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Reconstruction of charged D*’s produced inclusively in e*e . annihilations at CM energies near 34 .4 GeV is accomplished
in the decay modes D** — DO7* = K "n*#%x* and D** - D%#* — K "n*n "z*n" and their charge conjugates. Using these and
previously reported D** - D®r* — K~n*n* and D** — D% - K "n*a* + missing #° channels we present evidence for hard
gluon bremsstrahlung from charm quarks and show that the ratio of the quark —gluon coupling constant of charm quarks
to the coupling constant obtained in the average hadronic event, ac/as =1.00 + 0.20 = 0.20. Our result provides evidence
that the quark —gluon coupling constant is independent of flavor.

One of the profound consequences of the gauge
theory of strong interactions is the universality of the
quark—gluon coupling constant, i.e. that the quark—
gluon coupling is independent of the flavor of the
quark ¥1. 1t is the purpose of this paper to present
a test of this universality by studying gluon emission
in e*e ™ annihilation events originating from quarks
of known flavor. Flavor taéging is achieved by select-
ing events where a D** with a high x = Eps/Epeyy, is
reconstructed . We identify these events as having ori-
ginated from a cc pair. These flavor-tagged events
show evidence of the presence of hard gluon brems-
strahlung and are used to determine the coupling con-
stant af between charm quarks and gluons. This is to
be contrasted with previous determinations of the
quark —giuon coupling constant a  from threejet
events, i.e.e*e” — qqg, where flavor independence
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has been assumed [2]. The ratio of /o is presented as
a sensitive measure of this universality since many of
the systematic errors cancel. In the course of this
analysis we also obtain an upper limit on D9 D0
mixing.

Several experiments [3], including our own [4]
have detected D* production at high energies via *he
decay chain D** - DO} and subsequently DO -

K™ 7t or DO > K™ n* + missing 70 (charge conjugate
modes are omitted for brevity; m;, denotes the pion
emitted in the D*—D transition). In order to increase
the data sample for the purpose of the present test,
we extract additional D* signals using the decay
modes DO - K~ n*70 (70 identified) and DY —

K™ #tn~n*. All four samples are combined to measure
the strong quark—gluon coupling constant ag of charm
quarks.

Our data sample consistsof 22 356 hadronic events
produced at the DESY storage ring PETRA and ob-
served with the TASSO detector. The criteria for the
selection of hadronic events are as described in ref.
[5]1. The center of mass energy W, ranges between
30.0 and 36.7 GeV, the mean being 34.4 GeV.

Charged tracks are reconstructed with amomentum
resolution given by Ap/p=0.010(2.9 + p2)1/2 (p in
GeV/c) as determined from u pairs when the beam
crossing point is used in the track fit {4]. Photons
from the decay of neutral pions are detected in eight
liquid argon shower counters with an energy resolu-
tion AE/E =0.136/~/E + 0.031 (£ in GeV) [6]. Neu-
tral pion candidates are formed from pairs of photons,
each having an energy greater than 0.150 GeV. Pairs
with an invariant mass between 0.07 and 0.20 GeV
are constrained to the 79 mass, and those pairs which
have a x2 probability greater than 0.2 are considered
as candidate 70°s. Additionally, single showers with
energies greater than 4.0 GeV are treated as unresolv-
ed n0s.
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For reconstruction of the DY > K~ #*70 mode an
event is split into two jets (hemispheres) with respect
to the sphericity axis as determined by charged tracks.
D*’s are reconstructed from combinations of particles
within the same hemisphere, and a minimum momen-
tum of 0.3 GeV/c is required for both charged tracks
and n0°s. Oppositely charged tracks are paired, and
each particle in turn is considered as a kaon and a
pion. The lab frame angle between the momentum
of the K~ (n*, 70) and that of the DO is required to
be less than 26.4° (42.4°,450°). These cuts are satis-
ied by ~98% of all decays of D** - DOz}, -

