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Abstract. We report on a study of inclusive
production of D** mesons in e*e™ annihilation at
cm. energies between 28 and 46.8 GeV using the
TASSO detector at the PETRA storage ring. A hard
D** energy spectrum is measured with a maximum
near Ep..~0.6EFE,.,. The measured cross section
ratio (G p.+ +0ps-)/0,,=1.28+0.09+0.18 indicates
that D* production accounts for a large fraction of
the observed charm production. Two complementary
methods have been used to determine the forward-
backward asymmetry of charm pair production due
to electroweak interference. Combining both
measurements the product of the axial vector
couplings of the electron and the charm quark to
the weak neutral current was determined to be
2525=—(0276+0.073), in agreement with the
standard model prediction of —0.25. Using a sample
of reconstructed D** mesons, the relative strength
of the strong interaction coupling of the ¢ quark
compared to that of an average of all flavours is
measured as o (c)/os(al)=0.91 +0.38 £ 0.15,
consistent with the coupling constant being flavour
independent. An update of our D° lifetime
measurement is presented, based on a considerable
increase in statistics, the final result being 70
=(@4.8483-5)107 135,

1 Introduction

The formation of hadrons in e*e” annihilation
predominantly proceeds via quark-pair production,
ete” —>qq, with the quark and the antiquark
subsequently fragmenting into the observed particles.
While the production process is calculable in
perturbative QCD, the hadronisation has not yet
been understood in a similar fashion. A study of the
quark fragmentation distributions, which describe the
dynamical mechanism by which quarks transform
into jets of hadrons, is therefore of special interest.

In the case of light quarks u, d, and s the detection
of the final state hadron which carries the primary
quark or antiquark is rather difficult since many of
these quarks are produced during the fragmentation
process. The situation is completely different in the
case of a heavy quark such as charm or bottom. A
charmed hadron carrying a large fraction of the beam
‘energy will in general contain the primary charm
quark produced in the hard scattering process since
i) the production rate of charmed (or heavier) quarks
during the fragmentation is exceedingly small at
present energies and ii) charmed hadrons originating

from the decay of bottom hadrons have
comparatively low momenta. The measurement of the
inclusive differential cross section of such charmed
hadrons provides a clean way of studying charm
fragmentation.

Because of their clear signature the charmed
vector mesons D** form a particularly good
laboratory to analyse the characteristics of charm
quark production and fragmentation in high energy
et e~ annihilation. Reconstructing D** mesons has
by now become a well known technique which has
been employed previously by many experiments [1—
11}, including TASSO [12-15].

Comparing the total cross section for e*e”
— D** X with the production rate of the pseudoscalar
mesons D* and D°, DY, the influence of the spin (and
the quark masses) on the hadronisation can be
investigated. From simple spin-counting arguments
one expects that vector mesons are produced three
times as often as pseudoscalar mesons. Since the
masses of the D* and the D mesons are almost equal
(M p/Mp~1.07) this naive argument should still be
valid in the charm sector.

In the standard model the ¢* ¢~ annihilation into
quark pairs at PETRA energies proceeds
predominantly via a time-like virtual photon with a
small contribution from Z° exchange. The
interference of the electromagnetic and the weak
current is expected to show up most significantly as
a forward-backward asymmetry in the production
angular distribution of the charm quark.

The flavour independence of the strong coupling
constant «, can be best tested by measuring the ratio
o (q)/es(all) for different flavours, thus cancelling most
of the systematic effects. In an earlier publication we
determined this ratio for charm quarks by considering
event shape variables like thrust and sphericity [14].
To reduce systematic effects of the jet definition and
of the fragmentation process, we use the asymmetry
of the energy-energy correlation (EEC) for ‘this
measurement.

The paper is organised as follows. First we briefly
describe in Sect. 2 and 3 the data sample on which
the analysis is based and the selection criteria to
reconstruct D** mesons. In Sect. 4 the measurement
of the differential and total cross sections for inclusive
D** meson production is presented. Section 5 reports
the measurement of the charm quark asymmetry,
using both reconstructed D** mesons and a method
that tags D** mesons via the low momentum pion
from the decay D** —D°(D%z*. In Sect.6 we
present a determination of the ratio of coupling
constants a,(c)/x(all). An improved measurement of
the D meson lifetime is described in Sect. 7 and our
results are summarized in Sect. 8.



2 Data sample

The experiment was carried out using the TASSO
detector at the PETRA storage ring at DESY. A
detailed description of the detector can be found in
[16, 17]. The data were collected at centre of mass
energies between 28 GeV and 46.8 GeV (the highest
energy reached at PETRA), the average being
36.2 GeV. A total of 62,152 events from ete”
annihilation into hadrons were selected following a
method described in [17, 18], roughly 10 percent
taken at energies above 40 GeV, and the bulk of the
data around 35 GeV. The corresponding integrated
luminosity amounted to {Ldt=234pb~'. It should
be noted that the data sample includes the events
of the previous analyses [12-15]. The measurement
of the D° lifetime is based on a smaller subsample
of events recorded after the installation of a high
resolution vertex chamber in 1982 [19].
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In this analysis only charged particles were used.
The momentum resolution was improved by using
the average beam position in constrained track fitting,

yielding ¢,/p=0.010]/2.9+p* (p in GeV/c) [12] for
tracks going out perpendicular to the beam axis.

