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ABSTRACT

A study of the properties of charm particles produced in 400 GeV/c
pp interactions 1is reported. The experiment was performed using the high
resolution hydrogen bubble chamber LEBC in association with the European
Hybrid Spectrometer at the CERN SPS. Details of the experimental set-up and
operational procedures are given and the methods to extract samples of
charm decays are discussed. Results are presented on the intrinsic proper-
ties of charm particles (masses, lifetimes, decay modes and branching ra-
tiosg), adding,.whenever appropriate, the relevant information obtained in a
similar study made with 360 GeV/c n p interactions. The hadroproduction
properties of charm states (total and differential cross sections, correla-
tions) are presented and discussed in the context of current QCD inspired

phenomenology.



1. INTRODUCTION

Charm physics was born, experimentally, with the discovery in 1974
of the J/Y particle in hadron-hadron interactions and electron-positron an-
nihilations. Since then, intensive experimental effort has been devoted to
understanding the spectroscopy of the charm states and the dynamics behind
the production of particles with a charm quark content in weak, electromag-

netic and strong interactions,

It has been recognized that the physics of charm particles repre-
sents an excellent laboratory for the study of detailed features of the
weak interaction governing the decay mechanism of these states, as well as
for a deeper understanding of several aspects of quantum chromodynamics. In
this context it is worthwhile to recall that the observation of different
lifetimes for the charged and neutral ground states of the D mesons has
been very relevant in the discussion of the underlying decay diagrams and
their relative contributions. On the other hand, the determination of the
inclusive total and differential hadroproduction cross sections of charm
particles and their energy dependence, is most important when trying to es-
tablish the size of the contributions of the various basic QCD subprocesses

among the fundamental parton constituents (gluons and quarks).

Despite much experimental activity the detailed knowledge of charm
particles, at the level of both the intrinsic properties (masses, lifeti-
mes, decay modes, branching ratios...) and of those depending on the pro-
duction mechanisms (total and differential cross sections, correlations...)
is still unsatisfactory. Among the meson charm states only the SU(4) multi-
plet of pseudoscalar states has all its members identified, the situation
in the baryon sector being more dramatic with the fundamental SU(4)
20-plets still incomplete. There is clearly no need to stress the precari-
ous situation of experimental information relevant to the study of the pro-

duction properties.

To overcome existing limitations, a large variety of experimental
approaches have been developed in the past few years. The use of a small,
high resolution, rapid cycling liquid hydrogen bubble chamber, coupled to a
large acceptance spectrometer able to measure precisely and to identify

photons, electrons and hadrons has proven to be a most valuable technique.



It has lead, through accurate measurements with small and controlled syste-
matic . errors, to a significant improvement in the knowledge of basic pro-
perties of charm particles. The first indisputable observation of the in-
triguing difference between the charged and neutral D meson lifetimes wvas
provided by the NA16 experiment performed by the LEBC-EHS collaboration
[1]. Moreover, the first_ non controversial quantitative statement
concerning the size of the hadroproduction cross sections at high energies
was also made by this experiment [2], which also gave information on

branching ratios [3].

In this paper we summarize the main results obtained in the last
experiment, called NA27, performed by the LEBC-EHS collaboration at the
CERN SPS. The production and decay properties of charm particles produced
in proton-proton interactions will be presented, and compared or combined
vwhen appropriate, with existing data obtained by this experiment in a pre-

vious m exposure [4].

A brief description of the experimental set up is given in Section
2. The data reduction process leading to the selection of clean charm sam-
pPles is summarized in Section 3. The results on the properties of the D me-
son states are given in Section 4, The status of our understanding of the
properties of the Ac baryon and DS meson appears in Sections 5 and 6 res-
pectively. Section 7 is devoted to a phenomenological, QCD inspired, discu-
ssion of the observations made in the sector of D meson production. Some

concluding remarks are contained in Section 8.

2. EXPERIMENTAL SET_UP

_The experimental set-up is shown in Fig. 1 and has been extensively

described elsevhere [5]). We will briefly summarize here the main features.

LEBC is a rapid cycling liquid hydrogen bubble chamber, with a fi-
ducial volume of 12x5x2,5 cm?, which was photographed by two cameras with a
demagnification of 0.89 on 50 mm film. Tracks in LEBC have.a bubble density
of 80 cm,l, w1th a bubble dlameter of 17 um. The dlrect observation of the
_production and decay vertices in LEBC is one of the key features of this

experiment. It allows the off‘11ne selection of the charm candidates with
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high efficiency ({(see section 3.2), and reduces the background by several
orders of magnitude. Fig. 2 shows a LEBC picture and a computer treated
image of the digitizings of a pp interaction with production of two charm

particles.

The spectrometer consists of three parts. Immediately downstream of
the bubble chamber there is the so called zeroth lever arm with two wire
chambers WO and Wl and two small drift chambers MDC1 and MDC2. W0 and W1
are used for track reconstruction and for triggering purposes. An inter-
action trigger is defined by requiring more than two hits in each of these

two wire chambers. This trigger accepted (80.3+4.5)% of the inelastic cross

section and (98 t g Y% of the charm events.

Each of the two additional lever arms includes a magnet and three
large drift chambers (M1, M2 and D1-D6 in Fig. 1). The drift chambers have
four wire planes. The space point reconstruction precision is better than

500 um. The single plane is 907 efficient.

M1 is a superconducting magnet located 2.7 m downstream of LEBC.
The field at the center 1is set to 0.8 T and the momentum kick in the
bending plane is 480 MeV/c., M2 is a conventional magnet located 18 m
further downstream and giving a momentum kick of 450 MeV/c. Both magnets
have the main field axis in the z-direction (perpendicular to the beam and
in the horizontal plane). Twvo proportional inclined chambers (PIC12 and

PIC34) are installed in the center of the magnet M1.

Slow particles, which are strongly deflected by the magnet Ml, are
usually measured from the hits recorded in the multiwire proportional cham-
ber W2, close to the magnet. Particles with momenta in the range 1 - 30
GeV/c traverse all (or part of) the first lever arm and their trajectories
are measured by the drift chambers D1 - D3. In the momentum range above 10
GeV/c, the magnet M2 and the drift chambers D4 - D6 in the second lever arm
provide additional momentum measurement. The momentum resolution thus

achieved is better than 1% (A4p/p) over the full range.

The spectrometer contains two electromagnetic calorimeters, the In-
termediate Gamma Detector (IGD) and the Forward Gamma Detector (FGD). IGD

is behind the last drift chamber D3 of the first lever arm. It is made of



1129 lead glass blocks (15 radiations lengths) with 5x5 cm? cross section
and has a 35x85 cm? hole in the centre to allow forward particles to reach

the second lever arm.

FGD is located near the end of EHS and covers the projected image
of the IGD hole. It contains a lead glass converter wall (4.7 radiation
lengths), a scintillator hodoscope with three planes of 1.5 cm wide fingers
to measure the shower position and an absorber wall of 112 lead glass

blocks (24 radiation lengths).

The energy resolution is AE/E = 0.15/VE + 0.02 for the IGD and AE/E
= 0.10/V/E + 0.02 for the FGD, where E is in GeV. The single shower accuracy
is about 3 mm for both detectors, resulting in a FWHM of 20 MeV/c? for the

n° mass peak in the vy distribution.

Behind each electromagnetic calorimeter there is an iron-scinti-
llator hadron calorimeter. The Intermediate Neutral Calorimeter (INC), at
the end of the first lever arm, is composed of 24 cells, arranged to leave
a 40x100 cm? hole that matches the acceptance of the second lever arm. The
transverse size of the cells is 41x16 cm? on the sides and 16x33 cm? at the
top and bottom. Each cell is made of 12 massive, 5 em thick iron plates,
interleaved with 2 c¢m plastic scintillators. The iron corresponds to 3.6
interaction lengths and the lead glass in the IGD adds another interaction
length, in fact 60% of the hadronic showers are initiated in the IGD. The
energy resolution of the INC (combined with IGD) is o(E) = 1.52/E, vhere E

is in GeV.

The Forward Neutral Calorimeter (FNC) is designed to absorb 95% of
the showers produced by the hadrons reaching it. This is achieved with 80
cm of diron and the lead glass of the FGD, corresponding to 4.8 and 1.5
interaction lengths respectively. The FNC has 10x20 cells covering a total
area of 1.5x3.0 m?. A cell of 1.14 m length consists of 16 iron plates,
15%x15x5 com®, separated by 2 cm thick plexipop scintillator. The energy
resolution of the FNC (combined with FGD) is o(E) = 1.21VE, wvhere E is in
GeV.



Charged particle identification is provided by four different de-
tectors which make use of several techniques to cover the entire momentum

range.

The Silica Aerogel Detector (SAD) is a Cerenkov detector located 5
m downstream of LEBC. The detector covers 1.15x2.94 m?, except for a hole
in the center to let forward particles go through. The refractive index of
the silica aerogel is 1.031, giving threshold momenta of 0.56, 2.0 and 3.8
GeV/c for pions, kaons and protons respectively. The average light yield is

5.5 photoelectrons.

