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Based on a high statisticse1e2→cc̄ data sample, we report on the inclusive rate for charmed baryons to

decay intoL particles using charm-event tagging. We selecte1e2→cc̄ events which have a clear anti-charm
tag and measure theL content in the hemisphere opposite the tag~charge conjugate modes are implicit!. This
allows us to determine the product branching fractionBL5B(c→QcX)3B(Qc→LX), whereQc represents a
sum over all charmed baryons produced ine1e2 fragmentation atAs510.5 GeV, given our specific tags. We
obtainBL5(1.8760.0360.33)%.

PACS number~s!: 13.30.2a, 13.60.Rj, 13.65.1i, 14.20.Lq
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I. INTRODUCTION
Inclusive measurements of charmed baryon decay p

ucts provide essential information on the relative contrib
tions of different decay processes~e.g., externalW emission,
internalW emission,W exchange! to the weakc→sW1 tran-
sition in baryons. Difficulties in distinguishing direct char
decay products from jet fragmentation particles have ha
pered such inclusive measurements. An example is the m
surement ofB(Lc→LX) ~although ‘‘Lc’’ here designates
Lc

1 , charge conjugation is implicit throughout!. Using the
total L yield at As510 GeV/c to measureB(Lc→LX) re-

*Permanent address: University of Texas - Pan American, E
burg, TX 78539.

†Permanent address: Yonsei University, Seoul 120-749, Kore
‡Permanent address: University of Cincinnati, Cincinnati, O

45221.
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quires separating the backgroundL component due to light
quark fragmentation from production viac→Lc→LX. The
difficulty of separating fragmentationL ’s from those result-
ing from Lc decays can be overcome by using a tagg

sample ofe1e2→cc̄ events. In this analysis, we use charm
event tagging to measure the product of the likelihood fo
charm quark to materialize as a charmed baryonQc times
the branching fraction for a charmed baryon to decay int
L: B(c→QcX)3B(Qc→LX). From JETSET 7.3 Monte
Carlo simulations@1#, using the default LEP-tuned contro
parameters, we expect that;88% of Qc particles produced

in e1e2→cc̄ fragmentation atAs510 GeV will beLc’s.
Previous measurements ofB(Lc→LX) have either mea-

sured theL production rate from data taken just above t

e1e2→LcL̄c threshold@2#, from topologically taggedLc

decays@3#, or derived a value forB(Lc→LX) based on

n-
7-2
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measurements of baryon production inB-meson decay@4#.
Knowing, for example, thatB(B→p/ p̄(direct)1anything)
55.560.5%@5#, B(B→L/L̄1anything)54.060.5%, and
assuming thatB̄→LcN̄X dominates baryon production inB
decay, withN̄ equally likely to bep̄ or n̄, one can estimate
B(Lc→LX);4/(5.532)536%. This simpleminded esti
mate, however, needs to be modified to take into acco
many corrections, among them the recent result thatB(B̄
→L̄X)/B(B̄→LX)50.4360.0960.07 @6#. That latter re-
sult implies that only;2/3 of the inclusive (L1L̄) yield in
B̄ decay come from decays of charmed baryons; the rem
der is presumably due to associated production or deca
anticharm baryons. In this article, we use a new techniqu
determine the product of the probability for a charm quark
produce a charmed baryonQc times the probability that the
charmed baryon will decay into aL: BL5B(c→QcX)
e
a

to
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o
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ax
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to
io
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3B(Qc→LX), using continuume1e2 annihiliation events
at As510.55 GeV.

A samplecc̄ event is schematically shown below, show
ing some of the particles relevant to our measurement. In
event, the fragmentation of the originalcc̄ quark-antiquark
results in aL recoiling in one hemisphere opposite the an
charm tag~either the soft pion or the electron! in the other
hemisphere. For this analysis, event ‘‘hemispheres’’ are
fined using the axis which minimizes the momentu
~charged plus neutral! transverse to that axis~the ‘‘thrust’’
axis!. Note that both the soft pion and the electron are
charge opposite to thep daughter of theL. In addition to the
tags depicted below, we also tagcc̄ events with fully recon-
structedD̄0→K1p2 or D2→K1p2p2 events, in which
the D̄ daughter kaon contains ans̄ quark, in contrast to the
L. For all four tags, we will therefore refer to our signal
an opposite hemisphere, opposite sign~OH-OS! correlation:
c c̄

Lc‚ �D* 2

LX‚ �pso f t
2 1D̄0

p1p2
‚ �e21 n̄e1K1.
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We note that theLc in this example can, in practice, b
any charmed baryon and will from here on be denoted
‘‘ Qc . ’’

