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ABSTRACT

Sixty-two charm events have been observed in an expdgure of the SLAC
Hybrid Facility to a backward scattered laser beam. Based on 22 neutral
and 21 charged decays we have measured the charmed meson lifetimes to
be 70 = (6.8f1‘3:§) X 10785, rpy = (7.4f§:g) X 107135 and their ratio
Tps [ Tpo = l.lfg:g. The inclusive charm cross section at a photon energy
of 20 GeV has been measured to be (56i§§) nb. Evidence is presented for
a non DD component to charm production, consistent with 35 +20 % At
production and some D** production. We have found no unambiguous F

decays.



I. INTRODUCTION

In this paper we describe an experiment, performed at the SI:AC Hybrid Facility,
in which charmed particles were produced and their deca}s observed.

A 20 GeV backward scattered photon beam passed through the SLAC 1m bub-
ble chamber and downstream detectors were used to trigger the cameras on the total
hadronic cross-section. The normal 3-view stereo cameras were supplemented with a
special high resolution camera to see the decays of the charmed particles clearly sepa-
rated from their production. Approximately 2.4 million triggered pictures were taken
during 80 million expansions of the bubble chamber; these contained about 0.58 million
hadronic interactions. After scanning and measuring, 62 events were found containing
direct visual evidence for the production and multiprong decay of at least one charmed
particle. After imposing rigorous cuts to the data, 51 charm decays remained.

This experiment has several unique features. It investigates the production of
charmed particles near threshold using photons. At low energies, where the charged
multiplicity is small, the pictures are cleaner than at higher energies; charmed particle
decays can be readily found and their decay topology determined. Two independent
methods have shown that the efficiency for finding charmed particle decays, once cuts
have been imposed, is high and uniform. Low incident energy permitted us to use, in
the lifetime determination, decays that have missing neutral particles.

Section II describes the equipment and experimental method; section Il examines
the data, data reduction and analysis as well as possible backgrounds. In section IV the
results on lifetimes of the neutral and charged D mesons, the production cross section
and production mechanisms are discussed. Finally section V contains our conclusions.
Results on lifetimes and the production cross section based on part of the data have

been published previously!.



II. EXPERIMENTAL DETAILS
7 (a) Beam o

The 20 GeV photon beam was produced by backscatt&ing laser light from 30 GeV
electrons provided by the SLAC linear accelerator operated in the SLED mode?. The
burst length was about 100 nsec., and the peak current was typically 50 mA.

A frequency-quadrupled Neodymium doped yttrium aluminum garnet laser was used
to produce an intense light pulse (~50 mJ) with a wave length of 266nm and about 10
nsec duration. This light pulse was directed against the electron beam at a crossing angle
of 2 mrad. Compton backscattered photons reached the bubble chamber at a distance of
170 m through a series of collimators and uranium foils (0.3 radiation length). The foils
eliminated very low energy radiation. By monitoring the tails of the backscattered beam
with a set of four scintillation counters, forming a quadrant detector, behind a tungsten
collimator, the final steering of the electron beam was continuously and automatically
corrected. After collimation the beam cross section in the bubble chamber was a sharply
defined circle of 3mm diameter. The outline of the photon beam line is shown in Figure
1.

Between the quadrant detector and the bubble chamber was a drift chamber pair
spectrometer3. A thin copper foil converted about 1 % of the incident photons into

et

e~ pairs. This spectrometer was used to obtain a beam energy spectrum (Figure 2)
and provided one measure of the flux.

After passing through the SLAC Hybrid Facility (Figure 3), the photon beam was
absorbed by the beam-stop counter, a lead-lucite sandwich viewed by a photo tube.

The signal was recorded and used to estimate the flux, pulse by pulse. Typically, the

beam intensity was in the range 20-30 gammas per pulse.



(b) Bubble Chamber

The aim of the experiment was to find and measure short decay tracks. In order to
achieve small bubble size, two modifications were made to -i;vhe operation of the SLAC 1m
hydrogen bubble chamber. First, the chamber was operated at about 29°K, instead of
the more normal 26°K, with as large an expansion ratio as possible. This had the effect
of retarding bubble growth and increasing the bubble density. Under these conditions
the bubbles grew to ~ 50 gm in about 200 ps with a bubble density of ~ 60 per cm.
Second, the normal stereo triplet was supplemented by a fourth camera which was able
to resolve bubbles of this size. This camera was mounted on the central axis of the
bubble chamber with a 360mm focal length lens (Schneider Componon S) operated at
f11. The camera viewed a length of about 80 cm in the beam plane at a demagnification
of 5.5. The corresponding depth of field was about + 6mm. The lens was diffraction
limited with a resolution of about 45 gm under the above conditions. For this camera,
the lights were flashed 200 us after the beam entered the chamber. The normal stereo
triplet of 125 mm f22 lenses was also used to photograph the events by triggering
separate flash lamps ~3ms after the beam. These cameras were used to record the
events throughout the chamber volume.

Improvements in operation during the experiment included developing the ability
to operate the chamber at higher temperatures, the use of a thicker optical window to
reduce the thickness of turbulent hydrogen through which pictures were taken and the
introduction of a shutter? to prevent light from the later flashes from entering the high
resolution camera.

The chamber ran initially at a repetition rate of 10 Hz and later at 12 Hz.



(c) Downstream Detectors

The detector system of the SLAC Hybrid Facility consisted of a hydrogen bubble

chamber, four sets of proportional wire chambers (PWb’s), two threshold Cerenkov

counters and an array of lead-glass blocks . Each of these electronic detectors was made

insensitive to background e* pairs in the central (vertical) region.

(1)

Proportional Wire Chambers (PWC)

Each of the three upstream PWC’s contained 3 planes of wires (hori-
zontal, vertical and diagonal). They served two purposes. The first was
to provide a trigger for the bubble chamber camera lamps when a re-
constructed track was found to diverge from the e*e™ pair plane. The
second was to improve the momentum measurement of tracks extrapo-
lated from the bubble chamber after film measurement. The momentum
resolution for “hybridized” tracks (i.e. both bubble chamber and PWC

measurements used) is

?pﬁ = ((0.008)2 + (0.00085p)%)?

where p is in GeV/ec.

Details of the PWC'’s and the central deadening technique are given in
Reference 5.

Cerenkov Counters

Two atmospheric pressure threshold Cerenkov counters® were installed
behind the PWC’s. The first counter was filled with Freon 12 and had a
pion threshold of 3.2 GeV/c and the second one was filled with nitrogen
with a pion threshold of 6 GeV/c. The counters each had 12 segments,
in two vertical columns, separated by a 10 cm dead region. Using or-

dinary hadronic events, the acceptance as a function of momentum has



( iii)

been measured and was above 80% for particles with sufficiently high
momentum (2> 3.2 Gev/c) to be well measured by the PWCs (see Figure
4). Above the effective threshold the eﬁic{éncy for finding pions was >
97 % (see Figure 5).

Lead Glass Columns

An electromagnetic calorimeter’ was located downstream of the Cerenkov
counters and is shown in Figure 6. It was built of 204 lead glass blocks
with a scintillation counter hodoscope for shower position measurement
after the first 4.3 radiation lengths. There was also a scintillator ho-
doscope in front of the calorimeter to detect charged particles. The lead
glass blocks were located behind 1 radiation length of lead, and were
separated into an active converter of 3.3 radiation lengths followed by
total absorber blocks, which were 10.5 radiation lengths thick at large
scattering angles, and 21 radiation lengths thick in the region around
the beam. The energy resolution for electrons was measured to be

o /| E =(084 + 48 / VE) % . (E measured in GeV). Figure 7 shows
the v — ~ mass spectrum and illustrates the resolution and combinato-
rial background. Signals from the Lead Glass Columns were also used
to provide a trigger for the bubble chamber camera lamps.

(d) Data Acquisition and Trigger

As mentioned above, the bubble chamber cameras were triggered in this experiment.
The decision to take a picture was made using information from two basic triggers which
were OR-ed together. The first of these used fast analogue circuitry to sum the signals
iirom a set of dynodes corresponding to a section of the Lead Glass Columns. The trigger

condition was satisfied if the output signal from such a set corresponded to an energy



deposition of more than 2 GeV in the total absorber blocks or 0.8 GeV in the active
converter. This trigger was available in less than 2 ps. The second trigger required a
set of hits in the downstream PWC’s compatible with a ;;'ack which originated within
the fiducial volume of the bubble chamber. The combinations of 3 hits which satisfied
these criteria were calculated using a software algorithm running in a 168/E emulator8.
Approximately 100 ps was needed for this decision.

