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We report results on the differential and total cross sections for inclusive production of the
charmed particles D**, D*°, D% D+, D,, and A, in e *e ~ annihilations at Vs =10.55 GeV. Wide-
ly used quark fragmentation models are discussed and compared with the measured charmed-
particle momentum distributions. This comparison, as well as that with measurements at other
center-of-mass energies, shows the need to take QCD corrections into account and their importance
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for a correct interpretation of the model parameters. The observed rate of D° and D * production is
compared to the expected total charm production cross section. We measure the probability of a
charmed meson being produced as a vector meson and the D** decay branching fraction into

Do+,

I. INTRODUCTION

The production of charmed particles in nonresonant
e Te ™ annihilation is interesting for various reasons. The
total cross section for e Te = —cC is simply predicted by
QED with some QCD corrections;' and this prediction is
supported by the observed change? in the total cross sec-
tion for hadron production when passing the threshold
for charm production. Since each e e ™ —cZ annihila-
tion produces one and only one charmed-
particle—antiparticle pair, this prediction can easily be
compared with the sum of the observed cross sections for
charmed-particle production. Of further interest is the
determination of the relative proportions in the
charmed-particle sector of mesons and baryons, of vector
and pseudoscalar mesons, and of nonstrange and strange
mesons.

The hadronization process through which quarks and
gluons transform themselves into a jet of hadrons is still
poorly understood. Quantum chromodynamics (QCD) is
believed by most to be the correct theory of the interac-
tion between quarks and gluons, but reliable calculations
are possible only in the perturbative regime (a, <<1).
The hadronization process seems to be dominated by the
color-confining forces (a, > 1), and its experimental study
is thus of great importance in providing guidance to the
development of suitable nonperturbative QCD computa-
tional methods. At present the description of hadroniza-
tion relies, at one stage or another, on educated model-
ing.3—?

Some basic characteristics of hadron jets, mainly their
collimation and particle multiplicity, have been known
for a long time.® A more detailed description is provided
by the fragmentation functions D;‘(v), defined as the (un-
normalized) probability density for a jet initiated by a
quark g to generate a hadron of type h with a fraction v
of the initial-quark four-momentum.

In most cases the light hadrons in a jet have as constit-
uents the light quarks produced in the fragmentation of
the color string, and only rarely do they contain the pri-
mary quark. Their differential production cross section is
related to the fragmentation functions of all the quarks
through a set of complex equations and it is not easy to
extract from the data the complete set of fragmentation
functions.

The situation is very different in the case of hadrons
containing charm or heavier flavors. If we believe that
the generation of quark-antiquark pairs in the fragmenta-
tion process is a tunneling effect, it follows that the prob-
ability of extracting from the vacuum a charm-anticharm
pair (or heavier) is exceedingly small. This means that
heavy-flavored particles necessarily contain the primary
quark, and thus their differential cross section is simply
proportional to the relevant fragmentation function.

Electron-positron annihilations well above charm
threshold are an abundant source of nearly mono-
chromatic charm quarks, and are thus well suited to the
study of the charm fragmentation functions of the vari-
ous charmed mesons and baryons. Charm fragmentation
has been studied at the SLAC storage ring PEP (Refs.
10-15) and at the DESY storage rings PETRA (Refs.
16-19) and DORIS (Refs. 20-22). At the Cornell Elec-
tron Storage Ring (CESR), the CLEO Collaboration has
measured the fragmentation function of the charm quark
into D** and D° (Ref. 23), D, (Ref. 24), and A, (Ref. 25).
In this paper we report substantially improved results
from the CLEO experiment on the fragmentation into
D**, DY and D,, and new results on D*°, D*, and A,
(here, and throughout this paper, charge-conjugate
modes are implied). The detection of different decay
modes of charmed particles also allows the determination
of some of their relative decay branching fractions.

In Sec. II we give a brief description of the relevant
characteristics of our detector. In Sec. III we describe
the general procedures used to identify charmed particles
in our data and to determine their respective detection
efficiencies. We present our measured charmed-particle
differential and total cross sections in Sec. IV. These re-
sults are compared to data at other center-of-mass ener-
gies by using an evolution technique which accounts for
QCD radiative corrections. From our data we also mea-
sure the ratio of two D° branching fractions as well as the
fraction of the total charm cross section composed of D°
and D * meson production.

Section V reports our measurements of the relative
probability of vector to pseudoscalar-charmed-meson
production and of the branching ratio B(D**+ — D% %),
In Sec. VI we review the present understanding of the
fragmentation process and describe the various theoreti-
cal expressions for the heavy-flavor fragmentation func-
tion. We point out the importance of QED and QCD
corrections to these theoretical fragmentation functions.
We then fit our charmed-particle differential cross sec-
tions to the predictions of the Lund symmetric Monte
Carlo model including all QED and QCD corrections, as
well as directly to various theoretical fragmentation func-
tions. We emphasize the large differences in the values
obtained for the theoretical fragmentation parameters us-
ing these two techniques. Finally, in Sec. VIII we sum-
marize our results and conclusions.

II. DETECTOR AND EVENT-SELECTION
PROCEDURES

The nonresonant charm events were produced at
center-of-mass energies on and below the Y(4S) reso-
nance at CESR, and the data were accumulated with the
CLEO detector. The detector, the trigger, and the pro-
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cedures to select hadronic events have been described
elsewhere?~28 and will thus be described only briefly
here. The central region of the detector contains two cy-
lindrical tracking chambers, a 10-layer precision vertex
detector and a 17-layer drift chamber, which operate in a
1.0-T magnetic field provided by a superconducting
solenoidal magnet. The drift chamber, using pulse-height
measurements in all of its 17 layers, is capable of measur-
ing the specific ionization (dE /dx) with an rms resolution
of 10%. Surrounding the coil are eight identical sectors
of apparatus used for particle identification. In order of
distance from the beam line, each sector consists of a
three-layer planar drift chamber, a system of pressurized
multiple wire proportional chambers (MWPC’s) capable
of measuring 117 samples of dE /dx (rms resolution 6%),
an array of time-of-flight (TOF) scintillation counters
(rms resolution 350 ps) in a single layer, and a 12-
radiation-length, 44-layer, lead and proportional-tube
shower chamber that covers 47% of the full solid angle.
The eight sectors are followed by 0.65 to 1.5 m of iron,
and a two-dimensional array of planar drift chambers
outside this iron for muon identification. Additional drift
chambers are interspersed within the iron to allow
identification of lower-momentum muons.

The essential components for the analysis presented
here are the central tracking chambers, the pressurized
dE /dx counters, the time-of-flight counters and the
shower chambers. Charged-particle tracking provided by
the central tracking system results in a momentum reso-
lution for the combined system of

(Ap /p)*=[0.007(GeV /c)~p1*+(0.006)* .

Charged-hadron identification is provided over 85% of
the 4 solid angle by dE /dx in the main drift chamber,
over 46% of it by dE /dx in the pressurized MWPC’s and
by time of flight from the scintillation counters that cover
47% of 4. Each device used for hadron identification is
calibrated using sets of identified pion, kaon, or proton
tracks to obtain the expected signal as a function of
momentum. The tracks used in the calibration are select-
ed from clean two-body decay signals. In the decay
K?—m*7~ the two-pion tracks are identified by their in-
variant mass and by requiring separation of the w ¥~
vertex from the event vertex by at least 5 mm. For pro-
tons the decay A—pw ™~ is used in the same way, exclud-
ing secondary vertices ambiguous with KJs. For
charged K’s at low momentum we use the decay
¢—K tK~ and at higher momenta each device is cali-
brated using tracks identified simultaneously by the other
two devices as K’s. The dE /dx distribution for each par-
ticle is partitioned into several momentum bins and the
signal distribution is fitted to a Gaussian shape. The
means and widths thus obtained are then fitted to a
smooth function of momentum. The time-of-flight reso-
lution is independent of momentum.

Photon showers in the calorimeter are identified as
photons if they are unmatched to inner-drift-chamber
tracks and have a measured energy in excess of 100 MeV.
The photon ener resolution is determined to be
o(E)/E=20%/V E (E in GeV) by measuring a sample
of radiative Bhabha events.

Selection of hadronic events

We accepted hadronic events according to the follow-
ing criteria.

(1) Each event must have at least three charged tracks
found in the drift chamber.

(2) There must be a common event vertex lying within
*5 cm of the center of the interaction region along the
beam line and +2 cm transverse to the beam line.

(3) At least 250 MeV of deposited energy must be
detected in the shower detectors.

(4) At least 30% of the center-of-mass energy must be
visible as charged and neutral tracks.

The charged-multiplicity cut (1) reduces 7t7~ back-
ground; the common vertex requirement (2) helps to
eliminate cosmic rays and beam-gas collisions; the elec-
tromagnetic shower energy cut (3) is required to suppress
events consisting of beam pipe interactions; the charged-
energy requirement (4) removes two-photon collision
events. The average acceptance for continuum charm
events is about 84% as determined by Monte Carlo simu-
lation.

The data reported here are from a sample of 77.3 pb~!
accumulated at the Y(4S) resonance (Vs =10.58 GeV)
and 35.8 pb~! at a continuum energy below BB threshold
(Vs =10.52 GeV). About 30% of the events collected at
the Y(4S) contain Y(4S)— BB; the rest are continuum.
This data sample may thus be used for studies of continu-
um processes provided that the particles under examina-
tion are in a momentum region forbidden by BB decay ki-
nematics, i.e., where p >2.57 GeV/c. After applying the
above cuts, 450000 hadronic events survived of which
90000 are Y(4S)— BB events.