K n*n0n} where x(D*) > 0.6. For each K™ 7+ com-
bination, the 70 that would give the triplet an inva-
riant mass closest to the DO mass of 1.865 GeV is se-
lected. A two constraint kinematic fit is performed to
the hypothesis that the two charged tracks and the
two photons result from a DY decaying in this mode
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(for DO’ with unresolved 70’ a one-constraint fit is
used), and a cut of 18 4 (15.1 for DO’s with unresolv-
ed 70°s) is made on the x2 given by this fit. The data
indicate that a sizeable background exists in events
where in the DO rest system, the kaon goes backward
with respect to the DO’s lab frame momentum vector.
Therefore, a maximum of 124° is allowed for this
angle. The constrained DY’s are paired with remaining
charged tracks to form D* candidates. D* candidates
with x > 0.6 are considered. The D*¥—DO invariant
mass difference is a particularly sensitive indicator of
a charm signal because of the low Q value of the D**
- DOTrtJrr decay. An enhancement near the expected
value of 0.145 GeV is seen (fig. 1a), and the width of
the peak is consistent with our resolution. The en-
hancement is also seen in the unconstrained mass dif-
ference distribution. If the same analysis is carried
out on K~ 7*70 combinations with invariant masses
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) — M(K "n*n®) for x > 0.5 where the #° has not been found. (e) Sum of plots (a) —(d).

319



Volume 138B, number ¢

in the “control region” between 2.1 and 2.5 GeV (in
this region the pseudo-DV is unconstrained) a flat
mass difference distribution results. The 20 events
having 22 combinations with a mass difference below
0.150 GeV are taken as the D* candidates, and there
is an estimated background of 3 events in this sample.
A signal of this size is consistent with what is expected
given the number of observed D** - D0r{, - K ~n*nf,
events and using our reconstruction efficiency and the
published branching ratios [7].

The method used for reconstructing D** - D0r}, -
K “m*n n*n}; requires that the decay particles of the D*
be completely contained within a hemisphere detimed by
the sphericity axis of the event. All charged tracks are
considered as both pions and kaons. Two of the oppo-
sitely charged pions are required to have an invariant
massof 0.77040.150 GeV,i.e. close to the mass of the p0.
This is motivated by the result of ref, [8] that this de-
cay proceeds mostly via DO > K~ p07*. In order to en-
hance the number of D9’ relative to the combinatorial
background a set of kinematic cuts is placed on the
momenta of the DO decay products and their angles re-
lative to the original DU direction. The K~ (00,7 more
energetic 7 from the p0, less energetic 7 from the p0)
is required to have a momentum greater than 1.4 (2.5,
0.2,1.3,0.2) GeV/c and a maximum laboratory frame
angle of 18° (10°,25°, 18°, 35°) with respect to the
DY direction. These cuts are satisfied by ~75% of all
decays of D** > DOrf, > K~ p0n*nf, » K mtn ntnf,
where x(D*) > 0.5. We take as DO candidates those
four particle combinations which have invariant
masses between 1.78 and 1.94 GeV. Their mass is
kinematically constrained to 1.865 GeV, the mass of
DO, The remaining particles in the jet with momenta
greater than 0.450 GeV/c are considered as m, candi-
dates. The D07'r;'r system is required to have x >0.5.
Often more than one combination passing the DO cuts
is present in a jet. This can come about either through
the assignment of the kaon identity to different mem-
bers of the same set of four particles or by the inclu-
sion of at least one different track. Since the correct
combination is not known a priori, all the DY candi-
dates associated with a particular transition pion are
weighted according to their mass resolution function.
A gaussian with ¢ = 0.055 GeV as determined by a
Monte Carlo is used. The weights of all the DY candi-
dates that are associated with a particular transition
pion are normalized so that their sum equals one. The
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resulting D*—DO mass difference distribution is shown
in fig. 1b. The enhancement near the expected mass
difference of 0.145 GeV indicates a charm signal. The
corresponding distributions from the DY sideband re-
gion of 1.4-1.7 GeV and 2.1-2.5 GeV show no such
enhancement. In principle multiple counting could
occur if one or more DO candidates in a single jet pair
off with different transition pions. This happens in only
one event in the signal region defined by a mass differ-
ence between 0.141 and 0.150 GeV. The weighted
number of D* candidates in the signal region is 32.8,
coming from 35 different events. The estimated back-
ground is 11 events. A signal of this size is consistent
with what is expected given the number of observed
D** - DO0x} K~ nta}, events and using our recon-
struction efficiency and the published branching
ratios [7].

