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An experiment was performed in the 350 GeV wide-band 

neutrino beam at the Fermi National Accelerator Laboratory 

using a high-precision, high-efficiency 

emulsion/neutrino spectrometer, with 

lifetimes of the D+, D0 and F+ mesons and 

measured. 

which the 

A+ baryon 
c 

hybrid 

mean 

were 

1829 neutrino interactions were reconstructed with a 

vertex within the emulsion fiducial volume, 1242 of which 

-were subsequently found in the emulsion. In 49 of the found 

neutrino events a charmed particle, produced at the primary 

vertex was observed to decay within the emulsion volume. 
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The mean lifetimes of charmed particles were determined from 

+ 0 + the reconstructed decays of 5 D , 15 D , 3 F mesons: and 8 

A+ baryons: 
c 

The charmed 

1' + 
D 

lo 3+10.3 10-13 = • -4. 2 x sec 

-r = 2.3 ~g:~ x lo-13 sec 
DO 

't + = 
F 

2 0 +1.8 x 10-13 • _
0

_
8 

sec 

-rA+ = 2.3 ~~:~ x l0-
13 

sec 
c 

particle masses measured in this 

M + = 1851 ± 20 MeV/c 2 

D 

M = 1856 ± 15 MeV/c 2 
Do 

M + = 2042 ± .33 MeV/c 2 

F 

M + = 2265 ± 30 MeV/c 2 

A c 

experiment were: 

A candidate event for the production and decay of a 

long-lived neutral charmed baryon was observed, with a decay 

mode, mass and lifetime of 

Decay Mode Mass (MeV/c 2 ) Decay Time (xl0-13 sec) 

NB + pir-K 0 2450 ± 15 77.2 ± 0.9 s or 
NB+ pK-K 0 2647 ± 

s 11 83.4 ± 0.9 

The probability of this event being due to background 

nuclear interactions is less than 3.1 x 10-.. events. 
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INTRODUCTION 

Throughout the- history of particle physics, 
determination of the lifetimes of unstable particles has 
played an important role in the advancement of man's 
understanding as to the nature of the fundamental 
interactions between elementary particles, and how such 
interactions are responsible for their decay. 

The canonical example of such a role is the discrepancy 
between the theoretical (l] and measured (2,3] n° lifetime, 
which differ by a factor of nine unless "color" (the concept 
of strong charge quantization) is incorporated in the 
theory. 

rthy(n° + yy) = 7.87(Nc/3) 2 (eV) 

rexp(no + yy) = 7.95 ± 0.05 (eV) 

Where Nc is the number of colors. 

Another outstanding example is neutral 
system, which have lifetimes of (160] : 

TKo = 5.183 ± 0.040 x 10-8 sec 
L 

TKo = 0.892 ± 0.002 x 10-lO sec 
s 

meson 

The prediction of the existence of two particle states with 
(almost) degenerate mass and opposite parities, composed of 
orthogonal linear combinations of (equal) amounts of K0

, K0 

(4], and the subsequent discovery of the K0 in 1956 (5] , set 
the stage for the prediction [6] and disco~ery [7] of parity 
violation in the weak interactions in 1957 and the discovery 
of CP violation in the K0 - K0 system in 1964 [8,9]. 

1 
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The concept of weak mixing between mass eigenstates has 
been of fundamental ,importance in the understanding of the 
K0

- K0 system, and has formed the theoretical basis for all 
mixing phenomena (e.g. mixing between the d, s, and b 
quarks [10,11,187]; the conjectured mixing between v , v 
and v neutrinos [12-16] ; and neutron - anti-n~utroM 
oscillations, as predicted by some grand unified theories of 
quark-lepton unification [17-19]). 

From the prediction of charm in 1964 by J.D.Bjorken and 
S.L.Glashow as "a new quantum number, violated only by the 
weak interaction" [20] , many new particle states were 
expected, consisting of a charmed quark, c , in combination 
with lighter u, d and s quarks. The classic 1974 paper on 
charm by M.K.Gaillard, B.W.Lee and J.L.Rosner enumerated 
these states [21], as shown by the SU(4) weight diagrams in 
Fig.l for the lowest-lying meson (qq) and baryon+(qqq) 
particle states. The spin-0 charmed isq-doublet D , o0 

mesons are composed of cd, cu ~uark-antiquark pairs, 
respectively, while the iso-singlet F meson is composed of 
a cs pair. Charme~ baryons are composed of cqq quark 
triplets, e.g. the Ac is composed of cud quarks in an 
iso-singlet spin 1/2 state. 

The existence of charm as described by the 
Weinberg-Salam model of electro-weak interactions [22-24] , 
along with the GIM mechanism [25] explained many phenomena 
not previously understood in the framework of the SU(3) 
quark model, such as the K~ - K0 mass difference (26,35], 
and the apparent absence ofsstrangeness-changing neutral 
currents in we~k_interaction pr~cess~s ithe measured decay 
rates of K0 + µ µ [27,28] and K +TI vtvt (29] were found to 
be signifi~antly less than those from SU(3) predictions 
[30-34]). 

One of the characteristic signatures for the production 
and decay of charm is that, as a fundamental quantum number, 
only the weak interaction is responsible for the 
"transmutatiqn" of charm (via the weak charged current) to 
other lighter (s and d) quarks. Hence, as a consequence of 
the nature of the weak interactions, the lifetimes of 
charmed particles were expected to be long (comeared to 
lifetimes associated with strong interactions, ~(10 22 sec). 
Early calculations (20,21,36-40] for the lifetimes of 
charmed particles were on the orqer of few x 10-13 sec based 
on "naive" free quark decay calculations and estimates of 
the charmed quark mass, as determined from the K~ - K~ mass 
difference [35]. 
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(for 2 leptons e, µ and three quark colors) 

For Mc = 1.5 GeV/c the lifetime for charm is 

Tcharm = l/r~~~rm ~ 5-6 x 10-13 sec 

with a predicted semi-leptonic branching ratio of 20%. 

Thus, for lifetimes in this range, it was expected that the 
decays of charmed particles would be capable of being 
visibly observed [21,42]: for charmed particle momenta of a 
few GeV/c, corresponding flight lengths on the order a few 
hundred microns were anticipated, since L = y8cT = pcT/M. 

In addition, differences in the lifetimes of the 
various charmed particles were+ expected by some authors 
[21,41-44]. In ~articular, the.D lifetime w~s expected to 
be longer than the other charmed. o 0

. and F mesons on the 
basis of the structure of the effective weak non-leptonic 
Hamiltonian for· charmed meson decay, due to the 
(renormalization) effects of the strong interactions upon 
the weak decay process [21,35-37,41-44]. 



CHAPTER I 

EXPERIMENT E~531 

EXPERIMENTAL PRE-HISTORY 

The first candidate for the production and decay of 
particles carrying the quantum numbers of charm was observed 
in 1971 by K. Niu et al. in a cosmic ray-emulsion chamber 
experiment 145]. The decay times were m~asured to be 2.2 
and 3.6 x 10 1 ~ sec with masses on the order of 2 GeV/c • 
Immediately thereafter, this event was interpreted as the 
associated production and decay of a pair of charged charmed 
particles by T. Hayashi et al. [46]. By 1975, ten 
candidate charm decays had been reported in cosmic ray 
emulsion exposures [47,48] • 

. An interesting historical comment here is that earlier 
evidence for charm production in high energy cosmic ray 
interactions existed in the literature1 however the two 
events, one observed in 1951 by M. Kaplan et al. [49], and 
the other · in 1956 by K. Nishikawa [50] were not then 
understood to be due to (associated) charm production. They 
were subsequently re-analyzed by S. Kuramata et al. and 
found to be consistent with charm production [51,52]. 

In November 1974 the W/J was simultaneously discovered 
at Brookhaven, by J.J.Aubert et al. [53] and at SPEAR, by 
J.E.Augustin et al. [54]. The mass and the width of the 
W/J were consistent with the characteristics expected for a 
meson with "hidden" charm, i.e. a meson composed of a cc 
pair. Conclusive evidence foi the existence of charm came 
with the observation of the D , o 0 mesons in the Mk.I 
detector at SPEAR in the spring of 1976 [55-58] . 

Soon after the discovery of the W/J other experimental 
evidence for the existence of (naked) charm was seen. In a 
bubble chamber experiment, an apparent violation of the 
~s = -~Q ru!e+was Ob§e~ved in one event [73]; opposite sign 
di-lepton (µ µ and µ e ) events were observed in neutrino 
interactions [101-104], along with the observation of 
associated strange particles in such events [71-75] 1 all of 
these phenomena were consistent with what was expected for 
the production and decay of charmed particles in neutrino 
interactions. 

4 
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The first example of the visible (i.e. short track) 
production and decay of charm in neutrino interactions was 
observed in emulsions in the fall of 1976 by E.H.S.Burhop et 
al. at Fermilab (experiment E-247) [59]. Visible evidence 
for the production and decay of charm was also observed in 
interactions of 400 GeV protons in emulsion by several 
groups [60-62] • Two other experiments were performed at 
CERN: one a hybrid emulsion-bubble chamber v-experiment 
(WA-17) [64-66], the second a hybrid emulsion-spectrometer 
photoproduction experiment (the Q-spectrometer) [67-70] , 
have also reported their results on visible charm production 
and decay. Other experiments with neutrino interactions in 
bubble chambers have observed further µµ, µe and associated 
strange particle phe~omena [i~-80,105-108]: along with 
evidence for D, D0

, A and ~ production in neutrino 
interactions [81-84]. ce+e- expgriments [53-58,85,139-144], 
photoproduction experiments [86-91], hadro-production (p-p 
collision) experiments [92-95] and a streamer chamber 
experiment [95] have reported on various a~pects ~f cha;m 
p;~duction, decay modes and masses of the D, D0

, F and A, 
~ baryons. Several bubble chamber experiments ha~e 
r~ported observation of visible charm decays [97-100,232]. 

Three hybrid emulsion-spectrometer I bubble chamber 
experiments (E-531, E-553, E-564) ran simultaneously in the 
wide-band neutrino beam at Fermilab. Two of the three 
experiments have reported [109-116] preliminary results. 
With few exceptions, the events with visible decays of 
charmed particles observed in experiments prior to 1978 (and 
even after E-531) were not fully reconstructable, in that 
many of the charm decays had missing neutrals, and/or the 
experiments suffered from severe scanning biases, resulting 
in contradictory measurements for the mean lifetimes ranging 
from 10- 14 sec [60]. to 10- 12 sec [96-100] for the same 
species of charmed particle. Hence the great need for a 
definitive, unbiased determination of the mean lifetime for 
each species of charmed particle, the identity of which had 
to be known on an event-by-event basis. This was the 
purpose of experiment E-531. 
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MOTIVATION FOR EXPERIMENTAL APPARATUS 

The wide-band neutrino beam at Fermilab was chosen for 
this experimen.t as charm was believed to be copiously 
produced in neutrino interactions (as much as 10% of the 
total charged-current cross-section) for neutrino energies 
well above charm threshold C--2-3 GeV). As stated earlier, 
neutrino-induced opposite sign di-lepton events were 
indicative of these expectations [71-80,101-108]. 
Production of charmed particles in neutrino interactions is 
believed to occur via processes as shown by the Feynman 
diagrams of Fig.2. 

Nuclear emulsion was the natural choice for a target, 
as flight lengths of weakly decaying particles ranging from 
a few microns to a few centimeters are capable of being 
9b2erved, corresponding to (proper) decay times of 10- 15 to 
10 10 secs, respectively. The use of a neutrino beam for 
the production of charmed particles was complementary to 
this choice of target; for neutrinos leave no trace of their 
passage through the emulsion target unless they interact. 
Hence the backgrounds for such an experiment are inherently 
low, the major sources of wh.ich are from cosmic rays, 
beam-associated muons and (low energy) neutrons. 

To locate the neutrino interactions ·occurring within 
the emulsion target, over 2000 man-years would be required 
to search the entire target volume without the aid of 
external particle detectors. To minimize the scanning time 
required for finding events, twelve high precision drift 
chambers located downstream of the emulsion target were used 
to pinpoint the interaction vertex. To further augment 
event finding, a large-area emulsion "changeable sheet" 
(changed every few days during the experiment) , located 
immediately downstream of the emulsion target, served as a 
low-background high-resolution detector, coupling drift 
chamber tracks to the events located in the emulsion. (It 
should be noted that world data for neutrino interactions in 
emulsion consisted of only a handful of events prior to 
E-531 [59 ,64-66].) 

Additional information such as the momentum, charge and 
particle type were required for every particle produced in a 
given neutrino interaction. Therefore, the downstream 
detector was designed to perform not only as a high 
precision locating device, but also as a high-acceptance 
neutrino spectrometer. A wide-gap analyzing magnet, along 
with eight additional drift chambers for momentum analysis; 
a TOF (Time-Of-Flight) system for charged particle 
identification; a lead glass array (for detection of 
high-energy photons and electron identification) ; a 
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rudimentary calorimeter to measure hadronic energy, and two 
planes of scintillation counter hodoscopes embedded in steel 
for muon identification were thus incorporated into the 
detector to meet these requirements. Fig.3 shows the plan 
and elevation views of the experimental apparatus. 

THE SINGLE HORN WIDE-BAND NEUTRINO BEAM 

Protons were accelerated to 350 GeV in the main ring of 
the accelerator at Fermilab (Fig.4) and resonantly extracted 
at the end of the 7 sec machine cycle in a fast spill mode 
(1 msec FWBase), See Fig.5. The extracted protons were 
transported to the v-target via a standard FODO 
(Focus-Open-Defocus-Open) system. The v-target consisted of 
one interaction length (30 cm) of BeO, located 954 m 
upstream of the experiment. An average of 1.5 x 10 13 

protons were incident on the neutrino target per pulse. To 
increase the intensity of the neutrino beam, a (pulsed) 
magnetic horn located 5.3 m downstream of the neutrino 
target was used. Charged secondaries exiting from the 
v-target with production angle greater than 1.8 mrad were 
focussed (de-focussed, depending on charge sign) by the 
single horn, run at an excitation current of 80 kA,. 
providing a transverse momentum kick of 0.170 GeV/c 
[117 ,118]. 

The tertiary neutrino beam (--3.5 x 10 9 v's/m 2 per 
pulse at the detector) was generated from the decay in 
flight of secondary pions and kaons in the 410 m long decay 
space downstream of the production target. (Thus the mean 
flight path for neutrinos to our emulsion target was 749 m.) 
The layout of the single horn wide-band neutrino beam is 
shown in Fig.6. The (Monte Carlo corrected) neutrino energy 
spectrum is shown in Fig.7. The neutrino energy peaks at 
approximately 25 Gev~ The Monte Carlo corrections to the 
observed neutrino energy spectrum are small, except at low 
energies, where corrections of 3-4 are made to account for 
non-negligible thick target effects, multiple re-scattering 
within the horn, and the acceptance of the spectrometer at 
low energies. See Ref. [120] for further details. 

Normally, the accelerator ran at 400 GeV energy. 
However, due to the proximity of the experiment to the 
production target, the stopping power of the earth and steel 
shielding in the neutrino berm was not sufficient to range 
out the background muons at 400 GeV. In order to be 
successful in finding neutrino interactions in the emulsion, 
and thus find the decays of charmed particles, an upper 
limit on the integrated muon flux of 50,000 muons/cm2 for 
the emulsion target was set by the emulsion experts, based 
on past experience in scanning for events. Initial tests at 
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400 GeV measured unacceptably high muon fluxes in excess of 
of 6000 muons/m 2/pulse. Thus, the machine energy was lowered 
to 350 GeV, resulting in a factor of 13.3 reduction in the 
background muon flux (""'450 muons/m 2 /pulse) with only a 26% 
reduction in the neutrino event rate. The machine cycle 
time was reduced from 10.0 seconds to 7.0 seconds, resulting 
in improved machine reliability and an increase in the 
number of protons delivered to the neutrino target. Early 
on into the run, an additional 18.3 m of concrete shielding 
was installed upstream of our experiment, resulting in a 
further reduction of 2.0 in the background muon flux. A 
muon spoiler system, consisting of two large toroids and 
four small toroids (which covered the center holes of the 
large toroids), reduced the flux a factor of 3.0 from energy 
loss in the toroid mass, with an additional reduction in the 
muon flux of a factor of 2.2 when energized. Unfortunately, 
operation of the toroids resulted in an unacceptable 
increase in the muon flux at the 15' bubble chamber (5-60 
µ's/m 2/10 13 protons), and were therefore not used for 
two-thirds of the experiment. 

SPATIAL-TEMPORAL REQUIREMENTS FOR THE DETECTOR 

The. key to the sucess of this experiment· was in the 
ability to locate events in the emulsion. The equipment 
associated with event location and reconstruction was 
required not only to be highly accurate, but also 
mechanically and thermally stable. (The positions of each 
piece of apparatus were also required to be accurately 
known, especially the emulsion target and the drift 
chambers.) Hence the emulsion and drift chambers were 
mounted on a 3.5 ton, 1.5 m x 2.75 m x 0.3 m granite 
block/optical bench. The emulsion target, upstream and 
downstream drift chamber arrays were supported by precision 
aluminum stands bolted to the granite block as shown in 
Fig.8. The drift chamber and emulsion stands were designed 
to expand smoothly with fluctuations in the ambient 
temperature, in a controlled and measureable manner. The 
positions of the emulsion target and each drift chamber with 
respect to the surface of the granite block were 
continuously monitored throughout the data-taking via a LVDT 
(Linear Variable Differential Transformer) gauging system, 
having a (least count) spatial resolution of 15 µm. The 
ambient temperature and the emulsion temperature were 
continously monitored with solid state temperature sensors 
positioned at various locations on the emulsion target. 

To minimize the degradation of spatial resolution due 
to the effects of thermal fluctuations, the ambient 
temperature was maintained at 20 ± 5°C with the emulsion 
target region maintained at 10.0 ± 2.5°C (via an air 
conditioner) throughout the experiment. 
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Considerable effort was expended in obtaining the 
necessary survey information for all of the equipment and 
detectors in the experiment, with particular attention given 
to the emulsion and drift chambers, to ensure that accurate 
and consistent spatial information was obtained. The 
accuracy with which this was achieved is summarized in 
Table 1. 

The survey data for the drift chambers was input to a 
tuning program, which used muon straight-through tracks to 
obtain improved knowledge of the location of the drift 
chambers. The position resolution achieved via this method 
(125 µm) was sufficient to ensure high efficiency in finding 
events, and the data from the LVDT gauging system was 
therefore not used except as an "indicator" for the tuning 
program. The envelope of temporal variation of critical 
equipment, as measured by the LVDT sensors was less than 
120 µm (FWHM) over the entire run. 

The location of each emulsion module in relation to the 
changeable sheet was known ~hrough use of collimated Fe-55 
X-ray sources embedded in the four corners of-each emulsion 
module. Sixteen X-ray "guns" on the emulsion target mount 
coupled the changeable sheet directly to the drift chamber 
coordinate system with comparable resolut~on (See Figs.a, 9 
and 10). 



10 

TABLE 1. 

DRIFT CHAMBER and EMULSION TARGET SURVEY: 
SPATIAL RESOLUTION 

DRIFT CHAMBERS: Resolution 
(FWHM) 

Upstream drift chamber sense wires •••••••••••••••• 10 µm 
(relative to each other) 

Downstream drift chamber sense wires •••••••••••••• 25 µm 
(relative to each other) 

Position of drift chambers (optical survey) 
(relative to support rods) 

. . . . . . . 

Position of support rods (optical survey) 
(relative to granite block) 

. . . . . . . . . 

50 µm 

50 µm 

Position of drift chamber planes ••••••• ~ ••••••••• 250 µm 
(in beam direction) 

EMULSION TARGET: 
X-Y-Z of emulsion modules •••••••••••••••••••••••• 100 µm 

(relative to hexcell plate) 

Emulsion modules (X-ray) •••••••••••••••••••••••••• 50 µm 
(relative to changeable sheet) 

Changeable sheet (X-ray) •••••••••••••••••••••••••• 50 µm 
(relative to hexcel plate) 

Hexcel plate (optical survey) ••••••••••••.•••••••. 50 µm 
(relative to granite block) 
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THE EMULSION TARGET 

The emulsion target consisted of 22.9 liters (88.4 kg.) 
of Fuji ET-7B nuclear emulsion packaged in 42 modules, 39 of 
which were in position in the experiment at any given time 
during the running period. (Three modules were processed 
half-way through the run.) The emulsion modules were 
mounted on a precision-made aluminum hexcel plate, with the 
modules located downstream of the plate. The plate was 
supported by a precision stand, bolted to the surface of the 
granite block. The stand was designed such that the lower 
left-hand corner of the hexcel plate was fixed, while the 
other corners were free to expand transverse to the beam 
direction. 

Horizontal and Vertical Emulsion Modules 

TWo types of emulsion modules were used in the 
experiment, 12 "horizontal" modules (9.1 liters, total 
volume) and 27 "vertical" modules (13.8 liters, total 
volume). Each horizontal emulsion module consisted of 188 
pellicles of pure emulsion, 600 µm thick, exposed with the 
emulsion plane parallel to the beam direction. The vertical 
emulsion modules consisted of 68 sheets of emulsion, each 
sheet composed of a 70 µm thick polystyrene base coated on 
both sides with 330 µm of emulsion, exposed with the 
emulsion plane per-pendicular to the beam direction. (See 
Figs.a, 9 and 10.) 

The Changeable Sheet 

The changeable sheet consisted of a 800 µm thick lucite 
base coated on both sides with 75 µm of emulsion, located 
immediately downstream of the emulsion modules. The purpose 
of the changeable sheet was to act as an ultra-high spatial 
resolution detector: single tracks from neutrino 
interactions in the emulsion modules were located on the 
changeable sheet from drift chamber predictions with a 
spatial resolution in x and Y (as shown in Fig.11) of 

cs AX = -50 µm 

cs AY =-150 µm 

crcs = 300 µm 
AX 

cs 
crAY = 320 µm 
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The X and Y offsets from predicted vs. found track 
coordinates are compatible with survey resolution although 
the Y offset, which is relatively large, may be due to a 
slight sagging of the changeable sheet with respect to the 
hexcel plate. 

The observed spatial resolution of the drift chamber 
tracks at the changeable sheet is in good agreement with the 
quadrature sum (300 µm) of the intrinsic drift chamber 
resolution (125 µm), the projected spatial resolution at the 
changeable sheet (270 µm) from the angular resolution of the 
upstream drift chambers (0.6 mrad) and the emulsion 
measurement resolution (50 µm FWHM) (see below). 

Track candidates found on the changeable sheet were 
followed into the vertical emulsion modules with high· 
efficiency (96 ± 2%), with a spatial resolution of 50 µm 
(FWHM) • Once a track was found on the changeable sheet 
(typically after 10 minutes of scanning time), the event 
would be found in the emulsion module within one hour, on 
average. Fig.10 demonstrates the use of the changeable 
sheet. 
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THE ANTI-COINCIDENCE COUNTERS 

The anti counters were used in the experiment to 
prevent triggering the detector on interactions caused by 
charged particles present in the v-beam, notably muons. The 
anti array consisted of seven scintillation counters, with 
an Amierex 56AVP phototube on each end, covering an area of 
3.1 m , located 1.3 m upstream of the emulsion target as 
shown in Fig.3. 

Due to the short distance of the anti counters from the 
emulsion target, the timing of the anti relative to the rest 
of the v trigger had to be set extremely close to prevent 
loss of real neutrino events from the anti firing on 
"backsplash" (electrons and/or hadrons ejected backwards 
from v~interactions) • Backsplash occurred in approximately 
15% of the neutrino triggers, as determined from TDC spectra 
for the anti counters from neutrino interactions. 

Jitter in the anti counters due to the position of the 
hi ts in the paddles ( 8 nsec FWHM) was removed through· the 
use of a Lecroy 624 octal meantimer. 

The anti efficiency (A•µ'/µ') 
unity due to dead time losses of 
2 ± 1% and also geometrical losses 
due to wide angle tracks). The 
was 13 ± 2% during the experiment. 

was· 89 ± 1%, (less than 
5 ± 1%, inefficiencies of 
of approximately 3 ± 1% 
anti "overkill" (A:µ'/µ') 

The logical variable 

µ' : TOF>l I TOF>l II 

The notation "." (":") denotes the logical AND with the two 
counters in (out) of time with each other.) 



14 

THE TIME OF FLIGHT SYSTEM 

The TOF system served the dual purpose of triggering 
the rest of the detector on neutrino interactions and 
measuring the flight time of charged particles. Knowledge 
of a particle's path through the detector and its momentum 
(obtained from drift chamber track information) used in 
conjunction with TOF information allowed determination of 
particle type, as discussed in the next section. 

The TOF system consisted of a single start counter, 
TOF I, located 15.5 cm downstream of the emulsion target, 
and a picket fence array, TOF II, consisting of thirty 
counters located downstream of the magnet, 2.84 m from the 
emulsion target. The constrcuction and dimensions of the 
TOF counters are given in Fig.12 (see also Fig.3). The 
TOF I counter was composed of Pilot-F scintillator, viewed 
by twelve RCA 8575 phototubes through 90° curved adiabatic 
light guides, 0.68 m2 in area. The TOF II counters 
consisted of two types, 16 narrow counters 7.0 cm wide, and 
14 wide counters 10.2 cm wide, overlapped 0.6 cm (0.2 cm) 
for the narrow (wide) counters. The TOF II counters were 
1.5 m in length and 2.5 cm thick Pilot-F scintillator 
coupled to Amperex XP-2230 phototubes used in conjunction 
with Winston cones (the wide counters also used adiabatic 
light guides). The attenuation length for TOF I and both 
types of TOF II counters was 1.0 m The signals from the TOF 
counters were split in a 4:1 ratio, 1/5 to a 10-bit (1024 
count) Lecroy LRS 2249A ADC (0.25 pc/count) and 4/5 to a 
10-bit Lecroy LRS 2228A TDC (50 psec/count). 

Considerable effort went into maintaining and 
monitoring the stability of the TOF system throughout the 
experiment. The ambient temperature was maintained to 
within ±5°C throughout the running period, to minimize 
phototube gain variations from temperature fluctuations. 
The (LRS R24 HV4032) high voltage power supplies used for 
the TOF system kept drifts in the phototube voltages to less 
than ±1 volt on each tube. The operating voltages in the 
TOF system were never changed during the experiment; the 
pulse heights were allowed to drift, the effects of which 
were corrected for later, off-line. 

The gain and response time of each individual phototube 
was monitored through the use of a conventional N2 
(nitrogen) laser system. Laser light was focussed onto a 
block of scintillator; the scintillation light was 
distributed to all TOF phototubes via a fiber optics system 
attached to the light guides of the TOF I counters, and to 
the centers of the TOF II counters. 
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The overall system stability was quite high, as only 
small systematic corrections on the order of few per cent 
were made to the TOF data over the entire running period. 

The calibration of the TOF counters was obtained from 
2.0 x 10 5 muon triggers taken during the experiment. Only 
those muon events with a reconstructed track passing through 
a single TOF counter with minimum ionizing pulse height were 
used for calibration. 

The measured time resolution of the TOF I counter was 

crTOFI(µH) = 900 psec (muon triggers, hardware start) 

crTOFI(µc) = 450 psec (muon triggers, corrected) 

crTOFI(Vc)= 300 psec (neutrino triggers, corrected) 

The resolution of TOF I was degraded due to poor light 
collection and the finite "spot-size" of the tracks from the 
neutrino interaction as they passed through TOF I. The 
typical spot-size was. 5.0 cm in diameter, corresponding to a 
time difference of 300 psec. · 

·The measured time resolution for the TOF II counters, 
using muon "overlap" events (where the muon passed through 
two adjacent counters) was obtained by summing the (pulse 
height) corrected times for both tubes on a given counter, 
computing the flight times for each, and then taking the 
time difference between counters (left-right). The 
corresponding spatial resolution is computed using the 
measured speed of light in the scintillator (61.4 psec/cm). 

n n 
crTOFII(t) = 100 psec (crTOFII(y)=l.7 cm) (narrow counters) 

w w 
crTOFII(t) = 150 psec (crTOFII(y)=2.5 cm) (wide counters) 

The measured spatial resolution for the TOF II counters, 
using muon overlap events was obtained by taking the 
difference in the (pulse height) corrected times for each 
tube, computing a position coordinate and then taking the 
difference between counters (left-right): 

n n 
crTOFII(y) = 1.6 cm (crTOFII(t) = 98 psec) (narrow counters) 

w w 
crTOFII(y) = 2.0 cm (crTOFII(t) = 126 psec) (wide counters) 

The time resolution and spatial resolution for the narrow 
TOF II counters are shown in Fig.13 for muon overlap events. 
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PARTICLE IDENTIFICATION 

Particle identification was achieved from the use of 
TOF information in conjunction with drift chamber momentum 
and track length information. 

From L = BctTOF and Ptrk =YBm we have the relation: 

m =/(ctTOF/L)2 - l'Ptrk 

Where: L = track length 

B = v/c 

y = 1//1-B 21 

tTOF = TOF flight time 

Ptrk = particle momentum 

From the measured TOF time resolution, the one S.D. 
(68% C.L.). separation points occur at 3.25 (2.65)GeV/c for 
n/K identification and 5.47 (4.46) GeV/c for K/p for the 
narrow (wide) TOF II counters (See Fig.14). The start time 
for each event was obtained by incorporating the flight 
times for all reconstructed up-to-down tracks (with suitable 
weights) in a least squares fit to the start time. The mass 
of secondary particles (as determined from TOF information) 
is shown in Fig.15 for "clean" tracks, defined as those 
tracks passing through a given TOF II counter having minimum 
ionizing pulse height and no other tracks present. 

A more detailed discussion of the TOF system is 
contained in Ref. [120]. 
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THE DRIFT CHAMBERS 

The drift chambers performed several functions in the 
experiment, the primary function being to locate events in 
the emulsion target. The second purpose of the drift 
chambers (equally important) was to obtain momentum 
information on charged tracks. Therefore, the drift 
chambers were required not only to have high track 
efficiency but also the ability to detect and resolve 
multiple tracks associated with neutrino interactions 
occurring only a few tens of centimeters upstream. 

The Upstream Drift Chambers 

Twelve upstream drift chambers were arranged in four 
groups of three chambers. Each triplet of chambers 
consisted of a U~X-V arrangement. Alternating triplets were 
shifted by a half of one cell width, to reduce the number of 
spurious track combinations caused by the inherent 
left-right ambiguity associated with the use of drift 
chambers. The U (V) chambers were rotated 60° clockwise 
(anti-clockwise) (looking along the beam direction) with 
respect to the orientation of the X-chambers, .which had 

·vertical wires. (See Fig.8). A Monte Carlo program was 
used to deterimine the optimal spacing and orientation of 
the drift chambers. The use of 60° stereo for the upstream 
drift chambers preserved the rotational invariance 
associated with neutrino interactions in the emulsion 
target. 

The first chamber was spaced off from the downstream 
face of the emulsion by 15.0 cm because of spatial 
constraints from TOF I, and also to reduce "shadowing" 
effects, i.e. one or more tracks obscuring another track in 
a given view (U,X or V). The effects of shadowing were 
measured to be less than 10% at the first upstream drift 
chamber, for neutrino interactions. The distance between 
consecutive drift chamber planes was 4.66 ± 0.02 cm. 

The construction of the upstream drift chambers was the 
same for all three types, U X and v. The active area of 
each drift chamber was 1.7 mi. (128 cm x 128 cm). Each 
drift chamber had thirty-two sense wires, spaced 4.0 cm 
apart <= cell size), with field shaping wires between each 
of the sense wires. The sense wires were 20 µm diameter 
gold plated tungsten, strung with 50 grams of tension. The 
cathode plane wires (and field shaping wires) were 75 µm 
diameter copper plated beryllium, wound (strung) with 200 
grams of tension on G-10 frames. The cathode planes were 
6.35 mm apart, with 2 x 21 cathode wires/cell, with 2 mm 
spacing between adjacent cathode wires. Each chamber was a 
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separate system, independent of the operation and 
performance of the other chambers. The gas windows for each 
chamber consisted of aluminized mylar, 25 µm of aluminum on 
50 µm of mylar, and performed the dual function of gas 
containment and R.F. shielding. The entire chamber was 
R.F. shielded, as the drift chamber amplifiers were 
extremely sensitive. 

The operating voltages for the upstream drift chambers 
were Vmax=3100v, Vmin=l700v, generating an electric field of 

E = (Vmax - Vmin)/cell size = 700 V/cm. 

The cell configuration for the upstream drift chambers is 
shown in Fig.16. The efficiency as a function of electric 
field is shown in Fig.17, for a gas mixture of 50% argon-50% 
ethane. 

The Downstream Drift Chambers 

The eight downstream drift chambers were arranged in 
two groups of four, as shown in Figs.3 and 18. The first 
quartet consisted of x-v-u-xs chambers, the second quartet 
of X-Vs-Us-Xs chambers, where s denotes a chamber shifted bi 
1/2 of a cell. The U (V) chambers were rotated 10 
clockwise (anti-clockwisI) with respect to the X-chambers 
The active area was 2.5 m (118.1 cm x 213.4 cm) for the · X 
chambers, and 2.6 m2 (118.1 cm x 223.5 cm) for the u and V 
chambers. The distance between consecutive planes was 
5.08 cm. 

The construction of the downstream drift chambers was 
not the same for the three types of chambers. The X (U,V) 
chambers had 40 (44) 20 µm diameter gold plated tungsten 
sense wires each, spaced 5.08 cm apart with 75 µm diameter 
copper plated beryllium field-shaping wires in between the 
sense wires. The sense and field wires were corrected to be 
2.540 ± 0.005 cm apart as they were strung. The cathode 
planes consisted of copper spark chamber foils, i.e. 125 µm 
diameter copper wire flattened to 25 µm high x 375 µm wide, 
laminated to a 62.5 µm thick mylar sheet. The drift chamber 
frames were made of G-10, bolted together in halves, with a 
silicone-rubber 0-ring for a gas seal. The gas windows were 
made of aluminized mylar, 25 µm of aluminum on 62.5 µm of 
mylar. The entire chamber was R.F. shielded. 

Nominal operating voltages for the downstream drift 
chambers were Vmax=3700v, Vmin=l800v, generating an electric 
field of 750v/cm. The gas used for the downstream drift 
chambers was the same mixture as that used for the upstream 
drift chambers. Further details of the downstream drift 
chambers appear in Ref.[121,122]. 
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The Drift Chamber Readout System 

The signals from the drift chambers were lOOX amplified 
with a fast amplifier (See Fig.19), designed such that the 
pulse shape into the fast discriminator maximized single and 
multiple-track resolution by elimination of ringing on the 
trailing edge of the pulse, and by selective 
"Fourier-filtering" of various frequency components of the 
pulse. The nominal pulse height from minimum ionizing muons 
was 100 mV at the input of the discriminator, with a FWHM of 
30 nsec (see Fig.20). The discriminator threshold was set 
to 15mV to reduce time jitter from pulse height variations 
(0.1 nsec). The drift chamber pulse height had a weak 
angular dependence for tracks with e < 500 mrad (30°); the 
pulse height decreased rapidly for -tracks with angles 
greater than this, in addition to suffering large 
statistical fluctuations. Cross talk between drift chamber 
cells was less than 0.1% 

The NIM pulses from the discriminators were sent to a 
multi-hit capability time-digitization system, similar in 
design to one of the W.Sippach (Nevis Labs) drift chamber 
readout systems [129], employin.g a four-bit phase code and a 
three~bit gray code, driven by a 83~ MHz. clock and 
utilizing MECL 10000 logic. The four bit 3 phase code allowed 
interpolation of the basic 24 nsec clock cycle to 1.5 nsec 
intervals, while the three bit gray code was used for error 
detection and correction purposes. The (multiple) hits from 
each of the wires in the drift chambers were continuously 
digitized, (with 1.5 nsec least count resolution, equivalent 
to 75 µm in space) with the time digitization of hits on one 
wire occurring independently of the operation of all other 
time recorder channels. The digitized time data was stored 
in local 18-word deep registers (one "hit" per word) within 
each time recorder. When the apparatus was triggered by a 
v-interaction (or otherwise), hit data stored in the time 
recorder registers was "frozen", converted to a time 
difference between the start (drift chamber hit) and stop 
(trigger) time by the time encoder, read out and stored in 
larger (256 word deep) local memories, with the time 
recorders re-activated at the end of this process. Thus, 
several events could be recorded during the fast spill, with 
the drift chamber event data read out by the computer 
through CAMAC at the end of the spill. A block diagram of 
the drift chamber readout electronics is shown in Fig.21. 
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Drift Chamber Resolution and Operation 

The single track spatial resolution, obtained from the 
composite residuals (i.e. deviations of drift chamber hits 
from fitted tracks) from muon triggers is shown in Fig.22 
for the upstream and downstream drift chambers for a typical 
"tuning run". The spatial resolution of the drift chambers, 
averaged over the entire experiment is 

aup(x) = 125 µm (adn(x) = 175 µm) 

corresponding to an angular resolution of 

aup(0) = 0.6 mrad (a dn (a) = o. 8 mr ad) 

for the 12 upstream (8 downstream) drift chambers. 

The minimum (maximum) time recorder dead time between 
hits on one wire was 24 (48) nsec (corresponding to one 
(two} 83iMHz. clock cycle(s)). the mean dead time was 
36 nsec, corresponding to the average time required to reset 
the input flip-flop of the time recorder input after 
receiving a hit. The mean pulse w.idth from the drift 
chamber discriminators was 30 nsec, although variations in 
pulse-height caused the discriminator pulse width 
(time-over-threshold) to vary from 20 nsec to 4·0 nsec. The 
minimum measured dead time, obtained from time correlation 
studies of drift chamber hits in v-events, was measured to 
be 30 nsec with a mean dead time of 36 nsec corresponding to 
a mean two track resolution (for one view) of 1.8 ± 0.3 mm 

The drift chamber track efficiencies (as distinct from 
hit efficiencies, which were higher) were well above 90% 
throughout the experiment. The effect of the fringe field 
of the magnet (< 1 KG at the last upstream drift chamber) 
had no observable effect on the operation of the drift 
chambers nearest to the magnet aperture; no significant 
changes (i.e. < 2%) in the drift velocities or efficiencies 
were measured for these chambers. 

Drift Chamber Calibration 

Calibration of the drift chambers was achieved through 
the use of a tuning program, to which the drift chamber 
survey data was input, along with 2.0 x 10 5 tracks from muon 
triggers taken during the run. The tuning program optimized 
various parameters associated with the location of hits 
(discussed below) , which resulted in a significant (2-fold) 
improvement in track resolution and track reconstruction 
efficiency. The data was broken up into short time periods 
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of approximately ten runs each, in which the values for a 
set of drift chamber operating parameters were optimized. 
The values of the parameters changed by less than 5% from 
their mean values over the entire run. The positions of the 
drift chambers, as determined by the tuning program changed 
by less than 125 µm during the course of the experiment, and 
in general, tracked the position information as obtained by 
the LVDT system. 

The parameters of the tuning program were: 

1. Drift velocity vd = 50 µm/nsec in 50% argon-50% 
ethane gas 

2. Position of the first wire in each drift chamber 
(to which all other wires in were referenced) 

3. Non-linear drift velocity correction near the sense 
wires, to correct for field non-linearities in this 
region. 

4. Sense wire offsets, to account for deviations in 
the spacing between sense wires in the upstream 
drift chambers. The location of each sense wire 
relative to the first sense wire in each drift 
chamber was known to 10 µm FWHM from survey 
measurements. Wire corrections were in the form of 
translations and rotations done on a per-wire 
basis. Offsets were typically 100 µm, rotations 
were typically 0.1 mrad. Offset corrections could 
by done directly on the raw hit data, while 
rotation corrections could be done only after the 
tracks had been reconstructed (to first order). 

5. A correction was made to 
finite propagation time 
sense wire. 

take into account the 
of the signal along the 

6. Angle corrections were made on the hit data, once 
the track had been reconstructed to first order. 

7. Drift chamber stop time for each drift chamber. 

The values determined for the drift chamber parameters 
were then input to the neutrino event reconstruction 
programs, for the set of runs covered by a particular tune. 
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THE SCM-104 MAGNET 

The SCM-104 magnet (on loan to Fermilab from Argonne 
National Laboratory) was used for momentum analysis of 
charged particles. As the magnetic field both inside and 
outside the magnet aperture was highly non-uniform, an 
extensive field map of the field region between the magnet 
poles and outside was made. 50,000 data points were taken 
in the region between the magnet pole tips, on a lattice of 
2.54 cm cubes. For the region far from the pole tips of the 
magnet, a parametrization in the form of a polynomial for 
the spatial dependence of the magnetic field was used. 
Agreement between the measured data and the parametrization 
was within 5% for the measured fringe field region. The 
magnet current was kept within 0.5% of its nominal value of 
2400 A throughout the experiment. 

For tracks passing through the magnet aperture, the 
track reconstruction programs used the quintic spline method 
for determination of the track parameters, i.e. the track 
slopes, intercepts and l/P. As a simplification (for the 
purposes of discussion) , the momentum of a charged particle 
(in the thin lens approximation) is given by: 

p = 0.03/Bdl/9B = 0.186/9B 

Where </Bdl> = 6.2 kG-m (At 2400 Amps.) 

9B = bend angle (in radians) 

Pt kick = 0.186 GeV/c. (At 2400 Amps.) 

The momentum resolution of the drift chambers was 
estimated to be 

oP/P = [(0.009) 2 + (0.005P) 2 ]
1 / 2 For 20 drift chambers. 

Where the first term is the contribution from multiple 
Coulomb scattering in the drift chambers, the second term is 
the contribution from the intrinsic drift chamber spatial 
(and therefore angular) resolution. The values obtained 
from calculations on the momentum resolution contributions 
are in good agreement with Monte Carlo studies. 

For tracks not passing through the magnet aperture, it 
was possible to utilize the fringe field of the magnet for 
momentum analysis, although the measured momentum resolution 
was considerably reduced. 
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OP/P = 0.35 p (Sigma) ( 0 mrad < a < 300 mrad) 

oP/P = a.so (Sigma) 300 mrad < a < 600 mrad) 

oP/P = 0.75 (Sigma) a > 600 mrad) 

See Ref. [123] for further information on the momentum 
resolution. 

Checks on the Momentum Calibration 

No direct calibration of charged particle momentum with 
a particle beam of known momentum was possible. The 
momentum calibration was inferred from previous experiments 
at Argonne National Lab in which the SCM-104 magnet was 
used. 

A check on the momentum calibration came from use of 
TOF identified protons in which the centroid of the inverse 
momentum difference Q (Q - l/P) was measured to be: 

0.001 

1 
132 

± 0.005 

~ 8 :::: 0.014 _! 
8/1-8 21 

M 

The mass of the proton determined from "clean" tracks in 
TOF II counters was 

Another check on the momentum calibration came ~ro~ 

work done in Ref. [120], where it was found that the µ /µ 
ratio for neutrin~ eyents was brought into agreement with 
the Monte Carlo µ /µ ratio, for a shift in Q of ~Q :::: 0.005. 
Another check on the momentum resolution and momentum 
calibration of the drift chambers was obtained from the Q 
distribution of muons taken with the magnet off. 
<Q> = 0.011 ± 0.005. The origin of the non-zero value of <Q> 
in this case is not fully understood. 
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It is not inconceivable that small systematic shifts in the 
drift chamber parameters would be such as to cause an 
effective 2 mrad rotation between upstream and downstream 
drift chambers. A physical rotation of this magnitude 
between upstream and downstream drift chamber arrays would 
be readily apparent, and was not observed. The width of the 
Q distribution is consistent with the calculated intrinsic 
momentum resolution. 

An investigation of the effects of such a shift on the 
kinematic fits on charm decays found little observable 
effect, the largest observable effect was on the 2-C masses, 
on the order of 5% in the worst case. Little effect was 
observed for shifts in the momentum, decay time, p-perp 
balance and correspondingly the x2 and C.L. for each event. 

The K 0 mass was measured in a partial sample of of 
neutrino ~vents (......,50% of the total data) in which a v0 

search was made. From ten reconstructed events with a v0 

reconstructed in the drift chambers, having two (opposite 
charged) up-to-down tracks, the K0 mass was measured to be: 

MKo= 504.5 ± 1.0 MeV/c 2 

. s 
This value for the K0 mass is 1.4% above the true K0 mass, 
497.7 ± 0.1 MeV/c 2 fl60]. To supress backgrounds due to 
interactions in the drift chambers an asymmetry cut of 

I p 1T +IP ir-1 > 0 • 2 

and flight length cut of L/yScT > 0.15 were made. 

Another check on the momentum calibration came from the 
collective determination of the charmed particle masses 
(from 2-C constrained fits), which were found to have an 
overall, systematic shi~t o~ 0.7 ±+0.6% (13 ± 11 MeV) below 
the true values of the D , D and Ac masses. 

Thus, it can be seen that the momentum calibration, as 
determined from the above methods, is accurate to within 
......., 1%. 
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THE LEAD GLASS ARRAY 

The lead glass array was used for detection of high 
energy photons and identification of electrons, and 
consisted of 68 blocks arranged in nine rows of eight 
columns, with the four corners removed. (See Figs.3 and 
23.} 

Two types of lead glass blocks were used in the array, 
each type was 19 cm x 19 cm square. There were 56 short 
blocks, 30.5 cm (11 R.L.} in length, and twelve long 
blocks, of 35.6 cm (14 R.L.} length. The long blocks were 
placed in the center of the array to optimize shower energy 
resolution. Each block had a 12.7 cm diameter EMI 9815 
phototube mounted on its downstream face. 

Signals from each of the phototubes were lOX amplified, 
split in a 1:20 ratio and fed into two 0.25 pC./channel 
ADC'S. The high gain ADC tracked the minimum ionizing peak 
from muons: the low gain ADC recorded the pulse height from· 
E.M. showers associated with v-events. The phototube 
voltages were set up for 30 ADC counts/GeV in the electron 
ADC, for a maximum measureable energy of 35 GeV per block. 
The angular resolution associated with gamma detection by 
the lead glass array, for 19 cm x 19 cm blocks . was 
a = 0.015 rad. The location and size of the lead glass 
b~ocks was such that y's from symmetric n° decay could not 
be resolved for Pno > 4.25 GeV/c. 