III. DESCRIPTION OF ANALYSES

Charmed particles are identified from the following de-
cay modes (inclusion of charge-conjugate states is im-
plied):

D° K mt ’ (D
DY K -ntgt (2)
D*t D%t
L’K—’IT+ (3a)
K ntr—at, (3b)
D*° D%y or 7°)
(K~mt, 4)
DS+—->¢7T+
Lg+x-, 5
Al —pK—nt . (6)

Each of the above particles is identified by the examina-
tion of distributions of the invariant mass of combina-
tions of two or more tracks. In order to minimize sys-
tematic uncertainties, all analysis procedures have been
standardized as much as possible. Track reconstructions
which are not consistent with coming from the event ver-
tex are rejected. All track momenta are corrected for
ionization energy losses in the beam pipe.
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In several cases it is useful to reduce the background
from random combinations by requiring that each track
pass loose or stringent requirements on particle
identification. For particle identification information to
be considered valid, we require that the number of hits in
the dE /dx chambers and the drift chamber be greater
than 60 and 10, respectively. The looser requirement of
“consistency” accepts  tracks  satisfying  loose
identification criteria but eliminates those positively
identified as other particles. For example, a particle is
considered to be consistent with the kaon hypothesis if
the measured values of dE /dx and time of flight are
within three standard deviations (o) of the expected
values in the drift chamber (for dE /dx measurement) and
in at least one of the other two detectors. A particle
within 20 of the expected values in the drift chamber is
also considered to be consistent with the kaon hypothesis
with no further check in the remaining detectors. A par-
ticle is considered ‘“positively identified” if its measure-
ments are within 1o of the expected values and at least
20 away from any other alternative identification.

Further kinematic requirements, where appropriate,
include those on masses of intermediate particles in cas-
cade decays and on decay angles. Decay angular distri-
butions in the rest frame of a parent particle are often
significantly different from the same distributions assem-
bled from random combinations of tracks. For example,
the decay angular distribution for an unpolarized particle
in its center of mass is isotropic. Choosing the direction
of motion of the parent in the laboratory frame as the
reference axis, the decay angle 6 of a daughter particle in
the parent’s rest frame with respect to this axis is distri-
buted uniformly in cosf. Background combinations tend
to have distributions peaked in the forward and back-
ward directions, because of the jetlike nature of the con-
tinuum events.

We examine each combination of tracks with charges
consistent with the final state under consideration. If all
of the tracks pass the quality and identification require-
ments, each track is attributed the appropriate mass and
the invariant masses of the combination and any relevant
subcombinations are calculated. For those combinations
passing further kinematic cuts the appropriate invariant
masses are histogrammed in several momentum intervals.
The momentum bins are determined by our choice of
fragmentation variable. While this will be discussed later
in Sec. IV A, we anticipate here the definition

xt=—tEtP) (7)
(E +P)max

where E and p are the energy and momentum of the had-
ron and E_,, and p,,, are their maximum attainable
values. For candidates with momenta above the kinemat-
ic limit for B decay products (p>2.57 GeV/c or
x*>0.56), we use the entire data set of 113.1 pb~!,
while for those below we use only the continuum data set
of 35.8 pb~ .

In almost all cases the mass distributions are fitted with
a signal shape of a Gaussian plus a polynomial back-
ground. The means and widths of the Gaussian are fixed
to values determined by Monte Carlo simulation. These
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values and the reconstruction efficiencies are determined
in a way designed to minimize the effects of fluctuations
in the Monte Carlo simulation. First, the Monte Carlo
mass distributions are fitted in each momentum interval
allowing the means and widths to vary. The measured
means and widths are then fitted to a smooth function of
momentum to determine the values with which the data
are fit. The mass distributions from the Monte Carlo
simulations are then refitted using the fixed mean and
width. The efficiencies obtained from this procedure are
then smoothed by fitting the measured values to a smooth
function of momentum.

We now discuss specific approaches unique to each
particle.

A. D°

For all D° candidatess we demand —0.85
<cosOg < +0.90, where 8y is the decay angle of the K ~
as defined above. The K ~#% invariant-mass distribu-
tions are shown in Fig. 1. Whenever feasible, we show
separately the low-momentum mass distribution, where
we can use only the continuum annihilation data sample
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FIG. 1. The K 7% invariant-mass distribution for (a)
x* <0.56 and (b) x * > 0.56 showing the fit to the D° peak.
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to avoid contamination from B decay products, and the
high-momentum mass distribution where we use the full
data sample.

Besides the combinatorial background, parametrized
by a polynomial, we have in this case also a background
due to D° decays into K “7* when the particle-mass as-
signments are interchanged. The shape of this back-
ground has been determined both by direct kinematical
calculation and by Monte Carlo simulation. We have
parametrized the shape with a rising exponential below
the D° mass and a falling one above the D° mass; the two
exponentials are constrained to intersect at the D° mass
The total area under the two exponentials was con-
strained to equal the area of the Gaussian that fits the
right mass combinations. Since the available particle-
identification information has little effect in reducing this
background and would only introduce additional uncer-
tainty in the calculated efficiency, we have not used it.
Ignoring this effect would lead to overestimating the D°-
production cross section by about 20% in the region
0.5<x*<0.9.

We have also considered the effect of the background
due to misinterpreted D°—K *K ~ decays. The signal
obtained when this is added to the other backgrounds
differs from the one obtained disregarding it by a small
fraction of the statistical error with a sign that varies ran-
domly from one momentum interval to the other. We
have therefore disregarded this effect.

B.D*

InD* K 77" decay the K ~ candidate is required
to have particle identification information consistent with
the K ~ hypothesis. The K “7*#* invariant-mass distri-
butions are shown in Fig. 2.

C. D**

We detect the D** through its decay into D%rt.
Since our efficiency for detecting pions vanishing for pion
momenta below about 70 MeV/c, we confine our direct
measurement of D** to D** momenta greater than 1.0
GeV/c. We found it unnecessary to use particle
identification. To increase the signal-to-background ra-
tio, particularly in the low-D * *-momentum bins, we re-
quire cosfg > —0.80, where 6y is the decay angle (as
defined above) of the K ~ in the D° rest frame.

To identify D**’s we first select those track combina-
tions for which the absolute value of the mass difference
AM =MD 7" )—M(“D®) is within 1.5 MeV of the
known D**—D° mass difference (145.4 MeV). Here
“D® is an appropriate K 7+ or K “ntn~#* track
combination with an effective mass in the interval
1.40-2.2 GeV. The mass distribution of the D° thus
selected is then fitted to a Gaussian signal plus back-
ground. In the decay D** —(K ~wt7 7T )r™, the ex-
change of the K~ and #~ interpretations results in a
broad peak in the D° candidate mass distribution, which
is easily incorporated in the combinatorial background.
This would not happen using the inverse procedure: if
we were first to select a D candidate, then the candidates
with interchanged mass interpretations would obviously
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contribute a peak in the AM distribution of the same
width as the signal and would thus be indistinguishable
fromit. The K "7 and K ~7+7 7 invariant-mass dis-
tributions after the mass-difference selection are shown in
Fig. 3.

Although the efficiency for detecting a D** vanishes
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FIG. 2. The K #*n* invariant-mass distribution for (a)
x* <0.55 and (b) x * > 0.55 showing the fit to the D * peak.
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at low momenta, it is possible to estimate an upper limit
for D** production, thereby calculating the rate of D*+
production required to account for all of the D%s ob-
served. Because of the very small Q value of the D** de-
cay, the momentum, p o, of a D° produced from the de-
cay of a D** with momentum Pp#++ can be approximat-
ed by

pDo~(mDo/mD.+)th+ .

The region 0.0<p,0<1.5 GeV/c is therefore fed by
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FIG. 3. The K~ n*

D**’s with 0.0 < Pps++ < 1.7 GeV/c with the uncertainty
due to the nonzero Q value being around 5%. We have
used this technique in Sec. IV B to obtain a measurement
of D** production for 0.2 <x * <0.43.

D. D*°

To identify a D*°, we first designate as a D° candidate
any K “7* combination within +30 MeV of the known
D mass (1864.6 MeV) which cannot be identified as a
D** D%+ decay product when combined with other
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invariant-mass distribution for D*+*—D%*, D°—K ~n* candidates with (a) 0.37<x* <0.57 and (b)

x*>0.57 and the similar K ~7* 7~ 7" invariant-mass distribution for (c) 0.42 <x * <0.57 and (d) x * > 0.57. The fit to the D° peak

is shown in each case.
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charged tracks in the event. We combine the four-
momentum of each D° candidate with that of each pho-
ton in the event which has not been identified as a 7°
daughter? and calculate the invariant mass M (K 7y ) of
the combination. For the background determination we
take K7 combinations from the upper D° sideband*
(1.91 <My, <2.11 GeV) and determine M (Kmy) using
their four-momenta. We then calculate the mass
difference

AMp=[M(Kmy)—M(Km)]p region
and compare this with the quantity
A‘}uD, sideband — [M (K’IT‘}/ ) —M (Kﬂ')]sideband region °

Evidence for the decay of the D*° to the D° appears as a
peak at low mass difference when we subtract the side-
band from the signal mass distributions, normalized in
the high mass-difference region. Because of our poor
photon energy resolution, we are unable to resolve the
peaks due to the direct decay D*°—yD° and to the de-
cay D*°— D%° (7> yy). In the latter case, we observe
only one of the two 7° daughter photons and obtain an
apparent peak which is shifted down to approximately
one-half of the D*°— D° mass difference. We according-
ly fit our observed signal to a sum of two Gaussians (Fig.
4) with the means and widths obtained from Monte Carlo
simulation and the ratio of the two areas also obtained
from Monte Carlo events when we input a
(D*°—D%)/(D**—- D% relative branching fraction
of (1—0.485)/0.485=1.0610.32 (Ref. 31).

