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The semileptonic and leptonic decay modes of charmed hadrons produced in e'¢ collisions above 4 GeV in the
cm have been investigated by selecting events with a single electron plus at least two charged tracks. The electron
momentum spectrum peaks near 0.5 GeV/c¢ with few events above 0.7 GeV/c. The spectrum excludes large rates for
the decays D — ebg and D ~ even, but is compatible with D — e5,K*(892), D - ev¢K or a mixture of both. The semi-
leptonic branching ratio is obtained both by comparing the inclusive electron cross section with the total cross section
attributable to charm, and by studying the fraction of events containing a second electron. The semileptonic charm
branching ratios obtained are 0.11 = 0.03 and 0.16 + 0.06 respectively. A single event with three electrons and hadrons
is found, consistent with the estimated background. The 90% confidence upper limit for o(e’€ » 3e + hadrons) is 0.1 nb.

The double arm spectrometer DASP has been used hadrons, are studied. The electron momentum spectra
to study e*e™ annihilation events where one electron are presented and the semileptonic branching ratio for
plus hadrons or muons are produced. As reported pre- charmed particles and a limit on the leptonic mode are
viously [1] there are two classes of such events dis- obtained. The absence of events containing three ob-
tinguished by having high and low charged multiplicity, served electrons can be used to set limits on the
respectively. Here the high multiplicity events, due strength of charm changing neutral currents and the
primarily to the production and decay of charmed mass of a hypothetical neutral heavy lepton.

The apparatus and event selection techniques have

! Now at SLAC. already been reported [1—3]. The DASP detector was

; Now at the California Institute of Technology. triggered on a single charged particle traversing one of
Now at CERN. the spectrometer arms and making signals in two scintil-
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lation counters (Sy and Sy;) mounted in front of the
magnet and a scintillation counter and a shower coun-
ter in the rear. Most of the data were obtained with a
minimum measurable track momentum of 0.1 GeV/c.
The integrated luminosity used in the analysis was
5664 nb~! above 3.99 GeV in cm, 129 nb~! at the y'
resonance and 630 nb™ ! between 3.6 and 3.67 GeV.
Electrons were selected using the signal from a
threshold gas Cerenkov counter located between S
and Sy, and time of flight (for momenta below
0.35 GeV/c) or shower counter pulse height (above
0.35 GeV/e) criteria. An interesting event was also re-
quired to contain at least one charged particle which
was not an electron. This nonshowering particle could
have been identified with the Cerenkov counter, time
of flight and shower counter pulse height in one of the
magnetic spectrometer arms, or in the nonmagnetic
“inner detector”. The inner detector contains four
layers of scintillation counter/lead/proportional tube
basic units. Charged tracks which penetrated to the
third basic unit were considered nonshowering if an
average of less than 1.5 tubes per layer was fired. They
were classified as electrons if more than 1.5 tubes per
layer were fired, at least four tube planes showed mul-
tiple hits, and at least 150 MeV energy was deposited.
An electron track was discarded if it overlapped with
any other track in any view. '
Background from photon pair conversion, Dalitz
decays of 70 and 1, misidentification of charged
hadrons as electrons, beam-gas scattering, pion and
kaon semileptonic decay, two photon process, Comp-
ton scattering and vector meson decay was reduced by

applying the event selection criteria described in ref. (1].

The estimated background obtained by summing these
sources was (15 £ 5%), in excellent agreement with the
(17 £ 4%) obtained by scaling data taken below charm
threshold. A total of 256 events with momenta above
0.1 GeV/c satisfied the selection criteria.

In a previous publication [1], we argued that events
containing two charged particles and no photons dem-
onstrated the existence of a type of weakly decaying
particle different from charmed hadrons. Such events
constitute a background to the charmed particle de-
cays. For this reason only the 190 events having three
or more charged particles (including the electron)
were considered for the charm analysis. To estimate
the possible leakage of the low multiplicity source in-
to the multiprong sample, all two prong events were
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attributed to the production and decay of a heavy se-
quential lepton [4] with a 30% branching ratio 5] to
3 or more charged prongs. This estimate attributes
only 12% of the multiprong events to heavy leptons,
indicating that the two sources are well separated by
the cut on charged multiplicity.

Several corrections had to be applied to the mo-
mentum spectrum of electrons from multiprong events.