ISIS (Identification of Secondaries by Ionization Sampling) is a
drift chamber with a 40 m® fiducial volume which plays a most important
role in the reconstruction of tracks and in the identification of charged
particles. The drift volume is divided into two drift spaces by a single
horizontal wire plane at half the chamber height about 15 c¢m above the beam
axis. A uniform 500 V/cm drift field gives the electrons a drift velocity
of 2 cm/us. There are 640 anode wires connected in pairs to multihit
electronics which give the x and y coordinates and dE/dx measurements of up
to 320 points for each track. Straight tracks through the measured points
are obtained with a filtering program and the ionization is obtained by

comparing the measured pulse heights with a model dE/dx distribution.

e/n separation is obtained in the momentum range 2 - 25 GeV/c, NW/K
in the range 4 - 30 GeV/c and K/p in the range 7 - 40 GeV/¢, where separa-
tion means that more than 50% of the particles are uniquely identified when
rejecting competing hypotheses with probability below 1%. Choosing the
highest probability leads to the right mass assignment for 87% of the

tracks.

The Forward Cerenkov (FC) is located in the second lever arm betwe-
en the drift chambers D4 and D5. It is 12 m long and covers an area of 2x1
m2. The light is collected by 14 concave mirrors (28.6x52.0 cm? each) with
a radius of curvature of 2 m. These mirrors are arranged in a 2x7 matrix in
the rear plane of the device, where the Cerenkov light is focused on photo-
multipliers. The radiator is helium at room temperature, refractive index
=z 1 4+ 35x10_6, vhich corresponds to thresholds of 17, 60 and 112 GeV/c for

n, K and p respectively.



The Transition Radiation Detector (TRD) is located between the
drift chambers D5 and D6. It has 20 units of radiators combined with multi-
wire proportional chambers. The radiators consist of carbon fibres of 7 um
diameter and 5 - 7 mm length. The radiator material amounts to 147 of a ra-
diation length or 10% of an interaction length. The probability for correct
pion identification increases from 90% at 100 GeV/c to about 98% above 200
GeV/c.

3. DATA SELECTION
3.1 DATA CONVENTIONS

We call "charm event" a proton-proton interaction wvhere at least
one charm decay is observed. The following conventions are used: decays are
labelled Cn, Vn or Xn, ¢ for a charged decay, V for a neutral decay and X
for a topologically ambiguous decay; n is the number of charged tracks for
a Cn and Vn and it is the minimum number of charged tracks for an Xn. For
each charged decay track, the "impact parameter", y, at the primary vertex
is defined by y = Lsin¢ (Fig. 3a). For an interaction with one or several
associated decays, the largest impact parameter, yy, is a good measure of
the visibility; normally a cut on this parameter is imposed to ensure high
detection efficiency. The smallest impact parameter, Yo gives a measure of
the clearness of the topology and a cut on this quantity is used to

guarantee an unambiguous topology.
3.2 SCANNING AND MEASURING

The event selection starts with the visual scanning of the LEBC
pictures. In the first scan, every picture is scanned by operators in two
views and with two magnifications (x10 and x30). A prediction for the posi-
tion of the interacting beam track is obtained from the upstream wire cham-
bers. When an interaction is found, a 4 mm wide scan box (Fig. 3b) centered
around the beam is searched for decays and secondary interactions. A second
gcan is made on frames with an interaction found in the first scan. A third
scan 1is made by physicists on events containing at least one secondary ac-

tivity in the scan box, or when the first two scans give different results.
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The efficiency to find an interaction is very close to 100%, and
the double scan efficiency to find secondary activities, including charm

decays, is greater than 98%.

In charm events, decay tracks and vertices are often obscured by
the forward cone of particles produced at the primary interaction; however,
the decays may still be resolved due to the detection of significantly lar-
ge impact parameters and constraints in the number of tracks. We estimate
the finding efficiency to vary between 85 and 95%, depending on the topolo-
gy. These efficiencies also depend on the cuts applied (different cuts are
used for different event types). After a first measurement and processing
through the reconstruction programs, events are kept if they contain at

least one decay which satisfies the following conditions:

a) The decay 1is inside a cylinder with radius R, centered around the

incident beam particle (the charm box).
b) The decay length is less than L.
c) All impact parameters are less than T

d) The number of decay tracks outside the spectrometer acceptance is

less than N.

e) At least one track for the V2, X2 topologies and the unique track
of the Cl1, X1 has a prp greater than 250 MeV/c (pT is the momentum
of the secondary particle perpendicular to the time of flight of

the parent).

The values of these parameters depend on the topology and are given
in Table 1. Cuts a), b) and ¢) reject most of the non-charm background
without affecting the charm sample itself. Cut d) ensures good momentum
analysis of the decay. Cut e) is introduced to further reduce the strange
particle background which is the dominant one for the V2 and Cl topologies.
Decays giving fits to strange particle hypotheses in the subsequent kinema-
tic analysis are removed from the sample. Finally, the remaining charm can-

didates are remeasured on a single high precision measuring machine, an
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HPD, to guarantee uniform high quality processing of all the charm candi-

dates found at the wvariocus laboratories in the collaboration.

The HPD [6] is a high precision device, which automatically digi-
tizes the bubble positions. Interactive graphical treatment of the HPD
digitizations provides accurate vertex determination, correct association
of tracks and vertices and therefore very good assignment of decay topolo-
gies. The r.m.s. of the residuals to a straight line fit is 1.8 um with an
average track length in the bubble chamber of 5 cm. After reconstruction of
a primary vertex, the error (FWHM) on the impact parameter to that vertex
is found to be 2.5 um: this enables us to recognize decay tracks with non-

zero impact parameters, down to 7 um, with high efficiency (~ 390).

From a total of 2,220,000 triggered bubble chamber pictures,
1,015,000 contained a primary proton interaction in the fiducial volume.
These interactions correspond to a triggered inelastic cross section of
26.4 mb, giving a total sensitivity of (38.5+1.1) events/pb. By inspection
of these interactions on LEBC pictures and applying the geometrical selec-
tion criteria a), b), ¢), approximately 5,000 interactions with a secondary
activity were selected. After the first measurements the cuts d) and e)
reduced to 720 the number of interactions sent to HPD for precision
measurements. The c¢omplete analysis, explained below, reduced this sample
to 324 events containing 557 observed and accepted charm decays. The
previous R p experiment in the LEBC-EBS set-up [4] consisted of 850,000
triggered bubble chamber pictures, giving 265,000 primary proton
interactions, corresponding to a total sensitivity of (15.8 + 0.8)
events/pb. The final data sample was made of 114 events containing 183

charm decays.
3.3 RECONSTRUCTION AND IDENTIFICATION OF THE CHARM DECAYS

The geometrical reconstruction, particle identification and kinema-
tical fitting processes have been described in detail in ref. [5]. It is
important to recall that 70% of all tracks and almost 100% of those with Xp
> 0 are inside the spectrometer acceptance and that the efficiency for lin-
king bubble chamber tracks to spectrometer tracks is found to be 96% in the
region Xp > 0. The acceptance for D-mesons decaying into all charged parti-

cles rises steeply around x, = O to almost 100% and remains at this level

F
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over the whole positive Xp range. Fig. 4 shows, ag an example, the spec-

trometer acceptance for neutral D mesons giving three constraint fits.

The reconstruction efficiency for n® with momentum larger than 30
GeV/c idis larger than 90%. Below 30 GeV/c the efficiency depends on the
production angle of the n°®. Particle identification criteria, namely the
acceptance, a figure of merit and a momentum range for the different
detectors are given in Table 2. The acceptance is defined as the number of
tracks with particle identification information, divided by the number of
reconstructed tracks with a hit in W2 (for first lever arm detectors) or D4
(for second lever arm detectors). The figure of merit is the number of
tracks with reliable identification information divided by the number of
tracks with a signal in the detector. The momentum range gives approximate

limits for discrimination between particles,

The decay hypotheses for charm events are selected using the fol-

lowing criteria for the mass assignments of the tracks:

a) ISIS

For tracks with more than 100 ionization measurements, mass hypo-
theses are accepted if the probability is > 4%. For tracks with

less than 100 measurements the probability cut is 1%.

b) SAD
A mass hypothesis is vetoed if the momentum is below threshold and

if there is a signal corresponding to > 0.5 photolectrons.

¢c) FC
Mass hypotheses are accepted when the probability is > 5%. More-
over, when 1light is seen (> 0.1 photoelectrons) those hypotheses
for which no light is expected (i.e. momentum below threshold) are
vetoed.

d) TRD

Mass hypotheses are accepted when the probability is > 5%.

e) Calorimeters

Hypotheses with probability < 0.1% are vetoed.
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Kinematical fits are tried for hypotheses compatible with the topo-
logy and for all mass assignments of the charged secondary particles not
vetoed by particle identification. One and two n° final state hypotheses
are tried whenever the n®’s have been reconstructed. Missing n° hypotheses
are also attempted, even when n°’s are not reconstructed. At this level of
the analysis, a neutral charm candidate is assumed to be a D® or a D°,
wvhereas for <charged decays three hypotheses are tried, i.e. Di, Aic, Dsi.
Cabibbo favoured and wunfavoured hypotheses are treated equally. Then a
selection among the kinematical fits is performed according to the fol-

lowing criteria:

a) For 3C (3 constraints) fits we require a fit probability larger
than 0.1%.

b) For 2C/1C fits we require a fit probabilify larger than 1%.

c) AC Cabibbo unfavoured solutions are kept if there are no 3C Cabibbo

favoured fits. However, an exception to this rule is made when it
leaves only DS and AC solutions. In such cases the othervise

rejected Cabibbo unfavoured D decays are kept.

d) WVhen a kinematic solution requires the presence of unseen neutral
particles (0C fit), the quantity:

Y
2 _ 2 7 _ 2 2
M2 = me? 4 me Zmi(mf + Py )

is evaluated, where L is the mass of the incident charm particle,

m, the effective mass of the charged final state and Py the trans-

f
verse momentum of this system. Solutions with one n° (two n°’s) are
accepted if M + &M < 400 MeV/c? (M - AM > 400 MeV/c?). The same
procedure is used to separate K° from (K° + n°) sclutions using a

cut at 700 MeV/c?,

In addition, solutions requiring unseen n°’s, K°’s or neutrons are
rejected if these neutral particles are within the acceptance and momentum
range where the corresponding calorimeters have a high efficiency to detect

them.



