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The production of charmed D* mesons in e+e annihilations at a center-of-mass energy of 29
GeV has been studied using the time-projection-chamber {TPC) detector at the SLAC storage ring

PEP. The production cross section, fragmentation function, and fonvard-backward asymmetry due

to electroweak effects are measured, and a limit on D -D mixing is determined.

Several experiments' have reported measurements of
the production of charged D* mesons in e+e annihila-
tion, and all have used the cascade decay to the D by
single-pion emission as a clean kinematic feature in the
identification and isolation of the D* signal from the

combinatorial background. Employing the same tech-
nique, we have measured several characteristics of D*
production in e+e annihilation at a center-of-mass ener-

gy of 29 GeV using data collected with the PEP-4 time-
projection-chamber (TPC) detector at the SLAC storage
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ring PEP. The TPC was used to identify kaons and pions

by simultaneous measurement of momentum and ioniza-
tion energy loss dE/dx. The apparatus, monitoring, cali-
bration, and event selection have been previously
described. The data sample reported on here corresponds
to 77 pb ', or about 29000 hadronie events.

In this analysis all charged tracks are reconstructed
from the TPC measurements in a 0.4-T magnetic field
with a momentum resolution of about {cr& /p }
=(0.06) +(0.035@),with p in GeV/c. The specific ioni-
zation rate of each track is sampled up to 183 times by
ionization energy loss in the argon (80%)—methane (20%)
gas volume of the TPC. We define dE/dx for each track
to be the mean of the smallest 65% of all available sam-

ples, where samples may be missing due to either geome-
trical acceptance or spatial overlap with other tracks of
the event. On the average 110 dE/dx samples are ob-
tained for each track in multihadronic events, and by re-
quiring at least 40 samples to define the mean, we obtain a
typical dE/dx resolution of 3.7%. From the measured
dE!dx and momentum, one-constraint X values are cal-
culated for electron, pion, kaon, and proton hypotheses
using an empirically determined formula to relate the ex-
pected dE/dx to the momentum for each mass. The pa-
rameters of the formula have been calibrated using
minimum ionizing particles in multihadronic events,
cosmic-ray muons, and Bhabha-scattered electrons identi-
fied by the hexagonal (barrel) calorimeter. At each
momentum, the measured dE/dx distribution is ob-
served to be very nearly Gaussian for each particle
species. Therefore we have assumed a Gaussian in com-
puting the confidence level of each mass hypothesis.

For the D' analysis, tracks so measured are required to
meet the following criteria: (a) the distance of closest ap-
proach to the beam-beam interaction point is smaller than
3 cm in the plane transverse to the beam and smaller than
5 cm along the beam, (b) the momentum is greater than
0.4 GeV/c for pions and 1.0 GeV/c for kaons, (c) the cur-
vature error in the orbit fit is less than 0.26 (GeV/c}
for rnomenta above 1 GeV/c, and the fractional momen-
tum error is less than 0.26 for momenta below 1 GeV/c,
(d) the angle from the beam dirmtion is greater than 33',
(e) for a pion or a kaon the confidence level of the g for
the corresponding mass hypothesis must exceed 3%, and
in addition, (f) for a kaon below 1.5 GeV/c, the X of the
kaon hypothesis must be less than the X2 of both the pion
and electron hypothesis by at least 1.0 unit. This last cri-
terion is used to reduce the contamination of the kaon
sample by pions and electrons at their respective crossover
points.

Assuming the decay sequence D*+~m+D
~m+E m+, and its charge conjugate, D decay hy-
potheses are considered for RH pairs of tracks satisfying
the above cr1tena foI K and K . Each pR1r 1s con-
strained to the D mass by fitting the inverse momenta of
both tracks while the invariant mass of the system is con-
strained to the D mass. Only D decay hypotheses pass-
ing this fit at the 1% confidence level and having the de-
cay cosine of the E in the D rest frame less than 0.8 with
respect to the D line of flight are retained. The mass
difference M(m+D ) —M(D ) is formed by combining

24-
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FIG 1. Mass-difference distributions for (a} D ~E m.+ with
z ~0.5, (b) D ~EC m+m with z + ~0.7, and I.'c)

D ~K m+m m+ with z +~0.7.

the tracks of each D hypothesis with pions of charge op-
posite to the charge of the kaon. This distribution is
shown in Fig. 1(a} for a selection of the energy fraction,
zD, =ED, /E~, , of the m+D systein of z, & 0 5.