In addition to the triggered pictures, every fiftieth frame was taken untriggered.
This enabled the triggering efficiency as a function of topology to be measured in an
unbiased way. Figure 8 shows the variation of triggering efficiency as a function of the
number of tracks coming from the primary vertex. The lead glass trigger was more
efficient at triggering on low charged multiplicity events while the PWC trigger was
more efficient for high charged multiplicities. The effect of combining the two was to
minimize variations in the trigger efficiency as a function of topology.

The fraction of the beam pulses accepted by the triggers varied during the experi-
ment from 1 in 15 pulses to 1 in 40 pulses depending on the photon flux and the size of
the deadened regions in the downstream detectors. The fraction of the pictures taken
which contained a hadronic interaction varied from 1 in 10 to 1 in 3.5 depending mainly

on the size of the deadened region.



1. DATA

(a) Scanning and Measuring

The results presented here are based on five experimental runs from Summer 1980
through Spring 1982 (see Table I). A total of 2.4 million photos was taken containing
approximately 580,000 hadronic interactions. A fiducial volume was defined to eliminate
regions of poor visibility due to flash lamp flares and also to yield good momentum
measurement. For the first four runs the length of the fiducial volume along the beam
direction was 57 cm. For the Spring 1982 run, the fiducial volume length was increased
to 69 cm as some of the flash lamp flares had been removed by the installation of a

rotating shutter? in the high resolution camera.

The film from the high resolution camera was scanned twice, and all hadronic events
in the restricted fiducial volume (a total of 378,000) were recorded. Each of these
hadronic events was closely examined in two separate passes, at a magnification of
about 10 X space, for the decays of short-lived particles close to the interaction vertex.
Approximately 50 % of the film was scanned out to a distance of 3 cm in space while
the other 50 % was scanned out to 1 cm. All charm candidates (see next section) were
measured on the three low resolution views as well as on the high resolution view. Events
were then passed through a processing chain consisting of Geometry (TVGP or HYDRA),
Hybrid and Kinematics (SQUAW,GRIND, or RUTHERFORD KINEMATICS).

(b) Selection and Treatment of Candidates

In order for an event to be considered a charm candidate, either the decay point
had to be clearly visible or the backward projection of one of the tracks in the event

had to miss the production vertex by an impact distance of at least one track width



(55 pm) (see Figure 9). All charm candidates found in this way by scanners were then

examined by physicists before further processing.

The remaining candidates were measured. Events containing only decays consistent
with strange particles or photon conversions were rejected, leaving a sample of events
which were thought to be charm. These events were then carefully re-examined by
physicists.

High magnification (at least 20 X space) photographic prints were made of each
event and measurements of the projected decay length and impact distances were made.
Particles were identified, whenever possible, using the two Cerenkov counters and ion-
ization density on the high resolution photographs.

The following cuts were applied to the events to ensure that the decays which
survived were genuine charm decays.

(1) Decays with fewer than two charged products were rejected.

(ii)) Decays consistent either with photon conversions or strange particles
were rejected. In order to reduce the background from strange particle
decays to a negligible level the following cuts were applied (See section III
(d)). The two body (assumed to be 7x) invariant mass had to be greater
than 550 MeV/c2 and be more than 5 standard deviations above the K°
mass in order to be accepted. This cut removed K decays. Analogous
criteria were used to remove A, A decays (mpr > 1130 MeV/c? and more
than 5 standard deviations above the A mass) and vy — e*e™ conversions
Mg+~ > 50 MeV/cz).

(iil) Three prong decays consistent either with K* — g¥g*r— or L+ —
pr°(n® — ete~~) were rejected as were decays consistent with a neutral

strange particle decay superimposed on a track from the production
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vertex.

A total of 62 events remained, which contain 72 visible multiprong charm decays.
Fifty-seven of the 72 decays are topologically unambiguous. The remaining 15 decays
are ambiguous between charged and neutral decays. Table II contains details of the 72
decays. Figure 10 shows two of the events found.

Further cuts were applied to ensure that events were detected with uniform and
high efficiency and to reduce the number of ambiguous decays. The values of these
cuts were chosen to ensure that reasonable variation in their values did not change any
conclusions reached on lifetimes or cross section. The cuts chosen were as follows (see
Figure 9):

(iv) A minimum projected decay length cut of 500 ym was imposed.

(v) Aprojected impact distance, dymqz, greater than 110 pm (2 track widths)
was required for at least one track in a decay.

( vi) Another projected impact distance, dg, greater than 40 ym was required
for a second track from the same decay vertex.

After these cuts were applied 49 events remained containing 51 decays (one addi-
tional decay consistent with being a one-prong, i.e. failing cuts (i) and (vi), is contained
in the 49 events). Forty-three of the 51 decays are topologically unambiguous (22 neu-
tral, 21 charged) and eight are charged/neutral ambiguous (See Table II).

(c) Scanning and Triggering Efficiencies

All of the film was scanned twice for hadronic interactions. For each event, informa-
tion was recorded as to whether it was found on the first scan and/or second scan. Based
on this information the combined scanning efficiency for finding multiprong hadronic

interactions was found to be (99+1) %.

" These hadronic interactions were then scanned twice on the high resolution film

11



to find charm candidates. Again, information was recorded on which candidates were
found on each scan. Based on the 49 charm events which pass all of the cuts, the
efficiency for finding charm events was calculated to be (92 + 4)% using the method of
Derenzo and Hildebrand?®.

As a further check on the efficiency for detecting decays close to the primary vertex,
the decay length and impact distance distributions were studied for short-lived K*’s and
A’s, which have great visual similarity to neutral D decays into two charged particles.
The data sample used was collected during the scanning for charm on the high resolution
film and consisted of V°’s having projected decay lengths of up to 5 mm and with at
least one impact distance less than 700 pm.

A Monte Carlo method was used to predict the shapes of each of these distributions.
In order that no model dependence be introduced by this, the kinematic information
for a large sample of Kg and A decays found throughout the fiducial volume of the
chamber was used as input. These were then given the conventional acceptance weight
to take into account losses at short decay lengths and outside the fiducial volume in order
to make the sample unbiased. Each such V? was assigned a random projected decay
distance, !, between 0 and 5 mm from the primary vertex along its true line of flight.
Assuming this new decay position relative to the production vertex, the corresponding
impact distances for the tracks from the VO were calculated from their known direction
vectors. To obtain the correct lifetime dependence a further weight was applied to each
VO corresponding to the probability that it would decay at its assigned distance,/’, from

the vertex. This probability is given by
P(l') = (m/per) exp(—I'm/per)

where m, p and 7 are the mass, momentum and mean proper lifetime of the particle,

réEpecti{'ely, and c is the speed of light. The weight used was the reciprocal of P(I’). In

12



this way, the four-vector for each real V° could be used as many times as necessary in

~ order to obtain smooth distributions.

Figure 11a shows the comparison of the projected dec;y length (I) of the VO’s with
the Monte Carlo prediction. In both the data and the Monte Carlo samples, Vs with
dmaz less than 110 ym were eliminated in order that the efficiency at small lengths
could be examined independently of that for dy,4z. The Monte Carlo is normalised to
the data outside the first two bins (which corresponds to the region affected by the 1
cut). In these two bins, it can clearly be seen that the data come very close to the
predicted levels indicating a high efficiency below the cut.

Figure 11b shows the corresponding plots of dy,,z for the V° sample, this time with
the cut (I > 0.5 mm) applied to the data. The binning again is such that the first
two bins cover the range 0 < dpez < 110 pm. These plots confirm that the scanning
efficiency of short Vs passing the cuts is high and uniform.

The triggering efficiency for hadronic events was determined by taking every 50th
frame of film untriggered during the course of the experiment. By processing the events
found in the untriggered film through the trigger algorithm, the triggering efficiency
for hadronic events was determined as a function of charge multiplicity (see Figure 8).
The charm triggering efficiency was then deduced from this by using the multiplicity
distribution of the charm events and assuming that their efficiency is the same as for
normal hadronic events of the same multiplicity. For the first four runs the charm
triggering efficiency was determined to be (92 &+ 4) %. During the Spring 1982 run, the
downstream detectors had a wider central dead region, so the charm triggering efficiency
for this run was lower and was determined to be (76 + 8) %. The weighted average

charm triggering efficiency for the whole experiment was (87 + 4) %.
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(d) Backgrounds

Two approaches have been used in estimatiilg the bagl;ground_to our charm signal.
First, direct measurements have been made and second, calculations based on many
possible sources have been carried out. Both methods give limits of less than one
background neutral or charged decay in the entire experiment.

