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ABSTRACT 

Sixty-two charm events have been observed in an exposure 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 700 = (S.S+~:~) X 10-13s, rD* = (7.42:::) X 10-13s and their ratio 

T&/Do = . l.l~~*~. The inclusive charm cross section at a photon energy 

of 20 GeV has been measured to be (562::) nb. Evidence is presented for 

a non DD component to charm production, consistent with 35 f20 % A,$ 

production and some D** production. We have found no unambiguous F 

decays. 
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I. INTRODUCTION 

In this paper we describe an experiment, performed at the SLAC Hybrid Facility, _ - 
in which charmed particles were produced and their decays observed. 

A 20 GeV backward scattered photon beam passed through the SLAC lm 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 III 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 

bsn published previouslyl. 
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II. EXPERIMENTAL DETAILS 

(a) Ekalii _ - 
The 20 GeV photon beam was produced by backscattering laser light from 30 GeV 

electrons provided by the SLAC linear accelerator operated in the SLED mode2. 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 

spectrometer 3. A thin copper foil converted about 1 % of the incident photons into 

e+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. 

- 

4 



(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 the operation of the SLAC lm 

hydrogen bubble chamber. First, the chamber was operated at about 2Q°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 pm 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 

fll. The camera viewed a length of about 80 cm in the beam plane at a demagniflcation 

of 5.5. The corresponding depth of field was about f 6mm. The lens was diffraction 

limited with a resolution of about 45 pm under the above conditions. For this camera, 

the lights were flashed 200 ps 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 shutter4 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 (PWC’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. 

( i) 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 

5 = ((0.008)2 + (0.00085p)2)i 
P 

where p is in GeV/c. 

- 

Details of the PWC’s and the central deadening technique are given in 

Reference 5. 

( ii) t: erenkov Counters 

Two atmospheric pressure threshold cerenkov counter8 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 



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 efficiency for finding pions was > 

97 % (see Figure 5). 

( iii) Lead Glass Columns 

An electromagnetic calorimeter7 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 

0 / E =(0.84 + 4.8 / a) % , (E measured in GeV). Figure 7 shows 

the 7 - 7 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 

from 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 JH. The second trigger required a _ - 

set of hits in the downstream PWC’s compatible with a track 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. 

- 
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III. 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 shutter4 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 

9 



(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. 

( i) 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 XX) 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, x decays (mpn > 1130 MeV/c2 and more 

than 5 standard deviations above the A mass) and 7 --) e+e- conversions 

C”e+ e- > 50 MeV/c2). 

( iii) Three prong decays consistent either with K* -+ 7r*7rT+r- or C+ -+ 

pr”(no -+ e+e-7) 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 mph&prong 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 pm was imposed. 

( v) A projected impact distance, d ma=, greater than 110 pm (2 track widths) 

was required for at least one track in a decay. 

( vi) Another projected impact distance, d2, greater than 40 /lrn 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 Wggering Efliciencies 

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&l) %. 
- 

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 f 4)% using the method of 

Derenzo and IIildebrandg. 

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 VO’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 Kf 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, I, 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 Vu were calculated from their known direction 

vectors. To obtain the correct lifetime dependence a further weight was applied to each 

V” corresponding to the probability that it would decay at its assigned distance,/‘, from 

the vertex. This probability is given by 

P(t) = (m/pc?-) ezp( --I’m/pcT) 

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

r&pectively, 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 lla shows the comparison of the projected decay length (I) of the V”‘s with 

the Monte Carlo prediction. In both the data and the Monte Carlo samples, VO’s with 

d maz less than 110 pm were eliminated in order that the efficiency at small lengths 

could be examined independently of that for dm,,. 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 llb shows the corresponding plots of d maz for the V” sample, this time with 

the cut (1 > 0.5 mm) applied to the data. The binning again is such that the first 

two bins cover the range 0 < d m&z < 110 pm. These plots confirm that the scanning 

efficiency of short VO’s 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 f 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 f 8) %. The weighted average 

charm triggering efficiency for the whole experiment was (87 f 4) %. 

- 
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(d) Backgrounds 

Two approaches have been used in estimating-the background-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 1Omm 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 5-1Omm (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 

upper 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 Kf and A’s and from 7 conversions to e* pairs; also 

some can come from Kf: decays. These backgrounds were eliminated by 

means of the mass cuts discussed in section (b). 

These cuts also eliminated some real Do’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 
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not be eliminated by these mass cuts: 

( ii) A secondary interaction of a neutral partiTle (KO, A or n), emitted from 

the primary vertex, in which one of the prongs (proton) is not seen, e.g. 

w --+(p)pn-. 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 Z-prong interaction (e.g. low 

PT, 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 Ki -+ A+x-?~‘(x’ 4 e+e-7) could contribute in principle. 

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

However, no Bprong or Cprong event which passed all the cuts imposed on charmed 

particle 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 = Nh(4.5)mm, and 

the total path searched in the background region = Nh(5.0 -+ lO.O)mm + 0.5Nh( lo.0 

+ 30.0) mm (where Nh is the number of hadronic interactions in the experiment), and 

if the background were distributed uniformly along the 1Omm (or 30mm) path length 

searched,then 

- 
Background path length 15& 

Signal path length 
= ___ = 3.3 

4.5& 
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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 O-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. 