1) Acceptance. The variation of angular acceptance
with electron momentum was taken into account. In
addition, since the electron identification criteria be-
low and above 0.35 GeV/c were different, these cor-
rections were applied at this stage of analysis. The time
of flight criteria used at low momentum had an effi-
ciency of 0.94, and shower counter pulse height cuts
were 0.98 efficient. These correction factors were de-
termined from a sample of Bhabha events.

2) Bremsstrahlung. Final state electrons can lose
energy before being momentum analyzed by radiating
in the 0.11 radiation length of material in front of the
magnet. Bremsstrahlung photons of more than 0.1 GeV
energy are detected in the shower counters in line with
the initial electron direction; the energy of such pho-
tons is added to the electron momentum. An additional
correction is made for photons which are not detected
in the shower counters because they are too soft or are
emitted outside the acceptance.

3) False electrons. A false electron signal can be pro-
duced by 70 or by 1 via Dalitz decay or conversion of
a decay photon, and by charged hadrons via scintilla-
tion or knock on electrons in the Cerenkov counter.
The momentum spectrum of false electrons was esti-
mated using data taken at the y' resonance and at

3.6 GeV. A smooth curve was fit through the apparent

electron momentum spectrum, normalized using the
number of observed hadron tracks going through the
magnet and subtracted from the data.

4) Heavy lepton like events. As mentioned above
the process responsible for the low multiplicity events
occasionally produces high multiplicity events and thus
contaminates the charm sample. The spectrum was cor-
rected for this effect by assuming that all two prong
events are due to the production of pairs of heavy se-
quential leptons [4] with mass 1.91 GeV which sub-
sequently decay via a V-A weak current. The corres-
ponding neutrino was assumed to be massless. One of
these leptons must decay leptonically to produce the
observed electron, and the other is assumed [5] to de-
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cay to multiple hadrons 30% of the time.

These are the only corrections which must be ap-
plied to the data in order to obtain the relative mo-
mentum distribution of the electrons. To convert the
yield of electrons into an absolute cross section for
inclusive electron production it is necessary to account
for the efficiency to detect the electron, the efficiency
for observing the nonshowering track, and the detec-
tion efficiency for an additional charged track.

The electron detection efficiency is determined by
the triggering and track finding efficiency (0.97), the
pulse height cuts on S and S;(0.83) and the Cerenkov
counter efficiency (0.99). The resulting electron de-
tection efficiency is 0.80 + 0.05. These efficiencies
were determined from a sample of Bhabha scattering
events.

To estimate the losses caused by requiring a non-
showering track, events with a charged kaon in one of
the spectrometer arms were selected and the fraction
having at least one additional nonshowering track de-
termined. The average charged multiplicity of kaon
inclusive events is nearly the same as for electron in-
clusive events. The efficiency for detecting a non-
showering track is found to be 0.74 + 0.06. This ratio
was evaluated at several cm energies between 3.6 and
5.2 GeV, and all values were consistent. A similar ana-
lysis with pion inclusive events yielded the same number.

Finally a third charged track is demanded. A good
semileptonic charm decay event can be lost because
two or four tracks of a 4 or 6 prong event go unde-
tected. The losses from this effect were estimated using
the track detection efficiency and the measured multi-
plicity distribution, giving an efficiency 0.85 + 0.05. It
is also possible that production of a charm pair fol-
lowed by the semileptonic decay of at least one of the
particles yields a final state with only two charged
prongs. A conservative estimate [1] shows that less
than 12% of the 37 events with one electron and a non-
showering track is due to decays of charmed hadrons,
i.e. less than 2% of the charm events lead to this top-
ology. A total of 23 events with electron plus a non-
showering track and additional photons is observed.
All these events can be accounted for as decay pro-
ducts of a heavy lepton. Therefore no correction for
decays into two prongs was applied.

An overall detection efficiency for electron inclu-
sive events from charm decay of 0.50 £ 1.06 results,

The lepton spectrum obtained before subtracting
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Fig. 1. The electron momentum spectrum for cm energy 3.99
10 5.20 GeV before subtraction of estimated background. The
curves are the estimated backgrounds from hadrons falsely
identified as electrons (solid curve) and from the production
and decay of a sequential heavy lepton of mass 1.91 GeV
(dashed curve).

the background for cm energy between 3.99 GeV and
5.2 GeV is plotted in fig. 1. The estimated background
due to hadron misidentification and heavy lepton pro-
duction is also shown. Note that these corrections do
not qualitatively alter the observed spectrum.