II. APPARATUS AND EVENT SELECTION

This analysis was performed using the CLEO II detec
operating at the Cornell Electron Storage Ring~CESR! at
center-of-mass energiesAs510.52–10.58 GeV. The CLEO
II detector is a general purpose solenoidal magnet spectr
eter and calorimeter designed to trigger efficiently on tw
photon, tau-pair, and hadronic events@7#. Measurements o
charged particle momenta are made with three nested co
drift chambers consisting of 6, 10, and 51 layers, resp
tively. These chambers fill the volume fromr 53 cm to r

51 m, with r the radial coordinate relative to the beam (ẑ)
axis. This system is very efficient (e>98%) for detecting
tracks that have transverse momenta (pT) relative to the
beam axis greater than 200 MeV/c and that are containe
within the good fiducial volume of the drift chambe
(ucosuu,0.94, with u defined as the polar angle relative
the beam axis!. This system achieves a momentum resolut
of (dp/p)25(0.0015p)21(0.005)2 (p is the momentum,
measured in GeV/c). Pulse height measurements in the ma
drift chamber provide specific ionization resolution of 5.5
for Bhabha events, giving goodK/p separation for tracks
with momenta up to 700 MeV/c and separation of the orde
of 2s in the relativistic rise region above 2 GeV/c. Outside
the central tracking chambers are plastic scintillat
s

r

m-
-

ial
c-

n

counters, which are used as a fast element in the trig
system and also provide particle identification informati
from time of flight measurements.

Beyond the time-of-flight system is the electromagne
calorimeter, consisting of 7800 thallium-doped CsI crysta
The central ‘‘barrel’’ region of the calorimeter covers abo
75% of the solid angle and has an energy resolution whic
empirically found to follow:

sE

E
~%!5

0.35

E0.75
11.920.1E; ~1!

E is the shower energy in GeV. This parametrization
cludes effects such as noise, and translates to an energy
lution of about 4% at 100 MeV and 1.2% at 5 GeV. Tw
end-cap regions of the crystal calorimeter extend solid an
coverage to about 95% of 4p, although energy resolution i
not as good as that of the barrel region. The tracking syst
time of flight counters, and calorimeter are all contain
within a superconducting coil operated at 1.5 T. Flux retu
and tracking chambers used for muon detection are loc
immediately outside the coil and in the two end-cap regio

For all four tags, data used for this measurement inclu
3.1 fb21 of data collected at theY(4S) resonance and 1.6
fb21 of data collected about 60 MeV below theY(4S) reso-
nance. This sample is augmented for the lower-efficiencyD̄
tags, as described later. For our analysis, we select c
tinuum hadronic events which contain either a lo
7-3
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momentum pionpso f t
2 emitted at small angles relative to th

event thrust axis~from D* 2→D̄0pso f t
2 ), a high momentum

electron ~from c̄→ s̄e2ne), or a fully reconstructedD̄0

→K1p2 or D2→K1p2p2 as a tag ofe1e2→cc̄ events.
In order to suppress background and enrich the hadr
fraction of our event sample, we impose several event
quirements. Candidate events must have~1! at least five de-
tected, good quality, charged tracks,~2! an event vertex con
sistent with the knowne1e2 interaction point, and~3! a total
measured visible event energy, equal to the sum of the
served charged plus neutral energyEv is (5Echrg1Eneutral),
greater than 110% of the single beam energy,Ev is

.1.1Ebeam. In addition, when using an electron to tag acc̄
event we require that either the beam energyEbeam be less
than 5.275 GeV or that the event be well collimated. Spec
cally, the ratio of Fox-Wolfram event shape paramet
H2/H0 can be used to quantify the ‘‘jettiness’’ of an eve
@8#. For a perfectly spherical flow of event energy, this ra
equals 0; for a perfectly jetty event, this ratio equals 1.0.
our electron tags, we require this ratio to be greater t
0.35. This requirement is necessary to remove contamina

from BB̄ events. Similarly, when usingD̄0→K1p2 or D2

→K1p2p2 as our charm tags, we eliminateBB̄ back-

ground by requiring that the reconstructedD̄ momentum ex-
ceed 2.3 GeV/c.

III. TAG IDENTIFICATION

A. Electron tags

To suppress background from fake electrons, as wel

true electrons not necessarily associated withe1e2→cc̄
events, we require that our electron-tag candidates satisfy
following criteria:

~a! The electron must pass a strict ‘‘probability of ele
tron’’ identification criterion. This identification likelihood
combines measurements of a given track’s specific ioniza
deposition in the central drift chamber with the ratio of t
energy of the associated calorimeter shower to the cha
track’s momentum@9#. True electrons have shower energi
approximately equal to their drift chamber momenta; h
rons tend to be minimum ionizing and have considera
smaller values of shower energy relative to their measu
momenta. We require that the natural logarithm of the ra
of a charged track’s electron probability relative to the pro
ability that the charged track is a hadronLe be greater than 7
(Le>7).

~b! The momentum of the electron must be greater tha
GeV/c. This criterion helps eliminate kaon and pion fak
and also suppresses electrons from photon conversiong
→e1e2) andp0 Dalitz decays (p0→ge1e2).