A Neon flasher/fiber optics light transmission and 
distribution system facilitated set-up and equalization of 
phototube gains, as well as gain monitoring during the 
course of the experiment. Flasher triggers were taken once 
per machine cycle, between spills. 

Lead Glass Calibration 

Calibration of the lead glass array was achieved 
through several means. One block of each type was 
calibrated in the M-5 test beam at Fermilab. Electron and 
minimum ionizing triggers were taken at various beam 
energies from 5 to 30 GeV/c. The response and resolution 
for each type of block, shown in Fig.24 were measured to be: 

E(long block} = 467 ± 15MeV/ minimum ionizing track 

E(short block} = 392 ± 15MeV/ minimum ionizing track 

oE/E = 0.15//E' (sigma} 
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The pulse height spectrum for 30GeV/c negative particles is 
shown in Fig.25. ~he electron peak is clearly visible. The 
lead glass blocks are approximately 0.7 hadronic interaction 
lengths thick. Approximately 1% of the hadrons (at any 
momentum) are capable of depositing energy within 3 S.D. of 
the pulse height for electrons of the same momenta. As muon 
tracks and charged hadrons from v-interations illuminate the 
lead glass block faces uniformly, the pulse height 
dependence must be averaged over the entire block. As the 
response of a lead glass block was not constant for off axis 
and non-normal tracks (see Ref. [124] for a typical lead 
glass spatial response spectrum), it was necessary that the 
M-5 test beam results be modified to take into account such 
an effect. The ratio R of the minimum ionizing pulse height 
from on-axis tracks (as measured in the M-5 test beam) to 
that for tracks spread uniformly over the block faces is 
R = 1.20 ± 0.12. Further consistency checks on the lead 
glass calibration were obtained from th~ ratio of lead glass 
energy to ' charged track momentum for 
spectrometer - identified electrons associated with neutrino 
interactions, for which the ratio R was found to be 
R = 1.09 ± 0.06. Emulsion - identified electrons from e+e­
pairs found by scanback of spectrometer tracks were also 
used in a similar study, in which R = 1.16 ± 0.16 • The 
average value of Ri determined from the above studies was 
R = 1.17 ± 0.101 thus the energy responses for the long and 
short blocks were decreased accordingly, to 

E(long block) = 397 ± 13 MeV/ minimum ionizing track 

E(short block) = 333 ± 13 MeV/ minimum ionizing track 

These results are also in good agreement with the 
results obtained for the lead glass array (short blocks 
only) at Argonne, used in the Charged-Neutral Spectrometer 
(ANL E-420,428), where the energy calibration was measured 
to be: 

E(short block)= 325 ± lOMeV/ minimum ionizing track 

OE/E = 0.09/IE' (sigma) 

The lead glass energy resolution attained in experiments at 
Argonne was significantly better than for this experiment, 
as it was possible to calibrate each lead glass block in the 
array on a run-by-run basis from decay. This was not 
possible for E-531, which had a total of 2100 events 
occurring over a period of three months. 

A further check on the calibration of the lead glass 
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was obtained from "clean" n° candidates from v events with 
charm decays, (see Table 18). Candidate n°•s from charm 
events were obtained from those events where all the energy 
deposited in the lead glass array was accounted for in terms 
of the charged tracks incident upon the array~ "clean" n° 
candidates were obtained from gamma candidates (blocks with 
no charged track incident upon the block). The n° mass was 
measured to be 134.8 ± 5.9 MeV/c using 20 clean n° 
candidates from charm decay v-events. 

THE HADRON CALORIMETER 

A hadron calorimeter was included in the experimental 
apparatus to provide crude information on the total hadronic 
energy from v-interactions. The calorimeter consisted of 
twenty counters arranged in five planes of four counters per 
plane, sandwiched between 10 cm thick steel plates. (See 
Figs.3 and 26.) Each counter consisted of a single piece of 
NEllO or NE114 scintillator (ten counters of each type 
1.3 cm thick) viewed by a single 12.7 cm diameter Amperex 
58DVP phototube, through an adiabatic light guide· and 
Winston cone. The attenuation length was measured to be 5 m 
for both types of scintillator. 

The signals from each of the calorimeter counters were 
split in a 1:7 ratio and fed into two 1024 channel 0.25 
pc/channel ADC'S. The high gain ADC monitored the minimum 
ionizing peak from muon triggers for calibration purposes, 
while the low gain ADC recorded the hadronic energy from 
neutrino interactions. 

Hadron Calorimeter Calibration 

Calibration of the calorimeter was indirect as no 
hadron beam was available in place. As the construction of 
our calorimeter was identical (in granularity and material) 
to the calorimeter discussed in Ref. (126], their results 
were used to calibrate our calorimeter. The energy response 
and resolution for the calorimeter was thus: 

E (cal) = 2: (l+ 11+4ab/N) 

oE/E = l. l/./E1 (sigma) 

N = # of equivalent singly ionizing particles 
a = 5. 428 equivalent singly ionizing particles/GeV 
b = 0.721 GeV 
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The non-linear term provided a "boost" in the low energy 
region to correct for increased absorbtion losses at low 
energies. (No additional corrections were made, such as for 
light attenuation effects in the scintillator ("'30% from 
end-to-end), nor for for angular effects, leakage out the 
back and sides of the calorimeter ( ........ 5-10% effects). 

The response of the calorimeter to minimum ionizing 
muons is shown in Fig.27. Minimum ionizing tracks deposited 
1.75 GeV peak (2.08 GeV mean) hadron equivalent energy in 
traversing the hadron calorimeter (50.8 cm of steel, 
equivalent to dE/dX = 0.6 GeV). The calorimeter counters 
saturated at 13.7 GeV, implying a saturation threshold of 
40 GeV per calorimeter row. The calibration of the 
calorimeter was checked using the dqta from 31 charm 
candidate events, was found to be oE/E = (0.8 ± 0.2)/IE' 
(sigma), consistent with the above estimate. 
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THE MUON COUNTERS AND MUON IDENTIFICATION 

Muon identification was obtained by penetration of 
charged tracks through steel. Tagging of muons was achieved 
with two crossed planes of counters embedded in the steel at 
depths of 1.2 and 2.3 m, corresponding to energy thresholds 
of 1.9 and 3.4 GeV/c, respectively. (Including matter from 
lead glass and calorimeter steel.) 

The front muon counter plane consisted of 36 horizontal 
counters (arranged in two vertical columns of 18 counters 
each), the back plane consisted of 40 vertical counters 
(arranged in two horizontal rows of 20 counters each). {See 
Figs.2 and 28.) Each counter consisted of a 1.5 m long 
NE 114 scintillator, coupled through an adiabatic light 
guide and Winston cone to a single Amperex 56AVP phototube 
at one end. The signals from each muon counter were split 
in a 2:3 ratio, 2/5 sent to an ADC and 3/5 sent to a TDC. 

Muon Counter Calibration 

The muon counters were calibrated with 2.0X10 5 muon 
trig~ers taken during the run. Track information from the 
drift chambers was used to predict the location of the muon 
as it passed through each counter plane. Calibration events 
were restricted to those events with minimum ionizing pulse 
height in a single TOF II counter. The values for the 
parameters associated with the (pulse height) corrected 
time, such as the speed of light in the scintillator 
(v- 1 = 62.2 psec/cm), and the to for each counter were 
determined by histogramming the time spreads for each 
counter. The average muon counter time resolution was 

cr (t) = 0.8 nsec 
µ 

corresponding to a position resolution of 

crµ(y) = 129 cm 

The ~Y distribution for the back muon counters is shown in 
Fig.29. 

There were several types of muon tags, "muon fronts" 
(MUF) , "muon backs" (MUB) and "muon front-backs" {MUFB) , 
corresponding to which muon counters had been hit. A 
charged particle in an event was identified as a muon if the 
measured positions of the hits in the muon counters in the 
front and/or back planes were within 2.5 S.D. of the 
predicted X-Y position of the track from downstream drift 
chamber information, including multiple scattering effects 
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in the calorimeter and muon steel. From Ref.[127], 
punchthrough from energetic hadrons at the front muon 
counter plane was less than 1%, for hadrons with momenta 
less than 5 GeV/c. The measured overall muon detection 
efficiency for MUF, MUB, MUFB was 95 ± 1%, 94 ± 1% and 
89 ± 1.5%, respectively. The muon detection efficiencies 
are less than unity due to timing and pulse height cuts (-2% 
effect) and geometrical inefficiencies (.-3% effect, due to 
counter overlap and edge effects). (The MUFB inefficiency, 
i.e. neither hodoscope firing, is 0.3%.) The acceptance of 
the muon counter array from geometry and threshold (range) 
requirements as determined from a Monte Carlo of· neutrino 
interactions in the emulsion target, was found to be 82 ± 4% 
for the 350 GeV/c wide-band beam. The losses due to muons 
going wide of the muon identification system are less 
significant than losses due to threshold requirements. The 
net muon detection efficiency was therefore 74 ± 5%. The 
efficiency and acceptance corrected CC+NC/CC ratio for 1242 
found events is 1.40 ± 0.10, in good agreement with the 
world average of 1.301 ± 0.007 [128]. 

The measured ~ /v C.C. . ratio is 7~5 ± 2.0%, in 
agreement with Monte ~ar~o predictions [120]. 

DATA-TAKING on EXPERIMENT E-531 

Data-taking started on November 18, 1978 and ended on 
February 7, 1979. Over 1250 hours of running time with 155 
shifts were logged, with less than 100 hours of 
equipment-related downtime. 183 data tapes were written. 
7.2 x 10 18 protons were incident on the v-target during this 
period, from which a total flux of 1.7 x 10 15 v's/m 2 

(A 
0 

= 0.49 m2 ) passed through the emulsion target. Over 
900,000 muon triggers, 68,000 neutrino and 140 anti-neutrino 
triggers were taken during this period. (Several 
data-taking runs were made with the horn polarity reversed.) 
The majority of the neutrino triggers were muon-induced, due 
to the anti efficiency (89 ± 1%), and also due to the fact 
that adjacent TOF II counters were allowed to trigger the 
apparatus {for the purpose of calibration of TOF II 
counters). Thus, approximately one out of every 30 neutrino 
triggers was real, i.e. there was approximately one real 
neutrino interaction per 100 machine cycles {one interaction 
every 11 minutes). 

The data-taking can 
periods, corresponding 
running conditions. 

be broken up into three major 
to three different experimental 



Beginning: Runs 475-517 (high muon background) 
15% of data 

Middle: 

End: 

Runs 518-614 (concrete shielding installed) 
55% of data 

Runs 630-672 (toroids on) 
30% of data 

Event Yield 
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The expected event yield was obtained via two methods, 
one a calculation which extrapolated the measured event rate 
at the 15' B.C. the Wonder Building; the other modelled the 
neutrino beam, using Monte Carlo techniques. The measured 
event rate from experiment E-545 (a v-liquid deuterium 
experiment which ran coincident with E-531 in the same 
350 GeV wide-band v-beam, located 1400 m from the v-target) 
was 2.24 ± 0.18 x 10-2 events/ton/10 13 protons on target 
for Ev > 10 GeV [119] • Extrapolating this rate to the 
Wonder Building, taking into account the increase in the 
neutrino flux density (a factor of 2.0), the trigger 
acceptance of E-531 (0.93), the fractional live time (0.80), 
the numbe~ of protons on target for E-531 (7.2 x 10 18

) and 
the mass of the emulsion target (0.1 tons), the expected 
event yield is: 

v 
NEV= 2545 ± 500 Events 

F~r the Monte Carlo program, the number of neutrino events 
NEV was obtained by integrating the neutrino flux over the 
energy range of the neutrino beam: 

NEvv= MEMULJ350cr(E )~ (E )oE 
TGT O v v v v 

With cr(Ev) = 0.63 Ev x 10- 38 cm 2 /nucleon/GeV for vµ (160]. 

and cr(Ev) = 0.30 Ev x 10- 38 cm 2 /nucleon/GeV for vµ 
The calculated Monte Carlo event yield (i.e. the number of 
events recorded on magnetic tape, taking into account the 
effects of dead time losses, acceptance losses, etc.) is: 

N~v = 2260 ± 450 Events 

The details of the Monte Carlo calculations for the neutrino 
beam and event yield are contained in Refs. (120,118]. 
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THE TRIGGER ELECTRONICS AND DATA AQUISITION 

Four triggers were used in this experiment, the 
v-trigger and three calibration triggers; the muon trigger, 
the laser/flasher and sensor triggers. 

The neutrino trigger used in the experiment was very 
nearly that used for measuring total cross sections. There 
were no requirements on minimum energy deposition or 
demanding a muon be present in the event. Requirements for 
the v-trigger were that the event occur within the fast 
spill; no charged track into the apparatus; at least twice 
minimum ionizing in TOF I; and at least two tracks pass 
through TOF II. Thus, the logical statement for the 
v-trigger is: 

v: Gv•A•TOF I (~ 2 M.I.)•TOF II (~ 2 trks.) 

The live time for the v-trigger was measured to be 73, 79 
and 82% for the beginning, middle and end running periods, 
with a mean live time of 80%. The V-trigger was gated on 
during the fast spill by the background muons associated 
with the V-Qeam, obtained from the integrated signal from 
the summed outputs of the muon counters. (The detector was 
gated on in this manner, rather than through the use of 
timing signals, as undesirably large fluctuations occurred 
in the timing of the fast spill with respect to these 
signals.) 

The muon trigger required that the event occur within 
the last 5% of the neutrino spill (to limit the number of 
muon triggers and thus the loss of neutrino events); at 
least one minimum ionizing track exit from the target; and 
at most one track pass through TOF II. The logical 
statement for the muon trigger is therefore: 

µ = G •TOF I(> 1 M.I.)' TOF II(: 1 track) 
µ - -

An average of five muon triggers were taken per spill. 
Because the muons associated with the neutrino beam were 
predominantly positive, the beam-right side of the apparatus 
downstream of the magnet was illuminated by muons more often 
than the beam-left side. In an effort to spread out the 
muon triggers more evenly, pairs of TOF II counters directly 
in front of the nine lead glass columns were OR'ed together 
with the four calorimeter rows, .such that multiple muon 
triggers could be taken during this part of the spill, thus 
improving the statistics for each counter. 

For a given spill, all counter ADC'S 
gated on and latched by a neutrino trigger. 

and TDC'S were 
For spills with 
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multiple v-events (or v with µ) occurring during the spill, 
all counter information was lost for the events following 
the first trigger. The drift chamber system however, was 
capable of stacking multiple events in local memory (e.g. 
ten neutrino events or fifty muon events), the hit data for 
the events being read out at the end of the spill, and 
written onto magnetic tape by a Data General Eclipse 
computer. The electronics associated with the neutrino and 
muon triggers is shown in Fig.30. The timing of various 
equipment and phenomena occurring within or during the fast 
spill is shown in Fig.5. 

A typical neutrino interaction, as it appeared in an 
on-line display of the experiment is shown in Fig.31. 

In addition to v and µ triggers, laser/flasher triggers 
were also taken between spills for on-line calibration and 
gain monitoring of TOF and the lead glass. The responses of 
the TOF counters to the laser pulse, and the lead glass 
array to the neon flasher, were recorded in their respective 
ADC'S and TDC'S, and then read out. 

In a similar manner, LVDT sensor triggers were also 
taken between spills, where the ·ADC'S for the position 
sensors and equipment monitoring system .were read out, along 
with all other ADC'S and TDC'S (to obtain pedestal data). 
The timing of the laser/flasher and sensor triggers came 
from timing signals provided by the laboratory, synchronized 
to the machine cycle, shown in Fig.5. 
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·THE ON-LINE EQUIPMENT MONITORING SYSTEM 

Critical equipment and delicate hardware were monitored 
continuously throughout the experiment to minimize the 
irrecoverable loss of data from equipment malfunction. All 
high voltage and low voltage power supplies for the drift 
chambers, scintillation counters, etc., along with analog 
volt~ges representing Vmax, Vmin, Idch, Disc.Level for each 
drift chamber, the Hall probe for the SCM-104 magnet, the 
gas pressure for the argon-ethane gas supply, arid five 
temperature s.ensors for the emulsion target were monitored. 
The values of each monitored device were checked once 
between each spill by the computer. If the value of the 
monitored device was found to differ from its nominal value 
by more than ±10% for more than three machine cycles, an 
audible and visual trip monitor signal was given by the 
computer, with a message indicating which device had failed. 
use of this system was instrumental in improving the 
quantity and quality of the recorded data. 

Emulsion Radiation Protection System 

Another experiment downstream of the wonder Building 
operated a nearby hadron beamline {.the N-5/N-7 beamline) 
simultaneously with our experiment. Concern over the 
possibilty of irradiation of our emulsion target from beam 
scraping, beam aborts, etc. prompted installation of a beam 
interlock for the N-5/N-7 beam with TOF I singles rates 
during both the fast and slow beam spills. Rates in excess 
of twice the nominal rates caused an immediate shutdown of 
this beamline. This precaution was well taken, as the 
monitoring system was activated several times during the 
course of the experiment. 



CHAPTER II 

DATA ANALYSIS 

DETERMINATION OF CHARMED PARTICLE LIFETIMES 

A Brief Overview: 

The analysis of the data took place in several stages, 
starting from the data recorded on magnetic tape. A 
ntuning" program aligned and calibrated the drift chambers 
for the entire running period. Programs were developed for 
TOF calibration and particle identification, calibration of 
the lead glass and hadron calorimeter, and calibration of 
the.muon counters and muon identification, as discussed 
above. 

The second stage in the data analysis consisted of 
reconstruction of charged tracks and vertices for v events. 
Reconstruction programs successfully reconstructed a total 
of 2100 events with a vertex in the target volume. Fiducial 
cuts around emulsion module edges and posts reduced the 
sample to 1829 events. 

The v event track and vertex information was used to 
locate events in the emulsion by volume scanning and track 
following methods. Of the 1821 events predicted in the 
emulsion, 1242 events were found, for a net finding 
efficiency of 68%. All found events were searched for 
visible decays. Decays of charged particles were located by 
following charged tracks out from the primary vertex, and by 
nscanback" of spectrometer tracks (following spectrometer 
tracks not observed at the primary vertex back into the 
emulsion). Neutral decays were searched for by volume 
scanning methods, and by scanback of spectrometer tracks. 
27.7 m of hadronic track length was scanned, in which 89 
nuclear interactions (96 expected) , 53 single-prong or 
nkinkn events (of which 5 are consistent with charm decay) 
and 23 charged multi-prong (trident) charm decay candidates 
were found, along with 21 neutral multi-prong charm decay 
candidates. Background from hadronic interactions for 
charmed charged decays is less than 3.3 (0.6) events, and 
less than 0.3 (0.03) events for neutral charm decays (the 
numbers in parentheses denote the number of charmed 
candidate events with parent momentum above a momentum cut 
of 4.0 GeV/c). 

35 
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The third stage of analysis involved the synthesis of 
all counter and emulsion data for each charm decay 
candidate. The identity of the decaying particle was 
determined from counter, emulsion and kinematical 
information. The (proper) decay time was determined for 
each charmed particle. 

The final step in the lifetime 
determine the mean lifetime for each 
particle from the fitted, unambiguous 
using the maximum likelihood method. 

analysis was to 
species of charmed 
decay candidates, 

CHARGED PARTICLE TRACK RECONSTRUCTION 
and VERTEX RECONSTRUCTION. 

Several track and vertex reconstruction programs were 
used to analyze neutrino events. A program written by Prof. 
Taek Soon Yoon was used in the early stages of analysis. 
Another independent program utilizing a different approach 
to track reconstruction was written by Prof. Noel R. 
Stanton. Both TSY and NRS programs are discussed here 
(although only qualitatively) to elucidate different 
approaches to the difficult problem of track and vertex 
reconstruction. 

TSY Program 

The first step in the TSY program was to estimate the 
location of the vertex, obtained by histogramming the z = 0 
intecept of lines drawn through pairs of hits in any two 
upstream drift chamber planes for U, X and V views to obtain 
the average <U>, <X> and <V> intercepts at z = 0. 

Tracks were then reconstructed in the downstream drift 
chambers, starting with downstream X chambers. Four hits 
were demanded in these.drift chambers in a "straight" line, 
with a tolerance of 0.75 mm (Tolerance= deviation of hit 
from fitted line.) The fitted track was then used to 
predict the X coordinates of the expected hits in the 
downstream u and V drift chambers. If the u - V hits were 
found to match the expected hits in x, then a Y coordinate 
for each u and V hit could be obtained from the relations: 

u = Xcoseu + Ysineu 

v = Xcosev + Ysinev 

au = -a v = 60° for upstream drift chambers 

a = -e = 10° for downstream drift chambers u v 
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Note: For the upstream drift chambers 
. I 

X = U - V 1 Y = l//31(U + V) 

The above relations also hold for track slopes. 

The Y values for the U - V hits were checked for consistency 
with a straight line in Y-space. The hits for all 4 + 4 and 
4 + 3 hit track candidates were then "erased" and the 
procedure repeated for tracks with downstream X segments 
with 3 hits. The downstream tracks were projected to the 
middle of the magnet, where "roads" were made from the 
intersections of the tracks with the magnet midplane to the 
vertex. The road "widths" were ±2.5 cm at the vertex and 
±0.6~ cm at the magnet midplane. A search for tracks within 
these roads was then performed, in which upstream track 
segments having 4 or 3 hits in one view were obtained. The 
upstream X track segment was used in conjunction with 
upstream U and V hits from respective U and V track segments 
to obtain Y coordinates for these hit combinations. The Y 
values were then histogrammed and a peak in the resulting 
distribution sought for. The hit combinations were permuted 
(e.g. the U track segment combined.with X and V hits, etc.) 

·to obtain a set of Y-values, and the process repeated. The 
"best" track candidate was chosen on the basis of x2 and 
number of hits. More than one upstream track candidate was 
allowed for the same downstream track candidate. A quintic 
spline fit was then performed on these tracks, the fitted 
track parameters being dX/dZ, dY/dZ, Xint, Yint and Q = l/P. 
Tracks identified as a muon or having high momentum were 
used to obtain a better estimate of the vertex. 

The fitted vertex location was obtained from a least 
squares fit of the reconstructed tracks to a common vertex. 
The effects of multiple scattering in the emulsion were 
included in the fitting procedure. 

NRS Program 

The NRS program made two passes through the data for a 
given event. The first pass track finder searched through 
the track data in an effort to reconstruct a muon track 
(MUFB or MUF), or failing that, a stiff hadron. Track 
segments were reconstructed in the downstream drift chambers 
first, and matched with track segments found in the upstream 
drift chambers, at the magnet midplane, in a manner similar 
to that of the TSY program. The first pass track-finding 
routine then searched for all tracks which passed close to 
this "leading" track within the emulsion volume, looking for 
high momentum tracks first. A trial vertex was determined 
from the intersection of two or more stiff tracks. The 
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upstream track segments were searched for within "roads" 
determined by the postion of the downstream track segment at 
the magnet midplane and the trial vertex. Sucessively 
softer tracks were then searched for, which originated from 
the region of the trial vertex. Templates were used for 
reconstructing soft tracks, which allowed for track 
curvature in the fringe field of the magnet. No attempts 
were made to reconst"ruct up""'only tracks, i.e. tracks which 
did not pass through the magnet aperture. If only the 
"leading" track was found, anp no other, the hits for this 
track were "erased", as it was possible for the 
reconstruction program to have "locked in" on a spurious or 
bad track. The tr.ack finding procedure was repeated again 
before the event was abandoned. 

Each of the tracks reconstructed in the first pass were 
assigned a weight reflecting its credibility in determining 
a vertex. High weights were assigned for tagged muons, high 
momentum, good x2 and few missing hits. The tracks were 
then fit to one or more vertices using these weights. An 
average fitted stop time was obtained for these tracks, and 
used for tracks found in the second pass. 

The second pass track finder utilize~ the same 
procedures as in the first pass, except that the search was 
limited to tracks passing close to the vertices that were 
found in the first pass. Tracks found in the first pass 
were kept, but were assigned a low weight (corresponding to 
2.5 missing hits) to encourage finding better versions of 
these tracks in the second pass, using the improved stop 
time and vertex locations. Improved vertex locations were 
obtained using the reconstructed tracks and their weights 
found in the second pass. 

The measured event reconstruction efficiencies were 
73 ± 8% (80 ± 9%) for ~he TSY (NRS) programs (determined by 
hand scanning methods, for events within the emulsion 
fiducial region and near the edges of the emulsion). 
Comparison of the two programs on an event-by-event basis, 
particularly where one program succeeded and the other 
program failed, resulted in improved reconstruction 
efficiencies. The final version of the NRS program, which 
became the primary data source for event finding in the 
emulsion, had an event reconstruction efficiency of 95 ± 5%, 
based on the same sample of events. This number does not 
take into account correlated losses, where both the TSY and 
(original) NRS programs failed to reconstruct a particular 
event. Such losses are believed to be small, as the product 
of the inefficiencies of the individual programs matches 
that of the inefficiency of the final NRS program. Note 
that the reconstruction efficiency, as determined from the 
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15' B.C. extrapolation is 83 ± 17%, while the 
reconstruction efficiency as determined from the Monte Carlo 
of the neutrino energy spectrum, is 80 ± 10% for 
Ev > 10 GeV, 90 ± 10 % for Ev > 30 GeV. 

The mean number of tracks reconstructed per event was 
3.9 for this program. The mean processing time per event 
was 15 seconds on an Amdahl 470 V6 computer. The number of 
events reconstructed as a function of z is shown in Fig.32. 
The 25% decrease in the number of reconstructed events from 
the downstream to upstream edge of the target is consistent 
with the measured reconstruction efficiency, and is due to 
the effects of multiple scattering, nuclear interactions and 
increased numbers of events with associated electromagnetic 
showers from gamma conversions within the emulsion, wh~ch 
result in higher multiplicity events. Such events are more 
difficult to reconstruct, with correspondingly more computer 
time used and less reliability associated with each track. 
A "timer" was used in the event reconstruction program to 
prevent inordinately large amounts of time spent on such 
events. 

The drift chamber track reconstruction efficiency vs. 
emission angle 0 is shown in Fig.38 (for horizontal events). 
Tracks from events found in the emulsion· are "matched up" 
with spectrometer tracks (according to criteria discussed 
below). The first distribution shown is the raw track 
reconstruction efficiency, and includes all factors 
responsible for track non-reconstruction, such as the 
production momentum spectrum and angular distribution of 
charged secondaries from neutrino interactions; multiple 
scattering, nuclear interactions and decays in the emulsion; 
as well as the dependence on the intrinsic drift chamber hit 
(and track) reconstruction efficiency with angle. The 
second distribution is the acceptance of the spectrometer as 
a function of emission angle a, as defined by the 6-th 
downstream drift chamber and the magnet aperture. The third 
distribution is the normalized track reconstruction 
efficiency as a function of emission angle (i.e. the ratio 
of the raw efficiency to the acceptance) • The mean track 
reconstruction efficiency (averaged over all track momenta) 
is in excess of 85 ± 5% for tracks with a < 200 mrad, 
falling to zero at 600 mrad. 
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Analyzer and Refit Reconstruction Programs 

Another reconstruction program, written by Michael 
Gutzwiller [123] was used for on-line and off-line display 
of the event spectrometer data (See Fig.31). This program 
was of fundamental use in reconstruction of charm decay 
candidate events, as the spectrometer data could be 
displayed visually on a crt screen, or hardcopies made for 
each event. The nRefitn program was also of fundamental 
utility in the analysis of event data. This - program 
attempted to reconstruct all tracks associated with the 
event, utilizing _the emulsion track slope and vertex 
location information in reconstruction of events. In 
addition, the Refit program provided TOF, lead glass, 
calorimeter and muon counter information. The event 
reconstruction programs are discussed in greater detail in 
Ref. [123]. 

EVENT FINDING IN EMULSION 

After the emulsion modules were removed from the 
experiment, they were processed at the University of Ottawa, 
in Ottawa, Ontario, Canada. The emulsion processing 
procedure is_ .discussed in detail in Ref. [122] • The 
horizontal pellicles were stuck to gelatin-coated lucite 
before processing. Bubble and blister damage was found to 
affect less than 4% of the pellicles. Th~ most significant 
processing-related problem was a 1-2 µm thick surface 
blackening of all pellicles and plates, which was removed by 
carefully abrading away this layer using tissue paper and 
alcohol. The shrinkage factor after processing was about 
330 µm/165 µm = 2.0. Shrinkage occurred only in the 
unconstrained dimension of the emulsion pellicles or plates, 
as the lucite plate (for horizontal emulsion) and plastic 
base (for vertical) emulsion prevented shrinkage in the 
other dimension. 

The emulsion quality was excellent. The grain density 
for electron tracks from the decays of stopping muons was 
measured to be I = 28.4 ± 0.7/100 µm 
(I = 31.3 ± 1.2/100 µm) for the hBrizontal (vertical) 
em~lsion. The variation of grain density from pellicle to 
pellicle, plate to plate was less than 3%. Track fading in 
the emulsion was measured to be 10% (6% with respect to the 
~~a~~~=~l:on~~:~ts, Ics = 32.3 grains/100 µm) over a period 

The backgrounds observed in the emulsion are listed in 
Table 2. The angular distribution for minimum ionizing 
background tracks in the emulsion is shown in Fig.39. The 
zenith cose dependence of cosmic rays is clearly seen, along 
with beam associated muons. 



TABLE 2 

CHARGED PARTICLE BACKGROUNDS IN EMULSION 

BACKGROUND 

Fog Density: 
(per 1000 um 3 ) 

Nuclear Stars: 
(per cm 3 ) 

Cosmic Rays: 
(per mm 2

) 

Beam Associated Muons: 
(per mm 2

) 

Compton Electrons: 
( x 10 0 0 per mm 3 

) . 

All M.I. Tracks: 
(x 1000 per mm 3 ) 

HORIZONTAL 
EMULSION 
1. 44±0. 06 

141 ± 35 

30 ± 5 

130 ± 20 
(5°1/2~cone) 

7.7 ± 0.9 

1.9 ± 0.1 

VERTICAL 
EMULSION 

1.20±0.10 

110 ± 20 

30 ± 5 

225 ± 23 
(20°1/2~cone) 

4.3 ± 0.4 

4.1 ± 0.3 
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Note: All volumes are pre-processing volumes. (the emulsion 
shrinks by a factor of 2.0 in the unconstrained dimensions 
when processed.) 

The measured densities of Compton electrons and fog grains 
are subjective, scanner-dependent quantities, and are 
uncertain by factors of 2-5. 
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To facilitate event finding in the emulsion, various 
referencing/survey methods were used. The horizontal 
emulsion modules were marked with X-rays at Argonne National 
Laboratory before processing, in such a way that that the 
relative positions of each pellicle with respect to any 
other pellicle could be determined from X-ray marks. Each 
horizontal pellicle was also imprinted with an optical grid 
of 500 µm by 500 µm squares on the side of the pellicle 
stuck to the glass plate. The vertical emulsion used no 
optical grid: rather, one corner of each of the emulsion 
plates (precision punched during construction of the 
vertical emulsion modules) was designated as the origin for 
the local (plate) coordinate system. 

Due to the effects of distortion and warpage along 
edges of the emulsion, fiducial cuts of 3.0 (2.5) mm from 
the edges and around post holes were made for the horizontal 
(vertical) emulsion. Additional cuts were made in X and Y 
to exclude the regions of G-10 in the horizontal modules. 
These fiducial cuts caused a reduction of 12% (13%) in the 
number of events predicted in the horizontal (vertical) 
emulsion. 

Event Search 

Volume Scanning and Track Followback Methods 

Several methods were used for locating events. For the 
volume scanning method, a region of 

4 mm x 4 mm x 20 mm = 320 mm 3
, 

centered on the predicted vertex location was searched for 
the event vertex. 

The counter resolution associated with event 
localization for the horizontal and vertical emulsion is 
shown in Fig.36. The distributions are the same for events 
found in both types of emulsion modules: 

ax ::i 370 um, 

<AX> = 235 µm, 

a ::i 290 um , a ::i 1.4 mm 
y z 

<AY> = 645 µm, <AZ> = -75 µm 

The origin of the offsets in the X and Y event 
localizations are not fully understood. The offsets in X 
and Y are not consistent with survey resolution, and with 
independent survey measurements made before, during and 
after the experiment. 

The number of found events vs. z for the volume 
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scanning and track followback methods (i.e. horizontal and 
vertical emulsion) are shown in Fig.33. These distributions 
should be compared with the number of reconstructed events 
vs. z. 

The measured efficiency for finding events by the 
volume scanning method was 51 ± 2%. The volume scanning 
method was used primarily by the horizontal emulsion group. 
The vertical emulsion group used the "track followback" 
method. Track candidates were first located. on the 
changeable sheet, and then followed into the emulsion stack. 
The efficiency associated with this process is 96 ± 2% for 
locating tracks on the changeable sheet, and 90 ± 2% for 
following a track back to the primary vertex in the 
emulsion, for a net efficiency of 87 ± 2%. 

The event finding efficiencies vs. z for the volume 
scanning method and the track following method (shown in 
Fig.34) were obtained from the ratios of found to predicted 
events in the horizontal and vertical emulsion respectively, 
at a given value of z. The volume scanning method shows a 
drop in both the upstream and downstream regions of 
emulsion, due to fiducial cu~s around the edges of emulsion 
pel.licles and also due. to the effects of multiple scattering · 
in the emulsion, which tend to decrease the accuracy of the 
vertex predictions, more for events occurring in the 
upstream portion of the emulsion target than for the 
downstream portion. Low energy neutrino interactions suffer 
from these effects more so than do high energy neutrino 
interactions. 

The horizontal group also attempted to use the track 
followback method, but found it difficult because of the 
high muon background, and because of distortion effects at 
the downstream edge of the emulsion pellicles. 
Subsequently, another track followback technique was 
developed by the horizontal group; tracks with 
dX/dZ < 0.050 rad and dY/dZ > 0.050 rad were followed 
directly from drift chamber predictions into the horizontal 
emulsion. The finding efficiency was 80 ± 25% for events 
satisfying these criteria, which comprise 62.5 ± 12.5% of 
all found neutrino events, hence a net efficiency of 
50 ± 28%. This method was more sucessful due to the decrease 
in the number of minimum ionizing background tracks away 
from the beam direction (See Fig 39.) The volume scanning 
method suffered from significant scanning biases, . in that 
events with a large number of "black" NH tracks were found 
more readily than for those events which had few black 
tracks, particularly "white stars" (NH = 0 events) as is 
apparent in the NH and NS distributions for found events in 
horizontal and vertical emulsion, shown in Fig.40. NH 
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specifies the number of heavily ionizing {black) evaporation 
tracks from the break-up of the struck nucleus, and NS is 
the number of "shower" or minimum ionizing tracks produced 
in the interaction. · 

Emulsion Track Angular Resolution 

The angular resolution of emulsion tracks was 
determined from measurements on individual tracks. Momentum 
cuts of P{trk) > 4 GeV/c and Z > 2.5 cm were used to 
minimize the effects of multiple scattering in the emulsion. 
Plots for 6dX/dZ and 6dY/dZ are shown in Fig.41 for the 
horizontal and vertical emulsion. Tpffi results, after 
unfolding the drift chamber resolution cede~ = 0.6 mrad) and 
the effects of multiple scattering in the emulsion 
{0rmss = 0.0017 for Pt k > 4.0 GeV/c), such that m. • r -

0emul 2 

trk 
Obs 2 2 2 

= atrk - carms + arms ) dch m.s. 

a.sax = ay = 0.0033 + 0.020 rad {Horizontal) 

ax = ay = 0.0015 + 0.010 rad {Vertical) 

CHARM SEARCH: SCANNING CRITERIA 

Charged Decays 

The search for decays of charged charmed particles 
required that for each event all charged tracks be followed 
from the primary vertex for 6.0 mm or until the track exited 
the emulsion stack, and also satisfied the following 
criteria: 

Horizontal Emulsion Vertical Emulsion 

X', Y' < 20° {365 mrad) X', Y' < 200 mrad 

6x 1 , or 6y• < 15 mrad 6x•, or 6y• < 15 mrad 

I/I < 4 o-

Whe re X', Y' are the X and Y slopes, and 6X', 6Y' are the 
differences between counter and emulsion measurements of 
track slopes. 
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Neutral Decays 

The search for the decays of neutral charmed particles 
required that for each event a volume be scanned for decays 
downstream of the primary vertex, with: 

Horizontal Emulsion 
A volume of size 6X = AY = 600 µm 

and length 6Z = 1000 µm 

Vertical Emulsion 
A cylindrical volume of radius r = 200 µm 

and length 6Z = 1000 µm 

Scanback 

Tracks with P > 700 MeV/c which extrapolate to within 
2.0 mm of the primary vertex, which are not (initally) 
observed in the emulsion (i.e. tracks with 6dX/dZ, 6dY/dZ 
> 15 mrad, defined as "not observed") were searched for in 
the changeable sheet and "scanned back" to their origin in 
the emulsion (most often a gamma conversion, or nuclear 
interaction) • Implementation of the scanback technique for 
the horizontal emulsion met with limited success for the 
same reasons as for the track followback technique. (Note 
that the methods of track-followback and scanback are 
"symmetric" operations in the process of event finding. A 
priori, scanners have no knowledge where the tracks 
originate. Tracks (chosen essentially at random) many times 
lead to the decay vertices first~ hence scanback for the 
primary vertex was carried out in these events.) Particular 
care was taken when NH= 0, NS = 2,4,6, ••• prong events 
were found, for this reason. The ability to scanback tracks 
in the emulsion is a unique feature associated with this 
experiment and is an important factor in determining the 
mean lifetimes of charmed particles, as is discussed 
further, below. 

CHARM DECAY SCANNING EFFICIENCIES 

The ability to detect particle decays was not 
independent of the distance from the primary vertex. The 
scanning efficiency decreased near the primary vertex due to 
the obscuration of decays by other minimum ionizing (NS, or 
shower) tracks from the primary vertex, and also due to 
finite "diameter" size effects at the primary vertex. Far 
away from the primary vertex, the overall scanning 
efficiency decreased due to the fact that scanback of 
spectrometer tracks was possible only in the vertical 
emulsion. The scanning efficiencies of horizontal and 
vertical emulsion for charged and neutral charm decays were 
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determined in various ways, for several distance regions in 
the emulsion. 

Scanning Efficiency Near the Primary Vertex 

The effects of geometrical obscuration of decays from 
shower tracks were determined from knowledge of the angular 
distribution and also the number distribution of NS tracks, 
and by defining a detection criterion, that two tracks are 
resolvable as distinct entities for track separations 
greater than 3 µm (for grain sizes d ~ 0.7 µm). Thus, the 
scanning efficiency due to geometrical effects is the 
fraction of tracks capable of being detected as distinct 
(i.e. separate) at a given distance from the primary 
vertex. 

The scanning efficiency due to the finite "diameter" 
associated with the primary vertex was determined from the 
empirical dependence of the diameter on the number of NH and 
NS tra~ks present in the event, The diameters for 320 
neutrino interactions (chosen at random) were measured to 
obtain the following analytic form: 

D ~ (NH + NS/2)/4 + 1.80 (µm) 

for diameters D > 3 µm with the observed NH and NS 
distributions as shown in Fig.40. 

Charged Track Following Efficiency 

The scanning efficiency as a function of follow length 
is shown in Fig.37 for the horizontal emulsion. (The track 
following efficiency for the vertical emulsion is similar to 
the horizontal emulsion over the angular regions scanned and 
for track follow lengths < 6 mm). The track following 
efficiency is the ratio of the number of tracks followed for 
a given distance, to the total number of followed tracks. 
Away from the primary vertex, the track following efficiency 
for multi-prong charged decays is approximately 95 ± 5% for 
tracks with e < 200 mrad and follow length less than 6 mm 
90% of all charged tracks were followed the full 6.0 mm (or 
more). 
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Neutral Decay Volume Scanning Efficiency 

The (volume) s~anning efficiency for.neutral ~e£ays .in 
emulsion was estimated from the ratio of e e pairs 
(associated with neutrino intera~tions) found by volume 
scanning, to the total number of e e- pairs expected from 
conversions in the emulsion from ~

0 decay ( ....... 2~ 0
/v­

i~teraction). The volume scanning efficiency for finding 
e e- pairs in the vertical emulsion was found to have a 
spatial dependence of the form: 

€(Z) = 0.60(1 - 0.05 Z (mm)) 

The volume scanning efficiency for finding e+e- pairs in 
emulsion is an upper limit on efficiency for finding+ ~ecays 
of neutral charmed particles, as the track from an e e pair 
is 2 x minimum ionizing, whereas the tracks from the decay 
of a neutral charmed particle are only minimum ionizing. 

Charged Decay Scanback Efficiency 

The charged decay scanback efficiency was determined 
from knowledge of the number of tridents N with k 
reconstruct.ed decay tracks, and the e·fficiency for finding a 
spectrometer track on the changeable sheet and following it 
into the emulsion. The scanning efficiency for finding a 
track on the changeable sheet is 

€cs = 142/148 = 96 ± 2% 

The charged scanback efficiency is given by the 
following: 

Where n is the number of tridents with k reconstructed 
decay tr~cks. 
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The charged scanback efficiency was found to be 
significantly different for parent momenta above and below 
10 GeV/c, as shown below. The average charged scanback 
efficiency (integrated over parent momentum spectrum) was 
obtained using all charged multi-prong decays. 

k 
0 
1 
2 
3 

Thus, the 

nk(Pc<lOGeV/c} 
4 

nk(Pc>lOGeV/c} 
0 

7 1 
4 1 
0 6 

charged scanback efficiency is 

<ch 71 ± 13% (P < 10 GeV/c) ESb = c 
>ch 

ESb = 100 ± 13% (P . 
c > 10 GeV/c) 

ECh = 
sb 81 ± 9% (Average) 

Neutral Scanback Efficiency 

nk (Avg.) 
4 
8 
5 
6 

The neutral scanback efficiency was determined in a 
similar manner as for charged decays~ 

EN 1 l nk(l-(1-Ecs)k} = N Sb k 

2-Prongs 4-Prongs 6-Prongs 
k nk k nk k nk 

0 1 0 0 0 0 
1 6 1 1 1 0 
2 4 2 3 2 0 

3 1 3 0 
4 3 4 0 

5 2 
6 0 
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Thus the neutral scanback efficiency is ENb = 94 ± 5%. The 
momentum spectrum for neutral charmea particle decay 
candidates is significantly harder than for the charged 
charm decay candidates, having no low momentum event, except 
635-4949. The charged scanback efficiency is lower than the 
neutral scanback efficiency, primarily due to the charmed 
baryon decays which have lower paren~ momenta, and thus 
lower daughter momenta; the daughter tracks are emitted at 
correspondingly larger angles in the laboratory. As a 
result, the track reconstruction efficency will therefore be 
lower for tracks from the decays of charmed baryons. See 
Fig.38. 

Charged and Neutral Decay Scanning Efficiencies 

The total scanning efficiencies for charged and neutral 
decays (shown in Fig.42) were obtained by joining together 
the scanning efficiencies in each region, weighted by the 
number of v-events found by the horizontal and vertical 
emulsion groups. The events found by the Ottawa and Korean 
groups were classified with the vertical emulsion for the 
first 30 µm from the primary vertex, and with the horizontal 
emulsion for distances greater than this, because of the 
absence of scanback information for these two groups.. For 
the vertical emulsion, the scanback of spectrometer tracks 
extended all the way up to the primary vertex, hence the 
vertical scanning efficiency included the track following 
(volume scanning) efficiency in each region and the charged 
(neutral) scanback efficiency for charged (neutral) decays, 
respectively. 

The numerical values of the charged and neutral 
scanning efficiencies are summarized in Tables 3 and 4. 

A summary of the event finding statistics appears in 
Table 5. 
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TABLE 3 

CHARGED DECAY SCANNING SFFICIENCY 

RANGE (µm) €ch(%) 
0-2 0±8 
2-5 18±8 
5-10 50±6 

10-30 76±4 
30-3000 95±5 

3000-6000 85±6 
6000-60000 42±13 
6000-60000 59±13. 
6000-60000 47±11 

TABLE 4 

(P < 10 GeV/c) 
(P~ > 10 GeV/c) 
(Average) 

NEUTRAL DECAY SCANNING EFFICIENCY 

RANGE (µm) EN(%) 
0-2 0±8 
2-5 14±7 
5-10 32±6 

10-30 68±5 
30-400 81±15 

400-1000 71±11 
1000-60000 55±5 
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DISCUSSION OF EVENT FINDING AND CHARM SEARCH 

The flight lengths of charm decay candidates are shown 
in Fig.42 for charged and neutral charmed particles. The 
distribution of found events in z indicates the unbiased 
nature of the scanning methods used in this experiment. The 
flight length distribution drops (nearly) to zero (with the 
exception of one event out of 49 total) at 20 µm, well 
before any significant drop in the scanning efficiency (See 
Figs.37, 38 and 39). Similarly, the event distribution 
drops to zero well before the downstream end of the target 
is reached (5 cm), while the scanning efficiency is still 
high in this region. 

A significant number of charm decays would not have 
been observed without the use of the scanback technique, in 
that 5 out of 18 D0 , 2 charged decays and one neutral baryon 
candidate were found by this method. One event (665-4023) 
out of the 45 multi-prong charm decay candidates decayed in 
the changeable sheet (not in the fiducial volume~ after 
travell~ng 6820 ± 100 µm and is therefore not included final 
event sample. 

A plot 9f the production angles of charmed particles is 
shown in Fig.43. The angular distribution is observed to 
fall to zero well before .the limits set by scanning 
criteria. The track following efficiency is high (95 ± 5%) 
for tracks with a < 200 mrad and follow length less than 
6 mm The volume scanning efficiency for neutral decays falls 
of as 1 - 0.05L (mm), where L is the distance from the 
primary vertex. The volume scanning efficiency is thus only 
weakly 9-dependent. The a-dependence of the scanback 
efficiency is a primarily a function of the track 
reconstruction efficiency angular dependence, which is in 
excess of (85 ± 5%) for a < 200 mrad. 

