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Seventy-one events containing charmed-particle decays have been observed in an experiment using

the SLAC Hybrid Facility exposed to a backward-scattered photon beam. Several improvements

were made to the apparatus since the previous experiment on charm photoproduction. Results for
the charmed-meson lifetimes are consistent with the published results from the previous experiment

and the two data samples have been combined yielding a total sample of 136 charm events. After

imposing rigorous cuts, 50 neutral, 48 charged, and 2 charged/neutral ambiguous decays remain.

From these, the charmed-meson lifetimes are measured to be v +=(8.6+1.3+o3)X10 " sec,

~ 0 ——(6.1+0,9+0.3)&10 "sec, and their ratio v +/~ 0
——1.4%0.3+0 l. The total charm cross sec-

tion at a photon energy of 20 GeV has been measured to be (62+8+io) nb. There is evidence for
both DJJX and 5A,+X production with o~ +xi+,h, =(7&+11+6)%.3p+X

I. INTRODUCTION

The SLAC Hybrid Facility (SHF) Photon Collaboration
has previously published results from an experiment
(BC72/73) to study the production and decay of charmed
particles. ' Data and results obtained by combining events
from this experiment with those from a new experiment
(BC7S) incorporating some improvements to the ap-
paratus are presented.

Charmed-particle lifetimes and their ratios provide ex-
perimental tests of decay-mechanism models. The first
predictions of charmed-particle lifetimes were made by
treating the heavy charmed quark as a free particle.

Thus, the decays of charmed mesons could be described
by the decay of the charmed quark with the light constit-
uents of the mesons acting as passive spectators. This
spectator decay mechanism, shown in Fig. 1(a), predicts
equal hfetimes for the charged and neutral D mesons.
Early experiments, however, found the D lifetime (r 0)

to be much smaller than rz+, favoring the dominance of
decay mechanisms involving more than one constituent of
the D meson, such as the exchange mechanism [see Fig.
1(b)]. In BC72/73, the charged- and neutral-D lifetimes
were measured and their ratio found' to be
~a+/~~0 ——1.1+o 3. This suggested that the spectator-
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(o) Spectator Diogrom

above the charm threshold to yield a useful number of
events but low enough to give events with a small average
charged-particle multiplicity, so that in the region close to
the production vertex decays are clearly visible.

An important feature of these results is that the detec-
tor efficiency for decays close to the production vertex
was measured using multip1e scans. These measurements
were confirmed using the relatively large numbers of
neutral-strange-particle decays seen in the film.

The experimental details are described in Sec. II. Sec-
tion III gives the analysis and results on the lifetimes of
charged and neutral D mesons, production mechanisms,
and production cross sections. Finally, Sec. IV contains
the conclusions.

II. EXPERIMENTAL DETAILS
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FIG. 1. Cabibbo-angle-favored D-meson decay diagrams for

the (a) spectator, and (b) exchange mechanisms.

decay mechanism in Do decay is more important than
was previously thought.

Using the combined data from the two experiments, the
total charmed-particle photoproduction cross section has
been measured and compared with the predictions of
various models. The separate contributions of associated
(baryon-antimeson) and pair (meson-antimeson) produc-
tion have been measured, as well as the fraction of D
mesons produced via D' decays.

Approximately 1.2)& 10 pictures containing 310000
hadronic interactions were taken in the new experiment.
Seventy-one events were found to have direct visual evi-
dence for the production and multiprong decay of at least
one charmed particle. The 65 events found in the previ-
ous experiment were reviewed and treated in the same may
as those found in the new experiment. Since the condi-
tions of the two experiments were very similar and the
data found to be consistent, the data from BC72/73 and
BC75 were combined and the final results for the two ex-
periinents are presented. The 136 events from the com-
bined experiments contain 161 visible multiprong decays
of charmed particles. Stringent cuts were imposed on the
data to ensure that the efficiency for finding the decays
used in the analysis was high and uniform; 100 decays
&om 94 events passed these cuts.

Both experiments used a 20-GeV backward-scattered
photon beam which passed through the SI.AC 1-m bubble
chamber where the normal 3-view stereo camera mas sup-
plemented with a high-resolution camera allowing effi-
cient detection of charmed-particle decays. Downstream
detectors mere used to trigger the cameras on the oc-
currence of hadronic interactions in the bubble chamber.

The energy of the photon beam was sufficiently far

A. Improvements

The basic experimental apparatus had been in use at the
SHF since data taking began for BC72/73. However,
during four years of operation with about four months of
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FIG. 2. The SLAC Hybrid Facility with bubble chamber,
proportional wire chambers, Cherenkov counters, lead-glass
columns, and beam-stop counter.

The experiinent was performed at the SLAC Hybrid
Facility (Fig. 2). The beam, bubble chamber, downstream
detectors, trigger, and data acquisition system are
described in detail in Ref. 1 and references therein.

The 20-GeV photon beam was produced by backscatter-
ing laser light from 30-GeV electrons provided by the
SLAC linear accelerator. The photon-bean spectrum had
a central value of 19.6 GeV and a full width at half max-
imum (FWHM) of 2 GeV. The beam intensity was
20—30 y's per pulse at a rate of 10—12 Hz and the beam
had a circular cross section of 3 mm in diameter when
traversing the bubble chamber.

The downstream detector system consisted of three sets
(four in BC72/73) of proportional wire chambers
(PWC's), two atmospheric-pressure Cherenkov counters,
and an array of lead-glass blocks. These detectors were
made insensitive to particles in a narrow region perpendic-
ular to the bubble-chamber magnetic field which con-
tained the beam and most of the background e+e pairs.

The camera flash lamps were triggered when sufficient
energy was deposited in the lead-glass blocks or a track
which appeared to originate in the fiducial volume of the
bubble chamber was detected in the PWC's.
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data taking per year, several changes, primarily aimed at
improving the photographic resolution, were made. The
significant improvements are described below.

from 3.2 GeV/c in BC72/73 in which Freon 12 was used,
to about 2.6 GeV/c.

1. The bubble chamber
B. Event selection

Toward the end of BC72/73 the glass window through
which the events were photographed was replaced. The
new, thicker window extended a further 82 mm into the
chainber, forcing bubbles from the sealing gasket to fiow
around the window rather than across the field of view.
The reduced optical path through the hydrogen resulted
in less optical distortion; and the smaller liquid-hydrogen
volume allowed for better control of the chamber operat-
ing conditions. A further improvement was made during
the course of BC75 by replacing the hydrogen cooling sys-
tem by a deuterium one. The chamber was operated at a
temperature near 29 K with a large expansion ratio giving
a high bubble density of about 60 bubbles/cm and a slow

bubble growth rate, thereby allowing sufficient time for
the camera trigger.

2. The high-resolution camera

A new high-resolution camera was installed in which
the single 360-mm Schneider Componon S lens used pre-
viously was replaced by a pair of Nikon Apo-Nikkor
610-mm lenses. The two lenses each recorded about half
the usual beam path, with a small overlap between the im-
ages. The new camera gave a resolvable point separation
close to the Rayleigh criterion of about 30 p, m for a depth
of field of +2 mm. To realize this resolution away from
the optic axis, it was necessary to filter the light, thereby
reducing chromatic aberrations. This in turn required the
use of condenser lenses. The optic axis of each lens was

6.7 cm above the photon-beam axis and perpendicular to
the surface of the bubble-chamber window. As a result,
the direct specular reflections of the fiash tubes from the
glass and piston surfaces did not obscure the beam region.

In order to take advantage of the improved resolution,
smaller bubbles (about 40 p,m diameter) were produced
after a reduced flash delay and photographed with a flash
of shorter duration. This shorter fiash pulse was achieved
with the use of improved fiash lamps, a power supply
with reduced capacitance, and a faster triggering pulse.

3. The camera trigger

The reduction in the flash delay required that the time
for the trigger decision be reduced. The track information
from the PWC's was part of this trigger. Previously, a
software algorithm reconstructed particle trajectories pro-
jected onto the nonbend plane, triggering only on those
events containing at least one such trajectory crossing the
fiducial volume. The reduction in this decision time was
achieved by substituting a dedicated hard~are processor
for the software algorithm.

