 

masses for all charged track combinations with a KS0
, A or 

A, assigning tentatively the rest mass of the pion to all 

tracks whose charges and momenta were measured. 

This method, in cases of high multiplicity and absence 

of particle identification, will clearly suffer from 
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combinatorial backgrounds. With good statistics, they will 

however, be smoothly varying functions of the invariant mass. 

The mass plots are shown in Figs. 15 to 18 for 

K 0 + + . - ± 
8 nrr-, Figs. 19 to 28 for A(A) + nrr. We should remark 

here that more than 30% of the events here are induced by 

hadrons, mostly KL0
• In Figs. 39-43, we show some of the 

0 + + - + 
K8 + nrr-, A + nrr-, A + nrr- mass distributions, where we 

inserted Pb (lead) in the beam to attenuate photons. The 

solid curve represents events from the KL and neutron runs. 

The shaded areas are events from the KL runs only. For the 

A(A) + + 
mass distributions (Figs. 40 to 43), use both nrr- we 

the K and neutron runs. 
L 
A test of this procedure: In the mass 0 ± plots of K

8 
rr , 

+ - + (Figs. 15, 19-22), look for the well known Arr- and Arr- we 

resonances, K* (mass= 892 MeV/c 2 , width~ 50 MeV/c 2 ) and 

y* (mass= 1385 MeV/c 2 , width~ 40 MeV/c 2). Enhancements 

are clearly seen at the proper mass values and the widths 

are consistent with the full width of these states. 

A striking feature in the data is the peak in the 

- + - - 2 Arr rr rr mass plot near 2.26 GeV/c • This is the first 

indication that the charmed antibaryon is produced. A more 

detailed discussion is found in Section c. The slight 

2 - + - + -enhancement in the region of 2.45 GeV/c in the Arr rr rr rr 

mass plot turns out to be related to the peak in the 

- + - -Arr rr rr • This feature will be discussed in Section D • 
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0 + - + -
A slight signal was seen in the KS rr rr rr rr channel 

that had a mass close to that of n°, reported by the SLAC-LBL 

group's experiment. Section E will be devoted to further 

studies on this observation. 

We found no convincing narrow peak in the remaining 

invariant mass distributions. The particles for which we 

are searching were assumed to have narrow width in mass. 

Our sensitivity reaches 10 to 500 nanobarns/Be nucleus 

level, depending on the particular channel and the degree 

of contribution from the background. 

B. Other Searches 

Besides the Ks0 + nrr±, A + nrr± and A + nrr± mass plots 

0 + 0 o-shown, similar combinations were made of Ks K-, Ks p, Ks p, 

0 ± + + 0 0 + 
Ks K rr-rr- and Ks Ks rr-, where rest masses of mrr' ~, or mp 

were assigned to appropriate tracks. We did not observe 

any narrow peak, but the background and/or combinatorial 

problems were too prohibitive to provide any sensitive search. 

Since charm is conserved in strong and electromagnetic 

interactions, charmed particles must be produced in pairs 

in.the photon-induced reactions. The leptonic branching 

ratio for the weak decaying charmed particles is assumed to 

be of the order of 10%. Correspondingly, we seek evidence 

for the following reactions: 

~ + Be ~ C + C 

where, 
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+ c• 

K 
0 +x s 

I .K8 
°+mr± 

-~ 

or K 0 +x s 

n = 1, ••• 4 

n = 1, ••• 4 

The statistics are too low to draw any meaningful 

conclusion. 

- + ·- -c. /l.7T 1T 1T 

1. Properties 

We have examined, in some detail, the properties of the 

- + - -Arr 1T rr peak. We shall discuss some of the features: 

a. Statistical significance, mass and width. The number 

of combinations in the peak, defined as three 25 MeV/c 2 bins, 

is 136 with a background of approximately 75 obtained from 

a smooth polynomial fit. This gives 7 standard deviations 

in excess of the smooth background. Multiple counting might 

affect the statistical significance to some extent, although 

not seriously. 

We have fit the peak to a Breit-Wigner distribution 

with a polynomial background. The mass is found to be 
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2.26 .± 0.02 GeV/c 2 and the measured width is 40 .±. 20 MeV/c
2

• 

It is interesting to note that the measured mass 

coincides with the following two values: (a) As mentioned 

earlier in Chapter III, one of the three possible mass assign

ments for Arr+rr-rr+ in the ~S = -~Q neutrino event is 2.26 ..::!: 

2 0.02 GeV/c • (b) Glashow, De Rujula and Georgi have predicted 

+ 
the lowest mass charmed baryon (A ) to be of the mass 2.25 ..::!: 

c 

0.05 GeV/c 2 . The observed mass of the Krr+rr-rr- in our experiment 

is in astonishing agreement with the value predicted in (a) 

and the observed in (b). 

The measured width is consistent with our experimental 

mass resolution (~ 30 MeV/c 2 ) for a zero-width state. 

b. No charge + 1 partner. We observe the peak only 

-+-- ;2 -+-+ in Arr rr rr near 2.26 GeV c but not in the Arr Tr rr states. 

The slightly enhanced broad bump around this mass region 

in the graph could be understood as follows: In most cases, 

as can be seen from the multiplicity distribution shown in 

. - + - -Fig. 29, the peak in Arr rr rr appears to be associated with 

extra charged particles. Then there are many kinematical 

reflections for these mass plots. For example, one of the 

pions in the signal is replaced with another pion belonging 

to the recoil system. Depending on the details of the 

recoil system, such a A3rr system can have a mass fairly 

close to 2.26 2 within GeV/c , say 100 to 200 2 MeV/c • This 

will generate a broad bump near 2.26 GeV/c 2 . - + - + in Arr rr Tr • 
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This hypothesis has been checked by a simple Monte Carlo 

- + - + -where we assume Arr rr rr rr is produced in a fashion as 

described in Appendix v, and decays to Xrr+rr-rr- (2.26) + + 
rr • 

We then calculated the invariant mass of Arr+rr-rr+ and 

observed a broad bump near 2.26 GeV/c 2 , which agrees quite 

well with the data. 