A plot of the number of charm decays vs. z is shown in 
Fig.35. The relative charm neutrino event finding 
efficiency (normalized to unity) is also shown in this 
figure. The effects of the overall event reconstruction 
efficiency were removed in the same manner as that for 
neutrino events in general (Fig.34.) As can be seen from 
the figure, the efficiency for finding charm is not flat in 
z. Statistically, the ratio of the number of events found 
in the downstream half of the target to that for the 
upstream half of the target is 1.7 ± 0.5. 
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<P5~~dd> = 3.0 ± 0.5% (charged) 

<P5~!ven> = 4.7 ± 0.6% (neutral) 

The probability PP > P of the incident hadron having 
cut 

a momentum greater than a specified momentum cut Pcut is 

given by: 

Charged Hadrons 

P = Exp(-0.77Pproton> for protons 
Pproton > Pcut 

PP > = Exp(-0.40Pn) for pions 
n Pcut 

(Spectra obtained from TOF identification.) 

Neutral Hadrons 

PP P ~ Exp(-0.77Pneutron> for neutrons 
neutron > cut 

(From isospin invariance.) 

-b+l 0 PP P = bPKo , b = 2.32 ± 0.44 for K [131] 
K0 ~ cut 

Since the ability to observe a nuclear interaction is 
not flat over all distances from the primary vertex, the 
interaction probability over a given scanning region 
Pint(Z.) must be weighted by the scanning efficiency E(z.) 
over tnat region. 1 

Pint(Zi) = (exp(-ZL/Aint> - exp(-ZH/Aint>>; z~ ~ zi < z~ 

The total probability of interacting in the emulsion and 
being detected is therefore tEi(Zi)Pint(Zi). 

The charged and neutral scanning efficiencies (Fig.42) 
are summarized in Tables 3 and 4. Charged tracks are 
followed 6.0 mm on average. Scanback of charged tracks 
.L-1--- -.1!.a..-- .&..1-!- --.:-.L ~.:--- --.L _,, --.:---·· .L---··-
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Thus k€?hgd(Z.)Pint(Z.) = 2.4% for charged hadron inter-
actions: i i 

Neutral decays are volume scanned for 1.0 mm, along 
with scanback of charged tracks from neutral decays where 
needed. The last region must be weighted by the fraction of 
tracks that are scanned back. 

Thus ~€~eut(Z.}Pint(Z~} = 
. . i i ... interac ions. 

1.0% for neutral hadron 

The number of events from hadronic interactions in 
charged current neutrino interactions mimicking charmed 
particle decays is obtained from the product of the factors 
discussed above. 

Number of Charged Hadronic Background Events: 

Nproton 
int = 0.46 (0.02} 

N1T±K± 
int = 2.80 (0.57} 

Nchgd 
int = 3.26 (0.59} 

Number of Neutral Hadronic Background Events 

Nneutron 
int = 0.23 (0.01} 

Ko 
0.05 (0.01} N. t = in 

Ao 
Nint= 0. 02 (0.00} 

Nneutral = 0.30 (0.02} int 

NTOT = 3.55 (0.60} INT 
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The first number is the total number of such background 
interactions over all incident particle momenta, and the 
numbers in parentheses are the number of events with 
incident hadron momenta above P t = 4.0 GeV/c. cu 

Note that these numbers agree with the number of 
nuclear interactions mimicking charm decays as determined 
from the total number of observed charged (neutral) nuclear 
interactions (see Table 5), and the fractional NH = O, 
NS = odd (even) prong rates. 

The numbers given above are in fact upper limits to 
hadron induced backgrounds, as spectrometer/emulsion 
information on particle identity may be used in conjunction 
with known conservation laws (e.g. flavor and baryon number 
conservation) to eliminate (or confirm) nuclear interaction 
hypotheses. (See for example, event 635-4949.) Most 
nuclear interactions will not yield acceptable 3-C kinematic 
fits as charm decays. 



TABLE 5 

StJMMARY of EMULSION SCANNING RESULTS (August,1981) 

VERTICAL VERTICAL HORIZONTAL TOTAL 
NAGOYA OTTAWA 

EVENT FINDING 
t computer predictions 
t in fiducial volume 
I found 
(vol. scan) 
( followback) 
t failed 
event finding 
efficiency ('l 
<NB> 
<NS> 

944 
822 
726 

0 
726 

96 
93 

3.6 
5.8 

CHARM SEARCH 
CBAR(;E:D DECAYS1 

I events searched 
t tracks followed 
I tracks followed/event 
total track length 

followed (ml 
length followed/track 

<-> 
I nucl int .(multi-prong) 
I kinks (non-charm) 

I chg~ charm cand 
t kinks 
t tridents 
I double 'charged 

NEtJ'1'RAL DECAYS: 

t events searched 
total volume scanned 

<-'> 
I n!JC!· int. 
t a a pairs 

(v.s.+ s.b.) 

I vees (non-charm) 

t neut charm cand 
t vees * 
t 4-prong 
t 6-prong 

t charm candidates 
(multi-prong) 

t charm candidates 
(total) 

617 
3027 

4.9 
16.4 

5.4 

42 
22 

18 
3 

14 
1 

617 
174.5 

1 
138 

2 

18 
11 

6 
1 

33 

36 

t Identified Charm Candidates: 

D+ 
D' * 
p• 
A+ 
Niutral Charm Baryon 

4 
17 

2 
4 
1 

t Ambiguous Charm Candidates: 

D+ "'+ 2 
D+'lF+ /A+ 6 

c 

179 
146 
133 

78 
55 
13 
90 

4.0 
6.0 

101 
509 
5.1 
5.7 

11.1 

9 
5 

2 
0 
2 
0 

116 
43.3 

0 
23 

1 

0 
0 
0 
0 

2 

2 

0 
0 
0 
2 
0 

0 
0 

977 
861 
383 
314 

69 
341 

53 

6.5 
6.2 

383 
1969 

5.1 
12.7 

6.4 

38 
21 

8 
2 
6 
0 

383 
175.0 

0 
33 

1 

3 
1 
1 
1 

9 

9 

1 
2 
1 
2 
0 

0 
4 

2100 
1829 
1242 

392 
850 
450 

68 

4.0 
6.0 

1101 
5505 

5.0 
34.8 

6.3 

89 
48 

28 
5 

22 
1 

1116 
392.8 

1 
194 

4 

21 
12 

7 
2 

44 

49 

5 
19 

3 
8 
1 

2 
10 

* Two of the D' (vee) candidates come from a sing.le event 
(!.a.charm pair-production). 

57 
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·CHARM PARTICLE DECAY EVENT RECONSTRUCTION 

For each neutrino event with a charmed particle decay 
found in the emulsion, a nstandard" analysis procedure was 
adopted for reconstruction of not only the decay, but the 
entire neutrino interaction. This procedure was used in the 
reconstruction of all charm decay candidates. The average 
amount of time spent on reconstruction of' each charm decay 
event was in excess of one man-month. 

EVENT RECONSTRUCTION ALGORITHM: 

1. Receive emulsion event information (e.g. 
X', Y', event vertex location, etc.) 

2. Check with logbook for unusual 
conditions (e.g. magnet off). 

data 

NH, NS, 

taking 

3. Dump visual display of event using nAnalyzern 
program, get X, U, V displays of hits in drift 
chambers, over-all event display, blow-ups of drift 
chamber hits, hits in TOF II, PbG array, and 
display of the calorimeter energy flow (paddle · by 
paddle). Reconstruct charged tracks by hand using 
ruler and pencil, in all three views. Check for 
nout-of-timen tracks in drift chambers. 

4. nRefitn event using MJG v event track refitting 
program. 

5. Account for all observed emulsion tracks. Compare 
NRS, TSY, MJG reconstruction programs for 
consistency, and consistency with visual 
information. Compare reconstruction programs and 
visual information with emulsion information. 
Request emulsion exit angles, PS and ionization 
measurements for unreconstructed primary and charm 
decay tracks. Check again when requested emulsion 
information is received. Use weighted average of· 
up-only and PS measurements for momenta of up-only 
tracks. Account for all kinks, nuclear 
interactions, etc. in event: find associated 
shower tracks in drift chambers. Check for pion, 
kaon decay. 

6. Look for extra tracks in 
(up-to-down, upstream only and 
tracks). Scanback these tracks. 

drift chambers. 
downstream only 
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7. Look for v0 -decay in drift chambers (both upstream 
and downstream). Reconstruct decay vertex. If in 
emulsion, scanback these tracks. Use available TOF 
information to determine if meson or baryon decay. 
Check L/yScT for neutral decay particle hypotheses 
(e.g. K0

, A0 etc.) Test coplanarity for two-body 
decay hypothesis, and whether neutral particle came 
from primary or secondary vertex. If coplanarity 
test results poor, look for additional neutral 
particles, e.g gammas and pi-zeros, for hypotheses 
for KL 0

' E0 and 3° decay. Kinematic 1-C, 2-C and 
3-C fits for v0 decays to K~, A0

, K~, E0
, 3° decays 

8. Check consistency of TOF II hits with tracks in 
downstream drift chambers. Check Y-positions of 
drift chamber tracks and TOF II predictions. 
Beware of backsplash from the lead glass array. 
Check timing of hits in TOF II counters. Obtain 
TOF I.o. for reconstructed up-to-down tracks. 
Check start time. 

9. Project downstream drift chamber tracks into PbG 
array. Check consistency of hits in PbG with 
downstream drift chamber tracks and TOF 
information. Look for evidence of electrons (i.e. 
energy in region of entry of charged track E(PbG) > 
P(trk). Check TOF for consistency. Check whether 
electron comes from primary or secondary vertex, if 
track does n~t originate from either, perform 
scanback for e e- pairs or decay vertex. Check for 
presence of opposite sign track with similar 
slopes. Check for effects of bremmstrahlung in 
appropriate PbG blocks. Check calorimeter row 
behind PbG blocks for consistency with electron 
hypothesis. (Interacting hadrons in PbG can mimick 
electrons, see Fig.25.) 

10. Obtain "gamma candidates". Remove M.I. hits and 
electron energy, bremmstrahlung from blocks in lead 
glass ar~ay. "gamma candidates" are defined as the 
found e e pairs, plus the residual energy left 
over in each of the lead glass blocks. The slopes 
for each PbG gamma candidate are calculated using 
the centers of each block. Use "gamma" program to 
calculate two-gamma invariant masses, parent 
slopes, and momentum for all possible gamma 
candidate combinations. Adjacent two-block 
combinations for gamma candidates were processed in 
a similar manner, for one-block two-block and 
two-block two-block combinations. 
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11. Pi-zero (eta) candidates are defined as 
Mo, ) = M ± 2.0 s.o. or Ehlk > 4.0 (16.3) GeV 
(~oa~escedYY gamma's). Searcn for evidence of 
K0 

+ ~ 0 ~ 0 decay in ~ 0 -~ 0 mass combinations. 
P~rform 1-C fits to pi-zero, eta and K: candidates. 

12. Project downstream drift chamber tracks into 
calorimeter. Check E(cal) for consistency with 
E(inc) row by row. Check shower development 
structure row by row. Look for excess E(cal) due 
to neutral hadrons. Check muon track, charm decay 
tracks and other tracks for consistency as muons 
and/or hadrons. 

13. Project downstream drift chamber tracks into muon 
steel. Account for hits in muon counters. Check 
muon candidates for punchthrough. 

14. Kinematic fits to charm decay candidates. Fit 
events with various kinematic fitting programs, 
utilizing all the available information on the 
event. Try various decay hypotheses to determine 
particle identity if the particle type is not 
obvious (see below). le Calculate decay time 
T · = (m/P) ( t/c) • 

15. Look for evidence of resonant daughter state~ with 
two and three body mass combinations (e.g. p-' 01 s, 
K*'s, A's I*'s, etc.) 

16. Look for evidence of resonant charm states with two 
and three body mass combinations of charm particle 
with charged particle from primary vertex, and/or 
gamma and pi-zero candidates. 

17. Check for strange particle production in charm 
events, especially for F meson and charmed-strange 
baryon decay candidates. 

18. Calculate kinematical variables associated with 
event, e.g. Ehad' Ev' Q2

, v, W, x, Y, z, ~µch· 



MOMENTUM MEASUREMENT and PARTICLE IDENTIFICATION 
in""EMULSION 

Pa Multiple Scattering Measurements in the Emulsion 
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Much more information concerning the decays of charmed 
particles could be obtained from measurements made in the 
emulsion than just information of a geometrical nature. The 
downstream spectrometer apparatus was not 100% efficient at 
reconstructing all decay tracks, particularly low momentum 
wide-angle tracks. For these tracks momentum information 
could be obtained from Pa multiple scattering measurements 
in the emulsion. Pa measurements for a particular track are 
obtained using a "stiff" track from the same event as a 
reference track, (usually the muon, for a charged current 
event}, and measuring the deviations of the slow track 
relative to the reference track at various points along the 
particle's track [122,134,135]. In this way, the effects 
from microscope stage noise and distortion in the emulsion 
were eliminated to first order. The measurement of Pa in 
the emulsion was more accurate than for drift chamber 
measurements of up-only tracks below 700 MeV/c. The 
weighted average of emulsion and counter measurements of the 
particle's momentum was used in the kinematic fits for such 
decay tracks. 

_Specific Ionization Measurements in Emulsion 

Particle identification in emulsion was also possible 
from ionization measurements in the emulsion, provided the 
particle momentum was also known. The number of silver 
grains per unit length N/100 µm in the emulsion are counted 
along a track length, with a statistical resolution 
proportional to IN'. The ionization I for a given track is 
then normalized to the ionization Io of the reference track 
(i.e. the muon or a fast hadron in the same event} to 
eliminate the effects of track fading and local grain 
density variations in the emulsion. Two corrections, both 
angular in nature were made to I/Io. The first merely 
corrected for the true track length (as only the Z-distance 
is measured in the emulsion). The other correction (applied 
only for events found in the vertical emulsion) accounted 
for grain obscuration effects for steep tracks (small 0). 
Fig.44 shows a calculation for I/Io vs Pa for e,µ,~,K,p in 
emulsion [134,135]. Pions are capable of being 
distinguished from kaons up to 800 MeV/c, kaons from protons 
up to 1.5 GeV/c. Electrons were identified in the emulsion 
from observation of trident (or pseudo-trident} production 
and/or shower production in the emulsion. 
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Range-Energy Measurements in Emulsion 

For very slow tracks not exiting the emulsion, the 
(kinetic) energy of the particle could be determined from 
energy loss in the emulsion; the range-energy relationship 
is of the form [134,135]: 

Em = bMl-n R~ (MeV) 

Where b = 0.251, Mk = mk/mp' mp =proton mass 

Rm = range (cm), n = 0.581 

This measurement technique was used for only for one charmed 
decay track in the entire data sample (Event 549-4068). 

KINEMATIC FITS to CHARMED PARTICLE DECAYS 

Each charm decay candidate was kinematically fit with 
as high a constrained fit as possible. The kinematic 
fitting programs used in the data analysis were variations 
of a standard fitting program [217] which used the method of 
linearized least squares in conjunction with Lagrange 
multipliers. O, 1, 2 and 3-C fits were made for the decays 
of charmed particles; · 

1. 0-C fits for decays with an (unobserved) missing 
neutral. Parent mass assumed, the parent momentum 
and missing neutral momentum and slopes are 
calculated. 

2. 1-C fits for short decays (unmeasurable parent 
slopes). Parent mass assumed, parent momentum and 
slopes are fitted. There were no charged decay 
candidates in this category, and only one neutral 
decay candidate (654-3711). 

3. 2-C fits, measured parent X and Y slopes, fitted 
parent mass and momentum. 

4. 3-C fits, measured parent slopes, parent mass 
assumed, fitted parent momentum. 

5. Kinematical fits to decays of daughter particles. 
1-C fits to pi-zeroes; 1, 2 and 3-C fits to Ks0 and 
Ao. 

6. 2-C and 3-C 
interactions. 

fits to nuclear and neutrino 
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CHARM DECAY FITTING ALGORITHM: 

The following procedure was used for fitting charm 
decays: 

1. Check parent slopes and decay slopes for 
geometrical evidence of missing neutrals. If 
neutral two-body decay, test coplanarity. (e.g. 
K~, neutral hyperon background.) 

2. 1-C, 2-C, 3-C fits: The initial fit hypothesis 
consisted only of charged decay tracks. TOF, 
emulsion I.D. information used to limit number of 
hypotheses. 

3. If P~ balance poor (i.e. C.L. (2-C) 1.0%), try all 
decay hypotheses consistent with ~c = -~s rule, for 
a · single observed and reconstructed neutral 
particle, with PL in required quadrant. If there 
are no observed neutrals, or if the event is a 
semi-leptonic decay, perform -le fit with 
accompanying 0-C missing neutral fit to assumed 
charmed particLe. Input solutions of 0-C fit to 
primary vertex fit of entire event to determine 
correct 0-C solution, if feasible. 

4. For 2-C and 3-C fits, if PL balance still poor 
and/or 2-C mass below charm particle mass, try all 
decay hypotheses consistent with ~c =- ~s, with 
multiple neutral daughters. For situations where 
the inclusion of a pi-zero in the decay hypothesis 
has several pi-zero candidates, all of which may 
yield acceptable 2-C and 3-C fits, the pi-zero 
which simultaneously has the greatest 1-C pi-zero 
C.L., and 2-C and 3-C charm decay fit C.L. is 
assumed to be the most likely candidate. If the 
event is unreconstructable, 0-C fits to assumed 
charmed particles. (Input solutions of 0-C fit to 
primary vertex fit of entire event to determine 
correct 0-C solution, where possible.) 

s. For 1-C and 3-C fits, the values used for the 
masses of the charmed particles were [ 16 0] : 

MD+ = 1868.3 MeV/c 2 

M0 o = 1863.1 MeV/c 2 

MF+ = 2030.0 MeV/c 2 

M + = 2285.0 MeV/c 2 

A c 
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6. 1, 2 and 3-C fits of decay as hadron-induced 
nuclear interaction. Use decay hypotheses 
consistent with nuclear interactions. Test 
hypotheses for pion, kaon, and nucleon-induced 
reactions. (All events were tested in this manner 
and failed as nuclear interactions, i.e. 2-C and 
3~C C.L.< 1%). 

7. Identify decay particle from X2
, C.L., TOF and 

emulsion I.O. information. For fitted events, 
only those decay hypotheses with 1-C, 2-C or 3-C 
confidence levels greater than 1% are kept. 

8. Calculate decay-times and decay-time errors using 
fitted 3-C momentum. 
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CALCULATION OF PARTICLE MEAN LIFETIMES 

The mean lifetime for each charmed particle species was 
determined by the method of maximum likelihood. For an 
unstable particle obeying an exponential decay distribution 
with a mean lifetime T, the probability of decaying at the 
time ti in the time interval dt is given by: 

dP(ti,T) = P(ti,T)dt = l/T exp(-t/T)dt 

with f 00
P(t.,T)dt = 1 

0 1 

As the scanning efficiency for observing decays is 
biased against observing extremely short and also long decay 
times, the analytic form of the decay distribution must be 
modified to reflect this bias, and is given by: 

l -t./T 
dP(ti 1 T) = €(1i)T e 1 /Ai(T)dt 

Where e(1.) is the scanning efficiency in the i-th region, 
and 1. is 1 the distance from the primary vertex. 

1 

A. (T) 
1 

t. = 
1 

t = 

p.c = 1 

t = 

1. m 1 
p, c 

1 

m z 
p:- -

1 
c 

m1./t. 
1 1 

z t. r 1 
1 

= mz/t 

t or z = t. 
1 

1. 
1 

m 
P.c 

1 
J

oo l -mZ/P.cT 
e(Z)e 1 dz 

Q T 

For a set of N independent decays which have the decay 
probability distribution given above, the likelihood func­
tion !f(T) is defined as: 

,2 (T) = 
N 
II P(t. ,T) 

i=l 1 
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The most likely value of the mean lifetime T is that value 
of T which maximizes the likelihood function .Q'(T), or more 
conveniently ln(~(T)): 

The one and two s.o. limits (68.3% C.L., 95.4% C.L., 
respectively) on the lifetime are determined from the values 
of T where ln(~(T)) is reduced by 0.5 and 2.0 respectively, 
i.e. 

1 S. D. LIMITS: ln .$2' ( T) - 0. 5 

2 S.O. LIMITS: lns:t' (T) - 2.0 

A more detailed discussion of the method of maximum 
likelihood appears in Refs. [123,136]. 
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CHARM DECAY CANDIDATE EVENT SAMPLE 

From the charged charm candidate event sample of 23 
multi-prong and 5 single-prong events, 5 events were 
unambiguously reconstructed as the decays of D+ mesons, ~ 
events were unambiguously reconstructed as the decays of F 
mesons, and 8 events were reconstructed as the decays of A+ 
charmed baryons. The remaining 12 charm decay candidate~ 
were also reconstructed, but with varying degrees of 
uncertainty and ambiguity as to parent identity, due to 
specific difficulties associated with each event. (e~g. 

complicated event, magnet off, secondary nuclear inter­
actions of daughter tracks in emulsion, etc.) 

A brief discussion of each charged charmed particle 
decay candidate is given in the Appendices. The raw counter 
and emulsion data for each event are contained in data 
summary sheets in Table 23. A description of the format and 
how to read the summary sheets is given in Appendix B. 

The decay times, parent masses and momenta as obtained 
from the results of the kinematic·fits for each event are 
summarized in Tibles 6 and 8 for the D and F+ mesons, Table 
10 for the A baryons, and Table 12 for the ambiguous 
events. The chgrge sign of the muon from the primary vertex 
is included for each event entry in these tables, to 
indicate neutrino or anti-neutrino induced production of 
charm. In one event (597-1851) no muon was observed, 
although it was not possible to positively exclude the 
presence of a muon from the primary vertex, due to the 
inability to identify all particles in this event. 

For each of the charmed particle decay candidates, 
daughter particles emitted in the decay of the parent which 
have been identified with > 90% C.L. by TOF (or emulsion) 
methods are underscored with a _ (_) respectively. 

For all events listed with a neutral particle as one of 
the decay products, the charged-tracks-only 2-C fit 
indicated the presence of one or more neutral particles in 
the decay with > 99% C.L. Neutral particles emitted in the 
decay which are unobserved in the spectrometer are enclosed 
in parentheses, e.g. (n°). Neutral particles not enclosed 
in parentheses are observed either in the emulsion and/or 
the spectrometer, and are underscored if identified in_a 
similar manner to that for charged tracks, e.g. A0 

+ pn , 
or from kinematic analysis (i.e. a unique interpretation). 
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The individual x2
, C.L. results for the kinematic fits 

to c~arm+ de~ays are summarized in Tables 7, 9, 11, 13 for 
the D , F , A and ambiguous charm events, respectively. 
The results cfor both 2-C and 3-C fits are given, as they 
collectively determine, on an event-by-event basis, the 
consistency of the event sample with a given particle state, 
and test for systematic effects on the likelihood of 
additional missing neutrals, offsets in energy and momentum 
calibrations, etc. 

The number of iterations the kinematic fitting program 
takes to converge (i.e. to conserve energy and momentum) is 
included in the tables, as it is an important indicator of 
the validity, or ngoodness of fitn for each event. It was 
observed during the course of event fitting that incorrect 
or incomplete decay hypotheses would, apart from having poor 
x2 and C.L.'s, also take many iterations to converge. 
Events with the number of iterations > 5 were almost always 
unacceptable for the above reasons, and also because of 
kinematic fits with too large input errors. 

The collective x2 , C.L. distributions, along with the 
L\Px and L\Py for charm decays are shown in Fig~45. The 
constrained charmed particle masses from 2-C fits are shown 
in Fig.48. An investigation of the possiblity of systematic 
npullsn in the kinematic 2-C and 3-C fits found no evidence 
for significant shifts in any of the measured vs. fitted 
variables. The results of this investigation are summarized 
in Tables 21 and 22. 

1-C fits of w0 •s used in the reconstruction of charme9 
particles are summarized in Table 19. 1-C fits of K0 and A 
used in the reconstruction of charm decays are summarized in 
Table 20. The 3-C decay times of the unambiguous charmed 
particle decays for each particle species were used in the 
determination of the mean lifetime for that particle type. 
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DETERMINATION OF THE D+ LIFETIME 

The mean lifetime for the D+ was determined from th~ 
reconstructed decays of 5 unambiguously iden~if ied D 
mesons, summarized below in Tables 6 and 7. The D lifetime 
is: 

T = 10.3 +lo. 3 x 10- 13 sec 
0

+ -4.2 

A plot of ln.!e'(T) vs. T for the o+ is shown in Fig.SO. 

The averaged parent momentum was used to determine the 
mean decay time for one event (580-4508) which had a missing 
neutral (and thus two momentum solutions, 600 MeV/c apart). 
The other two events with 0-C fits had unique solutions (see 
Appendix A.). (Equal weights are assigned to the two 
momentum solutions, in the absence of an. (independently 
measured) charmed particle momentum spectrum.) 

The charged scanning efficiency with the scanback 
efficiency for P > 10 GeV/c was used in th~ lifetime 
calculation, corresponding to the observed D momentum 
spectrum. A one s.o. change in the oierall charged decay 
scanning efficiency shifts the+fitted D lifetime by 8%. 
The sensitivity of the D lifetime on the scanback 
efficiency is 5.0% (2.5%) for the worst case (average) 
charged scanback efficiencies. (Worst case = scanback 
efficiency for charm decays with P < 10 GeV/c.) Choosing 
the high or low solution in t8e- unconstrained 0-C fit 
displaces the lifetime by ± 2.1%. 

The (weighted) mass for the D+ is 1851 ± 20 MeV/c 2 
• 

(The value obtained for the o 0 is 1856 ± 15 MeV/c 2 [123] .) 
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TABLE 6 

SUMMARY ~ D+ DECAY CANDIDATES 

EVENT MUON DECAY MODE D.L. p M.'.\SS DECAY TIME 
NUMBER HYPOTHESIS (llm) (Gev7c> (MeV/c 1

) cx10- 1
' sec) 

Sl2-S761 - D++lC11' + .!+11'o 4S7:tS 10.4:t0.l l829:t3S 2.77:t0.0S 

p++g-g+.!+'ll'o l0.3:tO.l 20ll:t33 3.00:tO.OS 

S46-l339 - D ++K-11' + l!. + ('IJIJ) 21SO:tSO 16.6:t0.2 0-C 8.06:t0.22 

+ - + + p +ir 11' .l!. (JJ'IJ) 13.3:t0.2 0-C 10.94:t0.16 

36.8:t0.2 2.9S:t0.02 

S80-4S08 - + - - 2307:tSO 9.46-:tO.lS 0-C 1S.20:t0.40 + -D +11' Ke ('IJ ) - e 
10.0l:t0.13 14.37:ta.36 

,. 
D++g-g+.!+.!• S98-17S9 - 1802:tlS 17.ua.3 1862:t2S 6.44:t0.13 

663-77S8 - D++g-'ll'+e+('IJ )13000:tSO ll4.3:t7.6 0-C 7.0S:t0.44 e 
p+.,,-'ll'+e+('IJ ) 

- e 
96.8:t7.6 a-c 8.36:t0.47 

TABLE 7 

SUMMARY~ D+·DECAY KINEMATIC FITS 

EVENT 2-C FITS 3-C PITS AP AP 
h""UMBER x1 C.L. ITER x1 C.L. ITER x(MeV/c) Y 

Sl2-S761 5.98 a.as 3 7.07 o.a7 2 -114:tl6 87:tS2 

S.98 a.as 3 6.26 O.la 2 -114:tl6 87:tS2 

S98-17S9 2.23 a.33 2 2.27 O.S2 2 -44:t79 -8S:t67 
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F+ and A+ Background in o+ Decays 
~ ~- -c 

The F+ backiround associated with the above sample of 
semi-leptonic D decays occurs from the processes shown by 
t~e Feynman diagrams in Fig.49. The number of contaminant 
F decays within the D sample i~ the combined sum of the 
probabilities ~or each individuai D event to be from thi 
decay of an F , rather than a D meson. Each individual F 
proba~ility is the prod~ct of the probability of producing 
an F (relative to a D ) in a neutrino interaction, and the 
specific decay background probabili~y for+ that event. 
Assuming equal production ratios for D and F mesons (as an 
uppe~ +l!m!t>, along with the . assumption that 
Br(F +n n 1 v1 ) < 5%, based on theoretical calculations of 
the rates a~sociated with the diagrams in Fig.49, and the 
measured F lifetime (see Appendix A f~r further details). 
T~us, the maximum F contamination, or F background in the 
D decay candidates is: 

F+ 
NBKGND< a.S(a.2a +a.as+ a.aa + a.2a + a.aS) -= a.25 Events 

The individual F+ contributions from event 512-5761 and 
event 598-1759 are due·to n/K ambiguity as~ociated with one 
of the daughter tracks (favored to be a n at the 8a% C.L.) 
and a unobserved n°, respectively. See Appendix A for 
further details. 

Si~ce the F+ lifetime is observed to be shorter than 
the D (see ~elow), the most conservative method of 
estimating the F background is to cast out the event with 
the shortest decay time (Event 512-5761). The average decay 
time is thus increased by 16%, a small effect in comparison 
to the statistical error on the mean lifetime. 

The A+ contamination in the o+ sample, obtained by 
postulatin~ a missing neutron or assuming the untagged 
positive hadrons in the decays are protons, is negligibly 
small, as +the minimum mass possible is more than 3 s.o. 
above the A mass in all c~ses exc~pt event 598-1759 where 
the 3-C C.L: = a.035 for A + K-pn n° c 
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Determination of the Ratio of D+, ~Lifetimes 

The lifetime of the D+ is measured to be a factor of 
three longer (by 1.7 S.D.) than the lifetime of the of the 
D0 meson using all 18 reconstructed D0 decays: 

= 3 2 +1.0 
• -0.7 

However, it was noticed that within the D0 sample, there are 
indications of distinct lifetime populations, in that: 

0 +9 2 -13 T(D + S.L.) = 8.5 _ 3 : 6 x 10 sec (3 Events) 

T(D 0 
+ N.L.) = 2.3 ~g:~ x 10- 13 sec (15 Events) 

The semi-leptonic D0 decays appear to be longer-lived than 
the non-leptonic decays. The identity of the 15 
non-leptonic decays is more certain, as 11 are 
fully-constrained 3-C fits; of the other 4, three are 0-C 
fits (all of which have a single solution; 1 at minimum 
mass, 2 have D*'s) and one is a 1-C fit (6.5 µm decay 
length). All of the semi-leptonic D0 decays have two 
momentum solutions, with significant separation. (The same 
averaging techni~ue was applied for the parent momenta of· 
semi-leptonic D decays as for 0-C fits of charged charmed 
particles.) The probability that all three ~emi-leptonic 

decays have the longest decay times in the D sample with 
the same mean lifetime as that of the other D0 decays is 
less than 1.5%, based on ~inomial statistics. These two 
"lifetimes" for the neutral D meson represent a 2.0 S.D. 
effect. It is interesting to note that several visible 
(semi-leptonic) neutral decay candidates have been observed 
in bubble chamber neutrino experiments [97-100]. The exact 
nature of the origin of this phenomenon is dif£icult to 
determine at this time. Possible sources are D0 -D 0 mixing, 
statistical fluctuations, or perhaps a particle state 
distinct from the D0 • See Ref. [123] for further discussion. 
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In determining the ratio of D+ to D0 lifetimes, the D0 

lifetime as determined from the non-leptonic D0 decays is 
u~ed. Several methods may be used to determine the ratio of 
D to D0 lifetimes. A naive method is to simply take the 
ratio of the two lifetimes, and attempt to estimate 
(asymmetric) errors. This method yields 

T+/TO 4 5 +4.8 = . -2.1 

A more sophisticated meth~d is 
likelihood functions for the D and 
log-normal, 

to observe that the 
D0 are approximately 

.!E(T) ~ exp[-(ln T/TMruc> 2 /20' 2
)] 

Thus, via Monte Carlo techniques [123], ratios of the D+ to 
D0 lifetimes are generated from log-gaussian distributions 
of the lifetimes. The results are histogrammed and the 
errors on the ratio of lifetimes obtained from the points 
where 68.3% of the distribution is contained within the high 
and low 1 S.D. limit points, the remaining 31.7% divided 
into two equal parts (15.8%) above and below the 1 S.D. 
limit points. The ratio of lifetimes as computed via this 
method is: 

T+/-r 0 = 4.5 ~~:~ (Monte Carlo calculation) 

This ratio differs by more than 2.5+standard deviations from 
unity. The probability of the D and D0 having equal 
lifetimes (with a mea~ lifetime of 4.8 x 10- 13 sec) and 
obtaining the measured D , D0 lifetimes as given above is 
less than 1.0%. 

A third method used to determine the lifetime ritio was 
to define a a two-parameter likelihood function .2'(T ,-r 0 :R): 
i.e. the product+ of the . single-parameter likelihood 
functions for the D and D0 samples: 

Where R = T + /T 0 

= 

o I o No -tj T 
TI e:o (1.) ke ___ _ 
j J T A:(To) 

J 

The one and two S.D. limits (or contours in the T+ - -r 0 

plane) are sh~wn in Fig.51 for the log of the likelihood 
functi~n ln.!e(T ,-r 0 :R) The log of the likelihood function 
ln.,!l(T ,-r 0 :R) is multi-valued for a fixed value of R, and 
has a global maximum at the arithmetic ratio of the 
lifetimes. 
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For a given value R of the ra~io of lifetimes, there 
exists a maximum value for ln.!l'(T ,T 0 ~R) which we den~te as 
ln ~(R), which is the most probable value of the D , D0 

lifetimes for this R-value. If R is allowed to vary i~e. 
O < R < m then the resulting curve fo; ln~(R) is the 
envelope of most probable values of the D , D0 lifetime~ at 
eich value of R, as shown in Fig.52. The ratio of the D to 
D lifetimes, as obtained from ln~(R) is: 

T+/T 0 = 4.5 ~~:g (Max. Likelihood Method) 

This ratio differs by more than 2.6 standard deviation~ from 
unity. The three methods of determination of the D , D0 

lifetime ratio yield similar results. 

The ratio.of D+, D0 lifetimes is also subject to 
uncertainties which are systematic in origin, in that the 
true decay times of the events in the ambiguous chargei 
charm decay sample may have significant impact on the D 
lifetime, and thus on the lifetime ratio. .(See the 
discu~sio~ belol for these events, and for their impact on 
the D , F and Ac lifetimes.) · 

An additional word of caution is necessary here, as it' 
must be pointed out that if the preliminary indications 
(using all 18 D0 events) for distinct lifetime populations 
within the D0 sample turn out to in fict be true (e.g. 
there exists a D0 and a D0 ), then the D , D0 ratio as 
presently measu~ed must sbe understood as an aver,ge of 
lifetimes between the D0 populations. The ratio of D , D0 

lifetmes for this situation is (for all 18 D0 events): 

T+/To = 3.2 ~i:~ 

The probability of the D+ and D0 mesons 
lifetimes and obtaining this ratio of R is less 
for this sample of D0 events. 

having equal 
than 2.2%, 
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DETERMINATION OF THE F+ LIFETIME 

Three charm candidates in th~ charged ~vent sample were 
found to be inconsistent with D meson (A baryon) decays, 
i~ th~t the reconstructed masses were well ~bove (below) the 
D (A ) mass in each event. Furthermore, the observed decay 
modesc for these three eients are not consistent with 
Cabibbo-favored decays of D mesons, but are+consistent with 
the (Cabibbo-favored) decays ~xpected of F mesons, (and 
Cabibbo-unfavored decays of D mesons) . 

A discussion of each F+ charmed 
given in Appendix A. The tables 
relevant kinematical information. 

candidate event 
below summarize 

is 
the 

The mean lifetime for the F+ as determined from this 
sample of events using the method of maximum likelihood is: 

L + = 2.0 ~~:: x 10-
13 

sec 
F 

A plot of ln.!l? (L) vs. L for the F+ is shown in Fig.SO. 

The charged scanning efficiency with the averaged 
scanback efficiency was used+in the lifetime calculation, 
corresponding to the observed F momentum spectrum. 

A 1 S.D. ch~nge in the scanning efficiency has little 
effect on the F lifetime~ the F lifetime is sensitive to 
the scanback efficiency at the 0.5% level i.e. use of the 
value for t~e scanback efficiency above and below 10 GeV/c 
changes the F lifetime by this amount. 

The (weighted) F+ mass is 2042 ± 33 MeV/c 2 • 
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TABLE 8 

StJMMARY OF p+ DECAY CANDIDATES 

EVEN'!' MUON DECAY MODE D.L. p MASS D~ TIME 
ll10MBER HYPOTHESIS (JJm) (GeV7c) (MeV/c2

) (xlO- 3 sec) 

527-3682 F+ -+ !.+!.-'lr-!.a 670.0:1:4.0 l.2..2:t0.3 2026:1:56 3.70:1:0.08 

591-1851 * F+ -+ K-lf+.!.+~ l.30. O:t:l. 0 . 9.3±0.4 2057:1:110 0.91:1:0.09 

638-9417 - y+ ... !+J.t-ir+ir~ l.53. 0:1:8. 0 6.0:1:0.1 2050:1:45 L 72:t:0.09 

.. Ro muon observed, see Appendix A.- for details. 

DBLE 9 

SUMMARY Qt F+ DECAY XINEMATIC FITS 

EVERT 2-C F'ITS 3-C P'r.r5 AP AP 
-llDMBER x2 C.L. l'l'ER x2 C .. L. I'.rER x(MeV/c) Y 

527-3682 2.27 0.32 2 2.30 0.51 l -141.:1:120 63:1:76 

597-1851 1.43 0.49 3 1.50 0.68 2 9%583 -153:1:128 

-638-9417 1.35 0.51 2 2.03 0.51 3 16±73 300:1:97 
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D+ and ~~ Background in F+ Decays 

The D+ background in each of the 3 F+ events is purely 
kinematic in origin: i.e. the 3-C+confidence level for a 
Cabibbo-unfavored decay of+ a D with mass 1868.3 MeV/c 2 

compa~ed to that for for a F me~on with mass 2030.0 MeV/c 2 • 
The D decay background in the F candidates is thus: 

D+ . 
NBKGND < 0.50(0.013 + -0.030 + 0.000) = 0.022 Events 

Equal pro~uc~ion rates for o+ and F+ were assumed. Fo~ 
smaller F /D production ratios, e.g. 0.3, the D 
background will scale (i.e. incre~se) accordingly. If the 
TOF information is ignored, th~ D decay backgr~und for 
decay hypotheses where +the K is taken to be a n +is less 
than 0.009 events. The AS decay background in the F sampl~ 
is negligible, as all f the positive hadrons from the F 
decays are identified by TOF as kaons or pions, in excess of 
3.5 S.D. !ram a proton in all cases. The 3-C confidence 
levels for A decay hypotheses are negligible (0.00%) for 
such decays; in any ·case. Therefore, identification o~ 
t~ese charm decay candidates as particles other than D 
mesons or A+ baryons does not depend upon TOF information. c ~- . 

Thus, it can be seen from the above that this 
experiment has obtained strong, +clear, and unambiguou~ 

evidence for the existence of the F meson, in that the F 
lifetime, mas~, and obser~ed decay modes are distinct from 
those ~f the ~ meson and A baryo~, also because of the low 
(1%) D and Ac background in the F sample. 
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DETERMINATION OF THE A+ LIFETIME - -- -c 
The mean lifetime fo~ 

decays of 8 identified A 
below) using the method of 

the A+ was determined from the 
baryoHs (summarized in the tables 
maximum likelihood. 

2 3 +1.1 10-13 
t' + = • -0.7 x 

A c 

sec 

A plot of ln!l'(t') vs. t' for the A+ is shown in Fig.SO. c 

For the A+ decay candidates with 0-C fits, the average 
value of tHe decay times was used in the lifetime 
determination. Choosing all high (or low) 0-C solutions 
shifts the fitted lifetime by less than i%. A 1 S.D. 
change in the scanning e!f iciency affects the Ac lifetime at 
the 5% level. The A lifetime is not sensitive to the 
scanback efficiency at tHe 0.1% level. 

The weighted mass of the A~ is+ 2265 ± 30 MeV/c 2 
• The 

currently accepted value for tne A mass is 2285 ± 5 MeV/c 2 
c [85,91]. 

+ d + . d ' A+ .Q_ an ~ Backgroun in _
0 

Decays 

Nuclear Interaction _B_a_c_k~g_r_ou __ nd __ i_n ~~ Decays 

The D+ and F+ background is negligible for ~+ decay, as 
the daughter protons in four of the eight A cdecays are 
identified from TOF by more than 3.5 S.D. in all cases, and 
the presence of the A0 in each of the four other A0 events 
is necessary to balance momentum a~ the decay vertex. As 
the momentum spectrum of the A charmed baryons is lower 
than that for the other charmed palticles, the probability 
of nuclear intera~tion background within the event sample is 
highest for the A , due to this fact, and also due to the 
presence of a iaentified baryon in the final state. Thus, 
the probability of nuclear background interaction as the 
source of each event was calculated, using the method 
described above. The total nu~ber of nuclear interaction 
background events in the A sample of eight events is 
calculated to be less thane 2.3 x 10-2 events. (See 
Appendix A for further details and a event-by-event summary 
of the nuclear interaction background for charmed baryons.) 
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~LE 10 

SUMMARY OF A+ DECAY CANDIDATES --c--
EVENT MUON DECAY MODE D.L. p MASS DECAY TIME 
NUMBER HYPOTHESIS (µm) <GeV/c> (MeV/c 2 ) (xl0- 13 sec) 

476-1449 + + + 0 27.2±1.0 2.7±0.1 0-C 0.79:t0.04 - A + p11' ir <KI,> 
c -- - 4.8±0.1 0.44±0.04 

498-4985 - A++ A0 ir+ir-ir+ 180.0:t5.0 8.4:t0.1 2274:t41 l.63:t0.05 c ----
499-4713 - A+ + toir+ 366.0:t6.0 4.2:t0.l 2269:tl7 6.60:t0.14 c -
549:.4068 - A+ - p!C11'+(11' 1 ) 2D.6-:t2.0 l.9:t0.l 0-C 0.77:t0.07 

c - - 2.5:t0.l 0.63:t0.07 

567-2596 - A~+~ X:, 175.0:5.0 5.8:t0.l "2204±207 2 •. 30:t0.08 

602-2032 - 11.+ + pir+11'-(Ko) 
c -- - s 

282.5±5.0 6.3±0.1 0-C 3.40:t0.10 

610-4088 - A++ A0 11'+11'-11'+ 
c ----

221.D:t4.0 4.7:t0.2 2374:t62 3.60±0.19 

650-6003 - A++ Ao'll'+'ll'-11'+ 
c -- -

4D.6:t2.0 5.7-:tO.l 2131±63 0.54:t0.03 

DBLE 11 

SUMMARY OF A+ DECAY nm:MATIC FITS --c-- --
EVENT 2-C FITS 3-C FITS AF AP 
BOMBER x.2. C.L. :ITER x2 C.L. ITER x(MeV/c) Y 
498-4985 2.83 0.24 2 2.90 0.41 2 251±157 -55:t89 

567-2596 0.15 0.93 4 0.28 0.97 3 -137:tl69 -89:t620 

610-4088 5.48 0.06 6 8.08 0.04 5 114±90 213:tl56 

650-6003 O.l.4 0.93 2 3.89 0.27 4 27±86 -44±89 
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AMBIGUOUS CHARM DECAY CANDIDATES 

Nine charged multi-prong and three single-prong (kink) charm 
_decay candidates were found in the emulsion, which, for 
various reasons it was not possible to obtain satisfactory 
kinematical fits. Hence, it was not possible to determine 
parent identity and/or decay times with a high degree of 
certainty in these events. For example, event 502-354 
occurred when the magnet was off~ consequently no momentum 
information from the spectrometer was available to aid in 
event reconstruction. In event 665-4023, the decay occurred 
in the lucite base of the changeable · sheet (outside the 
fiducial volume). 

Only two of the remaining seven events have acceptable 
constrained 2-C and 3-C fits. The quality of track 
information for the other five events was such that no 
acceptable 2-C and 3-C kinematic fits were obtained. In 
each of these events, the presence of a neutral particle is 
required to balance momentum at the decay vertex, for which 
evidence was observed in the spectrometer, but not in such a 
way as to uniquely determine the parent identity. Thus, 
unfortunately, it .was not possible to include these events 
in the determination of charmed particle lifetimes. 

To first order, the predominant effect of non-inclusion 
of these events in the lifetime data sample is to merely 
degrade the statistical error on the mean lifetime and 
increase the statistical fluctutations of the measured 
lifetime about the true lifetime for the particular charmed 
particle species to which they belong. 

The determination of the mean lifetime for a given 
particle species may be affected from biases other than 
those due to purely geometrical scanning inefficiencies. 
One such bias, that of a momentum dependence for scanback of 
spectrometer track, has already been discussed above in some 
detail. Another possible source of bias associated with 0-C 
fits is discussed below. Biases associated with the 
geometrical acceptance. of the spectrometer have been shown 
to be small. 

