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ABSTRACT

We report results on hadrons with open charm quantum number from
360 GeV/c 7p interactioms. The total charm cross—section for X5 >0
is found to be 20.2#.8 b, consisting of 10.1%¥2.2 b for D’ and
D°, 5.7%1.5 ub for Diand 4.5% b for A_. We observe no unambiguous
F-meson and derive an upper limit for F-production for Xp >0 as a
function of T™F). D¥ production accounts for all of the D®/D® productionm,
and 48%27% of the production of Di. The lifetimes from kinematically
fitted events are: 3.5?::: * 10°'? s for neutral D-mesons, 9.8f::: * 10°1% s
for charged D-mesons. The average of the proper time, corrected for short
distance losses, for three unique Ac is 0.4 * 10-!'3 5. The best fit
for the Xp distribution for D-mesons is achieved for n = 3.8 if described
by do/dxFa(l—xF)n. A strong effect of leading quarks is found. A better fit

is achieved if we assume a fraction a proportional to (1—xF)m and (1-a)

proportional to (1—xF)n, for which the best fit is « = 0.80, m = 7.5 and
+1 .8
n = 0.7. For D¥-mesons the best fit is obtained for n = 4.3_, ;. The P,

distribution of D-mesons is described by dc/dpi a exp(“bptz), with
b= 1.020.1 (GeV/c) “2., For the P, distribution of D¥*-mesons the best fit is

+0 .4
b = 0-9_0.3 (GeV/C)_Z.



1. INTRODUCTION

Data on hadroproduction of charm particles are still scarce and
incomplete. Experiments in general suffer from the uncertainties in the
branching ratios to the observed final states, in the A dependence of the
cross section, in the correlations between members of the charm pair and in
the constraints due to the limited phase space for both the trigger and
detection. Such effects can severely limit the validity of the conclusions
concerning production properties. In the experiment presented here these-
difficulties have been greatly reduced by the use of the high resolution
hydrogen bubble chamber LEBC (LExan Bubble Chamber) which allowed the
detection with high efficiency of the charm particles produced in "visible"
hydrogen interactions and leading to "visible" decays, free from topological
ambiguities. The limitation is the low sensitivity of a bubble chamber
experiment, typically a few events per microbarn. The statistical errors
dominate the possible systematic errors. The results described were
obtained by the CERN experiment NA27 from an exposure of LEBC and the
European Hybrid Spectrometer (EHS) to a 360 GeV/c 7~ beam from the CERN
SPS. Preliminary results [1] and partial results based on a subsample of

our neutral decays [2] have been presented elsewhere.

2 EXPERIMENTAL SET-UP

The experimental set—up is shown in fig 1. A preliminary version of
the EHS~spectrometer, used for the experiment NAl6 has been extensively
described elsewhere [3]. The major improvements are the new bubble chamber
LEBC 2, the improved particle identification by ISIS 2 and the new trigger.
Detector dimensions are given as (horizontal) x (vertical), positions are

given with reference to the centre of LEBC.

2.1 The Beam

The H2 beam [4] had a focus at LEBC in the horizontal plane with full

width (at base) of = 2 mm. This focus coincided with the depth of focus
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of the LEBC optical system. In the vertical plane the beam was slightly
divergent (0.1 mrad) and 3 cm wide. The beam momentum was 360 GeV/c
with a momentum byte &p/p < 1%. The total flux was typically =5 x 10" =~
during the = 2 s spill every = 12 s. Contamination from ; and p~ is estimated
to be << 1%. 1In order to minimise the space charge effect in ISIS the

beam was equipped with a rotating collimator, placed upstream of target T2,

to interrupt the incident 400 GeV/c protons. This collimator let through
particles for = 2 ms every = 30 ms. Each LEBC pressure minimum was
synchronised with, and centered on, each =2 ms quasi-spill. In additiem

to the rotating collimator, the beam was also equipped with a fast kicker
system [5] upstream of target T2, which deflected the incident protons off
target, thus giving no secondary particles during the kick. The beam was
kicked out just before the LEBC sensitive time and after am interaction
trigger was accepted. The combination of kicker and rotating collimator

reduced the total spill flux to = 1000 beam particles concentrated in

approximately 60 spikes of < 500 wus duratien.

2.2 The LEBC Bubble Chamber

LEBC is a rapid cycling (30 Hz) hydrogen bubble chamber. A spatial
(two track) resolution of about 20 m is necessary to be sensitive to

-1% 5, This requires high resolution optics and

lifetimes as short as 10
expansion cycles nearly down to the foam limit of hydrogen to achieve high
bubble density along the particle tracks. Therefore LEBC was constructed
as a "clean bubble chamber" without any seals, or other parts which could
favour parasitic boiling [6]. The chamber body (fig. 2) is built entirely
from LEXAN(*) a thermoplastic polycarbomate, which is transparent for
visible light and exhibits an extraordinarily high impact strength even at
cryogenic temperatures. To achieve highest possible resolution, LEBC 2 was
designed with two optics windows for straight—through illumination. The
photographed chamber volume has dimensions of 12 cm along the beam, 7 cm
deep, on axis with the optics and visible height of =5 cm to match the

5 em film width at 1:1 demagnification. The flash for picture taking was

(*) "Press—polished" optical grade LEXAN from Westlake Plastics Company,
Lenni, Pennsylvania (USA)
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activated by an interaction trigger. Two Xenon flash—tubes illuminated,
via a condensor lens (fig. 3) the chamber volume. Each light beam was
focused into the centre of its corresponding camera objective, where its
aperture was adjusted to subtend symmetrically the central (first order)
cone of the diffraction pattern. At our bubble sizes, the diffracted
intensity exceeds the refracted intensity by nearly two orders of
magnitude. The pictures were taken in bright field illumination, which
again requires less light than dark field photography. The illuminating
light passes through the centre of the objective lens and blackens the film
over the entire picture area except where it interferes with the
diffraction cone from a bubble to leave the unexposed image of the bubble.
This application of diffractive bright field photography is the only means
of rendering our small bubbles visible on film. A typical quality
photograph is shown in fig. 4. The chamber conditions during picture

taking are listed in table 1.

TABLE 1

LEBC operating conditions and optics parameters

Hydrogen temperature 29.1 K

Hydrogen static pressure 8.3 bar

Expansion pressure minimum 3.9 bar

Piston stroke 0.5 mm

Duration of expansion c¢ycle 6 ms

Beam gate at pressure minimum 500 us

Expansion cycling rate 30 Hz

Camera cycling rate 15 Hz

Bubble density along tracks 80 cm™!

Objective Schneider Componon S

Focal length 350 mm

Demagnification 1:1

Stereo angle 13°

Lens apertures (view 1 and view 2) F/13 F/16
Nominal depth of field 1.5 mm 2.0 mm
Bubble growth time (flash delay) 70 us 120 us

Bubble diameter

17 m 22




2.3 The EHS Spectrometer

Magnets

Two magnets, M1 and M2, were used to provide momentum analysis. ML,
situated 2.7 m downstream of LEBC, is a superconducting stretched
Helmholtz-coil magnet, with horizontal aperture of 80 c¢cm. The central
field was chosen at 1.1 T, giving an integrated field of 2.1 Tm,
corresponding to a transverse momentum kick of 620 MeV/c. M2, situated
20 m downstream of LEBC, is a conventional U-magnet with apexture 40x100 cm?.
The central field used was = 1.3 T, giving an integrated field of 3.1 Tm,

which corresponds to a momentum kick of 950 MeV/c.

Drift and Wire Chambers

The drift chambexs had a sensitive surface of 2x4 m? (D1-D3) and
1.3x2 m? (D4-D6) respectively [3,7] see fig. 1. The space point
precision obtained in this part of the experiment was = 300 m in the

bending plane and 1.5 mm in the non bending plane.

The two multiwire proportional chambers W0 and Wl were placed
immediately downstream of LEBC, at 33 and 87 cm respectively. Both
chambers consisted of one plame with vertical wires. W0 is a 500 ym pitch
chamber with 160 wires and a sensitive area of 8x10 cm?, [8]. Wl is a
1 mm pitch chamber with 320 wires and a sensitive area of 32x32 cm?,
which is a scaled-down version of the design described in [9]. The
chambers were equipped with a fast read-out of the anode wires, and were

used both for track reconstruction and to form the interaction trigger.

The large MWPC W2 was placed 4.2 m downstream of the centre of LEBC.

2

This chamber has a sensitive area of 1.2x2.15 m?* and six 2 mm pitch

coordinate planes.