Incidentally, the absence of the charge +l state for 

the antibaryon case is one of the most oft-mentioned 

characteristics of the hypothetical charmed antibaryon Ac • 

c. Parity violation test. One of the attractive features 

of the antilambda final state is that, by establishing a non-

zero longitudinal polarization of the final antilambda, we 

can infer that parity is violated and subsequently, the 

2.26 GeV/c 2 state must have decayed weakly. This would be 

the case if the resonance were identified as the Ac , the 

lowest mass charmed antibaryon. 

We studied, in the A3rr rest system, the forward/backward 

asymmetry in the angular distribution of the p with respect 

to the antilambda direction. The angular distribution is 

shown in Fig. 30. The dashed line is for the angular 

distribution for the events just outside the Arr+rr-rr- peak. 

Although we do not observe a statistically significant 

asymmetry (~ 2cr), we do find that p favors the forward 

direction. 

The spectrometer acceptance has undoubtedly played an 

important role in shaping the angular distribution. In order 
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to minimize this effect, we have attempted the following 

technique: For every event, in the antilambda rest system, 

we interchange the p and the rr+ (from the antilambda decay) 

and then Lorentz-transform them to the laboratory frame. 

By use of a simple Monte Carlo program, we can determine 

whether these new states would have been accepted by our 

spectrometer. For those events that would have fitted our 

spectrometer aperture, we studied again the same forward/ 

backward asymmetry. The result shows the same insignificant 

asymmetry(~ l.So), and p was still found to favor the 

forward direction. 

It should be pointed out that our limited statistics 

would not, in any case, give us unmistakable proof of parity 

violation. Assuming the most favorable conditions, i.e., 

maximum longitudinal polarization of the final antilambda 

and no background, the large statistical error would have 

yielded a mere 3 standard deviations effect (see Appendix IV). 

In short, our present data are not statistically 

. - + - -conclusive to establish the parity violation in the Arr rr rr 

decay. With more data, presumably from our next run, we 

should be in a position to improve our knowledge of the 

observed effect. 

d. Other properties. We have looked at the momentum 

distribution of the rr+ and that of the ~- in the Arr+rr-rr-

state. The distribution is presented in Fig. 31. On the 
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average, the energy of rr+ is higher than that of -rr • It 

is interesting to note that the soft pion theorem forbids 

+ emission of a soft rr : In the absence of pole terms, the 

emission of soft pions is calculated by attaching them in 

all possible ways to the quarks in the non-leptonic weak 

Hamiltonian. It is possible to join an outgoing rr- or rr0 to 

the quarks in c ~ s u d, whereas rr+ cannot be attached. 

Our data are consistent with the soft pion theorem 

requirement. 

The energy and the transverse momentum distributions 

. - + - -for the events inside the Arr rr rr peak are shown in Fig. 33. 

The peak seems to have moderate transverse momentum (~ 700 

MeV/c). The energy distribution agrees quite well with the 

Monte Carlo result (see Appendix II). 

We have plotted the mass distributions of the Arr and 

- + - -Arrrr from the Arr rr rr state (Fig. 32). We observe no resonance-

like structure in any of the combinations. In particular, we 

do not see any enhancement in the Y*(l385) region in the 

- + - + - -Arr- plots. A similar study is also made for the Arr rr rr 

combinations just outside the peak. The mass distributions 

of the Arr and Arrrr show similar shape although some enhancement 

is observed in the Y*(l385) region. These comparisons might 

be quite misleading because of the nature of the high 

multiplicities of these events. For example, a replacement 

- + - -of one of the rr's in the Arr rr rr signal with a spectator rr 
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- + - -might appear as an event in the Arr rr rr background. Hence, 

two of the Krr mass combinations and one of the Arrrr mass 

combinations will appear both in the signal and background 

samples. A comparison between these two sample will, 

undoubtedly, show some degree of similarity. 

The next question is: "Is the peak produced in 

association with leptons?" Of all events inside the peak, 

we found 7 events which have a muon (5 positive, 2 negative) 

- + - - 2 accompanying the Arr rr rr • With a x cut to eliminate those 

events, which are obviously from pion or kaon decays, 

three (all positive) events were left. All of them have low 

energy muons. Since the contributions from the hadron decays 

are calculated to be in the order of a few events, we do not 

- + - -have strong evidence that the Arr rr rr peak is accompanied by 

extra muons. It is, however, noted that our acceptance for 

the extra muon is quite small, especially for the low energy 

- + - -ones, hence, 15-20% of Arr rr rr muon coincidence cannot be 

ruled out. 

The multiplicity of the event, associated with the peak, 

is shown in Fig. 29. From the graph, we can conclude that the 

- + - -Arr rr rr peak is produced in association with other charged 

particles. Upon closer study, we found the events, where 

we observed at least one positive charged spectator track, 

outnumber those with at least one negative spectator charged 

track by 5 to 1. Many of the positive charged tracks have 
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momentum higher than 30 GeV, an indication that these might 

be protons. Some events have neutrals detected in the 

shower counters. However, the limited acceptance of the 

spectrometer, together with the poor neutrals detection 

efficiency, forbids us to reconstruct and study the complete 

event. 

e. Cross section. To determine the cross section, we 

have to know the detection efficiency for the resonance. 

- + - -For a complicated system, such as Arr rr rr , it is extremely 

difficult to accurately determine the detection efficiency. 

This is mainly due to our ignorance of the production and 

decay mechanism. The situation becomes even worse when we 

have to include the experimental bias caused by the trigger 

requirements. 