The kinematical fit results for each event are 
summarized in the tables below. for the constrained and 
unconstrained charged charm decay candidates. 
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Ambiguous Charm Decay Candidates (Constrained Events) 

The first of the two ambiguous constrained events has a 
rather long decay time. Inc*usion of this event in the 
lifetime determination for the D has little impact on the 
D lifetime: 

TD+= 10.9 ~~:~ x 10- 13 sec 

i.e. a change of approximately 6% i~ 

However if this event is includ~d in the F 
determination, the F and A lifetimes 
factors of 2.4 and 1.6 r~specti¥ely, i.e. 
1.5 S.D. change in the F and A lifetimes: c 

4.7 +3.6 10-1 3 sec T + = -1.8 x 
F +1.6 

T = 3.4 -0.9 x 10-1 3 sec 
A+ 

c 

the D: lifetime. 
or A lifetime 
are cshifted by 

approximately a 

The second event has no obvious kinematical preference 
among the three charged ~harmed particle types. Inclusion 
of this event with the 5 D unambiguous decays has a 20% 
effect on the D lifetime: 

Inclusio~ 

on the F 

T + = 8.4 ~~:~ x 10- 13 sec 
D 

of this event with the F+ sample 
lifetime: 

1 8 +l. 3 x 10- 13 sec 
T + = • -0.7 

has a 10% effect 

F 
Inclusion of this event with the A+ sample has little c 
effect~ 

TA+= 2.2 ~g:~ x 10- 13 sec 

c 
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DBLE 12 

SUMMARY OF.AMBIGUOUS CHARM DECAY CANDIDATES 
- (Constrained""EV'ents) 

EVEN'!' MOON DECAY MODE D.L. p 
(Gev7c> 

MASS DECAY TIME 
BOMBER HYPOTHESIS (llJD) (MeV/c2

) (xl0- 13 sec) 

493-1235 - D+ + "JI'+ "D' +.-x.;_ 2203±10 ll.9±1.3 2061±156 ll.5:tl.2 

:p+ ... ir+,..+x-~ .11.. 7±0. 7 2246±166 12.7±0.8 

A++ "ll'+"ll'+K-n 
c .13.3±2.0 2330±123 12.6±1.9 

656-2631 - D++ 1f+K-11'+"ll'o 570.0±11.0 32.6:tl..2 1.933±73 1.09±0.05 

l!'+ - x+1c"ll'+w 0 

A+_. pK-"ll'+ 
c 

TABLE 13 

32.4±1.l 2099±73 1.19±0.05 

31.l±l..2 2317±76 1.36±0.06 

StJMMARY OP KINEMATIC FI'l'S OP AMBIGUOUS CHARM DECAYS 
- (ConstrainedEvents) 

EVEN'l' 2-C FITS 3-C :PITS l:.P . l:.P 
mDIBER x2 C.L. ITER x2 C.L. ITER x(MeV/c) Y 

493-1235 1.85 0.40 4 -4.32 0.23 10 -454±482 -205±867 

1.85 0.40 4 4.57 0.21 10 -454±482 -205±867 

l..85 0.40 4 2.00 0.57 5 -454±482 -205±867 

656-2631 0.38 0.83 3 1.29 0.73 2 -4li89 -20±157 

0.38 0.83 3 .l.42 0.70 2 -42±89 -20±157 

2.66 0.27 3 2.85 0.42 2 -105±87 -50±143 
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Ambiguous Charm Decay Candidates (Unconstrained Events) 

The unconstrained ambiguous charm decay candidates are 
summarized in the table below. For the events listed in the 
table which have only one decay hypothesis, uncertainties 
associated with the event reconstruction (e.g. magnet off, 
interaction of the daughter tracks in the emulsion) prevent 
their elevation from the ambiguous to unambiguous category 
of charm candidates, and hence their use in the 
determination of charmed particle lifetimes. See Appendix A 
for further details. 

Several of the unconstrained events have relatively 
long decay times (events 522-2107, 563-5269, 665-4023~ 

671-2642), These even~s, if construed as the decays of D 
mesons shift the D lifetime by a factor of appr~ximately 
2 x longer than is obtained with the unambiguous D decays: 

T + = 24.5 +~~:~ x 10- 13 sec 
D 

Note that this is approximately 1.5 S.D. from+ the D+ 
lifetime as determined ~ith the five unambiguo~s D decays. 
I! these events are taken to be the decays of F mesons or 
A baryons, then they can cause a significant change in 
tHeir lifetimes, i.e. · 

T 
F+ 

T 
A+ 

= 24.9+~::~ x 

= 20.9 ~~:~ x 

sec 

10-13 sec 

These values for ~he F+ and A+ lifetimes are more than four 
S~D. from the lifetimes as ob~ained using the unambiguous 
F and A+ decays. It must be pointed out that one of the 
consequencgs of (improper) reconstruction of decays with 
more than a single missing neutral particle is to 
systematically under-estimate the parent momentum, thereby 
over-estimating the individual decay times for such events. 
However, the presence of additional missing neutrals in 
unreconstructed decays of charmed particles will result in 
only a 20% decrease in the observed decay time (on average) , 
based on the momentum spectrum of the daughter particles 
emitted in the reconstructed charmed particle decays. 

It is kinematically possible for the missing neutral(s) 
emitted in these decays to carry off a significant fraction 
of the parent momentum, thereby reducing the decay times. 

Several of the unconstrained events have relatively 
short decay times (events 502-354 (baryon), 529-271, 
547-3192, 665-2113 and 670-12 (baryon)). The three events 
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which have me~on decay hypotheses can have a significant 
impact on the D lifetime: 

L = 6.3 ~~--~ x 10-
13 

sec 
D+ 

This value for the D+ lifetime is 60l shorter than that 
obtained using the 5 unambiguous D decays, but is still 
within one standard devi~tion of ·this lifetime. The effect 
o! these events on the F lifetime is less than that for the 
D : 

2 0 +1.2 10-13 L + = • _0 _6 x sec 
F 

use of events 502-354, 665-2113 and 670-12 
lifetime determination also has a small effect: 

LA+= 1.9 ~g:~ x 10-13 sec 

c 

in the A+ 
c 

There are several distinctions between charmed mesons 
and charmed baryons which may be used to aid in 
identification of the charmed particles that have ambiguous 
coQstrained or unconstrained fits. The momentum speGtrum of 
charmed baryons tends to be lower than that. for charmed 
mesons, as shown in Fig.62. T~e production angle of charmed 
mesons, particularly that of D and D0 mesons+tends to be in 
the · forward direction, while that for the A is larger, as 
shown in Fig.43. Furthermore, the Feynman-X distribution 
for the charmed particles (essentially the a~ (angular) 
distribution in the hadronic center of mass W), indicates 
that the D , D0 mesons are produce~ in the current 
fragmentation region (XF > 0) while the A baryons tend to 
be produced +in the ~arget fragmentatlon region (X < 0) 
[120]. Th~ F mesons appear to+be intermediate betweeK the 
charmed D , D0 mesons and A baryons in all of the above 
situations. Note that these three items, i.e. the charm 
momentum spectrum, angular distribution in the lab and 
Feynman-X distribution are not independent quantities, but 
are related to each other via energy and momentum 
conservation, and the Lorentz transformation from the 
laboratory into the hadron center of mass. - Therefore, from 
this standpoint~ it is unlikely that events 522+2107 and 
665-4023 are A baryons, as they appear to have D (and D0

) 

meson-like char~cteristics. Conve~sely, it is unlikely that 
events+665-2113 and 671-2642 are D mesons, as the appear to 
have A baryon-like characteristics, i.e. low momentum, and 
(larger negative Feynman-X For events 563-5269 and 671-2642, 
which have long decay lengths and thus long decay times, we 
wish t~ point out that the nuclear interaction background is 
also A baryon-like in its characteristics, i.e. peaked at 
low m8mentum and in the target-fragmentation region. The 
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+ situation is more difficult to discern for the F +meson, 
which+appears to hold the middle ground between the D meson 
and Ac baryon. 

Another perspective on the unfitted decay candidates is 
from the followini. We note that the ratio of 
fully-reconstructed D : F+ : A+ decays is 5.0 : 3.0 : 8.0 
(5.0 : 3.0 : 6.0 for multi-pr8ng decays). If the events 
summarized in the table below are w~ighted e~ually, 

accor~ini +to their parent ambiguity for D , F and A (e.g. 
for D F A ambiguous eients the weights are 1/3; 1/3, 
1/3.), thgn the D+ : F : A+ ratio for the unfitted events 
is approximately 2.2 : 3.S : 3.3 by this method 
(2.0 : 2.0 : 2.6 for multi-pro~g d~caysi, in reasonable 
agreement with the unambiguous D : F : A ratio. However, 
the ratio of "preferred" decay hypothese~ for+thest eve~ts 
(as discussed in Appendix A) is D : F : A = 
6.0 : 1.5 : 2.5. If the+kink~ are+removed from this sam~~e 
of events, then the D : F : A = 3.0 : 1.5 : 2.5, in 
reasonable agreement with the unam8iguous multi-prong ratio 
of 5.0 : 3.0 : 6.0. If the single-p~ong events are 
included, then the fraction of unfitted D decays appears to 
be higher than for the F or A+ decay candidates. This+ may 
indeed be true, as the moMentum spectrum of ~he D , D! 
mesons appears to be harder than that of the F and A 
baryon (see Fig.61); such decays are less likely to bg 
successful in obtaining a unique determination of parent 
identity. 

Thus, the existence of ambiguous decay candidates 
within the sample of cha~m tvents ~as the potential for 
significant changes in the D , F and A lifetimes, however 
from their overall characteristic~, their momentum 
distribu~ions, their preferred solutions, etc., their impact 
on the A lifetime appears ~o be+small. The impact of these 
events 8n the on the D , F lifetimes is much more 
uncertain. 
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TABLE 14 

SUMMARY OF AMBIGUOUS ~ DECAY CANDIDATES 

(Unconstrained o-c Events) 

EVENT MUON DECAY MODE D.L. Pc MASS DECAY TIME 

NUMBER HYPOTHESIS . (pm) (GeV/c) (MeV/c 2 ) (xlo-1 9 sec) 

502-354 - y++.!olT+h + (11'o) 66:t6 ? ? ? 

t+++A+11'+ 
c c strong ·decay 

A++A 0 11'+11'o (ir 0 ) 
c- 6.3:t0.3 . 0-C 0.80:t0.05 

8.3:t0.3 0-C 0.60:t0.04 

522-2107 - D++'ll'+!-K-(11' 0 ) 13600:tl00 23.S:tl.3 0-C 36.0:tl.8 

"'· 3l.7:tl.3 26.7:tl.3 

!'++K+]tK-(11' 0 ) 22.5:tl.3 0-C 40.9:tl.9. 

32.7:tl.3 28.l:tl.l 

A++p11'+K-(11' 1 ) 
c - 22.5:tl.3 0-C 46.0:t2.S 

31.5:tl.3 32.9:tl.3 

529-271 - p++K+(K 0 ) 2547:t30 43.U0.2 0-C 4.0:tO.l L 
D++ir+wo (K 1 ) 

L 55.4:t0.5 0-C 2.9:t0.l 

P++K+iro (K~) 38.4:t0.5 0-C 4.5:t0.l * 

533-7152 - P++K+ (K 0 ) 5246:t50 34.8:!:0.2 0-C 10. 2t0.l L 
D++ir+'lfo (K 1 ) 

L 40.l:t0.4 0-C 8.l:tO.l * 

547-3192 - p++1f+1f-1f+(1f') lSS:tlO 9.6:tl.2 0-C l.3:t0.2 

563-5269 - D++'lf+(K~) 6600:t50 25.9:t0.3 0-C 15.8:!:0.l * 
p++K+(K~) 10.9:!:0.3 0-C 40.6:t0.l 

A++p(K 1 ) c L 4.9:t0.3 0-C 100.S:tO.l 
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TABLE 14 (CONTINUED) 

665-2113 - D++!.+1r-1r+(Ka) 33:t5 2.7:t0.04 o-c 0.76:t0.05 - -. 
+ +-·+ 0 

p +'If 'Ir 11' (1f ) - - - 2.7:t0.04 0-C 0.83:t0.05 
+ + - + 0 3.6:t0.04 0-C 0.70:t0.04 A +'If 1f 1r (A ) 
c - - -

665-4023 - D++K-K+1f + (1f a) 6820±100 15.3:t0.4 0-C 25.7:t0.7 

D + +K-1f + 1f + ( 1f a) 15.2:t0.4 0-C 27.9:!:0.7 

p++K-+(1ro) 15.2:t0.4 0-C 28.0:t0.7 

+ - + a A +K pw (1f ) c 15.2:t0.4 0-C 31. 5:t0. 7 

o+-.-11'+1f+ cita> 16.8:t0.4 o-c· 25.J:t0.6 
+ - + + -o P +1f K 1f (K ) 16.7:t0.4 .0-C 27.6:t0.6 

p++K-11'+1f+(K 1 ) 16.S:t0.4 0-C 27.5:t0.7 
+ - + -o A +T p11' (K ) c 

16.S:t0 .• 4 0-C 30.9:t0.7 

670-12 + + - 0 56:tl0 2.4:t0.2 0-C i.a:to.1 - A +K p1r (1f ) c ,_,,'.'"" 

671-2642 D+.!.+!-1f+ (K 0 ) 2345:tl0 2.l:tO.l ~ 69.5:t3.0 

D++!.+!.-1f+1fa (Ka) 3.0:tO.l o-c 48. 7:tl. 6 

F+ +,! + !-K+ (Ka) 2.35:t0.05 0-C 67.5:tl.5 

4.05:t0.05 39.2:t0.5 
+ + - + a 2.50:t0.05 0-C 71.4:!:1. 5 A +1f w 1f (A ) 
c--
+ +-+o o A +11' 11' 1f 1r (A ) 
c-- 4.00:t0.10 0-C 44.7:!:1.l 

A++!+!-1f+ (A 0 ) 2.25:t0.05 0-C 85.4:t2.0 

++-+a a A +!. !. 1r 1f (A ) 3.50:t0.10 o-c 54.7±1.5 

* physically favored solution, see Appendix A. 
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Kink Events 

Fifty-three "kink" or single-prong events were found in 
the emulsion, the majority of which are from conventional 
sources, such as n and K decay, hyperon decay (one event, 
603-6143L is a candida'te for neutrino production and decay 
of a n + A°K-!), in addition to single-prong elastic 
scatters and local shear and distortion effects in the 
emulsion. Approximately 10 kink decays of charged charme~ 

particles are expected, based on measurements of the D 
single-prong branching fraction (45.3 ± 4.9% [131-144,160]) 
a~d esti~ates of the single-prong branching fraction for the 
F and A C--35% for each) [184]. Within the sample of kink 
events, Conly five are consistent with the decays of charmed 
particles, as determined from transverse momentum and flight 
length distributions for the multi-prong charm decays. As 
the mean scanning efficiency for kinks is lower than that 
for multi-prongs C--50%) [120,233], it is perhaps no suprise 
that fewer than expected charmed candidate kink events are 
observed. Reconst~uction of these events is also more 
difficult due to the decreased "signal to noise ratio" in 
~hese events, and also that more than one neutral particle 
may have been emitted in the decay.· Two out of the five 
single-prong charm decay.candidates (499-4713 and 567-2596) 
w~re successfully reconstructed as kinematically unambiguous 
Ac decays. T~e ~ther three events (529-271, 6533-7152 and 
5b3-5269) are D /F ambiguous o~ the basis of mass. (The 
last event also supports a A decay hypothesis, but it is 
not favored on the basis of energy contained in the 
calorimeter. See Appendix A for details.) 

The reduced ability to observe and reconstruct 
single-prong decays of charmed particles (relative to the 
multi-prong decays) has no first-order effect on the 
determination of particle lifetimes (other than to reduce 
the statistics of the sample) , as no known correlation 
exists between decay mode/multiplicity and lifetime for 
charged particles. (Note that this is not true for neutral 
particles, e.g. the KL 0 and K~ [160] .) 



CHAPTER III 

LONG-LIVED NEUTRAL CHARMED BARYON CANDIDATE 

EVENT 635-4949 

Several events were found in the emulsion which, for 
various reasons (specific to each event) do not "fit in" 
with the present, or conventional understanding of weak 
interaction phenonomena. The event discussed below is one 
of these events, for which the quality of spectrometer and 
emulsion information was such that an excellent experimental 
understanding was obtained. 

Event Topology and Associated Kinematics 

Event 635-4949 is a neutrino-induced (NH = 1, NS = 6) 
C.C. interaction in which a second vertex (with NH = O, 
NS = 2) was found 4386 ± 40 µm downstream of the primary 
vertex, by scanbaik of a tr~cik identified by TOF as a proton 
(3 S.D. from a K ) • (Thus, the second vertex was "in-time" 
with the rest of the event.) The X-Z projection of this 
event is shown in Fig.57. No black tracks, recoil stub or 
elongated grains are observed at the secondary vertex. The 
other track from the secondary vertex is momentum analyzed 
by the fringe field of the magnet, and is measured to be 
negatively charged. I/Io measurements identify this track 
as either a pion or a kaon (but 2 S.O. from a proton). 

From geometrical considerations alone, it is not 
possible for the two tracks from the secondary vertex to 
originate from the (two-body) decay of a neutral hyperon 
produced at the primary vertex, as the parent X slope (from 
primary-to-secondary vertex) is not contained within the 
daughter X slopes. Transverse momentum imbalance is 
6Px = -652 ± 114 MeV/c, 6Py = -124 ± 98 MeV/c at the 
secondary vertex with only the two charged tracks. The 
minimum of the -le pn- mass curve (Fig.58) occurs a~ 
1135 ± 1.8 MeV/c 2 , 11 S.D. above the A0 mass. (The 
two-body invariant mass is 1350 ± 130 MeV/c 2 using the 
measured momenta from both tracks.t This decay hypothesis 
is consistent, however, with B0 + pn (for a decay at 1/220 
proper B0 lifetimes); a 1-C fit to the B0 mass has a 
x2 = 0.10, C.L. = 75%. However, the experimental limit on 
the branching ratio for B0 + pn- is less than 10- 5 [160]. 

89 
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A volume search for NH = 0, NS = 0 type stars was 
performed in the region between the primary and secondary 
vertices. Several such stars were found, however none of 
them are consistent as a nuclear interaction from a incident 
neutral particle produced at the primary vertex. 

The minimum mass for 
vertex which decays to 
neutral particle at 
2175 ± 295 MeV/c 2

, and 
--2 GeV/c. 

a paEticle produced at the primary 
p-n and a (massless) unobserved 

the secondary vertex is 
a missing neutral momentum of 

No ~o,sr Y's, or electrons are observed in the lead 
glass. No excess energy is observed in the calorimeter. A 
v 0 is observed to decay with large X', Y' in the drift space 
between the emulsion and the drift chambers, 0.60 ± 0.17 cm 
(3.0 S.D.) upstream of TOF I. The tracks from this decay 
are unable to be momentum analyzed reliably in the fringe 
field of the magnet. The reconstructed decay track~ miss 
intersection of each other by less than 500 µm. The V decay 
plane misses the secondary vertex by 1.0 ± 1.5 mm. 

If the v 0 is emitted from the decay of a neutral baryon 
at. the secondary vertex, momentum imbalance in both 
transverse directions is simultaneously minimized to within 
~Px = 29 ± 77 MeV/c, ~Py = 11 ± 57 MeV/c only when the v 0 

mass is at the K0 mass as shown in Fii-~9. Independent 
kinematic analy~is of the v 0 as a K0 

+ n n is in excellent 
agreement with these results. The r~tio of flight length L 
to the y6cT for the K~ is 1.4 The ~ecay is also "symmetric", 
a characteristic feature of K0 + n n- decay. As all three 
momenta are unknown for tne K0 decay, a 0-C fit does not 
yield a unique solution (the JacoBian is singular; the Pio~ 
momenta scale with the K0 momentum.) A 1-C fit to K0 + n n 
is unique; the results o~ this fit are in~ut to a ~-c fit 
for the decay hypothesis of NB + pn/K-K , with the results 
as summarized in the following table. s 
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TABLE 15 

SUMMARY OF KINEMATIC FITS FOR EVENT 635-4949 ----
Decay Mode Mass(MeV/c 2

) P(GeV/c) T(xl0- 13 sec) x2 C.L. 

NB + p n-Ko 
s 2450±15 4.64±0.51 77.2±0.9 0.13 0.94 

NB + p K-Ko 
s 2647±11 4.64±0.51 83.4±0.9 0.13 0.94 

Ignoring the TOF information on track V-1, the kinematic 
fits for meson hypotheses are: 

NM + + - 0 2107±15 1T 1T K s 4.64±0.51 66.4±0.7 0.13 0.94 

NM + K+ -Ko 
1T s 2203±15 4.64±0.51 69.4±0.7 0.13 0.94 

NM + K+K-K 0 

s 2331±13 4.64±0.51 80.4±0.8 0.13 0.94 

We wish to emphasize the "goodness of kinematic fit" 
for this event, as indicated by the 2-C x2 , C.L. and number 
of iterations (ITER = 2). This event was measured in the 
emulsion three times, each time with improved resolution and 
refined technique. The final grain-to-grain measurements 
were performed on the Nikon machine at Nagoya University, 
with spatial resolution of 0.1 µm in X and Y (via a laser 
interferometer) and 0.5 µm in Z (along the optical axis, via 
a position encoder) for each measured grain coordinate. The 
track slopes and decay lengths from the three measurements 
are in excellent agreement with each other, within one to 
two mrad for track slopes and few tens of microns for flight 
lengths. Because of the repeated measurements and high 
resolution with which they were obtained, all tracks have 
extremely small slope errors. The neutral parent direction 
is also extremely well known, due to the long flight length 
and the high resolution. Thus, the x2

, C.L. and number of 
iterations are indicative of the necessity of the K0 as a 
crucial part of this event, and also of the reliabilit~ and 
correctness of the reconstruction of this event, for the 
above (baryon) decay hypotheses. 
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The fitted errors on the mass, momentum and lifetime 
appear to be unreasonably small. These errors are in fact 
correct, as the geometrical aspects of the decay (as shown 
by Fig.60) are such that large changes and/or uncertainties 
in the momenta of the three decay particles have only small 
effects on the parent mass, momentum and lifetime (The shape 
of .the x2 surface for this event is a deep well with very 
steep sides, the directional derivative being very large) 
This effect was verified kinematically by deliberateli 
shifting the starting momentum of either track V2 or the V 
(but not both) by factors of two. The resulting fitted 
masses were within 15 MeV/c 2 of each other in all instances. 
The 2-C chi-squared is also at a minimum for the observed 
values of decay parameters, for the fit. The momentum of 
the neutral parent particle is also consistent with the 
observed momenta of charmed baryons (see Fig.61). The 
transverse momenta of the three decay particles with respect 
to the parent direction are quite large, even larger. than 
for the majority of charm decays. 

P .1 (proton) = 427 ± 6 GeV/c 

p.L ('IT-/K-) = 426 ± 179 GeV/c 

p..L. (K:) = 650 ± 31 GeV/c 

The mean transverse momentum for a particle from a 
three-body decay of a 2450 MeV/c 2 baryon is <P..L> ::::: 450 
MeV/c. 

From the geometry of the event, it is not possible to 
substantially reduce the observed decay time by postulating 
a neutral baryon decay to all-neutral secondaries, one of 
which then decays to p 'IT-. (The decay of the neutral 
particle to p 'IT- cannot be from A0 decay, as explained 
above, and so the only other possibility is B0 

+ p1T-, which 
is also unlikely.) As the decay length is made sh9rter, t~e 
momenttim imbalance at the parent and daughter p 1T and "K " 
vertices are simultaneously made worse, until it is Ho 
longer possible for the decay to occur without the emission 
of another unseen neutral particle (e.g. a 1T 0

) purely due 
to geometrical momentum balancing constraints. This point 
occurs for decay lengths shorter than 850 µm: hence no 
short-lived neutral baryon hypotheses are acceptable without 
additional unobserved neutral particles emitted in the 
decay. As momentum is conserved well within errors at the 
p 'IT- vertex, this can also be taken as an indication of the 
level at which there are missing neutrals, and also as an 
independent indication that the p 'IT- vertex is indeed the 
true decay point of the parent neutral baryon. 
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Discussion of Background for Event 635-4949 

The most probable background for an event with this 
topology comes from the interaction of incident K0 with a 
single neutron in a nucleus in the emulsion. Conservation 
of baryon number rules out the possibility of an incident 
neutron or neutral hyperon. (Only one baryon is observed in 
the final state; momentum balance at the V1 -V2 vertex is 
excellent, indicating that the emission of additional 
neutral particles (e.g. a neutron) is less than 5%). 
Strangeness conservation (and also isospin conservation) in 
the strong interactions allows an incident K0 only for a 
single strange particle (the K~) in the final state. 

One immediate problem associated with a nuclear 
interaction hypothesis for this event is that the major 
elements of which (Fuji ET-7B) nuclear emulsion is composed 
have nuclei whose isotopes (less one neutron) are all 
unstable, most with half-lives of less than one hour. 
Table 16 summarizes this data (see Ref. [148] for further 
information on nuclear decay modes). a, 8 and y decay modes 
are readily observable in emulsion from nuclear decay 
tracks, or from nuclear recoil (elongated grains). The 
emulsion was not processed for several weeks after the event 
occurred. 
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TABLE 16 

Nuclear Activity of Fuji ET-7B Emulsion 

ELEMENT %WEIGHT INITIAL %ABUN- FINAL Tl/2 DECAY 
STATE DANCE STATE MODES 

Hydrogen 0.9 

Carbon 7.4 6c 98.9 6c 20.3m a+ EC 1 2 1 t 
Nitrogen 2.7 7N 99.6 7N 10.0m a+ 

1 .. l! 

Oxygen 4.3 80 99.8 80 124s a+ 
1 6 16 

Sulfur 0.4 16s 95.0 16s 2.7s a+ 
3 2 3 i 

Bromine 33.7 35Br 50.7 35Br 6.4m a+ EC 
79 7j 

35Br 49.3" 35Br 17.6m a+a-Ec 
8 1 8Q 

Silver 46.5 It 7Ag 51.8 
1 0 7 

1t7Ag 
lOf 

24.0m 13+ EC 

1t7Ag 48.2 1t 7Br 2.4m 13+ECf3-
1 0 9 lOB 

Iodine 1.3 53I 100.0 53I 13d a+Eca-
127 12f 



95 

No kinematically allowed solutions exist for a nuclear 
interaction hypothesis, even with the inclusion of Fermi 
motion effects within the target nucleus. Imaginary 
solutions exist for the incident hadron and/or target mass 
for all regions of nuclear phase space. Only for a small 
region of phase space where the target neutron has the 
maximum allowed Fermi momentum C--260 MeV/c for a nucleus 
such as silver [161]), and is oriented along the direction 
of the incident K0 does the simultaneous solution of the 
four energy-momentum equations come near to having reai 
solutions. (They miss being satisfied by approximately 
1 s.o. for this case.) This may offer an explanation why 
NH = O at the secondary vertex, if indeed this event is a 
hadronic interaction. 

There are five factors which need to be taken in to 
consideration to calculate the hadronic background 
probability for this event: 

.!..=.l_ Expected ~ Flux: 

The K0 production rate in charged-current v-N 
interactions is 15 ± 1% [133]. However, it must be pointed 
out that this measu.rement of the K0 production rate is 
"colored" by v-production of charm. Not only will this rate 
be affected, but also ·the K0 momentum spectrum and angular 
distribution. The existence of charm increases the strange 
particle production rate and broadens both the longitudinal 
and transverse strange p·article momentum distributions. 
Hence, use of such measurements will serve as an upper 
limit. Thus, for 1241 found (C.C. plus N.C.) neutrino 
interactions, we expect NKo = 133 ± 11 • 

2.) Probability of Incident~ With P~o>P~BS' Pio>P~ss= 

The measured longitudinal K0 momentum dependence [131] 
is of the form: 

0 -b dN/dP,1 = N Pi1 where b = 2.32 ± 0.44 

Thus, the probability of producing a K0 with momentum 
greater than 4.6 GeV/c is: 

P 11 ..JI = 10.1 +~96 •• 62 % PKo>~OBS 

The measured K0 transverse momentum dependence [132] is of 
the form: 

2 
dN/dP.L = N exp (-bP..l) 
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Where: 
b = 4.31 ± 0.35 

= 4.59 ± 0.11 
= 5.80 ± 1.10 

(vN data) [132] 
(1TP data) " 
(v-p data) " 

Using the smallest value of b (VN data) to maintain an upper 
limit on the background calculation for this event, the 
probability of producing a K0 with transverse momentum of 
P~ > 0.9 GeV/c is [149]: 

p ~ ~ = 5.3 ~12 •• 42 x 10-3 
PKo>POBS 

The joint probability of the longitudinal and transverse 
momentum probabilities should be taken, except for the fact 
that there exist correlations between the two (i.e. the 
"seagull effect"); hence we use only the transverse momentum 
constraint, to maintain our calculation as an upper limit. 

1=l_ Probability of a K 0 Interacting in ~ Emulsion: 

The probability of a K 0 interacting within the last 
1.0 cm of emulsion is 

PINT = 3.8 ·~~:~% 

for a measured interaction length in emulsion of 

AINT = 26.0 ~l:~ cm 

Note that the probability .of a K 0 interacting within the 
last 1.0 cm of emulsion and being detected (observed) is 
0.44%. 

!.:.l Probability of a NH = O, NS = 2 Interaction: 

The probability of an NH = O, NS = 2 
(linearly extrapolated to 4.6 GeV/c) is [137]: 

PNH=O = 2.9 ± 0.5% 
NS=2 

~ Probability of a Q = 0 Interaction: 

interaction 

The probability of (apparent) charge conservation in 
nuclear interactions in emulsion is not unity. From 
Ref. [137], this probability is estimated to be less than 
40 ± 8%. 

Thus, the net probability for this event to be due to a 
K0 interaction with a nucleus is the product of the above 
probabilities: 



pl'OT = 
INT 

II p. 
i l. 

Pi~~<(l33±11) (0.53 ~8:f:%) (3.8 ~8:~%) (2.9±0.5%) (40±8%) 

Pi~~ < 3.1 ~i:~ x 10-~ events 
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This number should be compared with the background 
calculations for the entire charged current event sample (as 
discussed above) an~ also with similar background 
calculations for the Ac charmed baryon candidates, done on a 
per-event basis (summarized below in Table 18). 

We emphasize that the above calculation is a very 
conservative upper limit to the background for this event. 
Other factors, such as the probability that the reaction 
K0 n + K*-p have the. observed transverse momenta for the 
secondaries from the V1 -V2 vertex have not been included 
(estimated to be a fartner factor of x (5 - 10%) using the 
measured t-distributions for low-energy K-- p and K0

- n 
reactions [162-169] .) 

This event has several imp~rtant similarities to the 
neutrino events in which A (cud) charmed baryons are 
produced. The parent momentfim of the neutral+ baryon 
candidate (4.6 GeV/c) is low, in accord with the Ac charmed 
baryon momentum spectrum, as shownL in Fig.61. The lab 
production angle is q~ite large, e h = 198 ± 2 mrad, as is 
shown in Fig.43t The A charmed bar~ons tend to be produced 
with larger e than for the mesons. The angle 9*h of the 
neutral baryon 8Rndidate with respect to the total hadron 
momentum vector in the hadronic center of mass (with 
invariant mass W) i~ large negative, as is the case for many 
of the observed A 's, (See Ref. [120] .) The neutral baryon 
momentum vector in cthis system is also large negative. 
Thus, the Feynman-X of this eient is also large negative, as 
is the case for many of the A 's. c 

The muon from the primary vertex i~ this event is 
measured to have a momentum of Pµ = - 212 co Ciev/c. 

-11s 

Calculation of the standard kinematical variables (e.g. 
X, Y, Q , W, etc.) give unphysical values unless the muon 
momentum is reduced to approximately Pµ = -60 GeV/c, in 
agreement with the observed systematic offset in Q = l/P of 
~Q = 0.005 (which reduces the momentum of negative tracks, 
and increases the momentum of positive tracks). The 
standard kinematic variables have been calculated for this 
event and are summarized in the table below. See Ref. [160] 
for definitions of these variables. 
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TABLE 17 

KINEMATIC VARIABLES FOR EVENT 635-4949 

89.3±8.6 EHA0 =28.7±2.8 
+m 

E" = Pµ=-60.6 -1 8 ... 

Q2 = 13.9±3.5 w = 6.24±0.49 XF = -.88±0.34 

XB =0.27±0.06 YB =0.31±0.03 Zp = 0.18±0.02 

p = 4.61±0.51 P~=-2.37±1.00 Pc = 0.48±0.07 

<l>µch = 155±3 eL =0.20±0.00 0* =-0.20±0.05 
c c 

· The probability for observing+ an event with a mean 
lifetime equal to that of the Ac at > 80.0 x 10- 13 sec is 
exp(-80). The probability for observing a~ event with a 
mean lifetime comparable to the D lifetime is 
exp(-8) = 10- ... It must also be pointed out that the 
observed spread in decay times within our own data sample 
for a given species spans over three orders of magnitude in 
some cases (e.g. the o 0 ; see Ref. [123]). 

To obtain an estimate of the range allowed for the mean 
lifetime, we use the method of maximum likelyhood to obtain 
1 and 2 S.D. limits. From one-event statistics, the 
"lifetime" is 

TNB 
77 3+264.4 +m x 10-13 (p 'IT-Ko) = • -47.0 -63.5 sec s 

't'NB 
83 4+286.6 .+oo x 10-13 (p K-K:) = • -50.9 -68.7 sec 

1 S.D. (2 S. D.) limits 
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Discussion of Event 635-4949 
in the_Contex~of Existing Theory 

In the frampwork o! SU(4), there are three particle 
states in the J = 1/2 20m (mixed-symmetric) multiplet for 
which 635-4949 could be a candidate isee Fig.l). The 
E0 (cdd), (expected to decay. strongly to A via~- emission), 
the A0 (csd) and the T 0 (css) states.- The ~xpected masses for 
these states are 2450 (25 MeV/c 2 above pion threshold), 
2495 ·MeV/c 2 and 2760 MeV/c 2 respectively [170]. For the 
E~, the possibility exists that higher order QCD effects 
could drop the mass below pion threshold, and thus this 
state would become stable against strong decays [227]. 

The decay mode of p~-K 0 is consistent with the 
Cabibbo-favored decay of s the E~, and the 
Cabibbo-unfavored decay of the A0 • The p K-Ko decay mode is 
consistent with the Cabibbo-favored decay ofsthe A0 , and the 
Cabibbo-unfavored decay of the T0 • The predicted lifetimes 
for the A0 and T0 are 5.35 X 10-14 sec, 5.44 X 10-14 sec 
respectively [175]. Of the three expected neutral charmed 
baryon states, this event appears to favor the 
Cabibbo-unfavored decay of the A0

, although there is clearly 
a large disparity between the measured and predicted 
lifetimes. 

The (phenomenological) ~n = O rule (quark number 
conservation) [41,228-230,225] ~redicts the lifetime of the 
T 0 (css) state to be longer than for other charmed particles~ 
as the Cabibbo-favored decays of the T0 violate this rule. 
(The number of quarks in the final state is not equal to 
that of the initial state; qq pairs of the same flavor are 
not counted in the final state.) The Cabibbo-favored decays 
of the A0 (csd) do not vi~late the ~nt = O rule, however, its 
isodoublet partner the A (csu) does. Note further that the 
Cabibbo-favored decays of charm-strange baryons may have 
conflicts with the exclusion principle, due to the presence 
of multiple strange quarks in the final state (e.g 3 for the 
T 0

). As baryons are color singlets, such a problem is 
perhaps not expected to occur; however the presence of 
gluons within the initial and final baryon state may in 
principle, generate a problem of this nature. 

For the A0 (csd) baryon, things are more complicated. 
S~rong mixing effects are expected between the antisymmetric 
A+(csu) - A0 (csd) isodoublet and their symmetric 
S (csu) - s 0 (csd) counterparts [226,227]. It is ~ossible 
that one of the effects of such mixing between the A and s 0 

states could reduce the hadronic matrix elements for one of 
the physical particle states, resulting in a longer 
lifetime. The other physical state (having enhanced 
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hadronic matrix elements), would decay rapidly. If it was 
heaviec than . the long-lived state, it would decay 
radiatively to the lighter (longer-lived) state. Thus, only 
one stable particle state would be observed in this case 
[ 226] • 

Another (bizzare) possibility, provided the E0 (cdd) 
state is stable against strong decays is the occurreHce of 
(weak) mixing between the E0 (cdd) and A0 (csd) states, since 
their expected masses are r8ughly equal. 

Is it mere coincidence that the decay time for this 
event is a factor o~ roughly twenty times longer than the 
mean lifetime of the A , and that the viable decay modes of 
the A0 and T 0 Baryons for this event are also 
Cabibbo-unfavored? The observed decay time is in good 
agreement for Cabibbo-unfavored-only decays of such baryons, 
were the Cabibbo-favored decays to be forbidden by some 
(unknown and/or not presently understood) selection rule. 

One other possible explanation for the anomalously long 
lifetime exists in the "longevity" diagram (to coin a 
phrase) as+shown in Fig.62 for decays of charm-strange 
baryons (A (csu), A0 (csd) and T0 (css).+The ·charmed quark and 
strange quarks c and s exchange a W boson~ transmuting 
themselves into each other. Thus, for each W exchange, an 
"6ld" charmed quark decays, and a "new" one is created. The 
process is twice Cabibbo-favored, i.e. a factor of Ucs 
occurs at each vertex. The particle does not physically 
decay of course, rather, the particle literally "decays" 
into itself. This process continues until the charmed quark 
decays via the Cabibbo-supressed c - d transition, which 
occurs with the factor Ucd, i.e. a factor of roughly 1 in 
20 (in transition rate). To understand the relevance of 
this diagram for the lifetime of this particle, one must not 
think in terms of decay rates, but rather, return.to the 
basic principles of quantum mechanics and think in terms of 
a quantum system in one quantum state making transitions to 
another quantum state, which for this diagram, happens to be 
identical to the initial state, with different constituents 
in the final state than in the initial state. Then the 
effects of this diagram on the decay rate can be understood 
more clearly. It can be seen that if this mechanism were to 
dominate the weak interactions ~aking place within 
c~armed-strange baryons, the A0 (csd), A (csu), T 0 (css) and 
X (ccs) , then not only would the lifetimes of charm-strange 
baryons be correspondingly longer, but their decays would 
also be predominantly Cabibbo-supressed non-leptonic decays. 
Note that no such supression mechanism is available to 
mesons, nor to any of the hyperons. If this phenomenon 
exists, then it should re-appear for top-bottom (or 
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q = u,d,s,c,t,b states. 
in part, reflect this 

There are several difficulties associated with such a 
diagram, in that the spatial part of the c and s quark wave 
functi~ns must have appreciable overlap (at the origin) for 
the W exchange to occur [222]. It is not clear however, 
that this is unlikely, as the wave functions of quarks 
withi~ ba~yo~s in general are not well understood, and for 
the A - A S - s 0 system, where mixing effects between 
these states are expected to occur, the situation becomes 
even more complicated. Another source of difficulty wit~ 

such a diagram is that the A0 (csd) baryon can exchange aw 
between the c and d quarks, (with Cabibbo-favored 
transitions at the c-s and d-u vertices), thus decaying 
conventionally (with a short lifetime) [225], unless the 
same mechanism required for the large spatial overlap of the 
c and s quark wave functions simultaneously has a small 
overlap between the c and d quarks. Recently, several 
theoretical calculations have explored · such dynamical 
pairing effects [151,152] and have found possible 
indications within presently existing data for such 
phenomena for light {u,d,s) baryon states, although the 
level at which the pairing occurs is less than is required 
for explanation of the long lifetime of this event. Whether 
or not similar pairing effects occur for charmed baryons and 
the level at which it occurs remains to be seen, both 
theoretically and experimentally. On a more fundamental 
level, it is possible that such dynamical pairing effects 
may have their origins in supersymmetry, with quark-quark 
(i.e. di-quark) couplings to elementary color-bearing 
scalar particles in the 15-40 GeV/c 2 mass range [155-157]. 

From the experimental measurement ~f the A+ lifetime as 
obtained in E-531~ the fact that the A lifetiffie is shorter 
than that of the D (or the theoreticalcfree charmed quark 
lifetime, for that matter) indicates that non-s~ectator 
processes are involved in the decay of the A • This 
statement is furth~r strengthen~d b¥+th~ possibilit9 that 2 
out of 8 obs~rved A decay via A +A K* , which can only 
o~cur via w exchange between tHe c and d quarks within the 
A (cud) • This then may be taken as evidence for the 
o8currenc~ of dynamical pairing within the cud quark system 
for the A . Hence, similar effects could o~cur within other 
charmed bgryons, such as the A0 (csd) and A (csu) baryons. 

Note further that the observed masses for the decay 
hypotheses A0 (csd) + p n-Ko and T0 (css) + p K-Ko are 
aiproximately 45 MeV/c 2 and !15 MeV/c 2 below the pr~dicted 
A , T 0 masses, respectively. This may, perhaps, be an 
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indication of larger-than-expected binding energies between 
the quarks within this baryon state, which in turn may be 
evidence for such pairing effects as discussed above. A 
shift in the A0 mass is expected due to the effects of 
mixin~ with the s 0

, however no such effect is expected for 
the T • 

Another possible explanation for the long lifetime is 
that the particle exchanged between the c and s quark in the 
longevity diagram could be a light (2-4 GeV/~2 ) charged 
Higgs scalar, i.e. one of the light axions, P (predicted 
to exist in some of the extended technicolor theories 
[153,154], and some electro-weak theories with non-minimal 
Higgs structure [158,159].) The restriction on wave 
function overlap for the c, s quarks is relaxed somewhat due 
to the relatively light mass of the axion. Furthermore, the 
coupling of the axion is semi-weak and also mass-dependent, 
i.e. 

ga - MQl(GF/2)
1 

the axion - Qq coupling increases with the mass of the heavy 
quark Q (the rate is prop~rtional to the square of the 
mass). Therefore, the axion P (if it exists) will coupLe 
preferentially to heavy quarks (and leptons). Thus, as the 
coupling is semi-weak, this diagram could dominate the 
"decay" rate for charmed-strange baryons (and for 
truth-beauty baryons). The existence of a light charged 
Higgs scalar also has ramifications for the lifetimes of 
beauty particles,+as well as for other charmed particles (in 
particular, the F meson lifetime) along with effects on the 
semi-leptonic decay rates. Thus a delicate "balance" 
between "old" and "new" physics is required to incorporate 
such a particle (theoretically) into the existing framework 
of physics. 

Another distinct possibility is that this event may not 
be the decay of a neutral charmed baryon, but rather the 
decay of a fundamentally new type of baryon, carrying a 
hitherto unknown quantum number. Such a possibility exists 
within the theoretical framework of supersymmetry [155,156], 
in that many new particle states are predicted to exist 
(e.g. "R-hadrons": "R-mesons" and "R-baryons"), 
particularly in this mass. regign (1.5-~.5 GeV), with 
predicted lifetimes ranging from 10 12 to 10 15 sec. 

If this event is taken at face value, then it is a very high 
energy neutrino (?) interaction, with a stiff muon and 
non-trivial amount of missing transverse momentum at the 
primary vertex. Were the neutral baryon to be indeed 
carrying a new type of quantum number then it is plausible 
that it was pair produced, the other particle escaping 
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detection in the spectrometer apparatus (e.g. a goldstino 
or photino) • 

Yet another possibility, as pointed out by H.J.Lipkin 
[223] , is that this event may be an example of a five quark 
csqqq (exotic) anti-charmed strange state, such as a bound 
state of a D- with a proton (i.e. D-p = (cd) (uud)) [179,see 
also 180-183]. The hypothesis of a D- meson implies an 
anti-neutrino interaction. From the above discussion on 
production kinematics, this possibility appears to be 
unlikely, as the sign of the muon (which is essentially 
unknown for momenta above 80 GeV) favors the negative 
charge. This event is also favored as a neutrino-induced 
charged-current event, based on the observed v /v ratio of 
7.5 ± 2.0%. Applying charge conservation (anH i~noring the 
single black (evaporation) track at the primary vertex), 
track 4 must be positive for the interaction to occur off of 
a neutron target. If the muon were from an anti-neutrino 
interaction, then track 4 must be negative to balance 
charge, but then the kinematical variables computed for the 
e.vent are unphysical, and applying the Q-shift makes matters 
worse. For the interaction to occur off of a proton target, 
it is not possible to conserve charge for any combination of 
either charge sign of muon with track 4, as there are an 
even number of charged prongs in this event. Hence, a 
neutrino interaction is the most likely source of this ·event 
Therefore, it is unlikely that this event is an anti-charmed 
state. 

More plausible exotic baryon interiretations for this 
event are that of a bo~nd state of a D with a neutron i.e. 
o:n = (cu) (udd), or a A - K- bound state, (cud) (su), or a 
1: - K- (cud) (su) or 1: 0 -cKo (cud) (sa) bound state [224]. The 
dgcay of the exoti8 o 0 n(2450) state to p n-Ko is 
Cibibbo-favored, while the decay of the exo~ic 
A - K-(2650), 1:+ - K-(2650) and 1: 0 - K-(2650) states to 
pcK-K 0 are alsocCabibbo-favored. THe observed lifetime may 
resul~ from possible restrictions on phase space available 
in the decay of an exotic five-quark state [223]. 

It should be noted that long-lived charged and neutral 
events are not without experimental precedent, although the 
identities of these particles are not known with any degree 
of certainty (see Refs. [63,98-100]). 
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Is this truely a stable high-mass neutral baryon? 
The kinematical and physical evidence indicates this to be 
so, although the observed decay time is not consistent with 
the measured lifetimes of known charmed particles, nor with 
(conventional) theoretical expectations for neutral charmed 
baryons. No matter how compelling the physical evidence may 
be, this event still has only the statistical weight of one. 
Whether or not this event is the first observation of a 
long-lived neutral baryon, and more specifically that of a 
neutral charmed baryon will hopefully be resolved in the 
(not-too-distant) future (both experimentally and 
theoretically) • 



CHAPTER IV 

SUMMARY OF EXPERIMENTAL RESULTS 

The mean lifetimes of charmed particles as de~ermined 

from t~e reconstructed decays of 5 D, 15 D0
, 3 F mesons 

and 8 Ac baryons observed in this experiment are: 

"[' = 10.3+~~:~ x 10-1 3 sec 
D+ 

"[' 2.3 +o.·0 x 10-13 sec = -0.5 Do 
"[' 2.0 +1.8 x 10-13 sec = 

F+ -0.8 

"[' = 2.3 +l.O x 10-13 sec 
A+ -0.6 

c 

The lifetimes+of the D0
, F 0 and A+ are measured to be 

shorter than the D meson, by approximgtely 2.3, 2.5 and 2.2 
s~andard+deviations, respectively. The lifetimes of the o0

, 

F and Ac are within one standard deviation of each other. 

The ratio of D+ to o0 lifetimes, as measured in this 
experiment is 

This ratio differs by more than 3.* 
unity. The probability that the D 
mean lifetime and are measured 
lifetimes is less than 1.0%. 

standard deviations from 
and o0 have the same 
to have the observed 

The masses of the charmed D+, D0
, F+ mesons and 

baryons measured in this experiment are: 

M + = 1851 ± 20 MeV/c 2 

D 
M0 o = 1856 ± 15 MeV/c 2 

M + = 2042 ± 33 MeV/c 2 

F 
M + = 2265 ± 30 MeV/c 2 

Ac 
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This 
existence 
a*so fro~ 
D and A c 

experiment+ha2 obtained clear evidence for the 
of the F (cs) meson, not only from its mass, but 

its observed decay modes, lifetime and small (1%) 
background. 

