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Professor Neville W. Reay, Advisor

An expefiment was performed in the 350 GeV wide-band
neutrino beam at the Fermi National Accelerator Laboratory
using a high-precision, high-efficiency hybrid
emulsion/neutrino spectrometer, with which .the mean
lifetimes of the D+, D’ and F+ mesons and A: baryon were

measured.

1829 neutrino interactions were reconstructed with a
vertex within the emulsion fiducial volume, 1242 of which
-were subsequently found in the emulsion. 1In 49 of the found
neutrino events a charmed particle, produced at the primary

vertex was observed to decay within the emulsion volume.



The mean lifetimes of charmed particles were determined from

the reconstructed decays of 5 D+, 15 p°, 3 F' mesons: and 8

A: baryons:

+10.3 -13

TD+ = 10.3 _4.2 x 10 sec

T, m 23 -8 x 1071 sec

ré+ = 2.0 73:2 x 10717 sec

TA+ = 2.3 t%:g x 10713 sec
C

The charmed particle masses measured in this experiment were:

M , = 1851 % 20 MeV/c?
5 |
M = 1856 t 15 Mev/c>
DD

M, = 2042 £ 33 Mev/c?
F

M, = 2265 + 30 MeV/c?
A
C

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/cz) Decay Time (xlO-13 sec)
NB + p71 K° 2450 * 15 77.2 £ 0.9

_ s or
NB + pPK K; 2647 * 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 dlscrepancy
between the theoretical [l] and measured [2,3] 7° lifetime,
which differ by a factor of nine unless "color" (the concept
of strong charge quantization) 1is incorporated in the
theory.

rthy (ro 5 vy 7.87(N_/3)* (eV)

T®¥P (1% » yy) = 7.95 £ 0.05 (eV)

Where Nc is the number of colors.

Another outstanding example is neutral K?

L’ K; meson
system, which have lifetimes of [160]:

0.040 x 108 sec

Tgo = 5.183 &
L

Teo = 0.892 £ 0.002 x 10710 gee
S

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 K° K°
[4], and the subsequent discovery of the KR! in 1956 [5], set
the stage for the prediction [6] and dlSCO%QtY [7] of parity
violation in the weak 1nteractlons in 1957 and the discovery
of CP violation in the K°- K? system in 1964 [8,9].



§

The concept of weak mixing between mass eigenstates has
been_ of fundamental .importance in the understanding of the
K°- K° system, and has formed the theoretical basis for all
mixing phenomena (e.q. mixing between the 4, s, and b
quarks [10,11,187]; the conjectured mixing between v , v
and Y neutrinos [12-16]; and neutron - anti-ngutroH
oscilla%ions, 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, ¢ , in combination
with lighter u, 4 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.l1 for the 1lowest-lying meson (gqq) and baryon+(qqq)
particle states. The spin-0_ charmed iso-doublet D', D°
mesons are composed of c¢d, cu uark-antiquark pairs,
respectively, while the iso-singlet F meson is composed of
a c¢s pair. Charmeg baryons are composed of cqq quark
triplets, e.g. the A_ is composed of cud quarks in an
iso-singlet spin 1/2 gtate.

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 KR! - R® mass difference [26,35],
and the apparent absence ofsstrangeness-changing neutral
currents in wegk_interaction processgs (the measured decay
rates of R+ pu [27,28] and R > 11V vl [29] were found to
be signifiéantly less than those fr&m 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
"transmutation” 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 (compared to
lifetimes associated with strong interactions, §(10 %2 sec).
Early calculations [20,21,36-40] for the 1lifetimes of
charmed particles were on the order of few x 10 !® sec based
on "naive" free quark decay calculations and estimates of
the charmed quark mass, as determined from the Ki - K; mass
difference [35].
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For Mc = 1.5 GeV/c , the lifetime for charm is
=170t . 5.6 x 10713 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 = yBcT = pct/M.

In addition, differences in the 1lifetimes of the
various charmed particles were expected by some authors
[21,41-44]. 1In particular, the. D 1lifetime was expected to
be longer than the other charmed D° 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 1

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 [45]. The decay times were measured to be 2.2
and 3.6 x 10 !'* 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 1literature; however the two
events, one observed in 1951 by M. Kaplon 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 ¥/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
V/J were consistent with the characteristics expected for a
meson with "hidden" charm, i.e. a meson composed of a cc
pair. Conclusive evidence for the existence of charm came
with the observation of the D, D’ mesons in the Mk.I
detector at SPEAR in the spring of 1976 [55-58].

Soon after the discovery of the ¥/J other experimental
evidence for the existence of (naked) charm was seen. 1In a
bubble chamber experiment, an apparent violation of the
AS = -AQ rule was observed in one event [73]; opposite sign
di-lepton (u 4 and u e ) events were observed in neutrino
interactions [101-104], along with the observation of
associated strange particles in such events [71-75]; all of
these phenomena were consistent with what was expected for
the production and decay of charmed particles in neutrino
interactions.



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 uu, ue and associated
strange particle phegomena [1§-80,105-108]; along with
evidence for D , p?, Ac and I production 1in neutrino
interactions [81-84]. “e+e- expériments [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;pec%s gf chaim
pigduction, decay modes and masses of the D', D, F' and A”,
L baryons. Several bubble chamber experiments ha%e
rgported observation of visible charm decays [97-100,232].

Three hybrid emulsion-spectrometer / 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°!* sec [60]. to 107!2 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.



MOTIVATION FOR EXPERIMENTAL APPARATUS

The wide-band neutrino beam at Fermilab was chosen for
this experiment 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 (~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
observed, corresponding to (proper) decay times of 10 13 to
107 !'° 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 which 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-0Of-Flight) system for charged particle
identification; a lead glass array (for detection of
high-energy photons and electron identification); a



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 y-target consisted of
one interaction 1length (30 cm) of BeO, located 954 m
upstream of the experiment. An average of 1.5 x 10!'3
protons were incident on the neutrino target per pulse. To
increase the intensity of the neutrino beam, a (pulsed)
magnetic horn 1located 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° v's/m? 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 1layout 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 GeVv 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/cm® for
the emulsion target was set by the emulsion experts, based
on past experience in scanning for events. 1Initial tests at



400 GeV measured unacceptably high muon f£luxes in excess of
of 6000 muons/m? /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/mz/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
u's/m?/10'® 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 1location 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, 1.5mx 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 um. 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.



Considerable effort was expended 1in 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 1is 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 1location of the drift
chambers. The position resolution achieved via this method
(125 um) 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 ym (FWHM) over the entire run.

The location of each emulsion module in relation to the
changeable sheet was known through 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 resolution (See Figs.8, 9
and 10).
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TABLE 1.

DRIFT CHAMBER and EMULSION TARGET SURVEY:
SPATIAL RESOLUTION

DRIFT CHAMBERS: Resolution

(FWHM)
Upstream drift chamber sense wires ...iecceeeececeees 10 UM
(relative to each other)

Downstream drift chamber sense Wires ..ceeeeeeeceec.. 25 HUm
(relative to each other)

Position of drift chambers (optical SUILVeY) eeeseee 50 um
(relative to support rods)

Position of support rods (optical survey) ..cecceeees 50 um
(relative to granite block)

POSitiOn Of drift chamber planes oooooono‘nco.nnono 250 le
(in beam direction)

EMULSION TARGET:
X-Y-2 of emulsion modulesS ..ccecvcecssccsccscceasss 100 um
(relative to hexcell plate)

Emulsion modules (X~ray) ccecccececsesscsceccccsessase 50 um
(relative to changeable sheet)

Changeable sheet (X-ray) .ccececccecccsccsscccscoass 50 um
(relative to hexcel plate)

Hexcel plate (optical SULVEY) .cececcccscscccsccsccese 50 um
(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 1lower
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 1liters, total
volume) and 27 "vertical"™ modules (13.8 1liters, total
volume) . Fach horizontal emulsion module consisted of 188
pellicles of pure emulsion, 600 um 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 Um thick polystyrene base coated on
both sides with 330 um of emulsion, exposed with the
-emulsion plane perpendicular to the beam direction. (See
Figs.8, 9 and 10.)

The Changeable Sheet

The changeable sheet consisted of a 800 um thick lucite
base coated on both sides with 75 um 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.ll) of

Ccs cs

AX UAX

= =50 um = 300 um

AY®® =-150 m f\f{ = 320 um

Q
i
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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 1is 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 uym) of the intrinsic drift chamber
resolution (125 um), the projected spatial resolution at the
changeable sheet (270 um) from the angular resolution of the
upstream drift chambers (0.6 mrad) and the emulsion
measurement resolution (50 um 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 um
(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.l0 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 Amperex 56AVP phototube on each end, covering an area of
3.1 m°, 1located 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
hits in the paddles (8 nsec FWHM) was removed through the
use of a Lecroy 624 octal meantimer.

The anti efficiency (Aeyu'/n') was 89 + 1%, (less than
unity due to dead time losses of 5 + 1%, inefficiencies of
2 + 1% and also geometrical losses of approximately 3 + 1%
due to wide angle tracks). The anti "overkill™ (A:u'/np')
was 13 * 2% during the experiment. The logical variable

|}
M TOle I TOFZl I1

The notation "." (":") denotes the logical AND with the two
counters in (out) of time with each other.)
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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) wused 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 1in Fig.l2 (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 m?® 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
l.5m in 1length 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 wuse of a conventional N
(nitrogen) laser system. Laser light was focussed onto a
block of scintillator; the scintillation 1light 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° 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

Ompor1 (HH) 900 psec (muon triggers, hardware start)

Opopr (HC) = 450 psec (muon triggers, corrected)

OTOFI(VC)= 300 psec (neutrino triggers, corrected)

The resolution of TOF I was degraded due to poor 1light
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, correspondlng 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 1is computed using the
measured speed of light in the scintillator (61.4 psec/cm).

°30F11(t) = 100 psec (OTOFII(Y) =1.7 cm) (narrow counters)

°¥OFII(t) = 150 psec (OTOFII(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
Iroprr(¥) = 1.6 cm (GTOFII(t) = 98 psec) (narrow counters)
0¥OFII(Y) = 2.0 cm (GTOFII(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 Pirk =YBm we have the relation:

= 2 _ 4
m —/(ctTOF/L) 1Py

Where: L

B

track length
v/c
y = 1//1-8%

tTOF = TOF flight time

P = particle momentum

trk

From the measured TOF time resolution, the one  S.D.
(68% C.L.). separation points occur at 3.25 (2.65)GeV/c for
7/K identification and 5.47 (4.46) GeV/c for K/p for the
narrow (wide) TOF II counters (See Fig.l4). 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, Uix and V. The active area of
each drift chamber was 1.7 m“. (128 cm x 128 cm). Each
drift chamber had thirty-two sense wires, spaced 4.0 cm
apart (2 cell size), with field shaping wires between each
of the sense wires. The sense wires were 20 pm diameter
gold plated tungsten, strung with 50 grams of tension. The
cathode plane wires (and field shaping wires) were 75 um
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 um of aluminum on
50 ym 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=1700v, 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.l7, 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 bx
1/2 of a cell. The U (V) chambers were rotated 10
clockwise (anti-clockwisg) with respect to the X-chambers
The active area was 2.5 m”~ (ll18.1 cm x 213.4 cm) for the X
chambers, and 2.6 m> (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 uym diameter gold plated tungsten
sense wires each, spaced 5.08 cm apart with 75 um 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 um
diameter copper wire flattened to 25 uym high x 375 um wide,
laminated to a 62.5 uym thick mylar sheet. The drift chamber
frames were made of G-10, bolted together in halves, with a
silicone-rubber O-ring for a gas seal. The gas windows were
made of aluminized mylar, 25 uym of aluminum on 62.5 um of
mylar. The entire chamber was R.F. shielded.

Nominal operating voltages for the downstream drift
chambers were Vmax=3700v, Vmin=1800v, 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].



19

The Drift Chamber Readout System

The signals from the drift chambers were 100X 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 6 < 500 mrad (30°); the
pulse height decreased rapidly for tracks with angles
greater than this, in addition to suffering 1large
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 ULabs) drift chamber
readout systems [129], employing a four-bit phase code and a
three-bit gray code, driven by a 83+ MHz. clock and
utilizing MECL 10000 logic. The four bitaphase 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 ym 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) 1local 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 1in 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

oup(x) = 125 um (odn(x) = 175 um)
corresponding to an angular resolution of
oup(e) = 0.6 mrad (odn(e) = 0.? mrad)
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) 833MHz. 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 width 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 40 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° tracks from muon
triggers taken during the run. The tuning program optimized
various parameters associated with the 1location 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 wvalues 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 um 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:

l. Drift velocity Vg = 50 um/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 1in
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 um FWHM from survey
measurements. Wire corrections were in the form of
translations and rotations done on a per-wire
basis. Offsets were typically 100 um, 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 take into account the
finite propagation time of the signal along the
sense wire.

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 1/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/eB = 0.186/9B
Where <fBdl> = 6.2 kG-m (At 2400 Amps.)

°s

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

bend angle (in radians)

The momenEUm resolution of the drift chambers was
estimated to be

§B/P = [(0.009)% + (0.005p)2]%/2

For 20 drift chambers.
Where the first term 1is 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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§p/P = 0.35 P (Sigma) ( 0 mrad < 8 < 300 mrad)
§p/P = 0.50 (Sigma) ( 300 mrad < 8 < 600 mrad)
§p/P = 0.75 (Sigma) ( @ > 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 = 1/P) was measured to be:

20 = Oy = Qpop = 0.001 £ 0.005
g ol _1 1 .. 00141
TOF = N fig? g2 a/ig? N
§Q_ . = [(0.010Q_. )2 + (0.005)2)1/2

DCH ~*DCH

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

Mp = PDCH/(B//l-BT = 939 + 4 MeV/c?.

) poF

Another check on the momentum calibration came rom
work done in Ref.[120], where it was found that the u /qu
ratio for neutring events was brought into agreement with
the Monte Carlo u /u ratio, for a shift in Q of AQ =~ 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 1little 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_° mass was measured in a partial sample of of
neutrino @&vents (~50% of the total data) in which a Vv?
search was made. From ten reconstructed events with a V°
reconstructed in the drift chambers, having two (opposite
charged) up-to-down tracks, the K’ mass was measured to be:

M o= 504.5 % 1.0 MeV/c?
S

This value for the K! mass is 1.4% above the true K! mass,
497.7 + 0.1 Mev/c? $160]. To supress background® due to
interactions in the drift chambers an asymmetry cut of

‘Pﬂ+/Pﬂ—| > 0.2
and flight length cut of L/yBct > 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 shigt og 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
~l%.
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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 1length, and twelve 1long
blocks, of 35.6 cm (14 R.L.) 1length. 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 10X 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
6, = 0.015 rad. The location and size of the lead glass
biocks was such that y's from symmetric n° decay could not
be resolved for P o > 4.25 GeV/c.

A Neon flasher/fiber optics 1light 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 1lead 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

SE/E = 0.15//E (sigma)
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i

The pulse height spectrum for 30GeV/c negative particles is
shown in Fig.25. The 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 the 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 R; determined from the above studies was
R =1.17 £ 0.10; thus the energy responses for the long and
short blocks were decreased accordingly, to

E(long block)

397

I+

13 MeV/ minimum ionizing track

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

I+

These results are also in good agreement with the
results obtained for the 1lead 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(shoft block)= 325 * 10MeV/ minimum ionizing track
SE/E = 0.09/7E (sigma)

The 1lead 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 1lead glass
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was obtained from "clean” T’ candidates from V events with
charm decays, (see Table 18). Ccandidate w°'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" 7°
candidates were obtained from gamma candidates (blocks with
no charged track incident upon the block). The 7° mass was
measured to be 134.8 * 5.9 MeV/c using 20 clean w°
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
NE11l0 or NEll4 scintillator (ten counters of each type
1.3 cm thick) viewed by a single 12.7 cm diameter Amperex
58DVP phototube, through an adiabatic 1light 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%(1+ /1+4ab/N)
SE/E = 1.1//E (sigma)
N = # of equivalent singly ionizing particles
a = 5.428 equivalent singly ionizing particles/GeV
b = 0.721 GeVv



28

The non-linear term provided a "boost™ in the 1low 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 data from 31 charm
candidate events, was found to be &8E/E = (0.8 % 0.2)//E
(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 1long
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° muon
triggers 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 1II counter. The values for the
parameters associated with the (pulse height) corrected
time, such as the speed of 1light in the scintillator
(v != 62.2 psec/cm), and the t, for each counter were
determined by histogramming the time spreads for each
counter. The average muon counter time resolution was

ou(t) = 0.8 nsec
corresponding to a position resolution of
ou(y) = 129 cm

The AY 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 t 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 [1l28].

The measured v /v C.C. ratio is 7.5 % 2.0%, in
agreement with Monte Barlto 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'® protons were incident on the v-target during this
period, from which a total flux of 1.7 x 10!°® V's/m?
(A ot = 0.49 m?) passed through the emulsion target. Over
905,500 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, 1i.e. there was approximately one real
neutrino interaction per 100 machine cycles (one interaction
every ll minutes).

The data-taking can be broken up into three major

periods, corresponding to three different experimental
running conditions.
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Beginning: Runs 475-517 (high muon background)

15% of data

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

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

Event Yield

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 102 events/ton/10 !? 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 number of protons on target for E-531 (7.2 x 10'%) and
the mass of the emulsion target (0.1 tons), the expected
event yield is:

NV

_EV= 2545 t 500 Events

Fgr the Monte Carlo program, the number of neutrino events
N was obtained by integrating the neutrino flux over the
energy range of the neutrino beam:

50
N\) EMUL J'

gv- Mpgr 9 (E,) #,(E,)SE,

With o(E,) = 0.63 E x 10" *%cm? /nucleon/GeV for v, [1601.

and 0(Eg) = 0.30 Ej x 107 %%cm? /nucleon/GeV for 3u
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:

v _
Nev = 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'l-VTOF 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-beam, 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 wuse 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 1last 5% of the neutrino spill (to limit the number of
muon triggers and thus the 1loss 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:

H = Gu°TOF I(>1 M.I.), TOF II(= 1 tFaCK)

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 and TDC'S were
gated on and latched by a neutrino trigger. For spills with
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multiple v-events (or v with y) 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.31l.

In addition to v and u 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 1laser 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 1low voltage power supplies for the drift
chambers, scintillation counters, etc., along with analog
voltages representing Vmax, Vvmin, Idch, Disc.Level for each
drift chamber, the Hall probe for the SCM-104 magnet, the
gas pressure for the argon-ethane gas supply, and five
temperature sensors for the emulsion target were monitored.
The values of each monitored device were checked once
between each spill by the computer. If the wvalue 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
"tuning" program aligned and calibrated the drift chambers
for the entire running period. Programs were developed for
TOF calibration and particle identification, calibration of
the 1lead 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
"scanback" 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 1length was scanned, in which 89
nuclear interactions (96 expected), 53 single-prong or
"kink"™ 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 1is 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 1lifetime analysis was to
determine the mean 1lifetime for each species of charmed
particle from the fitted, unambiguous decay candidates,
using the maximum likelihood method.

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 gqualitatively) 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 Zz = 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™ 1line,
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 + Y51n6u
vV = xCoseV + Ysinev
6, = -0, = 60° for upstream drift chambers
8 = -8 _= 10° for downstream drift chambers
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!
Note: For the upstream drift chambers
X=0-V ;Y= l//ka + 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
+0.65 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 = 1/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 1least
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 reconstruct up-only tracks, i.e. tracks which

did not pass through the magnet aperture. If only the
- "leading"™ track was found, and 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 track 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 utilized 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 the 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 1into 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



39

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
E, > 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, which
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 1is 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 6, 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 6 < 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 "Refit" 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 1in reconstruction of events. In
addition, the Refit program provided TOF, 1lead 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 1lucite
before processing. Bubble and blister damage was found to
affect less than 4% of the pellicles. The most significant
processing-related problem was a 1-2 um 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 um/165 um = 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 um
(1, = 31.3 + 1.2/100 ym) for the hBrizontal (vertical)
emulsion. 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
changeable sheets, Ics = 32.3 grains/100 um) over a period
of three months.

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 cosf dependence of cosmic rays is clearly seen, along
with beam associated muons.
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TABLE 2

CHARGED PARTICLE BACKGROUNDS IN EMULSION

BACKGROUND

Fog Density:
(per 1000 um3)

Nuclear Stars:
(per cm?)

Cosmic Rays:
(per mm?)

Beam Associated Muons:
(per mm?)

Compton Electrons:
(x 1000 per mm®)

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

HORIZONTAL VERTICAL
EMULSION EMULSION
1.44+0.06 1.2040.10
141 + 35 110 + 20

30 £ 5 30 £ 5
130 £ 20 225 + 23

(5°1/2%xcone) (20°1/2xcone)
7.7 £ 0.9 4.3 % 0.4
1.9 + 0.1 4.1 t 0.3

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 um by 500 um squares on the side of the pellicle
stuck to the glass plate. The vertical emulsion wused 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 mmx 4mmx 20 mm = 320 mma,

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:

. =370 um, o_ = 290 um , o0_ = 1.4 mm
b4 vy z

<AX> = 235 um, <AY> = 645 um, <AZ> = =75 um

The origin of the offsets in the X and Y evént
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. 2 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 cuts around the edges of emulsion
pellicles 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 AdX/dZ and AdY/dZ are shown in Fig.41 for the
horizontal and vertical emulsion. T?ﬁs results, after
unfolding the drift chamber resolution (edch = 0.6 mrad) and
the effects of multiple scattering "in the emulsion
(6EX™MS = 09,0017 for P

m.Ss. trk > 4.0 Gev/c), such that
emul? _ _obs? rms? rms 2
Ok = %k T Pacn * On.s.)

0.50

x - %

g, =0
X Y

0.0033 + 0.020 rad (Horizontal)

0.0015 + 0.018 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', ¥' < 20° (365 mrad) X', ¥' < 200 mrad
AX', or AY' < 15 mrad AX', or Ay' < 15 mrad

I/Ioi 4

Where X', Y' are the X and Y slopes, and AX', AY' 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 AX = AY = 600 um
and length AZ = 1000 um

Vertical Emulsion
A cylindrical volume of radius r = 200 um
and length AZ = 1000 um

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 AdXx/dz, Ady/4z
> 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 1is a unique feature associated with this
experiment and is an important factor in determining the
mean lifetimes of charmed particles, as 1is 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



46

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 um (for grain sizes 4 = 0.7 Hm). Thus, the
scanning efficiency due to geometrical effects 1is 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 tracks present in the event, The diameters for 320
neutrino interactions (chosen at random) were measured to
obtaii the following analytic form:

D = (NH + NS/2)/4 + 1.80 (um)

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

Charged Track Following Efficiency

The scanning efficiency as a function of follow 1length
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 1lengths < 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 6 < 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) scanning efficiency for neutral Qegays in

emulsion was estimated from the ratio of e'e pairs
(associated with neutrino interagtions) found by volume
scanning, to the total number of e'e pairs expected from
‘conversions in the emulsion from w° decay (~27°/v-
igtgraction). The volume scanning efficiency for finding
e e pairs in the vertical emulsion was found to have a
spatial dependence of the form:

€(2) = 0.60(1 - 0.05 2 (mm))

The volume scanning efficiency for finding ete” pairs in
emulsion is an upper limit on efficiency for finding+ decays
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
reconstructed decay tracks, and the efficiency 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

€og = 142/148 = 96 * 2%

The charged scanback efficiency 1is given by the
following: ’ '

ch 1

- 1 .k
€sb ° N E nk(l (1 ecs)

), N =) n, .
K k

Where n is the number of tridents with k reconstructed
decay trgcks.
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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.

g nk(Pc<12GeV/c) nk(Pc>lgGeV/c) nk(Av%.)
1 7 1 8
2 4 1 5
3 0 6 6

Thus, the charged scanback efficiency is

<ch _
€p = 71 = 13% (Pc < 10 GeV/c)
>ch _ ‘ .
€sp = 100 = 13% (Pc > 10 GeV/c)
ch _
€sp = 8l + 9% (Average)

Neutral Scanback Efficiency

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

N _ 1 1o k
®sb T N E n (1=(1-€.)7)
2-Prongs 4-Prongs 6-Prongs

k n, k n, k n,
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 eN =-94 * 5%, The

momentum spectrum for neutral charmeab 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 1lower parent momenta, and thus
lower daughter momenta; the daughter tracks are emitted at
correspondingly larger angles in the 1laboratory. 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 1in 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
émulsion groups. The events found by the Ottawa and Korean
groups were classified with the vertical emulsion for the
first 30 uym 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 wvertical 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 (um) P (3)
0-2 08
2-5 18+8
5-10 506

10-30 764
30-3000 95%5
3000-6000 856

6000-60000 42%13 (Pc < 10 GeV/c)
6000-60000 59+13 . (Pc > 10 GeV/c)
' 6000-60000 47%11 (Average)

TABLE 4

NEUTRAL DECAY SCANNING EFFICIENCY

RANGE (um) eN (%)
0-2 0+8
2-5 147
5-10 3246

10-30 68+5
30-400 81£15
400-1000 7111

1000-60000 55+5



51

DISCUSSION OF EVENT FINDING AND CHARM SEARCH

The flight lengths of charm decay candidates are shown
in PFig.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 um, 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 D?, 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
travelling 6820 * 100 um and is therefore not included final
event sample. : '

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

A plot of the number of charm decays vs. 2 is shown in
Fig.35. The relative charm neutrino event finding
efficiency (normalized to wunity) 1is also shown in this
figure. The effects of the overall event reconstruction
efficiency were removed in the same manner as that for
neutrino events 1in 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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54
tot +
<P0 oda’> 3.0 £ 0.5% (charged)
tot _
<P0_even = 4,7 t 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

PPproton 2P Exp(-0.77P, oron) for protons

cut

P

= Exp(~-0.40P_) for pions
Pn 2 Pout "
(Spectra obtained from TOF identification.)