Nevertheless, we have made our most educated estimate 

on the cross section (see Appendix Vb} : The product of the 

- + - -production cross section times the branching ratio to Arr rr rr 

final state, 

cr ('Y+Be 

is 34 - 340 nanobarns/Be nucleus, where the lower number is 

obtained by assuming perfect triggering efficiency and the 

higher one is obtained by 10% triggering efficiency. 
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2. Background 

The first question is whether the peak is simply an 

ordinary hadronic resonance. There exists in the literature 

a particle, E (2.25 GeV/c 2), with a full width of 100-230 

MeV/c 2 • 30 The upper limit of our measured width is 

substantially smaller than the quoted width. We also believe 

if this were an ordinary hadron, we should have observed a 

- + - + peak in Arr rr rr • 

In our experiment, charged hadrons were not differentiated. 

However, it is well known that the correct choice of the 

particles' masses would give the best signal for a narrow 

resonance. We made use of this fact by studying the following 

combinations: - - - - + - - - - + -Aprr rr , AK rr rr and AK rr rr • 

- + - -and AK rr rr combinations, the positive particle was assumed 

to have the mass of a charged pion or a charged kaon. For 

- - + -AK rr rr , the combination was entered twice in the mass 

histogram -- once for each of the two possible particle mass 

assignments. As can be seen from Figs. 35a-c, no narrow 

peak is observed in any of the three mass combinations. 

Accordingly, our choices of particle mass assignments are 

likely to be correct. 

To ensure that the magnet polarities have no effect on 

- + - -the mass enhancement in Arr rr rr , we have divided the data 

into two separate samples: one obtained from runs with 

positive polarity and the other from negative polarity. 

- + - + - + - -The Arr rr rr and the Arr rr rr mass plots from the two samples 

are shown in Figs. 36 and 37. The mass spectra are similar 
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- + - -in bo~h samples and the peak in Arr rr rr appears in both 

magnet settings. This absence of asymmetry argues against 

gross effects caused by the magnet polarities. 

We have also studied the background due to other 

particles other than the photon. We can investigate the 

contributions from KL, neutrons and antineutrons in the 

neutral beam by suppressing the photon component. In 

Fig. 41, we plot the mass spectra from the KL and neutron 

runs. Within the limitation of statistics, we have observed 

- + - - - + - + no enhancement in Arr rr rr or Arr rr rr • It is clear from the 

histograms that the shapes of the mass spectra are far from 

smooth, obviously contributed from various kinds of kinematic 

reflections. This behavior might have a harmful effect on 

the photon-induced data. 

We believe the antilambda data present spectacular 

confirmation of the theoretical prediction of charmed anti-

baryon structure. One would, in any conventional sense, 

+ - + expect to see similar structure in Arr rr rr , its charge 

+ - + conjugate state. Disappointingly, the Arr rr rr mass plot 

(Fig.25a) shows no similar enhancement in the 2.26 GeV/c 2 

region. + - + The number of combinations of Arr rr rr is about 

- + - -three times larger than the one for Arr rr rr • This is because 

-o the K 'sand neutrons in the neutral beam could produce 

lambda quite copiously, while final states involving an 

antilambda have a much lower cross section. If we 
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assume the peak contains 50 events, then we expect a similar 

+ - + number of Arr rr rr signals above the background. The lambda 

data show about 3 standard deviations of not observing the 

signal. 

In the following, we discuss some of the possible origins 

+ + -of the non-observation of the Arr rr rr signal in the data: 

- + - -1. The magnitude of the Arr rr rr signal has been inflated 

+ - + by a statistical fluctuation and/or the signal in Arr rr rr 

has been thrusted downward statistically. It is, however, 

- + - -quite inconceivable that the Arr rr rr peak is nothing but 

a statistical fluke. 

2. There might have been some asymmetry in the detectors 

which would have favored particles of one charge but not the 

other. These could include the positions of the counters 

and chambers, the non-uniformity of the magnetic field and the 

possible slight difference in the magnet current for the two 

magnet polarities. To cancel out most of the asymmetries, 

we have reversed the polarity of the magnet regularly during 

data-taking and the amount of quanta accumulated is roughly 

equal in each setting. However, minor differences can still 

be expected. 

3. The possibility that the peak is produced by other 

neutral particles, such as antineutrons in our beam, is 

extremely small, although it is still not completely ruled out 

by our insufficient background data. Even with this mechanism 
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in mind, the problem remains unsolved. Suppose, for a moment, 

that the peak is antineutron-induced. By conventional methods, 

- + - + we would expect A1r rr rr produced in equal number. In addition, 

we would also expect similar signals in Arr+~-~+, as well as 

+ - -Arr rr rr produced by neutrons. The signal might even be larger 

in the later cases as the number of neutrons (or particles) 

in our beam is much larger than that of antineutrons (or 

antiparticles). The absence of a peak in all of the three 

- + - -states does not support the idea that the Arr rr rr peak is 

produced by antineutrons (Figs. 25, 26, 40 and 41). 

4. Naturally, there is always a "conspiracy" explanation. 

The mass resolution difference, together with the possibility 

+ - + I 2 that the A~~ rr background has a minimum at 2.26 GeV c , 

might conspire to obscure the signal in the photon-induced 

lambda data. 

5. We might have observed an apparent difference in 

either production or decay of the particle and its antiparticle. 

Our acceptance for many-body decay of a particle depends 

strongly on the mechanisms of production and decay. For 

example, the acceptance is relatively poor for the event which 

has the lambda decaying in the forward direction in the center 

- + - - + - + of the mass frame of Arr rr rr (or Arr rr rr ). This implies, for 

example, that some degree of CP violation in the decay, if 

. + - + it existed, might have prevented us from seeing the Arr rr rr 

signal. If the transition Ac+ - Arr+ is a weak decay, we will 

-expect the process to be analogous to A - prr • Observing 
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the A helicity by its decay, the A has the angular distribution: 

P < e) = 1 + aPA cose I 

c 
where e is the polar angle of the A momentum in the helicity 

frame of the Ac and PA is the polarization of Ac· If CP 
A c 

invariance were not valid, then we would have: 

p(e) = 1 + aPA case I 

c 

p(e) = 1 - aPK case I 

c 
with a and a generally quite different numbers. If this 

were the case, it is clear that the Ac and Ac decay distributions 

would be different and correspondingly, the acceptance for 

- + + - + Ac and Ac would not be identical. Obviously Ac ~ Arr rr rr 

would have a much more complicated decay but similar 

arguments would have produced the same result. Since the 

acceptance also depends strongly on the longitudinal 

+ - + - + - -momentum of the resonance, the Arr rr rr and the Arr rr rr data 

would be different if Ac and Ac were produced with different 

energies. 