- 14 =

For the decays with remaining ambiguities, but where the Xp of all
acceptable solutions differed by less than 0.1, the closest fit to the cen-
tral value was chosen to represent the decay. Monte Carlo simulations have
shown that this has a negligible effect on all physical parameters

considered.

This analysis results in a sample of 324 events which contain 557
charm decays. We have estimated that the non-charm background (rare strange
particle decays, secondary interactions) is less than 2 decays. 482 charm
decays fulfil all the selection criteria discussed above, 425 of them hav-
ing a clear topology whereas 57 have an ambiguous one. The remaining 75 de-
cays are most probably charm (they have no strange particle fit, their
length distribution follows the one expected for charm and they are paired
to a charm decay) but they camnot be fully ascertained as such. The 425
charm decays are distributed into 64 C1, 134 C3, 7 C5, 166 V2, 52 V4 and 2
V6.

4. D-MESON PRODUCTION AND DECAY PROPERTIES
4.1 D AND D* TOTAL CROSS SECTIONS

The cross sections for D/D meson production, where D/D means D or D
production, were calculated using a procedure which minimizes the systema-
tic errors associated with uncertainties in the topological and exclusive D
meson decay branching ratios. All Cl, €3, C5, V2, V4 and V6 decays were
used in this analysis. Impact parameter and decay length cuts were applied
to assure good decay visibility and to suppress Ds and AC decays in the
charged charm sample. Table 3 gives these cuts and summarizes the number of
accepted decays for each topology. Monte Carlo decay simulations were used
to determine the fraction of the D decays removed by thé cuts [7]. The

cross section is given by:

where the summation is over the three observed topologies, Ni is the number
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of decays surviving the cuts, vy the weight which corrects for the loss of
events due to the cuts, € the scanning efficiency, B the branching ratio
[B(DY > Cl + C3 + C5) = 1.0; B(D® » V2 + V4 + V6) = 0.86 + 0.04] (see sec-
tion 4.5) and S is the sensitivity of the experiment. The final data sample

consists of 217 D/D decays leading to the following cross sections (all

xF):
¢ (D¥/D7) = (11.9 + 1.5) uwb
o (D°/D°) = (18.3 & 2.5) ub
¢ (D/D) = (30.2 1+ 3.3) ub

The quoted errors include the systematic effects. These sources of uncer-
tainties (sensitivity, weights, branching ratios, scanning efficiency)

amount to less than 7% for D'/D” and 9% for D°/D°.

At this point it is interesting to mention that the cross section
measured in the Xp > 0 hemisphere in pp collisions at 400 GeV/c (o(D/D) =
(15.1 + 1.7) ub) is very similar to the one obtained in T p interactions at
360 GeV/c (ao(D/D) = (15.8 + 2.7) ub) [4], indicating that the dominant

underlying mechanism is gg - cc, rather than qq - cc.

We have also calculated the D-meson (C = +1) and D-meson (C = -1)

production cross sections (all xF):

1l

o (D°) = (10.5 + 1.9) ub
g (D°) = ( 7.9 + 1.7) ub
o (D7) = ( 5.7 + 1.1) ub
o (D7) ( 6.2 + 1.1) ub

i

A sample of events with a pair of charm decays was used to measure

the cross sections for DD pair production:

g (D'D7) = ( 2.5+ 0.7) ub
¢ (D'D° + DD°) = ( 6.2 + 1.3} ub
s (D°D?) = ( 5.9 + 1.4) ub
o (DD) = (14.6 + 2.0) ub

The observation that o(D/D) is about twice o(DD), implies that DD pair
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production is the dominant source of the D/D mesons and that ACB/KCD
associated production is small. Note also that one does not observe an
excess of D (C = -1) over D (C = +1) production (o(D) = 14.1 ub, o(D) =

16.2 ub), consistent with a samll Acﬁ cross section (see section 5).

We have also estimated an upper limit for the ratio of two charm
pair to one charm pair production by comparing the number of interactions

with 1, 2, 3 or 4 associated charm decay candidates and find:
o{pp 2 4 charm + X)/o(pp » 2 charm + X) < 1.5% at 90% C.L.

A measurement of D* production cross sections was made by associat-
ing a sample of D mesons with measured momenta with n* mesons or n°'s
reconstructed from photons measured in the lead glass calorimeters. The Dn
invariant mass spectra shown in Fig. 5 were used to extract the D* signal
and the cross sections were calculated using the branching ratios: BR(D*+ >
p°rn*) = 0.49 &+ 0.08 and BR(D*° + D°n°) = 0.52 + 0.08. For more details
about this calculation see [7]. The measured inclusive D*/ﬁ* cross sections

{all xF) are:

*p  *_
o(D /D ) = ( 9.2 + 2.4) ub
o(D*°/D7°) = ( 5.8 + 2.7) ub
o(D/B%) = (15.0 & 3.6) ub

* _% —
This inclusive D /D cross section is about half the D/D inclusive cross

*
section, indicating that D decays are an important source of D mesons.

A large variety of experiments have measured charm production cross
sections. The majority, however, wused targets heavier than hydrogen. In
order to compare the results obtained from interactions on heavy targets
one needs to make assumptions on the A dependence of the charm cross sec-
tion, a subject which has been treated in [8]. The number of experiments
performing charm cross section measurements in pp interactions is rather

limited.

Using a prototype version of the LEBC-EHS set-up exposed to a 360
GeV/c proton beam, the NAlé experiment obtained a cross section of

o(D/D; all xF) = (31.0 t 13'3 ) ub at Vs = 26 GeV [9], in very good agree-
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ment with the results presented in this paper. From an experiment performed
at Fermilab with a 800 GeV/c proton beam (Vs = 38.8 GeV) and the LEBC

bubble chamber, the value o(D/D; all XF) = (51 t }2 } ub was obtained [10].

The other charm production cross section data come from ISR experi-
ments at s = 53 and 62 GeV. Measurements based on signals in invariant
mass plots lead to cross sections of the order of several mb [11], whereas
measurements based on the observation of dilepton pairs are of the order of
70 ub [12]. These results, affected by large statistical and systematical
uncertaintes, only provide a tentative wide range of values for the cross

sections.

The inclusive c¢ross section for charm meson production will be

discussed in section 7.
4.2 DIFFERENTIAL CROSS SECTIONS

The analysis of the differential distributions is based on 119
decays with fully determined momenta and Xp > 0. This sample consists of 24
p*, 27 D7, 29 D°, 22 D°, 16 D°/D° ambiguous and 1 D* ambiguous.

In Fig. 6 we present the measured do/dxF and dc/dpzT spectra for
the D/D mesons, corrected for the bubble chamber visibility and spectro-
meter acceptance efficiencies. The solid curves show the result of a fit to

the empirical form:

a’ bp.
o) - bp
T P P
dx_ dp
AF 0P

This f£it gives n = 4.9 + 0.5 and b = (0.99 + 0.09) (GeV/c)™ (see
Table 4) and provides a good description of the measured distributions.
There is no need to invoke a two component fit to reproduce the X depen-
dence as was the case with the n data [4]. The average values of Xp and
pp, for decays having xp > 0, are <|XF|> = 0.15 + 0.02 and <pp> = (0.86 =+

0.09) GeV/c. The overall x spectrum is rather central, an observation

F
which can be better quantified by the ratio:
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o(D/D; xp > 0.5)

o(D/D; xp > 0.0)

We have also studied separately the distributions for the different
D mesons. In Fig. 7 we show the results of fitting the Xp {non~invariant
form, (dc/dxF) o (1 - XF)n) and the pT2 (dcr/de2 o exp(—prz)) distribut-
ions. They are also given in table 4, together with the results for fitting
to the invariant form (1/E) (do/dxF) o (1 - xF)m for Xp > 0. The D~
and D° distributions agree well with each other and are compatible with the
distribution of all D’s, whereas the DV (D°) distribution is significantly
harder (softer). A possible explanation of this effect, in terms of leading
diquark production, has been discussed in [13]. The leading diquark effect

would tend to push the D (C = +1) mesons (D' and D®) towards large x_ va-

F
-1) behind. Note that the analysis of the D° and

1

lues, 1leaving the D (C
D°® is complicated by the existence of the 16 D°/D° ambiguous decays which
show a relatively hard Xp distribution. Assigning these decays equally to
D® (D°) would bring the D° (D°) result closer to the D' (D); there rem-
ains a significant difference between D and D production, as expected if

a diquark effect is present.
4.3 DD CORRELATIONS

From the 233 events having a pair of charm candidates we extract
two samples: A) pairs where both decays have a clear topological gignature

and B) fully reconstructed pairs.