4. The Cherenkov counters

The Cherenkov counters contained Freon 114 at one at-
rnosphere during 8C75. This reduced the pion threshold

The results presented here are based on combined data
from the two experiments (Table I). In BC75 the film was
first scanned for hadronic events. Each event was then
closely examined, using the high-resolution film at high
magnification, for decays occurring within 1.5 cm of the
production vertex.

An event was retained for further analysis if either a
decay point was visible or any of the tracks when extrapo-
lated back missed the production vertex by a distance
greater than one track width. Charge balance was in-
voked to distinguish secondary interactions from decays.
These events were then subjected to a number of cuts.
The purpose of the first set of cuts was to remove non-
charm decays, specifically strange-particle decays and y
conversions. The following were rejected: (i) decays with
fewer than two charged tracks; (ii) two-prong decays con-
sistent with photon conversions or strange-particle decays

(m, +, &50 MeV/c, m + &550 MeV/c2, mz &1130
MeV/c, or rn within 5n of y, E, or A mass); and (iii)
three-prong decays consistent with charged-strange-
particle decays or neutral-strange-particle decays superim-
posed on a track from the production vertex.

Within the fiducial volume, a total of 136 events
remained containing 161 visible multiprong charm decays.
An example of such an event is shown in Fig. 3. High-
magnification (at least 20 times space) photographic
prints were made from which the projected decay lengths
and impact distances were measured. The impact dis-
tance for a track from a decay is defined in the film plane
as the perpendicular distance from the extrapolation of
the track to the primary vertex. For any decay, the larg-
est impact distance was called d,„andthe second largest
dz (see Fig. 3 inset).

To ensure that events were detected with high and uni-
form efficiency and to reduce topological ambiguity it
was further required for each decay that (iv) d,„be
greater than 110 pm (2—3 track widths) ensuring that the
scanning efficiency was high and independent of overall
event topology, (v) dz be greater than 40 pm ensuring that
the decay was multipronged, and (vi) the projected decay
length (I) be greater than lo ——0.6 mm, reducing the num-
ber of charged/neutral ambiguous decays in the sample by
separating the decay from the region where the density of
tracks from the primary vertex was highest.

Figure 4 shows that although the number of decays de-

creases gradually with increasing lo, the fraction of ambi-

TABLE I. Details of the experiment.

BC72/73 8C75 Combined

Number of pictures taken 2408000 1 22S 000 3 633000
Hadronic events in fiducial 378000 310000 688000

volume
Events containing charm 65 71 136
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guous decays decreases rapidly between lo values of 0.5
and 0.6 mm. A cut of 0.5 mm was used for BC72/73;
however, the increased statistics show that lo ——0.6 mm is
preferred.

After imposing the above cuts, 13 decays remained to-
pologically charged/neutral ambiguous. The most fre-
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FIG. 3. Photograph of event taken by high-resolution cam-
era. The inset shows a sketch of the maximum projected impact
distance (d,„),and second largest projected impact distance
(d2) used in the analysis.

quent ambiguity was between a charged-decay candidate
and a neutral candidate superimposed upon a track ori-
ginating from the primary vertex. In five cases, only one
topological interpretation had an invariant mass less than
2o. above the D-meson mass and it was accepted as such.
It should be noted that no unambiguous charged or neu-
tral decay failed this criterion. Of the reinaining eight to-
pologically ambiguous decays, three had an interpretation
compatible with a Cabibbo-angle-favored D-meson decay
into a charged final state with no undetected neutrals
which pointed back to the primary vertex and were
resolved on this basis. Of the remaining five decays, three
were D*-+~D m+- candidates with a minimum mass
difference between the D rr +system -and the Do of less
than 160 MeV/c . These were resolved as neutral decays.
In order to demonstrate that this was reasonable the topo-
logically unambiguous decays were examined using the
same criterion and it was found that there were an addi-
tional nine D'-+~++-D candidates in the neutral decays
while the charged sample had only one decay with a
minimum mass difference less than 160 MeV/c . For the
charged decays no signal is expected because D '
~m D+ is not allowed. Section III C4 describes the D*
evidence in more detail. Two decays remained un-

resolved, and these were ambiguous between two-prong
and three-prong interpretions. In one decay, the three-

prong decay was positive and in the other it was negative.
Their projected decay lengths were 1.32 and 1.95 mm.

Figure 5 shows a scatter plot of d,„versus projected
decay length for all decays. Decays with 12 & 40 pm and
the region excluded by the cuts are indicated. These data
points illustrate that the cuts have been placed well into a
smoothly varying distribution containing many decays
below the cuts.

After all the cuts were applied 100 charm decays
remained. Of these, 50 are neutral, 48 are charged, and 2
are charged/neutral ambiguous decays. These decays are
from 94 events.

C. Scanning and triggering efficiencies
and sensitivity

The scanning efficiency

All of the film was scanned twice and 43% of the BC75
film was scanned more than twice for events containing
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FIG. 5. Scatter plot of d,„against projected decay length
{I) for all multiprong decays. The region of the plot excluded

by the cuts is also indicated. Decays with d& ~ 40 pro are denot-
ed by x and decays with d2 & 40 pm by O. In addition, if a de-

cay is the shorter decay in an event containing two visible rnul-

tiprong decays then its symbol is surrounded by a circle.
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decays close to the production vertex. The efficiencies for
finding such events were calculated using a maximum-

likelihood method. The logarithmic likelihood is given

by

g N, inc+
n

g (N —N;) ln(1 —e)
l =1

—Mn[1 —(1—e)"],

IQO

where N is the total number of events found, Ã~ is the
nuinber of events found on scan i, and n scans were per-
formed. The single-scan efficiency e was then determined

by maximizing I. The. most important advantage of this
method over the standard Geiger-Werner method is that
it can be extended to any number of scans. The combined
scanning efficiency for finding charm events passing cuts
was calculated to be (97+4)%.

Figure 6 shows the efficiency for finding decays as a
function of projected decay length. Only decays with

d,„&110p, m and d2&40 p,m were used. Charm and
neutral-strange-particle decays are shown separately. The
scanning efficiency is seen to be high and uniform for all

regions near and above the cuts.
As an independent check of the efficiency for detecting

decays close to the primary vertex, the decay lengths and
impact distances were also studied for neutral-strange-
particle decays of K 's and A' s. Only decays with

dz & 700 pm were used, as these have great visual similar-

ity to neutral-D decays into two charged particles. Figure
7 shows the projected decay length and impact distance
distributions for the combined K and A samples. A
Monte Carlo method using information from the large
nuinber of observed K and A decays at longer distances
was used to predict the shapes of these distributions
which are shown as curves on Fig. 7.

In both the data and the Monte Carlo samples shown in

Fig. 7(a), K s and A's with d,„&110p,m were eliminat-
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FIG. 7. Neutral-strange-particle decays (lr, A) found in the
scan for charm events (a) projected-decay-length I distribution,
and (b) maximum-impact-distance d,„distribution. The curves
show the expected distributions. The shaded area indicates the
region below the cuts used in the charm-decay analysis.

(0 } (.hQrm decQys

85—
P

F00

w 95

z 90—

85—

3.6l.2
0

0 2.4 4 8
(mm)

FIG. 6. Dependence of the scanning efficiency on the pro-
jected decay length I for (a) charm decays and (b) A and EC de-
cays found on the charm scan.

ed so that the detection efficiency at small decay lengths
could be examined independently of that for d,„.The
Monte Carlo sample was normalized to the data for
1~0.6 rnm. Even below the cuts the data are consistent
with the levels predicted by the Monte Carlo simulation,
indicating that the efficiency reinains constant. Figure
7(b) shows the corresponding plot of d,

„

for K 's and
A's with l & 0.6 mm. Note that the first two points cover
the range 0 &d,„~110pm.

Comparing the published' inclusive K and A cross
section, o, 0,——15.0+0.4 pb, to the cross section calcu-

lated using I|: and A decays found on the charm scan
with a projected decay length less than 1.5 cm, o.