Another remark we would like to add is the effect due 

to the presence of other particles produced in association 

- + - -with the Arr rr rr • our trigger efficiency depends on the 

details of those particles. Any anomaly would make a difference 

in the labmda and antilambda data. 

So far, we have not found an aesthetically satisfying 

way out of the perplexing asyrmnetry. It is possible, but 
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unlikely, that one of the five aforementioned factors could 

+ - + . account for the absence of the Arr rr rr signal. It is more 

probable that more than one of them would combine to produce 

such a discrepancy in our data. 

- + - + -D. Arr rr rr rr 

In Fig. 28, we see the mass spectra for A(4rr) combinations 

of charge 0 and -2. The statistics are clearly too limited 

for immediate conclusions. Upon further investigation, the 

suggestion of a peak in the vicinity of 2.45 GeV/c 2 in the 

- + - + - 2 Arr rr rr rr mode appears to be associated with the 2.26 GeV/c 

- + - -peak in the Arr rr rr • We can observe this effect in Fig. 34, 

- + - + - - + - -which shows the mass difference between Arr rr rr rr and Arr rr rr 

combinations for Xrr+rr-rr- combinations within the 2.26 GeV/c 2 

- + - -peak, and separately (dashed line) for Arr rr rr combinations 

just outside the peak. For events inside the peak, we include 

only those with a Xrr+rr-rr- mass between 2.250 GeV/c 2 and 

2.275 GeV/c 2 in order to reduce the background. The mass 

difference shows an enhancement around 200 MeV/c 2 with a 

width of 75 MeV/c 2• 

We consider this to be evidence for a cascade process, 

- + - + -Arr rr rr rr ~ 

2.45 GeV/c 2 

- + - - + ~+ Arr rr rr ,, 

2.26 GeV/c 2 

very close to threshold. 

From thB graph, we can see the peak contains approximately 

13 events in excess of the background. This implies at least 

- + - - - + - + -25% of the Arr rr rr signal comes from this Arr rr rr rr peak. 
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After putting in the detection efficiency, we believe the 

Krr+rr-rr+rr- peak contributes more than half the Arr+rr-rr- signal. 

This observed state can be identified with the predicted 

o o* 
~c(c1 ) and/or ~c*(c1 ), the charmed analogues of the~ and 

o o* 
Y*(l385), respectively. With the tc(c1 ) and/or ~c*(C1 ) 

heavier than the Ac+(c
0

+) by more than a pion mass (the 

mass difference is predicted~ 160 MeV/c 2), ~C(c1°) and/or 

* o* Ee (c1 ) should decay strongly via pion emission to 

+ + 
Ac (C

0 
). All these predictions have been confirmed by 

the data. 

The coincidence in masses with the BNL neutrino event 

is remarkable: 
+ - + + 2 

a Arr rr rr rr mass of 2.426 GeV/c and a 

similar cascade + - + I 2 process to Arr rr rr (2.244 GeV c ). 

0 + - + -
E. Ks 7r 7r rr 7r 

. 0 + - + -A small signal was observed in the Ks rr rr rr rr mass 

combinations near the region 1.86 GeV/c 2 • This signal might 

correspond to a five-body decay of the n°, the charmed 

particle reported by the SLAC-LBL group. The channel, 

0 + - + - 0 + -Ks rr rr rr rr , is not totally unexpected as Ks rr rr is one 

of the decay modes of n° being observed. Furthermore, n° 

is predicted to decay into states of high multiplicity 

with kaons. 

To eliminate the combinatorial problems and to reduce 

the hadron-induced events, we have considered only 6-prong 

events, that is, those with six completely reconstructed 

tracks. The invariant mass plot is shown in Fig. 38a. We 

2 observe a clear peak centered at 1860 MeV/c • The single 

25 MeV/c 2 bin from 1850 to 1875 MeV/c 2 contains an excess of 
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events with a statistical significance of about 4 standard 

deviations. With the present statistics, the signal might 

have been overlooked with a different binning or if D0 had 

been unknown. 

To assure that there are no charged particles accompanying 

the peak, we further required that the anticounters AW and AB 

not detect any particles and the number of unused hits in the 

proportional chambers be less than 10. The mass plot is given 

in Fig.38b. It is clear from the figure that the magnitude 

of the peak has remained unchanged and the background has 

reduced somewhat. 

Our photon spectrum falls rapidly with energy and the 

number of photons above 250 GeV is relatively small and the 

hadron contamination in the beam dominates above this energy 

region. Assuming n° is produced via associated production, 

the D0 will be unlikely to have more than 150 GeV in energy. 

In Fig. 38c, we have plotted the invariant mass of the K
8
° 

with the total energy of the five particles less than 150 GeV. 

The peak is quite prominent with a statistical significance 

exceeding 5 standard deviations. This observation strengthens 

our claim that n° 1 s have been produced in this experiment. 

I 2) 0 + - + -The total measured width (~ 25 MeV c of the KS rr rr rr rr 

signal is smaller than that of the Arr+rr-rr- (~ 75 MeV/c 2) 

0 + - + -because the KS rr rr rr rr events contain all the charged tracks 

in the event and the numbers of unused hits in the proportional 

chambers are much smaller. 