The Proporticnal Inclined Chamber - PIC {10], used for tracking, was
situated at the center of the magnet M1, and was inclined 35° with respect
to the vertical. The two planes, 13 cm apart each had 640 wires, with
drift time read-out, spaced at 2 mm with an angle of = 10° with respect
to the horizontal. The sensitive detector area was 50x128 cm?. With the
magnetic field on, the spatial resolution for each plane was 90 um for
clean beam tracks, and for outgoing secondary tracks better thanm 200 um.

The two track separation limit was =500 m.



The Silica Aerogel Detector

The Silica Aerogel Cherenkov Detector (SAD) [11] was situated 5 m down-
stream of LEBC, close to the magnet Ml. It is composed of 18 identical
modules, each one having a sensitive surface of 23x55 cm? resulting in a
total detector surface of 2.3 m?. The threshold momentum is 0.56 GeV/c
for m, 2.0 GeV/c for K and 3.8 GeV/c for protons. SAD is useful for
particle identification in the momentum range 0.6-4.5 GeV/c. The reliability
of the identification has been checked using kinematically fitted neutral

particles (y, K, A®) and charged particles identified by ISIS.

1sIS
The large pictorial drift chamber ISIS 2 (the acronym stands for
Identification of Secondaries by Ionisation Sampling) had its center 10 m
downstream of LEBC. It is equipped with 320 wires transverse to the beam,
in a horizontal plane. Its fiducial volume is & m height, 2 m width and
5 m length. ISIS fulfilled two functions in EHS; the first was to produce
high quality track vectors which were used to initialise track reconstruct—
ion in the spectrometer; the second was to measure, by dE/dX, the velocity
of each track so that when the momentum was also known, the particle mass
might be deduced. The technique, which relies on the relativistic increase
of the ionisation in a gas, has been extensively reviewed [12,13], and the
successful application in ISIS 2 has been described elsewhere [14]. Briefly
the ionisation resolution achieved is close to the theoretical performance
and the particle identification has been checked by examining a
large sample of tracks from reconstructed K° and A° decays and y conversions
observed in the bubble chamber during the course of this experiment. We
found that electrons are uniquely resolved at the 1% level (as defined in
[13]) for momenta range below 20 GeV/c, whereas for K/m separation the

range is 3-30 GeV/c.

Gamma Detectors

Photons and electrons were detected by the two lead glass calori-
meters, the Intermediate Gamma Detector (IGD), and the Forward Gamma
Detector (FGD) [3,15]. The IGD, placed 17 m downstream of LEBC, is an ‘
array of 1122 lead glass blocks with a cross section of 5x5 cm? and
length corresponding to 15 radiation lengths. The detector surface is
195x160 cm?, with a central aperture of 35x90 cm?, matching the gap in the
M2 magnet. The IGD has an energy resolution (FWHM) AE/E=(15//E+2)%, with E
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in GeV. Spatially it is possible to resolve two showers of equal energy

down to a separation of 25 mm, at a 95% confidence level.

The FGD, situated 42 m downstream of LEBC, is longitudinally segmented
into a converter wall of 5 radiation lengths, a finger hodoscope for
determining shower location and an absorber wall with length varying
between 16 and 24 radiation lengths. The detector surface of 120x210
cm?, covers the image of the hole in IGD. The energy resolution for FGD
(FWHM) is ME/E=(10/vE+2)%, with E in GeV. In FGD two separate showers
are recognised as such if their separation is larger than 30 mm, which
allows us to separate the two gammas from 7° of momenta up te 300 GeV/c
(95% C.L.). The width of the n°-mass peak is = 20 MeV/c? for both

detectors.

2.4 Over—all Performances

For charged tracks LEBC provides topological information and space
angles with a precision of 0.2 mrad in the bending plane and 2.0 mrad in
the non-bending plane. Forward tracks with an angle of less than 100 mrad
to the beam axis are within the spectrometer acceptance. The frame of PIC
and the aperture of the Ml magnet limit the analysis to tracks within
100 mrad of the beam in the non-bending plane. Tracks in the 100-200 mrad
range in the bending plane are found with reduced efficiency. All tracks
in the forward hemisphere (xF> 0), and about 25% of tracks at negative
Xp are within the spectrometer acceptance. Track precision below 50 GeV/c
momentum is limited by multiple Coulomb scattering to ap/p = 0.5%.

For tracks traversing the second magnet the additional momentum analysis
provided ensures #Ap/p < 0.5% up to 120 GeV/c. Angle measurements are
again limited by multiple scattering and are typically in the range
0.1-1.0 mrad for particles coming from charm decays. For all charged
particle final states the effective mass resolution is in the range

4-8 MeV/c? at the D-mass. For D decays including an additional =°
reconstructed from the gamma detectors, the effective mass resolution is

= 15 MeV/c?2.

2.5 The Trigger

The decision to flash the bubble chamber illumination and to read out
the spectrometer was taken by a '"minimum bias" trigger. To define an

interaction,the trigger required more than two hits in each of the two wire
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chambers WO and Wl. Figure 5 shows the charged primary multiplicity
distribution observed in LEBC for all events together with measured

multiplicity distributions for 360 GeV/c wn°p from [16]. The

distributions have been normalised to each other for ncharged> 10.
Table 2 shows the trigger efficiencies for different charged
%
multiplicities( ).
Table 2
Trigger efficiency for low multiplicities.
Multiplicity Trigger efficiency (%)
2 (inelastic) 19 + 2
4 43 + 2
6 ‘ 68 £ 3
8 87 =3

Folding these efficiencies with the distribution of charged tracks for
the charm events, including also the charged decay products, we have
computed the trigger efficiency for charm-events to be 98?: %. The
trigger rate, defined as the number of triggers per incoming beam, was
1.4 * 10°%. This rate was continously checked for stability during data

taking.

DATA REDUCTION AND ANALYSIS

3.1 Data Conventions

In what follows we use the NA27 conventions and label the decays Cn or
Vn respectively, C for a charged decay, V for a neutral decay and n for the

number of charged decay products. For each charged decay product track, we

(%) The contribution from two-prongs is explained by knock off electrons,
particles firing more than one wire etc.
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define the "impact parameter', y, at the primary vertex, y = Lsing

(fig. 6a). For an interaction with one or several associated decays, the
largest of the impact parameters, Yy is a good measure of the visibility,
hence we normally impose a cut on this parameter to ensure high detection
efficiency. The smallest impact parameter, A gives a measure of the
clarity of the topology and a cut on this quantity is used to guarantee an

unambiguous topology.
3.2 The Sample

265 000 bubble chamber pictures contained a primary hydrogen
interaction in the fiducial volume, 8.5 cm along the beam, = 5cm wide.
These events correspond to a triggered inelastic cross section of 16.8 mb,
giving a total sensitivity of 15.8 * 0.8 events per ub. Of these
265000 pictures, 6368 had a secondary decay fulfilling the criteria for
potential charm candidates described in section 3.3 and were subsequently
measured. After this measurement a first geometrical reconstruction and
kinematical analysis was performed yielding 276 events containing
candidates for charm. In this first reduction, decays were eliminated as
being strange particle decays or gamma conversions. The 276 events with
charm candidates were remeasured on the Strasbourg HPD, see section 3.4.
The complete analysis reduced the sample to 116 events containing 183 charm

decays.
3.3 Scanning

The charmed particles are detected by observing their decay in the
bubble chamber. A "scan box" was defined as a rectangle on the LEBC
plcture with a width of 4 mm centered om the interacting beam track and a
length extending through the whole bubble chamber. Confining the scanning
to this box effectively reduces the background from strange particles
without affecting the charm sample, since |L sinse| = Lpt/p = ptct/m = 0(ct)
(fig. 6b). For t <10°'?2 g, |L sin8| S 0.3 mm, so the cut has
little effect on charm—decays. This is supported by the distribution of
|L sin®! of our charm candidates (fig. 7) which peaks strongly at zero
and has no entry for |L sin® | > 0.8 mm. Each frame was scanned twice
on two views and with two different magnifications (= 10x and = 30x).