Because of our relatively small photon-detection
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FIG. 4. The sideband-subtracted invariant-mass difference
m(K " n*y)—m(K ~w*t) distribution for x*>0.51. The
curves are the fits to the expected shapes for the decays
D*°— D% and D*°— D% and their sum.
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efficiency, for the D*° analysis only we also used data
samples taken previously at center-of-mass energies of
10.35 and 10.81-10.93 GeV, so that the total integrated
luminosity for the D *© analysis amounts to 290 pb~ 1.

E. D,

For the decay chain D, »¢7*, § >K K, all K+
and K ~ candidates are required to satisfy kaon consisten-
cy in the dE/dx and time-of-flight measurements. A
K *tK~ combination is required to have its invariant
mass within 5 MeV of the known ¢ mass. Figure 5 shows
the K *K ~ invariant-mass distribution with a peak at the
¢ mass. Any three-track K"K ~7* combination for
which the K *K ~ combination satisfies these ¢ criteria is
considered a D, candidate.

In order to improve the signal-to-noise ratio, additional
requirements are made on decay angles. Since the D,
meson is spinless, the pion decay angle 6, in the D,
center of mass must be isotropically distributed. The vec-
tor particle ¢ is aligned with respect to its direction of
motion relative to the D, so that the distribution in 6,
where 6 is the decay angle, as previously defined, of the
K * in the ¢ rest frame, is proportional to cos?6g. In Fig.
6 we show the distributions of cosfg and cosf,, for the D,
signal. There is good agreement between the measured
and expected angular distributions. We require
cosf,.> —0.8, for which a 10% loss in signal is expected,
and | cosf | > 0.4, for which a 6.4% loss is predicted.

In Fig. 7 we show the resulting ¢ mass spectrum for
x*>0.56.

F. A,

In the case of the A, —pK ~7™* decay, we require posi-
tive identification of the proton and consistency of the
kaon. In order to reduce the background, the following
cuts are applied: p, >0.20 GeV/c, px >0.15 GeV/c, and
P.>0.30 GeV/c. Proton identification and the cut on
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N: 16001 1
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FIG. 5. The K *K ~ invariant-mass distribution showing the
fit to the ¢ peak.
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the pion momentum are the most effect in reducing the
background.

The efficiency for positive proton identification varies
from 95% at the lowest momenta to 10% at 2.0 GeV/c.
A systematic error of 18% on the production cross sec-
tion has been estimated by changing the particle
identification criteria and the momentum cuts.

The pK ~ 7% invariant-mass distribution for x > 0.50 is
shown in Fig. 8.
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FIG. 6. (a) The cosfy distribution for the decay chain

D;—¢7*, ¢—>K+*K ~, where O is the decay angle of the K+
in the ¢ rest frame. The curve is the expected cos’y behavior.
(b) The cos@,, distribution for the decay D, —¢7 ™, where 6, is
the decay angle of the 7% in the D, rest frame.
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FIG. 7. The ¢7* invariant-mass distribution for x * > 0.56
showing the fit to the D, peak.

IV. DIFFERENTIAL AND TOTAL CROSS SECTIONS

In this section we present our results on the differential
and total cross sections for the production of charmed
hadrons and their comparison with the results of other
experiments. We start by introducing the variables with
respect to which we have measured the differential cross
sections.
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FIG. 8. The pK ~#* invariant-mass distribution showing the
fit to the A, peak for all values of x *.
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A. Choice of fragmentation variables

Two commonly used scaling variables are
E+p I
Emax +p max

where p and E are the momentum and energy of the had-
ron and p is the component of p along the jet axis; E,,,
and p., are the corresponding maximum attainable
values.

We define p,,, as

pmax:(Elzaeam‘_rﬂz)l/2 s 9)

X=p/Pmax and x = , (8)

where m is the mass of the hadron in question. The D*
can be produced with a D rather than a D *, giving a
slightly higher value of p,,,, than given by (9); however,
the difference of 0.5% is negligible.

Within any parton fragmentation model the definitions
of the variables x and x * would have as the denominator
the (unknown) respective quantities for the primary
charm quark rather than the kinematical limit for the
charmed hadron under consideration. The two choices
differ because of the mass of the quark and especially be-
cause of gluon bremsstrahlung. We shall discuss the
QCD radiative corrections later.

The variable most widely used in the context of the
string fragmentation model is the light-cone variable x *.
It has the advantage of being a relativistic invariant for
boosts in the direction of the primary quark motion. Not
knowing the direction of the initial quark and not being
able to estimate reliably even the jet direction, we substi-
tute the magnitude of the hadron momentum for its lon-
gitudinal component:

x+___ﬁL . (10)
(E +P)max

We have used the Lund Monte Carlo procedure to
study the effect of this substitution. Figure 9 shows the
D* distribution in x *, defined in Eq. (10) divided by the
corresponding variable using Eq. (8). The distortion of
the distribution is minimal except for x * <0.35, where
our D** acceptance vanishes.

B. Experimental fragmentation distributions

The  experimental fragmentation  distributions
Bdo /dx*, uncorrected for decay branching fractions B
(except in the case of K YK =), for D**,D°, D+, D,
and A, are shown in Figs. 10-14. The curves shown in
the figures will be described in Sec. VII B. In Tables I-V
we give, bin by bin, the reconstruction efficiency, the raw
yield of events, the differential cross section Bdo /dx ™,
and the fully corrected, scaling cross section s do /dx *.
(The decay branching fractions used for the latter are list-
ed in Table IX.) Our measurements have been appropri-
ately scaled to represent the cross section at V's =10.55
GeV. The errors shown in Tables I-V and in Figs.
10-15 are due to the statistical accuracy of the data sam-
ple and to uncertainties in the simulations used to obtain
the detection efficiencies. Negative values of the
differential cross sections, whenever they result from
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FIG. 9. The ratio of the Lund Monte Carlo D* fragmenta-
tion distribution using the variable x * as defined in Eq. (8) to
that using the correct light-cone variable.

background fluctuations in the fitting procedure, are list-
ed in order to arrive at the correct upper limit to the
differential cross section in that bin. In Table I the re-
sults for the two observed decay modes of D** are sepa-
rately shown. When scaled for the different D° decay
branching fractions, these two distributions are con-
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FIG. 10. The experimental D** fragmentation distribution
Bdo/dx*. The curve is a fit to the distribution predicted by
the Lund Monte Carlo procedure.
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TABLE I D** fragmentation data, x * variable.
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do

do

x* Efficiency Yield B o (pb) S et (GeV?nb)
(a) D*t D%+ s D° LK —#t
0.37-0.47 0.19+0.01 13+5 19+7 82+32
0.47-0.57 0.31+0.01 29+6 2716 119+25
0.57-0.62 0.35+£0.02 80+10 40+5 177+24
0.62-0.67 0.37+0.02 80+10 38+5 168+23
0.67-0.72 0.38+0.02 96+t11 4416 195+25
0.72-0.77 0.39+0.03 5249 23+4 10419
0.77-0.82 0.40+0.03 4718 214 93+17
0.82-0.87 0.401+0.03 45+8 20+4 88+17
0.87-0.92 0.41+0.03 367 16+3 69115
0.92-0.97 0.42+0.03 13+5 6+2 24+10
0.97-1.00 0.43+0.03 3+2 2+1 9+5
() D*t D%+, D°SK-wtntm™
0.47-0.57 0.18+0.02 38+12 59120 120+41
0.57-0.62 0.231+0.02 88+15 68+13 139+27
0.62-0.67 0.25+0.02 100£13 70+11 143123
0.67-0.72 0.27+0.02 11716 76+12 154+25
0.72-0.77 0.294+0.02 101+14 62110 126121
0.77-0.82 0.30+0.03 98+12 58+9 119+17
0.82-0.87 0.31+0.03 8711 50+8 102+16
0.87-0.92 0.31+0.03 70+10 40t7 82+14
0.92-0.97 0.31£0.03 39+8 22+5 4610
0.97-1.00 0.30+0.03 8+4 8+4 16+8
TABLE II. D° fragmentation data, x * variable.
. . do do

x+ Efficiency Yield B o (pb) ST (GeV?nb)
0.16-0.26 0.61+0.02 50+37 22+17 59+44
0.26-0.36 0.57+0.02 123+65 59+32 157+84
0.36-0.46 0.541+0.02 15648 79124 209164
0.46-0.56 0.53+0.02 191+36 10019 262+49
0.56-0.61 0.53+0.02 257140 86+13 229435
0.61-0.66 0.53+0.02 378+38 125+13 334+34
0.66-0.71 0.54+0.02 248+32 8111 216+28
0.71-0.76 0.54+0.02 237428 7719 206125
0.76-0.81 0.55+0.02 205+25 6618 175+21
0.81-0.86 0.56+0.02 123+20 39+6 103+17
0.86-0.91 0.57+0.02 86+15 2745 71+12
0.91-0.96 0.58+0.02 38+11 11+3 30+8
0.96-1.00 0.59+0.02 13+8 4+2 11+6