Multiple counting problems are completely eliminated 

and the track fitting works much more efficiently. our 
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mass resolution improves if the tracks share evenly the 

energy of the total system. This is the case for the 

0 + - + - - + - -Ks rr rr rr v and not for the Av rr v 

Although our rr0 (or ~) detection efficiency is 

relatively poor, we do observe that about half of the 

events in the peak have neutrals detected in the shower 

counters. The ~0
·s, if they are present, are difficult 

to detect. The high multiplicity of the event makes the 

unambiguous identification of KL0 almost impossible. 

To show that the signal is indeed photoproduced, we 

0 + - + -have studied the Ks rr rr rr v final states with the photons 

attenuated (i.e., from KL and neutrons runs). In Fig. 39a-c, 

0 + - + -we have plotted the KS 7r v v v mass distributions with the 

same cuts as employed in Figs. 38a-c. The graphs include 

0 events from both KL and neutron runs. The shaded ones 

0 
include the KL runs only. A striking feature of those 

background events is the broad bunp below 1.8 GeV/c 2 persists, 

but the n° region is now a local minimum. 

0 + - + -We conclude that the KS 7r 7r 7r 7r data highly suggest 

n°•s are photoproduced and decay at least occasionally 

0 + - + -to Ks v -rr -rr Tr • 

0 + -We do not observe a similar signal in the Ks 7r 7r 

channel. However, in this mode, the background is much 

larger due to the ~o induced events and the mass resolution 

0 + - + -would not be as good as in the case of KS Tr 7r Tr v • 
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0 + - + -
With the assumption that the Ks rr rr rr rr signal 

corresponds to the n° observed at SLAC, we derive a limit 

(see Appendix VI), 

0 0 + 0 0 + - + -
BR{D - Ks rr rr-)/BR(D - Ks rr rr rr rr ) < 2 • 

The production cross section times branching ratio for 

0 + - + -the K8 rr rr rr rr has been estimated in Appendix Ve. We obtain, 

(~ ~ n° + all neutrals) x BR(D0 

to be around 12 ~ 120 nb/Be nucleus. 

0 + - + -- K8 rr rr rr rr ) 
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VII. CONCLUSIONS 

In conclusion, we have observed a clean peak near 

2.26 GeV/c 2 in the Arr+rr-rr- final state, though not in the 

- + - + Arr rr rr final state. The above signature, the measured 

- + - + -width and the evidence for a higher mass state, Arr rr rr rr , 

- + - -cascading to Arr rr rr are consistent with charmed (anti) 

baryon production. 2 0 + - + -The 1.86 GeV/c signal in the KS rr rr rr rr 

mass is interpreted as the evidence for the charmed meson, 

n°, being photoproduced. 

Taken together, our findings point to the existence of 

a new family of hadrons, carrying a new quantum number, 

charm. 

• 
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APPENDIX I 

Complete vector dominance implies that the photon cannot 

interact with a hadron except as it first becomes a vector 

meson (p, w, ¢, etc.) and then this V interacts with the 

hadrons. We would expect: 

A(~ + N - B + X) = ~4rre 2 l: l (V + N - B + X) 
v ~v 

2 
(~V /4rr is the V-photon coupling constant) 

assuming that off-shell and on-shell VN scattering are equal 

at all invariant momentum transfer t. 

then 

If we neglect possible off-diagonal terms, V'N - VN, 

A(~+ N - w + N) = J4rre
2 L ($N - $N) 

~$ 

To extract the wN total cross section, further assumption 

is made: The forward scattering amplitude is purely 

imaginary. Using the optical theorem: 

crtotal = 4rr lmA ( B=O) 
K 

dcr I = (dcr ffi) \ 
dt t=O do dt t=O 

2 
= IAI 2 

~ 

dcr ( $N) I 1 
cr t~tal ( W N) dt WN - = 

t=O 16rr 

We now have: 

dcr ( 
2 

*N) I 47re 1 2 (* N) 
dt ~N - = --2- 16rr cr total 

t=O ~~ 



+ - . 31 From the e e experiment, 

+ -
BR(W - µ µ ) = 0.069 

w -+ all 
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Assuming ry"1 2/41T, the photon-w coupling constant, is the same 

value for real and virtual photons, 

+ -r(w - µ µ > 
2 

= S!....(.1.lL_)M = 4.8 keV 
3 'Y 2 "' 

where, 

2 a = e ~ 1/137 , 

2 MW = 3095 MeV/c 

Then, 

"' 

'Y 2 a2 
..:.L -

41T - 3 
MW 
---~--+---- = 11.45 • 
r ( "' .... µ µ > 

In our photoproduction experiment, 29 we measured 

+ -
BR(W-+ µ µ ) x cr('YA .... $A) 

"1 - all 
. 27 Assuming 

where A = atomic number • 

We have, 

cr(~A - •Al = (:~ + !J ~~ (')ll!i - •Nll 
t=O 

using cr('YA - '1fA) = 25 nb, A= 9 for the beryllium target and 

'"' + -Iµµ 

+ -
BR (W ... µ µ ) 

w - all 

we obtain, 

+ -from the e e experiment, 

• 

• 



dcr ('YN - wN) I = 
dt t=O 

Then, 

_47..:. 

2 
8. 7 nb/ (GeV/c) 

Jr ~do 
crtotal(wN) = 16rr . 2 dt ('YN - wN)lt=O = 1.6 mb. 

4rre 

We can estimate cr('YP - charm ••• ), if we assume the 

part of the electromagnetic current which couples to 

charmed quarks is dominated by the W· 

A ( 'Y+N - charm) = J47re 2 1 charm) - A(wN -
'Y $ 

~ J4rre 2 1 all) -A(wN-
'Y w 

We then have, 

a ( 'Y+N - charm ... ) 1 )Jib • 
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APPENDIX II 

A. Classification of Mesons and Baryons in the Quark Model 

Mesons ' 
L = 0, J = 0, 1 parity = (-1) L+l = -1 

~p I = 1, y = 0 I = 1/2, Y= 1 I = 0, Y= 0 I = 0, y = 0 

0 1T K Tl '11 ' 

1 p K* w ¢ 

The mixing of the isosinglet states is neglected. 