Our previously reported D* signals in the modes
D** - DO} > K~ n*n}, and D** > DOnf, -

K~ n*n07], (70 undetected) are shown in figs. 1c and
1d respectively. The combined mass difference distri-
bution for all modes is shown in fig. le (note that
there is multiple counting in this figure). Allowing no
event to be counted more than once we find 119
charm candidates in the signal region, 26 of which are
expected to be background. The contribution to this
sample from primary bottom quarks is estimated to
be less than 4% [9].

In a fraction of the D*¥* —» DOxf - K a*n}, candi-
dates at least one of the DO decay particles enters the
Cherenkov counter systemin the TASSO hadron arms
[10] (covering a solid angle of 19% of 4n) and can be
identified. This permits a search for D9 D0 mixing.
Note that the charge of the 7, determines whether
th D* carries a ¢ or ¢ quark. Each arm contains silica
aerogel, Freon 114 and CO, Cerenkov counters with
threshold momenta 0of 0.7,2.7 and 4.8 GeV/c for
pions and 2.3,9.5 and 17 GeV/c for kaons, respec-
tively. Using the kinematic cuts of ref. [4] but includ-
ing all CM energies from 14.0-36.7 GeV (27530
events) we find 43 (35) candidate events for DO -

K ~n* (DO > K*7 7). By requiring the identification
of at least one DO decay particle, 11 candidates of the
type DY = K7 are found with an estimated back-
ground of 1, and no decays of the type DO > K*n™
are found. From this we obtain a 90% confidence
level upper limit of 0.23 on the fraction of D9’ that
decay hadronically as if they were DO’s. This comple-
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ments the upper limit of 0.16 reported in ref. [11].
Having obtained a sample of events originating
from quarks of known flavor, we proceed to the test

of the flavor independence of the quark—gluon cou-
pling constant. Threejet events were first observed at
PETRA. They were interpreted as evidence of hard
gluon bremsstrahlung,i.e.e¥e ™ » qqg [12], and en-
abled the measurement of the quark —gluon coupling
constant [2]. In these analyses, it was assumed that
the quark —gluon coupling was independent of the
quark flavors and hence described by a single param-
eter, a. Our purpose here is to show evidence for
hard gluon bremsstrahlung from charm quarks and to
test the universality of the quark —gluon coupling
constant using the flavor-tagged D* events. Previously,
we showed that the p? distribution of particles in
charm jets and the sphericity and thrust distributions
of charm jets are similar to those found in the total
hadronic sample [9]. The observed agreement was in-
dicative of gluon bremsstrahlung being also present in
charm events. We demonstrated that in the context of
a fragmentation scheme such as that of Field and
Feynman [13], the transverse momentum distribu-
tion resulting from first rank charm fragmentation,
i.e.c— D**d is,within error, the same as that obtain-
ed by averaging over rank and flavor [9]. It was also
shown that there is little difference between the dis-
tributions of particles from charm jets and from jets
of the overall hadronic sample. Therefore, for the
purpose of determining the ratio of /o, we assume
that the fragmentation process (apart from the longi-
tudinal fragmentation of primary charm quarks) is
identical for charm and average jets thus taking ad-
vantage of the much larger overall hadronic sample to
deterine fragmentation parameters.

In our analysis we use a Monte Carlo simulation
which includes second order QCD effects [14] and
which fragments quarks and gluons independently
[15]. The fragmentation parameters as determined in
ref. [16] from the total hadronic sample are 0q =
0.35 GeV/c and a; = 0.66 where 0q controls the
transverse momentum distribution of quarks in the
jet cascade,

do/dp? <exp(-p}/203) ,

and @; is the parameter of the longitudinal fragmen-
tation function

f@y=(1-z)'L,
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of light quarks. The variable z = (£ + Py}, qron/(F +
P)quark Where py is the momentum component of the
hadron along the quark direction. We take €, = 0.2
[3.4] where € is the parameter of the fragmentation
function [17]

f@)=1/{z[1 -1z — e (1 — 2)]%},

used for charm quarks. Monte Carlo generated cc, ccg
and ccgg events are subjected to the detector simula-
tion and to the same selection routines as used to find
D** - DOr} > K n*n}, in the data. This decay
mode is used as representative of all modes observed.
The systematic error introduced by this procedure is
small compared to the statistical uncertainty of the
data. For the purpose of calculating event shape dis-
tributions, we treat the D* as a single particle both in
the data and in the Monte Carlo.