Neutral Hadrons

P ~ Exp(-0.77P
Pneutron 2 Pcut
(From isospin invariance.)

neutron) for neutrons

—b+1
P, o = bPK? , b =2.32 % 0.44 for R° [131]

R® 2 Pout

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(Zz.) must be weighted by the scanning efficiency €(z. )
over tﬁat region.

- exp(-2 /X : ZP < Z, < ZH

Plnt(Zi) = (exp(-2Z /A 1nt i 2By 2%

1nt
The total probability of interacting in the emulsion and
being detected is therefore §ei(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

o Ve o e L e e DR - N WL PR I P T 0 o sl wTY e e e swm)le -
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Thus ZeChgd(Zi)Pint(z.) = 2.4% for charged hadron inter-
actiofs® .

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 E neut(Z )Plnt(Z ) = 1.0% for neutral hadron
interactidns.

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:

yproton

bro = 0.46 (0.02)
g;ii = 2.80 (0.57)
Nfﬁzd = 3.26 (0.59)

Number of Neutral Hadronic Background Events

Ngggtr°n = 0.23 (0.01)

KO
N.n = 0.05 (0.01)

int
A 0.00
yoeutral _ 45 35 (9,02

NIOT - 3.55 (0.60)
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The first number 1is 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 Pcut = 4.0 GeV/c.

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 = 0,
NS = odd (even) prong rates.

The numbers given above are in fact upper 1limits 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.



SUMMARY of EMULSION SCANNING RESULTS (August,1981)

TABLE 5

BVENT FINDING

VERTICAL VERTICAL HORIZONTAL

NAGOYA QOTTAWA

# computer predictions 944 179
$ in fiducial volume 822 146
# found 726 133
(vol. scan) 1] 78
(followback) 726 1
§ failed 96 13
event finding .93 90
efficiency (%)
<NH> 3.6 4.0
<NS> 5.8 6.0
CHARM SEARCH
CHARGED DECAYS:
# events searched 617 101
# tracks followed 3027 509
# tracks followed/event 4.9 5.1
total track length 16.4 5.7
followed (m)
length followed/track 5.4 11.1
(mam) )
$# nucl int (multi-prong) 42 9
# kinks (non-charm) 22 5
# chgd charm cand 18 2
$# kinks 3 0
4 tridents 14 2
4 double ‘charged 1 0.
NEUTRAL DECAYS:
# events searched 617 116
total vglume scanned 174.5 43.3
(mm”)
4 ngcl. int. 1 0
$ e'e” pairs 138 23
(v.8.+ s.b.)
4 vees (non-charm) 2 1
# neut charm cand 18 0
§ vees * 11 0
# 4-prong 6 0
4 6-prong 1 0
4 charm candidates 33 2
(multi-prong)
4 charm candidates 36 2
(total)
4 Identified Charm Candidates:
ot 4 0
D: * 17 1]
P 2 0
+ 4 2
NEutral charm Baryon 1 0
$# Ambiguous Charm Candidates:
+  _+
D 2 1]
n*g"/lx; 6 0

977
861
383
314

69
341

53

6.5
6.2

383
1969

12.7
6.4

38

[-X- W ¥}

383
175.0

oNHNKF

0
4

TOTAL

2100
1829
1242
392
850
450
68

4.0
6.0

1101
5505

34.8
6.3
89
a8
28
22

1116
392.8

194

21
12

44

49

[
owwu

2
10

* Tyo of the D* (vee) candidates come from a single event

(i.e.charm pair-production).
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-CHARM PARTICLE DECAY EVENT RECONSTRUCTION

For each neutrino event with a charmed particle decay
found in the emulsion, a "standard" 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. NH; NS,
X', ¥Y', event vertex location, etc.)

2. Check with 1logbook for unusual data taking
conditions (e.g. magnet off).

3. Dump visual display of event using "Analyzer"
program, get X, U, V displays of hits in drift
chambers, over-all event display, blow-ups of drift
chamber hits, hits in TOF 1II, 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
"out-of-time" tracks in drift chambers.

4. "Refit" 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, PB 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 PB 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 drift chambers.
(up-to-down, upstream only and downstream only
tracks). Scanback these tracks.
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Look for V%-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/YBct for neutral decay particle hypotheses
(e.qg. K%, A etc.) Test coplanarity for two-body
decay hypothesis, and whether neutral particle came
from primary or secondary vertex. If coplanarity
test results poor, 1look for additional neutral
particles, e.g gammas and pi-zeros, for hypotheses
for K. °, 2° and E° decay. Kinematic 1-C, 2-C and
3-C fits for V° decays to K;, AC, Ki, %, 2% decays

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.D. for reconstructed up-to-down tracks.
Check start time.

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 not 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.)

Obtain "gamma candidates"”. Remove M.I. hits and
electron energy, bremmstrahlung from blocks in lead
glass array. "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.

12.

13.

14.

15.

16.

17.

18.

Pi-zero (eta) candidates are defined as

(Eoéﬂ%scedYY gamma's). Sea?éﬁ for evidence of
K + 7% decay in w'-7° mass gombinations.
P&rform 1-C fits to pi-zero, eta and KS candidates.

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.

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

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 1is not
obvious (see below). le Calculate decay time
T =(m/P) (L£/c). :

Look for evidence of resonant daughter stateg with
two and three body mass combinations (e.g. p=1'g,
RK*'s, A's I*'s, etc.)

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.

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

Calculate kinematical variables associated with

event, e.g. Ehad' Ev' Q*, v, W, X, ¥, Z, ¢uch°
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MOMENTUM MEASUREMENT and PARTICLE IDENTIFICATION
in EMULSION

PR Multiple Scattering Measurements in the Emulsion

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 P8 multiple scattering measurements
in the emulsion. P 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 PR 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 Kknown. The number of silver
grains per unit length N/100 um in the emulsion are counted
along a track length, with a statistical resolution
proportional to ¥N. The ionization I for a given track is
then normalized to the ionization I, of the reference track
(i.e. the muon or a fast hadron in the same event) to
eliminate the effects of track fading and 1local 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 6).
Fig.44 shows a calculation for 1/Io vs PB for e,u,m,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]:

_ l-n _,n
Em = bM Rm

Where b = 0.251, Mk = mk/mp, m

(MeV)

b = 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 1least squares in conjunction with Lagrange
multipliers. 0, 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 K; and
A o

6. 2-C and 3-C fits to nuclear and neutrino
interactions.
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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.qg.
K;, neutral hyperon background.)

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.

If P, balance poor (i.e. C.L.(2-C) 1.0%), try all
decay hypotheses consistent with AC = -AS rule, for
a single observed and reconstructed neutral
particle, with P, in required quadrant. If there
are no observed neutrals, or if the event 1is a
semi-leptonic decay, perform -1C 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.

For 2-C and 3-C fits, if P, balance still poor
and/or 2-C mass below charm particle mass, try all
decay hypotheses consistent with AC =- As, 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
vyield 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.)

For 1-C and 3-C fits, the wvalues used for the
masses of the charmed particles were [160]:

M + = 1868.3 MeV/c?
Myo = 1863.1 MeV/c?2

—_ 2
Mp, = 2030.0 MeV/c
M = 2285.0 MeV/c?

A+
o]
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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%).

Identify decay particle from x?, C.L., TOF and
emulsion I.D. information. For fitted events,
only those decay hypotheses with 1-C, 2-C or 3-C
confidence levels greater than 1% are kept.

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 4t is given by:

dP(t;,t) = P(t;,1)dt = 1/1 exp(-t/1)dt
with f:P(ti,T)dt =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:

-t./T

1l

_ 1
dP(ti,'r) = e(ﬂ,i)-,? e /Ai('r)dt

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

m li

g, =2 __1

1 Pi (o

© © -mZ/P.cT
A =S Tee, e ae = B[ leze 17 az
1 0 1% i€ o

m 2

t = — =
PiC

p;c = m /ti = mz/t

For a set of N independent decays which have the decay
probability distribution given above, the likelihood func-
tion ¥ (1) is defined as:

N N 1 e-ti/T



66

The most likely value of the mean lifetime T is that value
of T which maximizes the likelihood function £ (1), or more
conveniently 1In(#Z (1)): '

dln(Z(t))/9t =0
The one and two S.D. 1limits (68.3% C.L., 95.4% C.L.,
respectively) on the lifetime are determined from the values
of T where In(&(t)) is reduced by 0.5 and 2.0 respectively,
i.e. ’
1l s.D. LIMITS: 1In&Z(t) - 0.5

2 S.D. LIMITS: 1ln&£(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, i
events were unambiguously reconstructed as the decays of F
mesons, and 8 events were reconstructed as the decays of At
charmed baryons. The remaining 12 charm decay candidate$
were also reconstructed, but with wvarying degrees of
uncertainty and ambiguity as to parent identity, due to
specific difficulties associated with each event. (e.qg.
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 weach 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. (m%) . 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.qg. A > PT
or from kinematic analysis (i.e. a unique interpretation}.
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The individual x2?, C.L. results for the kinematic fits
to cl_;arm+ degays are summarized in Tables 7, 9, 11, 13 for
the D, F, A_ and ambiguous charm events, respectively.
The results Sfor 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 1likelihood 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 wvalidity, or "goodness of fit" for each event. It was
observed during the course of event fitting that incorrect
or incomplete decay hypotheses would, apart from having poor
x?2 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
APx and APy 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
"pulls™ 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 7°'s used in the reconstruction of charmeg
particles are summarized in Table 19. 1-C fits of K’ and A
used in the reconstruction of charm decays are summaPized in
Table 20. The 3-C decay times of the unambiguous charmed
particle decays for each particle species were used 1in the
determination of the mean lifetime for that particle type.
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DETERMINATION OF THE D' LIFETIME

The mean lifetime for the pt was determined from th$
reconstructed decays of 5 unambiguously idengified D
mesons, summarized below in Tables 6 and 7. The D 1lifetime
is:

A plot of In&(t) vs. T for the D" is shown in Fig.50.

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.D. change in the ogerall 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 1low solution in thHe wunconstrained 0-C fit
displaces the lifetime by * 2.1%.

The (weighted) mass for the pt is 1851 * 20 Mev/c? .
(The value obtained for the D® is 1856 * 15 MeV/c? [123].)
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TABLE 6

SUMMARY OF D' DECAY CANDIDATES

EVENT MUON DECAY MODE D.L. P MASS DECAY TIME
NUMBER HYPOTHESIS  (um) (GeVic)  (Mev/c?)  (x107!'' sec)
512-5761 - D™»k™r'x*r®  457t5  10.420.1 1829135 2.7710.05
300 A0 a6 & 10.3:0.1 201133 3.00:0.05
546-1339 - p*sk™n 'y (v) 2150£50 16.6:0.2  0-C 8.06£0.22
Prerr () 13.3$0.2  0-C 10.9410.16
36.810.2 2.950.02
580-4508 + »D-*nfge‘(se) 2307250 9.46:0.15 0-C 15.20:0. 40
10.01£0.13 14.37:0.36
598-1759 - D*+k"K*n*z® 180215 17.4:0.3 1862125 6.4410.13
663-7758 - D'K"rYe’ (v )13000:50 114.3:7.6 0-C 7.0810.44
FrenTrtetv) 96.8:£7.6  0-C 8.3610.47
TABLE 7
SUMMARY OF D' DECAY KINEMATIC FITS
EVENT 2-C FITS 3-C FITS aP_ AP
NUMBER x? C.L. ITER x? C.L. ITER (Mev/c) ¥
512-5761 5.98 0.05 3 7.07 0.07 2 -114t16 871252
5.98 0.05 3 6.26 0.10 2 -114%16 87152
598-1759  2.23 0.33 2 2.27 0.52 2 -44179 -85:67
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Ei and Q; Background in Qi Decays

The F* background associated with the above sample of
semi-leptonic D decays occurs from the processes shown by
tge Feynman diagrams in Fig.49. The number of contaminant
F decays within the D' sample i§ the combined sum of the
probabilities gor each individua; D' event to be from th$
decay of an F', rather than a D' meson. Each individual F

probagility is the prodgct of the probability of producing
an F (relative to a D') in a neutrino interaction, and the
specific decay background probabiligy for, that event.
Assuming equal production ratios for D and F' mesons (as an
upper Jlimit), along with the assumption that
Br(F »m m 2 v,) < 5%, Dbased on theoretical calculations of
the rates agsociated with the diagrams in Fig.49, and the
measured F lifetime (see Appendix A for further details).
Thus, the maximum F contamination, or F background in the
D decay candidates is:

F+

NerGND

The individual F' contributions from event 512-5761 and
event 598-1759 are due to m/K ambiguity asgociated with one
of the daughter tracks (favored to be a 7 at the 80% C.L.)
and a unobserved 1%, respectively. See Appendix A for
further details. '

< 0.5(0.20 + 0.05 + 0.00 + 0.20 + 0.05) = 0.25 Events

Sigce the FT lifetime is observed to be shorter than
the D (see Qelow), 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 AY contamination in the bDV sample, obtained by
postulatins a missing neutron or assuming the untagged
positive hadrons in the decays are protons, 1is negligibly
small, as .the minimum mass possible is more than 3 S.D.
above the A  mass in all cgses excgp% event 598-1759 where

the 3-c ¢.LS = 0.035 for AL > Kprm
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Determination of the Ratio of D+, D’ Lifetimes

The lifetime of the D' is measured to be a factor of
three 1longer (by 1.7 S.D.) than the lifetime of the of the
D® meson using all 18 reconstructed D’ decays:

Tpo = 3.2 t%:g x 107 !'? gec

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

T(D® > S.L.) = 8.5 3:2 4 107'3 sec (3 Events)

2.3 ¥0-% x 10712 sec (15 Events)

T(D° + N.L.)

The semi-leptonic D’ decays appear to be 1longer-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 um decay
length). All of the semi-leptonic D° decays have two
momentum solutions, with significant separation. (The same
averaging technigue 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-1eptonic
decays have the 1longest decay times in the D sample with
the same mean lifetime as that of the other D’ decays 1is
less than 1.5%, based on ginomial statistics. These two
"lifetimes" for the neutral D meson represent a 2.0 S.D.
effect. It 1is 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 difficult to
determine at this time. Possible sources are D°-D° mixing,
statistical fluctuations, or perhaps a particle state
distinct from the D°. See Ref.[123] for further discussion.
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In determining the ratio of p* to D° lifetimes, the D°
lifetime as determined from the non-leptonic D? decays is
uied. Several methods may be used to determine the ratio of
D" to D° 1lifetimes. A naive method is to simply take the
ratio of the two 1lifetimes, and attempt to estimate
(asymmetric) errors. This method yields

+4.8
_2.1

A more sophisticated methgd is t? observe that the
likelihood functions for the D and D are approximately
log-normal,

¥/ = 4.5

Z (1) ~ exp[-(1ln T/7 202y

2
max) /
Thus, via Monte Carlo techniques [123], ratios of the p* to
D? 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. 1limit 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¥/1° = 4.5 tg’g (Monte Carlo calculation)

This ratio differs by more than 2.5+standard deviations from
unity. - The probability of the D° and D° having equal
lifetimes (with a meap lifetime of 4.8 x 107! sec) and
obtaining the measured D', D° lifetimes as given above is
less than 1.0%.

A third method used to determine the lifetime rgtio was
to define a a two-parameter likelihood function Z(t ,t%°:R);

i.e. the product, of the . single-parameter likelihood
functions for the D' and D° samples:

21T ,1%R) =20t x 2(1°) Where R = 17 /1°

0 0
_ + l e ~i 0 1l e
= Te ) 5= Telygo—
i T Aj(t) } Aj(r )

The one and two S.D. 1limits (or contours in the T+ - 10
plane) are shown in Fig.51 for the log of the likelihood
function 1n £(t ,1°;R) The log of the 1likelihood function
InZ(t ,t%°;R) is multi-valued for a fixed value of R, and
has a global maximum at the arithmetic ratio of the
lifetimes.



74

For a given value R of the ragio of 1lifetimes, there
exists a maximum value for 1nZ (1" ,t%;R) which we dengte as
1n E(R), which is the most probable value of the D°, D°
lifetimes for this R-value. If R is allowed to vary i.e.
0 < R < ® then the resulting curve foi InE (R) 1is the
envelope of most probable values of the D', D° lifetimei at
egch value of R, as shown in Fig.52. The ratio of the D to
D" lifetimes, as obtained from 1n&(R) is:

t¥/1° = 4.5 tg'g (Max. Likelihood Method)

This ratio differs by more than 2.6 standard deviationg from
unity. The three methods of determination of the D, p?
lifetime ratio yield similar results.

The ratio.of D', D° lifetimes is also subject to
uncertainties which are systematic in origin, in that the
true decay times of the events in the ambiguous chargeg
charm decay sample may have significant impact on the D
lifetime, and thus on the 1lifetime ratio. (See the
discugsiog belog 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 1if the preliminary indications
(using all 18 D°® events) for distinct lifetime populations
within the D? sample turn out to in f$ct be true (e.qg.
there exists a D? and a D!), then the D', D ratio as
presently measuPed must “be understood as an average of
lifetimes between the D? populations. The ratio of D', D°
lifetmes for this situation is (for all 18 D? events):

+3.0
-105
+

The probability of the D and D° mesons having equal
lifetimes and obtaining this ratio of R is less than 2.2%,
for this sample of D? events.

w0 = 3.2
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DETERMINATION OF THE F' LIFETIME

Three charm candidates in th$ charged gvent sample were
found to be inconsistent with D' meson (A  baryon) decays,
ig thgt the reconstructed masses were well Sbove (below) the
D" (A ) mass in each event. Furthermore, the observed decay
modes® for these three exents 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 candidate event is
given in Appendix A. The tables below summarize the
relevant kinematical information. ’

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

+1.8

-13
-0.8 % 10 sec

T = 2.0
F+

A plot of 1InZ(t) vs. T for the F+ is shown in Fig.50.

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

Al S.D. chénge in the scanning efficiency has 1little
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 tge scanback efficiency above and below 10 GeV/c
changes the F' lifetime by this amount.

The (weighted) FT mass is 2042 : 33 MeV/c2? .



TABLE 8

SuMMARY OF F' DECAY CANDIDATES

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

NUMBER HYPOTHESIS  (¥m) (GeVic)  (MeV/c?)  (x10 ' sec)
527-3682 F* + xfa"n"n® 670.024.0 12.2:0.3 2026356 3.70£0.08
597-1851 * P’ + K 1'% x£130 0%1.0 - 9.3%0.4 2057%110  0.97%0.09
638-9417 - F' - K'x"r"%® 153.028.0 6.0%0.1 2050%45 1.72%0.09

% No muon observed, see Appendix A. for details.

TABLE 9

SUMMARY OF F¥ DECAY KINEMATIC FITS

EVENT 2-C FITS . 3-C PITS ) AP AP
-NUMBER x? C.L. TTER x* C.L. ITER X (Mev/c) ¥
527-3682 2.27 0.32 2 2.30 0.51 1  -141+120 6376
597-1851 1.43 0.49 3 1.50 0.68 2 91583 -1531128

6389417 1.35 0.51 2 2.03 0.57 3 16273 300197
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+ + . +
D" and A, Background in F' Decays

The bpY 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?
compaged to that for for a F megon with mass 2030.0 MeV/c2.
The D decay background in the F' candidates is thus: ’

+
D ~ =
NBKGND < 0.50(0.013 + 0.030 + 0.000) = 0.022 Events
Equal proguc ion rates for D' and F' were assumed. For
smaller F /D production ratios, e.g. 0.3, the D

background will scale (i.e. incregse) accordingly. If the
TOF information is ignored, thg D decay backgrgund for
decay hypotheses where ,the K is taken to be a 7 +is less
than 0.009 events. The A_ decay background in the F sampl$
is negligible, as all Of the positive hadrons from the F

decays are identified by TOF as kaons or pions, in excess of
3.5 S.D. rom 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

these charm decay candidates as particles other than D

mesons or A, baryons does not depend upon TOF information.

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, masg, and obserged decay modes are distinct from
those gf the Q meson and A baryog, also because of the low
(1%) D and Ac background iffi the F sample.
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DETERMINATION OF THE A’ LIFETIME

The mean lifetime fo; the A+ was determined from the
decays of 8 identified A baryoﬁs (summarized in the tables
below) using the method of maximum likelihood.

- +1.1 -13 '
TA+ = 2.3 5.7 x 10 sec
c

A plot of InZ(t) vs. 1t for the A: is shown in Fig.50.

For the AY decay candidates with 0-C fits, the average
value of the decay times was wused in the 1lifetime
determination. Choosing all high (or 1low) 0~C solutions
shifts the fitted 1lifetime by 1less than $. A 1l s.D.
change in the scanning egficiency affects the A lifetime at
the 5% level. The A' 1lifetime is not senSitive to the
scanback efficiency at the 0.1% level. ' .

The weighted mass of the A' is. 2265 * 30 MeV/c? . The
currently accepted value for the Ac mass is 2285 * 5 MeV/c?
[85,91].

+ + , +
D and F_ Background in A, Decays

. . +
Nuclear Interaction Background in A, Decays

The DT and F¥ background is negligible for Q+ decay, as
the daughter protons in four of the eight A cdecays are
identified from TOF by more than 3.5 S.D. 1in all cases, and
the presence of the A® in each of the four other A° events
is necessary to balance momentum ag the decay vertex. As
the momentum spectrum of the A’ charmed baryons is lower
than that for the other charmed pa?ticles, the probability
of nuclear interagtion background within the event sample is
highest for the A_, due to this fact, and also due to the
presence of a identified 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 number of nuclear interaction
background events in the A’ sample _of eight events is
calculated to be 1less than® 2.3 x 107° events. (See
Appendix A for further details and a event-by-event summary
of the nuclear interaction background for charmed baryons.)



TABLE 10

SUMMARY OF A DECAY CANDIDATES

EVENT MUON DECAY MODE D.L. P MASS DECAY TIME
NUMBER HEYPOTHESIS  (ym) (Gef/c) (Mev/c?)  (x107!% sec)
476-4449 - AZ + pu'm (KY) 27.2:1.0  2.70.1 0-C  0.79:0.04
- = 4.810.1 0.44%0.04

498-4985 - A7 ~ A'r7r73" 180.0£5.0 8.410.1 2274241  1.630.05
499-4713 - A7 + z7" 366.0:6.0 4.2:0.1 226917  6.60%0.14
549-4068 - At~ prTrt(x?) 20.622.0 1.920.1 0-C  0.77:0.07

¢ = - ~ 2.5%0.1 0.630.07
567-2596 - AL + p K] 175.0%5.0 5.8£0.1 22042207 2.30:0.08
602-2032 ~ Al + pr'TT(KY) 262.5¢5.0 6.320.1 0-C  3.40£0.10
610-4088 - AY + A°x'nTrt 221.014.0 4.7:0.2 2374262  3.60:0.19
650-6003 - AL + A°x'xTr"  40.6:2.0 5.7£0.1 2131%63  0.5410.03

TABLE 11
SUMMARY OF A DECAY KINEMATIC FITS

EVENT 2-C FITS 3-C FITS AP, AP
NUMBER x? C.L. ITER x*® C.L. ITER (Mev/c) ¥
498-4985 2.83 0.24 2 2.90 0.41 2 251+157 -55189
567-2596 0.15 0.93 4 0.28 0.97 3  -137:163 -89620
610-4088 5.48 0.06 6 8.08 0.04 5 114290 2131156
650-6003 0.14 0.93 2 3.89 0.27 4 27486  -44189

79
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AMBIGUOUS CHARM DECAY CANDIDATES

Nine charged multi-prong and three single-prong (kink) charm
decay candidates were found 1in 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. 1In 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. 1In
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 1lifetime 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 1lifetime 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 1is 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.