( i) Decays of charged strange particles into &body final states 

Kf ---) TfK+?r- (1) 

K* + 7r*?y”(zo + e+e-7) (2) 

K* + e*v,n”(nO -+ e+e-7) (3) 

K* --) p*vP7ro(~0 -+ e+e-7) (4) 

C* 4 p7r”(7ro + e+e-7) (5) 

All bprong charmed particle candidates were subjected to two cuts. First, that 

M mril be more than 30 above MK. Second, that no two tracks in the decay be consistent 

with electrons whose invariant mass Me+,- was less than 100 MeV/c2. These cuts 

reduced the background from the decays (1) to (5) to a very small level. 

( ii) 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. 

( iii) K” 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/c’, or M,, was less than 1130 MeV/c2 or within 5a of M,o or 

MA, 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 6prong interaction in which one positive prong is not seen. 

After all the cuts had been imposed, no candidate 3-prong or b-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 = 3 3 
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” 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”‘s 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 - o 6 
Signal path length 

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) p 1’ ies on top of an outgoing track from 

the primary vertex. Since we have already noted that the number of high mass Vu’s 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 Vu’s overlaying outgoing tracks 
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I 

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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l-V. RESULTS 

(a) Lifetimes _ - 

After the cuts described in Section III (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 Cabibb+allowed D decays with no missing neu- 

tral particles; the rest are compatible if a missing ?r”,Ko or u, 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) 1 : The actual projected distance travelled by the charmed particle as 

measured on the high resolution picture. 

( iii) I,.!: The actual distance (I) 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, I,// is the path length-over which a-charmed particle would 

have been accepted as such. 

( iv) T,,f:The average effective lifetime calculated by using upper (Pmaz) and 

lower (P,j,) 1 imi s on the momentum for each decay to estimate the t 

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 

and 

T 4/f * M 
eff = pc 

where M was taken to be the D mass. Because of the relatively low 

beam energy the Pmin and Pmaz are normally close in value. The fully 

reconstructed nature of some decays has been ignored in computing 

P min and Pmaz- Figure 12 gives the experimental distributions of dmaz, 

d2, and 1; Figure 13 the distributions of I,ff and T,ff. 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 l/4 of the error. 

The maximum likelihood determination of the lifetimes (where the parameters 1, 

/e/f 7 -d mazy and T,ff 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, we find: _ _ 

r* = 7.2:;:; X 10-13s 

700 = 6.82;:; x lo--l39 

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 1 predicted by the Monte Carlo i.. affected by 

the production model assumed but little affected by the decay kinematics assumed, 

whereas the reverse is true for dmaz; however leff 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, oiz. 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 dmaz, T,ff, 1, and Ielf, 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 

refzm to dm,, > 220 pm, d2 > 80 pm, and I > 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 

7 leff - M 
PC i 

Figure 17 shows the mass distribution for all Cabibbo-favored D* decay modes (includ- 

ing K’s and/or one measured no) 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/c2). 

Eight neutral decays were similarly identified from the neutral decay sample. Table 

IV lists the properties of these fully reconstructed decays. Ten of the nineteen fully 

reconstructed decays have identified kaons; eight are K* and two are Ki. 

In order to obtain the lifetime of the D*, the charged charmed particle lifetime value 

of (7.2Ti.i) x lo-l3 s has to be slightly modified to take into account any contamination 

due to At 77 or ADSF production, estimated to be 35 f 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 

TD& = (7.4:;:;) x lo-l38 

Here we assumed rAt to be 2 X 10 -13 s and the At and F to have the same branching 

raso to one prong as the charged D. If 10% of the -charm cross section was F+F-X 
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then the effect of this would be to raise the rD& by < 0.2 X lo-l3 s for an F lifetime 

less than the rD&. _ - 

Using the value of TDO = (6.8+~$) X lo-l38 we obtain: 

TO* 1 1+0.6 - = - 43 
TDO 

(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 e+e- pairs observed in the bubble chamber and in the 

pair spectrometer upstream of the bubble chamber. From the charm event scanning 

efficiency of 92f4 % and the charm triggering efficiency of 87f4 % (see section III(c)) 

we calculate the sensitivity S to be 2.80 f 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, Nyt, 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 III(b)) and S, we find (with 90 % confidence) that the charm production cross 

SeCtiOn, ochurm, is greater than 17 nb. 

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

de&ion. 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 even& 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 Np = 117 f 16 (statistical error only). 

We do observe evidence for associated DA$ 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 

DD) we will have one. However, since many of our neutral D’s are D/D ambiguous, we 

obtain an upper limit of 175 f 28 events if we assume all these ambiguous decays may 

be 75. 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/@ ambiguous decays which are ti. We do this 

in the Appendix and find Np = 157 f 29 and thus b,h,,m = 56nb. 