Sample A is wused to study angular correlations in the transverse
plane and sample B, with lesser statistics but more detailed information,
is used to investigate Xpy pzT, effective mass and the rapidity gap (4y)

distributions.

The distribution of the angle ¢T between two charm hadrons in the
plane transverse to the beam direction is shown in Fig. 8 for the 107
events of sample A. The typical error on ¢T is of the order of 12 degrees.
The dashed histogram represents the raw data. Since these raw data are
affected by large errors when the transverse decay length of the charmed

particles is small, we introduce the following procedure to correct the QT



- 19 -

distribution. Charm pairs are generated in a Monte Carlo simulation
according to the fusion model including LUND fragmentation (see section 7).
The positions of the primary and secondary vertices are smeared with
gaussian distributions taking the error values from the experiment. The
ratio of the ¢T distributions before and after smearing gives the correc-
tion factor. The solid histogram in Fig. 8 represents the corrected ¢T dis-
tribution. The forward-backward ratio is 0.45 + 0.09 and the mean value of
the corrected distribution is <¢T> = {114 + 5) degrees. We also show in
this figure the theoretical predictions which we discuss in section 7. Ve
have investigated the ratio of the P of the two charm hadrons making the
pair. The average value of this quantity is 0.61 + 0.05, similar to the
value 0.55 + 0.10 obtained with the n p data. The fusion model calculations

are in good agreement with these measurements.

To construct sample B we start with 50 events having kinematic fits
for both decays. We then select a set of 17 DD pairs produced forward in

the c.m.s., each D having a value of Xp larger than -0.1.
The following weight is applied to every pair

W =W . W . W

. min (w w
S, s, amb vy )

B VZ

where L and W, are the spectrometer and visibility weights of the corres-
ponding decay that take into account the reconstruction and detection los-
ses and Vomb stands for the inverse of the number of accepted fit hypothe-

ses for the given pair. The sum of weights for the 17 events is 45.9.

In Fig. 9 we show the weighted distributions for the effective

mass, Xps pzT and rapidity gap of the pairs having positive x_,. We notice

that the DD is preferentially produced at low values of the Xp Eariable and
that the rapidity gap is fairly small, a reminiscence of short range
correlations. Mean values of those quantities are collected in Table 5,
where we also include the nm p data [14]). It is interesting to remark that
the spectra obtained in the proton exposure exhibit very similar features
to those from the n data. The curves in Fig. 9 are theoretical predictions

which will be briefly discussed in section 7.
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4.4 D MESON LIFETIMES

In an earlier publication [15], we describe 4 different methods

that we had used to determine D° and D¥ lifetimes. These were:

i) Kinematical fits. The observed lengths and fitted momenta of the
D mesons are wused to determine the decay times, which are then

used in a standard maximum likelihood analysis.

ii) Momentum estimator [16]. From the observed charged decay tracks
(assumed to be pions), an effective mass M and an observed momen-
tum are calculated. By comparing M with the known D mass, we ob-
tain an estimate of the true momentum of the D. This was then in-
corporated, together with the observed decay length, into a like-

lihood method to determine the lifetimes.

iii) Impact parameters {17]. The distances by which the backward
extrapolation of the decay tracks miss the production vertex de-
pend on the D lifetimes. The mean impact parameter < y > was used
to determine the lifetimes, the relation between < y > and t hav-

ing been obtained by Monte Carlo calculations.

iv) Transverse lengths. The transverse distance 1T of the D decay
vertex with respect to the beam direction is related to the decay
time of the D meson and to the production transverse momentum by
the expression

lT =ct pT/m

A knowvledge of the P distribution is used to obtain informa-

tion on the decay times and hence on the D lifetimes.

The advantage of methods (ii) to (iv) is that, since they do not
require kinematical fits but only a clear signature that the decay is
indeed a D°® or a D%, the event sample is larger. This increase in
statistics compensates partially for the fact that the D momentum is not

precisely known.
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In the study reported in [18], we used the method {i) for events
which had kinematical fits and the method (iv) for those which did not,
having checked that the various techniques gave consistent results. A
likelihood function was constructed for each of these two subsamples. The
product of these likelihoods was taken as a function of T and its maximum
gave an estimate of <T. An alternative technique for combining the

correlated estimates from the 4 different methods is given in [19].

In this experiment the detection of charm decays relies on the
impact parameters of the charged products at the production vertex. This
implies that the minimum observable decay length 1min depends on the decay
configuration and on the charm momentum. In our previous work, the me thod
(iv) involved an approximate treatment of 1T nin’ The small bias resulting

b
from the approximation (< 8%) was corrected using Monte Carlo calculations.

Recently, to determine the lifetime of charm particles with unknown
momenta, we have developed general estimators which make use of the produc-
tion properties but also include a rigorous treatment of 1min [20]. Ve
summarize below the basic points of this general analysis, which has been
extensively checked by Monte Carlo techniques and which leads to negligible
bias and minimum variance estimations. The total error on T does not exceed
1.15 times the error obtained from an equivalent sample of decays with

kinematical fits.

The production properties are assumed to be given by the following

expression (see section 4.2):

3N n+ 1

e = - b pgp? ] T n
s~ [2 bpg e O Pr ) (1= Ixgh

The joint production and decay distribution is

23N N 1

B e -t/
apTaxFat h apTaxF T

The likelihood function is then



N.
i
L = T —-
i i
vhere the numerator is
p

37N Max 33N

pmin

in the above, 93N/3p2©dl is obtained from a3N/8pT8xFat by the appropriate
Jacobian for the transformation of variables; the decay time is replaced by

mli/cp; p s P are the kinematic limits on p for the given laboratory

productiozlgnglemgf and A(p,®) is the spectrometer acceptance for D mesons.
To guarantee a correct treatment of lmin’ we also introduce the visibility
function g(p,1) which gives the probability that a decay which occurs at a
distance 1, will be detectable from its impact parameters and this, for a
given value of p; the Monte Carlo calculation of the functional form of
g(p,l) involves the isotropy of the D decay in its rest frame, and the
measured branching ratios of its various possible decay modes. Further

details are to be found in [20].

The denominator Di in the 1likelihood function is chosen as a

normalising factor for Ni' It is given by

max, i

D. = N, dl
i

<

We have applied this method to our proton data and we have obtained
the following values:

For the V4 topology

+ 1.3 13

by = (4.2 _ o)X 10 *7 s (22 decays)
and for the C3 decays:
(DY) = (10.4 i'g y x 10713 g (87 decays)
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The results are in excellent agreement with the lifetime measure-

ment obtained for the full sample of decays (18]:

D) = (4.6 * 00y 4 10713 (145 decays)
0.5

(11.2 * 14y 4 10713 (149° decays)

*
(%) - 1.1

fl

Although the statistics of the NA27 experiment are not as high as
those obtained in more recent experiments (e.g. E691 at Fermilab), the
quality of the decays reconstructed (and hence any Systematic losses) in
NAZ7 remains unmatched. A careful study has shown that the results are ba-
sically insensitive to the exact choice of the cuts being employed. More—
over, the precision of the vertex location is particularly good, typically
giving a 2.5 um error on impact parameters in the film plane and 14 um in
the transverse decay lengths. As a consequence of the quality in the vertex
detection, the results coming from NA16 and NaA27 have exhibited a consist-
ent pattern since the first values were reported, whilst the world average

has fluctuated.

In table 6 we summarize the available measurements of the D 1jife-
times and of the ratio T(Di)/T(D°) [21].

4.5 D MESON BRANCHING RATIOS

The total sample of charm D mesons, produced in n p interactions at
360 GeV/c and PP interactions at 400 GeV/c vas used to obtain measurements
of branching ratios. The details of the analysis are given in [22] and
[23]). Ve first consider topological branching ratios. For neutral decays,
using clear topologies and the D° > O_prong branching ratio (B(D° » 0 char-
ged) = 0.14 + 0.04)) extracted from SPEAR [24], we get:

B(D®° » 2 charged) 0.69 + 0.04
B(D® -+ 4 charged) = 0.17 + 0.03
B(D® » 6 charged) < 0.01 at 90% C.L.

I

For charged decays we require that the largest impact parameter be

greater than 100 um. This ensures high detection efficiency for all topolo-
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gies and reduces the background from shortlived charm particles such as AC

or D _.
s

Ve obtain the following results:

B(D* > 1 charged) = 0.44 x 0.09
B(D* > 3 charged) = 0.53 + 0.09
B(DY » 5 charged) = 0.03 + 0.01

which do not rely on data from other experiments. The quoted errors are

only statistical. Ve estimate the systematic errors to be negligible.

To extract information on the number of decay products in the D-me-
son sample we used the distribution of maximum transverse momentum of the
charged decay products. This distribution depends on the number of unseen
neutral decay products, but not on the identity of the products. Hence the
full sample of measured D decays can be used without requiring kinematical
fits. A maximum likelihood fit to the data using Monte Carlo computed dis-

tributions gives a mean decay multiplicity of:

3.4 0.2 for D° in V2
4.1 + 0.2 for D' in C3

0.2
- 0.1

=+

+

4.6 for D° in V&

The errors include uncertainties due to final state interactions,

*
like p and K resonances, as well as the presence of semileptonic decays.