The electron momentum spectrum contains in-
formation about the semileptonic and leptonic decay
modes of the lowest mass charmed hadron stable
against strong and electromagnetic decays. Fig. 1
demonstrates that semileptonic decays are much more
important than leptonic decays because the latter, be-
ing two body decays, would produce a peak in the elec-
tron momentum spectrum around 1 GeV/c. This is in
gross disagreement with the data which peaks around
an electron momentum of 0.5 GeV/c, with only few
events above 0.7 GeV/c.

To discuss the observed momentum spectrum in more
detail the data are divided into three ranges of cm ener-
gies, 3.99—4.08 GeV (integrated luminosity 1059 nb™1),
4.08-4.52 GeV (2101 nb~1) and 4.52—5.20 GeV
(2504 nb“l). The reasons for this choice of energy re-
gions are as follows: The region 3.99—4.08 GeV in-
cludes the peak at 4.028 GeV observed in the total
cross section just above threshold for DD* and D*D*
production [6] yielding weakly decaying DO and D*.
The production of the postulated F meson (consisting
of ¢ and s quarks) is presumably suppressed in this re-
gion. In the region 4.08—4.52 GeV, F decay can con-
tribute fully, but if A (2260) [7] is the lowest charmed
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baryon state, no charmed baryon production is pres-
ent. In the highest energy region both charmed baryon
decay and charmed meson decays can contribute. The
spectra for the three energy regions are shown in

figs. 2a, b and c. Despite the expected differences in
production mechanisms, the spectra for the three en-
ergy regions are similar.

The spectrum in fig. 2a was therefore fitted assum-
ing the semileptonic decays D > ev,n, D > e¥ K and
D — e, K*(892), with a V-A coupling for the weak
current. Theoretical electron spectra [8,9] for the de-
cay of D’s at rest were taken from a paper of Ali and
Yang [8]. Note that the computed spectrum depends
on the form factors employed. Lorentz boosts to ac-
count for the D momentum were calculated for our
spectrum of cm energies assuming that all D’s come
from DD* or D*D* production in equal amounts. (The
expected decay distributions are not very sensitive to
the exact boosting procedure employed). The xZ ob-
tained for 10 degrees of freedom are 24.6 (D = evm),
6.3 (D> e K) and 2.8 (D~ v K™ (892)). The de-
cay D — ev,m can thus be excluded as the sole semi-
leptonic decay mode of the D. D> ev . Kand D —>eDeK*
(892) both describe the electron momentum spectrum
satisfactorily, although D — e K" (892) fits better.
The results of the fits to e¥ K and e? K" (892) attri-
butes 35 + 30% of the rate to D > ev K. A good fit to
the spectrum can also be obtained assuming the charm
changing weak current to be right handed in the decay
D - ev K" (892).

The electron spectra observed at higher cm energies
can also be well fit with a mixture of D - eEeK* (892)
and D > e K using the prescription outlined above.
The significance of such fits, however, is unclear, since
both F and charmed baryon decays will presumably
contribute to the electron inclusive cross section.

It is possible to extract an upper limit to the two
body leptonic decay using the D — ¢ ,K*(892) spec-
trum to draw a smooth curve through the data of
fig. 2a up to electron momentum 0.7 GeV/c. This fit
curve is extrapolated to momenta above 0.7 GeV/c
and the electron spectrum for the leptonic decay,
Lorentz boosted as described above, is fit to the re-
mainder. It is found that

o(D* ~>e*v,)
<0.10

o(D* > e*X) +a(D? > e*X)
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Fig. 2. The distribution of electron momenta, corrected as des-
cribed in the text for the cm energies a) 3.99—4.08 GeV,

b) 4.08—4.52 GeV, ¢) 4.52-5.20 GeV. The curves in fig. 2a
represent the expected spectrum of elec:ckrons from the decays
D — eveK (dashed curve) and D — eFeK (892) (solid curve)
obtained as described in the text.

with 90% confidence. At higher energies also F mesons
can contribute to the leptonic decay. Fitting ail the

data above 3.99 GeV using the prescription outlined
above yields

a(ev)/o(eX) < 0.09 with 90% confidence.