For the decay sequence D'+~m+D, where the D de-
cays as D K m+m E m+yy, all two-track com-
binations consistent with the kaon and pion hypotheses,
and all pairs of photons measured in the hexagonal
calorimeter, subject to E~ g0.4 GeV, are considered. A
least-squares fit of the inverse momenta of the two
charged tracks and of the energies of the two photons, i.e.,
four parameters, is performed with two mass constraints:
that the two photons have the neutral pion mass, and that
the overall system of kaon, pion, and two photons have
the D mass. D hypotheses with a confidence level from
this fit exceeding 1% and with a decay cosine of the E in
the D rest frame less than 0.8 are retained. The D 's are
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then paired with all pion tracks of charge opposite to that
of the kaon, and the mass difference M(m. +D ) M—(D )

is computed. This distribution for events with a more re-
strictive cut in za+ to remove background combinations,

z, & 0.7, is shown in Fig. 1(b).
For the D decay mode D ~K m+m m+ the same

procedure as for the D ~K ir+ mode is followed. The
resulting mass difference distribution for zD, &0.7 is

shown in Fig. 1(c).
For all Do decays, if more than one decay mode hy-

pothesis passes all cuts, only that hypothesis with the
lowest summed mass X and fit X is kept.

The D' detection efficiencies were estimated using a
Monte Carlo calculation which generates multihadronic
events with initial-state radiation, and an analysis pro-
cedure identical to that used for the data. The physics
event generator used was the Lund Monte Carlo pro-
gram, with spin alignment of the pseudovector decay
products for the D to three final-state particles, as sug-
gested in Ref. 6. The detector simulation includes the
geometrical acceptance of the apparatus, particle energy
loss, multiple scattering and nuclear interactions in the
materials of the detector, and decay loss of pions and
kaons. In addition the analysis of the simulated data in-
cludes charged-track pattern recognition, the loss of
dE/dx wire samples due to overlap of nearby tracks and
its effect on the dE/dx resolution. For photons, it in-

cludes pair production and subsequent bremsstrahlung in
the materials before the TPC volume and before the lead
mass of the calorimeter, and the pattern-recognition effi-
ciency and energy resolution of the hexagonal calorimeter.

The fragmentation of the charmed quark into a
charmed vector meson may be measured by extracting the
numbers of D' mesons detected as a function of zD, .
After correction for detection and acceptance efficiency,
initial-state radiation, and finite momentum resolution the
fragmentation function determined from the D ~E mr+

decay mode is shown in Fig. 2(a) and tabulated in Table I.
A fit to the Peterson form of the fragmentation function
D(z) =z '[I —1/z —e/(I —z)], yields a mean value of
(z „},=0.58+0.03+0.05 and an e parameter of e,
=0.25+0. 12. The D* in our data have a mean zD,
=0.55+0.02. These measurements are in agreement with
our inclusive electron and muon data. The cross section
for the production of D' mesons is shown in Fig. 2(b),
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FIG, 2. (a) The fragmentation function for c~D . The
solid line is our fit to the Peterson form (Ref. 7), the dashed line
is the expectation of the Lund Monte Carlo simulation (Ref. 10),
and the dotted line is the expectation of the Webber Monte Car-
lo simulation (Ref. 11). (b) The invariant cross section as mea-
sured in this and previous experiments.

and compared to other data from PEP and the DESY
storage ring PETRA (Ref. 1). The branching ratios for
D'+~D n+ and D ~IC m+ are taken from Ref. 9.

The shape of the fragmentation function of a quark
into a meson, and its dependence on the mass of the
quark, is of fundamental interest in understanding the
hadronization process. The D' fragmentation function is
particularly interesting, since at high z it is anticipated
that it corresponds to a direct transition of a leading
charmed quark to an observed meson, while competing
processes yielding D' mesons, such as decays from bot-
tom mesons, decays from higher-mass D mesons, or cc
creation in the color field, are expected to be small and

TABLE I. The cross section and fragmentation function for charged-D*-meson production. The z-
dependent corrections for detector resolution and initial-state radiation are also shown.