A maximum likelihood method, which uses the ISIS jonization mea-
surement for the charged particles, allows the determination of the charged
kaon and electron content of the charm decay tracks [22]. Results are shown
in Table 7 for the different decay topologies. Combining these results with
the quoted topological branching ratios, we get the following inclusive ra-

tios for the D-meson into charged kaons:

p(D* » K' + anything) = 0.17 = 0.07

+ + . _ + 0-06
B(D~ » K~ + anything) = 0.08 _ 0.05
B(D® » K* + anything) = 0.42 + 0.08



o + . _ + 0-05
B(D® - K" + anything) = 0.03 ~ 0.02
and the following semielectronic branching ratios:
B(D° » e¥ + anything) = 0.15 & 0.05
B(D* » e + anything) = 0.20 i 8'8?

The D@, D" ratios into charged kaons and the D" semielectronic
ratio are in agreement with the world average [25]. The result for the D°
semielectronic ratio is somewhat unexpected in view of the value 0.075 +
0.011 + 0.004 published in [26]. Evidence for semi-leptonic decays other
than D - Kev, K*ev follows from the observation of the V4 semileptonic
decay given in Table 7. Qur results are based on modest statistics but have

negligible systematic errors.

In this experiment 9 D meson decays give unique fits to Cabibbo un-
favoured modes (Dun)’ which include all-pion decays as well as wrong sign
kaons. From the inclusive branching ratios into a charged kaon plus any-
thing, given above, a total of 4.3 decays having a "wrong sign" kaon (i.e.,
a kaon corresponding to a Cabibbo unfavoured solution) is expected in the

sample of D decays with unique fits. We have observed 4 such decays.

Some exclusive branching ratios of the D-mesons have also been de-
termined. The detailed analysis is described in {23]. We first consider
exclusive branching ratios to all charged final states for D° and D*. Ve
require a unique 3C kinematical fit. For the decay modes involving neutral
products we used a different approach not related to kinematical fits. We
evaluated the quantity M? defined in section 3.3. The value of this quanti-
ty allows a statistical discrimination between decays with one or more
neutral products. The results are shown in Table 8. They are in good agree-
ment with those obtained by the MARK III cellaboration [26]} on the same fi-

nal states.

The available samples of neutral and charged decays fully recons-
tructed do not warrant a statistically meaningful investigation, which was

nevertheless tried, of the existence of final state interactions among

their decay products.
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4.6 GENERAL FEATURES OF CHARM EVENTS

The large acceptance and the high multitrack efficiency achieved in
this experiment allow a study of the complete final states and extraction
of some general properties of the hadronic charm production processes. In
what follows we briefly describe how the overall charged multiplicity and
the event shape are influenced by the presence of charm. A more detailed

analysis will be published elsewhere [27].

The measurement of the multiplicity requires a topological sig-
nature for the charm decay. In this analysis all charged hadrons produced
at the primary vertex, including charm particles, were considered but char-
ged decay products were not counted. By using only events for which both
charm particles are identified biases, due to undetected charm were exclud-
0.5,

whereas the multiplicity derived from the non charm data was 8.98 + 0.01

ed. The average charged multiplicity for the charm sample was 11.0

14

(these values have been corrected for losses induced by the interaction

trigger used in this experiment).

The significance of the measured difference may be quantified by
noticing that an increase of the beam momentum from 400 GeV/c up to 1060
GeV/c would be required to produce a rise of < n > from 8.98 to 11.0 in
soft pp interactions [28]. The observed increase in the value of the mean
charged multiplicity wunderlines the <central character of hadronic charm

production at this energy.

Information on the event shape for final states with charm content
was obtained by analysing the quantity 1 - < T >, where the thrust T was

defined as
T = max (L p,/ L p)
The guantity T was calculated, in terms of charged tracks only, for

the 101 events having, at least, one charm particle and more than one char-

ged non charm track emitted in the forward c.m.s. hemisphere. Corrections
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wvere made to account for visibility and acceptance losses and kinematical
ambiguities. An average value of 1 - < T > = 0.12 + 0.01 was obtained. The
investigation of the event shape shows that 1 - <T> increases with increas-
ing multiplicity of the final state, a behaviour approximately reproduced
by the QCD fusion model with hard fragmentation. On the other hand, it is
found that final states with charm are much broader than final states with-

out charm.

5. Ab BARYON DECAY AND PRODUCTION PROPERTIES

Seven non-ambiguous AC/KC have been observed in this experiment
(proton run). They have been extracted from 67 C3 decays with three well
reconstructed tracks. To define these non-ambiguous AC/?\c we require the
presence of a uniquely identified proton (antiproton) among the decay pro-
ducts with the same charge as the parent particle (like-sign) or a C3 kine-

matical fit without any other fits to D or Ds'

A "unique" proton is defined by an ISIS mass assignment probability
larger than 1% and at least 10 times the probability obtained for K oxr n
mass assignment. For high momentum tracks the Forward Cerenkov information

is used to reject mass assignments with probability smaller than 5%.

The seven A  are presented in Table 9. Events 1, 2 and 3 have A
fits with a unique proton identified. Events 4 to 7 have one 3C AC fit with

no competing hypothesis compatible with particle identification.

Combining this sample with the three non-ambiguous AC/T\c observed
in np interactions [4], we find trough a maximum likelihood analysis a li-
fetime of [29]:

+ 0.5
- 0.3

3

WA = (1.2 )y x 10713 s (9 decays)

which is significantly smaller than the lifetimes measured for the D° and

the D¥ in this experiment.

Several experiments have measured the Ac lifetime [30]. Within the

errors these measurements are in agreement and seem to indicate a - lifetime
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in the range (1-2) x 10”13 s (see Table 10}.

Among the 10 AC/RC shown in Table 9 one notes that five of them
have a pKn decay mode. To determine the mass of the Ac, wve have investiga-
ted the effective mass (pKn hypothesis) of all the C3 decays with three
well reconstructed tracks and having an average impact parameter, <y >,
smaller than 60 pum. This cut enhances the Ac signal, since its lifetime is
small compared to the D one, which is the main background. In the AC mass
bin (Fig. 10), we find six entries, five of them having a unique 3C fit to

the pKn decay mode. The value of the AC mass using these five events is:
M(Ac) = (2284.74+2.3+0.5) MeV/c?
wvhere the first error is statistical and the second systematic.

Available data on the mass of the AC cluster around two different
values (~ 2260 and 2285 MeV/c?) [25], [31], as shown in Table 11. Their
global compatibility is not very good {(X* = 44 for 17 measurements). The
subset of data using the pKn decay mode is statistically consistent. The
average of this sample, M(Ac) = (2285.40 + 0.88) MeV/c?, is in very good

agreement with our measurement.

To determine the AC/T\c cross section three different, but comple-
mentary, methods have been applied. They are based on the impact parameter
distribution, the proton identification among the decay products and the

kinematical fits. The results given in [32] can be summarized as follows.

The inclusive J\.C/T\.c production cross section times the topological

branching ratio B(AC <+ 3 charged) is, for all Xps in the range:
1.4 ub < o(AC/RC).B(Ac =+ 3 charged) < 6.1 ub at 90% C.L.

The inclusive Ac/"fxC production cross section times the branching
ratio B(Ac » pKn) is:

- + 1.6
G(AC/AC).B(AC » pkn) = (1.2 ° 0.8 ) ub

From the single D, D and DD pair production cross sections and the

ratio o(ACKC)/c(ACﬁ/ICD) the following limits on the associated production
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Acﬁ/RCD and on the inclusive AC/RC production are obtained

o(Acﬁ/ﬁtD) < 6.1 pub at 90% C.L.

U(AC/KC) < 15 pb at 95% C.L.

the AC and Rc inclusive cross sections being of the same order.

Since these <c¢ross sections have been calculated using visibility
weights computed from the value of the lifetime measured in this experi-
ment, we must indicate that a change in the lifetime by one standard de-
viation will modify the quoted values by 25-40% (i.e., the cross sections
should be increased by 40% if T(A)) = 0.9 x 10713 5 and decreased by 25% if

T(AC) =1.7 x 10_13 s).

Using the 5 uniquely identified AC/T\c with positive Xp (decays 1-5

in Table 9) the following mean values for x_ and pT2 are calculated:

F
< |xF(Ac/Kc)1 > =0.13 &+ 0.05
< xga0 ] > = 0.17 + 0.06
< xR > = 0.08 1+ 0.07

< pT(Ac/At) > (1.15 + 0.34) GeV/c

From the cross section values given above we have made the follow-

ing branching ratio estimation

B(A, » pKR) > 4.4% at 90% C.L.

This 1imit decreases by 20% assuming a lifetime of 1.7 x 10_13 s

(instead of 1.2 x 10_13 s).

