VOLUME 61, NUMBER 19

PHYSICAL REVIEW LETTERS

7 NOVEMBER 1988

D-Meson Production in 800-GeV/c pp Interactions
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We report on a study of the inclusive production properties of D/D mesons in pp collisions at 800
GeV/c and compare our results to measurements made at lower energies and to the expectations of the

QCD fusion model.

PACS numbers: 13.85.Ni, 14.40.Jz

Charm particle production in hadronic collisions has
proven to be a useful test of the QCD parton-fusion mod-
el.! The model predicts an increase of the charm pro-
duction cross section by about a factor of 3 between
Vs =26-27 GeV and /s = 53-63 GeV while compar-
ison of CERN-Super Proton Synchrotron (SPS) fixed-
target experiments and CERN-Intersecting Storage
Ring (ISR) experiments indicates a cross-section in-
crease of at least a factor of 10.> Mechanisms other
than the fusion model were invoked to explain this large
increase in the charm cross section.?> Recently this ex-
periment, a study of charm production in pp reactions at
800 GeV/c (v/s =38.8 GeV) using the precision vertex
detector LEBC (Lexan bubble chamber) filled with
liquid hydrogen followed by a multiparticle spectrometer
(Fermilab MPS), has reported a cross section consistent
with an energy dependence for charm production in
agreement with fusion-model predictions.* Those results
used the topological uniqueness of charm decays, as seen
in a hydrogen target and detector, to identify the data

sample and thus involved only the LEBC data. Here we
report on our measurements of the D meson xg and p,
behavior as determined from both the LEBC and the
spectrometer data and compare them to the predictions
of the fusion model.

We note that, in the absence of a well accepted pro-
cedure for correcting the nuclear effects, hydrogen target
data taken with this chamber are the most reliable
source of information on inclusive charm particle pro-
duction in pp collisions.

The data were obtained during the third fixed-target
running period of the Fermilab Tevatron accelerator.
The LEBC-MPS apparatus was exposed to 800-GeV/c
protons in the MT beam line. LEBC served both as a
liquid-hydrogen target and as a high-resolution vertex
detector upstream of the MPS. The chamber was
operated so as to produce bubbles of 20 um diam and a
bubble density of 80 cm ~!. Two high-resolution propor-
tional wire chambers positioned immediately down-
stream of the LEBC generated an interaction trigger
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when more than two particles were detected in coin-
cidence with an interacting beam particle. This resulted
in a camera flash recording two stereoscopic views of the
interaction in the LEBC and the simultaneous readout of
the MPS. The two camers used conventional optics and
gave 1.1x-demagnified pictures on 50-mm film. The
overall trigger efficiency for events with charged multi-
plicity ncy =4 is (88 = 2)%; for pp interactions produc-
ing charm, this efficiency becomes >99%.* A total of
1180000 triggers were taken which yielded about
500000 pp interactions in hydrogen. The remaining
triggers corresponded to the LEBC wall events. The
sample reported here consists of about 60% of the total
exposure.

Each LEBC picture was double scanned and the
charm candidates were selected for measurement by
physicists in a third scan. Secondary vertices were
classified as Cn (charged decay), Vn (neutral decay), or
Xn (unclear, compatible with decay), where n is the
number of charged particles leaving the decay vertex.
Charm candidates have n=1,3,5 for charged decays and
n=2,4,6 for neutral decays. The events were measured
on an ERASME machine at CERN and an ADAM &
EVA machine at Mons. Point measurement accuracy is
2 um. Two tracks can be resolved if their separation is
at least 20 um and the decay tracks can be disassociated
from the primary vertex if their impact parameters are
greater than 10 um.

The V2 decay sample has a large strange particle
background and only those found in conjunction with
another charm candidate were selected for measurement.
Table I gives a summary of all measured candidates and
the effects upon them of the geometrical selection cri-

TABLE 1. Summary of the topological charm sample used
in the cross-section determination and the effects upon them of
the selection criteria (cuts). The numbers given are of those
decays removed by the corresponding cut. The cuts are defined
as follows. Length cut: decaying particle track length greater
than | mm. Angle cut: no more than one decay track with ei-
ther space angle greater than 150 mrad. Maximum i.p. cut:
maximum decay track impact parameter greater than 50 um
(100 um) and less than 1 mm (2 mm) for V4 (C3). Minimum
i.p. cut: minimum decay track impact parameter greater than
20 um. Also given for the V4 and C3 samples are the topolog-
ical branching ratios and Monte Carlo weights used in the
cross-section calculations.

