
PHYSICAL REVIEW 0 VOLUME 26, NUMBER 9 1 NOVEMBER 1982

D-meson production in e e annihilation at E, m between 3.8 and 6.7 Gev

M. W. Coles,"G. S. Abrams, C. A. Blocker, '"' A. Blondel, W. C. Carithers, W. Chinowsky, S. Cooper, "
W. E. Dieterle, J. B. Dillon, M. W. Eaton, G. Gidal, G. Goldhaber, A. D. Johnson, J. A. Kadyk,
A. J. Lankford, R. E. Millikan, M. E. Nelson, C. Y. Pang, J. F. Patrick, J. Strait, G. H. Trilling,

E. N. Vella, and I. Videau' '

Lawrence Berkeley Laboratory and Department of Physics, University of California,

Berkeley, California 94720

M. S. Alam, "A. Boyarski, M. Breidenbach, D. L. Burke, J. Dorenbosch, ' ' J. M. Dorfan, G. J. Feldman,
M. E. B. Franklin, G. Hanson, K. A. Hayes, "' T. Hirnel, ' ' D. G. Hitlin, ' 'R. Hollebeek, W. Innes, J. Jaros,

P. Jenni, ' ' R. R. Larsen, V. Luth, M. L. Perl, B. Richter, A. Roussarie, '"' D. L. Scharre,
R. H. Schindler, ' ' R. F. Schwitters, '"' J. L. Siegrist, H. Taureg, ' ' M. Tonutti, "R. A. Vidal,

J. M. Weiss, and H. Zaccone'"'
Stanford Linear Accelerator Center, Stanford University, Stanford, California 94305

{Received 2 June 1982)

The Mark II detector at SPEAR has been used to study D-meson production in e+e
annihilation at center-of-mass energies between 3.8 and 6.7 GeV. The neutral and

charged D mesons are identified from their K+~ +—and It +m—+m —+ decay modes. Mea-
surements of RD and of the inclusive differential cross section s do. /dz are presented.
The quasi-two-body cross sections 0.», O.D.~, and O.D.D. are derived from an overall fit to
the D recoil spectra. No evidence was found for the associated production of charmed
mesons and charmed baryons.

I. INTRODUCTION

One of the most useful indicators of new phe-
nomena in e+e annihilation has been the energy
dependence of R, the ratio of the hadronic to
muon-pair cross sections. At energies above the
prominent g and ttt' peaks, R exhibits a complex
energy dependence associated with the production
of charmed particles. The production of charmed
mesons has been studied at the g" and higher ener-

gies. These studies' have determined the mass of
the charged and neutral D and D*, their spins, ' D
and D* branching fractions to various final states,
and production cross sections at various center-
of-mass energies. In this paper we present the re-
sults of a study of D and D* production at center-
of-mass energies between 3.8 and 6.7 GeV using
the SLAC-LBL Mark II detector at the storage
ring SPEAR.

Our measurements are presented in the following
way. In Sec. II we summarize the relevant features
of the detector. In Sec. III, we discuss the mea-
surement of the energy dependence of inclusive
neutral- and charged-D production cross sections.
In Sec. IV we present more detailed results on the
inclusive momentum spectrum of D's at a center-
of-mass energy of 5.2 GeV, where substantial
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FIG. 1. Cross-sectional view of the Mark II detector.

statistics were accumulated. In Sec. V we give an
upper limit for the cross section for the associated
production process e+e ~A, DN. Section VI
discusses the "resonance region" in R between
roughly 3.8 and 4.4 GeV. The energy dependence
of the production cross sections for the exclusive
reactions e+e ~DD, e+e ~D*D or D~D, and
e+e ~D*D* is discussed, and measurements of
the branching fractions for the decays of charged
and neutral D*'s to pions or photons are presented.
Finally, the energy dependence of these exclusive
cross sections is compared to that dependence
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predicted theoretically by the qq potential model of
Eichten et al.