In the direct measurement a reference region in space, that contained no charmed
particles, but all possible sources of background, was chosen very close to the region
populated by the charmed particle decays and we call this the background region. All
the hadronic events on the high resolution view were scanned out to 10mm in space
from the vertex and 50 % of the film out to 30mm. Since all charm candidates which
passed the cuts occurred within the first 5mm, the region 5-10mm (or 5-30mm in 50
% of the film) can be regarded as a charm free region. By noting how many events
passed the cuts in this region and estimating how any background process might vary
between the charm region (0.5-5mm) and the background region (5-10 or 5-30mm) an
uppex; limit for background to both neutral and charged decays was found.

.In our experiment we observed neutral decays into 2 and 4 prongs and charged

decays into 3 and 5 prongs.

2 — prong decays

(i) The majority of 2-prong ‘decays’ that are seen in this experiment come
from the decays of K? and A’s and from 4 conversions to e* pairs; also
some can come from K decays. These backgrounds were eliminated by
means of the mass cuts discussed in section (b).

These cuts also eliminated some real D%s and in section IV (b) their effect is taken

into account.

"~ There are two other possible sources of background to 2-prong decays which might

14



not be eliminated by these mass cuts:

(i) A secondary interaction of a ne;xtral particle (K°, A or n), emitted from
the primary vertex, in which one of the prongs (proton) is not seen, e.g.
np —(p)pm—. This source of background is estimated to be much less
than one event.

(iii) Two primary beam photon interactions very close to each other where
the downstream interaction is an apparent 2-prong interaction (e.g. low
P, p production). This background source is eliminated by the condi-
tion that the total visible longitudinal momentum of the event be less
than the maximum beam momentum.

4 — prong decays

Most strange particle decays do not form a possible topological background although

+ +

rare processes such as K§ — 7777 7%(7° — €7 e 7) could contribute in principle.

Processes of types ii) and iii) above could also contribute.

However, no 2-prong or 4-prong event which passed all the cuts imposed on charmed
paréicle candidates (including the mass cuts) survived beyond 5mm from the primary
vertex.

The significance of this result was calculated as follows:

If the total path searched in the signal region (0.5 — 5) mm = Np(4.5)mm, and
the total path searched in the background region = Nj(5.0 — 10.0)mm + 0.5N;(10.0
— 30.0) mm (where Nj is the number of hadronic interactions in the experiment), and
if the background were distributed uniformly along the 10mm (or 30mm) path length

searched,then

Background path length 16N,
Signal path length ~ 45N,

3.3

15



We have investigated the possibility that the background might not be uniformly
distributed. For the K® and A decays we find a small decrease with distance (there are ~
25% fewer K° and A decays between 15-30mm than between 0-15mm) and therefore the
ratio of 3.3 is reduced to 2.7. For the other sources ((ii) and (iii)) there is no evidence for
any significant departure from uniformity. Therefore there is less than one background

event in our DO sample (90 % C.L.).

3 — prong decays

Three types of background sources can be envisioned all of which are expected to

be small.
(1) Decays of charged strange particles into 3-body final states
Kt — gtgtyr— (1)
K* — 2279 = ete™y) (2
K% — etveno(n® — ete™) (3)
K* — pty,no%(n° — ete ) (4)
EE - pro(a® — ete ) (5)

All 3-prong charmed particle candidates were subjected to two cuts. First, that
Mzzz be more than 30 above M. Second, that no two tracks in the decay be consistent
with electrons whose invariant mass M +,~ was less than 100 MeV/c2. These cuts
reduced the background from the decays (1) to (5) to a very small level.

(i) A secondary interaction of a charged particle from the primary vertex
which resulted in a 4-prong in which a short positive prong was not seen.
(ii)) KO® or A decays whose vertices lie on top of outgoing charged tracks
and therefore look like 3-prong decays. In order to eliminate this back-
ground, the invariant mass of the pairs of positive and negative particles

was calculated. The candidate was rejected if M+ — was less than 550
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MeV/c2, or Mpy was less than 1130 MeV/c? or within 50 of My or
M,, and if the remaining track (the one not involved in the invariant
mass) went straight back to the production vertex.

5 — prong decays

In this case only the background due to secondary interactions is possible, ie a

secondary 6-prong interaction in which one positive prong is not seen.

After all the cuts had been imposed, no candidate 3-prong or 5-prong decay remained
at distance greater than 5mm from the production vertex. As in the case of the neutral

background, the ratio

Background path length 33
Signal path length

In this case the only background which may not be constant over the first 10 (or
30)mm is type iii), where the chance of a K 0 or A lying on top of an outgoing charged
track is greater close to the production vertex than far away. In fact, the probability
for this happening should be inversely proportional to distance, so that any K 05 or A’s
which survive the mass cuts are more likely to lie on an outgoing track close to the
vertex than further away.

Thus, for type-iii) background, the ratio

Effective background path length

Signal path length 0.8

and not 3.3, as above. This limit can be reduced by noting that this background can
only occur if a high mass (above 550 MeV/c2) VP lies on top of an outgoing track from
the primary vertex. Since we have already noted that the number of high mass VO’ in
the background region is zero, leading to an upper limit of less than 1 background high

mass V? in the signal region the limit for high mass VO’s overlaying outgoing tracks

17



must be even lower than this. Therefore the background to the charged charm particle
signal is less than one event at the 90 % CL. _

As a final check, detailed calculations, with the same cuts imposed, were made of a
large number of potential background sources to both the charged and neutral decays.

These confirmed the direct observation that the background is less than one event for

our sample of charged or neutral decays.
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IV. RESULTS
(a) Lifetimes B

After the cuts described in Section Il {(b) were imposed 49 events remained con-
taining 51 decays satisfying all six conditions. This sample includes twenty-two neutral
(eleven two-prongs and eleven four-prongs), seven positive (all three-prongs, but one
with an additional Dalitz pair), fourteen negative (thirteen three-prong and one five-
prong) and eight charged/neutral ambiguous decays. Eight of the neutral and eleven of
the charged decays are compatible with Cabibbo-allowed D decays with no missing neu-
tral particles; the rest are compatible if a missing 79, K° or v, or a Cabibbo-unfavored
decay is assumed. In most cases, not all charged tracks are identified. Thus, for all D*
candidates, the F* hypothesis cannot be excluded, and for five of the seven positive
decays, A} is also possible.

Despite the lack of complete neutral particle detection, the relatively low beam
energy allowed us to obtain narrow limits on the momentum used for the lifetime de-
termination.

.The lifetime is determined by comparing a set of parameters describing each decay
to those of Monte Carlo events. The same cuts (see section III (b)) were applied to the
Monte Carlo events as to the data. The parameters used to describe the decays were:

(i) dmaz: The maximum impact distance among the decay tracks.
(ii) ! : The actual projected distance travelled by the charmed particle as
measured on the high resolution picture.
(iii) lgpr: The actual distance (/) travelled by the particle, minus the length
from the production vertex to the first point along its path where its
decay would have satisfied the acceptance conditions (iv), (v) and (vi) of

section III (b). These lengths were projected onto the film plane. Note
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that this first detection point is uncorrelated with the decay distance
itself. Thus, l.ss is the path lenéth_over wil_lvich a_charmed particle would
have been accepted as such.

(iv) T,s;:The average effective lifetime calculated by using upper (Pmqz) and
lower (P,y;,) limits on the momentum for each decay to estimate the
real momentum. The lower limit of the momentum is the momentum
sum of the visible particles in the decay and the upper limit is obtained
by assuming all of the neutral momentum in the event comes from the

charm decay vertex. Then,

1 1,1 1

== ___+___
P’ 2(Pmaz Pmm)
and
lorr - M
Top = ef;wc

where M was taken to be the D mass. Because of the relatively low
beam energy the P,,;, and Pmqz are normally close in value. The fully
reconstructed nature of some decays has been ignored in computing
P,.in and Pyygz. Figure 12 gives the experimental distributions of dyaz,
d2, and I; Figure 13 the distributions of Iy and Tgss. In comparing
the charged and neutral decays, note the similarities in the distributions.
The distributions of the total visible momentum in the decay were also
similar (see section IV {c)). The distributions of the ambiguous decays
are compatible with both the charged and neutral distributions, and if
added to either sample change the lifetime by less than 1/4 of the error.
The maximum likelihood determination of the lifetimes (where the parameters /,

lesss dma;,, and T,;; are compared to Monte Carlo events on an event by event basis)
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yields the likelihood curves shown in Figure 14. After the systematic errors are combined

~ with the statistical errors, which are dominant,vwe find:

1 =7.2%23 x 10713

7po = 6.8323 x 107134

The results are insensitive to reasonable changes in the values of the cuts (see below)
and change by less than 20 percent when different production models are assumed in
the Monte Carlo. (The distribution of ! predicted by the Monte Carlo is affected by
the production model assumed but little affected by the decay kinematics assumed,
whereas the reverse is true for dy,qz; however Ieff and Teff are somewhat affected by
both). The Monte Carlo used agreed well with all features of the data, for example
those illustrated in Figure 15, vsz. the total charged momentum in the event and the
total visible momentum in the decay. The curves on Figures 12 and 13 represent the
distributions expected with these lifetimes.