TABLE III. D* fragmentation data, x * variable.

x* Efficiency Yield B ‘;i‘ﬂ (pb) s d‘i‘i (GeV2nb)
0.20-0.40 0.38+0.01 —34+26 —51+39 — 62147
0.40-0.55 0.37+0.01 92+25 139138 166146
0.55-0.60 0.37+0.01 186+58 88+28 106+33
0.60-0.65 0.371+0.01 314+55 148+26 177+31
0.65-0.70 0.38+0.01 159+46 74121 89426
0.70-0.75 0.38+0.01 197438 90+18 108+21
0.75-0.80 0.394+0.01 193+32 87+15 104+17
0.80-0.85 0.40+0.01 128+25 57+11 68+14
0.85-0.90 0.411+0.01 85+19 3748 44110
0.90-1.00 0.42+0.01 2216 9+3 11+3
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sistent with each other, the relative X2 being 8.2 for nine
degrees of freedom. The two results have been combined
in Fig. 10 and also in Fig. 15 (Ref. 33), where we show
the fully corrected, scaling fragmentation distribution
sdo /dx* for D* compared with data from the ARGUS
Collaboration.?’ The ARGUS data were scaled by 0.610
to take into account the different decay branching frac-
tions used. The agreement is excellent. The curve in Fig.
15 will be discussed later.

Because of the large statistical errors due to the small
signal-to-background ratio, the D*° sample was divided
into only two x * intervals. In Table VI we give the in-
formation as in the previous tables for the two x T inter-
vals, including the systematic uncertainty in the modeling
of the detection efficiency.

In the case of the D, and A., no fully corrected
differential cross sections are listed because of the large
uncertainty in their decay branching fractions.

C. Comparison with PEP and PETRA results

As has been noted by Bethke** and others, the compar-
ison of data at CESR energies to that of PEP and/or
PETRA requires an understanding of how the large QCD
radiative corrections change with increasing center-of-
mass energy.

For this study we use only the D** sample because
similar measurements exist at the PEP/PETRA ener-
gies.!2~ 141619 Eyrthermore, this sample is statistically
the most accurate, has the least background, and is mea-
sured through two different D° decay modes, allowing a
check of the systematic errors. For the fragmentation
variable we use x * since that, being Lorentz invariant,
facilitates the comparison of data at various energies.

Our method of comparison uses an evolution equation
for QCD which relates the fragmentation function at one

J

dD(x*,ty) 24
dt ~ 75t

D(x ™ /z,t,)

z

1 1422
fx+ 1—z

where D(x *,t) is the fragmentation function at a partic-
ular dimensionless energy defined as t =In(s /A?), where
A is the QCD parameter. We then use our D** distribu-
tion from Fig. 10 as D (x *,¢,) at Vs =10.55 GeV and

TABLE IV. D fragmentation data, x * variable.

—D(x*,t,)
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FIG. 15. The fully corrected, scaling D** fragmentation dis-
tribution s do /dx* from the CLEO experiment (squares) and
from the ARGUS experiment (triangles). The curve is a direct
fit to the CLEO distribution using the analytical, theoretical
fragmentation function of Andersson et al. (Table X).

center-of-mass energy to that at another energy, incor-
porating the radiation of gluons.’* Such an evolution
softens the x * spectrum of the D** as the center-of-
mass energy is increased, since more of the available ener-
gy goes into gluons which themselves fragment into other
hadrons. The form of the equation we use is*

(x *)?

dz+D(x*,t,) x++—2—+21n(1-—x+)

evolve the distribution to Vs =30.4 GeV, which is an
average of the PEP and PETRA center-of-mass energies.
The analysis assumes four quark flavors (to calculate the
two numerical parameters 24 and 75), a QCD parameter

TABLE V. A, fragmentation data, x * variable.

+ do

do

x Efficiency Yield B e (pb) x* Efficiency Yield B s (pb)
0.20-0.30 0.08+0.01 2.1+1.5 —8+5 0.22-0.30 0.30+0.04 —13x15 —15+17
0.30-0.40 0.09+0.01 0.1+£3.7 0+12 0.30-0.50 0.241+0.02 29+32 17+18
0.40-0.50 0.08+0.01 4.3+4.0 15+14 0.50-0.60 0.23+0.02 30£15 35+19
0.50-0.60 0.08+0.01 11.5+£6.7 12+7 0.60-0.70 0.21£0.02 93+21 39+9
0.60-0.70 0.101+0.01 20.61+6.2 19+6 0.70-0.80 0.19+0.02 49+15 22+7
0.70-0.80 0.09+0.01 19.7+5.8 19+5 0.80-0.90 0.14+0.02 21+9 13+6
0.80-1.00 0.11+0.01 11.3+4.3 5+2 0.90-1.00 0.20+0.03 4+5 2+2
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TABLE VI. D*° fragmentation data, x * variable. D*°—D® or D°#°,D° K ~r7*.

do ) do

. . 2
xt Efficiency Yield B dx* (pb) S (GeV?nb)
0.51-0.66 0.13+0.03 413+59 72£10x17 190+27+44
0.66-1.00 0.14+0.03 345+42 25+3+6 65+8+15
TABLE VII. PEP and PETRA D** data.
TASSO (Ref. 16)
Obtained from plot Calculated for x*
Range (s/B)do /dz Range sdo/dx™
in z (ub/GeV?) inx* (ub/GeV?)
0.30-0.40 0.03+0.17 0.289-0.393 0.027+0.155
0.40-0.50 0.08+0.11 0.393-0.495 0.076+0.104
0.50-0.60 0.331+0.12 0.495-0.596 0.318+0.115
0.60-0.70 0.27+0.09 0.596-0.697 0.26210.087
0.70-0.80 0.26+0.09 0.697-0.798 0.254+0.088
0.80-0.90 0.10+0.06 0.798-0.899 0.098+0.059
0.90-1.00 0.01+0.04 0.899-1.000 0.010+0.039
JADE (Ref. 19)
Obtained from plot Calculated for x *
Range sdo/dz Range sdo/dx™
in z (ub/GeV?) inx* (ub/GeV?)
0.28-0.40 0.04+0.13 0.268-0.391 0.039+0.125
0.40-0.52 0.29+0.09 0.391-0.515 0.284+0.088
0.52-0.64 0.54+0.12 0.515-0.637 0.5321+0.118
0.64-0.76 0.30+0.11 0.637-0.758 0.297+0.109
0.76-0.88 0.15+0.09 0.758-0.879 0.149+0.089
0.88-1.00 0.11+0.09 0.879-1.000 0.109+0.089
HRS (Ref. 13)
Obtained from table Calculated for x *
Range (s/B)do /dz Range sdo/dx™*
in z (ub/GeV?) in x* (ub/GeV?)
0.20-0.40 0.168+0.049 0.173-0.389 0.134+0.039
0.40-0.50 0.185+0.060 0.389-0.493 0.171£0.055
0.50-0.60 0.3914+0.070 0.493-0.595 0.370+0.066
0.60-0.70 0.211+0.050 0.595-0.696 0.203+0.048
0.70-0.80 0.118+0.035 0.696-0.798 0.11410.034
0.80-1.00 0.026£0.011 0.798-1.000 0.025+0.011
TPC (Ref. 14)
Obtained from table Calculated for x *
Range (s/B)do /dz Range sdo/dx™
in z (ub/GeV?) in x* (ub/GeV?)
0.20-0.30 0.0010.10 0.173-0.284 0.000+0.074
0.30-0.40 0.21£0.07 0.284-0.389 0.183+0.061
0.40-0.50 0.22+0.07 0.389-0.493 0.203+0.065
0.50-0.60 0.25+0.07 0.493-0.595 0.237+0.066
0.60-0.70 0.33+0.08 0.595-0.696 0.3171+0.077
0.70-0.80 0.151+0.06 0.696-0.798 0.145+0.058
0.80-0.90 0.08+0.04 0.798-0.899 0.078+0.039
0.90-1.00 0.0410.02 0.899-1.000 0.039+0.195
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FIG. 16. A fit to the CLEO D** fragmentation distribution
(dashed curve) and the evolution of this distribution to a
center-of-mass energy of 30.4 GeV (solid curve).

of A=0.200 GeV, and an energy step size of AV's =0.50
GeV; variations in these parameters produce differences
insignificant on the scale of the present experimental un-
certainties. After each iteration, D (x *,t) is set to zero
for unphysical regions of x *. The result of the evolution
procedure is indicated in Fig. 16, where the dashed curve
is a fit to our data and the solid line the result after evolu-
tion.

Listed in Table VII are the D** fragmentation distri-
butions of the TASSO (Ref. 16) and JADE (Ref. 19) Col-
laborations at PETRA and of the HRS (Ref. 13) and TPC
(Ref. 14) experiments at PEP. Both the published results
(in the variable z=E /E,,) and the results of converting
to (sdo/dx ™) vs x* are given. No attempt has been
made to subtract the contamination from B decay or to
alter the distributions for QED radiation. We then take
the form from the fitted CLEO D** data and that from
the evolution prescription and vary only the normaliza-
tions in attempting to fit the PEP/PETRA results. To
eliminate D**’s produced via B meson decay, we have
only used data for x * > 0.4 in the fitting procedure.