For each frame the prediction for the transverse position of the interacting

beam particle was provided from information in wire-chambers upstream of
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the experiment. If a primary interaction matching the prediction was found
inside the fiducial volume, the event was scanned for secondary activity
(interactions, decays, tracks not coming from the primary vertex and also
sudden jumps in ionisation) inside the "scan box". Finally a check scan
was made by a physicist. The double scanning efficiency is 98% for charged
secondary interactions and neutral strange particle decays, and 90% for
charged strange particle decays. However, one cannot infer the charmed
particle scanning efficiency from the strange particle ones, since their
decay length distribution is considerably shorter, their topology distri-
bution is different (for strange decays the Cl and V2 topologies dominate,
while for charmed decays the number of decays into C1/C3 and V2/V4
topologies respectively are roughly similar). Also the charm decays are
scrutinized several times on devices with considerably better resolution
than for scanning, and thus the detection of one charm decay often leads to
the detection of its partner at a later stage. The combined efficiency to
detect a charm decay in the scanning - check scanning - measurement -
remeasurement process is estimated at 85-95 % 5%, depending on decay
topology and the cuts applied. For the sample used in the cross section
calculations the efficiency is 95 * 5% for the V4 and C3 topologies and

90 * 5% for the V2 topology.

3.4 Measuring reconstruction and kinematics:

All events with decays found in the scan box were measured. Those
having a decay in the charm box (defined as a cylinder in space, centered
on the incoming beam track, with a radius of 1 mm for Cl and V2 topologies
and 2 mm for the other topologies) were remeasured on the high precision
measuring machine (HPD) in Strasbourg if satisfying one of the following
conditions:

- A Cl or V2 topology where one of the decay products had a transverse
momentum relative to the line of flight of the parent particle larger
than 250 MeV/c. This cut is designed to remove strange particle decays.
A Monte Carlo simulation of the charm particle decays show that this cut
removes only about 4% of the charm signal in these topologies.

- A "topological charm'" i.e. C3, C5, V4 or V6;

- All unclear topologies, i.e. events with a confused secondary vertex.
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The whole charm sample was remeasured on the HPD to homogenize the
measurements for the final charm sample and to have a good control of
resolution and measurement errors. The Strasbourg HPD [17] combined with
graphical facilities is the device in the collaboration that has the
highest precision and resolution. During the measurement procedure, the
event is projected onto the scanning table, and the HPD digitisations are
displayed on the interactive screen. Zooming, rotating and using the
different magnifications in X and Y is a very powerful tool for localising
and measuring accurately the kinks and vertices. Fig. 8 shows a
digitization of the event shown in fig. 4. Using this procedure the
distribution of residuals of the master points has an RMS of 1.8 mm on
the film, and, if the track environment is favourable, the detection of
impact parameters down to 7 um on film is possible. These character-
istics make the HPD an excellent device to measure charm events and to
clarify difficult topologies. In this process charm particle decays
undetectable at scanning were discovered; in 116 events remeasured on the
HPD and subsequently classified as charm 27 previously unseen decays were
found, These numbers are fully compatible with the visibility weights

described in section 3.5.

Geometrical Reconstruction

The 2-dimensional track elements provided by ISIS were used to
initiate the geometrical reconmstruction. Combining these with hits in the
surrounding chambers it was possible to construct track elements in space.
These were extrapolated through the M1 magnetic field and associated to
tracks measured in LEBC according to their projected angles. By this stage
90% of the tracks seen in LEBC inside the angular acceptance of the
spectrometer were reconstructed. Analysis of K° and A" decays showed
incorrect associations to occur for less than 1% of these tracks. Bubble
chamber tracks not found in the spectrometer were combined with unused hits
in the detectors upstream of ISIS to recover low momentum particles or to
localize secondary interactions in the spectrometer. For this category of
tracks the contamination from incorrect associations was somewhat larger.
In these cases the geometrical reconstruction was improved with the use of
an interactive graphical system with which it was possible to display an
event in the whole EHS, ox any part of it, showing both geometrically
fitted tracks and information from the detectors. It was also possible to

change the track parameters on-line to observe the changes in the
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trajectories as the particles traverses the EHS spectrometer. Using this
system every track from a charm candidate was scrutinised to identify
incorrect track associations, particularily focusing on tracks which used
few hits in the spectrometer, tracks which had primary tracks close~by in
angle and space (this was the most common source of incorrect associations
between spectrometer tracks and tracks seen in the bubble chamber) and
tracks for which the geometry program could not find an expected ISIS track
segment. After this process the level of incorrect associations between
spectrometer— and bubble chamber tracks is negligble. All pair combina-
tions of spectrometer track elements not associated with bubble chamber
tracks were analysed to reconstruct y conversions and neutral strange
particle decays downstream of LEBC., The efficiency for finding this type
of particles, when tested on tracks coming from strange particle decays
seen in the bubble chamber (not using the bubble chamber information), was
found to be close to 90%, while the efficiency to find a correct fit, once

the tracks were found was = 95%.

m’~reconstruction

All showers in the gamma detectors with energy > 500 MeV and no
charged tracks associated with them were used as gamma candidates. For
showers in FGD one also required that the shower was initiated in the
converter. The measured energy and the coordinates were used to compute
the four-momenta of the gammas, assuming they originated in the centre of
the bubble chamber. In order to reduce the combinatorial background from
low energy gammas, cuts depending on the energy of the lower energy vy in
the pair (see table 3) were applied on the y*-probability for the =°

mass.

Table 3

71° probability cuts

EY in P(M“o)
< 2 Gev > 20%
2-4 GeV > 10%
4-8 GeV > 5%

> 8 GeV > 1%
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When applying these cuts, the signal to background ratio is 2:1l. The
combinations passing the cuts were used by the kinematical fit program
which, for each decay hypothesis requiring a % tried all candidates

found.

Particle Identification

Particle identification was ensured through SAD and ISIS in

complementary momentum ranges.

Knowing the momentum for a charged track passing through a SAD module,
the theoretically expected numbers of photoelectrons for different masses
are known. A y%-probability for the various mass assignments can be

computed for the measured signal.

The sampling of the ionisation deposited by a particle traversing ISIS
was made in up to 320 channels, with the regions of crossing tracks filtered
out. This allowed us to compute the ionisation distributiom. This Landau
distribution depends on a scale parameter {12] which is proportional to the
energy lost by the particle traversing the Ar/CO, mixture. A maximum
likelihood fit to a model dE/dx distribution was performed giving the
ionisation. The logarithm of the measured ionisation is normally
distributed around the theoretical value, which can be computed when
knowing the momentum of the particle. This enables us to compute a

x*-probability for each mass assigoment.

The information from the gamma detectors provided electron—hadron
separation based on the comparison of the momentum measurement in the
spectrometer and the energy released in the lead glass. In the FGD the
efficiency is further improved by requiring that an electromagnetic shower
is initiated in the first 5 radiation lengths, and that there is a good
signal in the position measuring hodoscope. The resulting hadron rejection
factor, for particles with momenta above 5 GeV/c, is of the order of 1:500
for FGD and 1:300 for 1GD.
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Kinematical Reconstruction

The final step in the data processing chain is the kinematic fitting
which optimizes the track parameters (1/P,A,¢) at a given vertex in order
to satisfy energy and momentum conservation, subject to all mass assign-
ments for the tracks that are compatible with the particle identification
information. The kinematical fit program uses 7° candidates found in the
gamma detectors and neutral particles detected from their decay in the
spectrometer. Each hypothesis was also tried with an unseen 7° or K°
included. Depending on the number of unmeasured quantities, the fit has 3,
2, 1, or 0 degrees of freedom (referred to as 3C, 2C, 1C or OC fits in the
following). A decay with only the momentum of the incident particle
unmeasured will have 3 degrees of freedom, while a decay which in addition
has an unseen neutral particle will have zero degrees of freedom. In this
latter case no fit is performed, the program just propagates the errors to

the unmeasured quantities.

3.5 Visibility, Acceptance and Geometrical Efficiency Corrections

The charm decays used in the following analysis were detected at
scanning level. They must be given a visibility weight which compensates
for losses at very short decay lengths, as well as for losses due to the
finite size of the charm box and fiducial volume. This weight is a simple
function of the minimum and maximum detectable decay lengths, 1min and

1 respectively.

max?

1l ., 1is defined as the smaller of:
min

— The length necessary to observe a decay track not originating from the
primary vertex at scanning with efficiency close to 1. This was taken as
the distance along the line of flight necessary for at least one of the
secondary decay tracks to achieve an impact parameter of 50 ym.

— The length necessary to detect the decay as an increase in ionisation.
This length is the sum of two terms; the distance along the line of
flight from the primary vertex to the point where the separation from the
closest primary track is ome bubble diameter, and the track length
necessary to ensure that the increase is not a statistical fluctuatien
(e.g. for a €3 the track length that makes single and triple ionisation

significantly different, assuming Poisson statistics).
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lmax was computed taking into account the finite length of LEBC, the

depth of focus and the boundaries of the charmbox.