This experiment has observed one candidate event for 
the production and decay of a long-lived neutral baryon, 
with the decay mode, mass and decay time of: 

Decay Mode Mass (MeV/c 2
) Decay Time (xl0- 13 sec) 

NB + p 1T-Ko 
s 2450 ± 14 77.2 ± 0.9 

or 
NB + p K-Ko 

s 2647 ± 11 83.4 ± 0.9 

The probability of this event originating from background 
nuclear interactions within the (entir~) data sample is less 
than 3.1 x 10-~ events. 
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DISCUSSION OF EXPERIMENTAL RESULTS 

Comparison of Results With Theory 

It is seen that to first order, the predicted 
theoretical lifetime for charm is correct to within an order 
of magnitude: 

TCH (thy) ~ 5-6 x 10- 13 sec 

TCH (exp) ~ 3.5 x 10- 13 sec 

However, the "naive" free quark model, which predicts the 
lifetimes of charmed particles to be the same, is in poor 
agreemen~ with th~ experimental data, although differences 
in the D , D0 and F lifetimes were expected on theoretical 
grounds [21,35-37,41-44], due to the interplay of the strong 
interactions with the weak for non-leptonic decays; the 
strong interactions renormalizing the strength of the weak 
interactions i~ such a way as to enhance charm-changing 
(pure) AI =·1;2 non-leptonic· transitions over those of 
(mixed) AI = 1/2, 3/2 non-leptonic transition i.e.. "20-plet 
dominance" [21,42,185,l86,199,203-205i. (The (two-body) 
Cabibbo-favored decays of . D0 and F mesons to two 
pseudoscalar mesons m~y proceed through the pure AI = 1/2 
transition, while the D may proceed only by the mixed 
AI = 1/2, 3/2 transition.) The modification of the weak 
decays of charmed particles by the strong interactions may 
also be understood as being due to QCD radiative corrections 
(i.e. diagrams involving hard gluon emission and 
absorbtion) [192-199]. 

Several other mechanisms are predicted to enhance the 
decay rates of cha~med particles, su~h as non-spectator 
interactions, i.e. W annihilation and W exchange between 
quarks (accompanied with gluon bremmstrahlung in meson 
decays, thus removing the helicity supression effects 
associated with spin+O mesons) [176,212-215]. The predicted 
enhancement of the D relative to the D0 is 1:20 due ~o the 
Cabibbo-unfavored nature of this decay mode for the D • 

As an example, the predicted A+ lifetime, ta~ing into 
account such non-spectator intergctions (the ~ exchange 
diagram) , scaled to the experimentally measured D lifetime 
(taken to be the theoretical lifetime of the free charmed 
quark) is [ 1 7 6 ] : 

TA+= 2.0 ± 0.2 x 10- 13 sec 
c 

in good agreement with the measured 
within 0. 5 S. D.) • 

(theory) 

A+ lifetime 
c (i.e. 
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In addition to the enhancement proc~sses, other 
phenomena are predicted to supress the D decay rate 
relative to that of the free charmed quark, such as strong 
color-clustering/interference effects associated with th~ 
(color-connected) W-radiation decay diagram(s) for the D 
meson, Pauli exclusion principle supression effects due to 
the two d anti-quarks in the D final state, viola;ion of 
the 6n = O rule for Cabibbo-favored decays of the D meson, 
to meneion only a few [216,see also 231;41,225,228-230]. 

The penquin diagram, which is believed to play an 
important role in the decays of strange particles 
[185,186,205] is not expected to contribute significantly to 
the decays of charmed particles [186,205,218-220]. 

The Feynman diagrams associated with such processes are 
shown in Fig.62 for charmed mesons and baryons. 

It is hoped that with the improved statistics on charm 
decays expected from the second run of E-531 (already 
concluded; analysis is in progress), the necessary data with 
which to perform critical tests of theoretical predictions 
for the differences in charmed pariticle lifetimes will be 
obtained. 
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Comparison of Results With Other Experimental Data 

Many experiments previous to and since E-531 have 
observed visible decays of charmed particles 
[45,47-52,59-70,96-100,109,114,232]. However, with few 
exceptions, very few of these events were fully 
reconstructable, to the extent that the parent identity was 
unambiguously known, and that the mass and momentum of the 
parent were also known, within small (5%) errors. 

Several experiments have obtained a measurement of the 
average charmed particle lifetime, i.e. averaged over 
particle type (as the identity of the parent in each event 
was not known). However comparison of the average lifetime 
obtained from this experiment (neutrino production of 
charm), cannot be directly compared with data from the 
hadro-production and photo-production of charm,+ withou~ 
takin~ into account relative production rates of D, D0

, F 
and A (i.e. their cross-sections, along with the energy 
depen8ence of the charm cross-sections) which are at present 
not experimentally known. 

On an individual particle species level it is only 
meaningful to compare the results of this experiment with 
the fully reconstructed and unambiguously identified decays 
of charmed parti~les observed in other experiments. No such 
candidates for D decay from experiments other than E-531 
have been reported to date. 

Several fully reconstructed o 0 candidates have been 
observed, in the 0-spectrometer and the LEBC experiments at 
CERN, with decay times of 0.23,0.86 x 10- 13 sec [67,68] and 
2.1,5.9 x 10- 13 sec [232] respectively. Even here, it is 
difficult for a quantitative inter-comparison of 
experimental data (i.e. to use all events in a single 
maximum likelihood fit) due to the differences in scanning 
biases (i.e. scanning efficiencies) except to say that the 
experimental results are consistent with each other. 

+ Two fully reconstructed candidates for the decay of a 
Ac ~ave been+observed in experiments other than E-531. 
A A ~ p K-TI decay was observed in the WA-17 (BEBC) 
exp~riment a with a measured decay time of i-3 x 10- 13 sec 
[65] , somewhat longer than . the +measur~d Ac lifetime as 
obtained in our experiment. A A ~ A0 n decay was observed 
in the CERN 0-Spectrometer/em~tsion experiment, with a 
measured decay time of 0.6 x 10- sec [68]. 
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FNAL experiment E-564, which ran simultaneously with 
E-531 (and E-553) in the neutrino be~m ha~ Ee~orted on the 
neutrino production and decay of an F + rr rr rr rr 0

, with a 
flight length of 50 ± 2 µm, a momentum of 2.42 ± 0.30 GeV/c, 
mass of 2017 ± 25 MeV/c 2 and decay time of 
1.40 ± 0.05 x 10- 13 sec [114]. 

The scanning biases for finding (short decay length) charged 
charmed decays are not so dissimilar between the two 
experiments, that it is not unreasonable to incl~de this 
event in a maximum likelihood fit for four F events 
(This, however, is not the case for inclusion of the A~ 
events from the CERN experiments, due to radically differen~ 
charged decay scanning ef ~iciencies than for this 
experiment.) Thus, for four F events: 

~F+ = 1.8 ~ii:~ x 10-
13 

sec 
+ 

The (weightedi F- mass, using all four events is 
2026 ± 20 MeV/c • 

Comparison of D+, ~Lifetime Ratios 

Th~ ratio of the D+ to D0 lifetimes as determined+ in 
this experiment is in reas~n2ble agreement with the D D0 

lifetime ratios obtained by e e experiments at SPEAR (Mk.II 
and DELCO) fro~ measurements of the semi-leptonic branching 
ratios of the D and D0 at the~,, resonance [139-144]: 

Br(D+ + x 0e+'V ) = e 16.8 ± 6.4% Mk.II 

= 22.0 +4.4% 
-2.2 DELCO 

Br(D 0 + x-e +" ) = e 5.5 ± 3.7% Mk.II 

< 4.0% (95% C.L.) DELCO 

The ratios of the lifetimes of the D+ to D0 as determined by 
these two experiments are: 

~+1~0 3.1 +4.2 Mk.II = -1.4 

> 4.3 (95% C.L.) DELCO 

Both Mk.II and DELCO experiments 
D0 lifetime ratio R in terms 
[142-144,145], as shown in 
significance of the difference 
strengthened by combining the 
experiments. 

have characterized the D+, 
of the function ln~(R) 

Fig.Si. The statistical 
in D , D0 lifetimes is 
results from the three 
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\ 

Adding together the ln~(R) curves for E-531 and Mk.II 
(Fig.54), the ratio of D , D0 lifetimes is 

·1 

+ +2 5 . 
T /T

0 
= 4.2 -1:1 (E-531 and Mk.II) 

This ratio of the lifetimes differs by more than 3.3 
standard deviations from unity. 

The "World Average" of the ratio of lifetimes may be 
obtained by combining the results of E-531, Mk.II and DELCO 
(Fig.54), however, since the DELCO result is a lower limit 
on the lifetime ratio, the combined result of the three 
experminents may oniy be interpreted likewise. The "world 
average" of the D , D0 lifetime ratio thus differs by more 
than 4.2 standard deviations from unity. 

The (experimentaily d~termined) semi - electronic 
partial width for D + x0 e v may be obtained from th~ 
product of the semi-electronic Branching ratio and the D 
lifetime.+ Averaging the semi-el~c!:ronic branching ratios 
for the D as measured by the two e e experiments: 

Br(D+ + x 0 e+v ) = 20.5 +3 • 6 % 
. e -2.1 

rcD+ + x 0 e+ve) = 2.0 ~~:g x 10 11 sec- 1 

in reasonable agreement with theoretical calculations of the 
semi-leptonic width for free charmed quark decay 
[ 21, 193-196] : 

rec+ si+v4> = 1.6 ± 0.3 x 10 11 sec- 1 

and also with: 

rcD + xi+vi) = 2.2 ± 0.4 x 10 11 sec- 1 

(This number is the sum of the semi-leptonic widths for D 
decays to Kan K*. [201]) 

Assuming that the annihilation dia~ram for the D+ 
contributes negligibly to the total D rate (due to the 
Ucd = sin8 1cosa 2 factor at the cd vertex), the 
semi-electronic +partial widths will be the same (to first 
order) for the D and D0

• (The hadron~ in the final states 
of semi-leptonic (~I = 0) decays of D , D0 mesons have total 
isospin I = 1/2, and are related to each other by isospin 
rotations [125] .) Thus using the measured D0 lifetime, the 
semi-electronic branching ratio for the D0 is: 

Br(D 0 + X-e+ve) = 4.7 +4 .0% (E-531) -3.1 
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The semi-leptonic branching ratio as obtained above for 
the D0 is in good agreement with the measurements obtained 
at SPE~R. It can be argued that the semi-leptonic width fo~ 
the A should be appro~imately the same as that for the D 
and Do; since only the W -radiation ~iagram can contribute 
to the semi+leptonic decay of the A • Hence to first order, 
the Do and A should have the same iemi-leptonic branching 
ratios, !or !he same lifetimes. An experimental lower limit 
on the F semi-leptonic branching ratio is obtained by the 
same methods: 

BR(F+ + x0 e+v ) > 4 0 +4 .6, 
e · -3.6 

Note that+ the contribution to the semi-leptonic decay rate 
from the W annihilation diagram is expected to be less than 
5% for the F+. 

F+ + TV Leptonic Branching Ratio: 

An estimate of the leptonic F+ + TVT branching ratio 
may be obtained from: 

Br(F+ + TVT) = r(F+ + TVT) T + 
F 

Where the theoretical partial leptonic width 
[ 209-211] : 

for F+ + TV is 
T 

r(F+~ + ) ...,,... T V = 
T 

= 1.66 x 10- 5 GeV 
= 2.030 GeV/c 2 

M~ ) 
M2 

F 

2 

= 170 MeV [205] 
Mt = 1.784 GeV/c 2 

U = 0.95 UTV = 1.00 
CS T 

(See Refs. [188-192] for 
values of the K-M matrix, 
of the values of the 
mesons.) 

a determination of the central 
and Refs.[205-208] for estimates 
decay constants for pseudoscalar 

r(F+ + T+V ) = 7.2 +21 · 6
4 

x 10 10 sec- 1 
T -5. 

The uncertainty in the theoretical width cal~ulation is due 
to the factor-of-two uncertainty in the F decay constant 
fF. The "central value" of sev~ral theoretical calculations 
has been used. + Using the F lifetime as measured in this 
experiment, the F + TVT branching ratio is 

Br(F+ +TV) = 1.4%(+1.3),exp $(+4.3),thy 
T . -0.6 -1.1 

+ +4 .. 4 Br(F + TV ) = 1.4 1 1% 
T - • 



CHAPTER V 

CONCLUSIONS 

. A single experiment has obtained measurements of the 
individual lifetimes for four ty~es of charmed particles, 
the D , D0 and F mesons, and the A charmed baryon, finding 
evidence for differences in the lifetimes of the observed 
charmed particles. · 

The experimental results are in reasonable agreement 
with theory, although additional work is required both 
theoretically, to determine which mechanisms (and to what 
level such mechanisms) are responsible for the differences 
in charmed particle lifetimes, and experimentally, to reduce 
the statistical errors associated with the each of the 
individual lifetimes, and to determine whether or not new 
phenomena are extant within the D0 sample, such that 
critical comparison can be made. 

The (meaningful) results obtained from other 
experiments are in · agreement with the data obtained from 
t~is experiment. In this respect, the r~sults obtained from 
e e- experiments at SPEAR for the D , D0 lifetime ratio 
provide the strongest comparison at this time. 

With regard to the neutral baryon candidate, no 
"natural" theoretical explanation for the long lifetime 
exists at the present time. Whether or not this one event 
truely is the decay of a stable neutral baryon is not known 
with absolute certainty, although strong experimental 
evidence exists to support this hypothesis. 

It is sincerely hoped that the answers to this and many 
other tantalizing questions will be answered experimentally 
from the second run of E-531 (and other experiments), and 
that theoreticians will extend their efforts toward 
improving and expanding the theoretical framework of charm. 
There is much physics left to be done, much physics left to 
be discovered, and much physics left to be understood! 
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APPENDIXES 

APPENDIX A 

CHARM CANDIDATE EVENTS-

Thi~ section consists of a brief discussion of each 
event, and is limited to salient features and specific 
problems associated with the event reconstruction, and their 
effect on determination of the lifetimes. Several events 
are discussed in greater detail to elucidate the methods 
employed in even~ fitting. +The data is organi~ed into four 
groups, charged D mesons, F mesons, charmed Ac baryons and 
ambiguous charm decay candidates. 

A systematic search for interesting and relevant 
submass combinations of daughter particles was made (for 
particle states such as K*, p, ~' A, L, etc.), along with a 
similar search for resonant charm states (such as D*, F*, 
L , L*, etc.). In order to limit the amount of information 
preseHted, only those mass combinations relevant to the 
above particle states are presented. All others are 
supressed. If no specific mention is made of a particular 
mass combination for a given event, it is because no 
candidates exist within 2 S.D. of the particle state in 
question. 
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115 

D+ DECAY CANDIDATES 

EVENT 512-5761 + - + + 0 D + K 'IT 'IT 'IT 

One of the po"sitive $racks from the ~eciy vertex is 
identified by TOF as a 'IT • This event is D /F ambiguous on 
the basis of mass, however the other positive track from the 
decay ver~ex is identified by TOF as a 'IT at $he 80% C.L.; 
thus the D hypothesis is preferred. The net F background 
for this event is t~erefore 10%, assuming equal neutrino 
production rates for D and F + mesons. 

EVENT 546-1339 + - + + D + K 'IT µ (V ) 
- µ 

A photo-micrograph of this event is shown in Fig.46. 
O~e of the decay tracks (5-2) is identified as a 4.64 GeV/c 
µ from penetration thr~ugh ~oth planes of muon counters. 
The probability of 'IT + µ " decay using the observed 
momentum for this track is l.6W. Tracks 5-1 and 5-3 are not 
identified by TOF, however the invariant mass of these two 
tracks for the above decay hyiothesis is 
MK'IT = 928 ± 12 MeV/c 2 consistent w.ith a K 0 (892). As the 
missing neutral is assumed to be a neutrino, no constrained 
(> 0-C) fit is possible. The minimum mass of+the :liC+curve 
(shown in Fig.47) for the decay hypothesis D + K 'ITµ (v ). 
Thus, hypotheses .with ad~itional missing neutrals (e~g. 
'IT 01 s) are not allowed ~or D_ ~e~ay. No solution exists for 
the decay hypothesis F + K K µ (v ), as the minimum mass is 
2244 ± 30 Me¥/c!·- ~-c solutions µexist for the decay 
hypothesis F +'JT 'IT µ (v ) , which can occur via three possible 
decay mechanisms, as+sHow~ in Fig.49. The relevance o~ 
these diagrams for F + 'IT '!Te v decay, as a backgro~nd in D 
decays is dis~ussed at the endeof this section on D decays. 
The maximum F background for t~is eve~t (see below) is 2.5% 
for equal production rates of D and F mesons. 

2.44 ± 0.23 GeV of excess energy is observed +in one 
isolated lead glass block (# 40). The invariant D -y mass 
is 

M + = 2002 ± 13 MeV/c 2 

D-y 
c~nsistent with the D*+. No other mass combinations of the 
D with any of the other+Particles in ~his event have masses 
within 4 S.D. of the D*+ miss.+ No F* candidates exist for 
either solution of the F +'JT ~-µ (v ) decay hypothesis within 
4 S.D. of the expected F* masM (MF* = 2140 ± 35 MeV/c 2 

[160]). 
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EVENT 580-4508 

This event is an anti.-neut~ino induced charged-current 
interaction, in which the µ from the primary vertex 
identified by penetration through both muon counter planes. 
One of the charged particles from the primary vertex decays 
after 2307 ± 50 µm. Decay track 1-1 passes through an 
isolated lead glass block, in which 6.7 ± 0.4 GeV of energy 
was observed. The momentum of track 1-1 is measured to be 
4.24 ± 0.09 GeV/c. The difference E b - Ptrk= 2.5 ± 0.4 GeV 
is consistent with electron bremmstrin~ung in the emulsion, 
as the decay tracks must traverse 2.7 cm of emulsion ( 1 
radiation length) before exiting the emulsion module. As 
the momentum is greater than 3.0 GeV/c, the electron and 
bremmstrahlung enter the same lead glass block. 

Track 1-3 is identified from TOF as a K+. The invariant 
mass of track 1-3 and 1-2 is 894 ± 132 MeV/c 2

, consistent 
with the K* 0 (892). The two 0-C solutions for the above decay 
hypothesis are less than 600 MeV/c apart (see Fig.47) 1 the 
fractional difference in the decay times is less than 6% (a 
difference of 2 S.D.). No solutions exist for the decay 
hypotheses 

F 

Solutions do exist for the decay hypothesis 

F-+'JI' - 'Tl'+ e - ( V ) 
e 

However, track 1-2 is identified by TOF as a K+. Hence, this 
event is not consistent with F- decay, therefore the F­
backg£ound ~ssociated with this event is effectively zero. 
No D* or F* candidates exist for this event, as there are 
no gamma candidates in the lead glass. 
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EVENT 598-1759 

This event, from kinematic analysis, was determined to 
be consistent only with the Cabibbo-unfavored decay of a D , 
as the 2-C masses are such that the 3-C fits are 
unacceptable for the decay hypotheses: 

Decay Mode 

o++K+n-n+no 

F++K+lT-lT+lTo 

A++p K-lT+1To 
c - -

0-C hypotheses exist for: 

3-C C.L. 

o.ooo 
o.ooo 
0.035 

D+ + K+1T-1T+1To(n°) 

F+ + K+K-1T+n°(n°) 

However, no evidence for the additional n° is observed in 
the apparatus. The probability of ~uch a n° avoiding 
detection is 20%, thus the maximum F background for this 
event is 10%. 

The decay occurs within the (70 µm thick) plastic base 
of one of the emulsion plates, lOµm from the downstream edge 
of the plastic base. No black tracks are observed to emerge 
from the decay region. Typical ranges of black tracks from 
nuclear break-up in emulsion are lOOµm Thus, a range of 
2.5 x this is expected in plastic, on the basis of the ratio 
of energy losses in plastic and emulsion [160]. The 
probability of non-observation of black tracks from a 
nuclear interaction is therefore small, c~ 4.0%). 

* There are no K , p or ~ candidates. 
mass combinations are: 

M 
K+K-TT+ 

M 
K+K-TTo 

M 
K-1T+lTo 

= 1663 ± 22 MeV/c 2 

= 1381 ± 28 MeV/c 2 

= 1157 ± 21 MeV/c 2 

The last two three body combinations are 
Q(l400) and Q(l280) mesons, respectively. 

The three body 

consistent with 

No higher resonant charmed states are observed. 
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EVENT 663-7758 

The energy of the incident neutrino in this event is 
E = 280 ± 60 GeV. 90% of the available hadron energy is 
c~rried away by a single charg~d particle, observed to decay 
13000 ± 50 µm from the primary vertex. As the momenta of 
the decay tracks are high, no particle identification from 
TOF is possible. 

The three decay tracks 1-1, 1-2 and 1-3 all pass 
through the same lead glass block (along with the muon). 
The energy deposited in this block is EPBG = 19.9 ± 0.7 GeV, 
with 4.0 ± 0.5 GeV/c in two neighboring clocks. The energy 
deposition and track locations in the lead glass are 
consistent only with the hypothesis of track 1-3 
(P = 15.5 ± 2.0GeV/c) as an electron. The excess lead 
glas~ energy is consistent with bremmstrahlung from 1-3 as 
it traverses 2.24 cm ( one radiation length) of emulsion 
before exiting the emulsion module. 

. + - + + The 0-C solution for D + K n.e (Ve>+ occurs at the 
minimum of the+ -+-£ ~urve. Acceptable F decay solutions 
exist only for F +n n e (v ) • The high solution is excluded 
by maximum beam energy con~traints (350 GEV). 

It should +be noted that in the above listed 
semi-leptonic D decays, (indeed, for all of the observed 
semi-leptonic decays in the data sample, including the o0 

decays), a muon from the primary vertex is identified in 
every event. Thus the semi-leptonic decays are unlikely to 
be due to decays of objects other than charmed particles 
(e.g. heavy charged and/or neutral leptons); unless the 
production mechanism for such objects is similar to that for 
charm. 
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F+ ·.and ~ Background in D+ Decays 

The F+ backiround associated with the above sample of 
semi-leptonic D decays occurs from the processes shown by 
the Feynman diagrams in Fig.49. 

1. cs W+-Annihilation/Gluon Bremmstrahlun~. 
The branching ratio for this diagram is estimated 
to be 2.5%, using the rates calculated in 
Refs. [212-215] (assuming that the g*uon(s) fragment 
with uni;. probability +into a TI TI- pair and the 
virtual W d~cays to a i vi pair), along with the 
measured F lifetime. (The actual number 
calculated for this diagram is 1.5%.) 

2. w+-Radiation/OZI-Supressed SS Annihilation. 
An estimate of the branching ratio for this process 
can be obtained from the following [222]. 

The branching ratio for the OZI-allowed process 
~ + K K is Br(~+ K K) = 83.8 ± 1.7% [160]. The 
branc~i~g ratio for the OZI-supressed process 
~ + TI TI TI 0 (including PTI) is 

Assuming that the quark content of the ~ is 
entirely ss as an upeer limit, (the ~ wave function 
contains uu and dd components due to mixing with 
other neutral · vector mesons, i.e. 
~m = l//3(uu+do+ss); correcting for phase space 
(where both of the above~ decay modes vary as Q3

, 
Q(~ + pTI) = 183 MeV/c, Q(~ + KK) = 119 MeV/c); and 
assuming as an upper limit that the 3 TI decay mode 
of the~ meso~ is il! ~rom ~ + pTI,,then an 7stima~e 
for the F + TI TI i vi branching ratio via 
OZI-supressed ss annihilation is [234]: 

Br(F+ + TI+TI-i+vi) ~ Br(c + s i+vi> x RF(OZI/Strong) 

+ Where Br(c + s i vi> = 20% (free quark model) 

RF(OZI/Strong) ~ R~(OZI/Strong) 

R~(OZI/Strong) =Br(~+ PTI) 0
3

(~ + KK) 

Br(~+ KK) Q 3 (~ + PTI) 

Br(F+ + TI+TI-i+vi> ~ (.20) (4.8%) = 1.0% 
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3. Second Order Weak Processes. 
The contributions from these diagrams are expected 
to be (GF/12) smaller than leading first-order 
processes, i.e. miniscule. Hence they are 
neglected. 

The number of F+ decays in the above+ sample of D+ 
decays is the sum of the probabilities of F decay for each 
individual event. Each probability is the produc~ of the 
probability of producing an F (relative to a D ) and the 
specific decay background probabilit¥ for +that event. 
Assuming equal production ratios for D and F mesons as an 
uppe~ lim!t~ along with the+ assumption tha~ 
Br(F + n n i v~) <+5%, the maximum F contamination, or F 
background in tne D decay candidates is: 

F NBKGND< 0.5(0.20 + 0.05 + 0.00 + 0.20 + 0.05) = 0.025 Events 

The A+ contamination in the D+ sample, obtained by 
postulatin~ a missing neutron or assuming the untagged 
positive hadrons in the decays are protons, is negligibly 
small, as +the minimum mass possible is more than 3 S.D. 
above the A mass in all cases except 598-1759 where the 3-C 
C.L. = -0.03§. 
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F+ DECAY CANDIDATES 

Three charm candidates were found, which upo~ 

reconstruction were determined to be inconsistent with D 
meson+decays, in that the measured masses were well above 
the D mass~ the observed decay modes fir each of the events 
are also Cabibbo-unfavored decays fo~ D mesons. The events 
are consistent with decays of F mesons, both in the 
observed masses and observed decay modes. 

EVENT 527-3682 

A photo-micrograph of this event is shown in Fig.46. 
The background fog grains have been removed to improve 
contrast. This event is an anti-neutrino induced 
charged-current event, as the muon from the primary vertex 
has positive charge. No charged strange particles are 
observed in this event, although a total of 11 GeV of excess 
energy is observed in three out of four calorimeter rows, 
where no charged particles are incident. Two of the charged 
tracks from the decay are identified as pions by TOF. 
Transverse momentum does not balance at the decay vertex 
{with C.L. > 99%.) A n° is observed in the lead glass which 
balances transverse momentum (within errors) at the decay 
vertex. The 2-C mass for an all-pion decay hypothesis is 
2026 ± 56 MeV/c. The 3-C C.L. for a Cabibbo-unfavored D­
decay is 1.3%, and smaller still for the Cabibbo-favored D­
decay. (Not allowed by TOF, in any case.) The two and 
three-body neutral mass combinations of the decay particles 
are listed below: 

M = 611 ± 27 -MeV/c 2 

1 2 

M = 780 ± 17 MeV/c 2 

2 3 

M = 1296 ± 59 MeV/c 2 

1 2 It 

M = 1338 ± 41 MeV/c 2 

2 3 It 

Note that the· branching ratio of the w{783) to 7T+7T- is 1.4% 
[ 160] • 

No F* candidates exist within 3 S.D. of the F*(2140) mass. 
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EVENT 597-1851 

No muon from the primary vertex is identified (by 
penetration through the muon steel) in this event. The 
shower tracks from the primary vertex, other than the track 
which decays all have large X and/or Y slopes; thus a muon 
cannot be excluded in this event. 

All of the charged tracks from the decay are identified 
by TOF. Transverse momentum does not balance at the decay 
vertex (> 99% C.L.). Excess energy is observed in the 
calorimeter, and a small amount of energy is deposited in a 
lead glass block where no charged track is incident. The 
observed calorimeter energy and location from the lead glass 
are in ex~e*l~nt agreement with predictions from a 0-C fit 
to F ~ K TI TI K~: 

0-C fit values Observed Values 

PKo : 3.5 ± 0.5 GeV/c 3.1 ± 1.9 GeV/c 
L 

XKo : -0.280 ± 0.018 -0.303 ± 0.015 
L 

YK~ : -0.045 ± 0.013 -0.009 ± 0.015 
L 

The 3-C C.L. for the Cabibbo-unfavored decay of 
C.L. < 3.0%. 

The (doubly Cabibbo-unfavored) decay hypothesis A~ 
has a C.L. 0.01%. 

The two body K~ 
+ is MKTI = 867 ± 55 MeV/c 2 - TI mass 

The invariant mass of the K+ and TI 
752 ± 5 MeV/c 2 . 

a is 

~ K+TI+TI-n 

is MKTI = 

No other strange particles are identified in this event. 
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EVENT 638-9417 

The K+ is identified by TOF, 3.5 S.D. from a proton. 
The K- is 2 S.D. from either K- or antiproton, i.e. 
ambiguous between the two negative particle types. The 
event occurs in the upstream portion of the target. The TI 0 

is identified by conversion of both y's in the emulsion. 
This event has much electromagn~tic shower activity as a 
result of the vertex location. The tracks from the shower 
are confined to the upstream drift chambers, for the most 
part. The pulse height in TOF I is correspondingly larger 
for this event. A further consequence of this is that the 
fitted TOF start is pulled early, resulting in a slower 
observed transit time for the tracks which penetrate to 
TOF II, which in turn shifts TOF identification towards 
heavier particles. 

The 2-C fitted mass for the decay hypothesis F + + K+K-TI+Tio 
is MF+ = 2050 ± 45 MeV/c 2

• 

The K+-K- invariant mass is MKK = 1000 ± 3 MeV/c 2
, 

consistent with the 5*(980) and/or 0(980) mesons. 

The invariant TI+-TI: mass is MTITI = 572 ± 37 MeV/c 2
, not 

consistent with a P • 

A 220 MeV/c photon is observed in an iso*ated block of 
the lead glass array. The invariant ~ - Y mass is 
MFy = 2135 ± 45 MeV/c 2

, consistent with a F* (2140). 

No other strange 
The 3-C C.L. 's are 
Cabibbo-unfavored 
allowed by TOF). 

particles are identified in this event. 
negligibly s~all (i.e. i 0.01%t !or the 
decay of a D , and for A + p K TI TI 0 (not c 
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A+ DECAY CANDIDATES -c· ~~- -~~~~-

EVENT 476-4449 

This event has an unusually high charge multiplicity 
(NH = 20, NS = 12) at the primary vertex. The event is an 
unambiguous charmed baryon decay candidate, as one of the 
decay tracks is identified by TOF as a proton (3.0 S.D. 
from a kaon). The pions from the decay were identified by 
emulsion PS and I/Io measurements. Over 11,000 individual 
grains of silver were counted along each of the tracks, thus 
obtaining a I/Io measurement accurate to 1%. (This event 
was our first charm decay candidate to be found in the 
emulsion, by the Ottawa group.) A missing neutral is 
required to balance transverse momentum. Th~ 1-C+ curve 
(shown in Fig.47) for the decay hypothesis A + pn n-(K 0 ) 

has two solutions for the K0 momentum. c 
No •K 0 is observed to decay· in the drift chambers. The high 
momen@um solution is the physically favored solution, as 
10 GeV of excess energy is observed in the calorimeter in 
the region where a 2.5 GeV K0 is expected (although other 
neutral hadrons are likely t~ be present in the calorimeter, 
with the charge multiplicity as high as .it is in this­
event). Furthermore, the Feynman-X (XF = P* /PAAx B) for 
this event 11 , · 

preferentially selects out the high momentum solution, as 
the low momentum solution has X < -1 by more than three 
standard deviations which is Knphysical (a{XF) = 0.1). For 
the high momentum solution, XF < -1 by only a traction of a 
standard deviation. 

The invariant submass combinations have 

M = 1212 
Pn+ 

± 19 MeV/c 2 (ll++(l236)) 

-M = 896 ± 20 MeV/c 2 (K* (892)) 
K0 n -

(High solution only) 

Combination of ~ither momentum solution for 
with track 7 (n ) have the invariant masses: 

the 

M + + = 2485 ± 3 MeV/c 2 (low solution) 
A n 

M c =· 2440 ± 3 MeV/c 2 (high solution) 
A+n+ 

(The order of high and lol+A+ - n+ solutions is 
The mass of the E c has been measured 
2450 ± 10 MeV/c 2

• [160]. c 

A+ decay 
c 

correct) • 
to be 
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EVENT 498-4985 

All the decay products in this event are identified. 
The A0 is observed to decay to p-n. The invariant z 0 - n° 
mass is 

M = 1406 ± 5 MeV/c 2 

A0 n-
consistent with the z-(13~5). ~he A+ - n+ invariant mass for 
tracks 1 and 3 with the A - n arec c 

M 2463 ± 5 2 = MeV/c 
A+n+ 

Mc 2443 ± 4 MeV/c 2 = A+n+ 
No other mass combin~tions below 2650 MeV/c of the A+ with 
other primary tracks exist. 

EVENT 499-4713 

c 

A++ z 0 n+, z 0 + A0 (Y). 
c - -

the primary 
and fip = 

as a n+ ol5er 

Track 2 is observed to kink 366 ± 6µm from 
vertex, with kink angle SK = 0.255 rad 
6·00 ; 12 MeV /c. Track 2-1 favors identification 
a K

0 
by 1.4 S.D. _(i..e. 85% C.L.) from TOF information. 

No n or y are observed in the lead glass array. A A0 is 
observed to decay in the drift chambers, with the proton 
identified by TOF. 

The 3-C fit to A++ A0 n+ has an unacceptable 
C.L. < 0.01%, d6e to the fact that the 
2175 ± 17 MeV/c 2

, with 2-C C.L. = 
-7 ± 28 MeV/c, /ipy = -16 ± 38 MeV/c. 

fit, as the 3-C 
2-C mass is 

90.6%, tip = x 

A 0-C fit to A++ A0 n+no has a minimum miss of 
2331 ± 16 MeV/c , mor~c than *•8 S.D. above the A mass. 
Separate 0-C fits to A + (Z 0 )n ,z 0 + A0 (y) have a cunique 
solution for the y cmomentum in the decay of the z 0 + A0 y 
such that the effective 1-C fit to the decay chain: 

A++ z 0 n+, z 0 + A0 (y), A0 + pn­
c 

(involving 12 equations and 11 unknowns) has masses of 

M + = 2269 ± 17 MeV/c 2 

Ac 
M 

Ao 
= 1124 ± 

M = 1189 ± 11 MeV/c 2 

zo 
5 MeV/c 2 

The direction of the emitted gamma from Z0 decay is such 
that it does not pass though the aperture of the magnet. 

The invariant A+ + n+ mass of+the A+ with track 3 (n+) 
is consistent with tfie expected Z~ mas~, 2500 MeV/c [170]. 
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EVENT 549-4068 + - + 0) A + K pir (ir 
c --

This event is poorly reconstructed in the spectrometer 
as the momenta of the charged hadrons from the decay are all 
low. Track 2-2 is measured as a positive-charged particle~ 

momentum analyzed by the fringe field o.f the magnet. 
Emulsion measurements for 2-2 identify it as a proton (3.0 
s.o. from a kaon.) The momenta of tracks 2-1 and 2-3 are 
measured in the emulsion; track 2-1 is consistent with 
either a proton or a kaon, as the errors in the I/I 
measurement are large because of the small a for this track~ 
Decay track 2-3 is emitted backward in the+laboratory 
system, and is identified as a 47.4 ± 0.7 MeV/c ir by range 
measurments from the observed decay chain 

+ + µ+ + + -ir + µ vµ; e vevµ 

as the ir+, µ+and e+ all stop in the emulsion~ 

A missing neutral is required to balance momentum at the 
decay vertex. Th~ lea~ +glass has no ir 0 or y candidates. 
The -le curve for A + pK ir (ir 0

) for an unobserved ir 0 in the 
spectrom has two s8lutions for the ir 0 momentum, as shown in 
Fig.47. The high momentum solution is favored, as the 
Feynman-X for this event exceeds -1.0 by more than 1.5 S.D. 
for the low momentum solution. The invariant submass 
combinations are 

M = 1157 ± 5 MeV/c 2 

Pir + 
M = 915 ± 26 MeV/c 2 

K-iro 
(High solution only.) 

The fractional difference in the decay times for the high 
and low momentum solutions is less than 25% 
(0.63 vs. 0.77 x 10-1 3 sec). Thus, the 0-C ambiguity (two 
solutions) will h~ve only a small effect on the mean 
lifetime for the Ac. 
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EVENT 567-2596 

One of the tracks from the primary vertex (track 3) is 
observed to kink after 175 ± lOµm with kink angle 
eK =0.409 ± 0.002 rad. Tra~k 3-1 is identified as a proton 
by TOF, 4.5 s.o. from a K • The decaying baryon cannot be a 
hyperon, since 6PK = 605 ± 15 MeV/c. 

No v 0 rs are observed to decay in the drift chambers: no 
excess electromagnetic energy is observed in the lead glass. 
3.1 GeV of excess energy is observed in row 3 of the 
calorimeter. The magnitude and location of the energy 
excess in the calorimeter is in good agreement with the high 
solution to a 0-C fit of Ac + p K~. 

0-C Fit Values Measured Values 
4.0 GeV/c 3.1±1.8 GeV/c 

-0.065 rad -0.034±0.050 rad 

-0.025 rad -0.000±0.200 rad 

The two-body invariant mass of the A~ with track 4(n 
has a mass 

MA+n- = 2468 ± 3 MeV/c 2 

c 
This event is unambiguously not consistent with F+ 

decay via cs annihilation to pn [146] , using the observed 
excess calorimeter energy. 

EVENT 602-2032 

Track 2-1 from the decay undergoes an elastic scatter 
i.e. kinks) after 2.7 cm in the emulsion, with kink angle 
e = 0.084 rad and 6pK = 160 MeV/c. TOF - information 
i§entifies track 2-1-1 as a proton. The likelihood of a 
charged pion or kaon scattering off of a nucleus, producing 
only a proton in the final state is quite small ( 1%). Thus 
track 2-1 is most likely to be due to the elastic s~attering 
of a proton. Hence this even~ is mos~ likely a A • Tracks 
2-2 and 2-3 are identified as n and n respectivgly from 
I~Io meis~rments in emulsion. The high momentum solution to 
A + pn n (K 0

) is favored, as a track observed in the d~ift 
cHambers (attd not in the emulsion) is identified as a n by 
TOF and misses the primary vertex in the transverse 
direction by more than 3.0 cm (the up-only track for the n­
is not reconstructed in the spectrometer, due to its large 
negative Y-slope and many hits in the upstream drift 
chambers.) 
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The invariant submass combinations for the daughter 
particles are: 

Mpn+ = 1124 ± 7 MeV/c 2 

Mp1r- = 1160 ± 6 MeV/c 2 

MK'll'+ = 771 ± 35 MeV/c 2 

MK'lf- = 845 ± 25 MeV/c 2 

Only poor K* or ~++ (correlated) mass combinations exist for 
this decay candidate. 

EVENT 610-4088 

The A0 in this event is poorly reconstructed as it 
decays in the last few upstream drift chambers. Although 
the momenta of the proton and pion from the A0 decay are 
reconstructed by hand, the calculated flight times are in 
excellent agreement with TOF measurements for their assumed 
identity, and inconsistent with K0

, K0 or E0 decay. The 
three charged decay tracks are identi riedL§.S pions from TOF 
and emulsion information. No 'lfo,s, y' or other charged 
tracks are observed in the downstream spectrometer. The 
invariant A0

-1f- mass is 
MAon- = 1401 ± 33 MeV/c 2

, consistent with the E-(1385). 

EVENT 650-6003 

Two of the three charged decay tracks are identified in 
this event. · The A0 is observed to decay to p-n- and 
balances transverse momentum at the decay vertex. The 
invariant mass of the A0 with the n- is 

M = 1401 ± 95 MeV/c 2
, consistent with the E-(1385). 

A0 n-
The invariant mass of the A+ with track 4 (n+) i~ 

M + = 2447 ± 11 MeV/c 2
, c8nsistent with the t (2450). 

A c 
c 
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Discussion of ~~ Decays 

+ + 0 + The two-body A - ~-, mass combinations for A decay 
are shown in Fig~55. Evidence exists, although ~omewhat 
limited by the statistics for the resonant E-(1385) state, 
as indicated by the clustering of negative charge near this 
mass, and is consistent with theoretical expectations 
[170-174,178]. 

The decay mode A+ + ~++K*- can only occur via the 
w+-exchange diagram. c For the (p-~) (K -~)(correlated) mass 
combinations, evid~nce ~~ist2 (although weak, due to lack of 
statistics) for A + ~ K* decay from events 476-4449 and 
549-4068. (i.e. ~he high solutions are chosen in both 
cases, which are the physically favored solutions for each 
event) . 

A+-~±'s mass combinations with pions from the primary 
vertexc also show evidence of higher mass resonant charmed 
baryon states, n~~r 2450 MeV/c 2

, consistent with that 
observed for the E [73,82,83,160]. (See Fig.56.) c 
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Calculation of Nuclear Interaction Backgrounds 

for Charmed Baryons Produced in Neutrino Interactions 

As the nuclear interaction background is highest for 
the charmed baryons (due to the presence of a baryon in the 
final state, and lower parent momentum), the nuclear 
interaction background for the charmed baryons is calculated 
below on a per-event basis, using the methods from the 
section above on calculation of nuclear interaction 
backgrounds (for the whole charged current event sample), 
along with the necessary information from each charm decay 
candidate such as decay length, momentum, charge 
multiplicity, etc. 

TABLE 18 

NUCLEAR INTERACTION BACKGROUNDS FOR CHARMED BARYONS 

EVENT INCIDENT BACKGROUND 
NUMBER HADRON PROBABILITY 

476~4449 + K+ 
1T ' 3.8 x 10- 4 

498-4985 + K+ 
1T ' 1.2 x 10:- 3 * 

499-4713 1T+,K+ 1.0 x 10- 2 * 

549-4069 + + 1T ,K ,p 9.0 x 10- 4 

567-2596 K,p 4.5 x 10- 5 

602-2032 1T+,K+ 4.2 x 10- 3 

610-4088 1T+,K+ 5.0 x 10- 3 * 

650-6003 1T+,K+ 4.6 x 10- 4 * 

635-4949 Ko 5.6 x 10- 3 
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The total number of backgroun~ events for the A+ sample (8 
events) is less than 2.3 x 10-+ back~rou~d evefits. Note 
that for the events with A + A0 n n-n decays (*), the 
nuclear interaction hypotheses ~re "exotic", in that the 
wrong sign of strangess occurs+for a final state with net 
positive charge for an incident K • (This aspect was not 
included in the above calculation.) It is emphasized that 
these calculations are to be taken as upper limits to the 
nuclear interaction background, as the initial assumptions 
used in the calculations are all extremely conservative. 

The nuclear interaction background probabilities for the A+ 
and neutral baryon event as calculated here should bg 
compared with the calculation done (in a slightly different 
manner) for event 635-4949: 

N = 3.1 ~i:~ x 10- .. events (see above) 
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AMBIGUOUS CHARM DECAY CANDIDATES 

EVENT 493-1235 

The ambiguity in this event is two-fold in that the 
identity of track 3-3 is not certain, and the identity of 
the neutral particle is ambiguous between a K~ and a 
neutron. · Excess energy is observed in the hadron 
calorimeter in the region predicted from 0-C fit 
information. The 2-C and 3-C kinematic fits are poor due to 
the large errors associated with the neutral hadron and 
track 3-1, which interacts in the emulsion (with NH = 19, 
NS= 0). 

EVENT 502-354 ++ Y nDouble Chargedn Event 

y++ + A0 n+h+n°(n°) 1 E++ + A+n+ A++ A0 n+n°cn°) 
c c ' c -

Unfortunately, the magnet was off in this run due to a 
power supply failure. Thus, most momentum information is 
obtained from emulsion measurements, except for the lambda, 
which was reconstructed and identified from TOF information 
( ! ) •. This event is most likely a neutrino, as opposed to an 
anti-neutrino interaction, due to the ratio of 
anti-neutrinos to neutrinos in the beam. 

The grain density of the parent track is significantly 
higher than minimum ionizing tracks in this event. The 
magnitude of the charge of the parent particle is 

lol = 2.05 ~ii:~i 

as obtained from densitometry measurements. If this event 
is truely a doubly-charged particle, e.g. a stable 
doubly-charged charmed baryon, or possibly a 5-quark exotic 
state, or perhaps a super-fragment, then it has no impact on 
the lifetimes of the more common types of charmed particles. 
H~lever~ +an alte~nate inter~retation of this event is 
E +An, with A + n°n n°(n). The 0-C solutions for thi~ 
dgcay Hypothesis care quite compatible with the measured A 
lifetime. c 
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EVENT 522-2107 

F+ + K+TI+K-(TI 0
)' A~+ pTI+K-(n°) 

The neutral particle in the charm decay of this event, 
most likely a n°, is not fully reconstructed in the 
spectrometer, due to the large y-slope of the parent. There 
are several n° candidates, however none of them balance 
momentum at the decay vertex. The 2-C and 3-C confidence 
levels reflect this fact. A 0-C fit to ~he a~ove deca¥ 
hypotheses has acceptable solutions for D , F and A 
decays, however, one or both of the gammas from the n° deca~ 
are not detected by the lead glass, hence the resulting 
ambiguity in parent identity. The high momentum solution 
for the n° is favored, as a gamma candidate is observed in 
the region near the top of the lead glass array, in the area 
expected for the fast n°. As the observed decay time is 
quite long, this event is most compatible with a D meson 
decay hypothesis. 

EVENT 529-271 D+ + n+(K~), F+ + K+(K~), 

A++ p(K 0 ) o+ + n+no (KL0 ), F+ + K+Tio(KL0 ) 
· c L ' 

Track 2 is observed to kink 
primary vertex with kink 
6PK = 518 ± 17 MeV/c. Acceptable 0-C 
foilowing decay hypotheses: 

2547 ± 30 µm from the 
angle ek = 0.085 rad, 
solutions exist for the 

Decay Mode (Ecal-EKo)/cr(Ecal) 
L 

o+ TI+(K 0
) + 3.8 L 

F+ + K+ (Ko) 2.0 L 
A+ + p (K~) 1.8 c 
D+ + n+no (K 0 ) 2.0 L 
F+ + K+no (K 0 ) 0.6 L 

In each case, the high solution is favored by the observed 
excess energy in the calorimeter· E al = 27 ± 5 GeV. The 
difference (in S.D.) of the excess cal8rimeter energy and 
the energy of the missing neutral is given for each 
hypothesis. The last decay hypothesis is in closest 
agreement with the observed calorimeter energy. 
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EVENT 533-7152 D+ + 1T+(K~), F+ + K+(-K~), 

D+ + 1T+1To(K~), F+ + K+1To(K~) 

One of the charged tracks (track 1) is observed- to kink 
5246 ± 40 µm from the primary vertex with kink angle 
ek = 0.103 rad, and ~Pk = 550 ± 16 MeV/c. Acceptable 0-C 
solutions exist for the rollowing decay hypotheses: 

Decay Mode (Ecal-EKo)/cr(Ecal> 

D+ 1T + (K~) 
L 

+ 3.4 

F+ + K+ (K 0 ) o.o L 

D+ + 1T+1To (Ko) o.o L 

F+ + K+iro (Ko) 2.2 
L 

In each case, the high solution is favored by the observed 
excess energy in the calorimeter Eca± = 28 ± 5 GeV. The ir

0 

is reconstructed from the (double) e e shower of one of the 
y' s, the ·other y is observed in the lead glass. No Vees are 
observed to de~ay in the+drift chamber~, thu~ no 0-C decay 
hypotheses for D , F or A decay with K or ~ are allowed. 
No K* solutions exist for ~he above allo~ed D solutions, as 
the Pmax = 456 MeV/c associated with such decays is les~ 

than the observed ~Pk. K* solutions are allowed for F 
decay, as Pmax = 726 MeV/c. As the deca~ time is quite 
long, this event is most consistent with D decay. 