We have chosen to determine of by fitting the high
momentum tail of the p ;, distribution (p,;, > 0.7
GeV/c) of all charged particles in charm jets because
this kinematic region is particularly sensitive to o
through hard gluon bremsstrahlung. p ;. and p .\
are defined with respect to a coordinate system deter-
mined by the tensor

N N
TN =23 M/E D, .

n=l1

The indices 7 and j denote the spatial components of
the momentum of particle n. For y = 2, T represents
the familiar momentum tensor of ref. [18]. The
eigenvalues of T are ordered such that Q; <0, <Q3,
and their corresponding eigenvectors are called 7, i1,
and 713. The event plane is spanned by 71, and 713, and
ni3 is called the jet axis. The transverse momentum
components of a particle with momentum p are de-
fined by p, oy = Ip*nyland p 5, = Ip* iy . Figs. 2a—
2d exhibit the data and the p;, and p| ,; distribu-
tions given by the fit based on the p,;, distribution
forp i, > 0.7 GeV/c, taking v in the momentum ten-
sor equal to 1 or 2 respectively. The fits yield for y =
1,af =0.150 + 0.029 with x2 = 3.0 for 1 DOF and
for y=2,0f=0.155 %+ 0.032 with x2 =0.001 for 1
DOF. The fits (represented by the solid histograms)
describe the data well over the entire range of p ;|
and p, .. The dashed histograms represent the Monte
Carlo predictions with the same fragmentation param-
eters,but with af =0. They represent the data poorly.
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In the region p ;, > 0.7 GeV/c, the data are 4.3 (3.5)
SD above the Monte Carlo prediction for y=1 (y=2).
Our data show evidence for the presence of hard
gluon bremsstrahlung from charm quarks and are in-
consistent with a zero charm—gluon coupling. The
corresponding fits to the same variables for the overall
hadronic sample give o, = 0.153 £0.0025 fory=1
and &g = 0.152 £ 0.0025 for y = 2. A more detailed
discussion of the a_ analysis for the overall hadronic
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sample will be given in ref. [16].

In principle, o, and of are correlated quantities.
As a check we fit both parameters simultaneously to
the full p,;, and p 4 distributions and find «f =
0.138 £0.029, 0q =0.371£0.021 GeV/c. The value
of af agrees with the value obtained before. Much of
the systematic error that could be introduced by our
analysis method (e.g. for use of a particular fragmen-
tation scheme and a particular implementation of per:



Volume 138B, number 4

turbative QCD and our choice of a particular distribu-
tion to fit) cancels in the ratio af/ey. We find of o =
1.00 £ 0.20; statistically, the ratio is 3.9 SD away
from zero. We note that in an analysis using first order
QCD [19], we obtain af/ag =0.91 £0.23.

We now estimate the systematic uncertainty in g/
o introduced by our assumptions and by our method
of fitting the data. We explore the effect of a first
rank o different from that of the average g,;. If the
first rank oS used in the Monte Carlo (measured to be
0.36 £0.02 * 0.04 in ref. (9)) is changed from 0.35 to
0.42, the ratio of /o decreases by 12%. We find only
a weak dependence on our choice of the charm frag-
mentation parameter €. If the e, used in the Monte
Carlo is changed from 0.2 to 0.3, the ratio tx‘s’/ozS in-
creases by 13%. Within the context of the model used
the value of af is 0.153 £ 0.031 £ 0.030. We give as
our final result &/ = 1.00 £0.20 + 0.20.

In conclusion, we use reconstructed D**’s as a flavor
tag. We find evidence for hard gluon bremsstrahlung
from charm quarks. A comparison of of deduced
from charm tagged events with a  determined from
all events gives for their ratio, offa; = 1.00 £0.20 *
0.20. This provides experimental evidence for the uni-
versality of the quark —gluon coupling constant. At-
tempts to extract af from charmonium decays and
to compare it with a? deduced for the b quark from
bottomonium decays support the flavor independence
of oy but have been hampered by theoretical uncer-
tainties in the treatment of quarkonium decays [20].
Using particle identification, we are able to place a
90% confidence upper limit of 0.23 on the fraction
of DO mesons decaying hadronically as if they were
DO mesons.
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