A few decays (= 5% of the neutral sample) were found with a decay
length smaller than the computed 1min: they were given a visibility
weight Wois = 0.

To take the geometrical acceptance of the spectrometer and the .
geometrical reconstruction efficiency into account, a spectrometer weight
WéP was computed for each decay with a kinematical interpretation. This
weight was calculated by generating a large number (= 10%) of charmed
particles with the same properties (xF, Py s decay channel) as the fit.

For each generated decay, using our geometrical reconstruction and
association efficiencies and our m° reconstruction efficiency we could
determine for each simulated decay wether it leads to a fit with 3,2,1, or
0 degrees of freedom, or if it leads to an underconstrained solution (no
fit). The spectrometer weight was defined as the ratio of the total number
of generated decays to the number of decays belonging to the categories
(normally fits with 3,2 or O degrees of freedom) accepted in the analysis
of the real decays. For all the charm decay channels considered in the

analysis the EHS spectrometer efficiencies (i.e. the inverse of W_,) rise

sP
steeply around Xp = 0 to reach a nearly constant value, close to 1, above
X = 0 for decays without neutrals and around X = 0.2 for decays with
seen 1°. As an example we show in fig. 9 the efficiency to get

kinematical fits for the decay D°® + K-a*ntn-nf
3.6 Background

We have studied three different sources of background to the charm
sample; strange particle decays, secondary interactions with short (and
undetected) recoil proton and background induced by incorrect associations

between spectrometer tracks and bubble chamber tracks.

To estimate the background from the decay of strange particles, which
affects the V2 and C3 topologies, strange particles (K, A and I) and
their decays were generated according to known cross sections and branching

ratios. These decays were then subjected to the cuts used in the analysis.
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The remaining strange particle background in our fitted sample of charm

decays in the V2 and C3 topologies is less than 0.10 events.

To evaluate the background from interacting particles we used a LUND
Monte Carlo to generate the momentum spectrum for secondary particles.
This was then used to generate secondary interactions, using the

limitations imposed by the bubble chamber geometry, charm box etc.

Interactions in which the recoil proton had a range less than 300 m
(this limit corresponding to more than 10 bubble diameters) were retained
as potential background. Even with this rather conservative ansatz the
background from this source, at scanning, is less than 0.2 events in both

the charged and the neutral sample.

The possible background from incorrect associations between
spectrometer tracks and bubble chamber tracks was estimated by gemerating
K® and A® decays with complete events. All decays in the charmbox with
one track in and one track out of the spectrometer acceptance were
considered as background candidates. For these a false association was
forced, using the closest track from the primary vertex. This new decay
topology was then fed through the analysis chain. Using the upper limit
probability of a false association the upper limit of this background in

our fitted neutral charm sample was found to be less than 0.05 events.

RESULTS

4.1 Sample and Final Selection Criteria

The number of events in the charm box for different topologies is

shown in the first row of table 4. For the Cl and V2 topologies the bulk

%
of the events was removed as strange particles( ).

(*) Either by fits to strange decays or by the requirement of a decay
pr > 250 MeV/c.
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For the C3 topology some events could be removed as ionisation jumps(*).
After remeasurements 114 events remain, in which there are 183 candidates
for charm decays, ie. 45 single charm candidates and 69 pairs. 100 of the
charm decays are neutral and 55 are charged with ncharged ? 3. In the
analysis of D-mesons the Cl sample (28 decays) is not used, since it
suffers from low kinmematic fit efficiency and considerably lower scanning
efficiency than the other topologies. All measured events were geometrical-
ly reconstructed and kinematically fitted. The number of decays for which
we obtain kinematical fits with a charm hypothesis is given as "charm fits"
in table 4. Some decays got several kinematical solutions. These
ambiguities can occur between different charm particles or, for a given
charm particle, between various decay modes and in scme cases there are
kinematical ambiguities for a well defined decay mode. Here we limit
ourselves to a brief overview of the information available and how it has
been used to resolve these ambiguities. Schematically the information used
can be grouped into three categories; information on charged decay products
from IS1S, knowledge of the spectrometer acceptance for neutral decay
products and "a prioxri" knowledge about fit quality and the nature of

charmed hadrons produced.

- The 18IS probability for the mass assignment e, w7, K or p was
considered, when larger than 4%, for each decay track, When this
probability was larger than 20% for a given mass assignment, it turned
out that it was less than 4% for any other mass. Consequently, only fits
compatible with this unique mass assignment were selected. In all other
cases, the fits compatible with the 4% cut in ISIS probability were

accepted for further analysis.

(*) i.e. no track having an impact parameter larger than 7 m.
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When a kinematic solution was requesting the presence of unseen neutral

particles, the number of unseen neutrals was checked against the quantity:

/2

1
2 = 2+ 2 _ 2+ 2
M mf + m? 2mi (mc pT)

where m is the mass of the incident charm particle, m, the effective

mass of the observed final state and P the transverse momentum of this

system. A cut at (M * M) = 400 MeV was imposed to separate one n°

4

from two 7° solutions and at 700 MeV to separate K° from (K% q?%)

solutions.

Finally, if there was an ambiguity between several solutions using an

unseen 7°, the solution with the n° which has the lowest detection probability

was chosen.

- All other conditions equal, Cabibbo favoured fits were preferred over

Cabibbo unfavoured, D-meson solutions over F-meson and Ac solutions

and highly constrained fits over fits of lower constraint classes.

The results of this selection are given in Table 5 for the D+ (D-)
and D%D®) decays.

For the decays where there remained some ambiguities, but the X of
all acceptable solutions differed by less than 0.1, one fit closest to the
central value was chosen to represent the decay when using its physical
quantities. The numbers given as "unique" in table 4 are the sum of this
category of fits and of the genuinely unique fits in each topology. Table 5
gives some details on the final states which come out as the most probable
ones according to this selection. It cannot be used, however, to extract
information on branching ratios, etc., since these final states have not

2ll the same detection efficiency.

The resulting distribution of the charged decays between the three
charged charm particle states (D/F/A) is in perfect agreement with a
maximum likelihood fit, not depending on these criteria. The maximum
likelihood function was defined as a function of the transverse decay

length and the x? for the kinematical fit and the ionisation measurement,

using the best fit (lowest x2) for each decay.
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Table 4

Data Reduction for the Charm Sample

Number of prongs 1 2 3 4 5 6 7

in charm box 966 3399 192 21 7 1 1

at scanning

Charm decays 28 78 51 22 4

Charm fits 11 64 34 17 4

"unique" fits 8 47 32 17 4
Table 5

Charm final states giving a D-meson fit

D+ » Koxt s 5(%) D® + K-n* : 2
KPqty? : 2 Kogtg~ ;9
K-n¥a* L K ntq? : 19
KoPptpty- : 11 Kntn-n® : 10
KoOntnln? : 1 K- ntnon® : 10
K-ntnty? : 6 K n¥fntn- : 10
RePg¥yty - n® 3 K-nta*r-w? 6
K rtr*pa® : 3 Ttm” 1
K-p¥ptrgtas ¢ 2 2nt2q- : 1
3pt2y gt I RO 2
Tk 0 : 1 K% " n%n? 1
Semileptonic: 5 Semileptonic: 10

(*) This channel being highly contaminated by the more frequent 3 and &
body decays, we have kept in this table the 3C fit solution only.
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4.2 Properties of the charmed D-mesons

The V2, €3, V4 and C5 topologies have been used for the analysis of
the D-mesons. In the €3, V4 and C5 topologies the great majority of the
decays is charm. This is not the case for the V2 topology, where the
reduction from the total V2 sample (in the “charmbox") to the charm sample
is by more than a factor 40. It has been shown that the remaining sample
is free from strange particle background. It is however more difficult to
prove that this reduction does not lead to biased losses of charm signal in
the V2 topology. The most probable bias would be one against decays with
very long lifetimes. When computing the lifetime from the V2 gsample, with
the same selection criteria as for the charged sample we arrive at
3.3?::: * 107'3, in agreement with the lifetime derived from the V4
sample., This supports our conviction that the selection procedure for the
V2 sample is free from biases. However since we use this consistency to
verify that the V2-sample is unbiassed, the measurement of the lifetime
from this sample is strictly speaking not an independent measurement. We
therefore choose not to include this result in the determination of the

lifetime.