3 Selection of D** candidates

The D** mesons were identified using the decay
D** > DOr} (1)

where here and henceforth only the particle states
are indicated; the analysis includes also the charge
conjugate states. The D** were isolated exploiting
the special decay kinematics due to the fact that the
Q-value of reaction (1) is only 5.8 MeV [20, 21],
giving the soft pion (n) a maximum transverse
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Fig. 1. a Distribution of the mass difference AM=M(K n*z*)—M(K =n*) for combinations with x;>0.5 and |M (K~ n")—M (D%
<0.12 GeV. Also shown is the mass difference distribution for combinations with x;>0.5 in the control region 2.10 GeV<M(K ™ =")
<2.34 GeV. b Distribution of the mass difference AM=M(K n*n*)—M(K z") for combinations with x;>0.5 and 1.50 GeV
<M (K~ n*)<1.745 GeV. ¢ Distribution of the mass difference AM =M (K " n*n"n* n*)—M(K =t =~ =) for combinations with xz>0.5

and [M(K~ " n~n*)— M(DY)] <0.12 GeV
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momentum of p;=39.6 MeV/c with respect to the
D** line of flight. Hence a reduction of the
combinatorial background and a better resolution is
expected in the distribution of the mass difference

AM=M(D°r*)—M(D°) 2)

rather than in the D** mass distribution itself, whose
width is dominated by the limited momentum
resolution of the detector. The D° meson was searched
for in the decay channels

D°>K ™ n* 3)
~ K™ n* (n° 4)
K ntn o™ &)

For each event all possible M(K =n*) and

M(K™n*n~n*) mass combinations were calculated
using charged tracks with momenta p>0.8 GeV/c.
No particle identification has been used in the
analysis; each particle was assumed to be a kaon or
pion. All track momenta were corrected for energy
loss in the beampipe. The mass distributions have
no obvious structure in the D° mass region. Those
combinations which lay within 0.120 GeV and
0.200 GeV of the nominal D° mass of 1.865 GeV were
ascribed to reactions (3) and (5), respectively, and were
combined with an additional charged track to test
for reaction (1). The =, was required to have a
momentum greater than 0.3 GeV/c.

To reduce the combinatorial background in
reaction (5) we imposed two further requirements on
the candidate events: i) all particles, including the soft
pion, were required to lie within the same event
hemisphere, defined with respect to the sphericity axis,
and ii) the decay angle of the D° in its helicity frame
had to fulfil [cos0%]<0.7 (0% is the angle between the
K~ and the D® momenta in the D rest frame).

For the K~ n* n° decay mode of the D? (reaction
(4)), no attempt was made to reconstruct the =°
explicitly. Instead the well known kinematic
enhancement in the M (K~ =) mass spectrum around
1.6 GeV, called the ‘S® peak [22], was used, which
is understood to result from the decay sequences
DK pt>K ntn® and D> K* gn*
— K~ n%xn*, the n° not being detected. The S° mass
region was defined as 1.50GeV<M(K ™ n%)
<1.745 GeV.

The D** production has been analysed in terms
of its fractional energy x;, defined as

ED*+

xE = s
Ebeam

where E, ., denotes the beam energy.

Figure 1a to c shows the distributions of the mass
difference (2) for the three decay modes (3) to (5) with
xg>0.5. In all channels clear evidence for D**
production is found as distinct enhancements of 106,
106, and 101 combinations, respectively, in the signal
region, defined as AM <0.15GeV. The observed
widths are in agreement with the mass resolutions
as obtained from a Monte Carlo calculation. No
enhancement is observed if instead the mass
M(K™=") is required to be in the control region
210 GeV<M (K~ n*)<2.34 GeV, far above the D°
mass, as shown for example for reaction (3) in Fig. 1a.
For reaction (3) the mass region below the D® cannot
be used because of the S° satellite enhancement.

4 Cross section for inclusive D** production

To measure the differential cross section for D**
production, which is known to be peaked at high
xg values, the data of decay channels (3) and (5) have
been utilized. For the region 0.2 £ x; <04, which is
close to the threshold of x;=0.117, only reaction (3)
could be used. The background in this region was
reduced by requiring |cos 6¥| <0.7, where 0% is defined
as above.