This value is sensitive to several parameters, the most important of which are the 

multiprong branching ratio for charged decays, rDO and rD&. 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 belo 

(c) Production mechanisms 

Various mechanisms for photoproduction of charmed particles have been proposedll. 

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

About one third of the observed decays have invariant masses and transverse mo- 

mentum balance consistent with Cabibb*aallowed 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 AZ, 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 measured12. It can be seen that the agreement is good except that we 

may observe an excess of D* -+ KFfnn decays. 

In the K(nlr) decays (with n 2 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 4 mass which would be expected if our Df 

candidates included a substantial fraction of F* --, 4X*. Weflnd no signal in a plot 

of MK+K- for all two-body combinations consistent with particle identification. 

. 

A search has also been made for D** ---) Do,* using two methods. Firstly, the 8 

fully reconstructed Do decays were considered (see Table IV). The effective mass of the 

Don* 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 Do decays and the 8 charged/neutral ambiguous decays (assumed to be 

neutral). For each of these 30 Do decays the mass difference between the DOT* system 

and the Do was estimated by calculating Ml - M2, where Ml is the effective mass of 

the charged tracks from the decay combined with the 7r* and M2 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/c 2. Note that for real D* decays this mass difference is 

- 145 MeV/c2 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. rp --t DD Nn). Also shown (dashed 

curve) is the Monte Carlo prediction for up -+ D* D* N?r. Eighty-five percent of all real 

D ** 4 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 DD Monte Carlo. This 

corresponds to a signal of 4.2 f 2.6 decays. Correcting for the 15% of the signal which 

is above 200 MeV/c2, there are therefore 4.9 f 3.1 D** -+ Do,* decays amongst the 

30 possible Do decays. Furthermore, correcting for the branching ratio of D** + Do,* 

and the efficiency for detecting Do decays, gives 27 f 18 D** particles produced in the 

exGriment, i.e. the number of D** per charm event is 0.17 f 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 events13, 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$ which may decay14 significantly into A or from final 

states such as ADF. 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$ lifetimeI of - 2 x 10Df3a. 

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 ADF+ can be ignored relative to that of A.$D, an 

estimate of the rate of AZD 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 + pw- 

(64%) together with a A --) p K- detection probability of 81% as calculated by a Monte 

Carlo method, the excess of 4.6 events implies that 40 f 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 @  and 10 

as D+ or Do. If the excess is interpreted as being due to A$ D production, then (44 

f 22)% of charm production comes from this source. Interpreting the D/I5 ratio as 

indicative of some associated production is further supported by the differences in the 

Dfand D- momentum distributions. Figure 21 shows the P,i, 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 Do and Do. _ - 

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 Do $ pairs sets a lower limit on DZJ production. 

Correcting for Do D” detection efficiency, and using a simple statistical model to relate 

the number of Do fl pairs to the total number of DD pairs, we estimate that 80 -'-zi 

% 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 f 20 % of the charm events contain DD 

pairs. 

(vi) The Rate of K" production. 

If K's were produced at the same rate in the charm events as in the others13 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 

DD production but can also be explained by other mechanisms. 

(vii) Conclusion on the Fraction of 017 Production. 

Putting together all the indirect evidence, presented above, for non 017 contribu- 

tions to our charm sample, we conclude that 65 f 20% of the charm events contain DD 

pairsm. The remaining 35 f 20% could be due to either AZ 75 or A.F+ D production; 

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

The distributions of longitudinal momentum and transverse-momentum for the fully 

reconstructed events are shown in Figure 22. The D’s carry on average 9.09 GeV/c (w 

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(l - z)~, 

where x 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 - 58OK hadronic events produced in hydrogen by 

20 GeV 7 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 

TDk = (7.4:;:;) x lo--l3 S , ?Df, = (6.8:;:;) x lo-l3 S 

which are in good agreement with our results published earlierl, based on about half 

our present statistics. The charged D lifetime is in good agreement with that obtained 

by other experiments’*, while the 0’ lifetime is somewhat longer by about 1.50 from 

the “best estimate” value obtained recently 15. Two types of mechanisms are supposed 

to contribute to the decay of D mesons lg, 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 Do and D+ decays equally whereas 

the non-spectator mechanism only applies to Do decays. The deviation of T+/TDO 

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 rD*/rDc = l.lz”,:$ is in line with 

the spectator mechanism dominating. 

No uniquely identified A$ or F l decays were found, however indirect evidence is 

consistent with some A$ production and we obtain 

d7P --+ Am 
a(7P + D KY) + a(7p ---) A:X) 

= 35 f 20% 

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 onr cuts if the Has a short lifetime 

(<3x10 -13,) as suggested by other experimentsl$. 

We find only a small amount of D** production (or none at all) suggesting that 

most of our D* and Do particles are produced directly. 