EVENT 547-3192 + + - + 0 F + 1T 1T 1T (if ) 

Unfortunately, two out of the three decay tracks 
interact in the emulsion before exiting the module. 
Kinematical analysis of this event, from the information 
available from the emulsion and+spectrometer allow only an 
all-pion decay hypothesis for a F meson+decay. Th~ minimum 
masses for Cabibbo-favored decays of D mesons, A baryons 
are well over two standard deviations above their r~~pective 
masses. Note that the decay time for t~e F decay 
hypothesis is compatible with the mean F lifetime. 
Although only one acceptable decay hypothesis exists for 
this event, the uncertainty associated with the assumptions 
used in the reconstruction of the two decay tracks which 
interact in the emulsion prohibits elevation of this event 
to the unambiguous charm candidate category. 
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EVENT 563-5269 D+ + +(K 0 ) F+ K+(KL0 ), TI' L ' + 

Track 2 is observed to kink 6600 ± 50 µm from the 
primary vertex, with kink angle ek = 0.353 rad, 
~Pk = 318 ± 100 MeV/c. Excess energy is observed in the 
caiorimeter, E 1 = 35 ± 6 GeV with evidence for two 
separate shower~~ from the structure of the energy 
deposition in the 5 calorimeter planes in rows 2 and 3. 0-C 
solutions exist for the following decay hypotheses. The 
difference between observed and predicted excess ener~y in 
the calorimeter (in S.D.) due to the presence of a K is 
also given. s 

Decay Mode (E 1-EKo)/a(E 1 ) 

D+ TI'+ (K~) 
ca L ca 

+ 1.7 

F+ + K+(K 0 l 4.2 L 
A+ 

c 
+ p (K~) 5.2 

The D++decay hypothesis is the physically favored solution. 
The D decay hypothesis is also the favored solution on the 
basis of decay time. Alternate decay modes with more than 
one missing neutral K0 meson (or neutron) cannot be 
excluded. No 71'

0 or vees ~re observed in +the spectrometer~ 
Although this event strongly favors a D hypothesis, it is 
not a unique interpretation of this event. The majority of 
the energy of the decay is carried away by a neutral 
particle, and is observed only in the calorimeter. 
Furthermore, the nuclear interaction background for this 
event is non-neglible (i.e • ......,0.5 events), as the decay 
length is long, and the p-perp is within the domain of 
nuclear interactions. Hence, conservatism prevents its use 
in the lifetime determination. 

EVENT 656-2631 D+ + TI'+K-TI'+TI'o, F+ + K+K-TI'+TI'o, 
+ - + A + p~ TI' c 

This ambiguity in this event revolves solely around the 
identity of track 3-1, which is too fast for TOF 
identification, at 11.4 GeV/c. All of the hits in the lead 
glass are accounted for, in that three 71'

0 and a single 
remnant gamma are reconstructed, such that no ambiguity 
exists in the gamma-gamma mass combinations for the 71'

0 's. 



136 

The invariant ·mass combinations of the charmed particle 
with the single gamma and n° are: 

MD+y = 1978 ± 28 MeV/c 2 

MD+no = 2070 ± 33 MeV/c 2 

~F+y = 2135 ± 27 MeV/c 2 

MA+ = 2383 ± 24 MeV/c 2 

. Cy 

MA+no = 2494 ± 28 MeV/c 2 

c 
As the observed decay time is short, and the parent momentum 
ii high, this event is most compatible wit~ the decay of an 
F meson, further strengthen~d by the F candidate. If 
this event is included in the F sample, the mean lifetime 
is {for four events) : 

T = 
F+ 

The weighted F+ mass 
event is included, the 

T = 
F+ 

The weighted F+ mass is 
mass using the two 
2135 ± 23 MeV/c 2

• 

EVENT 665-2113 

1.8 ~ii:~ x 10- 13 sec 

i~ 2052 ± 30 MeV/c 2 
• If t~e E-564 F+ 

F lifetime is {for five F events) : 

1.7.~ii:~ x l0- 13 sec 

2~31 ± 19 MeV/c 2 
• The weighted F*+ 

F events with F* candidates is 

+ + - + -o D. + n n n {K ) , 

+ + - + 0 + + - + 0 F + n n n {n ) , Ac + n n n {A ) 

The charged tracks in this event are all identified as 
pions, however the identity of the pare~t i~ totall¥ 
ambiguous, as acceptable 0-C fits exist for D , F and A 
decays. The high momentum solution is excluded in all th~ 
decay hypotheses for this event, as no high momentum (8-12 
GeV) neutral hadron is observed in the spectrometer. The 
decay times for each hypothesis are quite short. Therefor~ 

this event could have a signif i~ant ~ffect on the D 
lifetime, but little effect on the F or A lifetimes. . c 
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EVENT 665-4023 

The decay occurs in the 800 µm thick lucite base of the 
changeable sheet (outside the fiducial volume for the 
emulsion target). Thus, as the decay vertex is not 
observed, the possiblity of a nuclear interaction cannot be 
ruled out, although the probability of a nuclear interaction 
is small due to the (reasonably high) parent momentum 
( > 15 GeV/c). No black tracks are observed to originate 
from the decay regi~n. +In <infortunate) addition to this, 
the event is highly D , F , Ac ambiguous due to the lack of 
TOF identification for any of the charged decay tracks, and 
the presence of an unobserved neutral particle in the decay. 
The charged tracks are all known to be hadrons, due to lead 
glass information. The high momentum 0-C solution is 
excluded in each case, as no evidence for a high momentum 
neutral hadron is observed in the spectrometer. 

T~e decay times for each decay hypothesis ~re qui~e 

long in this event, thus, if this event were a F or a A , 
their lifetimes would be significantly affecte~. H~wev~r 
the probability of observing the decays of an F or A with 
the decay times listed in .the table, with mean lifetimgs as 
measured with the unambiguous decay candidates is less thari 
10- 5 in both cases. The decay iime for this ev•nt is long 
relative· to the unambiguous D decays, th~rfore this event 
can also have a significant impact on the D lifetime. 

EVENT 670-12 

One of the decay tracks from this event is identified 
as a proton from emulsion mea~urements. The other positive 
track is ambiguous between a K and a proton. (Thus this 
event may be a nuclear interaction, particularly when a A0 

to decay in the drift chambers.) If it is assumed tha~ this 
event is the (doubly-Cabibbo-unfavored) decay of a A , the 
observed decay time is compatible with the mean A+ lifetime 
as obtained with the unambiguous +A decays. Ther~fore this 
event has little impact on the Ac lifetime. 
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EVENT 671-2642 

This event h~s m~ny kin~matically acceptable decay 
hypotheses for D, F and A decay (see Table 14). Note 
that the d~cay time for thi~ event is extremely long 
( ,....., 60 x 10 1 3 sec), using the observed charged momenta. The 
transverse momentum of the daughter tracks with respect to 
the parent direction are small. Thus, due to this fact and 
the long path length, the probability of this event 
originating from a nuclear interaction is non-negligibl"e 
(-0.5 events). However, it is possible that this event may 
be the decay of a long-lived charged charmed particle, 
perhaps related to 635-4949, since the lifetimes are 
compar~ble. (e.g. the isodoublet partner to the A0 (csd), 
the A (csu) which is predicted to have a mass of 
MA+= 2500 MeV/c 2 [170].) if t~is is indeed true, then the 
event has no impact on the D , F and A lifetimes. Due to 
the long observed decay +time, +thisc event can have a 
significan~ impact on the F and A lifetimes. The impac~ 

on the D lifetime is also si~nificant~ although t~e D 
lifetime is affected to a lesser extent than for the F or 
Ac. (~ote that this event is not consistent with the decay 
o~ a K .) · · 

. No excess energy is observed in the calorimeter, and no 
high momentum vees are observed in the drift chambers. Th~s 

t~e high momentum solutions in most of the 0-C fits to D , 
F and A+ decay hypotheses are excluded. c 
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APPENDIX B. 

CHARMED CANDIDATE EVENT SUMMARY SHEETS 

The raw data information for the charged charmed decay 
candidates and the neutral charmed baryon candidate are 
listed in Table 23. These data summary sheets represent the 
contents of a disk file generated by the event re-analysis 
program and subsequently modified by hand as was deemed 
necessary. The listings follow a fixed format readable by a 
FORTRAN program. Since this is a printed listing, the first 
character is a carriage control and thus does·not appear. 
The formats given below are those used to read the disk file 
and thus contain room for these control characters. 

HEADER INFORMATION 

1. Run and Record: 4X,I5,7X,I7 format. 

2. Institution and Scan Number, NH, NS: 
1X,A3,I5,3X,I3,3X,I3 format. 

3. · Last Revision Date, Yr., Mo., Day: 
15X,I2,1X,I2,1X,I2 format. 

VERTEX INFORMATION 

Vertices are classified into two types. 
Type 1 vertices are those determined by the computer event 
reconstruction programs and are measured in inches. 
Type 2 vertices are from decays of charmed particles, 
nuclear interactions, etc. as observed and measured in the 
emulsion; distances relative to the primary vertex are 
listed in microns. 

1. Number of Vertices: 1X,I3 format. 

2. Description Line: lX format. 

3. Vertex Number, Vertex Type, Vertex Position in X, 
Y, and z 
Type 1: 1X,I4,I6,1X,3F8.3 format. 
Type 2: 1X,I4,I6,1X,3F8.l format. 
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ENERGY INFORMATION 

1. Total Calorimeter Energy: 28X,F7.2 format. 

2. Calorimeter Energy in Columns 1,2,3,4: 
lx,4F7.2 format. 

3. Total Lead Glass Energy: 27X,F7.2 format. 

EMULSION INFORMATION 

The emulsion information section contains information 
on tracks observed in the emulsion and/or deduced from 
decays or interactions in the spectrometer. The 
organization is as follows: 

1. Number of "Emulsion" Tracks: 1X,I3 format. 

2. Header Line 1: lX format. 

3. Header Line 2: lX format. 

For each track the following information is given: 

1. Track identifier, track slopes in X and Y, emulsion 
exit slopes, specific ionization, l/PS as measured 
in the emulsion, vertex at which the track ends. 
1X,A7,4F7.3,F7.2,F9.3,I3 format. 

2. The second line contains the error associated with 
each parameter above it in the same format. 
1X,7X,4F7.3,F7.2,F9.3,I3 format. 

The track identifier obeys the following conventions 
(m and n are integers) : 

1. nTrack n from the primary vertex. 

2. n-m 

3. ov 
4. v-m 

5. In-m 

6. OI 

7. u-m 
8. En-m 

Charged decay track m from track n. 

Neutral Decaying Particle. 

Charged track m from neutral decay. 

Charged track m from interaction of track n. 

Neutral Interacting Particle. 

Unmatched track m. 

Electron m from pair conversion n. 
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9. G-m Gamma m from lead glass block. 

10. L-m Lambda decay track m. 

11. K-m Kaop decay track m. 

SPECTROMETER INFORMATION 

1. Total Number of Tracks: 1X,I2 format. 

2. Header Line: lX format. 

For each track the following information is given in: 

1X,A7,3F7.3,3I3,F6.3,lx,06,F6.2,F6.3,I2,2F6.3,I2 format. 
TRACK 
DX/DZ 
DY/DZ 

Q 
UP 
DN 

l/P 

CHI SQ 

ID 

Track identifier. 
X slope. 
Y slope. 
!/momentum as measured by the spectrometer or 
!/momentum as fitted by decay fitting program for 
daughter particles or 
l/block energy for gammas. 
Particle charge. . 
Number of upstream drift chamber hits used 
Number of downstream drift chamber hits used or 
associated lead glass block for gammas. 
Chi-squared for fitted track or 
Chi-squared of 3-C fit for decaying tracks. 

Octal formatted binary code for possible particle 
types. Assignments are: 

1. 000001 Gamma 

2. 000002 Electron 

3. 000004 Muon 

4. 000010 Pion 

s. 000020 Ka on 

6. 000040 Eta 

7. 000100 Proton 

8. 000200 Lambda 

9. 000400 Sigma 

10. 010000 D 
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EPBG 
BETA 
v 
XMISS 
YMISS 
F 

11. 020000 F+ 

12. 040000 Lambda-c 
Lead glass energy associated with track 
1-S from TOF 
Vertex at which track begins 
Amount by which track misses vertex 1 in X 
Amount by which track misses vertex 1 in Y 
Fit flag = 1/0 if track is used to fit decay vertex 

AUXILLIARY INFORMATION 

No present use at this time. Reserved for future 
information. 

COMMENTS 

General comments on event. 



143 

APPENDIX C. · 

SUMMARY OF KINEMATIC FITS OF n° 

OBSERVED IN CHARMED PARTICLE DECAYS 

The results of 1-C kinematic fits to n° decays for n° 
observed in the decays of charmed particles, and for 
associated n°•s produced in neutrino interactions in which 
charmed particles were produced are summarized in the 
following table: 

TABLE 19 

SUMMARY OF n° KINEMATIC FITS --
EVENT MASS 1-C FITS 

NUMBER MEV/C x2 C.L. ITER 
512-5761 129±21 0.08 0.77 2 
513-8010 126±21 0.17 0.68 2 
518-4935 215±75 1.16 0.28 2 
527-3682 141±49 0.02 0.89 1 
533-7152 147±6 0.03 0.85 1 
547-2197 166±24 1.94 0.16 2 
556-152 185±47 1.31 ·0.25 3 
598-1759 122±19 0.42 0.52 2 
638-5640 122±27 0.20 0.65 3 
638-9417 134±24 0.02 0. 96 . 2 
656-2631 125±22 0.17 0.68 2 
661-2729 80±22 4.62 0.03 4 

Other (clean) no: 

512-5761 178±29 2. 66. 0.10 3 
521-5901 111±11 4.16 0.04 2 
546-1339 130±27 0.03 0.86 2 
556-152 151±24 0.49 0.49 2 
638-5640 131±22 0.04 0.85 2 
638-5640 135±17 0.01 0.98 1 
638-9417 134±30 o.oo 0.97 1 
656-2631 117±40 0.20 0.66 2 
656-2631 147 29 0.18 0.67 2 
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The mean value for n° mass is obtained in a similar manner 
as that for charmed particles, the mean x2 and C.L. are: 

<M o> = 134.6 ± 7.3 MeV/c 2 

<~ 2 > = 1.05 ± 1.42 
<C.L.> = 0.52 ± 0.34 

Inclusion of the clean n° not used in the charm decay, but 
observed in the event has little effect: 

<M o> = 134.8 
<xn 2 > = O 75 . 

<C.L.> = 0.60 

± 5.9 MeV/c 2 

± 1.23 
± 0.32 

APPENDIX D. 

SUMMARY OF A0 and !!, FITS 

OBSERVED IN CHARMED EVENTS 

The results of 1-C kinematic fits to A0 and K0 observed 
in the decays of charmed particles, or observed i~ neutrino 
interactions where a charmed particle is produced is 
summarized in the table below. 

TABLE 20 

SUMMARY OF A0 AND.!!, FITS 

EVENT MASS 1-C FITS 
NUMBER MEV/C x2 C.L. ITER 

K0 's: 
s 661-2729 504±7 0.69 0.41 2 

Ao 's: 
498-4985 1116±37 o.oo 0.99 1 
502-354 1094±10 0.19 0.67 2 
610-4088 1191±27 0.39 0.53 2 
650-6003 1187±55 5.57 0.02 4 
670-12 1119±4 0.82 0.37 2 

The (weighted) value for the A0 mass is: 

MAO = 1116.9 ± 3.5 MeV/c 2 
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APPENDIX E. 

INVESTIGATION of SYSTEMATIC SHIFTS IN KINEMATIC FITS 

OF CHARMED PARTICLE DECAYS 

An investigation of possible systematic shifts in the 
measured variables used in the kinematic fitting of charm 
decays, such as X', Y' and Q (=l/P), was performed to 
determine whether or not "pulls", or offsets of any 
statistical significance were present. No such effects were 
found; the results are summarized in the table(s) below. 
For each measured varible variable X, AX is the average 
difference in the values and after the kinematic fit, ax is 
the S.D. on the distribution for Ax, for 24 events (except 
for x2

, C.L. and ITER, which are the average values for the 
24 events). The first six variables (X 2

, C.L., ITER, APx' 
AP , AP, the transverse momentum balance about the parent 
di¥ection) in Table 22 are in good agreement with the values 
obtained from a Monte Carlo program (see Table 21), which 
mimicked the decays of charmed particles (using the 
resolution of th~ experimental apparatus); charmed particle 
decays were then fit with the same kinematic fitting 
programs, histogramming the results. For each of the 
measured variables, the Monte Carlo program had a mean ·of 
zero for AX and a S.D. consistent with the experimental 
resolution. Monte Carlo methods were also used to check out 
the fitting program using dummy decays (for comparison with 
known results), and to check the error analysis subroutines. 
In the tables below, the units for APx, Apy' Ap are GeV, 

the units for AQ are l/(GeV/c); for AX', AY', the units are 
mrad. 

TABLE 21 

r1 ONTE-CARLO RESULTS OF KINEMATIC FITS 

TO CHARMED PARTICLE DECAYS 

ITEM X2C ax2C X3c ax3C 

x2 2.00 2.00 3.00 2.46 
C.L. o.so 0.29 0.50 0.29 
ITER 2.3 0.6 2.0 0.5 

AP 0 120 0 120 
APX 0 120 0 120 
APY 137 74 138 74 
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TABLE 22 

INVESTIGATION of SYSTEMATIC SHIFTS IN KINEMATIC FITS 

OF CHARMED PARTICLE DECAYS 

(24 EVENTS) 

ITEM X2c O'X2C X3c O'X3C 

x2 2.04 2.25 2.69 2.72 
C.L. 0.53 0.34 0.57 0.32 

ITER. 2.9 1.1 2.5 1.4 

L\P -13 110 -13 111 
L\Px -28 119 -28 119 
llFI 137 91 138 92 

CHARM llX' 1.0 10.7 0.6 11.1 
SLOPES L\y' 0.29 4.40 '-0. 07 8.10 

ALL llQ -0.003 0.124 0.003 0.135 
DECAY llX' -0.28 2.50 -0.06 2.70 
TRACKS llY' -0.47 3.20 -0.35 3.40 

UP-ONLY L\Q 0.06 0.20 -o.oo 0.27 
TRACKS llX' 0.20 0.51 0.10 0.45 

llY' o.oo 0.01 -0.20 0.40 

lT o 's IN llQ -0.009 0.017 -0.010 0.023 
DECAYS llX' -1.2 . 5. 3 -1.3 5.6 

llY' -0.4 3.4 -0.3 4.9 

EMULSION l\Q 0.0001 0.0006 0.0001 0.0010 
TRACKS llX' -0.2 1.0 -0.2 1.0 

6.Y' -o.o 0.5 -o.o o.s 
ut>- oo..,.,rJ 6.Q -0.01 0.35 0.09 0.35 
\RAC.lt.S llX' -0.00 0.46 -0.00 0.46 

llY' o.oo 0.26 o.oo 0.26 
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CELL CONFIGURATION AND 
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7.0 mm cathode plane spacing E = 700V/cm 

Figure 16. Upstream Drift Chamber Cell Configuration 
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Figure 23. Lead Glass Array 



184 

-co -·c: 
:J 
>­... 
~ 700 
~ 
..Q ... 
< 
:: 500 
.&: 
ca 
"ti 
::J: 300 
ID 

.!? 
:s 

Cl. 
100 

0 

19% 

0£ 
./E 17% 

15% 

13% 

EMt= 397 ± 13 MeV (Long Block) 

EM1=333 ± 13 MeV (Short Block) 

5 10 15 20 25 30 
E (GeV/c) 

5 10 20 30 
E (GeV) 

Figure 24. Lead Glass Energy Response and Resolution 



AY Back Muon Counters 

too 

50 

-60 -40 -20 0 20 40 60 cm 

Figure 29. ~~.of Back Muon Counters 



190 

A 
N 
T 
l 

5/6 
of 

signal 

T 
0 
F 

1 

1/6 of 
signal 
from 
TOFl 
CTRS 

T 
0 
F 
lI 

T 
0 
F 

B 
0 
T 
T 
0 

n M 
s 

E -531 v ANDµ- TRIGGER ELECTRONICS 

7 

60mV 

!~LINEAR ~ F/I 
: -,,: 
10:::1 
II 
12 

H 
IOOmV 

66mV 

30mV 

>N 

=N 

>N 

----y-- TOF I 

~TOFll 

--J I-- -10 nsec 

y-TOFI 

~TOFll 

-l ~-7-Snsec 

Figure 30. N~utrino and Muon Trigger Electronics 



DC I 

I -

M 
A 
G 
N 
E 
T 

£~T~FI 
HODOSCOPE 

...--==--~ 

M 
A 
G 
N 
E 
T 

DC 1I 

'~:I: 

: ~ 

E = 2 GeV 
LEAD GLASS 
TOTAL ENERGY 

I I 

I ,_[LEAD GLASS 

~ 
\.ARRAY HITS 

TOF IT 
HODOSCOPE t:ilTS 

RECORD 3072 

RUN 550 

fiis 
CALORIMETER 
COUNTER 
HITS 

E = 22 GeV 
CALORIMETER 
TOTAL ENERGY 

I 
IL n 
HIT 

MUON 
HODOSCOPE 
HITS 

Figure 31. Example of On-Line Display of a Neutrino Interaction 



192 

300 

250 

200 

UJ 

!z 150 
LU 
> 
LU 

~ 

0 100 
a:: 
LU 
al 
:::!! 
::J 
z 50 

RECONSTRUCTED EVENTS 
vs. Z (mm) 

-1.27 0 

Physical Boundaries 
of Emulsion Target . 

/, 
1.27 2.54 3.81 5.08 6.35 

Z (mm) 

Figure 32. Reconstructed Events vs. z 



120 

100 

80 
Nv 60 

40 

20 

140 

120 

100 

-12.7 

N 
80 

lln 11 60 -r:. 
40 

20 

FOUND EVENTS-
VOLUME SCANNING METHOD 

HORIZONTAL EMULSION 

(368 events) 

0 12. 7 25.4 38.1 50.8 
Z (mm) 

FOUND EVENTS -
TRACK FOLLOWING METHOD 

VERTICAL EMULSION 
( 720 events) 

-12.7 0 12.7 25.4 38. I 50.8 
Z (mm) 

Figure 33. Found Neutrino Events vs. z 

193 



194 

1.0 

0.8 

0.6 

0.4 

0.2 

1.0 

0.8 

0.6 

0.4 

0.2 

ZI~ -

ZIµ. .. 

VOLUME SCANNING 
METHOD 

(HORIZONTAL EMULSION) 

<EH>= 51±2% 

0 12.7 25.4 38.1 50.8 
Z (mm) FOLLOW BACK 

METHOD 
(VERTICAL EMULSION) 

<Ev>= 87±2% 

0 12.7 25.4 38.1 50.8 
Z (mm) 

Figure 34. Event Finding Efficiency vs, z 



10 

8 

6 

4 

2 

E(%) 

25 

20 

15 

10 

5 

Kc Kc 
A•cKc 
F• F-

~ ~ .. D. D. 

~ A·c·o0 D-
oF. Do o•F. Do D~ A+· • ~ o0 J.l.c 

~· F• D° Kc 0~~ D0 D0 t;1;• 
D• t;f• 0° ~· D0 

. D0 D
0 

D
0 

Do D. Do Do Do [)O Do 50 
0 12.7 25.4 38.1 50.8 

Z (mm) 

RELATIVE CHARM V EVENT 
FINDING EFFICIENCY 

(NORMALIZED TO UNITY) 

0 12. 7 25.4 38.1 50.8 
Z (mm) 

Figure 35. Charm Candidate v-Event Distribution 

and Relative Charm v-Event Finding Efficiency 

195 



196 

100 

VERTEX LOCALIZATION {predicted- found) 

VOLUME SCANNING 
METHOD 

(HORIZONTAL EMULSION} 

~x: 
(368 events) · 

-

TRACK FOLLOWING 
METHOD 

(VERTICAL EMULSION) 
(248 events) 

80 <flX>=220um 40 <AX>=250um 
30 0"6X = 380 um 0"6X=350um 

/U_: 

40 

30 

20 

0 .4 .8 1.2 1.4 2.0 
AY(mm) 

-1.2-.8-.4 0 .4 .8 
AX (mm) 

<AY>=650um 
O" =285um 
• 11.Y 

0 .4 .8 1.2 1.6 2.0 
.6Y(mm) 

50 <AZ>=-75um 

40 

30 

O" = l.4mm 
AZ 

-a.o -4.0 o 4.o 0.070.0 - 4.0 o 4.o 8.o 
.6Z(mm) AZ(mm) 

Figure 36. Predicted vs. Found Events: 

Vertex Localizations 



€% 

80 

40 

30 

20 

HORIZONTAL EMULSION 
CHARGED TRACK FOLLOWING EFFICiENCY 

1. 0-50 mrad 
2. 50-100 
3. 100-150 
4. 150-200 
5.200-250 
6.250-300 
7. 350-500 
8. 500-800 
9. >800 

1 

IOLi___L._j__L_~~~~~;;~~~~~~~~ 
0 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

FOLLOW LENGTH (mm) 

Figure 37. Charged Track Following Efficiency (Horizontal Emulsion) 



100 

90 

RAW TRACK RECONSTRUCTION EFFICIENC 
YI. EMISSION ANGLE 9 
(HORIZONTAL EVENTS) 

E a NS with NRS track 
R NS 

601----~ 

70 

40 

30 

20 

10 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 
8 Crodion1) 

Figure 38. 

90 

eo 

70 

60 

A(%) 

50 

40 

30 

20 

10 

0 

ACCEPTANCE A v1. EMISSION ANGLE 8 
(HORIZONTAL EVEN.:TS l 

0.1 0.2 0.3 0.4 0.5 0.6 o. 7 0.8 
8 (rodlonal 

IOO 

90 

70 

60 

E 1%) 

50 

40 

30 

20 

IO 

NORMALIZED RECONSTRUCTION EFFICIENCY 
n. EMISSION ANGLE 8 

E •ER/A 

0 . 0.1 0.2 0.3 0.4 0.5 0.6 0.7 
8 Crodlan1l 

Track Reconstruction Efficiency vs. Emission Angle 



20 

10 

+90° 

Angular Distribution of 
Minimum Ionizing 
Background Tracks 
in Emulsion 

/cosmic rays 

+45° 0 
0 

.....-beam associated muons 

-45° 

Figure 39. 

-90° 

Angular Distribution of Minimum Ionizing Background Tracks in Emulsion 



25 

20 
Cl) .... z 
~15 
II.I 
IL. 
0 

.e10 

5 

NH DISTRIBUTION FOR JI EVENTS 
FOUND BY TRACK FOLLOWING METHOD 

(VERTICAL - NAGOYA) 
420 event• 

•wHITE STARS• 
<NH>• 3.6/event 

O 0 I 2 3 4 5 6 1 8 9 10 II 12 13 14 15 2:15 

Cl) 15 
.... 
z 
II.I 

~10 
IL. 
0 

ii- 5 

NH . 

NH DISTRIBUTION FOR 11 EVENTS 
FOUND BY VOLUME SCANNING METHOD 

437 event& 

<NH>• 6.1$ 

O O I 2 3 4 5 6 1 8 9 10 11 12 13 14 15 2:15 
NH 

20 

~ 15 

l&J 
> 
l&J 10 
IL. 
0 

et 

(I) .... 

5 

0 0 

20 

~ 15 
.> 

l&J 
IL. 
0 
~ 10 

5 

NS DISTRIBUTION FOR JI EVENTS 
FOUND BY TRACK FOLLOWING METHOD 

(VERTICAL- NAGOYA) 
420 events 

<NS>• 5.8 

2 3 4 5 6 1 8 9 10 11 12 13 14 15 ~15 
NS 

NS DISTRIBUTION FOR V EVENTS 
FOUND BY VOLUME SCANNING METHOD 

437 event• 

<NS>• 6.2 

O 0 I 2 3 4 5 6 1 8 9 10 11 12 13 14 l!hl5 
NS 

Figure 40. NH and NS Distributions for Neutrino Events 

N 
0 
0 



EMULSION ANGULAR RESOLUTION 

VERTICAL RESOLUTION 

25 AX', b.Y' 
(NAGOYA) 

20 PTRKl 4 Ge Vic 
Pt#< 34 (Z>3c 

15 

10 

5 

cr,8 • 3mrad 

(t\9)•0mra 

-12 -a -4 o 4 a 12 

6.8 (AX' or 6. Y'<mrad )) 

HORIZONTAL RESOLUTION 

AY' AX' 

8 

ZvTx>3cm 

PTRK ?l.5GeV/c 

-40 -20 0 20 40 -40 -20 0 20 40 
AY' (mrad) 6.X'<mrad) 

Figure 41. Emulsion Track Angular Resolution 



202 

IOO 

90 

80 

70 

60 
£(%) 

50 

40 

30 

.IOO 

90 

80. 

70 

60 
€(%) 

50 

40 

~o 

20 

CHARGED DECAY SCANNING EFFICIENCY 

NEUTRAL DECAY SCANNING EFFICIENCY 

100f':!!' 1mm 
FLIGHT LENGTH 

o• 

------- -----pc:<IOGeV/c 

~ I ~ ~ ... • o-D'~rt ... 2:Ck't 'I Hit U1 D, ,u, Bid u, ,u,u1 i911I 
10µ.m tOOµ.m 1mm 

I rt£· I 11 I I 

1cm 10cm 

Figure 42. 

Charged and Neutral Decay Scanning Efficiencies; 

Flight Lengths of Charmed Particles 



203 

F~ 

~~ 
10 

F• F• 
~.J\V_ 

9 F /I:C 
o• A·e 

8 
0° F-

7 
0° o• 

6 oo o-

0 .05 .10 .15 .20 .25 .30 
Bch w.r.t. 11 direction (rad) (in lab) 

18 
AC 

16 ~ IX'I IY'I 
i:+ 
r 

14 ft~ 
.i\C ~ F•.A.~ 

Pie A"c A"c 
12%F• A"c~ 

.10 ~·~· F·~ 

~D· ~ D• 
~ 

D• D• o• D. 
8 o• 0° D0 D• 

D• D0 D0 D·~· 
6 Do Do D0 D0 F"" 

Do Do D0 D0 D• . NB 
4 Do Do 0° D0 D• 1i.· c 

D0 D0 A•K ~A"c Do rf Do A•c o;.;..c 
2 c a 

D0 D0 D0 D• A"c A"c NB Kc D
0 D0 D0 A•c % 

rf D0 D0 D° F• D0 A·c D• A•c D0 0° D0 ~ o0 A"c %F• A"c 
.05 .10 .15 .20 .25 0 .05 .10 .15 .20 .25 

I X11 (rad) IY11 (rad) 

Figure 43. Charm Production Angle 



204 

q 
C\l 

en 
Cl) 

~} z 
0 z-o en 

- _J 

~ :::> 
N :E _w 
z 
0 z. 
t-4 -

<X> . (() . v . (\J . 0 . <X> 
d 

0 
d 

0 . v 

0 . 
(\J 

0 c:Q. . ~ 

Ul 
<D - :;:.. 

d~ 0 

v> H 

• (J) ......... 

0 (.!) 
H -co.. . 
~ 

C\l a. ~ . 
(]) 0 ~ 

:::s 

°' ·r-1 

- r:r.. . 
0 



10 

8 

6 

4 

2 

<X:C> = 2.19 

<rxz=2 •. ~4 

(C.L.zc>=0.50 

"CL =0.34 

0 2 4 6 
x:c 

8 10 12 0 0.2 0.4 0.6 0.8 1.0 0 

C.L.2c 

10 

8 

6 

4 

<X!J=2.19 
(j"X.2•2.79 

(C.L3J=0.55 

"CL =0,31 

0 2 4 6 8 10 12 0 0.2 0.4 0.6 0.8 1.0 0 

X!,. CL .,.. • ·3C 

10 (t.Px) s-0.013GeV/c 

8 Of.Px = 0.117 GeV/c 

6 

4 

2 

(t.Py> =-0.033 GeV/c 

<T~py = 0.125 GeV/c 

(ITER)=2.91 

OjTER & 1.11 

2 4 6 

ITER2c 
8 10 

(ITER)• 2.52 

"iTER:i0.85 

2 4 6 8 10 

ITER3c 

P)=0.151GeV: 

Ofip =0.089Ge 

-0.3 -0.2-0.1 0 0.1 0.2 0.3-0.3-0.2-0.1 0 0.1 0.2 0.3 0.1 0.2 0.3 0.4 
~Px(GeV/c) ~Py(GeV/c) ~P(GeV/c) 

F'igure 45. 

205 

x2
, C.L., ~px' ~Py' ~p Distributions for Charm Decays 



8 

7 

6 

5 

4 

3 

2 

-

-

-

-

-
-

-

-

I 

I 

I 

D• 
-o D Do 

I 

o• 
~ 

D• 
. 0 D 
Do 
Do 
Do 
-o D 
-o D 

I I I I I 

M0o= 1856 + 1_5 MeV/c2 (12events) . 

M0•= 1851±20 MeV/c1 (2 event.a) 

MF•= 2042±33MeV/c2 (3 events) 

. 2 
MJ\.c= 2265 ±30 MeV/c (4events) 

Do 
.. 

·Do F+ A~ 

Do Do F- F+ A·c Kc A~ Kc NB 
1600 1700 1800 1900 2000 2100 2200 2300 2400 

MASS (MeV/c2
) 

Figure 46. Charmed Particle Masses 

I 

-
-
-
-
-
-
-
-

tv 
0 
m 



/ ,. 
,." -·-' . 

~~.;~· ~~.:. ·~· ... :· · ·· ···:~I -600µ.m I·.·· 
'~ ..... , ·• . .. .. I l 
~~· .. ' • ..r· . 

\ °t 

.,,.- .,,.. 
.· ... -- ·-...... ,,.. -. . ......... . 

••• , •• .......... T • ....... : I ••• _.,,.-

'· 

' 
~50µ.m--1 527 3682 

2145 µ.m 

.. ..,. . . ·. ~·· ·• :· . . -
.·,,. ·• .. ··- .·... ~. : K 4. •• •• ~ • • ••••• --

.,.!''. ~· ~: ~ ·· <i ~~: . ._ :.[-2100µ.mj · · .:,_ "! ···• .:·\·; _: ·:.·.:1 ""100µ.m ·1 . . .. .. . .,,.. 
• .... .-.··.··. •. • _,I ' . ......... -.. ·.·,·;:r .... ·..:.:.~ + 
•• • I • • • • .... I o ' I:!: 
• • ·::.. .: •• . • • =. • ~ 

.. ... . 

546 1339 

Figure 47. Photo-Micrographs of Event 546-1339 and Event 527-3682 



2800 

2600 ,... 
~ 
~ 2400 
~ 

~ 2200 
c( 
:E 

EVENT G46-1339 o•- K-7r•u• '" ) 
---- p. 

0 2 4 6 8 10 12 14 16 

Moss 
(MeVA: ) 

EVENT 476·4449 
"j,.• - P 11"•11"-CR'o) c -r<J roJ . 

2400 

18 
2000

0 P. 0.5 
L 

1.0 1.5 2.0 2.5 3.0 
H Pz,,i (GeV/c) 

2eoo----....---.....---.------.----.----.----.------........ 
Pj(o (GeV/c) 

,... 
N 

2600 

~ 
~ 2400 
:E 
(/) 

~ 2200 
:E 

MOH 
MeV/fl- EVENT 549-4068 /\~- p K-11"+ (7ro) 

roJ roJ 

2.!5 3.0 

Figure 48. ~le Curves· for Events with a Missing Neutral 

I\.) 
0 
00 



209 

cs annihilation to .2. • v1 (color singlet) 

gluon bremstrahlung . -g + ng - .,, .,, 

Zweig supressed 

C - s W- radiation 

SS annihilation 

(color singlet or non-singlet) 

n 2nd order" Weak process 

SS weak annihilation 
(color singlet) 
extremely small contribution 

Figure 49. 

F+ Background for Semi-Leptonic D+ Decays: 

+ + - + F -+ 7T 7T Q. Cv {} Decay Diagrams 



0 

·t 

-4 

0 

-1.0 

E -2.0 
'!:! 
.( ·3.0 

·4.0 

·5.0. 

2 3 4 

ot 
To•• 10.3~~:: )( IO""m 

(5 events) 

6 8 tO 20 30 50 70 tOO 
.,, 

T'• 110 s) 

F+ 
l". •2 o+l.I >CI0° 11HC ,. • -0.1 

( 3 event•) 

0.1 0.2 0.4 0.6 1.0 2.0 4D 6.0 10 20 40 60 KO 
T (>C 10"'1aec) 

Figure 50. 

0.0 

-1.0 

... 
; -2.0 

"" -3.0 

-4.0 

-5.0 

1.0 

0.0 

-1.0 

... -2.0 

\./ 

~ -3.0 

-4.0 

-5.0 

0.1 

Do 

.. 2 3+0.I 10-4• •o' • • -o.& x, He 
(15 event•) 

2.0 3.0 4.0 5.0 6.0 7..0 8.0 
T (~IO""Hc) 

A~ 

°1A~ • 2.3~k~ >C I0"
11 m 

(8 events) 

0.2 0.4 

ln 2(T) VS• T 

10.0 

IV 
I-' 
0 



211 

eCR) 
k~ (T0+) 

60 

55 

50 

45 

- 40 CJ 
G) 
Cl) .. 35 I 

0 -x 30 -•c ... 
25 

• T.. I R = D7Too =4.5 
20 

MAX 

15 

10 
R* .t,., ,[_ ( T Do) 

5 !{R) 

0 1· 2 3 4 5 6 7 8 9 
r 0o (x 10· 11 sec) 

F . 51 +; 0 'f . . igure . D D Li etime Ratio: 

1 and 2 S.D. Contours 



6.0 

5.0 

-::: 4.0 
a:: 

"t::! 
4 
I 3.0 

2.0 

1.0 

0 
0.1 0.2 0.5 0.7 1.0 

Figure 52. Likelihood 

2.0 

R = T.0•1 - 4 5 +5·0 
MAX 'To0 - • -2.0 

5.0 7.0 10 20 
R =To•1T

0
o 

(E-531) 

50 70 100 

Function ~(R) f +; 0 'f . . or D D Li etime Ratio 



7.0 

6.0 (8AIKJL) 

s.o 

4.0 

'B3.o 
~ 
~ 
I 2.0 

1.0 

0 
0.1 Q.2 5.0 7.0 10 20 50 70 100 

6.0 

4.0 

LO 

R• 1i~• ;4.3. 95%C.L. (DELCO) 

DELCO 10"' end 20"' 
contours for v~· 
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E-531 and Mk. II 
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Figure 54. Combined Likelihood Functions =(R) 
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EVENT 635•4949 
NB -PK~ (1'·/\t .. ) 
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Figure 57. Event 635-4949 



1400 

1300 measured 
Mvo = 1351±130 

MeV/c1 

Minimum mass f P7T-=0·251 GeV/c . 
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Figure 58. 
0 -le Curve for v + p rr 
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635-4949 
cp of Decay Particles 

w. r. t. parent directions 

fl(K~) = 650 ± 31 MeV/c 

fi( p) = 427 ± 6 MeV/c 

Ji(7T-/K-) = 426 ± 179 MeV/c 

.~ 
139.8° 

Figure 60. ¢ of Decay Particles 
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4 8 12 16 20 24 . 28 32 36 40 
Pcharm (GeV/c) 

0+/+ j)O 
,/F'1 I 

44 48 

Figure 61. Charmed Particle Momentum Spectrum 
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CHARMED PSEUDOSCALAR MESON DECAY 
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TABLE 23 

CHARM CANDIDATE EVENT SUMMARY SHEETS 
~ 476 mnm 440 
r1r1 000 ?I:! 20 NS 12 
UBt DCt'3 CN 81/l4/30. 

2 VERI'ICE'S 
NIMlER ~ x r z 

l l ~.435 -6.661 1.090 
2 2 .. 2.8 2.6 27.5 

'1'0rAL ~ EMX>i IS 18.66 GEV 
.44 14.70 2.96 .58 IN~ 1,2,3,4 

'1'0rAL IEN> GU\SS fNER:;r IS 5.56 ~ 
15 JMJISirn TRACliS 

P~CN 

TR1tCt IlX/tlZ Dr/llZ 
EXIT 

t~/OZ DY/bZ 
.318 .109 
.005 .005 

I/IO l,'Plmi'A V 
1 .318 .109 

2 

3 

s 
6 

7 

8 

9 

JD 

.ll 

.005 .005. 
-.055 -.039 

.002 .002 

.216 .269 

.005 .005 

.us -.090 

.003 .003 
-.072 .123 

.003 .003 

.022 .220 

.004 . .004 

.014 .089 

.002 .002 
.428 1.295 
.015 .015 
.585 • .546 
.010 .010 

-.301 .464 
.007 .007 

-.527 .• 369 
.008 .008 
.100 .094 
.018 .018 

-.055 -.03') 
.002 .002 
.216 .269 
.005 .005 
.llS -.090 
.003 .003 

-.072 .123 
.003 .003 
.022 .220 
.004 .004 
.014 .089 
.002 .002 
.428 1.295 
.015 .015 
.585 .546 
.010 .010 

-.301 .464 
.007 .007 

-.527 .369 
.008 .008 

"l2-l 1.513 -.092 1.513 -.092 1.30 
.04 

1.05 
.!l3 

5.555 
1.500 
3.850 
1.000 

.017 .017 .017 .017 
12-2 -.306 -.806 --336 -.806 

l2-3 
.OlD .010 .OlD ,010 
.159 .224 . .140 .235 
.004 .004 .004 .004 

20 SPECrRMm:R TJ!1lCBS 
"met IlX/tlZ IX/llZ l/P IJ UP m CESO m 

1 .291 .l.47 4.349 1 12 8 • 262 000010 

2 

3 

.. 
5 

6 

.057 
--045 -.033 .015 -1 10 8 .353 000004 

.005 
.210 .260 1.010 1 12 8 .385 000100 

.014 
.122 -.088 .321 1 9 7 1.000 000136 

.007 
-.051. .098 2.099 -1 12 6 1.152 000014 

.028 

2 

El1!lG BE:::A V XMISS !MISS P 
0.00 .152 1 -.127 .009 0 

.036 
.42 -.034 1 -.046 -.042 0 

.044 
• .u .261 1 -.065 -.030 0 

.037 
-.085 1 
1.000 

0 

.l2 .022 1 .028 -.050 0 
.023 

1 

7 .034 .086 2.692 1 12 8 .162 000014 0.00 .075 1 .138 -.062 0 
.035 .028 

8 000136 1 

9 

JD 

ll 

l2 

12-1 

12-2 

l2-3 

0-1 

G-1 

G-2 

G-3 

G-4 

.577 .518 2.064 -1 10 
.350 

-.297 .521 2.241 1 10 
.350 

.156 .2S1 

-.067 -.045 

.057 .030 

.015 .015 

.180 -.093 

.015 .015 

.057 -.093 

.015 .015 

.180 -.155 

.015 .015 

.393 

.007 

1 

-1 

111 

1.820 -112 
.024 
.583 0 
.062 

1.501 0 
.257 

1.469 0 
.249 
.909 0 
.121 

0 .529 000136 

0 2.145 000136 

000136 

CMOOOO 

OOOOlD 

OOOOlD 

8 1.8139 000100 

7 1.838 000100 

39 000001 

55 000001 

57 000001 

63 000001 

0 I.DES OF AllXILLIARY TWC't INFCHMICN 
0 LINES CF O'.M"DllS 

0.00 0.000 1 -.OBS .065 0 
1.000 

0.00 0.000 1 -.126 .046 0 

.31 

.02 

1.72 
.18 
.67 
.11 
.63 
.u 

1.10 
.15 

1.000 
1 

1 

2 

2 

0 

0 

.032 2 -.116 -.104 1 
1.000 
.sos l .290 .185 O 
.063 

l 0.000 O.liOO 0 

l 0.000 0.000 O 

l 0.000 0.000 0 

l 0.000 o.ooo 0 



H:N 493 Rl'XXIRD l235 
KCB 36NH3ti:S4 
LASl' mm Qf 8l;tl5;tl8. 

3 VER!.'ICE'S 
atm:R T.iPE x r z 

l l 1.913 6.712 .684 
2 2 -425.0 -132.0 2203.0 
3 l 1.869 6.608 1.392 

MmL CALaUME:I:ER ENE.'CY IS 25. 74 GFN 
3.08 6.25 1.62 14.79 IN~ 1,2,3,4 

"mDU. IEAD GUSS ENER;r IS 21.33 GFN 
7 D!lllISJ.Q{ TRACKS 

PHXU:r!CN 
sxx DX/DZ m;m 

l .082 .056 

J::aT 
DX/DZ M;ttz 

.082 .056 

.009 .004 
-.325 .oos 

.014 .007 

I/IO l/PBErA V 

2 

3 

3-l. 