, 0

=14.6+1.5 pb, confirms the high scanning efficiency
within this region. These cross sections and the distribu-
tions of projected decay length and impact parameters
show that the scanning efficiency for short neutral decays
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into two charged particles passing the cuts is high and

uniform.

2. The trigger efficiency

The trigger efficiency for hadronic events was deter-
mined by taking every 50th frame of film untriggered
while still recording the trigger derision. From these data
the trigger efficiency for hadronic events was determined
as a function of the number of charged particles in the
event. The trigger efficiency for charmed-particle events
was calculated by assuming the events containing charm
and other hadronic events of the same charged multiplici-
ty have equal efficiency. It was found that the efflciency
was high and uniform for charged multiplicities greater
than three. Taking into account the small variations in
the configuration of the downstream detectors for dif-
ferent running periods, the weighted average charm
trigger efficiencies for BC72/73 and BC75 were (87+4)%
and (85+5)%, respectively. These values were checked by
a Monte Carlo calculation in which each of the charm
events was redistributed in the fiducial volume and rotat-
ed about the beam direction. The trajectories of the pro-
duced particles were then extrapolated into the down-
stream detectors yielding a trigger efficiency of
(90+ 10)%.

3. The sensitivity

The sensitivity of the experiment expressed in events
produced per unit cross section was determined from the
total photon path length in the hydrogen and the scanning
and triggering efficiencies. The number of photons in the
experiment was measured by summing the counts from
the beam-stop counter (see Ref. 1) for all beam pulses for
which the camera was ready to trigger. The counter was
calibrated by counting e+e pairs observed in the bubble
chamber and those collected by the pair spectrometer.
The sensitivity for charm events was found to be
(5.4+0.4} events/nb for the combined experiments. This
sensitivity was also calculated by comparing the total
number of hadronic interactions found to the known total
hadronic cross section, and correcting for the differences
in the charm and hadronic scanning and triggering effi-
ciencies. The values found by these two methods were
consistent.

D. Background

Four approaches were used to estimate the background
to the charm signal.

(i) A direct measurement of the background was made
by scanning a region of the film just beyond that popu-
lated by the charmed particles. 45% of all hadronic
events were searched for decays out to 15 mm from the
production vertex, 33% to 30 mm, and 22% only to 10
mm. No charm-decay candidates were found beyond 10
mm from the production vertex. This yielded an upper
limit on the number of background events from all
sources simulating charmed-particle decays of less than
3.1 events (90% confidence level}. The calculation al-
lowed for the fact that soine sources of background are
not independent of the distance from the production ver-

tex.
(ii) Calculations were made of the possible contributions

to the charm signal from various specific background
sources. Extensive Monte Carlo calculations showed that
the cuts imposed on the two-body invariant masses (see
Sec. II B) were sufficient to ensure that a very small num-

ber of the two-prong decay candidates could have come
from E or A decays. The background from two-body
E and A decays is concentrated at low dipion effective-
mass values (just above the 550-MeV/c cut) and was cal-
culated to contribute ~0.4 decays to the entire experi-
ment. This number includes the effect of misfitted E
and A decay tracks which scattered elastically or un-

derwent one-prong decays. Three-body A decays
(A~pev} comprised the largest single background but
were calculated to contribute less than 0.5 decays.

Another type of potentially significant background was
that due to the secondary interaction of a particle emitted
from the primary vertex producing a low-momentum

( ~ 60 MeV/c) unseen proton. Such an interaction would

have the charge configuration of a decay. The size of this
background was calculated using published experimental

data on cross sections, invariant mass, and momentum-

transfer distributions as a function of charged multiplici-
ty. The contributions from this source were found to be
negligible except for two- and three-prong final states
with undetected neutral(s), for which the estimated back-

grounds were found to be 0.2 and 0.1 decays, respectively.
(iii) Each of the charm-decay candidates passing cuts

was examined to determine if it could be due to a secon-

dary interaction of a particle emitted from the primary
vertex, as discussed above. The recoil proton momentum
was calculated for each candidate assuming that it came
from a peripheral secondary interaction with a proton
(i.e., n+p~pX+, where X+ is the observed charm-decay
candidate and the n.+ momentum being defined as the
vector sum of the visible decay products}. Only two
three-prong events of the 48 charged-decay candidates
could have had an invisible recoil proton. Both of the
events containing these decays also contain a second visi-

ble decay vertex, thus making the charm interpretation
very probable. In addition, both of the decays have a
large-transverse-momentum imbalance with respect to
their lines of flight which is inconsistent with this back-
ground explanation. Only three two-prong events of the
50 neutral-decay candidates could have had an unseen
recoil proton and one of these has a large-transverse-
momentum imbalance.

(iv) Backgrounds due to other sources such as two in-
dependent yp interactions close together, or secondary in-
teractions with deuterons present in the liquid hydrogen
were calculated and found to be negligible.

In conclusion, these observations and calculations indi-
cate that very few, if any, of the charm decays are due to
background.

III. RESULTS

A. Event characteristics

The 100 charm decays which remained after cuts are
summarized in Table II. These are 50 neutral, 1S positive,
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Number of events
Number of decays
Positive decays

Three-prong
Five-prong

Negative decays
Three-prong
Five-prong

Neutral decays
Two-prong
Four-prong

Charged/neutral ambiguous

13
13

1

15
0

8
16

1

94
100

31
2

21

2

48

33 negative, and 2 charged/neutral ambiguous decays.
The 1,d2, I, p„;„andm „;,distributions are shown in

Figs 8—1.0. The visible momentum p„;,is the vector sum
of charged-particle momenta observed in the decay and

m„;,is the invariant mass of the charged-decay particles
assuming they are all pions. While there are only six
events having both decays passing all the cuts of Sec. II8,
a further 39 events have visual evidence for a second
charm vertex (including one-prong decays}. The second
vertices were found with very high efficiency well below
the standard cuts because the 94 events were examined in
great detail.

1. Evidence for D-meson decays

A search was made for D decays into final states with
no undetected neutrals. The following conditions were
also imposed.

(i) Only decays into Cabibbo-angle-allowed final states
consistent with particle identification were permitted.

(ii) The reconstructed momentum vector of the decay-
ing particle was required to match within 3 standard devi-
ations its direction as measured in the film plane (the typi-
cal measurement error in this direction was 20 mrad}.

I } } } } } } I

TABLE II. Details of events with at least one decay passing

decay selection.

BC72/73 BC75 Combined

} } } }
(
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FIG. 9. Visible momentum distribution for positive-,
neutral-, and negative-charmed-particle decays; mean values are
5.4, 7.5, and 7.5 GeV/c, respectively.

N eu} ro I }50)

4
0

Charged —0,8
—0.6

—0,2

(iii) The error in the effective mass was required to be
less than 30 MeV/c .

Figure 11 shows the distributions for all mass contribu-
tions satisfying these conditions. A signal at the D mass
[m +=1869 MeV/c, m 0 ——1865 MeV/c (Ref. 11)]
stands out clearly for the charged decays. The signal for
the neutral decays is less clear because there are 112 mass
combinations for the 36 neutral decays while there are
only 40 mass combinations among the 32 charged decays.
A smaller combinatorial background occurs in the D
sample because tracks of the same charge as the decaying
particle were not tried as kaons. In the neutral sample, a
charged particle of either sign could be a kaon.

Fully reconstructed decays were defined as those satis-
fying conditions (i), (ii), and (iii) above, and having an ef-

20

} 5

&f~ 20

Charged Decays (48)

Neu}ra} Decays (50)

8

6

10

O

0.0
VQ

——————1.0

Neutral —0.8
—0.6
—0.4

0 800 0 200 400 600 0
drear dp (~~)

5 }0
(mrh)

0
500

00
1000 1500 2000

zn"., (Mev/c )
FIG. 8. Distribution of d, d2, and l. The shaded area in-

dicates the region below the cuts. The curves were obtained us-
ing & o=6.1X10 ' sec, w +=8.6X10 ' sec and a Monte

Carlo calculation {see Appendix A).