Table 1. Differential cross sections for D** production. N, AN are
the number of events and their statistical uncertainties, respectively,
ep« denotes the efficiency to detect a D** candidate in the given
decay mode for accepted hadronic events

D** 5 D°nt S K atw?t

Xz N+AN Epe do s do

dx B dx

[1073 nb] [ub GeV?]
0.2-0.3 28+1.7 0.14 46428 68441
0.3-04 16.5+4.1 0.35 109 +27 150+37
04-0.5 21.1+4.6 0.42 116425 157+ 34
0.5-0.6 29.0+54 042 178 +31 238442
0.6-0.7 342458 0.35 226438 300451
0.7-0.8 17.6+4.2 0.29 140433 186444
0.8-1.0 114434 0.28 47+ 14 62419
D¥* D%t 5K ntn atnt
xg N+AN - do s do

dx B dx

[1073 nb] [ub GeV?]
0.4-0.5 25.0+5.0 0.18 153+31 219+41
0.5-0.6 340458 0.17 221438 296+ 50
0.6-0.7 18.5+4.3 0.15 136+ 32 181442
0.7-0.8 10.04+3.2 0.13 85427 113+ 36
0.8-1.0 55423 0.13 23410 31+13




To determine the number of D** mesons per xg
interval a background subtraction has been
performed for each bin separately. The background
shape was estimated from a large sample of Monte
Carlo events, using the upper D° side band. The
background fraction was calculated by normalising
this Monte Carlo shape to the AM region
0.16 GeV <AM <0.20 GeV and then extrapolating to
the signal region AM <0.15 GeV. The Monte Carlo
events were generated using the Lund Monte Carlo
program (version 6.2) [23], and tracing the events
through a full simulation of the TASSO detector and
through the same analysis chain as the real data. The
same Monte Carlo program was used to calculate
the efficiency for detecting the D** mesons (see
Table 1), as well as the event acceptance and radiative
corrections.

The main uncertainty in determining the cross
section comes from the errors in the branching ratios
for the observed decay modes. For the relevant
branching ratios we used the values recently
published by the Particle Data Group [24], namely
B(D° > K n*)=(3.77*337)%, BD°>K =" rn xn")
=(79*59%, and B(D** - D°n*)=(49+8)%.
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The cross sections obtained from our data are
listed in Table 1, for decay modes (3) and (5)
separately. The scaling cross section s/f-do/dxg
obtained by combining both decay channels is shown
in Fig. 2a as a function of x;. Our result is consistent
with other cross section measurements [1-11}, as well
as the previous TASSO measurement [12]. The data

from HRS [7] and PEP-4[11] at ]/;=29 GeV, which
are up to now the statistically most precise published
results at energies comparable to ours, have been
rescaled using the recent branching ratios and are
also shown in Fig. 2a for comparison. The error bars
shown are statistical only. In addition systematic
uncertainties due to the errors of the branching ratios
used (11%), to the background subtraction (varying
between 10% at low x; and 4% at the highest x,
and depending on the decay channel), to the efficiency
calculation (8%), and to the luminosity measurement
(5%) have to be included.

All experiments find a broad energy spectrum
of the D** mesons centered at xz values around
0.6, compatible with the expected hard fragmenta-
tion of the charm quark [25]. The measurement
therefore strongly supports the assumption that the
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Fig. 2. a Scaled differential cross section s/fdo/dx for e* e — D** X, combining reactions (3) and (5). The errors shown are statistical
only. The measurements of the HRS and PEP-4 collaborations at [/;=29 GeV are also shown for comparison. b Scaled differential
cross section s/fdo/dx for et e” — D**X, after subtracting the contribution of B hadron decays to D** mesons. Decay modes (3) and
(5) are combined. The errors shown are statistical only. The solid curve represents the result of a fit to the fragmentation function proposed
by [26]. The dashed curve shows the subtracted contribution from b decays
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primary charm quark is contained in the charmed
hadron.

The mean value of the fractional energy xg of the
D** mesons as calculated directly from our data is
{(xg>=0.5540.02. Integrating the measured
differential cross section and extrapolating to the
kinematical threshold, using the Lund Monte Carlo
program, yielded the total cross section. The
extrapolated part of the total cross section was 3%.
For the ratio of the total cross section over the point

cross section (g,,=66.3pb) at |/{(s>=36.2 GeV we
obtained

O px+ +O—D*‘

Rpes = =1.28 +0.09(stat.) + 0.18(syst.).

Oup

The errors include the experimental uncertainty, but
not the uncertainties due to the branching ratios [24],
which amount to +0.25. Assuming equal production
rates for charged and neutral D* mesons, the total
D* yield was found to be Rp.=2Rp..=2.56+0.18
+0.36.

Our data on the differential cross section extend
to low xgp values where the decay of B hadrons to
D* mesons becomes important. We have calculated
this contribution by using the Lund Monte Carlo
program (the contribution corresponds to a
branching ratio B(B— D** X)=0.34). The result is
shown. as the dashed curve in Fig. 2b. The scaling
differential cross section after subtraction of the b
quark component is presented in Fig. 2b. The mean
value amounted to <{xz >, =0.58 +0.02.

We have performed a fit to the data, after
subtracting the b contribution, using the
fragmentation function as proposed by [26]

I e VB!
ro~(x(15-1=)) - ©)
x 1—x

The fit yielded &,=0.194+0.03 and is shown by the
solid curve in Fig. 2b. The data are well described.

We want to emphasize that due to initial state
photon radiation and gluon emission the mean of
the fractional energy xj is not equal to the mean of
z=(E+p)y/(E+p),, which was originally chosen as
the scaling fragmentation variable (see e.g. [27] for
a detailed study of these effects). To find the values
of ¢, and {z) which correspond to the measured
values &, and <{xg)qs, We used a Monte Carlo
calculation based on the Lund program. The same
functional form f(z) has been employed to describe
the fragmentation of the charm quark. We found that
the values (z>=0.69 +0.03 and &,=0.05 gave the best
description of the measured D** cross section.