~c! The electron must have an impact parameter rela
to the event vertex less than 4 mm along the radial coo
nate and no more than 2 cm along the beam axis. This
vides additional suppression of electrons resulting from p
ton conversions.
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B. Soft pion tags

Our soft pion tag candidates must pass the following
strictions:

~a! The pion must have an impact parameter relative
the event vertex less than 5 mm along the radial coordin
and no more than 5 cm along the beam axis.

~b! The pion must pass a 99% probability criterion f
pion identification, based on the associated charged tra
specific ionization measured in the drift chamber.

~c! The pion’s measured momentum must be betwe
0.15 GeV/c and 0.40 GeV/c.

~d! The pion’s trajectory must lie near the trajectory of t
parent charm quark, as expected for pions produced
D* 2→D̄0pso f t

2 . Experimentally, this is checked using th
variable sin2u, with u the opening angle between the cand
date soft pion and the event thrust axis. Assuming that
thrust axis approximates the originalcc̄ axis, true pso f t

2

should populate the region sin2u→0. Figure 1 displays the
sin2 u distribution for candidates passing our event and tra
selection criteria. The excess in the region sin2 u near 0 con-
stitutes our charm-tagged sample. The fit includes a sig
contribution, the shape of which is determined from Mon
Carlo simulations, and a lower-order polynomial to fit th
background. The technique for determining the signal sh
and background follows that of an earlier CLEO analy
@10#, which used this method to measure the branching fr
tion B(D0→K2p1).

C. D̄0\K¿pÀ and DÀ\K¿pÀpÀ tags

The D̄-tagged analysis was performed independent of
pso f t

2 and electron-tagged analyses. For this latter analy
we take advantage of improved track and particle reconst

FIG. 1. sin2 u distribution for candidatepso f t
2 . Shown is the

inclusive distribution ~solid histogram! overlaid with the back-
ground fit function~dashed line! and the signal expected fromD* 2

decays~shaded!.
7-4
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tion algorithms, which were unavailable when thepso f t
2 and

electron-tagged analyses were conducted. Also, in orde
compensate for the intrinsically smaller efficiency ofD̄0

→K1p2 and D2→K1p2p2 reconstruction, we use
threefold larger data sample(13.1fb21, including the CLEO
II.V data set@11#! for this analysis. Note that, for the purpos
of this analysis, which does not utilize the precision verte
ing afforded by the CLEO II.V silicon vertex system, th
essential detector performance characteristics are the sam
for the CLEO II data sample.D̄0→K1p2 and D2

→K1p2p2 tags are fully reconstructed from kaon and pi
candidates as follows:

~a! The kaon and pion candidates must have impact
rameters relative to the event vertex less than 5 mm along
radial coordinate and no more than 5 cm along the be
axis.

~b! Both the pion and kaon tracks must be consistent w
their assumed particle identities at the level of 2.5 stand
deviations (s), using the available specific ionization an
time-of-flight particle identification information.

~c! Both the pion and kaon must have momentum grea
than 0.3 GeV/c.

~d! The fully reconstructedD̄ meson tag must have mo
mentum greater than 2.3 GeV/c to eliminate BB̄ back-
grounds.

IV. LAMBDA DETECTION

After finding a charm tag, we reconstructL→pp in the
hemisphere opposite the tag. In addition to a 99% part
identification probability requirement placed on both t
daughter proton and pion used in reconstructing theL, we
also require that candidateL particles have momenta great
than 1 GeV/c and that the lambda vertex be located at le
2 cm away from thee1e2 collision point in the radial direc-
tion. According to Monte Carlo simulations~Fig. 2!, impos-
ing the minimumL momentum requirement (pL.1.0 GeV!
in a charm-tagged event passing our event selection req
ments results in aL sample which is.95% pure Qc
→LX, with the remainingL ’s due to light quark fragmen
tation.

V. YIELDS

To extract our signal yields in the lepton-tagged samp
we plot the proton-pion invariant mass forL candidates in
electron-tagged events. Figure 3 shows the candidateL mass
separated into each of the four possible sign-hemisphere
relations. Our candidate signalL ’s are contained in Fig. 3d
~lower right!. The number of signalL ’s is extracted by fit-
ting a GaussianL signal function plus a second-order Ch
byschev polynomial background.