Table III gives the lifetime determined from the means of the experimental distri-
butions for each of the four parameters dmqz, T, 7fs 4, and lopp, as well as the lifetime
determined from the fully reconstructed decays. It can be seen from the table that each
value is consistent with the maximum likelihood calculation.

The sensitivity of these lifetime values to the particular choice of cut parameters
has been determined by increasing the cut parameters and recomputing the lifetimes.
This procedure was performed in a number of ways, always indicating that the cuts of
section III (b) had removed the bias against short decay lengths. Figure 16 shows the
results of one such test where the cuts were all changed by the same factor F {(e.g. F =2

refers to dygz > 220 pm, do > 80 pm, and { > 1.0 mm). As the factor is increased the
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computed value of lifetime using the maximum likelihood method remains consistent

~ with the original result.

For constrained decays, in which all the decay products are detected, the momentum,

P, of the charmed particle is known. For these events the mean lifetime is given by

T:g_xﬁ('eff'M)

NI\ Pe )i

Figure 17 shows the mass distribution for ali Cabibbo-favored D* decay modes (inciud-
ing K% and/or one measured 7°) where the decaying particle is required to point back
to the primary vertex in the optic plane (azimuthal angle) to within 60 milliradians.
Only combinations consistent with the track ionization observed in the bubble chamber
and the Cerenkov signals detected downstream have been included. All of these decays
are consistent with charged D decays and eleven are selected as identified and fully
reconstructed based on a x2 test involving the calculated invariant mass and azimuthal
angle of the meson (the error on the mass was required to be less than 30 MeV/c?).
Eight neutral decays were similarly identified from the neutral decay sample. Table
IV hists the properties of these fully reconstructed decays. Ten of the nineteen fully
reconstructed decays have identified kaons; eight are K* and two are Kf,).

In order to obtain the lifetime of the D%, the charged charmed particle lifetime value
of (7.2fgzg) x 107135 has to be slightly modified to take into account any contamination
due to A} D or ADF production, estimated to be 35 + 20 % in our experiment (see
section IV (c)). The lifetime of the D* is changed very little from that measured for

the charged decays and the value becomes
Dt = (74f§g) X 10713

Here we assumed 7,4+ to be 2 X 10-13 5 and the A} and F to have the same branching
~ C

ratio to one prong as the charged D. If 10% of the charm cross section was FYF~X
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then the effect of this would be to raise the 7p+ by < 0.2 X 107123 s for an F lifetime
less than the 7ps. ‘ o R
Using the value of 7po = (6.81’%;3) X 10~133 we obtain:

;
D — 11738
TpDo :

(b) Charm production cross section

The sensitivity of the experiment, measured in events/nb, was determined from the
total photon flux and scanning and triggering efficiencies. The incident photon flux
was determined by summing the signals from a lead-lucite shower counter positioned
in the beam downstream of the bubble chamber. The signals from this counter were
accumulated for all beam pulses for which the cameras were ready to trigger. This
counter was calibrated using ete™ pairs observed in the bubble chamber and in the
pair spectrometer upstream of the bubble chamber. From the charm event scanning
efficiency of 92+4 % and the charm triggering efficiency of 8744 % (see section III(c))
we calculate the sensitivity S to be 2.80 + 0.28 events/nb. This number was also
calculated by comparing the total number of hadronic interactions found in the same
sample of film to the total hadronic cross section, corrected for scanning and triggering
efficiencies, yielding a sensitivity of 2.74 events/nb.

A production and decay model independent lower limit to the number of charm
events produced, N, is the total observed number of events with definite evidence for
charm, ignoring the efficiency corrections, etc. From the 62 charm events found (see
section ITI(b)) and S, we find (with 90 % confidence) that the charm production cross
section, Ocpgrm, 18 greater than 17 nb.

This absolute lower limit can be refined by taking into account the inefficiencies of

detection. We choose to assign a detection efficiency to each decay in order to explicitly
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separate production and decay systematics. The details of this procedure are given in
the Appendix. We find a lower limit to the number of charm events in our experiment
by assuming all charm is produced via D D pair production so that the number of events
is one-half the number of decays. This yields N¢% — 117 4 16 (statistical error only).
We do observe evidence for associated D A¥ production, however, so this is truly a lower
limit. We can obtain a direct measurement by counting D’s since in either case (DA} or
D D) we will have one. However, since many of our neutral D’s are D/D ambiguous, we
obtain an upper limit of 175 + 28 events if we assume all these ambiguous decays may
be D. We are ignoring F' production as there is no evidence for any in this experiment
(see Section IV(c)). The best value between the upper and lower limits can be obtained
if we can estimate the fraction of DO/D0 ambiguous decays which are D°. We do this
in the Appendix and find N&* = 157 + 29 and thus 0,4, = 56 nb.

This value is sensitive to several parameters, the most important of which are the
multiprong branching ratio for charged decays, 7o and 7. The variation in cross
section due to changes in these parameters is demonstrated in Figure 18. Taking into
account all the various sources contributing to the cross section error (see Table V), we

obtain the total cross section to bel®
Ocharm = 56":3%"5

(c) Production mechanisms
Various mechanisms for photoproduction of charmed particles have been proposed!!.
Tests of these models can be made using the total charm cross-section, its dependence
on beam energy, and distributions of various kinematic parameters of the charmed
particles. Also, the data can be used, as presented below, to determine the contributions
of associated production of charmed mesons accompanied by charmed baryons and of

pair production of charmed mesons.

24



(i) Signals for charmed particles in invariant mass distributions.

About one third of the observed decays ha;/e invariant masses-and transverse mo-
mentum balance consistent with Cabibbo-allowed decays of D-mesons in which all the
products are detected and measured. Eight of these have K * identified by the Cerenkov
counters. The distribution of invariant mass in Figure 17, using all of the charged de-
cays with transverse momentum balance, shows a clear peak at the D mass with a

background estimated to be only about one event.

The corresponding plot in the region of the F-meson is shown in Figure 19. It
can be seen that the observed peak at 2040 MeV/c2 is mainly due to the contribution
of D-mesons when one of the decay pions is assigned a kaon mass; when the fully

reconstructed D-mesons are removed from the sample no peak remains.

Among the seen decays there is no fully reconstructed A}, but for five of the seven
positive decays, A} (unconstrained) is not ruled out. A search for charmed particle
masses at the second decay vertices, or, where they were undetected, among the particles
at the production vertex, yielded no significant signal. The number of combinations
which must be tried is generally large and gives a substantial background. However
some characteristics of the events can sometimes be used to identify the second charmed

particles indirectly.

That the majority of the observed decays are D-mesons is consistent with the num-
bers of each decay mode observed. Table VI compares our branching ratios, based on
the measured charm cross-section and the detection efficiency for each channel, with
those already measured!?. It can be seen that the agreement is good except that we
may observe an excess of D¥ — K ¥ rr decays.