Using the same procedure as above for integration
and extrapolation yields a total cross section for

direct D* production normalised to the point cross
section of

Rp.. (b subtracted)=1.0240.07 +0.18,

where in the systematic error an additional 10%
uncertainty due to the b subtraction has been
included. The total yield for direct production
becomes Rp.(b subtracted)=2.04+0.14+0.35. This
value has to be compared with the expected total
inclusive charm quark and antiquark yield of
R, (primary)~2.8 as calculated from the Quark
Parton Model with 5% correction from QCD. The
data thus indicate that the majority of the produced
charm quarks fragment via D* mesons. They are also
consistent with a production ratio of vector mesons
to pseudoscalar mesons of 3:1 in the charm sector.
The result is also in agreement with previous
measurements (see €.g. [28]).

The total cross section measurement can be used
to determine the relative branching ratio of reactions
(3) and (5). Above xz=0.4 the cross sections times
branching ratios for the two channels are
(1.39+0.13) pb and (2.49 + 0.26) pb, respectively. Thus
the relative branching ratio is

BD°—>K n*n =t
B(D°> K n7)

=(1.79+0.36 +0.27).

The systematic error includes the uncertainties of the
acceptance calculation and the background
subtraction. For comparison we quote the values
measured by the ARGUS [10] (2.17+0.28 +£0.23),
MARK III [29] (2.17+0.284+0.28), and CLEO [4]
(2.12+0.16 +0.09) collaborations.

5 Measurement of the
charm quark production asymmetry

5.1 Introduction

Two complementary methods were used to determine
the charm quark production angular distribution.
First we describe the well known method using the
reconstructed D* mesons. Then we discuss a
measurement employing a method which does not
at all rely on the explicit reconstruction of D* mesons,
but uses just the direction of the =} from the decay
(1). This method was first applied recently by the HRS
collaboration [30, 7]. Finally we combine both
measurements for comparison with theory and other
experiments.

In the standard model the interference between
the photon and the Z°® propagators is expected to
produce a forward-backward asymmetry in the



production angular distribution of the primary charm
quark. The asymmetry for e*e™ —»cé is given in
lowest order by

2
smyz 3Gy

Aec=8a84— 5 = 7

e mI—s 4 2nae, @

(if m2> s). Here g%, g%, are the electron and the charm
quark axial vector coupling constants, e,=2/3 is the
charge of the charm quark, G the Fermi coupling
constant, and m, the Z° mass. In the standard model

ga=—g4=1/2.

5.2 Measurement using reconstructed D** mesons

The line of flight of the heavy charm quark can with
good accuracy be approximated by the direction of
the momentum of a high energy, charmed hadron
(e.g. D** meson). For the determination of the
angular distribution the data of channels (3) to (5)
were combined. To further reduce the background,
the following criteria were required in addition to
those presented in Sect. 3: i) the momentum of each
D° decay particle from reaction (3) and (4) must be
greater than 1.0 GeV/c, ii) the fractional energy xg
of the D** candidate must be greater than 0.5, 0.5
and 0.6 for channels (3), (4), and (5) respectively. These
criteria resulted in 214 D**candidates. The
background has been estimated to be 16% with an
estimated uncertainty of 3%.

The production angular distribution of the D**
mesons is shown in Fig. 3a. The angle 6 was defined
as the polar angle between the incoming e~ and the
outgoing D** containing the ¢ quark (and not the
¢ quark). The acceptance was found to be uniform
over the polar angular range considered. A fit of the
data to the function

1 dN

S T | 2

N deosd k(1+cos*0+acost) (8)
in the range |cosf|<0.8 yielded a measured

asymmetry of A=3a= —(0.166+0.075). The 16%
background was assumed to be of the form 1+ cos?0,
and has been subtracted. Fitting (8) to a control
region 0.16 GeV<AM <0.20 GeV  resulted in
A= +(0.024+0.07), consistent with the expectation of
A=0. It was found that the result is only slightly
dependent on the assumed background shape. Taking
i) a constant background or i) 1+3cos?6 as the
background parametrisation, changed the asymmetry
by =+0.004. Varying the background fraction by
+3% changed the result by +0.009. We take the
combined value of +40.01 as the systematic
uncertainty.
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Fig. 3. a The D** production angular distribution for reactions
(3) and (5) combined. 0 is the angle between the directions of the
incoming e~ and the outgoing D°n* system. The solid curve repre-
sents the result of the fit described in the text. The dashed curve
shows a forward-backward symmetric angular distribution propor-
tional to 1+cos20. b Charge weighted angular distribution of all
tracks satisfying p%<0.0075(GeV/c)®. The solid curve represents
the result of the fit as described in the text
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The result obtained so far has to be corrected for
D* mesons coming from bottom hadrons and higher
order QED and QCD terms. Weak corrections are
smaller and were neglected. It was found that D**
mesons from the decay of B hadrons contribute
(50+1.5% to the data sample. The systematic
uncertainty is due to the branching ratio of the decay
B—D**X [31]. Subtracting this contribution
reduces the measured asymmetry by 44 = +0.008.
Higher order QED corrections and initial state
bremsstrahlung  change the asymmetry by
AA= —0.01. Thus, both effects change the measured
value in the opposite direction to the b contribu-
tion. Higher order QCD corrections [32] amount
to AA=+0.008. The final value is
A=—(0.160+0.072+0.011). Using m,;=92 GeV in
(7), the standard model predicts an asymmetry of

Agsw=—0.157 at {s>=36.2GeV. Thus the
measurement is in agreement with the standard model
prediction.