6. Ds MESON STUDY

For the study of DS mesons two independent sets of selection cri-

teria have been applied to the C3 and C5 samples.
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The first method, similar to the one used for the Jf\.C with uniquely
identified protons, relies on the detection of a charged K meson, among the
decay products, having the same sign as the parent charm particle. Only two
known types of charm decays can lead to this configuration: the I.')SJ_r > kY 4
X and the Cabibbo unfavoured DiUn > kT 40X decays. When applying this me-
thod, a charged K is considered to be uniquely identified if its ISIS pro-
bability is at 1least ten times larger than the pion one. The response of
the FC is also taken into account. Two non-ambiguous DSi have been found in
this way (events 1 and 2 of Table 12). One also finds two non-ambiguous

+
D un decays.

The other method applies the standard selection procedure explained
in section 3.3. Among the 38 decays having a Dsi fit, 20 are ambiguous with
Cabibbo favoured D* decays, 14 are ambiguous with Diun decays and the 4 de-
cays listed in table 12 (they include the two DSi selected by the first
method) give only a DSJ—r interpretation. For some of the 14 ambiguous DS/Dun

decays, the AC hypothesis cannot be excluded.

Before discussing the properties of the DS sample, the events con-

taining the unique DS are described in some detail (see Table 12):

Event 1: The pp interaction leads to a charged multiplicity of 14. The n~
hypothesis for the K track is ruled out by particle identifica-
tion. The 3C fit for the Ds is preferred over a 0OC solution for a
D (Cabibbo unfavoured). The charm partner has an unclear decay
topology. There is an additional (K+/p) at the primary vertex and
a further K, which could belong to the second decay, suggesting

that a DS_ DS+ or a Ds_ D* K* could be present in the final state.

Event 2: The charged primary multiplicity is 10. The C5 and the C3 are to-
pologically well defined charm decays. The only kinematical possi-
bility is a Ds 2C fit, which is strongly favoured by particle
identification. Its partner (a C3) can be either a DS or a D/AC.
This ambiguity cannot be resolved although the particle identifi-

cation prefers the DS/AC solutions.

Event 3: It has 14 charged tracks at the primary vertex and two good charm

decays. The only kinematical solution is a 2C fit for the Ds' Both
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kaons are allowed by particle identification but the pion hypothe-
sis 1is not excluded. However, the effective mass of the KK~ SyS§-
tem (1017 MeV/c¢c?) indicates a decay mode in émmm. Its partner (a
Cl) gives multineutral fits to D/DS/AC.

Event 4: The charged primary multiplicity is 8 including two clearly visi-
ble charm decays (C3). The only kinematical hypothesis is a DS de-
cay into four pions. No ¢ nor n can be constructed from the decay
particles. The muon hypothesis for all 3 decay tracks is excluded
by the hadron calorimeters as well as the electron hypothesis by
the electromagnetic calorimeters. Its partner is a D' meson decay-

ing semileptonically.

Concerning the production properties one might note the central
production of the DS mesons; the mean value of the Feynman x distribution
is < IxF| > =0.05 + 0.10. The average p; is equal to (0.88 + 0.45) GeV/c.

The estimated 1lifetime obtained by a maximum likelihood analysis

+ 6.8 -13

with the four decays is (7.7 Z 3.0 ) x 10 s and is compatible, within

one standard deviation, with the world average (4.33 i 8'3; ) x 10_13 s
[30]. Our wvalue is affected by the long 1lifetime of the last decay.

Removing this decay the mean lifetine value is (4.5 * 7'0 ) x 10713 &

The 14 Dsi/Diun ambiguous decays can be distribufed, statistically,
between the DSi and Dtun population in the ratio of the non ambiguous DSlL
to Diun’ which is 4/4; this distribution is in agreement with the average
lifetine measured for the 14 D_*/p* (v = (6.6 * 28 ) x 10713 5), yhicn
is consistent for an equal mixture of Dsi and D¥. In the same way, the 20
Dsi/Di can be distributed in the ratio of the number of non-ambiguous Dst
to D* which has the value 4/32.

In summary, one can estimate that the sample of 38 decays contains
13 Dsf, 11 Diun and 14 DX. Using a sensitivity of 38.5 events/ub and a de-

tection efficiency of 95%, one obtains (all xF):

a(DS) X B(DS + 3 and 5 charged) = (0.7 + 0.4) pb
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We estimate that the background of DS decays in the sample of D*
decays used for the determination of the inclusive cross sections is below
10%.

Assuming a value of 50% for the branching ratio B(Ds + 3 and 5
charged) an upper limit of 2.5 pb (at 90% C.L.) is derived for the overall

DS cross section for all Xpe

7. COMPARISON OF CHARM PRODUCTION TO THE QCD FUSION MODEL

The QCD fusion model can be used to calculate the D meson produc-
tion spectrum. The calculation requires: 1) a description of the parton
content of the proton, 2) a calculation of the cross sections for the sub-
processes gg » cc and qq » c¢c and 3) some approximation for the ¢ » D frag-
mentation process. Since the predictions of the model depend on the
detailed treatment of the above components, we have allowed some variation
of the input parameters. For a description of the parton content of the
proton we used the structure functions determined by Duke and Owens (DO)
[33] and Eichten et al. (EHLQ) [34]. The intrinsic parton transverse
momentum plus soft gluon radiation effects were included by giving the
colliding partons a transverse momentum, kT’ with a distribution dN/dkT2 =
exp(—kT2/<sz>)/<kT2>. Since the main production mechanism is gg » cc, this
is the <kT2> for gluons, as opposed to that for quarks as measured in, for
example, Drell-Yan proccesses. The parameter <kT2> was allowed to vary
between 0 and 0.64 (GeV/c)? [35], although it can be directly calculated
from the pT2 1[distribution of the DD hadroproduced system, <kT> =
[(n/8) <pT2D5>]2 [36]. The subprocess parton cross sections have been
derived by Combridge [37]. For the cc production threshold we use
(ch)z, where the charm quark mass is allowed to vary from 1.2 to 1.4
GeV/c?. The strong interaction coupling constant is given by
x, = (12n/25)/1og(Q?/A%*) where A is taken to be 0.2 GeV and (* is allowed
to wvary between (ZmC)2 and &, the cm energy squared of the subprocess.
Finally we have investigated the sensitivity of the D meson differential
production cross section to two different ¢ » D fragmentation processes:
1) a &-function in which all the longitudinal momentum of the charm quark
is transferred to the D meson (dashed curves in Figs. 8, 9 and 11), and 2)

a fragmentation which approximates the final state cq and cq formation via
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colour string breaking as described by the Lund model [38] (solid curves in
Figs. 8, 9 and 11). The last depends on adjustable string parameters but
these were not changed from the values determined by the Lund group. It has
been shown in the analysis of the n p data [14] that the distributions (in
particular the pT2 and the rapidity gap of the DD pair) cannot be explained
in terms of the Peterson fragmentation function [39]. This is also true for

the pp data and we do not show the corresponding predictions.

Comparison of some predictions of this QCD fusion model, normalized
to our data, are shown in Figs. 8, 9 and 11. The shape of the calculated Xp
and p.I.2 distributions are relatively insensitive to the choice of structure
functions and charm quark mass. The curves shown on the figures were ob-
tained using the EHLQ set 1 structure functions and a charm quark mass of
1.25 GeV/c?. The do’/de2 distribution is sensitive to the effective parton
intrinsic kT and the QCD prediction with <kT2> = 0 does not fit the data.
The value <kT2> = 0.64 (GeV/c)? was used to produce the theoretical curves
in Fig. 11b. This value is similar to the one determined in Drell-Yan pro-
cesses and from the analysis of DD pairs produced in our experiment
((kT> = (0.7 + 0.1) GeV/c from 400 GeV/c pp data, <kT> = (0.8 £ 0.1) GeV/c

from 360 GeV/c nm p data [14], [36]).

The dashed curve in Figs. 8, 9 and 11 is the fusion model predic-
tion with inputs fixed as described in the above paragraph and using a &-
function c¢ = D fragmentation. This illustrates the basic parton level pre-
diction. TIf the isolated ¢ = D fragmentation of Peterson et al. [39] is
added to the calculation, the predicted momentum spectrum is too soft and
disagrees with both the measured do/dxF and dc/de2 spectra. The Lund ¢ » D
fragmentation process is sensitive to the production environment of the
cc pair, since colour singlet strings are formed between the charm quarks
and the valence gquarks and diquarks left over from the proton after the
hard scattering process. The predictions of this calculation [38] are given
by the solid curves shown in Figs. 8, 9 and 11. The fusion model plus Lund
fragmentation clearly reproduces well the measured Xp and pTz distributions
of the total sample of D/D mesons. However, a closer examination of the
predictions indicates some discrepancies between the model and our data. In
particular, the fusion/Lund model does not predict our observation (section
4.2) that the D mesons have a somevhat flatter Xp spectrum than the D

mesons.
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The same QCD fusion model with Lund fragmentation reproduces rather
well (see Figs. 8 and 9) the main features of the DD correlation variables:
namely ¢., effective mass, Xp &y of the DD pairs and pT2 as long as we
introduce an intrinsic tranverse momentum of the initial partons with <kT2>
= 0.64 (GeV/c)?2.