II. EXPERIMENTAL APPARATUS

The Mark II detector (see Fig. 1) has been
described in detail elsewhere. ' We concentrate on
relevant features. Starting at the interaction region
a particle first traverses a corrugated-stainless-steel
vacuum pipe and a set of trigger scintillation
counters, which together comprise about 0.05 radi-
ation lengths of material. It then traverses a 16-
layer drift chamber, a hodoscope of 48 time-of-
flight counters, and an aluminum solenoidal coil
which produces a 0.42-T axial magnetic field.
Beyond the coil are eight lead —liquid-argon elec-
trornagnetic shower-counter modules and two or
three layers of muon identifiers, each layer consist-
ing of 23 to 30 cm of iron and a set of proportion-
al tubes.

Charged tracks are reconstructed from signals in
the 16 cylindrical-drift-chamber layers. The az-
imuthal coordinates of charged tracks are mea-
sured to an rms accuracy of approximately 220 pm
at each layer. The polar coordinates are deter-
mined from the ten "stereo" layers oriented at ap-
proximately +3' to the beam axis. When a track
can be constrained to pass through the vertex, the
charged-particle rms momentum resolution is

5p/p =[(0.015) +(0.005p) ]'~ where p is the
transverse momentum in GeV/c. Without this
constraint the coefficient of the mornenturn-

dependent term is doubled. Tracks are required to
come within 1 cm radially and within +10 cm
longitudinally of the measured beam crossing
point. To ensure more uniform detection efficien-

cy and optimum momentum resolution, tracks
passing this selection were required to have

~

cos8
~

&0.75, where 8 is the polar angle relative
to the beam axis at the production vertex. Mea-
sured rnomenta are corrected for dE/dx losses in
material traversed before entering the drift
chamber.

The time-of-flight (TOF) scintillation counters
which surround the drift chamber provide timing
information over 75/o of 4~ sr. Each TOF
counter is a 2.54-cm-thick Pilot F scintillator, 3.44
m long, and is viewed on each end by an Amperex
XP 2230 photomultiplier tube. The system was
calibrated using isochronous light pulses from a ni-

trogen flashtube, brought to the center of each
counter through 10-m-long fibers. Signals from
the tubes are fed to 12-bit time-to-digital convert-

ers (TDC's) and analog-to-digital converters
(%DC's), the latter allowing a pulse-height correc-
tion to be made. These slewing corrections are cal-
culated off-line from Bhabha-scattered electrons
and allow us to obtain a system resolution of 315
ps for hadrons.

The lead —liquid-argon shower-counter modules
which surround the solenoid are used to detect
photoris and identify high-energy electrons. The
modules are approximately 14 radiation lengths in

depth, provide almost full 2m. azimuthal coverage
about the beam direction, and cover 64% of 4~ sr.
The rms energy resolution for photons above 500
MeV in the calorimeter is approximately
12%ICE (GeV), but deteriorates somewhat at
lower energies due to the effect of the coil. The
angular resolution for photons is approximately 8
rnrad.

The detector trigger employs a track-finding
hardware processor which requires at least one
track to traverse the entire drift chamber and an
additional track to cross at least three of the five
inner layers. All D decays that we investigate have
at least two charged tracks which traverse the en-
tire chamber.

The luminosity of the data sample is monitored
by a pair of small-angle scintillators and shower
counters. These counters are positioned at 22
rnrad from the beam axis, and identify Bhabha-
scattered electrons. The counters are calibrated
against larger-angle Bhabha events measured in the
fiducial volume of the drift chamber and
lead —liquid-argon calorimeter.

D mesons used in this analysis were observed in
the detector as peaks in the invariant-mass spectra
of the decay modes D ~K m. + and D ~K++
and D-+~K+~-+m-+. These modes were chosen be-
cause of their relatively large branching fractions
and because the invariant-mass distributions had a
better ratio of signal to background than other de-

cay channels.
To detect D's which decay in this way, we relied

on the ability of the time-of-flight counters to
discriminate between charged pions and charged
kaons. A ~-K separation of greater than 1o. time
difference was possible for tracks with a momen-
tum less than 1.35 GeV/c. Similarly, w-p and K-p
separation was achieved for particle mornenta less
than 2.0 GeV/c. Each track was assigned three
weights corresponding to its possible identity as a
pion, kaon, or proton (antiproton). Each weight
was proportional to the Gaussian probability that
if the particle had the assumed identity, its mea-
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sured flight time would have deviated from the
predicted flight times as much as observed. The
normalization was such that the sum of all weights
corresponding to a given track was unity. A parti-
cle was considered to be a proton if it had a proton
weight greater than 0.9, it was called a kaori if it
had a kaon weight greater than 0.5, and it was
called a pion otherwise. Particles also were con-
sidered to be pions if there was no time-of-flight
information available for them.