TABLE VIII. Fits to PEP/PETRA data.

CLEO shape Evolution shape
Experiment X*/DF X*/DF
TASSO (PETRA) 3.5/5 2.8/5
JADE (PETRA) 4.9/4 2.9/4
HRS (PEP) 29.0/4 18.0/4
TPC (PEP) 6.8/6 2.9/6
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The X? from fitting each experiment’s data to our data
and to the evolved distribution are listed in Table VIII
and depicted in Figs. 17(a)-17(d). With the exception of
the HRS data, the agreement is very good and demon-
strates the usefulness of this evolution procedure in com-
paring spectra obtained at different center-of-mass ener-
gies. Even in the comparison with the HRS data, the dis-
tribution evolved to Vs =30.4 GeV gives a much better
X? than the original data at V's =10.55 GeV.

D. The total cross sections

In the low-momentum region, x <0.50 (x * <0.55),
the statistical accuracy of our data is poor since the com-
binatorial background is large and we are restricted to
the continuum sample in order to avoid including
charmed particles from B decay. Furthermore, the D*™*
acceptance drops to zero for x <0.3 (x " <0.4). We
therefore present in Table IX our measured products of
cross section times decay branching fraction, Bo, in-
tegrated over the interval 0.50 <x < 1.0 (0.55 <x " < 1.0).

To find the total cross sections, we extrapolate over the
unseen part of the momentum spectrum. In the case of
the D** we use our fits to the theoretical fragmentation
models described later in Sec. VIIC. The spread of
values for the integrals of the fitted fragmentation func-
tions is less than the statistical error. We quote as a total
Bo the mean of these values and assign their rms spread
as a systematic error.

For the D° D+, D, and A, the models used to de-
scribe the fragmentation distributions are not expected to
be meaningful because of the large feed down from
heavier charmed particles. However, we have used those
models which adequately fit the data in order to extrapo-
late to low momenta, as was done for the D**. Again,
we use the spread in the resulting values as a measure of
the systematic error. The measured Bo (x >0.50), the
extrapolated Bo, and the total cross sections, with the
decay branching fractions used, are given in Table IX. In
order to obtain the total cross section for D*° produc-
tion, we assume that the shape of the differential cross
section is the same as that of the D**. The total cross
section so obtained is consistent with that for D** pro-
duction. It is one of the best measurements of D *° pro-
duction cross section in e *e ~ annihilation.

E. The total cross section into charmed particles

Using the extrapolated cross sections for D® and D *
and the branching fractions measured by the Mark III
Collaboration,*® we calculate the total inclusive cross sec-
tion for D° and D* production. The result is
o(D%°+D*)=1.76+0.15+0. 18 nb, where the first error
is our statistical and systematic uncertainties added in
quadrature, while the second error is from the quoted*®
uncertainties in the D decay branching fractions. The to-
tal hadronic continuum cross section at Vs =10.55 GeV
is 3.33+£0.05%0.21 nb (Ref. 37). Based on a Monte Carlo
study that takes into account initial-state bremsstrahlung
and our event-selection efficiency, we find that ¢ should
account for (371+2)% of the total annihilation cross sec-
tion into hadrons, where the error is largely due to the
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uncertainty in the choice for the maximum photon ener-
gy allowed in the initial-state QED radiative corrections.
Thus, we expect a charm contribution of 2X0.373.33
nb=2.4610.041+0.20 nb. With that assumption, our
measured D°+ D * production accounts for (71+6+10)%
of the expected total charmed-hadron production cross
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section.®® The HRS group® finds a similar value of

(60£10)% for the (D°+D*) fraction of the expected
charm cross section for e *e ~ annihilation at Vs =29
GeV. Our results imply that as much as (29+6+10)% of
the charm cross section goes into D; and charmed
baryons. The lack of accurate measurements of the D,
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FIG. 17. Comparison of the evolved CLEO D** fragmentation distribution from Fig. 16 (solid curve) and a fit to the CLEO data
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TABLE IX. Total cross sections, V's =10.55 GeV.
Bo(x >0.50)? Bo?® O o
Decay Sample size (pb) (pb) (nb)
D’ K7t 22441123 27.0+1.4 52+5+4 1.24+0.11+0.05+0.17
Dt K- ntnt 1376+112 29.3+2.5 471712 0.52+0.08+0.0210.08
D*t Do+ 0.77+0.05+0.05+0. 12¢
=K -t 494126 10.9£0.6 17.0£1.5+1.4
LK‘#*TT'#J“ 746138 23.1+1.2 33.0+3.0+1.8
D**— D%y or 79
—K-mt 758+73 19.8+1.9£3.3¢ 30.0+3.0+5.8f 0.74+0.07+0.1410.10
D, —>¢mt
SK*YK~ 70+13 5.8+1.0 7.241.9+1 g
A, —pK mwt~ 226+45 8.6+1.4 13.5+4.0+1.4 g

2Cross section times branching ratio, Bo for x > 0.50, for the production of the charmed hadrons detected through the listed decay
modes.

YExtrapolated Bo: values from a, scaled by a factor determined from extrapolation of the fitted functions. The first error is the sta-
tistical one from fitting the functions; the second is obtained from the variation of the scaling factors for different functions. See f
below for the special case of the D *°.

°The branching fractions used are B(D°—K ~7+)=(4.210.410.4)% (Ref. 36), B(D°—>K ~w* 7~ 7*)=(9.1£0.8+0.8)% (Ref. 36),
B(D* K- mtwt)=(9.11£1.3+0.4)% (Ref. 36), B(D**—D%r*)=(52+7+11)%, derived in Sec. V, B(¢—>K K )=(49+1)%

(Ref. 31). The third error for o is due to the uncertainties in these branching fractions.

dWeighted average of results for the two decay modes.

“The second error is due to the uncertainty in the relative branching ratio of the two decay modes.
fAssuming that the shape of the differential cross section is the same as that of the D* *, we used the scaling factor used for the D**.
The first, statistical error is just scaled from the previous column; the second, systematic error combines the scaled, systematic error

from the previous column with the error in the scaling factor.

8The lack of knowledge of the decay branching fraction does not allow us to calculate the corrected cross section.

and A, decay branching fractions makes it impossible to
check this conclusion.

F. Relative decay branching ratio for D°

Since we have measured the D** cross section in-
dependently for two D° decay modes, the ratio of the two
cross sections gives the relative branching fraction of the
two modes. For the interval 0.50 <x < 1.0 where we
have the best accuracy, we get

oB(D*t (K "7t)r*t)=10.910.6+0.4 pb ,
oB(D** (K 7t ot )rt)=23.1£1.2+£0.9 pb,

where the second error is the systematic error discussed
in Sec. IVD. We thus get the ratio

B(D°SK nrr—rwt)
B(D°K~—7™)

=2.12+0.16+0.09 .

This result may be compared to the values reported by
the Mark III Collaboration,® 2.17+0.28+0.28, and by
the ARGUS group,? 2.1740.28+0.23.

V. VECTOR TO PSEUDOSCALAR RATIO
AND THE D *+ DECAY BRANCHING RATIO

From our measurement of D*°, D**, D°, and D * pro-
duction cross sections we can extract two quantities of in-
terest: the D**  decay branching fraction
B,=B(D**—>D%*) and the probability P, for a
charmed meson to be produced with spin 1. The four

available cross-section values provide redundant informa-
tion and can be used in different ways to calculate B,
Py, and their product. The equations used to calculate
these quantities and the weighted averaging procedure to
combine the different results in the best estimate of B,
and Py are described in Appendix A. The important as-
sumptions are that the D*° and D** production cross
sections are equal and the cross sections for the direct
production of D® and D * are also equal.

For the branching fraction B, =B(D**—>D°+7™")
we obtain

B, =0.52+0.0740.11 . (11)

This value should be compared with the previous results
of Goldhaber er al.*' (0.60£0.15), of Coles et al.*’
(0.441+0.07), and with the recent preliminary result
(0.55+0.0210.06) of the Mark III Collaboration.*}

For the probability P}, for a charmed meson to be pro-
duced as a vector meson we obtain the result

Py, =0.85+0.111+0.17 . (12)

Based on spin counting, one naively expects P, =0.75.
Buchanan and Chun* have modified the Lund fragmen-
tation model doing away with strangeness and diquark
suppression parameters, relying completely on the had-
ron masses to differentiate the production of baryons and
strange particles from that of ordinary mesons. For
charmed mesons they predict Py, =0.63, which is lower
than, but not incompatible with our result.

As shown in Appendix A, the product B, P, can be
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calculated directly from the measured D* and D-
production cross sections giving the result

B,P;,=0.441t0.04%0.05 . (13)

VI. FRAGMENTATION DISTRIBUTIONS

In this section we compare our measured differential
cross sections to various theoretical fragmentation mod-
els. We begin with a review of these models.

A. Models of heavy-quark fragmentation

Despite the current impossibility of performing
rigorous QCD calculations of the hadronization process,
most fragmentation models are, in different ways, in-
spired by QCD. The one that seems best to describe the
experimental data is the Lund model*> which views the
fragmentation as a succession of breakings of a QCD
string due to the creation, through a tunneling process, of
qq (or diquark-antidiquark) pairs from the vacuum. After
the pioneering work of Field and Feynman,® the Lund
group produced a widely used Monte Carlo computer
program®? of quark and gluon hadronization. This ap-
proach is completely stochastic: amplitude phases and
interferences effects are ignored.