To determine theL yield in pso f t
2 tagged events, we plo

the sin2 u of the p-thrust axis angle for each candidateL
found vs the candidatep1p2 mass. We then project th
resulting histogram onto the sin2 u axis and fit the peak a
sin2 u→0 for the case where thep1p2 invariant mass is in
the L region ~signal! versus the case where thep1p2 in-
09200
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he
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variant mass is in theL sidebands. After performing a side
band subtraction inL mass of the two sin2 u distributions,
we obtain Fig. 4. A fit to the sin2 u distribution for all pion
candidates ~Fig. 1! determines our total number o

pso f t
2 -taggedcc̄ events~the denominator in our ratio!.
Monte Carlo simulations indicate that both~i! the fraction

FIG. 2. JETSET 7.3 Monte Carlo simulations of momentu
spectra forL ’s passing our tag, event, and opposite-hemisphe
opposite sign~OH-OS! requirements, for electron tags~left! and

soft pion tags~right!. Shown are allL ’s in cc̄ events~solid! com-
pared toL ’s which decay from charmed baryons~dashed!. Our
minimum momentum requirement (pL.1 GeV/c) is also indi-
cated.
7-5



n

p

on

d

ta

rv

en

e
c
fo

d

ur
the

lated
ou-

re

-
ta

n
,

-

,
ha

om
he
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of non-cc̄ tags and~ii ! the fraction of candidate signalL ’s
that do not originate fromQc decays but pass our selectio
criteria are small (,3%; see Fig. 2!. We test the overall
accuracy of the Monte Carlo by comparing same-sign, op
site hemisphere correlation events~‘‘SS-OH,’’ i.e. opposite
of the sign correlation expected for signal! in simulations
compared to data. We find that the ratio of SS-OH electr
L correlation events to the number of ‘‘right sign’’~OS-OH!
signal events is 0.1960.05 in Monte Carlo simulations an
0.1960.07 in data. The corresponding values for thepso f t

2

2L correlations are 0.09 and 0.16, respectively. Within s
tistics, the Monte Carlo reproduces the ‘‘wrong sign’’~SS-
OH! fractions observed in data. Nevertheless, we conse
tively assign a relative systematic error of 10%~19%/2! to
reflect our confidence in the simulations. This value is
tered in the final systematic errors table~Table IV! as ‘‘Event
generator mismodeling.’’

For the D̄-tagged sample, the signal is extracted from
two-dimensional plot ofML ~the mass of theL candidate! vs
MD̄ ~the mass of theD̄-tag candidate, eitherMK1p2 or
MK1p2p2), as indicated in Figs. 5 and 6. Our signal com
prises events which contain both a fully reconstructedD̄ and
also aL ~‘‘double tags’’!. The double-tag signal yields ar
determined by a two-dimensional sideband subtraction te
nique, similar to that used to determine the signal yield

FIG. 3. CandidateL particles from data divided into same
opposite hemisphere-sign correlations using the electron
Opposite-hemisphere–opposite signL ’s ~lower right! result pre-
dominantly from Lc→LX; L-electron correlations can be see
from processes such asQc→Le2neX decays~same hemisphere

same sign!, c̄→LQ̄c ,Q̄c→e2neX decays~same hemisphere, oppo

site sign! and Xe2ne← c̄c→QcL̄ decays~opposite hemisphere
same sign!. From the known electron fake rate, we conclude t
fakes contribute from;10–40 events to each of theL peaks. Since
the hemisphere correlation is not rigorous, we also note that s
of the ‘‘wrong hemisphere’’ correlation is due to leakage into t
opposite hemisphere from realQc→LX or real semileptonic de-
cays.
09200
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the soft-pion tagged sample. Here, we subtract the scaleL

yield in the D̄ sideband region from theL yield in the D̄
signal region. The resulting excess, is, by definition, o
double-tag signal. As a check of the signal extraction,
yield for the ‘‘wrong-sign’’ double-tag signal~i.e., D0

→K2p1 vs D0→K2p1) is similarly extracted using the
same subtraction. In such events, the expected true corre
signal should be negligible and non-zero only through d
bly Cabibbo suppressed decays@12#; in fact, we find215

FIG. 4. Four possibleL/pso f t
2 correlations, afterL sideband

subtraction~as described in text!.

FIG. 5. CandidateD̄0→K1p2 mass vs opposite hemisphe
candidateL→pp2 mass.
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625 events from a two-dimensionalM (K2p1) vs
M (K2p1) plot, and 21156157 events from the two
dimensionalM (K2p1p1) vs M (K2p1p1) plot. Note that
the wrong-sign, wrong-hemisphere correlations are not o
smaller in magnitude for theD̄-tagged sample than th
single-track tagged sample, but the agreement between
data and Monte Carlo simulation is generally better for
D̄-tagged sample.