81

Ambiguous Charm Decay Candidates (Constrained Events)

The first of the two ambiguous constrained events has a
rather 1long decay time. Inciusion of this event in the
lifetime determination for the D has little impact on the
D 1lifetime:

i.e. a change of approximately 6% ig the DI lifetime.
However if this event is includgd in the F or Ac lifetime
determination, the F and Ac lifetimes are “shifted by
factors of 2.4 and 1.6 r$specti¥ely, i.e. approximately a
1.5 S.D. change in the F' and A  lifetimes:

c
T, = 4.7 ii‘g x 10713 sec
F +1.6 -

T, =3.4 ;g x 10 13 sec
Ac *

The second event has no obvious kinematical preference
among the three charged gharmed particle types. 1Inclusion
of this event with the 5 D unambiguous decays has a 20%
effect on the D 1lifetime:

T, =28.4 fg'g x 107'? sec

D -
Inclusio of this event with the F' sample has a 10% effect
on the F lifetime:

T = 1.8 +1.3

F+ -007

Inclusion of this event with the A: sample has 1little
effect;

x 10713 sec

+0.9

x 10" '3 sec
A+ _006
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TARLE 12

SUMMARY QE,AMBIGUOUS CHARM DECAY CANDIDATES
{Constrained Events)

EVENT MDON DECAY MODE D.L. P MASS, DECAY TIME

NOMBER HYPOTHESIS  (um) = (GeVjc)  (Mev/c?) (x10”'‘sec)

493-1235 - DV + 1r+'n'+u-x£ 2203+10 11.9+1.3 20614156 11.5+1.2
} 1:"’1:"’1{'31".' 11.740.7 22461166 12.7%0.8
A: +ata’xn 13.3%2.0 2330:123 12.6%1.9

656-2631 — D' -+ x'k"z'x" 570.0:11.0 32.6+1.2 1933:73 1.09:0.05
P & A 32.4$1.1 2099:73 1.19£0.05
A:» pr-at 31.741.2 2317276 1.36%0.06

TABLE 13

SUMMARY OF KINEMATIC FITS OF AMBIGUOUS CHARM DECAYS
{Constrained Events)

EVENT . _2=C FITS 3-C PITS a». . ap

x* C.L. ITER x*® C.L. ITER X Mev/e) ¥

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  -4542482 —205:867
1.85 0.40 4 2.00 0.57 5  ~454:482 -205:867

656-2631 0.38 0.83 3 1.29 0.73 2 ~42£89  -20:157
0.38 0.83 3 1.42 0.70 2 —4289  -20%157

2.66 0.27 3 2.85 0.42 2 -105£87 -50t143
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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 evengs, if construed as the decays of D

mesons shift the D 1lifetime by a factor of apprgximately

2 X longer than is obtained with the unambiguous D decays:
. T = 24.5

+20.7
ot -9.2

Note that this is approximately 1.5 S.D. from, the D
lifetime as determined with the five unambiguoys D decays.
If these events are taken to be the decays of F mesons oOr
A baryons, then they can cause a significant change in
their lifetimes, i.e. ‘

x 10713 sec

+

T = 24.9+23'2 x 10°1? sec
F+ -9,
T = 20.9 'g'g x 107!'% sec
A+ =Jde

These wvalues for %he F+ and At 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 1in
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 megon decay hypotheses can have a significant
impact on the D lifetime:
_ +3.6 -13
TD+ =6.3 _5°; x 10 - sec
This value for the pt lifetime is 60 shorter than that
obtained using the 5 unambiguous D decays, but is still
within one standard deviition of this lifetime. The effect

og these events on the F' lifetime is less than that for the
D : ’

+1.2

T, =2.0 T5te x 10717 sec

+
F .
Use of events 502-354, 665-2113 and 670-12 in the A:

lifetime determination also has a small effect:

+0.7

Toos X 1073 sec

TA+ =1.9
c

There are several distinctions between charmed mesons

and charmed baryons which may be wused to aid in
identification of the charmed particles that have ambiguous
constrained or unconstrained fits. The momentum spectrum of
charmed baryons tends to be lower than that for charmed
mesons, as shown in Fig.62. Tge production angle of charmed
mesons, particularly that of D' and D’ mesons tends to be in
the - forward direction, while that for the A_ is larger, as
shown in Fig.43. Furthermore, the Feynman-ﬁ distribution
for the charmed particles (essentially the 6 (angular)
distribution in the hadronic center of mass W), indicates
that the D', D° mesons are produce in the current
fragmentation region (X_, > 0) while the A_ baryons tend to
be produced +in the Earget fragmentatfon region (X, < 0)
[120]. Thg F mesons appear to+be intermediate betweeR the
charmed D', D® mesons and A  baryons in all of the above
situations. Note that these thfee items, i.e. the charm
momentum spectrum, angular distribution in the 1lab 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 D%)
meson-like charScteristics. Conveisely, 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
(largef negative Feynman-X For events 563-5269 and 671-2642,
which have long decay lengths and thus long decay times, we
wish to point out that the nuclear interaction background is
also A" baryon-like in its characteristics, i.e. peaked at
low mSmentum 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 following. +We +note that the ratio of
fully-reconstructed D : F : A  decays 1is 5.0 : 3.0 : 8.0
(5.0 : 3.0 : 6.0 for multi—prSng decays). If the events
summarized in the table below are wgigh;ed egually,
accorging +to their parent ambiguity for D, F' and Ac (e.qg.
for DO F' A_ ambiguous eyl_ents+ the weights are 1/37 1/3,
1/3.), th€n the DY : F* : At ratio for the unfitted events
is approximately 2.2 : 3.5 : 3.3 by this method
(2.0 : 2.0 : 2.6 for multi-progg d$caysl, in reasonable
agreement with the unambigquous D' : F' : A_ ratio. However,

the ratio of "preferred" decayAhypotheseg for+thesg events
: F o A =

(as discussed in Appendix A) is D : c
6.0 : 1.5 : 2.5. If the+kink§ are+removed from this sample
of events, then the D :F : A" = 3.0 : 1.5 : 2.5, in

reasonable agreement with the unamgiguous multi-prong ratio
of 5.0 : 3.0 : 6.0. If the single—pgong 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 mofientum spectrum of Ehe D, Di
mesons appears to be harder than that of the F and A
baryon (see Fig.6l); such decays are 1less likely to b&
successful in obtaining a wunique determination of parent
identity.

Thus, the existence of ambiguous decay candidates
within the sample of cha;m events Qas the potential for
significant changes in the D', F' and A lifetimes, however
from their overall characteristicg, their momentum
distribuEions, their preferred solutions, etc., their impact
on the A" lifetime appears Eo be small. The impact of these
events Sn the on the D ;, P lifetimes 1is much more
uncertain.
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TABLE 14

SUMMARY OF AMBIGUOUS CHARM DECAY CANDIDATES

(Unconstrained 0-C Events)

EVENT MUON DECAY MODE D.L. P, MASS
NUMBER HYPOTHESIS (pm) (Gev/c) {(Mev/c?
502-354 - Y'*sA’r*nt(n%) 6616 ? ?
- ++ .+ _+
tc *Acu

AZ>A% T 0 (x0) 6.3:0.3  0-C

8.3:0.3 0-C

522-2107 - D*sr*a"k"(n°) 136002100 23.5:1.3 0-C
= 31.7:1.3
gt ntR(2%) 22.5:1.3  0-C
32.7¢1.3
AZpr'R™(n") 22.5:1.3  0-C
' 31.5:1.3
529-271 - r**x*(xi) 2547£30  43.1$0.2 0-C
D+*r+!°(K£) 55.4£0.5  0-C
r++x+n°(x£) . 38.4:0.5 0-C
§33-7152 - FeR'(R!) 5246150 34.8%0.2  0-C
D+*r+n°(K£) 40.120.4 0-C
547-3192 - FrertaTrt(n?) 185110 9.6:1.2 0-C
563-5269 - D+¢ﬁ+(xﬁ) 6600150 25.910.3 0-C
p++x+(x£) 10.9%0.3 0-C

AS*P(RY) 4.9:0.3  0-C

DECAY TIME
) (x107%gec)
?
strong ‘decay

0.80:0.05
0.6020.04

36.0%1.8
26.7t1.3
40.9z1.9
28.1z:1.1
46.022.5
32.9%1.3

4.010.1
2.910.1
4.5:0.1 *

10.2:0.1
8.1£0.1 *

1.320.2

15.820.1 *
40.6:0.1
100.5%0.1



TABLE 14 (CONTINUED)

665-2113 - p*xtrrt(x%) 335 2.7:0.04
P+f1+3-£+(n°) 2.7+0.04
A:f1+2-g+(A°) 3.6£0.04

665-4023 - DY+xx*r*(n°)  6320:100 15.3:0.4
D+*K'n+nf(ﬂ°) 15.2:0.4
ot (2% 15.2+0.4
A;4K-pw+(n°) 15.220.4
prer ztet(®Y) 16.8%0.4
rrar gt rt (R 16.7£0.4
Freg 1t (R?) 16.8£0.4
A:»u‘pw+(i°) ) 16.8%0.4

§70-12 - A%sk’pr™(n") 56:10  2.420.2

671-2642 - p'»rtaTrt(R®)  2345:10  2.1%0.1
ptentrnted (B9 3.0£0.1
rrexta kY (®Y) 2.35£0.05

4.05%0.05
pertaTrta) 2.50:0.05
AatrTe et (A% 4.000.10
atsrtnmat (0 2.25:0.05
atsatxsTrta0 (4% 3.50£0.10

* physically favored solution, see Appendix A.

0-c
0-C
0-C

0-¢
0-c
0-C
0-c

0-C
0-c

0-C
0-C

0-c

0-C
0-C

0-c
c-C
0-¢
0-C

0.76+0.05
0.83+0.05
0.70+0.04

25.7+0.7
27.9%0.7
28.0+0.7
31.540.7
25.310.6
27.6%0.6
27.5%0.7
30.910.7

1.384#0.1

69.5%+3.0
48.7t1.6
67.5%1.5
39.210.5
71.4£1.5
44.7+1.1
85,412.0
54.7*1.5

87
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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 ™ and K decay, hyperon decay (one event,
603-6143, is_a candidate for neutrino production and decay
of a £ '+ A°K71), in addition to single-prong elastic
scatters and local shear and distortion effects in the
emulsion. Approximately 10 kink decays of charged charmeg
particles are expected, based on measurements of the D
single-prong branching fraction (45.3 + 4.9% [131-144,160])
agd estiQates of the single-prong branching fraction for the
F and A_ (~35% for each) [184]. Within the sample of kink
events, ~“only 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 (~50%) [120,233], it is perhaps no suprise
that fewer than expected charmed candidate kink events are
observed. Reconstruction of these events 1is also more
difficult due to the decreased "signal to noise ratio" in
these 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)
were successfully reconstructed as kinematically unambiguous
A~ decays. The other three events (529-271, 6533-7152 and
583-5269) are D /F ambiguous on 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 1lifetimes (other than to reduce
the statistics of the sample), as no known correlation
exists between decay mode/multiplicity and 1lifetime for
charged particles. (Note that this is not true for neutral

particles, e.g. the K;° and K] [160].)



CHAPTER III

LONG-LIVED NEUTRAL CHARMED BARYON CANDIDATE

EVENT 635-4949 NB + p 1r7K_K;

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 = 0,
NS = 2) was found 4386 * 40 um downstream of the primary
vertex, by scanbagk of a track 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. 1I/I, measurements identify this track
as either a pion or a kaon (but 2 S.D. 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 1is
APx = =652 * 114 MeV/c, Apy = =124 + 98 MeV/c at the
secondary vertex with _only the two charged tracks. The
minimum of the -1C pw mass curve (Fig.58) occurs at
1135 + 1.8 MeV/c?, 11 S.D. above the A? mass. (The
two-body invariant mass is 1350 * 130 MeV/c? using the
measured momenta from both tracks.) This decay hypothesis
is consistent, however, with 2% + pr (for a decay at 1/220
proper Z° 1lifetimes); a 1-C fit to the E° mass has a
x* = 0.10, C.L. = 75%. However, the experimental limit on
the branching ratio for + pn is less than 107° [160].
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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 a particle produced at the primary
vertex which decays to p-7 and a (massless) unobserved
neutral particle at the secondary vertex is
2175 * 295 MeV/c?, and a missing neutral momentum of
~2 GeV/c.
No'ﬂ°'sr Y's, or electrons are observed in the lead
glass. No excess energy is observed in the calorimeter. A
V® 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 um. The V® decay
plane misses the secondary vertex by 1.0 * 1.5 mm.

If the V° is emitted from the decay of a neutral- baryon
at  the secondary vertex, momentum imbalance in both
transverse directions is simultaneously minimized to within
APx = 29 * 77 MeV/c, APy = 11 * 57 MeV/c only when the V°
mass is at the K! mass as shown in Fii.59. Independent
kinematic analy8is of the V® as a K’ » 71~ is in excellent
agreement with these results. The r8tio of flight length L
to the yBct for the KR! is 1.4 The gecay is also "symmetric",
a characteristic feat8ire of K¢ + 7177~ decay. As all three
momenta are unknown for the K° decay, a 0-C fit does not
yield a unique solution (the JacoBian is singular; the pion
momenta scale with the K’ momentum.) A 1-C fit to K + 7' n_
is unique; the results of this fit are input to a 3-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?) P(GeV/c) T(x10"!3%sec) x? C.L.
NB + p n‘K; 2450+15 4.64*0.51 77.2%0.9 0.13 0.94
NB + p K‘K; 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 > n*n'K; 2107+15 4.64:0.51 66.4%0.7 0.13 0.94

NM + K+H-K; 2203£15 4.64+0.51 69.4+0.7 0.13 0.94

NM -+ K+K-K; 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 x?, 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 ym in X and Y (via a 1laser
interferometer) and 0.5 um in 2 (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 x?, C.L. and number of
iterations are indicative of the necessity of the K? as a
crucial part of this event, and also of the reliability 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 1lifetime
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 x? surface for this event is a deep well with very
steep sides, the directional derivative being very large)
This effect was verified kinematically by deliberatelx
shifting the starting momentum of either track V2 or the Vv
(but not both) by factors of two. The resulting fitted
masses were within 15 MeV/c? 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 1is also consistent with the
observed momenta of charmed baryons (see Fig.6l). 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, (proton) = 427 * 6 GeV/c

P, (7 /K") 426

H

179 GeV/c

650

+

P, (KQ) 31 GeV/c

The mean transverse momentum for a particle from a
three-body decay of a 2450 MeV/c? baryon is <P,>= 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 ™ . (The decay of the neutral
particle to p T cannot be from A" decay, _as explained
above, and so the only other possibility is E" + pm , which
is also unlikely.) As the decay length is made shorter, tge
momentum imbalance at the parent and daughter p T and "K_"
vertices are simultaneously made worse, until it is Ro
longer possible for the decay to occur without the emission
of another unseen neutral particle (e.g. a 7°) purely due
to geometrical momentum balancing constraints. This point
occurs for decay lengths shorter than 850 um; 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 ™ 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 m 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 K° 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 V,-V, vertex is
excellent, indicating that the emission of additional
neutral particles (e.q. a neutron) 1is less than 5%) .
Strangeness conservation (and also isospin conservation) in
the strong interactions allows an incident K® only for a
single strange particle (the K;) in the final state.

One 1immediate 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 1isotopes (less one neutron) are all
unstable, most with half-lives of 1less than one hour.
Table 16 summarizes this data (see Ref.[148] for further
information on nuclear decay modes). a, B 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.



TABLE 16

Nuclear Activity of Fuji ET-7B Emulsion

ELEMENT $WEIGHT INITIAL $ABUN- FINAL T, , DECAY
STATE DANCE STATE MODES
Hydrogen 0.9
Carbon 7.4 "c . 98.9 fc, 20.3m 8t Ec
Nitrogen 2.7 N 99.6 "N, 10.0m gt
8 8 +
Oxygen 4.3 016 99.8 O16 124s B
Sulfur 0.4 l16g 95.0 !Sg 2.7s gt
32. 33
Bromine 33.7 %Br__ 50.7 35Br78 6.4m st EC
3Spr 49.3  3SBr 17.6m gtg EC
81 80
Silver 46.5 *7a 51.8 “77 24, +
g1o7 g106 Om B EC
%7 48.2 *7B 2.4 tecg”
g109 r109 m B ECB
Iodine 1.3 S°7 100.0 i1 13@  gYEcg”
12 .
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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 (~ 260 MeV/c for a nucleus
such as silver [16l1l]), and is oriented along the direction
of the incident K? does the simultaneous solution of the
four energy-momentum equations come near to having real
solutions. (They miss being satisfied by approximately
1l s.D. for this case.) This may offer an explanation why
NH = 0 at the secondary vertex, if indeed this event 1is a
hadronic interaction.

There are five factors which need to be taken in to

consideration to calculate the hadronic background
probability for this event:

1.) Expected K° Flux:

The K° production rate in charged-current v-N
interactions is 15 * 1% [133]. However, it must be pointed
out that this measurement of the K? production rate is
"colored" by v-production of charm. Not only will this rate
be affected, but also the K’ momentum spectrum and angular
distribution. The existence of charm increases the strange
particle production rate and broadens both the 1longitudinal
and transverse strange particle 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 Ngo = 133 £ 11 .

f

. s . 0 . 1l 1 1
2.) Probability g£ Incident K~ With PK°>POBS’ PK°>POBS'

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

dN/dp, = N B P where b = 2.32 + 0.44

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

P, l +19.6
PKo>P5BS -6.2

The measured K° transverse momentum dependence [132] 1is of
the form:

= 10.1 %

_ .
dN/dP_L = N exp( bgL)
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Where: _
b =4.31 + 0.35 (vN data) [132]
= 4,59 £+ 0.11 (wp data) "
= 5.80 + 1.10 (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 K° with transverse momentum of
P, > 0.9 GeV/c is [149]:

P L =5.3 Y22 4 1070

Péo)POBS -1.4
The joint probability of the 1longitudinal 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.

3.) Probability of a K° Interacting in the Emulsion:

The probability of a K’ interacting within the 1last
1.0 cm of emulsion is

+0.7

. Prnt = 3-8 _g.4%
for a measured interaction length in emulsion of
+3.2

XINT = 26.0 -4.,2 cm
Note that the probability of a K’ interacting within the
last 1.0 cm of emulsion and being detected (observed) 1is
0.44%.

4.) Probability of a NH = 0, NS = 2 Interaction:

The probability of an NH =0, NS = 2 interaction
(linearly extrapolated to 4.6 GeV/c) is [137]:

= 2.9 £ 0.5%

5.) Probability of a Q = 0 Interaction:

The probability of (apparent) charge conservation 1in
nuclear interactions in emulsion is not unity. From
Ref.[137], this probability is estimated to be 1less than
40 + 8%.

Thus, the net probability for this event to be due to a
K? interaction with a nucleus is the product of the above
probabilities:
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TOT _ 1 p,

INT ;i

P

TOT +0.22 +0.
PIOT<(133£11) (0.53 F3:%%4) (3.8 ¥0:73) (2.920.5%) (40:8%)

INT © 3.1 -1.3 * 10 events

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 A_ charmed baryon candidates, done on a
per-event basis (summarized below in Table 18).

P

We emphasize that the above calculation is a very
conservative upper 1limit to the background for this event.
Other factors, such as the probability that the reaction
K’n + K* p have the observed transverse momenta for the
secondaries from the V!-v? vertex have not been included
(estimated to be a fdrther factor of x (5 - 10%) using the
measured t-distributions for low-energy K - p and K%- n
reactions [162-169].)

This event has several impgrtant 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.61l. The 1lab
production angle is qiite large, © = 198 + 2 mrad, as is
shown in Fig.43L The A_ charmed baryons tend to be produced
with larger @ than For the mesons. The angle 8% of the
neutral baryon Sgndidate with respect to the tota®” hadron
momentum vector in the hadronic center of mass (with
invariant mass W) is large negative, as is the case for many
of the observed A 's, (See Ref.[120].) The neutral baryon
momentum vector in "this system 1is also large negative.
Thus, the Feynman-X of this egent is also large negative, as
is the case for many of the Ac's.

The muon from the primary vertex igm this event is
measured to have a momentum of Py = - 212 _llsch@.

Calculation of the standard kinematical variables (e.g.
X, Y, Q , W, etc.) give unphysical values unless the muon
momentum is reduced to approximately Pu = -60 GeV/c, 1in
agreement with the observed systematic offset in Q = 1/P of
AQ = 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

.|.oo
- + = + —
E, = 89.3%8.6 Egap=28-7%2.8 P,=-60.6_ .
Q% = 13.9%3.5 W = 6.24+0.49 Xp = -.88%0.34
Xg =0.27$0.06 Y, =0.31£0.03 Zp = 0.18%0.02
P = 4.61+0.51 P*=-2.37£1.00 P, = 0.480.07
o = 155+3 ol =0.20:0.00 O* =-0.20+0.05
uch lo] c

'~ The probability for observing+ an event with a mean
lifetime equal to that of the A_ at > 80.0 x 10 13 sec is
exp(-80). The probability for obsérving an 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 D?; see Ref.[123]).

To obtain an estimate of the range allowed for the mean
lifetime, we use the method of maximum likelyhood to obtain

l and 2 S.D. limits. From one-event statistics, the:
"lifetime" is

_ +264.4 +> -13 -0
e = 773 _47.0 -63.5 * 10 " sec (p T K)

+286.6 4% -13 -0
-50.9 -68.7 10 sec (p K Kg)

TNB = 83.4
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Discussion of Event 635-4949
in the Context of Existing Theory

In the framswork oi'SU(4), there are three particle
states in the J° = 1/2" 20m (mixed-symmetric) multiplet for
which 635-4949 could be a candidate Lsee Fig.l). The
2%(cdd), (expected to decay. strongly to A” via T~ emission),
the A%(csd) and the T?(css) states. The Sxpected masses for
these states are 2450 (25 MeV/c? above pion threshold),
2495 MeV/c? and 2760 MeV/c? respectively [170]. For the
', 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 pn_K; is consistent with the
Cabibbo-favored decay of the _zl, and  the
Cabibbo-unfavored decay of the A°. The p K Kgcdecay mode is
consistent with the Cabibbo-favored decay of the A, and the
Cabibbo~unfavored decay of the T’. The predicted lifetimes
for the A’ and T° are 5.35 X 10 !*sec, 5.44 X 10 !'“sec
respectively [175]. Of the three expected neutral charmed
baryon states, this event appears to favor the
Cabibbo-unfavored decay of the A°, although there is clearly
a large disparity between the measured and predicted
lifetimes. ‘

The (phenomenological) An, = 0 rule (quark number
conservation) [41,228-230,225] predicts the lifetime of the
T°(css) state to be longer than for other charmed particles,
as the Cabibbo-favored decays of the T violate this rule.
(The number of quarks in the final state is not equal to
that of the initial state; gg pairs of the same flavor are
not counted in the final state.) The Cabibbo-favored decays
of the A°(csd) do not viglate the Ant = 0 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%) . 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 A%(csd) baryon, things are more complicated.
Strong mixing effects are expected between the antisymmetric
A+(csu) - A% (csd) isodoublet and their symmetric
S (csu) ~ 8%(csd) counterparts [226,227]. It is gossible
that one of the effects of such mixing between the A’ and §°
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
heavier 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 I°(cdd)
state 1is stable against strong decays is the occurrefice of
(weak) mixing between the E°(cdd) and A°(csd) states, since
their expected masses are rdughly equal.

Is it mere coincidence that the decay time for this
event 1is a factor og roughly twenty times longer than the
mean lifetime of the A", and that the viable decay modes of
the a’ and 7 aryons for this event are also
Cabibbo-unfavored? The observed decay time 1is 1in 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), A% (csd) and T°(css).+The-charmed quark and
strange quarks ¢ and s exchange a W boson transmuting
themselves 1into each other. Thus, for each W exchange, an
"01ld" 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 ¢ - 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 taking place within
charmed-strange baryons, the A% (csd), A" (esu), 7% (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 1is available to
mesons, nor to any of the hyperons. 1If this phenomenon
exists, then it should re-appear for top-bottom (or
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truth-beauty) baryons, i.e. tbq q = u,d,s,c,t,b states.
The neutron 1lifetime may also, in part, reflect this
phenomena.

There are several difficulties associated with such a
diagram, in that the spatial part of the ¢ and s quark wave
functigns 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
withig bagyogs ig general are not well understood, and for
the A A" S - S 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 A" (csd) baryon can exchange a W
between the ¢ and d quarks, (with Cabibbo-favored
transitions at the c¢-s and d-u vertices), thus decaying
conventionally (with a short 1lifetime) [225], wunless the
same mechanism required for the large spatial overlap of the
c and s quark wave functions simultaneously has a small
overlap between the ¢ 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 1light (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 1level at which it occurs remains to be seen, both
theoretically and experimentally. On a more fundamental
level, it 1is 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? mass range [155-157].

From the experimental measurement Qf the At 1ifetime as
obtained in E-531, the fact that the A’ lifetiffe is shorter
than that of the D' (or the theoretical®free charmed quark
lifetime, for that matter) indicates that non-sRectator
processes are involved in the decay of the A . This
statement 1is furthgr strengthengd b¥+thg possibilit§ that 2
out of 8 observed A  decay via A_ A" 'K* , which c¢an only
ogcur via w exchaﬁge between tfie ¢ and d quarks within the
A_(cud). This then may be taken as evidence for the
ogcurrenc$ of dynamical pairing within the cud quark system
for the A_. Hence, similar effects could ogcur within other
charmed bgryons, such as the A%(csd) and A (csu) baryons.

Note further that the observed masses for the decay
hypotheses A%(csd) + p n K? and T%(css) + p K K? are
agproximately 45 MeV/c? and 115 MeV/c? below the prgdicted
A’, T° nmasses, 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 A? mass 1is expected due to the effects of
mixin% with the 8°, however no such effect is expected for
the T°.

Another possible explanation for the long 1lifetime is
that the particle exchanged between the ¢ and s quark in the
longevity diagram could be a 1light (2-4 GeV/gz) 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,

1.¢e.
9, ~ Mg’ (Gp2)

the axion - Qq coupling increases with the mass of the heavy
quark Q (the rate |is propgrtional 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 1light 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 wunknown 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.  region_ (1.5-2 ? GeV), with

=i

predicted lifetimes ranging from 107'% to 10 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], 1is 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 1is also favored as a neutrino-induced
charged-current event, based on the observed V /v ratio of
7.5 + 2.0%. Applying charge conservation (ana iBnoring 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
event 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 intergretations for this
event are that of a boynd state of a D with a neutron i.e.
Din = (cl) (udd), or a A”- R~ bound state, (cud)(su), or a
£T- K~ (cud) (su) or I°-Cg?° (cud) (sd) bound state [224]. The
d8cay of the exoti& D°n(2450) state to p 7 K° is
Cibibl_)o-favored,+ while the decay of the exofic
Ac— K (2650), I' - KR (2650) and £°- K7 (2650) states to
p K K! are also-Cabibbo-favored. He 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 degermined
from tge reconstructed decays of 5 D', 15 D%, 3 F" mesons
and 8 Ac baryons observed in this experiment are:

t . =10.37193 « 107!? sec
+ _4a2
D +0.8 -13
T = 2.3 *c x 10 sec
Do -0.5
T = 2.0 x 10 secC
+ -0.8
F +1.0 -13
T .= 2.3 15T x 10 13 sec
A Ve
c

The lifetimes+of the D°, F? and at are measured to be
shorter than the D meson, by approximgtely 2.3, 2.5 and 2.2
sgandard deviations, respectively. The lifetimes of the D°,
F and Ac are within one standard deviation of each other.

The ratio of D+ to D° lifetimes, as measured in this
experiment is +3.4

-104
This ratio differs by more than 3.* standagd deviations from
unity. The probability that the D' and D have the same

mean lifetime and are measured to have the observed
lifetimes is less than 1.0%.

/1% = 4.5

+ +
The masses of the charmed D', DY, rr mesons and Ac
baryons measured in this experiment are:

M, = 1851 % 20 MeV/c?
D

Myo = 1856 * 15 MeV /c?