-- -- 

Finally, we measure the total photoproduction of charm cross section to be b,h,,, = 

(56+!$ nb. The errors are largely due to uncertainties in the lifetimes of the charmed 

particles, the ratio of the l-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, Np, svas calculated as follows: 

l Let Ni be the number of produced charmed particles of i-th type (such as 

D*,A$ etc.) and 4’(p) be their momentum distribution. 

l 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 

l ci( T, p, ri)to be the detection efficiency of decay T, given that it originated 

from charmed particle of type i with momentum p and lifetime ri. This was 

calculated using a Monte Carlo program. After cuts (i) - (vi) (section XII (b)) 

were applied to the generated decays, the efficiency e was calculated as the 

ratio of decays surviving the cuts to the total number generated. Figure 24 

shows c as a function of p and r for various decays of D mesons. 

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

given by 

all aoufcea 

V(P) = C Ni B’[lJ#‘(P)c’(T, P, TV) (Al) 
i 

Selecting one particular charm particle, say i = k, and defining weight w as 

w(T, p, P) E 
1. 

ckv, P, 79 

we obtain: 

(A2) 

4 W(T, P, 7k)TdP) = BkIq 
B’[q 

Nk + C Ni ~ 
. . . “tT, P, “1 (As) 

ifk Bk[~ dp ~‘(‘) . rk(T, p, 7’) 

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%r the experiment, we obtain an estimate of NkBk/a. 
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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 Do, # 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 V-II gives the 

physical meaning of the weight sums as implied by equation (A3). These have a simple 

meaning for categories I), 2) and 4) because only one charmed particle contributes. 

The category of Do/@ ambiguous decays (category 3) corresponds to a sum of two 

terms (Do and D”). H owever since for a given momentum the detection efficiency of 

a neutral decay does not depend on whether the decaying particle is a Do or 9, 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 AZ is equal to the number of AZ’s 

produced (N&+) multiplied by the branching ratio of A$ into multiprongs and also mul- 

tiplied by the ratio of AZ 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 zz (SW1+SW2+SW3)/Bo[multiprongs]+(SW4+SW5)/B*[multiprongs] is equal to 

the total number of charmed particles produced (N, = NO + No + N+ + N- + NA,) - 
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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, namely: 

A= Nc-N*$-g) (A41 

(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: 

(AS) 

If there were no AZ’s produced, the number of events containing charm would be 

A/2. However there is evidence for AZ production (see section IV (c)) and the second 

term in equation (AS) can not be neglected. This term depends on the number of At’s 

produced and also on their decay properties as expressed in the factor g. The relative 

detection efficiency of AZ compared to D+ averaged over a reasonable AZ momentum 

spectrum is less than 0.3 for me < 3 X lo-l3 s. This means, that g is most likely less 

than 1 and in such case 4 p rovides a lower limit to the number of charm events NFt. 

This lower limit NEti (lower) is 117 f 16 (errors are statistical). 

An upper limit to NV was obtained as follows. 

Neti C =N&N-= No+N++NAt. 

But from Table VII we see that 

= (W2+W3) B- (SW 
BO[multiprongs] ’ B*[multiprongs] = Na + N- + N”(l - o) (A6) - 

(See footnote b), Table VII for a definition of (Y.) 

- 
Therefore N,“t = B - Ndl - a) (A71 
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and B provides an upper limit of 175 f 28 events. 
__-. -- 

Equation (A7) yields the actual number of produced events,- NE&, when cu is known. 

We can estimate a by assuming that the fractions of Do and fl contained within 

category 3 are the same as those within categories 1 and 2 (i.e. cr = ~3). Then we obtain 

(Y = 0.28 and No = 26.3. Using these values in equation (A7) yields our best estimate 

of the value of Np, 

Nevt C = 157 f 29. 

- 
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-- 
Table I 

Details of experimental runs. _ - . . 

Number of Total Events in Length of 
Pictures Taken Hadronic Events Fiducial Volume Fiducial Volume 

(103) (103) W3) (cm> 

Summer 1980 92 11 7 57 

Fall 1980 445 84 52 57 

Spring 1981 

Fall 1981 

161 

180 

100 

112 

57 

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 dmaz, dp, I, p’, l,f/ and T,II 

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

fej~ or T,fl columns. 

Table II(a). Charged decays. 

d 1 
Event Charged max d2 

(W (1, 
P' eff Te'f 

Multiplicity (h) (CeV/c) (mm) (x10-i 3s) 

596-237 

781-275 

916- 16 

958-596 

1002-194 

1187-229 

1293-147 

1303-179 

1415-225 

1562-192 

1574-761 

1795-159 

1893-388 

1914-741 

1960-760 

2256-764 

2332-897 

2407-337 

2501-432 

- 
2703-110 

2979-652 

3000-582 

+3 480 285 1.95 9.7 

-3 374 372 1.42 9.9 

-3 139 52 1.61 11.3 

-3 190 135 1.34 9.8 

-3 200 70 1.30 8.8 

+3 244 168 1.02 8.4 

+3 1033 303 3.41 6.1 

-3 190 160 1.34 11.8 

+3 1531 263 1.73 10.0 

-3 200 65 0.65 10.0 

-3 540 540 3.70 8.0 

-3 112 91 1.53 16.5 

-3 580 320 1.07 8.0 

-3 1243 310 4.08 9.8 

-3 146 91 0.96 11.6 

+3 694 266 1.92 5.4 

-3 1225 235 1.66 7.9 

+3 387 142 0.61 10.0 

-3 220 110 0.65 4.6 

+3 340 65 0.59 4.1 

-5 825 90 1.73 11.7 

-3 360 210 0.48 2.6 

1.45 9.3 

0.92 5.8 

0.34 1.9 

0.56 3.6 

0.56 3.9 

0.52 3.8 

2.91 29.6 

0.56 3.0 

1.23 7.7 

0.15‘ 0.9 

2.95 23.1 

0.03 0.1 

0.57 4.5 

3.55 22.7 

0.24 1.3 

1.42 16.5 

1.16 9.1 

0.11 0.7 

0.15 2.0 

0.09 1.4 

0.96 5.1 
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Table II(b). Neutral decays. 