A substantially different approach is that of the so-
called “shower-cluster” model®~® in which the QCD
field-theoretical approach is used to generate a shower of
quarks and gluons. The current ignorance of the
confining process does not allow carrying out this nice
approach to its ultimate result. Depending on the mod-
els, when the mass of the clusters generated in the QCD
shower becomes less than an assigned parameter or when
the parton mass is evolved below some minimum value,
the showering is stopped and each of the clusters is
transformed into a few hadrons either by a completely
random, phase-space mechanism or by reverting to the
string model fragmentation. Monte Carlo programs are
also available for this model, which has the advantage of
preserving the quantum-mechanical amplitude of the pro-
cess, at least in the perturbative regime. At the center-
of-mass energies of our experiment the nonperturbative
regime essentially dominates the hadronization process.
For this reason, and also because of the lack of a closed
analytical expression for the fragmentation function, we
do not compare this model with our results.

Closed analytical formulas for the fragmentation func-
tion were derived in the context of the string model by
Anderson et al.’ and Bowler.** They are reproduced in
Table X, where first we define the scaling variables to be
used. Here my, is the heavy-quark mass and my (mp,) is

the hadron (transverse)*® mass. According to Bowler’s
derivation, B =I1/(2«?), where II is the probability of
creating a quark-antiquark pair per unit time and per
unit string length, and « is the energy per unit length, or
tension, of the string. Thus B is a parameter with a
direct, and possibly fundamental, physical interpretation.
We have introduced a factor (1—x*)® in the Bowler
function to take into account radiative corrections. Al-
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though they are derived in very different ways, the two
expressions differ only by a small logarithmic term in the
exponent.

Kartvelishvili et al.*’ derived a very different expres-
sion for the fragmentation function using the reciprocity
rule that states that, for x — 1, the fragmentation func-
tion of a heavy quark into a hadron should equal the
structure function of that quark in that hadron. Their re-
sult is also given in Table X, where a is a quark flavor-
dependent parameter.

A basic quantum-mechanical approach was used by
Peterson et al.*® A factor 1/AE is necessarily present,
they argued, in the perturbative amplitude for the transi-
tion Q—H +gq, where Q is a heavy quark, g a light
quark, and H a hadron made of Q7. Here AE is the
difference in energy between the initial heavy-quark state
and the final state of a hadron plus the remaining light
quark. The parameter €, is the square of the ratio be-
tween the transverse mass of the light quark and the mass
of the heavy-quark involved. When taking into account
the one-dimensional phase-space factor 1/x, the formula
in Table X results.

Collins and Spiller*® argued that Petersen’s formula,
behaving as (1—x)? for x — 1, disagrees with the recipro-
city rule. They have calculated a factor that, taking into
account also the transverse motion, restores the agree-
ment with the reciprocity rule and results in the formula
shown in Table X, where k; is the hadron’s transverse
momentum.

It may be useful to summarize the rationale of the indi-
vidual factors appearing in the formulas of Table X as
follows.

The factor

9

2
mp,
—B

exp , (14)

xt

according to Bowler,* expresses the probability of the
hadron H to be formed in the string fragmentation pro-
cess at a time and point such as to give the appropriate
value of x*, the string not having broken before that
time. It provides a strong attenuation at low x* that
may falsely appear as a threshold but is in fact indepen-
dent of the center-of-mass energy.

The factor 1/x * expresses longitudinal phase space.

The factor (1—x *)B, with 8~1, approximately takes
into account QCD radiative corrections. In other words,
because of gluon bremsstrahlung, only a fraction of the
primary quark energy is available to the first-rank pri-
mary meson. This factor is particularly important in
heavy-quark fragmentation for which the corresponding
heavy hadron is believed to be always a first-rank hadron.

The Petersen factor is

-2

(15)

It expresses the presence of a typical (1/AE )? term in the
perturbative process Q —H +g¢. It behaves as (1—x)? for
x — 1, even without a radiative correction factor.
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TABLE X. Analytical expressions of the fragmentation functions.

Definition of the scaling variables:

E+p,

xzp/pmax» x+=E 4P ’
max max

where E and p; are the energy and longitudinal momentum of the hadron; E ., and ppax

are the maximum values attainable.

Lund symmetric function (Andersson et al.):

(1—x*)P —Bmj,
H, _
Dg(x*)=N oy exp o
Modified Bowler:
(1—x*)f , | mi
Dg(xﬂ:N——;————exp —Bm} .

where B =(I1/2«?).
Kartvelishvili er al.: Dg(x)=Nx"(1—x).

Peterson et al.:

27-1
€
DH =N ]——— Q ,
Q(x) x (1—x) i
where €y =m}, /mj.
Collins and Spiller:
-2
l1-x  2—x 1 €0
Hioy 3 |12
Dg(x)=N T, e (1+x%) |1 x 1—x | °
(k#)
where €, = T2 , (k#)=(0.45 GeV)2.
mo

B. Effects of gluon and photon radiation
and of charmed-hadron excited states

Two factors serve to complicate the comparison of the
theoretical fragmentation functions with data. First, a
large fraction of the observed D® and D * are known to
be decay products of D* and a similar situation may well
be true for the D, and A,. This results in significant
softening of the observed spectra relative to those of the
hadrons produced directly. Second, QED initial- and
final-state radiation as well as QCD gluon radiation con-
tribute to degrading the energy of the initial charm
quarks and, as a consequence, of the charmed hadrons.

To minimize the first effect, we limit the direct compar-
ison with the fragmentation functions to the D** data
which, except for a possible small contamination from
D** decay,” are believed to be primary charm fragmen-
tation products.

QCD radiation is important even at our center-of-mass
energy. The most visible and calculable effect is a
suppression of the high x spectrum, approximately pro-
portional to (1—x). The fragmentation functions dis-
cussed above, with the exception of Petersen’s contain a
factor (1—x)® and can thus adjust for this radiation.
However, the only correct way to take fully into account

the QED and QCD corrections and the feed down effect
from excited charmed states, is to use a Monte Carlo
simulation that incorporates all these features, thus al-
lowing a comparison with the fragmentation distributions
of all the observed charmed particles.

C. Comparison with the fully simulated
Lund symmetric model

A complete comparison of our data with the Lund
symmetric model of string fragmentation®' can only be
done with a full simulation of the model, i.e., using the
Lund Monte Carlo procedure®? which includes the effects
of QED and QCD radiation, those of conservation of all
quantum numbers, and also other effects typical of the
string model.’*>> We have performed such a comparison
using our D*, D° D, D, and A, fragmentation distri-
bution, while optimizing (as described in more detail in
Appendix B) the two parameters 8 and B of the Lund
symmetric fragmentation function (see Table X). An
overall normalization factor was determined by compar-
ison with the measured D** fragmentation distribution.
We used the D** sample because, as already mentioned
in Sec. IV C, statistically it is the most accurate, has the
least background, and is measured through two different
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DY decay modes, allowing a check of the systematic er-
rors. The normalization of the D * and D? distributions
are calculated using the known decay branching frac-
tions®® of those particles. Because of large uncertainty in
the values for the decay branching ratios of the D; and
A,, we have treated the normalizations of these two frag-
mentation distributions as independent parameters.
The optimization resulted in the values

B=0.60+0.10+0.04 ,
B =0.52+0.05+0.03 GeV 2,

where the first error is statistical and the second, sys-
tematic, is due to the uncertainties in the D°® and D*
branching fractions and to the possible range of values of
one of the parameters in the simulation of the QCD radi-
ative corrections (see Appendix B).

The resulting Monte Carlo fragmentation distributions
are shown as the curves in Figs. 10-14. The X2
confidence level for the fit is 38%. This shows that the
Lund model provides an excellent simultaneous fit to all
five distributions using the same values for the two pa-
rameters of the Lund symmetric fragmentation function.

Since the Lund Monte Carlo procedure takes into ac-
count the QCD radiative corrections, it should correctly
predict the fragmentation distribution at any center-of-
mass energy if it has the parameters appropriate to repro-
duce the experimental distribution at one energy. We
have tested this using the Lund Monte Carlo procedure,
with the parameter values we obtained above from our
data, to calculate the predicted D* fragmentation distri-
bution at a center-of-mass energy (V's =30.4 GeV) that is
the average of the PEP and PETRA energies used in Sec.
IV C. Figure 18 shows the comparison of this distribu-
tion with the one obtained through the evolution equa-
tion in that section. The two approaches seem complete-
ly equivalent.

The parameters 8 and B also determine the particle
multiplicity in e *e ~ annihilation into hadrons. In fact,
as reported in Ref. 32, the JADE Collaboration found
empirically that, in order to reproduce the observed mul-
tiplicity, the combination (3+0.3)/B should have a value
of ~1.86. This is in agreement with the result of our fit
that gives (3+0.3)/B=1.73+0.11%0.06.

The ratio B =(I1/2«?) of the probability of creating a
quark-antiquark pair per unit time and per unit string
length to twice the square of the energy per unit length,
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FIG. 18. Comparison of the evolved CLEO D** fragmenta-
tion distribution from Fig. 16 (solid squares) with the predicted
distribution from the Lund Monte Carlo procedure for a
center-of-mass energy of 30.4 GeV (open circles).

or tension, of the string is a basic, physically meaningful
parameter of the string model. Our procedure for deter-
mining this parameter takes into account all the details of
the model as simulated in the Lund Monte Carlo pro-
cedure and is thus more reliable than the value obtained
by directly fitting the fragmentation distributions with
the analytical formula of the Lund symmetric function
described in the next section. Assuming Kk ~0.2 GeV?=1
GeV/fm (from the slope of the Regge trajectories) we get
I1~0.04 GeV~2.