The result can be transformed into a measurement
of the product of the axial vector coupling constants
of the charm quark and the eclectron, which is a
convenient variable for the comparison of results at
different energies. From (7) we obtain g%g5=
—(0.2551+0.116), where statistical and systematical
errors have been added in quadrature.

5.3 Measurement using low py pions

This part of the analysis was performed with a
restricted data sample in the c.m. energy range

32 GeV <]/s<38 GeV, with a mean at 350 GeV,
corresponding to an integrated luminosity of
185 pb~ 1. In order to be statistically independent of
the previous analysis, 192 events with a reconstructed
D** meson were removed. This resulted in a sample
of 52,641 events with 91% of the data within the
energy range between 34.5 and 35.5 GeV.

The charm quark angular distribution was
measured using a sample of tracks enriched with
from reaction (1). The enrichment procedure relies
on the small Q value of the decay and the hard
fragmentation of the charm quarks. The latter means
that the line of flight of the D* meson should lie close
to the jet axis. Because of its small transverse
momentum with respect to the D* line of flight this
is also true for the n,. Thus a cut on the pZ of a
track with respect to the jet axis can be used to enrich
the track sample with 7, mesons.

The thrust axis calculated using all charged tracks
in an event was taken as the jet axis. A thrust cut
of T>09 was applied to remove events with hard
gluon radiation. The latter weakens the correlation

between the D* line of flight and the thrust axis,
broadening the p2 distribution of the n,. Candidate
tracks were required to have momenta, corrected for
ionisation loss, in the range 0.5<p<1.2 GeV/c and
to have polar angles within |cosf}<0.76. The latter
requirement was chosen to minimise acceptance
effects. The high momentum cut removes tracks which
are too energetic to be w, candidates while the low
momentum cut reduces backgrounds from soft
fragmentation tracks and =, in bb events (which have
a softer momentum spectrum). 94,795 tracks passed
these cuts. The p2 spectrum of the candidate tracks,
as calculated with respect to the thrust axis, is shown
in Fig. 4.

The method relies on an adequate understanding
of the distributions of both the low p2 signal and
the background from tracks not coming directly from
D** mesons. Therefore, we need to prove that Monte
Carlo simulations of non-charm events cannot
produce such a peak within plausible ranges of tuning
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Fig. 4. Distribution of the transverse momentum squared of all par-
ticles with respect to the thrust axis. Superimposed is the result
from a fit as described in the text. The contributions of the signal
and the background components are also shown separately



parameters. Furthermore, the effect of uncertainties
in the parametrisation of the signal shape needs to
be quantified.

In order to determine the number of 7, in the
track sample the shape of the p? spectrum of =,
mesons was parametrised by the function

S(pP)~Nsle P+ Ce™Prr) ©)

where N is the number of =, candidates. The values
of the constants A, B and C were found by fitting
the p% spectrum of 7, in Monte Carlo events in which
a full detector simulation had been performed. Three
different Monte Carlo models were used: the Lund
Monte Carlo versions 6.2 [23] (2nd order QCD
matrix element and string fragmentation) and 6.3
[33] (parton shower), and an independent jet
fragmentation model incorporating the extended
FKSS calculation of full second order QCD matrix
elements (henceforth referred to as QCDFF [34]).

As a check, the three parameter sets obtained from
the different Monte Carlo calculations were used to
fit the p2 spectrum of =, from 149 fully reconstructed
D** mesons from reactions (3) and (4) (estimated
background of 15%). With N as the only free
parameter, we obtained a y? of 13.2 (QCDFF), 16.6
(Lund 6.3), and 18.1 (Lund 6.2) for 24 degrees of
freedom. The results of the fits are shown in Fig. 5a
to c. All three signal shapes were considered to give
a good description of the data. Note that the final
measured asymmetry was almost insensitive to the
variation of the signal shape given by the different
Monte Carlo models.
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The p2 distribution of the overall track sample
was then fitted in the range p%<0.24 (GeV/c)* with
one of the above Monte Carlo signal shapes plus a
smooth background shape. The background term was
parametrised as

Ns (10)

B,(p2)~—— B
1(77) 1+ap}+Bps

The signal size (Ng) and the background shape and
size (N, o and ff) were parameters of the fit.

As a check, this parametrisation has been used
also to fit the p% spectra of each of the three Monte
Carlo data sets. Within the accuracy of these fits the
obtained numbers of 7, were in agreement with the
expectation. However, none of the parameter sets
(o, B) of the Monte Carlo calculations described the
background shape of the data well. Monte Carlo tests
showed that a peak could not be produced at low
p3 by contrived parametrisation without making
drastic changes in other, well-measured event
characteristics. For example, a quantity sensitive to
the p% distribution is the event sphericity, which is
one of the variables on which the Monte Carlo is
tuned.