M , = 2042 * 33 Mev/c®
F

M , = 2265 t 30 MeV/c?
A
(o
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This exper1ment+has obtained clear evidence for the
existence of the F (cs) meson, not only from its mass, but
a*so froQ its observed decay modes, lifetime and small (1%)

and A 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:

=13

Decay Mode Mass (MeV/cz) Decay Time (x10 sec)
NB + p N-K; 2450 * 14 77.2 * 0.9

or
NB + p K-K; 2647 * 11 83.4 £ 0.9

The probability of this event originating from background
nuclear interactions within the (entire) 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:

5-6 x 10~ !? sec

Teg (thy)
~ -13
TCH (exp) = 3.5 x 10 sec

However, the "naive" free quark model, which predicts the
lifetimes of charmed particles to be the same, 1is in poor
agreement w%th thg experimental data, although differences
in the D, D° and F 1lifetimes 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 in 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" [21,42,185,186;199,203—205;. (The (two-body)
Cabibbo-favored decays of . D and F mesons to two
pseudoscalar mesons may proceed through the pure AI = 1/2
transition, while the DY may proceed only by the mixed
At = 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 charmed particles, sugh 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—-0 mesons) [176,212-215]. The predicted
enhancement of the D  relative to the D° is 1:20 due to the
Cabibbo-unfavored nature of this decay mode for the D'.

As an example, the predicted At lifetime, ta&ing into
account such non-spectator interSctions (the exchange
diagram), scaled to the experimentally measured D lifetime
(taken to be the theoretical lifetime of the free charmed
quark) is [176]:

Tp+ = 2.0 £ 0.2 x 107'° sec  (theory)
c
in good agreement with the measured A: lifetime (i.e.
within 0.5 S.D.).
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In addition to the enhancement processes, 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 thg
(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, violagion of
the An, = 0 rule for Cabibbo-favored decays of the D meson,
to men€ion 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, 1i.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,+ withoug
taking into account relative production rates of D', D°, F
and A_ (i.e. their cross-sections, along with the energy
depenSence of the charm cross-sections) which are at present
not experimentally known.

On .an individual particle species 1level it 1is only
meaningful to compare the results of this experiment with
the fully reconstructed and unambiguously identified decays
of charmed partigles observed in other experiments. No such
candidates for D decay from experiments other than E-531
have been reported to date.

Several fully reconstructed D? candidates have been
observed, in the {i-spectrometer and the LEBC experiments at
CERN, with decay times of 0.23,0.86 x 10~ '° sec [67,68] and
2.1,5.9 x 107!% 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 Eave begn+observed in experiments other than E-531.

AA_ + p K m decay was observed in the Wa-17 (BEBC)
exp&riment a with a measured decay time of 7.3 x 10™!? sec
[65] , somewhat longer than . the +measur$d A lifetime as
obtained in our experiment. A A_ -+ Anm decgy was observed
in the CERN {-Spectrometer/emu]lsion experiment, with a
measured decay time of 0.6 x 10 sec [68].



110

FNAL experiment E-564, which ran simultaneously with
E-531 (and E-553) in the neutrino begm hag reported on the
neutrino production and decay of an F =+ m'w m n°, with a
flight length of 50 £ 2 um, a momentum of 2.42 * 0.30 GeV/c,
mass of 2017 £ 25 MeV/c*? and decay time of
1.40 + 0.05 x 10 '*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 inclyde 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 different
charged decay scanning efficiencies than for this
experiment.) Thus, for four F events:

_ +1.3 -13
TF+ = 1.8 377 x 10 sec
. .
The (weighted; F~ mass, using all four events is

2026 * 20 MeV/c“ .

Comparison of nt, D’ Lifetime Ratios
The ratio of the D' to D° lifetimes as determined  in
this experiment is in reasgnable agreement with the D D’
lifetime ratios obtained by e e experiments at SPEAR (Mk.II
and DELCO) frog measurements of the semi-leptonic branching
ratios of the D and D° at the ¥’’ resonance [139-144]:

Br (DT + X°e+ve) = 16.8 * 6.4% MK.IT
_ +4.4
= 22.0 13:0s DELCO
Br (D° ~+ x'e+ve) = 5.5 % 3.7% MK.IT

A

4.0% (95% C.L.) DELCO

The ratios of the lifetimes of the D' to D° as determined by
these two experiments are:

+

v/t = 3.1 +4.2

-1.4 Mk.II
> 4.3 (958 C.L.) DELCO

' Both Mk.II and DELCO experiments have characterized the D+,
D? 1lifetime ratio R in terms of the function 1nE(R)
[142-144,145], as shown in Fig.si. The statistical
significance of the difference in D, D’ 1lifetimes is
strengthened by combining the results from the three
experiments.



111

\

Adding together the lni(R) curves for E-531 and Mk.II
(Fig.54), the ratio of D', D’ lifetimes is

/1 = 4.2 *2-3 (E-531 and Mk.IT)

This ratio of the 1lifetimes differs by more than 3.3
standard deviations from unity.

The "World Average" of the ratio of 1lifetimes may be
obtained by combining the results of E-531, Mk.II and DELCO
(Fig.54), however, since the DELCO result is a lower 1limit
on the 1lifetime ratio, the combined result of the three
experminents may on;y be interpreted likewise. The "world
average™ of the D', D? lifetime ratio thus differs by more
than 4.2 standard deviations from unity.

The (experimenta*ly d$termined) semi - electronic
partial width for D -+ X%e"v_ may be obtained from the
product of the semi-electronic Sranching ratio and the D
lifetime. Averaging the semi-elgcgronic branching ratios
for the D as measured by the two e e experiments:

+ o+ _ +3.6
Br(D > X'e ve) = 20.5 ~2.1%

+2.0

ro* » x%*v) = 2.0 150 x 10'! sec”!

in reasonable agreement with theoretical calculations of the

semi-leptonic width for free charmed quark decay
[21,193-196] :

1.6 £ 0.3 x 10'! sec”!

I'(c » s£+ve)
and also with:

T(D+ xt¥v,) = 2.2 ¢+ 0.4 x 10! sec”!

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

Assuming that the annihilation diagram for the DV
contributes negligibly to the total _D rate (due to the
8] = sinf,cos® factor at the cd vertex), the
sémi-electronic +partial widths will be the same (to first
order) for the D' and D°. (The hadrons in the final states
of semi-leptonic (AI = 0) decays of D, D’ mesons have total
isospin I = 1/2, and are related to each other by isospin
rotations [125].) Thus using the measured p? lifetime, the
semi-electronic branching ratio for the D° is:

+ +4.0

0 - = -
Br(D" + X e Vo) = 4.7 -3.1% (E-531)
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The semi-leptonic branching ratio as obtained above for
the D® 1is in good agreement with the measurements obtained
at SPEAR. It can be argued that the semi-leptonic width foi
the A should be approximately the same as that for the D
and D’} since only the W -radiation giagram can contribute
to the semi-leptonic decay of the A_. Hence to first order,
the D° and A’ should have the same gemi-leptonic branching
ratios, for fhe same lifetimes. An experimental lower limit
on the F' semi-leptonic branching ratio is obtained by the
same methods:

I 0o_+ +4.6
BR(F' » X’e"Vv ) > 4.0 T3 ¢s
Note that_,k the contribution to the semi-leptonic decay rate
from the W' annihilation diagram is expected to be less than
5% for the F+.

Ft Tv_ Leptonic Branching Ratio:

An estimate of the leptonic rt - ™, branching ratio
may be obtained from:

Br(F+ »> TvT) = P(F+ »> TvT) T

+
. F
Where the theoretical partial leptonic width for Ft - LA
[209-211]: , ’
2
2 2 2 2
G £ M M
.ty = OF s fF Mo M
TFE >t v) =57 M M2 IUCS| |UT\)T| M2 (l ;z—)
P O F
Where G, = 1.66 x 10”° Gev
M. = 2.030 GeV/c? M, = 1.784 GeV/c?
fo = 170 MeV [205] U = 0.95 U = 1.00
F cs ™,

(See Refs.[188-192] for a determination of the central
values of the R-M matrix, and Refs.[205-208] for estimates

of the values of the decay constants for pseudoscalar
mesons.)

+ + _ +21.6 10 -1
T(F + Vo) = 7.2 5.4 X 10 sec
The uncertainty in the theoretical width calgulation is due
to the factor-of-two uncertainty in the F decay constant
f_.. The "central value" of several theoretical calculations
hgs been used. Using the F lifetime as measured in this
experiment, the F + tv_. branching ratio is

+ _ +1.3) . exp +4.3) thy
Br (Pt > tv) = 1.4%(_0.6)% o(*1:3)s

+ _ +4.4



CHAPTER V

CONCLUSIONS

. A single experiment has obtained measurements of the
individual lifetimes for four tyges of charmed particles,
the D*, D and F mesons, and the A  charmed baryon, finding
evidence for differences 1in the iifetimes 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 D° sample, such that
critical comparison can be made.

. The (meaningful) results obtained from other
experiments are 1in agreement with the data obtained from
tgig experiment. 1In this respect, the rgsults obtained from
e e experiments at SPEAR for the D, D’ lifetime ratio
provide the strongest comparison at this time.

With regard to the neutral baryon candidate, no
"natural™ theoretical explanation for the 1long lifetime
exists at the present time. Whether or not this one event
truely 1is 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 1is 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-

This 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 1in event fitting. +The data is organiged 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, I, 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
p?eseﬁted, 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 1is because no
candidates exist within 2 S.D. of the particle state in
question, '
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p* DECAY CANDIDATES

+

EVENT 512-5761 p* + gx7n'yt

70

One of the positive Eracks from the ecay vertex 1is
identified by TOF as a m . This event is D /F ambiguous on
the basis of mass, however the other posit*ve track from the
decay vergex is identified by TOF as a T at Ehe 80% C.L.;
thus the D hypothesis is preferred. The net F background

for this event |is tgerefore 10%, assuming equal neutrino
production rates for D and F + mesons.

+ -+ 4+
EVENT 546-1339 D = Kmyu (\)u)

A photo-micrograph of this event is shown in Fig.46.
One of the decay tracks (5-2) is identified as a 4.64 GeV/c
4 from penetration thrgugh both planes of muon counters.
The probability of @7 -+ p v decay using the observed
momentum for this track is 1.6¥. Tracks 5-1 and 5-3 are not
identified by TOF, however the invariant mass of these two
tracks for the above decay hypothesis is
M, = 928 % 12 MeV/c? consistent with a K °(892). As the
missing neutral is assumed to be a neutrino, no constrained
(> 0-C) fit is possible. The minimum mass of the -13C, curve
(shown in Fig.47) for the decay hypothesis D +* K 7 u (v ).
Thus, hypotheses .with additional missing neutrals (e.g.
m%'s) are not allowed gor D_ gegay. No solution exists for
the decay hypothesis F' +* K K U (V. ), as the minimum mass is
2244 * 30 MeY/ci._ Q-C solutions Yexist for the decay
hypothesis F +m 7 u (v ), which can occur via three possible
decay mechanisms, as_shown in Fig.49. The relevance o
these diagrams for F * m Te V_-decay, as a background in D
decays is discussed at the end of this section on D decays.
The maximum F background for tgis event (see below) is 2.5%
for equal production rates of D and F mesons.

2.44 * 0.23 GeV of excess energy 1is observed ,in one
isolated 1lead glass block (# 40). The invariant D -y mass
is

M , = 2002 + 13 MeV/c?
D'Y+

cgnsistent 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*+ mass. . No F*  candidates exist for
either solution of the F -7 u (v ) decay hypothesis within
4 S.D. of the expected F*  masf (M, = 2140 * 35 Mev/c®
[160]).
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EVENT 580-4508 DT K (S
This event is an anti-neutiino induced charged-current
interaction, in which the u 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 um. Decay track 1-1 passes through an
isolated 1lead glass block, in which 6.7 * 0.4 GeV of energy
was observed. The momentum of track 1l-1 is measured to be
4.24 * 0.09 GeV/c. The difference E - Pk= 2.5 £ 0.4 Gev
is consistent with electron bremmstrggiung 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/cz, consistent
with the K*°(892). The two 0-C solutions for the above decay
hypothesis are 1less than 600 MeV/c apart (see Fig.47); the
fractional difference in the decay times is less than 6% (a
difference of 2 S.D.). No solutions exist for the decay
hypotheses : C .

F~ > KK'e™(v,)
F K'n+e-(3e)(K°)
Solutions do exist for the decay hypothesis

I Sppe—
F *T T e (ve)

However, track 1-2 is identified by TOF as a K+. Hence, this
event is not consistent with F decay, therefore the F-
background associated 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 p* + k'knn®

This event, from kinematic analysis, was determined o
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 3-C C.L.
pt+rx*rntn® 0.000
pragTn ntn® 0.000
A+p Kn'n’ 0.035

0-C hypotheses exist for:

pt + kT atn (n?)

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

The decay occurs within the (70 um thick) plastic base
of one of the emulsion plates, 1l0um 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 100um 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, (< 4.0%).

There are no K*, p or ¢ candidates. The three body
mass combinations are:

M, _ , = 1663 * 22 Mev/c’
KK m
M, _, =138l % 28 MeV/c®
K Km
M _ ., = 1157 £ 21 MeV/c®
K7n 7

The last two three body combinations are consistent with
Q(1400) and Q(1280) mesons, respectively.

No higher resonant charmed states are observed.
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EVENT 663-7758 D"+ Krlet (v

The energy of the incident neutrino in this event is
E, = 280 £ 60 GeV. 90% of the available hadron energy is
c3rried away by a single charged particle, observed to decay
13000 + 50 uym 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 1lead glass block (along with the muon).
The energy deposited in this block is Eppg. = 19.9 + 0.7 GevV,
with 4.0 £ 0.5 GeV/c in two neighboring glocks. The energy
deposition and track locations in the 1lead glass are
consistent only with the hypothesis of track 1-3
(P = 15.5 * 2.0GeV/c) as an electron. The excess lead
gldsd energy 1is consistent with bremmstrahlung from 1-3 as
it traverses 2.24 cm ( one radiation 1length) of emulsion
before exiting the emulsion module.

The 0-C solution for D+ + K-ﬂfe+(ve)+ occurs at the
minimum of the, -1-C curve. Acceptable F decay solutions
exist only for F *7T 7 e (v_). The high solution is excluded
by maximum beam energy conftraints (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 p°
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 Ae Background in D Decays

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

l.

2.

cs w'-Annihilation/Gluon Bremmstrahlung.

The branching ratio for this diagram 1s estimated
to be 2.5%, using the rates calculated in
Refs.[212-215] (assuming that the g*uon(s) fragment
with unit probability +into a Tm'm pair and the
virtual W dgcays to a v, pair), along with the
measured F lifetime. (The actual number
calculated for this diagram is 1.5%.)

W' -Radiation/0ZI-Supressed sS Annihilation.
An estimate of the branching ratio for this process
can be obtained from the following [222].

The branching ratio for the O0ZI-allowed process
¢ * KK is Br(¢ » K K) =83.8 £ 1.7% [1l60]. The
brancgigg ratio for the O0ZI-supressed process
¢ » m'n 1° (including pm) is

Br(é » nim %) = 14.7 £ 0.7% [160].

Assuming that the quark content of the ¢ is
entirely ss_as an upper limit, (the ¢ wave function
contains uu and dd components due to mixing with
other neutral - vector mesons, i.e.
¢, = 1//3(uu+dd+ss); correcting for phase space
($here both of the above ¢ decay modes vary as Qa,
Q(d > pm) = 183 MeV/c, Q(d * KK) = 119 MeV/c); and
assuming as an upper limit that the 3 7T decay mode
of the ¢ meson is ill grom ¢ > o7, then an estimate
for the F > m'mi'v branching ratio via
0ZI-supressed ss annihildtion is [234]:

traty

Br(F" > 1 = Br(c + s 2+v2) x RF (0ZI/Strong)

2)

Where Br{(c + s £+v2) = 20% (free quark model)

RF(OZI/Strong) o R¢(OZI/Strong)

> 3 > wRw
R¢(OZI/Strong) = Br(¢ pE) Q% (4 + KK)
Br(¢ + KK) Q° (¢ + pom)

Br (FT » ﬂ+n'2+v2) > (.20)(4.8%) = 1.0%
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3. Second Order Weak Processes.
The contributions from these diagrams are expected
to be (GF//f) smaller than leading first-order
processes, i.e. miniscule. Hence they are
neglected.

The number of F' decays 1in the above, sample of pt
decays 1is 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
upper limit* along with the,  assumption that

Br(F > 1w 2 v,) <+5%, the maximum F contamination, or F
background in tﬁe D decay candidates 1is:

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

The A' contamination in the D7 sample, obtained by
postulatinS a missing neutron or assuming the untagged
positive hadrons in the decays are protons, 1is negligibly
small, as ,the minimum mass possible is more than 3 S.D.
above the Ag mass in all cases except 598-1759 where the 3-C
C.L. = 0.035. '
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F' DECAY CANDIDATES

Three charm candidates were found, which upon
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 for each of the events
are also Cabibbo-unfavored decays foi D mesons. The events
are consistent with decays of F mesons, both in the
observed masses and observed decay modes.

EVENT 527-3682 F~ o+ ntrTnTn

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 1identified as pions by TOF.
Transverse momentum does not balance at the decay vertex
{(with C.L. > 99%.) A 7° 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?

Moo= 780 * 17 MeV/c?

M = 1296 * 59 MeV/c?
124

M = 1338 £ 41 MeV/c?
234

+

Note that the branching ratio of the w(783) to m' 7 is 1.4%

[160].

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

No muon from the primary vertex 1is identified (by
penetration through the muon steel) 1in 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 energqy 1is observed in the
calorimeter, and a small amount of energy is deposited in a
lead glass block where no charged track 1is incident. The
observed calorimeter energy and location from the lead glass
are ¥n exge;lent agreement with predictions from a 0-C fit
toF K711 K

'Lt
0-C fit valueé Observed Values
PKE : 3.5 £ 0.5 GeV/c 3.1 £ 1.9 GeV/c
XK£-: -0.280 £ 0.018 -0.303 £ 0.015
YKE : -0.045 * 0.013 -0.009 £ 0.015

The 3-C C.L. for the Cabibbo-unfavored decay of a pt is

C.L. < 3.0%.
The (doubly Cabibbo-unfavored) decay hypothesis A + ktrtsn
has a C.L. 0.01s.

The two body KE - 7% mass is Mp, = 867 * 55 MeV/c? .
The invariant mass of the &' and 1~ is Mo =
752 + 5 MeV/c? .

No other strange particles are identified in this event.
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EVENT 638-9417 Ft + gktk"ntn®

The R is identified by TOF, 3.5 S.D. from a proton.
The K is 2 sSs.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 =©°
is identified by conversion of both ¥'s in the emulsion.
This event has much electromagnetic 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 *+ - kYR ntn®
is My, = 2050 + 45 MeV/c®.

The K+-K_ invariant mass is MKK = 1000 * 3 MeV/c?2,
consistent with the S*(980) and/or §(980) mesons. ‘

The invariant atogo mass is M = 572 * 37 MeV/c?, not

consistent with a o . ma

A 220 MeV/c photon is observed in an iso;ated block of

the lead glass array. The invariant g - Y mass 1is.
MFY = 2135 * 45 MeV/c®, consistent with a F* (2140).
No other strange particles are identified in this event.
The 3-C C.L.'s are negligibly small (i.e. 5 0.01%) gor the
Cabibbo-unfavored decay of a D', and for A_ + p R 7 n° (not
allowed by TOF). ¢
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A DECAY CANDIDATES

EVENT 476-4449 A%+ prteT(R®)

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 1is identified by TOF as a proton (3.0 S.D.
from a kaon). The pions from the decay were identified by
emulsion PB and I/I, measurements. Over 11,000 individual
grains of silver were counted along each of the tracks, thus
obtaining a I/I¢ measurement accurate to 1l%. (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. The 1-C,_ curve
(shown in Fig.47) for the decay hypothesis AT + pn'n (K°)
has two solutions for the K° momentum. ¢
No K? is observed to decay in the drift chambers. The high
momenBum 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 k! is expected (although other
neutral hadrons are likely tB be present in the calorimeter,
with the charge multiplicity as high as .it is in this
event). Furthermore, the Feynman-X (X, = P* /p* ) for
this event ! F 11/ Fliax, B)
preferentially selects out the high momentum solution, as
the low momentum solution has X, < -1 by more than three
standard deviations which is Enphysical (0(X,) = 0.1). For
the high momentum solution, XF < -1 by only a graction of a
standard deviation.

The invariant submass combinations have

I+

M, = 1212 * 19 MeV/c® (A++(1236))
PT -
M _ = 896 t 20 MeV/c? (K* (892))
K°n
(High solution only)

Combination of gither momentum solution for the A; decay
with track 7 (m ) have the invariant masses:

M, , = 2485 % 3 MeV/c? (low solution)
A'm
M i 4 = 2440 % 3 MeV/c? (high solution)

A m
(The order of high and lo¥+A; -t solutions 1is <correct).
The mass of the Zc has been measured to be
2450 t 10 MeV/c?. [160].
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EVENT 498-4985 AL > A'ntrTet

A%l the decay products in this event are identified.

The 4 is observed to decay to p-m. The invariant Z° - 1°
mass is

M _ = 1406 * 5 MeV/c®
An +
consistent with the Z'(13§5). The A*Y - 1% invariant mass for
tracks 1 and 3 with the Ac - 17 are€
MA+ , = 2463 £ 5 Mev/c’
T
MAi L = 2443 t 4 Mev/c®
T

No other mass combin¥tions below 2650 MeV/c of the A: with
other primary tracks exist.

EVENT 499-4713 AZ > 2%1F, 2%+ A%(y).

Track 2 is observed to kink 366 * 6um from the primary
vertex, with kink angle 6., = 0.255 rad and +AP =
680 $ 12 MeV/c. Track 2-1 favors 1dentification as a 7 oser
a K by 1.4 S.D. (i.e. 85% C.L.) from TOF information.
No T° or Y are observed in the lead glass array. A A is
observed to decay in the drift chambers, with the proton
identified by TOF.

The 3-C fit to AY + A°r™ has an unacceptable fit, as the 3-C
C.L. < 0.01%, die To the fact that the 2-C mass is
2175 + 17 MeV/c?, with 2-C C.L. = 90.6%, Ap, = .
-7 * 28 MeV/c, APy = -16 ¥ 38 MeV/c. ‘

A 0-C fit to AT + A°r*1® has a minimum mass of
2331 £ 16 MeV/c , mor§c than %. S.D. above the A~ mass.
Separate 0-C fits to A’ + (£%)n7,Z° » A°(y) have a Cunique
solution for the Y “momentum in the decay of the Z° + A%y
such that the effective 1-C fit to the decay chain:

A: > 209%, 20 s A% (y), A® » pm~
(involving 12 equations and 11 unknowns) has masses of
M, = 2269 % 17 MeV/c? M = 1189 % 11 MeV/c?
A z°
c M =1124 £+ 5 Mev/c’
A

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

The invariant At + gt mass of+$he At with track 3 (n+)
is consistent with tfie expected Z; masS, 2500 MeV/c [170].
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EVENT 549-4068 A} > gprt(r?)

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 of the magnet.
Emulsion measurements for 2-2 identify it as a proton (3.0
S.D. from a kaon.) The momenta of tracks 2-1 and 2-3 are
measured in the emulsion; track 2-1 1is consistent with
either a proton or a kaon, as the errors in the I/I
measurement are large because of the small © 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 T by range
measurments from the observed decay chain

at - u+vu; u+ > e+ve\>u
as the ﬂ+, u+ and e’ all stop in the emulsion.
A missing neutral is required to balance momentum at the
decay vertex. Th lead +glass has no m° or y candidates.
The -1C curve for A. + pRK @ (n°) for an unobserved m° in the
spectrom has two sSlutions for the =° 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 1low momentum solution. The invariant submass
combinations are ‘

M , = 1157 £ 5 MeV/c®
P

M—
K n?
(High solution only.)

915 + 26 MeV/c?

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 '® 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 A: > p K}

One of the tracks from the primary vertex (track 3) is
observed to kink after 175 £ 10um with kink angle
6, =0.409 * 0.002 rad. Tragk 3-1 is identified as a proton
b§ TOF, 4.5 S.D. from a K'. The decaying baryon cannot be a
hyperon, since APK = 605 £ 15 MeV/c.

No v°'S are observed to decay in the drift chambers; no
excess electromagnetic energy is observed in the lead glass.
3.1 GeV of excess energy 1is observed in row 3 of the
calorimeter. The magnitude and 1location of the energy
excess in the calorimeter is in good agreement with the high
solution to a 0-C fit of Ac + p K.

L
0-C Fit Vvalues Measured Values
PKo : 4.0 GeV/c 3.1£1.8 GeV/c
L
Xﬁo : -0.065 rad ~0.034%0.050 rad
L
Yﬁo : -0.025 rad -0.000*0.200 rad
L .

The two-body invariant mass of the A; with track 4(m")
has a mass
M+ - = 2468 * 3 Mev/c?
c
This event is unambiguously_ not consistent with F+
decay via c¢s annihilation to pn [146], using the observed

excess calorimeter energy.

EVENT 602-2032 AL - pT 1T (R?)

Track 2-1 from the decay undergoes an elastic scatter
i.e. kinks) after 2.7 cm in the emulsion, with kink angle
6, = 0,084 rad and APK = 160 MeV/c. TOF - information
igentifies 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 sgattering
of a proton. Hence this evenf is most likely a A,. Tracks
2-2 and 2-3 are identified as " and respectivgly from
I4Io megsgrments in emulsion. The high momentum solution to
AT » prTnT(R?) is favored, as a track observed in the drift
cﬁambers (aﬁd not in the emulsion) is identified as a m by
TOF and misses the primary vertex in the transverse
direction by more than 3.0 cm (the up-only track for the 7
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:

Mg+ = 1124 & 7 MeV/c?
M- = 1160 £ 6 MeV/c?
Mg t = 771 & 35 Mev/c?
M.~ = 845 & 25 Mev/c’

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

EVENT 610-4088 A

The A? in this event is poorly reconstructed as it
decays in the 1last few upstream drift chambers. Although
the momenta of the proton and pion from the A® decay are
reconstructed by hand, the calculated flight times are in
excellent agreement with TOF measurements for their assumed
identity, and inconsistent with K°, R? or E° decay. The
three charged decay tracks are identified as pions from TOF
and emulsion information. . No ﬂ°'s, Y'® or other charged
tracks are observed in the downstream spectrometer. The
invariant A%-71” mass is _

- Myo_- = 1401 * 33 MeV/c®, consistent with the I (1385).