We eliminate positively identified leptons as fol-
lows. A second set of time-of-flight weights was
formed to discriminate between electrons (or posi-
trons) and pions if the momentum of the particle
was less than 300 MeV/c. Tracks with an electron
weight greater than 0.8 were taken to be electrons.
At momenta above 300 MeV/c, electron-pion
discrimination was based on the longitudinal distri-
bution of energy deposited in the liquid-argon
shower counters. Above 800 MeV/c, muons were
distinguishable in the muon range counters.

III. THE INCLUSIVE D PRODUCTION
CROSS SECTION

%'e have measured the ratio of the inclusive D-
meson production cross section to the theoretical
muon-p, ir production cross section

o(D+)+o(D )+o(D )+o(D )
RD ——

o(@+p )

for center-of-mass energies between 3.9 and 6.7
GeV.

In this analysis we determine a model-indepen-
dent efficiency for detection of D mesons. A pre-
vious measurement' has shown that D-meson pro-
duction in e+e annihilation is consistent with be-

ing entirely two-body or quasi-two-body below a
center-of-mass energy of 4.4 GeV and more com-
plex above this energy. For this reason we have
determined momentum-dependent detection effi-
ciencies and studied their sensitivity to the details
of these various production mechanisms.

The detection efficiencies were determined by us-

ing a Monte Carlo program to generate D's at vari-
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FIG. 2. Momentum-dependent detection efficiencies
for (a) D ~K m. +, (b) D+~K m+~+. Both diagrams
show the effects of angular distribution in the produc-
tion angle of a D with respect to the beam direction.
The solid lines are our parametrizations of the isotropic
production detection efficiencies.
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ous momenta. The Monte Carlo program is
designed to represent the properties of the detector
as closely as possible. The D's were generated both
in an isotropic angular distribution and in the dis-
tributions dX/dQ —1+cos 6 where 6 is the angle
between the D momentum and e+ beam. The D's
were then allowed to decay, and the pions and
kaons resulting from these decays were propagated
through the detector. The pions and kaons were
also allowed to decay, and tracks were reconstruct-
ed and selected to determine the detection efficien-
cies. The momentum dependence of the neutral-
and charged-D detection efficiencies is shown in

Fig. 2. Even though Fig. 2 indicates a difference
of nearly 25/o between the isotropic and anisotro-

pic charged-D detection efficiencies at 2 GeV/c, it
was found from the substantial statistics accumu-
lated at 5.2 GeV that the momentum distribution
of D's is peaked at low momenta. That behavior
minimizes this source of uncertainty.

In Fig. 3 we show the E+~+- and E+~-+~+-

invariant-mass distributions in the D-meson region
for the accumulated data divided into two center-
of-mass energy regions: 3.88 —4.42 GeV [Fig. 3(a)]
and 4.5 —6.0 GeV [Fig. 3(b)]. The widths (cr) ob-

tained from the fits to a Gaussian plus a polyno-
mial background are 17.2+1.7 MeV (Err),
12.3+1.5 MeV (Ken ) at the lower energies and
13.8+2. 1 MeV (Em. ), 12.4+3.3 MeV (Kn.m ) at the
higher energies. The widths determined from the
Monte Carlo program (17 MeV for E~, 15 MeV
for Kam ) are consistent with these measurements
and are almost independent of the D-meson
momentum.

We determined the amount of D production by
analyzing our data in the following way. The
numbers of charged and neutral D's produced at a
particular center-of-mass energy were determined
from K+++—and K+++—m. +— invariant-mass distribu-
tions in various momentum bins. These invariant-
mass distributions for each momentum bin were fit
to a Gaussian distribution plus a quadratic back-
ground. The center of the Gaussian was fixed at
the known D mass, and its width was fixed to be
the resolution width determined by the Monte Car-
lo simulation.