0.2—0.3
0.3—0.4
0.4—0.5

0.5—0.6
0.6—0.7
0.7—0.8
0.8—0.9
0.9—1.0

Radiation
correction

0.65
0.69
0.72
0.80
0.91
1.03
1.14
1.22

Resolution
correction

0.94
0.96
0.99
1.07
1.10
1.07
0.86
0.51

5 0
( bGy2)

P dz

0.0 +0.10
0.21 +0.07
0.22+0.07
0.25 +0.07
0.33+0.08
0.15+0.06
0.08+0.04
0.04+0.02

D(z) =—1 dX
X dz

0.0 +0.74
1.54+0.48
1.70+0.55
1.94+0.57
2.61+0.67
1.22+0.51
0.65+0.33
0.33+0.18
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have little effect on the measurement of the fragmentation
function. Since this fragmentation involves a heavy
quark, it also provides a useful mass-dependent compar-
ison to the case of light-quark fragmentation.

Our measured fragmentation function is well represent-
ed by the Peterson form, as shown by the solid line in Fig.
2(a). The Lund Monte Carlo' expectation is shown as a
dashed line, and the %ebber Monte Carlo expectation" is
shown as a dotted line. Our measurements slightly favor
the Peterson and Lund forms over the Webber form. The
data of the HRS Collaboration, ' on the other hand, yield a
cross section smaller than ours at high z, and therefore

disfavor the Peterson form. The ARGUS Collaboration
data' at ~s=10 GeV analyzed in the kinematic variable
x~:PD, /P—~», favor the Kartvelishvili' over the Peter-

son form, but this disagreement with the Peterson form is
largely in their highest-x~ bin 0.9—1.0. Precise compar-
isons with these several fragmentation functions await
larger data samples.

The interference of the Z boson with the photon in the
annihilation process producing a quark-antiquark pair is
expected to lead to an asymmetry in the polar angular dis-
tribution of the charmed quark with respect to the initial
e+ direction. ' An estimate of this asymmetry can be ob-
tained by assuming that the D' meson maintains the
direction of the primary charmed quark at production,
and measuring the angular distribution of the D'+ with
respect to the beam direction, shown in Fig. 3. A
maximum-likelihood fit to the expected form of this
asymmetry

=1+cos 8+ TA cos8
dN 2 8

d cos8

yields an asymmetry of A =—0.16+0.16, compared to
the expected value of A = —0.09 from the standard
model at ~s =29 GeV.

It is expected that the pseudoscalar meson D will mix
with its partner of opposite charm, the D, with a proba-
bility given roughly by sin 8c ——2.5X10 (Ref. 14). We
have studied this by examining the wrong-sign combina-
tions which would result from the following sequence:
D'+ ~n+D followed by D ~D, and subsequent decay
D +E+n . Thi-s would yield a kaon of the wrong sign

(and strangeness), and would be detectable as a signal in
the distribution of the mass-difference distribution
M(n+E+n ) M—(E+n ) when the pion from the decay
of the D + into D now has the same charge as the kaon
from the D decay. This mass-difference distribution for
tighter cuts on mass X (30% C.L.) and kinematic-fit X
(20% C.L.) is shown in Fig. 4(b}, while the correct-sign
distribution with the same cuts is shown in Fig. 4(a). At
the 90% confidence level we place a limit of 10% on the
rate for D -D mixing. This limit is comparable to other
direct limits' in e+e annihilation into charmed quarks
employing similar techniques, but far less stringent than
limits derived from leptonic production rates in hadron-
hadron interaction experiments, for example, papers by
Bodek et al. and Louis et al. , of Ref. 15.

In summary, we have studied the production of
charmed D' mesons in e+e annihilation at v s =29
GeV by detecting their cascade decay to D n+ in which
the D decays through its EC m+, E m+~, or
E n+n m mode. We have measured the production
cross section, the charmed-quark fragmentation function,
the electroweak asymmetry of the charmed quark, and
placed a limit of 10% (at the 90% confidence level) on the
rate at which the pseudoscalar meson D will mix with its
partner of opposite charm, the D 0.
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FIG. 3. The production angular distribution of the D +.
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FIG. 4. Mass-difference distributions for I'a) m+8

~m+K m+ and (b) m+0 ~m+E+m with more restrictive
cuts on the mass identification and kinematic-fit confidence lev-
els.
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