In the K(n7) decays (with n > 2) a signal of four K* (890) with a background of

about 1 is observed, again consistent with known branching ratios for D*-decay.
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We have looked for a signal near the ¢ mass which would be expected if our D*
" candidates included a substantial fraction of F* — ¢X*. We find no signal in a plot

of Mg+ g for all two-body combinations consistent with particle identification.
K*K

A search has also been made for D** — DOz% using two methods. Firstly, the 8
fully reconstructed D9 decays were considered (see Table IV). The effective mass of the
DO7% system was calculated using each charged track (assumed to be a pion) from the
primary vertex in turn. No D** mass was found. The second method used all of the 22
unambiguous D? decays and the 8 charged/neutral ambiguous decays (assumed to be
neutral). For each of these 30 D® decays the mass difference between the D97 system
and the D? was estimated by calculating My - Mo, where M; is the effective mass of
the charged tracks from the decay combined with the 7% and M is the effective mass
of just the charged tracks from the decay (all tracks were assumed to be pions). The
minimum value for each decay was histogrammed (see Figure 20). A typical error on
this mass difference is 5 MeV/c2. Note that for real D* decays this mass difference is
~ 145 MeV/c? even when the DO decay is not fully reconstructed. The solid curve on
Figure 20 is a Monte Carlo prediction of this minimum mass difference {(normalised to
30 decays) for a model with no D* production (i.e. yp — D D Nr). Also shown (dashed
curve) is the Monte Carlo prediction for vp — D* D* Nr. Eighty-five percent of all real
D*% — DO%% decays have a mass difference less than 200 MeV/c2. In this region we
see 7 decays compared to an expected number of 2.8 from the D D Monte Carlo. This
corresponds to a signal of 4.2 + 2.6 decays. Correcting for the 15% of the signal which
is above 200 MeV/c2, there are therefore 4.9 + 3.1 D*%t — DOx% decays amongst the
30 possible D? decays. Furthermore, correcting for the branching ratio of D** — D%z%
and the efficiency for detecting D? decays, gives 27 + 18 D*% particles produced in the

experiment, i.e. the number of D** per charm event is 0.17 £ 0.11. This number is
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consistent with small D* production (or none at all). This conclusion is supported by
~ the fact that we see approximately equal numbers of charged and neutral D decays ( an
excess of neutral decays is expected if there is a significant amount of D* production).
(ii) A production.

If the rate of A production were the same in charm as in non charm events!3, 1.4
A decays would be visible in the charm sample whereas six are observed. The excess
could well be from the decay of A}t which may decayl significantly into A or from final
states such as A D F. However, there is only one visible charm decay in each of the six
events and five of these are negative (the other is neutral). The fact that no second
vertex is seen in these events is quite consistent with a A} lifetime!® of ~ 2 x 107133,
Furthermore, these negatives have higher average visible momentum (10.5 GeV/c) than
the total positive decay sample (5.34 GeV/c). This is consistent with A} D production.
If we assume that production of AD F¥ can be ignored relative to that of A¥ D, an
estimate of the rate of AT D production can be made as follows. Assuming that the
branching ratio for A} decay to A is 50% and using the branching ratio for A — pr~
(64%) together with a A — p 7~ detection probability of 81% as calculated by a Monte
Carlo method, the excess of 4.6 events implies that 40 + 20% of the charm events are
associated production of A} D.
(iii) D / D ratio.

Using the signs of identified kaons and assuming the decays to be D-mesons with
no Cabibbo suppressed modes, 18 of the 28 decays were assigned as D™ or D° and 10
as Dt or DO. If the excess is interpreted as being due to AT D production, then (44
+ 22)% of charm production comes from this source. Interpreting the D/ D ratio as
indicative of some associated production is further supported by the differences in the

D¥ and D~ momentum distributions. Figure 21 shows the P,,,;, distributions for each
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charge; the averages are 8.03 GeV/c for negatives but only 5.34 GeV/c for positives.
(iv) Pair production of D° and D°. o . =

Four events are observed in which one neutral decay passes all the selection criteria
and a second decay, not necessarily passing the cuts, is also neutral. None of these events
has a seen A decay and three of the four have identified protons at the primary vertex.
The assumption that these events are D? D° pairs sets a lower limit on D D production.
Correcting for DO D? detection efficiency, and using a simple statistical model to relate
the number of D®D° pairs to the total number of D D pairs, we estimate that 80 fig
% of the events contain D D pairs.

(v) Events with two charm decays.

The two events found in which both decays passed the cuts are consistent with the
estimate, summarized below (vii), that 65 £ 20 % of the charm events contain DD
pairs.

(vi) The Rate of KO production.

If K% were produced at the same rate in the charm events as in the others!3 there
should be two K®s seen in the charm sample whereas six are observed (two in one
event). After corrections for unseen decay modes and escape from the chamber this
corresponds to 21 K®’s produced. This is again consistent with expectations from pure
D D production but can also be explained by other mechanisms.

(vii) Conclusion on the Fraction of D D Production.

Putting together all the indirect evidence, presented above, for non D D contribu-
tions to our charm sample, we conclude that 65 + 209 of the charm events contain D D
pairs!®. The remaining 35 + 20% could be due to either A¥ D or AF+ D production;

however phase space arguments would favor the former.
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(viii) Longitudinal and transverse momentum

The distributions of longitudinal momentun; and transverse-mementum for the fully
reconstructed events are shown in Figure 22. The D’s carry on average 9.09 GeV/c (~
0.45 E,). These distributions are consistent with models used above for the lifetime and
cross section determinations.
(ix) Comparison of the data with model predictions.

This experiment gives a measurement of the total charm cross section near thresh-
old which is shown in Figure 23 together with data from other experiments at higher

energies 17

. Also shown are various theoretical predictions for the dependence of the
cross-section on beam energy. Of these the results favor the photon-gluon fusion mod-
els.

Given that their photon-gluon fusion model may be appropriate for calculating the
cross-section, Babcock, Sivers and Wolfram show that a measurement at 20 GeV should
give good discrimination between several assumed gluon distributions. Our cross-section
favors a harder gluon distribution than given by the ‘naive’ form, zG(z) = 3(1 — z)®,
whe-re z is the fraction of the proton momentum carried by the gluon.

In principle a further test of photon-gluon fusion models is available using kinematic
distributions of the observed charmed particles. However, because the available phase
space is limited at our energy, predictions are relatively insensitive to the exact form
of the gluon distribution. In fact the largest variations in the model predictions arise

from uncertainties in the way in which the charmed quarks produced near threshold

fragment into charmed particles.
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V. DISCUSSION AND CONCLUSIONS

From an experiment involving ~ 580K hadronic events produced in hydrogen by
20 GeV ~ rays, 51 clear decays of charmed particles have been selected from 62 decays.
The background from all sources is less than one charged and one neutral in our sample
of charm decays.

New results on the lifetimes of the charged and neutral D mesons have been obtained
e = (1.4333) x 10785, 7po = (6.87%3) x 107135

which are in good agreement with our results published earlier!, based on about half
our present statistics. The charged D lifetime is in good agreement with that obtained
by other experiments!8, while the DO lifetime is somewhat longer by about 1.5¢ from
the “best estimate” value obtained recently!®>. Two types of mechanisms are supposed
to contribute to the decay of D mesons!9, these are due to a) spectator diagrams in
which the charged quark decays without affecting the other quark in the meson and b)
non-spectator diagrams in which both quarks participate in the decay via the exchange
of a- W-boson. The spectator mechanism affects D0 and Dt decays equally whereas
the non-spectator mechanism only applies to DO decays. The deviation of Tpx/Tpo
from unity is therefore a measure of the relative amounts of non-spectator to spectator
contributions to the decay of the DO, Our value of Tp+ /TDo = l.lig:g is in line with
the spectator mechanism dominating.

No uniquely identified A} or F* decays were found, however indirect evidence is
consistent with some A} production and we obtain

o(yp — AFX)

= 35 + 20%
o(7P — DD X) + o(p — AT X) 2070

In the case of F production, we have no direct or indirect evidence that suggests

that F’s are produced in our experiment. Indeed we have good evidence that the great
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majority of the charged decays we see are in fact D¥. We cannot put good upper limits

 to F* production, because too few will survive our cuts if the F_has a short lifetime

(< 3 X 107135) as suggested by other experiments18.

We find only a small amount of D** production (or none at all) suggesting that
most of our D* and D° particles are produced directly.

Finally, we measure the total photoproduction of charm cross section to be o,y =
(561’%) nb. The errors are largely due to uncertainties in the lifetimes of the charmed
particles, the ratio of the 1-prong to multiprong decays of the D%, and the large error
on the extent of possible A} production. This result is consistent with predictions of

various versions of the photon gluon fusion model.
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APPENDIX

The number of charm events produced, Ng‘}’, was calculated as follows:
o Let N; be the number of produced charmed particles of i-th type (such as
DO A} ete) and ¢*(p) be their momentum distribution.
e Then define B‘[T] to be the branching ratio of type i into decay T (such as
constrained 2-prongs or 3-prongs or unconstrained 2-prongs etc) and

e"(T, ? r")to be the detection efficiency of decay T, given that it originated

from charmed particle of type i with momentum p and lifetime 7°. This was
calculated using a Monte Carlo program. After cuts (i) - (vi) (section III (b))
were applied to the generated decays, the efficiency € was calculated as the
ratio of decays surviving the cuts to the total number generated. Figure 24
shows € as a function of p and 7 for various decays of D mesons.