D-meson Cross Sections

Since the EHS acceptance is small for xp < 0, we quote as our main
result cross sections for Xy > 0. We are however able to give an estimate
for the total inclusive cross section for neutral D-mesons which agrees
with our result for Xp > 0, assuming a roughly symmetric Xq distribution.

The cross section for neutral D-mesons has been evaluated by two
different methods, one for the V4 sample and one for the V2 sample. The
cross section analysis which uses the V4 data has been described in detail
in a previous publication [2]}. From 13 fitted decays the cross section was

determined as:

o(D®/D®)=10.3 * 3.5 b for xp > O.
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For the V2 sample a different approach has to be used, since the
fraction of decays having a unique fit is considerably smaller than in the
V4 sample due to the larger average number of neutrals in each decay.
Therefore a method which does not xely on fit results was used. To
determine the number of particles produced with Xp > 0 all charm
candidate V2 with two hybridised tracks for which the longitudinal

momentum, P for the two tracks was larger than 16 GeV/c were used.

long’ (%)
A Monte Carlo calculation was used to estimate how large a fraction of
%
the decays with X5 larger than O have Plong < 16 GeV/c (7%)( ), and how

large a fraction of the decays with x; < 0 have Plong > 16 GeV/c (6%).

To ensure that the topology is clear and has a high detection efficiency at
scanning, visibility cuts were applied: The distance between primary and
secondary vertices was required to be larger than 1.0 mm; the smaller
impact parameter greater than 7 um and the larger impact parameter

greater than 50 um. Corrections for these cuts were computed with a Monte
Carlo technique, and the efficiency for associating tracks between the
bubble chamber and the spectrometer was taken into account using the method
described in section 3.5. The overall correction factor to the cross

section from these cuts is 2.8 for events with Xp > 0.

(*) Unless explicitly stated otherwise all Monte Carlo calculations made
to compute correction factors for D-mesons used the same assumptions: the
D-mesons were generated according to dN?/dxpdpg a(1-1xpl) *exp(-1.1 pg).
They were then assumed to decay according to phase space with mean
lifetimes of 4.1%10-!3g and 9.0%10°!3?s for neutral and charged mesons
respectively. The decay chamnels used for the neutral decays and their
assumed branching ratios were: K-w* (2.6%), K-n*n® (9.3%), K a*g’xn®
(7.1%), K°r w* (5.5%), R°ntn-w® (4%), e~ v (8%). For the C3 topology,
which is less sensitive to decay mode, the decays were assumed to be 1/3
into K-ntn+, 1/3 into K-a*tr*s® and 1/3 into w*r*s7KP.

(**) This assumes that the xp-distribution is symmetric around O, which
should be a reasonable assumption for the region close to 0, where the
majority of the produced mesons ought to be found.
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The uncertainties of the D° hadronic branching ratios and lifetime intro-

duce a systematic error of 12% in this weight factor. There are five

decays which are ambiguous between C3 and V2 topologies because the central

track in a €3 decay has an impact parameter less than 7 ym, and the two

remaining tracks have opposite charge. A Monte Carlo study has shown that

only 5% of all genuine C3 decays will have this particular configuration,

which makes the interpretation of them as V2 superimposed on a primary

track plausibie. We include these decays in the V2 sample and correct for

the misinterpreted Di. Finally, using our scanning efficiency for

charmed V2 of 90 Z, and the topological branching ratio D° + (two :

charged) of 67 * 8% [18] we arrive at:
- g*)
o(D®/D?) = 10.0 * 2.5 ub (based on 35.5 decays

Combining the results from the V2 and V4 topologies we get for the

production cross section of neutral D-mesons at Xp > 0:

o(D°/D°) = 10.1 * 2.2 yb.
- +7.2
This can be compared to the NAl6 result: o(D?/D?) = 7.7_3.5 w [19]).

An attempt at estimating the total neutral D-meson cross section was
made using all charm candidate V2 with P, > 250 MeV/c, and all V4. For
both topologies we only used events detected in the first two scan—-passes.,
To compensate for losses at short distances all reconstructed strange
decays were used. After correcting for the finite size of the bubble
chamber and the effect of the scanbox cut, the strange particle length
distribution is flat, except for the short decay length region, which is
affected by low detection efficiency. Applying a correction for this to

the neutral D-meson sample yields a total inclusive cross section:

o(D°/D°) = 24.3 % 5.5 b (based on 76 decays).

(*) The visibility cuts do not leave the same number of events in the two
views, hence the average value was used.
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This method is not sensitive to a very backward D°/D® component,
but assuming a symmetric X0 distribution this estimate is in good

agreement with our determination of the cross section for xp > O.

The same method used to obtain the cross section for neutral D-mesons
from the V2 sample was used to compute the cross section for charged
D-mesons. All decays with three tracks fully reconstructed (32 decays)
were used. To ensure that the final sample corresponds to production at
X > 0 we require that the total visible longitudinal momentum of the
decaying particle is larger than 20 GeV/c (the losses of decays with Xg >0
and P < 20 GeV/c balance the influx of decays with x_ < 0 and

long F
P > 20 GeV/c). To ensure high scanning efficiency, and avoid

tigziogical ambiguities, we request that all three tracks have an impact
parameter larger than 10um and at least one decay track has an impact
parameter larger than 80 mm. (By chosing these cuts slightly more
severely than in the V2 case, we achieve increased discrimination against

A

o in particular all previously identified AC were rejected by this cut).
The losses introduced by these selection criteria correspond to a correction
factor averaged over the different decay modes of 2.65. The results
presented here are stable against variations of the impact parameter cuts.
In particular the result is stable when increasing the cut value for the
larger impact parameter, which shows that there is no contamination from a

short lived component. Including correction for the C3 charm scanning
+

efficiency of 95 %, using the topological branching ratio (D~ » 3

charged) of 43 * 5 % [18] and a sensitivity of 15.8 events per b, we

get,
+
olD) = 5.7 £1.5 w, for x >0 (based on 14 decays).

The error can be divided into a statistical error and an estimated

systematic error due to uncertainties in branching ratio and in life time

of the order of 0.4 wb. This value can be compared to the NAlé result [19]
+ +2.2
U(D—) = 4-5-1_|, ub.

of
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XF — and Transverse Momentum Distributions

For the determination of the X —distribution for D-mesons with
Xp > 0 we used the decays selected according to the criteria given in
section 4.1. In addition to these criteria we excluded decays requiring
more than one neutral particle(*). Fitting the resulting sample of 57 events
to do/dxFa(l—xF)n we obtain n = 3.8 % 0.6 (fig. 10). If we separate the
total sample of D-mesons into a "leading sample' which contains a valence quark
which is also present in the incoming #~(D° D~ and D° from the seen decay
of a D¥°) and a "non-leading sample" which does not (D®°, D+ and D® from the
seen decay of a D*+) a significant difference between the %, -distributions
is found. Performing the same fit as above we get n = 1.8?0:: the "leading
sample" (fig. 1la), and n = 7.9ti:: (fig. 11b) for the "nonleading sample".
A two component fit to the full sample with a fraction & of the D-mesons

0.10

+
having do/dx = (l"xF)n and (l-q) = (1—xF)m vields a = 0.80., ,,4
+2.5 +0.9

n=7.5, ,andm=0.7_, , (fig. 10). This agrees well with the
NAl6 [20] values of a= 0.7 #0.3, n=6 #3 and m= 1 + 1.

The same sample was used to determine the transverse momentum distribution
of the D-mesons. Fitting dN/dpi = exp(-bpi) we obtain the best fit for
b= 1.0 £ 0.1 (GeV/c) 2. (fig. 12). The average pi is 1.0 £ 0.1 (GeV/c) 2,
The NA16 result for this fit was [21] b = 1.1 * 0.3 (GeV/c)-2. The fitted
values for the slope parameter for the "leading" and "nonleading" subsamples,

as defined above, are in perfect agreement with each other.

(*) To obtain a constrained fit for this type of decays it is necessary to
detect at least one neutral particle, thus introducing a possible
background due to the low signal to background ratio for the r°

detection. While studying production properties we can exclude these
events, since their exclusion based on decay properties will not bias the
production distributions.
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We find no evidence for a correlation between Xp and transverse momentum
of the charm particles. A more complete description of these distribu-

tions, and comparisons with production models is given elsewhere [22].

Fig. 13 shows the rapidity distribution of the full D meson sample

used in this momentum distribution analysis.