We therefore chose a background parametrisation
according to (10), allowing also « and f to vary during
the fit. Each of the three Monte Carlo signal shapes
have been used with the background parametrisation
B, to estimate the m, content of the pZ spectrum of
the data. The result of the fit using the QCDFF signal
shape is superimposed on Fig. 4 with the signal and
background contributions separated. The sum of both
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Fig. 5a—¢. Distribution of the transverse momentum
squared with respect to the thrust axis for 7, mesons
from reconstructed D** decays. Superimposed is the
predicted signal shape from three different Monte
Carlo calculations a) a 2nd order QCD calculation
with independent jet fragmentation (QCDFF), b) Lund
Monte Carlo version 6.2, and ¢) Lund Monte Carlo
version 6.3
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contributions describes the data well. Choosing a cut
of p2<0.0075(GeV/c)®,, which maximises the
sensitivity to the asymmetry for the signal and
background sizes obtained, the three fits gave signal
sizes of Ng=1189+91 (QCDFF), Ng=1373+103
(Lund 6.3) and Ng=1409+106 (Lund 6.2). The
weighted mean of 1310499+ 100 was taken as the
signal estimate, where the systematic error is the
spread of the three results. This corresponds to a
purity of the track sample of (21 +2)%.

To measure the asymmetry from the track sample,
the charge-weighted angular distribution (Q cos6) of
the tracks was calculated, where Q is the charge of
the track. The angular distribution, shown in Fig. 3b,
was then fitted by the sum of eq. (8) and a background
contribution of the form [(1+bcos?d). The
normalisation k was fixed corresponding to the
measured number of n,, and the background
normalisation [ and the shape parameter b were left
free. The result of this fit is shown as the curve in
Fig. 3b.

The fit yielded a value of A=2a= —(0.184
+0.050), with y*>=3.25 for 5 degrees of freedom,
where the error is from variance of the fitted
parameter a. Combined with the uncertainty on the
signal size this gives A= —(0.184 +0.052 +0.014). The
systematic error due to varying the value of b was
estimated to be less than +0.001 and ignored.

The procedure was repeated i) using tracks in the
momentum range 1.5<p<3.5GeV/c (beyond the
kinematic limit for =) and ii) using tracks of 0.02
< p%<0.028 (GeV/c)? (outside the signal region). In
both cases the product ka was examined as k was
not determined for these samples. The high
momentum sample yielded ka= —(1.84+1.9) for p2
<0.025 (GeV/c)> and ka= —(0.224+0.85) for p2
<0.005 (GeV/c)?, while the high p? sample yielded
ka= —(04 < 1.6). All values were consistent with no
asymmetry. Fitting the angular distribution without
charge weighting gave a value of a= —(0.042 +0.049)
for p%<0.0075 (GeV/c)?, again consistent with zero.

Systematic errors in the signal and background
size estimates were cxamined using two methods.
First the above procedure was repeated using a
different form of the background shape,

Bz(P%")NNB(37YPZT+ K)

for all three signal shapes. Secondly the signal size
was estimated by fitting the background shape alone
to the high p% region of the data. The lower limit
for the pZ region fitted was varied in the range 0.025
to 0.06 (GeV/c)®. This range was constrained by the
requirement that there be little signal in the
background region and by the loss of sensitivity to

the background shape at large values of the cut. The
fitted background shape was then used to estimate
the signal in the low p% region. This technique was
repeated using both background forms. In all cases
the signal estimates were consistent with those used
in the analysis.

The variation in the measured asymmetry was
checked in both the data and Monte Carlo samples
for systematic dependencies on the cuts applied,
particularly that on pZ. The observed shifts were
found to be consistent within statistics. Therefore we
are confident that any such systematic effect is small
compared to the statistical uncertainty and assign a
systematic error of +0.026.

Using a Monte Carlo simulation and the CLEO
measurement of B—D**X decays [31] it was
estimated that the track sample included 74%23r,
mesons from bb events which resulted in a shift of
AA=+(0.017+0.009). Correcting for higher order
QED and QCD processes gave shifts of 44=—0.01
and A4A4=40009, respectively. Applying all
corrections and combining the errors leads to a final
asymmetry of A= —(0.168+0.04740.027), which
again is in agreement with the standard model
prediction of Ag;gy = —0.145 for |/ {s> =35 GeV and
m;=92 GeV. This in turn yields a value for the
product of the coupling constants of g5g5%=
—{0.290+0.093), where the errors have been added
in quadrature.

5.4 Final result

Since the two analyses have used different sets of D**
events their results are statistically independent. Also
the dominant sources of systematic uncertainties
differ in the two cases, so that the results for the
product of the coupling constants can be averaged
to yield

g5¢5%=—(0.276 £0.073).

The statistical and systematic uncertainties for each
measurement have been added in quadrature before
combination. This result is in good agreement with
the standard model prediction of g5g5=(—3F)=
—3 and with previous experimental results [7, 35].