VI. CALCULATIONS

The product branching fractionB(c→Qc)3B(Qc

→LX) can be derived fromN(L)/cc̄, the fraction of times
that an event containing an anti-charm tag in one hemisp

FIG. 6. CandidateD2→K1p2p2 mass vs opposite hemi
sphere candidateL→pp2 mass.
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contains aL in the opposite hemisphere.N(L)/cc̄ should
equal the probability of ac quark fragmenting to produce
Qc multiplied by the probability of theQc to decay to aL
multiplied by the efficiency for detection of aL in our
charm-tagged event sample. Thus, in equation form, w
N(L)/cc̄ as the ratio of the number of reconstructedL ’s in
taggedcc̄ events to the total number ofcc̄ event tags, we
have

N~L!

cc̄
5B~c→Qc!3B~Qc→LX!3eL,tagged ~2!

for both the data and Monte Carlo simulation. Assuming t
the Monte Carlo simulation accurately reproduces the e
ciency for finding aL in a tagged event (eL,tagged in this
equation!, the yield of non-cc̄ tags (,4%) and the fraction
of non-signalL-tag correlations (,5%), we canthen cali-
brate our observed value ofL ’s per cc̄ in data to the Monte
Carlo simulation:

N~L!data

cc̄

N~L!MC

cc̄

5
B~c→QcX!3B~Qc→LX!data

B~c→QcX!3B~Qc→LX!MC
; ~3!

the Monte Carlo values forB(c→QcX) and B(Qc→LX)
are 0.0667 and 0.369, respectively.@A recent measuremen
by the ALEPH Collaboration@14# at As590 GeV has deter-
mined B(c→LcX)50.07960.00860.00460.020 ~the last
systematic error represents the uncertainty in theLc
→pK2p1 branching fraction!, although it is not clear how
appropriate this value is forAs510 GeV.# Note that the
efficiencyeL,tagged is tag dependent—because of geomet
and momentum correlations from hemisphere to hemisph
we expect the highest efficiency for theD̄0 and D2 tags,
followed by soft pion tags and electron tags.

A summary of our yields and calculations forB(c
→QcX)3B(Qc→LX) is presented in Tables I and II. Pre
TABLE I. Results forB(c→Lc)3B(Lc→LX) using electrons,pso f t
2 , andD̄ to tagcc̄ events.

Tag particle Electron p D̄0 D2

Total tags 1777006422 106087063942 32520061040 25673061180
Fake tags gg 4665698

tt 9429697

BB̄ 150376123

Total corrected tags 1485696460 106087063942 32520061040 25673061180
L ’s 743632 59646203 2247675 20316102

N~L!

cc̄
~31024! 5062 5662 6962 7964

Monte Carlo
N(L)

cc̄
(31024) 7663 9062 8062 9364

DataBL 0.016260.0010 0.015360.0006 0.021260.0008 0.020960.0013
7-7
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TABLE II. Tabulated number ofL ’s detected for both signal and non-signal correlations followed

L/cc̄. For pso f t
2 ande2, a data sample corresponding to;53106 cc̄ events was used;D̄0 andD2 tags are

derived from a dataset of;153106 cc̄ events. In both cases, the Monte Carlo simulated data sample
comparable or slightly larger size. Shown are opposite hemisphere~OH!, same hemisphere~SH!, opposite
sign ~OS! and same sign~SS! correlations.

Correlation Electron p D̄0 D2

Data
SH, SS 445626 10396170 252633 220634
SH, OS 43613 4846186 14624 12638
OH, SS 142619 9146356 223676 233691
OH, OS 743632 59646203 2247675 20316102

L

cc̄
SH, SS ~31024! 32.361.9 9.861.6 7.861.0 8.661.3

L

cc̄
SH, OS ~31024! 3.160.9 4.661.8 0.460.6 0.460.8

L

cc̄
OH, SS ~31024! 10.361.4 963 7.262.3 9.163.6

L

cc̄
OH, OS ~31024! 5062 5662 6962 7964

Monte Carlo
SH, SS 573629 54696363 182652 179665
SH, OS 62613 14486381 44623 4646
OH, SS 264624 22516409 2856104 114662
OH, OS 1352661 264136643 2073665 1514685

L

cc̄
SH, SS ~31024! 3262 1962 762 1164

L

cc̄
SH, OS ~31024! 461 561 261 362

L

cc̄
OH, SS ~31024! 1562 862 1165 764

Monte Carlo
L

cc̄
OH, OS (31024)

7663 9062 8062 9364
tr
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sented in those tables are our raw yields, the number of
electrons which do not tagcc̄ events~‘‘fake tags’’!, and the
number ofL ’s reconstructed in the opposite hemisphere
our electron-tagged, soft pion-tagged, andD̄-tagged samples
Backgrounds in the electron-tagged sample fromBB̄ andtt̄
events are estimated from a large sample of Monte C
events, using a CLEO event generator forB decays and
KORALB @13# for tt̄ decays. The electron background fro
gg events is estimated from the forward-backward exces
positrons versus electrons, compared to the expectation
QED. Our raw yields~prior to any scaling correction, de
scribed later! correspond toBL5(1.6260.10)% using elec-
09200
ue

r

lo

of
m

trons to tagcc̄ events,BL5(1.5360.06)% usingpso f t
2 to

tag cc̄ events, BL5(2.1260.08)% using D̄0 to tag cc̄

events, andBL5(2.0960.13)% usingD2 to tagcc̄ events
~statistical errors only!.