Baryons 

L = 0 

JP I = 1/2, y = 1 I = 0,Y = 0 I = l,Y = 0 I = 1/2,Y = -1 

1/2 N(935) A (1116) E(ll92) E (1315) 

J = 3/2,Y = 1 I = 1, Y = 0 J = 1/2,Y =-1 I = 0,Y = -2 

3/2 ~ (1236) Y*(l385) :S:* (1530) 0(1652) 

B. Classification of Mesons anq Baryons in the Charmed Model 

Charmed Mesons 

L = 0 

Label Quark Content 

c = +l 

-cu 

-cs 

c = 0 

Tl (uu +do .... 2ss)//6 

Tl I (uii + do + SS + cc)//2 

T'lc (uii + dd + SS - Jcc)//12 
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c = -1 

Do -cu 

D ca 
- -F cs 

Charmed Bar:t:ons 

J = 1/2 

c = 1 

++( ++) 
cl Ee cuu 

+ 
cl (I:+) 

c c(ud)sym 

co (Eo) cdd 1 c 
+ (A+) c(ud)anti Co c 

s+ c(su)sym 

so c(sd)sym 
+ 

c(su)anti A 

AO c(sd)anti 

TO css 

c = 2 
++ 

Xu CCU 

+ 
ccd xd 

+ 
x ccs 

s 

c = 3 

++ x CCC c 
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APPENDIX III 

A. Strangeness Changing Neutral Current in the Quark Model 

In the following, we shall show how the quark model runs 

into trouble with the strangeness changing neutral current: 

J+ = u cose d + u sine s 

(u d s) (O cose 
( 
(O 0 
( 
(O 0 

-

sine) ( u ) 
) ( ) 

0 ) ( d ) 
) ( ) 

0 ) ( s ) 

= q C+ q 

where 

J = 

= 

where 

q = ( u ) 
( ) 

c = + 

( d ) 
( ) 
( s ) 

0 

0 

0 

cose 

0 

0 

e = Cabibbo angle 

sine 

0 

0 

• 

Similarly, the negative 

d cose 

-q c q 

c = 

u + s sine u 

( 0 0 
( 
(cose 0 
( 
(sine 0 

0 ) 
) 

0 ) 
) 

0 ) 

) 
) 
) 
) 
) 

charged current is: 

The neutral hadronic current is then given by: 



-
2 Jo = q 

= 

= 

[c+' c_J q 

u a s > ( 1 

-uu 

( 
( 0 
{ 
( 0 
( 

2 -cos edd 
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0 

-cosecose 

-cosesine 

2 -sin ess 

sinecose {ds + sd) 

0 

-cosesine 

-sinesine 

- 68 = 0 

.... 68 = 1 

) 
) 
) 
) 
) 
) 

( u ) 
( ) 
{ d ) 
{ ) 
{ s ) 
( ) 

The hadronic current, therefore, contains a 68 = 1 

term as well as a 68 = 0 term • 

B. Strangeness Changing Neutral Current in the Charmed Model 

In this section, we shall show how the introduction of 

the charm quark can cancel the strangeness changing neutral 

current. 

With the additional quark, the weak charged currents are: 

J+ = u{cose d +sine s) + c{-sine d + cose s) 

cc ii a s> c 0 0 -sine cose ) ( c ) 
( ) ( ) 
( 0 0 cose sine ) ( u ) 
( ) { ) 
{ 0 0 0 0 ) { d ) 
( ) ( ) 
{ 0 0 0 0 ) { s ) 

-= q C+q 

where 
q = { c ) 

( ) 
( u ) 
( ) 
{ d ) 
{ ) 
( s ) 

and 
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c = ( 0 0 -sine cose ) 
+ ( ) 

( 0 0 cose sine ) 
( ) 
( 0 0 0 0 ) 
( ) 
( 0 0 0 0 ) 

• 
cose a + sine - )u + -sine d + cose - ) J = s s c 

-= q c q 

where 
c = ( 0 0 0 0 ) 

( ) 
( 0 0 0 0 ) 
( ) 
( -sine cose 0 0 ) 
( ) 
( cose sine 0 0 ) 

[C+' c_J = ( 1 0 0 0 ) 
( ) 
( 0 1 0 0 ) 
( ) 
( 0 0 -1 0 ) 
( ) 
( 0 0 0 0 ) 

2Jo = q [C+' c_J q 

cc + uu - aa -= SS 

which contains no strangeness or charm changing neutral 

currents. 
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APPENDIX IV 

Define R = (F-B)/(F+B) where F(B) is the number of 

events in the forward (backward) direction of the p with 

respect to the antilambda direction. 

The error, 5R, of the measured R is given by: 

OR = (F+B) (OF-OB)- (F-B) (OF+OB) 
(F+B) 2 

6F(5B) is the error of the measured F(B). 

Using the standard procedure: 

< (OB
2
)> = B 

2 
< (5F )> = F 

< (5F5B> = 0 

We have 

= Jc1-R2) 
N 

where N is the total number of events. 

do = 1 + aP cos 
dcose z 

where p is the longitudinal polarization, e is the angle z 

between the p and A· 
1 0 _ f 0(l+acos8)dcose- J~1 (l+xcos8)dcose 

R -1 o 
J (l+acos8)dcose+ J (l+x_cos8)dcose 

0 -1 
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Assuming maximum longitudinal polarization of antilambda, 

(a - 2/3), 

2 cosB=l 2 cosB=O 
(cose+(2/3) (cos e/2) - (cose+(2/3) (cos e/2) 

cos8=0 cosB=-1 
R = ----------------~---..-..;;;~........,.-----------------------------=~--2 cosB=l 2 cosB=O 

(cosB+(2/3) (cos B/2)cose=O (cosB+(2/3) (cos B/2)cosB=-l 

~ (4/3)+(-2/3) 

(4/3)-(-2/3) 

= 1/3 

~ 0.33 

With the total number of events - 120, 

j<6R2> = J(l-0.332)/120 = 0.09 • 

Therefore, assuming a maximum longitudinal polarization 

of the final antilambda and zero background subtraction, we 

expect a 3 1/2 standard deviations effect in our present 

parity non-conservation test. 