The absolute cross section for inclusive electron pro-
duction eTe™ = e* + X, where X contains at least two
charged tracks and any number of photons, is plotted

in fig. 3a as a function of energy. Radiative corrections,
a background subtraction and a subtraction of the con-
tribution from a heavy sequential lepton have been made
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Fig. 3(a). The cross section for the inclusive production of
electrons plus nonshowering track plus additional charged
tracks as a function of cm energy. (b) The average semilep-
tonic branching ratio for charmed hadrons as a function of
energy. The error bars are statistical only.

Note the large inclusive electron cross section ob-
served near threshold corresponding to the peak in
the total cross section at 4.028 GeV.

The inclusive electron cross section due to charmed
particle production can be written as

o(ete™ »e*X) = Z;o(eJ'e“ - CI.E].) [BR(C; +e¥ X)
i.J

+ BR(@I. ->evX)].

Here o(e"e™ ~ Ciff.) denotes the effective cross sec-
tion for producing the lightest charmed hadrons stable
against strong and electromagnetic decays, i.e. DO, D*
F*, A, ... These particles may either be produced di-
rectly or result from the cascade decay of excited
charmed hadrons.

The total cross section for charmed hadron produc-
tion was derived from the total cross section [10,11]

o(e"e™ - CC) = o(tot) — Ro(ui) — o(77).

3

threshold and ¢(77) is the pair production cross sec-
tion for a point like fermion [4] with a mass of 1.91 GeV.

In fig. 3b the average semileptonic branching ratio
for charmed hadrons is plotted as a function of energy.
The branching ratio was obtained by dividing our in-
clusive electron cross sections by twice the cross sec-
tion for charmed hadron production derived from the
PLUTO data [10]. The electron inclusive cross section
between 3.99 GeV and 4.08 GeV is dominated by the
sernileptonic decay of D mesons. The average produc-
tion cross section in this region is 2.08 + 0.41 nb, yield-
ing BR(D — ¢ + X) = 0.10 £ 0.03. The branching ratio
of fig. 3b is nearly independent of energy even though
the highest energies are well above threshold for F and
charmed baryon production. An average over all ener-
gies yields BR(C — epX) = 0.11 + 0.03. The error of
the branching ratio is predominantly systematic. Re-
peating the same procedure using the SPEAR data [11]
on the total cross section as an input lead to an average
semileptonic branching ratio of 0.08 + 0.03.

The semileptonic branching ratio can also be deter-
mined from the fraction of inclusive electron events
containing a second electron, assuming that each of
the electrons comes from the semileptonic decay of a
charmed hadron. This method does not require know-
ledge of the charm cross section. Above charm thresh-
old (luminosity = 5664 nb“l) a total of 27 events with
two electrons and hadrons were found. Hadron misiden-
tification, Dalitz decays and photon conversion produce
background for this class of events. From the known
hadron multiplicity times the probability that a hadron
looks like an electron plus the photon multiplicity times
the conversion probability we estimate a background of
(14 * 2) events. These background estimates were con-
firmed by measurements below charm threshold. Note
that pair production of heavy sequential leptons does
not contribute to this class of events. If the events are
all due to the semileptonic decay of charmed particles
then

(Events with two electrons) 1
(Events with one electron) " €

BR(C = e7 X) =

where € = 0.43 + 0.04 is the efficiency to identify the
second electron averaged over the observed single elec-
tron spectrum and the solid angle. In this determination
several of the systematic uncertainties cancel. We find:
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BR(C = e? X) = 0.16 £ 0.06 (statistical error only)

in agreement with the value extracted from the single
electron cross section. The semileptonic branching
ratio for charmed partitles is therefore substantially
larger than the value of 4% predicted [12] from the
weak decays of strange particles. This indicates that
the mechanisms responsible for enhancing the non
leptonic channels in strange particle decays are less
effective for charmed particle decays. In fact, if none
of the available channels are selectively enhanced one
expects [13] a semileptonic branching ratio of 0.20.
~ One event was found which contained 3 electrons
and hadrons. This is consistent with the expected
background of 1.0 events, leading to an upper limit
to the cross section

o(e’e” = 3e + X)<0.1 nb,

with 90% confidence. Such events could arise from a
charm changing neutral current [14], which allows a

charmed hadron to decay to two electrons plus hadrons
[15]. A neutral lepton [13] paired with the electron in

a right handed doublet would also yield events with
three electrons and hadrons.
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