Topology V2 C3 Va C5
Total number of decays 32 91 16 9
Length cut 7 12 2 0
Angle cut 1 9 0 1
Maximum i.p. cut 1 10 1 2
Minimum i.p. cut 0 14 3 1
Total after cuts 23 46 10 S
Branching ratio cee 0.43 0.17 cee
Average weight s 2.1 3.2
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teria (cuts) used to yield an uncontaminated charm sam-
ple.4 After measurement, a sample of 5 CS5, 10 V4, 46
C3, and 23 associated ¥'2 nonstrange decays remain. A
study of all possible sources of background has shown
that this sample is essentially free from noncharm de-
cays.

The mean charged-particle multiplicity at the primary
vertex for events containing charm is 11.9+0.8. This
number does not include the charged particles from the
observed charm decay(s). Correcting this number for
decays which occur too close to the primary vertex to
resolve, we obtain a charged-particle multiplicity of
11.0%£0.9. This value is to be compared with the value
10.26 £0.15 found for the mean multiplicity of all
events at this energy.” However, if the charged particles
from the charm particle decays are added, this gives, on
average, an additional 4.6 £ 0.6 tracks per event,® yield-
ing a total mean charged-particle multiplicity of 15.6
+1.1 for charm events at /s =38.8 GeV. It is worth
noting that all these multiplicity counts include both for-
ward and backward hemispheres.

The measurement of the longitudinal and transverse
momentum of the D/D mesons is based upon momentum
determination and particle identification provided by the
MPS detector. The bubble chamber and spectrometer
information were merged via our reconstruction software
package. Included in this procedure was a visual inspec-
tion of graphical event displays in order to optimize the
reconstruction of charm decay tracks. The MPS particle
tracking system included wire chambers upstream and
downstream of a magnet which imparted a 700-MeV/c
transverse momentum kick to charged particles. The
momentum error plotted as Ap/p versus momentum p for
a sample of reconstructed tracks gives the straight-line
fit Ap/p=(0.3+0.01p)%, with p in GeV/c. This yields,
for example, a momentum error of 1.3% at 100 GeV/c.
Particle identification information was provided by
nitrogen- and helium-filled Cherenkov detectors which
had thresholds for =, K, and p of 5.7, 20, and 38 GeV/c
and 16.7, 58.8, and 116 GeV/c, respectively and a transi-
tion radiation detector which is sensitive to particles with
500 < y < 2000. Details of the particle tracking and
particle identification characteristics will be given in a
future publication. The mass resolution of the LEBC-
MPS arrangement for the =z effective mass gives, for a
sample of K° decays, the K° mass at 498.9+3.7
MeV/c.? This compares favorably with the currently ac-
cepted value of 497.72 MeV/c2”

It is important to note that while the charm events
contain a few examples of A, and D candidates, they
are predominantly D and D decays. The inclusive D pro-
duction cross section is calculated from the samples of
C3 and V4 D decays along with their respective topolog-
ical branching ratios. The formula we use for each topo-
logical decay mode is

(D) =Nops(D)Wwuc/S Be; ,
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where o(D) is the D cross section, Ngps is the number of
observed D decays into the mode with branching ratio B,
Wuc is a Monte Carlo computed visibility weight which
corrects for scanning losses and the cuts described below,
and S is the sensitivity of the data sample. For the sub-
sample discussed in this Letter, S =9.7 0.5 events/ub.
The scanning efficiency ¢;, computed from a comparison
of the two independent scans, is 0.90 = 0.05. The visibil-
ity cuts are applied, for each decay, to the following
quantities: (a) the decaying particle track length; (b)
the impact parameters of the decay tracks at the primary
vertex; and (c) the space angles of the decay tracks at
the decay vertex. These cuts were chosen to ensure that
the overall detection probability is high, to suppress A,
and D; decays and to minimize topological ambiguities.
More details of the scanning and visibility criteria and of
the visibility weight Monte Carlo technique are given
elsewhere.