Then the observed momentum distribution of decays of type T, passing the cuts is

given by
all sources . . . .

nr(p)= 3. N;B(T|¢'(p)e"(T,p, 7") (A1)

3
Selecting one particular charm particle, say i = k, and defining weight w as
W(T,p, ¥) = o (A2)

P = KT, p, )
we obtain:

[ do w(T,p,Mnlp) = B"ITI(N +I N B;‘[g [ @ 6o ”’ ’)) (43)

Equation (A3) becomes particularly simple if only a single source k contributes. In
this case equation (A3) implies that summing the weights of all observed decays of type

T in the experiment, we obtain an estimate of NkB"[T].
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If we assume that only D mesons and A} baryons are produced then all negative
decays can originate only from D™ mesons and the positive decays can originate either
from D% or A}. The neutral decays divide into three categories depending on whether
they were identified as D?, D° or were ambiguous between DO and D° (see footnote a),
Table VII). In Table VII we divide all the decays passing the cuts into these five cate-
gories. The sums of the weights are shown; they were calculated from the Monte Carlo
assuming that all the decays were D mesons. The last column of Table VII gives the
physical meaning of the weight sums as implied by equation (A3). These have a simple
meaning for categories 1), 2) and 4) because only one charmed particle contributes.
The category of DO/DO ambiguous decays (category 3) corresponds to a sum of two
terms (D° and D° ). However since for a given momentum the detection efficiency of
a neutral decay does not depend on whether the decaying particle is a D° or ﬁo, this
sum, as shown in Table VII , has a simple form. The positive decays (category 5) are
more complicated. Their weight sum also corresponds to a sum of two terms (D" and
AZ). This time however the term corresponding to A} is equal to the number of A}'s
produced (N A;.*) multiplied by the branching ratio of A} into multiprongs and also mul-
tiplied by the ratio of A} and D% detection efficiency averaged over the A} momentum
spectrum (See footnote c), Table VII). We will discuss this term later. As can be seen
from Table VII the sum of weights of all neutral decays divided by the branching ratio
of DO into multiprongs and added to the sum of weights of all charged decays divided
by the branching ratio of D¥ into multiprongs, namely:

A = (SW14+SW24SW3)/B%multiprongs]+(SW4+SW5)/B*[multiprongs] is equal to
the total number of charmed particles produced (N = Np 4+ Ny + N4+ + N— + N} )
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corrected by an extra term which arises due to the fact that the weights were calculated

assuming that all the decays were D mesons, ngzmely: A
A=N.=Nps(1-9) (A1)

(See footnote c), Table VII for a definition of g.)
Since there are two charmed particles produced per event, the number of charm

events, N¢, is given by:

Ne A1

N = 5 =3 taNy(1-9) (45)

If there were no A}'s produced, the number of events containing charm would be
A/2. However there is evidence for AT production (see section IV (c)) and the second
term in equation (A5) can not be neglected. This term depends on the number of A}’s
produced and also on their decay properties as expressed in the factor g. The relative
detection efficiency of A} compared to Dt averaged over a reasonable A7 momentum
spectrum is less than 0.3 for T < 3 X 10713 5. This means, that g is most likely less
than 1 and in such case % provides a lower limit to the number of charm events N¢¢,

This lower limit N¢¥ (lower) is 117 + 16 (errors are statistical).

An upper limit to N2 was obtained as follows.
N:vt = N+ N_= No+ N4 +NA;}-

But from Table VII we see that

(SW2 + SW3) (SW4)

B= BO[multiprongs] = B*[multiprongs]

= N+ N- + No(1 — o) (AS8)
(See footnote b), Table VII for a definition of a.)

Therefore N = B — Ny(1 —a) (A7)
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and B provides an upper limit of 175 + 28 events.

Equation (A7) yields the actual number of I;roduced events; N&t, when a is known.
We can estimate o by assuming that the fractions of D° and D° contained within
category 3 are the same as those within categories 1 and 2 {(i.e. @ = @). Then we obtain

a == 0.28 and Ny = 26.3. Using these values in equation (A7) yields our best estimate

of the value of N&

N = 157 £ 29.

35



REFERENCES

t Max Kade Foundation Fellow
tt On leave from Technion-Israel Institute of Technology, Haifa, Israel
1 Present address: College de France, Paris, France

§ Present address: Southeastern Massachusetts University, N. Dartmouth, Mas-

sachusetts, USA
1. K. Abe et al, Phys. Rev. Lett. 48, 1526, (1982). K. Abe et al., Phys. Rev. Lett.
51, 156, (1983)
2. Z.D. Farkas et al,, IEEE Trans. Nucl. Sci NS-22, 1299, (1975) and NS-24, 1827,
(1975)

3. J. C. Kent, Charmed Particle Photoproduction Cross Section at 20 GeV, Ph.D
Thesis, University of California, Berkeley, 1983, Preprint, UCPPG83-05-20, un-
published

4: J. D. Ferrie et al., Nucl. Instr. and Methods 203, 223, (1982)
5. R. C. Field et al., Nucl. Instr. and Methods 200, 237, (1982)
6. A. Bevan et al,, Nucl. Instr. and Methods 203, 159 (1982)

7. J. E. Brau et al,, Nucl. Instr. and Methods 196, 403 (1982)

8. J. T. Carroll et al., SLAC-PUB-2726, April 1981 and Proceedings of Topical
Conference on the Application of Microprocessors to High Energy Physics Ex-
periments, CERN, Geneva, Switzerland, 4-6 May 1981, CERN 81-07, 17 July
1981, P. Rankin, Inclusive Photoproduction at 20.5 GeV/c using the SLAC Hy-
brid Facility, Ph.D. Thesis, Imperial College, London, 1982, Preprint HEP T 99

unpublished.

36



10.

11.

12.
13.
14.

15.

16.

17.

S. E. Derenzo and R. H. Hildebrand, Nucl. Instr. and Methods 69, 287, (1969)
J. C. Kent, ibid., contains further discussion of this method of cross section
determination. The central value for the cross section reported in this thesis
differs from that reported in this paper because of a) use of a smaller preliminary
data sample, b) use of world average D% and D lifetimes values rather than those
measured in this experiment, c) neglecting Cabibbo unfavoured decay modes in
estimating the D¥ one-prong branching ratio, d) including a crude estimate of
F% in calculating lower and upper limits to N2

F. Halzen & D. M. Scott, Phys Lett. 72B, 404 (1978), H. Fritzsch & K. M. Streng,
Phys. Lett. 72B, 385, (1978), V. A. Novikov, M. A. Shifman, A. 1. Vainshtein
& V. 1. Zakharov, Nucl. Phys. B136, 125 (1978), J. Babcock, D. Sivers & S.
Wolfram, Phys. Rev. D18, 162 (1978)

Review of Particle Properties, Phys. Lett. 1118 (1982)

K. Abe et al.,, SLAC-PUB-3162, July 1983, to be published

J. G. Korner, G. Kramer, J. Willrodt, Zeit. Phys. C2, 117, (1979)

G. Kalmus, 21st International Conference on High Energy Physics, (July 1982),
Proceedings Journal de Physique, Toure 43, Colloque C-3, Supplement No. 12,
December 1982, p 431; C. Jarlskog, Raporteur’s Talk, International EPS Con-
ference on High Energy Physics, Brighton (July 1983); N. W. Reay, Raporteur’s
Talk, International Symposium on Lepton and Photon Interactions at High En-
ergies, Cornell (August 1983)

C. A. Woods, Photoproduction of Charm at 20 GeV, Ph.D. Thesis, Imperial
College, London, 1983, Preprint HEP T 111, unpublished

D. Aston et al.,, Phys. Lett. 94B, 113 (1980); P. Avery et al., Phys. Rev. Lett.
g, 1309 (1980); J. J. Russell et al., Phys. Rev. Lett. 46, 799 (1981); J. J. Aubert

37



et al., Nucl. Phys. B213 ,31-64 (1983); A. R. Clark et al., Phys. Rev. Lett. 45,

682 (1980) ’ _

18. N. Ushida et al., Phys. Rev. Lett. 45, 1053 (1980), N. Ushida et al., Phys.
Rev. Lett. 48, 844, (1982), E. Albini et al., Phys. Lett 110B, 339 (1982), M.
Aguilar-Benitez et al., Phys. Lett. 122B, 312, (1983), A. Badertscher et al., Phys.
Lett. 123B, 471, (1983), J. A. Jaros Proceeding of Summer Institute on Particle
Physics, SLAC, August 1982. SLAC Report 2595 p595.