VII. CROSS-CHECKS

We have conducted two cross-checks to verify the ac
racy of our derived result forBL . We emphasize that thes
are not measurements in themselves~and therefore have no
7-8
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TABLE III. Results of analyzing theB(D0→K2p1) cross-check.

Tag particle Electron p D̄0 D2

Total tags 1777006422 106087063942 32520061040 25673061180
Fake tags gg 4665668

tt 9429697

BB̄ 150376123

Actual tags 1485696460 106087063942 32520061040 25673061180
D0’s 1154641 100296213 1965661 12446144

Data
N~D0!

cc̄
~31024! 7863 9462 12164 12369

Monte Carls
N~D0!

cc̄
~31024! 8063 9662 11964 113611

Scale factor 1.0360.05 1.0260.03 0.9860.06 0.9260.12
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quoted systematic errors!, but are presented only to verif
our BL measurement.

A. D0\KÀp¿ decays

As a first cross-check, we compare the data- versus Mo
Carlo simulation–derived values for the product branch
fraction B(c→D0)3B(D0→K2p1), using charm tagging
Since the branching fraction forD0→K2p1 is known pre-
cisely, and since the fractional uncertainty inB(c→D0) is
expected to be smaller than the corresponding uncertain
B(c→Lc), we can compare the value ofB(c→D0)3B(D0

→K2p1) measured with charm tagging in data vers
Monte Carlo simulations and thereby verify the method u
in theL measurement. Using the same charm-tagged sam
as before, we therefore search for the decayD0→K2p1

~using the same requirements mentioned before! opposite the
tag rather thanL→pp2. As before, we perform a sideban
subtraction to determine the number ofD0→K2p1 decays
in our pso f t

2 charm tagged sample. We thus use the sa
equation as with ourL analysis, only modified for theD0

→K2p1 decay mode:

N~K2p1!

cc̄
5B~c→D0!3B~D0→K2p1!3eD0→K2p1.

~4!

Again, assuming that the Monte Carlo accurately rep
duces the efficiency for finding aD0 decay in a tagged even
we calibrate our observed value ofD0’s percc̄ in data to the
Monte Carlo simulation:
09200
te
g

in

s
d
le

e

-

N~Kp!data

cc̄

N~Kp!MC

cc̄

5
B~c→D0!3B~D0→Kp!data

B~c→D0!3B~D0→Kp!MC
. ~5!

The results of ourD0 cross-check are presented in Table I
The Monte Carlo simulation adequately reproduces theD0

→K2p1 yield per c̄ tag. Based on the consistency betwe
these values and the knownD0→K2p1 branching fraction,
a scale factor is applied to the data and a systematic err
added which reflects only the statistical precision of t
cross-check. In all cases, the scale factor~Table III! is con-
sistent with unity.

B. Lc\Lene decays

A second cross-check is afforded by ourL-electron cor-
relation sample. We note that the same-hemisphere, sa
sign events are expected to be dominated byLc→Le1ne

decays. Since theLc→Lene branching fraction has bee
measured, we can use the relative ratio of the sa
hemisphere, same-signL-electron events, compared to th
opposite-hemisphere, opposite-sign events to estimate
Lc→LX branching fraction. This estimate is ‘‘internall
normalizing’’; i.e., we do not need to measure the fraction
our total charm tags which containL ’s. We can relate the
branching fractionsB(Lc→Lene) and B(Lc→LX) ~and
their corresponding efficienciese) to the number of observed
same-hemisphere, same-sign events (NSH-SS), the number of
observed opposite hemisphere, opposite sign eventsNOH-OS,
and their production fractions incc̄ events. Without an ex-
plicit fake electron subtraction to the observed yields,
have
7-9
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NSH-SS

NOH-OS
'

B~c→Lc!3B~Lc→Lene!3e~Lc→Lene!

B~c→Lc!3B~ c̄→eX!3B~Lc→LX!3@e~Lc→LX!~ c̄→eX!#
.

TABLE IV. Summary of systematic errors for both electron, soft pion,D̄0 and D2-tagged events.
Correlated systematic errors are indicated with an asterisk~* !.