D* production

In this experiment we detect a clear signal from charged as well as
neutral D*. In fig. 14 we show the effective mass for 35 DS/DC 7
combinations, where for the 27 D-mesons with known charm quantum number
only the "right sign" combination, i.e. D°s* and D°r- are plotted. For
D-mesons with undetermined charm quantum number pions of both charges were
used to form the combinations. The shaded area represents a background
estimation obtained by plotting "wrong sign' combination for the 27
D *-mesons with known charm quantum number, and 22 combinations of charged
D-mesons with charged pions. The computed D¥ cross sections indicate that

the neutral D-meson production is fully saturated by D* production, while

+
48 + 27% of the charged D-mesons originate from D *.

The D*-mesons are produced with a Xp -distribution:
+1.
dc/dxF o (1—xF)n with n = 4.3., 5. No D¥ meson is produced with Xp > 0.5.
The distribution of the transverse momenta for the D* mesons follows an expo-
b

+0
nential law: dc/dpi a exp(—bp%) with b = 0.9., 3. A more detailed

presentation of the production of D¥-mesons is given in [23]

Mean Lifetimes

To determine the lifetime we used the unique kinematical fits. For

these we performed a maximum likelihood fit, where the likelihood function

1
was described by L(T’lmin’lmax) = It exp(—tilr)/{exp(-ti min/'r)—exp(—ti max/-r)}.
The correction terms t ., and t are the decay times corresponding to
min max
the lengths 1 . and 1 as described in 3.5. For the neutral D-mesons
min max
we have published [2]} the wvalues:
o

+1
{D® = 3.5.4.9 ¥ 10 '* s based on eleven decays from

the V4 sample.
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Using the same technique for the charged sample, we obtain:

T(Di) =9, 8+:': * 10°'% 5 (23 decays). These values are fully
con51stent with the NAl6 values of 1(D°)=4. 1 '9 * 10°'? s from 16 decays
and (D ) = 8. 4_:.: * 10°'% s from 15 decays respectlvely [21] and also with
the present world averages [24] of (D®) = 4.4_::: * 10°'% 5 and
(0 = 9.2fi:: * 10-'% s. The effects of the corrections for L
and 1max are small. This can be seen from the fact that the average values
for the proper time t, and (t-tmin) are 5.0 and 3.3 *10-'%s for the neutral
decays, and 10.4 and 8,7 * 10-'? s for the charged decays. Fig. 15 shows the
(t-tmin) distributions of the D’ and D* samples used for these life-time
determination. The maximum likelihood values obtained have been tested for
biases, both by varying the samples; using 3C/2C fits and 1C/0C fits separate
ly; and by varying the parameters entering the computation of 1 min and 1max
(see 3.5). The results turned out to be stable to these variations and no
systematic effects could be detected. As a further cross check we have
estimated the lifetimes using a method which is independent of the kinemati-
cal fits. This method [25] makes use of the existing correlation between the
average value of the impact parameters of the decay particles and the life-
time. The experimental values for the average of the impact parameters have
been compared to the results from a Monte~Carlo analysis, taking the experi-
mental efficiencies and the measured X and pt-distributions into account.

The results from that analysis were:

+1.9 (*)
©(D® = 6.5_, , ¥ 10°3% s for the V2 sample; sample
+1 .7
D) = 3.7_,,, % 10°'% s for the V4 sample;
+ +3.8
D7) = 11.2_, o * 10°'% 5 for the C3 sample.

(*) In the V2 sample there is a decay obtalnlng ambiguous fits with the
proper time in the interval 17.2-35.4 % 10-!9 g, Having omne event
in the lower end of that range is perfectly consistent with a lifetime
of 3.5 * 10°!'* s, given the size of our sample. %%m%v1ng this event from
the impact parameter analysis gives the value 5.0-1!1 * 10'13 S,
whereas if it by chance would have had a unique fit with t = 20 % 10-!% g
the maximum likelihood fit value would, everything else unchanged, go
up with about one sd.

3
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The agreement between these two methods increases our confidence in
the results from the likelihood fits, which we consider to be our best
estimate of the mean lifetimes, since that method is model independent.
Using the estimates from the maximum lieklihood fit we obtain for the ratio

of the lifetimes for the charged and the neutral D-meson:
R = TDi/tD°= 2.8 £ _,

Branching Ratios

To extract information on the number of decay products in our D-meson
decay sample we used the distribution of maximum transverse momentum of
the decay products. This distribution depends on the number of unseen
neutral decay products, but not on the identity of the decay products.
Hence the full sample of measured D decays could be used, without
demanding kinematical fits. Performing a maximum likelihood fit of
the Monte Carlo computed distributions, folded with our selection criteria
gave the results shown in table 6 for po/De decaying into the V2 topology,
and for Dir decaying into the C3 topology.

Results on the branching ratios of D*/D- to 3 and 5 prongs and of
D°/D° to 2 and & prongs are given in table 7 and discussed in detail
elsewhere [27]. In the same reference a detailed analysis of the charged
kaon and electron content of the charm decay tracks is described. The
results are also given in table 7. The cleanliness of the electron signal
is apparent from the ionisatiom data shown in fig. 16. The systematic
errors on the results are negligible. We note that the D° semi-electromnic
branching ratio is greater than 0.11 at the 90% confidence level [27] which

is incompatible with published results from Mark IITI [26].
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Table 6

D meson decay multiplicities

DO/D° > V2 topology

In C3: Ratio of decays with
F 40.15
K = 0.32

-0 .13

x t
D =+ e + Charged hadrons

+
All D™ +C3

+0,08

= 0.07_, 45

2-body 5 * 3%
+21
3-body 35,6
+21
4-body 60_,,
5-body <20 %
6—body <2 %
+
D + C3 topology
3-body 16 = 6%
4-body 65 * 16%
5-body 19 + 10%
6-body < 2%
Table 7
Branching ratio summary
D+ Do/ﬁo
all C5 _ all v4 _
all C3 - 0-09 i 0-05 'a'l_l V2 - 0-25 + 0-07

In V2: Ratio of decays with
-+
K™ = 0.51 0,14

In V4: Ratio of decays with
0,31

%
K~ = 0.52_,

.23

= * . .
DD® » ¢ inclusive

all D°/D?®

+0,08

= 0.15_,

.06
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+
4.3 Search for the charmed F meson

In our sample of charged decays we have no unambiguous F decay. We
have used the C3 sample to search for Fi + Ki + X, (where X is 2
charged + n neutrals) [28]. In this search we defined a Ki as a track
for which kaon is the best mass assignment in ISIS, and for which the
second best mass assignement has a probability less than half of that of
the K-hypothesis. With these criteria we find no decay with a kaon with the
same sign as the parent particle. In order to convert this result into a

cross section we used a Monte Carlo technique to evaluate the detection

Table 8

o*B for F¥ » Rix and AT + p% as a function of «(F) and <(4.)

T.lo-la ] 0-5 1.0 2-0 3.0 4¢0
o*B(F)(ub) < 5.0 < 1.4 < 0.8 < 0.6 < 0.5 (90% cL)
a*B (A (wb) 3.2%%-2  1.0%}-3 0.5%8.7 0.4%%-%

efficiency for these selection criteria. F-mesons were generated according
to d’N/(ddeptz) = (l—xF)nexp(—l.lptz), with different assumptions for n
and the F lifetime. The ionisation in ISIS was simulated to determine the
particle-identification probabilities, and from this we determined the
fraction of decays which would have been detected. In this way we obtained
the 90% confidence level upper limits shown in Table 8 for the inclusive F
cross-section o, times B, the branching ratio Ft +> Kt + X, for different F

lifetimes and for n = 3.
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efficiency for these selection criteria. F-mesons were generated according
to dzN/(ddeptz) = (l—xF)nexp(—l.lptz), with different assumptions for n
and the F lifetime. The ionisation in ISIS was simulated to determine the
particle-identification probabilities, and from this we determined the
fraction of decays which would have been detected. 1In this way we obtained
the 90% confidence level upper limits shown in Table 8 for the inclusive F
cross—section ¢, times B, the branching ratio Fi + Ki + X, for different F

lifetimes and for n = 3.

4.4 Search for the charmed A baryon:
&

In the C3 sample we have three A, (3 constraints fits) for decays

fulfilling the cuts described in section 4.1, These three 3C fits are

summarised in Table 9.