d 
Event Charged max d2 1 T eff 

Multiplicity (urn) (Pm) bd (Xld 3S) 

435-714 

435-714 

437- 27 

437- 27 

636-188 

944- 15 

94$- 15 

994-845 

1079-160 

1187-229 

1240-429 

1256- 3 

1285-919 

1404-883 

1466-325 

1502-157 

1669-911 

1741-352 

1997-398 

2053-318 

2301- 98 

2328-96 1 

2529-268 

2567- 64 

2622-970 

2652-714 

2693-360 

2727-638 

2817-847 

2817-847 

2913-429 

29 13-429 

2977-354 

2998-880 

2998-880 

2 

2. 

2 

2 

2 

2 

4 

4 

2 

2 

2 

2 

4 

4 

2 

4 

2 

2 

4 

4 

4 

2 

4 

2 

4 

4 

4 

2 

2 

2 

2 

2 

4 

4 

2 

70 0 0.54 8.2 

246 246 1.45 4.9 

80 53 0.69 4.9 

sir 267 2.51 11.2 

403 50 0.90 11.1 

213 14 1.05 6.6 

240 180 1.60 8.1 

320 160 1.45 11.1 

170 133 1.07 8.4 

890 45 1.94 5.1 

80 0 0.70 10.6 

795 235 2.24 6.7 

625 255 4.92 12.4 

680 390 1.68 7.2 

324 226 2.39 6.0 

60 51 0.43 14.3 

93 0 0.85 11.9 

507 80 3.03 10.1 

186 112 1.07 8.7 

896 59 1.30 6.0 

48 21 0.24 8.7 

180 55 0.91 11.7 

150 110 1.33 12.9 

320 100 0.70 5.8 

280 260 1.39 9.3 

165 150 1.00 11.3 

400 50 1.96 7.9 

192 13 0.52 9.5 

53 50 0.26 8.1 

40 0 0.31 10.2 

111 37 0.96 10.5 

176 19 0.65 6.5 

317 185 -0.98 9.1 

41 32 0.49 11.9 

350 158 0.91 5.8 

. - 
0.80 10.2 

1.99 11.1 

0.18 1.0 

0.87 6.6 

0.95 5.3 

0.38 2.6 

0.22 2.6 

1.74 16.1 

4.05 20.4 

1.18 10.2 

1.58 16.2 

1.52 9.3 

0.44 3.1 

0.42 4.4 

0.25 1.3 

0.35 1.7 

0.20 2.2 

0.84 5.6 

0.33 1.8 

0.39 3.1 

0.48 

0.41 

3.3 

4.4 

- , 

41 



Table lI( c). Charged/neutral ambiguous decays. 

Event Charged d d2 l 1 
Multiplicity (yrn; eff 

(IlId (a-l) (mm) 

352-631 2/+3 971 226 2.16 

773- 40 21-3 215 80 0.59 

781-275 2/+3 237 118 0.56 

1216- 85 2/-3/+3 62 40 0.30 

1216- 85 Q/ 9 80 80 0.72 

1344-119 -31 41-5 165 140 0.41 

1573-278 +3/ 4/-s/+5 303 168 0.90 

1783-636 4/-5/+5 215 160 0.45 

2240- 10 2/-3/+3/ 'I 726 160 2.77 

2240- 10 +3/ 4/+5 160 144 0.37 

2526-32-I 2/-3/+3/ 4 121 40 0.24 

2599-516 -31 4 138 65 0.57 

2712-354 41-5 480 110 1.95 

2850-290 2/-3/+3/ 9 370 50 1.32 

2998-163 2/+3/ 4 190 40 0.38 

1.66 

0.09 

0.06 

0.40 

2.08 

0.07 

1.24 

0.26 
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Table III 
Lifetimes of charged and neutral charined particles and their ratios, 

_ - 
as determined by various methods explained in the text. 

Method 
f T TO 5 

(10 -13S) -13 (10 s) 5 

(a) Reconstructed decays a 

I. <R > + 4.6 
eff 

9.5 
- 2.7 

(b) All decays 

II. <T eff' 6.5 + 2.3 
- 1.7 

III. <d > 9.8 + 4.0 
max - 2.7 

IV. CR> 7 . 2 + 2.5 
- 1.8 

v. Qeff> 7.2 + 2.5 
- 1.8 

Maximum likelihood 7.2 + 2.3 
calculation - 2.0 

7 . 2  + 4.4 
- 2.2 1.3 

1.2 

1.5 

5.5 + 2.0 
- 1.5 

6.5 + 2.8 
- 2.1 

7 . 1  + 2.4 
- 1.7 1.0 

6 . 5 + 2.3 1.6 1.1 
- 

6.8 + 2.3 - 1.8 1.1 

a 11 charged and 8 neutral decays. 
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Table IV 
Properties of the 8 fully reconstructed Do decays 

and 11 fully reconstructed D* decays. 