Systematic~Variation/Default! e2 pso f t
2 Tag D̄0 D2

Event requirements
Minimum event energy: 0.88–1.32Ebeam (1.1Ebeam) 2% 3% 2% 2%
Minimum number of charged tracks: 3–7~5! 7% 3% 2% 2%

Tag requirements
Tag momentum: 0.8–1.23 default 8% 3% 4% 4%
Radially close to event vertex: 0.8–1.23 default 2% 3%
Tag DOCA along beam axis: 4–6 cm~5 cm! 2% 3%
Probability of being a pion: 2.4s23.6s (3s) 3%
Minimum electron probability: Le>7 (Le>5) 9%
Event sphericity cut: 0.25<R2<0.45 ~0.35! 6% —
Signal extraction 5% 13% 8% 8%
Event generator mismodeling 10% 10% 5% 6%

Lambda requirements*
Lambda momentum: 0.8–1.2 GeV/c ~1.0 GeV/c) 6% 6% 6% 6%
Radial cut onL vertex: 1.6–2.4 cm~2.0 cm! 3% 3% 3% 3%
Additional systematics
Tracking-finding uncertainty* 4% 4% 4% 4%
D0 cross-check 5% 3% 6% 14%
Total correlated systematic 8% 8% 8% 8%
Total uncorrelated systematic 19% 18% 11% 18%
RMS spread of tag values 14%
Total systematic uncertainty 25% 24% 20% 24%
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a

a
ti

-
b
fi-
th

or

u

ar-
nts
ues

m-
.g.,
sed
elec-

tain-
ter-

ignal
e in
re-

le-
Note that the efficiency in the numerator of this equat
refers to the correlated efficiency of having both theL and
the electron inLc→Le1ne pass all our selection criteri
@e(Lc→Lene)50.02360.002#; the efficiency in the de-
nominator refers to the efficiency for having aL from a Lc

decay pass our selection criteria in one hemisphere and
an electron from a generic charm decay pass our selec

requirements in the opposite hemisphere@e(Lc→LX)( c̄
→eX)50.04360.002#. The efficiency is lower in the nu
merator due to the presence of momentum correlations
tween theL and the electron, resulting in a reduced ef
ciency for both particles to simultaneously pass
minimum momentum requirementp.1 GeV/c. The value

for B( c̄→eX) (0.09160.008) is taken from data atAs510
GeV @5#. Using the current Particle Data Group@5# value for
B(Lc→Lene)50.02160.006 and our measured values f
NSH-SS (445626) andNOH-OS (743632), we obtain an in-
ferred value ofB(Lc→LX);0.2360.07, where the error is
statistical only. This is consistent with our measured prod
branching fraction for BL5B(c→Qc)3B(Qc→LX) if
09200
lso
on

e-

e

ct

B(c→Qc)56.67%, and assuming thatB(c→Lc)/B(c
→Qc)'1.0.

VIII. SYSTEMATIC ERRORS

In order to determine additional systematic errors, we v
ied each of our individual particle and event requireme
and noted the corresponding variation in our derived val
for B(c→Qc)3B(Qc→LX). Typical variations were of or-
der ;20%. Using this approach, we summarize our syste
atic dependencies in Table IV. The default values of, e
our kinematic cuts are defined, as well as the variation u
to assess systematic dependences. For the pion and the
tron tags, our largest systematic errors are due to uncer
ties in the Monte Carlo event generation modeling, as de
mined using the ‘‘wrong-sign’’ yields. For theD̄ tags,
among the largest errors are the errors associated with s
extraction—this is assessed by determining the differenc
the calculated final result when the signal and sideband
gions are varied from their default values by630%. Realiz-
ing that~a! theD̄ tags are consistently higher than the sing
7-10
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track tags and~b! possible correlations in fragmentatio
between the two hemispheres have not been evaluated~nor
are they present in our Monte Carlo simulations!, we also
take the rms spread in the values forBL obtained with the
four tags~14%! as an additional systematic error~added to
each of the four individual measurements quoted below!, re-
flecting the differences in the lepton-tagged vspso f t

2 -tagged
vs D-tagged samples. Given the fact that the individual m
surements are all consistent within errors, this is an adm
tedly very conservative approach.

IX. SUMMARY AND DISCUSSION

Using four differente1e2→cc̄ tags, and scaling our raw
values by theD0 cross-check as described above, we m
sure the product branching fractionBL5B(c→QcX)
3B(Qc→LX):

~1.6860.1060.40!% ~electron tags!

~1.5760.0660.38!% ~soft pion tags!

~2.0960.0860.41!% ~D̄0 tags!

~1.9560.1360.47!% ~D2 tags!;

these results sum over the charmed baryonsQc produced at
As510 GeV. Separating common from independent syste
atic errors, and weighting each result by the quadrature
of its statistical error plus independent systematic error,
combine these four numbers to obtain a weighted prod
branching fraction:

BL5~1.8760.0360.33!%.

In obtaining this result, we have not corrected for t
statistical overlap between the four tag samples. Correc
for this would tend to slightly reduce the overall quoted s
tistical error. We can convert this result into a contour in t
plane:B(Qc→LX) vs B(c→Qc), as shown in Fig. 7. Using
the Monte Carlo value forB(c→QcX) of 6.67% @this is
consistent with the tabulated product cross-sect
(e1e2→cc̄)3B(c→Lc)•B(Lc→pK2p1) using B(Lc
→pK2p1)55.0%], and taking the results from our fou
tags, we can infer a weighted average value:

B~Qc→LX!5~286165!%.