FIG. 10. Distribution of m „;,for the charged and neutral de-

cays. The dashed curves show the dependence of the ~eight
used in the determination of the mean lifetimes {see text) on m „;,
as calculated by Monte Carlo simulation {see Appendix A).
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FIG. 11. Invariant-mass distribution for Cabibbo-angle-
favored decays of {a) D —,and (b) D . All decays pointing to the
primary vertex including those containing one reconstructed m

or a visible Kq are included. Particle-identification information
has been used. The error on the mass was required to be less
than 30 MeV/c2 for a combination to be included. The decays
producing the combinations above mD are all consistent with
the D mass when particle mass assignments are changed. The
shaded entries show the mass combination closest to mD for
each decay.

cays are removed from the sample. No significant peak is
observed at the reported F mass" of 1971 MeV/c . In
addition, a plot of M + for all two-particle combina-

tions in the charm events, consistent with particle identifi-
cation, shows no signal near the P mass. Such a signal
would be expected if the charm events included a substan-
tial fraction of F+~/-X+ dec-ays.

3. Search for A+ decays

No fully reconstructed A,+ decays were found in the
sample of positive decays passing cuts, and no A's or X+-'s

were found in the events containing these positive decays.
All mass combinations consistent with Cabibbo-angle-
favored A,+ decays were examined both at positive decay
vertices and at primary vertices. These showed no signal
above the combinatorial background at the reported A,+

mass" of 2282 MeV/c .
To surnrnarize, all 100 decays are compatible with the

D-meson hypothesis. There is evidence for fully recon-
structed Cabibbo-angle-allowed D decays in both the
charged and neutral samples and the fraction of these is
consistent with measured D-meson branching ratios.

fective mass within 3.5 standard deviations of the D mass.
15 charged and 16 neutral decays were selected on this
basis. 12 of these contain identified kaons (10 K+- and 2
Ks). The number of these fully reconstructed D decays is
consistent with the known branching ratios. "

2. Search for F+decays-
A similar invariant-mass plot for the charged dtx;ays

tried as F- candidates is presented in Fig. 12. It can be
seen that the enhancement near 2040 MeV/ci is due to
the reflection of the D meson when one of the decay pions
is assigned a kaon mass, as no accumulation remains
(shaded region of plot) once the fully reconstructed D de-

B. Lifetimes

The inethod used to obtain the proper flight time for
each decay allowed both fully reconstructed decays and
those with undetected neutrals to be used in the calcula-
tion of average lifetimes. ' The influence of possible con-
tributions from A,+ and F+ decays to t-he charged lifetime
is discussed. Finally, the results on the D +and D life--
times and their ratio are presented.

hfelhod for calculating the proper
flight time

The proper flight time t for a D meson traveling a dis-
tance l and having a momentum p is

l2

~ IO

o 8

u)

O

z:
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FIG. 12. Invariant-mass distribution for charged decays in-

terpreted as Cabibbo-angle-favored decays of F—+ (all pion final
states were tried}. Only decays which point to the primary ver-
tex are included. Particle-identification information has been
used. The hatched histogram shows those combinations remain-
ing after decays interpreted as fully reconstructed D decays were
removed. The enhancement at 2040 MeV/c is a reflection of
D decays when a pion is assigned the kaon mass.

Alat=l (1)
C P

where mD is the D-meson mass. To determine the proper
flight time of a decay the path length and the momentum
are needed.

Because decays occurring close to the production vertex
are difficult to see, the decay length in the above formula
is replaced by the effective path length, l,tt. This quantity
is defined to be the distance between the decay vertex and
I, the first point on the flight path at which the decay
would pass all the cuts described in Sec. IIB (i.e., l~ is
the maximum of [(110pm/d, „)1],[(40 pm/12 )l], or 0.6
mm}:

l,g ——I —I

The 1,~~ distribution is presented in Fig. 13. Given that
the distribution of t is exponential, I may be replaced with
l,tt in Eq. (1) since the point at which the decay passes all
cuts is independent of the decay point.

The rnomenturn of the D mesons is not completely
determined in most cases since there were undetected neu-
tral particles in the decay. However, the quantities p„;,
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cays. The curves were obtained using ~ +=8.6&&10 " sec,

~ 0——6. 1)& 10 "sec, and a Monte Carlo calculation (see Appen-
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FIG. 14. Distribution of t ' (defined in the text) for charged
and neutral decays. The curves are exponentials corresponding
to the measured lifetimes of v + =8.6&(10 ' sec and

~ 0
——6. 1X 10 "sec from this experiment.

and m„;,were used to estimate the D momentum accord-
ing to the formula

' est
1 ~vis 1=c
p ~D p vis

All decays, whether fully re:onstructed or not, were treat-
ed in this way. The constant a was determined by a
Monte Carlo calculation (see Appendix A). The generated
D decays from the Monte Carlo were treated in the same
way as the real events. Comparing the average value
(1/p) of the generated D decays with the average value of
(1/p) ', a was found to be 1.10+0.02. The error in a
arises from the uncertainties in the D-meson branching
ratios. The deviation of a from unity is largely because
all charged-decay tracks were assumed to be pions. The
value was found to be insensitive to the specific cuts used
in this experiment and essentially independent of the D
meson momentum and, therefore, of the production
model.

The estimated flight time, r ', is obtained by substitut-
ing l,rr and (1/p) ' for l and (1/p) in Eq. (1):

' est
Nla ]
c p

Figure 14 shows the t ' distribution for the charged and
neutral decays.

The reliability of t~' as an estimate of the proper flight
time for a given decay can be deduced by examining, by
means of the Monte Carlo —generated decays, the stan-
dard deviation, o„,of the quantity y =p (1/p) ' as a func-
tion of m„;,. For m„;,close to the D mass 0„is small
while at low values of m„;,it increases significantly. It
can be shown that the standard deviation of the distribu-

tion of t ' for a given visible mass m „;,is

where r is the mean D lifetime. To account for the fact
that the uncertainty in t ' depends upon m .„eachdecay
was weighted by the factor (rltr, ) =(1+2os )

' which
is flight time independent. This weight co is plotted in
Fig. 10 as a function of m „;,. The average weights for the
neutral and charged decays are 0.92 and 0.92, respectively.

The mean lifetime was estimated by

where N is the total number of decays.

2. Lifetime results

Using the above procedure the weighted mean lifetimes
were calculated to be r+' ——(8.6+1.3)X10 ' sec and
ro'=(6.0+0.9)X10 ' sec for the 48 charged and 50
neutral decays, respectively. Setting all weights to unity
had only a small effect on these average values, increasing
the charged lifetime by 4% (0.26cr) and leaving the neu-
tral lifetime unchanged.

Separate lifetimes for the two- and four-prong D de-
cays were calculated. The mean lifetime for the four-
prong decays vras somewhat longer than that obtained
from the two-prong events but the two values were com-
patible with each other. Separate lifetimes were also cal-
culated for the samples of fully reconstructed D+ and D-
decays. Although the mean lifetime of the fully recon-
structed D decays was longer than the value obtained
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TABLE III ~ Sources of lifetime errors in units of 10 "sec.

DO

+0.09
+0.05
+0.11
+0.25

Ambiguous decays
Production model
Decay branching fractions
Error on length and impact-
distance measurement

A,+ contamination
F— contamination
Statistical

+0.13
+0.05
+0.12
+0.25

+0.S2—0.0
+0.34—0.0

k 1.3

This decay is a fully reconstructed four-prong D with
particle identification, and therefore has a very low proba-
bility of being due to some background process. The
Kolmogorov-Smirnov test' shows that the data sample is
fully consistent with a single exponential distribution.
There is no evidence to suggest the presence of a contam-
ination due to decays of a particle having all the charac-
teristics of the D but with a different lifetime. The best
estimate of the true lifetime includes this decay. For a de-
tailed discussion of this event, see Appendix B.