18. N. Cabibbo and L. Maiani, Phys. Lett. 79B, 108 (1978); N. Cabibbo, G. Corbo,
and L. Maiani, Nucl. Phys. B115, 93 (1979); B. Guberina et al., Phys. Lett.
89B, 111 (1979); W. Bernreuther, O. Nachtmann, and B. Stech, Z. Phys. C
4, 257(1980); H. Fritzsch and P. Minkowski, Phys. Lett. 90B, 455 (1980); M.
Bander, B. Silverman, and A. Soni, Phys. Rev. Lett. 44, 7 (1980)

20. G. Trilling, Phys. Rep. 75,57 (1981)

38



Table I

Details of experimental runs.

Number of Total Events in Length of
Pictures Taken Hadronic Events Fiducial Volume Fiducial Volume
(103) (103) (103) (cm)
Summer 1980 92 11 7 57
Fall 1980 445 84 52 57
Spring 1981 636 161 100 57
Fall 1981 806 180 112 57
Spring 1982 429 144 108 69
Total 2408 580 378
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Table II
Details of the 72 charmed particle decays. a) charged decays, b) neutral decays, c)
charged/neutral ambiguous decays. The charged multiplicity is the number of charged
tracks from the decay of the charmed particle. For charged decays the sign shown is
the charge of the charmed particle. The decay parameters dmgqz, da, I, p’, lesr and Ty

are defined in sections III(b) and IV(a). Decays which fail the cuts have no entry in the
legr or Tepp columns.

Table II(a). Charged decays.

Event Mui?iﬁigity c(iﬁ:))c jim) (im) (cz\';/c) teff Te_f 3
mm ) (x107 s)

596-237 +3 480 285 1.95 9.7 1.45 9.3
781-275 -3 374 372 1.42 9.9 0.92 5.8
916- 16 -3 139 52 1.61 11.3 0.34 1.9
958-596 -3 190 135 1.34 9.8 0.56 3.6
1002-194 -3 200 70 1.30 8.8 0.56 3.9
1187-229 +3 2uy 168 1.02 8.4 0.52 3.8
1293-147 +3 1033 363 3.41 6.1 2.91 29.6
1303-179 -3 190 160 1.34 11.8 0.56 3.0
1415-225 +3 1531 263 1.73 10.0 1.23 7.7
1562-192 -3 2080 65  0.65 10.0 0.15 8.9
1574-761 -3 540 540  3.70 8.0 2.95 23.1
1795-159 -3 112 91 1.53 16.5 0.03 0.1
1893-388 -3 580 320 1.07 8.0 0.57 4.5
1914-741 -3 1243 310  4.08 9.8 3.55 22.7
1960-760 -3 146 91 0.96 11.6 0.2y 1.3
2256-764 +3 694 266 1.92 5.4 1.42 16.5
2332-897 -3 1225 235 1.66 7.9 1.16 9.1
2407-337 +3 387 182 0.61 10.0 0. 11 0.7

) 2501-432 -3 220 110 0.65 4.6 0.15 2.0

- 2703-110 +3 340 65 0.59 4.1 0.09 1.4
2979-652 -5 825 90 1.75 11.7 0.96 5.1
3000-582 -3 360 210  0.u48 2.6
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Table II(b). Neutral decays.

Event Charged drax 2 1 P’ legs Tef§3
Multiplicity (Hm) (¥m) (mm) (GeV/c) (mm) (x10~
435-714 2 70 SRT s.2
435-714 2 . 246 246  1.45 4.9 0.80 10.2
437- 27 2 ) 53 0.69 4.9
437- 27 2 534 267 2.51 1.2 1.99 1.1
636-188 2 403 50 0.90 1.1 0.18 1.0
B44- 15 2 213 1% 1.05 6.6
344- 15 4 280 180 1.60 8.1 0.87 6.6
994-845 4 320 160  1.45 1.1 0.95 5.3
1079-160 2 170 133 1.07 8.4 0.38 2.8
1187-229 2 890 4s  1.94 5.1 0.22 2.6
1240-429 2 80 o 0.70 10.6
1256- 3 2 795 235 2.24 6.7 1.74 161
1285-919 4 625 255 4.92 12.4 4.05 20.4
1404-883 y 680 390 1.68 7.2 1.18 10.2
1466-325 2 324 226 2.39 6.0 1.58 16.2
1502-157 y 60 s1 0.43 14.3
1669-911 2 53 o .85 11.9
1741-352 2 507 80  3.03 10.1 1.52 9.3
1997-398 4 186 112 1.07 8.7 0.44 3.1
2053-318 y 896 59 1.30 6.0 .42 u.4
2301- 98 4 48 21 0.24 8.7
2328-961 2 180 55  0.91 1.7 0.25 1.3
2529-268 4 150 110 1.33 12.9 0.35 1.7
2567- 64 2 320 100 ©0.70 5.8 0.20 2.2
2622-970 4 280 260  1.39 9.3 0.84 5.6
2652-714 4 165 150  1.00 1.3 0.33 1.8
2693-360 4 400 50 1.96 7.9 0.39 3.1
2727-638 2 192 13 0.52 9.5
2817-847 2 53 50 0.26 8.1
2817-847 2 40 0 0.31 10.2
2913-429 2 m 37 0.9 10.5
2913-429 2 176 19 0.65 6.5
2977-354 4 - 317 185 0.98- 9.1 0.48 - 3.3
2998-880 4 41 32 6.49 1.9

2998-880 2 350 158 0.91 5.8 0.41 4.4
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Table II(c). Charged/neutral ambiguous decays.

Event Charged d d 1 1
Multiplicity ($;§ (um)  (mm) (;;g
352-631 27+3 971 226 2.16 1.66
773- 40 2/7-3 215 80 0.59 0.09
781-275 27+3 237 118 0.56 0.06
1216~ 85 2/-37+3 62 40 0.30
1216- 85 4s 4 80 80 0.72
1344-119 -3/ 4/-5 165 149 0.41
1573-278 +3/ 4/-5/+5 303 168 0.90 0.40
1783-636 4/-57+5 215 160 0.45
2240- 10 2/-3/7+37 4 726 160 2.77 2.08
2240~ 10 +3/ 4/+5 160 144 0.37
2526-327 27-3/7+37 4 121 40 0.24
2599-516 -3/ 4 138 65 0.57 0.07
2712-354 4/-5 480 tio 1.9%5 1.24%
2850-29¢ 27/-3/+37 4 370 50 1.32 0.26
2998-163 2/+3/7 &4 1960 40 0.38
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Table III
Lifetimes of charged and neutral charmed particles and their ratios,

as determined by various methods explained in the text.

ot 0 +
Method T
- _ =)
10713s) 103y T
(a) Reconstructed decays a
+ 4.6 + 4.4
I. <Qeff> 9.5 - 2.7 7.2 — 2.2 1.3
(b) All decays
+ 2.3 + 2.0
II. <Teff> 6.5 - 1.7 5.5 1.5 1.2
+ 4.0 + 2.8
IIT.  <d__ > 9.8 7 75 6.5 5] 1.5
+ 2.5 + 2.4
Iv.  <e> 7.2 7 18 7.1 71 1.0
+ 2.5 + 2.3
Ve g 72 _ 1 6.5 _ 1.6 1.1
Maximum + 2.3 + 2.3
likelihood 7.2 : 6.8 - 1.1
i - 2.0 - 1.8
calculation

&1 charged and 8 neutral decays.
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Table IV

Properties of the 8 fully reconstructed D? decays

and 11 fully reconstructed D* décays.