It is important to note that this measurement is independ
of the Lc→pK2p1 normalization but is dependent on th
Monte Carlo estimated value forB(c→Qc). This measure-
ment is the first of its kind atAs510 GeV.

In the simplest picture, a charmed baryon such as aLc
decays weakly through externalW emission. Neglecting
fragmentation at the lower vertex, this produces either aS0

or, if isospin does not change, aL. Since allS0’s decay into
L, we therefore expect thatLc→LX'100% if the external
spectator diagram dominates. This simple minded predic
09200
-
it-

-

-
m
e
ct

g
-
e

n

nt

n

is expected to be obeyed in semileptonic decays; i.e.,B(Lc
→L ln)/B(Lc→Xln)→1. Present data, however, give
value of approximately 50% for this ratio, albeit with larg
errors@5#.

External and internalW emission, as well asW exchange
can lead toNKX final states containing a nucleon and a
meson (Lc→pKs

0 , e.g.!. The fact that theLc lifetime is only
half that of theD0 meson suggests that internalW-emission
andW-exchange processes may comprise a large fractio
the total Lc width. Although internalW emission may be
suppressed in decays of charmed mesons due to the c
matching requirement @which would predict B(D
→WintX)/B(D→WextX)51/9], the larger number of de
grees of freedom in baryon decays may mitigate this s
pression, leading to a potentially large fraction ofpKX final
states. In the case of theLc , W-exchange decays can pro
duce eitherL ’s or NK in the final state, depending on th
quark configuration. The naive expectation that the abse
of exchange diagrams inJc

1 decays will lead to a longe
lifetime for Jc

1 compared toJc
0 and Lc is consistent with

current experimental data.
The current world average forB(Lc→LX) (35611)%

@5# is consistent with the notion that the simple minded e
ternal W-emission picture does not saturateLc decays. The
value forB(Lc→LX) therefore has implications for the ex
ternal versus internal spectator fractions in charmed bar
decay. Our results are therefore qualitatively consistent w
a possibly substantial internal spectator contribution
charmed baryon decay.

Exclusive Lc→LX channels have also been measur
normalized to an estimate ofB(Lc→pK2p1)5(5.0
61.3)% @5,16#, the sum of the observed exclusive mod
accounts for the bulk of the presently tabulated inclus

FIG. 7. Contour ofB(Qc→LX) vs c→Qc implied by our re-
sult. Contours corresponding to61s excursions from our centra
value are also shown~dotted line!. The Monte Carlo value forBL

@B(c→Qc)3B(Qc→LX)# is 0.0246, and the Monte Carlo expe
tation for c→Qc is 0.0667.
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Lc→LX rate @SB(Lc→L1X)exclusive /B(Lc→pK2p1)
;5, where the sum includes a contribution ofSB(Lc→S0

1X)exclusive /B(Lc→pK2p1);1.5]. We note that the dif-
ference between our inferred value forB(Qc→LX) and the
sum of the exclusiveLc modes toL ’s @5# implies that most
of the inclusiveLc→LX rate has been accounted for.

If charmed baryons produced ine1e2 events are pre-
dominantly Lc’s and if the JETSET expectation for f (c
→Lc) is accurate, then our results are in agreement with
current world average forB(Lc→LX). We note that the
methodology of this analysis differs substantially from t
previous CLEO analysis@4#, which relied on a model of
charmed baryon production inB decay to deriveB(Lc
→LX).

Naively, one might expect fragmentation and decay
charmed baryons to be similar to bottom baryons. Using v
tex tagging techniques, the OPAL Collaboration has de
minedB(b→Qb)B(Qb→LX)5(3.5060.3260.35)% @15#.
Perhaps the simplest way to reconcile the two numbers i
assume~ad hoc! that B(b→Qb) at As;90 GeV is approxi-
mately twice as large asB(c→Qc) at As510 GeV and that
B(Lb→LcX)'1.0. However, the fact that theLb lifetime is
only 2/3 that of theB mesons@5# coupled with the fact tha
Lb has already been observed throughLb→cL implies that
B(Lb→LcX),1.

Finally, we stress that our final central value forBL aver-
ages over the specific mix of charm tags that we use in
analysis. The composition of ourD̄-meson tags will not be
09200
e

f
r-
r-

to

is

the same as the composition of our electron tags, insofa
the lepton-tagged sample represents a weighted sum oQ̄c

→ l 2X, Ds
2→ l 2X, D̄0→ l 2X and D2→ l 2X. Our quoted

final result can be general only if the two hemispheres in
e1e2→cc̄ event fragment independently. Although not y
measured, it is possible that there may be correlatedQ̄cQc
production, in which case the likelihood of observingQc

→LX would be larger forQ̄c tags than forD̄ tags, and the
assumption of independent fragmentation would be inva
A study of correlated Q̄cQc production, presently in
progress, will be the subject of a forthcoming publication
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