C. Production mechanisms

There is direct evidence in the data of pair production
of charmed mesons. Although no individual charmed-
baryon decays were identified, there is indirect evidence
for associated production of charmed baryons with an-
ticharmed mesons.

i. Deterrninotion of cr„+&I/cr, ~,
C

If only pairs of charmed mesons were produced then
equal numbers of D and D mesons would be expected.
The observed excess of D mesons is evidence for associat-
ed production.

A total of 33 D and 15 D+ decays were seen. Do and
D decays were separated by identifying the charge of the
K using either information from the Cherenkov counters
or from fully reconstructed decays. Of the 50 neutral de-
cays, three were identified as D 's and 16 as D 's. The
remaining 31 neutral decays were ambiguous between D
and D interpretations. These were statistically assigned
to the D and D categories in the same ratio as the iden-
tified decays, assuining that the probability of identifying
a D was the same as that of identifying a D . Adding
the neutral decays to the charged decays results in totals
of 23 D and 75 D mesons. The two charged/neutral am-
biguous decays were added in the observed ratio of D to D
decays leading to an estimated excess of 53 D decays over
D decays. After weighting each event by the inverse of
the detection efficiency as described in Ref. 1 and inter-
preting the excess as being due to A,+DX production, this
contribution to the charm production is estimated to be

~ +=(8.6+1.3+&i)X10 "sec,

~ 0
——(6.1+0.9+0.3) X 10 ' sec .

The proper-flight-time distributions corresponding to
these mean lifetimes are given by the curves of Fig. 14.
These values yield a ratio for the charged/neutral life-
times of

=1 4+0 3+o 2

The source and magnitude of errors associated with the
D +and D lifetimes a-re listed in Table 111. These mean-
lifetime values can be compared with the current world-
average values' of rD+ =(9.1+0'9) X 10 ' sec, and

0= (4.29+()'40) X 10 sec.
The longest-lived neutral decay in this data has a prop-

er flight time of 55&10 ' sec. The presence of this de-
cay clearly influences the mean D lifetime obtained.

~z+5x
= (71+11+6)% .

from all D decays, the results were compatible. The
charged-mean-lifetime values are also consistent. In
BC72/73 a maximum-likelihood method was used to cal-
culate the lifetimes. The results of that analysis on the
combined data differ by less than 8% (0.53o) (charged)
and 1% (0.07rr ) (neutral} from the results presented
here. '

A correction is required to account for the two
charged/neutral ambiguous decays. To estimate this
correction, the lifetime calculation was repeated using the
four possible interpretations of these two decays. The
correction is small, not changing the charged lifetime and
increasing the neutral lifetime by 0. 1 X 10 ' sec.

The influence of possible contributions from A~+ and
I'-+ production on the charged decay sample is considered
below.

(i) Any A,+ contribution only affects the positive decay
sample. The lifetime calculated for this sample is
(9.2+2')X10 ' sec while for the negative decay sample
it is (8.4+1.5}X10 ' sec. These two values are fully
compatible. The number of A,+'s in our sample which

pass cuts depends on the A+ production cross section,
momentum distribution, lifetime, and multiprong branch-

ing ratio. This number was estimated by a Monte Carlo
calculation (see Appendix A) using the production cross
section determined in this experiment (see Secs. III C and
IIID) and a lifetime of" 2.3X10 ' sec. Only (2+2) A+

decays would pass the cuts described in Sec. IIB. These
assumptions would result in a D +lifetime o-nly (3+3)%%uo

(0.2o ) longer than i+'.
(ii) The effect of F+decays in our s-ample was estimat-

ed by Monte Carlo methods. Using an F+lifetime of-"

1.9X10 ' sec and assuming that F production is 10% of
the total charm cross section, the D +lifetime wa-s found
to be (2+2)% (0.17a ) longer than r+'

Since no evidence was found for A~+ or F+decays in-
the charged-decay sample passing cuts, no corrections
were made to the central values of the D+ lifetime. Ho-w-

ever, the quoted error on the D +lifetime inclu-des the un-

certainty in the contribution of A,+ or F+decays to ~+'-
The final lifetime results are
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The coilclllsioll that Aq DX productloll is liliportallt is
further supported by the differences between p„;,of the
positive and negative decays (Fig. 9).

2. Determination of era&

Of the 94 events which have at least one decay passing
cuts, 45 were found upon examination of the high-
magnification photograph to contain a second charm de-

cay. In six events both decays pass the cuts. Background
from strange-particle decays and interactions simulating
charm decays is small (Sec. IID). In addition, the pres-
ence of one identified charm decay makes the interpreta-
tion of the second vertex as charmed extremely probable.
E and A decays have not been included in this sample.
Three of the four one-prong decays with i &0.4 mm are
also compatible with X+-or X+- decays. The one-prong
decays compatible with X+- or K-+interpretations and
with i & 5 mm were not considered to be chartn decays.
The decay distance distribution for the 45 "shorter" de-

cays is shown in Fig. 15. The shorter decay is that decay
not passing the cuts of Sec. II 8 for the events where only
one of the two visible decays passed the cuts.

Six events were observed containing two unambgiuous
neutral decays and provide direct evidence for DD pair
production. In all six of these events there is only one
charged track, identified as a proton in three cases, com-
ing from the primary vertex.

An additional eight of the 45 events contain an unambi-

guous pair of positive and negative decays. Six of the
eight have only one charged noncharmed particle coming
from the primary vertex while the other two have three.
The ten events containing a positive plus a neutral charm
decay prefer to have extra charged pairs produced at the
primary vertex (two events have no extra charged parti-
cles, six have a charged pair, and two have four extra
charged particles}.

45 Events
(with 2 Visible Decays)

E
E

O
IO

LaJ
C5

0 0.6 I.2 I.B
DECAY D I STANCE (mrs}

FIG. 15. Decay-length distribution for the shorter decay of
events with two visible decays.

In the 49 remaining events only a single decay is visible.
This can be due to several causes, these being (1) the
second particle is a neutral-D meson decaying to neutral
particles, (2) it is a charged charmed particle decaying
into a one-prong and the kink has an angle too small to be
visible, or (3}it decays at a distance which is so short that
all the decay tracks appear to come from the production
vertex. The threshold for visibility is less than 0.2 mm for
most events but can be as large as 0.3 mm for those events
with only one charged particle produced at the primary
vertex, due to the possible fluctuation in the bubble densi-
ty at the beginning of that particle's track.

Further selection criteria for the short decays were
necessary to ensure a high and uniform detection efficien-
cy. These decays were required to have 1&0.5 mm and
an impact distance d &40 pm. Sixteen events have one
decay passing the cuts of Sec. IIB and the other passing
these second decay requirements. These events provide a
sample from which the cross section for the production of
DD pair events can be calculated. A Monte Carlo calcula-
tion (see Appendix A) of the efficiency for events contain-
ing D+D, DoDo, DoD, and D D+ pairs to pass the
double decay requirements was performed, yielding effi-
ciencies of 19%, 15%, 17%, and 17%, respectively. A
similar calculation gives an efficiency for A~+DX of only
1.1% using the observed" A~+ lifetime of 2.3)& 10 'i sec.
Using the sensitivity of Sec. IIC3, the DD efficiencies,
and correcting for possible A~+DX contamination the
cross section for DD pair production is

o(yp~DDX) =17+6 nb .

This independent measurement agrees with the value
18+6+s nb obtained using the results of the previous sec-
tion and the total chtitm cross section (see Sec. III D 1).

3. Branching ratios for A+ decays

(i) A or Xo production In the .94 charm events passing
cuts there are eight visible A decays. All eight A's are
consistent with coming from A~+ decays. However, the
production of A's via DE+A and DDAK involving more
than two charmed or strange particles cannot be excluded.
If the rate of A production in charm events were the same
as for nonchartn events, 'o approximately 2.3 A's would be
expected in this sample. At the energy of this experiment
the masses of the charmed particles consume a large frac-
tion of the available phase space, suggesting that this rate
is an upper limit. An improved limit of 0.4 A s was ob-
tained from a study of noncharm events containing more
than two observed neutral strange particles. For events
containing charm this estimate is high because charmed
particles are more massive than their strange counterparts.
In seven of the eight events only one charm vertex is seen
(six D and one neutral decay). The remaining event
contains two visible charm decays; a short three-prong
positive decay, and a D decay. The positive decay corn-
bined with the A is consistent with an unconstrained de-
cay of a A,+, but without the A it is also consistent with a
D+ or I + decay.