6 Test of flavour independence of o

A measurement of the energy-energy correlation
(EEC) in e¥ e~ annihilation can be used to test
perturbative QCD. In contrast to other variables like
thrust it has the advantage that no jet definition is



necessary, thus avoiding difficulties in distinguishing
events with three or more jets from two-jet events.
Of particular interest is the average normalised EEC,
defined as [34, 36, 37]

1 dX(cos 1 E,E;
—sz(cosx)zN >y WZJ S(cosy

ev Events i,j vis

—COS ¥; ), (11)

oo dcosy

where ;; is the angle between two charged particles
i and j with energies E; and E;, respectively. The
summations extend over all pairs i,j of particles in
an event including the case i=j, and over all events
N.,. W, is the total visible energy of the event.

The normalisation is such that

{f(cosy)dcosy=1. (12)

QCD predicts that at high energies the correlation
around cosy=0 is dominated by single hard gluon
bremsstrahlung and is therefore proportional to the
quark gluon coupling constant «;. The effects of gluon
emission are enhanced, and those of centre of mass
energy dependence and fragmentation are minimised,
if instead the forward-backward asymmetry of the
EEC (denoted AEEC)

A(cos z) =f (cos(n—x))—f(cos y) (13)

is used. Remaining effects due to fragmentation near
|cosg|~1 can be further reduced by constraining the
fits to obtain o, to the region |cosy|<0.7 of the
asymmetry.

The coupling constant was determined by
comparing the data with Monte Carlo events which
have been traced through a full detector simulation.
We chose to use the QCDFF Monte Carlo for this
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comparison [34]. In general many different samples
of Monte Carlo events have to be processed to
properly account for the effects of different values of
a,. To avoid this, an event weighting procedure was
devised. Let

r— o (to be simulated)

o (generated)

then each four-parton event received a weight r?, each
three-parton event a weight r+ T,,r? (T,, was the
ratio of average 2nd and 1st order contributions to
three-parton final states), and each two-parton event
a weight equal to the fractional two-parton cross
section. The procedure was extensively tested, and it
was found that the uncertainty introduced by this
method results in a possible variation of the measured
o, value of at most +0.006 for 0.1 <a,<0.2.

The event weighting procedure was first applied
to the total hadronic sample assuming the same o,
value for all flavours in the Monte Carlo. The AEEC
distribution was fitted in the region |[cosy|<0.7,
yielding o,(all)=0.1494+0.004 with a y2/d.o.f.=4.6/6.
By varying the range between |cosy|<0.6 and
|cos x| < 0.8 the value of o, changed by +0.006. This
result is consistent with a more detailed study of
energy-energy correlations in our data [36].

The AEEC distribution of the reconstructed D**
sample (shown in Fig. 6) was then fitted in the same
|cosy| range, but fixing the o, value for u, d, s and
b flavours to the average of all hadrons (including
¢ flavour), and allowing only «(c) to vary. The result
obtained is a,(c)=0.1354+0.056 with a y2/d.of.
=3.8/6. A variation of the |cosy| range as above
resulted in a change of +0.015 of the a,(c) value.
The Monte Carlo distribution (also shown in Fig. 6)

0.25 T T T T T
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§ data ]'—~~__I :
B | ]
~ 020 — Me g, (c)=0135 ! i ]
> I | i

a —— MC g, (c)=00 : !
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Fig. 6. Energy-energy correlation asymmetry
distribution for the tagged charm sample. The solid

curve represents the QCDFF Monte Carlo

expectation for the best fit of o (c)
1.0
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describes the data reasonably well. Most of the
systematic uncertainties are expected to cancel in the
ratio of ay(c) to ag(all). We found for this ratio R
=ag(c)/ag(all)=0.91+0.38.

Several sources of systematic errors have been
investigated. i) Varying the |cos x| range, as described
above, yielded a significant effect only in the fit to
the D* sample, corresponding to a change in R of
+0.10. i}) A variation of the assumed a,(all) value
by +0.01 changed R by +0.02. iii) Varying the
fraction of charm events in the D** sample by +3%
resulted in a change of +0.01 in the ratio R. iv) The
influence of the fragmentation of the charm quark
has been investigated by comparing two different
Monte Carlo calculations: the QCDFF Monte Carlo
which has been used to obtain the above values and
the Lund Monte Carlo. Any deviation between these
two calculations is considered as a proper measure
for the systematic error due to the different
fragmentation schemes. In this error we also include
any present uncertainty of the parameter {(z) (or in
case of an underlying Peterson et al. distribution of
¢,). Because this variable presently is known quite
precisely [27], this error is expected to be small. We
found that we have to attribute an error of +0.11
on the ratio R to account for these effects. Combining
all the systematic errors in quadrature we find as our
final result

%(c)

2.(all =0.911+0.381+0.15.

This result is in agreement with our previous
measurement, using a different technique [14].
Comparing this measurement with our recent result
concerning the strong coupling of the b quark [34],
leads to the conclusion that no violations of flavour
independence of the strong coupling constant has
been found in our experiment.