EVENT 650-6003 AL+ A'rtnTrt

Two of the three charged decay tracks are identified in
this event. -The A° 1is observed to decay to p-T and
balances transverse momentum at the decay vertex. The
invariant mass of the A° with the 7~ is _

MAo _ = 1401 * 95 MeV/c?, consistent with the I~ (1385).

T

The invariant mass of the A’ with track 4 (n+) is

M + = 2447 £ 11 MeV/cz, c8nsistent with the Zc (2450).

A
c
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. . +
Discussion of A, Decays

The two-body AY - 7°'9 mass combinations for A} decay
are shown in Fig?SS. Evidence exists, although Somewhat
limited by the statistics for the resonant I7(1385) state,
as indicated by the clustering of negative charge near this
mass, and 1is consistent with theoretical expectations
[170-174,178].

The decay mode A' + A*™*R*~ can only occur via the
W' -exchange diagram. For the (p-m) (K -T7) (correlated) mass
combinations, evidence $§i5t§ (although weak, due to lack of
statistics) for A_ + 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+—ﬂi's mass combinations with pions from the primary
vertex also show evidence of higher mass resonant charmed
baryon states, near 2450 MeV/cz, consistent with that
observed for the Zc [73,82,83,160]. (See Fig.56.)
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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 ot x* 3.8 x 107"
498-4985 txt | 1.2 x 107 %*
499-4713 LA o 1.0 x 10”2+
549-4069 k%, p 9.0 x 107"
567-2596 K,p 4.5 x 10°°
602-2032 ot &t 4.2 x 107°
610-4088 L 5.0 x 1073+
650-6003 ot gt 4.6 x 10™"*

635-4949 K° 5.6 x 103
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The total number of background events for the AY sample (8
events) is less than 2.3 x 10 : backgrougd everits. Note
that for the events with A” + A’1"77 17 decays (*), the
nuclear interaction hypotheses dre M"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 1limits to the
nuclear interaction background, as the initial assumptions
used in the calculations are all extremely conservative.

The nuclear interaction background probabilities for the At
and neutral baryon event as calculated here should b
compared with the calculation done (in a slightly different
manner) for event 635-4949:

N = 3.1 ti'g x 107" events (see above)



132

AMBIGUOUS CHARM DECAY CANDIDATES

EVENT 493-1235 p* » nfrtr7k],
F* > o'n'RRY, AL > nTnYRn

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 thé 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++ "Double Charged" Event

Y++ > A°“+h+ﬂ°(“o); Z:+ > A:n+, A: > Ao“+“o(“o)

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
(1). - 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 1ionizing tracks 1in this event. The
magnitude of the charge of the parent particle is -

+l1.61
—0091

as obtained from densitometry measurements. If this event
is truely a doubly-charged particle, e.q. 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.
Hgyever* +an alte;nate intergretation of this event is
T+ ATnT, with AT + %77 1% (7). The 0-C solutions for thi

dScay ypothesis ~“are quite compatible with the measured Ac
lifetime.

|lQ] = 2.05
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EVENT 522-2107 pt + TR (1),

rt o+ K+H+K-(ﬂ°), A; - pﬂ+K_(ﬂ°)

The neutral particle in the charm decay of this event,
most likely a 7°, is not fully reconstructed in the
spectrometer, due to the large y-slope of the parent. There
are several w° 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 Ehe agove decax
hypotheses has acceptable solutions for and A
decays, however, one or both of the gammas from the m? deca§
are not detected by the 1lead glass, hence the resulting
amblgulty in parent identity. The high momentum solution
for the n° is favored, as a gamma candidate is observed 1in
the region near the top of the lead glass array, in the area
expected for the fast 7°. As the observed decay time is
quite 1long, this event is most compatible with a D meson
decay hypothesis.

EVENT 529-271 pt » n+(K£), rt - K+(K£),

+ + +
AL > px)), pTaTn? (k) FT > kT (k)

Track 2 is observed to kink 2547 % 30 um from the

prlmary ver tex with kink angle 8, = 0.085 rad,

518 + 17 MeV/c. Acceptable 0-~C solutions exist for the
foElow1ng decay hypotheses:

Decay Mode (Ecal'EKi)/c(Ecal)

pt » ﬂ+(K£) 3.8

Fr -+ K+(K£) 2.0
+ 0

Ac -+ p(KL) 1.8

pt » H+H°(K°) 2.0

Ft o+ ktr? (K}) 0.6

In each case, the high solution is favored by the observed
excess energy in the calorimeter = 27 * 5 GeV. The
difference (in S.D.) of the excess calSrlmeter energy and
the energy of the missing neutral is given for each
hypothesis. The 1last decay hypothesis 1is in closest
agreement with the observed calorimeter energy.
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EVENT 533-7152 pt » 7t (x® +

.
) F > K (K],

+ + + +
D'+ T n°(x£), F° + K ﬂ°(K£)

One of the charged tracks (track 1) is observed. to kink
5246 * 40 um from the primary vertex with kink angle
6, = 0.103 rad, and AP, = 550 * 16 MeV/c. Acceptable 0-C
sOlutions exist for the 5ollowing decay hypotheses:

Decay Mode (Ecal-EKE)/G(Ecal)
D"+ 1t (k?) 3.4
Fr - K+(K£) 0.0
D" > ntr® (R} 0.0
FP o> KT (kD) 2.2

In each case, the high solution is favored by the observed
excess energy in the calorimeter E_,; = 28 + 5 GeV. The n°
is reconstructed from the (double) é e shower of one of the
Y's, the other Yy is observed in the lead glass. No Vees are
observed to degay in the+drift.chamber , thus no 0-C decay
hypotheses for D', F or A  decay with K_ or A" are allowed.
No K* solutions exist for fhe above alloWed D solutions, as
the Pmax = 456 MeV/c associated with such decays 1is 1es§
than the observed AP,. K* solutions are allowed for F

decay, as Pmax = 726 Me5/c. As the deca time 1is quite
long, this event is most consistent with D decay.

EVENT 547-3192 Y > otrnt(n)

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. The minimum
masses for Cabibbo-favored decays of D mesons, A  baryons
are well over two standard deviations above their rgipective
masses. Note that the decay time for the F decay
hypothesis 1is 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 pt -+ n+(K£), rt - K+(K£),
'A+ 0, -
Al - p(KL)

Track 2 is observed to kink 6600 * 50 uym from the
primary vertex, with kink angle 6, = 0.353 rad,
AP, = 318 + 100 MeV/c. Excess energy 1is obseérved 1in the
canrlmeter, = 35 £ 6 GeV with evidence for two

separate showerg al 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 energy in
the calorimeter (in S.D.) due to the presence of a is
also given. s

Decay Mode o) /O(E

(E cal” K al)

pt » w+(K£) l 7
Ft oo K+(K£) : 4.2
A7+ 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 K! meson (or neutron) cannot be
excluded. No 7° 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 1is carried away by a neutral
particle, and 1is 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 1long, and the p-perp 1is within the domain of
nuclear interactions. Hence, conservatism prevents its use
in the lifetime determination.

EVENT 656-2631 ., D' x 'R n n’, F' » K'K 7 n°

Ac - pK T

This ambiguity in this event revolves solely around the
identity of track 3-1, which 1is too fast for TOF
identification, at 11.4 GeV/c. All of the hits in the 1lead
glass are accounted for, in that three n° and a single
remnant gamma are reconstructed, such that no ambiguity
exists in the gamma-gamma mass combinations for the 7w%'s.
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The invariant mass com%inations of the charmed particle
with the single gamma and 7~ are:

Myt = 1978 + 28 MeV/c?
M+ 0 = 2070 & 33 MeV/c?
Mg+, = 2135 & 27 MeV/c?
MA:Y = 2383 £ 24 MeV/c?
Mp+ o = 2494 * 28 MeV/c?
C

As the observed decay time is short, and the parent momentum
ig high, this event is most compatible with the decay of an
F meson, further strengthengd by the F candidate. If
this event is included in the F sample, the mean 1lifetime
is (for four events):

1, =1.8 23 x 1071%ec

F+ —006
The weighted F' mass ig 2052 + 30 MeV/c? . If the E-564 FT
event is included, the F 1lifetime is (for five F events):

1, =1.7 10 4 107 135ec

rt -0.6
The weighted F' mass is 2031 t 19 MeV/c? . The weighted F**
mass using the two F events with F* candidates is
2135 + 23 Mev/c?.

EVENT 665-2113 D' » n 1 7 (%),
FrPo> atant(n%), AL > aTnTrt (A0

The charged tracks in this event are all identified as
pions, however the identity of the parent i§ totallx
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 1is observed in the spectrometer. The
decay times for each hypothesis are quite short. Thereforg
this event could have a signifigant gffect on the D
lifetime, but little effect on the F or Ac lifetimes.
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EVENT 665-4023

The decay occurs in the 800 uym 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 regign. +In (gnfortunate) addition to this,
the event is highly D', F', A  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.

The decay times for each decay hypothesis gare quige
long in this event, thus, if this event were a F or a A_,
their lifetimes would be significantly affected. ngevgr
the probability of observing the decays of an F or A  with
the decay times listed in .the table, with mean lifetim&s as
measured with the unambiguous decay candidates is less than
10" % in both cases. The decay time for this event 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 A;'

+ Ripr~ (n?)

One of the decay tracks from this event 1is identified
as a proton from emulsion meagurements. The other positive
track is ambiguous between a K and a proton. (Thus this
event may be a nuclear interaction, particularly when a A°
to decay in the drift chambers.) If it is assumed thag this
event 1is 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 Tifetime.
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EVENT 671-2642

This event hgs many kin$matically acceptable decay
hypotheses for D', F and A decay (see Table 14). Note
that the decay time for thi§ event is extremely long
(~ 60 x 10 '3sec), using the observed charged momenta. The
transverse momentum of the daughter tracks with respect to
the parent direction are small. Thus, due to this fact and
the 1long path 1length, the probability of this event
originating from a nuclear interaction is non-negligible
(~0.5 events). However, it is possible that this event may
be the decay of a long-lived charged charmed particle,
perhaps related to 635-4949, since the 1lifetimes are
comparable. (e.g. the isodoublet partner to the A°(csd),
the A (csu) which 1is predicted to have a mass of
MA+= 2500 MeV/c? [170]1.) ;f tgis is indeed true, then the
event has no impact on the D, F and A_ lifetimes. Due to
the 1long observed decay ,time, +this event can have a
significan$ impact on the F' and A lifetimes. The impacE
on the D lifetime is also siSnificant, although the D
1ifetime is affected to a lesser extent than for the F or
Ag. (gote that this event is not consistent with the decay
of a K'.) ‘ '

+

. No excess energy is observed in the calorimeter, and no
high momentum vees are observed in the drift chambers. Thgs
tge high+momentum solutions in most of the 0-C fits to D,
F and Ac decay hypotheses are excluded.
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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 1is 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,1I7 format.

2. Institution and Scan Number, NH, NS:
1X,A3,15,3%X,13,3X,I3 format.

3. Last Revision Date, ¥Yr., Mo., Day:
15%x,12,1X,12,1X,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: 1X format.

3. Vertex Number, Vertex Type, Vertex Position in X,
Y, and Z
Type 1l: 1X,I14,16,1X,3F8.3 format.
Type 2: 1X,I4,16,1X,3F8.1 format.
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ENERGY INFORMATION
1. Total Calorimeter Energy: 28X,F7.2 format.

2. Calorimeter Energy in Columns 1,2,3,4:
1x,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 1l: 1X format.

3. Header Line 2: 1X format.

For each track the following information is given:

1. Track identifier, track slopes in X and Y, emulsion
exit slopes, specific ionization, 1/P8 as measured
in the emulsion, vertex at which the track ends.
1X,A7,4F7.3,F7.2,F9.3,1I3 format.

2. The second line contains the error associated with
each parameter above it in the same format.

lX,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 Charged decay track m from track n.
3. 0v Neutral Decaying Particle.
4. V-m Charged track m from neutral decay.

5. In-m Charged track m from interaction of track n.
6. O0I Neutral Interacting Particle.
7. U-m Unmatched track m.

8. En-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 Kaon decay track m.

SPECTROMETER INFORMATION

t

1. Total Number of Tracks: 1X,12 format.
2. Header Line: 1lX format.

For each track the following information is given in:

1x,A7,377.3,313,F6.3,1%x,06,F6.2,F6.3,12,2F6.3,1I2 format.
TRACK Track identifier.
DX/D%Z X slope.
DY/DZ Y slope.

1/p 1/momentum as measured by the spectrometer or
1l/momentum as fitted by decay fitting program for
daughter particles or
1/block energy for gammas.

o] Particle charge.
upP Number of upstream drift chamber hits used
DN Number of downstream drift chamber hits used or

associated lead glass block for gammas.
CHISQ Chi-squared for fitted track or
Chi-squared of 3-C fit for decaying tracks.

ID Octal formatted binary code for p0531ble particle
types. Assignments are:

1. 000001 Gamma

2., 000002 Electron
3. 000004 Muon

4. 000010 Pion

5. 000020 Kaon

6. 000040 Eta

7. 000100 Proton
8. 000200 Lambda
9. 000400 Sigma
10. 010000 D
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11. 020000 rr

12. 040000 Lambda-c

EPBG Lead glass energy associated with track

BETA 1-8 from TOF

v Vertex at which track begins

XMISS Amount by which track misses vertex 1 in X

YMISS Amount by which track misses vertex 1 in Y

F 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.
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APPENDIX C.-

SUMMARY OF KINEMATIC FITS OF T°

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 1°'s produced in neutrino interactions in which
charmed particles were produced are summarized 1in the
following table:

TABLE 19

SUMMARY OF m° KINEMATIC FITS

EVENT MASS 1-C FITS
NUMBER MEV/C x? C.L. ITER
512-5761 129121 0.08 0.77 2
513-8010 126+21 0.17 0.68 2
518-4935 21575 1.16 0.28 2
527~3682 141+49 0.02 0.89 1
533-7152 1476 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 8022 4.62 0.03 4

Other (clean) =°:

512-5761 178+29 2.66 0.10 3
521-5901 111+11 4.16 0.04 2
546-1339 13027 0.03 0.86 2
556-152 151+24 0.49 0.49 2
638-5640 13122 0.04 0.85 2
638-5640 13517 0.01 0.98 1
638-9417 13430 0.00 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 T° mass is obtained in a similar manner
as that for charmed particles, the mean x* and C.L. are:

<M_9> = 134.6 £ 7.3 MeV/c?
<x%> = 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_¢> = 134.8 + 5.9 MeV/c?
<x%> = 0.75 % 1.23
<C.L.> = 0.60 * 0.32

APPENDIX D.

SUMMARY OF A’ and K} FITS

OBSERVED IN CHARMED EVENTS

The results of 1-C kinematic fits to A’ and K° observed
in the decays of charmed particles, or observed in neutrino
interactions where a charmed particle is produced is
summarized in the table below. ‘

TABLE 20

SUMMARY OF A’ AND K FITS

EVENT - MASS 1-C FITS
, . NUMBER MEV/C x? C.L. ITER
R 's:
S 661-2729 5047 0.69 0.41 2
A%'s:
498-4985 1116+37 0.00 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 A® mass is:

Mpo = 1116.9 * 3.5 MeV/c?
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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 (=1/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 1is the average
difference 1in the values and after the kinematic fit, Ox is
the S.D. on the distribution for AX, for 24 events (except
for X%, C.L. and ITER, which are the average values for the
24 events). The first six variables (x°, C.L., ITER, AP_,
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 the 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 1/(GeV/c); for AX', AY', the units are
mrad.
TABLE 21

MONTE-CARLO RESULTS OF KINEMATIC FITS

TO CHARMED PARTICLE DECAYS

ITEM X2C chC X3C 0x3c
x? 2.00 2.00 3.00 2.46
C.L. 0.50 0.29 0.50 0.29
ITER 2.3 0.6 2.0 0.5
AP_ 0 120 0 120
AP 0 120 0 120

apY 137 74 138 74
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TABLE 22

INVESTIGATION of SYSTEMATIC SHIFTS IN KINEMATIC FITS

CHARM
SLOPES

ALL
DECAY
TRACKS

UP-ONLY
TRACKS

m%'s IN
DECAYS

EMULSION
TRACKS

UP- DowN
TRACKS

OF CHARMED PARTICLE DECAYS

ITEM

C.L.
ITER.

AP
AP

apY

Ax?
Ay’

AQ
AX!'
Ay'

AQ
AX!
Ay!

AQ
AX!
Ay'

AQ
AX'
AY'

AQ
AX'
AY'

(24 EVENTS)

Xac 9X5c
2.04 2.25
0.53 0.34

2.9 1.1

-13 110

-28 119

137 91

1.0 10.7
0.2 4.40

-0.003 0.124
-0.28 2.50
-0.47 3.20

0.06 0.20
0.20 0.51
0.00 0.01
-0.009 0.017
-1.2 5.3
-0.4 3.4
0.0001 0.0006
-0.2 1.0
-0.0 0.5
-0.01 0.35
-0.00 0.46
0.00 0.26

X3¢
2.69
0.57

2.5

-13
-28
138

0.6
-0.07

0.003
-0.06
-0.35

-0.00
0.10
—0.20

-0.010
-103
-0.3

0.0001
-0.2
-0.0

0.09
-0.00
0.00

0'X3C

2.72
0.32
1.4

111
119
92

11.1
8.10

0.135
2.70
3.40

0.27
0.45
0.40

0.023
5.6
4.9

0.0010
1.0
0.5

0.35
0.46
0.26
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CELL CONFIGURATION AND
EQUIPOTENTIALS FOR UPSTREAM DRIFT CHAMBERS
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Sense wire: 20um dia. Au-W wire _
Field wire & cathode plane wires: 75um dia. Cu-Be wire

Cell size=40cm Vmax = 3.1kV
2.0 mm cathode wire spacing Vi = L7kV
7.0 mm cathode plone spacing E =700V/cm

Figure 16. Upstream Drift Chamber Cell Configuration
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Figure 21. Drift Chamber Readout System Electronics



| [ l ] L

| ] ! LD
UPSTREAM DOWNSTREAM
DRIFT DRIFT
CHAMBERS CHAMBERS
Oyp=125um | Opy=175um |
1 _
L ! L o -
-500 -250 O 250  500um -500 -250 O

Figure 22, Drift Chamber Resolution

250  500um

281



185

|OOO | ] } i ! -
__—~MINIMUM IONIZING PEAK N
500 -
-
p
30 GeV/c
100} 7" interaction ELECTRONS
K spectrum _
F e-2Q .
S0 / a+9.5 xi0™ 7
- _
| -
IO;T- —
S5 -
- -
_ -
ELECTRON I.D.
be _Pe-3a‘ (Pe)CUT
| F L
120 240 360 480 600 720
. Q

Figure 25. Lead Glass Pulse Height Spectrum,

M-5 Tests, 30 GeV/c Negatives



TUBE (58DVP) ‘
/ LIGHT GUIDE - OVERHEAD VIEW

0¥y =

Fe

Fe

Fe

v1 ‘—1

20 COUNTERS
NE110 and NE114 SCINTILLATOR

y 244 x75x1.3 (HxWxD) (cm)
Lz Xﬂf'en = 5'Om

Fe [|[Fe [[[Fe |[[Fe |||Fe

—
10cm ZSCINTILLATOR
(SIDE VIEW)

Figure 26. The Hadron Calorimeter

981



1200 |- -

_ | Calorimeter Response o Muons -
— - 6400 tracks

800 - ' -

Events

400 - B

.—|—r_ I | | |

8 1.6 24 32 40 48

Energy Equivalent (GeV)

L8T

Figure 27. Hadron Calorimeter Response to Minimum Ionizing Muons,



F /Tube (56 AVP)

Fe

- G . S G G S . S G e -

3.55m

|
\-Scintillotor—/
-4ms> —1{im —
X
b,
SIDE VIEW
Figure 28,

30m

Muon Detector

Xt_*—y

MUF

3.50m

)

mMuB

FRONT VIEW

The Muon Detection Array

88T



SHADING DENOTES LONG BLOCKS
| 2 3 4 gs’f 6 7
)
8 9 10 T 12 3 (14 [15 |is
7 (18 [1I9 J20 |21 [22 (23 |24 |25
26 |27 [28- féﬁ 0 A3 432033 |34
/, s ’
35 |36 27/ yﬁs/éo gA’ 42 |43
/égé /42? ,544 /52 ,Aé
44 (45 |46 |47 ﬁy% 50 |51 |52
)
53 [54 |55 |56 [57 [58 [59 [60 |[e1 .
62 |63 |64 |e5 |66 |67 |[e8
—

P‘————————— I.7Im
. EMI 98i5 PHOTOTUBE

SHORT
BLOCKS

LONG
BLOCKS

FLASHER
COUPLER

Figure 23.

|~—Base

» MU - METAL SHIELDS

=1

Lead Glass Array

183

1.54m




184

L i 1 ] T . 1)
- - Emp=3971 13 MeV (Long Block) 7
[
= " Enz333 %13 MeV (Short Block) )
: N .
o
8 700 : -
= Long Block
rey L 9 \
< 7
~ 500 -
5
‘g Short Block '1
3 300 -
3 I~ -
a
[0.0] 2 -
L L 1 l 1 l
o 5 10 15 20 25 30
E (GeV/c)
L i ] l
8E _15%
E
19% |~ vE X ' -
]
x
JE I7T%F _ p -
5% ¢ T - 4
|30/° L - R -
L
] L | L
5 10 20 30
E (GeV)

Figure 24. Lead Glass Energy Re'sp0nse and Resolution



150 I | ] | | - T |

AY Back Muon Counters

100 -

__——30cm FWHM

50 I

l l l |

-60  -40 -20 0 20 40 60 cm

Figure 29. AY. of Back Muon Counters

68T



190

E-531 v AND . TRIGGER ELECTRONICS

30mv

n—aZ>

5/6

I:5split

T
0 —_
0 V=6, R-TOF L, TOF IL,,
1

V TOF I

R> o
2 -—[ i l—— TOF I
176 of § L:’P}]E: AR HGZGT_—V | '
signal P = —" I‘— ~10nsec
HX ‘

from 30mv
TOFI =
CTRs 12 N _
1 o -N Cu
" = }-=Gy TOF L\« TOFTL_,
T T )qsplit :
0 0 4/5todisc: ¢ |MLY
F P 1/549 ADC: : .
I s _J_EQT_:th
— >N ‘
B —— TOFI -
1b 100 mV

zTX]_g =N _lw I——Tor-'n
: : MLy : —-I l'-—~7-8nsec

N=1

>N

Hmo~
NEO 440
N
7]
or
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RON 476 REOORD 4443

OTr 000 N 20 NS 12

LAST DONE N 81/04,/30.
2 VERTICES

SIMEER TYPE X Y
1 1 -8.435 -6.661
2 2. 2.8 2.6

2
1.090
27.5

TABLE 23
CHARM CANDIDATE EVENT SUMMARY

TOTAL CALORIMETER ENERGY IS 18.66 GEV

SHEETS

.44 14.70 2.96 .58 IN CCLUMNS 1,2,3,4
TOTAL LEAD GIASS ENERGY IS 5.56 GEV
15 EMOLSICN TRACKS .
PRODOCTION EIT
TRACX DX/D2 DY/DZ DXAZ DY/SZ  I/10 1/PBEMR V
1 L3188 .109 318 .109
005 .005 .005 .005
2 -.055 =-.039 -.055 -.039
.002 002 .002 .002
3 216 .269 (216 .269
.005 .005 .005 .0C5
4 .15 -.090 115 -.090
.003 .003 .003 .003
5 -072 .23 -072 .123
.003 .003 .003 .003
6 022 220 .022 .220
.004  .004 .004 .004
7 014 .089 .014 .089
.002 .002 .002 002
8 428 1.295 .428 1.295
.05 .015 .015 .015
9 .585 .586 .585  .546
.010 .010 .010 .010
10 -301 .464 =301 .464
.007 .007 .007 .007
n -.527 .369 -.527 .369
.008 003 .008 .008
12 100 094 2
.018 .018 ‘
“12-1  1.513 -.092 1.513 -.092 1.30  5.555
017 017 .017 .017 .04  1.500
12-2 -.306 -.806 ~.396 -.806 1.05 3.850
.0 .06 .00 ,010 .93 1.000
12-3 .59 .224- 140 .235
- .004 .004 .004 .004
20 SPECTROMETER TRACKS
TRECX DXDZ DY/Z i/f QUP INCEISQ ID EPSG BEETA V XMISS YMISS P
1 .291 .47 4.349 112 & .262 000010 0.00 .152 1 -.127 .009 0
.057 036
2 -.045 -.033 .015-110 8 .353 000004 .42 -.034 1 ~.046 -.042 0
.005 044
3 20 .260 1010 112 8 .385000100 .41 .25%1-.%5 -.030 0
014 .03
4 222 -088 321 1 9 7 1.000 000136 -.085 1 0
.007 1.000
5 ~.051 .098 2.099 -112 6 1.152 000014 .12 0221 .028 -.050 0
028 .023
6 000136 1
7 034 .086 2.692 112 8 .162 000014 0.00 .0751 .138 -.062 0
.035 .028
8 000136 1
9 577 518 2.064 -110 O .529 000136 0.00 0.000 1 -.085 .0650
350 1.900
10 -297 .S21 2.241 110 0 2.145 000136 0.00 0.000 1 -.126 .046 0
350 1-000
bil 000136 1
12 040000 1
12-1 1 000010 2 0
12-2 -1 000010 2 0
12-3 .56 .257 .393 111 8 1.889 000100 .31 .032 2 -.116 -.104 1
.007 1.000
-1 -.067 -.045 ] -112 7 1.838 000100 .02 .5051 .290 .185 O
. 063
G1 .057 .030 .583 0 39 000001 1. 1 0.000 0.C00 0
015 015 .062 .18
G2 J180 -.093 1501 0 55 000001 .67 1 0.000 0.000 0
.015 015 257 Q1
G-3 .057 -.093 1.462 0 57 000001 .63 1 0.000 0.000 0
.015  .015 .249 12
G4 .180 -.155 .99 0 63 000001 1.10 1 0.000 0.000 0
015 .015 .121 15

0 LINES OF AIMTLLIARY TRACK INFORMATION

0 LINES OF COMVENTS



RN 493 RECORD 1235
KB 36N 385 4
LAST DONE ON 81,05,08.