3-2 

.009 .004 
-.325 .005 

.014 .007 
-.l.93 -.060 

.Dll .oos .osa -.149 

.Dll .005 
-.304 .035 -.250 .044 

.013 .006 .013 .006 
-.120 .017 -.116 -.015 

.010 .004 .010 .004 

.046 -..340 .046 -.340 

.015 .007 .015 .007 
l3 "'SPi!ClKl'lf!W(_.,...,.....,.~ TRACKS 

0.96 
.06 

1.01 
.OS 

0.96 
0.06 
1.01 

.07 

2 

o.sss 3 
0.095 

~ DX/DZ m/tlZ l/P o tJP m ~ m EE9i B!!rA V XMIS5 ~ F 
6.35 -.006 l -.000 .ooo 0 

.013 
J. .092 .065 .J.38 -1 11 8 .420 000004 

.005 
2 -..325 .009 .335 -1 11 8 .553 000100 0.00 .047 l -.081 .021 .0 

.016 
3 

3-1 

3-2 

.. 
£1.-1 

EL-2 

1f-J. 

lf-2 

~l 

.007 
-..l9J. -.060 0.075 l 2. 000 070000 

006 .002 .Dll 
000136 

-.266 .039 l..386 l 11 7 .204 000136 
.01.9 

-..JD2 -.022 .254 -1 12 6 .186 000130 
.006 

.013 -.371 J..398 -1 8 0 .126 000136 
.350 

.075 .031 .913 l 12 8 .284 000002 
.013 

.069 .OI1 .J.87 -1 10 8 .541 000002 
.006 

-.068 .068 2.422 l 12 6 .229 000010 

l 

2 0 

o.oo 0.000 2 -.121 -.024 l 
l.000 

3.05 o.ooo 2 -.060 -.011 l 
1.000 

o.oo 0.000 l .076 -.045 0 
1.000 

1.50 -.016 l -.071 -.031 0 
.015 

6.46 -.014 l -.010 .009 0 
1.000 

o.oo .072 l -.041 -.090 0 
.024 

l 12 6 1.974 000010 0.00 .063 l -.413 .303 0 
.032 

-.054 ..148 2.153 
.028 

.044 .045 .107 0 

.015 .015 .oos 
-.079 -.017 .387 0 

.015 .015 .034 

21 

32 

000001 9.38 
.43 

000001 2.59 
.23 

.022 
l 0.000 0.000 0 

l 0.000 0.000 0 

0 Lnll!S CF 1WXILLIARY TRACt INFCRIA:l'Iaf 
1 LlNfS OF CM= 

'r&llCI: 3-l. mmw:::KS lN :EMJLSim PIO:DC:nC A Nffsl.9, !&<I SIDEt 
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11.fi 498 mDRD 4985 
CW 000 tfi 0 NS 6 
IAST 1XNE <:N 81~5~8. 

3 VERI'ICES 
lUIBER Tn'E x y z 

l l l6.35l 4.247 l.455 
2 2 -2.5 23.8 leo.o 
3 l l6.35l 4.247 5.455 

'roD\I. CAUlUMEll;;R ~ IS 9. 57 GEY 
.SO 6.95 l.17 .96 IN ~ l,2,3,4 

'roD\I. IF.AD GIASS ENElQ' IS 2.38 GEY 
ll !MJISIQI TRACKS 

PRXXal<:N 
TRACK DX/!)'& DY/D'L 
l .180 .360 

EXIT 
DX/!)'& DY/tl'Z 

.180 .360 

.Ol6 .007 

I/IO l,IPBE:rA V 
0.93 

2 

2-1 

2-2 

2-3 

3 

4 

5 

6 

OL 

~l 

Ir2 

.016 .007 
-.Ol4 .132 

.018 .009 
-.105 .l58 -.105 .158 

.Oll .005 .Oll .005 

.011 .ll9 .018 .lll 

.010 .004 ·.010 .004 
-.188 -.357 -.200 -.325 

.016 .007 .016 .007 

.061 .043 .061 .043 

.009 .004 .009 .004 

.04 

l.02 
.04 

0.86 
.04 

.044 -.062 .044 -.062 1.00 

.009 .004 .009 .004 .04 
-.315 -·.129 -.3l5 -.ue 

.015 .007 .015 .007 

.090 -.352 .090 -.352 

.015 .007 .015 .007 

.013 .182 

.003 • .003 

.002 .178 .002 

.OU .005 .Oil 

.186 .• 241 .186 

.014 .006 .014 

.178 

.005 

.241 

.006 
15~TRAC!S 

2 

3 

'DVIClt DX/!)'& Dlt'/D'L l/P 
1 .180 .360 3.143 

o UP m cmso m EPBG m:rA v XMISS ?MISS P 
l 11 0 l.139 000136 o.oo o.ooo l -.007 -.060 0 

2 

2-1 

2-2 

2-3 

3 

4 

5 

6 

OL 

Irl 

Ir2 

t>-l 

t>-2 

t>-3 

G-1 

-.042 
.004 

-.109 

.350 
.l27 O.ill 1 
.003 .OOl 

2.900 040000 

.l.56 .315 1 11 8 • 308 000010 
.006 

.018 .lll .599 -1 l2 7 .409 000010 
~009 

-.188 -.345 l.695 1 12 0 l.568 000136 
.350 

000136 

.044 -.062 .066 -1 11 8 .766 000004 
.005 

-.316 -.l27 .570 -1 11 8 l.Ol2 000010 
.009 

000136 

000200 

000136 

000136 

l.000 
1 0 

.25 -.Oll 2 .Oll .002 1 
.011 

.29 .004 2 -.008 -.009 1 
.017 

0.00 o.ooo 2 .008 -.069 1 
l.000 

l 

.38 .030 l -.005 -.008 0 
.018 

.57 .007 1 -.031 .026 0 
.Ol2 

l 

1 

1 

l 

0 

-.116 .114 l.272 -1 10 
.017 

6 2.379 000134 o.oo o.ooo l .095 -.021 0 
l.000 

.039 .072 1.344 l l2 8 .126 000014 .26 .027 l .045 -.024 0 
.018 

- .• 324 -.118 3.816 -1 l2 6 .637 000134 
.050 

-.021 .189 3.226 0 
.015 .olS .au 

2 000001 

.016 
o.oo 0.000 1 .059 -.078 0 

l.000 
.31 1 o.ooo o.ooo 0 
.08 

0 LINES <P AllXILLIARl!' TRl\CI: nlPORW'I<:N 
0 LINES <P ClM!fNl'S 



lUI 499 REXXlRD 4713 
1'«lY 615 NH 6 NS 6 
IAST OCNE QI 81/08/07. 

3 VERI'ICES 
IUIBER TYPE X Y Z 

l l 8.943 -8.899 l.537 
2 2 -59.0 31.0 360.0 
3 l 9.268 -7,4l3 5.609 

'lOrAL CALCIUMEl'ER ENERlY IS 16.34 GEN 
l.78 3.83 4.38 6.34 IN~ l,2,3,4 

'lOrl\I. I.Elll) GLASS ENERlY IS • 94 GiiY 
6 EMlCSICN TRACKS 

PIOXX:TICN 
T1!IOt DX,1>Z Dr/D'Z 

EXIT 
DX,1>Z Dr/D'Z 

.001 -.OlS 

.002 .002 

I/IO l/PBErA V 
l .OOl -.OlS 

2 
.002 .002 

-.l65 .086 
.Ol6 .009 

2-l -.331 -.llS -.331 -.llS 

3 

4 

5 

.005 .005 .005 .005 

.027 .314 .027 .314 

.005 .005 .005 .005 
-.523 .646 -.523 .646 

.OlO .OlO .OlO .OlO 

.901 • 722 .901 • 722 

.Ol3 .Ol3 .Ol3 .Ol3 
9 SP!rl.'l04E:l'E '1'RACllS 

1.'Rl'Ot DX/t>Z · or/D'Z l/P o OP m cnso m 
l .OOl -.OlS .003 -l U 8 .798 000004 

2 

2-l 

-.164 .088 
.003 .003 

-.332 -.ll6 

.005 

.237 l 

.003 
2.350 040000 

.385 l lO 7 .789 000036 

.007 

2 

EPBG m:rA V XMISS YMISS P' 
,5l -.021 l -.002 .005 0 

.018 
l 0 

0.00 -.006 2 -.009 .002 l 
.Ol7 

3 .015 .333 l.86l l u 8 .403 000010 o.oo 
.025 

.002 l .Oll -.009 0 

.Ol8 

"' 
5 

OL 

Irl 

Ir2 

.09l .404 

.006 .006 
· .592 l.051 

.559 0 

.009 
3. 794 -l lO 

.350 
.052 .352 .604 l u 

.009 

000l36 

000l36 

000200 

l 

l 

2 l 

0 .768 000136 o.oo o.ooo l-2.020-2.769 0 
l.000 

7 .405 000100 0.00 .lU l .lOO .081 0 
.010 

0 LINES OP ACXILLIARl TlWX INFOIMM'IQI 
l LINES OP CJMlml'S 

INl!DI\< PIT IS WI'.L'H A O< PIT 'IO SIGll'rO OOES 1tl UIM!llPr-0, GMM\ 
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Jllf 502 REX:ORl JS4 
!Cl' 194 NH 0 rt; J 
LAST tr:m CN 8lft)Sft)8. 

J VERl'IOS 
tueER TYPE X Y Z 

l l lS.000 -4.862 l.J84 
2 2 4.l l,l 66.0 
J l lS.027 -4.8S4 l.SOJ 

'!ODIL CAUIUMEl'ER mEROr IS 27. JO GFY 
13.99 10. 78 .81 l. 7l IN OJLIMiS l,2,J,4 

'!ODIL LEAD GlASS ENE1C'i IS 7, JO G1.'N 
1.0 EMJISmt TRACKS 

PIOXaIClf 
'1'RMX llX/1lZ Dr/tlZ 

EXIT 
llX/1lZ Dr/tlZ 
-.063 -.001 

.002 .002 

I/10 l/"P!Em. V 
l -.06J -.001 

2 
.002 .002 
.062 .016. 
.OOJ .002 

2 

2-l .06J .020 1.00 
.10 

0.91 
.OS 

1.28 
.06 

0.90 
.OS 

0 •. 82 
.OS 

o.ees J 

12-1-1 
.002 .002 
.480 -.J62 .480 -.J62 
.009 .008 · .008 .000 

12-1-2 -.176 -.S7S -.176 -.S7S 

2-2 

3 

.008 .008 .008 .008 
-.239 -.ll2 -.2J9 -.112 

.004 .004 .004 .004 

.190 .013 .190 .013 

.003 .OOJ ,OOJ .003 
Bl-1 -.414 .ll9 -.414 .119 

.006 ,006 .006 .006 
Bl-2 -.4JJ .166 -.4J3 .166 

.006 .006 .006 .006 
18 SPl!alDEl'ER TR1ICIS 

.JSO 
6.667 
J.000 
2.8S7 
2.424 
1.300 

.2SS 
l.Jl6 

.J66 

'1'RMX llX/1lZ Dr/ll'L l/P Q DP I:N cn9J m 
1 -.063 -.007 .016 1 10 7 .S97 000004 

.005 
2 .062 • 020 . 2 100000 

.DOS 
2-1 .064 .020 1 000020 

·12-1-1 00001.0 

12-1-2 -.173 -.s94 .S60 1 11 0 • 722 000020 
.• J50 

2-2 -.242 -.096 .030 -111 7 1. 787 000030 
.oos 

J .194 .007 .071 1 8 8 l. 468 000132 
.oos 

Bl-1 -.413 .112 .034 110 7 .66J 000002 
.oos 

Bl-2 -.413 .112 .034 1 10 7 .66J 000002 
.oos 

trl -.237 -.135 .001 l lO 8 l. 28S 000130 
.oos 

tJ-2 -.072 ,054 .SSl -1 12 0 l.J6S 000136 
.J50 

G-l -.072 .078 .356 0 29 000001 
.015 .OlS .ill 

G-2 .114 .016 1.019 0 3S 000001 
.015 .015 .144 

G-3 .os2 .016 2.101 0 J6 000001 
.015 .015 .426 

G-4 -.010 .016 l.S3J 0 37 000001 
.015 .015 .266 

c;..s .os2 -.046 2.822 0 45 000001 
.015 .015 .664 

G-6 -.010 -.046 .610 0 46 000001 
.015 ,015 .067 

0 LINES aP AllXILLIARr TllAClt :rmtJRW"IClf 
1 LIN!S OF a:M!m1'S 

MPam <RP El/ml' 

El'llG BErA. v l!MISS 'OOSS !' 
.48 -.062 l -.018 -.009 0 

.021 . 
l 

.021 
2 

J 

0 

1 

0.00 0.000 J -.017 .259 0 
1.000 

.SJ -.040 2 -.06J -.OOS 1 
1.000 

0.00 -.016 1 -.1S7 .047 0 
.020 

.27 .009 1 .034 -.006 0 
.013 

.Tl .009 1 .034 -.006 0 
.013 

.62 -.041 1 -.OJS -.019 0 
1.000 

o.oo 0.000 l .062 -.OSJ 0 
l.000 

1.17 1 0.000 o.ooo 0 
.15 
.98 1 o.ooo o.ooo 0 
.14 
.48 l o.ooo o.ooo 0 
,l.0 
.65 1 o.ooo o.ooo 0 
.11 
.3S l 0.000 o.ooo 0 
.08 

1.64 1 0.000 0.000 0 
.l.8 



IOI 512 mDRD 5761 
N3f 75 rt! 0 NS 4 
u.sr IXM: QI 81/1)5/1)8. 

2 VERl'ICES 
N1M1ER 'nPE X Y Z 

1 1 -14.953 -1.168 .400 
2 2 12.0 13.0 457 .o 

'1'0DU. CAtcllD£l'ER ENEIQ IS 5.28 GfY 
0.00 0.00 4.52 • 76 IN OOLtMG 1,2,3,4 

'1'0DU. LEAD GUISS ENEIQ IS 7 .49 GW 
7 EMJXSIQl nw:AS 

PRXX:X:l'ICJf 
'1'IWX DXM DY/DZ 

EXIT 
DXM DY/DZ 

.001 -.012 

.002 .002 

I/IO l/PBE:rA V 
1 .001 -.012 

2 

2-1 

2-2 

2-3 

3 

4 

.002 .002 

.026 -.028 

.004 .004 

.053 .085 .083 .061 

.003 .003 .003 .003 

.071 -.133 .088 -.136 
.003 .003 .003 .003 
.071 -.206 .042 -.193 
.004 .004 .004 .004 

-.108 .194 -.094 .185 
.004 .004 .004 .004 
.441 1.482 .441 1.482 
.016 .016 .016 .016 

12~TRJICKS 

'1'IWX I:MC,1>Z DY/DZ !.,IP Q OP CN CBISQ ID 
1 .001 -.012 0.000 1 10 8 2.722 000004 

2 

2-1 

2-2 

2-3 

3 

4 

0-l 

G-1 

G-2 

G-3 

G-4 

.031 -.030 

.002 .002 

.085 .069 

.005 

.097 1 

.001 
6.260 030000 

.380 -1 12 8 .157 000030 

.007 
.089. -.lU .299 1 11 8 .960 000030 

.006 
.038 ~.198 .521 1 12 7 1.211 000010 

.009 
-.089 .193 • 750 -1 12 8 .881 000014. 

.011 
000136 

-.047 .038 3.485 1 12 7 .266 000136 
.046 

-.137 .170 1.193 0 16 000001 
.OlS .015 .182 

-.014 .109 1.031 0 23 000001 
.OlS .015 .147 
.048 .047 .388 0 31 000001 
.015 .015 .034 

-.014 .047 1.721 0 32 000001 
.015 .OlS .316 

0 LimS OP ~ TRACK INFOIM'.TICN 
0 LimS OP OMIENl'S 

2 

EPBG m:rA V XMISS Y!o!ISS P 
.44 -.030 1 -.037 .017 0 

.049 
1 0 

.41 .006 2 -.003 -.024 1 
.ilU 

.52 -.004 2 -.040 .043 1 
.012 

.21 .009 2 .018 .074 1 
.014 

.26 011 1 -.027 -.058 0 
.015 

1 

o.oo 0.000 1 -.lll .063 0 
1.000 

.84 1 o.ooo o.ooo 0 

.u 

.97 1 0.000 0.000 0 

.14 
2.58 1 0.000 o.ooo 0 

.22 

.58 1 0.000 0.000 0 

.11 

227 



228 

IUl 522 Rro:lRD 2107 
ant 130 NH 14 NS 4 
IA9l' IUIE (}I 81/1)5/1)8. 

2 '.1£.<a"IQS 
tUllER TYPE X Y Z 

l 1 6.530 12.690 1.395 
2 2 41.0 1660.0 13600.0 

'lOmL CALaUMEl'ER mEIQ' IS 27 .32 ~ 
1.13 19.56 4.ql 1.72 IN COLCJ'1NS l,2,3,4 

'10l'AL 1FJ\D GtMS mEIQ' IS 21.32 ~ 
7 FXJISJDI TRACXS 

PlOXJCTICW 
'1'IWlt DX/DZ or,.m 

EXIT 
DX/DZ IJY/;)Z 

.061 .132 

.010 .oos 
I/IO l/l'BEl'A V 

1 .061 .132 

2 

2-1 

2-2 

2-J 

J 

.010 .oos 

.003 .122 

.006 .003 
-.002 .136 -.002 .136 

.010 .oos .010 .005 
-.ou .• 072 -.012 .072 

.009 .004 .009 .004 
-.065 ,057 -.065 .057 

.009 .004 .009 .004 

.087 .072 .087 .072 

.010 .004 .010 ,004 
-.021 -.067 -.021 -.067 

.009 .004 .009 .004 
25 SP!Cl'20IEl'ER TRl\CG 
'l'RllCK DX/DZ w,.m l/l' o tlP m CBISQ m 

l .059 .136 .659 l 10 8 1.047 000134 

2 

2-1 

2-2 

2-J 

J 

.010 
.OOJ .122 l 070000 

-.002 .135 .061 1 10 7 l.CSJ 000130 
.oos 

.024 .061 1.015 l 12 7 .646 000014 
.014 

-.044 .060 .223 -1 11 6 2.477 000120 
.006 

.087 .072 .211 -1 11 7 .638 000100 

2 

EPllG BErA V XMISS 'OOSS P 
.54 .116 l .042 -.075 0 

1.000 
1 0 

.40 .013 2 .010 .006 l 
1.000 

.J7 .012 2 -.152 .019 l 
.022 

.99 .OJJ 2 .001 .OJ9 l 
.025 

• 75 .OJl l .039 -.026 

4 -.020 -.067 .014 -1 11 8 l.SJl 000130 11.82 o.ooo l -.018 -.092 0 
.oos 1.000 

U-2 .141 .OJ8 2.220 112 6 2.J75 000134 ,OJ 0.000 1 -,083 .081 0 
.029 1.000 

o-J .ll8 .101 1.592 112 6 2.074 000134 .OJ ,2JJ l .133 -.112 0 
.021 l.000 

lJ-4 -.054 -.082 J.552 -1 10 0 1.044 000136 o.oo o.ooo l .085 -.079 0 
.350 1.000 

G-5 .028 -.047 1.024 l 12 9· .90J 000136 1.16 .OJ6 1 -.206 -.069 0 
.014 .014 

tJ-6 .092 -.007 1.385 112 6 1.616 000134 .02 .038 1 -.046 -.051 0 
.019 1.000 

0-7 -.103 .081 .sos -1 12 7 2.3J9 000016 1.39 -.022 l .317 .102 0 
.OU .021 

tJ-8 -.174 -.0.44 1.913 -112 6 ,851 000136 .67 o.ooo 1 .09J .010 0 
.025 1.000 

tJ-9 .060 -.071 .242 -1 9 7 2. 78J 000100 4.23 .038 l .256 -.235 0 
.006 .013 

G-1 .121 .120 J.087 0 l 000001 .J2 1 0.000 0.000 0 
.015 .ots .759 .08 

q-2 .121 .058 1.327 0 9 000001 .75 l o.ooo 0.000 0 
.015 .015 .214 .12 

G-J -.003 .058 1.679 0 11 000001 .60 l 0.000 o.ooo 0 
.015 .015 .305 .11 

G-4 -.OOJ -.004 2.068 0 20 000001 .48 l o.ooo o.ooo 0 
.015 .ol.5 .416 .10 

G-5 .121 -.066 .• Jl6 0 Z7 000001 J.16 l o.ooo o.ooo 0 
.015 .015 .025 .25 

G-6 -.OOJ -.066 .088 0 29 000001 ll.J5 l o.ooo 0.000 0 
.Ot5 .015 .004 .47 

G-7 -.065 -.066 3.182 0 30 000001 .Jl l o.ooo 0.000 0 
.015 ,Qt<; • 795 .08 

~ -.127 -.066 2.629 0 31 000001 .38 1 0.000 0.000 0 
.015 .015 .597 ,09 

G-9 -.065 -.Jl4 3.170 0 65 000001 .J2 l o.ooo o.ooo 0 
.015 .015 .790 .08 

0 LIN!S at AllXILLIJ\Ri 'l'llACK INF01'1ATit1f 
0 LINES CR o:M1ml'S 



- 527 REXXmD 3682 
ICB 3?117NS5 
U\Sr tam a. 81;1>5;1>8. 

2 VERl'ICES 
t1M!ER TYPE , X Y Z 

l l -4.763 8,235 2,033 
2 2 8.0 -33. 7 670.0 

'lOmI. OWEIMErER ~IS 22.09 GEY 
.58 3.52 ll.54 6.45 DI ax.l1'tlS l,2,3,4 

'lOmI. IDD GIAS.S E:'IElCi IS lO • 76 GEY 
6 EMJUiIQI '!.'RACKS 

PRlll:TIO. 
'l.'IWlt DX,/D'Z DY/!IZ 

EXIT 
DX/tlZ D!/DZ 
-.022 .02.7 

.008 .004 

I/IO 
1.00 

.06 
0,94 

.07 
1.10 

.06 
0.98 

.05 
1.30 

.22 

l;'l'm:rA v 
l -.022 ,027 

2 

2-1 

2-2 

2-3 

3 

.008 .004 

.OU -.050 

.008 .004 
-.041 -.ll4 -.036 -.us 

.010 .005 .010 .005 

.345 -.076 .362 -.080 

.015 ,007 .015 .007 
-.240 -.058 -.240 -.056 

.013 .006 .013 .006 

.018 -.128 .018 -.128 

.010 .005 .010 .005 
13 ~TIUICKS 

2 

'DWX DX/DZ O'!/!IZ lft> 
l -.012 .030 .014 

Q OP rN CXISQ ID EPBG BErA V XMISS 0055 l" 
l 10 8 .667 000004 1.55 .001 l .002 -.006 0 

2 

l-1 

.020 -.053 

.005 .003 
-.048 -.109 

.005 

.082 -l 

.002 
2. 270 020000 

.187 -1 U 8 · .143 000130 

.006 

.OU 
1 0 

2.33 -.007 2 .001 .002 1 
.014 

2-2 .317 -.063 .663 -1 l2 7 .559 000016 0.00 
.010 

.018 2 -.018 -.014 l 

.016 
2-3 -.248 -.060 .895 1 U 8 .260 000016 0.00 

.013 
.020 2 -.021 .019 l 
.017 

3 

11-1 

G-1 

G-2 

G-3 

.026 -.127 ,195 l ll 8 l.038 000030 
.006 

-.596 -.399 1.399 -1 10 0 • 735 000136 
.350 

.089 .033 .401 0 

.015 .015 .036 

.027 .033 .843 0 

.015 .015 .108 

20 

21 

.027 -.029 1.458 0. 30 

.015 .015 .246 
-.035 -.092 .516 0 

.015 .015 .oss 
40 

-.035 -.154 • 943 0 49 
.015 .015 .l28 
.152 -.216 ,482 0 SS 
.015 .015 .047 

000001 

000001 

000001 

000001 

000001 

000001 

0 LINfS QI ~ TIW::K INFQMATIO. 
0 LINES ~ O'.M>!ENrS 

3. 75 -.014 l -.022 .003 0 
.014 

0.00 0.000 1 -.172 -.019 0 
1.000 

2.49 1 o.ooo 0.000 0 
.22 

1.19 
.15 
.69 
.12 

1.87 
.19 

1.06 
.14 

2.08 
.20 

1 o.ooo 0.000 0 

l 0.000 o.ooo 0 

1 o.ooo o.ooo 0 

1 0.000 0.000 0 

1 0.000 o.ooo 0 
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RN 529 RBllRD 271 
Im 423 NH 0 NS S 
usr cam CN 81/08/07. 

2 VERl'ICES 
tum:R '1YPE x y z 

1 1 .012 -4.798 .346 
2 2 -71.0 -147.0 2542.0 

'10IN. ~ mEIGY IS JS.OS GE!/ 
1.03 18.46 17.18 1.38 IN~ 1,2,3,4 

'lOrAI. IE.AD GrA5.S ENER>r IS 11. 64 GEY 
8 EMILS~ TRACl<S 

PHllXX:'l'Iai 
'lWtClt DlC,ltl'Z ln'/tlZ 

EXIT 
OX/DZ ln'/tlZ 

.032 .045 

.002 .002 

I/IO l/l'BE?A V 
1 .032 .045 

2 

2-1 

3 

4 

oi 

.002 .002 
-.028 -.058 

.002 .002 
-.087 -.005 -.087 -.oos 
.002 .002 .002 .002 
.165 -.129 .165 -.129 
.004 .004 .004 .004 

-.254 .437 -.254 .437 
.007 .007 .007 .007 

-.028 -.060 
.002 .002 

m-1 -.010 -.oss -.010 -.o5s 

10-2 
.002 .002 .002 .002 
.043 -.068 .043 -.068 
.002 .002 .002 .002 

U~'!wacs 

TMCK OX/DZ ln'/tlZ l/P 0 tJP IN <ESQ m 
1 .031 .045 .018 -1 8 8 .307 000004 

2 

2-1 

3 

4 

OI 

m-1 

10-2 

0-1 

G-1 

G-2 

G-3 

-.088 .002 

.165 -.129 

-.254 .437 

-.020 -.044 

.028 -.010 

-.139 -.043 

-.012 -.047 
.015 .015 

-.135 -.047 
.015 .015· 

-.OU -.108 
.015 .015 

.005 
1 070000 

.160 1 9 7 1.286 000130 

.005 

.489 -1 u 8 .341 000010 

.008 
2.633 -1 10 0 2.435 000136 

.350 
0 000001 

3.440 -1 8 0 5.644 000136 
.350 

2.759 -1 12 6 • 702 000016 
.036 

1.127 -112 8 .413 000016 
.015 
.120 0 48 000001 
.006 

2.364 0 50 000001 
.509 

1.086 0 57 000001 
.158 

0 LIN&S OP lWXILLil\RlC TRACK INFOIMM'Ial' 
0 LINES OP CDHNl'S 

2 

El'9G BElI'A V XMISS 'DaSS P 
.44 .003 1 -.009 -.010 0 

.013 
1 

.36 .OU 2 
.010 

.oo -.003 1 
.015 

0.00 o.ooo l 
1.000 

1 

o.oo 0.000 3 
1.000 

0 

.017 -.043 1 

.016 .012 0 

.268 -.083 0 

0 

.us -.033 0 

o.oo .030 3 -.080 .036 0 
.026 

8.79 .013 1 .328 -.092 0 
.014 

8.32 1 o.ooo 0.000 0 
.40 
.42 l o.ooo 0.000 0 
.09 
.92 l o.ooo o.ooo 0 
.u 



"'"' 533 milRD 7152 
~ 644 NH 5 NS 6 
IMT tnlE CJI 81/08/07. 

2 VERrIOS 
I01BER 'NPE x y z 

l l 5.285 -7.179 .645 
2 2 100.0 52.0 5245.0 

'lOmL CALaUME1'ER ~ IS 51.60 GIN 
.41 38.78 ll.02 l.39 IN OJLl1'!NS l,2,3,4 

'roIM. IE.AD~~ IS 10.18 GIN 
S EMJISICJI TRACKS 

PRXU::'l'ICJI EKIT 
'1"RACK DK,11.1: DY/D'l DK,11.1: DY/D'l I/IO l;'PBErA V 

l .019 .010 2 
.002 .002 

l-l -.023 -.084 -.023 -.084 
.002 .002 .002 .002 

2 -.043 .049 -.043 .049 
.002 .002 .002 .002 

3 -.033 .016 -.033 .016 
.002 .002 .002 .002 

4 0.000 -.060 0.000 -.060 
.002 .002 .002 .002 

l5 ~ 'l'R1tCRS 
'1WOt ~ DY/'tn l/P Q tlP !Ji cmso m EPBG . BErA .., XMISS YMISS F 
l- l 070000 l 0 

1-1 -.019 -.082 .207 1 7 8 2.068 000130 
.006 

2. -.040 .053 .ll2 -1 lO 8 .879 000004 
.005 

3 -.031 .015 .207 -1 10 8 .Sil 000132 
.006 

4 .ooo -.058 .087 1 9 8 .861 000130 
.005 

G-1 .007 -.052 3.578 l l2 7 .526 000136 
.047 

G-2 -.009 .016 3.706 1 12 6 .591 0001.36 
.048 

G-3 -.022 .051 3.674 l 12 6 .601 000136 
.048 

o-4 .045 o.ooo .814 l ll 6 l.359 000000 
.012 

G-1 .007 .034 .296 0 38 000001 
.015 .015 .023 

G-2 -.055 .034 l.722 0 39 000001 
.015 .015 .316 

G-3 .130 -.027 .922 0 45 000001 
.015 .015 .124 

G-4 .007 -.027 1.710 0 47 000001 
.015 .015 .313 

G-5 .069 -.089 2.163 0 55 000001 
.015 .015 .445 

G-6 .007 -.089 2.362 0 56 000001 
.015 .015 .508 

. 0 LnEl CiF AUXILLIARr T1!l.CK ~ 
0 LINES <R CXMmll'S 

.59 .002 2 -.148 .043 l 
l.000 

5.36 -.632 l -.006 -.008 0 
l.000 

5.29 -.597 l .002 .001 0 
l.000 

l.79 -.512 l -.002 -.025 0 
l.000 

0.00 0.000 l -.218 .007 0 
l.000 

.o.oo 0.000 1 -.uo .uo 0 
l.000 

o.oo o.ooo l -.106 .018 0 
l.000 

1.36 .:..662 l -.005 .043 0 
.039 

3.38 l o.ooo 0.000 0 
.26 
.58 l o.ooo o.ooo 0 
.ll 

l.08 1 0.000 0.000 0 
.15 
.58 l o.ooo o.ooo 0 
.ll 
.46 l 0.000 0.000 0 
.10 
.42 l 0.000 o.ooo 0 
.09 

231 



232 

Kii 546 Rl'XXlRl> l.339 
ICB 8NB 7NS 5 
IM'1" tnlE CN 81;07 /14. 

2 VER:l'IQS 
MJ1BER 'l'l!PE x y z 

1 1 -8.722 2.706 .588 
2 2 -62.0 -110.0 2145.0 

'l'O?AI. cuauMErER mm;y IS ll. S7 G1N 
0.00 0.00 4.65 6.92 IN ~ 1,2,3,4 

'l'O?AI. IEllD GLASS~ rs 5.09 <ml 
ll EKJ[SIQI TRACKS 

~CN 

1'IW:lt DXltn m'./DZ 
l .195 -.341 

EXIT 
ar,IDZ DY/DZ 

.195 -.341 

.Ot6 .007 
-.085 -.335 

.015 .007 
2.489 -.320 

.080 .040 
2.545 -.311 

.080 .040 

I/IO l/l'Bf!rA V 

2 

3 

4 

5 

!5-1 

!5-3 

' 
7 

a 

.016 .007 
-.085 -.335 

.015 .007 
2.489 -.320 

.080 .040 
2.545 -.311 

.080 .040 
-.014 -.052 

.008 .004 
-.024 -.l.59 -.024 -.159 
.Oil .• 005 .011 .005 
.016 -.038 .016 -.038 
.ooa .oo4 .ooa .oo4 
.094 -.032 .094 -.032 
.009 .004 .009 ·. .0011 

-.165 .. 079 -.!65 .079 
.OU .005 .Oil .005 

-.221 .215 -.221 .215· 
.014 .006 .014 .006 

1.398 .891 1.398 .891 
.044 .020 .044 .020 

16 SifL!tJOIEJEk,._......,fMI>....,. TRIOS 

0.99 
0.04 
1.08 
0.04 
1.03 

.04 

2 

1'IW:lt ar,IDZ MM l/P 
l .• 233 -.400 .224 

0 OP m CHISIJ m ~ am. v XMISS YMISS p 
1 10 0 .407 000136 o.oo o.ooo l -.105 .096 0 

2 

3 

4 

5 

.350 

!5-1 -.023 -.160 .258 -1 11 
.006 

!5-2 .017 -.038 • 213 1 11 
.006 

5-J .1194 -.032 .308 l 10 
.006 

' 

000136 

000136 

000136 

700000 

8 .534 000130 

7 .578 000004 

8 .810 000130 

000136 

1.000 
1 

1 

1 

1 

.86 .013 2 -.023 .019 l 
1.000 

2.83 .009 2 -.008 -.003 1 
.011 

.57 -.021 2 -.024 -.001 l 
.014 

l 

7 -.172 .216 .148 -1 11 8 .398 000004 o.oo .020 1 -.026 -.007 0 
.005 .016 

8 000136 1 

0-1 -.120 .oao .618 l 11 1 .622 000010 
.009 

0-2 .536 .820 .036 l 11 0 l.649 000136 
.350 

lr3 .009 -.295 .624 -1 lO . 0 .187 000136 
.350 

G-1 -.003 -.046 .423 0 40 000001 
.015 .015 .038 

G-2 -.003 -.169 2.123 0 58 000001 
.015 .015 .433 

0 LnEl OF ~ TfW7. IllF'OIMATICN 
0 LINES C1F OM!flll'S 

.30 -.009 l -.034 .089 0 
.016 

o.oo 0.000 l -.210 -.123 0 
1.000 

o.oo 0.000 l -.078 -.068 0 
1.000 

2.37 l 0.000 o.ooo 0 
.22 
.47 l 0.000 0.000 0 
.10 



IUf 547 REJ:lRD 3192 
001 1)1)0 ~ l !-5 11 
ust IXM: CN 81/tll /14. 

3 VERrICES 
!UeER ftPE x 'i z 

l l 6.600 6.480 .895 
2 2 -4.2 -20.3 185.0 
3 2 -273.0 1194.0 17100.0 

'10rAL CALaUMlm:R ~ IS 16.00 <~Y 
.57 6.40 7.34 1.69 IN COLllltS l,2,3,4 

'10rAI. LEAD GLASS FNER."Y IS 5.48 (Bl 
l5 E!IJI.SIQI TRAClCS 

PRlXl:'l'ICN OOT 
Dl<,lt1Z DV/DZ 
-.040 .277 

.OlJ .006 
-.081 .225 

.013 .006 

TRACK Dl<,lt1Z Of/DZ 
1 -.040 .277 

2 

l 

4 

5 

6 

7 

8 

9 

9-2 

19-2-1 

.013 .006 
-.081 .225 

.013 .006 
-.002 .092 

.009 .004 

.241 .047 

.013 .006 
-.005 -.050 

.008 .004 

.046 -.052 

.009 .004 
-.124 -.068 

.010 .005 
-.096 -.115 

.Oll .005 
-.023 -.110 

.Oll .005 

-.002 .092 
.009 .004 
.241 .047 
.013 .006 

-.005 -.050 
.008 .004 
.046 -.052 
.009 .004 

-.124 -.068 
.010 .005 

-.096 -.115 
.Oll .005 

.084 .478 .084 .478 

.018 .008 .018 .008 
-.007 .066 

.010 .005 

.200. -l.800 .200 -1.800 

.047 .021 .047 .021 

I/IO l/PBEll'A V 

0.97 
0.04 
1.01 
0.04 

2 

2.632 
.667 

0.385 l 
0.144 

9-3 -.021 -.218 -.021 -.218 0.95 0.263 . 
.012 .005 .Ot2 .005 0.04 0.094 

lD .234 -.199 .234 -.199 
.014 .006 .014 .006 

ll .443 -.205 .443 -.205 
.018 .008 .018 .008 

18 "'SP"'i:i..;""l'iO!EtER_.._.., TMOCS 
TRACK Dl<,lt1Z Dr/DZ l/P . Q UP il'l CHISJ ID EPBG BErA V XHISS l:MISS F 

l 000136 l 

2 

3 

-I 

5 

6 

7 

000136 

-.002 .092 .063 -1 10 8 1.086 000004 
.005 

.240 .048 1.640 1 12 8 .324 000014 
.022 

.007 -.071 .210 -1 9 7 2.677 000030 
.006 

000136 

000136 

l 

.36 .032 1 -.024 -.020 0 
.019 

.21 .014 1 -.062 -.039 0 
.017 

1.72 -.016 l -.035 .112 0 
.020 

l 

l 

8 -.096 -.116 .573 -l ll 7 .497 000136 .66 -.181 1 -.019 -.025 0 
.009 .021 

9 070000 l 

9-1 

9-2 

I9-2-l 

9-3 

10 

ll 

G-l 

G-2 

G-3 

.088 .479 

.234 -.200 

.443 -.205 

-.065 .109 
.015 .015 
.058 -.077 
.015 .015 

-.004 -.200 
.015 .015 

.088 -1 ll 0 1. 548 000136 

.350 
000136 

000136 

000136 

l.046 112 8 .852 000014 
.014 

3.570 l 12 8 .852 000100 
.oso 
.776 0 12 000001 
.096 
.814 0 37 000001 
.103 

l.544 0 56 000001 
.269 

0 UNES OE' AUXILLIARY TRAOt INPOH91TICN 
2 LINES OP aM!Flll'S 

'I'lll\CK 9-1 HI'l'S POLE 
'lW£X 9-2 INrEiU'Cl'S 'IO PR:XXa A ~ NS-1 smwER.. 

o.oo o.ooo 2 .053 -.023 0 
1.000 

2 

3 

2 

.07 -.004 1 .026 .069 0 
.020 

.oo .634 l .026 .069 0 
.028 

l.29 1 o.ooo o.ooo 0 
.16 

1.23 l 0.000 0.000 0 
.16 
.65 1 0.000 o.ooo 0 
.ll 

233 
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lUl 549 REXXlRD 4068 
N3r l51 !II 4 NS 8 
usr cam °' 81/116/.Z6. 

2 VERl'ICES 
?UllER Tn'E x y z 

1 1 .918 -10.361 1. 7ll 
2 2 -s.o 0.5 21.0 

'10& CllLCJUMEl'ER ~ IS lS.47 GIN 
.46 2.59 3. 72 8. 70 IN o::uHIS 1,2,3,4 

'lOl'AI. IEAD G'..MS ~ IS • 78 GEN 
7 !MIISIDI 'l.'RACIG 

PIOXX:TIQf 
TRN:x ~ DY/OZ 

EX1T 
DX/DZ DY/OZ 

.067 .067 

.002 .002 

I/IO 1./l"!ErA V 
1 .067 .067 

.002 .002 
2 

2-1 

2-2 

-.236 .025 
.025 .025 
.097 -.129 
.003 .003 

-.339 .451 
.007 .007 

3.756-10.321 
.100 .300 

.094 -.ll9 

.003 .003 
-.354 .364 

.007 .007 
2-3 

3 -.126 -.034 -.126 
.003 .003 .003 

-.358 .004 -.324 

5 
.005 .005 .005 

-.059 -.595 -.055 
.001 .007 .007 

8 "'SPBCl'lDIECER_._......,...., 'l.'RACIG 

-.034 
.003 

-.006 
.005. 

-.544 
.007 

1.10 
.06 

1.31 
.07 

1.176 
.337 

1.587 
.560 

-21.097 
.312 

TRACK ~ DY/OZ l/P Q llP t6 alISQ m 
1 .066 .068 .089 -1 12 7 1.147 000004 

.005 
2 -.236 .025 1 070000 

2-1 000136 

2-2 -.320 .468 .837 1 12 0 1.770 000100 
.350 

2-3 -3.756 10.321-21.097 1 000010 
.312 

3 -.132 -.034 .269 112 a .256 000120 
.006 

4 000136 

2 

El'9G Bl!lrA V lCMISS YMISS P 
.51 .002 1 .Ol5 -.015 0 

.011 
1 0 

2 

o.oo 0.000 2 -.040 -.002 1 
1.000 

2 1 

.26 .026 1 -.014 -.010 0 
.013 

1 

5 -.ill -.494 1.981 1 ll 0 .842 000136 0.00 0.000 1 .025 -.147 0 
.350 1.000 

0 I.De or AllXILLIAR:i TRACK DlFCR4111'ICW 
3 r.nm; "" O>l'IENl'S 

TRACI( 2-3 OOES MOGWI> IN 'Im! IM FRAME 
TRi'iCK 2-2 IS It'fNrIFml AS PRll'C.N BY I/IO 
TRACK 2-3 IS lDl!NrIFim AS PI+ FIOt PI-+IJ-B au.IN 



IUl 563 REXXlRD 5269 
Im 002 !II 4 NS 6 
usr TXM: a. Sl/Tl8/Tl7. 

2 VERl'ICfS 
NlHmR 'nPB x y z 

l l -3.292 3.493 1.280 
2 2 -7T7.0 -1247.0 6600.0 

'1'0lM. CALaUMErER ~ IS 66.03 GEV 
.57 4.52 53.25 7.69 IN COLt1'1NS l,2,3,4 

'10DII. IF.11D GrMS mEICr IS 3. 77 GEV 
7 IHJISial TRACKS 

Piaxx:TICN 
'l'WIQt DX/t>Z Dlr/t>Z 

EXIT 
llX/t>Z Dlr/t>Z 
.;..004 -.255 

.013 .006 

I/IO l/PBErA V 
l -.004 -.255 

2 
.013 .006 

-.uo -.189 
.013 .006 .013 .006 

2-1 -.429 -.037 -.399 -.035 

3 

4 

5 

.016 .007 .016 .007 
-.021 -.100 -.021 -.100 

.010 .004 .010 .004 
-.105 -.080 -.105 -.080 

.010 .005 .010 .005 

.047 .025 .047 .025 

.008 .004 .008 .004 
6 -.122 .035 -.122 .035 

.010 .005 .010 .005 
ll~TRACllS 

'l'!l1la llX/t>Z mr;t>z l/P Q UP m OIISQ m 
1 -~010 -.262 • 711 -1 u 7 .673 000014 

.au 
2 1 070000 

2-1 -.404 -.040 1.106 1 u 0 1.990 000136 
.350 

3 -.004 -.098 .042 -1 U 7 3.0U 000004 
.005 

4 -.099 -.086 .714 l u 8 .283 000014 
.au 

5 .Ol5 .022 .071 1 11 6 3.094 000130 
.005 

6 -.no .035 .407 -1 10 8 • 735 000030 
.007 

0-l -.lll -.042 1.430 -1 u 7 1.324 000136 
.019 

G-1 .015 .071 .903 0 21 000001 
.015 .015 .120 

0 LINES CP ADXIU.IARl 'l'!l1la INPO!M\TIOO 
0 LINES <Z OMEn'S 

2 

El'9G B!lrA V lCMISS !MISS F 
.11 .003 l .028 .ll6 0 

.021 
1 0 

o.oo a.coo 2 .098 -.o85 1 
1.000 

.44 .022 1 .002 .012 0 
.021 

.30 -.005 1 -.017 .053 0 
.019 

.85 -.020 1 -.032 .017 0 
.au 

.43 .017 1 .021 .030 0 
.015 

.85 o.ooo 1 .114 .001 0 
1.000 

1.11 1 o.ooo o.ooo 0 
.15 
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~ 567 Rro'.)R[) 2596 
KCB 027 !ti 6 NS 6 
IMr ram CN 81A!M>7. 

2 VERl'lCES 
tUllER 'r.tPB x y z 

1 1 -9.074 6.423 2.086 
2 2 16.8 -1.8 175.0 

'10mL CALamEl'ER ~ IS 8.58 GIN 
1.88 0.00 4.98 1.72 IN <llLt1'fiS 1,2,3,4 

'10mL U'.M GrA!>S ~ IS 2.45 GEY 
7 EMJf.SICN TRl\CRS 

PIUXaIOO 
'l'MCK DX/DZ Dlr/l)Z 

EXIT 
DlC,IDZ Dlr/l)Z 

.019 .088 

.009 .004 
-.239 .028 

.013 .006 

I/IO l/Pl!ErA V 
1 .019 .088 

2 

3 

3-1 

5 

6 

.009 .004 
-.239 .028 

.013 .006 

.096 -.010 

.010 .005 

.466 .023 .466 .023 

.018 .008 .018 .008 

.024 -.072 .024 -.072 

.009 .004 .009 .004 
-.240 -.ill -.240 -.ill 

.013 .006 .013 .006 

.305 -.157 .305 -.157 

.015 .007 .015 .007 
lD~TIW:RS 

2 

TIWlt DlC/DZ oirM l/P o UP m CHISQ m EPBG 
1 .019 .089 .177 -1 9 8 .298 000004 .33 

2 

3 

3-1 

.006 
-.282 .023 2.632 -l 10 6 1.000 000014 0.00 

.030 . 
.096 -.010 .173 1 0.280 040000 

.003 
.387 -.026 .598 1 10 7 .805 000100 .25 

.009 

BErA V XMISS YMISS P 
.004 1 .005 -.003 0 
.013 
.013 1 .000 .000 0 
.059 

1 0 

.ill 2 .006 .009 1 

.015 
.009 -.066 .371 1 12 0 3.927 000136 

.350 
o.oo 0.000 1 .076 -.016 0 

1.000 
5 

6 

G-1 

G-2 

G-3 

-.237 -.117 1.341-112 0 2.751 000136 
.350 

.275 -.133 1.012 -1 10 7 .851 000016 
.014 

-.034 .ooo .323 0 
.050 .200 .014 

-.062 -.015 2.968 0 32 
.015 .015 • 716 

-.062 -.077 2.238 0 
.015 .015 .469 

-.124 -.139 1.731 0 
.015 .015 .319 

41 

51 

000120 

000001 

000001 

000001 

0 LINfS Cl' AIJXILLIARi 'l'MCK INFQRllATI(N 

1 LINfS CF cnHm'S 
OK IS FIOI EXCESS IN CALCJ!IME:rER 

o.oo 0.000 1 .005 -.034 0 
1.000 

o.oo .010 1 .008 .013 0 

.34 

.08 

.45 

.09 

.58 

.11 

.019 
2 

.019 
1 

1 o.ooo 0.000 0 

1 0.000 0.000 0 

1 0.000 0.000 0 



RH 580 mDRD 4508 
IQ 93tll 3NS 4 
U\ST IXNE CN 81,11:17/14. 