7 Measurement of the D° lifetime

The large amount of data taken in 1986 during the
last year of PETRA operation (31,176 hadronic
events, corresponding to 110pb~') allowed us to
improve significantly our previous measurement
(8,608 events, 49.5pb~1) of the D° lifetime [15,38].
The method of analysis did not change substantially
and is repeated only briefly here. The neutral D
mesons were identified in the decay (1), with the
subsequent decays (3) and (4). Events containing these
decays were selected anew using tracks which had
information from all three chambers which comprise
the TASSO inner detector: the vertex chamber, the

inner proportional chamber, and the central drift
chamber. To ensure that the tracks had been reliably
reconstructed in the vertex chamber, only tracks with
at least 4 of 8 possible vertex detector hits and a
x> per degree of freedom of less than 2.5 for
reconstructing the entire track in the plane
perpendicular to the beam were accepted. In other
respects the selection criteria were the same as above,
except that i) two particle combinations were formed
only among the tracks in the same hemisphere, as
defined by the sphericity axis, and ii) for decay mode
(4) only tracks of momentum greater than 1.4 GeV/c
were used.

The combinations accepted so far were
geometrically fitted to a common vertex [39], and
those ascribed to reaction (3) in addition
kinematically constrained to the D°® mass [40].
Candidates with badly reconstructed decay vertices
or with a ¥*>>5.0 for the kinematic constraint were
removed. The other combinations were paired with
each charged track in the same hemisphere to form
D* candidates.

We found 29 events of mode (3) and 19 events
in mode (4) which fulfill AM <0.15 GeV and x;>0.5.
The background was estimated by Monte Carlo
methods to be about 5% and 15% respectively.
Furthermore two decays from mode (4) were removed
because the event topology was consistent with tau
pair production.

To determine the decay distance of the D° mesons
we followed closely our previous analysis [15]. The
decay distances were converted into proper times
F;’ 7B=ppo/Mpo.
For the S° decay mode a compensation is necessary
for the unseen energy of the missing 7°. This has been
accomplished by using yB=p(K n*)/M(K =n*).
Monte Carlo calculations showed that this
approximation introduces an additional uncertainty
for i of less than 6%.

The distribution of the measured proper decay
times weighted by their errors is shown in Fig. 7,
where the data from our previous analysis are
included (yielding totally 60 reconstructed vertices).
The D° lifetime was extracted applying a maximum
likelihood fit to this data sample yielding tp0
=(4.8%1:3)-107 135, This value was used to produce
the curve superimposed on Fig. 7.

To show that the analysis procedure caused no
systematic shifts towards positive or negative
lifetimes, events were selected from the upper D° side
band and then analysed in the same way as the data,
except that no kinematic fit was performed. A
maximum likelihood fit resulted in an average lifetime
of (0.034+0.20)- 10" 13,

using ¢1;=
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Fig. 7. The weighted distribution of the proper decay times of the
60 reconstructed D° mesons. The curve was produced with the D°
lifetime found in the maximum likelihood fit

Several sources of systematic errors have been
examined. i) A variation of the assumed vertex
detector resolution by +20% changed the value of
the lifetime by +0.3-107'3s. Another way to check
the correct resolution function is to introduce a
second free parameter into the maximum likelihood
fit which multiplies the error of each measurement.
Fitting both the lifetime and this scale factor
decreased the value of 1, by —0.6-10713s, the
resulting scale factor being compatible with unity. To
be as conservative as possible we allowed a shift of
—0.6-10" 135 for the D° lifetime. ii) Varying the size
of the beam spot by +20% changed the lifetime by
less than +0.1-107 '35, iij) A change of 100 ym in
the vertical alignment of the vertex chamber with
respect to the central drift chamber gave rise to a
change in 1, of about +0.1-107135. iv) Varying the
assumed B lifetime by as much as +50% changed
the D° lifetime by +0.1-107!3s. ) The value of 7,5
is changed by +0.2-107 13 s if the fraction of accepted
D° mesons from B meson decay was varied between
1.5% and 7.0%. vi) Varying the assumed background
fractions by +50% of their values changed the
lifetime by +0.2-107'3s. Adding all effects in
quadrature we obtained a systematic error of
83,107 13s.

Our final result for the D° lifetime is

Tpo=(4815:315:7)-107 s,

in good agreement with our previous analysis [15]
and other experiments [24].
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8 Summary

We have studied D** charm meson production at
centre of mass energies between 28 and 46.8 GeV.
We found a hard fragmentation distribution of the
D** mesons, with a mean value of {xz»=0.5540.02.
The total cross section normalised to the point cross
section was measured to be R(D**)=1.28+0.09
+0.18. The D** angular distribution shows a
forward-backward asymmetry, indicating the
presence of a weak neutral current contribution to
e*e” —cc. The product of the axialvector couplings
of the electron and the charm quark to the Z° was
determined by two complementary methods to be
g%¢5=—(0.276+0.073) in agreement with the
standard model prediction of —0.25. Using a sample
of reconstructed D** mesons we have investigated
the influence of the quark flavour on the strong
coupling between quarks and gluons. We found the
ratio of the strong coupling constants for charm jets
to average jets consistent with unity, indicating that
the strong interaction is flavour independent. Finally
we presented an update of a D° lifetime measurement
and found a value of 150=4.8753%3:3)107 135, in
agreement with previous measurements.
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