Roll-Frame Decay Mode MaSS P 

(Me"/c2) 
113 

( GeV/c ) (10 s) 

(a) Do 

437-27 K-r: TI+ 1849 + 23 

944-15 K+a+n-n-no 1880 f 22 

994-845 K+T+lT- ,*- .n 0 1833 ? 12 

1285-919 

1997-398 

2529-268 

2567-64 

2652-714 

Average 

596-237 

781-275 

916-16 

958-596 

1293-147 

1303-179 

1415-225 

1795-159 

1893-388 

1914-741 

2332-89 7 

Average 

K-$T-T+T+ 

F-n+lr-a- C 
-+ K'T i~-C 

K-T+lT+lTO 
+- - K7pC 

K+CT-lF 

ET-n- 

K-n+n+nO 

K+CII-TI- 
- 
K-Cir+T+i 
T--r- 
K il Ca 

- 
K+Cll-P- 

K%+lT-lT- - 

K+n-n-, 
1 

1873 ? 18 

1841 f 18 

1808 ?: 17 

1882 ? 16 

1884 f 10 

1859 + 5 

(b) D' 

1832 f 15 

1871 t 9 

1887 + 9 

1869 ? 9 

1802 c 22 

1864 t 9 

1862 + 13 

1917 f 21 

1878 + 20 

1876 f 26 

1871 f 26 

1869 +_ 4 

8.8 

9.7 

9.9 

11.4 

7.8 

11.4 

6.0 

9.1 

9.6 

8.1 

8.7 

7.2 

6.0 

10.9 

7.4 

16.9 

6.1 

11.1 

6.6 

14.0 

5.6 

5.9 

22.2 

3.5 

1.9 

2.1 

2.3 

7.2 i-4-4 -2.2 

9.4 

7.1 

2.4 

4.9 

30.0 

3.2 

10.3 

0.1 

5.8 

19.9 

11.0 

9.5 *06 -2.7 

- 

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 t&al charm cross section error. 

Contribution to Contribution to 

Aa, upwards [nb] Au, downwards [nb] 

Statistical errors 10.5 10.5 

Uncertainty between upper 

and lower limits to N,“t 6.6 14.0 

Uncertainty in braching ratio 

of charged decays to multiprongs 13.0 7.2 

uncertainty in 7~0 7.3 4.2 

uncertainty in rD& 8.0 4.4 

Uncertainty in S 6.2 5.3 
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Table VI 

Branching ratios into vtirious final states. _ - 

Channe 1 

Number a) Particle 
of Decays Detection. Branching Data Group 
Observed Efficiency Ratio (Xl Value (%I 

D+ -> K-O+IT+ 

D’ -> K’II-II- 

D+ -> iP*+ll+TI- 

0’ -> K”lr’~‘n+ 

DO -> K-a’ 

60 -> K+n- 

DO -> K-V-TI+V+ 

60 -> K+II+v-Jo- 

DO -> PJll+ll- 

60 -> K”n+.n’ I 

1 

7 I 
8 

D 
1 

1 I 

1 

I 
1 

0 

2 I 
4 

2 

1 1 

0.49 

0.13 

0.38 

0.51 

0.06 

1124 

555 

323 

a+4 

la+18 

4.621.1 

8.4%3.5 

2.420.4 

4.521.3 

4.220.8 

a> The calculation of the branching ratio used the branching 
ratios of Do and d into multiprong&", B" (multiprongs)= 
0.87 + 0.05; b+ (multipronss) = 0.35 2 0.10 

- 
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Table VII 

Decay categories and the5 weight numbers. _ - . 
.___-__ 

Cat. Number’) Weighted ‘) Right hand side 

No. Decay Category Source of decays Number of equation A3 

passing cuts SWCAT -- 

1 2,4... prong decays Do 3 6.4 f 3.7 Ne . B” (multiprongs) .cy *) 

identified as Doa) ______.- 
2 2,4... prong decays 

-0 
D 6 16.2zk 7.2 N,. B” (multiprongs) . E *) 

-00) 
identified as D 

3 2,4... prong decays Do Do , 17 57.4kl3.9 B”(multiprongs)(No . (1 - o) + 

ambiguous N, . (1 - a)) - 
4 Negative decays D- 16 31.8f 7.6 N- . B* (multiprongs) __.-___ 
5 Positive decays D+,A,+ 9 18.3f 5.8 (N+ + Nh: .g). c)te) 

B* (multiprongs) - 

u) The neutral decay is identified as Do or fl either (i) by being constrained to a Cabibbo allowed Do 

decay mode, or (ii) by one of the tracks being identified as a K+ or K- by the eerenkov counter, 

or (iii) by the fact that there is anot.her charged charm decay in the event. 

b) o (n) is a probability that a neutral decay is identified as a Do (rr”) as described in a). 