The number of produced D's was determined by
dividing the detected number of D's (the results of
the invariant-mass fits) by the detection efficiency
for isotropic production. The detection efficiency
was evaluated at the center of the D momentum
bin. The Mark II experiment has measured' the
D ~K m. + branching fraction and determined it
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to be 0.03+0.006. The D+~E ~+~+ branching
ratio was determined to be 0.063+0.011. These
values were used to obtain the total numbers of
produced D's.

Systematic sources of uncertainty in the numbers
of produced charged and neutral D's are any devia-

tion from the assumed isotropic production angu-
lar distribution and any variation of the detection
efficiency over the range of each momentum slice.
These sources of error together produced a sys-

tematic uncertainty of less than 12% in the deter-
mination of the total number of neutral D's pro-
duced and uncertainty of, in general, less than
17%%uo in the amount of charged D-production. To
calculate the inclusive D production cross section
from the number of produced D's, luminosities"
based on wide-angle Bhabha scattering were used.
These luminosities have a systematic error of 6%
which is negligible in relation to the other statisti-
cal and systematic sources of uncertainty.

The results are given in Table I and plotted in

Fig. 4. In the region below 4.5 GeV, we observe
structure in the total RD. Most of this structure
comes from the excess of D over D+, which is ex-

pected if most of the D's come from D* decay.
The data were radiatively corrected according to
the method of Bonneau and Martin. ' These
corrections are at most 15' near the 4 GeV struc-
ture and less than 5% elsewhere. In Fig. 5 we

compare the Mark II measurement of R (the usual

ratio of total hadronic cross section to muon-pair
cross section), "with the sum of our measured

value of RD/2 and 2.5. The number 2.5 (+0.25)
is an estimate of the contribution from light

(u, d, s) quarks based on the various measured
values of R below charm threshold. ' Note that
because D's are produced in pairs, RD double
counts the fraction of events containing D's. From
the comparison in Fig. 5, we see that D production
alone accounts for almost all of the charm contri-
bution to R up to at least 6 GeV. The structure
observed in RD between 3.8 and 4.5 GeV is dis-
cussed in Sec. VI.

One can use Fig. 5 to set limits on the produc-
tion cross section for the I' meson and for charmed
baryons at 5.2 GeV. We assume that the light-
quark (u, d, s) contribution to R is 2.5, independent
of c.m. energy, and that within statistical errors R
is equal to R~/2+2. 5. The systematic errors
(roughly 20%%uo on RD, 10%%uo on the light-quark con-
tribution and 10%%uo on R itself) then give a limit of
one-half unit of R for the pair production cross
section of I' mesons or charmed baryons. This is
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consistent with the Mark II measurement' of
hR =0.3 for charmed baryons above 5 GeV. 100

80—
0.72& Z& 0.75

D'and D
30

IV. INCLUSIVE D PRODUCTION AT 5.2 GeV

The availability of a large data sample at 5.2
GeV made it feasible to investigate in some detail
the charm production characteristics at that
center-of-mass energy. In particular, we measured
the differential distribution in the scaling variable
z, the ratio of total energy of the D meson to the
beam energy. The kinematic limits imposed by the
large D mass are that 0.72 &z & 1.

%e determined the quantity s do. /dz in the same
way as in Sec. III, fitting K-+a+ and K-+m-+m. +-

invariant-mass spectra within z bins of 0.05 units
width to Gaussian distributions of fixed mean and
width, plus quadratic backgrounds. As usual, s is
the square of the center-of-mass energy. The
detection efficiencies of Fig. 2 and the branching
fractions measured in the Mark II detector for
D ~K m

+ and D+~K ~+~+ were then used
to determine s do. /dz. The individual fits are
shown in Figs. 6 and 7 and the results are shown
in Fig. 8.