A comparison of the measured D/D inclusive cross section, o(D/D),
to the predictions of QCD is difficult. The problem is that the fusion
model calculation is inherently uncertain for several reasons. First, the
subprocess cross sections for gg = cc and qq - cc are very sensitive to the
threshold determined by the charm quark mass [40]. For example, if m, is
varied between 1.2 and 1.4 GeV/c?, the cross section for pp » cc + X varies
by a factor 2.2. Additional factors of almost 2 arise from changing the
proton structure functions. Smaller variations in the cross section come
from the <choice of Q% in o and the evolution of the structure functions.
Also, in order to calculate pp » D/D + X, an estimate of the fraction of
c(c) quarks proddcing D(D) mesons must be made. Using the Lund fragmen-
tation scheme as a guide, the ratio o(pp » D/D + X)/o(pp » c/c + X) is
found to be 0.8. Data obtained in e'e reactions give a value of ~ 0.8 for
the D(D) over c(c) fraction [41]. In summary, the D/D cross section calcu-
lated from the fusion model has a large uncertainty. Nonetheless, we can
calculate the ratio of our measured D/D inclusive cross section to the
fusion meodel prediction in order to obtain a rough estimate of the 0(>asz)

corrections to charm hadroproduction cross sections. The ratio is:

k = [e(pp > D/D + X)]/[0.8 o(pp » c/c + X)] = 1.2 to 2.7

vhere the range corresponds to a change of the charm quark mass from 1.2 to
1.4 GeV/c?. We have used for this calculation the EHLQ set one structure
functions and (ch)2 as § threshold. Our data indicate that the charm k-
factor is of the order of 2 with a large error caused by uncertainties in
the fusion model calculation (basically in the charm gquark mass). A dis-
cussion of the k factor in charm hadroproduction is given in [41]. A com-
parison of this measurement to the fusion model calculations including
higher order 0(&53) corrections ([42] will test the capability of QCD to

predict the detailed behaviour of charm hadroproduction.
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8. CONCLUSIONS

In this paper we have summarized the most significant results ob-
tained in an experiment designed to study the decay and production pro-

perties of charm particles produced in pp interactions at 400 GeV/c.

The experiment has been performed in the LEBC-EHS complex at the
CERN SPS and relies on the highly effective capability of optically detec-
ting the production and decay vertices of shortlived particles produced in
a liquid hydrogen target. A large acceptance spectrometer with good momen-
tum resolution and adequate particle identification assures a high recons-
truction efficiency for the decay products of charm particles and permits
the extraction of samples with only small systematic errors. The strength
of the experimental technique used in this work is best quantified by the
fact that approximately 50% of all the charm particles produced in the
forward hemisphere have been observed, the detection efficiency being a
smooth function of the kinematical variables Xp and pTz. This remarkable
detection capability leads to small and well understood correction factors,
allowing the determination of charm particle decay and production proper-

ties.

From the study of 1,015,000 interactions in the hydrogen target
(38.5 + 1.1 events/ub) we have isolated 324 events containing 557 charm
decays. In a previous exposure of LEBC to an incident n~ beam of 360 GeV/c
(265,000 interactions, 15.8 + 0.8 events/ub), 114 charm events with 183
decays were collected. They have been added to the sample reported in this

paper for the measurement of some intrinsic properties of charm hadrons.
The most relevant results obtained in this work are:

1. The measurement of the following inclusive total cross sections for

single D production in the full Xp range

o(pp » D° + X) = (10.5 + 1.9} ub
ao(pp » D° + X) = (7.9 + 1.7) pb
o{pp » D" + X) = (5.7 + 1.1) ub
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alpp » D + X) = (6.2 + 1.1) ub
o(pp > D°/D” + X) = (11.9 + 1.5) ub
o{pp » D°/D° + X) = (18.3 + 2.5) ub

o(pp » D/D + X) (30.2 + 3.3) wb

These measurements have been obtained using free nucleon targets and

are therefore not affected by any A dependent effects.

The measurement of the following inclusive total cross sections for DD

pair production

o(pp » D'D” + X) = (2.5 + 0.7) ub
a(pp » D'D® + DD° + X) = (6.2 4+ 1.3) ub
o(pp » D°D® + X) = (5.9 + 1.4) wb
o(pp > DD + X) = (14.6 + 2.0) ub

The ratio of the single D to the DD pair production cross sections

indicates a small Acﬁ cross section compared to DD.

*
The measurement of the following inclusive total cross sections for D
{2010) production

o(pp » D /DT 4 X) = (9.2 & 2.4) ub
* %k

o(pp » D %D ° + X)) = (5.8 + 2.7) ub
* %

o(pp > D /D + X) = {15.0 + 3.6) pb

* 4 ]
D decays are an important source of D meson production.
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The measurement of the following multicharm production rate
a(pp @ 4 charm + X)/o(pp 2 2 charm + X) < 1.5% at 907 C.L.

The measurement of the longitudinal and transverse inclusive differen-
tial cross sections for all the D states. Although the overall shape of
the inclusive distribution for all D’s can be reproduced by the fusion
model with the Lund fragmentation, there appear to be some differences
among the production spectra for the various states. Qualitatively the
observed pattern can be explained in terms of leading diquark produc-
tion. The transverse distributions can be described in the context of

the fusion model requiring a value of < sz > equal to 0.64 (GeV/c)Zz.

The measurement of x MDB’ Ay, ¢T for pairs of charm meson

F? psz
decays. The observed distributions can be qualitatively described by

the fusion model.

Using samples of 145 D°/D° decays and of 149 p*/D” decays we have
measured the following values for the neutral and charged charm par-

ticle lifetimes

WDO/B) = (4.6 T 00 ) x 1075
Wty = (a2 T 1%y = 107s

The measurement of the following topological and inclusive branching

ratios

B(D® = 2 charged) 0.69 + 0.04

B(D® - 4 charged) 0.17 +« 0.03

il

B(D® » 6 charged) < 0.01 at 90% C.L.
B(D* > 1 charged) = 0.44 + 0.09
B(D¥ > 3 charged) = 0.53 + 0.09
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+

B(D~ » 5 charged) = 0.03 + 0.01
B(D* » K + X) = 0.17 + 0.07
B(D* > K* + X) -0.08 " 8:82
B(D® » K + X) = 0.42 + 0.08
B(D® » et + X) = 0.15 + 0.05
BO* > et 4 x) - 0.20 % 0009

and some exclusive branching ratios.

We have wused a sample of 9 (10) non-ambiguous Ac/7\C baryon decays to

measure the following value of the lifetime (mass)

+ 0.5
- 0.3

3

WA = (1.2 y x 10753 &

M(Ac) = (2284.7 + 2.3 + 0.5) MeV/c?

The measurement of the following values of products of AC/RC Cross sec-

tion times branching ratios

1.4 ub < o(pp - RC/AC + X) . B(AC » 3 charged) < 6.1 pb  at 90% C.L.

- 1.6
o(pp » Ac/Ac + Xy . B(AC > pKn) = (1.2 t 0.8) ub

and the mean values of [xp] (< |XF(AC)| > = 0.17 + 0.06, < [z (R)] > =
0.08 + 0.07) and Pr (< pT(AC/KC) > = (1.15 + 0.34) GeV/c). In this ex-
periment no evidence was found for a dominant AC production at large
Xp
We have estimated the cross sections for DS decaying into 3 or 5 prongs
to be

a(pp - Dsi + X) B(DSi + 3 and 5 charged) = (0.7 + 0.4) ub
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The mean XF

0.02 obtained for the D sample. The averaged Py is similar for DS and D
production ((0.88 + 0.45) GeV/c and (0.86 t 0.09) GeV/c, respectively).

value for DS is 0.05 + 0.10, to be compared with 0.15 %
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Measurement selection criteria. The decay topologies are defined

in Section 3.1.
Performance of particle identification devices.

Cuts applied to select the charm decays for the D/D total cross

section calculations.

Result of the fits to the invariant and non-invariant differential

cross sections for the different D meson states.

Mean values of physical quantities measured for DD pairs in 400

GeV/c pp and 360 GeV/c n p interactions and model predictions.

a) Summary of available measurements of the D° lifetimes.
b) Summary of available measurements of the p¥ lifetimes.

¢) Summary of available measurements of the ratio T(Di)/T(D°).

Electron, kaon and proton contents extracted from the information

provided by ISIS through a method of maximum likelihood.

Exclusive branching ratios of the neutral and charged D. The first

error is statistical, the second one is systematic.

Unambiguous AC/T\C decays produced in pp and n p interactions. A

double underlining means a well identified solution, single under-
lining means the solution is allowed by particle identification
but not preferred and no underlining means no particle identifica-
tion. (n°) means that the n° has not been detected in the electro-

magnetic calorimeters.

Table 10 Summary of available measurements of the AC lifetimes.

Table 11 Summary of available measurements of the AC mass.
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Table 12 DS candidates. A double underlining means a well identified so-
lution, single underlining means the solution is allowed by parti-
cle identification but not preferred, and no underlining means no
particle identification. The notation (n*), (1) means that the

momentum of the charged track has not been measured.
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Table 1
Topology R{mm) L{cm) T{(mm)
X1-X6 2.0 - 1.5
Ccl 0.6 - 1.5
L' 0.2 3 0.5
C3,V4,C5 2.0 - -
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Table 2
SAD ISIS FC TRD(a) ALL

Acceptance : _ _

all tracks 0.23 0.84 0.58 0.86 0.87

from charm _ 0.23 0.82 0.59 - 0.86
Figure of merit

all tracks Q.66 0.78 0.75 0.68 0.97

from charm 0.70 0.80 0.80 - 0.96
Momentum range (GeV/c) 0.6-3.8 2-50 18-112  70-400  0.6-400

(a) For TRD the quoted numbers refer to tracks with p>70 GeV, which make up
30% of all tracks in D4 (see fig. 1). Among the charm decay products,
this fraction in only 12% and the statistics are very low (12 tracks)
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Table 3

Cuts applied to select the charm decays used for the D/D total cross

section calculations.