The average visible momentum of the six D decays is
10.2 GeV/c, compared with an average of 5A GeV/c for
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the total positive decay sample. This is consistent with

the production of a fast anticharmed meson (D) and a rel-

atively slow charmed baryon (A,+). That only one of
these events has a second visible charm vertex is con-
sistent with this hypothesis and the observed" A,+ life-
time of about 2.3&(10 ' sec.

Assuming the signal is caused by the decay of A,+ to A

(or X } and using the estimate of 53 A,+DX events in the
data sample from the results of Sec. IIIC1 and the
branching fraction A~pm of 0.642, the inclusive
A~+-+A branching fraction is found to be (23+10)%.
This can be compared with the present average value of"
(33+29)%.

(ii) X+-production Th. ere are five events containing a
visible one-prong decay of a charged particle (four posi-
tive and one negative} at distances between 0.5 and 20 cm
from the primary vertex. There is good evidence that
these are charged-X decays. Assuming the charged-X
momentum spectrum is similar to that observed for A de-

cays, 84% of all X decays would occur in the range of 0.5
and 20 cm and the observed decay length distribution is
consistent with that of X+- decays having this momentum
spectrum. Using observed E decays from charm events,
less than one E+decay w-as estimated to occur at less
than 20 cm. This estimate is supported by noting that no
kinks were observed in the products of the charmed de-

cays passing cuts. For three of the five events the K+ in-

terpretation is Cabibbo-angle-suppressed. The EC+ back--
ground is, therefore, estimated to be less than 0.5 events.

A potential source of X+-is due to the associated pro-
duction of strange particles along with a DD pair. From
measurements of photoproduced X+-at lower energies, '

less than one observed X+- decay is expected to come from
this source. Also, there are indications in three of the five
events that the kinking track comes from a secondary ver-
tex, which is inconsistent with this background hy-
pothesis.

A X-+ source consistent with all the data is A+ decay.
The average visible momentum of the accompanying
charm decays passing the cuts is 9.7 GeV/c, in good
agreement with that measured for the events containing
observed A decays. Assuming a background from K+-de-
cays of 0.5 events, correcting for the X decays outside
0.5 & I & 20 cm and using the measured fraction of associ-
ated production, the events can be interpreted as
A+ ~X+-Xwith a branching ratio of (10+5)%,

4. D» production

Figure 16 shows evidence that some of the D decays
are themselves the product of D' + +D m +decay. —T—his-
figure shows a plot of b,m =mi —m„;,where m, is the
smallest effective mass formed by the D decay system to-
gether with any m+ or m from the primary vertex. A
peak for hm & 160 MeV/c is observed. For fully recon-
structixl D' decays this mass difference is 145 MeV/c~.
Even for the cases of missing neutral particles from the
D decay, or particle misidentification when the decay
kaon is assumed to be a pion, this mass difference as
shown by the solid curve in the figure is close to 145
MeV/c . The curve is a Monte Carlo prediction of bm

8

o
(f)

4J
LL}

2

0
0 F00 200 300 400 500

MASS DIFFERENCE ( MBV/c~ I

FIG. 16. Minimum mass difference between the Don. +—sys-
tem and the D (a11 tracks assumed to be pions). The solid curve
is a Monte Carlo prediction for D +~m.+D (see Appendix A)
and the dashed curve is the distribution expected for back-
ground (see text).

for D'+~Don+ normalized to 12 events. The back-
ground to the D' signal was estimated by calculating hm
from D+ decays -since D*O~D+nis not . allowed. The
background indicated by the dashed curve in the figure
shows that only 2.5 events would be expected with
bm &160 MeV/c . Correcting for the 29% of the D'+
signal predicted to fall above 160 MeV/ci, 13.4+5.0 D'
decays among the 52 possible D decays passing cuts are
estimated.

Using an estimate of 334+42 charm events produced in
the combined experiments (see Sec. III D 1},the branching
fraction D'+~Don+ of" (49+8)%, and the detection-
efficiency weights, the observed D' +signal corr-esponds
to the production of 0.29+0. 12 D' +per charm -event.
This rate can be compared to 0.70+0.11 D-+ per charm
event.

The ratio of D' /D'+ in these events ( —', ) can be com-

pared to the D /D+ ratio (» ) of the complete sample.
One of the 12 events with b,M & 160 MeV/c has a A and
two have a X+ among the outgoing particles. In each of
these cases the D' has negative charge. Three of the
D' decays into Do have an identified E+ among the
decay products, as expected for Cabibbo-angle-allowed de-

cays with small (Do-D o) mixing.

kxQ p,

where k is a unit vector in the direction of the incident
photon and p, is the transverse momentum of the D
meson with respect to the photon beam direction. Only
fully reconstructed charmed decays were used so that all
values of p, were accurately determined. Figure 17 shows
the P distribution for D and D mesons. For comparison,

5. Polarization dependence

The azimuthal polarization angle P of the D meson and
the polarization vector, 0, of the photon were examined
for possible correlations. The average polarization of the
photon beam was calculated to be 52%. The angle P is
defined as
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the corresponding distribution for m+'s from the sample
of elastically produced p events is shown by the curve on
the figure. While these p events show a strong preference
for the rr+ to be emitted in the polarization plane, the D
mesons do not exhibit this behavior. There is even an ap-
parent excess of D's for P near 90 .

D. Charm-production cross section

1. The charm cross section at 20 Ge V
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Both pair production and associated production yield D
mesons. The number of charm events produced, N„can
be estimated by counting the D's and correcting for their
detection efficiency. The details of this procedure are
given in the Appendix of Ref. 1. The calculation of the
efficiencies was repeated using the new projected decay
length cut (l &0.6 mm) which slightly reduced the detec-
tion efficiency. The dependence of the efficiency on the
D momentum is shown in Fig. 18 for different lifetimes
and decay multiplicities. The neutral decays were as-
signed to D or D using the procedure described in Sec.
III C 1. The number of D decays weighted by the inverse
of the detection efficiency is given in Table IV for specific
categories. Summing the contributions from D decays
yields N, =334+42. The error in N, includes the uncer-
tainty in the number of D 's. Using the sensitivity of
Sec. IIC3, the charm cross section is found to be 62+8
nb.

The value of the cross section is sensitive to several pa-
rameters (see Table V), the more important of which are

0 I

0 4 8 I2 I6 4 8 I2 16 20
p (GeV/c)

FIG. 18. Detection efficiency for various topologies and life-
times as a function of D momentum calculated using a Monte
Carlo method (see Appendix A).

2. Comparison of the total cross section
with model predictions

the multiprong branching ratio for charged decays, ma,
and r + Th.e variation in the cross section due to
changes in these parameters is shown in Fig. 19. Ac-
counting for all the known sources contributing to the
cross-section error,

o,h,~——62+8+)0 nb .

A model-independent lower limit to X, can be obtained
from the number of events with definite evidence for
charm. This yields a value of o,h, greater than 22 nb
(90% confidence level).

u)
OJ
OP

OP

V)

V
2

Figure 20 shows the total charm photoproduction cross
section at 20 GeV from this experiment together with the
values obtained from two muon experiments. 's These
cross-section values from the muon experiments were
corrected to reflect the most recent values of
(D~e++anything) branching ratios of (7.5+1.1+0.4)%
and (17+1.9+0.7)% for the D and D+, respectively. '

The curves plotted on the figure show the predictions of
various models. As can be seen, three of these, the
photon-gluon fusion models of Babcock et al. and Novi-
kov et al. and the vector-dominance model of Collins and
Spiller are consistent with o,h, measured in this experi-
ment. However, at higher energies only the two photon-

TABLE IV. Decay categories and their weighted numbers.