A summary of the numbers of decays used in the
cross-section determination, both before and after the
cuts, and of the weights and branching ratios for each to-
pology are given in Table I. The resulting D/D inclusive
production cross sections, for all x, are

o(DY/D7)=26%4ub,

o(D°/D°%) =22%3 ub,
and

o(D/D)=48%° ub .

The errors quoted are due to statistical effects. The es-
timated systematic uncertainty in each case, due mainly
to the branching ratio error, is 25%.%

Not all of the decays given in Table I can be used to
investigate xr and p, behavior since not all of them have
an unambiguous kinetic fit giving a unique D momen-
tum. A total of 31 decays do have acceptable kinematic
fits and Fig. 1 shows the resulting xf and p2 distribu-
tions for this decay sample. All decays are corrected for
bubble chamber visibility losses and spectrometer accep-
tance. The solid curves show the result of a maximum-
likelihood fit to the empirical form:

(1— | xp|)me "L,

with n=8.6 £2.0 and a =0.8 0.2 (GeV/c) ~% The fit
was over the range 0.0 < xp < 1.0, where our detection
efficiency is well known (note that there are no decays
with xg > 0.5). Taken together with results from lower-
energy pp experiments at 360 GeV/c (Ref. 9) where
n=18%+08, a=1.1%20.3 (GeV/c) 2 and at 400
GeV/c (Ref. 10) where n=4.9+0.5 and a =1.05+0.10
(GeV/c) ~2, we see a stable p, behavior while xf distri-
bution steepens as the energy increases.

The QCD fusion model can be used to estimate the
hadronic production characteristics of D mesons. Pub-
lished structural functions'' are used to describe the par-

(a)

do/dX(1ub)

-0.1 0.1 0.3 0.5

(b)

do/dP2(jib)

P2(GeV/c)?

FIG. 1. (a) do/dxr and (b) do/dp? distributions for the ki-
nematic fit D/D sample. The solid curves show the results of a
fit to the data with an empirical form and the dotted and
dashed curves show the results of fusion-model calculations.
See text for details.

ton makeup of the proton and an empirical parton trans-
verse momentum distribution of the form '

dN/dk_zL xe —k2/k3) ,

is imposed with (k1)=0.64 (GeV/c)2. The latter ac-
counts for both the intrinsic parton transverse momem-
tum and soft gluon effects. We use published subprocess
cross sections'® and use 2m, for the c¢ production
thresholds, where the effective charm quark mass m, is
1.25 GeV/c?. The strong-interaction coupling constant
is given by a, =(127/25)log(Q?/A?) with A=0.2 GeV.
The Q2 parameter is chosen to be the square of the total

2187



VOLUME 61, NUMBER 19

PHYSICAL REVIEW LETTERS

7 NOVEMBER 1988

energy of the parton subprocess §. For the ¢c— D frag-
mentation process we have used the Lund model'* with
parameters determined from charm production in e *e ~
collisions. In order to evaluate the importance of the
final-state fragmentation effects introduced by the Lund
model, we have also calculated the D differential distri-
butions assuming that the full ¢ momentum is
transferred to D (8-function fragmentation).

Figure 1 compares the results of the fusion-model cal-
culations, normalized to our data, to the measured xp
and p3 distributions. The dashed curves are from the
Lund fragmentation, the dotted curves show the result
for a é-function fragmentation. The Lund fragmenta-
tion process produces a somewhat flatter xg distribution
because of the quark effects in the D formation process.
Both fragmentation choices give an adequate description
of the data.

Summarizing, we have measured the characteristics of
D meson hadroproduction in pp collisions at 800 GeV/c.
The mean charged-particle multiplicity of events con-
taining charm (excluding the charm decay products) is
11.0£0.9. The total inclusive cross section is
o(D/D)=48%}" ub. The differential cross section is
well represeznted by the form d2c/dxgdp? (1~
|xr|)"e " ** with n=86+20 and a=08=%0.2
(GeV/c) ~? and is also in good agreement with the ex-
pectations of the QCD fusion model. We have compared
our results with those of similar experiments at lower en-
ergy. The fusion model predicts that the production
should become more central with increasing energy as
more gluons at low xg become sufficiently energetic to
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produce charm pairs. Our results are consistent with
this prediction.
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