3 VERl'ICES 
NtMmR TYPE X Y Z 

1 1 12.478 -4.194 1.800 
2 2 -a.o -101.0 2305.o 
3 2 -735.0 -1162.0 7000.0 

TorAL CAU:IIDEl'ER ENER:;Y IS 14. 55 G1!Jl . 
• 91 3.86 1.18 8.59 IN ~ 1,2,3,4 

TorAL IE.NJ GrASS rnEICr IS 7 .08 CZ/ 
. 8 91JISIQI TRACKS 

P.RXXO'IOO EXIT 
TRl!Clt ll'C/D'Z DY/O'Z ll'C/D'Z D'f/OZ I/IO l/!'BEIA V 
l -.003 -.049 2 

.003 .003 
1-1 .062 -.038 .064 -.041 

.002 .002 .002 .002 
1-2 .075 -.213 .084 -.210 

.004 .004 .004 .004 
l-3 -.267 -.027 -.253 -.027 0.95 

.004 .004 .004 .004 0.06 
2 .033 -.196 .033 -.196 

.003 .003 .003 .003 
3 -.105 -.166 3 

.003 .003 
3-1 -.024 -.205 -.024 -.205 

.004 .004 .004 .004 
4 .044 .211 .044 .2ll 

.004 .• 004 .004 .004 
. ll SP!X:rlO£l'ER TRACKS 
'l'Bila IIXltlZ m/OZ 1/1' o OP m CBISO m EPBG Bml. v lCMI$ 'OOSS F 
l 070000 1 . 

1-1 .065 -,043 .233 -112 8 • 444 000032 
.006 

1-2 .081 -.22J. .823 -1 12 0 .975 000136 
.350 

l-3 -.%74 -.032 .654 1 12 ·8 .342 000020 
.010 

2 .010 -.206 4.148 -112 0 2.326 000136 
.350 

3 000136 

3-1 -.033 -.217 .986 112 0 .492 000136 
.350 

4 .044 .219 .149 110 7 1.709 000004 
.005 

G-1 .135 .135 2.955 0 ·11 000001 
.OlS .OlS .711 

G-2 -.052 .010 3.149 0 38 000001 
.015 .015 .782 

G-3 .073 -.052 .188 0 45 000001 
.OlS .015 .011 

0 LINES CF AOXILLIARY TRACK ~ 
0 LDlfS OF CXMEN1S 

5.70 ~.011 2 -.016 -.ooo l 
.017 

o.oo o.ooo 2 -.029 .ooo l 
1.000 

.17 .057 2 -.005 .045 1 
.021 

o.oo 0.000 1 .192 .022 0 
1.000 

1 

0.00 o.ooo 3 -.051 -.003 l 
1.000 

.27 .005 1 .030 .050 0 
.015 

.34 l 0.000 0.000 0 

.08 

.32 1 0.000 o.ooo 0 

.08 
5.31 1 o.ooo o.ooo 0 

.32 

237 



238 

JOI 597 RSDRD 1851 
OOY' 253 NH 0 NS 5 
usr OCNE QI 81/07 /14. 

2 VERl'ICES 
l'DIBER nPE x y z 

1 1 12.797 -9.408 1.629 
2 2 -13.5 -0.3 129.0 

'lOmL CM.aUMEl.'ER l'MlCY IS 10 .38 rm! 
2.81 2.21 3.65 1.71INcor.tJ.1NS1,2,3,4 

'1'0IYII. IF.AO GrA$ mER;r IS 1.53 rm! 
8 EMJISIQI TRACKS 

PR::DJ:::'l'IQI EXI'l' 
'rBAClt DX,IDZ DY/t)Z DX,IDZ DY/t)Z I/IO l/PfmrA V 

1 -.105 -.002 2 
.018 .013 

1-1 -.091 -.078 -.091 -.078 
.003 .003 .003 .003 

1-2 -.070 .027 -.070 .027 
.002 .Oo2 .002 .002 

1-3 .089 .114 .089 .114 
.003 .003 .003 .003 

2 .022 .503 .022 .503 
.007 .007 .007 .007 

3 .410 .353 .410 .353 
.007 .007 .007 .007 

4 .225 -.6Z7 .225 -.627 
.008 .• 008 .008 .008 

5 .080 -.302 .080 -.302 
.005 .oos .005 .005 

lD~TRACKS 

'rRi!Ot DX,IDZ Df/t)Z l/P Q UP W OIISQ m E2IG ~ V llMISS !MISS P 
1 070000 1 

1-1 

1-2 

1-3 

2 

-.096 

-.072 

.096 

-.080 

.018 

.119 

.462 112 

.008 

.658 -111 

.010 

.392 111 

.008 

8 .771 000020 

6 1.983 000010 

7 1.921 000010 

000136 

.48 .025 2 -.021 -.018 1 
.011 

.39 .012 2 -.010 .082 1 
.013 

.28 -.ODD 2 -.090 -.073 l 
.013 

1 

3 .3'7 .290 • 789 -1 10 0 1.506 000136 o.oo o.ooo 1 -.017 -.019 0 
.350 1.000 

4 ~136 1 

5 

U-1 

.096 -.237 • 773 1 8 D 1.886 000136 

-.303 -.009 
.015 .015 

-.380 .636 

.350 

.326 D 

.204 
000120 

.105 -1 11 0 1. 943 000136 

.350 
0 I.De CF AllXIILIARlr TRACK ~QI 
1 LINES CF CIHIENl'S 

o.oo o.ooo 1 -.056 -.015 0 
l.DDD 

o.oo o.ooo 2 
l.DDO 

1 

o.oo o.ooo 1 .291 -.219 0 
1.000 

01: IS AN ASSlH!D 1!1l-LCNG NllCH INrEilACTS IN PBG ARD CAUlRlMf:rE:R 



lUf 598 mDRD l 759 
i«;Y 224 tfi l I'S 2 
I>Sr CX>IE CN 8l;W /l.4. 

2 VERl'ICl!S 
RJEER Tn'E X Y Z 

1 l .481 -1a.ao8 1.968 
2 2 -171.7 ~a.7 1792.a 

'lOrAL OILClmEl'ER mER:;Y IS 21. 72 GIN 
2.44 1.24 14.16 3.89 IN CDLC1'tNS 1,2,3,4 

'lOrAL IEAD GLASS ENERGf IS 3. 89 GIN 
5 EMJCSICtl TRACKS 

PRXJOC'l'IOO 
'l'IWX DX/OZ DY/DZ 

E>CIT 
DX/OZ DY/ll'Z 

.161 .as1 

.aa3 .003 

I/IO l,IPBE:rA V 
1 .161 .as1 

2 

2-1 

2-2 

2-3 

.003 .aa3 
-.a96 -.a45 

.003 .aa3 
-.13a .au -.125 .al4 

.003 .aa3 .aa3 .aa3 
-.ue -.a63 -.lll -.ass 

.003 .aa3 .aa3 .aa3 

.10a -.a84 .1a2 -.a81 

.003 .aa3 .aa3 .aa3 
8 ~TRACl(S 

'J:RilC1t DX/OZ DY/DZ 1/1' Q UP m OIISO m 
l .162 .as1 .a85 -1 12 8 1.168 ooaaa4 

2 

2-1 

2-2 
2-3 

G-1 

G-2 

G-3 

.aa5 

.as7 1 2.270 01oooa 

.aa1 
-.095 -.042 

.002 .aa2 
-.125 .013 .159 -1 ll 8 .820 aaal3a 

.aa5 
-.lll -.a54 .134 l 12 7 1.897 ooa13a 

.oos 
.102 -.aa2 .646 l 12 8 .244 aaoo34 

.ala 
-.14a -.a67 1. 729 a 59 

.alS .alS .318 

.a46 -.129 2.58a a 

.alS .a15 .s8a 
-.a16 -.129 2.968 a 

.alS .alS • 716 

64 

65 

000001 

000001 

000001 

a LINES CF AllXILLIARl!' TIW:ll: mroi:MATIC6 
a LINES CF aMIENl'S 

2 

EPBG BErA V XMISS !MISS F 
.31 .003 1 -.012 -.003 0 

.023 
1 0 

1.07 -.020 2 .a21 .Oa5 1 
.062 

.97 -.039 2 -.aa9 -.014 l 
.076 

.28 -.046 2 -.a37 -.002 1 
.079 

.58 

.u 

.39 

.09 

.34 

.08 

1 a.ooo o.ooo 0 

l o.aoo o.ooa 0 

1 0.000 0.000 0 
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IUI 602 R!XXRJ 2032 
arr 000 !II 10 IG 4 
UBr lXNE CN 8lft)7/l.4. 

4 VERl'IC&S 
tUllER nPE x y z 

1 1 -6.920 -11.720 1.350 
2 2 4.5 -27.8 280.0 
3 2 -1340.0 2950.0 28000.0 
4 2 670.0 -260.0 4000.0 

'lOmI. CALOUMel'ER mElm IS 11. 7-1 <:z.1· 
4.49 0.00 3.21 4.05 IN OJLll.1!15 1,2,3,4 

'lOmI. IEAD GlASS mE1m IS 1.04 <:z.I 
10 !MJ[SltN 'lWtC!IS 

PR:lllCrl:Qf 
TJlllOt IJK/t)Z . DY/D'L 

EXIT 
IJK/t)Z DY/OZ 

.003 .008 

.002 . .002 

I/IO l/PBE?A V 
1 .003 .008 

2 

2-1 

.002 .002 

.016 -.099 

.002 .002 
-.048 .106 

.005 .005 
I2-l-l -.107 .166 -.107 .166 

2-2 

2-3 

3 

4 

BL-1 

El-2 

.003 .003 .003 .003 

.271 -.188 .271 -.188 

.005 .005 .005 .005 
-.125 -.594 -.125 -.594 

.008 .008 .008 .008 

.204 -.059 .204 -.059 

.004 .004 .004 .004 
-.408 -.024 -.408 -.024 

.006 .006 .006 .006 

.166 -.061 .166 -.061 

.003 .003 .003 .003 

.168 -.069 .168 -.069 

.003 .003 .003 .003 
15 SPIC'EO!El'ER TR1CKS 
'?Ma IJK/t)Z DY/D'L 1,11 Q !JP t:N c:msQ m 

1 .003 .007 .052 -1 9 8 1.686 000004 

2 

2-1 

12-1-1 

2-2 

2-3 

3 

4 

El-1 

El-2 

0-l 

0-2 

0-3 

.005 
1 070000 

.483 1 000100 

.025 
-.107 .166 .565 1 12 8 • 722 0.00100 

.009 
.259 -.168 2.552 -1 8 0 4.163 000136 

.350 
000136 

.204 -.059 .679 -1 12 7 .531 000014 
.010 

000136 

.204 -.059 .679 -1 12 7 .531 000002 
.010 

1 000002 

-.131 .138 1.603 -1 8 0 3.224 000136 
.350 

.237 -.116 1.619 -1 8 0 .670 000136 
.350 

.222 -.071 5.368 -1 8 0 .261 000136 
.350 

-.118 -.227 .116 -l 10 0 .212 000136 
.350 

.281 .oso 1.681 1 ll 6 l.461 000136 
.022 

0 LINfS OF AlJXILLIARr TRACK INPOIM\TIQf 
4 LINfS OF CXM4ENI'S 

2-1 ~ AFl'ER 37 PLATES 

2 

3 

EPl!G BE:rA V XMISS Y!fISS P 
.63 .005 1 -.002 -.006 0 

.015 
1 

2 

0 

1 

.26 .116 3 -.066 -.019 0 
.019 

0.00 0.000 2 -.006 -.108 1 
1.000 

2 

.06 -.017 1 .031 -.079 0 
.026 

1 

.06 -.017 4 .031 -.079 0 
.026 

4 0 

0.00 o.ooo 1 .091 .021 0 
l.000 

o.oo 0.000 1 -.093 -.033 0 
1.000 

o.oo o.ooo 1 .223 -.133 0 
1.000 

o.oo o.ooo 1 .153 -.292 0 
1.000 

.29 .799 1 -.328 .182 0 
.013 

toEmM FOR 2-1 • KHNrlM OF 12-1-1 +300 M'IN FOR ELASTIC SCAl'l'ER 
VERrEX FORE-PAIR IS QJESSED Kr FRCM !E9CRIP'l'Iaf Of' "SEVERAL PLATl:S" 
TRACK ir5 SEEMS TO BE A Oflm:IOl I 



RIB 610 Rl'XX>RD 4088 
~ 343 Mi 2 ~ 2 
UtSr IXliE CN 8lt1l7/14. 

3 VERl'ICES 
lUtiER 'l"LPE x y z 

1 1 -l2.508 -.003 1.548 
2 2 43.3 23.3 216.0 
3 1 -6.500 0.800 27.000 

'10JM. CAUmMEl'ER mER>Y IS l.54 GEY 
0.00 0.00 0.00 1.54 IN CXlLt1'INS 1,2,3,4 

'10JM. LEl\O GU\55 ENElQ!' IS 1.35 GEY 
5 IMIIS!Qf TRACl<S 

PIOXX:'l'IOO 
'1WtCK DX/1lZ DY/?)Z 

EXIT 
DX,IDZ DY/?)Z 
-.119 -.uo 

.003 .003 

I/IO l,IPBE:rA V 
1 -.ll9 -.uo 

2 

2-l 

2-2 

2-3 

.003 .003 

.236 .123 

.001 .001 

.169 -.140 .169 -.140 

.004 .004 .004 .004 
-.079 1.331 -.079 1.331 

.015 .015 .015 .015 

.387 .901 .387 .901 

.OU .011 .OU .OU 
8~TRACl<S 

5.882 
1.000 
3.125 
1.230 

'mN:K DX,IDZ DY/1lZ l/P Q llP tN OOSQ ID 
l -.118 -.uo .126 -l 12 8 .860 000004 

2 

2-1 

2-2 

2-3 

OL 

L-1 

L-2 

.oos 
.222 .115 .212 1 

.001 
5.960 040000 

.187 -.137 .676 1 12 7 .sos 000014 
.010 

000136 

.353 .943 3.058 112 0 .666 000136 
.350 

.m .063 .370 0 000200 

.010 .010 .041 

.252 .035 .472 1 0 8 000100 
.010 

-.526 -.004 10.000 -1 0 8 000010 
4.000 

0 LINfS <R ACXIu.IARY TRACX INroRllATICN 
l LDl!S <R CXMolENr.3 

2 

EPBG BETA V lCMISS ?MISS F 
.27 -.011 1 -.011 .009 0 

.019 
1 0 

.38 .008 2 .009 .008 1 
.015 

2 

o.oo 0.000 2 .124 -.127 1 
1.000 

2 1 

.62 .061 3 
.020 

o.oo 0.000 3 0 
1.000 

~ IS Ml\IE Emt OOIWrlUM ~,P Emt BmD ArGZ 
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IUf 635 mDRD 4949 
tGr 258 NH 1 NS 6 
u.sr OC'NE tN 81/1)5/31. 

4 VERl'I<E> 
tOllER ~ x y z 

1 1 -2.858 -10.423 1.853 
2 2 680.7 -506.6 4304.0 
3 2 -1720.0 4470.0 9000.0 
4 1 1.009 -U.795 S.902 

'10rAL CALCJUMEl'ER mEIC'i IS 25.39 GIN 
.23 21.76 3.40 0.00 IN~ 1,2,3,4 

'10rAL IE.AD GIASS mEIC'i IS 2. 48 GIN • 
10 EMJLS!af 'l'RAC(S 

~~ 

TllllCK DXM Di'/T>Z 
EXIT 

DX/l)Z M/T>Z 
-.023 .044 

.002 .002 

I/IO l,IPBE!rA V 
1 -.024 .044 

2 

3 

4 

4-1 

s 

6 

ov 

V-1 

v-2 

.002 .002 
-.068 .044 

.002 .002 

.063 -.069 

.002 .002 
-.190 .497 

.007 .007 

-.066 .054 
.002 .002 
.063 -.067 
.002 .002 

3. 740 .544 3. 740 .544 
.060 .060 .060 .060 

1.11 
.06 

1.384 -.153 1.279 -.091 0.98 
.015 .015 .015 .015 .OS 

-.407 -.498 -.4ll -.154 
.008 .008 .008 .008 
.158 -.11.8 
.004 .004 
.099 .O::f7 .088 .025 
.003 .003 .003 .003 

-.231 -.199. -.249 -.181 0.91 
.005 .oos .oos .oos .os 

13 SPErl'R>!E1'ER 'l'RACltS 
'3WX DX/l)Z DY/T)Z l/l> Q UP CH C!ISO m 

1 -.023 .044 .002 -1 9 7 1. 795 000004 

2 

3 

4 

4-1 

s 

6 

ov 
V-1 

v-2 

OIC 

IC-1 

K-2 

.oos 
-.069 .048 .975 1 u 8 .616 000014 

.014 
,063 -.070 .048 1 10 7 l.U4 000130 

.oos 

-.408 -.160 

.154 -.11.8 

.002 .002 

.090 .023 

-.244 -.188 

.970 -.554 

.004 .004 
1.322 -.061 

.005 .oos 

.653 -1.000 

.005 .005 

.351 -1 u 

.350 

.216 0 

.001 

.362 1 11 

.007 
5.025 -1 11 

.350 

.928 0 

.005 

0 

8 

0 

000136 

000136 

000136 

.252 000136 

10.510 100000 

.466 000100 

000136 

000020 

000010 

000010 

0 LINES CR AllXILLIARl TRN.::K INFOllG\TICN 
2 LINES (1t' 0'.1ffNI'S 

'l'llIS IS A NEm'RAL BARllQi CErAY 

3 

2 

EPBG BE:rA V XMISS lMISS P' 
.52 .ooo 1 -.001 -.007 0 

.014 
.16 .002 1 -.015 .026 0 

.017 
1.38 .024 1 -.006 .010 0 

1.000 
1 

3 

1 

o.oo o.ooo 1 .008 .008 0 
1.000 

1 

.35 .oss 2 
.015 

o.oo o.ooo 2 
1.000 

0.00 o.ooo 2 
1.000 

o.oo o.ooo 4 
1,000 

o.oo o.ooo 4 
1.000 

0 

.007 -.006 1 

1 

1 

1 

1 

TRl\CK 4 CHlERXlES A NH-2, NS-1 INmRATICN IN EMJLSIQq PLATE 1 

OK IS PER SE 



IOI 638 R9DR> 9417 
lGr 648 NH 1 16 3 
USl' !:DIE CN 8l;tl7/14. 

2 VERl'ICES 
lUeER TYPE X Y . Z 

1 1 -16.342 -1.316 .533 
2 2 -0.3 -28.1 132.0 

'lODIL CALCIUMt:l'ER ENER.>r IS 6.06 GIN 
.26 1.21 4.08 .51 IN ~ 1,2,3,4 

'lODIL IEAD GtA'lS ENER;Y IS 6. 22 G1N 
7 KJUiICN TRl\CKS 

PlOlllC'l'ICN EXIT 
TRMX OX/OZ OY/O'L DX/DZ DY/t)'L I/IO l/PBEl'A V 
1 -.002 -.213 2 

1-1 

1-2 

1-3 

2 

.005 .015 

.041 -.045 .041 -.045 

.002 .002 .002 .002 
-.009 -.046 -.009 -.046 

.002 .002 .002 .002 
-.174 -.275 -.174 -.275 

.005 .005 .005 .005 

.046 .231 .046 .231 

.004 .004 .004 .004 
-1.124 .284 -1.124 .284 

.013 .013 .013 .013 
-.614 -.506 -.614 -.506 

.009 ~009 .009 .009 
15 Sl'l!rl'lOIEreR TRl\CKS 

3 

4 

'l.'RilOt OX/OZ Dlr/O'L 1/1' Q llP I:fi OOSQ m EE'l!G BErA V XMISS ™1SS P 
1 -.004 -.204 .168 1 2.610 020000 1 0 

1-1 

1-2 

1-3 

2 

3 

4 

11-1 

11-2 

11-3 

o-4 

G-1 

G-2 

G-3 

G...c 

.001 
.045 -.044 .560 1 11 7 .615 000020 

.009 
-.018 -.037 .448 -1 12 8 .691 000100 

.008 
-.183 -.290 .548 1 10 0 .923 000136 

.350 
.048 .235 .117 -1 10 8 .529 000130 

.005 

.065 -.866 

.085 -.192 

.370 -.392 

.147 -.092 

-.002 .048 
.015 .015 
.244 -.013 
.015 .015 
.059 -.013 
.015 .015 
.182 -.075 
.015 .015 

1.424 -1 10 
.350 

5. 794 -1 10 
.350 

2.523 1 12 
.350 
.281 -1 9 
.006 

3.309 0 
.843 

3.US 0 
.110 

2.486 0 
.549 
.322 0 
.026 

000136 

000136 

0 1.081 000136 

0 1.698 000136 

0 1. 796 000136 

7 2.778 000132 

32 000001 

37 000001 

40 000001 

47 000001 

0 LINES CP AUXILLIARY TRACK INF01f¥1l'ICN 
3 LINES CP aJ.ffm'S 

EMru:lICN TRACK 4 IS GRAY 
'IO' CN 2-1 IS IN OOUBT, PR:BABLY IS K-

.67 .054 2 -.137 -.033 1 
.014 . 

.so .063 2 -.043 -.060 1 
.012 

o.oo o.ooo 2 -.049 -.005 1 
1.000 

.39 .002 1 -.057 -.031 0 
.012 

1 

1 

o.oo o.ooo 1 -.379 -.029 0 
1.000 

o.oo o.ooo l -.047 .238 0 
1.000 

o.oo o.ooo 1 .046 -.058 0 
1.000 

3.50 .045 1 -.032 .082 0 
.036 

.30 1 o.ooo o.ooo 0 

.08 

.32 1 o.ooo o.ooo 0 

.08 

.40 1 o.ooo o.ooo 0 

.09 
3.10 1 o.ooo o.ooo 0 

.25 

1:8 SUS THAT 'ta' STARl' PULLED El'J!LY BY &.ff SIDiER IN TOFI 

243 
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IUI 650 RroR> 6003 
y:;y 129 !If 0 ~ 7 
usr ~ a1 8l/U7 /14. 

2 VERl'I~ 
l'l.MiER 'nPE x y z 

1 1 9,105 ~. 745 l.84l 
2 2 -6. 1 -1.5 40.0 

'l'OD\L ~ mER;r IS 5.63 (ZJ 

3.36 1.66 .33 .27 IN c:x:lL[1'tlS 1,2,3,4 
'l'OD\L IEAD GtASS ~ IS 1. 75 (ZJ 

lD DIJISICN TRACKS 
PRJJOCTIQf 

'1'RACX DlC/t>Z 1:1!/DZ. 
EXIT 

DlC/t>Z Dr/DZ 
.043 -.077 
.002 .002 

-.034 -.069 
.002 .002 

I/IO l/l'BErA V 
1 .043 -.077 

2 

3 

.002 .002 
-.034 -.069 

.002 .002 
-.167 -.038 

.038 .015 
3-1 -.397 .121 -.397 .121 

3-2 
.006 .006 .006 .006 

-.220 -.256 -.211 -.255 
.005 .005 .005 .005 

3-3 -.387 -.308 -.410 -.309 

4 

5 

.007 .007 .007 .007 
-.041 .035 -.041 .035 

.002 .002 .002 .002 

.319 .319 .319 ,319 

.006 .006 .006 .006 

.368 .127 .368 .127 

.005 .005 .005 .005 
7 -.285 .152 -.285 .152 

.005 .005 .005 .005 
14~'mAC!ts 

0.80 
0.05 
0.89 
0.05 

1.250 
0.570 
2.630 
0.950 

'lWtClt DX,,i!lZ Dr/llZ . l/P Q OP CH OlISQ ID 
1 .0'3 -.077 .068 -1 11 7 .496 000004 

,005 
2 -.032 -.070 .425 -1 12 8 .503 000034 

.001 
3 -.182 3.890 040000 

2 

a'EIG 
.73 

.73 

BErA V llMISS YMISS F 
.007 1 .004 .006 0 
.014 
.011 1 -.ooa .005 o 
.014 

1 0 

3-1 
.003 

-.391 

-.057 .175 1 
.003 .009 
.114 .845 

.012 
1 12 7 .816 000016 o.oo -.005 2 -.006 -.014 1 

3-2 

3-3 

4 

5 

6 

7 

OL 

lrl 

r...2 

-.071 

.321 

.380 

-.018 
.002 

-.041 

000136 

000136 

.066 2.71D 1 12 7 .554 000014 
.036 

.329 .800 1 12 6 .264 000100 
.012 

.138 1.233 1 11 8 .206 000136 
.017 

000136 

.071 .407 0 .1T1 000200 

.002 .006 

.051. .604 1 12 8 2.581 000100 
.009 

-1 000136 

~l -.416 .114 3. 763 -l u 7 .597 000006 
.049 

0 LINES Of' AllXILLIARY TRACK INFOR!M"IQf 
0 LINES CR CDHNl'S 

.021 
2 

2 

0 .00 .062 1 -.OlS -.009 0 
,023 

o.oo .214 1 .002 -.014 0 
.013 

0.00 o.ooo 1 -.038 .017 0 
1.000 

1 

2 1 

.75 .124 3 .052 -.022 0 
.013 

3 0 

.19 .030 l .228 -.031 0 
,031 



RlJf 656 RIDJRD 2631 
?Cr 149 llRI 6 NS 5 
UiSr !DIE CN 81/07/10. 

2 VERl'I~ 
t1M3ER TYPE X Y Z 

1 1 -16.877 .676 1.094 
2 2 8.0 22.6 530.0 

"101'AL CALa1IME:mR ~IS 26.07 GFN 
.21 .22 25.65 0.00 IN OX1JlNS 1,2,3,4 

'1UfAL I.EIUl GLASS ~ IS 10. 92 GFN 
8 IHJISICN TRACl<S 

PRDOCTION 
TRACK CK;tr& D'i;tlZ 

EXIT 
CK;tr& DY;tlZ 
-.031 -.042 

.002 .002 
-.048 -.044 

.002 .002 

I/IO l/PBEl'A V 
1 -.031 -.042 

2 

3 

3-1 

3-2 

4 

.002 .002 
-.048 -.044 

.002 .002 

.015 .043 

.002 .004 

.018 .030 .022 .031 

.002 .002 .002 .002 

.027 .053 .026 .054 

.002 .002 .002 .002 
-.225 .001 -.239 .004 

.004 .004 .004 .004 
-.436 .142 -.436 .142 

.006 .006 .006 .006 
5 2.719 1~268 2.719 1.268 

.030 .030 .030 .030 
14 Sl'!C'10IE:lER TRACKS 
'1WiCK axtm OY;tlZ l/P Q llP 00 <lllSQ m 
1 -.031 -.042 o.ooo 1 11 8 1.079 000004 

2 

3 

3-1 

3-2 

3-3 

4 

5 

.005 
-.047 -.043 .317 -1 10 8 0.607 000130 

.007 
.016 .043 .031 1 

.001 
1.304 070000 

.018 .034 .08? 1 11 7 1.493 000130 
.005 

.027 .oss .047 -1 9 8 1.353 000130 
.005 

-.239 .014 1.355 1 11 0 .362 000136 
.350 

-.400 .113 2.514 1 10 0 1.140 000136 
.350 

000136 

G-1 .064 .156 2. 919 0 13 000001 
.015 .015 .698 

G-2 .126 .094 .325 0 21 000001 
.015 .015 .026 

G-3 -.060 .094 1.318 0 24 000001 
.015 .015 .212 

G-4 .126 .032 1.229 0 30 000001 
.015 .015 .191 

G-5 .002 .032 .299 0 32 000001 
.015 .015 • 023 

~ .002 -.153 2.986 0 59 000001 
.015 .015 .722 

0 LINES OE' ADXILLIARt TRACK INPORP.TICN 
0 LIN&S Of! OMIF.Nl'S 

2 

EPBG BE:rA V l<MISS 'OOSS l" 
.76 .001 1 .007 .002 0 

.026 
0.33 .027 1 .011 .• 005 0 

1.000 . 1 0 

4.27 .009 2 .041 -.034 1 
.014 

4.60 -.005 2 -.024 .003 1 
.016 

o.oo o.ooo 2 .075 -.003 1 
1.000 

o.oo 0.000 1 -.018 -.017 0 
1.000 

1 

.34 1 o.ooo o.ooo 0 

.08 
3.07 1 o.ooo o.ooo 0 

.25 

.76 1 o.ooo o.ooo 0 

.12 

.81 1 0.000 0.000 0 

.13 
3.14 1 o.ooo o.ooo 0 

.26 

.33 1 0.000 0.000 0 

.08 

245 
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RIB 663 RB:DRD 7758 
t«;r 317 111 0 NS 6 
IH1r tnlE CN 81/07/l.O. 

2 VERI'IO:S 
IOl3ER TYPE X Y Z 

l l -16.922 -.860 l.S24 
2 2 -53.0 -32.0 12960.0 

'lOU\L C'ALCRIMl'.:l'E PNEIQ' IS SS.SO rB1 
2.31 .61 49.49 3.09 IN c::t1Ll1t'IS l,2,3,4 

'lOUIL I.F.AO GC>SS ~ IS Tl .27 GE:/ 
9 EMJISICN 'l'llACRS 

PRXXX:TICH EXIT 
'1'1WX DlC,IDZ D'i/OZ DlC,IDZ DY/OZ I/IO l;Jm:rA V 

l -.004 -.003 2 
.002 .002 

1-1 .ooo -.008 .003 -.ou 
.002 .002 .002 .002 

1-2 -.Ol8 -.009 -.Ol8 -.012 
.002 .002 .002. .002 

1-3 -.016 .001 -.016 .004 
.002 .002 .002 .002 

2 .on -.010 .on -.010 
.002 .002 .002 .002 

3 -.051 -.003 -.061 -.003 
.002 .002 .002 .002 

4 .046 ,091 ,046 ,091 
,003 .003 .003 ,003 

5 -.Ol2 .ll4 -.Ol2 .ll4 
,003 .003 .003 .003 

6 -.058 .213 -.OS8 .213 
.004 .004 .004 .004 

16 SPD:t'lOIEl'ER TRiaS 
'DVICI: DlC,IDZ Dr/OZ l/P Q tlP ~ CHI.SQ m m'l!G BErA V XMISS 'lMI5S P 

1 1 . 070000 l 0 

1-1 .003 -.012 .041 l l2 6 1.866 000136 22.29 ,008 2 .OlO .043 0 
.007 1.000 

1-2 -.019 -.012 .027 -l 9 8 2.264 000136 22.29 -.103 2 .025 .007 1 
.005 .029 

1-3 -.018 .003 .065 l 8 8 l.162 000132 24.40 .001 2 .020 .024 l 
.oos l.000 

2 .022 -.ou .009 l 8 7 1.601 000004 19.92 -.072 l .006 -.019 0 
.oos l.000 

3 -.078 -.oos .481 -l 11 8 .S7S 000136 2.54 -.048 l .006 .000 0 
.008 l.000 

4 .OSl .087 .444 1 11 8 .7S6 000132 3.0S -.089 l -.030 .054 0 
.008 l.000 

s 000136 . l 

6 -.074 .222 .587 l 11 8 .S22 000032 o.oo .oos 1 -.019 .184 0 
.009 .02l 

0-l -.Oil .OlS 2.36S l lO 0 3.S25 000136 o.oo o.ooo l .126 -.146 0 
,350 l.000 

0-2 -.085 .010 l.337 -l l2 6 2:089 000136 19.98 .032 l .136 .153 0 
.018 1.000 

G-1 .002 .107 l.813 0 23 000001 .ss l 0.000 o.ooo 0 
.OlS .015 ,342 .10 

G-2 .126 ,045 .926 0 30 000001 1.08 1 o.ooo o.ooo 0 
.OlS .OlS .125 .lS 

G-;3 .002 ,045 ,475 0 32 000001 2.ll 1 o.ooo o.ooo 0 
.OlS .015 .046 .20 

G-4 .002 -.Ol7 ,057 0 41 000001 l7.S9 l 0.000 o.ooo 0 
.015. .OlS .002 .59 

G-5 -.060 -.017 .629 0 42 000001 l.59 1 o.ooo 0.000 0 
,015 .OlS .070 .18 

0 LINES OP AIJXILLIARr T!IACX INFOIMATICN 
l LINES OP <XMIENl'S 

'DIERE IS KOi ~l"l IN 'lJlll!: saDl'ICN FOR 1-l 



lUf 665 mDm 2113 
~380tfl21';5 

rMt DCNE CN 8lftl7/l.O. 
2 VBRl'ICES 

tlMIER nPE x y z 
l l -10.967 -11.365 .407 
2 2 0.6 --0.6 33.0 

'10rAI. CALCIUHEl'ER ~ IS 7. 84 Gf'I 
0.00 4.35 2.24 l.25 IN OJLUotlS l,2,3,4 

'10DII. IF.AO Gr>SS mEICY IS l.89 Gf'I 
8 IHJ[SlOO TRJ\aG 

PR:IXa!CN 
'1WiClt DX/OZ OY/t>Z 

EXIT 
cx,.1JZ DY/t>Z 
-.021 -.034 

.002 .002 

I/IO l/PBEl'A V 
l -.021 -.034 

2 

2-1 

.002 .002 

.018 -.018 

.010 .010 

.142 .110 .142 .110 

.003 .003 .003 .003 
2-2 -.189. .043 -.189 .043 

.003 .003 .003 .003 
2-3 -.061 -.357 -.061 -.357 

3 

4 

.oos .oos .oos .oos 

.140 .328 .140 .328 

.oos .oos .oos .oos 
-.381 .-.408 -.381 -.408 

.007 .007 .007 .007 
5 -.512 -.252 -.512 -.252 

.007 .007 .007 .007 
13 Sl'H:'.l'IOIE:m 'l'llACKS 

0.84 
.OS 

0.87 
.os 

l.724 
.500 

ftltO[ DX/DZ or;t>Z l/P o DP ll'1 cmso m 
l -.024 ~.036 .057 -l 8 7 2.673 000004 

2 

2-l 

2-2 

2-3 

3 

4 

5 

. .005 

.149 .103 

-.186 .051 

-.068 -.365 

.136 .341 

l 070000 

.807 l 11 7 1.029 000014 

.012 
1.145 l lO 0 l.000 000014 

.350 
1.930 -1 11 0 l.075 000014 

.350 

.466 -1 12 7 1.008 000010 

.008 
000136 

000136 

trl .157 1.116 1.935 l 12 0 .488 000136 
.350 

tr2 .435 -.134 .891 -l 11 0 • 920 000136 
.350 

tr3 .112 1.103 3.508 -l 11 0 .398 000136 
.350 

G-l -.169 .130 1.354 0 34 000001 
.015 .015 .220 

G-2 .138 .068 2. 726 0 38 000001 
.015 .015 .630 

0 LINES OF ACXILLIARY TAACK INFmt!ATICN 
l LINES CF al+!EN1'S 

2-2 AND 2-3 ARE mmrIFim FIOt I/IO IN EMJI.'>Im 

2 

~ BErA V XMISS ~ P 
.22 -.002 l .068 .040 0 

.012 
l 0 

.44 .009 2 -.140 .036 l 
.OlS 

o.oo o.ooo 2 -.030 -.014 l 
1.000 

0.00 0.000 2 .021 .047 l 
l.000 

o.oo .004 l .020 -.ooo 0 
.013 

l 

l 

o.oo o.ooo l -.373 -.189 0 
l.000 

o.oo o.ooo l -.007 .008 0 
1.000 

o.oo o.ooo l .247 .090 0 
l.000 

.74 l 0.000 0.000 0 

.12 

.37 l 0.000 o.ooo 0 

.OS 

247 



248 RN 665 R!XDRD 4023 
t«;l( 289 ~ 0 NS 8 
IA9l' InlE ~ 81/1>7/14. 

2 VERl'ICES 
t«J'8ER 'nPB x y z 

1 1 12.040 -7 .210 2.130 
2 ' -157.0 -308.0 6820.0 

TOrAL C'J\UJUMEl'ER ~ IS 20.00 GEN 
2.00 13.84 3.42 .74 nf O'.lLlJotlS 1,2,3,4 

TOrAL IE.AD GtA5S EMlG( IS l6,S9 GEN 
11 DlltSICN 'l'lw::KS 

P!Oll:'riat OOT 
'lWO: rix;m OY/tlZ rix;m DY'/tlZ I/IO l/i'BerA v 

1 .148 -.OSl .148 -.OSl 
.003 .003 .003 .003 

2 .095 .019 .09S .019 
.002 .002 .002 .002 

3 .066 .021 .066 .021 
.002 .002 .002 .002 

4 -.023 -.045 2 
.002 .002 

4-l .005 -.090 .oos -.090 
.002 .002 .002 .002 

4-2 -.ass -.002 -.ass -.002 
.002 .002 .002 .002 

4-3 -.1S6 .087 -.156 .087 
.003 .003 .003 .003 

5 -.080 .453 -.080 .453 
.006 .006 .006 .006 

6 .661 .241 .661 .241 
.008 .008 .008 .008 

7 -1.760 .670 -1.760 .670 
.020 .020 .020 .020 

8 -.638 -.399 -.638 -.399 
.008 .008 .008 .008 

2S~T!U\CRS 

TRAC!: rix;m DY'/tlZ l/P a DP m cmso m EPBC; BE1'A V llMISS YMISS I." 
l .145 -.059 .422 l 12 8 .471 000134 .79 -.037 1 .061 .022 0 

.007 1.000 
2 .095 .014 .399 -1 12 7 .433 000130 1.12 -.443 l .013 -.009 0 

.007 1.000 
3 .064 .017 .027 -l 9 7 1.555 000004 .80 .010 1 .004 .008 0 

.oos .016 
4 l 070000 l 0 

4-l .oos -.090 .172 -1 11 8 .638 000136 .34 -.036 2 '.'"•016 .001 l 
.oos .021 

4-2 -.ass -.001 .122 1 9 1 l.9n 000130 4.09 -.001 2 -.oos -.015 l 
.oos .023 

4-3 -.157 .oas .684 -1 l2 7 .924 000016 S.4S .ooo 2 -.114 .006 l 
.010 .024 

5 -.OS9 .445 1.574 -1 11 0 .462 000136 o.oo 0.000 l -.099 .ill 0 
.350 1.000 

6 000136 l 0 

7 000136 l 0 

8 -.616 -.391 1.621 -l 11 0 1. 736 000136 o.oo o.ooo 1 -.083 -.280 0 
.3SO l.000 

lrl -.005 -.069 .982 112 7 .385 000136 l.13 -.380 l·-,004 .03S 0 
.014 .423 

lr2 -.365 .084 2.284 1 l2 0 1.098 000136 0.00 0.000 l .044 -.046 0 
.350 1.000 

lr3 -.544 .303 l.079 -1 l2 7 .206 000016 0.00 -.oos 1 .060 -.034 0 
.OlS .018 

G-l -.048 .097 .974 0 29 000001 1.03 1 o.ooo 0.000 0 
.015 .015 .135 .14 

G-2 -.111 .097 .287 0 30 000001 3.49 l 0.000 0.000 0 
,015 .015 .022 .26 

G-3 .076 .03S 3.0SS 0 36 000001 .33 1 o.ooo o.ooo 0 
.015 .OlS .748 .08 

G-4 -.048 .035 .683 0 38 000001 1.46 1 o.ooo 0.000 0 
.OlS .OlS .079 .17 

G-5 -.lll .035 2.221 0 39 000001 .4S 1 o.ooo 0.000 0 
.015 .015. .464 .09 

G-6 ,139 -.027 3.112 0 44 000001 .32 l 0.000 0.000 0 
.OlS .015 .769 .08 

G-7 -.048 -.027 .908 0 47 000001 l.10 1 o.ooo 0.000 0 
.015 .OlS .121 .15 

G-8 -.lll -.027 l.Sll 0 48 000001 .66 1 o.ooo o.ooo 0 
.OlS .015 .260 .ll 

G-9 -.173 -.027 3.142 0 49 000001 .32 l o.ooo 0.000 0 
.015 .015 .780 .08 

G-10 .l39 -.090 .728 0 53 000001 1.37 1 o.ooo 0.000 0 
.015 .OlS .087 .16 

G-11 -.048 -.090 .485 0 56 000001 2.06 1 o.ooo o.ooo 0 
.015 .015 .047 .20 

0 LINES Of! AUXILLIARr TRACK INFOIW.TICN 
1 LINES Of' CDffNl'S 

IECAY IS 001' VISmu:, caJLO BE AN Im'ERACl'ICN 



Mlf 670 RBDRO 12 
~ 457 NH 4 NS 4 
I>Sr I01E Cll 81;07 /10. 

2 VERl'IC!S 
NllEER TYPE X Y Z 

1 1 2.070 -11.840 1.850 
2 2 11.4 -3.3 155.6 

'10rAL CALCRIMEmR ~IS 3.65 GIN 
.27 1.66 0.00 1.72 IN OJLUotlS 1,2,3,4 

'10rAL rEAD ~ ~ IS 1. 71 GIN 
9 IMJISIOO TRACKS 

~CH 

TRNX DX,ltlZ DY;tlZ 
EXIT 

DX,i1>Z DY;tlZ 
.021 -.oso 
.002 .002 

I/IO l/PB~ V 
1 .021 -.oso 

2 

2-1 

2-2 

2-3 

J 

4 

tJl 

m.-1 

.002 .002 

.073 -.021 

.007 .002 

.126 -.248 .126 -.248 

.004 .004 .004 .004 

.195 -.201 .195 -.201 

.004 .004 .004 .004 
2.592 11.093 2.592 11.093 
.us .us .us .115 

-.346 .383 -.346 .383 
.007 .007 .007 .007 
.604 .867 .604 .867 
.012 .012 .012 .012 
.079 .OOJ .079 .003 
.002 .002 .002 .002 
.024 .107 .024 .107 
.003 .003 .003 .003 

10 SPf!a'ID!El'ER TAACKS 

1.18 
.06 

1.49 
.as 

1.02 
.06 

1.300 
.930 

1.887 
.700 

2 

'miat DX/tZ DY/DZ l/P Q 1JP i:N CIISQ ID 
1 .023 -.oso .190 -1 9 8 1.174 000004 

El'9G BErA V OOSS 'm!SS 1" 
.31 -.001 1 -.034 .ol.3 o 

.006 .017 
2 1 070000 1 0 

2-1 .125 -.235 1.847 1 12 0 1.238 000100 o.oo o.ooo 2 -.019 .035 1 
.350 1.000 

2-2 000120 2 

2-3 

3 

4 

000136 

000136 

000136 

2 

1 

1 

tJl .079 .003 1.224 1 12 8 .827 000100 .OJ .348 1 .122 -.024 0 
.017 .013 

EL-1 .024 .107 1. 702 1 12 7 .679 000016 .66 -.002 1 .064 -.017 0 
.023 .019 

0-1 -.038 .125 3.611 -1 10 0 2.408 OOOU6 0.00 0.000 1 .237 .072 0 
.350 1.000 

0 LINES OP lWXILLIARY TRACK INFCR4M'!Cll 
1 LINES OP CDMENl'S 

'l'RACIS 2-1 AND 2-2 ARE Ir.fNrIFIED Fmt I/IO IN l'MlISICll 

249 
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Kif 671 REXX>RD 2642 
?Ci 459 NI 7 NS 4 
UtSr rxm: ~ 81/07/l.4. 

2 VERrl<:m 
IOeER '1'XPE x y z 

1 1 -1.690 •ll.290 1.330 
2 2 -281.0 95.0 2326.0 

'l'Ol7ar. ~ ~ IS 4.84 CFY 
.26 1.87 1.04 1.67 IN CX:>UMlS 1,2,3,4 

'l'Ol7ar. IEM> GLASS ~ IS 1.51 CTN 
6 !MJI8Iaf 'l'RACRS 

PlDll:TIOO EXIT 
'1'MQt DX/DZ D'l/OZ DX/DZ D'l/DZ I/IO l,/l'B1m\ V 

1 -.122 .042 2 
.003 .003 

1-1 -.132 .121 -.144 .101 
.003 .003 .003 .003 

1-2 -.151 .068 -.152 .080 
.003 .003 .003 .003 

1-3 .389 .702 .437 .554 1.83 
.009 .009 .009 .009 .09 

2 .193 .148 .193 .148 
.004 .004 .004 .004 

3 .025 -.061 .025 -.061 
.002 .002 .002 .002 

11 SP.....,~.....,.....,-m- TRACCS 
'1'MCt DX/DZ Dir/DZ l/P Q tlP i:N OlISO m .EPBG lErJI. V XMISS ?MISS F 

1 1 070000 l· 0 

1-1 -.159 .114 1.044 110. 8 .721 000014 0.00 .022 2 .143 -.038 1 
.014 

1-2 -.i52 .080 .925 -1 12 1 .099 000014 

1-3 

2 

3 

0-1 

0-2 

0-3 

.013 
.477 '.663 8.440 1 12 0 1.137 000136 

.350 
.193 .148 .504 1 12 7 • 604 000100 

.ooe 
.025 -.061 .058 -1 12 8 1. 752 000004 

.005 
-.341 .226 .822 -1 9 0 .306 000136 

.350 
.095 -.127 4.571 -1 8 0 5.150 000136 

.350 
-.531 -.152 1.868 -1 10 0 2.964 000136 

.350 
-.574 -.262 12.329 -1 8 0 2.824 000136 

.018 
.29 .018 2 .075 -.021 1 

.015 
o.oo o.ooo 2 -.334 -.267 1 

1.000 
.29 .078 1 .03' .009 0 

.012 
.Jo -.ooJ 1 .020 .oJo o 

.020 
o.oo o.ooo 1 .142 -.334 0 

1.000 
o.oo o.ooo 1-2.552 1.941 0 

1.000 
o.oo o.ooo l -.108 -.187 0 

1.000 
o.oo o.ooo 1 -.053 .723 0 

1.000 
G-1 

.350 
-.122 .006 2.417 0 

.015 .015 .526 
50 000001 .41 1 o.ooo o.ooo 0 

.09 
0 LINJ;S C. ADXILLIARf 'l'RllCK INrolWaICN 
0 LINES C. CXH4ENl'S 