Category
number Decay category

Number of decays Weighted
passing cuts numbers'

60 l20
(degrees)

FIG. 17. The polarization-angle P distribution for fully
reconstructed D/D mesons. The angle P is measured between
the outgoing particle and the polarization vector of the photon.
The curve shows the P distribution for pions from elastic p pro-
duction in this experiment.

Identified D
Identified D
Ambiguous Do/3 0

Positive decays
Negative decays

3
16
31
15
33

8.4+4.9
50.0+13.6

141.1+27.1

80.7%21.2
163.1 +28.9

'The two charged/neutral ambiguous decays were included in
the weighted numbers as described in the text. Assigning the
decays of category 3 in the ratio of the identified Do and 3 de-
cays yields 29+17 D and 171+32 D mesons.
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FIG. 19. Dependence of o,h on charged-D-meson mul-

tiprong branching ratio, w p, and ~ +.

gluon fusion models are consistent with the muon data.
In order to show the dependence of the model predictions
on the assumed mass of the charmed quark, m„aband
was plotted in the case of the model of Babcock et al.
bounded by taking m, =1.86 GeV/c (lower bound) and

m, =1.5 GeV/c (upper bound). In the case of the model
of Collins and Spiller only the curve corresponding to
m, =1.86 GeV/c2 was plotted, lower values of m, yield
higher cross sections.

In conclusion, the photon-gluon fusion models of Novi-
kov et al. and Babcock et al. describe the total-cross-
section data well. The quark fusion model of Halzen and
Scott and the vector-dominance model of Fritzsch and
Streng clearly predict much larger cross sections than are
observed, while the vector-dominance model of Collins
and Spiller, although compatible with this experiment's
measurement, predicts higher cross sections than are ob-
served by the two muon experiments.

IV. CONCLUSIONS

In the BC75 exposure of the SLAC Hybrid Facility to a
20-GeV photon beam, 71 events were observed to contain

I

IQQQ

the decays of charmed particles meeting stringent selec-
tion criteria. The data from this and a previous experi-
ment at the SHF (BC72/73) were found to be consistent
and were, therefore, combined yielding a total of 136
events. After imposing rigorous cuts on the data, 100
charmed-particle decays remained contained in 94 events.
The efficiency for finding decays in the region above the
cuts was measured to be high and uniform as a function
of decay distance. Charged and neutral decays were treat-
ed in exactly the same way.

Using the 50 neutral, 48 charged, and 2
charged/neutral ambiguous decays, remaining after cuts,
the lifetimes are measured to be:

+=(8.6+1.3+03)X10 ' sec,

r 0
——(6.1+0.9+0.3)X10 ' sec,

IQ
IQ IQQ

IGev)

FIG. 20. Charm-production cross section as a function of en-

ergy. Data points are from this experiment and from two muon
experiments. The points plotted from the muon experiments
have been rendculated using the latest values of the semileptonic
branching ratio obtained from the Mark III detector of
(7.5+1.1+0.4) /o and (17+1.9%0.7)% for the D and D+,
respectively. The curves for the models of Novikov et al. ,
Fritxsch and Streng, and Halzen and Scott have been taken
from their papers. In the case of the vector-dominance model of
Collins and Spiller the prediction for a charmed-quark mass,
m„of1.86 GeV/e2 is plotted; for lower masses the curve would
be higher. The band shown for the photon-gluon fusion model
of Babcock et al. is bounded by values of m, =1.5 GeV/c2
(upper bound) and m, =1.86 GeV/c (lower bound).

TABLE V. Various sources contributing to the total-charm-cross-section error.

Statistical errors
Uncertainty in branching ratio
of charged decays to multiprongs
Uncertainty in branching ratio
of neutral decays to multiprongs
Uncertainty in v

Uncertainty in ~ +

Uncertainty in sensitivity

Contribution to
positive uncertainty

in ho, (nb}

9.3

3.8
8.0
5.2

Contribution to
negative uncertainty

in Acr, (nb)

5.8

3.3
4.6
3.7
3.9
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and the lifetime ratio is

'r +
= 1.4+0.3+0

1 .
TD p

Firm evidence for production of D and D mesons via
both pair (DDX) production and associated (DA+X) pro-
duction was found. There is no evidence for F decays in
the data, and no significant limits can be placed on F pro-
duction by this experiment. The fraction of associated
production is

~A, 5X
=(71+11+6)%,

&charm

and the total charm cross section is

0 charm 62+ 8—10 n

Using D'+ «D rr-+, it w-as found that there are
0.29+0.12 D' +meson-s per charm event. Branching
fractions for A~+ were measured to be (23+10)Fo for
(A,+-+A X+) and (10+5)%%uo for (A,+~X+-X).
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tions were assumed to be isotropic in the D rest frame.
Provided the charmed baryon has a short lifetime (i.e.,

approximately 2.3X 10 ' sec) the predictions from the
Monte Carlo are very insensitive to A,+ decay characteris-
tics.

2. Pair production and associated production

The following final states were generated: DDN(nm. ),
D'DN(nrr), D 'DN(nn), D'D 'N(nm ), A,+D(nm ),
D A~+(nn), and DX++(nrr), where n=0, 1,2, . . . . The
extra pions were produced at either the nucleon or meson
vertex.

All possible charge combinations were generated ac-
cording to a simple statistical model. The invariant four-
momentum transfer squared, assumed to be distributed
exponentially between the photon and meson system, was
chosen for each reaction so as to reproduce the observed
momentum spectrum.

3. Monte Carlo results

The curves in Figs. 8, 10, 13, 16, 18, and 19 were calcu-
lated using the lifetimes and cross sections found in this
experiment.

APPENDIX 8: THE LONGEST-LIVED
NEUTRAL DECAY

The event containing the longest-lived neutral decay in
the data is shown in Fig. 21, and some of its characteris-

LcNQ Docs
4+9.0 4 Q.k

r +55A&l

APPENDIX A: MONTE CARLO SIMULATION

Monte Carlo calculations were used to obtain efficien-
cies for detecting charmed-particle decays passing the cuts
of Sec. II 8, estimating parameters used in the calculation
of the charmed-particle lifetimes (Sec. III 8) and studying
possible biases of the experimental technique. Two in-
dependent Monte Carlo simulation programs using dif-
ferent assumptions about the production mechanism were
used. The sensitivity of the results to the assumed pro-
duction mechanism is small.

1. Charm-decay parameters

The two programs used measured D- and D inclusive
and exclusive final states as input. " All D decay distribu-

FIG. 21. Photograph of the event containing the longest-
lived neutral D meson found in this experiment. The picture
was taken by the high-resolution camera. Inset shows enlarge-
ment of region around the primary vertex and short-decay ver-
tex. The positions of the primary and short-decay vertices were
determined by measurement. The event is fully compatible with
the decays of two charmed particles, the decay at 9 mm being a
D ~K+n.+m. m with a proper flight time of 55.4~ 10 "sec.
Details of the event are discussed in Appendix B.
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TABLE VI. General characteristics of the event containing the longest-lived D . For track number-

ing, see Fig. 21.

Track
No. Charge

Momentum
MeV/c Identity

e/p/m

Identified
by

Ionization

Vertex

Primary

4017+48
382+4
431+4

3030+330

e /p/m
e /p/m
x+/x+

Ionization
Ionization

Decay

Priraary
or

short decay

1072+12
65%2

not proton Ionization
Range

Short decay

10
11
13
14

5452+56
599+6

3694+33
466+4

E/p
e /p/m
e /p/m
e/p/m

Cherenkov
Ionization
Cherenkov
Ionization

Long
decay

Lead glass Any

ties are given in Table VI. It contains two decays: a short
decay at 0.10+0.02 mrn into at least two charged parti-
cles and a long neutral decay into four charged particles
at a distance of 9.0+0.1 mm from the production vertex.