3 VERTICES
NMBER TYPE
1 -6.913

1
2
3

1
2
3

G2

2 —425.0

X

1 -6.869
TOTAL CALORTMETER ENERGY IS 25.74 GEV
1.62 14.79 N QOLIMYS 1,2,3,4
TOTAL IEAD GLASS ENERGY IS 21.33 GEV

7 EMOLSTON TRACKS
PROOOCTION
TRACK  DX/DZ DY/MZ

6.25

.082

.069
-.068
-.054

<044

015

-.079
<015

.056
.004
.005
.007
-.060
+005
-.149
.005
.035
- +006
017
004
=340

.045
<015
-.017
.015

Y H
6.712 .684
-132.0 2203.0
6.608 1.392

EXTT
X/D2 DY/2
082  .056
.009  .004
-.325 .005
.014  .007
-.250 .044
013  .006
~116 -.015
.010 .004
.D46 -.340
.015  .007
1/p

«254
.006
1.398
.350
913
013
.187
.006
2.422
.032
2.153
.028
.107
.005
387
.034

1/10 1/PBETA V

0.96
.06
1.01 0,555
.05 0.095
0.96
0.06
1.01
.07

3

QUP INCHISQ ID EPSG BETA V XMISS YISS P

-11
-11
1

11
=112
-1 8
112
-1 10
112
112
0

0

8 .420° 000004
8 .553 000100
2.000 070000
000136

7 .204 000136
6 .186 000130
0 .126 000136
8 .284 000002
8 .S41 000002
6 .229 000010
6 1.974 000010

21 000001
32 000001

0 LINES OF AIXILLIARY TRACK INFORMATION
1 LIS OF COMYENTS
TRACK 3-1 DNTERACKS IN EMULSION PRODUCING A NA=19, ¥MS5=0 SHOWER

6.35 ~.006 1 -.000 .000 0 -

.013
0.00 .047 1 -.081 .022.0
.016
1

2 0

0.00 0.000 2 -.121 -.024 1
1.000 :
3.05 0.000 2 -.060 ~.011 1
1.000
0.00 0.000 1 .076 -.045 0
1.000
1.50 -.016 1 -.071 -.031 0
.015
6.46 ~.014 1 -.010 .009 0
1.000
0.00 .072 1 -.041 -.090 O
.024
0.00 .063 1 -.413 .303 0
.022
9.38 1 0.000 0.000 0
.43
2.59 1 0.000 0.000 O
.23

223
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RN 498 RECORD 4985
Oy 000 NH O NS 6
LAST DONE (N 81,05/08.

3 VERTICES
NUMBER TYPE X Y 4
1 1 16.351 4.247 1.455
2 2 =2.5 23.8 180.0
3 1 16.351 4.247 5.455

TOTAL CALORIMETER ENERGY IS 9.57 GEV
50 6.95 1.17 .96 IN COLIMNS 1,2,3,4
TOTAL LEAD GLASS ENERGY IS 2.38 GV
11 EMULSION TRACKS
PRODUCTION EXIT .
X/Z DY/DZ DX/DZ DY/D2 1/I0 1/PBETA V

TRACK
1 .180 360 .180 .360 0.93
016 .007 .016 .007 .04
2 -.014 .132 2
.018 .009

2-1 -105 .158 =105 .158
011 .005 .01 .00S

2-2 011 (119 .08 111 1.02
010 .004 .00 .004 .04
=3 -.188 -.357 -,200 -.325 0.86
016 .007 .016 .007 .04
3 .061 .043 .06l .043
.009 .004 .003 .004
4 044 -.062 .044 -.062 1.00
.009 .004 .009 .004 .04
5 =315 -128 -315 -.128
015  .007 .015 .007
6 090 -.352 .090 ~-.352
.01S  .007 .015  .007
oL 013 182 _ . 3
.003  .003
-1 .002 .178 .002 .178
011 .005 .01l .005
12 186 241 186 .241

014 .006 .04 .006
TRACK DX/M2z DY/DZ L1/ QUPINCHISQ 1ID EPBG BETA V XMISS YMISS P

1 180 .360 3.143 111 0 1.139 000136 0.00 0.000 1 -.007 -.060 0
.350 1.000
2 -.042 .127 0.119 1 2.900 040000 1 0
004 .003 .001
2-1 - A5 .315 111 8 .308 000010 .25 -.013 2 .013 .0021
. .006 011
2-2 .018 111 .599 -1 12 7 .409 000010 .29 .004 2 -.008 -.009 1
.009 .017
2-3 -.188 -.345 1.695 112 0 1.568 000136 0.00 0.000 2 .008 -.069 1
.350 1.000
3 000136 1
4 .044 -.062 .066 -1 11 8 .766 000004 .38 .030 1 -.005 -.008 O
.005 .018
5 -316 -.127 .570 -1 11 8 1.012 000010 .57 .007 1 -.031 .026 0
009 012
6 . 000136 1
oL 000200 1 0
-1 000136 1
-2 000136 1
o-1 = 114 1.272 -1 10 6 2.379 000134 0.00 0.000 1 .095 -.021 0
) : ’ 017 1.000
o-2 039 .072 1.344 112 8 .126 000014 .26 .027 1 .045 -.024 0
.018 .016
o3 -.324 -,118 3.816 -1 12 6 .637 000134 0.00 0.000 1 .059 ~-.078 0
-050 1.000
G-1 -.021 .189 3.226 0 2 000001 .31 1 0.000 0.000 0
015 .015 .8U1 .08 .

0 LINES OF AUXILLIARY TRACK INFORMATION
0 LINES OF COMMENTS
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RN 499 RECORD 4713
NGX 615 NH 6 NS 6
LAST DONE OV 81/08,07.

3 VERTICES
NUMBER TYPE X Y 2
1 1 8.943 -8.899 1.587
2 2 -59.0 31.0 360.0
3 1 9.268 -7.413 5.609

TOLAL CALORIMETER ENERGY IS 16.34 GEV

1.78  3.83 4.38 6.34 IN OOLIMNS 1,2,3,4
TOTAL LEAD GLASS ENERGY IS 94 GRV
6 EMILSION TRACKS .
PRODUCTION EXIT :
TRACK DX/DZ DY/DZ DX/D2 DY/MZ I/10 1/PBETA V
1 .001 -.015 .00l -.015
.002 .002 .002 .002
2 -.165 .086 - 2
016 .009
2-1 =331 =115 -.331 -.115
005 .005 .005 .005
3 027 314 .027 .34
.005 .005 .005 .00S
4 -.523 .646 ~.523 .646
.010 .010 .010 .0l
5 901 722 %01 .
013 .013 .013 .013
9 SPECTROMETER TRACKS
TRACK DXMZ2 DYMZ 1/ QU DNCHISQ ID EPBG BETA V XMISS YMISS F
1 .001 -.015 .003 -112 8 ,.798 000004 .51 -.021 1 -.002 .005 O
.005 .018
2 -.164 .088 .237 1 2.350 040000 1 0
.003 .003 .003
2-1 -332 ~-.116 .385 110 7 .789 000036 0.00 -.006 2 -.009 .002 1
.007 017
3 .015 .333 1.861 112 8 .403 000010 0.00 .002 1 .01l -.009 O
.025 .
‘4 000136 1
000136 1
oL 091  .404 .559 0 000200 2 1
.006 .006 .009
1 ©.592 1.051 3.794 -1 10 O .768 000136 0.00 0.000 1-2.020-2.769 C
350 1.000
-2 .052 ,352 .604 112 7 .405 000100 0.00 .1121 .100 .081 0
. .009 .010

0 LINES OF AUXILLIARY TRACK INFORMATION
1 LINES OF QOMMENTS

LAMBDA-C FIT IS WITH A 0-C FIT TO SIQA-0 GUES 1O LAMBDA-0, GAMMA
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RN 502 RECORD 354
NGY 194 NH O NS 3
LAST DONE (N 810508,
3 VERTICES
NUMBER TYPE X Y
1 1 15.000 -4.862 1.384
2 2 4.1 1.1 66.0
3 1 15,027 -4.854 1.803
TOTAL CALORIMETER ENERGY IS 27.30 GEV
13.99 10.78 .81 L.71 IN QOLOMNS 1,2,3,4
TOTAL IEAD GLASS ENERGY IS 7.30 GEV
10 EMULSI(N TRACKS
PRODUCTION EXIT .
oX/DZ2 DY/DZ DX/DZ DY/DZ  1/10 1/PBETA

TRACK
1 -.063 -.001 -.063 ~.001
.002 .002 .002 .002
2 062  .016°
003  .002 ;
2-1 063 .020 1.00 0.885
002 .002 .10 .350

n-1-1 480 -.362 .480 =~.362 0.91 6.667
008 ,008 .008 .008 05 3.000
-2 =176 =575 -.176 -,575 1.28 2.857
008 ,008 .008 .008 .06 2.424
2-2 =239 ~.112 -.239 -.112 0.50 1.300
004 004 .004 .004 .05 .255
3 190 013 190 .013 0.82 1.316
.003 .003 .003 .003 .05 .366
2-1 -414 119 -~-.414 .119
006 .006 .006 .006
20-2 -.433 .166 -.433 .l66
.006 .006 .006 .006

TRACK XDz DY/DZ L1/ QUPINCGISQ ID
1 ~.063 -.007 .016 110 7 ,597 000004

.005

2 062 .020 - C 2 100000
.005

2-1 064 020 1 000020

”-1-1 000010

2-1-2 =173 -.5%4 .560 11 0 .722 000020
350

2-2 ~.242 -.096 .030 -1 11 7 1.787 000030
.005

3 194 .007 071 1 8 8 1.468 000132
.005

2-l -413 .12 .034 110 7 .663 000002
.005

n-2 -.413 .112 .034 110 7 .663 000002
.005

o1 = = 001 110 81,285 000130
.005

0-2 -.072 .054 .551 -1 12 0O 1.365 000136
.350

G-l -.072 .078 .356 0 29 000001
015 .01s .11l

G-2 14 .016 1.019 © 35 000001
015 015 .144

G-3 .052 .0l6 2.101 0O 36 900001
015 015  .426

G4 -.010 .06 1.533 0 37 000001
015 .015 .266

G-5 052 ~.046 2.822 0 45 000001
015 015 .664

G-6 -.010 -.046 .610 O 46 000001

015 015 .067
0 LINES OP AUXILLIARY TRACK INFORMATION
1 LINES OF QCMHENTS
MAGNET OFF EVENT

EPEG BETA V XMISS YMISS P

.48 -.062 1 -.018 -.009 0
.02l .

0

1

1
021
2

3

0.00 0.000 3 -.017 .259 0
1.000
.53 -.040 2 -.063 -.005 1
1.000
0.00 -.016 1 -.157 .047 0
.020
.27 .009 1 .034 -.006 0
.013
.27 .0091 .034 -.006 0
.013
.62 -.041 1 -.035 -.019 0
1.000
0.00 0.000 1 .062 ~.053 0
1.000
1.17 1 0.000 0.000 0
A5
.98 1 0.000 0.000 O
14
.43 1 0.000 0.000 O
10
.65 1 0.000 0.000 O
A1
.35 1 0.000 0.000 0
.08
1.64 1 0.000 0.000 0

.18




RON 512 RECORD 5761
NGY 75N ONS 4
LAST DONE CN  81,/05/08.
-2 VERTICES
WUMBER TYPE X Y 2
1 1 -14.953 -l.l68 .400
2 2 12.0 13.0 457.0
TOTAL CALORIMETER ENERGY IS 5.28 GEV -
0.00 0.00 4.52 .76 IN CoLUMsS 1,2,3,4
TOTAL LEAD GLASS ENERGY IS 7.49 GEV

PROOUCTION EXIT
TRACK ©DX/DZ DY/D2 IX/MDZ DOY/DZ T1I/10 1/PBETA V
1 .001 -.012 .001 -.012
.002 .002 .002 .002
2 .026 -.028 2
.004 .004
2-1 053 .085 .083 .06l
.003 .003 .003 .003
2-2 .071 -.133 .088 -.136
.003 .003 .003 .003
2-3 071 -.206 .042 -.193
004 .004 .004 .004
3 -108 .194 -~.094 .185
.004 .004 .004 .004
4 441 1.482 441 1.482

016 .016 .0l6 .0l6

TRACK DXz DY/MDZ L QUP DNCHISQ ID EPBG BETA V XMISS YMISS
1 .001 -.012 0.000 110 § 2.722 000004 .44 ~.030 1 ~.037 017
.005 .049
2 .031 -.030 .097 1 6.260 030000 1
002 .002 .00l
2-1 . .085 .063 .380 -1 12 8 .157 000030 .41 .006 2 -.003 -.024
: _ .007 213
2-2 .089° -1a1. .299 111 8 .960 000030 .52 ~-.004 2 ~.040 .043
L .006 012
2-3  ,038 -.198 .52L 112 71.211 000010 .2. .009 2 .018 .074
. .009 .014
3 -.089 .93 750 -1 12 8 ,881 000014 .26 .01l 1 -.027 -.058
.011 .015
4 , 000136 1
U-1  -.047 .038 3.485 112 7 .266 000136 0.00 0,000 1 -.111 .063
.046 1.000
Gl ~137 .17 1.193 0 16 000001 .84 1 0.000 0.000
.015 .15 .182 .13
G2 -.014 .109 1031 0 23 000001 .97 1 0.000 0.000
015 015 .147 .14 :
G-3 048 047 .88 0 3 000001 2.58 1 0.000 0,000
015 .015 .034 22
G4  -.014 .047 1721 0 32 000001 .58 1 0.000 0.000
015 .015  .316 A1

0 LINES OF AUXTLLIARY TRACK INFORMATION
0 LINES OF COMMENTS

© + ~ ~» O omn

0
0
0
0

0
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MN 522 RECORD 2107

OSK 130 NH 14 NS 4

LAST DONE N 810508,

2 VERTICES

NUMBER TYPE X Y 4
1 1 6.530 12.690 1.395
2 2 41.0 1660.0 13600.0

TOTAL CALORIMETER ENERGY IS 27.32 GEV

1.13 19.56 4.91 1.72 IN COLIMNS 1,2,3,4

TOTAL LEAD GLASS ENERGY IS 21.32 GEV

7 EMILSION TRACKS

PRODUCTION EXTT
TRACK DX/D2 OY/MZ IXMDZ DY/D2 I/10 1/FBETA V
1 061 .132 .06l .132
’ 010 .005 .010 005
2 .003  .122 2
.006 .003

2-1 -.002 .136 -.002 .136
.010 .005 .010 .005

2-2 =012 -.072 -.012 .072
.009 .004 .009 .004

2-3 -.065 ,057 -.065 .057
.009 .004 .009 .004

3 .087 .072 .087 .072
.010 .004 .010 .004

4 -.021 -.067 ~-.021 -.067

.009 .004 .009 .004
25 SPECTROMETER TRACKS
TRACK IX/MDZ DY/DZ 1/ QUP INCHISQ ID

1 .059 .136 .65 110 8 1.047 000134 .54 .116 1 .042 -.075
.010 1.000
2 003 122 1 070000 1
2-1  -.002 .35 .06 110 7 1.453 000130 .40 .013 2 .00 .006
.005 1.000
2-2 .024 061 1.015 112 7 .646 000014 .37 .012 2 -.152 .019
014 .022
2-3  -.044 .060 .223 -1 11 6 2.477 000120 .99 ,033 2 .00L .039
.006 .025
3 087 072 .21 -111 7 .638 00010C .75 .03l 1 .039 -.026
4 -.020 -.067 .014 -1 11 8 1.531 000130 11.82 0.000 1 -.018 -.092
.005 1.000 .
o-2 141  .038 2.220 1 12 6 2.375 C00134 .03 0.000 1 -.083 .081
.029 1.000
-3 18 .101 1.592 1 12 6 2.074 000134 .03 .233 1 .133 -.112
.021 1.000
U4 -.054 -.082 3.552 -1 10 0 1.044 000136 0.00 0.000 1 .085 -.079
.350 1.000
oS .028 -.047 1.024 112 8§ .903 000136 1.16 .036 1 -.206 -.069
.01 .014
06 .092 -,007 1.385 112 6 1.616 000134 .02 .038 1 -.046 -.051
.019 . 1.000
o7  -103 .081 ,805 -1 12 7 2.339 000016 1.39 -.022 1 .317 .102
.012 .021
08  -.174 -.044 1.913 -1 12 6 .51 000136 .67 0.000 1 .093 .010
025 1.000
-9 .060 =071 .242 -1 9 7 2.783 000100 4.23 .038 1 .256 -.235
.006 .o13
61 .21 120 3.087 0 1 000001 .32 1 0.000 0.000
.015 .015 .759 .08
G2 121 .058 1.327 o 9 000001 .75 1 0.000 0.000
.015  .015 .214 12
G3 -.003 .058 1.679 0 11 000001 .60 1 0.000 0.000
.015 .015 .305 1
G4  -.003 -.004 2.068 0 20 000001 .48 1 0.000 0.000
015 .015  .416 .10
65 121 -,066 .316 0 27 000001 3.16 1 0.000 0.000
.01 .015 025 .25
G6  -.003 -.066 .088 0 29 000001 11.35 1 0.000 0.000
015 .01  .004 47
G-7  -.065 -.066 3.182 0 30 000001 .31 1 0.000 0.000
015 .01 .15 .08
G8  -.127 -.066 2.629 0 3l 000001 .38 1 0.000 0.000
.01s 015 597 .09
G9  -.065 -.314 3.170 0 65 000001 .32 1 0,000 0.000
015 .015 .790 .08
0 LINES OF AIXTLLIARY TRACK INFORMATION
0 LINES OF QCMMENTS

EPBG BETA V XMISS YMISS P

0

- - ~ O

0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0



RN
KCB

527 RECORD

3682
I TN S

LAST DONE ON  81,05,08.
2 VERTICES
NOMBER TYPE, X

1
2

TOTAL LEAD GIASS ENERGY IS 10.76 GEV

.58

1 -4.763
2 8.0

3.52 1.4

6 EMULSION TRACKS

Y
8.235
=33.7

2

2
.033

670.0
TOTAL CALCRIMETER ENEFGY IS 22.09 GEV
6,45 IN QOLIMNS 1,2,3,4

PRODUCTION EXTT
TRACK DN/DZ DY/DZ DX/DZ DY/MDZ I/I0 1/PBETA V
1 -.022 ,027 =-.022 .027 1.00
.008 .004 .008 .004 .06
2 .012 -.050 0.94 2
.008  .004 .07
2-1 -.041 -.114 -.036 -.115 1.10
010 .005 .010 .005 .06
2-2 .345 -.076 .362 -.080 0.98
Q15 ,007 .01S .007 .05
2-3 -.240 -.058 -.240 -.056 1.30
013 .006 .013 .006 22
3 .018 =128 .018 ~-.128
010 005 010 .005
13 SPECTROMETER TRACKS
TRACK DX/ XAOZ 1/ QU INCHISy ID EPBG BETA V XMiSS YMISS F
1 -012 .030 .034 110 B .667 000004 1.55 .0011 .002 -.006 0
.005 .013
2 020 -.053 .082 -1 2.270 020000 1 0
.005 .003 .002
2-1 -.048 -,109 .187 -1 12 8 .143 000130 2.33 -.007 2 .001 .002 1
: #2006 014
2-2 317 =-.063 .663 -1 12 7 .559 000016 0.00 .018 2 ~.018 -,014 1
010 .0l6
2-3 -.248 -.060 .ggg 118 .260 000016 0.00 .020 2 ~.021 .019 1
. .017
3 .02 =127 ,195 1 11 8 1.0338 000030 3.75 -.014 1 -.022 .003 O
.006 .014 :
U1 =596 =.399 1.399 -1 10 0 .735 000135 0.00 0.000 1 ~.172 -.019 0
.350 1.000
G-1 .089 .033 .401 O 20 000001 2.49 1 0.000 0.000 O
.015 .015 .036 .22
G-2 .027 .033 .843 0O 2 000001 1.19 1 0.000 0.000 O
015 .015 .108 BL
G-3 .027 -.029 1.458 0. 30 000001 .69 1 0.000 0.000 0
015 015 .246 12
G4 -.035 -.092 .536 0 40 000001 1.87 1 0.000 0.000 O
.015 .015 .055 .19
G5 -.035 -.154 .943 0 49 000001 1.06 1 0.000 0.000 ©
015 .015 .128 .14
G-6 JA52 -.216 482 O 55 000001 2.08 1 G.000 0.000 O
015 015 .047 .20

0 LINES OF AUXTILIARY TRACK INFORMATION
0 LINES QF COMMENTS

229
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RN 529 RECORD n
NGY 423N ONS S
LAST DONE (N  81/08/07.
2 VERTICES
NUMBER TYPE

1
2

1
2

X Y
012 -4.798
~71.0

4
.346

-147.0 2542.0

TOTAL CALORIMETER ENERGY IS 33.05 GEV

1.03 18.46 17.18

1.38 IN COLIMNS 1,2,3,4

TOTAL LEAD GLASS ENERGY IS 11.64 GEV
8 EMILSTON TRACKS

PRODUCTION EXIT
TRACK DX/D2 DY/DZ IX/DZ DY/MZ 1I/10 1/PBETA V
1 .032 .045 .032 .045
002 .002 .002 .002 )
2 -.028 -.058 2
.002 .002
-1 -.087 -.005 -.087 -.005
.002 .002 .002 .002
3 165 ~.129 165 -.129
.004 .004 .004 .004
4 -.254 437 -.254¢ .437
) .007 .007 .007 .007
1) ¢ -.028 -.060
002 .002
-1 -.010 -.058 -.010 =-.0S8
.002 .002 .002 .002
0-2 043 -.068 .043 -.068
.002 .002 .002 .002
12 SPECTROMETER TRACKS
TRACK DX/D7 DY/DZ 1/P QUPINCHISQ ID EPEG
1 031 045 .018 -1 8 8 .307 000004 .44
005
2 1 070000
2-1 -.088 .002 .160 1 9 7 1.286 000130 .36
.005
3 165 -,129 .489 -1 12 8 .341 000010 .00
.008
4 -.254 .437 2.633 -1 10 0 2.435 000136 0.00
.350
0x 0 000001
-1 -.020 =-.044 3.440 -1 8 O 5.644 000136 0.00
.350
0-2 .028 =070 2.759 -1 12 6 .702 000016 0.00
.036
o-1 =139 -.043 1.127 -1 12 8 .413 000016 8.79
.015
G-l -.012 -.047 .120 0 48 000001 8.32
015 .015 .006 .40
G-2 -.135 -.047 2.364 0 50 000001 .42
015 015" .509 09
G-3 -.012 -.108 1.086 0 57 00000% .92
015 .015 .158 13

Q0 LINES OF AUXILLIARY TRACK INFORMATION
0 LINES OP COMMENTS

BETA V XMISS YMISS P

.003
.013

.011
-010
-.003
015
0.000
1.000

0.000
1.000
.030

1-.009 -.010 0
1 0
2 .017 -.043 1
1 .0l .0120
1 .268 -.083 0
1 0
3 .18 -.0330
3 -.080 .0360
1 .328 -.092 0
1 0.000 0.000 O
1 0.000 0.000 0

1 0.000 0.000 0



RUN 533 RECORD

2 VERTICES

7152
NGY 644 NH S NS 6
LAST DONE (N 810807,

NUMBER TYPE X

1 1 S.
100.0

2 2

285

Y Z
=-1.179 <645
52.0 5245.0

TOTAL CALORIMETER ENERGY IS 51.60 GEV
1.39 N coLess 1,2,3,4
TOTAL LEAD GIASS ENERGY IS 10.18 GEV

5 EMULSION TRACKS

.41 38.78

1.02

PRODUCTION EXIT
TRACK IX/DZ DY/D2 OX/MDZ DY/NZ I1/10 1/PBETA V
1 .019 .010 2
<002  .002
1-1 -.023 -.084 -.023 -.084
002  .002 .002 .002
2 -.043 .049 -~.043 .049
.002 .002 .002 .002
3 -.033 .06 -.033 .016
- .002 ,002 .002 .002
4 0.000 -.060 0.000 -.060
002 .002 .002 .002
15 SPECTROMETER TRACKS
TRACR XDz DY/DZ 1/ QU INCHISQ ID  EPBG -BETA V XMISS YMISS
1 1 070000 1
1-1 -,019 -.082 .207 1 7 8 2.068 000130 .59 .002 2 -.148 .043
.006 1.000
2 -.040 .053 .12 -1 10 8 .879 000004 5.36 -.632 1 -.006 -.008
.005 1.000
3 -.031 .015 .207 -1 10 8 .511 Q00132 5.29 -.597 1 .002 .001
006 1.000
4 .000 -.058 .087 1 9 8 .861 000130 1.79 -.512 1 -.002 -.025
.005 1.000
U1 .007 -.052 3.578 11i2 7 ,526 000136 0.00 0.000 1 -.218 .007
.047 1.000
0-2 -.009 .016 3.706 112 6 .591 000136 0.00 0.000 1 -,130 .1l10
.048 1.000
=3 -.022 .051 3.674 112 6 .601 000136 0.00 0.000 1 -.106 .018
.048 1.000
O-4 .045 0.000 .814 1 11 6 1.359 000000 1.36 -~.662 1 -,005 .,043
.012 .039
G-1 .007 .034 .296 0 38 000001 3.38 1 0.000 0.000
015 .015 .023 .26
G2 -.055 .034 1.722 0 39 000001 .58 1 0.000 0.000
015 .015 .31l6 ‘ A1l ’
G-3 130 =027 .922 0 45 $00001 1.08 1 0.000 0.000
015 .015 .124 15
G4 007 -.027 1.710 0 47 000001 .58 1 0.000 0.000
015 .015 .313 A1
G5 .069 =-.089 2.163 0 S5 000001 .46 1 0.000 0.000
015 .015 .445 .10
G-6 .007 -.089 2.362 0 56 000001 .42 1 0.000 0.000
015 .015 .s508 .09
* 0 LINES G&* AUXILLIARY TRACK INFORMATION
0 LINES OF COMMENTS

© O o o o 0o 0 o © o o o O + owmg
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RN 546 RECORD 1339

SNH 7

NS S

LAST DONE ON  8107/14.
2 VERTICES ’

NMMBER
1
2

TYPE

X Y

1 -/.722 2.706
2 -62.0 -110.0
TOTAL CALORIMETER ENERGY IS 11.57 GEv

z
.588
2145.0

0.00 0.00 4.65 6.92 IN COLIMNS 1,2,3,4
T0TAL LEAD GLASS ENERGY IS 5.09 GEV
11 EMILSION TRACKS
PRODUCTION EXIT
TRACK DX/D¢ DY/DZ [X/Dz DY/DZ I/10 1/PBETA V
1 95 =341 .195 -.341
. .0l6 .007 .06 .007
2 -.085 -.335 =-.085 -.335
W01  .007 .015  .007
3 2,489 -.320 2.489 -.320
.080 .040 .080 040
4 2.545 -.311 2,545 =-,311
080 .040 .080 .040
5 -.014 ~-.052 2
.008 .004
51 ~-024 -.159 =024 -.159 0.99
.01t ".005 .01l ,005 0.04
52" .6l6 -.038 .0l6é -.038 1.08
.008 .004 .008 .004 0.04
-3 094 =032 .094 -.032 1.03
009 .004 .009. .004 .04
6 -165 079 -.165 .0279
011 .005 .01l .005
7 - 215 =221 L2185
.0l4 006 .014 006
8 1,398 .891 1.398 .891
.044 020 .044 .020
16 SPECTRMETER TRACKS .
TRACK DX/DZ DE/Z 1/ QUPINCHISQ ID EPSG BETA V XMISS YMISS
1 «233 ~-.400 .224 110 O .407 000136 0.00 0.000 I -.105 .096
.50 1.000
2 000136 1
3 000136 1
4 000136 1
5 700000 1
s-1 -023 -.160 .258 -1 11 8 .534 000130 .86 .013 2 -.023 .019
,006 1.000
5-2 017 -.038 .213 111 7 .578 000004 2.83 .009 2 -.008 -.003
.006 011
5-3 .094 -.032 .308 110 8 .810 000130 .57 -.021 2 -.024 -.001
006 .014
6 000136 1
7 =172 216 .148 -1 11 8 .398 000004 0.00 .020 1 -.026 -.007
005 .016
8 000126 1
o1 -120 .080 .618 111 7 .622 000010 .30 -.009 1 -.034 .089
.009 .016
v-2 .536 .820 .036 111 0 1.649 000136 0.00 0.000 L -.210 -,
.350 . 1.000
v-3 009 ~-.295 .624 -1 100 .187 000136 0.00 0.000 1 ~.078 ~.068
2350 - 1.000
G-l -.003 ~.046 .423 0 40 000001 2.37 1 0.000 0.000
015 .015 .038 .22
G2 -.003 -.16% 2.123 0 S8 000001 .47 1 0.000 0.000
.015  .015 .433 .10 o

0 LINFS OF AUXILLIARY TRACK INFORMATION
0 LINES OF OIMMENTS

oy

o o o o



NN 547 RECORD

3192

ocU 000 N 1 NS 11
IAST DONE QN 8107/14.