It is apparent that the quasi-two-body produc-
tion processes DD, D*D+D*D, and D*D* are not
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the dominant sources of D's at 5.2 GeV, since for
such processes D's must have z g 0.93. The data
of Fig. 8 indicate that less than 35% (90% confi-
dence level) of D +pr-oduction and less than 20%
(90% confidence level) of D production occurs
th1s wRy.

Figure 9 compares the distribution in s do. /dz
observed for D production at 5.2 GeV with the
same quantity observed in e+e production of m-
and E, between 6.1 and 7.6 GeV. ' Apart from
the lowest- and highest-z bins, the slope of the D
spectrum has a value consistent with that observed
for ~-+ and X,'.

We have parametrized the D spectrum in the
form s do/dz =2 (1—z)", and, ignoring the thresh-
old bin, obtained n =0.9+0.4. This value of n is
in agreement with the previously reported' value
of 0.76+ o 33 obtained by the Mark I experim. ent at
a center-of-mass energy of 7.0 GeV. Since 5.2
GeV is rather close to DD threshold this distribu-
tion is severely constrained by kinematic effects
and is thus not expected to accurately reflect the D
fragmentation function at asymptotic energies.
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V. ASSOCIATED PRODUCTION
GF CHARMED BARYGNS
AND CHARMED MESONS

We have previously reported' the observation of
inclusive charmed baryon (A, ) production in e+e
annihilation at 5.2 GeV. At 5.2 GeV, it is
kinematically possible for the reactions e+e
~A, D gYand e+e ~A, D n (or the charge con-

jugate states) to occur. The identification of a D
meson and a proton or antiproton in the same
event would prove the existence of one of these re-
actions as the threshold for e+e -~ppDD is about
5.6 GeV.

Two methods were used to search for these asso-
ciated production processes. The first method re-
quired the detection of a D and the directly pro-
duced proton or antiproton, while the second
method required the detection of the D and a pro-
ton from the decay of the charmed baryon.

To employ the first method, the effective mass
recoiling against the detected D p system (or its
charge conjugate) was calculated. Such a system
was defined as a E+m-+or E+m-+m. -+~+ mass com-
bination in the range 1.82 to 1.90 GeV/c plus a
particle identified by time of Aight as being a p or
p. Gnly 1"3 such events were observed in the data
sample of 5150 nb ', and of these 13 events, none

were observed to have a missing mass within 200
MeV/c of the A, mass' (2.284 GeV/c ). This
gives a limit on associated production of less than
0.4 nb (0.12 units of R) at the 90% confidence lev-

el.
In the second method for determining the ex-

istence of associated production, events were count-
ed which contained a p and a D or a p and a D.
The D was observed through the decays
D —+K++ —,E+m-m+~ —,and D——+K+m. -pr —.o + + + + + +

Events were labeled as having a D if the invariant
mass of the K and vr's was between 1.82 and 1.90
GeV/c . A background subtraction was made us-

1ng lnvar1ant-mass comblnatlons In the 1Rnge of
1.65 to 1.69 GeV/c or in the range between 2.03
and 2.07 GeV/c . Events in both the signal and
the sidebands were required to have a p or p which
was identified by time of flight with proton weight
~0.9. Sixteen such events were found containing
a p or p in the signal region and 17 such events
were found in the sidebands, leaving no evidence
for associated production after background sub-
traction. From the branching ratios" for D de-

cay to E m +, E+m ~+a. , and K m+w+, and
an isospin statistical model estimate that the frac-
tion of A, decays that lead to a proton is 0.6, an
upper limit on associated production is estimated
to be 0.4 nb, the same as for the first method.
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VI. EXCLUSIVE CHANNELS
IN D-MESON PRODUCTION

In the 4-GeV region, three D production modes
have been observed':

(1) e+e ~DD,
(2) e+e ~D~D or D~D,

(3) e+e ~D*D* .