Close inspection of the high-resolution film led to the
conclusion that particles 5+ and 8 definitely came from
the short decay vertex and that particle 2+ probably did.
Tracks 8, 5+, and 2+, projected back, miss the produc-
tion vertex by 52+7, 42+7, and 20+6 pm, respectively.
Tracks 3+,4+,7 are ambiguous between the primary
vertex and the short decay vertex, while track 6 clearly
comes from the primary vertex. Particle 2+ underwent a
one-prong decay after 3.1 cm (off the photograph of Fig.
21) and is identified as a K+ or X+. There is no indica-
tion of a recoil proton stub at the short decay vertex. For
those particles definitely coming from the short vertex,
particle 5 can be e+, p+, m+, or E+ while particle 8 is
identified as a pion by range. The minimum mass of this
decaying particle is m(e+n )=652+5 MeV/c2 ruling
out all strange-particle-decay interpretations. The short
decay, however, is fully compatible with being a
charmed-particle decay.

The long decay at 9 mm from the production vertex has
four charged particles and its decay vertex is clearly
separated from all other tracks. The identities of the
charged particles are given in Table VI. The invariant
mass of the K+m+n m system is 1862+8 MeV/c+ and
is consistent with the accepted D mass. Also, the decay
shows no transverse momentum imbalance (the momen-
tum vector of the four decay particles projected onto the
film plane has a component transverse to its line of flight
of 6S+100 MeV/c). Thus, all the evidence is fully con-
sistent with the decay of a 10.10+0.06 GeV/c D into
IC+m+m n The prop. er fiight time is calculated to be
(55.4+0.7)X10 ' sec.

All possible sources of background which could simu-
late a constrained four-prong D decay (within Scr of the
D mass and within 15 mm of the production vertex
which is the maximum scanning length in these experi-

ments) were examined.
It should be noted that the four-prong decay cannot be

due to the interaction of any neutral particle on a proton,
since the minimum range of the recoil proton is 1.3 cm
and it would be seen. Also this decay cannot be simulated
by the decay EL ~m+n m with a Dalitz decay of the n
since there is no possible e+e mass less than 135
MeV/c, particle 10+ is not an e or a n, and
m (n+n e+e ) &~mx.

The only possible background is that due to an interac-
tion of a neutral particle on a deuteron present in the
liquid hydrogen resulting in a four-prong interaction with
an unseen spectator proton; this configuration simulates a
decay. In the background calculation it was required that
the mass of the four-body system be within So of the D
mass. In the case of a neutron interaction this mass was
required to be within So of a pm+m m mass of 2159
MeV/c (which would be obtained if a proton were sub-
stituted for the K+). The existence of the short decay in
the event was taken into account. The joint probability I'
that this experiment would contain a background event
simulating the two charmed-particle decays was calculat-

~ IO '
CQ
C)
CC
CL

tO-4

I—

4J~io'
l

4 5 6 7 8 9
D LIFETIME (~O

' sec)

FIG. 22. Upper limit to the relative probability that the event

containing the longest-lived D decay is due to background
compared to the charmed-particle-decay interpretation.
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FIG. 23. The Kolmogorov-Smirnov test comparing observed
cumulative distribution function of the data sample and the
theoretical cumulative distribution function.
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FIG. 24. Probability that an experiment of the size of the
combined BC72/73 and BC75 exposures would contain an ac-
ceptable D /3 with proper fhght time r&55X10 ' sec as a
function of D lifetime. Shaded area represents the uncertainty
{2 lc/) in the calculated number of De/5 e produced.

ed. Four possible sources of background were considered.
(i) A photon interaction with a short do:ay (not of a

charmed particle) followed by a secondary interaction of a
K from the production vertex with a deuteron in the
liquid hydrogen, Kod~K+sr+sr ir (pro)n(p, ) (P &6
X10 ").

(ii} Primary and short decay vertices as in (i) and a
secondary interaction of a neutron from the production
vertex with a deuteron in the liquid hydrogen, nd
~pm. +n rr (rr )n(p, ) (P&2X10 ' ).

(iii) Two independent photon interactions, one giving
the production and short decay vertex and the other giv-
ing the four-prong vertex 9 mm downstream
(P&0.3X10 ' ).

(iv} Production of a charm-anticharm pair with the
long four-prong decay simulated by a secondary Ko (from
the subsequent decay of either of the two charmed parti-
cles) interacting with a deuteron in the liquid hydrogen.
In this hypothesis the short visible decay at 0.1 mm is
then from the decay of one of the charmed particles pro-
duced and the other charm decay is not visible.

Background source (iv) has the highest probability in
this experiment. The expression used to obtain the proba-
bility that this experiment contains a secondary interac-
tion on a deuteron simulating a D of this type within 15
mm of the production vertex is

15+ h flf2f3f4 f5
l

where N,h, is the number of the charm-anticharm par-
ticle pairs in the whole film. In Sec. III D 1, X,h, is es-
timated to be 334+42. (This estimate is only weakly
dependent on the charm lifetime. ) fl is the number of
K 's per charmed pair produced with momentum larger
than the minimum necessary to generate the required
mass (=OA), f2 is the fraction of interactions on deute-
rons in which the spectator proton is not seen on the
high-resolution photograph (= —,

'
), f3 is the fraction of

deuteron molecules in the liquid hydrogen ( =1.5/10000)
(measurements within this experiment are consistent with
this natural frequency}, f4 is the fraction of the
(K+n+ir m ) invariant-mass plot within Ser(+40
MeV/c ) of the D mass (= —,'0, this being averaged over
the K momentum spectrum above threshold}, I/f3 is the

mean free path in millimeters for a K to interact on a
neutron giving a K+n+ir ir n(m ) final state, averaged
over the K momentum spectrum. The cross section for
the above reactions was estimated to be g2 mb. From
this I/f3 ~130000X10000/1.5 (=0.87X10 ). f5 is the
fraction of the cross section for the above reactions for
which the pT imbalance would not have been clearly ob-

served (=—,). The probability P that in this experiment
the long decay comes from this background source is less
than 1.7g10

The upper limit to the relative probability that the
event is due to background compared to the charm inter-
pretation is shown in Fig. 22. In this calculation it was
required that the D /D decay into K+m—+n+m (with a
7.1% branching ratio)' and decay after 55X10 ' sec. It
can be seen that the relative probability is very small for
the lifetime of this experiment, r,=6.1X10 ' sec, and

is small even for considerably shorter lifetimes.
In order to estimate the probability that the neutral de-

cays are a sample from a single exponential distribution
the Kolmogorov-Smirnov test' was applied. This is a
well-defined procedure for testing the goodness of fit of a
theoretical distribution to a set of independent observa-
tions. It involves a comparison between the observed cu-
mulative distribution function of the data sample and the
thexiretical cumulative distribution function. For small
samples it is superior to the X test. Figure 23 shows the
cumulative distribution for the observed neutral decays to-
gether with that expected for an exponential decay distri-
bution having a mean lifetime of 6.1X10 ' sec. The
maximum deviation is 0.095. This was compared with
the distribution of deviations in a Monte Carlo simulation
and it was found that only 50% of the simulated 50-event
experiments have a smaller rnaximurn deviation. There-
fore, the distribution is fully compatible with a single ex-
ponential distribution.

Figure 24 shows the probability that an experiment of
the size of the combined BC72/73 and BC75 ones would
contain an acceptable D /D with proper flight time
& 55X10 ' sec as a function of D lifetime. The calcu-
lation of the probability took into account the fact that
the total number of D /D produced, estimated from the
observed number of D /D, depends on the lifetime. The
shaded region indicates the uncertainty in this number
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(+lo). For the lifetime of 6. 1X10 ' sec, this probabili-

ty is 2.0%. The probability decreases rapidly with de-

creasing lifetime and is 6X10 for the Particle Data
Group" value of 4.4+o'6X 10 ' sec.

In conclusion, a yp interaction containing two decays
was found and it is fully compatible with the decays of
two charmed particles. The longer-lived decay is a

D ~K+n+m tr with a proper flight time of
55.4X10 ' sec. The probability for an event having
these characteristics coming from background sources is
extremely small (less than 1 in 6X 10 experiments of this
size). In addition, the neutral charm decays including this
long-lived D have a distribution of proper fiight times
fully consistent with a single exponential distribution.
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