Table 9

Main Characteristics of the three unique Ac

Id Decay Mode Mass XF Py t thin
{(GeV/c?) (Gev/e) 10-13g 10-13g
1 A° wtatac 2.291 0.24 0.911 1.25 1.12
K+n-p 2.275 0.09 0.901 1.92 2.95
Kpnt 2.283 0.33 1.304 2.87 2.12

The characteristics of these events are;

event 1: The decay of the A into Bﬂ+ is observed in the bubble chamber,
and has a unique kinematical fit with the C3 vertex as production point.
For the antiproton from this decay no particle identification is available.
All other decay products are uniquely identified as pions. There is no

charm partner found in this event.
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event 2: From this decay the antiproton and the =~ are uniquely identified,
while the positive track has no identification information. In this event
there is also a C3 which fits a D¥ = > K n*y*, with the K- and one of the

pions identified.

event 3: In this decay the proton is uniquely idemtified, while the other two
decay products are #/K ambiguous. The accompanying decay in this event is a
DY » K*+y-3°, with the =~ out of the spectrometer acceptance, and hence

unidentified, and the w° reconstructed from the gamma detectors.

The average value for the mass of the three decays in Table 8, 2.283 agrees
well with the world average [24]. As for production properties one might note
the high value for average Pys 1.04 GeV/ec, and that the two events with
positive X both have rather high xF-values. But ambiguous events which have
been called D-mesons due to the selection rules might populate the low X
region preferentially(*). As long as we suffer from low statistics this effect
cannot be corrected for, and might explain part or all of this behaviour.

The average value of (t—tmin) for the two events with t> t oin is

0.44 * 10'3 s. It has been verified that this sample is free from strange
particle background by the same method as described in 3.5, and also by
checking the effective mass of all pairs of opposite charge. Another possible
source for background is misinterpreted D-mesons. To investigate this we
generated Di into Kum, Knnw® and Kuwr®a°. Applying our cuts to the generated
decays and demanding a kinematical fit as a unique A together with particle
identification constraints we estimate the background for these three decays

from misinterpreted D-mesons to be = 0.04 events.

(*) This is in fact supported by a Monte Carlo study of the decay into
pRaw® and A%www, for which at low xy values the probability to
obtain a 0C solution (which would be overridden by the selection
rules) is higher than to obtain a 3C fit.
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An order of magnitude estimate of the cross section for xp > 0 can
be obtained using event 3, for which the branching ratio is known [24] to
be 2.2%. Using the visibility weight and acceptance correction, as
described in section 3.5, but no corrections for losses due to ambiguities
at short distances, we arrive at an inclusive cross section of = 4.5 b
for Xg > 0. To compute a cross section times branching ratio for
(AC = > p + 2 charged + X) an approach similar to the one for

F-mesons was used. To ensure high visibility and a measurement of good

quality, and avoid severe topological ambiguities all C3 decays were

subjected to the following cuts;

- a decay length > 500 um;

- at least ome track having an impact parameter larger than or equal to
25 mm at the secondary vertex;

- no more than one track with impact parameter < 7 im at the primary

vertex.

Since the Ac is expected to have a lifetime of the order of
1-2 * 10°!% s one might expect the majority of the decays to be close to
the primary vertex, where topological ambiguities might be important. In
order to take this into consideration also V2 decays having the secondary

vertex obscured were considered if they had;

- a decay length larger than 500 m;

- the larger impact parameter » 25ym and the smaller > 7 um;

- at least one primary track closer than 7 um to the secondary vertex.

These selection criteria leaves 50 decays from the C3 topology and 16
from the V2 topology. Together these decays have 110 tracks for which
there exists particle identification from ISIS. For five of these the
probability for the proton hypothesis is more than two times higher than
for any other hypothesis, and these five decays (all from the C3 topology)
are then considered as having an identified proton. Two of these events
have a seen charged momentum larger than 26 GeV/c and thus definitely have
X, > 0. They form our sample for the calculation of the cross section

F
times branching ratio for Xp > 0. To correct for the cuts applied
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A were Monte Carlo generated(*) with varying assumptions about the
lifetime. For each decay track the ionisation in ISIS was generated, with
its corresponding error. Applying the cuts described above to the
generated events it is possible to compute a correction factor. This
factor varies within less than 10% when varying the exponent for the X
dependence between 1 and 7, and = 10% when making different assumptions
about the branching ratios for ﬂc. Since this is small compared to our
statistical errors we compute the cross section times branching ratio using
the factor obtained with the exponent = 3, and for the pK-r*y® channel.
Using the experimental sensitivity of 15.8 events/yb and the C3 scanning
efficiency of 95% we obtained the values shown in table 8. Assuming a
life~time of 10-'%* s and an inclusive branching ratio A, > pHx of

+5
25%, we estimate U(AC) ~ 4 _,ub for x5 > 0.

4,5 Correlation Between Charmed Particles

This experiment provides the opportunity to study correlation properties

of DD. The general strategy for selecting events in this study is the same
as described in 4.1. This procedure leads to a sample of 12 DD pairs in
which the xyp of the pair has xp > 0, and each individual D has xp > -0.1.
The total weight for these events is 35.6. The rapidity gap distribution
for these events is shown in fig. 17a. In the plane transverse to the beam
direction an important physical quantity is the angle between the two charm
particles, L Since this quantity can be computed merely from a know-
ledge of the decay vertices we use a larger sample of pairs rejecting only
those events in which the error on cos¢T is greater than 0.2. The

b distribution corresponding to 30 such pairs is shown in fig. 17b.

The curves superimposed on the experimental distributions of figs. 17a
and 17b have been obtained with a simple model which assumes uncorrelated
DD pair production (except for momentum conservation). They give a reason-
ably good first approximation to the data. A more detailed discussion

of these results is given in [29].

(*) The decays were generated according to dzc/(ddep%)a(l—xF)“exp(—l.l p%

(xp > 0) in five different decay channels; pK n?, pK-n*r®, pr~n*K?, pK-n'tn
and pr-ntK°x’,

)
T°
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DISCUSSION OF THE RESULTS

We have measured the total charm hadron cross section at positive Xp
in 360 GeV/c 7~ proton interactions to be 20.2 * 4,8 w. (15.8 2.7 b
for charmed D mesons). The cross section is dominated by D-meson production,
being 10.1 % 2,2 b for D¥D® and 5.7 + 1.5 ub for D*. It includes a con-
tribution of = 4,5 b for Ab production. D¥ production accounts for nearly

all the neutral D-mesons produced and for 55 * 30% of the charged D-mesons.

To evaluate these cross sections we have used topological branching

ratios. These are much more precisely determined than the exclusive
branching ratios and do therefore contribute very little to the systematic
uncertainty. Our cross section determination needs no correction for the
atomic number dependence of the target since pure hydrogen is used. The
minimum bias interaction trigger had a very high efficiency (98%) for charm
events. Systematic effects due to the spectrometer acceptance are negligible
at X > 0, and the effect of visibility corrections is relatively small.

The average visibility weight at Xp > 0 is 1.76. The only other expe-
riments which have measured charm hadron cross—section in =n- proton inter-
actions are NAL6, also using a 360 GeV/c =~ beam, with which the NA27

results are in good agreement (ctot(xF >0) = 12.2f: w) [19] and an
experiment done at BNL with the Magnetic Spectrometer [30] which found an
upper limit of 150 nb at 95% C.L. using 16 and 17 GeV/c 15~ beams. Another
experiment using a similar technique to NA27 has measured the charm pair
cross section in 360 GeV/c 7~ nucleon interactions [31]. The charm decays
were observed in a heavy liquid bubble chamber and yielded a total DD
production cross—section of (28 % 11) ub/nucleon assuming an A® dependence
with ¢ = 1, and (72 % 27) uwb/nucleon assuming o = 2/3. This cross section

is approximatively equal to the inclusive cross section for xp >0 if most of
the charm production is central. Another experiment, detecting the prompt
single muon produced in 278 GeV/c 7 -Fe interactions [32], and assuming a
linear A dependence and an average muon branching ratio of 8%, found a cross
section for inclusive DD production at xp > 0 of 17.5?::: ub/nucleon

(with a = 2/3, the cross—section would be 67 ib/nucleon). The good agreement

between these experiments and NA27 speaks in favour of a global linear dependence

of the cross section on the atomic number of the target. The accuracy in these

experiments is not good enough to determine how this A dependence varies with
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the longitudinal momentum of the charm hadrons. The results obtained by
{33] with incident =~ at 120, 175 and 200 GeV/c on beryllium are not
sufficiently accurate to be used in this comparison (they find

ol DD+X) = 48 15 #24 ub/nucleon at 175-200 GeV/c and o(120 GeV/c)/
/0(175-200 GeV/c) = 0.62 * 0,34, assuming an A' dependence). The Py
distribution of the charm hadrons follows the standard exponential law

a exp(—bpi) with b=1.0 % 0.1 (GeV/c)~%. This value is in good agreement
with the values observed by NA16 (1.1 * 0.3) and [34], (1.1 * 0.5), and is
larger but still compatible with [32] (0.70 % 0.15).