B*: (multiprongs) 
’ - B*(multiprongs) * / dP 4JAZ(P) 

& (multiprongs, p, rAz) 
____.__ 

6*(multiprongs, p, r*) 

d) For weight calculation we used lifetimes as measured in our experiment 

7D0 = G.8$;:; x lo-13s; r,,& = 7.43; x 10-13s. 

e) The branching fractions of Do and D* were taken from Reference 20. However, care has been 

taken since the results quoted in Reference 20 for branching ratios include I;: + x+T-. To unfold 

this effect we assumed that 85% of the decays are Cabibbo favored and included uncertainty of this - 

assumption in the errors. 

B”( multiprongs) = 0.87 f 0.05; B*(multiprongs) = 0.35 f 0.10 

f) The cha&d/ neutral ambiguous decays are added to categories 3), 4) and 5) as fractional event’s 

according to their ambiguous topologies. 
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1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

l2. - 

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, 

6’erenkov 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 - 7 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 (dmaz), second largest projected impact distance (d2) 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 fl + K+lr+?r-r- 

(b) Charged fully reconstructed D- -+ r-K+?r- 

Comparison of short K,O and A decay distribution with a Monte Carlo prediction. 

a) shows the length (I) distribution for V”s with d,,, > 110 pm and b) is the 

d mux distribution for V”s with 1 > 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 dmaz, d2 and 1. The curves are from Monte Carlo calculations 

using the charged and neutral lifetimes given in the text, normalized to the num- 
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ber of events. 

--- 13. (a) Distribution of I,+f and (b) cumulative-distribution of _Tejj 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. 

14. Log likelihood curves for the charged and neutral decays. 

15. (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. 

16. Effect of changing the cut parameters on the lifetimes determined using the max- 

imum likelihood method. Cuts are d maz > F x IlOpm, d2 > F x @pm, and 1 - 
> F ~500prn. 

17. Invariant mass for Cabibbo favored D* decays. All decays pointing to the pri- 

mary vertex including those containing one reconstructed no or a visible Kf are 

included. Particle identification information has been used. The error on the 

mass is required to be less than 30 MeV/c2 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. 

18; Dependence of the total charm cross section on: 

(a) Branching ratio of D* to multiprongs. 

(b) Neutral D lifetime 

(c) Charged D lifetime. 

19. 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/c2, therefore, is a reflection of D- 
decays which comes when a pion is assigned the kaon mass. 

20. Minimum mass difference between Do,* system and Do (all tracks assumed to be 

p&s). The two curves are Monte Carlo predictions from qp + DD NT (solid) 
- 

and up -+ D*r N?r (dashed). 



I 

21. Visible momentum from positive, neutral, and negative charmed particle decays. 
-- --- 22. Longitudinal and transverse momentum -distribution of constrained decays. _ - 

23. Charm production cross section as a function of energy. The curves are predic- 

tions from the models indicated ll. Other data points are from Reference 17. 

24. 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 7 p ---+ D D N. 

50 



Simplified Representation of the 20 
GeV Backscattered Laser Beam 

(not drawn to scale) 

Laser 

Monitor 

Drift Chambers- 

hamber - 

l \ l-Sweeping Magnet 

FIGURE 1 



30,000 I I I I 

7-82 

0 5 IO 15 20 25 

PHOTON ENERGY (GeV) 4328A24 

FIGURE 2 



Pb-GLASS 

/ 

T-81 

ABSORBER BEAM 
Unn3S<OPEA STOP 

mw -CONVERTER 

~BuBBLE \CHAMBER 
4029BI 

FIGURE 3 



--. - 

too 

80 

& 60 

i 
aw 40 

20 

0 

6-83 

-- (Cl) 
- W) 

--- (A) 

5 IO 15 20 
MOMENTUM (GeVk) 4585A15 

FIGURE 4 



too 

80 

60 

40 

20 

0 

6-83 MOMENTUM (Gev/c) 4585A14 

I I I I 
+-I 

- 
++++ + 

++ 

- 

- 

++ 
K threshold 

I 
I I t 1 I 

0 4 8 I2 I6 20 

FIGURE 5 



ACTIVE CONVERTER ABSORBER BLOCKS 
/ J -- 

FINGER HODOSCOPE 

l/4 ” LEAD SHIELD 

FIGURE 6 



5-- s r” 
0 

9-83 

8000 

6000 

4000 

2000 

0 
0 200 400 600 800 1000 1200 

M YY 
(MeV/c*) 

4585A27 
, I 

- 

FIGUl?E 7 



0 

[r 

t- 

100 I I I I 
+ 

I I 
I 

I 

80 t 

t 

60 

40 

20 
- 

0 I I I I I I I I I 

0 2 4 6 8 IO 
:;%I,IG  TRACKS FROM PRIMARY VERTEX 

FIGURE 8 



6-83 4585Al 

FIGURE 9 



-FIGURE 1oA~ 





80 

6-83 

PROJECTED LENGTH (mm) 