With the same data sample as in Sec. III, the rela-
tive rates of production of these three channels
were measured at center-of-mass energies between
3.9 and 4.3 GeV. For the analysis of the exclusive
channels, an event was said to be a D candidate if
the K+m-+or K+m-+~-+invariant mass was be-

tween 1.82 and 1.90 GeV/c .
Because of the limited data sample available and

the small branching fractions for D ~K ~+ and
D+~K ~+m +, at most one D meson was detect-
ed in each event containing charm. To establish
which of the three reactions was the mechanism
for production of a particular D, the recoil effec-
tive mass opposite the D was calculated. If the D
is directly produced, rather than the result of a D*
decay, the observed recoil-mass spectrum should be
populated only around the D and D* masses
smeared by the detector's momentum resolution.
If the detected D is the result of D* decay, the dis-
tribution in effective recoil mass observed is more
complicated. The shape of the distribution then

depends on the angular distribution of the decay D
about the direction of motion of the parent D*.
Using angular momentum conservation, one can
show that in reaction (2) the production angular
distribution of the D meson with respect to the D*
helicity axis is of the form dN/dQ —1+a cos 8,
with a =+1 for D~~yD and a = —1 for
D~~nD. For reaction (3), the angular distribution
is again of the form dN/dQ —1+a cos 8 if F

as mentioned earlier, where a was determined by
the fitting program for reaction (3). The angular
dependence was assumed to be energy independent,
but different a's were allowed for the different de-

cay modes of the D*. It was also assumed that the
intermediate photon produced in the e+e annihi-
lation coupled directly to the cc quark pair which
produced the observed D meson. Since that im-

plies the D's are in a pure isospin-zero state, the
cross sections are related by

pg)o
DoDo D+D

Pg)+

'3

p~o
D»oD D +D

p~+

'3

P~ o

D» D» D»+D»
Pg)»+

3

The p factors account for phase-space differences
in the production of charged and neutral D's pro-
duced in l =1 states. Finally, it was assumed that

wave production is ignored. The parameter a is
not calculable in (3) as it depends on the ratio of
the 'P and 'P production amplitudes, and also on
the decay mode of the undetected D*.

The rates for reactions (1)—(3) were determined

by fitting' the recoil-effective-mass-squared spec-
trum in two ways. The first method assumed that
the angular distribution of a D relative to the
direction of motion of its parent D~ was isotropic
in reaction (3). The second method allowed for an
angular dependence of the form

—1+a cos 8dN

TABLE II. Definition of variables appearing in the fitting functions.

Variable

L
&x (M~ )

&x ~(Mz')

B(D' K-~+)
B(D+ K+@ +++)
B(D+ X)
hMg

Definition

Integrated luminosity of data sample.
Momentum-dependent detection efficiency
for D ~K m+ from Fig. 2.
Momentum-dependent detection efficiency
for D ~K+~ m. from Fig. 2.
Branching fraction for D ~K n. + =0.03+0.006.
Branching fraction for D+~K m +m. + =0.063+0.011.
Branching fraction for D* decay to state X.
Bin width of data in dN/de distribution.
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B(D~+~D m+)+B(D~+~D+~ )

+B(D*+~D+y)=1,
B(D* ~D ~ )+B(D" ~D y)=1 .

The expected distribution of D's was convoluted
with detector resolution to obtain the fitting func-
tions for neutral and charged D's as

dN =L~MR~Ez~(Mg )B(D &E —~+) .'2op .p+-o . pC—2+B(D* ~D ~ )C)+B(D* ~D y)C4

3

+ B(D*+ D'~+)C, PD+

PDO

+2oD, p —,p B(D* ~D rr )C5+B(D* ~D y)C7

3

PD*+
+ B(D~+ D+~')C,

~D~O
+Q',

3 3

3

PD~+
+20 yo go [B(D*+ D+y)C,++B(D*+ D+~')C+] .+Q+,

PD 0

TABLE III. Recoil-mass distribution dX/dM~ .
Each distribution is normalized to unity when integrated
over the possible kinematic range. Each process refers
to the charge-conjugate process as well. For ease in de-

fining the distributions, a D is the detected particle in

all the C distributions and a D+ is the detected particle
in the C+ distributions.