Roll-Frame Decay Mode Massz P ;{3
MeV/c?) ( GeV/c ) (10~ s)
(a) D°
437-27 Ko 1849 + 23 8.8 14.0
944-15 Krrtams 1880 + 22 9.7 5.6
994-845 K+n+n‘cn‘ln° 1833 + 12 9.9 5.9
1285-919 K*Cn+n‘in’ 1873 = 18 11.4 22.2
1997-398 ;:;}';:;4 1841 * 18 7.8 3.5
2529-268 ;:;}+n‘n' 1808 + 17  1l.4 1.9
2567-64 ;3;41n'c 1882 + 16 6.0 2.1
2652-714 K-n_dw+n+ 1884 + 10 9.1 2.3
Average 1859 + 5 7.2 fg:;
() b*
596-237 K ntnta0 1832 + 15 9.6 9.4
781-275 K+ﬂ_in-c 1871 + 9 8.1 7.1
916-16 K+cn—w_ 1887 + 9 8.7 2.4
958-596 ;:;;n- 1869 * 9 7.2 4.9
1293-147 K ontat a0 1802 + 22 6.0 30.0
1303-179 Kt o n” 1864 + 9 10.9 3.2
1415-225 ;:;}+n+l 1862 + 13 7.4 10.3
1795-159 —:;‘e;:— 1917 + 21 16.9 0.1
1893-388 K4;;:%— 1878 + 20 6.1 5.8
1914-741 Kontna 1876 + 26  11.1 19.9
2332-897 K+n‘n“i 1871 + 26 6.6 11.0
Average 1869 * 4 9.5 tg:?

Note: The underlined symbols denote the identified particles
(C = Cerenkov, i = ionization, d = delta ray).
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Table V

Various sources contributing to the total charm cross section error.

Contribution to Contribution to

Ao upwards [nb] | Ao, downwards [nb]

Statistical errors 10.5 10.5

Uncertainty between upper

and lower limits to N 6.6 14.0
Uncertainty in braching ratio

of charged decays to multiprongs 13.0 7.2
Uncertainty in 7po 7.3 4.2
Uncertainty in 7pa 8.0 4.4
Uncertainty in S 6.2 5.3

45




Table VI

Branching ratios into various final states.

Number

of Decays Detection

a) Particle

Branching Data Group

Channel Observed Efficiency Ratio (%) Value (%)
p* -> K ntnt 1
8 0.49 1124 4.6%1.1
B- -> K*n-w 7
DY ~> KOn¥qmty- 0

D -> Kop-m-nt

p® -> K-n* 1
1 0.38

-

o -> k*nw-

(=4

D0 -) K w-wtyt

N

4 0.51
02 -> Ktntnw-

N

D% -) KOont*y-
1 1 0.06

DO -> KOqntq-

515 8.423.5
33 2.4:0.4
814 4.5%1.3
18218 4.2:0.8

a) The calculation of  the branching ratjo used the branching
ratios of D° agd D— into multiprongénl B® (multiprongs) =
0.87 + 0.05; B— (multiprongs) = 0.35 + 0.10
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Table VII

Decay categories and their weight numbers.

Cat. Number/) Weighted ¢ Right hand side
No. Decay Category Source of decays Number of equation A3
passing cuts SWear
1 2,4... prong decays D° 3 6.4+ 37 No - B? (multiprongs) -« % N
identified as D°) ‘
2 | 2,4... prong decays D’ 6 16.2+ 7.2 Ng - B® (multiprongs) -&@ %
identified as D
3 2.4... prong decays D°,D’ 17 57.4413.9 BO(multiprongs)(Np - (1 — o) +
ambiguous Ng - (1 —a))
4 Negative decays D~ 16 318+ 7.6 N_ - B% (multiprongs)
5 | Positive decays Dt At 9 18.3+ 5.8 (Ny + N+ -g)- ¢)e)
B+ (multiprongs)

a) The neutral decay is identified as D® or D° either (1) by being constrained to a Cabibbo allowed D°
decay mode, or (ii) by one of the tracks being identified as a Kt or K~ by the Cerenkov counter,

or (ii1) by the fact that there is another charged charm decay in the event.

b) a (@) is a probability that a neutral decay is identified as a D® (D°) as described in a).

)

eA-cF(
/ dp 6% (p) =

= BAj(multiprongS)' multiprongs, p, 7,+)

9= B (multiprongs)

(multiprongs, p, 7%)

d) For weight calculation we used lifetimes as measured in our experiment
o = 6.877% x 107%;  mpu =7.4733 x 107,

e) The branching fractions of D® and D% were taken from Reference 20. However, care has been
taken since the results quoted in Reference 20 for branching ratios include Kg — 7T7~. To unfold
this effect we assumed that 859 of the decays are Cabibbo favored and included uncertainty of this -
assumption in the errors.

B%(multiprongs) = 0.87 + 0.05; B*(multiprongs) = 0.35 + 0.10

f) The charged /neutral ambiguous decays are added to categories 3), 4) and 5) as fractional events

according to their ambiguous topologies.
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10.

11.

FIGURE CAPTIONS
Layout of the 20 GeV backscattered laser beam with quadrant detector and pair
spectrometer.
The photon energy spectrum (corrected for acceptance) measured by the pair
spectrometer.
The SLAC Hybrid Facility with bubble chamber, proportional wire chambers,
Cerenkov counters, Lead Glass Columns and beam stop counter.
Acceptance of both Cerenkov counters as a function of particle momentum. With
increasing momentum more particles enter the deadened region (see curve labelled
A) and therefore the acceptance decreases.
Fraction of particles giving light in Cerenkov counter 1 as a function of particle
momentum.

The Lead Glass Columns with filter hodoscope (24 counters), lead shield, 52 active
converters of lead glass, finger hodoscope (250 counters) and 152 absorber blocks

of lead glass.
Inclusive 7 — 7y mass spectrum for the Lead Glass Columns.
Variation of triggering efficiency with charge multiplicity.

Sketch showing the decay parameters used in the analysis; maximum projected

" impact distance (dpqz), second largest projected impact distance (dg) and pro-

jected decay length (I).

Photographs of two events taken by the high resolution camera. Note that the
time shown is the actual flight-time, not an effective lifetime.

(a) Neutral fully reconstructed D® — K+r+r—n—

(b) Charged fully reconstructed D~ — 7~ K+7x~
Comparison of short K2 and A decay distribution with a Monte Carlo prediction.
a) shows the length ({) distribution for V°’s with dye; > 110 gm and b) is the
dmqz distribution for V?’s with [ > 0.5mm. In each case the prediction is shown
superimposed as a solid curve normalized to the data outside the first two (cut
affected) bins.

Distributions of dmgz, d2 and I. The curves are from Monte Carlo calculations

using the charged and neutral lifetimes given in the text, normalized to the num-

48



13.

14.
15.

16.

17.

18:

19.

20.

ber of events.

(a) Distribution of .y and (b) cumulative distribution of Teys for the charged
and neutral decays. The curves are exponentials representing the charged and
neutral lifetimes given in the text, normalized to the number of decays.

Log likelihood curves for the charged and neutral decays.

(a)Total charged momentum in the event for the 49 events in which at least one
decay passed all the cuts. (b) Total visible momentum in the decay for the 43
topologically unambiguous decays. The curves are the predictions from the model
used in the Monte Carlo.

Effect of changing the cut parameters on the lifetimes determined using the max-
imum likelthood method. Cuts are dpmgz > F X110pm, do > F X40pum, and [
> F X500pm.

Invariant mass for Cabibbo favored D¥ decays. All decays pointing to the pri-
mary vertex including those containing one reconstructed 7° or a visible K2 are
included. Particle identification information has been used. The error on the
mass is required to be less than 30 MeV/c? for a combination to be included.
The decays producing the three combinations above 1950 MeV/c2 are all consis-
tent with the D-mass when particle mass assignments are changed.

Dependence of the total charm cross section on:

(a) Branching ratio of D* to multiprongs.

(b) Neutral D lifetime

(¢) Charged D lifetime.

Invariant mass for charged decays interpreted as Cabibbo favored F*. Only
decays which point to the primary vertex are included. Particle identification
information has been used. The hatched histogram shows those combinations
remaining after decays interpreted as fully reconstructed D-decays have been
removed. The enhancement at 2040 MeV/cQ, therefore, is a reflection of D-
decays which comes when a pion is assigned the kaon mass.

Minimum mass difference between D%7% system and D® (all tracks assumed to be
pions). The two curves are Monte Carlo predictions from vp — D D Nr (solid)
and vp — D* D* N (dashed).
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21.
22.
23.

24.

Visible momentum from positive, neutral, and negative charmed particle decays.
Longitudinal and transverse momentum distribution of constrained decays.
Charm production crbss section as a function of energy. The curves are predic-
tions from the models indicated!!. Other data points are from Reference 17.

Detection efficiencies for D mesons into various decay modes as a function of
momentum and lifetime. The smallest kinematically allowed D momentum is
2.22 GeV/c for yp -~ DD N.
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