3 VERTICES
NUMEER TYPE X

1 1 6.600

2 2 -4.2

3 2

Y
6.480
-20.3

Z
.895
185.0

=273.0 1194.0 17100.0

TOTAL CALORIMETER ENEFGY IS 16.00 QN

57 6.40  7.34  1.69 TN COLIMNS 1,2,3,4
TOTAL LEAD GIASS FNERGY IS - 5.48 GEV
15 EMILSION TRACKS
PRODUCTION EXIT
TRACK DX/DZ DOY/DZ DX/OZ DY/ADZ I/10 1/PBETA V
1l -.040 .277 -.040 .277
013 .006 .013 .006
2 -.081 ,225 -.081 .225
013 .006 .013 .006
3 -.002 .092 =-.002 .092
009 .004 .009 .004
4 2241 047 .241 .047
013 .,006 .013 .006
L3 -.005 ~.050 -.005 -.050
.008 .004 .008 .004
6 046 -.052 .046 -.0352
.009 .004 .009 .004
7 -124 ~-.068 -.124 -.068
.010 .005 .00 .005
8 -.096 -, =-.096 =115
.01 .00 .01 .00S
9 =023 -.110 2
Ol .005
9-1 084 478 .084 478 0.97 2.632
018 .008 .018 .008 0.04 .667
9-2 -.007 .066 1.0l 0.385 3
010 .005 0.04 0.144
19-2-1 .200. =1.800 .200 -1.800
047 021 .047 .021
9-3 -021 -.218 -.021 -.218 0.95 0.263 .
012 005 .012 .005 0.04 0.094
10 234 -, 234 =199
.014 .006 .04 .006
1 443 =205 443 -.205
.018 .008 .018 .008
18 SPECTROMETER TRACKS
CTRACK DN/MZ DY/MDZ L1/ QUPINCHISQ ID EPBRG BETA V XMISS YMISS P
1 000136 1
2 000136 1
3 -.002 .092 .063 -1 10 8 1.086 000004 .36 .032 1 -.024 -.020 0
.005 . .019
1 .240 .048 1.640 112 8 .324 000014 .21 .014 1 -.062 ~.039 0
.022 .017
5 007 =071 .210 -1 9 7 2.677 000030 1l.72 -.016 1 -.035 .112 0
.006 .020
6 000136 1
7 000136 1
8 -.096 =-.116 .573 -1 11 7 .497 000136 .66 -.181 1 -.019 ~.025 0
.009 .021
9 070000 1
9-1 .088 .479 .088 -1 11 0 1.548 000136 0.00 0.000 2 .053 -.023 0
.350 1.000
9=-2 000136 2
I9-2-1 000136 3
9=3 000136 2
10 234 -.200 1.046 112 8 .852 000014 .07 -.004 1 .02 .069 0
014 .020
hhl .443 -,205 3.570 112 8 .852 000100 .00 .634 1 .026 .06% O
.050 .028
G-1 -.065 .,109 .776 O 12 000001 1.29 1 0.000 0.000 0
015 .015 .096 16 .
G-2 .088 -.077 .814 © 37 000001 1.23 1 0.000 0.000 O
.015 .015 .103 .16
G-3 -.004 -.200 1.544 O 56 000001 .65 1 0.000 0.000 0
015 015 .269 A1
0 LINES OF AUXILLIARY TRACK INFORMATION
2 LINES OP QCOMMINTS
TRACK 9-1 HITS POLE
TRACK 9=2 INTERACTS TO PRODUCE A NA=6 NS=l SHOWER..

233
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RN 549 RECORD 4068
NGY IS1NH 4 NS 8
LAST DONE ON  81/06/26.

2 VERTICES
NMBER TYPE X Y 2

1 1 918 -10.361 1l.711

2 2 -5.0 0.5 2.0
TOTAL CALORIMETER ENERGY IS 15.47 GEV

46 2,59 3.72 8.70 IN COLUMNS 1,2,3,4

TOTAL IEAD GLASS ENERGY IS .18 GEV

PRODUCTION EXIT
TRACX DX/7 DY/0Z DX/0Z DY/DZ 1/I0 1/PBETA V
1 .067 .067 .067 .067
.002 .002 .002 .002
2 - .025 2
2025  .025
2-1 097 =129 .094 -.119 1.10 1.176
.003 .003 .003 .003 .06 .337
2-2 -.339 .451 -.354 364 1.3 1.587
.007 .007 .007 .007 .07 .560
2-3 3.756-10.321 -21.097
100 .300 312
3 -126 -.034 -.126 -.034 ’
003 .003 .003 .003
4 -358 .004 -.324 -.006
005 .005 .005 .005-
5 -.059 -.595 -.055 ~.544
007 .007 .007 .00O7
8 SPECTROMETER TRACKS
TRACK DX/DZ DYz 1/ QUPINCHISQ ID EPBG BETA V XMISS YMISS F
1 .066 .068 .089 -1 12 7 1.147 000004 .51 .0021 .015 -.015 O
005 .011
2 -.236 .025 1 070000 1 g
2-1 . 000136 2
2-2 -.320 .468 .837 112 0 1.770 900100 0.00 0.000 2 -.040 -.002 1
: .350 1.000
2-3 -3.756 10.321—21.09]; 1 000010 2 1
.3 :
3 -132 -.034 .269 112 3 .256 000120 .26 .026 1 -,014 -.010 O
.006 013
4 000136 1
5 -112 -.494 1.981 11 0 .842 000136 0.00 0.000 1 .025 -.147 0
.350 1.000

TRACX 2-3 GOES BACKWARD IN THE LAB FRAME
TRACK 2-2 IS IDENTIFIED AS PROTON BY I/I0
TRACK 2-3 IS IDENTIFIED AS PI+ FROM PI-MF-E CHAIN



RN 563 RECORD 5269
KB 002N 4NS 6
LAST DONE N 810807,
2 VERTICES
NUMBER TYPE X Y 2
1 1 -3.292 3,493 1.280
2 2 =727.0 -1247.0 6600.0
TOTAL CALORIMETER ENERGY IS 66.03 GEV
. <57 4.52 53.25 7.69 IN COLIMNS 1,2,3,4
TOTAL LEAD GLASS ENERGY IS 3.77 GEV
7 EMULSTON TRACKS

PRODUCTION EXTT
TRACK DX/DZ DY/DZ OX/DZ DY/DZ I/10 1/PBETA V
1 -.004 -.255 <-.,004 =-.255
013 .006 .013 .006
2 -110 -.189

013 .006 .013 .006
2-1 -.429 -.037 =-.399 -.035
.016 .007 .0l16 .007
-021 -,100 -.021 -.100
.010 .004 .010 .004
-.105 =-.080 -,105 -.080
.010 .005 .010 .00S
047 025 .047 .025
,008 ,004 .008 .004
=122 .035 -.122 .035
010 .00 .010 .005
3 SPECTROMETER TRACKS
TRACK DX/DZ DY/DZ 1/° QU DNCHISQ ID
1 ~,010 =-.262 .711 -1 12 7 .673 000014

[ T U I .

-on

2 1 - - 070000

21 =404 -.040 1,106 112 0 1.9% 000136
3 004 -.098 (042 -1 11 7 3.011 000004

4 099 -08 74 112 8 .28 cooold

s 005 .02 07 111 6 3.09 000130

6 -0 .35 407110 8 .735 000030

B -1l -.062 1430 -1 12 7 1.324 000136
61 05 .07 903 0 2 000001

015 015 .120
0 LINES OF AIXTLLIARY TRACK INFORMATION
0 LINES GF COMMENTS

EPFBG BETA V XMISS YMISS F

17 L0031 .028 .l16 O
.021

1 0

0.00 0.600 2 .098 -.085 1
1.000

.44 .0221 .002 .0120
.021

.30 -.0051 ~.017 .0S3 0
.019

.85 -,020 1 -.032 .017 0

.43 0171 .021 ,0300

.85 0.0001 .114 .001 0

.11 1 0.000 0.000 0
15

235
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RN 567 RECORD 2596
KB 027N 6NS 6
LAST DONE ON  81,08/07.

2 VERTICES
NUMBER TYPE X 2 2
1 1 -9.074 6.423 2.086
2 2 16.8 -1.8 175.0

TOTAL CALORIMETER ENERGY IS

1.88 0.00 4.98

8.38

GEV

1.72 IN QOLIMNS 1,2,3,4

TOTAL LEAD GIASS ENERGY IS  2.45 GEV
7 BMOLSION TRACKS .
PRODUCTION EXTT
TRACK DX/DZ DY/DZ IX/DZ DY/0Z I/10 1/PBETA V
1 .019 .088 .019 .088
.009 .004 .009 .004
2 -239 .028 -.239 .028
.013 .006 .013 .006
3 .096 -.010 2
.010 .005
31 466 .023 .466 .023
.018 .008 .018 .008
4 024 -.072 .024 -.072
.009 .004 .009 .004
5  «240 -l12 =240 -
.013 .006 .013 .006
6 2305 ~157 .305 -.157
.015 .007 .015 .007
10 SPECTROMETER TRACKS
TRACK DX/DZ DY/DZ 1/ QUPDNCHISQ ID EPBG
1 019 .089 177 -1 9 8 .298 000004 .33
.006
2 -.282 .023 2.632 -1 10 6 1.000 000014 0.00
.030
3 .09 -.010 .173 1 ©.280 040000
.003 :
31 .387 -.026 .gss 110 7 .805000100 .25
.009
] .009 =-.066 ' .371 112 0 3.927 000136 0.00
.350 .
§ =237 -117 1.341 -1 12 0 2.751 000136 0.00
.350
6 .275 =133 1.012 -110 7 .85l 000016 0.00
.014
0K  ~.034 .000 .323 0 000120
.050 .200 .014
Gl  ~.062 -015 2.968 0 32 000001 .34
015 .015 .76 ~ .08
G2  -062 -.077 2.233 0 41 000001 .45
015 .015 .469 .09
63 -.12¢ -139 1.731 0 51 000001 .58
015 .015 .319 A

OK IS FROM EXCESS IN CALORIMETER

BETA V XMISS YMISS P
.004 1 .005 -.003 0
.013
0131
.059
1 Q

.000 .000 0

.006 .009 1

.076 -.016 0

0.000 1
1.000
.010 1
.019
2 1

.005 -.034 0

.008 .013 0

+0.
1 0.000 0.000 0
1 0.000 0.000 O
1 0.000 0.000 0



" RN 580 RECORD

NGY

93 N 3INS 4

4508

LAST DONE ON  B107/14.
3 VERTICES
NMBER TYPE X

1
2
3

1
1-1
1-2
1-3

2

3
3-1

4
G-1
G-2
G-3

1 12.478
3.0

Y z
-4.194 1.800
-107.0 2305.0

2
2 =735.0 -1162.0 7000.0
TOTAL CALORIMETER ENERGY IS 14.55 GEV

065 -.043 .233 =112
.006
.081 - 823 -1 12
.350
-.274 -.032 .654 112
.010
.010 -.206 4.148 -1 12
.350
-.033 =217 .986 112
.350
044 219 249 110
~.005
J35 .13 2.955 O
015 L0157l
-.052 .010 3.149 0
.015  .015 .782
073 -.052 .188 0
015 ,015 .01l

070000
8 .444 000032
0 .975 000135
‘8 .342 000028
0 2.326 000136

000136
0 .492 000136
7 1.709 000004

17 000001
38 000001
45 000001

0 LINES OF ADXILLIARY TRACK INFORMATION
O LINES OF COMMENTS

91 3.86 1.18 8.59 IN COLLMNS 1,2,3,4
TOTAL IEAD GIASS ENERGY IS 7.08 GEV
8 EMILSTON TRACKS
PRODUCTION EXIT '
TRACK DX/DZ DY/Z DX/DZ DY/MZ 1/10 1/FBETA V
1 -.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
1-3 -.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
31 -.024 -.205 -.024 -.205
.004 .004 .004 .004
4 044 211 044 211
004 -,004 .004 .004
-11 SPECTROMETER TRACKS
TRACK DX/D7 DY/mZ 1/ Q UP N CHISQ

D EPBG BETA V XMISS WISS F
1

5.70 ~.01l1 2 -.016 ~.000 1
7

A1
0.00 0.000 2 -.029

17

0.00 0.000 1

.057 2 -.005

.000 1
.045 1
Jd92 0220

1

0.00 0.000 3 -.051 -.003 1

.27

<34
.08
.32
.08
5.31
.32

0051

.030 .0500
1 0.060 0.000 G
1 0.000 0.000 O
1 0.000 0.000 O
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RON 597 RECORD 1851

NGY 2538 O0NS S

LAST DONE 0N 81/07/14.
2 VERTICES

NUMEER TYPE X Y 2
1 1 12,797 -9.408 1.629
2 2 -13.5 0.3 129.0
TOTAL CALORIMETER ENERGY IS 10.38 GEV
2.81 2.21 3.65 1.71 IN COLMss 1,2,3,4
TOTAL LEAD GLASS ENERGY IS 1.53 GaV .
8 BEMULSION TRACKS ’
PRODUCTION EXIT
TRACK DX/D2 DY/DZ DX/DZ DY/DZ I/I0 1/PBETA V
1 -.105 -.002 2
.018 .013
1-1 -.091 -.078 -.091 -.078
.003 .003 .003 .003
1-2 -.070 .027 -.070 .027
002 .002 .002 .002
1-3 .089 .114 .089 .ll4
© <003 .003 .003 .003
2 .022 .503 .022 .503
.007 .007 .007 .007
3 410 353 410 .353
007 .007 .007 .0Q07
4 225 -.627 .225 -.627
.008 ..008 .C08 .008
5 .080 -.302 .080 -.302
.005 .005 .005 .005
10 SPECTROMETER TRACKS
TRACK DX/DZ DYz 1/ QUP INCHIS ID EPBG BETA V XMISS YMISS P

1 “
1-1 -.096 -.080
1-2 -.072 .018

1-3 096 .19

2

3

4

H] 096 -.237
ox

-.303 -.009
015 .01s
-1 -.380 .636

070000

462 112 8 .771 000020
«008
.658 -1 11 6 1,983 000010
.010
392 111 7 1.921 000010

.008

000136
.789 -1 10 0 1.506 000136
-350

000136
.773 1 8 0 1.886 000136
350
326 0 000120
<204

.105 -1 11 0 1.943 000136
<350 '

0 LINES OF AUXILLIARY TRACK INFORMATION

1 LINES OF COMMENTS

1

.48 .025 2 -.021 -.018 1
011

39 .0122-.010 .0821
013

.28 -.000 2 ~,090 —.073 1
-013
1

0.00 0.000 1 -.017 ~.019 0
1.000
1

0.00 0.000 1 -.056 —.015 0
1.000

0.00 0.000 2 1
1.000

0.00 0.0001 .291 -.219 0
1.000

0K IS AN ASSUMED RO~LONG WHICH INTERACTS IN PBG AND CALORIMETER
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RN 598 RECORD 1759
NGY 224 NH 1N 2
LAST DONE (N 8107114,
2 VERTICES
NOMBER TYPE X Y Z
1 1 .481 -10.008 1.968
2 2 -171.7 -80.7 1792.0
TOTAL CALORIMETER ENERGY IS 21.72 GEV
2.44 1,24 14.16 3.89 N coLmns 1,2,3,4
TOTAL LEAD GLASS ENERGY IS 3.89 GEV

PRODUCTION EXIT
TRACK DX/DZ DY/DZ DX/MZ DY/DZ 1I/10 1/PBETA V
1 161 .051 .161 .051
003 .003 .003 .003
2 -.096 =-.045 2
.003 .003

2-1 ~130 .01 -.125 .014
.003 .003 .003 .003

2-2 -.118 -.063 -,111 -~.055
.003 .003 .003 .003
2-3 .100 -.084 .102 -.081

.03 .003 .003 .003
TRAMX DX/D2 DY/DZ 1/ QU INCGISQ ID EPBG BETA V XMISS YMISS F

1 162 .051 .085 -1 12 8 1.168 000004 .31 .003 1 -.012 -.003 0
.005 023
2 -.95 -.042 .057 1 2.270 010000 1 0
002 .002 .00l
2-1 -125 .013 .159 -1 11 8 .820 000130 1.07 -,020 2 ,021 .0051
.005 : .062
2-2 - -.054 .134 112 71.897 000130 .97 -.039 2 -.009 -.014 1
.005 .076
2-3 102 -,082 .46 112 8 .244 000034 .28 -.046 2 -.037 -.002 1
.010 .079
G-1 -.140 -.067 1.729 0 59 000001 .58 1 0.000 0.000 C
015 .015 .318 A1
G-2 046 -.129 2.580 0 64 000001 .39 1 0.000 0.000 0
.01 .015 .580 .09
G-3 ~-.016 =-.129 2.968 0 85 000001 .34 1 0.000 0.000 0
015 .015 .76 .08

0 LINES OF AUXILLIARY TRACK INFORMATION
0 LINES OF COMMENTS
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RN 602 RECORD 2032
OIT 00C NH 10 NS 4
LAST DONE (N 8107/14.

4 VERTICES

NIMBER TYPE X Y 2
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

CALORIMETER ENERCGY IS 11.74 GEV
4.49 0.00 3.21 4.05 iIN COLIMNS 1,2,3,4
TOTAL LEAD GLASS ENERGY IS 1.04 GEV

10 EMULSION TRACKS

PRODUCTION = EXIT
TRACX /D2 -DY/DZ DX/DZ DY/DZ
1 .003 .008 .003 .08

.002 .002 .002 .002
2 .016 ~,099

002,002
-1 -~.048  .106

005  .005

2-1-1 =107 .166 -.107 .166
. .003 .003 .003 .003
2-2 271 -.188 .271 -.188
005 .005 .005 .005

2-3 -, -.594 -125 -.5%4
.008 .008 .008 .008
3 .204 -.059 .204 -.059

004 .004 .004 .004

4 -.408 -.024 -.408 -.024
.006 .006 .006 .006

E-1 .166 -.061 .166 -.051
.003 .003 .003 .003

El-2 .168 -.069 .168 -.069
.003 .003 .003 .003

1/10 1/PBETA ¥

TRACX DX/DZ DY/DZ 1/ QU INCHIS) ID
1 003 .007 .052 -1 9 8 1.686 000004
.005
2 1 070000
2-1 483 1 000100
025
R-1-1 =107 .166§ .565 112 8 .722 000100
.009
2-2 .259 -.168 2.552 -1 8 0 4.163 000136
.350
2-3 000136
3 204 -.059 .679 -1 12 7 .531 0000124
.010
4 000136
E-l 204 -.059 .679 -1 12 7 .531 000002
.010
El-2 1 000002
o1 =131 .138 1.603 -1 8 0 3.224 000136
350
o2 .237 -.116 1.619 -1 8 0 .670 000136
.350
o3 222 -.071 5.368 -1 8 0 .261 000136
.350
-4 -118 =-.227 .116 -1 10 0 .212 000136
.350
o5 .281 .050 1.681 11 6 1.461 000136
022

0 LINES OF AUXILLIARY TRACK INFORMATION

4 LINES OF COMMENTS
2-1 SCATTERS AFTER 37 PLATES

EPBG BETA V YMISS YMISS P
63 .0051 -.002 -.006 0

.015

1 9

2 1

.26 .116 3 ~.066 -.019 0
.019

0.00 0.000 2 -.006 -.108 1
-000

2

.06 -.017 1 .031 -.079 0

.026
1

.06 =-.017 4 .031 -.079 0
.026

4 9

0.00 0.000 1 .091 .021 0
1.000

0.00 0.200 1 -,093 -.033 0
1.000

0.00 0.000 1 .223 -.133 0
1.000

0.00 0.000 1 .153 -.292 0
1.000

.29 .799 1 -.328 .182 0
013

MOMENTUM FOR 2-1 = MOMENTUM QF 12-1-1 +300 MEV FOR ELASTIC SCATTER
VERTEX FOR E-PAIR IS GUESSED AT FROM DESCRIPTION OF "SEVERAL PLATES®

TRACK U-5 SEEMS TO BE A DEUTERNI
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RN 610 RECORD 4088
NGY M3ImN 2N 2
LAST DONE ON  8107/14.
3 VERTICES
NUMBER TYPE X Y z
1 1 -12.508 -.003 1.548
2 2 43.3 23.3  216.0
3 1 =-6.500 0.800 27.000
TOTAL CALORIMETER ENERGY IS 1.54 GEV
0.00 0.00 0.00 1.54 IN CoLumss 1,2,3,4
TOTAL LEAD GLASS ENERGY IS 1.35 GEV
5 EMULSTON TRACKS

PRCOUCTION EXIT '
TRACK IM/MD2Z DY/DZ OX/DZ DYMZ I/10 1/PBETA V
1 -119 =10 -.119 -.110
.003 ,003 .003 .003
2 236 (123 2
.007  .007
2-1 169 =140 .169 -.140
004 .004 .004 .004
2-2 -.079 1.331 -.079 1.331 5.882
.015 .015 .015 .015 1.000
2-3 387 901 .387 .901 3.125
01 .01 .01 .01 1.230

TRACK DXDZ DY/DZ 1/ QUPDNCHISQ ID EPBG BETA V XMISS YMISS P
1

1 ~-.118 -.110 .126 -112 8 .860 000004 .27 - 0111 -.011 .009 O
.005 .019

2 222 115 .212 1 5.960 040000 1 0
001

2-1 .187 =137 .676 112 7 .505 000014 .38 .008 2 .009 .008 1
.010 .015

2-2 . 000136 2

2~3 353 943 3.058 112 0 .666 000136 0.00 0.000 2 .124 -.127 1
.350 1.000

oL 227 .063 370 O 000200 2 1

010 .010 .041 .