Distribution

where Q and Q+ are quadratic parametrizations
of the backgrounds and the other parameters are
defined in Tables II and III. To check this fitting
function, a Monte Carlo model was constructed
which generated reactions (1), (2), and (3) and the
subsequent D* decays according to the matrix ele-

ments given by Cahn and Kayser. The distribu-
tion of neutral D's produced by the Monte Carlo
model at a center-of-mass energy of 4.16 GeV is
shown in Fig. 10 together with the function fitted
to the recoil-mass-squared distribution. The fitting
procedure accurately reproduced the input parame-
ters of the Monte Carlo model.

To increase the statistical accuracy of the fitting
procedure, a simultaneous 7 minimization was
done to eight different data sets. These consisted
of the recoil-mass-squared spectra opposite both
charged and neutral D's in the four center-of-mass
energy regions 3.88 &E, &4.02 GeV,
4.02&E, &4.15 GeV, E, ,„=4.16 GeV, and
4. 15 (E, (4.3 GeV exclusive of the 4.16 GeV
data.

The results of this fitting are given in Tables IV
and V and shown for the isotropic fit to the data
from 4.02 to 4.15 GeV in Fig. 11. The fact that

Event type

e+e ~D* D
e+e — D~og) D~o Do~0

0 ~)fce+e ~D D

c0
c0
c0
c0
c0
cO

cO

c',

e+e ~D~+D, D*+-~D w+

e+e — DgOD Dgo DO~

e+e — DgODgO DgO Do~0

e+e ~D*+D*, D*+~D m
+

e+e — DgODg0 Dgo Doy

c+
c+
c+
c+
c+
c+

e+e- D*+D-, D*+ D+~'
e+e ~D+D*
e+e ~D~+D, D+y
e +e —~D4+D4 — D4+ ~D+y
e+e- D~+D*-, D*+ D+~'

=L~Mz &rc~~ ' 2o p —p Cp +o'
p
—p [B(D*+~D+y)C3 +B(D*+~D+a )C) +C2 ]Doa D*oD
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OI
E 6oo—

O

400—
E

Ip I i
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FIG. 10. The Monte Carlo —produced recoil-mass-

squared spectrum produced opposite a detected neutral
D at a center-of-mass energy of 4.16 GeV. The upper-
most curve is a fit to the spectrum using the fitting
function described in the text. The numbered curves
show contributions from the processes (1) D D, (2)
D D, (3) D*+D, D*+ D m. +, (4) D* D,
D* ~D ~, (5) D*D, D* ~D y, (6)D*D*,
D+ ~D y (7) D+ D D+ ~D 77 and (8) D++D+-
D*+—+D m+. The double peak near 4.6 GeV /c is a
consequence of the angular distribution of the D with

respect to the D* helicity axis.

the results of the anisotropic and isotropic fits are
nearly identical indicates that the results obtained
are relatively insensitive to the exact form of the
production matrix element. As a consistency
check, the inclusive value of RD from Sec. III is
compared with the value of RD obtainable from

Table IV. The comparison of these cross sections
is shown in Table VI. The value of RD resulting
from the exclusive channel analysis requires that
Rn be the result of reactions (1), (2), and (3), only.
The good agreement between the two methods in-

dicates that the background parametrization used
in the exclusive channel fits is reasonable, especial-

ly since the two methods for determining the back-
ground were completely independent. In the in-

clusive analysis, the background was determined
from the shape of the D invariant-mass spectrum
in D or D ~Km and D-+~K~—+~—+ while for the
exclusive decays, the background determination
came entirely from the parametrization of the
recoil-mass spectrum opposite the D. The branch-
ing ratios for D~ decay determined by the fit. are
shown in Table V and are in good agreement with
the previously reported Mark I results. '

Soon after the discovery of the D it was suggest-
ed that the relative ratios of reactions (1), (2), and
(3) could be described by simply counting the num-

ber of spin states available to each reaction. ' This
reasoning predicts the relative ratios of these reac-
tions as

DD' D»D D»D» JDD ' JD»D ''JD»D

At a center-of-mass energy of 4.16 GeV, this argu-
ment predicts the ratio 1:2.2:1.45 in contrast to the
experimentally observed ratio of
(1.0+0.6):(4.6+1.2):(9.8+1.6). A way to explain
this ratio by introducing dynamical arguments has
been presented by Eichten et al. They postulate
production of quark-antiquark pairs, attracted by a
potential of the form V(r) = k/r +r/a —where r

TABLE IV. Two-body cross sections from recoil-mass fits.