Decay Decay Decay length (mm) Transverse Minimum Maximum
channel surviving length impact impact
all cuts Lower Upper {mm}) parameter parameter
N (D) limit limit lover limit range
i (Hm) (um)
Cl 39 2 90 0.6 100-1500
C3 714 1 2.0 20 100-2000
C5 6 1 2.0 20 100-2000
V2 67 2 30 0.2 20 60- 500
V4 30 1 2.0 20 60-1500
Vb 1 1 2.0 20 60-1500
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Table 4

Number of < p? >
decays n m T
(GeV/c)?
All D 119 4,940, 3.2+0. 0.99+0.09
+
D 24 3.110. 1.8+40 1.3240.27
D 27 5.441 3.510 1.0440.20
D° 29 5.5+1 3.8+0 0.8240.14
D° 22 8.1+1 6.2+1. 0.6240.14
D 17 3.9+1 2.9+0 0.93+0.30
amb
+
(D + D°] 53 4,240 2.7+0. 1.0440.14
[D + D?] 49 6.6+1 4,640 0.84:0.12
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Table 5
<M(DD)> | <x (DD)>| <p2(DD)>| <& y> <¢ >
F T T
pp-Data (this work) 4.65+¢0.13[0.1840.03{1.50+0.30(1.02+0.12 10545
n p-Data [14] 4.50+40.16(0.2540.07|1.65+0.40|0.80+0.14 11548
Fusion Model with
d—fragmentation
pp-Data 4,63 0.16 1.2 0.69 125
n p-Data 4.81 0.23 1.2 0.76 129
LUND-fragmentation
pp-Data 4,82 0.19 0.88 0.98 119
n p-Data 4.60 0.25 0.75 0.77 126
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Table 6(a)
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Table 6(b)

DT MESON LIFETIME MEASUREMENTS
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Table 6(c)

MEAN LIFETIME RATIO

-

m(0%)/7(0%

+1.4

i 4 2.1 —0.6

—

1.5 +£1.0

+0.5

- £ 2.3 g4 %01

’ . 28l

+0.2
1.4 £03 o'

+1.1

= ’ 2608

+0.9

L } ! 1 9 —0.7 +0.3

-

H—a— 2.44 £0.14 +0.08

+0.6

4 | 1.4 T4 £0.6

= | 2.3+05

prorerarn 4 2.4 +0.4

2.6 £05

2. 3.
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~ Table 7
Topology Number Fraction Most likely number of:
of of decay tracks with
vertices vertices ionization protons kaons electrons
information
(<5.3)
+3.0 +3.1
C1 23 23/23 - 4.4_2_3 5.8_2‘5
(<5.3)
+7.3 +4.7
V2 84 134/168 - 34'1—6.6 12.7_3.9
Likesign (<3.0) (£3.7) 4 9+3.6
. 85/120 - - 2.4
c3 60
Unlikesign (<3.3) 4.6 (£2.7)
34/60 - 12.37,° -
-4.3
‘ (<8.9) (<4.9)
V4 51 140/204 ~ 22_3+§.9 1.01
-7.0
Likesign (<2.1) (<2.6) (£2.7)
: 13721 - - -
C5 7
Unlikesign (<4.0) (£3.4) - (£3.1)
6/14 1.02 - _
(£2.5) (<4.4) (£1.9)
V6 1 4/6 ~ i _

The figures shown in brackets correspond to 90% C.L. and blank entries (-)
imply that the value preferred by the likelihood function is zero.

! There is one electron identified by the Jlead-glass detectors and
supported but not required by ionization. This has been inserted by hand.

? The likelihood function prefers this result rather than zero with a
likelihood ratio of 1.9 to 1.
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Table 9
id ndf Mode m (Am) t tmin Y max Partner
Mev/ery  (1073s)  (0'3s)  (um)
1 3 pn'mK°n® 2307 (35) 0.50 0.57 11 pe
2 3 pn'K e 2255 (10) 2.96 0.64 83 D~
3 0  pK'm (n°) 1.64 0.50 42 c3*
pp - -
ool 4 3 pKn 2293 (8) 0.82 0.66 62 c1
5 3 pK'n 2295 (5) 1.12 0.61 18 D°
6 3 pK'nm 2290 (6) 2.57 1.87 68 D°
7 3 pKnne 2309 (14) 5.88 1.55 139 V2
1 3 nm'mnA 2291 (6) 1.25 1.12 55 -
np + - +
Data] 2 3 K'np 2275 (4) 1.93 1.30 32 D
3 3 Kn'p 2284 (5) 2.87 1.99 67 X2
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Table 10

A. BARYON LIFETIME MEASUREMENTS

Ref. [30] fev 1 (107" s5)
a) — ': 13 2047
b) — - b 65 2.0 757 +0.3
¢) bt S — 14 14203403
d) = = —= % (11 2.3 0e+0.4
This exp. = = P 9 1.2797
f) - = | 9 1133
| 1 |
1 2. 3
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Table 11

A BARYON MASS MEASUREMENTS

Ref. [31] fev M (MeV/c?)
a) S = ~ 1 2260.+20.
b) e 60  2260.%10.
c) | ——— 1 2254, +12,
d) —a— | 6 2257.£10,
o €) -y 30 2262.£10,
)y ——f 39 2285.% 6.
9) : - : 1 2260. :20.
h) _ Hm— ) 1 2290.+ 3.
i) —— 19 2275.+10.
i) —— 55 2284.+ 5.
k) - 3 2283.% 3
) = - | 3 2270.%15.
m) —=— 187 2268.+ 6.
n) = = 1 8 2266.£13.
p) b - i 4 2301.+17.
q) - 14  2285.6 41.1
This exp. -y 5 2284.7 £2.3405
L | l | 1
2240. 2260. 2280. 2300. 2320.

M (MeV/c?)
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=

Table 12
. Event decay Xp Pp t tin Y max Partner
(GeV/c) (107 's) (107 's)  (um)
K+n—§;u° o.ood 0.593 5.98 4.02 94 X1
K'(n*) " K -0.048 1.918 4.22 0.78 269 c3
K'n'(n) K10 -0.061 1.273 9.15 1.16 429 cl
n ﬁ° 0.231 0.346  16.43 1.39 593 C3
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FIGURE CAPTIONS

Fig. 1
Fig. 2
Fig. 3
Fig. 4
Fig. 5
Fig. 6
Fig. 7

The European Hybrid Spectrometer in the version used for the

NAZ27 proton exposure.

A V4-V2 event observed in the high resolution bubble chamber
LEBC. The picture shows a display of the HPD digitisings of
bubble centres with the scale expanded in the transverse direc-

tion.

a) Definition of impact parameter, y = L sin¢.

b) definition of the "scan box". Each event was scanned for
secondary activity inside the dashed line, a rectangle of width
+ 2 mm centered on the interacting beam. Also shown is the

definition of L and 6.

Spectrometer acceptance for neutral D mesons giving three cons-
trained fits. The full line is for decays without neutral par-

ticles, the broken line with one observed n°.

(a) The D°nt effective mass spectra from kinematically cons-
trained D°’g.
(b) The D*n? effective mass spectra.

Background estimations are given by the broken line.

(a) dc/dxF and (b) do/dp2T distributions for D/D meson produc-
tion from pp interactions at ¥s = 27.4 GeV. The solid curves
are fits to the data using distributions of the form

do do

@ (1 - x )"  and ——
dxF F de

_ 2
x e pr

The fits determine n = 4.9 + 0.5 and b = (0.99 + 0.09) (GeV/c)_2

Differential cross sections in Xp and p’; for D*, D°, D™ and
D° mesons. The solid curves correspond to fits of the form:

do I do
= (1 - x_.) and ——
dxF F dp%

_pr2

< e



Fig. 8

Fig. 9

Fig. 10

Fig. 11
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Distribution of events as a function of the angle in the trans-
verse plane, ¢T’ between charm particles for the 107 geometri-
cally reconstructed pairs. The solid histogram represents the
corrected experimental distribution, raw data are shown as a
dashed histogram. The dashed curve shows the basic parton level
prédiction (8-function ¢ » D fragmentation) and the solid curve
includes fragmentation effects as simulated by coloured string
breaking {(the Lund model).

DD correlations for 17 fully reconstructed pairs.
a) Effective mass distribution

b) Xp distribution

c) pzT distribution

d) rapidity gap, 8y, distribution

The dashed curve shows the basic parton level prediction
(8§-function ¢ - D fragmentation) and the solid curve includes
fragmentation effects as simulated by coloured string breaking
(the Lund model).

pKn invariant mass for the C3 decays with an average impact

parameter, <y>, smaller than 60 um.

Comparisons of the mea;urédLin;luéive D/D do/dxg and dc/dp2T
distributions to the fusion model calculation described in the
text. The dashed curve shows the basic parton level prediction
(8-function ¢ = D fragmentation) and the solid curve includes
fragmentation effects as simulated by coloured string breaking
(the Lund model).
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