It should be mentioned that the Lund Monte Carlo
simulation does not, at present, produce excited meson
states beyond the vector mesons. If a fraction of the
D**’s are decay products of a D**, the softening of the
D** spectrum may affect the value of both 8 and B.

TABLE XI. Fitted parameters for D* fragmentation models.

X*/DF 500 (nbGeV?)

Andersson model:

B=1.021+0.12, B=0.43+0.07 GeV? 7.5/8 71.7+£5.4
Bowler model:

B=0.95+0.11, B=0.63+0.11 GeV~? 7.1/8 69.71+4.9
Peterson model:

€o=(m2+pl)/m2=0.15610.015 40.0/10 65.243.1
Collins model:

€o=(k})/m}=0.6410.14 6.3/10 76.0+4.4
Kartvelishvili model:

ap=1.4010.18 6.0/10 80.7+5.8
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D. Analytical fits
to the D * * fragmentation distribution

Previous experiments have compared their measured
fragmentation distributions directly with the analytical
fragmentation functions discussed in Sec. VIB. For
reasons of comparison with the other experiments we
have therefore also fitted those analytical fragmentation
functions directly to our measured D**-production
differential cross section. We have used the Andersson’!
and Bowler*® functions to fit the x * distribution, accord-
ing to their theoretical derivation. For the Collins,*
Kartvelishvili,*’” and Peterson*® functions we have used
the distribution in the x variable. This is consistent with
their theoretical derivation and it is also a necessity since
these functions remain quite large even below the
kinematical limit for x *. The D** distribution and its
fits are shown in Fig. 19. The fitted values of the frag-
mentation parameters and the resulting value of the total
scaling cross section so, are tabulated in Table XI.

Not surprisingly, the values for the two parameters 3
and B of the Lund symmetric function found with this
method are considerably different from those obtained in
the previous section. The parameter B is thus strongly
dependent on the radiative and other corrections®®
present in the Lund Monte Carlo procedure and, in so far
as those corrections are correctly handled, only the value
B =0.52+0.05+0.03 GeV 2, obtained through the full
simulation of the model in the Monte Carlo procedure,
should be considered to have physical meaning.’*

One can see that all the models give a very satisfactory
X? except Peterson’s. Direct fits of the Peterson function
have been quite successful in describing previous results
of heavy-quark fragmentation, but the substantially im-
proved accuracy of the current experiment makes the
discrepancy quite apparent. The poor fit of the Peterson
function is largely due to its (1—x)? behavior at high x, in
strong disagreement with the three highest bins of the ex-
perimental distribution. The introduction of a further
factor (1—x) to account for the QCD radiative correc-
tions would seem only to worsen the disagreement. We
found, however, that use of the Petersen function within
the Lund Monte Carlo procedure®® gives a very good
X*/DF=17.8/9 with €9 =0.07610.009. This value of €,
is quite different from the value of 0.156+0.015 obtained
by directly fitting the analytical formula to the data, but
is in agreement with the theoretically expected value of
ez(qu—i—pqzl )/m2~0.07. Apparently, the spectrum-
softening string model corrections already mentioned,>
combined with the hard spectrum given by a small value
of €, give a good description of the data. This was previ-
ously pointed out by Bethke.’* Also in this case, we see
the danger of attributing physical meaning to the frag-
mentation function parameters unless a full simulation of
the fragmentation process is carried out in a Monte Carlo
calculation.

The value of €=0.1561t0.015 obtained by directly
fitting the analytical formula, is in good agreement with
our previous result (0.14+0.03) (Ref. 23) as well as with
that from the ARGUS group (0.19+0.03) (Ref. 20) at the
same center-of-mass energy, and with that of the TASSO

(0.18£0.07) (Ref. 16) and the JADE experiment
(0.2410.08) (Ref. 18) at the PETRA energy. However, it
is appreciably smaller than the values found by the HRS
(0.41+3:1%) (Ref. 11) and the DELCO (0.3173:59) (Ref. 11)
Collaborations.

Our value for the parameter €, in the Collins fragmen-
tation function is surprisingly much bigger than the one
they predict, (0.45/m,_)*=0.09, for m.=1.5 GeV (Ref.
49). Here too we could expect to obtain a smaller value
of €y if we were to use the Collins function within the
Lund Monte Carlo procedure, as was the case for the
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FIG. 19. A fit of the experimental D** fragmentation distri-
bution to the analytical, theoretical fragmentation functions
(Tables X and XI) of (a) Andersson and Bowler and (b) Collins,
Kartvelishvili, and Peterson.
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Peterson function. We doubt, however, that this is a
sufficient explanation for the discrepancy.

The fragmentation of quarks into charmed baryons can
be formulated in a similar way to meson formation, with
either diquark-pair creation replacing quark-pair
creation,’®>” or modeled as having two independent
quark-pair vertices as done by DeGrand.”® In the latter
model, the same value of the Peterson parameter €0 ~0.2
that fits the charmed-meson fragmentation distributions
should be used. As shown in Fig. 20, when this is done
the DeGrand model disagrees strongly with our A, data
[¥2=34 with six degrees of freedom (DF)]. On the other
hand, the diquark model, either through our global fit
with the Lund symmetric function in the Lund Monte
Carlo procedure (Fig. 14, X>=6.8 with seven DF), or
through a direct fit with the analytical Peterson fragmen-
tation function (Fig. 20, X?=3 with five DF,
€0=0.2410.10), gives an excellent fit to the data. This
confirms our earlier result? that the diquark model is a
preferable explanation for charmed-baryon fragmenta-
tion. However, the Lund symmetric function gives a
theoretical distribution slightly harder than the data (Fig.
14).

VII. SUMMARY

Experimental fragmentation distributions for D*™,
D:O, D% D*, D, and A, from e*e ™ annihilations at
Vs =10.55 GeV have been presented. They have been
shown to be described very well by the Lund symmetric
string fragmentation model, when including the QED
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FIG. 20. The experimental A, fragmentation distribution
B do /dx compared to the theoretical fragmentation function of
DeGrand using a value of the Peterson parameter of e=0.2.

and QCD radiative corrections built in the Lund Monte
Carlo procedure.

For the ratio of the probability of creating a quark-
antiquark pair per unit time and per unit string length to
twice the square of the energy per unit length, or tension,
of the string, we find B=(I1/2«*)=0.52+0.05+0.03
GeV~2. This measurement should be compared to the
value of 0.431+0.07 GeV 2 obtained by directly fitting
the analytical formula for the Lund fragmentation func-
tion to the D** distribution. We believe that the former
result should be used since its determination takes into
account all the known features of the string fragmenta-
tion model. It implies for the probability of creating a
quark-antiquark pair per unit time and per unit string
length a value I1~0.04 GeV 2.

A larger discrepancy between the value of the fragmen-
tation parameter obtained through a full simulation of
string fragmentation and that obtained by a direct fit of
the fragmentation function to the data is found in fitting
the Peterson fragmentation function to the D** data.
By the former method we find €0 =0.076%0.009, while
direct fitting results in €5 =0.156+0.015. This shows the
sensitivity of model parameters to the actual implementa-
tion of the full fragmentation scheme, including QCD ra-
diative corrections.

The importance of the QCD corrections is supported
by the comparison of our D** fragmentation distribu-
tion with those obtained from experiments at higher
center-of-mass energies at PEP and PETRA. The agree-
ment is appreciably improved when we evolve our distri-
bution to the higher energies using the QCD evolution
equation.>> The evolved distribution also agrees with the
Lund Monte Carlo prediction when using the parameters
that fit our data.

We have measured the probability P, for a charmed
meson to be produced as a vector meson using our mea-
sured values of the total D**, D*°, D° and D * produc-
tion cross sections and the known D° and D+ decay
branching fractions. Our best estimate of this quantity is
Py=0.851+0.11£0.17. It is to be compared with the
naive expectation, based on spin state counting, of
P,=0.75 and with the prediction of P, =0.63 by
Buchanan and Chun.*

Also the branching fraction B, =B(D** —»D%+ %)
can be calculated from our measured values of the total
D**,D*% D° and D * production cross sections and the
known D° and D * decay branching fractions, obtaining
B, =0.52£0.07£0.11. This result should be compared
with the previous results of Goldhaber et al.*!
(0.6010.15), of Coles et al.** (0.444+0.07), and with the
recent preliminary result (0.551+0.0240.06) of the Mark
III Collaboration.*

The total (D°+D ") production cross section, fully
corrected using the D® and D+ decay branching ratios
from the Mark III experiment,36 accounts for
(71£6x10)% of the expected charmed-particle produc-
tion cross section if we assume that a ¢¢ pair is produced
in (37£2)% of the e*e ™ annihilations into hadrons.
This result is consistent with other experiments.

We have also determined with higher precision than
previous experiments*®2° the ratio of two D branching
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fractions:
B(D° K ~wtr wt)/B(D°K ~7t)
=2.12%+0.161+0.09 .
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APPENDIX A: CALCULATION OF B, AND P,
FROM THE OBSERVED CROSS SECTIONS

We define the following notation:
Py, =vector /(pseudoscalar + vector) ,

i.e., the probability that a meson be a vector meson

B,=B(D**—>D%*%), B, =B(DT—K r*rnt),

Byu=B(D°>K~7*), Byu=B(D°>K - rtrnt),

By=Byp+By »

N (X)=o0(X)=total production cross section

for particle X ,
n(X)=Bo(X)=production cross section
for particle X decaying into
the observed decay mode .