• 
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APPENDIX V 

The cross section is given by 

N 
cr = A x B x C x ER(~) x F x L 

where 

N = number of events observed 

A = acceptance 

B = effective number of atoms in the target per 

unit volume 

c = all efficiency corrections 

ER(~) = ratio of number of photons with energy above 

Ek to the total number of photons with all energies 

F = total photon flux 

L = target length 

To get the photon flux F, we have used the quantameter 

reading and the measured photon spectrum. 

F = Q/ ( 11 e 11 x QC x (EK) ) 

where: 

Q = quantameter accumulated 

= 3108 x 10-6 coulombs 

11 e 11= 1.6022 x l0-19 coulombs/ion 

QC - quantameter constant 27128 

= 416.1 ions/GeV 

(EK) = mean photon energy 

= 42 GeV . 

Therefore, 
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F = 3108 x 10-6/1.6022 x 10-lg x 416.1 x 42 

12 = 1.1 x 10 • 

In this experiment, we have 

B = N0 (atoms/mole) x D(gm/cc)/A(gm/mole) 

where, 

23 N0 = Avagadro's number= 6.02 x 10 

D = density of Be = 1.848 gm/cc 

A = atomic number of Be = 9 • 

Therefore, 

23 B = 6.02 x 10 x 1.848 x 1/9 

= 1.236 x l0 23nuclei/cm3 

L = target length 

= 2.46 cm of Be. 

To illustrate our procedure, we have performed three 

cross section calculations for: 

(a) 'Y + Be - $/J + X 

(b) 'Y + Be - Rl 

+ -µ µ 

+ x 

I+ - + - - 2 
/\ 7r 7r 7r (2.26 GeV/c ) 

4. - + 
p7r 

(c) 'Y + Be - R2 + x 

'"" 
0 + - + -

KS 1T 1T 1T 1T 
2 (1. 86 GeV/c ) 

~ 
+ -

1T 7r 

These calculations are used to illustrate the orders of 

magnitude for the cross sections. As a result, no error 

estimates are made. 

• 
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(a) ~ + Be ~ $/J + X 

~ µ~-

( i) N = number ofµ+µ- from mass 2.9 GeV/c 2 to 3.3 GeV/c 2 • 

(ii) A = acceptance 

= 0.2. 

The acceptance was calculated using a Monte Carlo program. 

-k/40 The program assumed a photon spectrum ae , a production 

40t cross section for the we and the angular distribution 

+ - 2 of the µ µ from at rest following 1 + cos . The 

+ -acceptance is found to be 20% for w(~ µ µ ) photoproduction. 

(iii) C = correction factor 

= 0.9 • 

The correction factor comes largely from the deadtime 

correction. 

(iv) ER(Ek > 80) = 0.141 • 

We require the energy of the photon to be above 80 GeV 

as the acceptance below that is negligible. From the 

measured photon spectrum, we found the above value. 

Therefore, we have 

= (~ + Be ~ w/J + X 

I~ +
~ µ µ 

N = A x B x C x ER(~) x F x L 

= 194 

0.2 x 1.236 x 10 23 x 0.9 x 1.1 x 1012 x 0.141 x 2.46 

= 23 x l0-33 cm2/Be nucleus. 
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(b) ~ + Be ~ R1 + X 

L,. Kr/ rr- rr- {2. 26) 

{i) N = 50 

I.. - + 
'? prr 

(ii) A = 0.052 • 

The acceptance was calculated using a Monte Carlo program. 

The program assumed: {a) a photon spectrum, e-k/4o, 

(b) a uniform energy distribution {from 0 to k GeV) for 

the energy of R1 , {c) zero transverse momentum of R1 

{an e-6 P distribution reduces the acceptance by 20%), 

and {d) a phase space decay distribution. The data do 

not agree with the phase space distribution. 

However, any reasonable decay distribution will not 

critically modify the result. The lambda is then allowed 

to decay uniformly in its rest f~ame. The decay point is 

determined by using the distribution e-z/c(E/m) where: 

z = distance downstream of the target (the allowed range 

for acceptance is 35 in. to 190 in., exactly the same 

as the cut imposed in the analysis) 

c = mean free path of lambda ~ 7.73 cm 

E = energy of lambda in the laboratory frame 

m = mass of lambda = 1.1156 GeV/c 2 • 

(iii) c 

The corrections include (a) efficiency of .MWPC in 

detecting reconstructable tracks, (b) deadtime, (c) the 

efficiency and bias due to our triggering scheme, including 

prescale correction. 
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Our trigger requirements introduce several biases to the 

data. For example, events where charged particles (or 

electrons from rr0 (~) converted by the one radiation length 

lead in front of the anticounters AB) were detected in 

the AB or AW counters were largely suppressed. 

We can make only a crude estimate on this correction 

factor as we cannot determine either production or decay 

mechanism. This contributes the largest source of 

systematic errors. 

(iv) ER(Ek > 90) = 0.13 • 

The acceptance is negligible for R1 with energy less than 

70 GeV. If we assume the associated production mechanism, 

a photon of over 90 GeV energy is needed. Hence, we use 

EF(~ > 90) which is measured to be 0.13. 

Therefore, we have 

cr(~ +Be - R1 + X 

4 Arr+rr rr 

4 
N 

+ prr 

(2.26) 

= A x B x C x ER(~ > 90) x F x L 

50 = 
0.052 x 1.236 x 10+23 x c x 0.13 x 1.1 x 1012 x 2.46 

if C = 1, cr = 22 x l0-33 cm2/Be nucleus; 

if C = 0.1, cr = 220 x l0- 33 cm2/Be nucleus. 