We definitely observe a leading particle effect when we separate our
sample into "leading D" and "non-leading D'" again in agreement with the
first evidence observed in NAl6 [21], and with the large asymmetry between
the ut and u- production observed by [32] but in sharp contrast with
the conclusion drawn by [34]. A two componment fit to the full sample gives
a good representation of our data, with a dominant "'central’ production

7.5) and a less important but significant flatter distribution

(n
(n = 0.7). The D*-mesons are centrally produced with do/dxy « (l-xF)n

where the best fit wvalue for n is 4.3. WNo D¥* with Xp > 0.5 is observed.

A comparison of these production properties with the QCD fusion models
can be found in [22]. Insight on these production schemes may also come
from the information collected on the correlations between the two charm
hadron particles since for most of our data we observe the DD pair. The
expected short range correlation is not confirmed by the observed rapidity
gap distribution. However, a clear correlation is observed on the
transversal angular distribution of the two charm hadrons; part of it is of
course a simple conmsequence of transversal momentum conservation (which
would lead to a strict colinear behavior if the pions associated to the DD
pair in a given event average to Ip, = 0), but the dynamics of the
charm production must also account for the observed distribution. A more

detailed analysis of these correlation effects can be found in [29].
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FIGURE CAPTIONS

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

1

6a

6b

10

lia

The version of the European Hybrid Spectrometer used for the NA27
T° exposure.

The chamber body of LEBC 1I, fabricated from LEXAN., Within the upper
part of the rectangular frame the shrinked metallic circular seals
for valve, gauge and heat—exchanger are visible.

Vertical cut through the optics plane.

A typical quality photograph of an untypically clear decay. In this
event there is one C3 and onme Cl decaying in the bubble chamber (cf.
fig. 8).

The charged multiplicity distribution at primary vertex, compared to
Firestone et al. [16] (note that the statistical errors of this
experiment are smaller than in [16]).

Definition of the concept of impact parameter; y = Lsing.

Definition of the "scan box". Each event was scanned for secondary
activity inside the dashed line, a rectangle of width *Z mm
centered on the interacting beam. Also shown is the definition of L
and 8, as used in section 3.3.

Distribution of the parameter |L sin®l for the charm sample. L and
¢ as defined in figure 6b.

An HPD digitization of the same event as in figure 4. The primary
vertex is located at point A, a C3 decay at point B and a Cl decay at
point C.

The efficiency for EHS to obtain a 3C, 2C or a 0C fit for the decay
D® » K mtr*nr %, as a function of xp (e = l/WSp).

The xp-distribution for the D-meson sample (57 decays),
Superimposed is the fit result: dN/dxp prop. to (l-xy)3-®
(fig. 10a); and the result of a two component fit:

0.80 (1-xp)7*3 + 0.20 (1-xp) 97 (fig. 10b).

The xp—distribution for the D-mesons containing a "leading quark",
as defined in the text, The curve superimposed is the fit result:
dN/dxp. prop. tO(l‘Xf)l'go
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FIGURE CAPTIONS (cont'd)

Fig. 11b The xp-distribution for the D-mesons not containing a "leading

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

12

13

14

15

16

17a

17b

quark™, as defined in the text. The curve superimposed is the fit
result: dN/dxp. prop. to (l-xp)7-9.

The py? distribution for the full D-meson sample.
The rapidity distribution of the full D-meson sample.

The D%/D° ﬂt effective mass spectrum. For D mesons with known charm
quantum number D®x* or D®n~ combinations are plotted, for

ambiguous decays all combinations are plotted. The shaded area is
the background estimation as explained in the text.

- +
(e~t i ) distributions of the D®/D°® and D~ samples used for
the Titetime determination.

Ionisation versus momentum as measured in ISIS for 7 semi-
electronic decays (C3 and V2). Dots are for identified
electrons, squares for w, triangles for K and the cross-point
is a #/k ambiguous track.

Difference in rapidity between D and D in 12 fully reconstructed
DD pairs.

The angle in the transverse plane, ¢y between D and D in 30
geometrically reconstructed pairs.



1 DI

0% 0€ 0¢ 0l 0
i ] | | |
HAL L 11
| ﬁ IS
= L
I ||
N ||
ao4d AR asi SIS avs W o831
+d ¢Q 24 1Q M Jid LM OM

9a

Ga



Filling Valve

Pressure







k% Ak SR SR Wb et SEEBET b4 el saRe cam

# At 29 % =W




NUMBER OF EVENTS

10

LR

T

I IIIIIII

T lllllll

I

oNA27

xFIRESTONE & al.

Ltlillll l Illlllll | lIIIIII| 4 1 1 1111

L

16
MULTIPLICITY

24

FIG. 5



(q

9 DId




Events /7 0.05 mm

75

U
L]

25

1 — — {1 ]
0.25 0.50 0.75 1.00
ILsin@| {mm]

FIG. 7




* -
~
. - \
i - - am—
; .‘.l. . - e l-:‘l‘-l.l..o.-‘ Y
) O“ - -
- TS ¥ \f\.\.-ll.ol!... -ff .
y -~ - ¥ %
2 . ~
” -
e,
N
: b
by . ]
3 e - ) -
¥ - .
L - i
by - .
- L. . m
) — .- - . o
’ - « - ..
Ny . - : -
- S, ,l ﬂ : :
* o
- - .
h .
-, ) Py
; =
: ~ . g
-
o o o
— N g .
-, R . .
- ! o
e . 2
.. . .
. .
- ) ) D
. . .
. . . N
: o _..
. . . s .
& . Al
: | o g
Lan 1 e - -
- - - ey e -
.l.'l-lll-\llo.\ .- m S S M m s e et b e 3 ...-s ...l' i . -
g e e T T T :
e

P S N TR L R -Iﬁcunllo

—rt
o - B .
. et - - s =W
* Vv - A Rt ...
- - -t = - — - . . :
.- - - e T - . g
. SLnLs Iy PESEY ik -
F - ¥ c
St L¥ Sl A il
. A} W P . ] —” :
T - - |
.a.\!.:_..m . -
. P . - -
- I Sl = ]
L . )
o MY . .
) A e - -~ .
~/ P i ) .
L = -t -
. |..)«l.-bh-.|t.. “ - n
R o.-......'.s " - +
S . L .-
o i | . . d i - vasoeme =]
-. .- . 4 PR b
. — e AT o :
; ! b e s MTETRE .
- —— - —— - - .
s - -
e ————v ey n a
.l. - -~
-

FIG. 8




1.0

0.8

0.6

0.4

0.2

DO K WU U M°
Prob (3C+2C+00)




0L 9l

jusuodwor om|

ol

A

0¢

0%

0l

80 90 10

Juauodwol 3ug

(e

ol

0¢

0t

0%

xp /NP



| L
’___.--'_-
l | I I
L] o~
g o~d 2 -
T 1
——
= n
1 | L I
~D ~F o <
— - - -

1.0

0.8

0.6

0.4

0.2

FIG. 11



2
.

dN/dp

35

p? (Gev/c)’

FIG. 12




15
10
5

*Ap 7/ NP

FIG. 13



I
I
|
/.

]
77777Y7
]

/Ll
777777777

L/ &.&

/L

r/Z

10

2.2
+

M (D°/D° w3 GeV

2.1

2.0

FIG. 14



dN / d“.-fmm)

De / D°

15 30

(t-tmin) x 10 sec

FIG.

15

45



llllll 1

P11 ]

10 20
Momentum (GeV/c)

L0

FIG. 16

100



a)

12 +
8

Ayp/NP

21 28

14

0.7

b)

80 120 160

40

FIG. 17



	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15
	16
	17
	18
	19
	20
	21
	22
	23
	24
	25
	26
	27
	28
	29
	30
	31
	32
	33
	34
	35
	36
	37
	38
	39
	40
	41
	42
	43
	44
	45
	46
	47
	48
	49
	50
	51
	52
	53
	54
	55
	56
	57
	58