0 0.55 1.10 I .65 2.20 
d max (mm) 4585A20 



IO 

8 

6 

4 

2 

4 

2 

0 

4 

2 

. 0 

LBO.5 mn LBO.5 mn dmax dmax > I IOpm > I IOpm dp >40pm dp >40pm 

0 0 440 440 880 880 1320 1320 0 0 160 160 320 320 480 480 0 0 2 2 4 4 6 6 
6-83 
4585822 

d rnax (Pm) d2 (pm) L (mm) 

- 

FIGURE 12 



8 

8 

I I I I 

Charged 

Neutral 

6-83 Leff (mm) 4585A5 

FIGURE fi A 



20 

IO 

5- 

2- 

20 

IO 

5 

Charged 

I 
0 6 

6-63 

24 30 

450504 

FIGURE u B 



-2 - 
:: 

G- 
20 
c QI, 

-I 

-2 

I I 

Charged 

2 
6-83 
4585A3 

4 6 810 I5 
LIFETIMES ( l(Yi3 set) 

FIGURE 14 



I - 

12 ’ I I I I 

49 Events 

8- 

- 

4- / 
- 

0 I 
P charged (GeV/c) 

12 

8 

I I I I 

43 Decays (Charged + Neutral) 

I I 

I rl I 

6-83 P visible (GeV/c) 4585All 



I2 

IO 

8 

6 

4 

‘;;.2 
i% 

rr) 
T 
0 0 

- 

b IO 

8 

6 

4 

I I I I 

-1 0 

I I I 1 

2 Neut rat 

0 
0 I .o 2.0 

8-83 F 4585A27 

I I I 

Charged 

FIGURE 16 



t 
Df COMBINATIONS (I7 DECAYS) 

0 
IO00 

7-03 

1400 1800 

MASS (MeVk*) 4585A24 

FIGURE 17 



90 I I I I I I I I 

80 - rDo =6.8 x Io-r3 set 

To” = 7.4 x d3 set 
70 - 

60 - 

z 50 - 
V 

40 ’ I I 

oz 0 

I 

c 
0.2 0.4 0.6 0.8 

wo Branching Ratio of Charged D to Multiprongs ( > B’ 

I ’ I ’ I ’ I ’ I 

-- 

4O’I I I ’ I ’ I I I I I I I I I 

4 6 8 IO 4 6 8 IO I2 
Neutral D Lifetime Charged D Lifetime 

11-83 (X IO-l3 set) 4585A29 

FIGURE 18 



G-8- 1 I 
0 I I 
3 F+ COMBINATIONS ( I7 DECAYS) 
26 

t 
EZI Constrained 

9 
D’ excluded 

I400 1800 2200 
7-83 MASS ( MeV/c2) 458SA7r. 

FIGURE 19 



JO 

5 
r” 
0 - 

‘\’ 
P 
7 
W 
> 
W 

12-83 MASS DIFFERENCE (GeV/c2) 
4585A30 

8 

6 

4 

2 

0 

I( 
11 
II 
II 
II 
I\ I I 
I 

0 0.2 0.4 0.6 0.8 1.0 

FIGURE 20 



I 

- 

3 

2 

I 

0 
2 
34 
s 
Y 
r2 

G 
wo 

3 

2 

I 

0 

I I I 

I - Neutra I 

- 

I 

Negative 

I 
0 

4585A17 

15 
VISIBLE MOMENTUM (GeV/c) 6-83 

FIGURE 21 



0 5 IO 
LONG ITUDI NAL MOMENTUM (GeV/c) 

I I 
0 0.5 I .o 1.5 

&“,“,A13 TRANSVERSE MOMENTUM (GeV/c) 

FIGURE 22 



_ - 

I I I1~~~~ I I I lilll~ 

- Halzen-Scott 
(Quark Fusion) - 

l l .* Fritzsch-Streng - 
(~~~~rametri- - 

--- Novikov et al. 
(Photon Gluon 
Fusion) 

-*- Foi;;i-Sivers- - 

(Photon Gl uon 
Fusion with 
G(x)=,3 ( I-x)~) 

This Experiment 
(SW Photon Collaboration) 

! 
CERN a(yp-i?‘x) 
FNAL Broad Band (yp -) D”x 

-fL;x 

I 
European Muon Collaboration 

I 01 BFP Collaboration 
10 * I I I Illlll I I I rlllll I 

IO 100 IO00 
4-83 E, (GeV) 

4540A2 

FIGURE 23 



I.0 . I I I 

0’ - K-w + 
Do- 4 Prongs + Neutrals 

- (0) 

T = 15xlo-‘3seC 

D” - 2 Prongs + Neutrals D+ -++ -K *K 
z 
i (b) (El T = 15x1043sec 
m  
s 
& 
a 0.5 - 

6 
s 
if 
x 

-++ - O”--K~nn D+- 3 Prongs + Neutrals 

0 5 IO 15 0 5 IO 15 20 

s-05 p (GeV/c) 1585C2 

FIGURE ~24 