The cross section 

(~ + Be - Ac- + x ) 
4 Arr+rr-rr-
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will be obtained by multiplying R1 by 1/0.642 to correct 

for the unobserved decay modes of lambda. We found 

('Y + Be - Kc + x 

~ Arr+rr-rr- (2.26) 

= (34 - 340) x l0-33 cm2/Be nucleus. 

(c) 'Y + Be - R2 + all neutrals 

I" O + - + - (1. 86) , Ks rr rr rr rr 

4 + -rr rr • 

(i) N = 30 

(ii) A = 0.057 • 

The acceptance is similar to that employed in the previous 

section. The decay vertex distribution function is changed 

to e-z/c,k(Ek/~) 

where: 

free 
0 

2.68 cm CTk = mean path of Ks = 

~ 
0 

in the laboratory frame = energy of Ks 
0 2 

~ = mass of Ks = 0.498 GeV/c 

(iii) ER(~) = ER(~ > 90) = 0.13 

(iv) C 

It is noted that in this case the calculation of the 

cross section is more reliable. This arises from the 

fact that the decay products seem to share the energy 

more uniformly and the additional requirement that no 

additional charged tracks accompany the resonance. The 

latter is particularly important as the trigger bias is 

reduced substantially. 

• 
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Therefore, we have 

a(~+ Be~ R
2 

+all neutrals 

L.. 0 + - + -
-, KS Tr Tr Tr rr 

I"' + -...., Tr Tr 

N = ~~~------------~~~~~ 
A x B x C x ER x F x L 

= 30 

0.057 x 1.236 x 10 23 x c x 0.13 x 1.1 x 1012 x 2.46 

cr = 12 x l0-33 cm2/Be nucleus if C = l; 

a = 120 x l0- 33 cm2/Be nucleus if C = 0.1 

The value of C, determined mostly by the prescale 

corrections, is more likely to be 0.5. 

The cross section 

(~ + Be ~ DO + all neutrals 

... 0 + - + -
' KS Tr Tr Tr Tr 

will be obtained by multiplying R2 by 1/0.689 to correct 

0 
for the unobserved decay modes of Ks . 

We found 

(~ +Be ..... DO + all neutrals 

4 0 + - + -
KS Tr Tr Tr Tr 

= (18 - 180} x 10-33 cm2/Be nucleus. 
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APPENDIX VI 

In this section, we shall estimate the upper limit for 

o· o + -, 1 o o + - + -, the ratio: r (D -+ Ks rr rr (D -+ Ks rr rr rr rr • The 

acceptance calculation is the same as the one employed in 

0 + - 0 + - + -Appendix II(c) (ii). The acceptances for KS rr rr and KS rr rr rr rr 

are 0.075 and 0.057, respectively. Assuming the same measured 

full width for the two states and an upper limit corresponding 

to a five-standard deviation effect, we obtain: 

0 + -r (D -+ Ks rr rr ) 
-------.._,0,,__+..-----+---- < 2 • o • 
r(D-+ Ks rr rr rr rr ) 

• 
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Photon 

KL 

Neutron 
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TABLE I 

Modes of Running 

Deuterium Lead Absorbers 

35 ft. 

Full 

Full 

Full 

70 ft. 

Full 

Full 

Empty 

6 radiation lengths 

Out 

In 

In 



Bus Lines Symbol 

2 AB+ AW 

3 

4 MWPC > 0 

5 MWPC > 1 

6 Mi'PC > 2 

7 L·R 

8 2µ 

9 lµ 
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TABLE II 

Bus Lines 

Description 

One or more charged particles in 

the anticounters upstream of the~ 

target. 

One or more particles in the anti

counters downstream of the target. 

Energy deposited in vertical shower 

counters and no hits outside the 

central 16 wires in the X plane of 

P2 and P3. 

3 3 3 
(> O)p 2 • b O)p3 • (> O)p4 ·Pl(2/3) 

KV'PC > O· (> 2 
l)P2. (> 

2 2 
l)P3. (> l)P4 

KV'PC > l • <> 
2 

2 )P3• (> 
2 2 )P4 

Pl (2/3) = hits in two of the three 

planes of Pl. 

<> 
3 least hit in O)Pi = at one each 

of the three signal planes of 

chamber Pi • 

(> l)~i = more than one hit in any 

two planes of chamber Pi. 

<> 2);i = more than two hits in any 

two planes of chamber Pi. 

No hits outside the central 16 wires 

in the X plane of P2 and P3. 

Two or more coincidences between µH 

and µv hodoscopes. 

One or more coincidences between µH 
and µv hodoscopes. 



10 

11 

12 

13 

14 

15 

16 

2e 

le 
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Two or more coincidences between 

electron hodoscopes and energy 

deposited in corresponding shower 

counters on both banks. 

One or more coincidences between 

electron hodoscopes and energy 

deposited in corresponding front 

shower counter. 

Medium energy deposit (~ 30 GeV) in 

showers and hadron calorimeter. 

Large energy deposit (~ 60 GeV) in 

shower counters and hadron calorimeter. 

Energy deposit in both vertical 

shower counters. 

Energy deposit in either vertical 

shower counter. 
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TABLE III 

Pin Logic 

2e le µe 2µ 2µ+h lµ 2 4 2HI 4HI 

Bus Lines 1 2 3 4 5 6 7 8 12 14 

1. A0+A 2 F F F F F F F F F F 
µ > 

2. AB+ AW F F F F F F F 

3. E ·L·R v F F F F F F F 

4. MWPC > 0 

5. MWPC > 1 T T T T T T T T 

6. ?MPC > 2 T T 

7. E·R F 

8. 2µ T T 

9. lµ T T 

10. 2e T 

11. le T T 

12. ELO T T T T 

13. EHI T T T 

14. 

15. Ev1:Ev2 

16. EVl+EV2 F 

T: True F: False Don't Care 
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