Energy region
Cross section

(nb) 3.88 —4.02 GeV 4.02 —4.15 GeV 4.16 GeV 4.15—4.3 GeV

Isotropic fit

DD

D»D

D»D»

0.2+ 0' 2

2.7+0.7
0.3+0.3
3.8+0.6
5.7+0.8

0.4+0.2
2.0+0.4
4.4+0.6

0.3+0.3
1.6+0.5
3.1+0.6

Anisotropic fit

DD'

D»D

D»D»

0.2+-o.z

2.6+0.7
0-2—0.2

3.7+0.7
5.9+1.2

0.4+0.3
2.0+0.5
4.4+0.7

0.3+0.3
1.6+0.5
3.2+0.8
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TABLE V. Branching ratios from recoil-mass fits.

Mode

Do~ao~o
Dgo Doy
D4+ ~Do~+
D*+—+D+m
D4+~D+~

Isotropic fit

0.47+0.09
0.53+0.09
0.44+0.07
0.28+0.07
0.28+0, 10

Anisotropic fit

0.53+0.12
0.47+0.12
0.44+0.10
0.34+0.07
0.22+0.12

Mark I result

0.55+0.15
0.45+0.15
0.60+0.15
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O
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IU 2000—
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FIG. 11. Two of the eight recoil spectra simultane-
ously fit using the recoil distribution function described
in the text. The data shown were taken at center-of-
mass energies between 4.02 and 4.15 GeV.

is the qq separation. Rates were calculated accord-
ing to nonrelativistic quantum-mechanical rules as-

suming that the virtual photon produced in e+e
annihilation couples directly to the c-c pair. The
model parameters are determined from the ob-
served charmonium states. Figure 12 shows the
predictions of this model for the energy depen-
dence of the cross sections which describe reactions
(l), (2), (3). Overplotted are the results of the iso-
tropic fit given in Table II for these reactions. The
relative magnitudes observed are in approximate

agreement with this model. DD production is
suppressed at all energies while D*D* production
accounts for the bulk of observed D's over the en-
tire center-of-mass energy region from 3.9 to 4.3
GeV. Agreement between the model and the ob-
served DD and D*D+D~D production cross sec-
tions is good in all four energy bins.

VII. SUMMARY AND CONCLUSION

TABLE VI. Comparison of inclusive D cross section
(before radiative corrections) obtained from invariant-
mass fits and those obtained from recoil-mass fits.

Energy
region
(GeV)

3.88 —4.02
4.02 —4.15

4. 16
4.15—4.30

Recoil
method

(nb)

2.9+0.8
9.8+1.0
6.8+0.7
5.1+1.0

Inclusive
method

(nb)

4.9+1.3
9.4+1.0
6.5+0.7
5.7+1.4

The D-meson production cross section has been
measured at center-of-mass energies between 3.88
and 6.7 GeV. The comparison of this cross section
to the total hadronic cross section leads one to con-
clude that D production accounts for almost all the
charm contribution to the total hadronic cross sec-
tion in this energy region. Over the limited
kinematic range available, the inclusive differential
cross section s do ldz at 5.2 GeV is well described
by the simple parametrization s do. /dz =3 ( l —z)"
with n =0.9+0.4. No evidence was found for the
associated production of charmed mesons and
charmed baryons at S.2 GeV. An upper limit for
this cross section is 0.4 nb at the 90/o confidence
level. The energy dependences of the quasi-two-
body production ~ass sections 0-», O-D,D, and
O.D.D. were measured between 3.88 and 4.3 GeV.
The exclusive two-body cross sections were found
to have an energy dependence which is in reason-
able agreement with the dependence predicted by
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l

Exp t

e
C3

0

RD /2
DD
D4 D4

DD*+ D D*

l l

Model

l I I Eichten et al. as a dynamical consequence of a
quark-antiquark binding potential. The branching
fractions for D~ decay to D~ and Dy were found
to be in agreement with previous results. '
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