L~l 252 .035 472 1 0 8 000100 .62 .06l 3
.010 .020

-2  -.526 -.004 10.000 -1 0 8 000010 0.00 0.000 3 0

4.000 1.000

0 LINES OF AUXILLIARY TRACK INFORMATICN
1 LINES QF QOMMENTS
IAMDA-0 IS MADE FROM DOVNSTREAM SEGMENTS,P FROM BEND ANGLE
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RN 635 RECDRD 4949
NGY 258 N 1 NS 6
LAST DONE N  8105/31.
4 VERTICES
NOMBER TYPE 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 -12.795 5.902
TOTAL CALORIMETER ENERGY IS 25.39 GEV
.23 21.76 3.40 0.00 IN CoLOMNS 1,2,3,4
TOTAL LEAD GLASS ENERGY IS 2.48 GEV
10 EMULSION TRACKS
PRODUCTION EXTT
oX/DZ

TRACK DX/DZ DY/DZ D¥Y/Z I/I10 1/PSETA V
1 -024 .044 -.023 .044
.002 .002 .002 .002
2 -.068 .044 -.066 .054
.002 ,002 ,002 .002
3 063 =-.069 .063 -.067
002 .002 .002 .002
4 -.190 .497 1.11 3
007  .007 .06

4-1 3.740 .544 3.740 .54
060 .060 .060 .060
S 1.384 -,153 1.279 -.091 0.98
015 .01 .01 ,015 .05

6 -.407 -.498 -. -.154
.008 .008 .008 .008
o . ~-.118 2
004 .004

V-1 099 .027 .088 .025
,003 .003 .003 .003

V=2 = =231 =199, -.249 -.181 0.31
005 .005 .005 .005 .05

TRACK [DX/D2 DY/D2 1/ QUP NCHISQ ID EPBG BETA V XMISS YMISS P

1 -.023 .044 .002-1 9 71.795000004 .52 .000 1 -.001 -.007 O
.005 .014

2 -.069 .048 .975 112 8 .616 000014 .16 .002 1 -,015 .026 O
.014 017

3 063 -.070 .048 110 7 1.124 000130 1.38 .024 1 -.006 .010 0
.005 1.000

4 000136 1

41 - 000136 3

5 000136 1 _

6  -.408 -.160 .351-112 O .252 000136 0.00 0.000 1 .008 .008 O
.350 1.000

OV .15 -.118 .216 0  10.510 100000 1 0

002 .002 .00l
-1 090 .023 .362 111 8 .466 000100 .35 .055 2 .007 -.006 1

.007 .015

V-2 -.244 -~-.188 S5.025-11 O 000136 0.00 0.900 2 1
.350 1.000

0K 970 -.554 .928 0 000020 0.00 0.000 2 1
.004 .004 .005 1.000

R-1 1.322 -.061 000010 0.00 0.000 4 1
- .005 .005 1.000

k-2 .653 ~-1.000 000010 0.00 0.000 4 1
.005 .005 1.000

0 LINES OF AUXILLIARY TRACK INFORMATION
2 LINES OF COMMENTS
THIS IS A NEUTRAL BARYON UECAY
TRACK 4 UNDERGOES A NH=2, NS=l INTERATION IN EMULSION PLATE 1

0K IS PER SE



RON 638 RECOFD
NGY 648 NH 1 NS 3

9417

LAST DONE ON  81/07/14.

-.029

.238
-.058

.082
0.000
0.000
9.000
0.000

2 VERTICES
NMBER TYPE X Y 3
1 1 -16.342 -1.316  .533
2 2 0.3 -28.1 132.0
TOTAL CALCRIMETER ENERGY 1S  6.06 GEV
.26 1.21 4.08 .51 IN COLOMNS 1,2,3,4
TORL LEAD GIASS ENERGY IS  6.22 GEV .
7 EMULSION TRACKS
PRODUCTION EXIT
TRACK DX/DZ DY/DZ DX/Dz OY/DZ 1/10 1/PBETA V
1 -.002 -.213 2
.005 .015
1-1 .041 -.045 .04l -.045
.002 .002 .002 .002
1-2 ~.009 -,046 -.009 -.046
.002  .002 .002 .002
1-3 -174 =275 -.174 -.275
.005 .005 .005 .005
2 046 L2311 .046 231
.004 .004 .004 .004
3 <1.124 .284 -1.124 .284
.013 .013 .13 .013
4 -.614 ~.506 -.614 ~.506
.009 .009 .009 .009 ]
1S SPECTROMETER TRACKS
TRACK DX/DZ DY/DZ 1/ QUP DNCHISQ ID E=PBG BETA V XMISS YMISS
1 -.004 -.204 .168 1 2.610 020000 1
.001 -
1-1 045 -.044 560 111 7 .615 000020 .57 .054 2 -.137 -.033
.009 .014 :
1-2 -.018 -.037 .448 -1 12 8 .691 000100 .50 .063 2 ~.043 -.060
.008 012
1-3 -.183 -, .548 110 0 .923 000136 0.00 0.000 2 -.049 -.005
.350 1.000
2 048 .235 .117 -110 8 .529 000130 .39 .002 1 -.057 -.031
.005 .012
3 000136 1
4 000136 1
-1 .065 -.866 1.424 -1 10 0 1.081 000136 0.00 0.000 1 -.379
L350 1.000
U-2 .085 =192 5.794 -1 10 0 1.698 000136 0.00 0.000 1 -.047
.350 1.000
-3 370 -.392 2.523 112 0 1,796 000136 0.00 0.000 1 .046
.350 1.000
o4 .147 =092 .281 -1 9 7 2.778 000132 3.50 .045 1 -.032
.006 .036
61 -.002 .048 3.309 0 32 000001 .30 1 0.000
.015 .015 .843 .08
G2 .244 -.013 3,115 0 37 000001 .32 1 0.000
.015  ,015 .770 .08
63 059 -.013 2.486 0 40 000001 .40 1 0.000
.015 015 .549 .09
4 182 -.075 .32 0 47 000001 3.10 1 0.000
015 .015 .026 .25

0 LINES OF AUXILLIARY TRACK INFORMATION

3 LINES Qf CCMMENTS

EMILSION TRACK 4 IS GRAY
TOF (N 2-1 IS IN DOUBT, PROBABLY IS K-
DB SAYS THAT TCF START PULLED EARLY BY E-M SHOWER IN TOFL

H = - an-

o ©o o 0O ©o o o o

243
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RON 650 REXORD 6003
NGY 129 N O NS 7
LAST DNE ON  8107/14.

2 VERTICES
NMBER TYPE X
1 1 9.105 -8
2 2 -6.7

TOTAL CALORIMETER ENERGY 1S

3.36 1.66 .33

Y 2
J45  1.843
-1.5 40.0

5.63 GEV

.27 IN COLUMNS 1,2,3,4

TOTAL LEAD GLASS ENERGY IS 1.75 GEV
10 PMULSION TRACKS
PRODUCTION _ EXTT
TRACK DX/MDZ DY/DZ DX/DZ DY/DZ 1I/I0 1/PBETA
1 .043 -.077 .043 ~.077
.002 .002 .002 .002
2 -.034 -.069 -.034 -.069
002 ,002 .002 .002
3 -.167 -.038
.038 .015
3-1 -397 .12 -.397 .121
.006 .006 .006 .006
32 =220 -.256 -.211 -.255 0.80 1,250
.005 005 ,005 .005 0.05 0.570
33 -.387 -~.308 -.410 ~.309 0.89  2.630
.007 .007 .007 .007 0.05 0.950
4 -.041 ,035 -.041 .035
.002 002 .002 .002
H 319 319 319 .31
.006 .006 .006 .006
6 368 127 ,368 .127
.005 .005 .005 .005
7 -285 .152 -.285 .152
.005 .00 .005 .00%
14 SPECTROMETER TRACKS
TRACK DX/ADZ DY/DZ 1/P QW NCHISQ ID
1 043 =077 .068 -1 11 7 .496 000004
.005
2  ~-032 ~-070 .425-11z 8 .503 000034
.007
3 =182 -,057 .175 1 3.890 040000
.003 .003 .009
31  -391 114 .845 112 7 ,816 000016
012 .
32 000136
3-3 000136
4 -071 .066 2.710 112 7 .554 000014
.036
5 321 .329 .800 11z 6 .264 000100
012
6 .380 ,138 1.233 111 8 .206 000136
.017
7 000136
oL -.018 .071 .407 0 .727 000200
.002 ,002 .006
L-1  -041 .051 .604 112 8 2.581 000100
.009
-2 -1 000136
o-1  -.416 114 3,763 -1 12 7 .597 000006
.049

0 LINES OP AUXILLIARY TRACK INFORWATION

0 LINES OF COMMENTS

v

EPBG
.73

.73

0.00

0.00

0.00

0.00

.75

.19

BETA V XMISS YMISS P

0071 .004 .0060

014

.017 1 -.008

.014 :
1

.005 0
0
-.005 2 -.006 ~.014 1

.0

2
2

062 1 -.015 -.009 0

.023

.214 1

.013
0.000 1 -.038
1.000

.002 -.014 0
017 0
1
2
J24 3

.03
3

1
.052 -.022 0
0

.030 1
031

.228 ~.031 0
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RN 656 RECORD 2631
NGY L49NH 6 NS S
LAST DONE ON  8107/10.
2 VERTICES
NOMBER TYPE X b4 3
1 1 -16.877 676 1.094
2 2 8.0 22.6 530.0
TOTAL CALORIMETER ENERGY IS 26.07 GEV
W21 .22 25.65 0.00 IN COLumns 1,2,3,4
TOTAL LEAD GLASS ENERGY IS 10.92 GEV
8 PMULSTON TRACKS
PRODOCTION EXIT :
TRACK DX/D2 DY/MDZ DK/MDZ2 DY/AD2 1/I10 1/PBETA V
1 =031 -.042 =-.031 -.042
002 ,002 .002 .002
2 =-.043 -.044 -.048 -.044
002 .002 .002 .002
3

015 043 2
002 .004
3-1 018 .030 .02 031
.002 002 .002 .002
3-2 .027 .053 .026 .054
, 002 002 .002 002
33 -.225 .00l -.239 .004
004 .004 .004 .004
4 -436 142 -.436  .142
.006 .006 .006 .006
5 2.719 1.268 2.719 1.268

030 .030 .020 .030

TRACK DKMz S¥Y/M2 1/ QUP DN CHISQ ID EPBG EETA V XMISS YMISS P
1 -.031 ~-.042 0.000 111 8 1.079 000004 .76 .001 1 .007 .0020
. 005 o 026
2 ~.047 =043 .317 -1 10 8 0.607 000130 0.33 .027 1 .011 .005 0
.007 1.000
3 016 .043 .03l 1 1.304 070000 1 0
001
3-1 .018 .034 .gg'l 111 7 1.493 000130 4.27 .009 2 .04l -.034 1
.005 014
3-2 027 L0555 .047 -1 9 8 1.353 000130 4.60 -.00S 2 -.024 .003 1
.005 .016
3-3 -239 014 1,355 111 0 .362 000136 0.00 0.0C0 2 .075 -.003 1
.350 1.000
4 -.400 .113 2,514 110 0 1.140 000136 0.0C 0.000 1 -.018 -.017 ©
<350 1.000
S 000136 1
G-1 064 .156 2,919 0 13 000001 .34 1 0.000 0.000 O
015 .015 .698 .08
G-2 Jd26  .094  .325 O 21 . 000001 3.07 1 0.000 0.000 O
015 .015 .026 .25
G-3 -.060 .094 1.318 0 24 0co00L .76 1 0.000 0.000 0
015 .015 .212 A2
G4 J26  .032 1.229 0 30 0oocol .81 1 0.000 0.000 0
015 ,015 .19l .13
G-5 002 .032 .299 0 32 000001 3.34 1 0.000 0.000 O
015 .015 .023 .26
G-6 .002 -.153 2.986 0 59 000001 .33 1 0.000 0.000 O
015 015 .722 .08
0 LINES OF AUXILLIARY TRACK INFORMATION
0 LINES OF COMMENTS
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RN 663 RECORD 7758

NGY 317N ONS 6
LAST DONE 0N 81/07/10.
2 VERTICES
NOMBER TYPE X
1 1 =16.922
2 2 -53.0

Y 2
-.860 1.524
~32.0 12960.0

TOTAL CALORIMETER ENERGY IS 55.50 GEV
3.09 IN COLIMNS 1,2,3,4
TOTAL LEAD GIASS ENERGY IS 27.27 GEV

2.31 .61 49.49

9 EMULSION TRACKS

PRODUCTION
TRACK DXx/DZ DY/D2
1 -.004 ~.003
.002  .002
1-1 .000 -.008
.002 .002
1-2 -.018 -.009
002 .002
1-3 -.016 .001
002 ,002
2 .02 -.010
.002 .002
3 -,061 ~-.003
002 .002
4 046 091
.003 .003
S -.012 .l114
.003 .003
6 -.058 .213
.004  .004

TRACK DX/MDZ DY/DZ
1
-1 .003 -.012
12 -.019 -.012
-3 -.018 003
2 022 -1
3 -.078 -,005
4 .051 .087
5
6 -.074 222
-1 -0 015
02  -.085 .010
61 002,107
015 015
G-2 J26 045
2015 .015
63 .002 045
2015  .0l5
o4 002 -.017
015,015
G5  -.060 -.017
.015 015

EXIT .
DX/DZ DY/DZ /10 1/PSETA V
2
.003 -.01L
.002  .002
-.018 -,012
.002  .002
-.016 .004
.002 002
.021 -.010
.002 002
-.061 =-.003
002 .002
.04 091
.003 003
-.012 .14
.003  .003
-.058 .213
.00¢ 004
1/ QU mnwcHisQ ID EPBG RETA V XMISS YMISS P
1 070000 1 0
.041 112 6 1.866 000136 22.29 .008 2 .010 .0430
.007 1.000
2027 -1 9 B 2.264 000136 22.29 -.103 2 ,025 .007 1
.005 .029
065 1 8 8 1.162 000132 24.40 .00l 2 .020 ..024 1
.005 .00
009 1 8 7 1.601 000004 19.92 -.072 1 .006 -.019 0
.005 1.00
481 -1 11 8 .S75 000136 2.54 -.048 1 .006 .000 0
.008 1.
444 111 8 .756 000132 3.05 -.089 1 -.030 .054 0
-008 1.000
000136 _ 1
.587 111 8 .522 000032 0.00 .005 1 -.019 .184 0
.009 .021
2.365 110 0 3.525 000136 0.00 0.000 1 .126 -.146 0
L350 1.000
1.337 -1 12 6 2.089 000136 19.98 .032 1 .136 .153 0
.018 .
1.813 0 23 000001 .55 1 0.000 0.000 0
342 .10
926 0 30 000001 1.08 1 0.000 0.000 0
125 .15
475 0 32 000001 2.11 1 0.000 0.000 0
-046 .20
057 0 4 000001 17.59 1 0.000 0.000 0
.002 .59
620 0 42 000001 1.59 1 0.000 0.000 0
.070 18

0 LINES OF AUXILLTARY TRACK INFORMATION

1 LINES OF QOMMERITS

THERE IS MUCH UNCERTAINTY IN TRUE SOLUTION FOR 1-1



RN 665 RECORD 2113
NGY 380 NH 2 NS 5
LAST DONE (N  81/07/10.
2 VERTICES

247

NMBER TYPE X Y 2
1 1 -10.967 -11.365 .407
2 2 0.6 0.6 33.0
TOTAL CALORIMETER ENERGY IS 7.84 GEV
0,00 4.35 2.24 1.25 IN COLIMNS 1,2,3,4
TOTAL LEAD GLASS ENERGY IS  1.89 GEV
8 EMILSION TRACKS
PRODUCTICN EXIT
TRACK DXz DY/MDZ IXMZ DY/MDZ I1/10 1/PEETA V
1 =-.021 =-.034 =-.021 -.034
.002 .002 .002 .002
2 .018 -.018 2
. .010 .010
2-1 JA42 110 142 110
.003 .003 .003 .003
2-2 -.189 .043 -.189 .043 0.84 1.724
.003 .003 .003 .003 .05 .500
2-3 -.061 =-.357 =-.061 =-.357 0.87
.005 .005 .005 .005 .05 !
3 140 328 .140 .328
005 .005 .005 .005
4 ~-.381 -.408 -.381 -.408
007 007 .007 .007
s -512 =-.252 -~.512 -.252
.007 .007 .007 .007
13 SPECTHOMETER TRACKS .
TRAMCX DX/DZ DY/DZ 1/ QUP NCHISQ ID EPBG RETA V XMISS YMISS P
1 | ~-.024 <03 .057 -1 8 7 2.673 000004 .22 ~.0021 .068 .0400
.005 012 )
2 1 070000 1 0
2-1 J49 103 .80]; 111 71.029 000014 .44 .009 2 -.140 .036 1
.0 .015
2-2 -.186 .0SL l.lgg 110 0 1.000 000014 0.00 0.000 2 -.030 ~-.014 1
.3 - 1.000 :
2-3 -,068 -.365 1.930 -1 11 0 1.075 000014 0.00 0.000 2 .021 .047 1
+350 1.000
3 J36 .341  .466 -1 12 7 1.008 000010 0.00 .004 1 .020 -.000 O
.008 .013
4 000136 1
5 000136 1
o-1 .157 1.116 1.935 112 0 .488 000136 0.00 0.000 1 -.373 -.189 0
.350 1.000
0-2 .43% =134 .891 -111 ¢ .920 000136 0.00 0.000 1 -.007 .008 O
.350 1.000
-3 112 1,103 3.508 -1 11 0 .398 000136 0.00 0.000 1 .247 .090 0
.350 1.000
G-1 -.169 .130 1.354 0 4 000001 .74 1 0.000 0.000 O
015 015 .220 .
G-2 138  .068 2.726 0 38 000001 .37 1 0.000 0.000 O
015 .015 .630 .08

0 LINES OF ADXILLIARY TRACK INFORMATION

1 LINES OF COMMENTS

2-2 AND 2~-3 ARE IDENTIFIED FROM I/10 IN EMULSION
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RN 665 RECORD

4023
NGY 289 NH O NS 8
LAST DONE ON' 81/07/14.

2 VERTICES
NCMBER TYPE X b 4
1 1 12.040 -7.210
2 ‘2 -157.0

2
2.130

-308.0 6820.0

TOTAL CALORIMETER ENERGY IS 20.00 GEV
.74 IN COLMNs 1,2,3,4
TOTAL LEAD GLASS ENERGY IS 16.59 GEV
11 EMILSION TRACKS

2,00 13.84

3.42

PRODUCTION EXIT
TRACK DDZ DY/DZ DX/DZ DY/DZ 1/10 1/PBETA V
1 48 -.0SL .48 -.051
.003  .003 .003 .003
2 .095 019 .095 .019
: .002 .002 .002 .002
3 .066 .02L .066 .021
.002 .002 .002 002
4 -023 -.045 2
.002  .002
4-1 005 =-.090 .005 -.090
.002 .002 .002 .002
4-2  -.055 -,002 -.055 =-,002
.002 .002 .002 .002
4-3  -156 .087 -,156 .087
.003 .003 .003 .003
5  -.080 .453 -.080 .453
.006 .006 .006 .006
6 661 (241 .66l .24
.008 .008 008 .008
7 -1.760 .670 -1.760 .670 -
020 .020 .020 .020
8  -.633 -,399 -.638 -.399
.008 ,008 .008 .008
25 SPECTROMETER TRACKS
TRACX XDz DYz 1/ QUPINCHIS) ID EPBG BETA V XMISS YMISS F
1 145 -.059 .422 112 8 .47100013¢ .79 -0371 061 .0220
.007 , 1.000
2 .095 .0l14 .399 -112 7 .433 000130 1.12 -.443 1 .013 -.009 0
-~ .007 , 1.000
3 064 .017 .027 -1 9 7 1.555 000004 .80 .010 1 004 .008 O
.005 .016 -
. " 1 070000 T 0
4=1 005 =090 .172-111 8 .638 000136 .34 -.036 2 -.016 .00l 1
.005 .
42 ~055 -001L .122 1 9 7 1.377 000130 4.09 —.o% 2 -.005 -,015 1
.005 .0
43 -157 .085 .684 -112 7 924 000016 5.45 .000 2 -.114 .006 1
.010 .024
5  =.059 .445 1.574 -1 11 0 .462 000136 0.00 0.000 1 -.099 .119 0
.350 1.000
6 000136 1 0
7 000136 1 0
8 -.616 -,391 1.621 -1 11 0 1,736 000136 0.00 0.000 1 -.083 -,280 0
.350 1.000
Gl 005 -.069 982 112 7 .385 00013% L.13 =:380 1.-.004 035 0
.0l4 423
U2  -.365 .084 2.284 112 0 1.098 000136 0.00 0.000 1 .044 -.046 O
.350 .000
o3 - .303 1.079 -1 12 7 .206 000016 0.00 -.005 1 .060 -.034 0
.015 .018
Gl -.048 .097 .974 0 2 000001 1.03 1 0.000 0.000 O
.01s .05 135 T
62 -1l .097 .287 0 30 000001 3.49 1 0.000 0.000 0
015 .01S  .022 .26
63 .076 .035 3.055 0 3 000001 .33 1 0.000 0.000 0
015 ,015 .748 .08
G4 -048 035 .683 0 38 000001 1.46 1 0.000 0.000 0
.015 .015 .079 17
&5 - 035 2,221 0 39 000001 .45 1 0,000 0.000 0
015  .015. .464 .09
c-6 J39 -027 3.112 0 44 oogool .32 1 0.000 0.000 0
.015  .015 .769 .08
G-7  -.048 -.027 .98 0 47 000001 1.10 1 0.000 0.000 0
.015 .015 .121 .15
G8 -0l -.027 L5511 0 48 000001 .66 1 0.000 0.000 0
015 .015  .260 a1
65  -173 -.027 3.142 0 49 000001 .32 1 0.000 0.000 O
.015 .015 .780 .08
10 .19 -09 .728 0 53 000001 1.37 - 1 0.000 0.000 0
.015 .015 087 16
G-I  -.048 -.090 .485 0 56 000001 2.06 1 0.000 0.000 0
015 015 047 .

0 LINES OF AUXTILLIARY TRACK INFORMATION
1 LINES OF QOMMENTS
DECAY IS NOT VISIBLE, COULD BE AN INTERACTION



RN 670 RECORD

NGY 457 4 NS 4

LAST DONE ON  81,/07/10.

12

2 VERTICES
NIMBER TYPE X Y 4
1 1 2.070 -11.840 1.850
2 2 11.4 -3.3 155.6
TOTAL CALORIMETER ENERGY IS 3.65 GEV
27 1.66 0.00 1.72 IN COUMNS 1,2,3,4
TOTAL [EAD GLASS FNERGY IS 1.71 GEV .
9 EMILSION TRACKS
PRODUCTION EXIT .
TRACK DX/D2 DY/DZ IX/MDZ DYANZ I1I/10 1/PBETA V
1 021 -.050 .021 -.050
.002 .002 .002 .002
2 073 =021 2
.007  .002
‘2=1 126 =248 126 -.248 1.18 1.300
.004 .004 .004 .004 .06 .930
2-2 2195 =201 .195 -.201 1.49 1.887
.004 .004 .004 .004 .08 .700
2-3 2.592 11,093 2.592 11.093 1.02
15 L1115 115 115 .06
3 =346 .383 =346 .383
.007 .007 .007 .007
4 604 .867 .604 .867
012 .012 .012 .012
m 079 .003 .079 .003
002 .002 .002 .002
R-1 024 .107 .024 .207
003 .003 .003 .003

10 SPECTROMETER TRACKS
TREX X/0Z DYDZ

1
2
2-1
-2
2-3
3

E-1
o1

.023

Q79
.024
-.038

-.050

1P QU NCIOSQ TD EPBG BETA V XMISS YMISS P

J9 -1 9
006

1
1.847 112
350

1.224
.017
1.702

.023
3.611 -1 10
.350

112
112

8 1.174 000004
070000
0 1.238 000100
000120
000136
000136
000136
8 .827 000100
7 .679 000016
0 2.408 000136

0 LINES OF AUXTLLIARY TRACK INFORMATION
1 LINES OF COMMENTS
TRACKS 2-1 AND 2-2 ARE IDENTIFIED FROM I/I0 IN EMILSION

.31 -.007 1 -.034

017

0.00 0.000
1.000

0.00 0.000
1.000

1

2 -.019

2
2
1
1
1

1
1

122 -

013 0
0
L0351

.024 0

.064 ~-.017 0

.237

072 0

249
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RN 671 RECORD 2642

NGY 459 7 N5 4

LAST DONE ON  81,07/14.
2 VERTICES

NUOMBER TYPE X b4
1 1l  -1l.690 ~11.290
2 2 =28L.0

Z
1.330

95.0 2326.0

TOTAL CALORIMETER ENERGY IS

26 1.87 1.04
6 EMULSTON TRACKS

PRODUCTION
TRACK ©DX/DZ2 DYz
1 =122  .042
.003 .003
1-1 -132 .a21
.003  .003
1-2 -.151 .068
.003 - .003
1-3 .389 .702
009 .009
2 193 .148
004 .004
3 .02 -.06)
002 .002

1.51 Gev
EXTT
DX/DZ DY/DZ
=144  .101
.003  .003
=152 .080
.003  .003
.437  .554
009 .009
193 148
004 .004
.025 -.061
.002 .002

TRACK DX/DZ DY/MDZ 1/°
1

-1 -159 .14 1.044

_ .0l4

1-2 -.ds2  .080 .925

.13

1-3  4T7 ..663 B8.440

.350

2 193 .148  .504

.008

3 .025 -,061 .058

.005

-l - 226 82

.350

o2 095 -.127 4.571

.350

v-3  -.531 -.152 1.868

.350

U4 -.574 -.262 12.329

.350

61 ~122 006 2.417

.015 .015 .526

4.84 GEV
1.67 IN COLIMNS 1,2,3,4
TOTAL LEAD GLASS ENERGY IS

1/10 1/PBETA V
2

1.83
0%

QUP ONQHISQ ID EPBG BEIA V XMISS YMISS P
1

070000 1 0

110 8 .721 000014 0.00 .022 2 .l43 -.038 1
412 7 .099 000014 .20 0182 075 ~02 1
112 0 1.137 000136 0.00 0000 2 ~.334 -.267 1
112 7 .604 000100 .25 078 1 034 0090
412 81.752000008 .30 003 1 .020 .030 0
41 9 0 .306 000136 0.00 0,000 1 .142 ~.334 0
11 8 0 5.150 000136 0.00 0,000 1-2.552 1.941 0
10 0 2.94 00136 0.00 0000 L ~.108 -.187
4 8 02.824 000136 0.00 0.000 1 -.053 .723 0
0 5o oo000L .41 109 1 0.000 0.000 0