We obtain the following relations:
n(D**)=N(D**)B, B, , (A1)
n(D*°)=N(D*)B, , (A2)
n(D*)=[Ng4x(D*)+ND**)(1-B,)IB, , (A3
n(D°) =[Ny, (D°)+N(D*?)

+B,N(D*")]Bg, , (A4)

where Ny (D*) and N, (D°) are the numbers of D *
and D° directly produced.

Assuming that N(D**)=N(D*°) and that
Ngir(D7)=Ngy, (D°), one can calculate B,, P}, and their
product in various ways from the four relations above as
different but not independent functions of the measured
cross sections and the decay branching ratios. These
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functions are described below. The best estimates of B,
Py, and B,P, are the weighted averages of these
different functions, using as weights the inverse of the
sum of the squares of their statistical and systematic er-
rors. The errors on the weighted averages are calculated
using the weighted averages of the partial derivatives of
the different functions with respect to the measured cross
sections and branching ratios, thus taking into account
the correlations among the different functions.

We can calculate the D** decay branching ratio B,
by taking the ratio of Egs. (A1) and (A2) and using the
equality of the D *°- and D**-production cross sections:

B,=n(D** (K " n*)r*)/n(D*?), (AS)

where we have used the D * *-production cross section for
D** with daughter D° decaying into K ~#*. Equation
(AS) gives B, =0.55+0.07+0.11.

Using the D** production cross section for D** with
daughter D decaying into K ~m* 7~ 7+, the ratio of Egs.
(A1) and (A2) gives

B,=n(D** (K wtr~at)n*)By,/[n(D*°)B,].
(A6)

We thus get B, =0.49+0.07+0.13.

Recalling that (1—P ) /P is the ratio of the number
of pseudoscalar to vector mesons and that D *° decays en-
tirely to D°, Egs. (A3) and (A4) give, respectively,

n(D*) n(D*% | 1
= — _B
B+ BOZ PV * ’ (A7)
n(D% n(D*%) | 1
= —+B (A8)
BOZ BOZ PV *

Taking the difference of these two equations we obtain
the relation
By,

_ n(D% n(D™)
2n(D*°)

BOZ B+

) (A9)

*

which gives B, =0.49+0.10%0.12.

The weighted average of these three measurements
gives our best estimate for the D** decay branching ra-
tio:

B, =0.52+£0.07+0.11 . (A10)

To calculate the product B, P, we make the same as-
sumptions used in deriving Egs. (A7) and (A8), but use
the D** production cross section, to obtain the relations

n(DY) n(D*) 1
- 1, All
B, B, |P,B, (Al
n(D% n(D*) 1
= +1 (A12)
By, B, PyB,

Equation (A1l) results in 1/(B,P,)=2.12+0.35+0.46
and Eq. (A12) gives 1/(B,P,)=2.31+£0.21+0.25. The
weighted average of these two values is
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1/(B,Py)=2.2110.22+0.29, which
B, P, =0.441+0.04£0.05.

Dividing this value of B, P} by the value (A10) of B,
we obtain one estimate of Py:

corresponds to

P,=0.86+0.11%£0.19 . (A13)

Another way to calculate P}, is to take the sum of Egs.
(A7) and (A8):

n(D™") n n(D°)
B, By,

B

1
— ) (A14)
PV 2n (D'O)

which gives P, =0.84+0.10£0.17. The weighted aver-
age of this value and the one in Eq. (A13) gives our final
answer of

P,=0.85+0.11£0.17 . (A15)

APPENDIX B: OPTIMIZATION
OF THE LUND FRAGMENTATION PARAMETERS

Samples of 800000 e "e ~—cT events were generated
by version 5.2 of the Lund Monte Carlo simulation using
the string fragmentation scheme and the Lund symmetric
function, and including second-order radiative correc-
tions for QCD and QED. The parameters B and B of the
Lund symmetric function (see Table X) were varied.

Since obtaining the X? for each set of values for the two
parameters required a separate Monte Carlo run, we min-
imized the running time by treating the primary hadrons
as stable particles except for the excited charmed mesons
(D* and D) and charmed baryons (£*). Hence, Monte
Carlo parameters such as the probabilities for vector-

meson production of light hadrons [P(V)/P(V)
+P(PS)]=0.50, for strange-particle  production
[P(s)/P(u)=0.29], and for baryon production

[P(gq)/P(q)=0.068], are largely irrelevant to the fit.

The Monte Carlo (MC) simulated D** fragmentation
distribution was normalized to the corresponding data
and the normalization factor so obtained, together with
the parameter Py and the D* ¥, D% and Dt branching
ratios, was used to normalize the D® and D distribu-
tions.

We use the same notation as in Appendix A, and in ad-
dition we define M*, M+ ,M°=number of D**, D+, D°
generated in the Monte Carlo.

The normalization factor r* for the D** is calculated
from a direct comparison of the total number of entries in
the data and Monte Carlo fragmentation distributions,
for the region of x * in which data are available:

.t *+
r*:n(D )=N(D 8. 5o . (B1)
M* M*

The normalization factors for the D+ and D° (»* and
79 can then be easily calculated by recalling that D *° de-
cays entirely to D° and assuming that
N(D**)=N(D*%):

*+)y | 1—P
(D7) L +(1-B,)|B,
., n(*)  B.Bo Py
re= M+ = M+
*+ B 1
M+ BO BtPV
0 *+\ B
SO n(D”) n(D*™) Bo2 1 1 (B3)

M° M° B, |B.,P,

For P, and B, we used the values determined in this ex-
periment (Sec. V), while we used the values in Ref. 36 for
the D® and D * decay branching ratios. The D, and A,
MC x * distributions were directly normalized to the cor-
responding distributions in the data. The X? for each
Monte Carlo run is obtained by comparing bin by bin the
MC x * distributions for the D**, D% D+, D_, and A,
thus normalized, to the corresponding data distributions.

After a random search for an approximately optimum
set of values for the two parameters, four MC samples
were generated, varying one parameter at a time by plus
or minus a suitable step. If any one of the four X2 values
was smaller than the central one, the corresponding pa-
rameter values were chosen as the new optimum set and
the procedure repeated with smaller steps until the cen-
tral value remained the best. At that stage the optimum
value of the parameters was calculated by minimizing the
X? using a simple parabolic approximation independently
for each parameter. One MC sample with the optimum
values of the parameters, four MC samples varying one
parameter at a time, and four MC samples changing two
parameters at a time were generated. The X*'s for these
nine samples allowed the calculation of the Hessian (the
second-derivative matrix) of the X2 as a function of the
two parameters. Inversion of the Hessian provided the
variance matrix and hence the statistical errors. The op-
timum values and their errors are

f=0.60+0.08 , B=0.52+0.03 GeV~2. (B4)

The total X? for the five fragmentation distributions was
45.3 with 43 degrees of freedom, giving a confidence level
of 38%.

Since the parameters P, and B, are calculated from
the same data sample, their errors contribute to the sta-
tistical error in 8 and B. The main effect of P}, and B, is
to determine the relative amount of D**’s with respect
to D *’s and D%s; however, they also affect the shape of
the momentum distribution of the latter two, because of
the lower momentum of the D’s that are decay products
of D*’s. We have conducted an independent optimiza-
tion varying, besides 8 and B, also P, and B,. This pro-
cedure gave, as statistical errors

05=0.10, 05=0.05 GeV~2, (B5)

which, taking into account the variability of P, and B,,
give a better estimate of the errors than those in Eq. (B4).

The procedure just described neglects the error due to
statistical fluctuations in n(D**), the observed number
of D**. We have therefore repeated the fitting of the
two parameters by changing the value of n(D*™*) by
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[n(D**)]'/2. The differences between the resulting fitted
parameters and the previous set give us the following
contributions to the statistical errors:

05=0.025, 05=0.020 GeV~?2.

We have combined these errors quadratically with the
ones in (BS) to give the statistical errors quoted in the
text.

Also, the D® and D * decay branching fractions affect
the normalization of the respective fragmentation distri-
butions. We used the errors due to the fluctuations in
n(D*7) found above to estimate the systematic uncer-
tainty due to the errors in these branching fractions. We
obtain

05=0.039, 05=0.032 GeV~?2.

We notice, however, that the branching fractions used all
come from the same experiment®® and appear in ratios in

the expressions for the normalization factors above; if the
errors quoted in Ref. 36 were correlated, the errors above
would be overestimated.

Estimating the systematic errors in a model-dependent
calculation is fairly arbitrary. We are, however, aware of
the effect of a parameter used in handling gluon brems-
strahlung:  y.n=(m;; /s )y, Wwhich is the scaled
minimum invariant mass between partons i and j for the
two partons not to merge into one. It influences the ini-
tial four-momentum of the charm quarks and hence the
charmed-particle spectrum. We have used the default
value of 0.02, but, following the suggestion of Bethke,**
we have also produced the optimization using 0.04. The
half differences between the two results are

05=0.004 , 0p5=0.008 GevV~2.

We have combined quadratically the two systematic er-
rors above to give the systematic error shown in the main
text.
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